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ARTICLE INFO ABSTRACT

Keywords: We here report the first occurrence of a preferential cocrystallization process assisted by compressed carbon
Cocrystal dioxide. Our study focuses on the Nefiracetam-Mandelic acid conglomerate forming system. The cocrystal
Conglomerate o conglomerate was successfully crystallized using compressed CO, as antisolvent, and acetone, ethyl acetate, or
i;etfi:j:;ﬁ erystallization isobutanol as solvents for starting solutions in the so-called GAS process. We then focus on acetone to successfully
o, perform preferential cocrystallization supported by compressed COa. A critical step in the design of the process is
Seeding the adaptation of the set-up to allow the introduction of enantiopure seeding inside the reactor. Based on the use

of seeded rings, we test several seeding configurations to enhance enantioseparation through the simultaneous
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J. de Meester et al.
1. Introduction

Chirality, the property of molecules to exist in distinguishable
mirror-image forms, plays a pivotal role across various industries,
including agrochemical, food, pharmaceutical, material, [1-4]. The
demand for enantiopure compounds arises from the distinct physico-
chemical properties exhibited by enantiomers in asymmetric environ-
ments, such as the human body [1-3]. Consequently, extensive research
efforts are focused on developing methods for the production of enan-
tiopure molecules. These processes can be roughly divided into two
categories: asymmetric synthesis and chiral resolution. In asymmetric
synthesis, the aim is to selectively synthesize the desired enantiomer [1,
2], whereas for resolution methodologies, racemic mixtures are pro-
duced, and enantiomers are subsequently separated using a physical
separation technique [1,5]. Various methods of chiral resolution have
been developed over the recent decades, one of which is preferential
crystallization [1,5,6].

Preferential crystallization is a kinetic process that relies on a dif-
ference in crystallization rate of enantiomers through the use of homo-
chiral seeds. The technique requires the compound to crystallize as a
conglomerate — a physical mixture of enantiopure crystals [6]. This
forms a major limitation to the methodology, as a mere 5-10 % of chiral
molecules crystallize as a conglomerate [1,5,6]. To broaden the scope of
this technique, ongoing research endeavors aim to convert racemic
compounds — containing equal amounts of both enantiomers in the
crystal unit cell — into conglomerates. Various crystal engineering
strategies [7] have been applied in this context over the recent years
including salt [8,9], solvate [10], and cocrystal [5,11-14] formation. As
an example, Leyssens et al. [5], illustrated the cocrystal approach,
transforming the racemic compound mandelic acid (MA) into a
conglomerate through a (1:1) cocrystallization with nefiracetam (nefi)
(Fig. 1). This finding was furthermore used to develop a resolution
through preferential cocrystallization, working with acetonitrile.

Considering our expertise with this system, we decided to take this
work one step further. We pioneer in showing how pressurized carbon
dioxide can be successfully used in the context of preferential
crystallization.

The recent increase in pressurized carbon dioxide, and particularly
supercritical carbon dioxide (SC-CO,), research reflects the growing
interest in this fluid. Indeed, SC-CO5 is considered as non-toxic, non-
flammable, chemically inert, and is recyclable through pressure reduc-
tion [4,15-18].

The versatility of SC-CO, spans various processes. Its relatively low
critical temperature (31°C) allows the extraction of thermally unstable
compounds. Moreover, it serves as a solvent for various reactions [16,
19], or even as an antisolvent for particle micronization [20,21] and
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cocrystallization [22-25]. Furthermore, SC-CO, finds applications in
polymer synthesis, and textile dyeing [21].

This study contributes to the continuous expanding field of com-
pressed CO; research, by exploring its potential in chiral resolution.
While SC-CO; processes have already been successfully studied in the
context of diastereomeric salt resolution [15,26-29], here we broaden
the scope by showcasing the feasibility to develop preferential cocrys-
tallization assisted by pressurized COs. The primary advantages of this
method include the elimination of conventional post-treatment steps, as
filtration and drying of the recovered powder [23]. Indeed, these steps
are performed under pressurized CO; flux, which furthermore becomes
gaseous upon depressurization.

We focus here on the chiral resolution of the nefi-MA cocrystal, using
CO4, as an antisolvent. We began by exploring the ability of SC-CO3 to
induce conglomerate cocrystal formation, to then develop a preferential
crystallization process assisted by COs. This research represents a
foundational step in the development of preferential crystallization
induced by CO; antisolvent, setting the stage for further consolidation of
the methodology.

2. Materials and methods
2.1. Materials

Nefiracetam (LSherb), (rac)-mandelic acid (TCI Chemicals), (R)-
mandelic acid (TCI Chemicals), (S)-mandelic acid (TCI Chemicals),
acetone (HPLC grade, Atlantic labo), ethyl acetate (EtOAc, analytical
grade, Atlantic labo), isobutanol (analytical grade, Atlantic labo), iso-
hexane (analytical grade, Atlantic labo), absolute ethanol (Atlantic
labo), 2-propanol (Atlantic labo), trifluoroacetic acid (Atlantic labo),
phosphoric acid (Atlantic Labo), acetonitrile (HPLC grade, Atlantic labo)
and carbon dioxide (CO3, 99.5 %, Messer) were purchased from com-
mercial sources and used as such.

For convenience, nefiracetam will be abbreviated as nefi, and man-
delic acid as MA throughout the rest of the document.

