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ABSTRACT: We performed a systematic cocrystal search for
the enantiopure and racemic version of a selected active
pharmaceutical ingredient, expecting that a coformer giving a
cocrystal with a single enantiomer will also interact with the
racemic mixture since they present identical functional groups
prone to cocrystallization. We identified several novel cocrystals
of levetiracetam and its racemic equivalent, etiracetam, using a
wide variety of nonchiral coformers. Fourteen novel cocrystals
of the enantiopure compound were obtained, whereas 18 of the
racemic compound were identified. Out of these, 13 share a common coformer. A structural analysis indicates that in most cases the
strongest hydrogen bonding interactions occur both in the enantiopure, as well as the racemic cocrystal, whereas van der Waals
interactions, or less strong secondary hydrogen bonding interactions, lead to a differentiation of the final structure. On the basis of
our work, we suggest an approach that could lead to a more optimal cocrystal screening of an enantiopure compound, especially
when a limited amount of this compound is available. Starting with a screen of the racemic compound, the set of possible coformers
for the enantiopure screen can be limited to those yielding a positive hit in the former screen. Doing so, our example shows an
increase in efficiency from 10% to 72%.

■ INTRODUCTION

One of the goals of a crystallization process is to obtain a
pure form, especially when working with active pharmaceutical
ingredients (APIs).1 Different forms of these latter may be
accessible, among them polymorphs of the pure compound,2,3

salts,4,5 hydrates,6,7 and cocrystals.8−10 Forms may differ sig-
nificantly from one another in their physicochemical properties,
such as solubility or bioavailability,11,12 justifying the efforts toward
finding API forms with optimal properties without altering chem-
ical identity.13,14

A multitude of drug substances are marketed as salts, but for
some APIs, especially ones without ionizable groups, no viable
salts can be isolated. In this case, formation of cocrystals is an
interesting alternative.15−18 In the context of this work, co-
crystals are considered as solids that are crystalline single phase
materials composed of two or more different molecular and/or
ionic compounds, called coformers, generally in a stoichiometric
ratio, with components being solid under ambient conditions.
They are therefore neither solvates nor salts.19

Identifying appropriate coformers able to cocrystallize with a
given API may be time-consuming (trial and error process) and
compound consuming, which is particularly an issue at the early
stages of drug research. Consequently, attempts are made to
predict matching coformers for a given compound, to improve
cocrystal screening efficiency. Within this context, Springuel
et al. showed that molecules presenting relatively similar chem-
ical structures have an increased likelihood to form cocrystals
with the same coformers.20 In this contribution, we use a

similar approach, investigating whether or not the likelihood
of forming a cocrystal between an enantiopure API and a
coformer is increased when this coformer was already shown to
be effective toward the racemic compound. For salts, this does
not seem surprising, as salt formation is mainly governed by
pKa differences between base and acid. Hence an acid (or base)
interacting with a given enantiopure API is also expected
to interact with the racemic API. For cocrystals, this is
less straightforward, as these compounds mostly depend on
hydrogen-bonding interactions, which are directional in nature.
In a recent contribution,21 cocrystals were shown to behave
differently with respect to salts when both components are
chiral; whereas for salts, formation of a diastereomeric pair
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Figure 1. Chemical structures of etiracetam (left) and levetiracetam
(right).
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Table 1. Overview of Etiracetam and Levetiracetam Cocrystals
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seems to be the general rule, cocrystal systems are mostly
enantiospecific.
To investigate how chiral APIs respond in cocrystallization

toward nonchiral coformers, we performed an experimental
cocrystal screen on an enantiopure and racemic version of a
pharmaceutically active compound that does not form a salt. As
a model compound we chose levetiracetam (LEVI), a nootropic
drug used as an anticonvulsant in the treatment of epilepsy.22,23

LEVI is the biologically active enantiomeric form of (RS)-2-(2-
oxopyrrolidin-1-yl) butanamide, also called etiracetam (ETI)
(Figure 1). Of the former, only one solid form is reported,24

while for the racemic compound two enantiotropically related
polymorphs and one hydrate have been studied extensively.25−29

Previous work showed LEVI to be a potent candidate for
cocrystal formation.20,30 In the current contribution, cocrystals
of LEVI and ETI were identified using solvent drop grinding.
X-ray powder diffraction (XRPD) was used to detect cocrystals,

while a structural comparison was carried out to compare the
hydrogen-bonded network topology of enantiopure and
racemic cocrystals, using crystal structures obtained from single
crystal diffraction or synchrotron powder diffraction data.

