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Abstract

Crystal structures for the commercial monohydrate form and an anhydrate form of dasatinib, an
oral anti-cancer agent, are presented along with characterization by Raman spectroscopy, powder
X-ray diffraction, differential scanning calorimetry, and thermogravimetric analysis. Solubility
measurements conducted in water reveal the anhydrate has dramatically improved solubility
compared to the commercial hydrate form. Finally, dasatinib is a rare example of a promiscuous
solvate former and the basis for this behavior can now be understood by examining the poor
packing efficiency in the unsolvated form.

INTRODUCTION

The pharmaceutical behavior of hydrates has become the subject of increased attention over
the last decade.1™ One third of active pharmaceutical ingredients (APIs) are capable of
forming hydrates during pharmaceutical processing, potentially leading to altered
performance of the drugs.® Hydration and dehydration of substances can occur either in
response to changes in environmental conditions or during processing.” These variations
may result in dosage variations impacting drug bioavailability.2 The U.S. Food and Drug
Administration (FDA) requires identification, characterization, and analysis of the stable
form of a drug.8 Thus, solid form screening is needed in the early stages of drug
development and more importantly during pharmaceutical processing where factors such as
pressure, temperature, and humidity can alter the crystalline form of the AP1.° Many drugs
form stable hydrates, some of which can be dehydrated by simply heating or treatment under
reduced pressure. After dehydration the anhydrate phase may become thermodynamically
unstable and revert to the hydrate in ambient conditions.19 Hence, it can be challenging to
formulate such drugs as anhydrates unless alternative routes to prepare pure and stable
anhydrate phases can be uncovered.

Dasatinib [N-(2-chloro-6-methylphenyl)-2-[[6-[4-(2-hydroxyethyl)-1-piperazinyl]-2-
methyl-4-pyrimidinylJamino]-5-thiazole carboxamide monohydrate] is a potent, orally
active, multitargeted inhibitor of several critical oncogenic kinases which was developed by
Bristol-Myers Squibb.11-14 Dasatinib (DAS) was approved by the FDA in 2006 and is sold
under the trade name Sprycel.1> DAS is a poorly water soluble drug and commercial DAS is
a monohydrate (Figure 1) with solubility of 8 wg/mL at 24 °C.16
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In this study, an anhydrate phase of DAS is characterized which shows better solubility than
the commercial hydrate form. DAS is prone to solvate formation and inclusion of solvents
decreases void space in the crystal (vide infra). Thus crystallization of the anhydrate phase
from common solvents is a major challenge. We were able to crystallize DAS as a pure
anhydrate phase and single crystal X-ray structures of both anhydrate and hydrate form were
determined for the first time offering insight into the solvation behavior of this important
drug. Additionally both anhydrate and hydrate forms were characterized by Raman
spectroscopy, powder X-ray diffraction (PXRD), differential scanning calorimetry (DSC),
and thermogravimetric analysis (TGA). Solubility measurements on the commercial form
and anhydrate phase in water shows that the anhydrate has a major solubility advantage over
the commercial form.

RESULT AND DISCUSSION

Crystallization

The commercial hydrate modification of DAS is stable at ambient conditions. DAS is
slightly soluble in ethanol, methanol, acetone, and acetonitrile. Crystallization in common
organic solvents yields DAS as a solvated form.17-20 We obtained DAS anhydrate by
heating a sample of commercial DAS at a rate of 5 °C/ min. to 130 °C on a hotstage or in an
oven for 2 hours and then allowing the sample to cool. Though this dehydration procedure
converts the hydrate form to anhydrate, some decomposition is observed when the
temperature exceeds 100 °C. Several attempts were made to crystallize DAS anhydrate from
methanol, ethanol, 2-butanol, ethyl acetate, acetonitrile, acetone and other common organic
solvents. Solvent combinations were also used for the crystallization experiments.
Ultimately the pure anhydrate was obtained by dissolving DAS in a solvent combination of
acetone/2-butanol (3:1) or acetone/methanol (3:1) followed by evaporation under ambient
conditions. Pure DAS monohydrate was obtained by crystallization from hot water/ethanol
followed by evaporation. The anhydrate phase completely converts to DAS monohydrate if
the sample is suspended in water for 4-5 days.

