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ABSTRACT

SUPRAMOLECULAR SYNTHESIS AND CHARACTERIZATION OF NEW
MULTICOMPONENT FORMS OF FLUCONAZOLE

Active Pharmaceutical Ingredient (API) is the therapeutic constituent that defines the
pharmacological properties and performance of the drug. Their qualities vary due to
their respective physicochemical and pharmacological properties/parameters like
solubility, dissolution rate, bioavailability and stability. Orally administered must
present adequate parameters for an effective absorption into the systemic circulation
for an optimal pharmacological response. Crystal engineering is an established route
through which the problematic physicochemical and pharmacological properties of
an APl is optimized and re-addressed by using a new solid form, which is reached
via supramolecular synthesis through synthon interactions of an APl and a
conformer molecule. Therefore, the selection of complementary APl/coformer for the
design of multicomponent structures via intermolecular interactions is achieved
using tools like multicomponent screening wizard of MERCURY program and the
pKa rule. This thesis presents a reproducible crystallization route for the synthesis
of new pharmaceutical cocrystals and a salt of fluconazole (FLZ), an antifungal
multifunctional drug. The selected coformers were the dicarboxylic acids adipic,
dipicolinic, oxalic, fumaric and malic, which showed strong intermolecular
interactions like O-H---N and O-H---O (hydrogen bond) between FLZ molecule and
the dicarboxylic acid. Herein, we reported four new pharmaceutical cocrystal forms;
(2:1:1) fluconazole-fumaric acid monohydrate, (1:1) fluconazole-malic acid, (1:1)
fluconazole-dipicolinic acid and (1:1) fluconazole-adipic acid. In addition, a stable
(1:1) fluconazolium oxalate salt was synthesized through protonation (H*) of API, i.e.
a FLZ cation with an oxalate anion through N*-—H---O~ ionic bond and O-H---O
hydrogen bond. All these new structures present better solubility compared to the
commercialized form. The combination of spectroscopy techniques (Raman/FTIR)
and principal component analysis (PCA) was employed as tool for visualizing and
screening the spectra obtained from the products of the supramolecular synthesis,
therefore, facilitate the discrimination of physical mixtures of APl and coformers from
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new desired crystal structures. The structural properties characterizations of all
these reported structures was performed using X-ray diffraction (powder and single
crystal), Spectroscopy (Raman and FTIR) and thermal analysis (DSC, TGA, and
HSM). UV-vis spectrophotometry was employed for the determination of aqueous
solubility of new crystalline structures. The results in this thesis will be present as the
published papers, and annexed at the end of this thesis: Annex | — Fluconazolium
oxalate: synthesis and structural characterization of a highly soluble crystalline form,
CrystengComm, 21, 1114 - 1121, 2019; Annex Il — Fluconazole: Synthesis and
Structural Characterization of Four New Pharmaceutical Cocrystal Forms, Crystal
Growth & Design, 19, 648 - 657, 2019.
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RESUMO

SINTESE SUPRAMOLECULAR E CARACTERIZACAO DE NOVAS FORMAS
MULTICOMPONENTES DE FLUCONAZOL

O Ingrediente Farmacéutico Ativo (API) é o constituinte terapéutico que define as
propriedades farmacolégicas e o desempenho de uma droga. Suas qualidades
variam devido as suas respectivas propriedades fisico-quimicas e farmacoldgicas e
parametros como a solubilidade, taxa de dissolugdo, biodisponibilidade e
estabilidade. A administracéo oral deve apresentar parametros adequados para
uma absorcao eficaz na circulacao sistémica para obter uma resposta farmacologica
otima. A engenharia de cristais € uma rota estabelecida através da qual as
propriedades fisico-quimicas e farmacologicas desfavoraveis de uma APl séo
otimizadas e modificadas utilizando uma nova forma soélida, a qual é obtida via
sintese supramolecular através das interacdes entre sintons de um APl e de uma
molécula coformadora. Portanto, a selecdo de APIl/coformador complementares
para o design de estruturas multicomponentes por meio de interacdes
intermoleculares € obtida usando ferramentas como o assistente de triagem
multicomponente do programa MERCURY e a regra do pKa. Esta tese apresenta
rotas de cristalizacdo reprodutiveis para a sintese de novos cocristais e um sal de
fluconazol (FLZ), um farmaco antifiungico. Os coformadores selecionados foram os
acidos dicarboxilicos adipico, dipicolinico, oxalico, fumarico e malico, os quais
formaram fortes ligagdes intermoleculares através de interagées como O-H--N e
O-H---O (ligagdes de hidrogénio) entre o FLZ e os acidos dicarboxilicos. Aqui,
relatamos quatro formas farmacéuticas de cocristal; (1:1:1) acido fumarico-
fluconazol monohidrato, (1:1) &cido malico-fluconazol, (1:1) acido dipicolinico-
fluconazol e (1:1) acido adipico-fluconazol. Aléem disso, um sal estavel de oxalato
de fluconazol (1:1) foi sintetizado por meio da protonagdo do API, isto €, um cation
FLZ e anion oxalato através da ligacédo idbnica N*—H---O" e de hidrogénio O-H--O.
Todas essas novas estruturas apresentam melhor solubilidade em relagéo a forma
comercializada. A combinagédo de técnicas de espectroscopia (Raman / FTIR) e
analise de componentes principais (PCA) foi empregada como ferramenta para
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visualizar e rastrear 0s espectros obtidos a partir dos produtos da sintese
supramolecular, facilitando a discriminacdo de misturas fisicas de API e
coformadores de novas estruturas cristalinas desejadas. As caracterizacdes das
propriedades destas novas estruturas foram realizadas por difracao de raios-X (po
e monocristal), espectroscopia (Raman e FTIR), analise térmica (DSC, TGA e
HSM). A espectrofotometria UV-vis foi utilizada para avaliacdo da solubilidade
aquosa das novas estruturas cristalinas. Os resultados desta tese estardo presentes
como artigos publicados e anexados ao final desta tese: Anexo | — Fluconazolium
oxalate: synthesis and structural characterization of a highly soluble crystalline form,
CrystengComm, 21, 1114 - 1121, 2019; Anexo Il — Fluconazole: Synthesis and
Structural Characterization of Four New Pharmaceutical Cocrystal Forms, Crystal
Growth & Design, 19, 648 - 657, 2019.
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CHAPTER 1

INTRODUCTION



1. Introduction

1.1. Pharmaceutical industry and drugs

Pharmaceutical industries are licensed (authorized) and assigned with the
responsibility to research, develop, and market approved quality drugs products that
meet stated standard and requirements of governmental agencies like the United
States Food and Drug Administration (USFDA),! European Medicines Agency
(EMA),? Brazilian Health Regulatory Agency (ANVISA)® and World Health
Organization (WHO) guidelines for drugs.* Therefore, development/manufacturing
of drugs with quick/effective therapeutic responses for maintaining health, preventing
and curing infections/diseases are the objectives of the pharmaceutical industry.®
Generally, medicines contain active pharmaceutical ingredient (APIs) and excipients
that are added to the API during formulation processes to enhance therapeutic
efficiency, improve crystalline drug flowability, and aid vitro stability/expected shelf
life.®

Unfortunately, more than 40% of new chemical entities (NCEs) formulated by
pharmaceutical industries, especially drugs for oral administration, present low
therapeutic response due to physicochemical and pharmacokinetic property, mainly
low aqueous solubility, slow dissolution rate and low permeability that causes low
bioavailability.”

The introduction Bio-pharmaceutics Classification System (BCS)2 in 1995 by
Amidon et al., as an excellent scientific framework for classifying drug substances
based on their aqueous solubility and permeability was excellent.® Governmental
agencies and stakeholders like FDA, EMA, ANVISA and WHO, quickly adopt it as
guideline for drug classification by considered the highest dose that have direct effect
on the in vivo drug pharmacokinetic performances.’® FDA made available BCS-
biowaiver guidelines for Classes I/11l drugs for the purposes of validating and release
new pharmaceutical products (CDER/FDA, 2000).1! This approach excludes in vivo
bioequivalence studies considering that it provides an alternate for in vivo
bioequivalence when the drug substance(s) in test and reference products are

identical.12



However, the BCS model classify pharmaceutical drugs into four classes
(Figure 1.1) and presents/elucidates the pharmacokinetics of drug process in the
gastrointestinal (Gl) tract. Hence, the criteria/basis for establishing a drug as highly
soluble drugs/highly permeable depends on two conditions. (1) The highest dose
strength must be soluble in less than 250 ml water and over a pH range of 1 to 7.5;
and (2) the absorption in humans must be higher than 90% of an administered dose,

based on mass-balance or intravenous dose comparison.*3

BCS CLASS | BCS CLASS I
High Solubility Low Solubility
High Permeability High Permeability
BCS CLASS Il BCS CLASS IV
High Solubility Low Solubility
Low Permeability Low Permeability

FIGURE 1.1-The Bio-pharmaceutical Classification System (BCS) for drugs.

As mentioned earlier, many approved and marketed pharmaceutical drugs
like Carbamazepine,** Ritonavir'® and Furosemide'® present low aqueous solubility
and are classified to the BCS classes Il or IV of drugs. Therefore, the formulation of
low solubility drugs for oral delivery among other drug property issues is a challenge

for pharmaceutical industry.

1.2 Pharmaceutical polymorphism

Crystal materials (such as APIs) have the tendency to exist in more than one
crystalline forms.1” Hence, in terms of regulatory approval, the crystalline forms of
an active ingredient is limited to polymorphs, salt, stoichiometric solvate and hydrate,
and cocrystal forms (Figure 1.2).18 However, APIs have the tendency to become

solvates/hydrates by interacting/bonding with solvent/water molecule(s), or form a



salt through proton transfer, or multicomponent cocrystal forms through interactions
with coformer(s) that are usually FDA approved substances Generally Recognized
as Safe (GRAS).!° Therefore, the inclusion of solvent/water molecule(s) in the
molecular structure of a cocrystal will change their solid-state structure and

physicochemical properties, such as dissolution profile and thermal stability.

Polymorphs

|
i

Hydrate/solvate Salt
ari [ q
Coformer
0 H N “’ Solvate @
WL — W —— %%
S o H E o0 Water @
Counterion @

Cocrystal Cocrystal polymorphs

E lonic cocrystal

FIGURE 1.2 — Different classes of crystalline solid system into which an API can

Cocrystal hydrate/solvate

exist.20

Crystal materials with less desired physical property may be readdressed and
rechanneled into other desired crystalline stable states. The tendency of a crystalline
material such as API to exist in different phases of the solid form with same chemical
composition, but observable diversities in structure arrangement and potentially
differences in their properties is termed polymorphism.?! The multiplicity of structures

or forms is either enantiotropic (reversible) or monotropic (nonreversible) in solid-



state, in addition, the more stable polymorph will show slower dissolution profile than
less stable forms, which are more soluble.?? This phenomenon became important to
the formulation scientists/researchers in the pharmaceutical industries and research
institutes/centers because it presents the opportunity to alter/reduce undesired
properties such as dissolution profile, bioavailability and stability of API at low cost.?
Polymorphs frequently occurs extemporaneously in most crystalline solid
materials, such as pharmaceutical materials, minerals, metals and proteins
complexes. The polymorphism (not including salts or cocrystals) may occur due to:
the crystal packing/molecular arrangement (packing polymorphism); the existence
of different conformers of the same molecule (conformational polymorphism); the
effect of hydration/solvation that is referred as pseudo-polymorphism or better as
solvomorphism, since different solvates will present varying chemical formulae.?*
Polymorphism unveil advanced understanding of the importance of structural
variations due to molecular packing and especially the possibility of interconversion
among polymorphic forms, that can influence every aspect of the solid state
properties of drugs. However, more than 50% of active ingredients are observed to
present more than one polymorphic form in the Cambridge Structural Database
(CSD).?> McCrone (1965) humorously commented that the discovery of polymorphs
is correlated with the energy and time invested into researching for the compound.?®
Therefore, polymorphic studies/research is a crucial and important pharmaceutical
industry activity because a particular polymorph can present a particular property,
which is not present in the other forms. In many cases, a polymorph form of a drug
can suffer crystalline transition for a more stable form, promoting changes in the drug
efficacy, in the bioavailability and may even exhibit toxicity.?” Nevertheless, the most
stable polymorph (thermodynamically) is preferred for making marketed formulations
to prevent polymorphic transformation that may occur during drug manufacturing and
post manufacturing processes (delivery and storage).?® Chloramphenicol,?®
Ranitidine  hydrochloride (GSK’s  Zantac®)®°, Fluconazole®!, Cefdinir®,
Carbamazepine'4, and Diflunisal®® are examples of pharmaceutical drugs with two

or more reported polymorphic forms.34



1.3 Crystallization and Co-crystallization techniques

In “general chemistry”, crystallization is a separation/purification process and
technique through which solid phase of pure crystallinity is obtained from saturated
solutions.3® This process just like recrystallization®® is a route/channel through which
the physicochemical/particle properties of a crystalline solid material, such as purity,
particle size, crystal shape, solubility, form stability, and degree of agglomeration is
addresses through polymorphism or the incorporation of coformer substance(s) or
solvent molecule(s).3” The “industrial crystallization” is a complex processing
technique for specific solid crystal formation under carefully controlled conditions, to
yield pure and homogenous form of the corresponding product.®® In the
pharmaceutical industries, products passed through process development of
crystallization process that enables the initial designing, modelling, process control,
and final product analysis using analytical tools.3? Herein, the process and conditions
leading to the desired product yield is monitored, controlled and optimized when
necessary, to upgrade the properties and qualities of the solid product.*°

Co-crystallization technique*! is defined in the context of crystal engineering*?
concept as a well-designed approach for modification and optimization of the
physicochemical property issues of crystalline materials (APIs) such as low
solubility/bioavailability, and instability through intermolecular interactions like
hydrogen bond (X-H---Y)*3, dipole forces**, - interactions*> and ionic bonds*®
between selected APl and coformer(s).*’ Interestingly, co-crystallization process
presents diverse advantages of generating array of solid-state forms with stable and
physically improved properties in cocrystal forms.*® Furthermore, co-crystallization
offers the potential flexibility for designing novel pharmaceutical cocrystal and
resolve crystallization problems even when traditional approaches such as salt
formation fails.*®* However, other drug delivery approaches for enhancing the
dissolution profile of an API, like amorphous solid dispersions®°, nanoparticle®! and
lipid-based®? approaches have proven to optimize the above-mentioned drug
issues.5® Even though these methods increases dissolution profile of the APlIs, they
not assure a sufficient bioavailability and stability for all cases.>* While the co-

crystallization process involves weak interactions between API and coformer(s) for



cocrystal formation, the formation of a salt involves strong ionic interaction that
requires proton (H*) transfer between oppositely charged counterions, and can be
predicted using the pKa rule.>®

Although different co-crystallization techniques, such as, supercritical and
compressed fluids techniques,®® melting and slurry cocrystallization,®” and
ultrasound-assisted technology®® are described/discussed in the literature, the
mechanochemical and solution-based crystallization/cocrystallization methods®®
sketched in Figure.1.3 are the prevalent, most reliable and commonly used methods
for cocrystal/salt synthesis.®® The solvent evaporation techniques can be fast/slow
evaporation,®® cooling crystallization and antisolvent precipitation approach.®?
Herein, stoichiometric ratio(s) of APl and coformer(s) is dissolve in a suitable solvent
that will evaporate. The APIl/coformer(s) are expected to undergo intermolecular
interactions such as hydrogen bonding and pi-pi interactions between their functional
groups, thereafter, producing a thermodynamically favored cocrystal product (high
quality and purity).3

The mechanochemical methods are solid-state grinding technique or neat
grinding, and liquid-assisted or solvent-drop grinding techniques.®* These methods
involves mixing/crushing of stoichiometric amount of APIl/coformer(s) with and
without solvent. The neat grinding technique reducing the APl/coformer particle size
and increases their specific surface area for intermolecular interaction, improving the
efficiency compared to the cocrystallization through dissolution.®®> Even when the
solution based method fails to present evidence of intermolecular interactions, the
neat grinding technique is reported to present evidence of cocrystal, e.g., caffeine-
trifluoroacetic acid® and pterostilbene-caffeine cocrystals®’” were obtained by
grinding.8 The solvent assisted grinding method offers catalytic modification to neat
grinding by adding drops of solvent to the grinding process. The inclusion of solvent
present advantageous increase in cocrystallization rate and performance, it also
controls polymorph production with improved crystallinity, and aid the selective

synthesis of polymorphic forms of cocrystals.®°
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FIGURE 1.3 — Cocrystallization/salt synthesis techniques.

The limitations of neat and liquid-assisting grinding techniques is observed in
its small-scale techniques that require high-energy consumption and present a low
performance in terms of product purity.’® In addition, many times, these methods fail
to yield crystals suitable for the structural characterization analysis.

The Figure 1.4 present a novel (1:1) drug-drug cocrystal involving 5-
Fluorocytosine’* (5FC) — an antifungal drug — and Aspirin”? (AAS) — a non-steroidal
anti-inflammatory drug — designed and synthesized by our research group.
Interestingly, this cocrystal was obtained through the mechanochemical methods
(solid-state grinding/liquid-assisted grinding techniques), and synthesized through

slow solvent evaporation method. Therefore, it serves as a typical example of



pharmaceutical cocrystal that is producible by both mechanochemical and solution

methods.
(9(313
\ c12
HO O NH2 OSBROJ
E Mechanochemical oga\ Oatcio
®) + XN Methods f4€> WF?
1 cé
Y | /& Solution methods 02 & d:
aas © N“ 0

H SFC 5FC-AAS cocrystal

FIGURE 1.4 — 5-Fluorocytosine (5FC) and Aspirin (AAS) cocrystal.

1.4 Cocrystal and pharmaceutical cocrystals

Cocrystals” are established class of well-designed single-phase crystalline
material in which the molecular and/or ionic compounds are present in a definite
stoichiometric ratio, and bonded together by intermolecular interactions.’® This
definition was accepted after a series of debate and speculations at an organized
Indo-US Bilateral Meeting in Delhi, India, titled “The Evolving Role of Solid State
Chemistry in Pharmaceutical Science” attended by 46 scientists/stakeholders.”

