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Structural study of piracetam polymorphs and
cocrystals: crystallography redetermination and

quantum mechanics calculations

Pharmaceutical compounds are mostly developed as solid
dosage forms containing a single-crystal form. It means that
the selection of a particular crystal state for a given molecule is
an important step for further clinical outlooks. In this context,
piracetam, a pharmaceutical molecule known since the sixties
for its nootropic properties, is considered in the present work.
This molecule is analyzed using several experimental and
theoretical approaches. First, the conformational space of the
molecule has been systematically explored by performing a
quantum mechanics scan of the two most relevant dihedral
angles of the lateral chain. The predicted stable conformations
have been compared to all the reported experimental
geometries retrieved from the Cambridge Structural Database
(CSD) covering polymorphs and cocrystals structures. In
parallel, different batches of powders have been recrystallized.
Under specific conditions, single crystals of polymorph (IIT) of
piracetam have been obtained, an outcome confirmed by
crystallographic analysis.

1. Introduction

Most of today’s active pharmaceutical ingredients (APIs) are
developed as solid phases, because they present greater
stability and are usually easier to purify than amorphous
phases (Shan & Zaworotko, 2008). Therefore, over the last
decade pharmaceutical industries achieved a considerable
number of solid-state investigations on newly developed
compounds. These studies aim at selecting an optimal solid
form stable enough to prevent the formation of undesired
phase(s) (e.g. polymorphs). In fact, the simultaneous presence
of different solid forms could be dramatically problematic for
optimal processing, storage of pharmaceuticals and above all
at the time of drug administration (Blagden et al., 2007).

Preliminary studies are often required in order to, on the
one hand, compile the polymorphs that can possibly exist for a
given compound and, on the other hand, determine the ideal
conditions to obtain these polymorphs and/or to switch from
one to another. In particular, structural analysis of the poly-
morphs can be helpful in understanding the interactions in the
crystal network and to identify the opportunities to obtain a
new solid-state form. Several studies have recently been
achieved to obtain in-depth characterizations of crystal
structures of flexible molecules including piracetam (e.g.
Nowell & Price, 2005; Price, 2005). Methods used are based on
different rigid conformers, whose relative intramolecular
energies are evaluated by high-level quantum mechanical
methods.

Piracetam, 2-oxo-1-pyrrolidineacetamide (Fig. 1), leading
compound of the ‘racetams’ category, is a popular pharma-
ceutical drug showing cognition-enhancing ability which has
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implications in the treatment of neurological disorders such as
Alzheimer’s disease (e.g. Gualtieri et al., 2002; Evans et al.,
2004). It was originally synthesized by UCB Pharma s.a. from a
cyclic combination of GABA and glycine (Admiraal et al.,
1982). This molecule is used as symptomatic treatment for
cognitive-deficient people and dyslexic children, and also to
improve blood influx and brain oxygenation as well as to
protect neurons from hypoxia (Winblad, 2005).

The piracetam and piracetam-like compounds have been
largely studied with experimental tools to assess their poly-
morphism or cocrystallization potential, but also with theo-
retical models in the scope of structural characterizations. Up
to now, five polymorphic forms of piracetam have been
identified in the different starting conditions of pressure
(Admiraal et al., 1982; Louér et al., 1995; Fabbiani et al., 2005;
Fabbiani et al., 2007; Galdecki & Glowka, 1983) and the
corresponding crystal structures are present in the Cambridge
Structural Database (Allen, 2002). Three of these forms are
observable under ambient pressure. Form (I) exists at high
temperature and transforms into form (II) at room tempera-
ture. Forms (IT) and (III) are stable at ambient temperature
(Céolin et al., 1996; Pavlova et al., 1983). Form (III), crystal-
lizing in the P2;/n monoclinic space group, is the marketed
polymorph. In 2005, Nowell & Price (2005) collated the
experimental X-ray determinations of piracetam for poly-
morphs (I), (IT), (IIT) and (IV). Form (V) was discovered later
by Fabbiani et al. (2007) and is also a high-pressure poly-
morph. At the same time, a new dihydrate was also high-
lighted. Fabbiani and coworkers have already investigated
piracetam polymorphs (I)-(IV) by structural and physico-
chemical in-depth studies (Fabbiani et al, 2005), whereas
Hirshfeld surface analysis has been performed by MacKinnon
et al. (2007) using CrystalExplorer2.1 (Wolff et al., 2005-2007).
This latter work completes the fingerprint plots and packing
diagrams used for analysis in Fabbiani et al. (2005). Even
though there are indications of three new highly metastable
forms which can appear from the melt, they have not been
isolated up to now (Kuhnert-Brandstatter et al., 1994).

