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Controlling the enantiomeric purity of chiral drugs is of paramount importance in pharmaceutical chem-
istry. Isotropic *H NMR spectroscopy involving chiral agents is a widely used method for discriminating
enantiomers and quantifying their relative proportions. However, the relatively weak spectral separation of
enantiomers (*H Agiso(R, S)) in frequency units at low and moderate magnetic fields, as well as the lack of
versatility of a majority of those agents with respect to different chemical functions, may limit the general
use of this approach. In this article, we investigate the analytical potential of °F NMR in anisotropic chiral
media for the enantiomeric analysis of fluorinated active pharmaceutical ingredients (API) via two residual
anisotropic NMR interactions: the chemical shift anisotropy (**F-RCSA) and dipolar coupling ((*°F-1°F)-
RDC). Lyotropic chiral liquid crystals (CLC) based on poly-y-benzyl-L-glutamate (PBLG) show an interest-
ing versatility and adaptability to enantiodiscrimination as illustrated for two chiral drugs, Flurbiprofen®
(FLU) and Efavirenz® (EFA), which have very different chemical functions. The approach has been tested
on a routine 300 MHz NMR spectrometer equipped with a standard probe (5 mm BBFO probe) in a high-
throughput context (i.e., #10 s of NMR experiments) while the performance for enantiomeric excess (ee)
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measurement is evaluated in terms of trueness and precision. The limits of detection (LOD) determined
were 0.17 and 0.16 pmol ml™* for FLU and EFA, respectively, allow working in dilute conditions even with
such a short experimental duration. The enantiodiscrimination capabilities are also discussed with respect

rsc.li/analyst to experimental features such as CLC composition and temperature.
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Introduction

Molecular chirality plays a central role in pharmaceutical
chemistry as more than 50% of the drugs currently sold on the
market include at least one stereogenic center." While one of
the enantiomers of a chiral active pharmaceutical ingredient
(API) leads to the expected/desired activity on the biological
target (eutomer), the other one may induce different effects,
ranging from no activity to opposite or even toxic side-effects
(distomer)."® As a result, an increasing number of new chiral
drugs are being marketed as pure enantiomeric compounds,
while some drugs initially used as a racemate are being
replaced by the identified eutomer (chiral switch) to improve
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therapeutic activity/efficacy.* This leads to a continued need
for fast, efficient and versatile analytical tools to determine the
enantiomeric purity of a bioactive substance at various stages,
from drug synthesis steps to the control of the final commer-
cial medicines.

Several approaches have been developed for enantiomeric
discrimination and the determination of enantiomeric excess
(ee), so far, such as chiroptical tools (VCD, ROA, ...), gas or
liquid chiral chromatography (GC, HPLC), electrophoresis,
mass spectrometry and NMR spectroscopy.” Although chroma-
tographic tools are widely used for this purpose, NMR spec-
troscopy can also be successfully used for the enantiomeric
analysis of chiral APL.°"® These NMR methods rely on the
interaction between the analyte to be studied and a chiral
auxiliary (CA) to form: (i) either stable diastereoisomers by
covalent bonding or (ii) diastereomeric adducts via inter-
molecular interaction.*™*® In isotropic solutions, these CAs
can be either chiral derivatizing agents (CDAs) as Mosher’s
acid,"” chiral metallic complexes,'®'® chiral lanthanide shift
reagents,”®*" or chiral solvating agents (CSAs) such as cyclo-
dextrin-based agents.>> The conversion of enantiomers to
diastereomeric entities leads to spectral discriminations
through variations of isotropic chemical shift (Adiso(R, S))-

This journal is © The Royal Society of Chemistry 2024
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Basically, weak spectral enantio-separations (in frequency
units) generally measured on routine "H NMR (<9.4 T) can be
increased by recording spectra on very high-field NMR instru-
ments (if accessible). Other approaches using '°F NMR on
fluorinated solutes® or even fluorinated CSA/CDA as recently
reported,” >’ can provide elegant tools. However, the need of
designing a tailored CSA/CDA (not always commercially avail-
able) for a specific chemical group remains the main challenge
and may limit the general use of these approaches.

The concept of enantiospecific non-covalent interactions
between the R/S-isomers and a chiral (enantiopure) selector in
isotropic solvents can be extended to anisotropic media, such
as chiral weakly aligning systems (e.g., helical polymer-based
lyotropic liquid crystals). In this case, enantiomers exhibit a
difference of orientational order in average, these molecular
orientations being generally expressed by the Saupe tensor
S,p.>® From NMR point of view, the spectral enantiomeric dis-
criminations are observed through a difference of residual an-
isotropic NMR interactions, such as residual chemical shift an-
isotropy (RCSA), residual dipolar coupling (RDC) or residual
quadrupolar coupling (RQC), whose amplitudes depend on
the orientational order of the analyte.>**

