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Triplet-Triplet Energy Transfer: A Simple Strategy for an Efficient
Visible Light-Induced Photoclick Reaction

Youxin Fu, Georgios Alachouzos, Nadja A. Simeth, Mariangela Di Donato,
Michiel F. Hilbers, Wybren Jan Buma, Wiktor Szymanski,* and Ben L. Feringa*

Abstract: Photoclick reactions combine the advantages
offered by light-driven processes and classical click
chemistry and have found applications ranging from
surface functionalization, polymer conjugation, photo-
crosslinking, and protein labeling. Despite these advan-
ces, the dependency of most of the photoclick reactions
on UV light poses a severe obstacle for their general
implementation, as this light can be absorbed by other
molecules in the system resulting in their degradation or
unwanted reactivity. However, the development of a
simple and efficient system to achieve bathochromically
shifted photoclick transformations remains challenging.
Here, we introduce triplet-triplet energy transfer as a
fast and selective way to enable visible light-induced
photoclick reactions. Specifically, we show that 9,10-
phenanthrenequinones (PQs) can efficiently react with
electron-rich alkenes (ERAs) in the presence of a
catalytic amount (as little as 5mol %) of photosensi-
tizers. The photocycloaddition reaction can be achieved
under green (530 nm) or orange (590 nm) light irradi-
ation, representing a bathochromic shift of over 100 nm
as compared to the classical PQ-ERAs system. Further-
more, by combining appropriate reactants, we establish
an orthogonal, blue and green light-induced photoclick
reaction system in which the product distribution can be

precisely controlled by the choice of the color of light. )

Introduction

The application of photochemical processes!"! in the research
area of click chemistry®™ has led to the creation of a new
class of light-triggered reactions known as photoclick
chemistry.*”! These transformations enable the synthesis of
various molecular structures, conjugates, and polymer net-
works in a spatiotemporally controlled manner in complex
systems.!*”! Photoclick chemistry has recently emerged as a
promising methodology for surface functionalization,®"
polymer conjugation,® photocross-linking!®! and protein
labeling """

A key limitation of photoclick reactions is that they
typically require ultraviolet (UV, A <380 nm) irradiation, as
exemplified by photo-induced tetrazole-alkene
cycloadditions,"®”! UV-light initiated thiol-ene and thiol-
yne reactions,®?! azide-alkyne cycloadditions,”? photo-
induced sydnone-alkene/alkyne cycloadditions, azirine-
alkene cycloaddition,” and light-triggered oxime ligation
reactions.”” However, visible light- (A=380-700 nm) and
near-infrared (NIR) light (A=700-2500 nm) induced photo-
click reactions are highly desirable, primarily due to Vis/
NIR light’s superior penetration into materials when
compared to UV light.?** This unique capability facilitates
non-destructive imaging and analysis of subsurface struc-
tures, providing a more profound insight into material
composition and properties. Moreover, these wavelengths
offer advantages in identifying molecular compositions with-
in complex soft material devices based on organic molecules,
such as polymer samples, by minimizing interference from
background signals.”*! Additionally, these characteristics
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render them suitable for applications in biological systems,
where UV light can trigger undesirable responses, including
cell death.”'™ The prevalent strategy for designing visible-
light-induced photoclick systems involves extending the n-
system of established click reaction substrates to shift
absorption toward the red spectral region.’*3! Despite its
common use, this approach has drawbacks, including
potential loss of photoclick reactivity and reduced solubility
in aqueous solutions™! limiting its applicability in biological
systems. An alternative approach relies on multi-photon
absorption processes,™® thereby accessing excited states
using photons with lower energy, and thus enabling
activation of photoclick reaction systems with visible and
NIR light. However, this method requires high-intensity
pulsed laser light, limiting practicality due to equipment
requirements and low efficiency.®®  Upconversion
processes,”’ ! that rely on absorbing multiple quanta of
NIR light, offer another approach. Despite their promise for
biological applications, challenges persist, such as low up-
conversion luminescence efficiency and the need for pro-
longed high-power laser irradiation.

