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ABSTRACT: It can be expected that a chiral solvent possesses a certain potential to discriminate between two enantiomers by
creating specific weak interactions and forming diastereomeric complexes which have different physical properties. Thus, for chiral
solvents, there might be an asymmetry in the solubility phase diagrams that could be employed for resolution purposes. In this
work, investigations were carried out to identify appropriate chiral solvents for the discrimination of enantiomers with the aid of
nuclear magnetic resonance (NMR) spectroscopy and Raman spectroscopy. The 'H NMR and Raman spectra results of mandelic
acid in the chiral solvents did not show any significant chiral recognition. The effect of (S)-ethyl lactate and (2R, 3R)-diethy] tartrate
on solubility was examined by measuring the ternary phase diagrams of mandelic acid and N-methylephedrine. The phase diagrams
determined at different temperatures were symmetric indicating again that the used chiral solvents have less or no influence on the
thermodynamics of solution. However, in additional experiments, it was found that there can be significant differences in the nucleation

behavior of the two enantiomers in a chiral solvent.

Introduction

The importance of enantioseparation increases because of the
fact that the introduction of racemic drugs is more and more
restricted by the regulatory agencies. As a result, the manufac-
ture of pure enantiomer drugs is of large interest for the
pharmaceutical industry.l'2 Normally, a racemate, i.e., a 50:50
mixture of both enantiomers is produced after a chemical
synthesis of optically active molecules. Typically, only one of
the enantiomers exhibits the desired physiological effect. This
has necessitated the resolution of racemic mixtures and com-
pounds into single enantiomers. Since 1990, the section of drugs
marketed as pure enantiomer drugs exceeds the section of
racemic mixtures.”> On the basis of these reasons, the impor-
tance and application ranges of enantioseparation have increased
steadily in the pharmaceutical industry.

In principle, diastereomeric interactions can be formed when
enantiomers are dissolved in an optically active solvent.* These
diastereomeric complexes should possess different physical and
chemical properties.

Because a chiral solvent has the potential to discriminate
between two enantiomers, asymmetry could be induced in a
solubility phase diagram. Based on this asymmetry, the resolu-
tion of a racemic mixture should be feasible by direct crystal-
lization. It is usually assumed that the possibility to resolve a
racemic mixture by direct crystallization is given only when it
crystallizes as a conglomerate. An elegant separation process
used to separate racemic mixtures of enantiomers is preferential
crystallization,” which is up to now only applicable to con-
glomerate systems. Unfortunately, only approximately 5% of
the known enantiomeric systems exhibit this behavior.® On this
basis, more effort is focused to develop resolution processes
capable to resolve compound forming systems, e.g., continuous
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enantioseparation with enantioselective membranes,’ preferential
crystallization in racemic compound forming systems,®® and
supramolecular complexation with chiral host molecules.'® We
started in our laboratory to investigate the ability of chiral
solvents to discriminate between enantiomers through crystal-
lization procedures. Despite the fact that this concept has been
considered as a relevant tool since the beginning of the 20th
century, only a few studies can be found in the literature."'~"”
For example, Yamamoto et al. reported solubility differences
in the case of a chiral cobalt salt in pure enantiomeric diethyl
tartrate.'® Amaya evaluated theoretically this solubility differ-
ence between two pure enantiomers in a chiral solvent.'” To
evaluate the potential of this promising concept further, more
systematic experimental work is required, which is the focus
of this work.

To systematically study the feasibility of chiral resolution with
the help of chiral solvents, we first screened a variety of chiral
solvents that would be suitable for chiral discrimination. Further
experiments to investigate interactions between mandelic acid
and the chosen chiral solvents were carried out with Raman
spectroscopy. Mandelic acid, a compound forming system, was
chosen as a typical chiral system for the screening and the
interaction measurements. Ternary solubility phase diagrams
were determined for mandelic acid (MA) and the conglomerate
forming system N-methylephedrine (NME) in (5)-ethyl lactate
(EL) and (2R, 3R)-diethyl tartrate (DT) as selected chiral
solvents. Finally, a few nucleation tests were done in order to
assess the possibility of a kinetically driven resolution.

