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New insights into the redox properties of pyridinium appended 1,2-Dithienylcyclopentenes
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The optical and redox properties of a methyl pyridinium appended 1,2-dithienylethene photochromic derivative have been thoroughly investigated. A complex multi-step photo/redox mechanism is proposed for the closed isomer on the ground of spectro-electrochemical and theoretical data. The generated compounds are not stable over the time because of chemical reactions associated to the redox processes and a new dithienylethene derivative incorporating a seven-membered ring has been isolated and characterized.

Introduction. Photochromic compounds have been extensively used over the past few decades as key building elements for the development of functional photo-responsive molecular materials and devices. [START_REF] Feringa | Molecular Switches[END_REF][START_REF] Bakkar | [END_REF][3] Diarylethene derivatives are particularly relevant for such applications due to their ability to undergo fully reversible light-induced interconversions between an "open" form, featuring two virtually isolated aryl subunits, and a highly aromatic and rigid "closed" form. These photoisomerization processes can be achieved by irradiation at specific wavelengths (UV light for the open®closed isomerization and visible light for the back transformation) or under the effect of electrical stimulations. [4][5][6][7][8][9][10][11] The fast and reversible photoisomerization of diarylethenes has already been achieved both in solution and at the solid state with very high fatigue resistance and using irradiation wavelengths which can easily be tuned by chemical functionalization. [4][5][6][12][13][14] Scheme 1. Schematic representation of the photochemical isomerization of 1 2+ .

Several studies have been specifically focused on the ring-opening [15][16][17][18] , ring-closing [19][20][21][22] or on the interconversion of dithienylethene (DTE) derivatives triggered by electrical inputs [23] . Similar redox-triggered isomerization processes have also been reported for a series of dithiazolylethenes [11,14] and dithienylethenes [24,25] derivatives bearing pyridinium units. In all these reports, however, the underlying mechanisms, involving coupled electrochemical and chemical steps, were never thoroughly elucidated and therefore still remain unclear.

One key issue which remains to be addressed is the number of electrons involved in the redox processes centered on pyridinium DTE derivatives. As an example, Lehn [26] and Branda [13] have established that the one-electron electrochemical reduction of the open isomer 1 o 2+ triggers a cascade of events yielding, after reoxidation, the closed isomer 1 c 2+ (Scheme 1). [24] Further investigations carried out on DTE analogs (dithiazolylethenes) conversely suggested that the addition of two electrons per DTE molecule is required to achieve such isomerization. [14,25] The only conclusion that can be drawn from these previous contributions is that the number of electrons involved in the electrochemical reduction of DTEs strongly depends on the type of skeleton and on its substitution pattern.

The lack of knowledge on this key redox processes, of fundamental importance for the development of redox-responsive molecular materials, led us to take a fresh look at these issues and to carry out in-depth studies on the electrochemical response of the dithienyl-pyridinium dication 1 c 2+ . Our contribution to the understanding of the redox processes involved in the electrochemical reduction of this molecule relies on electrochemical and spectroelectrochemical studies supported by theoretical calculations.

Materials and method

4,4'-(4,4'-(perfluorocyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-4,2-diyl))dipyridinium was synthetized as previously described. [24] Electrochemical measurements were conducted at room temperature under an inert atmosphere (glove box) in a standard one-compartment, threeelectrodes electrochemical cell using a Bio-logic SP300 potentiostat. All studies were carried out in anhydrous CH3CN containing tetra-n-butylammonium perchlorate (0.1 M) as supporting electrolyte. CH instrument Ò vitreous carbon (Ø=3 mm) working electrodes were polished with diamond paste before each recording. A CH instrument Ò Ag + electrode (0.01 M AgNO3, 0.1 M TBAP, CH3CN)/Ag was used as a reference. A platinum wire was used as the counter electrode.