■ EXPERIMENTAL SECTION
Starting Materials. S-2-(2-Oxopyrrolidin-1-yl)butanamide (leve-

tiracetam, LEVI) was purchased from Xiamen Top Health Biochem
Tech. Co., Ltd. 4-Nitrobenzoic acid (4NBA); adipic acid; oxalic acid
(OXA); and acetoacetamide were purchased from Acros Organics.
1,3,5-Benzenetricarboxylic acid; 2,2-dimethylsuccinic acid (DMSA);
5-hydroxylisophthalic acid; oxaloacetic acid; methyl 3,4,5-trihydrox-
ybenzoate; and 4,4-bipyridine were purchased from Alfa Aesar. 3-
Methylbutanamide was purchased from Maybridge. 1H-Pyrazole-3,5-
dicarboxylic acid monohydrate; 2,4-dihydroxybenzoic acid (DHBA);
3-nitrobenzoic acid (3NBA); 5-nitroisophtalic acid; anthranilamide;
and 4-chlorobenzaldehyde were purchased from Sigma-Aldrich.
Citraconic acid and gallic acid ethyl ester were purchased from TCI.

Table 1. continued

---No cocrystal. *Cocrystal identified, structure not yet determined. aCocrystal confirmed by slurrying experiment. bSolvate found. cCocrystal
confirmed by binary melting phase diagram.
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These materials were used as received, without further purifica-
tion. (RS)-2-(2-Oxopyrrolidin-1-yl)butanamide (etiracetam, ETI) was
prepared by racemization of S-2-(2-oxopyrrolidin-1-yl)butanamide.
Ten grams of S-2-(2-oxopyrrolidin-1-yl)butanamide together with a
catalytic amount (0.05 equiv) of MeONa was added to 10 mL of
MeOH. The solution was kept at reflux under continuous stirring for
24 h and then cooled to room temperature. The compound crystallizes
spontaneously. After filtration, the compound was washed twice with
MeOH. The recovered compound was used as such.
Cocrystal Screen. Cocrystals were synthesized by solvent-drop

grinding of equimolar mixtures of LEVI or ETI and a suitable co-
former, with addition of 10 μL of methanol. Samples were ground in a
RETSCH Mixer Mill MM 400 for 90 min with a beating frequency of
30 Hz. The resulting powders were characterized using XRPD.
Comparison of the resulting diffraction pattern with the diffraction
patterns of the pure phases was used to indicate cocrystal formation.
All possible known forms of the pure phases were considered, to avoid
confusing cocrystal formation with other phase transformations (e.g.,
solvate formation polymorphism).
When mixtures resulted in formation of an amorphous phase, neat

(dry) grinding was performed instead. For all cocrystals identified,
attempts were made to obtain a single crystal sufficiently large for
structural XRD analysis.
X-ray Powder Diffraction (XRPD). X-ray diffraction measure-

ments were performed on a Siemens D5000 diffractometer equipped
with a Cu X-ray source operating at 40 kV and 40 mA and a secondary
monochromator allowing selection of the Kα radiation of Cu (λ =
1.5418 Å). A scanning range of 2θ values from 2° to 72° at a scan rate
of 0.6° min−1 was applied.
Synchrotron Radiation Powder X-ray Diffraction. Data for

