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Abstract: A pyridinium substituted dithienylethene derivative was
used for the first time as an efficient photo-reducing agent of two
different substrates. This reaction exhibits high catalytic yields due to
the continuous regeneration of the initial state of the photochromic
molecule.

Efficient photochromic molecular materials able to trigger
chemical or physical properties changes upon irradiation have
attracted a lot of interest over the last years.'® The good
resistance to fatigue and fast isomerization rates of
dithienylethene (DTE) derivatives make them some of the most
promising candidates for practical applications. DTE is a positive
photochrom that undergoes a photocyclisation under UV light
irradiation affording a molecule with increased Tr-conjugation.®’-°
The reverse reaction leading to the DTE ring-opening is achieved
by irradiation in the visible spectrum. The vast majority of studies
carried out with DTE molecules have focused on the properties of
the photo-isomerization process with a particular interest in the
field of molecular electronics.'-%6 In contrast, the redox properties
of DTE derivatives have been much less explored.t’-2
Nonetheless, several studies have described the photocyclisation
of the DTE moiety through an oxidative process. Indeed, the
oxidized open-ring DTE fragment can undergo an internal
reorganization affording the closed isomer.?-% Launay et al.?®
have thoroughly studied the electrochemical
cyclisation/cycloreversion of DTEs. They suggest that the
oxidation of the open form generates a radical cation able to either
dimerize or undergo a ring closure to form the closed radical
cation through a disproportionation or an ECE mechanism. A few
exceptions to the phenomenon have been observed where
oxidation leads to the opening of the closed isomer,%202425 some
of these being related to a disproportionation process.?326:27
Feringa and Brown also rely on the disproportionation
phenomenon to explain the opening reaction of a DTE derivative
on a surface once the cationic closed DTE is formed. In this case,
two DTE cationic molecules combine affording one in a high
oxidation state and another in a low oxidation state, before
undergoing an internal reorganization. The same authors also
described the disproportionation  processes in  other
electrochemical mechanisms in solution whenever a closed
cationic DTE is present.?82° Taking advantage of the possible
disproportionation reaction of the cationic DTE derivatives, our
approach is based on the redox processes between the

thermodynamically unfavorable generated compounds and the
substrate, in order to trap the highly reductive species thus shifting
the equilibrium of such a reaction. This constitutes a novel
approach to a typical light-promoted redox process, as it takes
advantage of both the electro- and photochromic properties of
DTEs.

For this purpose, a well-known DTE derivative bearing two
pyridiniums entities'®2° has been considered as its cationic nature
provides unusual redox and optical properties (12*, Scheme 1).
Indeed, both isomers present a specific spectroscopic signature
that allows to follow the photo-conversion processes between the
open and closed forms using absorption spectroscopy (Figure
S1). Moreover, the 1c%* species can be considered as an oxidative
or a reductive species due to its electrochemical behavior
characterized by its two redox processes at -0.52 V (1c2*/1c%) and
at+1.05V (1c3*/1:2*) vs. Ag*(102M)|Ag, respectively (Figure S5).
The irreversibility of the oxidation wave in the cyclic
voltammogram of the closed-ring pyridinium DTE is due to the
rapid ring-opening of the oxidized products.?° The large difference
between the redox potentials makes the disproportionation
processes thermodynamically unfavorable (Kg=e?&/?2569) 31
However, if an equilibrium exists, as postulated by Le Chatellier’s
principle, the consumption of one of the products of the reaction
will shift the equilibrium in favor of the disproportionation reaction.
In that case any molecule for which the oxidation redox potential
is located in the range of +1.05 V/-0.52 V should be able to be
reduced by 1.*, favoring the disproportionation reaction as a
consequence.
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Schema 1. Photoisomerization process of 102/ 1c?* couple.

In order to Iillustrate this phenomenon, the light-triggered
reduction of iron (Ill) bisterpyridine ([Fe(tpy)2]®*) in the presence
of the photochromic core 12 is followed using absorption



spectroscopy. Indeed, [Fe(tpy)2]>* has interesting optical and
electrochemical properties:® a) a very intense MLCT band
(extinction coefficient ~12000 L.molt.cm™) located at 550 nm
(Figure S1b), b) the Fe"/Fe' redox potential is located at +0.75 V
vs. Ag/Ag* (Figure S4), well in the range for testing the photo-
reducing character of the considered DTE derivative.

