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Abstract

Non- steroidal anti-inflammatory drugs (NSAIDs) are used for the prevention of pain and
inflammation. These symptoms are brought about by the action of biochemicals such as
prostaglandins, which result from the conversion of a fatty acid, known as arachidonic
acid, by the enzyme cyclooxygenase (COX) in the presence of oxygen. NSAIDs act on
this biochemical pathway by inhibiting the COX enzyme, thereby exerting their analgesic
effect. Since, however, the solubility and bioavailability of NSAIDs are generally poor,
encapsulation of these drugs in cyclodextrins was attempted in order to alter their
dissolution properties.

Cyclodextrins are cyclic oligosaccharides consisting of a-D-glucopyranose units; their
cone-like molecular structures comprise a hydrophilic exterior and a hydrophobic interior.
This molecular property results in cyclodextrins (hosts) being able to include certain
organic pharmaceuticals (guests) and thereby increase their aqueous solubility and
stability, amongst other things.

Under different thermodynamic and kinetic conditions a chemical substance may
crystallise into different crystalline forms (polymorphs), i.e. it is able to arrange in more
than one three-dimensional arrangement. Crystalline drug solvates and amorphous
(non-crystalline) forms also exist. These different species, due to their different crystal
structures have different physical properties such as solubility and dissolution rate and
therefore the most appropriate polymorph needs to be identified for optimum
bioavailability of the drug.

in the work reported here six NSAIDs, namely Bucetin, Lomoxicam, Diflunisal, Suprofen,
Celecoxib and Rofecoxib were studied for possible inclusion in cyclodextrins or novel
crystalline phase isolation. Several cyclodextrins were used for possible inclusion; these
were the native species B- and y-CD and six methylated cyclodextrins, namely
Heptakis(2,6-di-O-methyl)-B-cyclodextrin (DIMEB), Heptakis(2,3,6-tri-O-methyl)-B-
cyclodextrin (TRIMEB), Octakis(2,3,6-tri-O-methyl)-y-cyclodextrin (TRIMEG),
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Hexakis(2,3,6-tri-O-methyl)-a-cyclodextrin  (TRIMEA), Randomly-methylated B~
Cyclodextrin (RAMEB) and Hydroxypropyl-B-cyclodextrin (HPBCD).

The techniques used to attempt inclusion were co-precipitation, kneading and co-
grinding. The techniques used to attempt production of novel crystalline phases were
recrystallisation, sublimation, co-grinding, vapour diffusion and recrystallisation from the
melt. Physicochemical characterisation techniques were then used to assess the
products. The methods used were hot stage microscopy, differential scanning
calorimetry and thermogravimetric analysis to determine the thermal behaviour of the
compounds. Ultra-violet spectrophotometry, elemental analysis and high performance
liquid chromatography were used to determine the chemical compositions. Finally to
determine the structures, nuclear magnetic resonance spectroscopy, X-ray powder
diffraction and single crystal X-ray structure determination were used.

Three new solid forms involving Celecoxib, Rofecoxib and permethylated p-cyclodextrin
were obtained and characterised. The experimental resuits showed that an amorphous
form of celecoxib and a decomposition product of rofecoxib had been prepared. A novel
crystalline form of permethylated p-cyclodextrin was also prepared; this form containing
methylglucose residues exclusively in the “C, conformation was in contrast to the known
monohydrate in which one methylglucose residue adopts the 'C, conformation.

Five inclusion complexes involving B- and y-CD were identified using powder X-ray
diffraction. The crystal structures of the B-CD and TRIMEB inclusion complexes of
Suprofen were fully elucidated. In both cases the (S)-enantiomer of Suprofen was
preferentially included in the characterised crystal. The guest was disordered in both
crystal structures and both hosts adopt the usual conformation seen in analogous
inclusion complexes.
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Abbreviations and Symbols

Compounds

NSAID
COX

CD

B-CD
y-CD
DIMEB
TRIMEB
TRIMEG
TRIMEA
RAMEB
HPBCD
RFMcele
TRIB
BCDSUP
TRIBSUP

Techniques

DSC
HSM
TGA
uv
FTIR
XRPD
NMR
HPLC

Non-Steroidal Anti-inflammatory Drug
Cyclooxygenase

Cyclodextrin

Beta cyclodextrin

Gamma Cyclodextrin
Heptakis(2,6-di-O-methyl)-B-cyclodextrin
Heptakis(2,3,6-tri-O-methyl)-B-cyclodextrin
Octakis(2,3,6-tri-O-methyl)-y-cyclodextrin
Hexakis(2,3,6-tri-O-methyl)-a-cyclodextrin
Randomly-methylated p-Cyclodextrin
Hydroxypropyl-B-cyclodextrin
Recrystallisation from the melt form of Celecoxib
New crystalline form of TRIMEB
B-cyclodextrin-suprofen inclusion complex

TRIMEB-suprofen inclusion compiex

Differential Scanning Calorimetry

Hot Stage Microscopy

Themogravimetric Analysis

Ultraviolet Spectrophotometry

Fourier Transform Infrared Spectroscopy
X-Ray Powder Diffraction

Nuclear Magnetic Resonance Spectroscopy

High Performance Liquid Chromatography



Symbols

CSD
CCD
A8

E
e.s.d.
F
F(000)
I

B

S
s.o.f.
/o
W

Z

G

The angle between b and ¢ unit cell axes
The angle between a and ¢ unit cell axes
The angle between a and b unit cell axes
Cambridge Structural Database

Charge Coupled Device

Change in chemical shift

Normalised structure factor

Estimated standard deviation

Structure factor

Number of electrons in the unit cell
Intensity

Linear absorption coefficient

Goodness of fit (F?)

Site-occupancy factor

Torsion angle

Water

Number of molecules or complex units in the unit cell

Glucopyranose residue

vi



Table of Contents

Acknowledgements

Publications and Conferences

Abstract

Abbreviations and Symbols

Table of Contents

Chapter One: Introduction

1.1 General Overview

1.2 Non-Steroidal Anti-inflammatory Drugs (NSAIDS)

1.2.1
1.2.2

Background
Mechanism

1.3 Cyclodextrins

1.3.1
1.3.2
1.3.3
1.3.4
1.3.5
1.36

Background
Structure
Conformation
Properties
Crystal Packing
Applications

1.4 Polymorphism

1.5 Aim of Study

1.8.1
1.5.2
1.5.3
1.5.4

MNon-Steroidal Anti-inflammatory Drugs
Cyclodextrin Inclusion

Polymorphism

Final Remarks

1.6 References

vi

w N =

@ ~N O A oW

12

14

14
16
16
17

18

vii



Chapter Two: Experimental

2.1 Materials
2.2 Methods of preparation

2.3 Thermal Analysis

2.3.1  Hot Stage Microscopy (HSM)
2.3.2 Themogravimetric Analysis (TGA)
2.3.3 Differential Scanning Calorimetry (DSC)

2.4 Ultra-Violet (UV) Spectrophotometry

2.5 Elemental Analysis

2.6 X-Ray Powder Diffraction (XRPD)

2.7 Nuclear Magnetic Resonance (NMR) Spectroscopy
2.8 High Performance Liquid Chromatography (HPLC)
2.9 Crystal Structure Determination

2.10 Crystal Structure Analysis and Refinement

2.11 Additional Resources

2.12 References

Chapter Three: Characterisation of Novel Solid Forms

3.1 General Overview
3.2 Solid state studies of Celecoxib

321  introduction

322 Preparation of solid forms
3.2.3 Elemental Analysis

3.24 Themal analysis

20

20
20
22

23
23
23

24
24
24
25
25
25
26
27
28

30

30
30

30
31
31
32

viii



325

XRD Powder Analysis

3.3 Derivative of Rofecoxib

3.3.1
332
3.3.3
3.34
3.35
3.36
3.3.7
338
3.3.8

introduction

Experimental Conditions

Themal Analysis

High Performance Liquid Chromatography
Elemental Analysis

Nuclear Magnetic Resonance Spectroscopy
X-Ray Crystaliographic Analysis

XRD Powder analysis

Mechanism

3.4 Novel Crystalline Form of TRIMEB

3.4.1
3.4.2
3.4.3
3.4.4
3.4.5
3.4.6

introduction

Crystal Preparation

Themal analysis

Elemental analysis

X-Ray Crystallographic Analysis
XRD Powder analysis

3.5 Discussion

3.6 References

Chapter Four: Inclusion Complexes between
NSAIDs and Cyclodextrins

4.1 Kneaded Complexes

4.1.1
4.1.2
413

4.2 The inclusion complex p-CD e Suprofen e 20 H,O

421
422

Introduction
Complex Preparation
XRD Powder analysis

introduction
Complex Preparation

36

$88

38
39
39
42
48

51

51
52
52

85

63

66

68

68

68
68

73

73
74



423
4.2.4
425
4.2.6

Thermal analysis

Eilemental analysis and UV Spectrophotometry
X-Ray Crystallographic Analysis

XRD Powder analysis

4.3 The inclusion complex TRIMEB e Suprofen

431
432
4.3.3
434
435

Compiex preparation

Thermal analysis

Elemental analysis and UV Spectrophotometry
X-Ray Crystallographic Analysis

XRD Powder analysis

4.4 Discussion

4.5 References

Chapter Five: Conclusion

5.1 Conclusion

5.2 References

Appendix

74

77

92

92
g2

95
104

106

107

109

109

112

113






Chapter One: Introduction

1.1 General Overview

This project is entitled: Structural and themmal characterization of NSAIDs and
cyclodextnn-NSAID complexes. As the title implies the scientific investigation that shall
be pursued in this study is the production of novel solid forms of non-steroidal anti-
inflammatory drugs. This shall be researched using two methods, firstly the inclusion of
the drugs within cyclic oligosaccharides named Cyclodextrins and secondly through
expioration of the possible different crystalline phases of the drugs, commonly referred to
as Polymorphism. The following sections discuss these entities and how these methods

could improve the effectiveness of Non-steroidal anti-inflammatory drugs.

1.2 Non-Steroidal Anti-inflammatory Drugs (NSAIDs)

1.2.1 Background

Since antiquity the therapeutic properties of willow bark were known, with the Egyptians
and Assyrians using a decoction of myrlle and willow leaves as analgesics. Even
Hippocrates, regarded as the father of medicine, recommended the chewing of willow
leaves for this purpose. The active compound within willow bark was subseguently
characterised and synthetically modified to form acetylsalicylic acid, commonly known as
Aspirin, by Felix Hoffman from the Bayer Company in 1875 (Figure 1.1).' Subsequently
in the 20™ century Aspirin was discovered to exert in addition antipyretic and anti-
inflammatory effects, thereby becoming the first known anti-inflammatory. Thereafter a
plethora of anti-inflammatory drugs were synthesized, notably phenyibutazone, which
was classed the first non-steroidal anti-inflammatory in 1949 2



D, H-nl'luu--

ﬁagmﬁﬁm.«:_

\

o
Jormnenen

_cu,on|
o |
™ e G

s gmcive | lI AP NE J

L S s

““_"_“j"fi_..l el |

SN RS o> T
‘/”:"'\,'L‘H ETLT : RiLBE '(S
(@) * i[O

Figure 1.1: 4 report and synthetic route for Acetylsalicylic acid by Hoffmann in 1897

1.2 2 Mechanism

Mon-stersidal anti-inflammatory drugs (NSAIDs) are used for the prevention of pain and
inflammation. Pain was initially preverted by analgesics, which had reduced anti-
inflammatory action and had undesirable side effects such as nausea; therefore, to
counteract the pain, the correct mechanism of action needed to be targeted. and the
correct drugs used. Pharmacologically, inflammation and pain symptoms are brought
about by the action of biochemicals such as pmstaglandins, prostacyclins and
thromboxanes, which result from the conversion of a fatty acid, known as arachidonic
acid, by the enzyme cyclooxygenase (COX) in the presence of oxygen (Figure 1.2)° It
was discovered that NSAIDs act on this biochemical pathway by inhibiting the COX
enzyme, thereby exerting their analgesic effect. However, these drugs have been shown
to hawve very poor aqueous solubility, which may possibly impede their pharmaceutical
profile. Since this problem may be addressed by different approaches, such as
cyclodextnn inclusion and the use of alternative solid forms (polymorphs, solvates} of the

MSAIDS, these topics are highlighted below,
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Figure 1.2; The Arichidonic Acid Cascade.’

1.3 Cyclodextrins
1.3.1 Background

Villiers first discovered cyclodextrins in 1891 by digesting starch with Bacillus
amylobacter, which he originally named celiulosine, but Schardinger achieved most of
the groundwork in 1903 by using the microbe Bacillus macerans in digesting the starch.*
However, only the chemical composition of the cyclodextrins, and no knowledge of the
scientific process of the digestion, was known by Schardinger. Subsequently it has been
discovered that the above-mentioned microorganisms produce an enzyme named
glucosyl transferase, which is cummently used in industry to produce large amounts of
cyclodextrin by acting on hydrolysed starch at optimum temperature. Furthemmore,
allegations of cyclodextring being {oxic by French ef al were refuted by toxicological
studies in the 1970’s, ° motivating increased interest in creating cyclodextrin-containing



products and technologies. Presently, numerous articles pertaining to cyclodexdrin
research are published annually, inlemational symposia are organized and several
companies are producing cyclodextrins by the ton per year, indicating that cyclodextrins
have become a useful product for human consumption and other purposes.

1.3.2 Structure

Cyclodextrins (CDs) are cyclic oligosaccharides consisting of a-D-glucopyranose units,
which are linked via rigid a-1,4 bonds and which usually adopt the “C, chair
conformation. All secondary hydroxyl groups are positioned on one side (wider side) of
the cyclodextrin and the primary hydroxy! groups on the other (narrow side), imparting a
cone-like shape to the molecule (Figure 1.3). The primary O(@B) hydroxy groups may
rotate around the C(5)-C(6) bond (Figure 1.4) resulting in either the O®B) hydroxyis
pointing away from the cavity forming a {-) gauche [e = -80°] O(5)}-C(5}-C(8)-0O(6) torsion
angle (o), or pointing towards the ring forming the less preferred (+) gauche
conformation [o = +80°]. The frans orientation [e = +180° has not been observed as yet.
Glycosidic oxygen bridges line both rims and non-bonding electrons face the centre of
the cone resulting in a high electron density within, thereby creating the characteristic
hydrophobic interior and hydrophilic exterior.’ In most cyclodextrins intramolecular
hydrogen bonding occurs between the hydroxyl groups of adjacent glucose rings
creating a rigid structure, thereby imparting crystaliine properiies.

Figure 1.3: Schematic representation of B-cyclodextrin (R=R'=R"=H).




Owing to steric demands a CD molecule usually does not form rings with fewer than six
units, the most common numbers represented being six, seven and eight units (a-, B-
and y-cyclodextrin). Larger rings do occur containing nine (8) and twelve (n) units but the
rings are collapsed and their thermodynamic properties dissuade their use.®’ As
mentioned previously there are several types of unmeodified (parent) cyclodextrins and
there are numerous modified cyclodextrins. Modification of the cyclodextrin via hydroxyl
group H-alom substitution, resulis in classes accommodating these modified CDs, such
as methylated CDs, hydroxyalkylated CDs and acetylated CDs. ™®

TRIMEG: n = 8; Ry=Ry~R,=CH,
TRIMEA: n= 6, R1:R2=R3%H3
TRIMERB: o = T, R1=R1=R3=(:H3

DIMEB: n=7; Ry=RyCH, Ry=H

Figure 1.4: Structures of Parent and Modified CDs.




1.3.3 Conformation

The macrocyclic n-fold symmetncal confomation is described by cerain parameters,
ultimately indicating whether deviation from the symmetry has occurred.® These include
the distances between the linking glycosidic oxygen atoms Qi4)---Q(4°) (). the adius of
the polygon {r] which is the distance measured from the centroid to each Of4) atom, the
O{43...0(4')...O(4") angle (a), the torsion angle O4)---O(4).. .O(47)--.Q4™) (B, the
(2} O[3} distance, the intersacchanide bond angle (ip) which is defined as p = C(1)-
Of4}-C{4}) (Figure 1.3} and the tilt angle {c). The latter is the measure of the relative
inciination of each glucose unit from the ideal n-fold symmetry, This tilt angle is defined
as the angle mace by the mean O(4) plane and the mean plane through the atoms O[47,
C{1), Cid) and Of4) of each glucose unit. A positive tilt angle is obtained if the glucose
unit ©{6) side is inclined towards the centre of the cavity; a negative tilt angle is obtained

if the glucose unit Of6) side is inclined towards the outside of the cavity.”

