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Triggering the emission by the helical turn in thiadiazole-helicenes
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Introduction of heterocycles in the helical skeleton of helicenes allows modulation of their redox, chiroptical and photophysical properties. Herein, we describe the straightforward preparation and structural characterization by single crystal X-ray diffraction of thiadiazole-[7]helicene, which has been resolved into (M) and (P) enantiomers by chiral HPLC, together with its S-shaped double [4]helicene isomer, as well as the smaller congeners thiadiazole-[5]helicene and benzothiadiazole-anthracene. A copper(II) complex with two thiadiazole-[5]helicene ligands has been structurally characterized and it shows the presence of both (M) and (P) isomers coordinated to the metal centre. The emission properties of the unprecedented heterohelicenes are highly dependent on the helical turn, as the [7]-and

[5]helicene are poorly emissive, whereas their isomers, that is, the S-shaped double [4]helicene and thiadiazole-benzanthracene, are luminescent, with quantum efficiencies of 5.4% and 6.5%, respectively. DFT calculations suggest a quenching of the luminescence of enantiopure [7]helicenes through an intersystem crossing mechanism arising from the relaxed excited S1 state.

Introduction

Heterohelicenes constitute a particularly interesting family of the non-planar conjugated aromatic helical molecules known as helicenes, [1] as they combine the inherent properties of carbohelicenes such as strong optical rotation and circular dichroism (CD), [2] nonlinear optical properties, [3] self-assembly abilities towards supramolecular materials, [4] with the specificity of the heterocycle or the corresponding heteroatom. A large majority of the reports on heterohelicenes concern either the thiahelicenes, where thiophene units replace totally [5] or partially the benzene rings, [6] or azahelicenes containing pyridine rings, [7] together with their metal complexes. [8] However, other heterocyclic units such as carbazole, [9] pyrane, [10] xanthenium, [11] quinacridinium, [12] pyridinium, [13] phenoxazine, [14] phenothiazine, [15] phosphole, [16] dibenzofurane, [17] or the more exotic azaborine [18] and silole [19] have been included relatively recently in helical structures for different functions and properties. The presence of certain heterocycles in the helical skeleton either provides electroactive character, with the possibility to access chiroptical redox switches, or allows the modulation of the luminescence properties. Concerning the former, besides thiahelicenes [5d] and helquats, [13b] examples of electroactive helicenes which have been studied for the redox modulation of the CD signal are still rare in the literature [20] and include organometallic derivatives of [6]helicene, [21] tetrathiafulvalene-helicenes [22] and helicene-quinones. [23] Note that for a phenothiazine based double hetero [4]helicene a crystalline radical cation salt has been isolated and structurally characterized. [15] On the other hand, it is known that fluorescence quantum yields of carbohelicenes are generally very low due to a very efficient intersystem crossing (ISC) from singlet to triplet excited states, [24] yet the presence of heterocycles such as carbazoles [9] and siloles, [19] possessing themselves luminescent properties, strongly enhances the fluorescence emission of the corresponding heterohelicenes. Moreover, when thiahelicenes are fused with electron acceptor quinoxaline units, [6e] or upon oxidation of the sulfur atoms into sulfones, [25] high fluorescence quantum yields and circularly polarized luminescence are observed, as a consequence of an increased energy gap between the lowest singlet and triplet states. Interesting to note also is the stronger emission for an S-shaped double azahelicene when compared to the simple azahelicene congener. [7d] A particularly interesting heterocyclic unit for its emission properties and electron-acceptor character is benzothiadiazole (BTD), [26] which has been extensively used during the last decade in the design of materials for red light emission, [27] organic field-effect transistors (OFETs), [28] and photovoltaics, [29] or associated in donor-acceptor dyads with tunable luminescence. [30] However, thiadiazole units have been never fused to helicene scaffolds to the best of our knowledge. We describe herein the synthesis and the structural characterization of enantiopure thiadiazole-[7]helicene and its S-shaped double [4]helicene, together with the smaller congeners thiadiazole-[5]helicene and thiadiazole-benzanthracene, respectively, as first representatives of a new family of electron poor heterohelicenes. Their chiroptical and photophysical properties, supported by DFT calculations, are investigated. The coordinating character of these helical ligands is highlighted through the preparation and solid state structure of a copper (II) complex containing two thiadiazole-[5]helicene units.