LEVI−DHBA and LEVI−DMSA cocrystals were collected at the
MS-X04SA beamline at the Swiss Light Source (PSI, Switzerland)
using a 1D microstrip detector MYTHEN II. The wavelength was
0.775045 Å. Wavelength and zero-shift were calibrated using a NIST
640d Si standard sample. Patterns were indexed using FOX.31 Le Bail
fit was done using FOX31 and Fullprof32 programs. Space group for
each pattern was suggested taking into account analysis of systematic
absences and considering that space groups have to be chiral due to
presence of a chiral API molecule in the unit cell. The structure was
solved by global optimization in direct space using the FOX
program.31 Molecular model of LEVI,24 DMSA,33 and DHBA (using
the corresponding fragment in ETI−DHBA cocrystal structure) were
imported from structural models determined from single-crystal
diffraction. Constraints for interatomic distances and angles were
introduced: rigid group restraints were created to keep proper
geometry of planar rings, amide, and carboxylic acid groups. Antibump
restraints were not applied. Position, orientation, and conformation of
molecules were optimized. In average, one out of 10 trials leads to a
reasonable solution, so 200−300 runs were performed to find the
optimal solution. At the final stages of solution, torsion angle restraints
were applied to hydrogen atoms involved in hydrogen bonding to
achieve a reasonable geometry for the hydrogen bonds. The final
refinement was done by the Rietveld method using the Fullprof
suite,32 keeping the orientation of the molecules fixed. Unit cell
parameters, coordinates of two separate molecules, scale factor, and
overall temperature factor were refined. The background was
described by linear interpolation between selected points determined
from Le Bail fit. The final discrepancy factors are RI = 12.37%, Rp =
1.33%, Rwp = 1.53%, Rcp = 17.03%, and Rcwp = 18.22% for the LEVI−
DHBA cocrystal and RI = 8.75%, Rp = 1.25%, Rwp= 1.55%, Rcp =
16.91%, and Rcwp = 17.37% for the LEVI−DMSA cocrystal. Their
refinement profiles are shown in the Supporting Information.
Using XRPD data, it is nearly impossible to differentiate cocrystals

from salts. However, in the context of this work, we used a compound
that does not form salts. This resolves all issues concerning the
position of the hydrogen atoms.
Single Crystals. Single crystals were grown by slow evaporation

from an equimolar solution of starting materials or by cooling of the
corresponding supersaturated solution in suitable solvents. Different T
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solvents were used to increase the probability of identifying single
crystals large enough for analysis.
Single Crystal X-ray Diffraction. Single crystal X-ray diffraction

was performed on a Gemini Ultra R system (4-circle kappa platform,
Ruby CCD detector) using Cu Kα radiation (λ = 1.54056 Å). Cell
parameters were estimated from a pre-experiment run and full data
sets collected at room temperature. The structures were solved by
direct methods with the SHELXS-97 program and then refined on |F|2

using SHELXL-97 software.34 Non-hydrogen atoms were anisotropi-
cally refined, and the hydrogen atoms (not implicated in H-bonds) in
the riding mode with isotropic temperature factors were fixed at 1.2 times
U(eq) of the parent atoms (1.5 times for methyl groups). Hydrogen

atoms implicated in H-bonds were localized in the Fourier difference
maps.

■ RESULTS

Hydrogen bonding is the main driving force behind cocrystal
formation. As most of the typical cocrystal synthons are not
affected by chirality, one could expect that a coformer yielding a
cocrystal with a given chiral compound would also interact with
its racemic version, as similar hydrogen bonding synthons are
expected. However, in the case of cocrystals between two chiral
partners,21 it was shown that the van der Waals or π−π stacking

Figure 2. (a) Etiracetam and 2,2-dimethylsuccinic acid form an amide-carboxylic acid heterosynthon [R2
2(8)] ring motif and (b) a [C2

2(11)] infinite
chain motif in ETI−DMSA cocrystal.

Figure 3. (a) One molecule of DMSA (green) is linked to four molecules of LEVI through four H-bonds in LEVI−DMSA cocrystal. LEVI−DMSA
cocrystal shows (b) a [C2

2(11)] infinite chain motif and (c) an infinite chain with [C2
2(8)] motif.
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interactions could be as important as the hydrogen bonding
interactions and influence cocrystal stability.
To investigate the propensity toward cocrystal formation

between a nonchiral partner and enantiopure or racemic com-
pound respectively, we performed a cocrystal screen for both
ETI (racemic) and LEVI (enantiopure) with a set of 152 achiral
coformers. These latter were selected to have at least one
alcohol, aldehyde, amide, amine, or carboxylic acid function. In
total, 14 novel cocrystals of LEVI were identified, which gives a
success rate for cocrystal formation of about 10%. A similar
number of cocrystals was also encountered for the racemic ETI
compound, yielding a total of 18 novel cocrystals (Table 1).
Strikingly, out of these, 13 involve a common coformer.
Although a negative test through grinding does not