Initial characterization of DAS phases was carried out with Raman spectroscopy. Both the
commercial hydrate and anhydrate phases have several characteristic peaks in 1400-1700
cm-1 region (Figure 2). Further differences between hydrate and anhydrate phases were
detected in the region from 2800-3300 cm in which C-H vibrations from the aromatic ring
and O-H stretching are observed (Figure S1 and Peak list Table S1, supporting information).

Powder X-ray Diffraction

Microcrystalline samples of hydrate and anhydrate DAS phases were characterized by
PXRD to ensure phase identity (Figure 3). DAS hydrate has relatively more reflections and
sharp peaks than the anhydrate. Characteristic peaks of hydrate observed at 4.6, 9.6, 11.2,
12.3,13.7, 15.2, 18.0, 19.1, 19.5, and 23.5 26 compared to anhydrate which has
characteristic peaks at 6.8, 12.3, 13.1, 13.7, 16.7, 24.3, 24.8 26. Both powder diffraction
patterns are very distinctive and the reflections of each form are summarized in Table S2
(supporting information). PXRD data of both hydrate and anhydrate DAS phases match well
reports in the patent literature.1’

Structural Aspects

Growing suitable single crystals of DAS for structure determination proved challenging due
to the propensity of both anhydrate and hydrate phases to form small crystals with extensive
twinning and modest crystal quality; despite these challenges, we were able to determine the
crystal structure for both hydrate and anhydrate phases for the first time. DAS anhydrate
crystallizes in the monoclinic crystal system and solved in the space group £21/n, whereas
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the hydrate phase is orthorhombic in Aoca (Table 1). DAS molecules have a very high
degree of torsional freedom. An overlay of the two symmetry independent molecules from
the crystal structures show that they posses markedly different conformations (Figure
4).21. 22 crystallographic disorder superimposing positions of —Cl and —Me group is
detected in both the crystal structures. Figures throughout this paper present only the major
conformer. Simulated PXRD patterns from these structures are in good agreement with the
experimental powder patterns (Figure S2 and S3, supporting information).

DAS anhydrate and hydrate display completely different packing motifs consistent with
introduction of water molecules disrupting the hydrogen bonding interactions. The basic
building block for DAS anhydrate is a dimer formed through N-H---N interactions of graph
set R»2(8) as shown in figure 5a. In DAS hydrate this dimer is different. Due to introduction
of water, one DAS is shifted and two DAS molecules are held together by two water
molecules acting as bridges (Figure 5b). This cluster can be considered as the basic building
block for the hydrate packing. Both N-H---O and O-H---O hydrogen bonding are involved
in formation of this cluster.

As expected from the basic building units, the three dimensional packing motifs of DAS
hydrate and anhydrate are quite different. In DAS anhydrate dimers pack in a herringbone
fashion (Figure 6a), whereas in the 3D packing of DAS hydrate, molecules arrange in layers
along the ac plane and water molecules reside in the hydrophilic channels (Figure 6b). Water
molecules are bound in between DAS molecules with N-H---O and O-H---O hydrogen
bonding interactions. The percentage of void space in molecular crystal can be quantitatively
measured through calculating packing coefficients.23 The density and packing efficiency of
DAS hydrate is 5.3 % and 6.6 % more than the anhydrate form implying that hydrate has
much more efficient packing (Table 1 and Figure 7). In this context it is interesting to note
that computationally removing water from the hydrate phase, without allowing structural
relaxation, yields a hypothetical anhydrate with a density of 1.338. Remarkably, this is more
dense than the anhydrate phase (1.313) suggesting that reorganization to a less dense phase
is favored by considerations beyond simple close packing.

Crystallization experiments in different organic solvents confirmed DAS is promiscuous
solvate former.24 Lattice parameter comparison of DAS solvates with the anhydrate (Table
S3, supporting information) indicates that they are isostructural and is consistent with
inclusion increasing packing efficiency (Figure 7). This observation fits a model for
promiscuous solvate formers of inefficient packing of the pure form.24 Propensity towards
solvate formation in DAS has been documented in several patents.17-20. 25-27 More than 45
solvates reported in recent patents are listed in Table S4 (supporting information).

Thermal Analysis

TGA analyses were performed on DAS hydrate and anhydrate phase from room temperature
to 350 °C. The hydrate was found to lose water between 60-100 °C (Figure S4, supporting
information). The mass change of 3.51% confirms the stoichiometric ratio of one mole water
per mole DAS (theory: 3.56%, with respect to the mass of the monohydrate). DAS
anhydrate does not show mass loss prior to melting.