Results and Discussion

Synthesis and solid state structural analysis

The synthesis of the thiadiazole-[7]helicene 1 and double [4]helicene 2 starts with the Wittig reaction between the in situ generated phosphorous ylide derived from the phosphonium salt 6 and the benzothiadiazole aldehyde 8, followed by the oxidative photocyclization [1] of the intermediate stilbene 9 obtained as mixture of cis and trans isomers (Scheme 1). [START_REF]Experimental details and characterization of compounds, X-ray data, CV, UV-vis, ECD, VCD, photophysical measurements and theoretical calculations details are provided in the Supporting Information[END_REF] Thiadiazole-[5]helicene 3 and thiadiazole-benzanthracene 4 have been prepared through a similar strategy, starting from the methyl-naphthalene phosphonium bromide 7 and the same aldehyde 8 as before.

Scheme 1. Synthesis of thiadiazole-helicenes 1-4.

Although the photocyclization reaction is usually highly regioselective with respect to both aromatic units connected via the double bond, [1] in the present case we observed selectivity only for the benzothiadiazole moiety, while both possible isomers are formed for the carbocyclic parts, i.e. [4]helicene and naphthalene. They correspond to cyclization at either 1,2-or 2,3-positions, affording, respectively, the hetero-[7]helicene 1 and the fused bis-[4]helicene 2, or hetero-[5]helicene 3 and the thiadiazole-benzanthracene 4 which were separated by column chromatography. Note that the same regioselectivity issue for the photocyclization was observed for the formation of [7]carbohelicene versus its S-shaped isomer. [START_REF] Talele | [END_REF] Since generally [4]helicenes display no particular steric hindrance and have very low racemization barriers, [33] only compound 1 was resolved into its M and P enantiomers by chiral HPLC, which afforded very good separation. [START_REF]Experimental details and characterization of compounds, X-ray data, CV, UV-vis, ECD, VCD, photophysical measurements and theoretical calculations details are provided in the Supporting Information[END_REF] Additionally, attempts to resolve the [5]helicene 3 in the same conditions failed, which is not unexpected as [5]helicene has a racemization barrier of around 24 kcal mol -1 , [34] confirmed by theoretical calculations, [33,35] and, moreover, replacement of benzene rings by five member ring heterocycles severely reduces this value. [36] The first eluted enantiomer for 1 (using a Chiralpak IF column, see SI for the conditions) was the dextrorotatory, with a specific optical rotation of   25 +23465±3% °cm 2 /dmol. [37] Although in the case of helicenes the P enantiomer is dextrorotatory, [37b,38] we could also confirm the absolute configuration for the two enantiomers of 1 by single crystal X-ray analysis. Both (M)-1 and (P)-1 crystallize in the orthorhombic chiral space group P2 1 2 1 2 1 , with one independent helicene molecule in general position in the asymmetric unit (Figure 1). The dihedral angle between the terminal rings of the helicene skeleton, defining the helical curvature (hc), amounts to 45°, a typical value for [7]helicenes. [39] The thiadiazole ring overlaps with the terminal benzene C21-C26 with a distance of 3.87 Å between the centroids of the two cycles and several short N1•••C distances, e.g. N1•••C22 2.90 Å and N1•••C21 3.39 Å, but also partially with the penultimate benzene C17-C22 as shown by the short N1•••C18 distance of 2.79 Å (see also Figure S4 and Tables S1-S2). The packing is governed by - interactions, with some relatively short intermolecular S•••C distances (Figure S5). [START_REF]Experimental details and characterization of compounds, X-ray data, CV, UV-vis, ECD, VCD, photophysical measurements and theoretical calculations details are provided in the Supporting Information[END_REF] The double helicene 2 crystallized in the orthorhombic centrosymmetric space group Pbca with one independent molecule in the asymmetric unit. The most peculiar structural feature of 2 consists in the almost planarity of the thiadiazole-4[helicene] fragment as indicated by the value of the corresponding dihedral angle of only 8.28°, while the carbo-[4]helicene part shows a twist of 29.13° (Figure 2a and Table S3). Interestingly, the intramolecular N1•••H4 distance is 2.28 Å, suggesting the establishment of a hydrogen bonding interaction, which may be at the origin of the quasi-planarity of this part of the molecule. Moreover, a similar interaction is likely to occur also in the stilbene type intermediate cis-9 (Scheme 1), stabilizing the conformer providing 2 by cyclization, with respect to the one giving the [7]helicene 1. This could possibly partially explain the regioselectivity of the photocyclization reaction affording both compounds 1 and 2, besides the steric hindrance which is also a factor to be taken into account. In the packing of 2 a "segregation" between the carbocyclic part of the molecule and the thiadiazole ring is observed, with establishment of - interactions and short intermolecular S•••N contacts (Figure S6). Suitable single crystals for X-ray analysis have been obtained as well for the thiadiazole-benzanthracene 4, having the same thiadiazole-4[helicene] pattern as 2. It crystallized in the monoclinic system, centrosymmetric space group P2 1 /n, with one independent molecule in the asymmetric unit. Here again the intramolecular hydrogen bond N1•••H4 (2.27 Å) certainly contribute to the planarity of the molecule, with a dihedral angle of only 3.77° between the thiadiazole ring and the C5-C10 benzene ring (Figure 2b and Table S4). The packing is governed by short intermolecular N•••S distances of 3.28 Å providing dyads of 4 through formation of N2S2 rings, as often observed in solid state structures of thiadiazole derivatives, [30a,40] together with aromatic - and CH- interactions (Figure S7).

