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ABSTRACT:

Trying 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?" is a difficult but stimulating challenge. Although-isotropic’ *C-PSIA_ NMR is a promising tool for
determination of (13C/12C) ratios capable of providing key 3¢ isotopic data for understanding the reaction
mechanisms of biological processes or artificial transformations, this method does not provide access to any
enantiomeric **C isotopic data unless mirror-image isomers are first physically separated. Interestingly, 3¢ spectral
enantiodiscriminations can be potentially performed in situ.in presence of enantiopure entities as chiral-europium
complexes or chiral liquid crystals (CLCs). In this work, we explored for the first time the capabilities of the
anisotropic *C-{"H} NMR using PBLG-based lyotropic CLCs as enantiodiscriminating media in the context of the
enantiomeric position-specific B¢ isotope fractionation (EPSIF), within the requested precision of the order of the
permil. As enantiomeric NMR signals are discriminated on the ‘basis of a difference of *C residual chemical shift
anisotropy (13C—RCSA) prior to be deconvoluted, analysis of enantiomeric mixtures becomes possible. The analytical
potential of this approach when using poly-Li-benzyl-L-glutamate (PBLG) is presented, and the preliminary
guantitative results on small model chiral molecules obtained at 17.5 T with a cryogenic NMR probe are reported and
discussed.
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Introduction

Is there a relationship between enantiomeric preference and isotopic fractionation of carbon-13? Asking this
fundamental question in relation to a signature of the fractionation of carbon-13 or better with a position-specific B¢
isotopic redistribution (intramolecular fractionation) is to address some intriguing issues such as: i) the multiple
factors inducing enantioselective isotopic effects; ii) the possibility of distinguishing between an abiotic and a biotic
process during enantioselective degradations; iii) the possible authentication of molecules naturally occuring in
plants thanks to the specific enantioisotopomeric excesses (eie’s); and iv) better understand the-origin of the specific
homochirality of bioproducts [1, 2, 3]. Indeed, in terms of homochirality, Nature is highly enantioselective, and it is
guestionable why certain classes of natural chiral molecules such as sugars or amino acids (AA), for example, exist
in nearly only one enantiomeric form, L or D [4].

Age estimation can be achieved from the racemization rates of the AAs [5], the criterion being that very old samples
should show D/L ratios close to the racemization [6]. When the global isotopic content.is considered, the isotope
effects associated with all these phenomena are relatively weak because they are 'diluted' by the contribution of
carbons far from the center of enantioselectivity [7]. During a remediation process, involving a biotic degradation
process, enantiomeric fractionation can occur either by cellular uptake or by enzymatic transformation, whereas
isotope fractionation is mainly expected if chemical bonds are altered in the enzymatic transformation but not during
cellular uptake [8]. Therefore, if absorption is the limiting.step, enantiomeric fractionation is expected but not isotope
fractionation. As a corollary, if enzymatic reaction is the limiting step, then changes in enantiomeric and isotopic
fractionation are expected. A much better view would be obtained by performing a position-specific isotope content
determination in order to accurately study . isotopic effects in relation to enantiomerism. In this context, NMR

spectroscopy is the most appropriate modern tool to provide such intramolecular isotope analysis.
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Figure 1. Schematic description of the enantiomeric 3¢ isotope fractionation phenomenon (enantiofractionation) in the case of
the asymmetric reduction of the acetophenone (1) to 1-phenylethyl alcohol (2) and its possible experimental evidence using (o
(*H} 1D NMR spectroscopy in presence of enantiopure external stimuli such as CLC’s. The position of *C resonances and the
peak intensities for the R and S isomers are arbitrarily defined.
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In this perspective/research article, we propose to experimentally evaluate the possibility to reveal possible effects
associated with the enantiomeric position-specific **C isotope fractionation (EPSIF), using quantitative "*C NMR-
based strategies. For our purpose, we explore and describe isotropic and anisotropic **C NMR methodologies to
investigate this intriguing phenomenon, never approached so far, to the best of our knowledge. The problem
addressed here is highly challenging for two reasons: i) the possibility to spectrally discriminate enough the **C NMR
signals of stereogenic center and also '*C around it for each enantiomer and so to avoid problem of peak
overlapping; ii) the ability to record 13C-{lH} spectra with sufficiently high signal-to-noise ratios to‘meet the required
permil precision (%o) in isotope analysis and hence to accurately determine the *C/**C isotope ratio”, despite the
doubling of **C signals due to the enantiodiscrimination. From a more practical viewpoint;‘we will examine potential
sources of errors that can affect the robustness of anisotropic **C isotopic measurements within short- and.long-term
repeatability.

As illustrative example, we focus our attention to the 3¢ isotopic analysis of a model chiral molecule of low
molecular weight (122.16 g.mol'l) the 1-phenylethyl alcohol (2) (see Fig. 1). Chemically, this simple aromatic alcohol
can be obtained by the asymmetric reduction of the acetophenone (1) (a prochiral substrate) using either biological
processes (enzymatic catalysed reaction) or synthetic transformations as schematically depicted in Figure 1 [9, 10,
11]. Due to kinetic and/or equilibrium isotope effects, isotope fractionation of Bcis possible, which would result in
different EPSIFs for (R)-2 and (S)-2. Typically, after a conversion of the order of 10 to 20%, the isotopic fractionation
could be experimentally demonstrated and lead to_the calculation of a position-specific enrichment factor, ¢;
associated with the chemical process followed [7].

Questions and analytical challenges
Chirality and naturality

Proteins are essentially composed of L-amino acids. D-amino acids are naturally rare but can be the result ofunusual
or artificial transformations or derived from-the abiotic racemization of the L-amino acids [12]. A large part of D-form
is found in the soil due to bacterial activity [13]. For example, alanine racemase is an important enzyme in the
synthesis of bacterial cell walls [14,+15, 16].. It catalyses the interconversion of L- and D-alanine using pyridoxal
phosphate (PLP) as a cofactor [17, 18]. However in plants, the metabolism of molecules used in flavours (aroma,
essential oils, etc.) does not show this systematic selectivity for one enantiomer. Both enantiomers exist depending
of the plant origin, leading.to~different odour/flavour for each enantiomer. The enantioselectivity study by chiral
chromatography.is now a well-known methodology to confirm the authenticity of the natural origin of a given
molecule [19, 20].

