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Introduction

Due to its variety of analytical possibilities and methodologies developed over the last three decades in solid or liquid phase, NMR spectroscopy has become a powerful and indispensable tool in modern Chemistry. [START_REF] Emsley | Milestones in the first fifty years of NMR[END_REF] In this Chapter, we will address an original aspect of modern NMR dedicated to the analysis of small (achiral, prochiral and chiral) molecules using (weakly-orienting) ordered media as alternative NMR solvents. Interestingly, this approach combines the use of residual anisotropic NMR interactions (tensorial properties) observed in oriented environments (liquid crystals, liquid-crystalline solution, ordered phases)

and the spectral advantages of high-resolution liquid-state NMR. In the literature, there are numerous publications describing the analysis of mesogenic molecules forming generally nematics mesophases (thermotropics) or solutes aligned in oriented phases. Without wishing to be exhaustive, the readers may take a look at some "reference" books dealing with this subject. [Burnell and Delange, 2003; [START_REF] Dong | Advances in NMR studies of liquid crystals[END_REF][START_REF] Dong | NMR Spectroscopy of Liquid Crystals[END_REF][START_REF] Dong | NMR spectroscopy in liquid crystalline and ordered phases[END_REF]Emsley, 1975;Veracini, 1985] In this chaper, we will use various terms to define ordered media, such as, anisotropic solvents, ordered liquids, aligning media or a combination of them.

In isotropic solutions, small molecules tumble rapidily and randomly, adopting all possible orientations with respect to the external magnetic field B0 (of NMR spectrometer) with the same probability on the NMR timescale, i.e. it does not possess any orientational order. This molecular tumbling regime no longer exists in oriented media, leading to very informative molecular anisotropic NMR interactions. These new interactions, which no longer average out by molecular tumbling as in isotropic liquid phases, are: i) the residual dipolar coupling (noted RDC or D), ii) the chemical shift (d aniso ) through the residual chemical shift anisotropy (noted RCSA or Ds), and iii) finally the residual quadrupolar coupling (noted RQC or ΔnQ).

We will, first, present the specificities of anisotropic/oriented NMR using weakly aligning media as well as the tools (the "spectral toolkit") and NMR approaches to extract and exploit the anisotropic information involved in the analysis of small organic molecules of synthetic or natural origin. Among weakly-aligning media as useful anisotropic NMR solvents (opposed to thermotropic liquid crystals), we will mainly present the case of polypeptide-based lyotropic liquid crystals (such as PBLG or PCBLL) and the polymeric aligning gels (such as PMMA or PolyHEMA). Key experimental examples illustrating the principles of anisotropic NMR have been selected to show the diversity of analyzable compounds in these systems, associated with a description of spectral information visible on their anisotropic spectra.

Then we will describe the challenges and the analytical opportunities of NMR in oriented solvents (chiral and non-chiral), such lyotropic liquid crystals or stretched/compressed gels,

through key illustrative applications. The examples proposed will show how anisotropic 1D and 2D NMR can solve many analytical problems encountered by a large community of chemists.

Throughout this Chapter we will show how 2D NMR methodologies provide solutions for simplifying complex anisotropic 1D spectra.

Finally, and beyond the description of NMR results in terms of spin system analysis (AX, AB, A3, …) as well as magnetic or chemical equivalence, we will also refer to various stereochemical aspects encountered routinely in organic chemistry (chirality, prochirality, diastereotopic and enantiotopic groups, etc.). While some aspects will be proposed in this

Chapter, a more precise description of these important concepts can be found in the "Bible" of stereochemistry written by [START_REF] Eliel | Stereochemistry of organic compounds[END_REF] 

Advantages of oriented solvents

Discovered in 1888, liquid crystals (LCs) are fascinating molecules. [Renitzer, 1888] They show an interesting state of matter between solids and liquids (see Figure 1a), providing NMR spectroscopists with a wide variety of anisotropic environments (aligning media), with the advantages of combining solid-state NMR (SS-NMR) properties (through the detection of anisotropic observables) with those of liquid-state NMR (highly fluid solvents leading to highresolution spectra). [START_REF] Dong | NMR Spectroscopy of Liquid Crystals[END_REF]Emsley, 1975;Veracini, 1985] In other words, NMR parameters only observed in solid state can be measured with the resolution obtained in liquid state. This unique "anisotropy-fluidity" combination is at the origin of a strong analytical potential that can be successfully exploited in modern molecular analysis.

Regardless of how the molecular order is created, the use of NMR in oriented media provides a possible access to: i) the determination the constitution, the configuration and the preferred conformation/s of the aligned guest molecules, ii) the study the orientational behaviour of solutes in relation to the solute-solvent interactions, and iii) the evaluation of the enantiomeric purity of a mixture of chiral molecules (enantiomers or enantio-isotopomers) or the discrimination of enantiotopic element in prochiral molecules if the oriented system is chiral, for instance.

The analytical success of anisotropic NMR lies in the ability of the liquid crystal mesophases (chiral or non-chiral) or the strained (stretched or compressed) aligning gels to orient a solute homogeneously and uniformly inside the magnetic field (B0) of the NMR spectrometer. These unique properties lead to exploitable high-resolution NMR spectra, that can be combined with the ability to spectrally discriminate enantiomers (chiral molecules) or enantiotopic elements (prochiral molecules) if the aligning system is homochiral (eg. enantiopure). Herein, achiral and chiral liquid crystals will be denoted ALCs and CLCs, respectively. A large collection of weakly aligning systems has been designed over the last two decades, both for water-and organo-soluble compounds. [Lesot et al., 2020-a; Tjandra and Bax 1997a] These molecular systems are very interesting because they produce a weak degree of solute alignment, leading to residual anisotopic NMR interactions of small magnitude, in the order of 10 -3 -10 -4 respect to the values observed in solid state. Contrarily, thermotropic liquid-crystalline phases, another family (historical) of oriented media, show a degree of order ~0.15 respect to solid state. Weak alignment reduces the complexity of NMR spectra and so the difficulty to record them. Among weakly-aligning mesophases, a special attention has been paid to the design of many chiral polymer-based liquid crystals (see Figure 1b), as well as the development of mechanically controlled compressed or stretched achiral gels (see Figure 1c).

[ [START_REF] Gayathri | Residual dipolar couplings (RDCs) analysis of small molecules made easy: fast and tuneable alignment by reversible compression/relaxation of reusable PMMA gels[END_REF][START_REF] Kuchel | Apparatus for rapid adjustment of the degree of alignment of NMR samples in aqueous media: Verification with residual quadrupolar splittings in 23 Na and 133 Cs spectra[END_REF][START_REF] Kummerlöwe | Tunable alignment for all polymer gel/solvent combinations for the measurement of anisotropic NMR parameters[END_REF] Compared to thermotropics, the lyotropic systems allow an easy control of global orientation of solutes by adjusting: i) the temperature of the sample, ii) the concentration of components of the mesophase, iii) the nature of the helical polymer, and iv) the polarity of the co-solvent (organosoluble polymer). These four parameters afford a full control and easy optimization of the properties of the mesophase in terms of solute orientation but also of difference in orientation (chiral molecules) if the system is enantiodiscriminating. For aligning gels, which are not chiral, the degree of alignment generally depends on: i) the cross-link density of the polymer gel, [Luy, 2005;[START_REF] Gil | Stretched poly(methyl methacrylate) gel aligns small organic molecules in chloroform. Stereochemical analysis and diastereotopic proton NMR assignment in ludartin using residual dipolar couplings and 3 J coupling constant[END_REF] and ii) the degree of stretching or compression which with the exception of polyacryamide gels, is reversible and can be tuned up and down at the user's whim. 

Description of orientational order parameters

Phenomenologically, molecular orientation can be described using the Saupe's order matrix, a second-rank tensor (3 × 3) noted Sαβ or {𝑆 !" } or 𝑆 " , associated with a molecular (orthogonal) axis system x, y, z, whose internal elements (ab º x, y, z) can be individually expressed as: [Emsley, 1975] 𝑆 !" = # $ 〈3 cos 𝜃 % ! cos 𝜃 & " -𝛿 !" 〉.

(1)

In Eq. 1, 𝛿 !" is the Kronecker function (𝛿 = 1 if α = β, and 𝛿 = 0 if α ≠ β) and 𝜃 % ! are the angles between the axes, x, y and z and the Z axis of laboratory axis system (X, Y, Z). As a consquence, all order-dependent NMR interactions are tensorial properties related to these order parameters.

The Saupe's matrix has two important properties: i) it is symmetric (𝑆 !" = 𝑆 "! ) since the orientation can have two opposite directions, ii) it is traceless, i.e., the sum of its diagonal elements is null (∑ 𝑆 !! = 0), because no order exists in isotropic liquids. Expressed in an arbitrarily defined reference axis system (RAS) (see Figure 1b), the number of independent elements in 𝑆 !" is dependent on the symmetry of the analyte, as well as whether the oriented solvent is chiral or not. [Merlet et al., 1999-a] For instance, five (non-zero) order parameters are needed to describe the orientational behaviour of chiral molecules of C1 symmetry, both in ALCs and CLCs. In contrast, for Cs-symmetry prochiral (rigid) molecules, three (non-zero) order parameters are needed in ALCs to describe their orientational ordering, but five are needed in CLCs. As we will discuss in Section 3.4, three other molecular symmetries (C2v, D2d

and S4) are also affected by the chirality of the solvent, thus leading to important spectral consequences.

From the matrix elements of Sαβ, we can derive any local order parameters, Sij, associated with any internuclear direction, i-j, (the vector 𝐫 '( 222⃑) expressed in the molecular reference axis system (RAS) initially defined, (x, y, z), (see Figure 1b) on the basis of the so-called director cosines following Eq. 2: [Emsley, 1975;Lesot et al., 2020-a] 𝑆 )* = 4 cos 𝜃 )*! cos 𝜃 )*" 𝑆 !" !,"-.,/,0

Interestingly, the local order term, Sij, can be also described as a simple trigonometric function defined as:

𝑆 )* = 1 2 〈3 cos $ 𝜃 )* 1 ! -1〉 (3) 
where 𝜃 )* 1 ! is the angle between a given i-j internuclear vector (𝐫 '( 222⃑ ) and the 𝐁 𝟎 2222⃑ axis. Figure 2a shows the variation of term, 3(cos 2 𝜃 )* 1 ! -1)/2, vs. the 𝜃 )* 1 ! angle. As schematically described in Figure 2b, the Sij values are positive between [0° ≤ 𝜃 )* 1 ! < 54.73°], negative between [54.73° < 𝜃 )* 1 ! ≤ 90°], and null when 𝜃 )* 1 ! = 54.73° (the so-called magic angle).

Remarkably, at 𝜃 )* 1 ! = qm, any RDC or RQC values are equal to zero (as in liquids), even if molecules are oriented in the field B0.

Note, finally, that the Saupe matrix, 𝑆 !" , can be also diagonalized. This matrice, noted 𝑆 !3"3 , expressed in the unique principal axis system (PAS) of the molecule (noted x', y', z') contains only three parameters, Sx'x', Sy'y' and Sz'z' and as previsoulsy is traceless, Sx'x' + Sy'y' + Sz'z' = 0.

The GDO concept

In 2001, the concept of generalized degree of order (GDO) in the principal axis system has been introduced to describe the orientational order of an analyte using a single value (scalar quantity). GDO is defined as follows: where |A| is the norm of the alignment tensor, , and |Amax| represents the maximum order for a static molecule (solid state). Note here that the relation between the order matrix, noted, 𝑆 A , and the alignment tensor, noted 𝐴 A , is simply defined as 𝐴 A = $ 6 𝑆 A . [START_REF] Kramer | Residual dipolar coupling constants: An elementary derivation of key equations[END_REF] Since in the principal axis system (x', y', z'), only the diagonal elements of are non-zero, the above equation is reduced to:

GDO = @ 3 2 CD𝐴 𝒙3𝒙3 𝟐 + 𝐴 𝒚3𝒚3 𝟐 + 𝐴 𝒛3𝒛3 𝟐 D (5)
For a static molecule, the GDO is equal to 1. The GDO is an indication of the degree of alignment induced by the orienting media. It cannot be calculated but it can be determined experimentally by first obtaining the alignment tensor A from fitting anisotropic data (RDCs, RCSAs, RQCs) to the correct 3D structure. It is important to highlight that the degree of alignment also depends on the shape and size of the molecule. Molecules that are very small and close to a spherical shape align poorly. However, for a molecule that aligns well, the GDO is a good indication of the strength of alignment of a particular orienting media. The bigger the GDO, the stronger the alignment is. Aligning gels have a GDO in the order of 10 -4 , while LLCs phase such PBLG it is in the order of 10 -3 , compared to solid state (static molecule). If we know the order of the GDO we can predict the maximum value of RDCs, RCSAs and/or RQCs

⌢ A ⌢ A
that we should expect to observe experimentally. For instance, the maximum possible 1 DCH solid state for a CH bond is when the bond is parallel to the magnetic field Bo. This value is -45.38 KHz. In a gel, with a GDO of 7.0 10 -4 , a simple calculation of [-45.38 KHz × 7.0 10 -4 ] tells us that the maximum expected 1 DCH would be of ~31.8 Hz with rCH = ~1.5 Å (see Table 1). As mentioned above, this value will also depend on the size and shape of the molecule. In conclusion, if we know the solid-state value of RDCs, RCSAs and RQC, we can estimate their maximum value in solution if we know the GDO.

Description of useful anisotropic NMR parameters

For any magnetically active nuclei (I ≠ 0), chemical shifts (due to electronic shielding), d iso and

(homo-or heteronuclear) scalar couplings between inequivalent nuclei (due to magnetic mutual interaction through bonds), Jij, observed in isotopic liquids are two important informative sources of molecular data.

As in NMR in liquids, all non-zero spin nuclei of molecules dissolved in oriented media are also potential NMR probes for the three key anisotropic NMR interactions: i) the RDC's associated with the mutual dipole-dipole interaction between magnetically active nuclei through space, ii) the chemical shift (d aniso ) through the RCSA's originating from the specific electronic shielding of nuclei, and iii) finally the RQC's resulting from the interaction between the electric quadrupolar moment of quadrupolar nuclei (spin I > ½) and an electric field gradient. The value of these anisotropic parameters depends on the average orientation (at NMR time scale) of the molecules (and associated local internuclear directions) with respect to external magnetic field B0 (see Figure 1b,c).

Generally, the anisotropy of scalar coupling, DJ, the last anisotropic interaction is not considered because the anisotropic component of J is not as strong as for the three other interactions (Dd, D and DnQ), and its potential analytical use is only limited to very particularnuclei such as Fluorine-19.

Residual dipolar coupling (RDC)

The homo-or heteronuclear dipolar coupling between two chemically non-equivalent coupled nuclei, i and j, (an AX or AB spin system) vanishes in isotropic solution because the bonded or non-bonded internuclear vectors (rij), E.g., "i-j" or "i … j", adopt all the possible orientations (defined by the angle qij) with respect to Bo with the same probability (molecular isotropic tumbling) (see Figure 3). [Kummerlöwe et al., 2009;Emsley, 1975] In contrast, in the presence of an anisotropic medium, only a fraction of the dipolar coupling is observed (about 10 -3 -10 -4 ), hence the term "residual interaction". The resulting coupling is known as residual dipolar coupling (noted RDC), but contain the same information than the dipolar coupling.

Mathematical description of RDCs (whatever the pair of mutually interacting nuclei) ispresented with key equations 4 and 5. If an internuclear scalar coupling exists between two bonded nuclei, i and j, (Jij), the signal observed (for i and j) shows a total splitting (named also "total spin-spin coupling") equal to Tij = Jij + 2Dij (see Figure 3). As Sij can be positive, negative or null (magic angle), the RDC values can be negative, positive, or null,

𝐷 )* = -𝑘 ij 〈 𝑆 )* 𝑟 )* 6 〉 (6) 
with :

𝑘 ij = I = ! >? J × I @A " B # >? $ J (7)
Figure 3. The origin of the dipolar coupling, Dij, between two magnetically active nuclei, i and j, the spectral consequences for two inequivalent coupled nuclei (view on nucleus i), and associated equations to RDCs. In Eq. 6, Sij and rij are the local order parameter of the internuclear direction, i-j, and the distance separating the two nuclei rij. In Eq. 7, µ0 is the permeability constant in vaccum, and gi and gj are the gyromagnetic ratios of i and j. In the case of a mixture of enantiomers (R/S), a doubing of the spectral patterns (on per enantiomers) is expected to be observed if a spectral enantiodiscrimination occurs, while generally centered on the very close frequencies (d aniso, R ≈ d aniso, S ).

respectively. Depending on the magnitude and the sign of Jij and Dij, the final value of Tij can be positive, negative or null. Note that in the literature, the total coupling, Tij, can also be defined as Jij + Dij; this difference comes from the definition of dipolar coupling used (see Eq. 6). In this Chapter, we adopt the notation "2Dij" for the dipolar contribution to Jij. RDCs provide information of the relative orientation of internuclear vectors between an atomic pair (i and j) in a molecule.

They can be bonded, such as C-H ( 1 DCH), N-H ( 1 DNH), C-F ( 1 DCF), C-P ( 1 DCP) bonds, but also non-bonded nuclei as geminal proton-proton pairs ( 2,3 DHH), or two to three bonds carbon-proton pairs ( 2,3 DCH). From a practical standpoint, the most widely used RDC for structural analysis of small molecules is the one-bond proton-carbon ( 1 DCH), because it is easy to measure from F2or F1-coupled HSQC 2D experiments. Although less often, geminal proton-proton RDCs ( 2,3 DHH)

and long-range 2-3 bond proton-carbon RDCs ( 2,3 DCH) were occasionally used in addition to

1 DCH data.
Other RDC's can be exploited if they are detected. E.g., 1 DCF can be straightforwardly measured from the fluorinated carbon signal splitting in the 13 C-{ 1 H} 1D NMR spectra as the difference between the isotropic and anisotropic spectra. From Eq. 6, it can be noted that the magnitude of the RDC value, for a given q angle and rij distance, will strongly depend on the term kij, that corresponds to the product of gyromagnetic ratio for two interacting nuclei and the inverse of the cube of the distance between them, (rij) -3 . Table 1 lists the most useful values of kij.

An interesting property of anisotropic NMR is that, different from the scalar coupling J, RDCs do not vanish under chemical equivalence. As a consequence, this unique property provides access to RDCs between equivalent nuclei, such as hydrogens inside a methyl group (A3 spin system) and a methylene group (A2 spin system), while their scalar coupling is not measured in NMR in liquids. For these both cases, purely dipolar splittings measured on the corresponding spectral patterns (a 1:2:1 triplet and a 1:1 doublet, respectively) is equal to Tii = 3Dii. These proton-proton RDCs within methyl or intramethylene groups can be easily measured in polypeptide/polyacetylenic-based systems but the situation is more difficult with aligning gels whose the degree of alignment is smaller (by at least a factor 10 or more) compared to previous systems. Indeed, if the spectral rules applied to analyze the anisotropic spectra are theoretically the same in the two families of orienting media, some practical differences can appear because all anisotropic interactions measured in alignment gels are generally one order of magnitude smaller than in PBLG, and leading to RDC values smaller than the linewidths for these particular cases. In general, any pair of protons close in space that have the same chemical shift, either by coincidence or by symmetry (A2, A3, ….An), will show a measurable RDCs in anisotropic conditions. Technically, one-bond ( 13C-1 H)-RDCs, ( 1 DCH), are by far the easiest to measure on any NMR spectrometers with the help or not of adapted homo-or heteronuclear 2D experiments to extract information, even with small molar amounts of analyte. Followed by geminal ( 1 H-1 H)-RDCs,

( 2 DHH). Measuring other proton-proton RDCs is more challenging and barely used in structure elucidation of small molecules. One limitation exists, however, in the case of proton-deficient molecules. A peculiar situation in which 13 C-RCSAs play a relevant role because they can be measured for every carbon, even those not protoned, as we will show below.