We have further preliminary estimated the coordinating ability of the thiadiazole-[5]helicene 3 towards Cu(II), as a few examples of benzothiadiazole-Cu(II) complexes have been described in the literature. [41] In thiadiazole-helicenes only the nitrogen atom outside the helical curvature is in principle available for coordination, thus precluding the formation of coordination polymers. Reaction of 3 with the precursors [Cu(hfac) 2 ]•xH 2 O (hfac = hexafluoro-acetylacetonate) in classical conditions [42] provides the complex Cu(hfac) 2 (3) 2 5 isolated as pale yellow-green crystals (Scheme 2).

Scheme 2. Synthesis of Cu(hfac) 2 (3) 2 complex 5.

The Cu(II) ion is surrounded by four oxygen atoms of the two hfac ligands at Cu-O distances of 1.930 -1.979 Å and two nitrogen atoms N1 and N3 of thiadiazole ligands disposed in trans, with Cu-N bond lengths of 2.42 and 2.49 Å (Table S5), forming an axially distorted octahedral coordination sphere (Figure 3 and S8). for 1 and3, and-1.39 V vs SCE for 2 and4, respectively (Figure S9 andTable S6). [START_REF]Experimental details and characterization of compounds, X-ray data, CV, UV-vis, ECD, VCD, photophysical measurements and theoretical calculations details are provided in the Supporting Information[END_REF] 

Chiroptical properties of thiadiazole-[7]helicene 1

As [7]carbohelicenes show strong VCD activity thanks to their rigid helical structure, [43] we have set out to determine VCD spectra for both enantiomers of 1 and compare them with theoretical data. Significant VCD signals are observed between 1000 and 1600 cm -1 (Figure 4, see also Figures S10 for IR spectra and S11 for the optimized geometry of (P)-1), comparable with those in the spectra of [7]helicene. Particularly the bands between 1500 and 1600 cm -1 , associated with ring deformation modes, have the same sign in the spectra of 1 and [7]helicene (positive for M and negative for P enantiomer). Furthermore, all the bands in the range between 1100 and 1300 cm -1 have the same sign (negative for P enantiomer) both for 1 and [7]helicene. These modes are largely associated with C-H bending modes in the aromatic ring plane. The most prominent band of opposite sign around 1350 cm -1 (positive for P enantiomer) is associated with C-C stretching vibrations radial to the helical axis coupled with C-H bending modes in the aromatic ring plane. The antisymmetric N-S stretching vibration of 1 has about one order of magnitude stronger VCD signal than the bands shown in Figure 4, according to the calculations. However, this band arises below 850 cm -1 and is therefore not accessible to our VCD measurements. The calculated VCD for the optimized (P)-1 matches very well the experimental curve for the dextrorotatory enantiomer, thus confirming once again the assignment done by single crystal X-ray analysis. Comparison between the experimental and theoretical VCD spectra for (P)-1 (bottom).

