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ABSTRACT

In this work, three hitherto unidentified solid-state forms of the nootropic drug
Nefiracetam are identified: a monohydrate and two polymorphic phases of the
anhydrate. These new forms were investigated from a structural and thermodynamic
point of view to evaluate the possibility of using these forms in alternative formulations.
Furthermore, their dissolution rate and solubility were compared.

INTRODUCTION

Hampering mental function decline is one of the pathways to battle dementia
(Alzheimer or cerebrovascular dementia)4. Cognitive-enhancers or nootropic agents
have been developed to treat people with cerebral deficiencies (dementia or Alzheimer)
that could occur due to a reduction of y-aminobutyric acid (GABA) in the brain. GABA
therefore forms the basic guide to the development of nootropic agents. Nefiracetam
(N-(2,6-dimethylphenyl)-2-(2-oxopyrrolidin-1-yl)acetamide) known under the label
DM-9384 or Motiva/Translon is such an agent (Figure 1). Being a pyrolidone derivative,
Nefiracetam was produced and developed during the 9o’s by Daiichi Sankyo and
marketed in 2002 in Japan>. Animal based studies suggest three main biological effects
of DM-9384: a neurotransmitters release through Ca>* channel activation®, an impact on
the GABAergic/monoaminergic/cholinergic systems and an enhancement of the protein
metabolism in the brain79. In vitro and in vivo toxicity studies did not show any
mutagenic'®, antigenic”, oncogenic or teratogenic?* effects in laboratory animals.
Nowadays, Nefiracetam is still commercially available and administered to people with
cognitive issues.
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Figure 1: Molecular diagram of Nefiracetam (N-(2,6-dimethylphenyl)-2-(2-
oxopyrrolidin-1-yl)acetamide).

Due to increasing molecular complexity, 75% of all new chemical entities show low water
solubility and high permeability (BCS class II) or low water solubility and low
permeability (BCS class IV). 34 Nefiracetam (BCS class II) 57 is part of the low water
solubility compounds. As a consequence, the oral absorption and overall bioavailability
of this molecule are low"”. For compounds such as Nefiracetam, formulation tools need
to be applied to increase their bioavailability 9. One such solution is the use of an
alternative solid phase showing a higher solubility or dissolution rate, such as the
amorphous phase, metastable forms, polymorphic forms, salts (not applicable here),
hydrates/solvates or cocrystals?®%. In this study, we set out to identify new solid-state
forms of Nefiracetam, and to study the potential of these forms as alternative
formulation candidates. Up to now, only one single solid state form of Nefiracetam has
been identified and characterized. Wang et al*® described an anhydrous form, which we
will refer to as Form I (FI). Here, we identify two hitherto unknown polymorphs (FII
and FIII) of this anhydrate as well as a hydrate form. All forms were structurally
analyzed, their stability relationship studied, and their dissolution profiles compared.

MATERIAL AND METHODS
Materials

Nefiracetam was sourced from Xiamen Top Health. All solvents used are commercially
available from VWR. Solvents were used as received without any additional purification.
Nefiracetam was purified by slurrying the compound overnight in ethyl acetate at room
temperature after which the suspension was filtered and dried.

Form screening

Evaporative experiments were performed by dissolving 0.1 mmol of Nefiracetam in a
suitable amount of solvent in order to prepare undersaturated solution. Solutions were
then left to evaporate (over periods ranging from 3 to 7 days) at room temperature, and
solid phases retrieved.

Cooling experiments were performed by preparing supersaturated Nefiracetam
solutions. An excess amount of Nefiracetam was added to a given solvent at room
temperature, and vials placed at 50°C to achieve full dissolution. They were then stored
at -15°C or alternatively at 9°C for three days. Solid phases were retrieved and analyzed.



Liquid assisted grinding (LAG) was performed with a Retsch MM 400 Mixer Mill,
equipped with two grinding jars in which five 2mL Eppendorf tubes can be installed.
Typically, 0.2 mmol of Nefiracetam is added to an Eppendorf, as well as 4 stainless steel
beads and 10pl of solvent. The milling program is set for go minutes at 30Hz.

Slurrying experiments were performed by preparing Nefiracetam suspensions in
selected solvents at 25°C. The vials are sealed and the suspension left over 5 days at 25°C
under a stirring of 700 rpm using a Cooling Thermomixer HLC. Solid phases were then
retrieved and analyzed.

Methods

Suitable crystals of Nefiracetam FI, FII and monohydrate were analyzed using Single-
Crystal X-Ray diffraction (SCXRD) with data measured on a “Rigaku Ultra Xi8S
generator, FOX3D mirrors”. The diffracted beams are detected by a “Mar345 image plate”
using a MoK (A = 0.71 A). Images have been integrated by “CrysalisPro”.

