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Dual redox and optical control of chiroptical activity in photochromic dithienylethenes decorated with hexahelicene and bis-ethynyl-ruthenium units

We describe the synthesis of mono-and bis- ([6]helicene--Ru(dppe)2-)-DTE complexes 1o,c and 2o,c. The photochromic and electrochromic properties were studied and attractive isomerization processes were observed, ie. spontaneous reopening of [1c] •+ to [1o] •+ and ring closure of [2o] 2+ to [2c] 2+ . Due to strong chiroptical responses, all these chiral complexes correspond to new types of chiroptical switches (triggered by light and/or redox stimuli) and could be described as either "NOR" or "OR" logic gates.

INTRODUCTION

Helicenes are molecules formed of ortho-fused aromatic rings that adopt a helical shape as a consequence of the steric hindrance between the terminal rings. 1 Such an inherently chiral topology combined with an extended -conjugation provides helicenes with huge optical rotation (OR) values, 1g intense electronic circularly dichroism (ECD) spectra 2 substantial circularly polarized luminescence (CPL), under special circumstance described in the literature. 3 As a result of this strong optical activity, helicenes may find applications as chiral molecular materials, 4 especially as chiroptical switches, [START_REF] Canary | [END_REF]6 with potential interest as memory elements or logic operators, chiral sensors, encoding elements, switchable asymmetric catalysts or as unidirectional molecular motors. 4b,c Helicenes display several attractive features to be used as chiroptical switches, such as high thermal stability, higher solubility than more planar aromatic structures and large variations in electronic properties and chiroptical properties upon modification of conjugation. In the last decades several types of helicene-based chiroptical switches have been developed, for which the switching process is (i) mainly triggered by light, redox or acid/base stimuli, and (ii) read-out by using one of the chiroptical responses (OR, ECD, CPL). 6 Among several kinds of photochromic units that can be applied for light-triggered switches, the most widely used is undoubtedly the dithienylethene unit (DTE). 7 Few examples of DTE-based photo-active helicene molecules behaving as light-triggered chiroptical switches have already been described in the literature, 8 such as for instance DTEs bearing two pinene derivatives, for which a stereoselective ring closing process resulted in a DTE-based thia [7]helicene with very large changes in optical rotatory dispersion (ORD) spectra between the open state and the closed photostationary state. 8c On the other hand, carbon-rich electroactive ruthenium(II) complexes bearing one or two arylethynyl ligands have been widely studied, 9 and can lead to efficient redox-triggered switches 10 thanks to a reversible redox activity and strong changes in their optical response due to the non-innocent character of the arylethynyl chromophores. Such a concept has been applied by us in the chemistry of organometallic helicenes, notably by grafting on a carbo [6]helicene platform either vinyl-ruthenium or ethynyl-iron redoxactive species, and efficient redox-triggered chiroptical switches were obtained. 6a,d,e The combination of a photochromic DTE units with redox-active Ru +/0 centers through a C≡C bond can generate a multifunctional potential /light-triggered dual switching, either by stimulating oxidation states using a redox potential, or by stimulating the open/closed states from light irradiation. 11a-d Because the DTE unit becomes a non-innocent ligand, the redox-state change may also have an influence on the closure/opening of the DTE unit. 12 More specifically, in bimetallic complexes in which a dithienylethene (DTE) linker connects two ruthenium carbon-rich units, closing at remarkably low voltage (0.4-0.5 V vs SCE) is achieved and give rise to multicolor electrochromism. 11e This behavior could be transferred to self-assembled monolayers to reach dual responsive surfaces 11f and exploited in the design of efficient multi-controllable molecular junctions in which both light and potential efficiently trigger the device response. 11g In this article, we extend this concept for the first time to the dual redox and optical control of chiroptical activity by (i) describing the synthesis of enantiopure complexes (1o,c and 2o,c) consisting of ruthenium-bis-ethynyl complexes linked to helicene and DTE units, and (ii) studying in details their behavior as chiroptical switches due to the reversible ring DTE closure/opening triggered by an electrical potential and by UV or visible lights. Indeed, since helicenes display strong chiroptical responses, they provide with tags that can be used for reading out the system, especially by electronic circular dichroism.

