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Donor–acceptor Stenhouse adducts (DASAs) are an exciting class of photoswitches due to their facile

tunability, visible light absorbance, and negative photochromism. While they have shown use in a variety

of applications, to date all reported DASA derivatives have low equilibrium and/or poor photoswitching in

polar protic solvents, which is vital for moving towards applications in biological systems. We

demonstrate a strategy to introduce a substitution on the DASA triene that results in derivatives that are

stable and have high dark equilibrium of the open form in polar protic solvents. Decreasing the charge

separation of these new derivatives also allows for reversible switching in polar and protic solvents

including THF : water mixtures.
Introduction

Donor–acceptor Stenhouse adducts (DASAs) are a class of pho-
toswitches that can be activated with visible to near-IR light.1–3

DASA derivatives consist of an amine donor and carbon acid
acceptor connected through a triene with a hydroxyl group at
the C2 position (Fig. 1a). The linear open form (A) absorbs
visible light with a high extinction coefficient and a relatively
narrow absorbance prole, while the cyclic closed isomer (C)
does not absorb visible light, giving them the advantage of
being negatively photochromic molecules. The lack of absor-
bance of their closed form allows for the use of broadband
visible light sources. The combination of visible to NIR activa-
tion and large property changes upon irradiation (e.g., shape,
polarity, absorbance) make them exciting candidates for
photochromic applications such as surface wettability,4 photo-
thermal agents,5 photoactuation,6 and drug delivery.7 Of
particular interest is their use in biological studies due to their
long wavelength activation wavelengths, which would avoid the
cytotoxic UV activation that the most commonly used photo-
switches (e.g., azobenzene, diarylethene) require.8,9

To move to increasingly complex systems, such as biological
systems, photoswitches must operate in polar protic solvents.
Unfortunately, this is a feature not available for current DASA
based photoswitches. The dark equilibrium and the switching
kinetics of DASA are both sensitive to the environment and
become compromised in increasingly polar environments.3,10–13

Due to the environmental sensitivity, thus far no DASA small
molecule has been developed with both a high dark equilibrium
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and reversible switching in aqueous solutions. Developing
strategies to address the aqueous compatibility of DASA deriv-
atives is vital for designing derivatives that can be used for
biological applications.

The difficulty of designing DASA derivatives compatible with
water stems from the interplay between the charge separation of
Fig. 1 (a) Previously studied DASA derivatives either prefer the cyclic
closed form (enol form is shown, but the closed form can be enol,
keto, or zwitterionic) or revert to the DASA building blocks in polar
protic solvents; (b) this work shows tethered amine derivatives with
high equilibrium and reversible switching in polar protic solvents.
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Fig. 2 (a) Strategy for the synthesis of tethered amine derivatives; (b) normalized UV-Vis following the evolution of 1 after injection into
methanol; (c) normalized UV-Vis data of 2 after injection into methanol, showing the reversion to furan adduct; (d) normalized UV-Vis data of 3
after injection into methanol showing a stable absorbance of the open form. (e) Irradiation of a 10 mM solution of 3 in toluene tracking the
absorbance of A (560 nm) and B/B′ (640 nm) over time. The UV-Vis is tracked for 5 points before irradiation, then irradiated for 15 minutes with
a 595 nm LED (9 mW), after which the light is turned off and the recovery is monitored in the dark. (f) UV-Vis data of a 10 mM solution of 3 in
toluene before irradiation (solid line) and during irradiation after 1 minute (dotted line), both normalized to 1 to show the long-lived presence of
the B/B′. Data was normalized by dividing by the absorbance of the lmax at time zero.
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the DASA isomers and the barriers for the multistep isomeri-
zation mechanism. The isomerization mechanism from the
open to closed form has been experimentally and computa-
tionally elucidated by the Beves,14,15 Feringa,11,16,17 Jacquemin,18

and Martinez19,20 groups. It relies on a photochemical Z/E
isomerization followed by a subsequent thermal Z/E isomeri-
zation and cyclization towards a metastable cyclic “closed form”