2.2. Enantiopure seed preparation

Enantiopure seeds were obtained on larger scale (approximately
20 g) from ethyl acetate. Equimolar amounts of nefiracetam (15.00 g)
and (R)-MA or alternatively (S)-MA (9.27 g) were introduced in a
reactor vessel filled with ethyl acetate (100 mL). The suspension was
stirred at 300 rpm for 48 h at RT. Subsequently, the suspension was
filtered and the resulting powder was washed with ethyl acetate and
dried. This material served as the seeding material for preferential
crystallization experiments.

Cocrystal conglomerate

(S)-Mandelic acid-Nefiracetam

cocrystal cocrystal

Fig. 1. Conversion of the racemic compound mandelic acid into a conglomerate through cocrystallization with nefiracetam.
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2.3. X-ray powder diffraction (XRPD)

Two instruments were used for the XRPD data collection.

Part of the samples were measured using a Siemens D5000 diffrac-
tometer equipped with a Cu X-ray source operating at 40 kV and 40 mA.
The instrument uses a secondary monochromator to select the Ka radi-
ation of Cu (A = 1.5418 A). A scanning range of 26 values spanned from
5° to 35°.

Alternatively, XRPD data were collected using a PANalytical X'pert
PRO MPD diffractometrer equipped with a secondary monochromator
and X'Celerator multi-strip detector with copper radiation (A =
1.5418 A). A scanning range of 20 values spanned from 4° to 38°.

The samples were gently ground to limit preferred orientations. The
powders were then placed uniformly on sample holders made of
aluminium alloy and flattened with a razor blade.

2.4. Chiral High-Performance Liquid Chromatography (cHPLC)

Chiral HPLC was used to determine the relative amount of both en-
antiomers of mandelic acid. Samples were prepared by dissolving the
sample in a solution composed of 80 vol% isohexane, 20 vol% EtOH.
Two instruments were used for chiral high-performance liquid chro-
matography (cHPLC).

Part of the analyses were carried out using a Waters Alliance 2695
coupled with a Waters 996 Photodiode Array Detector (PDA) (A =
220 nm). The column used was a Daicel Chiralpak IC, 4.6 x 250 mm, 5
pm, the sample injection volume was 10 pL. A mobile phase consisting of
95 vol% isohexane, 5 vol% 2-propanol, 0.1 vol% trifluoroacetic acid
was used. The separation was achieved in 30 min, at RT with a flow rate
of 1 mL/min. After three sample runs, the column was washed with
isohexane/ethanol (80/20, v/v) at a rate of 1 mL/min for 30 min.

Alternatively, enantiomeric quantification was performed using an
Agilent Infinity 1260 system (Agilent Technologies) equipped with a
degasser, a quaternary pump, an automatic injector, a diode array de-
tector (DAD) and Chemstation software for data acquisition. The column
and method used were identical to the procedure described above.

Each data point is the average of two distinct samples of 20 mg
powder in 20 mL solution.

Enantiomeric excess was calculated for each sample. It is used to
express the excess of one enantiomer over the second in a mixture. The
formula used is as follows:

(

ee(%) = ER) — enantiomer ) — ((S) — enantiomer )

100
((R) — enantiomer ) + ((S) — enantiomer )

A compound with an enantiomeric excess of 0 % is racemic, while
when the enantiomeric excess is 100 %, the compound is enantiopure.

2.5. Reverse High-Performance Liquid Chromatography (rHPLC)

Reverse HPLC is used to quantify exact amounts of nefiracetam vs
mandelic acid. The compounds were dissolved in a solution composed
by 50 vol% acetonitrile, 50 vol% Milli-Q water. Calibration curves for
reverse high-performance liquid chromatography (rHPLC) were built
correlating the area under the curve (AUC) with the concentration used
following a linear equation.

For dosing nefi:MA molar ratios, samples were prepared by dissolv-
ing the sample in a solution composed by 50 vol% acetonitrile, 50 vol%
Milli-Q water. The instrument used was an Agilent Infinity 1260 system
(Agilent Technologies) equipped with a degasser, a quaternary pump, an
automatic injector, a diode array detector (DAD) (A = 210 nm) and
Chemstation software for data acquisition. The column used was a
Kinetex C18 F5 (Phenomenex), 100x4.6 cm, 2.6 um, the sample injec-
tion volume was 5 pL. The separation, performed at 40 °C with a flow
rate of 1 mL/min, was achieved in 14 min. The mobile phase consisted
of a gradient of solution A — water + 0.1 vol% phosphoric acid (H3PO4)
and solution B — acetonitrile + 0.1 vol% H3PO4 in the following
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sequence: 0-0.5 min at 30 % B, followed by increasing B from 30 % to
90 % in 5 min, a step of 1 min at 90 % B and reequilibration at 30 % B
during the remaining 7.5 min.

Each data point is the average of two distinct samples of 10 mg
powder in 20 mL solution.

