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Abstract

The polymorphism of the CNS active compound Org 13011 was studied using different crystallisation methods (i.e.
different solvents and cooling rates). The samples were analysed by Raman, solid state NMR, X-ray powder
diffraction (XRPD) and thermal analysis. This led to the characterisation of two crystalline forms A and B. Further
high temperature analysis using Raman, XRPD, solid state NMR and DSC revealed another two (high temperature)
crystalline forms C and D. The transitions to the high temperature crystalline forms occur at temperatures of about
60 °C. This study shows that the application of high temperature experiments is useful and can lead to the discovery
of new crystalline forms. © 2002 Published by Elsevier Science B.V.
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1. Introduction

Org 13011 or 1-[4-[4-[4-(trifluoromethyl)-2-
pyridinyl]-1-piperazinyl] butyl]-2-pyrrolidinone
(E)-2-butenedioate (1:1) Fig. 1, is a central ner-
vous system active compound. To explore the
different crystalline forms a comprehensive poly-
morphism study was performed.

* Corresponding author. Tel.: + 31-412-663-602; fax: + 31-
412-663-513.
E-mail address: peter.vanhoof@organon.com (P. van Hoof).

Polymorphism, that is the existence of a com-
pound in more than one crystalline form, is a
well-known phenomenon (Mitscherlich, 1822;
Groth, 1877; Ostwald, 1897; Chamot and Mason,
1938; Kofler et al., 1954; Bernstein, 1999). One of
the first written statements of polymorphism is
that of Mitscherlich (Mitscherlich, 1822). He
states: “It is a certain consequence that one and
the same substance, composed of the same ele-
ments, combined in the same properties, can ex-
hibit two different forms, provided that the
particular circumstances exert an influence on the
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act of crystallisation”. Although the issue of poly-
morphism is very old and also some of the exam-
ples of polymorphism of pharmaceutical
compounds are old, e.g. Chloramphenicol palmi-
tate (Aguiar et al., 1967; De Villiers et al., 1991,
1993; Mitra et al., 1993), Novobiocin (Mullins
and Macek, 1959) and Aspirin (Tawashi, 1969), it
is only more recently, that it has become an issue
in the development of drugs. A recent example is
the HIV protease inhibitor Norvir (ritonavir) of
Abbot (The Pharmaceutical Journal, 1998),
which, after 2 years of production, crystallised in
a new form that does not dissolve. It is also
known that the chemical and physical stability
and the bioavailability of the drug product and
drug substance are related to the crystalline
forms.

The analysis of different crystalline forms has
been practised for many years (Haleblian and
McCrone, 1969; Haleblian, 1975; Reffner and
Ferrillo, 1988; Threfall, 1995; Kuhnert-Brandstat-
ter and Sollinger, 1990a,b; Giron, 1995; Brittain,
1997). Techniques like microscopy, spectroscopy
(infrared, Raman and solid state NMR), thermal
analysis (DSC, DTA and TG), X-ray diffraction
and hot-stage analysis (e.g. optical and infrared
microscopic) are well established for both charac-
terisation and quantification of different crys-
talline forms (Kuhnert-Brandstatter and Sollinger,
1990a,b; Giron, 1995; Brittain, 1997). It is gener-
ally accepted that complementary analytical tech-
niques should be used in conjunction with each
other to be able to properly characterise all differ-
ent crystalline forms. For quantification of differ-
ent crystalline forms in a production environment

Fig. 1. The CNS active drug Org 13011.

usually a cost/benefit analysis determines the tech-
nique of choice.

In the case of Org 13011 a series of crystallisa-
tion experiments were performed in order to ex-
plore the effects of solvent and crystallisation
temperature. The samples from these experiments
were examined using Raman spectroscopy (Ra-
man), solid state nuclear magnetic resonance spec-
troscopy (SS-NMR), thermal analysis (DSC and
TG/DTA) and X-ray powder diffraction (XRPD).
High temperature analysis by XRPD and SS-
NMR revealed the existence of new high tempera-
ture phases.

2. Materials and methods

Each crystallisation experiment consisted of dis-
solving Org 13011 at the reflux temperature of the
solvent of choice and crystallisation of the com-
pound by slowly cooling to room temperature.
Solvent mediated conversion experiments were
performed to determine the most stable crystalline
form. In such experiments, a slurry of a mixture
of crystalline forms and solvent is stirred for a
period of time at a certain temperature. Samples
were taken as a function of time. The conditions
for the different experiments are listed in Tables 1
and 2.

