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Abstract

This study outlines a practical semi-continuous method for temperature cycle-induced
deracemization (TCID) using a batch mode crystallizer. We employed an axially chiral naphthamide
derivative as a model compound, and deracemized the crystalline phase by conventional TCID. To
achieve a continuity of deracemization, we harvested a part of the suspension after the conventional
TCID, then feeding a new racemic suspension into the enriched suspension and applying temperature
cycles. By leaving a highly enriched crystalline phase as seed crystals to direct the chirality of the
following enrichment, the enrichment process was significantly accelerated, verifying the stable and
high production efficiency. Furthermore, from the perspective of process productivity, the moderate
suspension density is optimal for efficient deracemization. In the naphthamide system, up to 7.71
g-L~1-h™! of the productivity was achieved. Thanks to the simple operation, the method described here
is applicable for most of batch mode deracemization reported to date. In terms of industrial application,

the semi-continuous deracemization could be a good option to utilize the existing batch crystallizers.
Keywords: deracemization, continuous crystallization, chiral separation, process engineering

Introduction

Continuous production is projected to be adopted in the pharmaceutical industry, and the field of
continuous synthesis of compounds has shown significant progress.!™ The continuous purification
process represents a critical foundational technology for establishing fully continuous production.
Resolution of chiral compounds are essential techniques for efficient separation and purification,® and
resolution by crystallization, a method applicable to compounds forming conglomerate, is a vital
development subject due to its simplicity and scalability.>® The preferential crystallization has been

9-15

widely used as a classic resolution, and its continuous operation has been thoroughly studied

through various methods such as the mixed suspension mixed product removal (MSMPR) method, ¢!
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coupled preferential crystallization, and fluidized bed crystallization.?'* However, when the

products are racemate, the theoretical maximum yield of preferential crystallization is 50%.2%%
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In contrast, deracemization by crystallization, a crystallization process of a conglomerate under
racemization conditions, reaches 100% of maximum yield, because the undesired enantiomer is
converted into the desired one while being removed from equilibrium in solution phase. Following
Viedma's report,?® comprehensive studies have been reported on its application to various

2737 and model simulations®®** to understand mechanism behind the process. However,

compounds
most of the deracemization processes developed so far involve batch mode operations, and industrial
application to processes has not been successful. In fact, simple scale-up for a batch mode operation

is limited by the solubility of the target compound and the size of the crystallizer.

Pioneering examples of continuous deracemization by flow mode continuous crystallization have been
reported by Cameli and coworkers.*> They demonstrated for the first time that complete continuous
and automated deracemization of crucial chiral drug intermediates is enabled by utilizing spatial
thermal vibrations within a tubular flowing millireactor. Moreover, the potential to apply continuous
crystallization processes to deracemization has been sufficiently verified in modeling studies.3%4%:46
On the other hand, a batch mode crystallizer is easy to introduce for high-mix, low-volume production
because it can use existing systems and is a facile operation. However, continuous systems for
deracemization using batch mode crystallizer have not been experimentally validated since most
deracemizations require considerable time for enrichment. Therefore, a very long residence time is

necessary, and its control is difficult.

In this study, we demonstrate a straightforward semi-continuous process for temperature cycle-induced
deracemization using a batch mode crystallizer. By enriching via TCID and subsequent crystal removal
and addition of a racemate, we accomplished semi-continuous deracemization with simple operations.
The key to this method is leaving part of the enriched crystal as seed crystals to control the chirality of
the following enrichment process, enabling the progression of deracemization from a relatively high
enriched state. The semi-continuous process ensures sufficiently long residence time which allows the
time for completing deracemization. Furthermore, we observed the size of crystals during
deracemization, and the mechanism how the feed crystals are incorporated to the crystals. These

observations would contribute to monitor the progress of deracemization without off-line analysis.