2.6. Cocrystallization using CO2 as an antisolvent

The experimental set-up used is a custom-built Gaseous Anti Solvent
(GAS) equipment (Scheme 1). The process starts by loading the pre-
heated reactor with a volume of solution and subsequently intro-
ducing CO». Nefi and MA were dissolved in 30 mL of acetone, EtOAc or
isobutanol at various concentrations and molar ratios. The solution was
placed in an ultrasonic bath for approximately 3 minutes to ensure
complete dissolution of all starting materials, then it was pre-heated on a
hot plate. The 0.49 L reactor is equipped with three sapphire windows,
and a stainless-steel filter topped with a 0.2 pm pore size membrane at
its bottom. A mechanical stirrer ending with a hollow Rushton turbine
plunged into the solution and allowed direct dispersion of the CO5 into
the solution. The stirring rate was set to 300 rpm. A glass cylinder
covering the inner surface of the reactor was used for easy recovery of
the crystals obtained. The reactor temperature (40 °C) was regulated by
a heating tape and monitored by a sensor centrally positioned about
2 cm above the Rushton turbine. Compressed CO2 was first cooled in a
cryostat at 0 °C and its introduction was carried out using an SFE (Model
HPP400-B, SFE Process) pump at a rate of 11 g/min. During this step, as
CO4 was added gradually, the pressure inside the vessel increased and
the solvent-CO4 mixture shifted from a liquid-vapor system to a mono-
phasic fluid. At the same time, the solubility of components decreased,
leading to a precipitation event that could be observed through the
sapphire windows. Once the desired pressure of 10.0 MPa was reached,
the formed COs-solvent mixture was drawn from the bottom of the
reactor while fresh CO2 was added to the system at 35 g/min to maintain
the pressure and to dry the obtained powder. The pressure in the reactor
was controlled at 10.0 &+ 0.5 MPa by an exit metering valve. At the end
of the process, the system was depressurized through the exit line, and
particles were collected, weighed and analyzed.

The resulting powder was collected in different fractions: on the
stirrer shaft, inside the reactor, and inside the outlet collector.

2.7. Preferential cocrystallization using a CO2 antisolvent process

The method and instrumentation used are identical to the one
described in Section 2.6 (Cocrystallization using CO, as an antisolvent),
with exception of the moment the solution was withdrawn from the

vessel. The process was halted when the experimenter observed the
solution to become turbid, which occurred at different pressures for each
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Scheme 1. GAS set-up, with 1. CO, tank; 2. cooler; 3. CO, pump; 4. pressure
gauge; 5. valve; 6. metering valve; 7. mechanical stirrer; 8. reactor; 9. glass
cylinder; 10. thermocouple; 11. outlet collector.
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experiment. As preferential crystallization requires seeding, an enan-
tiopure seeding set-up was used to guide the outcome of the process.
Seeding material was added on the inner face of the glass cylinder, above
the solution level, at a height of 4.5-5.5 cm. To do this, enantiopure seed
was slurried in acetone, the slurry was subsequently applied on the
surface of the cylinder and acetone was allowed to evaporate, leaving a
solid enantiopure crust on the cylinder. Initial experiments used a one-
piece cylinder. Subsequently, a transition was made to a cylinder
composed of three parts (respectively of 4.5 cm — 1 cm - 16.5 cm) to
facilitate the seeding process, and the collection of crystals after the
experiment.

Upon completion of the process, the resulting powder was collected
in the various parts of the reactor: on the stirrer shaft, on the seeded
cylinder (powder crystallizing on the enantiopure seeds), inside the
reactor (remaining powder inside the reactor), and inside the outlet
collector. Prior to powder collection on the seeded cylinder, meticulous
sampling was performed on both the outer surface and deeper inside the
layer, closer to the seed. Using a thin spatula, we first scraped a small
quantity of powder from the surface. Subsequently, we dug the first few
millimeters of powder thickness, still with the spatula, to collect powder
from a greater depth.

3. Results and discussions
3.1. Enabling the conglomerate cocrystallization process

First, our investigation focused on the feasibility of forming the
desired nefi-MA cocrystal phase using a CO, antisolvent process. This
stage of the study allows for the identification of the crystallized phases
(nefi, MA and/or the nefi-MA cocrystal), and the detection of any
polymorph [25].

Initial attempts aimed at selecting a solvent. To achieve this, (1:1)
stoichiometric ratios of nefi and enantiopure or racemic MA were dis-
solved in ethyl acetate (EtOAc), acetone, or isobutanol (Table 1). COq
was introduced until achievement of a final pressure of 10 MPa. In all
experiments, the mixture became turbid before reaching this pressure.
This shows that crystallization had occurred prior to reaching 10 MPa
and that CO; effectively acts as an antisolvent in this process. All ex-
periments led to the formation of the desired cocrystal (Fig. 2). More-
over, experiments involving enantiopure mandelic acid (Runs 1-3), led
to the crystallization of pure cocrystal material, as confirmed by XRPD
(Fig. 2) and rHPLC (Table 1). With racemic mandelic acid, however,
experiments resulted in cocrystal formation combined with concomitant
crystallization of the nefi parent compound for all of the three solvents
used (Runs 4-6, Fig. 2), indicating the need to adapt the nefi:(rac)-MA
ratio in these solvents. When using EtOAc or acetone, rHPLC data aligns
with XRPD results, confirming the slight excess of nefi in the obtained
powders, while with isobutanol, the excess of nefi is only observable
with XRPD analysis. The low ee’s obtained when starting from racemic
mandelic acid fall within experimental error, and indicate that chiral
resolution did not occur spontaneously. This is expected as both enan-
tiomeric cocrystals show identical crystallization kinetics in the absence
of a chiral external factor. As in classical preferential crystallization
processes, enantiopure seeding is a necessity to promote selective
growth of a given enantiomer [6].

Overall, these results show that any of the three solvents above can
be successfully used to crystallize both enantiopure, and the conglom-
erate cocrystal using SC-CO, technology. We then moved to the next
step, being the development of a preferential crystallization process.

