Chengshuo Shen 
  
Monika Srebro-Hooper 
  
Florian Krausbeck 
  
Thomas Weymuth 
  
Juan López Navarrete 
  
Francisco Ramirez 
  
Belen Nieto-Ortega 
  
Juan Casado 
  
Markus Reiher 
  
Jochen Autschbach 
  
Juan T López Navarrete 
  
Francisco J Ramírez 
  
Belén Nieto-Ortega 
  
Jeanne Crassous 
  
Redox-active Chiroptical Switching in Mono-and Bis-Iron-Ethynyl-Carbo[6]Helicenes Studied by Electronic and Vibrational Circular Dichroism and Resonance Raman Optical Activity

Keywords: organometallic helicenes, chiroptical switching, redox activity, VCD, RROA

come    

Introduction

Helicenes are a unique class of non-planar, polycyclic aromatic compounds whose helical backbone, formed by a variable number of ortho-fused benzene or other aromatic rings, renders them chiral despite the absence of a chiral center. The intrinsic chirality along with the extended π-conjugation in these systems explain some of their most important physico-chemical properties, including their large-magnitude chiroptical properties and redox activity. [1] The molecular engineering combining helicene chemistry with organometallic chemistry has recently been shown to give access to multi-functional chiral systems displaying strong optical activity associated with other functions provided by metal ions, for instance, redox activity and luminescence. [1,2] This new strategy has shown great potential for important optoelectronic applications such as chiral organic light-emitting diodes (OLEDs), [3a] transistors, [3b] chiral sensors, [3c] chiroptical switches, [1k,2f-i,3c] motors, [3d,e] or non-linear optical (NLO) materials. [3f] Carbon-rich metal complexes such as metalaryl-alkynyl complexes with d 6 metal centers (Ru(II), Fe(II)) display unique properties such as a facile electron transfer [4] which has enabled chemists to design new multi-functional molecular systems whose optical properties can be readily redox-triggered (NLO-activity, [4e,5a-e] luminescence, [5f-h] absorption and colour, [5i,j] circular dichroism [2f,h] ). The aryl-alkynyl ligands are non-innocent. [4a,e,i] Accordingly, the electronic structure in the helical core of a π-conjugated helicene-alkynyl ligand is greatly modified by redox processes taking place at the metal, which can be readily observed by the accompanying changes in the electronic circular dichroism (ECD). There is now sizable literature on such ECD redox switching. [1k,2f,h,3c,6] However, an equivalent impact on the vibrational optical activity, namely vibrational circular dichroism (VCD) [7] and Raman optical activity (ROA), [8] has only recently been demonstrated. We recently reported the synthesis of new organometallic helicenes based on iron-alkynyl-carbo [6]helicenes that display unprecedented redox-triggered chiroptical switching activity (Scheme 1). [9] Upon oxidation, strong changes of vibrational modes, either local or extended coupled modes, were observed by VCD and ROA.

Scheme 1. Organometallic mono-and bis-iron-ethynyl-carbo[6]helicene derivatives 2a,b obtained from mono-and bis-ethynyl-carbo[6]helicenes 1a,b, and their redox-switching processes. i) Fe(κ and analysed with respect to the experiment. These resonance-ROA (RROA) calculations clearly indicate that a two-state model, which has in the past been successful to rationalize monosignate RROA spectra, does not explain the intricate dependence of the RROA spectrum of 2a as a function of the incident laser wavelength.

Results and Discussion

Helicene-ethynyl derivatives 2a and 2b grafted respectively with one or two electroactive [Fe(κ 2 -dppe)(η 5 -C5Me5)] fragments (dppe:

1,2-bis(diphenylphosphino)ethane, C5Me5: pentamethylcyclopentadienyl) were prepared from the organic precursors 2-ethynyl-carbo[6]helicene 1a and 2,15-diethynylcarbo [6]helicene 1b by a recently described method (Scheme 1). [9,11] Introducing one or two electroactive "Fe(κ 2 -dppe)(η 5 -C5Me5)" units onto a helicene-alkynyl core significantly modifies its (chiro)optical and redox properties. The electronic πinteraction between iron and ethynyl-[6]helicene in 2a,b was confirmed by UV-vis spectroscopy. The spectra display absorption bands between 300-330 nm that correspond mainly to ligand-centered π-π* transitions that are similar to the ligands 1a,b (ε ~ 20-30•10 3 M -1 cm -1 ). However, there are two new broad low-energy bands at 390 and 480 nm with moderate magnitude that do not appear in the spectra of 1a,b (ε ~ 7-1610 3 M -1 cm -1 , see Figure S1 in the SI). In the following, changes of chiroptical properties of 2a,b in the UV-visible (ECD and optical rotation (OR)) and infra-red (VCD) regions are presented in detail, where possible, relative to those of their helicenic organic precursors 1a,b. A complete account of redoxtriggered chiroptical tuning of 2a,b observed via ECD, OR, VCD, and ROA is then provided.

ECD spectroscopy, OR, and electrochemical behaviour

The ECD spectra revealed a great impact of grafting an ironethynyl moiety onto the [6]-helicene core. As was previously shown, [2f,h] the 2-ethynyl-carbo[6]helicene ligand 1a displays intense ECD in the UV-vis region (P-1a: 270 nm, ∆ε = -111 M -1 cm -1 ; 332 nm, ∆ε = +188 M -1 cm -1 in CH2Cl2, Figure 1). In comparison, the ECD of P-2a shows (i) two strong negative ECD bands at 245 nm (∆ε = -114 M -1 cm -1 ) and 273 nm (-94 M -1 cm -1 ), (ii) a set of three intense positive bands (probably corresponding to a vibronic progression) at 331 nm (+136 M -1 cm -1 ), 350 nm (+92 M -1 cm -1 ) and 385 nm (+34 M -1 cm -1 ), and (iii) an additional very broad moderately intense positive band around 500 nm (+20 M -1 cm -1 ). The spectra of bis-ethynyl-substituted enantiopure M-and P-1b undergo similarly strong modifications upon grafting two "Fe(κ 2 -dppe)(η 5 -C5Me5)" units, yielding ECD spectra for M-and P-2b that are similar to 2a but with much stronger intensities for the new ECD-active bands around 400 and 500 nm (P-2b: ∆ε = +68 M -1 cm -1 at 506 nm, Figure 1).