Experimental Section

Chemicals. Mandelic acid (enantiopure and racemic), N-methyl-
ephedrine (enantiopure), (S)-(—)-ethyl lactate, and (2R, 3R)-(+)-diethyl
tartrate obtained from Aldrich or Merck with purities >99% were used.
For the '"H NMR experiments, Methanol-d4 obtained from Deutero
GmbH with purity >99.8% was used. A variety of seven chiral solvents
was also applied for the screening experiments: (S)-2-butanol, (S)-2-
pentanol, (S)-2-hexanol, (S)-1-phenylethanol, (R)-1-phenylethanol, (R)-
2-chloro-1-(3-chlorophenyl)ethanol, and (R)-2-chloro-1-phenylethanol.
All were provided from BASF AG and of purity >99%.
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Figure 1. "H NMR spectra for mandelic acid in (S)-ethyl lactate.
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Figure 2. '"H NMR spectra for mandelic acid in (2R, 3R)-diethyl tartrate.

Analytical Methods. Because there are no systematic experimental
works on this subject, the available analytical techniques used in the
present work will be discussed in some detail in this section.

'H NMR Measurements. 'H NMR spectra were recorded on a
Bruker AVANCE 600 spectrometer at 600.13 MHz. The AVANCE
600 is fitted with a 5 mm CPTXI-1H-13C/15N/2H probe head with
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Table 1. Screened Chiral Solvents and the Resulting Chemical Shifts

Tulashie et al.

(8)-MA“ alpha (R)-MA alpha (S)-MA Ao

(R)-MA AS

reference sample o

chiral solvents hydrogen peak (ppm)

hydrogen peak (ppm)

values (ppm) values (ppm) hydrogen peak (ppm)

(S)-ethyl lactate 5.13
(S)-2-butanol 5.05
(S)-2-pentanol 5.07
(S)-2-hexanol 5.13
(S)-1-phenylethanol 5.14
(R)-1-phenylethanol 5.14
(R)-2-chloro-1-(3-chlorophenyl)ethanol 5.14
(2R, 3R)-diethy] tartrate 5.13
(R)-2-chloro-1-phenylethanol 5.14

¢ MA = Mandelic acid.

z-gradients. The sample was measured in methanol-d4 deuterated solvent
as internal lock. Spectra were recorded at 7= 293K with a pulse width
of 7.8 us for 90° pulse. The "H NMR chemical shifts (8) were reported
in parts per million downfield from TMS (internal).'®:!

The following samples were prepared in NMR tubes:

Test samples: (a) (S)-mandelic acid (10 mM) + (S)-ethyl lactate
(50 mM) + CD3OD (600 uL)

(b) (R)-mandelic acid (10 mM) + (S)-ethyl lactate (50 mM) +
CD;0D (600 uL)

Reference sample: (R)-mandelic acid (10 mM) + CDs0D (600 uL).
The same procedure is repeated for the other chiral solvents studied.

Raman Measurements. Raman spectra were collected with a
RAMAN RXN 1 spectrometer from Kaiser Optical Systems Inc. The
system employed a laser beam at 785 nm operating at 300 mW. The
analyses were carried out for liquid phase samples at ambient
temperature. The samples were scanned for a period of 10 s, the
resolution was at 4 cm ™. Liquid phase samples of (S)- and (R)-mandelic
acid in both (S)-ethyl lactate and (2R, 3R)-diethyl tartrate at a
concentration of 8 wt % were used.

Solubility Equilibria Measurements. An isothermal measurement
technique was used to determine the solubilities. It involves preparing
a solvent—solute mixture of known composition. These mixtures were
placed into a glass vessel with a magnetic stirrer. A preliminary
homogeneous state was reached by gently heating and stirring, followed
by cooling down under stirring to the set temperature. Afterward, liquid
samples were isolated by filtration through a glass filter (pore size 10
um). Equilibrated crystallized materials were analyzed with HPLC and
XRPD. The experiments lasted for 24 h to ensure equilibration.
Measurements were repeated at least two times.

