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ABSTRACT: The need for effective solid-form screening approaches, especially designed for the early discovery phases, is well
recognized within the pharmaceutical industry. Here we report on the early polymorphism and solvatomorphism evaluation of a
new drug candidate for selective R2C-adrenoceptor antagonists ORM10921 3HCl. The approach we use is based on the systematic
batch-to-batch characterization of the solids generated during the salt synthesis optimization. Within this study three crystalline
forms, two anhydrous and one hemihydrate, were discovered and identified by X-ray powder diffraction (XRPD), differential
scanning calorimery (DSC), and thermal gravimetry (TGA). Moreover, coupling the gravimetric vapor sorption analysis with a
conventional XRPD enabled the relative stability of these solid-state forms at ambient conditions to be established and the most
stable form, the hemihydrate, to be selected for further development. Hence, the utilized approach has proven to be an effective and
fast tool for initial polymorphism and solvatomorphism tendency evaluation of drug candidates. While it is not obvious that this
approach is sufficient for a comprehensive assessment of polymorphism, it demonstrates the importance of mindful solid-state
characterization during crystallization process development.

1. INTRODUCTION

The crucial need for exploring solid-state properties is com-
monly recognized in the pharmaceutical industry.1�3 Ideally, the
in vivo efficiency, pharmacokinetics, and toxicology studies
should be performed with the drug candidates that exhibit
optimal solid-state properties.4�6 As indicated by Huang and
Tong,5 themost appropriate time for finding a suitable solid form
is during the lead identification (LI) and lead optimization (LO)
phases of the drug discovery process. At the later stages, the
developability assessment criteria for new drug candidates are
applied to identify the potential challenges and even project
“stoppers” of the drug development.4,5,7 These criteria are
typically set to solubility and dissolution, hygroscopicity, stabi-
lity, and synthesis process scalability of the chosen solid-state
form. Estimation of scalability of the synthesis process and
physical stability includes evaluation of the tendency of a new
chemical entity to crystallize in different crystal forms, investiga-
tion of thermodynamic relationship between polymorphs and
solvates as well as relative stability of possible solid forms at
ambient conditions.5

A key element of the strategy to reduce the time required for
preclinical development is to link solid-form discovery with
formulation, formulation design, and manufacturing.1 According
to Byrn et al.,2 the most efficient way to speed up new drug
development is by means of accelerating the process of ‘proof-of-
concept’ (POC). Specifically, this acceleration can be achieved by
performing the best solid-form screenings as soon as the candi-
date has been selected. Knowledge about the polymorphism and

solvatomorphism tendency and solid-state properties of the new
candidate is of great importance for screening facilitation.

The polymorphism and solvatomorphism tendency has been
the subject of numerous investigations.8�16 It is traditionally
studied through crystallization from various solvents using
diverse temperature profiles and concentrations, as well as by
applying an additional thermal, pressure, or mechanical treat-
ment. Due to a limited amount of substance available at the early
discovery phases, most screening methodologies were adapted
for using small-scale crystallization volumes and miniaturized
analysis techniques.3,7,10,18,19 As a result, in all these approaches
designed for the early discovery phase, the crystallization condi-
tions differ significantly from those used in ordinary organic
synthesis processes. First, the crystallization experiments are
performed in very small (microliter scale) volumes, and second,
they typically do not involve any real synthesis. These small-
volume approaches have a tendency to produce metastable and
amorphous forms, as well as the mixtures of them.2 As a result of
which the most stable form can remain undiscovered. Conse-
quently, there is a practical need for development cost-effective
polymorphism and solvatomorphism tendency evaluation ap-
proaches directed on discovery of the stable solid form at
ambient conditions.