RESULTS

SYNTHESIS OF COMPLEXES 1o AND 2o

Two different systems were designed and are depicted in Chart 1. Molecule 1o consists in a central trans-bis-ethynyl-Ru(η 2 -dppe)2 redox-active system (dppe:1,2-bis(diphenylphosphino)ethane) decorated on one side by an open photochromic DTE unit, and on the other side by an enantiopure carbo [6] The strategies for synthesizing molecules 1o and 2o are described in Scheme 1. First, the 2-ethynyl[6]helicene ligand rac-, P-or M-3 6a was reacted with the 16-electron precursor [Ru(η 2 -dppe)2Cl]OTf 4 in a degassed CH2Cl2 solution at 25 °C, yielding the cationic vinylidene complexes rac, P-or M-5, which was then reacted with mono-ethynyl DTE ligand 6o 13 in the presence of NaPF6 and NEt3, 11d-h to form respectively rac-, P-or M-1o as yellow solids, with overall yields between 73-84% (see Supplementary Information, SI). For the preparation of (P,P)-or (M,M)-2o, DTE-bis-ethynyl-bis-ruthenium complex 8o was first obtained from the bisethynyl DTE 7o according to a literature procedure, 11d,e and was then reacted with 2 equivalents of P-or M-3 under similar conditions as those used for 1o. Enantiopure (P,P)-and (M,M)-2o were obtained as yellow solids with 58-69% overall yields. Note that only enantiopure 3 was used here in order to avoid the formation of the meso compound. All these species were fully characterized by means of 31 P, 1 H, and 13 C NMR spectroscopies and HR mass spectrometry. As an illustration, in the 1 H NMR spectrum of complex 1o, the helicene protons are mostly deshielded with chemical shifts around 7.6-8 ppm. The typical two CH3 groups from the DTE unit have distinct chemical shifts at 2.02 and 1.87 ppm. With 13 C NMR, the β-carbons from the two C≡C bonds display chemical shifts at 119.24 and 107.19 ppm. The CH2 groups are diastereotopic owing to the presence of the chiral helicenic part, and were found as broad multiplets at 32.62 and 31.42 ppm. In the 31 P NMR spectrum, two signals were found at 54.44 and 51.38 ppm, respectively, as triplets (with a coupling constant of 23 Hz), again due to their diastereotopic relationship. In the 19 F NMR spectrum, each CF2 groups from the DTE unit show a distinct signal. The NMR spectra of 2o display the same general features, but are simplified due to a higher molecular symmetry (C2 vs. C1 for 1o). For instance, the protons of the typical two methyl groups from the DTE unit resonate at 1.86 ppm (see SI). SCHEME 1 Synthesis of complex 1o and 2o. i) Ru(dppe)2Cl]OTf (4), CH2Cl2, 25°C, 16 hrs, 87-96%; ii) NEt3, CH2Cl2 NaPF6, 25°C, 48-72 hrs, 82-96%; iii) 4, CH2Cl2, 25ºC, 4 days; then NEt3, CH2Cl2, 30 min, 58-69%. Deep yellow single crystals of rac-1o were grown by diffusion of pentane vapors into a CH2Cl2 solution in the dark and the crystal structure was characterized by X-ray diffraction. Complex rac-1o crystallized in the centrosymmetric P1 ̅ space group (Figure 1). From the structure, the ruthenium center displays a distorted octahedral geometry, with the two C≡C bonds in mutually transpositions. Distortion along the C≡C bond of the helicene unit was observed. Indeed, compared with the angles along Ru-C≡C-DTE (Ru1-C81-C82 and C81-C82-C83) almost close to 180°, the angles along Ru-C≡C-[6]helicene show large deviations, especially the C1-C2-C3 angle being around 167°. This is probably caused by the steric hindrance between the [6]helicene unit and dppe ligands. The average number between the four angles of P-Ru1-C1 is 91.6°, which is larger than the average number 88.4° of P-Ru1-C81, indicating that the four P-Ru bonds diverge from the octahedral positions and slope slightly to the DTE side. Besides, the helicity (dihedral angle between two terminal helicene rings) of the helicene unit is 45.1°, and compares well with similar complexes. 6a The dihedral angle between the two thiophenes from the DTE unit is 54.6° in the open form 1o due to the steric hindrance from the two methyl groups. Finally, we also clearly found that although the compound crystallized in the racemic form, the stereochemistry of photoreactive anti-parallel open DTE unit is related with the stereochemistry of the helicene in the solid state: they show the same chirality in one molecule, i.e. when the chirality of helicene is M, the chirality of open DTE unit is also M (vide infra). 