Figure 1.5 Principal geometrical parameters of the O(4) polygon,




1.3.4 Properties

Certain properties are ascribed to cyclodextrins owing to their structure, one of which is

the afore-mentioned hydrophilic exterior and a hydrophobic interior. Other intrinsic

physico-chemical properties of the parent cyclodexirins such as solubility, diffusion

coefficient and dielectric constant and water content are listed in Table 1.1.

Table 1.1: Properties of cyciodextrins.’

Parameter a-CD B-CD y-CD

Number of glucose unils & 7 8

MW (Da) 972 1135 1287

Solubility in waler at RT 145 1.85 232

{g per 100mL)

[odp at 25 °C () 150+05 1625+05 177.440.5

Cavity diamelsr {pm) 470-530 800-850 750-830

Height of Torus (pm) 780+ 10 780+ 10 780 +10

Diameter of outer periphery {(pm) 1480+ 40 1540+ 40 1750+ 40

Approximate volume of cavily 174 282 427

(10° pm’)

Crystal form (from water) Hexagonal plates Monoclinic Tetragonal
prisms prisms

Crystallographic parameters

C4-04-C4’ angle (°) 118.0 117.7 1126

iy 166/-169 168/-172 165/-169

O-4..-0Q-4 distance (pm) 423 439 448

0-2.--0-3 distance (pm) 300 286 281

Crystal water (wi.%) 10.2 13.2-14.5 8431477

Diffusion coefficient at 40°C (cm*s™)  3.443 3.224 3.260

Dielectric constant on incorporating

the toluidinyt group of 8-p-toluidinyl- 47.5 852.0 70.0

naphthalene-2-sulphonate at pH 5.3

and 25°C

pKa (by potentiometry) at 25°C 12.332 12.202 12.081

Partial molar volume in solution

(mlmol™) 6114 703.8 801.2

Adiabalic compressibility in

aqueous solution (10*mLmol'bar”) 7.2 0.4 5.0

The aqueous solubility of parent CDs is relatively lower than that of modified CDs, due to

high crystal lattice energies, intramoiecular hydrogen bonding resulting in unfavourable

enthalpies of solution, and lack of mobility.” Temperature also plays an important role in

CD solubility; the solubility of parent CDs increases with increasing temperature but the
modified CDs display an inverse solubility coefficient whereby the solubility decreases



with increasing temperature.® Although CDs are not hygroscopic they do form stable
hydrates where the water may either be included within the cavity of the CDs or in
interstitial sites.® Different amounts of water may be involved with each CD resulting in
different crystal parameters. Another area of importance apart from physico-chemical
properties relates fo the biological properties of CDs. Questions regarding how the
cyclodextrin interacts with the biochemical and physiclogical system of humans arise
and need io be answered thoroughly to appease the public; therefore, a complete
toxicological investigation of each CD compound is necessary. Studies have indicated
that consumed CDs are metabolised in the colon by microflora, vielding acyclic
maltodextrins, maltose and glucose and that negligible amounts are absorbed into the
bloodstream.® However, chemically modified CDs are resistant to enzymatic degradation
and may end up in the circulatory system and complexation of crucial membrane
components such as cholesterol and phospholipids also occurs. Complexation is
dependent on the cavity size and solubility. Therefore B-cyclodextrin and DIMEB are the
most damaging.’ In summary, chemically modified CDs and CDs that have an affinity for
cholesterol are the most toxic and should not be consumed.

1.3.5 Crystal Packing

Packing arrangements are described using B-cyclodexirin as a model, where all forms
of packing are observed for cyclodextrin complexes. Packing is observed where the CDs
interact with each other forming dimers via O(3)---O'(3) hydrogen bonds along the
secondary rim.'® Once crystallized monomeric and dimeric CDs may pack in two ways,
cage or channel structure; channel-type struciures are recognized by the CDs being
stacked directly on top of one another thereby forming a continuous cavity. Conversely,
in cage type structures, the cavities are isolated due o blockage by adjacent CDs. Two
cage type models exist, namely the herringbone and the brick-type.'" Both classes may
be subdivided even further;, monomeric structures are arranged in five packing
arrangements: heringbone, zigzag, brickwork, layer and helical channel; dimeric
structures are amanged in four types: channel, screw channel, intermediate and
chessboard. These packing schemes are illustrated in Figures 1.6 and 1.7.
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Figure 1.6 Packing arrangements of B-CD monomers.
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Figure 1.7 Packing arrangements of B-CD dimers,

1.3.6 Applications

Owing to the amphiphilic character of CDs, these molecules are excellent hosts for
complexing apolar guests (Figure 1.8).”%'2 The driving forces behind this feat include the
electrostatic interaction, van der Waals interaction, hydrophobic interaction, hvdrogen
bonding and charge-transfer interaction, ultimately yielding a more stable lower energy
state of the CD with an accompanying decrease in ring strain."" Although no covalent
bonds are broken or formed during complexation the guest is locked’ within the cavity
via so-called supramolecular forces,” thereby modifying the guest’s physicochemical
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properties. Experimentally, some of the properties that are modified are: solubility
enhancement, stabilisation against oxidation, visible or UV light and heat damage and

control of volatility and sublimation.™

hydrophilic
part
— : .
B '\Rx
@8 & 66
b # e LR N 1/
B i s + % %
./ \. [ i " ‘ g
'YX
i i \. Guest Cyclodextrin Cyclodextrin-Guest Complex
hydrophobic : ® water molecule
part @~ repulsion
&= ghiraction

Figure 1.8 Hustration of cyclodexirin Inclusion.

With the full contingent of these remarkable inclusion properfies, scientists have
capitalized on CDs and used them for an amay of scientific endeavours such as
chromatographic separations, maodification of food flavourants, masking unpleasant
odours and controlled release of pharmaceuticals.”® Consistent with the theme of this
project there are numerous examples of Cls used in the phamaceutical industry to
enhance drug delivery through biological membranes. ”® Drugs are required to have an
adequate level of water solubility in order to be delivered to the human body. This is
efficiently achieved via CD complexation. Externally the CDs are hydrophilic and carry
the drug within solution to the surface of the membrane whereby the hydrophobic drug
partitions into the membrane leaving the CD in the agueous membrane exterior.
Furthermore, unlike other penetration enhancers such as fatty acids, the CD does not
disrupt the lipid layers of the membrane.”® This increased solubility and stability may
improve the bioavailability of the drug thereby possibly increasing its pharmacological
effect.
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1.4 Polymorphism

The study of polymorphism has flourished in the last three decades, with improved
technology and scientific techniques. More and more scientists have become aware of
the intrinsic importance of polymorphism in structural crystallographic studies.”® Under
different thermodynamic and kinetic conditions a chemical substance may crystallize in
different phases, ie it is able to amange in more than one three-dimensional
arrangement or conformation in a crystal. These new forms are referred to as
polymorphs.” With the resultant differing unit cell content the polymorphs inherently
have different physical properties such as density, melting point, solubility and heat of
fusion. Figure 1.9 is a schematic of the different polymorphs obtainable. (A) and (B) are
polymorphs that have molecules in the same conformation but different crystal
structures. When the molecule changes conformation as seen with (C) this is viewed as
a conformational polymorph. Crystal soivates, whereby solvent molecules become
incorporated into the crystal structure also exist, as seen with (D) and (E). In addition
amorphous (non-crystalline) forms also exist; these are thenmodynamically unstable and
eventually crystallize to a stable polymorph. V7

1V VRAY
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GO e
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Figure 1.9 llustration depicting polymormhs (A-C) and solvates (D-E)
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As polymorphs essentially display different physical properties such as solubility,
bioavailability and dissolution rate,’® the most appropriate polymorph needs to be

identified. This is particularly important in the pharmaceutical industry where different

polymorphs can result from processes such as milling, desolvation and storage (Figure
1.10). A thorough examination of the polymorphic properties of a drug accompanied by
its isolation and characterization are necessary in this industry for patents and

characterization regulations. This information may also be subsequently used to

‘engineer’ an optimum polymorphic type of the pharmaceutical under study.™

Solutions
CR
CR
FD
sSD
PR DE, 8C,
True waG
Polymorphs | <— # Solvates
SC, ESV, 4
' WG
M, CR
WG, DE
SDsP
ME CR
DE ESY
v HE v v
‘ Solids (glasses) desolvates
QC

CR: Crystallisation

DE: Desolvation

ESV: Exposure to Solvent Vapour
FD: Freeze Drving

HE: Heating

ME: Melting

Mi: Milling

PR: Precipitation

QC: Quench Cooling
SC: Slury Conversion
SD: Spray Drying
SD8P: Solid Dispersion
WG: Wet Granulation

Figure 1:10 Polymorphs that may be produced by standard phamaceutical processes. '
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1.5 Aim of Study

1.5.1 Non-Steroidal Anti-Inflammatory Drugs

The NSAIDs were selected for study in this project due to their low aqueous solubility.
These may be utilised as anti-inflammatories and analgesics. Six drugs were chosen

and are depicled in Table 1.2 below.

Table 1.2 The NSAIDs used for investigation.

NSAID Structure and IUPAC name

Chemical Class

Rofecoxib®™
LS
O

\
/S\
H,C ‘o

4-(4-methyl-sulphonyiphenyl)-3
-phenyi-2, 5-dihydro-2-furanone

Celecoxib®’ HN_ O
s

N—N
N
= CF,
H,C
4-(5-{4-methyiphenyl)-3-trifluoromethyl-1 H-

pyrazol-1-yl) benzenesulphonamide

Di-aryl-substituted

furanones

Di-aryl-substituted

pyrazoles
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Bucetin Phenetidine derivative
CH30H20-—©—‘NHCOCH2CHCH3

OH

N-{4-ethoxyphenyl}-3-hydroxybutanamide

Lomoxicam O 0 Thiazinecarboxamides
%W cH
S\N/ 3
H
a— |
OH O =
8-chloro-4-hydroxy-2-methyl-N-2-pyridinyl-2H-
thienof2,3-e]-1,2-thiazine-3-carboxamide 1,1~
dioxide
Suprofen® 0 Arylpropionic acid
\ & / derivatives
COOH
H,
o-methyl-4-{2-thienylcarbonylibenzeneacetic
acid
Diflunisal® COOH Salicylic acid

oSO I
F

2’ 4-difluoro-4-hydroxy-{1, 1 -biphenyl}-3-
carboxylic acid
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As mentioned previously NSAIDs generally have very poor aqueous solubility (section
1.2.2). Described below are recent selected articles reporting cyclodextrin inclusion
{section 1.5.2) and polymorphism (section 1.5.3) of NSAIDs. These arlicies clearly
indicate how these two methods improve dissolution and enhance absorplion of
NSAIDs, thereby improving the pharmaceutical performance. This was the basis for the
approach adopled in this study.

1.5.2 Cyclodextrin Inclusion

Within the published literature, recent work performed on inclusion of non-steroidal anti-
inflammatory drugs with CDs was reported by Mavridis ef a/ ** and Rawat ef a/.® The
former used 'H NMR and HPLC to examine inclusion of the NSAID Acemetacin sodium
in order to study sustained release of the drug and for the praclical purpose of patent
application. The latter research group used phase soiubility experiments to study the
interaction between Rofecoxib and CDs, finding a significant increase in the solubility of
the drug in the presence of the macromolecules. Similar aims attended this project,
whereby in order to modify the chosen therapeutic performance of the NSAIDs,
encapsulation by CDs was considered. Using several characterization techniques,
notably X-ray structure elucidation, the prepared inclusion complexes were characterised
to illuminate their properties.

1.5.3 Polymorphism

In a recent article describing NSAIDs and crystal polymorphism, Chawla ef a/ ® reported
the characterization of different solid state forms of the drug Celecoxib. By finding
alternative solid forms the aim was to improve the poor aqueous solubility and non-ideal
physicochemical properties of this drug. Similarly, in this project, a comprehensive study
of the chosen NSAIDs was pursued, where the drugs were subjected to numerous tests
analogous to pharmaceutical procedures. Whether a new polymorph resulted or not was
elucidated using diverse chemical characterization technigues such as thermoanalytical,
crystallographic, microscopic, spectroscopic and elemental analyses.
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1.5.4 Final Remarks

This project focused on the i) preparation, ii) determination of chemical composition, i)
analysis of thermal behaviour and iv) investigation of the molecular structures of the
obtained inclusion complexes and polymorphs. Thereby, information about their i)
thermal stability and i) structural features, such as spatial distribution and role of water in
the crystal structure, could be elucidated.
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Chapter Two: Experimental

2.1 Materials

The host compounds B-cyclodextrin, y-cyclodextrin, Heptakis(2,6-di-O-methyi)-B-
cyclodextrin (DIMEB), Heptakis(2,3 6-tri-O-methyl)-B-cyclodextrin (TRIMEB),
Octakis(2,3,6-tri-O-methyl)-y-cyclodextrin  (TRIMEG), Hexakis(2,3,6-trn-O-methyl)-a-
cyclodextrin  (TRIMEA), Randomly-methylated B-cyclodextrin (RAMEB) and
Hydroxypropyl-p-cyclodextrin  (HPBCD) were purchased from Cyclolab (Budapest,
Hungary) and used without further purification. The NSAIDs Bucetin, Lomoxicam,
Suprofen and Diflunisal were purchased from Sigma Chemical Company [St. Louis,
Missouri, USA], Rofecoxib from Merck & Co Inc. [Rahway, NJ, USA] and Celecoxib from
Pharmacia [Morpeth, Northumberiand, UK]. All these were used without pre-treatment.

2.2 Methods of preparation
Several methods were attempted to produce complexes and/ or polymorphs during the

course of this project. Tables 2.1 and 2.2 below contain a summary of the techniques
used.
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Table 2.1: Polymorph production techniques used.

Technique:

Conditions:

Recrysialiisalion

A saturated solution consisting of 10 mg drug in 2 ml of a particular
solvent was prepared and filtered with microfiters (pore size 045 pwm).
The filirate was then left to evaporate at various temperatures.

Different conditions altempted:

1.8ingle solvents:
¢ 1-Butanol
Acetonitrile
Methanol
Ethanol
Toluene
1.4-dioxane
Catbon tetrachioride
Benzene
2-Butanone
Ethyl Acetate
Water
Dimethylformamide
Hexane
Cyclohexane
Diethyl Ether
Cyclohexanol
1-Propanol
Acetone
e Dichloromethane
2.Binary mbdures
e Waler: methanol (1:10 wv)
« Waler: acetonitrile (1:10 viv)
e  Water: ethanol (1:10 viv)
3.Varied temperatures of evaporation 25 °C, 80 °C and § °C)

e &€ @ @ ® © ¢ © ¢ © & © & e ¢ @ @

Sublimation 40 mg of drug was placed in a sublimation apparatus under vacuum at
100 °C and left for seven days. The recrystallised drug deposited on the
cold finger.

Co-grinding 25 mg of the drug was mechanically asgitaled in a2 ‘Wig-i-Bug
amalgamator (model: 3110-34) device for 25 minutes

Vapour diffusion | 25 mg of drug was dissolved in 2 mi of a good solvent (ethyl acetate) and
the vessel placed in a larger vessel containing a miscible ‘bad’ solvent in
which the drug was insoluble (disthyl sther). This set-up was placed
within a desiccator under vacuum and was allowed to stand for 1 week.

Recrystaliisation | Small quantities of the drug were melted in the DSC machine. The drug

from the meit was then taken out of the machine and allowed to cool at room

temperature for 0, 10, 30 minutes and 3 and 7 days respectively.
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Table 2.2: Cyclodextrin complexation techniques used.

Technigue: Conditions:

Co-precipitation | RAMEB, HPBCD, p- and y-CD: the drug was added to a hot saturated
aqueous solution of CD, in a 1:1 stoichiometric ratio.

DIMEB, TRIMEB, TRIMEG, TRIMEA: the drug was added fo a cold
saturated agueous solullon of CD §nverse solubllity coefliciend), in a 111
stoichiometric ratio.

The solutions were stimed until clear and the resuliant fitered with
microfiliers, pore size 0.45 um. The methviated CDidug flirales were
placed in the oven at 60 °C, the others exposed to 25 °C io induce
crystallisation.

Different conditions atiempled:

1. Different molar ratios (CD:drug)

2. Surfactant (Tween 80)

3. Co-solvent {ethanol, methanol and acelone)

4. Rate of addition of drug to CD solution

5. Refluxing (100 °C, 24 hr)

6. Ultra-sonification (22 kHz, 25 °C, 30 min)

7. Suspension -

8. Different volumes of aqueous solvent

9. Different temperatures during stirring and evaporation: 25 °C,
60°C,0°C

10. Recrysialiising pre-kneaded material

Kneading The parent CDs were initially kneaded into a paste with a mortar and
pesile and distilled water. The drug was then subsequently added and
kneaded for various times.