The reference electrode was calibrated with respect to the formal potential of the Ferrocenium/Ferrocene (Fc + /Fc) couple in CH3CN. Exhaustive electrolysis was carried using a large piece of vitreous carbon (2 cm²) as working electrode. The auxiliary electrode was a Pt wire dipped in CH3CN + 0.1 M TBAP. UV/Vis. Spectroelectrochemical measurements were carried out with a Zeiss Ò MCS 501 UV-NIR spectrophotometer spectrophotometer equipped with an automatic shutter. An all quartz UV-Vis immersion probe (Hellma Ò , 1 mm) was introduced in the electrochemical cell. The light source used for irradiation was a hand UV-lamp, 366 nm (Herolab, 7W).

EPR spectra were recorded at 100 K on a EMX Bruker spectrometer equipped with a X-band ER4102ST Bruker cavity. Aliquot of each investigated compounds were taken out of the glove box and frozen in liquid nitrogen before insertion in the cavity of the spectrometer.

Density functional theory (DFT) calculations were carried out to optimize the geometry of 1 2+ and of its corresponding reduced species 1 +• and 1. These calculations were conducted in acetonitrile using the polarizable continuum model (PCM). Optimizations were carried out for the open-and closed-ring isomers and for selected/relevant transition states. Harmonic frequency analyses were conducted on the optimized structures to verify the nature of the stationary points (minima or transition states) on the potential energy surface and to compute Gibb's free energies of reaction (DGr). Open-shell singlet (diradical) species were computed using broken-symmetry DFT calculations. To account for the spin contamination, the spin-projected energy was computed with an approximate spin-correction procedure proposed by Yamaguchi and coworkers. [27,28] Gibb's free energies for these open-shell singlet species were computed by using the spin-projected energy. Geometry optimizations were carried out with the wB97X-D functional [29] and the 6-31G(d) basis set. [30,31] UV-vis absorption spectra were simulated at the time-dependent DFT (TD-DFT) level using the PBE0 functional [32] along with the 6-31+G(d) basis set. [33] This combination of levels of theory using wB97X-D for geometry optimizations and TD-PBE0 with Pople's doublez quality basis sets for absorption spectra calculations has proved efficient in related studies of diarylethenes. [34] All absorption spectra were computed using linear response PCM to take into account acetonitrile as a solvent. The convoluted spectra were obtained using a phenomenological Gaussian broadening characterized by a half-width at half-height of 2000 cm -1 for each vertical transition. All calculations were performed with the Gaussian 09 series of programs. [START_REF] Frisch | Gaussian 09, Revision D.01[END_REF] 

Results and discussion

Synthesis, absorption and electrochemical experiments

1 o (PF 6 ) 2 was synthetized following a previously reported procedure. [24] The UV-vis absorption spectrum of 1 o (PF 6 ) 2 recorded in CH 3 CN displays specific signals for each isomer (Figure 1). The spectrum recorded for a 0.1 mM solution of the colorless open isomer 1 o 2+ exhibits one absorption band centered at 356 nm, while the closed isomer 1 c 2+ , generated in situ upon submitting a solution of 1 o 2+ to UV light (l = 366 nm), absorbs at 426 nm and 669 nm (dark blue solution). The simulated spectra of these two isomers (Figures S1 andS2), calculated at the TD-DFT level, show similar features. The intense absorption band observed at l max = 359 nm in the spectrum of 1 o 2+ is dominated by a HOMO®LUMO transition (Figure S1). The absorption maxima calculated for 1 c 2+ (l max = 445 nm and 685 nm) was found to be only slightly red-shifted compared to the experimental values. These computational analyses allowed us to attribute the absorption bands observed at l max = 445 and 685 nm to the HOMO-1®LUMO and HOMO®LUMO transitions, respectively (Figure S2). V, corresponding to the formation of 1 o +• . The number of electrons involved in this process, previously reported by Lehn, [26] was confirmed by comparison with the intensity of the oxidation wave of ferrocene used as an internal standard (figure S7). During the reverse scan, an anodic signal at E pa = -0.55 V is observed, corresponding to the oxidation of a substantial amount of the closed isomer 1 c +• . [13,26] Indeed, it was demonstrated that the electrogenerated 1 o +• can be rapidly converted in situ at the electrode interface to its corresponding closed isomer 1 c +• (Scheme 2). [24] Further analyses revealed that the peak current ratio between the reduction of 1 o 2+ and the oxidation This behavior can be thus summarized by the following the scheme : As can be seen in Figure 2, the CV curve of 1 c 2+ (black line) features a one-electron reversible reduction wave (as established using ferrocene as an internal standard, see figure S7) at E 1/2 = -0.57 V (DE p = 80 mV) which fits well with data reported in the literature. [13,26,[START_REF] Piard | [END_REF] However this result stand in sharp contrast with the electrochemical behavior of others DTE pyridinium derivatives reported in the literature, as dithiazolylethenes, [11,14] which show two reversible reduction waves attributed to the successive formation of mono-(DTE •-) and doubly-reduced (DTE 2-) derivatives. [14,25] Similarly, two electron-reduction waves were seen for the open and closed isomers of DTEs bearing strongly electron-withdrawing substituents such as benzonitrile. [25] In light of these quite different observations and conclusions, we were keen to thoroughly investigate and provide a clear-cut attribution of the chemical steps coupled to the one-electron reduction observed of 1 c 2+ .

