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Enzalutamide (Enz), sold under the brand name “XTANDI”, belongs to a group of drugs known as androgen
receptor inhibitors and functions by suppressing androgen’s actions, which in turn helps in treating
castrate-resistant prostate cancer. The current study focuses on the solvates and cocrystals of
enzalutamide. Firstly, we obtained single crystals of 1,4-dioxane (Dox) solvate in two different
stoichiometric ratios, Enz-Dox 1:0.5 and Enz-Dox 2:0.5. Based on this, we chose the coformer pyrazine
(Pyrz), which is structurally similar to the Dox solvate. Crystallization of Pyrz with Enz also yielded 1: 0.5 and
2:0.5 stoichiometries like the Dox solvate, but these existed as cocrystals (Enz-Pyrz 1: 0.5 and Enz-Pyrz 2:
0.5). Despite the solvate and cocrystal of the same stoichiometry (1:0.5/2:0.5) exhibiting identical sorts of
interactions, the inclusion of a coformer in the cocrystal prompted a few additional bonds to form, but the
overall crystal environment is still preserved. From the packing similarity analysis, it was found that Enz-Dox
1:0.5 and Enz-Pyrz 1:0.5 have similar packing indexes; however, the former generates a 2D hydrogen
bonded network and the latter leads to a 3D network. The same trend is observed in the cases of Enz-Dox
2:0.5 and Enz-Pyrz 2:0.5. Hirshfeld analysis was performed to evaluate the prominence of various
intermolecular interactions. Void map analysis enabled us to understand the roles of solvent and coformer
in the crystal packing. Periodic DFT computations and DSC studies were performed to correlate thermal
stabilities of solvates and cocrystals. Accelerated stability experiments revealed the better stability of
cocrystals over solvates. This study provides valuable insights into solvate formation, which can be used as
an effective strategy for attaining cocrystals with desired entities.
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preference for the pharmaceutical industries is to attain a novel
polymorph® (existence of a compound in several crystalline

Introduction

In the solid state, the active components of drugs (APIs) have
been extensively used in dosage forms such as tablets,
capsules, and powders in clinical circumstances. The first
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forms due to various packing configurations of its molecules in
the crystal structure) of an API for the earlier entry into the
market. Other possibilities include cocrystals® (crystalline
substances made up of multiple molecules arranged
stoichiometrically in a single crystal lattice) and solvate/
hydrates®* (crystallized solids in which a solvent/water fills the
structural gaps in a crystal), all of which require exploration
and profiling within the scope of the drug development
process. The emergence of multiple solid forms is an important
strategy for modifying the physicochemical properties of
organic components such as the permeability and
bioavailability,” hygroscopicity,® solubility’ and dissolution
characteristics,>® melting temperatures,’® and physical and
chemical stabilities."" Cocrystals, one of the many potential
solid forms, have recently received a lot of interest'>"® since
they can significantly increase the dissolution rate of nearly
insoluble APIs."**® At present, numerous types of drugs are
marketed that were designed to function as cocrystals, viz.,
Suglat®,"” Entresto®,'® and Steglatro®.' The accidental
formation of undesirable solvates can also be significant as
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such outcomes are frequently unanticipated and might alter a
product's physiochemical traits.”’>* Nonetheless, a few notable
marketed solvate medications are also available, including
warfarin sodium 2-propanol solvate,** darunavir ethanolate,*
dapagliflozin propanediol monohydrate,”® trametinib dimethyl
sulfoxide solvate,”” and indinavir sulfate ethanolate.?® In recent
years, researchers have displayed interest towards solid forms
that are easily solvated; one prominent example is
sulfathiazole.***° In certain situations, the desolvation of
solvates may result in the formation of unique polymorphs that
cannot be achieved by standard crystallization procedures.*' >’

During the development process, co-crystals/solvates are
mixed with various types of additives and subjected to varying
humidity and temperature conditions. In rare cases, stability
may be compromised, resulting in a sudden phase transition
or disintegration into its parent components, namely, the API
and co-former (physical mixture or desolvated form).***’
Cocrystal dissociation occurs in the solid state at high
temperature and relative humidity (RH).>**” Investigating the
stabilities of cocrystals and solvates is an important process,
since it helps to prevent unexpected solid forms from forming
once a drug is accepted.*®

This study is an extension of a continual attempt to find
more pharmaceutically relevant solid forms of enzalutamide
and to investigate a potentially vast solid-phase environment
of the drug. Enzalutamide®® (a BCS class II medication) is a
nonsteroidal antiandrogen (NSAA) medicine marketed under
the trade name Xtandi and used to treat prostate cancer.***
After chemotherapy, men with metastatic castration-resistant
prostate cancer who take the oral AR (androgen receptor)
inhibitor enzalutamide are predicted to live longer.”
Enzalutamide has been described in a variety of solid forms,
including polymorphs,*® solvates®** (ethanol and methanol),
and as a cocrystal with saccharin.® In this contribution, we
study the structural features of enzalutamide with solvate
and cocrystal. First, we utilized 1,4-dioxane solvent to obtain
Enz solvate crystals. Later, we selected the coformer pyrazine
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Fig. 1 Chemical structures of enzalutamide, 1,4-dioxane and pyrazine.
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which is similar to 1,4-dioxane (O atom is substituted by N)
for crystallization with Enz (Fig. 1). The pyrazine base is a
part of many physiologically active chemicals, including
several licensed pharmaceuticals and drugs that are now in
advanced phases of clinical trials,* and it may also be
employed as a flavoring component.*® Pyrazines and
pyrazine-based compounds are often found in nature.*” The
incorporation of isostructural additives (1,4-dioxane/pyrazine)
yielded different outcomes which were fully investigated in
the current study. The current study focuses on the design of
cocrystals of enzalutamide based on the formation of solvates
with a molecular replacement strategy.