ECD measurements for the two enantiomers (P)-(+) and (M)-(-) of 1 show the expected object mirror-image relationship, with a series of positive bands at 444, 370, 323 nm and two negative bands at 297 and 241 nm for (P)-1, while the opposite is observed for (M)-1 (Figure 5 top, including the corresponding experimental absorption spectrum). The UV-vis absorption spectra (see also Figures S12-13) show, as in the case of the ECD, the series of high energy bands, with the most intense one centered at 260 nm, very likely arising from a helicene based -* transition, [22] and then at 300 nm and 360 nm. In the lower energy region the weak band appearing at 445 nm ( = 1300 M -1 cm -1 ) corresponds to an intramolecular charge transfer (ICT) transition from helicene to the thiadiazole acceptor unit (vide infra). The calculated ECD and absorption spectra (Figure 5 bottom) excellently reproduce the experimental spectra of (P)-1, although peak maxima appear blue shifted by about 40 nm. All bands are ππ* excitations that involve different orbitals. The 444 nm band is a HOMOLUMO charge transfer transition from the helicene structure to the thiadiazole unit. The 370 nm band is also a charge transfer transition from the helicene to the thiadiazole, which can be primarily described as HOMO-2LUMO and HOMO-1LUMO+1. The band at 323 nm is primarily a HOMOLUMO+3 transition, and finally, the negative band at 297 is a transition from the thiadiazole to the helicene backbone (predominantly HOMO-2LUMO+1 and HOMO-1LUMO+2). All calculations were performed with the GAUSSIAN suite of programs. [START_REF] Frisch | Gaussian Development Version, Revision H.09+[END_REF] Figure 5. Experimental UV-vis and ECD spectra of 1 in DCM (5×10 -5 M) at room temperature (top) and theoretical UV-vis and ECD spectra of (P)-1 (bottom); DFT/CAM-B3LYP [START_REF] Yanai | [END_REF] /aug-cc-pVDZ, solvent: CH 2 Cl 2 , solvation model: PCM [46] with SMD radii. [47] Excitations appear at 410.67 nm, 342.84 nm, 301.5 nm, 285.19 nm, 262.54 nm, and 243.2 nm.

Interestingly, in the present case the ICT could be operative either through bond, as the molecule is conjugated, or through space thanks to the intramolecular  stacking interaction between thiadiazole and the two terminal benzene units, as suggested by the solid state structure (see Figure 1). This hypothesis is supported by the composition of the frontier orbitals, with the HOMO especially developed on the three terminal benzene rings while the LUMO is concentrated on the BTD part (Figure 6). All of the orbitals and their respective energies are reported in Figure S14 and Table S7 of the supporting information. 

Photophysical properties and theoretical investigations of 1-4

Since the benzothiadiazole (BTD) unit was introduced into the structures of 1-4 for its luminescence, beside the electron poor character, we have set out to determine the emission properties of the helical thiadiazoles. However, as already mentioned, the luminescence of helicenes can be strongly decreased by an intersystem crossing (ISC) mechanism. Upon excitation at  ex = 365 nm both enantiomers of 1 show a weak emission band centered at 490 nm (20400 cm -1 ) as shown in Figures S12 for (M)-1 and S13 for (P)-1. The corresponding excitation spectra do show the main features of the absorption spectra but they are not totally superimposable, probably indicating some underlying impurity luminescence. Thus the experimental quantum yield of < 0.1% is to be regarded as upper limit for the luminescence of compound 1, which is evidently much lower than the usual values for BTD derivatives. [48] In order to investigate the quenching of the fluorescence, we optimized the geometry of the first excited singlet state of (P)-1, and we report the energy levels of singlet and triplet states in Figure 7. Assuming that intersystem crossing (ISC) occurs from the relaxed S1 geometry, the plot in Figure 7 shows a favorable energy alignment with nearby triplet states. In order to study the effect of spatial superposition of the terminal rings, we performed similar calculations with smaller congeners both by removing the terminal benzene ring or the thiadiazole ring. The data for these smaller system, reported in the SI (Figures S15-16 and Tables S8-S10) show a worse energy alignment for ISC, in agreement with results for [5]helicene and monoaza[5]helicenes. [49] Figure 7. Calculated energy levels (eV) of ground and excited singlet and triplet states for (P)-1, evaluated at the ground state optimized geometry (S0 Geom) and at the first singlet excited state optimized geometry (S1 Geom).

The ground state energy at S0 Geom is used as reference. The energy levels of the triplet states are slightly shifted for clarity. All excited singlet and triplet energy levels are computed with linear response methods.