All the aforementioned strategies involve manipulation
of the excitation to the singlet excited state by narrowing the
S;—S; gap in m-extended systems or involve multiphoton
processes to excite the chromophore. However, in many
photochemical transformations including photoisomeriza-
tion, photocycloaddition and photoclick reactions, triplet
excited states are key.'”! For instance, irradiation of 9,10-
phenanthrenequinones (PQs) with UV light populates the
strongly allowed S, (nn*) state which internally converts to
the lowest excited S, (nm*) singlet state.”**?! From this state
an efficient intersystem crossing (ISC) occurs that populates
the lowest excited T, (nn*) triplet state from which a [4+2]
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In other photoresponsive molecules, such as photo-
switches including diarylethenes,**! azobenzenes,"*! and
molecular motors,”!! it was shown that using molecular
photosensitizers with favorable absorption properties (e.g.
absorbing in the visible light range) can serve as an efficient
strategy to construct all-visible light controlled photo-
switches via triplet-triplet energy transfer (TTET).F*¥
However, to the best of our knowledge, employing TTET to
enable the use of visible/NIR light in photoclick reactions
has not yet been explored.

Here, we introduce a reliable and versatile strategy to
realize efficient, triplet-sensitized, visible light-induced pho-
toclick reactions of PQs with electron-rich alkenes (ERAS).
We report that photocycloaddition reactions can be pro-
moted by catalytic amounts of triplet photosensitizers with
green (530 nm) or orange (590 nm) light while retaining its
fast reaction kinetics and high chemoselectivity. Further-
more, we established an orthogonal blue and green light-
induced photoclick reaction system, in which the product
distribution can be precisely controlled using light of differ-
ent wavelengths.

Results and Discussion

In order to establish the proper combination of PQ
compounds and triplet sensitizers (Structures in Table 1) we
investigated the substituent effect on the PQ properties with
a variety of functional groups. Towards this goal we
extended the PQ core with substituted phenyl moieties.
Starting with 3-bromophenanthrene-9,10-dione (PQ-Br) and
phenyl boronic acids, the Suzuki-Miyaura cross-coupling
reaction allows for straightforward synthesis. Unlike direct

photocycloaddition reaction with alkenes can occur PQ core modifications, palladium-mediated coupling toler-
(Scheme 1)1 ates various substrates without altering the protocol, yield-
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Scheme 1. lllustration of the mechanism for the general and intermolecular TTET-induced green to orange-light induced 9,10-phenanthrenequinone
(PQ) - electron-rich alkenes (ERA) photoclick reaction with a triplet photosensitizer.
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ing a PQ-Ph-R library with satisfying product formation
(30 %—60 % yields; for details see Supporting Information).
As PQ-ERAs photoclick reactions occur from the lowest
excited triplet state (T}, *nn*) of PQ,! we hypothesized that
the reaction can also be achieved by sensitizing a PQ
compound to the T, state by a triplet photosensitizer with a
higher T, energy level through a TTET process (Scheme 1).
Furthermore, selecting a photosensitizer with a relatively
low-lying S, energy level would result in longer absorption
wavelengths than that of the PQ, allowing lower-energy
photons to be used for promoting the PQ-ERA photoclick
via TTET process.

PQ derivatives generally exhibit S; and T, states at high
energies (Scheme 1), which necessitates the use of UV or
blue light to initiate the PQ-ERA photoclick reaction. At
the same time, the high energy of T, makes it extremely
difficult to find a suitable photosensitizer to achieve green
or even red light-induced PQ-ERA photoclick reactions by
a TTET process. To overcome this obstacle, we were in
search of PQ derivatives that have a lower-lying T, energy
state and could be paired up with a visible-light responsive
photosensitizers, which have reported values for the T;-S,
energy gap.” To do so, we employed Density Functional
Theory (DFT) and Time-Dependent Density Functional
Theory (TD-DFT) to computationally screen for PQs with
lower-lying triplet T, excited states, which would undergo
TTET in the presence of suitable photosensitizer.