Chiroptical properties of 2a,b were calculated [12] with timedependent density functional theory (TDDFT) following DFT geometry optimizations with BP/SV(P). For full computational details, including the number of calculated excitations per system and the line broadening, and for additional calculated data, see the SI (part 7: Computational Section). Two stable and energetically nearly degenerate conformers of 2a (2a-I and 2a-II in Figure 2) were obtained upon rotation of the helicene moiety around the alkynyl bond, with 2a-I being similar to the solid-state structure [9] and slightly lower in energy. Only one stable conformer was found for 2b. The HOMOs of 2a,b extend over the metal, the ethynyl moiety and the helicene cores, while the LUMOs are localized on the π-helical core (Figure 3 and SI). The calculated B3LYP/SV(P) ECD spectra of P-2a,b agree well with experiment (inset of Figure 1, Figure 4, and SI). For comparison, Figure S22 in the SI presents calculated ECD spectra of 2a,b obtained with different DFT functionals.

An analysis of dominant excitations in the low-and mediumenergy regions of the simulated spectra (see Figure 4b, Table 1, Figures S24-S26 andTables S1-S2 in the SI) reveals that the strong positive ECD band around 350 nm of P-2a is caused by a number of excitations with high and moderate rotatory strengths. This band is assigned as predominantly due to a Fe-ethynyl-helicene→dppe charge transfer (CT) and intraligand (IL) π-π* transition within the helicene fragment enhanced by metalethynyl orbital interactions. For instance, excitations #12 and #28 of P-2a-I afford the strongest positive rotatory strengths. They are calculated at 393 and 339 nm, respectively, with a dominant HOMO-to-LUMO+4 contribution (49%) for #12 where the LUMO+4 is centered on the dppe moiety (Table 1, Figures 3 and4b, SI). For excitation #28, the dominant contributions are HOMO-4-to-LUMO (32%) and HOMO-3-to-LUMO+1 (29%) and involve helicene-centered MOs.

The broad ECD band around 500 nm is caused by excitations calculated between 480 and 550 nm that are mainly of Fe-ethynyl-helicene→helicene CT character (P-2a-I: #3, λ = 524 nm, HOMO-to-LUMO (96%); #4, λ = 488 nm, HOMO-to-LUMO+1 (72%)). The assignment of the ECD spectrum of the bis-iron complex P-2b (Figure S29, Table S5) is similar to that of the mono-iron system P-2a. [9] For P-2b the main positive ECDactive band is caused by excitations #29 and #32 calculated at 384 and 379 nm, respectively. The excitations are mainly assigned as Fe-ethynyl-(C5Me5)→helicene and Fe-ethynyl-helicene→helicene CT (HOMO-4-to-LUMO and HOMO-to-LUMO+12) with contributions from IL helicene π-π* (#29, HOMO-6-to-LUMO+1) and Fe-ethynyl-helicene→dppe CT (#32, HOMO-to-LUMO+6). See Figure S30 in the SI for respective MOs of 2b. The broad ECD band around 500 nm is caused by intense excitations #5 (λ = 496 nm) and #9 (462 nm) which are almost pure Fe-ethynyl-helicene→helicene CT (HOMO-1,HOMO-to-LUMO,LUMO+1). ECD spectra of P-1a (plain red), P-2a (plain blue), P-1b (dashed red) and P-2b (dashed blue) in CH2Cl2 (C 110 -5 M). [9] Inset: Simulated (B3LYP/SV(P)) spectra of P-2a and P-2b (see also SI). ••2+ can be found in Ref. [9]. See also SI for a full set of MOs for both systems.
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Overall, the analysis shows that the participation of orbitals from iron itself, or from its ancillary ligands (dppe, C5Me5), has a strong impact on the ECD spectra of P-2a,b. In particular, the additional ECD bands at long wavelengths have large contributions from the metal center and are responsible for a three-fold increase of the molar rotation (MR) of 2a relative to the organic precursor 1a (P-1a: ሾߔሿ ଶଷ = +11030° cm 2 /dmol (calc. [2f,h] BHLYP/SV(P) +17002), P-2a: ሾߔሿ ଶଷ = +35800° cm 2 /dmol (calc. +43073)). 2b has an even larger molar rotation (P-2b: ሾߔሿ ଶଷ = +79700° cm 2 /dmol (calc. +83844)), four times that of 1b (P-1b: ሾߔሿ ଶଷ = +20000° cm 2 /dmol (calc. [2f,h] +22230). In both cases, the number of helicene cores is the same in the product and the precursor. Evidently, grafting Fe II -fragment(s) in conjugated position onto a [6]helicene platform substantially increases its optical activity. The effect is considerably stronger than previously reported for Ru helicene complexes. [2f,h] The stronger effect for 2a,b is obtained because the sodium-D wavelength (589 nm) is in the tail of an ECD band and therefore the MR is enhanced by the proximity to an electronic resonance (Figure 1, inset, SI). A similar situation is found for the Raman optical activity spectra which are particularly intense given the resonant enhancement by exciting with a 532 nm Raman laser (vide infra).

