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Photoinduced energy transfer (PEnT) reactions are a subset of photochemical reactions that involve the
indirect photoactivation of substrates following an energy transfer from a photoexcited sensitizer/
photocatalyst. Examples of PENT reactions include E/Z isomerizations, [2 + 2] cycloadditions, and
sigmatropic shifts. Here we introduce a family of diindolocarbazole (DilCz) multi-resonant thermally
activated delayed fluorescent (MR-TADF) photocatalysts (PCs), DilCztBu,, DilCzMes,, DilCztBuCz,, and
DilCztBuDPA,, which have relatively high triplet energies (E7). We cross-compare their photocatalytic
behavior and that of relevant literature reference PCs' in five distinct PEnT reactions. We demonstrate
that the use of the DilCz PCs consistently leads to more rapid reaction rates and higher yields compared
to the widely used 4CzIPN. DilCztBu,, DilCzMes,, and DilCztBuCz, possess similar £+ but decreasing
singlet-triplet energy gaps, AEst, enabling for the first time a comparison of the dependency of both the

reaction kinetics and the final yield on this photophysical parameter. We observed that when the
Received 3rd June 2025 tion kinetics are fast, there is little sensitivity t hing of the excited PC b implying that
Accepted 27th October 2025 reaction kinetics are fast, there is little sensitivity to quenching of the excite y oxygen, implying tha
Dexter Energy Transfer (DET) to the substrate is competitive with DET to oxygen. Importantly, this means

DOI: 10.1039/d55c04014k that some of the DET reactions using these PCs can be performed in air without adversely affecting

Open Access Article. Published on 28 October 2025. Downloaded on 2/7/2026 6:24:55 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/chemical-science reaction yield.

Introduction

One major class of photochemical reactions consists of those
that proceed via a photoinduced energy transfer (PEnT) mech-
anism, which typically involves an electronically excited pho-
tocatalyst (PC*) transferring its energy to a substrate (sub). The
substrate in its electronically excited state (sub*) then
undergoes a photochemical transformation.” The majority of
PENT reactions proceed via Dexter Energy Transfer (DET) reac-
tions. DET involves the simultaneous double electron exchange
between the PC* and the sub to generate a PC in its S, state and
a sub*. This can take place from the singlet state of the 'PC* to
generate 'sub* or more commonly from the triplet state of *PC*
to generate *sub* (Fig. S1) and does not involve a change in the
overall multiplicity." DET processes occur over shorter
distances, typically less than 10 A,* as orbital overlap between
the PC and the sub is required, which implies a collisional
interaction is needed for DET to occur intermolecularly.

In cases where DET occurs from the *PC* to >sub, it is the
spectral overlap of the phosphorescence of the *PC* and the
spin-forbidden absorption of the substrate that is relevant to
generate *sub*. Notably, as the spin-forbidden absorption
spectrum is of negligible intensity in most organic substrates,
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the low-energy onset of the low-temperature phosphorescence
spectrum of the sub is used as a surrogate estimation of the
energy at which spectral overlap no longer occurs, which is none
other than the energy of the T; state (Ey) of the sub. It is
generally accepted that DET will occur when E(PC*) > Er(sub¥),
and the closer these two values are, the more likely DET is to
occur.’ Given that the *sub* has a biradical-like character, this
enables a diversity of reactions such as E/Z isomerization,>*®
cycloadditions such as [2 + 2]°* sensitization of metal
complexes,”>™* homolytic bond cleavages such as N, release
from benzoyl azides, scission of S-S bonds, and N-O dissocia-
tion of oxime esters to instigate the formation of carbon-
centered and nitrogen-centered radicals in concert with the
loss of CO,.***7

Of the PCs typically employed in PEnT reactions, organic
carbonyl-based photosensitizers have the highest E;. For
instance, xanthone and acetophenone (Fig. 1) have similar Ey
values of 3.22 eV (74.2 kcal mol ', 310.5 k] mol ') and 3.21 eV
(74.0 keal mol ™, 309.6 kJ mol *).">'® Organometallic PCs are
particularly popular for PEnT reactions in part because the
presence of the heavy metal center ensures an essentially
quantitative triplet yield as a result of fast intersystem crossing
(ISC) mediated by its large spin-orbit coupling (SOC).**** Two of
the most commonly used organometallic PCs for PEnT reac-
tions include [Ir(dF(CF;)ppy).(dtbbpy)](PFe) (Er = 2.68 eV)® for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Chemical structures and E+ for selected literature PCs used for DET reactions and for the four TADF PCs investigated in this work. Quoted
Et values for 4CzIPN, DilCztBu,, DilCzMes,, DilCztBuCz,4 and DilCztBuDPA, were estimated from E1 = Es — AEst, with Es being the onset of the
steady-state emission in DCM at room temperature and AEst determined in 2-MeTHF glass at 77 K. E for fac-Ir(ppy)s was taken from the onset
of the room temperature emission in 2-MeTHF. E+ for [Ru(bpy)s](PFe), was taken from the emission maximum at 77 Kin 4 : 1 MeOH/EtOH glass.?
E+ for [Ir(dF(CF3)ppy).(dtbbpy)]PFg was taken from the room temperature emission maximum in MeCN.? For the organic PCs, Et is measured

from the phosphorescence spectra at 77 K.®

reactions requiring a relatively high E; and [Ru(bpy)s](PFs), (Ex
= 2.12 eV)** for those that do not (Fig. 1).

Over the last decade or so, organic thermally activated
delayed fluorescence (TADF) compounds have been increas-
ingly used in the academic community as alternatives to
organometallic complexes, initially as emissive materials for
organic light-emitting diodes (OLEDs),* and later, as PCs.>*?®
This is because TADF compounds have accessible triplet states
owing to the small energy gap (AEsr) between their lowest
excited singlet (S;) and triplet (T;) states, which allows for
relatively fast ISC and reverse ISC (RISC) to take place, despite
the small SOC between these states in the absence of heavy
atoms.?”?® Molecules with small AEgy are those where the donor
(D) and acceptor (A) moieties are sufficiently electronically
decoupled such that there is minimal orbital overlap between
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), i.e., the exchange energy
is small. This spatial separation also produces an emissive
excited state having charge transfer (CT) character. The most
widely employed molecular design is one that adopts a strongly
twisted D-A structure, exemplified in 4CzIPN and 4DPAIPN (Fig.
S2).° Owing to the distance between D and A units, the emissive
S; state possesses long-range charge transfer (LRCT) char-
acter.” D-A TADF PCs based on carbazoyl dicyanobenzenes
(CDCBs) have been extensively employed in myriad

