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ABSTRACT

SYNTHESIS OF NEW COCRYSTAL STRUCTURE OF FLUCONAZOLE-
FUMARIC ACID

Pharmaceutical cocrystals are multicomponent crystalline solids comprised of
an active pharmaceutical ingredient (API) and one or more co-formers
interacting through hydrogen bonding or other weak interactions like the TT-stack
and van der Waals interactions. Fluconazole (FLZ) is a triazole antifungal drug
used in the treatment and prevention of superficial and systemic fungal
infections. It is also used to prevent and treat meningitis. Cocrystallization is an
alternative approach for enhancement of drug. It can be performed using neat
grinding, solvent assisted grinding, solvent evaporation, cooling evaporation
and slurry cocrystallization. In this work, a new cocrystal Fluconazol-Fumaric
acid monohydrate was synthesized via 1:1 stoichiometric amount of FLZ and
FUM at different conditions. The characterization of the synthesized cocrystals
was achieved using Raman spectroscopy, differential scanning calorimetry,
powder X-ray diffraction and single crystal X-ray diffraction. The results
obtained for the characterization of the samples showed some obvious
differences among the spectra, diffractograms and thermograms. The single
crystal X-ray diffraction analysis of the new structure shows a cocrystal where
the fluconazole molecules are attached to the fumaric acid and water molecules
respectively through hydrogen bonds, gave unique cell dimensions for an
assumed structure Cy17H1sF2NgOg With a space group of P2:/n, a = 17.053(3) A,
b = 5.5995(10), c=21.154(3), a = 90°, B=105.418(4)°, y= 90°, V = 1947.3(6) A%,
This work is the first to report a monohydrate cocrystal structure of fluconazole

and fumaric acid.

Keywords : API, Coformer, Fluconazole, Pharmacutical cocrystal, Crystal
enginering, Raman, PXRD , Single Crystal XRD.
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RESUMO

SINTESE DE NOVAS ESTRUTURAS DE COCRISTAL DE FLUCONAZOL-
ACIDO FUMARICO

Cocristais farmacéuticos sdo solidos cristalinos multi-componentes compostos
de um ingrediente ativo farmacéutico (API) e um ou mais co-formadores
interagindo atraves de ligacdes de hidrogénio ou outras interacdes fracas como
as tr-stack e Van der Waals. Fluconazol (FLZ), € um farmaco anti-fungico
triazol utilizado no tratamento e prevencéo de infecgBes flungicas superficiais e
sistémicas. E também utilizado para prevenir e tratar a meningite.
Cocristalizacéo € uma abordagem alternativa para melhorar as propriedades de
farmacos. Pode ser realizada através de moagem a seco, moagem assistida
por solvente, evaporagdo de solvente e cristalizacdo em suspensdo. Neste
trabalho, um novo co-cristal Fluconazol-Acido Fumarico monohidrato foi
sintetizado utilizando uma estequimetria 1:1 em diferentes condicfes. A
caracterizacdo dos co-cristais sintetizados foi realizada utilizando
espectroscopia Raman, calorimetria exploratéria diferencial, difracdo de raios-X
em po é por monocristal. Os resultados obtidos para a caracterizacdo das
amostras mostrou algumas diferencas obvias entre os espectros, difratogramas
e termogramas. A difracdo de raios-X de monocristal mostrou uma nova
estrutura onde as moléculas de fluconazol estédo ligadas ao acido fumarico e a
uma molécula de agua através de ligacBes de hidrogénio, originando uma
estrutura Unica Ci7H1gF2NgOg de grupo espacial P2;/n e dimensfes da célula
unitaria a = 17.053(3) A, b = 5.5995(10), ¢=21.154(3), a = 90°, 3=105.418(4)°,
y=90°, V = 1947.3(6) A3. Este trabalho é o primeiro a relatar uma estrutura de

co-cristal mono-hidrato de fluconazol e acido fumarico.

Palavra-chave : API, Coformer, Fluconazol,Cocristais farmacetica,
Engenharia



CHARLES
Typewriter

CHARLES
Typewriter

CHARLES
Typewriter

CHARLES
Typewriter

CHARLES
Typewriter
Palavra-chave : API, Coformer, Fluconazol,Cocristais farmacetica, Engenharia

 de cristais, Raman, DRX, DRX de monocristal

CHARLES
Typewriter


Xi

SUMMARY
LIST OF ABBREVIATION. .cuiuiiiiiiaiirrierarasssna s ssesasasssassnnsa s snnnnsasns iv
LIST OF FIGURES. ... e iiiiiirsieivsesn s s snm s s snn s s nsn s s nnn s snnnnsnsnnnnsnnns vV
Y IO T N = 0 viii
= S 3 1 ¥ 3 R iX
S 11 S X
1 INTRODUCTION uituituieieiereeaeasesansarasansansansansansansnnsansnnennsnns 1
1.1 Pharmaceutical industry and low solubility drugs....................ooee il 2
1.2 Classes of Active Pharmaceutical crystalline .......................ocoin, 3
1.3 The Bio-pharmaceutics Classification System (BCS)................... ...... 4
1.4 Crystallization and Co-crystallization...............ccooooiiiiiiiiiis e, 6
1.5 PoOlymMOIPRISM. ... 7
1.51 Hydrates and SOIVALES ..........coveiiiiiii i 8
1.6 COCIYSTaAlS. ...ttt e 9
1.7 Crystal ENQINEEIING. ....cuu i 10
1.8 Cocrystallization methods/ techniques..............cccoooiiiiiiiiiiii, 14
1.9 Pharmaceuticals Ingredients............cccooiiiiiiiiii 18
1.9.1 FUMANIC ACI ....oeetiiie e 18
1.9.2 FIUCONAZOIE. .. ...t 19
1.10 Characterization method.............cooiiiiiii e 23
1.10.1 Raman SPECIIOSCOPY. . .ouriieiie et e e e e 23
1.10.2 X-ray Powder Diffraction (XRPD).........c..cccoiiiiiiiiiiiiiiiiienes 25
1.10.3 Single crystal X-Ray Diffraction (SCXRD)..........cccoviiiiiiiann. 29
1.10.4 Differential scanning calorimetric (DSC)...........cooiiiiiiiiiiiann, 32
1.10.5 Thermo gravimetric Analysis (TGA)........ccoiiiiiiiiiiiie 34
FZA @ ] = | =03 1Y/ =SSR 36
2.1 ODJECHIVE. .. 37

3  MATERIAL AND METHOD.......cciiuiiiiiiiicc e e e e e e e e e 38



Xii

3.1 MALEIIAIS ..o ———————— 39
3.2 Method employed ........ccoiiniiii e 40
4  RESULTS AND DISCUSSION....cuituiiiiiiieneesenerssnnssnne e, 45
A RESUNS. ... 46
4.1 Synthesis and Characterization of FLZ-FUM cocrystal ..................... 46
o S O @ N[ LU [ ] P 62
5.1 CONCIUSION. ...t e e 63
6 FUTURE PERSPECTIVES. ..ottt e, 64
7  REFERENCES. .. ccuitititiiietee et et e et et s e e e e e sa s aeaseeansanennennes 66



CHAPTER 1 - INTRODUCTION



1. INTRODUCTION

1.1 Pharmaceutical industry and solubility of drugs

To the pharmaceutical industry!, a drug molecule represent
a chemical substance that has known a biological effect on humans and
other animals. In pharmacology®® however, a drug is "any chemical substance
administered for the treatment, cure, prevention, or diagnosis of diseases or
used to otherwise enhance physical or mental well-being”. Pharmaceutical
medicines generally comprised of a crystalline Active Pharmaceutical Ingredient
(AP1)*, a formulation containing inactive ingredients as a carrier system®, and a
package for market performance and appeal. Crystalline API's are strongly
preferred due to their relative ease of isolation, the rejection of impurities
inherent to the crystallization process and the physicochemical stability that the

crystalline solid state affords®.

The most frequent and greatest challenge in the pharmaceutical industry
is the formulation of less soluble compounds for oral delivery. Thus, with the
advent of combinatorial chemistry’ and high throughput screening®*°, the
number of low water soluble compounds' has dramatically increased. Low
agueous solubility is a growing problem in the pharmaceutical industry and it is
having an impact on the productivity of drug research. The solubility issue
hampers preclinical study of a new drug candidate, and can limit dosing and

bioavailability™?.

However, the most frequent and greatest challenge to the formulation
scientists in the pharmaceutical industry is to finding a potential route to
achieving pharmaceutical material with improved solubility and bioavailability
thereby improving the physicochemical properties for oral delivery /
administration. Drug absorption from a solid dosage form after oral
administration, depends on the release of the active drug substance in the drug
product and the dissolution of this drug under physiological conditions depends
on its permeability across the gastrointestinal tract’>. Thus, the therapeutic
effectiveness of a drug directly depends on its bioavailability (the fraction of an
administered dose of unchanged drug that reaches the systemic circulation)

which also depends on the solubility and dissolution rate of such drug
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molecules. Poor soluble drugs will be inherently released at a slow rate owing to
their limited solubility. Hence, solubility is one of the important parameter that
must be considered towards achieving a desired concentration of drug in

systemic circulation for pharmacological response™®.
1.2 Classes of Active Pharmaceutical crystalline solid materials

Major problems arising with the use of crystalline material are usually
related to poor solubility properties and the existence of more than one
crystalline form of an API. In terms of regulatory approval, crystalline forms of
an API have traditionally been limited to polymorphs, salts and stoichiometric
solvates (pseudopolymorphs)®®. Neutral compounds and salt forms have the
potential to be solvated (i.e. interact with solvent molecules) or cocrystallized
(i.e. interact with a cocrystal formers, which is a pharmaceutical accepted
substance, used to optimize the properties of the API but can also be used
solely in the isolation and/or purification of the API, such as a separating
enantiomers from each other, as well and removed preceding the production of
the drug). Solvate molecules and cocrystal formers can include organic acids or
bases that remain in their neutral form within the multi-component crystal. Thus,
the primary difference is the physical state of the isolated pure components

QO

888"
)

Solvate , Salt
|:| API _ W —
[l Coformer 7 N
. H,0/ solvent ( Cocrystal
Conter i N\
. onter ion L _ P
[

FIGURE 1.1- Different examples of possible multicomponent system which

include cocrystals, salt cocrystals and derived multi-component solids.®.



However, the advent of crystal engineering’’?° has created a means
for rapid development of pharmaceutical cocrystals'*#***. Polymorphism and
solid state polymorphic forms of an API are classified as either crystalline,
amorphous, or solvate and hydrate forms, however, the applicable regulatory
schemes for these solid-state polymorphic forms are well-defined and different
cocrystal types are distinguishable from these traditional pharmaceutical solid-
state forms.

The optimization® of the physical properties of less favourable APIs via
cocrystallization mechanism is a reliable crystallization technigque that most
pharmaceutical industries are employing recently to tackle the problems arising
from poor drug forms®*. Many factors have been taken into consideration in the
cause of producing drug compounds having properties within such acceptable
quality range. Factors like the solubility rate, bioavailability, permeability,
dissolution rates are taking into consideration during drug preparations to justify
the quality rating of a drug compound?.

1.3 The Bio-pharmaceutics Classification System (BCS)

The Bio-pharmaceutics Classification System (BCS) apart from being a
tool in the scientific framework for classifying drug substances based on their
agueous solubility and intestinal permeability, has also served as a monitoring
or considering factor in the synthesis and classification of drugs into four
different classes based on their solubility and permeability*®. The introduction of
the BCS in 1995%°, was as a result of the continuous efforts on mathematical
analysis for the elucidation of the kinetics and dynamics of the drug process in
the gastrointestinal (Gl) tract. BCS guidelines were quickly introduced into U.S.
Food and Drug administration (USFDA), World Health Organization (WHO) and
the European Medicines Evaluation Agency (EMEA) normative with the
objective of predicting the in vivo pharmacokinetic performances of drugs from
measurements of permeability and solubility. It has also stand the test of time
as a regulatory tool for the replacement of certain bioequivalence (BE) studies

with accurate in vitro dissolution tests. BCS recommends method for



classification according to dosage form dissolution along with the solubility-

permeability characteristics of the drug products?’.

The pharmaceutical drugs are classified into four classes based on their
solubility and permeability according to the Bio-pharmaceutics Classification
System (Fig. 1.2). However, a drug substance is considered “highly soluble”
when the highest dose strength is soluble in less than 250 ml water over a pH
range of 1 to 7.5; and “highly permeable” when the extent of absorption in
humans is determined to be higher than 90% of an administered dose, based

on mass-balance or in comparison to an intravenous reference dose.

BCS CLASS | BCS CLASS I

High solubility Low solubility

High permeability

High permeability

BCS CLASS I

High solubility
Low permeability

BCS CLASS IV

Low solubility
Low permeability

FIGURE 1.2 — The Bio-pharmaceutical Classification System (BCS) for drugs.

Drugs of the BCS classes Il and IV are problematic for effective oral
administration. These classes of drugs have poor bioavailability and are usually
not well absorbed through the intestinal mucosa, and a high variability is
expected. The increasing number of poor drug forms classified as Il and IV are
however taken into consideration on ways of optimizing their physical properties
(solubility and dissolution profiles); without altering the molecular structure. This
process is a particular challenge for the successful development of a
pharmaceutical product and it can be achieved by employing different crystal
engineering principles®®?°. Thus, on the cause of this project, attention is

focused on improving the class Il and IV drugs via simple cocrystallization
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processes thereby synthesizing a new improved drug with improved
physicochemical properties when compared to the previous starting materials

using crystal engineering techniques.