In striking contrast to 1, the S-shaped double helicene compound 2 exhibits luminescence in dichloromethane solution both at room temperature, with a broad band centred at 528 nm (Figure 8 top), and a slightly structured band at 77 K (Figure S17), with relatively high emission quantum yield of 5.4% at room temperature when excited at  ex = 420 nm. The corresponding excitation spectrum is perfectly superimposed with the absorption spectrum, indicating that the luminescence is indeed exclusively from compound 2. The ground state and also the lowest excited state of 2 have been optimized (Figure S18). The calculated absorption and emission spectra reproduce accurately the experimental ones (Figure 8 bottom). From the calculated spectra we are able to assign all of the transitions as primarily ππ* charge transfer transitions. The absorption peak at 330 nm is due to a transition from the HOMO to the LUMO+2 on the helicene unit (see Figure S19 and Table S11). The lower energy charge transfer transitions are all from the helicene to the thiadiazole unit, differing only in the orbitals involved. The large peak at 360 nm comes primarily from HOMO-1LUMO transition, and the broad set of peaks around 400 nm originates from a similar charge transfer between HOMO and LUMO. For the emission spectrum, the calculated peak at  em = 491.3 nm (corresponding to the experimental peak at  em = 528 nm) is characterized by a charge transfer from the LUMO on the thiadiazole unit back to the HOMO on the helicene.

As for 1, a very weak emission band with maximum at 474 nm was recorded for 3 by excitation in solution at 386 nm (Figure S20). The slight differences of the absorption spectrum with the excitation spectrum (measured at emission wavelength 474 nm) might suggest that this luminescence is probably not real. By cooling the solution at 77 K the luminescence becomes stronger and the spectrum more structured with a slight shift to lower energy (Figure S21). Likewise, the excitation spectrum does not fit perfectly the absorption spectrum, therefore the assignement of this luminescence to some impurity cannot be excluded. Nevertheless, the calculated absorption and emission spectra of 3 are in good agreement with the experimental ones (see Figure S20 and Figure S22 for the optimized geometries of 3 in the ground state and singlet excited state), leaving open the question on the origin of the experimentally observed luminescence.

The photophysical properties of compound 4 resemble those of its longer congener 2, exhibiting luminescence in dichloromethane solution both at room temperature (Figure 9 top) and at 77 K (Figure S24) with emission quantum yield of 6.5%, slightly higher when compared to 2. The emission band in solution is centred at 515 nm for an excitation at  ex = 396 nm. Since the excitation spectra are perfectly superimposed with the absorption spectra, this compound exhibits real luminescence which is further supported by theoretical calculations (Figure 9 bottom and Figure S25 for the optimized geometries of 4 in the ground state and singlet excited state). Once again, the agreement between the experimental and calculated spectra allows us to assign the peaks in the absorption and emission spectra. Similar to the longer helicene 2, the transitions in 4 are primarily ππ*. The peak at 406.7 nm is mainly charge transfer from the HOMO localized on the helicene unit to the LUMO localized on the thiadiazole (see Figure S26). The peak at 341.5 nm is a transition from the HOMO-1, which is more spread out across the entire molecule, to the LUMO. And finally, the peak at 296 nm is a combination of two transitions, both from the HOMO but one to the LUMO+1 and the other to the LUMO+2.

The emission peak is a LUMO to HOMO charge transfer from thiadiazole to the helicene unit.

Conclusions

In summary, thiadiazole fused [7]helicene 1 and [5]helicene 3, together with their S-shaped double [4]helicene 2 and thiadiazole-benzanthracene 4 isomers have been synthesized and structurally characterized. A copper(II) complex (5) containing two hfac and two thiadiazole-

[5]helicene ligands has been crystallized. The vibrational and electronic chiroptical properties of the enantiomerically pure [7]helicenes have been investigated and supported by theoretical calculations. The photophysical properties of compounds 1-4 are highly dependent on the helicity. The DFT calculations accurately reproduced the experimental spectra, allowing the assignment of the transitions between the thiadiazole and helicene units, being mostly of ππ* type. In addition, the calculations give a strong rationale for the fluorescence quenching of thiadiazole-[7]helicene 1, occurring through ISC from the minimum of the S1 state to one of the many triplet states. The shorter [5]helicene 3 is hardly more emissive. In striking contrast, the S-shaped isomer 2 and benzanthracene 4 show strong luminescence.

These results open the way towards several directions of investigations such as the use of thiadiazole-helicenes as precursors for other functional helicenes and as ligands for transition metal complexes, the possibility of enhancing the emission properties through oxidation of the sulfur atom in sulfoxide or sulfone and thus observation of CPL, [25] or the exploitation of the electron poor character by association with electron rich moieties into helical donor-acceptors.

