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Abstract

In recent years, fluorescence-switchable molecules have garnered significant attention as fluorescent
dyes for super-resolution fluorescence microscopy, which is increasingly demanded in the field of
biochemical imaging. Among such molecules, diarylethene-S,S,S’S-tetraoxide derivatives have proven
particularly promising due to their ability to achieve high contrast fluorescence switching. Diarylethenes
incorporating perfluorocyclopentene as the ethene bridge have become the standard scaffold due to
their excellent fatigue resistance and thermal stability. However, their inherently low polarity necessitates
extensive functionalization with hydrophilic groups to render them suitable for use in aqueous
environments, such as in fluorescent labeling for super-resolution fluorescence microscopy. To address
this limitation, we designed a novel class of oxidized diarylmaleimide (DAM) derivative featuring a
maleimide as the ethene moiety, offering increased polarity and synthetic flexibility. Specifically, DAM 1,
composed of 2,4-dimethyl-3-phenylthiophene and A-methylmaleimide, and its oxidized counterpart DAM
2, bearing two S,S-dioxidized thiophene rings, were synthesized and characterized. DAM 1 exhibited
reversible photochromism upon irradiation with 436-nm and 550-nm light, accompanied by weak turn-off
fluorescence and a cyclization quantum yield that depended strongly on solvent polarity. In contrast,
DAM 2 displayed switch between one-way and reversible two-way photoisomerization and exhibited turn-
on fluorescence behavior. These findings suggest that DAM-based systems are promising alternatives to
conventional perfluorocyclopentene-based diarylethenes for aqueous fluorescence imaging applications,
owing to their improved polarity and tunable photoresponsive properties.

1 Introduction

Photochromism is the phenomenon in which a substance undergoes a reversible change in color when
exposed to light. This change in color happens because the chemical structure of the substance alters
under the influence of light [1-3]. There are two main types of photochromism: Only photochemically
reversible type (P-type) and thermally reversible type (T-type). In P-type photochromism, the
interconversion occurs only by light, while in T-type photochromism, the interconversion also occurs by
heat.

Diarylethenes (DAEs) with two hetero 5-membered rings in the cis position as aryl groups are generally
known as P-type photochromic compounds [4-6]. They undergo reversible photoisomerization between
an open ring form (o-form), which contains a 1,3,5-hexatriene unit, and a closed ring form (c-form), which
contains a 1,3-cyclohexadiene unit, upon light irradiation. Since the first P-type DAE was reported by Irie
et al. in 1988 [7], DAEs have attracted significant attention due to their excellent fatigue resistance,
thermal stability, and high quantum yields. Today, DAEs incorporating perfluorocyclopentene as the
ethene moiety have become mainstream, however, various DAEs with alternative ethene moieties are
also actively being investigated [6, 8—19].

Some DAEs are known to enable fluorescence on/off switching or fluorescence wavelength tuning upon
isomerization due to differences in fluorescence emission properties between their ¢- and o-forms [8,
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20-28]. DAE-S,S,S, S tetraoxide derivatives have recently attracted considerable attention as turn-on type
fluorescence-switchable molecules, owing to their ability to achieve high contrast fluorescence switching
[29]. Although various fluorescence-switchable oxidized DAE derivatives have been synthesized to date,
the majority incorporate perfluorocyclopentene as the ethene moiety [8, 30—40]. Since the reports on
oxidized DAE derivatives bearing alternative ethene moieties remain scarce [41-47], we undertook to
investigate oxidized DAE derivatives with non-perfluorocyclopentene units.

In recent years, fluorescence-switchable oxidized DAE derivatives have been intensively studied by many
research groups as fluorescent dyes for super-resolution fluorescence microscopy, which is increasingly
demanded in the field of biochemical imaging [8, 20, 48—53]. However, when considering the application
of the oxidized DAE derivatives for super-resolution fluorescence microscopy dyes, it was necessary to
introduce substituents bearing highly polar hydrophilic groups onto the aryl moieties due to the low
polarity of perfluorocyclopentene [50, 52, 54].

Therefore, we initiated the development of turn-on type fluorescent DAE-S,S,S, S tetraoxide derivatives
featuring a simple structure that is low cost to synthesize, easy to handle, and readily identifiable. The
aim of this study is to synthesize a novel, practical turn-on type fluorescence photoswitching DAE
derivatives applicable to trace analysis, bioimaging. Herein, we report the synthesis of the
diarylmaleimide-S,S,S,S-tetraoxide derivative 2 which is anticipated to exhibit turn-on fluorescence
photoswitching behavior, along with its precursor diarylmaleimide 1 (Scheme 1), as well as the results of
their photochemical properties.

