On the pairwise cocrystallization of racemic compounds
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In the field of crystallization-based chiral resolution, preferential crystallization is particularly interesting. In recent work, we
showed how the simultaneous resolution of two racemic compounds can be realized through the formation of chiral
conglomerate cocrystals. The crystallization of a compound as a conglomerate is a rather rare phenomenon. In this study,

we decided to test the probability of multi-component conglomerate formation between two racemic compounds by

cocrystallizing racemic compounds with each other. Specifically, racemic proline, mandelic acid and etiracetam were

cocrystallized with 14 racemic coformers. The analysis of XRPD patterns upon grinding revealed 16 potential cocrystals, four

of which have been already published. The crystal structures of all new cocrystals were determined by single crystal

diffraction. The crystal structure elucidation showed 13 cocrystals were racemates and 3 were conglomerates. All

conglomerates are isomorphous as they were formed between etiracetam and mandelic acid or its 2-fluoro- and 2-chloro-

derivatives. Simultaneous resolution through preferential cocrystallization of racemic compounds, therefore, is limited to

very specific systems. In parallel, our results did, however, highlight a striking success rate of DL-proline in the context of

cocrystallization as 11 out of 14 cocrystallization experiments were successful.

Introduction

Enantiomers are mirror-image isomers showing identical
physicochemical properties but different biological activities.!
The majority (56%) of active pharmaceutical ingredients (APIs)
currently available on the drug market have a chiral centre.
Around 80% of them are formulated as racemic mixtures.? As
enantiomers of a chiral biologically active compound typically
exhibit different pharmacological activities, regulatory agencies
advise marketing only the therapeutically active isomer.3
Consequently, pharmaceutical companies prefer to switch to
developing single enantiomer drug products* and in 2015, 94%
of the newly marketed drug-like compounds with a chiral centre
were enantiopure.>

Enantiomerically pure compounds can be obtained by either
asymmetric synthesis or chiral resolution® — the separation of
mixtures of enantiomers. Despite remarkable progress in the
field of asymmetric synthesis,”-10 it still suffers limitations with
feasibility and cost-efficiency being typically the most significant
Therefore, developing novel resolution
methodologies for racemates remains a very important and

concerns.

contemporary topic of research. In this context, crystallization-
based technologies are most commonly used due to their
advantages in economic consumption capacity, manufactural
reliability, and method universality.

The types of crystallization-based technologies that can be used
depend on the nature of the solid. For racemic compounds, a

Institute of Condensed Matter and Nanosciences, Université Catholique de
Louvain, Louvain-La-Neuve, Belgium.
t Footnotes relating to the title and/or authors should appear here.
Electronic Supplementary Information (ESI) available: [details of any supplementary
information available should be included here]. See DOI: 10.1039/x0xx00000x

resolution agent is typically required, whereas for
conglomerates separation already occurs for the native solid.
For these latter systems, preferential crystallization can be used
to resolve enantiomers.11- 12 However, statistically only 5-10% of
chiral compounds form stable conglomerates.13

To tackle this issue, crystal engineering!4 approaches can be
used to transform racemic compounds into conglomerates. To
this end, cocrystallization>-21 has recently emerged as a viable
tool.22-24 Cocrystallization with achiral coformers has proven to
racemic compound into a
conglomerate?5-27, a result which was then used to develop
resolution through preferential
recently, extended this approach, focusing not on an achiral
counterpart but a racemic one, showing the potential to
simultaneously resolve two racemic compounds through
preferential cocrystallization.22 The cocrystallization of RS-
indeed, leads to the
formation of a stable R-mandelic acid-R-etiracetam, S-mandelic
acid-S-etiracetam cocrystal conglomerate, and, subsequently, a
process allowing simultaneous chiral resolution of two
racemates by preferential cocrystallization was developed.2®
Inspired by these results, we decided to perform a more
thorough investigation of cocrystallization between two
racemic compounds, to grasp whether conglomerate formation
between two racemic compounds is generally observed or

be wuseful to transform a

cocrystallization.2> 26 We,

mandelic acid with RS-etiracetam,

rather an exceptional finding. To do so, we decided to focus our
attention on three racemic target compounds, RS-etiracetam,
RS-mandelic acid and DL-proline, which were cocrystallized with
each other as well as 12 racemic counter-compounds (Scheme
1). The cocrystallization outcomes were analysed via powder
and single crystal X-ray diffraction.
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Scheme 1. Chemical structures of the investigated racemic
compounds.

