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Curcumin, biologically active ingredient extracted from turmeric (Curcuma
Longa) exhibit diverse pharmacological activities: antioxidant, anti-
inflammatory, anti-HIV to anti-cancer activities. Curcumin was first isolated in
1842 By Vogel and then structure was determined by Milobedzka in 1910. It
was synthesized by Lampe in 1918. First crystal structure of curcumin was
determined by X-ray diffraction in 1982. In 2011 two new polymorphs and one
amorphous phase was discovered by Sanphui et. al. Chem. Commun 2011, 47,
5013-5015.
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SYNOPSIS

This thesis entitled “Physicochemical Property Improvement of a Few Active

Pharmaceutical Ingredients by Solid Form Screening” consists of eight chapters.

CHAPTER ONE
Introduction

Solid-state chemistry deals with the synthesis, structure, and properties of solid
phase materials. It is well established that the physical properties of a solid depend not
only on the molecule, but also on the ways in which the constituent molecules interact in
the bulk phase through non-covalent interactions, notably hydrogen bonds. An
understanding of the factors that determine crystal packing arrangement and the role of
physicochemical properties is a challenging topic. Pharmaceutical chemists generally
prefer to deliver crystalline forms (as tablets and capsules) of the active drug, mainly due
to their inherent stability and high purity. These crystalline forms can be polymorphs,
solvates/hydrates, salts and cocrystals. Again amorphous phases with short range order
are sometimes useful because of their higher solubility than crystalline forms. The
importance of new solid forms originates from the fact that they can exhibit a range of
diverse biopharmaceutical properties e.g. solubility, stability, bioavailability,
hygroscopicity, tableting, etc. Selection of the most suitable forms in terms of superior
physicochemical properties is mostly favored for formulation purpose. This exercise
requires inputs about crystallization, pharmacology and formulation.

The ability of a compound to exist in more than one crystalline modification is
known as polymorphism, a phenomenon of tremendous importance in pharmaceutical
development and materials science as one can tune the physical and chemical properties
of substances. It is therefore important to know the best crystalline modification of active
pharmaceutical ingredients (APIs) to enable a stable and soluble drug formulation. The
screening of an API for all possible crystalline forms, by subjecting it to various
crystallization conditions is of utmost importance. Even though metastable forms exhibit
better solubility due to their higher free energy, they are not useful for drug formulation

unless stabilized by polymers, excipients, additives etc.
xi



Cocrystal is a multi-component assembly of two or more solids, generally in a
definite stoichiometric ratio (at ambient conditions) interacting through non-covalent
interactions; usually hydrogen bonds. At present, cocrystals of APIs are receiving
increased attention from the scientific communities in academic, industry, and regulatory
agencies, and several studies have discussed promising results concerning the
improvement of biopharmaceutical properties. Moreover, such new solid phases of drugs
may overcome problems in formulation and manufacturing. More than 50% APIs are
formulated as salt form because of their high aqueous solubility. But for toxicological
reasons only about 12 and so acidic or basic counterions are explored in a typical API
salt screen. The availability of a large pool of molecules classified under the GRAS list
as approved by the FDA increases the diversity of the compounds that can be rationally
selected to form pharmaceutical cocrystals. Cocrystals are particularly relevant for APIs
lacking ionizable functional groups to improve solubility and dissolution rate. They are
preferable over salts because ionic species are more prone to be hygroscopic. Other
important applications of cocrystals are isolating stereoisomer from racemic mixture,
modifying the crystal structure for better tableting properties and inhibiting phase

transformation between polymorphs.

CHAPTER TWO
Phase Transformation in Conformational Polymorphs of NSAID Nimesulide

Nimesulide is a nonsteroidal anti-inflammatory drug (NSAID) and a COX-2
inhibitor. The native crystal structure of Nimesulide (or form I) has been characterized
by X-ray powder diffraction lines whereas full 3D coordinates are known for a second
polymorph (form II). A detailed structural characterization and phase stability of
nimesulide polymorphs was carried out. Rod like crystals of Form I (space group Pca2;,
number of symmetry-independent molecules, Z' = 2, A and B) were crystallized from
EtOH concomitantly with Form I (C2/c, Z' = 1). These conformational polymorphs have
different torsion angles at the phenoxy and sulfonamide groups. The crystal structures
are stabilized by N-H--O hydrogen bonds and C-H--O, C-H-z interactions. The
packing diagram for the two polymorphs shows a tape sequence of N—H:-O,N hydrogen
bond as XYYX in form I and XYXY in form II, viewed along the b-axis (Figure 1).
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Phase transition from the metastable form (II) to the stable modification (I) was studied
using DSC, HSM, solid-state grinding, solvent-drop grinding, and slurry crystallization.
The phase transition was monitored by IR, Raman and ss-NMR spectroscopy, and XRPD
and single crystal X-ray diffraction. The stable polymorph I was obtained in excess
during solution crystallization, grinding and slurry methods. Intrinsic dissolution and
equilibrium solubility experiments show that the metastable form II dissolves much

faster than the stable form I in pH 7 buffer.

(a) (b) (c)

Figure 1 Flexible torsions in (a) Nimesulide and packing differences between (b) form I and
(c) form II.

CHAPTER THREE
New Polymorphs of Curcumin and their Faster Dissolution

Curcumin, a hydrophobic phenol, is the principal curcuminoid in the popular
Indian dietary spice turmeric. It is derived from the rhizome of the herb Curcuma longa.
Curcumin is known for its wide-ranging pharmacological activity such as an antioxidant,
antimalarial, anti-carcinogenic, anti-HIV agent, etc. Curcumin is safe even at high dose
of 12 g/day in animal and human experiments. Despite its efficacy and safety, curcumin
is not approved as a therapeutic agent because of poor absorption and bioavailability, and
rapid metabolism and systematic elimination. The crystal structure of stable form 1
(P2/n, Z'=1) of curcumin is reported. During attempted cocrystallization experiments of
curcumin, two new polymorphs, form 2 (Pca2,, Z'=2) and form 3 (Pbca, Z'=1) were

obtained in the presence of 4-hydroxypyridine and chrysin respectively. A new
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amorphous phase was obtained from melt crystallization. Three crystalline polymorphs
and one amorphous phase of curcumin are displayed in the Figure 2. Form 2 dissolved

3.1 times faster than commercial form 1 in 40% EtOH-water medium.

/ Curcumin

Molecular Overlay Form 3
Z'=1, Pbea

Form 1 / Form 2
7'=1, P2 M =2, Pea?,

Amorphous

Figure 2 Three crystalline polymorphs and one amorphous phase of Curcumin

CHAPTER FOUR
Fast Dissolving Curcumin Cocrystals

Curcumin is the principal curcuminoid of the popular Indian spice turmeric.
Despite the diverse pharmacological activities of this bioactive phenol, its application as
a drug is severely limited by poor aqueous solubility. We report novel cocrystals of
curcumin (1) with resorcinol and pyrogallol obtained by liquid-assisted grinding.
Curcumin-—resorcinol (1a) (1:1) and curcumin—pyrogallol (1b) (1:1) were characterized
by X-ray diffraction, thermal analysis, FT-IR, FT-Raman, and ss-NMR spectroscopy.
The 1:1 cocrystal stoichiometry is sustained by O—H--O hydrogen bonds between the
phenolic OH groups of the coformers to the carbonyl group of curcumin. The melting
point of the cocrystals is in between that of curcumin and the coformer and the lower

melting cocrystal 1b is more soluble than higher melting la. The dissolution rates of
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curcumin-resorcinol (1a) and curcumin-pyrogallol (1b) in 40% EtOH—water are ~5 and

~12 times faster than that for curcumin (Figure 3).
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Figure 3 (a) Two novel cocrystals of curcumin with resorcinol and pyrogallol. (b) IDR
experiments of cocrystals la and 1b compared to stable Form 1 indicates higher
solubility compared to native Curcumin.

CHAPTER FIVE
Crystal Engineering of Stable Temozolomide Cocrystals

The antitumor prodrug Temozolomide (TMZ) decomposes in pH >7 aqueous
medium but is relatively stable in acidic conditions. Pure TMZ obtained as a white
powder turns pink and then of brown color which is indicative of chemical degradation.
Pharmaceutical cocrystals of TMZ were engineered with safe coformers (generally
recognized as safe, GRAS chemicals) such as oxalic acid, succinic acid, salicylic acid,
anthranilic acid, D,L-malic acid, D,L-tartaric acid, etc. to stabilize the drug as a cocrystal
(Figure 4). All cocrystals were characterized by FT-IR, FT-Raman, powder X-ray
diffraction (PXRD), and single crystal X-ray diffraction. Temozolomide cocrystals with
organic acids in the pK, range 2—6 were found to be more stable than the reference drug
in physiological conditions. The half-life (Ti,) of TMZ—oxalic and TMZ—salicylic acid is
two times longer than TMZ (3.5 and 3.6 h vs. 1.7 h), and TMZ—succinic acid,
TMZ—tartaric acid and TMZ—malic also exhibited longer half life (2.3, 2.5, 2.8 h) in pH
7 buffer medium, indicating that cocrystals are more stable compared to the reference
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drug. The intrinsic dissolution rate (IDR) profile of TMZ—oxalic acid and TMZ—-succinic

acid cocrystals is comparable to that of TMZ whereas cocrystals with malic acid and

salicylic acid dissolved faster than TMZ. Among the Temozolomide cocrystals

examined, those with succinic acid, oxalic acid and salicylic acid exhibited improved

stability and comparable or faster dissolution rate than the reference drug. Even TMZ-

succinic acid cocrystals are stable in accelerated humidity conditions (40°C and 75%

RH) upto 28 weeks, whereas TMZ transformed to hydrate after 2 weeks and then

converted to decomposed AIC hydrate after 5 weeks, confirmed from PXRD (Figure 5).
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Figure 4 Chemical structures of antitumor prodrug TMZ
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Figure 5 XRPD stack of TMZ and (b) TMZ—SA cocrystals kept at 40 °C and 75% RH,
indicates that cocrystals is stable without degradation to TMZ or decomposed AIC even
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after 28 weeks, but TMZ transformed to monohydrate within 2 weeks and started to
decompose within 5 weeks.

CHAPTER SIX
Pharmaceutical Cocrystals of Niclosamide

Niclosamide (NCL, Figure 6) is an anthelmintic BCS class II drug having low
solubility, but high permeability. To improve the solubility of niclosamide,
pharmaceutical cocrystals were prepared with GRAS molecules e.g. caffeine (CAF), urea
(URE), p-aminobenzoic acid (PABA), theophylline (THPH), nicotinamide (NCT) and
isonicotinamide (INA) etc. Neat grinding, wet-ganulation and slow evaporation methods
were employed to synthesize niclosamide cocrystals. All the crystalline forms were
characterized by FT-IR, X-ray diffraction to confirm purity of the bulk phases. Crystal
structures of niclosamide and its cocrystals were characterized by single crystal X-ray
diffraction to know the structural aspects and hydrogen bonding in the molecular
structure. The presence of intermolecular O—H--O hydrogen bond from hydroxyl to
carbonyl group in niclosamide was replaced by acceptor atom of coformer in the
cocrystalline phases. Cocrystals with nicotinamide and isonicotinamide were further
characterized by "“C ss-NMR spectroscopy. All the cocrystals, except NCL-PABA,
showed better powder dissolution rate than the reference API. Niclosamide—theophylline
acetonitrile (NCL-THPHS) complex showed highest dissolution rate among all
crystalline forms (Figure 7). But acetonitrile is a class II solvent of limited toxicity and
permissible concentration limit of 410 ppm in drugs. Comparatively NCL-THPH
cocrystals showed moderate solubility and stability against hydration. Equilibrium
solubility measurement showed that all the niclosamide cocrystals along with API
converted to monohydrate within 24 h slurry experiment in 40% isopropanol-water

medium.

HO
Cl

NH
Cl

(0]
O,N
Figure 6 Chemical structure of niclosamide
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Figure 7 Dissolution curves of niclosamide and its cocrystals

CHAPTER SEVEN
High Solubility Piperazine Salts of NSAID Meclofenamic Acid

Meclofenamic acid (MFA, Figure 8) is the most potent anti-inflammatory drug
among the fenamic acids. In this thesis are presented (1) two cocrystals of MFA with
isonicotinamide (INA) and 4,4'-bipyridine (BPY); (2) polymorphs of MFA and
piperazine (PPZ) 1:1 salt (orthorhombic P2,2,2; and monoclinic P2,/c), MFA-PPZ 1:1:1
salt hydrate, MFA-PPZ 2:1 salt; and (3) MFA and 2-aminopyridine (2-APY) 1:1 salt,
MFA and 4-aminopyridine (4-APY) 1:1:1 salt hydrate. Sublimation of meclofenamic
acid gave single crystals for X-ray diffraction which provided good quality data for
refinement and all atomic coordinates. The cocrystal and salt structures are assembled
via neutral O-H--O, O-H-N, N-H-+O, N-H-N and ionic O-H-+-O", N'—H:~-O"
hydrogen bonds. The disorder of methyl group in meclofenamic acid crystal structure is
absent in the cocrystal and salt structures, which contain different conformers (A or B) of
methyl group orientation. The solubility of meclofenamic acid—isonicotinamide (1:1) and
meclofenamic acid—4,4'-bipyridine (1:0.5) cocrystals is 2.9 and 7.6 times higher than that

Xviil



of MFA at 37 °C in 50% EtOH—water. Interestingly, MFA-PPZ 1:1 salt and its 1:1:1
hydrate are 2724 and 1334 fold more soluble than meclofenamic acid. Both these salts
transformed in 50% EtOH-water slurry at 37 °C to 2:1 MFA-PPZ salt after 24 h, which
in turn transformed to meclofenamic acid after another 24 h of slurry stirring.
Remarkably, the dissolution rate of MFA-PPZ (1:1) salt in water is just slightly lower

than that of marketed sodium meclofenamate.

Il\ﬂiAiPPZl-Hm 1:1 salt polymorphs
. ;' t o\, MEAPPZA
ydrate -PPZ-C
Y ego ™3 MFA-PPZ-O
o
2:1 salt 1:1 salt
MFA-PPZ MFA-PPZ-M

Figure 8 Different stoichiometric piperazinium meclofenamate salts obtained by liquid-
assisted grinding.

CHAPTER EIGHT
Conclusion and Future Prospects

More than 40% of the marketed drugs failed to satisfy minimum solubility
criteria (>100 mg/L) and 60-70% API are in the pipeline never brought to the market
because of their low solubility issue. Dosage form modifications through polymorphs,
amorphous phases or cocrystals/salts can be alternate formulation for poor soluble APIs.
Polymorphs and cocrystals have enormous importance in pharmaceutical field because
of their different physicochemical properties, e.g. solubility, stability and bioavailability
etc. Generally solubility ratio of fast to slow dissolving polymorphs is 2-4 times, whereas
cocrystals can improve solubility by 4-20 times than the API. Again salt is more soluble

than cocrystals, but salts are more prone to be hygroscopic than cocrystals. For API
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having no ionizable (acid/base moieties) functional groups, cocrystals is a logical option
to improve physical properties without altering the chemical structure. The
crystallization of metastable polymorphs of nimesulide and curcumin obtained during
attempted cocrystallization experiments and as expected metastable forms of higher
solubility are discussed in Chapter 2 and 3. Novel pharmaceutical cocrystals of low
soluble herbal spice curcumin and APIs e.g. temozolomide and niclosamide and their
better solubility and stability improvement than the reference API were discussed in
Chapter 4, 5 and 6. It is possible to tune both solubility and stability of an API via
cocrystals in the same solid form. Chapter 7 deals with both cocrystals and salts of
NSAID meclofenamic acid and much better solubility of piperazine salts compared to
cocrystals and reference API.

Stabilizing the metastable form and amorphous phase of API by addition of
polymer, excipients etc. are an alternative to solubility manipulation. Nutraceutical is a
food or food product that reportedly provides health and medical benefits, including the
prevention and treatment of chronic disease in addition to the basic nutritional value
found in foods. Resveratrol (grapes), flavanoids e.g. catechin (green tea), quercetin
(fruits), ellagic acid (strawberries), caffeine (coffee), theobromine (dark chocolates),
anthocyanins (berries), citric acid (lemon), Curcumin (turmeric), pyrogallol (amla) are
well known nutraceuticals. Nutraceutical foods exhibit generally low solubility, and
hence poor bioavailability and difficult to formulate as tablets or capsules. For e.g.
Curcumin (8.7 mg/L), resveratrol (30 mg/L), quercetin (2 mg/L) are poorly soluble
nutraceuticals. Aqueous solubility of these Nutraceuticals could be enhanced by particle
size reduction, lyophilization, micelles, additives, and also new crystalline forms such as

polymorphs, salts, or cocrystals.
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Chapter One

Introduction
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Multiple crystalline solid-state forms of an active pharmaceutical ingredient;
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neutral (crystalline solid, cocrystals, solvates, hydrates) or ionic state (salt).
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“Probably every substance is potentially polymorphic. The only question is whether it is
possible to adjust the external conditions in such a way that polymorphism can be

realized or not.” Maria Kuhnert-Brandstétter, Pharm. Z. 1975, 4, 131.

1.1 Solid State Chemistry

Solid State Chemistry is the study of the synthesis, structure, and properties of
solid phase materials. It has a strong overlap with Physics, mineralogy, crystallography,
ceramics, metallurgy, thermodynamics, materials science and electronics with a focus on
the synthesis of novel materials and their characterization. The design of organic
crystalline materials requires understanding of non-covalent interactions between
molecules. There have been major advances in solid state and materials chemistry in the
last two decades and contributed that are an integral part of life.' The properties of a
crystalline solid depends not only on the constituent molecules, but also on their
interactions in the crystal lattice. An understanding of the factors that determine crystal
packing arrangement and the role of physicochemical properties is a challenging topic.
Solid state chemistry is concerned with the development of new methods of synthesis,
identifying and characterisation of new materials by advanced techniques for the control
of useful properties.”

Active pharmaceutical ingredients (APIs) are frequently delivered to the patient
in the solid-state as part of dosage forms® (e.g. tablets, capsules, granules, powders, etc)
because of their easy uptake in the bodies. No matter whether as pure drug substances or
in formulated products, APIs can exist in various solid forms, such as polymorphs,
pseudopolymorphs (solvates and hydrates), salts, co-crystals and amorphous solids.
Polymorphs are possible for each of these solid forms (Scheme 1) Along with
crystalline materials, amorphous solids having short range order of periodicity, are also
important in drug development because of their high free energy and hence solubility.
Each form may possess its own unique mechanical, thermal, physical and chemical
properties that can remarkably affect the solubility, bioavailability, hygroscopicity,
melting point, stability, compressibility and other performance characteristics of the
drug.* A thorough understanding of the relationship between the particular solid form

and its functional properties are crucial for selecting the most suitable form of the API
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for scale up, formulation activities, clinical trials and finally manufacturing. This

exercise requires inputs about crystallization, pharmacology and formulation.

Solid forms.
Crystalline Amorphous

I Single-component ‘

| Single-component |
1 | Anhydrous/non-solvate |
Anhydrous/non-solvate

e posmrn ‘ *+ | s
e | [ [
el

Scheme 1 Schematic representation of the structures of solid forms of APIs and for each
solid form there is a possibility of polymorphs, culled from ref. 2d.

1.2 Solid forms of Active pharmaceutical Ingredients

At present nearly 40% of the new chemical entities being discovered have poor
water solubility drugs, which is a serious drawback for drug formulation and so many
new potential drugs fail in the formulation stages because of poor aqueous solubility.
More than 80% drugs are marketed as solid formulations and 90% of them are crystalline
in nature. Remaining 10% are marketed as gel, injected form etc. An enhancement of
drug solubility of therapeutic agents can possibly improve their bioavailability.
Identifying the optimum solid form of an active pharmaceutical ingredient (API) is
always desirable for clinical use.* Frequently, the API exhibits low solubility, and it
might be appropriate to use its more soluble amorphous phase or a more soluble
multicomponent form, such as a salt form — for ionizable APIs — or cocrystal form for
neutral APIs. Furthermore, APIs are typically amenable to formation of multiple

component crystals such as solvates and hydrates.
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1.2.1 Polymorphs

Polymorphism’ is defined as the ability of a compound to exist more than one
crystalline arrangement in the solid state. Polymorph is a solid crystalline phase of a
given compound resulting from the possibility of at least two different crystalline
arrangements of the molecule of that compound in the solid state (McCrone 1965). The
number of crystalline forms or polymorphs of a compound are proportional to the time
and resources dedicated to investigate to them (McCrone 1963). Allotropes and
polymorphs are closely related. Polymorphism is used in general to refer to structural
diversity of molecular compounds, whereas allotropy is the structural diversity of
elements. For example, carbon has four allotropes diamond, graphite, fullerene and
carbon nanotube.™ The carbon atom is the same in four crystal structures; however the
arrangement of atoms is different in different crystal structures, which consequently lead
to the differences in their properties like hardness and conductivity (Figure 1).
Polymorphs may have different conformations (conformational polymorphism), packing
(packing polymorphism) and supramolecular synthons (synthon polymorphism) in the
crystal lattice.® The different types of polymorphs has been displayed in Scheme 2.
Conformationally flexible molecules have greater scope for polymorphic occurrence
because of large number of degrees of freedom as the energy differences between
conformational polymorphs generally lies in a small energy window of 0.5-3 kcal mol .
A metastable conformation may be stabilized by stronger hydrogen bonds in the crystal
structure while a stable conformer may not be able to form strong hydrogen bonds. The
overall stability of a polymorph is accounted by the conformation energy and lattice
energy (total) for a given polymorphic system. The energy compensation towards overall
energy minimization in a polymorphic system is referred to as ‘systematic effect’. This
phenomenon was recently reviewed by Nangia® with several examples of
conformational polymorphs. Polymorphism in drugs like nimesulide (chapter 2),
furosamide, tolbutamide, ritonavir, chlortalidone and biologically active compound

curcumin (chapter 3) are examples of conformational polymorphs.
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Diamond Graphite Buckminsterfullerene Cy,

Carbon nanotube

Tetrahedral structure Laver structure

Figure 1 Four allotropes of carbon, graphite (layered), diamond (tetrahedron),

buckminsterfullerene Cg (spherical) and carbon nanotube (cylindrical structure) culled
from ref. Se.

\//\ -
\ / /—\ <—Packing polymorphs — /_\\_//_\\_//_\
\—/‘ 3 \ cisoid / \_/ \_/
Polymorph i \ [ Polymorph ii
Conformational Polymorphs 1L Conformational Polymorphs

|
/-)\:/—/ <—Pack\ng Polymorphs = \_\\_\\_\\_\

IaYaA — e

o 2 ; ° ° o O\—/.O .o\_/.

\—/ \_/ Synthon Polymorphs \ / \ /
Polymorph vi Polymorph vii

Scheme 2 Schematic illustrations of different arrangements of molecules in the
crystalline lattice that lead to different kinds of polymorphism, taken from ref. 6a.

Polymorphism in organic solids is of fundamental importance because of its

ability to alter physicochemical properties in different crystal structures, such as melting
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point, density, dipole moment, hardness, compressibility, solubility, dissolution rates and
bioavailability.”*’ These differences impact on drug formulation and processing of the
drug, due to which it has received particular attention in pharmaceutical industry.
Stability is an important concern while dealing with polymorphs. Because their energy
differences are relatively small, form inter-conversion is common. For e.g. Antitumor
prodrug temozolomide exists as three crystalline polymorphs (with 3D coordinates) as
form 1, 2 and 3 and their stability order is form I>form 2>form 3. Grinding of
metastable form 2 for half an hour in morter pestle or in presence of small amount of
acetonitrile transforms to stable form 1. The metastable nature of form 2 is ascribed to
hydrogen-bonding differences in the two crystal structures. The amide syn NH moiety
forms N—H--O hydrogen bonds in both structures. The anti NH moiety forms N—H--N
hydrogen bonds in form 1, whereas the donor is not intermolecularly H-bonded in form 2
(Figure 2). Therefore risks of marketing a drug product without awareness and
recognition of the thermodynamically most stable form are very high. Getting the right
polymorph is not only important for drugs and pharmaceuticals but also for speciality
chemicals like explosives, dyes, pigments, flavours and confectionery products. For
example, anthelmintic drug mebendazole (Figure 3) exists in three polymorphic forms
(A, B, C).} Form A is the most stable polymorph, whereas form B and C are metastable
ones. The solubility order of the three polymorphs in 0.03M hydrochloric acid is A< C<
B. However, due to the increased toxicity of the highly soluble form B, form C is
clinically preferred because its solubility is sufficient to ensure optimal bioavailability.
This is important because polymorph A has no anthelminthic activity alone or when
present above 30% in polymorphic mixtures. But form C has tendency to convert into
stable inactive for A. So it is desirable to stabilize form C by additive, polymer,

excipients or cocrystal coformers (CCF).?

F AL %
E Q g A VA A

n =2 ‘L ) 0‘ o :

Q_“-’ 'q.b__a.r"”"" L A 1\; 4 b cﬂb ;d)- . d:é.*.fa.”
Q_.q.-.dtn_.af' Yood Lth \ %‘-’A'q et
w___a\.__b.:o y o

(@ ©

Figure 2 (a) The carboxamide dimer of crystallographic unique molecules (shaded
differently) in TMZ Form 1. Anti N—Hs are involved in N—H:*O and N-H---N bonds. (b)
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N-H-+-O and C-H---O dimers assemble in a tape motif in form 2. The anti NH of CONH,
makes only intramolecular hydrogen bond in this crystal structure (taken from ref. 6¢).

0

Form A, most stable
N -
>'N;_O”H3 s  Form B, metastable, toxic
H
\ Form C, metastable

Mebendazole

Figure 3 Three polymorphic forms of anthelmintic drug mebendazole, among them
metastable form C is therapeutically active.

The transformation to the undesired polymorph may take place through a solvent
mediated phase transformation'® during manufacturing process. On the other hand,
recognition of such processes may lead to its ultilization to obtain a desired polymorph.
For example L-glutamic acid have two polymorphs; metastable o and stable B form
(Scheme 3)."" L-glutamic acid, later converted to the monosodium salt used for taste
enhancement in food additive industry. It is crucial to obtain o polymorph rather § form.
The latter can lead to a situation in which crystallization slurry coagulates into a gel and
can no longer be processed.'"® Garti et al''® showed the addition of selected surface
active agents can lead to the preferential crystallization of the a polymorph of L-glutamic
acid. Trimesic acid and transglutonic acid, which conformationally mimic a form of
glutamic acid, selectively inhibit crystallization of f form and stabilize metastable o

form.

-
_,H.r

- o

(aconformer) (P conformer)

Scheme 3 Polymorphic Transformation of L-Glutamic acid from Conformation a to 8

Drugs that were previously known to exist only one form are now shown to have
various polymorphic forms. This has perplexed pharmaceutical companies and now they
have investigated crystal polymorphism in order to optimize the physical properties of a

pharamaceutical soild before the drug development. Otherwise late-stage phase
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transitions to a new polymorph can become a big setback for the company like anti HIV
drug ritonavir.'” To obtain exclusively metastable forms are recent techniques such as,
crystallization with structurally related additives, epitaxial growth, laser induced
nucleation, crystallization in capillaries, confinement within porous materials, using
polymers as heteronuclei, mechanical grinding, using supercritical liquids, gels etc.."”
High-throughput crystallization screens have been developed using a combinatorial

approach to capture crystal form diversity.'*

1.2.2 Thermodynamic relationships in polymorphs

crystallization occurs in two processes, (i) nucleation and (ii) crystal growth.
Although the exact mechanism of nucleation is not clear, a plausible mechanism is
supported partly by some experimental evidence.'”” From the thermodynamic point of
view, a solution is an entropy-dominated situation and a crystal is largely the
enthalpically determined outcome. In solution various clusters involving both solute
molecules and solvent molecules are formed using intermolecular interactions. This
brings elements of short range order in solution. These clusters are continuously
breaking, forming and rearranging prior to nucleation stage. At supersaturation these
clusters become larger in size and more short range order enters in the system. At this
stage nucleation occurs either by homogeneous nucleation (no effect of any external
factor) or by heterogeneous nucleation (effect due to foreign particle, physical
disturbance, scratched surface of vessel etc.) and solvent molecules from solute-solvent
clusters exit into the bulk solvent simultaneously forming the crystal, which is

characterised by long range order.'

Ostwald rule'’ states that a system moves to equilibrium from an initial high-
energy state through minimal changes in free energy. Therefore the structure that
crystallizes first is the one which has the lowest energy barrier (highest energy,
kinetically metastable). This form would then transform to the next lower energy state
until a thermodynamically stable state (lowest energy) is reached, the so-called

Ostwald’s Law of Stages (Scheme 1.4).
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Solutian

Metastable A

Enegy

Metastable B

—> Time Stable crystal D

Scheme 1.4 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 form A will then transform to the next lower energy
polymorph (metastable B) and so on (metastable C) until thermodynamically stable
crystal D appears, culled from ref. 17.

From thermodynamic consideration polymorphic pairs can be divided as
monotropic and enantiotropic systems.'® Monotropic systems are defined as systems
where a single form is more stable than others regardless of temperature. Enantiotropic
systems are defined as systems where the relative stabilities of the two forms invert at
some transition temperature before melting. Again heat of transition rule suggest that if
an endothermic phase change is observed at a particular temperature, the transition point
lies below that temperature, and the two polymorphs are enantiotropically related. If an
exothermic transition is observed, then there is no phase transition point below that
transition temperature. This can occur when two forms are monotropically related or
when they are enantiotropically related and the thermodynamic transition point is higher
than the measured transition temperature. Heat of fusion rule states that in an
enantiotropic system the higher melting polymorphs will have the lower heat of fusion. If
the higher melting polymorph has a higher heat of fusion, the two are monotropically
related.

Several analytical techniques are used to establish the thermodynamic behaviour
of polymorphs, e.g. Optical and/ or Hot Stage Microscopy (HSM), Differential Scanning
Calorimetry (DSC) etc. HSM can be used to obtain qualitative information on

polymorphic behaviour by visualising the morphology change under optical microscope.
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However thermal analysis (DSC or DTA) provides quantitative information about the
relative stability of polymorphic modifications, the energies involved in phase changes
between them and the monotropic and enantiotropic nature of those transitions.
Tolbutamide, an oral hypoglycaemic agent exists in five polymorphic modifications."
The thermogram of Form I" showed two peaks; a small endotherm at 40 °C followed by
another endotherm at 128 °C. The first peak was ascribed to a kinetically reversible
polymorphic transition to Form I" and the second peak corresponds to melting of Form
1", Polymorph I' is stable at high temperature and phase transition from polymorph II III,
and IV can clearly be described by DSC thermograms (Figure 4). Transitions II—I",
I—-I", IV—I" show those polymorph pairs are enantiotropically related. Enantiotropic
and monotropic relation between polymorphs in several instances are observed and
discussed in Chapter 2 and 3. HSM, DSC and X-ray diffractions measurements are
analyzed. Spectroscopic methods include Fourier Transformed Infrared (FT-IR), Near
Infrared (FT-NIR) and Raman spectroscopy etc., thermal analysis (DSC, TGA, HSM etc)
and finally X-ray diffractions (single crystal and powder X-ray diffraction) are generally

used to characterization of polymorphs.

30 L] 50 60 0 :1i] B0 100 110 120 130 140

Tem perature ["C)

Figure 4 DSC thermogram of Tolbutamide polymorphs at heating rate of 10°/min. The
polymorph conversions from other forms to form I (Ref. 19b).

Powder X-ray diffraction (PXRD) method is one of the most reliable methods

for identification and characterization of polymorphs based on line profile by taking a

safe threshold of A26 > +0.2°. Traditionally PXRD have been used for the qualitative
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identification of individual polymorphic phases or mixture of phases and considered as
fingerprint pattern. As polymorphs comprise different solids with different unit cells and
different arrangements of the molecules within the unit cell they have different finger
prints. For e.g. Chlorpropamide, anti-diabetic drug crystallizes as five polymorphs; a, f,
v, & and £.*° The PXRD of five polymorphs of chlorpropamide showed clear indication of
atleast five different solid phases of the API (Figure 5).

||
150 e
LH L _LL

30

] i i
3 10 2
20/degree

Figure 5 PXRD patterns of five polymorphs of chlorpropamide suggesting at least five

different solid forms exists, taken from ref. 22a.

1.3 Multi-component system

e Host-guest compounds, salts and cocrystals

Multi-component system can be divided into host-guest compounds, molecular

salts and cocrystals. The inclusion of small guest molecules in the open framework of a
host molecule constitutes a host-guest compound. Some common host molecules are
cyclodextrins, calixarenes, cucurbiturils, porphyrins, crown ethers, cryptophanes,
bisphenols and zeolites etc.”’ The difference between a host-guest adduct H*G and a
binary molecular complex A<B is that, in a host guest adduct there are either no H---H
and GG interactions, or H--H interactions along with weak H-'G association
stabilizing the structure. But in case of binary molecular complex A<B, there is a definite
A-B interaction comparable in strength to A---A or B-‘B aggregation. When the guest

molecule is a solvent of crystallization and present in the cavity of a crystal lattice, the

12|Chapter 1



structure is referred to as solvate or pseudopolymorph. When the guest molecule present
in the crystal structure is water, it is referred to as hydrate.

Solvates, hydrates (pseudopolymorphs)™ are of great importance in the
pharmaceutical industry. The drug development process exposes active pharmaceutical
ingredients (APIs) to various organic and aqueous solvents during crystallization, wet
granulation, storage and dissolution can lead to the formation of pseudopolymorphs. The
most important point is that some APIs form solvates while others do not. The propensity
of an API molecule to form solvates has been related to molecular structural features,
hydrogen bond patterns, donor-acceptor imbalance and crystal packing. About one third
of the drugs are able to form hydrate. Generally hydrates are less soluble than anhydrous
compound because of repulsion of water molecules present in the crystal lattice and
external solvent molecules. But interestingly norfloxacin hydrate and tegaserod mono
hydrate showed better solubility than its corresponding anhydrous forms.”**¢ Hence
hydration plays an important role in altering solubility and stability of a drug. Some
important drugs which are marketed as solvates are Indinavir sulphate ethanolate
(Crixivan), Darunavir ethanolate, Doxycycline HCI ethanolate, Mirtazapine hemihydrate
(Remeron), Paroxetine HCI hemihydrate (Paxil), Atorvastatin calcium trihydrate
(Lipitor) and Cephradine dihydrate (Velosef).”

A cocrystal can be defined as multi-component assembly of two or more solid
crystalline materials involving in noncovalent interactions in a definite stotiometric ratio
results homogeneous phase and solid at ambient conditions.”* Co-crystals can be
constructed through several types of non-covalent interactions, including hydrogen
bonding, & stacking, and vander Waals forces. Again salt is defined as multi-component
system where proton is transferred from acidic to the basic moiety. Salts and cocrystals
are the extreme cases of proton position between an acid and a base in multi-component
crystals. At the salt end the proton transfer is complete, and on the opposite end proton
transfer is absent in cocrystals where the acid ionization constant (pK,) governs the
formation of a salt or cocrystal.”® Both of them are very useful for alteration of
physicochemical properties of an API. Salts of API are used in pharmaceutical industry
for the past many decades but pharmaceutical cocrystals are still in the pipeline and

much widely studied in the last decade.*
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1.3.1 Pharmaceutical cocrystals

Pharmaceutical cocrystal is a subclass of cocrystals that are formed between an
Active Pharmaceutical Ingredient (API) and generally regarded as safe (GRAS)
molecule’’” or biologically acceptable to the human body. Cocrystallization is a process
to combine together different molecular species within one periodic crystalline lattice by
noncovalent interactions without making or breaking of covalent bonds. As a result, it is
expected that API should retain its biological activity as before cocrystal formation.
During cocrystallization, two things can happen: interacting molecules may separate
yielding individual solids or crystallize together as a cocrystal. During falling apart of
individual component may crystallize into metastable forms also.”® The goal of the
recrystallization is to obtain homogeneous phase, whereas cocrystallization produces a
heteromeric product or a binary phase (Figure 6). The most common method of
obtaining cocrystals is to dissolve the components in a suitable solvent system and
allowing for crystallization to take place. Gentle warming is necessary to dissolve the
solids and sometimes an anti-solvent is added or the solution is subjected to sonication to
accelerate crystallization. This empirical, trial-and-error method is referred as solution
crystallization. Jones®™ showed that by adding a few drops of solvent during grinding/
kneading, referred to as solvent-drop or solvent-assisted grinding, one can accelerate
adduct formation due to lubrication. Again recently utilizing Kofler mixed fusion
method,” nicotinamide cocrystals with seven active pharmaceutical ingredients were
prepared. Here higher melting point component (A) melted and recrystallized before

molten component (B) is brought into contact with it, creating a zone of mixing, shown

in Figure 6.
) [ ] Zone of mixing
% : &%&
O JLTAYAYAN
e 4 prass ﬁl-donl'\lll £
O LA, - - Highest melfing point er uelting point
- g = mponent
X ® E
X0 —_—=
Accelerate co-crystallization
W Manual or Ball mill grinding
Pry— Solvent drop grinding
Ultra-sonication
(a) (b)

Figure 6. (a) Events that take place during co-crystallization. Two components
may fall apart yielding individual phases or obtain as a cocrystal. (b) Various
methods (solution, slurry, grinding, ball milling or melt) used to prepare
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cocrystals.

1.3.2 Pharmaceutical salts

Salt formation is a useful method for isolation and purification of substances.
The formation of a pharmaceutical salt can modify the physicochemical as well as the
biological properties of an ionizable drug, which cannot be predicted from the properties
of the parent drug and of the counter ion. Salt formation is an acid base reaction and a
compound having an acidic or basic group can participate in salt formation.
Improvement of solubility and dissolution rate of weakly acidic or basic drug having
poor water solubility is the primary reason for preparation of pharmaceutical salt forms.*
In addition salt formation also influences many other properties like melting point,
hygroscopicity, chemical stability, solution pH, crystal form, and mechanical properties.
An estimated half of the drugs in the market are administered in the salt form. It is easier
to select a salt forming agent by knowing the acid ionization constant (pK,) value of each
ionizable group present in API. It is generally accepted that reaction of an acid with a
base will be expected to form a salt if the ApK, (ApK, = pK,(conjugate acid of base) —
pKa(acid)) is greater than 3.” Nangia®® and coworkers noted that a smaller ApK, (less
than 0) will almost exclusively result in cocrystal formation, the parameter is
inappropriate for accurately predicting salt formation in the solid state when ApK, is
between 0 and 3, as some examples are there where partial proton transfer is the case.
Salt former selection is an important aspect in preparing pharmaceutical salts from
toxicological and pharmacological point of view. Salt formers can be subdivided into a
number of categories, depending upon their functionality and purpose. Some of the most

frequently used pharmaceutical salts are listed in Table 1.

Table 1 Classification of some common pharmaceutical salts (ref. 30g)

Salt Class Examples

Anions
Inorganic acids hydrochloride, hydrobromide, sulfate, nitrate, phosphate.
Sulfonic acids mesylate, esylate, isethionate, tosylate, napsylate, besylate.
Carboxylic acids acetate, propionate, maleate, benzoate, salicylate, fumarate.

Anionic amino acids  glutamate, aspartate.

Hydroxyacids citrate, lactate, succinate, tartrate, glycollate.
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Fatty acids hexanoate, octanoate, decanoate, oleate, stearate.

Insoluble salts paemoate (embonate), polystyrene sulfonate (resinate).
Cations
Organic amines triethylamine, ethanolamine, triethanolamine, meglumine,

ethylenediamine, choline.
Metallic sodium, potassium, calcium, magnesium, zinc.

Cationic amino acids  arginine, lysine, histidine.

1.4 Solubility and dissolution rate

According to the simplest definition, 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. Aqueous solubility
is essential for drug candidates. Poor aqueous solubility 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. The FDA regulations concerning oral medications require more
extensive investigation of compounds with low solubility, and it may have an even
greater impact in the case of its dosage forms. Again high concentrations of poorly
soluble drugs in organisms may result in crystallization and acute toxicity, as in the case
of uric acid and gout. Overall, poor solubility of drug candidates has been identified as
the cause of numerous drug development failures.’’ The traditional approach of salt
formulation to improve drug solubility is unsuccessful with molecules that lack ionisable
functional groups, have sensitive moieties that are prone to decomposition/racemization,
and/or are not sufficiently acidic/basic to enable salt formation. Cocrystals are preferred
over salts because of stability towards hydration of the former. Cocrystals have the
ability to tune physicochemical properties e.g. solubility, stability, bioavailability etc.
which are the major concern in most APIs.

According to the Biopharmaceutics Classification System (BCS),* drugs are
classified into four categories depending on their solubility and permeability parameters
(Table 2). The seminal work of Amidon™® showed that drug absorption in the
gastrointestinal (GI) tract is controlled by membrane permeability and

solubility/dissolution rate. Permeability is measured as the partitioning of the drug
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molecule in its uncharged or neutral state between n-octanol and water, represented by
log P. The reference standard for defining high or low permeability boundary is the n-
octanol/water partition coefficient for metoprolol (log P 1.72). Drugs having log P > 1.72
are categorized as high-permeability because metoprolol is known to be 95% absorbed in
the GI tract. High/low solubility is defined with reference to the Dose number, Do, which
is the ratio of the highest drug dose strength in the administered volume (taken as 250
mL = a glass of water) to the saturation solubility of that drug in water (measured in
mg/L). A Do value of <1 means a highly soluble drug whereas Do is >1 for low
solubility compounds. In simple terms, Do is the number of glasses of water required to
dissolve the tablet at its highest dose. Do values of 25-100 are considered low solubility
drugs and this number can even exceed 1000. The serious problem posed by low
solubility drugs was highlighted in recent articles,” over 80% drugs are sold as tablets.
About 40% of marketed drugs have low solubility problems. More alarming is double
the percentage of drug candidates in the R&D pipeline (80-90%) which could fail due to
solubility problems (Table 3).

Table 2 The Biopharmaceutics Classification System of drugs (ref. 34) according to
intestinal absorption and oral administration parameters.

Class [ - High solubility, High
permeability

Class IT— Low solubility, High
permeability

Table 3 Low Solubility Drugs in the Market and in the Development Pipeline According

Propranolol, Meioprolol,
Diltiazem, Verapamil,
Theophylme, Paraceianiol.
Pseudoephedrine sulfate,
Motformin hydrochlonide

Danazol, Ketoconazole, Mefanimic
acid, Nisoldipine, Nifedipine,
Nicardipine, Feladipine,
Atovaquonc, Griscofulvin,
‘Troghirazone, Ghbenclamade,
Carbamazepine

Class I1I - High solubility, Low
permeability

Acyclovir, Neomycein, Caplopril,
Enalprilate, Alendronate, Atenolol,
Cimctidinc, Ranitidine

Class IV — Lov solubility, Low
permeability

Chlorothiazine, Furosermde,
Tobramycin, Cefuroxime,
Tiraconazolc, Cyclosporin

to the Biopharmaceutics Classification System (ref. 35).

