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Diarylethenes (DAEs) are an established class of photochromic molecules, but their effective incorporation
into pre-existing targets is synthetically difficult. Here we describe a new class of DAEs in which one of the
arylringsis a 1,2,3-triazole that is formed by “click” chemistry between an azide on the target and a matching
alkyne—cyclopentene—thiophene component. This late-stage zero-length linking allows for tight
integration of the DAE with the target, thereby increasing the chances for photomodulation of target
functions. Nineteen different DAEs were synthesized and their properties investigated. All showed
photochromism. Electron-withdrawing groups, and in particular —M-substituents at the triazole and/or
thiophene moiety resulted in DAEs with high photo- and thermostability. Further, the chemical nature of
the cyclopentene bridge had a strong influence on the behaviour upon UV light irradiation. Incorporation
of perfluorinated cyclopentene led to compounds with high photo- and thermostability, but the
reversible photochromic reaction was restricted to halogenated solvents. Compounds containing the
perhydrogenated cyclopentene bridge, on the other hand, allowed the reversible photochromic reaction
in a wide range of solvents, but had on average lower photo- and thermostabilities. The combination of
the perhydrocyclopentene bridge and electron-withdrawing groups resulted in a DAE with improved
photostability and no solvent restriction. Quantum chemical calculations helped to identify the
photoproducts formed in halogenated as well as non-halogenated solvents. For two optimized DAE
photoswitches, photostationary state composition and reaction quantum yields were determined. These
data revealed efficient photochemical ring closure and opening. We envision applications of these new
photochromic diarylethenes in photonics, nanotechnology, photobiology, photopharmacology and
materials science.
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in optical information storage materials, DAEs have been
incorporated into biomolecules,”> molecular machines,** crys-

Introduction

Diarylethenes (DAEs) are among the most commonly used
classes of photochromic compounds. These molecules undergo
a light-induced reversible electrocyclic ring closure reaction
(Fig. 1(a)) which has little effect on end-to-end distance and
dipole moment, but dramatically changes electronic properties,
rigidity and rotational degrees of freedom. Since their first
description in the late 1960s, literally thousands of DAE deriv-
atives have been synthesized, characterized, and applied in
many fields." In addition to their originally intended application
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tals,® surfaces” and nanoparticles,*'° as the reversible induction
of structural changes by light promises attractive options for the
modulation of chemical, physical, or biological properties. The
incorporation of DAEs into target molecules typically requires
multi-step organic synthesis, thereby limiting the application of
these compounds. Often it would be desirable to attach a DAE to
a pre-existing target structure - an organic molecule,
a biopolymer, a 3D-nanotechnology object, a functional surface,
or a macroscopic object. Ideally this would be possible in a fully
site-specific manner, and orthogonal to the functional groups
present in the target.

Examples for this approach are based on activated esters,'*"*
acetylenes,">** carboxylic acids, and hydrazides,'®"” but in these
cases the DAE is typically appended to the target via linkers on
the periphery of the photochromic unit. This connectivity
provides flexibility and distance to the chromophore, which in
turn attenuates or even eliminates the potential effects of DAE
switching on the target's function.®**** A “zero-length”-linker
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Fig.1 Examples of known DAEs: (a) classical symmetric DAE structure
and its reversible cyclization upon UV light irradiation (R: e.g. phenyl,
OF: open form, CF: closed form), (b) “zero-length” linker synthesis of
oligonucleotide-DAE photoswitches® (c) examples of alkyne-
substituted dithienyl-ethenes.*?*®

would be more suitable for the tight integration of the DAE into
the target's overall architecture. In a previous approach from
our laboratory,' a precursor was synthesized that allowed the
formation of a DAE in pre-assembled DNA strands by late-stage
Suzuki-Miyaura cross coupling. A site-specifically placed iodo-
substituent on a nucleobase was used to create a photoswitch
where this nucleobase acted as one of the two aryl residues of
the DAE (Fig. 1(b)). The approach of tight integration by late-
stage zero-length linking should be amenable to considerable
expansion. Theoretically, the various types of “click” chemistry'®
developed over the past two decades appear perfectly suited for
such tight integration, and in particular those that involve
azides, as various approaches for their site-specific incorpora-
tion have been developed (and in part commercialized) for
biopolymers,*® cyclodextrins,” nanoparticles,*** surfaces,***
and even some complex natural products.>**®* While there are
examples of attaching DAEs to targets by azide-alkyne based
click chemistry, these again attach them to the periphery of the
chromophore or via flexible linkers'>** (Fig. 1(c)). We are not
aware of a single example where one of the DAE aryl rings is
actually formed in a click reaction with a functional group of the
target.