In term of the prediction and characterization of confor-
mationally flexible molecules, a great number of studies have
been carried out (e.g. Day, 2011, or CCDC blind tests,

o3 L)
—
o1 N1 o N
cs gsrm " J%f(”
T2 T3
02 0]
Figure 1

Labelling of atoms (H atoms not shown) and dihedral angles in piracetam
(T1 is the dihedral angle defined by C1 —N1—C5—C6, 72 is the dihedral
angle defined by N1 -C5—C6—N2 and 73 is the dihedral angle defined
by C5—C6—N2—H with the closest value to 0°, as reported in Nowell &
Price (2005).

Lommerse et al., 2000; Motherwell et al., 2002; Day et al., 2005,
2009). In this context, piracetam has been regarded as a
valuable test case (Price, 2005). Form (IV) was successfully
identified, independently from X-ray determination, by the
new approach of Price et al. in the study.

The present work focuses on the structural characterization
of different polymorphic forms of the molecule by combining
experimental and theoretical methods. Furthermore, in this
work the detailed study of the crystal packing of piracetam
within polymorphs, hydrates, existing cocrystals and metallic
coordination complexes (they could alternatively be called
cocrystals of a salt by taking into account the different defi-
nition of what a cocrystal is; Desiraju, 2003; Dunitz, 2003;
Aakerdy & Salmon, 2005; Shan & Zaworotko, 2008; Parkin et
al., 2008; Viertelhaus et al., 2009; Vishweshwar et al., 2005;
Braga et al., 2009; Sabirov, Porai Koshits, Struchkov, Dusmatov
& Yunushkhodzhaev, 1992a,b; Sabirov, Porai Koshits,
Struchkov, Potekhin & Yunushkhodzhaev, 1992a,b; Sabirov,
Porai Koshits, Struchkov & Yunushkhodzhaev, 1992; Sabirov
et al., 1993a,b,c,d,e) encourages further investigations using
piracetam as a potential cocrystal former. In this context the
compound has been characterized again by powder and single-
crystal X-ray diffraction (XRD). In addition, theoretical
investigations (complete conformational scan and comparison
of the scan results with all known experimental structures)
have also been performed to gain insights into the structural
and electronic features of this compound.

2. Materials and methods
2.1. Experimental preparation

The solvents used are commercially available (Sigma
Aldrich, Steinheim, Germany). Piracetam powder samples
were obtained from UCB Pharma s.a., Braine-I’Alleud,
Belgium. All chemicals and solvents were used as received
without further purification.

Recrystallization of form (III) of piracetam was accom-
plished to obtain a redetermination of its crystal structure.
This allowed the quality of the structure to improve slightly
compared with the two existing structures for this form in the
Cambridge Structural Database (Admiraal et al., 1982;
Galdecki & Glowka, 1983). For this, different conditions (e.g.
concentration or solvents: water, methanol, ethanol, acetoni-
trile, ethyl acetate and dichloromethane) were employed.
Single crystals of piracetam were grown by slow evaporation
in a solution of dichloromethane (1 mg ml™') after 10 d.

2.2. Computational details

A conformational scan of dihedral angles 71 and 72 has
been performed. This approach has been proposed in previous
studies dealing with piracetam (Nowell & Price, 2005; Céolin
et al., 1996; Bandoli et al, 1981) and relied on different
approximations: semi-empirical schemes (AM1; Céolin et al.,
1996) as well as ab initio methods (MP2 from Mgller—Plesset
perturbation theory; Nowell & Price, 2005). In the present
study we used density functional theory (DFT) and, more
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Table 1

Experimental details.