Isotope sighature

To explain the prevalence of the L-form of amino acids, it is accepted that the initial presence of a very slight
enantiomeric imbalance and the amplification of chirality are necessary for the production of highly enantio-enriched
amino acids [21]. Thus, it has been reported that chiral induction can be initiated by small amounts of an isotope

(replacement by its °H, **C or '°N isotope of a substituent on a prostereogen carbon atom), by the spontaneous



-4

formation of enantiomeric excesses in the natural abundance of stable isotopes (eie’s) [22, 23]. Since the
enantiomeric ratio in flavouring molecules depend of its origin, this parameter is not sufficient alone to authenticate
the product. Addition of isotope profiles for each enantiomer is usually decisive [24].

In the remediation of a chemical contamination, if the chemical is chiral but is used as racemates (very often the
case for active molecules: pesticides, drugs, etc.), some microorganisms show enantioselective degradations. This
means that one enantiomer degrades faster than the other, either because of preferential microbial absorption
(ingestion) or because of preferential enzymatic activity. Studies have shown that all cases can be found: i)
enantiomeric fractionation with no **C isotope fractionation, ii) significant 3C fractionation With no enantiomeric

selection, and iii) both enantiomeric and isotopic fractionation (See next paragraph).

Methods for *C/**C isotope ratio determination

Bestc isotopic ratio measured by mass spectrometry (irm-MS, knows< also as IRMS: Isotope Ratio Mass
Spectrometry) [25] has been explored in first to investigate the issue of the enantiomeric isotopic fractionation [3, 8,
26, 27, 28, 29, 30, 31, 32, 33, 34, 35]. However, only the global (or average) isotope composition is accessible. The
lack of position-specific Be/c isotope data led to a difficult analysis and interpretation of the results, making it
impossible to unambiguously prove the existence of a 3¢ fractionation effect, since concomitant inverse and normal
effects may occur [36].

Based on proton-decoupled *C NMR (**C-{*H} NMR) spectroscopy, the isotropic **C-position-specific isotope
analysis named irm-C NMR (isotope ratio measured by NMR).is now a well-established tool for the determination
of intramolecular **C isotopic composition (5*3C;).with appropriate precision of the order of 1% [37]. Irm-"*C NMR is
capable of providing key 3¢ isotopic .data for the®understanding of reaction mechanisms of (bio)chemical
transformations [38, 39, 40, 41]. Nevertheless, this method alone does not allow a direct access to enantiomeric **C
isotopic data associated to a pair-of.mirror-image isomers. To reach this aim, two approaches can be considered
[42, 43, 44]: i) a physical separation of each enantiomer prior to their irm-NMR analysis; ii) an in-situ spectral

enantiodiscrimination in presence of a chiral (enantiopure) stimuli.

Enantiodiscriminating **C-{"H} NMR approaches

The use of standard irm-"*C NMR methodology to access to any enantiomeric B¢ isotopic data is only possible if
mirror-image isomers are. first physically separated [42]. Such a separation can be obtained by preparative chiral
chromatography, for instance [43]. The success of this two-step strategy lies primarily on the use of an adequate
chiral column as well as a robust optimisation of experimental conditions.

When physical'separation of enantiomers is not desired or experimentally impossible, several alternatives exist.
All lies on the same principle, and are based on the creation of diasteroselective interactions with an enantiopure
agent (a chiral partner) because NMR technique alone is blind to enantiomers. In practice, combined with isotropic
NMR, three types of enantiopure agents can be employed: i) chiral derivatizing agents (CDAs, known as Mosher’s
agents) which form covalent bonds with enantiomers and convert them into stable diastereoisomers; ii) chiral

lanthanide-induced shift reagents (CLSRs) such as chiral europium (lll) complexes, which are coordinated by the



enantiomers and lead to the formation of diastereoisomeric complexes; and iii) chiral solvating agents (CSAs) as
Pirkle’s agents or chiral cyclodextrines [42, 43, 44]. An alternative to these “isotropic” methods consists of using
chiral aligning solvents such as chiral liquid crystals (CLC) that are

able to orient enantiomers differently on average. This differential orientational order leads to distinct order-
dependant NMR observables for each enantiomer as the residual dipolar coupling (RDC), the residual chemical shift
anisotropy (RCSA) or the residual quadrupolar coupling (RQC) for spin | > 1/2 [45, 46, 47].
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Figure 2. Schematic description of the enantiodiscrimination in'CLCs based on a difference of *C-RCSAs, 4v; = | vaniso — yise |.

Disregarding any solvent effects (associated with the nature of the phase, isotropic or anisotropic), the frequency difference,
| vanise — yiso | is equal to the quantity (y;B,/2m)o{™=°. The S and R assignments shown are arbitrary and spectral patterns are
not plotted to scale.

Obviously, each strategy possesses specific analytical-advantages and drawbacks in terms of practicality and/or
application ranges. In particular, for CDA-, CLSR- and CSA-based NMR methods, the enantiopure agent must be
carefully chosen accordingly to the (specific) chemical functions of the investigated chiral compound. With the
exception of cyclodextrins (chiral macrocycles), these agents are often not suitable for apolar chiral compounds.
Interestingly, CLC-based NMR appears to be a very competitive alternative, much more universal than other NMR
methods because the enantiodiscrimination/mechanisms are strongly governed by the molecular shape recognition
phenomenon, unlike the CLSR [46, 47].

Specificities of the anisotropic **C NMR

In this original approach, the distinct interactions of S and R-isomers with the enantiopure aligned molecules of the
CLC (diastereomorphous interactions) in the NMR magnetic field results in their different average orientations as
described by the Saupe’s order matrix, S(fB and So’fB, [46, 47]. This differentiated alignment leads to spectrally
discriminate enantiomers on the basis of a difference of the residual chemical shift anisotropy (RCSA), residual
dipolar coupling (RDC) and residual quadrupolar coupling (for spin | > %) [47].

In oriented solvents, the electronic shielding constant of a carbon-13 atom i contains both an isotropic, ¢:5°, and an

anisotropic term, ¢2"s°  (**C-RCSA). This second contribution is generally different for a par of enantiomers
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dissolved in CLCs. Thus, the respective resonance for the R and S isomers frequencies (in Hz), vF and v;*, can be
written as [45, 47, 48]:

i isoRorsS
ViR ors _ L(l _ O_ilso _ O.ianlso )BO (1)
21

where y is the gyromagnetic ratio of 3C nuclei. In fact, spectral separations only originate from the order parameter

differences (S® or S°) involved in the term gAniso (aiis"R = aiis‘)s ). A Schematic description of the enantiodiscrimination
in CLCs based on a difference of **C-RCSAs is presented in Figure 2.