Here we report a new class of DAEs, in which one of the aryl
rings is a 1,2,3-triazole. Importantly, this ring is formed in one
step by copper-catalyzed alkyne-azide cycloaddition (CuAAC)
using an azide group on the target and an alkyne that contains
the DAE's bridge and another aryl ring (Fig. 2).
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Fig. 2 Novel triazole DAE system: click reaction between an azide-
modified target and a photoswitch precursor (cyclopentene-acety-
lene) forms a triazole diarylethene that is switchable between the
flexible open and the rigid closed isomer, R: e.g. —phenyl.
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We report the synthesis of 19 new DAEs, their analysis, and
the optimization of their properties for applications as photo-
switches. Our approach paves the way for the easy introduction
of DAE photochromic units at strategically chosen positions of
the target with zero-length connectivity and may facilitate
applications in nanotechnology, photobiology, photo-
pharmacology and materials science. By incorporating addi-
tional functional groups into the alkyne component, the
approach can be easily expanded to allow the attachment of
further building blocks (Fig. S17).

Results and discussion
Design and synthesis of the alkyne component

At the outset of this study, it was unknown which structural
features would render triazolyl-DAEs photochromic, reversible,
fatigue-resistant, photo- and thermostable. To limit the
combinatorial explosion of DAE diversity, we restricted
ourselves to the following design features (Fig. 2): while one aryl
of the DAE is represented by the triazole formed in the CuAAC,
the second aryl should be a member of a small library of
substituted 2-methylthiophenes, by far the most common aryl
moiety in DAEs. With respect to the bridge moieties, we decided
to stick with the two classical and most common ones, namely
perfluorocyclopentene  and  cyclopentene (or  perhy-
drocyclopentene). Thus, the first task at hand was to develop
a synthetic route towards the alkyne component which consists
of three elements: (i) the acetylene for the CuAAC reaction, (ii)
the cyclopentene bridge, and (iii) the thiophene ring where
limited diversity is introduced by further substitution (Fig. 2).

Coupling of acetylene groups to a perhydrocyclopentene ring
has been reported, but the symmetrical 1,2-diacetylene-
cyclopentene was unstable and turned brownish-black within
minutes at room temperature.*” For the synthesis of asymmetric
cyclopentene acetylenes we adapted common synthesis routes
for asymmetric diarylethenes by the introduction of an acety-
lene instead of the second aryl.

The synthesis of perfluorocyclopentene-bridged alkynes 6a-
d proceeded via compounds 5a-d which are known intermedi-
ates in the synthesis of asymmetric DAEs**~° (Scheme 1(a)).

Trimethylsilyl-acetylene (TMS-acetylene) was introduced by
lithiation analogous to the common introduction of the aryl
moieties in high yields. The TMS protecting group was cleaved
in situ, due to the release of fluorine ions in the coupling step,
without compromising product formation. Compound 6d was
synthetized at lower temperatures (—90 °C (ref. 31)) to introduce
the tert-butyl ester group.

Synthesis of perhydrocyclopentene acetylenes 9a and 9b was
more challenging since acetylene coupling via Li-F-exchange
reaction was not applicable. In the synthesis of DAEs of this
type, the second aryl moiety is usually attached to the bridge by
cross-coupling.®*** Sonogashira, Negishi and Stille conditions
all gave the desired products, with the Stille coupling of
(trimethylsilylethynyl)-tributylstannane (Scheme 1(b)) giving
the highest yields and purities.

In contrast to the reported diacetylene cyclopentenes,*” the
acetylene-thienyl-cyclopentenes 6a-d and 9a-b showed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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sufficient stability for application in click reactions (see below).
Perhydrocyclopentenes 9a-b should be stored at —20 °C, as they
turned brownish after a few days at room temperature. The
perfluorinated derivatives 6a-d were stable for months at room
temperature, if undissolved and protected from light.

