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Methoxphenidine was originally patented for its properties to treat neurotoxic injury. However, due to its
side effects, it failed to become a drug and later reappeared on the black market among so-called new
psychoactive substances. Methoxphenidine belongs among dissociative anaesthetics, which came to the
forefront of medicinal interest due to their potential for depression treatment. Despite its pharmacological
history and black market availability, there is still a lack of pharmacological data on this substance and a
shortage of methods enabling further biological studies. To offer tools for psychopharmacological studies
of the enantiomers of this compound, we have developed a chiral resolution process by crystallization
using a natural pool of chiral substances. We further developed a novel analytical method to control the
optical purity of the obtained enantiomers using chiral supercritical fluid chromatography, which
represents the contemporary green and sustainable method for chiral separation. To determine the
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absolute configuration of the crystallized enantiomers, we employed a combination of the electronic
circular dichroism spectra supported by quantum chemical calculations. Furthermore, to verify our
DOI: 10.1039/d2nj06126k approach, we analysed the sample by single crystal diffraction. We believe that the tools within our work

that enable pharmacological studies focused on both enantiomers of methoxphenidine may be useful not
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1 Introduction

Designer drugs have been a phenomenon affecting the global
drug scene for nearly two decades. The denomination “designer
drugs” points to their creation process, which resembles the
design of novel substances. These compounds are typically
structurally related to already existing drugs of abuse. Each
chemical modification of the structure of a psychoactive sub-
stance creates a novel one that aims to mimic the effects of the
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only for medicinal chemists but also for the broader scientific community.

original. Because of the mentioned novelty the as-prepared
compounds also evade the legislation. The European Monitoring
Centre for Drugs and Drug Addiction (EMCDDA) divides
designer drugs (by another name New Psychoactive Substances,
NPS) into several groups; one of which is dissociative
anaesthetics.' Although dissociative anaesthetics are a relatively
small group of substances, they are popular among users as
recreational drugs. On the other hand, due to the relatively
recent discovery that ketamine may be useful for depression
treatment, the entire group of dissociative anaesthetics came to
the forefront of medicinal interest.>* Regardless of this discovery
or the popularity of dissociative anaesthetics, there is often a lack
of basic data on their toxicology and pharmacology.

One of the important dissociative anaesthetics is methox-
phenidine (2-MeO-diphenidine, MXP), which was originally
patented in 1989 as a possible therapeutic for the treatment of
neurotoxic injury, however, it did not fulfil the necessary
requirements.”” Failing to become a drug, MXP reappeared on
the drug market approximately two decades later as a dissociative
anaesthetic with significant abusive potential.”® Unlike common
dissociative anaesthetics, which bear the arylcyclohexylamine type
of structure, MXP belongs to the group of arylethylamines. In
experiments in rodents focused on the chronic administration of
methoxphenidine, Hur et al. observed hyperactivity, increased
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impulsivity, recognition memory dysfunction, social withdrawal,
depressive-like behaviour and schizophrenia-relevant symptoms.’
Compared to controls the MXP treated animals had significantly
increased expression levels of CAMK2, DAT (dopamine transpor-
ter, SLC6A3), p-DAT, D, receptor, and TH and an increase in the
p-DAT/DAT ratio. In comparison to its structural analogue
diphenidine, MXP is a slightly less potent inhibitor of NET
and a significantly less potent inhibitor of DAT.'*'* According
to unofficial user experiences, MXP is less active than common
arylcyclohexylamines like methoxetamine, deschloroketamine or
ketamine,'>" yet it may be quite addictive.”'*'® Despite the
lower potency, several intoxications were associated with this
substance to date.""? Symptoms like rthabdomyolysis, ischemic
cerebral disease, acute kidney failure or other serious psychic
and somatic complications can also occur during the
intoxications.'*'”"'® Some symptoms may be even indistinguish-
able from those of major psychoses and thus it could be
misdiagnosed.” Moreover, MXP is sometimes used in combi-
nation with other NPS,*® which further complicates attributing
particular effects to the substances. This further exerts pressure
on keeping the methods up to date to be able to detect xenobiotics
in biological samples. Some approaches were used for MXP
detection selectivity of the heat based method combined with
molecularly imprinted polymers (MIPs).>"** On the other hand,
MXP can be detected using HPLC-MS methods either focused on
the analyses of a large amount of samples in biological
materials,”® hair** or those focused on the separation of specific
regioisomers of the MXP.*>®

Similar to arylcyclohexylamines, MXP contains a stereogenic
centre in its molecular structure. This fact is disregarded by the
manufacturers and, therefore, it is present in drug market as a
racemic mixture. There are already comprehensive analytical
methods aimed at various designer drugs, including MXP,
however, only a paucity of them is related to its enantiosepara-
tion. This is despite the fact that enantiomers of the majority of
drugs differ in effects and toxicity.”® This is true also for
dissociative anaesthetics and, particularly, ketamine;* the
enantiomerically pure metabolites are being screened because
of their high pharmaceutical potential.*® The resolution and
characterization of enantiomers of NPS are therefore of emi-
nent interest not only due to toxicity differences but also due to
their pharmaceutical potential.

