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ABSTRACT: Crystal form screen of the anticancer drug Dabrafenib (DBF) was performed
using a wide range of non-polar aprotic, polar aprotic and polar protic solvents. Extensive
crystallization in these solvent systems produced three crystal forms (I, IT and III) of the drug,
a monohydrate, an isomorphous peroxo solvate, and eight different solvates with ethyl
acetate, dichloromethane, chloroform, carbon tetrachloride, 1,1,2,2-tetrachloroethane,
tetrachloroethylene, benzene, and anisole of DBF. Surprisingly no solvates were crystallized
with alcohol solvents attempted. The novel crystalline forms were characterized by single-
crystal X-ray diffraction (SC-XRD) or Structure Solution from Powder Data (SSPD). The
neutral drug derived from the mesylate salt of DBF by neutralization (form Ia) and the
crystallized form I exhibited almost similar powder X-ray diffraction (PXRD) line pattern but
their differential scanning calorimetry (DSC) thermograms comparison showed significant
differences. Thus, the structure of microcrystalline powder form Ia was solved from SDPD
reflections showed the same molecular packing but conformational strain compared to form I
(structure by SC-XRD). The relative stability of the drug polymorphs was calculated using
dispersion-corrected density functional theory with an intramolecular conformationall energy
correction. The calculations suggest that form II is the most stable polymorph and form III,
form I and form Ia are progressively less stable. Residual water content analysis of the
isomorphous peroxosolvate showed that it is a mixed hydrate/peroxosolvate with ~9.5%
water occupancy quantified by *'P NMR analysis of the peroxosolvate content using
triphenylphosphine oxide. The supramolecular analysis and molecular packing of DBF
crystal forms suggests that the molecule has a propensity to form solvates with aprotic
solvents and more specifically with chlorohydrocarbons. With its high molecular flexibility, a
prolific solvate potential and drug polymorphism, the present work opens opportunity for
further solid form landscape study of the popular anticancer drug Dabrafenib.

1. Introduction

Solid form screening and selection of the optimal active pharmaceutical ingredient (API)
formulation during process development is a crucial step in the pharmaceutical industry.'”
Polymorphs and solvatomorphs (including hydrates) are the general outcome of solid crystal
form exploration and play a vital role in drug discovery and pharmaceutical development



because of the unique physicochemical properties of the desired crystalline form, such as
color, melting point, solubility, stability, bulk density, flow properties and bioavailability.*®
Generally, the most stable crystal form at ambient temperature is preferred in the drug
formulation. Therefore, solid forms of APIs are screened through crystallization using a
number of different solvents at ambient conditions, along with crystallization at high pressure
and through sublimation or from the melt is also employed to widen the search.>" In
addition, self-assembled monolayers (SAMs) and confinement in media are used to induce
nucleation and control polymorphism.'®'® These and other modern techniques are reported to
solve novel crystal structures and achieve records in high number of polymorphs discovery.'*
# Crystallization using solvents is preferred for an initial screening to check the API’s
propensity to form solvates and also to understand the crystallization system. In previous
extensive studies, solvent crystallization have afforded (i) over a hundred solvated forms of
sulfathiazole along with 5 neat forms,* (ii) 12 polymorphs with 9 solved structures of
aripiprazole,® (iii) 9 polymorphs of flufenamic acid," (iv) 60+ solvated forms of olanzapine
with 6 neat forms,” (v) 70+ polymorphs and 5 neat forms of axitinib,> and (vi) 50+
polymorphs with 10 neat forms of galunisertib.?® The record holder ROY with the highest
number of solved crystal structures has twelve polymorphs, with five being observed during
melt crystallization and cross-nucleation.”>*>*® The above polymorphic systems were reported
over several years and collective efforts from different research groups. The question always
remains: how long one has to spend and how much effort invested to obtain all the
polymorphs of a molecule and identify the thermodynamically most stable polymorph?
Recent studies®* suggest that we are getting closer to answer this question, crystal structure
prediction (CSP) and structure determination from microcrystalline to amorphous materials
using electron microscopy (EM) and solid-state nuclear magnetic resonance (ss-NMR) have
significantly reduced the time required to identify the thermodynamically most stable
polymorph.**