The development of this term (see Egs. SI-3 to SI-6 in Sl) shows that all factors increasing either the
difference in order parameters between (R)- and (S)-isomer or the electronic shielding anisotropy of a given nucleus i
(such as the hybridization state of carbon atom and the nature/electronegativity of the substituents bounded to it or to
the adjacent nucleus) will increase the magnitude of ¢2"s°, Thus if the magnitude of shielding anisotropy is rather
small for sp*® carbon-13 nuclei, significant **C-RCSAs can be obtained for sprand sp*'carbon-13 nuclei [48]. In
addition, the stronger the magnetic field, the better the spectral enantiodiscrimination effect (see Eq. 1).

In practice, anisotropic 13C-{1H} 1D NMR in CLCs is a robust tool, rather easy to implement on any routine NMR
spectrometers. Similarly to isotropic NMR, recording anisotropic. 13C-{IH} NMR spectra with high-field NMR
spectrometers and possibly equipped of cryogenic probes [49, 50] is both advantageous in terms of spectral

resolution (see Eq. 1) and sensitivity.

Materials and methods
Material and sample preparation

1-Phenethyl alcohol, organic co-solvant, and PBLG polymer were purchased from Sigma Aldrich, and used without
further purification. The degree of pelymerization (number of polypeptide units) is equal to 710. Co-solvant was,
however, dried on molecular sieve before.its use.

Samples of (R/S)-2 (Aldrich P13-800) prepared during the preliminary step and recorded on a 9.4 T Avance llI
NMR spectrometer equipped with a 5-mm-TBI (HCX) classical probe (15(**C) = 100.1 MHz)) were prepared using : i)
~100 mg of analyte, ii) ~ 150 mg of PBLG (Mpg c/M+ot = ~21.5%), iii) ~ 450 mg of co-solvent (CHCI; and CCl,), The
ratio (mpg /M1y IS €qual to 21.8% for sample AS-1. A scalemic mixture (ee(S) = 40%) were also prepared to assign
the absolute configuration of € signals. Details are given in Table SI-3.

Polypeptide/chloroform-based oriented samples used for quantification purposes and recorded on a 165 T
Avance Il NMR spectrometer equipped with a 5-mm QCI (HFCN) cryogenic probe (1,(**C) = 176.09 MHz) were
prepared with : i) ~50 mg of R-(2) (Aldrich 685828) or S-(2) (Aldrich 05512-25G-F) and ~50 mg (R) + ~50 mg (S)
analyte (racemic mixture prepared by weighing), 175 + 1 mg of PBLG and ~540 mg of CDCI; (see Table SI-5 for
exact mass). The ratio (mpg.c/M1oy) for enantiopure and racemic mixture are equal to 21.4%. Compared to the
previous samples, the larger amount of PBLG and chloroform used for isotopic measurements is justified in order to
eliminate sample “edge effects” incompatible with a robust isotopic quantification as well as the longer length of the

3¢ coil of the 5 mm cryoprobe (compared to the conventional probe), while the (mpg c/M+) ratio is similar to that of



the samples tested in the preliminary stage. Also note that using CDCl; instead of a mixture (CHCI; and CCl,) does
not radically change the orientation behaviour of solute in terms of *C-RSCA-based enantiodiscriminations (variation
of + 1 Hz), whereas the anisotropic samples can be locked during the **C experiments (see below).

To reach the optimal spectral resolution, several cycles of centrifugation at low speed (500 rpm) of the (sealed-fire)
NMR tubes were performed to remove concentration gradients along the sample. This operation is crucial because a
macroscopic inhomogeneity (generated by matter concentration gradient) strongly increases the linewidths, and
therefore reduces the SNR for solute signals. Other NMR details and preparation of NMR tubes are given in SlI, and

in previous refs [46, 47, 48].

Evaluation of *C longitudinal relaxation times

The determination of the **C longitudinal relaxation time T(*3C) for each carbon of the analyte-is an important data
to determine the recycling delay, Tr, between two successive scans added in‘order to.record spectra under robust
guantitative conditions. For isotopic quantification purpose by irm-"3C NMR, it is recommend.to.use Tg = 10 x T1(13C)

[51]. The classical inversion-recovery experiments was used to determine the T,(**C) [52].

Quantitative *C-{*H} experiments

For all quantification evaluations by 13C—{lH} NMR (isotropic and anisotropic), proton signals are only decoupled
during the signal acquisition (inverse-gate pulse scheme) to minimize the nuclear overhauser effect (nOe) induced
by the H composite-pulse decoupling sequence (1H—CPD). Regardless of the solvent used, identical data processing
was applied: i) 13C—{lH} spectra were zerofilled to 128 k datapoints, and an exponential window function inducing a
line broadening of 1.7 Hz (isotropic samples) and 1 Hz (anisotropic samples) was applied to the FID prior to FT, ii) a
careful phase correction followed by<an appropriate polynomial baseline correction by “parts” was then applied
before any spectral deconvolution of resonances.

Areas of °C peaks corresponding to different carbon sites of the R-, S- and R/S-mixture in anisotropic phase were
determined by the curve-fitting process implemented within Perch (Perch NMR Software, University of Kuopio,
Finland [53]). Each resonance was smoothed by adjusting its chemical shifts, its amplitude, its width at half
maximum (FWHM), its phase, and using a Lorentzian shaped lines including a Gaussian percentage. The peak
areas measured in quantitative 13C—{lH} 1D-NMR spectra were corrected for accounting to the presence of B¥c. B3¢
isotopologues in the molecule, which gives rise to satellite lines.Finally, reduced molar fractions fir were calculated
for the C-1, C-2, C-3, C-4/8, C-5/7, C-6 sites of analyte according to Eq. 2 (see also Table SI-1):

Si
ﬂR - (Fi % ST) (2)

where S; is the corrected peak area for position i, and St is the sum of the peak areas of all the measured sites. F; is
the statistical molar fraction of site i. In compound 2, this value is equal to 1/8 for C-1, C-2, C-3 and C-6 sites, and
2/8 for C-4/8 and C-5/7 sites (see also Table SI-1). From fr using the global value for &g (in %o) obtained by irm-
EA/MS, the ¢ (in %o) for each NMR peak can be calculated according to ref [54]. Then the position-specific carbon
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composition for each carbon i are expressed as ol 13Ci) in %o. It should be noted that these values were not
calibrated according to the response factor of the spectrometer.