SWITCHING ACTIVITY OF COMPLEX 1o/c PHOTOCHROMIC PROPERTY

The light-triggered switching property of 1o was studied first. Upon irradiation at 365 nm under a UV lamp, a yellow solution of the complex 1o in the open state turned to the dark green close state complex 1c (Scheme 2). Then, irradiating 1c at 650 nm enabled to recover the starting yellow open state 1o. The irradiation time varies, depending on the concentration and the power of the lamp. Note that the closed DTE unit generated two chiral centers at α-position of two thiophenes respectively, and because of photochemical electrocyclic reaction rule, conrotatory products were the only products, obtained with the two methyl groups in each side of the DTE plane, thus fixing the chirality of the α-carbon as either (R,R) or (S,S). Consequently, molecule 1c can have two diastereomers (P,R,R)-1c (or (M,S,S)-1c) and (P,S,S)-1c (or (M,R,R)-1c). This photochemical closing process can be monitored by NMR spectroscopy. Indeed, upon UV light irradiation at 365 nm of a solution of 1o (5 × 10 -2 mol•L -1 in CD2Cl2) in an NMR tube, the conversion to 1c monitored by 1 H NMR, revealed that the signals for the two DTE methyl groups at 2.02 and 1.87 ppm were decreasing and 4 signals at 2.19, 2.18, 2.16 and 2.15 ppm were increasing with the appearance of the two diastereomers in 1:1 ratio, thus showing no stereoselectivity in solution. 13 In addition, after sufficient irradiation, typically 30 minutes at this concentration, the 1o signals have decreased to less than 2% (photostationary state, PSS), so that we can consider that 1o can almost fully convert to 1c under 365 nm. Similarly, 1c turned back to 1o with more than 98% of conversion after sufficient irradiation at 650 nm, although this process took 2 days due to high concentration. This result indicate that this light-triggered switching process occurs with full conversion.

SCHEME 2. Reversible photochromic switching process between 1o and 1c.

The switching process was also investigated by UV-vis spectroscopy, by gradual irradiation at 365 nm of a CH2Cl2 solution (C 1 × 10 -4 mol•L-1, Figure 2). Because of low concentration, the process only needed a few minutes. The UV-vis spectrum of 1o in CH2Cl2 exhibits a high energy band at 245 nm with ε > 8 × 10 4 •M -1 •cm -1 , and longer wavelength shoulders at 318 and 347 nm. A band in the visible region at 406 nm with a shoulder at 445 nm and tailing down to 500 nm is also found and most probably corresponds to a MLCT type transition. 11d,e Stepwise irradiation at 365 nm induced changes of several bands between 300 and 450 nm, with the one at 347 nm strongly decreasing, and with several isosbestic points, indicating that this process is unimolecular. Furthermore, a strong and broad absorption band at 679 nm with ε around 2.7 × 10 4 M -1 •cm -1 arose due to the - * transition of the closed conjugated DTE unit. Reversibility and repeatability of the process was then studied by irradiating successively the solution at 365 nm and 650 nm and monitoring the absorption at 679 nm. A total of 5 cycles were performed with high reversibility (Figure 2 insert). In conclusion, 1o/c shows efficient light-triggered switching activity with the usual good contrast in the visible range ( values from 0 to 2.7 × 10 4 M -1 •cm -1 at 679 nm).