In this work, we have performed polymorph screening of dabrafenib (DBF), a small
molecule inhibitor drug of BRAFY** melanoma cells (Scheme 1a) to understand its
structural landscape. According to McCrone,” the number of polymorphs of a compound is
proportional to the time and energy spent in research on that compound.
We carried out extensive experiments on polymorph screening using a wide range of solvents
and conditions (Table S1 in Supporting Information). The free base solid of DBF was
extracted from the mesylate salt by adding 5 N NaHCO; (named as form Ia).*® To define the
naming of polymorphs and solvates for this study, single crystal X-ray diffraction (SC-XRD)
is reported for three drug polymorphs (form I, II and III), a monohydrate (DBF-H,0), an
isostructural perhydrate (DBF-H,0,), and eight solvates (with ethyl acetate = EA,
dichloromethane = DCM, chloroform = TCM, carbon tetrachloride = CTC, 1,1,2,2-
tetrachloroethane = TCE, tetrachloroethylene = PCE, benzene = BEN, and anisole = ANI)
(Table S2 and S3 in Supporting Information). The structure of powder material (form Ia)
obtained from the aqueous extract after neutralization and drying was determined by powder
X-ray diffraction (SDPD) data and shows a similar conformation and packing resemblance
with form I (Figure S1 and S2 in Supporting Information). This is the first structural report of
DBF polymorphs to our knowledge. The possible polymorphs arise from conformational
flexibility of the molecule and different supramolecular synthons.** DBF has four rotatable



bonds, out of which four (p1-¢4) are potentially capable of conformational polymorphism
(Scheme 1a). A fifth single bond CJS adjacent to ¢1 will have restricted rotation due to 2,6-
di-F-phenyl group. In terms of possible supramolecular synthons, DBF has two hydrogen
bond donors (sulfonamide and aminopyrimidine hydrogen atoms) and five hydrogen bond
acceptors (two oxygen atoms of sulfonamide, two nitrogen atoms of aminopyrimidine and
one thiazole N), suggesting that there are several possibilities of homo and heterosynthons in
its crystal structures (Scheme 1b-f).** These preliminary results hint that DBF could have the
potential to become a high number of polymorphs and solvatomorphs drug molecule.
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Scheme 1. (a) Chemical structure of DBF, and representation of dihedral angles @1, ¢», ¢3 and
¢4 through bold grey colour bonds, and (b-f) represent some possible supramolecular

synthons in the form of ring motif where 1, 2 and 5 are R:(8) graph sets, 3 = R3(14), 4 =
R2(22),and 6 = R%(8/.

2. Results and Discussion

2.1. Solid-Form Screen. All crystallization experiments were performed using form Ia
sample of free DBF prepared in our lab. Crystallization of Ia from alcoholic solvents afforded
form I exclusively, consistently from methanol and ethanol while isopropanol and n-butanol
were not so reproducibly consistent. Continuing the crystallization from iso-butanol produced
forms II and III concomitantly. After extensive screening of solvents, form II was crystallized
from either isobutyl methyl ketone, and aromatic solvents such as toluene, xylene or
chlorobenzene. Exclusive crystallization of form III was reproducible from isopropyl acetate.
The almost similar PXRD pattern of form Ia and form I (Figure S1 in Supporting
Information), indicated that they are the same crystal form, but their different DSC
thermograms motivated us to determine the crystal structure of form Ia by powder diffraction
structure solution, SDPD (Figure S2 in Supporting Information). A surprising and unexpected
observation was the similar packing pattern and conformation of the molecule in both crystal
structures, but with slight conformational adjustment in the molecular arrangement (see cif



files).? Such minor differences might arise because of the rapid reactive precipitation during
neutralization of the mesylate salt to 1a.

2.2. Crystal structures of drug polymorphs. From a crystal engineering view point the
analysis of supramolecular synthons and molecular conformations and crystal packing of
different polymorphs offer a guide to understand the occurrence of polymorphism and also to
predict further possibilities of new polymorphs. The hydrogen bond synthons in form I (space
group P1) are depicted in Figure 1, wherein a heterosynthon between sulfonamide and 2-
aminopyrimidine occurs as the primary motif with graph set R3(8 (motif 5) and R; |8/ (motif
6) ring.*® The centrosymmetric arrangement of two DBF molecules results in dimer motif 5
and a larger ring R (22| (motif 4) through one of the sulfone hydrogen atom and a pyrimidine
ring nitrogen (N1) atom (homosynthon). In comparison, form II shows homosynthons 2 and 3
of R;[8], and R}(14/graph set notation. Motif R;(8) is a centrosymmetric dimer of 2-

aminopyrimidine rings, while R3(14] motif is constructed through sulfonamide group and
thiazole ring (Figure 1b). The molecular packing in form III shows a homosynthon (motif 2)
and a heterosynthon (motif 5) of graph set R3(8| (Figure 1c). Among the two ring nitrogen

