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SYNOPSIS

This thesis entitled “Enhancing Solubility and Permeability of Active Pharmaceutical

Ingredients (APIs) as Salts, Cocrystals and Polymorphs” consists of Five Chapters.
CHAPTER ONE:

Introduction to Crystal Engineering and Tuning Solid-State Properties of

Pharmaceutical Materials

Chemistry is an evolving subject and it is traditionally divided into four categories as
organic, inorganic, physical and analytical chemistry. A new classification in the modern
era is supramolecular solid-state chemistry which is different from the molecular
chemistry of liquids and gases. The subject has now reached a significant maturity at the
level of identification, separation and characterization of different crystalline forms of
the same molecule or of aggregates of molecules with other molecules to take advantage
of the difference in their physical and chemical properties. Physical properties are an
intrinsic part of solid-state chemistry since the broad area of structure-property
relationship is about the identification of new solid crystalline forms such as polymorphs,
solvates/hydrates, salts and cocrystals (Fig. 1) and understand their properties to
modulate their activity. The importance of identifying these crystalline materials is to
investigate physical and chemical issues of active pharmaceutical ingredients (APIs) and
address their solubility, stability and hydration problems using the crystal engineering
approach. Crystal engineering of APIs through cocrystallization has gained an immense
interest among pharmaceutical scientists and structural chemists to optimize the

physicochemical properties and stability of solid dosage forms.

McCrone defined the term polymorphism as “a solid crystalline phase of a given
compound resulting from the possibility of at least two different crystalline arrangements
of the molecules of that compound in the solid state”. ”. It can be classified as
conformational polymorph (due to flexible rotation of molecule), synthon polymorph
(due to difference in hydrogen bonding patterns) and packing polymorph (because of

changes in the crystal packing of molecules) in 2D or 3D. The term Cocrystal can be
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defined as “cocrystals are solids that are crystalline single phase materials composed of
two or more different molecular and/or ionic compounds generally in a stoichiometric
ratio”. Polymorphism and Cocrystallization have great significance in pharmaceutical
industry, dyes and pigments, agrochemicals, explosive materials etc. due to their ability
to alter the melting point, color, compressibility, filterability, stability, solubility etc. of
important and commercial crystalline materials. Salt formation is an acid base reaction
and a compound having an acidic or basic group can crystallize in salt form by co-
crystallizations. The conventional approach of salt formulation to improve drug
solubility is unsuccessful with molecules that lack of ionisable functional groups, have

sensitive moieties that are prone to decomposition/ racemisation and/or are not

sufficiently acidic /basic to enable salt formation.

Crystalline Components

Multipl
©
Components
Cocrystals/Hydrates/Solvates/ Polymorphs
Salts

Figure 1 Various solid-state crystalline and amorphous forms based on structure and

composition variations.

Solubility is one of the most important physicochemical properties when evaluating
compounds as potential drug candidates. The thermodynamic solubility of a compound
in a solvent is the maximum amount of the most stable crystalline form of the compound
that can remain in solution under equilibrium conditions. Kinetics is a time-dependent
phenomenon, and thermodynamics is, by definition, time independent. Poor aqueous
solubility of any drug is likely to result in poor absorption, even if the permeation rate is
high, since the flux of a drug across the intestinal membrane is proportional to the
concentration gradient between the intestinal lumen and the blood. Again very high

concentrations of poorly soluble drugs in organisms may result in crystallization and
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acute toxicity. There is a need to balance between solubility and dosage form of a drug.
Overall, poor solubility of drug candidates has been identified as the cause of numerous
drug development failures at the final stages of formulations. We have addressed these
issues in some of the active compounds by correlating the differences in conformation,
changes in functional groups in polymorphs and this study provides a guide in drug
delivery for solubility optimization. In this thesis, we have chosen few drugs or
biologically active compounds to study their polymorphic behaviour and cocrystal/salt
formation using high throughput screening and highlight their solubility and stability
improvement with respect to the structure modifications such as cocrystals and salt

formation.

The Biopharmaceutical Classification System (BCS) is based on permeability and
solubility under prescribed conditions. According to intestinal absorption and oral
administration parameters, drugs are classified in to Class-1, Class-Il, Class-1ll and

Class-1V which are mentioned below.

Class-I Class-II

High solubility Low solubility

High permeability High permeability

Class-111 Class-1V
High solubility Low solubility
Low permeability Low permeability

Permeability-intestinal absorption

Pl
<«

Solubility-dissolution across the physiological pH range
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CHAPTER TWO:

Entacapone: Improving Aqueous Solubility, Diffusion Permeability and Cocrystal
Stability with Theophylline

Cocrystallization is a well-established technique to improve the solubility, bioavailability
and stability of active pharmaceutical ingredients (APIs) but permeability and diffusion
rate control via cocrystals is relatively less studied and the exact role of coformers in
influencing diffusion rate of drug cocrystals is still not fully understood. The aqueous
solubility and permeability diffusion of Entacapone (ETP, a Biopharmaceutical
Classification System (BCS) Class IV drug of low solubility and low permeability)
cocrystals with Generally Regarded as Safe (GRAS) coformers was studied. Fixed
stoichiometry cocrystals of ETP with acetamide (ACT, 1:1), nicotinamide (NAM, 1:1),
isonicotinamide (INAM, 1:1), pyrazinamide (PYZ, 1:1), and isoniazid (INZ, 1:1) were
prepared by solvent-assisted grinding. Theophylline (THP) coformer resulted in a
cocrystal hydrate (ETP-THP-HYD 1:1:1). The cocrystals were structurally characterized
by single crystal and powder X-ray diffraction, DSC and TGA thermal measurements,
and IR and NMR spectroscopy. Solubility and dissolution rate showed that there is a
correlation between cocrystal stability and solubility governed by the heteromeric N—
H---O, O-H---N and O-H---O hydrogen bonds and different conformational changes in
ETP in the cocrystal structure. ETP-THP-HYD and ETP-PYZ exhibit faster dissolution
rate and high solubility and they are also stable in phosphate buffer medium compared
to the other cocrystals which dissociate partially during solubility experiments. Diffusion
rates in a Franz cell showed surprisingly that the stable and high solubility ETP-THP-
HYD cocrystal has good permeability. Given that stability, solubility and permeability
are in general inversely correlated, the entacapone-theophylline hydrate cocrystal is a
rare example of the thermodynamically stable cocrystal exhibiting high solubility and

high permeability.

Six pharmaceutical cocrystals of ETP in a 1:1 stoichiometry were crystallized and
structurally characterized. ETP-THP-HYD and ETP-PYZ displayed enhanced solubility
and dissolution rate together with good stability due to stronger hydrogen bonds and
different ETP conformation changes in the crystal structure. Furthermore, ETP-THP-

XVi



HYD cocrystal exhibits high diffusion and flux rate for possible BBB cross over. ETP-
THP-HYD scores on high solubility, good stability and high permeability criteria. This
case study presents a crystal engineering approach to solve solubility and permeability

challenges in BCS class IV drugs.

Entacapone Cocrystals: Improving stability, solubility and diffusion

ETP-THY-HYD
.5

ETP-INAM
ZAd-dLd

ETP-ACT
Figure 2. Entacapone Co-crystals with Acetamide, Iso-nicotinamide, Theophylline and
Pyrazinamide.

CHAPTER THREE:

Entacapone Polymorphs: Crystal Structures, Dissolution, Permeability and
Stability Analysis

Entacapone (ETP) is a catechol-O-methyltransferase (COMT) drug used to treat
Parkinson’s disease. ETP is available in the market under the brand name COMTAN
since 2010, and ETP form-1 was first reported in a patent published in 2001. However,
analysis of its X-ray crystal structures and stability relationship of ETP polymorphs and
their dissolution, permeability profile is not reported. We observed two new
conformational polymorphs of ETP in a study to better understand the structural origin
of polymorphism and their phase transformations, stability, equilibrium solubility,

dissolution and permeability properties. Both the new forms were obtained by
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crystallization from water and acetone. The ETP molecule adopts different
conformations in the polymorphic structures with slight changes in carbonyl and nitrile
group orientation. Thermal analysis suggests that form-1ll and form-IV are
enantiotropically related to form-I, which is the thermodynamically stable form at
ambient conditions. In contrast, form-11 is monotropically related to form-1. Based on the
equilibrium solubility, dissolution and permeability studies, form Il is stable in slurry
medium and dissolves faster with high flux rate than the stable form-I in phosphate buffer
solution at 37 £ 0.5 °C. Form-Il, form-111, and form-IV persist for a limited duration in
PBS medium but are subsequently converted to form-l after 48, 24, and 24 h,
respectively, and hence ETP form-I is the most stable modification among these
polymorphs. From the dissolution and permeability experiments, form-II dissolved and
diffused faster than the form-1, as well as form-I11 and form-1V. Further, the rod- shaped
morphology and comparatively smaller size particles of form-11 favour a higher solubility
and dissolution due to a larger surface contact area. Even though form-IV has a much
smaller particle size compared to form-Il, the aggregation/agglomeration of such
irregular-shaped small particles eventually reduces the dissolution rate of form-1V (as
well its transformation during dissolution/solubility to form-1I). There is thus an optimal
range of particle size for high solubility and a faster dissolution rate, which are realized
in ETP form-11.

5 [=i2 Permeability —

Figure 3. Novel polymorphs of entacapone are reported along with stability, solubility
and permeability comparison. Form-I1 exhibits high solubility, high permeability and
good stability requirements for a drug formulation
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Solubility and permeability are two important parameters for optimal drug adsorption to
accomplish high bioavailability. The change in flux across the dialysis membrane gives
a measure of drug permeability or log P. Furthermore, a higher dissolution rate and lower
enthalpy of fusion of form-Il also impart to its highest membrane permeability and flux
pass. Compared with the commercial form-I, the above results substantiate that the

permeability of novel ETP form-1I is superior to that of the marketed form-I.

CHAPTER FOUR:

Improvement of Physiochemical Properties of Pimozide through Co-crystalization
with Dicarboxylic Acids

Pimozide is regarded as an antipsychotic drug of the diphenyl-butyl piperidine class. This
drug is used in schizophrenia and chronic psychosis, Tourette syndrome, and resistant
tics and it can be also used to treat Delusional parasitosis. Due to its low solubility and
high permeability, it is considered as BCS class Il drug. In order to improve
physicochemical properties of PMZ, cocrystallization strategy was employed. Cocrystal
screening experiments of PMZ resulted in the formation of five binary molecular salts
with the coformers oxalic acid (OA), succinic acid (SA), glutaric acid (GA), adipic acid
(AA) and fumaric acid (FA). Glutaric-acid salt was found as monohydrate. All these
complexes were characterized with IR, DSC, TGA, PXRD and Single Crystal X-ray
Diffraction (SCXRD) studies. Crystal structure analyses showed that strong and ionic —
N*-H---"O0C- interactions between protonated piperidine moiety of PMZ and
carboxylate ion of the coformers are present in all the complexes. Protonated PMZ units
act as molecular clips to encapsulate the deprotonated coformers with the above-
mentioned charge-assisted hydrogen bonds. From the equilibrium solubility and intrinsic
dissolution rate studies (pH 1.2), it was observed that PMZ-FA salt exhibited superior
performance for both the experiments. In diffusion/permeability (Franz diffusion cell,
pH 7.0) experiment also PMZ-FA salt exhibited highest permeability among all the
complexes and pure PMZ. So, due to significant improvement in solubility as well as

permeability, PMZ-FA salt may be considered as more effective formulation for PMZ.
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Figure 4. Molecular structures and acronyms of Pimozide and coformers. Crystal
diagram of hydrogen bond interactions with Fumaric acid

CHAPTER FIVE:
Curcumin-Artemisinin Coamorphous Solid: Xenograft Model Preclinical Study

Curcumin is a natural compound present in Indian spice turmeric. It has diverse
pharmacological action but low oral solubility and bioavailability continue to limit its
use as a drug. With the aim of improving the bioavailability of CUR, The low solubility
and short half-life of curcumin, and hence high dosage administered, have been a
limitation to making drug formulations of curcumin. We have overcome the multiple
disadvantages of curcumin in the designed CUR-ART coamorphous dispersion we
evaluated Curcumin-Pyrogallol (CUR-PYR) cocrystal and Curcumin-Artemisinin
(CUR-ART) coamorphous solid. Both these solid forms exhibited superior dissolution
and pharmacokinetic behavior compared to pure CUR, This novel binary solid exhibits
high solubility and bioavailability, extended half-life and action of bioactive curcumin

at normal drug dose regime of 100 mg/kg CUR-ART coamorphous solid showed two
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fold higher bioavailability than CUR-PYR cocrystal (at 200 mg/kg oral dose). Moreover,
in simulated gastric and intestinal fluids (SGF and SIF), CUR-ART is stable up to 3 and
12 hours, respectively. In addition, CUR-PYR and CUR-ART showed no adverse effects
in toxicology studies (10 times higher dose at 2000 mg/kg). CUR-ART showed higher
therapeutic effect and inhibited approximately 62% of tumor growth at 100 mg/kg oral
dosage of CUR in xenograft models, which is equal to the positive control drug,
doxorubicin (2mg/kg) by IV administration. Given the diverse biological action of
curcumin and artemisinin, the high quantity of net drug delivered as coamorphous solid
could open opportunity for an herbal formulation in cancer, malaria and several other

treatments

.OO&.‘VC

LVLOPBH @ ART (50 mg/kg)
De® @ @ P CURGEOmgkg)

& N R Q Q CUR-ART (50 mg/kg)
9 ® ® @ @ CURART(100 mg/kg)
® OO @ Doxo (2mg/kg)

Figure 5. Tumor volume of established Panc-1 xenograft model in nude mice during
therapy under different treatments.

CHAPTER SIX:

Crystal Structure Analysis of Ribociclib Salts.

Crystal engineering is a fascinating technique for constructing the various multi-
component solid-state forms using non-covalent interactions. Ribociclib (RBC) named
as chemically 7-cyclopentyl-N,N-dimethyl-2-{[5-(piperazine-1-yl)piperidine-2-
yllamino}-7H-pyrrole[2,3-d]pyrimindine-6-formamide belongs to the Biopharmaceutics
Classification System (BCS) Class IV drug of poor solubility (0.231 mg/mL) and low
permeability (log P 2.38, Chemaxon calculator). Herein, we report the synthesis and

crystal structure investigation for pharmaceutical salts of Ribociclib (RBC) with acid
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based coformers such as benzoic acid (BA), 3-methoxybenzoic acid (3-MBA), 4-
Hydroxybenzoic acid (4-HBA) and 345-Tryhydroxy bezoic acid (345-THBA). RBC
containing basic (-NH) group of piperazine is found to show a strong tendency toward
subtraction of protons from acid (-COOH) group of the coformers which leads to the
formation of binary pharmaceutical salts. The salts of RBC were prepared utilizing the
solvent-assist grinding method. In addition to the single-crystal X-ray diffraction studies,
these solids were characterized by powder X-ray diffraction (PXRD), Infrared
spectroscopy (IR) and differential scanning calorimetry (DSC). Single crystals of the
binary salts were obtained in various solvents by solution crystallization. It is noteworthy
that these binary solids may have the potential to improve the physicochemical properties

of this drug. These studies are currently in progress.

Ny HTN“‘ NQ 0
(\NU ”I\';:-’)_QN—
HN\) /

Ribociclib (RBC)

& LI

3-MBA 4-HBA 345-THBA

Acid Coformers

Figure 6. Chemical structures of Ribociclib (RBC) and acid coformers (Benzoic acid,
BA; 3-Methoxybenzoic aci, 3-MBA; 4-Hydroxybenzoic acid, 4-HBA and 345-
Tryhoroxybenzoic acid, 345-THBA).
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CHAPTER SEVEN:

Conclusions and Future Prospects

From the above four working chapters, the following implications and conclusions can
be given. Crystal engineering principles and hydrogen bonding rules were applied to
improve the physicochemical properties such as solubility, dissolution rate, melting point
and stability of drug substances. In this thesis, extensive studies of different solid forms
such as polymorphs, salts, Cocrystals, and their polymorphs and co-amorphous. In
chapter 2, we have highlighted that cocrystals represent a viable alternative for an API
to improve solubility. Here, six pharmaceutical cocrystals of ETP were crystallized and
structurally characterized. ETP-THP-HYD and ETP-PYZ displayed enhanced solubility
and dissolution rate together with good stability due to stronger hydrogen bonds and
different ETP conformation changes in the crystal structure. Furthermore, ETP-THP-
HYD cocrystal exhibits high diffusion and flux rate for possible BBB cross over. This
case study presents a crystal engineering approach to solve solubility and permeability
challenges in BCS class IV drugs. In Chapter 3, polymorphic screening was carried out
and three polymorphs of Entacapone were identified and their phase transformations and
stability relationships were established. The thermal behavior of the polymorphs is
investigated with DSC to detect the phase transformation from the metastable to the
stable polymorph by performing heat-cooled-heat controlled experiments and found that,
the form-1V and form-111 are enantiotropically related to form-1. Whereas, the form-II is
monotrpically realted to form-1. In chapter 4, we have highlighted the importance of solid
form screening for the low soluble conventional antipsychotics drug Pimozide. We have
prepared pharmaceutical salts of this drug with various GRAS molecules to improve
solubility of the drug. Two salts with the coformers fumaric acid and glutaric acid
exhibited significant improvement in solubility, IDR and permeability. In chapter 5, we
have shown how to overcome the multiple disadvantages of curcumin in the designed
CUR-ART co-amorphous dispersion. This novel binary solid exhibits high solubility and
bioavailability, extended half-life and action of bioactive curcumin at normal drug dose
regime of 100 mg/kg. The therapeutic activity of CUR-ART in Xenograft models of

XXiii



Panc-1 is comparable to commercial drug doxorubicin. Given the diverse biological
action of curcumin and artemisinin, the high quantity of net drug delivered as co-
amorphous solid could open opportunity for an herbal formulation in cancer, malaria and
several other treatments. In chapter 6, syntheses and crystal structure analyses of four
salts/salt-hydrates of an anti-cancer drug Ribociclib (RBC) with the coformers benzoic
acid, 3-methoxy benzoic acid, 4-hydroxy benzoic acid and 3,4,5,-trihydroxy benzoic acid
have been delineated. These binary salts of RBC may improve solubility as well as
permeability of this BCS class IV drug.
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CHAPTER ONE

Introduction: Crystal Engineering and Pharmaceutical Solids
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1.1 Supramolecular Chemistry

In the first quarter of the 19" century, Friedrich Wholer had successfully synthesized urea,* and with
this important experiment began the subject of molecular chemistry, which represents a broad spectrum
of highly powerful sequential methods for constructing synthetic superior complex molecules from
covalently linked intramolecular atoms. Ever since the establishment of molecular chemistry over the
mastery of covalent bond by producing the molecules of modest size and complexity, it has limitations
to produce large complex molecular structures that are required for the development of various efficient
materials. Since then, in the late 20" century, the introduction of “Supramolecular Chemistry” has
evolved as traditional organic synthesis to gain over the intermolecular bond for generating super

complex structures using molecular recognition and self-assembly. 2

“Beyond molecular chemistry based on the covalent bond there lies the field of supramolecular

chemistry, whose goal it is to gain control over the intermolecular bond.”

-Jean-Marie Lehn®

The chemistry of the intermolecular bond called as the “Supramolecular Chemistry” is defined

by Jean Marie Lehn as “chemistry beyond the molecule” is therefore inherently reliant upon the
molecular level understanding, that results from the association of two or more neighboring chemical
species held together by non-covalent interactions. It is the study of high-level aggregates
(“Ubermolekiiles” or “supermolecules”) which were systematically observed to gain insight into the
intermolecular interactions in such conglomerations.* In the year 1894, Emil Fischer investigated
substrate-receptor binding in the context of biological processes and coined the famous “Lock and Key”
analogy to specify enzyme reactions.® This “Lock and Key” model further led to the development and
explained the fundamental principles of molecular recognition and host-guest chemistry between two
different but complementary molecules initially described as the receptor and the substrate. In the early
decade of the 20" century with the realization of nature success of noncovalent bonds were understood
in greater detail with molecular recognition. The led by Charles J. Pederson to the first deliberate design
of complexes founded upon molecular recognition such as crown ethers which has the significance of
ligand in supramolecular complexes.® Later, Lehn and coworkers,” synthesized nitrogen-containing
bridged crowns called cryptands and reference to this work other researchers such as Donald J. Cram
and Fritz Vogtle became active in synthesizing shape and ion selective receptors or host-guest
complexes. Other active researchers Vogtle,® Atwood,® and Gokel subsequently took forward this
concept into the synthetic receptors by involving hydrogen bonding and other non-covalent interactions.
After a long wait, in 2002 Jean-Marie Lehn gave the functional definition’: “Supramolecular chemistry
aims at developing highly complex chemical systems from components interacting by non-covalent
intermolecular forces”. Since then, several reviews and books were published on supramolecular

chemistry. The development of supramolecular field requires an understanding of molecular chemistry
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(the chemistry of the covalent bond) together with chemistry of noncovalent bond interactions for
molecular self-assembly to tweak the structure, properties and functionalities of the desired products
(Figure 1.1).

“Chemistry beyond the molecule’, bearing on the organized entities of higher complexity that result

from the association of two or more chemical species held together by intermolecular forces”

-Jean-Marie Lehn!
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Polymolecular
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Figure 1.1: From the scope of molecular to supramolecular chemistry according to Lehn. (Adapted

from ref. 3)

1.2 Self-Assembly and Intermolecular Interactions

In supramolecular chemistry, the effective aggregation of noncovalent interactions such as hydrogen
bonds, metal coordination bonds, CH-n, n-w, van der Waals forces, and electrostatic interactions occur
between molecular building blocks, rely upon molecular recognition and the directed self-assembly of
(functional) supramolecular entities. A summary of bond energy range of different set of intermolecular
interactions!® commonly seen in supramolecular chemistry are provided with the covalent bond for

comparison and an example is illustrated in Figure 1.2.

The utilization of these intermolecular interactions for directed self-assembly requires an
understanding of their strength, distance and directionality to control the supramolecular architecture of
a molecule. These intermolecular interactions can be divided into two categories, (a) isotropic or non-
directional which are long range dispersion forces and short-range repulsive forces which includes
C---C, C---H, H---H interactions that defines the shape, size and close packing and. (b) anisotropic or

directional includes hydrogen bonds, charge transfer interactions, halogen interaction, and heteroatom
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interactions such as C-H---O, C-H:-:N, O-H:--O, N-H:--O O-H--'m, halogen---halogen,
nitrogen---halogen, sulfur---halogen etc.). Among them hydrogen bonding is the most reliable because
of its strength and directionality and there is particular importance in supramolecular chemistry.
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Figure 1.2: Representation of bond energy of covalent and non-covalent interactions with examples.

1.3 Hydrogen bonding

“Under certain conditions an atom of hydrogen is attracted by rather strong forces to two atoms instead

of only one, so that it may be considered to be acting as a bond between them”

- Linus Pauling

Linus Pauling was the first to define the hydrogen bond in the year 1939%2, later it has been described
by many authors with the most recent definition, being from IUPAC in the year 2011. The International
of Pure and Applied chemistry®® (IUPAC) definition of a hydrogen bond states that “the hydrogen bond
(designated as D-H---A, where acceptor A and donor D are electronegative atoms) is an attractive
interaction between a hydrogen atom from a fragment or molecule D-H in which D is more
electronegative is than H, and an atom or a group of atoms A, in the same or different molecule where
there is evidence of bond formation”. The bond energy varies in the range of 0.5 to 40 kCal/mole. The
nature of the hydrogen donor (D) drags the electron density away from the hydrogen atom, resulting in
a partial positive charge (+90), subsequently pulls towards the electrostatic interaction to the acceptor
(A) with partial negative charge (-8) and is directional in nature. Based on the strength and directionality

the hydrogen bond is classified into three categories, see below Table 1.1.24
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Hydrogen bonding is a key element throughout this thesis, and it will include interactions
between two electronegative atoms, typically separated by a distance less than the sum of the van der
Waals radii, where one atom can be defined as the hydrogen bond donor and the other atom acts as the
acceptor, where hydrogen is located between the two atoms and is directional in nature and it will be

the main intermolecular interaction focused upon for crystal structure analysis.

Table 1.1: Some properties of very strong, strong and weak H-bonds.

Very strong Strong Weak ‘
Bond Energy (kcal/mol) 15-40 4-15 <4
Examples [FH---F] O—H:--0=C C-H---0
IR vs relative shift >25% 5-25% <5%
Bond lengths H-A~X-H H---A>X-H H.--A>>X-H
Lengthening of X-H (A) 0.05-0.2 0.01-0.05 <0.01
D (X---A) range (A) 2.2-2.5 2.5-3.2 3.0-4.0
d (H---A) range (A) 1.2-15 1.5-2.2 2.0-3.0
Bonds shorter than vDW 100% Almost 100% 30-80%
0 (X—H---A) range (°) 175-180 130-180 90-180
Effect on crystal packing Strong Distinctive Variable
Covalency Pronounced Weak Vanishing
Electrostatics Significant dominant moderate

1.4 The Design of Supramolecular solids-Crystal Engineering

Supramolecular chemistry initially focused on the study of supermolecules in solution. Later, this field
broadly split into two categories in a natural way: (1) The study of supramolecular assembly in solution
dynamics in host guest complexes for recognition and binding; and (II) The study of noncovalent
intermolecular interactions in the solid-state called as “Crystal Engineering”. The understanding of
structural information from molecular crystal structure began from the roots of crystal engineering. It
can be traced back in the year 1921 by W. H. Bragg,'® who first comprehensively taught the
interrelationship between molecules and crystals by comparing the unit cell parameters of naphthalene
and anthracene, where the two axial lengths were nearly identical, while the third one differed for the
above two molecules. Perhaps this was the first correlation between a crystal structure and a property
of molecule on one hand and those of extended assemblies of molecules on the other. Later in the year
1951 Robertson who was a student of Bragg significantly explained the relation between crystal
property and molecular property by taking examples from polynuclear aromatic hydrocarbons based on
molecular thickness and molecular area.’®!" Later another student of Braggs corrected the chemical

formula of phenanthrene related aromatic hydrocarbons while studying crystal unit cell parameters.

The physicist Pepinsky first introduced the term crystal engineering in the literature at the
American Physical Society meeting held at Mexico City in the year 1955.1° Before that, from 1950-

1971 Schmidt was first scientists to practice and conceptualize organic solid-state photochemical
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reactions of trans-cinnamic acids derivatives.?® He noticed that the introduction of a dichlorophenyl
group in unsaturated molecules steers crystallization into a unit cell with a short axis of ca. 4 A, a
distance optimal for photodimerization of alkenes. This resulted in a/p-truxillic/ truxinic acid, whereas

y-form intermolecular distance of >4.7 A was photo stable (Figure 1.3).

Ph
Ph
HOOC “aa COOH py
_‘/ 4A ~ HOOC
COOH
Ph
o -form Ph
o -truxillic acid
Ph
— Ph
Ph /14;\ COOH hv Ph
. —-
COOH
COOH COQOH
p-form B -truxinic acid
F’h\_\
COOH hv
Ph =4 TA — = MNoreaction
COOH
Y form

Figure 1.3: Photodimerization of trans-cinnamic acid polymorphs. (Adapted from ref. 20)

Crystal engineering was later defined by Desiraju and widely accepted as “the understanding
of the intermolecular interactions in the context of crystal packing and the utilization of such
understanding in the design of new solids with desired physical and chemical properties . Subsequently
Desiraju’s definition portrays the potential of crystal engineering to result in the development of novel
materials. Further exploration of organic supramolecular assemblies via crystal engineering by Etter,
Desiraju, Wuest, Aoyama, Whitesides, Stoddart, and many others has since realized this potential,
affording a plethora of materials that are sustained by various molecular recognition events, including

supramolecular synthons.
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1.5 Supramolecular Synthons

In 1995, Desiraju introduced the term supramolecular synthon?! to design the mixed or multicomponent
molecular crystals by reviving the term “synthon” coined by E. J. Corey? to simplify organic synthesis
into an organized sequence of steps, and subsequently to focus in the chemical thought process, from
starting material to the target substance. Corey defined synthons as “structural units within which
molecules can be formed and/or assembled by known or conceivable synthetic operations” and the term
has been used since its inception to represent key structural units in the target molecules. Desiraju
defined the term Supramolecular synthon? as “structural units within supermolecules which can be
formed and/or assembled by known or conceivable intermolecular interactions”. In the regular usage,
the supramolecular synthons have been defined as non-covalent bonding between at least two
complementary functional groups. The study of supramolecular synthons began with the carboxylic
acid dimer formation with acetic acid in solution and has since progressed into two distinct types: the
supramolecular homosynthon and the supramolecular heterosynthon.?® The supramolecular
homosynthon is generated by a non-covalent interaction between same two moieties or functional
groups. A supramolecular heterosynthon incorporates a non-covalent interaction between two different
but complementary moieties such as acid—pyridine,?* acid-amide,?® phenol-amine,? phenol—pyridine,?
aminopyridine—acid,?® amide—pyridine-N-oxide?® and sulfonamide—pyridine-N-oxide. These

heterosynthons are well exploited in crystal engineering (Figure 1.4).

0---H—0 0--- T o — H o—
I e G e G ol
/

carboxylic acid homodimer ~ carboxamide homodimer acid-amide heterodimer hydoxyl-hydroxyl synthon

Q----—----H Q----—----H
— — - —
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\_/ / \_/ / \_7
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J\ JL / )\
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three point recognistion synthon four point recognistion synthon

Figure 1.4: Common supramolecular synthons observed in CSD.
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1.6 Active Pharmaceutical Ingredients

Active Pharmaceutical Ingredient (API) is a chemical substance and it has a biologically active
component of a finished drug product currently in the form of tablet, capsule, cream, and injectable that
produces the intended effects in the physiological systems to the recipient for prevention, cure/treatment
of the disease.® APIs which are also called as drug substance (DS) can initiate to formulate the drug
product (DP) or medicine that can find application to treat a disease pertaining to oncology, cardiology,
CNS and neurology, orthopedic, pulmonology, gastroenterology, nephrology, ophthalmology, and
endocrinology etc. APIs can potentially create a sustainable healthcare system by introducing more
innovative medicine that can initiate the pharmacological action through the systemic or local
administration, only when active forms of the drugs are absorbed properly without change effect in the
recipients.®! Therefore, the active form drug absorption is an important prerequisite step where the
fraction of administered dose that gets absorbed. The most assessable and affordable route of
administration is the oral route by making solid dosage formulations because of ease of manufacture,
storage and compliance to the patients which are in the form of tablet, capsule, or lyophilized powder
forms. However, the main factors affecting the oral tablet route absorption are stability, solubility,
dissolution rate and permeability are the physicochemical and molecular properties respectively that

can influence bioavailability of a drug.

Based on solubility and permeability property of the APIs, Amidon et. al.*? introduced the term
Biopharmaceutics Classification System (BCS) which were categories into four namely BCS Class I,
11, Iland IV (Figure 1.5).3%% Rosenberg et al. redefined the developability classification system (rDCS)
based on Amidon’s BCS Classification Il into two sub-categories, I1a the dissolution is limited, whereas
I1b has limited solubility).* The management or interplay of these challenges with respect to altering
their physical properties and optimizing the APIs without changing their desirable molecular behavior
along with enhanced therapeutic efficacy is the main goal for pharmaceutical industry. Solid forms offer
a lot of advantages over other forms, but often face the problem of physical and chemical properties

such as solubility, melting point, chemical interaction, stability, bioavailability etc.®’

Possible ways to these issues in the solid formulation space can be found during early and late
development through screening studies are polymorphs, cocrystals, salts, amorphous, solvates/ hydrates
and amorphous. Owing to their hydrophilic/ hydrophobic nature, drugs exhibit physicochemical
behavior which can be controlled with coformers and additives, such as solubility, stability,
bioavailability and dissolution rate for improved shelf-life and drug-patient compatibility. As a result,

they play a crucial role in developing optimal formulations of drugs for better therapeutic efficacy.
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Ila
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Figure 1.5: Biopharmaceutical Classification System (BCS) of drugs.

1.7 Solid-State Chemistry of Pharmaceutical Drugs and its classification:

The ‘Solid State Chemistry of Drugs’*® which primarily focuses on solid state reactions of active
pharmaceutical ingredient and their physical/chemical stability issues, has now widened its scope to
‘pre-formulation development’ and ‘intellectual property management’ of drugs to address and achieve
the ultimate goal by altering their physicochemical properties and optimizing the APIs without changing
their molecular structure and in a desired manner to meet patient.® Several strategies and techniques
are well pursued and adopted in the area of solid-state chemistry of pharmaceutical drugs. Based on the
number of components in the crystal lattice, they are broadly classified as single molecular entities or
multi-component molecular entities are shown in Figure 1.6 Different crystalline arrangements of the
same chemical substance are “polymorphs” of single component molecules. Multicomponent crystal
structure lattice includes such as hydrates/solvates, salts, complexes and, more recently, cocrystals of
the molecules with a second component i.e., ion, water, solvent or a coformer. The cocrystal concept
has been addressed very recently via systematic approach for the formation of pharmaceutical cocrystal.
All these are broadly classified as crystalline. When there is no periodic arrangement of the molecules,
i.e., randomly arranged with short range of contacts, they are defined as amorphous substances (Figure
1.8) that includes single component and multicomponent coamorphous solids. The stoichiometric ratios
of two or more solids are held together through weak but discrete interactions resulted an aperiodic
arrangement. The individual components are crystalline but the resulted adducts are X-ray diffraction
amorphous (broad halo peak). For better understanding packing arrangement in crystal lattice of those
solids is shown in Figure 1.7. In this chapter further there will be discussion on polymorphs, salts,

cocrystals and coamorphous solids.
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Figure 1.6: Classification of pharmaceutical solids based on the molecular packing in a crystal lattice

into various solid-state categories.
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similar size and crystal structures can form ‘continuous solid solutions’ (h) and the ones with mismatch
and misfit can give rise to a ‘eutectic’ (i). A ‘eutectic’ is a ‘conglomerate of solid solutions’ wherein
the solid solution domains are held by weak interactions. Solid solutions/eutectics resemble crystal
structures of their individual components. Binary system existing in aperiodic lattice is called

coamorphous (g). A drug is dispersed in polymeric matrix is called solid dispersion (j).
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Figure 1.8: Powder X-ray diffraction patterns of amorphous (top) and crystalline (bottom) Itraconazole.