The photoresponsive activity was also followed by ECD spectroscopy. The ECD spectrum of P-1o (Figure 3) displays three strong negative bands at 247, 278 nm and 303 nm ( = -178, -81, -27 M -1 •cm -1, respectively), strong positive bands at 335 nm and 351 nm ( = + 88 and 101 M -1 •cm -1 , respectively) and additional positive bands in the lower energy region at 403 nm (Δε = +48 M -1 •cm -1 ) and 445 nm (Δε = +46 L•mol -1 •cm -1 ) with a tail down to 500 nm. Note that the sign of these two bands agrees well with its starting ligand P-3, thus enabling to confirm the P-(+) [and M-(-)] absolute configuration. Upon irradiation at 365 nm for a few minutes, P-1o could be completely converted into P-1c, which showed similar ECD-active bands, but with slight changes in their intensities, the strongest change being found at 343 nm with an increase from +92 to +122 M -1 •cm -1 ( = 30 M -1 •cm -1 ). These results indicate that the ring closure in the DTE unit has an influence on the strong ECDactive bands of the molecule. In addition, the absorption band at 679 nm appears to be slightly ECD-active, with Δε small around +3 L•mol -1 •cm -1 for P-1c enantiomer. Although the signal is small, it corresponds to an induced circular dichroism since the ring closure is not stereoselective, and this illustrates that the chirality of the helicene can influence the DTE response through the ruthenium bridge, thus suggesting a strong electronic communication between each part of the molecule. 9,11 In summary, these results show that the chiroptical properties of carbon-rich helicenic DTE-Ru conjugate 1o/c can be efficiently tuned by the photochromic DTE ring closure/opening process thus leading to an efficient chiroptical ligh-triggered switching activity. [START_REF] Canary | [END_REF]6 REDOX ACTIVITY OF COMPLEX 1o/c 4c-e). The first wave is assigned to the oxidation of the ruthenium carbon-rich system bearing the conjugated closed DTE and helicene units, 11d,e whereas the exact origin of the second and third processes probably involving the conjugated ligands remain unclear so far. Based on these results, it appeared interesting to take advantage of the first reversible oxidation processes of both 1o and 1c and to examine their electrochromic activity. The first oxidation process of the open form 1o was therefore investigated by spectroelectrochemistry in the UV-Vis-NIR region. The measurements were performed in an optically transparent thin-layer electrochemical (OTTLE) cell at 25 °C using 1,2dichloroethane as the solvent (0.2 mol•L -1 of NBu4PF6 as the electrolyte and Ag wire as the pseudo-reference electrode). The evolution of the oxidation process was recorded stepwise by gradual increase of the potential from -0.2 V to +0.6 V vs. Ag wire (Figure 5). The 1o → [1o] •+ process showed several changes in the 250-600 nm range with the presence of several isosbestic points. In addition, a strong band in the NIR region appeared, centered at 1272 nm with ε around 2.3 × 10 4 M -1 •cm -1 . Such NIR feature is typically observed in ruthenium bis(acetylide) oxidized complexes. 10 The 1o → [1o] •+ process was also examined by ECD spectroscopy which revealed significant changes in P-[1o] •+ as compared to the starting P-1o. For instance, the strong positive band at 351 nm was red-shifted to 360 nm while the positive ones between 400-500 nm underwent a strong decrease in their intensities (typically from  = +47 to +17 M -1 •cm -1 at 450 nm i.e.  = -30 M -1 •cm -1 ). Besides, a new band appeared at 525 nm (= +8 M -1 •cm -1 ) with a tail down to 560 nm. These results indicate that the redox-triggered switching process is as efficient as the lighttriggered switching process when considering the modulation of the ECD spectra. Note, however, that the NIR band centered on the central metal-carbon-rich part in [1o] •+ is not ECD-active. The electrochromic activity of 1c was also studied; the first oxidation process was followed upon gradual increase of the potential from -0.2 V to +0.6 V vs. Ag wire (Figure 6). Interestingly, the spectroelectrochemistry revealed an unanticipated result since two stages are appearing in this oxidation process. At the beginning (first stage) of the oxidation, the visible band at 679 nm regularly decreased with its maximum shifting hypsochromically from 679 nm to 657 nm. Meanwhile, a new broad band was generated at 965 nm with tails further than 1800 nm out of the measurement window. As a result, two distinct isobestic points at 543 nm and 778 nm were observed. A strong positive current was detected, indicating that there was an oxidation process occurring during these observations. Then, (second stage), a broad signal peak at 1272 nm started to be generated, while the signal at 965 nm started to decrease; at this stage, no current production was detected anymore. Finally, this process stopped when the band at 1272 nm reached its maximum around 2 × 10 4 M -1 •cm -1 , and the bands at 657 nm and 964 nm almost disappeared. From the changes of spectra and current responses, one can conclude that the second step was not directly induced by electrochemical oxidation. Besides, the final spectrum was found to be very similar to the spectrum of [1o] •+ with the same absorption band at 1272 nm. Thus, these observations indicate that the two steps should correspond to the oxidation step that generates [1c] •+ from 1c with two signals at 657 nm and 964 nm, followed by the ring opening isomerization of [1c] •+ to [1o] •+ . As 1c is easier to oxidize than 1o, each produced [1o] •+ species can oxidize another molecule of 1c to lead to another ring opening and so on. This process thus is an electrocatalytic process, , 12 observed for the first time with ruthenium complex/DTE adducts. Indeed, a final reduction enabled to go back to the open form 1o while another irradiation of 1o at 365 nm regenerated the closed form 1c again. All these steps (1 to 4) are summarized on Figure 7. 