1.4 Crystallization and Cocrystallization

Crystallisation was initially taken as a separation technique concerned
with the evolution of a pure crystalline solid from saturated solution. As the
saturated solution is allowed to cool, the solid will come out of the solution and
crystals will start to grow. The crystals can then be collected and allowed to dry.
The size of crystals depends on the rate of cooling. Fast cooling will result in a
large number of small crystals. Slow cooling will result in a smaller number of
large crystals. Cocrystallization technique® is an effective crystal engineering
approach for modifying the crystal structure and properties of drugs in such that,
when an API reacts with a cocrystal former(s) will provided an alternative to the

physical properties of the neat API solid phases to produce a cocrystal.

Where traditional approaches such as salt screening fail, cocrystallization
often still manages to solve the crystallization problems or improve a drug
substance’s physicochemical properties. This technique has offered the
advantage of generating a diverse array of solid-state crystalline forms of stable
and physically improved properties of API like the shelf life®!, dissolution rate,

and bioavailability*?3#3°,

Furthermore, cocrystallization technique has also
offered a potential to monitor and selectively improve the physicochemical
properties of a drug preparation to an optimum specification, with remarkable

consequences also in the field of the intellectual properties protection.

Cocrystallization of different components represents the supramolecular
synthesis, where weak interactions link molecules together. This is in contrast to
organic synthesis which is based on the formation or cleavage of covalent
bonds. For pharmaceutical products it is expected to be an increasing
importance in the design of modified drugs based on known agents as it is for
polymorphs. Cocrystals are distinct different from solid solutions or mixed

crystals, and can be considered as multicomponent crystals®*. The two most



important reasons underlying the rapid success of cocrystallization as a method
of constructing advanced materials can be identified as the ability to construct
cocrystals following a simple design based on supramolecular synthons, and
the modularity of the design that allows the exchange of cocrystal components

with the intention of improving a particular solid-state property.

1.5 Polymorphism

Polymorphism (or crystal polymorphism) is a phenomenon related to the
solid state; it is the ability of a compound in the solid state to exist in different
crystalline forms having the same chemical composition but different structure
and eventually making them to be therapeutically different. Polymorphic
cocrystals attract extensive study due to the ability to change their
physicochemical properties such as melting point, density and solubility. Whilst
at times the changes in these properties may be beneficial, it can also reduce
desired properties such as solubility, bioavailability and stability. Figurel.3
shows different polymorphic arrangements that can possibly existing in solid

compounds.

molecule

- . " solvated amorphous structure

I

anisolvate ( package polymorphs)  semicrystalline structure

\
—AY/ AN T

-

amorphous structure anisolvate (conformational polymorph)

FIGURE 1.3 - Schematic illustration of polymorphism of solid compounds.

There are many examples of both single component systems and

polymorphs. Fluconazole confirms the high frequency of hydrate occurrence in



APIls. Different polymorphic forms of fluconazole; a monohydrate and solvates
are known®***. Polymorph Il form of fluconazole has been found to absorb
humidity and form the monohydrate phase from both the environment and the
excipient during either the storage phase or the manufacturing phase thereby

indicating characteristic instability.

1.5.1 Hydrates and solvates

Pseudo-polymorphism “*" describes solvates (including hydrates) as a
situation where a solvent is present in the crystal matrix in stoichiometric
proportions; such matrix is called a hydrate when the solvent happens to be

water.

The majority of the solvates and hydrates cocrystals formed during
cocrystallisation experiments are from solution, so the presence of solvent
within the crystal lattice is not surprising. Water molecules are small and can
form multiple hydrogen bonds and hence inclusion as a hydrate within a crystal
structure is frequently observed. It has been reported that in certain systems
where there is an imbalance of donor and acceptor molecules, that the
presence of water or other solvent can stabilize the structure. The CSD
database search carried out to investigate the number of cocrystal structures
that exist as either solvates or hydrates. The results of this search showed that
~12% of the 3624 entries were hydrates with a further ~11% being solvates
(with methanol, ethanol and acetonitrile being the most common solvate to be

incorporated into the structure*®2.

The thermal stability of a range of hydrated cocrystals was investigated
by cleark et al.; In their work, they addressed the role of water molecules in
crystal engineering by studying the crystal structures and thermal stabilities of
11 new cocrystal hydrates and it was observed that the more tightly bound the
water molecules, the higher the temperature required before the water is lost.
For example, it was observed that samples in which the water was held in
channels was lost at temperatures less than 100°C, though temperatures
greater than 120 °C were required before dehydration of the samples in which

the water was tightly bound within the crystalline lattice. Furthermore, the CSD



analysis was used to address the supramolecular heterosynthons that water
molecules exhibit with two of the most relevant functional groups in the context
of active pharmaceutical ingredients, carboxylic acids, and alcohols. It however
suggest, unlike cocrystals, that there is great diversity in the supramolecular
heterosynthons exhibited by water molecules when they form hydrogen bonds

%354 |t can therefore be said that the

with carboxylic acids or alcohols.
promiscuity of water molecules in terms of their supramolecular synthons and
their unpredictable thermal stability makes them a special challenge in the
context of crystal engineering and this we encountered in the course of this
work. However, different crystalline forms or solvates may be produced by
varying the crystallization conditions (temperature, pressure, solvent,
concentration, rate of crystallization medium, presence and concentration of
impurities). The stability and other physical properties of both hydrates and
solvates differ from the unsolvated forms, and can be either detrimental or

beneficial to a pharmaceutical product.

1.6 COCRYTALS

Cocrystals are multi-component crystalline solid substances in which its
neutral components are in a definite stoichiometric ratio and interact through
weak intermolecular bonds (hydrogen bonding, van der Waals and so on). This
represent a known class of crystalline solid which allow an improvement in its
physicochemical properties, a prototypal example of which is the improvement
of the solubility and residence time at the site of action for sulfacetamide, a
popular antibiotic prescribed for the treating of ocular infection. reported by
Goud et al.*®

The term and the definition of cocrystal has been a subject of topical
debate between different reseachers/authors in the crystallography field. Jones,
defines cocrystal as a crystalline complex of two or more neutral molecular
constituents bound together in the crystal structure through non-covalent
interactions, often including hydrogen bonding®, and Zaworotko says that

cocrystals are formed between a molecular or ionic APl and a cocrystal former
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57-59

that is a solid under ambient conditions®*. However, hydrates and other

48,60,61

solvates are excluded which, in principle, eliminates compounds that are

62-64

typically classified as clathrates or inclusion compounds (where the guest

molecule is a solvent or a gas molecule), solvates or pseudopolymorphs®8,

Therefore, cocrystal is a crystalline material consisting of two or more
components that are solids under ambient conditions and a liquid component
might be called a cocrystal solvate or, if appropriate, a cocrystal hydrate®® .
Thus, a multi-component system made of molecular cocrystal former and an

ionic APl would simply be classified as a pharmaceutical cocrystal’™ 2.

Cocrystals have attracted increasing interests from both industrial and
academic researchers. They are attracted to the pharmaceutical scientists
because of their significantly diversify in the number of crystal forms that can
exist for a particular class of crystalline solids mostly the active pharmaceutical
ingredient (API), and they can lead to improvements in physical properties of

clinical relevance.

An alternative approach that arises conceptually from applying the
concepts of supramolecular chemistry and crystal engineering is that a cocrystal
is the consequence of a molecular recognition event between different
molecular species’®. Thus, the synthon-based design of cocrystals is
continuously being expanded with hydrogen bonding functional groups and
supramolecular synthons, expanding the diversity of potential cocrystals and

cocrystal components

1.7 Crystal Engineering

Crystal engineering is the design and synthesis of molecular solid-state
structures with desired properties, based on an understanding and exploitation
of intermolecular interactions. The two main strategies currently in use
for crystal engineering are based on hydrogen bonding and coordination
complexation. 118247 The roots of crystal engineering can be traced back as
far as 1930's, when Pauling defined the chemical bond in both covalent and

non-covalent terms. The term “crystal engineering” was coined by Pepinsky in
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1955 but was not implemented until Schmidt studied a series of solid state
reactions of crystalline solids in connection with photodimerisation’ reactions in

crystalline cinnamic acids.

However, since this initial use, the meaning of the term has broadened
considerably to include many aspects of solid-state supramolecular chemistry’®.
Gautam Radhakrishna Desiraju defined 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. Thus, the properties of molecular
materials are dictated by the manner in which their molecules are ordered in the
solid state, and it is clear that an ability to control this ordering would afford

control over these properties.

Crystal engineering offers many alternative approaches and potential
methods for the optimization of less active properties of an APl with appropriate
selection of a coformers with much better properties. Thus, by considering the
nature of the supramolecular synthons present within the parties, the crystal is
described with improved physicochemical properties while still maintaining the
suitable physical and chemical nature of such API””®* To the chemists, it has
been described as the exploitation of non-covalent interactions between
molecular or ionic components for the rational design of solid-state structures
that might exhibit a better and interesting property. It is also recognised that it ‘is
becoming increasingly evident that the specificity, directionality, and
predictability of intermolecular hydrogen bonds can be utilized to assemble
supramolecular structures of, at the very least, controlled dimensionality®®.
Example is the synthesis of Voriconazole—p and hydroxybenzoic acid cocryst
(1:1): VZL-PABA cocrystal crystallized from a solution of methanol and
ethanol. Figure 1.4 show the helix of VZL and PABA connected via O-H---N
and N-H--N hydrogen bonds. The connection is through carboxylic acid-
pyrimidine two-point synthon and one-point N-H---N hydrogen bond between
the amino group of PABA and triazole of VZL.
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FIGURE 1.4 - Supermolecular hydrogen bonding synthons sites in a 1:1
Voriconazole—phydroxybenzoic acid cocrystal.

There are diverse aspects of crystal engineering techniques that may
be used to manipulate, improve the solubility and/or the dissolution rate of an
API in the crystalline state. At the centre of these available approaches is the
need to change surface and molecular assembly in equilibrium with a solvent
and the basic knowledge of possible synthon interaction in the solutes will save
time and materials. Carboxylic acids are an excellent starting point for synthon
interaction in crystal engineering of pharmaceutical cocrystals. Their
complementary hydrogen bond donor and acceptor sites make supramolecular
homosynthon very favorable. However, as shown in fig 1.5, the formation of an
acid dimer synthon is unlikely in competitive situations since the formation of
acid-pyridine synthon will always be fovoured. Thus, statistical experiment was
performed for the determination of the probability of forming 75 bimolecular
hydrogen bonded ring synthons in organic crystal structures. It was observed
that the probability of forming an acid dimer synthon was found to be only 33%.
This relatively low probability was attributed to the competition with other
hydrogen-bonded acceptors ( like, COO, pyridine N, Amide C—0O, S—O, P- -

0, and so on.)%.

In addition, a recent CSD study on carboxyl donors indicated that
carboxylic acid—pyridine interactions through O-H----N hydrogen bonding is

more favoured to be formed than the carboxylic acid dimer synthon. Indeed, the
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acid-pyridine synthon is a highly reliable supramolecular heterosynthon and

has been widely exploited in crystal engineering®’.

O—H----0 N—H----0
\
\ \>— _<\
0....H_0 0....H_N
acid dimer synthon amide dimer synthon
33% 35%,
Homosynthon
o—H----N// O—H----Q
s —
\ }.') H—N
(o LEEEEEEE H \
acid-pyridine synthon acid-amide synthon
91% 47%
Heterosynthon

FIGURE 1.5 - Supramolecular synthons adopted by imides and carboxylic

acids showing homosynthon and heterosynthon interaction.

Experimental calculations support the idea that the acid-amide synthon is
energetically favoured over acid dimer synthon and that the acid-amide

8 is favoured over acid dimer and

supramolecular heterosynthon with 47%
acid-pyridine heterosynthon 2°. These observations are particularly relevant for
design of cocrystals since robust supramolecular heterosynthons represent
perhaps the most reliable and rational route to cocrystals synthesis. The
complementary supramolecular heterosynthons that seem to clearly favour
formation of cocrystals are not limited to carboxylic acids. The alcohol-amine®

9192

and alcohol-pyridine supramolecular heterosynthons are also shown to be

well established in crystal engineering.
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1.8 Cocrystallization methods/ techniques

Several different methods of cocrystals formation have been described
in the literature, and the most common formation methods are based on solvent
assisted crystallization (solution method) and the mechanochemical methods
which can be neat grinding or solvent assisted grinding®°*®. The solution
methods which include cocrystallization by evaporation of stoichiometric
solutions is one of the most important tool for a quick cocrystal screening
experiments and it was the method considered and used in this (project)
dissertation. Thus, in order to design a successful cocrystal screening
experiments, it is very important to consider the reactants solubility®. In this
method, the solution must contain a stoichiometric equimolar concentration of
the components. When the ratio is not equivalent, a crystallization of only one

component is likely obtained, while other drug remain in solution®>°’.

Cooling crystallisation method involves varying the temperature of the
crystallisation system. First, large amounts of reactants and solvent are mixed
in a reactor and then the system is heated to a higher temperature to make sure
all solutes are totally dissolved in the solvent and is followed by a cooling down
step. Cocrystals will precipitate when solution becomes supersaturated with
respect to cocrystal as the temperature drops down. This method has recently
attracted much more attention for potential of a large scale of cocrystal

production.