The electroactive properties of organometallic helicenes 2a,b were also examined. Cyclic voltammetry (CV) studies of complex 2a (CH2Cl2/NBu4PF6, 0.2 M) revealed the presence of one chemically and electrochemically reversible oxidation at E1° = -0.604 V (100 mV . s -1 ) vs. the ferrocene/ferrocenium (Fc/Fc + , see Figure S3) internal reference (E1° = -0.144 V vs. SCE), which corresponds to one-electron oxidation affording [2a] •+ . [4,9] Since 2b bears two redox active moieties, the bis(Fe II -ethynyl)-[6]helicene is therefore a good system to investigate the impact of multi-oxidation processes on the prototype [6]helicene fragment. Two consecutive reversible one-electron oxidation waves were observed in CH2Cl2 at E1° = -0.640 V and E2° = -0.549 V vs. the Fc/Fc + (see Figure S4, E1° = -0.180 V and E2° = -0.089V vs. SCE). The appearance of the two waves, instead of one, but separated by ~ 91 mV suggests that the two iron centers interact, most likely due to electrostatic repulsion between charges of the same sign and -potentially -via conjugation through the helicene. Solvation energy changes or ion pairing may also account for the presence of the two oxidation waves in 2b. [4] Note that the two oxidation potentials are too close to obtain the mono-radical cation [2b] •+ in a pure form due to substantial comproportionation. Indeed, a comproportionation constant Kc = 35 is estimated and corresponds to the presence of a maximum of ca. 75% of the total amount of the species in equilibrium coming from [2b] •+ . [4a,g,9] Accepted Manuscript ). Inset: Spectroelectrochemical oxidation studies of 2a with potentials from -0.2 to +0.4 V (vs. Ag pseudo-electrode) in C2H4Cl2, NBu4PF6 (0.2 M). [9] (b) Simulated (B3LYP/SV(P), Boltzmann-averaged for two conformers) ECD spectra of P-2a (red line) and P- [2a] •+ (black line). Inset: The corresponding UV-vis spectra. No spectral shift was applied. Calculated excitation energies and rotatory / oscillator strengths indicated as 'stick' spectra. Numbered excitations for the lowest-energy conformers for each species (respectively, 2a-I and [2a-II] •+ ) were analyzed in detail (see Table 1 andSI).

Table 1. Selected dominant excitations and occupied (occ) -unoccupied (unocc) MO pair contributions (greater than 10%) of P-2a and P- [2a] •+ in their energetically preferred conformations. See also Tables S2 andS3 in the SI.

Excitation

E [eV] λ [nm] f R [10 -40 cgs] occ no. unocc
no.

[%] P-2a •2+ (generated from 2a and 2b by using, respectively, 0.5 and 1 equiv. of iodine as a chemical oxidant) had recently shown that the charge was mainly localized on the iron center(s). [9,11] Further analyses of the electronic structure of the mono-oxidized species [2a] •+ (spin doublet) and the bis-oxidized species [2b] ••2+ were performed (B3LYP/SV(P)//BP/SV(P)). We modelled [2b] ••2+ in a spin triplet configuration as well as in an open-shell singlet; the latter corresponds in the DFT calculation to a broken-symmetry solution (due to the use of a single reference in Kohn-Sham DFT). As seen in Figures 5 andS32, the unpaired electron density is spread out over the metal centers and on the helicene π-system via the ethynyl bridges with alternating positive / negative spin density at the carbon atoms of the conjugated system i.e. alternating localization of excess α-spin / β-spin density, which is not unexpected. [11c,d] The densities of the singly occupied molecular orbitals (SOMOs) of [2a] •+ , MO247(α), and [2b] ••2+ , MO407(α) and MO408(α) of the triplet, (Figure 3 and Figures S28 and S31 in the SI) do not correspond to the total electron spin density as, due to relaxation and spin polarization relative to the neutral systems, they are centered on helicenealkynyl moiety with negligible metal orbital contribution. However, the unoccupied counterparts, MO247(β), and MO407(β)-MO408(β), respectively, demonstrate essentially the same characteristics as the HOMO of the neutral 2a,b systems, [11c] as well as the calculated spin density distribution and therefore these orbitals represent the "electron holes" in the β-spin density.

From the experimental and theoretical data for the radical species [2a] •+ and [2b] ••2+ , one can conclude that each iron center is efficiently interacting with the helicene ligands through each ethynyl bridge. However the two iron centers do not electronically interact with each other to a significant degree in [2b] ••2+ and therefore the di-radical most likely exists in a mixture of spin singlet and triplet states. This conclusion is supported by the energetic degeneracy of open-shell singlet and triplet states of the doubly oxidized species of 2b from DFT calculations, and by the experimental magnetic data discussed elsewhere. [9] Therefore the electrochemical separation of 91 mV between the two oxidation waves in [2b] ••2+ can be attributed to electrostatic repulsion more than to a long-range through-bond interaction which would magnetically couple the two spins and create an Accepted Manuscript energy gap between the relevant singlet and triplet states. Unlike the former ruthenium-vinyl-carbo[6]helicene derivatives, [2f,h] the iron-ethynyl-carbo[6]helicene organometallic complexes appear stable enough, even in the oxidized states, to be studied by a great variety of optical and chiroptical spectroscopies.