Different conditions attempled:

1. Different molar ratios
2. Different times of kneading

3. Co-solvent

Co-grinding 1:1 molar matic mbdure of drug:CD with no watler was placed within a
‘Wig-L-Bug amalgamalor (model: 3110-3A) co-grinding apparatus and
ground for 25 minutes,

2.3 Thermal Analysis

Any variation in physical properties resulting from a change in temperature is monitored
and analysed by the following techniques.
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2.3.1 Hot Stage Microscopy (HSM)

This technique is used for preliminary identification of a new polymorph or complex via
morphology and visual themmal event differences. Occurrences such as melting,
decomposition and loss of solvent are observed and the nature of polymorphic transition,
or whether a hydrate has formed may be deduced.® Suitable crystals were placed on a
slide and submerged in inert silicone oil; the slide was duly placed on a heating block
and the temperature was raised at a rate of 10 °C/min. The hot siage used was a
Linkam THB00, which is connected to a Linkam CO600 temperature controlier. A NIKON
SMZ-10 microscope filted with a polarizing trans-illuminator and overhead light was
linked to the hot stage. The photomicrographs were recorded using a Sony real time
Digital Hyper HAD video camera, and analysed using the software analySIS.?

2.3.2 Thermogravimetric Analysis (TGA)

This technigue measures mass loss as a function of applied temperature. Monitoring
mass loss, decomposition and desolvation are readily identified. Hence a clear
distinction may be made between anhydrous, hydrated or specifically solvated crystal
forms." Mass loss from a cyclodexirin inclusion complex indicated the number of water
molecules of crystallisation.® Measurements were performed on a Mettler Toledo TGA
ISDTA851. Sample masses of 0.5-6.5 mg were placed in a platinum open pan and put in
a furnace with a 10 mli/min Nitrogen flow rate and run at a heating rate of 10 °C/min.

2.3.3 Differential Scanning Calorimetry (DSC)

The heat flow to mainiain the temperature difference constant at 0 °C between the
sample and an inert reference is measured. If there is a change in thermal energy, an
endotherm or exotherm results in the DSC plot of differential rate of heating versus
temperature.’ This may signify phase changes, loss of included solvent and melting.
Comparisons of the traces indicate whether a new polymorph or complex has resulted.
Experiments were performed on a Perkin-Eimer PC Series 7 Systemn. Samples of mass
1-6 mg were sealed in a vented aluminium pan and placed in a furnace with a 40 mimin
Nitrogen stream; the temperature was raised at 10 °C/min. The reference pan was an
empty aluminium pan.
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2.4 Ultra-Violet (UV) Spectrophotometry

UV spectrometry is used to identify new CD complexes by comparing UV absorption
maxima of the uncomplexed drug chromophore to that of the complex. CDs are UV
inactive; therefore the chromophore will be parily shielded and will resuit in a shift in the
spectrum. The CD: drug molar ratio is also determined via spectrophotometry. The
spectra were recorded on a Cintra 20 UV System at 285 nm.

2.5 Elemental Analysis

This procedure determined the percentage of carbon, hydrogen, nitrogen and sulphur in
putative complexes and verified the host guest ratio. Measurements using 2-3 mg of
sample were performed on a Fisons EA1108 CHNS-O Elemental Analyser.

2.6 X-Ray Powder Diffraction (XRPD)

XRPD is a fundamental method whereby compound characterisation may be done
quickly and efficiently. Every compound exhibits a unigue powder pattern owing fo its
exclusive structural features; consequently identification of a new polymorph or complex
may be achieved via comparison of the diffractograms of the specific test subject versus
the reference polymomh and a physical mixture of the CD and drug respectively.
Differences found in the succession of peaks detected at the distinctive scattering angles
pemit phase identification."® A microcrystalline sample of 5-10 mg was placed randomly
on a Mylar® flat sample holder and intensities measured using a Huber Imaging Plate
Guinier Camera 670. Nickel filtered CuKa, radiation (A = 1.5405981 A) was produced at
40 kV and 20 mA by a Philips PW1120/00 generator fitted with a Huber long fine-focus
tube PW2273/20 and a Huber Guinier Monochromator Series 611/15.  For high
temperature XRPD, the Huber High Temperature Controller HTC 9634 unit was used
with the capillary rotation device 670.2. The samples were manually ground and packed
into Lindemann capillaries with an intemal diameter of 1 mm and a glass thickness of
(.01 mm. The capillaries were obtained from Hilgenberg, Germany. A 28-range of 4 o
100.0° was used with a step size of 0.005° 26.
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The program LAZY PULVERIX® generated idealised X-ray powder pattemns. Refined unit
cell parameters, space group symmetry, atomic co-ordinates and thermal parameters for
crystal structures determined were input and the idealised XRPD pattern obtained.

2.7 Nuclear Magnetic Resonance (NMR) Spectroscopy

This is a technique used for determination and confirmation of new unknown struciures.
Radio-frequency pulses are applied to the sample within a magnetic field which
subsequently gives rise {o the observed signals. information derived from these signals
such as chemical shift, coupling constants and integration suggests the possible sample
structure. The specira were recorded on a Mercury VXR 400 Speclrometer using
deuterated chioroform as the solvent and tetramethyisilane as the intemal standard.

2.8 High Performance Liquid Chromatography (HPLC)

HPLC is used to identify cerlain compounds within a mixture, whereby a parlicular
compound will have a characteristic peak. The concentration of the compound is
calculated via the integration of the chromatographic peak. Analysis of the solutions was
achieved using an Agilent 1100 Series HPLC instrument.

2.9 Crystal Structure Determination

Crystals exhibit the property of diffracting radiation of wavelength similar to the
translational repeat period of the molecular pattern. This wavelength coincides with that
of X-rays and it is the electron density of the crystal that is responsible for diffraction.
Using this fundamental knowledge, single crystal X-ray diffraction was formulated
whereby measuring the diffraction intensities, the internal structure of crystals is
ultimately deduced. This technique is ideal for polymorph and complex identification.
Single crystals between 0.2 and 0.5 mm in all dimensions and which were able to
extinguish plane-polarised light uniformly were selected. These were coated with
Paratone N oil° to prevent decomposition and to secure the specimen rigidly, and
mounted on a glass fibre that was placed on a goniometer head. The reflection intensity
data were measured on a Nonius Kappa CCD Single Crystal X-ray Diffractometer, using
graphite-monochromated MoK, radiation (A = 0.71069 A) generated by a Nonius FR590
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generator operated at 50 kV and 30 mA. Low temperature measuremenis were
performed using a constant stream of N, gas with a flow rate of 20 cm®/min maintained
by an Oxford Cryostream cooler. Data reduction and unit cell refinement were performed
using the programs DENZO and SCALEPACK® with accompanying correction of
Lorentz-polarisation effects. The program X-PREP’ was used for assignment of the
correct space group.

2.10 Crystal Structure Analysis and Refinement

Structures were solved either by direct methods using the programs SHELXS-97° and
SHELXD® or by isomorphous replacement using as trial model the published co-
ordinates for non-hydrogen aloms from an isostruciural structure in the program
SHELXL-97." For all structure refinements low-angle reflections truncated by the beam-
stop were omitted. The mean |E*-1| values were determined, where E is the nommalised
structure factor. If this value is close to 0.968 the structure is centrosymmetric. If it is
close to 0.736 the structure is acentric.

SHELXL-97 uses full-matrix least-squares refinement on F2 and was operated through
the X-SEED interface."’ The quantity 3 w (F.? — F.?) 2 was minimised. if the residual
index (R, definition 1) involving structure factor amplitudes is small (~-0.02-0.058), a
satisfactory mode! has been obtained. Agreement beitween structure factors for the
refinement against F? is expressed by the residual index (WR;, definition 2). A default
weighting scheme (w) including the parameters a and b, is represented below
[expression 3]. The weighting scheme was refined at the end of each structure
refinement. The Goodness-of-Fit (S) [expression 4] which is based on F? should be close
to unity for well behaved structures, and the over-determination ratio {(n/p) should be of
the opder 10, where n is the number of reflections and p is the tfotal number of
parameters refined.

) Ri=[Z11Fol-IFe| |1/ 2| Fol

2] wWRy= {[Zw (F2~FA)? 1/ [Zw (F2 Y11

[3] w=1/[c?(FZ)+ (aP)*+bP | where P =[max (0, F?)+2FZ?]/3
[4] S=[3Ww(F-FA?*1/ (n-p) 1"
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2.11 Additional Resources

Several computer software programs were used for crystal structure analysis:

¢ The CAMBRIDGE STRUCTURAL DATABASE (CSD)"*was used for comparison
of previously published crystal structures with the structures obtained in this
study.

e LAYER™ displays the measured intensity data as simulated precession
photographs of all levels of the reciprocal lattice. Systematic absences, and
hence space group symmeiries were determined from this program.

s Analysis of molecular conformations and other structural parameters was
performed using PLATON.™

e Molecular packing diagrams were created using POV-RAY."

o WEBLAB ViewerPro Version 3.5 was used to model various bond lengths and
angies thereby mimicking bond rotation, hence elucidating disorder models.

e SADABS Version 2.03" was used to exploit data redundancy to comect three-
dimensional integrated data for errors due to X-ray absorption.

o The thermal ellipsoid plotting program ORTEP 11i"®

was used to produce ball and
stick crystal structure illustrations including atoms drawn as ellipsoids at the 50%

probability level.
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Chapter Three: Characterisation of Novel Solid Forms

3.1 General Overview

In the course of this study, no new solid forms of the drugs lormoxicam, diflunisal, bucstin
and suprofen were discovered. However, new solid forms derived from celecoxib,
rofecoxib and permethylated B-cyclodextrin were encountered. These include an
amorphous form of celecoxib, a degradation product of rofecoxib and a new crystalline
modification of the host permethylated-$-CD (TRIMEB). Their characterization and
significance are discussed below.

3.2 Solid state studies of Celecoxib

3.2.1 introduction

Celecoxib, A-{5-(4-methyiphenyl)-3-trifluoromethyl- 1 H-pyrazol-1-vl) benzene
sulphonamide, is a selective COX inhibitor with anti-inflammatory activity (Figure 3.1).
One crystalline form of celecoxib has been reported.' The unit cell is triclinic, space
group P1. Molecules of celecoxib are linked by intermolecular hydrogen bonds (N-

H---O) into chains.
HN_ O

OI’SO

N—N
U CF.

H,C

Figure 3 1: Structure of Celecoxib

Since its approval for marketing in 1998, celecoxib has been used for the treatment of
osteoarthritis, rheumatoid arthritis and management of pain.Z Pharmacologically though,
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celecoxib exhibits poor flow properties, compressibility, cohesiveness and very poor
aqueous solubility (~5 ug/ml at 25°C),> * thereby complicating its processing into solid
forms and reducing its efficacy on its biological target Thus, it is imperative that
improvement of its overall bioavailabilty and physicochemical properties is achieved.
Utilising alternate solid forms may bring this about” The objective of this study is to
attempt production of polymorphs, pseudopolymorphs and amorphous forms which may
improve the effectiveness of celecoxib.

3.2.2 Preparation of solid forms

An amorphous form of celecoxib was prepared by melting 5 mg of the drug in the DSC
apparatus (200 °C) and allowing it to cool to room temperature. This new amorphous
form shall be referred to as RFMcele.

3.2.3 Elemental Analysis
This technique was used to prove that no new product was formed. The calculated
values based on the given formuia of celecoxib are compared to the experimental values

of RFMcele.

Table 3.1: Elemental analysis results for C, H, N and S of Ci7H14FaN30,8,.*

Celecoxib (Calculated) RFMcele Experimental)
% C 53.6 53.1
% H 3.5 32
% N 11.2 10.9
%S 8.1 8.1

* The errors in experimental values are £ 0.5%.

The results indicate that the amorphous form has not altered chemically from the original
celecoxib.
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3.2.4 Thermal analysis

OS5C and TGA analysis

Wariations in the thermal events of the drug indicate that a new solid phase has farmed.
The DSC trace depicted below shows endothenm peaks directed upwards and exotharm

peaks downwards

12002
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Legend. A= DSC curve of Celecoxib
B= D2C curve of RFMoele

Figure 3 2: BDSC curves for Celecoxib and RFMcele.

The TG curves for both forms {not shown) indicated that no decomposition took place
and that hoth were free of solvent. since zero mass 055 was recorded n the
temperature range 30°C-200 ~C. In the DSC analysis {curve A) celecoxib exhibited a
single endotherm corresponding to melting in the temperature range of 160.6-165.4 °C
(AH= 883 Jig) (Figure 3.2). After cooling, the heating DSC trace of RFMeele (curve B}
indicaled an endotherm at the onset temperature of 52.9 “C comesponding to a glass
transition. It is often found that the glass transition temperature is about two-thirds of that

of the melting temperature.” In this case the ratio works out to be 0.74, thereby strongly
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supporting the interpretation of this endotherm as a glass transition. An exotherm was
observed at anset temperature 100.3 °C comespanding to a recrystallisation and finalty
an endotherm at onset temperature 162 8 “C which comesponds to the melt. There is a
very slight endothenn at 129.6 *C, which most probably corresponds to the reiease of
cccluded air, since ng water |oss was shown in the TG trace. Confirmation of these

assignments was abtained using the HEM and XRPD technigues.
HSM analysis

Figure 3.3 shows the photomicrographs of the transitions occuming in RFMcoele
examined under silicons oil. Due to the difference in the conditions and geometry that
the sampte is exposed to in the DSC and HSM equipment, the temperatures of the

thermal events occurnng differ shightly.

- L -

(a) 26.1 °C (b)52.4 'C

(d; 886 -C {e) 1086 °C if1128.8 “C

S~

(g) 157.0 °C (h) 182.2 "C

Figure 3.3 Photomicrographs of RFMcele




The gtass transttion 15 seen beginning &t 52.4 °C (Figure 3.3 (b)). The recrystallisation is
seen around 88 6 °C (Figure 3.3 (d)). The meltis completed at 182.2 =C (Figure 3.3 (h}).
Bubbles are emitted stafing from 896 “C (Figure 3.3 (d-g)). Since TG calculations

proved that no solvent is lost, these bubbles correspond to loss of occluded air.

3.2.5 XRD Powder Analysis

Incremental temperature XRPD recordings were performed to establish  whether
EFMcele was indeed amorphous in nature and whether or not new polymorphic phases
of the drug appeared at various temperatures. The traces shown in Figure 3.4
comespond to temperatures in-ketween the endo- and exothermic events depicted in the

DSC trace (Figure 3.2 (i), (i), (i)}
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Figure 3.4: XRPD Traces of REMcele and Celecaxib.
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The traces (i) and (ii) confirm the amorphous nature of RFMcele; these are devoid of any
diffraction peaks confirming lack of three-dimensional long-range ordered structure,
These temperature readings precede the recrystallisation exotherm at 1003 °C,
whereafter the material adopts the same crystal struciure as the orginal non-melted
celecoxib as seen in (i) and (iv). PXRD also verifies that air was evolved comesponding
to the small endotherm at 129.6 °C in the DSC trace in Figure 3.2. The two XRPD
paftterns shown at 110 °C (iii) and 150 °C (iv) lie on either side of the slight endotherm in
gusstion. No discrepancy occurs between the two patlerns proving that no change in the
structure of celecoxib has occurred.

Apart from the amorph reported here, no other solid forms of celecoxib werse
encountered using the extensive protocol described in Chapter 2, section 2.2.
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3.3 Derivative of Rofecoxib

3.3.1 Introduction

Rofecoxib, 4-(4-methyl-sulphonyiphenyi}-3-phenyl-2, 5-dihydro-2-furanone (Figure 3.5),
is a Cox-2 inhibitor belonging to the di-arvi-subsiituted furanones. The molecules within
the crystal structure are held together by van der Waals interactions and the crystal is
tetragonal with space group P442,2.°

N
HS o

Figure 3.5; Structure of Rofecoxib.

Rofecoxib, since being introduced in 1999, has been used for the treatment of
osteoarthritis, primary dysmenorrhoea and acute pain.” However, as with celecoxib, its
effectiveness may be reduced due {o its low solubility in water (~0.0086 mg/mi at 25 °C)
and limited dissolution rate ® Therefore, to combat this problem different solid forms were
pursued that might show superior solubility behaviour.