Materials and methods
Compounds and solvents

Enzalutamide (C,1H;6F4N,0,S, 98%) was procured from M/s.
Spectevo Technologies Pvt.,, Ltd., Hyderabad, India, and
pyrazine (C4H,N,, >99%) was purchased from Sigma-Aldrich,
India. The solid compounds and solvents were of analytical
or chromatographic grade and were utilized as received
without any additional purification.

Crystallization experiments

Enz-Dox 1:0.5. 20 mg of Enz was dissolved in 1 ml of Dox
in a small sample vial which was later placed in a larger
weighing bottle containing 3 ml of cyclohexane and closed
with a lid. This lid was sealed with a parafilm sheet.
Crystallization was facilitated by the vapor diffusion of
cyclohexane into the Dox solution. Single crystals suitable for
data collection appeared after 7 days. The following
procedure was used to prepare the pure bulk material: 100
mg of Enz was added to 150 ul of Dox in a 10 ml culture tube
and was later left as slurry at room temperature for 2 days.
After drying for 12 hours, the sample was subjected to PXRD
analysis to confirm phase purity.

Enz-Dox 2:0.5. Enz (20 mg) was dissolved in 1 ml of Dox
under hot conditions at 80 °C and left for slow evaporation at
room temperature with a parafilm cover. Crystals formed
within 4 days. Phase-pure bulk material preparation: 100 mg
of Enz was dissolved in 3 ml of Dox, and then Millipore water
(an antisolvent) was added dropwise to it, which led to the
formation of a white precipitate in a 10 ml RBF. This was
stirred at room temperature for 48 hours. Then it was
filtered, and the residue was dried for 12 hours at RT and
characterized by PXRD.

Enz-Pyrz 1:0.5

Preparation of phase-pure bulk material and single crystals.
Enz (100 mg) and Pyrz (51.73 mg) were taken in a
stoichiometric ratio of 1:3, added to 200 pl of acetone, and
left stirring at room temperature for 18 h. The slurry material
was then dried for 12 hours. A few single crystals were
observed in the powder, which was used for low-temperature
data collection. The powder was subjected to PXRD analysis
to confirm phase purity.

This journal is © The Royal Society of Chemistry 2024
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Enz-Pyrz 2:0.5. Enz (100 mg) and Pyrz (17.24 mg) were
taken in an equimolar ratio and dissolved in 3 ml of acetone.
Good-quality single crystals ideal for data collection were
obtained in 3 days. The following procedure was chosen to
obtain a phase-pure bulk material: 100 mg of Enz and 17.24
mg of Pyrz were taken in a 10 ml culture tube and 150 pl of
acetone was added. The mixture was stirred under ambient
conditions for 24 hours. The slurry material was dried for 12
hours and subjected to PXRD analysis.

Single crystal and powder X-ray diffraction

The grown crystals were screened using the polarizing
microscope (LEICA S8APO), and a good-quality crystal was
selected for data collection. A Bruker D8 QUEST instrument
with an IuS Mo micro source (2 = 0.7107 A) and a PHOTON-
III detector was used to collect data at a low temperature
(100(2) K). The raw data frames were processed, and
absorption corrections were applied using the Bruker Apex 3
software suite programs.**>° The intrinsic phasing method
was implemented to determine the structure, and refinement
was carried out by the SHELXL program.>’ H atoms attached
to the N atoms of Enz and Pyrz were found from the Fourier
density map, and their site coordinates and isotropic thermal
parameters were refined. C-bound H atoms were located in
difference density maps but were positioned geometrically
and included as riding atoms, with C-H = 0.93-0.98 A,
Uiso(H) = 1.5U¢4(C) for methyl H atoms and 1.2U.q(C) for all
other H atoms. The fluorine atoms (F2/F3) of the -CF3 group
of Enz-Dox 1:0.5 were disordered over two positions, and
their occupational factors were refined to 0.535(18) and
0.465(18). In Enz-Pyrz 1:0.5, the F1/F3 atoms of the -CF3
group were disordered over two positions, and their
occupational factors were refined to 0.50(3) and 0.50(3). The
C10A/F1A/F2A/F3A atoms of the -CF3 groups of Enz-Dox 2:
0.5 and Enz-Pyrz 2:0.5 were disordered over two positions
whose occupational factors were refined to 0.572(3)/0.428(3)
and 0.843(4)/0.157(4), respectively. The fluorine atom (F4A) of
the benzyl ring of Enz-Dox 2:0.5 and Enz-Pyrz 2:0.5 was
disordered over two sites, and their occupational factors were
refined to 0.553(3)/0.445(3) and 0.574(3)/0.42(3), respectively.
Crystal data information is mentioned in Table S1.f PLATON
software®® was used to calculate the hydrogen bonds, which
are tabulated in Table S2.f Figures were generated using
DIAMOND 4 software.”> CCDC numbers 2350853-2350856
for Enz-Dox 1:0.5, Enz-Dox 2:0.5, Enz-Pyrz 1:0.5 and Enz-
Pyrz 2:0.5.

Powder X-ray diffraction (PXRD) measurements were
performed in Bragg-Brentano (reflection) geometry on a
Bruker D8 Advance Davinci with a Cu X-ray source and
LYNXEYE XE-T detectors. Plate sample holders were
utilized to place the samples, and 15 rpm rotation was
used during the measurements. Simulated PXRD patterns
were obtained using Mercury Software®® from the room-
temperature fast scan single crystal data and compared
with bulk PXRD patterns.

This journal is © The Royal Society of Chemistry 2024
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Hot Stage Microscopy (HSM)

A polarizing microscope (model LEICA S8APO) attached to a
Linkam hot stage (model LTS420) was used to observe the
melting patterns of the obtained solid forms of Enz. The
heating temperatures (30 °C to 250 °C) and heating rate (5 °C
min™') were maintained according to DSC experimental
conditions using Link software. As the temperature rose, the
observable changes in the crystal's morphology were
recorded.