BCS Class Solubility Permeability % drugs on market % drugsinR & D
pipeline

I high high 35 5-10

I low high 30 60-70

1 high low 25 5-10

v low low 10 10-20
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The solubility and dissolution are related to each other. The concentration of the
solute in the solvent, at which the rate of molecules leaving the bulk solute surface
becomes equal to the rate of redeposition, is the thermodynamic solubility. The rate at
which this equilibrium is achieved is defined as the dissolution rate. Therefore solubility
is an equilibrium process while dissolution is a kinetic phenomenon. According to
Noyes—Whitney,** dissolution rate of a solute in a solvent is directly proportional to its
solubility described by the equation

4 o

Dissolution rate = o (C,—Cy)

where,

dQ/ dt is the rate of mass transfer

D is the diffusion coefficient (cm”/ sec)
A is the surface area of the drug (cm?)

h is the diffusion layer thickness (cm)
C; is the saturation solubility of the drug
Cy, is bulk solution concentration.

When particles dissolve by pure diffusion, the concentration at every point away
from the solid-liquid interface increases, but the concentration gradient decreases with
time. Therefore overall dissolution rate decreases and becomes constant with time and a
pseudo-steady state is reached. Noyes and Whitney proposed the diffusion layer
model.** When surface area is constant, the dissolution rate is proportional to the
difference between solubility and the bulk solution concentration.

Dissolution rate = k (C,— C,)

where, K is a constant (mass transfer coefficient)

1.4.1 Types of Dissolution

There are two different types of experimental dissolution methods (1) Planar
surface dissolution and (2) Powder dissolution.
e Planar Surface Dissolution

For experimental determination of dissolution rate the planar surface model is
the simplest one having simple mathematics for calculation. For calculating dissolution

rate the Noyes-Whitney equation can be used. Generally for pharmaceutical solids
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measuring dissolution rate from a well defined surface is a popular way, for that intrinsic

dissolution rate (IDR) determination is one example.

o Intrinsic Dissolution Rate

When agitation intensity and surface area are fixed, dissolution rate can be
considered as a property of solid. This loosely defined property is called the Intrinsic
Dissolution Rate (IDR). Due to the close relation between IDR and solubility, it can be
used as a method of solubility estimation, when equilibrium solubility cannot be obtained
experimentally. For the intrinsic model the container shape, agitation intensity (rotation
per minute, rpm), bulk solvent volume, temperature of the medium etc. are kept constant

to calculate the dissolution rate. The rotating disk apparatus for measuring IDR and the

K-iixls

 Rotating disk o i w
|
|
|

(a) (b)

Figure 7 (a) Rotating disk apparatus for measuring IDR. (b) Liquid flow pattern around
the rotating disk apparatus (ref. 35¢).

liquid flow are shown in the Figure 7.

S

——— Dissolution medium

e Powder Dissolution

To calculate dissolution rate experimentally the planar surface model is useful
but in a real sense the drug dissolution involves solid particles and is very complicated
process as the total surface area changes during dissolution. Powder dissolution® is
based on the real dissolution phenomenon occurs inside the body. In this model the effect
of particle size and shape play a crucial role. Generally for high soluble APIs, intrinsic
dissolution experiment is better than powder dissolution because it provides dissolution
rate in 4-5 h period, which is critical time for a fast dissolving drug. The drug will act

accordingly in the biological system and it is preferred as tablet formulation. But for low
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soluble APIs, powder dissolution experiment is more appropriate to obtain maximum
solubility with respect to time and capsule formulation is better approach here. To
improve solubility of specially BCS class II and IV APIs, cocrystals design approach is a
prefereed option. Recent examples of cocrystals of anti-depressent drug, fluoxetin
hydrochloride, anti-fungal drug itraconazole (sporanox), chronic pain killer AMG 517,
and anti-epileptic drug lamotrigine (Lamictal) and carbamazepine showed better
solubility than the APL”" Antifungal drug Itraconazole extremely water insoluble and
administered both orally and intravenously. The oral formulation of itraconazole is the
amorphous form coated on the surfaces of sucrose beads, and marketed as the
Sporanox® capsule. Interestingly, no crystalline salt of itraconazole has been reported in
the patent literature, even though salt formation using itraconazole and an acidic salt
former would seem to be a logical approach to improve the absorption properties of the

1.°7* prepared stable pharmaceutical cocrystals and especially

API. Remener et a
itraconazole—L-malic acid cocrystal, exhibits a similar dissolution profile to that of the
sporanox beeds in 0.1 (N) HCl medium, is an alternative to the existing amorphous
formulation (Figure 8). The cocrystals improved the solubility 4-20 fold higher
concentration than the crystalline drug form and the peak values were maintained for up

to 8 h.

(1] ™)

| | I I
0 100 200 300 400
Time (min)

Figure 8 Dissolution curves in 0.1 N HCI at 25°C. Sporanox capsule amorphous form
(m), crystalline itraconazole (#), L-malic acid cocrystals ('V), tartaric acid cocrystal (e),
and succinic acid cocrystal (A) (ref. 37a).

Again epileptic drug Lamotrigine®”® showed possibility of cocrystals with methyl

paraben, nicotinamide and salt with saccharin. The saccharinate salt exhibited the
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highest concentration in water and maintained its peak profile for 4 h (Figure 9a). The
decrease in pH from 5.5 to 5.1 was attributed as a reason for the highest dissolution rate
of the saccharinate salt. The increase in the solubility of lamotrigine is higher in acidic
medium compared to pure water by about 10%, it being a basic drug. The methyl
paraben cocrystal had the highest dissolution profile in acidic medium and maintained its
level for 4 h (Figure 9b). Nicotinamide cocrystal had the second highest concentration
profile in neutral medium whereas its hydrate form was higher in acidic solution.
Rodriguez-Hornedo®® recently proposed that cocrystal solubility is directly proportional
to the solubility of its components. However, the available data on lamotrigine cocrystals
discussed above shows mixed results. Nicotinamide has the highest solubility (1 g/mL);
it is used as a hydrotrope for solubility improvement, but its cocrystals exhibited the
second highest solubility after saccharinate and methyl paraben in neutral and acidic
medium, respectively. It appears that the theoretically expected linear relationship
between the solubility ratio of the components plotted against the solubility of the

cocrystal former divided by the solubility of the API*®

will be realized only when the
crystal structures have similar hydrogen bonding and molecular packing. This results

showed clearly that solubility/dissolution is pH dependent.
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Figure 9 Dissolution profile of lamotrigine crystal forms in (a) water and (b) pH 1
buffer. Lamotrigine, 2 = lamotrigine—methyl paraben (form 1II), 3 =
lamotrigine—nicotinamide (anhydrate), 4 = lamotrigine—nicotinamide (monohydrate),
and 5 = lamotrigine—saccharinate salt (ref. 37b).

1.4.2 Spring and Parachute model

Recently Nangia et al.* explained the reason behind the solubility enhancement
of pharmaceutical cocrystals which are bound through weak intermolecular interaction
through Spring and Parachute model. The enhanced solubility of drug cocrystals is
similar to the supersaturation phenomenon characteristic of amorphous drugs. However,
in contrast to the metastable nature of amorphous phases, cocrystals are stable owing to
their crystalline nature. Yet, cocrystals can exhibit dramatic solubility advantage over the
stable crystalline drug form; often comparable to amorphous pharmaceuticals.’® The
“spring and parachute” concept for amorphous drug dissolution is adapted to explain the
solubility advantage of pharmaceutical cocrystals. Thus (1) the cocrystal dissociates to
amorphous or nanocrystalline drug clusters (the spring), which (2) transform via fast
dissolving metastable polymorphs to the insoluble crystalline modification following the
Ostwald’s Law of Stages, to give (3) high apparent solubility for cocrystals and optimal
drug concentration (the parachute) in the aqueous medium (Figure 10). They proposed
possible mechanism for the solubility advantage of pharmaceutical cocrystals (Figure
11). The dissociation of the hydrogen bonded cocrystals in the aqueous medium liberates

the more soluble coformer into the solution, whereas the less soluble drug molecules
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aggregate as an amorphous phase because of the sudden crashing out from solution.
These aggregates lack the long-range order and periodicity characteristic of the
crystalline state. The amorphous phase gives peak drug solubility for a short period (the
spring), which will gradually transform to metastable polymorph(s) and thereby extend
the metastable zone width (the parachute effect). Finally, the drug will transform to the
stable, insoluble polymorph, but by this time the bulk of the drug has been absorbed
through the fast dissolving metastable state(s). The Ostwald’s Law of Stages could
stretch the metastable zone width to several hours. If the amorphous phase directly
transforms to the stable crystalline form without the intermediacy of metastable
polymorphs (dash arrow), the drug will exhibit spring effect only.

1-crystalline powder

> “Spring”
= = 2—spring
o @ . : 3 —spring with parachute
S Me to § "Parachute”
e stﬂb;@
o %0ne
—
@ #
Q
c
o]
]
211]
=]
I
(@]

Time

Figure 10 The spring and parachute concept to achieve high apparent solubility for
insoluble drugs. (1) The crystalline (stable) form has low solubility. (2) A short-lived
metastable species (i.e., amorphous phase) shows peak solubility but quickly drops
(within minutes to an hour) to the low solubility of the crystalline form. (3) Highly
soluble drug forms are maintained for a long enough time (usually hours) in the meta
zone (ref. 39).
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Figure 11 Possible mechanisms of pharmaceutical cocrystals in dissolution medium (ref.
39) Dissolution experiments of pharmaceutical cocrystals of biologically active molecule
curcumin (chapter 4), antitumor prodrug temozolomide (chapter 5) and anthelmintic
niclosamide (chapter 6) will be discussed.

1.5 Stability issue of pharmaceutical cocrystals

The stability of a solid drug substance in the presence of atmospheric moisture is
of concern to the pharmaceutical industry as it has practical implications for processing,
formulation, packaging, and storage. It is sometimes the case that an anhydrous crystal
form is stable below a certain critical relative humidity (RH), but at higher RH it
converted to a crystalline hydrate.”” In these cases, solid form selection is often
employed to search for a polymorph or cocrystal form that exhibits greater stability at
high RH values. According to International Conference on Harmonization (ICH)
guidelines,"" three storage conditions for APIs are 25°C and 60% RH; 30°C and 65% RH
and 40°C and 75% RH (Table 4).The choice of test conditions defined in this guideline is
based on an analysis of the effects of climatic conditions in the three regions of the EC,
Japan and the United States. In general, a drug substance should be evaluated under
storage conditions (with appropriate tolerances) that test its thermal stability and, if
applicable, its sensitivity to moisture. For long-term studies, frequency of testing should
be sufficient to establish the stability profile of the drug substance. For APIs with a
proposed re-test period of at least 12 months, the frequency of testing at the long term
storage condition should normally be every 3 months over the first year, every 6 months

over the second year, and annually thereafter through the proposed re-test period.
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Table 4 Different storage conditions according to ICH guidelines (ref. 41)

Study Storage condition Minimum time period covered by
data at submission
Long term* 25°C £ 2°C/60% RH + 5% RH 12 months
or

30°C £ 2°C/65% RH + 5% RH
Intermediate** 30°C + 2°C/65% RH + 5% RH 6 months
Accelerated 40°C £ 2°C/75% RH + 5% RH 6 months

For e.g. Nitrofurantoin (NF) is a well known antibacterial drug extensively used
as an oral treatment for urinary tract infections.*> The physical stability of NF-4HBA (1:
1) co-crystal was tested against that of NF (B-form) at various relative humidity (RH)
and temperature conditions recommended by the ICH guidelines for pharmaceutical
stability testing.*® Incubated samples were analyzed by PXRD at designated time points.
There were no detectable changes with NF (B-form) stored at 24 °C and RH (<10, 33, 57,
75%) and at 40 °C and 75% RH as per the PXRD. However, NF anhydrous (B-form)
converted to NF hydrate (Form II) at 24 °C and 97% RH in 7 weeks whereas at 40 °C
and 96% RH, phase transformation was rapid and it occurred within one week. Figure 12
shows the PXRD patterns analyzed for stored samples of NF (B-form) and NF-4HBA at
24 °C and 97% RH up to 13 weeks and compared against native samples and pure NF—
H20 (Form II). The start of phase transformation was observed at 7 weeks for NF (p-
form) in PXRD. Interestingly, NF-4HBA was robust and was found to remain unchanged
in all the tested stress conditions.” Stability study of antitumor prodrug temozolomide
(chapter 5) and anthelmintic niclosamide (chapter 6) and their pharmaceutical cocrystals

will be discussed.
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NF-4HBA (1:1) at 24 °C, 97% RH

Intensity (arbitrary units)

Figure 12 PXRD patterns of (a) NF (B-form), and (b) NF-4HBA incubated at 24 °C and
97% RH. While NF changed to NF-H,O (Form II) by 7 weeks, the co-crystal remained
intact (ref. 42).

To summarize, solid form selection is an important aspect of drug development.
Although polymorph screening is required, preformulation activity, the scopes and
experimental breadths of screens vary. It is important to do experiments as many as
possible to obtain all possible crystalline forms before marketing the most stable API
with optimum solubility, bioavailability and stability for further development. A
metastable polymorph often has higher solubility and hence it is the desired polymorph
for better bioavailability. In balance, however, the practical advantage of greater stability
takes precedence over a more soluble but metastable polymorph. Using additive,
polymer, excipients, stabilising metastable polymorphs will be good option for
marketing. Again through the last decade, pharmaceutical cocrystals proved betterment
of solubility, bioavailability, compressibility, stability etc. for an API. Still not a single
cocrystal is marketed till clinical trials and dissociation of cocrystals to API to be
confirmed before reaching the target side. To conclude, Solid State Chemistry has
immense potential in the pharmaceutical Industry. Different solid forms of APIs
(polymorphs, cocrystals, salts, hydrates, solvates etc.) can provide drugs with improved

physicochemical properties.
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Chapter Two

Phase Transformation in Conformational

Polymorphs of NSAID Nimesulide

Form I Molecular overlay of Numesulide Form II

Two conformational polymorphs of nonsteroidal anti-inflammatory drug
nimesulide and their molecular overlay. Nimesulide Polymorphs arise from the
torsional degrees of freedom at secondary sulfonamide group and phenoxy
ring.
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2.1 Introduction

Long-range periodicity of molecules in crystalline solids results in substantial
differences in physical and chemical properties.’ Majority of drugs (>90%) are
administered as solids and preferred in their crystalline forms because of superior purity
and stability over amorphous solids. Crystal structure, polymorphism, morphology,
shape and size have economical and practical impact on active substances at all stages of
development from research to commercialization. Crystalline forms of solid compounds
may either exist as single molecular entities or multi-component species. The
contribution from various possible intermolecular interactions like van der Waals, ionic,
hydrogen bonding etc. will be different in different polymorphs. As a result their
physical and chemical properties will be different. ‘Polymorphism’ comes from the
Greek word, Polus=many, morph=form. Polymorphism” is defined as the phenomenon
by which a given compound may exist in more than one distinct crystal structure, an
extremely important phenomenon in single and multi-component species. Multi-
component crystals include salts, hydrates, solvates and cocrystals of a molecule where a
second component (counter-ion, water, solvent or a cocrystal former respectively) is
incorporated into the crystalline lattice. After the accidental discovery of less soluble
form of the anti-HIV drug Ritonavir, Abbott Laboratory suffered commercial loss of
almost $800 billion.” Growing a new and selective crystalline form, understanding
polymorphism and phase transformations between polymorphs is important specially in
pharmaceutical developments.” Thus it is essential to screen all possible polymorphs (all
crystalline forms) of a drug molecule and choose the right candidate preferably the most
stable polymorph. This led to an increased interest in developing methods to control the
outcome of crystallization in producing desired polymorphs. Control over the formation
of different polymorphic structures during production is desirable, especially to avoid
concomitant polymorphism™®. A mixture of polymorphs is chemically pure but it is not
pure in a crystallographic sense as it consists of crystals with different packing
arrangement. The relative stability of polymorphs is defined by thermodynamics, but the
structure that will actually form, depends also on kinetics, that is, competitive nucleation

and growth rates. The focus of the current chapter as well as the next one is on different
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crystallization conditions which has a direct impact on the resulting polymorphic

outcome.

2.2 Types of polymorphism

Polymorphism is a major challenge in the fundamental understanding of
crystallization and received immense practical importance in pharmaceuticals as each
polymorph can exhibit different chemical and physical properties including dissolution
rate, oral absorption, bioavailability, stability, melting point, solubility, tableting, optical
and mechanical properties, vapor pressure, etc.” When different conformers (flexible
torsions) of the same molecule occur in different crystal forms, the phenomenon is
termed as conformational polymorphism.’ Polymorphism perhaps tends to be prominent
in molecules that contain multifunctional groups, thereby forming multiple
supramolecular synthons known as synthon polymorphs. Polymorphism in isomeric
hydroxybenzoic acids® is an example of synthon polymorphism.® When polymorphism
arises only because of different packing arrangement of molecules with the presence of
same synthon or similar conformation, then it represents a case of packing
polymorphism.” The simultaneous appearance of polymorphs of a substance under
identical conditions are called concomitant polymorphs. Near equal lattice energy or
stability of various polymorphs of a compound is usually a prerequisite for observing
concomitant polymorphism.® Though polymorphs can be differentiated using this
classification, yet there are cases where two or more types of polymorphism exist in the
same polymorphic system. Polymorphism in Furosemide (brand name Lasix), a diuretic
drug, is due to both conformational and synthon differences (Figure 1).”* Pyrazinamide™
is also a similar case where both synthon and packing polymorphism was observed.
Again Clonixin (chemical name 2-(2-methyl-3-chloroanilino) nicotinic acid)”, a
nosnsteroidal anti-inflammatory drug was crystallized as three neutral polymorphs ( form
I, IIT and IV) and one zwitterionic form. Here polymorphs arise because of robust acid-
pyridine synthon in form I, carboxylate-pyridinium ionic hydrogen bond and acid-acid
dimer synthon (Figure 2). But carboxylic acid dimer synthon is present in both forms III

and form IV. Thus clonixin is a good example of synthon polymorphs.
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Figure 1 (a) The three torsion parameters in Furosemide®: 11=C-C-S-N, 12=C-N-C-C,
13=N-C-C-O. The anthranilic acid moiety is locked in an intramolecular hydrogen bond.
(b) Overlay of four conformations in Furosemide crystal structures. Form 1 conformers
(magenta and blue) have similar 11 but different 12 and 13 values, whereas all three
torsion angles are different in form 2 and 3 conformers (yellow and red).
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Figure 2 Synthon polymorphs of clonixin: Carboxylic acid-pyridine heterosynthon is
present in form I. Form II (zwitterionic) consists of carboxylate-pyridinium ionic
hydrogen bond. Again acid-acid dimer synthon is present in both form III and IV (culled
from ref. 9c¢)

2.2.1 Methods of crystallization of polymorphs

During nucleation, millions of molecules must aggregate to form a crystal. In
this process, if there are energetically viable pathways, molecules may choose any of
these depending upon the crystallization conditions. This leads to the crystallization of
different polymorphs. Thus formation of a large aggregate (i.e. nucleation) is an
important step in the formation of a polymorph. Selective growth of a particular
polymorph is an important goal for the pharmaceutical chemist. This led to an increased
interest on developing methods to control the outcome of crystallization in producing
desired polymorphs. In anti-solvent crystallization,'® a solution of the compound that has
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to be crystallized is mixed with an antisolvent. Mixed solvent lowers the solubility of the
compound compared to the original solution which creates a driving force for
supersaturation by changing the interfacial energy between solution and crystal. The
increase in supersaturation ratio results in a decrease of the nucleation, while the increase
of the interfacial energy results in an increase of the nucleation. For example anti-solvent
crystallization of L-Histidine'™ from aqueous solution with ethanol as anti-solvent the
polymorphic fraction of the metastable polymorph B increased with increasing
supersaturation ratio. Rapid cooling and different cooling rates can also results in new
polymorphic modification. The use of structurally similar additives that direct the
nucleation process of a synthon through habit modification in the supersaturated solution
has been recognized as a new entry toward manipulating new crystalline modification
and growth. Additive induced polymorphism or cocrystallization is explored recently and
there are many instances of new polymorphs being discovered as unintended outcomes
of cocrystalization experiments. Polymorphs of mefenamic acid, benzidine, acridine,
pentafluorophenol are some interesting examples of additive induced polymorphism."
Structurally related compound, flufenamic acid stabilizes the metastable form of
mefenamic acid against solid state polymorphic transformation. It was shown that
flufenamic acid attached on the (100) face of crystals or was incorporated into
mefenamic acid crystals. Stabilization could be achieved by inhibiting nucleation of the
new phase and by decreasing the energy difference between the polymorphs.'™* Kofler
contact method, change in pH can also lead to a new polymorphic outcome.'? Solution
crystallization by slow vaporization at different temperature condition is default
crystallization technique to screen for new polymorphic modifications.”> More common
and current approaches for discovery and selection of polymorphic forms of a compound
include crystallization with tailor made soluble additives,'® polymer induction, epitaxial
growth, laser induced nucleation, crystallization in capillaries, confinement within
porous materials, and more traditional methods, such as varying solvent, temperature,
and extent of supersaturation.'® High throughput polymorph generation is limited to

combinatorially changing solvent, temperature, and supersaturation conditions."*"
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2.3 Problems of choosing best solid form

Drugs can exist in different crystalline forms depending upon various
interactions possible from the synthon point of view. In the literature, there are many
example of suitability of using one crystalline form over the other.'”” However; a limit
exists in the use of metastable forms because of their higher free energy'® and reactivity
than the stable form, with adverse effects on their physicochemical stability. Crystal
modifications can also appear during the formulation phase, or even during the normal
shelf-life of tablet. Changes in crystal form could be a consequence of some common
technological process such as wet granulation, melting, spray drying, compression,
milling'” that are required to produce the final dosage form. The possible incidence of
these phenomena must be discovered and studied. Therefore detection and the full
characterization of all the possible polymorphs or solvates that can be formed are of
paramount importance. In addition, the use of organic solvents, can give important
problems on the residual solvent content, especially when they remain in high amount in
the crystalline drug structure. Hence, solvent must be removed by desiccation and the

efficacy of the process must be demonstrated.

2.4 Nimesulide

Nimesulide (chemical name, 4-nitro-2-phenoxymethanesulfonanilide) is an non-
steroidal anti-inflammatory drug (NSAID) that is particularly selective towards a
preferential Cyclooxygenase-2 (COX-2) inhibition."® Nimesulide is widely used as solid
oral formulations (100 mg tablet dose). It has analgesic, anti-inflammatory and
antipyretic properties with moderate incidence of gastric side effects and high therapeutic
index. It is an inhibitor of prostaglandin synthetase and of platelet aggregation.
Nimesulide possesses a much lower risk for gastroduodenal lesions compared to classical
NSAIDs. It is also safe in aspirin—sensitive asthmatic patients. Nimesulide also showed
suppression of aromatase activity and expression in several breast cancer lines.'®"®
effects. Nimesulide is a BCS (Biopharmaceutical Classification System) class Il drug

with poor aqueous solubility (10 mg/L) and dose number D, 40 and high permeability

(log P=2.56)."™™ Some literature of increasing solubility of nimesulide by encapsulation
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of sodium nimesulide and precursors in B-cylodextrin, evaluation of nimesulide
lyophilized orally disintegrating tablets, using polymer nanocomposites crosprovidone,
CD complexes with L-lysine etc. are reported.”” The active drug is used as a tablet
formulation loaded into crosprovidone along with lactose and cellulose. Differential
scanning calorimetry (DSC) and X-ray powder diffraction (PXRD) pattern of

crosprovidone-loaded Nimesulide ™

showed a mixture of two polymorphic
modifications; the native material (form I) and the phase reported on ICDD and CSD
databases (form II). The crystal structure of metastable form II (CSD refcode WINWUL)
was reported in 1995 by Dupont et. al.*’ but the crystal structure of form I (native or
reference material) is not reported to our knowledge. Nimesulide undergoes polymorphic

modification from form II to I during formulation.”®

Despite the commercial importance
of this drug, polymorphism and stability studies of Nimesulide are not available in the
published literature. We report the X-ray crystal structure of the stable form I of
Nimesulide and phase stability relationships characterized by IR, Raman, ss-NMR,
PXRD and DSC. Furthermore solubility and intrinsic dissolution experiments were

carried out on both polymorphs.

2.5 Result and Discussion

Nimesulide (Figure 1) was purchased from Sigma-Aldrich and used without
further purification. The compound was also extracted from the marketed drug Nimulid
(India) using methanol or acetone solvent and its chemical structure was confirmed by
NMR, IR and Raman spectroscopy and melting point. Nimesulide polymorphs were
crystallized concomitantly from EtOH and MeOH, and they were easily identified by the
difference in their morphology. Crystals with acicular and prismatic morphology were
characterized as form II, and rod-shape morphology is associated with form I. Form II
was crystallized exclusively from THF and acetone. When Nimesulide was crystallized
with succinic acid as a co-crystallization additive®" in EtOH solvent, rod-shape crystals
of form I appeared concomitantly with form II, but now the former being in larger
quantity. The pure form I could be generated by solvent crystallization, slurry grinding,

and solvent-drop grinding (discussed later).
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2.5.1 Crystal structural analysis

Single crystal X-ray reflections were collected on a rod-shaped crystal. The
structure of form I was solved and refined in the orthorhombic space group Pca2; with
two molecules in the asymmetric unit (Z' = 2). X-ray data on form II is matched with the
reported space group C2/c (Z' = 1).*° The newly reported X-ray structure of form I and
reported form II were both collected at 100 K for better comparison. We note that their
unit cells (see Table 1) are similar having the relationship a; = cy, by = by, and ¢; = gy, i.e.
b-axis is identical, but a and c-axes are interchanged.

The two molecules (A and B) form individual tapes mediated through N-H---O
hydrogen bonds along [-1 0 0] or [1 0 0] (Figure 2). Conformer A has stronger hydrogen
bond (N1-H1--03, 2.09 A, 3.001(6) A, 148°) compared to conformer B (N3-H2--09,
2.28 A, 3.079(6) A, 135°). These molecular tapes are C—H--O hydrogen-bonded (C19—
H19--06, 2.45 A, 3.463(6), 155° and C6-H6--01, 2.39 A, 3.420(6) A, 159°) to the
sulfonyl oxygen from the relatively acidic phenyl CH ortho to the NO, group. The
absence of crystallographic symmetry between A and B molecules means that the crystal
system is non-centrosymmetric and polar (Pca2;). Form II crystallizes in the
centrosymmetric space group C2/c. The molecular tapes are again formed via
intermolecular N—H:--O hydrogen bond (N2-H1--03, 2.14 A, 3.044(2) A, 148°) that run
in opposite direction for adjacent tapes. In effect, the difference between the two
polymorphs is in the N-H---O chain direction and associated molecular arrangement: it is
XYYX in form I but XYXY in form II (where X denotes the N-H---O chain going from
left to right and Y is in the opposite directions). Neutron normalized hydrogen bond
parameters calculated in Platon are listed in Table 2. The presence of torsional degrees of
freedom in the Nimesulide molecule (Figure 1) indicates the possibility of
conformational polymorphism. The two conformers of form I (blue and pink, Figure 3)
have very similar torsion angles whereas the molecule in form II (red) has different
torsion angles at the phenoxy and sulfonamide groups (Table 3).

Z denotes the number of molecules in the unit cell while Z' is the number of
independent molecules in the asymmetric unit. Z' is the number of formula units in the
unit cell divided by the number of independent general positions. Approximately 10% of
all molecular crystals have Z'>1.> These structures are of particular interest to crystal

engineers. They represent special cases in which crystal packing is not ideal; they could
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arise from frustration between two or more competing factors (say optimization of
hydrogen bonds versus shape packing) during nucleation process. Systems exhibiting
Z">1 are frequently polymorphic. Z™1 structures may be regarded as a special case of
cocrystallization of chemically identical species. Generally high Z' structures are
representative of the fastest growing crystal nucleus, say a metastable polymorph.’**
But for Nimesulide polymorphs, thermodynamic form I is the high Z' structure (Z'=2)
whereas kinetic form Il is lower Z' structure (Z'=1). These are not the first case of high
Z' as stable polymorphs, Other examples are. 3,5-dihydroxybenzoic acid, furosemide.****

The density and packing fraction calculated from the crystal data (at 100 K) are
very similar for the two polymorphs (1.538, 1.533 g ecm; 71.7, 71.5%), making it
difficult to deduce their relative stability. Crystal lattice and molecular conformer
energies were calculated®® in Cerius® (Dreiding force field) and Gaussian 03 (DFT,
B3LYP/6-31G (d,p)) for the two polymorphs (Table 4). When both intra- and
intermolecular energies are accounted for (100 K crystal data sets), form I is more stable

by 2.1 kcal mol™". Such calculations are reliable only from accurate crystal structure data

determined under identical conditions.

Sl
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Figure 1 Torsional degrees of freedom in Nimesulide molecule lead to conformational
polymorphism for this drug. The conformers at the sulfonamide group (t;, C1-S1-N1-—

C2) and the phenoxy group (1., C7-05—C8-C9) are different, but not at the nitro group
(t3). Atom numbering at the two flexible torsion angles is shown.

Table 1 Single crystal data of form I and form IT of Nimesulide

Nimesulide Form I Form II
Emp Formula C13H12N205S C13H12N205S
Formula wt. 308.31 308.31

a(A) 16.1268 (19) 33.231 (2)

b (A) 5.0411 (6) 5.0720 (4)
c(A) 32.761 (4) 15.8736 12)
a(®) 90 90

B 90 92.712 (2)
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v () 90 90

V (A% 2663.4 (5) 2672.46
Dec/ gem™ 1538 1.533
YAWA 8/2 8/1
R1[[>20()] 0.0654 0.0341
wR;, (all) 0.1519 0.0889
GOF 1.066 1.081

(a) Form 1 (b) Form II

Figure 2 Molecular packing differences. (a) View of form I along the b-axis to show
symmetry-independent A and B molecules arranged in the tape sequence XYYX. (b)
View of form II along the b-axis shows the tape sequence XYXY between inversion
related molecules in adjacent tapes.

Table 2 Neutron normalized hydrogen bond parameters for two polymorphs of Nimesulide

Nimesulide Interaction d (H+A) D([D+A)(A) 0 (LD-H+A)
A) )

Form [ NI-HI--05 2.15 2.615 (6) 106
NI-HI1--O3 2.09 3.001(6) 148
N3-H2:-09 2.28 3.079(6) 135
C6-H6---0O1 2.39 3.420(6) 159
C7-H7---02 2.29 3.034(6) 124
C19-H19---:06 2.45 3.463(6) 155
C20-H20---O7 2.30 3.029(6) 123

Form II NI1-H1:--O5 2.15 2.591(1) 104
NI-HI1--O3 2.14 3.044(2) 148
C7-H7---02 2.31 3.047 (2) 124
C4-H4-01 237 3377 (2) 154
C10-H10--04 2.51 3.250 (2) 125
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Table 3 Torsion angles (t, ©) in molecular conformers of Nimesulide

Nimesulide <Cl-S1- <SI-NI- <NI-C2- <C2-C3- <C3-O5- <C3-05-
NI1-C2(°) C2-C3(°) C3-05(°) 05-C8(°) C8-C9(°) C8-ClI3(°)

Form [ 61.1(5)  1542(4)  0.2(6) 170.0(5)  67.0(6) 115.6(5)
60.2(5)  155.0(4)  0.8(7) 170.0(4)  70.1(6) 113.2(5)
Form II 58.33(12) 155.00(10) 0.41(18)  176.59(12) 109.62(14) 74.51(17)

Figure 3 Molecular overlay diagram of the three conformers of nimesulide in
polymorphs I (blue and pink) and II (red).

Table 4 Lattice and conformational energies of two polymorphs of nimesulide were

computed in Cerius’ Dreiding 2.21 and Gaussian03 (DFT, B3LYP/6-31G (d,p)).

Nimesulide  Ejaq Econt FErotal = Eran + Econt
(kcal mol ™) (kcal mol™")  (kcal mol™)

Form I —33.589 0 —33.589

Form II —33.689 +2.209 —31.480

2.5.2 Powder X-ray diffraction

X-ray powder diffraction” is a diagnostic tool to differentiate between
polymorphs based on line profile by taking a safe threshold of A26> + 0.2°. The PXRD
traces of the two polymorphs of Nimesulide match the calculated X-ray patterns from the
crystal structures, confirming the purity of the bulk phases. There are noticeable
differences in the peak positions of form I and form II (Figure 4). Sometimes there is
very close similarity in powder X-ray diffraction between polymorphs, (e.g. caffeine,
aspirin, B-lactum, Curcumin),26 in that case further characterization by solid state NMR
will be appropriate to differentiate between polymorphs. The powder X-ray diffraction of
stable form I exhibits characteristic reflections at about 26 11.99, 19.40, 21.69, 23.12,
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24.04 and 24.39 +0.2°. Again metastable form II exhibits characteristic reflections at
about 20 12.35, 12.51, 18.87, 19.67, 22.15 and 24.18+0.2°.
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Figure 4 Overlay of the PXRD pattern recorded for Form I and Form II (black trace)
along with their calculated X-ray lines (red trace). Similar x-ray pattern also support the
similarity in packing.

2.5.3 Thermal analysis

Differential scanning calorimetry measurements indicate the thermal
characteristics of the polymorphs (Figure 5a). DSC of Form I showed one endotherm at
147.7 °C/149.0 °C (peak #1) for its melting point. Form II showed two endotherms at
onset temperature of 143.3 °C and 148.2 °C. The broad small endotherm (7onset 143.3
°C, Tpeak 146.0 °C, peak #2) for Form II corresponds to the melting of this material.
There is large endotherm at 148.2 °C/148.9 °C (#3), indicating that a phase transition has
occurred to the stable polymorph I that is now melting. The thermograms confirm greater
stability of Form I compared with Form II. The heat of fusion values of form II are not
reliable for the first phase transformation to Form I immediately thereafter and then
melts at 148.9 °C. The closeness of the two endotherms and the absence of baseline

separation make it difficult to use the AHf numbers to apply the heat of fusion rule’’. To
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obtain the actual enthalpy of fusion value for form II, DSC was recorded further at 10 °C

% With increasing heating rate, 1% endotherm (transition

and 20 °C/min heating rate.
temperature) of form II slowly vanished and one single endotherm correspond to stable
form I appeared (Figure 5b). Now it is easy to calculate enthalpy of fusion (Table 5) for
both forms and can be compared. We speculated from DSC that Form II starts to melt at
143.3 °C and then immediately undergoes transformation to Form I at 148.2 °C, and the
freshly formed Form I then melts at 148.9 °C. The phase transition®® to Form I occurs
immediately after melting of Form II and hence this is not a true solid-to-solid phase
change. The higher melting Form I is stable over the temperature range studied (40 °C—
200 °C), whereas Form II is stable up to 143.3 °C but converts to Form I at 148.2 °C,
making nimesulide an enantiotropic system. The phase transformation was confirmed in
an independent experiment. These phase transitions were also visualized under a hot
stage microscope (HSM). Crystals of form I do not show any change before melting, but
form II crystals melt at 145 °C, transform to Form I at 146 °C and resolidify, then finally
Form I melts at 147 °C (Figure 6). Form II crystals were kept at 140 °C in the oven for 2-
3 h, and then PXRD was recorded; the line trace matched with that of Form I and no
peaks for Form II could be detected.

Two endotherms were observed in previous thermal measurements on
nimesulide polymorphs,'’ and the system was described as monotropic even though the
lower melting Form II was noted to be metastable by DSC. However, the nature of the
structure transformation event at 145 °C-146 °C was not investigated. The PXRD of
trace of Form I obtained after keeping Form II at this temperature suggests an
enantiotropic relationship for the dimorphs, and not a monotropic behavior. Desolvation

of the dioxane solvate'*

of nimesulide at 120 °C, or keeping the same material at
ambient conditions for a long time (1 year), or melting it at 145 °C transformed it to the

stable Form I.

Table 5 Melting Point (onset, peak), Enthalpy of fusion (AHj,).

Nimesulide Form I Form II
T onset/peak (° C) 147.7/ 149.0 143.3/146.0
AHgs (k] mol’l) 33.76 (05) 32.55 (05)
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Figure 5 (a) Two endotherms at onset value 143 °C and 148 °C for Form II indicate a
phase transition from Form II to Form I as the second peak is exactly matching with the
melting endotherm of Form I. DSC of Form I have a single melting endotherm. (b) DSC
of form II at different heating rate indicates, 1% endotherm (small) disappeared slowly
and single endotherm (2™ endotherm) became predominant. Melting point of form II
increased with increasing heating rate.
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Figure 6 Hot-stage microscopy snapshots of nimesulide polymorphs. (a) Form I showed
melting as the only event at 147 °C. (b) Form II showed change of needle morphology to
thick plate in the sequence melting at 145 °C, transformation to Form I at 146 °C and
resolidification, and finally melting of Form I at 147 °C. The presence of stable Form I
upon cooling was confirmed by PXRD in an independent experiment.

2.5.4 Grinding and slurry experiments

The stable form I can be obtained exclusively by grinding of form II in
tetrahydrofuran (THF), a solvent that was used to obtain the same polymorph. THF was
added drop wise while grinding for 30 min to afford pure form I. Pure form II crystals
were obtained by crystallization from THF or acetone. Slurry-grinding experiments on
polymorphs of Nimesulide were carried out in THF for 24 h by continuous stirring. The
starting material was either a mixture of form I and II, or pure form II. The product
residue after slurry grinding was the stable form I, as confirmed by PXRD (Figure 7) and
spectroscopy (see next). A solvent-mediated phase transformation® can proceed in three
steps: (1) dissolution of the metastable form; (2) nucleation of the stable form; (3) crystal

growth of the stable phase. The same sequence seems to occur in the case of Nimesulide.
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Figure 7 PXRD of Form I generated after slurry grinding of form II for 24 h in THF
solvent (black trace) matches with the calculated X-ray pattern for Form I (red).

255 FT-IR, FT-Raman and ss-NMR spectroscopy

Infrared and Raman spectroscopy’’ provide useful information about the
vibrational modes of a compound, and these change due to the physical state of the
sample and because of hydrogen bonding and molecular conformations. Raman and IR
bands are likely to be active for virtually all the bonds, but their relative intensities will
differ, the more symmetric ones give higher Raman intensities, while the asymmetric
modes exhibit higher IR intensities. In the spectra of the solid sample, symmetric and
asymmetric N-H stretching vibrations are observed in the range 3279-3229 cm ' and
3390-3323 cm' due to hydrogen bonding. Secondary sulphonamides show strong N-H
stretching bands near 3265 ¢cm' in the solid state. Asymmetric and symmetric strech
S=0 Vibrational frequencies appear as strong absorption peaks between 1344 to 1317
and 1187 to 1147 cm', respectively as well as S—N stretch at 924 to 906 cm . The
phenoxy group exhibits C—O stretch at 1200-1250 cm ™. Nimesulide Form I and Form II
show very little difference in N—H stretch, SO, symmetric stretch, and S—-N bands
(Figure 8). There is negligible difference in the stretching frequency because the same
N—H-+-O,N hydrogen bond is present in both forms. Thus, Form I and Form II have very

similar IR spectra. Even their Raman spectra exhibit marginal differences (Figure 9),
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which is surprising because the molecules have very different conformations in the two
crystal structures. The IR and Raman frequencies are listed in Table 6 and 7. The
microstructures of nimesulide/crosprovidone matrix were studied by electron and Raman
microscopies.'*

Solid-state C NMR spectroscopy’’ provides structural information on
differences in hydrogen bonding, molecular conformations, and molecular mobility. It
studies chemical environment of the nuclei which is different in polymorphs because of
magnetic non-equivalence. Resonance peak for the magnetically nonequivalent nuclei
will differ in different polymorphs and can provide useful information. It is expected that
crystal structures with two molecules in the asymmetric unit will show at least a few
doubled peaks in the *C ss-NMR spectrum. Differences in the two crystal structures of
Nimesulide were analyzed by "*C cross-polarization and magic-angle spinning (CP-
MAS) ss-NMR.** The crystallographic units of form I and II were easily identified by
their distinguishable chemical shifts of identical carbon peaks at & 106 (C6), 129 (C3)
and 150 (C8) ppm (Figure 10). These & values have been compared with solution NMR
spectrum in CDCl; as reference (Table 8). The multiplicity of °C peaks for form I is due
to two independent molecules in the crystallographic asymmetric unit. It appears that
grinding form II solid for sample preparation causes partial conversion to form I, as seen

by the shoulder peaks due to form I in the spectrum of form II.

Table 6 FT-IR frequency of two polymorphs of nimesulide

Nimesulide = N-H stretch SO, asym SO, sym C-O stretch S—N stretch
(cm™) stretch (cm ™) stretch (cm ™) (cm™) (cm™)
Form I 3284.9 1342.0 1153.6 1248.7 907.4
Form II 3287.9 1342.2 1152.2 1247.3 913.7,
905.1

Table 7 FT-Raman frequency two polymorphs of nimesulide

Nimesulide = N-H bend SO, asym SO, sym lattice  vibrations
(cm™) stretch (cm ) stretch (cm™")  (cm™)

Form I 1596.8 13353 1155.2 182.8,199.2

Form II 1598.4 1336.5 1159.3 177.2,200.5
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Figure 8 Comparison of FT-IR spectra of nimesulide polymorphs.
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Figure 9 Comparison of FT-Raman spectra of nimesulide polymorphs.
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Figure 10 °C CP-MAS NMR spectra of Nimesulide polymorphs at 25 °C. The vertical

red lines point to the regions where there are clear differences.