2.1. Raman spectroscopy

The spectra were recorded using a Bruker RFS
100/S spectrometer, equipped with a 1.064 pum
Nd:YAG laser. For each sample 128 scans were
collected, with a resolution of 2 cm ~!. Tempera-
ture experiments were performed using a Bruker
heating stage with a Eurotherm 808 controller.

2.2. Solid state NMR

The 100.6 MHz solid-state '*C CP-MAS NMR
experiments were performed on a Bruker
DRX400 NMR spectrometer. The 90° pulse was
4.5 ps and the cross polarization time 2.5 ms.
Approximately 90 mg of the sample was weighed
into a 4 mm rotor. The rotor speed was 8.0 kHz.
The relaxation delay was 6.5 s. Some 4000 FIDs
were accumulated before Fourier transformation.
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Table 1
Conditions for the different crystallization experiments

Sample code ss-NMR*? (form) DSC Remarks
Tyt (°C)  AH (mJ/mg)
Batch 1 A 62 11 Crystallised from ethanol (96°)
136.8 96
Batch 11 A (75%) 66 8.6 Crystallised from ethanol (96°)
B (25%) 138.4 94
Batch 111 A (10%) 57.3 1 Crystallised from ethanol (96°)
B (90%) 138.8 95
Batch 1V A 57.5 13 Crystallised from ethanol (96°)
140.1 100
Batch V A 59 13 Crystallised from ethanol (96°)
140.7 99
Batch VI A (80%) 61 11 Crystallised from ethanol (96°)
B (20%) 141.1 101
Batch VII A (60%) 58 12 Crystallised from acetone
B (40%) 141.2 102
Batch VIII A (10%) 57 3 Crystallised from ethyl acetate
B (90%) 139.7 96
Batch IX A 60 13 Crystallised from acetonitril
140.5 101
Batch X A 60.6 13 Crystallised from water
141.2 101
Batch XI A (66%) 64 10 -
B (34%) 116 0.3
140.1 96
Batch XII A - - Sample used for high temperature experiments
Batch XIII A (5%) - - Sample used for high temperature experiments
B (95%)

“ Percentages were calculated using semi-quantitative analysis by integrating peak surfaces, with an estimated error of 5%.

The measurements at elevated temperatures
were performed on a Bruker MSL200 which oper-
ates at 50.3 MHz for '*C. The following experi-
mental conditions were used: a rotor speed of
5100 Hz, 2000—9000 FIDs, 2.5 ms CP-time, a '3C
1/27 pulse of 3.9 us, an acquisition time of 65 ms
with a relaxation delay of 6.5 s and as a reference
adamantane (CH,=38.56 ppm from TMS =0
ppm) was used. About 80 mg of samples was
weighed into a 4 mm ZrO, spinner. To enhance
the resolution the FIDs were multiplied with a
Gaussian apodization function with LB= — 10
Hz and GB =0.1. The samples were measured at
RT, at T=90 °C (heating rate 1 °C/min) and
after cooling to RT (cooling rate 1 °C/min) again.
Also some semi-quantitative measurements were
performed by integrating the different signals rela-
tive to each other. The estimated error is 5%.

2.3. Thermal analysis

The DSC curves were recorded using a Seiko
DSC 120 instrument, in closed aluminium pans
with a volume of 5 pl in combination and with a
nitrogen flow of 50 ml/min. The heating rate was
5 °C/min. The TG and DTA curves were
recorded simultaneously using a Seiko TG/DTA
220 instrument. Open aluminium pans were used
in combination with a nitrogen flow of 100 ml/
min. The heating rate was 5 °C/min. A series of
samples were measured using a TA Instruments
TA2920 in the standard mode. Using this set-up it
was also possible to collect data during cooling,
whereas with the set-up described above this was
not possible. The heating (and cooling) rate was
10 °C/min. A helium flow rate of 25 ml/min was
used as a purge gas over the cell.
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Table 2
Details of the different crystallization experiments

Sample Form Stirring experiment in Ethanol
(100%)
Batch XIVa A (80%) Batch VI used for stirring
experiment at RF
B (20%)

Batch XIVb A
Batch XIVc A
Batch XIVd A

Start of RF
Stirred at RF for 7 h
Stirred at RF for 24 h

Batch XVa A (75%) Start of stirring of suspension
of batch B at —15 °C in
ethanol

