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ABSTRACT

The aim of this thesis was to prepare crystalline inclusion complexes with cyclodextring
(CDs), as hosts, and drugs, as guests, characterise them using various methods and
attempt to elucidate their structures by X-ray diffraction methods to establish the
detailed mode of drug inclusion in the solid state.

Cyclodextrins and their derivatives have a low polarity central void formed by linked
glucose residues of varying numbers, This annular cavity is able to encapsulate low
molecular weight molecules and Is therefore responsible for the great interest in CDs in
host-guest chemistry. In addition, inclusion of drug molecules in cyclodextrins can
significantly improve aspects of their performance, such as increased aqueous
solubility and dissolution rates which lead to their increasing application in the
pharmaceutical industry.

p-Hydroxybenzoic acid esters (alkylparabens) are widely used as antimicrobial
preservatives for aqueous based pharmacsutical formulations, cosmetics and food
products. In general, the elongation of the alky! chain increases their antispectic action
and clinical safety. However, practical use of parabens with longer alkyl chains has
been limited because of their low solubility in water. Previous studies have
demonstrated that complexation with cyclodextrins can be used to increase the
solubilities of these molecules.

In this thesis the inclusion of alkylparabens with cyclodextrins was studied in solution
and in the solid state. Co-precipitation and kneading methods were used to effect drug
inclusion. The physicochemical methods employed to assess these compounds can be
divided into three categories. Ultraviolet spectrophotometry, microanalysis and
thermogravimetric analyses were the principal techniques employed to determine the
chemical composition. This was foliowed by the analysis of the thermal behaviour of
the compounds by hot stage microscopy, differential scanning calorimetry and
thermogravimetric analysis. Finally, the study invoived the determination of structural
features of the respective inclusion complexes by X-ray diffraction analysis of powder
samples and single crystais.
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Among the cyclodextrins used were the native species - and y-CD and two methylated
derivatives of B-CD, namely heptakis(2,6—di-O-methyl}-p-CD and heptakis(2,3,6-tri~
O-methyl-p~CD, commonly abbreviated as DIMEB and TRIMEB respectively.
Complexes with alkylparabens were prepared and thermal analysis, Fourier transform
infrared spectroscopic and X-ray diffraction techniques indicated that complexation had
occurred with each host, as modifications in the properties of the pure host and guest
were observed. In addition X-ray powder diffraction patterns were recorded in order to
characterise the structures according to their packing schemes. This technique was
useful in determining isostructural series and was the approach used in cases where it
was difficult to grow suitable single crystals, as in the v-CD complexes.

The 3-CD complexes were studied both in solution and in the solid state. In solution,
NMR was used to determine the stoichiometry of the complexes as well as the
association constants to evaluate the stability of the host-guest system. In the solid
state it was found that the p-CD-methyl paraben inclusion complex crystallised in two
different space groups under different temperature conditions. This novel indication of
polymorphism of a B-CD inclusion complex is reported in detail.

The crystal structures of three B-CD complexes, four DIMEB and four TRIMEB
inclusion compounds were elucidated. Successful analyses clearly indicated i) the
details of inclusion of the drug in the CD cavities and ii) the generally extensive
hydrogen bonding networks mediated by water molecules. Guest molecules
maintained similar conformations on the whole as those observed in other crystal
structures and the conformations of the hosts were akin to those found in known crystal
structures.

Guest disorder, a common feature observed in the B-CD inclusion complexes, was
successfully resolved and modelied in the polymorphs containing methyl paraben. The
DIMEB inclusion compiexes of methyl- and ethyl paraben are isostructural, while those
of propyl- and butyl paraben crystallise in a different isostructural series. The guest
orientations are "reversed” in the two series. With TRIMEB as host, the included ethyl
paraben molecule behaves anomalously in having an orientation which is reversed with
respect to its homologues.
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ABBREVIATIONS AND SYMBOLS

COMPOUNDS

MP
EP
PP
BP

Ccb

y-CD
p-CD
2-HP-p-CD
DIMEB
TRIMEB

MPGCD
EPGCD
PPGCD
BPGCD

MPBCD
EPBCD
PPBCD
BPBCD

MPDMB
EPDMB
PPDMB
BPDMB

MPTMB
EPTMB
PPTMB
BPTMB

Methyl paraben
Ethyl paraben
Propyl paraben
Butyl paraben

Cyclodextrin

Gamma cyclodextrin

Beta cyclodextrin
2-hydroxypropyl-B-cyclodextrin
Heptakis(2,6-di-O-methyl)-B-cyclodextrin
Heptakis(2,3,6-tri-O-methyl)-B-cyclodextrin

y-cyclodextrin-methyl paraben inclusion complex
y-cyclodextrin-ethyl paraben inclusion complex
y-cyclodextrin-propyl paraben inclusion complex
y-cyclodextrin-butyl paraben inclusion complex

B-cyclodextrin-methyl paraben inclusion complex
B-cyclodextrin-ethyl paraben inclusion complex
B-cyclodextrin-propy! paraben inclusion complex
B-cyclodextrin-butyl paraben inclusion complex

DIMEB-methy! paraben inclusion complex
DIMEB-ethy! paraben inclusion complex
DIMEB-propy! paraben inclusion complex
DIMEB-buty! paraben inclusion complex

TRIMEB-methy! paraben inclusion complex
TRIMEB-ethyl paraben inclusion complex
TRIMEB-propyl paraben inclusion complex
TRIMEB-butyl paraben inclusion complex



TECHNIQUES

DSC
HSM
FTIR
NMR
SEM
TGA
XRD
uv

SYMBOLS

Differential Scanning Calorimetry
Hot Stage Microscopy
Fourier Transform infrared Spectroscopy