1.7.1 Polymorphism

The word ‘Polymorphism’**3233 derived from Greek, poly = many + morph = form. the phenomenon
of polymorphism pertains to crystalline solid state, it is typically attributed by Mitscherlich®* (1822,
1823), who recognized different crystal structures of the same compound in a number of arsenate and
phosphate salts (NaH2AsO4.H,0 and NaH,PO..H,0). Polymorphism refers to the ability of a compound
to exist in more than one crystal form. Berzelius** was the first used the term allotropism to describe the
occurrence of an element existing in several crystal structures called allotropes. Therefore, in a broad
sense, polymorphs and polymorphism to a compound, while allotropes and allotropism is to an
element.®® Even though the history of polymorphism can be traced in nineteenth century and its
importance in the field in pharmaceuticals was brought to light by Walter McCrone who gave the widely
accepted definition that “a solid crystalline phase of a given compound resulting from possibility of at
least two different arrangements of the molecules of the compound in a solid state”.** As per the
Structure-property relationship point of view, the different polymorphs exhibit different properties just
as different compounds.*® In effect, polymorphs of an API by virtue of their difference in structures can
display differences in physico-chemical properties, such as melting point, compressibility, stability,
solubility, dissolution rate and bioavailability, which form important criterion for the selection of

optimal solid form for formulation and usage.**4



Page 12 of Chapter 1

1.7.1.1. Classification of polymorphs
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Figure 1.9: Schematic representation of different kinds of polymorphs. (Adapted from Ref. 47)

From a structural point of view, different polymorphs are having different physical, thermodynamic
(density, refractive index, thermal and electrical conductivity, hygroscopicity, melting point, solubility
and stability), spectroscopic, kinetic (rate of dissolution, stability), surface (surface area, crystal habit),
mechanical (hardness, compression, thermal expansion), chemical (chemical reactivity, photochemical
reactivity) properties so there is a need of understanding on molecular arrangement and control over
polymorphs for rational solid-state design. Polymorphism can be classified as 1. Conformational
polymorphism, 2. synthon polymorphs, 3. packing polymorphs* (Figure 1.9). The differences in
molecular conformations lead to different crystal structures, it is called ‘conformational
polymorphism’4"“¢ e.g., dimorphs of anti-HIV drug Ritonavir.*® When the supramolecular synthon or
non-covalent interactions are different in different crystal structures, it is called ‘synthon
polymorphism>#®*° e.g., acid dimer and acid catemer in the dimorphs of Oxalic acid® (Figure 1.10).
When the arrangement of molecules (whether conformational flexible or rigid) varies in different crystal

structures, it is called ‘packing polymorphism’.*®%? In broader sense all polymorphs arise from
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differences in molecular packing and so referring them as packing polymorphs is a gross classification
which does not give information about structural details. Though these classifications are subjective
because of overlap possible between them and more than one can coexist in a given system, for e.g.
conformational and synthon polymorphism (in the trimorphs of diuretic drug Furosemide, Figure
1.11)% or synthon and packing polymorphism (in the tetramorphs of anti-tuberculosis drug
Pyrazinamide, Figure 1.12),% the advantage of classifying polymorphs in the above categories is to

facilitate understanding of the differences between polymorphs at the molecular level.

(@ (b)
Figure 1.10: Synthon polymorphs of Oxalic acid. (a) a-form has acid catemer and (b) 3-form has acid

dimer in their crystal structures. (Adapted from Ref. 51).
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Figure 1.11: (a) Conformational polymorphism in Furosemide. The three torsion parameters in
Furosemide: t11=C-C-S-N, 12=C-N-C-C, 13=N-C-C-O. The anthranilic acid moiety is conformationally

locked by intramolecular hydrogen bond but conformational flexibility in the furan and sulfonamide
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moieties resulted in four conformers (red, blue, pink and yellow) manifested in three polymorphs. (b)
Synthon polymorphism in Furosemide. R3(8) N—H---O dimer and R%(8) motif in form 1, C(4) catemer
and R (14) tetramer motif in form 2, R%(8) N—H:--O motif and R3(6) rings in skewed dimer of form
3. (Adapted from ref. 46).

a p /4 o
Figure 1.12: Synthon and packing polymorphism in Pyrazinamide. In o polymorph, zigzag tapes

formed by R%(8) N-H---O and R3(10) N-H---N hydrogen bonds are connected orthogonally to 2;
screw related tapes through C—H---N interactions in a 3D arrangement. The g polymorph has non-
planar R%(8) N-H---O dimers that make a helix along the b-axis through anti N-H---O and C—H---N
interactions. In y polymorph, 1D tapes assembled via N-H---N hydrogen bonds of C(6) notation are
connected through C—H---O and C—H---N interactions. In & polymorph, carboxamide tapes formed by
RZ(8) dimer and C(4) catemer N-H---O synthons and R%(6) C—H---N synthons make 2D sheets.
(Adapted from ref. 52)

1.7.1.2. Polymorphs generation and transformation

Screening and generating desired polymorph is an essential component of pharmaceutical
research.5*%55¢ The conventional methods are evaporative crystallization in different solvents, varying
temperature of crystallization, milling etc., new techniques such as sublimation and melting,5%%°
crystallization with structurally related additives,* using polymers as heteronuclei,®*®? laser induced
nucleation,®® crystallization in capillaries,% rotavaporization,®® controlled desolvation,® freeze and
spray drying etc. are being employed for the generation of polymorphs. Of late, new polymorphs are
being obtained during cocrystallization experiments.®”®8 Once a polymorph with desired properties is
obtained, conditions need to be standardized for bulk manufacture and sustenance of the polymorph to
prevent potential transformation to a more stable polymorph with time. This can happen because the
polymorphs are at different levels on the ‘free energy’ surface and therefore inter-conversions are quite
possible which lead to changes in the properties of bulk drug material finally affecting its efficacy.*%°
Therefore, it is essential to gain adequate understanding of their properties so as to optimize the

conditions to develop a desired polymorph for formulation.



Introduction to Crystal Engineering...15

The desired polymorphs can be obtained from the interplay of thermodynamic functions (free
energy, enthalpy and entropy) and kinetic factors (activation energy, temperature, supersaturation, rate
of evaporation etc.) that govern the crystallization process (Figure 1.13a).4%® According to Ostwald’s
rule of stages,®® ' a system reaches the low energy state and attains equilibrium from an initial high-
energy state through minimal changes in free energy involving different intermediate forms at different
stages (Figure 1.13b). Thus, the form that crystallizes first is the one which has the lowest energy barrier
(high energy, metastable form) from liquid to solid state. This form then transforms to the next lower
energy polymorph on the energy diagram and the process continues until the crystallization of the
thermodynamically stable form.®®7* The transformation of the metastable form to the stable form and
number of intermediate forms manifesting during the process is dependent on free energy of activation,
nucleation as well as time. On the other hand, as the energy difference between the polymorphs is
typically within a 5 kcal mol™ window,*’8 several polymorphs can crystallize simultaneously if their
nucleation rates are equal. This phenomenon is called ‘concomitant polymorphism’*® wherein the
polymorphs, both stable and metastable, crystallize under the same conditions and the same vessel.

Concomitant polymorphs are generally ‘near-energetic’.*°

Solution
AG7,

Metastable A

Energy

Metastable B

Athermouynamlc

Kinetic crystal Metastable C

Thermodynamic crystal

—_— Time Stable crystal D

(@) (b)
Figure 1.13: (a) Kinetic and thermodynamic outcome of crystallization reaction. (b) Ostwald’s Rule of
Stages. Initial high-energy state (metastable A) through minimal changes in free energy crystallizes first
and is the one which has the lowest energy barrier. Metastable A form will then transform to the next
lower energy polymorph (metastable B) and so on (metastable C) until thermodynamically stable crystal
D. (Adapted from ref. 71)

Polymorphic transformations (solid-solid phase transformations) can happen during
crystallization as above i.e. in solution, upon storage and with variation in temperature.*>® The
transformation or interconversion from metastable to stable form or even stable to metastable form in a

given set of conditions, depends on how the free energy of activation is achieved by the system for the
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nucleation of a polymorph and its consequent growth.’”? The manufacturing processes such as
granulation, milling, compression etc. can also facilitate transformation.”® Seeding also induces the
formation of particular polymorphs since the process bypasses the rate-limiting nucleation step.”? In all,
the transformation is dependent on the inherent thermodynamic functions of the system with respect to
temperature, which can also provide the activation energy for nucleation and transformation. The
entropy and temperature components influence the free energy of a system and thus are crucial in
establishing the relative thermodynamic stability relationships of polymorphs.*%4272 They can shift the
balance from one polymorph to another polymorph with respect to their stability depending on the

conditions prevalent.

Thus, thermodynamically, polymorphs are divided into monotropic and enantiotropic
systems.4%4378 Monotropism is the phenomenon in which only one polymorph is the stable form at any
temperature and all other polymorphs convert to through exothermic phase transition. Enantiotropism
is the phenomenon in which one polymorph is stable at one temperature and other at another
temperature and the two are related by a reversible phase transition. An endothermic phase transition at
some temperature before melting is characteristic of an enantiotropic system. In general the situation of
an enantiotropic system is like this: when a polymorph is heated, it transforms to another polymorph,
by taking energy, at one particular temperature called ‘transition temperature’, above which the new
polymorph is stable; this high temperature polymorph reversibly converts to the original polymorph, by
losing energy, upon cooling beyond the transition temperature.“>”® Sometimes, if the conditions favor,
the high temperature polymorph, though metastable at room temperature, can elude transformation. 6.7
The same is true for near-energetic polymorphs of a concomitant crystallization batch. If the conditions
are such that the free energy of activation required for the transformation to the stable polymorph is
high and the nucleation of stable polymorph is not favoured, all these metastable polymorphs can sustain
from days to many years.*®’” But, once the conditions favoring the formation of stable form prevail, the
metastable forms can convert to it at any time. Nevertheless, the metastable nature of such polymorphs
can be translated as solubility advantage over stable polymorphs which have lower solubility, as per the
inverse relationship of solubility and stability.**"® Thus, this attribute of metastable polymorphs is taken
advantage of for pharmaceutical formulation purposes. However, their potential transformation to the
stable form is a serious concern and special care should be exercised to avoid the transformation and

achieve the desired objective.

1.7.1.3. Importance of Polymorphs in Pharmaceutical Industry

Polymorphs received tremendous attention in pharmaceutical industry because of its importance in
formulation’® as the different properties of polymorphs make them commercial and patentable.” Once
a polymorph with desired properties is obtained, conditions need to be optimized for the bulk

manufacturing to prevent potential transformation to a more stable polymorph. This can happen because
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the polymorphs are at different levels on the ‘free energy’ surface and therefore inter-conversions are
quite possible which lead to changes in the properties of bulk drug material finally affecting its
efficacy.®®* Therefore, it is essential to gain adequate understanding of their properties so as to optimize

the conditions to develop a desired polymorph for formulation

Polymorphism gained immense interest to understand and control the production and stability of
polymorphs in pharmaceuticals. If a generic pharmaceutical company discovers a novel crystal form of
an existing marketed drug, it will gain an early access into the marketplace; therefore, the innovator
must find out all possible polymorphs of the drug and patent them in order to extend their monopoly in
pharmaceutical industry and protect their product. The well-known example is anti-ulcer drug
Ranitidine hydrochloride polymorphs to show the importance in the context of polymorphism (Figure
1.15). Glaxo obtained a patent on the two polymorphs (I, followed by I1) of Ranitidine hydrochloride.
In the mid-1990s, as the patent on the drug form | was approaching expiration and it opened the market
for the entry of generic manufacturers to sell a generic version of form | of the drug. But the generic
manufacturers were not able to crystallize form | exclusively as it was always crystallizing as a mixture
of form | and form Il. This kept the generic company’s products off the market for several years and
during that period Glaxo was making $10 million in sales each day on this blockbuster drug. Ultimately
Novopharm could find a method to prepare form I exclusively with less than 1% amounts of form I,
and won the battle. Since then, generic entry was made into the market. This case demonstrated the

importance of phase purity and characterization techniques for patentability.

Another example Ritonavir (brand name ‘“Norvir’), a HIV protease inhibitor, developed by Abbott
Laboratories is a popular example which drew a lot of attention both from academia and industry with
respect to polymorphic transformations and control and their potential implications.® After two years
of its launch in the market (1996-98), a new stable but less soluble polymorph 11 (4 times less soluble
than form 1) of Ritonavir was detected in the drug formulations which led to inadequate
activity/bioavailability. Abbott withdrew the drug from the market and re-entered the market after
standardizing the procedures to obtain the original more soluble polymorph 1. In this process, the
company lost an estimated $250 million in sales the year the drug was withdrawn. Ritonavir polymorphs
represent an example of conformational polymorphs and also polymorphism induced by an impurity. It
is hypothesized that a carbamate impurity (hydrolytic product of Ritonavir), having syn conformation
of amide moiety, in bulk drug, induced the crystallization of form Il having amide in syn conformation

from form | with amide in anti-conformation (Figure 1.14).%
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Figure 1.14: The anti and syn amide conformers of Ritonavir form I and Il. (Adapted from Ref. 87)

1.7.2 Pseudopolymorphism-Solvates and Hydrates

McCrone introduced the term ‘pseudopolymorphism’.® It is defined as the phenomenon wherein a
“Compound is obtained in crystalline forms that differ in the nature or stoichiometry of included solvent
molecules” and the resulting solid forms are known as pseudopolymorphs.” Pseudopolymorphs also
termed as solvates or hydrates or solvatomorphs, and this class of compounds exhibit different
solubility, dissolution rate, mechanical behavior, stability and bioavailability from their unsolvated
counterparts.®® The propensity of a compound to form pseudopolymorphs is deemed to be relevant to
molecular structures, hydrogen bonding ability and crystal packing.® Generally, during crystallization
process, strong solute-solvent interactions result in the nucleation of solvated crystals. In particular
water molecule, because of its small size, and ability to act as both a hydrogen bond donor and acceptor
found to be more capable of linking to drug molecules to form new crystal structures than any other
solvent. It is found that approximately one third of active pharmaceutical ingredients (APIs) can form
crystalline hydrates.>* Sometimes, solid can incorporate different ratios of the same solvent for
example, antibiotic drug norfloxacin forms a dihydrate, 1.25 hydrate and 1.125 hydrate.®® On the other
hand different solvents can incorporate in the crystal lattice for example, antibacterial drug
nitrofurantoin forms solvates with water, DMF, DMSO, methanol etc.®® Sometimes polymorphs of
solvates also observed example includes nitrofurantoin monohydrate polymorphs | and Il (Figure
1.15).%t The choice between solvated or unsolvated forms of a drug will depend on its pharmaceutical
properties like stability under different conditions, shelf life etc. Various drug molecules are currently
marketed as solvates/hydrates, for example, indinavir sulfate is marketed as its ethanol solvate and

paroxetine hydrochloride is marketed as its hemihydrate.®
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Figure 1.15: Pseudopolymorphs of nitrofurantoin monohydrate. (a) In form 1, tapes of translation
related nitrofurantoin molecules are connected by water molecules through O-H---O and N- H---O
hydrogen bonds. (b) In form Il, discrete nitrofurantoin molecules form a zigzag tape through water
molecules. (Adapted from ref. 91)

As a general rule, solvates are not preferred for pharmaceutical development, except for hydrates
and occasionally ethanolates, because of the toxicity and undesirability of ingesting most of the
solvents. Hence, solvents with low toxicity need to be used for pharmaceutical purpose, and these
solvents are classified based on decreasing toxicity, from Class | (such as benzene, carbon tetrachloride
etc., should be avoided) to Class Il (such as acetonitrile, methanol, pyridine etc., should be limited) to
Class 3 (such as ethanol, acetic acid, acetone etc., can be preferred).*°Some solvents although present
in the crystal lattice of the parent solid (in channels/voids) have no or little role on the integrity of the
crystal structure and hence can be readily desolvated and resolvated for practical purposes for instance,
cephalosporin solvates.®® But, some solvents upon controlled desolvation can produce new polymorphs
of the parent material example of caffeine Form Il from its hydrate.** Hence, purposive solvation and
desolvation experiments are routine during polymorph screening of APIs and important for
crystallization of a desired polymorph.® In all, pseudopolymorphs are one of the important class of

drug solid forms which have several applications in the pharmaceutical industry.

1.7.3 Pharmaceutical Salts

Salt formation has been a traditional way and primary approach to modify the physicochemical
properties of an API. A crystalline salt is an ionic solid involving a charge-charge interaction between
ions of opposite charge. Salts are formed when a compound that is ionized in solution forms a strong
ionic interaction with an oppositely charged counterion. Its success and stability are dependent on the
relative strength of the acid or base and the acidity and basicity constant of the components involved.%
The general rule of thumb for salt formation® is that the acid ionization constant, pKa, between the acid
and the base should be different by at least two or three units. The limitation of this is that the pKa

values are only valid under the solution equilibrium conditions at which they were determined. Salts of
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their inherent strong ionic interactions tend to be stable and in general exhibit higher melting points
than their parent APIs. Their ability to form electrostatic interactions and charge-assisted hydrogen
bonds with water in the biological media confers higher solubility to the API salt formulation. Thus,

salts offer dual advantages of solubility and stability.*’

The bestseller drug Ranitidine hydrochloride (brand name ‘Zantac)® used in the treatment of
gastro-intestinal ulcers is one of the best examples of the case and is also another instance of commercial
success through polymorphs as intellectual property. Ranitidine base is low water soluble (25 mg/mL)%
and becomes unstable when exposed to light.*° It also gives a sulfurous odor and has a low melting
point of 70 °C. But, ranitidine hydrochloride salt has all the desirable attributes of high water solubility
(1 g/mL),%°* higher melting point (136 °C), more stability and is almost odorless.'® With regard to the
IP issue of polymorphs, Glaxo patented two polymorphs of Ranitidine hydrochloride because of which
it could sustain in the market even after patent expiry of the first polymorph.* This is because the
generic companies have to make a formulation that should be free of the second polymorph, otherwise
it would be infringement of reigning patent on the second polymorph. Thus, ranitidine hydrochloride is

the illustrative example of ‘pharmaceutical form development’ and ‘intellectual property management’.

However, salts have their own setbacks. The hygroscopic nature of salts, by virtue of their
inherent affinity to water/moisture, is a serious problem in several cases.*®12 The hygroscopicity of the
anti-tuberculosis drug Ethambutol dihydrochloride salt is reported to cause instability of the anti-TB
fixed dose combination (FDC) drug formulations, thus leading to poor quality medicines which will not
be useful for treatment (Figure 1.16).1° Moreover, for neutral and weakly ionizable APIs, salts cannot
be made.% Of late, majority of the new drug candidates coming into the area are hydrophobic and lack
ionizable functional groups.’® These issues warrant the need of novel solid forms that can avoid these
problems. Although, prodrugs, solid dispersions, nanoparticles, cyclodextrin inclusion complexes
etc.9”"1%° were shown to be promising approaches, the ultimate goal of modulation of physico-chemical

properties of drugs in a desired way warrants other strategies to achieve the objective.

f h
Figure 1.16: Marketed anti-TB FDC products in packed and unpacked state and their behavior when
unpacked products are exposed to humidity and photostability chambers after 5 days. (a) Strip pack,
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packed control; (b) unpacked control; (c) exposed to 40 °C/75% RH; (d) exposed to 40 °C/75%
RH/Light; (e) blister pack, packed control; (f) unpacked control; (g) exposed to 40 °C/75% RH; (h)
exposed to 40 °C/75% RH/Light. RH = relative humidity. (Adapted from ref. 110).

1.7.4 Cocrystal Definition

The earliest example of a cocrystal between quinine and hydroquinone was reported by Friedrich
Wohler in midst of 19" century, and they were called organic molecular compounds, heteromolecular
crystals and molecular complexes.!'! However, the term cocrystal as used today did not come into
widespread usage until it was introduced by MC Etter in the 1990s.112 The definition of cocrystal is a
decade old debate when the importance of ‘pharmaceutical cocrystals’ in the current context began
around 2000s.1*116, This debate was started in 2003 only when Desiraju expressed the unsuitability of
the term “co-crystal” and suggested that the previously used terms such as “molecular complexes”
should be considered.**” Dunitz, however, irrevocably established that the term “molecular complex”
is too uncertain and while the term “cocrystal” is not perfect.}*® He defined a co-crystal as “a crystal
containing two or more components together”. Both Dunitz and Desiraju agreed that the term should
be “co-crystal” in contrast to “cocrystal” to indicate togetherness of two components. Aakeroy offered
a more restrictive definition in that the components of cocrystals must be neutral and exists as a solid
at ambient conditions with a well-defined stoichiometry.!*® However, Bond found this definition
unsatisfactory due to the restriction that all components must be solid.!? Again Desiraju proposed at
least one of the components is molecular (target molecule) and forms a supramolecular synthon with
the remaining component (cocrystal former).” Many definitions of cocrystals have been offered by

various scientists and there is no hard and fast definition.

To bring a consensus on the definition of a cocrystal, a bilateral Indo-U.S. workshop on
Pharmaceutical Cocrystals and Polymorphs held in India, year 2009 brought the organizers from both
sides. A lively debate on nomenclature issues starting from what is a cocrystal, or co-crystal, and
definition of terms such as pseudopolymorph, solvate, host-guest compounds, etc. engaged an active
discussion among participants.'?! In the year 2012 the widely accepted definition of cocrystal was
proposed in another Indo-US Bilateral Meeting as the “cocrystals are solids that are crystalline single-
phase materials composed of two or more different molecular and/or ionic compounds generally in a
stoichiometric ratio”.** These workshops sent in a clear message that the timing is right for FDA (food
and drug administration, USA) to draft the definition of a solid state cocrystals. And thereafter
cocrystals brought in the novelty to existing drugs and have been center to the pharmaceutical patents.
The fact that the new drug molecule discovery pipeline has slowed down worldwide is an excellent

opportunity for Indian scientists and industry to create novel intellectual property.
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The US-FDA in the year 2018 published the guidelines as; “Co-crystals are crystalline
materials composed of two or more different molecules, typically active pharmaceutical ingredient
(API) and co-crystal formers (“coformers”), in the same crystal lattice that provide opportunities for
engineering solid-state forms beyond conventional solid-state forms of an API, such as salts and
polymorphs. Only if these cocrystals can be tailored to enhance drug product bioavailability and
stability and to enhance the processability of APIs during drug product manufacture. With added
advantage of diverse array of solid-state forms for APIs that lack ionizable functional groups, which is

a prerequisite for salt formation”.'?

1.7.4.1. Importance of Cocrystals in Pharmaceutical Industry

Pharmaceutical cocrystals approach is unique and generated enormous interest, in that it does not affect
the pharmacological properties of the drug, but it improves the drugs’ bioavailability by improving the
several of its physicochemical characteristics, such as melting point, stability, tabletability, solubility,
permeability and bioavailability.’” The factors play an important role on drug by altering the
physicochemical properties are the properties of APIs and coformers, the nature of molecular interaction
between them and the employed synthetic procedures. The APIs will benefit in presence of coformer in
its crystal lattice which is a property modifying component. The effect on the physicochemical
properties of the API is dependent on the available coformer generally from GRAS list (generally
regarded as safe). Therefore, cocrystals have unique advantage over the more common salts is that
cocrystals can be made for non-ionisable APIs as well as for those complex drugs which have sensitive
functional groups that may not survive the harsh reaction conditions of strong acids or bases.*?*'?° There
are several other main advantages behind the formulating the cocrystals. It has a potential to shorten the

drug development timeline equate to less cost, which is appealing to pharmaceutical companies.

Different steps are involved for the pharmaceutical cocrystal design and synthesis. This
includes selection of coformer guided by crystal engineering and hydrogen bonding principles followed
by screening of cocrystal in different methods where the components are mixed together and subjected
to solution crystallization, co-sublimation, co-melting, solid state grinding, liquid assisted grinding,
slurry crystallization, reaction crystallization, spray drying etc (Figure.1.17). These solid-state synthesis
techniques of cocrystals can be classified as green chemistry as they offer high yield, less solvent use
and there are few by-products. Pharmaceutical cocrystals are structurally different to their bulk forms;
it is possible to patent cocrystals of existing APIs as a new crystal form. Different formulations of
pharmaceutical cocrystals are available in the market such as Viagra (Pfizer) to treat erectile dysfunction
and pulmonary arterial hypertension, Entresto (Novartis), for treatment of chronic heart failure.
Monosodium Sacubitril and Disodium Valsartan cocrystal forms are in the market.}? Entresto is the

first multidrug cocrystal approved following the cocrystal guidance by US-FDA.*?
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Figure 1.17: General methods used for the preparatlon of cocrystals.

1.7.4.2 Spring and Parachute model for solubility enhancement of cocrystals

In the year 2011, Nangia proposed a model to explain how a coformer can improve the solubility of
cocrystals, based on ‘spring and parachute’ model of amorphous forms.**” According to the model, a
cocrystal containing a high soluble coformer can facilitate faster dissolution of a low soluble
component. They explained that fast release of high soluble coformer into agueous medium (because
of its higher affinity to the latter) results in the dissociation of cocrystal, thereby leaving behind the low
soluble component in an amorphous/randomized state. This amorphous/randomized state
understandably leads to an increase in the free energy of the system, ultimately leading to an
improvement of solubility/dissolution of the low soluble component (Figure 1.18 a & b). Later Desiraju
extended the model ascribing the retention of high solubility over prolonged duration to the formation
of a loosely bound, amorphous cocrystal structure in solution through a supramolecular synthon effect
(Figure 1.18 c).12® This model complies with the ‘coformer solubility rule’? in that high solubility
coformers will give rise to high solubility cocrystals and vice-versa. If the coformer has low water
solubility, it does not dissociate from the lattice easily and in effect can control the solubility/dissolution

of the drug.



Page 24 of Chapter 1

= "Spring’ 1-crystalline powder

= = 2-spring L 1T 1 ;| -'- [ ]
@ 3 - spring with parachute
e pring p [ I I I | - - - - Cocrystal dissociates
----_"- - [ - i | Dissolves
E ey § Paracet aEmEe o
g a-?f-sbl, Drug, stable palymorph - - L -
E :hn[ng‘hwr:lglmaks:ocwstz\ Drug : Coformer Cocrystal
-E paringly soluble * o Crystalline form
3 -
5 = - Queoe
Q Over12-24 h .
o mlial . ® oN
0 - . - . |
Metastable crystalline form . . .
Parachute effect, metastable zone Amorphous phase after
Soluble form coformer escapes into solution
N Spring effect, immediate peak
c . - Drug, insoluble Highly soluble form
= - i Coformer, more soluble
N\
1 Time
(@)
|mEe. . -'-.-.- coomer 0D Q @B .
dissolves
-EE . -.-.-.- partially '.‘. . '
mEEE--. ’-.-‘-.- .,Q.O.Q
L N NN a"EEmEe. o N
API stable Cocrystal Amorphous cocrystal
crystal in solution
Y.
I ...-..,_Ccllapse / l
-.-.- m ey l.-‘l.-
C Rt Bt B LI T DEEEN by Mg B
Coformer
-y-- S .swmy i,= 0 =
ful
aETE-. mg® g " s =
Metastable API Amorphous API Metastable cocrystal

in solution

B Lovsoubic APl Moderately soluble coformer
(b)
Figure 1.18: (a) Nangia’s model of solubility enhancement of a drug through a pharmaceutical
cocrystal (adapted from ref.107). (b) Extended model of Nangia’s by Desiraju et. al. (Adapted from
ref.128)

1.7.4.3 Cocrystals in pharmaceutical Sciences

The application of cocrystal in pharmaceuticals used today haven’t come into widespread usage until it
was popularized by Nangia et al form early 2000 to till date. Nangia et.al **° also reported the hydrolytic
stability of anticancer drug temozolomide (TMZ) by forming cocrystals. It is a BCS class | drug with
high solubility and permeability but it has poor stability during storage. It is transformed to 5-
aminoimidazole-4-carboxamide (AIC) and this makes the drug less effective. This issue was addressed
by making cocrystal with succinic acid (SA) and showed that TMZ-SA is stable for over six months in
accelerated stability conditions of 40°C and 75%RH and 30°C and 65%RH. Whereas pure TMZ
transformed to AIC with two weeks and after six months only 30% of TMZ is left. Further
bioavailability study of TMZ-SA cocrystal on sprague dwaley rat’s results shown that TMZ-SA is
bioequivalent to TMZ (Figure 1.19).1%
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Figure 1.19: (a) TMZ-succinic acid cocrystal sustained by acid-amide dimer interaction (b) chemical
stability of pure TMZ and TMZ-SA cocrystal (for temozolomide) by HPLC analysis stored at
accelerated conditions. TMZ showed degradation to 30% of the original purity in the 6-month period.
TMZ-SA test cocrystal remained stable during the entire 6 months of study with final drug concentration
of over 99%. (c) mean plasma concentration versus time profile of TMZ reference drug and TMZ-SA
test cocrystal. (Adapted from ref. 130 & 131)

In this manner many groups worked extensively worked on pharmaceutical cocrystals and reported that,
cocrystals can modulate/tune the properties (stability, tabletability, solubility, dissolution, permeability,
and bioavailability) of drug component without altering the chemical composition and biological
activity. Itraconazole which is a highly insoluble antifungal drug and marketed in amorphous form (as
Sporanox capsule) to achieve good bioavailability. In order to solve the issue, Remenar et al.**? prepared
the cocrystals of Itraconazole by using carboxylic acid coformers such as malic, succinic (Figure 1.20a),
tartaric acid. Later they performed the dissolution studies (Figure 1.20b) for all crystalline forms in
0.1N HCI and compared, the cocrystals improved dissolution rate by 4-20 times compared to its
crystalline API and the peak values were maintained for about 8h. Among all the cocrystals malic acid
cocrystal showed similar dissolution profile as amorphous form but with lesser stability, the succinic
acid cocrystal showed better stability, dissolution profile and suitable for drug formulation. Curcumin

which is an active ingredient in the traditional herbal remedy, it possesses diverse pharmacological
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activities such as anti-inflammatory, antioxidant, anti-proliferative and anticancer etc. but the poor
aqueous solubility limits pharmacological activity. The issue was solved by Nangia et al.!® via
cocrystals approach using GRAS coformers (resorcinol and pyrogallol, Figure 1.20c&d). The solubility
studies were performed for cocrystals in 40% ethanol/water and observed that cocrystals improved the

solubility about 5 and 20 times compared to pure curcumin (Figure 1.20e).
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Figure 1.20: (a) X-Ray structure of Itraconazole-Succinic acid cocrystal. (b) Comparison of dissolution
rate for amorphous and newly prepared cocrystals in 0.1 N HCI. (c), (d) crystal structures of Curcumin-
resorcinol and pyrogallol cocrystals. (e) Dissolution profile for Curcumin and its cocrystals in 40%
ethanol-water medium. (Adapted from ref. 132 & 133)

McKellar and coworkers'®* reported the solid forms of a liquid drug Propofol, which is an
intravenous anesthetic drug. They prepared cocrystals of Propofol (Figure 1.21a) with biologically
acceptable coformers such as isonicotinamide, nicotinamide, isonicotinic acid and nicotinic acid. These
results highlight the cocrystallization is a tool for improving the melting point of API’s and which will
open the doors for optimizing the properties of a liquid drug in to the solid state. Paracetamol which is
an anti-pyretic and analgesic exists in two polymorphic forms such as form 1 and 2. The layered packing
of molecules in metastable form 2 results in superior compressibility whereas in thermodynamically
stable form 1, molecules were arranged in corrugated layers and exhibited poor tabletability. Later Karki
et al.™*®® solved the issue by making the cocrystals with planar molecules (theophylline, naphthalene,
oxalic acid and phenazine) as cocrystal formers. In the crystal structure of theophylline (Figure 1.21b),
layers are formed by a combination of 0D dimer motifs of theophylline and 1D tapes of paracetamol,
exhibited good tabletability (Figure 1.21c).
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Figure 1.21: (a) Propofol before and after cocrystallization. (b) Crystal structure of paracetamol-

theophylline cocrystal. (c) Tabletability of paracetamol form 1 and cocrystals prepared.

There are very few reports available on salts/cocrystals ability to modulate the flux rate
resulting the enhanced permeability profile of drugs that affects oral absorption and sustains a good
pharmacokinetics profile of drug substances. Lu et al. enhanced the permeability of a BCS class-1lI
drug, 5-fluorouracil by cocrystallization with different coformers such as 3-hyroxybenzoic acid, 4-
aminobenzoic acid and cinnamic acid.*® Desiraju and coworkers reported the permeability study of
hydrochlorothiazide and its cocrystals with different coformers by using Franz diffusion cells. The
amount of drug flux in all cocrystals was higher as compared to pure drug except for succinamide
cocrystals. Cocrystals permeability was improved due to formation of heterosynthon between drug and
coformer.!¥” Nangia et al. reported on Entacapone (BCS class-1V) by theophylline coformer resulted
ETP-THP-HYD cocrystal scores on high solubility, good stability and high permeability. These case
studies present a crystal engineering approach to solve solubility and permeability challenges mainly
depends upon the drug-coformer interactions/weaker heterosynthons, layer crystal structures, lower
melting point/crystal density/lattice energy, enhanced solubility/dissolution rate/molecular mobility,

and polar/nonpolar interactions of the binary solid.

