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While photoisomerization has dominated the design of photoswitchable catalysts, this work introduces an
alternative approach: leveraging light-induced photodimerization to assemble catalytically active species.
The adopted strategy is based on a acrylamidylpyrene derivative equipped with a TACN-Zn(i) catalytic
unit. This system undergoes a visible-light-induced [2 + 2] cycloaddition, which is both regioselective
and reversible, to form a catalytically active photodimer. While the E-to-Z photoisomerization of the
monomer has no significant effect on catalysis, the photodimerization leads to a six-fold enhancement
in catalytic activity. The photodimer's catalytic efficiency is attributed to the clustering of catalytic units,

facilitating a more efficient transphosphorylation reaction. Notably, this system demonstrates the ability
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Accepted 14th August 2025 o temporally control catalytic reactivity, as the active dimer can be reverted to the monomers upon
irradiation with UV light. This work highlights the potential of photodimerization as a robust alternative

DOI: 10.1039/d5sc03858h strategy for regulating catalytic activity and opens new avenues for light-responsive catalysis with
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Introduction

Photoresponsive systems that couple catalytic function to light
stimuli play a central role in fundamental biological processes,
such as vision,"” light-directed growth and movement in
plants.®* Additionally, plants leverage the conversion of light
energy into chemical bonds to activate proteins via photo-
dimerization,* a process that is fundamental for regulating gene
expression, circadian rhythms, and photomorphogenesis.*”
Chemists have harnessed light to regulate catalytic activity,
primarily exploiting photoisomerization processes to alter the
geometry or electronic properties of catalyst architectures.®
Azobenzene scaffolds, for instance, have been widely explored
to achieve photoswitchable catalysis by exploiting
cooperative,””” electronic,’**" or steric effects,”> or by
inducing the self-assembly of molecules into supramolecular
structures.”**® Similarly, light-driven isomerization of molec-
ular rotors**>*' and ring-closing/ring-opening reactions of pho-
toactive dithienylethene®*** and spiropyran®® derivatives have
been employed to design light-responsive catalysts.

In this work, we present an alternative strategy for photo-
regulating catalytic reactivity. Instead of inducing conforma-
tional changes in a pre-existing catalyst, we harness light energy
to construct an active catalyst via a photodimerization process.
The [2 + 2] cycloaddition reaction—a widely studied photo-
chemical process—forms cyclobutane adducts upon irradiation
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across a broad wavelength range®” and has been investigated in
cinnamic acid,*® thymine,* coumarin, stilbene,* and, more
recently, acrydylpyrene derivatives. Acrydylpyrene offers unique
advantages as one of the mildest and most orthogonal photo-
chemical systems, with wavelengths for self-dimerization and
cycloreversion at approximately 435 nm and 330 nm, respec-
tively. These reversible photodimerization processes have been
applied to polymer ligation,***** photodynamic hydrogels,**°
and the photocontrol of duplex formation between artificial
nucleic acids and RNA.>

Here, we equipped an acrylamidylpyrene chromophore with
a 1,4,7-triazacyclononane (TACN)-Zn(n) unit (Fig. 1), a moiety
known to enhance catalytic activity in transphosphorylation
reactions® by promoting cooperative effects between neigh-
bouring TACN- Zn(n) units.”**” We demonstrated that irradiation
at 420 nm induces both the E-to-Z isomerisation of the mono-
mer, which did not affect the catalysis, and photodimerization
into a catalytically active cyclobutane derivative. Prolonging the
irradiation shifts the equilibrium towards the active dimer and
the catalytic activity is reversibly regulated by alternating between
420 nm and 311 nm irradiation, which instead causes dissocia-
tion of the catalyst. Remarkably, the [2 + 2] cycloaddition is
highly stereoselective, yielding a single cyclobutane product out
of 11 theoretically possible regioisomers.