Experimental Section

General comments

Dry THF and ether were obtained from a solvent purification system (LC Technology Solutions Incorporated). Nuclear magnetic resonance spectra were recorded on a Bruker Advance DRX 300 spectrometer operating at 300 MHz for 1 H and 75 MHz for 13 C. Chemical shifts are expressed in parts per million (ppm) downfield from external TMS. The following abbreviations are used: s, singlet; d, doublet; t, triplet; m, multiplet. MALDI-TOF MS spectra were recorded on a Bruker Biflex-IIITM apparatus, equipped with a 337nm N 2 laser.

Elemental analyses were recorded using Flash 2000 Fisher Scientific Thermo Electron analyzer. IR spectra were recorded on Bruker FT-IR Vertex 70 spectrometer equipped with a Platinum diamond ATR accessory. UV-Vis absorption spectra for 1 were recorded in solution using either a Lambda 19 or a Lambda 250 PERKIN ELMER spectrometer. Corresponding circular dichroism (CD) measurements were performed with a JASCO Corp. J-715 or J-810 apparatus. UV-Vis absorption spectra for 2 and 4 in CH 2 Cl 2 solution were recorded on a Cary 5000 spectrometer. Luminescence and excitation spectra in CH 2 Cl 2 solution were recorded on Fluorolog 3 fluorescence spectrophotometer. All luminescence spectra were corrected for the spectral response of the spectrometer and the detector as well as for the irradiation intensity.

5-(2-(benzo[c]phenanthren-2-yl)vinyl)benzo[c][1,2,5]thiadiazole 9:

To a suspension of 2-Benzo [c]phenanthrylmethyl-triphenylphosphonium bromide 6 (0.6 g, 1.03 mmol) in dry THF (20 mL) and cooled to -78°C under argon, was added dropwise n-butyllithium 1.6 M in hexanes (675 µL, 1.05 eq.) and the resulting solution (orange) was stirred at -78°C for 10 min, warmed to RT over 30 min (turn to red color), then re-cooled to -78°C. A solution of 2,1,3benzothiadiazole-5-carbaldehyde 8 (169 mg, 1.03 mmol) in THF (5 mL) was then added dropwise, and the resulting solution (brown/yellow) was stirred at -78°C for 10 min, warmed to RT and stirred for 4 hours. The reaction mixture was filtered over celite and concentrated in vacuo. After chromatography over SiO 2 (CS 2 /dichloromethane 2:1 as eluent, Rf = 0.7), 9 was obtained as a yellow solid (cis+trans mixture) (323 mg, 81%). 1 H NMR (CDCl 3 , 300 MHz) δ (ppm) 9.20 (s, 1H), 9.15 (d, J = 8.7 Hz, 1H), 8.07-7.67 (m, 12H), 7.57 (d, J = 16.2 Hz, 1H), 7.43 (d, J = 16.2 Hz, 1H); Anal. Calc. for C 26 H 16 N 2 S: C, 80. 38; H, 4.15; N, 7.21; S, 8.25. Found: C, 80.11; H, 4.02; N, 7.09; S, 8.45%.

5-(2-(naphthalen-2-yl)vinyl)benzo[c][1,2,5]thiadiazole 10:

To a suspension of methyl-2naphthyltriphenylphosphonium bromide (0.7 g, 1.45 mmol) in dry THF (30 mL) and cooled to -78°C under argon, was added dropwise n-butyllithium 1.6M in hexanes (0.95 mL, 1.05 eq.) and the resulting solution (orange) was stirred at -78°C for 10 min, warmed to RT over 30 min (turn to red color), then re-cooled to -78°C. A solution of 2,1,3-benzothiadiazole-5carbaldehyde 8 (238 mg, 1.45 mmol) in THF (5 mL) was then added dropwise, and the resulting solution (brown/yellow) was stirred at -78°C for 10 min, warmed to RT and stirred for 4 hours. The reaction mixture was filtered over celite and concentrated in vacuo. After chromatography over SiO 2 (hexane/dichloromethane 1:1 as eluent, Rf = 0.5), 10 was obtained as a yellow solid (359 mg, 86%). 1 H NMR (CDCl 3 , 300 MHz) δ (ppm) 8.03-7.69 (m, 6H), 7. 35-7.56 (m, 4H), 7.00 (d, J = 12.2 Hz, 1H cis ), 6.85 (d, J = 12.2 Hz, 1H cis ); { 1 H} 13 C NMR (CDCl 3 , 75 MHz) δ (ppm); Anal. Calc. for C 18 H 12 N 2 S: C, 74.97; H, 4.19; N, 9.71; S, 11.12. Found: C, 74.71; H, 4.24; N, 9.59; S, 11. [c]phenanthren-2yl)vinyl)benzo [c][1,2,5]thiadiazole 9 (cis+trans mixture), (300 mg, 0.77 mmol) and iodine (catalytic amount) were dissolved in toluene (700 mL) and placed in a photoreactor equipped with an immersion lamp (150 W). The mixture was irradiated for 40 hours. After evaporation of the solvent and a flash chromatography over SiO 2 (dichloromethane as eluent), a mixture of the two regioisomers 1 and 2 (1:1) was obtained as a yellow solid (176 mg, 59%). A chromatography over SiO 2 (CS 2 as eluent) allowed to separate the two isomers, both as a yellow solid.