atoms of 2-aminopyrimidine ring the R} 8] ring in form I (motif 5) and form II (motif 2) are
formed at N1 atom while N2 is free from strong hydrogen bonding in the crystal structures.
In the case of form III, the heterosynthon motif 5 is constructed between 2-aminopyrimidine
ring and sulfonamide group, where the hydrogen atom at sulfonamide group interacts with
the N3 atom rather than with N1 (as observed in form I), but homosynthon motif 2 is formed
at N1 (same as in form II). An intermolecular n---mt stacking between terminal aryl rings in
DBF polymorphs was also observed but only difference was in the orientation of aryl ring
with respect to the molecular backbone (i.e., exo or endo orientation as shown in Scheme 1 in
SI). Form I and II show an exo orientation of stacked terminal aryl rings, however in form III
it is in endo orientation Because of the isosteric (similar volume) nature of hydrogen and
fluorine atoms, and the role of fluorine interactions in the organic crystals, investigating the
C-F---mt interactions in DBF polymorphs is equally important as C—H---n interactions.***
Therefore, quantitative intermolecular interactions were analyzed and shown in Figure 2.

The packing of DBF molecules and their interactions and synthons in the crystal structures of
three polymorphs are different. Form II has the highest density and form III is a low-density
polymorph (Table S2 in Supporting Information). The low density of form III is due to
solvent assessable voids of ~1.2 A probe radius (Figure 1g). In general, among several
polymorphs of a flexible molecules, the structure has a more open conformation as the crystal
density decreases.” However, there are several other factors that collectively determine the
polymorph stability.>*! An overlay of three polymorphs around the central aryl ring (Figure
1h) shows a folded conformation of form II (p = 1.52 g cm"), a half-open conformation of
form I (p = 1.49 g cm"), and an open conformation of form III (p = 1.42 g cm").



(g) (h)

—
—

—Form-|
1) Toasee =214 °C 2) Tonser = 228 °C
Tk =217°C  Tpeak=230°C
AH=10140)/g AH=86.81)/g

—Form-I|

1) Tonier =208 °C 2) Tonser =227 °C
Tpeax =213 °C Tpeak =229 °C

LH=4427 ) AH =68.52 J/;
—Form-lil L i

1) Tanser = 212 °C 2} Tonser = 226 °C
Tpeak = 216 °C Tpeok = 228 °C
AH=8341)/g AH=1542)/g

2

Heat Flow (W/g) exo up>

75 100 125 150 175 200 225 250
Temperature (°C)

Figure 1. Selected interactions in DBF polymorphs (a) form I, (b) form II, (c) form III, (d)
n---1 stacking between central aryl rings in form II, (e) exo m---m stacking of terminal aryl
rings in form I and II, (f) endo mt---m stacking of terminal aryl rings in form III, (g) voids in the
crystal packing of form III, (h) molecular structure overlay of form I (red), II (blue) and III
(green) on central aryl ring, and (i) stack plot of DSC thermogram of form I (red), II (blue)
and III (green).
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Figure 2. Percentage contribution of various intermolecular interactions in forms I, IT and III.
Calculations were done through CrystalExplorer 17.

2.3. Differential scanning calorimetry (DSC) of drug polymorphs. Thermal behavior of
DBF polymorphs was examined by DSC. Form Ia show a single melting endotherm at ~215
°C (AH = 90.33 J/g) without any phase transition (Figure S4 in Supporting Information).



However, form I, II and III show a solid-solid phase transition between 210-220 °C and
finally melt at ~230 °C (Figure 1i). It indicates that thermodynamically most stable
polymorph (corresponds to ~230 °C) has yet to be crystallized. The polymorph corresponding
to melting at ~230 °C can be named as form IV (melting onset 227 + 1 °C) that may get
crystallize in near future. From the crystallographic similarity, it was expected that form la
and I should have the same a melting endotherm at ~215 °C, except say a slight variation in
the heat of fusion (AH). Experimentally, form I shows an endotherm at ~215 °C (AH =
101.40 J/g) followed by immediate recrystallization (exotherm) to a new form which melts at
~230 °C (AH = 86.81 J/g). A similar pattern was observed for form II and III, but both
endotherms show a significant difference with respect to their heat flow. The solid-solid
phase transition endotherm in form II is observed at ~213 °C with comparatively lower AH
(= 44.27 J/g) followed by immediate recrystallization to a new phase which melts at ~229 °C
(AH = 68.52 J/g). This indicates that the first endotherm is a solid-solid phase transition
rather than a melt and recrystallization process. Such transitions are observed due to slight
relaxation of the intramolecular interactions and bonded molecules in the crystalline state.
Notably, form II exists in a folded conformation with geometrical constraints. On the
contrary, form III shows an endotherm at ~216 °C with a higher heat flow (AH = 83.41 J/g)
compared to second endotherm (peak at ~228 °C, AH = 15.42 J/g). Since all solid forms are
showing phase transformation upon heating (except form Ia), determining the actual
experimental thermodynamic relationships among the polymorphs is challenging. The density
rule of Burger and Ramberger would suggest that the polymorph with highest crystal density
will be the most stable crystal form.* According to density rule, order of thermodynamic
stability of DBF polymorphs is, from most to least stable, form II > form I > form III, though
the density rule is at best a rough guide to stability, particularly for complex systems such as
DBF.