1.7.5 Amorphous solids

Amorphous solids lack the long-range order in the lattice space characteristic of a crystal.*>14? |t
occupies a prominent place in pharmaceuticals with their ability to improve solubility and dissolution
rate APIs due to excess thermodynamic functions of amorphous phases. But when compared to
crystalline phases, amorphous compounds do not show a regular diffraction pattern. These aperiodic
solids can be produced by several techniques such as spray- and freeze-drying, melt quenching, milling,
wet granulation® etc. and recently manual grinding®*! was shown to result in amorphous salts. They are
characterized by thermal techniques with glass transition temperature (Tg). It is the temperature at which

a glassy material (plastic) is converted to rubbery phase retaining some properties of the liquid.*°
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Similar to their crystalline counterparts, amorphous forms are also known to exhibit polymorphism?4
which is termed as 'polyamorphism'. For example, polyamorphism in H2O is extensively studied,** but
the data interpretation remains controversial since the diffraction pattern does not show any Bragg lines.
In another example, the evolution of acetaminophen polyamorphous phases | and Il forms
corresponding polymorphs | and Il in different solvent systems was also studied by radial distribution
functions derived from the pair distribution function (PDF).1*¢ On one hand the excess thermodynamic
functions of amorphous phases confer solubility/dissolution advantage of the poorly soluble APIs.
Therefore drugs Itraconazole, Lopinavir, Cefuroxime axetil, Quinapril hydrochloride etc., are marketed
either as purely amorphous phases or in combination with other solid forms. But on the other hand, the
higher entropy and enthalpy can be disadvantageous since they make the amorphous solid forms highly
unstable. Several excipients such as methyl cellulose, alginic acid, polyvinyl pyrrolidone (PVP),

polyethylene glycol (PEG) etc3® have been developed to stabilize the amorphous forms.

1.7.6 Coamorphous solids

More recently the concept of “coamorphous” system was introduced by Norman Chieng et al. in the
year 2009,47148 the formulation of binary amorphous mixture of ranitidine hydrochloride and y-
indomethacin in different stoichiometric (1:1, 1:2, and 2:1) ratios. Later Thomas Rades and his co-
workers started to explore the coamorphous system as a formulation.4%%0 Coamorphous system has
thus gained considerable interest in the pharmaceutical field because of their potential to improve the
solubility and dissolution rate of poorly soluble drugs. It is a single homogenous phase mixture of two
or more low molecular weight components or non-polymeric components which lacks periodic
arrangement in the lattice and associated by weak and discrete intermolecular interactions between the
components in the lattice. They can have short range ordering similar to amorphous solids of single
component systems. In contrast to polymeric matrix solid dispersion, where APl molecules are
dispersed in high molecular weight polymeric matrix in non-stoichiometric ratio, a coamorphous solid
in which a molecule of interest and a coformer interact with each other via non-covalent interactions in
a fixed stoichiometry ratio and dispersed in lattice.’>* Similarly both polymeric solid dispersion and
coamorphous solid can facilitate the high thermodynamic functions such as free energy, enthalpy and
entropy, and confer solubility and dissolution advantage similar to amorphous solids. Additional
Advantage gained coamorphous solid is stabilize the amorphous form due to non-covalent interaction
among them. It contrasts with a cocrystal, salt or eutectic primarily by its amorphous nature in that it
exhibits a broad hump (‘amorphous halo’) when subjected to powder X-ray diffraction.’®** The
identity and integrity of the components of coamorphous systems can be established by FT-IR and
Raman spectroscopic techniques and eventually coamorphous solids exhibit single glass transition
temperature.'*® Together with the more well-known counterparts such as salts, eutectics and cocrystals,
coamorphous solids are a new entry to pharmaceutical solid form space. However, there is no clear

information on the rational coformer selection to make the coamorphous form. There are few reports
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representing the amino acids repeatedly forming coamorphous forms during mixing with APIs.” Still
the microstructure of coamorphous is elusive by pair distribution function. These solids can be produced
by several techniques such as spray- and freeze-drying, melt quenching, milling, manual grinding and
rotaevaporation,4%-1%

Till date coamorphous solids were extensively studied in pharmaceutics specifically to improve
the solubility, stability and bioavailability. Few examples are highlighted here. Recently Zhang et.al!>s
has reported the improved solubility and stability of Lurasidone hydrochloride (LH) with
saccharin in a 1:1 molar ratio. They stated the LH-SAC coamorphous solid stored at 25 °C/60% RH,
is stable up to 60 days and it has higher stability than pure LH amorphous which showed only 7 days
stability at same conditions (Figure 1.25a). Laitinen et.al**® reported the drug-drug coamorphous of
simvastatin (SVP) and glipizide (GPZ) in different stoichiometric ratios (1:1, 2:1 and 1:2). Cryo-milled
1:1 and 1:2 of the SVP-GPZ showed two months phase stability at 25 °C/65% RH (Figure 1.25b).
Likewise, coamorphous system is gaining considerable attensison in the academic and pharma industry
because of their potenial utility to the improve drug dissoultion rate, stability consequently oral
bioavailiblity.’>” In chapter 4 we highlit the Curucmin-Artemisinin coamophous solid utility in terms

of oral bioavailiblity enhancement and xenograft studies.
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Figure 1.22: (a)Intrinsic dissolution rate profiles crystalline LH, amorphous LH, and coamorphous LH-
SAC in 0.2M phosphate buffer solution (3.8, n=6). (b) PXRD pattterns for amorphous LH (A),
coamorphous LH-SAC (B) stored at 25 °C/60% RH over a specified period.
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1.8 Conclusions

In this chapter, the origin and evolution of crystal engineering as a primary design element in developing
pharmaceutical solid forms has been discussed. Alongside, intermolecular interactions and
supramolecular synthons were. This understanding would be vibrant in the context of ‘pharmaceutical
form development” which allows the design of several solid forms with varying strengths of

intermolecular interactions such as salts, cocrystals towards better therapeutic efficacy.

An API molecule can give rise to a multitude of crystal forms upon solid form screening. A
review of all these solid forms was reviewed in various subdivisions of this chapter, which would focus
the inherent differences in the structural aspects among these crystalline forms. By virtue of their
uniqueness, these solid forms would result in varied physicochemical properties which are significant
for best solid form selection and development. Since there is no single solution to the problems arising
from the physicochemical behavior of various drug molecules, it is enormously essential to screen for
all the possible solid forms (salts and coamorphs), which via their unique physicochemical properties
would provide specific and desirable applications in different systems.

In the following chapters, chapter 2 deals with high solubility of Entacapone by
forming cocrystals with amide coformers. Chapter 3 describes the stability, solubility and permeability
of Entacapone, Polymorphs. Chapter 4 explores the improvement of the solubility and permeability of
Pimozide via salt formation. Chapter 5 discusses the Xenograft model preclinical study of Curcumin-
Artemisinin Coamorphous solids. Chapter 6 describes the crystal structure analysis of Ribociclib salts
and cocrystal. This thesis mainly focuses on the use of crystal engineering principles in the design and
synthesis of various solid forms of drug molecules including cocrystals, salts, co-amorphous materials

and polymorphs in order to improve poor physicochemical properties of APIs.
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CHAPTER TWO

Entacapone: Improving Aqueous Solubility, Diffusion
Permeability and Cocrystal Stability with Theophylline

ETP-INAM
ZAd-dLiA

ETP-ACT

Entacapone, ETP, a BCS Class 1V drug of low solubility and low permeability. Cocrystalization of
ETP with acetamide (ACT, 1:1), nicotinamide (NAM, 1:1), isonicotinamide (INAM, 1:1),
pyrazinamide (PYZ, 1:1), and isoniazid (INZ), 1:1) were prepared by solvent-assisted grinding.
Theophylline (THP) resulted in a cocrystal hydrate (ETP-THP-HYD 1:1:1). The were characterized
by SC-XRD and PXRD, DSC, TGA, IR and NMR spectroscopy. Solubility and dissolution rate
showed that there is a correlation between cocrystal stability and solubility governed by the
heteromeric N-H---O, O-H--N and O-H---O hydrogen bonds and conformational changes of ETP in
cocrystal structures. ETP-THP-HYD and ETP-PYZ exhibit faster dissolution rate and high solubility
compared to the other cocrystals which dissociate partially during solubility experiments. Diffusion
rates showed that the stable and high solubility ETP-THP-HYD cocrystal has good permeability.
Given that stability, solubility and permeability are in general inversely correlated, the entacapone-
theophylline hydrate cocrystal is a unique example of the thermodynamically stable cocrystal

exhibiting high solubility and high permeability.
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2.1 Introduction

Parkinson disease is a chronic and degenerative disorder of the central nervous system which leads to
progressive deterioration in motor system function control due to loss of dopamine function as a
neurotransmitter. Dopamine cannot be taken as a medicine to lift the brain depleted levels because it
cannot cross the blood-brain-barrier (BBB).> A chemical precursor of dopamine which can pass to the
brain where it is readily converted into dopamine*® is levodopa (L-Dopa). It is widely used in
Parkinson’s disease treatment for over 40 years. However, only 5-10% of levodopa crosses the BBB
and much of the drug dose is metabolized to dopamine elsewhere in the body.® With the intention of
avoiding the metabolism outside the brain and to improve the availability of levodopa inside the brain,
another medication carbidopa (dopa decarboxylase inhibitor) and entacapone (catechol-o-
methyltransferase enzyme, COMT) are often combined.”® Among these two drugs, carbidopa across
the BBB but inhibits the conversion of levodopa to dopamine outside the brain tissue.'® Entacapone
(ETP) is a potent and specific reversible inhibitor of catechol-o-methyltransferase enzyme (COMT)
enzyme, which crosses BBB and stops the metabolism of dopamine by COMT activity inside the
brain.’12 Currently, a fixed dose combination of levodopa, carbidopa and entacapone is marketed by
Novartis.®®> However, ETP is a Biopharmaceutics Classification System (BCS) Class IV drug and
exhibits erratic oral bioavailability.** This problem is attributed to poor aqueous solubility, low
membrane permeability, and first pass metabolism. The aqueous solubility of ETP is less than 80 pg/mL
at pH <5.0 but rises with increasing pH.'* The apparent permeability of ETP is logPagp 0.18+0.02 cm/s
at pH 7.4 In order to improve the solubility and oral bioavailability, ETP-hydroxypropyl-B-
cyclodextrin (HP-B-CD) complex formulations were developed, which showed improved solubility and
intravenous bioavailability compared to pure ETP.* Solid/liquid self-micro emulsifying drug delivery
system (SMEDDS) of ETP exhibit high drug release rate and enhanced shelf-life in the treatment of
acute parkinsonism.'” Crystal forms of entacapone are eliminate in the Cambridge Structural Database
(CSD),*8 with no report on polymorphs, solvates/hydrates, or cocrystals, except one guest free form X-
ray crystal structure.’® However, ETP polymorphic forms have been characterized by powder X-ray
diffraction and on a surface template.?*?> Crystal engineering? of multi-component solids to improve
the solubility and permeability of entacapone are reported in this paper. Cocrystals are solids which are
crystalline single phase materials composed of two or more different molecular and/or ionic compounds
generally in a stoichiometric ratio which are neither solvates nor simple salts.?* If at least one of the
molecules is an active pharmaceutical ingredient (API) and other is generally recognized as safe
(GRAS)® substance then it is called as a pharmaceutical cocrystal.?* The development of
pharmaceutical cocrystals has become a well Known strategy to improve the biopharmaceutical
properties of an API. Cocrystallization is a viable platform suited for drugs for which salt formation is
not an option due to the absence of ionizable (acid/base) functional groups in the molecule, e.g., as in
ETP. Cocrystals provide new opportunities for intellectual property, patent protection and novel

pharmaceuticals.?-2
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Scheme 2.1: Molecular structures and acronyms of Entacapone and coformers.

2.2 Results and Discussion

Entacapone ((E)-2-cyano-3-(3,4-dihydroxy-5-nitrophenyl)-N,N-diethylacrylamide, ETP, Scheme 2.1)
is a conformationally flexible and functionally diverse (phenolic and nitro functional groups) molecule
of neutral character (no acid, amine groups which are ionizable at physiological pH). The phenolic OH
and nitro O have a tendency to form multiple supramolecular synthons, such as O-H---N, N-H---O and
O-H---O in cocrystals with amine, amide, pyridine, acid, and hydroxyl functional group of the
coformers.?®3%-3% The nitro group with two O acceptors has propensity to form cocrystals with urea
derivatives through N-H---O heterosynthon. % In this background, GRAS coformers and drugs with
amide functional groups (pyrazinamide and isoniazid) were selected for cocrystallization with
entacapone (full list of coformers in Table 2.1). The amide and pyridine coformers such as acetamide
(ACT), nicotinamide (NAM), isonicotinamide (INAM), theophylline (THP), pyrazinamide (PYZ) and
isoniazid (INZ) afforded cocrystals (Scheme 2.1). Several coformers were unsuccessful in our hands,
e.g. 2,6 dihydroxybenzoic acid, 3,4 dihydroxybenzoic acid, benzoic acid, maleic acid, ethyl vanillin,
vanillin, guaiacol, caffeine, etc. (Table 2.1). The formed cocrystals were characterized by PXRD, DSC,
TGA, IR and NMR. The molecular packing and hydrogen bonding in four cocrystals namely ETP-ACT,
ETP-INAM, ETP-PYZ and ETP-THP-HYD was confirmed by single crystal X-ray diffraction (Table
2.2 and Table 2.3). Attempts to obtain single crystals of ETP-NAM and ETP-INZ were unsuccessful
due to incongruent solubility in organic solvents (such as ethanol, chloroform, acetonitrile, isobutanol,
ethyl methyl ketone, acetone, methanol, diethyl ether, ethyl acetate, etc.) and / or cocrystal phase

instability in that solvent system. Nevertheless, these cocrystals were characterized by their unique
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powder X-ray diffraction pattern and intermolecular interactions by FT-IR spectroscopy. Their

stoichiometry was determined by *H NMR integration. Solubility, dissolution rate, and diffusion

permeability were measured to compare the cocrystal properties with that of pure ETP.

Table 2.1: List of coformers attempted for cocrystallization with ETP in this study. The successful

molecules which gave crystalline products are shown in bold font.

List of Coformers selected in this chapter

2,6-Dihydroxybenzoic acid
3,4-Dihydroxybenzoic acid
4-Aminobenzoic acid
Benzoic acid

Maleic acid

Fumaric acid

Oxalic acid

Salicylic acid

Ferulic acid

Adipic acid

Succinic acid
2,5-Dihydroxy benzoic acid
p-Hydroxy benzoic acid
L-Tartaric acid

Ethyl vanillin

Vanillin

Vanillic acid
L-Arginine
Hydroquinone
Apocyanin
Catechol

3-Hydroxybenzaldehyde

L-Lysine
Histidine
Isonicotinamide
Acetamide

Urea

Cytosine
Nicotinamide
Piperazine
Adenine
Guaiacol

Resorcinol

Phloroglucinol
Hydroquinone
Theophylline

Thymine

3-Methoxyoxy benzoic acid
4-Methoxy benzoic acid
Saccharin

Isoniazid

Caffeine

Adenine

2,4-Dihydroxy benzoic acid
2-Methoxy benzoic acid
D-Glucose

Vanillyl alcohol
Pyrazinamide

Table 2.2: Crystallographic parameters of ETP cocrystals.
ETP-ACT (1:1) ETP-INAM (1:1)

ETP-THP-HYD

ETP-PYZ
1:1

Emp. form.

Form. wt.
Cryst. system
Space group
T (K)

a(A)

b (A)

c(A)

a(®)

BC)

7 ()

Z

V (A%

Rflns. collect
Unique rflns.
Obsd. rflns.
Parameters
R:

WR;

GOF

Diffractometer

C14H15N30s
(C2HsNO)
364.36
Monoclinic
12/a
298(2)
15.934(13) A
7.000(6) A
32.06(02) A
20
95.18(5)
90
8
3561(5)
3657
3538

2511
240
0.0810
0.2151
1.320
Bruker APEX-II
CCD detector

C14H14N30s
(CeHs N20)
427.42
Monoclinic
P21/n
298(2)
13.901(13)
7.426(7)
20.12(2)
90
100.30(4)
90
4
2044(3)
3493
3481

2965
298
0.0554
0.1577
1.091
Bruker APEX-I1I
CCD detector

C12H10N30s,
(CoH13N4O2) (H2 O)

503.48
Triclinic
P-1
298(2)
7.1018(2)
7.3346(2)
22.7120(7)
95.075(2)
90.438(2)
101.915(2)
2
1152.61(6)
3793
3793

2390
345
0.0703
0.1804
1.013

Bruker APEX-II
CCD detector

C14H14N30s,

(Cs HsN30)
428.41
Monoclinic
Pn
298(2)
4.88(2)
16.55(7)
12.49(5)
90
96.4(2)
90
2
1003(7)
2996
2732

1644
290
0.0867
0.2897
1.072
Bruker APEX-
Il CCD detector
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Table 2.3: Selected geometric parameters of hydrogen bonds in ETP cocrystals.

ETP-ACT (1:1)

O1-H1--05 2.669(4) 1.85 178 1/2-x,3/2-y,1/2-z
02-H2--03 2.635(2) 1.96 140 1/2-x,3/2-y,1-z
0O2-H2-N1 2.962(3) 2.56 112 Intra
02-H2--06 2.856(2) 2.21 136 1/2+,-1/2+Y,1/2+Z
N5—H5A-+-06 2.955(3) 2.11 167 -X,1-y,-z
N5-H5B-01 3.048(3) 2.21 164 1/2-x,3/2-y,1/2-z
ETP-INAM (1:1)
O1-H1--05 2.643(3) 1.79 172 3/2-x,1/2+y,1/2-z
0O2-H2--N4 2.707(3) 1.75 157 2-X,1-y,-z
N5-H5A-N2 3.142(3) 2.24 161 1-X,-y,-Z
N5-H5B-+-06 2.952(3) 2.10 173 3/2-x,-1/2+y,1/2-z
C7-H7--04 3.261(3) 2.45 146 1-x,1-y,-z
C15-H15--01 3.009(3) 2.37 125 2-x,1-y,-z
ETP-THP-HYD (1:1:1)
O1-H1A--08 2.560(5) 1.74(4) 176(6) X,1+y,z
02-H2A--03 2.589(4) 1.77(6) 148(6) Intra
02-H2A--03 3.029(4) 2.40(7) 126(5) -1+x,-1+y,z
N6—H6A--O1 2.873(4) 1.99(4) 168(3) Xyz
O8-HS8A---05 2.733(5) 1.90(7) 178(11) 1+x.,y,z
O8-HS8B---07 2.756(5) 1.90(7) 165(7) X,-1+y,z
C4-H4--06 3.313(5) 2.44 156 X,-1+y,z
C7-H7--06 3.382(5) 2.52 154 -1+x,1+y,z
C20-H20B---0O8 3.533(6) 2.59 166 Intra
ETP-PYZ (1:1)
O1-H1A--N4 2.671(11) 1.95 144 3/12+x,1-y,1/2+z
02-H2A--03 2.616(11) 1.88 146 Intra
O2-H2A--06 2.709(11) 2.19 120 1+x,y,1+2
N6—H6A---05 2.925(12) 2.17 146 1+x,y,z
N6—H6A--O3 3.083(13) 2.28 155 Xy,-1+z
C17-H17--01 3.285(14) 2.50 142 -1+x,y,z
C18-H18::06 3.285(14) 2.50 161 -1/2+x,1-y,1/2+2

2.3 Crystal Structure Analysis

The X-ray crystal structure of ETP (CSD Refcode OFAZUQ) was reported in 2000 by Leppanen et al.°
Inversion related ETP molecules in the triclinic space group P-1 are connected via O-H---N (O3-
H2---N2, 2.93 A, 153°) hydrogen bonds in a R%(20) ring motif 3 (Figure 2.1a). Such dimers are
associated through bifurcated O—H---O (02-H1---01, 2.62 A, 173°) H-bonds in a 1D chain along the
c-axis (Figure 2.1b).
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R}(20)

(a)
(b)

Figure 2.1: Inversion related ETP dimers connected by strong O-H---N interactions (a) and such
dimers connected by bifurcated O—H---O bonds in a chain along the c-axis (b).
Entacapone-Acetamide (ETP-ACT, 1:1) Cocrystal

The X-ray crystal structure of ETP-ACT was solved and refined in the monoclinic space group l./a.
ACT coformer binds to ETP drug via a single point amide-phenol N-H---O bond (N5-H5A--O1, 2.23
A, 1589). Adjacent molecules in the cocrystal structure are connected by ACT amide dimer (N5-
H5B--06, 2.08 A, 168°) in R3(8) ring motif (Figure 2). The structure extends in a layer through O—
H---O (02-H2:-06, 2.60 A, 159°) bonds in a R4* (18) tetrameric ring motif and such layers are further
connected by O-H---O (01-H1--05, 1.86 A, 171°) bonds.

Figure 2.2: Layered structure of ETP-ACT cocrystal is sustained by O-H---O and N-H---O=C
hydrogen bonds.

Entacapone-lIsonicotinamide (ETP-INAM, 1:1) Cocrystal

This molecular complex is in the monoclinic P2:/n space group. ETP and INAM molecules associate
through O—H---N (O2-H2A---N4, 1.76 A, 156°) hydrogen bond in the structure. The molecules are
connected via O-H---O (O1-H1A---05, 1.77 A, 171°) motif along the screw axis. Such linear chains
are bridged by INAM amide dimer N-H---O (N5-H5A"--06, 2.09 A, 172°) hydrogen bond in R3(8)
ring motif (Figure 2.3).
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Figure 2.3: Screw axis related molecules in the cocrystal structure are bridged by amide dimer N-

H---O hydrogen bonds via R%(8) ring motif.

Entacapone-Theophylline hydrate (ETP-THP-HYD, 1:1:1) Cocrystal

The 1:1:1 cocrystal hydrate was solved and refined in the triclinic P-1 space group. A molecules ETP,
THP and water are linked in a trimeric R3(8) ring motif through N-H---O (N6-H6A..-0O1, 1.98 A,
171°) and O—H---O (O1-H1A.--08, 1.75 A 169° and O8-H8B---07, 1.87 A 164°) hydrogen bonds.
Such molecular adduct hydrate dimers aggregate through O-H--O (O8-H8B---07, 1.81 A, 146°)
hydrogen bond in a R%(12) ring motif in sheet structure (Figure 2.4a). The dimers stack to make a ladder

structure via O-H--O (O8-H8A--05, 1.93 A, 178°) bonds (Figure 2.4b).

RZZ(lz&‘a
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(b)

Figure 2.4: Inversion center related cocrystal hydrate dimers are bridged through O—H---O hydrogen
bond R%(12) ring motif (a) and such dimers 2D patterns connected via O—H---O interaction and make a
ladder structure (b).

Entacapone-Pyrazinamide (ETP-PYZ, 1:1) Cocrystal

Plate morphology of crystals of ETP-PYZ was solved and refined in Pn space group with one molecule
of ETP and PYZ in the asymmetric unit. ETP and PYZ are linked by hydroxyl-pyridine O-H---N
(O1-H1A---N4,1.93 A, 150°) hydrogen bond in the structure (Figure 2.5). The molecular adducts are
connected by O—H---O (02-H2A---06, 2.21 A, 116°) and C-H---O (C18-H18---06, 2.51 A, 161°)

bonds in a layer structure.

Figure 2.5: ETP-PYZ layer structure connected by O—H---O and C-H---O interactions.

Generally, heteromeric interactions with coformer in the crystal structure changes the conformation of
the drug due to systematic effects. The presence of phenol OH, cyano and diethylacrylamide groups in
ETP suggests that it can adopt potentially different conformations and orientations in the cocrystal
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crystal structures due to the flexibility of these groups’ rotations. Indeed, different conformations of

ETP have observed in its cocrystals and torsion angles displayed in Figure 2.6 and listed in Table 2.4.

(a) ETP

(b) ETP-ACT (c) ETP-INAM

(d) ETP-THP-HYD (e) ETP-PYZ

Figure 2.6: Conformational representation of ETP in its cocrystals.
Table 2.4: Torsion angles of ETP and its cocrystals

11C5C7, C8, C10, 1. C5, C7, C8, C9, 13 C10, C8, C9, 05, 14 C9, N3, C13, C14, 15 C9, N3, C11, C12
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T1 T2 T3 T4 T5
ETP 2.73 172.57 131.97 81.50 119.18
ETP-ACT 0.77 174.29 141.09 114.00 95.37
ETP-INAM 3.34 172.90 53.34 98.98 98.98
ETP-THP-HYD 6.45 178.60 88.28 89.92 -103.81
ETP-PYZ -5.30 -173.22 -137.80 -79.05 -118.73

2.4 FT-IR Spectroscopy

Infrared spectroscopy provides information about the vibration modes of a molecule due to changes in
molecular conformations and hydrogen bonding.®” The tertiary amide carbonyl (C=0) stretching
vibrations of ETP appears at 1627 cm™ and the nitrile group stretching band is at 2216 cm™. The
phenolic hydroxyl OH stretching band appears as a broad band at 3335 cm™. All these functional groups
showed significant changes in their vibration peaks upon cocrystal formation (Table 2.5 and Figure
2.7a-f). Especially, two cocrystals of ETP-NAM and ETP-INZ for which single crystals for single
crystal X-ray diffraction were not available, were characterized by their unique powder X-ray
diffraction pattern and molecular level interactions in FT-IR spectra. In ETP-NAM cocrystal, NH, and
OH region, sym and asym stretching bands are at 3257 and 3330 cm™ for NH, (NAM) group and
phenolic hydroxyl OH at 3449 cm™ are significantly shifted compared to API. Whereas ETP-INZ
cocrystal is in the same region at 3275 and 3312 cm there are differences compared to the starting
materials. The stretching bands of C=N and C=0 are shifted significantly to indicate hydrogen bonding.
These differences support the presence of O-H---N bonding between ETP and coformer (NAM and
INZ). Similarly, there is a red shift in the nitrile functional group including fingerprint region stretching
bands in all the cocrystals when compared to ETP and coformer. The stoichiometry of ETP-NAM and
ETP-INZ was confirmed by *H-NMR integration (Figure 2.7g-k).

Table 2.5 IR stretching frequencies of ETP/coformer in the crystalline forms (Figure 2.7a-f).
Solid form  CONH,/CON  CONH2/CON OH/NH/NHzv  OH/NH/NH: Nitrile

R> R> NH (cm‘l) in VNH (cm‘l) in VCNin
vc=oin ve=oin ETP/coforme  Cocrystal ETP/Cocryst
ETP/coformer Cocrystal (cm- r (cm?) (cm™) al
(cm™) : (cm™)
ETP 1627 3335 2216
ETP-ACT 1670 1686 3194, 3376 3189, 3410 2208
ETP- 1677 1686 3182, 3371 3194, 3417 2212
INAM
ETP-NAM 1698 1689 3161, 3366 3211, 3339, 2206
3461
ETP-THP- 1667, 1717 1652, 1703 3121 3211, 3402 2198
HYD
ETP-PYZ 1715 1694 3290, 3413 3257, 3330, 2205
3449
ETP-INZ 1667 1666,1624 3232, 3303, 3275,3312 2206

3419
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Overlay of ETP-NAM cocrystal IR spectra with its starting components.

Figure 2.7c
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Figure 2.7d Overlay of ETP-THP-HYD cocrystal IR spectra with its starting components.
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Figure 2.7e: Overlay of ETP-PYZ cocrystal IR spectra with its starting components.
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Figure 2.7g: ETP proton NMR spectrum; ETP (DMSO-ds, 8, ppm): 10.9 (s, 2H); 7.93 (d, J=2Hz, 1H);

7.76 (d, J=2Hz, 1H); 7.64 (s, 1H); 3.4 (s, 4H); 1.15 (s, 6H).
16 15 14 13 12 1 10 ; 8' ; 6 ; jl :; 2 ‘Il (‘) -1 -2 -23 ppm
Figure 2.7h: NAM proton NMR spectrum; NAM (DMSO-ds, 8, ppm): 9.02 (d, J=2Hz, 1H); 8.69 (dd,

J=3.2,1.5Hz, 1H); 8.20 (dt, J=4.0,1.7Hz, 1H); 8.16 (s, 1H); 7.16 (s, 1H); 1.15 (s, 6H); 7.49 (qd,

J=2.5,0.6Hz, 1H).
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Figure 2.7i: INZ proton NMR spectrum; INZ (DMSO-dg, 8, ppm): 10.1 (s, 1H); 8.70 (dd, J=2.3,1.5Hz,
2H); 7.72 (dd, J=2.3,1.5Hz, 2H); 4.63 (s, 2H).
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5 14 13 12 11 10 s 8 7 6
Figure 2.7j: ETP-NAM proton NMR spectrum; ETP-NAM (1:1) (DMSO-ds, 3, ppm): 10.88 (s,1H);
9.03 (d, J=2Hz, 1H); 8.70 (dd, J=5.0,1.5Hz, 1H); 8.21 (dt, J=4.0,1.8Hz, 1H); 8.16 (s, 1H);1.15 (s, 6H);
7.92 (d, J=2Hz, 1H); 7.75 (d, J=2Hz, 1H); 7.63 (s, 1H); 7.61 (s, 1H); 7.51 (qd, J=4.0,1.0Hz, 1H); 3.4 (s,
4H); 1.15 (s, 6H).
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Figure 2.7k: ETP-INZ proton NMR spectrum; ETP-INZ (1:1) (DMSO-ds, 8, ppm): 8.72 (dd,
J=4.5,1.6Hz, 1H); 7.92 (d, J=2.1Hz, 1H); 7.75-7.73 (m, 2H); 7.63 (s, 1H); 3.41 (s, 6H); 1.15 (s, 7H).

2.5 Powder X-ray Diffraction
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Figure 2.8a: Overlay of experimental PXRD
patterns of ETP cocrystal (black) shows excellent
match with the calculated line profile from the X-
ray crystal structure (red), indicating bulk purity

and phase homogeneity.
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Figure 2.8b: Experimental PXRD plots of ETP,
ETP-NAM, ETP-INZ, and coformers NAM and
INZ to compare 20 values in the new crystalline

phases.
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The bulk phase purity of all cocrystals was confirmed by Powder X-ray diffraction. PXRD lines of the
four cocrystals exhibited excellent match by using PCW Software®of the experimental pattern with the
calculated lines from the X-ray crystal structure (Figure 2.8a). The other two cocrystals of ETP-NAM
and ETP-INZ showed diffraction peaks at 20 values different and unique from that of the starting
components, indicating new crystalline phases (Figure 2.8b).

2.6 Differential Scanning Calorimetry

The cocrystals were analyzed by DSC to measure accurate melting point/decomposition of the solid
(Figure 2.9 and Table 2.6). The melting point of ETP-ACT and ETP-NAM are intermediate compared
to the drug and coformer, whereas ETP-INAM and ETP-INZ cocrystals exhibit lower melting point
than either of the starting components. ETP-THP-HYD (hydrate) exhibited a broad endotherm at 64 °C
prior to the melting endotherm at 147 °C which is due to dehydration of one water molecule as observed
from the weight loss of the material in TGA at the same temperature (Obsd. 3.51% and Calc. 3.57% for
1 mole of water, Figure 2.10 a-c). Surprisingly when ETP-PYZ cocrystal was subjected to DSC the
PYZ coformer eliminated from the crystal lattice and sublimed at 115 °C and the remaining ETP melted
at 162 °C. This coformer dissociation during heating was confirmed by controlled heating experiment
followed by powder X-ray diffraction analysis (Figure 2.11).

ETP-Commercial

I

f ETP-ACT (1:1) L
ETP-INAM (1:1) ﬂ [

[~
ETP-NAM (1:1)

ETP-THP-HYD (1:1:1) B N |

50 [ _€:::> _—r“ ﬁ* ‘V
mwW ETP-PYZ (1:1) — -‘ J
ETP-INZ (1:1) - ‘u'ﬂ

40 60 80 100 120 140 160 180 200 220 240 °C

Figure 2.9: Overlay of DSC thermograms of ETP and cocrystals showing their unique melting

behaviour and sharp endotherms.
Table 2.6: Melting point of ETP, cocrystals and coformers.

ETP/Cocrystal m.p.(°C)  Coformer m.p. (°C) |

1 ETP 162-164

2 ETP-ACT (1:1) 159-161 ACT 79-81

3 ETP-INAM (1:1) 152-153 INAM 155-157

4 ETP-NAM (1:1) 140-142 NAM 128-131

5 ETP-THP-HYD (1:1:1) 147-150 THP 271-274

6 ETP-PYZ (1:1) 159-160 PYZ 189-191

7 ETP-INZ (1:1) 153-154 INZ 171-173
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ETP-THP-HYD (1:1:1)-TGA
3.51%
10
. ETP-THP-HYD (1:1:1)-DSC
40 60 80 100 120 140 160 180 200 220 240 260 280 ¢
HCU AN LAB: METTLER STAR® SW 12.10

Figure 2.10a: DSC (red) and TGA (black) of ETP-THP-HYD. The weight loss in TGA is consistent
with one H20 molecule in the cocrystal hydrate structure.
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Figure 2.10b ETP-THP-HYD PXRD pattern after controlled heating experiment.
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ETP-THP-HYD(1:1:1) DSC
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Figure 2.10c: ETP-THP-HYD DSC pattern after 24 h at 120 °C shows a sharp endotherm obtained
after loss of water molecule.
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Figure 2.11: Controlled heating experiments of ETP-PYZ cocrystal PXRD patterns compared with
ETP standard material.
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2.7 Solubility and Dissolution

High solubility and fast dissolution are essential for better pharmacokinetics and improved therapeutic
efficacy.*’ Dissolution rate enhancement can be modulated via cocrystals through high solubility of the
coformer. Solubility and dissolution rate were measured in phosphate buffer (pH 7) medium.
Equilibrium solubility was measured at the end of 24 h and dissolution rate measurements were
performed for 4 h by the rotating disk intrinsic dissolution rate (DIDR) method at 37 °C in phosphate
buffer (pH 7). Both solubility and IDR concentration of the drug were measured by UV spectroscopy
(using the Amax Of ETP at 376 nm) and undissolved materials were characterized by PXRD to confirm
the phase nature/ stability during the experiment. Only two cocrystals, ETP-THP-HYD and ETP-PYZ
were stable during the equilibrium solubility experiment for 24 h, while the remaining four cocrystals
dissociated into the individual compounds as confirmed by PXRD (Figure 2.13a-g). The stable
cocrystals of ETP-THP-HYD and ETP-PYZ displayed 1.5-fold higher solubility compared to pure ETP
(Table 2.7). In dissolution study, the stable cocrystals ETP-PYZ and ETP-THP-HYD exhibited 2 & 1.7-
fold faster dissolution rate compared to ETP. The improved solubility of cocrystals has been ascribed
to supramolecular interactions N-H---O, O—H---N and O-H---O different conformational changes in
the crystal structure as well as the high solubility of the coformer.*! The remaining cocrystals showed
only a slight increase in dissolution rate (Figure 2.12 and Table 2.7). The undissolved material at the
end of the dissolution experiment was stable as confirmed by PXRD as the starting cocrystal, except
ETP-ACT which showed partial dissociation at 4 h (Figure 2.14a-g). Usually, stability and solubility
tend to be inversely correlated, because the high thermodynamic function imparts faster dissolution. In
case of dissociated cocrystals under physiological conditions exhibit greater dissolution rate because
dissociation leads drug molecules in aperiodic arrangement which comprehensibly exhibit high free
energy of the system leads to faster dissolution rate. However, this study is contra to the trend in that
the stable phases exhibit high solubility and dissolution rate.