Previously, we have used TD-DFT calculations at the
MN15/def2-TXVP level to model successfully various photo-
chemical processes.”™®! In the present study, the same level
(MN15/def2-TZVP) in combination with the Polarizable
Continuum Model to take solvent effects into account has
been used to calculate vertical and adiabatic excitation
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energies of the relevant singlet and triplet states of PQ and
substituted PQs. An overview of these results is given in
Table 1. To further explore to what extent these results are
dependent on the employed level and to allow for a further
comparison with a recent study we performed on PQ and 3,
3'-substituted PQs, the same calculations have been per-
formed at the MO06-2X/6-31+ G*/PCM(acetonitrile) level
which previously showed the best quantitative agreement
with the experimentally reported *nm*—’nn* energy gap in
PQ TableS1 (see Supporting Information, section5.2)
shows that, at this level, very similar results are obtained
with energies that are uniformly slightly higher than found
in the MN15/def2-TZVP/PCM (acetonitrile) calculations.

As shown in Table 1, for unsubstituted PQ we found
adiabatic excitation energies of S, (nn*) and T, (mn*) of
2.33eV and 2.13 eV, respectively. Concluding from our
previous study,*? photoexcitation of the strongly allowed S,
(nm*) state with an absorption maximum at 410 nm leads,
after internal conversion to the S; (nn*) state, to an highly
efficient ISC that populates the T, (nn*) state. Meanwhile,
the adiabatic excitation energy of T, (nn*) (2.13 eV, Table 1)
is too high to populate this state from TTET common
visible-light absorbing photosensitizers such as DilBodipy,
Safranin O, and Methylene Blue that have T, energies of
1.70 eV, 1.83 eV, and 1.39 eV, respectively./***¥

Considering the MOs involved in the lower excited
singlet and triplet states, we reasoned that 2-/2"-bifunctional-
ized derivatives of PQ might have more favorable excitation
energies and therefore explored computationally for 2,2'-
bisdithiophene (PQ-2DiTP) and 2,2'-bisdi-para-meth-
oxyphenyl (PQ-2DiOMe). For both molecules the 'nn* state
of the parent compound PQ is hardly affected (Table 1).
Importantly, however, the 'mr* state is lowered by more

Table 1: A) Vertical and adiabatic (in parentheses) excitation energies (eV) of the 'nn* and 'nn* states and of the *nn* and *nm* states of PQ, PQ-
2DiTP and PQ-2DiOMe obtained at the MN15/def2-TZVP/PCM(MeCN) level. Exp. column refers to vertical excitation energy (eV) with
corresponding wavelength absorption maximum (nm) in parentheses. B) Triplet energies of photosensitizers DilBodipy, Safranin O, and Methylene
Blue are given in eV with absorption maximum A, (nm) given in parentheses.

A) Structure of PQs
o 0
" o8
o 0
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[ 7]
E&k Oad
o 0
PQ-2DiOMe .
N oL O~
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- V72 i )
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2.34 2.40 2.39 1.96 2.27
(1.99) (516)@ (2.34) (1.57) (2.22)
2.32 2.42 2.39 1.95 232
(1.98) (513)@ (2.35) (1.57) (2.27)
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X

| ]j | |
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@ cl N al
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@ See Supporting Information Section 4.1 Figure S20, ® See Supporting Information Section 4.1 Figure S21.
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than 0.6 eV including these substitutions. Such a lowering
has far-reaching consequences, as it leads in the substituted
compounds to a state ordering in which the 'nn* is both
vertically, as well as adiabatically, the lowest excited singlet
state, while the 'nm* state is adiabatically almost 0.4 eV
(9.2 kcal/mol) higher in energy. In preliminary experiments,
it was found that excitation of both PQ-2DiTP and PQ-
2DiOMe gave very low photoclick reaction rates with ERAs
when compared to unsubstituted PQ. The main conclusion
drawn from the calculations is that the state ordering of the
'n* and 'mn* state is reversed upon substitution, which
provides a clear-cut explanation for the low reaction rates
since El-Sayed’s rules’® indicate that ISC from the S, (nn*)
state of the substituted PQs will be significantly less efficient
than ISC from the S, (nn*) state of unsubstituted PQ.

