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Indolino-oxazolidine Acido and Photochromic System investigated by NMR and DFT Calculations

Three addressable indolino-oxazolidine units connected through an isomerizable double bond to a substituted thiophene represent a smart example of multi-addressable system whose reversible responses could be selectively activated on demand. Experimental and theoretical approaches to push forward the understanding of the system mechanism, and set pathways to design optimized compounds for suitable application are here presented. NMR and UV-Visible spectroscopies are used for structural and kinetic studies, while Density Functional Theory (DFT) calculations pave the way to highlight energetic and electronic processes that are involved. Substitution and solvent effects towards the reactivity of the compounds are experimentally studied, and combined with theoretical calculations. The most efficient and selective stimuli to travel between the four possible states resulting from ring-opening of BOX and trans-cis isomerization of the ethylenic junction are elucidated.

Introduction

The field of molecular switchable devices has received much attention in recent years, and this domain was recently awarded by the 2016 Nobel Prize in Chemistry for Jean-Pierre Sauvage, Sir J. Fraser Stoddart and Ben L. Feringa "for the design and synthesis of molecular machines". In this context, photoresponsive systems are of particular interest because light can induce the interconversion between two states in a rapid and clean manner. Moreover, the design and elaboration of multiaddressable photochromic materials which can be activated by at least two different stimuli is motivated by the possibilities to develop not only simple logic gates but also complex devices such as Multiplexers/Demultiplexers or Multivalued logic devices 1 to name a few using optical properties as outputs. [START_REF] Chen | Multi-addressable photochromic materials[END_REF] Despite well-known multi-addressable photochromic materials based on diarylethenes, [START_REF] Irie | Photochromism of Diarylethene Molecules and Crystals: Memories, Switches, and Actuators[END_REF][START_REF] Browne | Oxidative Electrochemical Switching in Dithienylcyclopentenes, Part 1: Effect of Electronic Perturbation on the Efficiency and Direction of Molecular Switching[END_REF] the indolino [2,1-b]oxazolidine (generally referenced as BOX) derivatives are a relatively confidential sub-class of multi-modal addressable units known to display photo-and acido-chromic performances based on the opening/closing of the oxazolidine ring (Scheme 1). [START_REF] Sertova | Photochromism of styryl cyanine dyes in solution[END_REF] Recently, the different possibilities to induce the opening/closure of the oxazolidine ring were extended to electrochemical stimulation. [START_REF] Sanguinet | Acido-and phototriggered NLO properties enhancement[END_REF] BOX derivatives have also demonstrated an impressive efficiency for the modulation of the NLO properties. [START_REF] Mancois | Acido-Triggered Nonlinear Optical Switches: Benzazolo-oxazolidines[END_REF] Therefore, all BOX derivatives joined through an ethylenic bond to an aromatic core are susceptible to conduct to a bimodulation of the NLO properties (2 2 metastable states) thanks to the opening/closure of the oxazolidine ring and the cis/trans isomerization of the ethylenic junction leading to the alteration of the acceptor part and the conjugated bridge respectively. [START_REF] Castet | Design and Characterization of Molecular Nonlinear Optical Switches[END_REF] Despite promising applications for such system especially in the field of molecular logic gate, such photo-isomerization was only reported in the case of the DTE-BOX association. [START_REF] Szaloki | A Simple Molecule-based Octastate Switch[END_REF] In order to understand better the scope and limitations of such behavior, we have focalized our attention on three BOX derivatives incorporating a simple thiophene bearing different substituent (scheme 2) as associated aromatic system. The investigation of their photoswitching behavior, their response upon acid/base addition and the thermal stability of the generated states followed by UV-Visible and NMR spectroscopy is presented below and rationalized with the help of DFT calculations. Among the four possible states that can be reached, we look for finding the right process that allows to convert one in another with efficiency and selectivity.

Results and Discussion

Synthesis. The preparation of the BOX derivatives is pretty straightforward and a large scope of associated aromatic system can be envisioned. However, the nature of this aromatic system has a strong impact on the acido-, photo-and solvatochromic properties of the indolinooxazolidine due to its implication in the open form stability. [START_REF] Sertova | Photochromism of styryl cyanine dyes in solution[END_REF] With the objective to focus our attention on the isomerization of the ethylenic junction, we have only selected for this study thiophene bearing weak donor such as methyl group and heavy atom such as bromine to promote an eventual intersystem crossing. The condensation between 2,3,3-trimethylindolino[1,2-b]oxazolidine and aromatic aldehyde was carried out in boiling ethanol to obtain compounds 1, 2, and 3 with satisfactory yields (79, 49 and 58% respectively) as resumed on Scheme 3. 12 Scheme 3. Synthesis of the BOX derivatives A reaction efficiency difference is noticeable between all three substrates. This one can be explained by the difference in the positive mesomeric effect of the substituent which impacts the nucleophily of the carbonyl in agreement with results of condensation on benzaldehyde derivatives. [START_REF] Szaloki | Silica-Mediated Synthesis of Indolinooxazolidine-Based Molecular Switches[END_REF] It is also important to note that the synthesis of all derivatives lead exclusively to the trans isomer of the closed form (characterized by a vicinal coupling = 16.2 Hz) and no trace of the cis isomer was detected by NMR analysis in the crude material. As expected, all three synthesized BOX derivatives are colorless under their closed form with trans isomery (Ct). Their maximum absorption wavelength is slightly influenced by the nature of the substituent on the thiophene with a value of 281 (285) nm, 289 (292) and 292 (295) for compounds 1, 2, and 3 respectively, in acetonitrile (chloroform) (Figure S1). More important, the poor influence of the thiophene substituent on the extinction coefficient (ranging from 20 000 to 21 000 L.mol -1 .cm -1 in acetonitrile and from 18 000 to 22 000 L.mol -1 .cm -1 in chloroform) allows us to compare their photochromic properties in good conditions.