© 2025 The Author(s). Published by the Royal Society of Chemistry

photocatalytic reactions. Examples from this family of TADF
PCs cover a broad range of Ey. For example, the Er values of
4DPAIPN, 4CzTPN, 2CzIPN, 4CzIPN, and 3,5-2CzBN increase
from 2.30 eV*?° to 2.34,*" 2.72,*' 2.73,** and 3.03 eV,* respec-
tively. These values overlap with those of, for example,
[Ir(dF(CF3)ppy).(dtbbpy)|PFs (Er = 2.64 eV >*) and benzophe-
none (Ep = 3.00 eV **). Beyond CDCBs, other D-A TADF PEnT
PCs include pDTCz-DPmS** and DI-PF* (Fig. S2). pDTCz-DPmS
(Er = 2.93 €eV) possesses a suitable Ey to photocatalyze the E/Z
isomerization of diisopropyl fumarate (E; = 2.7 eV),*® producing
81% of diisopropyl maleate while 4CzIPN only yields 6%, owing
to its lower Ey of 2.68 eV.*” DI-PF (E = 2.38 eV) yielded 66% Z-
stilbene in the E/Z isomerization of E-stilbene (Er = 2.2 eV)
despite its lower triplet energy, while 4CzIPN affords 87% of the
desired product.** Another class of TADF PCs contains an
imidazo-phenothiazine (IPTZ) acceptor unit connected with
different donor groups. The PCs ACR-IMAC, ACR-IPTZ, and
SACR-IPTZ have similar triplet energies of Er = 2.76 €V,*® 2.76
eV,* and 2.77 eV,* respectively. Their use in a range of reac-
tions, such as the [2 + 2] cycloaddition of an indole and di-
methylphenylvinylsilane, afforded near quantitative product
yields.*®*?** A second class of TADF compounds is the so-called
multi-resonant TADF (MR-TADF) emitters. These are rigid
polycyclic aromatic hydrocarbons that are typically doped with
both electron-rich and electron-deficient groups. Suitable

Chem. Sci., 2025, 16, 23220-23232 | 23221


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc04014k

Open Access Article. Published on 28 October 2025. Downloaded on 2/7/2026 6:24:55 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

regiochemistry of these p- and n-dopants produces an alter-
nating pattern of increasing and decreasing electron density in
the excited state as compared to the ground state, leading to the
necessary small exchange energy that turns on TADF. Given the
short distance between D and A motifs, the emissive excited
state is of short-range CT (SRCT) character.*” Compared to D-A
TADF compounds, MR-TADF emitters have more intense low
energy absorption bands, narrower emission spectra, smaller
Stokes shifts, and their emission spectra show only minimal
positive solvatochromism—all potentially attractive properties
for their use as PCs.* Our group has demonstrated the broad
utility of two families of MR-TADF PCs in a range of photoin-
duced electron transfer (PET) and PEnT reactions.***> These two
families contain nitrogen donor atoms and either boron or
carbonyl groups as n-dopants within the polycyclic aromatic
hydrocarbon framework.

We, as well as Lee and co-workers, recently showed that the
acceptor moiety is not required in MR-TADF emitter design for
OLEDs.®** Indeed, when the nitrogen atoms in di-
indolocarbazoles are para-disposed, there is very weak TADF as
AEgy is moderately large, resulting in slow kgysc. DiICztBu, and
DiICzMes, have similar Er of 2.55 (in DCM)* and 2.57 eV (in
toluene),* respectively, while their reported AEsy values are 0.29
and 0.26 eV. Recognizing their potential as PCs, herein we
investigated a series of four structurally related DilCz-based

tBisICz aka DilCztBu,
Es=284eV,Er=255eV
AEgr=0.29 eV
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TADF PCs, DilCztBu,, DilCzMes,, DiICztBuCz,, and
DiICztBuDPA,, in DET reactions (Fig. 2); the first two have
previously been reported, while DiICztBuCz, and DiICztBuDPA,
were, coincident with this work, recently reported by Lee and co-
workers.*® Across the first three compounds in this series, there
is a progressive stabilization of the S, state, while the T; energy
is largely unaffected; both S; and T; are stabilized in
DiICztBuDPA,. Thus, the impact of AEgsr on the performance in
DET is probed for the first time. While we did not observe
a dependency of the efficiency of the PEnT reactions as a func-
tion of the AEgy of the PC across five different PEnT reactions,
four involving direct DET to the substrate and one nickel-
sensitized dual photocatalysis reaction, we did discover that
these PCs initiate fast PEnT reactions that show remarkably
little sensitivity to the presence of O,, despite it being
a competitive triplet quencher. In the four PEnT reactions with
direct energy transfer to the substrate, DiICztBu,, DilICzMes,,
and DiICztBuCz, consistently outperform 4CzIPN both in terms
of NMR yield and reaction rate.

Results and discussion

The syntheses of DilCztBu,, DilCzMes,, DilCztBuCz,, and
DiICztBuDPA, are detailed in the SI. The UV-vis absorption
spectra of these compounds in DCM, along with that of the

DilCzMes,
Eg=283eV, Er=2.57eV
AEgT =0.26 eV
Mater. Horiz., 2022, 9, 1068
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Fig. 2 Chemical structures of DilCztBuy, DilCzMes,, DilCztBuCz,, and DilCztBuDPA,.
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Fig.3 (a) Absorption and (b) steady-state PL spectra in DCM of DilCztBuy (Aexc = 340 nm), DilCzMes, (Aexc = 380 nm), DilCztBuCz4 (Aexc = 340 nm),

DilCztBuUDPA, (Aexc = 400 nm), and 4CzIPN (Aeyc = 378 nm).

reference PC 4CzIPN, are shown in Fig. 3a. DiICztBuy,
DiICzMes,, DilCztBuCz,, and DilCztBuDPA, all exhibit low-
energy absorption bands in the visible region that are more
intense than that of 4CzIPN. The presence of the mesityl (Mes)
groups in DiICzMes, leads to a very slight red shift in the
absorption spectrum compared to DiICztBu,, while the substi-
tution of the diindolocarbazole with progressively stronger
carbazole (Cz) and diarylamine donors results in a larger red
shift of these bands (Fig. 3a and S37). A similar trend is
observed in their photoluminescence (PL) spectra (Fig. 3b),
where the PL maximum in DCM shifts from Ap, of 440 to 442,
466, and 532 nm for DiICztBu,, DiICzMes,, DiICztBuCz,, and
DiICztBuDPA,, respectively (Fig. 3b and Table 2). Their emis-
sion is more narrowband compared to the broad PL of 4CzIPN,
reflecting their more rigid structures.