CuAAC synthesis of perfluorocyclopentene triazole
photoswitches

The click reaction of the cyclopentene acetylene precursors was
first investigated with perfluorocyclopentene acetylenes (6a-d)
and small organic azides (10a-1). The lipophilic nature of the
acetylenes required unpolar conditions, and the reaction was
catalyzed by  the  [(1,10-phenanthroline)bis(triphenyl-
phosphine)] copper(i)-nitrate dichloromethane adduct and
additional copper(1) iodide (Scheme 2) at room temperature.
This catalyst had been used even in solvent-free reactions* and
turned out to be - in combination with copper(r) iodide - very
efficient in the conversion of our new acetylenes in THF. 15
different triazole photoswitch derivatives (pFps 1-15, abbrevia-
tion for perFluorocyclopentene-PhotoSwitch) were synthetized
and characterized in order to derive first structure-property
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Scheme 2 CuAAC reaction yields of perfluorocyclopentene acetylene
precursors (6a—d) with small organic azides (10a-l). 15 different tri-
azole photoswitches were synthesized (pFps 1-15).
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(a) Synthesis of perfluorocyclopentene acetylenes 6a—d. (b) Synthesis of perhydrocyclopentene acetylenes 9a and 9b.

relationships for this novel DAE class, and to understand the
effects of the reactant structure on the CuAAC reaction. In the
first series, we kept the thiophene substituent R* constant and
varied the azide substituent R" (for R*> = phenyl: pFps 1-10),
while in a second series R' was kept constant (benzyl) and R*
was varied (pFps 11-13). A third set focused on the influence of
R' and R? substituents with mesomeric effects (pFps 13-15).

CuAAC allowed the synthesis of photoswitches from
aromatic and aliphatic (including benzylic) azides, whereby the
latter ones were obtained in higher yields. In most cases the
conversion was complete after 1-3 hours, and stirring overnight
did not induce significant side reactions. The phenyl thiophene-
derivatized alkyne generally gave higher yields than the p-ben-
zoic acid tert-butyl ester thiophene building block, and the
combination of the latter with an electron-donating N,N-dime-
thylaminophenyl substituent was particularly low-yielding.
Nevertheless, all target compounds could be synthesized by
CuAAC.

Photochromism of pFpg 1

Upon irradiation with UV light at 254 nm or 310 nm, at different
concentrations, light intensities and irradiation times, solu-
tions of the first triazole photoswitch pFps 1 showed no signif-
icant photochromism in a range of commonly used non-
halogenated solvents (methanol, ethyl acetate, dioxane or
DMSO); they either retained their slightly brownish color, or
their color changed irreversibly to faint yellow. However, solu-
tions in halogenated solvents (CHCl;, CH,Cl,, CH,Br,, and
CCly) turned deeply red immediately, within seconds of UV light
exposure.

Absorption spectroscopy revealed the formation of a new
absorption band in the visible range upon UV irradiation, as is
typical for DAEs (Fig. 3). Upon white-light illumination, the red
color disappeared, indicative of the electrocyclic ring opening.

The process was found to be highly reversible, and the
colored closed-ring form showed high photo- and thermosta-
bility (50 -c = 16.0 h in CHCly), indicating that this first triazolyl
DAE performed very well, at least in halogenated solvents. We
therefore characterized all 15 pF switches in CHCl;, in order to
obtain a basic understanding of the relationships between
structure and switching properties. Concurrently, we attempted

Chem. Sci., 2021, 12, 1593-11603 | 11595
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Fig. 3 Photochromism of pFps 1 (60 puM solution in CHCls, irradiation
at 310 nm, LED): (a) reversible electrocyclic ring closure, insets: photo
of vial with colored solution, (b) thermostability of the closed form,
monitored for 1 h at 20 °C at the VIS absorption maximum (534 nm), (c)
evolution of the absorption spectra upon UV irradiation from the open
form (black) towards the (pseudo-)photostationary state (p)PSS (red),
(d) kinetic trace of the absorbance at 534 nm (VIS absorption maximum
of the closed isomer) during prolonged UV irradiation, (e) reversibility
measurement by alternating 310 nm and white-light illumination.

to design a structure that may allow a photochromic reaction in
a wider range of solvents.