Bulk electrolysis and spectroelectrochemical experiments

The redox behavior of 1 c 2+ /1 o 2+ couple have been further examined by bulk electrolysis and spectroelectrochemical experiments. Interestingly, the reduction wave of 1 c 2+ observed by cyclic voltammetry was found to be monoelectronic, whereas the exhaustive reduction of a solution of 1 c 2+ (0.1 mM in CH 3 CN) carried out under dark conditions at E app = -0.7 V consumed 1.5 electron per molecule. Such difference can be explained by the different timescale between cyclic voltammetry experiments and bulk electrolysis, suggesting a multistep mechanism, and will be discussed further.

In order to investigate the nature of the involved reactions, in situ absorption spectra were recorded over time during the electrolysis and selected UV-vis absorption spectra are displayed in Figure 3.

Upon consumption of one electron per 1 c 2+ molecule, a blue solution attributed to the presence of 1 c +• was obtained and its corresponding absorption curve displayed an intense absorption band at l max = 966 nm, associated to three less intense bands growing in the 550-800 nm region (Fig. 3a).

In addition, the EPR spectrum of this solution (Figure 4) displays an intense signal at g = 2.0006 consistent with the formation of the organic radical 1 c +• . Magnetic Field (G)

solution obtained after completion of the electrolysis, when a charge of 1.5 Coulombs per mole of DTE was obtained, resulted in the observation of a very weak signal at g =2.0006 attributed to residual traces of 1 c +• (Figure 4). At this stage, based on these EPR and UV data coupled to CV experiments, our hypothesis was that the neutral diamagnetic species 1 c 0 could be the major product formed upon the exhaustive electrochemical reduction of 1 c 2+ .

Theoretical calculations

In order to confirm the previous hypothesis, theoretical calculations were realized. Our computational studies aimed at optimizing the structures and assessing the relative energies of the one-electron (1 o +• and 1 c +• ) and two-electron (1 o 0 and 1 c 0 ) reduced species as well as simulating their respective absorption spectra using TD-DFT. Transition states were also computed to evaluate the activation energies associated to the isomerization (open « closed) of each redox state (+2, +1, 0). Some key figures related to these calculations are collected in Tables 1 and2.

First of all, we found that 1 c +• lies lower in energy than 1 o +• by 14.5 kcal/mol, meaning that the ring-closing reaction (open ® closed) is thermodynamically favored for the mono-reduced state (DG r = -12 kcal/mol). in addition, the activation energies associated to the thermal ring-closing and ring-opening reactions of the radical 1 +• were estimated at 14.0 and 26.0 kcal/mol, respectively. 1 c 0 was also found to be more stable than 1 o 0 by 18.3 kcal/mol, for which a biradical structure is predicted (Table S2). Therefore, in the two-electron reduced state (neutral form), the cyclization reaction is also thermodynamically favored (DG r = -14.6 kcal/mol). Finally, the activation energies corresponding to the thermal ring-closing and ring-opening reactions of 1 0 were estimated to 12.7 and 27.3 kcal/mol. These computational results are thus fully consistent with the experimental observations discussed above and with the conclusion that the reduction of 1 c 2+ cannot lead to the open forms 1 o +• or 1 o . They also fully support the electrochemically-triggered cyclization of 1 o 2+ proposed by Branda [24] and by this work.