3.3.2 Experimental Conditions

in the attempt to discover a new polymorph, an unexpected product was obtained. it
resulted from two methods, recrystaliisation and/or co-precipitation. In  the
recrystallisation experiment 10 mg of rofecoxib was dissolved in 2 mi of ethyl acetate
and stirred at 65 °C for 15 minutes. For the co-precipitation experiment 10 mg of
rofecoxib was stired in 2 ml 10% HPBCD solution at 60 °C for 72 hours. All solutions
were exposed to room light intensity. The resultant solution was thereafter filtered and
left to evaporate at room temperature. After one month crysials formed. Following
unequivocal elucidation of the structure by single crystal X-ray analysis (section 3.3.7),
the product was found to correspond to E-methyl sulphonyl phenanthro [8,10-¢] furan-1
(3H)-one, ° a photodegradation product of rofecoxib (figure 3.6). Further characterisation
of the product was performed using PXRD, thermal analysis, HPLC, elemental analysis
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and 'H-NMR spectroscopy. The last technique was used to confirm that the proton count
and chemical shifts were consistent with the structure determined crystaliographically.

O

H
\Y
/‘b{q ©
H

Figure 3.6; Structure of Compound A.

3.3.3 Thermal Analysis

DSC and TGA analysis

These techniques were used as preliminary tests to ascertain whether rofecoxib had
indeed changed in molecular structure to compound A.

SE00

5550 4 A

Heat flow {(mW)
[w¢]

2 & 10 180 70 m m
Temperature {°C)

Legend: A = Rofecoxib

B = Compound A

Figure 3.7: DSC curve of Rofecoxib and Compound A.
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Rofecoxib exhibited a fusion endothemm (Figure 3.7) at onset temperature 209.3 °C (AM;
= 125.0 J/g). Compound A also exhibited a single fusion endotherm but at the different
onset temperature of 307.1 °C (AH, = 48.5 J/g) thereby implying that these are two
different chemical species. TGA proved that both forms were free of solvent since there
was a zero mass loss in the temperature range 30°C- 350 °C.

3.3.4 High Performance Liquid Chromatography
Reverse Phase HPLC was performed with a detection wavelength of 280 nm using a

variable wavelength UV detector. A 5 ug/ml, 1:1 stoichiometric ratio of rofecoxib and
HPBCD solution was made and tested (Figure 3.8 and Table 3.2).

. 2
mAl ;
204 5
18 4
1 3 il
10' 3 - g L4
g e E od
@ & 4 —y S e
# 2 3 % min

Figure 3.8: HPLC trace for Rofecoxib and HPBCD solution.

The following peaks were obtained:

Table 3.2: Resuils of HPLC run with Rofecoxib and HPBCD solution concentration 5

ug/mi.
Peak # RetTime (min) Width (min) Height (mAU) Area %
1 1.155 0.1023 2.7533 3.885
2 1483 0.1216 428310 83.451
3 1.794 0.0685 2.0463 1.880
4 2.858 0.0680 4.0621 3.843
5 3.158 0.0730 8.7646 6.831

Peaks (1) to (3) are common retention peaks that are found in all the HPLC traces of this
HPLC, and may be omitted for clarity in this discussion. A peak for pure rofecoxib
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appears at 2.858 min (peak 4). Cyclodextrins are UV inactive. However, for this sampile,
a dual peak (4) and (5) is seen, indicating that rofecoxib and additionally another
possible degradation product of rofecoxib (compound A) is present.

3.3.5 Elemental Analysis
The C, H and S elemental percentages were calculated for compound A according to the
given formula. These are verified experimentally, supporting that compound A has been

formed.

Table 3.3: Elemental Analysis results for Compound A (C17H:204S,).*

Foim A Calculated (%) Experimental (%)
¢ 654 65.4

H 39 38

8 10.3 9.8

* The errors in experimental values are 1 0.5%.

3.3.6 Nuclear Magnetic Resonance Spectroscopy

Figure 3.9 shows the Nuciear Magnetic Spectra obtained from the VXR 300 NMR
spectrometer using TMS as an intemal standard and CDCl; as the solvent.
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Legend: A: "H-NMR spectium of Rofecoxib
B: 'H-NMR spectrum of Compound A

Figure 3.9;: NMR Spectra for Rofecoxib and Compound A,

A NMR specitrum provides information on the number of chemically equivalent protons,
the electron density surrounding the proton and the integration (number of protons
responsible for a cerfain signal). From this information the molecular structure may be
deduced. " For this project only the proton count and chemical shifts were necessary to
confirm the structure of compound A. Proton assignments are depicted in Tables 3.4 and
3.5.

The NMR results of Table 3.4 comespond to the known structure of rofecoxib, thus
verifying that an unaltered form was inifially used for the experiments. However, the
NMR results for compound A (Table 3.5) were different from those for rofecoxib, proving
that a possible degradation product of rofecoxib has formed.
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Table 3.4: NMR resulls for Rofecoxib.

Rofecoxib

Chemical Shift (3} Multiplicity Integration Agsignment
2.162 8 3H Ha
5187 ] 2H Hb
7.397 d 2H He
7492 d 1H He
7.521 t 2H Hd
7.921 d 2H Hf
7.085 d 2H Hg
Table 3.5; NMR results for Compound A,
Compound A
Chemical Shift () Multiplicity Integraon Assignment
2.153 ] 3H Ha
5180 ] 2H Hb
7.3899 t 1H Hd
7494 t 1H He
7.942 d 1H He
7.854 d 1H Hf
7.985 d 1H Hi
8.089 d 1H Hh
9221 d 1H Hg
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After assignment of the peaks obtained in the spectrum of compound A and comparison
with the results of pure rofecoxib, it was clear that certain protons were absent and the
symmetlry of the aromatic systems allered with greater dispersion of aromatic proton
signals with differing chemical and magnetic environments. Thus it was deduced that
aryl-anyl cross-coupling had occurred. The structure of compound A was thereafter
tentatively assigned from the NMR results (Table 3.5} which subsequently verified the
crystallographic analysis.

3.3.7 X-Ray Crystallographic Analysis

Unit cell determination

The unit cell parameters and crystal system of the new product were determined rapidly
using the Nonius Kappa CCD diffractometer. A crystal of high quality was selected and
mounted using Paratone N oil and used for data-coliection. Table 386 lists the
parameters determined for compound A in comparison to rofecoxib.

Table 3.6; Unit celi parameters for Compound A and Rofecoxib.

Compound A Rofecoxib®
Space group PT P4.2,2
8.4641 () A 11374 Q) A
92247 @ A 11374 @) A
¢ 9.4227 @) A 22939 (3) A
o 79.8987 (1) ° 90 °
B 859977 © ° 80°
¥ 6755022 ° 80°
Volume 86941 Q) A° 29676 (9) A°
Z 2 8
Data-Collection

The intensity data were collected on the Nonius Kappa CCD diffractometer using
graphite-monochromated MoKa radiation with the crystal cooled to 113K. No phase

changes occurred during cooling. Intensity data were cormrected for absorption using the
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program SADABS." Listed in Table 3.7 are the crystal data and data-collection

parameters,

Table 3.7; Crysial data and data-collection parameters for Compound A.

Molecular Formula
Fommula Weight/g mol™
Crystal System

Space group

al/A

b/A

c/A

afl®

p/°

y/°

Volume /A3

Density.ae / g cm™

i (MoKa) / mm™*
F(000)

Crystal size / mm®
Range scanned9/°
Index ranges

¢ scan angle /°

® scan angle /°

Dx /mm

Total no. of reflections collected
No. of independent reflections
No. of reflections with | > 20()
No. of paramelers

Rint

8

Ry (Fo > 4o (Fo)
Reflections omitted
Wi

Weighting scheme

(A S)mean

Ap excursions / eA?

Ci7H12048
312.31

Triclinic

P1

8.4641 (1)
9.2247 (2)
9.4227 (2)
75.8087 (1)
85.9877 (9)
67.5502 (2)
669.41 (@)
1.5484

0.260

324

0.15 x 0.20 x 0.20
2<06<28

b, -10,10 k11,11 511, 11
1.0

15

33.0

18325

2679

2333

200

0.0517

1.048

0.0475

a

0.10585

a = 0.0497 b= 0.5942
< 0.001

0.53 and -0.58
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Structure determination and refinement

Direct methods yvielded the positions of all the non-hydregen atoms of the asymmetnc
unit. The atomic numbering scheme is shown in Figure 3 10. The space filling diagram is
shown in Figure 3.11. The hydrogen aloms are numbered according 1o their parent
atoms to which they are bonded. Refinement was camied out with all of the non-
nydrogen atoms treated amsotropically. The hydrogen atoms were located in
subsequent difference electron density maps and placed in geometrically constrained

positions and refined with isotropic temperature factors assigned at 1.2 times the U..
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values of the parent atoms.

-t

Figure 3.10; The asymmetric unit of Compound A,

Figure 3.11: Space filling diagram of the asymmetric unit.
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GCeometncal analysis

The rings are planar with a significant {0.114{3) &) deviation of C& above the plane of
the phenyl ring and an equal deviation (0.114{2) A) of C5 below the plane of the phenyi
ring. The methyl-sulphonyl substituent is directed below the plane, All hydrogen bonding
is of G-H...O type. These are listed in Table 3.8

Table 3.8 Hydrogen bond data for Compound A,

' Related by symmetry operation: 1-x, 1-y, 1 2

‘Domor — H..Acgeptar . Distance () Angle (*)
'D-H  H-A DA D-H-A
Ci1) —HOA) ---0(38)" | 098 256 3.444(3) 'y 450
T 0% T T ) g
cR1)-HE1) 068" D95 250 2.504(2) ' 106

"Intramalecular bending

The other prominent interactions occurring are X--H. = and -7 ring contacts. These are

described in Tables 3.9 and 310 Cg is the centre of gravity of the aromatic ring

indicated by & numeral in Figure 3.12.

I
i 1 8]
]’ 3 2 I
o
h
O, st
By
H:!': Fal

Fiqure 3.12: Compound A with Cg ring labels.

Table 3.9 X--H---x Bing inteéractions in Compound A.

! X—H.--Cg {Pi-Ring} Distance (A) j Angle €
% H--Cg X--Cg ¥—H--Cg
| C{9) —H(@B) -.-Cod} | 2 681 3447 134 4 ‘

" Related by symmetry eperation: -x -y 22
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Tahble 3.10; == fing contacts in Compound A

Cg(A) - Ca(B) Distance (A)
cg- Cg
Ca(l)--Coidy . 2.554{1)
Cotl) - Coid) | 3.724(1) |
Cy@) - Cyf2y' 381202 ;
| Co@-Ce@ | 3813 |
Cg@d) - Cg@ |  3596(1) |
Cg{4) - Cg(1) 3 724(1) .

__' Related by symmetry operation © -x. -y, 2-2
" Related by symmetry cperation: 1-x,-y,2-z

The packing of Compound A is shown in Figures 3.13 and 3.14, clearly showing the ==
ring interactions and the ofentation of the meolecule to allow the hydregen banding. The

torsiontdinedral angles involving the suiphone substituent are described in Table 3.11.

Table 3.11; Tarsion/Dihedral angles involving Sulphur,

Atoms involved : Angle )
C{5)1-C)-S(2)-003R) il 22852
CE1-CE)S2)003A) : 1451(2)

S(2)-C{4)-C5)-C6) ! 16780

C5) Cd) 5(2) O3B} : 168.4(2)
CE1)-CHE-S2-03B) 15.2(2)
C CEMCH-SECH) 76.2(2)
CZ1)-CHFSE@ oM ' -100-2(2)
S(2)-C@)-C{21)-C(20) 177.0(1)
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Figure 3.13: Packing diggrams of the (g} a-axis projection and (bY h-axis projection of

Compound A.

e e f ~ ———— i = I

Figure 3.14; Stereo view of the crystal packing down the a-axis of Compound A.
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3.3.8 XED Powder analysis

This is the most informative technique to establish whether a new crystalline phase has
heen created. If the XRPD trace of the matenal investigated differs from that of the
reference material this implies that either a new polymorph has been formed or a

chemical transformation has taken place.

JITH)

' _J_JWIWUJ !L/ JU\_MAL s i ﬁpw

Relative Intensity
£

Legend. A — Rofecoxib
B = Coempound A

The XRPD trace of rofecoxib is compared with the Lazy Pubverix'” caleulated trace for
compound A, The completely different traces shown in Figure 3 15 verify that a new
crystal phase had indeed been created.

338 Mechamsm

The starting matetial rofecoxib {1) formed the product compound A {2} when vanous
solvents {ethyt acetate and HPECD sotution) were used and when it was heated (65 “C)

in room light intensity. A suggested mechanism is given in Figure 316 The class of
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pericyclic reactions that the mechanism cormresponds to is electrocyclic, whereby one
new o bond forms across the ends of a single conjugated = system.” The stereo-
outcome of this reaction is based on the Woodward and Hoffmann rules: the symmetry
of the highest occupied molecular orbital (HOMO) controls the stereochemical outcome
in thermal reactions and that of the lowest unoccupied molecular orbital (LUMO) controls
the outcome of light induced reactions.” However, since the intermediate is not seen,
the bond rotation of this 4n+2 = electron system (1) cannot be experimentaily

determined.

Figure 3.16; Mechanistic scheme.

in the particular experiment caried out it was not established whether i is thermally
driven or light induced and this can be the subject of further study. However, the
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literature suggests that this is a photo-cyclization product. This compound has been
reported and was found to be formed via photocyclic processes, thus implying that this
has a conrotatory bond outcome.'*'*'® The complimentary reaction that takes place
thereafter is dehydrogenation via oxidation (la and Ib) ultimately forming the product (2).
The excellent anion-stabilising sulphone group provides the driving force behind
aromatisation. This subslituent is highly electron-withdrawing thereby promoting
dehydrogenation. High temperatures favour this series of reactions as dehydogenation
has a very high aclivation energy that is overcome by high temperatures. High
temperatures also favour elimination by increasing the entropy in the free energy of the
reaction. it could be tentatively hypothesized that the solvent could be acting as a poor
nucleophile in aiding the primary dehydrogenation.

Only the degradation product of rofecoxib, 6-methyl sulphonyl phenanthro [9,10-C]
furan-1 (3H)-one, was encountered in attempts to generate new forms of the drug. This
is, however, a significant finding because it indicates that without appropriate control of
the recrystallisation procedures, the structural integrity of rofecoxib may be seriously
compromised.
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3.4 Novel Crystaliine Form of TRIMEB
3.4.1 Introduction

TRIMEB, Heptakis(2,3,6-tri-O-methyl)-p-cyclodexdtrin, is a permethyliated cyclodexdrin, in
which the hydroxyl groups O@2)-H, O3E)H and O(B)-H have been methylated (Figure
3.17). Currently there are several reported TRIMEB crystalline inclusion complexes," %
and one reported crystalline phase of TRIMERB iself, which is the TRIMER
monohydrate.” TRIMEB monohydrate crystallises in the orthorhombic system in space

group P2,2:24

Figure 3.17: Structure of TRIMEB

Methylated p-cyclodextrins show different physical properties in comparison fo the
corresponding native CDs. Methylated CDs are much more soluble in agueous milieu
and exhibit a negative temperature coefficient for their aqueous solubility.? Additionally,
it has been discovered that methylated CDs have different properties of macromolecular
recognition in comparison to their native counterparts. In this study a new phase of
TRIMEB has been separately, and simultaneously, identified by the author and by Mr.
W. Mhiongo (Supramoiecular Group, UCT).
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3.4.2 Crystal Preparation

In the attempt to create a new CD inclusion complex between TRIMEB and the NSAID
Bucetin, a new crystalline form of the host crystallised. In a2 1:1 molar ratio, a solution
was prepared consisting of the monohydrate TRIMEB (0.0848 g) and the drug Bucetin
{10 mg) with 1 mi of distilled water. This was stirred in ice for 24 hours then heated to 70
°C for 30 minutes and finally stired for a further 30 minutes in ice. The solution was
fillered and left at 50 °C in the oven {0 evaporate. Single crystals were found in the vial
upon inspection one month later. These were harvested from the sides of the vial, above
the level of the mother liquor. The new crystalline form of TRIMEB shall be referred to as
TRIB.

3.4.3 Themmal analysis

Due to a limited supply of crystals, only the DSC and HSM thermal analyses were
performed. Crystallographically though, it was proved that these crystals are dehydrated.

DSC analysis

The DSC trace depicted below shows endotherm peaks directed upwards and exothemmn
peaks downwards (Figure 3.18).