Slurry cocrystallization technique is the simple process of adding a
solvent to the mixture of a host and a guest leads to cocrystallization and is
readily useful for systematic cocrystal screening without requiring a robotic
system. In cocrystallization process, the dissolutions of the host and guest into
a solvent create a supersaturation with respect to the cocrystal, that is, solution-
mediated transformation into the cocrystal occurs similar to the transformation
between polymorphs®. In addition, the slurry technique has been applied to
determine the most stable form and the relationship of thermodynamic stability
among polymorphs?®% 192 Figure 1.6 (1), represents a phase diagram of a
cocrystal synthesized by slow evaporation cocrystallization method. Two

cocrystal components A and B have similar solubility in solvent S and the 1:1
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pure cocrystal can be formed and obtained by evaporation when equimolar
components are dissolved in the solvent. The simplicity of this method mostly

favors it to be employed especially for screening of new types of cocrystals®®'%*

195 It involves obtaining a supersaturated solution of the components in
solution, followed by the addition of the second reagent. When the equilibrium
shift to the product side, the crystallization process begins and crystals are
observed. The components A and B have a similar solubility in the solvent at
the end of the reaction (depending on the amount of each component) it is
possible to obtain the pure crystal (6) a mixture between cocrystal and one of

the components (2 or 4).

(1) (2)

FIGURE 1.6 - Isothermal ternary phase diagrams (TPDs) with two components
having similar (1) or dissimilar solubility (2). Region: 1: solution; 2: A + solvent;
3: A + cocrystal; 4: B + solvent; 5: B + cocrystal; 6: cocrystal. Path R indicates
the evolution of solution composition as a result of adding reactant B to

solutions at close to saturation with B.

The figure 1.6 (2) is a phase diagram for cocrystalization reaction. In the
diagram, the components A and B have different solubility in the reaction
solvent. For this system, the method of slow evaporation resulted in a
precipitation of just a single component (4). The ideal to change the state of
supersaturation region of the component A and then adding the component B
the reaction mixture, thereby changing the synthetic route leading to the

formation of the cocrystal (6).
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For a large-scale cocrystals formation, the cooling crystallization method
is preferred being used'®'%%” The solvent methods are of great importance
due to that, most of the cocrystals which can qualify for single crystal X-ray
diffraction (SCXRD) testing can only be prepared through this method. Another
advantage of solvent evaporation cocrystallization method is the possibility of
using spectroscopic analysis in situ to get information about the process of

108,109

crystallization and chemical interactions present in the process Apart

from the said methods, there are also many newly emerging methods, such as

crystallization using supercritical fluid, hot-stage microscopy and ultrasound

assisted crystallization™°

94,111-114

. While solvo-thermal methods are also used although

less frequently

The technique of mechanochemical cocrystallization started to develop
following efforts of Paul and Curtin as well as Etter after they demonstrated that
supramolecular synthesis in the solid state provides a degree of molecular
recognition and a diversity of products matching and indeed extending those
observed in solution cocrystallization.**>. The application of mechanochemical
synthesis for the construction of multicomponent hydrogen-bonded crystals
compounds has been extensively studied. The observed increased the
efficiency of different grinding methodologies for cocrystal synthesis over
solution-based approaches, avoiding the effects of solubility and solvent

competition that cannot be avoided during solution crystallization*%®>118,

Cocrystal formation via grinding method focusing on the mechanistic
aspects of cocrystal synthesis as a result milling of the APl and conformer
together. There are two different techniques for cocrystal formation via grinding.
The first method is neat grinding which is also called dry grinding, consisting of
mixing the stoichiometric cocrystal components together and grinding them
either manually, using a mortar and pestle, or mechanically, using a ball mill or
a vibratory mill. This method requires one or both reactants exhibiting significant
vapour pressures in the solid state. To date, many kinds of pharmaceutical
cocrystals have been successfully synthesised via neat grinding’®®. Various
mechanisms have been employed to describe the process of neat grinding,
involving different types of intermediate phases, such as molecular diffusion,

eutectic formation, and amorphous phase.™*"?,
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The second technique for cocrystal synthesis via grinding is the liquid-
assisted grinding (also referred as kneading, solvent-drop, wet co-grinding).
Significant improvements in kinetics of cocrystal formation by grinding can be
achieved by the addition of minor amounts of an appropriate solvent. The
improvements in kinetics might be rationalised by the additional degrees of
orientational and conformational freedom as well as the enhancement of
opportunities for molecular collisions. In addition, tiny cocrystal seeds may be
envisaged to form within the solvent during the grinding process so the rate of
cocrystallisation can be increased. Besides increasing the cocrystallisation rate,
the method of liquid-assisted grinding can control over the polymorphic outcome
of cocrystallisation. A detailed look at crystal packing reveal a difference which
may be important in rationalising the observation that solvent polarity together
with solid state grinding offers the means of controlling polymorphism. 623129,
Finally, the nature of solvents used in grinding method may have a profound

effect on the mechanochemical reaction process*®**%,

Recently, new methods like Supercritical Fluid Technology (SFT)®?

and Ultrasound Assisted Solution Cocrystallisation (USSC)™3 3413 were
introduced for cocrystal formation. The utilisation of SCF is based on its three
fundamental properties: solvent power, miscibility with organic liquids (anti-
solvent), atomisation enhancement while the USSC is used to prepare
cocrystals from solution or suspension/slurry. In Padrela's work®’,
indomethacin—saccharin cocrystals with different morphologies and sizes (nano-
to-micron) were produced using supercritical fluid techniques, demonstrating
the potential of SCF technologies as screening method for cocrystals. USSC
also has been studied using a non- congruently soluble pair of caffeine and
maleic acid in methanol, in which pure caffeine/maleic acid 2:1 cocrystal was

obtained**®

. It is suggested that ultrasound applications in USSC must have
altered supersaturation conditions of caffeine and maleic acid in solution,
favouring generation of caffeine/maleic acid 2:1 cocrystal nuclei. Further
investigations need to be carried out for understanding the nucleation

mechanisms during USSC.
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1.9 Pharmaceuticals Ingredients

In this dissertation, different APl with less favourable properties like
solubility, stability, low dissolution rate were taken into consideration for
cocrystal screening exercise in order to obtain an improved form of these APIs.
Most of them are of the BCS class Il and the BCS class IV, which are known
with low solubility (class Il) and low permeability (class IV). These APIs include:
Indomethacin (IND), Candesartan (CDS), Valsartan (VST), Simvastatin (SVT),
Ibuprofen (IBP), Clopidogrel (CLP), Gemfibrozil (GMF), Lamotrigine (LMT),
tadalafil (TDF), Ezetimibe (EZT), Cabarmazepina (CBZ), and some which are
not in these class like Taurin (TAR), Nicotinamide (NCT) and Fluconazole
(FLZ).

The coformers were selected based on their excellent properties like high
solubility, stability and the presence of synthon for possible molecular
interaction via cocrystallization with the APIs. It were evaluated Ascobic acid
(ASC) Aspirin (ASP), Benzoic acid (BEZ), Citric acid (CTR), Fumaric acid
(FUM), L-Aspartic acid, Glycine (GLY) and saccharine (SAC).

However, this work was based on fluconazole which gave different
structures in the screening experiments with fumaric acid through synthon

interactions.

1.9.1 Fumaric acid

Fumaric acid or trans-butenedioic acid (HO2CCH=CHCO2H) molar
mass of 116.07g/mol and melting point of 287 °C (Fig. 1.7), is a white crystalline
compound with fruit like taste and is one of the two isomeric unsaturated
dicarboxylic acids. The salts and esters of fumaric acid are known as fumarates.
Dimethyl fumarate is known to significantly reduce disability progression in
multiple sclerosis. The presence of two acid functionalities aids its ability to

interact with other molecules through supramolecular interaction.
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FIGURE 1.7 - Structure of fumaric acid molecule

1.9.2 Fluconazole

Fluconazole [2-(2,4-difluorophenyl)-1,3-bis (1H-1,2,4 triazole-1-yl)-
propan-2-ol], molar mass 306.27g/mol and a melting point of between 138-140 °
C. As shown in (Figure 1.8) is a triazole antifungal agent, used in the treatment
of localized candidiasis and systemic therapy of candidial infections,
dermatophytic fungal infections, and cryptococcal meningitis. That is, it is used
to treat fungal infections, including yeast infections of the vagina, mouth, throat,

esophagus, abdomen, lungs, blood, and other organs.

&
OH
F
N—N
&3

J F

FIGURE 1.8 — Structures of fluconazole molecule

Fluconazole is also used to treat meningitis (infection of the membranes
covering the brain and spine) caused by fungus and also used to prevent yeast
infections in patients who are likely to become infected because they are being
treated with chemotherapy or radiation therapy before a bone marrow

transplant. It is commonly used as accompanying therapy for immunodeficient
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patients, that is, patients with AIDS or cancer and patients taking immune-

depressive agents'®.

As it appears, fluconazole is a white crystalline powder which is slightly
soluble in water and is a very weak base with a pKa value of 1.76 for its
conjugated acid, which limits its ability to form salts. It is generally accepted that
for salt formation a pKa difference greater than two units between the acid and
the base is needed, which means that only very strong acids would be

considered appropriate for salt screening.

Different crystalline forms of fluconazole (cocrystals, monohydrates and
several solvates) have been reported®. Scientists from Pfizer*** have
reported the existence of three polymorphic forms of fluconazole, which they

37-44

have designated as form-l, I, 1l and a hydrate The Raman

38.394142,14L.142 of (ifferent polymorphs of FLZ and the XRPD* were

spectra
observed. The polymorph Il was our starting material in this dissertation. The
calculated PXRD patterns of the different crystalline forms of fluconazole and
fumaric acid are shown in figure 1.9, with the PXRD FLZ-FUM corresponds to

the only reported cocystal.

A 2FLZ-1FUM cocrystal was also reported and stored as UPOQEW in
the CCSD, which was obtained from a 2:1 mixture of fluconazole and fumaric

acid dissolved in boiling ethanol *°

.The cocrystals suitable for single crystal X-
ray diffraction were prepared by dissolving fluconazole and fumaric acid in 1 mL
of boiling methanol. This cocrystal shows an amide dimer synthon O-H----N
connection and presents the PI space group. The asymmetric unit consists of
one molecule of a neutral FLZ and one-half of a FUM acid molecule as shown

in figure 1.10.

Structures of reported cocrystals of FLZ with carboxylic acids; (malonic
acid, glutaric acid, maleic acid and 2-hydroxybnzoic acid are deposited in the
CSD with refcode MEWTAL, UPOQIA, UPOQAS and EZEGIA respectively).
The five FLZ polymorphs as IVUQOZ, IVUQOZO01 - IVUQOZ04, monohydrates
of FLZ as IVUQIZ, IVUQIZ01 - IVUQIZ0O5 and the fluconazole ethyl acetate
solvate with CSD refcode IVUQEV. The figure 1.11 shows different FLZ
molecules interact through the O-H----N hydrogen bonded molecular chain or

dimer and forming a strong supramolecular assemblies. Apart from the strong
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O-H----N hydrogen bonded interaction; different polymorphic structures of FLZ
dimers in the same asymmetric unit also show different weak interactions
involving intramolecular C-H----O, C-H----F and C-H----N hydrogen bonds.
These different polymorphs observed are conformational and were due to the

orientation of the phenyl ring and the two triazole rings as shown in the CCSD.
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FIGURE 1.9 — Calculated PXRD patterns of reported Fluconazole polymorphs,
fumaric acid and the 2FLZ-FUM cocrystal.

FIGURE 1.10 - 2FLZ-FUM cocrystal structure showing the asymmetric unit*.
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Fluconazole-maleic acid cocrystal I .
Fluconazole-fumaric acid

Fluconazole-glutaric acid
(2FLZ-1FUM) cocrystal

cocrystal

Fluconazole - 2-hydroxybenzoic acid
cocrystal

Fluconazole-malonic acid cocrystal

FIGURE 1.11 Supramolecular assemblies of synthon connection and bond
distances (A) strong O-H----N interaction in FLZ cocrystals with carboxylic acids
(B) C-H----N interaction in FLZ polymorphs (C) O-H----N, O-H----O and H----F in
solvate and hydrate of FLZ.
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1.10 Characterization methods

Structure resolution by characterization is the ultimate and most
important part of cocrystal research, in that, it confirms synthon interactions in
the formation of a new structures. It also allows for the determination of whether
the adduct synthesized is a salt, solvate or other class into which the cocrystal
might belong and it aids the resolution of solvent or water molecules that may
be present within the crystal lattice and facilitates the determination of structure-

property relationships.

There are different characterization techniques and the single-crystal
X-ray diffraction is currently the most widely used technique for cocrystal
structure solution, though NMR spectroscopy, Raman spectroscopy, and solid
state IR spectroscopy are all techniques used to complement this method.
Powder X-ray diffraction and other thermal analysis like the DSC and the
Thermogravimetric analysis are also used within this field. Powder X-ray
diffraction is used more as a screening technique for new materials although it

does have the potential for full structure analysis *4*47,

1.10.1 Raman Spectroscopy

The Raman spectroscopy provides information about molecular
vibrations that can be used for sample identification and quantitation**®. The
technique involves shining a monochromatic light source (i.e. laser) on a
sample and detecting the scattered light (Fig. 1.12), the majority of the scattered
light is of the same frequency as the excitation source; this is known as
Rayleigh or elastic scattering (Figl.13). A very small amount of the scattered
light (ca. 0.0001% of the incident light intensity) is shifted in energy from the
laser frequency due to interactions between the incident electromagnetic waves

and the vibrational energy levels of the molecules.