Materials and methods
We used the axially chiral compound 1 as a model compound (Scheme 1). This compound was first reported by

Sakamoto and coworkers,*

and we previously reported the modified synthetic procedure for 100-g scale
synthesis.?® This compound forms a stable conglomerate by crystallizing from conventionally used solvents
except for methanol and exhibits spontaneous racemization behavior in the solution due to the rotation of the
C—C bond. However, the activation energy of rotation in methanol is enough high to evaluate enantiomeric
excess by HPLC.?® Technical grade ethyl acetate, cyclohexane, and tert-butylmethyl ether (MTBE) are

purchased from Nacalai Tesque, and used without further purification.
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AG*=93.4 kJ ‘mol™’

Scheme 1. Chemical structure of axially chiral naphthamide derivative 1. The value of Gibbs free energy of

activation (AG*) is measured in methanol. The half-life time at 20 °C is 367 min.

Solubility measurements

The solubility of 1 in MTBE and in an azeotropic mixture of cyclohexane and ethyl acetate was measured in
triplicate by using a gravimetric method. The temperature was controlled by a thermostat (NCB-1210, EYELA,
Japan). The solubilities from 10 to 60 °C are described in the Supporting Information.

Chiral HPLC analysis

The accurate chiral composition of 1 in solid samples was analyzed by a HPLC system (PU-980, UV980,
JASCO) using an CHIRALPAK TA-3 (Daicel, 3 pm, 150 mm X 4.6 mm) and a mixture of hexane and ethanol
(7:3, v/v) as the mobile phase at a flow rate of 1.5 mL-min'. The wavelength employed for UV detection was
254 nm. Note that while compound 1 spontaneously racemizes in solution, the racemization is sufficiently slow
in cold methanol, allowing the analysis to be performed while maintaining the ee of the crystalline phase. To
suppress racemization during analysis, the column temperature was controlled at 0 °C using a portable
refrigerator. The enantiomeric excess (ee) values were obtained by integrating and comparing the peak areas of

R-1 and S-1 according to the following equation (eq.1).

. . Ag —As
enantiomeric excess (%) = ———
Ar +Ag

(eq.1)

where Ar and 4; is the area in HPLC analysis for R-1 and S-1 respectively.

Suspension density
The suspension density is defined as the density of the solid in the suspension divided by mass of solvent, as
following equation (eq.2) The suspension density was controlled when the preparation of initial suspension for

the deracemization.

Mass of solid in the suspension (kg) (eqz)

. . -1
Suspension density (kg ‘kg) = Mass of sobvent ()

https://doi.org/10.26434/chemrxiv-2024-6v0sj-v2 ORCID: https://orcid.org/0000-0001-7860-2456 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-6v0sj-v2
https://orcid.org/0000-0001-7860-2456
https://creativecommons.org/licenses/by-nc-nd/4.0/

Batch-type TCID

30 mL of screw vial was charged with compound 1 and MTBE or ethyl acetate/cyclohexane azeotropic mixture
(10 mL), and was heated until the solid was completely dissolved. The solution was immersed in an ice bath,
and rapid crystallization was carried out by irradiating with ultrasound for preparing a racemic suspension. A
beaker equipped with a double glass jacket was filled with water, and a coolant was circulated inside the glass
jacket. The temperature of the coolant was controlled by a cooling circulator (NCB-1210, EYELA, Japan). The
cooling circulator was connected to a computer via an RS232C cable, and the temperature was controlled
through software (EPMon, EYELA, JAPAN). The temperature cycles were performed between 15 °C and 30 °C,
and were set to last 40 minutes per cycle. During the temperature cycle, the suspension was constantly stirred
by a crossbar-type Teflon stirrer bar at a rotation speed of 300 rpm. The ee of the crystalline phase was

determined every few cycles by chiral HPLC analysis on a small amount of solid taken from suspension.

Semi-continuous TCID

TCID in a semi-continuous manner was performed using the set-up shown in Figure 1a, and the operation
procedure was briefly described in Figure 1b. Compound 1 was added to a 500 mL flask containing MTBE 300
mL and a cross-shape PTFE stirrer bar. The mixture was heated until the compound was completely dissolved.
Then, while cooling the solution with ice, ultrasound was irradiated to rapidly cool it, allowing to prepare a
racemic suspension. This was transferred to a 500 mL flask equipped with a double glass jacket, and stirred
using a mechanical stirrer (MAZELA Z, EYELA, Japan) at 150 rpm, the temperature of the coolant was
controlled by a circulating thermostat (EYELA NCB-1210, EYELA, Japan) as shown in Figure la. The set
temperature of the coolant and the actual suspension temperature were monitored to ensure whether they
matched the desired temperature cycle profile. To monitor the ee of the crystalline phase during racemization,
a small amount of suspension was collected and dissolved in ice-cold MeOH, and evaluated using the chiral
HPLC. When the ee reached 90%, suspension was collected by a peristaltic pump (120U/DV, Watson-Marlow,
UK) for 6 minutes with the rate of 25 mL min ™!, i.e., total 150 mL. Additional suspension prepared beforehand
to match the initial suspension density was poured into the crystallizer. By this procedure, the collected
suspension was replaced with an equal volume of racemic suspension. To ensure the continuity of the process,
we have repeated the cycle of the collection and addition of the suspension 5 times. The process productivity of
the semi-continuous process was evaluated following eq.3, which takes a time after the first addition of
suspension because the process can run as long as the racemic suspension is added to the system after initial