3.2. Preferential crystallization

3.2.1. Process design

Even though all three solvents seemed appropriate, acetone was
selected for the remainder of the study, based on our expertise with this
solvent in the frame of crystallization using CO as an antisolvent [22,
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23,33,34]. As starting from (rac)-MA, some amount of nefiracetam
crystallizes together with the cocrystal conglomerate, experiments were
performed adjusting the nefi:(rac)-MA molar ratio (Table 2, Runs 7-11).
As confirmed by XRPD and rHPLC analysis, decreasing the ratio to
(0.7:1) resulted in the production of pure cocrystal material. This opti-
mized ratio was used in all subsequent resolution experiments.

As mentioned above (Runs 4-6), and as expected, processes per-
formed without enantiopure seeding always resulted in the crystalliza-
tion of both enantiomers. To incorporate seeding in a CO; antisolvent
process, we designed a set-up wherein a cylinder is coated with seed
material at a given height (Fig. 3a). To prevent these seeds from dis-
solving in contact with the solution initially introduced, this seed ma-
terial is set above the solution level (Fig. 3b, tp). Upon CO; introduction,
as CO, is miscible with the used solvent, the solution expands while the
solubility of the compounds in the newly expanded CO-solvent solution
decreases. The solution should become supersaturated prior to reaching
the seed material. Upon reaching this latter (Fig. 3b, tf), preferential
growth can theoretically be initiated on the seeded cylinder (Fig. 3c).
The seeding height, therefore, needs to be carefully controlled,
depending both on the nature of the solvent as well as the overall con-
centration. If the seed material is reached too rapidly, the overall solu-
tion might still be undersaturated and the seeds would dissolve. If the
seed coating is positioned too high, spontaneous concomitant crystalli-
zation of both enantiomers from a highly supersaturated solution occurs
prior to reaching the seed material. In our set-up, a 1 cm seeded coating
ring was always placed at a height of 4.5-5.5 cm.

The set-up presented here also requires the establishment of an
endpoint. As for all preferential crystallization processes, if supersatu-
ration keeps being increased, the counter-enantiomer will inevitably
also crystallize out. In our case, if upon initial crystallization, CO4 keeps
on being injected, the supersaturation of the counter-enantiomer con-
tinues to increase until its spontaneous crystallization. It was, therefore,
decided to stop the process as soon as turbidity was observed in the
reactor through the sapphire windows, for a pressure between 6.6 and
7.2 bar (Table 2). At this stage, if preferential crystallization occurred,
an enantiomeric excess in favor of the seed enantiomer should be
observable in the recovered powder." Three experiments were stopped
while the solution was still limpid, at pressures ranging between 6 and
6.5 bar (Table 2). These indeed showed almost no crystallization
occurred within the reactor, and that no additional mass was recovered
atop the seeds (Table 2, Runs 12-14), confirming that the onset of
turbidity can be taken as the point at which cocrystallization takes place.

As already highlighted by experiments 4-6, resolution does not occur
in absence of seeding. This was confirmed, conducting two experiments
using non-seeded cylinders (Table 2, Runs 15-16). A first trial was
performed using a (1:1) nefi:(rac)-MA molar ratio, while for a second
experiment, this ratio was adjusted to (0.7:1). Both experiments were
stopped when turbidity was observed. As expected, extra nefi was
observed in Run 15 by XRPD analysis, while Run 16, with the (0.7:1)
adjusted ratio, led to pure cocrystal (Figure SI-1, Table 2). In both cases,
racemic mixture material was obtained in all parts of the reactor (stirrer,
cylinder, reactor) and outlet collector. These experiments, therefore,
once more confirm spontaneous preferential growth of neither nefi-(R)-
MA nor nefi-(S)-MA occurs in any point of the experimental set-up in the
absence of seeds. As for solution-based preferential crystallization pro-
cesses, seeding is also a prerequisite in a pressurized-CO. set-up if
preferential crystallization is to be induced.

3.3. Inducing preferential crystallization

3.3.1. Introduction of enantiopure seeding
A first set of experiments comprising various molar ratios of nefi:MA

1 Seeding height, and concentrations used are appropriate for acetone. These
parameters need to be adapted when using isobutanol or EtOAc.
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Table 1
Cocrystallization experiments of nefi and MA by GAS in EtOAc, acetone, and isobutanol.
Run  Initial Solvent C(nefi + Crystallization yield Product Nefi:MA molar ratio of the recovered powder  ee reactor
compounds MA) o ek
(g/L) (%)
1 nefi + (S)-MA EtOAc 48.4 63.3 nefi-(S)-MA cocrystal (1:1)
1:1)
2 nefi + (S)-MA Acetone 66.4 64.6 nefi-(S)-MA cocrystal 1:1)
(1:1)
3 nefi + (S)-MA Isobutanol  66.4 28.5 nefi-(S)-MA cocrystal (1:1)
1:1)
4 nefi + (rac)-MA EtOAc 48.4 64.0 nefi-(rac)-MA cocrystal + (1.1:1) -2
1:1) nefi
5 nefi + (rac)-MA Acetone 66.4 48.8 nefi-(rac)-MA cocrystal + (1.1:1) 0
(11D nefi
6 nefi + (rac)-MA Isobutanol  66.4 22.1 nefi-(rac)-MA cocrystal™*** (1) 0

1:1)

" The crystallization yield was determined as the amount recovered on the stirrer shaft, and inside the reactor at the end of the experiment compared to the total

amount of material used. Remaining powder was found in the outlet collector.
" Nefi:MA molar ratios of the obtained products were determined by rHPLC.
" ee were determined by cHPLC.
" Traces of nefi are observed by XRPD.