2.4. Computational energy ranking of drug polymorphs. In contrast to the density rule
correlation, periodic density functional theory (DFT) lattice energy calculations with
dispersion-corrected B86bPBE-XDM function predict that form III is the most stable
polymorph, having an energy 5.6 kJ/mol below that of form II. Upon geometry relaxation,
forms I and Ia converge to nearly the same structure, with rmsd15 of 0.04 A (Figure 3). This
suggests that whatever differences exists between these crystal structures experimentally is
not reproduced in the DFT calculations on the crystallographic unit cells. They also have very
similar energies and lie 2.1-2.5 kJ/mol above form II. However, delocalization error inherent
to generalized gradient approximation density functionals like B86bPBE predicts
conformational energies poorly when the conformations differ in the extent of n
conjugation.® In DBF, torsional angles ¢3 and ¢4 (Scheme 1) control the degree of
conjugation between the aromatic rings. Most notably, the 77° angle of @3 in form II disrupts
nearly all conjugation between the two adjacent rings. In contrast, forms Ia, I, and III exhibit
greater planarity/ conjugation between these rings, with @3 angles of 42°, 42° and 131°,
respectively. This suggests that the DFT calculations probably artificially stabilize forms Ia,
I, and III relative to form II.

To overcome this conformational energy issue, we performed a conformational energy
correction® with domain-based local pair natural orbital coupled cluster theory (DLPNO-



CCSD(T)).* The correction subtracts the DFT conformational energy of the isolated (gas-
phase) molecule(s) in their crystalline geometries with the corresponding DLPNO-CCSD(T)
one as represented below in equation 1.

monomers
corrected __ g DFT ( DLPNO—CCSD(T| _ ~DFT )

crystal — crystal monomer ,i monomer ,i

(Equation 1)

Eq 1 is evaluated by computing the crystal energy and the gas-phase monomer energies for
each monomer in the unit cell, summing the terms together, and then computing the relative
energy per molecule versus the most stable polymorph (form II). Because each crystal here
contains only a single molecule in the asymmetric unit (Z'=1), the gas-phase calculations
need to be run only once and the result can be multiplied by the number of symmetrically-
equivalent monomers. This correction to the 0 K internal (electronic) energy of the crystal
amounts to modelling the intramolecular conformational energy with DLPNO-CCSD(T),
while the intermolecular interactions are described with DFT. The DLPNO approximation to
CCSD(T) typically reproduces conventional CCSD(T) well albeit with a far lower
computational cost that makes it feasible for large molecules like DBF. DLPNO-CCSD(T)
does not suffer from delocalization error like the DFT model, so it should predict more
reliably conformational energies. The conformational energy correction approach has proved
useful in a number other crystal structures, including those of pharmaceuticals.**>

Applying the conformational energy correction to the three DBF polymorphs destabilizes
form III by 6.3 kJ/mol relative to form II, such that form II now lies 0.7 kJ/mol below form
III (Figure 3). The conformational energy correction also destabilizes forms Ia and I by about
4.0 kJ/mol relative to form II, and they now lie 6.0 kJ/mol above the other two forms. In other
words, the predicted stability ordering becomes form II = form III > form I = form Ia. Despite
the nominal 0.7 kJ/mol predicted energy preference for form II over form III, accuracy
limitations of the computational models and the focus on lattice energies instead of finite-
temperature enthalpies or free energies prevent definitive ranking of these two polymorphs. It
should be noted, however, that the similar energetics predicted for those two forms is
consistent with the experimental observation that they grow concomitantly.
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Figure 3. Calculated relative lattice energies of forms Ia, I, II and III using B86bPBE-XDM
directly and after applying the DLPNO-CCSD(T) intramolecular conformational energy
correction.