Differential scanning calorimetry (DSC)

The DSC analysis of the cocrystal and solvate was performed
using a TA Instruments Discovery DSC 250 and Mettler
Toledo DSC-1 STARe instrument. The sample was placed in
an aluminum sample pan and heated over a temperature
range of 30-250 °C at a heating rate of 5 °C per minute.

Thermogravimetric analysis (TGA)

A Hitachi TG/DTA 7300 instrument was used for the analysis
in the 30-250 °C temperature range with a ramp of 5 °C
min~' under continuously purged nitrogen flow (50 mL

min ") for the solvates.

Fourier Transform Infrared Spectroscopy (FT-IR)

The IR analysis of cocrystals, solvates, Enz and Pyrz was
performed using a Jasco FI/IR-4600 equipped with
attenuated total reflectance (ATR) along with zinc selenide
crystals. The finely ground samples were used for analysis
from 4000 cm™ to 600 cm™" with a resolution of 4 cm ™.

Hirshfeld surface analysis

Crystal Explorer v.17.5 (ref. 55) software was utilized to carry
out the Hirshfeld surface analysis.>® The surface resolution
was set to ‘Very High’. The distances from the Hirshfeld
surface to the nearest nuclei outside and inside the surface
(de and di, respectively) were plotted into a 2D fingerprint
map, and the contributions from the contacts between
different atom pairs were evaluated.

Physical stability of solvates and cocrystals at different RH
values

Powders of the solvates and cocrystals were analyzed on the
day of preparation and kept in closed glass desiccators
containing saturated salt solutions of sodium chloride (70-
75% RH) and potassium nitrate (90-95% RH) at 40 + 2 °C.

Computational studies

Periodic DFT computations were performed using
CRYSTAL17 software®” at the B3LYP-D3 (BJ,ABC)/6-31G(d,p)
level of theory.”®®! It has been demonstrated that this level
of theory provides reliable and consistent results in studying
the non-covalent interactions in organic crystals.®>** Atomic
positions from the SC-XRD experiments were used for SCF

CrystEngComm, 2024, 26, 3851-3866 | 3853
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computations and quantum topology analysis of periodic
electron density, with hydrogen atom positions normalized to
the standard X-H distances from neutron diffraction data.
The CRYSTAL parameters describing the level of accuracy in
evaluating the Coulomb and Hartree-Fock exchange series
were set to 7 7 7 7 15. The tolerance on energy controlling
the self-consistent field convergence was set to 10 *° hartree.
The mixing coefficient of Hartree-Fock/Kohn-Sham matrices
was set to 25%. The shrinking factor of the reciprocal space
net was set to 4.

The crystal lattice energy (Ep..) of the multi-component
crystal was estimated as the difference between the sum of
total electronic energies of the isolated molecules E™®' and
the total energy of the multi-component crystal E“YS
calculated per asymmetric unit with respect to basis set
superposition error (BSSE).*®

n Ecryst
Ejart = ZE?]O] - 1)
i=1

The stabilization energy of the hypothetical unsolvated
forms E{S°Y was calculated as the difference between the
sum of the total electronic energies of the isolated Enz
molecules Efyn, and the total energy of a crystal with
second component molecules removed EqYa,  per

asymmetric unit with respect to BSSE.

m Ecryst
desolv __ mol _ ~desolv
Elatt - Z Ei,Enz VA (2)

=1

The solvent binding energy Eninq was calculated as the
difference between the lattice energies of the multi-
component crystal and the desolvated crystal.

_ desolv
Ebind = Etaet ~ Elate (3)

In another approach, Epi,q was estimated using the non-
covalent interaction energies calculated in Crystal Explorer
v.15.1.°° The crystal structure with normalized X-H distances
was used as the input, and the interaction energies between
the solvent molecule(s) and the surrounding molecules
within the 18 A range were computed using the standard CE-
B3LYP method. The Ey;,q value was then derived as a sum of
pair interaction energies with respect to symmetry.

Quantum topology analysis of non-covalent interactions in
the considered solvates was performed in Topond software®®
currently implemented into the CRYSTAL suite. The search
for (3, -1) critical points was performed using a standard
algorithm, and the following quantities were computed in
the critical point: the electron density py, its Laplacian Vo,
and the positively defined local electronic kinetic energy Gy,
The interaction energy of a particular hydrogen bond, Ejy,
was estimated using the correlation equation proposed by
Mata et al.®’

Eine (K] mol™) = 1124-Gy, (atomic units) (4)
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Results and discussion
Development and description of cocrystals and solvates

The slow evaporation and vapour diffusion methods were
employed to obtain multi-component crystalline forms of
enzalutamide using Dox and Pyrz which resulted in solvates
Enz-Dox 1:0.5 and Enz-Dox 2:0.5 and cocrystals Enz-Pyrz
1:0.5 and Enz-Pyrz 2:0.5, respectively. All these forms were
successfully reproduced in bulk scale (Fig. S1-S4}). Both the
solvent and coformer have two acceptors (O and N). Even
though one is aromatic (1,4-dioxane) and the other is non-
aromatic (pyrazine), the final outcomes, viz., space group,
PXRD patterns and stoichiometries, are similar for the newly
obtained solvates and cocrystals.

The first crystallographic studies of Enz were investigated
by Lucia Maini et al.** and deal with Enz form I, a solvate
(formic acid, methanol, or water) and a substitution impurity
(O-enzalutamide). Apart from this, solvate (EtOH), cocrystal
and coamorphous forms with saccharin have also been
determined by our group,® paving the way for the first-ever
cocrystal and coamorphous forms of Enz.