Table 8 Comparison of solid state *C NMR spectra of nimesulide polymorphs with the
solution spectrum. See Figure 10 for atom numbering.

e Form I Form II Nimesulide (CDCl;)
peak

1 39.68 39.59 40.56

2 141.46 141.51 143.70

3 129.26 129.28, 128.55 125.93

4 134.23, 133.72 133.82, 133.37 134.0

57 145.98 146.04 146.38

6 106.90 106.91, 105.86 111.91

8 150.96, 150.61 150.60 154.18

9,13 121.77, 120.33 121.80, 120.40 119.71, 119.40
10,12 132.91,131.32 132.53, 131.33 130.68

11 124.48 124.40 117.41
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2.5.6 Solubility study of nimesulide polymorphs

Solubility of a solid substance is the concentration at which the solution phase is
in equilibrium with a given solid phase at a stated temperature and pressure. Under these
conditions the solid is neither dissolving nor continuing to crystallize. When a substance
exists in more than one crystalline form, only least soluble of these at a given
temperature is considered the most physically stable form at that temperature and all
others are considered to be metastable forms. In given cases, a solution of a substance
may be in apparent equilibrium with one of these metastable phases for a long time, in
which case the system is in metastable equilibrium and is expressing the thermodynamic
solubility of that solid form. Always there is a possibility of transformation of metastable
form to the most stable form in a certain solvent. To be sure, the time it takes to express
this tendency depends on kinetic factors and may be quiet variable; but in any event, a
less soluble form never converts to the more soluble form under rigorously defined
conditions. Generally phase transformation will be faster in high soluble solvent than less
ones. So equilibrium solubility or dissolution experiments purpose one should chose low
soluble solvent to avoid phase transformation. For e.g. dieuretic drug furosemide exists

1.>* showed there

as three crystalline forms, and DMF and dioxane solvates. Matsuda et a
is no phase transformation for furosamide polymorphs upto 6h at various pH ranging
from 2.2-5.6, though meta stable form III showed highest solubility and stable form I
showed lowest in all buffer solutions. But Nangia et al.” showed metastable form II of
furosamide converted to stable form I within a few minutes in acetonitrile solvent, in
which furosemide is highly soluble. So phase transformation is solvent dependent.
Nimesulide like other NSAIDs, has very poor aqueous solubility (10 mg/L) that
imposes bioavailability problem. The aqueous solubility of the commercial (or reference
form I) sample is reported as 14.8 mg/L (20 °C, pH 6.8) and 18.2 mg/L (37 °C, pH 7.4).
** To increase the solubility of nimesulide, there are salt formations of nimesulide with
Na', L-arginine, L-lysine with B-CD complex; orally disintegrating tablets, solid
dispersion techniques are used in literature.”> Certainly nimesulide is more soluble in
alkaline medium than acidic medium as sodium salt of nimesulide is soluble in water.
Yet nimesulide is directly marketed in the brand name as Nimulid, Nicip, Nice etc. (100
mg tablets), which is stable form I, confirmed from PXRD. Two polymorphs of

Nimesulide directly taken in pH 7 buffer medium and equilibrium solubility were
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obtained after 48 h continuous stirring at 37 °C. Extinction coefficient of form I and II of
Nimesulide are 13.91 (mM"'cm™) and 9.53 (mMcm™), obtained from the plot of five
known concentrated solution of each form using Lambert-Beer’s law. Solubility of form
I and form II are 16.4 and 71.0 mg/L in pH 7 buffer medium and there was no phase
transformation between them after slurry experiments. So equilibrium solubility suggest
that metastable form II is 4.3 times more soluble than commercial form I. This kind of
dramatic enhancement in solubility between the polymorphs of a drug is uncommon. In
general, the ratio of polymorph solubility among drug polymorphs is less than 2. An
exception to the rule is the anti-HIV drug Ritonavir, whose form II is 4.7 times more
soluble than form I.*

The rate of dissolution and the solubility of a drug in aqueous solvents are
important aspects of the solid state Chemistry of drugs. The dissolution rate and
solubility of different polymorphs of the same drug can be different. Before finalizing
dosage form, one should confirm it has proper dissolution rate and also solubility.
Intrinsic dissolution rate (IDR) can be defined as amount of drug dissolved per minute
per unit surface area in a certain solvent medium at constant temperature. Intrinsic
dissolution experiments of two polymorphs of nimesulide were determined at 37°C in
pH 7 aqueous buffer medium. The amount of nimesulide dissolved (mg L") versus time
(h) is plotted in Figure 11 and the solubility values and intrinsic dissolution rates are
listed in Table 9. The IDR of Form I and Form II is 5.7 and 13.6 pg/(cm > min ),
respectively, that is, Form II dissolves 2.4 times faster than Form I in pH 7 buffer
solution. Linearity of the both forms indicates that there is no phase transformation upto
48h of dissolution experiments. Actually ratio of IDR between polymorphs should be
higher always than that solubility. Form II showed more linear curve, where as stable
form I get plateau region after 48h i.e. saturation point reached. May be another 24h
dissolution experiments could give actual IDR values. So both solubility and IDR

experiments suggest, form II is better candidate for formulation than stable form I.
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Figure 11 Intrinsic dissolution profile of nimesulide Form I and Form IT in pH 7 buffer

Table 9 Solubility and dissolution rate of Nimesulide polymorphs at 37 °C in pH 7
buffer.

Nimesulide Absorption coefficient, Equilibrium Solubility Intrinsic dissolution

g, mM'cm’ at48h (mg L") rate (ug cm > min ')
Form I 13.91 16.4 5.76
Form II 9.53 71.0 13.67

2.6 Conclusion

Knowledge of the stable polymorph of a drug is an obligatory step in the
pharmaceutical industry for Drug regulatory reasons and manufacturing. Moreover, late-
stage phase transitions to a new polymorph can become a big setback for the company.
On the contrary, a metastable polymorph often has higher solubility and hence it is the
desired polymorph for better bioavailability. In balance, however, the practical advantage
of greater stability takes precedence over a more soluble but metastable polymorph. The
marketed or reference Form I of nimesulide is the stable polymorph in all our
experiments. Structural, phase stability, slurry experiments, and thermal measurements
demonstrate the thermodynamic nature of polymorph I. Hydrogen bonding is similar for
both forms, but packing wise they are different. Spectroscopic techniques, specially ss-

NMR is useful to differentiate between polymorphs of Nimesulide. The significantly
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enhanced bioavailability of nimesulide Form II suggests that the search for additives,
coformers, excipients, and polymers to stabilize the metastable polymorph will be a

rewarding exercise.

2.7 Experimental Section

Nimesulide was purchased from Sigma-Aldrich, Hyderabad, India and used directly for
experiments. Nimesulide (brand name Nicip, Nimulid) was purchased from local
medicine store to check what form of nimesulide is marketed in the tablet form.
Nimesulide was extracted from MeOH after stirring for 1h and confirmed the purity with

'H NMR and m.p.

2.7.1 Crystallization

The commercial material obtained from Sigma-Aldrich matched with Form I by PXRD.
Form I was obtained exclusively after solid state grinding of Form II for 30 min in a
mortar-pestle or slurry grinding for 24 h. The slurry solvent was either acetonitrile or
THF. 100 mg of pure Form II was ground and added to 3 mL of THF and stirred
continued for 24 h. The residue was collected and PXRD trace of the solid material
matched with the calculated X-ray pattern of Form 1. Form II was obtained exclusively
by crystallization from THF solvent. The quality of single crystals of Form I was
superior when the compound was crystallized in the presence of succinic acid (1:1
equiv). The quality of Form I in the absence of this additive was not so good, and very

thin plate or twin crystals not suitable for X-ray diffraction were obtained.

2.7.2 X-ray crystallography

Reflections were collected on a Bruker SMART CCD diffractometer. Mo-Ka (A =
0.71073 A) radiation was used to collect X-ray reflections on all crystal structures. Data
reduction was performed using Bruker SAINT software.’’ Intensities were corrected for
absorption using SADABS. Structures were solved and refined using SHELXL-97°* with
anisotropic displacement parameters for non-H atoms. Hydrogen atoms on N were
experimentally located and all C—H atoms were fixed geometrically using the HFIX
command in SHELX-TL.” X-Seed® was used to prepare the figures and packing
diagrams. A check of the final CIF file using PLATON*' did not show any missed
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symmetry. Hydrogen bond distances in Table 3 are neutron-normalized to fix the D-H
distance to its accurate neutron value in X-ray crystal structures (N-H 1.009 A, C-H
1.083 A).

2.7.3 X-ray powder diffraction

Powder XRD patterns of all samples were recorded on a PANalytical 1830 (Philips
Analytical) diffractometer using Cu-Ka X-radiation (A = 1.54056 A) at 35 kV and 25
mA. Diffraction patterns were collected over the 26 range of 5-50° at scan rate of 1
°/min. The program Powder Cell 2.3* was used for overlaying the experimental PXRD

pattern on the calculated X-ray lines form the crystal structure.

2.7.4 Vibrational spectroscopy

A Nicolet 6700 FT-IR spectrometer with a NXR FT-Raman Module was used to record
IR and Raman spectra. IR spectra were recorded on samples dispersed in KBr pellets.
Raman spectra were recorded on samples contained in standard NMR diameter tubes or

on compressed samples contained in a gold-coated sample holder.

2.7.5 3C Nuclear magnetic resonance spectroscopy

Solid-state *C NMR (SS-NMR) spectroscopy provides structural information about
differences in hydrogen bonding, molecular conformations, and molecular mobility in
the solid state. The solid-state °C NMR spectra were obtained on a Bruker Ultrashield
400 spectrometer (Bruker BioSpin, Karlsruhe, Germany) utilizing a "C resonant
frequency of 100 MHz (magnetic field strength of 9.39 T). Approximately 100 mg of
sample was lightly packed into a zirconium rotor with a Kel-F cap. The cross
polarization, magic angle spinning (CP-MAS) pulse sequence was used for spectral
acquisition. Each sample was spun at a frequency of 5.0+0.01 kHz and the magic angle
setting calibrated by the KBr method. Each data set was subjected to a 5.0 Hz line
broadening factor and subsequently Fourier transformed and phase corrected to produce
a frequency domain spectrum. The chemical shifts were referenced to TMS using glycine

(Ogtycine = 43.3 ppm) as an external secondary standard.

S57Chapter 2



2.7.6 Thermal analysis

DSC was performed on a Mettler Toledo DSC 822¢ module. 4-6 mg of the sample was
placed in a crimped but vented aluminum pan in the temperature range was 30-200 °C at
heating rate of 5 °C min'. For nimesulide form II, DSC was recorded at 10° and 20
°C/min also to calculated exact enthalpy of fusion value. The sample was purged by a

stream of dry nitrogen flowing at 150 mL min .

2.7.7 Computations

Conformer energies were calculated in Gaussian 03 (B3LYP/6-31G (d,p)). Since the
observed conformation in the crystal structure is usually different from the gas phase
minimized conformer and often higher in energy, constrained optimization of the crystal
conformer was carried out by keeping bond distances and angles fixed. Lattice energies
were computed in Cerius® using the DREIDING force field. Crystal structures were
minimized (Uy,y) by allowing small variations in cell parameters but not gross differences

between the calculated and experimental crystal lattice.

2.7.8 Dissolution experiments

A calibration curve was obtained for Form I and Form II of Nimesulide by plotting
absorbance vs. concentration curve of UV-Vis spectra for known concentrated solutions
in pH 7 aqueous buffer medium. The slope of the plot gave the molar extinction
coefficient (g) by using the Beer-Lambert’s law. To obtain the equilibrium solubility,
200 mg Nimesulide was stirred for 48 h in 5 mL pH 7 aqueous buffer solutions at 37 °C,
and the absorbance was measured at 397 nm. The concentration of the saturated solution
was calculated at 48 h, which is the equilibrium solubility of that polymorph. PXRD of
the solid residue (from slurry experiments) confirmed that there was no phase
transformation between the polymorphs.

For intrinsic dissolution study, 200 mg of each polymorph was made into a pellet
using hydraulic press at a pressure of 4 ton for 5 min. The pellet was compressed to
provide a flat surface at one end and the other end was sealed. Then the pellet was
dipped into 500 mL aqueous pH 7 buffer solutions at 37 °C with the paddle rotating at
150 rpm. At regular interval of 1 h, 5 mL of the dissolution medium was withdrawn and

replaced by an equal volume of fresh medium to maintain a constant volume. Samples
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were filtered through 0.2 pm nylon filter and assayed for drug content
spectrophotometrically at 397 nm. The amount of drug dissolved in each time interval

was calculated using the calibration curve.
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Chapter Three

New Polymorphs of Curcumin and their
Faster Dissolution rates

3 OH
e B
Formn 1 (Z=1], \ o on Form 2 (Z'=2),

commercial O S O New polymorph
HO oH

Chle . !
/ Curcumin
[aX ]

Form 3 (Z'=1),

Amorphous
New polymorph

Molecular overlay

New crystalline polymorphs (form 2 and 3) and one stable amorphous phase of
Curcumin were obtained during attempted cocrystallization and melt
crystallization experiments. Different colors of the polymorphs may be due to
greater planarity in the structure of metastable form 2 and 3 compared to stable
form 1.
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3.1 Introduction

Crystalline solids have regular arrangements of molecules that repeat in three
dimensions, whereas amorphous solids lack long-range order and periodicity. The
differences in molecular arrangement can result in substantially different physical and
chemical properties of crystalline and amorphous solids in pharmaceutical substances.'
Although amorphous solids often have desirable properties such as faster dissolution
rates than their crystalline counterparts, they are not marketed as widely as crystalline
forms because of their lower physicochemical stability and their frequent tendency to
crystallize in the stable form. Most of the marketed pharmaceuticals are preferred in
crystalline stable forms as tablet dose. The arrangement of the molecules in a crystal
determines its physical and chemical properties, i.e. stability, solubility, bioavailability of
the particular drug. At the supramolecular level, variation in the crystalline forms of a
solid material is possible. They may either exist as single molecular entities or multi-
component species. For both cases molecular solids can show polymorphism,” which is
defined as the ability of a substance to exist in two or more crystalline phases that have
different arrangements and/or conformations of molecules in the crystal lattice without
undergoing changes in its chemical composition.

The structural differences between polymorphs originate through three
crystalline arrangements, namely, packing, synthon and conformational polymorphism.
Packing polymorphism is a phenomenon by which molecules that are conformationally
rigid can be packed into different three-dimensional structures. Again synthon
polymorphism arises from synthon differences. For example, the anti-bacterial drug
Nitrofurantoin is a dimorphic substance.’ Form 1 contains amide dimer N-H--O
hydrogen bonds, whereas form 2 arises from different packing arrangements of
molecules connected by infinite chain of N-H---O hydrogen bonds or an amide catemer
(Figure 1). Pyrazinamide, Carbamazepine, Paracetamol are other examples of APIs
having packing differences.® Conformational polymorphism on the other hand arises
from different conformers that can pack into different crystal structures. For example,
anti-diabetic drug Tolbutamide® crystallizes into five polymorphs (forms I-V) which
differ in their mode of packing and in molecular conformation but with similar hydrogen

bonding synthon (urea tape motif), shown in Figure 2. Venlafaxine hydrochloride,

67 | Chapter 3



Phenobarbital, Temozolomide, Furosemide, Chlortalidone, Indomethacin, ritonavir etc.

are well known examples of conformational polymorphs.°®
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Figure 1 Polymorphs of Nitrofurantoin drug.’ (a) form 1. (b) form 2. The amide
molecule forms amide dimer in form 1 whereas it forms catemer motif in form 2.
Polymorphism arises due to different modes of amide packing arrangements.

(a) (b) (c)

Figure 2 (a) Chemical structure of Tolbutamide (TB) with several rotational degrees
of freedom. (b) Common urea motif present in all the forms in tobutamide. (c)
Molecular overlay of four polymorphs of Tolbutamide indicates molecular flexibility
in the n-butyl chain (culled from ref. 5).

There has been substantial research activity in the field of polymorphism driven
by both fundamental scientific discovery and their importance across a wide range of
industries like agrochemicals, dyes, foodstuffs and especially in the pharmaceutical
industry. Recent books by Hilfiker, Brittain, Bernstein and Byrn' highlighted the
importance of polymorphism in pharmaceuticals.” There are numerous special issues of
journals® dedicated to this particular topic and several annual reviews’ and patents are
published in the last decade. Despite its potential implications, the phenomenon of
polymorphism is still not properly understood, and even after many decades of research

there is no clear answer to what type of molecules will exhibit polymorphism. Even
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sometimes it is very difficult to reproduce certain polymorphs, which have appeared
initially and characterized, called disappearing polymorphs."” Some drug molecules
easily form polymorphs but some molecules like meclofenamic acid, niflumic acid"' do
not show any sign of polymorphism even after extensive research. In 2006 a new
polymorph II of maleic acid'® was discovered during attempted co-crystallization
experiments with Caffeine, 124 years after the first crystal form was studied. However
there are difficulties in reproducing form II crystallization of maleic acid.'” Similarly a
second polymorph of Aspirin'* was obtained in the presence of an additive

Levetiracetam. Recently Caira et al'*®

obtained new polymorphs of nicotinamide and
isonicotinamide during attempting cocrystallization experiments with an anti-tubercular
APIL. These experiments show that additives can induce the appearance of polymorphic
forms. It has been reported that changing the crystallization conditions such as solvents
and temperature, pseudoseeding, adding impurities, additives or polymer etc." yielded
novel polymorphs in the literature. Impurities somehow block the crystallization process
of stable form and favour metstable form processing. Of these methods, the induced
nucleation or pseudoseeding with the adequate seed crystals of the form to be reproduced

is the most straightforward and promising to get the desired polymorph by inhibiting the

nucleation or the crystal growth of other undesired polymorphs.

3.2 Curcumin

Curcumin (chemical name diferuloylmethane) is present in turmeric as a mixture
with three of its analogues, viz. demethoxycurcumin, bis-demethoxycurcumin and
cyclocurcumin, together known as curcuminoids (Figure 3). But Curcumin is the active
ingredient in the traditional herbal remedy and dietary spice turmeric (Curcuma longa).
This vibrant yellow spice, derived from the rhizome of the plant'®, has a long history of
use in traditional medicines of China and India. The rhizome of turmeric has been
crushed into a powder and used in Asian cookery, medicine, cosmetics, and fabric dying
for more than 2000 years. As part of the ancient Indian medical system Ayurveda, a
poultice of turmeric paste is used to treat common eye infections, and to dress wounds,
treat bites, burns, acne and various skin diseases. Powdered turmeric is taken with boiled
milk to cure cough and related respiratory ailments. In food and manufacturing,
curcumin is currently used in perfumes and as a natural yellow coloring agent, as well as
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an approved food additive (nutraceutical) to flavor various types of curries and

mustards.

o oH
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Figure 3 Chemical structure of (a) ((??l)rcumin, (b) demethoxycurcumin, (c) bis-
demethoxycurcumin, (d) cyclocurcumin and (e) Curcuma longa (from Koehler’s
medicinal plant), culled from ref.'*
3.3 Problems and promises of Curcumin

Curcumin (chemical name diferuloylmethane) is a hydrophobic polyphenol with
diverse  pharmacological effects including anti-inflammatory, antioxidant,
antiproliferative and antiangiogenic activities.'® Phase I clinical trials have shown that
curcumin is safe even at high doses (12 g/day) in humans but exhibits poor
bioavailability. Major reasons contributing to the low plasma and tissue levels of
curcumin appear to be due to poor absorption, rapid metabolism, and rapid systemic
elimination. Once absorbed orally, Curcumin is subjected to conjugations like sulfation
and glucoronidation. Metabolised products have reduced biological activity than
curcumin. Liver is main responsible for metabolism of Curcumin.'” It has very low
solubility in water, maximum solubility after heating for 10 minutes in water is 7.4 mg/L.
A solution to the problem of bioavailability would be to increase the solubility of
curcumin by heating. Heat solubilised Curcumin or turmeric should be considered for

oral administration to patients in clinical trials because Curcumin’s full pharmacological
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potential is limited to its extremely limited solubility in water. There is no effect of heat
on the activity of Curcumin. However, 98.5% Curcumin and 94.7% turmeric is still
insoluble even after heating.'® Again Curcumin has stability problem in neutral or
alkaline medium. It is stable in acidic medium, but when it was incubated in 0.1 M
Phosphate buffer and serum free medium, pH 7.2 at 37 °C, more than 90% curcumin
decomposed within 30 min." Tonnesen et al."” identified degradation products
including ferulic acid and feruloylmethane, and studied the kinetics in a MeOH/aqueous
buffer medium (1:9). Hence, despite its efficacy and safety, curcumin is still not
approved as a therapeutic agent. The stability and bioavailability of curcumin has been
improved by several methods, e.g. by (1) adding adjuvants such as piperine to block the
metabolic pathways of curcumin, (2) novel drug delivery platforms such as
nanoparticles, liposomes, micelles, phospholipid complexes, and (3) concomitant
administration of lecithin, quercetin, genistein, eugenol, terpinol etc. to increase the
bioavailability.'” The aqueous solubility of curcumin was enhanced 38 fold in the
presence of 1-10% (w/v) rubusoside. The bioavailability of curcumin in water and lipid
medium was enhanced by complexation with phosphatidyl choline in equimolar ratio.*
Polymorph screening is another method to improve solubility of a drug.*’

Curcumin was first isolated by Vogel in 1842 and structurally characterized by
Lampe and Milobedeska in 1910. It was synthesized and confirmed in 1913.* The
molecule exists as keto-enol tautomers (Scheme 1), being present predominantly in the
keto form in acidic and neutral solution while the enol tautomer is stable in alkaline

medium.
O OH

X N
® L —

HO OH

OMe OMe

Scheme 1 Enol and keto tautomers of Curcumin

3.4 Results and Discussion

The first crystal structure of Curcumin was reported in 1982 in the monoclinic
space group P2/n.>* There are four subsequent reports of Curcumin structure, all in
space group P2/n (Z = 4, Z' = 1) having improved crystal data quality and structure

refinement parameters.” No polymorphs are known for this biologically active ingredient
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despite its ancient origin and current thrust to improve its stability and bioavailability. To
obtain a new solid form having better solubility and bioavailability, polymorph screening
was performed by solution crystallization, addition of coformers or additive, melting,
sublimation etc.® Commercial curcumin (Sigma-Aldrich material) matched with the
known stable form 1 by X-ray powder diffraction pattern (PXRD). Crystallization from
several common laboratory solvents at room temperature routinely gave crystals that
matched with the same unit cell and PXRD lines. Single crystals of a new polymorph 2
were crystallized in the orthorhombic space group Pca2; (Z = 8, Z' = 2) upon attempted
cocrystallization of curcumin with 4-hydroxypyridine in EtOH at room temperature. The
same form 2 was obtained from DMSO solution at room temperature and also from a
saturated solution of curcumin in EtOH kept at 10 °C in refrigerator for 2 days. Again
form 3 can be obtained in presence of Chrysine and 4,6-dihydroxy, 5-nitro pyrimidine
(Scheme 2) and crystallized in the space group Pbca (Z=8, Z' = 1). The crystallographic
parameters for curcumin polymorphs are summarized in Table 1. An amorphous phase of
Curcumin was obtained after melting the compound at ~185°C cooling to room
temperature or freeze cooling. Amorphous phase is unusually stable at ambient
conditions of temperature (20-35 °C) and humidity (40-70 %) in the sealed sample vial

for at least 6 months.

OH OH O
ON HO O
sReshre
~
N~ HO™ "N OH O

4-Hydroxy  2,6-dihydroxy

pyridine S-nitropyrimidine Chrysine

Scheme 2 Coformers used to obtain form 2 and 3 of Curcumin

3.4.1 X-ray crystal structure solution and refinement

Single crystal X-ray data were collected at 100K to compare the structure of
Curcumin polymorphs. The crystal structure of Curcumin form 1 was solved in
monoclinic P2/n space group with one molecule in the asymmetric unit (Z' = 1) in its
enol tautomer. The molecule has a curved, slightly twisted conformation in form 1.

Phenyl rings are slightly twisted from each other in form 1. Strong intramolecular
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hydrogen bond (O4-H4A--03, 1.51 A, 2.441(2) A, 155.7°) is present in the enol
tautomer. Normalized hydrogen bonds for curcumin polymorphs are summarized in
Table 2. Curcumin molecules are aggregated into infinite chains linked through
intermolecular phenolic OH and the enolic OH (O1-H1A- 04, 2.28 A, 2.904(2) A,
119.8°) along the a-axis. In polymorph 1 there are phenol O—H---O hydrogen bonds on
both sides to different molecules which are in turn connected to a fourth curcumin
molecule in a macrocyclic hydrogen bond ring of R*(42) graph set” (Figure 4a). Weak
C—H:---O interactions also play an important role in the overall molecular aggregation.
There is a bifurcated C—H--O hydrogen bond involving phenolic O—H acceptor with
aromatic hydrogen (C3—H3--05: 2.58 A, 3.544(2) A, 149.6°) and olefinic hydrogen
(C8—HS8--05: 2.54 A, 3.528 (2) A, 154.5°) donors. The molecular packing was
compared in the three polymorphs by considering 6 nearest neighbor molecules.
Adjacent molecules are connected by O-H--O hydrogen bonds and such neighboring
tapes make bifurcated C—H:--O motif of R';(7) ring in form 1 (Figure 4b).

The crystal structure of Curcumin form 2 was solved in orthorhombic space
group Pca2, with two molecules in the asymmetric unit (Z' = 2). Both the symmetry-
independent molecules (A and B) have intramolecular O—H--O hydrogen bond in the
enol tautomer. Molecule A (ball & stick model) forms intermolecular O—H---O hydrogen
bond (O7-H7A--09: 1.71 A, 2.626(3) A, 154.0°) with another molecule through enolic
carbonyl and phenolic OH group along the c-axis. In contrast, Molecule B (capped stick
model) forms an intermolecular O—H--O hydrogen bond (O1-HIA--012: 223 A,
2.834(3) A, 119.0°). In addition B type molecules are connected intermolecularly by
O—H:--O hydrogen bond (O5-H5A--O1, 2.14 A, 2.905(3) A, 134.0°) between phenolic
OH groups in a zigzag chain along the a-axis. The two crystallographically independent
molecules are connected by R'5(6) ring and C—H--O interaction (Figure 5a). The A
molecules form O—H:---O hydrogen bond (O11-HI1A-08: 1.96 A, 2.896(3) A, 159.0°)
with the methoxy acceptor also along the a-axis. A and B type molecules are
interconnected through bifurcated C—H---O interaction (C33—H33---05: 2.32 A, 3.288(3)
A, 148.0° and C31-H31--05: 2.67 A, 3.487(3) A, 144.7°) from olefinic hydrogens to
phenolic OH. There are C—H--O interactions from methoxy group of molecule B
(C20-H20A--011: 2.43 A, 3.464(4) A, 159.0° and C20-H20B--02: 2.44 A, 3.288(4) A,

134.4°).
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Form 3 crystal structure also solved in orthorhombic space group Pbca with one
molecule in the asymmetric unit. Strong intramolecular hydrogen bond (O4—H4A:--O3:
1.59 A, 2.490 (6) A, 149.6°) is present in the enol tautomer. Form 3 molecules aggregate
intermolecularly into infinite chains through phenolic OH and carbonyl oxygen forming
O—H1--0 hydrogen bond (O1-H1--03: 1.69 A, 2.666(5) A, 167.9°) along the a-axis. In
addition a weaker O—H---O hydrogen bond (O5—-H5A--02: 2.17 A, 2.975(6) A, 137.8°)
exists between phenolic OH and methoxy group along the c-axis. There is C—H--O
interaction (C20—-H20B--04: 2.41 A, 3.192 (7) A, 127.6°) from methoxy hydrogen to
hydroxyl acceptor (Figure 5b).

However, macrocyclic hydrogen bond ring R*s(42) could be dissected in the
crystal structure of form 2 or 3 due to the linear molecular shape. The crystallographic
parameters of curcumin polymorphs listed in Table 1 show that the unit cell parameters
of forms 2 and 3 are different from that of form 1. There is some closeness between the
orthorhombic cells of non-centrosymmetric form 2 and centrosymmetric structure 3, but
number of molecules in the asymmetric unit (Z") is different in both forms. Similarities
and subtle differences in the molecular packing of Curcumin forms 2 and 3 are shown in

Figure 6.

Figure 4 (a) Hydrogen bond ring of R*5(42) graph set notation in the crystal structure of
form 1. (b) Hydrogen bonding and molecular packing in curcumin form 1. Molecules are
interacted via O—H-O hydrogen bonds along with R';(7) and R*(8) motifs of C-H--O
interactions.
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(a) (b)

Figure 5 (a) Hydrogen bonding and molecular packing in curcumin form 2. Symmetry-
independent molecules (shaded differently) organized via O—H--O hydrogen bonds are
connected through R',(6) C—H:--O motif. (b) Hydrogen bonding and molecular packing
in curcumin form 3. The O-H--O and C-H:-O motifs are similar to form 2 but the
relative orientation of the keto-enol fragment in neighboring molecules is different.

Figure 6 Similarities and subtle differences in the molecular packing of Curcumin forms
2 and 3. (a) O—H:-O(OMe) hydrogen bond of symmetry-independent molecules along
[100] in form 2. (b) Chain of O—H:--O (OMe) hydrogen bonds along [001] in form 3. (¢)
A cluster of six molecules in form 2. (d) Similar cluster in form 3. Note that the keto-
enol group orientation for the middle molecule is different. The b-axis of the two
orthorhombic unit cells are similar and a- and c-axes are interchanged (dimensions are
approximately equal).
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Curcumin exists in the B-keto-enol tautomer in all crystal structures (Scheme 1)
but the extent of symmetrization in the fragment varies (Table 3). Phenyl rings are
slightly twisted from each other in form 1. The dihedral angle between the least-square
planes passing through C4/C7/C8/C9/C10/C11 and C12/C13/C14 is 20.63°. In form 2,
among the two asymmetric molecules, one is almost planar (dihedral angle between two
phenyl rings, 9.42°), but another one is twisted (dihedral angle, 17.02) like form 1
molecule. Again the dihedral angle between these planes is 11.69° in form 3. Torsion
between two phenyl rings in four asymmetric molecules suggests that Curcumin exist as
conformational polymorphs. Molecular overlay of four asymmetric molecules of
curcumin were displayed in Figure 7. The density and packing fraction (calculated from
the crystal data) are very similar for the three polymorphs (1.390, 1.404, 1.417 g cm >;
72.5, 72.6, 72.7%), making it difficult to deduce their relative stability. Density, packing
fraction calculation suggest the stability order as form 3>form 2>form 1. According to
Kitaigorodskii,”® more the dense crystal packing corresponds to a more stable
polymorphic form (“density rule”). But there are examples that do not follow the density
rule.”® But DSC endotherm and slurry grinding experiments (discussed later) suggest

that form 1 is the thermodynamically stable form.

(a) (b)

Figure 7 (a) Atom numbering in curcumin and (b) molecular overlay of four
asymmetric molecules (Red-form 1), (Blue, magenta-form 2) and (green-form
3) of Curcumin, suggests conformational polymorphs.

Table 1 Crystallographic parameters of curcumin polymorphs

Curcumin Form 1 Form 2 Form 3
Emp Formula C21H2006 C21H2006 C21H2006
Formula wt. 368.37 368.37 368.37
Space group P2/n Pca2, Pbca
a(A) 12.5676(11) 35.417(3) 12.536(3)
b(A) 7.0425(6) 7.7792(7) 7.9916(17)
c(A) 19.9582(18) 12.6482(11) 34.462(7)
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o (°) 90
B (%) 94.987(1)
(%) 90

V (A% 1759.8(3)
Dee/gem™  1.390
z/7 4/1
R1[[>20()] 0.0435
wR, (all) 0.1163
GOF 1.054

90
90

90
3484.7(5)
1.404

8/2
0.0513
0.1218
1.083

90
90
90

3452.3(13)

1.417
8/1
0.0893
0.1681
0.930

Table 2 Hydrogen bonds in crystal structures (neutron-normalized distances)

Crystal Interaction H~A/A D-A/A /D-H-A/
Form

Form1 OI1-HI1A--0O2 2.14 2.667(2) 111.5
O1-H1A04 228 2.904(2) 119.8
0O4-H4A--03 1.51 2.441(2) 155.7
O5—H5A--06 2.23 2.695(2) 107.4
O5—H5A--03 1.89 2.793(2) 150.1
C7-H7--03 2.37 2.779(2) 100.0
C3-H3--05 2.58 3.544(2) 149.6
C8—HS8---05 2.54 3.528 2) 154.5
C7-H7--06 2.38 3.449(2) 166.9
C19-H19---01 2.46 3.492(2) 157.3
C20—H20A---03 2.49 3.557(2) 166.5

Form2 OI1-H1A--02 2.02 2.655(3) 120.0
O1-H1A--0O12 2.23 2.834(3) 119.0
O3-H3A--04 1.58 2.498(3) 154.0
O5—-H5A---06 2.07 2.646(3) 115.0
O5-H5A--01 2.14 2.905(3) 134.0
O7-H7A--09 1.71 2.626(3) 154.0
O10—-HI10A---09 1.64 2.528(3) 147.0
Ol1-H11A~012 227  2711(3) 106.0
O11-HI1A--O8 1.96 2.896(3) 159.0
C20—H20A---Ol11 2.43 3.464(4) 159.0
C20-H20B-02 244  3.291(4) 135.0
C33-H33:-05 2.32 3.289(3) 147.8
C41-H41B---04 2.38 3.032(3) 116.6

Form3 OI1-H1:-0O3 1.69 2.666(5) 167.9
04-H4A03 159 2.490(6) 149.6
O5—H5A--06 1.99 2.685(6) 124.8
O5—H5A--02 2.17 2.975(6) 137.8
C13—-H13--04 2.34 2.754(8) 100.7
C20-H20B--04 241  3.192(7) 127.6
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Table 3 Comparison of bond lengths to estimate extent of symmetrization in keto-enol
fragment.”

Bond type AO-H b ({CO e(C=Oin c(C=Cin d (C-C Symmetry/

in A) in A) A) A) in A) asymmetry
Form 1 1.07 1.30 1.30 1.40 1.38 Sym
Form 2 A 0.94 1.31 1.27 1.37 1.42 Asym
Form 2 B 0.95 1.33 1.27 1.37 1.41 Asym
Form 3 0.83 1.33 1.28 1.36 1.43 Asym

* Chemical symmetrization is defined as near equality of C—C and C-O bond lengths in
keto-enol fragment.*’
3.4.2 Characterization of new solid forms

Since polymorphs represent different crystal structures essentially every physical
and chemical property vary among the polymorphic structures of a material. Some
techniques are more sensitive to differentiate the polymorphs and many cases these are
preferred in detecting and characterizing polymorphs. New polymorphs and amorphous
phase were characterized by powder X-ray diffraction, thermal analysis (DSC and
HSM), and spectroscopy (FT-IR, FT-Raman and ss-NMR). Polymorph for drug
formulation should be highly pure and should not show phase transformation during
clinical trials or storage conditions. In that case desirable property of the polymorph may
change during the application. Following are the usual analytical technology to

differentiate between polymorphs and also amorphous phase.

3.4.2.1 Powder X-ray Diffraction

Powder X-ray diffraction™ is a standard method for the characterization of solid-
state forms, especially polymorphs based on line profile by taking a safe threshold of
A26 > £0.2° between polymorphs. The formation of amorphous phase was monitored by
the appearance of characteristic hump in the PXRD plot. The crystalline form was
monitored by the appearance of new diffraction peaks. Comparison of experimental and

calculated X-ray patterns (Figure 8) suggests that minimum three crystalline polymorphs
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exist and bulk amount of each form are pure enough for further characterization. The
calculated powder XRD lines are visibly different even though there is some degree of
overlap, but this is not uncommon for polymorphs.” The powder X-ray diffraction of
Curcumin form 1 exhibited characteristic reflections at about 20 8.68, 17.16, 18.01,
24.39, 25.38 and 27.20 +0.2°. The powder X-ray diffraction of Curcumin form 2 exhibits
characteristic reflections at about 20 13.80, 17.71, 21.32, 25.19, 26.25 and 27.31+0.2°.
The powder X-ray diffraction of Curcumin form 3 exhibited characteristic reflections at

about 20 13.72, 17.79, 25.32, 26.47, 26.90 and 27.20 £0.2°.
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Figure 8 PXRD profiles of curcumin polymorphs 1, 2, 3 and the amorphous phase.
Experimental XRD (black) and calculated lines from the crystal structure (red).

3.4.2.2 Thermal Analysis

Differential scanning calorimetry (DSC) measurements indicate the thermal
characteristics of the polymorphs (Figure 9). DSC of form 1 showed one endotherm at
onset of 177 °C. The sharp endotherm (Tonset 177.5 °C, Tpeak 181.4 °C, peak #1) for Form
1 corresponds to the melting of this material. But Form 2 showed two endotherms at
171.9 / 175.1 °C (peak #2) and 179.81/182.22 (peak#3). First and second endotherm
corresponds to melting of form 2 and form 1 respectively. There is a phase transition at
171.9 °C when form 2 transformed to stable Form 1. Again form 3 showed single
endotherm at 168.3/172.8 °C (peak#4). The thermograms confirm the stability of form 1

over forms 2 and 3 based on high melting temperature of form 1. Again Curcumin
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Amorphous phase having glass transition temperature (T,) at 52.1 °C (peak#5),
crystallization temperature at 118.0 °C (peak#6), finally converted to crystalline form 1
and shows sharp endotherm (Tonset 173.8 °C, Tpeax 178.8 °C, peak #7), corresponds to
melting, which is in between the onset melting of Form 1 and Form 2. Enthalpy of fusion
for polymorphs are 37.19, 34.98 and 31.31 KJ mol™, this suggest that stable form having
higher enthalpy of fusion. According to heat of fusion rule **, Form 1, 2 and 3 are
monotropically related and stability order of three forms is form 1> form 2>form 3>
amorphous phase. But as there is transition from Form 2 to Form 1 at 172 °C (1%
endotherm) and at 180 °C (2™ endotherm) represents the melting of Form 1, according
heat of transition rule*® Form 1 and Form 2 are monotropically related. Phase transiton
from form 2 to form 1 was further confirmed by Hot Stage Microscopy (HSM) snapshots
of form 2 (Figure 10) which displayed after melting at 168 °C, crystallized during
cooling at 120 °C. There is no such recrystallization happened during cooling after melt
of forms 1 and 3. The distinction between forms 2 and 3 is somewhat complicated by the
fact that their powder XRD lines are very close. Interestingly, forms 2 and 3 have higher
crystal density than form 1, but their melting endotherms occur at lower temperature in

DSC.

5 Amorphous
E Form 1
CE .
™ Form 3 1 Onset 177.54'C
Peak 181.42C
51. ﬁ
5 g::]jt §41 326(( 2 Onset 171.95C
o ' Peak 175.12°C
6 Onset 117.75C 3 Onset 179.81°C
Peak 132.09C Peak 182.22°C
7 ?,“S':: ;@;3;% | 4Onset 168.29°C
el TR Peak 172.85C
4'-0 ) 5'0 ' E‘D ' 1'00 ) 1'20 ) 1‘40 ' 1‘60 " 1'80 " ZIBD ) 2‘20 ' 2‘4‘1 °CI

Temperature (°C)

Figure 9 DSC of three crystalline polymorphs and amorphous phase of Curcumin. There
is small amount of form 1 seen in the DSC of form 2 possibly due to a phase transition
upon heating.
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Form

BT

158°C  1653°C 172*C Cool BT

Form 2

\N\GE

25%C  1421°C 153%C lel®C  168°C Cool 120 °C

Form 3
25%C 137°C 1452C 15353¢C 161%C Cool BT

Figure 10 HSM snapshots of three crystalline polymorphs of Curcumin. Form 2 showed
recrystallization after cooling from melt at 168 °C, confirmed as form 1. But there was
no such event for form 1 and 3 after melt, provided form 1 converted to amorphous
phase after melt.

3.4.2.3 FT-IR and FT-Raman spectroscopy analysis

Infrared and Raman spectroscopy’ provide useful information about the
vibrational modes of a compound, and these changes due to the physical state of the
sample and hydrogen bonding and molecular conformations. IR and Raman bands are
likely to be active for virtually all the bonds, but their relative intensities will differ, the
more symmetric ones give higher Raman intensities, while the asymmetric modes exhibit
higher IR intensities. Generally hydroxyl group of phenol absorbs strongly in the
stretching frequencies 3700-3584 cm™ regions. Intermolecular hydrogen bonding
increases as the concentration of the solution increases, and additional bands start to
appear at lower frequencies, 3550-3200 cm™. There are two types of C—O stretching, one
is phenolic and other is olefinic in curcumin. Again C—O stretching vibration in alcohol
and phenol produce strong band in the 1260-1000 cm™ and 1430-1410 cm™ region in the
IR spectrum respectively. Vibrational stretching frequency comparison for four forms of

curcumin was displayed in Figure 11 and listed in Table 4. IR spectra of four forms
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mainly differ in the C=0 as well as C—O stretching frequency region. Similarly Raman
spectroscopy shows differences between four forms in carbonyl stretch, phenolic as well
as olefinic C-O stretch (Figure 12). FT-Raman vibrational stretching frequency

comparison of four forms was listed in Table 5.

Table 4 FT-IR vibrational modes frequency (cm ) of three polymorphs and amorphous
phase of curcumin

Curcumin O-H C=0 Aromatic  Phenol Enol
C=C Cc-O Cc-O
Form 1 3510.9 1627.5 1602.6 1429.0 1281.2
Form 2 3401.2 (broad), 1651.6, 1588.1, 1427.3 1282.6,
3254.1 1626.7 1601.4 1263.5
Form 3 3440.9 (broad) 1626.8 1587.3 1416.7 1262.1
Amorphous 3440.6 (broad) 1629.9 1588.4 1428.5 1280.7,
1262.8

Table 5 FT-Raman vibrational modes frequency (cm') of three polymorphs and
amorphous phase of curcumin.

Curcumin C=0 Aromatic C=C  Phenol C-O Enol C-O

Form 1 1626.2  1600.4 1430.2 1249.3
Form 2 1638.9  1591.1,1602.3 1415.6 1233.1
Form 3 1637.9 15914 1415.2 1234.4
Amorphous  1630.5  1599.3 1428.8 1243.2

%% Transmittance

| Amorphous

1629.9)

15117
14275
13843

L 34405
1585.47

‘ SEII][I ‘ ' ‘ SDII]EI ‘ ‘ ' ‘ ZEII]EI ‘ ' ' ‘ ZDEIIJ ‘ ' ‘ ‘ 15&"] ‘ ' ‘ ' ‘H]EIEI ‘
Wavenumbers (cm-1)

Figure 11 FT-IR spectra comparison of Curcumin three polymorphs and amorphous
phase. Change in frequency in C=0 region is characteristic of individual polymorphs.

82 | Chapter 3



g Forml

s
]
3

9617

1637.9

1~
]
=
-
w
11972
11805

11595

T1581.4
13105

Raman Intensity

15262
14152
12344
11178

11829

~
{
g | s
13104
J12432
(ﬁ

" 120 I - T

Raman shift (cm1)

Figure 12 FT-Raman spectra comparison of Curcumin three polymorphs and amorphous
phase. Change in frequency in C=0 region is characteristic of individual polymorphs.

3.4.2.4 Solid state NMR spectroscopy
Solid-state *C NMR (SSNMR) spectroscopy’ provides structural information
on differences in hydrogen bonding, molecular conformations, and molecular mobility.
The peaks of the crystalline Curcumin spectrum were sharp while the peaks of the
amorphous phase were diffuse indicating a more heterogeneous environment typical of
disordered materials that lack crystallinity (order). SSNMR has proved to be a useful
analytical tool to differentiate between crystalline and noncrystalline solids.**® It is
expected that crystal structures with two molecules in the asymmetric unit will show at
least a few doubled peaks in ss-NMR. Differences in the four forms of Curcumin were
analyzed by "C cross-polarization and magic-angle spinning (CP-MAS) ss-NMR.
Curcumin exists as keto form in solution and enol form in solid state (Scheme 1). °C
NMR spectrum (in de-DMSO solvent) of keto form of curcumin shows 11 peaks for 11
nonequivalent carbon atoms, but as in the solid state, enol tautomer is present, NMR
spectrum becomes more complex. Besides the signal of the methoxy group (~53 ppm)
the spectrum shows the signal of aromatic region (100-150 ppm) and carbonyl carbon
(~180-190 ppm). The crystallographic units of form 1, 2 and 3 were easily identified by
83 | Chapter 3



their distinguishable chemical shifts of identical carbon peaks at & 53 (C21), 146 (C2)
and 183 (C9) ppm (Figure 13). These & values have been compared with solution NMR
spectrum as reference (Table 6). The multiplicity of °C peaks for form 2 is due to two
independent molecules in the crystallographic asymmetric unit. The slightly broadened
NMR peaks for form 2 imply that the degree of crystallinity for the bulk material is less
and that its amorphous content is higher than other polymorphs. Since PXRD lines of
forms 2 and 3 of curcumin are very close, ss-NMR proved to be useful technique to

distinguish between them.