Understanding the role of the triazole substituents

Ten derivatives were analyzed that differed only in the triazole
substituent (pFps 1-10, Fig. 4). All compounds exhibited
photochromism in chloroform, and among the alkyl-
substituted compounds there was only little variation in the
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Fig. 4 Comparison of the photochromic properties of various alkyl
triazole photoswitches pFps 1-10 (60 uM solutions in chloroform): (a)
kinetic trace of the absorbance at the VIS maximum, (b) thermostability
(20 °C) of the closed-ring forms.
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wavelength of the VIS absorption maximum (between 528 nm,
PFps 9, and 535 nm, pFps 2, Fig. S27), and the apparent extinc-
tion coefficient in the (pseudo)-photostationary state ((p)PSS,
evismax, appy Detween 0.18 x 10* L (mol cm) ™" (pFps 6) and 0.40 x
10* L (mol cm) " (pFps 9), Fig. S21). The bleaching behavior
(e.g., the absorbance vs. time trace after reaching the (p)PSS)
showed slight differences, with compound pFps 2 being the
most and compound pFps 4 the least photostable one. The
largest differences were measured for the thermal stability of
the closed-ring form (CF). Here, pFps 9 was the most and pFps 4,
again, the least stable one (Table S17). This low performance of
PFps 4 may be a consequence of the interaction between the
acidic proton and the triazole ring. Attachment of an aromatic
residue (pFps 10) caused a large bathochromic shift of the VIS
absorption band to 558 nm, an éyigmax, app Of 0.32 X 10* L (mol
em) !, and good (but not excellent) bleaching resistance and
thermal stability. These observations correlate well with the
structural diversity of the DAEs. Most obvious is the similarity of
absorption vs. time traces within the group of benzyl deriva-
tives, and the higher diversity of the traces among the deriva-
tives with larger structural differences. Among the non-benzylic
substituents, pFps 9 shows an exceptionally high thermosta-
bility, which may be caused by the electron withdrawing ester
group in proximity to the triazole.

Role of the thiophene substitution

Comparing pFps 1 and pFpg 13 (Fig. 5) with each other revealed
the effects of adding an ester group to the p-position of the phenyl
ring: increased absorption of the open form (OF), small bath-
ochromic shift of the (p)PSS maximum (2 nm), increased (p)PSS
absorption (from 0.14 to 0.23), similar photostability, and only
slightly reduced thermostability. If an electron-donating methoxy
group was added instead of the electron-withdrawing ester
(PFps 12), Amax Was bathochromically shifted by 11 nm, eyismax, app
was increased to 0.47 x 10* L (mol cm)™"), and a very high
thermal stability (1,0 -¢c = 21.2 h) was observed (Fig. 5). In addi-
tion, the spectral differences between open and closed form of
this switch were particularly large. On the other hand, photo-
stability was significantly reduced for this electron-rich photo-
chrome. A similar trend was seen when the 7-system of pFps 1
was extended from phenyl to naphthyl (pFps 11).

Thus, the substituents at the thiophene ring exert a much
stronger influence on the photochromic properties than those
on the triazole ring described above (Fig. 4).

Structure optimization using mesomeric effects

During the systematic variation of the triazole substituents
(Fig. 4) we observed that the change from alkyl to aryl substit-
uents has a strikingly large influence on the VIS absorption
wavelength of the closed isomers (see also Fig. S27). This
behavior indicates that the conjugation of the phenyl ring
extends into the chromophore of the closed ring form, and
implies that +M or —M substituents attached to the phenyl ring
might efficiently modulate the properties of these DAEs. We
tested this hypothesis using compounds with benzoic acid tert-
butylester as the thiophene substituent. The rationale behind

© 2021 The Author(s). Published by the Royal Society of Chemistry
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this choice was the option to later use the ester function for
further late-stage functionalization or cross-linking, e.g., by
amide coupling. We furthermore expected the ester to lead to
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higher photostabilities, compared to an +M substituent
(compare pFpg 13 and pFps 12, Fig. 5). We directly compared an
electron-withdrawing aromatic para-nitrophenyl substituent
(pFps 15) with an electron-donating aromatic para-N,N-dime-
thylaminophenyl (pFps 14) and a benzyl substituent (pFps 13) at
the triazole (Fig. 6). Again, all compounds were photochromic.
PFps 14 showed broad absorption features (with two maxima),
10w éyismax, app (0.18 x 10* L (mol cm) ™), strong bleaching and
low thermal stability. Overall, these results indicated that
increased electron density at the triazole ring (+M effect) results
in decrease photo- and thermostability. For pFps 15, a very
strong band (evismax, app = 0.53 x 10" L (mol cm) ') with
a strongly bathochromically shifted maximum at 565 nm, high
thermo- and photostability was observed. Thus, the combina-
tion of two aromatic —M substituents R* and R?, as in pFps 15,
creates particularly performant photoswitches, at least in
halogenated solvents.

However, none of the 15 pF compounds showed reversible
photochromism in non-halogenated solvents. Overall, the
addition of functional groups to a phenyl substituent has much
stronger overall influence on the photochromic properties on
the triazole side, compared to the thiophenyl side (Table S17).
In summary, pFps 15 can be considered an optimized structure
among the pF-photoswitches.