In this context, we have chosen a rational approach for the fast
initial polymorphism and solvatomorphism tendency evaluation
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tendency evaluation at the very beginning of the discovery
process. The systematic examination of solid state properties of
sequentially synthesized batches is mergedwith synthesis process
optimization thus enabling assessment of polymorphism and
solvatomorphism tendency on the real process scale. This
approach is schematically presented in Figure 1. Briefly, the
physical characterization of each fresh batch of a new substance is
performed by means of standard methods, X-ray powder diffrac-
tion (XRPD), differential scanning calorimetry (DSC), and
thermal gravimetric analysis (TGA). Simultaneously, in order
to evaluate the physical stability at high relative humidity, every
single batch is analyzed by the gravimetric vapor sorption (GVS)
method combined with XRPD and TGA analysis performed
before and after GVS. The final crystallization step of the
synthesis is adjusted until a stable solid form can be reproducibly
crystallized.

In this work, the approach presented in Figure 1 is applied to a
new chemical entity, ORM10921 (Figure 2). ORM10921 has
exhibited efficacy in rodent models predicting antipsychotic and
antidepressant activity20 and was under investigation as a new
drug candidate for selective R2C-adrenoceptor antagonists. This
molecule is basic and shows a low water solubility (7.5 μg/mL in
phosphate buffer at pH = 7.4). To enhance solubility of
ORM10921 base, the salt formation approach21,22 was em-
ployed, and a traditional hydrochloride (HCl) salt was synthe-
sized. Hence, the focus of this study was on polymorphism
and solvatomorphism tendency and stability evaluation of
ORM10921 3HCl, which was coupled with the early salt synth-
esis optimization.

2. EXPERIMENTAL SECTION

2.1.Materials.The basic drug substance candidateORM10921
(MW = 285.38), IUPAC name [1R*,12bR*)-(�)-1,3,4,6,7,12b-
hexahydro-1-methoxymethyl-1-methyl-2H-benzofuro [2,3-a]qui-
nolizine], and its hydrochloric salt were synthesized by Orion
Pharma, Finland. The absolute configuration was assigned by
optical rotation and later by single-crystal X-ray diffraction (see
Supporting Information). The optical purity of the material
was >97%.
2.2. Crystallization and Off-Line Analysis. The final step of

the synthesis involved the dissolving of the ORM10921 free base

in ethyl acetate or a mixture of ethyl acetate with another solvent,
followed by slow addition of 10% HCl solution in ethyl acetate
with a constant stirring rate. After accomplishing the salt
precipitation, the slurry was cooled in an ice bath for 3 h, filtered,
and washed in ethyl acetate with subsequent drying in vacuum at
elevated temperature. The ethyl acetate was chosen as organic
solvent because it has low toxicity and is volatile, and the free base
has high solubility in the solvent (>100 mg/mL) before the
counterion is added. The size of batches was 1 g. The batches
were crystallized in chronological order, and the adjustments of
the crystallization were made on the basis of the feedback of the
results of the phase composition and stability analysis as sche-
matically illustrated in Figure 1. The amount of material available
for solid-state analysis was about 50 mg. The rest of the material
was spent for other studies essential for the drug development.
2.3. Powder X-ray Diffraction (XRPD). For qualitative phase

analysis the conventional X-ray powder diffraction method was
used. Philips X’Pert PRO multipurpose θ�θ diffractometer
equipped with the RTMS (Real Time Multiple Strip) detector
and filtered KR radiation from Cu tube at 40 mA and 45 kV was
used for the qualitative phase analysis. Due to the limited sample
amount available, the powder sample was placed on a zero
background sample stage that is a single crystal of silicon cut
along a nondiffracting plane.
2.4. Gravimetric Vapour Sorption (GVS). The moisture

sorption�desorption isotherms were measured by the humidity-
and temperature-controlled microbalance system, Dynamic
Vapour Sorption (DVS 1, Surface Management Systems Ltd.).
The moisture sorption�desorption behavior of the samples was
determined by continuous measuring of the weight change of the
samples with two subsequent cycles of relative humidity (RH)
each starting from 0% to 95% and backward to 0% at 10% RH
steps using the equilibration condition for the mass change
dm/dt e0.0003% at each step. The RH generator automatically
advances to the next RH step when this condition is reached.
After the experiment the qualitative phase analysis was per-
formed by XRPD in order to detect possible moisture-induced
phase transformations.
2.5. Differential Scanning Calorimetry (DSC) and Thermal