Our interpretations of the spectroscopic data depicted in Figure 3 were then corroborated by TD-DFT calculations. The simulated absorption spectrum of 1 c +• (Figure S3) shows a broad absorption band (SOMO®LUMO transition) covering the red region and extending to the near infrared region (NIR), with a maximum intensity at 848 nm falling in the same range as that observed in the experimental spectra recorded upon reduction of 1 c 2+ (l max = 965 nm). It should be noted that the difference of about 0.18 eV observed between the theoretical and experimental data falls within the expected accuracy of TD-DFT (within 0.25 eV for valence states). [37] A few more, less intense, absorption bands are also predicted to be observed between 350-500 nm. In contrast, the calculated spectrum of 1 c 0 does not exhibit any absorption band in the NIR region (Figure S4), which supports our conclusion that the band at 965 nm is a diagnostic signature of 1 c +• . On the other hand, the calculated spectrum of 1 c 0 features a broad and intense absorption band centered at 650 nm which matches quite well with the absorption signal observed between 700 and 750 nm in the experimental spectrum (again within the 0.25 eV margin of error).

To sum up, the good match observed between TD-DFT calculations and experimental data supports the attribution and conclusions raised above on the ground of experimental data. In particular, both studies reveal a strong red-shift of the absorption bands when going from the dicationic species 1 c 2+ to the radical cation 1 c +• , and a blue-shift when converting the radical cation into its corresponding neutral species 1 c 0 (Table 1). These attributions are also in full agreement with previous studies carried out on a pyridinium-substituted dithiazolylethene [14] showing that the UV-vis absorption spectra of the cation radical and neutral products, obtained after successive reduction of 1 and 2 electrons per mole respectively, are similar to those collected throughout the exhaustive reduction of 1 c 2+ . 

Study of the stability of the electrogenerated compounds

The voltammetric curve collected at a Rotating Disk Electrode (RDE) after completion of the exhaustive reduction at E app = -0.7 V (Figure 5), i.e. after addition of 1.5 F/mol revealed the presence in the mixture of ~80 % of the fully reduced compound 1 c 0 (which is oxidized at E ~ -0.5

V) together with ~15% of an open isomer (which is reduced at E ~ -1.4 V and exhibits an absorption band at 356 nm)) and less than 10% of a third unknown product (which is oxidized at E ~ -0.75 V ; * in Figure 5).

The reversibility of the redox processes involved in solution was investigated by re-oxidation of the mixture previously obtained after exhaustive reduction of 1 c 2+ at E app = -0.7 V. This was achieved upon setting the potential of the working electrode at E app = -0.3 V. During electrolysis, a progressive decrease in intensity of the absorption band at 745 nm (corresponding to 1 c 0 ) was observed and new signals increased first at 966 nm and then at 668 nm, attributed to the formation of 1 c +• and 1 c 2+ , respectively (Figure S8). RDE data collected after completion of the re-oxidation (red dashed line in figure 5) surprisingly revealed a significant increase in the relative concentration of both the open isomer and the side product. This behavior was further confirmed since repeated reduction/oxidation cycles led to a progressive accumulation of those two species in solution (see figure S9). These results led us to question the stability of the in-situ generated species 1 c .+ and 1 c 0 over time (exhaustive electrolysis at E app = -0.7 V) The evolution of the solutions was investigated by periodic recordings (over a total period of 24 hours and without polarization) of the spectroscopic and electrochemical signatures of a solution of 1 c .+ or 1 c 0 (Figure 6). In the case of 1 c .+ , UV-visible spectrum of the solution clearly evolves in a first time to the formation of 1 c 0 (see figure S12) as observed by the disappearance of the band located at 966 nm and the increase of the band located at 750 nm attributed to the 1 c 0 form (see figure S12). This evolution can be explained by the disproportionation process:

Then, this solution continues to change with time (see Fig. S12) until an unknown product is formed, with an absorption band at 750nm. In order to identify this latest compound, the spectroscopic and electrochemical evolutions of a fresh solution of 1 c 0 were followed (Figure 6).