110 = ETP
100 i e ETP-NAM
] ETP-INAM .
90 - v ETP-PYZ T
80 ] ETP-INZ Pd
] < ETP-THP-HYD S
3 70- ETP-ACT v "
<]
§ o0 Ve :
S 50 / p ="
3 40 v A
£ ] 4 e
< 304 v i
o 1 v 4 g
20- ‘v/: 4 ‘_,,. o
104 3w
A
0 +— T T T T — T T T - T T T T T 1

0 25 50 75 100 125 150 175 200 225 25
Time in min
Figure 2.12: Intrinsic dissolution rate curves of ETP cocrystals in phosphate buffer (pH 7).



Page 60...Chapter 2

Table 2.7 Intrinsic dissolution rates of ETP cocrystals.

Cumulative
amount
dissolved per
unit area
mg/500mL

Solubility of Molar Equilibrium Intrinsic
the drug / Extinction Solubility in pH dissolution

SO coformer coefficient 7 medium rate, IDR

(mg/mL) (mM*cm?) (mg/mL) (mg/cm?/min)

ETP 0.08 25,21 4.03 121 131.26
ETP-ACT 2000 23.77 Unstable 141 136.92
ETP-INAM 101 24,91 unstable 1.40 140.49
ETP-NAM 1000 23.98 Unstable 131 144.48
=T 8.3 2433 5.86 (x1.45) 208 (xL71) 22913 (x1.74)
ETP-PYZ 22 27.44 5.89 (x1.46) 246 (x2.03) | 23457 (x1.78)
ETP-INZ 125 27.44 unstable 1.24 137.71
ETP

=
g‘;}::'
{f

i

Figure 2.13a: PXRD of ETP at the end of equilibrium solubility/phase stability experiment (24 h,
black) in phosphate buffer (pH 7) media matches with the calculated XRD pattern of ETP (red)

& E)

indicating phase stability.

ETP-ACT(1:1)

Figure 2.13b: PXSRD of IETP-ACEF at themend of ;)hase sttability ésxperim;nt (24 h black) in phosphate
buffer (pH 7) media matches with the calculated XRD pattern of ETP (red) indicating cocrystal phase
is completely dissociated in 24 h.
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'( ETP-INAM(1:1)

&

Figure 2.13c: PXRD of ETP-INAM at the end of phase stability experiment (24 h, black) in
phosphate buffer (pH 7) media matches with the calculated XRD pattern of ETP (red)
indicating cocrystal phase is completely dissociated in 24 h.
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Figure 2.13d: PXRD of ETP-NAM at thé end of phase stability experiment (24 h, black) in phosphate
buffer (pH 7) media matches with the calculated XRD pattern of ETP (red) indicating cocrystal phase
is completely dissociated in 24 h.
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Figure 2.13e: PXRD of ETP-INZ at the end of phase stability experiment (24 h, black) in
phosphate buffer (pH 7) media matches with the calculated XRD pattern of ETP (red)

indicating cocrystal phase is completely dissociated in 24 h.
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Figure 2.13f: PXRD of ETP-THP-HYD at the end of equilibrium solubility/phase stability experiment
(24 h, black) in phosphate buffer (pH 7) media matches with the calculated XRD pattern of ETP-THP-

HYD (red) indicating phase stability.

ETP-PYZ(1:1)

Figure 2.13¢: P)(RD of I%TP—PY”Z at thgend ofgequilibrhium solghbility/f;hase st;bility experiment (24
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indicating phase stability.
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Figure 2.14a: PXRD of ETP at the end of dissolution experiment (4h, black) matches with the

calculated XRD pattern of ETP (red) indicating phase stability.
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Figure 2.14b: PXRD of ETP-ACT at the end of dissolution experiment (4h, black) matches with the
calculated XRD pattern of ETP-ACT (red) and pure ETP peaks were also present indicating mixture of

cocrystal and dissociated physical mixture.
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Figure 2.14c: PXRD of ETP-INAM at the end of dissolution experimeni (4h, black) matches with the

calculated XRD pattern of ETP-INAM (red) indicating phase stability.
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Figure 2.14d: PXRD of ETP-NAM at the end of dissolution experiment (4 h, black) matches with the
experimental XRD pattern of ETP-NAM indicating phase stability.
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Figure 2.14e: PXRD of ETP-THP-HYD at the end of dissolution'experiment (4h; black) matches with
the calculated XRD pattern of ETP-THP-HYD (red) indicating phase stability.
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Figure 2.14f: PXRD of ETP-PYZ at the end of dissolution experiment (4h, black) matches with the
calculated XRD pattern of ETP-PYZ (red) indicating phase stability.
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Figure 2.14g: PXRD of ETP-INZ at the end of dissolution experiment (4 h, black) matches with the
experimental XRD pattern of ETP-INZ indicating phase stability.

2.8 Diffusion and Permeability Flux

Drug absorption is defined as the process of movement of the drug from the site of administration (oral)
to systematic circulation. This is mainly influenced by solubility, stability, bioavailability, and
membrane permeability. The last of these parameters is measured for the cocrystals and compared with
their dissolution rate and cocrystal stability. The permeation of cocrystals was measured by in vitro
diffusion using a Franz diffusion cell which gives an idea of permeation property. *>“* Any molecule
either API or coformer will have a lag time which expresses the rate of permeation through the
membrane and diffusion into the receptor medium, which is reflected by a sharp peak and then drop to
a steady state profile. Subsequently, there is a near constant movement of permeation across the
membrane. The diffusion of cocrystals and ETP was measured in phosphate buffer medium over 4 h.
No substantial pH changes were observed in the receptor compartment during the experiment. The two
plots are drawn with cumulative drug diffused vs. time (Figure 2.15) and flux of the drug vs. time it is
calculated by the formula j=Q/(A*t) where 'Q" is the quantity of the compound traversing the membrane
in time 't'" and 'A' is the area of exposed membrane in cm?. (Figure 2.16). These plots show that the
cocrystals exhibit higher diffusion rate than pure ETP. Specifically, ETP-THP-HY D exhibits the highest
diffusion rate compared to all other cocrystals. This may be explained by the high solubility and high
permeability of the coformer theophylline. The apparent permeability value of ETP 1.58 + 0.01 at pH
5.0 and 0.18+0.02 at pH 7.4 theophylline 4.05 + 0.06*). Theophylline is BCS class | molecule of high
solubility and high permeability. The high dissolution rate and solubility of ETP-PYZ cocrystal
displayed lower diffusion rate compared to ETP-THP-HYD. This is because PYZ coformer is less
permeable being a BCS class 111 molecule of high solubility and low permeability (PYZ log P-1.53%).
The coformers with high permeability and high solubility can tune the stability of the cocrystal together
with solubility, faster dissolution rate, and better diffusion permeability. These results indicate that
cocrystals of ETP provide a platform to improve the physicochemical properties and-of BCS class IV
drugs.



Page 66...Chapter 2

=
>

—&— ETP
—O— ETP-NAM
~w— ETP-INAM
—4— ETP-PYZ

®— ETP-INZ
—0— ETH-THP-HYD
—— ETP-ACT

L7
<
|

Cummulative Drug Diffused (mg/20 mL)
(]
=

0 100 200 300 400 500
Time interval in (min)

Figure 2.15: Cumulative amount of ETP cocrystal diffused vs. time.
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Figure 2.16: Flux of ETP and its cocrystal vs. time.

2.9 Conclusions

Six pharmaceutical cocrystals of ETP in a 1:1 stoichiometry was crystallized and structurally
characterized. ETP-THP-HYD and ETP-PYZ displayed enhanced solubility and dissolution rate
together with good stability due to stronger hydrogen bonds and different ETP conformation changes
in the crystal structure. Furthermore, ETP-THP-HY D cocrystal exhibits high diffusion and flux rate for
possible BBB cross over. ETP-THP-HYD scores on high solubility, good stability and high
permeability criteria. This case study presents a crystal engineering approach to solve solubility and
permeability challenges in BCS class IV drugs.
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2.10 Experimental Section

Entacapone (purity >99.8%) was obtained as a gift sample from Hetero Drugs (Hyderabad, India) and
coformers were purchased from Sigma-Aldrich (Hyderabad, India). All solvents (purity >99%) were
purchased from Finar chemicals (Hyderabad, India).

2.10.1Preparation of cocrystals

Entacapone-Acetamide (ETP-ACT): The cocrystal was obtained by grinding ETP and ACT in 1:1
stoichiometry with a few drops of CH3CN added in a solvent-assisted method for 30 min. Single crystals
were obtained by dissolving 40 mg of the ground product in 6 mL of iso-butanol and left for slow
evaporation over 4-5 days.

Entacapone-Isonicotinamide (ETP-INAM): This cocrystal was obtained by grinding ETP and
INAM in 1:1 stoichiometry with a few drops of CHsCN added in a solvent-assisted method for 30 min.
Single crystals were obtained by dissolving40 mg of the ground product in 6 mL of methanol and left
for slow evaporation over 4-5 days.

Entacapone-Theophylline hydrate (ETP-THP-HYD): The cocrystal was obtained by grinding ETP
and THP in 1:1 stoichiometry with a few drops of CH3;CN added in a solvent-assisted method for 30
min. Single crystals were obtained by dissolving 40 mg of the ground product in 6 mL of methanol and
left for slow evaporation over 4-5 days.

Entacapone-Pyrazinamide (ETP-PYZ): The cocrystal was obtained by grinding ETP and PYZ in
1:1 stoichiometry with a few drops of water added in a solvent-assisted method for 30 min. Single
crystals were obtained by dissolving 40 mg of the ground product in isobutanol-ethyl-methyl ketone
(2:1 v/v, 6 mL) solvent mixture and left for slow evaporation over 4-5 days.
Entacapone-Nicotinamide (ETP-NAM): The cocrystal was obtained by grinding ETP and NAM in
1:1 stoichiometry with a few drops of CH3CN added in a solvent-assisted method for 30 min. The
formation of cocrystal was confirmed by PXRD, DSC, FT-IR, and NMR. Diffraction quality single
crystals could not be harvested.

Entacapone-Isoniazid (ETP-INZ): The cocrystal was obtained by grinding ETP and INZ in 1:1
stoichiometry with a few drops of CHsCN added in a solvent-assisted method for 30 min. The formation
of cocrystal was confirmed by PXRD, DSC, FT-IR, and NMR. Diffraction quality single crystals could
not be harvested.

2.10.2 X-ray crystallography

X-ray reflections were collected on Bruker D8 QUEST, CCD diffractometer equipped with a graphite
monochromator and Mo-Ka fine-focus sealed tube (A= 0.71073 A) and reduction was performed using
APEXII Software.* Intensities were corrected for absorption using SADABS and the structure was
solved and refined using SHELX97.4" All non-hydrogen atoms were refined anisotropically. Hydrogen
atoms on hetero atoms were located from difference electron-density maps and all C—H hydrogen atoms

were fixed geometrically. Hydrogen-bond geometries were determined in PLATON.*34% Crystal
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parameters (Table 1) and hydrogen bond distances shown in Table 3 are neutron normalized to fix the
D-H distance to its accurate neutron value in the X-ray crystal structures (O—H 0.983 A, N-H 1.009 A,
and C-H 1.083 A). X-Seed was used to prepare packing diagrams.®5! Crystallographic cif files are
available at www.ccdc.cam.ac.uk/data or as part of the Supporting Information (CCDC Nos. 1848761-
1848764).

2.10.3 Powder X-ray diffraction

Powder X-ray diffraction was recorded on Bruker D8 Advance diffractometer (Bruker-AXS, Karlsruhe,
Germany) using Cu-Ka X-radiation (A = 1.5406 A) at 40 kV and 30 mA power. X-ray diffraction

patterns were collected over the 20 range 3-50° at a scan rate of 3.9°/min. Powder Cell 2.4* (Federal
Institute of Materials Research and Testing, Berlin, Germany) was used for Rietveld refinement of
experimental PXRD and calculated lines from the X-ray crystal structure. The Rp and Rwp values of
cocrystals shown here ETP-INAM (Rp=19.96 Rwp=29.34), ETP-PYZ (Rp=14.50 Rwp=20.27) ETP-
THP-HYD (Rp=23.50 Rwp=30.50) ETP-ACT (Rp=29.97 Rwp=40.18).

2.10.4 Vibrational spectroscopy
Thermo-Nicolet 6700 FT-IR-NIR spectrometer with NXR FT-Raman module (Thermo Scientific,
Waltham, MA) was used to record IR spectra. IR spectra were recorded on samples dispersed in KBr

pellets. Data were analyzed using the Omnic software (Thermo Scientific, Waltham, MA).

2.10.5 Thermal analysis

DSC was performed on a Mettler Toledo DSC 822e module and TGA on a Mettler Toledo TGA/SDTA
851e module. The typical sample size is 3-5 mg for DSC and 5-12 mg for TGA. Samples were placed
in sealed pin-pricked aluminum pans for DSC experiments and alumina pans for TGA experiments. A
heating rate of 10 °C min! in the temperature range 30-300 °C was applied. Samples were purged by a

stream of dry nitrogen flowing at 80 mL min~ for DSC and 50 mL min~* for TGA.

2.10.6 Solubility and dissolution measurements

The solubility of ETP and its cocrystals was measured using the Higuchi and Connor method®? in
(phosphate buffer (pH 7) media at 37 °C. First, the absorbance of a known concentration of the ETP
and its salts was measured at the given Amax (ETP 376 nm) in purified pH 7 phosphate buffer medium
on Thermo Scientific Evolution 300 UV-vis spectrometer (Thermo Scientific, Waltham, MA)
respectively. These absorbance values were plotted against several known concentrations to prepare the
concentration vs. intensity calibration curve. From the slope of the calibration curves, molar extinction
coefficients for PEF and its salts were calculated. Intrinsic dissolution rate (IDR) of ETP and cocrystals
were carried out on a USP certified Electro lab TDT-08L Dissolution Tester (Electro lab, Mumbai, MH,
India). In intrinsic attachment unit 400 mg sample (PEF/salts) is compressed between the smooth

surfaces under a pressure of 2.5 ton/inch?for 4 min in an area of 0.5 cm?. Then the pellets were dipped
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into 500mL of pH7.0 phosphate buffer medium at 37 °C with rotating paddle of 100 rpm. A 5mL of
dissolution medium was collected at an interval of 10, 20, 30, 40, 50, 60, 90, 120, 150, 180, 210, 240
min by replacing each with same amount of fresh pH 7.0 phosphate buffer. The absorbance is plotted
against time for samples collected at regular intervals for ETP and cocrystals was calculated. An excess
amount of the sample (ETP/cocrystals) was added to 3 mL of purified pH 7 phosphate buffer medium
and pH 1.2 HCI medium. The supersaturated solution was stirred at 800 rpm using a magnetic stirrer at
30 °C. After 24 h, the suspension was filtered through Whatmann 0.45pm syringe filter. Then
equilibrium solubility is calculated as per procedure and remaining residues of ETP and its cocrystals
were characterized by PXRD.

2.10.7 Diffusion study

The diffusion studies were conducted using a diffusion apparatus (Model EMFDC-06, Orchid
Scientific, Maharashtra, India). ETP and its cocrystals was carried out through a dialysis membrane-
135 (dialysis membrane-135, average flat width 33.12 mm, average diameter 23.8 mm, capacity approx.
4.45 mL/cm) obtained from HiMedia, India. The dialysis membrane was pre-treated with 2% NaHCO3;
at 80 °C for 30 min to remove traces of sulphides, followed by 10 mM of EDTA at 80 °C for 30 min to
remove traces of heavy metal and another 30 min of treatment with deionized water at 80 °C to remove
glycerin. The treated dialysis membrane was then mounted in clips and placed in diffusion cells with
an effective surface area of 3.14 cm?. Suspensions of the drug ETP and its cocrystal materials were
prepared and placed on the dialysis membrane in donor compartment. The temperature of diffusion
medium was thermostatically maintained at 37 °C £ 1°C throughout the experiment. The drug and/or
cocrystal solution was then allowed to stir at 600 rpm and diffuse through the membrane towards the
receptor compartment containing 20 mL of phosphate-buffered solution (PBS, pH = 7). The release of
the compounds at predetermined intervals (30, 45, 60, 90, 120, 150,180, 210 and 240 min) were
withdrawn (0.5 mL for each interval) and replaced by equal volume. The samples collected from
receptor compartment through the dialysis tube was analyzed by UV—Vis spectrophotometer (JASCO
Spectrophotometer V-730) at Amax 0Ff 376 nm.
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CHAPTER THREE

Entacapone Polymorphs: Crystal Structures, Dissolution,
Permeability and Stability
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Entacapone (ETP) is a catechol-O-methyltransferase (COMT) drug used to treat Parkinson’s
disease. ETP is available in the marketplace under the brand name Comtan since 2010, and ETP
form-1 was first reported in a patent published in 2001. However, analysis of its X-ray crystal
structures and stability relationship of ETP polymorphs and their dissolution and permeability
profile have not yet been reported. We crystallized two new conformational polymorphs of ETP from
a water and acetone mixture and studied the structural origin of polymorphism and their phase
transformations, stability, equilibrium solubility, dissolution, and permeability properties. The ETP
molecule adopts different conformations in the polymorphic structures with slight changes in
carbonyl and nitrile group orientations. Thermal analysis suggests that form-I11 and form-1V are
enantiotropically related to form-1, which is the thermodynamically stable form at ambient
conditions. In contrast, form-11 is monotropically related to form-l. Equilibrium solubility,
dissolution, and permeability studies show that form-I1 persists in the slurry medium and dissolves
faster with a high flux rate compared to the stable form-I in phosphate buffer solution at 37 + 0.5
°C.
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3.1 Introduction

Entacapone (brand name Comtan®) has a nitro catechol structure (Scheme 3.1) and exhibits potent,
selective inhibition of catechol-O-methyltransferase (COMT) enzyme. The drug is administered orally
for the treatment of Parkinson’s disease to reduce the so-called ‘wearing off> effect,? or the loss in the
effectiveness of levodopa until the next dose is given. The recommended dose of entacapone 200 mg is
co-administered with levodopa (50-200 mg) and/or carbidopa (10-50 mg). The maximum daily
recommended dose of entacapone is 2000 mg/day®. Currently, a fixed dose combination of levodopa,
carbidopa and entacapone is marketed by Novartis (brand name: Stalevo®)*. However, due to low
solubility of ETP 0.08 mg/mL (80 ug/mL)® and apparent permeability log Papp 0f 0.18+0.02 cm/s, ¢ the
drug is practically insoluble in water and categorized under Biopharmaceutics Classification System
(BCS) class IV.” The wide use of entacapone tablets, either in single dose or as combination therapy,
makes it important to have a detailed understanding of the different crystalline forms (polymorphs) of
entacapone.

Modifications in the solid-state and conversion from one polymorph to another occur due to
deliberate change in conditions or unintentional incidents during drug development.® The ability of
polymorphs to exist in different hydrogen bonding, crystal packing and/or in molecular conformations,
significantly changes the thermodynamic and physicochemical properties of drugs, such as color,
density, dissolution rate, solubility, melting point, flowability, hygroscopicity and compaction.®° The
solubility and dissolution rate of polymorphs are influenced by hydrogen bonding, crystal packing,
lattice energy, and interplay of solute-solute (crystal structure) vs. solute-solvent (solvation)
interactions.'? Generally, the more soluble metastable polymorph recrystallizes to the less soluble and
thermodynamically stable form as the system reaches equilibrium stability.*® Thus, selection of the
thermodynamically stable polymorph is preferred in drug formulation to avoid polymorphic changes
during process development, storage and marketing. For poorly soluble drugs, a metastable form of
higher solubility could offer improved bioavailability.'*

Six polymorphs of entacapone (ETP) have been characterized and reported (forms A, D, a, j3,
v and 8).%>Y Among these, form A is the only polymorph characterized by single crystal X-ray
diffraction (CCDC Refcode OFAZUQ) and is the thermodynamically stable polymorph.*® Since ETP
molecule has sufficient flexibility with 6 rotatable single bonds and several hydrogen bond synthons
are possible for the amide, nitro, nitrile and hydroxyl groups,*® there is ample scope for conformational
and/or synthon polymorphs with different molecular packing arrangements. From a pharmaceutical
point of view, the determination of X-ray crystal structure (or high-resolution powder X-ray diffraction
data) is important and necessary to fully understand physicochemical behavior of the drug such as
solubility, dissolution rate and form stability.*%?> The presence of minute amounts of a second
polymorph can complicate analysis of structure-property correlation, and so quantitative determination

of the bulk solid using powder X-ray diffraction (PXRD) is mandatory.? Comparison of the
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experimental PXRD with the calculated XRD lines from the crystal structure gives a reliable fingerprint
overlay match to infer the presence of other polymorphs.?#?" In the present work, ETP was found to
crystallize in a broad range of solvents and the structures were solved by single crystal X-ray diffraction
(SC-XRD). Further, quantitative intermolecular interactions using Hirshfeld surface analysis of the
crystal structures was analyzed and the solubility, dissolution and stability of the characterized

polymorphs was determined in this study.

(a) H
HO

HO

NO,

Scheme 3.1: (a) Chemical structure of the E-configuration of 2-cyano-3-(3,4-dihydroxy-5-
nitrophenyl)-N,N-diethyl-2-propenamide (ETP); and (b) a typical 200 mg marketed Comtan® tablet

with an oval shape of 17 mm x 6 mm size. https://www.drugs.com/imprints/comtan-1339.html.

3.2 Results and Discussion

The ETP molecule has three hydrogen bond acceptors (C=0O of amide, N=0O of nitro and C=N of cyano
group) and two donors (O—H of phenol) which can form strong hydrogen bonds in the crystal structure.
There is also the possibility of weak C—H---O interactions from aromatic C—H donors to O acceptors.
The hydrogen bond synthons and their graph set analysis are shown in Figure 3.1 to anticipate possible
hydrogen bond patterns in the crystal structures. Due to intramolecular O—H---O hydrogen bonding
motifs S(6) and S(5) (Figure 3.1, a-d), the second hydroxyl group can form intermolecular hydrogen
bond motif D with carbonyl or nitrile group as shown in Figure 3.1, e-h and combinations of these D
motifs can produce binary graph sets C/R. Ring motifs are expected with sp?>-C—H hydrogen bonds.
Figure 3.1i shows a centrosymmetric R2(10) unitary graph set formed by aromatic hydrogen and
carbonyl oxygen atom. Similarly, aromatic hydrogen atom forms a centrosymmetric R2(10) graph set

with oxygen of the nitro group (Figure 3.1j).


https://www.drugs.com/imprints/comtan-1339.html
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Figure 3.1: Graph set analysis in crystal structures of ETP.

3.3 Crystal structure analysis

The only reported X-ray crystal structure of ETP (ref code: OFAZUQ)™® is form-A. We refer to this
known crystal structure as form-1 and two new crystal structures reported in this paper as form-1I and
form-I11, based on the chronology of results in our lab. The reported form-1 was recrystallized in triclinic
space group P-1 with cell parameters similar to that reported.® Novel form-11 and 111 were crystallized
in orthorhombic crystal system with space group Pna2; and Pbca, respectively (Table 3.1). The room
temperature crystal data (296 K, RT) is discussed for all three polymorphs in this paper. The low
temperature (100 K, LT) X-ray crystal structure of the known from-I determined by us is also included

for comparison.’® The RT structure of known form-1 showed a slight disorder in terms of two
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orientations of the NO, group which was cleanly resolved in the LT structure (details may be viewed
in the .cif files). Whereas form-I and IIT have one ETP molecule in the asymmetric unit cell (Z' = 1)
form-I1 has two symmetry independent molecules (Z' = 2) (Figure 3.2). A comparison of cell parameters
and cell volume shows that form-I1 has slightly larger volume and lower density than form-I11; the unit
cell dimensions of the two cells are very different. Figure 3.3a shows the atom numbering and dihedral
angles (@1 = O1-C9-C8-C14, ®2 = C9-N1-C10-C11 and @3 = C9-N1-C12-C13) through which
variation in molecular conformation is observed. Comparison of molecular conformation by overlaying
the molecules (Figure 3.3b) clearly shows that form-I (@1 = 130.145(11)°, ®2 = 120.84(13)°, ®3 =
83.94(13)°,) has a different molecular conformation than form-II (molecule 1: ®1 = 133.8(6)°, ®2 =
125.6(6)°, @3 = 83.4(7)°; molecule 2: @1’ =94.2(7)°, @2’ = 103.3(6)°, @3’ = 82.8(6)°), and form-1II
(D1 =94.2(3)°, D2 =99.9(3)°, @3 = 94.1(3)°). Orthorhombic structures form-II and form-I1l do not
show significant variation in the conformation but it appears to be local conformation adjustments. The
overlay of two molecules of form-I1 shows slight deviation in the carbonyl and nitrile groups positions;
however, one of the ethyl side chain methyl groups is flipped by 180° through ®2 (Figure 3.3b).

Since molecular conformations play an important role in crystal packing and the inter -and
intramolecular interactions in the crystal structure, quantitative intermolecular interactions analysis was
performed in Mercury, a crystal structure visualization software bundled with the CCDC software, and
by Hirshfeld surface analysis in Crystal Explorer. Figure 3.4 shows the molecular packing along the a-
axis and intra/ inter molecular interactions in three ETP polymorphs. Form-I contains the five-
membered S(5) motif of O3-H2---O2 interaction. The molecules are oriented in a 1D linear chain
stabilized by O2-H1---O1, O3-H2:--N2 and aromatic C3—H3---O1 interactions and 2D inter-chain of
C12-H12:--04 interactions (Figure 3.4a, b and c, Table 3.2). The 1D linear chain of O2-H1:--O1 in
graph-set C1(9) and O3-H2---N2 shows a dimeric construct of R2(20) ring. A tetrameric second level
C#(22) chain is connected by O2-H1---O1 and O3-H2---N2 interactions (Table 3.2).

Form-11 and 111 have intramolecular hydrogen bond between oxygen acceptor of nitro group
and hydroxyl hydrogen donor at ortho position as S(6) motif (Figure 3.1c) of O3—-H3:--0O4 hydrogen
bonds, and motifs S(5) (Figure 3.1b) is absent in form-11 and 11l. Form-1 is somewhat surprising in that
the 6-member intramolecular O—H---O hydrogen bond (Figure 3.1c) is absent (in both RT and LT
structures). In fact, the nitro(O4)---(03) hydroxy distance is significantly longer in the LT structure
(2.5981(14) A) than the RT structure (2.582(2) A) due to repulsion. This is a major hydrogen bonding
difference between the molecular conformations of form-1 compared to novel forms-I1 and Ill. Since
form-I1 has two symmetry independent molecules it is important to know whether both molecules form
identical hydrogen bond patterns in the asymmetric unit or different hydrogen bonding patterns;
whether they form identical hydrogen bond patterns or different synthons. Symmetry-independent
molecules in form-II are connected via O7-H7---O1 hydrogen bond from hydroxyl donor to carbonyl

group of another molecule, and O2—-H2---06 from second to first, which leads to a CZ(18) chains (Table



Page 78... chapter 3

3.2). The other interactions which further stabilize the crystal structure of form-II are aromatic C2—
H2A:--06, vinylic C21-H21---O7, aliphatic C12-H12A---N5 and C22-H26B:--N2. n---n stacking
between the aryl rings in form-Il is significant and shows two different Cg---Cg distances of 3.70 A and
4.10 A (Table 3.1). In case of form-IlI, the major intermolecular hydrogen bond which stabilizes the
crystal structure is O2—H2---O1 and is extended in a linear chain as C(9) graph set (Table 3.2). Another
weak intermolecular interaction in form-III is C6-H6---O3 between a aromatic hydrogen and carbonyl
oxygen (Figure 3.4h). ©---w stacking between the aryl rings in form-111 is stronger than in form-I1, with
Cg---Cg distances of 3.54 A (Table 3.3).

(b) | (©)

Figure 3.2: (a) Crystal structure of form-Il with asymmetric unit cell, (b & c) represent the Hirshfild

surfaces generated over dnorm for blue and green structures, respectively.
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(b)

Figure 3.3: (a) Molecular structure of ETP with atom numbering and selected dihedral angles (@1, @2,

®3), and (b) molecular overlay diagram of form-1 (red), 11 (blue) and I11 (green). Hydrogen atoms are

omitted for clarity.

Table 3.1: Crystallographic parameters of ETP polymorphs form-I, form-I1 and form-I11 (all at 296 K,

RT). Form-I data at 100 K (LT) is added to compare the molecular conformations at two temperatures.

Form-I111 (RT)

Form-1 (LT)

Parameters Form-1 (RT) Form-1I (RT)
Emp. form. C14H15N30s C14H15N30s
Form. wt. 305.29 305.29
Cryst. system triclinic orthorhombic
Space group P-1 Pna2;
T (K) 296(2) 295.8(4)
a(A) 7.5772(12) 15.1908(8)
b (A) 9.8383(15) 25.6909(15)
c (A 9.9324(16) 7.4942(5)
o (deg) 99.915(5) 90
B (deg) 95.402(5) 90
v (deg) 99.720(5) 90
V (A% 713.1(2) 2924.7(3)
Z 2 8
peaic (g/cm?3) 1.422 1.387
Reflns. collect 25785 12650
4373 [Rint = 4873 [Rint =
Independent reflections 0.0219, Rsigma = 0.0486, Rsigma =
=0.0153] 0.0991]
Data/restraints/parameters ~ 4373/0/248 4873/1/405
GOF on F? 1.081 0.900
Final R indexes [I>=2¢ ()] VI\:/{I;Z :000;_132'7 VI\:/{I;Z :0003367;'5
Final R indexes [all data] vljléz_zoooizl& Vljéz_zoolégg:g
Large diff. peak/hole /e A®  0.39/-0.40 0.19/-0.14
CCDC No. 2095588 2074821

C14H15N30s
305.29
orthorhombic
Pbca
296(2)
7.390(2)
13.170(3)
29.796(6)
90
90
90
2900.0(12)
8
1.398
26715
2385 [Rint =
0.0892, Rsigma =
0.0458]
2385/0/203
1.130
R: =0.0604,
WR, =0.1038
R; =0.1003,
wR, =0.1141

0.17/-0.22
2074791

C14H15N30s
305.29
Triclinic
P-1
100(2)
7.5315(3)
9.6146(4)
9.9201(5)
100.038(2)
99.310(2)
95.873(2)
691.70(5)

2
1.466
49372
2440 [Rint =
0.0287, Rsigma
= 0.0090]
2440/0/209
1.458
R: =0.0363,
WR2 = 0.1495
R; =0.0390,
WR, = 0.1547

0.26/-0.31
2074862
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(2) (h) ()
Figure 3.4: (a, d and g) Molecular packing along the a-axis and (b, c, e, f, h and i) selected hydrogen
bond interactions in ETP form-1 (Refcode: OFAZUQ), form-1I and form-I1I.

Table 3.2: Graph set patterns observed in crystal structures of ETP polymorphs.
Form-I1 Form-11 Form-111
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€1(9)

C3(22) C3(18)

Table 3.3: Hydrogen bond interactions in ETP form-I, 1l and 111 (RT data).

Form-I
02-H1---01 1.76 2.6309(4) 176 1+x,y,z
03-H2---02 2.15 2.6347(4) 114 Intra
0O3-H2---N2 2.16 2.9363(5) 147 2-X,1-y,1-z
C6-H4---05 2.55 3.2049(5) 145 1-x,1-y,1-z
Cl12-H12---04 2.29 3.1412(5) 146 -X,-Y,-Z
Form-I1
02-H2---06 1.83 2.6494(2) 176 X,y,1+z
O3-H3---04 1.88 2.5673(2) 141 Intra
O7-H7---01 1.84 2.5865(2) 151 1+x,y,-1+z
O8-H8-:-09 1.88 2.5763(2) 142 Intra
C2-H2A---06 2.58 3.2406(2) 128 X,y,1+z
CI2-H12A---N5 2.56 3.0598(2) 112 -1+x,y,1+2
C21-H21---0O7 2.58 3.4114(2) 149 -1/2+x,1/2-y,z
C26-H26B---N2 2.48 3.3383(2) 147 X,y,-1+2z
w(Cgl)--- m(Cg2)* 3.6978(2) -1/2+x,1/2-y,z
w(Cg2)--- m(Cgl)* 4.1025(3) 1/2+x,1/2-y,-1+z
Form-I11
02-H2---01 1.92 2.7334(7) 174 5/2-x,1/2+y,z
03-H3---04 1.88 2.5763(7) 142 Intra
C6-H6:--03 2.31 3.2304(9) 171 3/2-x,-1/2+y,z
C12-H12B:--01 2.40 2.7457(7) 100 Intra
n(Cgl):-- m(Cgl)** 3.5453(10) 2-x,1-y,-z

*Cgl= C1-C2-C3-C4-C5-C6, *Cg2 = C15-C16-C17-C18-C19-C20; **Cgl = C1-C2-C3-C4-C5-C6
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3.4 Hirshfeld surface analysis

A reliable tool for the rapid and visual comparison of polymorphic crystal structures in terms of
intermolecular interactions is Hirshfeld surface analysis and the associated 2D fingerprint plots. This
analysis imprints the “whole of the structure view” of intermolecular contacts, rather than specific
hydrogen bonds only. Further, Hirshfeld surface analysis enables the quantitative analysis of
intermolecular interactions by the breakdown of 2D fingerprint plots into specific atom--atom contacts
in the structure which are important for structural discrimination. Since Hirshfeld surfaces directly
depend on the molecular environment in the crystal structure, the number of surfaces that can be unique
in a given crystal structure depends on the number of independent molecules in the asymmetric unit
(i.e. Z"). Hirshfeld surfaces mapped over dnorm for ETP form-I, 1l and |11 are shown in Figure 3.5a, b &c.
The brightest red spots appear over meta-hydroxy donor and carbonyl acceptor (i.e. for O-H---O
interaction) in all the polymorphs. Further, among all the short contacts the O—H---O interactions show
widest area which means that H---O distance is much shorter than the sum of van der Waals radii of
donor (H atom) and acceptor (O atom). From the 2D fingerprint plots (Figure 3.5d, e & f), the H---O
distance in form-l and 11 at ~1.65 A (i.e. di + de) and is slightly shorter than in form-I11 (di + de ~ 1.75
A). Compared to O—H---O contacts, the red spot above the nitrile synthon is less intense and narrower
in form-I which indicates the weak nature of the O—H---N interaction. From the intensity of the red spots
in the Hirshfeld surface maps, the H---N contact in form-1 (d; + de = 2.0 A) is stronger than in form-lI
(di + de= 2.4 A), however the red spot is absent for form-l11 indicating no such short interaction below
the van der Waals radii sum. The activated hydrogen donor ortho to the nitro group is engaged in the
centrosymmetric R(10) ring of C-H---O interactions. This interaction is significant in form-I (red
spots near oxygen and hydrogen atoms), but is absent in form-11 and 111, perhaps due to offset stacking
of aromatic rings which inhibits the in-plane parallel construction of centrosymmetric R3(10) ring. A
red spot over the ortho-hydrogen atom in form-III is observed where C—H---O interaction is formed
with the oxygen atom of hydroxy group ortho to the nitro group. The aromatic stacking is seen in the
decomposed 2D fingerprint plots of C---C contacts which contribute 4.4 %, 5.7 % and 2.3 % in form-I,
I1 and 111, respectively (Figure 3.5g). The luminous red bins (i.e. highlighted by red circle) for the @+
stacking are observed at de + di ~ 3.6 A in form-11 and at 3.4 A in form-111. The contribution of C---H
contacts are 8.1 %, 8.4 % and 12.0 % in form-I, 1l and IIl. A detailed analysis of interactions maps is
given in Table 3.4 and Figure 3.6. The C—H:--n interactions of form-I and Il are visualized in the side
wings of C---H contacts at de + di = 2.8 A in form-I and = 3.0 A in form-III. The C—H:-x interactions
are most significant in form-III. C—H---x interactions between aliphatic hydrogen and C=N bond is
observed in form-III only and augments the C—H---x interactions. From a distribution of strong and
weak interactions, the contribution of polar (O---H and N---H) is 44.7 %, 45.0 % and 47.8 % in form-I,
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Il and Il (Figure 3.5g). Hydrophobic interactions (H:--H) are nearly comparable in the three
polymorphs at 31.6%, 31.2% and 28.1%.