Synthesis and photochromism of perhydrocyclopentene
photoswitch pHpg 1

To investigate the influence of the bridge moiety on the prop-
erties of triazolyl-DAEs, we converted perhydrocyclopentene
acetylenes 9aand 9b under the same CuAAC reaction conditions
in yields similar to those of the pF-switches (see details in
Scheme S17). Next, we characterized benzyl-phenyl compound
PHps 1 and compared its properties to its sister compound pFpg
1 (Fig. 7).

For pHps 1, the VIS absorption band formed upon UV irra-
diation in chloroform was hypsochromically shifted by 47 nm,
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Fig. 6 Effect of electron-donating and electron-withdrawing substituents at the triazole ring on the photochromic properties: (a) structures of
pFps 13-15, (b) time-dependent changes of the absorption spectra of solutions (60 uM in CHCls) during UV light irradiation (310 nm UV light) to
the (pseudo)-photostationary state, (c) kinetic trace of the VIS absorption bands during extended UV irradiation, (d) thermostability (20 °C) of the

CF isomers.
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compared to the band of the perfluorinated analog pFps 1
(Fig. 7(b)). The switching process was found to be reversible,
although a high photobleaching rate led to a fast decrease of the
VIS absorption over 10 reaction cycles (Fig. 7(c)). The low pho-
tostability was also detected in the kinetic trace of the VIS
absorption during extended UV irradiation (Fig. 7(d)). Advan-
tageously, however, pHps 1 showed photochromism not only in
halogenated solvents, but also in methanol and DMSO. The VIS
absorption bands formed in these solvents appeared at exactly
the same wavelengths as in chloroform. The highest eyismax, app
was measured in DMSO (0.60 x 10" L (mol cm)™"), however the
bleaching rate was high in all three tested solvents. For pHpsg 1,
chloroform was inferior to the other solvents with respect to
&vismax, app and bleaching. The highest thermal stability of the
closed-ring form was measured in DMSO, too (80% remaining
after 1 h, 7 = 2.6 h, 20 °C). Overall, with the exception of eyismax,
app» perhydrocyclopentene switch pHpg 1 was inferior to its
perfluorinated sister compound (Fig. 7(c-e)). The electronega-
tive fluorine atoms had a positive effect on photo- and ther-
mostability. Nevertheless, the perfluorocyclopentene bridge
caused an incompatibility with most solvents, while perhy-
drocyclopentene was found to overcome this solvent restriction.

Investigation of the irreversible reaction of pFPS 1 in non-
halogenated solvents

While solvent-dependent photochromism of DAEs is
known,*” the selective photochromism in halogenated
solvents only, as observed for all our perfluorocyclopentene
diarylethenes, had not been described before (to our knowl-
edge). We therefore investigated the photochromism of
compound pFps 1 in a wider panel of solvents.

When irradiated in methanol, DMSO, ethyl acetate, or
dioxane, pFps 1 formed a new intense absorption band outside
the visible spectrum (Fig. S3,T blue spectra). The formation of
this absorption band (A,ax = 420 nm in DMSO, ~372 + 1 nm in
all other solvents) was irreversible: neither irradiation with
a white-light lamp nor with LEDs emitting near this maximum
had any effect on the absorption spectrum of the solution.

1598 | Chem. Sci,, 2021, 12, 1593-11603

Furthermore, no bleaching was observed during extended
310 nm illumination. Analysis of the absorption vs. time traces
(at 373 nm, the newly formed maximum during the irradiation)
in DMSO revealed a sigmoidal course in the early phase of the
reaction (Fig. 8). This observation may indicate a fast consecu-
tive reaction that consumes the initially formed CF isomer."**
Indeed, in DMSO the intermittent formation of CF was revealed
by the Asionm Vs. time trace that quickly (¢ < 1 min) reached
a maximal value and then declined, while the inflection point of
the curve at Az;3nm correlated exactly with the maximum of
Asionm (Fig. S4at). In methanol, the rate of the consecutive
reaction was much higher than in DMSO, the concentration of
CF remained very low, and the initial slope of the curve was
much steeper (Fig. 8).

