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Cotton effects, from the sign of which the absolute configuration of the molecule can be deduced, as depicted in Figure S1. 1. Berova,Harada and Nakanishi & have developed this nonempirical approach called 'CD Exciton Chirality Method' and exhaustively used it to determine absolute configurations of many classes of chiral compounds and natural products. 5 Typically, the achiral chromophores used exhibit a strong electric dipole moment in preferred directions and their interaction gives rise to strong EC thanks to proximity through the chiral space. Porphyrins are archetypes of such chromophores 6 since they display highly intense absorption bands, especially the Soret one (epsilon ~ 420 000 M -1 cm -1 at 420 nm), planar geometry and ability to coordinate metallic ions such as Zn(II) and Mg(II). [START_REF]The Porphyrins[END_REF] Herein, we describe the first example of helicene-porphyrin conjugates to explore and rationalize the role of the helical -conjugation in the EC phenomenon. We show that grafting two ethynyl-porphyrin units on the 2,15 positions of a carbo [6]helicene results in a clear and strong EC signature on the Soret band. While in previous examples of EC mediated by carbo [6]helicene, 3 the typical bisignate signature of the EC chirality was often hidden by additional strong helicenic-centered ECD bands, here the strong and localized Soret band leads to an almost isolated bisignate ECD response at 440 nm, which definitely ascertains the existence of EC chirality in helicenic derivatives, thus making porphyrins appealing tools to further reveal chiroptical effects in helicenes chemistry. Actually, we highlight the synergetic effect of helicenes and porphyrins in obtaining enhanced chiroptical responses in an absorption region where they are usually weak.

Enantiopure hexahelicene derivatives P-and M-H6Pr1 consisting of 2,15-bis-ethynyl-carbo [6]helicene decorated with two phenyl-ethynyl-Zn-porphyrins at each extremity were prepared according to Figure 1a, i.e. through a Sonogashira coupling of either P or M -2,15-bis(4-ethynyl-phenyl-ethynyl)carbo [6]helicene H6PhH with bromo-porphyrin PrBr in 19% yield under classical conditions. In the course of the reaction, a homocoupling of the mono-helicene-porphyrin intermediates also occurred through a Glaser-type coupling, giving also access to enantiopure compounds (P,P) and (M,M)-H6Pr2 as side products in 16% yield. The metal-free porphyrin analogue a. Univ Rennes, CNRS, ISCR -UMR 6226, F-35000 Rennes, France. ludovic.favereau@univ-rennes1.fr, jeanne.crassous@univ-rennes1.fr Please do not adjust margins H6Pr3 was also prepared in quantitative yield by treating H6Pr1 with trifluoroacetic acid. Compounds H6Pr1, H6Pr2 and H6Pr3 were fully characterized by 1 H and 13 C NMR spectroscopy and mass spectrometry (all details are provided in the Electronic Supporting Information, ESI). The H6Pr1 and H6Pr3 molecules show limited sets of resonances on their 1 H NMR spectra, thus revealing the highly symmetrical nature of the obtained chiral porphyrin molecules. The spectra depict the typical signatures of both the helicene and porphyrin units. For example, the C2symmetric H6Pr1 displays only one set of signal typical of the fingerprint of symmetrically bis-substituted 2,15-ethynylcarbo [6]helicene. 3 Furthermore, the -pyrrolic protons that resonate between 9 and 9.85 ppm and the deshielded proton at 10.15 ppm corresponding to the free meso position in the porphyrin core were identified and assigned via 2D NMR experiments (see ESI). The signal of the inner pyrrolic NH protons in H6Pr3 resonates at -2.39 ppm. 8 The UV-vis absorption and ECD spectra of H6Pr1, H6Pr2 and H6Pr3 are depicted in Figures 1b and1c, respectively. In the high energy region, i.e. below 460 nm, similar signatures are observed for these three compounds, with absorption bands at 298 ( 68800 M -1 cm -1 ), 345 (49700), and 361 (43000) nm assigned to -* transitions of the helicene unit, accompanied by the typically huge absorption signal at 440 nm ( 480000 M -1 cm -1 ), corresponding to the Soret band of the two porphyrin units. In the low energy part of the spectrum the typical porphyrin Q bands are observed, affording expectedly two distinct signals at 558 and 604 nm for the Zn-porphyrins (H6Pr1 and H6Pr3) and four ones (525, 575, 662 and 688 nm) for the free-base chromophores (HPr2), all being of rather strong intensities ( 30600 -40000 M -1 cm -1 ). TD-DFT calculations with Gaussian 16 program, [START_REF] Frisch | Gaussian 16, Revision B.01[END_REF] LC-PBE0 functional, 10 def2-SV(P) basis 11 and the solvent (CH2Cl2) polarizable continuum model (PCM) 12 were performed on a truncated system of H6Pr1, where the Ph(OR)2 substituents at the Zn-porphyrin units were replaced by chlorine atoms, denoted here as H6Pr1-Cl (see Figure 1d S2.2). The contributing MOs are composed of in-phase and out-of-phase  and * porphyrin fragment frontier orbitals (FFOs). The small energetic splitting indicates that the FFOs are only weakly coupled. The frontier MOs (FMOs) in H6Pr1-Cl are mostly localized on the porphyrins, but several of the MOs also extended over the -conjugated systems of the phenyl (Ph) ring and the alkynyl (CC) groups, and reach into the helicene (Figure 2a). These MOs are therefore clearly perturbed, relative to isolated Zn-porphyrin. The second set of excitations, #3 and #4, around 2.1 eV, is assigned to coupling of the remaining Q-band porphyrin transitions. The Soret band has 4 underlying transitions in the calculation, and formally arise from the coupling of the two  → * B-band excitations in each porphyrin. Excitation #5, at 395 nm, has by far the largest oscillator strength (4.882), and the leading contributions involve MOs that are mostly, but not entirely, porphyrincentered. Excitations #6 and #8, under the same band, have important contributions from the HOMO-2, which is a helicene -orbital. The excitations therefore have mixed character of Please do not adjust margins helicene-to-porphyrin charge transfer (CT) and porphyrin  → *. Bands below 350 nm are of strongly mixed character, varying porphyrin-linker-helicene contributions.