The S; and T, energies were determined from the onsets of
the steady-state PL and delayed emission (gate time: 1-9 ms)
spectra in 2-MeTHF glass at 77 K, respectively (Fig. S40); the
AEgr value is the difference in energy between these two (Fig.
S40 and Table 1). DiICztBu,, DiICzMes,, and DiICztBuCz, have
very similar Er of 2.58, 2.57, and 2.55 eV, respectively. As their
emission profiles are similar, so too will be their spectral over-
lap with the sub, and thus the kpgr should be comparable across
these three PCs. The S; energy, Es, however, progressively
decreases from 2.91 to 2.84 and 2.77 eV (measured at 77 K in 2-
MeTHF); thus, the AEgy likewise narrows from 0.33 to 0.27 and
0.22 eV. The Eg and E; for DiICztBuDPA, are 2.54 and 2.41 eV,
resulting in the smallest AEsy of 0.13 eV. The Er values deter-
mined at cryogenic temperatures of these four derivatives are all
lower than the 2.73 eV of 4CzIPN (Fig. S40e). DilCztBu, and
DiICzMes, have previously been reported as MR-TADF emitters,
and given the similar photophysical properties of DilCztBuCz,
and DiICztBuDPA, to these two, the high molar absorptivity of
the low-energy absorption band, the minimal positive PL sol-
vatochromism, the narrowband emission and the small AEgr,
they can also be classified as MR-TADF (Table 2).

While the low temperature (LT) measurements, at 77 K,
permit a robust estimation of AEgy, noting that in the vast

© 2025 The Author(s). Published by the Royal Society of Chemistry

majority of TADF compounds the S, state has greater CT char-
acter than Ty, this measurement will not accurately capture Es at
room temperature (RT) in solution. This is because CT states are
stabilized as a function of solvent polarity, and the greater the
CT character, the stronger the stabilization of the state.’® As
triplet states tend to show lesser CT character than singlets, the
estimated Er = E5(RT) — AEg(LT) represents the outer bound
value for what Er may be at room temperature. Thus, given the
LRCT character of the S; state of 4CzIPN, the change in Et at
room temperature is more pronounced than for the four DiICz
MR-TADF compounds (Table 1). This implies that in DET
reactions, the spectral overlap between the PC* and the sub may
change significantly, especially when the T; state possesses
some CT character. For MR-TADF compounds, this stabilization
effect is small given the SRCT character of the S; and T, states.
So, at low temperature, the Ey values are 2.58, 2.57, 2.55, and
2.41 eV in 2-MeTHF for DiICztBu,, DilCzMes,, DilCztBuCz,,
and DiICztBuDPA,, respectively, while in DCM at room

Table 1 Excited-state energies for
DilCztBuCz,, DilCztBuDPA,4, and 4CzIPN

DilCztBus, DilCzMess,,

77 K values® Room temperature Ellev

Compound Eg/eV Er/eV AEgp/eV Toluene EtOAc DCM DMF
DiICztBu, 2.91 2.58 0.33 2.60 2.63 2.60 2.61
DiICzMes, 2.84 2.57 0.27 2.64 2.66 2.65 2.65
DiICztBuCz, 2.77 255 0.22 2.58 2.61 2.58 2.58
DIICztBuDPA, 2.54 2.41 0.13 2.44 2.45 2.40 2.46
4CzIPN 2.77 2.73 0.04 2.67 2.66 2.56 2.54

@ 77 K values were measured in 2-MeTHF glass. Es was determined from
the onset of the steady-state PL and E; from the onset of the gated
emission acquired in a time window of 1-9 ms after excitation. AEsy
= Eg — Et. Aexe = 390 nm for DiICztBu,, DilCzMes,, and DilCztBuCz;
Jexe = 400 nm for DIICztBuDPA, and A.. = 380 nm for 4CzIPN.
P Room temperature E; values were estimated following our
previously reported methodology,” where Ef(RT) = Es(RT) — AEs(LT),
with Es(RT) being the onset of the steady-state PL in the respective
solvents and AEsy(LT) being measured in 2-MeTHF at 77 K.

Chem. Sci., 2025, 16, 23220-23232 | 23223
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Table 2 Solution-state photophysical properties of DilCztBuy,, DilCzMes,, DilCztBuCz,, and DilCztBuDPA, and the reference photocatalysts

4CzIPN and fac-Ir(ppy)s

Compound Jabs/mm (¢/10° M~ em™) Apr%/nm Es’lev E2lev AEgr TpLS/ns
DiICztBu, 305 (58), 315 (67), 343 (29), 362 (54), 408 440 2.91 2.58 0.33 9 (8)

(13), 427 (16)
DilCzMes, 300 (84), 306 (88), 315 (81), 344 (29), 364 442 2.84 2.57 0.27 10 (8)

(53), 409 (13), 430 (16)
DilCztBuCz, 319 (152), 347 s (84), 385 s (20), 420 s (17), 166 2.77 2.55 0.22 10 (8)

444 (25)
DiICztBuDPA, 305 (141), 343 (104), 411 (7), 485 (14) 523 2.54 2.41 0.13 16 (13)
4CzIPN 313 (14), 325 (16), 377 (18), 450 s (7) 544 2.77 2.73 0.04 1896 (218)°
Sac1x(ppy)s 344 (10), 378 (13), 409 (8), 455 (3) 520 — 2.58 — 1391 (54)

% In DCM at 77 K, taken from the onset of steady-state PL spectrum for Eg and the onset of the gated emission spectrum (1-9 ms) for Er. ? In 2-
MeTHF at 77 K, taken from the onset of steady-state PL spectrum for Es and the onset of the gated emission spectrum (1-9 ms) for Er. ¢ Under
degassed conditions, excited-state lifetimes in air in parentheses. 4 Lifetime is the average lifetime of 4CzIPN calculated as T,y = 71 X Wy + 75 X W,

temperature, the Er values remain essentially the same at 2.60,
2.65, 2.58, and 2.40 eV, respectively (Table 1). This contrasts
with the effect on the T, energy of 4CzIPN (E(LT) = 2.73 eV vs.
E1(RT) = 2.56 eV; where LT is low temperature, 77 K, and RT is
room temperature). This is illustrated in a comparison between
the T; energies in 2-MeTHF glass and DCM solutions, AEr_r,
which is 0.08 eV for DiICzMes, and 0.17 eV for 4CzIPN. Thus,
these four MR-TADF compounds maintain their Et in polar
solvents, while for 4CzIPN, the E; is much more stabilized. The
time-resolved PL decays of DiICztBu,, DilICzMes,, DiICztBuCz,,
and DiICztBuDPA, in DCM are shown in Fig. S40 and S41 and
are listed in Table 2. There is no delayed emission, and PL
lifetimes range from 9-16 ns. Given the moderately large AEgr,
it is not uncommon for MR-TADF emitters to not show delayed
emission in solution as non-radiative decay competes with
RISC, while in the solid state, this is largely suppressed, and
delayed emission becomes apparent.