2 Results and discussions

2.1 Molecular design

The ethene moiety introduced in this study is a maleimide. Diarylmaleimides (DAMs) [55,56], which
incorporate maleimide as the ethene core, have been extensively investigated [57-62]. DAM-S,S-dioxide
derivatives, in which only one of thiophene rings is oxidized, have also been reported [63]. However, to
the best of our knowledge, no examples of DAM-S,S,S, S tetraoxide derivatives, where both thiophene
rings are oxidized, have been described, and there have been no reports regarding the turn-on
fluorescence properties of the DAM-S,S-dioxide derivatives. The advantages anticipated from the use of
maleimide are summarized as follows:

(i) A higher molecular polarity can be achieved compared to that of perfluorocyclopentene.

(i) The strong electron-withdrawing nature of the maleimide unit facilitates selective oxidation of the
thiophene rings in reactions using peroxide.

(i) In comparison with maleic anhydride[7,64], which is known for its highly polar structure, maleimide
exhibits greater resistance to hydrolysis, enhanced stability, and improved handling properties in
aqueous solvent.
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(iv) The substituent on the nitrogen atom can be readily modified, allowing for the enhancement of
hydrophilicity as well as the introduction of desired functionalities into DAMs [59-61,65-67].

In compounds 1 and 2,the maleimide nitrogen bears a methyl substituent. This choice was based on the
idea that a simplest and accessible derivative would be advantageous for initial development. This
compound represents the first step toward the development of a series of N-substituted DAM
derivatives. Regarding the structural design of the aryl moiety, which includes two methyl groups on the
thiophene rings, this selection was based on previous reports indicating that substitution at the 4-
position of the thiophene ring reduces the formation of by-products upon light irradiation and enhances
photostability [68]. Furthermore, the structure was modeled after the well-established DAE based on
perfluorocyclopentene, which is commercially available.

2.2 Synthesis

The synthetic route is summarized in Scheme 2. N-methyl-3,4-dibromomaleimide (3) was synthesized
according to a reported procedure [69]. In consideration of the Migita-Kosugi-Stille coupling, which
proceeds under almost neutral conditions, the aryl unit, 3,4-dimethyl-5-tributylstannylthiophene (4), was
synthesized in 58% yield via tributylstannylation of 3,4-dimethyl-5-phenylthiophene, following previously
reported procedures [70,71]. DAM 10 was obtained in 35% yield by Migita-Kosugi-Stille coupling of 3 and
4[70,71]. The DAM-S,S,S, S tetraoxide derivative 20 was synthesized in 61% yield using
chloroperbenzoic acid (m-CPBA), following an established method for the oxidation of DAE compounds
[30,72]. More detailed synthetic procedures and compound characterization are provided in the ESI.

2.3 Photochromism of diarylmaleimide 10

A 1o solution of toluene was irradiated with 436-nm light. A new absorption band between 450-700 nm
(Imax = 548 nm) appeared, accompanied by an increase in absorbance in the 350-450 nm region (I,,ay =
391 nm) (Fig. 1a). The isobestic points were observed at 302, 418, and 439 nm. Apparently DAM 1
showed the photochromic ring closure to give 1¢ via the 6p-electrocyclization reaction upon UV
irradiation, since the change in the absorption spectra resembled that of the perfluorocyclopentene
analog with the same aryl groups [73]. These absorption bands of 1¢ decreased after irradiation with
550-nm light, and completely returned to the absorption spectrum of 10, indicating that a
photocycloreversion (ring-opening) reaction occurred (Fig. S4a). The ring-opening reaction exhibited the
same isosbestic points as the ring-closing process, indicating that DAM 1 undergoes a clean and
reversible photochromic transformation. The absorption spectrum of the solution containing 1¢
remained almost unchanged after 2 days of standing at room temperature in the dark, confirming that

1 is the P-type photochromic compound.

To investigate the fluorescence properties of DAM 1, the fluorescence spectrum of a toluene solution of
10 was recorded under excitation at 460 nm; however, no distinct emission was observed (Fig. 1b). Upon
closer examination of the 500-600 nm region, a faint fluorescence signal from 10 was detected (Fig.

S8a). When the excitation wavelength was set to 405 nm, the fluorescence was more clearly observed to
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diminish as the ratio of the c-form increased upon irradiation with 436-nm light (Fig. S8b). In other words,
DAM 1 exhibits turn-off type fluorescence-switching behavior.