For chiral separation of MXP, capillary electrophoresis
(CE) with cyclodextrins as chiral selectors was used.>'* The
enantioseparation methods by liquid chromatography and poly-
saccharide chiral stationary phases were also introduced.>*™’
There is also one method of chiral separation of MXP using
supercritical fluid chromatography (SFC) by the vancomycin-
based chiral stationary phase.’® The main advantage of this
approach is that SFC offers fast and inexpensive enantioselective
methods.*

Within our previous work, we discovered that at least some
MXP samples on the drug market may contain zinc(u) com-
plexes instead of the chloride anion which we believe may be
responsible for some unusual properties of the sample (the
longer onset of the compound, lower potency or probably even
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the reported increase of blood pressure).*® Within this work, we
have developed a chiral resolution by crystallization, which we
used to obtain both the enantiomers of MXP. To control the
chiral purity of the obtained enantiomers, we used the high
performance liquid chromatography-photodiode array detec-
tion (HPLC-PDA) method, which offers sufficient enantiose-
paration parameters.’® In addition, we also developed a new
supercritical fluid chromatography with photodiode array
detection (SFC-PDA) to obtain improved chromatographic para-
meters. The molecular structure of MXP was supported via
nuclear magnetic resonance (NMR) studies. Finally, a combi-
nation of electronic circular dichroism (ECD) spectra supported
by the density functional theory (DFT) calculation has been
used to assign the absolute configuration of both enantiomers.

2 Experimental
2.1 Materials

LC-MS-grade methanol, ethanol, propan-2-ol, and acetonitrile
were supplied by Labicom (Olomouc, Czech Republic). Carbon
dioxide 4.8 grade (99.998%) was obtained from SIAD (Prague,
Czech Republic). Diethylamine and formic acid (98-100%) were
purchased from Sigma Aldrich (Prague, Czech Republic).
(+)-2,3-Dibenzoyl-p-tartaric and (—)-2,3-dibenzoyl-L-tartaric acid
monohydrates were purchased from Sigma Aldrich (Prague,
Czech Republic). Isopropylamine (99%) was purchased from
Fluorochem (Hadfield, United Kingdom). Deionized water
(UCT Prague) was used for the ECD spectra measurement.
A standard of MXP was synthesized in our previous study.*’

2.2 Crystallization of the enantiomers

Racemic MXP free base (1 eq.) and (—)-2,3-dibenzoyl-i-tartaric
acid monohydrate (1 eq.) were dissolved in dichloroethane
(DCE) and the resulting MXP salt was crystallized from DCE
(dichloroethane offered the best results; in other solvents the
solubility of the enantiomers was higher)'" upon the addition
of diethylether (Et,O). The obtained solid was dissolved in
dichloroethane using a heat gun and recrystallized twice by
adding Et,O. The filtered crystals were dissolved in water; the
obtained solution was basified using an aqueous NaOH
solution and extracted with dichloroethane. The organic phase
was dried over anhydrous MgSO,, filtered and evaporated to
dryness. The obtained methoxphenidine free base (MXP-a) was
dissolved in Et,O and a 1.1 M solution of HCI in Et,O was
added. The obtained suspension was evaporated to dryness and
crystallized from acetone. The obtained MXP-a hydrochloride
was obtained as white crystals.

The filtrate obtained from the first crystallization was basi-
fied with the aqueous NaOH solution and the organic fraction
was separated. The organic phase was dried over anhydrous
MgSO0,, filtered and evaporated to dryness. The obtained meth-
oxphenidine free base - MXP-b (1 eq.) and (+)-2,3-dibenzoyl-b-
tartaric acid monohydrate (1 EQ) was dissolved in DCE and the
resulting MXP salt was crystallized from DCE by adding Et,O.
The following workup was the same as for the previous

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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enantiomer, and MXP-b hydrochloride was obtained as white
crystals.

2.3 Instrumentation

HPLC and SFC. An Acquity UltraPerformance Convergence
Chromatography™ (UPC?) system from Waters (Milford, MA, USA)
was used. The system featured a binary solvent delivery pump, an
autosampler, an automated back-pressure regulator, a column
oven compatible with 250 mm length columns, and a photodiode
array (PDA) detector. Empower®™ 3 software (Waters, Milford, MA,
USA) was used to control the chromatographic system and acquire
data. The data were further evaluated with Microsoft Excel.

A Lux® Cellulose-2 250 x 4.6 mm, 5 pm from Phenomenex
(Aschaffenburg, Germany) containing cellulose tris(3-chloro-4-
methylphenylcarbamate) and Chiral ART Amylose-C 250 X
4.6 mm, S-5 um from YMC (Dinslaken, Germany) containing
cellulose tris(3,5-dimethylphenylcarbamate) served as chiral
stationary phases (CSPs) in HPLC. Alcyon SFC CSP Amylose-SA
containing amylose tris(3,5-dimethylphenylcarbamate), Cellulose-SB
containing  cellulose  tris(3,5-dimethylphenylcarbamate)  and
Cellulose-SC containing cellulose tris(3,5-dichlorolphenylcarbamate)
(150 x 4.6 mm, 5 um) columns from YMC (Dinslaken, Germany)
and CHIRALPAK® IE-3 150 x 4.6 mm, 5 um from CTE Europe
(Illkirch, France) containing amylose tris(3,5-dichlorophenyl-
carbamate) served as CSPs in SFC. The Alcyon SFC CSP Amylose-
SA and Chiral ART Amylose-C comprise the same selector.