Experimental

Materials

RS-2-phenylbutyric acid and RS-ibuprofen were purchased from
Aldrich Co. Ltd. DL-3-phenyllactic acid, DL-mandelic acid, DL-
tartaric acid, DL-phenylsuccinic acid, and DL-tropic acid were
purchased from Acros Co. Ltd. RS-methylsuccinic acid and RS-
flurbiprofen were purchased from TCI Co. Ltd. RS-naproxen was
purchased from Sigma Co. Ltd. RS-3-chloromandelic acid and
RS-2-chloromandelic acid were purchased from Alfa Aesar Co.
Ltd. (RS)-2-fluoromandelic acid was purchased from
Fluorochem. Co. Ltd. DL-proline was purchased from Roth. Co.
Ltd. RS-etiracetam was synthesized by racemizing enantiopure
S-2-(2-oxopyrrolidin-1-yl) butanamide.2®

Cocrystal screening

Cocrystal screening was performed by neat grinding, using a
“Retsch Mixer Mill MM 400” equipped with two grinding jars
containing five Eppendorf tubes of 2 mL each. Each tube was
filled with an equimolar amount of the reagents for a total of
about 100mg of material and two @ 3 mm stainless-steel beads.
Grinding was then performed at 30 Hz for 90 minutes.

Powder X-ray Diffraction (XRPD)
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For phase identification purposes, X-ray powder diffraction
(XRPD) patterns were collected on a PANalytical Bragg-
Brentano diffractometer, using Ni-filtered CuKa (A = 1.54179 A)
at 45 kV and 30 mA with an X’Celerator detector. Each sample
was analysed in the 4 - 40° 26 range with a step size of ca.
0.0167° and a total scan time of 6min42s.

Alternatively, XRPD measurements were performed with a
Siemens D5000 diffractometer equipped with a Cu X-ray source
operating at 40kV and 40 mA and a secondary monochromator
allowing selection of the Ka radiation of Cu (A =1.5418 A). A
scanning range of 20 values from 5° to 50° at a scan rate of 0.6°
min-1 was applied.

The experimentally obtained XRPD patterns were compared
with the corresponding starting materials and, whenever
applicable, with the simulated XRPD patterns from the
corresponding single crystal structures (Fig. ESI-12-26).

Single Crystal Synthesis

All single-crystals described in this work were prepared by
recrystallization of the cocrystals obtained by grinding
experiments. The powders were divided into three parts and
dissolved in methanol, acetonitrile, and acetone and the
solutions were left to evaporate at room temperature. Single
crystals suitable for X-ray diffraction analyses were usually
obtained in 2-10 days.

Single Crystal X-ray Diffraction

Single crystal X-ray diffraction was performed on a MAR345
image plate using monochromated Mo Ka radiation (A =
0.71073 A) (Montel mirror) produced by an Incoatec microfocus
source. The structures were solved by dual-space direct
methods (SHELXT), and refined against |F2| using SHELXL-
2018/3. Crystallographic data and structure refinement details
for all crystal structures discussed herein are reported in Tables
ESI-1-3.

CCDC numbers 2247553-2247569 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/structures.

Results and discussion

The cocrystallization experiments between racemic compounds
were performed mechanochemically, by neat grinding. The
potential outcomes of a cocrystal experiment between two
compounds shown in Scheme 2. The
cocrystallization might lead to the formation of a full racemic

racemic are
cocrystal (Eq. 1) or to the physical mixture of the racemates
(racemic compounds are more stable than potential cocrystal —
Eq. 2). A third potential outcome is the formation of stable
conglomerates according to Eq. 3 and 4. Initial neat grinding
experiments (Table 1) allowed identifying those situations for
which a physical mixture of racemates was obtained (Eq.2), and
those for which cocrystallization occurred. For the latter, the
reaction occurs either through Eqgs. 1, 3 or 4. As multiple
outcomes are possible, for these experiments single crystals
were grown and analysed by X-ray diffraction to identify which
combination was formed. At that point the simulated XRPD
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patterns were compared with the grinding outcome to confirm
the single crystal solid-state matched that of the grinding
experiment.