It is important to note that compared to the analysis in an isotropic solvent where only the analyte and solvent signals
are observed (ignoring impurities from the solute/solvent), the analysis of the B¢ signals of solute in the PBLG phase
may be more challenging. Indeed we observe *C peaks from the flexible side chain of the polypeptide that cannot
be considered as simple artefacts (see Figure 4 and Fig. SlI-4). Due to the difference in dynamics between the
solute and polymer (backbone and side chain), these additional PBLG *C signals are broader (and so weaker) than
the analyte signal (ng’;ﬁ‘;’« Tz‘slglijfe). In case of 2, the proximity of these broad signals (e.g., labeled peaks 2, 6 and
8) can be a source of error for an accurate determination of the area of the nearest enantiomer peak (here (R)-peak
for C-2, (S)-peak for C-3 and (R)-peak for C-1). Examination of their impact on the measurement of peak areas and

hence on the accuracy of 5(13C) values is presented in the discussion section.

Irm EA/MS: global stable-isotope analysis

Global carbon (**C/*”C) isotope ratio measurements, expressed in.delta notation, 6°Cy4 (%0), was determined by
isotope ratio monitoring by mass spectrometry (irm-MS) using an.ntegra2 spectrometer (Sercon Instruments, Crewe,
UK) linked to a Sercon elemental analyser (EA) fitted with an autosampler (Sercon Instruments, Crewe, UK). About 1
mg of sample was sealed in a tin capsule (4 x 6 mm Sercon tin capsule). 51309 of the resulting gases, CO, was
determined by reference to a working standard of glutamic acid standardized against international reference material
(IAEA-CHZ7 for carbon isotope ratio).

The “*C global (or average) isotope compositions-of the whole molecule were calculated from:

8, (per mil) = (id — 1) x 1000 ©)

Rst,

where R is the isotope ratio of the sample and Rgyq-is the isotope ratio of Vienna PeeDee Belemnite reference
standard (V-PDB) for *C (Req = 0.0112372) [55, 56].

Results and discussion
Quantification requirements and optimization of anisotropic samples

The quality/robustness. of quantitative (13C/12C) ratio measurements by anisotropic 176.09 MHz 3¢ NMR using
lyotropicpolypeptide-based CLCs as solvents mainly depends on two factors: i) the SNR for each 3¢ peak, ii) the
FWHM («x 1/T;), and iii) the magnitude of separations for the enantiodiscriminated inequivalent 3¢ sites [47,48].
These three factors are closely related to the proportion of the sample components (solute/polymer/co-solvent), the
nature of polypeptide, and the co-solvent polarity; each of them affects the mesophase viscosity as well as the
enantiodiscrimination mechanisms. Generally for aromatic alcohols as analyte 2, PBLG mesophases prepared with
weakly-polar organic solvents (as chloroform, u= 1.04 D) or a mixture (chloroform and tetrachloromethane) provides

good results in terms of sample fluidity and enantiodiscriminations [57].
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To reach the permil precision desired in irm-"*C NMR, a significant quantity of solute is needed to obtain an expected
minimal SNR = 500 within a reasonable experimental time to avoid magnetic drifts (90 - 120 min). In case of 2, 50

mg (4.10'5 mol) per enantiomer appear sufficient (at 17.5 T) when FWHM < 3 Hz.

Advantage of using deuterated co-solvents

Interestingly, the use of CDCl; as deuterated organic co-solvent is advantageous for two reasons. First of all, the high
sensitivity of the ’H guadrupolar interaction, can easily reflecting possible gradients of order (“disorder of order”) of
the liquid-crystalline phase [58], thus providing a simple way for a robust evaluation of its homogeneity. In clear, the
observation of a *H doublet showing large intensity difference between both components indicates a non-ideal
situation. In practice, a new series of sample centrifugations is recommended. The presence of dissymmetrical *H
lineshapes clearly indicates an inadequate magnetic homogeneity that should“be corrected by re-shimming the
magnet. One example of ideal ’H 1D spectrum for CDCI; oriented in PBLG is shown'in Fig. Sl-2a. Generally, ’H
spectrum of good spectral quality leads to excellent 13C—{lH} spectra. Second, we can lock the magnetic field of the
spectrometer during the 13C—{lH} NMR experiments on the frequency of one of components of the ’H quadrupolar
doublet of CDCls, either the shielded or deshielded peak. However it is not recommended to apply any procedure of
autoshimming during a series of experiments. Indeed, the majority of attempts using the autoshimming procedure,
during the acquisition, led to a loss of significant magnetic homogeneity over time incompatible with irm-*C NMR

measurements.
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Figure 3. Variation of Av(lSCi) expressed in Hz for each inequivalent carbon site of 2 (AS-1) between 295 and 335 K, and
measured at 9.4 T (1(**C) = 100.3 MHz).

Temperature and consequences

Changing the sample temperature (T) is a valuable option to vary the *>*C-RCSA contribution (aia“is"sorR) for each
inequivalent carbon site, and hence modify the spectral enantiodifferences (AS(in ppm) or Av (in Hz)) measured on

¥C NMR spectra when a racemic/scalemic mixture is used. Expressed in Hz, this difference is equal to:

b = - of| = [ L (805)By). )
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As seen in Figure 3, the variation of Av; (oc Aaia“is") for each *°C site as a function of T may be different (increase or

decrease) according to the **C site of 2. Thus, we can note that A values decreases with T for C-1, C-2 and C-6
atom sites, increase for C-4 and C-5 while remains more or less constant for C-3. These divergences originate from
the complex combination (toward order parameters, S) of terms contributing to ¢2"s° (see Eqs. SlI-4 to SI-6), and in
turn to the observed differences, |Ag2"s°|. The great versatility of term Ag° relative to molecular order makes the
variation of Av; as a function of T very unpredictable (at least when the variation of T does not exceed 30 - 40 K).