Switching abilities of Ct upon 254 nm light irradiation. Irradiation with 254 nm light was applied to solutions in acetonitrile of all three compounds under their Ct form as this wavelength of light is expected to induce the opening of the oxazolidine ring. [START_REF] Sertova | Photochromism of styryl cyanine dyes in solution[END_REF] The evolution of samples submitted to successive periods of illumination was followed by NMR by recording 1 H spectrum between each period of irradiation (Figures S5-7). This allows to observe the decrease in intensity of signals of initial state Ct, and the concomitant appearance of new resonances associated to the cis-isomer Cc. This last one was easily identified thanks to the pair of doublets at 5.46 and 6.84 ppm (for 1, Figure 1) with a vicinal coupling constant of 13.3 Hz for the two ethylenic protons in cis isomery. In these conditions, no opening of the BOX is detected as evidenced by the remaining characteristic pattern of signals for the two methylenes between 3.2 and 3.8 ppm. In each spectrum recorded, the integration measurements of signals for Ct and for Cc allow to establish the time-evolution of concentrations (Figure 2). For compounds 1 and 2, the only photoproduct detected is the cis isomer, Cc. However, the photostationary state (PSS), reached in 300s of irradiation, contained no more than 25% and 30% of this isomer respectively. Thus, there is no real effect between hydrogen and methyl as substituent. In addition, as Ct and Cc display very similar extinction coefficients at exc = 254 nm, which is close to an isosbestic point, the ratio of concentrations measured (Cc/Ct) indicates that the cis to trans isomerization is more favored than the trans to cis reaction. In contrast, with bromine derivative 3, no PSS was ever reached. After 360 s of irradiation, about 20% of Cc is formed. When photochemical stimulation is prolonged, about 50% of isomerization could be attained, but in a mixture with by-products. Thus, the BOX-Br is clearly the most sensitive to degradation upon 254 nm light and then, this stimulus was eliminated to activate it. Knowing the general strong influence of solvent on the photochromic behavior of BOX derivatives, [START_REF] Sertova | Photochromism of styryl cyanine dyes in solution[END_REF] the experiments were repeated with solutions in chloroform. In these conditions, the conversion of 50% of initial state Ct is achieved faster, in 80 seconds for 2 and 3, and 160 seconds for 1 but this enhancement of the kinetic transformation is detrimental to the photoselectivity. For all compounds, two photoproducts, resulting from the oxazolidine ring opening (Ot) as well as the trans to cis isomerization (Cc) are detected (Figures S8-10). The formation of Ot is nicely illustrated in 1 H NMR by the downfield shifts of all protons in the spectrum (Figure 3b). More particularly, the methylene signals of the initial closed form which were not resolved are transformed into two well-resolved triplets at =4.0 and 4.6 ppm, while the two non-equivalent methyl signals become isochronous, indicating the quasi planar molecular structure of Ot. The concentration variation of cis isomer, Cc is similar for the three BOX, following a biexponential increasing decreasing plot, its maximal value ranging between 9

(2) and 13% (3 and 1) (Figure S11). In fact, in chloroform, the major part of reactivity appears to be the opening of BOX, leading to formation of Ot state, its maximal concentration being reached after around 300 s of irradiation. ) and 430 ( = 35600) for 1, 2 and 3 (at 435 nm ( = 48700), 459 ( = 44600) and 448 ( = 41300) in chloroform) resulting from an enhancement of the internal charge transfer due to the generation of the indoleninium moiety acting as strong electron withdrawing group, and the modification of hybridization of the asymmetric carbon joining the indolino-oxazolidine to the vinylthienyl group (from sp 3 to sp 2 ) allowing the electronic delocalization on the whole molecule (Figure S2). In contrast with the maximal absorption wavelengths measured for the three Ct forms (R=H, Me, Br), the introduction of a substituent on the thiophene has a direct impact on the absorption maxima of Ot. The amplitude of the bathochromic shift (+8 and +13 for Br and +20 and + 24 nm for Me vs H in acetonitrile and chloroform) can be related to the difference of positive mesomer effect in agreement with the variation of condensation efficiency observed during the synthesis of all three compounds (vide supra).

Switching abilities of Ot upon 436-nm light irradiation.

Once the BOX has been addressed by acidic stimulation (Ct→Ot, Figure 3a-b), the selective photo stimulation of the ethylenic junction was investigated. Irradiation at 436-nm induces rapid and high conversion of Ot into the open BOX with cis isomery (Oc) (Figure 3b-c). The open-cis isomer is characterized by a significantly small epsilon (about one fourth of that of Ot) and a hypsochromic shift of its maximal absorption wavelength (20-30nm) due to a decrease of the conjugation pathway (Figure S3). This decrease of the conjugation is also confirmed in 1 H NMR, where most of new signals are upfield (Figure 3c). The cis isomery and the open BOX in Oc are evidenced with the two doublets at 6.5 and 7.5 ppm displaying a vicinal coupling constant of 13 Hz, smaller than the 16 Hz value characteristic of the trans isomer, and by the two triplets at 3.9 and 4.5 ppm. As NMR spectra were recorded between each irradiation period, the peakintensities were measured allowing to follow the time evolution of concentrations (Figure 4). In chloroform, 90, 85 and 75% of cis-isomer for 1, 2 and 3 respectively (H > Me > Br) are reached at PSS, while in acetonitrile, 87 % for 2 and 3 and 79% for 1 are measured (Br = Me > H). Note that the time of irradiation to convert 50% of initial Ot is almost the same in both solvents for the three derivatives (40/50 seconds). Consequently, there is no great variation between the response upon 436 nm light irradiation for the three BOX derivatives and in the two solvents. In contrast, it is clearly evidenced that the trans to cis isomerization is more efficient when the BOX is in open configuration. The cis isomer Oc is thermally reversible but with rate constants relatively low (between 1 and 4x10 -4 s -1 , Figures S14-15). In chloroform, the relaxation kcis→trans is accelerated as Br > Me > H, while in acetonitrile, H > Br > Me. This is in agreement with the values of PSS measured upon irradiation with 436 nm. The most thermally stable state is the most accumulated cis isomer.