R1S1+ R2S2-> R1S1°R2S; (Eq. 1)
R1S1 + RS- physical mixture of racemates (Eq. 2)
R1S: + RzSzé RiRz +S:S2 or R;S;+ SiR» (Eq. 3)

Rlsl + stz—) R1 S1‘R2 + R1 S1'Sz or Rz Sz'R]_ + Rz 52'51 (Eq. 4)

Scheme 2. Potential outcomes of the cocrystallization trials between
racemic compounds.

Etiracetam, mandelic acid and proline were chosen as reference
compounds, as numerous examples of cocrystallization
involving these compounds are described in the literature. 30-32
Furthermore, the formation of conglomerates of all three
compounds by cocrystallization with achiral coformers has been
reported.26 29,33 Finally, in our earlier work we reported a stable
conglomerate between the two racemic compounds RS-
etiracetam and RS-mandelic acid according to equation 3.28
Table 1 shows the screening to reveal the existence of 16
cocrystal phases, 3 of which have been reported previously.28
34,35 As mentioned above, the experimental XRPD patterns from
the grinding experiments were found identical to those
simulated using the single crystal data (fig. ESI-12-26).

Besides the formation of new cocrystals, 3 previously
unreported polymorphs of the starting materials were
discovered (Fig. ESI-9-11). Moreover, while the polymorphs of
RS-3-chloromandelic acid and DL-proline hydrate were racemic
compounds, in one of the recrystallization trials involving DL-3-
phenyllactic acid and DL-proline cocrystal, the crystallization of
a new polymorphic conglomerate of D-/L-3-phenyllactic acid
was observed.

Table 1. Cocrystallization outcomes analysed by XRPD. « -

cocrystal; «*
racemates. Uppercase numbering corresponds to the reaction

- published cocrystal; X- physical mixture of

outcome.
Etiracetam Mandelic | Proline
acid

2-phenylbutyric acid X X v
3-phenyllactic acid X X v
Ibuprofen X X v
Methylsuccinic acid X X v
Tartaric acid X X X
Flurbiprofen Jo X v
Naproxen X X v
Phenylsuccinic acid X X v
Tropic acid X X v
2-chloromandelic acid vJo X X
3-chloromandelic acid Jo X v
2-fluoromandelic acid J o X v
Proline X Jo
Mandelic acid v e

This journal is © The Royal Society of Chemistry 20xx

Etiracetam _

Cocrystal formation with RS-etiracetam and RS-mandelic acid
shows the typical relatively low success rate expected for
cocrystallization trials. RS-etiracetam cocrystallizes with RS-
flurbiprofen and RS-3-chloromandelic acid, according to
equation 1, in a full racemic crystal form containing both
enantiomers of both compounds. As mentioned above, the
cocrystallization of RS-mandelic acid with RS-etiracetam
resulted in the formation of conglomerates.28

Surprisingly, DL-Proline seems to be a very potent cocrystal
former, with 11 cocrystal systems identified using this
compound. Only DL-tartaric acid and RS-2-chloromandelic acid
failed to cocrystallize with DL-proline. Furthermore, all of the
obtained cocrystals were found to be anhydrous which is
unusual for proline cocrystals, for which numerous cocrystal
hydrate phases have been reported previously.34 35 All
cocrystals react according to equation 1, being full racemic
compounds.

All cocrystals found in this work form in a 1 to 1 stoichiometric
ratio, with exception of the cocrystal involving flurbiprofen and
etiracetam which forms a 2 to 1 cocrystal. As shown in table 1,
none of the combinations resulted in the outcome of equation
4 (conglomerate involving a racemate of 1 compound and an
enantiopure version of the second compound). 14 cocrystals
were found to be full racemic compounds (Scheme 2, Eq. 1).
Three conglomerates (eq. 3) were formed all involving
etiracetam and one of the mandelic acid coformers, mandelic
acid, 2-fluoro- or 2-chloromandelic acid. Rather surprisingly, all
three cocrystal structures were found isostructural (Fig. 1) a
result that was unexpected, especially for the 2-chloro
derivative, given its much larger size.28 According to Table 1,
conglomerate formation by a combination of two racemic
compounds is a rather rare phenomenon.