enrichment.

Mass of collected solid (g)

Volume of solvent (L) x Time required deracemization (h)*

Process productivity (g ! L'l) = (eq. 3)

*Time required deracemization means the time from the 1st addition to the 5th collection of the suspension.
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Figure 1. (a) Semi-continuous crystallization setup and (b) procedure of the manipulation. Racemic suspension

for feeding and initial suspension are prepared by flash cooling of saturated solution of 1 with sonication.

Results and discussion

Initial enrichment by TCID

The solubilities of 1 in ethyl acetate/cyclohexane azeotropic mixture were 6.09 wt% at 20 °C and 8.93 wt% at
30 °C, and in MTBE were 1.85 wt% at 15 °C and 3.35 %wt at 30 °C (See Supporting Information). For each
solvent system, TCID was conducted at a suspension density where 30% to 90% of the crystals interconvert at
temperature cycles of 15 °C or 20 °C and 30 °C. Chiral enrichment by TCID was confirmed under all suspension
density in both solvent systems (Figure 3). It should be noted that a racemate was used as the starting condition,
and no seeding or induction was performed, resulting in random final chirality. Although there is some variation
in the onset of chiral enrichment under all conditions, it can be explained as the stochastic behavior due to
fluctuations arising in open non-equilibrium systems, as proposed in the dynamic symmetry-breaking model in
a non-equilibrium steady state by Kondepudi and Asakura.*® That is, when the ee of the system is close to zero,
ee fluctuates around zero, then showing enrichment right after it exceeds a critical value. With smaller
suspension densities, the amount of interconversion and fluctuation are greater, leading to significant variation
in the onset. The enrichment curve for each TCID also exhibits a sigmoidal shape, similar to many TCIDs

reported so far.

Focusing on the required period to complete deracemization in MTBE, it was observed that the required period
is shorter under conditions of smaller suspension density as shown in Figure 3. While the process productivity
was highest when the suspension density was moderate, indicating that efficiency decreases when the

suspension density is either too low or too high as shown in Figure 4a.

At low suspension densities, the process completes quickly, and further acceleration could not be achieved.
For instance, a condition with a suspension density of 1.8x107? kg-solid/kg-solvent in MTBE corresponds to
90% of the solid dissolving/crystallizing in a single temperature cycle, which requires at least two cycles even

under ideal conversion. The condition with the suspension density of 2.3x107% kg'kg™! leads to 70%
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dissolving/crystallizing, also necessitating two cycles. If these conditions complete deracemization in two cycles,
the process productivity for the suspension density of 2.3x1072 kg-kg ' is higher than one of 1.8x107% kg-kg™!
because the mass of crystals in the suspension is large. In fact, the number of temperature cycles required for
deracemization is five times for 1.8x107? kg-kg 'and two times for 2.3x107? kg-kg™' (Figure 3¢ and d), the
deracemization completed faster for the condition of 2.3x1072 kg-kg™!, and its process productivity is higher
than the condition of 1.8x1072 kg-kg ! (Figure 4a).

In contrast, the case of the high suspension density, the interconversion could not proceed quickly because the
deracemization does not proceed without the dissolution of undesired enantiomer and the crystallization of
desired enantiomer. Under conditions of high suspension density, the amount of dissolution during the
temperature cycle is low and there is little chance of deracemization. These experimental results imply that an

optimal balance between suspension density and temperature cycle exists for efficient deracemization.