Compared to NMR methods in isotropic solvents supported
by CAs, NMR in chiral weakly aligning media offers at least
three analytical advantages that can expand the role of NMR
spectroscopy in chiral analysis of chiral drugs. The first and
the most interesting one is the diversity and the magnitude of
these anisotropic observables (RDC, RQC, RCSA) associated
with any magnetically active nucleus (whether abundant or
not), and that generally allows for effective spectral enantiodis-
criminations. In addition, the magnitude of RQCs and RDCs
(unlike a chemical shift difference) is independent of the mag-
netic field strength (B,), making easier to transfer methods to
spectrometers operating at lower fields. The second one
results from the shape recognition mechanisms that play a
central role in enantiodiscrimination mechanisms in CLCs.*®
As a result, no specific chemical functions or group on the
analyte (unlike CSAs/CDAs) is required, so that all CLCs are
potentially able to differentiate enantiomers whatever the
chemical characteristics of the chiral analyte. The third advan-
tage is based on the absence of possible differences in affinity
between the analyte and the chiral agent which can lead to sig-
nificant discrepancies between the real value and the
measured value of the ee%.>**” De facto, no correction coeffi-
cient must be introduced to determine the ee% from the
measurement of peak surfaces for each enantiomer. The last
but not the least advantage is that several chiral polymers (as
polypeptides) are commercially available, and no preliminary
synthetical step is required to explore their potential.

Although these properties have benefited organic chemistry
for the analysis of small molecules, NMR in CLCs has been
little explored for the study of pharmaceutical compounds, so
far. The main reason for this lack of interest is the inherent
complexity of anisotropy "H 1D NMR spectra of medium-sized
molecules due to the numerous long-range ("H-'H)-RDCs that
broaden spectral patterns. Other exploitable heteronuclear
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experiments (e.g., >C and *H) are possible but may suffer from
insufficient sensitivity to deal with samples of 5-20 mg of API
at high enantiomeric excess in a high-throughput framework
with routine NMR equipment (e.g, 300-400 MHz spec-
trometers and conventional probes). In this context, “"F—{"H}
NMR appears to be a promising alternative since in the case of
monofluorinated or trifluoromethylated chiral compounds
(F-R* or CF;-R*) encountered in pharmacopeia,®® a dramatic
simplification in spectral analysis is expected, with a suitable/
reasonable sensitivity (*86% of 'H NMR) and a significant
chemical shift dispersion of '°F resonances. This advantage
has recently been exploited for the chiral analysis in isotropic
solvents involving either fluorinated analytes (or even a
mixture of chiral analytes),”* or newly developed chiral
agents including a fluorine tag.>*2°

From anisotropic NMR point of view, "°F nuclei are rather
sensitive nuclear spies to observe molecular orientational
order differences induced by weakly chiral oriented media.
These differences can be observed through two residual aniso-
tropic interactions for R and S isomers: the '’F-RCSA, also
noted, "F Ganiso(R, S), and the (*’F-'"°F)-RDC, noted |Dgg(R, ).
Based on '’F-RCSA, the spectral enantiomeric discrimination
is measured through a difference of frequency (in Hz or ppm)
between each enantiomer:

|A1/aniso(R75)| = |Vaniso(R) - Vaniso(S)‘ (1)

where
Vaniso(R7 S) = - % (1 — Oiso — Oaniso (R7 S))BO (2)

Expressed in a molecular frame (a, b, ¢ axes), the terms i,
and o,niso can be derived from the shielding tensor as:

1
Oiso = = (O'aa + opp + O'cc)

and

2
Oaniso :g Z o-a/}Saﬂ (3)
a,f=ab,c

In the above equations v and ¢ are related to the '°F nuclei
while yr is the fluorine gyromagnetic ratio.

Based on ("’F-'°F)-RDC, the spectral discrimination
between enantiomers is measured as:

|ADg(R, S)| = |Dpp(R) — Drr(S)| (4)
where
S
Dyr = koFg (5)
Trp

The order parameter Spr of the internuclear vector reg
between the coupled '°F nuclei can be derived as:

Spr = E cos 6%, cos H’éFSaﬁ (6)
a,f=ab,c
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In eqn (3) and (6), Sqs is the Saupe order matrix, a 2" rank
tensor, describing the orientational order of a solute in an (a,
b, ) axis system attached to the molecule.