Crystal structure analysis

Enz-Dox 1:0.5. The asymmetric unit of Enz-Dox 1:0.5
consists of one molecule of Enz and half a molecule of Dox
solvate (occupies an inversion centre) and crystallizes in the
triclinic P1 space group (Fig. 2). The amide group of Enz is
connected to the Dox solvate through the N3-H3N---O3 bond.
Two sets of homo dimers, namely C-H---O and C-H---S, were
formed via (C12-H12C---02, C18-H18---01) and (C5-H5---51)
interactions, and their motifs are R3(10) and R3(14),
respectively. The C-H---O and C-H---S dimers of Enz are
interlinked together, which in turn forms a tetrameric unit of
motif R3(28). On the other hand, C-H---O dimers of Enz are
connected to Dox molecules, which together form a
hexameric unit of motif RY(38) (Fig. 3). In the crystal packing,
Enz molecules are interlinked with each other, forming a
one-dimensional chain along the b-axis. The Dox solvate
bridges this one-dimensional chain with the adjacent chain,
thereby extending them into a two-dimensional hydrogen-
bonded sheet.

Enz-Dox 2:0.5. Enz-Dox 2:0.5 has two molecules of Enz
(suffixed with A and B) and a half-molecule of Dox solvent
(occupies an inversion center) in the asymmetric unit and
crystallizes in the triclinic P1 space group (Fig. 4). The amide
group of Enz molecule A is connected to the Dox solvate via
N3A-H3NA---O3. Three sets of heterodimers were observed
between Enz molecules A and B via (N3B-H3NB:---O2A,
C15B-H15B---S1A), (C15B-H15B:-S1A, C6A-H6A---O1B) and
(C12A-H12C---O2B, C18B-H18B:--O14A) interactions whose
motifs are R3(16), R3(13) and R3(10), respectively (Fig. S5%).
Additionally, Enz molecules A and B are connected via the
C2A-H2A---O2B interaction. Enz molecule B is connected to
its symmetry-related molecule via C13B-H13F---N4B, which
is further extended as an infinite chain along the c-axis. In
the crystal packing, Enz molecules A and B are interlinked

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 ORTEP diagram of Enz-Dox 1:0.5 showing the atom-labelling scheme. Displacement ellipsoids were drawn at 50% probability level.
Hydrogen bonds are shown as dashed lines. Unlabeled atoms were generated by the symmetry -x, -y + 1, -z + 1.

Fig. 3 Crystal packing of Enz-Dox 1:0.5 showing dimeric and hexameric units which form a two-dimensional hydrogen-bonded network. H
atoms that are not involved in hydrogen bonding have been omitted for clarity. Hydrogen bonds are shown as dashed lines.

with each other and form a one-dimensional chain along the Enz-Pyrz 1:0.5. Enz-Pyrz 1:0.5 crystallizes in the triclinic
a-axis. Further, Dox solvate bridges Enz molecule A and helps  P1 space group and contains one molecule of Enz and half a
to extend it into a two-dimensional hydrogen-bonded  molecule of Pyrz (occupies an inversion center) in the
network (Fig. 5). asymmetric unit (Fig. 6). The unit cell dimensions (Table S17)

This journal is © The Royal Society of Chemistry 2024 CrystEngComm, 2024, 26, 3851-3866 | 3855
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Fig. 4 ORTEP figure of Enz-Dox 2: 0.5 showing the atom-labelling scheme. Displacement ellipsoids were drawn at 50% probability level. H atoms
that are not involved in hydrogen bonding have been omitted for clarity. Hydrogen bonds are shown as dashed lines. Unlabeled atoms were

generated by the symmetry x + 1, -y + 2, -z + 1.

and PXRD patterns (Fig. S61) are similar to those of the Enz-
Dox 1:0.5 structure.

The amide group of Enz is connected to the Pyrz
molecule through the N3-H3N---N3 bond. Three sets of
homodimers, viz., C-H:--O (C12-H12C---02 and C18-
H18--01), C-H-S (C5-H5:S1), and C-H-F (C15-
H15:--F4), were observed between symmetry-related Enz
molecules with motifs R3(10), R3(14), and R3(8), respectively
(Fig. S7t). Two sets of tetramer units were formed by the
interlinkage of (C-H---O, C-H---S) and (C-H---O, C-H-‘'F)
dimers, whose motifs were found to be Rj(28) and Rj(24)
respectively (Fig. S8tf). These dimers and tetramers
aggregate the Enz molecules into a two-dimensional
hydrogen-bonded sheet. The Pyrz molecule connects Enz
molecule dimers formed by the C-H:--O hydrogen bond, in
turn forming a hexameric unit with motif Rg(38)
encapsulated between C-H:-'F dimers (Fig. S9f). In the
crystal packing, both the Enz and Pyrz molecules are
interlinked by N-H:-*N, C-H---O, C-H---S, and C-H:-'F
hydrogen bonds, which leads to the formation of a three-
dimensional hydrogen-bonded network (Fig. 7).

Enz-Pyrz 2:0.5. The asymmetric unit of Enz-Pyrz 2:0.5
has two molecules of Enz (suffixed with A and B) and

3856 | CrystEngComm, 2024, 26, 3851-3866

a half molecule of Pyrz (occupies an inversion center)
and crystallizes in the triclinic P1 space group (Fig. 8).
The unit cell lengths (Table S1f) and PXRD pattern (Fig.
S101) of Enz-Pyrz 2:0.5 are similar to those of the
Enz-Dox 2:0.5 structures. However, their unit cell angles
are different. The amide group of Enz molecule A is
connected to the Pyrz molecule via the N3A-H3NA---N5
bond. Three sets of heterodimers were formed between
Enz molecules A and B via (N3B-H3NB---O2A and C15B-
H15B---S1A), (C15B-H15B---S1A and C6A-H6A---O1B) and
(C12A-H12C---O2B, C18B-H18B:--O1A) interactions with
motifs R3(16), R3(13), and R3(10), respectively (Fig. S11%).
Additionally, Enz molecules A and B are connected via
the C2A-H2A---O2B bond. Enz molecule B is connected
to its symmetry-related molecule via C13B-H13F---N4B,
further extending as an infinite chain along the b-axis. The
Pyrz molecule bridges two symmetry-related Enz A molecules,
which in turn leads to the formation of a tetramer of motif
R3(38) via C22-H22---F2A and N3A-H3NA---N5 hydrogen
bonds (Fig. S127).