Single crystal X-Ray diffraction data for Nefiracetam FIII was collected on an Oxford
Diffracton Gemini R Ultra diffractometer (Ruby CCD detector using CuKa radiation).
Data reduction was carried out using the CrystAlisPro software package?”. The
resolution and the refinement by full-matrix least squares have been done using
respectively SHELXT and SHELX-2014/7?%. Non-hydrogen atoms were refined
anisotropically; H-atoms is added in calculated positions and allowed to ride on the
parent atoms, with isotropic displacement factors set to 1.2 Ueq of the parent atoms
(Uiso (H)= 1.5 Ueq (C) for methyl). The H-atoms of the methyl groups were allowed to
undergo free rotation about the local threefold axis. Symmetry analysis and validation
were carried out using PLATON®9. Pictures were made using the molecular visualization
software Mercury3°.

Powder X-Ray Diffraction (XRPD) data were collected on a PANalytical Bragg-Brentano
diffractometer, using Ni-filtered CuKa (A = 1.54179 A) at 45 kV and 30 mA with a
X'Celerator detector. Each sample was analyzed between 4 and 40° in 20 with a step size
of ca. 0.0167° and a total scan time of 6ming2s. Regarding the non-ambient XRPD
measurement (VT-XRPD), samples were heated using an “Anton Paar TTK-450" heating
device and isotherms (15 minutes) were applied between each temperature step.

Differential Scanning Calorimetry (DSC) measurements were performed from 30 to
175°C at a scanning rate of 5°C/min on a “Mettler Toledo DSC821€”. Solid samples (weight
of 6-7mg) were placed in an aluminum crucible with pierced sealed lids and nitrogen
was used as purge gas with a flow rate of somL/min. Indium is used as a reference. Heats
of fusion were extracted from thermograms obtained between 30 and 175°C at a scanning
rate of 2°C/min on a “TA instrument DSC2500".

Thermogravimetric analysis (TGA) was performed from 30 to 400°C at a scanning rate
of 10°C/min on a “Mettler Toledo TGA-STDA 8s1e”. Solid samples (weight of 6-7mg)
were placed in aluminum oxide crucible and nitrogen was used as purge gas with a flow
rate of somL/min.



Humidity exposure experiments have been performed storing Nefiracetam samples at
18°C and 100% RH for different time ranges.

Calibration lines for High Performance Liquid Chromatography (HPLC) were first built
in order to dose the Nefiracetam by correlating the area under the curve (AUC) and the
concentration prepared with a linear equation. Nefiracetam samples were first diluted
1000X using an acetonitrile 11 water MilliQ (in volume) diluent. Nefiracetam
concentrations were dosed using the following HPLC parameters: Device: Waters
Alliance 2695; Column: Waters Sunfire C18, 4.6x100 mm, 3.5 um; Detector : PDA 2998
(extraction at A = 210 nm); T° = 40°C; Injection volume: 10 pL; Flow : 1.2 mL/min; Mobile
phase A : H20 + 0,1% H3PO4; Mobile Phase B : CH3CN + 0,1% H3PO4; Gradient :0 min
— 30 % B; 0.5 min — 30 % B; 4.5 min — 90 % B; 6.5 min — 9o % B; Stop time: 15 min.

Concerning dissolution experiments, FI and monohydrate were previously ground using
mortar and pestle to get approximately the same particle size range. Supersaturated
Nefiracetam FI and monohydrate solution in 5omL of solvent at 0°C and 10°C were
prepared in a 10omL flask using an “EasyMax 102 Advanced Synthesis Workstation”
(manufactured by Mettler Toledo) equipped with a mechanical 150 rpm stirring and a
temperature monitor. The Nefiracetam IR signature in solution is recorded from 2800
cm™ to 650 cm™ every 15 seconds (50 scans) until the equilibrium using an online “React
IR iC 10” by Mettler Toledo AutoChem with a 6.5 mm AgX DiComp Fiber Conduit probe
as ATR crystal coupled to the crystallization reactor. ReactIR data are monitored with
the iC IR software. The normalized IR intensities are then converted into molar
concentration using the thermodynamic solubility determined by HPLC measurement.

