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Replacing a hydrogen atom with a deuterium atom represents the smallest chemical transformation that can be performed on organic compounds. Nevertheless, hydrogen/deuterium (H/D) substitution is important in many ways and can have a significant impact on the overall physical properties of a compound. 1 Thus, it can be used to obtain structural information or to study reaction mechanisms. 2 In total synthesis, deuterium-labelled compounds have been used to modify the reaction selectivity. [START_REF] Atzrodt | Deuterium-and Tritium-Labelled Compounds: Applications in the Life Sciences[END_REF] H/D substitution plays also a major role in the development of new drugs and it serves, for instance, to increase their metabolic stability. 4 Interestingly, H/D substitution has also been reported to transform an achiral molecule into a chiral one. Chiral isotopologues have attracted the attention of organic chemists and spectroscopists because both their synthesis and the detection of their chiroptical properties are challenging. Several interesting examples have been reported in the literature (compounds A-F in SCHEME 1) and different chiroptical tools have been used to characterize them. 5,[START_REF] Miwa | Asymmetric Synthesis of Isotopic Atropisomers Based on Ortho-CH3/CD3 Discrimination and Their Structural Properties[END_REF] It should be noted that the vast majority of chiral isotopologues studied concern molecules with asymmetric carbons (compounds B, C, D and F). Conversely, chiral isotopologues with an inherent chiral structure are much less common and only a few examples have been reported so far (see for example compounds A and E).

SCHEME 1 Examples of chiral isotopologues reported in the literature.

As a new example, we report the synthesis of a deuteriumlabelled syn-cryptophane-B (SCHEME 2). Unlike the overwhelming majority of cryptophanes that have been prepared, syn-cryptophane-B (syn-1) is achiral with a C 3h symmetry. [START_REF] Brotin | Synthesis of Cryptophane-B: Crystal Structure and Study of Its Complex with Xenon[END_REF] Interestingly, replacing hydrogen atoms by deuterium atoms at well-defined positions reduces its molecular symmetry and converts the syn-1 into a chiral molecule. For example, the introduction of three deuterium-labelled methoxy groups on the same cyclotribenzylene unit gives the new chiral compound syn-2 with a C 3 -symmetry. Here, we address the synthesis of the two enantiomers of syn-2 and their study by polarimetry, Electronic Circular Dichroism (ECD), Vibrational Circular Dichroism (VCD) and Raman Optical Activity (ROA). As compound syn-2 is larger than compounds A-F it should result in weaker chiroptical responses that are difficult to detect. We wish to demonstrate that the detection of specific chiroptical signatures is possible for both enantiomers of syn-2 to determine their AC.

The intermediate syn-3 (SCHEME 3) was prepared in this study as it allows us to rapidly prepare the desired syn-2 compound in a single step (S3-S4 and Figure S1). Before introducing the CD 3 substituents via an SN 2 -type reaction this work requires the optical resolution of syn-3 as it seems unlikely to separate the two enantiomers of syn-2 by chiral chromatography. 9 Here, for convenience, the separation of the two enantiomers of syn-3 using a semi-preparative chiral HPLC column (chiralpak ID) was preferred (S5 and Figure S2). [START_REF] Indeed | IE, IF, IG, IH, IJ and IK as well as (S,S)-Welk-O1 and (S,S)-Ulmo were unable to separate the two enantiomers of syn-2. 9 A separation via the formation of diastereomer can also be considered thanks to the presence of the three OH functions[END_REF] Then, each enantiomer of syn-3, (-)-CD 254 -syn-3 and (+)-CD 254 -syn-3, was allowed to react with deuterated methyl-iodide to give rise to the two enantiomers of syn-2 in 97% (isotopologue A) and 89% (isotopologue B) yields, respectively. 1 H, [START_REF] Michal | Low-frequency Raman optical activity provides insight into the structure of chiral liquids[END_REF] C NMR spec-troscopy and HRMS (Figures S3-S7) of these compounds allows us to ascertain the chemical structure of these compounds. A crystal of isotopologue A was obtained, and its ORTEP structure is reported (Figures S8-S9 and Table S1). Isotopologue A crystallizes in space group P 1 and is almost superposable with compound syn-1.