2.4 Chromatographic conditions

HPLC. The mobile phase is composed of acetonitrile/
propan-2-ol/diethylamine/formic acid (95/5/0.1/0.1; v/v/v/v).
The flow rate was set to 1 mL min " for all performed analyses.
The temperature was kept at 27 °C. The automatic back
pressure regulator (ABPR) was off. The injection volume was
5 pL and the autosampler temperature was set to 10 °C. The
void volume was determined using the sample solvent peak. All
measurements were performed in duplicate.

SFC. Various volume ratios of CO,, modifiers and additives
were tested for the mobile phase. The chromatographic mea-
surements were performed at a flow rate of 1 mL min~" and a
temperature of 35 °C, and the ABPR was set to 2500 psi
(172 bar). The PDA was set at wavelengths of 220 and 254 nm
for the detection of analytes. All experiments were measured in
duplicate during the optimisation. The injection volume was
2 pL and the autosampler temperature was set to 10 °C. The
void volume was determined using the sample solvent peak.

2.5 Electronic circular dichroism

The ECD and UV absorption spectra were recorded on a Jasco
J-815 spectrometer (Jasco, Japan). All spectra were recorded in
the spectral range of 185-330 nm at ambient temperature in a
quartz cuvette (Hellma, Germany) with an optical path length of
1 mm. Samples were prepared at a concentration of 1 g L™ " for
the spectral range of 244-330 nm and 0.03 g L™ " for the spectral
range of 185-244 nm. The following parameters were set:
response time 4 s, scanning speed 50 nm min~ ', bandwidth
1 nm, and sensitivity 100 mdeg. The final spectra were obtained

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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by averaging 4 accumulations. The baseline was corrected by
subtracting the spectra of the solvent measured under the same
experimental conditions.

2.7 DFT calculation

The starting geometries of (R)-MXP hydrochloride were deter-
mined by systematic changes of 120° rotation of labelled
dihedral angles oy-o5 (Fig. 1(B)) performed using the MCM
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aefimolt cm]

— MXPa
MXP-b

(R-enantiomer)

9
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Wavelength [nm]

MXP-b is the R-enantiomer

Fig.1 (A) The SFC and HPLC methods for the enantioseparation of
methoxphenidine. (B) Structure of MXP with the chiral centre labelled by an
asterisk and five dihedral angles a;—as. (C) The stable conformers of (R)-MXP
hydrochloride were calculated at the B3LYP/6-311++G(d,p) level. Colors used
in the figure: blue — nitrogen, grey — carbon, white — hydrogen, red — oxygen,
green — chlorine. (D) The ECD spectra of MXP-HCL. The simulated spectra of
individual conformers at the B3LYP/6-311++G(d,p) level (top), their Boltzmann-
weighted spectra (middle) and the experimental spectra of both enantiomers
(bottom). The spectra were displayed in the spectral range of 185-330 nm. (E)
Overlay of the conformer of R-MXP found in the crystal using X-ray analysis
(grey) and the most stable conformer | predicted by ab initio calculations
(green). (F) The confirmed absolute structure of R-MXP (MXP-b).
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software.*” As a result, 244 starting geometries were obtained.
An appropriate position of chlorine ion was achieved by placing
the chlorine ion in different positions and distances in relation
to the (R)-MXP molecule. All geometries were optimized at
the B3LYP/6-31G(d) level of theory. Solvation effects were
considered involving the conductor-like polarizable continuum
solvent model (CPCM).** After optimization, and verification
using frequency calculations, two stable and populated con-
formers were obtained for (R)-MXP. Those were further reopti-
mized at the higher levels of theory (B3LYP/6-311++G(d,p),
B3PW91/6-311++G(d,p), B3PW91/aug-cc-pvVDZ, B3PW91/aug-
cc-pVTZ, CAM-B3LYP/6-311++G(d,p)) using the Gaussian 16
program package.** Here, only the results with the best confor-
mity with the experimental spectra are presented. The weighted
average ECD and UV absorption spectra were simulated based
on the Boltzmann distribution using the Gibbs free energy at
a temperature of 298 K. For the visualization of ECD and UV
spectra, the Gaussian band shape with 10 nm as a half-height
width was applied and 50 excited states were calculated.