Liquid Phase Analysis. The liquid samples collected from the
solubility experiments were diluted with isopropanol. The concentration
of the solution and the enantiomeric excess were determined with
HPLC:

An Agilent HP 1100 unit with a Chiralcel OD-H column (Astec,
250 x 4.6 mm/5 um) for mandelic acid analyses and a Eurocel OD
column (Knauer, 250 x 4.6 mm/5 um) for N-methylephedrine analyses
was used. The column temperature was 25 °C and the flow rate 1.0
mL/min. A UV diode array detector was used for peak detection at a
wavelength of 254 nm. The eluent compositions were as follows:

(a) Mandelic acid in (S)-ethyl lactate: 84% n-hexane, 16% isopro-
panol, and 0.1% trifluoroacetic acid.

(b) Mandelic acid in (2R, 3R)-diethyl] tartrate: 90% n-hexane, 10%
isopropanol, and 0.1% trifluoroacetic acid.

(c) N-Methylephedrine in (S)-ethyl lactate and (2R, 3R)-diethyl
tartrate: 85% n-hexane, 15% isopropanol, and 0.1% diethylamine.

Solid Phase Analysis. A possible formation of solvates and/or
polymorphs in the chiral systems studied was verified analyzing the
solid phases by X-ray powder diffraction (XRPD). Crystalline materials
were characterized on a PANalytical X ‘Pert Pro diffractometer (PANa-
lytical GmbH) with Cu Ko radiation and compared with reference
patterns. The samples were measured on Si sample holders and scanned
from a diffraction angle of 3 to 40° with step size of 0.017° and counting
time of 50s per step.

Nucleation Experiments. Primary nucleation experiments were
performed for racemic-MA, (S)-MA and (R)-MA in (S)-ethyl lactate
using an isothermal method. The experiments were conducted in a
magnetically stirred double jacketed glass vessel of 50 mL. Saturated
solutions of about 10 g (15 °C) were prepared for all the samples. The
various saturated solutions were crash-cooled to —5.0 °C, and the

5.13 0.00 0.00 5.13
5.05 0.00 0.00 5.05
5.06 0.00 0.01 5.07
5.13 0.00 0.00 5.13
5.14 0.01 0.01 5.13
5.14 0.01 0.01 5.13
5.14 0.01 0.01 5.13
5.13 0.00 0.00 5.13
5.14 0.01 0.01 5.13

induction time (fi,q) at this temperature for the appearance of first
crystals was determined by visual observation.

Results and Discussion

The following section comprises results for the screened chiral
solvents and the Raman spectra of (S)- and (R)-MA in both
(8)-ethyl lactate and (2R, 3R)-diethyl tartrate to evaluate the
presence or absence of chiral interactions. Afterward, the
measured ternary solubility phase diagrams are illustrated
showing solubility isotherms at different temperatures together
with the results of the solid phase analyses by XRPD.

Screening of the Chiral Solvents by Using 'H NMR
Spectroscopy. For screening nine chiral solvents were used.
The screening experiments were carried out to be able to select
the appropriate chiral solvent, which has the potential to create
chiral recognition.?*?!

Figures 1 and 2 exemplarily show the '"H NMR spectra for
mandelic acid in (S)-ethyl lactate and (2R, 3R)-diethyl tartrate
respectively. It can be seen that in both Figures 1 and 2 there
are no differences in the chemical shift between the alpha
hydrogen (5.134 ppm) of the reference and that of the test
samples.

The screening experiment was based on discrimination
definition of the alpha hydrogen of the reference sample (5.134
ppm) and that of the test sample in the chiral solvent, and which
is expressed as the difference in alpha hydrogen chemical shift
(A®)'®%° in eq 1 below. The criteria set for the "H NMR
screening measurement was A > 0.02,'® and thus when a chiral
solvent meets this requirement there might be some chiral
recognition.