The experiment proceeded as follows: a millimolar solution of
[Fe(tpy)2]?* was quantitatively oxidized at +0.9 V (1e“/molecule)
and the evolution of its UV-vis absorption spectrum was recorded
during the electrolysis. The initially deep purple solution,
characterized by one main absorption band in the visible region
at 550 nm, was bleached during the electrochemical process to
give a light-yellow solution. The UV-vis spectrum (Figure S1b)
shows the disappearance of the visible MLCT band attributed to
[Fe(tpy)2]?* and the shift of the UV-region bands from 333 nm to
353 nm. This spectro-electrochemical experiment confirms a
quantitative oxidation of [Fe(tpy)2]?* to [Fe(tpy)2]®* in solution. At
this stage, the addition of one equivalent of 1,%* showed an
increase in intensity of the bands located in the UV region and
attributed to the open form of our molecule.  Then, the solution
containing a mixture of [Fe(tpy)2]® and 102* was irradiated with
UV light and the absorption spectral changes were recorded.
Instead of obtaining the sum of the absorption spectra of the
expected closed form 1c2* and [Fe(tpy)2]®*, the spectral signature
of the reduced iron (ll) species emerged. During the irradiation
time, the absorption peak at 550 nm ascribed to the MLCT band
of the ferrous complex increases as well as the band at 650 nm
attributed to the closed form of the DTE and reach their maximum,
indicating that the photo-induced reduction of [Fe(tpy)2]®* occurs
by action of the 12* photochromic couple (Figure 1).
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Figure 1. Evolution of UV-vis absorption spectra during the irradiation (366 nm)
of a solution containing 102* and [Fe(tpy)2]3*in acetonitrile at 0.1mM.

In order to further investigate the mechanism of this reaction, an
equimolar amount of 1:?* solution was added to a [Fe(tpy)2]**
solution in the dark. As the 1c?* solution was added, the ring-
opening reaction of the photochromic molecule is evidenced by
the decrease of the absorbance band at 650 nm attributed to 1c2*
(Figure 2). In parallel, the reduction of the [Fe(tpy)z]®* to
[Fe(tpy)2]?* can be observed with the increase of the MLCT
absorption band at 550 nm. The latter stops evolving when all 1c2*
has been consumed, generating a stationary state. Three clear
isosbestic points are observed at 379, 452 and 566 nm confirming

a confirming a strong interaction between the photochrom and
metal complex (Figure 2 and S2).
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Figure 2. Evolution of UV-vis absorption spectra a) after addition of 1 equivalent
of 1¢2* to a 0.1 mM solution of [Fe(tpy)2]3* (CHsCN + 0.1 M TBAP)

If the solution is then irradiated at 366 nm, the regeneration of the
closed form 1c.2* enables the reduction of the remaining
[Fe(tpy)2]®* (Figure S2).

Figure 3 represents the evolution of the band attributed to 1.2* and
[Fe(tpy)2]®* during the experiment. It can be clearly concluded
that two equivalents of 1.2* are necessary to reduce one
equivalent of [Fe(tpy)z2]®*. Moreover, this experiment shows that
the reductive character of 1:2* can be triggered by light to reduce
[Fe(tpy)2]®* as a substrate.
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Figure 3. Evolution of the absorption intensity at 650nm (a) and 550 nm (b) of
a 0.1 mM solution of [Fe(tpy)2]3* (CHsCN + 0.1 M TBAP). At t=0 s 1.?*is added
to the solution, at t=300 s light is switched on (366 nm).

Based on these experimental data and elements from the
literature,?®?527 the proposed mechanism for a stochiometric



reaction, can be described as follows: upon irradiation of the
solution of [Fe(tpy)2]®* in the presence of 1,%*, the latter
isomerizes to 1c.2*. A disproportionation process can then occur:
(i) two molecules of the dication 1.2* leading to the monocation 1c*
and the radical trication 1.%*, (ii) a redox reaction between the
reduced form and Fe(lll), affording Fe(ll) and 1¢%* . (iii) once the
radical cation 1. is produced, it isomerizes to 1,%*, (iv) which
then subsequently oxidizes from another equivalent of 1c?*, and
regenerates the original closed radical trication and the open
dicationic species 1,%*. As a consequence of the continuous
irradiation, 102" isomerizes to the closed form and resets the
system (v).