Gravimetry (TGA).The differential scanning calorimetry (DSC)
and thermal gravimetrical analysis (TGA) were performed as
supporting methods for the solid-state characterization. Melting
behavior was analyzed by differential scanning calorimeter
(DSC821e, Mettler Toledo AG). Accurately weighed samples
of 1�3 mg were sealed in a perforated aluminum pan, and a
nitrogen purge with a flowing rate of 80 mL/min was used in the
furnace. The scans were performed, heating the sample from
25 to 240 �C with a heating rate of 10 �C/min.
Loss of weight was monitored with a thermobalance (TGA/

SDTA 851e, Mettler Toledo AG). Samples (∼5 mg) were
analyzed at a heating rate of 10 �C/min under nitrogen purge

Figure 1. Flowchart for early polymorphism and solvatomorphism
tendency and stability evaluation of a drug candidate.

Figure 2. Chemical structure of the investigational durg, ORM10921.
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(50 mL/min) between 25 and 300 �C. The weight loss between
36 and 180 �C was calculated.
2.6. Single-Crystal Analysis. The single-crystal X-ray diffrac-

tion data was collected using a Bruker Nonius (1998) single-
crystal X-ray diffractometer. The cell refinement and data
reduction were performed with DENZO and SCALEPACK
software. The software to solve the structure was SHELX97
and to refine the structure SHELS97.

3. RESULTS AND DISCUSSION

3.1. Batch-to-Batch Phase Composition. Initially, qualitative
phase composition analysis of the hydrochloric salt batches was
performed using X-ray powder diffraction patterns displayed in
Figure 3. On the basis of the XRPD results and complementary
analysis of thesebatches byGVSandTGA, the following three crystal-
line solid forms of ORM10921 3HCl were identified: (i) anhydrate
I (AHI), (ii) anhydrate II (AHII), and (iii) hemihydrate I (HH)
(Table 1). The properties of the discovered solid-state forms are
described in section 3.3. Moreover, as seen in Table 1, an amorphous
form (AM) was found in a number of the studied batches in variable
amounts. However, none of these batches was completely XRPD-
amorphous.
3.2. Moisture-Induced Crystallization of Batches Contain-

ing Amorphous Phase. According to XRPD results (Figure 3),
an amorphous form was found to be the predominant solid phase
for the initial three batches (B1, B2, and B3) (Table 1). The very
first batch, B1, demonstrated physical instability upon exposure
to conditions of high relative humidity, as revealed by GVS
analysis (Figure 4A). During the first cycle, the moisture sorption
curve yielded a rapid mass decrease at 55% RH, behaviour typical
for amorphous material that undergoes moisture-induced
crystallization.23�25 In such cases, the sudden weight drop is
associated with the expulsion of excess water by the material after
crystallization.23 In contrast, throughout the second sorption
run, the mass of the sample monotonically increases as a function
of RH, indicating a complete phase transformation to a more
stable crystalline form. The fact of a solid-phase transition
(crystallization) was further verified by XRPD (Figure 4B).
The TGA analysis of the sample after GVS showed the weight

loss of 2.8% (Table 1), which is most likely due to loss of water of
crystallization. This weight loss approximately corresponds to a
half of water molecule per molecule of ORM10921 3HCl.
Summarizing the results obtained, it was concluded that upon
exposure to moisture the amorphous material tends to crystallize
into a more stable crystalline form, a hemihydrate (ORM10921 3
HCl 3 1/2 H2O; hereafter denoted as HH).
The following two batches, B2 and B3, were produced by

varying drying temperature. The only change caused by lower
drying temperature of the batch B2 was significantly increased
TGA weight loss from 1.8 to 7.6%. With an elevated drying
temperature applied for the batch B3, a double effect was

Figure 3. XRPD patterns of ORM10921 3HCl batches classified on the
basis of the major phase present in the sample. The characteristic peaks
for HH and AHII are indicated by * and x, respectively.