necessarily imply the cocrystal phase does not exist, solvent-
drop grinding has been shown to be an efficient method for a
fast and effective detection of the majority of cocrystals.35 It is
however possible that some of the coformers that were ex-
cluded in the initial screen do lead to cocrystal formation under
different conditions (e.g., solvent screening, supercritical fluid
crystallization, etc.). Similarly, in some cases stoichiometrically
diverse cocrystals can exist. In the context of this work, we were
not concerned with identifying all possible cocrystal forms
between two given compounds. However, when it was evident
that grinding of an equimolar mixture led to excess amount of
one of the two components, different stoichiometries were
tested (e.g., 1:2 mixing was done for 3NBA and 4NBA as this
ratio led to full conversion according to XRPD analysis).
Out of the 32 novel cocrystals identified in this work, 15 have

been structurally characterized, either through single crystal
analysis or through XRPD structure determination. A pairwise
comparison of enantiopure and racemic cocrystals can yield
insight into the question, whether or not similar synthons are
observed in both cases.
Crystal Structure Analysis. The structural analysis below

focuses on the five coformers for which a cocrystal was found
for both ETI and LEVI, allowing a comparison of the number
and types of H bonding patterns formed in a pair of cocrystals.
Crystallographic parameters for those 10 cocrystals are
displayed in Table 2.

ETI−DMSA, ETI−OXA, ETI−3NBA, and ETI−4NBA
cocrystals were synthesized by slow evaporation at room temper-
ature of an equimolar, undersaturated solution of both coformers.
ETI−DHBA, LEVI−OXA, LEVI−3NBA, and LEVI−4NBA were
obtained by cooling crystallization to 3 °C. Finally, structures of
LEVI−DMSA and LEVI−DHBA cocrystals were determined from
synchrotron powder diffraction data.

Etiracetam−2,2-Dimethylsuccinic Acid (1:1) (ETI−
DMSA). The ETI−DMSA cocrystal crystallizes from acetoni-
trile in the monoclinic space group P21/c. The asymmetric unit
contains one molecule of ETI and one molecule of DMSA.
An amide−carboxylic acid heterosynthon, described in graph

set notation as [R2
2(8)],36 is formed between the noncyclic

amide of ETI and the carboxylic acid function in position 4 of
DMSA (Figure 2a). In addition, the carboxylic acid function
in position 1 links two molecules of ETI through a [C2

2(11)]
hydrogen-bonded infinite chain motif: the acid function of
DMSA acts as an acceptor of the second proton of the non-
cyclic amide function (the one not included in the ring motif
mentioned above) and as a donor to the cyclic carbonyl function
of ETI. This chain propagates along the c-axis (Figure 2b).

Figure 4. (a) The ETI−DHBA cocrystal shows an amide−amide homosynthon [R2
2(8)] between the noncyclic amides of two ETI and a [R4

6(24)]
ring motif and (b) a dimer motif links ETI to DHBA.

Figure 5. Stacking of three layers in ETI−DHBA cocrystal, showing
infinite chain motifs [C2

2(12)] along the c axis and π stacking of
molecules of DHBA acid in the bc plane.
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On the whole, the ETI−DMSA cocrystal exhibits a layered
stacking, all the hydrogen bonds being located inside each layer.
Secondary interactions hold the layers together due to the pres-
ence of the ethyl groups of ETI molecules and the carbonated
chains of DMSA oriented outward from the layer planes.
Levetiracetam−2,2-Dimethylsuccinic acid (1:1) (LEVI−

DMSA). Structure of the LEVI−DMSA cocrystal was deter-
mined from synchrotron powder diffraction data in the mono-
clinic space group P21. The asymmetric unit contains one
molecule of LEVI and one molecule of DMSA.
One molecule of DMSA is linked to four molecules of LEVI

through four H-bonds, two with each carboxylic acid function.
The carboxylic acid in position 1 has the carbonyl group bound
to a hydrogen of the noncyclic amide of a first molecule of
LEVI, while the hydroxyl is connected to the cyclic carbonyl
function of a second molecule of LEVI (Figure 3a), leading to a
similar [C2