Although initial emphasis in the hydrogen bonding in cocrystal design
(Etter’®), the deep intuitive understanding and insight on the application of
supramolecular synthon concept/approach for hydrogen bond architecture,
prediction and formation in polar functionalities was proposed/established by
Desiraju.”” Thus, in addition to his work, pharmaceutical cocrystal’® (a subclass of
cocrystals) was established and defined as a distinct class of pharmaceutical
crystalline materials in which the less desired physicochemical properties of an API
could be optimized by lattice rearrangement through weak intermolecular interaction
with a coformer.” Thus, the physical properties of crystalline materials depends on
their molecular packing, and alterations of this molecular packing usually promote a

direct effect on these properties. Hence, different forms of pharmaceutical crystals,
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such as cocrystals, hydrates® and solvates®! can present better or worst properties
when compared to the an API.82

Cocrystals are classified into either molecular or ionic cocrystal based on the
nature of coformers according to Duggirala and coworker.8® The ionic cocrystal is
obtained from a stoichiometric ratio of an APl and ionized coformers in a charge
assisted hydrogen bonds and/or ion dipole bonds, while a neutral or non-ionized
coformer dictates the commonly reported molecular cocrystal formation.8

It is however important to comment about the increasing of commercial
pharmaceutical cocrystal and the recent development of drug-drug pharmaceutical
cocrystals.®® Important drugs such as Entresto® (sacubitril-valsartan) for the
treatment heart failure,®® Lexapro® (escitalopram-oxalate) for the treatment of
depression and anxiety,®” and Depakote® (valproate sodium-valproic acid) for the
treatment of seizure disorders, manic depression, and to prevent disorders,® are
examples of drug-drug pharmaceutical cocrystal that was approved by FDA 89

The design of 5-Fluorocytosine (5FC)’t and Aspirin (AAS)% cocrystal, and
cocrystals of Fluconazole (FLZ)%* with non-steroidal anti-inflammatory drugs
(NSAIDs)% like Aspirin, Caffeine (CAF)® and Ibuprofen (IBP),%* will fits perfectly as
drug-drug pharmaceutical cocrystals of important APIs.% Although cocrystals suffers
limitations in the scale-up process and general classification by FDA as “intermediate
medicinal products”, regarding the coformer as an excipient,®® the application of
cocrystals for drug formulations remains an ongoing promising development in the

pharmaceutical industry/research institutes.®®

1.5 Crystal Engineering and Supramolecular chemistry

The term “crystal engineering” (CE) was coined in 1955 by Pepinsky,®” and
later implemented by Schmidt during his photodimerisation reactions study.®® CE is
defined as the design and synthesis of molecular solid-state structures with desired
properties, through the understanding and use of intermolecular interactions such as
hydrogen bonding and coordination bonding, thus, within the conceptual and
theoretical understanding of supramolecular synthon and secondary building unit.%®

That is, the molecular self-assembly that involves the direct interaction between
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complementary hydrogen bond, metal-ligand interactions observed in
organometallic and coordination compounds, halogen bonds and intermolecular
forces such as pi...pi and Au...Au interactions are the basis of crystal engineering.®

In 1995 Gautam Desiraju, a leading stakeholder in crystal engineering field,
coined the term "supramolecular synthon” to describe the building blocks of organic
structures for ordering specific groups in the solid state.”” Desiraju define crystal
engineering as "the understanding of intermolecular interactions in the context of
crystal packing and the utilization of such understanding in the design of new solids
with desired physical and chemical properties.”? He further emphasized the
potentials of CE concepts as a design strategy for molecular crystal structures in
pharmaceutical multicomponent system and in metal organic species.0!
Interestingly, CE has broadened considerably and continue to incorporate many
aspects/application of solid-state supramolecular chemistry such as the spatial
molecular organization, variations in the strength of intermolecular forces like

hydrogen bond (X-H---Y), dipole forces, pi-pi interactions and the ionic bonds.1%?

Crystal engineering relies on non-covalent organization of molecules and ions
i.e. molecular self-assembly through design of desired multicomponent structures
and this is achieved using weak intermolecular interactions that can be categorized
into the following classes, considering their relative strength (Figure 1.5).
(1) Electrostatic interactions (1-40 kcal/mol) are forces that electric charges exert on
each other and is based on the coulombic attraction of ions/molecules with full
permanent charges such as: ion-ion (non-directional), ion dipole and dipole-dipole
interactions (directional) are examples of these ionic interactions (Figure 1.5-a-c). In
addition, hydrogen bonds (Figure 1.5-e) and halogen bonds are other two examples
of electrostatic interactions that supramolecular chemists usually use for achieving
strong bonding.1%3 The hydrogen bond is a partial intermolecular bonding interaction
between a lone pair on an electron rich donor atom (Dn), and the antibonding
molecular orbital of a bond between hydrogen (H) attached to a more electronegative
acceptor atom (Ac) like nitrogen (N), oxygen (O), or fluorine (F) in a Dn—H---Ac
fashion. This bond is stronger than van der Waals forces, and weaker than covalent
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or ionic bonds. Likewise, weaker “non-classical” H-bonds (~1 kcal/mol) involving
donor other than N, O, or F and/or acceptor Ac with electronegativity approaching

that of hydrogen (less electronegative) exist, and carbon (C) as a good example.1%4
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FIGURE 1.5 — Types of non-covalent interaction.

(2) Van der Waals forces are promoted by permanent or induced dipoles and a
special class of electrostatic interactions that consist of three types; dipole-dipole
interactions (Keesom force), dipole-induced dipole interactions (Debye force) and
induced dipole induced dipole interactions (London dispersion forces, Figure. 1.5-
d).®°® They are topographically dependent, i.e., the stronger the contact between two
particles the greater is the Van der Waals force of attraction.'% Pi—pi stacking force
(Figure. 1.5-f) is another type of Van der Waals force where electrostatic attractive
forces occur in aromatic ring systems. The pi-effect is linked with the interactions of

molecules with pi-systems of conjugated molecules. Herein, the interactions occur
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in different format like “face-to-face”, “edge-to-face" or in an “offset® manner. Also,
cation—pi interaction between face of an electron-rich pi system such as benzene,
ethylene, acetylene and an adjacent cation such as Li* and Na*, have demonstrated
to be useful non-covalent bonds in molecular recognition.%

(4) Hydrophobic effect is the force that promote separation of non-polar molecules
in an aqueous solution. It presents the tendency for nonpolar substances to

aggregate in an aqueous solution and exclude water molecules.%’

However, the ionic bond in salt formation results from replacement of part or
all of the replaceable acid hydrogen (nH*, n =1, 2 ,3....) of an acid by a metal or a
radical acting like a metal as presented in Figure 1.6. This process is predictable via
the multicomponent screening tools (molecular complementarity) available in the
Mercury program of the Cambridge Structures Database, and using the pKa rule;
i.e., (ApKa = pKa (base) — pKa (acid), when ApKa = 3, that salt will be produced).
Hence, salt (ionic bond via electron (H*) transfer) is different from multicomponent

cocrystal forms (weak intermolecular interactions) on this regard.®?

Salt formation Cocrystal formation
o]
R O
R

h{}: .......... H_"Nf-'R R% !R

\_;’_/ \R O N\"'R
H* R
O...H-N*10nic bond O—-H-«++N hydrogen bond

FIGURE 1.6 — Salt and cocrystal formation through ionic and hydrogen bond.

In crystal engineering, hydrogen bond is the most important intermolecular
non-covalent force by virtue of its directionality, specificity and biological relevance.
The fundamental principles and objectives of crystal engineering have made easier
to develop strategies that employ hydrogen bonding as a tool for designing and
incorporating predictable structural aggregates into crystalline materials, also

allowing to explore reasonable correlations between their molecular structures,



14

morphology, and physicochemical properties.’®® The CE concept is employed in
many researches to optimize the less desired properties of APIs belonging to the
BCS class Il/IV in the solid state, thus resulting into different stable multicomponent
cocrystal and salt forms of the selected APIs.1%® The challenges of CE remains its
insufficient scalability, the unpredictability of crystals morphology and reaction path.

Supramolecular chemistry''© as a discipline is concerned with the study of
molecular recognition and self-assemblage via intermolecular bonds, and entails
complete understanding of the factors responsible for varied dimensions observed
with “supermolecules”, complexes and molecular assemblies.%? Therefore, in line
with crystal engineering concept, the prerequisite for non-covalent bonding is the
intermolecular association through supramolecular synthon interactions, which
represent the molecular building unit and starting point for non-covalent bonding in
all CE syntheses.’’

The contributions of Jean-Marie Lehn,!! Charles J. Pedersen*'? and Donald
J. Cram'3® to supramolecular chemistry,''* that is, host—guest supramolecular
assemblies, was appreciated and awarded the Nobel Prize in chemistry in 1987.115
In his words, Lehn define supramolecular chemistry “as the chemistry of the
intermolecular bond, covering the structures and functions of the entities formed by
the association of two or more chemical species.”'! In few words, he defined it as
“‘the chemistry beyond the molecule” or “‘the chemistry of non-covalent bond”.*16

In supramolecular chemistry, synthons are the recognized molecular unit of
functionalities that establish or initiate motifs/patters of “host—guest” network in a
non-covalent interactions to produce a complex or supramolecular entity.t’
However, the probability of designing a particular synthon interaction depends on
the presence of multiple interaction site for complementary non-covalent interaction,
steric complementarity, medium effects, high selectivity and sensitivity, and free
energy for formation of non-covalent interactions. Nevertheless, synthon can be
homo or heterosynthon depending dimer interactions they present as shown in

Figure 1.7.118 The carboxylic acid and imides dimers synthon in (a) are examples of
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homosynthon interaction, while the carboxylic acid-pyridine (b) are good examples
of heterosynthon dimers respectively.1?
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FIGURE 1.7 - Supramolecular synthons adopted by imides and carboxylic acids

showing (a) homosynthon and (b) heterosynthon interaction.

The possibility of modeling or designing a desired cocrystal structure through
APl/coformer hydrogen bond synthon dimer interaction can be evaluated/checked
using the Mercury software of the Cambridge crystallographic database. The
competition between homosynthon and heterosynthon was set up using their
frequency of occurrence as a percentage of the number of structures in which the
functional group is present. Interestingly, the result indicated that motif search
observed for heterosynthon structures outnumbered homosynthon, thus indicating
the higher probability (likelihood) of obtaining a structure through heterosynthon
motif. 120

In supramolecular chemistry, the significance of non-covalent interactions like
hydrogen bond and coordination bond are established and demonstrate to affect
physicochemical and biological properties of supramolecules and coordination
complexes in the solid state.'?! Crystal-engineering concept and other retrosynthetic
approach to organic synthesis in the solid state absolutely relies on supramolecular
chemistry (non-covalent interactions) as a powerful tool to design and synthesize
improved drug forms.'?2 Hence, supramolecular chemistry and crystal engineering
disciplines continues to enjoy growth, expansion and publicity through important
international scientific journals like CrysttngComm from the Royal Society of

Chemistry and Crystal Growth and Design from the American Chemical Society.
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1.6 Screening and Characterization techniques/tools

Screening is an important procedure for investigating the feasibility of reactions
through designed hit and trial approach that identify desired conditions and
coformers from complex numbers of evaluated samples, using designed and
selective approaches that consider the most desired results thereby saving time and
experimental costs.1?3

In crystal engineering, screening techniques have proven to be an important
and useful tool in crystallization processes for predicting, identifying, and detecting
desired conditions, especially in some complex crystallization processes such as in
cocrystal screening. Therefore, in cocrystallization/salt synthesis, screening provide
an insight into the feasibility of achieving intramolecular interactions or ionic bond
prior to the crystallization or co-crystallization process.'?*

However, different screening methods and approaches such as hydrogen-
bond!?> and supramolecular propensity simulation using MERCURY?1%¢ software
from the Cambridge Structural Database (CSD),'?” pKa based model,'?® Lattice
energy calculation,’® Hansen solubility parameter,’* and the virtual cocrystal
screening (molecular electrostatic potential surfaces-MEPS),**! have been
reported.3? In addition, the combination of multivariate analysis such as the principal
component analysis (PCA) and cluster analysis (CA)'3® with analytical tool like
Raman/FTIR spectroscopy for screening was considered effective for detecting new
cocrystals, polymorphs, and differentiate between similar multicomponent forms.134
Also, this combination aids better screening/selection of different supramolecular
synthesis routes from complex cocrystallization experiments that lead to robust
cocrystal and salt formation in this thesis report.3®

Screening may be classified as “pre- or post-screening” processes based on
the instant of crystallization activities. The “pre-screening” activities involves finding
suitable components and conditions for achieving improved solid-state properties,
while “post-screening” activities involve the investigation for evidences of
intermolecular interactions and construction of new multicomponent materials.36
The aforementioned cocrystal and salt screening approaches like hydrogen-bond

propensity and pKa-based model provide insight on experimental feasibility and
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outcome of selected experimental conditions such as APIl/coformer and solvent
selection, and crystallization methods. However, the “post-screening” activities
include the cocrystal/salt screening and characterization that is achieved through
different known approaches and use of analytical equipment such as Raman/FT-IR

spectroscopy and X-ray diffraction studies.

The Figure 1.8 shows the stages and events/processes performed for the
cocrystal/salt screening and characterization, starting from the pre-screening (stage
1), to screening (stage 3), and post-screening processes (stage 4). These stages of
events are the important methodologies that are in line with the crystal engineering

concept for API optimization, and was applied in the course of this research work.
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FIGURE 1.8 - Screening and characterization stages for cocrystal/salt synthesis.

Therefore, this employed solid-state screening and characterization methods
and techniques will result into the synthesis and detection of multicomponent forms
and polymorphs of the API with optimized physicochemical and pharmacokinetic
properties like physical stability, agueous solubility, dissolution rate, bioavailability,
phase homogeneity, morphology, formulation performance, and processability.3’

In addition, screening and characterization activities can detect evidences of

phenomenon like polymorphism in solid-state materials,*3 and generate/present the
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complete information and resolution on molecular structure patterns using the most
sophisticated software such as the multivariate tool (principal component analysis)
that is capable to provide visual discrimination for intermolecular interactions, detect

polymorphs and the formation of new multicomponent structures.3°

1.6.1  Principal component analysis (PCA).

Principal component analysis (PCA) is a multivariate analysis method that uses
orthogonal transformation to reduced data of high dimensionality into linearly
uncorrelated variables called the principal components (PCs) thereby unveiling
latent variations within the decomposed dataset and indiscriminately presents their
projections in linear space.**® PCA is the basis for most multivariate methods, and it
aims to find the direction of greater dispersion within data in the space of the studied
variables, based on the hypothesis testing that the greatest variability contains the
most relevant information.4!

The PCA is able to pick/contain the most relevant information in a reduced
number of new variables, discriminating (discarding) irrelevant data describe within
the system. The reduction of variables is obtained when there is collinearity between
the variables in the data matrix, if there is correlation and presence of the same
information in some variables. The application of PCA to recognize patterns, select
samples, build multivariate calibration models and obtain a quick and easy
view/projection of similar traits in groups/samples or anomalies is observed in the

reduced variables.142
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FIGURE 1.9 - Graphical representations of Principal Component Analysis.

The PCA methodology is based on the transformation of the coordinates of the
original variables of a data matrix (samples x variables) in a new axis of orthogonal
variables, that is, not correlated. The new axis, known as the principal component
(PC), explains the greater amount of information in the data obtained as illustrated
by Figure 1.9. Herein, the transformation of a data set that presents values for three
original variables: x, y and z. This distribution is easily explained in a new two-
dimensional space projection formed by the new variables (PC1 and PC2, with PC2
being orthogonal to PC1), reducing the number of factors analyzed, without losing
relevant information in the set.

Mathematically, the PCA obtains a relationship between the original data (X)
and the data obtained in this new dimension of variables from the weights given by
each variable (P) and sample projection in the new dimension of variables (T)

according to the equation 1.1 that expresses the PCA in a matrix terms:
X=TPT+E (1.2)
Herein, the PCA decomposes the original data matrix, X (n,m) into two new

matrices T (n,d) and PT (d,m) alongside with the matrices of residual E (n,m) as

described in Figure 1.10. Herein, n is the number of samples (rows), m is the number
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of variables (columns) of the original matrix, and d is the number of PCs calculated

for the model.143
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FIGURE 1.10 — Schematic decomposition of data matrix X.

The equation 1.2 is better simplified and written as:
X=t1p1" + top2 + ... +tapd’ (1.2)

where PCA decomposes X as the sum of the product of tiand pi, where d is the rank
of the matrix X. Herein, d must be less or equal to the smaller dimension of X, i.e., d
< min (m,n). The ti, pi pairs are ordered by the amount of variance they capture. The
ti vectors are known as scores that present observation on how samples in the new
axis system relates to each other, and each sample will have a score value for each
PC. Since, every column of T or row of PT are orthogonal to each other (Figure 1.10),
that is, we have pi'pj = 0 and ti'tj = 0, for i # j. The pi vectors are known as loadings
and contain information on how the variables relates to each other in the principal
component (PC).144 Each element of the matrix P is mathematically equal to the
cosine of the angle between the axis of each original variable and the PC. The closer
to = 1, the greater the influence that the variable has on the description of the main
component for an average-centered data matrix. Since the PCA model is truncated
after k components, the extra/remaining variance factors are added into the residual

matrix E, according equation 1.3:
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X=tipa" +top2" + ... +tkpk" + E (1.3)

The residual matrix (matrix E) is the amount of information not relevant or not
explained by the main components. Generally, in spectroscopic data, the residual
matrix is attributed to the unwanted noised factors obtained alongside the
analysis.14

In this way, PCA can be effectively combined with important analytical methods
and tools/instruments that generates an extraordinary amount of high-quality data,
such as Raman, FT-IR, and NIR spectrophotometer, X-ray diffractiometer, and mass
spectrometer, in order to help in the screening and characterization process.!4®
Hence, multivariate tools like PCA have demonstrated its potentials as a strong data
processing/decomposing tool for understanding complex data systems, and thereby
serving as an analytical screening, modeling, predicting and quantification tool.14’

In crystal engineering and especially in crystallization processes, PCA enables
the decomposition of complex spectra data set for the simultaneous visualization of
scores/loadings plot projections, better understanding the crystallization result, and
aids better selection of different synthesis routes leading to robust and homogenous
cocrystals/salt synthesis.