The melting point of TRIMEB monohydrate is 157.5 °C (AH; = 3.80 J/g) and the onset
temperature of TRIB is 140.4 °C (AH; = 8.48 J/qg), clearly indicating that these are two
different phases.
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Fiqure 3.18: DSC Curves for TRIE and TRIMEB rmonohydrate.

HSM analysis

The different themmal properties charactenstic of TRIMEE maonchydrate and TRIE are
shown in the HEM photomicrographs below (Figure 3 19). TRIB melts aver the range
146 6-148 9 “C (Figure 3.19 {iii) and {iv1). No loss of water i.e. the evolution of bubbles is
seen, as it is anhydrous. TRIMEB monohydrate shows bubble formation beginning at
1245 “C indicating water loss and the melt occurs around 157 .5-160.2 °C (Figure 3.19
(d).
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(i} 110.7 °C

) 285 °C

(iv) 1488 °C

TRMER-H. L

(b) 1245°C

(c) 1441 °C

(d) 160.2 °C

Figure 3 19 Photomicrographs of TRIE and TRIMEE monohydrate.

344 Elemenial analysis

C and H analysis were performed to display the difference between the TRIMEB

monohydrate and the dehydrated form. Evidently, these fwo values will be very similar

but as shown below the expenmental valugs of %C more closely comrespond to the

dehydrated form.

Table 3 12; Elermental analysis results for TRIMEB«H.O and TRIB *

' TRIMEB « H.0
 Calculated
%C | 523

(% H |

TRIB

Caleulated Experimental
529 52.8 .
7.8 80

" The errars in expenmental values are + 0.5%.




3.4.5 X-Ray Crystallographic Analysis

Unit cell determination

A preliminary check was performed using the Nonius Kappa CCD diffractometer to
determine the unit cell parameters, crystal system and space group. The measured unit
cell parameters did not correspond with those of TRIMEB monohydrate nor with those of
known inclusion complexes of TRIMEB.* it was therefore considered appropriate to
pursue the study of this phase. Table 3.13 lists the parameters of TRIB in comparison to
those of TRIMEB monohydrate. The crystal intensity data of TRIB were collected at
113K and those of TRIMEB monohydrate at 204K,

Table 3.13: Unit cell parameters for TRIB and TRIMEB monohydrate.

TRIMEB ¢ H,0 TRIB
Crystal system Orthorhombic Orthorhombic
Space group P2:2:24 P2.2:2,
a 14.823 (4) A 15.951 (1) A
b 19.382 (9) A 16.577 (1) A
¢ 26534 (2) A 28.941 () A
Volume 76232 (2 A° 765269 (5) A’

Z 4 4

Data-Collection, structure determination and refinement

The intensity data were collected on the Nonius Kappa CCD diffractometer using
graphite-monochromated MoKa radiation at 113K Table 3.14 lists the crystal data and
data-collection parameters.
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Table 3.14: Crvsial dala and data-collection parameters for TRIB.

Molecular Formula Ceat112035
Formula Weight/g mol” 142966

Crystal Systemn Orthorhombic
Space group P2,242,
Densityca,. / g cm™ 1.2406

p (MoKo) / mm™ 0.101
Temperalure / K 113

F{000) 3080

Crystal size / mm® 0.20 x 0.30 x 0.20
Range scanned 0 /° 361<06<2570
index ranges h-18,19 k. -20,20 11-35,35
¢ scan angle /° 1.0

® scan angle /° 1.0

D / mim 52.80

Total no. of reflections collected 58677

No. of independent refiections 14499

No. of reflections with | > 2a(}) 13081

No. of parameters 888

Rint 0.0602

S 1.107

R Fo>4o(Fo)) 0.0531
Reflections omitted 48

wiR; 0.1304

Weighting scheme a=0.0516 b=62614
(A7 O)mean < 0.001

Ap excursions /e. A” 0.40 and -0.49

The structure was solved using direct methods (program SHELXS-97%). All non-
hydrogen atoms were revealed in the E-map and subsequent difference electron density
maps and thus placed. The model was subsequently refined isotropically by full-matrix
least-squares methods. Thereafter, the hydrogen atoms were placed with fixed geometry
in a riding model and assigned common variable isotropic temperature factors. All non-
hydrogen atoms [except COG7] were assigned anisotropic temperature factors and
refined. No water molecules were located.
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Geometrical analyzis of TRIE

The asymmetric unit consists of a single TRIMEB molecule. This structure, with
numbering scheme and thermal ellipsoids, is shown in figure 3.20. The glucose unifs are
referred to as 51, G2, G3, G4, Gb, G& and &7

o

cr

8 I
31 UL /‘%’)3— / v

Figure 3.20: Macrocyclic structure and numbering scheme of TRIE with the hydrogen

atoms exchided, viewed from the secondary rim.

The glucopyrancse residues adopt the “C. chaw conformation and the macrocycle,
except for G6&, adopts an elliptically-distorled truncated cone shape. The anomaly, G6, is
significantly tilted relative to the other units, with its methaxy group directed towards the
centre of the nng. The other C{6)-0{5) bond directed towards the centre of the ring is
that of G3. adopting a {(+}-gauche corformation [m = +607), whilst that of G4 is directed
away from the rning adopting a3 (-)-gauche conformation fm = -50°]. The C{&)-C(6) bonds
of G1, G2, Gb and 7 are directed vertically, almost perpendicular to the plane of the
ing. As seen with most TRIMEE complexes the O(2)-C{7) bonds are directed away
from the cavity and the O(3)-C(B) bonds are directed towards the ring. All the O(6})-C(9)
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bonds are trans [« = 1807 with respect to the C(5)-C{6) bonds. excepl in the G4 residue
where the dihedral angle is gauche. The macrocyclic structure of TRIB is shown in the

stereodiagram, figure 321, below.
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Figure 3 21: Stereodiagram of TREIB viewed down the b-axis.

The geometrical parameters of the O{4) heptagon. calculated from Flaton are histed
Table 315 Thiz includes the radii, the O(4)---0[4’} distances, and the
Q{4)---Ci4)---C(4™y angles, lhe Of4)---O(47).--O(4")...Q{4™)} torsion angles and the

deviations of each of the C{4) atoms from the mean O(4) plane {Chapter 1, section
1.2.3)

Table 3.15 Geometrical parameters of the C{4) heplagan for the TRIB structure.

Glucose | Radii 3 O(4)---0{4" 04} angle | Torzion angl'é' Deviation
Unit | hy Ay ) ) ey
G1 ! 502 4 47 127 15.2 -0.044{2)
G2 481 4 44 136 243 -0.485 (2}
G3 4.85 422 111 28 0.339 (2)
G4 . 550 434 134 38 8 0.421 (2)
G35 4.59 4 51 132 -38.5 . 0723 (2)
G6 4.77 . 412 118 37 | DMER
a7 5.41 . 448 130 a7 ' 0255 (2) |

Average | 498 | 438 i 182 | o
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Other macrocyche geametncal features calculated are listed in Table 3.16. These are the
intersaccharidic bond angle p), which is C{17-0¢41-Ci4), the C{2)---0{3" distance and
the tilt angle (7). which is defined as the angle made belween the mean Of4) plane and

the mean plane through the four pyranose ring aloms, namely O, C(1), Cid) and O(4)

af each glucose unit,

Table 316 ¢, G{2)---0(3") distance and = faor the TRIB structure,

" Ghlucose @ O2)--0(3) 5
unit {) (&) %) ,
G 17 33) 1420y |
G2 117 324 26.7 (1)
&3 113 326 425 (1)
G4 118 347 8.4 (1)
G5 117 i 4 0% I7VE (1)
G6 113 346 72.8 (1)
a7 119 ' 289 106 (1)
Average CAYiE j 355 303 (1)

Average bond lengths and angles are within the standard deviattons of those reported
for the host in other TRIMER camplexes, However, there are rather large tilt angles
which are unusual, particulary that for G& These large tilt angles are accounted far by
the lack of O(2)-- 3"} hydrogen bonds and steric strain. * '™ * * The CPK space filling
diagrams of the TRIE molecule are depicted in figure 3.22. These cleardy show the
rmacrocyciic overall geometry, the vertical allgnment of the methoxy groups and how G6

is severaly tilted, ultimately blocking the cyclodextinn cavity.
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{b ()

Figure 3.22: Space-filling diagram of the TRIB structure () viewed from the side (b)

Crystal Packing

The packing diagrams of the TRIB structure (Figure 3.23) depict projections viewed
down the a- and b-axes. The complex units pack in a scraw-channel mode in a head-lo-
tail style with their ©{4) planes roughiy parallel to the yz-piane. Continuous channels do

not exist due to the screw axis,
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Figure 3.23: Packing Diagram viewed down (a) g-axis and {b) b-axis.

Figures 3.24 and 325 show three consecutive TRIB malecules in red and green mode
viewed pemendicular to the a-axis. These were selected to view the self-inclusion that
oecurs in this structure. Two methaxy groups of one TRIB moleculs protrude inte the
cavity of the next TRIE molecule thereby preventing the latter from collapsing. The
grossly out of plane glucopyranose unit {G8) is ‘sandwiched’ between two of the vertical
methoxy groups. one each from the two surrounding eyclodextrin molecules, perhaps
causing this greatly tilted unit to adopt this conformation. The self-inclusion descrbed
ahove involves successive molecules related by the twofold screw axis paralle| to the a-

axis.
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fa ik

Figure 3.24: TRIE molscules viewed perpendicular to the a-axis with (3) CPK mode and

(b)Y cutaway of the CPK diagram highlighting the seif inclusion

Figure 3.25: Stereoview showing the 'self-inclusion’ referred to above.




346 XRD Powder analysis

Insufficient material prevented the recarding of a representative XRPD trace of the new
phase, Therefore the program Lazy Pulverx was used o create the XRPD trace using
the refined structural data from single crystal X-ray analysis (section 3.4.5). " This trace
is cornpared with the XRPD trace of TRIMEB manohydrate (Figure 3.26).
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Legend a: PHXRD trace of TRIMEE monohydrate
b Lazy Fulverny PXRD trace of TRIB

Figure 3.26: XRPD traces for TRIB and TRIMEB monohydrate.

The differing traces indicate that crystallographically these two forms are different. thus

proving that a novel crystalline form of permethylated-[i-cyclodexdrin has been found.



3.5 Discussion

An amorphous form of celecoxib was identified using thermoanabical, elemental,
spectroscopic and crystaliographic analyses. This was achieved via the cooling from the
melt of celecoxib.® Similar results were obtained by Chawla ef a/ * who obtained the
amorphous form of celecoxib by quench cooling. Regrettably, no polymorphs or
pseudopolymorphs were oblained, unlike Chawla ef a/ who experimentally obtained
DMA and DMF pseudopolymorphs via reduced pressure recrystaliisation experiments,
The above-mentioned solvents were used in recrystallisation experiments and the
technicue described in the article was followed closely but the author did not succeed in
reproducing this work. The thermoanalylical, spectroscopic and crystaliographic results
obtained for the amorph closely comresponded to those obtained by Chawla ef af thus
verifying that section of their work. An amorphous form is one in which crystallinity and
therefore long-range order are absent. Hence the material is generally more energetic,
having higher solubility and dissolution rates than that of polymorphic crystalline forms.?
This makes amorphous forms theoretically advantageous in the pharmaceutical industry
but the probability of this metastable state changing to a more stable crystalline state is
high, thereby negating its usefulness. However, if the amorphous form is stabilised,
pharmaceutical products may be prepared. In this study, celecoxib was stored at room
temperature (25 °C) and remained amorphous for more than two months after
production.

The nature of a decomposilion product of rofecoxib was elucidated using
thermoanatytical, elemental, speciroscopic, chromatographic and crystaliographic
techniques. This cyclized product resulted from the known, possible photo-degradation
of rofecoxib. Following strenuous stress trials Mao ef al ° discovered that two major side-
products formed, one of which resulls from the base promoted hydrolysis of the lactone
moiety followed by oxidation, which yields a dicarboxyiate; the other resulis from photo-
cyclization of the cis-stilbene moiely which resulls in a phenanthrene derivative. In this
investigation, the latler product was produced.

A new crystalline form of TRIMEB, referred to as TRIB, was discovered and

characterised using thermoanalytical methods, elemental analysis and crystallograghic
techniques. This novel phase was found to be anhydrous and to adopt a non-collapsed
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structure due to self-inclusion. Additionally, all the methylglucose residues in TRIB adopt
the “C, conformation, in contrast to the known monohydrate, in which a single
methylglucose residue adopts the 'C, conformation, thereby imparting an elliptical
shape.?' Another crystalline modification of TRIB was isolated almost simultaneously by
Mr. W. Mhiongo (UCT, Supramolecular Group). He discovered a tfrihydrate in which the
host molecule is isostructural with that in TRIB. Both crystal forms were isolated from
failed attempts to obtain inclusion complexes. The trihydrate crystallized from a solution
of TRIMEB and the antihypertensive drug atenclol (4-[2-hydroxy-3-[(1-
methylethyllamino)propoxylbenzeneacetamide, prepared in 1.1 molar ratio. TRIB
crystallized from a solution of TRIMEB and the NSAID bucetin (N-(4-ethoxyphenyl)-3-
hydroxybutanamide) (section 3.4.2). These two drug molecules have a close structural
likeness and it is surmised that this may be a faclor in the crystallization of these
TRIMEB polymorphs. The molecular conformation of TRIB and the host in the trihydrate
closely resemble one another except for molecular disorder in the trihydrate
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Chapter Four: inclusion Complexes between NSAIDs and Cvclodexirins

4.1 Kneaded Complexes

4.1.1 Introduction

Occasionally it is not possible to achieve full crystal structure determination due to the
poor quality or small size of the crystals. This hindrance is partially overcome by using
another crystallographic technique, namely powder X-ray diffraction (XRPD). A
systematic classification of cyclodextrin inclusion complexes was achieved using XRPD,
which can then be used as an analysis to test whether a complex may be formed. Caira’
used the concept of crystal isostructurality and its significance in regards to cyclodextrin
complexes fo establish that the majority of CD complexes crystailize in distinct three-
dimensional arangements forming several so-called ‘isostructural series’. More
importantly it was discovered that the XRPD pattemns within an isostructural series of
complexes are analogous regardless of the differences in the included guest. Therefore
by comparing the suspected complex patiern against the reference patiem derived from
the isostructural series one may deduce whether the former is a true complex.

4.1.2 Complex Preparation

Possible inclusion complexes were prepared with the guest NSAIDs diflunisal, suprofen
and bucetin and the hosis B- and y-cyclodextrin. Equimolar amounts of drug and
cyciodextrin were kneaded logether with small amounts of distilled water, with a moriar
and pestle for an hour and a half.

4.1.3 XRD Powder analysis

The XRPD technique may be used {o identify whether complexation has occurred.
Figures 4.1-4.4 show the XRPD pattems of the kneaded materials, the physical mixtures
and of the isostructural series traces, which are derived from the Cambridge Structural
Database.” If the pattemn of the kneaded material and that of the physical mixture are
considerably different due to dissimilar peaks oblained, the probability that a complex
has formed is high. This is due to the fact that the complex generally has a completely
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different crystal packing arrangement from the mixiure of starting materials used fo
produce it. The traces for the suspected complexes are also compared with the
analogous isostructural series trace. If the pattern for the kneaded sampie comresponds
to this isostruciural trace the possibility that complexation has occumed is practically

certain.’

Figure 4.1: Diflunisal: B-Cyclodextrin (DIFBCD)

Relative Intensity

2 Theta )

Legend: a: DIFBCD physical mixture (1:1 molar ratio)
b: DIFBCD kneaded sampie (1.1 molar ratio)
¢: Isostructural pattern 10 (Space group: P1)

69



Figure 4 2: Diflunisal:y-Cyclodextrin (DIFGCD)
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Legend: a: DIFGCD physical mixture (1.1 molar ratio)
b: DIFGCD kneaded sampie (1:1 molar ratio)
¢ lsostructural pattern 17 (Space group P424.2)

Figure 4.3: Suprofen: y-Cyclodextrin (SUPGCD)
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Legend: a: SUPGCD physical mixture (1:1 molar ratio)
b: SUPGCD kneaded sample (1:1 molar ratic)
¢: Isostructural pattern 17 (Space group P42+2)
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Figure 4 4. Bucetin:y-Cyclodextrin (BUCGCD)
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Legend: a: BUCGCD physical mixture (1:1 molar ratio)
b: BUCGCD kneaded sample (1:1 molar ratio)
¢ Isostructural pattern 17 (Space group P4242)

All experimental patiemns for the kneaded products differ from the patierns for the
comesponding physical mixtures and vyield convincing maiches with reference XRPD
patterns. Thus, in all cases, it can be concluded that genuine CD ~ inclusion complexes

with the listed drugs were formed.