|
T

FEGHAA ((S)-MA)
DLMAND ((rac)-MA)

GENRAT (nefi)

VA Ar KAISIB (nefi-(R)-MA)

~—"——— Run 1 (nefi + (S)-MA in EtOAc)
Run 2 (nefi + (§)-MA in acetone)
Run 3 (nefi + (S)-MA in isobutanol)
Run 4 (nefi + (rac)-MA in EtOAc)

Run 5 (nefi + (rac)-MA in acetone)

10 13 16 19 22

26 (%)

Run 6 (nefi + (rac)-MA in isobutanol)

25 28

Fig. 2. Comparison of the XRPD patterns of nefi-(rac)-MA (1:1) cocrystallization through GAS in isobutanol (red), acetone (brown), EtOAc (orange), nefi-(S)-MA
(1:1) cocrystallization through GAS in isobutanol (light green), acetone (dark green), and EtOAc (light blue), and the simulated patterns of the reported nefi-(R)-MA-
cocrystal (CCDC refcode KAJSIB) [5] (dark blue) and parent compounds nefi (CCDC refcode GENRAT) [30] (violet), (rac)-MA (CCDC refcode DLMAND) [31]

(magenta), and (S)-MA (CCDC refcode FEGHAA) [32] (pink).

(Table 2, Runs 7-11) was performed, with the cylinder seeded with nefi-
(R)-MA. It was confirmed that all experiments resulted in an increase of
the mass deposited on the seed material.

The global crystallization yield (crystallization yieldi)? and the
crystallization yield on the seeded cylinder (crystallization yieldcyl)3
were calculated for all experiments. The remaining mass, not

2

) . : Myt cylinder+ Meryst stirrer+ Meryst reactor— Mseed
crystallizationyield,,, = —

.For example, for
Run 7, the mass recovered on the seeded cylinder (0.881 g), the stirrer shaft
(0.081 g), and inside the reactor (0.244 g) was corrected for the amount of seed
(0.548 g), resulting in a crystallization mass of 0.658 g, while the initial mass of
compound in acetone was 1.991 g. This leads to a crystallization yield of
33.0 %.

3

crystallizationyield,,, = m;glﬂjﬁ’m’zmi

0.333 g (0.881 g corrected for the seed, which was 0.548 g) compared with
1.991 g, resulting in a 16.7 % crystallization yield on the cylinder.

.Still for Run 7, this corresponds to

crystallized in the reactor, was always recovered in the outlet reactor as
crystalline powder. For Runs 7-11, between a quarter and up to half of
the total crystallized powder was found on the seeded cylinder.

XRPD (Figure SI-1) and rHPLC measurements confirmed the pres-
ence of pure cocrystal formation on the seeded cylinder when using a
nefi:MA initial ratio of (0.7:1), while containing some supplementary
nefiracetam for the higher stoichiometric ratios. Interestingly, the
crystal mass deposited on the seed materials during crystallization was
systematically found to have an enantiomeric excess in favor of nefi-(R)-
MA. This result highlights the first successful occurrence of enantioen-
richment induced through COs-assisted preferential crystallization. The
fact that the material is not enantiopure (with ee’s ranging from 12 % to
40 %), is indicative of the counter-enantiomer also crystallizing at a



Table 2
GAS-assisted preferential crystallization experiments.
Run  Nefi: Initial Seeded mseed  Pressure at Crystallization Crystallization Nefi:MA molar ratio ee ee ee ee
(rac)-MA solution cc. enantiomer (mg) flush (MPa) yieldtot yieldcyl of the recovered cyl stirrer reac coll
initial (g/L) (%) (%) powder*
ratio m (%) (%) (%) (%)
Adaptation of nefi:MA ratio + 7 (1:1) 41.06 25,31 R 548 6.7 33.0 16.7 (1.1:1) 34 -13 -9 —
Introduction of enantiopure 8 (0.8:1) 32.80 25,37 R 296 6.8 40.1 15.3 (L:1)%%* 12 -9 -4 -1
seeding 9 (0.8:1) 32.70 25,32 R 314 6.9 39.6 18.2 (1.1:1) 15 -20 -10 1
10 (0.7:1) 28.76 25,43 R 279 6.9 35.3 16.1 (1:1) 27 -32 -22 1
11 (0.7:1) 28.68 25,36 R 263 6.6 49.0 12.2 (1:1) 40 -20 -21 4
Process stopped before 12 (0.8:1) 3262 2539 R 264 6.0 1.9 0 — — — — —
turbidity 13 (0.8:1) 32.75 25.35 R 293 6.2 1.9 0 — — — — —
14 (0.8:1) 32.76 25.36 R 309 6.5 5.9 0 — — — — —
No seeding 15 (1:1) 40.97 25.36 — — 7.1 56.2 25.3 — 1 0 0 —
16 (0.7:1) 28.91 25.61 — — 6.8 46.3 12.5 (1:1) 2 -2 1 1
Decreasing seeds amount 17 (0.7:1) 2887 2545 S 104 6.9 46.8 19.0 (1:1) -24 26 15 -6
18 (0.7:1) 28.78 25.40 R 3 6.9 52.2 7.6 — 31 -3 -5 0
Decreasing concentration 19 (0.7:1) 22,68 20.03 R 3 7.2 52.5 7.9 — 44 -20 6 3
20 (0.7:1) 22.68 20.01 S 4 6.9 46.2 13.0 — -49 25 13 0
Simultaneous seeding of both 21 (0.7:1) 28.93 25.61 S 7 6.9 39.2 9.9 (L) -37 1 2 0
enantiomers R 4 7.3 (1:1) 33
22 (0.7:1) 28.90 25.58 S 2 6.9 27.0 3.9 — -23 -5 -1 2
R 2 5.7 — 24
23 (0.7:1) 28.78 25.38 S 3 6.7 41.2 4.2 — -65 1 5 0
R 1 4.7 — 34
24 (0.7:1) 28.78 25.44 S 1 6.9 36.6 6.3 — -20 -4 -2 1
R 2 4.8 — 44
25 (0.7:1) 28.75 25.47 R 3 6.8 48.3 6.0 — 8 -1 2 0
S 3 2.8 — -18
26 (0.7:1) 28.73 25.41 R 4 6.9 50.2 12.4 — 21 2 1 0
S 5 9.0 — -38

