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Molecular photoswitches are potent tools to construct dynamic functional systems and responsive
materials that can be controlled in a non-invasive manner. As P-type photoswitches, stiff-stilbenes
attract increasing interest, owing to their superiority in quantum yield, significant geometric differences
between isomers, excellent thermostability and robust switching behavior. Nevertheless, the UV-light-
triggered photoisomerization of stiff-stilbenes has been a main drawback for decades as UV light is
potentially harmful and has low penetration depth. Here, we provided a series of para-formylated stiff-
stilbenes by Rieche ortho-formylation to achieve all-visible-light-responsiveness. Additional phenolic

Rece - 2024 groups provide access to late-stage chemical modification facilitating design of molecules responsive to
Aig:;iigztnhi:):;iymg“ visible light. Remarkably, the photoisomerization of aldehyde-appended stiff-stilbenes could be fully
manipulated using visible light, accompanied by a high photostationary state (PSS) distribution. These

DOI: 10.1039/d4sc00983e features render them excellent candidates for future visible-light-controllable smart materials and
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Introduction

Light exhibits distinct advantages to control materials and
molecular systems with high spatiotemporal precision.*™* Pho-
toswitches offer the opportunity to transfer energy and infor-
mation from light to matter and reversibly modulate systems,
structures, and functions.*'® Nevertheless, high-energy photons
usually required for photochemical reactions restrict the pho-
toactivation of most switches to the use of light in the UV
region, which suffers from low penetration depth, potential
photodegradation, and being harmful to, e.g., living cells, and
therefore limits their applications. Hence, visible and NIR light-
activated molecular switches are much in demand."™

“Center for System Chemistry, Stratingh Institute for Chemistry, University of
Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands. E-mail: b.l.
feringa@rug.nl

"Department of Chemistry-Angstrom Laboratory, Uppsala University, Box 523,
Uppsala, Sweden

University of Strasbourg CNRS, ISIS UMR 7006, 8 Allée Gaspard Monge, Strasbourg F-
67000, France

“Van't Hoff Institute for Molecular Sciences, University of Amsterdam, Science Park
904, 1098 XH, Amsterdam, The Netherlands

“Institute for Molecules and Materials, FELIX Laboratory, Radboud University,
Toernooiveld 7c, 6525 ED, Nijmegen, The Netherlands

IFaculty of Chemistry, University of Warsaw, Pasteura 1, 02-093 Warsaw, Poland

T Electronic supplementary information (ESI) available. CCDC 2319368, 2319369
and 2319370. For ESI and crystallographic data in CIF or other electronic format
see DOLI: https://doi.org/10.1039/d4sc00983e

1 These authors contributed equally to this work.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Recently, elegant molecular engineering strategies,”'*'>'41>
such as push-pull substitution,'*™® w-extension,'* and energy
transfer*>* have been introduced into molecular switches, e.g.
azobenzenes,"*'***?° dijarylethenes,”**?**° and overcrowded
alkenes”'®*" to achieve visible-light-responsiveness. However,
most approaches, such as push-pull substitution and energy
transfer, require complicated synthesis and lack design gener-
ality for late-stage modification of molecules to exploit their full
potential in further applications. Additionally, approaches to
all-visible-light-driven P-type (interconversion between isomers
only using light) molecular switches are still less exploited
compared to T-type photoswitches (interconversion can be
either thermal or photochemical'>?%?°?>%3). Meanwhile, new
scaffolds of photoswitches have emerged in recent years
responding to visible light, such as indirubin,* (thio-)indigo-
based photoswitches developed by Dube,*****® imino indoli-
none,*” and imidazole-dimer-based photoswitches.***°
Stiff-stilbenes,** a prominent class of photoswitches derived
from stilbene that feature a fused five-membered ring, have
shown distinct advantages in various research areas, such as
supramolecular assemblies,””*” molecular force probes,**>°
photoresponsive receptors,®** ligands,” and light emitting
materials,>® owing to their large geometric change, robust
switching behavior, and excellent bi-thermostability (P-type).
These alkenes are also the basis of light-driven rotary molec-
ular motors.*”"** However, two intrinsic disadvantages of stiff-
stilbenes are still challenging to address: harmful UV light-
triggered switching and unfavorable photostationary state (PSS)
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All-Visible-Light-Driven Stiff-stilbene Photoswitches