On the other hand, in dibromomethane the side reaction
was slowed down considerably, so that both processes (the
formation of the VIS absorption bands of the closed form and
the UV-band of the byproduct) could be well observed on the
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Fig. 8 Kinetic trace of absorption bands formed in pFps 1 solutions
during UV light irradiation (310 nm, 60 uM in (a) methanol (absorption
band at 373 nm) and (b) DMSO (absorption band at 420 nm), (c)
hypothetic reactions of pFps 1 in these solvents and the assumed
structure of the specific side product pF-BP.
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same time scale (Fig. S4ct). Samples taken during irradiation of
a methanolic solution of pFps 1 were analyzed by HPLC
(Fig. S5t). Concurrent to the decrease of the peak of the OF
isomer (12.9 min retention time), a new peak appears at
14.3 min that absorbs strongly at 373 nm, suggesting that only
one product is formed in significant amounts. This product was
isolated by column chromatography (ESI, chapter 2.2.5f) to
obtain a yellow solid with a mass (508.0879 m/z (M + Na)) 20 m/z
units smaller than the mass of pFpg 1(528.0932 m/z (M + Na)).
"H-NMR spectra indicated diastereotopic CH,-protons and the
19F-spectrum revealed a pattern of nine distinct fluorine signals
(Fig. S67), both findings suggesting the elimination of HF, as
observed for the CF of DAEs by others.***" The electronic
structure of the closed triazole photoswitches could favor HF-
elimination, as the high electronegativity of the six fluorine
and three nitrogen atoms should acidify the triazole proton,
leading to the reaction product proposed in Fig. 8(c) and S7.}
Products of the often-described annulation (formally by a 1,2-
dyotropic rearrangement)"***>** and the HF elimination would
still have an extended m-system with a fulvene-like structure
which can be expected to be strongly colored, too,* which is not
the case for our isolated side product. Considering additionally
the energetically favorable restoration of the aromatic triazole,
and the small difference in the chemical shifts of the CH,-
protons between pFps 1 and the bleaching product, the elimi-
nation from the closed isomer is - in our opinion - the more
likely process.

HPLC analysis of the UV-induced photocyclization of per-
hydro sister compound pHps 1 revealed the formation of a peak
eluting at 15.1 min with strong absorption at 486 nm, indicative
of the closed isomer (Fig. S5f), while no signal of a specific
rearrangement product was observed. After reaching the (p)PSS,
the absorption decreases over a wide wavelength range
(>250 nm), suggestive of unspecific bleaching.

Thus, the cyclopentene bridge has a strong influence on the
photochromic properties of the triazole photoswitches, and it
also determines the scope of solvents that can be used in the
desired application. Why the HF elimination is prevented in
halogenated solvents is not clear at this point. A coordination
effect between the solvent and the triazole ring is conceivable as
well as energetic effects by solvation, raising the possibility to
modulate this aspect by structural modifications at the triazole
ring. In conclusion, an important design consideration for
photochromism that is not limited to chlorinated solvents is the
use of cyclopentene bridges that do not allow 1,4-elimination
reactions.

Computational investigation of the photoswitching
mechanism of pFp, 1

The photochemical switching mechanism underlying the
photochromism of DAEs has been investigated previously, in
particular for derivatives with two thiophene rings as aryl
moieties."***” The switching mechanism has been shown to
proceed efficiently via a conical intersection.”**° In the DAEs
synthesized here, one of the thiophene rings is replaced by
triazole with substantially different molecular properties, and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the first question to address is thus whether this has an influ-
ence on the switching mechanism.

Among our different perfluorocyclopentenyl photo-
switches, pFps 1 was taken as representative for further
quantum chemical investigation at standard time-dependent
density functional theory (DFT)***> level using wB97X-D** as
the exchange-correlation functional and cc-pvVDZ basis set.
The conductor-like polarizable continuum model (CPCM)**
was used to incorporate bulk solvent effects. Since the open-
form of pFps 1 is highly flexible, among other stable isomers
(Table S2t), most possess an outward skewed geometry with
the -CH; group on the thiophene sticking out of the molecular
plane (see Fig. 9, pFps 1(OF)). The terminal C-C separation
along the reaction coordinate in this geometry is 3.4 A, and
this geometry has been chosen for our calculation of the
vertical excited states of pFps 1.

To investigate the light-induced ring closure mechanism
upon vertical excitation of the OF ground state to the first
excited S; state, a relaxed scan of the S; potential energy
surface has been performed along the C-C distance formed
during ring closure (Fig. 10). According to our calculations, the
reactive first excited state of both conformers corresponds
essentially entirely to the HOMO-LUMO transition. The fron-
tier orbitals are shown in Fig. 9. Since a conical intersection is
expected to be involved in the reaction, spin-flip-TDDFT>* has
been used for this calculation. As can be seen in Fig. 10,
a conical intersection is present at a C-C distance of 2.1 A.
Hence, upon vertical excitation of the OF, the molecules
undergo a barrierless ring-closure reaction towards the conical
intersection, at which they can switch efficiently into the
closed-form electronic ground state. The C-C bond length of
the newly formed bond is found to be 1.53 A. Thus, our anal-
ysis revealed that pFpg 1 indeed undergoes an electrocyclic ring
closure through a conical intersection in analogy to other
DAEs,*** indicating that the introduction of a triazole ring in
the DAE does not disturb their common photoswitching
mechanism.