Crystal data
Chemical formula
M,

Crystal system, space group
Temperature (K)
a, b, c(A)

B()

V (A%

V4

Radiation type

p (mm~")

Crystal size (mm)

Data collection

Diffractometer

Absorption correction

Toniny Tinax

No. of measured, independent and
observed [I > 20()] reflections

Rin

Refinement

R[F® > 20(F%)], wR(F?), S
No. of reflections

No. of parameters

No. of restraints

H-atom treatment
APrmaxs APmin (€ A7)

CsH10N2O,

142.16
Monoclinic, P2,/n
290

6.503 (1), 6.418 (1), 16.416 (3)
92.087 (4)

684.7 (2)

4

Cu Ko

0.88

0.20 x 0.20 x 0.10

Xcalibur, Ruby, Gemini ultra
Multi-scanf
0.844, 0.918

4113, 1202, 1132
0.011

0.035, 0.099, 1.06

1202

100

0

Mixture of independent and
constrained refinement

0.17, —0.15

Computer programs used: CrysAlisPro (Oxford Diffraction Ltd, 2006), SHELXL97
(Sheldrick, 2008). 1 Empirical absorption correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm.

precisely, the PBEO functional (Adamo et al., 1999; Adamo &
Barone, 1999; Ernzerhof & Scuseria, 1999) and the 6-31G(d,p)
basis set. PBEO is a fitted parameter-free approach and yields
accurate ground- and excited-state properties (Adamo &
Barone, 1999; Jacquemin et al., 2009). For this fully relaxed
scan a small step size of 10° has been used, so that a total of
1296 optimizations have been carried out. The geometry was
considered converged when the r.m.s. force was smaller than
3 x 10~ a.u. and the SCF convergence criterion was set to
107% a.u.

Minima identified through the conformational analysis have
then been fully optimized with the MP2/6-311++G(d,p)
approach (Mgller & Plesset, 1934; Head-Gordon et al., 1988).
This post-Hartree—Fock method, that includes dynamic elec-
tron-correlation effects through a perturbative scheme
(Mgller & Plesset, 1934; Head-Gordon et al., 1988), has been
used for a better precision of the results. MP2 is a standard
method used in calculating small systems and appreciated for
its precision level, even if the computational cost can be larger
than with other methods. However, in this case, after
comparison with the PBE0/6-31G(d,p) approach, the differ-
ence between values for bond lengths and angles is negligible.
Additional conformational scans have been carried out
around global minima and results are presented in the
supplementary material." Partial charges have been computed

! Supplementary data for this paper are available from the IUCr electronic
archives (Reference: ZB5018). Services for accessing these data are described
at the back of the journal.

with the ESP-MK model (Besler et al, 1990). The GAUS-
SIANQ9 program has been used to perform all calculations
(Frisch et al., 2009).

2.3. Crystallography

Single-crystal X-ray diffraction was performed on a Gemini
Ultra R system (four-circle kappa platform, Ruby CCD
detector) using Cu Ko radiation (A = 1.54056 A). Cell para-
meters were estimated from a pre-experiment run and full
data sets collected at room temperature. The structure was
solved by direct methods with the SHELXS97 program and
then refined on F* using SHELXL97 software (Sheldrick,
2008). Non-H atoms were anisotropically refined and the H
atoms (not implicated in hydrogen bonds) in the riding mode
with isotropic temperature factors fixed at 1.2U(eq) of the
parent atoms (1.5 times for methyl groups). H atoms impli-
cated in hydrogen bonds were localized by Fourier difference
maps (AF). Experimental details are given in Table 1.

The powder X-ray diffraction (PXRD) pattern was
collected on a PANalytical reflection-geometry diffract-
ometer, using Ni-filtered Cu Ko radiation (A = 1.54179 A) at
40kV and 40 mA with a X’Celerator detector. A powder
sample was analyzed between 4 and 50° 26 with a step size of
ca 0.0167° 20 and a total scan time of 3 min and 48s. The
experimental PXRD pattern was compared with the PXRD
pattern simulated from available crystal structures to confirm
which polymorphic form was studied and analyzed.

2.4. Details of CSD search

A statistical study in CSD 2011 (Version 5.32, updated
February 2011) for piracetam was reported using the
ConQuest program to search and retrieve information (Bruno
et al., 2002), with the two-dimensional representation of the
piracetam molecule as the search group. No other restrictions
(such as R-factor or disorder) were applied during the search.
In total 30 structures were retrieved and analyzed with
Mercury, a comprehensive range of tools for structure visua-
lization and exploration of crystal packing (Macrae et al.,
2008), and VISTA, an interactive analytical and statistical
program (Cambridge Crystallographic Data Centre, 1994).