Previous analysis of around twenty small fluorinated chiral
compounds (monofluorinated or including a —-CF; moiety)
using poly-y-benzyl--glutamate (PBLG) as a chiral mesophase
has shown that variations in the '°F anisotropic chemical
shift and 'F-'F total homonuclear coupling lie in a
range from 0.01 to 0.350 ppm and from 1.4 to 118 Hz,
respectively.>’° Based on this valuable enantiodiscrimina-
tion ability, we investigate for the first time the analytical
potential of this approach to determine enantiomeric
excesses (ee) for fluorinated chiral pharmaceutical ingredi-
ents using a routine 300 MHz (7.05 T) spectrometer equipped
with a conventional 5 mm NMR probe, a commonly encoun-
tered setup in both academic and industrial laboratories. The
key role of the mesophase composition and temperature on
the enantiomeric resolution is investigated and presented in
detail. The analytical performance of the herein method is
then evaluated in terms of precision (here short-term repeat-
ability), trueness (i.e., deviation from the expected ee%
values) and limits of detection. Two different APIs are tar-
geted in this study: (i) Flurbiprofen® (FLU), a chiral non-
steroidal anti-inflammatory drug where the (S)-form pos-
sesses most of the beneficial anti-inflammatory activity,*
and (ii) Efavirenz® (EFA), a chiral drug whose (S)-isomer is a
non-nucleoside inhibitor of human immunodeficiency virus
(HIV) reverse transcriptase (see Scheme 1).*' These two bio-
active chiral molecules involve various chemical functions:
FLU is a biphenyl propionic carboxylic acid while EFA is
mainly characterized by a carbamate function into a benzoxa-
zine ring, as well as a difference of fluorine moiety: a single
fluorine in FLU versus a trifluoromethyl group (-CF;) in EFA.
In addition, the fluorinated group used for the enantiomeric
discrimination is directly bound to the stereogenic center in
EFA whereas the latter is located further away in the case of
FLU. Interestingly, while EFA undergoes restricted degrees of
freedom, FLU is a more flexible molecule which can experi-
ence conformational changes upon interaction with PBLG
side chains.*” This may lead to different chiral recognition
mechanisms between these two APIs with respect to the CLC.
From an analytical point of view, all these chemical character-
istic differences make FLU and EFA very well-suited analytes

FLU EFA

b) HYO ) o
! °{.f40
HN
—n

PBLG

<] 3

O

MW (unit) = 219.3 g.mol*

MW = 244.3 g.mol*

MW = 315.7 g.mol*

Scheme 1 Molecular structures of (a) Flurbiprofen® (FLU) and (b)
Efavrienz® (EFA) and (c) PBLG polymer, along with the molecular
weights (MW). The star indicates the position of the stereogenic center
in each structure.
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to test the versatility of PBLG mesophase when applied to the
analysis of pharmaceutical compounds.

Experimental
Chemicals and preparation of oriented samples

(R)-Flurbiprofen was purchased at Acros Organics with a purity
of 97%. rac-Flurbiprofen was purchased at Sigma-Aldrich
(Merck) with a purity of 98%. (S)-Efavirenz was purchased at
TCI with a purity of 98%. rac-Efavirenz was purchased at
Toronto Research Chemical (TRC) with a purity of 97%. The
PBLG polymer (Lot SLBZ3570 with a degree of polymerization
DP = 849) was purchased at Aldrich (Merck). All compounds
were used with any further purification.

The oriented samples were prepared directly in the NMR
tube by mixing the chiral analyte (<30 mg), the PBLG (nearby
100 mg) and the organic co-solvent (CHCl;). The amount of
chloroform (about 600 mg) was here adjusted so that the total
weight% of PBLG (i.e., mass of PBLG/total mass) was main-
tained at around 14%, and the sample length reached 4 cm.
The exact sample compositions are given in Table SI-1 in ESI.
The 5 mm NMR tube was then fire-sealed to avoid CHCl; evap-
oration over time and several low-speed centrifugation cycles
of the sample (e.g., 500 rpm during 20 s) were carried out to
remove matter gradients. The tube was inverted between each
centrifugation.

NMR equipment and experiments

"F NMR experiments were performed on a 7.05 T (vo(*°F) =
282.4 MHz) Bruker NEO spectrometer equipped with a 5 mm
BBFO probe or on a 9.4 T (vo(*°F) = 376.5 MHz) Bruker AV1
spectrometer equipped with a 5 mm QXO probe. As this probe
is not tunable for the '°F emission-reception, resulting in a
significant sensitivity penalty, the analytical performance for
the ee% determination was evaluated at 7.1 T with the BBFO
probe.'’F-{'"H} NMR spectra were recorded with a 90° radiofre-
quency pulse of 15 ps at 282.4 MHz and of 111 ps at
376.4 MHz, and the classical WALTZ-16 sequence was used as
'H composite pulse decoupling. Free induction decay (FID)
was sampled during 0.85 s and 0.55 s for FLU and EFA
samples, respectively. The inter-scan delay was adjusted to
reach a repetition time Ty ~ 1.25 x T; (*°F) for optimal signal-
to-noise-ratio (SNR) per time unit. Given the short experi-
mental duration (e.g., 10 s), *°F-{"H} spectra are not impacted
by the natural B, field drift, and hence all experiments were
carried out in the absence of deuterium lock. Shimming pro-
cedure was performed manually or using an automatic shim-
ming procedure on the "H signal of chloroform to optimize
the signal line-shape. The achievement of this last step highly
depends on the spatial uniformity of the liquid-crystalline
phase.*? The recorded FIDs are then processed on Mnova 14.2
(Mestrelab, Spain) including zero-filling (128k datapoints), fil-
tering window, Fourier Transform, manual phasing and a poly-
nomial (order 5) baseline correction. Specific experimental

This journal is © The Royal Society of Chemistry 2024
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parameters and processing details are directly indicated in
each figure caption.