Table 6 *C NMR chemical shifts of Curcumin three polymorphs and amorphous phase
in the solid-state and solution spectrum. Atom numbering has been shown below.

H\
20 o o 21
13 19
MeO e . /11 P~ OMe
2 4 8 10 12 14 18
HO 15 157 OH
6 16
Bc Form 1 Form 2 Form 3 Amorphous  Curcumin
peak (ds DMSO)
1,17 156.753, 163.589 163.557, 157.564 153.203,
157.703 152.618 159.906, 154.546
156.038
2,18 146.910 144.812 145.904 146.782 145.953,
145.614
3,19 106.949 103.351 102.772 103.140 116.17
4,14 128.283, 127.111 127.397 126.263 128.341
127.732
5,15 108.614, 104.028 114.114 106.522 126.297
107.293 (broad)
6,16 113.437, 113.630 116.668 113.995 116.477
113.023 109.387
7,13 139.105, 133.519 139.030 139.218 131.548
138.649
8,12 123.664, 120.308 125.190 122.294 121.127,
121.338 120.907
9,11 184.496, 193.409, 188.074, 177.237, 188.417
182.223 187.572 184.673, 189.242
(broad), 180.771, (broad)
183.102 177.530
10 97.540 96.235 (broad) 93.123,97.851 97.326 106.063
20, 55.576, 60.812 56.150, 54.592  53.884 60.898
21 53.693
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Figure 13 “C CP-MAS ss-NMR spectra of Curcumin polymorphs.The difference
between polymorphs 2 and 3 is clearly visible in -OMe and C=O region.

3.4.3 Solubility and dissolution study of curcumin polymorphs

Aqueous solubility is one of the key physicochemical properties in drug
discovery.” High solubility in intestinal fluid provides the concentration gradient that
drives the absorption of orally administered drugs and subsequent distribution to the site
of action to elicit a pharmacological response. For intravenously administered agents,
sufficiently high solubility in plasma is critical to minimize undesirable precipitation in
the systematic circulation. Generally, poor aqueous solubility leads to formulation
challenges in development, raising costs during this phase. Aqueous solubility data
facilitate the interpretation of biological assay results. Poor aqueous solubility can lead to
problems in vivo, such as incomplete absorption following oral administration, variable
bioavailability, fed/fasting effects, and difficulties in establishing a sufficient safety
margin following dose escalation studies.”* Moreover, poor solubility is relatively
difficult to modulate in the later stage of a discovery project, where the core structure of
the lead series is more or less defined. Enabling formulations, such as nanoparticle
technology or polymer dispersion, solid crystal suspension, additives/complexation with

cyclodextrins, surfactants as microemulsions, solid state modifications using salt

85 | Chapter 3



formulations, solid state stabilization of amorphous state, particle size reduction etc.”
may provide enhanced dissolution rate of poor soluble APIs.

Curcumin shows negligible aqueous solubility (8.7 mg/L).*’ It is also low
soluble in acidic or neutral pH. At pH 7.2 buffer, 90 % of Curcumin decomposes within
30 min. Comparatively Curcumin is soluble in EtOH, acetone, dioxane etc. and stable
also. It was reported previously that drugs®® had a higher solubility in cosolvent-water
systems than in water alone. For e.g. form 1 of poorly water soluble anti-HIV drug
ritonavir® showed ~ 5 times more soluble than form 2 in 95% EtOH-water mixture.

3 and two

Again intrinsic dissolution experiments of anthelmintic drug niclosamide
monohydrate polymorphs were performed in 40% isopropanol-water medium, as the API
is not suffciently soluble in water to calculate the intrinsic dissolution rate. Intrinsic
dissolution rates (IDR) have been defined as “the rate of dissolution of a pure
pharmaceutical active ingredient when conditions such as surface area, temperature,
agitation or stirring speed, pH, and ionic strength of the dissolution medium are kept
constant”. Generally IDR experiments are performed by paddle rotation method.”” In
this method, API is made into a thin circular pellet of 0.5 cm® surface using hydraulic
press and then pasted on the one side of the paddle so that only one surface area will be
exposed to dissolution medium with the rotation of paddle. IDR experiments of
Curcumin form 1, metastable form 2 and amorphous phase were performed in 40%
EtOH-water medium in which the solubility is higher (1.21 g/L) to compare intrinsic
dissolution rate and carried out the experiments upto 7h by USP certified intrinsic
dissolution apparatus. Unfortunately metastable form 3 was not reproducible and so it
was excluded from the experiments. Here amount of Curcumin (mg/L) dissolved vs time
(min) were plotted in Figure 14. Equilibrium solubility and intrinsic dissolution rates for
three forms were summarized in Table 7. Since IDR experiments were carried out over a
6—7 hour run, the profile represents a good indication of the improved uptake of form 2
compared to form 1. When the higher solubility polymorph dissolves faster it indicates
that the polymorph is stable under the dissolution experiment conditions. Initially molar
absorption coefficient of the corresponding form was calculated from the slope of the
linear region of the absorbance (A) vs known concentrated (c) solutions using lambert-
Beer’s law (A=ecl, e=absorption coefficient, 1= UV cell length through which light is

absorbed by the sample solution). The intrinsic dissolution rate of form 1 and form 2 are
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7.956* 107 and 25.264* 10~ mg/cm*/min respectively i.e. form 2 dissolves 3.2 times
faster than that of form 1 in 40% EtOH-water mixture. Amorphous phase showed
intermediate dissolution rate between stable form 1 and metastable form 2.** As form 3 is
least stable forms among polymorphs, so it is expected that form 3 should show highest
dissolution rate. In general, there is an inverse relation between stability and solubility
among polymorphic crystals, and the less stable polymorph is more soluble/has faster
dissolution rate. Generally for polymorphs, the solubility ratio will be 2-3 times, which
cases being exceptional acemetacin (4.7 times), Ritonavir (5 times), premafloxacin (23
times) etc.**®

Again solubility may be defined as the amount of a substance that dissolves in a
given volume of solvent at a specified temperature. Generally maximum solubility (or
saturation point) of an API will be reached within 24 h, sometimes for low soluble APIs
48 h or 72 h time may be required. For equilibrium solubility experiments, 100 mg
curcumin was slurried in 5 mL of 40% aqueous EtOH for 24 h at 37 °C and maximum
solubility obtained for form 1 was 1.21g/L and there was no phase transformation for the
stable phase. However phase transformation of form 2 to stable modification after 24 h
on slurry experiments was observed. The amorphous phase was more stable, ~90% of
amorphous phase converted to form 1 and remaining converted to metastable form 2 of
curcumin after 24 h of slurry experiments in 40% EtOH-water, confirmed by matching
of PXRD with the calculated lines from the X-ray crystal structure of stable form 1
(Figure 15 and 16). There is a possibility of phase transition from amorphous phase to
metastable form 2 and then to stable form 1. In case of phase transformation equilibrium
solubility is not appropriate method since that value corresponds to the stable phase.
Here one should consider apparent solubility,” defined as the concentration of solid
material at apparent equilibrium (supersaturation) and is distinct from true
thermodynamic solubility, which is reached at infinite equilibrium time.

The Apparent Solubility of a metastable polymorph is calculated using the
equation.
Solubilitymetastabte = Solubilitysape (IDRmetastabte / IDRstabie)-

So apparent solubility and intrinsic dissolution rates are proportional to each
other for dissolution studies of an API. Apparent solubilities of metastable form and

amorphous phase are summarized in Table 7.
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Table 7 Absorption coefficient (g), solubility and intrinsic dissolution rate of Curcumin
polymorphs.

Curcumin  Absorption Solubility by IDR over 7h,  Apparent solubility,

coefficient (¢,  dispersion, mg /(cmz.min) calculated (g/L)

/mM/cm) at 24 h (g/L)
Form 1 46.21 1.21 7.96x 107 -
Form 2 43.99 2.12(x1.75)  2526x10°  3.84(x3.17)
Amorphous 38.75 2.16 (x 1.78) 14.65x 10 2.23 (x1.84)
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Figure 14 Dissolution experiments of Curcumin polymorphs in 40% EtOH-water at 37
°C. There was no phase transformation for metastable form or amorphous phase during 7
h IDR experiments.
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Figure 15 PXRD of form 2 (black) after slurry experiment for 24h with the calculated X-
ray lines of form 1 from the crystal structure shows that it has transformed to form 1.

a
Red-Form 1
Bhue-Form 2
Black-XRPD

4

I

n ™
f J{ \ o
) K
o T i R
L L1 1 LU O U O T (o T s N o St L TR SRy B BT B U L L LU D D T L]
o s E) = ) = a I3 E

Figure 16 PXRD of the amorphous solid after 24 h slurry grinding (black) matched with
the calculated X-ray lines of form 1 (red) and form 2 (blue) of Curcumin. Rietveld
refinement gave an estimate of 90% form 1 and 10% form 2 in the sample.

3.4.4 Conclusion

Before launching a new drug into market, high throughput polymorph screening
is necessary, otherwise a sudden outbreak of a new form can become a big setback for
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the pharmaceutical industry. On the other hand, a metastable polymorph often has higher
solubility and hence it is the desired polymorph for better bioavailability. In balance,
however greater stability takes precedence over higher solubility. Curcumin is very low
soluble active ingredient of natural turmeric. Because of its poor solubility and
bioavailability, so far curcumin is not marketed as capsule or tablet formulation inspite
of its diverse pharamacological activities. The marketed (or Sigma-Aldrich) form 1 of
curcumin is the stable polymorph in all our experiments. The crystal structure of form 1
contains one molecule in the asymmetric unit in the centrosymmetric space group P2/n,
whereas new metastable form 2 crystal structure contains two symmetry independent
molecules in the noncentrosymmetric space group Pca2;. Again novel form 3 crystal
structure was solved in orthorhombic Pbca with one molecule in the asymmetric unit.
This observation is very intuitive® since most crystallographers and structural chemists
tend to believe that among polymorphic structures, the crystal structure with the lower Z'
(typically Z' =1 for low symmetry drug molecules) is the more stable modification. FT-
IR and FT-Raman spectroscopy supports hydrogen bond similarity between form 1 and
form 3 and similar packing or conformational flexibility between forms 2 and 3.
Interestingly molecular overlay digram of curcumin polymorphs showed that metastable
forms have more planar structure than angular curcumin form 1 and former showed
better solubility and IDR than latter. Though there is inverse relationship between
planarity and solubility.* PXRD of forms 2 and 3 are very close, solid state °C NMR
spectra were able to differentiate and characterize between all the four forms. Since IDR
experiments were carried out over a 6—7 hour run, the profile represents a good
indication of the improved uptake of form 2 compared to form 1. When the higher
solubility polymorph dissolves faster it indicates that the polymorph is stable under the
dissolution experiment conditions. The stabilization of form 2 and the amorphous phase
through additives, excipients, polymers, etc. could lead to the development of curcumin

as a more bioavailable active ingredient.

3.5 Experimental Section
Curcumin was purchased from Sigma—Aldrich (Hyderabad, Andhra Pradesh, India) and
used directly for experiments. All other chemicals including solvents were of analytical

or chromatographic grade.
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3.5.1 Crystallization conditions for Curcumin polymorphs

Pure Curcumin (Sigma-Aldrich) was confirmed as form 1 by X-ray powder diffraction.

This material was used without further purification. Experimental conditions to obtain

each polymorph and also amorphous phase of curcumin are summarized in Table 8.

Table 8 Experimental techniques used to obtain polymorphs of curcumin.

Curcumin

Crystallization conditions

Time

(days)

Form 1

Form 2

Form 3

Commercial sample or Sigma-Aldrich material. Good
quality crystals were obtained from recrystallization of 200
mg Curcumin in 10 mL isopropanol.

(a) 200 mg (0.54 mmol) Curcumin and 52 mg (0.54 mmol)
of 4-hydroxy pyridine were ground in mortar-pestle for 30
min after adding 5 drops of EtOH, and then kept for
crystallization in 25 mL EtOH. The coformer 4-
hydroxypyridine was obtained as precipitate at the bottom
of the conical flask. Curcumin has low solubility in EtOH
and crystallized faster and appeared as thick rod crystals.
(b) 200 mg Curcumin was dissolved in 10 ml EtOH in 250
mL beaker and heated to make supersaturated solution and
then kept for crystallization in temperature controlled
refrigerator at 10 °C.

(¢) 200 mg Curcumin was dissolved in 5 mL DMSO in 25
ml beaker heated to make supersaturated solution and then
kept at room temperature (30°C).

100 mg Curcumin (0.27 mmol) and 42 mg (0.27 momol) of
4,6-dihydroxy-5-nitropyrimidine were ground in mortar-
pestle for 30 min after adding 5 drops of EtOH, and then
kept for crystallization in 10 mL EtOH. The coformer 4,6-
dihydroxy-5-nitropyrimidine was obtained as precipitate at

the bottom of the conical flask. Curcumin crystallized

2-3

3-4

45

2-3
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faster and appeared as starry aggregate of thin needle

crystals. Form 3 crystals were difficult to obtain and

sometimes what crystallized was Form 1.
Amorpho 100 mg Curcumin was melted at 190 °C and then Immediate
us phase  immediately cooled to room temperature or dipped in ice to

cool down to a glassy state.

3.5.2 Dissolution and solubility experiments

Intrinsic dissolution rate (IDR) and solubility measurements were carried out on
a USP-certified Electrolab TDT-08 L Dissolution Tester (Electrolab, Mumbai, MH,
India). A calibration curve was obtained for curcumin forms 1, 2 and amorphous phase
by plotting absorbance vs. concentration UV-Vis spectra curves on a Thermo Scientific
Evolution EV300 UV-Vis spectrometer (Waltham, MA, USA) for known concentration
solutions in 40% EtOH-water medium. The mixed solvent system (EtOH-water) was
selected for its higher solubility of curcumin in this medium. The slope of the plot from
the standard curve gave the molar extinction coefficient (¢) by applying the Beer-
Lambert’s law. Equilibrium solubility was determined in 40% EtOH-water medium
using shake-flask method.** To obtain the equilibrium solubility, 100 mg of each solid
material was stirred for 24 h in 5 mL 40% EtOH-water at 37 °C, and the absorbance was
measured at 430 nm. The concentration of the saturated solution was calculated at 24 h,
which is referred to as the Equilibrium solubility of the stable solid form (C). The
Apparent solubility (C,,) is more appropriate for metastable forms/amorphous phase
because they were found to transform to the stable form 1 of curcumin under the
solubility measurement conditions. The Apparent solubility (C,,) of a metastable phase is
calculated using the equation

Ca=Cix (Jn/Jy)

where J; and J, are the dissolution rates of the stable and metastable forms. The
dissolution rates J; and J,, are obtained from the IDR experiments.

100 mg of the each polymorph was taken in the intrinsic attachment and
compressed to a 0.5 cm” pellet using a hydraulic press at a pressure of 2.5 ton/inch® for 2

min. The pellet was compressed to provide a flat surface on one side and the other side
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was sealed. Then the pellet was dipped into 900 mL of 40% EtOH-water medium at 37

°C with the paddle rotating at 150 rpm. At regular interval of 10 min, 5 mL of the

dissolution medium was withdrawn and replaced by an equal volume of fresh medium to

maintain a constant volume. Samples were filtered through 0.2 pm nylon filter and

assayed for drug content spectrophotometrically at 430 nm on a Thermo-Nicolet EV300

UV-Vis spectrometer. The amount of drug dissolved in each time interval was calculated

using the calibration curve. The linear region of the dissolution profile was used to

determine the intrinsic dissolution rate (IDR) of the curcumin (= slope of the curve, i.e.

amount of drug dissolved divided by the surface area of the disc (0.5 cm?) per minute).
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Chapter Four

Fast Dissolving Curcumin Cocrystals

Curcumin.resorcinol Curcumin.pyrogallol
(1:1) cocrystal (1:1) cocrystal

Cocrystals of Curcumin with resorcinol and pyrogallol obtained through EtOH
assisted solvent drop grinding resulted in solubility enhancement by 5 and 12
times in 40% EtOH-water medium compared to Curcumin. Color changes from
yellow in Curcumin to dark red or brown in cocrystals are due to more effective
conjugation and planarity. Presence of water soluble phenolic coformers may
be a reason for the improved aqueous solubility of curcumin.
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4.1 Introduction

The physical and chemical properties of any particular crystalline form of a drug
depend on the internal arrangement of molecules in the crystals. Since different inter-
and intramolecular interactions such as hydrogen bonds, halogen interactions, z-stacking
and van der Waals interactions are present in different crystalline forms, they will have
different free energies and therefore exhibit different properties. Single component
crystals exhibit polymorphism as discussed in chapter 2 and 3. Even multi-component
crystals exist as polymorph, hydrate, solvate, cocrystal and salt. While selecting a
crystalline form in pharmaceutical industry for drug development, one has to consider
two important factors i.e. solubility/bioavailability and stability. Accordingly the
standard screening' in pharmaceutical industry involves searching for all possible
crystalline forms initially and then selecting the best crystalline form of Active
Pharmaceutical Ingredient (API), with optimal solubility and greater stability for further
development. It could be a polymorph (e.g. Mebendazole), hydrate (e.g. Amoxicillin
trihydrate), solvate (e.g. Indinavir sulphate ethanolate), or a salt (e.g. Fluoxetine
hydrochloride). In addition to these established crystalline API modifications,
pharmaceutical cocrystals® or crystalline molecular complexes of an API with another
pharmaceutically acceptable molecule have recently attracted the attention of
pharmaceutical chemists. Multi-component crystals possess a distinct physicochemical
profile (e.g. solubility, bioavailability, stability or tableting properties etc), potentially
enabling improvements in the properties of existing API for drug formulations. At
present more than 80% drugs are sold as tablets and about 40% of marketed drugs have
low solubility. More alarming is double the percentage of drug candidates in the R&D
pipeline (80-90%) which could fail due to solubility problems.’ In the last decade
Pharmaceutical Chemists have proved that pharmaceutical cocrystals can improve
solubility, stability, bioavailability, tableting, chiral resolutions etc. using crystal
engineering approach.

A cocrystal may be defined as a multi-component neutral molecular complex in
a definite stoichiometric ratio that are solid at ambient conditions, interact through non-
covalent interactions, predominantly hydrogen bonds. Again salt is an ionic species

consists of cation and anion, held together by ionic interaction or columbic forces.
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Generally to improve solubility of an API, salt is preferred than cocrystals because of
their ionic nature and higher aqueous solubility. However salts possess some inherent
drawbacks. It is normally targeted to one acidic or basic moiety in the molecule and
therefore requires minimum of one ionizable center on the API of interest. Also it has
inherent tendency to convert to corresponding hydrate, which poses stability problem.
Furthermore non-ionizable pharmaceutical molecules are incapable of salt formation. On
the other hand, pharmaceutical cocrystals® which are emerging as a new class of solid
forms can address multiple functional groups and aggregate as complexes with neutral
APIs that do not have ionizable groups, APIs that are not sufficiently acidic/ basic
enough to form salts, and including those of salts. In pharmaceutical cocrystals, one of
the components is an investigational or marketed drug molecule (the active
pharmaceutical ingredient or API) and the second component (the coformer) is a safe
chemical for human consumption selected from the GRAS list of the US-FDA
(Generally Regarded As Safe additive chemicals by the Food and Drugs
Administration).* Such substances include food additives, preservatives, pharmaceutical
excipients, vitamins, minerals, amino acids and other bio-molecules, as well as other
APIs. In addition, the space is not limited for binary combinations since ternary and
quaternary cocrystals are realistic possibilities.’ In recent years cocrystals have been
found to offer an attractive platform to improve the solubility and dissolution rate of
pharmaceuticals without compromising on the stability of the solid form. Remenar et
al? reported cocrystals of itraconazole with carboxylic acids that exhibited 4-20 fold
higher concentration than the insoluble, crystalline drug form. The best examples of the
2:1 cocrystals of L-tartaric acid and L-malic acid with itraconazole were able to achieve
and sustain dissolution profiles comparable to the marketed amorphous form as
Sporanox capsule. The main advantages of cocrystals over the alternate method of
amorphous drugs for solubility improvement is that the former adducts being crystalline
in nature are relatively stable and less prone to phase transformations. Secondly, the
large number of GRAS coformers makes it possible to explore several cocrystals for the
same APL® High solubility is a necessary condition for good oral absorption of an active
drug to ensure optimal delivery, which is related to issues such as bioavailability,

biopharmaceutical classification, biowaivers, and bioequivalence.
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4.2 Curcumin

Curcumin, a hydrophobic phenol, an active ingredient of popular Indian spice
turmeric is included in the list of nutraceutical compounds.” Nutraceutical is the term
used to describe a medicinal component which is present in food, plant or any natural
occurring material, used for improvement of health by preventing diseases.
Nutraceuticals includes wide range of products such as polyphenols such as curcumin
from turmeric, epigallocatechin gallate (ECGE) from tea or resveratrol from red grapes,
vitamins, oils from fish and flax, theobromine from cacao tree, caffeine from coffee
leaves etc. Nutraceuticals are popularly available in forms of tablets, capsules, softgels,
soft chews etc.” Curcumin is derived from the rhizome of the herb Curcuma longa.®
Curcumin possesses diverse pharmacological activities such as anti-inflammatory,
antioxidant, antiproliferative, antiangiogenic, anticancer, etc.” The molecule exists as
keto-enol tautomers (Scheme 1), being present predominantly in the keto form in acidic
and neutral solution whereas the enol tautomer is stable in alkaline medium. Curcumin is
safe even at high doses of 12 g/day'® in animal and human trials but its effectiveness is
limited by low aqueous solubility (7.8 mg/L) and poor bioavailability in the aqueous
medium. The poor bioavailability of curcumin is due to its low absorption, rapid
metabolism in the liver and intestinal wall and fast systemic elimination from the
biological system.''" Curcumin is almost insoluble in acidic or neutral medium,
comparatively better soluble in alkaline medium. But it has stability problems in alkaline
medium. Curcumin decomposes rapidly in neutral and alkaline medium, >90%
decomposition occurs within 30 min in pH 7.4 buffer medium.'” Hence, despite its
efficacy and safety, curcumin is still not approved as a therapeutic agent. The stability
and bioavailability of curcumin has been improved by several methods, e.g. by (1)
adding adjuvants such as piperine to block the metabolic pathways of curcumin, (2)
novel drug delivery platforms such as nanoparticles, liposomes, micelles, phospholipid
complexes, and (3) concomitant administration of lecithin, quercetin, genistein, eugenol,
terpinol etc. to increase the bioavailability.''“"* The aqueous solubility of curcumin was
enhanced 38 fold in the presence of 1-10% (w/v) rubusoside. The bioavailability of
curcumin in water and lipid medium was enhanced by complexation with phosphatidyl

. . . .14
choline in equimolar ratio.
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The instability of curcumin at physiological pH may be ascribed to the f-
diketone linker in the seven carbon chain of curcumin. We reasoned that the reactivity of
the keto-enol group could be modified through hydrogen bonding with phenolic
coformers in cocrystals, which in turn might provide more soluble and stable curcumin
solid-state forms. A few examples of pharmaceutical cocrystals involving a phenol API
or coformer were reported”> while our work was in progress. Cocrystals can alter the
physicochemical properties (e.g. stability, solubility, bioavailability and tableting etc.) of
drugs in a controlled manner.'® We recently reported novel polymorphs of curcumin
which exhibited superior dissolution rate compared to the known crystalline
modification.'” However, the metastable nature of such fast dissolving polymorphs
observed in follow-up experiments could pose a serious concern for further development.
A solid form screen of curcumin with phenolic coformers'® afforded novel cocrystals
with resorcinol and pyrogallol (Scheme 1). These curcumin cocrystals were
characterized by X-ray diffraction, spectroscopy and thermal techniques. Resorcinol is a
safe coformer molecule from the GRAS list,* and pyrogallol and its derivatives'’ exhibit
anticancer activity. Pyrogallol is an active ingredient of Emblica officinalis (amla), which

has the potential to develop as nontoxic anti-cancer agent.
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Scheme 1 Chemical structure of curcumin (keto and enol tautomers) and coformers
resorcinol and pyrogallol.

4.3 Results and discussions
The cocrystallization of curcumin—resorcinol 1a and curcumin—pyrogallol 1b

was attempted by solid-state and liquid-assisted grinding methods. The main advantage
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of solid-state grinding technique is that it overcomes complications due to possible
solvent / water inclusion during solution crystallization, but a drawback is that the
product is often microcrystalline and hence not suitable for single crystal X-ray
diffraction. Addition of few drops of a solvent as lubricant (here EtOH) to accelerate
molecular mobility during grinding/ kneading, referred to as liquid-assisted grinding,”
facilitated quantitative formation of the product cocrystals. Curcumin—resorcinol 1a (1:1)
and curcumin—pyrogallol 1b (1:1) cocrystals were obtained by liquid-assisted manual
grinding of the individual solid components for 30 min in a mortar pestle after adding 5-
6 drops of EtOH. The starting materials were consumed and new peaks observed in the
powder X-ray diffraction pattern. Diffraction quality single crystals of 1a and 1b were
obtained by slow crystallization of the components in 1:1 molar ratio from benzene-
EtOH solvent mixture (see Experimental Section). The cocrystal composition and
stoichiometry was confirmed from the crystal structure. The crystallographic parameters
for both the cocrystals are listed in Table 1. Among the 1,3-diketone and B-keto-enol
tautomers of curcumin 1, the keto-enol tautomer is more stable by 6.7 kcal/mol in the gas

phase, and this tautomer is present in its crystal structures.”'

4.3.1 Crystal structure analysis

The asymmetric unit of 1a in the monoclinic space group P2,/c contains one
molecule each of curcumin and resorcinol. The curcumin molecule is almost planar,
similar to that present in the metastable polymorphs of curcumin.'” In contrast, the stable
crystalline modification of curcumin has a twisted conformation.”> The dihedral angle
between the least squares planes passing through C4—C7-C8-C9-C10—Cl11 and
C12-C13—C14 atoms of curcumin is 4.9° in cocrystal 1a (the values in polymorph 2 and
3 of curcumin are 9.4° and 17.0°, 11.7° respectively). There is an intramolecular
hydrogen bond (O4-H4A--03, 1.79 A, 2.569(5) A, 132.9°) in the enol tautomer.
Curcumin molecules form an intermolecular O—H:--O hydrogen bond (O1-HI1---06, 2.57
A, 3.506(6) A, 159.3°) between the phenol O—H donor and OMe acceptor. The
resorcinol molecules are inclined at a dihedral angle of 64.9° to curcumin. Two
resorcinol molecules donate O—H:-*O hydrogen bonds along the a-axis to the carbonyl
group of curcumin (O7-H7A--03, 1.81 A, 2.773(6) A, 165.4°; O8—H8A--03, 2.09 A,
2.921(6) A, 140.4°) (Figure 2a). Weak C—H-+-O and C—H--m interactions play an
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auxiliary role in structure stabilization (Figure 2b). Neutron normalized Hydrogen bonds
are summarized in Table 2.

The asymmetric unit of 1b in the monoclinic space group P2,/n contains one
molecule each of curcumin and pyrogallol. The curcumin molecule is almost planar: the
dihedral angle between the least squares planes in curcumin is 6.7°. There is an
intramolecular hydrogen bond (O4-H4A--03, 1.76 A, 2.552(5) A, 135°) in the enol
tautomer. Two pyrogallol molecules form hydrogen bond along the a-axis to the
carbonyl oxygen of the B-keto group (O7-H7B--03, 1.91 A, 2.748(5) A, 141
08-HS8A--03, 1.78 A, 2.665(5) A, 148°). Curcumin molecules are arranged in infinite
chains linked through intermolecular O—H---O hydrogen bond between the phenolic OH
groups of adjacent molecules (O5—HS5A 01, 1.98 A, 2.724(5) A, 130°). An O-H-~-O
hydrogen-bonded trimer (O1-H1--09, 1.97 A, 2.814(5) A, 142°; 09—H9--05, 1.83 A,
2.681(5) A, 143°) is formed between the phenol OH of two curcumin molecules with
pyrogallol oxygen acceptor forms a ring motif of R3*(6) graph set notation” (Figure 3a).
A few crystal structures having the O—H:-O trimer synthon extracted from the
Cambridge Structural Database are HESKOF, QEXXEW, SEFRIE and XEFSIK (six
alphabet CSD REFCODEs).** Weak C—H+O and C—H-m interactions stabilize the
overall packing of cocrystal structure 1b (Figure 3b).

The molecular overlay of curcumin in polymorphs 1-3, curcumin—resorcinol 1a,
and curcumin—pyrogallol 1b displays the almost planar conformation of curcumin
molecule in its metastable polymorphs and cocrystals, but the molecule is twisted in the
stable modification (Figure 4). The cocrystal of curcumin with resorcinol is a
pharmaceutical cocrystal because resorcinol has GRAS status, and curcumin—pyrogallol
may be classified as a drug—drug cocrystal,”> given the lung cancer and tumor growth
inhibition activity of pyrogallol."” Attempts to make cocrystals of curcumin with other
phenols such as catechol, orcinol, phloroglucinol, hydroquinone, etc. were unsuccessful.
Instead of obtaining cocrystals, both curcumin and phenolic coformers were separated
from solution crystallization. There were no new metastable phases of curcumin obtained

in our cocrystallization experiments.
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(b)

Figure 1 (a) O—H:---O hydrogen bond between curcumin and resorcinol along the a-axis
in cocrystal 1a. (b) O—H:--O, C—H--O and C—H- ' interactions between curcumin and

resorcinol molecules in the crystal structure.
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(b)

Figure 2 (a) O—H--O trimer between two curcumin and one pyrogallol in cocrystal 1b.
(b) O—H-O, C-H--O and C—H: 7 interactions between curcumin and pyrogallol
molecules in the crystal structure.

Table 1 Crystallographic data for curcumin cocrystals la and 1b

Curcumin—resorcinol

Curcumin—pyrogallol

Crystal Data 1a b

Emp Formula C21 Hzo 06, C6H602 C21H2()O6, C6H6O3
Formula wt. 478.48 494.48

Crystal system Monoclinic Monoclinic
Space group P2\/c P2,/n

T[K] 298(2) 100(2)

a[A] 7.7321(9) 7.3706(6)

b[A] 16.1990(19) 15.8001(10)
c[A] 19.558(3) 19.8972(14)
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o [deg]
B deg]

7 [deg]
Z

Volume [A’]
Dcalc [g/cm3]
Ry [1>20(1)]
wR,

GOF

90
101.095(12)
90

4

2403.9(5)
1.322
0.0687
0.2029
0.983

90
92.933(7)
90

4
2314.1(3)
1.419
0.0923
0.2867
1.030

Table 2 Hydrogen bonds in crystal structures (neutron-normalized distances).

Crystal Interaction H+~A/A D+~A/A /D-H+A/ Symmetry code
forms
Curcumin— OI1-HI1- 06 2.57 3.506(6) 159 —1+x,y, —1+z
resorcinol ~ O4—H4A--- O3 1.79 2.569(5) 133 Intramolecular
(1a) O5-H5A- O1 2.01 2.750(8) 130 1+x,y, 14z
O5—-H5A-- 06 2.13 2.648(9) 111 Intramolecular
O7-H7A- O3 1.81 2.773(6) 166 2-x, 1-y, —=z
O8—-H8A- O3 2.10 2.921(6) 140 1-x, 1-y,—=z
C21-H21A--0O8  2.68 3.414(6) 133 X,1/2-y,1/2+z
Curcumin— OI1-HI-- 02 2.16 2.620(5) 106 Intramolecular
pyrogallol  O4-H4A:---O3 1.76 2.552(5) 135 Intramolecular
(1b) O5-H5A--01 1.98 2.724(5) 130 X,y, 14z
O1-H1--09 1.97 2.814(5) 142 3/2—x, Yaty, Yoz
09-H9--05 1.83 2.681(5) 143 3/2—x, Yaty, Yoz
O7-H7B---03 1.91 2.748(5) 141 24X, Y, Z
O8—-H8A--03 1.78 2.665(5) 148 X,y,—1+z
C8—H8-- 07 2.66 3.738(6) 171 1-x, 1-y,—=z
C20-H20C--08 2.41 3.366(6) 146 1=, 1y, —=z
C7-H7--09 2.41 3.480(6) 168 X,y,—1+z
C23-H23---09 2.25 3.310(6) 165 —1+x,y, 2
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Figure 3 Molecular overlay of curcumin in Form 1 (red), Form 2 (blue, magenta), Form
3 (green), curcumin—resorcinol cocrystal 1a (orange), and curcumin—pyrogallol cocrystal
1b (pink). The two aryl side arms are nearly coplanar to the central 3-keto-enol group in
all crystal structures except the stable commercial polymorph 1 of curcumin in which
one aryl group is twisted.
4.3.2 Thermal analysis

The thermal stability of curcumin cocrystals 1a and 1b was examined by
differential scanning calorimetry (DSC) (Figure 4). They exhibited a single endotherm
peak at 166 °C and 158 °C, respectively, indicative of a homogeneous solid phase. The
melting point of both cocrystals is in between that of curcumin and the coformer'
(curcumin 177 °C, resorcinol 110 °C, and pyrogallol 131 °C). The higher onset
temperature of cocrystal 1a compared to 1b does not correlate with coformer melting
point. There is inverse relationship between solubility and melting point. By decreasing

melting point of the curcumin cocrystals, we were able to increase the solubility (will be

discussed later).
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Figure 4 DSC endotherm of cocrystal 1a and 1b. The single endotherm at a temperature
different from the melting points of the pure components is indicative of a homogeneous
cocrystal phase. Melting point of curcumin is 177 °C, resorcinol 110 °C, and pyrogallol
131 °C.
4.3.3 Powder X-ray diffraction

Powder X-ray diffraction is a fingerprint characterization method for solid
phases, such as cocrystals and salts.”® If the resulting PXRD of the solid product after
grinding the pure solid compounds (the API and the coformer) is different from that of
the reactants, then it may be inferred that a new solid phase has formed. The unexpected
formation of a new polymorph for one of the components during grinding and/or due to
the presence of a coformer as an additive is another possibility.'”” The presence of both
the molecular components and their stoichiometry was ascertained by 'H NMR
spectroscopy. The bulk material appeared to be pure and homogeneous cocrystal
composition by PXRD, which was confirmed by matching the experimental PXRD
patterns with the calculated diffraction lines form the X-ray crystal structures (Figure 5).
The powder X-ray diffraction of curcumin—resorcinol 1a exhibited characteristic
reflections at about 26 1091, 18.81, 20.12, 23.39, 24.05 and 25.82 +0.2°
Curcumin—pyrogallol 1b exhibited characteristic reflections at about 26 10.57, 11.96,
18.78, 20.97, 24.11, 24.69 and 26.66 +0.2°. Both cocrystals were found to be stable for
up to six months in our laboratory ambient conditions of 25-35 °C and 40-60% relative

humidity. A systematic check under ICH accelerated stability conditions of 40 °C and
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75% RH in a controlled humidity oven showed no sign of degradation or dissociation of

cocrystals to curcumin at three months (13 weeks).
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Figure 5 Experimental PXRD plots (black trace) of (a) curcumin—resorcinol and (b)
curcumin—pyrogallol match nicely with the calculated X-ray diffraction lines from the
crystal structures (red), indicating excellent purity of the bulk phases
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4.3.4 FT-IR, FT-Raman and ss-NMR spectroscopy

Infrared and Raman spectroscopy provide useful information about the
vibrational modes of a molecule resulting from changes in the physical state of the
sample and differences in hydrogen bonding and molecular conformations.” Hydroxyl
groups absorb strongly in the 3700-3584 c¢cm™' region. Phenolic and olefinic C—O
stretching vibrations occur between 1260-1000 cm ™' and 1430-1410 cm™' respectively.
IR spectra of cocrystals 1a and 1b alongside those of curcumin and the coformer are
displayed in Figure 6. The changes in the O—H and C=O stretching frequencies of the
cocrystals compared to the coformers suggested the formation of new compounds.
Similarly the Raman spectra exhibited diagnostic differences in the carbonyl stretch,
phenol, and olefinic C—O stretch regions (Figure 7). A comparison of IR and Raman
stretching frequencies is summarized in Table 3 and 4. Together with ss-NMR
spectroscopy (discussed next) the formation of new cocrystals of curcumin was
confirmed in the bulk phase.

Solid-state ’C NMR spectroscopy”’ (ss-NMR) provides structural information
about differences in hydrogen bonding, molecular conformation, molecular mobility, and
short range environment in crystalline and amorphous solids. The sharp peaks in the
spectra of cocrystals 1a and 1b indicated their crystalline nature. Differences in the
cocrystals of curcumin from the starting materials were analyzed by "“C cross-
polarization, magic-angle spinning (CP-MAS) ss-NMR (Figure 8). The upfield chemical
shift of the OMe carbon (6 ~55 ppm) and downfield shift movement of the carbonyl
carbon atom of curcumin (8 ~185 ppm) provided additional characterization of new solid

materials 1a and 1b. The chemical shift values are summarized in Table 5.

Table 3 FT-IR stretching vibration modes wavenumber (v, cm ') for curcumin
cocrystals compare to coformers.

O-H C=0 Aromatic C=C Enol Phenol
CcC-0 C-0

Curcumin 3510.9 1627.5 1602.6 1429.0 1281.2
Curcumin-  3427.2 1624.6  1573.1 1435.3 1281.1
pyrogallol (broad)
Curcumin-  3439.7 1625.5 1603.3,1577.0 1430.7 1283.8
resorcinol
Pyrogallol 35274 - 1621.9 - 1285.3
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Resorcinol 3257.3 --- 1608.3 --- 1297.3
(broad)

Table 4 FT-Raman stretching vibration modes wavenumber (vs, cm ') for curcumin
cocrystals compare to coformers.

C=0 Aromatic C=C  Enol C-O Phenol C-O
Curcumin Form 1 1626.0 1600.3 1430.0 1183.3
Curcumin—pyrogallol 1638.3 1591.6 1428.0 1184.6
Curcumin—resorcinol  1639.0 1601.3, 1585.4 1426.2 1185.4
Pyrogallol - 1624.9 - 1156.7
Resorcinol - 1606.4 -—- 1084.6
Curcumin-pyrogallol %Ww
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Figure 6 IR spectra of curcumin-resorcinol and curcumin—pyrogallol and the pure
components.
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Figure 7 Raman spectra of curcumin-resorcinol and curcumin—pyrogallol and the pure
components.
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Figure 8 Solid state °C NMR spectra of (a) curcumin—resorcinol 1a and (b) curcumin—
pyrogallol 1b cocrystals along with the pure components. The peaks in the cocrystal are
shifted relative to the pure components. See the difference in the C=0O chemical shift

region.

Table 5 °C solid-state NMR chemical shifts (8, ppm) for curcumin cocrystals 1a and 1b
and curcumin polymorph 1. Atom numbering was shown below.

OH

BC peak Curcumin— Curcumin— Curcumin polymorph 1
atom # resorcinol 1a pyrogallol 1b

1,17 146.79, 146.02 145.75, 144.90 156.75, 157.70
2,18 142.54 142.77 146.91

3,19 112.87 111.51 106.95

4,14 128.92 129.09, 132.65 128.28, 127.73
5,15 115.31 115.12 108.61, 107.29
6, 16 121.52 117.33, 118.85 113.44, 113.02
7,13 139.09 138.69, 138.30 139.10, 138.65
8,12 126.34, 125.70 125.17, 126.79 123.66, 121.34
9,11 190.37,175.43 189.94, 176.23 184.50, 182.22
10 --- --- 97.540

20, 21 54.91, 52.77 54.73, 52.63 55.58, 53.63
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1,3 154.34, 153.71 142.96, 142.60 -

2' 101.78 129.19 -
4, 6' 106.44, 105.42 104.16 ---
5 131.38 108.21 —

4.3.5 Dissolution experiments

More than 50% marketed drugs have very low solubility problems and
consequently exhibit low bioavailability. To improve bioavailability of poorly soluble
drugs, typical solubilisation techniques include cocrystal/salt formation, cosolvents,
surfactants, complexation, hydrotropic agents and solid crystal suspensions were
performed.*® These approaches increase solubility by altering a solvating environment,
making it better suited for maintaining hydrophobic solutes in aqueous solutions.
However, hydrophobicity is not the sole reason for low drug solubility; rather strong
crystallinity (or high melting point) is also responsible. Cocrystallization of low soluble
drug molecules, showed much better solubility improvement than other techniques
without changing the original drug molecule.

The aqueous solubility of curcumin is very low (8.7 mg/L)."" Its solubility is
lower at acidic and neutral pH and higher in basic conditions. However curcumin is
unstable in the alkaline medium where 90% of curcumin decomposes at pH 7.2 buffer
within 30 min. It is soluble in EtOH and acetone and is stable in these media. The
dissolution rate of curcumin polymorphs was determined in 40% EtOH-water medium in
which it has higher solubility (stable Form 1 = 1.21 g/L). The dissolution rate of Form 2
is about 3 times faster than that of commercial Form 1." The dissolution rates of
curcumin cocrystals 1a and 1b were compared with that of the stable Form 1 at 37 °C for
5 h. The intrinsic dissolution experiment could not be run beyond 5 h because at this the
time the pellet of cocrystal 1a and 1b started to disintegrate and a hole was observed in
the center. The contact surface area of the pellet increased abruptly at this point leading
to faster dissolution of cocrystals and consequent supersaturation of curcumin released
suddenly into the medium causing precipitation. In contrast, the pellet of pure curcumin
was intact beyond 5 h. The amount of curcumin dissolved per unit surface area (mg/cm?)
was plotted against time (min) (Figure 9) and intrinsic dissolution rates were calculated
(Table 6) from the slope in the linear region of the dissolution curves. Curcumin—

pyrogallol (1:1) and curcumin-resorcinol (1:1) cocrystals dissolved ~12 and ~5 times
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faster than curcumin, respectively. The rate of dissolution and apparent solubility are
different from equilibrium solubility. The former are kinetic parameters while the latter
is a thermodynamic quantity. Since most drugs exert their therapeutic effect within 4—
6—8 h of oral administration, the apparent solubility of the drug is a relevant parameter
for those solid-state drug forms which undergo phase transformation during the solubility
experiment.

Solubility is defined as the concentration of the substance in solution that is at
chemical equilibrium with an excess of the undissolved substance. The rate at which this
equilibrium is reached is the dissolution rate. The solubility (after 24 h stirring, generally
taken as an equilibrium value at 24-48 h) of curcumin Form 1, cocrystal 1a and cocrystal
1b are 1.21, 2.02 and 5.97 g/L, respectively (curcumin Form 2 = 2.12 g/L).** However,
both cocrystals 1a and 1b were not indefinitely stable in the slurry medium of the
dissolution experiment and converted to stable Form 1 of curcumin as concluded from
their PXRD plots. When the solid form is not stable during the solubility experiment, as
in the present case, the apparent solubility’’ may be calculated for comparison. The
apparent solubility is the rate at which the cocrystal dissolves with respect to the stable
form, multiplied by the solubility of the stable form (Eq. 1).