RESULTS AND DISCUSSION
Form screening

A form screen (Table 1) was performed using evaporative, slurrying and cooling
crystallization experiments (with 12 different solvents), grinding experiments, as well as
crystallization experiments from the melt, and heating of solids. XRPD analysis was
performed on each sample to identify the crystal form. Evaporation and cooling
experiments in organic solvents always led to the formation of FI which is the form
described by Wang et al.>® However in water, we identified a so far unknown
monohydrate of Nefiracetam, both from the solvent evaporation as well as cooling
crystallization experiment. Extended humidity exposure of FI (3-5 days at 100% RH) led
also to the monohydrate formation. Once the monohydrate is formed, it remains stable
over a long period of time (one week) under ambient temperature, pressure and relative
humidity conditions. Traces of this form were also present when using, hygroscopic
organic solvents such as alcohols. Surprisingly, when heating FI a transition to a second
polymorph of Nefiracetam (FII) occurred at temperatures above 135-145°C temperature.
This solid-solid transition is clearly visible in the VT-XRPD experiments (Figure 5).
Upon crystallization of the melt, a third polymorph (FIII) was observed. XRPD patterns
clearly allow distinguishing the four solid forms of Nefiracetam (Figure 2).



Table 1: Form screening performed on the Nefiracetam and the relative solid forms observed in XRPD

Solvent Crystallization ~ Crystal form
method (XRPD)
Organic Evaporation FI
solvents*
Cooling FI
Grinding (LAG) FI
Slurrying FI
Water Evaporation Monohydrate
Cooling Monohydrate
Grinding (LAG) Monohydrate
Slurrying Monohydrate
/ From the melt FIII
/ A 135°C FII

*Ethylacetate, methylacetate, ethanol, methanol, 2-propanol, tetrahydrofuran, acetonitrile,
toluene, acetone, chloroform and dichloromethane

Sructural analysis

To investigate the structural differences between the different forms, single-crystals of
each form were grown. Nefiracetam FI was obtained in organic solvents by evaporative
and cooling crystallizations. The structure refined is identical to the one described by
Wang et al®. Single crystals of the monohydrate were grown from water. FII single
crystals were prepared by heating a single crystal of Nefiracetam FI to 135-145°C and
holding it there for 1h. This crystal was then quenched at room temperature and
analyzed. This procedure needed to be repeated on a number of crystals to achieve a
sufficient amount of diffraction data, as the single crystals of FII inherently reverted
back to FI in a single crystal to single crystal transition. Concerning the third
polymorphic form FIII, suitable single crystals were obtained from the melt, allowing
this latter to cool to room temperature. As for the second polymorph, transition to FI
ultimately occurred, so that the data set needed to be acquired over multiple samples in
order to get sufficient diffraction data.

The simulated XRPD patterns overlap with the experimentally determined ones (Figure
2). Table 2 summarizes all single crystal data.
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Figure 2: Simulated diffraction patterns (dashed line) of all Nefiracetam solid forms and comparison with the
experimental ones (full line); Nefiracetam FIII (green), Nefiracetam FII (red), Nefiracetam FI (black) and
Nefiracetam monohydrate (blue).

FI crystallizes in the orthorhombic P2,2,2, space group. Its crystal packing shows
Nefiracetam molecules in a stacked arrangement built up by intermolecular hydrogen
bonds leading to a C; (4) pattern according to the Etter’s graph notation3"3* along the b-
axis (Figure 3a). The hydrogen bond (N1-Hi*:-O1) involves the N-H group of the amide
and the carbonyl group of the amide of a second molecule. In addition to this hydrogen
bond, only dispersive interactions guide the molecule organization of this crystal
structure and no m-stacking is observed. Nefiracetam FII crystallizes in the triclinic P-1
space group and the lattice clusters 12 molecules that display 6 non-equivalent amide-
amide hydrogen bonds in the crystal structure. These hydrogen bonds form chains along
the a-axis stacking the molecules in this direction as illustrated in Figure 3c. Values of
distance and angle related to each intermolecular hydrogen bond are resumed in the
Supporting Information. The third anhydrate FIII crystallizes in the monoclinic P2./n
space group and the lattice clusters 8 molecules wherein two non-equivalent hydrogen
bonds lead the structural arrangement similar to the two other anhydrous forms, with
parallel chains appearing along the a-axis (Figure 3e). Both FII and FIII display the same
C#(8) hydrogen bond network, and a less dense crystalline lattice, compared to FI.
Finally, the monohydrate is disordered around the pyrrolidone ring with only one
orientation shown here for clarity. The hydrate crystallizes in the monoclinic Pc space
group. In this structure, there are no intermolecular hydrogen bonds between two
racetam molecules. Instead, water occupies sites between Nefiracetam molecules and
water hydrogens form an O-H:--O hydrogen bond with the amide carbonyl group of a
first Nefiracetam molecule and an O-H::*O hydrogen bond with the pyrrolidone
carbonyl group of a second. Furthermore, the water oxygen atom interacts with the N-
H group of the amide of a third Nefiracetam molecule in a N-H-*O bond. This leads to
an extending Cf(18) chain (Figure 3g) and reflects in a dense packing 1.26 g.cm3
compared to 1.220 (FI), 1.205 (FII), 1152 g.cm3 (FIII) for the three anhydrate forms.