FORM-IIl

FORM-1I

FORM-1

0% 20%

HCC

WH-H ©O+H

(@

Figure 3.5: Hirshfeld surfaces generated over dnorm for form-1 (a), 11 (b) and 111 (c), the two surfaces are

flipped 180° to show the opposite side surfaces of the same molecule. 2D fingerprint plots of form-I

(d), 11 (e) and 111 (), and percentage contribution of some selected interactions (g).

Table 3.4: Fingerprint plots and decomposed plots for form-11B and 11G (Blue and Green are symmetry

independent molecules).

Contact Type Form-11B Form-11G
2.41 ¢ 2_41 ¢ ‘ ,
EFJ:_"T'
2.2 2.2
2.0 2.0
1.8 1.8
. . 1.6 1.6
Fingerprint |4 14
1.2 1.2 # i
1.0 / 1.0 ’H‘
).8 /J J.8 /,.-
J.6 ).6
d

UbUsT.UT.ZTATbT.e LU Z L -4

UbUSsTUOUT..TATOBOT.60 LU L LA
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Figure 3.6: Percentage contribution of different interactions in crystal structure of form-1I in blue and

green molecules of the crystal structure (blue and green are for symmetry-independent molecules).

3.5 FT-IR spectroscopy

The tertiary amide carbonyl (C=0) stretching vibration in form-I appears at 1627 cm™ and this
resonance is red shifted to 1634 cm in form-11 and at 1632 cm* in form-111. The fourth form-1V which
was characterized by PXRD only (Figure 3.15) but without single crystal X-ray data shows IR C=0
peak at 1630 cm™. The nitrile group stretching band of form-I is at 2216 cm™* which is blue shifted to
2210 cmtin form-11 and form-I11 (2208 cm) but at similar value in form-1V (2215 cm™). The phenolic
OH stretching band of form-I1 and form-111 at 3091 cm™ and 3072 cm is blue shifted at 3335 cm™ in
form-1 while in form-IV the hydroxyl OH peak is at same frequency as in form-I. All these functional
groups showed significant changes in their vibration peaks upon conformational changes in their

molecular packing (Table 3.5 and Figure 3.7).
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Figure 3.7: IR spectra of novel ETP polymorphs compared with commercially available ETP form-I.

Table 3.5: IR stretching frequency of ETP polymorphs.

Solid form C-N Stretching (cm™) C=0 Stretching (cm™)  OH Stretching (cm™)
Form-I 2216 1627 2980, 3355
Form-I11 2210 1634 2983, 3091
Form-I11 2208 1632 2982, 3072
Form-1VvV 2215 1630 2982, 3355

3.6 Thermal analysis

Differential scanning calorimetry (DSC) analysis of the neat polymorphs was done to correlate the
thermodynamic relations and melting/ solidification during heating and cooling cycles. Figure 3.8
shows the stack plots of different forms with their heating, cooling and subsequent re-heat cycles. The
DSC thermogram of form-I shows a single sharp melting endotherm peak at 165 °C (Tonset 164 °C, Tendset
167 °C) with AHzs = 44.79 kd/mol in the first heating cycle but no transition was observed during the
cooling run (Figure 3.8a). The same sample was re-run from 30 °C to 200 °C, which melted at ~160 °C
(Tonset 155 °C, Tenaset 162 °C) through an exothermic transition at ~91 °C with onset at 79 °C and endset
at 98 °C. The second heating cycle shows that the melted phase of form-I crystallizes to a relatively
stable crystalline phase at ~90 °C and then melts at ~160 °C (about 4-5 °C lower than the original
melting temperature). The crystal structure of form-11 has two independent molecules in the asymmetric
unit cell (Z' = 2) and lower crystal density, which relates with its relatively lower lattice energy than
form-1 and I1l. However, DSC did not show any phase transition before melting which indicates its
thermodynamic stability (Figure 3.8b). DSC experiments were run for all polymorphs at lower temp
rate of 5 °C/min to check for any changes but similar transitions and peaks behavior was observed.
Form-I1 shows melting endotherm at 159 °C (Tonset 158 °C, Tendset 161 °C) with AHgs = 34.14 kJ/mol

(calculated form the melting endotherm because there is no phase change prior to melting). Based on
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melting point and heat of fusion values (Table 3.6), form-Il is monotropically related to form-I. A
melting endotherm was observed for form-111 at 164-166 °C with an endothermic phase transition seen
at ~88 °C (Figure 3.8c). These evidences suggest that form-I11 is enantiotropically related to form-I.
Form-IIT AHss = 59.89 kJ/mol as calculated in the Experimental Section (AHua qiiory = 15.10 kJ/mol).
The phase transition in form-111 is very broad with an onset-endset range ~25 °C (75-100 °C) indicating
its slow phase conversion. Further insight on the temperature mediated conversion was studied by
heating form-111 at above the transition temperature in a hot oven at 155 °C for 2 h (kept below the
melting temperature). PXRD pattern of the resulting solid showed match with form-I, which confirms
that form-111 transforms to form-I above the transition temperature (Figure 3.9). A notable observation
in the DSC temperature cycle is the exothermic transition of the starting polymorph and then melting
endotherm of the stable polymorph in the second heating cycle. These observations mean that after
melting, each solid form is converting to the thermodynamically stable solid which melts at ~160 °C.
The PXRD pattern of form-I1V shows peaks for a distinct polymorph (Figure 3.15b). DSC thermogram
of form-IV shows an endothermic solid-solid transition at 158 °C (Tonset 154 °C, Tengser 160 °C) and
AHya (viory = 6.09 kd/mol followed by an immediate melting endotherm at 165 °C (Tonset 164 °C, Tendset
167 °C). AHjy,s value of 50.88 kJ/mol was recorded for form-1V in the first heating cycle (Figure 3.8d).
These events indicate that form-I1V is enantiotropically related to form-1 with a transition at 155-160
°C. The cooling and subsequent heating cycles follow the same pattern as in form-I, except a slightly
broader exotherm during the second heating cycle. The discussion of DSC thermograms at 10 °C
heating rate (Figure 9) summarized in Table 6 follows similar trends and profile at a lower temperature
rate of 5 °C.

One last point to be confirmed was the outcome of polymorph modification after the heat-cool-
reheat cycles in DSC. The melting point of the reheat (blue) curve is consistently at ~160 °C for all the
four forms. The slight lowering of the melting endotherm temperature by a few °C in the reheat run is
not due to any impurity or by products of ETP from the thermal cycles as confirmed by proton NMR.
We surmise that after the solid melts in the DSC pan, it has much better contact with the sample pan
over a larger surface area, and hence its melting point is lower by a few degrees in the reheat cycle.
Even though the lower temperature of ~160 °C coincides with the melting endotherm for form-II, the
product is actually form-I after confirmation by PXRD comparison. Thus, the stable polymorph after
multiple heating cycles is the commercial drug polymorph form-I.

Table 3.6: Thermal events and stability relationship of entacapone polymorphs I-1V.

FEo-I;z AHgys (kJ/mol)  AHira (kJ/mol)  m.p. °C in 1t heat cycle Stability relationship
I 44.79 163-164 Stable polymorph
I 34.14 158-159 Monotropic with |
i 59.89 15.10 164-166 Enantiotropic with |

v 50.88 6.09 164-166 Enantiotropic with |
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Figure 3.8: Stack plots of heating and cooling cycles of DSC thermogram of (a) form-1 (b) form-II, (c)
form-111, and (d) form-1V. First heating up to 170 °C (red) followed cooling to 30 °C (green) and
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Figure 3.9: ETP-form-111 PXRD pattern after controlled heating experiment
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3.7 Field emission scanning electron microscope analysis

FE-SEM micrographs of the four polymorphic forms of entacapone (Figure 10 a-d) clearly show
differences in crystal habit such as shape and surface texture.®? The reference form-I images display a
non-homogeneous particle size of the sample in irregular twinned rod-like or columnar habit with
approximately 2-100 um length and 1-10 um width and a rough surface. Form-Il has well defined
homogeneous long columnar rods with smooth surface of dimensions 2-50 um and 2-5 um (I x b).
Form-I11 is composed of homogeneous sub-rounded tabular with smooth surface in 5-30 um range.
Form-1V shows irregular surface of non-ordered multi-layered rods that overlap and are coarse due to
aggregation / agglomeration of small rods. The morphology variations in the crystal habits are due to
differences in crystal growth conditions which influence external shape (crystal habit) of the internal

structure.

10 pm Date Fe=n) 10 pm* EHT = 200 kV Signal A = SE2 Date :28 Sep 2017 [
I ! wD=95mm Mag= 3.00KX Time :12:14:03 I | wWD=97mm Mag= 300KX Time :12:17:59

(a) Form-1 (b) Form-II

10 pm* EHT = 2.00kV Signal A = SE2 ZE ‘10 pm* EHT = 2.00 kV Signal A = SE2 Date :28 Sep 2017 ZEISS|
r WD = 8.7 mm Mag= 300KX Time :12:46:00 r 1 WD = 9.5 mm Mag= 300KX Time :12:14:03
(¢) Form-III (d) Form-IV

Figure 3.10: FE-SEM images of ETP polymorphs (a) form-1, (b) form-I1, (c) form-I11 and (d) form-IV.
The four images are at the same magnification (3.00 K X) in order to compare the size and nature of

the surfaces of the polymorph particles.
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3.8 Solubility and dissolution

Solubility and dissolution rate of polymorphic crystal forms are important in the transport and
absorption (i.e. bioavailability) of the drug.**3* Solubility and intrinsic dissolution rate (IDR) of the
novel ETP polymorphs was measured and compared with the marketed form-I in phosphate buffer
solution (PBS) at pH 7.0£0.5 at 37+0.5 °C. After 24 h to establish equilibrium solubility in slurry
experiments, it was found that both ETP form-1 and form-11 polymorphs are stable in PBS media, with
no detectable phase transitions. ETP form-I1 exhibited 1.3-fold higher solubility than the reference drug
form-1 (Figure 3.12a and Table 3.7). The phase stability after equilibrium slurry experiments (of the
undissolved material) was analyzed by PXRD (Figure 3.11a&b). Form Il persists for up to 24 h in the
PBS medium but was converted to form-1 after 48 h (Figure 3.11c). However, forms 11l and 1V are not

stable in PBS media, and showed rapid conversion to form-I.
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Figure 3.11: (a) Equilibrium Solubility of ETP Polymorphs form-I, form-11 and form-II1 PXRD’s After
24h Experiment, (b) Experimental Pattern of ETP-form-1V is matching with ETP-form-1 Simulate

Pattern, (c) Conversion of form-I1 to form-I after 48 h in pH-7 slurry buffer medium.

Intrinsic dissolution rate curves of ETP polymorphs are displayed in Figure 12b for a shorter
period of 4 h as a function of cumulative drug amount dissolved (mg/ 500 mL) versus time (min). ETP

polymorphs form-I, 1l and I11 exhibited faster dissolution rate with time; form-1V initially matched with
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form-11 and 111 up to 90 min, but later exhibited a gradual reduction compared with other forms in the
dissolution media throughout the experiment duration (240 min). Form-1lI shows relatively faster
dissolution at all time points compared to the commercial form-1 which in turn shows faster dissolution
than both form-I1l and form-1V. The average release of ETP from pellet to the dissolution media was
analyzed for 4 h, which indicates that the concentration of the dissolved drug for form-I is 80 mg/500
mL (26.6% release w.r.t. total pellet amount), form-I1 is the highest at 124 mg/500 mL (41.3% release
w.r.t. total pellet amount), form-I11 is 79 mg/500 mL (26.3% release w.r.t. total pellet amount,) and
form-1V is 60 mg/500 mL (19.9% release w.r.t. total pellet amount). The phase stability and phase
transformation after dissolution (the undissolved residue at 4 h) were analyzed by PXRD (Figure 3.13).
Forms I and Il were stable at this stage, but forms 11l and IV showed transformation to form-I and this
is a reason for the reduced dissolution rate of form-1V after 90 min.

The above measurements show that the highest solubility and dissolution rate of form-Il over
other forms may be ascribed to the difference in their enthalpy, with form-11 having the lowest enthalpy
of fusion (AHss: form-11 < form-I < form-1V < form-I11, Table 3.6). Other reasons also contribute such
as the lower crystal density of form-Il (Table 3.1), which suggest its relatively lower lattice energy
(loose packing) than form-I and Ill. Different molecular conformations in form-Il (Z' = 2, awkward
packing)® result in lower melting point (158-159 °C) than form-I (163-164 °C). Thus, both stronger
intermolecular interactions with water and lower melting point and somewhat loose crystal packing
contribute the highest solubility / dissolution rate of form-Il. Further, the rod-shaped morphology and
comparatively smaller size particles of form-Il favor higher solubility and dissolution due to larger
surface contact area. Even though form-1V has much smaller particle size compared to form-II, the
aggregation/ agglomeration of such irregular shape small particles eventually reduces the dissolution
rate of form-1V (as well its transformation during dissolution/ solubility to form-1). There is thus an
optimal range of particle size for high solubility and faster dissolution rate which are realized in ETP

form-II.

Table 3.7: Equilibrium Solubility and Intrinsic dissolution of ETP polymorphs and n-fold enhancement
compared to form-I is given in parenthesis.
ETP Molar Extinction Equilibrium solubility in Intrinsic dissolution

coefficient (mM/cm H 7 after 24 h slurr rate, IDR
FORTHODT at Amax 3(76 nm ) ‘ (mg/ mL) . mg/cm?/min
Form-I 2.33 1.71 8.14
Form-II 2.33 2.14 10.74 (>1.31-fold)
Form-I1Il 2.33 unstable 2.71 (0.33-fold)

Form-1VvV 2.33 unstable 5.43 (0.66-fold)
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Figure 3.12: (a) Intrinsic dissolution rate of ETP polymorphs in pH 7+0.5 phosphate buffer medium. (b)
Cumulative amount ETP dissolved in pH 7+0.5 PBS.
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experiment (4 h).

3.9 Permeability

Solubility and permeability are two important parameters for optimal drug adsorption to achieve high
bioavailability. The change in flux across the dialysis membrane gives a measure of drug permeability,
or log P. A significant change in the flux of ETP polymorphs (Figure 3.14a) is attributed to the variation

in crystal packing, which in turn leads to changes in the cumulative polar interactions, namely O---H
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plus N---H in order to bring the solid into the solution phase by crossing of the semi-permeable
membrane. The sum of polar interactions (O---H and N---H) in form-1 (44.7%), form-I1 (45.0%), and
form-111 (47.8%) (Hirshfeld analysis in Figure 3.59). Therefore, due to greater lipophilic interactions
the drug permeability is higher due to surface contact between solute-membrane-solvent interactions
(Figure 3.14b): form-I (2.65 mg/mL), form-I1 (11.22 mg/mL), form-111 (7.53 mg/mL) and form-I1V (8.78
mg/mL) (values at 420 min in Figure 3.14b). Furthermore, higher dissolution rate and lower enthalpy
of fusion of form-I1 also contribute to its highest membrane permeability and flux pass. Compared with
the commercial form-1, the above results demonstrate that the permeability of novel ETP form-II is
superior to that of the marketed form-1. Permeability of the commercial form-1 is lower than that of the
other polymorphs, and this observation prompts further studies to enhance not just solubility/
dissolution but also drug permeability/ flux pass in pharmaceutical crystal forms.36-3°
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Figure 3.14: (a) Flux vs. time of ETP polymorphs in PBS media, and (b) Membrane permeability.

3.10 Conclusions

From a pharmaceutical prospective, we have systematically investigated the ETP polymorphs which is
an essential and significant step in any formulation to understand the relative thermodynamic stability
of polymorphs, and if the polymorphs are enantiotropically related, thus the determination of
thermodynamic transition point is crucial to analyze the crystalline form of the raw material to be most
stable, acceptable and effective crystal form should be known for drug development. The above study,
we have shown the structural origin of polymorphism in entacapone. Out of three novel polymorphs,
form-I1 and form 111 crystals, are sucessfully solved which are obtained concomitantly from water and
acetone solvent combination, and the inter ETP molecule conformation changes in the crystal lattice is
found to be different. Thus, the hydrogen bonding is significantly different in the polymorphs. The
thermal behavior of the polymorphs is investigated with DSC to detect the phase transformation from
the metastable to the stable polymorph by performing heat-cooled-heat controlled experiments and

found that, the form-IV and form-11l are enantiotropically related to form-I. Whereas, the form-I1I is
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monotrpically realted to form-1. However, from the post equilibrium solubility helped to make definite
conclusions on the stability relationship and the polymorphic phase transformations at ambient
temperatrure 37 £ 0.5 °c. The reported ETP form-1 and the novel form-Il is found to be the
thermodynamically stable polymorph at ambient conditions, and the form-Il1 is converted to form-I1I
and form-1V to form-I respctively. From the dissolution and permeability experiments, form Il dissolves
and diffused faster than the form-I, form-I1l and form-IV due to variation in crystal packing (i.e Z'=2
for form-11 and Z’' =1 for form-1 and form-I11) which implies its relatively lower lattice energy to
dissolve and diffused. Therefore, form Il is superior among the four polymorphic forms isolated so far.
Thus, selection of the thermodynamically stable ETP polymorph-II is preferred in drug formulation to
avoid polymorphic changes with superior solubility, dissolution and permeability during process
development, formulation and marketing.

3.11 Experimental Section

ETP was obtained from Hetero Drugs (Hyderabad, India). Solvents (Purity >99%) and PBS (phosphate
buffer solution) capsules were purchased from Finar Laboratories (Hyderabad, India) and used for the
experiments.

3.11.1 Preparation of Polymorphs

ETP form-1: Entacapone was obtained from Hetero Drugs (Hyderabad, India) and analyzed by PXRD
to know the polymorphic identity and it matches with form-1, or the commercial form (see Figure 3.15).
Single crystals of form-1 were obtained by slow solvent evaporation at room temperature after
dissolving 40 mg of ETP in 60 mL methanol.

ETP form-11: ETP form-1l was obtained by dissolving 1 g of form-1 in 1:1 volume ratio of several
solvent mixtures such as methanol-toluene, methanol-acetone, methanol-chloroform, iso-butanol-
benzene, iso-butanol-methyl ethyl ketone and then the solvent was evaporated in vacuum rotavapor at
50-55 °C temperature with constant rpm. The resultant solid product was characterized as crystalline
form-11 by PXRD (see Figure 3.15 and Figure 3.16). Form-Il was also isolated by spray drying using
acetone solvent to disperse the product. The rotavapor method with methanol-toluene was suitable to
obtain bulk quantity of form-I1 for further experiments. Single crystals were obtained by dissolving 40
mg of powder obtained from rotavapor in a mixture of solvents (60 mL water and 40 mL acetone) by

maintaining 60 °C in hot air oven left for slow evaporation over 2 days.
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Figure 3.15: (a) PXRD of ETP polymorph (black trace, experimental) show excellent match with the

calculated line profile from the X-ray crystal structure (red trace) for from-1, Il and I11. (b) Comparison

of experimental PXRD of ETP form-1V with commercially available form-1 shows a new phase. (c)

PXRD overlay of ETP all forms.
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Figure 3.16: Comparison of form-11 Powder Pattern in different solvent.

ETP form-I111: 1 g of form-1 ETP was dissolved in toluene in a 100 mL beaker followed by solubilizing
the drug by heating. After filtration the solvent was transferred to a 250 ml RB flask, and flash
distillation using Heidolph vacuum rotavapor to maintain 70 °C for the complete evaporation of the
solvent, so that a fine shiny product precipitated at the bottom of the flask, which was characterized and
confirmed as form-111 by PXRD (Figure 3.15). Single crystals were obtained by dissolving 40 mg of
powder obtained from rotavapor in a mixture of solvents (60 mL water and 40 mL acetone) by
maintaining 60 °C in hot air oven left for slow evaporation over 2 days.

ETP form-1V: A combination of toluene, nitromethane and acetone in 1:1:0.5 volume ratio was used
to dissolve 1 g of ETP form-I to provide form-1V after vacuum rotavapor and maintain 70 °C
temperature, similar to the above procedure (Figure 3.15). Even after repeated attempts we were unable
to crystallize diffraction quality crystals of form-IV.

A comparison of entacapone polymorphs crystallized in this study compared to those reported in the
literature®?® is shown in Figure 3.17. Form-1 correlates with form-A and form-II with form-D, while

form-11l and 1V appear to be novel in the prior art.
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Figure 3.17:(a) PXRD of form-11 (calculated/ experimental) produced in our lab matches with form-D

reported in patent WO/2005/066117 (ref. 16) and in S| of Kevin Roberts paper (Cryst. Growth Des.
2009, ref. 26). (b) However, reported form-C (ref. 16) does not match with any of new form-IIl or IV

in this study.

3.11.2 Powder X-ray diffraction

PXRD was recorded on Bruker D8 Advance diffractometer (Bruker-AXS, Karlsruhe, Germany) with
Cu-Ka radiation of A =1.5406 A and an acceleration voltage of 40 kV and current of 30 mA power. All
polymorphic forms of ETP were scanned in the reflectance mode range from 3° to 50° (26) at scan rate
of 5°/min (see Figure 3.15).

3.11.3 Single crystal X-ray diffraction

Single-crystal X-ray diffraction data were collected on a Bruker SMART APEX Il single-crystal X-ray
CCD diffractometer having graphite monochromatized (Mo-Ka, A = 0.71073 A) radiation. The X-ray
generator was operated at 50 kV and 0.8 mA. Data reduction was performed using APEX-II Software.?®
Intensities for absorption were corrected with SADABS and the structures were solved and refined
using SHELXL-97?° with anisotropic displacement parameters for non-H atoms. Hydrogen atoms on O
and N were experimentally located in all crystal structures. Hydrogen atoms were experimentally
located through the Fourier difference electron density maps in all crystal structures. All O-H and C-
H atoms were fixed geometrically with HFIX command in SHELX-TL program of Bruker-AXS.
Crystal parameters (Table 3.1) and hydrogen bond distances listed in Table 3.3 are neutron normalized
to fix the D—H distance to its accurate neutron value in the X-ray crystal structures (O—H 0.983 A, N—
H 1.009 A, and C-H 1.083 A). A check of the final CIF file using PLATON®3! for any missed

symmetry. Mercury software was used to prepare packing diagrams. Crystal data of form-1, 11 and 1|
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at 296 K (room temperature) and additionally form-I at 100 K (low temperature are reported in this
study. Crystallographic .cif files are available at www.ccdc.cam.ac.uk/data such as part of the
Supporting Information (CCDC Nos. 2074791, 2074821, 2074862, 2095588).

3.11.4 Vibrational spectroscopy

Infrared spectra of ETP polymorphic forms are acquired by FT-IR spectroscopy Thermo-Nicolet 6700
FT-IR-NIR spectrometer by physically mixing each polymorphic form of ETP with KBr by using
spatula and later applied 2.5 ton pressure in KBr press machine for 3 min to prepare the sample pellet.
Omnic software (Thermo Scientific, Waltham, MA) was utilized to analyze the data. Each sample pellet
was scanned 120 times in the range 400—4000 cm* with, and spectra were normalized with background

correction (see Figure 3.7).

3.11.5 Thermal analysis
Mettler-Toledo DSC 822e module, (Mettler-Toledo, Columbus, OH) was used for thermal analysis.
The temperature of the instrument and heat flow were calibrated using Indium (calibration standard,
purity > 99.999 %) with melting point onset at 156.60 + 0.3 °C and heat flow 28.45 £ 0.6 J/g. The
temperature range for each polymorph was preprogramed from 30-200 °C for the 1% cycle heating at
rate of 10 °C/ min, then cooled down to 30 °C and 2™ cycle heating rate of 10 °C/ min from 30-200 °C.
A few samples were repeated at a heating rate of 5 °C/ min to compare the thermal events and phase
transitions. Samples were purged with dry nitrogen flowing at 80 mL/min. Each thermal DSC run was
repeated 3 times with consistent and reproducible results. The standard deviation for temperature is 0.3
°C and enthalpy 0.5 J/g.

Enthalpy of fusion (AHxs) of form-I and form-11 was determined directly from DSC, since they
do not show any phase transformation (see Thermal analysis section). AHzs for form-111 and form-I1V

were calculated using Hess’s law of heat summation.

AHys values of form-111 and IV were calculated as follows.

AHiys (form-IIT) = AHtus (form-1y + AHira form-n)

AHiys (form-TV) = AHtus (form-ty + AHtra (form-1v)

Enthalpy values from DSC thermogram were converted using the formula.

AH (kJ/mol) = AH (J/g, normalized value from DSC) x 305.29 (mol. wt.) / 1000
The measured and calculated values of AHxs are given below.

AHgys (form-1) = 44.79 kJ/mol

AHgys (form-11) = 34.14 kJ/mol

AHgys (form-111) = 44.79 + 15.10 = 59.89 kd/mol

AHzys (form-1V) = 44.79 + 6.09 = 50.88 kJ/mol
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3.11.6 FESEM morphology

The morphology and size of the microstructures of ETP polymorphs were examined by FESEM analysis
on a Carl Zeiss field emission scanning electron microscope model 6027 with MERLIN compact using
a beam voltage of 5 kV. The ETP polymorphs were deposited on carbon tape and sputtered with gold

to avoid charging. The same samples were used for morphology analysis.

3.11.7 Equilibrium solubility and dissolution rate measurements

Equilibrium solubility and dissolution rate studies were carried in triplicate (n = 3). An excess amount
of the sample of ETP polymorphs was added to 5 mL of purified pH 7 phosphate buffer saline medium.
The supersaturated solution was stirred at 800 rpm using a magnetic stirrer at 37 + 0.5 °C. After 24 h,
the suspension was filtered through Whatmann 0.45 pm syringe filter. Equilibrium solubility was
calculated by the absorbance value of ETP at Amax 0f 376 nm using Thermo Scientific Evolution 300
UV-vis spectrometer (Thermo Scientific, Waltham, MA) and plotted against several known
concentrations to prepare the concentration vs. intensity calibration curve. From the slope of the
calibration curves, molar extinction coefficient for ETP was calculated and the remaining residues of
ETP polymorphs were characterized by PXRD to know their stability. Intrinsic dissolution rate (IDR)
of ETP form-I1, form-I1, form-I11 and form-1V were carried out on a USP certified Electro lab TDT-08L
Dissolution Tester (Electro lab, Mumbai, MH, India). In intrinsic attachment unit 300 mg of ETP
polymorph was compressed between the smooth surfaces under a pressure of 2.5 ton/inch for 4 min in
an area of 0.5 cm?. The compressed pellets were analyzed by PXRD to know the stability of the
polymorphic form or any changes in XRD line pattern after powder compression (Figure 3.17). The
pellets were dipped in 500 mL of pH 7.0 phosphate buffer saline at 37 + 0.5 °C with rotation of 100
rpm. 5 mL of dissolution medium was collected at interval of 15, 30, 45, 60, 90, 120, 150, 180, 210,
240 min by replacing each time with the same amount of fresh pH 7.0 phosphate buffer. The absorbance
is plotted against time for samples collected at regular intervals.
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Figure 3.17: Compressed pellets were recorded and analyzed by PXRD to know the stability of
polymorphs to compression and found to be stable to run solubility and dissolution experiments.
3.11.8 Diffusion measurements

Diffusion studies were carried out in a glass Franz diffusion cell (Model JFDC-07, Orchid Scientific,
Maharashtra, India) with 20 mL volume. The membrane used are dialysis membrane-135 [width 33.12
mm, and diameter 23.8 mm, capacity 4.45 mL/cm] purchased from HiMedia, India. The dialysis
membrane is placed between the two compartments fixed by a stainless-steel clamp with an effective
mass transfer area of 3.14 cm?. The receptor compartment is filled with (PBS) phosphate buffer solution,
and air bubbles are removed. The donor compartment was loaded with 20 mg polymorph sample and 2
mL of PBS was added. The temperature of diffusion medium is thermostatically maintained at 37 £ 0.5
°C throughout the experiment at 600 rpm and permitted to diffuse through the membrane towards the
receptor compartment. Aliquots of 1 mL were withdrawn from the receptor compartment at set time
periods (15, 30, 45, 60, 90, 120,180, 240, 300, 360 and 420 min) and fresh PBS was added to replenish

the volume. The diffused concentration of sample was determined by UV spectroscopy.
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CHAPTER FOUR

Improvement of Physiochemical Properties of Pimozide through
Co-crystalization with Dicarboxylic Acids

Lo
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Succinic acid (SA) Oxallc acid (OA)
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OH OH OH OH
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Pimozide is a BCS class 11 drug of the diphenyl-butyl piperidine class. This antipsychotic drug is
used in schizophrenia and chronic psychosis, Tourette syndrome, and resistant tics, and it can be
also used to treat Delusional parasitosis. Cocrystal screening experiments of PMZ resulted in the
formation of five binary molecular salts with the coformers oxalic acid (OA), succinic acid (SA),
glutaric acid (GA), adipic acid (AA) and fumaric acid (FA). It was observed that PMZ-SA salt
exhibited superior performance for both solubility and dissolution experiments. In diffusion
permeability (Franz diffusion cell, pH 7.0) experiment also PMZ-SA salt exhibited highest
permeability among all the complexes of PMZ. PMZ-SA salt is a high bioavailability formulation for
PMZ.
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4.1 Introduction

Pimozide (PMZ, Scheme 4.1), a FDA-approved drug is used for the treatment of Tourette syndrome (a
neurological disorder with uncontrolled repetitive muscle movements and sounds known as tics) and
chronic psychosis.! Besides, it has been found that this drug can be used for the treatment of different
types of cancers such as hepatocellular carcinoma?, colorectal cancer®, osteosarcoma*, myelogenous
leukemia®® and prostate cancer”® due to its ability to inhibit cancer cell proliferation by decreasing
signal transducer and activator of transcription activity. PMZ compound appears as white crystalline
solid.® Though this drug is highly effective for the treatment of the above-mentioned diseases, it suffers
from low aqueous solubility which directly affects its oral bioavailability. PMZ is a BCS
(Biopharmaceutical Classification System) class Il drug (low solubility and high permeability) and it is
almost insoluble in water (solubility: 0.00173 mg/mL, < 2 mg/L) whereas it is found to be freely soluble
in chloroform and sparingly soluble in ether and alcohol.%*2 So, it is very essential to enhance its
solubility applying suitable methods to achieve improved bioavailability. There are several
conventional methods such as particle size reduction®, solid dispersion®*, nanosuspension?®,
supercritical fluid process'®, cryogenic techniques!’, synthesis of inclusion complexes'®, micellar

solubilisation®, hydrotrophy?° etc. to improve solubility or dissolution of poorly water-soluble drugs.

Besides these conventional methods, crystal engineering 2! approach is regarded as a novel, emerging
and promising technique to ameliorate physicochemical properties of drugs. Crystal engineering
method includes the preparation of polymorphs, cocrystals, salts, hydrates and solvates. In addition to
intermolecular interactions and crystal packing in these materials, other factors which can also influence
physicochemical properties of a drug are particle size distribution, crystal habit, crystal form, surface
nature etc.?? In the past two decades, pharmaceutical cocrystals have gained significant attention from
academia as well as pharmaceutical industries because of efficiency of those materials to enhance
physicochemical properties of drugs. ? According to US-FDA, pharmaceutical cocrystal is defined as
crystalline solid material composed of two or more components including at least one API in a
stoichiometric ratio in their crystal lattices where the molecules/species are assembled through non-
covalent interactions. 2* Pharmaceutical salts are formed when proton transfer takes place between API
and coformer. Formation of cocrystal or salt depends on ApKa, value of the components and it can be
predicted based on the ApKa value such as- for ApKa >3 and ApKa <0, the expected products are salt
and cocrystal respectively whereas for ApKa value between 0 and 3, the product may be salt or cocrystal
or mixed-ionic complex.??” GRAS (Generally Regarded as Safe) coformers are used in the syntheses
of pharmaceutical cocrystals. The cocrystallization techniques widely used include solvent
evaporation®, antisolvent method?®, cooling crystallization®®, slurry conversion®!, liquid-assisted
grinding® and melting crystallization *. Recent approval of some pharmaceutical cocrystals such as
Suglat®, Entresto % Steglatro®® explicitly reveals the importance and usefulness of pharmaceutical

cocrystals in the quality improvement of drug products. Plenty of literature reports have delineated
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about improvement of solubility or physicochemical properties of low water-soluble drugs via

formation of pharmaceutical cocrystals and organic salts.*’*?