As an example, the PCA scores plot of 100 processed Raman spectra and 6
selected screened spectra obtained from different stoichiometric combinations of
fluconazole and adipic acid (FLZ-ADP) is presented in the Figure 1.11 A and B,
respectively. Herein, Figure 1.11-A shows the PC1 (43.04%) and PC2 (22.27%) that
explain trends/variations in the model and class/group samples according to their
purity/contaminants, while Figure 1.11-B present the Raman spectra of the best PCA
assist-selected supramolecular routes. Herein, the best routes will be the ones that
generate different spectra when compared with the conformer and API. This spectral
evaluation of the dataset is easily achieved utilizing PCA, which will find differences

in functionalities/groups vibration modes of the crystallization products.
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FIGURE 1.11 - (A) PCA score plots for crystallization process (B) Raman spectra of

different supramolecular synthesis route selected through PCA screening.

1.6.2 Raman Spectroscopy.
Raman spectroscopy is a molecular spectroscopic technique that utilizes the
interaction of radiation and matter to induce light scattering phenomenon that occur

from the absorption, emission, or scattering of photons, and presents qualitative
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measurements of the characteristic vibrational modes of functionalities observed and
present in the compounds.#® In this way, the Raman spectroscopy generates data
on the molecular structure and some important physical information regarding the
determined compound through lower frequency modes/vibrations. Therefore, it is
serves as a characterization technique (similar and complementary to infrared
spectroscopy), to identify substances (or set of compounds) from a spectral pattern
(“fingerprint”), or for quantitative or semi-quantitative measurements analysis of wide
range of materials.14°

Raman spectroscopy provide intra- and inter-molecular vibrational information
of specific molecular vibrations modes, and for this reason it can be used as a
“fingerprint” technique for identification of materials. Hence, conformational
properties and phenomenon like polymorphism and the nature of intermolecular
interactions are mostly identified by using the vibrational information. Since Raman
spectroscopy generates spectral data set from the result of various screening tests,
this technique can be combined with multivariate tools like PCA to serve as analytical
screening and characterization tool to analyze the results of complex crystallization
processes.1®0

In Raman scattering (Figure 1.12), a laser photon of energy hv, interacts with
electron cloud of the molecule generating a distortion in the electron cloud and
scattering the incident radiation with a higher or lower energy. This electron cloud
distortion promotes a polarization of the bond that are shortly excited to a higher
energy state called “virtual state”. Here, the excited molecule have extremely short
lifespan in this unobservable intermediate electronic/quantum state and changes in
the energy and geometry of the electron clouds is observed without interfering with
affecting core electrons of the molecule. For radiation scattering effects, the photon
of energy (hw) that interacts with molecule needs not to have equal energy as the
energy differences between the two states. The scattered photons can be result of
an elastic (Rayleigh scattering, incident and scattered photon have some energy hvo)
or inelastic (Stokes and anti-Stokes scattering, where scattered photon present lower
or higher energy, respectively -h(vo = w)). The elastic scattering occurs when
scattered photons have the same energy and, therefore, the same wavelength as
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the incident photons. Inelastic scattering is a fraction of about 1/10000000 of photons
that have a higher or lower energy in relation to the incident photon, and scatter at
different frequency than the incident photon.*>!
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FIGURE 1.12 — Energy-level diagram showing the states in Raman/IR spectra.

While Rayleigh scattering produce no exchange of energy between incident
and scattered photons, higher vibrational energy is obtained in the case of Stokes -
h(vo - v) and lower vibrational energy in the anti-Stokes scattering -h(vo + v). This
indicates that the wavelength of the scattered light depends of the difference of
energy among different vibrational states. Chandrasekara Venkata Raman proved
the Raman effect and won the Nobel Prize in Physics in the year 1930.152

Raman spectrometers allow the acquisition of several spectra in a short time,
improving their sensitivity, especially the signal to noise ratio. Different types of
lasers with wavelengths ranging from 200 to 1064 nm are used as radiation sources,
such as lasers in the UV-visible region (argon or krypton ions) that generate large
Raman scattering but promote fluorescence in some molecules, which is very
undesirable in Raman spectroscopy. Another example is the lasers in the near
infrared region like the diode Nd:YAG with emission at 1064 nm, that generates low

Raman scattering but is virtually free of fluorescence.1%3
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In the Raman spectrum, it is conventional to use 'Raman Shift (cm™)' as the
abscissa axis and the “Scattering Intensity” in the ordinate. The Raman Shift is
obtained by converting the difference of energy between the incident and scattered
photons to cm™. Therefore, peaks always have the same Raman Shift value
regardless of the wavelength of the incident radiation, because the difference of
energy between the incident and scattered photon will be always the difference
among two vibrational states. It is noteworthy that the wavenumber was selected as
a reference measure for the practicality of correlate the peaks present in a Raman
spectrum with the infrared spectrum, such that a C=C stretch in a molecule will
present a Raman Shift value very close to the wavenumber of its infrared spectrum,
thus facilitating the characterization of the peaks.*%*

Most Raman spectroscopy are coupled with optical microscope usually with the
charged-coupled device (CCD) camera, the laser employed at the source is focused
through the microscope lenses, with possibility to target selected single points in the
sample. This approach allows a spatial analysis of the sample, both visually (through
the microscope) and by spectral representation (Fig. 1.13-A). Therefore, it is possible
to obtain chemical information from specific points within the sample or even an
spectroscopic image (hyperspectral analysis), where each pixel has a Raman
spectrum linked to it, being used in several fields of analysis, such as imaging,

homogeneity studies, and characterization of pharmaceutical materials.®®

""*Raman video micro-

sampling system %=

FIGURE 1.13 — Photos of (A) Raman spectrometer setup (B) FTIR spectrometer

device.
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1.6.3  Fourier-transform infrared (FTIR) spectroscopy

Like Raman, ultraviolet-visible, NMR and other spectroscopy techniques, the
infrared (IR) spectroscopy is a powerful technique that exploits the absorption of
infrared light by functionalities in molecules. When IR of specific frequencies
(energy) matches the frequencies of infrared active bonds in a molecule, the
radiation is absorbed. The measurement/processing of the wavelength and intensity
of the absorbed IR by sample is presented in the form of spectra, using the Fourier
transform conversion, an inbuilt mathematical and data processing computer
software that convert signals into the sample's IR spectra.%¢

The IR spectroscopy technology was improved by the development of the
Fourier Transform method and the performance of an FTIR is superior to that of
conventional IR instruments. The principles of IR spectroscopy based on infrared
absorption by matter when infrared radiation of specified energy passes through an
interferometer and channeled through sample, movable mirror inside the apparatus
alters the distribution of the light that passes through the interferometer. The
recorded signal (interferogram) represents light output as a function of mirror
position. The data-processing technique (Fourier transform) turns this raw data to a
spectrum, i.e., the obtained signal at the detector is transformed into a spectrum
representing the molecular “fingerprint” of the sample. Therefore, the absorption
peaks correspond to the frequencies of vibrations between the bonds of the atoms
of the sample.®’

FTIR (Fig. 1.13-B) serves as characterization tool for investigating/detecting the
absorption and vibrational modes of molecules or bonded atoms rather than solid-
state properties. It has been one of the most widely used methods for investigating
polymorphism and to observe the thermodynamic details such as transition point and
number of components existing in samples.*>® Nevertheless, Raman, FTIR and other
spectroscopy techniques like NMR, UV-Vis are strong complementary techniques
for both qualitative and quantitative analysis.

IR spectroscopies are divided in three: near-, mid- and far- infrared. The higher-
energy “near-IR” approximately 14000—4000 cm™ (0.7-2.5 ym wavelength) can

excite overtones (harmonic molecular vibrations) and combination of vibrations. The
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mid- infrared, approximately 4000—400 cm™" (2.5-25 ym) may be used to study the
fundamental vibrations and associated rotational-vibrational energy. The far infrared,
approximately 400—-10 cm™' (25-1000 ym), lying adjacent to the microwave region,
has low energy and may be used for rotational spectroscopy and to analyze
inorganic compounds, due to the low frequency of vibration of bonds between heavy
atoms.1%®

Raman spectroscopy provides vibrational information about bands that are
weak or inactive in FTIR, such as the stretching vibrations of functional groups like
C=C, C=C, C=N, N=N, C-S, O-O, and medium to strong skeletal vibrations of
symmetrical molecules/groups. Likewise, the FTIR provides absorption information
about Raman inactive/weak vibrational modes (polar functionalities) such as the C-
O, N-O and O-H (obviously, not in all Raman inactive molecules). However, Raman
spectrometers are capable of covering lower wavenumbers like 100 cm or lower,
whereas most spectra provided by FTIR stop at 400 or 200 cm™. For these reasons,
Raman and FTIR spectroscopy serve as complementary tools/techniques to cover
wider wavenumbers range and provide information on the fundamental vibrations

bands of functionalities that are either Raman or FTIR active.160

1.6.4  X-ray diffraction (XRD)

X-ray diffraction analysis is an important crystallographic characterization tool
for molecular structure identification and resolution. It differentiates between solid
material forms especially the crystalline, amorphous, and semi crystalline materials.
It is a principal tool for polymorphic identification, analysis of material purity and
crystallinity. Single-crystal XRD (SCXRD) can estimate the chemical composition,
find the absolute configuration and determine some properties of materials. It
generate information about the packing of atoms/molecules and full structural details
(geometrical parameters) such as molecular connectivity, bond lengths and
angles.'%! Unlike molecular spectroscopy that provide information on the vibrational
modes of functionalities when they interact with radiation, the X-ray diffraction and
crystallography studies provide complete and undisputed information on the elastic
scattering of X-ray photons by atoms in a periodic lattice.62
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In XRD equipment, X-rays are produced in a tube when high-velocity electrons
decelerate as a consequence of an impact on a metal target (commonly copper or
molybdenum) in an evacuated enclosure. Also intense X-rays are produced in
synchrotron rings, in which electrons moving at relativistic speed are contained by

magnetic fields.16?
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FIGURE 1.14 — A sketch of X-ray interaction with crystal to generate diffractions.

Therefore, when these X-rays interact with electrons clouds of the positioned
crystal sample as demonstrated in Figure 1.14, the measurement of electron density
within a unit cell of the crystalline system is obtained via scattered X-rays that present
the same frequency as the incident beam. These scattered X-rays are collected on
detector as diffractions patterns. Each atom in the crystal serves as a center for wave
scattering, and thus, the magnitude and phase of the waves added by atoms to the
interference pattern is a function of their respective atomic numbers and positions
(X, Yy, z) in relation to each other.

Historically, in 1912, Max von Laue (a German physicist) discovered the X-ray
phenomenon while studying the interaction between light and crystalline solids and
he observed that crystals could act as diffraction grating for X-rays. Herein, he
suggested that electromagnetic radiation of shorter wavelength is needed to observe
crystalline solids and proposed that X-rays might have a wavelength comparable to
the unit-cell spacing in crystals. He further demonstrated mathematically the

diffraction of incident beams through laws that connects the scattering angles and
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the size and orientation of the unit-cell spacing in the crystal, and established that X-
rays are electromagnetic in nature through the interaction of X-rays beam with
crystalline materials. Max von Laue was awarded the Nobel Prize in Physics in
1914.163

However, subsequent work by Sirs William and Lawrence Bragg established
theories on crystal structure by the means of X-ray diffraction and discovered the
precise three dimensional crystal structures of molecular solids. The Bragg proved
that an incident electromagnetic radiation (X-rays) with a wavelength similar to an
inter-planar distance (d) in crystal planes (of the order of 1A), results in X-rays being
scattered and presenting constructive (Figure 1.15) and destructive interference.
The scattered monochromatic x-rays in phase will present constructive interference
when the additional distance travelled by the radiation is a multiple of the X-ray
wavelength.'®* This condition is expressed in equation 1.4 by Bragg's law, where 6
is the incident angle, d is the distance between the planes, A is the wavelength and

n is a integer number, as follow:

nA = 2d sin 6 (1.4)
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FIGURE 1.15 - Bragg diffraction of X-rays by crystal planes.

The X-ray powder diffraction pattern of a crystalline material is the plot of the
diffraction intensity as a function of 26 value (or equivalently, d spacings) and may

be considered to be the fingerprint of the crystal. Nevertheless, the value of the d
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spacings reflects the dimensions of the unit cell, while the contents of the unit cell
and the arrangement of atoms/molecules therein presents the intensities.6°

The unit cell (Figure 1.16 a) is often reduced to sub-units known as the
asymmetric unit, where each asymmetric unit is related to others by symmetry
elements (rotation, reflection, inversion and so on), to form the complete crystal
structure. The planes within a set of asymmetric units are parallel and equidistant
(interplanar distance known as d-spacing) and are labelled by integer values which
are mathematically related to the unit cell parameters called the Miller indices (h,k,I).
In crystallography, the Miller indices form a notation system for planes in crystal
lattice (Bravais), i.e., an infinite array of discrete points generated by a set of discrete

translation operations described in three dimensional space.6®
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FIGURE 1.16 - (a) Sketch of a unit cell in three-dimensional parameters (b) The four
of the fourteen Bravais lattice.

A crystal structure is assigned to a space group that represents its symmetry
elements within the system using the combination of possible symmetry elements,
the seven crystal systems and the fourteen types of unit cells or Bravais lattices
(Table 1.1). The possible symmetry elements include inversion, rotation, reflection,

screw axes and glide planes. Figure 1.16b shows the common four of the fourteen
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Bravais lattice. Therefore, only 230 different space groups are available into which a
crystal structure can possibly be assigned.

TABLE 1.1 — Showing the relationship between different crystal systems, unit cell

and Bravais types.

Restriction on Unit Cell ) _
Crystal System Possible Bravais Types
Parameter
a=b=c
Cubic P,ILF
a= B =y= 90°
a=b#c
Hexagonal P
a=pB,y=120°
_ a=b=c
Trigonal R
a=B=y#90°
a=b#c
Tetragonal P, I
a= B =y= 90°
azb#c
Orthorhombic P,ILF,C
o= B =y= 90°
azb#c
Monoclinic P,C
a=y=90° B #90°
o a#b#c
Triclinic P
a#FB#y#90°

The molecular structure determination is achieved using single crystal
methods.%” Traditionally, the powder XRD is used for the qualitative identification of
individual polymorphic phases, phase purity, and percentage crystallinity of a
sample, while the single crystal method provides undoubtable details on molecular
and crystal structure. However, these methods are employed complementarily to
generate detailed structural information.'®® Nevertheless, the single crystal XRD
serves as the ultimate crystallographic data source for complete structure

determination and structure refinement software such as CrysAlisPro,'%° F2
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(SHELXTL-97),17° Olex2,'"* ORTEP-3,1?2 WinGX!"® and MERCURY"# are used for
data integration, corrections, model refinement, crystal structure analysis and

visualization, and preparation of the crystallographic information files (CIF).

1.6.5. Differential scanning calorimetric (DSC)

Thermal techniques generally provide quantitative information about the
material thermal behaviors such as melting point, heat capacity, heat of
fusion/transition, relative stability of polymorphic forms, and determination of phase
transition energies. The methods are based on the principle that phase changes in
the physical state of materials or even chemical reactions/decomposition are
accompanied by the liberation or absorption of heat (exothermic and endothermic
events).1’®

The differential scanning calorimetric (DSC) is a thermal analysis technique that
detects the temperatures and heat flows caused by changes in heat capacity or by
endothermic and exothermic processes of materials as a function of time and
temperature. This technique serves as an important screening and characterization
tool for studying and monitoring materials thermal properties, especially to
differentiate between polymorphic materials.’®

Figure 1.17 shows a typical chamber in a “heat flow” DSC, a temperature-
controlled furnace that contain two cells for the sample and the inert reference
material. The pan made of Al, Cu, Au, Pt, alumina, or graphite is selected to avoid
reactions with samples, while the thermocouple measures the temperature flowing
into both cell. However, the cells are heated (or cooled) at a controlled heating (or
cooling) rate. The DSC account for difference in the heat energy required to increase
the temperature of both sample and reference when they are heated cooled at the

same rate.l”’



Reference pan

Cylindrical furnace

Thermoelectric

disc

33

Sample pan

Sample

(IR

\
!

WA

Thermocouple
junction

Insulated

adiabatic
chamber

Heating device and
Temperature control

Purge gas inlet Cooling gas inlet

FIGURE 1.17 — Schematic diagram of a typical chamber setup in a “heat flow” DSC.

Generally, the temperature program for a typical DSC is designed to allow the

sample temperature to increase linearly as a function of time. Therefore, when a

sample undergo physical transformation such as phase transition, crystallization, or

melting, more or less heat will be required to flow into the sample compared to the

reference material to maintain both at the same temperature. Therefore, thermal

event i.e., exothermic or endothermic transitions, thus depending on the thermal

properties of the sample, is measured as a function of temperature or time.
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FIGURE 1.18 — DSC curve showing thermal events.
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Figure 1.18 shows a typical DSC heating transition (heat flow) for endothermic
and exothermic transition and the information that is obtained in the direction of heat
flow when performing DSC analysis. DSC is used to ascertain the melting point
(melting temperature), differentiate polymorphic forms and thermal stability of

different multicomponent cocrystal/salt forms synthesized in this project.?*

1.6.6 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a method that measures the amount and
rate of change in the material weight as a function of temperature or time under a
controlled atmosphere. This equipment determines the composition of materials by
predicting their thermal stability at every increase in the temperature, and it
determines material weight loss or gain due to the decomposition, oxidation, or
dehydration. Based on this, it provides information about physical phenomena, such
as second-order phase transitions, including vaporization, sublimation, absorption,
adsorption, and desorption. Also, information about chemical phenomena including
chemisorption, desolvation (especially dehydration), decomposition, and solid gas
reactions (e.g., oxidation or reduction) are obtained.'"®

Unlike the DCS that detects the heat flows (energy variation) in thermal events,
the TGA device is used mainly to measure the mass loss of a material as a function
of temperature. These techniques are used complementarily as characterization
tools for the determination of thermal stability, composition of multicomponent

systems, and moisture/volatile content.1’”
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FIGURE 1.19 — Schematic diagram of a typical TGA chamber.