In order to investigate the effect of solvent polarity [74] on photochromism of DAM 1, solutions were
prepared in dichloromethane (DCM) and ethanol in addition to toluene, and their photochromic behaviors
were examined. The maximum absorption wavelength (I,,,) of DAM 1, its molar absorption coefficient
(emay) at that wavelength, the conversion ratio at the photostationary state under 436 nm irradiation
(PSS,36), and the quantum yields for cyclization (Fyc436) @and cycloreversion (Feoa36, Foosso) are

summarized in Table 1. Details of the calculations used to determine the quantum yields are shown in
the ESI (Fig. S13-S16 and Table S1). These results indicate that DAM 1 exhibits solvent dependent
behavior, with both the cyclization quantum yield and the conversion ratio at PSS decreasing as the
solvent polarity increases. This solvent dependence is attributed to the formation of a twisted
intramolecular charge transfer (TICT) photoexcited state, which is stabilized in polar solvents. [64,75] In
contrast, the cycloreversion quantum yield was found to be independent of solvent, likely because the ¢
form adopts only a single, stable conformation that is unaffected by solvent polarity.

Table 1. Spectroscopic properties of 1 and 2 and quantum yields of the photochromic reaction

o [l ety e Quanm kg
DAM Solvent (E1(30) [kcal mol-']) Open form  Closed form [%o] Dy Deg Oeg

toluene  (33.9) 396 (3.92) 548 (9.62) 76 0.26 0.10 0.05
1 DCM (40.7) 397 (3.94) 549 (8.95) 44 0,05 0.06 0.04
ethanol  (51.9) 395 (3.56) 548 (8.00) 27 0,03 0.07 0.06

foluene  (33.9) 321(10.5) 413(11.7) =99 030 - -

2 DCM (40.7) 320(10.1) 408 (14.5) =09 0.24 - -
Ethanol (51.9) 313(11.0) 402 (14.4) 95 011 3x107 5x10°

a The absorption maximum at the longest wavelength was listed as Ay, (maximum absorption wavelength).
b Conversion ratio of 1 at PSS, and that of 2 at PSS4;-.

¢ 1: Irradiation with 436-nm light. 2: Irradiation with 365-nm light.

d 1: Irradiation with 550-nm light. 2: Irradiation with 436-nm light.

2.4 Photochromism of diarylmaleimide-S,S,S;S*tetraoxide derivative 20

When the toluene solution of 20 was irradiated with 365-nm light, no new absorption band appeared in
the 550-700 nm region, in contrast to the case of 10. However, an increase in absorbance was observed
arround 350-500 nm, with a maximum at 413 nm and an isosbestic point at 349 nm, which was
attributed to the formation of 2¢ through the cyclization reaction (Fig. 1c). On the other hand, no increase
in the ratio of the o-form was observed after prolonged irradiation with 436-nm light, and the
cycloreversion reaction could not be confirmed (see Fig. S12a). This suggests that the cycloreversion
quantum yield of 2¢ is negligibly small, and one-way isomerization from 20 to 2¢ was observed.
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To investigate the fluorescence properties of DAM 2, fluorescence spectra were recorded using 460-nm
excitation light while gradually increasing the proportion of c-form by irradiating a toluene solution of 20
with 365-nm light. In the initial state of 20, no emission was observed. However, as the c-form content
increased upon continued irradiation, yellow fluorescence emerged with a maximum intensity at 567 nm
and became progressively more intense (Fig. 1d, Fig. 2). The absolute fluorescence quantum yield Fg
was measured using a fluorescence spectrophotometer equipped with an integrating sphere, and the

Fr of the toluene solution of 2¢c was found to be 0.25.

As with 1, to investigate the effect of solvent polarity on photochromism of DAM 2, solutions of 2 were
prepared in DCM and ethanol, in addition to toluene, and photoisomerization behavior was investigated
for each. Thel,,,, in each solution of 2, e,,,, at that wavelength, the conversion ratio at PSS;¢5, and the

quantum yields for cyclization (Fyc3¢5) and cycloreversion (Fooses, Fcoass) @re summarized in Table 1.

The cyclization quantum yields of 2 were significantly higher in medium- and high-polar solvents
compared to those of 1. Thus, the solvent dependence of the cyclization quantum yield was less
pronounced for DAM 2 than for DAM 1. As shown in Table 1, the cyclization quantum yield for 1
decreased markedly from 0.26 in toluene to 0.03 in ethanol (a reduction to less than one-eighth),
whereas 2 showed a smaller decrease from 0.30 to 0.11 (about one-third). This reduced solvent
sensitivity in 2 is likely attributable to oxidation of the thiophene ring, which diminishes its electron-
donating ability and thereby suppresses the formation of the TICT photoexcited state [63].