24
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FIGURE 1.12 — A sketch showing a typical set up of Raman spectroscopy

attached to a microscope.

Generally, Raman spectra are plotted with respect to the laser frequency
such that the Rayleigh band lies at 0 cm™. On this scale, the band positions will
lie at frequencies that correspond to the energy levels of different vibrations.

The Raman spectrum can thus be interpreted similar to the infrared absorption

spectrum.
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FIGURE 1.13 - Electromagnetic waves shifted in energy from the incident

radiation by Raman spectrum.
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Raman scattering is a spectroscopic technique that is complementary to

infrared absorption spectroscopy. Raman offers several advantages over

mid-IR and near-IR spectroscopy, including:

Water is a weak scatterer - no special accessories are needed for

measuring aqueous solutions
Water and CO, vapors are very weak scatterers - purging is unnecessary
Inexpensive glass — sample holders are ideal in most cases

Fibre optics (up to 100's of meters in length) can be used for remote

analyses

Raman spectra are "cleaner" than mid-IR spectra - Raman bands are

narrower, and overtone and combination bands are generally weak

The standard spectral range reaches well below 400 cm™, making the

technique ideal for both organic and inorganic species

Raman spectroscopy can be used to measure bands of symmetric

linkages which are weak in an infrared spectrum (e.g. -S-S-, -C-S-, -C=C)

The major disadvantages of the Raman spectroscopy is the weak
Raman effect, which leads to low sensitivity in measuring low
concentration of substances, it can also experiences fluorescence in

some materials and give no result for metals and alloys samples.

1.10.2 X-ray Powder Diffraction (XRPD)

X-ray diffraction from crystalline solids is an established phenomenon

discovered by a German physicist, Max von Laue in 1912, who was interested

in the way light and crystals interacted with one another. Von Laue

demonstrated mathematically that X-rays were diffracted by crystalline materials

and established that X-rays are electromagnetic in nature. Subsequent work

allowed Sir William Bragg and his son Sir Lawrence Bragg to establish a new
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area of science, which led to the analysis of crystal structure by the means of X-
ray diffraction. The use of X-rays as a device for discovering the precise three
dimensional crystal structures of molecular solids was entirely due to the
Braggs work. It was shown that electromagnetic radiation (X-rays) with a
wavelength similar to an inter-planar distance (d) in crystal planes (of the order
of 1A) incident on planes of atoms, results in X-rays being scattered both

constructively and de-constructively.

The Bragg’s law (equation 1) is the central to diffraction as it gives the
geometric conditions under which a diffracted beam can be observed. The
Bragg model can be seen (figure 1.14), as the reflection of the incident radiation
by parallel planes of atoms. The planes which are defined by Miller indices (hkl)
will only give rise to constructive interference when the second beam, which has
travelled the extra distance of A’'B’ + B'C’, is an integral (n) multiple of the

wavelength (A).

nA = 2d sin@ (eq. 1)
A C
Incident x-rays Diffracied x-rays
A A A C’
* A
g-B %
L 3 e 8
d
- B’
d
Atomic-scale crystal lattice planes

FIGURE 1.14 - The geometric conditions required for Bragg diffraction. The
diffracted X-rays exhibit constructive interference when the distance between

paths ABC and A'B'C' differs by an integer number of wavelengths (A).
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The source of an X-rays in the X-ray diffraction equipment is an X-ray tube
(Fig. 1.15), which generates this electromagnetic radiation when strong moving
electrons decelerate as a consequence of hitting a metal target (most
commonly copper or molybdenum) in an evacuated enclosure. More intense X-
rays can be produced from a synchrotron storage ring in which electrons
moving at relativistic speed are contained by magnetic fields.

il Sample / Monochromator
Shutter Light " —

FIGURE 1.15 — A picture of a typical XRD device setup.

In any typical X-ray diffraction (XRD) experiment, the interplanar spacing
(d-spacing) of a crystal is used for identification and characterization of the
crystal. When X-rays interact with electrons in a solid crystal, the X-ray
diffraction obtained gives a measurement of electron density within a unit cell of

the crystalline system 9%,



28

20
FIGURE 1.16 — A sketch showing the X-ray interaction with crystal samples to

generate diffraction.

The X-rays are scattered from the electron cloud surrounding an atom at
the same frequency as the primary beam, known as Thomson scattering, and
are collected on a detector. In the forward direction (26 = 0°) all the X-rays
electrons scatter in the same phase, but as 20 increases, the intensity of the
scattered X-rays decreases due to destructive interference (fig 1.16). The value
of the scattering factor is therefore proportional to the number of electrons in the
atom. Solving Bragg's Equation gives the d-spacing between the crystal lattice
planes of atoms that produce the constructive interference. A given unknown
crystal is expected to have many rotational planes of atoms in its structure;
therefore, the collection of "reflections" of all the planes can be used to uniquely
identify an unknown crystal. In general, crystals with high symmetry (e.g.
isometric system) tend to have relatively few atomic planes, whereas crystals
with low symmetry (in the triclinic or monoclinic systems) tend to have a large

number of possible atomic planes in their structures.
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1.10.3 Single crystal X-Ray Diffraction

The main experimental tool for investigating atomic structure of single
crystals with X-ray diffraction is the SCXRD with CMOS detector (fig.1.17). It
allows for very exact measurement of satellite reflections of a periodic crystal.
Most SCXRD has x-ray tubes with copper or molybdenum anode. The
molybdenum tube provides x-rays of the wavelength 0.71073 A collimated with
fibre-optics collimator. The beam diameter can be set from 0.3 to 0.8 mm. This
radiation can be used for studies of inorganic and organometallic materials

including strongly absorbing samples.

= PHOTON 100 detector s
with CMOS technology

FIGURE 1.17 — (A) Picture of Single Crystal X-Ray Diffraction device (B) Image

of the devices showing X-rays interaction with crystal sample.

The copper tube provides x-rays of the wavelength 1.54184 A collimated
with thin-layers mirrors to a beam of the diameter 0.3 mm. The intensity of the
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focused beam is sufficient for measurement of organic samples, from small
molecules to well diffracting proteins.

Single crystal X-ray diffraction (SXRD)*®*7 is a non-destructive analytical
technique which provides detailed information about the internal lattice of
crystalline substances, including unit cell dimensions, bond-lengths, bond-

angles, and details of site-ordering.

In order for X-ray crystallography to be successful, the sample must be
crystalline; that is, having a periodic long range order. A crystal lattice is formed
of unit cells; a unit cell contains the smallest repeating unit and is connected to
other identical unit cells in three dimensions. It has parameters which define
both the axes (a, b and c) and the angles (a, B, and y)*****°. This labelling of

parameters is the standardised scheme for a unit cell as shown in figure 1.18.
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FIGURE 1.18 - A unit cell in three dimensions parameters which define both

the axes (a, b and c) and the angles (a, 3, and y).
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TABLE 1.1 — Showing the relationship between different crystal system, unit cell

parameters and the possible Bravais lattice types.

Crystal system Restrictions on Unit Cell parameters Possible Bravais types
Cubic a=b=c P, ILF

a=B=y=90°
Hexagonal a=b#c P

a=p=90° y = 120°

Trigonal a=b=c R
a=B=y#90°

Tetragonal a=b#c P,
a=p=y=90°

Orthogonal atb#c P,I,F,A B, C
a=fB =y =90°

Monoclinic azb#c P,C

a=y=90° B #90°

Triclinic a#b#c P
a #B #y#90°

The contents of the unit cell can often be reduced to sub-units known as the
asymmetric unit. 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 are parallel and equidistant (interplanar
distance known as d-spacing) and are labelled by Miller indices (h,k,l); integer

values which are mathematically related to the unit cell parameters.

A crystal structure is assigned a space group which represents all of the
symmetry elements within the system. The combination of possible symmetry
elements, the seven crystal systems and fourteen Bravais lattices means there

are only 230 different space groups. The possible symmetry elements include
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inversion, rotation, reflection, screw axes and glide planes °°*®. Figure 1.19

shows the common four of the fourteen bravais lattice.

Primitive |-centered

C-centered

F- centered

FIGURE 1.19 - The four Bravais lattice types.

1.10.4 Differential scanning calorimetric (DSC)

Differential scanning calorimetric 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. For this, the equipment measures the energy
necessary to establish a nearly zero difference of temperature between a
substance and an inert reference material, as the two specimens are

subjected to identical temperature regimes in an environment heated or
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cooled at a controlled rate. An accurate measurement of the melting
temperature, fusion heat, latent heat of melting, reaction energy and
temperature, glass transition temperature, crystalline phase transition
temperature and energy, precipitation energy and temperature,
denaturisation temperatures, oxidation induction times and specific heat or

heat capacity are obtained from this device®®’.

With advancement in DSC equipment, several different modes of
operations exist and it can enhance the applications of DSC. Scanning mode
typically refers to conventional DSC, which uses a linear increase or

decrease in temperature.

Reference Sample

| -
AWM

FIGURE 1.20 - Common features of the Differential scanning calorimeter

An example of an additional mode often found in DSC equipment is an
isothermal scan mode, which keeps temperature constant. This allows for
stability studies at constant temperatures, particularly useful in shelf life studies

for pharmaceutical drugs *¢*7°.

In the DSC equipment, sample is placed in a suitable pan (Al, Cu, Au, Pt,
alumina, and graphite are available and need to be chosen to avoid reactions
with samples) and sits upon a constantan disc on a platform in the DSC cell

with a chromel wafer immediately underneath as shown in (Fig. 1.20). A
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chromel-alumel thermocouple under the constantan disc measures the sample
temperature. An empty reference pan sits on a symmetric platform with its own
underlying chromel wafer and chromel-alumel thermocouple. Heat flow is
measured by comparing the difference in temperature across the sample and

the reference chromel wafers and this depends on the equipment used.

The equipment plots the difference in heat output for the two heaters
against the temperature achieved (Fig.1.21). If the material is just heating up,
then the rate of heat flow will be constant, and determined by the specific heat
of the sample. When there are changes in state, as for example when a
polymer crystallises or reaches its glass transition temperature, then there is
either a dip or an increase in the plot. A permanent change in increase

represents a permanent change in state.

Oxidation

Cross-Linking
Crystallization {Cure)

Glass /\

Transition

Heat Flow -» Exothermic

Melting

Temperature

FIGURE 1.21 - An idealized DSC curve showing the shapes associated with
particular phase transitions.

1.10.5 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a
method of thermal analysis in which changes in physical and chemical
properties of materials are measured as a function of increasing temperature
(with constant heating rate), or as a function of time (with constant temperature

and/or constant mass loss). That is, TGA is based on the measurement of the
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mass loss of a material as a function of temperature. Based on this, it provides
information about physical phenomena, such as second-order phase
transitions, including vaporization, sublimation, absorption, adsorption, and
desorption. It also provide information about chemical phenomena including
chemisorptions, desolvation (especially dehydration), decomposition, and solid-
gas reactions (e.g., oxidation or reduction). Thus, It is a useful technique for the

study of polymeric and pharmaceutical materials*"*.

Atmosphere control

Furnace\ * /Sample holder

1
Furnace temperature !/
e [ Recorier |
Temperature sensor Recording balance
7 N Balance control

A
FIGURE 1.22 - Block diagram of TGA (Description of Thermogravimetry).

Figure 1.22 shows the balance beams for the sample and the reference
located in the furnace. The masses of the sample and the reference are
measured by the sensitivity-calibrated drive coils separately. The mass
difference is sent as TG signal. By the differential mass measurement, the
effects of the beam expansion, the convection flow, and buoyant force are
cancelled. Thus the highly sensitive thermogravimetry measurement is
achieved. The mass measurement of the sample and the reference by the
independent drive coils enables the easy adjustment of the TG baseline drift
electrically. Also, thermocouple is located in each holder which enables the

simultaneous DTA signal output.

In addition, within the thermogravimetry, a continuous graph of modified
mass against temperature is acquired while a substance is heated at a uniform
rate or kept at constant temperature. The plot of mass change versus
temperature (T) is referred to as the thermogravimetric curve (TG curve). For

the TG curve, a plot of mass (m) is decreasing downwards on the y axis
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(ordinate), and temperature (T) increasing to the right on the x axis (abscissa)
as described in (Fig. 1.23). Within a TG curve of a single stage decomposition,
there are two features temperatures; the initial Ti and the last temperature Tf of
an event. Ti is described as the lowest temperature at that the onset of a mass
change could be detected through thermobalance operating under particular
conditions and Tf as the final temperature at that the particular decomposition

appear to be complete!’?,

100 4

T s v

T '.ﬁ v T v T L
300 400 500 600 700
Temperature, °C

O N L] L] )
100 200 800

FIGURE 1.23 — A typical TGA curve

TGA is commonly used to determine selected characteristics of materials
that exhibit either mass loss or gain due to decomposition, oxidation, or loss of
volatiles (such as moisture). Common applications of TGA are (1) materials
characterization through analysis of characteristic decomposition patterns, (2)
studies of degradation mechanisms and reaction kinetics, (3) determination of
organic content in a sample, and (4) determination of inorganic (e.g. ash)

content in a sample®”.