isomer. The barriers for the bond rotations are linked to the
13026 | Chem. Sci., 2023, 14, 13025–13030
single vs. double bond character of the triene which is in turn
governed by the charge separation of the DASA open form.21 The
charge separation is highly interconnected to both the strength
of the donor and acceptor as well as the polarity of the solvent.
Increasing charge separation changes the barriers such that the
pathway to the closed form is no longer preferred. For this
reason, DASA derivatives that have weaker donors and accep-
tors, such as “2nd generation” DASAs, have shown the most
© 2023 The Author(s). Published by the Royal Society of Chemistry
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promise for switching in polar environments. However, the dark
equilibrium of these derivatives favors the closed form. For
example, 1 is approximately 30% open in solvents such as
dichloromethane and toluene and less than 1% open in meth-
anol (Fig. 2b).2,3,11 Castanga et al. recently demonstrated the
switching of one such derivative in aqueous solution. While
reversible switching was observed in water, the solution
required pH 5 and 10 wt/vol% cyclodextrin additive to stabilize
the open form.22 Even under those conditions, the equilibrium
was low (a 500 mM solution showed an absorbance around 0.3,
whereas a 10 mM solution that is predominantly in the open
form will show an absorbance around 1). Finding structural
modications that can improve the equilibrium will allow for
a more general strategy to investigate switching in a wider range
of conditions without requiring additives or pH ranges that may
be incompatible with systems of interest. To perform well in
water, derivatives must be designed such that they are stable,
have a high equilibrium of the open form, and have a low
charge separation indicated by a less negative solvatochromic
slope.

Previously our group discovered that 2, with substitution on
the 5-position of the triene (alpha to the donor), has an
Fig. 3 (a) Resonance isomers of DASA derivatives; (b) simplified mecha
isomer C; (c) calculated DG values in kcal mol−1 of the isomers A–C on t
and 4 calculated using M06-2X/6-31+G(d,p) in chloroform using an SMD
lower energy barriers from B–B′ and B′–C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
improved equilibrium compared to 1 (>96% open for 2 in
dichloromethane and toluene), with the same donor and
acceptor pair.23 While this derivative has a high dark equilib-
rium, it thermally reverts to the amine and furan adduct start-
ing materials in polar solvents (Fig. 1a and 2c). In this work, we
demonstrate that tethering the amine to the triene backbone is
a successful strategy to design derivatives that have a high
equilibrium of the open form and are stable in polar protic
solvents. Furthermore, decreasing the charge separation char-
acter of these derivatives results in a new DASA that is also able
to reversibly switch in protic solvents including 60 : 40 THF :
H2O. In contrast to the poor aqueous compatibility of previous
derivatives, this work presents a straightforward strategy for the
design of DASA photoswitches that can be used for applications
in aqueous environments.

Results and discussion

We designed derivatives inspired by our intramolecular aza-
Piancatelli rearrangement,24 with the amine donor tethered to
the triene via a three-carbon linkage, resulting in a 5-membered
ring (Fig. 2a). We expected 3, with a Meldrum's acid acceptor
nism of isomerization from the open form A to the first closed form
he isomerization pathway from the open form to the closed form of 3
solvent model. 4 shows a higher energy transition state from A–B and