Notably, although the cycloreversion reaction was not observed in toluene solution, it was observed in
highly polar solvents such as ethanol (see Fig. S7, S12b), indicating that reversible (two-way)
photoisomerization occurs under these conditions. To the best of our knowledge, while some oxidized
DAE derivatives have been reported to exhibit solvent-polarity-dependent variations in their cyclization
[76,77] and cycloreversion [78] quantum yields, no examples have yet been reported of oxidized DAE
derivatives that enable polarity-dependent control over the cycloreversion quantum yield and allow
switching between one-way and two-way photoisomerization, depending on whether the c-form
undergoes ring-opening.

The low cycloreversion quantum yield observed for typical DAE-S,S,S, S tetraoxide derivatives is thought
to arise from the formation of two intramolecular hydrogen bonds in the c-form between the pair of
hydrogen atoms (H1 / H2; see Fig. S19) of methyl groups attached to the reactive carbon atoms and the
oxygen atoms (01 / 02; see Fig. S19) of the S,S-dioxide thiophene rings [79]. Furthermore, in the DAM-
S,S,S,S tetraoxide 2, four additional hydrogen bonds may be formed (see Table S3) between the
hydrogen atoms (H3 / H4; see Fig. S19) and the oxygen atoms (03 / 04; see Fig. S19) and between the
hydrogen atoms (H5 / H6; see Fig. S19) and the oxygen atoms (05 / O6; see Fig. S19). These interatomic
distances are shorter than the sum of the van der Waals radii of the hydrogen (1.26 A) and oxygen (1.64
A) [80], suggesting the formation of hydrogen bonds. Accordingly, the differences in distances between
01 (2) and H1 (2), 03 (4) and H3 (4), as well as 05 (6) and H5 (6) suggest that stronger hydrogen bonds
are formed at multiple sites in the c-form compared to the o-form. These intramolecular hydrogen bonds
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are likely responsible for the suppression of the cycloreverion reaction in low-polarity solvents such as
toluene and DCM. In contrast, in highly-polar protic solvents such as ethanol, intermolecular hydrogen
bond can form between the oxygen atom of sulfone (S=0) or carbonyl (C=0) in 2¢ and the hydroxy
protons of ethanol molecules. This interaction disrupts the sextuple intramolecular hydrogen bonds,
thereby facilitating the cycloreversion reaction of 2c.

Regarding the fluorescence properties, the Fr of DAM 2 at the PSS;345 were 0.15 in DCM and 0.08 in
ethanol, with corresponding emission maxima of 595 nm and 598 nm, respectively. Although the
fluorescence quantum yield decreases with increasing solvent polarity, DAM 2 exhibits turn-on type
fluorescence behavior, with the o-form being non-fluorescent and the c-form displaying fluorescence.

3 Conclusions

In this study, DAM 10 bearing an N-methylmaleimide moiety as the ethene unit, and its oxidized
derivative 20—featuring oxidation at both thiophene rings— were synthesized. DAM 10 exhibited
photochromism upon 436-nm and 550-nm light irradiation, and showed solvent-dependent behavior
characterized by a decrease in photoisomerization conversion with increasing solvent polarity. It also
displayed weak turn-off type fluorescence. In contrast, the oxidized DAM 20 underwent one-way
isomerization in low-polarity solvents, achieving nearly complete conversion to the c-form, while in protic
high-polarity solvents such as ethanol, it exhibited reversible (two-way) isomerization, i.e.,
photochromism. Thus, the isomerization mode—between one-way and two-way— can be selectively
modulated by the choice solvent. Furthermore, unlike DAM 10, DAM 20 demonstrated turn-on type
fluorescence behavior. To enable future applications in super-resolution microscopy, efforts are currently
underway to develop highly polar, oxidized DAM derivatives bearing strongly polar substituents on the
nitrogen atom of the maleimide moiety, thereby enhancing their solubility in aqueous media.
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Figure 1

Spectral change in absorbance (a, ¢) and fluorescence excited at 460 nm (b, d) of 10 (a, b, 2.1x10 mol

dm™) and 20 (¢, d, 2.3x10° mol dm™) in toluene upon irradiation (a, 436 nm, 1.5 mW cm?; b, 436 nm, 2.0
mW cm?; ¢, d, 365 nm, 2.0 mW cm™)

Page 15/16



Figure 2

Fluorescence of (@) 20 and (b) PSS, of 2 in ethanol. Concentration: 2.3x10™ mol dm. Irradiation and

Excitation: 365 nm
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