B (25%)
Batch XVb A (90%) Stirred at —15 °C for 1 h
B (10%)

Batch XVc A
Batch XVd A
Batch XVe A

°C for 2 h
°C for 3 h
°C for 7 h

Stirred at —15
Stirred at —15
Stirred at —15

RF =78 °C
2.4. X-ray powder diffraction (XRPD)

The XRPD were recorded on a Siemens D5000
00 reflection diffractometer with Cu—K, radia-
tion and HTK oven for the high temperature
experiments. Generator settings were 40 kV and
50 mA. The slits used: divergence and receiving

P. van Hoof et al. / International Journal of Pharmaceutics 238 (2002) 215-228

slits V20 and the detector slit 0.2 mm; nickel filter.
The measuring conditions: 20 = 5-35°, step size
0.02°, time per step 5 s. The samples were mea-
sured at RT, 30, 40-100 °C, and after cooling to
RT (delay 1 h). The measurements were carried
out under a nitrogen flow.

3. Results and discussion

3.1. Crystallisation and slurry experiments

Thirteen different batches of Org 13011 were
prepared by crystallisation from five different sol-
vents employing different crystallisation methods.
The samples were analysed using several analyti-
cal techniques to determine the polymorphic com-
position. These experiments, including the results
from solid state NMR and DSC, have been sum-
marised in Table 1. The results clearly show the
existence of two crystalline forms, which will be
described into more detail below.

It can be seen that crystallising from acetoni-
trile, water and ethanol lead to pure form A,
however crystallisation from ethanol also leads to
mixtures of crystalline forms A and B. This shows
that repeating the same crystallisation in ethanol

L.
180

100
PPR

L. L.
(] 80 40

Fig. 2. SS-NMR spectrum of form A (XIVd) at ambient temperature.
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Fig. 3. SS-NMR of sample form B (VIII) at ambient temperature.

can lead to different mixtures of forms A and B.
We do not know whether repeating the crystallisa-
tion from other solvents, e.g. acetone, ethyl ace-
tate, acetonitril and water, also lead to different
polymorphic compositions. Samples containing
pure crystalline form B have never been obtained.

To determine the physical stability of both
forms A and B, nine solvent mediated conversion
experiments at — 15 and at 78 °C were per-
formed. Table 2 lists the results of these experi-
ments, which show that at both temperatures a
conversion from crystalline form B to crystalline
form A occurs. The transition time varies from
less than 1 h for slurry experiments at 78 °C to 2
h at — 15 °C. These solution mediated transitions
show that form A has the lowest solubility (and
thus a lower Gibbs free energy) in this tempera-
ture range.

3.2. Low temperature forms

All analysis have been performed on the iso-
lated solid state samples. The solid state NMR
spectra of different batches clearly show that two
crystalline forms exist. Figs. 2 and 3 show the
solid state NMR spectra of a sample containing
100% form A and 90% form B (and 10% form A),

Table 3

Characteristic signals of the four polymorphs of Org 13011
using solid state NMR (SS-NMR), X-ray powder diffraction
(XRPD) and Raman spectroscopy (Raman)

Technique Form A Form B Form C  Form D
SS-NMR 32.1 31.3 32.0 31.9
(ppm) 171.1 172.8 172.0 172.8
175.5 175.0 174.0 173.7
XRPD (260) - - - 4.0
4.16 4.26 3.96 4.18
- - - 12.12
- 16.26 16.01 16.04
16.84 16.89 16.76 -
- 17.16 18.30 18.76
19.58 21.31 20.01 19.58
- - - 21.07
- 23.18 - 22.75
24.23 23.88 24.59 24.16
- 25.85 - 25.33
Raman 3081 3087 3081 3084
(cm—") 3067 3058 3061 3057
3025 3012 3029 3012
1726 1719 1723 1719
1665 1664 1660 1661
986 982 986 981
118 155 107 154
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Fig. 4. Diffraction patterns of form A (lower trace), form B, form C and form D (upper trace).

respectively. The two forms have distinct signals,
especially around 31, 171 and 174 ppm, see
Table 3. The chemical shifts are similar to that
of the '*C NMR spectra from solution and the
spectra of both forms clearly show only one sig-
nal per carbon atom. The latter indicates that
the asymmetric crystal unit of both forms A and
B consists of one molecule only. Those signals
were used for the semi-quantitative analysis of
forms A and B.