SCHEME 3 Synthesis of chiral isotopologues syn-2 derivatives from syn-3 enantiomers.

The electrons are symmetrically distributed in the optically active compound syn-2, as in cryptophane-B. Nevertheless, since the spectroscopic moment of OCD 3 is slightly different than that of the OCH 3 substituent, the syn-2 compound is expected to give very weak but detectable ECD signals. 10 As predicted, the ECD spectrum of syn-2 exhibits a clear excitonic coupling, characterized by the presence of very weak Cotton bands in the 250-310 nm spectral range (Figure S10). Indeed, the well-resolved symmetry forbidden 1 L b electronic transitions (260 -310 nm) of isotopologue A gives rise to a negative-positive bisignate from high to low wavelengths ( = -0.31 L.mol -1 .cm -1 at 296 nm and  = 0.16 L.mol -1 .cm -1 at 276 nm). Collet and colleagues showed that deuterium-labelled cyclotriveratrylene of C 3 -symmetry exhibits the same type of ECD spectra with similar intensities. [START_REF] Collet | Circular Dichroism of (C3)-Cyclotriveratrylene-d9: An Example of Exciton Optical Activity Due to Isotopic Substitution[END_REF] As expected, the isotopologue B displays the same Cotton bands with opposite signs. These enantiomers also exhibit weak specific optical rotation values ([𝛼] 589 25 = -2.5 for isotopologue A) whose magnitude increases with a decrease of the wavelength (Figure S11 and Table S2). Thus, from these experiments it can be concluded that the isotopologue A can be assigned to the (-) 589 -syn-2 enantiomer. In turn, the isotopologue B can be identified as the (+) 589 -syn-2 enantiomer. Chiral isotopologues of cyclotribenzylene derivatives have shown to exhibit similar specific optical rotation values. 10 Due to the very weak ECD signal in a narrow spectral range which make difficult to ascertain with confidence the assignment of the AC of the two syn-2 enantiomers, we turned to vibrational optical techniques to complete this study. [START_REF]Comparison of the experimental ECD spectrum of (-)589-syn-2 compound recorded in CH2Cl2 and the predicted ECD spectrum of MP-syn-2 calculated at the CAM-B3LYP/6-31G** level is reported in Figure S12[END_REF] The IR and VCD spectra of (-) 589 -syn-2 and (+) 589 -syn-2 are reported in Figure S13 and Figure 1, respectively. VCD bands of relatively high intensity have been measured in the 1700-950 cm -1 spectral region and the two VCD spectra of (-) 589syn-2 and (+) 589 -syn-2 show a quasi-perfect mirror image. A comparison with other VCD spectra of enantiopure cryptophanes (Figure S14) shows a reduction of intensity of the overall VCD bands for the syn-2 compound. A decrease by a factor 7 is observed with respect to the (-)-MM-anti-4 (cryptophane A), and by a factor 3 with respect to other syncryptophanes. However, this decrease in intensity appears moderate given the low degree of H/D substitution applied to the syn-2 compound. A prediction of the experimental VCD spectrum of the (-)-syn-2 enantiomer was performed at the DFT level (B3LYP/6-31G**) using 6 Boltzmann-weighted conformation (S9, Figure S15). The theoretical spectrum of the MP-syn-2 enantiomer reproduces fairly well the whole VCD spectrum of the (-) 589 -syn-2 compound (Figure 1), allowing the determination of the AC of the two enantiomers as (-) 589 -MP-syn-2 and (+) 589 -PM-syn-2. Here, the first stereodescriptor characterizes the cyclotribenzylene ring decorated with the three hydrogenated methoxy groups. Raman Optical Activity (ROA) is another chiroptical tool that can confirm the determination of the AC of compounds (-) 589 -syn-2 and (+) 589 -syn-2. The wider spectral range available is the main advantage of the technique as it gives access to stretching (CH) and (CD) modes around 2990 and 2220 cm - 1 , respectively, as well as to the vibrational modes of lower wavenumbers ( 800 cm -1 ). The ROA spectra of (-) 589 -syn-2 and (+) 589 -syn-2 are reported in Figure 2 in the 3400-60 cm -1 spectral range. In addition to the fingerprint region, the ROA spectra exhibit clear bands for the stretching CH and CD modes and intense bands for wavenumbers lower than 400 cm - 1 . Comparison of the experimental ROA spectrum of (-) 589syn-2 with the predicted spectrum of the MP-syn-2 enantiomer confirm the AC determined by VCD experiment (Figure S16). However, the modes at lower wavenumbers are more sensitive to intermolecular interactions and they can consequently be more difficult to reproduce accurately by computational methods. [START_REF] Michal | Low-frequency Raman optical activity provides insight into the structure of chiral liquids[END_REF] As observed for VCD spectra, the ROA spectrum of syn-2 shows vibrational modes reduced by a factor 3 to 5 compared to the vibrational bands measured for cryptophane congeners having the relative configuration syn or anti (Figure S18). In this article, we report the synthesis of a parent molecule of syn-cryptophane-B decorated with three deuterium-labelled methoxy groups. This chemical modification not only changes the chemical composition of cryptophane-B, but also the molecular symmetry of the molecule, making the new derivative syn-2 a chiral compound. Thanks to a multi-steps synthesis, the two enantiomers of syn-2 have been prepared in fair quantities thus allowing a thorough study of their chiroptical properties by different chiroptical techniques. Despite the low degree of H/D substitution, the derivative syn-2 shows specific chiroptical properties that can be detected by polarimetry, ECD, VCD and ROA. A prediction of the VCD and ROA spectra by DFT calculations allows the determination of the AC of the two enantiomers of isotopologue syn-2. All together our results suggest that a detection of chiroptical properties of new isotopologues carrying a reduced number of deuterium atoms is still possible, even for large molecule like cryptophanes.
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  SCHEME 2 a) Structure of achiral compound syn-1. b) Structure of chiral compound syn-2, isotopologue of compound syn-1.