" Nefi:MA molar ratios of the obtained products were determined by rHPLC.
" ee were determined by cHPLC, a positive result represents an enrichment in nefi-(R)-MA, and a negative result represents an enrichment in nefi-(S)-MA. The ee of the cylinder corresponds to that of the supplementary
material that crystallized on top of the seed material. To calculate this ee, the seed-mass was subtracted from the total mass recovered, and rHPLC and cHPLC were used to estimate the ee of the supplementary material.
" Traces of nefi are observed by XRPD and a low excess of nefi is observed by rHPLC.
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Fig. 3. Preferential crystallization principle. a) Set-up of the cylinder, with the seed material at a height of 4.5-5.5 cm, b) Evolution of the experiment over time, with
the racemic initial solution in grey and the final solution, enriched in counter-enantiomer, in pink, ¢) Schematic theoretical crystal growth on the seeded cylinder at
the end of the process, with the seed material in dark blue and the outcome of the crystallization in light blue.

given moment, as is typically the case in preferential crystallization
processes.”

Further evidence of preferential crystallization is shown by analyzing
the powders recovered in the remaining parts of the set-up. For Runs
7-11, both reactor and stirrer recovered materials are enriched in the
opposite enantiomer nefi-(S)-MA. This aligns with preferential crystal-
lization principles. As more of the nefi-(R)-MA crystallized on the seeded
cylinder, the remaining solution is enriched in nefi-(S)-MA, resulting in
more of this enantiomer crystallizing in the reactor and on the stirrer. At
the end of the process, the compound remaining in solution (and
recovered in the outlet collector) is a racemic mixture. This behavior is
observed across all seeded experiments. Therefore, mass balances can be
calculated for all experiments.”

Additionally, we were able to orient resolution towards one or the
other enantiomer. Runs 17 and 20 indeed show that the use of (S)-seeds
leads to preferential growth, and hence enantioenrichment, of the seed-
ring in nefi-(S)-MA while the material recovered on reactor and stirrer
becomes enriched in nefi-(R)-MA.

To gain more insight into the crystallization occurring on the seeded
ring, the ee of the material that crystallized on the cylinder was exam-
ined along its depth (Fig. 4). To do this, careful sampling was performed

4 In their original contribution, Buol et al.[5] limited the crystallization yield
of each cycle to 5 % to avoid the counter-enantiomer of appearing. To achieve
such low yields was impossible using the current set-up, explaining the spon-
taneous crystallization of the counter-enantiomer at a given stage of our
process.

5 For Run 11, for example, powders collected on the stirrer and in the reactor
have a mass of respectively 0.229 g and 0.367 g, with respective ee values of
—20 % (R-S ratio of 0.40-0.60) and —21 % (R-S ratio of 0.395-0.605). Taken
together, these materials result in 0.237 g of nefi-(R)-MA and 0.359 g of nefi-
(S)-MA. The quantity of powder collected on the cylinder is 0.198 g with an ee
of 40 % (R-S ratio of 0.70-0.30). It corresponds to 0.139 g of nefi-(R)-MA and
0.059 g of nefi-(S)-MA. The remaining powder is found in the outlet collector
and corresponds to a mass of 0.827 g with an ee of 4 % (R-S ratio of 0.52-0.48),
which corresponds to 0.430 g of nefi-(R)-MA and 0.397 g of nefi-(S)-MA. In
total, the recovered amounts of (R)- and (S)-cocrystal correspond respectively
to 0.805 g and 0.816 g. The material balance is therefore respected, with an
error attributed to the recovery of the powder in each part of the set-up.

Fig. 4. Crystal growth occurs in layers on the seeded cylinder. As one moves
away from the initial seed layer to the outer surface, the enrichment in nefi-(R)-
MA becomes less pronounced. In dark blue, enantiopure seeding, e.g. nefi-(R)-
MA; in light blue crystalline material still enriched in nefi-(R)-MA; in dark red,
crystalline material enriched in counter-enantiomer, nefi-(S)-MA. The different
samples taken are represented as grey squares.

on both the outer surface and deeper inside the layer (so closer to the
seed) utilizing a thin spatula to collect samples by scraping. Table 3 il-
lustrates the gradual and preferential crystal growth phenomena. As the
seeded layer is enantiopure - typically nefi-(R)-MA in our examples - it
is first covered by a growth layer enriched in this enantiomer. As a
result, the solution becomes enriched in the counter-enantiomer — nefi-
(S)-MA —, which crystallizes, more strongly, in the outer layers. Table 3
shows that the outer surface, indeed, always exhibits an increased
amount of counter-enantiomer compared to the inner layers. In some
scenarios (Table 3, Run 10A and B, Run 11 A and C), the outer layer is
even favored with respect to the counter-enantiomer. It should however
be noted that the overall ee of the cylinder material remains enriched in
nefi-(R)-MA used as seed. For the samples taken across the crystallized
material (designated as A, B, C and D), only a few milligrams of powder
were taken each time. Considering the inhomogeneity of the newly
crystallized layer and given that sampling along the depth of the seed-
cylinder is tedious and not evident, Table 3 shows overall behavior
rather than exact ee’s.