2.5. Crystal structures of hydrate and perhydrate. Due to ubiquitous nature of water, hydrate
formation is a common phenomenon during polymorphs screening. Almost one-third of
pharmaceutical solids are reported in their hydrate form.* Therefore, it is of paramount
interest to discover possible hydrate forms in early drug screening to avoid any phase
conversion during the development process and formulation.’> DBF did not produce hydrates
in routine crystallization experiments from several solvents. Subsequently, we checked the
water activity on hydrate formation in different alcohols (i.e., methanol, ethanol, n-propanol
and isopropanol). To our gratification, a monohydrate DBF-H,O was crystallized in ~10%
aqueous isopropanol as transparent shining crystals. We decided to further explore the
concept of isostructural perhydrate formation because of the medicinal importance of drug-
hydrogen peroxide cocrystals.” Crystallization of DBF in 9:1 ratio of isopropanol and
hydrogen peroxide (30% v/v as available commercially) produced a perhydrate DBF-H-0,
which was found to be isomorphous with DBF-H,0. Both crystal structures were solved in
triclinic P1 space group (Table S2 in Supporting Information). Hydrogen bond analysis
showed that the water molecule forms two O-H---N, one N-H:--O and one C-H---O
interactions. Hydrogen peroxide forms two O-H:--N, two N-H:--O and one C-H:--O
interaction (Figure 4a and b). Overlapping of crystal packing of DBF-H,O and DBF-H,0,
does not show significant differences, however, water molecule O resides exactly at the
center of the peroxide OJO bond (Figure 4c). In such a case of isomorphous peroxo solvate,
there is a chance of partial occupancy of H,O/ H,O, molecules at the same site. Therefore,
there is a need to quantify the H,O occupancy in mixed hydrate/peroxosolvate.” The X-ray
diffraction data of DBF-H,0, shows a residual peak of electron density (~0.4 e-A™®) at the



center of the O—O bond of H,0, after anisotropic refinement of oxygen atoms. Although this
is not a reliable method to quantify the water content but suggests that there may be residual
water crystallized with DBF-H,0, which occupy H,O, crystal sites. Additionally, the DSC-
TGA data of DBF-H>O show that the water loss (~3.35%) occurred at ~150-160 °C with a
solid-solid phase transition at ~140 °C (Figure S5a in Supporting Information). However,
DBF-H,0, (mixed hydrate/peroxo solvate) showed a broad endotherm between ~140-170 °C
in DSC, and TGA showed continuous weight loss from ~130 °C to 225 °C (Figure S5b in
Supporting Information). This suggests that the residual water in DBF-H,0, escaped below
170 °C (i.e., <1% weight loss) and H.O, evolution begins above 200 °C, and exudation was
completed after the melt. These observations imply that H,O is tightly bound in the crystal
lattice compared to H,O molecules. Since the water content in DBF-H,0, could not be
calculated accurately by TGA, a chemical method was developed to measure it. An excess
amount of triphenylphosphine (TPP) was reacted with a known amount of DBF-H,0, (mixed
hydrate/peroxo solvate) in anhydrous acetonitrile, such that H,O, reacts with TPP to produce
triphenylphosphine oxide (TPPO) (Equation S1 in Supporting Information). Subsequently,
*'P NMR spectrum was recorded, where integration of *'P signals corresponding to the TPP
(at up field) and the TPPO (at down field) showed the water content as ~9.50% (Figure S3
and calculations in Section 4 in Supporting Information).

Figure 4. Representation of selected interactions in crystal structure of (a) DBF-H,0, (b)
DBF-H,0,, and (c) overlay of molecular packing in DBF-H,O (red) and DBF-H0O, (blue).

2.6. Crystal structures of solvatomorphs. To satisfy the regulatory authorities it is crucial to
establish the crystal forms of an API through its solvates in a systematic polymorph screen.
Therefore, along with a limited number of pharmaceutically acceptable solvents (mostly
Class 3 solvents in Q3C guidance of ICH), one should also use pharmaceutically
unacceptable solvents (i.e., Class 1 and 2 solvents in Q3C guidance of ICH and others) which
might increase the probability of finding new polymorphs or solvates because of their
specific behaviour with the solute molecules. During crystal form screening, isolation and
characterization of stable solvates were recurrent, however unstable solvates were either
desolvating immediately or converting to its lower stoichiometry of solvate. Several solvates
are often overlooked during data collection because of their mere survival either at lower
temperatures or in the mother liquor. Therefore, in the case of unstable solvates and the
solvates obtained under very slow rate of crystallization, the exact experimental conditions
determine the outcome of the crystallization of solvates. Among all solvates, DBF-DCM,