As mentioned previously, the term ‘isostructurality’ in the context of CD inclusion
complexes means that two or more complexes have practically identical packing arrays
of the host CD molecules, while the different guest molecules occupy common cavities.
There are various packing motifs and these are described in Chapter 1 section 1.3.5.
Although complexes have been classed according to crystal packing and space groups
in the past, this is not a definitive classification used for deciphering complexes using the
XRPD technique. The complexes used for a particular isostructural series had to have
the following characteristics: (a) near equality of unit cell dimensions, (b) identical space
groups and {C) close correspondence of atomic co-ordinates of common CD atoms.
Averaging the pattemns of the members of that series after conversion of intensities into
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absolute values led to seventeen isostructural series.’ Finding a ‘match’ between the
experimental XRPD trace of a putative complex and a reference XRPD trace for a
specific isostructural series, one is able to deduce the space group, the average unit call
dimensions and the packing mode. Listed in Table 4.1 are the crystallographic data used
for the computation of the XRPD patterns used in this discussion.

Table 4.1: Crystal data for complexes of 8-CD and v-CD.

Guest a® | b® | c® | o | BO | v¢) |REFCODE

10: 8-CD, P1

Tridecanoic acid 15654 | 15650 | 15937 | 10159 10159 | 10358 | SOBHUM

7-etradecanoic acid 15626 | 15623 | 15835 10155 | 10156 | 10364 | SOBJEY

17: v-CD, P4242

Methanol 23808 | 23808 | 23140 | 900 90.0 90.0 NUNRIX

1-Propanol, crystal ] | 23.840 | 23840 | 23.227 | 900 890.0 90.0 SIBJAO

1-Propanol, crystal Il | 23.808 | 23.808 | 23.207 | 80.0 80.0 80.0 SIBJES

The kneaded complex containing diflunisal and 8-CD (DIFBCD) corresponds to
isostructural series 10. This series is characteristic of channel-packing of a dimeric
complex, space group P1. The kneaded complexes with host y-CD (DIFGCD, SUPGCD
and BUCGCD) correspond to isostructural series 17. These crystallize in channel-mode
in the tetragonal space group P42.2. Most known crystallographically characterised v-

CD complexes contain a disordered guest.
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4.2 The inclusion complex B-CD . Suprofen - 20 H,O

42.1 Introduction

Suprofen, o-methyl-4-(2-thienylcarbonyllbenzeneacetic acikd (Figure 4.5), a
prostagiandin biosynthesis inhibitor, is used for the prevention of pain and inflammation.
The reported crystal structure of suprofen belongs to the monodlinic system, space
group P2,/n.?

\ /

COOH

CH,

Figure 4.5: Structure of Suprofen.

This aryipropionic acid derivative was discovered in 1975 and was found to be racemic,
and to be practically insoluble in water (~5 ng/mi at 25°C). Thus, methods are required to
resolve the racemic mixture and in an effort improve the performance of the drug in the
human system. Cyclodextrins have been shown to possess both abilities."* Thus the aim
of this study was 1o prepare a complex using the guest NSAID suprofen and the hosts B-
CD and TRIMEB and to successfully crystallise the complex and elucidate the three-
dimensional structure. This is described below.

B-Cyclodexirin is a cyclic oligosaccharide consisting of seven glucopyranose units linked
by a-(1, 4) bonds (Figure 4.6).° Since Schardinger discovered p-cyclodextrin in 1911, the
most notable feature of CDs is their abiiity to form inclusion complexes.® ” Complexation
occurs due to various factors, notably the hydrophobic interaction between the apolar
guest and the apolar interior of the cavity of the CD.® Many complexes exist to date and
these crystallize mainly in the space groups C222,, C2, P2, and P1.®2
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Figure 4 6: Structure of B-cyclodexdirin.

4.2.2 Complex Preparation

In a 1:1 molar ratio of racemic drug: CD, a paste was made of the cyclodextrin (0.0505
g, 3.842x10° mol) and drug (10 mg, 3.842x10° mol) with a minimum amount of water by
kneading for 60 minutes. The paste was then dissolved by adding 5 ml of water and
stirred for 30 minutes at 65 °C. The solution was filtered and left at room temperature 25
°C) to evaporate. Single crystals formed after one day. This new form shall be referred
to as BCDSUP.

4.2.3 Thermal analysis

DSC and TGA analyses

Since cyclodextrin complexes are prepared in an aqueous milieu raising the probability
that a temary water/CD/drug system is created and given that the cyclodexdrin itself is a
hydrate, it is imperative that the water content be analysed and this is most adequately
done with TGA ° Furthermore, confirmation of whether an inclusion complex has formed
or not is revealed via DSC. The trace for a physical mixture will exhibit an endotherm at
the melting point of the drug, but the endotherm will be absent in the trace for an
inclusion complex.® Figure 4.7 shows the TGA and DSC traces of the complex and the
DSC trace of the pure drug. Endothermic peaks are directed upwards, exothernic peaks
downwards. The themnal degradation of the cyclodextrin, which begins around 250 °C,

was omitted for clarity.
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The water content was calculated from TGA to be 10 water molecules per p-CD
molecule. Table 4.2 lists the summary of the observed percentage mass losses over the
temperature intervals between 25, 95, 145, 200, 255, 305 and 350 °C.

Table 4.2: The percentage mass losses for BCDSUP.

BCDSUP

Temperature (°C) 25 95 145 200 255 305 350

Sample mass (%) 100 81.2 865 864 862 855 278
A Mass loss (%) * ~ 88 47 04 02 07 579
Average number of water molecules per H:G unit [ 10.0

* A Mass loss (%) = [ Sample mass (%) at temperature (n-1)] - [Sample mass (%) at temperature (n}}

-+ 00
m—‘—‘\ a

Heat flow (mW)
g

10 _A c

0 oy o 0 110 130 150 170 180

Temperature (°C)
L.egend: a: TGA of BCDSUP
b DSC of BCDSUP
¢: DSC of Suprofen

Figure 4.7: TGA and DSC traces for BCDSUP and DSC trace of Suprofen.

Suprofen has a characteristic melting point at an onset temperature of 123.4 °C (AH; =
20.54 J/g) as illustrated by trace (¢). Trace (b) illustrates the characteristic water loss of
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ji-cyclodextrin complexes arcund 70 “C and is devoid of any endotherm around the

mefting point of suprofen, indicative of complex formation.

HSM analysis

Visuakisation of the thermal differences between BCDSUP and B-CD is depicled in the
photo-micrographs in Figure 4.8 below.

BCDSUP

4

(a) 24.2 *C

{t‘.:} 100.8 °C

{v) 2878 °C

Figure 4 8: HSM pholomicrographs of ECOSUP and [1-CD,
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The morphologies are clearly different and the decomposition behaviours are different.
BCDSUP begins decomposing around 310 °C -~ 312 °C and B-CD decomposes around
286 °C -~ 288 °C. Both forms exhibit water loss around 100 °C shown by the evolution of
bubbles.

4.2.4 Elemental analysis and UV Spectrophotometry

These two techniques were used to determine the host: guest ratio. The water content
elucidated by TGA was taken into account when calculating the ratio. Table 4.3 lists the
carbon, hydrogen and sulphur elemental analysis results, which confirm the
stoichiometry determined by UV spectrophotometry (solvent: methanol, Ama: 285 nm).
The host: guest ratio was determined to be 2:1.

Table 4.3: Elemental analysis results for BCDSUP ((CaoHyoOas)y @ Ci4H 12058, « 20 H.0).*

BCDSUP « 20 H,O0 | Calculated (%) Experimental (%)
C 423 417

H 6.0 64

8 1.2 1.8

* The errors in experimental values are + 0.5%.

4.2.5 X-Ray Crystallographic Analysis

Data-collection, structure detemmination and refinement

The data were collected on the Nonius Kappa CCD diffractometer using graphite-
monochromated MoKa radiation at 113K, A crystal was selected and mounted on a
glass fibre and covered with Paratone N oil to provide a rigid mounting for low-
temperature data-collection and to prevent cracking due o loss of water of
crystallization.’ Listed in Table 4.4 are the crystal data and data-collection parameters.
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Table 4.4: Crysial data and data-collection parameters for BCDSUP.

Molecular formula {CaiingOashn e CigH 2058, 20 H0
Formula weight/g mol ™ 289062

Crystal system Orthorhombic

Space group C222,

alA 19.0408(1)

b/A 24 1949(2)

c/A 32.4707(2)

Z 4

Volume / A 14959.01

Densitycar / g CM™ 1.2833

p (MoKo) / mm™* 0.128

F(000) 6160

Crystal size / mm’ 0.10 x 0.15 x 0.20

index ranges h:-23,22 k-28,20 |:-38,38
$ scan angle /° 1.0

@ scan angle /° 1.0

Dx/ mm 48.0

Total no. of reflections collected 47224

No. of independent reflections 14083

No. of reflections with | > 20()) 11641

No. of parameters 806

Rine 0.0430

8 1.451

R, {for 11641 reflections) 0.1103

Reflections omitted 42

wiR, 0.3344

Weightling scheme a=0.2000 b= 0.0000
(A / S)mean 0.004

Ap excursions / e. A 1.00 and —1.59

The BCDSUP complex crystallizes in the orthorhombic space group €222, with a single
B-CD molecule, half a guest molecule and 10 water molecules comprising the
asymmetric unit of the structure. The complex is dimeric, the asymmetric unit being
rotated through a diad parallel to the b-axis to produce the other half of the complex. The
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structure was solved ab initio using the program SHELXD;"" thereafter SHELX-97" was
used to refine the structure.

Following refinement of the host atoms in the asymmetiic unit using SHELX-97 most of
the non-hydrogen atoms were revealed in the difference Fourier maps and thus placed.
After further refinement it was found that the primary oxygen atoms O(63) and O(67)
were disordered over two positions. All others had full site occupancy. For a given pair,
the Us, was allowed to vary and site-occupancy factors [s.0.f’s] of x and 1-x were
assigned, with x variable. The major positions refined to s.0.f’s of 0.82 and 0.53 for
O(6A3) and O(6B7) respectively. All the host atoms except the disordered primary
hydroxyl oxygen atoms were refined anisotropically.

Once all the non-hydrogen atoms of the host had been located from subsequent
difference electron density maps, all the cyclodexirin hydrogen atoms were placed.
These hydrogen atoms were geometrically fixed at idealized positions in a riding model.
All the primary hydroxyl hydrogen atoms were assigned a common variable isotropic
temperature factor and were placed using the AFIX 147 instruction. The remaining
hydrogen atoms of each glucose unit were assigned common variable isotropic
temperature factors.

Twenty positions were located for the water molecules and each was assigned a fixed
Ueo of 0.06 A2 while the site-occupancy factors were aliowed to refine. After further
refinement it was found that the oxygen atoms O(1), 0O(2), O3), O@@) and O(11) were
disordered over two positions; all others had site occupancies varying in the range 0.30-
1.0. For a given pair, the Ug, was allowed o vary and site-occupancy factors [5.0.f's] of
x and 1-x were assigned, with x variable. The major positions refined to s.o.f’s of 0.67,
0.63, 0.82 and 0.55 for O(11A), O(4WA), O(2WA), and O(3WB) respectively. The iotal
number of accounted water molecules per asymmetric unit was 10, supporting the TGA
resulis. The hydrogen atoms of the water molecules were not located.

The subsequent difference Fourier map revealed the positions of the disordered guest
atoms. These were assigned and refined with s.0f’s fixed at 0.5 since the UV
spectrophotometric experiments had indicated that a single suprofen molecule was

included per B-CD dimer. The atoms of the phenyl ring were constrained as a rigid
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hexagon using the AFIX 66 instruction. This was followed by the placement of the methy
carboxyl group. Thereafter the thiophene nng was placed.; this was a challenge due to
the diad intersecting this substtuent. A single isotropic temperature factor was used for
all the non-hydroagen atoms of the guest and this refined to 0.10 A® The guest hydrogen
atems were included in geometrically caleulated positions and were assigned a comman
isatropic temperature factor. The site occupancy factors were fixed at 0.5 for the entire

quest.

Geometrical Analysis of BCDSUF

The asymmetric unit of the BCDSUP structure contains a single $-CD meolecule, half a
guest molecule and 10 water molecules. The structure and numbernng scheme of the i-
CD molecule and water molecules are shown in Figure 4.9 The glucose units are
referred to as G1, G2, G3. G4, G3, G6 and G7. The geometrical data for the B-CD

maolecule are listed in Tables 4.4 and 4.5,

Figure 4.9: Macrocychic structure and numbering scheme of glucose residues and water

oxygen atoms, with the hydregen atoms excluded. The host is viewed from the

secondary face, The quest is green for clanty.
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The glucose residues are in the *C, chair conformation. The C(6)-O(6) bonds of the G1,
G2, G4, G5, G5 residues are directed away from the cavity and are in the (+)-gauche
conformation to the C(4)-C(5) bonds. The O(B) atoms of the G3 and G7 residues are
disordered over two sites. The major position of the O(6) atom of the G3 and G7 residue
adopts the (+)-gauche conformation while the minor position adopts the (-)-gauche
conformation. The geometrical parameters of the O(4) heptagon of the BCDSUP
structure are listed in Table 4.5. This includes the radii, the O(4).--0O{4’) distances, and
the O(4).--O(4’)---O(4”) angles, the O(4)---O(4’)---O(4")---O(4"") torsion angles and the
deviations of each of the O(4) atoms from the mean O(4) plane (Chapter 1, section
1.2.3).

Table 4.5: Geometrical parameters of the O(4) heptagon for the BCDSUP structure.

Glucose Radii 04)---O@4") O@)angle | Torsionangle | Deviation
Unit & & ©) © &
G1 4.97 4.41 126 06 -0.002(3)
G2 5.12 4.34 130 12 0.012(3)
G3 5.03 4.41 130 -1.3 -0.015(3)
G4 5.03 429 127 1.0 0.010@)
GS 512 440 130 08 -0.007(3)
G6 4.99 4.34 128 0.7 0.009(3)
G7 5.01 435 130 0.2 -0.008(3)

Additional macrocyclic geometrical features are listed in Table 4.8. These are the
intersaccharidic bond angle (), which is C(1)-0(4)-C{4}, the O(2)---O(3’) distance and
the tit angle (14), which is defined as the angle made between the mean O(4) plane and

the mean plane through the four pyranose ring atoms namely O(4’), C(1), C(4) and O(4)
of each glucose unit.
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Table 4.6: @, O(2)---O(3" distance and ¢ for the BCDSUP structure,

Glucose ? 0()---0(3") 7
unit © Y )
G1 17 2.70 47
G2 118 2.82 116
G3 117 283 8.4
G4 117 2.82 116
G5 119 2.76 86
G6 116 2.83 9.0
G7 119 274 73

Generally, the O{4) heptagon has a high degres of planarity and shows a seven-fold
symmetry. This is reflected in the O(4).--O(4’) distances, and the O(4)---O(4’)-.-O(4")
angles. The tilt angles are all positive; therefore sach glucose residue leans toward the
centre of the cavily at the primary side. This imparts the characteristic fruncated cone
shape to the cyclodexirin with the secondary rim being wider than the primary rim. The
complex unit forms a dimer, the geometry of which is described below.

Guest geometry and interactions for the BCDSUP struclure

The suprofen molecule (Figure 4.10) is heid in the B-CD cavity by hydrophobic forces
and is inserted in the O(2), O(3) (secondary) side of the cyclodexirin molecule with the
methyl carboxyl substituent protruding from the O(6) (primary) side. The (S)-enantiomer
of suprofen was preferentially included in the characterised crystal. The thiophene ring
protrudes from the O2), O(3) side. Owing to the bonds of the C=0 and C-O groups of
the carboxyl substifuent being similar it was not possible to distinguish between the two.
Thus, analysis of the hydrogen bonding needed to be pursued to identify the difference.
Figure 4.11 is a stereoview of the title complex.
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Figure 4.11; Sterea-diagram of the asymmetric unit [excluding waters].