The -CH, group in the benzyl substituent on the triazole ring
breaks the extended m-conjugation which exists throughout the
structure. Furthermore, it can be seen that there is no

a) PFus 1 (OF)

%
%

pFes 1 (CF) pF-BP

D o

¥

o

Fig.9 Frontier MOs: HOMO and LUMO from wB97X-D/cc-pvdz/PCM
full TDDFT calculations for the two different solvents. (a) OF and CF in
CHCl3z (b) OF and BP in MeOH.
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contribution from the benzyl fragment to the frontier orbitals
(Fig. 9). As a resul, the first singlet electronic transition remains
unaffected from the presence of the benzyl substituent. This
phenomenon can also be observed in the other derivatives
where the mt-conjugation is hindered due to a -CH, bridge (pFps
1-5, Fig. 4). Derivatives with an extended conjugation, on the
other hand, show markedly different spectra of the CFs in
halogenated solvents (pFps 14 and pFps 15 with phenyl
substituents).

Identification of the irreversible intermediate in non-
halogenated solvents

pPFps 1 and the other perfluorinated derivatives exhibit an
entirely different behavior in halogenated vs. non-halogenated
solvents (see Fig. S3t1). To model the effect of the CHCl;
solvent, the ground state geometries of the open and closed
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forms were coordinated with one CHCl; molecule (Fig. 9(a)),
and their geometry re-optimized, followed by a full TD-DFT/
wB97x-D/cc-pvdz/PCM calculation for their corresponding
absorption spectra (Fig. 11).

The absorption maximum for the OF of pFy 1 is calculated
to be at 276 nm, which is in excellent agreement with the
experimental value of 280 nm. The absorption maximum of the
CF is calculated to be at 489 nm, however, this peak is blue
shifted by 28 nm (0.21 eV) relative to the measured value, which
is the typical accuracy of the chosen methodology.>**” The same
trends are found for the OF and CF of the parent pH,, 1, which
is shown in Table S3.1

In Fig. 11(a), the time-dependent changes in the absorption
spectrum of the open form of pFpg 1 are modeled in chloroform
assuming a quantitative conversion to the CF. Therefore,
spectra of OF and CF are plotted together with 3:1, 1:1, and
1 : 3 superpositions thereof. Comparison with the correspond-
ing experimental spectra demonstrates an excellent agreement,
supporting the above-described photoswitching mechanism in
halogenated solvents.

In non-halogenated solvents, for example MeOH, experi-
mental evidence is given that irreversible elimination of HF
takes place, thereby quenching the photoswitching reaction.
To support this assumption, the time-dependent changes in
the absorption spectra of pFps 1 have been modeled following
the same procedure as above, now with the elimination
byproduct pF-BP (Fig. 9(b), for further structural details see
Fig. S771) as final state of the time evolution. The elimination
extends the aromaticity to the perfluorocyclopentene ring due
to increased m-conjugation. The simulated absorption
maximum for the elimination product is at 345 nm (Fig. 11),
which is slightly blue-shifted relative to the experimental value
of 373 nm, well within the typical range of error of the
method.>*%”

Again, the agreement between the simulated and measured
absorption spectra in CH3;OH is good, corroborating the
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Fig. 11 Comparison between experimental spectra and simulated spectra in (a) CHClz and (b) MeOH. The computational spectra are plotted for
mixtures of OF and corresponding end product in varying ratios in the two solvents using wB97X-D/cc-pvdz/PCM for geometries in Fig. 10.
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Fig. 12 Effect of structure optimization on the photochromic prop-
erties: (a) structures of pHps 1 and pHps 2, (b) absorption spectra
change of 60 pM solutions of pHps 1 and pHps 2 during UV light irra-
diation (310 nm, LED) in DMSO to the (p)PSS, (c) kinetic trace of the VIS
absorption bands during prolonged UV illumination, (d) thermostability
(20 °Q), (e) reversibility measurement (normalized VIS absorption).

elimination reaction to be the main reaction path in non-
halogenated solvents.

The origin of this very unusual solvent dependency needs
further theoretical modeling of the solute-solvent interactions
that go beyond the current work. This will likely require exten-
sive sampling of the solvent environment, the weak but explicit
solute-solvent interactions, and possibly even the interaction
with several solvent molecules, which altogether make such
simulations extremely demanding, if they are currently possible
at all.