To avoid a simple enumeration of the crystal structures of the
obtained cocrystals, only the most interesting ones from the
authors’ point of view will be discussed in this manuscript while
all the remaining will be shown in the supporting information
(Fig. ESI-1-8).
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Fig. 1. Unit cells of the conglomerate cocrystals of MA-ETI
(refcode YASGIK,36 a), 2-FMA-ETI b) and 2-CIMA-ETI (refcode
QEFCIR,37 c). View along crystallographic b-axis; Hcy atoms are
omitted for clarity.

Even though three conglomerates appear when combining two
racemic compounds, they are isomorphous. The formation of
an isomorphous cocrystal of 2-fluoromandelic acid with
etiracetam to the one with the unsubstituted mandelic acid and
etiracetam can be explained by the relatively small difference in
size between fluorine and hydrogen atoms (Kitaigorodskii’s
coefficient for geometrical similarity38) with several examples of
F/H solid solutions reported in the literature. 39 40 At the same
time, the isomorphous cocrystal with 2-chloromandelic acid
was more difficult to foresee. Indeed, the cocrystallization of
etiracetam with 3-chloromandelic acid led to the formation of a
racemic cocrystal with different hydrogen bonding interactions
(Fig. 2). The cocrystal of S-2-chloromandelic acid-Levetiracetam
has recently been used in the context of an enantiospecific
resolution.3”
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Fig. 2. Unit cell (a) viewed along the crystallographic a-axis and
(b) hydrogen bonding interactions in the etiracetam with 3-
chloromandelic acid cocrystal. HCH atoms are omitted for
clarity. Hcy atoms are omitted for clarity.

All other combinations led to the formation of full racemic
compounds (both enantiomers of both compounds present).
The cocrystal between flurbiprofen with etiracetam led to the
formation of a cocrystal that might be considered a co-drug.
Enantiopure S-etiracetam (levetiracetam, sold under the brand
name Keppra) is a drug used to treat epilepsy.*! Flurbiprofen, a
nonsteroidal anti-inflammatory drug, has also been reported to
lower the convulsive threshold.*2 As has already been
mentioned above, this cocrystal is the only one described in this
manuscript that has a stoichiometric ratio different from 1:1,
with two molecules of flurbiprofen and one of etiracetam in the
asymmetric unit (Fig. 3). One flurbiprofen molecule interacts
with etiracetam via a carboxylic acid through an amide R2,(8) HB
synthon, while the other interacts via an R%;(11) HB synthon
formed by the carboxyl group and Hyu from the amide group
and Oc-0.

ey 7
Tetulit |

b)
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Fig. 3. (FLU),-ETI. Crystal packing (a) and hydrogen bonding
interactions (b); Hcy atoms are omitted for clarity.

Another interesting observation during this work occurred
during attempts to obtain single crystals of 2-FMA-PRO, as a
polymorphic system of this cocrystal was identified. The first
polymorph, which was found to match the one obtained
mechanochemically (see ESI-14), crystallizes in the triclinic
crystal system with one molecule of each reagent in the
asymmetric unit. This form is a true cocrystal with proline being
in zwitterionic form and 2-fluoromandelic acid being
protonated (Fig. 4).

Fig. 4. Crystal packing (a) and hydrogen bonding interactions (b)
in 2-FMA-PRO form I. Hcy atoms are omitted for clarity.

In the second form, in turn, the carboxyl groups of both acids
are partially protonated — with the proton being equally
distributed between both of them (Fig. 5) based upon analysis
of the electron density map. Consequently, 2-FMA-PRO can be
considered to be somewhere between a salt and a cocrystal. It
crystallizes in the monoclinic crystal system with one molecule
of both coformers in the asymmetric unit. This system nicely
highlights the so-called- salt-cocrystal continuum,*3 with only
very little structural difference needed to go from a cocrystal to
a salt. It should be noted that in all other cocrystals, proline is in
zwitterionic form leading therefore to true cocrystals.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. Partial protonation of both acids in 2-FMA-PRO form II.
Hcn atoms are omitted for clarity.