1: 1 H NMR (CDCl 3 , 300 MHz) δ (ppm) 8.21 (d, J = 8.3 Hz, 1H), 8.16-7.93 (m, 7H), 7.77 (d, J = 8.5 Hz, 1H), 7.70 (d, J = 9.1 Hz, 1H), 7.54-7.46 (m, 2H), 7.02 (t, J = 7.4 Hz, 1H), 6.55 (t, J = 7.7 Hz, 1H); { 1 H} 13 C NMR (CDCl 3 , 75 MHz) δ (ppm) 153.8, 152.3, 133.2, 132.3, 132.1, 132.0, 131.9, 130.5, 129.91, 129.86, 129.3, 128.4, 128.3, 127.2, 127.1, 127.0, 126.8, 126.4, 126.2, 126.0, 125.6, 124.8, 124.5, 124.3, 123.6, 119.5 , 80.80; H, 3.65; N, 7.25; S, 8.30. Found: C, 80.64; H, 3.58; N, 7.15; S, 8.58%.

2:

1 H NMR (CDCl 3 , 300 MHz) δ (ppm) 11.10 (s, 1H), 9.82 (s, 1H), 9.39 (d, J = 8.6 Hz, 1H), 8.39 (d, J = 8.7 Hz, 1H), 8.35 (d, J = 8.8 Hz, 1H), 8.21-7.90 (m, 7H), 7.83 (t, J = 7.7 Hz, 1H), 7.77-7.69 (m, 1H); { 1 H} 13 C NMR (CDCl 3 , 75 MHz) δ (ppm) 155.4, 153.8, 133.63, 133.62, 132.93, 132.87, 131.3, 131.0, 129.0, 128.9, 128.8, 128.3, 128.2, 128.0, 128.8, 127.8, 127.6, 127.5, 128.2, 126.9, 126.7, 126.4, 125.9, 120.3 153.6, 133.8, 133.4, 133.0, 132.9, 129.74, 129.69, 129.67, 129.0, 128.4, 127.54, 127.49, 127.20, 126.0, 123.9, 123.1, 119.8 4, 153.8, 133.3, 132.9, 132.8, 131.8, 131.2, 131.0, 129.5, 128.2, 127.8, 127.0, 126.5, 126.3, 126.0, 119.8 Then, the solution was allowed to return to room temperature, and pale yellow/green crystals of 5 were obtained after slow evaporation of solvents (20 mg, 90% 

  optical rotation   25 D  = +22581±1% °cm 2 /dmol), corresponding to the clockwise (P)-1 enantiomer, according to the single crystal X-ray analysis (vide infra). Note that these values for specific optical and molar optical rotations are of the same order of magnitude as those for the pure [7]carbohelicene, i.e.,

Figure 1 .

 1 Figure 1. Molecular structures of enantiomeric (M)-1 (left) and (P)-1 (right) together with atom numbering scheme.

Figure 2 .

 2 Figure 2. a) Molecular structure of the S-shaped double [4]helicene 2 with an emphasis on the N1•••H4 interaction (top) and on the helical twist (bottom); b) Molecular structure of the thiadiazole-benzanthracene 4 with an emphasis on the N1•••H4 interaction (top) and side view (bottom).

Figure 3 .

 3 Figure 3. Molecular structure of complex 5 with a partial numbering scheme (top) and a side view showing the two helicities of the ligand (bottom).

Figure 4 .

 4 Figure 4. VCD spectra of the two enantiomers of thiadiazole-[7]helicene 1 for solutions of 5 mg in 200 l CD 2 Cl 2 (path length: 0.2 mm, 14000 scans accumulation, a VCD spectrum of the solvent was subtracted) (top).

Figure 6 .

 6 Figure 6. HOMO (-6.85 eV) and LUMO (-1.47 eV) orbitals for (P)-1 (DFT/CAM-B3LYP/aug-cc-pVDZ).

Figure 8 .