Results and discussion

After having synthesised the acrylamidylpyrene derivative E-
1-Zn(u) (for details see SI, Section 2) we initially studied its

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Reaction scheme highlighting the studied processes: upon irradiation at 420 nm the E-1-Zn(i1) monomer can isomerize into Z-1-Zn(u)
(fast) or dimerize to give 2-Zn(i) (slow). The formed photodimer can catalyze the transphosphorylation of HPNPP into p-nitrophenol (PNP) and
cyclic phosphate. The photoinduced processes can be reverted by irradiating with a wavelength of 311 nm.

photochemical behavior via "H-NMR spectroscopy, using D,O :
DMSO 8: 2 as the solvent mixture, in order to prevent potential
aggregation. The first process that we observed when irradiating
a 0.5 mM solution of E-1-Zn(u) at 420 nm for 3 min was the
photoisomerization from the E to the Z isomer, reaching around
85% of the Z-isomer at the photostationary state (Fig. 2b, ¢ and
S28; for details on the choice of wavelengths see SI, Section 3.3).
Upon irradiation at 311 nm for 2 hours reversible photo-
isomerization from Z into E isomer took place, and this process
could be repeated for different cycles. However, it was observed
that the total concentration of monomers was slowly decreasing
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Fig. 2 (a) Reaction scheme of the reversible photoisomerization

between E-1-Zn(n) and Z-1-Zn(n). (b) Graph showing the percentage of
E-1-Zn(n) isomer as a function of the isomerization cycles (420/311
nm) and (c) corresponding *H-NMR highlighting the doublet typical of
the E and Z isomers. The coupling constants J? of the olefinic protons
signals are consistent with the £ and Z isomers (respectively 16 Hz (6.9
ppm) and 12 Hz (6.5 ppm), see S28). The concentration-dependent
variation in the chemical shift of the doublets arising from proton A of
1-Zn(1) suggests the presence of weak intermolecular interactions
involving mainly the E isomer-at least to some extent.

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

because of the formation of photodimer 2-Zn(u) (Fig. S29 and
S30).

In fact, when a 0.5 mM solution of E-1-Zn(u) in D,O : DMSO
8:2 was irradiated for about 120 min at 420 nm, we observed
that the [2 + 2] cycloaddition prevailed over the photo-
isomerisation process (92% of dimer), which was confirmed by
mass spectrometry and "H-NMR spectroscopy (see $S23-S27 and
S33-S34), that showed the disappearance of the olefinic
doublets at 7.6 ppm and 6.5 ppm and the appearance of two
multiplets at 5.1 ppm and 3.9 ppm, consistent with the cyclo-
butane ring formation (Fig. 3a) of just a single regioisomer (see
below).®®* Additionally, "H-NMR analysis revealed significant
upfield shifts of the TACN protons upon photodimerization
(Fig. 3a, red squares), consistent with a closer proximity to the
pyrene ring in the cyclobutane structure. COSY and HSQC
experiments (see Fig. S26 and S27) further confirmed the
splitting of TACN CH, protons into two populations, indicating
magnetic anisotropy effects from the pyrene ring.>® The UV-vis
spectra (Fig. 3c) showed that the characteristic absorption band
of the conjugated E-1-Zn(u) (Amax = 372 nm) undergoes
a hypochromic shift in the isomer Z-1-Zn(u) (Apnax = 350 nm),
which is replaced by the typical structured absorption band of
non-conjugated pyrene in the photodimer 2-Zn(u) (Ayax = 269,
279, 334 and 350 nm). This behaviour is fully consistent with
the successful [2 + 2] cycloaddition.***>®* The mismatch
between the monomer absorption maximum (375 nm) and the
red-shifted photodimerization wavelength (420 nm) also aligns
well with earlier findings.®>* Reversibility of the dimerization
can be achieved by irradiating the dimer solution at 311 nm
(Fig. 3b and d). However, photodegradation hinders complete
reversibility of the process (see S31 and S32), which regrettably
occurs even increasing the irradiation wavelength to 365 nm.