2(11)] hydrogen-bonding infinite chain motif as
observed for the racemic ETI−DMSA cocrystal (Figure 3b). In
this first cocrystal comparison, similar motifs can hence be en-
countered between enantiopure and racemic cocrystals. In turn
the carboxylic acid group in position 4 accepts a H-bond from
the noncylic amide of a third LEVI molecule while donating
one to the noncyclic amide carbonyl group of a fourth LEVI
molecule, creating a second infinite chain motif [C2

2(8)], along
the a-axis (Figure 3c). In contrast with the racemic ETI−DMSA
cocrystal, no amide-carboxylic acid heterosynthon [R2

2(8)] is
observed, implying that not all hydrogen bonding patterns are
comparable in both cases.
Overall, molecules of LEVI and DMSA are also organized in

layers, which stack along the c axis.
Etiracetam−2,4-Dihydroxybenzoic Acid (1:1) (ETI−

DHBA). The ETI−DHBA cocrystal crystallized from acetoni-
trile and belongs to the monoclinic space group P21/n. One
molecule of ETI and one molecule of DHBA occupy the
asymmetric unit.
Each DHBA molecule is locked in a near planar conforma-

tion through the formation of an intramolecular H-bond be-
tween the carboxylic acid’s carbonyl group and the hydrogen of
the nearest hydroxyl group (in position 2).

An amide−amide homosynthon [R2
2(8)] is formed between

the noncyclic amides of two ETI molecules (Figure 4 a). A
ETI···DHBA dimer motif is also observed, based on a hydrogen
bond between the DHBA hydroxyl group (in position 4) and
the cyclic oxygen of ETI (Figure 4 b).
Here again, a [C2

2(12)] infinite chain motif is observed. This
motif is formed through a first hydrogen bond donated by
the DHBA carboxylic acid function to the oxygen atom of the
noncyclic amide. The second hydrogen bond joins the non-
cyclic ETI amide with the DHBA hydroxyl group in position 4
(Figure 5).
A final structural element of interest is the π stacking of

DHBA molecules along the c axis, with each successive mole-
cule rotated by 180 °C. Consequently, two consecutive infinite
chains link through a [R6

4(24)] ring motif (Figure 4a). In this
motif, there are an uneven number of hydrogen acceptors and
donors as the ETI oxygen atom of the noncylic amide is involved

Figure 6. (a) An infinite chain motif [C2
2(12)] and a dimer motif links LEVI to DHBA acid in LEVI−DHBA cocrystal and (b) another dimer motif

joins two LEVI (one pink, one green).

Figure 7. Stacking of three layers in LEVI−DHBA cocrystal, showing
infinite chain motifs along the b axis.
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in two different hydrogen bonds. On the whole, a close stacking of
layers along the c axis is observed, held together by hydrophobic
interactions, due to the presence of nonpolar groups oriented
outward.
Levetiracetam−2,4-Dihydroxybenzoic acid (1:1)

(LEVI−DHBA). The LEVI−DHBA cocrystal was determined
ab initio from XRPD data and belongs to the orthorhombic
space group P212121. The same cocrystal was crystallized from
solution by Springuel et al.20 with almost identical structural
parameters, confirming the validity of our results originating
from synchrotron radiation data analysis. Four molecules of
LEVI and four molecules of DHBA occupy the unit cell.
As in the racemic ETI−DHBA cocrystal, each DHBA mol-

ecule is locked in a near planar conformation through the for-
mation of an intramolecular H-bond. Likewise, a similar dimer
motif connects the DHBA hydroxyl group in position 4 to the
LEVI cyclic amide (Figure 6a). Furthermore, the structure also

shows an infinite chain motif [C2
2(12)] although constructed

from slightly different hydrogen bonds. A first hydrogen bond is
formed between the donating DHBA carboxylic acid function
and the LEVI noncyclic amide carbonyl function, while a
second hydrogen bond joins the LEVI noncyclic amide to the
DHBA oxygen of the hydroxyl in position 4 (Figure 6a). This
chain allows the growth of the network along the b axis and
shows alternating LEVI and DHBA molecules.
Although a lot of structural elements are once more similar

between racemic and enantiopure cocrystals, contrary to the
ETI−DHBA cocrystal, no homosynthon is found between the
noncyclic amides of two LEVI molecules. Instead a
supplementary hydrogen bond exists between the LEVI
noncyclic carbonyl group and the proton of the noncyclic
amide of a neighboring LEVI molecule (Figure 6b). As was the
case for the racemic cocrystal, the carbonyl of the noncyclic
amide is involved in two hydrogen bonds.