As with isotropic NMR, the temperature of the sample significantly influences the anisotropic. longitudinal
relaxation times of the carbon atoms (T;(**C)®™° < T,(**C)*°). This can have a significant impact on the overall
experiment time, Tey,, When 3C-{"H} spectra are recorded under quantitative conditions (see above). In practice, the
choice of the optimal sample temperature must result from a reasonable balance between Av(R/S), FWHM, Tg, Texp
and the SNR. Given the composition of the sample selected for 2, a good compromise is obtained at T = 303 K, thus

aniso

leading to the longest T1(*3C)*™® = 5.8 sec value for C-3 (value to be compared to T;(**C)"® = 11.4 sec), and a
experimental time of a little more than 2 hours (Tep = 124 min, Tr = 61:Sec, with t,q = 1 sec) for 4 dummy scans and

120 scans added. Table 1 lists all relevant **C spectral data for 2 at 303 K.

Choice of the *H-CPD scheme

Last, but not least, in irm-*C NMR, the accuracy of “*C-{*H} NMR measurements depends on the quality of the *H-
CPD decoupling type used [59, 60]. In a preliminary step, two 'H-CPD schemes were tested and compared: the well-
known Waltz-16 [61] and the recommended (adiabatic) scheme pulse denoted X4 for irm-NMR [62] (see Figure SI-
4). The analysis of experimental results in oriented solvents points out that the X4 'H-CPD scheme gives more
repeatable and reproducible isotopic measurements compared to the Waltz-16 scheme. This observation confirms
the previous request for isotropic irm-NMR analysis [63]. Beyond the adiabaticity of X4 decoupling, this scheme
eliminates more efficiently the large spin-spin total couplings, T(**C-*H) = J(**C-'H) + 2D(**C-'H), associated with C-
H pairs in PBLG and minimizes the second-order effect met with strongly coupled 'H-1H spin systems. This leads to
the observation of sharper 3c signals for the PBLG (see Fig. Sl-4a), in particular at the terminal (aromatic)
carbonatoms of the'side chain which are highly mobile with respect to the peptide backbone. This situation is very
favourable for a more reliable deconvolution of the analyte signals, especially when they are close to the polymer
signals. A typical example of quantitative anisotropic 13C—{lH} 1D spectrum obtained for (R/S)-2 recorded in nearly
two hours (Tg = 61 s, number of scans = 120, dummy scans = 4) and using the X4 decoupling scheme is shown in
Figure 4. As seen all inequivalent carbon sites are spectrally enantiodiscriminated on basis of **C-RCSA differences
(see Table 1).



-11 -

Table 1. Spectral 3C data of all C-1 to C-8 carbon sites of (R)-2, (S)-2 and (R/S)-2, measured at 303 K and

175T

Data Carbon site

Atom C-1 C2 C3 C4/8 C-57 C-6
Type CH; C*H Cq 2xCH 2xCH CH
Hybrnd sp° sp sp sp sp’ sp’
s(Peysen© 2504 7024 14578 12533 12839 127.34
s(PCyb e e 2491 6971 14625 12544 12834 12747
sRCf s 2495 69.65 14632 12547 12839 127.54
Av(PCy¥Samsed 70 10.5 11.7 6.2 8.8 13
FWHM® 2.8 2.8 2% 2.9 29 29
/£ 3.4 8.6 114 6.5 6.3 49
/Y ® inad 19 40 5.8 32 % .
SNR™ " 760 750 830 1620 1610 790
SNR*" ! 700 640 710 1470 1460 710
SNR*"s0J 540 520 560 1130 1120 540

25**C) in ppm of (¥)-2 in isotropic phase (CDCls). °§**C) in ppm of (S)-2 or (R)-2 in PBLG/CDCls. © The central **C resonance of CDCl; in isotropic
and anisotropic phase is calibrated at 77.0 ppm. “Av(**C) is equal to | v(**C)® - v(**C)®| (in Hz). *FWHM in Hz: full with at half maximum (average
value) measured in the CLC. ‘Isotropic longitudinal relaxation time T:(**C) in sec for (S)-2. “Anisotropic longitudinal relaxation time T,(*C)
(average value of enantiomers). "SNR measured for (S)<2 in isotropic phase. 'SNR (no unit) measured for (S)-2 in anisotropic phase. 'SNR
measured for (+)-2 (average value of R and S signal).

Short- and long-term repeatability of anisotropic 13C-{lH} NMR experiments for the enantiopure oriented
samples

Given the small isotopic variations expected, the ability to evaluate possible effects of enantiomeric isotope
fractionation is highly dependent on the ability of the method to obtain precise data. In this section, we first examined
and compared the precision of the 3¢ isotope measurements obtained in the case of the enantiopur samples, (R)-2
and (S)-2, in anisotropic solvent (AS-3 and AS-4) in terms of short- and long-term repeatability. In Figure Sl-4, the
anisotropic 13C—{lH} 1D spectrum of (S)-2 is presented and can be compared to that of Figure 4.

Short-term repeatability of anisotropic 3¢ NMR experiments for (S)-2 and (R)-2 samples has been assessed by
calculating the standard deviation, SD(13C)i, for each inequivalent carbon site and using seven replicates (all numeric
data are given in Sl, see Tables SI-8, SI-10, SI-11). Long-term repeatability was evaluated by recording two series of
independent experiments (S-I and S-2) separated by a period of ~70 days (recorded on the same instrument).
Figures 5a,b show the variation of *C isotopic compositions, 5*>C;, in %o versus the six inequivalent **C sites of (S)-
2 and (R)-2, respectively, both calculated for each series (S-1 and S-1l) of seven consecutive NMR experiments (7
replicates) and the associated average value must result from a reasonable balance between various parameters:
AAv, FWHM, Tg, Teyp and the SNR. Given the composition of the sample selected for 2, a good compromise is
obtained at T = 303 K, thus leading to the longest T,(**C)*"*° value for C-3 of 5.8 sec, and experiment with Ty, 124
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minutes for 4 dummy scans and 120 scans added. Table 1 lists all relevant 3¢ spectral data for 2. Additionally,
Figure 5c graphically details the variation of SD(13C),'s for each isomer of the two series. Note that column plots for
each isomer is also proposed in Supp. Info. (Figs. SI-5 and SI-6). Examination of data reveals that the 5*°C; values
for both enantiomers follow the same trends (from -20%. to -86%c), even so some carbon site as a significant
variation between enantiomers as observed with C-2 (|A613C2)| = ~40 %o). As seen on plots, the SD values and their
variations within each series are very similar, varying between 0.5 to 2.4 %o with an average value of SD’s found at
1.27%o.