The photo-triggered reduction was performed on another
substrate featuring several redox processes in order to test its
possible generalization. A nickel bis(benzoquinonediimine)
complex, 2, showing 3 reversible redox waves and characteristic
UV-vis spectra has been studied in presence of 1,2* (Figure S3).
The irradiation of a 22* solution, obtained after a chemical
oxidation with AgSbFs,% in the presence of a substoichiometric
amount of 1,2* (7 %) leads to the quantitative formation of 2*
(E12(2%12*)=0 V) (Figure 4). The characteristic bands
corresponding to the dicationic molecule 2?* (512 and 769 nm)
disappear with the emergence of bands located at 569 nm and in
the NIR at 904 nm, characteristic of the monocationic molecule
2*. The second reduction (E1(2*/2)=-0.23 V) is not observed
probably because this process overlaps with the reduction of 1.2*.
The substoichiometric nature of the reaction tends to indicate a
possible catalytic process.
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15+ Fe" —— 12 +Fe! (ii)
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Figure 4. Schematics of the photo-reduction process of 22* to 2*. UV-vis spectra
of 22* (plain line) and 2* (dashed line) in presence of irradiated 102* (366 nm) in
CH2Cl2. [C=0.03mM of 22* and 0.002 mM of 1,%*].

In order to gain further insight into the photocatalytic process, the
first reaction was performed and followed varying the number of
equivalents (0, 0.1, 0.3, 0.5, 0.7, 1) of 1,2* with respect to the iron
complex (figure 5). Time dependence was observed with the
number of equivalents. For 1 equivalent of 1,2* present in solution,
a quantitative conversion is obtained in less than 30 min, whereas
one hour is needed in the case of 0.5 equivalents. When the
irradiation with UV light is performed with less than 0.5
equivalents of 10%*, only a partial reduction of [Fe(tpy)2]®* is
observed.
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Figure 5. Photo-reduction of [Fe(tpy)2]3* followed by UV-vis spectroscopy at 8
min (open square), 15 min (full square), 30 min (open circle), 60 min (full circle)
irradiation time induced by 0%, 10%, 30%, 50%, 70%, 100% of 1,2*. The
amount of the reduced form is determined by the absorbance at 550 nm. [C]=
0.1 mM of [Fe(tpy)2]3*in CH3CN.

After one hour, a conversion of 56 and 80% of the iron reduction
is reached in the presence of 0.1 and 0.3 equivalents of 10%*,
respectively. However, when at least 0.5 equivalents of the
photochromic molecule are added to the solution a complete
reduction of the [Fe(tpy)2]®* to [Fe(tpy)2]?* is observed. This
experiment confirms that the reduction of [Fe(tpy)2]®* by 1,**is a
catalytic reaction, as 1c2* can be regenerated under continuous
irradiation. The photocatalytic cycle is summarized in the scheme
2. The first step of the cycle starts from the photoisomerization of
10%* into 1c%*. The presence of Fe (lll) shifts the equilibrium of the
reaction (i) towards the disproportionation reaction products (1c*
and 1c.3%). Consequently, Fe(lll) is reduced by 1.* to afford Fe (Il)
and 1c2*. In the meantime, 13" is converted into 1,3*.2° Finally,
the presence of 1,°* and 1:2* in solution leads to a redox reaction
regenerating 1c3* and the starting reactant 102*. It should be
pointed out that this catalytic behavior can be explained by the
presence of an excess of iron (llI).
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Figure 6. Photoreduction of [Fe(tpy)2]** followed by UV/Vis spectroscopy
at 8 min (open square), 15 min (full square), 30 min (open circle), 60 min
(full circle) irradiation time induced by 0%, 10%, 30%, 50%, 70%, 100%
of 102:C The amount of the reduced form is determined by the
absorbance at 550 nm. [[Fe(tpy)2]**] = 0.1 mm in CHsCN.
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Scheme 2. Photocatalytic cycle of 1,2* in presence of an excess of Fe (llI).

In conclusion, we have shown for the first time the photo-reducing
character of pyridinium substituted DTE derivatives. This reaction
occurs through a catalytic mechanism based on a continuous
regeneration of the initial 1,2* state. It should be noted that other
examples of photochromic materials able to induce catalytic
reactions are still scarce and present quite modest quantum yields
while in this case the reaction is quantitative. This result
constitutes a real breakthrough in the field of photo-catalysis.
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