Figure 1.19 shows a typical TGA chamber with the sample placed in a pan
suspended by the thermally isolated balance that accurately monitors the changes
in the mass of the sample. Likewise, the heating rate and material weight change
are continuously monitored over the entire thermal analysis period, while the
temperature-scanning rate and the purge gas flow-rate can be changed. This
analysis is achieved through gradual raising of temperature and plotting the sample’s
weight against temperature. For that, it is used computer programs to control the
instrument and to process the data temperature vs. weight, as presented in Figure
1.20. Herein, the characteristics of the sample changes due to loss of volatiles (such

as moisture), decomposition, and oxidation.1”®
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FIGURE 1.20 — A TGA curve indicating stages of thermal events.

1.6.7 Optical/Hot-Stage Microscopy

Hot-stage microscopy (HSM) is an analytical technique that combines the best
properties of microscopy and thermal analysis to enable the comprehensive study
and characterization of the physical properties of solid-state materials as a function
of temperature and time.*8 It generates information (visual/video) about particle size
and particle morphology, visual monitoring of thermal changes to obtain valuable
information on material purity and melting point, recrystallization, decomposition and
other transformations during heating.*® In addition, USM provides information on
phase transformations (solid-solid or solid-liquid), like evaporation, sublimation,
evidences of molecular interactions (crystal growth), and the study of polymorphic

transitions.182
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This thermo-optical technique is credited to Ludwig/Adelheid Kofler (founders
of the Innsbruck group), Otto Lehman, and Maria Kuhnert-Brandstatter.2* Maria
Kuhnert-Brandstatter worked extensively using HSM for the solid-state
characterization of pharmaceutical compounds and this technique with other thermal

devices have become a well-established screening and characterization tool.183

FIGURE 1.21 — A photo of an Optical/Hot-Stage Microscopy setup.

The Figure 1.21 shows the picture of an optical hot-stage photomicroscope
(polarizing microscope) setup with programmed temperature controller. The staged
compartments include the optical video-enhanced microscope, polarizer, hot-stage
chamber, computer with image manipulation software, and high-resolution color
digital camera that offers even greater possibilities for the characterization of
materials. Herein, heating temperature from 0.1 °C/min up to ~350 °C is applied
thermoelectrically, and cooling is achieved through high-pressure pumps or purge
gas. The system allows the control of the heating process and observation of thermal
events as high-resolution photomicrography. The generated data is imported into a
computer to provide a real-time presentation of the temperature dependent
transitions. The Figure 1.22 shows typical photomicrograph images obtained from
HSM, collected at different temperatures and magnification using crossed

polarizers.184
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FIGURE 1.22 - Images obtained from HSM.

1.6.8 UV Spectrophotometry
Aqueous solubility plays important role in the pharmacokinetic properties of
pharmaceutical materials and especially the bioavailability parameters.® The use
of UV Spectrophotometer for solubility determination is based on the principle that
molecules containing bonding and non-bonding electrons can absorb energy in the
form of ultraviolet or visible light to excite these electrons to higher anti-bonding
molecular orbitals. Hence, it presents an efficient method for the identification and
guantification of the amount (quantity) of a solute in solution, especially, in the quality
control of drugs. This concept is based on the Beer-Lamberts law that establish the
relationship between light absorption and solute concentration under suitable
conditions.1”’
Figure 1.23 shows a UV light source with an initial intensity (lo) passing
through a solution in a cuvette of length (/) and the intensity (I) after some light
absorption by the sample. The ratio of (I/l0) is the transmittance (T), and is usually
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expressed as percentage transmittance (%T). Thus, the absorbance (A), which is
based on the transmittance, is expressed as follows:

A =-10g10 T =-log10 (l/10). (1.5)
1/T = 10(A) (1.6)
L
UV source

Sample cell

FIGURE 1.23 - UV light absorption by a sample.

The Figure 1.24 shows the basic parts of a typical UV spectrophotometer with
aradiation source like Tungsten filament (300-2500 nm), deuterium arc lamp, which
is continuous over the ultraviolet region (190—-400 nm), Xenon arc lamp, which is
continuous from 160 to 2,000 nm; or more recently, light emitting diodes (LED) for
the entire visible wavelengths (390-780 nm). The monochromator filters
degenerated light and only a short band (single wavelength) passes through the
samples/reference where specific wavelengths are absorbed by the sample. The
detector can be a photomultiplier tube, photodiode, photodiode array or charge-
coupled device (CCD).186
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1.7 Fluconazole

Fluconazole®! (2-(2,4-difluorophenyl)-1,3-bis(1H-1,2,4triazole-1-yl)-propan-2-
ol) is a first-generation triazole antifungal medication reported to be a slightly soluble
multifunction drug sold as Diflucan® for preventing and curing fungal infections such
as candidiasis,'®’ blastomycosis,® coccidiodomycosis,'®° pityriasis versicolor,*°
cryptococcosis,'®! histoplasmosis,'92 and dermatophytosis.?®® It an important drug
against candidiasis infection for immunocompromised patients with advanced
acquired immune-deficiency syndrome (AIDS),%4 cancer patients undergoing some
chemotherapy or radiation therapy treatment,'®> and patients with high infections risk
following organ transplantation. 96

Pharmacologically,’®” FLZ presents potential and competence to destroy
yeast and fungal cell membranes like other imidazole- and triazole-class antifungals,
by inhibits the synthesis of ergosterol, the component in the fungal cell membrane.1%8
However, FLZ continuous usage is required to achieve the appropriate dosage
concentration required for an effective biological activity due to its low aqueous

solubility issue.1®®
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FIGURE 1.25 — Molecular structure of Fluconazole.

The Figure 1.25 presents the chemical structure of FLZ that differs from earlier
azole antifungals such as ketoconazole?® in that FLZ structure contains a triazole
ring instead of an imidazole ring, and serves for systemic treatment because of their
improved safety and predictable absorption when administered orally compared to
other azole antifungal that are topically administered.?* However, the bioavailability
of FLZ is as high as 90%, and the plasma protein binding is very low (12%).2°? It was
observed to present low solubility, about 4-5 mg/L at 25 °C for its polymorphs,?°® and
will require about 50-400 mg for plasma concentration via continuous oral
administration.?%4

However, due to the low aqueous solubility observed with this multifunction
drug, there is a need to improve this property. Hence, different research and studies
have reported successful breakthroughs with the syntheses of different
multicomponent solid forms and polymorphs of FLZ.2%5 The work of Alkhamis et al.,
detailed a report/summary on the syntheses of different multicomponent solid forms
of FLZ, including solvates, salt and polymorphs.?? In this contribution, four
pharmaceutical cocrystals, a salt and a polymorph of FLZ with improved
physicochemical properties such as aqueous solubility and stability were
synthesized and characterized in line with the CE methodology.?°® These cocrystals
and salt present improved and higher equilibrium solubility in different folds when

compared to the reported solubility of commercialized FLZ forms. Interestingly, this



42

thesis presents the first structurally reported salt of the antifungal drug fluconazole
with the highest reported solubility.
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2 AIMS AND OBJECTIVES

2.2 Aims

The discovery and development/manufacturing of therapeutically effective
drugs is a challenging, expensive, and complex process to the pharmaceutical
industries, in that, pharmaceutical industries seek high therapeutic and clinical
potential drugs with preferable pharmacokinetic and physicochemical properties.
Unfortunately, high percentage of important commercialized drugs present low
therapeutic activity due to less desired physicochemical and pharmacokinetic
property issues, such as low aqueous solubility, low bioavailability and chemical
instability.

This research aims to optimize the pharmacokinetic and physicochemical
properties of active pharmaceutical ingredients (APIs) belonging to the
Biopharmaceutical Classification System (BCS) class Il and IV, through the
understanding of intermolecular interactions in the context of crystal engineering
(CE) concept to design and synthesize new multicomponent solid-state functional

structures, such pharmaceutical cocrystals and salts.

2.3 Objectives

The objectives of this research (thesis) are in line with the crystal-engineering
concept for improving physicochemical properties APIs. Therefore, towards
achieving our ultimate aim, the following are the objectives of this work:

(1) To design the selections of API/coformer(s) that present high possibility of
achieving intermolecular interactions (hydrogen bond propensities) using the
multicomponent screening wizard of MERCURY program of the CSD package
and the supramolecular synthon interactions;

(2) To design simple crystallization experimental for synthesize new and
physicochemically improved solid forms of APIs, in the forms of cocrystals/salt,

with emphasis on their solubility and stability, using crystal engineering concept;
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(3) To develop an efficient analytical method for screening/monitoring phases of
supramolecular interactions such as different polymorphic phases, obtained from
complex crystallization processes using the Raman/FTIR spectroscopy
(vibrational and absorption modes) with a multivariate tool (PCA) as a
complementary tools for data analysis.

(4) To recommend the importance of multivariate analysis (analytical data analysis)
into crystal engineering concepts as a reliable tool/methodology for screening,
monitoring and detecting new supramolecular synthesis routes, and especially
the screening of new polymorphic phases.

(5) To perform structural property characterization for all obtained structure using
Raman/FTIR spectroscopy, X-ray diffraction (powder/single crystal), thermal
analysis; Differential scanning calorimeter, thermogravimetric analysis and
optical/hot-Stage microscopy, using UV spectrophotometry to determine their

equilibrium solubility.
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According to the rules of the Programa de Pds-Graduacdo em
Quimica of Universidade Federal de Sao Carlos, the Ph.D. candidate
can present and use his published papers, which bring the obtained
results during the thesis development, for the thesis defense. To do that,
the sum of the impact factors of the published papers need to be higher
than 6.0.

In this way, the obtained results and conclusions will be presented
as papers in Annexes.

Annex | brings the first paper, Fluconazolium oxalate: synthesis
and structural characterization of a highly soluble crystalline form,
published in the journal CrystEngComm, volume 21, pages 1114 to
1121, 2019. Impact factor: 3.382.

Annex Il brings the second paper, Fluconazole: Synthesis and
Structural Characterization of Four New Pharmaceutical Cocrystal
Forms, published in the journal Crystal Growth & Design, volume 19,
pages 648 to 657, 2019. Impact factor: 4.153.
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4 CONCLUSIONS AND FUTURE PERSPECTIVE

4.1 Conclusions

This doctorate thesis re-presents the importance and potentials of crystal
engineering as a dependable, established, and rapidly expanding discipline that aid
the optimization of less desired physicochemical and pharmacokinetic properties of
active pharmaceutical ingredients like solubility, dissolution rate and bioavailability.
This practice of crystal lattice modification through design/screening, intermolecular
interactions, supramolecular synthesis, monitoring and evaluation, quantification,
and characterization result into novel (optimized form) multicomponent solid forms
of previous APIs, which is eligible for patency approval under standard (regulations)
and requirements of drug control governmental agencies.

However, considering the FDA directive 2001/83/EC reports and reflection
paper published by EMEA that new generic medicinal products can contain APIs that
deviate from the originator, and therefore, the polymorphic forms of the mentioned
API variations are suitable for a generic application. It is however justifiable to say
that the four (4) new cocrystals of fluconazole, the oxalate salt of fluconazole, the
imidazolium hydrated salt of Diclofenac and the new polymorph of FLZ reported in
this report stand the chance to be candidates for generic drugs. In as much as salts
and pharmaceutical cocrystals are classified alongside polymorphs of an API, they
are therefore eligible candidates for generic applications as laid out in Article 10 (2)
(b) of directive 2001/83/EC.

In addition, the potential advantages of employing chemometric tool; principal
component analysis (PCA), tool to monitor, visualize, detect and investigate the
molecular properties of materials through decomposition of Raman/FTIR vibrational
modes (data analysis) was rewarded with a new polymorph of FLZ as reported
herein. Therefore, the credibility of this combination is its ability/potential to detect
latent trends in complex crystallization processes and aid the selection of desired
supramolecular synthesis routes compared to the conventional method of spectra

superimposition.
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4.2  Future perspective

In this thesis, crystal engineering and supramolecular chemistry present the
opportunity to redefine the physicochemical and indirectly the pharmacokinetic
properties of less desired APIs through non-covalent intermolecular interactions that
manipulates crystal lattice arrangement without altering their therapeutic/biological
activities, thus resulting into new and physicochemically improved pharmaceutical
cocrystals/salts forms with patentability right under legal guidelines. Likewise, the
application/combination of chemometric tools such as PCA for analytical purposes
was demonstrated and justified.

The recent FDA directive 2001/83/EC and reflection by EMA suggested that
new generic medicinal products can contain APIs that deviate from the originator,
and therefore, the polymorphic forms of the said API are suitable for a generic
application. In as much as pharmaceutical cocrystals are classified alongside
polymorphs of an API, the former and likes (hydrates/solvates) are therefore eligible
candidates for generic applications as explained in the Article 10 (2)(b) of directive
2001/83/EC, and the compliance of agencies like EMA and ANVISA as suggested
in their recent reflections. In addition, the approval of biowaiver approach, serves the
advantages of using salts, polymorphs, cocrystals and their diversities in generic
pharmaceutical products. However fixed dose combinations of important APIs like
Combivir (lamivudine-zidovudine)?°® and Dovato (dolutegravir-lamivudine)?°7 for HIV
and HIV-1 infections respectively, Tukysa (tucatinib, trastuzumab and
capecitabine)?®® for HER2-positive breast cancer, to mention a few, have recently
been approved.

Considering the aforementioned developments, the future perspectives and
trends in the application crystal engineering and supramolecular chemistry will focus
on the advantages and benefits of multidrug chemotherapy scheme that aim at using
existing synergistic interactions between (related/selected) APIs to design/achieve
pharmaceutical multidrug cocrystals and salts with optimized properties for diverse

multi-actions therapy against resistance strains of diseases/infections
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Fluconazole (FLZ) is ane of the most used antifungal drugs worldwide and has been the facus of various
investigations with the aim of enhancing its biomedical application. Mast of the new solid forms achieved
for this drug were determined by powder X-ray diffraction, and a few reports on polymorphs, solvates,
cocrystals, and one salt-cocrystal by single-crystal X-ray diffraction (SCXRD) are available. By considering
that FLZ is a very weak base (pk, = 176, when protonated), salt formation with this drug is expected with
the use of very strong organic acids, in order to dislocate the proton from the acid to the FLZ. To the best
of our knowledge, only one organic salt of FLZ with picric acid (pk; = 0.38) and one salt-cocrystal (male-
ate-maleic, pi;, = 192) were reported by SCXRD until now. Having in mind all the advantages that phar-
maceutical salts have in drug delivery, in this work we depict the methodology and techniques employed
to synithesize a new salt of FLZ using oxalic acid (oK, = 1.23). The screening process was initially manitored
using Raman spectroscopy, while further characterization by X-ray diffraction (powder and single crystal)
and thermal analysis (DSC and TG) was performed to confirm the new salt fluconazolium oxalate (1:1). Fi-
nally, salt equilibrium solubility studies confirmed an improvement, about 7-fold, when compared to the
commercialized active pharmaceutical ingredient (polymarph 1. In addition, this is the first reported GRAS
{generally regarded as safe) salt of the antifungal drug fluconazole.
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Despite its intense use, according to Karanam and co-
workers, FLZ is known to exhibit several polymorphic forms,
solvates, and salts, with most of them, however, being charae-

Introduction

Fluconazole  [FLZ,  2424-difluorophenyl}-1,3-bis(1H-1,2,4-
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triazole-1-y1}-2-propanol] (Scheme 1), known since 1983, is a
triazole antifungal drug, formulated in oral tablets, suspen-
sions, injectable vials, and topical cream. Its main mecha-
nism of action involves the inhibition of cytochrome P-450-
dependent 14a-sterol demethylase of lanosterol, an enzyme
belonging to the heme protein. The inhibition of this enzyme
leads to the depletion of ergosterol, a bioregulator of the
membrane integrity in fungal cells. Due to the clinical efficacy
and safety of FLZ, it has become one of the most used drugs
worldwide, capable of curing several types of fungal infec-
tions, showing maximum inhibition against Candida albicans,
and being used for treatment of dermatophyte infection
{though not specifically indicated for this)."™
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wa.lhhggmn Litis fom 235, ZIP 13560-905 Sdo Carfos - 5P, Brazil
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+ The CIF of this new salt structure was deposited in the CSD under the code
CODC 1838462 (Mluconazole oxalic scbd 1:1 salt). For costallographic data in
CIF or other electronic formmat see DOE 1001039 c8cedd 729h
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terized by powder X-ray diffraction (PXRD), Raman spectro-
scopy, and calorimetric techniques. A search in the Cam-
bridge Structural Database (version 5.39, update, Aug 2018)
showed 101 entries relative to metal complexes involving the
FLZ structure against 14 entries concerning FLZ structures
with organic molecules. These latter crystalline structures re-

fer to five polymorphs, five cocrystals (2-hydroxybenzoic acid,
malonic acid, fumaric acid, glutaric acid, and salicylic acid),

o]
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Scheme 1 Molecular structure of fluconazole and oxalic acid.
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one solvate (ethyl acetate), one monohydrate, one salt (picric
acid), and one salt-cocrystal (maleate-maleic).*"*

FLZ exhibits three main polymorphic forms, namely I, II,
and IT1, and four more recent ones reported by Karanam and
co-workers, namely IV, V, VI, and VIL® Among the three well-
known polymorphic forms, FLZ form 11 is the commercialized
one, form [ is the most stable, and form I is the most solu-
ble. Interconversion is observed to occur from form II to [ un-
der compression. Form I and the monohydrate are the most
stable ones. The FLZ solubility is slightly pH dependent, in
such a fashion that the most common forms of this drug are
not very soluble in water (5 mg mL™).'"™'®'" By considering
that the stability of the crystalline form and the low agqueous
solubility for drugs are two of the main causes of bioavailabil-
ity profile issues, together with low permeability, Kastelic and
co-workers'*™"* reported new cocrystals of FLZ, in an attempt
to enhance its aqueous solubility and to achieve a stable con-
formation. Only one study until now reported FLZ salt forma-
tion."® This lack of reports on organic salts can be associated
with the fact that FLZ is a very weak base (pK, = 1.76, conju-
wated acid, at 24 °C),” and therefore, salt formation could be
observed only with the use of very strong acids, since the
drug molecule will be essentially non-protonated at pH values
above 3.5.