The XRPD patterns of forms A and B have
been recorded (Fig. 4), and also show distinct
differences. Table 3 lists the 20s where the main
differences in the diffraction patterns of the two
polymorphs can be found.

Finally, Raman spectra have been recorded of
both polymorphs A and B. Different signals
from different polymorphs can also be found in
these spectra, see Figs. 5 and 6, and Table 3.
Hence, the analysis using SS-NMR, XRPD and
Raman spectroscopy clearly proves the existence
of two polymorphs.

Although the results from IR, Raman, SS-
NMR and XRPD are straightforward, the results
from DSC seemed contradictory. Fig. 7 shows
the DSC curve of batch XII which is exclusively

form A. This curve features a small endothermic
peak at about 60 °C, and a melting peak at
141.6 °C. The endothermic peak at 60 °C sug-
gests a enantiotropic relation (Giron, 1995;
Burger and Ramberger, 1979; Yu, 1995) between
form A and another crystalline form. Two crys-
talline forms show an enantiotropic relation if
the free energy curves of the separate forms cross
at some point below their melting temperatures.
This indicates that the relative stability of the
two forms change at the crossing point of the
free energy curves. However, the possible high
temperature crystalline form observed in the
DSC is not form B, because it was showed that
form B transforms to A and not otherwise.

Fig. 8 shows the DSC curve of batch VIII,
containing 90% form B (and 10% form A). This
curve also shows a small endothermic peak (at
about 57 °C) and a melting peak at 139.7 °C.
This endothermic peak again points towards an
enantiotropic relation with an other crystalline
form. Note that the TG curves did not show any
weight loss before the melting of the poly-
morphs. Therefore, we do not expect solvates or
degradation to play a role of importance. These
DSC measurements give rise to several questions:
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1. Are the endothermic peaks in the DSC curves
at about 57 and 60 °C due to transitions to new
crystalline forms?

2. Why is the small endothermic peak in the DSC
curves so broad?

The first question will be addressed using high
temperature analysis (Raman, XRPD and SS-
NMR), whereas the latter is addressed using DSC
with repeated runs and controlled cooling runs.

3.3. High temperature analysis

Experiments at elevated temperatures were per-
formed for both polymorphs A and B, always on
the isolated solid state samples, using SS-NMR,
XRPD and Raman spectroscopy. Figs. 9 and 10
show the SS-NMR spectra at 90 °C of the two
forms A and B. The X-ray diffraction patterns at

elevated temperatures are shown in Figs. 4, 11 and
12 and the Raman spectra in Figs. 5 and 6. All three
techniques clearly show that the spectra and dif-
fractograms change when the samples are heated to
above 70 °C. Table 3 lists the positions of the
distinct signals of these spectra and diffractograms.
It can also clearly be seen that the high temperature
spectra and diffractograms are not identical to each
other and also not identical to the spectra and
diffractograms of neither form A nor B. These high
temperature polymorphs are from now on called
forms C and D. Also in all three techniques the
transition from A to C and from B to D occurs fast
(within a few minutes) and is reversible. Upon
cooling, the polymorphs C and D transformed back
to A and B, respectively.

A high temperature XRPD scan of form A
showed a broad phase transition from 65 to

0.5
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Fig. 5. Raman spectra (spectral region 32001400 cm ~ ') of polymorphs A (lower trace), B, C and D (upper trace).
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Fig. 6. Raman spectra (spectral region 1400—80 cm ~') of polymorphs A (upper trace), B, C and D (upper trace).

100 °C (Fig. 11). After cooling to room tempera-
ture the pattern of form A was observed again.
The phase transition from A to C is almost com-
pletely reversible because (only a few, or weak)
reflections of form C could be observed in the
pattern from the temperature cycled material. In a
second high temperature scan of the same sample
the phase transition from A to C was observed in
the temperature range from 50 to 70 °C. The
transitions observed in the two high temperature
measurements are in agreement with those in the
DSC experiments.

A high temperature XRPD scan of 90% form B
(batch VIII) showed a phase transition between
60 and 70 °C (Fig. 12). Close examination of the
high temperature XRPDs show that it is difficult
to distinghuish between the phase transition and
the shift of the peaks due to anisotropic expan-
sion (note: the sample is heated!). However, it is
clear that two new peaks appear at 26 of 4.0 and

12.12 at high temperature and the peak at a 20 of
16.89 disappear at high temperature (see Table 3).
Moreover, the DSC patterns (Figs. 13 and 14)
clearly show a endothermic effect just above
50 °C. We believe that these two observations
lead to the conclusion that there exists a high
temperature form D, which is distinct from low
temperature form B.