Measurement of the enantiomeric excess and line-fitting
procedure

The enantiomeric excess (ee) is experimentally determined as:

. 7Ai7Aj

cel) = 7)

where the subscript “/” refers to the enantiomer in excess
(major isomer) and A is the peak surface. In practice, the
signal integration was achieved by a line-fitting procedure pro-
vided by Mnova 14.2 software (Mestrelab, Spain) to reduce area
bias in cases of enantiomeric signals non-fully baseline separ-
ated. This line-fitting procedure fits NMR lines with a linear
combination of Lorentzian and Gaussian functions and finely
tunes the height, the linewidth and the Lorentzian/Gaussian
ratio. The linewidth and the Lorentzian/Gaussian ratio were
not imposed constant for all the components of a same multi-
plet in order to take account of any slight asymmetry due to
imperfect uniformity of the mesophase.

Results and discussion

19F {"H} NMR spectra of FLU and EFA in weakly chiral oriented
media

In any oriented media, monofluorinated compounds as FLU
give rise only to a singlet centred on '°F &5, on the
"H-decoupled '’F NMR spectrum, while the trifluoromethyl
group (-CF3) of EFA leads to a triplet (1:2:1) centred on
"F Saniso- The splitting between lines is equal to Tsp = 3Dgp,
due to the geminal "F-'°F residual dipolar coupling, noted
(**F-""F)-RDC or Dy, between the three homotopic °F nuclei
(see Fig. 1b). The herein notation Tgp corresponds to the '°F
homonuclear total spin-spin coupling constant including only

a)  RyR,RsCF R-CF, Ry, R,-CF-CF-Ry-R,
’ ‘ } ~ Jrr| |
“\ w“\ \“ \‘\ “‘ |
e I _ L Ul
Viso Viso Viso Vl!sa
b)
Ter = 3Dpr ‘ Trr = Jrr + ZDFFL J
e e e
vtz Vaniso Vaniso Vaniso Vém'sa

Fig. 1 Schematic description of *°F spectral patterns expected to be
observed by °F NMR in isotropic (a) and anisotropic media (b): (left)
case of an isolated fluorine nucleus; (middle) case of three homotopic
nuclei as met in a trifluoromethyl group; (right) case of two diastereoto-
pic fluorine nuclei. Note the difference to spin—spin total coupling, T,
between homotopic (middle) and diastereotopic atom (right). Here is
considered a deshielded effect of *°F resonances (of various magni-
tudes) due to °F-RCSA. In case of a chiral solute dissolved in chiral
oriented systems, a doubling of resonances (in the simplest case) is
expected to be observed. The vertical scale is common to both isotropic
and anisotropic media in the three cases (left, middle and right).

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

a dipolar contribution here. Note that in case of two diastereo-
topic (anisochronous) fluorine nuclei, the splitting observed
for each doublet is equal to Trg = Jrr + 2Dgp. In case of coupled
fluorine nuclei in polyfluorinated molecules, enantiomers can
be thus discriminated by a difference of *°F ,nis0(R, S), a vari-
ation of residual dipolar coupling: ATgg(R, S) or a combination
of both.

The former situation is observed on a racemic sample of
FLU (see Fig. 2a) where the signals of enantiomers are separ-
ated by a difference of chemical shift anisotropy: '°F
| Abaniso(R, S)| = 0.051 ppm, while the (R)- and (S)-isomers of a
racemic sample of EFA are discriminated by variations of
9F-RCSA: "°F |ASaniso(R, S)| = 0.085 ppm and (*’F-'°F)-RDC:
|ATgg(R, S)| = 12.1 Hz as shown in Fig. 2b. The linewidth is of
the order of 2-3 Hz at half-maximum in these spectra, which
underlines the satisfactory resolution obtained in such lyotro-
pic CLCs. Note the weak lines marked by black stars in Fig. 2a
do not arise from fluorinated impurities, but rather to satellite
lines owing to short and long-range (**C-'°F)-RDCs.
Assignment of these signals to the multiple '*C-isotopomers is
detailed in ESI-IIL ¥

Study of parameters affecting the spectral enantiomeric
discrimination

Effects of mesophase composition. Polymeric-based lyotro-
pic mesophases are ternary systems consisting of the homopo-
lypeptide (e.g., PBLG), the co-solvent (e.g., CHCl;) and the
chiral solute (in racemic, scalemic or enantiopure series) to be
analysed. Their relative (molar) proportions affect the ampli-
tude of the anisotropic observables, and thus on the ability to
discriminate between enantiomers. It is well-known that a
high percentage of polymer increases the degree of order and
therefore the amplitude of measured anisotropic observables.
However, this advantage comes with a higher viscosity, which
can lead to undesirable line broadening. In practice, ~14% of
PBLG (weight% of the total mass) offers an interesting com-
promise and this value will be maintained in this work.