R1=H/Me All-visible-light driven
R2 =H/Me 70 nm redshifts
R3 = OH/OMe Bi-stable switch

YVVYVYYVY

One-step approach
Ease of post-modification

Fig. 1 Molecular structures of the stiff-stilbenes S1-S6 controlled
using UV light and visible light, respectively, and cartoon representa-
tion of the absorption band of stiff-stilbenes substituted with alde-
hydes (S2, S4, and S6) and those without formyl group (S1, S3, and S5).

distribution for the E-Z isomerization process (E to Z conver-
sion).** The low yield of the Z-isomer and short penetration
depth of UV-light limit the efficiency of control over the
dynamic properties of materials. A known strategy of intro-
ducing push-pull character has been applied to stiff-stilbene
switches recently and has successfully led to visible-light-
responsiveness.*® This system shows an interesting acid-gating
feature because of the additional push-pull functionalities,
which, however, also leads to extensive substitution and limits
the opportunity for further modification. To date, a simple and
general strategy for the development of an all-visible-light-
driven stiff-stilbene system is still unexploited but greatly
needed.

Here, we provide a general strategy for the development of
all-visible-light-driven  stiff-stilbenes. By appending bis-
aldehyde functionalities at the para-positions to the olefin
core via a one-step Rieche formylation, we obtained a series of
stiff-stilbenes that allow visible-light modulation with improved
photostationary state (PSS) distribution (Fig. 1). Furthermore,
two additional phenolic groups are beneficial for potential late-
stage modification toward functional structures for dynamic
systems. Computational studies supported that appending bis-
aldehyde groups drastically decreased the electronic transition
gap of the molecules due to the extension of the 7-conjugation.
This straightforward strategy enables all-visible-light control of
stiff-stilbenes, a unique bistable switch known and employed
for the large geometric changes occurring upon isomerization.
As such, these advances break new ground for increasing the
application of stiff-stilbenes in smart materials and dynamic
systems.

Results and discussion

Stiff-stilbenes were synthesized through McMurry coupling
from the corresponding indanones, and the aldehyde deriva-
tives were obtained by Rieche formylation inspired by our
current approach for formylated molecular motor synthesis
(Fig. 2a).*> The synthesis is detailed in the ESI (Fig. S11), and the
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Fig.2 (a) The synthesis of stiff-stilboene derivatives (E)-S5 and (E)-S6 by
McMurry coupling and Rieche formylation, (b) crystal structures of (E)-
2, (E)-S5, and (E)-S6, (c) molecular structures of (E)-S1 to (E)-S6 and
the normalized steady-state absorption spectra of (E)-S1to (E)-S6 ((E)-
S1in DMSO and others in CH,Cl,, 298 K).

new compounds were fully characterized by NMR and HRMS
(Fig. S18-S521). Crystal structures of differently substituted
stiff-stilbenes (E)-2 (methoxy group protected (E)-S1, see the
ESIY), (E)-S5 and (E)-S6 were successfully obtained from X-ray
diffraction analyses, providing direct evidence of the respec-
tive molecular structures (Fig. 2b). Steady-state absorption
spectra of aldehyde-substituted stiff-stilbenes (E)-S2, S4 and S6
showed shifts of ~70 nm compared with those of unsubstituted
stiff-stilbenes (E)-S1, S3 and S5 (Fig. 2¢).