Figure 8. (a) An amide-carboxylic acid heterosynthon [R2
2(8)] is formed between ETI and OXA and a [R4

4(14)] ring motif links two ETI with two
OXA, in ETI−OXA cocrystal. (b) One [R4

4(14)] ring motif (green) is linked to four identical ones (blue and pink) through hydrogen bonds.
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On the whole, a close stacking of layers along the c axis can
be observed. In a given layer, there is no π stacking of mole-
cules of DHBA since those are slightly staggered along the a
axis. Each layer has a thickness of two molecules of DHBA or
LEVI, depending on the position along the b axis. Layers are
held together by secondary interactions, due to the presence of
the nonpolar parts of LEVI molecules oriented outward, facing
the DHBA aromatic cycles. Figure 7 shows the stacking of three
layers in the bc plane.
Etiracetam−Oxalic Acid (1:1) (ETI−OXA). The ETI−

OXA cocrystal crystallizes in the monoclinic space group P21/c.
The asymmetric unit contains one molecule of ETI and one
molecule of OXA.
An amide-carboxylic acid heterosynthon [R2

2(8)] is formed
between the noncyclic amide of ETI and one of the OXA
carboxylic acid functions. In addition, the second hydrogen of
the ETI noncyclic amide acts as a hydrogen bond donor for the
second carboxylic acid function. These two interactions link
two ETI molecules with two OXA molecules forming a [R4

4(14)]
ring motif (Figure 8a).
This latter ring motif binds to four similar ring motifs through

a hydrogen bond between the ETI cyclic amide carbonyl group
and the OXA carboxylic acid hydroxyl function not participating in
the aforementioned heterosynthon (Figure 8b).
On the whole, the ETI−OXA structure is arranged in

separate layers stacked along the a-axis. Layers are once more
held together thanks to the hydrophobic groups of ETI
pointing outward. Figure 9, panels a and b show one layer in
the ab plane and in the ac plane, respectively.
Levetiracetam−Oxalic Acid (1:1) (LEVI−OXA). The

enantiopure LEVI−OXA cocrystal crystallizes from acetonitrile
in the monoclinic space group P21. The asymmetric unit
contains one molecule of LEVI and one molecule of OXA.

LEVI−OXA cocrystal parameters are almost identical to
those of the ETI−OXA cocrystal. Similar hydrogen bonding
motif and tridimensional patterns are observed (Figure 10).

Etiracetam−3-Nitrobenzoic Acid (1:1) (ETI−3NBA).
The ETI−3NBA cocrystal, isolated from acetonitrile, was
solved in the triclinic space group P1 ̅. Two molecules of ETI
and two molecules of 3NBA occupy the unit cell, forming a
tetramer.
In the unit cell, one observes the presence of an amide-

carboxylic acid [R2
2(8)] heterosynthon between the ETI non-

cyclic amide and the 3NBA carboxylic acid (Figure 11a).
Furthermore, two ETI molecules form an amide [R2

2(14)]
homosynthon ring motif: the cyclic carbonyl of one molecule
acts as an acceptor to the noncyclic NH of a second, resulting
in the folding of the tetramer into an S shape (Figure 11b).

Figure 9. (a) One layer in the ab plane and in (b) ac plane in ETI−OXA cocrystal.

Figure 10. An amide-carboxylic acid heterosynthon [R2
2(8)] is formed

between LEVI and OXA and a [R4
4(14)] ring motif links two LEVI

with two OXA in LEVI−OXA cocrystal.
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Tetramers are stacked in staggered rows and are linked
to one another by weak hydrophobic interactions between the
phenyl and pyrrolidone groups directed outward (Figure 12).
Leviteracetam−3-Nitrobenzoic Acid (1:2) (LEVI−

3NBA). The LEVI−3NBA cocrystal was obtained by cooling
a saturated 1:2 solution (ratio suspected by XRPD) of coformers

in acetonitrile and solved in the orthorhombic space group P212121.
One molecule of LEVI and two molecules of 3NBA coexist in the
asymmetric unit.
The carboxylic acid functions of these two molecules of

3NBA are involved in different hydrogen bonding motifs with
one LEVI: as for the racemic version, a [R2

2(8)] heterosynthon

Figure 11. (a) The ETI−3NBA cocrystal exhibits an amide-carboxylic acid heterosynthon [R2
2(8)] between ETI and 3NBA and an amide

homosynthon of [R2
2(14)] ring motif between two ETI (b) An S-shape tetramer formed by two ETI and two 3NBA.