(8) (R
FLU
a)
(8 (R)
* * x
" 41700 -117.10  -11720  -80.65 -80.75 -80.85 -80.95 -81.05 -81.15
6 19F (ppm)

Fig. 2 282.4 MHz °F-{"H} NMR spectra on 20 mg of racemic FLU (a)
and EFA (b) dissolved in a PBLG/CHCl; based lyotropic liquid crystal. The
assignment of the stereodescriptors R and S relies on further experi-
ments performed on scalemic samples. The black stars at the bottom of
NMR lines correspond to *C—1°F satellite lines (see details in ESI-III}).
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The potential role of the analyte concentration on the
resulting values of '°F-RCSA and (*°F-'°F)-RDC has been little
investigated so far, since it is generally considered as a guest
molecule with minor impacts on the orienting properties of
the mesophase. To explore this effect, anisotropic "*F-{'H}
NMR experiments are carried out on a series of samples with a
growing amount of (S)-EFA from 5.8 mg (0.046 mol L") to
30.3 mg (0.24 mol L"), while the mass percentage of PBLG is
kept constant nearby 14% (see Table SI-1f). The spectra of
Fig. 3 show a large increase of both 'F-RSCA and (*’F-'°F)-
RDC as the concentration in (S)-EFA decreases. Besides, the
offset from the '°F &iy, value varies from 0.080 to 0.560 ppm
(i.e., +600%), while |Tgg| increases from 13.9 to 131.7 Hz (i.e.,
+847%). Such a large variation in RDC quantities is not calcu-
lated for the co-solvent CHCl;, whose the associated total
coupling |Tcy| only varies from 309 to 315 Hz (i.e., 1.9% vari-
ation) for samples from 0.16 to 0.045 mol L™" in EFA, which
rules out a destabilization of the mesophase with the increas-
ing amount of solute. In addition, analysis of "H self-diffusion
experiments (*H DOSY NMR)***> under isotropic conditions
has also precluded any possibility of concentration-dependent
self-aggregation leading to a conformational change in EFA.
Details are given in ESI-VIL{

Two arguments can be put forward to explain the variation
in (**F-'°F)-RDC in methyl group by simply considering the
order parameter associated with the C-CF; vector:

Sc-_cr, = % (3cos® 0 ¢, — 1) (8)

(i) A change of Sc_cr, induced by a reorientation of the C-
CF; axis of the solute with a subsequent modification of the
angle egzm between the C-CF; vector and the magnetic field
By. This can lead to a significant increase of RDC, especially if
0¢*_cp, is initially closed to the magic angle (i.e., 54.7°), (ii) a
modification of the ensemble average (...) as a function of the
solute concentration. This ensemble average can be seen, in a
first approximation, as a fast exchanging system where:

_ b f
(Sc—cr;) 7pb<SC—CF3> +Pf<Scfc173> (9)
a) b)
L 140
i
H 120
20mg MlLJ i 100
H 80
I
| 60
11 mg | H
I W U G-
- : 40
I
| Terl H 20
— H
6mg \ ot
- jh - - : - B 00.000 0.050 0.100 0.150 0.200 0.250
-79.8 -80.2 -80.6 -81.0 -81.4 -81.8
& 9 (ppm) [EFA] mol/L

Fig. 3 (a) Series of *F—{*H} NMR spectra recorded at 376.5 MHz with
various amounts of (S)-EFA while the PBLG total weight% remains fixed
at around 14%. The vertical dashed line indicates the *°F chemical shift
of the —CF3 group in isotropic condition (i.e., in CDCls). (b) Variation of
|Teel as a function of the concentration in EFA.
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with py, the fraction of oriented solutes ((S¢_cp, # 0)) inter-
acting with the chiral polymer and ps the fraction of free solute
(pp + pr = 1) in the co-solvent with a negligible orientational
order (SfC_CF3>. Whenever the polymer interacting sites are
saturated, an increase in solute concentration would lead to a
smaller fraction p,, of solutes in the vicinity of the polymer
chains and therefore to lower values of anisotropic observa-
bles. A combination of both effects could thus explain the
observed variation in (*°F-'°F)-RDC while their relative contri-
butions cannot be determined at this level.

In a second step, it is interesting to investigate the impact
of the solute concentration when the two enantiomers are
present in the chiral liquid crystal. At first, "’F-{"H} NMR
experiments are performed on a series of racemic samples pre-
pared with various amounts of FLU, from 4.8 to 30.0 mg,
corresponding to a 0.025-0.153 mol L' concentration range
for each enantiomer. Table 1 shows clearly the effect of solute
concentration on the enantiomeric discrimination with an
increase of "°F |Adaniso(R, S)| from 0.040 to 0.072 ppm for the
highest and lowest concentration, respectively. In this case,
diluted samples lead to a better spectral separation, which is
an interesting analytical feature as the sensitivity of '°F NMR
enables experiments at relatively concentrations.
Furthermore, >F-{'H} spectra are recorded on three different
scalemic samples (ee(R) = 9.6, 58.2 and 88.7%) prepared with a
fixed total amount of FLU (i.e., 30 mg). As seen in Table 1, the
variation of 'F-RCSA progressively increases as a function of
the enantiomeric excess: "°F |Adaniso(R, S)| = 0.054 ppm for
ee(R) = 9.6% and 0.082 ppm for ee(R) = 89.5%. This effect of
the enantiomeric excess on the resulting "’F—{'H} spectra is
also visible for EFA as pointed out in Fig. SI-37 where in one
hand "°F |Adaniso(R, S)| = 0.095 ppm and |ATgx(R, S)| = 7.8 Hz
for ee(S) = 71.5%, while "°F |Adaniso(R, S)| = 0.109 ppm and
|ATgx(R, S)| = 4.8 Hz for ee(S) = 90.5% in another hand.