From the analysis of anisotropic enantiopure samples, (R)-2 or (S)-2, two experimental facts can be drawn:

i) isotopic data show a good repeatability (over a series of 7 exp.) while the SD values.are in the same range
than for isotropic samples (< 2.5 %o) with an average value of SD’s found at 1.17 %o (see Table SI-12),

ii) for the long-term repeatability, the results are very similar over a period<of about 70 days, but it could be
argued (case of (R)-isomer) that standards (used for isotropic samples) are not reached for a robust quantification of
(130/12C) ratio (see Figs. SI-5 and SI-6). Technically, reproduce the identical anisotropic .spectra with oriented
samples (even with fired-sealed NMR tube) is always more difficult than with isotropic samples,) due to possible tiny

order variations

C-6
(a) c CDCl,
o C-5/
Cl 4 ‘(%6 -5/7 || C-4/8
C Cae .
1\ P 3\C C7
C, 8
é C-3 C2 C-1
OH
45
! - 8 6 7 8
e S
T T T T T T T T T T T T T T T 1
170 160 150 140 130 120 110 100 S0 80 70 60 50 40 30 ppm
(b) R S R S
R S
R S SR
o C-4/8
C-5/7 R S ) c1
—_— Sem=— e
1284 ppm 125.6 1254  ppm 25.0 24.8 ppm
Cc-3 C-6 C-2
T T T T s s
146.4 146.2 ppm 127.6 127.4 ppm 69.8 69.6 ppm

Figure 4. (a) 176.09 MHz "*C-{*H} 1D NMR spectrum of (+)-2 (AS-5) in the PBLG/CDClI3 chiral mesophase at 303 K (Texp = 124
min, 120 scans and 4 dummy scans, X4 decoupling scheme). An exponential filtering (LB = 1 Hz) is applied. 13(Z-peaks labelled
with a green number (1 to 8) originate from PBLG polymer side chain (see also Figure Sl-4). Compared to the analyte B¢
signals, they are both smaller and larger (T2"2° < T,°°"®). (b) Zoom on each *3C site. Spectra data are listed in Table 1. The
R/S assignment was made by comparison with the 13C-{lH} spectra of (R)-2 and (S)-2 as well as the comparison with a
scalemic mixture of 2 (ee(S) = 40% (AS-2)). Note the inversion of spectral positions for S and R isomers at the carbon site C-2
compared to other sites.
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(centrifugation step not always identical). Even small, these variations can affect the peak shapes and/or the

13¢-3C)-RDC values associated with adjacent pairs of **C-*C

position of **C satellites peak due to tiny variation of (
isotopologues, and so modifying the final measurements of some permils. This occurrence does not exist with
isotropic samples.

As mentioned previously, anisotropic **C-{*H} spectra are featured by the presence of PBLG *°C signals. To
assess their impact on the deconvolution process of analyte signals in enantiopur samples, a new series.of spectral
smoothing including their deconvolution have been carried out. Isotopic data and associated plots are given in
Supp. Information (see Table SI-10 and SI-11 (for S-1 and S-II) and Figs. SI-7 to SI-10).

The comparison of isotopic data with and without PBLG deconvolution for AS-3 and AS-4 indicates that the
SD(**C); values for each site are very similar. Besides, excepted for the methyl C-1 (R-isomer);.the AK**C); values
range between +0.6 to -3 %o with an average value found at -0.4 and -0.3 %. for R and S; over the two series
respectively. The largest difference, measured on C-1(R) located at 25 ppm, originates from the very close
proximity of the broad 3¢ signal of the CH, group of the side chain bonded to the C*H of the peptide unit; this effect
being minimized for the signal of S-isomer located slightly further away.(25.0 ppm) (see Figures 4 and Sl-4). Same
situation exists with the C-2 site of (R)-2 compared to (S)-2 (5"°-° ='68.1 ppm) as well as the C-3 site (5 °-° = 145.5
ppm) but with smaller AS™'(**C)/s due to highest (sharper) PBLG peaks, thus enhancing the deconvolution
process quality. In other words, the deconvolution of broad e signals of PBLGs is necessary when their overlap
with the sharper B¢ signals of the analyte is too important to be ignored, as in the case of C-1 site of (R)-2 (-4 %o)
compared to (S)-2 (-1.5 %o).

Analysis of the anisotropic racemic mixture

In a third step, the anisotropic 13C—{lH} spectra of a racemic mixture of 2 (denoted (R/S)-2, sample AS-5) prepared
as an equimassic mixture of the pure enantiomers were recorded under quantitative conditions and examined.
Compared to enantiopure oriented samples, the case of a racemic mixture but also of any scalemic mixtures (0 <
ee(%) < 100) is spectrally more complex to analyse and deconvolute, mainly because the 3¢ signals of the R- and
S-isomers are expected to be spectrally enantiodiscriminated for each inequivalent carbon site, with spectral
differences in Hz equal to 2 to 3times the FWHM of analyte peaks.

In case of 2 in PBLG, these differences range for 6 to 12 Hz (see Table 1). To this doubling of the 3¢ peaks (which
results in a-reduction of the SNR'by a factor of 2), one must considered the presence of 3¢ satellites, the impurities
originating from 'each enantiomer, the instrumental artifacts and the PBLG signals. The experimental NMR
conditions for evaluating the short- and long-term repeatability for AS-5 is identical to those used with the oriented
enantiopure samples. Hereagain two series of data (S-1 and S-Il, ~120 days, same instrument) with consecutive 7
replicates each was chosen, with a total experimental duration not exceeding 15 hours, mainly for avoiding possible
mesophase homogeneity degradation over time. As previously, the smoothing process of analyte signals was
performed with and without the deconvolution of **C signals of PBLG polymer, but have been adapted to the

spectral complexity of AS-5.
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All §*°C); and SDI1™*C),’s values for each enantiomer are reported in Table SI-9 as well as in Tables SI-12
and SI-13 (for S-1 and S-Il, respectively). Column plots of &(**C)'s of (R)-2 and (S)-2 isomers in the racemic

mixture (AS-5) are displayed in Figure 6. Additional associated graphs or column plots are reported in Supp. Info.
(Figs. SI-11 to SI-13).