DBF-TCM, DBF-PCE, DBF-BEN and DBF-ANI were directly crystallized with excess
solvent present by slow evaporation technique. Except anisole all are low boiling in the
aforesaid solvents, therefore, SC-XRD data was collected at 100 K and crystals were directly
taken from the mother liquor just to avoid desolvation. In case of low boiling solvated
crystals (i.e., DCM, TCM, PCE and BEN), desolvation was observed through unaided eye
because of their transparency loss within a few days when kept off the mother liquor under
ambient conditions, and thus solid phase transformation is obvious. However, DBF-ANI
crystals were stable enough under the same conditions. Our effort was to crystallize DBF not
only in single solvents but also in mixtures of solvents, solvents with additives (in
stoichiometric and nonstoichiometric ratios of DBF) and by varying the pH using weak acids
and bases. Fortunately, crystal form of DBF-EA was isolated through a very slow
crystallization of ethyl acetate solution (evaporation over 20-30 days; whereas at faster rate of
crystallization under ambient condition the product was form I) whereas petroleum ether was
used as diffusing solvent in a sealed glass vial. DBF-CTC was isolated from a mixture of
carbon tetrachloride (CTC) and isobutyl alcohol (because of insolubility of DBF in CTC,
isobutyl alcohol was used as crystallizing solvent and CTC was added ~10%). Crystallization
of DBF in TCE produced form I while DBF-TCE was isolated during cocrystallizaion of 1,4-
difluorobenzene and DBF in 1:1 ratio in TCE. Here, DBF-TCE is an outcome of screening of
fluorobenzenes as a solvate/cocrystal former, the motivation of cocrystallization of
fluorobenzenes was collectively obtained from (i) DBF-BEN, where structural similarity of
fluorobenzenes and benzene is because of isosteric nature of hydrogen and fluorine atoms,
and (ii) crystallization of DBF-H,0O, DBF-H,0, and DBF-CTC, which indicated that even
presence of a small fraction of a solvent (at least in a stoichiometry) in the mixture can be
cocrystalized with DBF. Crystallization of DBF-TCE is a subject of further research to know
whether it is a template-induced nucleation or controlled by nucleation kinetics.

The analysis of molecular conformation, supramolecular synthons and arrangement of
solvent molecules in the crystal structures of solvatomorphs could lead to the isolation of
novel desolvated solid forms. DBF-EA was crystallized in monoclinic crystal system of space
group C2/c. Solvent molecules formed channels (Figure 5a, b) and are stabilized by a few
weak C-H---O, C-H---F and C-H---t interactions. However, there are no polar interactions
among EA molecules in the solvent channel but hydrophobic interactions between terminal
methyl groups are present. In case of DBF-DCM and DBF-TCM, which crystallized in space
group P2,/c and P1, solvent molecules are well separated and reside in the solvent voids. As
shown in Figure 5c and 5d, DCM molecules in the crystal lattice of DBF-DCM are stabilized
by weak interactions. However, TCM molecules in the crystal lattice of DBF-TCM are better
stabilized by C—Cl.--mt interactions (Figure 5e-g). DBF-CTC crystallized in space group P1,
with one DBF molecule and three symmetrically independent CTC molecules, among them
one molecule shows thermal disorder of chlorine atoms. Molecular packing shows that two
CTC molecules are occupied in the solvent channel where the disordered molecule is at the
center of the channel, while another one occupies the fissure region and a third is trapped in
the inter-channel space (Figure 5h, i). CTC molecules in the crystal lattice of DBF-CTC are
devoid of any polar interactions but poorly stabilized by C—Cl---nt interactions (Table S4 in
Supporting Information). Consequently, DBF-CTC lose its transparency within 1-2 hours
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after removal from the mother liquor perhaps due to escaping of very loosely trapped CTC in
the solvent channel which converts to the lower stoichiometry of the solvate. DBF-TCE and
DBF-PCE both crystallized in space group P1. Interestingly, molecular arrangement in the
crystal packing of both solvates is same except slight variation in the strength of synthon
interactions and cell parameters (Figure 5j-0). Further, in both cases, asymmetric unit possess
one DBF molecule and two symmetrically independent solvent molecules. In DBF-TCE both
solvent molecules are thermally disordered, however, in DBF-PCE only one molecule is
disordered. Although, solvent molecules in the crystal lattice are not directly connected with
each other through a non-covalent interaction, yet they are forming solvent channels. TCE
molecules in solvent channels are stabilized by C—H---Cl interactions, however, PCE
molecules are exclusively stabilized by C-Cl---n interactions (Table S4 in Supporting
Information). Desolvation was observed in both the solvates when kept outside the mother
liquor for 5-6 hours under ambient condition (at 25-30 °C). DBF-BEN crystallized in space
group P1 with two DBF molecules and four BEN molecules in the asymmetric unit.
Molecular packing of DBF-BEN along the b-axis is shown in Figure 5p, where BEN
molecules are trapped in the crystal voids. However, along a particular orientation of the
packing, it shows a channel (Figure 5q) where all four BEN molecules are accommodated.
The orientation of the BEN molecules in channel is devoid of C-H:--n and m---1t interactions
but assisted only by van der Waals interactions. Like previous channel solvates, DBF-BEN
also lose their transparency in 1-2 days after removal from the mother liquor. DBF-ANI
crystallized in space group P1 with four DBF molecules and five ANI molecules in the
asymmetric unit. Molecular packing of DBF-ANI along a-axis is shown in Figure 5s, where
ANI molecules occupy the solvent voids. In this case, ANI molecules are neither forming a
channel nor showing any direct contact with each other except one C—H-:--m interaction
between two ANI molecule. ANI molecules are stabilized through their unique C-H---nt
interactions with DBF molecules in the solvent voids. Because of desolvation and instability
of most of the solvated forms, DSC and TGA was collected for selected solvates (Figure S6
in Supporting Information).
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Figure 5. In the crystal packing of solvates, solvent molecules are shown in space fill model
and colored by symmetry equivalence (a) packing of DBF-EA along b-axis, (b)
supramolecular synthons in DBF-EA, (c) packing of DBF-DCM along b-axis, (d)
supramolecular synthons in DBF-DCM, (e) packing of DBF-TCM along a-axis, (f & g)
supramolecular synthons and aryl interactions in DBF-TCM, respectively, (h) packing of
DBF-CTC along c-axis, (i) supramolecular synthons in DBF-CTC, (j) packing of DBF-TCE
along b-axis, (k) packing framework of DBF-TCE after removal of solvent molecules which
shows solvent channels, (1) supramolecular synthons in DBF-TCE, (m) packing of DBF-PCE
along a-axis, (n) packing framework of DBF-PCE after removal of solvent molecules which
shows solvent channels, (0) supramolecular synthons in DBF-PCE, (p) packing of DBF-BEN
along b-axis, (q) packing framework of DBF-BEN after removal of solvent molecules which
shows solvent channels, (r) supramolecular synthons in DBF-BEN, (s) packing of DBF-ANI
along a-axis, and (t) supramolecular synthons in DBF-ANI. For clarity in the representation
of supramolecular synthons, methyl groups are omitted.