Cow=Csx (Ju/J)) Eq. (1)
where C,, is the apparent solubility of the cocrystal, C, is the solubility of the
thermodynamic form, and J,, and J are the dissolution rates for the cocrystal and the
stable species (derived from the linear region of the drug concentration vs. time plots).
The apparent solubility’s of curcumin-resorcinol la and curcumin—pyrogallol 1b

cocrystals are 5.71 and 14.23 g/L, respectively (curcumin Form 2 =3.84 g/L).
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Figure 9 Intrinsic dissolution rate of curcumin Form 1 (e), curcumin-resorcinol (m) and
curcumin—pyrogallol (A) in 40% EtOH-water at 37 °C. The amount of curcumin
dissolved in solution was monitored by UV-Vis spectroscopy.

Table 6 Dissolution and solubility data for curcumin polymorphs and cocrystals 1a and
1b. The extent of increase (x times) relative to curcumin polymorph 1 is given in bracket

Curcumin Absorption  Solubility at 37 °C ~ Intrinsic dissolution ~Apparent
Forms coefficient (24 h) in 40% rate (x 107°) solubility®
(), /mM) ethanol-water (g/L) (mg/cm’) /min (g/L)
Curcumin 46.21 1.21 7.96 1.21
Curcumin— 37.15 2.02 (x 1.67) 37.61 (x 4.72) 5.71 (x
resorcinol (1a) 4.72)
Curcumin— 52.42 5.97 (x 4.93) 93.64 (x 11.76) 14.23 (x
pyrogallol (1b) 11.76)

* Calculated using Eq. 1 given in text.

Powder dissolution experiments (Figure 10) were carried out on materials sieved
to ~200 um particle size to know the peak value of dissolution Vs. time. Peak solubilities
were achieved at 2.5 h (Form 1 = 62 mg/L, 1a = 119 mg/L, 1b = 183 mg/L) and then
steady state plateau concentrations were maintained until 4 h. The amount of curcumin
dissolved in 4 h (AUC,.4 h) of powder dissolution in 40% EtOH-water is 12.2 g h/L for
form 1, 23.3 g h/L for cocrystal 1a, and 36.5 g h/L for cocrystal 1b. The fact that both

curcumin-pyrogallol and curcumin-resorcinol are stable in the early phase of the
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dissolution experiment (up to 2-4 h) (verified by placing 200 mg of cocrystal in 5 mL of
40% EtOH-water mixture) is an encouraging result. There was no trace of curcumin by
PXRD after 2 h, but the cocrystals transformed to curcumin after 4 h (Figure 11). In
contrast, the faster dissolving polymorph 2 of curcumin transformed to the stable
modification in less than 1 h.

The higher apparent solubility of curcumin cocrystals 1a and 1b compared to the
metastable polymorph 2 (discussed in chapter 3) is consistent with the general trend for
polymorphs and cocrystals. Solubility improvement among crystalline drug polymorphs
is about 2-3 times,”> with the less stable polymorph being more soluble. Cocrystal

-6 and these latter values are

solubility can often match with that of the amorphous drug,
much higher (4-14-fold)”® than that of the crystalline form. We noted the inverse
correlation between melting point and solubility: the higher melting curcumin—resorcinol
(1a) has lower solubility than the lower melting curcumin—pyrogallol cocrystal (1b). The
data in Table 5 suggest that cocrystals 1a and 1b have a greater potential in solid form
development for curcumin compared to the metastable polymorph because of their faster
dissolution performance and improved stability. The concentration of curcumin in
dissolution and solubility experiments was assayed spectrophotometrically at the 430 nm
maxima from standardized concentration-intensity UV-vis plots; there was no
interference from coformers that absorb in the blue-shifted 250-270 nm UV region. We
noted a structural similarity among the more soluble forms: the curcumin molecule is
near-planar in the metastable polymorph 2 and cocrystals 1a and 1b, whereas it is bent in
the stable polymorph. A possible explanation could be that the extended planarity** and
conjugation of curcumin molecule are responsible for increased solubility. Conjugation
is more effective in the planar structures because they are bright red colored compared to
the deep yellow color of commercial curcumin. Another speculation is that that the more
soluble coformer makes O—H--O hydrogen bonds with water and thereby facilitates
release of curcumin from the cocrystal into the aqueous medium.

BFDH morphology prediction using Mercury 2.4 software suggested why
curcumin-pyrogallol exhibits higher solubility than curcumin-resorcinol. Considering six
curcumin molecules on both sides of the predicted hexagonal crystals morphology along
the b-axis, one hydroxyl groups of three each resorcinol molecules are exposed to the

surface area, but two hydroxyl groups of three each pyrogallol molecules are exposed
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(Figure 12). The solubility depends upon number of polar groups exposed on the surface
and interacts with solvent molecules during dissolution experiments. This morphology

prediction model explains better solubility of curcumin-pyrogallol than curcumin-

resorcinol.
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Figure 10 Powder dissolution curves for curcumin Form 1 (e), cocrystal 1a (m) and
cocrystal 1b (A). The curcumin concentration for cocrystals reaches a peak value at
about 2.5 h and then starts decreasing slowly because of transformation to the stable
polymorph 1 in the slurry medium.
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Figure 11 PXRD comparisons of (a) curcumin—resorcinol, la and (b)
curcumin—pyrogallol, 1b with calculated X-ray lines of the respective cocrystals (blue)
and curcumin (red) at 2 h and 4 h of slurry grinding in 40% EtOH-water medium. The
cocrystals are stable up to 2 h but transform to curcumin after 4 h.
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Figure 12 BFDH morphology predictions for curcumin-resorcinol (a) and curcumin-
pyrogallol cocrystals along b-axis.
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4.3.6 Conclusion

A major problem in the use of bioactive herbal ingredient curcumin as a
therapeutic agent is its low solubility and bioavailability. The present results on more
soluble cocrystals of curcumin could provide faster dissolving solid forms of curcumin
that are relatively stable for drug development. These results are of general applicability
in that cocrystals could offer the dual advantage of higher solubility and improved
stability compared to fast dissolving polymorphs, which are often metastable. A crystal
engineering approach was utilized to prepare 1:1 cocrystals of curcumin with resorcinol
and pyrogallol by liquid-assisted grinding. The products 1a and 1b were characterized by
IR, Raman, ss-NMR, and X-ray diffraction. In cocrystals curcumin molecules are
interconnected in a chain motif where coformers resorcinol and pyrogallol situates at
perpendicular positions. These are the earliest examples of curcumin cocrystals with
complete structural characterization and physicochemical measurements to our
knowledge. Pending in vivo clinical data, we believe that the faster dissolving curcumin

cocrystals hint at improved bioavailability than pure curcumin.

4.4 Experimental section

4.4.1 Crystallization

The procedures for preparing microcrystalline powders (bulk material for
measurements) and single crystals (for X-ray diffraction) of products are detailed in
Table 7. The use of EtOH in liquid-assisted grinding did not show any apparent evidence
of ethanol solvates as judged from the '"H NMR spectra of products that were devoid of
solvent peaks. Liquid-assisted grinding followed by solution crystallization gave single
crystals, but the first stage was not mandatory; an equimolar mixture of components in

solution crystallization gave similar results.

Table 7 Crystallization conditions for curcumin cocrystals

Cocrystal Condition Time (d)

Curcumin— (a) Solution crystallization for single crystals 34
resorcinol 200 mg (0.54 mmol) curcumin and 59.5 mg (0.54 mmol) resorcinol

(1:1), 1a were ground in a mortar-pestle for 30 min after adding 5 drops of
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EtOH, and then kept for crystallization in EtOH-benzene mixture

(18 mL +2 mL).

(b) Liquid-assisted grinding method for bulk material

200 mg (0.54 mmol) curcumin and 59.5 mg (0.54 mmol) resorcinol

were ground in a mortar-pestle for 30 min after adding of 5-6 drops

of EtOH which gave the cocrystal as microcrystalline powder.
Curcumin— (a) Solution crystallization for single crystals 34
pyrogallol 200 mg (0.54 mmol) curcumin and 68.1 mg (0.54 mmol) pyrogallol
(1:1), 1b were ground in a mortar-pestle for 30 min after adding 5 drops of

EtOH, and then kept for crystallization in EtOH-benzene mixture

(18 mL +2 mL).

(b) Liquid-assisted grinding method for bulk material

200 mg (0.54 mmol) curcumin and 68.1 mg (0.54 mmol) pyrogallol

were ground in a mortar-pestle for 30 min after adding 5-6 drops of

EtOH to give the cocrystal as a microcrystalline powder.

4.4.2 Dissolution and solubility experiments

Intrinsic dissolution rate (IDR) and solubility measurements were carried out on
a USP-certified Electrolab TDT-08 L Dissolution Tester (Electrolab, Mumbai, MH,
India). A calibration curve was obtained for curcumin Form 1, and cocrystals 1a and 1b
by plotting absorbance vs. concentration UV-Vis spectra curves on a Thermo Scientific
Evolution EV300 UV-Vis spectrometer (Waltham, MA, USA) for known concentration
solutions in 40% EtOH-water medium. The mixed solvent system (EtOH-water) was
selected for its higher solubility of curcumin in this medium. The slope of the plot from
the standard curve gave the molar extinction coefficient (¢) by applying the Beer-
Lambert’s law. Equilibrium solubility was determined in 40% EtOH-water medium
using the shake-flask method.”> To obtain the equilibrium solubility, 100 mg of each
solid material was stirred for 24 h in 5 mL 40% EtOH-water at 37 °C, and the
absorbance was measured at 430 nm. The concentration of the saturated solution was
calculated at 24 h, which is referred to as the Equilibrium solubility of the stable solid
form (C;). The Apparent solubility (C,,) is more appropriate for cocrystals 1a and 1b
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because they were found to transform to the stable Form 1 of curcumin under the
solubility measurement conditions. The Apparent solubility (C,) of a cocrystal is
calculated using the equation

Con=Cix (Jn/J)
where J; and J, are the dissolution rates of the stable and cocrystals forms. The
dissolution rates J; and J,, are obtained from the IDR experiments.

100 mg of the solid (drug, cocrystal, polymorph) was taken in the intrinsic
attachment and compressed to a 0.5 cm” pellet using a hydraulic press at a pressure of
2.5 ton/inch® for 2 min. The pellet was compressed to provide a flat surface on one side
and the other side was sealed. Then the pellet was dipped into 900 mL of 40% EtOH-
water medium at 37 °C with the paddle rotating at 150 rpm and continued upto 5 h. At
regular interval of 10 min, 5 mL of the dissolution medium was withdrawn and replaced
by an equal volume of fresh medium to maintain a constant volume. Samples were
filtered through 0.2 um nylon filter and assayed for drug content spectrophotometrically
at 430 nm on a Thermo-Nicolet EV300 UV-Vis spectrometer. There was no interference
to the curcumin UV-Vis maxima at 430 nm by the coformers because resorcinol and
pyrogallol absorb at 250-270 nm in the UV region. The amount of drug dissolved in each
time interval was calculated using the calibration curve. The linear region of the
dissolution profile was used to determine the intrinsic dissolution rate (IDR) of the
compound (= slope of the curve, i.e. amount of drug dissolved divided by the surface
area of the disc (0.5 cm®) per minute). The dissolution rates for Form 1 and cocrystals 1a
and 1b of curcumin were computed from their IDR values.

For powder dissolution studies of curcumin and its cocrystals the starting solids
were sieved in ASTM standard mesh sieves to provide samples with particle size of
approximately 200 um and then directly poured into 900 mL dissolution medium and the
paddle rotation was fixed at 100 rpm. Dissolution experiments were continued up to 4h
at 37 °C. At regular interval of 5-10 min, 5 mL of the dissolution medium was drawn and
replaced by an equal volume of fresh medium to maintain a constant volume. The area
under the curve for 4 h of dissolution experiment (AUCy.4,) was calculated by the linear

trapezoidal rule of drug bioavailability.*®
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Chapter Five

Crystal Engineering of Stable

Temozolomide Cocrystals

0 wk 1 wk 3wk 7 wk

Solid form stability and color comparison of pure Temozolomide (top panel)
and Temozolomide—succinic acid cocrystal (bottom panel) under accelerated
ICH conditions of 40 °C and 75% RH. Whereas pure temozolomide turned pink
to tan to dark brown in color due to degradation, its cocrystal remained white
(stable) for the entire duration.
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5.1 Introduction

Crystal Engineering' is a flourishing field of research dealing with “the
understanding of intermolecular interactions in the context of crystal packing and in the
utilization of such understanding in the design of new solids with desired physical and
chemical properties”. Crystal Engineering has subsequently attracted general interest
from a wide range of molecular scientists, in particular organic, inorganic and physical
chemists, crystallographers and materials scientists. Crystal Engineering not only
addresses a fundamental understanding of crystal packing, it also offers an opportunity
for the design of new solids with desired structure and properties. Furthermore,
supramolecular approaches to synthesis’ can offer considerable advantages over
traditional covalent synthesis in which compounds are generated by stepwise breaking
and making of covalent bonds. In particular, supramolecular synthesis facilitates self-
assembly of molecules through non-covalent interactions (e.g. hydrogen bond) without
changing the chemical structure of the molecular components.

Considerable time and funds are required for the research and development and
formulation of any API that is to be delivered in a solid form.’ Unfortunately, some
potentially useful APIs administered as solids may never realize their maximum potential
due to poor stability and bioavailability, limited by their solubility.* The enhanced
stability and solubility critically impacts the pharmacokinetic profile of orally delivered
APIs resulting in better absorption in the gastrointestinal tract (GIT) and reduced dosage-
level requirements.’ Thus, a number of approaches have been pursued for optimizing the
solubility of APIs such as preparation of solid dispersions, microionization, the use of
surfactants, self-emulsifying formulations, inclusion complexation with cyclodextrins,
nanocrystals, and the use of single and multi-component molecular crystals.® Recently
there is heightened interest and awareness of the need to diversify the range of crystal
forms exhibited by APIs. The multi-component approach that includes salts as well as
cocrystals results in a set of structural variations of the same API. Salt formation indeed
is a widely accepted approach to modify the physical properties of APIs,” Cocrystal (as
discussed in chapter 4) is a multi-component system, solid at ambient condition, held
together by noncovalent interactions e.g. hydrogen bond, electrostatic, columbic

interactions. However, pharmaceutical cocrystallization is a recent technology which
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offers an alternative platform to improve the physicochemical properties of active
pharmaceutical ingredients (APIs), such as the melting point, solubility, tableting,
stability and dissolution rate.® Whereas improvement in solubility and faster dissolution
rates are the most preferred reasons for developing novel cocrystal materials, the
opposite trend of reduced solubility is also possible.”® Other applications of
pharmaceutical cocrystals are changes in crystal morphology and isomer separation.” For
example, the crystal packing of paracetamol’™ was modified to a layer structure in a
cocrystal with theophylline (1:1) that had improved compression and tableting properties
compared to the stable polymorph of the drug. Difficult to separate isomers/
stereoisomers and chiral resolution of quinidine from its stereoisomer quinine was
achieved via cocrystals with methyl paraben as a molecular hook.” Pharmaceutical
cocrystals consists of one pharmaceutical ingredient and GRAS molecule as a coformer
They are multiple component solids in a definite stoichiometric ratio, also represent a
broad patent space since they are clearly new chemical entities, their design and
preparation involve several elements of non-obviousness. Cocrystals generally have
novel and useful properties.'” These are particularly relevant for APIs lacking functional
groups that enable salt formation. Again the synthon'' which is defined as “structural
units within the molecules can be formed and/or assembled by known or conceivable
synthetic operations” provides rational strategies for the construction of cocrystals and
assessing the likelihood of formation of specific hydrogen bond. Normally all good
hydrogen bond donors and acceptors are used in hydrogen bonding, and the best
hydrogen bond donor tends to interact with the best hydrogen bond acceptor and so on,
in a given crystal structure. Based on the functional groups in molecules and the
hydrogen bond rules,'”” Crystal Engineering has recently gained relevance in the
preparation of various stoichiometries of cocrystals. Further they can be easily prepared
through solvent free or solvent reduced methods. Neat grinding, solvent-drop or liquid
assisted grinding, slurry grinding, ball milling and solvent mediated cocrystal formation
are few general methods used for cocrystal preparation.”® Cocrystals can be designed by
synthon strategies, this does not mean that details of crystal structures or physical

properties can be predicted before they are measured.
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5.2 Temozolomide

Temozolomide (TMZ) is an anticancer agent with a broad spectrum of
antineoplastic activity.'* TMZ is a monofunctional alkylating agent prodrug that is able
to cross the blood-brain barrier. It is the preferred treatment of choice for some of the
most malignant and intractable brain tumors. Temozolomide is the most effective drug
for glioblastoma multiforme, malignant melanoma, and other advanced cancers in human
patients. Temozolomide is superior to its closely related nitrogen heterocycle predecessor
drug molecules, e.g. dacarbazine and mitozolomide."> Mitozolomide was very successful
in rats but produced toxic side effects in human Phase I clinical trials. The biochemically
active species in all cases is 5-(3-monomethyl-1-triazeno)imidazole-4-carboxamide
(MTIC), but the difference is that dacarbazine requires hepatic metabolism to generate
the active intermediate species whereas temozolomide spontaneously hydrolyzes above
pH 7 to MTIC which further transforms to 5-aminoimidazole-4-carboxamide (AIC) by-
product. MTIC auto-degrades to the highly reactive methyldiazonium cation (CH;N,")
which is the nascent alkylating agent for DNA. The most nucleophilic centers for
methylation of nucleotides are 06 (5% of adducts) and N7 of guanine (70% of adducts),
N1 and N3 of adenine, and N3 of cytosine (25% of adducts). Although O6 methylation is
a minor site of DNA alkylation, it causes the maximum cell apoptosis and death. The
mechanism of activation of TMZ'**'® involves hydrolytic cleavage of the tetrazinone
ring at neutral-to-basic pH conditions and release of the methtylating agent (Scheme 1),
which binds in the major groove of DNA. Temozolomide is an effective antitumor agent
when a large population of cancer cells is actively replicating.

Several polymorphs of temozolomide are published in the patent literature and
X-ray crystal structures of four of these ten polymorphs (three crystalline polymorphs
and a monohydrate) were determined."™'” Commercially available temozolomide
matches with the powder X-ray diffraction (PXRD) pattern of Form 1. The material is
crystalline and non hygroscopic. However, there is a stability problem associated with
temozolomide tablets marketed under the brand name Temodar or Temodal.'® Even
though freshly crystallized temozolomide is obtained as a white powder, the material
often turns to light tan/ pink powder upon storage. The product information leaflet of
Temodar drug in the Physician Desk Reference 60™ Edition'® states that the drug

material is a light tan/ light pink powder. The coloration is indicative of degradation to
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AIC during storage, thus making the prodrug less effective. Moreover, the tan brown
color of tablet can also cause unnecessary scare in patients. A recent patents'® on storing
temozolomide in sealed bags noted that “in view of the apparent tendency of
temozolomide to degrade, as evidenced by the change in color, there exists a need for
products and methods, which improve the stability and shelf life of temozolomide.”
Special storage precautions such as reduced humidity, desiccants, low oxygen and light
levels are specified for storing this compound. A sample containing 1.8% water
decomposes faster than samples with 0.1% water over 6 months. White samples of
temozolomide stored at 45% RH started to turn pink after 24 hours and the material was
distinctly pink after 4 days. There is thus an urgent need for an improved solid-state form

of temozolomide exhibiting superior drug stability.
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Scheme 1 Mechanism of action for the anti-tumor prodrug Temozolomide by DNA
methylation. MTIC = 5-(3-monomethyl-1-triazeno) imidazole-4-carboxamide, AIC = 5-
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aminoimidazole-4-carboxamide. (b) Structure of dacarbazapine and mitozolomide, close
analogues of temozolomide.

The kinetics of temozolomide decomposition is pH dependent: the drug is stable
at acidic pH (<5) but labile at basic pH (>7).”” MTIC intermediate is stable at basic pH
but unstable under acidic conditions. In this background we reasoned that the
decomposition of temozolomide could be inhibited or retarded by organic carboxylic
acids in the pK, range 1-5 as pH adjusters. Our objective was to bring together
temozolomide and the carboxylic acid coformer into the same crystalline lattice by co-
crystallization. The amide group of TMZ, and to a lesser extent the N acceptors on the
heterocyclic ring, will serve as complementary functional groups to COOH donors in a
cocrystal engineering strategy (Scheme 2). Normally, aromatic N, such as in pyridine,
triazole, imidazole, etc. are excellent to good hydrogen bond acceptors for the COOH
donor, but in temozolomide the acceptor strength of basic N atoms is attenuated because
of electron-withdrawing amide and urea groups on the bicyclic core as well as an
intramolecular hydrogen bond with the amide anti NH'® (Figure 1). It was expected that
the CONH, group of TMZ will be the first choice partner for COOH coformers.
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Scheme 2 Some possible hydrogen bond synthons in cocrystal structures between TMZ
with carboxylic acids. Both homo and heterosynthons are shown. Heterosynthon I
between TMZ amide and coformer acid groups of N-H---O and O—H:--O hydrogen bonds
is expected to guide cocrystal formation.
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Figure 1 TMZ conformers first noted in polymorphs of the drug. Conformation A is
more stable than B by1.4 kcal/mol.'”®

Improving drug stability to avoid discoloration of a tablet is not reported through
a cocrystal strategy to our knowledge. Even as we embarked on this project we were
aware that it should be implemented in certain boundary conditions to have a real impact.
The carboxylic acid coformers must be selected from the safe list of chemicals for
human consumption (generally regarded as safe or GRAS and everything added to food
in the US or EAFUS list of the US-FDA) so that the product temozolomide cocrystals
are pharmaceutically acceptable.’’ Secondly, whereas the decomposition of
temozolomide should be inhibited to control coloration, the retardation should be just
enough to stabilize the drug but not so long that the TMZ prodrug does not release the
active MTIC species. The conversion of MTIC to CH;N," is quite fast for subsequent
DNA alkylation. The objective therefore was to optimize TMZ stability and active drug
content release in the same cocrystal. Cocrystals presented as ideal drug candidates for
the modification of temozolomide. (1) Many cocrystals can be crystallized for the same
drug, thus giving an opportunity to optimize and fine tune physicochemical properties of
the best cocrystal after screening. (2) Cocrystals appeared to be the only practical
solution for improving temozolomide stability because the drug molecule lacks ionizable

functional groups for salt formation.

5.3 Cocrystals of Temozolomide with acid partners

Temozolomide is soluble in polar solvents such as water, methanol, ethanol,
propanol, acetonitrile, acetone, DMSO, DMF, etc. Crystallization from common
alcoholic solvents, MeOH and EtOH, afforded the esterified by-products at ambient
conditions. All such products were characterized by their X-ray crystal structures

(Scheme 3). Crystallization from MeOH gave a mixture of TMZ and its hydrolysis
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product AIC-CO,Me in the crystal lattice whereas EtOH produced crystals of AIC-
CO,Et. The isolation of ester products as crystalline solids confirmed the problem of
tetrazinone ring opening under alcoholic/ aqueous conditions. The colorless solution
turned brownish and the structure of 5-amino-3H-imidazole-4-carboxamide (AIC) was
confirmed by "H-NMR (Figure 2), and crystal structure of its hydrate. The hydrolysis of
TMZ in different media followed a qualitative rate order: H,O (less than 1 day) > MeOH
(2-3 days) > EtOH (4-5 days). These results confirmed the hydrolytic instability of
temozolomide in protic media. The color of crystallization solutions (pink, brown to

black) correlated qualitatively with the presence of hydrate and decomposed products.

With the knowledge that TMZ is stable at acidic pH <5 but labile at pH >7.2 it
was co-crystallized with some GRAS organic acid pH adjusters’™ to adjust pH of
solution and thereby improving drug stability during crystallization. Several cocrystals of
TMZ with organic acids are prepared so that the pH of the solution is controlled and
there will be lesser extent of hydrolysis in water compared to pure TMZ, and hence
expected to be used as controlled release of the drug in its cocrystal form. The possibility
that the cocrystals are chemically less susceptible to hydration is another factor than salt.
As TMZ is neutral molecule, salt formation is unusual here. Pharmaceutical cocrystals
with monocarboxyllic and dicarboxylic acids e.g. anthranilic (pKa=4.95), succinic
(pKa=4.2, 5.6), d,l-tartaric (pKa=3.2,4.8), d,l-malic (pKa=3.4, 5.1), oxalic (pKa=1.2,
4.2), salicylic acid (pKa=2.9) etc. and cocrystal hydrates with p-hydroxybenzoic acid
(pKa=4.48), formic acid (pKa= 3.7) and acetic acid (pKa=4.7) were prepared either by
solid-state or solvent-assisted grinding (Scheme 4). Generally hydrate forms of drugs are
not preferred for stability reasons, hence only the six cocrystal structures with oxalic
acid, succinic acid, malic acid, tartaric acid, anthranilic acid and salicylic acid are
discussed broadly in this chapter. All starting materials are stable to the crystallization
conditions. The crystalline solids obtained (See experimental sections, Table 6 for
details) were characterized by PXRD, FT-IR, m.p. The stoichiometry of cocrystals was
the same whether starting materials were taken in 1:1 or 2:1 ratio and up to 3:1 ratio of

TMZ: coformer.
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Figure 2 "H NMR spectrum (in ds DMSO solvent) is a comparison of 1:1 mixture of
pure TMZ, TMZ and AIC hydrate obtained by slurrying pure TMZ in water for 2-3 h at
37 °C.
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Scheme 4 Structure of coformers (carboxylic acid) used to make TMZ cocrystals

5.3.1 Crystal Structure Analysis

A cocrystal of TMZ with each of the above coformer acids was prepared by
solid-state grinding of the individual components in a mortar-pestle for 10-15 min. The
drug and the carboxylic acid were taken in a simple stoichiometric ratio of 1:1 for mono
and 2:1 for dicarboxylic acids. The successful synthesis of all cocrystals was evidenced
by the characteristic PXRD lines being different from the starting components.
Crystallization of the ground solid from water or polar solvents (usually CH;CN) gave
single crystals after 4-5 days. An early hint of the success of our strategy was the
indication that now temozolomide did not show any hydrolytic cleavage by the solvent
water in co-crystallization experiments, suggesting that the pH of the solution was
adjusted by the organic acid. The same cocrystals were obtained by solution
crystallization of TMZ and coformer acid upon mixing in their chemical ratio in
acetonitrile solvent (without grinding). Crystallographic parameters of TMZ cocrystals

are summarized in Table 1.

Cocrystal of TMZ and oxalic acid (1:0.5), TMZ-OA
The asymmetric unit contains one molecule of TMZ and half molecule of oxalic
acid (residing on the inversion centre) in the monoclinic space group C2/c.

Temozolomide can adopt two distinct conformations (A and B, Figure 1) which differ in
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energy by 1.4 kcal/mol, the more stable one being TMZ4. The carboxamide group of
TMZ is hydrogen bonded to the carboxylic acid of the coformer via the amide—acid
heterosynthon” (N1-H1A--O4: 1.93 A, 2.916(3) A, 164.4°; 03-H3--Ol: 1.59 A,
2.557(2) A, 166.1° normalized hydrogen bonds are listed in Table 2). The anti NH of
TMZ, which is intramolecularly bonded to the imidazole nitrogen (N1-H1B--N2: 2.28
A, 2.735(3) A, 105.6°) is also bonded via a longer N-H--:O bond (N1-H1B---03: 2.13 A,
3.103(2) A, 160.3°). The layered structure of TMZ—-OA extends via stacking at 3.39 A
along the [201] direction (Figure 3).

A
<y

Figure 3 Amide—acid heterosynthon of N-H--*O and O-H--O hydrogen bonds in TMZ~
oxalic acid cocrystal (1:0.5). There are additional N-H---O and C—H-N interactions in
the crystal structure. TMZ molecule is in the stable A conformation.
Cocrystal of TMZ and succinic acid (1:0.5), TMZ-SA

The 2:1 molecular stoichiometry is consistent with the diacid coformer in the
monoclinic space group P2,/n. TMZ participates in the amide—acid heterosynthon (N1—
H1A--03:1.93 A, 2.903(3) A, 161.2° O4-H4A-01: 1.63 A, 2.609(2) A, 171.0°, Figure
4a) and the amide anti NH forms a helix along the b-axis via N1-H1B--O2 bonds (2.21
A, 3.022(3) A, 136.6°, Figure 4b). The packing of the molecules is similar to polymorph
1 of TMZ'™ such that the amide dimer is replaced by amide—acid synthon with succinic

acid acting as a spacer in the cocrystal structure.

Cocrystal of TMZ and salicylic acid (1:1), TMZ-SAC

The crystal structure (in space group P-1) exhibited the amide—acid
heterosynthon between TMZ (conformer B) and salicylic acid (NI-H1A--O4: 2.04 A,
3.053(4) A, 162.5° O5-H5-01: 1.50 A, 2.544(3) A, 169.3°). The anti NH is
intramolecularly bonded to the tetrazinone nitrogen (N1-H1B---N6: 2.31 A, 3.031(4) A,

127.6°) and it also participates in intermolecular hydrogen bond with a TMZ molecule
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via (N1-HI1B:N5: 2.55 A, 3.269(4) A, 127.8°). Ribbons of TMZ-SAC molecules form
a layered structure (Figure 5).

(a) (®)

Figure 4 Amide-acid heterosynthon of N-H--O and O-H---O hydrogen bonds in TMZ—
succinic acid cocrystal (1:0.5). The anti amide NH is bonded to tetrazinone C=0O
acceptor. TMZ is in the stable A conformation. (b) The encircled motif is viewed as a
helix along the b-axis.

Figure 5 Amide—acid heterosynthon in TMZ-salicylic acid cocrystal (1:1). The anti NH
is intramolecularly bonded to tetrazinone N (conformation B) and also intermolecularly
to another TMZ via N—H---N interaction (not shown).
Cocrystal of TMZ and DL-malic acid (1:0.5), TMZ-MA

The cocrystal structure in C2/c space group contains one molecule of TMZ and
half molecule of disordered malic acid. Although malic acid contains one OH group, it is
disordered over two sites with equal occupancy (Figure 6) such that the molecule now
appears symmetric to give a half molecule of malic acid about the inversion center. The
hydroxyl group participates in intramolecular hydrogen bonds and has no role in
intermolecular association. The crystal packing is therefore very similar to succinic acid
cocrystal (see Figure 4a). The recurring amide—acid heterosynthon (N1-H1A:-O3: 1.91
A, 2.913(5) A, 167.4°% O4-H4A--O1: 1.62 A, 2.589(5) A, 167.8°) and a helix (N1-
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H1B--02:2.17 A, 3.018(5) A, 140.3°) along [010] direction are the main hydrogen bond

motifs.

Cocrystal of TMZ and anthranilic acid (2:1), TMZ-ANA

The crystal structure in space group P-1 contains two crystallographically
independent TMZ and one anthranilic acid molecules. In contrast to previous structures,
there is no amide—acid heterosynthon; instead anthranilic acid molecules form carboxylic
acid dimer (O8-H8A-07: 1.76, 2.694(4) A, 167.6°) and are connected to TMZ through
N-H:--O hydrogen bond (N13-H13A--03: 2.02 A, 3.002 (4) A, 162.7°). Symmetry-
independent TMZ molecules interact through the anti NH of carboxamide via N-H--N
hydrogen bond (N7-H7A-N8: 2.11 A, 3.017 (4) A, 148.3°) and the symmetry related
molecules form N7-H7B---02 (2.02 A, 3.005 (4) A, 165.6°) in a layer motif (Figure 7).

‘ﬁ{}—_‘ c

s

(b)

Figure 6 Crystal packing in TMZ—-DL-malic acid cocrystal (1:0.5). The enantiomeric
molecules of malic acid mimic a succinic acid/ tartaric acid spacer due to disorder shown
in. TMZ resides in conformation A.

Cocrystal of TMZ and DL-tartaric acid (1:1), TMZ-TA
The crystal structure (in space group P-1) is assembled via the recurring amide—
acid heterosynthon (N1-HIB--07: 2.29 A, 3.180(4) A, 146.1°; O8-HS8--O1: 1.59 A,
2.567(3) A, 169.2°) and the second COOH is bonded to the tertrazinone nitrogen (O4—
H4A-N6: 1.92 A, 2.897(3) A, 172.5°). The amide anti N-H is bonded to the carbonyl
group of COOH (N1-H1A--03: 2.33 A, 3.144(4) A, 139.4°). Even though the coformer
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is a diacid, the cocrystal stoichiometry is 1:1 because the two COOH groups of TA make
different hydrogen bond (acid-amide and acid-pyridine) motifs to symmetry related TMZ
molecules. Tartaric acid molecules are present inside the hydrogen bonded column made

by TMZ molecules parallel to the b-axis (Figure 8).

Figure 7 Crystal structure of TMZ-anthranilic acid cocrystal (2:1). Both TMZ and
anthranilic acid are connected by cyclic homosynthons via O-H--O and N-H--N
hydrogen bond, and such dimers are connected by N-H-+O and N-H-N hydrogen
bonds.

he ol
ML
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Figure 8 Crystal structure of TMZ—DL-tartaric acid (1:1) sustained via amide—acid and
acid—pyridine heterosynthons with the dicarboxylic acid spacer.

Cocrystal of TMZ, p-hydroxybenzoic acid monohydrate (TMZ-PHBA.H,0, 1:1:1)

It crystallized in monoclinic space group P2,/c with one molecule each of TMZ
(conformer B), p-hydroxybenzoic acid and water. TMZ is involved in the formation of
amide-acid heterosynthon with p-hydroxybenzoic acid (N1-H2:--05: 1.84, 2.829(2) A,
165.9°, 04-H3--01: 1.72 A, 2.7002) A, 171.9°). The anti NH is involved in
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intramolecular N1-H1--N6 with tetrazinone ring N acceptor (N1-H1--N6: 2.27 A,
3.036(2) A, 131.1°). Water molecule donates its hydrogen atoms to amide carbonyl (06—
H6A--01: 1.91 A, 2.889(2) A, 175.5°) and imidazole N acceptors of TMZ (06—
H6B--N2: 2.57 A, 3.008(2) A, 106.7°) and simultaneously accepts hydrogen bonding
from hydroxyl group of p-hydroxybenzoic acid through O-H--O interaction (O3—
H3A-06: 1.68, 2.658(2) A, 176.9°). Hydrogen bonding pattern of TMZ-PHBA

monohydrate crystal structure is shown in Figure 9.

Figure 9 amide-acid heteosynthon present in TMZ-PHBA monohydrate crystal
structure.
Cocrystal of TMZ, formic acid monohydrate (TMZ-FOA.H,0, 2:1:1)

The compound crystallized in the triclinic space group P-1 with two molecules
of TMZ (conformers A, B), one molecule each of formic acid and water molecule in the
asymmetric unit. There is a centrosymmetric amide dimer between the TMZ conformer
B molecules using its syn NH (N1-H1A--O1: 1.85 A, 2.859(2) A, 176.9°). There is also
another centrosymmetric dimer of two conformer A molecules, but interrupted by water
and formic acid in a R¢'(20) network of hydrogen bonds (syn NH to formic acid (N7—
H7A--07: 1.96 A, 2.951(2) A, 165.4°), formic acid to water (06-H8-05: 1.66 A,
2.641(2) A, 175.4°) and water to carbonyl of TMZ (O5-H5A-03: 1.83 A, 2.694(2) A,
144.5°). These two dimers are positioned adjacent to each other and are held by O5-
H5B-"N2 formed by water and imidazole N acceptor (O5-H5B:N2, 1.91 A, 2.886 (2)
A, 173.6 °). A layered structure of TMZ—formic acid monohydrate is displayed in Figure
10.
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Cocrystal of TMZ and acetic acid (TMZ-AA, 1:1)

The compound crystallized in the triclinic space group P-1 with one molecule of
TMZ (conformer A) and one molecule of acetic acid in the asymmetric unit. The
expected amide—acid heterosynthon is present (NI-H1A--O4: 2.05 A, 2.923(4) A,
163.9° 03-H3--01: 1.70 A, 2.621(4) A, 174.5°) using syn NH of the amide (figure 10).
These hetero-dimer units are connected side-by-side via two hydrogen bonds: anti NH to
oxygen of COOH (N1-H1B--03: 2.29 A, 3.074(5) A, 157.1°) and imiadazole CH to
tetrazine N (C4-H4--N6: 2.49 A, 3.412(5) A, 169.9°) and extend along the [100]
direction. These molecules expand into sheet structure (Figure 11) via weak C—H:--O
interactions. The layers are separated by stacking and carbonyl--carbonyl dipolar

attractions.

Figure 10 Hydrogen bonding in the layered structure of TMZ, formic acid

monohydrate.
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Figure 11 Amide-acid hetero synthon present in TMZ-acetic acid (1:1) cocrystal.
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Cocrystal of TMZ and acetic acid monohydrate (TMZ-AA. H,0, 1:1:1)

The compound crystallized in triclinic space group P-1 with one molecule each
of TMZ (conformer A), acetic acid and water in the asymmetric unit. Two TMZ
molecule form centrosymmetric dimer through N—H:-N interaction (N1-H1--"N2: 2.25,
3.053(2) A, 150.8°). The acid—amide heterosynthon is interrupted by a water molecule to
give R3%(10) ring motif® (N1-H2--03: 2.13 A, 2.938(2) A,154.3°) ; 04-H4A-05: 1.68
A, 2.632(2) A,168.1°); O5-H6:--01: 1.84 A, 2.759(2)A, 176.3°). Again two TMZ
molecule and two water molecule form tetramer through O—H---O hydrogen bond. The

layered structure of TMZ-acetic acid monohydrate is displayed in Figure 12.

Figure 12 water molecule interrupted acid amide hetrosynthon forming R;*(10) ring
formation in TMZ and acetic acid monohydrate.

Table 1 Crystallographic data of TMZ cocrystals/cocrystal hydrates

Crystal Data TMZ-0A TMZ-SA TMZ-SAC
2(CsHgN4O»). 2(C¢HgNgO,).  (CsHgN6O»).

Emp. Formula (CH,05) (C4HOs) (C-H,05)

Formula wt. 478.37 506.42 332.29

Crystal system Monoclinic Monoclinic Triclinic

Space group C2/c P2,/n P1

T [K] 293(2) 100(2) 298(2)

a[A] 14.882(2) 12.7511(13) 6.9915(14)

b [A] 6.6222(9) 7.0092(7) 8.5449(17)

c[A] 19.655(3) 12.9685(14) 12.682(3)

o [deg] 90 90 74.003(3)

P ldeg] 101.156(2) 118.3580(10) 87.822(4)

7 [deg] 90 90 82.328(4)

Z 4 2 2
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Volume [A3] 1900.4(5) 1019.97(18) 721.8(3)
Deaic [g/cm3] 1.672 1.649 1.529
Ry [I>26(D)] 0.0532 0.0512 0.0592
WR, 0.1453 0.1161 0.1480
GOF 1.07 1.09 0.98
TMZ-MA TMZ-ANA TMZ-TA TMZ-
PHBA- H,O
2(C¢HgNgO»). 2(CsHgNgO»), (C¢HeN6O»), (CsHgNOy).
(C4H;505) (C;H,NO,) (C4HgOp) (C;Hg05).
(H.0)

521.42 525.47 344.26 350.30
Monoclinic Triclinic Triclinic Monoclinic
C2/c P1 P1 P2,/c
298(2) 298(2) 298(2) 100(2)
22.597(16) 6.904(5) 7.725(2) 7.0761(7)
7.275(6) 10.624(7) 8.961(2) 8.4766(8)
13.144(10) 15.957(15) 10.791(2) 25.2205(19)
90 87.731(9) 80.51(2) 90
91.819(13) 81.223(15) 79.19(2) 104.727(3)
90 78.017(11) 75.11(2) 90
4 2 2 4
2160(3) 1131.5(15) 703.7(3) 1463.1(2)
1.603 1.542 1.625 1.590
0.0907 0.0555 0.0618 0.0406
0.1677 0.1439 0.2170 0.0974
1.14 0.988 1.097 1.12

TMZ-FOA-H,0 TMZ-AA TMZ-AA-H,0

2(CsHeNgO»). (C¢HgNgOy). (CeHgN6O»).

(CH,0,). (H,0) (C,H,0y) (C,H,40y). (H,0)

452.38 254.22 272.24

Triclinic Triclinic Triclinic

P1 P1 Pl

100(2) 293(2) 100(2)

8.1307(6) 6.648(3) 6.8494(5)

11.4808(9) 8.960(4) 8.1872(6)

11.5455(9) 9.499(4) 11.3709(9)

66.040(1) 88.420(7) 105.917(1)

71.600(1) 78.748(7) 102.838(1)

88.823(1) 80.931(7) 90.757(1)

2 2 2

927.29(12) 548.0(4) 596.0(8)

1.620 1.541 1.517

0.0341 0.0665 0.0364
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0.0947
0.994

0.1623

0.0901
1.048

Table 2 Hydrogen bond of crystal structures discussed. O—H, N-H and C—H bond

distances are neutron normalized.