Having in mind that the use of salts of active pharmaceu-
tical ingredients (APIs) or pharmaceutical salts has been, over
the years, the primary approach applied by industries to im-
prove the physicochemical properties of crystalline drugs,
such as stability, solubility, and the dissolution rate,"*™" our
research group has devoted efforts toward finding suitable
coformers capable of forming new FLZ organic salts. It is
worth mentioning that by suitable we mean coformers not
only exhibiting desirable hydrogen donor and acceptor
groups, but also belonging to the list of substances generally
regarded as safe (GRAS)™ to be utilized in drug formulations,
released by the Food and Drug Administration (FDA) or listed
under EAFUS (everything added to food in the United
States).”® In this sense, the organic salt with picric acid
reported in 2010 by Dutkiewicz and co-workers'* does not ful-
fill the criteria for pharmaceutical application, since picric
acid is not in the GRAS list. To accomplish our goal, crystal
engineering (CE) principles,” ™ the ApK, rule,”' and the
tools available in the Mercury™ program for multi-
component screening were applied. The CE principles used
were based on the context of supramolecular chemistry
(synthon interaction of hydrogen bonding). Herein we con-
sidered all the reported crystalline structures of FLZ and
studied the geometry of the molecule and the main fune-
tional groups capable of forming hydrogen bonds. The pK,
rule states that salts will be preferably formed when the ApK,
value (ApK, = pK,__, - pK,_,) among the cocrystallizing
agents is higher than 1; however, due to the low pK, of FLZ,
we considered for the experiments coformers having pk,
values below the FLZ pk, (=1.92).

The suitable coformers were selected from a predefined
list available in the Mercury’® program. This program be-
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longs to the Cambridge Structural Database System and thus
allows visualization and investigation of all crystalline struc-
tures deposited in the CSD.” In the CSD-materials package, it
is possible to perform structural searches for identifying/
quantifying motifs (predefined or drawn) occurring between
specific functional groups, calculate crystal packing similari-
ties (isostructural compounds), determine hydrogen bond
propensities to assess polymorphism occurrence, analyze hy-
drate crystal structures, etc. For this work, the two tools used
were the Generating Conformers, which allows assessment of
the possible conformers (Le. possible conformations of the
FLZ molecule) to determine the crystalline structure based on
geometrical statistics from the CSD, and the Mult-
component Screening tool, which allows selection of the best
coformers with basis in molecular complementarity. From
the screening (depicted in detail in the Experimental screen-
ing section, see the Materials and methods section), three
coformers emerged: oxalic acid, etidronic acid, and urea (pk,
values of 1.23,** 1.35* and 0.1 (ref. 35) for the conjugated
acid of urea, respectively). All the three coformers were tested
for cocrystallization. Since the pK, of urea is related to its
conjugated acid, the formation of a salt was not expected.
Only the salt with oxalic acid was obtained. The existence of
the oxalate salt of FLZ was mentioned by Karanam and co-
workers in 2011,% but no crystalline structure was depicted.
Herein, we depict the methodologies and techniques
employed to synthesize the 1:1 oxalate salt of FLZ. Raman
spectroscopy was used to monitor the formation of new crys-
talline structures, while further characterization by X-ray dif-
fraction (powder and single crystal) and thermal analysis
(DSC and TG) was performed to confirm the salt properties
and molecular structure. Finally, the salt equilibrium solubil-
ity study was performed and the result was compared with
the values exhibited by other forms.

Materials and methods

Materials

A raw FLZ active pharmaceutical ingredient of pharmaceuti-
cal grade (form II, >99.0%, Brundavan Laboratories Ltd.) was
purchased from a local drugstore in S0 Carlos, Sao Paulo
(Brazil) and was used without further purification. However,
FLZ form II rapidly converts to its monohydrate form when
exposed to room temperature and humidity.”” Oxalic acid
dihydrate was purchased from Sigma-Aldrich Chemical Com-
pany with >99% purity (analytical reagent grade). Ultrapure
deionized water was obtained from a Milli-Q system (18.2
m{} e¢m), while HPLC grade solvents like acetonitrile and
methanol were purchased from J.T Bakers Lid.

Experimental sereening

The possibility of achieving an ionic interaction between FLZ
and a coformer towards synthesizing a salt of FLZ began with
the coformer selection, using the Generating Conformers and
the Multi-component Screening tools available in the Mer-
curyn software, as mentioned in the Introduction section.

CrystEngCormm, 2018, 21, 1114-1121 | 1115
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Firstly, we calculated the possible conformers for FLZ in the
Generating Conformers tool, considering as the starting
point the crystalline structure of the polymorph under
refecode IVUQOF, reported by Caira and co-workers'" This
initial calculation resulted in 171 possible configurations for
the FLZ molecule. In sequence, the Multi~component Screen-
ing tool was applied, in such a fashion that each FLZ
confomer generated was matched with the list of coformers
available in the program. It is worth mentioning that the re-
sults obtained from the Multi-component Screening tool (hit
rates ranging from 100% to 0%) were designed for cocrystal
screening.® In this sense, as the main goal of this work was
to select possible coformers for salt formation, then the
coformers with minimum or no possibility of forming
cocrystals (Le. those with hit rates of 0% or close to it) were
selected. These two tools were also applied for the other poly-
morphs deposited in the CSD and three coformers emerged:
oxalic acid (OXL), etidronic acid (ETD), and urea. Here, sol-
vent crystallization of different stoichiometric ratios of FLZ
and the selected coformers was performed; 1:1, 1:2, 1:3, 2:
1, 2:3, 3:1 and 3:2 were tested using solvent mixtures of
acetonitrile/water (1:1 vjv) and methanol/water (1:1 vjv). Ra-
man spectroscopy was employed as the first characterization
tool in order to evaluate products with different spectra when
compared to the reactants (FLZ, OXL, ETD, and urea), by
comparing the fingerprint regions of the Raman spectra.
Changes in the spectra were taken as evidence for the new
chemical environment in the solids (new interactions). Only
the 1:1 FLZ salt with OXL salt was successfully obtained.

Crystallization of fluconazolium oxalate salt (1:1)

The salt was synthesized from a 1:1 molar ratio of flucona-
zole (0.1 mmol] and oxalic acid dihydrate (0.1 mmol]),
dissolved in 3 mL of a water: methanol (2:3 v/v] solution,
and stirred for 10 minutes, and the resulting solution was left
at 25 °C to slowly evaporate. Suitable erystals for single crys-
tal X-ray diffraction were obtained in the system after 48
hours. The crystals were filtered off, dried and stored in a
plastic sample holder for further structural characterization
use.

Raman speciroscopy

The Raman spectra were collected using a B&AW Tek BWS
415-785H Raman spectrometer coupled to a B&W Tek BAC
151B microscope and an excitation laser with a wavelength of
785 nm, a speciral resolution of 3.5 cm™, an acquisition time
of 120 s, a spectral range of 200-2180 em™, and a laser power
of 70 mW, managed by the BWSpec4.03 software. This vibra-
tional spectroscopic technique aids in a quick screening and
acts as the first tool for detecting evidence of new crystalline
structures.

Powder X-ray diffraction (PXRD)

X-ray powder diffraction analysis of partially milled crystal
powder was performed on a Multiflex X-ray diffractometer

1116 | CrystEngComm, 2018, 21, 1114-1121
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(Rigaku Corporation, Tokyo, Japan), using copper (Cu) Ko ra-
diation (1.54 A), a voltage of 40 kV and a current of 30 mA.
The samples were scanned from 5° to 45° (26), with a step
size of 0.2° ¢ per minute at a scan rate of 2° min™" to provide
structural information and the degree of crystallinity.

Single erystal X-ray diffraction

Crystallographic data collection for FLZ-OXL 1:1 was
performed at 298 + 2 K on a Bruker Super-Duo APEX II CCD
diffractometer using MoKa radiation (0.71073 A). The strue-
ture was solved by direct methods utilizing the WingX*” and
0lex2 (ref. 38) software packages, and the model obtained
was refined by full-matrix least squares on F* (SHELXTL-2015
(ref. 39)). All the hydrogen atoms were placed in caleulated
positions and refined with fixed individual displacement
parameters [Uio(H) = 1.2U; or 1.5U.,] according to the riding
maodel (C-H bond lengths of 0.97 A and 0.96 A, for methylene
and methyl groups, respectively). The 05 oxygen atom is dis~
ordered over two positions showing 50% occupancy each. Fi-
nally, the programs Mercury (version 3.10.2)” and ORTEP-3
(ref. 40) were also used within the WingX v1.70.01 (ref. 37)
program package, to prepare the crystallographic information
file (CIF) of the salt and its artwork representation for
publication.

Thermal analysis (DSC and TG)

The thermal properties of the salt sample were evaluated on
a differential scanning calorimeter Netzsch DSC 204 with the
sample placed inside a 40 pL AlLO; pan crucible with a
pierced cover alongside an empty reference pan. The system
was employed over a temperature range from 25 °C to 340 °C
at a heating rate of 10 °C min™" under N, gas (with a fixed
flow rate of 2 ml min™), to determine the melting point and
purity level of the new salts. Also, the thermogravimetric
analysis (TGA) of the sample was performed using a Netzsch
TG 209 F1 instrument, using an Al,0; crucible with the sam-
ple and a reference pan under N, gas (flow rate of 2 ml
min~"), at a heating rate of 10 *C min™" in a fixed range of 60
°C to 320 °C. The sample’s melting and degradation points
were both determined.

Hot-stage polarized optical microscopy

Hot-stage microscopy (HSM) was performed on a Linkam
T95-PE device coupled to a Leica DM2500P optical micro-
scope. Images were recorded using a CCD camera at-
tached to the microscope at time intervals of 10-30 s. Sin-
gle crystals of fluconazolium oxalate were heated at
constant rates of 5 and 10 °C min™ over a temperature
range from 25 °C until the melting/decomposition of the
crystals. Both heating and acquisition of the images were
controlled uwsing the Lynksys 32 software package (version
1.96).
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Equilibrium salt solubility studies

The solubility of the FLZ oxalate salt was determined using a
Uv-vis 1800 Shimadzu spectrophotometer. The calibration
curve was prepared using standard solutions of FLX-OXL
from 0.067 to 0.539 mg ml™, analyzed at i, = 261 nm,
which presented absorbance values between 0.103 and 0.969
A.U. and a determination coefficient (R*) of 0.9966. In order
to measure the solubility, an aqueous saturated solution of
FLX-OXL (40.3 mg ml™, with precipitated solid) was left for
48 hours under magnetic stirring at room temperature and
allowed to rest for 12 hours. The solution was centrifuged
and filtered to remove the excess solid salt and a dilution (40
times) was performed until an appropriate absorbance value
[0.443 A.U.) was obtained. After that, the absorbance mea-
surement of the diluted solution from the saturated solution
was used to gquantify the amount of solubilized FLZ-OXL,
considering the dilution factor.

Stability study

A sample containing 6.69 mg of fluconazolium oxalate was
stored in a sealed glass desiceator with saturated sodium
chloride solution at the bottom, placed inside an oven and
kept at 40 °C. Under these conditions, the relative humidity
(RH]) is 75%. This system was kept at 40 °C for 7 days, in or-
der to evaluate the stability of the crystalline structure. Every
24 h, the sample was weighed. At the end, the sample was
subjected to PXRD analysis.

Results and discussion
Structure determination and description

Table 1 exhibits the main erystallographic data of
fluconazolium oxalate (FLZ-0XL). Fig. 1 exhibits the ORTEP-
3 (ref. 37) type view of the asymmetric unit.

The salt crystallizes in the monoclinic space group F2,/c
with one (FLZ) [oxalate]” ionic pair in the asymmetric unit
(Fig. 1). In this salt, each FLZ cation interacts with two oxa-
late anions through one N*-H---0~ hydrogen bond, involving
the triazlyl 4-nitrogen atom of the FLZ molecule and the C-
O carboxylate group of the oxalate fragment, and one O-
H:--0 hydrogen bond, involving the carbonyl group of the

Table 1 Crystal data and structure refinement for fluconazolium oxalate

Empirical formula CuHy PN 07, CHO,
Crystal system Monoclinic
SpPr_‘: group P2

alk 5.6109(6)
BA 14.9140(18)
oA 20.848(3)
fie 96.566(6)
VolumefA® 1733.1(3)
Fd 4

Peate g €1 L5190
Goodness-of-fit on F* 1047

Final E indices [I = 24{1)]
Final R indices [all data]
Largest diff. peakfholefe A™

R, = 0.0351, wR, = 0.1279
R, = 0.1326, wR, = 0.1579
0.21/-0.25

This journal is © The Royal Society of Chemistry 2019

Fig. 1 ORTEP-3 (ref. 40) representation of fluconazolium oxalate.

FLZ cation and the C-0 hydroxyl group of the oxalate frag-
ment (Fig. 2a). Here, these interactions result in the forma-
tion of a centrosymmetric ring with a graph-set notation
R}(29), shown in blue in Fig. 2b. As a consequence of the 2,-
screw symmetry, these rings are stacked along the [010] direc-
tion, in such a fashion that strong non-classical hydrogen
bonds of types C-H---N and C-H---F are the ones responsible
for maintaining the crystalline packing (Table 2). In addition,
because the oxalate anions are connected to each other via
0-H---0 intermolecular interactions, which are repeated
along the [100] direction, the ring motifs are also stacked
along this same direction (Fig. 2c). The = staking interactions
are not observed between the aromatic rings of the FLZ
molecule.

Raman spectroscopy characterization

The FLZ salt reported here was prepared from 1:1 molar ra-
tio of FLZ and oxalic acid dihydrate in a solution mixture of

1. g’;ﬁg
T, .-

1 N 0
L] e

&

Fig. 2 f[a] Unit cell fragment showing the main intermolecular
interactions; (b) motif generated from the H-bonds; ic) crystalline
packing of FLX-OXL along the be plane.
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Table 2 Hydrogen-bond geometry (A, ¢ in the crystal structure of
fluconazolium oxalate

D-H D-A H-A D-H-A
Interaction  (A) [A) (A) () Sym. code

N3H3---02 1030 2.650(3) 1.633 16800 xyz

O1H1---05 0938  2.72(2) 1.930 140.89 -—x,-y,-z+1
O4H4---03 0938 2.517(3) 1.589 169.20 x+1,+4y, +z
C4H4---F2 1080 3.522(5) 2745 12861 -x+1,-y,—=
CEHE---N6 1080 3.128(4) 2.455 11925 —x, +p+12,-—z+1f2
CeHE--N2  L0S0  3.414(4) 2450 14801 x-1,4y, +z

water and methanol. However, this crystallization process
sometimes resulted in the formation of unwanted needle-like
FLZ monochydrate (FLZ-HYD) erystals,'"® explaining the dis-
crepancy encountered during the screening process for differ-
ent stoichiometric ratios of FLZ/OXL. Raman spectroscopy
serves as a quick characterization technique and allows mon-
itoring of the synthesis of the homogenous yield.

The spectra obtained from Raman spectroscopy (Fig. 3)
confirm the changes in the chemical environment of the FLZ
oxalate salt when compared to the FLZ and oxalic acid
dihydrate spectra in the fingerprint region of the Raman shift
range 200-1500 cm'. The spectrum of the salt presents a
shift in the peak position and the presence of new peaks,
when compared to the FLZ-HYD and FLZ spectra, between
the 270-370 cm™ range and at 1000 cm™". Several peaks ob-
served for the FLZ-OXL spectrum show shifts in their posi-
tion and intensity, when compared to the FLZ-HYD (contami-
nant form encountered during crystallization steps), pure
FLZ and OXL acid spectra. Hence, this vibrational behavior
observed for the FLZ-OXL crystals strongly indicates the for-
mation of new interactions and the possibility of the forma-
tion of an oxalate-FLZ multicomponent product.

Powder X-ray diffraction (PXRD)

The determination of the degree of crystallinity and phase
identification of the fluconazolium oxalate were carried out

Flugenazelium
oxalate

Intensity

Oxalic acid

Raman shift {cm’}
Fig. 3 Raman spectra of fluconazole, owxalic acid dihydrate,
fluconazole monohydrate (contaminant) and fluconazolium oxalate.
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by comparing its experimental powder diffraction pattern
with the ones for FLZ and oxalic acid dihydrate. The calcu-
lated PXRD pattern obtained from the single-crystal study
was also included (Fig. 4).

The experimental diffractograms of the starting materials
are consistent with the ones reported in the literature, where
the fluconazole diffractogram shows the presence of peaks of
the monohydrate and form II, due to the fast interconver-
sion.”” The presence of characteristic reflections in the dif-
fraction pattern of the fluconazolium oxalate reveals the new-
ness of its crystalline phase, which is observed to be different
from its precursors. In addition, the experimental and the
calculated diffraction patterns are in good agreement with
each other, thus confirming the newness and the purity of
the synthesized salt.

Thermal characterization (DSC and TGA)

The results obtained from thermal characterization (DSC and
TGA) confirm the newness of this oxalate salt of FLZ by
unveiling the details of its physicochemical properties, like
the melting point, thermal stability, composition, and degra-
dation point. Fig. 5 shows the comparison of the DSC curves
obtained for OXL, FLZ and the FLZ-OXL salt.