3. Conclusions

Crystallization of DBF from a wide range of solvents produced three neat crystal forms (I, II
and III), which were unambiguously characterized by single crystal X-ray diffraction. First-
principles calculations using B86bPBE-XDM+ADLPNO-CCSD(T) suggest that form II is the
most stable polymorph, though it is only marginally lower in lattice energy than that of form
III (by ~0.7 kJ/mol). This small difference in lattice energy is consistent with the observed
concomitant crystallization of polymorphs. Form I is ~6 kJ/mol higher in energy than form II.
The water activity (above 10% v/v) in isopropanol plays significant role in crystallization of
the monohydrate of DBF and the same condition produced isomorphous peroxosolvate by
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using hydrogen peroxide as solvent (30% v/v in water). The crystallized peroxosolvate is a
mixed hydrate/peroxosolvate with ~9.5% water occupancy. An extensive solvent screen
produced eight solvates of DBF, namely with ethyl acetate, dichloromethane, chloroform,
carbon tetrachloride, 1,1,2,2-tetrachloroethane, tetrachloroethylene, benzene, and anisole.
The solvates were fully characterized by single crystal X-ray diffraction, but their crystal
forms are highly unstable and desolvated to lower stoichiometry of solvent under ambient
conditions. Therefore, thermal characterization of the same stoichiometry as observed in the
crystal structure of solvates was difficult and required special attention. Supramolecular
synthon analysis showed that the hydrogen bonds and intermolecular interactions in some
higher solvates are different from those in pure drug polymorphs. It is possible that controlled
desolvation and melt heating may yield new neat polymorphs of DBF. Our limited
crystallization experiments but complete structural characterization suggests that DBF is a
highly polymorphic drug molecule because of its flexible molecular structure with five
rotatable dihedral bonds around the aromatic portion and could produce more crystal forms in
future exploratory research.