Residual chemical shift anisotropy (RCSA)

In isotropic solutions, the chemical shift measured corresponds to the average value of the three main components of the chemical shift anisotropic tensor (see Figure -4). In the presence of an anisotropic medium, this average value is shifted, and the shift is known as [START_REF] Aroulanda | Enantiodiscrimination of flexible cyclic solutes using deuterium NMR spectroscopy in polypeptide chiral mesophases: Investigation of cis-decalin and THF[END_REF] with :

𝜈 ) 5C)DE = - 𝛾 2π N1 -𝜎 ) )DE -𝜎 ) 5C)DE P𝐵 F ( 
𝜎 ) )DE = # 6 N𝜎 .. " )DE + 𝜎 // " )DE + 𝜎 00 " )DE P (9)
and :

𝜎 ) 5C)DE = 2 3 4 𝜎 !" " 𝑆 !" !," -.,/,0 (10) 
Figure 4. The origin of chemical shift anisotropy, s aniso , related to anisotropic distribution of electrons (CSA tensor), spectral consequences and associated equations to RCSAs. In Eq. ( 8), gi is the gyromagnetic ratio of i, and s iso and s aniso are the isotropic and anisotropic terms contributing to the electronic shielding. In the case of a mixture of enantiomers (R/S), two shifted resonances are expected to be detected with n aniso,R ¹ n aniso,S , if spectral enantiodiscrimination occurs. In the case of mixture of enantiomers, two resonances are expected to be detected, centred on n aniso,R and n aniso,S if a spectral enantiodiscrimination occurs.

According to IUPAC recommendations, [IUPAC 1972;[START_REF] Iupac | Presentation of NMR data for publication in chemical journals -B. Conventions relating to spectra from nuclei other than protons[END_REF] the absolute magnetic shielding, σ (expressed in ppm), is the difference in shielding between the frequency of the bare nucleus, nbare nucl., and the frequency of the same nucleus in the species under investigation, nspe.:

𝜎(ppm) = 10 G × I H %&'( *+,-. I H /0(.
H %&'( *+,-.

J (11)

This is the value that can be obtained when using chemical shift calculations by DFT, and the chemical shift (d) is then determined using the s calculated for TMS, for instance. The wellknown chemical shift, d (expressed in ppm), used by chemists in the, is the difference in shielding between the nucleus in the species under investigation, sspe., and the shielding of the same nucleus in a reference compound, sref.:

𝛿 (ppm) = 10 G × I
When talking about chemical shift, as reported in the NMR spectral data given in database of in scientific literature, the quantity d (in ppm) is used, thus allows to compare the same information whatever the strength of the spectrometer (the Larmor frequency). The symbol s is reserved to the absolute magnetic shielding constant.

Mathematically, the chemical shift is a tensorial property. It is not a number, and it is represented by a second-rank tensor (3 × 3 matrix). The value of the chemical shift depends on the orientation of the molecule respect to the magnetic field Bo. This orientational dependence is known as chemical shift anisotropy (CSA). In solid state NMR, a powder pattern is observed, as shown in Figure 4b. As mentioned above, in solution, the isotropic chemical shift (d iso ) is observed, corresponding to the average value of the three principal components of the chemical shift tensor (dxx + dyy + dzz)/3.

For a given pair of spins (E.g. C-H bond) with same or similar internuclear distance, the maximum RDCS value at the same degree of order will be nearly the same. In order for this value to significantly chance, the internuclear distance has to change such as for the case of long-range RDCs ( 2,3 DCH), which are one order of magnitude smaller that the corresponding one-bond RDC ( 1 DCH). However, for RCSAs this is not the case. Its maximum value will depend on the anisotropy of the chemical shift tensor for each carbon in the molecule. If the value of the three components of the chemical shift tensor is the same (dxx = dyy = dzz), the tensor will be spherical (zero anisotropy) and the RCSA will be null, no matter how strong is the anisotropy created by the alignment medium.

The anisotropy of a chemical shift tensor, in terms of the electronic shielding constant s, is defined as:

Anisotropy = 𝜎 LL -I K 22 I K $$ $ J (13) 
In practice, carbons with sp 3 hybridization show very poor anisotropy while sp and sp 2 carbons normally show strong anisotropy, as shown in Figure 5.

In anisotropic media, the maximum RCSA values observed correspond to the product (szzs iso )

× GDO (see above), because, s33 is the largest value of the CS tensor by convention. For example, a PMMA gel of 0.2 M% of cross-link density has a GDO value of 0.7 × 10 -4 . For a sp 2 hybridized 13 C nuclei where the difference (szz -s iso ) is equal to ~200 ppm (E.g. carbonyl group or aromatic carbon atom), the maximal 13 C-RCSA value is equal to 200 × 0.7 × 10 -4 = 0.14 ppm, namely ~17.5 Hz at 125 MHz (11.75 T). For a CH3 group is (szzs iso ) is about ~20 ppm, and then max value of RCSA is ~1.75 Hz. In conclusion, RCSAs are very small and are in the range of ppb's. Hence, in order to accurately measure 13 C-RCSAs it is necessary to have a very high-resolution spectrum and the only way to achieve it is to run 13 C-{ 1 H} 1D NMR spectra. As we will see in the section of application of RCSAs to the structural analysis of small molecules (see Section 7.2), the larger the GDO the better. Thus PBLG-based LLCs are ideal orienting media to measure RCSAs, since they have GDO values with one order of magnitude larger than aligning gels. In fact, it is like having a "magnifying glass" to particularly enhance the 13 C-RCSAs values of sp 3 carbons.

The same way that RDCs encode information about the relative orientation of internuclear vectors (E.g. C-H bonds), 13 C-RCSAs encode information about the relative orientation of alignment tensors. It is easy to visualize the relative orientation of highly anisotropic CS tensors, because of their ellipsoidal shape (see aromatic carbon atoms in Figure 5). However, the poorer the anisotropy, the more spherical the CS tensor is, and if there is not anisotropy at all, there is no way to determine the relative orientation of two spherical objects (two balls). In addition, as for RDCs, parallel CS tensors do not provide additional orientational information. As you can see in Figure 5, the six CS tensors for the aromatic ring counts as one. In case of a double bond, they will count as two. The only advantage from the assignment standpoint is that if you have two double bonds (sp 2 -sp 2 ) with different relative orientation in space, the carbons that belong to the same double bond will have similar RCSAs values. Finally, judging from the orientation the CS tensors in ethyl benzene (Figure 5), the six aromatic carbons count as one (all parallel) since they provide the same orientational information, while the CS tensor of CH2 and CH3 carbon atoms show independent orientations of their szz components.

From an experimental point of view, the main problem when measuring RCSAs are the interferences from isotropic chemical shift changes. Indeed, many factors can affect the value of the chemical shift such as temperature, concentration, pH, changes in magnetic susceptibility of the medium (solvent changes), etc. The bottom line here is that if the isotropic and anisotropic spectra are not acquired in the same exact experimental conditions, the change in chemical shift value will not only be due to RCSA. Errors introduced by isotropic chemical shift changes can be high because RCSAs are very small compared to RDCs. The following are different experimental scenarios for combinations of isotropic and anisotropic chemical shift changes: i) isotropic solvent A and then isotropic solvent B (isotropic shift), ii) isotropic solvent and then solvent/gel (isotropic shift), iii) isotropic solvent and then solvent/compressed gel (isotropic shift plus RCSAs), iii) isotropic shift not observed in stretched gels, iv) same gel from relaxed to compressed (RCSA data and predictable isotropic shifts that can be corrected), and v) same gel from relaxed to stretched (only RCSAs). In the session of applications of RCSAs we will show how this problem was trackled in order to accurately measure them.

Among the common magnetically active nuclei present in the majority of organic molecules (C, H, O, N), the 13 C nucleus is the most efficient nuclear spy as far as RCSA is concerned.

Indeed, 13 C-RCSA can be measured for any type of carbons, even quaternary (sp 3 ), provided that the carbons show enough anisotropy. In practice, sp 2 -and sp-hybridized carbon atoms (aromatic rings, double bonds, carbonyls) provide the largest values of 13 C-RCSA. As we will see, 13 C-RCSA is very useful for discriminating enantiomers on the basis of difference of 13 C-RCSA, as well as revealed to be very useful for proton-deficient molecules where the number of CH vectors is not enough to determine alignment tensors using only RDCs.

Residual quadrupolar coupling (RQC)

For the same reasons explained for the dipolar coupling above, the quadrupolar coupling vanishes in isotropic solutions. In the presence of an (weakly orienting) anisotropic medium, a fraction of it is observed (10 -3 -10 -4 ), and it is known as RQCs. As for RDCs, higher values are obtained with classical thermotropics.

Numerous quadrupolar nuclei exist and can be detected, but most of them present a strong quadrupolar moment, accelerating the relaxation process, leading in turn to low resolution NMR signals. Interestingly, deuterium atoms (I = 1), naturally present in any organic molecules, as the second isotope of hydrogen possess a rather small quadrupolar moment (see Eq. 15). They can be detected using modern NMR spectrometers with our without cryogenic probes.

Evidently, using isotopically enriched molecules (deuterated analytes) is a spectral advantage in terms of sensitivity (100% instead of 1.5 10 Compared to the routine nuclei of spin one-half, the detection of deuterium nuclei gives access to the residual deuterium quadrupolar ( 2 H-RQC). These couplings originate from the interaction between the nuclear quadrupolar moment of a deuterium atom and an electric field gradient along the C-D bond.

Δ𝜈 M " = 3 2 𝐾 C-D i 𝑆 C-D i ( 14 
)
with :

𝐾 C-D i = Q $ M D i R C-D i S ( 15 
)
and :

𝑆 C-D i = # $ 〈3 cos $ 𝜃 C-D i 1 ! -1〉 (16) 
Figure 6. The origin quadrupolar coupling, DnQ, associated with a non-spherical distribution of electric charge inside of nuclei, energetic diagramm in case of spin I = 1, as deuterium, example of an 2 H-QD, and associated equations to 2 H-RQCs. In Eq. 12, 𝐾 C-D i is the quadruplar coupling constant (QCC) for nucleus i (the C-Di bond). In Eq. 13, QD is the nuclear electric quadruplar moment and qC-Di is the electric field gradient of the C-Di bond. The anisotropic chemical shift, ni aniso ( 2 H), correspond to the contribution of ni iso ( 2 H) and 2 H-RCSA terms. In the case of a mixture of monodeuterated enantiomers (R/S), two 2 H-QDs are expected to be detected while centered on n R ≈ n aniso,S , if spectral enantiodiscrimination occurs.

In case of an isolated deuterium site, we observe one quadrupolar doublet ( 2 H-QD) in a nonchiral phase. For two monodeuterated enantiomers dissolved in a discriminating chiral liquid crystal, two quadrupolar doublets are expected. Interestingly, the quadrupolar interaction is very sensitive to small difference of molecular orientation. Mathematical description of 2 H-RQCs is presented from key Eqs. 14 to 16 (see Figure 6).

When preparing samples for ( 1 H-1 H)-and ( 13C-1 H)-RDCs and 13 C-RCSAs measurements in LLCs, the 2 H 1D-NMR spectrum of the deuterated solvent can be used to verify: i) if the sample is anisotropic, ii) the degree of anisotropy by looking at the value of the 2 H solvent signal splitting, and iii) the quality of the anisotropy by looking at the shape of the solvent signal.

Spectral consequences of enantiodiscrimination

Chirality and prochirality. Among exciting domains of modern organic chemistry, the asymmetric synthesis of active substances used in human health has a special place (mainly from the terrible case of Thalidomide at the end of 1950's, a chiral drug whose one of the enantiomers was teratogenic). The development of new (NMR) tools to analyze and spectrally discriminate enantiomers of chiral molecules is a continuous challenge. [START_REF] Wenzel | book: Discrimination of chiral compounds using NMR Spectroscopy[END_REF][START_REF] Wenzel | Assignment of the absolute configuration of polyfunctional compounds by NMR using chiral derivatizing agents[END_REF] In this Section, we describe the significant contribution of anisotropic NMR to this societal problem.

Enantiomers of chiral molecules are mirror-image objects by a plane of symmetry, but are not superimposable. Majority of chiral molecules possess a stereogenic center (as an asymmetric tetrahedral carbon atom, for instance) (see Figure 7), but it is not a prerequisite as observed in cases of planar chirality, axial chirality or atropoisomerism.

In the domain of chiral analysis by NMR spectroscopy, the determination of enantiomeric purity of chiral mixtures is one of the main analytical challenges. [START_REF] Sylva | Recent advances in multinuclear NMR spectroscopy for chiral recognition of organic compounds[END_REF][START_REF] Wenzel | book: Discrimination of chiral compounds using NMR Spectroscopy[END_REF]Wenzel, , 2017] ] The enantiopurity of a sample of chiral molecules can be simply evaluated by the enantiomeric excess (ee(%)) defined as: [Eliel and Wilen, 1994]

𝑒𝑒(%) = 100 × !" ! $ " " ! !" ! % " " ! ( 17 
)
where A R and A S are the areas of resonances (or group of resonances) for the R and S enantiomers. Peak areas can be determined by peak integration or signal deconvolution as featured in any NMR processing software. When ee is equal to 0% and 100%, the mixture is called "racemic" and "enantiopure", respectively. Otherwise, it is called "scalemic".

The concept of enantiotopicity and prochirality in chemistry is another important aspect of the molecular enantiomorphism. [Eliel and Wilen, 1994] Unlike chirality, which involves two nonsuperimposable constitutionally identical molecular 3D objects, prochirality involves intramolecular enantiotopic elements (generally bonded to prostereogenic centers), such as nuclei, groups of nuclei or internuclear directions, which are exchangeable by an improper symmetry operation (see Figure 6). [START_REF] Eliel | Stereochemistry of organic compounds[END_REF] Figure 7. Examples of R/S-enantiomeric pairs of a model C1-symmetry chiral molecule ("classical" chirality and "(D/H) isotopic" chirality) with a single stereogenic center (tetrahedral carbon atom) deriving from their deuterated or hydrogenated prochiral precursors and characterized by methylene enantiotopic directions, pro-R/pro-S. NMR in CLCs. Contrarily to ALCs, distinct interactions of enantiomers (diastereomporphous interactions) with the enantiopure molecules of the chiral mesophase results in different average orientations of enantiomers with respect to the B0 magnetic field of the NMR spectrometer.

Each orientation is described with the Saupe's order matrix, noted 𝑆 !" T and 𝑆 !" U (see Eq. 1). [Emsley, 1975;[START_REF] Lesot | Calculation of the molecular ordering tensors of (±)-3-butyn-2-ol in an organic solution of poly(g-benzyl-L-glutamate)[END_REF] From an order-dependent NMR interaction point of view, each enantiomer presents a specific set of anisotropic observables (RDC R or S , RDC R or S and RQC R or S ) that (auto)-consistently charaterize each isomer (see Section 7). In practice, independent and distinct NMR spectra associated to each enantiomer in the mixture are expected to be observed in CLCs. Illustrative examples will be presented below. Interestingly, the intensity of resonances for each R-or S-spectrum is proportional to the concentration of each enantiomer in the mixture, and hence using different enantiomeric amounts (

[R] ¹ [S])
facilitate the assignment of spectra.

The peculiar case of spectral discrimination of enantiotopic elements of prochiral molecules is another interesting analytical challenge for anisotropic NMR. Using group theory, it has been demonstrated that for rigid molecules, the enantiotopic discrimination of prochiral solutes in CLCs for four molecular improper point groups, namely Cs, C2v, D2d and S4, originates from the reduction of their effective molecular symmetry when they interact with a chiral environment.

[ Merlet et al., 1999-a] Interestingly, these four symmetries correspond to rigid molecules having enantiotopic faces, groups of atoms, or internuclear directions. This reduction of the effective symmetry increases the number of non-zero independent order parameters of 𝑆 !" as well as the changes in the location of the PAS of the orientational order matrices, which allows enantiopic element to be discriminated using NMR in CLCs. Experimentally, and contrarily to ALCs, the difference of orientation of enantiotopic elements (internuclear vectors) of Cs, C2v, D2d and S4

symmetry molecules in CLCs leads to distinct anisotropic NMR observables (RDC pro-R or pro-S , RDC pro-R or pro-S and RQC pro-R or pro-S ). Hence originating different spectral patterns for each enantiopic element, but not for the different homotopic elements (exchangeable by a Cnsymmetry axis as in case of methyl groups) of the structure. Here again, some key examples will be presented below.

Adapted 2D NMR tools

As in NMR of liquids (isotropic solvents), the analysis of complex anisotropic spectra can be simplified with the help of classical homo-or heteronuclear 2D NMR experiments (with or without specific adaptation) or specially designed anisotropic experiments. Numerous 2D experiments have been developed over the last two decades. In brief, we can mention the methodological developments around 1 H and 13 C NMR, such as the family of CLIP-CLAP HSQC or G-SERF 2D sequences), as well as for 2 H NMR (the family of QUOSY 2D sequences), both recorded on poly-or perdeuterated molecules, or at natural abundance level (see below).

Spin-1/2 based 2D experiments

( 1 H-1 H)-RDCs and ( 1 H-13 C)-RDCs are two important sources of anisotropic information used in various applications as structure determination, but their measurement from complex 1D spectra are not always simple, and request 2D NMR sequences able to separate chemical shifts and homo or heteronuclear couplings on both spectral dimensions. "J-resolved"-type 2D

schemes or more sophisticated schemes as the 1 H J-HSQC-BIRD correlation sequence Extraction of isotropic and anisotropic spin-1/2 spectral data. To determine ( 1 H-1 H)-RDCs or ( 1 H-13 C)-RDCs or RDCs of any pair of homo-or heteronuclear magnetically inequivalent nuclei (X-X or X-Y), it is necessary to determine first the associated scalar couplings ( n J( 1 H-1 H),

n J( 1 H-1 C), n J(X-X) and n J(X-Y)). Under this condition, the spectral data of the analyte must be extracted using isotropic and anisotropic environments. From a practical point of view, this is generally achieved by preparing two disctint NMR samples, the first one using a liquid solvent, the second one using an anisotropic medium, both at the same sample temperature.

An interesting alternative to this two-step approach consists in measuring both types of data (J and D) in a single sample. The first one relies on the so-called variable angle spining sample (VASS) NMR technique that orients the axis of alignment of a liquid crystal (the director, 𝒏 22⃑) at varying angles to the magnetic field by sample rotation, including the magic angle (qm = 54.7°) (see also Figure 45). For this specific angle, all anisotropic observables are averaged to zero and disappeared and scalar coupling can be measured (see Fig. 2a). [START_REF] Meddour | Observation of enantiomers, chiral by virtue of isotopic substitution, through deuterium NMR in a polypeptide liquid crystal[END_REF] Another approach using a compressed aligning gel (see above) is also possible, as reported in 2016, with DMSO-compatible using cross-linked poly(2-hydroxylethyl methacrylate) (poly-HEMA). Finally, a third approach using stable biphasic liquid-crystalline phases (combination of anisotropic and nearly isotropic domains) in a single sample has been also proposed in 2017

with the using a lyotropic system based on a helically-chiral polyisocyanide polymer. [START_REF] Reller | Biphasic liquid crystal and the simultaneous measurement of isotropic and anisotropic parameters by spatially resolved NMR spectroscopy[END_REF] In this last approach, spatially selectively excited 13 C-1 H CLIP-HSQC 2D experiments (along the z-axis) are applied to the isotropic part and the anisotropic part of the sample, leading to 2D maps where 1 JCH and 1 TCH can be measured respectively. These specific selective experiments relies on the combined application of a pulsed field gradient along the z axis, and a shaped pulse for a spatial selection of a certain volume of the sample at a predefined position of the sample (the isotropic and anisotropic part). 