Hydrate and anhydrate phases were analyzed by DSC (Figure 8). DAS hydrate displays two
endothermic events upon heating. The first endothermic transition is observed between
90-130 °C and is associated with water loss whereas the second event is centered at 286 °C
in accordance with melting. These events were also confirmed by hot stage microscopy and
variable temperature Raman spectroscopy (Figure S5, supporting information). DAS hydrate
completely transformed to anhydrate at 90-130 °C as evidenced by the Raman peak shifts
upon heating. DSC analysis of DAS anhydrate reveals a single endothermic effect centered
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at 285 °C indicating the melting point; no other phase transformations were observed during
heating either by DSC or through variable temperature Raman spectroscopy (Figure S6,
supporting information).

Equilibrium Solubility Measurement

Since solubility and drug dissolution are related to drug absorption,28: 29: 30 3 Jarge number
of studies have focused on the effect of hydrates/anhydrates on solubility and/or
dissolution.2 Equilibrium solubility of DAS hydrate and anhydrate were analyzed in water at
23 +1 °C. The anhydrate has better solubility in water than the hydrate phase (Figure 9).
However, over a period of 24 hours DAS anhydrate slowly starts transforming to hydrate in
water. Raman spectroscopy confirmed the identity of the residual solid, indicating
transformations from anhydrate to hydrate during the experiment. The equilibrium solubility
anhydrate/hydrate ratio was estimated to be ~2.4 with some uncertainty arising in this
number due to variable kinetics of nucleation and growth for the hydrate (Figure 9).
Measuring solubility differences in samples equilibrated by shaking led to much faster
dissolution and differences is solubility that were more dramatic (> 3 fold) accompanied by
more rapid transformation of the anhydrate to hydrate in both water and phosphate buffer
saline (PBS pH 7.4) solution (Figure S7 and S8, supporting information). As the anhydrate
form can produce much more concentrated solutions of DAS over sustained times, it may be
a better candidate for formulation of this important drug than the currently used DAS
hydrate.

CONCLUSION

In the present study two modifications of DAS, a hydrate and an anhydrate, were
characterized and their physiochemical relationships established. Moreover crystal structures
of both modifications were determined. DAS readily incorporates water or organic solvents
in its crystal lattice during processing or crystallization and this promiscuous solvation
behavior is driven by close packing considerations. Bulk access to a pure and stable
anhydrate modification of this compound was achieved through mixed solvent systems.
DAS anhydrate obtained in our present study is stable and has major solubility advantages
that may motivate using this form over the commercial hydrate modification in future
formulations of this important oral anti-cancer agent.

EXPERIMENTAL

Materials

Commercial DAS monohydrate (> 99% purity, ChemieTek, Indianapolis, IN) was used as
supplied.

Raman Spectroscopy

Raman spectra were recorded on a Renishaw in Via Raman Microscope equipped with a
20x objective and utilizing a 647 nm laser. The scan range was 100-3600 cm™1, using 5
scans of 60 seconds acquisition time each per spectrum. Samples were analyzed on an
aluminum foil holder and a silicon standard was used for calibration of the instrument.
Variable temperature Raman spectroscopy was performed using a Linkam LTS 350 hotstage
equipped with a TMS 94 controller. Samples were analyzed using a 647 nm laser and a scan
range 100-3600 cm1. The heating rate was controlled using Renishaw Wire 2.0 software.
The initial temperature was set at 30 °C and a spectrum was acquired every 5 °C with a
heating rate of 2 °C/min up to 230 °C. All the spectra (40-45 acquisitions) acquired were
plotted using Renishaw software.

Cryst Growth Des. Author manuscript; available in PMC 2013 April 04.
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Single Crystal X-ray Diffraction

The sample for single crystal X-ray diffraction of DAS anhydrate was obtained by
dissolving DAS in a solvent combination of acetone/methanol (3:1) followed by evaporation
under ambient conditions. DAS hydrate samples for single crystal X-ray diffraction were
obtained by dissolving DAS in hot water/methanol followed by evaporation at room
temperature.

Single crystal X-ray diffraction measurements were conducted on a Rigaku R-AXIS
SPIDER diffractometer with an imaging plate area detector. Graphite monochromated Cu-
Ka radiation (1.5406 A) was used with data collection 95 K. The structures were solved by
direct methods and expanded using Fourier techniques. An empirical absorption correction
was applied to the structure. All calculations were performed using the CrystalStructure3!
crystallographic software package except for refinement, which was performed using
SHELXL-97.32 Additional refinement details are provided in supporting information.

