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First generation DASA derivatives can be reversibly isomerized from
the coloured, open form to the colourless, closed isomer upon
protonation, thus behaving as acidochromic compounds in halo-
genated organic solvent.

Donor-acceptor Stenhouse adducts (DASAs) are a new class of
photochromic compounds,”” which can be synthesized
straightforwardly from cheap and commercially available starting
materials.>* Additionally, these compounds exhibit negative
photochromism, coupled with a dramatic change in the polarity
of the molecule.>® In fact, upon light irradiation or increasing the
polarity of the medium the photochrome switches from an open
coloured form to a closed, zwitterionic or neutral cyclopentenone
colourless form. For these reasons, DASAs are becoming increas-
ingly popular for several applications.”® Moreover, their highly
modular structure allows the donor and/or acceptor extremities to
be varied, tailoring the photochromic properties such as the
absorption maximum, the equilibrium constant between the
two forms, and the interconversion rates.®**°

The use of such photochromes, however, can be hampered
by the complexity of their switching pathway.'" Moreover, in the
open form, these molecules can exist in several configurations,
depending on the surrounding medium which affects the double-
bond configurations as well as keto-enol tautomerism.>"?

Here we report on the acid-induced cyclization™ of two first
generation DASAs with a diethyl amine donor and either a
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barbituric acid acceptor 1 or a Meldrum acid acceptor 2
(Scheme 1) in dichloromethane solution. Despite their poor
switching abilities, we have selected this particular class of
molecules because they present an excellent selectivity for the
open forms 1a and 2a in halogenated solvents,"* which
simplifies the characterization of the species and the rationaliza-
tion of the switching process. Moreover, given the complexity of
the equilibria involved in the switching pathway, we selected the
strong trifluoromethanesulfonic acid (TfOH), in the attempt to
promote the protonation reactions and have clear-cut processes,
in order to simplify the experimental outcome as well as the data
treatment.

Compounds 1a and 2a were synthesized in two steps according
to procedures reported in the literature (see ESIT)."*

The absorption spectra of 1a and 2a in CH,Cl, exhibit the
characteristic intense and sharp bands in the visible, a weaker
and broader band in the UV, as well as a weak emission
(Table 1, Fig. 1 and ESIY).

Spectroscopic data confirmed that 1a and 2a are stable in
their open form in CH,Cl,. Additionally, upon irradiation with
visible light, no isomerization from the open to the closed form
was observed in CH,Cl,, as expected considering the fast

1b

Scheme 1 Molecular structures of DASA derivatives 1a and 2a and their
cyclization products 1b and 2b.
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Table 1 Photophysical data of compounds 1a and 2a in CH,Cl,

Compound Jabs (M) eM'em ™) Jem (NM) Do (%)
1a 564 129 000 594 0.10
2a 539 118 900 570 0.05
1a-H" 484 379007 555 0.14
2a-H" 476 43800 537 0.10

¢ Calculated from the fitting of the titration experiment.
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Fig. 1 Top: Absorption spectra of a 1.6 x 10~> M solution of 1la upon
addition of increasing amounts of TfOH; the inset shows the absorption
changes at 484 nm and 564 nm as a function of acid added, the solid lines
are the fitting curves of the experimental data according to a 1:1 binding
model. Bottom: Absorption spectra over time of a 1.5 x 107> M solution of
1la with 3 equivalents of acid added in the dark; the inset shows the
absorption changes at 484 nm as a function of time, the solid line is the
fitting curve of the experimental data according to a first order kinetic
model.

thermal isomerization reaction reported in the literature (¢;,, ~
11s)."

Conversely, upon addition of TfOH, the colour of the
solution changed from purple to orange/yellow. UV-Vis analysis
for both compounds revealed a decrease of the absorption band
in the visible region, accompanied by the formation of a new
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band at shorter wavelengths and by a red shift of the weak UV
band (Table 1, Fig. 1a and ESIt). A blue shift and an increase of
the luminescence quantum yield was also observed (Table 1).
Titration with TfOH allowed to extract an equilibrium constant
for a single protonation of 5 x 10° M~ " and 6.4 x 10* M~ " for 1a
and 2a, respectively. The difference in the values of the equili-
brium constants for the protonation reactions suggests an
important role of the acceptor unit.