Spin-1 based 2D experiments

2 H-RQC is another powerful source of anisotropic information very useful in various applications involving enantiotopic or enantiomeric discriminations (enantiopurity determination or isotopic profile) as well as the structure determination as recently reported. [Aroulanda, 2021; Lesot, 2020; Luy, 2010] The interest of 2 H-RQCs lies in the magnitude of the observed 2 H-quadrupolar splittings compared to ( 1 H-1 H)-RDCs or ( 13 C-1 H)-RDCs, for instance, and in the great sensitivity to small differences of molecular orientations (see Eq. 14). This anisotropic interaction reveals to be extremely efficient for spectral enantiodisrimination when using monodeuterated analytes because we obtain simple deuterium spectra with an optimal sensitivity. However, this approach needs the chemical transformation of the molecule, which can be time consuming or difficult, and only one site can be spectrally observed. These two drawbacks vanished when detecting all deuterium sites by recording the 2 H spectra at natural abundance level (or NAD NMR).

Although of low sensitivity, NAD 1D/2D NMR is generally possible, even using routine NMR spectrometers operating at low field (5.9 As we simultaneously detect all monodeuterated species of the mixture molecular isotopomers, various 2 H autocorrelation experiments, called "QUOSY" for QUadrupolar Order SpectroscopY, have been developed to simplify the analysis of complex NAD 1D spectra.

[Merlet, 1999-b] Obviously, all these 2D experiments designed for recording anisotropic 2 H spectra at natural abundance can be applied to study poly-or perdeuterated solutes, as well.

Among this class of specifically designed 2 H 2D experiments, the most interesting one is the tilted Q-resolved 2D experiment (phased or not) that allows the full separation of 2 H anisotropic chemical shifts, d aniso ( 2 H), and the residual quadrupolar couplings, DnQ( 2 H), in two spectral up of molecular components that do not possess intrinsic mesogenic properties, but when mixed with suitable (organic) solvents under appropriate conditions (concentration, temperature and pressure) lead to a uniform/homogeneous oriented medium in the magnetic field of the spectrometer. Interestingly, such aligning systems lead to weakly oriented solutes (10 -3 to 10 -5 )

where the (high-resolution) 1D/2D NMR spectra ressembles generally to ones recorded in isotropic solvents.

Among organo-compatible, weakly aligning enantiodiscriminating mesophases, a special attention has been paid to rod-like systems made of α-helicoidally chiral polymers (see Figure 1b) and stretched or compressed oriented gels (see Figure 1c).

Polypeptide or polyacetylene-based systems

Many LLCs are generally made by a helically chiral homopolymer, where Length poly >> Diameter poly . The stereogenic center can be present in the central backbone (as polypeptidic polymers with achiral side chains), on the flexible side chain (as polyacetylenic or poly(arylisocyanide) polymers) or simultaneously on both these structural elements (polypeptides bearing a chiral side chain) (see Figure 9a).

Among the most investigated homopolypeptide polymers (used as efficient enantiodiscriminating CLCs) and applied in many differents applications (in particular at Orsay),

we can mentionned the case of poly-g-benzyl-L-glutamate (PBLG) or poly-e-carbobenzyloxy-Llysine (PCBLL) for each the absolute configuration (AC) is of L-type (see Figure 13a). mixture of two polymers with their respective enantiomers leads to an achiral oriented media. inside the NMR tube generating anisotropy. Over a period of several days, the 2 H residual quadrupolar coupling reached a maximum value of 25 Hz that did not change further. Once the maximum degree of alignment is reached, it cannot be varied, but it was reported that the degree of alignment can be tuned by changing the cross-link density of the polymer gel. As a proof of concept, they aligned strychnine (see Figure 14b) and collected RDCs. This seminal piece of work that opened many further developments in the field of NMR in anisotropic media.

In a follow-up article, more detailed study on the aligning properties of the polystyrene gels was As far as we know, these are the aligning gels developed so far since 2004. The PEO gels are compatible with solvents of any polarity, including water. In 2021, was developed crosslinked poly-(4-acrylomorpholine) (p-AM) blended with PMMA to add mechanical robustness. [START_REF] Farley | Cross-linked poly-4-acrylomorpholine: a flexible and reversibly compressible aligning gel for anisotropic NMR analysis of peptides and small molecules in water[END_REF] This new gel is fully compatible with water and was designed to be used with the compression devices. Its analytical value was illustrated in the case of strychnine hydrochloride and a cyclic peptide.

The self-stretching method was not practical at all, and its limitation led to the design of stretching and compression devices. The first device reported in 2006 to generate anisotropy in The original (home-made) compression device consisted in swelling a cylindrical gel rod of ~2 mm in diameter and 25 -30 mm in length inside a regular 5-mm o.d. NMR tube. The gel swells up to a diameter of ~4 mm and a length of ~40 mm, but it does not touch the walls of the tube. Then, a Shigemi plunger is inserted and the gel is compressed to the desired degree of anisotropy (see Figure 17).

The compression device evolved into a more sophisticated design to precisely lock the position of the plunger (see Figure 18a), and it is commercially available. [New Era Enterprise]

The Teflon piston, which is threaded, can be easily adjusted to any degree of compression with high accuracy. It is important highlight that when the gel is fully relaxed, there is space between the gel and the wall of the NMR tube. That space is filled with solvent. The 2 H 1D NMR spectrum of the relaxed gel shows signal of the solvent peak from outside and inside the gel. Both signals are from the solvent in isotropic conditions. The gel buckles upon compression, and the signal from outside gets reduced but never disappeared. The compression generates a 2 H-RDC, indicating that anisotropy was created inside the gel. 

Polynucleotide-based chiral oriented media

Helical polymers can be constituted by the repetition of a single monomeric unit (homopolymer)

or of two different units (copolymer) but also by the linking of various units (without repetition) as in the case of polynucleotides. The use of polynucleotide chiral polymers made of short chiral LLC made of short DNA-fragment was reported and showed an interesting enantiodicrimination potential when combined with 

Some practical aspects of polymer-based LLCs preparation

Classical oriented lyotropic solutions are prepared by mixing appropriate amounts of analyte and mesogen molecules for thermotropic systems, and analyte and polymer for lyotropic phases. In all cases, the molar ratio analyte/mesogen or analyte/polymer/co-solvent must be determined to avoid biphasic systems (a mixture of oriented and non-oriented molecules), or destroy the liquid crystallinity of the sample. These ratios are very different with respect to the type of liquid crystals and molecules involved.

Importantly, the oriented lyotropic solutions must be orientationally homogeneous (no concentration gradient) and the molecules oriented uniformly along the magnetic field B0 in order to record high-resolution NMR spectra. Typical linewidths in a range of 1-5 Hz can be obtained depending upon the choice of the type of liquid crystal (degree of order), the experimental conditions (concentration viscosity and temperature) and the quality of the sample preparation. For themotropics, homogenization can be reached by repeated cycles of heating the mixtures to the isotropic phase, physical shaking and then cooling back to the nematic phase inside the magnetic field. For lyotropics, as polymeric aligned systems, a series of centrifugations of the sample at rather low speed (~500 rpm) during a dozen of seconds is useful (to accelerate the dissolution process or avoid matter gradients). Between each series, the 5-mm o.d. NMR tube in the centrifuge (up/down) is inverted. The thermic equilibration of the sample is then performed inside the magnet during a few minutes (see

Figure 19a

). Depending on the nature of the liquid crystals, NMR samples can be spun at moderate rates (10 -20 Hz).

At the last stage, the use of a simple polarizer (two polarized slabs) allows to controlling if the system is biphasic or not (dark zone) and uniformly oriented in the tube. Analysis of 2 H signal(s) (lineshape and quadrupolar splitting of QD(s)) of deuterated co-solvents (organic or not) present in the oriented sample allows another simple control of the quality of aligning phase, and to verify if the system is not biphasic (presence of signal d iso ( 2 H)). A fine approach based on the use of gradient NMR experiments to obtain a 2 H "image" of the sample can provide also such information. Finally, whatever their nature, the samples can be then shimmed to reduce the homogeneities of the external magnetic field. Automatic shimming procedures (on a selective resonance of the 1 H or 2 H spectra) can even be applied. 

Contribution to the analysis of chiral and prochiral molecules

Strictly imposed by the American Food and Drug Administration (FDA) [FDA] or European control rules (Registration, Evaluation and Authorization of CHemicals (REACH) [REACH] this control is crucial for pharmaceutical laboratories, whose number one priority is to develop enantiopure bioactive drugs since two enantiomers can induce very different pharmacological effects/responses. Hence, enantiomers can be used to efficiently threat different diseases, as in the case of "Ritalin". In other cases, the less active enantiomer can generate undesired side effects, but remains harmless to human health. On the other hand, the simultaneous presence of the two forms in the drug composition can be highly dramatic as in the case of "Thalidomide" mentionned above. Indeed, while one of the enantiomers has a sedative effect and prevents nausea, the other has teratogenic properties leading to irreversible fetal malformations.

From the NMR spectroscopic point of view, enantiomers have identical magnetic properties.

Therefore, this approach, alone, is unable to separate their signals when dissolved in a nonchiral media. In contrast, the magnetic properties of diastereoisomers are different in any environment, whether chiral or not. To discern enantiomers by NMR, it is therefore necessary to make them react (diastereoisomers) or interact (diastereomeric adducts) with an enantiomerically pure chiral entity or environment. In this field, NMR in chiral oriented environment provides new and original solutions, thus giving a suitable alternative to classical methods either chromatographic (GC, HPLC) or spectral (isotropic NMR). [START_REF] Wenzel | book: Discrimination of chiral compounds using NMR Spectroscopy[END_REF] Enantiomorphism covers both the concept of chirality and prochirality, associated respectively with enantiomers of chiral compounds or enantiotopic elements in prochiral molecules. Prochiral molecules are simply defined as any molecule that can be transformed into a chiral one by a single isotopic substitution. Chirality can therefore originate from isotopic substitution around a stereogenic center or not, and called isotopic chirality (see Figure 7).

[ [START_REF] Eliel | Stereochemistry of organic compounds[END_REF] In this section, again, we describe the significant contribution of anisotropic NMR to the discrimination of enantiotopic elements in prochiral molecules, and its possible applications.

Analysis and enantiopurity determination of chiral mixtures

When For almost all organic molecules, we can pay attention to 1 H and its first isotope, 2 H, as well as 13 C nuclei, mainly; each of them having its own advantages and drawbacks depending of the spin I, the gyromagnetic ratio, g, and the relative natural abundance. Quadrupolar nuclei, 14 N and 17 O, can be theoretically used. However, their quadrupolar properties and their spin (large Q value (see Eq. 13) reducing drastically the T1, T2 relaxation times and the spin 5/2 for 17 O) make them rather poor analytical probe. When present in compounds, other nuclei of spin I = ½, like 19 F or 31 P can be also successfully exploited. Below we discuss the potential of 1 H, 2 H and 13 C NMR.

Proton NMR. A priori, hydrogen atoms appear to be the simplest nuclear spies for revealing spectral enantiodiscriminations based on differences in ( 1 H-1 H)-RDC values (see Eq. 4),

because 1 H-RCSAs are generally rather small and rarely exploitable. The analytical advantages of this nucleus are its high isotopic abundance (99.985%), its large gyromagnetic constant (g) and its spin I = ½. However, even for small-size molecules, a dense homonuclear network made of (long and short range) ( 1 H-1 H)-RDCs exists, and the contribution of long-and short-range couplings (J and D) generally leads to weakly-resolved 1 H spectral patterns, rather difficult to decipher compared to isotropic 1 H spectra. Some exceptions can be found with (ideal) compounds, such as in case of S-enriched mixture of 3-butyn-2-ol dissolved in PBLG where all (R)-and (S)-resonances of the methyl group are nicely resolved and RDCs can be easily determined (see Figure 20).

Note finally that in case of compressed or stretched polymeric gels for which the degree of solute orientation is one of order magnitude less than in polypeptide-based oriented phases, it is sometimes difficult to obtain clear and resolved spectral patterns and so extract reliable proton dipolar information. In practice, using aligning gels for the extraction of ( 13C-1 H)-RDCs from the total spin-spin coupling, T( 13C-1 H), is much simpler. 13 C nuclei is its large range of chemical shifts (d iso or aniso ( 13 C) = 0 -250 ppm ppm, instead of a range of d iso or aniso ( 1 H) = 0 to 15 ppm). This occurrence considerably enlarges the distribution of 13 C resonances or 13 C spectra patterns in the 13 C-( 1 H) 13 C spectra, respectively, thus facilitating their assignment or analytical deciphering (coupling measurements).

Among drawbacks associated with this nucleus, it could be mentioned the lowest sensitivity compared to 1 H (g( 13 C) = g( 1 H)/4), as well as longer longitudinal relaxation times, T1 iso or aniso ( 13 C), notably with quaternary 13 C atoms. In fact, the relative sensitivity at natural abundance 1 H/ 13 C = 5,666:1. However, it should be noticed that: i) with the anisotropic 13 C NMR, T1 aniso ( 13 C) are shorter than T1 iso ( 13 C) measured in isotropic NMR due to viscosity of the solvent, and ii) the use of new cryogenic 13 C NMR probes (that reduce the electronic noise) allows to compensate the problem of sensitivity due to low g and natural abundance, even with a small amount of When chiral oriented solvents are used, spectral enantiodiscrimination can be detected by proton-coupled 13 C NMR on the basis of a difference of ( 13C-1 H)-RDCs, and the ee easily measured on isolated sites in the molecule (few or no long-range RDCs). This situation is often observed with (more or less isolated) methyl groups as in case of 2-bromopropionic acid as illustrated in Figure 22a. Here for each enantiomer, the 13 C spectral pattern is associated with an A3MX spin system with X: 13 C, and A3 and M: 1 H, but only one isomer shows a total non-zero In all cases, the large number of enantiodifferentiated 13 C sites allows to select the optimal carbon site both in terms of spectral R/S separations and signal-to-noise ratios (SNR) for a robust determination of the enantiopurity (ee) of chiral mixtures. Finally, it is interesting to note that by increasing the spectrometer's magnetic field strength by a factor of 2 (18. ). Second, the magnitude of the quadrupole moment, Q, that governs the efficiency of quadrupolar relaxation mechanisms, is small enough to lead to resolved and sharp spectral lines, unlike the majority of quadrupolar nuclei. Third, the range of magnitude of 2 H-RQCs (ΙDnQΙ = 0 to 1 -2 kHz) in weakly aligning media compensate for the low distribution of 2 H chemical shifts (0 to 15 ppm), thus limiting the peak overlaps. Last but not least, the 2 H quadrupolar interaction is very sensitive to a difference of orientation of the C-D bond, since the KCD varies from 150 to 300 kHz depending on the hybridization state of the deuteron and the neighbouring substituents, which one order of magnitude large than the corresponding ( 13 C-1 H)-RDCs for the same bond. All these reasons make proton-decoupled 2 H NMR a very attractive tool. Finally, and contrary to 13 C NMR, the possible exploitation of 2 H-1 H scalar and dipolar couplings is extremely rare due to their low amplitude (0-1 Hz) measured in weakly aligned media, since they directly depend on the products of their corresponding gyromagnetic constants.

From the first results reported in 1992, [START_REF] Bayle | Enantiomeric analysis in a polypeptide lyotropic liquid-crystal through proton decoupled deuterium NMR[END_REF] a large collection of deuterated compounds has been tested to establish the analytical potential of Combined anisotropic 2 H and 13 C NMR. As demonstrated previously, the use of 2 H homonuclear QUOSY 2D experiments greatly simplifies the analysis of overcrowded ANAD spectra. However, the assignment of 2 H-QDs based on 2 H chemical shifts is not always simple due to the rather low dispersion of 2 H chemical shifts.

An interesting alternative approach to this limitation is to acquire anisotropic 2 H-13 C heteronuclear correlation spectra using pulse sequences derived from the original 2 H- 26a,c).

[ [START_REF] Lafon | Use of two-dimensional correlation between 2 H quadrupolar splittings and 13 C CSA's for assignment of NMR spectra in chiral nematics[END_REF] In this experiment, the 2 H magnetization is transferred to 13 C so that onebond 2 H-13 C correlations appear in the direct domain at the chemical shift of each carbon nucleus. The resulting spectra provide significant resolution enhancements in the direct domain (F2) as a result of the larger chemical shift dispersion of 13 C nuclei (in ppm) compared to 2 H. The spectral discrimination of enantiotopic elements can be achieved using various the NMR approaches already described for enantiomers: 13 C NMR, 13 C-{ 1 H} NMR and 2 H-{ 1 H} NMR, the 1 H NMR being the less adapted tool. Before closing this section, it is noteworthy to examine the intriguing case of malononitrile (H2C(CN)2) (MLN), a rigid C2v-symmetry molecule with a non-prostereogenic tetrahedral center.

[Aroulanda et al., 2001]

For chemists, MLN could be defined as "pro-prochiral", because a priori two chemical steps would be needed to convert it into a chiral structure. From a symmetry point of view, MLN can be also defined as non-prochiral, because it may be superimposed upon itself by an overall rotation, thus producing a structure that is indistinguishable from the original.

Finally, from a more stereochemical side, if the (bonded) 13 C-1 H internuclear directions are homotopic and cannot be differentiated in a CLC, the 13 C .....1 H (non-bonded) internuclear directions are enantiotopic (exchangeable by a plan), and so expected to be spectrally distinguished in a CLC. Experimentally, a typical second-order spectral pattern (AXX' spin system) was observed for 13 Indeed, it had been speculated that "for molecules of the type "CXXYY"…, the two X groups as well as the Y groups are equivalent and cannot be distinguished in chiral or achiral experimental conditions. However, the relationships between X and Y groups are not all equivalent. The four X-Y relationships may be ordered into two enantiotopic sets of two equivalent relationships".

These results validate also a more recent concept of stereogenicity defined by Fujita in 1990, who considers that "the compounds (CX2Y2) can be regarded as prochirals, since the four edges (X-Y) construct an enantiospheric C2v(C1) orbit". [Fujita, 2000] Clearly, a fundamental stereochemical issue about the definition of prochirality and the concept of enantiomorphism is raised here. Indeed, MLN can be regarded as a prochiral compound when interacting with the CLC, while for organic chemists, this molecule is not!

Dynamic analysis by 2 H NMR

The study of conformational dynamic processes (as intramolecular interconversion or exchange processes) in achiral or chiral, flexible molecules allows to understand their molecular internal motions. [START_REF] Luz | Dynamic NMR in liquid crystals and liquid crystalline solutions[END_REF][START_REF] Luz | Dynamic of molecular processes by NMR in liquid crystalline solvents[END_REF] In particular, from the analysis of NMR spectra, we can determine, for instance, exchange or interconversion rate constants, which themselves depend on the magnitude of the barrier to interconversion, ΔH ‡ , and the sample temperature. [START_REF] Bain | Chemical exchange in NMR[END_REF] This can be done using isotropic or anisotropic NMR, chiral or not chiral oriented media. However, the combination of NMR and chiral anisotropic environments makes possible to study dynamic processes involving enantiomeric molecular forms or enantiotopic elements in prochiral molecules, [START_REF] Lesot | Study of molecular rotational isomerism using deuterium NMR in chiral oriented solvents[END_REF][START_REF] Lafon | Analysis of intramolecular dynamic processes in enantiomeric diaryl atropoisomers and related derivatives through 2 H NMR in polypeptide liquid crystals[END_REF] since in both cases their spectral discrimination is possible. These exchange processes are, obviously, invisible in achiral (oriented) media.

Among the NMR tools described above, 2 H-{ 1 H} NMR possess three advantages for such investigations: i) simple high-resolution spectra dominated by the 2 H quadrupolar interaction, ii) the phenomenon can be clearly identified, and iii) spectral separations between exchanging 2 H anisotropic signals can be much larger than those observed in isotropic 2 H or 13 C NMR, thus allowing a much wider dynamic process range to be studied. Two examples are proposed here:

the case of (±)-cis-decalin and (±)-1-bromo-2-methyl-3-deuterio-5-(1'-naphthyl)benzene).