These dimers and tetrameric units are aggregated to form
a two-dimensional hydrogen-bonded sheet. In the crystal
packing, Enz molecule A is connected to Enz molecule B via

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Crystal packing of Enz-Dox 2: 0.5 showing dimeric units and interactions of solvate molecules which aid in forming two two-dimensional
hydrogen-bonded networks. H atoms that are not involved in hydrogen bonding have been omitted for clarity. Hydrogen bonds are shown as

dashed lines.

C-H---O and C-H---S bonds, and the Pyrz molecule being
encapsulated connects to Enz molecule A through N-H--'N
and C-H--F bonds. These interactions aggregate into a
three-dimensional hydrogen-bonded network (Fig. 9).

Crystal packing similarity and structural comparison

68-72 73-75

Solvates and cocrystals of organic compounds
frequently exhibit the phenomenon of isostructurality. In the
present work, the packing similarity is determined using Enz
as a base molecule. The CrystalCMP’® program was used to
assess the molecular packing of the Enz solvates and
cocrystals (Fig. S13t). From the analysis, it is very clear that
packing similarity is observed between the Enz-Dox 1:0.5

This journal is © The Royal Society of Chemistry 2024

and Enz-Pyrz 1:0.5 crystal structures. Similarly, the crystal
structures of Enz-Dox 2:0.5 and Enz-Pyrz 2:0.5 show
identical packing. However, there is no packing similarity
between the Enz-Dox 1:0.5/2:0.5 (solvate) and Enz-Pyrz 1:
05/2:0.5 (cocrystal) systems.

In the crystal packing of Enz-Dox 1:0.5 solvate, dimeric
units (C-H---O and C-H--*S), tetrameric units, and hexamers
lead to the formation of a 2D network, whereas in the case of
Enz-Pyrz 1:0.5 cocrystal, dimers (C-H---O, C-H--‘F and C-
H---S), tetramers (C-H---O/C-H---S and C-H---O/C-H-*"F) and
hexamers aid in forming a 3D network. The crystal structure
of Enz-Dox 2:0.5 consists of dimers formed by N-H-:-O, C-
H---S, and C-H---O interactions which form a 2D network.
On the other hand, the Enz-Pyrz 2:0.5 cocrystal system has
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Fig. 6 ORTEP diagram of Enz-Pyrz 1:0.5 showing the atom-labelling scheme. Displacement ellipsoids were drawn at 50% probability level.
Hydrogen bonds are shown as dashed lines. Unlabeled atoms were generated by the symmetry -x + 2, -y + 1, -z + 1.

Fig. 7 Crystal packing of Enz-Pyrz 1:0.5 showing the fusion of Pyrz molecules in between C-H---F dimers and the generated hexameric unit, which
helps in forming a three-dimensional hydrogen-bonded network. H atoms that are not involved in hydrogen bonding have been omitted for clarity.
Hydrogen bonds are shown as dashed lines. The green color represents the Enz molecule, and the blue color represents the Pyrz molecule.

dimers and tetramers formed by N-H:--O, C-H---O, C-H""'S,
and C-H--‘F which are aggregated together to form a 3D
network. In conclusion, the solvated forms (Enz-Dox 1:0.5
and Enz-Dox 2:0.5) generate a two-dimensional hydrogen-
bonded network, whereas the cocrystal systems (Enz-Pyrz 1:
0.5 and Enz-Pyrz 2:0.5) are aggregated into a three-
dimensional network. Although similar types of interactions
were observed in both multi-component crystals, a few
additional bonds in the Enz-Pyrz cocrystals make a
significant difference in the crystal packing.

3858 | CrystEngComm, 2024, 26, 3851-3866

Void map analysis

Voids constitute distinct cavities that are commonly observed
in host-guest combinations. These cavities are sometimes
empty but are more frequently filled with solvent or other
guest molecules.””””® The computations of void map analysis
(probe radius: 1.2 A, grid spacing: 0.3 A) in the crystals
confirmed that in all the newly obtained structures, solvent/
coformer molecules were trapped in the closed cavities,
forming a continuous chain of closed voids along the b-axis.
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Fig. 8 ORTEP diagram of Enz-Pyrz 2:0.5, showing the atom-labelling scheme. Displacement ellipsoids were drawn at 50% probability level.
Hydrogen bonds are shown as dashed lines. Unlabeled atoms were generated by the symmetry -x, -y, -z + 1.

In the cases of Enz-Dox 1:0.5 and Enz-Pyrz 1:0.5, the voids
constitute 10.6% and 10.4% of the cell volumes, respectively.
This fact indicates that the cavities occupy a sizable portion
of the cell volume, which hints that the solvent/coformer
molecules have an easy path of escape (Fig. S14 and S157).
On the other hand, only 6.1% and 6.6% of the unit cell
volumes were occupied by solvent/coformer molecules in the
Enz-Dox 2:0.5 and Enz-Pyrz 2:0.5 systems, respectively. In
these cases, the excess space was occupied by extra
enzalutamide molecules, making it difficult for the solvent/
coformer molecules to escape (Fig. S16 and S177).