We first investigated the isomerization behavior of stiff-
stilbene (E)-S1 and its aldehyde derivative (E)-S2 by UV-vis and
"H NMR spectroscopy. UV-vis measurements showed that (E)-S2
displayed an absorption band at Ay, = 403 nm (Fig. 3, pink
spectrum), a significant bathochromic shift of ~70 nm
compared to the parent switch (E)-S1 (Fig. 3, grey spectrum), as
a result of the m-system extension of the stilbene chromophore
by the presence of the aldehyde groups at the para-position. E
— Z photoisomerization of (E)-S1 was achieved by 340 nm light
irradiation, while irradiating at 365 nm led to Z — E back-
switching, as monitored by UV-vis spectroscopy (Fig. S2t). A
new set of signals appeared in the 'H NMR spectrum after
340 nm light irradiation of (E)-S1 in accordance with the
formation of the Z isomer (Fig. S4bt). The integration of the
corresponding signals revealed a ratio of 76/24 (E/Z) at the PSS.
Upon irradiation with 365 nm light, the signals of the Z-isomer
decreased until a new PSS was reached with a ratio of 6/94 (Z/E),
indicating the regeneration of (E)-S1 (Fig. S4ct). This

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Normalized steady-state absorption spectra of (E)-S1 (grey
curve) in DMSO and (E)-S2 (pink curve) in CH,Cl, (298 K).

photoisomerization behavior of (E)-S1 is comparable with that
of other stiff-stilbenes.*"***

In contrast, the photo-switching of the aldehyde-appended
stiff stilbene derivative (E)-S2 can be controlled using two
distinct wavelengths of visible light. Upon irradiation with
405 nm (or 395 nm) light, the absorption band at 310-410 nm
decreased while the shoulder at 415-450 nm increased, indi-
cating E — Z isomerization (Fig. 4a). Irradiating the PSS,¢s5
mixture at 455 nm resulted in an inverse spectral change,
indicating Z — E isomerization (Fig. 4b). Both processes dis-
played an isosbestic point at 414 nm, showing the unimolecular
conversion process (Fig. 4c and d). Fatigue resistance studies
revealed the stability of this molecule over several irradiation
cycles (Fig. 4e). In the 'H NMR spectra, the proton signals of H?,
HP, and HE shifted upfield, while H® and HY shifted downfield
upon irradiation with 405 nm light, proving the E — Z isom-
erization (Fig. 4f(i) and (ii)).

The integration of corresponding signals revealed a PSS of
37/63 (Z/E) at PSS,ps. A PSS distribution of 45/55 (Z/E) was
achieved upon irradiation with 395 nm light (Fig. S5%).
Compared with (E)-S1, the E — Z isomerization of S2 gave
a higher conversion to the Z-isomer. Irradiating the PSS,¢s
mixture with 455 nm light led to a decrease in the newly
generated signals with an increase in the original ones, in line
with the recovery of (E)-S2 (Fig. 4f(iii)). The ratio of the (2)/(E)-
isomers was determined to be 8/92 at PSS,s5 (Fig. S51). Upon
irradiation with 390 nm light, the quantum yields for the E — Z
(Pz—) and Z — E (®,_j5) processes are 31% and 50%,
respectively. It should be noted that @;_,, of (E)-S2 (31%) is
higher than that of the majority of the cases studied in the
literature (around 20%).**

Encouraged by the red-shifting effect of the formyl substi-
tution, we further explored the system with tetramethyl-stiff-
stilbene.**** Diol-tetramethyl-stiff-stilbene (E)-S3 displayed an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Changes in the UV-vis absorption spectra starting from (a) (E)-
S2 (24 uM in CH,Clp, 298 K) upon irradiation with 405 nm light to
PSS405 and (b) upon subsequently irradiating with 455 nm light to
PSS4s5. Enlarged spectra at the isosbestic point of (c) E to Z isomeri-
zation and (d) Z to E back-switching. (e) Plots of the absorption at A =
403 nm upon sequential irradiation with 405 nm and 455 nm light. (f)
Changes in *H NMR spectra of (i) (F)-S2 (2.9 mM in CD,Cl,, 298 K, 500
MHz), (ii) upon irradiation with 405 nm light to PSS40s, and (iii) upon
subsequent irradiation with 455 nm light to PSSyss.