"NOR" LOGIC GATE

As a result, a three-state cycling process (Figure 8a) can be performed starting from 1o: i) irradiation at 365 nm generates 1c; ii) oxidizing 1c forms [1o] •+ at +0.6 V (vs. Ag wire); iii) reducing [1o] •+ leads back to 1o at -0.4 V (vs. Ag wire). A total of 5 full cycles could be performed, and by reading  values at 679 nm and at 1272 nm. It was found that at 679 nm the signal shows OFF→ON→OFF, while at 1272 nm the signal shows OFF→OFF→ON responses (Figure 8b). Note that after 5 cycles around 50% of degradation in our conditions was observed, probably due to partial degradation of the oxidized radical species during the process. Besides, based on this unique photochromic and electrochromic property, this molecule can be treated as an optical logic gate at 679 nm. 14 One may define that the open state 1o with low absorption at 679 nm as "0", and closed state 1c with high absorption at 679 nm as "1". The output can be measured by UV-vis absorption. Starting from 1c, two inputs can be applied: irradiation at 650 nm (h) and external potential at +0.6 V, then -0.4 V vs. Ag wire (E). These two inputs can be defined as either "0" and "1". Either irradiation (1,0) or external potential (0,1) or together (1,1) can trigger the ring opening reaction of 1c and form the low absorption species 1o (output 0). So, we can treat this process as an "NOR" logic gate (Figure 8c). In summary, the mono-helicenic-ruthenium DTE conjugate 1o/c undergoes easy redox-triggered cycloreversion, i.e. ring opening of the closed form 1c upon oxidation. In comparison, systems from the literature 11c display one DTE unit and two -Ru-arylethynyle-centers and all show redox-triggered ring closure of the DTE units upon oxidation, a particular case that we also applied to the chiroptical system. Complex 2o displayed similar photochromic behavior as 1o and could be transformed to the closed state 2c upon irradiation at 365 nm and recovered back to the open state 2o by irradiation at 650 nm. Like 1c, 2c was also generated as a pair of diastereoisomers due to the newly formed chiral at -positions of the two thiophenes. The conrotatory ring closing reaction can generate both (R,R) and (S,S) configurations and thus generate a pair of diastereomers (P,P,R,R)-and (P,P,S,S)-2c when starting from the enantiopure (P,P)-2o (Scheme 3). The photochemical process was followed by UV-vis spectroscopy. Complex 2o shows similar UV-vis spectrum as 1o but with stronger intensity, and displayed a strong band at 244 nm ( > 1.4 × 10 5 M -1 •cm -1 ), two moderate ones at 323 and 349 nm ( ~ 7 × 10 4 M -1 •cm -1 ) and another band in the visible region at 406 nm with a shoulder at 450 nm and tailing down to 500 nm (MLCT,  ~ 1.4 × 10 4 M -1 •cm -1 at 450 nm). Upon step-wise irradiation to 2c, the yellow solution turned to very deep dark green. Several isobestic points were observed in the UV-vis spectrum, with a strong decrease of the signal at 349 nm and two new bands appearing at longer wavelengths at 665 and 720 nm ( 3.8 × 10 4 M -1 •cm -1 ) due to the greater -extended conjugation of the closed DTE unit. The presence of several transitions in this range is typical of DTE bearing two ruthenium bis(acetylide) moieties displaying several conformers. 11e This process was also studied by NMR spectroscopy and full conversion was verified together with the formation of two diastereoisomers in a 1:1 ratio as demonstrated for instance by 1 H and 19 F NMR spectroscopies (see SI). . SCHEME 3. Photochromic switching between 2o and 2c ((P,P) enantiomers).