From the data in Table 1 it can be concluded that PQ-
2DIiTP and PQ-2DiOMe have the appropriate excited state
energies for a visible light-induced, TTET-mediated PQ-
ERA photoclick reaction: (i) their absorption maxima are at
a shorter wavelength than the maxima of commonly
employed photosensitizers and (ii) the triplet state energies
of these commonly employed photosensitizers are such that
they are either above those of the PQ-2DiTP and PQ-
2DiOMe (1.57 eV) in which case an efficient photoclick
reaction should occur, or below 1.57 eV, in which case the
photoclick reaction is expected to be very inefficient. In the
current study, three photosensitizers with a high ISC
efficiency and molar extinction coefficient to ensure efficient
excitation and TTET were explored. 1,3,5,7,8-Pentamethyl-
2,6-diiodo Bodipy (DilBodipy) and Safranin O were
selected as candidates to establish the first TTET-based PQ-
ERAs photoclick reaction, while Methylene Blue was
chosen as a control compound that should not enable the
TTET process, since its T, state energy is lower compared to
that of PQs.

The 2-/2'-bifunctionalized PQ derivatives PQ-2DiTP and
PQ-2DiOMe were synthesized by converting 2,7-diiodophe-
nanthrene-9,10-dione (PQ-2Dil) with either para-meth-
oxyphenyl- or thiophene-boronic acid using a Suzuki-
Miyaura cross-coupling.” Employing Pd(PPh,), as a cata-
lyst in the synthesis of PQ-2DiR resulted in products
obtained with satisfying yields (50% and 55 %, for PQ-
2DiTP and PQ-2DiOMe respectively, Scheme S1, Support-
ing Information). We furthermore used PQ-3TP, which we
have demonstrated reacts very efficiently with N-Boc-2,3-
dihydro-1H-pyrrole (PY) under blue light excitation (Fig-
ure 3A)."¥ The synthesis of the photosensitizers was carried
out according to previously published methods (for detailed
information, see Supporting Information, section 1).

The occurrence of ISC, although not very efficient, for
the 2-substituted PQ molecules was confirmed by transient
absorption spectroscopy measurements (for detailed infor-
mation see SI, section 4.3, Figure S37-S39). As indicated,
the 2-/2'-bifunctionalized PQ derivatives did not perform
well in the direct PQ-ERA reaction under 535 nm LED
irradiation, even with PY (10 eq), the ERA that showed the
highest reactivity in our recent studies (Figure S22, for
detailed information, see Supporting Information,
section 4.2).* This is in line with the computational
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predictions (Table 1) that ISC for PQ-2DIiTP should be
much less reduced as its lowest excited singlet state is a nn*
state and not an nn* state.

Next, we attempted the same photoclick experiment in
the presence of a photosensitizer to test the TTET process.
PQ-2DiTP (50 uM, 1 eq), PY (500 pM, 10 eq), and DilBodi-
py (50 uM, 1 eq) in degassed (N,) MeCN was irradiated with
a 535nm LED, a wavelength at which DilBodipy (A,..=
525 nm) features a strong absorption (molar absorptivity e =
3.3x10* M~'em™', Figure S21B, Supporting Information, sec-
tion 4.2). To our delight, upon monitoring the reaction by
UV/Vis absorption spectroscopy (Figure 1A,B), an increase
in the absorption band at 390 nm was observed, which is
indicative of the fast formation of PQ-ERA photoclick
adducts, as also confirmed by UPLC-MS measurements.
The 390 nm absorption reached a plateau at ~60's (k)3 =
0.043 57!, Figure 1C). Notably, the second-order rate con-
stant k, was determined to be 87.9M's™! (Figure 1D),
which is ~750 times faster than our recently measured value
for the general PQ-vinyl ether reaction (PQ-VE, 390 nm
irradiation, k,=0.117 M's™")."!! This system also works at
low concentrations of PY (from 2eq to 8eq), exhibiting
different k> respectively (Figure S23).