Conformational analysis

The torsion angles C6-C1-N1-C9 (¢;) and C2-C1-N1-C7 (¢,)
provide insight into the orientation of the trifluoromethyl
substituted phenyl ring (C1-C6) when compared to the
thioxoimidazolidine ring (C7-C9/N1/N2); all the molecules in
the newly obtained crystals exhibit syn-clinal orientation
(£30-90°) except Enz-Pyrz 2:0.5 molecule A, which adopts
anti-clinal (+90-150°) and syn-clinal conformations (Table
S37). The conformation of the thioxoimidazolidine ring with
respect to the fluorine-substituted phenyl ring (C14-C19) can
be seen from the torsion angles C15-C14-N2-C8 (¢;) and

This journal is © The Royal Society of Chemistry 2024

C19-C14-N2-C7 (t4). For all the newly obtained solid forms,
t; and ¢, exhibit anti-clinal conformations except for Enz-Pyrz
2:0.5 molecule A, which adopts syn-clinal orientation. The
C16-C17-C20-N3 (¢5) torsion angle can be used to determine
the amide group's conformation in relation to the fluorine
atom; all the solvate and cocrystal molecules acquire syn-
clinal orientation, except for Enz-Pyrz 1:0.5 molecule A
adopting anti-clinal conformation. The overlay illustrates
clear differences in the molecular orientations of the newly
obtained forms, viz., Enz-Dox (1:0.5, 2:0.5) and Enz-Pyrz
(1:0.5, 2:0.5), which were compared with previously reported
forms,®**** viz., Enz parent, Enz-R2, Enz-EtOH, and [Enz +
Schr]y (1:1) (Fig. S187).

Thermal analysis

DSC, TGA, and HSM analyses were performed to understand
the thermal behavior of the newly obtained solvate and
cocrystal systems. The corresponding results are tabulated
(Table S47). The DSC thermograms of solvates Enz-Dox 1:0.5
and Enz-Dox 2:0.5 showed desolvation at peak temperatures
of 113.20 °C and 141.48 °C and complete melting at 199.93
°C and 200.24 °C, respectively (Fig. 10). The HSM data also
comply with the above findings, in which the desolvation
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Fig. 9 Part of the crystal packing of Enz-Pyrz 2:0.5 showing N-H:--O, C-H---O, C-H---F, C-H:-'S interactions between Enz and Pyrz molecules,
which in turn aid in forming a 3D network. H atoms that are not involved in hydrogen bonding have been omitted for clarity. Hydrogen bonds are

shown as dashed lines.

process ranges from 94 °C to 114 °C and 130 °C to 142 °C,
with complete melting at 203 °C and 205 °C, respectively

(Fig. S19t). For additional confirmation of these desolvation
processes, single crystals of the solvated forms were heated
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Fig. 10 DSC data of newly obtained solvates/cocrystals.
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to their corresponding desolvation temperatures and
subjected to unit cell determinations. This step provided
valuable insights into the thermal characterization of the
solvates and revealed that the desolvated crystals covert into
their stable parent form without any other phase transition.
The TGA results of Enz Dox 1:0.5 and Enz-Dox 2:0.5
revealed experimental weight losses of 8.20% and 4.77%,
respectively, which are similar to the theoretical values of
8.66% and 4.73% (Fig. 11).

The DSC data of the cocrystals Enz-Pyrz 1:0.5 and Enz-Pyrz
2:0.5 showed endothermic peaks around 118.88 °C and 151.68
°C (Tpear) and complete melting at 199.34 °C and 200.55 °C,
respectively. The DSC plot of the Enz parent form showed a
single endothermic peak at 200.48 °C (undergoes direct
melting), whereas Pyrz showed two endothermic events, ie.,
melting at 53.23 °C and evaporation at 107.85 °C. Hence, in the
case of the cocrystal, the above findings indicate the occurrence
of cocrystal dissociation at the first endotherm, where Pyrz is
sublimed and the remaining traces of Enz are melted in the
latter event. In order to gain additional evidence for the
cocrystal dissociation process, single crystals of Enz-Pyrz 1:0.5
and Enz-Pyrz 2:0.5 were heated to 120 °C and 155 °C under
the control of HSM and subjected to unit cell determinations
which confirmed the conversion of the cocrystal into the Enz
parent. PXRD data (performed after cocrystal dissociation) also
comply with the above findings (Fig. S207).

In accordance with the above-discussed thermal
investigations, the following conclusions can be drawn: in
the case of solvate/cocrystal systems, viz., Enz-Dox 1:0.5/
Enz-Pyrz 1:0.5, the solvate/coformer desolvates/sublimes
faster compared than in Enz-Dox 2:0.5/Enz-Pyrz 2:0.5 due
to the presence of loosely packed channels.

Physical stability of cocrystals and solvates

Samples were kept under accelerated stability conditions (70—
75% RH, 90% RH) at 40 °C for four weeks to determine the
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Fig. 11 TGA data of solvates.
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physical stability of the cocrystal (Enz-Pyrz 1:0.5, Enz—Pyrz 2:
0.5) and solvate (Enz-Dox 1:0.5, Enz-Dox 2:0.5) systems.
PXRD analysis was utilized to evaluate the sample stability at
predetermined intervals of time (7 days, 14 days, and 30 days).

It was revealed that the solvated form Enz Dox 1:0.5 was
unstable and converted to Enz form I at both 70-75% and
90% RH conditions within a week (Fig. S21t). Enz-Dox 2:0.5
was stable for at least 1 week at 70-75% RH and started to
show a few peaks (20 = 13.083) of Enz form I within two
weeks; after that, it remained concomitant throughout the
experiment (four weeks). The same trend was followed for
the 90% RH condition (Fig. S22+).

Enz-Pyrz 1:0.5 was found to be stable for at least two
weeks under both conditions; however, by four weeks, it had
converted to Enz form I (Fig. S23t). On the other hand, Enz-
Pyrz 2:0.5 was stable upon storage for up to 4 weeks at 70-
75% and 90% RH conditions and was later found to have few
traces of Enz form I under both conditions (Fig. S247).

From the above findings, it can be stated that the solvated
form Enz-Dox 1:0.5 converts to Enz form I in the early stages
(within a week), whereas the Enz-Dox 2:0.5 form requires a
longer period for the conversion (two weeks) under both RH
conditions. The Enz-Pyrz 1:0.5 cocrystal system was stable
for up to two weeks and later converted to Enz form I by the
end of the stability experiment (four weeks), whereas Enz-
Pyrz 2:0.5 was stable for up to four weeks. Hence, it can be
concluded that Enz-Pyrz 2: 0.5 possesses longer stability than
the Enz-Dox (1:0.5 and 2:0.5) and Enz-Pyrz 1:0.5 systems.