These observations suggest a rapid and preferential growth of nefi-
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Table 3
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cHPLC results of the samples taken across the crystallized material on the cylinder for Runs 10 and 11. Samples are recovered on outer layer, as well as closer to the

surface of the cylinder (inner).

Run ee cyl ee A ee B ee C eeD
(%) Outer Inner Outer Inner Outer Inner Outer Inner
10 27 -24 -11 -25 -17 12 16 13 30
11 40 -1 16 16 31 -1 13 12 9

*ee were determined by cHPLC, a positive result represents an enrichment in nefi-(R)-MA, and a negative result represents an enrichment in nefi-(S)-MA.

(R)-MA on the seed material at the onset of the process. The surrounding
solution consequently enriches in nefi-(S)-MA. As CO; addition con-
tinues, supersaturation rapidly increases, leading to nucleation of nefi-
(S)-MA and simultaneous rapid crystal growth of both enantiomers on
the outer ring. As nefi-(S)-MA shows higher concentration in solution,
faster crystallization of this enantiomer is then expected in the outer
layers.

3.4. Decreasing initial solution concentration

In an attempt to reduce nucleation and crystal growth kinetics of the
counter-enantiomer, Runs 19 and 20 were carried out decreasing the
initial solution concentration. The initial reduced concentration should
lead to a less supersaturated solution reaching the seed-material. Both
runs indeed show a lower yield recovered on the cylinder (7.9 and
13.0 % respectively), with increased ee’s (44 and 49 % respectively).
However, spontaneous crystallization of the counter-enantiomer still
occurs, as no enantiopure material is obtained.

3.5. Decreasing seeding amount

Concurrently, attempts were made to reduce the quantity of enan-
tiopure material used as seeds. Reducing the amount of seeds (first
slightly reducing it with Run 17, then drastically reducing seeding
amount with Run 18 vs Runs 10-11) does not seem to have any sub-
stantial impact on the resolution results, since comparable ee and yield
were obtained. This can be attributed to the fact that in our set-up, the
decrease in seed quantity does not affect the overall surface area of seeds
in contact with the solution to be resolved. This aspect is advantageous
for the economic evaluation of the process.

From Runs 7-20, it is clear that reproducibility is the main limitation
of the GAS-induced preferential crystallization set-up. Ideally in pref-
erential crystallization processes, nucleation of the counter-enantiomer
is avoided and/or rapid crystal growth of this latter reduced. In a
classical-solution based batch process, multiple factors such as temper-
ature, seed amount, stirring, and reactor set-up have an impact on the
final result [6]. However, in our GAS set-up, additional factors, such as
pressure evolution and CO, addition rate also impact this process,
requiring careful control. Moreover, since CO» is continuously added
and mixed with the solvent, the herein process is a non-equilibrium
method in terms of fluid phases. Additionally, mixing is not an instan-
taneous phenomenon, and the compounds also have their own induction
time (the time taken for the first nuclei to appear in response to the
decrease in solubility [35]).

We do, however, obtain the nefi-MA cocrystal-conglomerate for all
experiments, as confirmed by XRPD (Figure SI-3), with the feasibility of
performing preferential crystallization through GAS is clearly high-
lighted. Based on our findings, future endeavors should orient towards
an appropriate engineering of GAS-technology so that it is best-
compatible with preferential crystallization. We initiated such devel-
opment, investigating alternative set-ups of the cylinder.

3.6. Steps towards an ideal preferential crystallization GAS set-up

Our focus was placed on adapting the seeding configuration, aiming
at achieving simultaneous crystallization of both enantiomers but in

distinct areas of the reactor. By promoting their concurrent crystalliza-
tion, we aimed at reducing the risk of spontaneous nucleation of the
counter-enantiomer. We explored two alternatives to the seeding set-up
used initially.

In a first alternative (Table 2, Runs 21-24), the seeded cylinder was
covered on one side with nefi-(R)-MA seed material, and with nefi-(S)-
MA on the other side (Fig. 5). Using this set-up, we were able in all runs
to control the preferential crystallization process by orienting it to a
specific side of the seed-ring. In all cases, the supplementary material
crystallizing on top of the seed is the nefi-MA cocrystal (Figure SI-2).
Moreover, it is effectively enriched in the same enantiomer as the seed.
Indeed, the seeded enantiomer crystallizes preferentially due to the
lower energy barrier for its secondary nucleation and crystal growth
compared to the spontaneous primary nucleation of the non-seeded
enantiomer [1,6]. This energetic difference provides a kinetic advan-
tage that explains how a supersaturated solution reaching the seeded
cylinder allows the crystallization of nefi-(R)-MA on the (R)-seeding,
and the concomitant crystallization of the nefi-(S)-MA on the (S)-seed-
ing. This leads to overall higher total ee’s compared to experiments
where only a single enantiomer seed was used. Interestingly, with the
solution being simultaneously depleted in both enantiomers, the mate-
rial recovered elsewhere in the reactor (stirrer, reactor, and outlet col-
lector) remains a racemic mixture, contrasting with set-ups using only
one type of seed material.