Interestingly, each of these bands is active in ECD spectroscopy, with the P-H6Pr1 enantiomer displaying the typical negative ( -172 M -1 cm -1 at 302 nm) and positive bands (+89 and +175 M -1 cm -1 at 352 and 378 nm, respectively) of the helicenic part, and a bisignate feature (-200 at 438 and + 671 M - 1 cm -1 at 449 nm) corresponding to EC coupling chirality of the Soret band. It is worth to note that the Q band at 605 nm is also CD-active ( +14 M -1 cm -1 ). For H6Pr3, the absorption spectrum shows a similarity in the lowest-wavelength region (ca. 280-370 nm) assigned to helicene-centered -to- transitions and bands located at 440 nm and 520-680 nm were assigned to the Soret and Q-bands, respectively. P-H6Pr3 displays a slightly more intense but otherwise similar ECD below 430 nm as P-H6Pr1, such as a negative band at 304 nm ( -245 M -1 cm -1 ) followed by positive ones (+120 and +230 M -1 cm -1 at 352 and 378 nm, respectively). The excitonic coupling signature was found also for the free porphyrin P enantiomer with a positive Cotton effect in the porphyrin Soret band ( -82 and +393 M -1 cm -1 at 430 nm and 446 nm, respectively) and the Q bands at 570 nm and 654 nm appeared also ECD active ( +18 M -1 cm -1 , 6 M -1 cm -1 , respectively).

The calculated ECD spectrum 13 of H6Pr1-Cl is in very good agreement with experiments (Scheme S2.2) and the assignment of the ECD bands are in line with the absorption peaks. Note that the distance between the two Zn 2+ ions is evaluated to be around 2.83 nm, a length consistent with good interactions between the electric transition dipole moments. The question of interest is therefore: How much of the intensity of the peaktrough pattern seen in the experimental ECD spectrum of P-H6Pr1 around 450 nm is a result of exciton coupling of the Znporphyrin B-band transitions? To this end, calculations were performed on different dimers in the same arrangement as in the model for P-H6Pr1, with increasingly large fragments in the center of the molecule removed, and dangling bonds capped with hydrogen (Figures 2b and S2.6). The gradual increase of the chromophore extension in the series of models leads to the lowering of energy of the excitations of porphyrin B-band parentage, such that in the largest dimer, (Pr1-alkynyl-Phalkynyl)2, the intense positive/negative pair of ECD bands is almost aligned with those of P-H6Pr1-Cl. However, the presence of the helicene evidently plays a crucial role, as the intensity of the exciton CD couplet is much larger in the full system, and it is not nearly as conservative as those of the models. For further analysis, we also set up a dipole coupling model for the exciton ECD (Figure 2c), based on the excitations of a truncated version of P-H6Pr1-Cl (labeled as mono-H6Pr1-Cl) in which the [6]helicene is fully intact, but one of the Zn-porphyrins is removed (Figure S2.9). A visual comparison of the simulated ECD spectrum for mono-H6Pr1-Cl reflects similar features as the corresponding experimental spectrum of H6Pr2 and the calculated ECD band at 390 nm is much weaker than for H6Pr1-Cl (Figure 2d and S2.16). Indeed, (P,P) and (M,M)-H6Pr2 exhibit absorption bands at 302 ( 105580 M -1 cm -1 ), 347 (95350), 360 (88300), 441 (385290), 558 (23400), and 605 (31200) nm. The obtention of (P,P) and (M,M)-H6Pr2 consisting of two porphyrin-ethynyl-phenyl-ethynyl-hexahelicenyl units connected by two phenyl-ethynyl bridges show absence of EC chirality in (P) and (M)-H6Pr2 since in this case the Soret band displays only one CD-active signal at 446 nm ( +228 M -1 cm -1 ) and no apparent significant Exciton Coupling due to the very long distance between the two porphyrin cores. Other ECD active bands are found at 334 (-150) and 380 (+289) nm and correspond to the helicenic parts. Note that the negative band originating from the helicene units is strongly red-shifted compared to H6Pr1 and the H6PhH precursor most probably as a result of strongly extended -conjugation of the molecule. These results nicely illustrate how molecular engineering using either extended -conjugation (H6Pr2) or functionalization with strongly polarizable units in close proximity (H6Pr1 and H6Pr3) enables fine tuning of the chiroptical signatures. Satisfyingly, we have found that these derivatives display efficient fluorescence spectra (between 600 and 800 nm), with quantum yields between 16-25 % and moderate circularly polarized emission with dissymmetry factors glum around ±7. 10 -4 ± for H6Pr1 and H6Pr2, respectively, and around ±2.10 -4 for H6Pr3 (positive for the P enantiomer and vice versa, see Figures S1.27 and S1.28). 2,16,17 