CHAPTER 2 - OBJECTIVE
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2. Objective

The objective of this work is to improve the unfavourable pharmaceutical
characteristics of less active APIs having deficiencies in terms of solubility,
bioavailability, stability and shelf life using crystal engineering techniques to
perform cocrystalization of APIs. It will be used the knowledge of
supramolecular synthons and the understanding of the hydrogen bonding to
forge molecular interaction between the APl and pharmaceutically acceptable
coformers, selected based on their favourable properties like high solubility and
stability. It is expected that the forging of a simple molecular interaction between
the less active APl and the selected coformer will lead to a new crystalline

structure with improved physicochemical properties.

The evaluated APIs were Indomethacin (IND), Candesartan (CDS),
Valsartan (VST), Simvastatin (SVT), Ibuprofen (IBP), Clopidogrel (CLP),
Gemfibrozil (GMF), Lamotrigine (LMT), tadalafil (TDF), Ezetimibe (EZT),
Cabarmazepina (CBZ) of BCS class Il and 1V, and some which are not in these
classes like Taurin (TAR), Nicotinamide (NCT) and Fluconazole (FLZ) of BCS
class Ill. The conformers used are Ascobic acid (ASC) Aspirin (ASP), Benzoic
acid (BEZ), Citric acid (CTR), Fumaric acid (FUM), L-Aspartic acid, Glycine
(GLY) and saccharine (SAC).

However, this process of obtaining a new cocrystal solid structure with
additional improved physicochemical properties starts with the selection of a
problematic APl and the pharmaceutically acceptable cocrystal formers,
selected based on the knowledge of supramolecular interaction (using the
Cambridge Crystallography Structure Database). The characterization of this
solid crystal structure using the Raman spectroscopy, X-ray Powder diffraction,
Differential scanning calorimeter, thermogravimetric analysis and the Single

crystal x-ray diffraction will confirm the synthesis of a new crystalline structure.



CHAPTER 3 - MATERIALS AND
METHODS
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3. Materials and methods

3.1 Materials

The fluconazole (API) used for this experiment present a similar XRD
pattern of polymorph 2 previously reported and was donated from Medley
Pharmaceuticals Limited as a primary material. The APl was used as obtained
without further purification. Other APIs used in this experiment which did not
result into a new crystal structure were either obtained from pharmaceutical
companies or pharmacies. Fumaric acid (coformer) used was purchased from

Sigma-Aldrich chemical company at a >99% purity (Analytical reagent grade).

The solvents used for the experiment were pure water obtained from a
MiliQ sytem (18.2 mQ cm); Acetonitrile HPLC grade, purchased from J.T Bakers
Ltd. The other solvents like Ethanol, Methanol used at different experimental

stages was HPLC grade likewise and purchased from J.T Bakers Ltd.

The Raman spectroscopy used for the screening experiment is a B&W
Tek model i-Raman BWS 415-785H, with a red laser (785 nm), spectral
resolution of 3.5 cm™. Attached to an optical microscope used to observe the
crystal at different magnifications. Each spectrum was obtained with 30s of

acquisition time and a laser power 160 mW.

For the X-ray powder diffraction studies, Rigaku Multiflex diffractometer
with a Cu source was employed maintained at a voltage of 40 kV and current of
30 mA. The choice of scanning angle was from 5° to 45° (26) and using a step
of 0.2 °6/ minute.

For the single-crystal X-ray diffraction, it was used a Bruker D8 Quest with
monochromatic Cu source, voltage of 40 kV and current of 30 mA coupled to a
Photon 100 detector.

The DSC thermal analyses of all samples were recorded on a Differential
Scanning Calorimeter Netzsch DSC 204 with a Al,O3 pan crucible used at a
heating rate of 10 K/min. It was employed over a temperature range of 298 K to

733 K, under Ny gas (with a fixed flow rate of 2 ml/min).
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Thermogravimetric analysis (TGA) was performed using the Netzsch TG
209 F1, with Al,O3 crucible as the reference used under O, gas (flow rate of 2

ml/min), 10 °C/min and range of 333 K to 633 K.

3.2 Method employed

Cocrystal screening is a process similar to salt screening and is
particularly suited to high-throughput technologies. Once an API has been
selected for cocrystallisation studies, a pharmaceutically acceptable, non-toxic
cocrystallising agent(s), coformer, is chosen to result in a pharmaceutically
acceptable product. This limits the crystallizing agent to those that have been
approved for consumption by humans, for example pharmaceutical excipients
and compounds classified as generally recognised as safe (GRAS) for use as
food additives (as classified by the U.S. Department of Health and Human
Services). Thus, APIs and coformer selection will be the first step in the
screening process using the knowledge and understanding of supramolecular
synthon interaction and the guide on synthon reported in the CSD. Since the
aim of performing this experimental is to improve the pharmaceutical properties
of less desirable drugs, focus will be on the less soluble APIs of the BCS class
Iland IV.

Publications and recent studies on the materials used for the synthesis and
the methods employed of a particular drug (API of choice) will be an advantage
in the course of further research on the drug. Thus, knowledge on the different
classes of hydrates, solvates and cocrystal polymorphs of this particular API
with their structural parameters obtained from Cambridge Structural Database
(CSD) will be an advantage and a guide to a good screening experiment and
the final resolution and conclusion since it will confirms the newness of the

structure obtained when compared to all previously obtained structures.

According to the chat on figure 3.1, the method employed for the synthesis
of new cocrystal in this research starts with the selection of APIs and coformers
which have the tendency of dissolving in a given solvent, and via different

solvent cocrystallization techniques, with varying cocrystallization conditions like
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changing the coformers, temperature and solvent to favour the synthesis of a

new solid cocrystal. However, the dried cocrystal obtained will undergo the first

characterized using the Raman spectroscopy to detect changes in the spectra
of the starting materials, the less favourable API and selected conformer

API + APIC) ~om | COFORMER
COFORMER o O:k“
. l')”n

—
Eé/ RAMAN

o SPECTROSCOPY
o METHOD OF | S
-3 PREPARATION

g \__’.J—/:w

K = PN
5 g

Spectroscopy
15t Characterization

Change method of pre garaﬁon

FIGURE 3.1 - A chart showing the crystal engineering processes and stages for

the synthesis of new cocrystal structures.compared

with that of the dry synthesized solid crystal and the result obtained will indicate
for further characterization using XRD, TGA, DSC and the SCXRD to obtain

information about the structure of the new crystal molecule.

Different characterization tools like the Raman spectroscopy, DSC,
XRD, TGA and the SCXRD were employed in this study to provide information
about the possible cocrystals structures, by considering the changes in physical
and chemical properties like melting temperature, spectral profile, diffraction
pattern and the bonding interactions. The spectra of pure API and conformer
can be easily compared with that of the new cocrystal to reveal whether or not
there is an interaction or strong recognition between the less active ingredient

and coformer or with the solvent as the case may be. This is the first stage in
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the research, which focusing more on the screening experiments, in order to

find and evaluate possible new cocrystals structures.

In this work, different cocrystal screening experiments were performed as

shown in (Table 3.2), using small amount of the APIs and coformers at different
stoichiometric ratio of FLZ:FUM at 1:1, 2:1, 3:1, 1:2, 1:3, using grinding and

solvent evaporation crystallization as screening experiment using different

Table 3.1 — Screening experiment using different APl and coformers

APl/coformer Citric Fumaric Aspirin Benzoic L-Aspartic Glycine Saccharine
(CTR) (FUM) (ASP) (BE2) (ASR) (GLY) (SAC)

Indomethacine IND-CTR | IND-FUM | IND-ASP | IND-BEZ | IND-ASR IND-GLY IND-SAC

(IND)

Candesartan CDS-CTR | CDS-FUM | CDS-ASP | CDS-BEZ | CDS-ASR CDS-GLY CDS-SAC

(CDS)

Valsartan VST-CTR VST-FUM | VST-ASP | VST-BEZ | VST-ASR VST-GLY VST-SAC

(VST)

Sinvastatin SVT-CTR SVT-FUM | SVT-ASP | SVT-BEZ | SVT-ASR SVT-GLY SVT-SAC

(SVT)

Ibuprofen IBP-CTR IBP-FUM IBP-ASP IBP-BEZ IBP-ASR IBP-GLY IBP-SAC

(IBP)

Clopidogrel CLP-CTR CLP-FUM | CLP-ASP | CLP-BEZ | CLP-ASR CLP-GLY CLP-SAC

(CLP)

Lamotrigine LMT-CTR LMT-FUM | LMT-ASP | LMT-BEZ | LMT-ASR LMT-GLY LMT-SAC

(LMT)

Tadalafila TDF-CTR TDF-FUM | TDF-ASP | TDF-BEZ | TDF-ASR TDF-GLY TDF-SAC

(TDF)

Ezetimiba EZT-CTR EZT-FUM | EZT-ASP | EZT-BEZ | EZT-ASR EZT-GLY EZT-SAC

(EZT)

Carbamazephina | CBZ-CTR | CBZ-FUM | CBZ-ASP | CBZ-BEZ | CBZ-ASR | CBZ-GLY | CBZ-SAC

(CBZ)

Nicotinamida NCT-CTR NCT-FUM | NCT-ASP | NCT-BEZ | NCT-ASR NCT-GLY NCT-SAC

(NCT)

Fluconazole FLZ-CTR FLZ-FUM | FLZ-ASP FLZ-BEZ FLZ-ASR FLZ-GLY FLZ-SAC

(FLZ)

Solvent used for screening experiment; Acetonitrile, methanol and water. The solvent

and components were heated and left to evaporate at room conditions
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solvents. The product obtained through the screening experiments was
characterised firstly using the Raman spectroscopy which is a fas
characterization technique in the identification for the possible cocrystal
formation by spectra comparison. Finally, when a new crystal is observed, the
screening method is repeated using large amount of samples of the API and
coformer and further characterization studies will be performed to know the

classes and other physicochemical properties of the new crystal.

However, from the first screening test and the results obtained from
the Raman spectroscopy characterization, the combination showed to be
promising for samples of FLZ:FUM mixed at a stoichiometric ratio of 1:1. By
comparing the Raman spectra of the less soluble FLZ and the pure FUM, the
obvious differences in the spectra peak observed was taken as an evidence for
the possible formation of a new crystalline structure as shown in (Fig 3.2). The
presence of peaks from both coformer and API in the FLZ-FUM between 1600

and 1750 cm™ can be related to a crystalline structure with both components.
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FIGURE 3.2 - Raman spectra comparison of FLZ, FUM and the new FLZ-FUM

cocrystal for the first characterization process.
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However, the differences which really distinguish the new FLZ-FUR from the
starting materials were observed in the region between 800 -1400cm™. This is
the first characterisation evidence from the Raman spectroscopy that confirm

the changes in the chemical composition of the synthesized solid crystal.

In addition, the XRD analysis of the suspected 1:1 FLZ-FUM cocrystal
solid formed was performed and compared to that of FLZ and FUM according to
figure 3.3. The patterns were compared and peak positioning and intensity was
observed and taken as more evidences for the formation of a new crystalline
structure. It was observed that the polymorphic form of FLZ used in the
experiments is the form Il, compared to the reported powder diffractions of

polymorphic forms in figure 1.9.
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FIGURE 3.3 — Experimental PXRD patterns of the new FLZ-FUM solid form
compared to that of FLZ and FUM.
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4. Results

4.1 Synthesis and characterization of FLZ-FUM cocrystals

In this confirmatory experiment, five samples of FLZ-FUM cocrystals
were synthesised through the promising 1:1 stoichiometric mixing ratio at
different conditions and methods as shown in the table 4.1. Using simple
solvent based cocrystallization techniques, the characterization of the dry
crystal obtained was achieved by comparing the Raman spectra, diffraction
patterns and thermograms curves of the crystal samples to that of the starting
materials. In this experiment, efforts were made to find the most pure means of
synthesizing the purest form of FLZ: FUM at 1:1 stoichiometric ratio by
considering the five samples and the results obtained gave some similarities

and differences in terms of purity when analysed.

TABLE 4.1 — Screening experiments conditions for FLZ-FUM prepared through

solvent evaporation methods.

Name API Coformer Solvent Method of
(Amount) (Amount) preparation

Am 0 FLZ FUM Boiling ACN-H,O Solvent evaporation
0.1mmol 0.1mmol (1:1) (4mL)

Am 1 FLZ FUM Boiling H,O Solvent evaporation
0.05mmol 0.05mmol (2mL)

Am 2 FLZ FUM Boiling ACN-H,O Solvent evaporation
1mmol 1mmol (2:1) (2mL)

Am 3 FLZ FUM Boiling ACN-H,O Solvent evaporation
0.1mmol 0.1mmol (2:1) (2mL)

Am5 FLZ FUM ACN-H,0 (1:1) Slow crystallisation
0.05mmol 0.05mmol (5mL)
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The sample Am 4 was performed using boiling ethanol as reported in the
publication for the synthesis of 2FLZ-1FUM cocrystal. The results obtained from
the characterization studies, considering the Raman spectra and the XPRD
pattern analysis of the synthesized crystal gave a similar result to that of the
publication but with some little differences in peak positioning and was excluded
from the Table 4.1. The powder XRD patterns of previously reported
polymorphs of FLZ in the Cambridge Crystallographic Structure Database

(CCSD) were used for the characterization in this experiment.