Table 1. Results of batch-to-batch phase composition and physical stability studies

XRD GVS

batch solvent

drying temperature,

�C
major

phasea
minor

phase

crystallisation/transition

RH, %

phase composition

after GVS TGA weight loss, %

B1 ethyl acetateb 70 AMc HHþAHI 55/n.o. HH 1.8/2.8d

B2 60 AM HHþAHI 55/n.o HH 7.6

B3 90 AM AHI 55/n.o HH 1.2

B4 ethyl acetate abs. 90 AHI AM 55/40�60 HH 0.3

B5 ethyl acetate abs./ethanol abs. 70/30 70 AHII n.o. n.o/93 HH 0.1

B6 ethyl acetate/water 90/10 70 HH AM 55/93 HH 2.6

B7 70 HH n.o. n.o./93 HH 2.8

B8 70 HH n.o. n.o./93 HH 2.8
aThe “major phase” refers to a dominating solid phase present in the sample, while “minor phase” designates other solid phases identified by XRPD.
bThe water activity of the solvent was not controlled. c List of abbreviation used for solid-phase identification of ORM10921 3HCl: AM - amorphous,
AHI - anhydrous phase I, AHII - anhydrous phase II, HH - hemihydrate. dTGA analysis was performed also after GVS only for the batch B1.
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observed. First, the TGA weight loss was decreased to 1.2% and,
second, AHI (see section 3.3.1) was observed as a minor phase
impurity.
The major phase of these batches, however, remained pre-

dominantly amorphous, as indicated by amorphous halo and
relatively broad peaks on the XRPD patterns (Figure 3). This was
also supported by the similarity of the sorption�desorption
isotherms of the three batches, B1�B3. The only difference
between the isotherms was the maximum amount of moisture
uptake (mass change 4.5, 5.5, 8.2% for B1, B2, and B3,
respectively) before the crystallization onset at RH = 55%,
indicating an increasing amount of amorphous material present
in the sample.23�25 It should be emphasized that the crystal-
lization of amorphous phase in all cases starts at the same RH and
appears as a sharp drop of sample mass, which is best illustrated
by Figure 4A. This was also the case for the batches B4 and B6,
where the amorphous phase was found as a minor one but the
major crystalline components were different. The crystallization
of amorphous phase in these batches was clearly observed in the
GVS mass change curves (not shown). Due to low content of
amorphous phase in the batches B4 and B6 the crystallization is
not clearly visible in the sorption�desorption isotherms.
The molecule of the ORM10921 3HCl (Figure 1) contains

quinolizine rings and a freely rotating methoxymethyl group.
These structural elements may adopt several more or less stable
conformations, giving rise to an intrinsic flexibility of this mole-
cule. Consequently, ORM10921 3HCl can exist in multiple solid-
state forms due to possible conformational polymorphism,14,26

which can reduce the crystallization tendency.26 Indeed, the

results of X-ray structure analysis show that the unit cell of the
hemihydrate contains two independentORM10921molecules, as
visualized in Figure 5A. Due to the variation in the relative
position of methoxymethyl group, the two molecules adopt
different conformations. This provides a possible explanation
why our initial attempts to crystallize the salt resulted in pre-
dominantly amorphous material. Other reasons can be in
the presence of impurities in the batches. The chromatographic
purity of the batches has been determined to be between 97.5
and 98.6%.
3.3. Properties of the Discovered Crystalline Forms. 3.3.1.

Anhydrous Form AHI. First, two amorphous batches were found
to be contaminated with the hemihydrate form HH (Table 1).
This can possibly be attributed to the presence of some amount
of water in the crystallization solvent, ethyl acetate, which is
known to easily absorb moisture from the atmosphere.27 To test
this hypothesis, the subsequent batch, B4, was crystallized by
using dry ethyl acetate and by applying all possible precautions to
avoid its contact with the atmospheric moisture. As a result of
these adjustments, amorphicity of the batch B4 significantly
decreased (Figure 3 and 6B) so that the amorphous phase
became the minor one. Moreover, this batch was found to be
dominated by a new crystalline form of ORM10921 3HCl: AHI
(Table 1).
The TGA weight loss of the batch B4 was insignificant (0.3%),

leading to the conclusion that the major crystalline phase of these
batch is an anhydrate. The DSC traces yielded a single en-
dotherm with an onset at 199 �C (ΔHf = 65 J/g), which was
attributed to the melting of AHI (Figure 7).