In the case of deracemization in the mixture of cyclohexane and ethyl acetate, the period required to complete
enrichment showed similar trend to the case of MTBE (Figure 3e-h). However, the smallest suspension density
(3.7x107? kg-kg ") gave the highest process productivity, 2.58 g-h™!-L™! (Figure 4b). In this solvent, even if the
suspension densities are reduced to increase the interconversion in one temperature cycle, deracemization does
not proceed ideally, requiring many temperature cycles. As shown in Figure 3h, even 90% of crystals are
replaced in one temperature cycle, more than 15 temperature cycles were required to complete deracemization.
Therefore, the smaller the suspension densities result the faster the deracemization in this system, and shorter
period required to complete deracemization can lead higher productivity. In such a system, the balance between
the amount of crystals that can be handled in a single operation and the time required to complete the enrichment

is important for determining efficiency.
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Figure 3. Evolution of enantiomeric excess of 1 during batch-wise TCID for different suspension densities in
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(a—d)MTBE and (e-h)cHex/EtOAc = 54/46 (v/v). Absolute values of enantiomeric excess (ee) are used in the
vertical axes. Each symbols indicates the number of runs. Suspension densities are (a) 5.3x1072 kg-kg™! (b)
3.2x107%2 kg'kg ! (c) 2.3x1072 kg'kg™!' (d) 1.8x1072 kg'kg! (e) 11.1x1072 kg-kg™' (f) 6.6x1072 kg-kg™! (g)
4.7x102 kg'kg ' (h) 3.7x102 kg-kg".
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Figure 4. Process productivities for different suspension densities in (a) MTBE and (b) cHex/EtOAc = 54/46
(v/v).

Semicontinuous TCID

Semi-continuous deracemization was conducted using batch mode crystallizers after the initial enrichment
carried out in same manner to the conventional TCID. The crystalline phase was periodically sampled to monitor
the ee, and once it exceeded 90%, the part of suspension was collected, and racemic suspension was fed to the
flask. Figure 5 show the time course of ee during semi-continuous mode after initial enrichment. As shown in
Figure 5a, the temporal decrease in ee after the collection of suspension and the addition of racemic a suspension
was observed for the condition of suspension density of 5.3x107% kg-kg™'. Then, the ee of crystals recovered
through temperature cycling. This trend was also seen when the suspension density was 3.9x107% kg-kg!, but
the amount of decrease in ee was smaller, and the time needed for recovery was shorter (Figure 5b). This
indicates that at smaller suspension densities, deracemization proceeds quickly. Interestingly, this rate of
recovery reached maximal under conditions where the suspension density was 3.2x1072 or less, the ee of crystals
was fully recovered within 1-2 cycles even after adding the racemic suspension as shown in Figure 5c—e. In
other words, under the conditions of these suspension densities, it is possible to continue to remove crystals and
add racemic suspensions at every temperature cycle. This behavior is different from the one from a similar ee
in batch mode TCID, and is expected to benefit from the presence of enriched crystals. In terms of process
productivity, the condition with the suspension density of 3.2x107% kg-kg ! where the rate of recovery reached
maximum gave maximum value, 7.71 g-L™'-h™!. This is the 1.7 times greater than batch mode TCID at the
same suspension density. Additionally, the direction of enrichment never reversed once enriched, consistently

leading to the same chirality.
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Figure 5. (a—e) Evolution of ee of 1 during semi-continuous TCID in MTBE after initial enrichment for different
suspension densities, and (f) process productivities. Lines in (a) and (b) are guide for eyes. Suspension densities
are () 5.3x10 2 kg-kg ' (b) 3.9x102kg-kg ™' (¢) 3.2 x10 2 kg-kg ! (d) 2.3x10 2 kg-kg ' (e) 1.8x10? kg-kg '.The

red symbols indicate when racemic suspensions added.