Figure 12. Stacking of tetramers (a) in the bc plane and (b) in staggered rows, in ETI−3NBA cocrystal.
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is observed for the carboxylic acid function of a first molecule,
while that of the second takes part in a [R2

2(11)] ring motif
(Figure 13) not observed in the enantiopure version. This motif
is formed by a proton of the LEVI noncyclic amide acting as a
H donor to the 3NBA carbonyl. The motif is completed by a
cyclic amide carbonyl group binding to the 3NBA acid proton.
These H bonding interactions result in the formation of a
V-shaped trimer.
Overall, trimers are held together by π stacking of 3NBA

molecules and hydrophobic interactions, leading to the final 3D
network.
Etiracetam−4-Nitrobenzoic Acid (1:2) (E4NBA). The

ETI−4NBA cocrystal was obtained by evaporation of a 1:1
solution of coformers in acetonitrile, and solved in the
monoclinic space group P21/c. One molecule of ETI and two
molecules of 4NBA coexist in the asymmetric unit.

Those two 4NBA molecules are involved in different kinds of
hydrogen bonds with the ETI: the carboxylic function of the
first forms a [R2

2(8)] heterosynthon with the noncylcic amide of
ETI while the second takes part in a zigzag [C2

2(16)] infinite
chain motif (Figure 14). In this motif, a first hydrogen bond is
formed between the noncyclic amide of ETI and the nitro
group of 4NBA, while a second hydrogen bond joins the ETI
cyclic amide carbonyl function to the acid of 4NBA.
Overall, these bonding patterns create thin layers, densely

stacked along the three directions.
Levetiracetam−4-Nitrobenzoic Acid (1:2) (LEVI−

4NBA). The LEVI−4NBA cocrystal was obtained by cooling
a saturated 1:1 solution of coformers in ethyl acetate and solved
in the triclinic space group P1. One molecule of LEVI and two
molecules of 4NBA coexist in the unit cell.
The carboxylic acid functions of these two molecules of NBA

are involved in different hydrogen bonding motifs with one
LEVI molecule. As for the racemic version, a [R2

2(8)] acid-
amide heterosynthon is observed for the carboxylic acid func-
tion of a first molecule, with the LEVI noncyclic amide. The se-
cond takes part in a zigzag [C2

2(11)] infinite chain motif different
from the one observed in the enantiopure version (Figure 15). In
this motif, the 4NBA accepts a H-bond from the LEVI noncyclic
amide and acts as a hydrogen bond donor to the LEVI cyclic
carbonyl; allowing the growth of the chain along the b-axis. The
nitro group is not involved in any hydrogen bond.
Overall, those bonding patterns form thin layers, densely

stacked along the three directions, as in the ETI−4NBA
cocrystal.

■ DISCUSSION
In this contribution, we show that enantiopure and racemic
versions of a selected API, LEVI, have a tendency to form
cocrystals with identical nonchiral partners. This implies that

Figure 13. A [R2
2(8)] heterosynthon and a [R2

2(11)] ring motif are
formed by 3NBA and the two LEVI molecules in the asymmetric unit
cell of LEVI−3NBA cocrystal, resulting in a V-shaped trimer.