The one-or two-electron oxidation processes of 2a [2a] •+ and 2b [2b] ••2+ , respectively, were monitored by UV/vis/NIR and ECD spectroscopy either in an optically transparent thinlayer electrochemical (OTTLE) cell (C2H4Cl2/NBu4PF6, 0.2 M) upon oxidation at +0.4 V vs. a Ag pseudo-potential electrode or by using iodine as chemical oxidant in CH2Cl2. The UV/vis/NIR spectroelectrochemical studies of 2a revealed an increase of the high energy bands (< 380 nm), a slight decrease of the bands between 380-580 nm, the appearance of a lower-energy broad absorption band at ~780 nm of moderate intensity (ε ~ 410 3 M -1 cm -1 ), see Figure 4a, inset, and an NIR band between 1300-2100 nm of very low intensity (ε ~ 170 M -1 cm -1 ), compare with Figure S6. Full reversibility was observed upon several oxidation / reduction cycles (see Figure S17 in the SI). The chemical oxidation of 2a was also performed using iodine and demonstrated the same UV/vis/NIR spectroscopic characteristics (Figures S5 and S6 For complex 2b, the UV/vis/NIR spectroelectrochemistry or chemical iodine oxidation showed that several bands undergo changes during the first oxidation stage at +0.2 V (vs. Pt electrode), with an increase of the band between 230-350 nm, a decrease of the bands between 350-550 nm, and the appearance of a broad band around 650-850 nm. Upon further oxidation (potential increased from +0.2 to +0.4 V), all these bands (450-600 nm and 850 nm) disappeared and a new band grew at 750 nm (see Figure S7 in the SI). Finally, a NIR absorption band of very low intensity (ε ~ 255 M -1 cm -1 ) was found between 1300-2100 nm (see Figure S8). Having established that 2a,b undergo reversible oxidation processes, the next step towards electrochemical chiroptical switches was to investigate whether these redox processes affect their chiroptical behavior. The ECD spectra of P-2a and P-[2a] •+ ,I -in CH2Cl2, displayed in Figures 4a, show that the bands are strongly modified. For example, upon oxidation of P-2a, i) the intense positive band around 360 nm significantly increases from ∆ε = +70 to +118 M -1 cm -1 , ii) the positive band between 450-600 nm decreases and gains a positive-negative feature at 490 and 585 nm of low intensity (∆ε ~ +7 and -5 M -1 cm -1 , respectively), and iii) a new positive band of low intensity appears in the NIR region (between 680-880 nm, ∆ε ~ +5 M -1 cm -1 ). Along with the changes in the ECD spectra, the molar rotation undergoes a strong decrease upon oxidation of 2a (P-2a: ሾΦሿ ଶଷ = 35800° cm 2 /dmol → P- [2a] •+ ,I -: ሾΦሿ ଶଷ = +9860° cm 2 /dmol in CH2Cl2, see Table S7 in the SI for calculated data). This may be explained partially by the appearance of the negative ECD band in the 500-600 nm region which has a compensating effect on the optical rotation. Exploiting these modifications, along with the reversibility of the oxidation process, allows for obtaining an electrochemical chiroptical switch. [2f,h,3c,6] Indeed, by stepping oxidation and reduction potentials around +0.4 V and -0.4 of a dichloromethane solution of 2a (0.2 M, NBu4PF6) in an OTTLE cell leads to a reversible modulation of the ECD signals as illustrated at 589 nm where the ∆ε changes sign from +2 to -5 M -1 cm -1 (see Figure S19 in the SI). As for mono-Fe complex 2a, the formation of P-[2b] •+ and P-[2b] ••2+ was also monitored by ECD spectroscopy either in an OTTLE cell or by chemical oxidation with iodine. Again, net differences between ECD spectra of oxidized species and the neutral system, very similar to those described for 2a/[2a] •+ ,I -, although visibly enhanced due to a presence of two metal centers, were observed (see Figures S13-S16 in the SI). In particular, there is a strong increase of the positive ECD band around 350 nm ((∆(∆ε) > +100 M -1 cm -1 at 372 nm) and a strong decrease of the positive band between 530-650 nm with the appearance of a clear negative band for P-[2b] ••2+ (note that for mono-oxidized species P-[2b] •+ the intensity of the band only undergoes a decrease.) In addition, a clear broad band appears in the vis/NIR (670-900 nm) on P-2b→P-[2b] ••2+ (∆(∆ε) ~ +20 M -1 cm -1 at 767 nm). Such as for 2a, the D-line molar rotation of 2b decreases strongly upon oxidation reflecting the significant changes in the ECD spectrum at this energy region when going from 2b to [2b] It is important to note that the system can be used as redox chiroptical switch either at short wavelengths / high energies, which belongs to the classic CD-active fingerprint of helicene derivatives (∆(∆ε) > +100 M -1 cm -1 at 372 nm for P-2b), or at a long wavelength / small energies, which is due to the presence of the Fe-center (vide infra) ((∆(∆ε) ~ +20 M -1 cm -1 at 767 nm) upon stepping potentials between -0.4 and +0.4 V by reversibly interconverting P-2b and P-[2b] ••2+ (see Figure S15). Furthermore, note that we have previously observed strong modifications and inversion of the signs of the molar rotation values at 1.54 µm upon oxidation of M-2a→M- [2a] •+ and M-2b→M-[2b] ••2+ . Consequently, the systems constitute a new type of redox-triggered chiroptical switch using an additional output read-out at 1.54 microns i.e. outside the more common wavelength regions explored in laboratory settings, but instead at wavelengths that are commonly used for fiber-optics telecommunication. [9] The modifications of ECD spectra for both P-2a/P-[2a] •+ and P-2b/P-[2b] ••2+ that appear in the UV/vis/NIR regions are very well reproduced by TDDFT B3LYP calculations, as illustrated in Figure 4b and in Figure S29, respectively. Based on the detailed analysis of selected dominant excitations of [2a] •+ and [2b] ••2+ (triplet) the changes in ECD bands of the neutral complexes 2a and 2b observed upon metal oxidation are mostly due to the presence of contributions involving the orbitals representing the electron holes in the β-spin density as well as a change in the character of the SOMO(α) compared with their doubly occupied counterparts of the neutral species (Figures 3 and4b, Table 1, and SI). [2h] For example, the positive NIR ECD intensity observed around 700 nm in the oxidized species originates from 1 andS6 for details).
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Our explanation is that due to the oxidation, there is a lesser involvement, on average, of metal orbitals in these excitations, but increased involvement of 'helical' helicene π-orbitals that supports large rotatory strengths, thus rationalizing the increase of ECD intensity at these wavelengths. Visual inspection of the molecular orbitals involved in the relevant transitions of the oxidized systems [2a] •+ and [2b] ••2+ indeed shows that overall contributions of Fe orbitals are decreased as compared to neutral species, especially in the case of ethynyl-helicene-type MOs. Similarly, a decrease in the intensity of the ECD band around 500 nm upon oxidation of both 2a and 2b can be accounted for the changes in the character of the underlying dominant excitations. In the case of the neutral systems, the band originates from Fe-ethynyl-helicene→helicene CT. Upon oxidation, the excitations become mostly helicene-centered and mixed with dppe,(C5Me5)→Fe-ethynyl-helicene and helicene→Fe-ethynyl-helicene LM/LL CT. The increased involvement of helicene orbitals is counter-balanced here by a loss in CT character affecting the electric transition dipole. Finally, the ECD intensity observed in the telecommunication domain (calculated between 1300-2500 nm, see for example excitations #1 and #2 in Table 1 for P- [2a] •+ , and the SI for P-[2b] ••2+ ) corresponds to Fe-ethynyl-centered transitions (with some helicene→Fe-ethynyl LM CT character) mixed with Fe-(C5Me5)→Fe-ethynyl MM/LM CT which again involve the electron hole orbitals of the oxidized species.