PHOTOCHEMICAL SWITCHING ACTIVITY OF 2o

(P,P)-2o shows quite similar ECD spectrum as P-1o, but with intensities twice as large for most of the signals indicating that these ECD signals are mainly contributing from the helicene-ruthenium parts with almost no electronic communication between these two parts through the open DTE bridge. When 2o is transformed into 2c upon irradiation at 365 nm, the ECD-active band centered at 350 nm increased while the band at 445 nm decreased. Notably, a weak band around 679 nm with a value of +6 L•mol -1 •cm -1 was also observed and indicated an induced ECD response from the helicene parts to the DTE chromophore. 

REDOX ACTIVITY OF COMPLEX 2o/c CYCLIC VOLTAMMETRY

The cyclic voltammetry for both 2o and 2c was first examined. The CV measurements were performed in CH2Cl2 solution in the dark and under inert atmosphere (0.2 mol•L -1 NBu4PF6 as the supporting electrolyte). The open state 2o presents an almost reversible broad redox system at 0.43 V vs. SCE which is composed of two close one-electron oxidation processes corresponding to the two electronically independent ruthenium carbon rich systems and leading [2o] 2+ as previously observed for parents complexes. 11d,e Notably, both the DTE unit and the helicenes ligands are non-innocent ligands and contribute to the oxidation process. For the closed state 2c, two reversible monoelectronic oxidation waves with close potential values were found with E°2 c •+ /2c = +0.10 V and E°2 c 2+ /2c •+ = +0.21 V (see SI). This result shows that the two halves of the complex are no longer independent because of the electronic communication through the closed conjugated DTE bridge. 9

ELECTROCHROMIC ACTIVITY

Spectroelectrochemical studies in the UV-vis-NIR region was then performed of the open form 2o in 1,2-dichloroethane with NBu4PF6 as the supporting electrolyte in the OTTLE cell well-protected from air and light. The evolution curves of the twoelectrons oxidation process 2o → [2o] 2+ were recorded by stepwise increase of potential from -0.6 V to +0.7 V (vs. Ag wire pseudo-reference electrode). The results indicated the expected multi-step process (Figure 10): a strong and broad new band appeared between 600 and 1100 nm, centered at 825 nm with = 2.2 × 10 4 L•mol -1 •cm -1 , while a band in the low energy domain at 1268 nm firstly appeared and then decreased, indicating that isomerization occurred. 11d,e Indeed, reduction of this oxidized species by applying a potential of -0.6 V, no longer yielded 2o, but 2c with almost full conversion, as illustrated by the strong bands at 665 and 720 nm characteristic of 2c in the UV-visible spectrum. Then, we could observe that further photo irradiation at 650 nm fully regenerated complex 2o. .+ , large changes were found between 300 to 500 nm with several isosbestic points. The most interesting change occurred in the lower energy region. Indeed, (P,P)-2c showed an ECD-active band at 679 nm with  = +6 L•mol -1 •cm -1 . Upon oxidation to (P,P)-[2c] .+ , this band shifted to 700 nm and decreased in intensity to +4 L•mol -1 •cm -1 (Figure 11e) . Upon further oxidation to (P,P)-[2c] 2+ , this band became bisignate with positive sign at 625 nm ( = +8 L•mol -1 •cm -1 ) and negative sign at 800 nm ( = -6 L•mol -1 •cm -1 ) (Figure 11f). Finally, the oxidation process of 2o was also examined, and, as expected, the oxidation ended-up with the spectrum of [2c] 2+ , which is another proof of the isomerization from [2o] 2+ to [2c] 2+ (see Figure 12). Insert: zoom between 500-900 nm.