DET reactions

We began by studying intramolecular DET reactions with pho-
tocatalysts of increasing triplet energy to focus on the interac-
tion between the PC and a single molecule. We first investigated
the E/Z isomerization of an alkene, E-cinnamyl acetate, with a T,
energy similar to those of the MR-TADF emitters; notably, the
structurally similar E-methyl cinnamate has a Ep = 2.38 eV*™!
(Table S7). We expect the triplet energy of E-cinnamyl acetate,
which contains a methylene group between the styrenyl moiety
and the ester group, to be slightly higher compared to E-methyl
cinnamate, which has a larger conjugation length. The
geometric isomerization does not take place in the absence of
an irradiated PC (Table 3, entries 1 and 2). After 24 h of irra-
diation under N,, the use of DilCztBu,, DilCzMes,, and
DiICztBuCz, as PCs yielded comparable E/Z ratios of 18/82, 19/
81, and 19/81, respectively (Table 3, entries 4, 6, and 8), per-
forming as well in this reaction as 4CzIPN (E/Z ratio of 14/86,
Table 3, entry 12). Similar E/Z ratios are observed under air (E/
Z = 19/81, 17/84, 20/80, and 15/85 for DiICztBu,, DilCzMes,,
DiICztBuCz,, and 4CzIPN, respectively, Table 3, entries 3, 5, 7,
and 11). Amazingly, the end ratio obtained for this DET reaction

23224 | Chem. Sci, 2025, 16, 23220-23232

is unaffected despite O, being a competitive triplet quencher.
This is, however, not the case with DIICztBuDPA,, which under
N, yielded an E/Z ratio of 28/72, a lower ratio than those ob-
tained with the other PCs, while there is effectively no isomer-
ization observed in air (Table 3, entries 9 and 10).

Fig. 4 shows the reaction progression for the E/Z isomeriza-
tion of cinnamyl acetate in air at short times, while for
DiICztBuDPA,, the reaction under N, is shown. The conversion
saturates after 30 min for DilCztBu,, DilCzMes,, and
DiICztBuCz,, with these PCs having similar reaction rates.
There is no correlation observed between AEg and either the E/
Z ratio or reaction rate for this transformation. The absence of
any substantive change in the post-reaction absorption spectra
of DiICztBu,, DilCzMes,, and DiICztBuCz, revealed that these
compounds are photochemically stable to O, under the reaction
conditions (Fig. S46a—c). Given that O, does not affect the E/Z

Table 3 E/Z isomerization of cinnamyl acetate®

2 PC (1 1%) m
mol%,
©/\/\O)I\ o
DCM (0.2 M), hv=440 nm, 24 h
Ko

Entry Photocatalyst Conditions E/Z ratio

1 None Air 99/1 £ 0
2 None N, 99/1 £ 0
3 DiICztBu, Air 19/81 + 0
4 DiICztBu, N, 18/82 + 0
5 DiICzMes, Air 16/84 + 1
6 DiICzMes, N, 19/81 &+ 0
7 DiICztBuCz, Air 20/80 £ 0
8 DiICztBuCz, N, 19/81 + 0
9 DiICztBuDPA, Air 98/2 + 0
10 DiICztBuDPA, N, 28/72 + 0
11 4CzIPN Air 15/85 + 0
12 4CzIPN N, 14/86 = 0

¢ Cinnamyl acetate (0.2 mmol) in DCM (0.2 M) with 1 mol% PC loading.
E/Z ratios were determined via "H NMR spectroscopy. Reported yields
are the mean from at least two reactions with associated standard
deviations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Reaction progression for the E/Z isomerization of cinnamyl
acetate in air unless otherwise noted. E/Z ratios are given in % Z isomer
after x minutes (Aexc = 440 nm). Cinnamyl acetate (0.2 mmol) in DCM
(0.2 M) and PC (1 mol%). E/Z ratios were determined by *H NMR
spectroscopy. Reactions with DilCztBuDPA, as the PC were per-
formed under N,.

ratio, we investigated the effect on the reaction kinetics as
a function of the presence/absence of O, by comparing the E/Z
ratios after 5 min. The reaction rates slightly increase in the
absence of O,, leading to slightly improved E/Z ratios of 48/52,
51/49, and 49/51 for DiICztBu,, DiICzMes,, and DiICztBuCz,,
respectively, from those in air (53/47, 61/39, and 56/44, respec-
tively); it is not clear why the change is more dramatic with
DilCzMes,. Hence, O, acts as an ineffective yet competitive
quencher of the triplet excited state of these PCs, as the change
in the E/Z ratio at early times is marginal. The contrasting
results with DiICztBuDPA, are discussed in the SI.

The isomerization reaction with 4CzIPN is significantly
slower than with DiICztBu,, DilICzMes,, and DiICztBuCz,, only
producing a 39/61 E/Z ratio after 60 min (Fig. 4). Thus, despite
similar thermodynamic driving forces (i.e., similar Ey), the
origin of the higher yields of the Z isomer and faster reaction
kinetics could be due to either the higher molar absorptivity of
these three MR-TADF compounds at the photoexcitation wave-
length and/or an increased spectral overlap of the phospho-
rescence of the MR-TADF emitters with the spin-forbidden
absorption of the sub. 4CzIPN is mostly photostable; however,
a slight decrease in the absorbance of the CT band is observed
in air, suggesting that some degradation is taking place if the
reaction is carried out when O, is present (Fig. S46e). Further-
more, there is a significant dependency of the kinetics of the
reaction with respect to the presence/absence of O,. After 5 min,
the E/Z ratios are 80/20 and 94/6 under N, and air, respectively.
These results reveal that 4CzIPN photocatalyzes this reaction
much more slowly than DiICztBu,, DiICzMes,, and DiICztBuCz,
and that its triplet excited state is also more strongly quenched
by O,. The excited-state lifetimes of the PCs under aerated
conditions are 8, 8, 8, and 13 ns for DiIICztBu,, DilCzMes,,
DiICztBuCz,, and DiICztBuDPA,, respectively. These are not

© 2025 The Author(s). Published by the Royal Society of Chemistry
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affected by the presence of E-cinnamyl acetate (tp, of 8, 8, 8, and
12 ns for DiICztBu,, DilCzMes,, DiICztBuCz,, and
DiICztBuDPA,, respectively, Fig. S47).