Further evidence of a more controlled preferential crystallization
process is given by sampling across the crystalline layer deposited on the
seeded cylinder (Fig. 5, Table 4). In contrast to the single-enantiomer-
seeded experiments discussed above (Table 3), here, the outer layer no
longer exhibits an enrichment in the counter-enantiomer. Both outer
and inner layers are now showing an excess in favor of the seed-
enantiomer used. Moreover, there is very little difference in ee’s of the
inner and outer layers (Table 4).

In a second alternative, seeding was performed by superposing two
seeded cylinders (Table 2, Runs 25 and 26). In this configuration, the
bottom cylinder was coated with nefi-(R)-MA, while the upper one was
coated with nefi-(S)-MA (Fig. 6).

Both pieces of the seed-cylinder show supplementary crystallized
material, to be the nefi-MA cocrystal (Figure SI-3), enantioenriched
according to the nature of seed material used, while powder recovered
elsewhere in the reactor and on the stirrer is a racemic mixture. This

to t

Fig. 5. Cylinder seeded on one side with nefi-(R)-MA (dark blue) and the other
with the nefi-(S)-MA (light red). Over time, a layer half enriched in nefi-(R)-MA
(light blue) and half in nefi-(S)-MA (dark red), grows. The different samples
taken are represented as grey squares.
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Table 4

The Journal of Supercritical Fluids 212 (2024) 106339

cHPLC results of the samples taken across the crystal material on the cylinder for Runs 21 and 23. Samples are recovered on the outer layer, and an inner layer closer to

the seed material.

Run ee cyl (%) (S)-seeded half cylinder (R)-seeded half cylinder
ee A eeB eeC eeD
Outer Inner Outer Inner Outer Inner Outer Inner
21 -37 -29 -40 -25 -25 — — — —
33 — — — — 49 37 56 58
23 -65 -48 -66 -47 -57 — — — —
34 — — — — 15 29 61 64

*ee were determined by cHPLC, a positive result represents an enrichment in nefi-(R)-MA, and a negative result represents an enrichment in nefi-(S)-MA.
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Fig. 6. Preferential crystallization principle when superposing two seeded cylinders. a) Set-up of the cylinder with two different seed materials at a height of

4.5-5.5 cm and 5.5-6.5 cm, b) Evolution of the experiment over time.

indicates the success of this set-up in a controlled depletion of both
enantiomers. The bottom-seeded cylinder — nefi-(R)-MA — shows less
enrichment compared to the upper-seeded cylinder — nefi-(S)-MA — (e.
8. Run 26 shows an ee of +21 % for the lower cylinder, whereas an ee of
— 38 % is obtained for the upper cylinder). This finding is coherent with
a supersaturated solution reaching the first cylinder, where nefi-(R)-MA
crystallizes more rapidly due to the (R)-seeding, albeit some of the nefi-
(S)-MA also crystallizing concomitantly. The solution reaching the
upper cylinder then shows a stronger depletion in nefi-(R)-MA. The
upper (S)-seeded cylinder, enhances the crystal growth of nefi-(S)-MA.
Nucleation and growth kinetics of nefi-(R)-MA are less important, due to
the lower supersaturation in (R)-cocrystal at this stage.

Looking at both configurations, it seems that parallel seeding,
depleting the solution simultaneously of both enantiomers, is the
preferred option. An optimization of this process can therefore be
studied by playing on various parameters (concentration of the species,
temperature at which the process takes place, height of seeding, CO5
introduction rate, stirring rate...).

4. Conclusion

We here present the first occurrence of a GAS assisted preferential
cocrystallization process.

Focusing on the nefiracetam-(rac)-mandelic acid system, we show
that not only conglomerate formation can be induced in a GAS context,
but that seeding can be used to orient the preferential crystallization of a
given enantiomer in a specific area of the reactor. This is, to the best of
our knowledge, the first occurrence of seed introduction in a supercrit-
ical reactor, in order to induce preferential crystal growth.

Our results highlight that the absence of seed-material leads to
concomitant crystallization of both enantiomers, whereas the use of

enantiopure seeding, leads to material enriched in the same enantiomer.
As GAS is an antisolvent process, rapid creation of supersaturation,
however, always led to spontaneous nucleation of the counter-
enantiomer as the process advanced (in the outer layers deposited).
First steps, in achieving a higher degree of control over supersaturation,
and the preferential crystallization process, highlighted the potential of
using a parallel seeding set-up, with half of the seed-cylinder seeded
with one enantiomer and the other half with the counter-enantiomer.
This set-up, indeed allowed increased control over the process, with
simultaneous depletion of both enantiomers, higher overall enrichment
on both sides of the reactor, and less spontaneous nucleation of the
counter-enantiomer in the outer deposited layers.

At this stage, we also emphasize the complexity of the process.
Preferential crystallization is a kinetic process, requiring careful control
over crystallization process parameters (concentration, temperature,
seeding, ...), which combined with the parameters of a GAS process
(CO; addition rate, pressure control, mixing between CO5 and the sol-
vent, ...) set future challenges for an optimal process design. We are
convinced that careful control of all these parameters, with an adapted
reactor allowing for slower crystallization kinetics, will ultimately lead
to a set-up allowing full resolution through CO- assisted preferential
crystallization.
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