absorption band at A, = 350 nm, while its aldehyde derivative
(E)-S4 showed an absorption maximum at 415 nm (Fig. 5a).
Compared with (E)-S1 and (E)-S2, both (E)-S3 and (E)-S4 showed
more than 10 nm bathchromic shifts, respectively. As indicated
above, diol-stiff-stilbenes were designed as potential interme-
diates for late-stage modification. We, therefore, further
explored a dimethoxy-tetramethyl-stiff-stilbene as a model
compound to investigate whether the formylated-tetramethyl-
stiff-stilbene could be controlled using visible light after the
replacement of the phenolic groups with other functional
groups. The dimethoxy-substituted aldehyde tetramethyl-stiff-
stilbene (E)-S6 exhibits an absorption band maximum at
410 nm, allowing the use of visible light for activation (Fig. 5b).
Compared with (E)-S5 (Amax = 345 nm), (E)-S6 displays a ~65 nm
redshift due to the presence of the formyl groups.

We further monitored the photoisomerization behavior of
(E)-S5 and (E)-S6 by UV-vis and NMR spectroscopy. The

Chem. Sci., 2024, 15, 6763-6769 | 6765
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Fig.5 Normalized UV-vis absorption spectra (CH,Cly, 298 K) of (a) (E)-
S3 (grey curve) and (E)-S4 (orange curve) and (b) (E)-S5 (grey curve)
and (E)-S6 (green curve).

reversible isomerization of (E)-S5 can be achieved by irradiation
with 365 nm and 395 nm light (see the ESI for details, Fig. S3t).
The integration of "H NMR signals revealed a ratio of 52/48 (Z/E)
at PSS;e; and 12/88 (Z/E) at PSS;95 in CD,Cl, (Fig. S67).
Compared with (E)-S1, irradiating (E)-S5 resulted in a higher
PSS, possibly due to the better separation of the absorption
bands of the (E)- and (Z)-isomers (Fig. S2 and S4+). Upon 365 nm
light irradiation, the quantum yields ¢ forthe E - Zand Z — E
processes of S5 are 33% and 42%, respectively. The improved
isomerization behavior of the tetramethyl-stiff-stilbene S5,
compared to stiff-stilbene S1, prompted us to study its aldehyde
derivative (E)-S6. Upon irradiation with 405 nm (or 420 and 395
nm) light, the absorption band centered at 410 nm decreased
with an increase of a band at 425-470 nm, consistent with the
(E)-S6 to (Z)-S6 isomerization (Fig. 6a). The absorption band at
Amax = 410 nm was almost fully recovered upon subsequent

6766 | Chem. Sci,, 2024, 15, 6763-6769
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Fig. 6 Changes in the UV-vis absorption spectra starting from (a) (E)-
S6 (13 uM in CH,Cl,, 298 K) upon irradiation with 405 nm light to
PSS405 and (b) upon subsequent irradiation with 455 nm light to PSS4ss.
Enlarged spectra at the isosbestic point of (c) E to Z isomerization and
(d) Z to E back-switching. (e) Plots of the absorption at Amax = 410 nm
upon sequential irradiation with 405 nm and 455 nm light. (f) Changes
in'H NMR spectra of (i) (E)-S6 (6.2 mM in CD,Cl,, 298 K, 500 MHz), (ii)
upon irradiation with 405 nm light to PSS40s, and (i) upon subsequent
irradiation with 455 nm light to PSSyss.