Conclusions

In this contribution, we investigated the likelihood of forming a
conglomerate when combining two racemic compounds. Based on
the performed screening, we conclude this likelihood to be low, with
a clear preference for a racemic compound of the type R1S:°R,S; over
the conglomerate. Even though 3 conglomerates were identified,
they all belong to the etiracetam-mandelic acid derivative family.
These results show the simultaneous preferential cocrystallization
process developed in our previous research to be limited to specific
cases.?8 Meanwhile, the role of proline in crystal engineering is again
emphasized. This compound is clearly an excellent cocrystal former.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

FZ would like to thank the China Scholarship Council (CSC) for
financial support. OS is an FNRS postdoctoral researcher. The
authors would like to thank the FNRS for financial support (PDR
T.0149.19, T.262.20 and J.0168.22).

Notes and references

1. R.J. Crossley, Chirality and biological activity of drugs, CRC
Press, 1995.

2. K. M. Rentsch, J Biochem Biophys Methods, 2002, 54, 1-9.

3. US Food and Drug Administration (2014) Development of
Stereoisomeric Drugs., https://www.fda.gov/drugs/).

4. H. Leek, L. Thunberg, A. C. Jonson, K. Ohlen and M.
Klargvist, Drug Discov Today, 2017, 22, 133-139.

5. A. Calcaterra and |. D'Acquarica, J. Pharm. Biomed. Anal.,
2018, 147, 323-340.

6. H. Lorenz and A. Seidel-Morgenstern, Angew. Chem. Int.
Ed. Engl., 2014, 53, 1218-1250.

7. J. van Ooyen, S. Noack, M. Bott, A. Reth and L. Eggeling,
Biotechnol. Bioeng., 2012, 109, 2070-2081.

8. G. Roos, Compendium of chiral auxiliary applications,
Academic Press, 2002.

9. M. Kretschmer, M. Dieckmann, P. Li, S. Rudolph, D.

Herkommer, J. Troendlin and D. Menche, Chemistry, 2013,
19, 15993-16018.

J. Name., 2013, 00,1-3 | 5

Please do not adjust margins




ARTICLE

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Please do not adjust margins

K. Mikami and M. Lautens, New frontiers in asymmetric
catalysis, John Wiley & Sons, 2007.

L. Silvestroni, Bioelectrochem. Bioenerg., 1980, 7, 401-402.
L. C. Harfouche, C. Brandel, Y. Cartigny, J. H. Ter Horst, G.
Coquerel and S. Petit, Mol Pharm, 2019, 16, 4670-4676.

J. Jacques, A. Collet and S. H. Wilen, Enantiomers,
racemates, and resolutions, Wiley, 1981.

G. R. Desiraju and G. W. Parshall, Materials science
monographs, 1989, 54.

Z. X. Ng, D. Tan, W. L. Teo, F. Leon, X. Shi, Y. Sim, Y. Li, R.
Ganguly, Y. Zhao, S. Mohamed and F. Garcia, Angew. Chem.
Int. Ed. Engl., 2021, 60, 17481-17490.

M. Solares-Briones, G. Coyote-Dotor, J. C. Paez-Franco, M.
R. Zermeno-Ortega, O. C. C. M. de la, D. Canseco-Gonzalez,
A. Avila-Sorrosa, D. Morales-Morales and J. M. German-
Acacio, Pharmaceutics, 2021, 13.

L. Liu, J.-R. Wang and X. Mei, CrystEngComm, 2022, 24,
2002-2022.

Z. Wang, H. Shang, L. Gao and N. Qiao, Curr Drug Deliv,
2022, 19.

F. Wang, G. Du, X. Liu, M. Shao, C. Zhang and L. Chen,
Nanotechnology Reviews, 2022, 11, 2141-2153.

F. Fornari, F. Montisci, F. Bianchi, M. Cocchi, C. Carraro, F.
Cavaliere, P. Cozzini, F. Peccati, P. P. Mazzeo, N. Riboni, M.
Careri and A. Bacchi, Chemometrics and Intelligent
Laboratory Systems, 2022, 226.