Compound Interaction H-A/A D-A/A /D-H--A/°
TMZ-OA N1-HI1A--O4 1.93 2.916(3) 164.4
N1-HIB---N2 2.28 2.735(3) 105.6
N1-H1B--O3 2.13 3.103(2) 160.3
03-H3---01 1.59 2.557(2) 166.1
C4-H4---N6 2.26 3.335(3) 172.5
C6-H6A-03 2.43 3.492(4) 167.7
TMZ-SA N1-HIA--O3 1.93 2.903(3) 161.2
N1-H1B---N2 2.36 2.771(3) 103.6
N1-HI1B--02 2.21 3.022(3) 136.6
04-H4A---01 1.63 2.609(2) 171.0
C4-H4---N6 2.43 3.498(3) 167.6
TMZ-SAC N1-H1A--04 2.04 3.053(4) 162.5
N1-H1B---N6 2.31 3.031(4) 127.6
N1-HIB---N5 2.55 3.269(4) 127.8
03-H3--04 1.67 2.603(3) 156.3
05-H5--01 1.50 2.544(3) 169.3
C4-H4--03 2.32 3.315(3) 152.0
C6-H6A--"N2 2.53 3.462(4) 143.9
C6-H6B---04 2.48 3.433(4) 145.8
C6-H6C--02 2.35 3.435(4) 177.8
C10-H10--01 2.40 3.384(4) 150.8
TMZ-MA N1-H1A--O3 1.91 2.913(5) 167.4
N1-HIB---N2 2.32 2.759(6) 104.9
N1-HIB--02 2.17 3.018(5) 140.3
04-H4A---01 1.62 2.589(5) 167.8
C4-H4---N6 2.44 3.515(6) 170.9
C6-H6B---06 2.42 3.471(1) 162.4
C6-H6C---06 2.36 3.172(9) 130.4
TMZ-ANA N1-H1A-N2 2.38 2.789(4) 102.7
N1-H1A-"N2 2.28 3.114(4) 138.7
N1-H1B--0O4 2.02 3.021(4) 169.4
O8-H8A:--0O7 1.76 2.694(4) 167.6
N7-H7A-N8 2.11 3.017(4) 148.3
N7-H7B---02 2.02 3.005(4) 165.6
N13-H13A--03 2.02 3.002(4) 162.7
N13-H13B---O7 1.95 2.684(4) 126.6
N13-H13B---N12 2.36 2.980(4) 118.4
C4-H4---04 2.25 3.288(4) 159.0
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TMZ-TA

TMZ-PHBA -
H,O

TMZ-FOA -
H,O

TMZ-AA

TMZ-AA -
H,0

C10-H10--02
Cl12-H12--08
N1-HI1A--03
NI-H1A--N2

NI1-HI1B--
N1-HI1B--

07
03

04-H4A N6

O5-H5--
O5-H5--
O6-H6-
O8-H8-
C4-H4--
C4-H4--
C9-H9-
NI1-H1--
N1-H2---
0O4-H3--

03
o7
05
01
06
02
02
N6
05
01

0O3-H3A--06
06-H6A--0Ol1
O6-H6A--N2

06-H6B
0O6-H6B
C5-H5-
C14-H4B---05

02

N1-HIA--Ol

N1-HI1B:--
N1-H1B-

o7
‘N6

O5-H5A--03

O5-H5B-

‘N2

N7-H7A---O7

N7-H7B-
N7-H7B--
06-HS:
C4-H4-

N8
‘N5

05
‘N11

C6-H6A--N8
C6-H6C---06
C13-H7--01
C10-H10--04

CI2-H12A--02

N1-H1A--04
N1-H1B---O3
N1-H1B--N2

0O3-H3--
C4-H4-
N1-H1--
NI1-H1-
NI1-H2---

01

‘N6

N2
N2
03

242
2.30
2.33
2.39
2.29
232
1.92
2.14
1.91
1.89
1.59
2.47
2.28
2.48
2.27
1.84
1.72
1.68
1.91
2.55
2.57
2.11
242
2.34
1.85
2.48
2.21
1.83
1.91
1.96
2.35
2.22
1.66
2.16
2.33
2.52
2.21
2.23
2.38
2.05
2.29
2.28
1.70
2.49
243
2.25
2.13

3.470(4)
3.229(4)
3.144(4)
2.825(4)
3.180(4)
3.047(4)
2.897(3)
2.680(3)
2.760(3)
2.860(3)
2.567(3)
3.209(4)
3.267(4)
3.553(4)
3.036(2)
2.829(2)
2.700(2)
2.658(2)
2.889(2)
3.008(2)
3.008(2)
3.066(2)
3.120(2)
3.192(2)
2.859(2)
3.116(2)
2.991(2)
2.694(2)
2.886(2)
2.951(2)
2.783(2)
3.141(2)
2.641(2)
3.216(2)
3.407(2)
3.404(2)
3.204(2)
3.283(2)
3.429(2)
2.923(4)
3.074(5)
2.740(4)
2.621(4)
3.412(5)
2.816(2)
3.053(2)
2.938(2)

162.8
142.6
1394
104.4
146.1
127.5
172.5
113.1
142.8
165.7
169.2
123.9
150.4
170.9
131.1
165.9
171.9
176.9
175.5
107.9
106.7
164.4
121.3
134.6
176.9
120.3
132.9
144.5
173.6
165.4
104.7
150.2
175.4
163.8
172.9
137.8
151.7
162.4
160.7
163.9
157.1
114.7
174.5
169.9
107.0
150.8
154.3
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04-H4A---0O5 1.68 2.632(2) 168.1
05-H5-01 2.23 2.973(1) 141.0
05-H6--01 1.84 2.759(2) 176.3
C4-H4---03 2.23 3.175(2) 170.2

5.4 FT-IR spectroscopy

The formation of a cocrystal via amide—acid synthon sustained by N—H---O and
O-H--O hydrogen bonds is expected to change the frequencies of both OH and NH
resonances relative to the pure components. Generally, hydrogen bonding is stronger in
the cocrystal relative to the pure components, and so a red shift is expected upon
cocrystal formation. IR stretching frequencies (Table 3) provide spectroscopic

confirmation for cocrystal formation in each case.

Table 3 FT-IR frequencies (cm ') of temozolomide cocrystals/cocrystal hydrates.

Solid forms N-H stretching C=0 stretching  N-H Cc-0 C-N
bend stretch stretch

T™Z 3421.8, 3388.6, 1758.3,1733.8, 1601.5 1218.6 1354.5
3287.0 1679.2

™ -OA 3403.0, 3256.1 1749.7, 1710.7 1592.6  1219.5 1359.1
(Broad)

TMZ-SA 3434.9, 3295.5, 1731.7, 1686.2 1590.5 1200.8 1366.2
3246.3

TMZ-SAC 3432.8,3322.2 1754.4,1677.4 1578.0  1227.8 1366.7

TMZ-MA 3412.0, 3302.7, 1735.9, 1692.2 1587.8 1224.7 1363.8
3230.1

TMZ-ANA 3439.2,3329.3, 1751.2, 1668.5 1585.8 1239.9 1362.3
3183.3,3126.4

TMZ-TA 3452.3, 3341.6, 1750.4,1701.2, 1591.3 12222 1360.6
31329 1650.1

TMZ-PHBA-H,O 3421.5,3314.7, 1754.2,1701.5, 1592.3 1219.0 1362.4
3184.7, 3159.3 1662.9

TMZ-FOA-H,0O  3422.2,3401.8, 1747.5,1673.3 1602.4  1220.7 1359.5
3344.6, 3304.0

TMZ-AA 3439.0, 3380.7 1743.4,1703.2, 1588.0 1215.9 1359.8

1679.8

5.5 Hydrolytic Stability and Dissolution Rate

The rationale for making TMZ cocrystals with organic acids was that the COOH
coformer will make the environment around the temozolomide molecule acidic enough

that hydrolytic degradation of TMZ would be inhibited. A preliminary observation was
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that polar solvents such as water and methanol used in co-crystallization experiments did
not cause noticeable hydrolysis of TMZ even after one week crystallization experiments
and stable cocrystal structure and/ or their hydrates/ solvates were crystallized. In
contrast, pure TMZ dissolved in water (in the absence of carboxylic acid coformer)
underwent decomposition within one day. The half-life (T,) of TMZ is 1.8 h (1.7-1.9
h)**?* in blood plasma under physiological conditions at 10 pM concentration.
Hydrolysis of TMZ to AIC can be monitored by the intensity of UV-Vis maxima for the
two species at 330 and 266 nm respectively.””>* The decomposition of TMZ cocrystals
was compared with that of the reference drug at 10 pM concentration in pH 7.0 buffer at
37 °C. A gradual increase in the half-life of temozolomide in its cocrystals was observed
by UV-Vis waterfall plots: TMZ (1.7 h) < TMZ-ANT (2.2 h) < TMZ-SA (2.3 h) <
TMZ-TA (2.5 h) < TMZ-MA (2.8 h) < TMZ-OA (3.5 h) < TMZ-SAC (3.6 h). The
reference drug and TMZ—-OA UV-Vis plots are shown in Figure 11. The time at which
the intensity of the UV-Vis maxima at 330 and 266 nm for TMZ drug and AIC by-
product are near equal was taken as the half-life of the compound. The three strong
maxima in these UV-Vis plots are due to n—c* (210 nm), n—n* (266 nm) and n—n* (310
nm) electronic transitions in the aromatic and amide/ urea carbonyl chromophores.
There is moderate correlation in increase of drug half-life in the cocrystal with the
acidity of the carboxylic acid. Remarkably, the half-life of all cocrystals is longer than
that of the reference drug, thereby validating the cocrystal strategy for improving
temozolomide stability. Again in pH 9.2 buffer, half-life of temozolomide is only 5 min,
whereas T,, of TMZ-SA and TMZ-SAC cocrystals are longer at 6 and 8 min

(accelerated hydrolysis in basic conditions).
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TMZ-tastaric a decomposition study in pH=7 buffer at 37 °C'

Absorbance

Wavelength (nm)

T,,=2.5h

(2
Figure 11 UV-Vis plots as a function of time to measure the half-life of TMZ and its

cocrystals. (a) TMZ, (b) TMZ-0OX, (¢) TMZ-SA, (d) TMZ-SAC, (e) TMZ-MA, (f)
TMZ-ANA, (g) TMZ-TA. Note that T,, of TMZ-OA and TMZ—-SAC are almost twice
that of pure TMZ.

The improvement in stability of temozolomide as a cocrystal drug is useful only
if the dissolution rate of stable cocrystal(s) is comparable (or better) than the reference
drug. Intrinsic dissolution experiments were carried out for TMZ solid forms in pH 7
buffer medium up to 150 min and the amount of TMZ dissolved vs time was plotted in
Figure 12 and IDR values were summarized in Table 4. The dissolution curves of TMZ-
OA (red) and TMZ-SA (green) cocrystals nearly overlay on the profile of TMZ (black)
up to 150 min, which is a good indicator of cocrystal solubility matching with that of the
reference drug. The experiment could not be run for longer time because the tablet disk
compressed in a laboratory IR press started to disintegrate after 3 h (4 ton pressure).
Moreover, temozolomide has limited stability in aqueous medium. The dissolution
profile was measured for a time long enough to assess drug dissolution in relation to the
half-life of TMZ and its cocrystals. Pure TMZ was used as a reference in stability and

dissolution experiments. Temozolomide is marketed as Temodar/ Temodal

26a,b 126c,d

worldwide and as Temonat/ Temore in India. Comparison of the commercial
drug with a suitable formulation of the drug cocrystal containing excipients, stabilizers,
polymers, etc. is currently under experimentation. The present data give a good idea of

hydrolytic stability improvement in TMZ cocrystals.
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Stability studies at accelerated ICH (International Conference on Harmonization)
conditions®’ of 40 °C and 75% relative humidity (RH) were carried out on temozolomide
and its six cocrystals. Powder XRD patterns were recorded at regular intervals of one
week up to 28 weeks (6 months). TMZ was stable for one week in accelerated humidity
conditions of 40 °C and 75% RH but started transforming to its hydrate (20 11.6°) after 2
weeks, and a strong peak appeared at 20 12.9° after 4-5 weeks indicative of
decomposition to AIC hydrate (Table 5, Figure 13). Four cocrystals, those with oxalic
acid, succinic acid, salicylic acid and malic acid, were stable for over 6 months. TMZ-
SA, TMZ-OX and TMZ-SAC cocrystals did not show any discoloration or
decomposition up to 28 weeks when kept at 40 °C and 75% RH in a stability chamber
(see PXRD stack in Figure 13 and color visuals in Figure 14). Cocrystals with anthranilic
acid and tartaric acid showed marginal improvement in stability. Even though cocrystals
of hydroxy acids, e.g. MA and TA, did not show any degradation by PXRD lines, they
showed a darkening of color (turned black) after a few weeks (see Figure 15).
Considering both stability and solubility criteria, TMZ—succinic acid and TMZ—oxalic
acid cocrystals appear to be the best candidates for further studies in developing an
improved, stable and bioavailable temozolomide cocrystal formulation. The pure acids
did not show any noticeable decomposition in the same period. In closing we note some
of the technique limitations in assessing the stability of temozolomde and its cocrystals.
Whereas powder XRD plots are good indicators of the solid composition at different
time intervals of the stability experiments, more reliable techniques such as NMR and
HPLC could not be used here because they would give a measure of cocrystal stability in
aqueous medium. The main focus in this study was to evaluate improvement in solid

form stability and minimum discoloration of temozolomide.
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Figure 12 Intrinsic dissolution rates of TMZ and its cocrystals in pH 7 buffer medium.
TMZ (black), TMZ-ANA (magenta), TMZ-SA (green), TMZ-TA (orange), TMZ-MA
(light blue), TMZ—OA (red), TMZ-SAC (dark blue). Note that the dissolution profile of
TMZ-0OA (red) and TMZ-SA (green) cocrystals are comparable to that of TMZ up to
150 min.

Table 4 Dissolution rates (IDR) of TMZ cocrystals.

Drug ™Z ™Z- | TMZ- | TMZ- T™™Z- | TMZ- T™™Z-
OA SA SAC MA ANA TA

g, mM cm’' 8.98 9.62 10.73 27.47 10.25 79.12 13.41

IDR, 0.756 0.742 0.835 1.069 1.124 0.378 0.784

(mgem %) min”'

Table 5 Stability of TMZ cocrystals at 40 °C and 75% RH

W 3w W | 16W | 18W | 23W | 26W | 28W

T™Z

TMZ-0OA

TMZ-SA

TMZ-SAC

TMZ-MA

x |22 |22

TMZ-ANA

3 R PR P P P S
=
2] x |2]=2]2|2 %

2le|e|e|e]e]|2]
2 x 222 ]2]

TMZ-TA

X _— _— _— _— _—

\ Compound matched with starting material by PXRD and FT-IR
x Indicates hydrolysis products confirmed by PXRD and FT-IR
--- Experiment discontinued, material fully decomposed
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Note: Pure TMZ transformed to TMZ hydrate after 2 weeks and started to hydrolyze to

AIC hydrate after 4 weeks.
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Figure 13 (a) PXRD of (a) TMZ at 40 °C and 75% RH at different time intervals. Peaks
at 20 11.5°, 11.8° correspond to TMZ hydrate. Transformation of TMZ to TMZ hydrate
was observed after 2 weeks in humidity conditions. The peak at 26 12.9° after 4-5 weeks
is of AIC hydrate (20 13.0° in reference sample) suggesting that TMZ decomposition
starts after 5 weeks (b) TMZ—-SA, (¢) TMZ-OA and TMZ-SAC cocrystals kept in

159 | Chapter 5



accelerated humidity conditions for over 6 months did not exhibit any sign of
decomposition or dissociation by PXRD fingerprint lines match. There was no change in
PXRD even after 1 year in laboratory conditions.

0 wk 1 wk 3wk 7 wk

Figure 14 Physical stability and color comparison of pure TMZ (top panel) and TMZ-
SA cocrystal (bottom panel) under accelerated ICH conditions of 40 °C and 75% RH.
Pure TMZ showed darkening of color from pink/ light tan to dark brown starting in the
first week and up to 7 weeks. The cocrystal was white in color for the entire duration.
There was no color change or decomposition (by PXRD) of TMZ-SA cocrystal up to 28
weeks in the same conditions.

(a) (b)
Figure 15 (a) TMZ-TA and (b) TMZ-MA kept at 40 °C and 75% RH showed dark
coloration of white starting material after 26 weeks. However, their PXRDs were not
indicative of serious degradation.

5.6 Conclusion
Chemical stability is of special concern for an otherwise very effective and
potent antitumor drug temozolomide for the treatment of glioblastoma multiforme. This

prodrug undergoes spontaneous degradation on storage in normal conditions. With the

knowledge that TMZ is stable in acidic pH <5 but labile at basic pH >7, the drug was co-
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crystallized with a few GRAS organic acids (pK, 2-5) as pH adjusters to improve drug
stability in the cocrystal. The carboxamide group of TMZ readily participated in
hydrogen bonding with the carboxylic acid of coformers via strong and robust amide—
acid heterosynthon. All crystal structures were unambiguously characterized by single
crystal X-ray diffraction to be cocrystals of a specific composition and fixed
stoichiometry. Interestingly, cocrystals with COOH partners did not exhibit hydrolysis
during crystallization in polar solvents (e.g. water, methanol, ethanol, CH;CN etc.) even
after one week whereas crystallization of pure temozolomide in the same solvents gave
decomposition products in less than one day. Temozolomide cocrystals with oxalic acid
and succinic acid are stable for up to one year in in-house laboratory conditions with no
sign of degradation. The succinic acid cocrystal is not only stable for one year as
confirmed by PXRD and IR, but it did not show any discoloration in the long term
stability experiment. In contrast, temozolomide degraded within a few weeks in open
conditions. Along with stability, bioavailability or dissolution is equally important for a
solid oral drug to be therapeutically effective. When the multiple criteria of physical
form stability and dissolution rate and white color on storage are applied, TMZ—succinic
acid and TMZ—oxalic acid appear to be the most promising pharmaceutical cocrystals for

formulation development.

5.7 Experimental Section

Temozolomide was purchased from Giovel Healthcare (New Delhi, India) and used
directly for experiments. All other chemicals were of analytical or chromatographic
grade. Melting points were measured on a Fisher-Johns melting point apparatus. Water
filtered through a double deionized purification system (AquaDM, Bhanu, Hyderabad,
India) was used in all experiments. All the cocrystals of TMZ were prepared by solvent

assisted grinding (summarized in Table 6).

Table 6 Carboxylic acid coformers used to crystallize cocrystals of Temozolomide.

Cocrystal T™Z Cocrystal Solvent/ Time
former Conditions (days)
TMZ-0A (1:0.5) 40 mg 9.5 mg (0.105{9 mL  of |23
m.p. 170 °C (dec.) (0.21 mmol) mmol) OA CH;CN
or 5 mL water
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TMZ- SA (1:0.5) 50 mg 155 mg (0.13 | 8 mL  of | 4-5
m.p. 165 °C (dec.) (0.26 mmol) mmol) SA MeOH
or 5 mL water
TMZ-SAC (1:1) 50 mg 36 mg (0.26 | 5 mL of water | 2-3
m.p. 173 °C (dec.) (0.26 mmol) mmol) SAC or CH;CN
TMZ-MA (1:0.5) 50 mg 17 mg (0.13 | 5 mL water 2-3
m.p. 169 °C (dec.) (0.26 mmol) mmol) MA
TMZ-ANA (2:1) 50 mg 17.4 mg (0.13 | 5 ml CH;CN 3-4
m.p. 171 °C (dec.) (0.26 mmol) mmol) ANA
TMZ-TA (1:1) 50 mg 39 mg (02610 mL of |45
m.p. 170 °C (dec.) (0.26 mmol) mmol) TA CH;CN
TMZ-PHBA.H,0O 50 mg 359 mg (0.26 | 5mL CH;CN | 4-5
(1:1:1) (0.26 mmol) mmol) PHBA
TMZ-FOA. H,O 50 mg FOA 2-4 mL Formic | 4-5
(2:1:1) (0.26 mmol) acid
TMZ-AA (1:1) 50 mg AA 24 mL of |45
(0.26 mmol) Acetic acid
TMZ-AA.H;O (1:1:1) | 50 mg AA 2-4 mL of |23
(0.26 mmol) Acetic acid

Note: Decomposition of cocrystals upon heating was observed similar to pure TMZ.

5.7.1 Cocrystal Stability
Pure temozolomide and the appropriate cocrystal containing 10 mg of the active drug
were dissolved in 10 mL of pH 7 buffer solution. 1 ml of the resulting solution was then
diluted to 100 times to get final stock solution. The absorbance of the final solution was
measured at 37 °C using UV-Vis spectroscopy. The absorbance intensity of 210 nm, 256
nm and 330 nm peaks corresponding to amide carbonyl of AIC, and amide/tetrazinone
group of TMZ were measured regular intervals of 15 min. The intensity of 330 and 210
nm bands decreased whereas 256 nm band increased with time progression, indicating
hydrolysis of TMZ to AIC. The peaks at 330 nm and 256 nm were of about equal
intensity after 1.7 h indicating that 50% of TMZ was hydrolyzed to AIC (T, value). The
256 nm peak shifted towards slightly higher wavelength (260-265 nm) as hydrolysis
progressed. UV measurement of TMZ was recorded for 5 h.

Stability studies on TMZ and its cocrystals (about 200 mg) in solid state were
carried out in a Newtronic Relative Humidity chamber (Mumbai, India) at accelerated

ICH (International Conference on Harmonization) conditions of 40 °C and 75% relative
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humidity (RH). The decomposition of solid phases was confirmed by comparing PXRD
with the calculated X-ray patterns.

5.7.2 Intrinsic Dissolution Rate

Intrinsic dissolution rate (IDR) and solubility measurements were carried out on a USP-
certified Electrolab TDT-08L Dissolution Tester (Electrolab, Mumbai, MH, India).
Using the calibration curves of TMZ cocrystals discussed in this chapter molar extinction
coefficients (g) were calculated in pH 7 buffer. For intrinsic dissolution study, 200 mg of
each TMZ cocrystal were compressed as a pellet in a hydraulic press at 4 ton pressure for
2-3 min. The pellet was compressed to provide a flat surface at one end and the other end
was sealed. Then the pellet was dipped in 500 mL of pH 7 buffer solutions as the
dissolution medium at 37 °C using a paddle rotation speed of 150 rpm. At 5-10 min time
interval, 5 mL of the dissolution medium was withdrawn and replaced by an equal
volume of fresh medium to maintain a constant volume. Samples were filtered through
0.2 um nylon filter and assayed for drug content spectrophotometrically at 210 nm. The
amount of drug dissolved in each time interval was calculated using the calibration curve

equation.
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Chapter Six

Pharmaceutical Cocrystals of Niclosamide
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Powder dissolution of Niclosamide (NCL) and its pharmaceutical cocrystals in
40% isopropanol-water medium showed that theophylline cocrystal
(NCL-THPH) and NCL-THPHS cocrystal solvate dissolved 5-6 times faster
than the pure API. All cocrystals transformed to niclosamide monohydrate
during 24 h of slurry.
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6.1 Introduction

Cocrystals of active pharmaceutical ingredients (APIs) with small organic
molecules to design new crystalline forms is an important subject with pharmaceutical
application.! Apart from patent life cycle management,'** introducing a drug molecule in
a crystal structure with another component makes it possible to modify the properties as
compared to the individual solid phases (e.g. polymorphs, amorphous etc.). The novel
solid forms are important because they allow biopharmaceutical properties to be
controlled such as solubility, stability, bioavailability, hygroscopicity, tableting, etc.
Selection of the most suitable forms in terms of superior physicochemical properties is
desirable in drug formulation. This exercise requires inputs about crystallization,
pharmacology and formulation. Cocrystals are suitable for direct compression.” They are
less hygroscopic,'®* and exhibit higher dissolution'***® of the API. The first step in this
exercise is to find a relation between crystal structure and properties in order to know
which structures are required for achieving a desired physical property (better
compressibility, a higher dissolution rate, higher thermal stability etc.). Second, it is
necessary to learn how to produce desirable structures when one of the molecular
components (API) is fixed, but the other can be varied, e.g. different pharmacologically
acceptable safe coformers can be selected.

Poor aqueous solubility is an industry-wide problem in drug discovery and the
predominant problem associated with developing orally active drugs.'™"® 80% of drugs
are sold as tablets because of easy uptake for patients. 40% of drugs in the market have a
solubility problem and 70-80% of drug candidates in the pipeline never realize their
potential to be marketed because of poor solubility issue. In general, a favorable
dissolution profile results from a complex interplay of i) interactions between molecules
in the crystal, ii) solvent molecules and the crystal-forming molecules at the crystal faces,
and iii) molecules of the dissolved crystal and their solvation shell in solution. It can
therefore be assumed that modifying intermolecular interactions in the crystal and
making the interactions between the solute and the solvent molecules competitive with
those between the molecules in the crystal may have a positive effect on solubility.
Generally salts are better to solve solubility problems and hence more than 50% APIs are

marketed as salt forms.®® Cocrystals are particularly relevant for APIs lacking ionizable
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functional groups to improve the solubility and dissolution rate. Cocrystals are preferable
over salts because ionic species (salts) are more prone to be hygroscopic. Cocrystal
formation is one of the possible ways to modify the intermolecular interactions in the
crystal and hence tune the physicochemical properties. In cocrystals formed by two
components A and B, some (or all) of the homomolecular A—A and B-B interactions are
substituted for heteromolecular A—B interactions, and this accounts for the change in
interactions with solvent molecules on dissolution. Again pharmaceutical cocrystals are
muticomponent solids of an API with another GRAS (Generally Regarded As Safe)
molecule.” One can suppose that, other parameters being similar, a cocrystal will dissolve
faster as compared with the individual APIs if the coformer has high solubility and hence
dissociation of cocrystals will be faster. An analysis of a series of cocrystals and of the
individual compounds with their dissolution kinetics may help to understand the role of

different intermolecular interactions and coformer on solubility.

6.2 Niclosamide

Niclosamide® (chemical name 2, 5-dichloro-4-nitrosalicylanilide, Scheme 1), is
an anthelmintic drug used for the treatment of worm infestations in humans and animals.
It can inhibit the replication of several acute respiratory syndrome coronavirus.® It is
available mainly as two types of dosage forms, tablets and suspensions. Niclosamide is a
BCS (biopharmaceutical classification system) Class II drug, marketed as Niclocide
tablet (500 mg dose and dose number, Dy 200) brand name. Niclosamide is among the
essential orally administered drugs with inclusive data.” It is practically insoluble in
water, sparingly soluble in various other solvents (e.g. ether, THF, ethyl acetate, dioxane
etc.) and is usually formulated as a suspension, which allows for the development of a
liquid dosage form containing an appropriate quantity of drug in a reasonably small
volume. Both niclosamide anhydrate and monohydrate are available for formulation.
However, niclosamide anhydrate has a high affinity for water and various suspension
formulations form cement-like sediments during storage.'” Niclosamide is very much
prone to make solvates similar to drug like axitinib and  tenoxicam.'" Two
monohydrates, an anhydrate, various solvates of niclosamide have been reported in the
literature.* The aqueous solubility of niclosamide is 13+3 mg/L. Solubility order of

niclosamide crystalline forms is anhydrous>>solvates> hydrates.*® There are niclosamide
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phosphate, niclosamide ethanolamine salts and their better solubility reported in recent
patents.'” As salts have some limitation over hydration problems and the drug must
posses ionizable functional groups, cocrystals are generally preferred because of their
ability to improve solubility and stability. There are no cocrystals reported in the
literature so far to improve the solubility of niclosamide. Crystal engineering approach
was attempted to modify the solubility of solid dosage forms of niclosamide as well as to
prevent formation of its hydrate which exhibited least solubility (0.45 mg/L). Anhydrous
niclosamide (white material) transforms to monohydrate (greenish) within a month in
storage at ambient conditions. As hydrates are the least soluble among all solid dosage
forms, it is not the desired form, so solubility and stability of API are of concern for
NCL. Pharmaceutical cocrystals of niclosamide with GRAS molecules (caffeine, urea, p-
aminobenzoic acid, theophylline, nicotinamide and isonicotinamide) were prepared by
solvent (dry) drop grinding and characterized by FT-IR, thermal analysis (DSC and
TGA) and X-ray diffraction (both single crystal and powder X-ray diffraction) and solid
state NMR spectroscopy. Coformers used with NCL are displayed in Scheme 1.

]
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Scheme 1 Chemical structure of niclosamide (NCL) and coformers: caffeine (CAF), urea
(URE), p-aminobenzoic acid (PABA), theophylline (THPH), nicotinamide (NCT) and

isonicotinamide (INA). All niclosamide cocrystals are of 1:1 stoichiometry.
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6.3 Results and discussions

Niclosamide has high tendency to form hydrate/solvates when it is crystallized
from solvents. In literature, anhydrous form of niclosamide, monohydrate Hy and Hp,
THEF, triethylene glycol, DMF, DMSO, MeOH solvates were reported and characterized
by PXRD, DSC, FT-IR etc.** No guest free crystal structure for the API was reported so
far. Crystallization from solvents generally produces solvates. To obtain guest free
niclosamide, solvent less method, melt and sublimation crystallizations'® were applied.
Both sublimation and melt form afforded the same guest free structure of niclosamide.
All the coformers used here are GRAS molecules. Niclosamide cocrystals (1:1) were
obtained from dry EtOAc, CH3;CN solvents after grinding in mortar pestle. Dry solvents
are necessary; otherwise there is a possibility of hydrate formation from moisture content
present in solvents. The formation of new solid forms was preliminary confirmed by FT-
IR, melting point and powder X-ray diffraction. Crystallographic parameters for

niclosamide and its new cocrystals are summarized in Table 1.

6.3.1 Crystal structure description
Niclosamide (NCL)

Guest free niclosamide was crystallized in P2,/c space group in monoclinic
crystal lattice with one molecule in the asymmetric unit. Niclosamide molecules are
locked in nearly planar conformation which is stabilized by N—H---O (N---O: 2.630 (2) A,
142°) intramolecular hydrogen bond between amine (—NH) and hydroxyl group (—OH).
Niclosamide molecules form intermoleuclar O—H--O (O--0: 2.693 (2) A, 173°)
hydrogen bond from hydroxy to carbonyl forming chain along c-axis (Figure 1la).
Normalized hydrogen bonds using Platon are summarized in Table 2. Two parallel
niclosamide molecules are interconnected through Cl-NO, dimer interaction (Cl---O:
3.227 A) with graph set notation'* of R,*(12) ring. Molecules form ladder motif parallel
to b-axis (Figure 1b). Packing diagram of guest free form of niclosamide is totally
changed from its monohydrate crystal structure reported by Caira et al*® where water
molecules present in the cavity formed by niclosamide molecules and played an
important role in stabilizing the crystal structure, using two hydrogens as donor to

niclosamide molecules.
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Figure 1(a) O—H---O interaction between niclosamide molecules through N-H---O (OH)
hydrogen bond results layered structure along c-axis. (b) Niclosamide molecules form
ladder motif between the layers parallel to b-axis.

Niclosamide—Caffeine cocrystal (NCL—CAF, 1:1)

The crystal structure of NCL—CAF (1:1) cocrystal was solved in the monoclinic
P2,/c space group and the asymmetric unit contains one molecule each of niclosamide
and caffeine. There is intramolecular N—H--O hydrogen bond (N---O: 2.630 (2) A, 143°)
between amine and hydroxyl group in niclosamide. Intermolecular hydrogen bond
between niclosamide molecules were interrupted in the presence of caffeine, forming
O-H:-0 (0-+0: 2.640 (3) A, 173°) hydrogen bond from O—H of niclosamide to the
carbonyl acceptor of caffeine. Two niclosamide molecules form dimer through weak
C-H-O (C-+0: 3.182 (3), 141°) hydrogen bond in R,’(12) ring motif. Caffeine and
niclosamide molecules arranged in ABBA fashion along a-axis (Figure 2a). Layers are
interconnected through n-m stacking interaction (- dist 3.32 A) between niclosamide

and caffeine molecules (Figure 2b).

(a) (b)
Figure 2(a) Niclosamide and caffeine form O-H--O and C-H---O hydrogen bonds in a
1D chain. (b) © -x stacking interaction (3.32 A) between aromatic rings of niclosamide
and also with caffeine in two layers along a- axis
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Niclosamide—Urea cocrystal (NCL-URE, 1:1)

The asymmetric unit in space group P2,/c contains one molecule each of
niclosamide and urea. Intramolecular hydrogen bond is formed through N—H:-O (N---O:
2.644 (2) A, 139°) interaction in niclosamide. There is an intermolecular O—H:--O (O---O:
2.600 (1) A, 176°) hydrogen bond between niclosamide and urea in a perpendicular
fashion. The urea motif"® interacts in the cocrystal through N—H--O hydrogen bond
(N--0: 2.974(2) A, 149°; N---O: 2.918 (2) A, 152°) along c-axis. Two niclosamide and
two urea molecules form cyclic Re'(20) ring motif between carbonyl oxygen of
niclosamide molecule and urea N—H which is not engaged in urea motif (Figure 3a).
Unlike NCL—CAF cocrystal, here urea and niclosamide molecules are arranged in an
alternative ABAB fashion. Niclosamide molecules are interconnected through n stacking
interactions (m-m dist. 3.34 A), present between the two antiparallel urea tape motifs

(Figure 3b).

(a) ®)
Figure 3 (a) Niclosamide and urea molecules form cyclic R64(20) ring motif between
carbonyl oxygen of niclosamide molecule and urea N—H. (b) Two antiparallel urea tape
form column in which niclosamide molecules are stacked through n-m interaction
(stacking separation 3.34 A).
Niclosamide—PABA cocrystal (NCL-PABA, 1:1)
NCL-PABA (1:1) cocrystal was solved and refined in the triclinic space group
P-1 and the asymmetric unit contains one molecule each of niclosamide and PABA.
Intramolecular hydrogen bond is formed through N-H--O (N--O: 2.647 (2) A, 140°)
interaction in niclosamide. An intermolecular hydrogen bond between O—H group of
API and NH, of PABA through a weaker O—H---N (O--N: 2.802 (3) A, 173°) hydrogen
bond than in NCL—CAF and NCL-URE cocrystals. PABA form centrosymmetric
carboxylic acid dimer (O-O: 2.617(2) A, 179°) and hydrogen bonding to niclosamide
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extends through NH,-NO, hydrogen bond (N--O: 3.134(2) A, 154°) along the ¢ axis
(Figure 4a). Two niclosamide and two PABA molecules form tetramer of R4*(16) ring
motif through both N-H--O and O—H--N hydrogen bond (N--O: 2.981(3) A, 157°)
parallel to (200) plane (Figure 4b). Niclosamide molecules connect to the next layer with

another API through 7 stacking interactions (3.38 A).
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Figure 4 (a) Niclosamide and PABA molecules interact through NH,:*NO, hydrogen
bond along c-axis. (b) Two niclosamide and two PABA molecules form tetramer of
R¢'(16) Ring through N—H-:O and O—H:-N hydrogen bond.

Niclosamide—Theophylline cocrystal (NCL-THPH, 1:1)

NCL-THPH (1:1) cocrystal was synthesized from isopropyl acetate solvent and
the crystal structure was solved in monoclinic P2,/c space group. There is one molecule
each of niclosamide and theophylline in the asymmetric unit. Apart from the
intramolecular N—H---O hydrogen bond (N--O: 2.755(2) A) in niclosamide, the API and
theophylline form intermolecular hydrogen bond (O--O: 2.676(3) A, 179°) from
hydroxyl group of API to carbonyl of theophylline. Theophylline molecules form
centrosymmetric carboxamide dimer of R,%(10) ring through N—H:--O interaction (N-~-O:
2.834(3) A). There is weak C—H--O interaction (C--O: 3.165(3) A, 168°) between
inversely related niclosamide molecules. Two niclosamide and two theophylline
molecules are arranged as ABBA fashion along a-axis (Figure 5a). These tetramer units
are connected to next layer by an auxiliary C—H--O (C---O: 3.436(3) A, 144°) hydrogen
bond from theophylline aromatic ring C—H to -NO, acceptor of niclosamide along c-axis

in a sheet structure (Figure 5b).
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(b)
Figure 5 (a) Niclosamide and theophylline molecules arranged as ABBA fashion
interacting through O—H:--O and N—H---O hydrogen bonds. (b) Tetramer motif consisting
of two niclosamide and two theophylline molecules further interacted through C—H---O
interaction between niclosamide and theophylline along c-axis to form overall packing.

Niclosamide—Theophylline-CH;CN cocrystal solvate (NCL-THPHS, 1:1:1)
Niclosamide—theophylline-CH3;CN (1:1:1) cocrystal solvate was crystallized
from EtOAc-CH;CN solvent mixture. The structure was solved in the triclinic space
group P-1 and the asymmetric unit contains one molecule of niclosamide, theophylline
and acetonitrile solvent. The intermolecular hydrogen bond O—H--O (O--0: 2.638 (2) A,
174°) is present between API (donor) and theophylline molecule (acceptor). Two
theophylline molecules form centrosymmetric dimer through N—H--O bond (N--O:
2.755(2) A, 175°) of R,*(10) ring motif (Figure 6a). Similar to niclosamide-THF

solvate,*

acetonitrile solvent is present in the channel created by niclosamide and
theophylline along c-axis (Figure 6b). The m stacking interactions (3.34 A) aggregate
between niclosamide molecules parallel to the b-axis. A characteristic feature of the
crystal is desolvation of acetonitrile from the crystal lattice within 1 h and loss of

crystallinity at ~80°C (discussed later).
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Figure 6 (a) Similar hydrogen bonded motif consisting of theophylline homodimer
followed by intermolecular hydrogen bond between niclosamide and theophylline as
NCL-THPH cocrystals. (b) Acetonitrile solvent resides in the channel along a-axis
created by niclosamide and theophylline molecules.

Table 1 Crystallographic data of niclosamide and its cocrystals

Crystal Data NCL NCL—CAF NCL-URE
Ci3H12N,04Cl, Ci3H12N,O4Cl,. Ci3H1aN,O4Cl,.
Emp. Formula CsH1oNLO5 CHN,O
Formula wt. 327.11 521.31 387.18
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2./c P2./c P2,/c
T [K] 100 100 100
a[A] 13.485(2) 7.8756(4) 11.1272(10)
b[A] 7.0669(11) 10.7632(6) 16.9312(14)
c[A] 13.510(2) 25.8869(13) 8.5708(7)
a [deg] 90 90 90
Lldeg] 98.345(2) 96.286(1) 93.312(1)
7 [deg] 90 90 90
z 4 4 4
Volume [A’] 1273.9(3) 2181.2(2) 1612.0(2)
Deare [g/cm’] 1.706 1.588 1.595
R [[>20(D)] 0.0349 0.0548 0.0313,
WR; 0.0931 0.1570 0.0782
GOF 1.093 1.039 1.069
NCL-PABA NCL-THEOP NCL-THEOPS
C13H12N204C12. C13H12N204C12. C13H12N204C12.
C7H7N02 C7H8N4 C7H8N4,C2H3N
464.25 507.29 548.34
Triclinic Monoclinic Triclinic
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P-1
298
7.2810(14)
12.763(2)
12.789(2)
62.543(17)
76.384(16)
74.384(15)
2
1007.0(3)
1.531
0.0385,
0.0856
0.856

P21/c

298
9.1371(7)
10.8809(9)
22.4497(17)
90
99.924(8)
90

4
2198.6(3)
1.533
0.0614,
0.1358
0.998

P-1
100
8.598(2)
10.762(3)
13.246(3)
105.635(3)
94.069(4)
96.018(4)
2
1167.6(5)
1.560
0.1355
0.0468
1.03

Table 2 Neutron normalized hydrogen bonds in crystal structures.

Interaction d(H-A)(A) dD-A) @A) LD-H-A()
NCL NI1-H1---Cl1 2.36 2.902 (15) 113
N1-H1---O4 1.76 2.630 (2) 142
04-H2---03 1.72 2.693 (2) 173
C3-H3--02 2.49 3.363 (2) 136
C5-H5--C12 2.69 3.777 (2) 176
C6-H6---0O3 2.23 2.897 (2) 117
NCL - NI1-H1---Cl1 243 2918 (2) 109
CAF (1:1) N1-H1---O4 1.76 2.630 (3) 143
04-H2---05 1.66 2.640 (3) 176
C5-H5--03 2.26 3.182 (3) 141
C6-H6---03 2.21 2.876 (3) 117
CII-HI11-06 226 3.304 (3) 160
C14-H14B--06 2.24 2.731 (4) 105
C16-H16A:-O5 2.32 2.779 (4) 103
Cl6-H16A--Cl1 2.79 3.275(2) 107
C20-H20B--02 2.39 3.387 (4) 152
NCL- NI1-H1---CI2 2.45 2.959 (1) 111
URE (1:1)  NI-HI-04 1.79 2.644 (2) 139
04-H2-05 1.62 2.60 (1) 176
N3-H3A--Cll1 3.07 3.631(1) 116
N3-H3A:-05 2.09 2.974 (2) 145
N3-H3B---Cl1 2.57 3.530(1) 157
N3-H3B---02 2.56 3.279 (2) 128
N4-H4A---O3 1.99 2.921 (2) 152
N4-H4B---05 1.98 2918 (2) 152
C3-H3---Cl1 2.68 3.751 (2) 168
C6-H603 2.12 2814 (2) 119
ClI-H11~01 223 3.238(2) 153
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CI12-HI12--05 2.63 3.365(2) 124

NCL-PABA  NI1-HI--04 1.82 2.667(2) 140
(1:1) 04-H2--N3 1.82 2.802(3) 173
N3-H3A-03 2.02 2.981(3) 157
N3-H3B--01 2.19 3.134(3) 154
06-H6A05 1.63 2.617(2) 179
C6-H6-03 2.13 2.827(3) 119
Cl1-H11--06  2.38 3.401(3) 155
NCL-THPH  N2-HI--Cll 2.35 2.927 (2) 115
(1:1) N2-H1--04 1.85 2.654 (2) 135
04-H2--06 1.69 2.676(3) 179
N5-H5A--05 1.84 2.834(3) 168
C5-H5--03 2.24 3.165(3) 142
Cl6-H16--02  2.56 3.436(3) 144
C6-H6-03 2.19 2.807(3) 119
C19-HI19A--O1  2.51 3.246(3) 124
C19-H19B-05 2.7 2.739(3) 104
C20-H20B-N6  2.46 2.942(3) 105
NCL-THPHS 03-H3A-02 1.66 2.638(2) 174
(1:1:1) N4-H4A--01 1.75 2.755(2) 175
N6-H6A--ClIl  2.44 2.936(2) 109
N6-H6A-03 1.79 2.650(2) 141
C2-H2--04 2.24 3.149(3) 140
Cl10-H10--02 235 3.150(3) 129
Cl1-H11--04  2.14 2.811(3) 117
CI2-HI2--N3 237 3.429(3) 163
C21-H21A--CL2  2.71 3.628(3) 142
C21-H21B-06 247 3.542(3) 170

6.3.2 Powder X-ray diffraction

Niclosamide was purchased from Sigma-Aldrich and used without further
purification. But within one month at ambient condition of 30-40 °C and 50-75% relative
humidity, white colored anhydrous niclosamide turned to greenish niclosamide
monohydrate. However niclosamide hydrate transformed to anhydrous form without
decomposition after keeping for 5-6 h at ~100 °C. PXRD is a diagnostic tool to
differentiate between cocrystals from coformers based on line profile by taking a safe
threshold of A28 > #0.2°. The PXRD traces of the guest free forms of niclosamide
(reported earlier) matched the calculated lines from the X-ray crystal structures,
confirming the purity of the bulk phases. Two type of niclosamide monohydrate (Hx and
Hg) were reported in the literature.*® PXRD of niclosamide monohydrate (HA) exhibit

characteristic reflections at about 20 9.47, 11.40, 16.83, 22.43 and 25.54 £0.2°. Again
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monohydrate (Hg, CSD refcode OBEQER)® exhibits characteristic reflections at about
20 10.37, 13.07, 17.63, 19.02 and 21.0 £0.2°.There are noticeable differences in the
peak positions of niclosamide and its cocrystals from the API and coformer. PXRD
comparison of bulk amount of API and its cocrystals were compared with the calculated

X-ray lines to confirm the purity of new phases (Figure 7).
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Figure 7 PXRD comparison of niclosamide and its cocrystals with their calculated X-ray
lines obtained from single crystal X-ray strucures. PXRD comparison of NCL-NCT and
NCL-INA cocrystals with that of coformers indicates new solid phases formed.
6.3.3 Thermal stability of niclosamide and its cocrystals

The relative stability and inter conversion of crystalline solids are important to
study during drug formulation, because an incorrect choice of formulation may cause an
adverse effect on the issue of physical stability and pharmacokinetic profile. Differential
scanning calorimetry (DSC) measurements indicate the thermal characteristics of the new
solid forms. Among niclosamide cocrystals, NCL-THPH and NCL-NCT showed a
second endotherm before melting which suggested phase transition or decomposition.
Again NCL-THPHS cocrystal solvate releases CH;CN solvent at 82 °C and second
endotherm is the melting point of desolvated niclosamide theophylline cocrystals. DSC
endotherm of niclosamide and its cocrystals exhibited single endotherm confirming
uniformity of the new solid phases (Figure 8). Thermogravemetric analysis (TGA)
suggests the exact equimolar stoichiometry of niclosamide—theophylline-CH;CN (1:1:1)
as theoretical and experimental weight loss are in good agreement (Figure 9). However
NCL—-CAF, NCL-URE and NCL-INA cocrystals showed single endotherm suggesting
no decomposition before melting. All the cocrystals showed melting point in between
that of API and coformer. There is no correlation between melting point and solubility
(will be discussed later). Generally lower the melting point, better the solubility of API

cocrystals.
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Figure 8 DSC endotherms of niclosamide and its cocrystals indicate new solid phases.
The single endotherm at a temperature different from the melting points of the pure
components is indicative of a homogeneous cocrystal phase. Caffeine (m.p. 227-228 °C),
Urea (m.p. 132-135 °C), PABA (m.p. 187-189 °C), Theophylline (m.p. 270-274 °C),
Nicotinamide (m.p. 128-131 °C), Isonicotinamide m.p. 157-158 °C).
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Figure 9 Thermogravemetric analysis (TGA) of Niclosamide—theophylline-CH;CN
cocrystal solvate (NCL-THPHS) indicates the exact stoichiometric ratio 1:1:1 of the

cocrystals solvate.