We had previously assessed MR-TADF compounds DABNA-1,
tDABNA, CzBN, and DtBuCzB as photocatalysts in the E/Z
isomerization of cinnamyl acetate. Of these, CzBN produced the
highest conversion to the Z isomer in a ratio of 19/81 after two
hours in air (in THF); the ratio remained the same after 24
hours.*”* In our previous study, we did not monitor the reaction
kinetics at shorter times. Thus, CzBN yields a similar E/Z ratio
as the DiICz photocatalysts (19/81 for CzBN after 2 h and 18/82
for DiICztBu, after 1 h). This is consistent with their compa-
rable Ey values (2.58 eV for CzBN and 2.58 eV for DilCztBu,,
respectively, in 2-MeTHF at 77 K).**

We next investigated the E/Z isomerization of diisopropyl
fumarate, which has a higher E; of 2.7 eV,*" to produce the
corresponding maleate (E; = 3.1 eV)* (Table S8). Despite the
Ers of the PCs being lower than 2.7 eV (Table 2), both DiICztBu,
(Er = 2.60 in DCM) and DilCzMes, (Ey = 2.65 in DCM) photo-
catalyzed the reaction, producing identical E/Z ratios of 13/87
after 24 h (Table 4, entries 4 and 6). DiICztBuCz, and 4CzIPN
were less effective, producing E/Z ratios of 66/34 and 69/31,
respectively (Table 4, entries 8 and 12). Surprisingly, it seems
that the slightly lower Ey of DiICztBuCz, (2.58 eV in DCM)
compared to DilCzMes, (Ey = 2.65 eV in DCM) and DiICztBu,
(Er = 2.60 eV in DCM) is responsible for these large changes in
E/Z ratios; notably, DiICztBuCz, is unstable under the reaction
conditions (Fig. S46c). These results also clearly illustrate the
effect of solvent polarity on the magnitude of the spectral
overlap between the PC and sub, and the corresponding effi-
ciency to photocatalyze the isomerization. Despite 4CzIPN
having the highest Er of 2.73 eV in 2-MeTHF at 77 K, meaning
that if these values were reflective of accessible triplet energies

Table 4 E/Z isomerization of diisopropyl fumarate®

J\O%o\r

PC (1 mol%)

DCM (0.2 M), hv=440 nm, 24 h

o b
A JT

Entry Photocatalyst Conditions E/Z ratio

1 None Air 100/0 + 0
2 None N, 100/0 £ 0
3 DiICztBu, Air 95/5 +1
4 DiICztBu, N, 13/87 + 0
5 DilCzMes, Air 92/8 £ 2
6 DilCzMes, N, 13/87 £ 0
7 DiICztBuCz, Air 88/12 + 0
8 DiICztBuCz, N, 66/34 + 4
9 DiICztBuDPA, Air 100/0 £ 0
10 DiICztBuDPA, N, 100/0 £ 0
11 4CzIPN Air 91/9 + 4
12 4CzIPN N, 69/31 £ 4

¢ Diisopropyl fumarate (0.2 mmol) in DCM (0.2 M) with 1 mol% PC
loading. E/Z ratios were determined by 'H NMR spectroscopy.
Reported yields are the mean from at least two reactions with
associated standard deviations.
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under the reaction conditions, then it should be able to pho-
tocatalyze the isomerization to a similar extent as the DiICz PCs.
The triplet state of 4CzIPN, however, shows the greatest stabi-
lization as a function of solvent polarity (Er in DCM is 2.56 eV at
room temperature, Table 1). This accounts for the poorer E/Z
ratio of 69/31 (Table 4, entry 12). Notably, as 4CzIPN is photo-
stable under these reaction conditions when performed under
N,, its poor performance cannot be attributed to PC degrada-
tion (Fig. S45e).

In contrast to cinnamyl acetate (Table 3), the E/Z isomeri-
zation of diisopropyl fumarate essentially does not proceed to
any appreciable extent in the presence of O,, with E/Z ratios of
96/5, 93/8, 88/12, and 91/9 for DilCztBu,, DilCzMes,,
DilICztBuCz,4, and 4CzIPN, respectively (Table 4, entries 3, 5, 7,
and 11). DiICztBuDPA, could not photocatalyze the reaction
(Table 4, entries 9 and 10), given its Er of 2.41 eV.

To understand the divergence in the behavior of these two
isomerization reactions in the presence of O,, we interrogated
the reaction rates of diisopropyl fumarate under N, (Fig. 5). If
the rates are slower compared to those with cinnamyl acetate,
then the lower E/Z ratios may be explained by competitive O,
quenching of the T, state to that of the fumarate. Unlike the
reaction with cinnamyl acetate, the reaction rates under N,
differ between DilCzMes,, DiICztBu,, and DiICztBuCz,, but still
are all faster than 4CzIPN. The fastest conversion to the Z
isomer uses DiICzMes,, yielding an E/Z ratio of 22/79 + 3 after
60 min (13 : 87 after 24 h, Table 4, entry 6), while DiICztBu, only
produces an E/Z ratio of 60/41 £ 1 after 60 min, yet affords the
same E/Z ratio after 24 h as DilCzMes, (13 : 87 after 24 h, Table
4, entry 4). The reaction reaches its steady-state E/Z ratio after
2 h for DiICzMes, (E/Z ratio of 12/88), while for DiICztBu, it
takes 4 h to reach the 13/87 E/Z ratio. These rates are slower
than those with cinnamyl acetate, where the reaction was
completed after 30 min. Given that both DilCzMes, and
DiICztBu, are stable during the reaction when conducted under

)\ o PC (1 mol%) hd
OJV\(°Y 0 %%°
| = i
) DCM (0.2 M), hv = 440 nm, X min /Lo P
= DilCzMes,
= DilCztBu,
100 = DilCztBuCz,
= DilCztBuDPA,
- = 4CzIPN
80 P
: [ ]
X 604
]
g ;
S i
2 a0 " n
20 & B~
.-v'l‘
0 . A + A —