AS= (0

Table 1 contains the summarized experimental results of
mandelic acid in the various screened solvents and their
respective chemical shift in parts per million. Unfortunately,
none of the nine chiral solvents fulfilled the criterion set. This
reveals that the chiral solvent investigated had less interaction
on the chiral system studied in terms of solution thermodynamics.

Raman Spectra. The Raman spectra of (S5)- and (R)-mandelic
acid in both (S)-ethyl lactate and (2R, 3R)-diethyl tartrate,
respectively, are shown in Figures 3 and 4.

In both Figures 3 and 4, the Raman spectra of (S)- and (R)-
mandelic acid in both (S)-ethyl lactate and (2R, 3R)-diethyl
tartrate are identical to each other. Since there are no differences
in the spectra of (S)- and (R)-mandelic acid in both chiral
solvents, the results indicate again the absence of measurable
interactions of the chiral molecules and the chiral solvent in
the liquid phase. Since the results obtained from screening the
various chiral solvents were similar, selection of the chiral
solvents for further work was solely based on the availability
and the price.

reference cssample) (1)
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Figure 3. Raman spectra of (S)- and (R)-mandelic acid in (S)-ethyl lactate (liquid phase samples, and concentration of 8 wt %).
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Figure 4. Raman spectra of (S)- and (R)-mandelic acid in (2R, 3R)-diethyl tartrate (liquid phase samples, and concentration of 8 wt %).

Ternary Phase Diagrams. Figures 5 and 6 illustrate the
upper sections of the ternary phase diagrams of (S)-ethyl lactate
and the two enantiomers of mandelic acid, and N-methylephe-
drine, respectively. Both figures show the typical behavior of
compound and conglomerate forming system, respectively. In
both cases, solubility isotherms are given at 5 and 15 °C. Further,
Figures 7 and 8 show the upper sections of the ternary phase
diagrams of both mandelic acid and N-methylephedrine in (2R,
3R)-diethyl tartrate, respectively. The ternary phase diagrams
show solubility isotherms at 25 and 35 °C. These elevated
temperatures were used in the case of (2R, 3R)-diethyl tartrate
because its viscosity was high and the solutions were difficult
to stir. In all ternary systems investigated, the solubilities of

pure enantiomers, racemates, and the eutectic mixture increase
with increasing temperature.

For both solvents ((S)-ethyl lactate and (2R, 3R)-diethyl
tartrate), the solubilities of the mandelic acid enantiomers were
found in the same range. For NME in (S5)-ethyl lactate, a
nonideal solubility behavior was observed; the solubility ratio
of the racemic mixture to the single enantiomer is smaller than
2 (1.8 and 1.7 at 5 and 15 °C, respectively). The same is true
in the case of NME in (2R, 3R)-diethyl tartrate, where the
solubility ratio of the racemic mixture to the single enantiomer
is smaller than 2 (1.7 and 1.6 at 25 and 35 °C, respectively).
Furthermore, the solubility isotherms in both cases are not
straight, but curved lines (Figures 6 and 8).
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Figure 5. Ternary phase diagram for mandelic acid in (S)-ethyl lactate.

The phase diagrams for the two solvent systems ((S)-ethyl
lactate and (2R, 3R)-diethyl tartrate) show no significant
asymmetry for the temperatures studied. Even the eutectic
composition of the mandelic acid enantiomers remains
unchanged compared to water and the binary phase diagram
(31/69 or 69/31).>*%23 Apparently, there exist no considerable
specific interactions between the (S)-ethyl lactate, (2R, 3R)-
diethyl tartrate and the chiral molecules inducing a recogniz-
able symmetry shift in the phase diagrams. This is in
agreement with the Raman results for mandelic acid discussed
before.

From the results, it can therefore be deduced that there is no
measurable chiral recognition in the liquid phase provided by
the (5)-ethyl lactate and (2R, 3R)-diethyl tartrate.