VCD spectroscopy

Apart from electronic CD and optical rotation, vibrational optical activity, i.e. VCD and ROA, may provide additional information related to the chirality and the redox switching, such as how the molecular vibrational modes are modified upon oxidation of the organometallic helicenes. [7,8] These vibrational optical activity techniques give unique insights into structurespectroscopic relationships. Whereas quantum modelling of the ECD excitations of chiral organometallic systems is nowadays well known, quantum-chemical calculations of the VCD and in particular ROA and resonant ROA are much more challenging targets, by which their implementation in this paper represents a significant novelty in the field. Figure 6 shows how the IR and VCD spectra are modified upon oxidation of enantiopure complexes M-/P-2a to M-/P-[2a] •+ . For instance, iron-ethynylcomplexes M-/P-2a show several interesting spectroscopic features: i) a strong IR and VCD-active band at 2048 cm -1 corresponding to the C≡C stretch, with positive VCD sign for the P enantiomer (respectively negative for the M), ii) a sequence of positive-negative-positive signatures at respectively 1612-1595-1574 cm -1 for the P enantiomer (of opposite signs for the M). These latter VCD patterns are typical of C=C stretching modes coupled with CCH bending vibrations and are similar to previously reported VCD spectra of ruthenium-vinyl-[6]helicene derivatives. [2h] For comparison, similar VCD-active bands are observed in organic helicenes, such as for example in 2-bromohexahelicene, where the breathing/CC stretching type modes appear as signals of alternated signs above 1550 cm -1 . [7b] Upon chemical oxidation with iodine, the C≡C stretching band moves to lower wavenumbers and splits (2035 and 1991 cm -1 ), possibly due to Fermi coupling, [11b] with respectively a negative-positive VCD signature for the P enantiomer. Such wavenumber decrease is likely the result of the delocalization of the positive charge from the iron center into the acetylene bridge which thus acquires some cumulenic C=C=Fe character. Further, an 85-fold increase of the dissymmetry factor is observed upon oxidation (g = ∆ε/ε from 710 -5 to 610 -3 ). Note that organic helicenes typically show dissymmetry factors of 10 -4 . This enhancement emphasizes the placement of the unpaired electron density within the C≡C moiety which gives rise to much stronger magnetic transition dipole moments for the vibrational transitions. [14] Important modifications, although of smaller impact on the intensities, are also observed in the 1600-1400 cm -1 region which is dominated by C=C stretching modes coupled with CCH bending modes. These modifications are tentatively assigned to mechanical coupling of these skeletal vibrations with that of the cumulene-like fragment. Note that similar results are obtained for the bismetallic complex. [9] The experimentally observed IR/VCD features of neutral species are qualitatively reproduced by the calculations (Figure 7, Figures S33 and S36 in the SI). In particular, a strong IR and VCD-active band corresponding to the C≡C stretching mode is computed at higher wavenumbers close to experimental values. Furthermore, the quantum-chemical vibrational analysis supports 'helicene' assignments of IR/VCD signals between 1600 and 1400 cm -1 . For oxidized species the agreement between calculated and experimental IR and VCD spectra is less satisfactory, especially for VCD (Figures S33 and S36 in the SI). However, an energetic shift and increase in intensity of the IR C≡C stretching band upon oxidation (along with its splitting for the mono-iron complex) seems to be correctly reproduced via theory.

While the application of VCD spectroscopy has become quite common in helicene chemistry for the determination of absolute configurations, or in conjunction with computational models, it has never been used for studying the effect of changing the electronic structure of a helicenic structure. [9] This has been possible here thanks to the high stability of iron-alkynyl complexes and their ability to be oxidized by a chemical reagent such as iodine. 
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ROA spectroscopy

Raman optical activity measures the difference of the Raman scattered intensity between right and left circularly polarized light and has become one of the prime technique for determining absolute configurations of molecules [17][18][19][20] and conformers of biomolecules [21,22] in addition to ECD, VCD, and OR. [START_REF] Berova | Advances in Chiroptical Methods[END_REF]12] quantum-mechanical calculations have shown to be highly important for the assignment of ROA spectra, for instance to assign the absolute configuration of chirally deuterated neopentane [START_REF] Haesler | [END_REF] and methyloxirane in gas and liquid phases, [25,26] or the asymmetric carbon in CHFClBr. [27] Due to the weakness of the ROA signal under off-resonance conditions, there is an increasing interest in resonance ROA (RROA) within the experimental and theoretical community. [10,28] According to a two-state approximation and TDDFT calculations for a small molecule under full resonance, [16] the RROA intensities are mono-signate, with the opposite sign of the ECD signal at the incident wavelength. Under near-resonance conditions, or when multiple electronic excitations influence the RROA intensity, or when vibronic effects are large, [16,28] the spectral pattern can become more intricate and remain weakly bi-signate.