r T T
0 50 100 150 200
reaction time / min

Fig. 5 Reaction progression for the E/Z isomerization of diisopropyl
fumarate under N,. E/Z ratios are given in % Z isomer after x minutes
irradiated at 440 nm. Diisopropyl fumarate (0.2 mmol) in DCM (0.2 M)
and PC (1 mol%). E/Z ratios were determined by *H NMR spectroscopy.
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N,, photodegradation of the PC can be excluded as the origin of
the slower reaction kinetics observed for DilCztBu,. As the
phosphorescence of both DiICztBu, and DilCzMes, is the same,
the spectral overlap between the phosphorescence spectra of
these two PCs and the spin-forbidden absorption spectrum of
the sub will therefore be similar. A plausible conclusion is that
the tert-butyl groups are bulkier than mesityl groups and
impede the collisional interaction more, thus adversely
affecting the reaction kinetics with DiICztBu,. We observed that
these two PCs do photodegrade when the reaction is carried out
under air. Thus, there is a divergence in the photochemical
outcome wherein the kinetics of the E/Z isomerization of cin-
namyl acetate outcompetes photodegradation, while this is not
the case with the E/Z isomerization of diisopropyl fumarate (Fig.
S45a and b). Surprisingly, while the initial rate of isomerization
using DiICztBuCz, is comparatively as fast as using DilCzMes,,
there is a significant off-cycle photodegradation both in air and
N, that effectively caps the E/Z ratio at only 66/34 + 4 (Fig. S45c).
DiICztBuDPA, is photostable when the reaction is conducted
under N,, while there are changes in the absorption spectrum
when the reaction is conducted in air (Fig. S46d). Hence, the
fact that the reaction does not proceed is a consequence of there
being no spectral overlap between the phosphorescence of
DiICztBuDPA, and the spin-forbidden absorption of the
substrate.

4CzIPN is significantly slower and less efficient in this
isomerization reaction, producing a steady-state E/Z ratio of
only 69/31 + 4 after 24 h (Table 4, entry 12); indeed, after 4 h,
there is only an E/Z ratio of 95/5 £+ 1 (Table S8). Under these
conditions, 4CzIPN is photostable under N,; however, in air,
photodegradation of 4CzIPN is observed (Fig. S46e). Thus, the
poor performance of 4CzIPN can be explained by the too-small
spectral overlap with the fumarate substrate.

The E/Z isomerization of diisopropyl fumarate studies
demonstrate that three of these PCs can catalyze PEnT reactions
with substrates having Er of 2.7 eV.** Thus, we next explored the
intramolecular [2 + 2] cycloaddition of norbornadiene (Ey =
2.7 €V *?) to quadricyclane (Table S9). Schmid et al. had reported
a 99% yield after one hour using an anionic Ir complex having
an Ep of 2.99 eV (Table 5, entry 14).

The reaction does not take place in the absence of a PC
(Table 5, entries 1 and 2). After 30 min reaction time using
DiICztBu,, quadricyclane was obtained in an 89% yield under
N, (Table 5, entry 5). In contrast to the E/Z isomerization of
fumarate, DilCzMes, and DiICztBuCz, perform as well as
DiICztBu,, yielding 85, 88, and 89%, respectively, after 30 min
(Table 5, entries 5, 7, and 9). The reaction is slightly quenched
in the presence of O,, producing yields of 64, 71, and 75% after
30 min when using DiICztBu,, DilCzMes,, and DilCztBuCz,,
respectively (Table 5, entries 3, 6, and 8). Given the fast reaction
rates, there is thus significantly less quenching of the *PC* by
O, than what has been observed with diisopropyl fumarate.
Again, it is not surprising that DiICztBuDPA, does not photo-
catalyze the reaction, given its too low Er (Table 5, entries 10 and
11). Similarly, given that 4CzIPN did not photoisomerize di-
isopropyl fumarate to diisopropyl maleate after 30 min to any
appreciable extent, this PC did not photocatalyze the [2 + 2]

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 [2 + 2] cycloaddition of norbornadiene®
PC (1 mol%)

Ai\/ solvent (0.1 M), hv =440 nm, 0.5 h ﬁ
Entry Photocatalyst Conditions Yield/%
1 None Air 0+0
2 None N, 0t0
3 DIICztBu, Air 64 + 4
4 DiICztBu, N,, 2 h 87 +1
5 DiICztBu, N, 89 + 2
6 DiICzMes, Air 71+ 6
7 DiICzMes, N, 85+5
8 DiICztBuCz, Air 75 £ 2
9 DiICztBuCz, N, 88+ 0
10 DiICztBuDPA, Air 0+0
11 DiICztBuDPA, N, 0+0
12 4CzIPN Air 0t0
13 4CzIPN N, 0t0
14 [1r(L),(BCF),]~ Degassed 99°

¢ Norbornadiene (0.2 mmol) and PC (1 mol%) in DCM (2 mL). Yields
were determined by "H NMR spectroscopy using 1,3,5-
trimethoxybenzene as the internal standard. b From ref. 52 in CD;CN,
Aexe = 415 nm after 1 h, norbornadiene (0.05 mmol), PC (0.3 mol%),
CD;CN (0.6 mL). Reported yields are the mean from at least two
reactions with associated standard deviations.

cycloaddition of norbornadiene within 30 min (Table 5, entries
12 and 13). These results not only demonstrate the value of
three of these MR-TADF PCs to photocatalyze a demanding
PEnT reaction but also that Er as a parameter is too coarse when
cross-comparing different reactions using substrates with
similar Er. We had previously demonstrated that DiKTa,
another MR-TADF photocatalyst (Er = 2.62 eV),** could effi-
ciently photoisomerize diisopropyl fumarate into diisopropyl
maleate in a ratio of 10/90 in MeCN over 16 h, a similar ratio to
that using DilCzMes, (8/92); in this earlier study, the reaction
progression at shorter reaction times was not analysed.**

The photostability of the PCs was tested under the reaction
conditions under N, and in air (Fig. S51). The absorption
spectra of DiICztBu,, DilCzMes,, and DilCztBuCz, show only
a minimal decrease in intensity under N,, while there are
greater changes with O, present that suggest more photo-
degradation, which is consistent with the less efficient perfor-
mance when the reaction is carried out in air (Fig. S51a-c).
Interestingly, the small degree of photodegradation of the MR-
TADF PCs in the [2 + 2] cycloaddition in air contrasts with the
significant photodegradation in the E/Z isomerization with di-
isopropyl fumarate in air and the associated absence of product
formation, despite both substrates having the same reported Er.