Switching abilities of Oc upon base addition.

If vapor of base is added instead of waiting for thermal relaxation of Oc, the closing of BOX is effective into the Cc isomer (Oc→Cc, Figure 3d). This is underlined with the disappearance of the visible band characteristic of Oc and the appearance of an absorption band in the UV region (Figure S4). For all three compounds, the epsilon values of the closed form with cis isomery (Cc) are smaller than values measured for the initial closed forms with trans isomery (Cc/Ct ≈ 0.8). 1 H NMR allows for identifying unambiguously the formation of Cc. In fact, the two characteristic triplets for methylene groups in Oc are transformed into less-resolved and upfield shifted multiplets. Moreover, both doublets for ethylenic protons in Cc are upfield shielded and present now a vicinal coupling constant around 13 Hz which are characteristic of cis isomery. As previously noticed with open BOX (Ot→Oc), a relaxation from Cc toward Ct restoring the initial state of the solution is also observed and follows the same trend. In chloroform, the thermal rate constants of relaxation are 3, 10 and 40 x 10-5 s -1 , while 0.08, 0.43 and 3.2 x 10-5 s -1 in acetonitrile for Br, H and Me, respectively (Figures S16-17). This indicates a greater thermal stability of cis isomers in more polar acetonitrile and a significant substituent effect as the fastest thermal decay always concerns compound 2. Switching abilities of Ct upon 436 nm light irradiation. As previously experienced upon irradiation with 254 nm light, the trans to cis photoisomerization of initial state Ct was not very efficient although selective. Indeed, in acetonitrile, only isomerization was observed but not exceeding about 25% of Cc.

Although no absorption band is observed in the visible region for all Ct isomers, surprisingly, the selective photo stimulation of the ethylenic junction can be also reached when the BOX is closed with 436 nm light leading to very clean and high (85-95% at PSS for 1 and 2) transformation into corresponding Cc metastable state. If this photoisomerization occurs whatever the nature of the solvent, the transformation is faster in chloroform (in about 10 min of irradiation) than in acetonitrile where the PSS is reached after more than 2-3 hours of irradiation (Figures S12-13). To explain such response of the system face to an irradiation wavelength at which no absorption is observed, equilibrium between the initial closed isomer Ct and its zwitterionic form is suggested. To confirm this hypothesis, a fresh sample of Ct in presence of an excess of base was irradiated in the same conditions than those used previously (Figure S18). For the same irradiation time, only few percent of Cc forms are detected while more than 90 % were produced in absence of base. This means that the pathway upon visible irradiation between Ct and Cc is not direct but passes through the intermediary of their corresponding zwitterionic forms. Upon visible irradiation, the zwitterionic form with trans isomery is converted into the zwitterionic form with cis isomery that is also in an equilibrium shifted towards the closed state Cc. In the case of compound 3, it should be noted that, as observed when irradiating with 254 nm, no clear PSS is obtained. In addition, no degradation of sample is detected.

As a consequence, based on these experimental investigations, it is possible to address selectively the system to access preferentially to one specific state (Scheme 4 Theoretical calculations. In order to rationalize the experimental observations made so far on the system, a full theoretical study, based on Density Functional Theory (DFT) and its time dependent extension (TD-DFT), has been conducted. The strategy used here consists in optimizing the geometry of each form of the BOX (Ct, Cc, Ot and Oc) and then to perform TD-DFT calculations on top of these optimized geometries in order to properly describe their electronic properties. Every possible conformation for each isomer has been considered by rotational displacements around dihedral angles between the indolinic and the thiophene parts (see SI for further details). Based on relative Gibbs free energy obtained from vibrational frequency calculations, the geometry of the most stable conformer was used for the computation of the UV-Vis spectrum. When the energy difference between two conformers is less than 1 kcal.mol-1, TDDFT calculations were performed for both optimized geometries. Optimized structures and corresponding Gibbs free energies for the most stable conformer of each BOX isomer are presented in Figure 5 and summarized in Table 1, respectively. Our computational results on the trans isomers show that the optimized geometries for Ct and Ot are very close to those previously reported in experimental [START_REF] Kawami | X-Ray Structures of Electrochromic Compounds. Colorless 3,3-Dimethyl-2-(p-dimethylaminostyryl)indolino-[1,2b]oxazoline and Colored 2-(p-Dimethylaminostyryl)-1-hydroxyethyl-3,3-dimethylindolinium Bromide[END_REF] and theoretical [START_REF] Pielak | Second-Order Nonlinear Optical Properties of Multiaddressable Indolinooxazolidine Derivatives: Joint Computational and Hyper-Rayleigh Scattering Investigations[END_REF] studies on related compounds. In the Ct form, the asymmetric carbon lies slightly out of the plane of the indoline and features a sp3 hybridization that leads to a globally distorted structure. Consequently, two independent subsystems arise and consist in the indolinic moiety on one hand and the vinyl-thiophene group on the other hand. An angle of e.g. 88° is found between these two parts, indicating a highly strained structure (Figure 5). Considering the open trans form (Ot), the carbon joining indoline and vinyl-thiophene displays now a sp2 hybridization, leading to a flat structure with a quasi-planarity of the both moieties. Finally, these results are consistent with 1 H NMR spectra of Ct and Ot discussed in the previous section. Looking at the DFT-optimized geometries of the cis isomers (Cc and Oc), one may only conclude on the distorted nature of the ethylene/thiophene backbone compared to the trans forms since a reference structure has been yet to be reported. Interestingly, for the most stable conformer of the Cc form, the sulfur atom from the thiophene ring and the oxygen atom from the oxazolidine are in quite close vicinity with an average distance of 2.3 Å between the two atoms. Additional calculations did not confirm the presence of an actual S-O bond due to a stabilizing intramolecular interaction as neither the rotation of the thiophene ring nor the vinyl-thiophene orientation did lower significantly the total energy of the system (Table S1, Figure S19). In a similar manner, a repulsive interaction seems to be operative between the ethanoic queue and the vinyl-thiophene moiety in the Oc isomer (Figure 5). This is supported by the fact that changing the orientation of the vinyl-thiphene moiety to bring it closer to the ethanoic queue leads to an increase of the total energy of the resulting isomers as the Z and planar conformers appear to be less stable than the E analogue (Table S2, Figure S20).