—o— §(R) (S-1)
—e— §(R) (S-1l)

————— Average §(R) (S-1 & S-II)
--X%--Average SD(R) (S-1 & S-Il)
No PBLG deconvolution
| |

|
1 2 3 418 5/7 6
Carbon site i

i
'

N

(&)
I

—e— 5(S) (s-)
—e— §(S) (S-II)

***** Average (S) (SI & S-ll)
-=X--Average SD(S) (S-1 & S-Il)

No PBLG deconvolution
|

| | |
T T T 1
3 4/8 5/7 6
Carbon site i

—e— (R)-isomer (S-1)
—o— (R)-isomer (S-II)
—&— (S)-isomer (S-I)

—o— (S)-isomer (S-Il)
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1
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1 2 3 4/8 5/7 6
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Figure 5. (a and b) Variation of &*°C))’s versus the six inequivalent **C sites of (R)- and (S)-isomers of 2 in anisotropic phase
(samples AS-3 and AS-4; series S-I and S-Il; 7 replicates), as well as the 5**'(*3C)’s (red or blue dotted lines) and SD**'(**C)’s
(black dotted line). (c) Variation of SD(13C)’s of the S- (red) and R-enantiomers (blue) over the two series. The PBLG 3¢ signals
are not deconvoluted here.

The analysis of short and long-term isotopic data extracted from (R/S)-2 sample deserves a special attention.

aver(lsc)iR/S

Compared to the 3¢ isotopic measurements of the enantiopure samples, higher SD values (up to ~9 %o
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instead of ~4 %), with an average value of ~3.9 %o instead of ~1.5 %) are obtained. From the point of view of
isotopic compositions of (R)-and (S)-isomer, measured in enantiopure sample and in the racemic sample (see

Tables SI-8 and SI-9), the comparison of results shows that isotopic data follow the same trends, but some
divergences are observed with an average difference of about 9 %o (see Table SI-15). These results are observed
both without and with the deconvolution of PBLG signals. Several arguments can be given for explaining these

discrepancies, oneassociated to the deconvolution protocol used, the other associated with the guality of NMR

experiments.
With respect to the protocol, the use of reduced molar fractions, fir, can be considered as one of the main

sources of error. While this approach avoids the use of an internal isotopic reference, but also the errors in the
weighed mass of components of the sample, it is likely to accumulate errors in the 8 \13C)i values. In relation to
NMR experiments, we can mention the following reasons:

i) as for enantiopure samples, but in a more pronounced way, broader anisotropic 3¢ peaks lead to small
SNR,

i) on the racemic sample, the R and S signals are not completely separated (AAv = 5 to 8 Hz) and the
baseline does not return to zero between the two peaks. In this condition, a smoothing effect is applied

on the repeatability. SD value of 4, however, indicate that the" experiment is sufficiently repeatable to

differentiate between samples if the experiments are reproducible,
iii) compared to enantiopure samples, we can se€ that the presence of one, two or three pairs of *C satellites

associated with each dedoubled peak (isotopologues 13C—”C) by enantiodiscrimination lead to a complex distribution

of small peaks (satellites) at foot of "**C intense'signals” not easy to'simply deconvolute (see Fig. 7),
iv) the difference of impurities associated with the samples of R and S isomers (different packaging) that are

now simultaneously present in the racemic mixture can be cumbersome when a racemic mixture is prepared.

-20 ]

40 ]

5 (13(:) aver (%a)

60 |

(R)}-isomer (S-1 & S-1I) / PELG deconvolution
(S)-lsomer (S-1 & S-ll} / PELG deconvolution
(R)}-isomer (S-1 & S-1I) / Mo PBLG deconvolution

-80 + {S)lsomer (5-1 & S5-I} / No PBLG deconvolution
f f f f f !
1 2 3 “ 5 6
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Figure 6. Variation of §a"er(‘13C)i’s with the associated SD(BC)i’s (both in %o) of (R)-2 and (S)-2 isomer in the racemic mixture (AS-
5) versus the six inequivalent °C sites) obtained with the experimental data series (S-1 and S-II). Solid and shaded columns
correspond to isotopic data obtained with or without PBLG deconvolution, respectively.
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Control of the long-term mesophase stability and homogeneity in anisotropic samples

Disregarding the various reasons presented above, we have identified that the major difficulties preventing the best
repeatability of the irm **C-NMR experiments (the lowest SD) in anisotropic chiral solvents (compared to isotropic irm
13C-NMR) is related to the long-term macroscopic stability of the liquid-crystalline solvent.

A simple criterion to evaluate the mesophase long-term instabilities, and in fine variations of the solute orientational
order over time that is unsuitable for *C quantitative measurements, is the comparison of the 2H-{'"H} signal of
chloroform-d; before and after the series of **C spectra. If both H spectra show significant spectral.changes (such
as significant variations of the line shapes symmetry, the changes in the maximum intensity of the components of “H-
QD, or a mirror-image desymmetrisation of the H-QD (see Fig. SI-2b), then the series.should be considered
suspect and potentially discarded for any quantitative purposes.

Associated with the long-term repeatability of anisotropic **C experiments, it is important to apply identical (or
at least very similar) protocol (cycle of centrifugations speed, equilibrium time of the sample in the magnetic field of
NMR spectrometer, ...) before each new campaign of experiments. Here, again, the comparison of the 2H-{lH}
signal of chloroform-d; through the magnitude of the AvQ(zH) is.a good indicator of-chemical stability of the

mesophase (no degradation), as well as its similarity in terms of orientational organization.
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Figure 7. Zoom on the C-4/8, C-5/7 and C-6 aromatic signals located in the region of 125-129 ppm of (a) (S)-2, (b) (R)-2, and (c) (R/S)-2 showing
both the different pairs of °C satellites associated with the adjacent isotopomers, but also solute impurities.

Control of the long-term mesophase stability and homogeneity in anisotropic samples

Disregarding the various reasons presented above, we have identified that the major difficulties preventing the best
repeatability of the irm BC-NMR experiments (the lowest SD) in anisotropic chiral solvents (compared to isotropic irm
3C-NMR) is related to the long-term macroscopic stability of the liquid-crystalline solvent. A simple criterion to
evaluate the mesophase long-term instabilities, and in fine variations of the solute orientational order over time that is

unsuitable for **C quantitative measurements, is the comparison of the “H-{*H} signal of chloroform-d; before and
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after the series of **C spectra. If both °H spectra show significant spectral changes (such as significant variations of
the line shapes symmetry, the changes in the maximum intensity of the components of *H-QD, or a mirror-image
desymmetrisation of the ’H-QD (see Fig. SI-2b), then the series should be considered suspect and potentially
discarded for any quantitative purposes.