There is significant photodegradation observed for 4CzIPN
under N,, and the profile is similar to that in air (Fig. S51e). The
absorption band at A,,s = 377 nm and the shoulder at A,ps =
450 nm disappear, while a more red-shifted, less intense band
at A,ps = 520 nm appears. These results imply that the substrate
reacts with 4CzIPN and that the [2 + 2] cycloaddition is likely
a radical stepwise process as opposed to a concerted mecha-
nism (Table 5, entry 12 and 13).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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We then explored a PEnT reaction with a substrate having
a higher Eq, the sigmatropic shift of (S)-verbenone (Ey = 3.0
eV)*? to chrysanthenone (Table S10). This rearrangement has
been used in the synthesis of the natural product xishacorene B,
where verbenone was directly irradiated in the first step with UV
light (Aexe = 365 nm), yielding 67% chrysanthenone.* Schmid
et al. showed that this transformation can be photocatalyzed
using the same iridium isocyanoborato complex as was used in
the [2 + 2] cycloaddition of norbornadiene,” whereupon irra-
diating the solution at 415 nm produced the desired product in
80% yield after 180 min (Table 6, entry 10). With DilCztBu,,
DilCzMes,, and DiICztBuCz, as the PCs, the yields were
generally low after 24 h at 29, 22, and 18%, respectively, using
1 mol% PC (Table 6, entries 2, 4, and 6); evidently,
DiICztBuDPA, cannot photocatalyze this reaction due to its too
low Er (Table 6, entry 8). The yields were improved by increasing
the PC loading to 5 mol%, resulting in yields of 37, 38, and 21%
for DiICztBu,, DilICzMes,, and DilCztBuCz,, respectively (Table
6, entries 3, 5, and 7). Using 4CzIPN afforded only 5% product
yield at 5 mol% PC loading (Table 6, entry 9).

There is essentially no change in the absorption profiles of
DiICztBu,, DiICzMes,, and DiICztBuCz, before and after irra-
diation, suggesting that any photodegradation of the PCs is not
the cause for the low yields in this reaction but rather the too
low triplet energy (Fig. S53a-c). 4CzIPN and DiICztBuDPA, are
stable under the reaction conditions (Fig. S53d and e), and the
5% yield for 4CzIPN and the 0% yield for DiICztBuDPA, can be
attributed to each having a T, energy that is effectively too low to
enable DET with any degree of efficiency.

Thus far, we have explored four intramolecular PEnT reac-
tions. To expand the portfolio of available reactions, we next
investigated an example of a bimolecular cross-coupling reac-
tion. This is frequently achieved by combining the photo-
catalytic cycle with a Ni-mediated cross-coupling reaction. In

Table 6 Sigmatropic shift of (S)-verbenone®

4

PC (XX mol%)

K

solvent (0.1 M), hv =440 nm, 24 h o

Entry PC Loading/mol% Yield/%
1 None — 00
2 DiICztBu, 1 29+3
3 DiICztBu, 5 37+1
4 DilCzMes, 1 22 £2
5 DilCzMes, 5 38+6
6 DiICztBuCz, 1 18+1
7 DiICztBuCz, 5 2142
8 DiICztBuDPA, 1 0£0
9 4CzIPN 5 5+1
10 [Ir(L),(BCF),]~ 0.3 80°

“ (S)-verbenone (0.2 mmol) in DCM (0.1 M) with given PC loadings.
Yields were determined by 'H NMR spectroscopy using 1,3,5-
trimethoxybenzene as the internal standard. ? From ref. 52 in CD;CN
with Av = 415 nm after 3 h. Reported yields are the mean from at
least two reactions with associated standard deviations.
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such dual-catalyzed reactions, the PC can either be involved in
a PET mechanism, a so-called metallaphotoredox reaction, or in
a PEnT reaction to sensitize the Ni co-catalyst by DET after it has
undergone oxidative addition and transmetallation steps. This
photoactivation accelerates the reductive elimination of the
product.®® One such cross-coupling reaction where the PC is
purported to engage in DET is an esterification involving aryl
halides being cross-coupled with carboxylic acids, where Welin
et al. used fac-Ir(ppy); as the PC (Er(fac-Ir(ppy)s) = 2.58 eV).** In
this cross-coupling reaction, an undesired side product is
lactone 2 (Table 7). Several groups have employed organic PCs
such as 4DPAPN or SACR-IPTZ for these reactions (Fig. S1).***°
4DPAPN, after optimization of the reaction conditions, yielded
91% of 4-(trifluoromethyl)phenyl benzoate in the cross-
coupling of benzoic acid with 4-bromobenzotrifluoride as
substrates.*® With the same substrates but under slightly
different conditions, Welin et al. reported an 86% yield using
fac-Ir(ppy)s as the PC. The reaction photocatalyzed using SACR-
IPTZ yielded 99% of the coupled product between 5-bromo-
phthalide and benzoic acid, and no protodehalogenated
product was observed.*®

We first investigated the use of different Ni precursors in the
presence of dtbbpy as an ancillary ligand under conditions
similar to those reported by Hojo et al.** We changed the solvent
from DMF to DCM, as the DiICz PCs are more soluble in the
latter.** We observe a generally higher product yield in DCM
when using Ni(COD), than with NiBr,-glyme, regardless of the
choice of PC. The use of DilCzMes, yielded 65% in combination
with Ni(COD),, while using NiBr,-glyme only results in a 41%
yield (Table 7, entries 5 and 6). In both cases, side product 2 is
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observed in 30 and 19% yield (Table 7, entries 5 and 6).
DiICztBu,, DiICzMes,, and DiICztBuCz, perform similarly in
combination with Ni(COD), with yields of 59, 65, and 60% of 1,
respectively, while 2 formed in 28, 28, and 31% yield, respec-
tively (Table 7, entries 3, 5, and 8). Changing the Ni source to
NiBr,-glyme yielded 31/15 and 41/19% of 1 and 2 using
DiICztBu, and DilCzMes,, respectively, implying that the use of
NiBr,-glyme results in more undesired protodehalogenated
product for these two complexes, while with DiICztBuCz,, the
reaction proceeds less readily, affording 20% of each of 1 and 2.
These PCs produce higher yields of 1 in combination with
Ni(COD), than using 4CzIPN (43%, Table 7, entry 12), and this is
correlated to a greater amount of 2 forming (36%) with this
latter PC. When fac-Ir(ppy)s is employed as the PC in combi-
nation with Ni(COD),, 65% of 1 and 15% of 2 form (Table 7,
entry 14). A comparable yield is observed with DiICzMes, (68/
18% of 1 and 2, Table 7, entry 7), but the Ni source must be
[Ni(dtbbpy)(OH,),4]Cl,, implying that the kinetics of the forma-
tion of the active Ni species are suboptimally aligned with the
kinetics of DET with this PC. After solvent optimization with the
best performing DiICz PC, DiICzMes,, the coupled product 1
was obtained in a 74% yield when using a 1:1 mixture of
DMSO: toluene (Table 8, entry 4), while the control experiment
with fac-Ir(ppy); yielded a comparable yield of 77% (Table 8,
entry 6). The 1:1 DMSO : toluene solvent system had previously
been shown to be optimal with SACR-IPTZ as the PC, yielding
99% of 1 (Table 8, entry 8).** The reaction does not readily
proceed in toluene, yielding only 10% product, while in DMSO
an increase in the yield (64% of 1) compared to that in DCM is
observed, ostensibly due to a partial suppression of the

Table 7 Energy transfer-mediated Ni-catalyzed cross-coupling esterification®

PC (2 mol%), Ni-source (6 mol%) o
dtbbpy (7 mol%), TMP (2 equiv.)