Because batch VIII contained a small amount
of form A (=& 10%) the high temperature phase of
batch VIII also contained a small amount of form
C. After cooling to room temperature the pattern
was identical to the pattern of the starting batch
VIII, leading to the conclusion that the phase
transition of form B—D is reversible. The second
high temperature XRPD scan of batch VIII is
identical to the first high temperature scan which
is in line with the second run of DSC. The ther-
mal effect observed with DSC that was attributed
to a relaxation process was not observed with
high temperature XRPD.
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Fig. 7. DSC curve (heating rate 5 °C/min) of form A (batch XII).
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Fig. 8. DSC curve (heating rate 5 °C/min) of form B (batch VIII).
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Fig. 9. SS-NMR spectrum of form C (batch XIVd at 90 °C).
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Fig. 10. SS-NMR spectrum of form D (batch VIII at 90 °C).

Figs. 13 and 14 (DSC) show that during the
first heating run the two transitions were rather
broad and the endothermic peak of form B
seemed to exist of two superimposed thermal
events. The exothermic peaks that were found
upon cooling support the enantiotropic relation
between the new crystalline forms and forms A

and B. The second run showed two rather sharp
endothermic peaks at approximately the same
temperature. The difference of the shapes of the
endothermic peaks of the first and second scan
was probably due to differences in disorder in the
crystalline state. Annealing a sample of form B at
50 °C, that is below the transition temperature of
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60 °C, resulted in a crystalline state without dis-
order and thus a sharp endothermic peak is ob-

served, see Fig. 14.

The relative stability’s of forms A-D can be
deduced from these experiments and have been
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indicated by Fig. 15. Polymorphs A and B are
formed directly upon crystallisation, whereas
polymorphs C and D can only be formed upon
heating forms A and B. Form C is obtained by
heating form A, and form D is obtained by
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Fig. 12. XRPD high temperature scan of form B. A phase transition is observed between 60 and 70 °C.
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Fig. 14. DSC curves (heating and cooling rate 10 °C/min) of form B; effect after heating to 50 °C.

heating form B. Both transitions are completely
reversible and occur around 60-70 °C. These
enantiotropic transitions are in agreement with
the endothermic transitions found by DSC. Sol-
vent mediated conversion experiments show that
at room temperature polymorph B transforms to

polymorph A, indicating that form A is thermo-
dynamically more stable.

The reversibility with hardly any hysteresis is
quite rare for organic crystals such as in this case.
The reason for this (almost) completely reversible
transition could be due to the same mechanism as
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Fig. 15. Thermodynamic stability of different crystalline
forms.

caused the disorder in the crystalline state of form
B. Since the disorder is easily removed by anneal-
ing the sample at 50 °C, there must be a low
energy barrier between the disordered and or-
dered state.

Finally, a schematic Gibbs free energy diagram
Fig. 16, can be drawn. This shows that below
approximately 70 °C polymorph A has the lowest
Gibbs free energy and above 70 °C polymorph C

1 melt
G

has the lowest Gibbs free energy. The melting
temperatures and enthalpies obtained by DSC
(Tables 1 and 2) are associated with forms C and
D. From these melting temperatures and melting
enthalpies it seems that the forms C and D have a
monotropic relation, that is form C is more stable
(has an higher melting temperature and higher
melting enthalpy) than form D. No conversion
from form D to form C takes place during the
applied measurement time.

4. Conclusions

Different analytical techniques, such as SS-
NMR, XRPD, Raman spectroscopy and DSC,
clearly show that Org 13011 exists as four poly-
morphs: two low temperature forms A and B and
two high temperature forms C and D.

Upon heating, forms A and B do not transform
into each other, but upon stirring a suspension of
a mixture of both forms in ethanol form B trans-
forms into form A. This shows that form A is the
most stable form in the temperature range from

1
140 T(C)

Fig. 16. Schematic free energy diagram of crystalline forms A, B, C and D.
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room temperature to reflux temperature. It has
been shown that forms A and C as well as forms
B and D have an enantiotropic relation. Both
transitions are reversible showing that only a
small difference in crystal structure exists.

The broad endothermic peak of form B indi-
cates a time dependent phenomenon (relaxation
process) that is, according to the XRPD analysis,
not related to a change in crystalline structure.
This effect is not shown by form A.
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