As expected, the trans isomers are more stable than the cis ones by about 5 kcal.mol-1 in the closed form and by 10 kcal.mol-1 in the open form (Figure 6). These energy differences match the experimental observations at thermodynamic equilibrium since only the trans isomers are observed by NMR spectroscopy while the cis isomer converts spontaneously to the trans one. However, Figure 6 shows that no significant difference could be extracted when looking at different chemical substituents on the thiophene moiety. 2 andS3. As all pKa are found to be positive, one can predict a spontaneous opening of the BOX in presence of TFA, which is consistent with the experimental observations i.e. total ring-opening reaction when the acid is added in the medium. However, it is worth noting that the substituent effect is rather low and no clear trend could be presently derived. For the Cc and Ct forms, the HOMO-1 and LUMO orbitals are delocalized  and * orbitals with a bonding and anti-bonding character of the vinyl-thiophene moiety, respectively, while the HOMO orbital is distributed on the benzene ring and on the nitrogen atom of the indoline moiety. A special situation is found for 2 for as the HOMO-1 and HOMO orbitals feature similar electron density distributions due to energetic degeneracy (Table S4). In this case, the effect of the trans-cis isomery appears pretty negligible. Due to planar geometry of the Ot forms, the HOMO orbitals are fully delocalized -orbitals while the LUMO orbitals present a dominant antibonding character with nonnegligible contributions from the indoleninium and the thiophene moieties. When looking at the Oc forms, the frontier orbitals look pretty similar to those of the trans isomers but far more distorted.

For the theoretical prediction of optical properties, a calibration study was undertaken by employing a wide range of density functionals as described in the computational details of the experimental section. The position of the main electronic absorption band of the closed trans form was used as a reference. Calculated electronic transitions were then compared with the experimental UV-Vis spectral data. Based on the results reported in Table 3, the LC-BLYP and ωB97 functionals give pretty similar results for the prediction of the main absorption band. They tend to underestimate the transition energy with increasing error along the series of substituent. Root Mean Squared Error (RMSE) for LC-BLYP, ωB97 and PBE0 are also very similar with the latter predicting higher transition energies than the two others. The calculated wavelengths of the main absorption band are found to be 3 to 8 nm below the experimental value when using CAM-B3LYP and ωB97X-D3 (Table 3) and the experimentally observed trend with chemical substitution (-H, -Me, -Br) is also well reproduced. One can observe a slightly better prediction for CAM-B3LYP than for ωB97X-D3 when looking at RMSE values. For this reason, the former functional was used for the next calculations on Cc, Ot and Oc forms. Based on the data presented in Table 3, we observe that the CAM-B3LYP functional nicely reproduces the main absorbance shift when going from Ct to Cc form, e.g. 3-4 nm towards shorter wavelengths. This trend also remains when looking at different substituents on the thiophene moiety. Moreover, an experimental ratio of around 0.8 was obtained based on the relative intensity of the main absorption band of Cc and Ct forms. This is adequately reproduced by our calculations as a similar value is obtained for the ratio of the computed oscillator strengths (fosc). Consistently with previous reports, [START_REF] Mançois | Two-Way Molecular Switches with Large Nonlinear Optical Contrast[END_REF][START_REF] Jacquemin | Photochromic properties of a dithienylethene-indolinooxazolidine switch: A theoretical investigation[END_REF] the theoretical prediction of the optical properties of the Ot and Oc forms is much less satisfying. The substituent effect is not well reproduced and the calculated wavelengths of the main absorption band are underestimated by 5 to 32 nm, which remains acceptable when using DFT-based methods. However, the bathochromic shift when going from the Ct to the Ot form is well reproduced, which is in good agreement with the chromic behavior that is experimentally observed upon ring opening. The calculated shift between the Ot and Oc forms does not fit the 20-30 nm hypsochromic shift observed experimentally. Indeed, our TD-DFT calculations predict a 5-15 nm red shift between the two isomers (Table 4), which does not match the experimental trend. In an effort to reproduce the experimental observations for Ot and Oc forms, the effects of the geometry, presence of counter-ions or water molecules as well as vibronic coupling were taken into account but without much success (Tables S5-7, Figures S23-25). This further emphasizes the fact that extensive work has to be undertaken on these systems by using more advanced computational methods if one wants to understand the origin of such discrepancy. Indeed the deviation between experimental data and TD-DFT results surely arises from intrinsic limitations of our model, which seems to be in line with the well-documented cyanine case. [START_REF] Guennic | Taking Up the Cyanine Challenge with Quantum Tools[END_REF] Explicit solvent-BOX or BOX-BOX interaction could be also investigated as experimental data have shown a non-negligible sensitivity of these compounds to their environment. The nature of the main absorption band characterizing the series of BOX has been unraveled using a description based on orbital contributions as well as difference density plots (Table S8, and Figure 8). The main transitions of the Ct and Cc forms consist in a HOMO-1 → LUMO electronic excitation, except in the case of compound 2 incorporating a methyl as substituent for which a mixed (HOMO-1 + HOMO) → LUMO transition arises due to energy degeneracy of the HOMO-1 and HOMO orbitals.