3. Results

3.1. Conformational analysis by quantum mechanics calcu-
lation

In the first step, conformational analysis of the two dihedral
angles of the lateral chain, 71 and 72 (Fig. 1) of piracetam
have been performed in order to explore all the conforma-
tional space for the two most flexible dihedral angles of the
molecule, and to identify the possible minima of the potential
energy surface. This yields a potential energy hypersurface
(Fig. 2) which allows four energy minima to be directly
pinpointed.

A comparison made with X-ray diffraction (XRD) data (see
later in text) shows that all the experimental structures belong
to valleys of the potential energy surface. Although no XRD
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structures are located in an energetically unfavourable region,
there is no exact match between theoretical minima and
experimental values. In other words, intermolecular interac-
tions in crystal packing may tune the conformation, but cannot
overcome intramolecular stress larger than 30 kJ mol .

Optimizing minima identified by the conformational
analysis led to the structures depicted in Fig. 3. Optimal 71
and 72 dihedral angle values are also specified. The most
obvious geometrical difference between the four conforma-
tions is the presence of an intramolecular hydrogen bond for
conformations (3) and (4). The same feature has been found in
several previous studies on piracetam aimed at crystal struc-
ture prediction with the help of high-level quantum mechan-
ical methods (Nowell & Price, 2005; Price, 2005). The
characteristics of this hydrogen bond are similar for both
conformers. Nevertheless, in the solid state piracetam adopts a
conformation which is different from the gas-optimized phase
as a result of energetically favourable intermolecular inter-
actions (see §3.3). Indeed, the energy of each intermolecular
hydrogen bond in the solid phase can overcome the penalty
for not forming the intramolecular hydrogen bond
[5.97 kI mol™" is the difference between conformations (1)
and (2) and conformation (3), see Fig. 3].

After the conformational scan, optimization of the four
minima have been performed using MP2 and 6-311G(d,p). On
an energetic scale for the two processes, structures (3) and (4)
are more stable than (1) and (2), as could be foreseen. MP2
Gibbs free relative energies for the optimization are 5.97, 5.97,
0.0 and 0.26 kJ mol™" for (1), (2), (3) and (4). The global
energetic minimum corresponds to conformation (3) [it should
be noted that the energetic difference with conformation (4) is
negligible]. The global minimum in the literature (Nowell &

360
330
300
270
240

210

AU (kJ/mol)

180

Torsion angle T2 (°)

150

120

Price, 2005; Céolin et al., 1996) has been identified in a region
near conformation (4) (74° for 71 and 298° for 72 in Céolin et
al., 1996, and 80° for T1 and 279° for 72 in Nowell & Price,
2005). However, in the conformational scan above the very
modest difference between relative energy values for the two
conformations in both optimization cases (0.26 kJ mol™")
offers little discrimination between the two results.

Molecular electrostatic  potential (MEP)  profiles
(—150 kJ mol™") have been calculated for these four stable
conformers. Such electrostatic topologies give an insight into
the localization of potential binding sites for interactions of
piracetam with other compounds, like in a solid-state crystal
packing. Fig. 3 clearly highlights that the attractive zones for a
positive charge are located on the endo oxygen of the lactam
cycle and the exo oxygen of the amide group. However, for
conformations (3) and (4), the presence of an intramolecular
hydrogen bond strongly reduces the attractive zone on the
endo oxygen of the lactam, limiting the capacity to form an
intermolecular hydrogen bond with the O atom on this cycle.
In the crystal there is therefore a compromise between the
energetic gain of intra- and intermolecular hydrogen bonds
favouring (or not) conformations (1) and (2) or (3) and (4).