4. Experimental procedures

4.1 General Methods. Mesylate salt of DBF was purchased from Swapan Roop Drugs &
Pharmaceuticals (Aurangabad, Maharashtra, India). Neutral form of DBF was isolated from
the aqueous extract of the salt by adding NaHCO; (5 M in water). Solvents used for
crystallizations were purchased either from Sigma Aldrich or TCI Chemicals, and used
without further purifications. All crystallizations were done at ambient temperature (between
20 to 30 °C) through solvent evaporations unless the specific conditions were not mentioned.
4.2. Single Crystal X-ray Crystallography. Single crystal X-ray diffraction data were
collected on a Bruker SMART APEX II single crystal X-ray CCD diffractometer having
graphite monochromatized (Mo-Ka, A = 0.71073 A) radiation at low temperature (100 K).*
The X-ray generator was operated at 50 kV and 30 mA. The data reduction was performed
using APEX-II Software. Intensities were corrected for absorption using SADABS,* and the
structure was solved and refined using SHELX97.*" All non-hydrogen atoms were refined
anisotropically, and hydrogen atoms were geometrically fixed with thermal parameters
equivalent to 1.2 times that of the atom to which they are bonded, except those H atoms
which are involved in strong hydrogen bonding. Molecular diagrams for all compounds were
prepared using ORTEP, and the packing diagrams were generated using Mercury version
3.10.*> PLATON was used for the analysis of bond lengths, bond angles, and other
geometrical parameters.” Crystallographic parameters of are summarized in Table S2,
ORTEP diagrams in Table S3 and hydrogen bonds parameters are provided in Table S4.
Crystal structures may be accessed at www.ccdc.cam.ac.uk/data request/cif (CCDC nos.
2124747-2124759).

4.3. Thermal Analysis. Differential Scanning Calorimetry (DSC) analysis was performed on
a Mettler Toledo DSC Q100 module and Thermal Gravimetric Analysis (TGA) on a Mettler
Toledo TGA Q5000 module. The sample size was ranging from 2 to 5 mg for DSC and 5 to
10 mg for TGA. Samples were placed in sealed pin-pricked aluminium pans for DSC
experiments and alumina pans for TGA experiments. A heating rate of 10 °C min™ in the
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temperature range 30-300 °C was applied for DSC and TGA both. Samples were purged by a
stream of dry nitrogen flowing at 80 mL min™ for DSC and 50 mL min™ for TGA.

4.4. Computational analysis. The experimental crystal structures were fully relaxed
(including both the atomic positions and the lattice constants) with periodic density functional
theory using the B86bPBE generalized gradient approximation (GGA) density functional
(Becke86,PBE) and the exchange-hole dipole moment (XDM) dispersion correction.> All
DFT calculations were performed using QuantumEspresso v6.4.1, employing a 50 Ry
planewave cutoff, a 500 Ry charge density cutoff, and 3x3x3 Monkhorst-Pack k-point grids
(3x3x1 for form III). Core electrons were treated via the projector augmented wave (PAW)
approach using PAW potentials for H, C, N, O, F, and S generated with Atomic v6.1.%® The
gas-phase B86bPBE-XDM calculations used in the conformational energy correction
employed periodic boundary conditions with 20 Angstroms vacuum spacing separating
periodic image molecules in each direction.®

The DLPNO-CCSD(T) calculations were performed in the aug-cc-pVTZ basis set using Orca
v4.2.1.°° Tight settings for both the self-consistent field calculation and the pair natural orbital
selections were used to improve the fidelity of the approximation to canonical CCSD(T). The
non-iterative (TO0) triples DLPNO-CCSD(T) approximation®” was used; test calculations in
the smaller aug-cc-pVDZ basis set found that use of the iterative (T1) triples approximation®
altered the relative polymorph energies by less than 0.2 kJ/mol. Complete-basis set (CBS)-
limit DLPNO-CCSD(T) results were estimated® by combining the DLPNO-CCSD(T)/aug-
cc-pVTZ results with CBS-limit second-order Mgller-Plesset perturbation theory (MP2)

energies that were computed with PSI4 v1.3.%°

DLPNO—CCSD|T|__ +MP2 DLPNO—-CCSD|T| MP2
ECBS _ECBS + Eaug—cc—pVTZ Eaug—cc—pVTZ

MP2 correlation energies were extrapolated to the complete basis set limit® using aug-cc-
pVTZ and aug-cc-pVQZ results and then combined with aug-cc-pVQZ-level Hartree-Fock
energies.
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An extensive crystal form screening of the anticancer drug Dabrafenib (DBF) produced three
crystal forms (I, IT and III) of the drug, a monohydrate, an isomorphous peroxo solvate, and
eight different solvates with ethyl acetate, dichloromethane, chloroform, carbon tetrachloride,
1,1,2,2-tetrachloroethane, tetrachloroethylene, benzene, and anisole of DBF. The relative
stability of the drug polymorphs was calculated using BE6bPBE-XDM+ADLPNO-CCSD(T)
function which showed that form II is the most stable polymorph and, form III and form I are
progressively less stable. The isomorphous peroxo solvate showed ~9.5% of residual water
occupancy quantified by *'P NMR analysis using triphenylphosphine oxide chemical
reaction. With its high molecular flexibility, a prolific solvate potential and drug
polymorphism, the present work opens opportunity for further solid form landscape study of
the popular anticancer drug Dabrafenib.
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