"OR" LOGIC GATE

Based on its photochromic and electrochromic properties, complex 2o,c can also be used as a logic gate. 14 For example, we can use the absorption () or the circular dichroism () of this molecule at 679 nm as outputs. The absence of absorption nor CD signal defines "0", a high absorption or CD signal, defines "1". Two inputs can be also defined: irradiation at 365 nm corresponds to "1" in the photochemical process, otherwise "0" corresponds to no irradiation. External redox potential of +0.7 V then of -0.6 V vs. Ag wire corresponds to "1" in E, otherwise "0" corresponds to the absence of redox stimulus. In this logic gate, when there is no irradiation nor potential (0, 0), the open state 2o can keep its open form, so the output is still "0". However, when there is either irradiation (1,0) or the external potential (0,1) or both (1,1), the open state 2o will transform to the closed state 2c, the output will then be "1". As a result, the system can be described as an "OR" logic gate (Figure 13). These properties make these complexes new types of molecular "NOR"/"OR" logic gates with output being both absorption or the circular dichroism signal. These systems also appeared as new types of light-and redox-triggered organometallic chiroptical switches. 6,[START_REF] Harvey | For transition-metal based DTE systems[END_REF] ASSOCIATED CONTENT Supporting Information 

  helicene fragment. Molecule 2o includes a central open photochromic DTE unit linked to two trans-bis-ethynyl-Ru(η 2 -dppe)2 moieties, each terminated by an enantiopure carbo[6]helicene fragment. CHART 1. Chemical structure of the DTE based helicene-ethynyl-Ru switching systems (P-1o and (P,P)-2o enantiomers shown).

FIGURE 1 .

 1 FIGURE 1. X-ray crystallographic structure of 1o (only P enantiomer is shown; the 8 phenyl groups from dppe ligands are shown in wireframe style for clarity).

FIGURE 2 .

 2 FIGURE 2. Up: Evolution of absorption spectra from 1o to 1c (PSS) by gradual irradiation at 365 nm. Insert: five switching cycles upon alternate irradiation at 365 nm and 650 nm.

FIGURE 3 .

 3 FIGURE 3. ECD spectra of the open state Pand M-1o, and of the closed state Pand M-1c in CH2Cl2 (C 1 × 10 -4 mol -1 •L -1 ). Insert: zoom between 500-700 nm.

  triggered switching process was also investigated. First, both the open state 1o and the closed state 1c were studied by cyclic voltammetry (CV). The CV measurements were performed in CH2Cl2 solutions in the dark and under inert atmosphere. NBu4PF6 was used as the supporting electrolyte (C = 0.2 mol•L -1 ). The open state 1o shows a reversible oxidation wave with E°[ 1o] •+ /1o = +0.45 V (vs. SCE, thereafter), and an irreversible oxidation wave with E [1o] 2+ /[1o] •+ pa = +1.31 V at 0.2 V•s -1 (Figures 4a,b), reminiscent of the usual behavior observed for monometallic DTE complexes in their open state. 11f The close system 1c shows three distinct oxidation waves, with the two first waves being chemically reversible with E°[ 1c] •+ /1c = +0.36 V and E°[ 1c] 2+ /[1c] •+ = +0.80 V (vs. SCE), whereas the third oxidation wave exhibits partial chemical reversibility at high scanning rate only (Figure

FIGURE 4

 4 FIGURE 4. a) Full cyclic voltammograms of 1o at scanning rate of 0.2 V•s -1 ; b) First oxidation wave of 1o at scanning rates from 0.06 V•s -1 to 0.6 V•s -1 ; c-e) cyclic voltammograms of each oxidation wave of 1c with different scan-rates: c) first oxidation with scan-rates from 0.06 V•s -1 to 0.6 V•s -1 ; d) second oxidation with scan-rates from 0.06 V•s -1 to 0.6 V•s -1 ; e) third oxidation with scan-rates from 0.06 V•s -1 to 2 V•s -1 .

FIGURE 5 .

 5 FIGURE 5. a) Evolution of absorption spectra from 1o to [1o] •+ . b) ECD spectra of the open state Pand M-1o and of the open oxidized state Pand M-[1o] •+ .

FIGURE 6 .

 6 FIGURE 6. Evolution of absorption spectra during the oxidation process 1c → [1c] •+ → [1o] •+ .
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FIGURE 7 .

 7 FIGURE 7. The photochromic and electrochromic steps of cycle 1o → 1c → [1c] •+ (reactive) → [1o] •+ → 1o.

FIGURE 8

 8 FIGURE 8. a) Three-state cycle obtained from the 1o/1c system upon light and redox stimuli; b) Five switching cycles between 1o → 1c → [1o] •+ at 679 nm (black) and 1272 nm (red); c) symbol and truth table of the "NOR" logic gate.