Effects of temperature. In addition to the mesophase com-
position, the effect of temperature on the resulting “F-{"H}
spectra is evaluated. A slight linear decrease of "°F |A8aniso(R,
S)| values is observed (R* = 0.9984) as a function of sample
temperature in the case of a racemic sample (30 mg) of FLU
(see Fig. 4), from F |ASaniso(R, S)| = 0.040 ppm at 297 K to

low

Table 1 Variation °F-RCSA values versus the amount of FLU and the
associated enantiomeric excess”

m(FLU)* (mg) ee(R) (%) *F |Abaniso(R, 5)| (ppm)

30.0 0.0 0.0403
20.2 0.0 0.0507
14.8 0.0 0.0549
10.2 0.0 0.0706
4.8 0.0 0.0720
30.0 0.0 0.0403
29.9 9.6 0.0543
30.8 58.2 0.0670
30.4 88.7 0.0820

“Total mass of FLU: m(R-FLU) + m(S-FLU). ?All experiments were
carried out with 14% (wt) of PBLG and at 297 K.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Effect of the temperature on the enantiomeric discrimination by
variation of °F-RCSA evaluated on a 30 mg racemic sample of FLU dis-
solved in PBLG/CHCls.

| ASaniso(R, S)| = 0.032 ppm at 320 K. For a racemic sample of
EFA, both "F 8,45 and Tgp increase linearly vs. temperature
for the two enantiomers. As the slopes of these linear vari-
ations are similar between enantiomers, '°F | Adaniso(R, S)| and
|ATgp(R, S)| remain constants at around 0.087 ppm and 13.0
Hz (see Fig. 5). However, these two anisotropic measurements
vary at different rates in frequency units, resulting in distinct
spectral patterns (see examples in Fig. SI-4f). Consequently,
although the sample temperature does not influence the vari-
ation of F 8,50 and Trp between enantiomers, this para-
meter should be adjusted to avoid potential peak-overlaps and
thus facilitating the subsequent signal integration. For FLU
and EFA, the best spectral situation is obtained at 297 and
300 K, respectively.

A more intriguing effect is observed in the case of scalemic
samples of EFA (e.g. ee(S) = 90.5%) where '’F-RCSA and
(*F-'°F)-RDC evolve differently from one enantiomer to
another with respect to the temperature. While | Tgr(S)| (major
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-80.65
"
-80.70 y = 0.0097x — 83.722
R?=0.9997
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-80.90 0.08
186 F (RS

-80.95 0.06 e

0.04
=100 0.02

19g
Saniso (PPM) 0.00
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enantiomer) increases linearly with this parameter, as
observed in the racemic sample, the evolution of |Tgg(R)| is
more complex with a drop close to zero Hz at 310 K before
increasing again at higher temperatures (see Fig. 6).
Fundamentally, this non-linear variation suggests a modifi-
cation of the average orientation of the (R)-isomer within the
liquid-crystalline phase, leading to a change in enantiomeric
discrimination. In addition to this enantiospecific variation of
(*F-""F)-RDC, the "F 8aniso(S) and *°F aniso(R) evolve linearly
with the temperature, but at different rates resulting in '°F
| ASaniso(R, S)| = 0.116 ppm at 300 K versus 0.099 ppm at 320 K.

Overall, these results highlight the significant impact of
solute concentration, enantiomeric ratio and temperature on
the enantiomeric resolution of these '°’F NMR experiments in
lyotropic chiral liquid crystals.

Measurements of enantiomeric excesses and analytical
performance on APIs

The determination of enantiopurity of APIs by NMR is a major
analytical challenge based on the ee% measurement that is by
essence a quantitative measurement. Understanding and mas-
tering all the potential experimental biases deserve therefore a
real attention. For instance, it is well known that the repetition
time (Tg) between successive scans should be long enough to
prevent a partial saturation between the targeted analytes.
When anisotropic '?F-{'"H} NMR is concerned, it is usually
addressed by fixing this duration at five times the longer 75"
(*°F) measured at the expense of the experimental duration
and/or signal-to-noise ratio (SNR).

Another possible bias may occur when "H-decoupling in
the heteronuclear experience is applied and leads to a differen-
tial nuclear Overhauser effect (nOe) between analytes. To limit
this effect, it is recommended to apply the "H decoupling only
during the '°F signal detection period (“inverse gated” experi-

b)

|TFF | (Hz)

50

=0.6763x — 170.37
45 4 -

R?=0.9965 PR

o
35 |TFF(R_)_|_ ....... ——

30 L4
25 | Ter (S
20
15

10

o y =0.6586x —177.94
----- R?=0.9944

|ATgg (R,S)

295 300 305 310

Temperature (K)

315 320 325

Fig. 5 (a and b) Effect of the temperature on *°F-RCSA and (**F-'°F)-RDC evaluated on a 20 mg racemic sample of EFA dissolved in PBLG/CHCls,
respectively. These anisotropic observables experience a linear variation with similar slopes between the two enantiomers resulting in no variation of