Case of cis-decalin. Cis-decalin (CDC) can be described as a chiral compound without any stereogenic center while possessing a two-fold rotational symmetry axis (see Figure 30a, top). Interestingly, this molecule is submitted to a possible interconversion between two limit conformers constituted by a pair of C2-symmetry enantiomers. As a consequence, the orientational behavior of CDC and its associated NMR spectra recorded in a CLC is highly dependent on the sample temperature, while different structures are involved to qualitatively interpret the experimental data according to T (see Figure 30b, bottom). In Figure 30b is presented the variation of 2 H spectrum at three temperature (230, 300 and 360 K). As seen, the coalescence effect is obtained at 300 K. At this temperature, the single high-resolution doublet can be unambiguously assigned to the deuterated sites 9 and 10 located on the bridgehead of CDC because, whatever the temperature, they exhibit no kinetic averaging between the conformational forms 1a and 1b.

The analysis of 2 H 1D NMR spectrum as well as 2 H-13 C HETCOR 2D NMR map (Figure 29c) at low temperature (230 K) shows a chiral spectral differentiation between two C2symmetry invertomers while at high temperature (360 K) the spectrum with coherent with a high-energy, C2v-symmetry conformation (in average). The analysis of CDC oriented in the PBLG-based ALC, where all enantiodiscriminations vanish, fully confirms the interpretation of results in the CLC. Thus, a maximum of five 

𝑘 = UX Y % S 𝑒𝑥𝑝 I- Z[ ‡ UX J with Δ𝐺 ‡ = Δ𝐻 ‡ -𝑇 × Δ𝑆 ‡ . ( 18 
)
where R = 8.32 J.K -1 .mol -1 , NA = 6.02 × 10 23 mol -1 and h = 6.62 × 10 -34 J.s, and T is expressed in K.

Using spectral data measured in simulated 2 H NMR spectra and the analysis of the Eyring plot, namely the natural logarithm of kNAh/RT against 1/T above and below the coalescence Interestingly, the rate constant, k, and the free energy of activation, ΔG ‡ , at the coalescence temperature, TC, (denoted hereafter ΔG ‡ (TC)) can easily be deduced from the measurement of the half-difference of 2 H quadrupolar splittings, DΔΔ𝜈 ] D = DΔ𝜈 ] ^/2 -Δ𝜈 ] _ D/2, in the 2 H spectrum below Tc. At this particular temperature, assuming identical time constant (𝑇 $ * ) for the FID decay of both exchanging deuterons, we can write:

𝑘 = 𝜋 × h ZH ' ( $ - ZH ' ) $ h (19) 
and

Δ𝐺 ‡ (𝑇 a ) = 𝑅𝑇 a × 𝑙𝑛( UX Y ( S × $√$ cZH ' ( I ZH ' ) c ) (20) 
In practice, the anisotropic Investigations using thermotroic liquid crystals as reaction solvents have been also described.

[ [START_REF] Leigh | Thermotropic liquid crystals as chemical reaction media[END_REF][START_REF] Leigh | Liquid crystals as solvents for spectroscopic, chemical reaction, and gas chromatographic applications[END_REF] In 2013, an approach involving anisotropic 2 H 1D NMR and DNA-based chiral LLCs was reported to follow an enzymatic racemization reaction (alanine racemase, an active enzyme) on a deuterated substrate (alanine-d3) in a scalemic mixture in order to determine its kinetic For example, to determine the relative configuration of the stereocenters at carbons C-3 and C-17 in the compound in Figure 34a, a relay of J-couplings and NOE correlation from C-3 to C-17 is enough to achieve this goal. However, if those correlations are interrupted by a linker lacking any 3D structural information (flat in this example) such as that one in the structure on the right is present, there is no way to perform it using J-couplings and NOE correlations only. A distance of 7.5 Å (structure on the right) is too far to observe an NOE correlation, when the limit in NMR of small molecules in no more that 4 -5 Å (see Figure 34b). In practice, the smaller the value of Q, the better the agreement. The agreement between experimental and predicted value can be graphically presented simply by a correlation plot (Obs ! "#$%&. vs. Obs ! ()&*. ). One example of plot is shown in Section 7.4. In practice, Q-values below 0.05 means an excellent agreement between the two set of data for a given geometry.

In this

Q-values over 0.1 indicate a smaller confidence between experimental data and structure. The quality of fit between the two set of data can also be evaluated by calculating the standard deviation as:

𝑅𝑀𝑆𝐷 = 12 𝑤 ! 3Δ𝜈 , "#$%&. ( H + ) -Δ𝜈 , ()&*. ( H + )8 + = 1 1 𝑁 23Δ𝜈 , "#$%&. ( H + ) -Δ𝜈 , ()&*. ( H + )8 + ( 22 
)
As for Q-factor, the smaller the value of the RMSD, the better the agreement is.

In the frame of (unknown) relative configuration determination, possible structures of reasonable energy (determined by DFT calculation or other computational approaches as MMFF) must be tested. Shifts, which can be predicted using semi-empirical or DFT methods, anisotropic NMR parameter cannot be predicted by calculations. The alignment tensor is not known a priori and RDCs, RCSAs and RQCs have to be fitted to a pool of candidate structures with the condition that the correct structure must be part of the pool. The fitting procedure will select the best fitting structure and if the correct structure is not present, the best fitting structure will be selected leading to a wrong solution. Based on the RDC analysis, the configuration of five other molecular analogs with different substitution pattern in the steroidal skeleton was determined, (see Figure 38b). This was the first report in which the structure a new natural product was determined using RDCs.

Ludartin (see

Among other interesting compounds studied, the phytochemical analysis of Xylocarpus rumphii yielded a series of tetranortriterpenoids that was isolated as hemiacetals, which could not be purified due to the side chain ring opening and closing in solution, hence giving complex spectra. Purification was achieved after acetylation and subsequent separation of the epimeric mixtures of acetates. However, identifying which acetate derivative was the (R)-or the (S)- is the result of their population-weighted average, regardless of the orientation of the conformers. E.g., for a two-sites fast exchange conformations system of conformers A and B, the scalar J-coupling and the chemical shift values average as follows:

d aver = PA × d A + PB × dB
(23) and

J aver = PA × JA + PB × JB ( 24 
)
where PA and PB are the populations of conformers A and B, respectively, with PA + PB = 1. But their corresponding RDC values average in multi-tensor approach, according to Eq. 25.

𝐷 de ^f_ lllllll = 𝑃 ^n 𝑘 gh 𝑟 gh ( 6 o 𝑟 de X 222222⃗ . 𝐴 q ^ . 𝑟 de 222222⃑ + 𝑃 _ n 𝑘 gh 𝑟 gh ) 6 o 𝑟 de X 2222222⃗ . 𝐴 q _ . 𝑟 de 22222⃑ (25) 
where 𝐴 " is the alignment tensor, 𝑟 de X

222222⃗ is the transposed of vector of 𝑟 de 222⃑, and

𝑘 ij = I- = $ >? J × I @A + B ,
>? -J. Conformers of significantly different shape and rotational diffusion properties will tend to aligndifferently. If a large portion of the molecule dominates the molecular tumbling properties, it is possible to assume that the alignmen ttensors for conformer A and B are the same.

During the SVD fitting process, the structuraly similar parts of the molecule are overlapped (as shown on the right part of the Figure 42) and the fittings are performed using a populationweighted average. If the populations are not known, it is possible to find the composition that produces the lowest quality factor value. This is known as the single-tensor approximation. Among, many applications explored, this approximation has been successfully applied to the conformational analysis of cyclic peptides, since the cyclic structure of the backbone of the different conformations share very similar shapes. The analysis was performed using a combination of RDCs, Intramolecular Hydrogen Bond (IMHB) analysis and Jcouplings. The peptide was aligned in PMMA/CDCl3 and Poly-HEMA/DMSO-d6 using the gels reversible compression/relaxation method with the compression device. A total of six 1 DCH and five 1 DNH from the peptide backbone were measured using the 1 H F1-coupled J-scaled BIRD(JSB)HSQC 2D experiment. In addition, six 3 JNH-Hα coupling constants and temperature coefficients for the five backbone NH groups were measure. The single tensor approximation in combination with the Akaike Information Criterium (AIC) for model selection was used for SVD fitting of the RDC data to the conformational space of thousand DFT optimized structures. The combined analysis, including the J-coupling constants led to the selection of only on conformation in chloroform with three IMHBs (see Figure 43b) and two conformations in DMSO with one and two IMHBs, respectively (see Figure 43c).

The following example is an interesting and very challenging case for many reasons. It is about an unexpected synthetic by product. It is very small with oval overall shape and aligns very weakly in gels. Hence, the sample had to be aligned in a stronger aligning medium, such as the lyotropic liquid-crystalline phase (LLC) made of poly-g-ethyl-L-glutamate (PELG). There are two possible diastereoisomers for both the oxirane A and the oxetane B with two conformations each, as shown in Figure 45a above. SVD fitting of the RDCs date using the single tensor approximation led to not only discriminate the oxirane from the oxetane, but also select the correct configuration (Figure 45b) with a Q-factor value of 0.030. This is a clear example of how RDCs can select in one-shot the constitution, configuration and conformation of a small molecule. In fact, the fitting was performed to select the composition of conformers that produces the lowest Q-factor. In this particular case, a ratio of 0.83: 0.17 has been determined.

Examples using 13 C-RCSA. As mentioned previously, the development of the application of RCSAs to the structural analysis of small organic molecules was delayed until scientists figured out how to deconvolute RCSAs from isotropic chemical shift contributions. In 2011, the successful measurement of 13 C-RCSAs for strychnine (see Figure 14b) using a combination of a mechanically stretched polymer gel inside a variable-angle NMR probe was described.

[Kummerlöwe et al., 2011-a]

To prevent interferences from isotropic sample, they used the same sample already anisotropic by stretching the gel inside the rotor. Then, they varied the angle of the director of the alignment in the gel respect to the magnetic field Bo. They monitored the 2 H RQC as function of this angle, scaling the anisotropy down to zero at 54.73 o (the magic angle), as shown in Figure 46. At the magic angle, the equivalent of isotropic conditions, they measured one-bond proton-carbon 1 JCH coupling constants for strychnine using the F2-CLIP-HSQC. At angles Q = 0 o and 65 o , they measure the total couplings 1 TCH, in order to obtain the 1 DCH values. At the same angles, they also measured 1D 13 C NMR spectra (see Figure 47). Just by rotation, the anisotropy is changed while the sample maintains exactly the same experimental conditions, not giving room to contributions for isotropic chemical shifts. Since the correct 3D structure of strychnine is well known, the experimental RDCs were used to calculate an accurate alignment tensor. In turn, with this alignment tensor and the DFT calculated CS tensor, 13 C-RCSAs were back-calculated for each carbon in the molecules. Then, experimental vs. back-calculted 13 C-RCSAs leading to an excellent correlation with an RMSD of 15.9 ppb, as Although this first attempt to accurately measure RCSAs for a small molecule was very successful, the experimental setup, which includes the use of a VASS NMR probe, made its application very impractical and not affordable to everyone.

The same year (2011), a collaborative effort led by several research groups attempted the differentiation of estrone and 13-epi-estrone using only RCSAs. These results discourage NMR spectrocopists from using RCSAs for the determination of molecular configuration in small molecules for a while. It wasn't until five years later ( 2016) that Institute for Biophysical Chemistry (Göttingen, Germany), demonstrated using aligning gels and two different devices (compression and stretching) that it was possible to determine the relative configuration of small molecules using only 13 C-RCSAs. [START_REF] Nath | Determination of relative configuration from residual chemical shift anisotropy[END_REF] This is a seminal paper that sets the basis to a reliable application of 13 C-RCSAs to the structural analysis of small molecules. It is a very complete and robust study in which ( 13C-1 H)-RDCs and 13 C-RCSAs were accurately measured for estrone, menthol, mefloquine, retrorsine and strychnine in stretched and compressed (PMMA gels swollen in CDCl3) (see Figure 50). We would like to highlight a few important aspects from this piece or work, but we strongly recommend further reading of this seminal article on 13 C-RCSAs. One important finding is that when the stretching device is used, the difference in 13 C chemical shifts between the relaxed and the streteched states is solely due to RCSAs. While, the same difference between the relaxed and compressed states using the compression device is not only due to RCSAs but also to the addition of a predictable amount of isotropic shift that can be corrected. [START_REF] Hallwass | Measurement of residual chemical shift anisotropies in compressed polymethylmethacrylate gels. Automatic compensation of gel isotropic shift contribution[END_REF] During the compression, the same active volume is used for strong and weak alignment, yielding similar signal-to-noise for both conditions.

However, due to solvent and gel composition changes experienced under the different alignment strengths, the isotropic shift must be compensated. This adjustment can be achieved As mentioned previously, different from RDCs, the maximum value of RCSAs depends on the anisotropy of the CS Tensor, as well as on the GDO of the alignment medium (see above).

This 13 C-RCSA is significantly larger (~4 -5 times) for sp 2 compared to sp 3 carbons. The best solution would be to measure the 13 C-RCSAs in a stronger alignment medium, such as PBLG.

However, at the time of this work in 2016, nobody yet figured out how to compensate for The QCSA factor is defined as:

𝑄 Vij = @ ∑lm∆oVij +,/0 10234. I ∆oVij +,/0 6/47. p/Vij +,/0 r - ∑m∆oVij + 10234. /Vij +,/0 p - (26) 
This QCSA was successfully used in structures containing both sp 2 and sp 3 carbons. E.g. Figure 53 shows the Although not described here to avoid redundancy, the correct configuration of menthol, mefloquine and retrorsine was also determined successfully in this work. This work has opened new avenues to reliably applied RCSAs to the structural analysis of synthetic small organic molecules as well as natural compounds. Soon after this publication, another structure elicidation of the fungal metabolite Homodimericin A using computer assisted structure elucidation (CASE) and a combination of isotropic and anisotropic NMR data, which included the first application of Homodimericin A has a twenty-carbon atoms hexacyclic core with a carbon backbone containing eight contiguous stereogenic carbons (see Figure 54a). Half of its carbon atoms don't have protons attached, presenting a significant challenge for NMR-based structural analysis. The presence of so many non-protonated carbons sets the perfect scenario to use 2.1, 4.1, 6.6, 8.8, 11.4, 9, 15.5, 18.4, 22.9, and 34.5% (w/v) of PBLG in CDCl3 (spectra labelled (0 -10), respectively. Samples 0 -4 were acquired with PBLG below its LC-forming critical concentration (isotropic solution spectra), whereas the data for samples 5 -10 were collected with PBLG mesophase above its critical concentration (Ccrit) and are increasingly anisotropic in nature. A quaternary sp As shown in Figure 61b, this is a very ingenious approach that permits the simultaneous collection of 1D 13 C NMR spectra is isotropic and anisotropic condition in exactly the same experimental conditions (concentration, temperature, viscosity, etc.), a hence calculate the 13 C-RDCs in "one-shot". The method was successfully applied to determine the structure of strychnine, neotricone and excelsione. It is interesting to note that despite the recent report of this approach, it has already seen one application. The "one-shot" method permitted also the revision of the structure of a previously reported synthetic product proposed to be the 1R,2Scannabidiol epoxide, and was reassigned as cannabielsoin using 13 C-RCSAs. naresianus featuring a large, proton-deficient aromatic system and two side chains with one stereocenter each. [Karschin et al., 2020] Aromatic rings possess a strongly anisotropic magnetic susceptibility tensor, leading to a large degree of alignment using this approach, as experimentally observed for this compound, but also for the strychnine.

Useful data (proton-proton couplings and extracted 13 C chemical shifts) were measured on 1 H and 13 C-{ 1 H} 1D NMR spectra for each compound at two different magnetic field strengths (400 and 950 MHz for 1 H). For strychnine, they acquired As mentioned above, this type of alignment scales with the square of the magnetic field Bo.

While the isotropic component of the chemical shift and the J-couplings stay constant at all magnetic field values, any change in chemical shift and J-couplings observed on anisotropic spectra is due to the contribution of RCSAs and RDCs, respectively. It is a difference experiment, and the larger the difference in B0, the larger the values of RCSAs and RDCs are. The beauty of this method, regardless of the fact that the alignment is very weak and it needs very high-field NMR instruments, resides on the fact that the magnetic susceptibility tensor can be predicted by DFT calculation and the alignment can be predicted. Then, experimental vs.

predicted RDCs or RCSAs can be compared. If the molecule is flexible, the magnetic susceptibility tensor for each conformer can be calculated and Boltzmann averaging of RDCs or

RCSAs can be predicted from the calculated energies, instead of having to perfume SVD fitting to the conformational ensemble using the single tensor approximation. Figure 59 shows the Qfactors for all diastereomers of predicted and SVD fitted RCSAs for Gymnochrome G and strychnine. In both cases, the correct structure is selected.

At natural abundance, 1 H NMR is 5666 times more sensitive than 13 C NMR. Hence, it would be more convenient to measure 1 H-instead of 

Configuration determination using spin-1 NMR analysis

A powerful and recent alternative to RDCs and RCSAs is the use of RQCs, because this third anisotropic observable (specific to nuclei with spin I > 1/2) encodes also valuable 3D structural information, and correlates the relative orientation of stereogenic centers, regardeless of the distance between them in the molecule. As mentioned in Section 3.3, RQCs can be effectively exploited for analytical or structural purposes, when the relaxation rates (governed by the quadrupole mechanisms) is relatively low, allowing for high-resolution NMR spectra. This characteristic is typically meet with deuterium, with the advantage to be naturally present in all hydrogenated molecules, with d iso or aniso ( 2 H) ≈ d iso or aniso ( 1 H), and probing the same molecular directions that the associated 13 C-1 H bond vectors (see Eq. 12).

If the analysis of oriented deuterated solutes was abundantly used, [Dong, 1994] the detection of first From an experimental point of view, the analysis of the ANAD 2D-NMR spectrum recorded in PBLG/CHCl3 lead to the unambiguous extraction of fifteen signed 2 H-RQCs out of sixteen possible sites (see Figure 67a). An important deuterium depletion effect (associated with a low 2 H/ 1 H isotopic ratio) may lead to a drastic reduction of the 2 H-QD intensity some site, not detected (see Section 8). However, the lack of some 2 H-RQCs associated to a molecular structure does systematically not pre-empt the accomplishment of the structural analysis, if a sufficient number of anisotropic data is still experimentally available.

Determining the absolute configuration of monostereogenic chiral molecules

Determine the absolute configuration (AC) of enantiomeric NMR signals (R/S, M/P, /L, D,L)

with a single stereogenic center using anisotropic NMR in CLCs alone remains a real challenge and a difficult issue because no direct and simple experimental tools exist to do so. To date, the most promising alternative to is the development of ab initio methods (as Molecular Dynamic (MD) based computational simulations) able to predict molecular alignment. First descriptions were proposed in 1994. [START_REF] Helfrich | Molecular-dynamics simulation study of poly(gamma-benzyl Lglutamate) in dimethylformamide[END_REF] The main issue is to correcty evaluate all type of interactions (electronic distribution and molecular shape) between a given analyte and a helically chiral system from the evaluation of interactions between a given analyte and a helically chiral system. remains rather fragile because MD has to be performed with a sufficient long time to correctly evaluate the effect of conformational dynamic of all side chains along the a-helix on the enantiodiscriminating effects. This occurrence needs a formidable calculation power, even whether a small number of polymeric units is considered.