Thus, we bring to mind that in this experiment, the fluconazole and
fumaric acid were dissolved in either boiling ACN-H,O (2:1), ACN-H,O (1:1) or
boiling H,O with the API and the coformer totally dissolved and resulting into a
clear solution at 1:1 stoichiometric ratio. After, the solution was then left to
slowly cool off at room temperature and crystals were obtained in water after
24-48 hours. The little water remaining alongside with some samples was
filtered off and the crystals obtained were dried at a room temperature. The dry
crystals obtained were then used for the further characterisation experiment

Considering the first characterisation study performed using Raman
spectroscopy, the full spectrum obtained for the samples as shown in (Fig.4.1

A) gave some similarities with one another. However, by focusing on some
selected regions of spectra around 370 - 400cm'1, region between 800 cm™ -

1400 cm™ and 1350 -1450 cm™, some obvious differences in peak positioning

and intensity in the spectra of the five samples was observed.

The selection of the most pure sample and further characterization of the
samples was carried out based on the differences in the Raman spectra and the
diffractograms obtained from the X-ray diffractions analysis. The obtained XRD
pattern of the pure crystals selected was compared with the previously reported
patterns of FLZ polymorphs in the CSD. The structure determination was
carried out using the single crystal XRD analysis and the data obtained was
compared to the reported structures of the polymorphs of FLZ. All the analysis

and result obtained were discussed below.
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Raman spectra analysis

The Raman spectra of the synthesized crystalline solid of FLZ-FUM and the
starting materials were taken and plotted with minor differences spotted when
compared with one another and wit the starting materials (Figure 4.1A).
However, in the figure 4.1(B), the Raman spectra of all the samples were
analysed focusing on some spectral regions that gave clear differences
between the spectra of the starting materials when compared to the synthesized
crystalline solids around 890 cm™ to 920 cm™, 960 cm %, 1050 cm *, 1250cm™
and between 1260 to 1330 cm™, with peak presence or absence, peak intensity
and peak width.

(A)

Raman Spectra of FLZ-FUR Samples
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FIGURE 4.1 — (A) Raman spectra of the five samples compared to the starting
materials (FLZ and FUM), from approximately 150 to 1700 cm™. (B) Raman
spectra showing major differences in the spectra of the five samples when

compared to the starting materials, from 800 to 1400 cm™.

The first region of interest is the point A, three obvious peaks on Am 0 at 890-
920cm™, with the third a broad peak at 920 cm™. These peaks are slightly shifted from
other peaks observed in Am 1, Am 5 and the starting materials. This peak is also
presented in samples Am 2 and Am 3, but with less intensity. Samples Am 1 and Am

5 is observed to present a spectral profile most similar to FLZ peaks, in this region.
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The Am 5 gave a unique sharp peak at point B at 970 cm™, which is a
unigue peak with a high intensity when compared to all other broad peaks
observed at this region. Sample Am 1, also presents the same peak, but less
intense. However, samples Am 2 and Am 3 presents mixed peaks that look
more like FLZ peaks at this region C. Sample Am 1 presents both signals, the
sharp peak of Am 5 and the mixed peaks from samples Am 2 and Am 3, This
might be an indicative that sample Am 0 is a mixture of more than one crystal.
Samples Am 0, 2 and 3 gave nearly the same peak as shown by point D at

1050 cm™. The Am 5 gave different peaks especially at point E (1250 -1320 cm
'1), but seems more like a mixture of a crystal formed in Am 1 and samples Am

2 and Am 3.

The Am 0 spectrum looks unique and seems a bit like the Am 3 and Am
2 but with some little peak differences observed at A. The point F on Am 1
looks more like the peak observed at point E on Am 5, with little peak
differences observed for the latter and this is also a point that shows the
differences between the samples and FLZ. Hence, Am 2 and Am 3 show some
unique differences between each other when their spectra are compared. The
broad peaks observed on FLZ at 990 -1010cm™ is observed in Am 2 and 3 with
a low intense peak, and observed to be missing on Am 1 or obviously replaced

with an intense peak at 1020 em™,

Raman spectroscopy served well as a characterization technique since
it targets molecular vibrations, thus, specific chemical bonds and structures
displaying characteristic Raman peaks. However, the spectral differences in
these mention regions on the Raman spectra indicate that the major differences
in this case was the chemical environment accompanied by differences in some

molecular interactions, when compared to the starting materials
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XRD pattern analysis
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FIGURE 4.2. Calculated PXRD patterns of the new FLZ-FUR solid samples
(Am2 and 3) compared to the diffraction patterns of reported FLZHYD, 2FLZ-
FUR cocrystal and (FLZ and FUR polymorphs).

The PXRD patterns show obvious differences in diffraction patterns for the
PXRD of each sample. The five new FLZ-FUM crystal samples gave different
peaks when compared to the starting materials and the previously reported
cocrystal, hydrate and polymorphs with a characteristic peaks at different points
206; 6.25°, 7.65° 9.00° 11.00° 12.00° and 13.70° as shown in figure 4.2 to be
common with Am2 and Am 3, while Am 0, Am 1 and Am 5 gave peaks that

looks alike.
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However, it was observed that some unique peaks of the new FLZ-FUM
solid crystals samples are either missing or shifted in their diffraction pattern
position when compared to one another, thus indicating some differences in the

structural arrangement and as a result of conformational changes. Thus, a few

of these new peaks observed in the new synthesized FLZ-FUM solid samples
can however be traced to the initial FLZ crystalline phases at (26); 26.00°, and
look alike with one another with varying intensities at 20: 7.65°, 9.00 °, 10.30°,
11.00°, 13.00° and 26.00 ° indicating other phases or mixtures of other phases.

To gain further insight into the purity and uniqueness of these crystalline
solid crystal samples, attention was once again given to Am 2 and Am 3 that
have similarity with peak positioning as expected, with the former showing some
characteristic differences in peak shift, broadness and peak intensity when
compared to the latter (Fig 4.3) and this can be due to the shape of the crystal,
differences in the height of the crystal powder in the loader and other
conformational changes and conditions that may result during the PXRD
analysis.

In addition, the Am 3 can be said to display high level of purity compared to
Am 2 taking into their PXRD account on peak patterns. Am 3 gave unique
sharp peaks which are characteristic of a pure crystal. While Am 0 and Am 1
showed low intensity peaks similar to that of Am 2 and Am 3 at 26; 6.00°, 8.00°,
10.50°, 11.00° and 13.00° and interestingly with the presence of an intense peak
located at (26) 8.00° — 9.00° with differences in positioning.
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Theta (2 °0)

FIGURE 4.3 — A selected region of the XRD patterns showing clearly the
comparisons of the products, FLZ and FUM.

As shown in Figure 4.3, Am 5 have peaks similar in positioning with  Am 1
but quite different from FLZ PXRD pattern, thereby indicate the formation of a
different crystalline phase. Thus, the results obtained indicate a high possibility
of obtaining two novel solid forms of FLZ-FUM from the XRD analysis as said
earlier while considering the results obtained from the Raman spectra
characterization. The PXRD patterns observed for Am 0, Am 2 and Am 3 are
different from all the patterns already observed for the polymorphs and hydrates
of FLZ.



54

DSC thermal analysis

It is expected that the DSC thermal analysis of the samples will give more
information about the purity and forms of the crystals. All the samples (Am 0, 1,
2, 3 and 5), gave a different thermal events compared to the peaks obtained for
FLZ and FUM. All the crystal samples gave a characteristic broad peak
between 75 °C and 125 °C with Am 3 and Am 1 presenting single peaks at 100
°C and 110 °C respectively (Fig 4.4).
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FIGURE 4.4 — DSC thermal peaks of samples showing different melting points

when compared to FLZ and FUM.

Am 0 looks like a mixture of the crystal Am 3 and Am 1 with two closely
observed peaks. Am 5 gave two peaks, with the first, a broad peak between
110 - 120 ° C and the seconds, having a characteristic peak of FLZ melting
range (138 -140 ° C). The possibility of obtaining two new solid forms of FLZ-
FUM remain a certainty with the results obtained from Am 1 and Am 0, 2 and 3

in this experiment.
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TGA curve analysis

The TG Analysis was employed to certify the nature of the five cocrystal
and thereby confirming the class to which they can be classified (monohydrates,
polyhydrates, solvates and so on). In this analysis, it was observed from the TG
curves that all the FLZ-FUM samples showed a characteristic mass loss of
approximately 6 - 7% of the total mass of the samples, which is possibly a water
molecule, between the temperature range of 65 - 140 ° C, while the curve of
FLZ and FUM shows no such characteristic at this said temperature range (Fig
4.5).
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FIGURE 4.5 - TGA curves of the cocrystal samples compared to FLZ and FUM.

Apart from FLZ and FUM, all crystal samples started mass loss around 63
°C except for Am 2 and 3 that begin at 75 °C and gave similar curve. Am 0 and
Am 5 show a gradual loss while Am 1 gave a unique steep curve showing two
levels loss, which may be taken to be a loss of more than a molecule of water

when compared to the other curve, with possible crystalline transition.
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FIGURE 4.6 - TGA curve analysis to determine mass loss and ratio of

anhydrous crystal to water.

The mole ratio calculations of the anhydrous crystal to the water loss were
carried out according to table 4.2 and the ratio of the samples were obtained
and compared. Am 0, Am 2 and Am 3 gave a 1:1 ratio of anhydrous to water
while Am 5 indicate the possibility of more than a mole of water with a ratio of
1:1.7. Am 0 lost 0.315mg which account for 4.5% of the total mass and in the
range of 4.6%, which is the range which correlates to the loss of a single water
molecule. The differences in the TGA curve of Am 1 and Am 3 remain
uncertain due to the impurities and other factors like moisture in this sample

which has altered the TGA curve.
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TABLE 4.2 — TGA mass loss calculation and mole ratio of anhydrous to water.

100% Mass of anhydrous | Mass of H,0 Mole Ratio of
Mass of hydrate loss anhydrous to
cocrystal water
Am 0 7.056mg 6.738mg 0.318mg 11
Am 1 10.42mg A-C 10.15mg 0.27mg
C-D 9.83mg 0.32mg uncertain
Am 2 12.165mg 11.61mg 0.555mg 11
Am 3 5.485mg A-F 5.326mg 0.159mg
F-G 5.22mg 0.104mg uncertain
Am 5 11.06mg 10.44mg 0.62mg 1:1.7

Single Crystal XRD analysis

The structural resolution analysis of single crystal is generally considered
the best way to characterize crystalline compounds, defining its absolute
structure. In this work, it were performed Single Crystals XRD analyses for the
crystals with good quality obtained in the experiments using FLZ and FUM. The
best result was found for a crystal presented in the experiment Am 0, where it
was found a new cocrystal hydrate FLZ-FUM- H,O, which was not present in
the CCDS.

The calculated PXRD pattern for the new FLZ-FUM-H,O was compared
with the experimental PXRD patterns earlier reported for Am 2 and Am 3 as
presented in the Figure 4.7, which were considered very similar. The
differences in peaks intensity due to the characteristics of either instrument,
preferential orientation and crystal size are common issues which bring slight
differences to the diffractgrams. Based on this, the observed condition strongly

confirms the presence of a novel molecular structure.
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FIGURE 4.7 — Similarities between the calculated PXRD of the new FLZ-FUM

monohydrate and the experimental PXRD of experiments Am 2 and Am 3.

The whole profile comparison between the calculated powder XRD and
the experimental requires that the variables factors like the peak intensity,
width, positions, shapes and background intensity distribution describing the
aspect of the calculated patterns. The calculated XRD of FLZ-FUM-H,O
showed significant similarities and agree on the previously mentioned structure
determination conditions with the experimental powder XRD patterns of Am 2

and Am 3, as expected.

The single crystal structure determination clearly indicate that the

molecule is a monohydrate cocrystal of FLZ-FUM-H,O of a monoclinic P21/n
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space group in which a molecule of water (H,O) is attached to one of the
triazole ring of FLZ and also form a hydrogen bond to a FUM molecule. There
are four molecules observed in the asymmetric unit as reported in Table 4.3.

TABLE 4.3 — Cell parameters for the new FLZ-FUM-H20O monohydrate.

C17H18F2N6Os P21/n

a = 17.054(3) A a=90°

b = 5.5995(10) A B = 105.418(4)°
¢ =21.154(3) A y = 90°

V = 1947.4(6) A® R1=6.22%
Z=4 Z'=1

The FLZ, is attached to the fumaric acid molecule through a strong
intermolecular O-H-----N hydrogen bond interaction (2.680 A) as shown in the
left side of Figure 4.8A. At the other side, the fluconazole is bonded to a water
through a HO-H----N hydrogen bond (2.681A), and this water molecule is
bonded to a carbonyl group of a fumaric acid molecule through a H,O---H-O-C
hydrogen bond (2.618 A). We can observe that these hydrogen bonds create a
linear chains of “...FLZ --- H20 --- FUM --- FLZ --- H20 --- FUM...”, which is
clearly seen in Figure 4.8B. These chains are attached side by side by
hydrogen bonds HO-H----O=C between the water molecule and the lateral
carbonyl group of a fumaric acid (2.679 A). Figure 4.8C shows that the 2D-tapes
formed by hydrogen bonds (the Figure 4.8B represents a part of these 2D-
tapes) are connected by a strong C-F----H-C bonds (2.383 A), giving stability to
the structure. The 11 staking interactions are not observed between the aromatic

rings of fluconazole molecule.
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Figure 4.8 continues in the next page...

C)

FIGURE 4.8 — (A) Distance between the main hydrogen bonds for the FLZ-
FUM-H,0; (B) Connections among the chains of FLZ-FUM-H,0; (C) Connection
among the 2D-Tapes formed by the hydrogen bonds.