Figure 14. [R2
2(8)] acid-amide heterosynthon and the [C2

2(16)] infinite chain motif formed in the ETI−4NBA cocrystal.
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cocrystal screening of an enantiopure molecule can be performed
more effectively if the cocrystal screening of the racemic compound
has already been performed. In early stages of drug research, the
racemic compound is often more readily available, compared to
the enantiopure compound. At this stage, it thus seems more
interesting to perform an extended screen using the racemic
compound, followed by a reduced screen with the enantiopure
compound using the coformers that led to positive hits in the first
screen. Our results show that if 152 coformers are tested both on
the racemic as well as on the enantiopure compound, a comparable
success rate of about 10% (18/152 and 14/152 respectively) is
observed. On the other hand, if only the reduced set of 18
coformers which gave a positive hit during the racemic screen were
to be used for the enantiopure screen, a success rate of up to 72%
(13/18) is achieved. Although one out of the 14 enantiopure
cocrystals would not have been identified using this approach, 90%
less compound is required for the enantiopure cocrystal screen,
which can be a significant advantage, as well as a speed-up for
cocrystal studies in early stages of drug development.
A structural investigation into five racemic-enantiopure

cocrystal pairs shows that, although not all structural elements are
identical, similarities with respect to hydrogen bonding synthons can
be found between the enantiopure and racemic cocrystals.
In particular the amide-acid heterosynthon is commonly

encountered. In a CSD search, Steiner37 states that in 10% of
cocrystal structures containing an amide and a carboxylic acid
functional group, the [R2

2(8)] acid-amide heterosynthon is
present. Similarly, Vishweshwar et al.38 established that this
percentage increases to approximately 50% when the implied
amide is a primary amide. In our structures, this element is also
frequently encountered. ETI cocrystals display a [R2

2(8)] acid-
amide heterosynthon with all coformers but DHBA. For
this latter, a [R2

2(8)] amide homosynthon is found instead. In
leviteracetam cocrystals structures, these motifs are only pres-
ent in LEVI−OXA, LEVI−3NBA, and LEVI−4NBA cocrystals.
In the LEVI−DMSA cocrystal, the [R2

2(8)] heterosynthon is
replaced by a [C2

2(8)] heterosynthon formed between one
molecule of LEVI and two molecules of DMSA (or conversely).

This type of heterosynthon was already found in literature20 in
the LEVI−D-tartaric acid or S-methylsuccinic acid cocrystals.
Our structural results show a dense hydrogen bonding net-

work for all cocrystals. Surprisingly, each potential hydrogen
donor/acceptor group of LEVI or ETI (two carbonyls and two
hydrogens) is involved in hydrogen bonding patterns, contrary
to the pure ETI and leviteracetam structures. This increased
number of hydrogen bonds likely explains in part the pro-
pensity of this compound toward cocrystallization.
Preponderance of ETI cocrystals over LEVI stands a priori in

favor of the Wallach’s rule39 which states that crystals of
racemic molecules show higher densities than those of
enantiomeric forms, being thus more stable.40,41 This rule,
however, no longer holds when the number of hydrogen
bonds is important, as is the case here. Table 2 indeed shows
that for some coformers, the racemic form is denser while for
other coformers, the opposite is observed.
Another striking common element found in almost all

cocrystals studied in this contribution (with exception of 3NBA-
based cocrystals) is the formation of layered 3D networks, with
layers held together by hydrophobic interactions. This shows that,
although hydrogen bonding interactions are the main driving force
toward cocrystal formation, possible steric hindrance and
hydrophobic interactions (π−π and van der Waals) also need to
be taken into account when considering the overall structure.42−44

■ CONCLUSION

In this article, we show that enantiopure and racemic versions
of a selected API tend to form cocrystals with identical non-
chiral coformers. Indeed, using 152 nonchiral coformers, we
identified 14 novel cocrystals of LEVI, an enantiopure com-
pound and 18 of ETI, its racemic version. Out of these, 13
share a common coformer. A structural investigation into five
racemic-enantiopure cocrystal pairs demonstrated that,
although not all structural elements are identical, they often
show similar hydrogen bonding synthons.
Hence, in early stages of drug research, when a racemic

compound is often more readily available than its enantiopure

Figure 15. [R2
2(8)] acid−-amide heterosynthon and the [C2

2(11)] infinite chain motif present in the LEVI−4NBA cocrystal.
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counterpart, we suggest to perform an extended screen using
the racemic compound, followed by a focused screen with the
enantiopure one, using the coformers that led to positive hits in
the first screen. In our case, this two-step approach would allow
a success rate of 72% instead of 10%, would require 90% less
compound, and would significantly speed up cocrystal studies.
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