Conformational analysis in oriented solvents

The presence of conformational dynamics in flexible molecules, i.e large, low frequency torsional molecular motions, may strongly complicate the interpretation and the correct use of the anisotropic NMR data (as RDCs) compared to the case of rigid compounds. The simplest possible model, the rotational isomeric state (RIS) model assumes that only a restricted set of minimum-energy structures is populated. [START_REF] Flory | Foundations of rotational isomeric state theory and general methods for generating configurational averages[END_REF] For instance, the free rotation of methyl groups are described by the three statistically weighted staggered conformers. More realistic models allow for continuous bond rotations. Two main approaches, alone or combined, have been proposed in the past: i) the additive potential (AP) method, an "approximate" approach whose aim is to reduce latest equations to manageable expressions by using some physically justifiable approximations 𝐴 oƒ" z × y 𝑃 oƒ". × 𝑚 oƒ". × 𝑀 jC5…. 𝑃 i Anal. × 𝑚 jC5…. × 𝑀 oƒ". z × ( H are the molecular weights and masses of the analyte and the reference, respectively. Finally,

# $ / H # # ) ) oƒ". (27 
( 2 H/ 1 H) Ref.
is the isotope ratio of chemical reference in the sample (at site i).

This method is well-known as SNIF-NMR® and stands for Site-specific Natural Isotopic

Fractionation first explored and then intensively developed by Martin andco-workers. [Martin et al., 1981, 1982] It was an original development of the international company Eurofins. SNIF-NMR was successfully used in several analytical applications, particularly in food analysis.

[ [START_REF] Duan | Natural deuterium distribution in fatty acids isolated from peanut seed oil: A site-specific study by quantitative 2 H NMR spectroscopy[END_REF]: Remaud et al 1997-a, 1997b] However, the method suffers from two drawbacks: i) Significant peaks overlapping due to the low 2 H chemical shift dispersion (in Hz) compared to 1 H (g( 2 H) = g( 1 H)/6.515), and ii) Impossibility of discriminating enantiotopic sites in prochiral molecules as we can see in the case of the methylene group of ethanol. Interestingly, these problems can be overcome by using NAD-{ 1 H} NMR in chiral liquid crystals, because we detect a new NMR interaction, the deuterium quadrupolar (RQC). We can spectrally discriminated enantio-isotopomers in a CLC. Taking advantage of NMR spectrometer operating at higher field (14.1 T, i.e. 92.1 MHz for 2 H) equipped with an electronic modern and a selective 2 H cryogenic probe (5-mm o.d.), the method was then successfully extended to the study of more complex long-chain prochiral FAMEs with longer chain, such as C-18 mono or poly unsaturated FAMEs, as well as the conjugated unsaturated FAMEs (CUFAs) methyl oleate (MO), methyl linolenate (ML), methyl eleostearate (ME), methyl punicate (MP), including the chiral FAME methyl vernoleate (MV). NMR tool to answer the intriguing and fundamental question related to chiral induction/amplification at the origin of homochirality in Nature: "Is there a relationship between enantiomeric and isotopic fractionation of carbon-13 in chiral molecules?" The main challenge is the ability to record 13 C-{ 1 H} spectra with sufficiently high signal-to-noise ratios to meet the required per-mil precision (‰) in isotope analysis and hence to accurately determine the 13 C/ 12 C isotope ratio", despite the doubling of 13 C signals due to the spectral enantiodiscrimination.

Using phenethyl alcohol as molecule model (see Figure 16), it was possible to separate the enantiomeric 13 C signals in various carbon sites of the analyte, ii) to maximize the spectral resolutions by optimization of the sample composition at 175.1 MHz, iii) to work with a very good repeatability for a series up to seven consecutive replicates; iv) to obtain a rather good long-term reproducible results.

Anisotropic NMR in molecular analysis: what you should keep in mind?

Anisotropic NMR using LLCs or alignment gels is a fascinating approach as they offer analytical possibilities and application opportunities that neither the liquid NMR nor the solid-state NMR has. As described here, we have highlighted how the three major anisotopic NMR observables, (RDCs, RSCAs, RQCs) were powerful tools to solve two important, modern problems for chemists: i) the evaluation of enantiomeric purity of chiral mixtures, and ii) the determination of molecular structrure of complex synthetic or natural compounds. To be brief, and as a toolkit for any reader, we list below ten important facts and specifics of anisotropic NMR (in weakly aligning media) that every NMR spectroscopists should keep in mind to assess its potential for routine uses: Clearly, after three decades dominated by thermotropic systems, an important rebirth of NMR in oriented solvents has occurred with the advent of (chiral or not) weakly alignment environments such as organic or water-compatible LLCs in the 1990's. Among future challenges associated with the next developments of anisotropic NMR in these specific
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Figure 1 .

 1 Figure 1. (a) Schematic description of the molecular orientational order in an isotropic liquid (no order, S = 0), a nematic liquid crystal (only order, 0 < S < 1) and a crystalline solid (position and order with S = 1). (b) Example of a reference axis system (x, y and z) attached to a molecule dissolved in a chiral polymer-based LLC, and used for the description of molecular order. (b) Model description of stretched or compressed gels inducing a molecular order. Figure partially adapted from Refs. [Lesot et al., 2020-a; Gil et al., 2017-a] with permission.

Figure 2 .

 2 Figure 2. (a) Variation of the trigonometric term, (3cos 2 𝜃 )* 1 ! -1)/2, versus angle 𝜃 )* 1 ! . Note the famous magic angle, qm, for which the local order parameter, Sij, is null. At 𝜃 )* 1 ! = qm, any ( 1 H-1 H)-RDCs or 2 H-RQCs are equal to zero. (b) Vectorial description of the position of an internuclear vector i-j (noted also 𝐫 '( 222⃑) relative to the axis 𝐁 𝟎 2222⃑ .

Figure 5 .

 5 Figure5. Isosurface plot of the13 C chemical shift tensors of ethyl benzene (sp 2 in green and sp 3 in blue). The difference in size of the sp 2 and sp 3 carbons is because the CS tensor drawn in absolute chemical shielding units (ppm). The sp 3 carbon atoms are significantly more shielded than the sp 2 carbons, hence their larger size. Note the difference in shape between the aromatic carbons (flat ellipsoid) compared to the CH2 and CH3 carbons (more spherical ellipsoids).

  Figure 7. Examples of R/S-enantiomeric pairs of a model C1-symmetry chiral molecule ("classical" chirality and "(D/H) isotopic" chirality) with a single stereogenic center (tetrahedral carbon atom) deriving from their deuterated or hydrogenated prochiral precursors and characterized by methylene enantiotopic directions, pro-R/pro-S. Figure adapted from Ref. [Lesot et al., 2020-c] with permission.
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 88 Figure 8. Schematic description of the main homo-and heteronuclear ( 1 H-1 H or 13 C-1 H pairs) experiments used for simplifying the analysis of anisotropic spin-1/2 spectra ( 1 H/ 13 C) without (top) and with selective excitation (bottom).Figure adapted from Ref. [Aroulanda and Lesot., 2021] with permission.

  Figure 8. Schematic description of the main homo-and heteronuclear ( 1 H-1 H or 13 C-1 H pairs) experiments used for simplifying the analysis of anisotropic spin-1/2 spectra ( 1 H/ 13 C) without (top) and with selective excitation (bottom).Figure adapted from Ref. [Aroulanda and Lesot., 2021] with permission.

  [Gil-Silva et al., 2016] In this case, the significant difference in bulk magnetic susceptibility between the DMSO inside and outside the gel allows the simultaneous extraction of isotropic and anisotropic NMR data from the same spectra. Extraction of data is obtained with F1 coupled HSQC 2D experiment. The concept and example of 2D map are shown in Figure 9.

Figure 9 .

 9 Figure 9. Principle of the simultaneous detection of isotropic and anisotropic data in a single 2D experiment.Figure adapted from Ref. [Gil-Silva et al., 2016] with permission.

Figure 10 .

 10 Figure 10. (a) Pulse diagram of the multipurpose HSQC 2D. G1, G2, G3 are z-axis pulse gradients. The delays D are adjusted according to the magnitude average values of expected couplings (J or T). (b) Example of anisotropic J-resolved HSQC 2D spectrum of Artemisinin aligned in a PMMA/CDCl3 gel using the compression device. Figure reproduced from Ref. [Navarro-Vazquez et al., 2018] with permission.

  T) [Lesot et al 1997; Merlet et al 1998,]. The use of high-field NMR in combination with 2 H cryogenic probes significantly its sensititivy.

Figure 11 .

 11 Figure 11. (a) Principle of biphasic LLC NMR samples where the anisotropic part (upper part) and quasi-isotropic (lower part) are clearly identified. (b and c) Phase encoded deuterium 2D spectrum selectively excited regions in a biphasic lyotropic liquid crystal. (d and e) Same as (b and c) but with the spatially selectively excited 13 C-1 H CLIP-HSQC 2D spectra applied to the quasi-isotropic part and the anisotropic part, respectively. Figure extracted from Ref. [Reller et al., 2017] with permission.
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 12 Figure 12. Schematic description of homo-and heteronuclear 2 H QUOSY 2D/3D experiments: (a) Echo-type scheme (Q-resolved and δ-resolved sequences), (b) COSY-type scheme (Q-COSY), (c) Double quantum-type scheme (Q-DQ), (d) HETCOR-type 2D schemes (CDCOM, NASDAC and 2D Refocussed-NASDAC sequences) and (e) homonuclear 3D-type scheme (3D Q-DQ sequence). Figure adapted from Ref. [Lesot, 2017] with permission.dimensions of the map (F2 and F1). Homonuclear 3D experiments (as 3D Q-DQ)[START_REF] Lafon | Enantiomeric analysis of planar chiral (h 6 -arene) chromium tricarbonyl complexes using NMR in oriented solvents organometallics[END_REF] were also designed, as well as heteronuclear versions of QUOSYs experiments. The latter correlates (one-bond scalarly or dipolarly coupled)13 C and 2 H nuclei either in deuterated molecules ("CDCOM" 2D experiments: Carbone-Deuterium Correlation in Oriented Media)[Lafon, 2004;[START_REF] Auger | Assignment and measurement of deuterium quadrupolar couplings in liquid crystals by deuterium-carbon NMR correlation spectroscopy[END_REF]] or even at natural abundance level ("NASDAC" experiment: Natural Abundance Spectroscopy Deuterium and Carbon), allowing the detection of 2 H and 13 C isotopologues without any isotropic enrichement[Lesot, 2012b]. A shematic description of these nD experiments and other also developed are depicted in Figure
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 13 Figure 13. (a) Examples of structures of polypeptide-based helical polymers with a L-configuration for the repeating unit (PELG, PBLG, PCBLL, PSMBLG). (b) Other examples of non-polypeptide helical polymers (PPA-(L/D)-Val, PPI-(L/D)-Ala, (R/S)-PPEMG. In these polymers, the stereogenic center is located on the side-chain. (b) Examples of polymers involved compressed/stretched gels (PMMA, PHEMA, PPA, i-carrageenan). These latter are compatible with chlorinated solvents, but also DMSO, that is not the case with polypeptide-based phases.
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  Figure 13b): i) poly-β-phenethyl-L-aspartate (PPLA), [Schwab et al., 2017] ii) poly-β-benzyl-L-aspartate (PBLA), [Hirschmann et al., 2019] iii) poly-g-p-biphenylmethyl-L-glutamate (PBPMLG), [Jeziorowski, 2018] and iv) poly-g-(S)-2-methylbutyl-L-glutamate (PSMBLG).[[START_REF] Hansmann | Synthesis of poly-γ-S-2-methylbutyl-L-glutamate and polyγ-S-2-methylbutyl-D-glutamate and their use as enantiodiscriminating alignment media in NMR spectroscopy[END_REF] The idea related to the use of PSMBLG is to reinforce the

  presented, [Luy et al., 2005] continued with the development of other polymer gels compatible with different organic solvents, such as polydimethylsiloxane (PDMS), [Freudenberger et al., 2004] poly(vinyl acetate) (PVAc), [Freudenberger et al., 2005] polyacrylonitrile (PAN), [Kummerlöwe et al., 2007] gelatin from commercial "gummy bears" with enantiodiscrimination properties, [Kobzar et al., 2005] noncovalently and covalently cross-linked polyurethane gels, [Kaden et al., 2012] and poly(ethylene oxide) (PEO). [Merle et al., 2013] Other interesting systems as copolymeric polyacrylamide gel, the first alignment medium compatible with DMSO have been proposed in 2005 [Harbez et al., 2005] or chemically cross-liked poly(methyl methacrylate) (PMMA) compatible with CDCl3 in 2008 [Gil et al, 2008] as a self-stretched gel; as well as poly(2-hydroxyethyl methacrylate) (HEMA) gel compatible with DMS, [Gil-Silva et al., 2016] poly[di(ethylene glycol) methyl ether methacrylate] (poly(DEGMEMA)) gel compatible with methanol, [Garcia et al., 2017] all designed to work with the compression device, which wasfirst developed for PMMA gels (see Figure15a).[START_REF] Gayathri | Residual dipolar couplings (RDCs) analysis of small molecules made easy: fast and tuneable alignment by reversible compression/relaxation of reusable PMMA gels[END_REF] 

Figure 15 .Figure 16 .

 1516 Figure 15. (a) Pictures of swollen gels (PS-stick) with and without stretching (b) Exemple of stretching apparatus for 5-mm o.d. standard high-resolution NMR probe heads. The flexible Kalrez 8002UP tube (A) is placed inside a cut-open 5-mm o.d. NMR tube (B) and fixed with a specially designed PCTFE screw (C) at the bottom. A PCTFE device with nylon screws (D) is used to fix the stretched tube at the top. Inside the assembled apparatus a reddishbrown PAN/DMSO gel is ready to be stretched. Figure reproduced from reference [Kummerlöwe et al., 2010; Luy et al., 2004] with permission.

Figure 17 .

 17 Figure 17. First compression device. The plunger (here a Shigemi plunger) is hold tight inside the tube using teflon tape. Figure reproduced from Ref. [Gayathri et al., 2010] with permission.

Figure 18 .

 18 Figure 18. (a) More recent version of the compression device. The plunger is made out of Teflon and it is locked into a special tube to maintain the anisotropy at a constant degree of alignment. (b) Example of 2 H 1D NMR spectrum of DMSO-d6 in a poly-HEMA gel (left) and of CDCl3 in a PMMA gel (right). For each gel, the bottom trace corresponds to the fully relaxed gel and the top trace to the gels fully compressed. When the gel is relaxed, two signals are observed, one from inside and other from outside the gel. Both are in isotropic condition. The gel buckles upon compression and not matter how much is compressed, there are always pocket of solvent outside the gel, but the signal from inside the gel show the 2 H residual quadrupolar coupling, indicating that anisotropy was created upon compression.Without being exhaustive, it is is relevent to mention that the description of experimental spectral enantiodisciminations of small chiral molecules in water-based chiral LLCs were first discovered and reported byTracey and Diehl in 1975. [Tracey and Diehl, 1975] Despite this, the number of very efficient systems (easy to prepare) proposed so far remains rather limited.For instance, we can mentionn: a) the potassium N-dodecanoyl-l-alaninate based system, [Tracey and Radley, 1984] b) the glucopon/hexanol/buffered water,[START_REF] Solgadi | Enantiomeric discrimination of water-soluble compounds using deuterium NMR in a glucopon/buffered water/n-hexanol chiral lyotropic liquid crystal[END_REF]] and c) alanine derivated system. [Baczko et al., 2004] However, these systems did not meet a large success for routine applications, mainly due to their difficulties of preparation (their avalaibility / phase homogeneity) and their efficiency.

  [Trigo-Mouriño et al., 2013] Depending on the nature of the liquid crystals, NMR samples can be spun at moderate rates (10 -20 Hz).

Figure 19 .

 19 Figure 19. Example of modern (commercially available) centrifuge (a) used for preparing classical 5.mm o.d. NMR tubes (b) containing polymer-based LLCs (as PBLG, PELG, or PLA), for instance. The tube support (home-made) has been adapted to protect the NMR tube during its rotation (~500 rpm) in the centrifuge (Picture from P. Lesot).

Figure 20 .

 20 Figure 20. (a) Structure of 3-butyn-2-ol. (b) 400.1 MHz 1 H 1D-NMR signal of methyl group (ee(S) = 72%) in PBLG/CDCl3 phase. For each enantiomer, the spectral pattern is made of two A3MX spin system, namely a dipolar triplet (CH3) coupled with methyne hydrogens 5 and 6. Note the difference of intensity of the two A3MX systems due to the ee used.Figure adapted from Ref. [Lesot et al., 1997] with permission. To overcome the complexity of low-resolution proton 1D spectra, 2D approaches have been explored to improve the resolution of 1 H NMR spectra of enantiomeric mixtures in CLCs. Most of these methods rely on the ability of separating the evolution of chemical shifts and spin-spin coupling interactions, combined with the selection of part of spectral information using selective irradiation. All these anisotropic experiments derived from the first 1 H SERF 2D experiments introduced in 1995. [Facke and Berger, 1995] Then, numerous Improvements to the original SERF pulse sequence were proposed to obtain cleaner and simpler spectra to analyze. Among them we can mention: i) the experiments capable of providing pure absorption 2D spectra (SERFph), [Beguin et al., 2009] ii) the combination of these phased SERF with the VASS method [Beguin et al., 2006] where the sample spins at a given angle, [Courtieu et al., 1994] iii) the implementation of spatially-encoded selective spin echoes in order to visualize the whole total coupling network involving a given proton site in a single T-edited 2D

Figure 21 .

 21 Figure 21. (a) Schematic pulse diagramm of the 1 H G-SERF 2D experiment. (b to c) Examples of 1 H G-SERF spectra applied on (±)-1,2-epoxypropane in PBLG/CDCl3 for the edition of the total couplings involving proton sites, H 2 (b) H 3 (c) and H 4 (d). Figure partially adapted from Ref. [Lesot et al, 2020; Merlet et al., 2011] with permission. Carbon-13 NMR. Exploiting the potential of anisotropic interactions ( 13 C-RCSA or 13 C-1 H RDCs) associated with carbon-13 nuclei is at the origin of many applications: from the determination of enantiomeric purity, [Lesot et al., 1995; Meddour et al., 1997; Tzvetkova et al., 2011] to the analysis of ( 13 C/ 12 C) isotopic ratios, as demonstrated in 2021. [Lesot et al.,

  analyte. [Kovacs et al., 2005; Marathias et al., 2010]

  Figure 22. (a) 100.3 MHz 13 C spectral pattern of methyl group (A3X spin system with X = 13 C)) of (±)-2bromopropionic acid showing. (b) 13 C spectral pattern (ABX spin system with X = 13 C)) of methylene group of βtrichloromethyl-β-propiolactone ((ee(R) = 40%) in PBLG. Both examples recorded in the PBLG phase show clear enantiodiscriminations. Figure adapted from Refs. [Lesot et al., 1995-a,b] with permission.Simpler spectral analyses and successful results are generally obtained when all protons are decoupled ( 13 C-{ 1 H} NMR), because discrimination is detected only on the basis of differences in13 C-RCSA values. Thus, all inequivalent 13 C-{ 1 H} signals of a chiral molecule give rise to a single resonance in ALCs, and two resonances in a CLC, one for each enantiomer, if the enantiodiscrimination phenomenon occurs as seen in the simple case of (±)-phenethyl alcohol recorded at 16.5 T (176.1 MHz for 13 C) (see Figure23a).[START_REF] Lesot | Exploring the enantiomeric 13 C isotope fractionation: Challenges and anisotropic NMR-based analytical strategy[END_REF] For this molecule, differences in13 C-RCSA values, D(RCSA), observed at this magnetic field strength (see Eq.8)vary within a range of 8 (sp 3 ) to 16 Hz (sp 2 ). Among other remarkable, more complex, examples of spectral 13 C-{ 1 H} enantiodiscriminations, we can mention the case of enantiomers of planar chirality as chromium tricarbonyl complexes ((η 6 -arene)X(CO)3 with X = Cr) obtained with new asymmetric synthesis reactions (see Figure23b).[START_REF] Lafon | Enantiomeric analysis of planar chiral (h 6 -arene) chromium tricarbonyl complexes using NMR in oriented solvents organometallics[END_REF] Figure23cpresents a more atypical case of chirality (atropoisomerism) with the 1,1′-bi(2naphthol) (BINOL), whose 80% of ten 13 C sites (sp 2 carbon atoms) in PBLG are enantiodiscriminated with a difference in13 C-RCSA values of about 10-17 Hz (9.4 T). [Meddour et al., 1997] Interesting results were also obtained with (±)-2,2'-dimethyl-1,1'-binaphthyl [Lesotet al., 2003], as well as the possibility to differentiate enantiomers of chiral molecules having a heteronuclear stereogenic center, as it is the case of chiral sulfoxides (see Figure23d).