We then decided to elucidate the structure of the obtained
photodimer 2-Zn(u). The [2 + 2] cycloaddition of acryl-
amidylpyrene can theoretically result in 11 different regio-
isomers (see Table S1 for details), depending on the nature of

Chem. Sci., 2025, 16, 17820-17826 | 17821
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Fig. 3 (a) Comparison between *H-NMR of E-1-Zn(i), Z-1-Zn(1) and 2-Zn(1); the styryl and the corresponding cyclobutane protons are high-
lighted with orange and green dots, while the CH, TACN-Zn(i) protons are highlighted with red squares. (b) Reaction scheme showing the
reversible photoisomerization and photodimerization processes. (c) Comparison between UV-vis spectra of 20 uM water solutions of E-1-Zn(i)
(blue), Z-1-Zn(u) (red) and 2-Zn(i) (green). (d) Graph showing the percentage of E-1-Zn(i) (blue) and 2-Zn(i) (green) as a function of the irradiation
cycles (420/311 nm) for a 0.5 mM solution of E-1-Zn() in D,O : DMSO-d6 8 : 2.

the reactive monomers (E and/or Z) and on their orientation
(head/tail, and syn/anti). Given that the "H-NMR pattern of the
cyclobutane protons signals are a fingerprint of the isomer, the
initial focus for establishing the structure of the dimer was
placed on the cyclobutane protons at 5.1 ppm and 3.9 ppm
(Fig. S47). The observed multiplet pattern, consistent with an
AA'BB’ spin system, was in agreement with a cyclobutane ring
exhibiting C, symmetry.®** This reduced the pool of possible
candidates to only two isomers obtained by the head-to- head
cycloaddition of either two E-1-Zn(u) or two Z-1-Zn(u) molecules
(respectively EE-hh-anti and ZZ-hh-anti in Fig. 4a). Notably,
NOE experiments cannot discriminate between these two
isomers, as the distances between the A/A’ and B/B’ proton pairs
are nearly identical in both isomers (2.4 A for ZZ-hh-anti and 2.5
A for EE-hh-anti). To resolve this ambiguity, we examined the
coupling constants within the AA’BB’ spin system.® Since
sterically hindered substituents can alter the geometry and the
coupling networks of the cyclobutane ring, we employed DFT
calculations to predict the J couplings for the cyclobutane
protons of the EE-hh-anti and ZZ-hh-anti photodimers.

The optimized geometries of EE-hh-anti and ZZ-hh-anti
dimers (Fig. 4b) were employed to calculate the coupling
constants of the cyclobutane protons (NMR data are summa-
rized in Tables S2-S4).

Comparison of the experimental 'H-NMR signal of the
protons resonating at de,, = 5.2 ppm with simulated patterns
based on DFT-calculated J values revealed a clear match for the
EE-hh-anti isomer, while significant deviations were observed
for the ZZ-hh-anti isomer (Fig. 4c and see Section S5 for details).
This indicated that the photodimerization proceeded via the [2
+ 2] cycloaddition of two E-1-Zn(u) monomers, yielding the EE-
hh-anti isomer as the single photoproduct (Fig. 4d).

Interestingly, the dimerizing monomer is the less concen-
trated species, as approximately 85% of the initial monomer has

17822 | Chem. Sci., 2025, 16, 17820-17826

already isomerized to the Z form. Although 20% DMSO prevents
large-scale aggregation (see $39), "H-NMR experiments suggest
that weak intermolecular interactions between E-1-Zn(u)
monomers may still occur (see Fig. 2). These interactions could
contribute to the high photodimerization efficiency observed
even at low concentrations of the E-isomer (see S42). Addition-
ally, it is worth noting that the photoisomerization rate is

ZZ-hh-anti EE-hh-anti
TACN  Hy Ha TACN
a) - -
Ha("\ Py He(7\ Py

1) c

5.16 5.24

5.20
& (ppm)