Chem. Sci., 2023, 14, 13025–13030 | 13027
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Fig. 4 (a) Design of 4 with a methyl-substituted pyrazalone acceptor;
(b) switching of 10 mM solutions of 4 in tetrahydrofuran (THF),
dichloromethane (DCM), and acetonitrile (ACN); (c) switching of 10 mM
solutions of 4 in tert-butanol (t-BuOH), isopropanol (IPA), ethanol
(EtOH), and methanol (MeOH); (d) design of 5 with an iodine substit-
uent that decreases the solvatochromic slope and allows for switching
in increasingly polar solvents; (e) switching of 10 mM solutions of 5 in
THF, DCM, and ACN (f) switching of 10 mM solutions of 5 in t-BuOH,
IPA, EtOH, and MeOH. Switching studies were conducted monitoring
the absorbance at the lmax at 1 s intervals for 25 points before irradi-
ation, 95 points during irradiation, and at 10 s (1 s for ACN and DCM)
after irradiation until recovery was complete. Irradiation was done with
a 10 mW 617 nm LED. Data was normalized by dividing by the
absorbance of the lmax at time zero.
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and aniline donor to have improved equilibrium compared to 1
and improved stability compared to 2. Indeed, when a 10 mM
solution of 3 is prepared in methanol it neither reverts to the
starting materials (as does 2) nor equilibrates to the closed form
(as does 1) as can be observed by UV-Vis (Fig. 2b–d). Addition-
ally, 1H NMR spectra taken aer equilibration for at least 24
hours in toluene, DMSO, and methanol show only the open
form (Fig. S1–S4†). This is a remarkable improvement over
other DASA derivatives which exhibit less than 1% dark equi-
librium in polar protic solvents.3,10 Encouraged by this result, we
initially tested the photoswitching of a 10 mM solution of 3 in
toluene to compare with previous DASA derivatives. This
derivative shows slow forward switching (∼10 minutes to reach
62% conversion to the closed form) upon irradiation with
a 595 nm LED (9 mW). Upon irradiation, a red-shied shoulder
appears, which was previously shown to be indicative of the
metastable open isomers B and B′ (Fig. 2e and f).25 The ratio of
the main peak and the B/B′ shoulder is consistent throughout
the irradiation period (Fig. S5†), indicating that a photosta-
tionary state between A and B/B′ is quickly reached. This pho-
tostationary state is then slowly drained to the closed form over
prolonged irradiation time (Fig. 2e). This behavior is similar to
recently published DASA derivatives with sterically hindered
donors and acceptors, which allowed for multi-wavelength
addressability.25 Next we tested the photoswitchability in
a range of non-polar and polar solvents including THF, aceto-
nitrile and DMSO. While 3 shows little or no visible switching in
more polar solvents (Fig. S6†), similar structures may lead
towards designing new multi-wavelength addressable deriva-
tives. The lack of switching in polar solvents is partially due to
high charge separation, indicated by the highly negative sol-
vatochromic slope (−56 nm, Fig. S7†) compared to other aryl
amine derivatives (−7 nm for 1).12 Such a highly negative sol-
vatochromic slope is reminiscent of previously reported 1st
generation derivatives with alkyl amine donors which also do
not switch in polar environments. In the case of 3, the aryl
amine is likely a better donor than traditional aryl amines due
to the tethered alkyl chain locking the lone pair of electrons on
the nitrogen into place as well as the aryl group being rotated
out of plane. Large charge separation contributes to lower A–B
barriers and higher B–B′ barriers due to increased single bond
character around C2–C3 and increased double bond character
between C3–C4.21 To conrm this, we calculated the switching
pathway from A–C (the rst closed form isomer) using M06-2X/
6-31+g(d,p) in chloroform with an SMD solvent model
(Fig. 3).9,11 Indeed, for 3, the barrier from B′–C is calculated to be
higher than the barrier from B–A for 3 in chloroform which
supports that any B generated photochemically is more likely to
drain back to A rather than move forward to C in solvents with
similar or higher polarity than chloroform.

In order to design derivatives with improved properties in
polar solvents, it is important to lower the B′–C barrier while
keeping the B–A barrier sufficiently high to allow for thermal
conversion to the colorless closed form aer the initial photo
driven Z/E isomerization. Pyrazalone acceptors have previously
been shown to have increased rates of forward switching
compared to their Meldrum's acid counterparts.3 Furthermore,
13028 | Chem. Sci., 2023, 14, 13025–13030
decreasing the charge separation of DASA derivatives has been
shown to allow for photoswitching in an increased range of
environments.10,12,26,27 Guided by these principles, we chose to
target a pyrazalone bearing a methyl substituent in place of the
traditionally used CF3 to render the acceptor less electron
withdrawing. To our delight, the calculated barriers from B′–C
and B–B′ are lower while the barrier from B–A is higher for 4
compared to 3 (Fig. 3), indicating the potential for improved
switching in polar solvents.