irradiation with 455 nm light, indicating the recovery of (E)-S6
(Fig. 6b). An isosbestic point at 425 nm was observed in both
processes, indicating a clean and unimolecular photo-
isomerization process (Fig. 6¢ and d). Gratifyingly, the photo-
isomerization processes could be manipulated for many cycles
upon toggling the irradiation at 405 nm and 455 nm without
any fatigue (Fig. 6e). In the "H NMR spectra, irradiating (E)-S6
with 405 nm light led to the formation of (Z)-S6. Integrations of
the related signals revealed a 73/27 (Z/E) ratio at PSS,
(Fig. S77). The yield of the Z-isomer of E to Z conversion was
significantly higher than the ones found in other commonly
used stiff-stilbenes.** Upon subsequent irradiation with 455 nm
light, NMR signals of (2)-S6 decreased until a PSS ratio of 19/81
(2)/(E)-isomer was reached, confirming the good reversibility of
the photoswitch (Fig. 6 and S71). Kinetic studies by 'H NMR
were performed with a PSS,s mixture of S6 at 298 K, and the
unaltered ratio of isomers after 60 h indicates the high thermal
stability of both isomers and confirms the P-type feature of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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stiff-stilbene switch (Fig. S81).*' Quantum yield data were ob-
tained with 390 nm light irradiation, and the ®;_, ;and @,_,  of
S6 were found to be 26% and 11%, respectively, suggesting that
the efficiency of the undesired back-switching decreases after
para-formylation compared with the E to Z isomerization of (E)-
S5. To further understand the photoisomerization mechanism
of the stiff-stilbenes and their formylated analogs, we studied S5
and S6 using nanosecond transient absorption spectroscopy.
These measurements do not indicate any significant contribu-
tion of a triplet state to the photoisomerization pathways of the
non-formylated stiff-stilbenes (E)-S5 and (Z)-S5 (Fig. S12 and
S13t), as well as their formylated analogs (E)-S6 and (Z)-S6
(Fig. S14 and S157). This is consistent with what has previously
been reported in the literature.®**

To gain insight into the redshifted nature of these molecules
by installment of the formyl group, we compared the energies of
the first electronic transition in the E and Z forms of our stiff-
stilbenes using density functional theory (DFT) (Fig. 7). The
geometries were optimized at the r’SCAN-3c level of theory®®
and single points were obtained at the PW6B95-D4/def2-
QZVP*7 level of theory (see the ESI for details and optimized
structurest). The formyl group attachment to the stiff-stilbene
decreases the AE by about 0.6 eV at both levels of theories
examined. The decreased HOMO-LUMO gap contributes to the
redshift of the absorption bands. The methoxy group substitu-
tion shows a very limited effect on the HOMO-LUMO gap
compared to the hydroxyl group, in agreement with our exper-
imental observations. As evident from Fig. S16 and S17, the -
CHO groups have a stabilizing effect on both orbitals. Indeed,
the aldehyde groups extend the conjugation in the m scaffold
and have positive overlap with the orbitals of the core of the
switch both in the HOMO and LUMOs.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Conclusions

In conclusion, we have developed a series of para-formylated
stiff-stilbenes as all-visible-light-driven P-type molecular
switches by a simple and general approach. This methodology
not only provides a large ca. 70 nm bathochromic shift of the
stilbene absorption bands but also improves their isomeriza-
tion behavior without compromising their photostability. It is
worth mentioning that prior to this study, neither of the stiff-
stilbene cores, i.e. (E)-S1 and (E)-S3, had been engineered for
responsiveness to visible-light. Additionally, in our design, the
two phenolic groups anchored to the scaffolds that are essential
for Rieche formylation facilitate late-stage modifications, e.g.,
O-alkylation, which is a desirable feature for design of the
synthetic functional materials and photo-triggered dynamic
systems.** Given the distinct advantages of this design, we
anticipate that this new type of aldehyde-functionalized stiff-
stilbene photoswitches will serve as prominent candidates to
construct all-visible-light-driven functional materials and
dynamic systems.
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