In parallel, we initiated a preliminary investigation into
the biocompatibility and oxygen tolerance of this system,
with detailed experimental outcomes presented in SI,
section 4.2, Figures S24-26. Initially, we explored the impact
of the degassing time (ranging from 5 sec to 2 min) on the
rate of TTET-induced PQ-ERA photoclick reaction. As
expected from the photochemical mechanism, we observed
a reduction in the reaction rate that can be attributed to the
presence of oxygen. Specifically, a two-phase kinetic behav-
ior can be observed (Figures S24E and F), indicating a
considerable delay in the formation of photoclick products.
As the lag time increases with increasing amounts of oxygen,
the observed delay is likely a result of the initial consump-
tion of oxygen, leading to the generation of singlet oxygen
(*O,) before the intended photoclick reaction occurs (for
detailed information, see SI, section 4.2, Figure S24-S26; for
some preliminary click reactions in the presence of water,
see SI, section 4.2, Figure S27). The interaction of PQ and
oxygen needs to be taken into account when employing the
system presented here in different contexts due to the
changed kinetics and 'O, formation.

Using a high-power 530 nm LED (for detail information,
see SI) as the light source for the PQ-2DiTP/PY/DilBodipy,
we determined the k), of the reaction to be 0.22s™
(Figure S28). Furthermore, since the absorption spectrum of
DilBodipy tails to ~600 nm, we expected that the TTET-
induced photoclick reaction would also be induced at these
wavelengths. To explore this, we irradiated the PQ-2DiTP/
PY/DilBodipy mixture with orange (590 nm, for detailed
information, see SI) light and confirmed the formation of
the photoclick product (k). =0.036s"!, Figure S26B,D).
Importantly, direct red light (630 nm) irradiation did not
result in any detectable photoclick reaction, as DilBodipy
absorbs virtually no light at this wavelength (Fig-
ure S29C,E).
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Figure 1. Kinetic analysis of TTET-initiated PQ-ERA photocycloadditions. A) Reaction scheme of PQ-2DITP with PY in the presence of a
photosensitizer, B) Time-resolved UV/Vis absorption specira, and C) kinetic traces of PQ-2DiTP/PY reaction, 50 yM PQ-2DiTP, 50 yM
photosensitizer (DilBodipy) with 500 uM of PY in 2.5 mL MeCN (N, atmosphere) was irradiated with a 535 nm LED at 20°C. The consumption of
PQ-2DiTP was monitored by UV/Vis absorption spectroscopy (1 cm cuvette, sample interval 1 sec). PQ-2DiTP-PY formation following equation:

y=(yo-a) e “"*'+ b, to give k. D) Plot of k%;* vs PY concentration. The second-order rate constant k, was determined to be 87.9 M~'s

Subsequently, the same TTET photoclick experiment of
the PQ-2DiTP/PY/DilBodipy system was performed with
lower photosensitizer (DilBodipy) loadings of 10% and
5%. At these catalytic loadings, we also observed fast
photoclick reactions under green (530 nm) light irradiation (
k0= 0.078 s and 0.049 s™', respectively, Figure S30).