Encouraged by these computational results and stability of
the tethered amine scaffold, we synthesized 4 with methyl pyr-
azalone carbon acid and a tethered aniline donor. As predicted,
a 10 mM solutions of this derivative switches well in toluene
(Fig. S11†). Given this promising result, we investigated
switching in increasingly polar solvents (Fig. 4b). In tetrahy-
drofuran and dichloromethane 4 reached a photostationary
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) UV-Vis of 10 mM solutions of 5 in THF : water mixtures irradiated until a stationary state was reached and allowed to equilibrate in the
dark for 2 h; (b) time-dependent UV-Vis of 5 in 60 : 40 THF : water following the normalized peak at 575 nm, corresponding to; (c) cycling of
a solution of 5 in 60 : 40 THF : water solvent mixture with irradiation for 500 s followed by thermal recovery for 3000 s following the normalized
absorbance at 575 nm. Data was normalized by dividing by the absorbance of the lmax at time zero.
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state of 92% and 16% conversion to the closed form, respec-
tively, upon irradiation for 95 s with a 617 nm LED. However, in
acetonitrile negligible switching was still observed. The
behavior in protic solvents mimics that of aprotic solvents, with
the extent of switching depending largely on the polarity of the
solvent. Irradiation of 4 for 95 s resulted in 55% and 12%
conversion to the closed form in tert-butanol (t-BuOH) and
isopropanol (IPA), respectively; however, showed less than 5%
conversion in ethanol (EtOH) and methanol (MeOH). We envi-
sioned that we could further improve the switching in these
more polar solvents by decreasing the charge separation of
DASA through the introduction of electron withdrawing groups
on the aniline donor. Unfortunately, synthetic access to these
derivatives proved challenging. For example, we did not observe
any formation of the 4-cyano or 4-nitro aniline analogues aer 3
days due to their poor nucleophilicity. To our delight, we were
able to synthesize 5 with a 4-iodoaniline donor. Introducing the
iodine on the aniline sufficiently lowers the zwitterionic nature
of the open form as evident by the solvatochromic slope of
−20 nm compared to −32 nm without the iodine, Table S1 and
Fig. S7.† With this new derivative in hand, we tested the pho-
toswitching properties in a range of solvents (Fig. 4e and f).
DASA 5 has dramatically improved switching in polar solvents
with 42% conversion to the closed form in ACN aer 95 s irra-
diation as well as 15% conversion to the closed form in EtOH. 5
showed only 4% conversion to the closed form in MeOH aer
95 s of irradiation; however, even this is a major improvement
over some other derivatives that irreversibly close inmethanol.11

We next turned to 1H NMR and UV-Vis spectroscopy to
investigate their dark equilibrium. Equilibrated 1H NMR solu-
tions of these derivatives in CD2Cl2 show only the open form.
Due to poor solubility at 1H NMR concentrations we estimated
their equilibria in methanol using UV-Vis spectroscopy (Table
S2 and Fig. S10†). While these derivatives have a lower equi-
librium than 3, they are still a remarkable improvement over
previous DASA derivatives (1 is less than 1% open in methanol)
© 2023 The Author(s). Published by the Royal Society of Chemistry
with 4 being 70% open in methanol and 5 being 24% open in
methanol.

With these improvements in mind, we moved to test the
compatibility of 5 in THF : water mixtures. Remarkably, even with
40%water in THF a 10 mM solution of 5 exhibits an absorbance of
0.2 aer equilibration (Fig. 5a). This is at least an order of
magnitude improvement in equilibrium above unsubstituted
DASA derivatives, such as 1, which has no visible absorbance
band aer equilibration of 10 mM solutions in 75 : 25 THF : water
(Fig. S10†). Evenmore remarkably, 5 switches well in 60 : 40 THF :
water, with irradiation resulting 5 in a 20% loss of absorbance
aer 400 s of irradiation with 617 nm light and 95% recovery with
a half-life of 240 s (Fig. 5b). Furthermore, 5 demonstrates
reversible switching in 60 : 40 THF : water over at least 10 cycles
with 500 s irradiation and 3000 s recovery. Studies on improving
the synthetic accessibility of similar derivatives with low charge
separation and increased solubility are underway.

Conclusions

In conclusion, we have shown the design of new DASA derivatives
which address problems with low equilibrium and stability in
polar protic solvents. Tethering the donor to the DASA via an alkyl
linkage is an effective means to improve the stability while
retaining substitution on the 5-position of the DASA triene to
increase the dark equilibrium of the open form. This strategy is
an exciting step towards the design of derivatives with high
equilibrium and reversible switching in polar protic environ-
ments. Going forward, designing derivatives with lower ground
state charge separation and increasing water solubility using this
architecture will lead towards derivatives that reversibly switch in
physiological conditions to be used in biological studies.

Data availability

Data available in the ESI: general methods, synthetic proce-
dures, and material characterization.†
Chem. Sci., 2023, 14, 13025–13030 | 13029
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