IR spectroscopy

Vibrational spectroscopy provided more details on the
structural characteristics of the cocrystals, Enz-Pyrz 1:0.5
and Enz-Pyrz 2:0.5 and solvates Enz-Dox 1:0.5 and Enz-Dox
2:0.5. It is evident from the IR spectra (Fig. S25 and S267)
that the most significant bands in Enz appeared at 3434 cm™"
(N-H stretching), 2236 cm™ (C=N stretching), 1767 cm™
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(carbonyl C=O0 stretching), and 1662 cm™" (secondary amide
C=O0 stretching). Pyrz has frequency values of 1488 cm™
(C=N stretching), 1412 cm™ (C-H bending), and 3082 cm™
and 3004 cm™" (C-H aromatic stretch). The N-H stretching
value shifted to 3299 ecm™ in Enz-Pyrz 1:0.5 and 3351 cm™'/
3301 cm ™" in Enz-Pyrz 2:0.5 (due to the presence of two N-H
groups). In the case of the solvates, it shifted to 3352 cm™ in
Enz-Dox 1:0.5 and 3344 cm™' in Enz-Dox 2:0.5. No
significant changes were observed in the C=N stretching in
either cocrystals or solvates; it appeared at ~2230 cm ', as
similar hydrogen bond interactions were found compared to
the Enz parent. The carbonyl C=O0 stretching values shifted
to 1756 cm /1752 cm™" in the cocrystals and 1750 cm™/1752
em " in the solvates from 1767 cm™'. Secondary amide C=0
stretching frequencies were observed at 1662 cm™' in Enz-
Pyrz 1:0.5 and 1664 cm ™ in Enz-Dox 1:0.5; due to the
presence of distinct intermolecular interactions, it was
shifted to 1653 cm ™" in both the Enz-Pyrz 2: 0.5 and Enz-Dox
2:0.5 forms. The appearance of lower wave numbers in
cocrystals/solvates (N-H stretching and C=0 stretching) is a
clear indication of the participation of intermolecular
hydrogen bonding interactions, which is in accordance with
the crystal structure analysis.

Hirshfeld analysis

To offer additional insights into the intermolecular
interactions,”® a Hirshfeld surface analysis and fingerprint
plot were generated for all the forms presented in this work
using Crystal Explorer software (version 17.5).

In Enz-Dox 1:0.5, F---H contacts account for the majority
of the contribution, which is 20.2% in Enz and 28.4% in Dox
molecules. This might be due to the C-H:*-F hydrogen bond
interactions. The next notable contribution is from O---H,
which occupies 14% (Enz) and 16.5% (Dox) of the Hirshfeld
surface area, and this can be attributed to the major
interactions involving C-H---O and N-H:--O bonds. H:--H/
N---H contacts occupy 22.8%/9.4% of the surface in Enz and
41.9%/0.2% in Dox molecules, respectively. The lowest
occupancy of N---H contacts in the Dox molecule is due to
the absence of N-H:-N interactions. C:--H contacts occupy
11% and 9.2% of the surface area in both molecules. In Enz-
Dox 2:0.5, major contributions come from F---H, O---H, and
H--*H contacts. For F---H contacts, Enz molecule A has
20.6%, Enz molecule B has 16.5%, and Dox has 29.6%, which
indicates the significance of C-H--‘F interactions. For O---H
and H---H contacts, Enz molecule A occupies 15.7%/23.8%,
Enz molecule B occupies 12.7%/23.5%, and Dox occupies
15.9%/39.3% of the surface area. This is due to the
participation of C-H---O and N-H--O interactions. N---H and
C--‘H contacts occupy 7.6%/7.8% (Enz molecule A), 9.9%/
13.3% (Enz molecule B), and 9.4%/0% (Dox).

In Enz-Pyrz 1:0.5, the Pyrz has more F---H (25.8%) and
N---H (19.2%) compared to Enz, which has 20.5% and 11.8%.
The prominent occupancy is due to the higher number of C-
H--F and N-H---N interactions. H---H contacts occupy 20.9%
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in Enz and 27.4% in Pyrz molecules, respectively. C---H/O---H
contacts occupy 11.8%/11.6% in the Enz molecule and 16.5%
of C---H contacts in the Pyrz molecule. The lowest occupancy
of O---H contacts is due to the absence of N-H:--O bonds. In
Enz-Pyrz 2:0.5, the notable contributions are coming from
F--H (17.7%/14.7%/24.4), N---H (9.8%/9.6%/20.5%), and
O---H (13.8%/12.7%/0%) contacts in Enz molecule A/ Enz
molecule B/ Pyrz, respectively. H---H contacts occupy 21.9%/
23.8/28.9% of the surface. C:--H contacts contribute 9.7%/
13%17.2% of the Hirshfeld surface area, due to the
involvement of C-H---O, C-H---F, and N-H---N interactions.
In the Enz parent, F---H contacts occupy the majority of
the surface area, i.e., 24.4%, which reveals the significance of
C-H:--°F interactions. The next prominent occupancy is from
H---H contacts (19.2%). Both C---H and N---H contacts
occupy similar surface areas (14.3%). O---H contacts
contribute 9.4% of the Hirshfeld surface area (Fig. S277).

Computations of crystal lattice energy and its constituents

As shown by DSC, the multi-component crystals with Dox
and Pyrz at the same stoichiometry demonstrate different
thermal stabilities (Table S4,f Fig. 10). This observation
implies that the difference in solvent/coformer molecules
significantly impacts the packing forces in the crystals
without changing the geometry of the crystal. In order to
elucidate the origin of the difference in packing energies
among the studied multicomponent crystals, a set of
computational studies was performed to estimate the crystal
lattice energy and contributions from non-covalent
interactions between Enz and the solvent/coformer. Three
complementary approaches were applied to fulfill this task,
namely periodic DFT-D3 computations, QTAIMC analysis of
individual non-covalent interactions and the parametrized
CE-B3LYP force field from the Crystal Explorer framework.