2.8 Single crystal data collection and evaluation

Data were collected on a Bruker D8 VENTURE system equipped
with a Photon II detector, a Cu Ko Incoatec microfocus sealed
tube (1 = 1.54178 A) with a multilayer monochromator and
using combined ¢ and w scans at 180 K. For more details see
Table S3 (ESIt). The positional and anisotropic thermal para-
meters of all non-hydrogen atoms were refined. All H atoms
were located in a difference map, but repositioned geometri-
cally; then they were initially refined with soft restraints on the
bond lengths and angles to regularize their geometry (C-H in
the range of 0.93-0.98 A, N-H set to 0.86 A and O-H to 0.82 A)
and Ujso(H) (in the range 1.2-1.5 times Uq of the parent atom),
after which the positions of carbon bound hydrogen atoms
were refined with riding constraints. The same isotropic soft
restraints were used during the final stages of the refinement
when the positional parameters of the hetero-bound hydrogen
atoms were refined. No solvent-accessible voids were found in
the structure. The absolute configuration was unambiguously
assigned according to the refinement of Flack’s parameter to
the final value of x = —0.012(10). The data were included in the
Cambridge Crystallographic Data Centre (CCDC) under the
number 2195741.%

Data collection: APEX4 v2019 (Bruker AXS);* unit cell refine-
ment: SAINT V8.40B (Bruker AXS Inc., 2019); data reduction:
SAINT (Bruker AXS Inc., 2019);* the program used to solve the
structure: SIR92 (Altomare et al., 1994);*® the program used to
refine the structure: CRYSTALS."’

2.9 NMR spectroscopy

NMR spectra were recorded using a 500 MHz ECZ 500R instru-
ment (JEOL, Tokyo, Japan) at various temperatures. The
chemical shifts () are presented in ppm, and the coupling
constants (J) are presented in Hz. The 'H and '*C chemical
shifts are referenced to tetramethylsilane using the solvent
signals CHD,SOCD; 2.50 ppm, CD3;SOCD; 39.52 ppm, or the
signal of the deuterium lock when measured in D,O. The signal
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assignments were done using standard 1D and 2D NMR
experiments.

3 Results and discussion

A standard of MXP was enantiomerically resolved using crystal-
lization with appropriate 2,3-dibenzoyl-tartaric acid enantio-
mers. To control and confirm the optical purity during and
after the crystallization processes, we needed a fast method
for the chiral resolution of the original racemic mixture. For
this purpose, we employed a HPLC method published by
M. Taschwer et al.?® (results can be found in the ESI} (Fig. S1
and S2)). Although this analytical method was suitable for our
purpose, it was rather time-consuming, required long column
equilibration and, therefore, produced a substantial amount of
organic waste. One of the possibilities to mitigate these issues
is to develop a method for the chiral resolution of MXP in
supercritical fluid chromatography (SFC). SFC typically offers
shorter method times due to the higher diffusivity of the mobile
phase as well as the higher flow rates while using carbon
dioxide as the bulk mobile phase, thereby producing much
less toxic waste than HPLC analysis.

3.1 Optimization of SFC enantioseparation

Based on published data obtained from chiral separation in the
HPLC mode, four polysaccharide stationary phases (Alcyon SFC
CSP Amylose-SA, Cellulose-SB and Cellulose-SC and CHIRAL-
PAK™ IE-3) were chosen for the optimization of enantiosepara-
tion of MXP under SFC conditions. To facilitate fast elution of
the sample from the stationary phase, polar organic modifiers
(propan-2-ol, ethanol, methanol and acetonitrile) were intro-
duced into the bulk supercritical carbon dioxide mobile phase.
Polar organic modifiers are added to the CO, mobile phase in
order to elute analytes of moderate to high polarity. Carbon
dioxide possesses high miscibility with organic solvents with a
wide polarity range, which brings some unique characteristics
to SFC, especially a broad operational window to tune (enan-
tio)selectivity. However, the supercritical state of CO, is shifted
to higher temperature and pressure figures by adding a polar
modifier. The term SFC is typically used for all sub-regions,
such as subcritical fluid chromatography of enhanced-fluidity
liquid chromatography.**° Recently, the term unified chro-
matography is used for SFC separations performed over the
whole concentration range of a modifier.*"

To suppress possible non-enantioselective interaction of the
analyte with the stationary phase (e.g., residual silanol groups
on the silica surface), basic (isopropylamine, diethylamine) and
acidic (formic acid) additives to the mobile phase were
screened. All the results from the optimization can be found
in the ESIt (Fig. S3).

Effects of the modifiers on the enantioseparation. The ratio
of CO,, modifier and additives was set up at 90/10/0.1 (v/v/v) as
default. A mobile phase containing an acetonitrile modificator
allowed only partial enantioseparation on Cellulose-SB and
CHIRALPAK® IE-3. More significant results were observed for

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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alcohol modifiers. The retention increased with a decrease in
the molecular weight of alcohols with added basic additives. On
the other hand, the resolution decreased with a decrease in the
molecular weight of alcohols with added basic additives, and
therefore, propan-2-ol was selected as the best modifier for the
analysis of MXP. The strongest impact of this trend was
observed on CHIRALPAK® IE-3 (Table 1). Of the applied alcohol
modifiers, propan-2-ol is the most lipophilic one which leads to
higher solubility of the MXP in the mobile phase and lower
adsorption on the CSP. On the other hand, it is less polar which
seems to play a crucial role in the observed chiral resolution.