Conclusions

Introducing porphyrin substituents into helicenic scaffolds in their 2,15 positions unambiguously confirms the presence and effectiveness of EC chirality in helicenes through the very strong bisignate ECD response in the Soret band (together with slightly ECD-active Q-bands). Compared to more classical examples displaying EC chirality, in which case achiral chromophores are generally linked to the chiral system through ester links, here the alkynyl groups are part of the two achiral chromophores. The latter interact predominantly through space, because the -conjugation through the helix is partly broken. In addition, the helicene unit leads to a higher intensity of the EC response in comparison to fully non-conjugately assembled dyes. This specific finding may have several implications in the near future: these helical porphyrin systems may be used as chiral materials for photovoltaic devices, 14 they may show interesting phenomena involving spin selectivity 15 or may be used for detection of chiral substrates. 5 Finally, this strategy enables access to CPL active porphyrin derivatives which still remains quite rare, 16,17 and thus opens new opportunities for the design of efficient far-red and nearinfrared CPL emitters. 
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Figure 1 .

 1 Figure 1. a) Synthetic pathway to H6Pr1, H6Pr2 and H6Pr3. i) Pd(PPh3)4, CuI, Toluene/Et3N; ii) TFA, DCM, TLC monitoring. Experimental b) UV-vis and c) ECD spectra of helicene-porphyrin conjugates H6Pr1, H6Pr2 and H6Pr3, d) chemical structure of the calculated model H6Pr1-Cl and calculated UV-vis spectrum e) calculated mirrorimage ECD spectra.

  and ESI for further details and References 13a-b for overviews of the general performance of TD-DFT for chiroptical spectra). Different conformers of H6Pr1-Cl were considered, as shown in Figure S2.1. One of them is clearly dominant, with a Boltzmann population of 67% at 298 K, and was used for subsequent calculations accordingly. The calculated broadened absorption spectrum of H6Pr1-Cl agrees very well with the experimental spectrum for H6Pr1. The peaks are systematically blue shifted by 0.3 eV in the calculations (see Scheme S2.1), which is not uncommon. The weak lowest-energy/longest wavelength band in the H6Pr1 spectrum is caused by an effectively degenerate pair of transitions, #1 and #2, which correspond to an excitoncoupled set of porphyrin Q band transitions (Figure S2.3 and Table

Figure 2 .

 2 Figure 2. a) Isosurfaces (0.020 au) of the frontier molecular orbitals (FMOs) involved in the selected transitions for P-H6Pr1-Cl. Values listed in parentheses are the corresponding orbital energies in eV. b) Comparison of the low energy region of the ECD spectrum for P-H6Pr1-Cl and the corresponding dimer models of Figure S2.5. c) Set-up of electric transition dipole moment (TDM) vectors based on excitations #3 (yellow) and #4 (red) of mono-P-H6Pr1-Cl for exciton coupling 'matrix method' model for P-H6Pr1-Cl, and the rotated set of TDMs, shown together with the full structure of P-H6Pr1-Cl. d) Low-energy regions of the ECD spectra of the mono-P-H6Pr1-Cl and P-H6Pr1-Cl from TDDFT calculations and from the matrix method (MM) dipole-coupling model. MM dipole-coupling model based on excitations #3 and #4 of mono-P-H6Pr1-Cl. Selected transitions and rotatory strengths are indicated as 'stick spectra'.
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