The substantial influence of the intramolecular hydrogen
bond on the MEP profiles for conformations (3) and (4) on
Fig. 3 can be rationalized by considering the partial atomic
charges. Indeed, MEP representations simultaneously take
into account the absolute partial charges and their spatial
distribution. For conformations (3) and (4) (Fig. 3), the partial
charge of the H atom involved in the intramolecular hydrogen
bond has a significant positive value. This charge is likely to
induce a shield effect and therefore limit the attractive
potential of the oxygen of the lactam.
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Computed three-dimensional hypersurface represented alone (a) and in two dimensions with a color code (b). In () the localization of the experimental
structures of piracetam polymorphs and hydrates (black), cocrystals (red) and theoretical optimized conformers [(1)-(4), yellow] are also reported.
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3.2. Recrystallization and crystal structure redetermination

After recrystallization of samples from UCB Pharma
(details in §2.1), the single crystals obtained in our study
correspond to polymorph (III) as deduced by comparing the
space group and lattice parameters with the most accurate
structure for polymorph (III) reported in the CSD
[BISMEVO02; Galdecki & Glowka, 1983: P2y/n; a, b, ¢ (A)
6.417 (1), 6.504 (1), 16.403 (3) A and «, B, ¥ (°): 90, 92.05 (1),
90]. Also, comparison with dihedral angles 71 [93.01 (13)], 72
[159.25 (11)] and to a lesser extent 73 [10.56 (15)] corresponds
to values reported for the same structure (71: 92.56; 72:
159.37; T3: 8.8 (Galdecki & Glowka, 1983; Nowell & Price,
2005). As mentioned, the X-ray diffraction data and the
structure refined in the present work (Fig. 4) led to a structure
slightly more accurate (R; = 0.035) than that reported
previously for this polymorph (for the first determination,
Admiraal et al., 1982: R = 0.064; for the first redetermination,
Galdecki & Glowka, 1983: R = 0.049).

In the crystal structure hydrogen bonds link the N atom of
the lateral chain (NH, exo), and both O atoms of the lactam
(C=01 endo) and of the amine (C=02 exo) form a bidentate
interaction (see Fig. 7 and Appendices B and C of the

(€)) 2)
¢ 1 3,
i >
» )
T1:286.8° T1:110.4°
T2:172.8° T2:194.8°

AE (kJ/mol) : 5.97
AE (kcal/mol) : 1.43
Partial charge on the H
(implicated in intramolecular H- (implicated in intramolecular H-
bond in Conformations 3 & 4): bond in Conformations 3 & 4):
0.412 0.399

AE (kJ/mol) : 5.97
AE (keal/mol) : 1.43
Partial charge on the H

T1:279.6°
12:81.0°
AE (kJ/mol) : 0.00
AE (kcal/mol) : 0.00
Partial charge on the H implicated in
intramolecular H-bond: 0.454

T1: 86.6°
T2:283.9°
AE (kJ/mol) : 0.26
AE (kcal/mol) : 0.062
Partial charge on the H implicated in
intramolecular H-bond: 0.436

. (b)

Figure 3

Four stable minima found at the MP2 level. MEP profiles
(=150 kI mol™"), geometrical parameters of hydrogen bonds for
conformations (3) and (4) (D: distance between H-donor and H-acceptor
atom; d: distance between H atom and H-acceptor atom and 6: angle
between H-donor atom, H atom and H-acceptor atom), dihedral angle
values for 71 and 72, and MP2 Gibbs free relative energies for each
conformer are also given. Picture produced with GaussView5.0 (Gaussian
Inc., 2009).

supplementary material for comparison with the other poly-
morphs). This type of hydrogen-bond system [graph-set
assigment: N2—H---O1: C(7) and N2—H- - -O1: R%(8); Etter
et al., 1990] is the same as that described for polymorph (III) in
the CSD and is equivalent to the hydrogen-bond network for
(IT) and (V).

The powder diffractogram simulated with the coordinates
of the single-crystal structure was compared with the experi-
mental powder diffraction pattern confirming that the starting
material was also of the form (IIT) polymorph.

3.3. Statistical analysis in the CSD

As specified in §1, different crystalline structures implying
piracetam are reported in the CSD and include the five known
types of polymorphs but also hydrates and cocrystals. A
structural analysis of all these structures based on the distri-
bution of the sidechain dihedral angle values can be helpful to
study the interactions in the crystal network.

Statistical analysis in the CSD has been performed and
allowed to retrieve 11 structures of five piracetam polymorphs
and two hydrated structures of piracetam (mono- and dihy-
drate). There are also 17 structures of cocrystals with organic
acids or coordination complexes with piracetam and metallic
cations with inorganic ligands. Fig. 5 shows the distribution of
dihedral angle values for all the structures implying piracetam
in the CSD. (For centrosymmetric structures, dihedral angles
are found with both positive and negative values. Therefore,
for most of the structures considered here, 71 and 72 have
been chosen with the closest values to the calculated global
minimum; see §3.1.) For a short description of all the poly-
morphs, hydrates and cocrystals structures, see Appendix D in
the supplementary material.