Figure 4. Gravimetrical vapour sorption (GVS) results of the batch B1. (A) Mass change as a function of time and humidity. (B) Humidity-induced
solid-phase transformation in the sample revealed by XRPD (analysis performed before and after GVS analysis).

Figure 5. (A) Superimposition of two ORM10921 molecules showing differences in their conformations. (B)Water molecule position in hemihydrate.
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The distinct phase composition of batches B1�B3 and B4 was
also reflected as the differences in their moisture sorption kinetics
(Figure 6A,B). At relative humidity lower than 40% the moisture
uptake was slower for the batch B4. However, despite its
crystalline nature, the new crystalline form AHI was physically
unstable, as indicated by the recrystallization taking place at RH=
40�60% and seen as a stepwise jump of the sample mass on the
moisture sorption�desorption isotherms. Similar to the case of

the predominantly amorphous batches (section 3.2), the result-
ing crystalline phase was identified as HH (Table 1).
3.3.2. Anhydrous Form AHII. The subsequent batch B5 was

crystallized from a mixture of absolute ethyl acetate and absolute
ethanol (70:30) as a substitute to absolute ethyl acetate. This
slight alteration in the solvent composition caused a profound
effect on the crystallization outcome, giving rise to a new solid
phase. This single solid phase of batch B5 was identified as
another anhydrous (TGA weight loss ∼0%, Table 1) crystalline
form AHII (Figure 3). Among the previously described forms,
AHII was noted to exhibit the highest melting point (Tonset =
210 �C) and enthalpy of melting (ΔHf = 80 J/g) (Figure 7).
AHII was further readily differentiated by a distinctive profile

of the moisture sorption isotherm (Figure 6C). As opposed to
the earlier batches, it gained almost no moisture (<0.5%) in the
range of 0�90% RH, demonstrating relatively high physical
stability. However, a sudden weight increment of the sample
(about 2.5%) observed at 93% RH was indicative of a phase
transformation to a hydrate form. The total amount of water
uptake (2.5%) at this point was in a good agreement with the
stoichiometry of HH. Thereafter, phase transformation from
AHI to HH was verified by XRPD (Table 1).
3.3.3. Hemihydrate HH.The common tendency of all previous

batches to undergo a solid-phase transformation to HH suggests
a sufficiently high physical stability of this solid form. Hence, the
next three batches B6�B8 were designed for direct crystal-
lization of HH (Table 1).
The formation of the desired crystalline form,HH, was verified

by comparing the XRPD patterns (Figure 3) and the reference
material produced during GVS experiments (section 3.2). The
analysis of the XRPD patterns revealed no significant batch-to-
batch variations within batches B6�B8, apart from some traces
of amorphous material present in batch B6. The conclusion
about amorphicity was drawn on the basis of the GVS mass

Figure 6. Representative moisture sorption�desorption isotherms of ORM10921 3HCl batches studied by gravimetrical vapour sorption (GVS):
(A) predominantly amorphous phase AM, (B) anhydrate AHI, (C) anhydrate AHII, (D) hemihydrate HH. Only the first cycle is shown.

Figure 7. Typical DSC curves of the discovered crystalline solid forms of
ORM10921 3HCl: anhydrate AHI, anhydrate AHII, and hemihydrate HH.
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change curve yielding the sharpmass drop at RH= 55% (data not
shown).
The results of TGA and DSC analysis for batches B6�B8 also

supported the hemihydrate formation. In particular, the TGA
weight loss was 2.6�2.8%, corresponding to a half mole of water
per one mole of ORM10921 3HCl. On the DSC thermogram
(Figure 7), the dehydration was seen as a broad endotherm
between 90 and 130 �C and was followed by the melting endo-
therm at 140 �C.
The GVS analysis of batches B6�B8 proved HH to be a