The conformation of the suprofen guest may be defined by three torsion angles. The
torsion angles 5. [C{5)-C(B-C{8)-C{9]], &, [C{4)}-C{E)-CB-C(B)] and & [C{12)-C{11)-
C14-C18)] will be used to descrbe rotation around the C{6)-C{8), C{5)-C{6) and
L1114

148 3(2)° &, -24 94717 and &, 167 .3{2)°. The torsion angles of the uncomplexed guest

1 honds respectively. The torston angles of the complexed guest are. &4

are: &, -144.7(3)°, 5. 16.7(2)° and 34 -55.9(3)°." The torsion angies of the complexed
suprofen have larger 'out-of-plane twists’ than those of the uncomplexed suprofen,
indicating that for inclusion to occur, suprofen must be rotated and twisted to allow for
the guest to enter the host. This necessary conformational change of suprofen is
supported by the low average tilt angle value (t = 877 of the }-CD. The average 1
value inticates that 3-CD is a rigid molecule and the guest needs 1o be contorted to fit

efficiently into the host cavity.
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Figure 4.12 shows the CPK diagrams for a dimer of the BCDSUP structure. The upper
half of the dimer shows the position of one component of the disordered guest fwith the
carbon atoms i green, oxygen atoms in dark red. sulphur atom in orange and hydrogen
atoms in light green]. The lower half includes the other component of the disordered
guest [with the carbon atoms in blue, oxygen atoms v dark purpie, sulphur atom in
purple and hydrogen atoms in light blue]. The macrocyclic structure and close contact
distances are illustrated clearly in this diagram. Additionally it shows how the disordered
guest 15 nearly completely contained in the dimer, with only the carboxyl moigties

protruding from both primary sides.

(@) (b}

guest i green and blue (a) side view (b)) sectiorned view of the same orientation.

The two disordered components of the suprofen molecule are related by the Cs-axis

which passes through the dimer intaerface (Figure 4.13).
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Figure 4.13: A schematic diagram of the guest in the dimer unit, viewed nearly paraliel to

the b-axs. [excluding the hydrogen atoms).

Hydrogen bonding interactions of the BCODSUP structure.

Host interactions

The host molecules are siabilised by five intramalecular O{2Y. .. O(3') hydrogen bonds on
their secondary faces. This differs from other reported 1-CD structures which normally

# 13 14

have seven intramaolecular bonds. Two host molecules form a head-to-head dimer
with C. symmetry. The dimers are stabilised by six O-H---O hydrogen bonds which
involve the O03) hydroxyl groups. Additional inter-dimer hydrogen bonds occur between
cyclodextnn layers, which are refarred to as intra-tayer interactions. These involve the

2(2) and Of6) hydroxy| groups. Table 4.7 lists these tengths.
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Table 4.7: Summary of the hvdrogen bond distances for the Host and inter-layer

inleractions.
Type Number of H- Range (R) Mean (A)
bondsidimer
Host O@)---0(3) 5 2.74 -2.83 2.81
interactions 0(3)_ _0(3) 6 275 288 2.81
intra-layer 0@G3)---0(2G86)' 2 288 2.98
interactions 0(6G1)0(665)” 2 2.78 2.78
0(6G2)---0 (6G6)m 2 264 264

"Related by symmetry operation: 1y, 1/2-2
"Related by symmetry operation: -1/2+x,1/2+yz
¥ Related by symmetry operation: ¥% -x, ¥% +y, -z

The conformation of each B-CD molecule is additionally stabilised by four inter- and six

intramolecular C-H---O hydrogen bonds. Two of the intramolecular bonds involve the
disordered O(6G3) and OBGT7) atoms, implying that disorder in the CD adds to the
overall stability of the structure. The hydrogen bonding parameters, based on idealized
hydrogen atom positions, are listed in Table 4.8.

Table 4 8: C-H---O hvdrogen bonds in the BCDSUP structure.

Type of Distance (A) Angle (°)
hydrogen CH-.O - Heeed Cen) CH...0
bonds
Intramolecular | C4G1—-H4G1 ..06G1 100 254 2.927(6) 103
C6G2--HEB2 ..05G3 099 254 3.386(8) 143
C4G3-H4G3 ..O6A3 100 257 2.840(1) 102
CAG4-H4G4 ..06G4 100 246 2.834(8) 102
C4G5-H4G5 ..06G5 100 256 2.951(7) 103
C4G7-H4G7 ..06G7 100 259 2.999(1) 104
Intermolecular | C2G5-H6  ..03GT’ 1.00 235 3.298(7) 157
C1G5-H1G5 ..02G2 100 254 3.399(6) 144
C1G7-H1G7 ..02G4" 100 257 3.339(7) 134
C2G7 —-H9 ..03G3" 1.00 231 3.302(6) 169

"Related by symmetry operation: 1/2+x,-1/2+y,z
"Related by symmetry operation: 1/2+x,1/2+y,z
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Guest interactions

The C-O and C=0 bonds of the carboxylic acid group were distinguished after
identification of a hydrogen bond between one of the O atoms and a neighbouring
glucose residue. The hydroxyl substituent was identified to be O(17) of the carboxylic
acid group. It is involved in hydrogen bonding with an oxygen atom of the cyclodexirin
(OBG2). Additionally there is a weak hydrogen bond between O7) of the guest and
C3G2 of the host and lastly another weak hydrogen bond between O(18) and a
neighbouring B-CD molecule. These coniacts are listed in Table 4.9. The hydrogen
bonding parameters are based on idealized hydrogen atom positions.

Table 4.9: Hydrogen bonding contacts involving the guest

Distance (A) Angle (°)
Donor®) H Acceptor(d) DH H-A DA DH.--A
017 —H17 ..06G2" 084 200 26130 129
C3G2 —H3G2 .07 100 247 3324 () 143
C1G3 —H1G3 ..018" 100 257 33992 140

* Related by symmelry operation: 1/2+x,1/2-y,-z
* Related by symmetry operation: -1/2+x,1/2-y,-z

Water interactions

Thermogravimetric analysis gave a mass loss that comresponded to 20 water molecules
per B-CD dimer; all of these were accounted for in the crystallographic analysis. Some of
the water molecules were found o be disordered over two positions. Most of the water
molecules are situated at the periphery of the cyclodextrin molecule, filling the
intermolecular space between complex units. Two water molecules are positioned in the
cyclodextrin cavity. Hydrogen bonding distances between the host and water moleculss
are listed in Table 4.10 and those between water oxygen atoms in Table 4.11. The
hydrogen bonding parameters are based on idealized hydrogen atom positions in Table
4.10.
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Tabie 4.10: Hydrogen bonds between the host and water molecules.

Distance (A) Angle ()
Donor (D) H  Acceptor (A) DH  H-A DA D-H---A
02G1 —H2G1 .O2WA' 084 242 2707(8) 101
06G2 -—-H6G2 ..O9W' 084 201 2727(7) 143
02G3 -H2G3 .O12W 084 210 2744(11) 133
06G4 -HEG4 .O9W 084 185 26387 154
06G6 -HBGE .O4WA 084 219 3.029(12) 178
C4G4 -H4G4 .O1WA 1.00 253 3.326(12) 136

'Related by symmetry operation: -1/2+x,172+y,Z
"Related by symmetry operation: -1/2+x,1/2-y,Z

Table 4.11; O(water) --- O{water) contact distances representing possible hydrogen

bonds.
Interaction Distance (A) Symmetry operator for the second
oxygen atom listed.
O7TW --- OBW 2.80 (2) x1y,Z
o118 --- O12W 257 (@) XY, 2
O2WB --- O12W 2.88 (4) 1-x,y,1/2-z
O1WA --. OBW 281 @2) 32-x-112+y, 12z
O4WA .- O10W 278 (1) 1+xy,z
O4WA ... O5W 28862 XY, Z
O13W ... OTW 277 @) “Af2+x,-112+yz

Crystal packing of the BCDSUP structure

Figure 4.14 is a packing diagram of the BCDSUP structure projected down the c-axis.
The diagram illustrates that “endless™ channels do not form due to the screw axis
symmetry associated with this space group. The two-fold axes paraliel to the b-axis
relate the two B-CD molecules of a dimer to one another, the disordered guest and
relating adjacent dimers. No other inclusion of the guest within neighbouring B-CD

dimers occurs.
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Figure 4.14: Packing diagram of the BCDSUP structure [c-axis projection]. Four wnit

cells are shown.

Figure 4 15 s a packing diagram of the BCOSUP structure projected down the b-axis.
This diagram illustrates the characteristic packing motf for the B-CD dimers. The
packing mode is Chessboard (CB). This correlates well with other reported cases of i
CD complexes in the space group C222.. where the packing mode is Chessboard ® ™
This struclure also corresponds to all other known dimenc (-CO complexes in which [i-
CD crystallizes in layers.® Figure 4.16 shows the stereo-packing diagram of the

BCOSUP structure projected down the a-axis.

Fiqure 4.15: Packing diagram of the BCOSUP structure [b-axis projection].
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Figure 4.16: Stereo packing diagram of the BCDEUP structure [a-axis projection].

428 XRD Powder analysis

Figure 4.17 shows the XRPD patterns of the B-CD and suprofen 1:1 physical mixture
and the co-precipitate materal whose preparation s described in section 4.2.2.
Additionally, the computed trace (pragram Lazy Pulverix'™) from the refined data of the
single crystal structure (section 425} Is also shown, These traces are compared to
prove that an inclusion comptex has formed and that the bulk matenal corresponds to

the single crystal structure.
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Figure 4.17: ARPD traces for BCOSUP,
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The difference between the physical mixture trace and the co-precipitate material trace
indicates that a crystalline phase change has occurred. Complexation was proven by the
comrespondence of the Lazy Pulverix calculated trace and the co-precipitate material

trace.
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4.3 The inclusion complex TRIMEB «» Suprofen

4.3.1 Compiex preparation

in a 1:1 molar ratio of drug:CD, a solution was prepared consisting of the cyclodexdrin
(0.0556 g, 3.842x10° mol) and racemic drug (10 mg, 3.842x10° mol) with 1 mi of
distilled water. This was stirred in ice for 24 hours, then heated at 70 °C for 30 minutes
and finally stirred for a further 30 minutes in ice. The solution was filtered and left at 50
°C in the oven. Single crystals formed after ten days. As shown below, the crystals are
those of an inclusion complex between TRIMEB and suprofen. This complex shall be
referred to as TRIBSUP.

4.3.2 Thermal analysis

DSC and TGA analysis

Figure 4.18 dispiays TGA and DSC ftraces of the complex and the individual drug.
Endothermic peaks are directed upwarnds, exothermic peaks downwards. The thermal
degradation of the cyclodexirin, which begins around 250 °C, was omitted for clarity.

The TGA results for the TRIBSUP complex indicaled that the complex is anhydrous. In
the DSC, a melting endotherm was seen for the complex at onset temperature 154.4 °C
(AH: = 12.67 Jig). The melting endotherm comesponding to pure suprofen had an onset
temperature of 123.4 °C (AH, = 20.54 J/g). These distincily different temperatures
indicate that a complex has been created. In contrast {0 the thermal behaviour of B-CD

inclusion complexes, TRIMEB complexes exhibit a relatively sharp melting point.
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HSM analysis

The photo-micrographs shown in Figure 4.19 indicate that the materal examined is not
simply uncomplexsd TRIMEE. TRIMEB monohydrate shows bubble formation beginning
at 124 5 “C indicating water loss and the melt occurs around 157.5 and 160.2 “C {Figurs
4.19 {b) - {d)). TRIBSUP shows no bubble formation, indicating that it is anhydrous and
the range of melting is between 159.1 and 164.1 “C {Figure 4.19 (i) — (iv)).
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TRIBSUP TRIMEB"H.Q

(€)144.1°C

(d)y 160.2 “C

(v) 167.7 °C

Figure 4. 19. HSM photamicregraphs for TRIBSUP and TRIMEB.

433 Elemental analysis and UV Spectrophotometry
Y analysis proved that this is a 1:1 host © gusst complex. This was verified by

glemental analysis (Table 412y The proximity of the expenmental yalues to those

calculated proves that this is a 1)1 complex.
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Table 4.12: Elemental Analysis results for TRIBSUP (CaoHy00ss © CiaHi20:84).*

TRIBSUP Calculated (%) Experimental (%)
C 54.2 54.1

H 7.4 74

s 18 1.8

* The errors in experimental values are 2 0.5%.

4.3.4 X-Ray Crystallographic Analysis

Unit cell determination

The unit cell parameters, crystal system and space group were determined rapidly using
the Nonius Kappa CCD diffractometer. A high-quality crystal was selected and mounted
using Paratone N oil and used for data-collection. Table 4.13 compares the unit cell
parameters of TRIBSUP with those of the TRIMEB  Naproxen inclusion complex.'® The
close correspondence of these data strongly suggests that the two complexes are
isostructural.” For this reason, isomorphous replacement was the method of choice for
solving the structurs of TRIBSUP.

Table 4.13: Unit cell parameters for TRIBSUP and the TRIMEB  Naproxen complex.

TRIBSUP TRIMEB « Naproxen™
Spacegroup | P2:2:21 ’ $2,2:2,
a 15.389 (1) A 15.179 (&) A
b 21051 (A 21407 5) A
c 37.027 @ A 2767 A
Volume 87554 (N A° 8991 B K
Z ) 4

Data-collection, structure determination and refinement

The data were collected on the Nonius Kappa CCD diffractometer using graphite-
monochromated MoKa radiation at 113K, Listed in Table 4.14 are the crystal data and
data-coliection parameters.
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Table 4.14. Crvsial data and data-collection for TRIBSUP,

Molecular Formula CaHrg0as © CigH12048,
Formula Weight/g mol™ 1689 .88

Crystal System Orthorhombic

Space group P2i22;

Density.ac / g cm™ 1.2818

pu (MoKa) / mm™* 0.12

F(000) 3624

Crystal size / mm® 0.40 x 0.40 x 0.40
Range scanned ©/° 275<0<2783

Index ranges h:-20,20 k: -27,27 1-35,35
d scan angle/° 1.0

® scan angle /° 0.8

Dy / mm 450

Total no. of reflections collected 80354

No. of independent reflections 20712

No. of refleclions with | > 20(f) 15957

No. of parameters 1047

Rt 0.0523

S 1.029

R, (for 15957 reflections) 0.0609

Refleclions omitted 34

wR; 0.1515

Weighting scheme a= 00637 b= 8.5956
{A 7 S)mean < 0.001

Ap excursions /e, A® 1.79 and —0.64

The structure was solved using published co-ordinates for the non-hydrogen cyclodexirin
atoms of the isomorphous TRIMEB e (S)-naproxen complex.'® Following refinement
using SHELX-97"? most of the non-hydrogen atoms of the drug molecule were revealed
in the difference Fourier maps and thus placed.

After further refinement it was found that atoms C(10), C(11), C(12) and C({14) were
disordered as were atoms O(17) and O(18). Two altemative positions were found for
atoms O(17) and O(18), the oxygen atoms of the carboxylic group of the guest. Fora
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given pair, a fixed Uy, of 0.05A% was assigned and site-occupancy factors [s.0.f.’s] of x
and 1-x were assigned. Some of the bonds on these disordered atoms were either
abnormmally long or too short and thus distance constraints were placed on them. All non-
hydrogen atoms [except C11, C12, C14, O17A, O17B, O18A and O18B of the guest]
were assigned anisotropic temperature factors and refined.

All the hydrogen atoms [except H18A and H17B] were located from subsequent
difference electron density maps and these hydrogen atoms were placed in idealized
positions in a riding model and assigned common variable isotropic temperature factors.
For H18A and H17B a fixed Uy, of 0.05A% was assigned and site-occupancy factors
[s.0.f.°s] of x and 1-x were assigned.

At the end of the refinement five significant electron density peaks were unaccounted for
with heights of 1.79, 1.03, 0.93, 0.71 and 0.68 e. A®, the highest electron density being
located at a distance of 1.0 A from C(14) while the lowest electron density was located at
a distance of 0.4 A from C(11). The possibility that these electron density peaks
represenied a disordered carbon atom was rejected due to their unfavourable geometric
positions relative to those atoms already placed.

Geometrical Analysis of TRIBSUP

The asymmetric unit of TRIBSUP contains a single TRIMER molecule and its associated
guest. The glucose units are referred to as G1, G2, G3, G4, G5, GB and G7. The
structure and numbering scheme of the TRIBSUP structure are shown in Figure 4.20.
The geometrical data for the TRIMEB moleculs are listed in Tables 4.15 and 4.186.
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Figure 4.20: Macrocyclic structure and numbering scheme of glucose residues | with the

hydrogen atoms excluded. The hostis viewed from the secondary face The guest

rmalgcule s green for clarity.