Powder X-ray Diffraction

Powder X-ray diffraction (PXRD) patterns were collected at ambient temperature using a R-
AXIS SPIDER diffractometer with an imaging plate area detector and graphite
monochromated Cu-Ka radiation (1.5406 A). Samples were mounted on a cryoloop and
images were collected for five minutes while rotating the sample about the ¢-axis at 10°/sec,
oscillating w between 120° and 180° at 1°/sec and @ fixed at 45°. Images were integrated
from 5° to 50° with a 0.05° step size using AreaMax software. Powder patterns were
processed in Jade Plus to calculate peak positions and intensities.

Thermomicroscopy

A Mettler Toledo FP82HT hotstage using an FP 90 control processor was used for
thermomicroscopy. The sample was observed under polarized light with a Leica DMLP
microscope. Initially samples were heated from 30 to 300 °C at a rate of 5 °C/min. The
transformation product was then identified using Raman and PXRD. The hotstage was
calibrated using a caffeine standard.

Thermogravimetric Analysis (TGA)

TGA was performed on a TA Instruments Q50 TGA. Samples were heated at a rate of 10
°C/ min from room temperature to 350 °C. Calibration of the instrument was performed
using nickel and alumel standards.

Differential Scanning Calorimetry (DSC)

DSC was performed on a TA Instruments DSC Q10. Samples were placed in hermetic
aluminum pans and sealed using a TA crimper. The temperature range was 25-350 °C with a
heating rate of 10 °C/min. The DSC was calibrated using an indium standard.

UV absorbance Measurements

The optical absorbance of DAS hydrate and anhydrate in water was monitored in situ over
time using an Agilent 8453 UV-visible spectrometer at 23 £1 °C. The wavelength of
maximum absorbance (Amax) of DAS in water is 325 nm. A time-dependent absorbance
curve was used to determine the absorbance at equilibrium. Sample equilibrated in water
and phosphate buffer saline (PBS) solution by shaking on an orbital shaker with 130 strokes/
min and sample allowed to settle before absorbance measurements.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Molecular structure of Dasatinib (DAS) hydrate : N-(2-chloro-6-methylphenyl)-2-[[6-[4-(2-
hydroxyethyl)-1-piperazinyl]-2-methyl-4-pyrimidinylJamino]-5-thiazole carboxamide
monohydrate.
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Figure2.
Raman spectra of hydrate and anhydrate form DAS.
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PXRD pattern of hydrate and anhydrate phases of DAS.
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Figure4.
Overlay of unique molecules in the crystal structure of DAS hydrate (green) and anhydrate
(red).
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(b)

Figure5.

(a) Presence of N—H---N hydrogen bonding dimer /»2(8) motif observed in anhydrate form.
(b) Introduction of water molecules changes the hydrogen bonding in DAS hydrate. Both N—
H---O and O-H:---O hydrogen bonding are present in the hydrate form.
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Figure6.
Three dimensional packing of (a) anhydrate phase view down g-axis and (b) hydrate phase
view down b-axis.
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Figure8.

DSC profile of DAS hydrate showing water loss at 90-130 °C before melting at 286 °C.
DAS anhydrate does not undergo any phase transition before melting.
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Equilibrium solubility of anhydrate and hydrate phase of DAS in shows anhydrate is 2.4

times more soluble than hydrate.
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Summary of crystallographic data for the hydrate and anhydrate form of DAS.

Table 1

Hydrate

Anhydrate

Chemical Formula
Formula Weight
Crystal dimensions (mm)
Crystal system
Space Group
a(A)
b(R)
c(A)
a(’)
B()
7()
V(A3
P
4
Peald
GOF
R
wWR, [for (1) > 20(1)]
72
Reflections
Measured
Independent

Observed

C22H28N7030|S

0.12x0.10%0.02
Orthorhombic
Pbca

13.8657 (3)
9.2077 (2)
37.9347 (8)
90.00

90.00

90.00

4843.17 (18)
1

8

1.388

1.047

0.0905

0.2370

2.532

22537
4227
2354

C22H26N702C|S

0.47x0.09%0.04
Monoclinic
P24/n
14.1400 (7)
8.1804 (4)
22.1356 (12)
90.00
105.415(3)
90.00
2468.3 (2)

1

4

1.313

1.116
0.0846
0.2413
2.435

11928
4437
3763
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