Statistical analysis for selected structural parameters has
been performed for all piracetam structures found in the CSD.
Attention has been particularly focused on dihedral angles T1
and T2 defining the lateral chain conformation (Fig. 1).
Repartition of these angles has been analyzed by means of 71
and 72 histograms for polymorphs and cocrystals and coor-
dination complexes (Fig. 5).

Figure 4
ORTEP diagram of form (III) of piracetam structure (50% probability
ellipsoids).

Acta Cryst. (2011). B67, 499-507
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Interestingly, these data (Figs. 5 and 6) can be compared
with the conformations deduced from our theoretical
approach (§2.1). Experimental conformations retrieved from
the CSD have been indicated on the computed energy surface
(Fig. 2). Also based on these data, different categories
(ranges) of dihedral angle values can be defined: two cate-
gories can be deduced for 71 (90 = 30° and 270 &+ 30°) and two
for 72 (180 £ 30° and 0 £ 30°). A combination of each

~
Q
=

Polymorphs / Hydrates

19
-
o

5

Number of structures
N & 0 ®
Number of structures
o m &2 o ® B
1
|

0 + r I

Cocrystals

category of dihedral angle values for 71 and 72 creates
families. The latter are better visualized by superimposing
structures presented in Fig. 6 where two different families are
present for polymorphs and hydrates (90 & 30° for 71 and 165
£ 15° for 72; 90 +£ 30° for T1 and 315 £ 15° for 72, see Fig.
6a). A third family appears for 71 when considering cocrystals:
270 &£ 30°. Therefore, three different families are present for
all the structures: 90 + 30° for 71 and 180 =+ 30° for 72; 90 +
30° for T1 and 0 & 30° for 72;270 +
30° for T1 and 180 + 30° for T72.
They can be clearly observed in
Figs. 2, 6(a) and (b).

If we detailed members of the
three torsion angle families visua-
lized here, it can be seen that the
family with the most significant
number of structures is the combi-

N
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Figure 5

Distribution bar chart for (a) 71 values and (b) T2 values [the structure of this work is not considered
here: as a reminder for this structure: 71 = 93.00 (13)° and 72 = 159.25 (11)°].

Three families present in this conformation (90 = 30° for
T1 and 180 £ 30° for T2; 90 = 30° for T1 and 0 = 30° for
T2 & 270 £ 30° for T1 and 180 = 30° for T2)

Two families present in this conformation (combination
of 90 = 30°for T1 and 180 = 30° or 0= 30° for 12)

(@) ®)

Familyl \ \\\/
|

N

Figure 6

Dihedral angleT1(°)

Cocrystals
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s
64
4
3 1
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o

= ‘«.\““
Q

l)lhedral angle T2 (")

nation of 90 & 30° for 71 and 180 +
& 30° for 72 [family (I)]. Afterwards
comes the family with 90 £ 30° for
T1 and 0 = 30° for 72 [family (IT)],
and the smallest family in terms of
the number of elements is that
created by the combination of 270
=4 30° for 71 and 180 =+ 30° [family
(IIT)]. These three families can also
be easily visualized in Fig. 2. Family
(IIT) consists of two cocrystals with
NP an organic acid as the cocrystal
& Qa Q@?” former: 1-tartaric acid (RUCDUP;

Viertelhaus et al, 2009) and 1-
mandelic acid (XOZSOV; Viertel-
haus et al., 2009). There are two
different values in XOZSOV for
the two torsion angles reported
here. So, we have dealt with this
structure by simply handling the
two positions (Fig. 2) as different
points to take into consideration
equally (the same situation arises
with RUCFEB in family I, which
has three different values for the
two torsion angle combination, and
has been treated similarly; in both
cases the two or three different
points belong to the same family).
The two cocrystals here are the only
ones to be made up of enantiomeric
cocrystal formers (in both cases the
space group for the structure is
P2,2,2;). Other details about the
structures can be found in
Appendix D of the supplementary
material. Interestingly, the cocrystal
with DL-mandelic acid as the

b

ARG

Family IIT

(a) Superposition of the structures (piracetam polymorphs and hydrates) and (b) superposition of all the

structures (polymorphs, hydrates, metallic coordination complexes and cocrystals and the structure of
this work). Performed by superimposing the five-piece ring of the piracetam molecule.