[o]
O
Br

DCM (0.09 M), hv =440 nm, 24 h

Entry Photocatalyst Conditions Yield 1/% Yield 2/%
1 None Ni(COD), 10+1 11+2
2 None NiBr,-glyme 0+0 0+0
3 DiICztBu, Ni(COD), 59 + 2 28 +0
4 DiICztBu, NiBr,-glyme 31+4 15+ 1
5 DilCzMes, Ni(COD), 65+ 4 28 £ 3
6 DilCzMes, NiBr,-glyme 41+0 19+1
7 DilCzMes, [Ni(dtbbpy)(OH,),]Cl, 68 + 1 1840
8 DilCztBuCz, Ni(COD), 60 + 6 31+2
9 DiICztBuCz, NiBr, - glyme 20+ 1 20+ 1
10 DiICztBuDPA, Ni(COD), 47 5 14 £ 2
11 DiICztBuDPA, NiBr,-glyme 27 £3 11+0
12 4CzIPN Ni(COD), 43 +2 36 4
13 4CzIPN NiBr,-glyme 31+0 19+0
14 JacIx(ppy); Ni(COD), 65+ 1 15+ 1
15 Jac-Ix(ppy)s NiBr, - glyme 49+5 16+ 1

¢ 5-Bromophthalide (0.188 mmol, 1.0 equiv.), benzoic acid (0.301 mmol, 1.6 equiv.), 2,2,6,6-tetramethylpiperidine (TMP) (0.375 mmol, 2.0 equiv.),
Ni source (0.011 mmol, 6 mol%), 4,4’-di-tert-butyl-2,2-bipyridine (dtbbpy) (0.013 mmol, 7 mol%) and PC (0.004 mmol, 2 mol%) in DCM (0.09 M).
Yields were determined by "H NMR spectroscopy using 1,3,5-trimethoxybenzene as the internal standard.

23228 | Chem. Sci., 2025, 16, 23220-23232

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc04014k

Open Access Article. Published on 28 October 2025. Downloaded on 2/7/2026 6:24:55 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

View Article Online

Chemical Science

Table 8 Reaction optimization of the Ni-co-catalyzed cross-coupling esterification reaction®

o o PC (2 mol%), Ni(COD); (6 mol%) o °
dtbbpy (7 mol%), TMP (2 equiv.) o]
/@Elfo \ DCM (0.09 M), hv =440 nm, 24 h ©)J\o | o
Br F =
1 2

Entry Solvent PC Conditions Yield 1/% Yield 2/%
1 DCM DilCzMes, Ni(COD), 60 £3 30+£1
2 Toluene DilCzMes, Ni(COD), 10 + 3 —
3 DMSO DilCzMes, Ni(COD), 64 £5 21+1
4 DMSO : toluene 1: 1 DiICzMes, Ni(COD), 74 + 2 15+1
5 DMSO : toluene 1: 1 DiICzMes, Ni(COD),, 3 h 54 +£0 13+0
6 DMSO : toluene 1: 1 JfacIx(ppy)s Ni(COD), 77 £1 15+0
7 DMSO : toluene 1: 1 fac-Ix(ppy)s Ni(COD),, 3 h 68 + 2 16 +2
8 DMSO : toluene 1: 1 DilCzMes, [Ni(dtbbpy)(H,0)4]CL, 81+1 13+1
9 DMSO: toluene 1:1 SACR-IPTZ” Ni(COD), 99 —

“ 5-Bromophthalide (0.188 mmol, 1.0 equiv.), benzoic acid (0.301 mmol, 1.6 equiv.), TMP (0.375 mmol, 2.0 equiv.), Ni-source (0.011 mmol, 6 mol%),
dtbbpy (0.013 mmol, 7 mol%) and PC (0.004 mmol, 2 mol%) in the respective solvent (0.09 M). Yields were determined by "H NMR spectroscopy
using 1,3,5-trimethoxybenzene as the internal standard. ® Literature yield taken from ref. 39 5-bromophthalide (0.188 mmol, 1.0 equiv.), benzoic
acid (0.301 mmol, 1.6 equiv.), TMP (0.375 mmol, 2.0 equiv.), Ni-source (0.011 mmol, 6 mol%), dtbbpy (0.013 mmol, 7 mol%) and PC (0.004 mmol,

2 mol%) in the respective solvent (0.09 M), Aexc = 400 nm.

formation of 2 (Table 8, entry 1-3). Using 1: 1 DMSO : toluene in
combination with the preformed Ni complex [Ni(dtbbpy)(OH,)4]
Cl, and DiICzMes, as the PC resulted in 81% yield of 1 and only
13% of 2 (Table 8, entry 7). Reducing the reaction time from 24
to 3 h resulted in a lower yield of 1 (54%) but not of 2 (13%)
(Table 8, entry 5), while with fac-Ir(ppy); as the PC the product
was obtained in 68% yield after 3 h (Table 8, entry 7). While the
reaction with _fac-Ir(ppy)s is slightly faster than with DiICzMes,,
effectively similar yields of 74 and 77% were obtained after 24 h
using DiICzMes, and fac-Ir(ppy)s, respectively.

Conclusion

We have investigated four DiICz emitters as fast and efficient
DET photocatalysts in five different energy transfer reactions,
highlighting their ability to activate high triplet energy
substrates and outperform literature reference PCs. There is
scant solvent dependency of the T; state energies of these four
MR-TADF PCs, unlike D-A TADF PCs such as 4CzIPN. Surpris-
ingly, we observed a dependency of the sensitivity of O,
quenching as a competitive triplet quencher as a function of the
nature of the PEnT reaction, even when the E of the substrate
was the same. Reactions that proceed sufficiently rapidly with
these PCs show little to no O, dependency on the final yield,
which is a benefit of these compounds as photocatalysts. This
suggests that the quenching of the excited state by O, is not
competitive with the DET kinetics to the substrate. Excitingly,
DET to substrates with triplet energies as high as 3.0 eV is
feasible with DiICztBu, and DiIlCzMes,, both of which catalyze
the sigmatropic shift of (S)-verbenone, yielding the product in
around 38% yield. We concluded that there is no connection
between either the yield or the reaction rate and the AEgy of the

© 2025 The Author(s). Published by the Royal Society of Chemistry

PC. This study reveals the particularly valuable and wide utility
of DiCzMes, as a PEnT photocatalyst for substrates possessing
high triplet energies.
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