FIGURE

  FIGURE 1 (bottom) VCD spectra of the two enantiomers (-) 589 -syn-2 (red) and (+) 589 -syn-2 (blue) recorded in CDCl 3 at 298 K (15 mM, 250 m pathlength). (top) VCD spectrum of MP-syn-2 calculated at the B3LYP/6-31G** level using 6 Boltzmann-weighted conformation.

FIGURE 2 (

 2 FIGURE 2 (bottom) Raman spectrum of (-) 589 -syn-2 in CH 2 Cl 2 . (centre) Raman spectrum of (-) 589 -syn-2 with subtracted solvent bands. Solvent band marked by asterisk (*) are difficult to subtract due to solute-solvent interaction. (top) ROA spectra of the two enantiomers (-) 589 -syn-2 (red) and (+) 589 -syn-2 (black). ROA spectrum of (-) enantiomer was

ACKNOWLEDGMENTS

The French National Research Agency (ANR) is acknowledged for financial support of Project ANR CAORSS (ANR-21-CE29-0006-01). J.K. acknowledges the financial support from the Grant Agency of the Czech Republic (22-04669S). Computational facilities were provided by the Mésocentre de Calcul Intensif Aquitain (MCIA) of the University of Bordeaux and financed by the Conseil Régional de la Nouvelle Aquitaine.

AUTHOR INFORMATION

Corresponding Authors *E-mail: thierry.brotin@ens-lyon.fr; thierry.buffeteau@ubordeaux.fr

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.

Notes

The authors declare the following competing financial interest(s): J.K. states that he pursues commercialization of the ROA spectrometer as an employee of Palack University Olomouc in cooperation with ZEBR and Meopta -optika companies. The other authors declare no competing financial interests.