From the data provided in Table S5,f one can see that the
results of the DFT-D3 and CE-B3LYP methods are consistent
with each other, while the energies derived from QTAIMC
differ considerably from the rest. This phenomenon may be
due to the fact that QTAIMC is known to underestimate the
interaction energy for weak non-directed dispersive
interactions, which are responsible for at least 26% of the
lattice energy in the considered crystals (bottom three rows
in Table S8t). It is also worth noting that the molecules of
the second component within the loosely packed chains are
in fact separated by fragments of Enz molecules, since no
intermolecular contacts between two Dox/Pyrz molecules
were observed by QTAIMC.

According to DFT-D3 and CE-B3LYP calculations, the Enz-
Dox 1:0.5 solvate has higher lattice energy compared to the
Pyrz cocrystal of the same stoichiometry. Meanwhile, the
packing energies of the 2:0.5 crystals differ by no more than
3 kJ mol™, which is lower than the error of theoretical
estimation.

As the data in Table S51 show, the binding energy of the
second molecule is higher in Dox solvates than in Pyrz
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cocrystals. The decomposition of interaction energy into
individual interaction energies within the QTAIMC
framework reveals that the main contribution of the Enz-
Dox/Pyrz interactions comes from C-H---X contacts between
donor C-H groups of the second component and X = O/N/F/
S/m acceptors of Enz (Table S6t). Since the Dox molecule
contains twice as many C-H groups capable of forming
H-bonds with nearby Enz molecules, the total energy of weak
C-H---X interactions is higher in Dox solvates; however, the
higher polarity of the C-H bonds in Pyrz results in higher
energy per single interaction (3-7 vs. 3-9 kJ mol ™). Of the C-
H---X contacts, C-H---F interactions are the most numerous
and have the largest contribution to lattice energy in the 1:
0.5 crystals, which agrees with the results of the Hirshfeld
surface analysis. In the 2:0.5 crystals, this contribution is
comparable with that from C-H---O/N H-bonds.

To account for the difference in the boiling temperature
between pure Dox and Pyrz, we introduced the Ty corr
quantity, which is equal to the difference between the
desolvation temperature of a solvate observed by DSC (T4esolv)
and the boiling point of the pure second component (T}

Td,corr = Tdesolv ~ Thoil (5)

For Enz-Pyrz cocrystals, the decomposition temperature
Taissoc 1S used instead of Tgegoly-

Td,corr = Taissoc ~ Thoil (6)

A correlation was found to exist between T4 .o+ and the lattice
energy of a hypothetical desolvated crystal consisting of only
Enz molecules (Ef5°"Y) (Fig. 12). In all crystals considered, the
molecules of the second component are located in isolated
cavities. The observed correlation suggests that the desolvation

process in isolated-type crystals depends mainly on the
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breaking of the Enz-Enz intermolecular bonds rather than on
the breaking of the non-covalent bonds between Enz and the
second component. Partial disruption of the Enz framework is
required to provide the escape route for Dox/Pyrz molecules. It
is interesting that pure Enz form I formed during the
desolvation/decomposition of the considered two-component
crystals is not isostructural to any of them; therefore, the
rearrangement of the molecules is required to form a stable
crystalline form from desolvated Enz frameworks.

Conclusion

In this work, structurally similar compounds 1,4-dioxane
(Dox) and pyrazine (Pyrz) were chosen to produce multi-
component systems with enzalutamide (Enz), which resulted
in two solvates, Enz-Dox 1:0.5 and Enz-Dox 2:0.5, and two
cocrystals, Enz-Pyrz 1:0.5 and Enz-Pyrz 2:0.5. Structural
analysis revealed that the solvated forms generate a two-
dimensional hydrogen-bonded network, while the cocrystal
systems aggregate into a three-dimensional network. The
void analysis shows closed void spaces for both solvates and
cocrystals. However, the presence of an additional Enz
molecule in 2:0.5 and more intermolecular interactions
make the solvate/cocrystal more binding compared to the 1:
0.5 ratio. DSC results also show higher desolvation/
dissociation temperatures for solvate/cocrystals in 2:0.5
systems. According to the stability studies performed under
accelerated conditions (70-75%, 90-95% RH) at 40 °C, the
Enz-Pyrz 2:0.5 form possesses longer physical stability
compared to other forms. FT-IR spectroscopy disclosed major
shifts in the frequency values of N-H stretching and C=0
stretching, which further confirmed the formation of multi-
component systems via various intermolecular interactions.
Thermal studies revealed the phase transformation of
solvates/cocrystals to Enz form I after being desolvated or

354
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Fig. 12 Correlation between the theoretical lattice energy of the desolvated multicomponent crystals of Enz estimated by DFT-D3 computations (a) or
CE-B3LYP method (b) and the difference between the desolvation temperature of a crystal and boiling temperature of the pure second component.
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dissociated, which is in line with the HSM experiments. It is
evident from the Hirshfeld analysis that the majority of the
surface area was occupied by F---H, followed by N---H and
O---H contacts, which indicates the involvement of C-H--F,
N-H---O, and N-H---O interactions. Analysis of contributions
to the lattice energy based on QTAIMC pair interaction
energies revealed a correlation between the thermal stability
of the multi-component crystal and the lattice energy of the
hypothetical unsolvated crystal, suggesting that the
desolvation process in isolated-type crystals depends mainly
on the breaking of the Enz-Enz intermolecular bonds rather
than on the breaking of the non-covalent bonds between Enz
and the second component. The present study showcases the
design of cocrystals based on the structural similarity
concept. Further, this work provides valuable insight into the
development of cocrystals on the basis of solvate formation.

Data availability

Single-crystal X-ray crystallographic information files (CIF's)
were deposited with Cambridge Crystallographic Data Center
with CCDC numbers 2350853-2350856 for solvates and
cocrystals of enzalutamide.f
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