To date, (resonance) Raman and ROA spectroscopy, [13] which are complementary techniques to IR and VCD, are far less utilized in helicene chemistry. [8] Herein it is described only the second example of ROA measurements on a helicene
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system, besides the Johannessen et al. study of enantiopure Mand P-2-bromohelicene, [8a] which displays mirror-image ROA spectra with a strong signature corresponding to a D-mode that is reminiscent of coronene or graphene modes. [15] In our case (see Figure 8), three modes are strongly Raman active, i.e. for example for 2a, we observe a G-mode (graphene-like CC stretching mode) at 1575 cm -1 and a D-mode (diamond-like CC breathing mode) at 1355 cm -1 , along with the C≡C stretching mode at 2048 cm -1 . Several features are worth to note. As shown in Figure 8, all ROA bands display the same sign (that i.e. all negative for the P enantiomers and all positive for the M ones). [16] The experimental wavelength (532 nm) used for the measurements coincides with an electronic absorption band of the spectra for both 2a and 2b, which implies that what we observe is predominantly RROA. However, as shown below the situation is more intricate. Again, chemical oxidation reveals significant modifications of the Raman and ROA spectra, and shows that not only the C≡C stretching mode is affected upon oxidation (changing from 2048 to 1988 cm -1 ) but also the G-and D-modes (see Figure 8) confirming to some extend the alternation of the π-conjugated paths. This finding is readily explained by the fact that the oxidation generates significant variations of the electronic structure also within the helicene core.

A new implementation for TDDFT RROA calculations developed recently [10] enabled us to compute for the first time the ROA spectrum of an organometallic helicene species, i.e. 2a, and to study how it is affected by the resonance effects. The two conformers of 2a are isoenergetic, and the RROA spectra are not expected to be affected much by the rotation of the helicene moiety about the Fe-C bond. Due to the high demand on computational resources, calculations were therefore performed for one of the conformers (II), which was chosen arbitrarily.

Since the calculated vs. experimental absorption wavelength relative to the experimental laser wavelength (532 nm) are likely to differ somewhat, a scan of the appearance of the calculated ROA spectrum of 2a as a function of the laser wavelength used in the linear response calculations was performed, using wavelengths between 490 and 580 nm. All calculated ROA spectra are provided in the SI along with the corresponding Raman spectra (Figures S39-S50 and Figures S54-S65 in the SI). The calculation with λ = 540 nm overall agrees best with the experiment. The laser wavelength difference between this calculation and the experiment is very small. The calculated and experimental RROA are compared in Figure 9 for M-2a which features predominantly positive ROA across the spectral range. We first observe that the calculated RROA spectrum for an incident wavelength of λ = 540 nm is nearly completely monosignate. I.e., according to the two-state model prediction of positive ROA for resonance with the negative long-wavelength ECD band of M-2a the spectrum appears to be under full or very close to resonance. Chiroptical intensities are generally not easy to reproduce by calculations, and therefore the agreement of the calculations and the experiment is quite satisfactory. In terms of the relative intensity of the G-vs. D-mode bands, the calculations predict the former to be weaker than the latter, which is similar to the experimental ROA of bromohelicene, whereas experimentally for the D-modes are less intense than the G-modes. The discrepancy may in part be due to the neglect of medium effects in the calculations.

Four distinct RROA features can be identified, labelled as 1 to 4 in Figure 9. Peak 4 corresponds to the alkynyl stretching mode. This mode, in particular, appears to be sensitive to the incident wavelength and changes its sign around λ = 530 nm (see Figures S44-S46 in the SI). For λ = 580 to 560 nm, the alkynyl peak is positive and very intense. It becomes weakly negative at 532 nm and increases in negative intensity toward shorter wavelengths. Peaks 3 and 1 correspond to graphene-like G-and D-modes, respectively. These bands are prominent in the ROA spectrum across the scanned laser frequency range. The modes underlying the weaker band 2 are characterized by CH bending vibrations across the whole molecule and CH bending vibrations solely in the helicene substructure.
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While there are individual vibrational transitions in M-2a with negative ROA intensity they do not influence the overall positive sign of the broadened spectrum in the peak 1 to 3 frequency range. At laser wavelengths above 530 nm, the ROA for these modes is not strongly enhanced, but the relative peak intensities and the overall intensity increase significantly as the laser wavelength becomes near-resonant (but not fully resonant) with ECD bands that are dominated by helicene-centered transitions with strong rotatory strengths. However, it is important to note that the strong G-and D-mode bands are essentially monosignate even for off-resonance wavelengths. This finding is in agreement with the study of 2-bromo-[6]helicene by Johannessen et al. [8a] The calculations further predict a bisignate ROA spectrum for incident laser wavelengths below 530 nm, with the alkynyl peak becoming negative while the other peaks remain positive. In the calculated Raman Spectra (Figures S54-S65), the alkynyl stretch is the most intense transition at long wavelengths and only gradually decreases in intensity as the incident laser wavelength decreases. The different appearance of the ROA and Raman spectra in the resonant regimes is an indication that multiple excited states influence the ROA spectrum.

We attribute the curious sign and intensity changes of the alkynyl stretch ROA signal as a function of the incident wavelength to resonance / near-resonance influences from a pair of very weak and weak electronic transitions (#1, λ = 564 nm, R = -2.210 -40 cgs, and #2, λ = 549 nm, R = +11.810 -40 cgs, for the chosen M-2a conformer) that are localized at the metal, ligands other than the helicene, and the alkynyl group, which are competing with much more intense helicene-and alkynylhelicene-centered electronic transitions with mostly negative signs of the rotatory strength at shorter wavelengths, starting with #3, λ = 505 nm, R = -142.810 -40 cgs (see Figure S53). An analysis of the RROA intensity of the alkynyl stretching mode in terms of atomic contributions, as introduced by Hug, [29] attributes this intensity to individual regions of M-2a and coupling between them. The analysis shows that the intensity is localized predominantly on the alkynyl group (see Figure 10). In addition, there is an important coupling between this group and the helicene ligand, which is not surprising as the helicene generates the strong electronic optical activity of the complex. Other parts of M-2a clearly do not contribute significantly to the intensity of this mode. We adopt the coupling-matrix representation introduced by Hug. [29] Accepted Manuscript 

Conclusions

In conclusion, new types of organometallic helicene derivatives, consisting of [6]helicenes grafted with one or two iron(II)-ethynyl units, have been prepared and studied, both experimentally and computationally, by a great variety of chiroptical techniques (ECD, OR, VCD and ROA) either in their neutral (2a,b) or in their cationic oxidized species (