Visualizing difference densities allows not missing information from the less contributing orbitals and usually follows the single electron point of view of the transition. Examination of the difference density plots given in Figure 8 shows that the main transition of the closed forms display a π → π* character with very similar electron density variations, only affecting the vinyl-thiophene conjugated system. Trans or cis isomery does not change the nature of the transition as the vinyl-thiophene moiety remains very planar upon isomerization which rationalizes the fact that the two isomers display pretty similar absorption spectra. Along the substitution, brominating the thiophene appears to induce a nonnegligible electron delocalization from the bromine atom to the heteroaromatic ring, a feature that is also found for both Ct and Cc isomers. This observation due to the +M mesomeric effect of the bromine substituent likely explains the specific behavior of compound 3 in the Ct form under 254 nm irradiation in acetonitrile since the Ct > Cc isomerization never reached PSS and is associated with degradation.

In the Ot form, the planarity of the structure induces electron delocalization through the whole  system. However, the expected attractive behavior from the indolenium moiety seems to be subtle and most of the electron density of the donor state is distributed on the benzene ring. Unlike the closed forms, the chemical nature of the substituent of the thiophene moiety has a limited effect on the nature of the main transition of the Ot isomer. For the Oc isomer, the main absorption band is of the same origin and consistent with a charge transfer as the donor state mainly involves the thiophene while the acceptor state is delocalized over the indoleneium moiety. The intermediate structure of this isomer can directly be correlated to the less intense absorption band with respect to the trans analogue.

Conclusions

To conclude, three derivatives of indolino-oxazolidine, associated through an ethylenic junction with a thienyl group bearing H, Me or Br, have been synthesized. Their selective addressing was evidenced.

The opening/closing of the BOX ring is activated upon acid/base addition while the trans to cis isomerization is photochemically induced with visible light, the reverse cis to trans being thermal. Each process is clean and almost quantitative, leading to a quartet of metastable states where it is possible to travel all around, in clockwise or anticlockwise ways. Although the BOX-ring is known to be opened with UV light, we have demonstrated that the photoreactivity of BOX derivatives under 254 nm light is solvent-dependent. Acetonitrile led exclusively to trans-cis isomerization of closed BOX although not very efficiently (PSS # 75:25), while chloroform acts as a photosensitizer allowing preferentially the opening of BOX to the isomerization reaction. In this latter condition, no great substituent effect is observed. In contrast, in acetonitrile, whereas BOX with H and Me groups behave very similarly, the bromine derivative never reached PSS between Ct and Cc and appeared to be the most sensitive to photodegradation. The addressing of trans-cis isomerization was shown to be the most efficient with irradiation at 436 nm. This is not surprising for the reaction between Ot and Oc as they absorb this wavelength of light. Much more unexpected was the conversion between Ct and Cc upon 436nm light as they absorb only UV wavelengths. However, this reaction effectively and efficiently occurred, passing through the intermediary of the corresponding zwitterionic forms in equilibrium with closed ones, largely shifted towards closed BOX. Finally, the experimental results were confronted to theoretical calculations which adequately reproduced most of the spectral features of the BOX series confirming the geometrical structures of the different forms under investigation. These computational results fairly explain the origin and the nature of the experimentally observed absorption bands and clarify some specific behavior within the different isomers of the BOX which might be relevant to get insight into their reaction mechanism.

Experimental Section

General experimental. Commercially available (Aldrich, Alfa Aesar and abcr) chemicals such as 2bromo-5-thiophenecarboxaldehyde, 2-thiophenecarboxaldehyde, 2-methyl-5thiophenecarboxaldehyde were used as received. The 2,3,3-trimethylindolino[1,2-b]oxazolidine was prepared according to previously described synthesis. [START_REF] Raymo | Signal Processing at the Molecular Level[END_REF] Characterisation of synthesized compounds. NMR analysis was carried out using Bruker AVANCE 300 and Bruker AVANCE II 400. Chemical shifts are reported in ppm relative to the solvent (CDCl3) residual value: δ = 7.26 for 1 H NMR, δ = 77.16 for [START_REF] Szaloki | Silica-Mediated Synthesis of Indolinooxazolidine-Based Molecular Switches[END_REF] C NMR. Coupling constants are reported in Hz and rounded to the nearest 0.1 Hz. Mass spectra were acquired on a TOF mass spectrometer AccuTOF GCv by JEOL using an FD emitter (10 kV). Infrared spectra were recorded using Perkin Elmer Spectrum 100 Spectrometer. Melting points were determined using Büchi Melting point apparatus B-540.

9,9-dimethyl-10-[(2-thienyl)-2-ethenyl]indolino[2,1-b]oxazolidine (1).