F

5 Y
A J

Pimozide (PMZ)

0) (0]
OH ol
o)
0
Succinic acid (SA) Oxalic acid (OA)
0
0 0 9
VY OH JI\/\/lL OH
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0 o
Fumaric acid (FA) Glutaric acid (GA) Adipic acid (AA)

Scheme 4.1: Molecular structures and acronyms of Pimozide and coformers.

Pharmaceutical cocrystal of PMZ has not been reported to date. Few attempts have been made to
improve solubility of PMZ using other formulation strategies. Manohari and coworkers prepared self-
micro emulsifying drug delivery system (SMEDDS) formulation of PMZ to improve its solubility or
dissolution using Capmul MCM NF as oily phase, Cremophor RH 40 as Surfactant and PEG-8000 as
Co-Surfactant.** Further, Bera et al. attempted to ameliorate the solubility of PMZ by synthesizing
binary (PMZ and B-cyclodextrin) and ternary (PMZ, B-cyclodextrin and polyvinylpyrrolidone (PVP-
K30)) inclusion complexes, and from the solubility studies, it was revealed that the ternary inclusion
complex had better efficiency to enhance the solubility compared to the binary inclusion complex.** A
Cambridge Structural Database (CSD) search of PMZ displayed one structure of PMZ-perchlorate.*® In
this study, our aim was to improve solubility as well as permeability of PMZ through formation of
pharmaceutical cocrystals or salts using various coformers. Cocrystal/salt screening study of PMZ
resulted in the formation of five crystalline organic salts with the following coformers- adipic acid,
fumaric acid, succinic acid, oxalic acid and glutaric acid. These novel salts were characterized by
spectral, thermal, diffractive techniques. Further we studied the solubility, dissolution and permeability

through franz diffusion were explained in these chapter.
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4.2 Results and Discussion

PMZ is a weak basic molecule at the piperazine N atom and its calculated (Marvin Sketch) acid
dissociation constant pKa is 7.32. A summary of the experimental methods and crystallization
conditions are given in the section 4.10.1 and the coformers are shown in Scheme 4.1 and ApK, values
listed in Table 4.5. The five binary salts PMZ-GA (1:1), PMZ-AA (1:1), PMZ-SA (1:1), PMZ-OA (1:1)
and PMZ-FA (1:1) were characterized by spectroscopic, thermal, and powder X-ray diffraction
techniques. All of these solids’ crystal structures are characterized by single crystal X-ray diffraction
and selected crystal data, data collection and refinement parameters are summarized in Table 4.1
hydrogen bonds are listed in Table 4.2. The solubility, invitro dissolution measurements and
permeability studies were carried out for these novel complexes and the results were compared with the
pristine PMZ compound.

Table 4.1 Single crystal X-ray diffraction and crystallographic table of PMZ salts.

PMZ-AA PMZ-FA PMZ-SA PMZ-OA PMZ-GA
S CogH29F2N3O  CogHzoFoN3O  CagHzoFoN3O  CogHsoFaNsO  CasHizoF2N3O
Formula
Formula weight 534.61 520.59 520.59 551.58 629.69
Crystal System Monoclinic Monoclinic Monoclinic Triclinic Triclinic
Space Group P21l/n P21l/n P 21/n P-1 P-1
T (K) 293 K 293 K 293 K 293 K 293 K
a(A) 11.744(2) 10.345(2) 10.357(2) 8.2872(19) 10.992(3)
b (A) 18.703(4) 17.804(4) 17.697(5) 11.143(3) 12.562(3)
c(A) 12.064(2) 14.032(3) 14.054(4) 15.787(3) 12.562(3)
a (°) 90 90 90 102.946(10) 94.411(10)
B (°) 96.433(6) 93.209(10) 93.211(10) 92.93(1) 105.349(10)
7(°) 90 90 90 108.024(1) 106.955(9)
V (A3 2633.2(8) 2580.4(9) 2571.9(11) 1339.6(6) 1577.5(7)
Deac(g cm=3) 1.349 1.340 1.344 1.367 1.326
Z 4 4 4 2 2
Rflns. collect 12778 14553 13842 10204 5544
Unique rflns. 12733 14477 13804 10152 5507
Obsd. rfins. 9539 11510 8571 7905 4781
Parameters 464 496 502 479 425
R1 0.0609 0.0438 0.0599 0.0565 0.0790
WR> 0.1814 0.1328 0.1467 0.1537 0.2332
Goodness of fit L1105 1.102 1.047 1.085 1.076
X-ray Bruker Bruker Bruker Rioaku OD Bruker
diffractometer APEX2 APEX2 APEX2 9 APEX2
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Table 4.2 Selected geometric parameters of hydrogen bonds in PMZ salts.

PMZ-AA (1:0.5)
O1-HA--O5 2.670(4) 1.86 171 1/2-x,3/2-y,1-z
O2—-H2--N5 3.382(3) 2.60 159 1/2-x,3/2-y,1-z
N5-H5A--01 3.048(3) 2.23 158 1/2-x,3/2-y,1-z
N5—-H5B:--06 2.952(3) 2.08 168 -X,1-y,1-z

PMZ-FA (1:0.5)
O1-H1A--05 2.642(3) 1.77 171 3/2-x,1/2+y,1/2-z
02—-H2A--01 2.673(3) 2.23 105 Intra
O2-H2A--N4 2.708(3) 1.76 156 2-x,1-y,-z
N5—H5A--06 2.952(3) 2.09 172 1-X,-y,-z
N5—H5B:N2 3.141(3) 2.24 161 3/2-x,-1/2+y,1/2-z
C7-H7--04 3.261(3) 2.45 146 1-x,1-y,-z
C15-H15--01 3.010(3) 2.37 125 2-x,1-y,-z

PMZ-SA (1:0.5)
O1-H1A--08 2.5594(1) 1.75 169 X,1+y,z
O2-H2A--01 2.6092(1) 2.13 117 Intra
O2—-H2A--N6 3.3427(1) 2.54 167 1+x,1+y,z
N6—H6A--O1 2.8720(1) 1.98 171 -1+x,-1+y,z
O8-HS8A:-05 2.7353(1) 1.94 176 Xyz
O8-H8B--07 2.7548(1) 1.89 164 1+x,y,z
C4—H4--06 3.3117(1) 2.44 155 X,-1+y,z
C7-H7--06 3.3814(1) 2.52 154 X,-1+y,z
C20—H20A--0O8 3.5311(1) 2.59 166 -1+x,1+y,z
C21-H21A-+N7 2.9388(1) 2.50 108 Intra

PMZ-OA (1:1)
O1-H1A--N4 2.665(11) 1.93 150 3/2+x,1-y,1/2+z
O2-H2A--N4 3.092(13) 2.29 168 3/2+x,1-y,1/2+z
N6—H6A---0O5 2.927(12) 2.17 146 1+x,y,z
N6—H6B--03 3.085(13) 2.29 155 X,y,-1+z
C17-H17--01 3.293(14) 2.51 142 -1+x,y,2
C18-H18-:06 3.403(14) 2.51 161 -1/2+x,1-y,1/2+z
O2-H2A--06 2.707(11) 2.21 116 1+x,y,1+z
PMZ-GA-2H0 (1:1:2)

O1-H1A--N4 2.665(11) 1.93 150 3/2+x,1-y,1/2+z
O2-H2A--N4 3.092(13) 2.29 168 3/2+x,1-y,1/2+z
N6—H6A 05 2.927(12) 217 146 1+x,y,z
N6—H6B--03 3.085(13) 2.29 155 X,y,-1+z
C17-H17--01 3.293(14) 2.51 142 -1+X,y,2
C18-H18::06 3.403(14) 2,51 161 -1/2+x,1-y,1/2+2
02-H2A--06 2.707(11) 2.21 116 1+x,y,1+z
O1-H1A---N4 2.665(11) 1.93 150 3/2+x,1-y,1/2+z

4.3 Crystal Structure Analysis
Pimozide-Adipic acid (PMZ-AA, 1:0.5) Salt:
PMZ-AA salt which crystallizes in P2./n space group. Its asymmetric unit is constituted by one unit of

protonated PMZ at the piperazine N and half unit of adipate ion. Each adipate ion is connected with
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four PMZ cation through —N*H..."OOC- interactions and charge-assisted —N-H..."OOC- hydrogen
bonding (Figure 4.1a). Among four PMZ ions connected to a same adipate ion, two are found to be
connected with the adipate ion in such a way that these two PMZ ions act as molecular tweezers to
encapsulate the adipate ion (Figure 4.1b). Here, the other two PMZ units also act as molecular clips to
encapsulate an adipate ion remaining almost perpendicular from the plane of that adipate and those
PMZ molecular clips. So, two consecutive pairs of PMZ tweezers containing adipate ions remain in
perpendicular to each other. Each of the unit [(PMZ)2(AA)] i.e. a pair of PMZ clips with an encapsulated
adipate ion is connected with four such type of units through charge-assisted N-H...-OOC- hydrogen
bonding which leads to the formation of hydrogen-bonded two-dimensional square grid type (4,4-
connected) network (Figure 4.1c). If we consider AA as a node and connect these nodes according to
the hydrogen bonding interactions of the protonated PMZ ions, then we can obtain the simplified view
of the 2D square grid network. F atoms of PMZ units are found to be involved in C-H...F weak
hydrogen bonding interaction with other PMZ units leading to the extension of the above-mentioned
2D network to 3D hydrogen bonded network (Figure 4.1d).
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Figure 4.1: lllustrations for the crystal structure of PMZ-AA: (a) Hydrogen bonding of one adipate di-
anion surrounded by four PMZ cations through —N*H---"OOC- interactions, (b) PMZ molecular
tweezers to encapsulate the adipate ion, (c) Formation of 2D rhomboid grid type network via charge-
assisted N-H---"OOC- hydrogen bond between PMZ cation and adipate di-anion, (d) 3D hydrogen

bonded network.

Pimozide-Succinic acid (PMZ-SA, 1:0.5) Salt:

The salt of PMZ and SA crystallizes in P21/n space group and its asymmetric unit comprises one unit
of protonated PMZ and half unit of succinate (Figure 4.2a). Like the PMZ-AA salt previous complex,
in this complex also, the PMZ ions act as molecular tweezers to encapsulate the succinate ions and the
hydrogen bonded networks (2D square grid network) are isostructural with that of PMZ-AA salt (Figure
4.2b).

(a) (b)

Figure 4.2: lllustrations for the crystal structure of PMZ-SA: (a) PMZ molecular tweezers to

encapsulate the succinate ion; (b) hydrogen bonded 2D rhomboid grid network.

Pimozide- Fumaric acid (PMZ-FA, 1:0.5) Salt:
This complex crystallizes in P2i/n space group and its asymmetric unit is composed of one-unit
protonated PMZ and half unit of fumarate ion. In terms of hydrogen bonded networks, this complex is

isostructural with the previously mentioned two complexes PMZ-AA and PMZ-SA (Figure 4.3a & b).
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(a) (b)
Figure 4.3: lllustrations for the crystal structure of PMZ-FA: (a) PMZ molecular tweezers to

encapsulate the fumarate ion; (b) hydrogen bonded 2D rhomboid grid network.

Pimozide-Oxalic acid (PMZ-OA, 1:1) Salt:

PMZ-OA crystallizes in P-1 space group and its asymmetric unit is constituted by one unit of protonated
PMZ and half unit each of oxalic acid and oxalate ion. Crystal structure analysis reveals that oxalic acid
and oxalate ions form one dimensional hydrogen bonded chain along y-axis through charge-assisted O-
H..."OOC- hydrogen bonding interactions (Figure 4.4a). From these 1D chains formed by the coformer
protonated PMZ ions remain as pendant via bifurcated N+-H...-OOC- interactions. These 1D chains
containing the pendant are further connected to each other through hydrogen-bonded amide-amide
homosynthon (Figure 4.4b) which leads to the formation of 2D hydrogen-bonded rectangular grid type
layered network along yz-plane (Figure 4.4c). Among PMZ ions, C-H...F hydrogen bonds are observed
where these interactions play pivotal role towards the formation of 3D hydrogen-bonded network
(Figure 4.4.¢).

(@)
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(b) (d)

Figure 4.4: lllustrations for the crystal structure of PMZ-OA: (a) 1D linear chain formed by hydrogen
bonding between oxalic acid and oxalate ion; (b) hydrogen-bonded amide-amide dimer; (c) 2D
rectangular grid type layered network; (d) C-H...F hydrogen bonds between PMZ units; (¢) Hydrogen-
bonded 3D network shown along b-axis.

Pimozide-Glutaric acid Salt Hydrate (PMZ-GA-2H:0, 1:1:2):

PMZ-GA crystallizes in P-1 space group and its asymmetric unit is composed of one unit each of
protonated PMZ, singly deprotonated glutaric acid and two water molecules. Each PMZ ion is
connected with two GA via —N"H..."OOC- interactions (between trialkyl ammonium cation of PMZ
and carboxylate of GA) and charge-assisted —N-H..."OOC- hydrogen bonding (between imidazole N-
H of PMZ and carboxylate of GA), and one water molecule via O-H...O hydrogen bonding (between
O-H of water and —-C=0 of PMZ) (Figure 4.5a). Each singly deprotonated glutaric acid is connected
with two PMZ ions and two water molecules (Figure 4.5b). PMZ and GA form a one-dimensional chain
where the components themselves remain in translational symmetry (Figure 4.5c). These 1D chains are
further connected to each other through water bridging leading to the construction of 2D hydrogen-
bonded layered network (Figure 4.5d). Here, the two crystallographically independent water molecules
remain as a dimer through O-H...O hydrogen bonding. Each water dimer is connected to three 1D
chains (formed by PMZ and singly deprotonated GA) via O-H...O and charge-assisted O-H..."OOC-
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hydrogen bonding (Figure 4.5e). F-atoms of PMZ are found to be involved in C-H...F weak hydrogen
bonding as well as C-F...x interactions (Figure 4.5f).

Figure 4.5: Illustrations for the crystal structure of PMZ-GA-HYD: Hydrogen bonding of (a) PMZ and
(b) GA; (c) 1D chain formed by PMZ and GA; (d) 2D layered network formed via water bridging; (e)
hydrogen bonding of water dimer; (f) C-H---F interactions between PMZ units.

4.4 FT-IR Spectroscopy

The hydrogen bonding patterns of a molecule are found to be changed after formation of a salt, which
in turn changes the vibrational modes of the associated functional groups, and the IR frequencies
(Figure-4.6a-d).2 It is possible to study supramolecular synthons of hydrogen bonded dimer or catemer
motifs of acids or amides and ions by IR spectroscopy.* The changes in IR frequencies correlate with
hydrogen bond synthons in the crystal structures. -C=0, O-H/N-H and aliphatic/aromatic C-H



stretching frequencies of PMZ and the coformers are found to be shifted after complex formation due
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to strong or weak hydrogen bonds or intermolecular interactions (Table 4.3).

Table 4.3 IR stretching frequencies of PMZ/coformer in the crystalline forms (Figure 4.6a-€).

PMZ 1689 3361 2936
AA 1693 3037, 2963
PMZ-AA 1692 3149, 2956
SA 1731, 1693 3047, 2932
PMZ-SA 1695 3376 3140, 3098
FA 1695 3084, 3000
PMZ-FA 1694 3135, 3097
OA 1666 3476, 3423 3023, 2968
PMZ-OA 1693, 1624 3131, 3039
GA 1697 3045, 2955
PMZ-GA-2H,O 1693, 1623 3147, 3058, 2983
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Figure 4.6a: Overlay of PMZ-AA Salts IR spectra with its starting components.
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Figure 4.6b: Overlay of PMZ-SA Salts IR spectra with its starting components.
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Figure 4.6¢: Overlay of PMZ-FA Salts IR spectra with its starting components.
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Figure 4.6e: Overlay of PMZ-GA Salts IR spectra with its starting components.
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4.5 Powder X-ray Diffraction
It is needless to say that PXRD is an indispensable characterization technique in the field of

pharmaceutical materials for examining generation of new phase, bulk-phase purity and
homogeneity, and in some cases, for determining structures. Solvent-assisted mechano-ground
materials composed of the APl (PMZ) and the coformers containing carboxylic acid
functionalities are found to exhibit new PXRD patterns indicating the formation of new phase.
Further, simulated PXRD pattern for the single crystals of the cocrystals and salts of PMZ
completely matches with the experimental PXRD pattern (for powdered material of the
synthesized crystals) and the solvent-assisted mechano-ground material as well which clearly
ensures bulk phase purity of the synthesized materials. PXRD lines of the five Salts exhibited
excellent match by using PCW Software*® of the experimental pattern with the calculated lines from the

X-ray crystal structure (Figure 4.7).
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Figure 4.7: Overlay of experimental PXRD patterns of PMZ Salts (black) shows excellent match with
the calculated line profile from the X-ray crystal structure (red), indicating bulk purity and phase

homogeneity.
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4.6 Differential Scanning Calorimetry

In order to delineate thermal behaviour, DSC studies were carried out for the synthesized binary
crystalline salts, and API and coformers as well. In DSC thermograms, it is observed that each
of the complexes exhibit single endothermic peak which ensures that apart from melting, other
phase transformations do not take place (Figure 4.8). Among the five binary complexes, PMZ-
GA, PMZ-AA, PMZ-SA and PMZ-FA have melting points at 189, 194, 216 and 216 °C
respectively which are in between the melting points of the API (218 °C) and the coformers
(98, 151, 188 and 287 °C for GA, AA, SA and FA respectively). Whereas in case of PMZ-OA
complex, melting temperature (254 °C) is found higher than melting temperature of API (218
°C) and the coformer (189.5 °C) as well (Table 4.4). This could be attributed to the strong
hydrogen bonding interactions such as bifurcated -N*-H..."OOC- interaction between APl and

the coformer observed this complex.

PMZ-AA

PMZ-FA

PMZ-SA

50
mw PMZ-OA

PMZ-GA

PMZ

40 60 80 100 120 140 160 180 200 220 240 260 280 °C

Figure 4.8: Overlay of DSC thermograms of PMZ and Salts showing their unique melting behaviour
and sharp endotherms.
Table 4.4: Melting point of PMZ, Salts and coformers.

1 PMZ-AA (1:0.5) 189-193  AA 151-154
2 PMZ-FA (1:0.5) 261-265  FA 287-288
3 PMZ-SA (1:0.5) 212-217  SA 184-190
4 PMZ-OA (1:1) 252-258  OA 102-103
5 PMZ-GA-2H.0 (1:1:2)  186-189  GA 95-98

6 PMZ 218-223 -
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4.7 Solubility and dissolution

Solubility is a thermodynamic factor that usually taken as the concentration of the solute at 24h after
mixing in a solvent. Dissolution rate studies rely on the supersaturation phenomenon that is the peak
concentration of the drug delivered through a suitable carrier in a short period of time depending on the
stability of the drug form being tested. Significantly, solubility and dissolution rate were influenced
mainly strength of crystal lattice and solvation of components in salts or cocrystals. Therefore, these
two factors can control the salt/cocrystal solubility in the media. The PMZ and its salts equilibrium
solubility and dissolution rates were measured in PBS medium at 37°C and quantified the concentration
of the drug through high performance liquid chromatography (HPLC). The initial drug form during the
course of the equilibrium solubility test conditions at 0 h, and the later phase stability after 24 h at the
end of the experiment, has been verified independently by PXRD (Figure 4.10). It has been found that
in PBS media PMZ and its binary salts PMZ-AA, PMZ-SA and PMZ-FA are showed phase stability
and others such as PMZ-GA, and PMZ-OA were unstable.

Then IDR measurements were performed for 8h at the rate of 100 rpm at 37 °C. The dissolution rate
advantage is moderate (about two-fold faster in pH-7). Ever since there is indication of the salt stability
for extended periods of time up to 8h, the dissolution measurement at chosen time points can be used
as a reference to estimate the higher aqueous exposure of salts compared with the pure drug PMZ. The
dissolution rate from the linear graph region of the IDR curve is presented in figure 4.9. During
dissolution, all binary solid forms exhibited study state increase over 8h than pure PMZ and the
dissolution order in PBS as follows, PMZ-SA>PMZ-GA>PMZ-AA>PMZ-OA>PMZ-FA>PMZ and the
PXRD analysis of post dissolution were presented in figure 4.11. The improved solubility and
dissolution rate of new solid forms are attributed to N*H..."OOC charge assisted bond in case of all
salts. In addition, coformer solubility too played significant role for improving new solid form
solubility. Potentially, among phase stability new solids, the aliphatic coformers derivatives PMZ-SA,
PMZ-GA, PMZ-AA, PMZ-OA and PMZ-FA salt form show the enhanced dissolution rate than its pure
PMZ.
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Figure 4.9: Intrinsic dissolution rates of PMZ and its binary salts in PBS medium.
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Figure 4.10: (a) PXRD patterns of PMZ-AA, PMZ-FA and PMZ-SA at the end of equilibrium
solubility experiment (24 h, black) in phosphate buffer (pH 7) media match with the calculated PXRD
patterns of PMZ-AA, PMZ-FA and PMZ-SA (red) indicating phase stability. (b) and (C) PXRD patterns
of PMZ-OA and PMZ-GA at the end of equilibrium solubility experiment (24 h, black) in phosphate
buffer (pH 7) media don’t match with the calculated XRD pattern of PMZ-OA and PMZ-GA.
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Figure 4.11: (a) PXRD patterns of PMZ-AA, PMZ-FA, PMZ-SA and PMZ-OA at the end of
dissolution experiment (black) match with the calculated PXRD patterns of PMZ-AA, PMZ-FA, PMZ-
SA and PMZ-OA (red) indicating phase stability. (b) PXRD pattern of PMZ-GA at the end of
dissolution experiment (black) does not match with the calculated PXRD pattern of PMZ-GA (red)

indicating mixture of salts and dissociated physical mixture.

4.8 Diffusion

The diffusion behavior of salts of PMZ were studied using a Franz diffusion cell which gives a relative
idea of permeation property. Usually, any molecule whether the drug or the coformer will have a lag
time which expresses the increasing rate of permeation through the membrane and diffusion into the
receptor medium. This is reflected by a sharp peak which stabilizes once steady state diffusion is
reached. Subsequently, there is a near constant profile of the permeation behavior across the membrane.
The diffusion of salt of PMZ such as PMZ-SA, PMZ-GA, PMZ-AA, PMZ-OA and PMZ-FA were
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carried out over 8 h. PMZ exists in neutral form in PBS media and exhibits less membrane permeability
and flux rate due to poor solubility and dissolution rate. Contrastingly, PMZ salts are marginally better
than the reference drug (Figure 4.12a). The succinate form of PMZ salt exhibit higher permeability than
the rest of the salts displayed lower permeability. We expected that PMZ salts will show better flux rate
than PMZ in PBS due to coformer permeation nature. From the (Figure 4.12b). it clearly indicates that
dissolved for all the salts of PMZ drug availability or high drug concentration in donor compartment
showed high flux rate to receiver compartment across the membrane which is ascribed to strong ionic
N*H..."OOC charge assisted bond drug-coformer hydrogen bonds. The enhanced flux rates of PMZ
molecular salts describe the use of carboxylic acids as coformers for binary solids as a means to enhance
dissolution rate and diffusion rate of poorly water-soluble drugs.

600 160

—8— PMZ
- —@— PMZ-SA 140 4
5009 PMZ-GA-2H,0
—w— PMZ-AA
—8— PMZ-OA
400 1 —=— pMZFA

—8— PMZ
—&— PMZ-SA

—v— PM7-GA-2IL,0
120 —v— PMZ-AA
—8— PMZ-0A
—W— PMZ7-FA

100 4
300 80 1

60 -

200 -

Flux of the Drug (ug*em™*h™)

a0 1f

Cumulative Drug Diffused (ug/20mL)

100
20

0 100 200 300 400 500 0 100 200 300 400 500
Time interval (min) Time interval (min)
(a) (b)

Figure 4.12: (a) Cumulative amount of PMZ Salts diffused vs. time. (b) Flux of PMZ and its salts vs.
time.

4.9 Conclusions

The low solubility limitation of pure PMZ drug have been systematically improved through crystal
engineering. Five new multi-component crystalline forms were synthesized, and their X-ray crystal
structures confirmed by single crystal X-ray diffraction. Crystal structure analysis showed that the
crystalline products exist as salts. NFPD piperazine cation and carboxylate counter anion are bonded
through strong, ionic and charge assisted N*H...OOC bond hydrogen bonds in the crystal structure.
The bulk phase purity of molecular salts was established by PXRD, IR and crystallinity was confirmed
by DSC analysis. All the salts exhibited enhanced dissolution and permeability improvement than pure
PMZ. Specifically, the pharmaceutically acceptable all coformer salts (GRAS) is a promising candidate

with higher dissolution and permeability in oral drug formulation.
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4.10 Experimental Section

PMZ is a weak basic molecule and its calculated (Marvin Sketch) acid dissociation constant
(pKa) is 7.32. The coformers are shown in Scheme 1 and ApKa values listed in Table 2. The
six binary salts PMZ-AA (1:1), PMZ-FA (1:1), PMZ-SA (1:1), PMZ-OA (1:1), and PMZ-GA-
2H,0 (1:1:2), and were characterized by spectroscopic, thermal, and powder X-ray diffraction
techniques. All of these solids’ crystal structures are characterized by single crystal X-ray
diffraction and selected crystal data, data collection and refinement parameters are summarized
in Table In vitro dissolution, solubility measurements and in vivo pharmacokinetics are also
reported.

Table 4.5: ApKavalues? of dicarboxylic acid coformers and PMZ drug.

AA 4.43,5.41 2.89 1:0.5 Salt

FA 3.03 4.29 1:0.5 Salt

SA 4.21 3.11 1:0.5 Salt

OA 1.46, 4.40 2.94 1:1 Salt

GA 4.34 2.98 1:1:2 Salt hydrate
PMZzZ 7.32 - ---

apK,’s calculated using Marvin 5.10.1, 2012, ChemAxon, http://www.chemaxon.com. These values
are closely matching with pK, values compiled by R. Williams.!

4.10.1 Preparation of Salts:

Pimozide-Adipic acid (PMZ-ADP): The cocrystal was obtained by grinding PMZ and ADP in 1:1
stoichiometry with a few drops of CH3;OH added in a solvent-assisted method for 30 min. Single crystals
were obtained by dissolving 40 mg of the ground product in 6 mL of methanol and left for slow
evaporation over 4-5 days.

Pimozide-Succinic acid (PMZ-SA): This cocrystal was obtained by grinding PMZ and SA in 1:1
stoichiometry with a few drops of CHsOH added in a solvent-assisted method for 30 min. Single crystals
were obtained by dissolving 40 mg of the ground product in 6 mL of methanol and left for slow
evaporation over 4-5 days.

Pimozide-Fumaric acid (PMZ-FA): The cocrystal was obtained by grinding PMZ and FA in 1:1
stoichiometry with a few drops of CHsOH added in a solvent-assisted method for 30 min. Single crystals
were obtained by dissolving 40 mg of the ground product in 6 mL of methanol and acetone (1:1 v/v, 6
mL) and left for slow evaporation over 4-5 days.

Pimozide-Oxalic acid (PMZ-OA): The cocrystal was obtained by grinding PMZ and OA in 1:1
stoichiometry with a few drops of water added in a solvent-assisted method for 30 min. Single crystals
were obtained by dissolving 40 mg of the ground product in methanol and left for slow evaporation

over 4-5 days.
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Pimozide- Glutaric acid (PMZ-GA-2H,0): The cocrystal was obtained by grinding PMZ and GA in
1:1 stoichiometry with a few drops of CH3;OH added in a solvent-assisted method for 30 min. Single
crystals were obtained by dissolving 40 mg of the ground product in methanol and left for slow

evaporation over 4-5 days.

4.10.2 Powder X-ray diffraction

Powder X-ray diffraction was recorded on Bruker D8 Advance diffractometer (Bruker-AXS, Karlsruhe,
Germany) using Cu-Ka X-radiation (A = 1.5406 A) at 40 kV and 30 mA power. X-ray diffraction
patterns were collected over the 20 range 3-50° at a scan rate of 3.9°/min. Powder Cell 2.4*" (Federal
Institute of Materials Research and Testing, Berlin, Germany) was used for Rietveld refinement of
experimental PXRD and calculated lines from the X-ray crystal structure.

4.10.3 Vibrational spectroscopy
Thermo-Nicolet 6700 FT-IR-NIR spectrometer with NXR FT-Raman module (Thermo Scientific,
Waltham, MA) was used to record IR spectra. IR spectra were recorded on samples dispersed in KBr

pellets. Data were analyzed using the Omnic software (Thermo Scientific, Waltham, MA).

4.10.4 Thermal analysis

DSC was performed on a Mettler Toledo DSC 822e module and TGA on a Mettler Toledo TGA/SDTA
851e module. The typical sample size is 3-5 mg for DSC and 5-12 mg for TGA. Samples were placed
in sealed pin-pricked aluminum pans for DSC experiments and alumina pans for TGA experiments. A
heating rate of 10 °C min! in the temperature range 30-300 °C was applied. Samples were purged by a

stream of dry nitrogen flowing at 80 mL min- for DSC and 50 mL min* for TGA.

4.10.5 X-ray crystallography

X-ray reflections were collected on Bruker D8 QUEST, CCD diffractometer equipped with a graphite
monochromator and Mo-Ka fine-focus sealed tube (A = 0.71073 A) and reduction was performed using
APEXII Software.*® Intensities were corrected for absorption using SADABS and the structure was
solved and refined using SHELX97.%° All non-hydrogen atoms were refined anisotropically. Hydrogen
atoms on hetero atoms were located from difference electron-density maps and all C—H hydrogen atoms
were fixed geometrically. Hydrogen-bond geometries were determined in PLATON.5%5! Crystal
parameters (Table 1) and hydrogen bond distances shown in Table 2 are neutron normalized to fix the
D—H distance to its accurate neutron value in the X-ray crystal structures (O—H 0.983 A, N-H 1.009 A,
and C-H 1.083 A). X-Seed was used to prepare packing diagrams.5? % Crystallographic cif files are

available at www.ccdc.cam.ac.uk/data or as part of the Supporting Information
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4.10.6 Solubility and Dissolution

In equilibrium solubility experiment for PMZ and its salts (pH 7, at 37 °C), concentration of PMZ was
determined using HPLC technique at Amax Of 268 nm. With several known concentrations of PMZ, area
under curve (AUC) vs concentration calibration curve was plotted. Unknown concentration of PMZ
was calculated using the slope and intercept value of the standard curve. In order to measure the
equilibrium solubility, an excess amount of each sample (i.e., pure PMZ and its salts) was added to 5
mL of pH 7 solution and stirred at 600 rpm using a magnetic stirrer at 37 °C + 1 to make the solution
saturated. After 24 h, the suspension was filtered through a Whatman 0.45 pm syringe filter. The filtrate
solution was used to calculate the equilibrium solubility from the area under curve (AUC) value plotted
against the standard curve. The undissolved residues were air-dried and further characterized with
PXRD.

Intrinsic dissolution rate (IDR) of PMZ and its salts were carried out on a USP certified Electro lab
TDT-08L Dissolution Tester (Electro lab, Mumbai, MH, India). In intrinsic attachment unit 250 mg
sample (PMZ/salts) is compressed between the smooth surfaces under a pressure of 2.5 ton/inch? for 4
min in an area of 0.5 cm?. Then the pellets were dipped into 500 mL of pH 7 PBS medium at 37 °C
with rotating paddle of 100 rpm. A 5 mL of dissolution medium was collected at an interval of 15,30,
60, 90, 120, 150,180, 240,300,360,420 and 480 min by replacing each with same amount of fresh pH 7
PBS medium.

4.10.7 Diffusion and Permeability Flux

The diffusion studies were conducted using a diffusion apparatus (Model EMFDC-06, Orchid
Scientific, Maharashtra, India). PMZ and its salts was carried out through a dialysis membrane-135
(dialysis membrane-135, average flat width 33.12 mm, average diameter 23.8 mm, capacity approx.
4.45 mL/cm) obtained from HiMedia, India. The dialysis membrane was pre-treated with 2% NaHCO3;
at 80 °C for 30 min to remove traces of sulphides, followed by 10 mM of EDTA at 80 °C for 30 min to
remove traces of heavy metal and another 30 min of treatment with deionized water at 80 °C to remove
glycerin. The treated dialysis membrane was then mounted in clips and placed in diffusion cells with
an effective surface area of 3.14 cm?. Suspensions of the drug PMZ and its salts materials were prepared
and placed on the dialysis membrane in donor compartment. The temperature of diffusion medium was
thermostatically maintained at 37 °C + 1°C throughout the experiment. The drug and/or cocrystal
solution was then allowed to stir at 600 rpm and diffuse through the membrane towards the receptor
compartment containing 20 mL of phosphate-buffered solution (PBS, pH = 7). The release of the
compounds at predetermined intervals (15,30, 60, 90, 120, 150,180, 240,300,360,420 and 480 min)
were withdrawn (0.5 mL for each interval) and replaced by equal volume. The concentrations of the
samples collected from receptor compartment through the dialysis tube were determined by HPLC

method.
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4.10.8 HPLC assay

Shimadzu LC-20AD liquid chromatography, photodiode array SPD-M20A detector, and degasser
DGU-20A3 are performed using reverse-phase (RP) HPLC column C1sG (250 x 4.6 mm, 5 pum particle
size). UV absorbance at 268 nm was used to quantify the PMZ drug. The calibration curves are obtained
by spiking PMZ (linearity R? > 0.999). Methanol, acetonitrile and 0.1 M sodium perchlorate in the ratio
of 40:30:30 (v/v) at pH 6.1 with 1% perchloric acid were used as mobile phase and delivered at a rate
of 1 mL/min. The equilibrium solubility, IDR and diffusion experiment samples were injected into
HPLC with a run time of 15 min. Retention time for PMZ was observed at 7.1 min.
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Curcumin-Artemisinin Coamorphous Solid:

Xenograft Model Preclinical Study

Curcumin-Pyrogallol (CUR-PYR) cocrystal and Curcumin-Artemisinin  (CUR-ART)
coamorphous solid. Both these solid forms exhibited superior dissolution and pharmacokinetic
behavior compared to pure CUR, which is practically insoluble. CUR-ART showed higher
therapeutic effect and inhibited approximately 62% of tumor growth at 100 mg/kg oral dosage
of CUR in xenograft models, which is equal to the positive control drug, doxorubicin (2mg/kg)

by i.v. administration.
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5.1 Introduction

Medicinal plants are gaining interest in the scientific community for health benefits due to their well-
known pharmacological action 3. The search for anticancer agents from plant sources began in the
1950s*. They are arich and diverse source of chemical constituents with antitumor and cytotoxic
properties due to their natural antioxidant and free radical scavenger activity which can reduce or
minimize the toxic side effect of chemotherapy®. The most promising natural herbal extracts
withbioactive molecules such as curcumin (turmeric) and artemisinin (ginghao) exhibit
pharmacological action, such as antioxidant, antimalarial, antiproliferative, antiangiogenic, anticancer

and offer a viable solution to chemotherapeutic drugs .