  FIGURE 9. a) Evolution of absorption spectra from 2o to 2c by gradual irradiation at 365 nm. b) ECD spectra of the open neutral state (P,P)-2o, (M,M)-2o, the closed neutral state (P,P,R,R)-and (P,P,S,S)-2c and (M,M,S,S)-and (M,M,R,R)-2c. Insert: zoom between 500-850 nm.

FIGURE 10 .

 10 FIGURE 10. The electrochromic steps of cycle 2o → [2o] 2+ (not observed) → [2c] 2+ → 2c.To further explore the isomerization from [2o] 2+ to [2c] 2+ , we also studied the electrochromic property of the closed state 2c. Complex 2c shows progressive transformation to the first oxidized state [2c] •+ upon oxidation (Figure11a), then to the second oxidized state [2c] 2+ (Figure11c) with several identical isosbestic points. In the first oxidation of 2c, the strong bands at 665 and 720 nm decreased and two new strong bands appeared at 1125 and 1355 nm with a tail longer than 1800 nm. In the second oxidation process, these two bands decreased, and a new band centered at 825 nm formed, indicating the formation of [2c] 2+ . This spectrum is very similar to the one coming from the oxidation of 2o. Furthermore, the reduction process of [2c] 2+ leads back to 2c. From these results, one can conclude that the redox process from 2c to [2c] 2+ is reversible with an intermediate [2c] •+ , while the redox process of 2o is irreversible with the isomerization in the oxidation process from [2o] 2+ to [2c] 2+ . These result are in line with previous observations from parent complexes. 11d,e Reversible evolution of 2c → [2c] .+ → [2c] 2+ was also monitored by ECD spectroelectrochemistry (Figures11b,d,e,f). For (P,P)-2c → (P,P)-[2c] .+ , large changes were found between 300 to 500 nm with several isosbestic points. The most interesting change occurred in the lower energy region. Indeed, (P,P)-2c showed an ECD-active band at 679 nm with  = +6 L•mol -1 •cm -1 . Upon oxidation to (P,P)-[2c] .+ , this band shifted to 700 nm and decreased in intensity to +4 L•mol -1 •cm -1 (Figure11e) . Upon further oxidation to (P,P)-[2c] 2+ , this band became bisignate with positive sign at 625 nm ( = +8 L•mol -1 •cm -1 ) and negative sign at 800 nm ( = -6 L•mol -1 •cm -1 ) (Figure11f).

FIGURE 11 .

 11 FIGURE 11. Absorption changes in the UV-vis-NIR range observed upon oxidative transformations 2c → [2c] .+ (11a) and [2c] .+ → [2c] 2+ (11c) and their corresponding spectroelectrochemical ECD spectra of the (P,P) and (M,M) enantiomers (11b,d,e,f).

Figure 12 .

 12 Figure 12. ECD spectra of the open neutral state (P,P)-and (M,M)-2o and their evolution upon oxidation to (P,P)-and (M,M)-[2c] 2+ . Insert: zoom between 500-900 nm.

14

 14 

Figure 13

 13 Figure 13. a) Three-state cycle obtained from the 2o/2c system upon light and redox stimuli; b) The symbol of "OR" logic gate and its truth table.CONCLUSIONIn conclusion, we have synthesized enantiomerically enriched mono-and bis-([6]helicene--Ru(dppe)2-)-DTE complexes 1o,c and 2o,c. Both the photochromic and electrochromic properties were studied and attractive isomerization processes were observed, i.e. ring opening from closed oxidized state to open oxidized in the case of the mono-substituted helicene-alkynyl-Ru complex 1o,c, and ring closure from open oxidized state to closed oxidized in the case of the bis-substituted helicene-alkynyl-Ru complex 2o,c. These properties make these complexes new types of molecular "NOR"/"OR" logic gates with output being both absorption or the circular dichroism signal. These systems also appeared as new types of light-and redox-triggered organometallic chiroptical switches.6,[START_REF] Harvey | For transition-metal based DTE systems[END_REF] 

The Supporting Information is available free of charge on the ACS Publications website: experimental procedures for 1o,c and 2o,c, NMR and X-ray data. Cif and checkcif files of 1o.
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