S8, S EE-hh-anti-2-Zn(ll)
Fig. 4 (a) Schematic representations of the ZZ-hh-anti (left) and EE-
hh-anti (right) isomers, with highlighted the C, symmetry axes. (b)
Optimized structures of EE- and ZZ-hh-anti isomers. The cyclobutane
ring protons of EE-hh-anti adopt quasi-anti conformations relative to
each other, leading to relatively large J couplings. Conversely, in ZZ-
hh-anti, one proton pair features a dihedral angle close to 90°, typically
associated with small 3J couplings. (c) Overlap between experimental
'H-NMR spectrum (red traces) and the simulated spectra from DFT-
calculated NMR parameters for EE- and ZZ-hh-anti (black traces). The
chemical shifts of calculated spectra were aligned to the experimental
value of 5.20 ppm. (d) Molecular structures of the obtained EE-hh-
anti-2-Zn(i) photodimer.
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significantly faster than the photodimerization rate, allowing
rapid Z-to-E isomerization to replenish the E-1-Zn(u) species as
it is consumed during photodimerization.

After having established the molecular structure of the
photodimer 2-Zn(u), we explored the catalytic properties of the
system in the monomeric and dimeric states. The aim was to
determine whether the photodimerization process enhances
the system's catalytic activity toward the transphosphorylation
reaction of 2-hydroxypropyl-4-nitrophenylphosphate (HPNPP),
which is a model substrate for RNA (Fig. 5a). Hence, the
formation of p-nitrophenol (PNP) from a 1 mM solution of
HPNPP was followed via UV/vis spectroscopy, in the presence of
the monomers E-1-Zn(u) and Z-1-Zn(u) (100 pM), or 50 uM of
the photodimer 2-Zn(u). These experiments (Fig. 5 and Section
4 of the SI) showed that the E-Z photoisomerization of 1-Zn(u)
did not significantly affect the initial rate of the trans-
phosphorylation (0.75 mM h™" for E-1-Zn(u) and 0.93 mM h™*
for Z-1-Zn(u)), but that the clustering of two TACN-Zn(u) units
in 2-Zn(u) caused by photodimerization led to a 6-fold increase
of the catalytic activity (4.22 mM h™* for 2-Zn(u)). The observed
rate acceleration enhancement aligns with similar molecular
systems containing two or more proximal TACN-Zn(u) units.”*”

One of the most attractive features of the use of light for
tuning the catalytic properties is the possibility to temporally
control a chemical reaction.” Thus, because of the significant
difference in catalysis between monomers and dimer, we
decided to study how the catalytic activity varies depending on
the irradiation time. We observed that the presence of HPNPP
and the resulting nitrophenolate anion interfered with the
photodimerization process. To circumvent this practical limi-
tation of the model substrate and to maintain precise control
over the photochemical step, we decoupled catalyst irradiation
from substrate conversion.” This approach allowed us to
conceptually investigate whether irradiation time can effectively
regulate catalytic activity. Aliquots were taken after different
irradiation times and studied by 'H-NMR spectroscopy to
determine the mixture composition and by UV-vis spectroscopy
to determine the catalytic activity. In particular, a solution of E-
1-Zn(u) was irradiated at 420 nm to form the [2 + 2] cycloadduct,

Z-1-zn(1)/ c)
E-1-Zn(11)/ ,/<o OH 5
2:Zn(ll) Ol ¥

N .