A solution of 2thiophenecarboxaldehyde (0.55 g, 4.89 mmol) and 2,3,3-trimethylindolino[1,2-b]oxazolidine (1.49 g, 7.33 mmol, 1.5 equiv.) in EtOH (50 mL) was refluxed for 2 days. Then the solvent was removed under reduced pressure and the crude material was purified by flash column chromatography (PE/EtOAc, 95/5) to give the product (1.15 g, 79%) as a yellow solid. m.p.: 92-93°C; 1 H NMR (300 MHz) δ 1.20 (3H, s, CH3), 1.47 (3H, s, CH3), 2.48 (3H, s, CH3), 3.39-3.88 (4H, m, CH2), 6.16 (1H, d, J = 15.8, CH=CH), 6.82 (1H, d, J = 7.8, CH-Ar), 6.96 (1H, dd, J = 7.4 J' = 0.7, CH-Ar), 6.98-7.06 (3H, m), 7.11 (1H, dd, J = 7.3 J' = 0.7, CH-Ar), 7.18 (1H, dd, J = 7.7, J' =1.2 Hz, CH-Ar), 7.21 (1H , d, J = 5.2, CH-Ar); [START_REF] Szaloki | Silica-Mediated Synthesis of Indolinooxazolidine-Based Molecular Switches[END_REF] (1.49 g, 7.33 mmol, 1.5 equiv.) in EtOH (50 mL) was refluxed for 2 days. Then the solvent was removed under reduced pressure and the crude material was purified by flash column chromatography (PE/EtOAc, 95/5) to give the product (0.74 g, 49%) as a yellow solid. m.p.: 72-73°C; 1 H NMR (300 MHz) δ 1.17 (3H, s, CH3), 1.44 (3H, s, CH3), 2.48 (3H, s, CH3), 3.39-3.83 (4H, m, CH2), 6.00 (1H, d, J = 15. NMR and UV-Visible spectroscopies. NMR spectra were recorded on Avance 500 or 300 spectrometer (1H, 500 MHz, 13C, 125 MHz, or 1H, 300 MHz, 13C, 75 MHz) equipped with TXI or QNP probe, using standard sequences. Data sets were processed using Bruker Topspin 4.0.2 software. Samples are dissolved in acetonitrile-d3 or chloroform-d1 in NMR tubes in glass or quartz.

Irradiation set-up. Photoirradiation was carried out directly into the NMR tube in a home-built apparatus with a 1000W high-pressure Hg -Xe lamp equipped with filters (=436 nm). Irradiation with 254 nm light was achieved in rotating quartz NMR tubes (5 mm) at 295 K with a Bioblock Scientific VL-6LC lamp (12 W). UV-visible spectra were recorded on Cary50 spectrometer. Photoirradiation was carried out directly with a 100W high-pressure Hg lamp equipped with filters.

Computational details. All theoretical calculations were performed with the ORCA program package. [START_REF] Neese | The ORCA program system[END_REF] Full geometry optimizations were undertaken for all possible isomers using the GGA functional BP86 20 in combination with the TZV/P 21 basis set for all atoms, and by taking advantage of the resolution of the identity (RI) approximation in the Split-RI-J variant [START_REF] Neese | An improvement of the resolution of the identity approximation for the formation of the Coulomb matrix[END_REF] with the appropriate Coulomb fitting sets [START_REF] Weigend | Accurate Coulomb-fitting basis sets for H to Rn[END_REF] Increased integration grids (Grid4 in ORCA convention) and tight SCF convergence criteria were used. To ensure that the resulting structures converged to a local minimum on the potential energy surface, numerical frequency calculations were performed and resulted in vibrations with only real frequencies. Solvent effects were accounted for according to the experimental conditions. For that purpose, we used the MeCN (ε = 36.6) solvent within the framework of the conductor like screening (COSMO) dielectric continuum approach. [START_REF] Klamt | COSMO: a new approach to dielectric screening in solvents with explicit expressions for the screening energy and its gradient[END_REF] The relative energies were computed using the same functional/basis set combination as employed before. They were evaluated in Hartree (Ha) from the gas-phase optimized structures as a sum of electronic energy, solvation and thermal corrections to the free energy. Optical properties were predicted from additional single-point calculations using the TZV/P basis in combination with several range-separated GGA functionals including LC-BLYP, [START_REF] Iikura | A long-range correction scheme for generalizedgradient-approximation exchange functionals[END_REF] CAM-B3LYP, 26 ωB97X 27 and ωB97-D3 28 as well as the hybrid GGA functional PBE0. [START_REF] Perdew | Rationale for mixing exact exchange with density functional approximations[END_REF] Vertical electronic transitions were calculated using time-dependent DFT (TD-DFT) 30 within the Tamm-Dancoff approximation. 31 To increase computational efficiency, the RI approximation 32 was used in calculating the Coulomb term, and at least 30 excited states were calculated in each case. The best correlation between theory and experiment being found for CAM-B3LYP, this functional was further used in combination with the TZV/P basis set for electronic structure calculations. Molecular orbital and difference density plots for each transition were generated using orca plot utility program and were visualized with the Chemcraft program. 33
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  Scheme 1. Photochromic and acidochromic switching of of 3,3-dimethyl-2-(pdimethylaminostyryl)indolino-[1,2-b]oxazolidine

Scheme 2 .

 2 Scheme 2. Chemical structures of the three BOX under their four possible states

Figure 1

 1 Figure 1. 1 H NMR spectra in CD3CN of 1 a) before irradiation b) at PSS after 254nm-light irradiation

Figure 2 .

 2 Figure 2. Time-evolution of concentration 1 (BOX-H) and 2 (BOX-Me) upon 254nm light irradiation in acetonitrile

Figure 3 .

 3 Figure 3. 1 H NMR spectra of 1 in CD3CN a) Ct, b) + TFA = Ot, c) + 436nm-light = Oc, d) +NEt3 = Cc.

Figure 4 .

 4 Figure 4. Time-evolution of concentration of Ot for the three derivatives in CD3CN upon irradiation with 436 nm light.

Scheme 4 .

 4 Scheme 4. Interconversion between the states

Figure 5 .

 5 Figure 5. DFT-optimized structures for the closed (Ct and Cc on top and bottom left) and the open (Ot and Oc on top and bottom right) forms of the system BOX-H (1).

Figure 6 .

 6 Figure 6. Gibbs free energy differences between the trans and cis isomers for the closed and open forms of the BOX systems calculated at 298.15 K To determine the feasibility of the reaction leading to ring opening of the BOX in presence of acid, one can calculate the pKa values based on Gibbs free energies (see SI for further details). Using the TFA as proton source, the calculated pKa values for the trans isomers of each BOX are reported in Tables2 and S3. As all pKa are found to be positive, one can predict a spontaneous opening of the BOX in presence of TFA, which is consistent with the experimental observations i.e. total ring-opening reaction when the acid is added in the medium. However, it is worth noting that the substituent effect is rather low and no clear trend could be presently derived.