To further confirm the role of TTET in initiating the
PQ-ERA photoclick reaction, control experiments were
performed using PQ-2DiTP in combination with other
photosensitizers with both matched and mismatched T,
energy levels. First, a commercially available photosensitizer
Safranin O with slightly higher T, energy levels of 1.83 eV
(Table 1B) was irradiated with 535 nm light in the presence
of PQ-2DiTP/PY in degassed MeCN. In line with our
hypothesis, Safranin O exhibited similar TTET properties
compared with DilBodipy in the PQ-2DiTP/PY system (
k> =0.0069 s, Figure S31, for detailed information see
Supporting Information, section 4.2). Subsequently a control
experiment was carried out with Methylene Blue, which has
a much lower T, energy level (1.39 eV, Table 1B) compared
to PQ-2DiTP. As expected, no detectable photoclick
reaction took place when the PQ-2DiTP/PY/Methylene
Blue system was excited at 630 nm (Figure S32). Altogether,
these experiments provide strong evidence that our novel
designed bathochromically shifted photoclick reaction sys-
tem is indeed initiated by a TTET process that only takes
place with well-matched T, energy levels.
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To further verify that the photoclick product formation
can indeed be traced back to a triplet energy transfer
between DilBodipy and PQ-2DiTP, we studied the process
using transient absorption spectroscopy at the nanosecond
time scale. We monitored the change in absorbance (at
520 nm) of DilBodipy upon excitation at 520 nm with a
nanosecond pulsed laser (Figure S37-S45, Supporting In-
formation, section 4.4) and recorded the decay times of
different samples. It was found that DilBodipy irradiated at
520 nm under deaerated conditions was relaxing back to the
ground state in 17.9 ps (Figure S40B, Supporting Informa-
tion, section 4.4). Next, the experiments were performed in
the presence of varying amounts of PQ-2DiTP (1 to Seq)
under a nitrogen atmosphere, showing that after the gradual
addition of PQ-2DiTP in the dark, the triplet state lifetime
decreased dramatically from 17.9 ps to 3.3 pus (Figure S37-
S45, Supporting Information, section 4.4) pointing to an
efficient triplet energy transfer from DilBodipy to PQ-
2DiTP. The TTET rate constant (krrgr) was calculated to be
4.55x10°M's™! (Figure S46), which compares favorably
with literature kypgr values (approximately 10° M~1s~") 67681

With PQ-2DiTP showing promising reactivity towards
PY in the presence of a suitable triplet sensitizer, we
explored whether other synthetically accessible, PQ deriva-
tives substituted at the 2-position would behave similarly.
PQ-2DiOMe was calculated by TD-DFT to have a T, state
energy of 1.57 eV (Table 1, *n*), which also matches well
with the DilBodipy and Safranin O T, state energies, but is
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still higher than the T, energy of Methylene Blue. The
photoclick reaction of PQ-2DiOMe with PY was performed
in the presence of these three photosensitizers, and similar
results were observed with PQ-2DiOMe as with PQ-2DiTP.
Both DilBodipy and Safranin O exhibited favorable TTET
properties with k50 values of 0.14s' and 0.0274s7,
respectively (Figure 2). Beyond PQ-2DiOMe, we also tested
a series of PQ derivatives and ERAs. To our delight, these
PQs and ERAs can achieve TTET induced photoclick
reaction in the presence of DilBodipy (for detailed
information, see SI, section 4.2, Figure S33-35). Methylene
Blue, on the other hand, induced as expected no detectable
photoclick reaction. These data suggest that our TTET
strategy can indeed be applied as a general method for
bathochromic shifting of the activation wavelength of PQ-
ERA photoclick systems. Altogether, the results presented
herein provide a clear picture of the complete process of the
green-light-induced, TTET-initiated PQ-ERA reaction
(Scheme 1). First, DilBodipy is excited by green light (A=
535nm) and relaxes to the excited triplet state *[DilBodi-

y*] by ISC from the excited singlet state '[DilBodipy*].

A
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B
36
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Energy transfer takes place from °[DilBodipy*] to *[PQ-
2DiTP*] through an intermolecular TTET process, enabling
the [442] photocycloaddition between PQ-2DIiTP and PY,
and yielding PQ-2DiTP-PY.