o
PNP < (N

o}
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> ._l
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2:zn(ll) Z-1-Zn(ll) E-1-Zn(ll)
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Fig. 5 (a) Reaction scheme of the studied HPNPP transesterification.
(b) Concentration of the formed PNP as a function of the reaction time
for a pH 7 solution of HPNPP 1 mM at 40 °C, in the presence of: E-
1-Zn(u) (100 uM, blue line), or Z-1-Zn() (100 uM, red line), or 2-Zn(i)
(50 mM, green line). (c) Graph highlighting the observed initial reaction
rates.
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Fig. 6 Temporal control of HPNPP transesterification through pho-
todimerization. The initial reaction rate of HPNPP transesterification
(orange squares) and the percentage of monomers (1-Zn(u), blue
squares) are shown as a function of the irradiation time. In particular,
a 1 mM solution of E-1-Zn(i) was initially irradiated at 420 nm for 35
minutes (green background), and then at 311 nm for 700 minutes (pink
background). Over the time, this solution was analysed via *H-NMR
and aliquots (corresponding to 50 uM of 1-Zn(i)) were added to 1 mM
HPNPP solutions, pH 7.0, 40 °C. The formation of PNP was followed
via UV spectroscopy.

and the catalytic activity at different irradiation times was
studied by taking 5 different aliquots of the irradiated mixture
and adding these to a 1 mM HPNPP solution (Fig. 6, 0-35
minutes). In these experiments the irradiated E-1-Zn(u) solu-
tion was 1 mM instead of 0.5 mM (see Fig. 2 and 3), leading to
a faster dimerization rate. Consequently, complete dimeriza-
tion was achieved in just 33 minutes, and the irradiated wave-
length was set to 311 nm to cause the dissociation of the
photodimer 2-Zn(u). At 4 different times aliquots of the solution
were taken and added to a 1 mM HPNPP solution. The initial
rates of transesterification reaction were measured and plotted
as a function of the irradiation time (Fig. 6, 0-800 minutes). The
irradiation at 420 nm of a E-1-Zn(u) increased the trans-
esterification rate of HPNPP about 6-fold, reaching the
maximum after 33 minutes. This timing well correlates with the
dimer formation rate, which indeed reaches the highest
concentration after 33 minutes of irradiation (see also Fig. S43
and S44). On the other hand, subsequent irradiation at 311 nm
caused a decrease in the reaction rate, which returned to initial
values after around 700 minutes. Also, this trend well corre-
sponds with the slower kinetic of the monomerization reaction,
in fact 700 min of irradiation are needed to decrease the dimer
concentration to 21%.

Conclusions

While photoisomerization processes are extensively explored
for controlling system reactivity, the use of photodimerization
reactions for this purpose remains largely unexplored. Here, we
have described a styrylpyrene-based molecular system equipped
with a TACN-Zn(u) catalytic unit that undergoes regioselective
[2 + 2] cycloaddition upon visible light irradiation (420 nm). In
addition to photodimerization, we observed E-to-Z photo-
isomerization, which does not hinder the process as prolonged
irradiation drives the equilibrium toward the dimeric state.
Even if photodegradation affects the efficiency, both the
photoinduced processes are reversible, with irradiation at
311 nm restoring the original E isomer.

Chem. Sci., 2025, 16, 17820-17826 | 17823
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Remarkably, the photodimerization is highly regioselective,
yielding only one photoisomer. Detailed 'H-NMR spectral
analysis, supported by DFT-calculations, confirmed the photo-
dimer's EE-hh-anti geometry. Investigating the catalytic prop-
erties of this dimer toward HPNPP transesterification revealed
a significant finding: while photoisomerization has no impact
on catalysis, the [2 + 2] cycloaddition creates a dimer whose
clustered catalytic units result in a 6-fold enhancement of the
reaction rate compared to the monomeric system.

These results illustrate the potential of visible light to drive
the covalent assembly of catalytically active molecules, enabling
temporal control over system reactivity. Remarkably, while
many photoswitches suffer from the thermodynamic instability
of their active form, the catalytically active photodimer is
a robust product that does not spontaneously revert to its
monomeric inactive state. By establishing photodimerization as
a viable alternative to photoisomerization for regulating catal-
ysis, this work opens new avenues for designing light-
responsive networks and advancing temporal reaction control
strategies.
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