L. M. Martinez, J. Cruz-Angeles, M. Vazquez-Davila, E.
Martinez, P. Cabada, C. Navarrete-Bernal and F. Cortez,
Pharmaceutics, 2022, 14.

C. Neurohr, M. Marchivie, S. Lecomte, Y. Cartigny, N.
Couvrat, M. Sanselme and P. Subra-Paternault, Cryst.
Growth Des., 2015, 15, 4616-4626.

F. George, B. Norberg, K. Robeyns, J. Wouters and T.
Leyssens, Cryst. Growth Des., 2016, 16, 5273-5282.

0. Shemchuk, E. Spoletti, D. Braga and F. Grepioni, Cryst.
Growth Des., 2021, 21, 3438-3448.

L. C. Harfouche, C. Brandel, Y. Cartigny, S. Petit and G.
Coquerel, Chem. Eng. Technol., 2020, 43, 1093-1098.

X. Buol, C. Caro Garrido, K. Robeyns, N. Tumanov, L.
Collard, J. Wouters and T. Leyssens, Cryst. Growth Des.,
2020, 20, 7979-7988.

0. Shemchuk, F. Grepioni, T. Leyssens and D. Braga, Isr. J.
Chem., 2021, 61, 563-572.

F. Zhou, O. Shemchuk, M. D. Charpentier, C. Matheys, L.
Collard, J. H. Ter Horst and T. Leyssens, Angew. Chem. Int.
Ed. Engl., 2021, 60, 20264-20268.

0. Shemchuk, L. Song, K. Robeyns, D. Braga, F. Grepioni and
T. Leyssens, Chem. Commun., 2018, 54, 10890-10892.

A. Tilborg, G. Springuel, B. Norberg, J. Wouters and T.
Leyssens, CrystEngComm, 2013, 15.

S. W. Zhang, M. T. Harasimowicz, M. M. de Villiers and L.
Yu, J. Am. Chem. Soc., 2013, 135, 18981-18989.

V. Sladkovd, O. Dammer, G. Sedmak, E. Skofepova and B.
Kratochvil, Crystals, 2017, 7.

0. Shemchuk, B. K. Tsenkova, D. Braga, M. T. Duarte, V.
Andre and F. Grepioni, Chemistry, 2018, 24, 12564-12573.
N. Tumanova, N. Tumanov, F. Fischer, F. Morelle, V. Ban, K.
Robeyns, Y. Filinchuk, J. Wouters, F. Emmerling and T.
Leyssens, CrystEngComm, 2018, 20, 7308-7321.

N. Tumanova, N. Tumanov, K. Robeyns, F. Fischer, L.
Fusaro, F. Morelle, V. Ban, G. Hautier, Y. Filinchuk, J.

6 | J. Name., 2012, 00, 1-3

36.

37.

38.

39.

40.

41.
42.

43.

Journal Name

Wouters, T. Leyssens and F. Emmerling, Cryst. Growth Des.,
2018, 18, 954-961.

G. Springuel, B. Norberg, K. Robeyns, J. Wouters and T.
Leyssens, Cryst. Growth Des., 2011, 12, 475-484.

T. Nulek, R. Klaysri, R. Cedeno, P. Nalaoh, S. Bureekaew, V.
Promarak and A. E. Flood, ACS Omega, 2022, 7, 19465-
19473.

A. Kitaigorodskii, Organic Chemical
Chemicinc.: New York, 1961.

S. Chakraborty and G. R. Desiraju, Cryst. Growth Des., 2018,
18, 3607-3615.

R.Seera, S. Cherukuvada and T. N. Guru Row, Cryst. Growth
Des., 2021, 21, 4607-4618.

B. Abou-Khalil, Neuropsychiatr Dis Treat, 2008, 4, 507-523.
H. B. Steinhauer and G. Hertting, Eur. J. Pharmacol., 1981,
69, 199-203.

S. L. Childs, G. P. Stahly and A. Park, Mol Pharm, 2007, 4,
323-338.

Crystallography

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