cocrystal former (RUCFIF; Vier-
telhaus et al., 2009) is a member of
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family (I) and does not appear in family (III). If other
cocrystals with a chiral cocrystal former (ideally both racemic
and enantiomeric, like with XOZSOV and RUCFIF) are
highlighted in the future, it could be interesting to see in which
family the piracetam conformation appears, also to notice if
there is a potential influence of the cocrystal former chirality
on the piracetam conformation.

Family (II) involves essentially coordination complexes
with Ni, Cu and Zn metallic cations, piracetam or water as
neutral ligands, and nitrate or chloride anions as inorganic
ligands (JOFJAP; Delacruz et al., 1992; WAJPAY, Sabirov et
al., 1993a; WASJOP, Sabirov et al., 1993b; HEPWII, Sabirov et
al., 1993b; OHECEK, Braga et al., 2009). However, also in this
family is the presence of the only structure of polymorph (IV)
of piracetam: BISMEV04 (Louér et al., 1995), which has
appeared in special conditions of high pressure (in water at
0.4 GPa). As all the other polymorph structures are in family
(I), we could assume as a first approximation that the high-
pressure special conditions influence piracetam conformation
in this way. However, polymorph (V) (BISMEVO07,
BISMEVO08, BISMEV(9, BISMEV10; Fabbiani et al., 2007)
also appears at high pressure (0.7, 0.9, 2.5 and 4 GPa) and all
these structures belong to family (I). So, with this new poly-
morph we cannot use this argument to explain precisely the
presence of BISMEV04 in family (II). To search a common
point between coordination complexes in this family we can
first notice that all the structures — except one — present an
octahedral geometry (JOFJAP, WAJPAY, HEPWII and
OHECEK). The exception here is WAJSOP, which presents a
tetrahedral geometry around the Zn metallic coordination
center. The ligands are piracetam, H,O and nitrate or chloride
anions, but the number of these ligands around the metallic
center can be different (see Appendix D in the supplementary
materials). Piracetam can be linked to two metallic centers by
its two O atoms, as in the OHECEK, the WASJOP or the
JOFJAP structure, and forms chains through the two different
kinds of bond with the metallic center. For WAJPAY and
HEPWII, piracetam is bonded to only one metallic center in
the structure. As we can see here, it seems more difficult in this
case — than for family (III) — to find a common point about
compound composition for all the members of the family
without exception.

Family (I) contains all the other structures implying pira-
cetam in the CSD. Present in this family are cocrystals with
organic formers, like DAVPEW (Vishweshwar et al., 2005),
DAVPAS (Vishweshwar et al., 2005) or RUCFAX (Viertel-
haus et al., 2009) and RUCFEB (Viertelhaus et al, 2009).
There are also other coordination complexes with Zn, Co and
Ni as the coordination center and piracetam, water and nitrate
and chloride anions as the ligand. All the complexes exhibit
octahedral geometry. Finally, in this family we retrieve all the
structures of piracetam polymorphs [except polymorph (IV)
(BISMEV04) in family (II)] and hydrate and dihydrate pira-
cetam structure (YAKWAJ, Fabbiani et al., 2005; LIFNOE,
Fabbiani et al., 2005). Also here it appears to be harder to
extract a common denominator about composition for all the
structures present in family (I).

To establish comparison with theoretical results, it can be
noted on one hand that theoretical conformations (1) and (2)
correspond well to the two families (IIT) and (I). On the other
hand, theoretical conformations (3) and (4) (with intramole-
cular hydrogen bonds) are not close to experimental structure
families. Even if these conformations possess the lowest MP2
Gibbs free relative energies, conformations (3) and (4) are not
retained in experimental structures implying piracetam (see
Fig. 2). As mentioned in §3.1, the stabilizing power of the
intramolecular hydrogen bond in the solid state is limited
because of the possibility to form intermolecular interactions
such as hydrogen bonds with other molecules of piracetam
around. Consequently, intermolecular interactions present in
the solid-state for experimental structures easily break such
intramolecular hydrogen bonds.