6.3.4 FT-IR spectroscopy

Infrared spectroscopy™' provides useful information about the vibrational

modes of a compound, and these changes are due to the physical state of the sample and

because of hydrogen bonding and molecular conformations. Generally phenolic-OH

group absorbs strongly in the stretching frequencies of 3700-3584 cm™' regions.

Intermolecular hydrogen bonding increases as the concentration of the solution increases,
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and additional bands start to appear at lower frequencies, 3550-3200 cm . According to
Moffat et al,'® principal peaks of niclosamide analyzed in a KBr disc appear at wave
numbers 1572 (N—H bend), 1515 (NO, asymmetric), 1613 (C=C), 1650 (C=0), and 1218
(C—0) cm'. Niclosamide hydrate exhibits characteristic O—H peaks at 3490.4 and
3577.3 cm™'. In the IR spectra (KBr disc) of the anhydrate and cocrystals, some of the
bands were shifted relative to the pure API and coformers. The wave numbers of major
bands are summarized in Table 3. A change in both carbonyl and amide stretching
frequencies in the IR spectra of niclosamide cocrystals compared to individual
components shows the formation of new solid phase (cocrystal). FT-IR Vibrational
frequencies comparisons for NCL-NCT and NCL—-INA cocrystals were displayed in
Figure 10. Though single crystals could not be grown for NCL-NCT and NCL-INA
cocrystals, IR spectra comparison suggest that new solid phases were obtained from

liquid assisted grinding.

Table 3 FT-IR frequencies (vbar, cm ') of niclosamide and its cocrystals.

S 5 5 5 5 : S

=T B X s BE Pz §5 QB S E
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NCL - 32427, 15704 1613.5, 1652.7 12179 13484,
3199.5 1588.9 1329.7

NCL Hyd 3577.3, 3241.5, 1569.7 1613.2, 1680.1, 1218.1 1348.2,
3490.4 3197.9 1604.8 1652.9 1328.3

NCL-CAF - 3256.2 1556.5 1605.1, 17053, 12164 1340.0,
1581.5 16749 1323.3

NCL-URE 3491.6, 3352.9, 1545.0 16053 16739 12253 13429,
3438.5 3249.5 1321.1

NCL-PABA 3461.9 3364.1, 1547.8 1606.6 1672.0 12177 1344.1,
3253.9 1320.5

NCL-THPH - 3260.4, 15559 1601.4 1697.5, 1218.7 1343.8,
3160.6 1674.7 1323.5

NCL-THPHS -- 3262.3, 15523 1604.0 1698.0, 1219.0 1340.3,
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3126.1 1673.0, 1321.4

1639.5
NCL-NCT  3409.0 33054, 1557.5 16074, 1737.2, 12250 13475,
32358, 15826 17127, 1322.7
3168.8 1665.0
NCL-INA 34452 32373, 1560.7 16092, 17074, 1220.1 13445,
3159.6 15832 1665.0 1323.8
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Figure 10 FT-IR spectra comparison between NCL-NCT, NCL-INA with coformers,
indicated new solid phases prepared from wet granulation. There is no hydrate peak
(1680 cm™ ") in the new solid phases.
6.3.5 Solid state NMR spectroscopy

Solid-state  ')C NMR spectroscopy'’ provides structural information on
differences in hydrogen bonding, molecular conformations, and molecular mobility. To
confirm the purity as well as stoichiometry of the cocrystals, solution NMR were
recorded in d®-DMSO solvent for NCL-NCT and NCL-INA cocrystals and further
characterized by solid state ?C NMR spectroscopy. Solid state NMR of API, coformers
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as well as NCL-NCT and NCL—INA cocrystals were taken to compare and confirm the
new solid phase (Figure 11). In NCL-NCT cocrystals, carbonyl carbon in niclosamide is
deshielded from 161.7 ppm to 163.1 ppm and that for nicotinamide it is upfield from
168.9 ppm to 167.7. In NCL-INA cocrystal, carbonyl carbon in niclosamide is
deshielded from 161.7 ppm to 164.9 ppm and that for isonicotinamide it is shielded from
171.8 ppm to 168.3. The change in chemical shift is certainly due to formation of new
solid phase (cocrystal) and the change in the local molecular environment. Both solution

and solid state NMR spectra suggest a 1:1 stoichiometry of NCL-NCT and NCL-INA

cocrystals.
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Figure 11 Solid state *C-NMR comparisons of NCL-NCT and NCL-INA cocrystals
with API and coformers. Main differences are observed in the carbonyl region.

6.3.6 Solubility of niclosamide and its cocrystals

Most notably, cocrystallization is often used to modulate the solubility of an API.
Whenever solubility is a limiting factor in the bioavailability of a compound, a change of
solubility can produce drastic effects. Thus, we reasoned that niclosamide would be a

good candidate through cocrystallization as its salt are difficult to prepare because of
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absence of ionizable functional group in niclosamide. Since different crystal forms have
different lattice energies and enthalpies, it follows that their solubility’s must differ as
well. Niclosamide is sparingly soluble (13+3 mg/L) in water. Vantonder et al.*
performed dissolution experiments of niclosamide and its monohydrates (H, and Hg) in
40% isopropanol-water medium. Solubility of niclosamide increased to 43 mg/L in the
alcohol-water mixture. Powder dissolution experiments of niclosamide and its cocrystals
were carried out on U.S. Pharmacopeia (USP) approved dissolution tester in same
medium by the rotating paddle method (rotation 100 rpm) after screening the material
sieved to ~200 um particle size. Powder dissolution curve for niclosamide and its
cocrystals are shown in Figure 12. It should be noted that an increase in solubility may
increase the tendency for phase transformation to occur. Here almost all the crystalline
forms of niclosamide transform to monohydrate within 1 h of dissolution experiment.
Absorbance peak at 221 nm was observed in UV-Vis spectrum indicative of niclosamide
monohydrate formation. Among all the crystalline forms niclosamide—theophylline
acetonitrile complex (NCL-THPHS) exhibited highest dissolution rate and solubility
(223.1 mg/L at 2 h). Again NCL-THPH cocrystals showed comparable dissolution rate
upto 90 min as the NCL-THPHS complex, and showed second highest solubility (181.2
mg/L) at 2 h of powder dissolution experiment. Rather NCL—-CAF cocrystals showed
intermediate solubility (108.4 mg/L) between NCL and NCL-THPHS complex. Other
cocrystals NCL-URE, NCL-NCT and NCL—-INA showed comparatively less solubility
of 67.3 mg/L, 55.9 mg/L. and 62.3 mg/L respectively. But NCL-PABA cocrystals had the
least solubility (28.2 mg/L) lower than the API in dissolution experiment. In
NCL-PABA cocrystals, intermolecular hydrogen bond distance betwwen API and PABA
is 1.82 A which is weakest among all cocrystals and as a result cocrystals may dissociate
faster and hydration lead to API resulting in low solubility of the drug. Among the
cocrystals of niclosamide, NCL-THPHS complex and NCL-THPH cocrystals are 6.3
and 5.1 time more soluble than niclosamide at 2 h of dissolution. Recently Zaworotko et
al."® reported quercetin—caffeine (1:1) and quercetin—caffeine MeOH (1:1:1) cocrystal
solvate increased the solubility of quercetin by 14 and 8-fold and bioavailability by 10
folds when compared to quercetin dihydrate. Generally solvates are not preferred in
formultion for an API because of their instability and likelihood of phase transformation

during storage. Here acetonitrile solvates are not stable enough at ambient condition and
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also class II solvent' (permissable concentration limit 410 ppm). Comparatively
NCL-THPH cocrystals will be the best choice and also moderately stable at ambient
condition (discussed next), which can be selected for further studies. Most drugs exert
their therapeutic effect within 4-6-8 h of oral administration. It is suggested that more
soluble coformers improve solubility of the cocrystals.”® In this case urea (solubility 1.1
g/ml) has highest solubility, but NCL-URE cocrystal showed only two times higher
solubilty than niclosamide. Again theophylline (solubility 8 mg/ml) is least solubile
cofomer here, but NCL-THPH cocrystals showed highest solubility. All the new
cocrystals showed less melting point than niclosamide. Similarly there is no correlation
betwwen melting point of the cocrystals and solubility for niclosamide cocrystals. E.g.
NCL-PABA cocrystals have lowest melting point (186.1°C) and also least soluble
cocrystals. Again NCL—INA cocrystals have highest melting point (227.7 °C), but are

nearly two times more soluble.
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Figure 12 Powder dissolution of niclosamide and its cocrystals indicated that
NCL-THPHS (1:1:1) complex exhibited highest dissolution rate in 40% isopropanol-
water mixture, but NCL-THPH (1:1) cocrystals dissolved comparatively upto 90 min.
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Solubility is a thermodynamic quantity and usually taken as the concentration of
the solute at 24 or 48 h after mixing in a solvent. The solubility measurement is unsuited
for those drug forms that are metastable and undergo phase transformation during the
slurry conditions of dissolution. To obtain the equilibrium solubility, all crystalline forms
(100 mg) were dissolved in a minimum amount (5 ml) of 40% isopropanol-water solvent
and continued stirring for 24 h at 37 °C. Niclosamide showed higher solubility (43 mg/L)
in alcohol-water mixture, which is nothing but solubility of niclosamide monohydrate
after 24 h slurry experiment. The solubility from dissolution experiment at 2 h and
solubility at 24 h for all forms are summarized in Table 4. It was observed that after 24 h,
all crystalline forms converted to niclosamide monohydrate (H,) (confirmed from IR

spectroscopy) and for this reason solubility of all crystalline materials are very close.

Table 4 Solubility profile of niclosamide and its cocrystals

Absorption  Solubility (mg/L) at Solubility at 37 °C in 40%
coefficient ~ 37°C (24h) in 40%  Isopropanol-water (mg/L)

(mM"' cm™)  Isopropanol-water  at 2h of dissolution®

NCL 16.95 42.8 35.53
NCL-CAF 19.18 56.7 108.45 (x 3.0)
NCL-URE 13.35 84.3 67.34 (x1.9)
NCL-PABA 19.89 32.8 28.22 (x 0.8)
NCL-THPH 13.01 60.4 181.19 (x5.1)
NCL-THPHS 16.02 56.2 223.09 (x6.3)
NCL-NCT 14.72 53.1 55.97 (x1.6)
NCL-INA 15.87 71.9 62.33 (x1.7)

*Note ‘n’fold increase of solubility compared to niclosamide kept in parenthesis

6.3.7 Physical form stability

Niclosamide has high tendency to convert to monohydrates even in solid state if
kept at ambient condition (30-40 °C and 60-75% relative humidity) after 1 month. To
prevent monohydrate formation, which has the lowest solubility (0.45 mg/L),* cocrystals
were prepared because of their better solubility and stability. It is reported™ that

anhydrous niclosamide kept at 37 °C and 75% RH condition for 2 weeks converted to
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monohydrate as indicated by color change from colorless to green. At accelerated ICH
conditions® of 40 °C and 75% relative humidity both niclosamide and niclosamide-
theophylline-CH;CN complex converted to niclosamide monohydrate (Hg) within 1
week, as confirmed by PXRD. However PABA, urea and caffeine cocrystals were stable
upto 2, 4 and 6 weeks respectively. NCL-THPH cocrystals are stable upto 2 weeks, and
then hydrate formation started (from PXRD and DSC). There is a possibility of
NCL-THPH-H,O crystalline forms after 2-3 weeks kept in humidity chamber. But there
is no hydrate formation for NCL-NCT and NCL—-INA cocrystals upto 7 weeks in the
same condition suggesting good stability against hydration. Humidity profile of
niclosamide and its cocrystals are summarized in Table 5 and PXRD comparison of
NCL, NCL-CAF, NCL-THPH and NCL-NCT cocrystals upto 7 weeks are displayed in
Figure 13.
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Figure 13 PXRD stacks of (a) NCL, (b) NCL-CAF and (c) NCL-THPH (d) NCL-NCT
kept in accelerated Relative Humidity condition in different time interval. Peak at 7.86,
9.47,10.37, 11.40, 16.83, 19.02 20 value suggest the formation of niclosamide hydrate
after 1 week. NCL-NCT cocrystals are stable upto 7 weeks.

Table 5 Relative humidity (40°C and 75%) study of Niclosamide and its cocrystals

After After  After  After After  After After
1w 2W 3w 4W 5W 6W TW

NCL X X X X X X X
NCL—CAF \ \ \ \ \ X X
NCL-URE \ \ \ X X X X
NCL-PABA \ X X X X X X
NCL-THPH \ \ X X X X X
NCL-THPHS X X X X X X X
NCL-NCT v v v v V v v
NCL-INA \ \ \ \ \ \ \

X=hydrate formation starts (not stable), V=No hydrate formation (stable)
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6.4 Conclusion

The ability to tune the physical properties of a crystalline solid containing an API
by introducing a pharmaceutically acceptable molecular species into a unique crystal
lattice presents an opportunity to modify the properties of a solid-state dosage form at the
molecular level. Niclosamide is almost insoluble in water. To modify its solubility and
also stability, pharmaceutical cocrystals were prepared with GRAS molecules for the first
time to our knowledge. Niclosamide is highly prone to solvate formation and one should
be careful to make cocrystals by wet-granulation in presence of dry solvents. All the
crystalline forms were characterized by spectroscopy, thermal analysis and X-ray
diffraction. Intermolecular hydrogen bond between niclosamide molecules were
interrupted in presence of coformers in the cocrystals results heterosynthon. Among the
cocrystals, NCL-THPHS cocrystal acetonitrile solvates showed best dissolution rate (6
times), but highly prone to hydrate formation within 2-3 days under ICH conditions.
NCL-THPHS cocrystal acetonitrile solvate suffers from the problem that acetonitrile is
class II solvent and has limited toxicity. However NCL-THPH cocrystals showed second
best dissolution rate (5 times) and also moderate stability (upto 2 weeks) towards
hydration and may be the best choice for niclosamide formulation purpose. Except
NCL-PABA, all cocrystals showed better dissolution rate as well as stability towards
hydration. Search for new GRAS coformers with better improvement in solubility and
stability will be studied. Particle size reduction for niclosamide is another approach to
improve the solubility by increasing the surface area, free energy and solute-solvent

interactions.

6.5 Experimental section

Niclosamide and other GRAS coformers were purchased from Sigma-Aldrich
(Hyderabad, Andhra Pradesh, India) and used directly for experiments.

Niclosamide, NCL

Niclosamide crystals were obtained from sublimation at 190-200 °C. Good quality
rectangular plate crystals appeared after 4-5 h. Single crystal can be obtained from AcOH
solvent also. m.p. 229-230 °C.
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Niclosamide—Caffeine cocrystal (NCL—CAF, 1:1)

100 mg (0.31 mmol) niclosamide and 59.4 mg (0.31 mmol) caffeine were ground in
mortar-pestle for 15 min after adding 5 drops of dry EtOAc, and then kept for
crystallization in 10 mL EtOAc. Suitable square block crystals appeared at ambient
condition after 3-4 days. m.p. 204-206 °C

Niclosamide—Urea, cocrystal (NCL-UREA, 1:1)

100 mg (0.31 mmol) niclosamide and 18.4 mg (0.31 mmol) urea were ground in mortar-
pestle for 15 min after adding 5 drops of dry EtOAc, and then kept for crystallization in
10 mL EtOAc. Suitable thick plate crystals were harvested at ambient condition after 3-4
days. m.p. 209-210 °C

Niclosamide—PABA cocrystal (NCL-PABA, 1:1)

100 mg (0.31 mmol) niclosamide and 41.9 mg (0.31 mmol) PABA were ground in
mortar-pestle for 15 min after adding 5 drops of dry EtOAc, and then kept for
crystallization in 10 mL EtOAc. Suitable block crystals were obtained at ambient
condition after 3-4 days. m.p. 186-188 °C.

Niclosamide—Theophylline cocrystal NCL-THPH, 1:1)

100 mg (0.31 mmol) niclosamide and 55.1 mg (0.31 mmol) theophylline were ground in
mortar-pestle for 15 min after adding 5 drops of dry isopropyl acetate, and then kept for
crystallization in 10 mL isopropyl acetate. Suitable block crystals were harvested at
ambient condition after 3-4 days. m.p. 209-210 °C.

Niclosamide—Theophylline acetonitrile complex (NCL-THPHS, 1:1:1)

100 mg (0.31 mmol) niclosamide and 55.1 mg (0.31 mmol) theophylline were ground in
mortar-pestle for 15 min after adding 5 drops of dry acetonitrile, and then kept for
crystallization in 10 mL EtOAc acetate-acetonitrile (1:1) solvent mixture. Suitable block
crystals appeared at ambient condition after 3-4 days. m.p. 209.4 °C. Desolvation
temperature for acetonitrile solvate was 83.2 °C

Niclosamide—Nicotinamide (NCL-NCT, 1:1) and Niclosamide—Isonicotinamide
(NCL-INA, 1:1) cocrystal

100 mg (0.31 mmol) niclosamide and 37.4 mg (0.31 mmol) nicotinamide/
isonicotinamide were ground in mortar-pestle for 15 min after adding 5 drops of dry

EtOAc. However no single crystal was obtained irrespective of solvents tried. *C
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Solution and ss-NMR suggest that both cocrystals consist of 1:1 of niclosamide and

coformers. m.p. of NCL-NCT (1:1) and NCL—-INA (1:1) are 215-216 and 227-229 °C

respectively.
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Chapter Seven

High Solubility Piperazine Salts of NSAID

Meclofenamic Acid

MFA-PPZ-H20 1:1 zalt polvmorphs
111 salt Ponel
sd
> S MFAPPZM+

hydrate C FAPP7.C
ydra ,go % MFA-PPZ-0O
0. _OH H

2:1 salt 1:1 zalt
MFA-PPZ MFA-PPZ-M

Piperazinium meclofenamate salts of variable stoichiometry obtained by liquid-
assisted grinding. The monoclinic 1:1 salt exhibited the highest dissolution

rate, comparable to meclofenamate sodium.
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7.1 Introduction

Solid dosage forms of a drug are desirable because of ease of handling and lower
production and storage costs. An understanding of the solid state properties of crystalline
and amorphous forms of an active pharmaceutical ingredient (API) are therefore
extremely important in the development of a new drug.' Accordingly, there has been a
tremendous impetus to identify novel polymorphs, solvates (pseudopolymorphs), salts,
and cocrystals of APIs.” The scientific importance arises from the fact that new API solid
forms are designed to have better solubility, stability, and/or bioavailability. The legal
significance arises from the fact that novel polymorphs, solvates, cocrystals, and salts
can be used by industry to introduce generic versions of a drug in the regulated market.
These matters are of great concern to innovator and generic pharmaceutical companies
worldwide. Solubility and bioavailability of an API are important, even though they are
not directly correlated. Solubility is a thermodynamic parameter whereas bioavailability
is kinetic dissolution in aqueous medium APIs have been formulated as salts to change
the solubility (increase or decrease) and/or obtain better bioavailability.

About 40% of new molecular entities coming out of the drug discovery pipeline
will never advance in the development chain because of biopharmaceutical issues, such
as poor aqueous solubility, low dissolution rate, low permeability, and first-pass
metabolism in the liver. An enhancement of drug solubility for therapeutic agents can
improve their bioavailability. Identifying the optimum solid form of an active
pharmaceutical ingredient (API) is always desirable for clinical use. Over 80% of all
drugs are marketed as tablets and oral administration is the most preferred drug delivery
route. An estimated half of all drug molecules used in medicine are administered as salts
so that the formation and the selection of a suitable salt for a drug candidate are
recognized as essential steps in the preclinical phase of modern drug development.’
Crystal engineering is particularly well suited to co-crystallization of drugs with safe
coformers.* The advantage of cocrystals and salts for improving physical properties is
that the structure of the drug molecule is unchanged but the modification is at the
supramolecular level (intermolecular interactions, hydrogen bonding, molecular

packing).” A practical advantage is that the extent of solubility enhancement for
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cocrystals (4-20 times) is an order of magnitude higher than that for polymorphs (2-3
times). Pharmaceutical salts of course are the most preferred formulation for solubility
enhancement (100-1000 times).® On the down side, salts are more likely to form hydrates
(often a drawback in terms of stability) compared to cocrystals. The ApK, rule, wherein
ApK; = pK, (conjugate acid of base) — pK, (acid), is a useful guide to know beforehand if
an acid-base complex will give a neutral cocrystal (ApK, < 3) or an ionic salt (ApK, >
3). A more practical cut-off for organic salts is ApK, < 0 for cocrystal, ApK, > 3 for salts,
and the range 0 < ApK, < 3 being an unpredictable zone wherein different proton states

could be observed depending on the external conditions.”

7.2 Meclofenamic acid

Meclofenamic acid® (Figure 1) is a nonsteroidal anti-inflammatory, antipyretic,
analgesic drug used in the treatment of postoperative and traumatic inflammation and
swelling by the inhibition of prostaglandin biosynthesis pathway. Twisted conformation
in meclofenamic acid (discussed later) was believed to have a proper fit to the receptor
site of the enzyme arachidonic acid cyclooxygenase.™ It is a selective cyclo-oxygenase-
2 (COX-2) inhibitor.*® Similar to diclofenac, meclofenamic acid is also used as a
KCNQ2/Q3 potassium channel opener, depression of cortical neuron activity, and
exhibits anticonvulsant activity.* Meclofenamic acid has a transient effect on platelet
aggregation, but unlike aspirin, it does not cause bleeding.™ It is a BCS class IT drug of
low solubility (30 mg/L) and high permeability (log P = 5).” Novel gel and cream
formulation of meclofenamic acid provide maximal topical activity to the drug.*
Exposure of dilute solutions of meclofenmaic acid to visible or UV light resulted in
fairly rapid decomposition.*” Due to its low aqueous solubility’ and thus bioavailability,
the sodium salt of meclofenamic acid (solubility >250 g/L)* is marketed as 100 mg
capsules under brand names Meclomen, Melvon, Movens, and Arquel. Fabian et al.'®
recently published cocrystals of flufenamic acid, niflumic acid, tolfenamic acid and
mefenamic acid with nicotinamide, but they mentioned some difficulty with
meclofenamic  acid. A.':lkeréylOb reported cocrystals of diclofenac with 2-
aminopyrimidines, 2-amino-4,6-dimethylpyrimidine and  2-amino-4-chloro-6-
methylpyrimidine characterized by X-ray diffraction, DSC and IR spectroscopy. During

LIOC

the late stages of our results on meclofenamic acid, Fini et a reported salts of
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diclofenac with cyclic aliphatic amines and their thermal behavior Our results on
cocrystals and salts of meclofenamic acid demonstrate that organic salts of API’s can
exhibit comparable dissolution rate to traditional metal ion salts. The novel cocrystals
and salts of meclofenamic acid with isonicotinamide, 4,4'-bipyridine, piperazine,
aminopyridine, etc. were prepared by solvent-assisted grinding and their solubility was
measured in a USP dissolution tester. Crystal structures, phase transformations, and

solubility of meclofenamic acid cocrystals and salts are discussed in this chapter."'

7.3 Results and Discussion

The sodium salt of meclofenamic acid (MFA) was obtained from Sigma-Aldrich,
India and converted to the free acid with aq. HCI. The Na salt of MFA is readily soluble

in water. Vijayan et al'*

(1981) published the first crystal structure of meclofenamic acid
but it had a high R-factor of 0.135. The same authors reported crystal structure of the 1:1
complex of MFA with choline hydrate and ethanolamine.'”™ The disorder in the methyl
group orientation of meclofenamic acid (Figure 1) persisted at low temperature. We have
now obtained good quality single crystals of MFA by sublimation and collected data at
298 K and 100 K. There are no reports on crystal structures of meclofenamic acid and its

salt/ cocrystal in the interim period. Crystallographic parameters for all crystal structures

HOZC\Q HOZC\Q
H— T
CI\©:CI
CH,

are listed in Table 1.

N

Cl Cl

H,C
Conformer A

Conformer B

Figure 1 Two conformers (A and B) of meclofenamic acid (MFA) present in crystals
structures.

7.3.1 Crystal structure description

Meclofenamic acid (MFA)
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Meclofenamic acid consists of two aryl moieties, the N-2,6-dichloro-3-
methylphenyl group and the N-2-benzoic acid group. The aryl rings are twisted almost in
a perpendicular orientation of 82° dihedral angle between the two ring planes. This twist
relieves steric congestion of ortho-substituted phenyls at the secondary amine.
Meclofenamic acid was crystallized by slow sublimation at 190-200 °C over 4-5 h to
afford diffraction quality single crystals which solved in the triclinic space group P-1
with one molecule in the asymmetric unit. Similar to other fenamic acids, e.g. mefenamic
acid and tolfenamic acid,” two meclofenamic acid molecules form a centrosymmetric
carboxylic acid dimer of O—H-+O hydrogen bond (OO, 2.632(4) A) in R,*(8) ring
motif.'* An intramolecular N-H--O hydrogen bond (N--O, 2.679(4) A) of R,'(6) ring
motif (Figure 2a) rigidifies the molecule. Hydrogen bond parameters in crystal structures
are listed in Table 2. The 3-methyl group is disordered over two positions with unequal
site occupancy factor (s.o.f. conformer B = 0.58(1) and A = 0.42(1), see Figure 1) at 298
K (RT structure). X-ray reflections for meclofenamic acid crystal were collected at 100
K (LT structure) in an attempt to resolve the disorder issue (R-factor 0.110). The
disorder of Me group persisted, now with s.o.f. of conformer B = 0.577(15) and A =
0.423(15). The elongated thermal ellipsoid of CI2 (chlorine atom 2) perpendicular to the
aromatic plane in the RT structure could be modeled as CI2A and CI2B (chlorine 2A and
2B) with s.o.f. of 0.55(3) and 0.45(3) in the LT structure (Figure 2b). The RT structure of
MFA is described in this paper because it has better refinement parameters and lower R-

factor (0.083).

1
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Figure 2 (a) Centrosymmetric carboxylic acid dimer is present in MFA. The methyl
group is disordered in the crystal structure of meclofenamic acid with s.o.f. 0.58(1) and
0.42(1). (b) ORTEP diagram of MFA at 100K suggests that Me and one of the —CI atom

are disordered.
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Meclofenamic acid-Isonicotinamide cocrystal (1:1, MFA-INA)

Meclofenamic acid—isonicotinamide (1:1) cocrystal was prepared by solid-state
grinding and the resulting solid was crystallized from acetonitrile to afford the single
crystal X-ray structure in monoclinic space group P2,/c, which contained conformer A of
MFA. The carboxylic acid dimer in the reference drug crystal structure is replaced by
carboxylic acid—pyridine heterosynthon (O-N, 2.657(4) A, ZO-H--N, 174°) as the
main bimolecular R,*(7) ring motif (Figure 3a). Isonicotinamide molecules aggregate via
the carboxamide dimer (N0, 2.926(4) A, #/N-H--O, 169°) at the secondary level.
Such 4-molecule supramolecular units are connected via C—Cl--O interaction (3.254 A)

in a ladder motif along the b-axis (Figure 3b).

(a) (b)

Figure 3 (a) Acid—pyridine heterosynthon in MFA—INA (1:1) cocrystal. (b) Acid—
pyridine heterosynthon, amide dimer homosynthon and C—Cl---O interaction along the b-
axis in crystal structure.

Meclofenamic acid—4,4'-Bipyiridine cocrystal (1:0.5, MFA-BPY)

Meclofenamic acid—4,4"-bipyiridine (1:0.5) cocrystal (crystallized from
acetonitrile) was solved in monoclinic space group P2,/c and contains meclofenamic
acid conformer A. The acid—pyridine heterosynthon (O-N, 2.668(4) A, ZO-H-N,
178°; R,%(7) ring motif) is supported by an auxiliary C—H--O hydrogen bond (C--O,
3.194(6) A) between the pyridine ortho C—H to the carbonyl of carboxylic acid (Figure

4a). The trimolecular units in the cocrystal make a step ladder motif along the c-axis
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(Figure 4b). Meclofenamic acid—4,4'"-bipyridine (1:1) is a cocrystal based on C—O bond
distances of 1.215(8) A and 1.316(7) A in the carboxylic acid group and ZC—N—C bond
angle of 115.7(6)° in the pyridine ring.

(@ (b)

Figure 4 (a) Acid—pyridine heterosynthon form termolecular unit in MFA-BPY
(1:0.5) cocrystal structure. (b) Ladder structure along the c-axis.

Piperazinium meclofenamate salt polymorphs (1:1, MFA-PPZ-M and MFA-PPZ-
0)

Piperazinium meclofenamate salt (1:1) crystallized as monoclinic (P2,/c) and
orthorhombic (P2,2,2;) polymorphs concomitantly obtained from acetonitrile solvent.
There is one molecule each of meclofenamate anion (conformer B) and piperazinium
cation in the asymmetric unit of monoclinic polymorph. Compared to the cocrystal,
proton transfer occurred in the salt structure from carboxylic acid to the N—H base of
piperazine. In the monoclinic structure (MFA-PPZ-M), each piperazinium cation
forms four hydrogen bonds with two meclofenamates and two piperazinium cations
through ionic N'—H---O~ (N0, 2.677(4) A) and neutral N-H--N (NN, 2.851(4) A)
and N-H--O (N:-0, 2.949(4) A) hydrogen bonds (Figure 5a). The carboxylate C—O
bond distances are 1.236(4) A and 1.271(4) A and piperazinium ZC-N—C is 112.0(4)°
suggesting an ionized species. The C—O bond distances difference (ACO) is less than
0.1 A compared to the neutral species.

The packing of meclofenamate anions (conformer A) and piperazinium
cations is similar in the orthorhombic polymorph (MFA-PPZ-0). Each piperazinium
cation forms four hydrogen bonds with two meclofenamate anions and two
piperazinium cations through N'—H--O~ (2.698(3) A), N-H--N (2.858 (3) A), and
N-H--0 (2.960 (3) A) hydrogen bonds (Figure 5b). C—O bond distances (1.226(6) A,
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1.263(5) A) and ZC-N—C angle (111.8(3)°) are consistent with a salt species.’ In both
polymorphs, six piperazine cations are sandwiched between three meclofenamate
anions along the c-axis. A minor difference between the two polymorphs is the
orientation of the methyl group in meclofenamic acid, i.e. conformer A or B.
Piperazine is a small cyclic secondary diamine that is pharmaceutically acceptable and
has anthelmintic activity." Piperazine (pKa = 9.72) can act both as a neutral and a
cationic coformer to give a cocrystal or salt product with an acidic API. The
Cambridge Structural Database (CSD ver. 5.32, 2010, November 2011 update)'®
contains about 20 organic cocrystals and 25 salts or salt hydrates of piperazine.
Surprisingly there is only one piperazinium monocation (Refcode CUKVOU) listed
with a carboxylate counterion up to the recent update of the CSD; there are 73 refcodes
for piperazinium dication. We report three piperazinium monocations with
meclofenamate anion in MFA-PPZ-M, MFA-PPZ-O and MFA-PPZ-H,O (will be
discussed next) crystal structures. Furthermore, there are no examples of piperazine
salts which are polymorphic. MFA—PPZ (1:1) is the first example of piperazine salt
polymorphs with 3D coordinates determined. Crystal density (1.312, 1.381 g cm™),
packing fraction (64.2, 68.0%, calculated in Platon), and lattice energy (—176.93, —
186.39 keal mol ', calculated using Compass force field in Cerius®)'” of monoclinic and
orthorhombic polymorphs suggest that the orthorhombic form should be more stable.
However, DSC measurements (discussed later) indicate that melting point of the

monoclinic form is higher and we show that MFA—PPZ-M is the stable polymorph.

(a) (b)
Figure 5 Crystal packing in (a) monoclinic form of MFA—PPZ-M (1:1) viewed along
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the b-axis, and (b) orthorhombic polymorph MFA-PPZ-O (1:1) along the a-axis. The
main difference is in the orientation of Me group in MFA, i.e. conformer B (in M) and
A (in O).
Piperazinium meclofenamate salt (2:1, MFA-PPZ)

Piperazinium meclofenamate salt (2:1) was obtained when the components
were ground with a few drops of EtOH added. The crystal structure of MFA—-PPZ (2:1)
was solved in P-1 space group with two crystallographic meclofenamate anions
(conformer A and B) and two half nonequivalent piperazinium cations in the
asymmetric unit. The two conformers of MFA are arranged in an alternate fashion
ABAB parallel to the b-axis and piperazinium cations are sandwiched between the
anions. Each piperazinium dication forms four N'—H--O~ ionic hydrogen bonds
(N3"™=H3A--017, 2.690(3) A; N3"=H3B--04", 2.731(3) A; N4—H4A--02", 2.750(3)
A and N4™-H4B--03", 2.695(3) A with meclofenamate anions A and B (shown in
thick bond and ball and stick models, Figure 6). This is the only crystal structure of
MFA salts with both conformers A and B in the same lattice.

Figure 6 Two crystallographic molecules of meclofenamate (A = thick bond, B = ball-
stick) and two half molecules of piperazine cations form N'—H---O™ hydrogen bonds in
the 2:1 salt of MFA—PPZ.

Piperazinium meclofenamate salt hydrate (1:1:1, MFA-PPZ-H,0)

Piperazinium meclofenamate salt hydrate (1:1:1) was obtained during grinding
of meclofenamic acid with piperazine hydrate or meclofenamic acid and piperazine in
the presence of water. It crystallized in the monoclinic space group P2,/c with

conformer B. Two meclofenamate anions and two water molecules form ring motif of
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graph set notation R,*(12). Water molecules are present as spacers between two
meclofenamates. Two piperazinium cations form N'—H--O hydrogen bond
(N2™—H2--03, 3.029(4) A) with water (Figure 7a). The N-H--N/O hydrogen bond
network (N3'—HI1B:01", 2.842(4) A, N3'-H1A--N2, 2.939(4) A) is shown in Figure
7b. Water molecules reside in channels along the c-axis (Figure 7c).
Thermogravimetric analysis (TGA) confirmed the stoichiometry as a monohydrate
(calc. 4.68%, obsd. 4.71%). A mefenamic acid piperazine salt hydrate (2:1:4) was
recently reported,'® but its crystal structure is completely different from our results

because of hydrogen bonding to four water molecules.

(b) (©)

Figure 7 (a) Tetramer R,*(12) ring motif between two meclofenamate anions and two
water molecules in MFA-PPZ-H,0O (b) A piperazinium cation is surrounded by two
similar cations, one water molecule, and one meclofenamate anion. (¢) Water
molecules are present in channels along the c-axis.

2-Aminopyridinium meclofenamate salt (1:1, MFA-2-APY)

The organic cation and anion form R,%(8) ring motif between amino-
pyridinium and carboxylate via N—H---O bonds (N---O, 2.642(3) A, 2.841(3) A). Such
dimer units are connected via amino N—H--O (N--O 2.897(3) A) hydrogen bond
(Figure 8a). The molecular packing extends via Cl--Cl type I interaction (3.472(2) A,
0, = 0, = 135.8°) and C—H-Cl interaction (H---Cl, 2.92(3) A) in a zigzag chain along
the b-axis (Figure 8b). Carboxylate C—O bond distances (1.252(3), 1.263(3) A) and

pyridinium ZC—N-C bond angle (121.7(2)°) are consistent with a salt structure.

207 | Chapter 7



() (b)

Figure 8 (a) Pyridine (NH")-- OOC synthon in MFA—2-APY (conformer B of drug).
(b) CI---Cl and C—H---Cl interactions connect the molecules in a 1D wavelike chain.

4-Aminopyridinium meclofenamate salt hydrate (1:1:1, MFA-4-APY-H,0)

Proton transfer occurred from MFA to pyridine base in this salt hydrate. The
expected carboxylate—pyridinium R,%(7) ring motif is absent presumably due to
stronger H bonds of carboxylate with water molecules. Two water molecules now
makes a dimeric R4*(12) ring motif'* capped with two carboxylates through O—H--O"
(00, 2.761(4) A, 2.713(4) A) hydrogen bonds. The 4-aminopyidinium cation
interacts with two water molecules through both ionic N™—H--O (N--O, 2.837(4) A)
(Figure 9a) and neutral N—H--O (N:-O, 2.993 (4) A) and one meclofenamate ion
through N-H--O~ (N0, 3.018 (4) A) hydrogen bonds (Figure 9b). Water molecules
are strongly hydrogen bonded in channels formed by MFA and 4-APY ions along the
c-axis (Figure 9c). Carboxylate nature (C—O 1.261, 1.266 A and ZC—N—C 121.1°) and
water stoichiometry were confirmed by TGA (calc 4.40%, obsd. 4.40%) in the
monohydrate salt. Hydrogen bonding and unit cell parameters (see appendix) similarity
of MFA-PPZ-H,0 and MFA—4-APY-H,0O (1:1:1) suggest 2D isostructurality and

isomorphism, but there are differences in the 3D packing (Figure 7c vs. 9c).

(b) (©)

Figure 9 (a) Two meclofenamate anions (conformer A) and two water molecules form
R,'(12) ring through O-H-O hydrogen bond in MFA—4-APY-H,O. (b) 4-
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Aminopyridinium cation interacts with one meclofenamate anion and two water
molecules through N-H--O™ and N'—H--O hydrogen bonds. (c) Water molecules
reside in channels formed along the c-axis.

The conformation of meclofenamic acid is different in crystal structures (Table
3). Both conformers A and B are well distributed in cocrystals/salts. A small
contribution from an alternate conformation could be detected in a few cases (e.g.
MFA-INA cocrystal) by the unassigned difference electron density (Q peaks of about
0.5-0.7 electron) but it was difficult to refine it as partial Me group occupancy. The
small amount of Me group disorder in these structures is difficult to model accurately.
The intramolecular N—H--O hydrogen bond locks the anthranilic acid fragment in a
planar conformation while the phenyl ring bearing the Cl and Me groups can rotate
around the N—C bond. The formation of cocrystal or salt followed the ApKa rule,” i.e.
ApK, >3 gives salt, ApK, <0 is for cocrystal, and the region 0 < ApK, <3 is a difficult
to predict zone. The pKa’s (calculated using SPARC calculator in water medium) are
listed in Table 4. The acid—acid dimer (synthon energy 15 KJ/mol) of MFA crystal
structure is replaced by acid—pyridine heterosynthon (synthon energy 10 KJ/mol) in
MFA-INA and MFA-BPY cocrystals. Charge assisted N'—H--O~ hydrogen bonds
reproducibly give salts of meclofenamic acid and piperazine / aminopyridine base. The
N base inserts between the carboxylic acid groups to replace the carboxylic acid O—
H--O homosynthon with the pyridinium/piperazinum—carboxylate charge assisted
N'—H--O  heterosynthon. This strong heterosynthon in meclofenamic acid salts/

cocrystals is a reliable tool for crystal engineering.

Table 1 Crystallographic data for meclofenamic acid and its new solid phases

Crystal Data MFA-100K MFEA-RT MFA-INA
Emp. Formula CisH1oCL NO,  Cy4H;oCL NO;, %1:11{161 II\ISgNOZ.
Formula wt. 295.13 295.13 418.27
Crystal system Triclinic Triclinic Monoclinic
Space group P-1 P-1 P2,/c

T [K] 100 298 298

a[A] 8.5209(11) 8.566(3) 7.5327(13)

b [A] 8.8775(11) 8.968(3) 31.313(5)
c[A] 9.1986(12) 9.378(3) 9.601(3)

a [deg] 104.265(2) 103.090(6) 90
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Fldeg] 103.337(2) 103.194(6) 121.439(16)
y[deg] 91.569(2) 92.538(6) 90
Z 2 2 4
Volume [A%] 653.56(14) 679.7(4) 1932.2(7)
Dearc [g/em’] 1.500 1.442 1.438
N-total 5863 6239 9616
N-independent 2153 2227 3944
N-observed 1954 1698 1932
Ry [I>26(1)] 0.1106 0.0833 0.0567
WR, 0.2193 0.1910 0.1547
GOF 1.209 1.122 0.915
MFA-BPY MFA-PPZ-M MFA-PPZ-O MFA-PPZ
Ci:H, ClL, Ci4H,¢Cl; NO,, Ci4H,0Cl; NO,, 2(Cy4H;oCl; NOy).
0.5(CoHsN,) CHiN, CHiN, CiHioN,
374.23 382.28 382.28 678.42
Monoclinic Monoclinic Orthothombic Triclinic
P21/C P21/C P212121 P-1
298 298 298 298
7.4180(6) 16.3805(13) 7.929(3) 7.9109(3)
8.2144(6) 8.3717(5) 8.168(3) 11.1289(4)
28.770(2) 14.4609(11) 28.381(15) 18.1180(7)
90 90 90 81.943(3)
97.099(7) 102.347(8) 90 80.424(4)
90 90 90 88.809(3)
4 4 4 2
1739.6(2) 1934.8(3) 1838.1(13) 1557.36(11)
1.429 1.312 1.381 1.447
8621 8452 5203 12514
2487 3956 3366 6346
1726 1574 1540 3882
0.0892 0.0641 0.0597 0.0687
0.2088 0.1850 0.0663 0.1770
1.127 1.209 0.865 1.030
MFA-PPZ-H,O MFA-2-APY MFA-4-APY-H,O
Ci4H,0Cl; NO,, Ci4H,¢Cl; NO,, CisH,Cl,
C4H1]N2' HQO C5H7N2 NOZ‘C5H7N2. Hzo
400.29 390.26 408.27
Monoclinic Monoclinic Monoclinic
P21/C le/l'l P2|/C
298 298 298
16.137(4) 14.675(4) 16.227(4)
8.4889(15) 7.1318(15) 8.4770(15)
15.596(3) 18.605(6) 15.686(4)
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90 90 90

114.94(3) 110.73(3) 116.18(3)
90 90 90

4 4 4
1937.1(7) 1821.2(8) 1936.2(7)
1.373 1.423 1.401
6934 8452 5203
3283 3956 3366
1942 1574 1540
0.0868 7324 8218
0.2540 3721 3958
1.046 2081 2641

Table 2 Hydrogen bonds in crystal structures (neutron-normalized distances).