Changes in crystal size were observed with the progression of semi-continuous deracemization. Figure 6
shows the crystal growth during semi-continuous deracemization in MTBE. At the initial stage of
deracemization, rapid nucleation and crystallization caused by ultrasound resulted in the predominance of tiny
crystals measuring 5—-10 pm (Figure 6b and 6¢). Moreover, the morphology of these crystals was mostly random
(Figure 6c, Cycle 0). However, when temperature cycles were applied, the repeated dissolution and
crystallization gradually increased the crystal size, leading to more uniform shapes despite some aggregation
(Figure 6c¢, Cycle 47 and 75). The solubility of the crystalline phase is known to vary with particle size due to
the Gibbs-Thomson effect, with larger crystals growing by incorporating smaller ones.*’ As the tiny crystals
were incorporated, a convergence to a certain shape and crystal size occurred, followed by a gradual increase in
ee of the crystals. At the point when ee exceeded 90%, almost no tiny crystals were observed, and the crystal
size converged to around 25-30 um (Figure 6¢, Cycle 161). Subsequently, when a racemic suspension was
added, aggregation of tiny crystals around the enriched crystals was observed (Figure 6¢c, Cycle 162). These
aggregated crystals caused decreased ee, containing a significant amount of the opposite enantiomer. However,
repeating the temperature cycles resulted these tiny crystals to disappear, and the ee of the crystals recovered in
a couple of cycles (Figure 6¢, Cycle 164). This trend, observed in the following cycles as well (Figure 6¢, Cycle

165-172), suggests the mechanism of enrichment in semi-continuous deracemization.
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Figure 6. (a) Evolution of ee during semi-continuous TCID for the condition of suspension density with 5.3
x1072 kg-kg'. The number on the symbols indicate the number of cycles. (b) Microscopic image of crystals in
racemic suspension to be added after enrichment. (c) Microscopic images of crystals during semi-continuous

TCID. The numbers on the images corresponds to the number of cycles. Scale bar indicate 100 pm.

To summarize the mechanism of enrichment during the semi-continuous mode could be described by
following, as shown in Figure 7. At the beginning of the experiment, tiny racemic crystals exist. Among these,
the smaller crystals dissolve and recrystallize to be incorporated into larger crystals, leading to their gradual
growth. Once the crystals reach a certain size, in this system 25-30 pum, fluctuations of the crystal size lead to
the predominant growth of crystals with single chirality. This progression gradually achieves the initial
enrichment. Subsequently, when a suspension of tiny racemic crystals is added, these tiny crystals aggregate
around the already existing larger crystals. Applying temperature cycles causes the tiny crystals to dissolve and
be incorporated into nearby crystals, rapidly recovering the ee. Namely, the direction of the enrichment is
controlled by the chirality of larger crystals. The semi-continuous TCID herein investigated left the enriched
crystals of significant size, thanks to this procedure, the chirality of the crystals is controlled to the single

enantiomer and the stable continuous production was achieved.
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Figure 7. The change of the crystal size and enrichment process behind the semi-continuous deracemization.

Conclusions

In this study, we experimentally validated the semi-continuous operation of deracemization using a batch
crystallizer by the simple process of collection and adding suspension. Initially, batch-type TCID was conducted
to confirm the correlation between suspension density and productivity during initial enrichment. It was
observed in the batch mode TCID that a moderate suspension density yields high productivity, and attention
was focused on whether similar behavior would be observed in semi-continuous operation. In the semi-
continuous operation experiment, as the scale increased, the initial enrichment took longer period. However,
once the ee in the crystals enriched, the stable operation could be started. The collection of enriched suspension
and addition of racemic suspension can be repeated, achieving successful semi-continuous deracemization. It
was also confirmed that the semi-continuous operation provides greater productivity than the batch mode
deracemization. Concerning the correlation with suspension density, while the optimal value for the batch mode
was different than for the semi-continuous mode, it was provided under moderate conditions. This suggests that
the optimal conditions of batch mode TCID offer conditions close to the optimal operating conditions of semi-
continuous TCID, implying its appropriateness for preliminary considerations in efficient scaling up.
Furthermore, tracking the crystal particle size revealed the mechanism of enrichment during semi-continous
deracemization. The initial enrichment proceeded through the ripening of microcrystals, and after the addition
of racemic suspension, numerous microcrystals aggregated on the grown crystals and were incorporated
accompanying enrichment. While the exact values are influenced by stirring speed and temperature cycle rate,
there is potential for the development of online analysis method to monitor progress of deracemization. These
results demonstrate the possibility of converting to continuous crystallization using only simple operations with
existing batch crystallizers, which could promote the shift to continuous production in the chemical

manufacturing industry.
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