relatively stable crystalline material (Figure 6D). First, the sorption
and desorption isotherms of these batches were almost identical
and exhibited no hysteresis. Second, the hydrate formation/dehy-
dration occurred at RH as low ase10%, and thereafter the changes
in the sample weight were insignificant (about 0.3%). Finally, it is
worth noting that, under the present experimental conditions, the
equilibrium water content for HH at 0% RH was approximately
1�1.5%. This was observed most clearly in Figure 4A, where the
sample weight change did not drop back to 0% in the beginning of
the cycle 2 (RH= 0%). Such behavior of the material indicates that
water molecules are tightly bonded by the crystal lattice. This
finding was later verified by single-crystal X-ray diffractometry
showing that in the HH crystal (Figure 5B) one water molecule
binds two different host molecules via H-bond formation with Cl�,
playing role of a binding agent in the structure.
To get better understanding of a hydrate formation potential

of ORM10921 3HCl, the Cambridge Structure Database (CSD)
search was performed for hydrates of HCl salts of organic
molecules that contain a tertiary N atom and the only ether’s
O atoms as H-bond acceptors. This search revealed that in all
such structures Cl� is the only structural element participating in
the formation of H-bonds with water. Overall, the Cl�was found
to accept as many as six H-bonds, which is exemplified, for
instance, by the crystal structure of VORMEU (CSD refcode). In
addition, water molecules are prone to form their own hydrogen-
bonding network. Taking into account these two factors, the
hydrates with higher numbers of water molecules can be
expected. However, only the lowest hydrate form, the hemihy-
drate (HH), was discovered within this study. Therefore, the
structural considerations dictate that a comprehensive poly-
morph and solvate screening should be performed at the later
development phases of the project in order to discover all
possible solid-state forms of ORM10921 3HCl.

3.4. Stability Relationships among the Discovered Solid
Forms of ORM10921 3HCl. In order to facilitate the process of
solid form selection for early drug development process, the
stability relationships among the four discovered solid forms of
ORM10921 3HCl—amorphous form (AM), anhydrate I (AHI),
anhydrate II (AHII), and the hemihydrate (HH)—were de-
duced by summarizing the results obtained in this study.
Overall, these four solid-state forms can be ranked with respect

to their physical stability at ambient conditions in the following
order: HH > AHII > AHI > AM. Consequently, due to the
superior relative stability of HH, the other three forms demon-
strated the propensity to convert into HH under the conditions
of high relative humidity, as schematically illustrated in Figure 8.
We note, however, that in the presence of hysteresis in the
sorption�desorption isotherms the critical water activity cannot
be exactly determined from the data, but the data still provide an
assessment of the kinetic stability. It should be underlined,
however, that the critical RH for crystallization of the amorphous
form was extrapolated on the basis of the GVS analyses of the
predominantly amorphous batches. The viability of such extra-
polation is supported by numerous previous reports, showing
that the critical RH for crystallization of amorphous material
remains constant irrespective of the amorphous content in the
initial material.
Furthermore, when comparing the thermal properties of the

two anhydrous forms, AHI (Tonset = 199 �C/ΔHf = 65 J/g) and
AHII (Tonset = 210 �C/ΔHf = 80 J/g), the higher melting
temperature and melting enthalpy of the form AHII were
noted. In accordance with the Burger�Ramberger rule28 this
is an indication of monotropically related polymorphs, with
the form AHII being a more stable anhydrous form at all
temperatures.

4. CONCLUSIONS

Fast and cost-effective assessment of polymorphism and
solvatomorphism tendency and physical stability of the new
drug candidate ORM10921 3HCl was accomplished. Within this
initial study, three crystalline forms, including two anhydrous
(AHI and AHII) and one hemihydrate (HH), were discovered.
Hence, the polymorphic and pseudopolymorphic tendency of
the molecule was ranked as high. Furthermore, the relative
stability of the discovered solid forms at ambient conditions was
established. The most stable form, the hemihydrate, was se-
lected for future development. The entire project has been
completed in three weeks. The procedure reported herein can
be also recommended for the evaluation of the polymorphism
and solvatomorphism tendency of new chemical entities
(“precandidates”) even prior to the final selection of a drug
candidate.
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