Crystal forms Interaction H-A/A D-A/A ZD-H-A /°
MFA N1-H1--0l1 1.95 2.679 (4) 126
02-H2--01 1.66 2.632 (4) 171
MFA-INA N1-HI1--01 1.83 2.653(4) 137
02-H2-N3 1.68 2.657(4) 174
N2-H2A--03 1.93 2.926(4) 169
MFA-BPY N1-HI1--01 1.84 2.640(4) 133
02-H2-N2 1.69 2.668(4) 178
C15-H15--01 2.41 3.194(4) 129
MFA-PPZ-M  NI1-HI--Ol1 1.75 2.604(4) 140
N2-H2--0O1 1.68 2.677(4) 171
N2-H2--02 2.53 3.231(4) 126
N2-H2A--N3 1.89 2.851(4) 159
N3-H3A--02 1.99 2.949(4) 157
MFA-PPZ-O  NI1-HI--Ol 1.79 2.619(3) 137
N2-H2--0O1 1.71 2.698(3) 164
N2-H2--02 2.48 3.246(3) 133
N2-H2A--N3 1.85 2.858(3) 178
N3-H3A--02 1.97 2.960(3) 165
C6—H6--ClI 2.71 3.201(4) 107
MFA-PPZ N1-H1--0O1 2.05 2.682 (3) 119
2:1) N2-H2--03 1.99 2.642 (3) 120
N3-H3A--Ol 1.70 2.690(3) 164
N3-H3B--04 1.74 2.731(3) 167
N4-H4A---02 1.77 2.750(3) 162
N4-H4B--03 1.72 2.695(3) 162
C29-H29B---03 2.49 3.318(3) 132
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C32-H32B---CI3 2.67 3.446(3) 128

MFA-PPZ- NI-H1--01 1.91 2.699(3) 133
H,O N3-H1A--N2 1.99 2.939(4) 155
N3-H1B--0Ol 1.90 2.842(4) 154
N2-H2--03 2.10 3.029(4) 152
03-H3A---0Ol 1.87 2.796(4) 155
03—-H3B---02 1.72 2.692(4) 170
Cl16—H16B---02 243 3.488(4) 167
C17-H17B--03 2.35 3.356(4) 155
C3-H3---Cll 2.67 3.607(4) 145
MFA- NI-H1--01 1.88 2.631(3) 128
2-APY N2-H2--01 1.64 2.642(3) 175
N3-H3A:-02 1.84 2.841(3) 173
N3-H3B--02 1.92 2.897(3) 164
MFA- NI1-H1--02 1.79 2.603(4) 135
4-APY-H,0 N2-H2--03 1.92 2.837(4) 149
N3-H3A--0O1 2.07 3.017(4) 156
N3-H3B--03 2.00 2.993(4) 169
0O3-H3C---0l 1.78 2.761(4) 173
03—-H3D--02 1.75 2.713(4) 166
C17-H17---01 2.48 3.301(4) 131

Table 3 Torsion angles (°) in meclofenamic acid crystal structures.

£C2-C7- ZCT-NI1- ZCT-N1- ZC7-C2—- Conformer
NI1-C8(°) C8-C9(°) C8-C13(°) C1-02(°) of MFA

MFA 173.46(2)  92.72(3)  86.44(3)  177.712)  Disorder
MFA-INA  163.21(2)  99.01(2)  81.84Q2)  174.63(2) A
MFA-BPY  172.84(1)  86.50(1)  93.76(1)  175.45(1) A
MFA-— 165.93(1)  98.87(1)  83.43(2)  176.64(1) B
PPZ-M

MFA— 167.98(3)  66.12(4)  115.44(3)  179.45(2) A
PPZ-O

MFA-PPZ  157.82(1), 98.31(1),  84.52(1), 171.35(1), A+B
161.44(1)  84.42(1)  9547(1)  165.67(1)

MFA-PPZ- 167.43(2)  108.04(3)  74.593)  173.55(2) B
H,0
MFA-2- 177.91(7)  71.22(11)  111.85(9)  174.43(7) B
APY
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MFA—4- 171.60(4) 84.65(5) 98.50(5) 176.02(4) A
APY-H,O

Table 4 Coformers attempted to make cocrystal/salts with meclofenamic acid and
ApK, values. pK,’s were calculated in water using SPARC pK, calculator,
http://archemcalc.com/sparc/test/login.cfm?CFID=11677&CFTOKEN=94786654

pKa /pKp ApK, Cocrystal/salt

(water)
Meclofenamic acid 4.56 -
Isonicotinamide 4.17 0.39 1:1 cocrystal
4,4'-Bipyridine 4.61 0.05 1: 0.5 cocrystal
Piperazine 9.72 5.16 1:1 salt polymorphs
Piperazine 9.72 5.16 1:1:1 salt hydrate
Piperazine 9.72 5.16 2:1 salt
2-Amino pyridine 6.68 2.12 1:1 Salt
4-Amino pyridine 8.59 4.03 1:1:1 Salt hydrate

7.3.2 Powder X-ray diffraction

Powder X-ray diffraction'” is a reliable characterization technique to establish
the formation of new solid materials. Rapid ‘fingerprinting’ of the product phase
(cocrystal/ salt) compared to characteristic peaks in the starting materials (drug,
coformer) is possible by eye-balling of the line patterns. PXRD comparison of piperazine
salts prepared in this work with their calculated X-ray patterns (Figure 10) confirmed the
purity and homogeneity of each crystalline phase by an excellent overlay of the

experimental PXRD with the calculated lines from the crystal structure.
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Figure 10 PXRD comparisons of experimental patterns (black) with calculated lines of
piperazinium salts of meclofenamic acid from the X-ray crystal structure (red) indicate
bulk phase purity.

7.3.3 Thermal Analysis

A change in the melting point of cocrystal/ salt in DSC thermogram is usually
indicative of a new phase. Any dissociation/ decomposition and/ or phase changes upon
heating are indicated by endo/ exotherm in DSC trace. The monoclinic and orthorhombic
polymorphs of MFA—PPZ (1:1) melt at 162.6 °C and 145.8 °C suggesting that the high
melting monoclinic form is more stable (Figure 11). The metastable orthorhombic form
could not be reproduced in bulk scale purity. The DSC of polymorphic mixture (O+M)
and pure monoclinic form are shown to compare their thermal behavior. Melting points
are listed in Table 5. Dehydration of MFA—PPZ—-H,0O resulted in an anhydrate that
matched with the stable monoclinic form (MFA—PPZ-M). The dissociation of the
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cocrystal/ salt to meclofenamic acid above 240 °C is indicated by the broad endotherm

10c

after melting, similar to the results of diclofenac salts.

MFA-PPZ-M and MFA-PPZ-O mixture

1.Onset 128.60C 1 2. Onset 157.35'C
Peak 14438C Peak 164.10 C

MFA-PPZ-M N J

|| 2.0nset 162.55'C

2\ Peak 169.32°C
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Figure 11 DSC endotherm comparisons for MFA—PPZ (1:1) salt polymorphs
monoclinic (M) and orthorhombic (O).

Table 5 Melting point (°C) of cocrystal/salt compared with MFA and coformers.

m.p. of MFA / m. p. of cocrystal/ salt
coformer (°C) (°C), (DSC, Tonser)

MFA 257-260 —
MFA-INA 155-158 176.8
MFA-BPY 110-114 207.1
MFA-PPZ-M 106-108 169.3
MFA-PPZ-O 106-108 144.4
MFA-PPZ-H,0 106-108 97.3,163.3
MFA-PPZ 106-108 171.9
MFA-2-APY 57-60 145.6
MFA-4-APY-H,O0 157-161 93.6, 111.7

7.3.4 FT-IR Spectroscopy
FT-IR Spectroscopic analysis® showed clear differences in hydrogen bonding of
salt/ cocrystal compared to the pure components. Such peak shifts are useful to know

specific functional groups which are involved in intermolecular interactions. Generally
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speaking, for fenamic acids,”® NH stretch appears at 3300-3350 cm'. The band at about
3335 ¢cm ' arises from the amino group internally hydrogen bonded to the C=0 of
meclofenamic acid. Carboxylic acid C=0 stretch is normally at 1700-1720 cm™', but due
to intramolecular hydrogen bond in MFA the C=0 stretch is red shifted at 1655 cm ™.
Bands due to C—O stretch and O—H bend appear at 1256 cm ' and 1400 cm™'. The
carboxylate anion in salts showed two bands, a strong asymmetric stretch at 1650-1550
cm ' and a weaker symmetric stretch near 1450 cm™'. FT-IR frequencies are summarized

in Table 6.

Table 6 FT-IR stretching modes (vi, cm ') of meclofenamic acid and its cocrystals/
salts.”

N-H stretch C=0 N-H C-0O C-0
stretch bend stretch stretch
(asym)  (sym)

MFA 3335.1 1655.4 15753 14374 1256.6
MFA-INA 3447.0,3227.2 1694.8 1559.5 1449.5 1261.5
MFA-BPY 3245.9 1675.4 1600.4, 1451.0 1259.7
1581.4
MFA-PPZ-M 3216.9 - 1582.4, 14529 1289.1
MFA-PPZ-H,O 3208.4,3172.6 --- 1576.4 1452.1 1282.5
MFA-PPZ 3497.3,3267.0 --- 1577.8  1452.5 1287.6
MFA-2-APY 3268.5,3199.8 --- 1577.7 1449.1, 1288.1,
1458.1 1255.0
MFA-4-APY 3436.7, - 1574.7 14552 1288.0
-H,O 3346.2,3301.2

" IR spectrum of MFA—PPZ-O salt could not be recorded due to insufficient sample and
contamination from the stable monoclinic polymorph in the bulk phase.

7.3.5 Solid State NMR Spectroscopy

ss-NMR spectroscopy”’ of MFA—PPZ (1:1), MFA-PPZ monohydrate (1:1:1) and
MFA-PPZ (2:1) was informative about local short-range order in these solid-state
structures (Figure 12). Two peaks at 6 18.34 and 20.06 ppm represent the methyl group
of meclofenamic acid which is disordered over two positions. The chemical shifts in
NMR spectra of MFA-PPZ-M (1:1) and MFA-PPZ-H,0 (1:1:1) salts are similar

because the same conformer B of meclofenamic acid is present in both structures. There
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is an extra *C peak in MFA-PPZ (2:1) for piperazinium cation at & 37.33 ppm, methyl
carbon at 21.23 ppm, and carboxylate peak at & 175.07 ppm, consistent with the crystal
structure which showed two MFA conformers A and B and two non-equivalent
piperazinium cations. The downfield region peaks in the ss-NMR spectrum of salts

(COQ") are shifted relative to the free acid (COOH).

MFA-PPZ

MFA-PPZ-M

|1 MFA-PPZ-H,O
lh!'\“ nAd I
W""\'_ i rw_,«""i‘{ W lt.‘;,f-"".,,% Y ﬂ"‘*

MFA

e e
150 100 _ 50 ppm]
Chemical shaft

Figure 12 Solid state *C NMR spectra of MFA—PPZ-M (1:1, pink) and MFA—PPZ—
H,0 (1:1:1, green) and MFA—PPZ (2:1, brown) salts along with the pure components.
The peaks in the salt are shifted relative to the pure components because of carboxylic
acid to carboxylate in MFA. The regions of main chemical shift differences are indicated
in red line border.

7.3.6 Solution Mediated Phase Transformations

Solution mediated phase transformations® are common in pharmaceuticals, i.e.
the transformation of one phase to another in a suspension or slurry medium. Such phase
changes can also occur upon wet granulation and thus need to be monitored in dosage
formulation. 50% EtOH—water solvent was used because the drug and cocrystals/ salts
are soluble in this medium. The same solvent system was used for solubility and
dissolution experiments (discussed next). Piperazinium meclofenamate (1:1) and (1:1:1)

salt hydrate converted to piperazinium meclofenamate (2:1) after 24 h slurry in 50%
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EtOH-water at 37 °C (Figure 13, 14). The product 2:1 salt converted to meclofenamic

acid after another 24 h in the same slurry medium (Figure 15). Fini et al.'®

reported 1:1
and 2:1 salts of diclofenac-piperazine while our work was in review. Their 1:1 salt
transforms to the less soluble 2:1 salt after one week in distilled water during slurry
experiments, similar to our results. We surmise that the more soluble coformer
piperazine dissociates from the salt in the aqueous medium and the less soluble drug
MFA precipitates after 48 h. The dissociation of piperazine from the salt occurs in
stages: half equivalent in 24 h (1:1 to 2:1 salt), and then another half equivalent in next
24 h (to give MFA) as confirmed by PXRD of the solid residue. The stability of variable
stoichiometry salts in slurry medium may be related to their hydrogen bonding in the
crystal structures: the 1:1 salt contains one N'—H--O~ and one N—H---O hydrogen bond
between meclofenamate and piperazinium, whereas one meclofenamate interacts with a
di-piperazinium through two N'—H--O" hydrogen bonds in the 2:1 salt. The stronger
ionic hydrogen bonds result in greater stability of the 2:1 salt over the 1:1 salt. MFA-
PPZ monohydrate (1:1:1) showed similar results. The cocrystals, on the other hand, were
more stable to slurry conditions: meclofenamic acid—isonicotinamide transformed to
86% meclofenamic acid and 14% cocrystal remained after 24 h, as confirmed by PXRD.
A calibration sample of 85% MFA and 15% cocrystal suggested that the standard
deviation of PXRD is +3%. Meclofenamic acid—4,4'-bipyridine cocrystal was unusually
stable for up to 72 h in 50% EtOH—water medium (Figure 16). These stability trends may
be ascribed to congruent and incongruent systems.”> When the solubility of the drug and
the coformer are similar in the same medium (both are insoluble/ less soluble), such
systems are congruent and tend to be stable. For incongruent systems, the high solubility
coformer leaches into the solvent medium in which it readily dissolves, and in this way
the salt/ cocrystal dissociates faster. The soluble cocrystals will usually have a highly
soluble coformer partner and this in turn makes the salt/ cocrystal of limited stability.
This in effect puts a limit to the stability of more soluble pharmaceutical cocrystals in
slurry medium. The stability order in aqueous slurry medium is (less to more stable):
MFA-PPZ (1:1) < MFA-PPZ monohydrate (1:1:1) < MFA-PPZ (2:1) < MFA-INA
(1:1) < MFA-BPY (1:0.5). Solution-mediated phase transformations can occur during
dissolution and solubility measurements (discussed next), and the above stability order

will help to explain any unusual trends.
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Figure 13 PXRD comparison of MFA-PPZ-M (black) after 24 h slurry experiments
with calculated X-ray lines of MFA-PPZ-M (red) and MFA-PPZ (blue) in 50%
EtOH—water medium. PXRD lines were matched with calculated X-ray lines of
MFA-PPZ salt indicates solvent mediated phase transformation from MFA—PPZ-M to

MFA-PPZ salt after 24 h.
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Figure 14 PXRD comparison of MFA-PPZ-H,O (black) after 24 h slurry experiment
with calculated X-ray lines of MFA-PPZ-H,0 (red) and MFA—PPZ (blue) in 50%
EtOH—water medium. PXRD lines were matched with calculated X-ray lines of
MFA-PPZ salt indicates solvent mediated phase transformation from MFA—PPZ-H,0 to

MFA—-PPZ salt after 24 h .
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Figure 15 PXRD comparison of MFA-PPZ (black) after 24 h slurry experiment with
calculated X-ray lines of MFA-PPZ (red) and MFA (blue) in 50% EtOH—water medium.
PXRD lines were matched with calculated X-ray lines of MFA indicates solvent
mediated phase transformation from MFA—PPZ to MFA after 24 h.
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Figure 16 PXRD of MFA-BPY cocrystals after 72 h slurry in 50% EtOH—water
medium. The match of experimental pattern (black trace) with that of the pure crystalline
phase (red trace) indicates the stability of this cocrystal in solution.
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7.3.7 Solubility and Dissolution Experiments

The rate of dissolution and solubility of the solid drug in water or aqueous
solvent mixtures is necessary for good oral bioavailability. The aqueous solubility of the
drug must be at least 100 mg/L for fast dissolution of tablet.'* The aqueous solubility of
meclofenamic acid is 30 mg/L and other fenamic acids (e.g. mefenamic acid, tolfenamic
acid and diclofenac acid) are also low solubility BCS class II drugs. The sodium salt of
meclofenamic acid (MFA-SS) is marketed as capsules (solubility >250 g/L). The
aqueous solubility for cocrystals and salts of MFA were measured in 50% EtOH—water
medium at 37 °C (Table 7). Although solubility is a good indicator of drug
bioavailability, the method is applicable only for those solid-state drug forms which are
stable in the test medium/ slurry. The intrinsic dissolution rate (IDR) is a kinetic
parameter and is a useful indicator for those solid forms which undergo phase
transformation or dissociation during the experiment. Most drugs exert their therapeutic
effect within 4-6-8 h of oral administration, and IDR is a good indicator of drug
dissolution in such cases. IDR measurements show that piperazine salts reached peak
concentration within 30-45 mins of drug dissolution (Figure 17). The most stable 2:1
MFA-PPZ salt exhibited a gradual increase in dissolution rate up to 24 h. The
cumulative amount of meclofenamic acid dissolved (mg cm %) vs. time (min) were
plotted to compare the IDR of piperazine meclofenamates (Figure 17a). The highest
solubility of MFA-PPZ-M (1:1) is driven by the high solubility of piperazine > MFA-
PPZ-H,0 (1:1:1) because hydrates are generally less soluble than anhydrate drugs >
(MFA-PPZ (2:1) due to lower piperazine content. In contrast to salts, MFA-INA (1:1)
and MFA-BPY (1:0.5) cocrystals exhibited poor dissolution rates (Figure 17b), but they
were quite stable for over 24 h. Further the highest solubility salt MFA-PPZ (1:1) was
compared with MFA-SS in aqueous medium (IDR of sodium salt is 28.76 and
piperazinium salt is 13.72 (mg cm ) min '; Figure 17c). The marketed sodium salt of
meclofenamic acid has 2.1 times higher IDR than the equimolar piperazine salt. PXRD
of the residue from MFA—PPZ dissolution experiment after 11 min matched with the 2:1
salt (70%) and monohydrate (30%), the 1:1 salt showed transformation to piperazine salt
hydrate and 2:1 salt, whereas MFA sodium salt transformed to its hydrate after 8§ min in

the dissolution medium and showed plateau region. These results suggest that 1:1 MFA—
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PPZ is more stable than the marketed sodium salt to hydration in aqueous medium.
PXRD of melofenamic acid sodium salt after 24 h of slurry stirring in water is different
from the starting material (MFA—SS). Thermogravimetric analysis indicated water
content of 13.92% (2.8-2.9 equivalent) in MFA—SS hydrate formed in the aqueous
medium, further confirmed by DSC (Figure 18). Again MFA-PPZ—M transformed to
MFA-PPZ (2:1) salt after 24 h slurry experiments in water, confirmed by PXRD. The
aqueous solubility of sodium salt of meclofenamic acid (>250 g/L)” is 46 times the
value for MFA-PPZ 1:1 salt in water (5.4 g/L), but its dissolution rate is two times faster

in the first 10 min of measurement.

Table 7 Solubility and dissolution rate of meclofenamic acid and its cocrystals and salts.”

Solid form Absorption Equilibrium solubility IDR ((mg cm°)
coefficient (g, after 24 h slurry in 50% min ')
mM ™' cm ™) EtOH-water (mg L")

MFA 6.94 203.11 0.03074
MFA-INA 4.10 581.43 (x 2.9) 0.04858 (x 1.6)
MFA-BPY 5.74 1638.07 (x7.6) 0.03822 (x 1.2)
MFA-PPZ-M 3.38 553223.061 (x 2724) 27.4976 (x 894.5)
MFA-PPZ 7.95 10211.954 (x 50) 0.31477 (x 10.2)
MFA-PPZ-H,0 4.82 270966.397 (x1334) 9.8044 (x 318.9)

# Number in parenthesis indicates how many times higher solubility/IDR compared to reference
drug.
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Figure 17 Intrinsic dissolution rate (IDR) measurements of (a) MFA-PPZ-M (1:1),
MFA-PPZ-H,0 (1:1:1) and MFA—PPZ (2:1) performed upto 3 h, (b) MFA-PPZ (2:1),
MFA-INA (1:1), MFA-BPY (1:0.5) and MFA over 24 h in 50% EtOH—water medium
and (c) MFA-PPZ (1:1) and MFA-SS (sodium salt of meclofenamic acid) over 22
minutes in distilled water. The amount of meclofenamic acid dissolved in the test

medium was monitored by UV-Vis spectroscopy.
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Figure 18 DSC and TGA thermograms of MFA—SS after slurry for 24 h in water
indicate 2.8-2.9 equivalents of water content.

7.4 Conclusion

Meclofenamic acid is the most potent non-steroidal anti-inflammatory drug
because of its proper fit to the receptor side of the enzyme arachidonic acid
cyclooxygenase. A few cocrystals and salts of meclofenamic acids were crystallized
using crystal engineering principles. All new crystalline phases were characterized by X-
ray diffraction, IR and ss-NMR spectroscopy, and DSC/ TGA. Meclofenamic acid exists
in two different conformers A and B due to tolyl group rotation about the N—C bond.
Whereas the crystal structure of meclofenamic acid has disordered methyl group, the
drug molecule is in an ordered orientation in its cocrystals and salts, perhaps rigidified
due to stronger hydrogen bonding. The dissolution rate and solubility of MFA-PPZ-M
1:1 salt is the highest among the novel solid-state forms studied and slightly lower than
the marketed sodium salt of meclofenamic acid. Their stability to hydration is
comparable in aqueous medium. Thus piperazinium meclofenamate salt has equivalent
dissolution and stability profile to the marketed sodium salt. Four different piperazinium
salts were crystallized: monoclinic and orthorhombic polymorphs of MFA-PPZ (1:1), its
monohydrate, and MFA—PPZ (2:1) salts. This is the first example of polymorphic and
variable stoichiometry piperazinium salts with X-ray crystal structures solved to good

accuracy.

7.5 Experimental Section

Meclofenamic acid and isonicotinamide were purchased from Sigma-Aldrich
(Hyderabad, Andhra Pradesh, India) and used directly for experiments. All other
chemicals were of analytical or chromatographic grade. Melting points were measured
on a Fisher-Johns melting point apparatus. Water filtered through a double deionized
purification system (AquaDM, Bhanu, Hyderabad, India) was used in all experiments.
Single crystals were obtained via slow evaporation of stoichiometric amounts of starting
materials in an appropriate solvent. Cocrystals and salts were characterized by infrared

spectroscopy (IR), powder X-ray diffraction (PXRD), differential scanning calorimetry
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(DSC), thermogravimetric analysis (TGA), and single crystal X-ray diffraction (SC-
XRD).

Meclofenamic acid, MFA

Normally cracked crystals of meclofenamic acid appeared after crystallization from
organic solvents. Sublimation of meclofenamic acid at 190-200 °C produced good
quality block shaped crystal after 2-3 hours. Melting point 257-260 °C (literature
value).”*

Meclofenamic acid—Isonicotinamide, MFA-INA (1:1) cocrystal

Meclofenamic acid (100 mg, 0.34 mmol) and isonicotinamide (41.5 mg, 0.34 mmol)
were ground in a mortar pestle for 15 min using acetonitrile as solvent-assisted grinding.
After confirming a new solid phase by IR and PXRD, the bulk material was dissolved in
acetonitrile. Good quality single crystals appeared at ambient conditions after 2-3 days.
m.p. 175-177 °C

Meclofenamic acid—4,4'-bipyridine, MFA-BPY (1:0.5) cocrystal

Meclofenamic acid (100 mg, 0.34 mmol) and 4,4'-bipyridine (26.5 mg, 0.17 mmol) were
ground in a mortar pestle for 15 min using acetonitrile as solvent-assisted grinding. After
confirming a new solid phase by IR and PXRD, the bulk material was dissolved in
acetonitrile. Thick plate crystals were harvested at ambient conditions after 2-3 days.
m.p. 204-207 °C.

Piperazinium meclofenamate, MFA-PPZ (1:1) salt polymorphs

Meclofenamic acid (100 mg, 0.34 mmol) and piperazine (29.3 mg, 0.34 mmol) were
ground in a mortar pestle for 15 min using acetonitrile as solvent-assisted grinding. After
confirming a new solid phase by IR and PXRD, the bulk material was dissolved in
acetonitrile. Block (monoclinic, form M) and thick long needle (orthorhombic, form O)
crystals were harvested concomitantly at ambient condition after 2-3 days. Monoclinic
form (plate) was obtained exclusively from CH;NO, solvent. m.p. of monoclinic and
orthorhombic forms are 162-166 °C and 144-147 °C respectively.

Piperazinium meclofenamate, MFA-PPZ (2:1) salt

Meclofenamic acid (100 mg, 0.34 mmol) and piperazine (29.3 mg, 0.34 mmol) were

ground in a mortar pestle for 15 min using acetonitrile as solvent-assisted grinding. After
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confirming a new solid phase by IR and PXRD, bulk material was dissolved in EtOH.
Suitable thick plate (triclinic) crystals were harvested at room temperature after 3-4 days.
m.p. 166-169 °C.

Piperazinium meclofenamate monohydrate, MFA-PPZ-H,0O (1:1:1) salt
Meclofenamic acid (100 mg, 0.34 mmol) and piperazine hydrate (35.4 mg, 0.34 mmol)
were ground in a mortar pestle for 15 min After confirming a new solid phase by IR and
PXRD, the bulk material was dissolved in nitromethane. m.p of salt 154-158 °C and
dehydration temperature 92-95 °C.

2-Aminopyridinium meclofenamate, MFA-2-APY (1:1) salt

Meclofenamic acid (100 mg, 0.34 mmol) and 2-aminopyridine (32 mg, 0.34 mmol) were
ground in a mortar pestle for 15 min using acetonitrile as solvent-assisted grinding. After
confirming new solid phase by IR and PXRD, the bulk material was dissolved in
acetonitrile. Plate crystals were harvested after 2-3 days at ambient condition. m.p. 143-
146 °C.

4-Aminopyridinium meclofenamate monohydrate, MFA-4-APY-H,0 (1:1:1) salt
Meclofenamic acid (100 mg, 0.34 mmol) and 4-aminopyridine (32 mg, 0.34 mmol) were
ground in a mortar pestle for 15 min using acetonitrile as solvent-assisted grinding. After
confirming new solid phase by IR and PXRD, bulk material was dissolved in
acetonitrile. Suitable thick plate crystals were harvested after 2-3 days at ambient

condition. m.p. 104-108 °C and dehydration temperature 80-84 °C.

7.5.1 Dissolution and solubility measurements

Intrinsic dissolution rate (IDR) and solubility measurements were carried out on
a USP-certified Electrolab TDT-08L Dissolution Tester (Electrolab, Mumbai, MH,
India). A calibration curve was obtained for all the new solid phases including
meclofenamic acid by plotting absorbance vs. concentration UV-Vis spectra curves on a
Thermo Scientific Evolution EV300 UV-Vis spectrometer (Waltham, MA, USA) for
known concentration solutions in 50% EtOH—water medium. The mixed solvent system
(EtOH—water) was selected for its higher solubility of meclofenamic acid in this
medium. The slope of the plot from the standard curve gave the molar extinction

coefficient (¢) by applying the Beer-Lambert’s law. Equilibrium solubility was
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determined in 50% EtOH—water medium using the shake-flask method.”* To obtain the
equilibrium solubility, 100 mg of each solid material was stirred for 24 h in 5 mL 50%
EtOH—water at 37 °C, and the absorbance was measured at 318 nm. The concentration of
the saturated solution was calculated at 24 h, which is referred to as the equilibrium
solubility of the stable solid form.

100 mg of the solid (drug, cocrystal, salt) was taken in the intrinsic attachment
and compressed to a 0.5 cm” pellet using a hydraulic press at a pressure of 2.5 ton/inch’
for 2 min. The pellet was compressed to provide a flat surface on one side and the other
side was sealed. Then the pellet was dipped into 900 mL of 50% EtOH—water medium at
37 °C with the paddle rotating at 150 rpm. At regular interval of 5-10 min, 5 mL of the
dissolution medium was withdrawn and replaced by an equal volume of fresh medium to
maintain a constant volume. Samples were filtered through 0.2 pm nylon filter and
assayed for drug content spectrophotometrically at 318 nm on a Thermo-Nicolet EV300
UV-Vis spectrometer. There was no interference to meclofenamic acid UV-Vis maxima
at 318 nm by coformers isonicotinamide and bipyridine which absorb strongly at 250-
270 nm. Piperazine is UV-Vis inactive. The amount of drug dissolved in each time
interval was calculated using the calibration curve. The linear region of the dissolution
profile was used to determine the intrinsic dissolution rate (IDR) of the compound (=
slope of the curve, i.e. amount of drug dissolved divided by the surface area of the disc
(0.5 cm?) per minute). The dissolution rates for meclofenamic acid, its cocrystals and
salts were computed from their IDR values. Similarly IDR experiments of MFA-PPZ-M
and MFA—-SS salts were carried out in distilled water and absorbance were measured at

318 nm in a UV-Vis spectrophotometer.
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Chapter Eight

Conclusion and Future Prospects

Nimesulide Curcumin
(Chapter 2) (Chapter 3 & 4)
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Temozolomide Niclosamide Meclofenamic acid
(Chapter 5) (Chapter 6) (Chapter 7)

The physicochemical properties of four important APIs and one
bioactive molecule were improved by discovery and selection of solid-state

forms such as polymorphs, amorphous form, cocrystals, salts etc.
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This thesis covers the identification and characterization of new polymorphs of
APIs (Chapter 2 and 3), and pharmaceutical cocrystals (Chapter 4, 5 & 6) and salts
(Chapter 7) and the controlled modification of physicochemical properties such as

solubility, dissolution rate and stability.

Summary of Results

Nimesulide is a nonsteroidal anti-inflammatory drug (NSAID) and a COX-2
inhibitor. The native crystal structure of Nimesulide (or form I) has been characterized
by X-ray powder diffraction lines whereas full 3D coordinates are known for a second
polymorph (form II). A detailed structural characterization and phase stability of
nimesulide polymorphs was carried out. Rod like crystals of Form I (space group Pca2;,
number of symmetry-independent molecules, Z' = 2, A and B) were crystallized from
EtOH concomitantly with Form I (C2/c, Z' = 1). These conformational polymorphs have
different torsion angles at the phenoxy and sulfonamide groups. The crystal structures
are stabilized by N-H--O hydrogen bonds and C-H--O, C-H-z interactions. The
packing diagram for the two polymorphs shows a tape sequence of N—H:-O,N hydrogen
bond as XYYX in form I and XYXY in form II, viewed along the b-axis (Figure 1).
Phase transition from the metastable form (II) to the stable modification (I) was studied
using DSC, HSM, solid-state grinding, solvent-drop grinding, and slurry crystallization.
The phase transition was monitored by IR, Raman and ss-NMR spectroscopy, and XRPD
and single crystal X-ray diffraction. The stable polymorph I was obtained in excess
during solution crystallization, grinding and slurry methods. Intrinsic dissolution and
equilibrium solubility experiments showed that the metastable form II dissolved much
faster than the stable form I in pH 7 buffer (Figure 2). However stability of metastable
form II is of concern since solid state grinding for 30 min in CH;CN solvent assisted
grinding gave the stable form I. The search for additives, coformers, excipients, and

polymers to stabilize the metastable polymorph will be a practical way forward.
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(a) (b) (c)

Figure 1 Flexible torsions in (a) Nimesulide and packing differences between (b) form I and
(c) form II.
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Figure 2 Intrinsic dissolution profile of nimesulide Form I and Form II in pH 7 buffer

Curcumin, a hydrophobic phenol, is the principal curcuminoid in the popular
Indian dietary spice turmeric. It is derived from the rhizome of the herb Curcuma longa.
Curcumin is known for its diverse pharmacological activity such as an antioxidant,
antimalarial, anti-carcinogenic, anti-HIV agent, etc. Curcumin is safe even at high dose
of 12 g/day in animal and human experiments. Despite its efficacy and safety, curcumin
is not approved as a therapeutic agent because of poor absorption and bioavailability, and
rapid metabolism and systematic elimination. The crystal structure of stable form 1
(P2/n, Z'=1) of curcumin is reported. During attempted cocrystallization experiments of

curcumin, two new polymorphs, form 2 (Pca2,, Z'=2) and form 3 (Pbca, Z'=1) were
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obtained in the presence of 4-hydroxypyridine and pyrimidine respectively. A new

amorphous phase was obtained from melt crystallization. Three crystalline polymorphs

and one amorphous phase of curcumin are displayed in the Figure 3a. Form 2 amorphous

dissolved 3.1 and 1.8 times times faster than commercial form 1 in 40% EtOH-water

medium (Figure 3b). The stabilization of form 2 and amorphous phase through additives,

excipients, polymers, etc. could lead to the development of curcumin as a more

bioavailable active ingredient.
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Figure 3 (a) Three crystalline polymorphs and one amorphous phase of Curcumin, (b)

Dissolution rates of Curcumin polymorphs.
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We report novel cocrystals of curcumin (1) with resorcinol and pyrogallol
obtained by liquid-assisted grinding (Figure 4a). Curcumin—resorcinol (1a) (1:1) and
curcumin—pyrogallol (1b) (1:1) cocrystals were characterized by X-ray diffraction,
thermal analysis, FT-IR, FT-Raman, and ss-NMR spectroscopy. The 1:1 cocrystal
stoichiometry is sustained by O—H--O hydrogen bonds between the phenolic OH groups
of the coformers to the carbonyl group of curcumin. The melting point of the cocrystals
is in between that of curcumin and the coformer and the lower melting cocrystal 1b is
more soluble than higher melting 1a. The dissolution rates of curcumin-resorcinol (1a)
and curcumin-pyrogallol (1b) in 40% EtOH—water are ~5 and ~12 times faster than that
for curcumin (Figure 4b). The presence of water soluble phenolic coformers could be a
reason for the improved aqueous solubility of curcumin. The present results on more
soluble cocrystals of curcumin could provide faster dissolving solid forms of curcumin
that are relatively stable for drug development. Pending in vivo clinical data, we believe

that the faster dissolving curcumin cocrystals hint at improved bioavailability than pure

curcumin.
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Figure 4 (a) Two novel cocrystals of curcumin with resorcinol and pyrogallol. (b) IDR
experiments of cocrystals la and 1b compared to stable Form 1 indicates higher
solubility compared to native Curcumin.

The antitumor prodrug Temozolomide (TMZ) decomposes in pH >7 aqueous
medium but is relatively stable in acidic conditions. Pure TMZ obtained as a white
powder turns pink and then of brown color which is indicative of chemical degradation.

Pharmaceutical cocrystals of TMZ were engineered with safe coformers (generally
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recognized as safe, GRAS chemicals) such as oxalic acid, succinic acid, salicylic acid,
anthranilic acid, D,L-malic acid, D,L-tartaric acid, etc. to stabilize the drug as a cocrystal
(Scheme 1). All cocrystals were characterized by FT-IR, FT-Raman, powder X-ray
diffraction (PXRD), and single crystal X-ray diffraction. Temozolomide cocrystals with
organic acids in the pK, range 2—6 were found to be more stable than the reference drug
in physiological conditions. The half-life (T,,) of TMZ—-oxalic and TMZ—salicylic acid is
two times longer than TMZ (3.5 and 3.6 h vs. 1.7 h), and TMZ—succinic acid,
TMZ—tartaric acid and TMZ—malic also exhibited longer half life (2.3, 2.5, 2.8 h) in pH
7 buffer medium, indicating that cocrystals are more stable compared to the reference
drug. The intrinsic dissolution rate (IDR) profile of TMZ—oxalic acid and TMZ—-succinic
acid cocrystals is comparable to that of TMZ whereas cocrystals with malic acid and
salicylic acid dissolved faster than TMZ. Among the Temozolomide cocrystals
examined, those with succinic acid, oxalic acid and salicylic acid exhibited improved
stability and comparable or faster dissolution rate than the reference drug. Even
TMZ-succinic acid cocrystals are stable in accelerated humidity conditions (40 °C and
75% RH) upto 28 weeks, whereas TMZ transformed to hydrate after 2 weeks and then
converted to decomposed AIC hydrate after 5 weeks, confirmed from PXRD (Figure 5).
Under accelerated ICH conditions of 40 °C and 75% RH, pure temozolomide turned
pink to tan to dark brown in color due to degradation, TMZ-succinic acid and
TMZ—oxalic acid cocrystal remained white (stable) for the entire duration. Along with
stability, bioavailability or dissolution is equally important for a solid oral drug to be
therapeutically effective. When the multiple criteria of physical form stability and
dissolution rate and white color on storage are applied, TMZ—succinic acid and TMZ—
oxalic acid appear to be the most promising pharmaceutical cocrystals for formulation

development.
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Scheme 1 Chemical structures of antitumor prodrug TMZ and GRAS coformers organic
acid used as pH adjuster.
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Figure 5 XRPD stack of TMZ and (b) TMZ—-SA cocrystals kept at 40 °C and 75% RH,
indicates that cocrystals is stable without degradation to TMZ or decomposed AIC even
after 28 weeks, but TMZ transformed to monohydrate within 2 weeks and started to
decompose within 5 weeks.

Niclosamide (NCL, Scheme 2) is an anthelmintic BCS class II drug having low
solubility (D,=200) and high permeability (logP,,=3.91). To improve the solubility of
niclosamide, pharmaceutical cocrystals were prepared with GRAS molecules e.g.
caffeine (CAF), urea (URE), p-aminobenzoic acid (PABA), theophylline (THPH),
nicotinamide (NCT) and isonicotinamide (INA) etc. Neat grinding, wet-granulation and
slow evaporation methods were employed to synthesize niclosamide cocrystals. All the
crystalline forms were characterized by m.p., FT-IR, X-ray diffraction to confirm purity

of the bulk phases. Crystal structures of niclosamide and its cocrystals were
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characterized by single crystal X-ray diffraction to know the structural aspects and
hydrogen bonding in the molecular structure. The presence of intermolecular O—H---O
hydrogen bond from hydroxyl to carbonyl group in niclosamide was replaced by
acceptor atom of coformer in the cocrystalline phases. Cocrystals with nicotinamide and
isonicotinamide were further characterized by “C ss-NMR spectroscopy. All the
cocrystals, except NCL-PABA, showed better powder dissolution rate than the reference
API. Niclosamide—theophylline acetonitrile (NCL-THPHS) complex showed highest
dissolution rate among all crystalline forms (Figure 6). But acetonitrile is a class II
solvent, and has limits of toxicity. Comparatively NCL-THPH cocrystals showed
moderate solubility and stability against hydration. Equilibrium solubility measurement
showed that all the niclosamide cocrystals along with API converted to monohydrate
within 24 h slurry experiment in 40% isopropanol-water medium. Search for new GRAS

coformers with better improvement in solubility and stability of niclosamide is the next
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Scheme 2 Chemical structure of niclosamide (NCL) and coformers: caffeine (CAF), urea
(URE), p-aminobenzoic acid (PABA), theophylline (THPH), nicotinamide (NCT) and
isonicotinamide (INA). All niclosamide cocrystals maintain 1:1 stoichiometry.
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Figure 6 Dissolution curves of niclosamide and its cocrystals in 40% isopropanol-water.

Meclofenamic acid (MFA, Scheme 3) is the most potent anti-inflammatory drug
among the fenamic acids. In this chapter are presented (1) two cocrystals of MFA with
isonicotinamide (INA) and 4,4'-bipyridine (BPY); (2) polymorphs of MFA and
piperazine (PPZ) 1:1 salt (orthorhombic P2,2,2; and monoclinic P2,/c), MFA-PPZ 1:1:1
salt hydrate, MFA—PPZ 2:1 salt; and (3) MFA and 2-aminopyridine (2-APY) 1:1 salt,
MFA and 4-aminopyridine (4-APY) 1:1:1 salt hydrate. Sublimation of meclofenamic
acid gave single crystals for X-ray diffraction which provided good quality data for
refinement and all atomic coordinates. The cocrystal and salt structures are assembled
via neutral O-H--O, O-H-~N, N-H-+O, N-H-N and ionic O-H--O", N'-H:+O"
hydrogen bonds. The disorder of methyl group in meclofenamic acid crystal structure is
absent in the cocrystal and salt structures, which contain different conformers (A or B) of
methyl group orientation. The solubility of meclofenamic acid—isonicotinamide (1:1) and
meclofenamic acid—4,4'-bipyridine (1:0.5) cocrystals is 2.9 and 7.6 times higher than that
of MFA at 37 °C in 50% EtOH-water. Interestingly, MFA—PPZ 1:1 salt and its 1:1:1
hydrate are 2724 and 1334 fold more soluble than meclofenamic acid. Both these salts

transformed in 50% EtOH-water slurry at 37 °C to 2:1 MFA-PPZ salt after 24 h, which
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in turn transformed to meclofenamic acid after another 24 h of slurry stirring.
Remarkably, the dissolution rate of MFA—PPZ (1:1) salt in water is just slightly lower
than that of marketed sodium meclofenamate (Figure 7). This is the first example of
polymorphic and variable stoichiometry piperazinium salts with X-ray crystal structures

solved to good accuracy.

TﬂiAiP-P-Zl-H:O 1:1 salt polymorphs
Sd t “k MFA-PPZ-M+
hydrate 4 GE\BQ MEA-PPZ-O

2:1salt 1:1 zalt
MFA-PPZ MFA-PPZ-M

Scheme 3 Piperazinium meclofenamate salts of variable stoichiometry obtained by

liquid-assisted grinding.
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Figure 7 Comparable dissolution rates of MFA—PPZ-M and MFA-SS in water
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e Future Prospects

Stabilizing the metastable form and amorphous phase of API by addition of
polymer, excipients etc. are an alternative to solubility manipulation. Salts are useful in
terms of solubility improvement of APIs having ionizable functional groups.
Pharmaceutical cocrystals are applicable for all APIs (both neutral/ionic) and provide
dual advantage of solubility and stability improvement in same solid dosage form.
Nutraceutical is a food or food product that reportedly provides health and medical
benefits, including the prevention and treatment of chronic disease in addition to the
basic nutritional value found in foods. Resveratrol (grapes), flavanoids e.g. catechin
(green tea), quercetin (fruits), ellagic acid (strawberries), caffeine (coffee), theobromine
(dark chocolates), anthocyanins (berries), citric acid (lemon), curcumin (turmeric),
pyrogallol (amla) are well known Nutraceuticals (Figure 8). Neutraceuticals foods
exhibit generally low solubility, and hence poor bioavailability and difficult to formulate
as tablets or capsules. For e.g. curcumin (8.7 mg/L), resveratrol (30 mg/L), quercetin (2
mg/L) are poorly water soluble. Aqueous solubility of these Nutraceuticals could be
enhanced by particle size reduction, hydrotropic agents, lyophilization, micelles,

additives, and also new crystalline forms such as polymorphs, salts, or cocrystals.
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Figure 8 Chemical structures of few neutraceuticals having poor aqueous solubility.
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