Curcumin (CUR) is a hydrophobic phytochemical polyphenol of bright yellow color found in the
rhizome of turmeric (Curcuma longa), chemical diferuloylmethane (C.:1H2006). It is generally
considered to be the most pharmacologically active constituent of curcuminoids and has many
documented activity 8°. Artemisinin (ART) is a sesquiterpene lactone natural compound isolated from
the plant Artemesia annua in 1972 by Youyou Tu (Nobel Prize 2015) °. Since 1971, Youyou Tu
conducted several antimalarial experiments against artemisinin and their derivatives demonstrated that
these compounds exhibit antimalarial activity 1. Recently Padmanabhan et.al. 1> ** reported synergistic
effects of CUR-ART (as a physical mixture) combination having superior antimalarial activity than the
individual components. Both compounds CUR and ART are used in traditional medicine in India and
China for over 2000 years. Among CUR and ART natural molecules, ART and its derivatives were
approved by FDA as antimalarial drugs in the form of single as well as multidrug therapy with a
combination of other drugs ** *°. However, till today CUR approved as a nutraceutical but not as a drug
16,17 Curcumin has poor aqueous solubility (7.8 pg/mL) and low bioavailability (0.051 pg/L) because
of rapid metabolism and short half-life " 8. Several scientific manuscripts on CUR and ART report
potential therapeutic activity as anticancer agents and show cytotoxic activity against a wide range of
cancer cell lines including, melanoma, breast, pancreas, and renal cancer cells®®. Furthermore, xenograft
experiments demonstrate the anticancer activity in pancreatic cancer cell lines 2%, The insolubility of
curcumin makes it a less studied molecule for tumor therapy. In order to enhance its solubility and
bioavailability, several formulation strategies have been explored such as polymeric dispersion 2,
nanocrystals 3, supramolecular gelators 2*, liposomes mixed, suspensions #. Our group has reported
different solid-state forms of curcumin, i.e polymorphs 26, cocrystals ', eutectics 2 and coamorphous
2, The therapeutic efficacy of both CUR and ART as an amorphous solid with molecular level

interactions is not reported.

In previous studies, curcumin-pyrogallol (CUR-PYR) cocrystal exhibited superior dissolution rate
compared to other cocrystals as well as eutectics and polymorphs 27. Subsequently we reported
curcumin-artemisinin (CUR-ART) coamorphous solid which showed enhanced bioavailability than

pure CUR in male sprague dwaley (SD) rats at an oral dose of 200 mg/kg. At the same dose, no plasma
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concentration for curcumin (crystalline) could detected by HPLC analysis 2° due to its poor aqueous
solubility. The present work is a continuation of our previous results on the improved solubility and
bioavailability of CUR-PYR cocrystal and CUR-ART coamorphous solid to evaluate the bioavailability
of CUR-PYR cocrystals and therapeutic activity of CUR-ART coamorphous solid in xenograft models.

5.2 Results and Discussion

CUR-PYR cocrystal and CUR-ART coamorphous solids are associated through intermolecular O—
H---O hydrogen bonding (Scheme 1). The crystal structure of CUR-PYR was determined by single
crystal X-ray diffraction and the hydrogen bonding synthons are known.? Hydrogen bonding in CUR-
ART is inferred from IR spectra and preferred hydrogen bonding interaction of strongest donor-
strongest acceptor in the crystal structure (in the absence of X-ray data for the amorphous solid) ?°. The
bulk phase composition was produced by co-grinding (CUR-PYR) and by fast evaporation under
vacuum (CUR-ART) as detailed in the Experimental Section. The bulk phase composition was
prepared reproducibly and characterized by powder X-ray diffraction pattern (Figure 1 and 2).The same

materials were used in the pharmacokinetic, phase stability, toxicology and xenograft studies.

OH
PYR ART
9
OH H
{H
& Y% HO o
H,CO A A~ OCH; O O
C S S
Ho CUR or % ° cur
(a) (b)

Scheme 1: Molecular structure of CUR-PYR cocrystal (2) and CUR- ART (b) are exist through intermolecular O—
H---O hydrogen bonding respectively.
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Figure 1: Bulk phase of CUR-ART PXRD pattern matches with the reported reference compound by PXRD 2.
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Figure 2: Experimental PXRD (black trace) of CUR-PYR match nicely with the calculated X-ray diffraction lines
from the crystal structure (red), indicating the excellent purity of the bulk phase %’

5.3 Bioavailability studies

Oral bioavailability is the most important property for drug delivery. Over 80% of drugs marketed
worldwide as tablets and capsules. Oral bioavailability is the fraction of the solid dose administered
which reaches systemic circulation in blood/ plasma. The physicochemical properties of an API or
bioactive molecule can be enhanced to give higher solubility and faster dissolution rate through salts,
amorphous, cocrystal or coamorphous forms with better absorption and improved bioavailability. With
the objective to improve the systemic bioavailability of CUR *° 3 in circulation, we have taken forward
the superior dissolution rates of CUR-PYR cocrystal and CUR-ART coamorphous as leads in animal
studies. The cocrystal and coamorphous phases of curcumin with a dose of 200 mg/kg (of active
curcumin) were administered orally in SD rats (both male and female) to monitor the systemic
bioavailability of circulating curcumin. The results of cocrystal and coamorphous solids mean

concentrations in the serum are illustrated in Table 1, and Figure 3 and 4. In female SD rats, CUR-ART
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coamorphous exhibited superior serum levels of 1.23 pg/mL at 30 min and 0.43 pg/mL of CUR-PYR
cocrystal at 45 min post administration, whereas in male rats the CUR-ART value is 0.90 ug/mL and
CUR-PYR is 0.53 pg/mL at 30 min respectively. The apparent terminal half-life (T12) increased
significantly to 6-7 hr for both CUR-PYR and CUR-ART, which is much longer than that of pure
curcumin <1 h. CUR-ART coamorphous exhibited approximately two-fold superior bioavailability
compared to CUR-PYR cocrystal. It is difficult to compare the enhancement with pure curcumin
because the soluble fraction is too low to be detected by HPLC method. Sasaki et al. have reported
theracurcumin (colloidal dispersion with gum-gatti)  formulation at 300 mg/kg oral dosage with high
Cmax value of 1.69 pg/mL at Tmax of 120 min and amount of CUR concentration delivered in vivo of
AUC (g-) 9.3 mg.h/mL. CUR-ART coamorphous (at 200 mg/kg dose) exhibited high Cmax of 0.9-1.2
pg/mL (which is comparable to theracurcumin) at short Tmax (30 min), meaning immediate drug
delivery. Specifically AUCo..) 35 mg.h/mL for CUR-ART coamorphous solid is 3.7 times greater than
that for theracurcumin®2, This is a remarkable improvement in the conc. of the CUR at short Trmax of 30
min and total drug delivered AUC..). Oral administration of pure CUR and CUR-ART physical
mixture did not show any detectable levels in the serum attributable to CUR very low solubility and
short half-life. This observation is consistent with recent reports wherein pure curcumin could not be
detected at even higher dosage levels (>1g/kg) by HPLC. To summarize, the Cmax for CUR-PYR curves
do not peak so sharply and rapidly as that for CUR-ART. This is attributed to the coamorphous phase
solid-state form of CUR-ART compared to the crystalline state of CUR-PYR. The high free energy of
amorphous solids used imparts higher solubility and bioavailability due to high thermodynamic

functions.

Table 1: Pharmacokinetic data of CUR-PYR cocrystal vs. CUR-ART coamorphous solids.?

Mean Mean Mean Mean

45.00 15.60  30.00 0.00 30.00 8.22 30.00 0.00
0.43 0.15 1.23 0.33 0.53 0.19 0.90 0.39
7.70 3.27 6.70 0.68 6.00 2.78 7.00 1.66
191 0.25 3.69 0.69 2.18 0.59 3.45 0.83
22.20 6.70 36.40 6.00 19.70 5.72 35.40 5.64

@ Unformulated curcumin @ 340mg/kg oral dosage: Tmax 30 min, Cmax 0.0024pg/mL, AUC4.8 pg min/mL [33].
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Figure 3: Mean Plasma concentration of cocrystal CUR-PYR vs. Time profile obtained from both female and
male SD rats.

1800
1600 -
1400 CUR-ART n=6 (Female)
CUR-ART n=6 (Male)
g 1200 A
) 1000 A
=
-
o 800
=
(=
<@ 600 4
400
200 A

T T T T T T T T T T

0 30 45 60 90 120 180 240 360 480 720 1440

Time Intervals In Minutes

Figure 4. Mean Plasma concentration of CUR-ART coamorphous vs. Time profile obtained from both female
and male SD rats.

5.4 Phase stability in SGF and SIF media

Typically amorphous solids exhibit rapid dissolution rate and high bioavailability in plasma. CUR-
ART coamorphous displayed a short Tmax but prolonged half-life in vivo (6-7 h). The latter result is
significant because the short half-life of pure curcumin (45-60 min) in crystalline form severely limits
the active drug delivered. We reasoned that CUR-ART coamorphous is stabilized as dispersion
compared to pure curcumin. In vitro slurry experiments in SGF and SIF media (simulated gastric fluid
and simulated intestinal fluid of pH 1.2 and 7, respectively) were performed to understand the stability

of the amorphous phase by powder X-ray diffraction. PXRD of the reference compound stable form are
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shown in Figure 5. In addition, we also conducted supersaturation experiments to find out the soluble

curcumin precipitation in both CUR (crystalline) and CUR-ART coamorphous forms.

CUR-ART solid physical stability were conducted in the supersaturated solution of SGF /SIF
media at 1000 rpm using magnetic stirrer at 30 °C for different time intervals (1, 2, 3, 6, 12 and 24 h)
in separate experiments. At the end point, the suspension was filtered and the solid residue tested by
powder X-ray diffraction. CUR-ART coamorphous was noted to be stable for up to 3 h in SGF medium.
After about 6 h it dissociated and the ART component precipitated as the crystalline form but CUR
component was still present in amorphous/ semi crystalline state as observed by PXRD (Figure 6a).
Similarly, in SIF medium CUR-ART coamorphous was stable for up to 12 h (Figure 6b) and after 12 h
the ART component precipitated in crystalline state. These results suggest a reason for the high
solubility of curcumin in CUR-ART. The amorphous form of CUR is present for a long enough time in
the simulated conditions to release high drug concentration over a long period of time (several
hours).This explains the longer half-life (up to 6-7 h) of curcumin in SD rats when administered as
CUR-ART coamorphous. In contrast, pure curcumin decomposes in less than 1 h. The extended half-
life of curcumin which dissociates slowly from CUR-ART is due to the strong intermolecular O-H---O
hydrogen bonds in the structure. The phase stability of CUR-ART in SGF and SIG media and its high
solubility are explained in Scheme 2 as the “spring and parachute” model of cocrystal solubility for
drugs 3. The mechanism of Scheme 2 for CUR-ART was supported by supersaturation experiments of
CUR and CUR-ART in SGF and SIF media (without enzyme) and analyzed by UV spectroscopy
(Figure 7). From these experiments we observed that CUR precipitated faster than CUR-ART (Figure
8) at 100 pg/mL concentration of CUR. An additional UV maxima (at 360 nm) was observed in SIF
medium, due to degradation of CUR since it is known that curcumin is less stable as the pH increases.
These experiments indicate that solubilized CUR in CUR-ART has longer residence time than pure
CUR in both SGF and SIF, which is due to noncovalent interactions between CUR and ART in the

coamorphous solid.

The particle morphology at time point 1, 2 and 24 h of the precipitated CUR-ART coamorphous
was analyzed by FESEM. The high magnification images clearly show that the large particles are
actually agglomerates of smaller particles at 1 h and 2 h in SGF medium. There are irregular dense

shape particles in both pH media by 24 h (Figure 8).
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Figure 6: CUR-ART phase stability study PXRD patterns at different time intervals in SGF, pH = 1.2 (a), and
SIF media, pH =7 (b).
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Figure 7: Supersaturation experiments of CUR and CUR-ART: UV-Vis plots of Absorbance vs. Time recorded
at 420 nm peak intensity for curcumin.
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Figure 8: CUR-ART in SGF/SIF at 2 um and 1 pum resolution. (a) and (b) are slurry material in SGF at 1 h. (c)
and (d) are slurry material in SGF at 2 h. (e) and (f) are slurry material in SGF at 24 h. (g) and (h) are slurry
material in SIF at 24 h. The agglomerates of larger particles up to 2 h time point have separated/ dissociated to
give smaller particles by 24 h.

5.5 Acute toxicity study

In the acute toxicity studies, a high dose of 2000 mg/kg (active curcumin) of CUR-ART
coamorphous and CUR-PYR cocrystal was tested in Swiss albino mice and SD rats. During the 15-day
observation period of acute oral toxicity and body weight measurements, no toxic were observed in
either of the two species (data are shown in Table 2-5). No mortality or morbidity was found in the
treated group at the end of the study and no gross pathological abnormalities were observed in rats or
mice. Physical, physiological and neurological parameters assessed in the exposed animals were in the
normal range and well tolerated without any adverse systemic toxicity. Thus, curcumin-artemisinin is

safe at the tested dose and sub-chronic toxicity may be evaluated at different strengths.
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Table 2: Acute oral toxicity of CUR-PYR cocrystal in Sprague Rats (Male and Female).

Body weights (g)-Male

210.68 + 4.15 213 +3.88 216.16 + 3.79 219.25 +3.37 220.66 + 3.26
(6) (6) (6) (6) (6)
209.16 £ 4.03 211.83+1.91 215.58 +£4.97 219.08 £5.31 219.83 £5.24
(6) (6) (6) (6) (6)
Values are expressed in Mean £ S.D () No. of Animals

VC-Vehicle Control
TG-Theraupatic Group
Body weights (g)-Female

206.91 + 3.92 210.5+3.84 21458 +3.74 218.0 + 3.68 218.73 +3.94

(6) (6) (6) (6) (6)
206.7 + 3.34 210.16 + 3.43 213.91 + 3.07 216.48 +2.96 218.83+2.90
(6) (6) (6) (6) (6)
Values are expressed in Mean + S.D () No. of Animals

VC-Vehicle Control
TG-Theraupatic Group
Organ Weights (g)-Male

0.86+0.03 117+005 9.20+005 144+001 084+016 190004 1.76+0.07

(6) (6) (6) (6) (6) (6) (6)
0.87+0.06 1.14+0.01 9.10+£0.12 139+003 083+018 1.89+0.03 173+0.11
(6) (6) (6) (6) (6) (6) (6)
Values are expressed in Mean £ S.D () No. of Animals

VC-Vehicle Control
TG-Theraupatic Group



Page 142... Chapter 5

Organ Weights (g)-Female

0.80+0.04 1.11+0.06 740+£0.09 133+x0.05 054+003 1.83%0.06 0.05%0.02

(6) (6) (6) (6) (6) (6) (6)
0.82+0.02 1.10+0.03 7.43+0.7 1.13+0.07 056+0.08 1.82+0.05 0.060.02
(6) (6) (6) (6) (6) (6) (6)
Values are expressed in Mean £ S.D () No. of Animals

VC-Vehicle Control
TG-Theraupatic Group

Table 3: Acute oral toxicity of CUR-ART coamorphous in Sprague Rats (Male and Female).

Body weights (g)-Male

215.61+2.8 207.08 + 2.85 209.83 + 3.98 213.0+2.75 21441 +2.51
(6) (6) (6) (6) (6)
214.7+2.43 216.16 +2.18 218.5+2.07 220.75+1.69 221.83 +1.47
(6) (6) (6) (6) (6)
Values are expressed in Mean + S.D () No. of Animals

VC-Vehicle Control
TG-Theraupatic Group
Body weights (g)-Female

185.85 + 2.28 187.0 + 2.54 190.91 + 1.88 193.28 +£1.36 196.58 + 1.02
(6) (6) (6) (6) (6)
195.65 + 3.18 197.83 + 2.65 201.5+2.88 204.51 £ 1.62 206.35 + 2.06
(6) (6) (6) (6) (6)
Values are expressed in Mean £ S.D () No. of Animals

VC-Vehicle Control
TG-Theraupatic Group
Organ Weights (g)-Male

082+009 115+001 912+001 142+007 083+005 1.95+0.03 1.75+0.09
(6) (6) (6) (6) (6) (6) (6)
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087+006 114+001 910+012 1.39+003 0.83+0.18 1.89+0.03 1.73+0.11
Q) (6) (€) (6) (6) (6) Q)

Values are expressed in Mean = S.D () No. of Animals
VC-Vehicle Control
TG-Theraupatic Group

Organ Weights (g)-Female

0.82+0.08 112+0.13 750+007 130v0.01 0.61+0.07 1.88+0.017 0.07+0.01

(6) (6) (6) (6) (6) (6) (6)
0.81+£0.02 1.05+0.06 756+04 1.28+0.09 059+007 1.87+0.015 0.05+0.01
(6) (6) (6) (6) (6) (6) (6)
Values are expressed in Mean + S.D () No. of Animals

VC-Vehicle Control
TG-Theraupatic Group

Table 4: Acute oral toxicity of CUR-ART coamorphous in Swiss Albino Mice (Male and Female).

Body weights (g)-Male

18.8+ 0.4 19.75 + 0.52 21.4+0.37 24.0+0.63 25.58 + 0.58
(6) (6) (6) (6) (6)
20.81+0.9 21.7+0.89 23.41+0.37 24.66 + 0.25 26.43+0.38
(6) (6) (6) (6) (6)
Values are expressed in Mean £ S.D () No. of Animals

VC-Vehicle Control
TG-Theraupatic Group
Body weights (g)-Female

17.83+£0.12 19.0+ 0.44 19.9 + 0.49 21.91 £ 0.49 23.5+£0.44
(6) (6) (6) (6) (6)
19.03 +0.50 20.41 +0.37 22.16 +0.40 23.83 £0.25 24.91+0.73
(6) (6) (6) (6) (6)
Values are expressed in Mean + S.D () No. of Animals

VC-Vehicle Control
TG-Theraupatic Group
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Organ Weights (g)-Male

0.14+0.05 041+007 13+004 04+005 0.06+0.01 0.4+0.005 0.22 +

0.03
(6) (6) (6) (6) (6) (6)
(6)
0.14+£001 034+£006 130x0.03 0.49£0.05 0.061 = 047 £ 0.22 £
0.01 0.005 0.02
(6) (6) (6) (6)
(6) (6) (6)
Values are expressed in Mean £ S.D () No. of Animals

VC-Vehicle Control
TG-Theraupatic Group
Organ Weights (g)-Female

0.11+0.013 0.30+0.07 1.03+£0.08 030v0.026 0.07+0.002 047+006 0.05+0.01

(6) (6) (6) (6) (6) (6) (6)
0.11+0.012 0.32+0.05 1.06+0.04 0.38+0.022 0.07+0.002 045+0.08 0.02+0.01
(6) (6) (6) (6) (6) (6) (6)
Values are expressed in Mean £ S.D () No. of Animals

VC-Vehicle Control
TG-Theraupatic Group

Table 5: Acute oral toxicity of CUR-PYR cocrystal in Swiss Albino Mice (Male and Female).

Body weights (g)-Male

18.93 + 1.57 20.5+1.94 23.08 +2.17 2541 +251 25.38 + 3.24
(6) (6) (6) (6) (6)
19.23+1.70 21.11+1.35 23.73+1.32 26.25+1.89 26.4+1.41
(6) (6) (6) (6) (6)
Values are expressed in Mean £ S.D () No. of Animals

VC-Vehicle Control
TG-Theraupatic Group
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Body weights (g)-Female

20.0+1.44 2141+1.15 23.65+1.14 25.75+1.3 26.11+1.70

(6) (6) (6) (6) (6)
18.75+1.44 20.58 +1.90 22.83+1.63 250+1.34 25.25+1.80
(6) (6) (6) (6) (6)
Values are expressed in Mean = S.D () No. of Animals

VC-Vehicle Control
TG-Theraupatic Group
Organ Weights (g)-Male

0.14+0.06 0.42+0.06 1.40+0.07 041+£007 005+0.02 052+0.06 0.27 +£0.02

(6) (6) (6) (6) (6) (6) (6)
015+0.03 044+0.03 141+005 043+0.03 0.06+0.02 052+0.004 0.25+0.03
(6) (6) (6) (6) (6) (6) (6)
Values are expressed in Mean = S.D () No. of Animals

VC-Vehicle Control
TG-Theraupatic Group
Organ Weights (g)-Female

0.12+0.02  0.37+0.05 0.97 + 0.06 04+0.03 007+0.001 045+0.03 0.03+0.01

(6) (6) (6) (6) (6) (6) (6)
0.14 + 0.32 £0.05 1.06+0.04 0.38+0.022 0.07+0.002 045+0.08 0.02+0.01
oo (6) (6) (6) (6) (6) (6)
(6)
Values are expressed in Mean £ S.D () No. of Animals

VC-Vehicle Control
TG-Theraupatic Group

5.6 In vivo antitumor effect of CUR-ART against Panc-1 Xenograft

With enhanced bioavailability, improved stability and low toxicity of CUR-ART, the coamorphous
solids was tested in xenograft animal study (n=7) to know its therapeutic efficacy. This study was
investigated in the induced pancreas xenograft (tumor was developed by Panc-1 cells) model in nude
mice. The compounds were administered systemically with CUR-ART (50 and 100mg/kg)
coamorphous relative to the control (vehicle control, VC, 1% CMC, sodium carboxymethyl cellulose),
CUR (50 mg/kg), ART (50 mg/kg), (CUR-ART 50 and 100 mg/kg) and doxorubicin (DOXO,
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2mg/kg).Doxorubicin, a standard drug for pancreatic cancer, was used as positive control. CUR-ART,
CUR and ART were administered orally with 1% CMC solution while doxorubicin was delivered
through the tail vein (i.v). All drugs were administered daily for 5 weeks. A schematic representation
of the six groups employed in this study (Figure 9a) shows that CUR-ART coamorphous and
doxorubicin decreased tumor size significantly (P<0.0001) compared to all other solids and controls.
The percentage of inhibition of CUR-ART (100mg/kg) is 61.87% which is close to doxorubicin 69.97%
(2 mg/kg). The inhibition in other treated groups (at 50 mg/kg) is ART 29.22%, CUR 41.23% and CUR-
ART coamorphous 41.41%. Based on these in vivo experiments, it is clear that CUR-ART coamorphous
can be an effective treatment to inhibit tumor growth in Panc-1 xenograft mice model at 100 mg/kg
dose. On day 28, the experimental mice were euthanized and tumors were excised from each group.
The picture of these dissected tumors shows that the size of the tumor treated with 100 mg/kg CUR-
ART coamorphous and 2 mg/kg doxorubicin is the smallest among other treated and non-treated groups
(Figure 9b and 10). The body weight was similar in all the treated and non-treated groups (Figure 11,
Supporting Information). Significant inhibition of tumor growth was evident in nude mice by treatment
with CUR-ART coamorphous (p.o.) and Doxorubicin (i.v.) at 100 mg/kg/day and 2 mg/kg/day
respectively (Figure 10). This indicates that solo or combination therapies could be considered to

achieve fast treatment of cancer with minimal side effects.

CUR-ART Xenograft Model 600
600 - \C
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Figure 9: (a) Effect of VC, ART, CUR, CUR-ART and DOXO on tumor size during the study period. (b)
Comparison of tumor size on day 28.
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Figure 10: Tumor volume of established Panc-1 xenograft model in nude mice during therapy under different
treatments.
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Figure 11: Body weight of selected nude mice for the xenograft studies.
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5.7 Materials and Methods.
5.7 Materials

Curcumin (purity > 99.8%) was obtained from Sigma-Aldrich (Hyderabad, India) and Artemisinin
was purchased from Mangalam Drugs (Mumbai, India). Solvents (purity > 99%) were purchased from
Merck (India). Water filtered through a double deionized purification system (Aqua DM, Bhanu,
Hyderabad, India) was used for all experiments.

5.8 Methods

5.8.1 Curcumin solids preparation method

CUR-PYR cocrystal: The cocrystal was obtained by grinding of CUR (1mmol) and PYR (1 mmol)
in 1:1 stoichiometry with a few drops of EtOH added in a liquid-assisted method for 60 min. The
resultant product was characterized cocrystal by PXRD and used in next experiments.

CUR-ART coamorphous:CUR (Immol) and ART (1mmol) were taken in a 1:1 stoichiometric
ratio and dissolved in 100 ethanol and rotavaporized at 50-55°c temperature. The resultant product was
characterized as a coamorphous solid by PXRD and used in next experiments.

5.8.2 Characterization of multicomponent systems of Curcumin by PXRD

Powder X-ray diffraction (PXRD) was recorded on Bruker D8 Advance diffractometer (Bruker-
AXS, Karlsruhe, Germany) using Cu-Ka X-radiation (A = 1.5406 A) at 40 kV and 30 mA power. X-

ray diffraction patterns were collected over the 20 range 5-50° at a scan rate of 5°/min.
5.9 In Vivo Study Design and Drug Administration

Sprague-Dawley rats (200+50g) were obtained from Sainath Agencies Limited (Hyderabad,
India). Animals were acclimatized for 1 week prior to experimentation in a temperature-controlled,
12/12 h light/dark room, and were allowed standard laboratory food and water. The rats were fasted
overnight (~18 h) with free access to water before the experiment. The study was conducted in
compliance with standard animal use practices at Virchow Biotech Private Limited, Department of
preclinical toxicology, Hyderabad, India (Registration No.546/02/A/CPSCEA, India). IAEC Approval
No. VB/UH/PCT/CUR-ART-2015/PT-3 dated 24-03-2015.

Pharmacokinetic studies of CUR-PYR, CUR-ART physical mixture/ coamorphous were
conducted in Sprague Dawley rats (male and female) weighing (200+50g) (n=6) in crossover design.
All compounds (200mg/kg) were suspended in 1% sodium carboxymethylcellulose (CMC) separately
and administered by oral gavage. Blood (0.4 mL) was withdrawn from retro-orbital plexus into lithium
heparin tube at the following times after drug administration: 30, 45, 60, 90, 120,180,240,360,480 and

720 min. After centrifugation for 2000g for 15 min, an aliquot of 0.2mL plasma was collected and
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extracted curcumin from plasma by deproteination. The resulting plasma was frozen at -80°C until
HPLC analysis.

5.9.1 Determination of Curcumin Plasma concentration

Curcumin Plasma concentrations of CUR were analyzed by HPLC. The area under the curve
(AUC) for serum concentration versus time plots was calculated by linear trapezoidal rate. The
maximum plasma concentration, Cmax, and the time Trmax, required to reach Crmax Were obtained from the

plasma concentration curve.
5.9.2 Chromatographic Conditions

The HPLC analyses were performed using a Shimadzu Prominence model LC-20AD equipped
with 20-mL injection loop, and a photodiode array detector and CUR detected at 420nm. Data
acquisition and analysis were carried out using LC solution software. A C18 reversed-phase column
(250mmx4.6 mm, particle size Sum) preceded by a C18 guard column (33mmXx4.6mm) was used for
analysis. The mobile phase consisted of Acetonitrile- 5% acetic Acid (75:25, v/v) was run through the

column at flow rate of 1.0 mL/min.
5.10Preparation of SGF and SIF media

Simulated Gastric Fluid (SGF): SGF was prepared according to USP specifications (Test
Solutions, United States Pharmacopeia 35, NF 30, 2012). Sodium chloride (0.2 g) has to be added to a
100 mL flask and dissolved in 50 mL of water. Then 0.7 mL of 10 M HCI should add to adjust the pH
of the solution to 1.2. To this, 0.32 g of pepsin should be added and dissolve with gentle shaking and
the volume made up to 100 mL with water. Add pepsin only after the pH was adjusted to 1.2.

Simulated Intestinal Fluid (SIF): SIF was prepared according to USP specifications (Test
Solutions, United States Pharmacopeia 35, NF 30, 2012). Monaobasic potassium phosphate (0.68 g)
dissolve in 25 mL of water, then 7.7 mL of 0.2 N NaOH will be added to adjust the pH to 6.8. To this,
1 g of pancreatin should add and shake gently until dissolve and the volume can be adjusted to 100 mL
with water. Add Pancreatin after adjusting the pH of the solution to 6.8 to avoid precipitation of the

enzyme.
5.10.1 Supersaturation study

Supersaturation of CUR and CUR-ART were measured in SGF and SIF (without enzyme) medium
at 30 °C. The supersaturated solution (CUR 100 pg/mL dissolved in 5 mL of SGF/SIF fluid) was stirred
at 800 rpm using a magnetic stirrer at 30 °C. After regular intervals of time 2 h, 4 h, 6 h, 12 hand 24 h
the solution concentration of curcumin was determined at 420 nm maxima on a Thermo Scientific
Evolution 300 UV-Vis spectrometer (Thermo Scientific, Waltham, MA).
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5.11 Acute Toxicity Study

In two different acute toxicity studies, Sprague Dwaley (SD) and Swiss albino mice (female and
male) were used and obtained from Sainath Agencies Limited (Hyderabad, India).The study was
conducted as per norms of the institutional guideline, quality assurance officer (QAO) with animal
welfare regulations under an approved protocol by the Institutional Animal Care and Use Committee at
Virchow Biotech Private Limited, Department of preclinical toxicology, Hyderabad, India (Registration
No. 546/02/A/CPSCEA, India).

In two acute studies, Sprague Dwaley (SD) rats (6M+6F/group: 6-8 weeks of age; body weight
range: 180-220 g) and Swiss albino mice (6M+6F/group; 6-8 weeks of age; body weight range: 18-21
g) were administered a single oral (gavage) dose of CUR-ART coamorphous and CUR-PYR cocrystal
suspended in sodium carboxymethyl cellulose (CMC) at levels of 0 and 2000 mg/kg body weight. In
all these experiments, animals were observed for 15 days for clinical signs as well as for morbidity and
mortality. On day 15 at completion, all the animals were euthanized and gross pathological

examinations were undertaken.
5.12 In Vitro Cell culture

The PANC-1 cells derived from human pancreatic carcinoma of ductal cell origin were obtained from
National Center for Cell Science, Pune. The cells were cultured in Dulbecco’s modified medium
(DMEM) supplemented with 10% v/v fetal bovine serum (FBS), 1 % penicillin, and 1% streptomycin.
Cultures (Figure 12) were maintained at 37°C in a humidified atmosphere with 5% CO.,

Figure 12: Morphology of PANC-1 cells.

5.13 In vivo PANC-1 Tumor Growth Xenograft Model

Female athymic nude mice were obtained from the National Centre for Laboratory Animal Sciences
(NCLAS), National Institute of Nutrition (ICMR), Hyderabad, and were selected after careful initial
screening for any external signs of disease or injuries. They were housed in individual cages in the
conventional animal facilities of NCLAS, a registered facility with Committee for the Purpose of

Control and Supervision of Experimentation on Animals (CPCSEA) (154/1999), Government of India.
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The environmental conditions were kept at 21+2 °C, with 10-15 air changes per hour and relative
humidity of 50-55 percent with 12 h light/dark cycle water. Animals were quarantined for 4 days and

all the animals had free access to sterile formulated feed pellets and filtered potable clean water.

PANC-1 cells (1 x 10°) using matrigel were injected subcutaneously into the flanks of mice (Figure
13). Tumor-bearing mice were then divided randomly into six treatment groups (Six mice per group)
and treatment initiated when the xenografted solid tumors reached a volume of about 80-100 mm?. Each
mouse was administered orally (p.o) every day with either control vehicle (CMC), CUR (50 mg/kg),
ART (50mg/kg), CUR-ART (50 and 100 mg/kg) and Intravenous (i.v.) route doxorubicin (2 mg/kg).All
mice were cared for and maintained in accordance with animal welfare regulations under an approved
protocol by the Institutional Animal Care and Use Committee at Virchow Biotech Private Limited,
Department of preclinical toxicology, Hyderabad, India (Registration No. 546/02/A/CPSCEA, India).

After xenograft transplantation, mice exhibiting tumors were monitored (Figure 14) and tumor size
was measured once every 3 and 5 days using caliper. The tumor volume in each animal was estimated
according to the formula: tumor volume (mm?) = L x W2/2 (where L is the length and W are the widths)
with the final measurement taken 4 weeks after tumor cell inoculation. At the same time, the body
weight of each animal was measured. At the end of the experiment (4 weeks after cell inoculation), the

animals were euthanized by CO; and sacrificed. Tumors from each animal were removed and measured.
Implantation of cells by S.C. (Subcutaneous) route

PANC-1 xenograft tumors were implanted using martigel in 6-8-week-old Female nude mice by
implanting 1 x 10 PANC-1 cells s.c.

Figure 13: Implantation of cells through subcutaneous route (S.C.) using Matrigel.
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PANC-1 cells Implantation for tumour development

We observed tumour development while implanting PANC-1 cell lines after 4 weeks of observation
(by implanting 1 x 10° PANC-1 cells).