Figure 23 .

 23 Figure 23. Selected examples of 13 C-{ 1 H} enantiodiscrimations (on sp 2 and sp 3 carbon atoms) associated with various types of chirality: (a) 176.1 MHz 13 C-{ 1 H} 1D spectrum of (±)-phenethyl alcool in the PBLG/CDCl3 phase showing an enantiodiscrimination on on all 13 C sites. (b) Three differenciated aromatic 13 C-{ 1 H} signals (100.3 MHz) of the N-(2-methyl-2-hydroxy-1-((2-methylphenyl) chromium tricarbonyl) propyl)-N-benzyl-hydroxylamine, a chiral (h 6 -arene) chromium tricarbonyl complex recorded in PBLG, in racemic (top) and enantiopure series (bottom). (c) Eight (over ten) 100.3 MHz 13 C-{ 1 H} 1D spectrum of 1,1′-bi(2-naphthol) (ee(R) = 31 %) in PBLG/DMF-d7. (d) Four (aromatic) enantiodisciminated 13 C-{ 1 H} 1D signals of (±)-S-methyl-S-P-tolyl-N-tosylsulfoximine in PBLG. Figure adapted from Refs. [Lafon et al., 2005, Lesot et al, 2021-a; Meddour et al., 1997] with permission.

Figure 24 .

 24 Figure 24. Selected examples of enantiodiscriminations observed by 2 H-{ 1 H} 1D NMR of deuterated chiral molecules dissolved in a PBLG phase: (a) (R/S)-2-deutero-octan-2-ol, (b) (R/S)-2-deutero-2,3-pentadiene-1-ol, (c) (M/P)-(±)-nonamethoxy-CTV hexadeuterated (methylene groups), and (d) R-enriched mixture of 2-deuteropropionic acid (ee(R) = 63%). Note that in panel (c) four 2 H-QDs are observed due to the diasterotopicity of the deuterium sites in three equivalent methylene groups. Figure adapted from Refs. [Lesot et al., 2002; Meddour et al., 1994, 1998; Smadja et al., 1997] with permission.

Figure 25 .

 25 Figure 25. (a) Example of NAD-{ 1 H} 1D spectrum of (±)-hept-3-yn-2-ol in PBLG/CHCl3. Note the NAD signal of chloroform used as organic co-solvent. (b) Zoom on the Q-resolved 2D experiment of (±)-hept-3-yn-2-ol showing enantiodiscrimination on methyl and methylene group. (b) 61.4 MHz NAD signals of (b and c) methyl group 1 of 1 and (d and e) one of two deuterons in methylene group 3 of 2 in racemic (top) and enriched series (bottom) in PBLG/CHCl3. Figure partially adapted from Refs. [Lesot and Lafon, 2008-a; Parenty et al., 2002] with permission.

Figure 26 .

 26 Figure 26. (a and b) Pulse diagram of the CDCOM (HETCOR-type scheme with X: 13 C and Y = 2 H) and R-NASDAC 2D experiments, respectively. (c) The CDCOM 2D spectrum of (±)-[1-2 H]-1-octyn-3-ol in PBLG phase recorded at 9.4 T (400.1 and 61.4 MHz) and showing the simultaneous 13 C and 2 H enantiodiscrimination (F2 and F1). (d) The R-NASDAC 2D spectrum (900.1 and 225.6 MHz) of benzyl alcohol in PBLG and showing the detection of 2 H-X enantio-isotopomers with X: 13 C. Figure adapted from Refs. [Lafon et al., 2004, Lesot et Lafon, 2012, 2014] with permission.

Figure 27 .

 27 Figure 27. (a) Experimental (bottom) and simulated (top) proton-coupled 13 C signal of the C-1 carbon of ethanol. The spectral pattern corresponds to a AXYM3 spin system. Note the spectral desymmetry due to a second order effect. (b) 13 C-{ 2 H} 1D signals of aromatic carbons of perdeuterated diphenylmethanol (Cs symmetry). Both spectra were recorded at 100.3 MHz in PBLG. Figure partially adapted from Refs. [Aroulanda et al., 2001-b; Lafon et al., 2004] with permission.

Figure 29 .

 29 Figure 29. Three examples of enantiotopic discriminations in Cs symmetry prochiral molecule by 2 H NMR: (a) glycine-d2 in DNA/water based CLC, (b) DMSO-d6 in a stretched gelatin gel, and (c) DMSO-d6 in a polysaccharidebased stretched gel (i-carrageenan). Figure from Refs. [Lesot et al., 2011-a; Naumann and Kuchel, 2008, 2009] with permission. benzyl alcohol, DMSO) but also of C2v symmetry (acenaphthen), [Lesot et al., 2019] as well as compressed gelatin gels [Naumann and Kuchel, 2008] or cross-linked gelatin. [Kummerlöweet al., 2009] Finally, polysaccharide-based stretched gels (i-carrageenan) using DMSO-d6 as prochiral probe (see Figure29b).[START_REF] Naumann | NMR (pro)chiral discrimination using polysaccharide gels[END_REF] 

  C signals (C-2/C-3) of nitrile group in the PBLG chiral phaseshowing the enantiodiscrimination of these directions. This pattern disappears in the PBGbased ALC. Amazingly, the spectral differentiation of enantiotopic directions in MLN, a C2v symmetry molecules without a prostereogenic tetrahedral center, has validated a stereochemical hypothesis made by[START_REF] Mislow | book: Topics in Stereochemistry[END_REF][START_REF] Mislow | book: Topics in Stereochemistry[END_REF][START_REF] Mislow | book: Topics in Stereochemistry[END_REF] 

Figure 30 .

 30 Figure 30. (a) (top) C2-symmetry conformers of cis-decalin and associated position numbering, (bottom) C2vsymmetry high-energy conformation of cis-decalin. (b) 61.4 MHz 2 H 1D-NMR spectra of perdeuterated cis-decalin in PBLG recorded at three temperatures. Note the coalescence at 300 K. (c) 2 H-13 C HETCOR 2D spectrum recoded at 243 K. Figure adapted from refs. [Sarfati et al., 2001; Aroulanda et al., 2009] with permission.

  Figure 31b. Here, the coalescence phenomenon is observed at 250 K. This temperature indicates a weakly sterically crowded compound.

Figure 31 .

 31 Figure 31. (a) Enantiomeric conformers associated with the (±)-1-bromo-2-methyl-3-deuterio-5-(1'naphthyl)benzene. (b) Associated experimental (left) and simulated (right) 61.4 MHz 2 H-{ 1 H} 1D-NMR spectra in PBLG versus five temperatures. Figure adapted from Ref. [Lafon et al., 2007] with permission. Determination of thermodynamic parameters from NMR data is possible from the Eyring's equation that described the dependence of the exchange/interconversion rate constant, k, on temperature: [Lafon et al., 2007]

  temperature:[START_REF] Lafon | Analysis of intramolecular dynamic processes in enantiomeric diaryl atropoisomers and related derivatives through 2 H NMR in polypeptide liquid crystals[END_REF] the activation parameters ΔH ‡ , ΔS ‡ , and subsequently ΔG ‡ (T), can be extracted; the slope and the y-intercept of plot are equal to the ratio (-ΔH ‡ /R) and (ΔS ‡ /R), respectively.

  2 H-{ 1 H} or NAD-{ 1 H} spectra measured at Tc can be very different depending on the signs of DnQ for deuterons A and B, as well as the magnitude of DΔ𝜈 ] ^-Δ𝜈 ] _ D compared to Δ𝜈 ] ^ and Δ𝜈 ] _ . [Lesot et al., 2006] From data measured in simulated NMR spectra (not shown) and the analysis of the Eyring plot, namely the natural logarithm of kNAh/RT against 1/T above and below the coalescence temperature, the activation parameters ΔH ‡ , ΔS ‡ , and subsequently ΔG ‡ (T), can be extracted from the slope (-ΔH ‡ /R) and the y-intercept of plot (ΔS ‡ /R). [Lesot et al., 2006; Bain, 2003] Thus the coalescence reached at T = 250 K corresponds to a value of k equal to 3.2 10 2 s -1 . The activation parameters of Eq. 20 derived from the Eyring plot analysis. [Bain, 2003; Eyring, 1935] were found to be equal to ΔH ‡ = 44.7 ± 0.5 kJ.mol -1 , ΔS ‡ = -18 ± 2 J.mol -1 .K -1 and ΔG ‡ (Tc) = 49.0 ± 0.5 kJ.mol -1 ). Reaction monitoring. Another important aspect of "dynamic" NMR spectroscopy is the chemical reaction monitoring by NMR, in situ and in real time. The idea is to follow the amount (concentration) of reactant and product(s) versus time when the reaction is performed in the NMR tube inside the magnet of the spectrometer. This can be done by integrating/deconvoluting the peak surfaces of reactant(s) and product(s) on spectra of any magnetically active nuclei showing a clear spectral signature (isolated peaks, for instance). Many investigations (inside the tube or in flow) using isotropic solvents and high field NMR, [Maiwald et al., 2004] as well as low field NMR [Dalitz et al., 2012; Gouilleux et al., 2016] can be found in literature.

(

  Figure 33. (a) Pulse scheme of the 2 H-{ 1 H} ultrafast-resolved constant-time pulse NMR sequence. The blocks for 1 H decoupling during the spatial encoding and acquisition periods are shown in dashed boxes. Ge and Ga correspond to the gradients applied during the same periods, respectively. (b) 107.5 MHz single-scan ADUF-{ 1 H} 2D map (magnitude mode) with F1 and F2 projections of [ 2 H12]-1-pentanol-d12 in the PBLG/CHCl3 phase, recorded in ca. 400 ms. The 107.5 MHz 2 H-{ 1 H} 1D spectrum is also shown as a top projection. Figures adapted from Ref. [Lesot et al., 2016] with permission. choice of various ADUF 2D sequences enlarges the usefulness and applications of the proposed technique. [Gouilleux et al., 2020]

  Section, we show the power of anisotropic NMR for the determination of the relative configuration, namely the 3D structure of the molecule. An important number of articles have demonstrated the interest of extracting RDC and/or 13 C-RCSAs in the determination of the configuration of molecule of natural compounds, [Liu et al., 2018; Gil et al., 2017-a; Nath et al., 2016; Gil et al., 2014; Boettcher et al., 2012] but the use of 2 H-RQC has been only demonstrated in 2020. [Lesot et al., 2020] RDCs, RCSAs and RQCs do not encode information of the distance between stereocenters, that's why it is necessary to first know how the atoms are connected in the molecule (molecular constitution). However, these anisotropic NMR parameters allow us to determine the relative orientation of stereocenter regardless of the distance between them. Here is where the power of these parameters resides by lifting the limitations imposed by conventional isotropic NMR parameters (scalar couplings and NOE).

Figure 34 .

 34 Figure 34. 3D structures of (a) etiocholanediol (1) and (b) a hypothetical derivative (2). Figures adapted from Ref. [Gil et al., 2017a] with permission.7.1 From the molecular constitution to configuration of complex molecules

Figure 35 .

 35 Figure 35. (a) Schematic description of the univocal relationship between a set of experimental anisotropic observables, the molecular geometry and the molecular order parameters (alignment tensor).

  [Navarro-Vazquez et al., 2018, Troche-Pesqueira et al., 2017]Combining a given set of anisotropic experimental data for a set of diverse, possible relative value decomposition (SVD) process, using RDCs, RCSAs and RDCs as input data.[[START_REF] Berdagué | Study and quantification of enantiodiscrimination power of four polymeric chiral LLCs using NAD 2D-NMR[END_REF] More interesting, they propose also simple graphical and interfaces that can combined various option such the principal axis system (Sa'a', Sb'b', Sc'c') of the diagonalized Saupe matrix, the inertia tensor axes, (Ia', Ib', Ic'), and the Saupe tensor surface representation (see below). 13 C-1 H)-RDCs. We have selected a few examples where isotropic NMR parameters failed to provide a unique solution to the structural problem, while RDCs lifted the limitation and their correct relative configuration was unambiguously determined. It is very important to highlight that different from isotropic parameter such as J couplings and Chemical

Figure 37 )Figure 37 .

 3737 Figure 37. (a) Two possible configurations of the epoxide ring of Ludartin (1 and 2). (b) Selected overlapped F2 traces of the F2-1 H-coupled HSQC 2D spectrum (500 MHz for 1 H and 125 MHz for 13 C) in isotropic and anisotropic (self-stretched gel) conditions showing how RDCs were measured (here 1 DCH = ( 1 TCH -1 JCH)). Partially reproduced from Ref. [Gil et al., 2008] with permission.

  epimer at C-23 was not possible using isotropic NMR 1D/2D techniques. Proton H-23 respect to all the nearby protons in the main skeleton were beyond the maximum distance to observe viable NOE correlations. Acetylation and further separation of the C-23 epimers of mixture 5 (in the publication), yielded epimers 5a and 5b pure form. These two epimers were aligned in PMMA/CDCl3 using the compression device leading to a 2 H quadrupolar coupling of 17 Hz for chloroform. One-bond (13C-1 H)-RDCs measured for carbons C-2, C-3, C-5, C-15, C-22, C-23, C-29 and C-30. The structures of 5a and 5b, generated by DFT showed only one rotamer of the side chain for each configuration, which facilitated the SVD analysis of RDCs using just a single conformation per configuration. SVD analysis of the RDC data of 5a with the structure of both epimers yielded Q-factors of 0.081 and 0.177 for the C-23 S and C-23 R configurations, respectively. While the RDC data of 5b yielded Q-factors of 0.110 and 0.055 for the C-23 S and C-23 R configurations, respectively. [Waratchareeyakul et al., 2017] It is very important to highlight that the 3D structure of both epimer is almost identical, except for the orientation of the acetyl group attached to C-23, and RDCs are able to detect that geometrical difference because they encode for the relative orientation of the C-H bonds involved in the SVD analysis.

Figure 39 .

 39 Figure 39. Structure of the compounds isolated from Xylocarpus rumphii. Figures adapted from Ref. [Waratchareeyakul et al., 2017] with permission. Apart from these examples presented above, the analysis of several others structures of natural products were reported in the literature. [Gil et al., 2017a] as well as the determination of molecular constitution by RDCs. [Kummerlöwe et al., 2011-b] Again, for this purpose, the correct structure must be present in the pool of candidates to perform an accurate selection procedure. Thus the reaction of azide-containing 1,5-enyne (1) in the presence of electrophilic iodine sources yielded an unknown tricycliccompound (4). [Kummerlöwe et al., 2011-b]

Figure 40 .Figure 41 .

 4041 Figure 40. Experimental conditions leading to formation of products noted (2), (3) and (4) from acyclic compound (1). Figures adapted from Ref. [Kummerlöwe et al., 2011-b] with permission.

Figure 42 .

 42 Figure 42. Conformational exchange of two hypothetical compounds. Figures adapted from Ref. [Gil et al., 2017b] with permission.

Figure 43 .

 43 Figure 43. (a) Chemical structure of cyclo-[Leu1-D-Leu2-Leu3-Leu4-D-Pro5-Tyr6]. Preferred conformations of cyclo-[Leu1-D-Leu2-Leu3-Leu4-D-Pro5-Tyr6] in (b) chloroform, and (c) in DMSO. Figures adapted from Ref. [Farley et al., 2019] with permission.

Figure 44 .

 44 Figure 44. Chemical transformation of (1) into unexpected by-product 4. Figures adapted from Ref. [Riveira, et al., 2015] with permission. Computer-assisted structure elucidation (CASE) analysis of the 1 H and 13 C 1D NMR spectra as well as HSQC, HMBC, 1,1-ADEQUATE and 1,n-ADEQUATE 2D NMR spectra of unexpected compound 4 using the structure elucidator program ADC/Labs [ACD/Labs] resulted in only two molecular constitution structures satisfying the atoms connectivity maps, oxirane A and oxetane B (see Figure 45a). These two compounds are constitutional isomers. The 1 JCH values of the two oxygenated CH groups in A and B would be different enough to distinguish the oxirane from the oxetane structural feature. The DFT predicted values for these 1 JCH coupling constants are 181.1 and 188.3 Hz for the oxirane CH bonds and 159.8 and 164.6 Hz for the oxetane CH bonds. The experimental values for compound 4 are 181.2 and 190.5 Hz, clearly indicating that compound 4 is an oxirane and not an oxetane. The sample was aligned in PELG dissolved in CDCl3 and nine ( 13 C-1 H)-RDCs were measured using 1 H F1-coupled J-SB-HSQC 2D experiment.

Figure 45 .

 45 Figure 45. (a) Structure of oxirane (A) and oxetane (B). (b) 3D structure associated to the smallest Q-factors obtained. Figures adapted from Ref. [Riveira et al., 2015] with permission.

Figure 46 .

 46 Figure 46. (a) Scaling the anisotropy by varing the angle Q of a mechanically stretched gel with respect to the magnetic field Bo, and without the need of sample spinning at the magic angle (MA) at 54.73 o . Figures adapted from Ref. [Kummerlöwe et al., 2011-a] with permission.

Figure 47 .

 47 Figure 47. (a) CLIP-HSQC 2D spectrum measured on strychnine in a mechanically stretched PDMS/CDCl3 gel at q angle values of 54.73° (black), 0° (blue, dark gray), and 65° (red, light gray). (b) Aliphatic (top) and aromatic (bottom) regions of 13 C-{ 1 H} 1D spectra with same conditions (same color code). Figures adapted from Ref. [Kummerlöwe et al., 2011-a] with permission.

[

  Hallwass et al., 2011] Estrone was aligned in a DMSO-compatible (S)-2-acrylamido-1-propanesulfonic acid gel (APS) and the gel was stretched. [Kuchel et al., 2006] 13 C-{ 1 H} 1D NMR spectra were measured at two different degrees of stretching of the gel inside the stretching device. 13 C-RCSAs were calculated as the difference in chemical shift for each carbon between the two degrees of alignment. Thus the authors of this article claimed that: "This approach ensures that the sample composition changes only minimally, if at all, between the different alignment conditions, and the observed chemical shift changes are therefore caused mainly by the RCSAs and by

Figure 48 .

 48 Figure 48. Correlation plot of back-calculated Dsmol(calc) using the ab-initio 13 C-CSA-tensors and the RDC-derived alignment tensor vs. experimental Ds(exp) residual chemical shift anisotropies for strychnine in PDMS/CDCl3 corrected by the average uncorrected RCSA value for C-13, C-14, and C-15 as the three nuclei with the smallest theoretically determined CSA tensor. Figure reproduced from Ref. [Kummerlöwe et al., 2011-a] with permission.

Figure 49 .

 49 Figure 49. The DFT 3D structure of (a) estone and (b) 13-epi-estrone. Figures adapted from Ref. [Hallwass et al., 2011] with permission.

  involving Merck & Co. (Rahway, NJ, USA), Carnegie Mellon University (Pittsburgh, PA, USA), Universidade Federal de Pernambuco (Recife, Brazil) and Max Planck

Figure 50 .