The dehydration of OXL acid presents a broad peak be-
tween 50 °C and 110 °C, as expected, and the melting point
and degradation at 195.40 ®C. The FLZ thermogram presents
two peaks, at 102.8 °C and at 139.3 ®C, with the initial peak
indicating the presence of some amount of the hydrate form,
since the hydrate collapses and starts to lose water around 90
oC." Thus, the thermal results obtained for the starting ma-
terials (FLZ and oxalic acid dihydrate) were consistent with
previous reports in the literature and observed to be different
from the DSC curve presented by the fluconazolium oxalate,
which exhibited a sharp peak at 188.5 °C, with a neck peak at
205 °C, and uniform degradation at 300 °C. This result indi-
cates a higher stability of the fluconazolium oxalate when
compared with that of the FLZ free base.

5 EXPERIMENTAL
E Fluconazolium oxalate
E
5
=
Fluconazok
NS w——
Omalic
acid
T T i = L) = 2

2-theta
Fig. 4 Powder X-ray diffraction patterns of fluconazoliuum oxalate
(calculated and experimental), FLZ and oxalic acid dihydrate.
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Oualic acid dihydrate

ﬂ Fluconazolium oxalate
“ H "l Fluconazole

T o TS by il T
Temperature ("C)

Fig. 5 DSC thermogram peaks observed for the fluconazolium

oxalate, pure FLZ and oxalic acid dihydrate. Images at different

temperatures were obtained by hot-stage analysis of the

fluconazolium oxalate.

Endothermal Wygim

Fig. 6 shows the TGA curves of FLZ and the synthesized
FLZ-0XL salt. The thermal instability of FLZ due to its hygro-
scopic nature was observed with about 5% mass loss due to
the loss of water molecules from below 50 °C to 115 @C, and
its stability was maintained uniformly until 225 °C before
showing a steep degradation curve. This loss of water should
be a combination of adsorption and crystallization water,
since the DSC result shows a peak of the hydrate form at
102.8 *C, however the loss of water starts below 50 2C. The
oxalate salt of FLZ presents a homogeneous composition with
a better thermal stability and without a hygroscopic tendency
compared to the pure FLZ, which forms hydrate easily. The
fluconazolium oxalate shows around 1% mass loss from 50
°C to around 170 °C before showing a steep loss of mass and
eventually starting to degrade uniformly. Comparing the TGA
and DSC results it's possible to find that around 175 °C the
crystal FLZ-0XL is collapsed followed by the degradation of
the OXL at this temperature, as indicated by the hot-stage im-
ages in Fig. 5. The next loss of mass is related to the decom-

Mass (mg) %
B

Fluconazolium oxalate

——Fluconazole
T TED 200 250 L)
Temperature (°C)

Fig. & TGA comparisons of pure FLZ and FLZ-OXL salt.
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Table 3 Agueous equilibrium sclubility of the FLZ salt in comparison
with the commercialized poltymorph

Water

MWL solubility % of Solubility in terms

(gmol™) (mgmL™) FLZ  of FLZ (mg mL™)
Form [ 306.27 4.29 100 4.29 (ref. 17)
Form II 306.27 4.6 100 4.6 (ref. 17)
Form [T 306.27 5.0 100 5.0 (ref. 16)
Monohydrate 324,27 3.56 (ref. 17) 9444 336
FLZ sample 306.27 1.97 100 197
FLZ-OXL 396.30 17.87 77.28 13.81

position of the FLZ present in the FLZ-OXL, starting around
200 *C.

Equilibrium aqueous solubility study
Solubility in water is an important physicochemical parame-
ter to consider during the preparation of new chemical entity
candidates for new APlIs. Besides that, solubility often deter-
mines the bioavailability of the drug in the body and for this
reason, it has a close relationship with pharmacological re-
sponse.*® For FLZ, the synthesis of new pharmaceutical salts
is very attractive since this API is slightly soluble in water and
also presents polymorphism and stability issues due to its hy-
groscopic character. Table 3 shows the aqueous solubility
values exhibited for the most common forms of FLZ from the
literature, namely, anhydrate forms I, II, and III, and the
monohydrate one.'™*®17

The results from the solubility studies for the purchased
sample of FLZ (equivalent to anhydrate form II) and the
fluconazolium oxalate are also available in this table. As can
be seen, the aqueous solubility value found for the raw FLZ
used in the experiments was found to be smaller than the
value found in the literature for form 1L On the other hand,
fluconazolium oxalate showed to be 7 times more soluble in
water when compared with the raw material API used in the
experiments, using the same methodology to measure the

CALCULATED
n Fluconazolinm axalate

EXPERIMENTAL

h \ H Fluconazolium axakato

Relative Intensity

Flucenazclium caalate

R

10 15 20 28 ko 35 40
2-theta

Fig. 7 PXRD of fluconazolium oxalate after one week under RH 75%.
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solubility. Considering that oxalic acid fulfills the GRAS
criteria for use in drug formulations, this result suggests that
this salt could be a suitable candidate for novel FLZ pharma-
ceutical formulations with improved solubiliry.

Stability study

The one-week stability evaluation of fluconazolium oxalate
does not show a significant mass increase, using a conven-
tional hygroscopicity method.** As can be seen in Fig. 7, no
changes in the PXRD pattern were observed after this study.
In this way, it is possible to conclude that this salt is capable
of avoiding the hygroscopicity associated with the pure FLZ
polymorphs.

Conclusions

The fluconazolium oxalate reported in this paper is a great
example of crystal engineering application. By making use of
structural tools, it was possible to select coformers belonging
to the GRAS/EAFUS list and find conditions to synthesize the
first GRAS organic salt of the antifungal drug fluconazole. Al-
though this drug presents several published polymorphs, sol-
vates, and cocrystals, and also one organic salt with picric
acid (not GRAS), because FLZ is a very weak base, it requires
very strong acids to be able to perform its protonation and
also requires that these acid molecules exhibit geometrical
features that allow a suitable tridimensional crystalline ar-
rangement. Although three potential coformers were found
in the initial screening (oxalic acid, etidronic acid, and urea),
only the oxalic acid generated suitable crystals. The salt
reported herein meets the drug standards of the FDA, as
shown through different characterization technigues using
Raman spectroscopy, DSC, and TGA and structural descrip-
tions using powder and single crystal XRD. The predicted
aqueous solubility of the salt showed a better solubility (7
times higher) when compared to that of the commercialized
FLZ. This solubility value is also the highest achieved at pres-
ent, at least to the best of our knowledge, for FLZ structures.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This study was financially supported in part by the
Coordenacio de Aperfeicoamento de Pessoal de Nivel Supe-
rior - Brasil (CAPES) - Finance Code 001 (C. C. P. 5. and M. S.
5, CNPq (J. E. #305190/2017-2), and FAPESP (R. L. C. 2010/
16520-5 and L. F. D. 2015/25694-0), and students of the LIEC
UFSCar are acknowledged for their assistance in the facilities
used in this research work.

References

1 J. N. Galgiani, Fluconazole, a new antifungal agent, Ann.
Intern. Med., 1990, 113(3), 177-179.

1120 | CrystEngCornm, 2019, 2, 11141121

10

11

12

13

14

15

16

17

View Article Online

CrystEngComm

M. A Ghannoum and L. B. Rice, Clin. Microbiol Rev.,
1999, 12(4), 501-517.

R. H. Haubrich, D. Haghighat, S. A. Bozzette, ]. Tilles, J. A
MeCutchan and C. C. T. Group, High-dose fluconazole for
treatment of cryptococcal disease in patients with human
immunodeficiency virus  infection, J Imfect. Dis.,
1994, 170(1), 238-242.

Z-W. Yao, X. Lu, C. Shen and D.F. Lin, Comparison of
flueytosine and fluconazole combined with amphotericin B
for the treatment of HIV-associated eryptococeal meningitis:
a systematic review and meta-analysis, Eur. J. Clin. Microbiol.
Infect. Dis., 2014, 33(8), 1339-1344.

E. Nalintya, R. Kiggundu and D. Meya, Evolution of
cryptococcal antigen testing: what is new?, Cwrr. Fumgal
Infect. Rep., 2016, 10{2), 62-67.

A. K. Gupta and E. A. Cooper, Update in Antifungal therapy
of dermatophytosis, Mycopathologia., 2008, 166, 353-367.

A. K. Gupta, K. A. Foley and S. G. Versteeg, New antifungal
agents and new formulations against dermatophytes,
Mycopathologia., 2017, 182(1-2), 127-141.

M. Karanam, 8. Dev and A. R. Choudhury, New polymorphs
of fluconazole: Results from cocrystallization experiments,
Cryst. Growth Des., 2011, 12(1), 240-252.

F. H. Allen, The Cambridge Structural Database: a quarter of
a million crystal structures and rising, Acta Crystallogr., Sect.
B: Struct. Sci., 2002, 58(3), 380-388,

M. R. Caira, K. A. Alkhamis and R. M. Obaidat, Preparation
and Crystal Characterization of a Polymorph, a
Monohydrate, and an Ethyl Acetate Solvate of the Antifungal
Fluconazole, J. Pharm. Sci., 2004, 93(3), 601-611.

X ] Gu and W. Jiang, Characterization of
polymoprhic  forms  of fluconazole using  fourier
transform  Raman  spectroscopy, J. Pharm  Sei,

1995, 84(12), 1438-1441.

J. E. Kastelic, Z L Hodnik, P. Sket, ]. Plavee, N. Lah, L
Leban, M. Pajk, 0. PlaninSek and D. Kikelj, Fluconazole
cocrystals with dicarboxylic acids, Cryst. Growth Des.,
2010, 10(11), 4943-4953.

J. Kastelic, N. Lah, D. Kikelj and I Leban, A 1: 1
cocrystal of fluconazole with salieylic acid, Acta
Crystallogr., Sect. C: Cryst. Struct. Commun., 2011, 67(9),
0370=-0372.

]. Kastelic, D. Kikelj, L. Leban and N. Lah, Fluconazole-
malonic acid, Acta Crystallogr., Sect. E: Struct. Rep. Online,
2013, 69, 037E-0379.

G. Dutkiewicz, C. 5. C. Kumar, H. 5. Yathirajan, B. Narayna
and M. Kubicki, Fluzonazolium picrate, Acta Crystallogr.,
Sect. E: Struct. Rep. Online, 2010, 66{10), 02568,

N. Charoo, R. Cristofoletti, A. Graham, P. Lartey, B.
Abrahansson, D. W. Groot, 5. Kopp, P. Langguth, ]. Polli,
V. P. Shah and ]. Dressman, Biowaiver monograph for
immediate-release solid oral dosage forms: fluconazole,
J. Pharm. Sei., 2014, 103, 3843-3858.

K. A. Alkhamis, &. A. Obaidat and A. F. Nuseirat, Solid-state
chacarcterization of fluconazole, Pharm. Dev. Technol,
2002, 7(4), 491-503.

This journal is © The Royal Sadiety of Chermistry 2019

65



Published on 02 Jameary 2019, Downloaded by UNIVERSIDADE FEDERAL SAQ CARLOS on $/28/2020 6:22:17 PM,

CrystEngComm

18

19

20

21

22

23

24

25

26

27

28

29

A. D. Bond, in Pharmaceutical salts and cocrystals, ed. ].
Wouters and L. Quéré, Roval Society of Chemistry,
Cambridge, UK, 2012, ch. 2, pp. 9-28.

A. Patel, 8. A. Jones, A. Ferro and N. Patel, Pharmaceutical
salts: a formulation trick or a clinical conundrum?, Br. J.
Cardiol., 2009, 16(6), 281-286.

A. Samie, G. R. Desiraju and M. Banik, Salts and Cocrystals
of the Antidiabetic Drugs Gliclazide, Tolbutamide, and
Glipizide: Solubility Enhancements through Drug-Coformer
Interactions, Cryst. Growth Des., 2017, 17(5), 2406-2417.

S. Hiendrawan, E. Widjojokusumo, B. Veriansyah and R R
Tjandrawinata, Pharmaceutical Salts of Carvedilol:
Polymorphism and Physicochemical Properties, AAPS
PharmSciTech, 2017, 18(4), 1417-1425.

G. Bolla and A. Nangia, Clofazimine mesylate: a high
solubility stable salt, Cryst. Growth Des, 2012, 12(12),
6250-6259.

K. Suresh and A. Mangia, Lornoxicam salts: erystal
structures, conformations, and selubility, Cryst. Growth Des.,
2014, 14(6), 2945-2953.

S. Basavoju, D. Bostrém and S. P. Velaga, Pharmaceutical
cocrystal and salts of norfloxacin, Cryst. Growth Des.,
2006, 6{12), 2699-2708.

US-FDA Select Committee on GRAS Substances (SCOGS)
Database:  https://www.fda.gov/Food/
IngredientsPackagingLabeling/GRAS/SCOGS/default.htm
(aceess in Nov. 2018).

US-FDA, Everything added to food in the United States
(EAFUS) list of chemicals published by the US-FDA: https:j/
www.accessdata.fda.gov/scripts/fdec/index.cfm?set=
FoodSubstancesksort=Sortterm&order=ASC&showAll=
true&type=basic&search= (access: Nov. 2018).

E. R. T. Tiekink, Adventures in crystal engineering, In: Great
thinkers, great minds: Sumway University Professional Lecture
Serfes, Sunway University Press, Sunway City, Malaysia, 2018,
pp. 185-213.

G. R. Desiraju, Crystal Engineering: the design of organic
solids, . Appl. Crystallogr., 1991, 24, 265.

B. Moulton and M. J. Zaworotko, From molecules to erystal
engineering: supramolecular isomerism and polymorphism
in network solids, Chem. Rev., 2001, 101(6), 1629-1658.

This journal is © The Royal Society of Chermistry 2019

0

ES |

E

33

34

i5

36

7

k]

39

40

41

42

View Article Online

Paper

C. B. Aakeroy and K. R. Seddon, The hydrogen bond and
crystal engineering, Chem. Soc. Rev., 1993, 22(6), 397-407.

8. L. Childs, G. P. Stahly and A. Park, The salt-cocrystal con-
tinuum: the influence of erystal structure on ionization state,
Mol. Pharmaceutics, 2007, 4(3), 323-338.

C. F. Macrae, L ]. Bruno, ]. A. Chisholm, P. R. Edgington, P.
McCabe, E. Pideock, L. Rodriguez-Monge, R. Taylor, ]. van
de Streek and P. A. Wood, Mercury CSD 2.0 - New Features
for the Visualization and Investigation of Crystal Structures,
I Appl. Crystallogr., 2008, 41, 466—470.

M. F. Othman, N. Anuar, 5. Ad. Rahman and N. A A
Taifuddin, Corystal screening of ibuprofen with oxalic acid
and citric acid via grinding method, IOP Conf. Ser.. Mater.
Sci. Eng., 2018, 358, 1-06.

A. M. Pansuriya, M. M. Savant, C. V. Bhuva, J. Singh and
¥. Y. Naliapara, Ome-pot synthesis of S-carboxanilide-
dihydropyrimidinones using  etidronic  acid, ARKIVOC,
2009, 7, 79-85.

P. Das, A. Maity and U. K. Yelury, Co-crystals - a rising hori-
zon for formulating poorly soluble drugs, fournal of Pharma-
ceutical Advanced Research, 2018, 1(6), 292-305.
https:/fwww.cede.cam.ac.uk/support-and-resources/
coderesources/mercury.pdf.

L. ]. Farrugia, WinGX and ORTEP for windows: an update,
I Appl. Crystallogr., 2012, 45, 849-854,

0. V. Dolomanov, L. ]. Bourhis, R. ]. Gildea, ]. A. K. Howard
and H. Puschmann, OLEX2: A complete structure solution,
refinement and analysis program, J. Appl Crystallogr.,
2009, 42, 339-341.

G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Adv.,
2015, 71, 3-8.

L. ]. Farrugia, ORTEP-3 for Windows - a version of ORTEP-
I with a graphical user interface (GUI), J. Appl. Crystallogr.,
1997, 30, 565-565.

K. T. Savjani, A. K. Gajjar and ]. K. Savjani, Drug Solubility:
Importance and Enhancement Techniques, ISRN Pharm.,
2012, 2012, 195727,

5. K. Nechipadappu, V. Tekuri and D. R Trivedi,
Pharmaceutical co-crystal of flufenamie acid: synthesis and
characterization of two novel drug-drug co-crystal, J. Pharm.
Sci., 2017, 106(5), 1384-1390.

CrystEngCormm, 2009, 21, 1114-1121 | 1121

66



aringzuidelines For options on how 1o legitimately share published articles,

Downloaded via UNIV FED DE SAOQ CARLOS on May 28, 2020 @ 17:23:22 {UTC).

See hitps:#pubs.acs, or g

ANNEX I

CRYSTAL

GROWTH
SDESIGN

% Cite This: Cryst. Growth Des. 2019, 19, 648-657

pubs.acs.orgferystal

Fluconazole: Synthesis and Structural Characterization of Four New

Pharmaceutical Cocrystal Forms

Bolaji C. Dayo Dwnyemi,j Cecilia C. P. da Silva,{ Matheus S. Su:uu;i:a,t Luan F. ]:‘lliniz,:c Javier Ellena1.t

and Renato L. Carneiro™'

'Department of Chemistry, Federal University of 830 Carlos — UFSCar, Rod. Washi.ngmn Luis km 235, 13.560-905, S3o Carlos, 330

Paulo, Brazil

*Instituto de Fisica de 3o Carlos, Universidade de $io Paulo, CP 369, 13.560-970, Sio Carlos, S3o Paulo, Brazil

[<] Supporting Information

ABSTRACT: Pharmaceutical cocrystals have emerged over the past several decades as
an alternative path for synthesizing stable and/or improved crystalline forms of active
pharmaceutical ingredients. In this contribution, we developed a reproducible
cocrystallization path for the supramolecular synthesis of four new pharmaceutical
coerystal forms of fluconazole (FLZ), an antifungal multifunctional drug: fluconazole—
fumaric acid monchydrate (1:1:1), fluconazole—malic acid (1:1), fluconazole—
dipicolinic acid (1:1), and fluconazole—adipic acid (1:1). All the new cocrystals were
characterized by powder/single-crystal X-ray diffraction, Raman, Fourier transform
infrared spectroscopy, differential scanning calorimetry/thermogravimetric analysis, and

LowW
"
(5]

AP

o

l—| SOLUBILITY Fﬂﬂfll.l—lL

hot-stage polarized optical microscopy, and their water solubility was d ined.
Structurally, although the coformers were different, the same strong O—H-N hydrogen

bond between the FLZ molecule and the coformers was observed. The aqueous solubility studies revealed that all the cocrystals
were found to exhibit improved aqueous solubility when compared to the commercialized FLZ polymorph.