Figure 14: Tumor development of PANC-1 implanted cell lines in mice.

5.14 Statistical Analysis
5.14.1 Bioavailability study

The standard curve was calculated by a linear relationship between concentration and area with
regression factor R = 0.999. The Area under the curve (AUC) for serum concentration vs. Time plots
was calculated by the linear trapezoidal rule. The maximum plasma concentration Cmax and the time
Tmax required to reach Cmax Were obtained from the plasma concentration curve. Statistical analysis was
carried out, where matched paired t-test comparison and repeated measures of ANOVA were applied

for different time points.
5.14.2 Xenograft Studies

Each value represents mean = SD. The control and experimental animal groups were compared by

paired t-test. ****p < 0.0001 was considered significant.
5.15 Conclusions

Examples of coamorphous drugs are as such rare in the literature 3. Curcumin and artemisinin are
herbal drugs of Indian and Chinese origins. The low solubility and short half-life of curcumin, and
hence high dosage administered, have been a limitation to making drug formulations of curcumin. We
have overcome the multiple disadvantages of curcumin in the designed CUR-ART coamorphous
dispersion. This novel binary solid exhibits high solubility and bioavailability, extended half-life and
action of bioactive curcumin at normal drug dose regime of 100 mg/kg. The therapeutic activity of
CUR-ART in Xenograft models of Panc-1 is comparable to commercial drug doxorubicin. Given the
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diverse biological action of curcumin and artemisinin, the high quantity of net drug delivered as

coamorphous solid could open opportunity for an herbal formulation in cancer, malaria and several

other treatments.
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CHAPTER SIX

Ribociclib: Crystal Structure Analysis of Ribociclib Salts
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Ribociclib (RBC), a BCS class IV drug, was crystallized with different coformers such as
benzoic acid (BA), 3-methoxybenzoic acid (3-MBA), 4-hydroxybenzoic acid (4-HBA) and
3,4,5-tryhydroxybezoic acid (345-THBA). The salts of RBC were prepared utilizing the
solvent-assisted grinding method. In addition to the single-crystal X-ray diffraction studies,
these solids were characterized by powder X-ray diffraction (PXRD), Infrared spectroscopy
(IR) and differential scanning calorimetry (DSC). Single crystals of the binary salts were

obtained in various solvents by solution crystallization.
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6.1 Introduction

Crystal engineering is a fascinating technique for constructing various multi-component solid-state
forms using non-covalent interactions.>?3 The design and synthesis of pharmaceutical solid forms such
as polymorphs, salts, cocrystals, hydrates and solvates of active pharmaceutical ingredients (APIs) have
been mostly manifested supramolecular synthons, in which one acidic/accepter component and another
one basic/donor component are utilized.* Pharmaceutical salt establishment is the most efficient method
for modifying the physicochemical and pharmacological activities of APIs, such as solubility, stability
and bioavailability.® It has been shown that stoichiometrically combined in a ratio of molecular or ionic
APl and a GRAS® coformer (generally regarded as safe) in a crystalline state wherein the solubility of
salt former can improve 10 times or more than the pure APL.” Hence, crystalline salt formation can
modify solubility more than 2000 fold compared to cocrystals and polymorphs.®

Ribociclib® (RBC) named as chemically 7-cyclopentyl-N,N-dimethyl-2-{[5-(piperazine-1-
yl)piperidine-2-ylJamino}-7H-pyrrole[2,3-d]pyrimindine-6-formamide belongs to the
Biopharmaceutics Classification System (BCS) ¥ Class IV drug of poor solubility (0.231 mg/mL) and
low permeability (log P 2.38, Chemaxon calculator). RBC is a selective cyclin-dependent kinase
inhibitor, containing two proteins called cyclin-dependent kinase 4 and 6 (CDK4/6) and which inhibit
the progression of cancer slowly. This drug first marketed by Novartis Pharmaceuticals Corporation
under the brand name Kisgali (LEE011). Kisqali (RBC) is a safe and effective anticancer drug (200 mg
dose) but has significant antitumor activity in metastatic breast cancer and advanced breast cancer.
Pharmaceutical solid-forms of RBC are essential drugs which are very less explored in the published
literature. Few polymorphs, hydrates and solvates of RBC-Succinate have been reported as crystalline

salts.!! So far, there is no report on crystal structures of RBC and it's solid-state forms.

6.2 Results and Discussion

Ribociclib  (7-cyclopentyl-N,N-dimethyl-2-{[5-(piperazine-1-yl)piperidine-2-ylJamino}-7H-pyrrole
[2,3-d]pyrimindine-6-formamide, RBC, Scheme 6.1) is a conformationally flexible and chemically
diverse functionally (piperazine and carbonyl functional groups) for the formation of intermolecular
interactions and supramolecular synthons. The carbonyl (-C=0), piperazine (-NH) tendency to form
multiple supramolecular synthons, such as N-H*~0O", O-H~0 and O-H-O" in salts with acid functional
group of the coformers. In this background, the synthesis and crystal structure investigation for
pharmaceutical salts (Scheme 6.1) of Ribociclib (RBC) with acid based coformers (full list of coformers
in Table 6.1) such as benzoic acid (BA), 3-methoxybenzoic acid (3-MBA), 4-hydroxybenzoic acid (4-
HBA) and 3,4,5-trihydroxybenzoic acid (345-THBA). RBC containing basic (-NH) group of piperazine
which is found to show a strong tendency toward the subtract proton from acid (-COOH) group of
coformer, whereas formation of salt-bridge determined through supramolecular synthon.? the salts of

RBC were prepared utilizing the solvent-assist grinding. All the solids were characterized by powder
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X-ray diffraction (PXRD), Infrared spectroscopy (IR) and differential scanning calorimetry (DSC) to
support the crystalline phases. Single crystals of the binary salts were obtained in various solvents by
solution crystallization, and their structures were studied by single crystal X-ray diffraction (SC-XRD)

(Table 6.2). In Addition, These binary salts are carried out for improvement in the physicochemical

Ny HTN\ ?g
HQL’J “I\‘ly_fu—

Ribociclib (RBC)

HO. O OH
HO. O HO_ O : HD\¢/UH
E 0~ OH OOH

BA 3-MBA

properties.

4-HBA 345-THBA

Acid Coformers

Scheme 6.1: Molecular structures and acronyms of Ribociclib and coformers.

Table 6.1: List of coformers attempted for salts with RBC in this study. The successful molecules which
gave crystalline products are shown in bold font.

Hydroquinone Histidine

Apocyanin Phloroglucinol

Catechol Hydroquinone

Benzoic acid Theophylline

Maleic acid Thymine

Fumaric acid 3-Methoxy benzoic acid
Piperazine 4-Hydroxy benzoic acid
Adenine Saccharin

Guaiacol Isoniazid

Adipic acid Caffeine

Succinic acid Adenine

Urea 3,4,5-Tryihydroxy benzoic acid
Cytosine Nicotinamide

L-Tartaric acid D-Glucose

Ethyl vanillin Vanillyl alcohol

Vanillin Pyrazinamide
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Table 6.2: Crystallographic parameters of RBC salts.

RBC-BA(1:1) RBC-3MBA(1:1)
Emp. form. CeoHs7N1607 Ce2H79N16010
Form. wt. 1124.30 427.42
Cryst. system Triclinic Triclinic
Space group P-1 P-1
T (K) 297 299
a(A) 10.6804(9)A 11.0894(4)
b (A) 15.3427(17A 15.6906(7)
c(A) 20.179(2) A 19.9563(9)
a(®) 107.284(11) 111.589(2)
B () 105.064(9) 95.991(2)
v (©) 92.495(8) 97.094(2)
z 2 2
V (A% 3022.6(6) 3161.6(2)
Rfins. collect 13159 14908
Unique rflns. 12574 14649
Obsd. rflns. 2553 7054
Parameters 796 807
R1 0.1187 0.0863
WR; 0.3988 0.2470
GOF 0.927 1.022
Diffractometer Bruker APEX-Il  Bruker APEX-II

CCD detector CCD detector

6.3 Crystal Structure Analysis ¢

RBC-HYD (1:1):

RBC-
RBC-4HBA(1:1) 345THBA(1:1)
C3oH35NgO4 Cs1 Hsa Ng O21
503.48 1115.02
Triclinic Triclinic
P 21/n pP-1
296 299
11.5474(8) 11.0823(13)
8.1010(8) 12.6131(12)
30.949(3) 18.980(2)
90 94.416(4)
91.241(7) 100.945(5)
90 90.645(4)

4 2
2894.5(4) 2596.2(5)
5921 10677
5891 10658
2483 7016
385 724
0.0852 0.1354
0.2526 0.3788
0.917 1511
Bruker APEX-II Bruker APEX-
CCD detector Il CCD detector

RBC-hydrate crystallizes in P21/n space group and its asymmetric unit consists of one unit each

of RBC and H20 molecule. Each RBC molecule is strongly hydrogen bonded with two water

molecules and one RBC molecule, whereas each H>O is found to participate in strong hydrogen

bonding with two RBC molecules (Figure ...a and b). RBC molecules remain pairwise through

the formation of hydrogen bonded homosynthons composed of N-H---N hydrogen bonds (N-

H---N: 2.23 A, 165°) between the amino-pyridine moieties with R2(8) ring motif (Figure 6.1a).
Each H2O is connected to two RBC via O-H---N (O-H---N: 2.03 A, 161°) and O-H---O (O-
H---0: 1.86 A, 166°) hydrogen bonding (Figure 6.1b). Such type of hydrogen bonding of RBC

and water molecule leads to the formation of 2D corrugated layered type network (Figure 6.1c).
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Figure 6.1: (a) Hydrogen bonds of RBC with the surrounding water molecules and RBC (b) Hydrogen
bonds of a water molecule with two RBC units. (c) Hydrogen-bonded 2D corrugated layered

network.

RBC-BA-HYD (2:2:1) salt hydrate:

This salt hydrate crystallizes in P-1 space group and its asymmetric unit consists of two units
each of singly protonated RBC and singly deprotonated BA units and one water molecule. Two
crystallographically independent RBC units form a dimer through N-H---N (N-H---N: 2.18 A,
170°; 2.20 A, 158°) hydrogen bonds and further these dimers are self-assembled via N*-H---O
(N-H---0: 2.28 A, 135°) hydrogen bond which leads to the formation of a cyclic ring structure
(Figure 6.2a). Coformer and water molecules are found to construct a hydrogen-bonded cyclic
synthon and further water molecules are connected to the RBC units via N*-H---O (N---O:
2.797 A) hydrogen bonds (Figure 6.2b). Above-mentioned hydrogen bonds are found to form

a two dimensional hydrogen-bonded layered structure (Figure 6.2c).
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Figure 6.2: Crystal structure of RBC-BA salt (a) Self-assembled hydrogen-bonded cyclic structure
of protonated RBC units (b) Hydrogen-bonded cyclic synthon formed by water molecules and
coformers, and the APIs remain as pendant from this structural unit. (c) Hydrogen bonded 2D
layered structure

RBC-3-MBA-HYD (1:1:1) salt-hydrate:

Single crystals of hydrated RBC-3-MBA salt were obtained by crystallization from a equimolar mixture
of acetonitrile and water. The crystal structure was solved in P-1 space group in which RBC molecule
forms a salt by transferring proton from the acid coformer 3-MBA. In this crystal structure, two
molecules of RBC are connected by N*-H-O hydrogen bonds (N-H-O, 1.90 A, 170° in a
centrosymmetric synthon. RBC-3-MBA salt is stabilized between piperazine (-NH*) of RBC and acid
(-CO0") of 3-MBA by N*-H-O" hydrogen bonds (N-H-O, 1.79 A, 160°). RBC-3-MBA salt is
connected by hydrogen bonds of water (O-H) with the (-COO") of 3-MBA via O-H-0O" (00, 2.927 A)
interactions. Further RBC-3-MBA salt extends with water molecules in a layered packing of one-

dimensional (1D) tapes (Figure 6.3).

-

®

Figure 6.3: Crystal structure of RBC-3-MBA salt (a) RBC connected with 3-MBA and H;0 via N*-
H-O, N*-H-O" and O-H~O" synthons (b) layered packing of RBC-3-MBA with water.
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RBC-4-HBA (1:1) salt:

Good quality single crystals of RBC-4-HBA salt were obtained by crystallization from an equimolar
mixture of acetonitrile and water. The crystal structure was solved in P 21/n space group in which RBC
molecule forms a salt by transferring a proton from the acid coformer 4-HBA. In this crystal structure,
RBC-4-HBA salt is stabilized between piperazine (-NH*) of RBC and acid (-COO") of 4-HBA by N-
H*-Ohydrogen bonds (N-H-O: 1.92 A, 171° 1.87 A, 156°). RBC-4-HBA salt is connected by
hydrogen bonds with (-COO") of 4-HBA via O-H~0O" (O-H-0, 1.90 A, 161°). RBC-4-HBA salt extends
in a layered packing (Figure6.4).

a «
R

g ye=XY

o

\_ (a)

Figure 6.4: Crystal structure of RBC-4-HBA salt (a) RBC connected with 4-HBA via N-H*O"
synthon (b) layered packing of RBC-4-HBA extended via O-H--O" interactions.

RBC-345-THBA (1:4) salt-cocrystal:

This complex crystallizes in P-1 space group and its asymmetric unit is composed of one unit each of
protonated RBC unit and deprotonated 345THBA and three neutral 345THBA units. Due to the
presence of both neutral and ionic coformer, this complex can be considered as a salt-cocrystal. Each
protonated RBC unit is hydrogen bonded to two crystallographically independent neutral 345THBA
coformers and two crystallographically singly deprotonated acid coformers. Between two neutral
345THBA coformers, one is connected with pyrimidine moiety of RBC via O-H...N (O18-H180...N4:
1.92 A, 168°) hydrogen bond and the other one is connected with aminopyridine moiety of RBC through
O-H...N (08-H80...N6: 1.81 A, 167°) and N-H...O (N5-H5N...O7: 2.14 A, 162°) hydrogen bonds
with R?,(8) ring motif. Remaining two crystallographically identical ionic coformers are linked with
piperazinium moiety of the RBC unit via charge-assisted N*-H..."OOC (N8-HO00A...012: 1.94 A, 155°;
N8-HO00B...013: 1.97 A, 162°) hydrogen bonds (Figure 6.5a). Four crystallographically independent
coformer units (three neutral and one ionic) are assembled to form a discrete unit via charge-assisted
O-H..."0 (03-H30...013: 1.72 A, 169°) hydrogen bond between -COOH and —COO", and O-H...O
(015-H150...021: 1.98 A, 161° 019-H190...011: 1.94 A, 173° hydrogen bonds between hydroxyl
groups (Figure 6.5b). Each of the discrete units of the coformers are connected to three protonated RBC

units leading to the formation of 1D-chain of molecules/ ions (Figure 6.5c).



Page... 164 Chapter 6

(a) (b)

Figure 6.5: Crystal structure of RBC-345-THBA salt. (a) hydrogen bonding of a RBC unit, (b)
hydrogen bonding among the coformers, (c) hydrogen-bonded 1D chain.
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Figure 6.6: Synthons in RBC salts crystal structures.

6.4 FT-IR Spectroscopy

Infrared spectroscopy provides information about the vibration modes of a molecule due to changes in

molecular conformations and hydrogen bonding. The tertiary amide carbonyl (C=0) stretching

vibrations of RBC appears at 1630 cm™ and NH stretching band is at 3388 cm™. All these functional

groups showed significant changes in their vibration peaks upon salts formation (Table 6.3 and Figure

6.7-6.10). all the salts were characterized by single crystal structures and their unique powder X-ray

diffraction pattern and molecular level interactions in FT-IR spectra. The stretching bands of C=0, O-

H and N-H are significantly shifted compared to RBC to indicate hydrogen bonding. These differences

support the presence of O-H-:-N, C=0-H, and NH-~O bonding between RBC and coformer. (Figure

6.7-6.10)
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Table 6.3: IR stretching frequencies of RBC/coformer functional groups in the crystalline forms (Figure
6.7-6.10 spectra).
ve-o (cm?) for -COOH/

ve-n (cm) for aliphatic

1
Compounds -COO-/ -CONMe; i+ (CM™) and aromatic CH
RBC 1630, 1604 3388, 3225 3094, 3038, 2942, 2863
RBC-BA 1696, 1618 3432, 3071, 3006 2883, 2835, 2725
BA 1611 3035,2960 2847
RBC-4HBA @ 1605,1536 3648,2962,2866 2687,2463
4HBA 3382 2969 2667,2549
RBC-
3A5THBA 1609, 1535 3391,3226 -
345-THBA 1662,1627 --- ---
RBC-3MBA  1669,1606 3016 2949,2843,2638
3SMBA 1632,1606 3674,3326,3220 3002,2961
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Figure 6.7: Overlay of RBC-BA salt IR spectra with its starting components.
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Figure 6.10: Overlay of RBC-3MBA salt IR spectra with its starting components.

6.5 Powder X-ray Diffraction

PXRD: In order to check bulk purity, PXRD patterns of the synthesized materials (through liquid-

assisted grinding method) were compared with the simulated PXRD patterns generated from crystal

structures of those materials. From the PXRD studies, it was observed that PXRD patterns of the ground

materials matched well with simulated PXRD patterns of the respective single crystal materials. This

experiment clearly shows that after liquid-assisted grinding, pure single-phase materials are produced

for these four complexes.
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Figure 6.11: Overlay of experimental PXRD patterns of RBC cocrystal (black) shows excellent match
with the calculated line profile from the X-ray crystal structure (red), indicating bulk purity and phase
homogeneity.

6.6 Differential Scanning Calorimetry

The salts were analyzed by DSC to measure accurate melting point/decomposition of the solid (Figure
6.12-6.17 and Table 6.4). RBC-BA (hydrate) exhibited a broad endotherm at 90 °C prior to the melting
endotherm at 210 °C as well as RBC-345-THBA exhibited a broad endotherm at 110 °C prior to the
melting endotherm at 220 °C which is due to dehydration of water molecule as observed from the weight
loss of the material in TGA at the same temperature. Remain salts RBC-4HBA, RBC-3MBA, were
subjected to DSC, observed each salt melted at 190 °C and 150 °C, respectively. This coformer
dissociation during heating was confirmed by controlled heating experiment followed by powder X-ray

diffraction analysis.
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Figure 6.12: Overlay of DSC thermograms of RBC and salts showing their unique melting behaviour

and sharp endotherms.

Table 6.4: Melting point of RBC, Salts and coformers.

RBC/Salts
RBC
RBC-BA
RBC-3MBA
RBC-4HBA
RBC-345THBA

g~ wN PP

m.p. (°C)
201-204 -
135-138 BA

149-156
155-170
213-220

Coformer m.p. (°C)
122.3
3MBA 107
4HBA 214.5
345THBA 251

RIBO-012-111-A-787-04-DSC, 13.07.2019 11:54:17
RIBO-012-111-A-787-04-DSC, 3.6600 mg
—
Integral -688.95 mJ
normalized -188.24 Jg~-1
Onsat 201.46 °C
Peak 202.54 °C
Endset 204,30 °C
10
mwW
T T T T T T T T T T T T T d
40 &0 80 100 120 140 160 180 200 220 240 260 280 °C

HCU AN LAB: METTLER

Figure 6.13: DSC thermogram of RBC

STAR® SW 12.10
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Figure 6.14: DSC thermogram of RBC-BA
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Integral 8.27 mJ Integral -242.65 mJ
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Peak 117.63 °C Peak 153.83 °C
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Figure 6.15: DSC thermogram of RBC - 3SMBA

STAR® SW 12.10
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5
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Peak 165.95 °C Integral -175.51 mJ
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Figure 6.16: DSC thermogram of RBC -4HBA
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Figure 6.17: DSC thermogram of RBC-345-THBA.

6.7 Conclusions

In this chapter, synthesis, characterization and in-depth crystal structure analyses of four new organic
salts of the anticancer drug RBC with the coformers BA, SMBA, 4HBA and 345-THBA have been
delineated thoroughly. Liquid-assisted grinding method was applied for the bulk-synthesis of these
organic salts, and single crystals of these complexes were obtained by slow solvent evaporation method.
Synthesized materials were characterized with IR, DSC, PXRD and single-crystal X-ray diffraction
techniques. Crystal structure analyses revealed that in all the complexes, carboxylate moiety of the

coformers is connected to the piperazinium moiety of RBC via charge-assisted N*-H----OO0C
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interactions. Due to presence of strong drug-coformer hydrogen-bonding interactions, these complexes

may have the potential to improve solubility as well as permeability of this BCS class IV drug.

6.8 Experimental Section

6.8.1 Synthesis and crystallization of salts

RBC salt: 25 mg of RBC was taken in 20 mL of solvent as a mixture of CH;OH-H,0 (1:1) which was
heated for clear solution and further filtered to remove undissolved particles. The obtained colourless
clear solution allowed for crystallization at 60 °C in oven and pale yellow crystals (hydrated RBC) were
obtained within 2 days by moderate evaporation. M.P. 202.50°C

RBC-BA (1:1) salt: A mixture of RBC (100.00 mg, 0.377 mmol) and BA (59.56 mg, 0.377 mmol) was
taken in mortar and added 10 drops of acetonitrile. Subsequently, the mixture was ground vigorously
by pestle for 30 minutes. The resultant mixture was obtained as off-white crystalline powder which was
dried at room temperature. The obtained solid was dissolved in 20 mL of solvent as a mixture of
CH3CN-H20 (1:1) which was heated for clear solution and further filtered to remove undissolved
particles. The obtained colourless clear solution allowed for crystallization at 60 °C in oven and pale
yellow crystals (hydrated RBC-BA) were obtained within 1 day by moderate evaporation. M.P.
209.36°C

RBC-3-MBA (1:1) salt: A mixture of RBC (100.00 mg, 0.377 mmol) and 3MBA (59.56 mg, 0.377
mmol) was taken in mortar and added 10 drops of acetonitrile. Subsequently, the mixture was ground
vigorously by pestle for 30 minutes. The resultant mixture was obtained as off-white crystalline powder
which was dried at room temperature. The obtained solid was dissolved in 20 mL of solvent as a mixture
of CH3CN-H,0 (1:1) which was heated for clear solution and further filtered to remove undissolved
particles. The obtained colourless clear solution allowed for crystallization at 60 °C in oven and pale
yellow crystals (hydrated RBC-3MBA) were obtained within 1 day by moderate evaporation. M.P.
153.83°C

RBC-4-HBA (1:1) salt: A mixture of RBC (100.00 mg, 0.377 mmol) and 4HBA (59.56 mg, 0.377
mmol) was taken in mortar and added 10 drops of acetonitrile. Subsequently, the mixture was ground
vigorously by pestle for 30 minutes. The resultant mixture was obtained as off-white crystalline powder
which was dried at room temperature. The obtained solid was dissolved in 20 mL of solvent as a mixture
of CH3CN-H,0 (1:1) which was heated for clear solution and further filtered to remove undissolved
particles. The obtained colourless clear solution allowed for crystallization at 60 °C in oven and pale
yellow crystals (hydrated RBC-4HBA) were obtained within 1 day by moderate evaporation. M.P.
195.92°C

RBC: 345-THBA (1:1) salt: A mixture of RBC (100.00 mg, 0.377 mmol) and 345-THBA (256 mg,
1.508 mmol) was taken in mortar and added 50 drops of methanol. Subsequently, the mixture was

ground vigorously by pestle for 30 minutes. The resultant mixture was obtained as off-white crystalline
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powder which was dried at room temperature. The obtained solid was dissolved in 20 mL of solvent as
a mixture of CH3;CN-HO (1:1) which was heated for clear solution and further filtered to remove
undissolved particles. The obtained colourless clear solution allowed for crystallization at 60 °C in oven
and pale yellow crystals (hydrated RBC-4HBA) were obtained within 1 day by moderate evaporation.
M.P. 217.63°C

6.8.2 X-ray crystallography

X-ray reflections were collected on Bruker SMART-APEX CCD diffractometer equipped with a graphite
monochromator and using Mo-Ko. radiation (A=0.71073 A). Data reduction was performed using Bruker
APEXII Software.® Intensities were corrected for absorption using SADABS, and the structure was solved
and refined using SHELX-2014.1 X-ray reflections for the RBC Salts were collected at 298 K on Oxford
Xcalibur Gemini Eos CCD diffractometer using Mo-Ka radiation (A = 0.7107 A). Data reduction was
performed using CrysAlisPro (version 1.171.33.55) and OLEX2-1.0 was used to solve and refine the
structures. All non-hydrogen atoms were refined as anisotropic. Hydrogen atoms on heteroatoms were
located from difference electron density maps and all C—H hydrogens were fixed geometrically. Hydrogen
bond geometries were determined in Platon®> %6, The packing diagrams were prepared in Mercury*’ 8,
6.8.3 Powder X-ray diffraction

All the solid samples were recorded by Powder X-ray diffraction on Bruker D8 Advance diffractometer
(Bruker-AXS, Karlsruhe, Germany) utilizing Cu-Ka X-radiation (A = 1.5406 A) at 40 kV and 30 mA
power. X-ray diffraction patterns were collected over the 20 range 5-50° at a scan rate of 1%min. Powder
Cell 2.4% (Federal Institute of Materials Research and Testing, Berlin, Germany) was used for Rietveld
refinement of experimental PXRD and calculated lines from the X-ray crystal structure.

6.8.4 Vibrational spectroscopy

Thermo-Nicolet 6700 FT-IR-NIR spectrometer with NXR FT-Raman module (Thermo Scientific,
Waltham, MA) was used to record IR spectra. IR spectra were recorded on samples dispersed in KBr
pellets. Data was analyzed using the Omnic software (Thermo Scientific, Waltham, MA).

6.8.5 Differential Scanning Calorimetry (DSC)

Thermal analysis was performed on a Mettler Toledo DSC 822e module. Samples were loaded in sealed
pin-pricked aluminum sample pans. The typical sample size used in 3-5 mg approximately, and the heating
rate at 10 °C/min in the temperature range 30-350 °C was employed. Samples were purged by a stream of

dry nitrogen flowing at 80 mL/min.
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CHAPTER SEVEN

Conclusions and Future prospects

This thesis covers the identification, characterization and the applications of multicomponent systems
of active pharmaceutical ingredients (APIs) such as new cocrystals (chapter 2), polymorphs (chapter
3), salts (chapter 4 and 6) and xenograft study of amorphous solids (chapter 5). The studies were carried
out towards the controlled modification of physicochemical properties to enhance solubility,
permeability and in addition extensive studies of polymorphs (chapter 3) to understand the structure-
property relationship under thermal stress. Xenograft studies on co-amorphous solids showed that these

materials have the potential to inhibit tumour growth (chapter 5).

Introduction of crystal engineering, pharmaceutical solid forms of APIs and few models’ organic

compounds are discussed in Chapter 1.

Chapter 2 deals with the cocrystals of Entacapone (ETP, an inhibitor of catechol-O-methyltransferase),
a BCS class IV drug (brand name: Comtan; used for the treatment of Parkinson’s disease, a chronic and
degenerative disorder of the central nervous system) with the coformers- acetamide (ACT, 1:1),
nicotinamide (NAM, 1:1), isonicotinamide (INAM, 1:1), pyrazinamide (PYZ, 1:1) and isoniazid (INZ,
1:1). Cocrystallization of ETP with the coformer theophylline (THP) resulted in the formation of a
cocrystal hydrate (ETP-THP-HYD, 1:1:1). The synthesized materials were characterized by SC-XRD,
PXRD, DSC, TGA, IR and NMR spectroscopy. Solubility and dissolution rate studies showed that there
is a correlation between cocrystal stability (post-dissolution) and solubility governed by the heteromeric
N-H---O, O—H---N and O-H---O hydrogen bonds and conformational changes of ETP in the cocrystal
structures. ETP-THP-HYD and ETP-PYZ exhibited faster dissolution rate and higher solubility
compared to the other cocrystals which were dissociated partially during solubility experiments. From
diffusion studies, it was found that the stable and high soluble ETP-THP-HYD cocrystal showed
enhanced permeability. Given that stability, solubility and permeability are in general inversely related,
the entacapone-theophylline hydrate cocrystal is a unique example of the thermodynamically stable
cocrystal exhibiting high solubility and high permeability. So, ETP-THP-HYD may be useful as a

suitable formulation of the drug ETP to prevent Parkinson’s disease.

In chapter 3, exploration of novel polymorphs of ETP has been highlighted. ETP form-1 was first
published in 2001. However, analysis of its X-ray crystal structures and stability relationship of ETP
polymorphs and their dissolution and permeability profile have not yet been reported. In our studies,

two new conformational polymorphs of ETP were obtained from water and acetone solvent mixture,
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and further for these materials, the structural origin of polymorphism and their phase transformations,
stability, equilibrium solubility, dissolution, and permeability properties were studied thoroughly. The
ETP molecule adopts different conformations in the polymorphic structures with slight changes in
carbonyl and nitrile group orientations. Thermal analysis suggests that form-Ill and form-IV are
enantiotropically related to form-I, which is the thermodynamically stable form at ambient conditions.
In contrast, form-1l is monotropically related to form-l. Equilibrium solubility, dissolution, and
permeability studies show that form-I1 persists in the slurry medium and dissolves faster with a high
flux rate compared to the stable form-1 in phosphate buffer solution at 37 £ 0.5 °C. Here, form-1I
dissolves and diffuse faster than the form-I, form-111 and form-1V due to variation in crystal packing
(i.e Z'=2 for form-1l and Z' =1 for form-1 and form-111) which implies its relatively lower lattice energy
to dissolve and diffuse. Therefore, form Il is superior among the four polymorphic forms isolated so
far. Thus, selection of the thermodynamically stable ETP polymorph-I1 is preferred in drug formulation
to avoid polymorphic changes with superior solubility, dissolution and permeability. During process
development, formulation and marketing, this can be used an alternative formulation of ETP in future.

Chapter 4 deals with the attempts towards improvement of solubility, dissolution and permeability of
poorly water soluble drug PMZ via synthesis of binary organic salts with some dicarboxylic acid
coformers (OA, SA, FA, GA and AA) using crystal engineering approach. The synthesized five binary
organic salts were characterized by IR, DSC, PXRD and single crystal-XRD techniques. Crystal
structure analyses unveil that in all the complexes, PMZ is connected with the coformers via charge-
assisted —N*H---"O0OC- interactions. PMZ encapsulates the coformers with its arms acting as a
molecular tweezer. In PMZ-OA complex, oxalic acid and oxalate ions form one dimensional hydrogen
bonded chain through charge-assisted O-H..."OOC- hydrogen bonding interactions. Bulk phase purity
of the materials was confirmed by PXRD. From IDR studies, it was inferred that all the complexes
improved the dissolution rate of the drug and here, PMZ-SA exhibited highest cumulative dissolved
amount throughout the experiment time period. In diffusion studies, it was found that all the complexes
enhanced the permeability of the drug, and like IDR result, PMZ-SA complex showed highest
cumulative drug diffused amount for the entire experiment time period. From these experiments, it can

be concluded that PMZ-SA salt may be suitable for the drug formulation development of PMZ.

The primary aim of chapter 5 is to increase the therapeutic effect and inhibited of tumor growth at oral
dosage of curcumin-pyrogallol (CUR-PYR) cocrystal and curcumin-artemisinin (CUR-ART)
coamorphous solid. Both these solid forms exhibited superior dissolution and pharmacokinetic behavior
compared to pure CUR. Curcumin and artemisinin are herbal drugs of Indian and Chinese origins. The
low solubility and short half-life of curcumin, and hence high dosage administered, have been a
limitation to making drug formulations of curcumin. We have overcome the multiple disadvantages of

curcumin in the designed CUR-ART coamorphous dispersion. This novel binary solid exhibits high
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solubility and bioavailability, extended half-life and action of bioactive curcumin at normal drug dose
regime of 100 mg/kg. The therapeutic activity of CUR-ART in Xenograft models of Panc-1 is
comparable to commercial drug doxorubicin. Given the diverse biological action of curcumin and
artemisinin, the high quantity of net drug delivered as coamorphous solid could open opportunity for

an herbal formulation in cancer, malaria and several other treatments.

In Chapter 6, Synthesis, characterization and crystal structure analysis of four organic salts of Ribociclib
(RBC) have been delineated thoroughly. RBC, a BCS Class IV drug is a selective cyclin-dependent
kinase inhibitor containing two proteins called cyclin-dependent kinase 4 and 6 (CDK4/6), and which
inhibit the progression of cancer slowly. Pharmaceutical solid-forms of RBC with improved
physicochemical properties are essential but such type of materials are less explored. Few polymorphs,
hydrates, solvates and one binary salt (RBC-Succinate) have been reported. So far, there is no report on
crystal structures of RBC and its other binary solids. We successfully prepared salts of Ribociclib
(RBC) with different coformers such as benzoic acid (BA), 3-methoxybenzoic acid (3-MBA), 4-
Hydroxybenzoic acid (4-HBA) and 345-Tryhydroxy benzoic acid (345-THBA). Bulk synthesis of those
organic salts was done by liquid-assisted grinding method and single crystals of these complexes were
obtained by slow solvent evaporation method. Synthesized materials were characterized with IR, DSC,
PXRD and single-crystal X-ray diffraction techniques. Crystal structure analyses revealed that in all the
complexes, carboxylate moiety of the coformers is connected to the piperazinium moiety of RBC via
charge-assisted N*-H---"OOC interactions. Due to presence of strong drug-coformer hydrogen-bonding
interactions, these complexes may have the potential to improve dissolution and permeability properties

of the drug
Future prospects

This thesis highlights and evaluates the importance and usefulness of polymorphs, cocrystals,
organic salts and coamorphous materials in drug development. Role of these pharmaceutical
solids towards the improvement of solubility, intrinsic dissolution rate and permeability of
poorly water soluble and/or poorly permeable drugs has been delineated with plenty of
instances in this thesis. Our research outcomes clearly pave the way to obtain better drug
formulations. Despite several advantages of these strategies, there are some issues such as
stability, dosage volume, cost, bulk-synthesis or scale-up, tabletability etc. which need to be
overcome. Implementation of suitable techniques including use of functionalized common
coformers (e.g. fluoro-coformers), synthesis of ternary or higher-order cocrystals or organic

salts, continuous crystallization etc. may play pivotal role to wipe out those issues in future.
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