The two solutions of 1a and 2a were treated with an excess of
TfOH, then left in the dark and absorption and emission
spectra were recorded over time. The bands in the visible region
disappeared while the bands in the UV decreased and shifted to
higher energies. The fluorescence was quenched. The process is
completed within 4 days for compound 1 and 12 hours for
compound 2 (Fig. 1b and ESI}); the absorption changes can be
fitted with a first order kinetic model, providing rate constants
of 1 x 107" s7' and 8 x 107> s, respectively.

These experiments suggest that the open forms of 1a and 2a
can be quickly protonated, generating the open coloured pro-
tonated forms, 1a-H" and 2a-H". Depending on the medium the
open isomer of DASAs can reside in a neutral or zwitterionic
form."® Protonation may, thus, occur either on the amine or on
the enolate site of the acceptor moiety. The protonated open
isomers then slowly cyclize to the corresponding protonated
and non-conjugated closed forms 1b-H" and 2b-H".*® To con-
firm this hypothesis, structural characterization was sought by
NMR spectroscopy. The "H NMR spectra recorded in CD,Cl,
(5 mM) are consistent with DASAs 1a and 2a being the only
species, as expected for first-generation DASAs in halogenated
solvent (Fig. 2 and ESIt). Addition of 1 equivalent of TfOH to
both 1a and 2a induced immediately large spectral variations.
In particular, peak broadening was observed consistently with
a fast protonation of the open-form DASAs (see the ESIY).
Unfortunately, NMR titration of 1a with TfOH in CD,Cl, to
identify the protonation site did not provide a conclusive
answer. The reaction was, then, allowed to proceed in the dark
until complete transformation of 1a or 2a was observed.

In both cases, the final "H NMR spectrum displays sharp
signals indicating the absence of any fast dynamic on the NMR
timescale. The NMR structural characterization showed that
the product of the reaction is a cyclized compound similar to
that already reported for the photoisomerization.'* Interestingly,
we observed the formation of an additional peak at 4.44 ppm for
1b-H" and 4.89 ppm for 2b-H'. Such peaks have not been
observed in light induced cyclization products of the two DASAs
we investigated,® suggesting that a new species is formed. Total
correlation spectroscopy showed that the signal corresponds to
the methyne proton (H®) of the 1,3-dicarbonyl moiety (Fig. 2b).
These data suggest that, upon addition of acid, cyclization of the
DASAs occurs similarly to changing the polarity of the medium.
However, the presence of resonance H® indicates that the keto
tautomer is formed, rather than the enol tautomer,"” commonly
observed upon photoisomerization in other media.

Additional confirmation of the structure of this species was
sought by X-ray diffraction analysis. Single crystals were
obtained by vapour diffusion of Et,O in a concentrated solution

Chem. Commun., 2022, 58, 11236-11239 | 11237
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Fig. 2 Stacked partial IH NMR spectra (500 MHz, CD,Cl,, 298 K) of

pristine 1a (a) and 1b-H* formed after treatment of 1a 5 mM with one
equivalent of TFOH 0.1 M (b). Resonance of proton H2 is highlighted in red.

of 1a in CH,Cl, with one equivalent of TfOH (Fig. 3). X-Ray
diffraction revealed that the structure is in fact the cyclized
form of the starting material (1b-H'). The distance between
C12-C13 and C12-C17 is 1.53 A and 1.48 A respectively, which
highlight a strong single bond character. Additionally, the bond
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Fig. 3 Single-crystal X-ray structure of compounds 1b-H" (a) and 2b-H*
(b). Relevant hydrogen atoms are shown and their position was calculated
and refined by a riding model. Trifluoromethanesulfonate counterions and
all non-relevant hydrogen atoms were omitted for clarity.
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lengths of the carbonyls C13-018 and C17-022 are both 1.19 A,
which demonstrate a strong double bond character. Similar
observations were made for compound 2b-H". These data are in
line with compound 1b-H" and 2b-H" being diketo forms of the
cyclized DASAs, as suggested by the NMR characterization.

Overall, this structural characterization confirms that upon
protonation of the open forms of the DASA derivatives in
CH,Cl,, ring closing occurs to form the protonated closed
isomers. The products are stable as ammonium salts with
trifluoromethanesulfonate counterions in CH,Cl,, and exist
as the diketo-tautomer of the acceptor moiety.

From a mechanistic point of view, ring closing requires
isomerization of at least one double bond of the triene
chain.'™'® Therefore, we envisioned that the isomerization
reaction of the protonated open species could be accelerated
in presence of light irradiation.'® Two solutions of 1a-H" and
2a-H" were, thus, irradiated in the visible region and the
changes in the absorption spectra monitored over time. Spectral
changes were consistent with those observed in the dark for the
ring closing reaction. However, under light irradiation, the half-
life of 1a-H" was decreased up to three-fold, consistently with an
acceleration of the reaction.