Effects of additives on enantioseparation. In general, the use
of acidic additives was not effective, and there was practically
no elution in 150 minutes. The basic additives caused the
elution of analytes on all columns. While diethylamine is the
most common additive used for enantioseparation by HPLC, our
experience suggests that isopropylamine could significantly
enhance enantioselectivity and resolution under SFC conditions.
On the other hand, the combination of formic acid with basic
additives showed the opposite effect than was observed for pure
basic additives. The retention decreased with a decrease in the
molecular weight of alcohols. This trend was again most pro-
nounced for column CHIRALPAK® IE-3 (Table 1).

CSPs. The best conditions for the chiral resolution of MXP
differed for the selected CSPs (for the full set of data from
chromatographic screening) (see Table S1 in the ESIf). The
highest resolution (R = 12.86) was observed on an Alcyon SFC
CSP Amylose-SA column with the composition of the mobile
phase as follows: CO,/propan-2-ol/diethylamine/formic acid
(90/10/0.1/0.1, v/v/v/v). The resolution of R = 3.78 was achieved
on a CHIRALPAK® IE-3 column with the composition of
the mobile phase as follows: CO,/propan-2-ol/isopropylamine
(90/10/0.1, v/v/v) while it was R = 2.73 on an Alcyon SFC CSP
Cellulose-SC column with the composition of the mobile phase
as follows: CO,/ethanol/diethylamine (90/10/0.1, v/v/v). There
was only one result of enantioseparation for an Alcyon SFC
CSP Cellulose-SB column with resolution R = 1.05 with the

View Article Online

Paper

composition of the mobile phase as follows: CO,/acetonitrile/
diethylamine/formic acid (90/10/0.1/0.1, v/v/v/v).

Based on the results of this initial screening, two CSPs,
namely Alcyon SFC Amylose-SA and CHIRALPAK®™ IE-3, were
selected for further optimization of the chiral separation
method. We have focused on the utilization of propan-2-ol,
diethylamine and formic acid on an Alcyon SFC CSP Amylose-
SA column. A higher amount of modifiers with additives led to
a significant decrease of retention times. Selectivity and resolu-
tion were highest at the composition of the mobile phase 80/20/
0.1/0.1 and then they fell again. Despite the best results being
achieved for the mobile phase containing CO,/propan-2-ol/
diethylamine/formic acid (90/10/0.1/0.1, v/v/v/v), an additional
increase in the modifier concentration was not possible due to
elution of one enantiomer in the void volume.

Using a CHIRALPAK™ IE-3 column we investigated also a
different ratio of CO, and propan-2-ol with isopropylamine.
Similar to the previous case, the retention distinctly decreased
with an increase in the amount of alcohol, while both the
selectivity and resolution values increased. Thanks to that, we
were able to resolve the enantiomers of MXP in five minutes
using a CHIRALPAK® IE-3 column and the mobile phase CO,/
propan-2-ol/isopropylamine (60/40/0.1, v/v/v). The retention
times of the enantiomers of MXP were t; = 3.19 and ¢, = 4.29
with an excellent resolution factor of 5.26 (Table 2).

Repeatability. The improved CO,/modifier pumping system
and backpressure regulation features of the UPC* instrumenta-
tion allow for improved flow and backpressure control in
comparison to previous SFC instruments. This in turn leads
to highly reproducible retention, which is documented by the
retention time as well as the resolution factor repeatability
(Table 3). Intra- and interday repeatability provided RSD values
in the ranges 0.08-2.26 for retention times.

3.2 Enantiomeric purity of methoxphenidine

We employed our newly developed method using a CHIRAL-
PAK® IE-3 column with a mobile phase composed of CO,/

Table 1 Effect of four modifiers on the elution time (ty, t,), selectivity («) and resolution (R); “x" means no elution in 150 minutes, “—" means no chiral

separation

CHIRALPAK®™ IE-3

MP ¢, [min] t, [min] o R MP ¢, [min] t, [min] o R
CO,/propan-2-ol/isopropylamine (v/v/v) CO,/ethanol/isopropylamine (v/v/v)

90/10/0.1 20.38 31.92 1.59 3.78 90/10/0.1 41.70 49.90 1.20 2.30
CO,/propan-2-ol/diethylamine (v/v/v) CO,/ethanol/diethylamine (v/v/v)

90/10/0.1 18.06 25.02 1.40 2.74 90/10/0.1 36.05 43.60 2.95
CO,/propan-2-ol/formic acid (v/v/v) CO,/ethanol/formic acid (v/v/v)

90/10/0.1 X X X X 90/10/0.1 11.50 — — —
CO,/propan-2-ol/diethylamine/formic acid (v/v/v/v) CO,/ethanol/diethylamine/formic acid (v/v/v/v)

90/10/0.1/0.1 118.32 133.29 1.13 1.70 90/10/0.1/0.1 82.73 94.53 1.14 2.34
CO,/methanol/isopropylamine (v/v/v) CO,/acetonitrile/isopropylamine (v/v/v)

90/10/0.1 54.08 61.06 1.13 1.63 90/10/0.1 10.67 12.63 1.20 0.77
CO,/methanol/diethylamine (v/v/v) CO,/acetonitrile/diethylamine (v/v/v)