 50 Figure 50. Stretching (left) and compressing (right) device used in this study. Figures adapted from Ref. [Nath et al., 2016] with permission.

  by a robust post-acquisition correction done during the SVD fitting process [Hallwass et al., 2018] The article clearly shows how the Q-factor significantly improves when the isotropic gel shifts is corrected when the compression device is used. This problem only exists when measuring RCSAs. RDCs are straightforwardly collected without problems at all. Coming back to the analysis of estrone, Figure 51 shows 13 C-RCSAs collected for estrone with both devices. Between the 13 C-RCSAs collected with stretched gels (panels a-d) and collected with compressed gels (panels e-h), clear switch in sign is observed. This is because the alignment tensor rotates 90 o between stretched and compressed gels and the all RCSAs values are scaled by the trigonometric function, cos 2 q, as seen above in Figure 46 for the quadrupolar coupling of the 2 H NMR signal of CDCl3. [Kummerlöwe et al., 2011] This change in sign by rotation of the aligment tensor was also observed experimentally when the compression method was reported in 2010. [Gayathri et al., 2010] It is important to clarify that the stretching device used in this publication is not for variable degree of alignment. It has only two stages for the measurement of RDCs and RCSAs in proteins. [Liu et al., 2010] It was adapted for organic solvents. Its setup is not as user-friendly as the compression device. It uses an open-ended tube, which poses a risk of losing the stopper and leak the sample into the NMR probe. As shown in Figure 52, the structure of estrone and 13-epi-estrone were clearly differentianted by only RCSAs using stretched and compressed (with gel shift correction) PMMA gels.

Figure 51 .

 51 Figure 51. Variation of 13 C-RCSAs extracted from 1D NMR spectra of estrone obtained with stretching device (top) at 150.0 MHz and compression device (bottom) at 225.0 MHz of estrone in the narrow-bore (blue) and wide-bore (red) sections of the tube. The C8 resonance shown in panel e was used as the reference resonance. Note the presence of both isotropic (marked with an asterisk) and anisotropic signals for some carbons.Figure reproduced from Ref. [Nath et al., 2016] with permission.

  Figure 51. Variation of 13 C-RCSAs extracted from 1D NMR spectra of estrone obtained with stretching device (top) at 150.0 MHz and compression device (bottom) at 225.0 MHz of estrone in the narrow-bore (blue) and wide-bore (red) sections of the tube. The C8 resonance shown in panel e was used as the reference resonance. Note the presence of both isotropic (marked with an asterisk) and anisotropic signals for some carbons.Figure reproduced from Ref. [Nath et al., 2016] with permission. isotropic shifts in PBLG. The GDO of PMMA-based gels is on the order 10 -3 . Hence, an elegant solution was proposed with the introduction of a modified quality factor QCSA, which was based on the conventional Q-factor, but takes into account the significantly varying chemical shift anisotropy (CSA) values of different carbon atoms, enhancing the capabilities of distinguishing different relative configurations based on 13 C-RCSA data only. The QCSA is calculates as follows: i) the alignment tensor is derived by fitting all ΔRCSAs to the DFT-computed CSA tensor through the singular value decomposition (SVD) method, and ii) a new quality factor, QCSA, is calculated by scaling both experimental and calculated ΔRCSA values by corresponding atom's chemical shift anisotropies, using the formula given below, where CSAi,ax equals s33 -(s22 + s11)/2 and the chemical shielding eigenvalues s11 -s33 are obtained from DFT. The QCSA factor is defined as:

  13 C-RCSAs-assisted configurational analysis of strychnine in stretched and compressed PMMA/CDCl3 gels comparing the conventional Q-factor with the new QCSA quality factors. The diastereomers of strychnine were labeled via the R-or S-descriptors for the chiral carbons C-7, C-8, C-12, C-13, C-14 and C-16, respectively. Hence, RSSRRS represents the correct configuration 7R, 8S, 12S, 13R, 14R, 16S selected by the SVD fitting procedure.

Figure 52 .

 52 Figure 52. (a) The DFT-computed 3D structural overlay of estrone and 13-epi-estrone. (b-g) Comparison of correlation plots ΔRCSA Exptl. and ΔRCSA Calc. values ( 13 C data) for estrone and 13-epi-estrone using compression (b-e) and stretching (f-g) devices. Panels (b and c) and (d and e) show ΔRCSAs without and isotropic correction, respectively. Between panels b and c, the Q-values do favor the correct configuration (Q = 0.51 for estrone vs. Q = 0.653 for 13-epi-estrone). (d) Effect of the correction of the isotropic shift leading to a better differentiation with Q values of 0.11 for estrone and (e) 0.44 for 13-epi-estrone. Figure reproduced with permission from reference [Nath et al., 2016].

Figure 53 .

 53 Figure 53. Variation of Q-factor obtained for strychnine with a ΔRCSA-based stereochemical analysis. (a) DFT 3D structure of strychnine. (b) Results from the stretching device: Q (blue) and QCSA (red) factors calculated for lowest-energy structures of different diastereoisomers from DFT calculation using only ΔRCSAs. (c) Results from the compression device: Q-factors obtained from the analysis of experimental ΔRCSAs and the thirtheen possible configurations. Figure reproduced from Ref. [Nath et al., 2016] with permission.

  Figure 54. (a) Structure of Homodimericin A. (b) Experimental vs. back-calculated RDCs (red) and RCSAs (blue) [Mever et al., 2016] reproduced with permission.

13 C

 13 -RCSAs. RDCs and RCSAs were collected using a poly-HEMA gel swollen in DMSO-d6 and stretched in the two-stages device [Liu et al., 2010; Nath et al., 2016] described above. The combined SVD fitting of RDCs and RCSAs selected the correct configuration for Homodimericin A with a Q-factor of 0.162 (see Figure 54b). In 2018, a new method to accurately measure RCSAs in PBLG without interferences from isotropic chemical shifts was described. [Liu et al., 2018-b] It consists on adding small amounts of PBLG to the compound's solution (E.g. strychnine) and acquired a 13 C{ 1 H} spectrum after each addition (see Figure 55). The method assumes that adding small amounts of PBLG does not introduce isotropic chemical shifts. Tetramethyl silane (TMS) at 4% (v/v) was added for 13 C chemical shift referencing. The effect of the bulk susceptibility change at different PBLG concentrations is eliminated by TMS referencing. The method, by using PBLG, significantly enhances the 13 C-RCSAs values of carbon atoms with poor anisotropy (low CSA), such as sp 3 carbons. Comparison of 13 C-RCSAs measured in PBLG and PMMA gels are provided in Figure 55.

Figure 55 .

 55 Figure 55. Example of variations of 13 C resonances used for the 13 C-RCSA measurements. (a) Variation obtained when collected with solution made of 0,2.1, 4.1, 6.6, 8.8, 11.4, 9, 15.5, 18.4, 22.9, and 34.5% (w/v) of PBLG in CDCl3 (spectra labelled (0 -10), respectively. Samples 0 -4 were acquired with PBLG below its LC-forming critical concentration (isotropic solution spectra), whereas the data for samples 5 -10 were collected with PBLG mesophase above its critical concentration (Ccrit) and are increasingly anisotropic in nature. A quaternary sp 2 carbon of strychnine (1a) (C-21) is shown in (a), and the only quaternary sp 3 carbon in strychnine (C-7) is shown in (b). 13 C-RCSA shifts in traces 5 -10 are significantly larger than the change due to DDdiso seen in traces 0 to 4, even for C7 (b), which has a very small DFT-computed CSA of 30 ppm. (c) Top traces: signal of C-21 carbon of strychnine in weakly (red) and strongly (blue) stretched PMMA gel. The RCSA values correspond to the separation between red and blue spectra. Bottom traces: same as top traces with 0% [red, ''0'' in (a)] and 34.5% PBLG [blue, ''10'' in (a)]; the actual 13 C-RCSA value is actually slightly larger than the separation between red and blue spectra after correcting for DDd iso . Although eleven PBLG concentrations were used to study the trend of chemical shift changes, in practice only three concentrations are needed for 13 C-RCSA data extraction. Figure reproduced from Ref. [Liu et al., 2018-b] with permission.

  Figure 55. Example of variations of 13 C resonances used for the 13 C-RCSA measurements. (a) Variation obtained when collected with solution made of 0,2.1, 4.1, 6.6, 8.8, 11.4, 9, 15.5, 18.4, 22.9, and 34.5% (w/v) of PBLG in CDCl3 (spectra labelled (0 -10), respectively. Samples 0 -4 were acquired with PBLG below its LC-forming critical concentration (isotropic solution spectra), whereas the data for samples 5 -10 were collected with PBLG mesophase above its critical concentration (Ccrit) and are increasingly anisotropic in nature. A quaternary sp 2 carbon of strychnine (1a) (C-21) is shown in (a), and the only quaternary sp 3 carbon in strychnine (C-7) is shown in (b). 13 C-RCSA shifts in traces 5 -10 are significantly larger than the change due to DDdiso seen in traces 0 to 4, even for C7 (b), which has a very small DFT-computed CSA of 30 ppm. (c) Top traces: signal of C-21 carbon of strychnine in weakly (red) and strongly (blue) stretched PMMA gel. The RCSA values correspond to the separation between red and blue spectra. Bottom traces: same as top traces with 0% [red, ''0'' in (a)] and 34.5% PBLG [blue, ''10'' in (a)]; the actual 13 C-RCSA value is actually slightly larger than the separation between red and blue spectra after correcting for DDd iso . Although eleven PBLG concentrations were used to study the trend of chemical shift changes, in practice only three concentrations are needed for 13 C-RCSA data extraction. Figure reproduced from Ref. [Liu et al., 2018-b] with permission.

Figure 56 .

 56 Figure 56. Stereochemical differentiation of caulamidine A using 13 C-RCSA data collected in PBLG. (a) The DFT 3D structure of caulamidine A. (b) The energetically feasible C-26-inverted structure. The chlorine atom is represented as a magenta sphere. The outlying point circled in red is the RCSA for the inverted C-26. Figure reproduced from Ref. [Liu et al., 2018-b] with permission.

Figure 57 .Figure 59 .

 5759 Figure 57. Structure of dictyospiromide and correlation plots of back-calculated vs. experimentally measured 13 C-RCSA values for the (a) 1E, 2S, (b) 1Z, 2S, (c) 1E, 2R, and (d) 1Z, 2R isomers. Partially reproduced from reference [Yan et al., 2019] with permission. At this point, it is very clear that the key to measure accurate 13 C-RCSAs is to be able to experimentally remove the interferences from isotropic shifts. The stretching gels device described above, [Liu et al., 2010] and the consecutive additions of PBLG method do a very good job to be free of isotropic chemical shift interferences. There was another device developed to remove isotropic chemical shift interferences reported in 2018. [Hellemann et al., 2018] The method was intended as an extension of the compression method, stretching the same gel after it was used compressed to collect RDCs. In practice, the device pushes an already swollen gel through a funnel into the inner part of a 4-mm o.d. NMR tube, and consists of a gel chamber, a funnel, a piston, and a piston driver. Details on the device are shown in Figure 59. The piston has a VitonS O-ring, which makes this apparatus compatible with CDCl3.

Figure 58 .

 58 Figure 58. Clear discrimination of the E isomer of a proton-deficient analyte, the thiazolidinedione, complemented with experimental vs. calculated 3 JCC data at 13 C natural abundance. Reproduced from Ref. [Ndukwe et al., 2019] with permission.

Figure 59 .Figure 60 .

 5960 Figure 59. (a) Bar charts of Q-factors of isomeric phormidolide A structures, involving permutational stereoinversion at position C-7, C-17 and C-21/C-23 (highlighted inset, (B)) leading to structural revision of phormidolide A to SRS. (b) Structure of the S,R,S C24-truncated phormidolide A fragment, and correlation between 13 C-RCSAs Exptl. vs. 13 C-RCSAs Back-calc. of the revised structure with S,R,S configuration for C-7, C-17 and C-21 stereocenters. Figure reproduced from Ref. [Ndukwe et al., 2020-a] with permission.

[Figure 61 .

 61 Figure 61. Working flow for the method involving the device shown in Figure 59. (a) Swollen of gel in a 5-mm o.d. NMR tube. When relaxed, CDCl3 shows 2 H NMR isotropic signals from inside and outside the gel. (b) Compressed gel: the 2 H NMR signal of CDCl3 inside the gel splits into an 2 H-DQ while the signal from outside the gel stay unchanged (a single line) but reduced in intensity. In these conditions, it is possible to collect RDCs but not RCSAs without isotropic chemical shift interfrences. (c) Extruded gel through the funnel and stretched inside a 4-mm o.d. NMR tube, no signals from outside the gel are observed. RDCs and RCSAs can be measured accurate without further corrections. Figure reproduced from Ref. [Hellemann et al., 2018] with permission.

Figure 62 .

 62 Figure 62. (a) 92.1 MHz 2 H NMR spectra of varying concentrations of two different PBLG (w/v%) with differing molecular weight distributions in CDCl3 at 300 K. (left PBLG MW of ∼249 kDa, (right) PBLG MW of ∼328.5 kDa). (b) Aromatic region expansion of the 150.9 MHz 13 C-{ 1 H} 1D NMR spectrum of strychnine in PBLG (11.6%) showing NMR resonances for seven sp 2 carbons and their respective isotropic and anisotropic NMR resonances. The ratio of anisotropic to isotropic species is proportional to the highlighted 2 H NMR data. Figures reproduced from Ref. [Recchia et al., 2020] with permission.

Figure 63 .

 63 Figure 63. Experimental strategy for the measurement of ΔΔRCSAs in an AAKLVFF liquid-crystalline phase. (a) Time evolution of 2 H quadrupolar splitting (Hz) measured using eight different samples. (b) Representative 13 C-{ 1 H} signals of aliphatic, aromatic and carbonyl carbons of spiroepicoccin A (5) measured under isotropic conditions (blue), day 1 (red), day 3 (green), day 6 (magenta), and day 10 (yellow). C-3′ was defined as the reference. (c) Schematic representation of the experimental procedure for the extraction of ΔΔRCSAs in an AAKLVFF phase. Figure reproduced from eproduced from ref. [Li et al., 2020] with permission.

Figure 64 .

 64 Figure 64. (a) Structure of gymnochrome G. (b) Q-factors for the different configurations of Gymnochrome G (left) and strychnine (right). The values obtained from predicting the alignment tensor with DFT are shown in black, the ones obtained from the fitted alignment tensor are shown in grey. In both cases, the true configuration is correctly identified by the lowest Q-factor. Figure reproduced from Ref. [Karschin et al., 2020] with permission.

  accurately and without isotropic shift interferences represent a very challenging task. However, in 2020 it has been reported the successful application of 1 H-RCSAs for the structural analysis of natural products at microgram levels. [Nath et al., 2020] The study was conducted with NMR instruments operating at 700 and 800 MHz with several natural products and 1 H-RCSAs measured with the samples oriented in aligning gels. Among a few known natural products, the relative configuration of a 35-µg sample of the new diterpenoid briarane B-3 isolated from the gorgonian Briareum asbestinum collected in the waters off the Yucatan Peninsula of Mexico (see Figure 65) was determined. The sample was aligned in a perdeuterated PMMA-d8 gel stretched in a Hilgenberg's micro stretching device and the 1 H 1D NMR spectra recorded at 800 MHz. Its absolute configuration was determined by ECD. A synergistic combination of anisotropic NMR with chiroptics.

Figure 65 .

 65 Figure 65. Structure of briarane B-3 along with configuration.

  2 H) values (due to their dynamical range) between the different deuterium sites in the polymer (such as polypeptide and polyacetylene) and in the solute leads to very low-resolution spectra (baseline) and high-resolution ANAD spectra, respectively, and no real interference between the two types of spectral signatures exits.Analysis of scalemic mixtures byANAD 2D NMR. Using ANAD QUOSY-type 2D experiments (see Section 4.2) to simply the identification and assignment of 2 H-QDs, the analysis of enantio-isotopomeric mixture associated to prochiral compounds [Aroulanda et al., RQCs and the average of 2 H-RQCs for each methylene group and their respective prostereogenic methylene directions (a,b), but also the 2 H-RQC data of all deuterium sites. [Lesot et al., 2020-b] The smaller Q-value obtained droped to 0.017 for all data, while a Qvalue of 0.011 was calculated when the average 2 H-RQCs for the diastereotopic site was used. The agreement between experimental and back-calculated RQCs for the smallest Qfactor as shown in Figure 13-67c demonstrated the quality of the coherence between the RQC dataset and the spatial arrangements associated to the 1S, 4R, 5S, 6R, 7S, 10R, 11R configuration. The final configuration obtained by the 2 H-RQC protocol is fully consistent with previous reports using RDCs [Navarro-Vázquez et al., 2018] as anisotropic data, as well as with X-ray structure, [Guo, 2016] consequently validating for the first time the robustness of the ANAD-NMR methodology.Compared to RDC analysis, all monodeuterated isotopomers for a given molecule form independent dilute 2 H-spin systems, and hence in ANAD NMR, the strong coupling effects that frequently hamper the accurate determination of 1 DCH couplings in CH2 groups no longer exist.

Figure 67 .

 67 Figure 67. (a) Molecular structure, atomic labels and R/S descriptors of artemisinin associated with the (known) absolute configuration, and DFT-optimized 3D structures labeling the a/b (a/b) positions of diastereotopic protons/deuterons. (b) Part of the NAD-{ 1 H} Q-resolved Fz 2D map (tilted and then symmetrized). (c) Correlation plot between experimental and back-calculated 2 H-RQC values. Figure adapted from ref. [Lesot et al., 2020-b] with permission.

[

  Berger et al., 2012] Same situation arises for the signal assignment of enantiotopic elements (pro-R/pro-S) in prochiral molecules. In 2007, an empirical approach combining NAD 2D-NMR and a PBLG-based mesophase was proposed for assigning the AC of small chiral molecules. [Ziani et al., 2007] The key concept of this strategylies on the fact that recognition phenomena of molecular shape play an important role in global ordering/differentiation mechanismsn, and hence analogous molecular structures should be oriented similarly in the same aligned environment. By comparison with molecules in which the AC of enantiomeric signals is known and identified, it becomes possible to propose an AC for the enantiomeric signals of compounds of interest, with an unknown AC.

[

  Emsley et al, 1982], and ii) the maximum entropy (ME) method, an "unbiased" method based on information theory [Catalano et al, 1991; Di Bari et al, 1988; Stevenson et al, 2003]. Finally in the last decade were developed hydrid strategies, combining the AP method and a direct probability distribution, DPD, for describing directly the internal potential as sum of Gaussians. [Celebre et al, 2003-a,b; 2012]. These models were applied to evaluate the conformational dynamic of small flexible analytes as naproxen or flurbiprofen (enantiopur chiral drugs) in polypeptide (PBLG) mesophases [Di Pietro et al., 2017-a, 2017-b, 2019] and a couple of enantiomers of (R/S)-1-(4fluorophenyl)ethan-1-ol, for the first time in 2021. [Rosachiara et al., 2021] In this example, it was demonstrated that R/S-enantiomers show significant differences in their conformational behaviors, due to the difference of solute-solvent orientational molecular interactions experienced by the (R) and (S)-isomers in a helical chiral environment as PBLG system. Understanding of chirality-dependent molecular interactions, often involved in a number of important chemical processes 9. Anisotropic 2 H 2D NMR applied to molecular isotope analysis 9.1 The natural ( 2 H/ 1 H) isotope fractionation: principle The relative abundance of deuterium compared to proton is about 155 ppm, this specific value is known as Vienna-Standard Mean Ocean Water (V-SMOW) value. [IUPAC, Lesot et al., 2020-c] However, in reality the deuterium/proton isotopic ratio can vary from one site to another site of the molecule, thus leading to its molecular isotopic profile. The chemical origin of the isotopic fractionation comes from a discrimination between light ( 1 H) and heavy atoms ( 2 H) that occurs during (bio)chemical processes. [Basov et al., 2019] The determination of isotopic fractionation can provide key data to: i) understand the enzymatic mechanisms, ii) validate the biosynthetic pathways of natural molecules, and iii) authenticate the geographical/botanical origin of bioproducts. [Akoka and Remaud, 2020]The principle of deuterium isotope fractionation analysis consists in recording 2 H-{ 1 H} 1D/2D NMR spectra under quantitative conditions (with recycling time TR(2H) = 5 × 𝑇 i (the longuest value) ( 2 H)in the presence of an internal reference (such as Tetramethylurea (TMU)), for which the ( 2 H/ 1 H) isotopic ratio is calibrated and well known.[START_REF] Martin | Deuterium labelling at the natural abundance level as studied by high-field quantitative H-2 NMR[END_REF] The isotope ratio (expressed also in ppm) for each deuterium site is then calculated from the measurement of the peak surfaces in combination with masses of the product and reference, and the stoichiometric ratio according to Eq. 27.