19F | Abaniso(R, S)| and |AT¢((R, S)| in this range of temperatures.
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Fig. 6 Effect of the temperature monitored on a 30 mg scalemic
sample of EFA (ee(S) = 90.5%) dissolved in PBLG/CHCls. In contrast to
the racemic series, different evolutions of °F-RCSA and (**F-'°F)-RDC
are observed from one enantiomer to another leading to variations of
signal patterns. The variation of both anisotropic parameters is given in
Table SI-3.+

ment). However, these two usual requirements may be alle-
viated in the case of relative quantification of enantiomers.
Indeed, relaxation properties are similar between the two
enantiomers and no significant differences of relaxation times
have been so far reported in lyotropic liquid crystals, at the
best of our knowledge. T2"°(*°F) have been determined for
the R and S-isomers of both FLU (78"°(*°F) = 1.2 s) and EFA
(T3nis°(*°F) = 0.5 s) by the inversion-recuperation method and
no differences (greater than the fitting error) have ever been
observed between enantiomers. This allows to work with a
smaller repetition time (Tg & 1.25 x Te°(**F)) which provides
the optimal SNR per time unit without a systematic quantitat-
ive bias. Interestingly, this condition therefore improves the
method’s detection limit for a given experimental duration.

F-{'"H} NMR experiments (NS = 8, i.e. Teyp, ~ 10 s) were
carried out on both racemic and scalemic series to evaluate
the accuracy of enantiomeric excess measurements in different
spectral situations. The experimental ee% are derived as in
eqn (7) and the signal integration is performed by a line-fitting
procedure (see Fig. 7) as described in the Experimental
section. The deviation from the expected values of the
measurements (i.e., the trueness) is assessed on racemic
samples since the expected ee = 0% does not suffer from
potential weighting uncertainties during the sample prepa-
ration. The precision (here defined as short term repeatability)
is evaluated by the standard deviation (SD%) computed on
series of at least seven successive NMR experiments. Scalemic
samples are also considered to evaluate the performance of
the method on more challenging cases, such as ee ~ 90%,
where large differences of signal area between lines imper-
fectly resolved are detrimental for an accurate ee%
determination.

In the case of FLU (see Table 2), the trueness evaluated on
the racemic sample is lower than 1% (0.8%), which validates
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Fig. 7 Examples of 282.4 MHz °F—{*H} spectra (NS = 8) of scalemic
samples of FLU (a) and EFA (b) in PBLG/CHCls at 300 K after line-fitting
procedure. Both samples contain a total content of 30 mg of analyte.
The reconstructed spectrum (pink line) is well superposed to the experi-
mental one (brown line) leading to an almost flat residue curve (red line).
The individual signal components (blue lines) can be extracted for com-
puting the experimental value of ee%.

Table 2 Enantiomeric excess determination on a series of FLU samples
in PBLG/CHClz with an increasing ee(R)?

eerheo(R)’ eeryp.(R) Deviation? SD* SNR SNR
(%) (%) (%) (%) () ®)

0.0 0.8 0.8 0.32 1854 1839
9.6+ 0.7 9.5 -0.1 0.40 1691 2130
58.2 + 0.8 57.3 -0.9 0.22 891 3019
88.7 + 1.1 84.5 —4.2 0.23 337 3465

“The total mass of API is nearby 30 mg in all samples. Measurements
are achieved by 19F {'H} NMR experiment of ~10 s (NS = 8) at 7.05 T
(vo = 282.4 MHz). ? Values given with 95% confldence intervals due to
welghlng uncertainties for scalemic samples. “Mean value of seven
successive experiments. dComputed as €epxp — €€Theor ¢ Standard devi-
ation computed on seven successive experiments.

the absence of significant biases from partial saturation (T =~
1.25 x T;(*°F)) whenever a trueness of 1% is targeted. The SNR
achieved under these experimental conditions (Tex, = 10 s) is
of the order of 10° and remains higher than 300 even for the
minor enantiomer at ee = 88.7%. The resulting precision (i.e.,
SD%) is better than 0.5% for all the FLU samples (see Table 2).
It could also be noted that precision is not affected by the ee%
to be measured, which suggests that the uncertainty mainly
relies on the line-fitting procedure, rather than a lack of SNR
for the minor enantiomer. For scalemic samples, the trueness

This journal is © The Royal Society of Chemistry 2024
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remains lower than 1% until ee(R) = 58.2%, but increasing sig-
nificantly at ee(R) = 88.7% where a deviation of —4.2% is
observed. This deviation can arise from an imperfect
Lorentzian lineshape of experimental signals causing weak
line-fitting errors, which become detrimental for the trueness
at very high ee%, whenever enantiomeric signals are not per-
fectly baseline-separated. In the case of EFA (see Table 3), the
trueness evaluated on the racemic sample is better than 0.5%,
which demonstrates again the absence of biases of the pro-
posed method. This good performance is also extended in the
case of scalemic samples since the measured values of ee% lie
in the acceptable interval with deviation lower than 0.5% from
the expected values. Table 3 also gives the SNR values associ-
ated with the (R)- and (S)-isomers for a racemic and two scale-
mic samples of EFA. Such fast '’F NMR experiments enable a
minimal SNR value of about 200 for the minor R-isomer in a
sample with ee(S) = 90.5%. This leads to standard deviations
lower than 0.5%, even at the highest enantiomeric excess (i.e.,
ee(S) = 90.5%) highlighting the high precision of this fast '°F
NMR method.