[2a] •+ , [2b] •+ and [2b] ••2+
). It was observed that the strong metal-ligand interactions resulted in significant modifications of the chiroptical properties as compared to the starting ligands. Furthermore, the circular dichroism spectra of these novel complexes in the UVvisible and in the near-infrared regions revealed efficient redoxtriggered chiroptical switching, showing that the [6]helicenealkynyl ligand is non-innocent. In the infrared region, the possibility to generate stable radical cations in solution enabled us to examine how the IR and VCD and the Raman and ROA spectra are modified upon oxidation. The strong increase of the dissymmetry factor in the vibrational C≡C stretching mode, with almost two orders of magnitude increase (g value up to 0.01) was revealed. Finally, the resonance ROA spectra showed how the graphene-type D and G-modes are slightly tuned upon chemical oxidation using iodine. Accordingly, this technique may be useful for studying other chiral systems such as chiral fullerenes or carbon nanotubes. [15] The calculations confirmed that the observed ROA spectra are consistent with (near-) resonance of the laser and electronic excitations. However, a detailed analysis of the alkynyl stretch ROA signal also indicates that the electronic and vibronic coupling between different moieties in 2a may create a rather complex behavior as the incident laser wavelength passes through the first ECD band which does not necessarily follow the 2-level model predictions.

Experimental Section

Computational details. Quantum-mechanical structure optimizations, and response calculations performed within RROA studies were carried out at the Kohn-Sham (KS) density functional theory (DFT) level, [START_REF] Parr | Density functional theory of atoms and molecules[END_REF] employing a locally modified version of the NWCHEM program (version pre-6.8), [10,[START_REF] Valiev | [END_REF] providing complex response tensors. [16c,32-34] Details regarding all the other calculations reported here can be found in the SI. The RROA intensities were calculated according to References [10,16c].A convergence threshold of 1.010 -6 atomic units (au) was chosen for the iterative solution of the linear response equations. Furthermore, we adopted a value of 0.0173 au for the damping parameter in the complex response calculations, which corresponds roughly to a Gaussian broadening of σ = 0.2 eV matching the width of the electronic circular dichroism (ECD) band of the resonant absorption. [9] A comparison of experimental and simulated ECD spectra for the systems studied (see the SI) showed that most calculated results are deficient, except those obtained with B3LYP. [35] Consequently, this functional was also employed for ROA calculations, together with the def2-SV(P) [36] Gaussian-type basis set. ROA backscattering intensities were calculated by employing the MOVIPAC software suite [37] and its interface with NWCHEM. [10] This setup allows for massively parallel calculations of ROA spectra off, near, or at resonance based on numerical derivatives to evaluate the spectroscopic intensities as first derivates of the respective property tensors. The polarizability derivatives were calculated by adopting a numerical three-point differentiation with respect to Cartesian displacements and a step size of 0.01 au. [38] The dipole-length gauge was chosen in order to allow for computational savings, [39] but we note in passing that the calculation can also be performed with a distributedorigin basis for the magnetic field in order to enforce translational invariance of the spectra. [10] Single-point calculations were considered converged when the total electronic-energy difference between two iteration steps was less than 10 -10 au. For the structure optimizations, the default values for the maximum and root mean square gradient (4.510 -4 au and 3.010 -4 au) as well as the maximum and root mean square of the Cartesian step (1.810 -3 au and 1.210 -3 au) were employed. The line spectra resulting from this methodology were broadened by means of a convolution with Lorentzian functions featuring a full width at halfmaximum (FWHM) of 20 cm -1 . For the line broadening, we employed the program MATHEMATICA (version 9.0.1). [40] Experimental methods. Vibrational circular dichroism (VCD) and infrared (IR) spectra were recorded in a PMA50 optical bench coupled to a Vertex70 spectrometer, both supplied by Bruker©. In the PMA50, the infrared radiation (3800-600 cm -1 range) is focused by a BaF2 lens toward a ZnSe photo-elastic modulator (PEM, 50 kHz frequency). The circularly polarized beam is then driven to the sample and finally collected by a D313/QMTC detector. A calibration of the PEM at a fixed wavenumber had been used before recording any VCD spectrum, to ensure a proper chiroptical signal within a spectral region of 600 cm -1 around the tuning wavenumber. Typically, calibrations at 1450 cm -1 allowed us to obtain a spectrum over the most meaningful region for conjugated organic systems. Every VCD spectrum was the result of averaging a minimum of 36000 scans, recorded at a spectral resolution of 4 cm -1 . In order to ensure the absence of linear dichroism interference, caused by preferential orientations within the gels, [41] spectra on different aliquots of these compounds were recorded at different angles without observing appreciable deviations. As a proof of the quality of the recorded data, spectra from pure enantiomeric samples result in mirror images. The samples in dichloromethane at 0.03 M concentration were prepared for vibrational spectra measurements. After thermal treatment, the samples were placed, at room temperature, in a demountable cell A145 (Bruker, Germany) supplied with KBr windows. For the mono-Fe complexes an 0.5 mm Teflon spacer was used to obtain the optimal IR signal for VCD. For the bis-Fe complexes an 0.2 mm Teflon spacer was required at the same concentration.

Raman and Raman optical activity (ROA) spectra were measured using a ChiralRAMAN© spectrometer [42] supplied by BioTools. The samples in dichloromethane at 0.003 M concentration were prepared for ROA measurements. Raman and ROA spectra with a resolution better than 4 cm -1 were simultaneously recorded using a quartz cell of 4 mm optical path length. Visible fluorescence from traces of impurities, which can give large backgrounds in Raman spectra, was quenched by leaving the samples to equilibrate in the laser beam before ROA data was acquired.
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The experimental conditions were as follows: 532 nm laser wavelength, 30 mW laser power at the sample and 12 hours of routine acquisition time. Baseline and flattening procedures were performed to remove the spectral background.

All the remaining experimental methods and procedures can be found either in the SI of this article or in the SI of Ref. [9].