1. INTRODUCTION

Oral solid drug research, discovery, and development are
challenging, expensive, and complex processtﬂ_’ This is
because the pharmaceutical industries seek active pharmaceut-
ical ingredients (APIs)® with high therapeutic and clinical
potential through preferable pharmacokinetic® and physico-
chemical properties, such as high permeability,” high aqueous
solubility,” fast dissolution rate,” physical stability,” bioavail-
ability,” and extended shelf life.* Obviously, not all marketed
drugs achieve all of these parameters, and, for this reason, there
is a vast scientific work toward finding new solid forms of APls,
in particular, for those exhibiting aqueous solubility issues.
Drugs presenting low water solubility will pose low therapeutic
effectiveness when orally administered ™" In this sense, over
the years, different techniques have been developed to enhance
the final clinical/dosage efficiency of APls in their solid-state
form, such as formulation approaches; particle size reduc-
tion;'! nanocrystal approach; : amorphizatiocn,-” synthesis of
an API salt' or coerystal;'* and use of different polymcrphs.“‘

The raEid growth and establishment of crystal engineering
(CE)""™" methodologies, in the context of the supramolecular
chemistry™*" field, have stood out by providing a progressive
contribution to the pharmaceutical industry. This success is
based on the ability to apply CE's methodologies to
manipulate and reorder crystal lattice of APls, hence serving
as an extremely useful tool for optimizing their physicochem-
ical properties.”” According to Desiraju, CE is defined “as the
understanding of intermolecular interactions in the context of
crystal packing and the utilization of such understanding to

< ACS Publications 2019 American Chemical Saciety

design new crystalline solids with desired physical and
chemical properties”. " In this view, apart from the aqueous
solubility and dissolution rate improvement, the newly
synthesized crystalline solid drug will still preserve its
therapeutic activity, but it will be considered as a new entity
with respect to the reference APL As consequence, the new
form has a patentability right as disclosed by the regulations of
the U.S. Food and Drug Administration (FDA) department."”
The significance and effectiveness of CE methodologies are
based on the idea that some physicochemical properties of
solid APIs can be optimized by strategically rearranging their
structure, usually by including guest molecule(s) in the erystal
lattice. These guest molecules can be solvents, acids, bases, or
any solid compound at room temperature, that belong,
preferable, to the list of substances generally regarded as safe
by the FDA (GRAS),"™ being chosen based on their
physicochemical nature and probability to form supra-
molecular bonds. ™™

Fluconazole (FLZ, 2-(24-difluorophenyl)-1,3-bis(1H-
1,2, dtriazole-1-yl)-propan-2-ol), marketed as Diflucan (Scheme
1), is a triazole multifunction antifungal drug slightly soluble in
water.”” It has known potential and competence for inhibiting
the synthesis of ergosterol, a main component in the fungal cell
membrane, curing fungal infections like candidiasis, erypto-
coccal meningitis, and dermatophytic fungal infections like
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Scheme 1. Molecular Structure of FLZ and the Cocrystal
Formers: Fumarie, Malie, Dipicolinic, and Adipic Acids

Ny
1

Fluconazole

OH o
OH (] | OH
0. o] N
OH
OH OH
HO' 0

Fumaric acid Malic acid Dipicolinic acid

[+]

OH
HIY
o

Adipie acid

aspergillosis, coccidioidomycosis, histoplasmosis, and also for
preventing their recurrences. It also prevents yeast infections in
patients undergoing treatment for cancer and acquired
immune-deficiency syndrome (AIDS).""*" However, due to
the low aqueous solubility of this multifunction drug, the need
arises for improving its physicochemical properties using CE
strategies. Different research studies have reported successful
breakthroughs in synthesizing different pharmaceutical solid
forms of FLZ. Richardson et al,™ Gu and jiang_.“ Lo et al,*
Dash and E.l.mquist"" are among the earlier work that reported
the synthesis of polymorphic forms of FLZ, while the solvate,

monohydrate, and anhydrous forms were reported by
Alkhamis et al™® A detailed summary and further synthesis
of different erystalline solid forms of FLZ, including salts, was
reported by Karanam et al,” utilizing CE methodelogies to
enhance the physicochemical properties of FLZ with the
crystallographic information file (CIF)™ and X-ray diffraction
data collections™ (single crystal and powder) of previous
contributions, all de‘posil:d in the Cambridge Structural
Database (CSD).*™*

In this paper, we describe the supramolecular synthesis of
four new pharmaceutical coerystals of FLZ, as well as their
respective solid state characterization, performed by vibrational
spectroscopy (Raman and infrared), thermal analysis (differ-
ential scanning calorimetry, thermogravimetric analysis, hot-
stage microscopy), and X-ray diffraction (powder and single
crystal). In addition, their intrinsic aqueous solubility was
carefully determined and compared with the solubility of the
commercialized FLZ polymorph.

2. EXPERIMENTAL SECTION

2.1. Materials. Pure FLZ (pharmaceutical grade) was obtained
from a local pharmacy in 530 Carlos, Brazil. The APl was
characterized by powdwe X-ray diffraction (PXRD) presenting the
diffraction pattern corresponding to the FLZ form II, previou
reported by Alkhamis et al* The coformers fumaric (FUM), malic
(MA), dipicolinic (DPA), and adipic (ADF) acids were purchased
from Sigma-Aldrich at a purity greater than 99% (Analytical reagent
grade). The ultrapure deionized water was obtained from a Milli-Q
system (182 mQ cm), while acetonitrile, ethanol, hexanol, and
methanol were HFLC grade and purchased from ]. T. Bakers Ltd. All
materials were used without any further purification.

2.2. Experimental Design and Screening Exercise. First, the
multicomponent screening wizard available in the MERCURY
(version 3.10.1)* program was applied to match the functional
groups and geometries of the FLZ molecule with similar muolti-
component structures deposited in the CSD,“ in order to select
coformers candidates. In sequence, the analyses of the propensity of
the selected coformers to achieve hydrogen bond interactions with
FLZ were based on structural similarities with the reported cocrystals
of this API, found in the CSD.** Such cocrystals exhibit chains or

Table 1. Crystallographic Data and Structure Refinement Parameters of the New Cocrystals FLZ—FUM-H,0, FLZ—-MA,

FLZ-DPA, and FLZ-ADP

FLZ-FUM-H,0 FLZ-MA

C oot 1sFaNgOg 1:1 CorHiFyNgO, 1:1
M = 44037 g/mol M = 440.37 g/mol
space group F21/n space group C1/¢
monedlinic maonoclinic

a = 17.053(3) a = 16.5501(18)

b = 5.5905(10) b = 8.0980(7)

o= 21.154(3) e =20.527(3)
=% a =90

F = 105.418(4) B = 10287410}
=9 y=9

V= 1947.3(6) A* V= 38578(7) A
E=4 Z=8

P = 1502 glem® Pote = 1516 gfem®

4492 unique reflns 4789 unique reflns
Rjpy = 0.0781 Ry = 00373
B = 27.568° B, = 28282°
Ri[tszagn) = 00617 Rifiaoqy) = 00483
wRy = 0.1208 why = 0.1384

5= 1032 5= L046

FLZ-DPA FLZ—ADP
CagH oFaM,0 1:1 CHyF NGOy 1:1
M = 473.40 gfmol M = 45242 gfmol
space group PT space group C2/e
triclinic maonoclinie

4 = 6.5609(6) a=17.083(3)

b= 11.495(10) b= 8.1485(7)

e = 14.3991(12) e =3L195(3)

a = 102.382(7) a=90

= 98.303(7) = 100.986(12)
¥ = 96.740(7) r=9

V = 1038.56(16) A* V= 42628(9) A
Z=12 Z=4

Pate = 1410 gfem®

8290 unique reflns

Pete = 1.514 gfem®
5130 unique refns

Ry = 0.0264 Ry = 0.0280
By = 282807 By = 27.482°
Rifpnson) = 00488 Ryfpaun) = 0.0633
why = 0.1452 whty = 0.1754
§=1020 §= 1046
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dimers based on O=H:N or C=H:X (where X = N, O, or F)
intermolecular interactions.** Thus, the experimental design consisted
of applying different stoichiometric ratios between the FLZ and the
selected coformers: 1:1, 1:2, 1:3, 2:1, 2:3, 3:1, and 3:2. A manual
mechanochemical method of solid-state dry-grinding and solvent
assisted grinding was initially employed for the cocrystal screening,
while the cocrystallization methods by slow evaporation were
performed in order to obtain regular crystals suitable for solid-state
structural characterization by the single crystal X-ray diffraction
technique.

2.3. Supramolecular Cocrystal Synthesis. 2.3.1. Fluconazole
Fumaric Monohydrate Cocrystal (1:1:1, FLZ—FUM-H,0). This
cocrystal was obtained from a 1:1 molar ratio of FLZ (30,63 mg, 0.1
mmol) and fumaric acid (11.61 mg 0.1 mmeol), both dissolved by
sonication in 3 mL of a solvent mixture containing acetonitrile and
deionized water (1:1, v/v). The solution was left at room temperature
to slow evaporation. The formation of colorless homogeneous needle-
like crystals, suitable yield, was observed in the solution after nearly 48
h.

23.2 Fluconazole Malic Acid Cocrystal (1:1, FLZ=MA). 30.63 mg
{0.1 mmol) of FLZ and 1341 mg (0.1 mmol) of malic acid were
accurately measured and both dissolved in 4 mL of a solvent mixture
containing acetonitrile and methanol (1:1, v/v). The system was
sonicated and stirred for 10 min. The resulted solution was covered
with alominum foil with bored holes and left to slowly evaporate at
room temperature. The formation of white clear crystals for SCXRD
analysis was obtained after 48 h.

2.3.3. Fluconazole Dipicolinic Acid Coerystal (1:1, FLZ—DPA).
30.63 mg (0.1 mmol) of FLZ and 16.71 mg (0.1 mmaol) of dipicolinic
acid were both dissolved in 3 mL of acetonitrile; 4=5 drops of water
were added until a dear solution was achieved, using a sonicator bath.
The resulting solution was allowed to slowly evaporate at room
temperature, yielding white crystals after 48=72 h, suitable for
SCXRI analysis.

2.3.4. Fluconazole Adipic Acid Cocrystal (1:1, FLZ=ADP). 30.63
mg (0.1 mmol) of FLZ and 14.61 mg (0.1 mmol) of adipic acid were
both dissolved in 3 mL of a mixture of acetonitrile and acetone (v/v,
1:1), stirred on a magnetic stirrer for 15 min. The resulted solution
(prepared in a 100 mL beaker) was then embedded into another 25
mL beaker containing £ mL of hexanol. The system was sealed with
aluminum foil, to promote a very slow evaporation process, at room
temperature. The formation of lumpy crystals suitable for SCXRD
analysis was observed after 48=72 h.

2.4. Single-Crystal X-ray Diffraction (SCRXD). The crystallo-
graphic data information for FLZ=MA, FLZ=DPA, and FLZ=ADF
cocrystals (Table 1) were collected at 298(2) K on a Rigakn XtaLAB
mini diffractometer with a CCD detector system equipped using a
MoKa radiation (4 = 071073 A). Data integration, Lorentz-
polarization effects, and absorption corrections were performed
using the Crys}'{ljsPro"" (version 171.38.43b) software. The structures
were solved by direct methods utilizing the Olex2* software, and the
models obtained were refined by full-matrix least-squares on F2
(SHELXTL-97).*" All hydrogen atoms were placed in calculated
positions and refined with fixed individual displacement parameters
[Uio(H) = 1.2U,, or 1.5U,,] according to the riding model (C=H
bond lengths of 0.97 and 0.96 A, for methylene and methyl groups,
respectively). In addition, the crystallographic data collected for
FLZ-FUM-H,0 cocrystal (Table 1) was performed at room
temperature on a Bruker Super-Duo APEX II CCD diffractometer
using MoKer radiation (0.71073 A). The structure was solved by
direct methods utilizing the WingX'* and the Olex2* software, and
the model obtained was refined by full=matrix least-squares on F*
(SHELXTL-97).*" All the hydrogen atoms were placed in their
calculated positions and refined with fived individual displacement
parameters [U(H) = 12U, or 1.5U,] according to the riding
model (C=H bond lengths of 0.97 and 0.96 A, for methylene and
methyl groups, respectively).

The programs MERCURY (version 3.10.1)*' and ORTEP-3*"
were used within the WinGX"" to prepare the crystallographic
information files (CIF) of the cocrystals and artwork representations
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for publication. Table 1 shows the crystallographic data of all
cocrystals while the Table S1 (see the Supporting Information)
presents their hydrogen bonds geometrical parameters. Crystallo-
graphic information on the new cocrystal structures were deposited in
the CSD*? under the codes CCDC 1831762 (fluconazole fumaric
acid monohydrate cocrystal), CCDC 1831763 (fluconazole malic acid
cocrystal), CCDC 1831761 (fluconazale dipicolinic acid cocrystal),
and CCDC 1831760 (fluconazole adipic acid cocrystal). Copies of
these files may be obtained free of charge from http:www.ccde.camac.
uk.

2.5. Raman Spectroscopy. The Raman spectra were collected
using a B&W Tek i-Raman BWS 415-785H spectrometer using
excitation laser of 785 nm. Analyses were performed using a B&W
Tek microscope BAC151A coupled to the spectrometer, spectral
resolution of 3.5 cm™, 120 s of acquisition time, spectral range 200=
2180 cm™ and laser power of 70 mW. The equipment was managed
by the BWSpec 4.03 software. The screening experiments and first
characterization to evaluate the obtained crystals (i.e., changes in the
chemical environment of solid forms) were performed quickly using
Raman spectroscopy, by comparison with the APl and coformer
spectra. Slight changes in the spectrum are expected when a new
structure is obtained due to the new supramolecular interactions,
which changes the vibrational energies.

2.6. Fourier Transform Infrared Spectrophotometry (FT-IR).
FT-1R characterizations were performed by a Shimadzu IRprestige-21
FT-IR using a potassium bromide (KBr) pellet technique. Spectra
were acquired using 32 scans, wavenumber ranging from 4000 to 400
an™, and a resolution of 4 cm™. Like Raman spectroscopy, IR
spectra can be used to study the formation of new intermeolecular
interactions as well as changes in existing ones.

2.7. Powder X-ray Diffraction (PXRD). The X-ray diffraction
studies of partially milled crystal powder were performed on a
Multiplex X-ray diffractometer (Rigaku Corporation, Tokyo, Japan),
using a copper (Cn) Ke radiation (154 A), a voltage of 40 kV, and a
current of 30 mA. The samples were scanned from 5° to 457 (26°), at
a step size of 0.2° under a scan rate of 2°/min to provide structural
information and degree of crystallinity.

2.8. Thermogravimetric (TGA) and Differential Thermal
Analysis (DTA). The TGA/DTA analysis of the samples was
performed on a Netzsch TG 209 F1 analyzer, using an Al;O; crucible
pan under Nm and a flow rate of 2 mL min™'; heating rate
conditions were set at 10 *C min™" in the range of 25—325 °C. The
samples were evaluated regarding the water/solvent content and
decomposition profile.

2.9. Differential Scanning Calorimetry (D5C). Analyses were
performed on a Shimadzu DSC-60 equipment. The cocrystal samples
(about 2 mg) were weighed and heated from 25 to 350 °C at a
heating rate of 10 *C min™" in a crimped sealed aluminum pan, using
nitrogen as a purge gas (50 mL min™'). Data were processed using
Shimadzu TA-60 thermal data analysis software (version 2.2).

2.10. Hot-Stage Polarized Optical Microscopy (HSM). The
thermomicroscopy analyses were performed using a Leica DM2500P
microscope connected to the Linkam T95-PE hot-stage accessory.
Data were visualized wsing the Linksys 32 software for hot-stage
control. One crystal was placed on a 13 mm glass coverslip, placed on
a 22 mm diameter pure silver heating block inside of the stage. The
sample was heated at a rate of 10 °C min™ from room temperature
up to 300 *C or stopped when the materials melted.

2.11. Equilibrium Selubility Studies. Aqueous solubility studies
for pure FLZ and for each cocrystal were performed using a UV=vis
1800 Shimadru spectrophotometer. Herein, the calibration curves
were prepared using standard solutions of each cocrystal, which were
analyzed at A__ = 261 nm. In order to evaluate the solubility,
saturated solutions of each cocrystal were obtained leaving weighted
amounts,/specific water volumes (FLZ: 76.91 mg/30 mL; FLZ=MA:
6813 mg/s ml; FLZ=FUM=H;0: 69.75 mg/5 mL; FLZ=ADP:
309 mg/3 mL; FLZ=DPA: 74.64 mg/10 mL) of each sample, for 50
to 60 min under a magnetic stirrer at room temperature. The
solutions were then centrifuged and filtered to remove the excess of
solid, and dilutions were performed until obtain appropriate
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absorbance values. Finally, the absorbance measurements of the
diluted solutions from the saturated ones were used to quantify the
amounts of solubilized samples, considering the dilution factor.
2.12. Stability Studies. Stability of the cocrystals was tested at
75% relative humidity (RH). Samples of each cocrystal were weighted
and stored in a desiccator filled with saturated sodiom chloride
solution to maintain the RH. This system was kept under 40 *C for 7
days, being weighted and submitted to PXRD analysis at the end.

3. RESULTS

3.1. Structural Description. ORTEP-3* type view
showing the asymmetric units of the FLZ cocrystals depicted
herein are shown in Figure 1. Hydrogen-bond geometric
parameters for each cocrystal structure are described in Table
§1 (see the Supporting Information).