All seven of the methylglucose residues of the TRIMEB moiecuie are in the *C, chair
conformation. The macrocycle has adopted the shape of an elliptically-distorted and
truncated cone with the C{8}-0{6)-C{8}) groups of G1. G2. G4, G5 and G7 almost closing
off the 4G} side No disorder was seen an the TRIMEB molecule, As iz nomally the
case with TRIMEE, the O{2)-C(7) bonds are directed away from the cavity and the Q(3)-
Ci{8) bonds are directed towards the cavity.”® The C(6}-0{6) bonds of residues G1. G3,
G5 and G6 are directed away from the cavity in the {-)-gauche conformation, while those
of G2, G4 and GV point towards the cavity in the (+)-gauche conformation. The O(B)-
C(9) bonds of all glucose residues are frans to the corresponding C(5)-C(E) bonds

except in G, where it is gauche.

The geometncal parameters of the Of4) heptagon of the TRIESUP structure are listed in
Table 415 This includes the radi, the {4} .C(4% distances, and the
Q(4)--- 0404y angles, the O(4)---0(4)---0{4")---0(4™) tarsion angles and the
deviations of each of the Of4) atoms from the mean G{4) plane {Chapter 1, section
1.2.3)
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Table 4. 15: Geometrical parameters of the 044} heptagon for the TRIBSUP structure,

Glucose Radii Qid)--0f4) | O{4) angle | Torsion angle Deviation
Unit (&) & ) ) &)
G ' 500 453 127 6.8 © D.443(2)
G2 5.00 4.37 129 170 0.220 (2)
G3 5.18 457 121 89 -0.500 (2)
4 : 4 B 424 136 -19.3 -0.031 (2}
65 513 | 446 121 257 . 0566(2) |
G6 4.98 ' 4.39 128 15 . -0.328 ()
G7 4 .94 418 129 223 -0.302 (2) ‘
T Average e 501 439 T qz7 46 | 0357 |

Table 4 18 lists the intersaccharidic bond angle (@), G(1') O{4) C(4), the O{2). .3
distance and the tilt angle (1), which is defined as the angle made between the mean

O{4) plane and the mean plane through the four pyrancse ning atoms. namely (4",

Ci1), Ci4) and O{4) of each gltcosa unit.

Table 4.16: ¢, O{2)---0O(3) distance and 1 for the TRIBSUPR structure.

Glucose " L O@2)-003) 3 |
, unit ) (A) ) :
G1 11672 3.10 276 i
: G2 117.2 (23 364 216
ex 1182 (2) 365 i
G4 1152 (2) 337 44.8
G5 AT ) 378 361
G6 M75(2) 352 158
G7 115.6 (2) I 323 335
Average 116 8 I 347 = RRE _:

Average bond lengths and angles are in agreemeant with those reported for other hosts in
TRIMEE complexes, " ' " ¥ The data comesponded well with the isostructural TRIMER-
(S)-naproxen complex.™ The conformation of the TRIMEB molecule is distoried unlike
the host molecule which is stabilised due to the presence of intramolecular C-H.--O

interactions ° '™
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Guest geometry and interactions for the TRIBEUP structure

The suprofen malecule (Figure 4.21) is held in the TRIMEE cavity by hydrophobic forces
and is inserted in the G2}, O3} side of the gyclodextrin molecule with the thiazele ring
buned in the cavity near the O(8) side. The (§}-enantiomer of suprofen was preferentially
included in the charactersed crystal. The carboxylic acid substituent is protruding from
the Of2), O3) side. Figure 4 22 15 a stereoview of the title complex. The CPK space
filling diagrams of TRIBSUP are depicted in Figure 423 These clearly show the

macrocyclic overall geometry and the insertion of suprofen within the cyclodextrin cavity.

ca
ey U

J ) i 1% Cob Ci5
51 \Cs  ca /’ ‘ i ’ X

- e L] "r:ﬁn
%{ R \ rd .""f 4
ar

04 -~
™ OBl
i 7 =

s

Figure 4 21: Numbenng scheme of guest molecule showing disorder around the

carkoxyl group.
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Fiqure 4 .22 Stereodiagram of TRIBSUP.
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() (k)

Figure 423, Space-filling diagram of the TRIBSUFP structure {a) side view (b) sectioned

side view {c) viewed from the secondary rim and (d) viewed from the primary rim.

The conformation of the suprofen guest may be defined by three torsion angles. The
torsion angles &, [C(5)-C(6)-C(B)-C{9)], & [Ci4)-CI8-CIB)-CBYand 3. [C(12)-C{11)-
C{143-C(186)], will be used to descnbe rotation around the C{6)-C8Y, C{5-C{E} and
C{11)-C(14) bonds respectively. The torsion angles of the complexed guest are: &,
27 6(2)°, & 24 9(3) and &~ 92.3(2)". In contrast, the torsion angles of the uncomplexed
guest are; 5. -144 7(3), 8 16.7(2) and &; 0 -55.9(3)°° The torsion angles of the
complexed suprofer have smaller ‘cut-of-plane twists’” than those of the uncomplexed

suprofen, indicating that inclusion allows for less rotational freedom around these

11}]



specific bonds. This statement is suppored with the mean tilt angle value for the host
molecule (r, = 26.77). This value is large indicating that the CD is collapsed theraby

allowing the guest less rotational freedom.

Hydrogen honding interactions of the TRIBSUP structure,

Host interactions

As mentioned previously the distorted conformation of the TRIMEE molecule relative to
that of the parent f(-cyclodextrin s stabilized due to several intramolecular C-H...0
hydragen bonds. These hydrogen bonds, which are based on idealized hydrogen atom
pasitions, are seen in Table 417 The conformation of the TRIMEE molecule in the
TRIBESUFP complex is stabilized by five C(6)-H---O{5) intramolecular hydrogen bonds.
Additionally there is one other intramolecular interaction, namely C{1G5)-H.. CB)

stabilizing the tilt angles of G5

Table 4.17: Intramalecular C-H---O hydrogen bonds in the TRIBSUP strusturs.

Distance {ﬁ} Angle (%)
e B LB S s G ey CH.-0 ]
C8G1 --HEBY .0&5G7 0.29 2.57 321704 123 !
CeG2 -HBAZ 0561 0.99 241 J.32604) 1:53 !
CeGE3 -HeAZ 05G1 0.99 2.4 3114(4) 134 i
CHE5 -HEBS .05G4 0.59 242 313404 129 ,
CBG6 -HEBS .05G5 0.99 243 322804 137 i

G158 -H1GS 08GE 1.00 2.36 321204} 143 !

I

Guest interactions

Locating hydragen bonds identified the hydroxyl group of the carboxylic acid substituent
of the guest, O184 and O178 (the disordered component) were identified as the
hydroxyl groups of the guest. These two atoms are involved in hydrogen bonding with an
oxygen atom of the cyclodextnn. These contacts are listed in Table 4.18. The hydrogen

bonding parameters are based on idealized hydrogen atom positions.
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Table 4.18: Hydrogen bonding contacts invalving the guest.

Dislance (A) Angte )
- Donor (Y H Acceptor (&) o-H  H-A D--A D-H --A
O18A -  H18A _ 0337 084 196 265150 139 o
O17B --  HI7B ., 0362 D84 175 2.588(3) 179

Related by symmetry operation: -1/2+x% 1/2-y.1-z

Crystal packing of the TRIBSUP structure

Figures 4 24 (a), {b) are extended packing diagrams showing projections down the a-
and t-axes, The sterec-packing diagram of TRIBSUP viewed down the a-axis is shown
in Figure 425 Coeomplex units pack in a screw-channel mode, in a head-to-tail
arrangement. The TRIMEEB molecules bave their mean C4 plane approximately parallel
to the ac-plane. Due to the two-foid screw symmetry, the complexes are laterally shifted
with respect to one another, thereby preventing a channel structure bul rather forming a
cage-iike structure. There is no inclusion of the carboxylic acid residue In a neighhouring

host molecule.

- | by
{a;

Figure 4.24: Packing diagram viewed down (g) a-axis and (b} b-axis.
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Fiqure 4. 25 Slerec-packing diagram down the a-axis projection showing cage structure.

435 ARD Powder analysis

The XRPD trace of the physical mixture differs considerably from that of the co-
precipitate material, proving that a new crysiallineg phase has been produced {Figure
4 26 The computer-generated XRFD trace {program Lazy Pulverixfhj calculated from
the refined structural data from single crystal X-ray analysis for the complex (Section
4 3.3} corresponds with that of the co-precipitate matenal. The angular shift is due to the

different temperatures involved {-100 "C and 25 “C respectively).
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Relative Intensity
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Legend. a FXED of TRIMEB and Suprofen physical mixnture
b PEARD of TRIBSLF co-precipitate material

o FXRD of Lazy Fulvenx calculated trace

Fiqure 4.26: XRFD fraces of TRIBEUP.

Cnly the inclusion complexes involving suprofen and the cyclodextrins 0-CD and

TRIMEB were oblained and fully characterised in this study.
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4.4 Discussion

Several inclusion complexes involving the guest NSAIDs diflunisal, suprofen and bucetin
and the hosts B- and y-cyclodextnn were identified using the XRFD technigque. It was
suggesied earlier that within an isostructural series, the gross features of the pattems
are constant regardless of the nature of the included guest.' This was proven to be true

in this project by comparison of the vadous XRPD patierns.

A novel inclusion complex between B-CD and suprofen was discovered and
charactensed wusing thermoanalytical, elemental analysis and crystaliographic
techniques. The new dimernc complex was found to have 10 water molecules per (-CD
molecule and to crystallize with the host | guest ratio of 2:1. The hast adopts the usual
conformation seen in other -CD complexes.” * “7 * The (S)-enantiomer of suprofen
was preferentially included in the characterised crystal. The guest is disordered over two

arientations due {o the C-axis. The packing motif was found to be screw channe| (SC),

A new inclusion complex between TRIMEB and suprofen was discovered and
characterised using thermoanalytical, elemental  amalysis  and  crystallographic
techniques. The new complex was found to have no water molecules in ils crystal
structure and the host adopts the wsual conformation seen in other TRIMEB

T

complexes.™ " " ™ The data comesponded well with the isostructural TRIMEB-(S)-
naproxen complex.® The (S)-enantiomer of suprofen was preferentially included in the
charactersed crystal The O atoms of the -COOH group are disordered over two
onentalions; this is due to the possibility of free rotation around the CG-COOH bond. High
eleciron density peaks were discovered around the disordered carboxyl group and the
pheryl ring. The possibility that these electron density peaks represented disordered
carbon atoms was rejected due io their unfavourable geometnc positions relative to
those atoms already placed, These peaks possibly represented minor inclusion of the R-
enantiomer. A full study of which enantiomer is preferentially included under different
conditions of complex preparation was not camed out because of time constramnts,

However, this should be the subject of a future study.
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Chapter Five: Conclusion

5.1 Conclusion

In this study seven new cyclodextrin inclusion complexes and three new solid forms,
involving two NSAIDs and one pemnethylated B-CD were prepared. These were
characterised using some or all of the following characterisation methods: HSM, TGA,
DSC, UV spectrophotometry, elemental analysis, HPLC, NMR spectroscopy, XRPD and
single crystal X-ray analysis.

Novel solid-state forms

An amorphous form of celecoxib was identified using thermoanalytical, elemental,
spectroscopic and crystallographic analysis. This amorphous form was prepared using
the recrystallisation from the meit technique. The elemental analysis resulls indicated
that this new form did not alter chemically from the original crystalline celecoxib, vet the
amorphous nature was proven by thermal analysis and XRD powder analysis. This new
solid-state form of celecoxib had, however, been identified prior to this study by Chawla
et al.' His group identified three new solid-state forms, two solvates and the amorphous
form. The resuits of the characterisation of the amorphous form in this study
comresponded well with his group’s resulis.

A cyclized product resuilting from the possible photo-degradation of rofecoxib was
elucidated using thermoanalytical, elemental analysis, spectroscopic, chromatographic
and crysiallographic techniques. This unexpected product was obtained via
recrystallisation and co-precipitation methods. The product was proven to be chemically
different from rofecoxib via thermal analysis, HPLC, XRPD and elemental analysis. The
structure of the product was tentatively assigned by NMR spectroscopy and confirned
by single crystal X-ray analysis. Following an extensive lierature search # was
discovered that this product had been revealed previously but not characterised to the

extent reported in this dissertation.? > 4>

A new crystaline form of TRIMEB was discovered and characterised using
thermoanalytical, elemental analysis and crystallographic technigues. This form was
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obtained during a failed co-precipitation experiment involving the monohydrate TRIMEB
and the NSAID Bucetin. This phase was proven to be different from that of the
monohydrate by thermal analysis, elemental analysis and XRPD. Single crystal X-ray
analysis was used in proving that this form is novel in comparison to the monohydrate
and in addition to show the geometry and packing of this molecule. This novel form was
found to be anhydrous and to adopt a non-collapsed structure, with all residues in the
“C, conformation. The monohydrate displayed an sliiptically shaped coliapsed struciure,
with one methylglucose residue adopting the 'C, conformation, in order to minimize the
hydrophobic cavity in the absence of a hydrophobic guest. ® The host molecule in this
novel form obtained was not collapsed due to a much greater degree of self-inclusion.
The structure was found to be free of disorder.

inclusion complexes

Four inclusion compiexes were identified using the XRPD technigue. These included
Diflunisalep-Cyclodextrin,  Diflunisaly-Cyclodextrin,  Suprofen.y-Cyclodextrin  and
Bucetiney-Cyclodextrin. All these complexes resulted from kneading experiments; thus
no large single crystals were formed and only XRPD could be used to establish
complexation. This was achieved using the isostructural series technique whereby the
gross features of the patlemns are constant regardiess of the nature of the included
guest.’”

A novel inclusion complex involving B-CD and suprofen was discovered and
characterised using thermoanalytical, elemental analysis and crystallographic
techniques. This complex was prepared using a 1:1 molar ratio of CD o NSAID via
kneading and subsequent recrystallisation. Thermal analysis proved that an inclusion
complex had been prepared and that it contained 10 water molecules per B-CD
molecule. The host: guest ratio was determined to be 2:1 by UV spectrophotometry and
elemental analysis. PXRD and single crystal X-ray analysis proved that complexation
had occurred. Furthermore, single crystal X-ray analysis elucidated the complex
geometry, the hydrogen bonding and the crystal packing. The host adopts the usual
conformation seen in other B-CD complexes. "> "' The (S)-enantiomer of suprofen was
preferentially included in the characterised crystal and was found to be disordered over
two orientations to satisfy the crystallographic C,-symmetry requirement. The packing
motif was found to be screw channel (8C).
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A new inclusion complex between TRIMEB and suprofen was identified and
characterised using thermoanalytical, elemental analysis and crystallographic
techniques. The complex was formed via a 1:1 molar ratio co-precipitation experiment.
Thermal analysis showed that a complex had been formed and that it was anhydrous.
UV spectrophotometry and elemental analysis proved that this is a 1:1 host guest
complex. As in the case of the §-CD inclusion complex with suprofen, XRPD and single
crysial X-ray analysis proved that complexation had occumred and likewise single crystal
X-ray analysis elucidated the complex geometry, the hydrogen bonding and the crystal
packing. The host adopts the usual conformation seen in other TRIMEB complexes'?"®
(the data corresponded well with the isomorphous TRIMEB-(S)-naproxen complex'®).
The (8)enantiomer of suprofen was preferentially included in the characterised crystal
The O atoms of the -COOH group are disordered over two orientations; this was due to
free rotation of this group. Residual high electron density peaks were found surrounding
the disordered carboxyl group and the phenyl ring. These peaks most probably
represented minor inclusion of the R-enantiomer. The packing motif was found to be
screw channel (8C).

Final remarks

In summary, the NSAIDs studied did not vield any true’ polymorphs; however, these are
favourable candidates for inclusion by cyclodexdrins. The new phase of permethylated B-
cyclodextrin was a serendipitous discovery and shall not be remarked on further. One of
the aims of the study was to identify the tendency of NSAIDs to include within CDs. This
study used thermal and X-ray diffraction to show how NSAIDs are included within
various CDs. The effect of CD complexation of the NSAIDs on their solubility and
bioavailability remains a subject for future investigation.
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Appendix

Supplementary information used for the elucidation of each structure can be found on
the CD-ROM attached. Five files are included for each soived structure reported in this
disseriation, namely:

e Filename HKL.:
Reflection data
e Filename RES and Filename.CIF:
SHELX type co-ordinate file and Crystallographic Information File
e Filename.FCF:
Structure factor tables
o Filename.LIS:
Atomic co-ordinates
Bond lengths
Bond angles
Torsion angles
Displacement parameters
Geometry between non-bonded atoms
Intermolecular and inter-atomic contacts

For each structure these five files are grouped into a direciory bearing the same name
as the filename.

These text files may be opened using WORDPAD in Windows 98 and Windows 2000.
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