Associated with the long-term reproducibility of anisotropic B¢ experiments, it is important to apply identical (or
at least very similar) protocol (cycle of centrifugations speed, equilibrium time of the sample in the magnetic field of
spectrometer, ...) before each new campaign of experiments. Here, again, the comparison of the 2H-{lH} signal of
chloroform-d; through the magnitude of the AvQ(ZH) is a good indicator of chemical stability of the mesophase (no

degradation), as well as its similarity in terms of orientational organization.

Comparison of isotopic data with isotropic samples

Finally, the isotopic data, ¢ (13C)i and SD(BC)i values, extracted from anisotropic samples (enantiopur and racemic)
can be compared to that determined in isotropic phase (neat CDCl; at 303 K). Experimental data have been
exploited using two series of five replicates. All numerical data obtained-are given in Supp..Info. (see Table SI-14) as
well as the associated graphs (see Figures SI-14 and SI-15) and a comparative table (see Table SI-15).

In an ideal case, the 5(13C)i's and SD (13C)iys in isotropic and anisotropic phase should be in principle non-statistically
different, in particular in the case of enantiopure sample;'the case of racemic being more complex. As expected,
SD™ or all SD [1™3C);s determined in isotropic enantiopur sample are smaller (~0.6 %o) than in the anisotropic
enantiopur sample (~1 %), mainly due to higher SNR for all. carbon sites (smaller FWHM'’s). However, the two
datasets are relative close, showing the reliability of quantitative 13C—{lH} NMR in anisotropic solvent. In terms of
trueness, the comparison of 5(130){3 shows experimental differences. Same reasons discussed previously can be
also used for explaining the anisotropic/isotropic discrepancies. It has been shown in isotropic measurements that
each spectrometer and each set of acquisition parameters can lead to slight different values. This should be
considered as the part of the instrumental response as any analytical methods [60]. However the isotopic profiles for
the two types of sample are rather similar, indicating the possibility to analytically exploit isotopic data extracted from

anisotropic sample.

Towards the reduction of T,(**C)through the use of NMR relaxants

By accelerating the spin-relaxation mechanisms using NMR relaxants in samples, we can significantly decrease the
Tl(lsc) values, and subsequently reduce Tg and in fine Te,,. In another hand, at Te,, kept constant, it is also possible
to add more scans for such a sample (compared to a sample without relaxant), and thus to increase the measured
SNR. However, these advantages, by a significant reduction in the T, (*3C) transverse relaxation times, lead, in turn,
to increase the FWHM (Awiy,) of *°C signals, thus reducing the SNRs, and worth the spectral resolution [64, 65, 66].
Whatever the solvents (isotropic or anisotropic media), a balance between the gain in SNR (T1(**C)) and the loss of
resolution (T,(**C)) must be find, in particular for anisotropic scalemic mixtures where the signals of two isomers are

spectrally visible.
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As a preliminary step, we explored the case of chromium acetylacetonate (Cr(acac)s), a relaxant widely used in

NMR. It has been shown that it can be used efficiently for isotropic irm-"C NMR measurements [51]. Preliminary

tests performed in liquid at 9.4 T and 315 K showed that the best compromise for 2, between the reduction in

T.(*C)* and the increase in Av(C)™ is obtained with an addition of 5 mg of relaxant for ~100 mg of solute (see

Fig. 8) and Tables SI-14 and 15). Based on this result, an anisotropic sample of (R/S)-2 was prepared with 5.0 mg
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Figure 8. Variation of (a) T1(**C)*° and (b) 4v1,2(**C)*° of 2 (~100 mg) in chloroform (600 mg) versus the amount of Cr(acac)s added
(0.0, 2.5, 5.0 and 9.0 mg). Note the strong decrease in T1(**C)* in the presence of Cr(acac)s, especially for the C-3 carbon site.
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of Cr(acac);. The analysis of this anisotropic spectrum of (R/S)-2 have pointed out again a significant decrease in
T.(*3C)*™° with values between 0.5 and 0.7 s, while the increase in line widths remains limited (range between 1.8
and 2.2 Hz). Such characteristics are a good compromise between a reduction in the values of T1(13C)aniSO and

13C)aniso

a"reasonable” increase in Avis ( . A comparative study of the anisotropic sample of 2 with or without NMR

relaxant is currently underway, but is beyond the scope of this first article.

Conclusions and perspectives

An original NMR-based quantitative spectrometric approach for potentially revealing natural “C/**C isotopic
enantiofractionations in chiral molecules is proposed. Due to the significant spectral enantiodiscriminations based on

¥C{*H} 1D NMR in CLC's is a promising tool to access to

a differential enantiomeric orientation, quantitative
enantiomeric isotope information, unrevealed using isotropic NMR methods (PSIA).

The main objective of this work was to examine the possibilities and the robustness of the anisotropic B¢
isotope quantification as well as to identify the sources of errors (sample and/or magnetic field stability, CPD
scheme, ...) that can affect the repeatability and reproducibility of measurements. Applied in the case of 2 oriented in
PBLG-based CLC, we have demonstrated the possibility to: i) separate the enantiomeric 3¢ signals in various
carbon sites of the analyte, ii) to maximize the spectral resolutions by optimization of the sample
composition, iii) to work with a very good repeatability for a series up to seven.consecutive replicates; iv) to obtain a
rather good long-term repeatability of results, despite‘the difficulties to record B3¢ spectra (with the same sample)
under strictly identical conditions due to the possible small variations of uniformity/homogeneity of the mesophase.

Clearly, these first outcomes open interesting prospects and challenging projects in the domain of the
enantiomeric *C isotope fractionation analysis by anisetropic NMR. The next challenges identified will be mainly: i)
the development of anisotropic 3C INEPT 1D experiments to increase the sensitivity of this approach [67, 68], ii) the
analysis of chiral AAs such as alanine which are not compatible with polypeptide-based CLCs. These challenging

investigations are currently in progress.
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