Figure 7 .

 7 Figure 7. Frontier orbitals of each form of 1

Figure 8 .

 8 Figure 8. Difference electron density sketch for the main transition of for BOX-H (left), -Me (center) and -Br (left) in the Ct, Cc, Ot and Oc forms (red= negative, yellow = positive density).

  C NMR (75 MHz) δ 20.4 (CH3), 28.5 (CH3), 48.1 (C), 50.2 (CH2), 63.7 (CH2), 109.7 (C), 112.1 (CH-Ar), 121.8 (CH-Ar), 122.5 (CH-Ar), 124.8 (CH-Ar), 125.7 (CH-Ar), 125.8 (CH-Ar), 126.5 (CH-Ar), 127.6 (CH-Ar), 127.7 (CH-Ar), 139.8 (C), 141.8 (C), 150.6 (C). IR ῡ = 3071, 2988, 2879, 2962, 2893, 1649, 1475, 1281, 1109, 960 cm-1; HRMS (FD+): m/z calcd. for C18H19NOS: 298.11873 [M+H]; found: 298.1256. 9,9-dimethyl-10-[(2-methyl-2-thienyl)-2-ethenyl]indolino[2,1-b]oxazolidine (2). A solution of 2methyl-5-thiophenecarboxaldehyde (0.62 g, 4.89 mmol) and 2,3,3-trimethylindolino[1,2-b]oxazolidine

  6, CH=CH),6.64 (1H, d, J = 3.2, CH-Ar),6.80 (1H, d, J = 8.4, CH-Ar),6.81 (1H, d, J = 2.8, CH-Ar),6.93 (1H, d, J = 15.7, CH=CH),6.95 (1H, t, J = 7.2, CH-Ar), 7.09 (1H, d, J = 6.7, CH-Ar), 7.18 (1H, td, J = 7.7, 1.1, CH-Ar);[START_REF] Szaloki | Silica-Mediated Synthesis of Indolinooxazolidine-Based Molecular Switches[END_REF] C NMR (75 MHz) δ 15.7 (CH3), 20.4 (CH3), 28.5 (CH3), 48.1 (C), 50.2 (CH2), 63.7 (CH2), 109.8 (C), 112.1 (CH-Ar), 121.8 (CH-Ar), 122.5 (CH-Ar), 124.3 (CH-Ar), 125.7 (CH-Ar), 126.0 (CH-Ar), 126.7 (CH-Ar), 127.7 (CH-Ar), 139.7 (C), 139.8 (C), 139.9 (C), 150.6 (C). IR ῡ = 2964, 2925, 2879, 2862, 1709, 1456, 1109, 961 cm-1; HRMS (FD+): m/z calcd. for C19H21NOS: 312.1344 [M+H]; found: 312.1416.9,9-dimethyl-10-[(2-bromo-2-thienyl)-2-ethenyl]indolino[2,1-b]oxazolidine (3).A solution of 2bromo-5-thiophenecarboxaldehyde (1.15 g, 6.0 mmol) and 2,3,3-trimethylindolino[1,2-b]oxazolidine (1.22 g, 6.0 mmol, 1.0 equiv.) in EtOH (95 mL) was refluxed for 4 days. Then the solvent was removed under reduced pressure and the crude material was purified by flash column chromatography (PE/EtOAc, 95/5) to give the product (1.3 g, 58%) as a yellow solid. m.p.: 107-108 °C; 1 H NMR (600 MHz) δ 1.16 (3H, s, CH3), 1.44 (3H, s, CH3), 3.45 (1H, dt, J = 8.3, 11.2, CH2), 3.63 (1H, q, J = 7.4, CH2), 3.66-3.71 (1H, m, CH2), 3.79 (1H, dq, J = 3.2, 7.7, CH2), 6.05 (1H, d, J = 15.7, CH=CH), 6.76 (1H, d, J = 3.8, CH-Ar), 6.80 (1H, d, J = 7.8, CH-Ar), 6.90 (1H, d, J = 15.7, CH=CH), 6.95 (1H, d, J = 3.7, CH-Ar), 6.96 (1H, t, J = 7.4, CH-Ar), 7.14 (1H, d, J = 7.3, CH-Ar), 7.18 (1H, t, J = 7.5, CH-Ar);[START_REF] Szaloki | Silica-Mediated Synthesis of Indolinooxazolidine-Based Molecular Switches[END_REF] C NMR (150 MHz) δ 20.7 (CH3), 28.7 (CH3), 48.4 (C), 50.5 (CH2), 63.9 (CH2), 109.8 (C), 111.9 (C), 112.4 (CH-Ar), 122.2 (CH-Ar), 122.7 (CH-Ar), 125.4 (CH-Ar), 126.7 (CH-Ar), 126.9 (CH-Ar), 128.0 (CH-Ar), 130.7 (CH-Ar), 139.9 (C), 143.7 (C), 150.6 (C); IR ῡ = 2964, 2879, 1477 cm-1; MS (FD+): m/z (%): 378 (20) [M(81Br)+H] +, 377 (100) [M(81Br)], 376 (20) [M(79Br)+H]+, 375 (100) [M(79Br)]; HRMS (FD+): m/z calcd. for C18H18BrNOS: 375.02924 [M(79Br)]; found: 375.03005.