 8 Figure 8. Absorption, emission and excitation spectra of 2 (c = 2.58×10 -5 M in CH 2 Cl 2 solution) at RT; for emission  ex = 420 nm, for excitation  em = 528 nm (top). Calculated absorption and emission spectra of 2; DFT/CAM-B3LYP/aug-cc-pVDZ, solvent: CH 2 Cl 2 , solvation model: PCM with SMD radii and nonequilibrium solvation; absorption peaks at 316.1 nm, 357.7 nm, and 404.7 nm with a  em of 491.3 nm (bottom).

Figure 9 .

 9 Figure 9. Absorption, emission and excitation spectra of 4 (c = XXX M in CH 2 Cl 2 solution) at RT; for emission  ex = 396 nm, for excitation  em = 515 nm (top). Calculated absorption and emission spectra of 4; DFT/CAM-B3LYP/aug-cc-pVDZ, solvent: CH 2 Cl 2 , solvation model: PCM with SMD radii and nonequilibrium solvation;absorption peaks at 406.7 nm, 341.5 nm and 296 nm with a  em of 495.2 nm (bottom).

R1

  F o ) = F o  -F c /F o ; R w (F o 2 ) = [[w(F o 2 -F c 2 ) 2 ]/[w(F o 2 ) 2 ]] 1/2

  

  

  ; MS (MALDI-TOF) m/z = 386 (M + ), calcd. 386.09; Anal. Calc. for C 26 H 14 N 2 S: C

Table 1 .

 1 ). Anal. Calc. for C 46 H 22 CuF 12 N 4 O 4 S Details about data collection and solution refinement are given in Table1. X-ray diffraction measurements were performed on a Bruker Kappa CCD diffractometer, operating with a Mo Kα (λ=0.71073 Å) X-ray tube with a graphite monochromator. The structures were solved (SHELXS-97) by direct methods and refined (SHELXL-97) by full matrix least-square procedures on F 2 .[50] All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were introduced at calculated positions (riding model), included in structure factor calculations but not refined. Crystallographic data for the five structures have been deposited with the Cambridge Crystallographic Data Centre, deposition numbers CCDC 1487949 ((M)-1), 1487950 ((P)-1), 1487951 (2), 1500339 (4) and 1500340 (5). These data can be obtained free of charge from CCDC, 12 Union road, Cambridge CB2 1EZ, UK (e-mail: deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk). Crystal Data and Structure Refinement for (M)-1, (P)-1, 2, 4 and 5.

	Compound	(M)-1	(P)-1	2	4	5
	empirical formula	C26H14N2S	C26H14N2S	C26H14N2S	C18H10N2S	C46H22CuF12N4O4S2
	fw	386.45	386.45	386.45	286.34	1050.34
	T (K)	293(2)	293(2)	293(2)	293(2)	293(2)
	wavelength (Å)	0.71073	0.71073	0.71073	0.71073	0.71073
	cryst syst	Orthorhombic	Orthorhombic	Orthorhombic	Monoclinic	Monoclinic
	space group	P212121	P212121	Pbca	P21/n	Cc
	a (Å)	8.4500 (9)	8.4492 (7)	8.8179 (7)	13.7510 (9)	27.195 (2)
	b (Å)	13.7216 (19)	13.7240 (13)	17.3503 (17)	6.1357 (3)	9.2166 (7)
	c (Å)	16.265 (3)	16.2628 (13)	24.0917 (15)	15.8590 (10)	18.863 (9)
	α(deg)	90.00	90.00	90.00	90.00	90.00
	β(deg)	90.00	90.00	90.00	99.759 (6)	111.230 (4)
	γ(deg)	90.0	90.0	90.0	90	90.0
	V (Å 3 )	1885.9 (4)	1885.8 (3)	3685.9 (5)	1318.69 (14)	4407.1 (5)
	Z	4	4	8	4	4
	Dc (g cm -3 )	1.361	1.361	1.393	1.442	1.583
	abs coeff (mm -1 )	0.186	0.186	0.191	0.238	0.691
	Flack parameter	0.11(16)	0.12(19)			
	GOF on F 2	1.049	1.089	1.026	1.085	1.048
	final R indices [I >					
	2σ(I)]					

2 :

C, 52.60; H, 2.11; N, 5.33; S, 6.11. Found: C, 52.45; H, 2.18; N, 5.25

; S, 6.32%.

X-Ray structure determinations:
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