)

  In this equation, 𝐴 i Anal. and A Ref. are the integrated area of the signals at site i for the analyte and that of the reference, both measured on the isotropic NAD 1D spectra, Pi Anal. and Pi Ref. are their stoichiometric numbers of hydrogen at site i (analyte or reference), M Anal. , M Ref. , m Anal. and m Ref.

[

  Lesot et al., 2020-c] Two illustrative examples are discussed below.9.2 Case of prochiral molecules: the fatty acid familyThe analytical potential of NAD 2D NMR in the framework of the isotope fractionation analysis was first explored in the case of a fragment of prochiral fatty acids, the 1,1′bis(phenylthio)hexane (BPTH),[Lesot et al., 2004] and then successfully demonstrated on a complete long-chain (C-18) unsaturated fatty acid, the methyl linoleate (ML). [Lesot et al.,2008-c; Sehran et al., 2010]Indeed, for such a prochiral analyte, we were able to spectrally separate all the monodeuterated enantio-isotopomers of the molecule in the PBLG/pyridine mesophase (see Figure68b). As a consequence, it was possible to follow the variation of ( 2 H/ 1 H) isotopic ratios for enantiotopic positions in each methylene group.As a new molecular isotopic information related to the discrimination of all (R/S)enantioisotopomers, it is possible to determine the bio enantio-isotopomeric excess, (eiei(%)) for each CH2 group i, according to the equation: [Serhan et al.evident that the eie(%) values at the odd-numbered CH2 positions are larger than those measured at even-numbered CH2 groups all along the chain (see Figure68c). This observation was explained by the different incorporation mechanisms of hydrogens into the chain during the elongation of fatty acids via the fatty acid synthetase (FAS) enzyme. [Baillif et al., 2009] These new isotope data, only accessible by anisotropic 2 H NMR allowed to better understand the stereochemical aspects of the enzymatic reactions leading to methyl linoleate, and particularly those of Fatty Acid Synthetase (FAS).

Figure 68 .

 68 Figure 68. (a) Isotropic 92.1 MHz NAD-{ 1 H} 1D spectrum of methyl linoleate. Note the high rate of peak overlap. (b) Series of 92.1 MHz NAD-{ 1 H} 1D sub-spectra of ML in PBLG/pyridine extracted from the 2 H tilted Q-COSY Fz 2D spectrum. The 2 H-QD of methyl 18 is not shown. (c) Variation of eie(%) vs. the methylene groups.Figure adapted from ref. [Serhan et al., 2010] with permission.

  Figure 68. (a) Isotropic 92.1 MHz NAD-{ 1 H} 1D spectrum of methyl linoleate. Note the high rate of peak overlap. (b) Series of 92.1 MHz NAD-{ 1 H} 1D sub-spectra of ML in PBLG/pyridine extracted from the 2 H tilted Q-COSY Fz 2D spectrum. The 2 H-QD of methyl 18 is not shown. (c) Variation of eie(%) vs. the methylene groups.Figure adapted from ref. [Serhan et al., 2010] with permission.

[

  Figure 69. (a) Atomic numbering and stereochemical relationships between the different hydrogenated sites of the glyceryl part (sites i, j, k) and methylene (2 and 3) and methyl (4) groups of the three hydrocarbon chains (a, b and c) of TB. Note the different homotopic, enantiotopic and diastereotopic elements in this molecule. (b) 3D structure of TB, top view. (c) Series of 92.1 MHz NAD-{ 1 H} 1D sub-spectra of TB in PBLG/pyridine extracted from the tilted Q-COSY Fz 2D spectrum. Figure adapted from ref. [Lesot et al., 2012] with permission. this example, the number of differentiated sites is in agreement with the theoretical number expected for a Cs-symmetry molecule (see Figures 69), which implies an efficient shape recognition phenomon. This ability to discriminate all 2 H sites was unfortunately not met in the case of trimyristate (TM), where the discrimination mechanisms that differentiate the central from the two side chains indicate that is its no longer possible to distinguish the side chains (a and c) from the central chain (b) as done for the case of TB. In other words, TM behaves more

  i) analytical richness induced by the molecular orientation inside the magnetic field B0, ii) access to order-dependent NMR interactions (RCSA, RDC, RQC) not longer averaged to zero as in liquids, iii) spectral advantages to work with weakly orienting phases such as LLC phases and gels, within a range of one order of magnitude in terms of molecular orientation between these two types of media, iv) full control of orientation properties by adjusting the molar composition of the sample, the choice/nature of polymer and/or the polarity of organic co-solvant, or simply optimize the sample temperature in B0, v) detection of very weakly abundant nuclei (as 2 H) with reasonable experimental NMR times, vi) spectral discrimination enantiomers of chiral molecules to evaluate enantiomeric purity of mixtures as well as differentiate enantiotopic elements in prochiral compounds, when chiral oriented media are used, vii) possibility of NMR monitoring of dynamic processes (versus temperature or time) involving chiral objects (conformational equilibria, chemical transformations) with CLC, viii) analysis of site-specific isotopic profile using 2 H or 13 C NMR, ix) determination of molecular relative configuration because all anisotropic NMR observables encode valuable 3D structural information, x) and finally, the interest of diversifying the sources of molecular data using nD NMR for solving many challenging analytical problems met by chemists. From the first pioneering work by Saupe and Englert and later Sackmann and coworkers in the early 1960's, which first opened the doors of the anisotropic NMR spectroscopy in ALCs [Saupe and Englert, 1963] and then in CLCs, [Sackmann et al., 1968] respectively, numerous methodological and/or technological developments (NMR sequences, variable angle spinning sample (VASS) NMR probes, new oriented systems, etc.) were proposed during three fertile decades of continuous progress. Combing with recent instrumental NMR achievements, they provide various keys to fully exploit the potential of NMR in oriented media and solve important analytical issues for a large community of chemists.
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	GDO =	|𝑨| |𝐀 45. |	= @ 3 2	|𝑨|	(4)

[Tolman et al.

Table - 1

 - . Examples of kij values (with sign) involving nuclei 1 H, 2 H, 13 C, 19 F and 31 P, and ranked in decreasing order

	Pair of interacting	kij values	Sign a
	nuclei	(kHz.A 3 )	
	1 H-1 H	120.07	>
	1 H -19 F	199	>
	19 F -19 F	106.30	>
	1 H -31 P	48.62	>
	1 H-13 C	30.20	>
	13 C-19 F	28.41	>
	31 P -31 P	19.68	>
	1 H-2 H	18.44	>
	13 C -31 P	12.23	>
	13 C-13 C	7.59	>
	2 H -31 P	7.46	>
	2 H-13 C	4.64	>
	2 H-2 H	2.83	>

a kij is negative when one of interacting atoms has a negative gyromagnetic ratio (E.g. 15 N).

et al., 1995; Gao et al., 2018; Jackman et al., 2007; Meddour et al., 1994]

  

	-2 %), but requires a molecular modification by
	chemical synthesis. Numerous synthetic approaches for introducing deuterium atoms
	(selectively or not) in achiral/prochiral/chiral molecules have been developed and are well
	documented. However, it is clear that they are not always possible or easy to make. Their
	description is over the scope of this Chapter, but readers can see Refs. [Canet

et al., 2017]

  JCH's and d( 1 H) in F1 and F2 dimensions, respectively. [Souza Using simple switches, the user can activate different blocks of the pulse program shown in JCH splitting in F1 at the corresponding 1 H signal in F2.

	1 H J-HSQC-BIRD 2D experiment is a highly functional multipurpose HSQC 2D sequence
	with evolution of 1 Figure 10, including the option of having homonuclear decoupling (pure-shift) or not during the
	acquisition period. Block A controls the 1 JCH evolution in F1 using a scaling factor. A factor of
	zero corresponds to no 1 JCH evolution ( 1 H decoupling in F1) and a regular HSQC experiment is
	collected. A value of 1 provides splitting in F1 corresponding to the 1 JCH value, and values
	other than one allows the user to collect experiments with J-scaling as it is normally done in
	the JBS-HSQC 2D experiment. Block C controls the chemical shift evolution in F1 dimension
	via a chemical-shift scaling factor. A factor of zero produce a J-resolved experiment with no
	chemical shift information in F1, just the 1 Figure 10b shows the J-resolved HSQC 2D spectrum of Artemisinin.

[Navarro-Vazquez et al., 2018] As

  it can be seen, as long as there is good 1 H signals separation in F2 dimension, 1 JCH in isotropic conditions and 1 TCH in anisotropic conditions permit the accurate extraction of

	1 DCH values. Since there is no chemical shift evolution in F2, the experiment is much faster
	since there is no need for many increments in F1 to obtain an excellent degree of digital
	resolution in F1. Block B permits the measurement of long-range proton-carbon RDCs ( 2,3 DCH)
	using the Selective J-Scaled (SJS) HSQC 2D experiments.

[Trigo-Mouriño et al., 2011]

  

Lesot et al., 2021]

  13 C/ 12 C) isotopic ratios, as demonstrated in 2021. [Although13 C and 1 H are nuclei of spin 1/2, the main difference with 1 H is the low13 C In this case, the spectrum is a sum of independent resonances associated to each 13 C-12 C isotopologue of a molecule, while the probability to detect a pair of 13 C-13 C isotopologues (1.1% × 1.1% = 0.01%) is too low to be simply detected (INADEQUATE 2D NMR). Another specific advantage of

natural abundance of 1.1%. Interestingly, the detection of low abundance nuclei like

13 

C leads to simpler NMR spectra (compared to 1 H) to analyze, particularly when all protons are decoupled using classical composite pulse decoupling (CPD) sequences such as the WALTZ-16 sequence.

[START_REF] Shaka | Evaluation of a new broadband decoupling sequence: WALTZ-16[END_REF] 

  8 T), the enantiodifferences of all examples presented here will simply double (see Eq. 8), facilitating the integration or the deconvolution of the R/S enantiomers resonances. Deuterium nuclei, the second isotope of hydrogen, is naturally present in all hydrogenated compounds at very low natural abundance level (1.55 × 10 -2 %) and resonate at a lower Larmor frequency (g( 2 H) = g( 1 H)/6.515). However, same as for anisotropic13 C NMR, the use of high field NMR spectrometers combined with 2 H cryogenic probes compensate enough the very low sensitivity of this nucleus to be analytically exploited. This sensitivity limitation is no longer a problem for 2 H isotopically enriched compounds.

	Deuterium NMR.

Contrarily to

13 

C and 1 H, 2 H nuclei (I = 1) possess a quadrupolar moment, Q, specific to "quadrupolar" nuclei with spin I > ½ (see Eq. 15), giving rise to a measurable 2 H-RQC (see Eq. 14) in oriented media. This new property represents an analytical advantage for various reasons. First, due to its spin number, any 2 H signal is featured by a quadrupolar doublet ( 2 H-QD) that distribute the signal on only two components (2I transitions), except if 𝜃 VW 1 $ is aligned on qm (see Eq. 16

Lafon, et al. 2004; Lesot et al., 2012] but

  

13 C HETCOR experiment, [other schemes have been also proposed, [Sandström et al., 2000; Auger et al., 1998] including in solid NMR. [Robyr et al., 2000] Using polypeptide-based CLCs and deuterated analytes, the 2D experiment was renamed as Carbon-Deuterium Correlation in Oriented Media (CDCOM) (see Figure

Lisicki et al., 1988] and hydrogenated fullerenes in 1997. [Alemany et al., 1997] However

  , this is the first time that RCSAs are reported for small molecules.

First RDCs measured for small molecules using this method were reported in 1986 for analyzing o-dichlorobenzene,

[START_REF] Anet | Magnetic alignment effects in the 500-MHz proton NMR spectrum of o-dichlorobenzene in acetone-d6[END_REF] 

for analyzing a porphyrin-quinone based molecular cage in 1988, [

  13 C-RCSAs, but on the other side, carbons show stronger anisotropy than protons. It is evident that 1 H-RCSA would be ideal for limited natural product samples at microgram level. Let's see some facts about 1 H-RCSAs. E.g., from DFT calculations, the most anisotropic proton in strychnine is H-18a with an anisotropy value of 11.900, while the less anisotropic one is H-8 with an anisotropy value of 3.227. LLC phase such as PBLG are a no go for 1 H 1D NMR spectra due to the significant signal's line broadening observed due to their viscosity. The best option would be to use aligning gels. The GDO in aligning gels, such as compressed PMMA, is around 7 × 10 -4 . Hence, the maximum 1 H-RCSAs values for H-18a should be equal to 7 × 10 -4 × (szzs iso ) = 7 × 10 -4 × (36.86 -28.93) = 0.00555 ppm. This value is a constant. It increases therefore in Hertz as the magnetic field Bo increases in value. To minimize the error, 1 H-RCSAs should be collected at very high magnetic fields. E.g., at 800 MHz, this value corresponds to only 4.44 Hz. For H-8, the same calculations yield a value of only 1.20 Hz. Sound very discoursing. Measuring such small values in Hz

[Alvira et al., 1991; Frank et al., 2010; Nandi et al., 2004; Sager et al 2017; Sehran et al

  

	., 2012] Although some progresses were
	obtained for predicting orientation behavior of analytes interacting with achiral polypeptide-
	based achiral systems (PBG), [Sehran et al., 2012] and in case of two enantiomers interacting

with helical-polymer based CLCs [Frank et al., 2010; Sager et al., 2017] the results obtained are rare, and not always convincing in terms of reliability. Thus, MD simulation involving PBLG

[Celebre et al, 2003-a,b; Samulski, 2003]

  To solve this difficult problem, several (more or less complex) calculation approaches have been proposed so far. To help reader to go further, several solutions were proposed to manage this important problem are briefly outlined below, but a more detailed overview can be found in the Ref. [

Aroulanda and Lesot 2021]

  

C and 1 H-13 C isotopomers, and so detecting 1 out of 600,000 molecules.[Lesot et al., 2012] 

discriminations in D2d and S4 prochiral molecules using 2 H-{ 1 H} NMR. All examples shown so far were obtained with polypeptide-based LLCs co-dissolved in a broad range of organic solvents, but the enantiotopic discrimination phenomenon has been also revealed using other chiral weakly orienting media. We can mention chiral systems made of: i) DNA-based water compatible LC in case of dideuterated glycine (see Figure 29a), [Lesot et al., 2011-a] ii) polyacetylene-based LC in case of perdeuterated CS-symmetry analyte (ethanol, parameters (time-dependent parameters) and understanding its mechanism reaction. [Chan- Huot et al., 2013] As this DNA oriented system is enantiodiscriminating, it is possible to distinguish between enantiomer signals of alanine-d3, as shown in Figure 32a, and hence follow their respective concentrations versus time. Interestingly, 2 H-{ 1 H} NMR of deuterated substrate provides simple analysis of signals. In this example, the larger linewidth for the (L)-isomer originates from internal 2 H-2 H total couplings that are not equal to zero as for the (D)-isomer. 

(SI)]

In this case, two factors must be considered for a final selection of the configuration: i) the smallest value of Q-factor, ii) the difference to the second smaller Q-factor value.

Note that the case of flexible molecules is more complex to manage because it becomes necessary to consider various conformers with an individual weight in the calculation. In addition, different from isotropic NMR parameters, the value of the anisotropic NMR parameters (RDCs, RCSAs and RQCs) for each conformer depends on their shape and orientation, as will be discussed more in detail in session 7.2. 

2018]

Note here that the sign of 2 H-RQCs for a given 13 C-2 H bond, not directly accessible from ANAD 1D/2D spectra derived from a rapid analysis of the 1 J( 13 C-2 H) and 1 T( 13 C-2 H) values extracted from isotropic and anisotropic proton-coupled 13 C 1D spectra or with the help of J/Dresolved 2D spectra.

As in case of RDCs and RCSAs, from the analysis of 2 H-RQC data, we can evaluate the difference of average molecular orientation of each enantiomer and the comparison of their alignment tensors (see Figure 65b). Such information may provide a quantitive data on the enantiomeric discrimination ability (EDA) of various chiral polymers toward a given analyte or make a comparison of a series of chiral molecules toward a given chiral polymer. In 2020, a new door was opened with the demonstration that 2 H-RQCs extracted from ANAD spectra could provide reliable and coherent set of anisotropic dataset and hence becoming a promising alternative to RDCs and RCSAs to solve non-trivial structural problems.

The performance and scope of this tool was examined for two natural chiral compounds of pharmaceutical interest (artemisinin and strychnine). Figure 67a presents the molecular structure, atomic labels and R/S descriptors of artemisinin as well as DFT-optimized 3D

structures. This rigid molecule possesses seven stereogenic center, leading to 128 (2 7 ) isomers.

Using the fit procedure shown in Figure 66, it has been possible to identify the right molecular relative configuration (1S, 4R, 5S, 6R, 7S, 10R, 11R), using either the various 2 H-For this, we have calculated the relative distribution coefficients, 𝑘 $ B C (C = 8,E,F)

3

, of deuterium of three aromatic sites, Ha, Hb and Hc, corresponding to a fraction of peak area, A, and defined as:

In the series of vanillin samples analyzed, it appeared that the ratios vary as Ha < Hb < Hc for the samples of natural origin (bean or from a natural precursor (ferulic acid or lignin)), whereas the two synthetic samples both show Ha < Hb > Hc. From these referent isotopic trends, it becomes possible to establish the origin of an unknown sample of vanillin by comparing its distribution coefficients on the three sites with the reference data obtained for known vanillin origin. From an applicative viewpoint, these results show that the evaluation of intramolecular 2 H isotopic composition of the aromatic ring should enable to discern between natural and systems, two important challenges can be mentioned. The first one concerns the increasing of sensitivity of anisotropic NMR, particularly the dectection of low abundant nuclei as deuterium. Texier-Bonniot, T., Berdagué, P., Robins, R., Remaud, G., and Lesot, P. (2018). Analytical contribution of deuterium 2D-NMR in oriented solvents to 2 H/ 1 H isotopic characterization: The case of Vanillin. Flavour Frag J. 34: 217-29. Thiele, C.M., and Bermel, W. (2012). Speeding up the measurement of one-bond scalar ( 1 J) and residual dipolar couplings ( 1 D) by using non-uniform sampling (NUS). J. Magn. Reson. 216: 134-143. Tjandra, N., and Bax, A. (1997-a). Direct measurement of distances and angles in biomolecules by NMR in a dilute liquid crystalline medium. Science. 278: 1111-1114. Tjandra, N., Omichinski, J.G., Gronenborn, A.M., Clore, G. M. and Bax, A. (1997-b). Use of dipolar 1 H-15 N and 1 H- 13 C couplings in the structure determination of magnetically oriented macromolecules in solution. Nat. Struc. & Mol. Biol. 4: 732-738. Tjandra, N., Grzeisek, S., and Bax, A. (1996). Magnetic field dependence of nitrogen-proton J splittings in 15 Nenriched human ubiquitin resulting from relaxation interference and residual dipolar coupling. J. Am. Chem. .
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