Figure 3: Molecular arrangements in crystalline a) Nefiracetam Form I along the a-axis, b) Nefiracetam Form I along
the b-axis, ¢) Nefiracetam Form II along the c-axis d) Nefiracetam Form II along the a-axis, e) Nefiracetam Form III
along the b-axis, f) Nefiracetam Form III along the a-axis, g) Nefiracetam monohydrate along the b-axis and h)
Nefiracetam monohydrate along the c-axis. Regarding the anhydrous forms, hydrogen bonds (D-H+--A) are
highlighted using colored spacefill representation. Each spacefill color represents a non-equivalent amide-amide
hydrogen bond. In case of the monohydrate, water is underlined using spacefill also



Table 2: Main crystallographic data of all four solid forms of Nefiracetam and refinement parameters

Compound Nefiracetam FII Nefiracetam FIII Nefiracetam monohydrate

Empirical formula C,HisN.O. C,HisN.O, C,,HisN>O,.H.O
Formula weight (g/mol) 246.30 246.30 264.32
Temperature (K) 293(2) 297(2) 293(2)
Wavelength ( A) 0.71073 0.71073 0.71073
Crystal system Triclinic Monoclinic Monoclinic
Space group P P2,/n Pc
a,b,c(A) 9.0237(16),14.0397(13),32.872(6)  9.1823(10),21.497(3),14.624(2)  9.2368(7),7.3939(4),20.3969(14
o B,y ()

Volume (A3)
Z

Density calculated (mg/m?3)

Absorption coefficient (

mm™)

F(000)

Crystal size

Theta range for data
collection(®)

Reflections collected

Independent reflections

Completeness to theta =
25.96°

Absorption correction

Max. and min. transmission

Data / restraints /
parameters

Goodness-of-fit on F2

Final R indices
[I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole
(e.A3)

78.835(12),85.365(15),89.403(11)
4072.3(n)
12
1.205

0.081

1584

2.8371t018.845
9338
5819 [R(int) = 0.1479]

90.9%

5819 / 648 / 985
0.864
R1=0.0925, wR2 = 0.1138

R1=0.2926, wR2 = 0.1556

0.136 and -0.153

90,100.267(14),90

2840.5(6)

1152
0.078

1056

2.439 t0 23.292
7989
3908 [R(int) = 0.0776]

95.3%

3908 /136 / 373

1..092

R1 = 0.0906, wR2 = 0.2227

R1 =0.1633, wR2 = 0.2864

n/a

0.370 and -0.270

90,90.039,90

1393.02 (17)

1.260
0.089 mm™!
568
0.35 X 0.30 X 0.20 mm3
2.930 t0 25.342
8904
4796 [R(int) = 0.0371]

99.0 %

Semi-empirical from
equivalents

1.00000 and 0.78721
4796 /198 / 476
1.076
R1 = 0.0662, wR2 = 0.1588
R1 =0.0836, wR2 = 0.1700
n/a

0.82 and -0.197




Stability relationship between the different forms

TGA data (Figure 4) shows Nefiracetam to be stable up to 280°C, temperature at which
degradation occurs. The hydrate form shows a supplementary weight loss between 60°C
and 100°C corresponding to the loss of one equivalent of water (the experimental weight
loss (7%) fits the theoretical one (6.8%)).
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Figure 4: DSC (above) and TGA (below) curves of all four solid forms of Nefiracetam .

Upon heating, FII shows a single melting endotherm at 150°C. When heating FI, two
successive endotherms can be observed, a first around 140°C corresponds to the melting
of FI combined with a recrystallization exotherm of FII and a second corresponding to
the melting of FII. The VT-PXRD performed on Nefiracetam FI highlights a similar
behavior with FI remaining stable up to 135°C where a FI to FII transition occurs.
Nefiracetam FII reverts back to FI within 2 days at room temperature. These results thus
show an enantiotropic relationship between both forms.