Solid Phase Analysis. Figure 9depicts experimental XRPD
patterns for solid phases obtained during the solubility
measurements of mandelic acid in (S)-ethyl lactate at 15 °C.
Different compositions of the chiral species are included. In
each case the reflexes of the racemic compound and/or the
mandelic acid enantiomer are clearly distinguishable. Typical
reflexes characterizing the different species are indicated by
gray to black colors, e.g., reflex at 6.0° is typical for the
enantiomer, and reflex at 10.84° is typical for the racemic
compound. The results for the eutectic compositions 38%
ee show consistently reflexes of both the enantiomer and the
racemate. No new phases are found.

Figure 10 illustrates experimental XRPD patterns for the solid
phases obtained in solubility measurement for N-methylephe-
drine in (S)-ethyl lactate at 15 °C. Because N-methylephedrine
in (5)-ethyl lactate is clearly a conglomerate forming system
(Figure 6), the reflexes of the enantiomers and the racemic
mixture must be identical. Deviations in the patterns would
indicate the presence of different phases like a solvate or a
polymorph. The various compositions really mimic the reference
reflexes in the XRPD patterns, i.e., no new phases exist. Also
the solid phases for both mandelic acid and N-methylephedrine
in (2R, 3R)-diethyl] tartrate were checked, and there were no
additional or new phases formed in the crystal lattice.

Nucleation Experiments. In primary nucleation tests carried
out for racemic-MA, (5)-MA, and (R)-MA in ($)-ethyl lactate,
it was observed that there was a pronounced delay of the
appearance of first crystals for (R)-MA, i.e., the induction time
tina Was very big compared with that of the (S)-MA and racemic-
MA species, respectively. This nucleation delay behavior of the

Tulashie et al.
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Figure 6. Ternary phase diagram for N-methylephedrine in (S)-ethyl
lactate.
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Figure 7. Ternary phase diagram for mandelic acid in (2R, 3R)-diethyl
tartrate.
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Figure 8. Ternary phase diagram for N-methylephedrine in (2R, 3R)-
diethyl tartrate.

(R)-MA might be attributed to the stereospecific inhibition by
the (S)-ethyl lactate and will be investigated in further work.

Conclusions

The 'H NMR screening measurements and the Raman spectra
show that the nine chiral solvents that were used for the study
had no measurable influence on the chiral system studied. It
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Figure 10. Experimental XRPD patterns for pure enantiomers and the racemate of N-methylephedrine, and the experimental compositions from

(8)-ethyl lactate and N-methylephedrine at 15 °C.

was found that the investigated chiral solvents had less or no
interaction to be exploited in thermodynamically based dis-
crimination of the two enantiomers. The ternary solubility phase
diagrams determined at different temperatures were indeed found
to be symmetrical. This finally is a clear indication that the chiral

solvents studied in this work had less or no influence on solution
thermodynamics of the chiral systems mandelic acid and
N-methylephedrine.

Future work will be directed toward chiral solvents that can
provide stronger stereospecific interactions, because in principle
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a classical three-point attachment should be favorable for chiral
differentiation.>* Molecular modeling of possible interactions
between the chiral solvent and the chiral solutes should also
support selecting suitable solvent candidates.

Additional work will be also focused on the application of
nonclassical chiral solvents like chiral ionic liquids, because
the viscous and more structured nature of ionic liquids might
be more appropriate for chiral recognition.

During primary nucleation measurements, certain basic
observations revealed that chiral solvent can have selective
effects on kinetics. These kinetic effects and their potential to
conduct enantioselective crystallization will be further explored.
Part 2 of this work will discuss in more detail the kinetic effects
observed in the nucleation experiments and how they can be
successfully exploited for enantioselective crystallization.
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Notations
Symbols
tina= induction time, time for first crystal to appear
Oreference — Chemical shift for the reference, ppm
Osample = chemical shift for the sample, ppm
A0 = chemical shift difference, ppm
w = solubility, wt %
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