Optimization of the triazole photoswitch structure

Further investigations with different derivatives of pHps 1
revealed that among the perhydrocyclopentene triazole DAEs,
the substituents have an even stronger influence on the
photochromic properties than in the perfluorocyclopentene
series (Fig. S8 and Table S4}). Thus, the structure of the pH
photoswitches could be further optimized, applying the
knowledge about the structure-property relationships obtained
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in the pF series. As —M substituents on both rings were found to
be beneficial, we synthesized and characterized the perhy-
drocyclopentene analog of our optimized compound pFps 15,
combining a p-nitrophenyl substituent on the triazole and p-
benzoic acid tert-butyl ester on the thiophene ring. The result-
ing compound pHps 2 (Fig. 12(a)) shows actually much higher
photostability than pHps 1, retaining 96% of its maximal VIS
absorption after 12 minutes of UV light irradiation in DMSO
(Fig. 12(c) and Table S47).

The thermostability was improved, too (79 oc: 5.9 hvs. 2.6 h
for pHps 1, Fig. 12(d), Table S41), and a higher degree of
reversibility could be reached (Fig. 12(e)). While the properties
are still far from perfect, these data indicate the directions for
further optimization, e.g., by the addition of further electron-
withdrawing groups on the triazole-phenyl ring.

Photostationary state composition and quantum yields

For most of the novel DAEs described here, the solvent
dependence or restriction of photochromism in combination
with the imperfect thermo- and photostability prevented an
exact determination of (p)PSS composition and quantum
yields. For our two optimized compounds, pFps 15 and pHps 2,
however, we could estimate these parameters. For the perhy-
drocyclopentene switch pHps 2, OF and CF of (p)PSS mixtures
in DMSO were separated by reversed-phase HPLC and the
composition determined from the integrated peak areas,
taking into account decomposition during the analysis (Table
1 and Fig. S91). The (p)PSS"Y was found to contain 58-60% CF,
while the PSSY contained ~0% CF, as indicated by the
reduction to zero of the 519 nm absorbance band upon vis
light illumination (Fig. 12(e)). Ring closing and ring opening
quantum yields were determined as reported previously**>
and indicate a rather efficient photochemistry. A most striking
feature is the high quantum yield of ring opening upon irra-
diation with 505 nm visible light (0.56), which compares
favorably with classical dithienylethenes where this value is
often smaller than 0.01.

As perfluorocyclopentene switch pFps 15 could not be
analyzed by HPLC, we prepared 15 ml of a 100 uM solution in
CDCl;, irradiated to the PSSYY, then quickly concentrated the
reaction mixture in vacuo, and analyzed it by "H-NMR spec-
troscopy (Table 1 and Fig. S107). This analysis revealed a PSS"Y
composition of 55-58% CF, while the reversibility measure-
ments (Fig. 3e) indicate a PSSY™® content of ~0% CF. The ring
opening quantum yield (in CHCI;) was slightly lower than for
PHps 2.

Table 1 (p)PSS composition and quantum yields of pHps 2 and pFps 15

PSS [%] PSSV [%] b [%] poc ™ [%] bco™ [%] Poc/bco”™
PHps 2 58-60 0 31 29 56 1.07
PFps 15 55-58 0 39 40 45 0.98

“ Photostationary state after irradiation with UV light, in % CF. ? Photostationary state after irradiation with Vis light, in % CF. ¢ Ring cyclization
quantum yields at 325 nm and 300 nm, respectively. ¢ Ring opening quantum yields at 325 nm and 300 nm, respectively. * Ring cyclization quantum
yields at 505 nm and 567 nm, respectively./ Ratio of ring closing to ring opening quantum yields upon UV irradiation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

A new class of DAEs was designed which allows the generation
of the photochromic moiety by CuAAC in direct proximity to the
attachment point, using azide groups present in the target
structures. Several systematically varied DAEs were synthesized
from small organic azides, and the structure-property rela-
tionships of the compounds were determined by absorption
spectroscopy and DFT calculations. Based on this knowledge,
a first structural optimization was carried out, and the opti-
mized DAEs already had properties which may permit a wide
range of applications. The high conversion in the photosta-
tionary states and the high reaction quantum yields make these
novel DAEs particularly attractive for applications in photonics,
where fast and efficient back-and-forth switching is desired.®
However, there is still plenty of room for further structural
modifications. Our next step will be the application of the
acetylene precursors developed here for the modification of
azido-derivatized amino acids and peptides.
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