At the beginning of the experiment, a reversible oxidation wave centered at E 1/2 = -0.57 V was observed by cyclic voltammetry and an intense absorption band centered at 750 nm was measured.

As can be seen in Figure 6a and 6b, the intensities of these initial redox and UV-vis signals were found to gradually decrease over time in favor of a new reversible wave centered at -0.75 V and of another absorption band centered at 750 nm, both of them being attributed to the same side product initially considered on the ground of the electrolysis data depicted in Figure 5. In order to determine the nature of this unknown product, this former was produced at larger scale by reaction of 1 c 2+ in acetonitrile with 1.5 equivalents of cobaltocene used as chemical reductant (E 1/2 = -1.2 V). The resulting solution was then stirred in the dark at room temperature for 2 days and the mixture was ultimately separated and purified by column chromatography column on SiO 2 .

The most abundant blue-colored product could be crystallized (by slow diffusion of diethyl ether in CH 3 CN) and characterized by X-ray diffraction. The solid-state structure depicted in Figure 7 shows that this monocationic product (named 7-DTE) incorporates only one pyridinium ring and one neutral quinoid-like pyridine. Two fluorine atoms of the central cyclopentene ring have also been replaced by a carbonyl moiety. The four heterocycles are coplanar, separated by a sevenmembered ring which introduces a kink. The overall planar conformation results from an efficient pi-conjugation extended on one side from the quinoid-like pyridine to the ketone, and on the other side from the electron-deficient pyridinium to the electron-rich thiophene. Upon reduction of 1 c 2+ to 1 c +• (eq. 1), 1 c 2+ and 1 c 0 compounds are produced by a disproportionation step (eq. 2). 1 c 0 then evolves towards 3 c + (and then 7-DHP, following the mechanism represented in Scheme 3) which is accompanied by the release of a hydride anion per molecule (eq. 3). The 1 c 2+ derivative, previously regenerated in eq. 2 is then reduced at the electrode to afford 1 c +• (eq. 4) and then 1c+• can be chemically reduced in to the presence of H -(eq. 5). Thus, the overall mechanism corresponds the electrochemical reduction of 1 c 2+ by 1.5 Coulomb per mole, as observed experimentally when 1 c 2+ is electrolysed at E app = -0.7 V.

In order to further confirm these reactions, the electrolysis of 1 c 2+ was realized in the presence of B(C 6 F 5 ) 3 as a hydride abstracting agent. For this experiment, a mixture of B(C 6 F 5 ) 3 (0.1 mM) and 1 c 2+ (0.1 mM) in acetonitrile were submitted to an exhaustive reduction at E app = -0.7 V. The UVvis spectrum recorded for the blue solution obtained after addition of one electron/molecule of 1 c 2+ exhibits an intense absorption band centered at 966 nm and a less intense one at 675 nm. Further reduction of the solution, until the addition of two electrons/mole, led to the progressive disappearance of the band at 966 nm attributed to 1 c +• for the benefit of a band at l max = 745 nm assigned to the doubly reduced species 1 c 0 (see figure S10). At the end of the electrolysis, 2F/Mole of 1 c 2+ were consumed (as expected for the production of 1 c 0 from 1 c 2+ ), in contrast with the 1.5F/mol experimentally obtained in the absence of B(C 6 F 5 ) 3 . This experiment corroborates our hypothesis that H -is released in the solution from 1 c 0 (eq. 3). Indeed, in the presence of B(C 6 F 5 ) 3, H-is consumed and cannot plays the role of chemical reductant in eq. 5 and 2 electrons per 1 c 2+ molecules are thus needed.

We also found that the cyclic voltammogram recorded after completing the two-electron reduction of 1 c 2+ in the presence of B(C 6 F 5 ) 3 exhibits two reversible waves at -0.5 and -0.75 V assigned to the oxidation of 1 c 0 and to the reduction of the intermediate compound, 3 c + , respectively (see figure S11). In agreement with our preliminary experiments demonstrating the limited stability of 1 c 0 , we also found that the electrochemical signature of the mixture evolves over time towards a unique signal at E 1/2 = -0.75 V attributed to the reversible reduction of 3 c + . 