Figure 1 .

 1 Figure1. ECD spectra of P-1a (plain red), P-2a (plain blue), P-1b (dashed red) and P-2b (dashed blue) in CH2Cl2 (C 110 -5 M).[9] Inset: Simulated

Figure 2 .

 2 Figure 2. Two optimized (BP/SV(P)) structures of 2a along with their relative energy values (∆E, in kcal/mol) with respect to the lowest-energy conformer and the corresponding Boltzmann populations (nB, in %). In parentheses, BP/SV(P) ∆E and nB for the corresponding oxidized species [2a] •+ are given.

Figure 3 .

 3 Figure 3. Isosurfaces (±0.04 au) of MOs involved in selected electronic excitations of 2a/[2a] •+ (conformer I). 'H' = HOMO, 'L' = LUMO, 'S' = SOMO. The corresponding MOs for 2b/[2b]••2+ can be found in Ref.[9]. See also SI for a full set of MOs for both systems.

Figure 4 .

 4 Figure 4. (a) Evolution of the ECD spectrum of 2a upon its oxidation with iodine. ECD spectra of P-2a (plain red), oxidized species P-[2a] •+ ,I -(plain black) and their corresponding enantiomers M-2a and M-[2a] •+ ,I -(dotted lines) in CH2Cl2 (C 10 -5 M). Inset: Spectroelectrochemical oxidation studies of 2a with potentials from -0.2 to +0.4 V (vs. Ag pseudo-electrode) in C2H4Cl2, NBu4PF6 (0.2 M).[9] (b) Simulated (B3LYP/SV(P), Boltzmann-averaged for two conformers) ECD spectra of P-2a (red line) and P-[2a] •+ (black line). Inset: The corresponding UV-vis spectra. No spectral shift was applied. Calculated excitation energies and rotatory / oscillator strengths indicated as 'stick' spectra. Numbered excitations for the lowest-energy conformers for each species (respectively, 2a-I and [2a-II] •+ ) were analyzed in detail (see Table1 and SI).

Electron

  Paramagnetic Resonance (EPR) experiments and magnetic susceptibility measurements of the mono-and diradical cations [2a] •+ and [2b

  in the SI), confirming a clean chemical oxidation of 2a into [2a] •+ .

Figure 5 .

 5 Figure 5. B3LYP/SV(P) electron spin density, ∆ρ = ρ αρ β (±0.0015 au isosurfaces), of [2a] + (spin-doublet, two conformers). Numbers listed are Mulliken spin populations. The corresponding spin density for [2b] ••2+ can be found in Ref. [9] and in Figure S32 in the SI.

  intraligand/ligand-to-metal (IL/LM) CT transitions involving the electron hole orbital(s); see excitation #3 in the case of [2a-II] •+ (763 nm, MO245(β),MO246(β)-to-MO247(β)) and excitations #5 and #6 for [2b] ••2+ (~668 nm, MO405(β),MO406(β)-to-MO407(β),MO408(β)). The main positive band around 350 nm is caused by a number of excitations assigned predominantly as IL π-π* transitions within (ethynyl-)helicene fragment mixed with Fedppe-(C5Me5)→Fe-ethynyl-helicene CT of LM character and / or ethynyl-helicene→Fe-dppe-(C5Me5) LM CT. For instance, excitation #42 of P-[2a-II] •+ with the strongest positive rotatory strength calculated at 355 nm has the largest contributions from helicene-centered MO246(α)-to-MO251(α) and MO246(β)-to-MO251(β) transitions. In the case of P-[2b] ••2+ the band is mainly caused by excitations #59 (382 nm) and #67 (367 nm), involving MOs localized in (ethynyl-)helicene moiety (for example MO405(β)-MO410(β) and MO407(α)-MO412(α) pairs) and excitation #62 (369 nm) which corresponds to dppe→Feethynyl-helicene (MO392(β)-to-MO407(β)) CT (see Tables

Figure 6 .

 6 Figure 6. (a) VCD spectra (up) and IR spectra (down) for P-2a (red solid) and M-2a (blue dashed). (b) VCD spectra (up) and IR spectra (down) of P-[2a] + ,I -(red

Figure 7 . 1 ,

 71 Figure 7. Left: Comparison of experimental and calculated (B3LYP/SV(P) gas-phase, frequencies scaled by 0.96, Boltzmann-averaged for two conformers) IR (down) and VCD (up) spectra of 2a. Numbered VCD vibrations correspond to those analyzed in detail for 2a-I. Right: Atomic displacement for the numbered normal modes in 2a-I. Numbers listed are the corresponding vibrational frequency (in cm -1, scaled) / rotatory strength (10-44 cgs) values. See also SI.

Figure 8 .

 8 Figure 8. (a) ROA spectra (top) and Raman spectra (bottom) for P-2a (red solid) and M-2a (blue dashed). (b) ROA spectra (top) and Raman spectra (bottom) for P-[2a] + ,I -(red solid) and M-[2a] + ,I -(blue dashed). See Ref. [9] for the corresponding data for 2b/[2b] ••2+ .

Figure 9 .

 9 Figure 9. Experimental (top, offset, 532 nm incident wavelength) and calculated (bottom, 540 nm incident wavelength) RROA spectrum for M-2a (conformer II). The calculated vibrational frequencies were scaled by a factor of 0.95.

Figure 10 .

 10 Figure 10. Intensity distribution of the alkynyl stretching mode over different parts of M-2a for 490 nm (top) and 580 nm (bottom) incident laser wavelength.We adopt the coupling-matrix representation introduced by Hug.[29] 

Figure 11 .

 11 Figure 11. xx element of the electric dipole-magnetic dipole polarizability tensor G', as a function of the alkynyl bond length for different wavelengths of the incident laser beam. Note that for each wavelength, G' has only been calculate for two bond lengths (111 pm and 136 pm); the dashed lines are not intended to imply a linear relationship but only to help visualizing the trend. Note also that the values of G'xx were normalized to the absolute value of the largest element.
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