Recently, we have identified an intriguing opposite
reactivity pattern for PQ compounds substituted at the 2-
and 3-positions.*!! Specifically, it was noted that PQ-3TP
shows a high reactivity upon 420 nm light irradiation (k%2 =
0.17s™") towards PY, whereas almost no reactivity was
observed at 530nm irradiation (k) = 0.0012s', Fig-
ure S36). The PQ-2DiTP_DilBodipy system, in contrast,
shows the opposite trend, that is, a high reactivity using
530 nm (k3= 0. 22 s7"). To exploit this effect, we combined
these two individual PQ-ERA reactions, which are activated
at two different wavelengths of light and proceed via two
distinct pathways, as a starting point to establish a novel
type of orthogonally reactive system. Common click reac-
tions are known to be orthogonal, i.e., selective, in the
presence of other functional groups and between different
types of click reactions.”” We recently demonstrated that

two individual PQ-ERA type of photoclick reactions can

;iN/BDc
Q o]
OO0
O (o]
/

PQ-2DiOMe-PY
C
36
N, = Start
=~ il
HoN N NH,
24 [/ j & 530 nm
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Figure 2. Kinetic analysis of TTET-initiated PQ-2DiOMe-PY photocycloadditions. A) Reaction scheme of PQ-2DiOMe with PY in the presence of a
photosensitizer, B,C) Time-resolved UV/Vis absorption spectra of PQ-2DiOMe/PY reaction upon 530 nm LED irradiation, D,E) Kinetic traces of the
photocycloaddition between 50 yM PQ-2DiOMe, 50 uM photosensitizer (DilBodipy and Safranin O, respectively) with 500 yM of PY in 2.5 mL
MeCN (N, atmosphere) irradiated with a 530 nm LED at 20°C. The consumption of PQ-2DiOMe was monitored by UV/Vis absorption

spectroscopy (1 cm cuvette, sample interval 1 sec), PQ-2DiOMe-PY formation following the equation: y= (yo-a) e “***'+b, to give k

Angew. Chem. Int. Ed. 2024, 63, €202319321 (6 of 9)

530
obs *

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U80]7 SUOWIWOD aA1Te8.D (ol (dde 8Ly Aq peusenob afe saolle YO ‘SN JO S8|nJ 10} ARIq 1T 8UIUO 481/ UO (SUORIPUCO-pUE-SWLIBY/LICO" A3 | 1M AReJq 1 U UO//:SAY) SUORIPUOD PUe SWwie | 8u 88S *[720z/50/c2] Uo Arelqiauljuo A8 |1M ‘dnoin 1IN Ad TZEBTEZ0Z @ IU/Z00T OT/I0P/WO0D A8 |IM A e.d 1 jul|uo//Sdny Woly papeolumod ‘T2 ‘202 ‘ELLETZST



GDCh
~~

take place in one pot under irradiation with the one single
wavelength of light by choosing matching substrate
couples.''! However, exclusively visible light to achieve
orthogonality in the same class of photoclick reactions has
to the best of our knowledge not been reported before.
Therefore, we set out to establish a reaction system in which
two different reaction pathways can be accessed in a PQ-
ERA system using two different wavelengths of light in the
low-energy regime, namely one proceeding via direct
excitation of PQ and one via TTET.

To establish the orthogonal behavior, a batch reaction
system was designed employing different wavelengths of
light in a defined sequence (see Figure 3A). For this, PQ-
2DiTP (50 uM, 1eq), PQ-3TP (leq), PY (10eq), and
DilBodipy (0.5eq) were combined in MeCN (N, atmos-
phere) and irradiated with 530 nm (green light) and 420 nm
(blue light) LEDs, respectively, at a fixed distance for
different time intervals (0 sec, 10 sec, 20 sec, 30 sec, 40 sec,
50 sec, and 60 sec, for detailed information see SI, section 1
and 4.5, Figure S47-S59). The samples were then analyzed
by HPLC to follow the conversion over time. Under green
light irradiation, PQ-2DiTP was consumed quickly (Fig-
ure 3B, blue line, 50 yM to 10 uM), while increasing
amounts of the desired product, PQ-2DiTP-PY, was
observed (Figure 3B, red line, O pM to 40 uM) within a
period of 60 sec irradiation. Meanwhile, the concentration of
PQ-3TP remained mostly unaffected and only minor

k330= 0. 22 s1

o o obs

4

PQ-2DiTP

mams»
@

k220=0.17 51

obs
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amounts of the undesired photoclick product, PQ-3TP-PY,
was observed (less than 7 pM). Upon treatment with blue
light, we found the opposite trend (Figure 3C): now PQ-3TP
was consumed quickly, while the amount of PQ-2DiTP
decreased only slightly.