90/10/0.1 56.38 62.48 1.11 1.67 90/10/0.1 5.89 6.48 1.11 —
CO,/methanol/formic acid (v/v/v) CO,/acetonitrile/formic acid (v/v/v)

90/10/0.1 X x X x 90/10/0.1 x x X X
CO,/methanol/diethylamine/formic acid (v/v/v/v) CO,/acetonitrile/diethylamine/formic acid (v/v/v/v)

90/10/0.1/0.1 76.07 76.12 1.09 1.48 90/10/0.1/0.1 X X X X

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Table 2 Effect of different ratios of CO,/modifier on the elution time (t,
t,), selectivity (o) and resolution (R)

CHIRALPAK®™ IE-3

MP ¢, [min] t, [min] o R
CO,/propan-2-ol/isopropylamine (v/v/v)

60/40/0.1 3.19 4.59 1.53 5.26
70/30/0.1 5.13 6.82 1.39 3.35
80/20/0.1 9.53 12.51 1.34 2.81
90/10/0.1 20.38 31.92 1.59 3.78

propan-2-ol/isopropylamine (60/40/0.1, v/v/v). In this case, the
first eluted peak was MXP-a, and the second one is MXP-b. The
final purity of enantiomers was determined from the ratio of
peak area (Fig. S1-S3, ESIt). The enantiomeric purity of MXP-a
was 99.63% (99.26% ee (enantiomeric excess)) and that of MXP-
b was 99.85% (99.7% ee).

3.3 The comparison of SFC and HPLC methods of
enantioseparation

In comparison, shorter retention times, a more stable baseline
and a higher detector response were achieved (see Fig. S4 in the
ESIT) thanks to the new SFC method (Fig. 1(A)). The higher
response of the detector in SFC is primarily caused by shorter
retention times leading to significantly better peak shapes than
for the HPLC method. The resolution is lower than the resolu-
tion achieved under HPLC conditions; however, it is still more
than sufficient. Because of the composition of the mobile phase
(CO,/propan-2-ol/isopropylamine), the method is compatible
with a mass spectrometer allowing for future applications.
The enantiomer elution order (EEO) under SFC conditions
was reversed in comparison to the method published by
Taschwer (see ESIL,t Fig. S1). The reversal of elution order can
be achieved in several ways, typically by changing the CPS for its
enantiomeric variant (for brush-type CSPs),>* or via utilizing
structurally modified selectors.® However, a change in chro-
matographic conditions can be sufficient to trigger the EEO as
well.>® Recently, it has been shown that the EEO in various
chromatographic modes strongly depends on the amount of a
polar co-solvent in the bulk mobile phase.’® Therefore, it is
assumed that in this study, the EEO reversal is caused by the
higher content of the polar modifier in the subcritical mobile
phase. To ascertain the absolute configuration of the obtained
enantiomers, we employed the combination of density functional
theory calculations with circular dichroism measurements.

3.4 Conformational analysis

The most starting structures converged to the same geometry or
the relative abundance of different geometries was too low.

View Article Online
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Table 4 The two stable conformers of (R)-MXP hydrochloride with their
dihedral angles, relative Gibbs free energies and relative abundances
simulated at the B3LYP/6-311++G(d,p) level

AGpgr Relative
Conformer oy oy o3 oy Os [kJ mol~*] abundance [%]
I —-73 162 —-171 —-46 -178 0 92
II -75 171 —66 —-57 —179 6.2 8

As the result, we obtained two stable conformers (Fig. 1(C)) for
(R)-MXP hydrochloride. The revealed stable conformers were
reoptimized at the higher level of theory B3LYP/6-311++G(d,p)
and their relative abundances were calculated based on Boltz-
mann distribution (Table 4). Structural parameters were similar
except for the dihedral angle o3, for which we observed the
difference ~-105° (Fig. 1(C) and Table 4). The orientation of
the piperidine ring had the highest effect on the stability of the
structure.

Electronic circular dichroism and ultraviolet absorption
spectroscopy. The mirror symmetry pattern of the experimental
ECD spectra of MXP hydrochloride (Fig. 1(D) bottom) indicated
their enantiomeric character. Based on very good agreement
between the experimental (Fig. 1(D) bottom) and Boltzmann
weighted spectrum of (R)-MXP (Fig. 1(D) middle), the absolute
configuration of MXP-b was determined as the (R)-enantiomer.
All observed spectral bands and their maxima were correctly
predicted in the Boltzmann weighted spectrum (Fig. 1(D) middle).
In the experimental spectrum of MXP hydrochloride, bands were
observed at 185, 197, 218 and 272 nm (Table 5) reflecting the
combination of the electronic transitions. Band 4 occurred at
272 nm in the experimental spectrum; it was present only in the
spectrum of conformer II and, due to its low relative abundance, it
did not appear in the Boltzmann weighted spectrum. The band
located at 218 nm was correctly predicted only in the simulated
spectrum of conformer I. Band 4 was mainly an expression of
electronic transitions from the highest occupied molecular orbital
(HOMO, Fig. S7, ESIt left) to the lowest unoccupied molecular
orbital (LUMO, Fig. S7, ESI right).