Conclusions

The optical and redox properties of a methyl pyridinium appended 1,2-dithienylethene derivative represents thus a very attractive system in particular for applications in molecular electronics.
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 1 2+ were deeply investigated. Spectro-electrochemical studies coupled with EPR spectroscopy and theoretical calculations clearly indicate that reduction of the closed isomer 1 c 2+ to 1 c 0 is performed through a two-step mechanism involving the radical cation 1 c +• as an intermediate. It has been pointed out that the reduced 1 c 0 form is not stable with time and it can undergo a H -abstraction followed by an arrangement towards a seven-membered ring species 7-DHP. The 1 c 2+ /1 o 2+ couple, which can follow multiple redox-and optically-triggered ring-opening and closing reactions,

  

Table 1 .

 1 Lowest vertical electronic transitions computed at the TD-DFT level in acetonitrile for compound 1 in different redox states. Experimental wavelengths are compared to theoretical values. (Experimental conditions: CH 3 CN (10 ml, l = 10 mm, c=0.1 mM)

	Compounds	𝜆 !"# $#%&	e $#%&	D𝐸 '"('	𝜆 '"('	f a	Transitions b
		(nm)	(10 3 cm -1 M -1 )	(kcal/mol)	(nm)		
	1o 2+	356	45	79.7	359	1.002	H®L
	1c 2+	669	14	41.7	685	0.462	H®L
				60.4	473	0.034	H®L+1
		426	9	64.9	440	0.134	H-1®L
	1c +•			20.5	1392	0.064	H-1®S
		965	38	33.7	848	0.976	S®L
	1c 0	746	54	44.2	647	1.327	H®L

a Oscillator strengths. b Main configurations (H: HOMO, L: LUMO, S: SOMO). Main contributing orbitals shown in Figures

S1-S4

).

Table 2 .

 2 Computed reaction energies (DE r ), Gibbs free reaction energies (DG r ) potential energy barriers (DE ⧧ ) and activation energies (DG ⧧ ) in acetonitrile.

	Reactions	DEr	DGr	DE ⧧	DG ⧧
		(kcal/mol)	(kcal/mol)	(kcal/mol)	(kcal/mol)
	1o 2+ ® 1c 2+	18.1	20.6	41.9	42.8
	1o + ® 1c +•	-14.5	-12.0	12.8	14.0
	1o ® 1c 0	-18.3	-14.6	12.2	12.7

The formation of seven-membered ring from other DTE derivatives has already been reported in the literature by Hecht [38] and Huhn. [39] In both cases the proposed mechanism is initiated by deprotonation of one internal methyl substituent yielding a nucleophilic carbanion which reacts with the adjacent thiophene. In the present study, the spectroelectrochemical behavior of 1 c 2+ in the presence of a base was followed and such deprotonation could be rejected. Indeed, absorption spectra recorded over time during the potentiostatic reduction of 1 c 2+ at E app = -0.7 V in the presence of an excess of NaOH or lutidine (10 eq in CH 3 CN) gave identical results to those previously collected in the absence of base (exchanged charge, spectroscopic data).

Another possible route for the formation of 7-DTE from 1 c 0 is represented in Scheme 3. It starts with the release of a hydride anion and the formation of 2 c + which is spontaneously opened to its corresponding 2 o + isomer. This is then followed by an intramolecular ring-closure reaction proceeding through an intramolecular electrophilic aromatic addition of the carbenium onto the electron-rich thiophene to afford 3 c + . DFT calculations confirm these hypotheses. Indeed, the closed-form intermediates 2 c + can evolve into the more stable open isomer 2 o + , lying 10 kcal/mol lower in energy. The ring-closure reaction, corresponding to the formation 3 c + is also energetically favorable as well, 3 c + being 19 kcal/mol lower in energy than 2 c + . The last step corresponds to the formation of 7-DHP obtained by oxidation of a CF 2 fragment in 3 c + into a ketone. We believe that this reaction was realized during the purification process. Indeed, when trying to isolate 3 c + by column chromatography, this compound was found to be unstable since a color change was clearly observed. This color change was attributed to the spontaneous formation of 7-DTE under aerobic conditions and/of in the presence of water. The following files are available free of charge.
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