The ANNEX | bring the structural information of the obtained single crystal
FLZ-FUM-H,O after the structure refining. ANNEX Il presents the CIF/REPORT
for the structure showing a good agreement between the proposed structure

and the experimental data with a R1 = 6.22%.
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5. Conclusions

Most active pharmaceutical ingredients are associated less favourable
properties like low solubility, low permeability and instability. The aim of this
research was justified through the synthesis of a new cocrystal solid form of
fluconazole-fumaric acid monohydrate via crystal engineering technique. Thus,
through a careful analysis of the samples using Raman spectroscopy as the
starting characterization device, differences in the Raman spectra peaks
comparison indicated a different intermolecular interaction (indicated by the shift
in peak position and intensity.

The powder XRD analysis gave similar diffraction patterns for samples
having similar condition of preparation. The diffractograms of the experiments
were compared to the previously reported diffractograms for FLZ polymorphs,
where obvious differences were observed. The experimental XRD patterns
obtained for the most pure samples Am 2 and Am 3 was compared to the
calculated XRD pattern of FLZ-FUM-H,0O, showing a high correlation in terms of

peak positioning, intensity and width.

Further thermal analysis using the DSC and the TGA gave an insight on
the level of purity and the class into which the samples belong. The TGA curve
shows a stoichiometric loss of a mole of water according to the TGA curve

calculations.

Finally, the single crystals structural analysis gave the ultimate conclusion
about this new cocrystal structure. The unit cell parameters was obtained
successfully with no other match found in the CSD, and it was observed to be a
novel monohydrate FLZ:FUM:H20 cocrystal with the H,O molecule attached
between the FLZ and FUM in a 1:1:1 molar ratio. This work is the first to report
a monohydrate cocrystal structure of FLZ with a carboxylic acid (FUM).
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6. PERSPECTIVE

The search for a new crystalline molecular structure mostly
pharmaceutical is considered tedious and reasonable devoted time and huge
amount money is spent on both successful and fruitless search.
Notwithstanding, such search must be a continuous venture, with the
application of the knowledge of supramolecular chemistry, considering different
crystal engineering techniques and a well monitored characterization process,
the synthesis of new improved drug forms are possible from less active drugs

via molecular interaction with selected coformer.

In crystallography, the SCXRD remains the ultimate means of
characterizing crystalline samples and obtaining convincing atomic and
molecular information about structural properties. Thus, the SCXRD of all
observed crystal sample should be analysed to confirm the possibility of another
unigue molecular structure. The studies on solubility and bioavailability of the
cocrystal produced should also be analysed and compared to previous known

forms.
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ANNEX |

Table 1. Crystal data and structure refinement for shelx.

Identification code

shelx

Empirical formula

C17 H18 F2 N6 O6

Formula weight 440.37

Temperature 298(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21/n

Unit cell dimensions a=17.053(3) A o= 90°.
b = 5.5995(10) A B=105.418(4)°.
c=21.154(3) A y=90°,

Volume 1947.3(6) A3

Z 4

Density (calculated) 1.502 Mg/m3

Absorption coefficient 0.128 mm1

F(000) 912

Crystal size 0.100 x 0.100 x 0.100 mm3

Theta range for data collection

2.738 to 27.568°.

Index ranges

-21<=h<=21, -7<=k<=7, -26<=I<=27

Reflections collected

32870

Independent reflections

4492 [R(int) = 0.0781]

Completeness to theta = 25.242°

99.9 %

Refinement method

Full-matrix least-squares on F?2

Data / restraints / parameters

4492 /0/298

Goodness-of-fit on F2

1.030

Final R indices [1>2sigma(l)]

R1=0.0622, wR2 = 0.1218

R indices (all data)

R1=0.1347, wR2 = 0.1451

Extinction coefficient

n/a

Largest diff. peak and hole

0.212 and -0.205 e.A3



Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)

for shelx. U(eq) is defined as one third of the trace of the orthogonalized U'l tensor.

X y z U(eq)
F(1) 5068(1) 3634(3) 2185(1) 61(1)
F(2) 2317(1) 5413(5) 1392(1) 101(1)
0(1) 5430(1) 10072(3) 3269(1) 49(1)
N(1) 6885(1) 8280(4) 3011(1) 39(1)
N(2) 7401(2) 6417(4) 3223(1) 49(1)
N(3) 8009(1) 9910(4) 3570(1) 50(1)
N(4) 5128(11) 5630(40) 3938(13) 26(2)
N(5) 4334(4) 4588(12) 3768(4) 46(2)
N(6) 4308(9) 7144(17) 4596(7) 41(2)
C(1) 5426(2) 7769(4) 2998(1) 35(1)
C(2) 5650(2) 5911(5) 3554(1) 36(1)
C(8) 4593(2) 7210(4) 2541(1) 38(1)
C(3) 6065(2) 7848(5) 2605(1) 41(1)
C(9) 4446(2) 5160(5) 2169(1) 43(1)
C(5) 7259(2) 10321(5) 3222(1) 49(1)
C(4) 8062(2) 7505(6) 3554(2) 51(1)
C(6) 4948(16) 7630(40) 4397(13) 36(2)
C(7) 3950(6) 5340(15) 4191(5) 45(2)
C(10) 3698(2) 4519(6) 1774(1) 56(1)
C(11) 3071(2) 6031(7) 1770(2) 65(1)
C(12) 3157(2) 8067(7) 2123(2) 68(1)
C(13) 3926(2) 8671(6) 2507(2) 57(1)
0(2) 5742(1) 7827(4) 905(1) 62(1)
0o(3) 5015(1) 4493(4) 752(1) 65(1)
0(4) 2993(1) 11142(4) 34(2) 80(1)
0(5) 2205(1) 7972(4) -92(1) 62(1)
C(14) 5062(2) 6636(6) 724(1) 49(1)
C(15) 4344(2) 8266(6) 488(1) 50(1)
C(16) 2878(2) 8844(6) 62(2) 49(1)
C(17) 3622(2) 7395(6) 287(1) 53(1)
o(1W) 3369(1) 8531(4) 5364(1) 73(1)
N(41) 4944(11) 6040(40) 3888(13) 26(2)
N(51) 4604(4) 3601(12) 3842(4) 46(2)
N(61) 4186(8) 6321(18) 4472(7) 41(2)
C(61) 4831(16) 7070(30) 4283(12) 36(2)
C(71) 4087(6) 4172(13) 4187(5) 45(2)

Table 3. Selected bond lengths [A] and angles [°] for shelx.

Symmetry transformations used to generate equivalent atoms:



Table 4. Bond lengths [A] and angles [°] for shelx.

BONDS
F(1)-C(9) 1.354(3) | | N(@41)-N(1) 1.48(3) N(6)-C(6)-H(6A) 124.8
F(2-C(11)  1.365() | | N(51)-C(71) 1.324(12) | | N(4)-C(6)-H(6A) 123.3
0(1)-C(1) 1.411(3) | |N(61)-C(61) 1.33(3) N(5)-C(7)-N(6) 116.5(11)
O(1)-H(1) 0.8200 N(61)-C(71) 1.337(11) | | N(5)-C(7)-H(7A) 122.0
N(1)-C(5) 1.3273) | |c(61)-C(71) 2.035(19) | | N(6)-C(7)-H(7A) 1213
N(1)-N(2) 1.361(3) | |C(61)-H(6B) 0.9300 C(11)-C(10)-C(9)  116.2(3)
N(1)-C(3) 1.455@3) | | C(71)-H(7B) 0.9300 C(11)-C(10)-H(10)  121.9
N(2)-C(4) 1.309(4) ANGLES C(9)-C(10)-H(10) 1219
N(3)-C(5) 1314(4) | |C(1)-0(1)-HI) 1095 C(12)-C(11)-C(10)  123.5(3)
N(3)-C(4) 1.351(4) | |CGE)-N(L)-N@)  109.8(2) C(12)-C(11)-F(2) 119.1(3)
N(4)-C(2) 1.37(3) C(B)-N()-C3)  130.0(2) C(10)-C(11)-F(2) 117.5(3)
N(4)-N(5) 1.43(3) N@)-N(1)-C3)  1202(2) C(11)-C(12)-C(13)  1185(3)
N(4)-C(6) 157(3) C(@)-N@)-N(1)  102.0(2) C(11)-C(12)-H(121) 1207
N(5)-C(7) 1.310(13) | |C(G)-N@)-C@)  102.93) C(13)-C(12)-H(121) 1207
N(6)-C(6) 1.30(3) C(2)-N@)-NG)  128(2) C(8)-C(13)-C(12)  121.4(3)
N(6)-C(7) 1361(11) | |C(@)-N@)-C(6)  123(2) C(8)-C(13)-H(13)  119.3
C(1)-C(8) 1523(4) | |N(G)-N@)-C(6)  96.9(15) C(12)-C(13)-H(13)  119.3
C(1)-C@3) 1537(3) | |C(?)-NG)-N@)  108.1(13) | |C(14)-0(2)-H(2) 109.5
C(1)-C(2) 1539(3) | |C(6)-N(®6)-C(7)  103.1(13) | |C(16)-O(4)-H(4) 109.5
C(2)-H@2A)  0.9700 O(1)-C(1)-C(8)  110.4(2) 0(3)-C(14)-0(2) 124.1(3)
C(2)-H@2B)  0.9700 O(1)-C(1)-C(3)  105.4(2) 0(3)-C(14)-C(15)  124.3(3)
C(8)-C(9) 1.377(4) | |C(®)-C(1)-C3)  109.7(2) 0(2)-C(14)-C(15)  111.7(3)
C(8)-C(13)  1.388(4) | | O(1)-C(1)-C(2)  109.6(2) C(17)-C(15)-C(14)  120.2(3)
C(3)-H(3A)  0.9700 C(8)-C(1)-C(2)  11021(19) | |C(17)-C(15)-H(15)  119.9
C(3)-H(3B)  0.9700 C()-C(1)-C(2)  1114(2) C(14)-C(15)-H(15)  119.9
C(9-C(10)  1.374(4) | |N@)-C(2-C(1)  117.7(7) 0(5)-C(16)-0(4) 122.0(3)
C(5)-H(5) 0.9300 N(4)-C(2)-H2A)  107.9 0(5)-C(16)-C(17)  122.6(3)
C(4)-H@4A)  0.9300 C(1)-C(2)-H@A) 1079 O(4)-C(16)-C(17)  115.4(3)
C(6)-H(6A)  0.9300 N(4)-C(2)-H(2B)  107.9 C(15)-C(17)-C(16)  124.4(3)
C(7)-H(7TA)  0.9300 C(1)-C(2)-H(2B)  107.9 C(15)-C(17)-H(17) 1178
C(10)-C(11) 1.363(5) | |H(2A)-C(2)-H(2B) 107.2 C(16)-C(17)-H(17) 11738
C(10)-H(10)  0.9300 C(9)-C(8)-C(13)  116.1(3) H(LA)-O(1W)-H(1B) 103.5
C(11)-C(12) 1.348(5) | |C(@)-C(8)-C)  122.1(2) C(61)-N(41)-N(51)  114(2)
C(12)-C(13) 1.388(4) | |cC@3)-C(8)-CQ) 121.7(2) C(71)-N(51)-N(41)  92.8(10)
C(12)-H(121) 0.9300 N(1)-C(3)-C(1)  113.2(2) C(61)-N(61)-C(71)  99.4(12)
C(13)-H(13)  0.9300 N(1)-C(3)-H(3A)  108.9 N(41)-C(61)-N(61)  113.4(19)
0(2)-C(14)  1.304(3) | |C(1)-C(3)-H(BA) 1089 N(41)-C(61)-C(7T1)  74.4(17)
0(2)-H(2) 0.8200 N(1)-C(3)-H(3B)  108.9 N(61)-C(61)-C(7T1)  40.4(6)
0(3)-C(14)  1.205(4) | |C(1)-C(3)-H(EB) 1089 N(41)-C(61)-H(6B)  121.2
O(@)-C(16)  1.306(4) | |H(3A)-C(3)-H(3B) 107.8 N(61)-C(61)-H(6B)  125.1
O(4)-H(4) 0.8200 F(1)-C(9)-C(10)  116.4(3) C(71)-C(61)-H(6B)  163.7
0()-C(16)  1.209(3) | |F()-C(9)-C(8)  119.3(2) N(51)-C(71)-N(61)  116.3(10)
C(14)-C(15) 1502(4) | |C(10)-C(9)-C(8)  124.3(3) N(51)-C(71)-C(61)  76.0(9)
C(15)-C(17) 1.288(4) | |N(3)-C(5)-N(1)  110.3(3) N(61)-C(71)-C(61)  40.2(10)
C(15)-H(15)  0.9300 N(@3)-C(5)-H(5)  124.9 N(51)-C(71)-H(7B) ~ 121.9
C(16)-C(17) 1474(4) | |N()-C(G)-H(B) 1249 N(61)-C(71)-H(7B)  121.8
C(17)-H(17)  0.9300 N(2)-C(4)-N@3)  115.1(3) C(61)-C(71)-H(7B)  162.0
O(W)-H(LA) 0.8187 N(2)-C(4)-H(4A) 1225

O(@W)-H(1B) 0.9064 N(3)-C(4)-H(4A) 1225

N(41)-C(61)  1.07(3) N(6)-C(6)-N(4)  111.7(14)

Symmetry transformations used to generate equivalent atoms:



Table 5. Anisotropic displacement parameters (A2x 103)for shelx. The anisotropic

displacement factor exponent takes the form: -2n?[ h2a*2U + ... + 2 h k a* b* U12]

Ull U22 U33 U23 U13 U12
F(1) 74(1) 48(1) 53(1) -12(1) 0(1) 14(1)
F(2) 59(1) 125(2) 100(2) 13(2) -13(1) -15(1)
o@) 51(1) 30(1) 75(1) -11(1) 30(1) -6(1)
N(1) 43(1) 37(1) 45(1) 4(1) 23(1) -2(1)
N(2) 49(2) 42(1) 62(2) 4(2) 24(1) 9(1)
N(3) 44(1) 50(2) 59(2) -1(1) 18(1) -3(1)
N(4) 13(7) 39(7) 26(3) 5(4) 2(5) 6(4)
N(5) 41(4) 56(5) 45(2) -8(3) 18(3) -18(3)
N(6) 39(4) 40(6) 45(5) -3(4) 18(4) -9(4)
c(1) 45(2) 23(1) 44(2) -3(1) 21(1) -3(1)
C(2) 44(2) 36(2) 34(1) -3(1) 19(1) -7(1)
C(8) 47(2) 30(1) 41(2) 9(1) 21(1) 0(1)
C(3) 47(2) 41(2) 40(2) 4(2) 20(1) -2(1)
C(9) 52(2) 40(2) 34(2) 8(1) 7(1) 5(1)
C(5) 53(2) 36(2) 61(2) 5(1) 22(2) -4(1)
C(4) 47(2) 53(2) 59(2) 6(2) 21(2) 10(2)
C(6) 45(6) 26(8) 40(7) -9(5) 17(5) -9(5)
c(7) 34(3) 54(6) 49(2) 5(5) 16(2) -10(4)
C(10) 68(2) 53(2) 39(2) 7(1) 1(2) -6(2)
C(11) 50(2) 80(3) 59(2) 15(2) 2(2) -9(2)
C(12) 43(2) 68(2) 95(3) 12(2) 21(2) 7(2)
C(13) 50(2) 44(2) 86(2) 3(2) 32(2) 1(2)
0(2) 47(1) 58(1) 78(2) 3(1) 10(1) 4(1)
0@3) 60(1) 58(2) 77(2) 10(1) 18(1) -1(1)
0(4) 45(1) 46(1) 154(2) -3(2) 34(2) -2(1)
0(5) 52(1) 47(2) 91(2) 0(1) 28(1) -4(1)
C(14) 52(2) 58(2) 42(2) 3(2) 20(1) 2(2)
C(15) 52(2) 45(2) 57(2) 2(2) 22(2) -2(2)
C(16) 51(2) 44(2) 62(2) 1(2) 29(2) 5(2)
C(17) 59(2) 46(2) 58(2) 1(2) 26(2) -1(2)
o(W)  64(1) 64(2) 106(2) 24(1) 51(1) 17(1)
N(41) 13(7) 39(7) 26(3) 5(4) 2(5) 6(4)
N(51) 41(4) 56(5) 45(2) -8(3) 18(3) -18(3)
N(61) 39(4) 40(6) 45(5) -3(4) 18(4) -9(4)
C(61) 45(6) 26(8) 40(7) -9(5) 17(5) -9(5)

C(71) 34(3) 54(6) 49(2) 5(5) 16(2) -10(4)




Table 6. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103)

for shelx.
X y z U(eq)

H(1) 5066 10172 3454 74
H(2A) 5708 4376 3358 44
H(2B) 6179 6334 3837 44
H(3A) 6055 6343 2376 49
H(3B) 5920 9100 2278 49
H(5) 7025 11827 3136 58
H(4A) 8534 6684 3761 62
H(6A) 5286 8944 4531 43
H(7A) 3481 4595 4238 54
H(10) 3624 3130 1524 67
H(121) 2712 9045 2109 82
H(13) 3995 10084 2747 69
H(2) 6119 6898 1047 94
H(4) 2552 11818 -90 121
H(15) 4422 9910 487 60
H(17) 3566 5743 283 63
H(1A) 3624 8114 5105 109
H(1B) 3158 9964 5205 109
H(6B) 5137 8420 4442 43
H(7B) 3664 3161 4215 54

Table 7. Selected torsion angles [°] for shelx.

Symmetry transformations used to generate equivalent atoms:



Table 8. Torsion angles [°] for shelx.

C(5)-N(1)-N(2)-C(4) 0.0(3) C(5)-N(3)-C(4)-N(2) -0.2(3)
C(3)-N(1)-N(2)-C(4) 178.9(2) C(7)-N(6)-C(6)-N(4) -14(2)
C(2)-N(4)-N(5)-C(7) -159.9(14) C(2)-N(4)-C(6)-N(6) 165.6(17)
C(6)-N(4)-N(5)-C(7) -16.5(17) N(5)-N(4)-C(6)-N(6) 20(2)
N(5)-N(4)-C(2)-C(1) 70(2) N(4)-N(5)-C(7)-N(6) 10.8(16)
C(6)-N(4)-C(2)-C(1) -64(2) C(6)-N(6)-C(7)-N(5) 3(2)
0(1)-C(1)-C(2)-N(4) 64.6(14) F(1)-C(9)-C(10)-C(11)  178.6(3)
C(8)-C(1)-C(2)-N(4) -57.1(14) C(8)-C(9)-C(10)-C(11)  -1.0(4)
C(3)-C(1)-C(2)-N(4) -179.1(13) C(9)-C(10)-C(11)-C(12)  0.6(5)
0(1)-C(1)-C(8)-C(9) 174.1(2) C(9)-C(10)-C(11)-F(2)  -178.8(3)
C(3)-C(1)-C(8)-C(9) 58.4(3) C(10)-C(11)-C(12)-C(13)  0.4(5)
C(2)-C(1)-C(8)-C(9) -64.7(3) F(2)-C(11)-C(12)-C(13)  179.8(3)
0(1)-C(1)-C(8)-C(13) -9.9(3) C(9)-C(8)-C(13)-C(12)  0.6(4)
C(3)-C(1)-C(8)-C(13) -125.6(3) C(1)-C(8)-C(13)-C(12)  -175.6(3)
C(2)-C(1)-C(8)-C(13) 111.3(3) C(11)-C(12)-C(13)-C(8)  -1.1(5)
C(5)-N(1)-C(3)-C(1) -84.8(3) 0(3)-C(14)-C(15)-C(17)  -1.3(5)
N(2)-N(1)-C(3)-C(1) 96.5(3) 0(2)-C(14)-C(15)-C(17)  179.7(3)
0(1)-C(1)-C(3)-N(1) 63.4(3) C(14)-C(15)-C(17)-C(16) 178.3(3)
C(8)-C(1)-C(3)-N(1) -177.7(2) 0(5)-C(16)-C(17)-C(15)  -176.1(3)
C(2)-C(1)-C(3)-N(1) -55.3(3) 0(4)-C(16)-C(17)-C(15)  4.5(4)
C(13)-C(8)-C(9)-F(1) -179.2(2) C(61)-N(41)-N(51)-C(71) 20(2)
C(1)-C(8)-C(9)-F(1) -3.0(4) N(51)-N(41)-C(61)-N(61) -24(3)
C(13)-C(8)-C(9)-C(10)  0.5(4) N(51)-N(41)-C(61)-C(71) -13.3(14)
C(1)-C(8)-C(9)-C(10) 176.7(2) C(71)-N(61)-C(61)-N(41) 16(3)
C(4)-N(3)-C(5)-N(1) 0.2(3) N(41)-N(51)-C(71)-N(61) -9.2(13)
N(2)-N(1)-C(5)-N(3) -0.1(3) N(41)-N(51)-C(71)-C(61) -9.8(11)
C(3)-N(1)-C(5)-N(3) -178.9(2) C(61)-N(61)-C(71)-N(51) -1.0(17)
N(L)-N(2)-C(4)-N(3) 0.1(3)

Table 9. Hydrogen bonds for shelx [A and °].

D-H..A d(D-H) d(H...A) d(D..A) <(DHA)




ANNEX Il

checkCIF/PLATON report

Structure factors have been supplied for datablock(s) shelx

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. [CIF dictionary]  [Interpreting this report|

Datablock: shelx

Bond precision: C-C = 0.0043 A Wavelength=0.71073

Cell: a=17.053(3) b=5.5995(10) c=21.154(3)
alpha=90 beta=105.418(4) gamma=90

Temperature: 298 K
Calculated Reported

Volume 1947.3(6) 1947.3(6)

Space group P 21/n P 21/n

Hall group -P 2yn -P 2yn

Moiety formula Cl3 H12 F2 N6 O, C4 H4 04, Cl3 H12 F2 N6 O, C4 H4 04,
H2 O H2 O

Sum formula Cl7 H18 F2 N6 06 Cl7 H18 F2 N6 06

Mr 440.37 440.37

Dx,g cm-3 1.502 1.502

Z 4 4

Mu (mm-1) 0.128 0.128

F000 912.0 912.0

F000” 912.55

h, k, lmax 22,7,27 21,7,27

Nref 4518 4492

Tmin, Tmax 0.987,0.987

Tmin’ 0.987

Correction method= Not given

Data completeness= 0.994 Theta (max)= 27.568
R(reflections)= 0.0622( 2444) wR2 (reflections)= 0.1451( 4492)
S =1.030 Npar= 298

The following ALERTS were generated. Each ALERT has the format
test-name ALERT alert-type alert-level.
Click on the hyperlinks for more details of the test.



¥ plert level C

PLAT334 ALERT 2 C] Small Average Benzene C-C Dist. C8 -C13 1.37 Ang.
PLAT340 ALERT 3 C| Low Bond Precision on C-C Bonds ........iiuuu.. 0.0043 Ang.
PLAT417 ALERT 2 C| Short Inter D-H..H-D H1A H4 2.12 Ang.
PLAT417 ALERT 2 C| Short Inter D-H..H-D H1B . H4 2.11 Ang.
PLATS06 ALERT 3 C| Large K value in the Analysis of Variance ...... 16.167 Check
PLATS06 ALERT 3 C| Large K value in the Analysis of Variance ...... 2.382 Check
[PLATS13 ALERT 3 C| Missing # of Very Strong Reflections in FCF 1 Note
¥ Alert level G
PLAT007 ALERT 5 G| Number of Unrefined Donor-H Atoms .............. 5 Report
PLAT171 ALERT 4 G| The CIF-Embedded .res File Contains EADP Records 5 Report
[PLAT300 ALERT 4 G| Atom Site Occupancy of *N4 is Constrained at 0.500 Check
PLAT300 ALERT 4 G| Atom Site Occupancy of *N5 is Constrained at 0.500 Check
PLAT300 ALERT 4 G| Atom Site Occupancy of *N6 is Constrained at 0.500 Check
[PLAT300 ALERT 4 G| Atom Site Occupancy of *N41 is Constrained at 0.500 Check
PLAT300 ALERT 4 G| Atom Site Occupancy of *N51 is Constrained at 0.500 Check
[PLET300 ALERT 4 G| Atom Site Occupancy of *N61 is Constrained at 0.500 Check
[PLAT300 ALERT 4 G| Atom Site Occupancy of *C6 is Constrained at 0.500 Check
[FLAT200 ALERT 4 G| Atom Site Occupancy of *C7 is Constrained at 0.500 Check
PLAT300 ALERT 4 G| Atom Site Occupancy of *Cé6l is Constrained at 0.500 Check
PLAT300 ALERT 4 G| Atom Site Occupancy of *C71 is Constrained at 0.500 Check
PLAT300 ALERT 4 G| Atom Site Occupancy of *H6A is Constrained at 0.500 Check
PLAT300 ALERT 4 G| Atom Site Occupancy of *H6B is Constrained at 0.500 Check
PLAT300 ALERT 4 G| Atom Site Occupancy of *HTVA is Constrained at 0.500 Check
PLAT300 ALERT 4 G| Atom Site Occupancy of *HT7B is Constrained at 0.500 Check
PLAT301 ALERT 3 G| Main Residue Disorder ............ Percentage = 23 Note
PLAT773 ALERT 2 G| Check long C-C Bond in CIF: C6l -- C71 2.04 Ang.
PLAT779 ALERT 4 G| Suspect or Irrelevant (Bond) Angle in CIF # 80 Check
Nel -Ce6l -C71 1.555 1.555 1.555 40.40 Deg.
[PLAT779 ALERT 4 G| Suspect or Irrelevant (Bond) Angle in CIF # 86 Check
N6l -C71 -C61l 1.555 1.555 1.555 40.20 Deg.
PLAT793 ALERT 4 G| The Model has Chirality at C1 (Centro SPGR) R Verify
PLAT910 ALERT 3 G| Missing # of FCF Reflection(s) Below Th(Min) ... 4 Report
PLAT912 ALERT 4 G| Missing # of FCF Reflections Above STh/L= 0.600 18 Note
0 ALERT level A = Most likely a serious problem - resolve or explain
0 ALERT level B = A potentially serious problem, consider carefully
7 ALERT level C = Check. Ensure it is not caused by an comission or oversight
23 ALERT level G = General information/check it is not something unexpected
0 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
4 ALERT type 2 Indicator that the structure model may be wrong or deficient
6 ALERT type 3 Indicator that the structure quality may be low
19 ALERT type 4 Improvement, methodology, query or suggestion
1 ALERT type 5 Informative message, check