In the experimental spectra of both MXP enantiomers, two
bands were found (198 nm and 277 nm, Fig. 1(D) bottom). The
broad band located at 277 nm in the experimental spectrum
was found redshifted by 26 nm in the Boltzmann-weighted
spectrum (Fig. 1(D) middle, Table 5). The band shoulder at
198 nm was found in the experimental spectrum of MXP
hydrochloride and was included in the broad band 1 in both
simulated spectra of individual conformers.

Nuclear magnetic resonance spectroscopy. The 3C NMR
spectrum of MXP free base is simple since the fast inversion
of nitrogen configuration (Fig. S8, ESIT) leads to a single sharp

Table 3 A method validation with regard to repeatability of the elution time (t;, t,), selectivity (¢) and resolution (R)

Repeatability t; [min] + RSD t, [min] RSD o + RSD R + RSD
Intraday n==6 3.24 0.00 0.08 4.53 0.00 0.11 1.53 0.00 0.04 5.55 0.08 1.47
Interday n=12 3.29 0.07 2.26 4.56 0.05 1.16 1.51 0.02 1.56 5.33 0.32 5.94
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Table 5 Experimental and B3LYP/6-311++G(d,p) simulated wavelengths
for the ECD spectra of (R)-MXP hydrochloride

Band Experimental Simulated

number spectrum [nm] Band sign  spectrum [nm] Band sign
1 185 + 184 +

2 197 - 198 -

3 218 — 216 —

4 272 — — X

signal for diastereotopic carbon atoms C3g and C3g, and a
single sharp signal for diastereotopic carbon atoms C4s and
C4g. Indeed, all **C signals of MXP free base are sharp,® which
means there are no chemical exchanges of medium rate on the
NMR time scale.

In contrast, the "*C NMR spectrum of MXP-HCI contains a
few oddities. At first, as the protonation of nitrogen dramati-
cally slowed the rate of its configuration inversion, the signals
of C35 and C3g, and signals of C45 and C4x are not averaged.
Hence, four signals at 51.89, 48.81, 22.52 and 22.48 ppm were
observed in DMSO-d¢ solution by 600 MHz NMR instrument
(**C at 151 MHz).® Our measurement in DMSO-d, solution at
22 °C by 500 MHz NMR instrument (*>C at 126 MHz) gave two
signals at 51.809 and 48.317 ppm for C3 carbons, however only
one broad signal at 22.450 ppm for C4 carbons as the result of
the lower coalescence temperature at the lower magnetic field.
Our measurement in D,0O solution at 22 °C gave two signals at
52.533 and 50.918 ppm for C3 carbons (Av = 203.1 Hz), which
coalesced approximately at 75 °C, and two signals at 22.962 and
22.739 ppm for C4 carbons (Av = 28.0 Hz), which coalesced
approximately at 40 °C (see the ESI}). In the second, both in
D,0 and DMSO-d, solutions we observed very broad signals of
carbon C1. Due to proximity, we suggest it is the consequence
of the nitrogen inversion and/or NH dissociation. In the third,
both in D,O and DMSO-dg solutions, in the aromatic part of the
NMR spectrum, we observed a broad signal exclusively for
carbon C11. Since there is no such broadening of any *C signal
in the MXP free base spectrum, the nitrogen protonation is the
origin obviously. We deduced it could be a consequence of the
hindered rotation of the methoxyphenyl group (vide infra).

The "H NMR spectrum of the MXP free base exhibited a
single sharp quintet for hydrogen C5 of piperidine both in
CDCl,° and CD;0D, which is the consequence of fast piper-
idine ring conformation changes on the NMR time scale (note
that the nitrogen inversion is not necessary). The signals of the
hydrogen atoms at C3 and C4 carbons are rather complex since
they are diastereotopic, and hence second order signals are
observed. The peaks of the multiplet signals of the hydrogen
atoms at the C4 carbons are sharp, which confirms the fast
chemical changes. The peaks of the multiplet signals of the
hydrogen atoms at C3 carbons are broader, which can be the
consequence of a tiny long range coupling, a protonation
equilibrium on the nitrogen due to an impurity, or the mere
proximity of the nitrogen atom. The geminal coupling between
H2x-H2; is 13.4 Hz, and the vicinal ones between H1-H2y and
H1-H2g are 9.2 and 5.7 Hz in CDCl;,® and 13.1, 11.0 and 4.3 Hz
in CD;OD. Since the solvent effect on the value of a coupling

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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constant is negligible in general, the differences in J values
should be a consequence of the different contents of rotamers
and/or their conformations (note that the effect of an impurity
cannot be excluded).

In contrast, as expected based on the "*C NMR spectra, the
"H NMR spectrum of MXP-HCI in D,O solution confirmed the
slow nitrogen inversion; however, slow piperidine ring confor-
mation changes are observed, which are exhibited by observa-
tion of ten broad signals for the ten hydrogen atoms of
piperidine. Based on the observed correlations in 2D COSY
and HSQC spectra we assigned 'H signals to *C signals. Based
on the multiplicity of the 'H signals, we estimated which
signals are for axial or equatorial hydrogen atoms; in spite of
the signals’ broadness the couplings of J > 10 Hz corres-
ponding to Jixax OF Jgem are well recognized. Based on 2D
ROESY spectra we assigned pairs of 'H signals in chemical
exchanges, i.e., H3% - H3g4, H3%! - H3%, HAR' - H4g4, H4R -
H4%Y, and H5% - H53%. Since the exchanges are observed
between the axial and equatorial hydrogen atoms of diaster-
eotopic carbon atoms, the nitrogen inversion, the change of the
chair conformation, and a rotation of piperidine have to take
place at once. The signals coalesced at high temperatures (see
the ESIY).