3.1.1. Fluconazole Fumaric Acid Monohydrate Cocrystal
(FLZ—FUM—H;0). The FLZ-FUM—H,0 cocrystal erystallizes
in the monoclinic space group P21/n with one FLZ, one
fumaric acid, and one water molecule in the asymmetric unit
(Figure 1a). The FLZ molecule interacts with the fumaric acid
and the water molecule through strong intermolecular O—H---
N hydrogen bonds as shown in Figure 2a. Also, the water
molecule is bonded to the carbonyl/hydroxyl groups of
adjacent fumaric acid molecules through O—H--O hydrogen
bonds, resulting in the formation of a C3(6) motif along the
[010] direction (Figure 2b). In addition, when considering all
the main O—H--N and O—H---0 intermolecular interactions,
the formation of a ring motif with R}(56) graph-set can be
observed, shown in green also in Figure 2b. These rings are
stacked along the [001] direction, being composed by two
FLZ, three fumaric acid, and three water molecules. Due to the
2y-screw axis, C—H-~F hydrogen bonds (2.580 A), red dashed
lines in Figure 2¢ emerge among adjacent rings, giving stability
to the structure, together with van der Waals and other C—H---
O contacts. The m-stacking interactions were not observed
between the aromatic rings of the FLZ molecules.

3.1.2. Fluconazole Malic Acid Cocrystal (FLZ—MA). The
FLZ—MA coerystal erystallizes in the monoelinic space group
C2/¢ with one FLZ and one malic acid in the asymmetric unit
(Figure 1b). This cocrystal is formed through two O—H--N
hydrogen bonds involving the ending hydroxyl groups of the
malic acid as donors and the two triazlyl 4-nitrogen atoms of
the FLZ molecule as acceptors (Figure 3a). In addition, one
O—H-O hydrogen bond is observed between the hydroxyl
group of the FLZ molecule and one carbonyl group of the
malic acid. These three main intermolecular interactions result
in the formation of two adjacent centrosymmetric R}(32) and
Ri(22) ring systems, orange/green shown in Figure 3a.
Concerning the malic acid molecules, the remaining two
carbonyl and hydroxyl groups interact via complementary O—
H-0 hydrogen bonds, constituting a centrosymmetric R3(12)
homosynthon (shown in purple in Figure 3a). The ring
systems lead to the formation of infinite zigzag chains along the
[001] direction (Figure3b). These chains are connected to the
adjacent ones via weak C—H--X (X = F, O, and N) contacts
(magenta in Figure 3b). As a result, the crystal packing of
FLZ—MA is composed by two-dimensional (2D) columns of
FLZ molecules interspersed by 2D columns of malic acid
molecules (Figure 3e).

3.1.3. Fluconazole Dipicolinic Acid Cocrystal (FLZ—DPA).
The FLZ-DPA cocrystal crystallizes in the triclinic space
group P1 with one FLZ and one dipicolinic acid molecules in
the asymmetric unit (Figure Ie). This coerystal is formed
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ion of the

Figure 1. ORTEP-3* reg ymmetric unit of the
cocrystals: () FLZ=FUM=H,0, (b) FLZ=MA, (c) FLZ=DPA, and
(d) FLZ=ADP.

through two O—H--N hydrogen bonds involving the hydroxyl
groups of the dipicolinic acid as donors and the two triazlyl 4-
nitrogen atoms of the FLZ molecule as acceptors (Figure 4a).
In addition, one O—H-~N hydrogen bond is observed to occur
between adjacent FLZ molecules, leading to the formation of
infinite FLZ chains along the [100] direction (Figure 4b). In
addition, when considering all these main O—H--N inter-
molecular interactions, it can be observed the formation of a
ring motif with graph-set notation RY(55), involving four FLZ
and two dipicolinic acid molecules (green in Figure 4a). In this
ring motif; the dipicolinic acid molecules are placed in a way to
form columns along the [100] direction (Figure 4b). The
planes passing through the six-membred ring of FLZ and
through the dipicolinic acid ring have an angle of 15.08% In
this crystalline arrangement, a R3(8) motif (purple, in Figure
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Figure 3. (a=c) Intermolecular interactions and crystalline packings of FLZ=MA. Magenta contacts in (b) indicate weak C=H--X (X=F, O, and

N) contacts.

(a)

(b)

Figure 4. (a=c) Intermolecular interactions and crystalline packings of FLZ=DPA.

Wled

4a),

hvds

via compl tary weak C10—-HI10---F2
y bonds, is responsible for connecting the adjacent
R:(SSﬁ ring systems. Due to the inversion center inherent to
the triclinic space group P1, the final arrangement observed for
this cocrystal is the generation of columns of FLZ molecules
interspersed by columns of dipicolinic acid molecules (Figure

¥
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4c). As consequence of the close packing observed in this
cocrystal system, several C—H---X (X = O, N, and F), C—H--x
contacts, and weak 71 interactions are observed (see Table
$2 in the Supporting Information).

3.1.4. Fluconazole Adipic Acid Cocrystal (FLZ—ADP). The
FLZ—ADP cocrystal crystallizes in the monoclinic space group
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Figure 5. (a—c) Intermolecular interactions and crystalline packing of FLZ—ADP. Magenta contacts in (b) indicates weak C—H-X (X = F, 0, and
N) contacts.

C2/¢ with one FLZ and one adipic acid melecule in the

asymmetric unit (Figure 1d). This cocrystal has a erystalline ey W Sy FLZMA
packing very similar to the FLZ-MA one, being formed . : : : . ; ;
through two O—H-N hydrogen bonds involving the hydroxyl el - . FLZADP
groups of the adipic acid as donors and the two triazlyl 4- h' ] : ; | i . . FLZ:FUM
nitrogen atoms of the FLZ molecule as acceptors (Figure 3a). ' ST h

In afl?:ilinn, one O—H--O hydrogen bond is cbsemedbbetween 'g f'l FLLDPA
the hydroxyl group of the FLZ molecule as donor and one £ Ml H i - FLZ:HYD
carbonyl group of the adipic acid as an acceptor (Figure 5a). = M . " ; =
These three main intermolecular interactions result in the Mﬁ = : : £
formation of two adjacent centrosymmetric R§(38) and R}(24) ; , L, A
ring systems, orange/green shown in Figure 5a. Concerning ¥ ul D S rum
the adipic acid moltcule;} m:hmdn:ainjng clarbonyl and one I“!I : I ¥ . p " - .
—CH, interact throw; e complementary C18— Ll - . J . : . ;
Hl%---g;"ﬁydmgen bonds, constituting aP centrosymmetric mw b >4
R3(16) homosynthon (shown in purple in Figure 5a). These 200 30 400 500 GO0 FOO SO0 B0 1000 1100 1200
ring systems lead to the formation of infinite zigzag chains Raman shift {cm™)

along the [001] direction (FigureSh), these chains being

connected to the adjacent ones via one strong nonclassical Figure 6. Raman spectra comparison of the FLZ cocrystals (FLZ—

hydrogen bond C4—H4-02 (magenta in Figure 5h) and FUM=H,0), FLZ=MA, FLZ=DPA and FLZ=ADFP), pure FLZ drug,
::‘E‘tr %:eak C—H-X {J(4= , 0’( MEEN) cmtacli {m;gejnita in ‘I:LIE’;;.)-H‘I'D, and the pure cocrystal formers: (FUM, MA, DPA, and
Figure 5b). In particular, the nonclassical hydrogen bond leads )-

to the formation of a fourth ring system with notation R3(10),
red shown in Figure 5b. As a result, the crystal packing of
FLZ-ADP is composed by 2D columns of FLZ molecules
interspersed by 2D columns of adipic acid molecules (Figure
3e).

sereening experiments. Distinet spectral changes were observed
in the cocrystals, especially the shift observed in the two
characteristic peaks of FLZ between 180—200 em™ as well as
the peaks at 380 em™, 420 em™, 800 and 1400 em™". These
shifts show the formation of bonding interaction, thus
indicating changes in cocrystals chemical environment, which
4. DISCUSSION was ﬂ:.rthger sup!;nrted byr;CX_RD_

4.1. Solid-State Characterization. Solid-state character- Figure 7 presents the FT—IR spectra (2400—400 cm™) of
ization of the cocrystals was performed using vibrational the coformers as well as the new cocrystals. The dicarboxylic
spectroscopic techniques (Raman and infrared), X-ray acids coformers show peaks of varying broadness and intensity
diffraction (powder and single crystal), and thermal analysis corresponding to the bonded and free C=0 stretches between
(DSC, TG, and HSM) to verify the authenticity of the 1730—1700 and 1750 em™ in the malic acid. The multi-
synthesized cocrystals. component structures present a moderately broad peak around

4.1.1. Spectroscopic Analysis. Figure 6 shows a selected 1700 + 10 em™, except in the FLZ—DPA case, where it was
range of the Raman spectra of the four cocrystals, FLZ hydrate observed with a sharp peak, indicating that the acids are
(FLZ—HYD), and the starting materials (FLZ, ADP, MA, protonated in the cocrystal structure.

DPA, and FUM acids). The Raman spectrum of pure FLZ 4.1.2. Powder X-ray Diffraction. Figure & presents the
form II presents characteristic intense peaks between 240-260 experimental and calculated PXRD patterns of the synthesized
em™", 730 cm™', and between 910—1020 cm ™" with similarities cocrystals, from 5% to 45% (26), showing good agreements of
to the FLZ—HYD spectrum, found as an impurity during peaks and suggesting a high purity level of the coerystal
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Figure 7. FT-IR spectra of the cocrystals (FLZ=FUM=H,0, FLZ-

MA, FLZ=DPA, and FLZ=ADP), pure cocrystal formers (FUM, MA,

DPA and ADP), and pure FLZ drug.
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Figure 8. Comp of the exp | and calculated PXRD
patterns of the FLZ cocrystals (FLZ=FUM=H,0, FLZ=MA, FLZ~-
DPA, and FLZ=ADP).

samples. Here, the Ity of the individual cocrystals is
unquestionable because, apart from the similarities observed
from the comparison of their experimental and calculated
diffraction patterns, they are also observed to be different from
their respective starting materials and other previously FLZ
reported forms.

4.1.3. Thermal Analyses (DSC, TGA/DTA, and HSM).
Figure 9 presents the DSC/TGA/HSM for the cocrystal
systems. According to the literature,*****" the melting points
(MP) of pure starting materials are FLZ (anhydrate Form I:
135—-136 °C, anhydrate Form II: 138—140 °C, anhydrate
Form I1I: 137—138 °C, monohydrate: 102.7 and 139.2 °C),
ADP acid (152 °C), MA acid (130 °C), DPA acid (248-255
°C), and FUM acid (287 °C). Figure 9a shows the TGA
events of the cocrystals, superposed with the DSC experiments
to further support the previous results for the cocrystals.

The TGA for FLZ—FUM—H,0 (Figure 9a) shows a mass
loss of about 4% to dehydration (4% wt loss = 18.0 g = 1 mol
of water) in the 75-175 °C range, which supported the
dehydration event of this monohydrate cocrystal. The
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Figure 9. Superposed DSC/TG/HSM analysis obtained for (a)
FLZ=FUM=H,0, (b) FLZ=MA, (c) FLZ=DPA, and (d) FLZ—-
ADP, showing their melting points, degradation points, and the effect
of temperature over one selected crystal.

dehydration is followed by the decomposition. The DSC for
the FLZ—FUM—H,0 shows two endothermic peaks, related
to the dehydration (94.38 °C) and melting/decomposition
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(starting at 18542 °C) of the cocrystal The results are
compatible with that observed by HSM.

The FLZ-MA cocrystal system presents an endothermic
melting peak for the system at onset 70.69 °C, which appears
below the melting points of the FLZ and the MA. A broad
endothermic peak from the degradation starts at 14593 °C,
promoting a loss of mass stating at 250 =C.

The FLZ—DPA cocrystal system presents two endothermic
pea.ks, at onset 70.61 °C and onset 157.73 °C, and a broad
degradation peak starting at onset 176.91 °C. According to the
HSM experiment, the middle peak is the cocrystal melting
point, with no correlation to the FLZ/DPA MP. On the other
hand, the peak at 70.61 °C could be associated with some
residual water, since there is a little loss of mass in this event,
and neither SCEXD nor Raman present any difference before
and after this endothermic event.

The FLZ—ADP cocrystal presents an endothermic peak with
onset in 111.14 °C, taken as the melting temperature of this
material, with no traces of FLZ/ADP peaks correlation
observed in the thermogram. The degradation/ebullition starts
around 220 °C. The two small endothermic peaks at 91.22 and
103.37 7C could not be associated with any known source,
since there is no loss of mass at this temperature.

The HSM characterization allows the monitoring and
mapping of thermal melting events of each cocrystal (unit
erystal) showing their physical property transformation due to
temperature changes, as also shown in Figure 9. The cocrystals
stability and melting points previously confirmed using TGA/
DSC were unveiled in these mapping.

4.2. Aqueous Equilibrium Solubility Determination.
Solubility in aqueous media is a key parameter among other
physicochemical properties for pharmaceutical cocrystals. "
The FLZ solubility varies according to the polymorphic form
used and is slightly pH d:pmdmt.‘“ Usually, form II is the
commercialized one, exhibiting an aqueous solubility range
between 4.6 and 8 mgjm]..”" " On the other hand, Form 1
(solubility 4.26 mg/mL) and the monohydrate (solubility 3.56
mg/mL) are the most stable forms of this drug, being both less
soluble and exhibiting slow dissolution rates when compared to
1.**! For Form 111, the reported solubility values are 5,
14, and 5 mg/mL at 23 °C in water, 0.1 N HCL, and 0.1 M
NaOH, respectively.”’ The aqueous equilibrium solubility for
FLZ II bulk powder found in our experiments was around 2
mg/mL (Table 2). This value can be considered in agreement

Table 2. Aqueous Equilibrium Solubility of the FLZ
Cocrystals in Comparison with the Commerdialized

Polymorph

FLZ Form 1™ 306.27 429 429
FLZ Form 1™ 306.27 4.6 4.6

FLZ Form 11" 30627 50 50

FLZ 306.27 356 3.56

mmuh-_vdnt:"

FLZ Form 11 30627 197 L97
FLE-MA 440,36 7.30 69.55 507
FLE—FUM 44034 1259 6955 B75
FLZ-ADP 43241 565 &67.70 382
FLZ-DPA 47339 4.98 &4.70 n

855

with the expected values for this API, taking into account that,
in solution, the FLZ Il can easily go to FLZ hydrate form,
which is more stable and less soluble. In addition, when the
FLZ was cocrystallized with different coformers, the aqueous
equilibrium solubility (thermodynamic solubility) of all the
cocrystals exhibited superior solubility, even considering only
the soluble amount of fluconazele (Table 2): 3.82 mg/mL for
the FLZ—ADP, 5.07 mg/mL for the FLZ—MA, 8.75 mg/mL
for the FLZ-FUM-H,0, and 322 mg/mL for the FLZ—
DPA. This result was expected since the coformers are several
times more soluble in water then the FLZ, despite the fact that
they are weak acids.

4.3. Stability Check. Figure 10 shows the PXRD patterns
for all the four cocrystals after 1 week under 40 °C and 75%

FLZ-MA 75% RH
TRV A Calculated FLZ-MA

FLZ-DPA 75% RH
Calculated FLZ-DPA

i N L i, A

FLZ-ADP T5% RH

, M, Calculated FLZ-ADP

J FI.Z-FUIIH,O T5% RH
! E Calculated FLZ-FUM-H. O
5 5

2-theta

Relative intensity

Figure 10. PXRD patterns for all the four cocrystals after 1 week
under 40 °C and 75% RH.

RH, in order to perform an evaluation related to hygro-
scopicity and phase transition. The diffractograms of FLZ—
FUM-H,0 and FLZ-DPA did not esxhibit incompatible
peaks when compared to the calculated ones. However, extra
peaks appear in the FLZ—ADP (such as 29.3, 354, and 41.5
26F) and FLZ-MA coerystals (259 26°), indicating the
occurrence of new phases. Regarding the hygroscopicity, FLZ—
DPA and FLZ—ADP presented a mass increasing below 1%,
while FLZ=FUM—H,0 and FLZ—MA presented an increas-
ing of 1.3% and 2.3%, respecti\'ely. The results indicate that all
these cocrystals present a low hygroscopicity, but FLZ—ADP
and FLZ—MA present a low stability regarding their crystalline
phases. Even though FLZ-FUM-H20 and FLZ-DPA did
not show changes in their crystalline phases after 1 week at
75% of RH. and 40 °C, a longer stability study (as well as
preformulation and formulation studies) would be needed in
order to use them as APls.

5. CONCLUSIONS

In this study, four new cocrystals of the antifungal drug
fluc le were syntl 1 and characterized by single
crystal and PXRD, Raman and FT-IR spectroscopies,
thermogravimetric analysis, differential scanning calorimetry,
HSM, aqueous solubility, and stability at 75% RH and 40 °C
for 1 week. These cocrystals were prepared applying CE
principles, aiming to enhance the FLZ water solubility. For
achieving this, weak organic acids were selected after matching
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their functional groups and geometries in the multicomponent
screening wizard available in the Mercury software. Analysis of
the crystal structures and packing of these new entities revealed
the formation of an O—H--N hydrogen bond between the
FLZ molecule and the coformers. Interestingly, similar
crystalline packings were observed to occur for the FLZ-MA
and the FLZ—ADP cocrystals.

The TGA/DSC results showed that the FLZ—MA and
FLZ—ADP exhibited melting points below the one of pure
FLZ, and the other cocrystals exhibited melting points above
the pure FLZ. On the other hand, the aqueous solubility
experiments revealed an inverse relationship; ie., the highest
solubility was attributed to the maost stable cocrystals.
Nevertheless, all the cocrystals reported herein exhibited
improved aqueous equilibrium solubility values when com-
pared to the parent APL Stability studies under 75% RH for 1
week revealed that FLZ—ADP and FLZ—-MA exhibited
modifications in their PXRD, while FLZ-FUM-H,0 and
FLZ—-DPA remained unchanged. Further studies are needed in
order to use these new structures as alternative choices for
composing new pharmaceutical products derived from FLZ.
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