For the five polymorphic forms of piracetam identified in
the CSD, analysis of the hydrogen bonds organizing the
crystalline network has been achieved to establish the simi-
larities and differences between them. This description (and
also graph-set assignments recalled for each of them; Fabbiani
et al., 2005; Macrae et al., 2008), already present in a different
style for polymorphs (I)-(IV) in Nowell & Price (2005), is
always of interest for identifying the differences between the
various polymorphic structures as well as to benchmark future
theoretical simulations by analyzing in detail the specific
interactions in each structure.

For polymorph (I) (Louér et al., 1995) and polymorph (IV)
(Fabbiani et al., 2005), hydrogen bonds are localized between
the N atom from the lateral chain (NH, exo) and both the O
atoms of the lactam (C=O01" endo) and of the amine (C=02"
exo) (see Fig. 7a and Appendix C of the supplementary
material).

For polymorph (II) (Admiraal et al, 1982) and (V)
(Fabbiani et al., 2007), hydrogen bonds are also found between
the N atom of the lateral chain (NH, exo) and the two O atoms
but in a different spatial organization, so that the dual
hydrogen bond between the N from the lateral chain (NH,
exo) and O from the amine (C=02" exo0) forms a bidentate
interaction (see Fig. 7b and Appendix C of the supplementary
material). In the case of polymorph (IIT) (Galdecki & Glowka,
1983), the features have been discussed in §3.2.

Statistical analysis in the CSD of all existing structures for
piracetam brings interesting structural information about this
compound and the kind of crystalline network that it can
adopt under specific conditions. It is also possible to realise
that only a few crystalline arrangements appear depending on
the starting conditions.

4. Conclusion

A joint theoretical and experimental investigation of the
structure of piracetam has been performed in order to further
analyse this compound as a potential cocrystal. A quantum
mechanics two-dimensional scan of the potential energy
surface allowed four stable conformations to be identified, two
of which being characterized by intramolecular hydrogen
bonds. Comparisons of these theoretical structures with the
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experimental ones in the CSD lead to the conclusions that
intermolecular hydrogen bonds and the packing effect tune
the dihedral angle 71, but this impact is limited to
~30kJ mol .

By testing several conditions, crystals of polymorph (IIT) of
piracetam have been obtained. This structure presents an
improved R; factor (0.035 instead of 0.049; Galdecki &
Glowka, 1983) compared with previously reported data.
Subsequently, statistical analysis based on polymorphs and
hydrates, and cocrystal forms from the CSD has been achieved
and comparisons between different forms have been made.
Structural comparison based on values of dihedral angles 71
and 72 showed that the distinct forms assemble to yield only
three distinct dihedral angles families. Efforts have been made
to extract a common denominator based on the composition
of structures in each family, but it seems more difficult than
expected. For family (I1I), it could be interesting to see if other
piracetam cocrytals possessing the chiral cocrystal former
would appear in this category. In a broader perspective, any
new structures implying piracetam could allow the comparison
discussed in this study to be extended. Theoretical confor-

.~ Polymoiph I

Graph-setassignment : N»-H~Oy;: R7(14)
N-H~Oy;: C(4)

Graph-setassignment : N-H~O,;: C(7)
Ny-H-05;: C(4)

Graph-set assignment: N»-H~Oy; : R;“(Sl
N»-H" Oy : C(4)

Graph-set assignment:  N»-.

Figure 7
Hydrogen-bond network in the crystal packing for (a) polymorphs (I) and
(IV) and (b) polymorphs (II), (IIT) and (V).

mations (1) and (2) correspond well to the two families of
dihedral angle values [family (III) and (I)], but theoretical
conformations with intramolecular hydrogen bonds are not
close to experimental structure families, as expected. In fact,
the stabilizing power of the intramolecular hydrogen bond is
limited due to the distortion of the molecule. Consequently,
intermolecular interactions present in the solid state for
experimental structures easily break the intramolecular
hydrogen bond.

With a conformational analysis on the dihedral angles, a
more accurate structure for polymorph (III) and an expanded
analysis of polymorphic structural features, this work is the
first step in the context of investigations on piracetam to
determine its capacities as a cocrystal former. It will also be
helpful to try to prepare and synthesize new complexes
implying piracetam and another pharmaceutical compound
possessing physico-chemical properties which would be
improved by forming a new cocrystal with piracetam.
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