In accord with the **C NMR spectra, we observed broad
signals for H1 and H11, which are going to be sharp at a higher
temperature. Based on the inspection of the physical model of
the MXP-H" molecule, and based on the correlation between
proton and carbon nuclei in 2D COSY, HSQC, HMBC, NOESY
and ROESY NMR spectra we assigned all "H and "*C signals and
derived the average conformation of MXP-H' (see the ESIf).
That is supported by the higher coupling constant H1-H2g
(11.9 Hz) than H1-H24 (4.4 Hz), by the NOE between H1-H2g
and no H1-H2g, and by the NOE between H11-H1 and H11-
H2p but no H11-H2;. The later NOEs suggest there is a rotation
of the methoxyphenyl group, which, based on the molecular
model, can be slowed by the formation of the intramolecular
hydrogen bond between NH and OMe groups. That can be the
origin of the broadness of H1, H11 and C11 signals. Note that
interaction with the chloride ion could also play a role.

The strong NOE between H2g and the broad doublet (equa-
torial hydrogen) at 3.784 ppm, and significant NOE between
H11 and the broad triplet (axial hydrogen) at 2.686 ppm suggest
there is no fast rotation of the piperidine group around the
C1-N bond, and the configuration of H1 and NH hydrogen
atoms is anti-clinal to anti-periplanar. Hence, these signals can
be assigned to H3§? and H3gY, respectively, and the resting
signals of the piperidine ring can be assigned routinely.

The 'H NMR spectrum of MXP-HCI in DMSO-dg solution
suggests that the average conformation at C1-C2 is similar
since the coupling constants H1-H2 (12.1 Hz) than H1-H2g
(3.7 Hz) are similar to the ones in D,O (vide supra). The signals
of the hydrogen nuclei on C1 and C3 carbons have additional
splitting by hydrogen at nitrogen, which confirms that the
dissociation of NH hydrogen is slow at the NMR time scale.
The coupling constant of NH to H1 (5.0 Hz) is much less than
the ones to H3s and H3; (9.6 and 8.9 Hz) having the anti-
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periplanar conformation, that suggests the conformation of NH
and H1 is not anti-periplanar and/or there is a rotation around
C1-N bond. In addition, the coalescence of 'H signals of the
piperidine hydrogen atoms takes place at least 50 °C higher
than in D,O (see the ESIT), which can be the consequence of the
lower content of proton (deuteron) in DMSO-dg, which probably
affect the rate of the observed changes.

It is worth noting that, to the best of our knowledge, the
slowdown of the nitrogen inversion after its protonation, which
leads to more complex signals in NMR spectra, is usually
omitted in the literature. As another example, we attached the
spectra of procaine hydrochloride (see the ESIT). All mentioned
ambiguities will be the subject of our next research.

3.5 Single crystal data

Lastly, during the crystallization process, we managed to obtain a
single crystal, which we measured by Single Crystal X-Ray Diffrac-
tion (see ESIT). The obtained conformation of the R-enantiomer
was in very good agreement with the simulated data (see the
structure overlap in Fig. 1(E)), with an RMS deviation for all heavy
atoms of 0.2568 A. And thus, we conclusively assigned the
absolute configuration of the MXP enantiomers (see Fig. 1(F)).

4 Conclusion

The present contribution aimed to develop an enantiosepara-
tion method for MXP using SFC and offer a comparison of four
commercial CSPs. We have evaluated four polysaccharide-
based CSPs (Alcyon SFC CSP Amylose-SA, Cellulose-SB and
Cellulose-SC and CHIRALPAK® IE-3) and CO,-containing
mobile phases to improve the efficiency of the existing chiral
HPLC method. In comparison, the SFC assay provides a sig-
nificant decrease in the retention time while maintaining
excellent resolution. The repeatability of the method was proven
by an intra- and interday validation concerning the retention time
and resolution factor. Following the analytical method, a detailed
structural analysis of (R)-MXP hydrochloride was performed using
DFT calculations. As a result, two stable conformers were found in
solution, their relative abundances were calculated based on
Boltzmann distribution and Boltzmann-weighted spectra were
simulated. Their comparison allowed us to determine the abso-
lute configuration and describe revealed stable conformers in
detail. Finally, we managed to obtain single crystal data, which
were in accordance with the in silico calculated results. Based on
our knowledge we present for the first time a chiral resolution of
MXP by crystallization and the assignment of enantiomer abso-
lute configurations using single crystal data and a combination of
CD spectra supported by DFT calculations. In addition, we also
present a novel method for the chiral resolution of MXP in SFC by
polysaccharide stationary phases.
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