These experiments show that the TTET system pre-
sented here has distinctive advantages compared to other
orthogonal photoclick systems. We were able to achieve
unprecedented selective transformations in the same photo-
click reaction class using only visible light, combined with
ultrafast reaction rates. The transformation can reach full
conversion with both blue and green light stimuli within
60sec (2.5 mL of a 50 uM solution), surpassing previous
reports.®”! Moreover, the sole reliance on visible light, in
contrast to UV-dependent methods, alleviates concerns
about compound degradation and promotes more efficient
energy transfer. We foresee a broad applicability of our
method for precise material construction, photo-crosslink-
ing, modifications of biological macromolecules in the
future.

Conclusion
In summary, we report here for the first time the use of

TTET process as a promising alternative for achieving red-
shifted photoclick activation by leveraging the low-lying

PQ-3TP-PY

Orthogonal Photoclick Reaction

60 - @ 530 nm

45

PQ-2DITP-PY
30| a
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Figure 3. Overview of the orthogonal photoclick reaction system. A) Comparison of the first-order rate constants (k,, s~') for PQ-ERA
photocycloaddition. B,C) HPLC quantitative analysis of PQ-2DiTP, PQ-3TP, PY, and DilBodipy orthogonal photoclick reaction with 530 nm and

420 nm LED irradiation, respectively.
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excited triplet state, which offers distinct advantages when
compared with n system extension, multi-photon absorption
processes, and UCNP approach. This approach proves
effective in systems relying on the triplet state, eliminating
the need for intricate structural modifications. Importantly,
the TTET system operates efficiently without the need of
these expensive instruments (such as pulsed lasers), show-
casing its practical utility in diverse applications. The fast
and efficient (k, up to 87.9 M's™') TTET-based PQ-ERA
photoclick reaction can be performed in the presence of
catalytic amounts (5 mol %) of the photosensitizer. An in-
depth computational analysis supported by transient spec-
troscopy allowed for a full picture of the processes involved
and provided strong support for the interpretation of our
experimental results. By defining the best combination of
reactants, a dual wavelength (blue and green) visible-light-
induced orthogonal photoclick reaction system was estab-
lished that can selectively generate the desired products in
the presence of competing reactions. This wavelength-
orthogonality within the same type of click reaction is in
striking contrast to the reactivity of classical click reactions.
However, there are still challenges remaining, including
oxygen sensitivity and limited water solubility of PQ
compounds. To enhance water solubility, we are currently
exploring the use of water-soluble groups on PQs, ERAs,
and photosensitizers. Oxygen sensitivity can be likely
reduced or even circumvented by incorporating triplet-
sensitized photoclick systems into confined environments
like polymer films, micelles, or nano-channels.*”! Exploring
innovative assemblies within such confined spaces is crucial
for unlocking the full potential of our strategy. We envision
that this novel, ultrafast, triplet sensitized PQ-ERA photo-
click reaction will provide a solid basis and highly effective
methodology to be used in a wide range of applications,
such as materials surface photo-patterning and photochem-
ical crosslinking. This involves incorporating functional
groups essential for the selected PQ-ERA photoclick
reaction into molecules designated for crosslinking. Poly-
mers equipped with pendant PQ groups and photosensi-
tizers can engage in TTET-induced PQ-ERA photoclick
reactions with another polymer featuring ERAs modified as
its side chain. By exposing these materials to the specific
wavelength necessary for the photoclick reaction, light-
triggered click chemistry is initiated, leading to the forma-
tion of covalent bonds between functional groups resulting
in material crosslinking. In polymers, this process creates a
network structure, thereby enhancing mechanical proper-
ties.
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