Limit of detection of this '>’F NMR method. The limits of
detection (LOD) of this method (Tex, ~ 10 s at 7.05 T) have
been evaluated for these two APIs. Calculations lead to 42 pg
mL™", ie., 0.17 pmol mL™" for FLU, and 50 pg mL™", ie.,
0.16 pmol mL ™" for EFA "°F-{'H} spectra recorded at such con-
centrations in API are available in Fig. SI-4 and SI-5.1 In molar
units, LOD values of EFA and FLU are similar (0.16 pmol mL ™"
versus 0.17 pmol mL™"), despite a difference in molecular
weight. This is due to the gain of 3/2 in SNR (measurements
made on the central resonance of the triplet) offered by a CF;
group (three isochronous nuclei distributed over the three
lines of a triplet) compared to a monofluorinated site, which
counterbalances the higher molecular weight of EFA (315.7
versus 244.3 g mol™*). To provide an overview of the sensitivity
of this "F-{'"H} NMR method under different experimental
conditions, the measured values of LOD can be extrapolated
using the equation below:

SNR o< Ny.y)/*BY/* VNS (10)

where N is the number of nuclei, y. and y4 are respectively the
gyromagnetic ratios of the excited and detected nuclei, B, the
external magnetic field and NS the number of accumulated
scans. Fig. 8a presents the estimated LOD at different mag-
netic field strengths B, for two fixed experimental durations
Texp (10 s and 120 s) while Fig. 8b shows the evolution of LOD

Table 3 Enantiomeric excess determination on a series of EFA samples
in PBLG/CHCl;z with an increasing ee(S)®

eerheo-(S)” €€ (S)° Deviation? SD° SNR SNR
(%) (%) (%) (%) (8) (R)
0.0 —0.4 —0.4 0.37 1762 1743
71.5 £ 0.9 71.7 0.2 0.50 2816 517
90.5 + 1.1 90.9 0.4 0.35 3686 191

The footnotes (a—e) are identical to footnotes of Table 2.

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Estimated LOD according to the magnetic field By of the
spectrometer with fixed experimental durations T, (a) and as a function
of Texp fOr given Bg values (b). The LOD curves are extrapolated via eqn (10)
from the experimental LOD of EFA (black cross).

as a function of T, for two given B, values (7.05 and 9.41 T).
The black crosses seen on the graphs point out the experi-
mental LOD value of 0.16 pmol mL™" obtained for EFA in this
study (Texp ~ 10 s at 7.05 T).

Conclusion

Proposing new, effective and reliable tools for the analysis of
active pharmaceutical ingredients is one of today’s chal-
lenges for the research academic laboratories and pharma-
ceutical industrial ones, with major societal implications for
human health. In this work, we have assessed, for the first
time, the analytical potential of 'F NMR in lyotropic PBLG-
based CLCs to determine enantiomeric excesses on two
(patented) chiral drugs (mono- and polyfluororinated) in
pharmacopeia, Efavirenz and Flurbiprofen, using a routine
NMR equipment.

Results in terms of spectral enantiodiscriminations are very
promising with potential applications in pharmaceutical
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analytical laboratories. First, the determination of the ee% is
obtained with a precision better than 0.5% and a trueness
better than 1% (at the exception of one sample) in a high-
throughput context (experimental durations < 10 s) and
routine NMR setup operating at moderate magnetic fields (e.g.,
7.05 T, conventional NMR probe) with a limit of detection of
42 pg mL™" (ie., 0.17 pmol mL™") for FLU, and 50 pg mL ™"
(i.e., 0.16 pmol mL™") for EFA, in such experimental con-
ditions. Second, the use of anisotropic NMR interactions such
as the "F-'°F residual dipolar couplings of methyl groups,
whose amplitude is not related to the magnetic field strength,
eases the method transfer at lower magnetic fields. This aspect
could make enantiomeric analysis with benchtop NMR spec-
trometers possible in the near future.

This first study on API has also explored the significant role
of the liquid crystal composition, especially the chiral analyte
concentration on the resulting '’F-RCSA and (*°F-'°F)-RDC
values, and showing higher values of '°F anisotropic observa-
bles on diluted samples as well as variations of the enantio-
meric discrimination according to the ee%. The analysis of the
effect of temperature indicates a slight improvement of the
spectral discrimination of enantiomers of FLU at 297 K com-
pared to higher temperatures whereas this parameter should
be adjusted to avoid detrimental peak-overlaps in the case of
EFA. The whole understanding of the complex interplay
between mesophase composition and sample temperature on
the average orientation of analyte and discrimination mecha-
nisms, and thus on the measured residual anisotropic observa-
bles, is still an on-going challenge under investigation.
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