FIII spontaneously recrystallizes from the melt if the cooling rate is low enough
(2°C/min or less). Rapid cooling rates lead to an amorphous phase. When heating FIII
in the DSC device, a melting endotherm overlapping the FII melting (150°C) endotherm
is observed. This could be due to FII and FIII having close lying melting points, or to an
in situ solid-solid transformations occurring upon heating. Indeed, this form is only
short lived, as it completely reverts to FI within 16hrs at 25°C as shown by XRPD. VT-
XRPD highlights the FIII to FI conversion starting at 50-60°C and suggests that the
metastable form tends to rapidly transform at high temperature. DSC experiments



performed on FIII, on the other hand, do not display such a conversion into FI but a
direct transformation into FII). VT-XRPD of the hydrate (Figure 5) aligns with the DSC
and TGA data, showing a dehydration at around 80°C. After this loss of crystalline water,
FI is observed (VT-XRPD), which aligns with the DSC measurement showing an
endothermic event at around 135°C attributed to the FI-FII solid-solid transition.
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Figure 5: VT-XRPD pattern of FI (above), FIII (middle) and monohydrate (below). Nefiracetam FI, FII, FIII and
monohydrate patterns are highlighted using a color code which is black (FI), red (FII), green (FIII) and blue
(monohydrate). The related dashed line highlights mixture of two forms.



In a summary, Figure 6 highlights the transitions observed in this contribution between
all solid forms of Nefiracetam.
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Figure 6: Transitions between Nefiracetam crystalline forms

FI is clearly the most stable form at ambient temperature, which is also in alignment
with the more dense packing of this form. FII and FI were found to be
enantiotropically? related. A transition point exists before the melting point of FI
(140°C), with FI being stable below this transition point and FII above this temperature.
The enantiotropic relationship between FI and FII is also confirmed by the heat of fusion
rule. The heat of melting of FI (AH,, ;) has been measured integrating the total heat
exchanges prior to the onset of melting of FI up to total fusion of FII (starting with a
solid phase FI up to a liquid phase). Values of -117.78 J.g* (-29.0 kJ.mol?) and -91.05 J.g"
'(-22.43 k].mol”) are obtained respectively for AH,, ;; and AH,, p;;. Since FII has a higher
melting point, this indeed aligns with Burger’s Heat of Fusion Rule (HFR)3435 for an
enantiotropic system, showing the system with the highest melting point to have the
lowest heat of fusion. Figure 7 represents this schematically. FIII is identified as a meta-
stable polymorph, which transforms rapidly into FI at room temperature or alternatively
into FII upon heating.
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Figure 7: Energetic diagram in case of enantiotropic system.

Dissolution profile of the Nefiracetam solid forms in organic solvent



Figure 8 shows the dissolution curves of FI and monohydrate in ethanol and acetonitrile
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Figure 8: Dissolution curve of Nefiracetam FI and monohydrate in (above) acetonitrile at 10°C and (below) ethanol
0°C. The concentration of Nefiracetam in solution is recorded overtime.

Both solvents show a rapid dissolution of both forms, with solubility being reached in
the first five minutes. In both solvents, the hydrate displays a significant solubility
improvement. In ethanol, the Nefiracetam FI solubility at the equilibrium is about 0.32
mM and about o0.40 mM using the monohydrate as solid form. However, this
improvement appears to be stronger in acetonitrile where the solubility increases from
0.19 mM to 0.34 mM. Such a difference could be explained due to the difference in water
activity which is solvent dependent. No solid transition between FI to/from the hydrate
was observed in the 2h time-laps of the experiment. For the metastable form (FIII), it
was not possible to determine the “apparent” or “kinetic” solubility 3637, as the solvent-
mediated conversion into the most stable form occurs too rapidly. As FII is only
observable at high temperature, its dissolution behavior could not be evaluated.

CONCLUSION

Solid forms of the anti-dementia agent Nefiracetam have been fully screened by
evaporative, cooling, slurrying, grinding and melt crystallization methods. Three novel
solid-state forms of Nefiracetam have been discovered: a second and a third anhydrous
polymorph as well as a monohydrate. All the solid forms have been structurally and
thermally analyzed their respective stability evaluated. An enantiotropic relationship
between the stable polymorph (FI) at room temperature and the other two forms (FII
and FIII) has been highlighted. Since, the solid-solid transition between the FI and FII
forms occurs at high temperature and Nefiracetam FIII only exists for a few hours after
recrystallization from the melt, Nefiracetam FI as well as the hydrated form appear as
interesting candidates for formulation purposes. Long-term exposure (about 3 days) of



FI at 100% RH reveals the formation of monohydrate with the monohydrate remaining
stable at least for one week under ambient conditions. Dissolution experiments
performed on the Nefiracetam monohydrate solid form have shown that a hydrate form
significantly improves the solubility in organic solvents. So given the appropriate
formulation conditions this drug shows a case where two different solid forms could
potentially successfully be marketed.
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