The effect of the concentration of acid on the cyclization
kinetics was also investigated. For instance, compound 1a was
cyclized in the presence of either 1 or 3 equivalents of acid. As
expected from the protonation constant, different ratios
between 1a and 1a-H' were observed by UV-vis spectroscopy.
Their evolution in time to form 1b-H" was followed by monitor-
ing the decrease of the two bands at 564 nm (1a) and 484 nm
(1a-H") (see the ESIY). From these experiments three observa-
tions can be made: (i) the overall kinetics of the isomerization
process, namely the disappearance of the bands in the visible
region assigned to the open isomers, is faster with respect to
the kinetics in presence of an excess of acid; (ii) the two bands
at 564 nm and 484 nm decrease with different rates; (iii) at the
end of the transformation both bands are bleached, consis-
tently with complete conversion of 1a and 1a-H' in 1b-H".
Similar considerations can be made for compound 2.

The latter observation indicates that, when protonated, 1
and 2 are more stable in the closed form than in the open one.
In other words, 1b and 2b are more basic than 1a and 2a.

The dependence of the isomerization rate on the amount
of acid suggests the involvement of other reaction pathways.""
In the simplest scenario, the reaction network reported in
Scheme 2 could describe the main processes, that is, protona-
tion (horizontal processes) and isomerization (vertical pro-
cesses) reactions.

The reversibility of the protonation-cyclization reaction
cascade was also tested on both compounds, providing similar
outcomes. For instance, addition of one equivalent of phos-
phazene base P1 either to 1a-H" or to 1b-H" restores the initial
spectrum of 1a with 95% and 85% reversibility, respectively.
It is worth noting that, while the deprotonation of 1a-H' is a
fast process, addition of base to a solution of 1b-H" results in
slow spectral changes, which were ascribed to the isomeriza-
tion of 1b to 1a. 'H NMR analysis of the compound formed in

This journal is © The Royal Society of Chemistry 2022
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(1)

la + H* —/—* 1la-H*

® ] t @

b + HY —/— 1b-H*
(4)

Scheme 2 Reaction network connecting deprotonated (left column),
protonated (right column), open (top row) and closed (bottom row) forms
of 1. The same scheme applies to compound 2. Conventionally the
equilibrium constants are defined for the reactions read from left to right
and from top to bottom.

these reaction conditions confirmed our hypothesis (see the
ESIt). Fitting of time-dependent concentration data to a first
order kinetic model, provided rate constants of 0.05 s~' and
0.003 s~ for compounds 1 and 2, respectively.

The evolution of the system in presence of acid can be
simulated on the basis of the reactions reported in Scheme 2,
by considering the following: 1b is more basic than 1a, there-
fore the equilibrium constant of reaction (4) is higher than that
of reaction (1), which is 5 x 10> M™" (see above); both proto-
nation reactions (1) and (4) are fast; reaction (2) is slow, as
suggested by the kinetics in excess of acid; the equilibrium
constant of reaction (3) is smaller than 10, as the closed
isomer is not stable in CH,Cl,,'* and the isomerization rate
constant of 1b to 1a is 0.05 s~ ' (see above); the equilibrium
constants must fulfil the principle of detailed balance. By using
reasonable values for the equilibrium and rate constants (see
the ESIt), it is possible to qualitatively reproduce the observed
behaviour.

In conclusion, our results show that, in halogenated organic
solvent, protonation of first-generation DASAs leads to cycliza-
tion to a cationic closed form. The closed isomer was char-
acterized by mono and bidimensional NMR spectroscopy and
single crystal X-ray analysis.

This study demonstrates the possibility to use first-
generation DASA derivatives as acidochromic compounds in
halogenated organic solvent, by formation of a metastable
coloured open species, which then rearranges to a stable
colourless closed isomer. Additionally, the isomerization reac-
tions can be accelerated by irradiation with visible light, and
both protonated compounds can be reversibly converted back
to the non-protonated open form by addition of a strong base.

Moreover, our results also indicate that the acid-induced
cyclization of first-generation DASA-based switches must be
taken into account upon their integration in more complex
(supramolecular) systems.”

This journal is © The Royal Society of Chemistry 2022
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