  , M. E. in Recent Advances in Density Functional Theory, Part , Ed.: D. P. Chong, World Scientific, Singapore, 1995, pp. 155-192. b) Stratmann, R. E.; Scuseria, G.E.; Frisch, M.J. An efficient implementation of time-dependent density-functional theory for the calculation of excitation energies of large molecules. J. Chem. Phys. 1998, 109, 8218-8224. c) Bauernschmitt, R.; Ahlrichs, R. Treatment of electronic excitations within the adiabatic approximation of time dependent density functional theory. Chem. Phys. Lett. 1996, 256, 454-464. (31) a) Hirata, S.; Head-Gordon, M. Time-dependent density functional theory within the Tamm-Dancoff approximation. Chem. Phys. Lett. 1999, 314, 291-299. b) Hirata, S.; Head-Gordon, M. Timedependent density functional theory for radicals: An improved description of excited states with substantial double excitation character. Chem. Phys. Lett. 1999, 302, 375-382. (32) Neese, F. Prediction of electron paramagnetic resonance g values using coupled perturbed Hartree-Fock and Kohn-Sham theory. J. Chem. Phys. 2001, 115, 11080-11080. (33) Chemcraft, http://chemcraftprog.com.

Cc. Switching abilities of Ct upon acid/base addition. To

  The values measured are in total agreement with those measured for Cc: the highest Ot concentration corresponds to the lowest concentration of

	circumvent the lack of efficiency or selectivity for
	the BOX opening, we have taken advantage of the multimodal switching behavior of the BOX. Indeed,
	the selective oxazolidine ring opening/closing can be also induced by a change in H + concentration.
	Really, the solution turns deep yellow/orange upon acidification with trifluoroacetic acid and leads
	exclusively to the formation of the trans open forms (Ot) for all compounds. These colored open forms
	are stable in the dark at room temperature, and return in initial state Ct upon neutralization with basic
	triethylamine. Ot forms are characterized in acetonitrile by a broad absorption band at 422 nm ( =
	37900), 442 ( = 38600

  ). Starting with the initial state Ct, opening of BOX in Ot is quantitative upon acidification of solution. Photochemical stimulation with 436 nm light converts it into its cis-isomer, Oc, with PSS around 90-95%. Neutralization with basic vapor closes the BOX toward Cc, whose thermal relaxation evolves into initial Ct. When visible light at 436 nm is applied to initial state Ct, a high conversion into the cis-isomer Cc is observed, as the result of equilibrium with the corresponding zwitterionic forms. Then, upon acidification, the cis-isomer Cc undergoes ring-opening to produce Oc, whose thermal relaxation evolves into its trans-isomer Ot,

itself being closed by neutralization with base into the initial state Ct.

Table 1 .

 1 Energetic analysis of the most stable conformers of each DFT-optimized BOX system

		Gibbs free energy /Hartree	Enthalpy / Hartree		Entropy / Hartree (298.15K)
		1	2	3	1	2	3	1	2	3
	Ct	-1225.5459	-1264.8495	-3799.3795	-1225.4844	-1264.7865	-3799.3163	0.0614	0.0630	0.0632
	Cc	-1225.5367	-1264.8408	-3799.3707	-1225.4740	-1264.7758	-3799.3084	0.0628	0.0650	0.0623
	Ot	-1225.9996	-1265.3060	-3799.8341	-1225.9323	-1265.2366	-3799.7648	0.0673	0.0694	0.0693
	Oc	-1225.9831	-1265.2887	-3799.8165	-1225.9184	-1265.2215	-3799.7501	0.0647	0.0672	0.0664

Table 2 .

 2 Calculated pKa values for the trans isomers of the BOX systems at 298.15K

		1	2	3
	G(BOX) (Ha)	0.45371965	0.4564961	0.45460336
	G(TFA) (Ha)		0.43077297	
	G(BOX)-G(TFA) (kcal/mol)	14.3992712	16.1415213	14.953808
	pKa	10.7	12.0	11.1

Electronic structure calculations were conducted on the series of BOX and frontier orbitals are presented in Figure

7

for compound 1 and in Figures S21-22 for compounds 2 and 3, respectively. Our results show that the localized/delocalized character of the Highest Occupied Molecular Orbitals (HOMO-1, HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO) is mainly driven by the closed or open state of the BOX.

Table 3 .

 3 TDDFT-calculated electronic transitions for the Ct form of the BOX systems

		Experimental	CAM-B3LYP	ωB97X-D3	PBE0		ωB97		LC-BLYP
	substituent	λexp /nm	ϵmax /M -1 .cm -1	λcalc /nm	fosc	λcalc /nm	fosc	λcalc /nm	fosc	λcalc /nm	fosc	λcalc /nm	fosc
	-H	281	20400	275	0,77	273	0,77	267	0,47	292	0,48	292	0,81
	-Me	289	20800	282	0,87	281	0,88	274	0,41	301	0,58	308	0,89
	-Br	292	20300	289	0,90	288	0,92	280	0,60	311	0,52	310	0,94
	RMSE			6		7		14		14			

Table 4 .

 4 Comparison between experimental (in acetonitrile) and calculated (CAM-B3LYP) results for the prediction of the main absorption band for each BOX form.

					Closed	
			Trans		Cis	
	substituent	Exp /nm	ϵmax/M -1 .cm -1	Calc /nm fosc	Exp /nm ϵmax/M -1 .cm -1	Calc /nm fosc
	-H	281 20400	275 0.77	≈278 16900	272 0.61
	-Me	289 20800	282 0.87	≈286 17600	279 0.71
	-Br	292 20300	289 0.91	≈289 15900	286 0.73
					Open	
			Trans		Cis	
		Exp /nm	ϵmax/M -1 .cm -1	Calc /nm fosc	Exp /nm ϵmax/M -1 .cm -1 )	Calc /nm	fosc
	-H	422 37900	412 1.15	394 8700	417 0.54
	-Me	442 38600	414 1.32	420 10100	429 0.62
	-Br	430 35600	425 1.24	403 8400	435 0.61
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