Nuclear Magnetic Resonance Spectroscopy

Scanning Electron Microscopy
Thermogravimetric Analysis
X-ray Powder Diffraction
Ultraviolet Spectrophotometry

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

Change in chemical shift

Normalised structure factor

Endotherm

Estimated standard deviation

Structure factor

Number of electrons in the unit cell
Guest compound

Host compound

Host to guest ratio

intensity

Association constant

Molecular mass

Goodness of fit (F9)

Site-occupancy factor

Torsion angle

Temperature

Onset temperature

Linear absorption coefficient

Water

Number of asymmetric units in the unit cell
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INTRODUCTION

INCLUSION COMPOUNDS

in the |ast two decades there have been great advances in the field of supramolecular
chemistry. As described by J—M. Lehn' in his Nobel lecture, “supramolecular chemistry
rmay be defined as chemistry beyond the molecule” Hence supramolecutar chemistry can
be described as a discipline of chemistry that invelves all intermolecular interactions wherg
covalent bonds are not established between the interacting species. namely molecules,
wns or radicals. The majarity of these are host-guest type interactions, lsading to the
formation of inclusion compounds® Indusion compounds may be defined as those
compounds in which one type of molecule [the host] i able to incorporate one or several
smaller molecules [the quest] in its arystal strusture without changing the covalent bonding

network of either molecule.

In consideration of this, "-.-"ijgtte:' proposed that there are two distinct classifications of
inclugion compounds. Firstly, he refers to faitice clathirates, in which the host molecules
assemble to form a host framewaork containing intermolecutar voids in which the guest
maletules can be accommodated. Secondly, there are molecidar complexes, in which the
host component comprises a single molecule and the guest component [or components]
are located within the host Examples of such hosts are cavitands, corohands, crown
ethers, and cryptands. Cyclodestring can be thought of as a combination of the two
classifications, as cyclodexdrin inclysion complexes ususlly consist of a tertiary system [of
host, guest and solvent, which is often water] and in most cases the solvent molecules are
found in the intermolecular spaces. The versatility of cyclodextrins as supramolecular hosts
prompied the work in this thesig and further reference to other types of hosts will be

omitted.

HOST + GUEST

————

i e R e R N el
§ W2 == ~
e @ ® & @
® @ ®
clathrate channe! inclusion intercalation
e e , |
MOLECULAR LATTICE CLATHRATES
COMPLEXES

Figure 1.1 Schematic representation of inclusion compounds



INTRODUCTION

NATURAL ORIGIN OF CYCLODEXTRINS

The term cycodexiring [hereinafter CDs], also known as Schardinger desxirins,
gycloamyloses  and  cycloglucgamyloses, encompasses those starch  derivatives
characterised by a ring built with glucese units. These compounds are obtained from
enzymatic degradation of amylose, the linear unbranched fraction of starch, in a two-step
process involving the cleavage of polysaccharidic chains into oligesaccharides followed by
the resealing of the two open ends to form a eyclic structure. The starch helix is hydrolysed
and its ends are joined together through of1.4)-linkages. The enzyme used is a baclerial
amylase called cyclodextrin glycosyltransferase [CGTase] which was first isolated from
Baciffus macerans” This enzyme is generally unspecific with respect to the site of
hydrolysis. thus producing a family of cycloamyloses containing different numbers of
glucopyranose units.™® The most abundant of the cyclodextrins produced consist of 6 {u-
COY, 7 {(F-CDY and 8 (v-CH glucopyranese units, referred to as native cyclodexiins [Figure
1.2]. Whereas larger cyclodextring with more than 100 glucopyranose units and beyond
have been prepared by the action of disproportionating enzyme on amylose.” smaller
malecules would be sterically strained and are iherefore not produced by the

glucosyliransferase enzymes.
BRIEF HISTORICAL OVERVIEW

The first reference to a substance that later proved (0 be a cyclodextnin was published by
Villiers in 1891, when he istlated the CD as crystals from a culture medium of Baciffus
amylpbacter grown on a stareh-containing medium. This degradation product of starch was
later characterised, in 1804, by Schardinger as a cyolic oligosaccharide.” In the 1930s

{4 conciuded, by using data published by Karrer' and Miekeley,'” that

Freudenberg et a
cyclodextring are constructed from {1 4)-glycosidically linked glucopyranose unifs and in
1936 postulated the cyclic structure of these ceystalline dextrins.'® At the baginning of the
1950s. two groups. D. French ef af '* and F. Cramer ef a! * began to work intensively on the
enzymatic production of cyclodexdrins, on fractionating them to pure cemponents and en
characterising their chemical and physical properties. French'® observed the existence of
some larger eyclodeadrins and in 1954 Cramer published work on the inclusion complex
formation with cycledextring.® Onee adequate toxicological studies had been perfarmed and
the cost of purchase had become relatively cheap, the utilisation of cyclodextrins increased
dramatically, to the exient that presently cyvelodextrins have a wide variety of applications.
They are ufilised in cosmetics and toiletries, foods, pesticides, biomedical products and
pharmaceatical industries. They also exhibit useful applications in chersical technology,

analytical chemistry and diagnostics.*”
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STRUCTURAL FEATURES

The glucopyranose units adopt a ¢ -chair confarmation and can be considered a fairly
rigid building block.™ '* This chair conformation and the intramolecular ring of hydrogen
bonds formed between the secondary hydroxyl groups of adjacent glucopyranose units
account for the structural rigidity and stability of CDs. The only real conformational
flexibility is the rotational freedom of the O{6)-H hydroxyl groups around the axis of the
C{5)-CiB) bond and the limited rotational movement about the C{1}=O{4')-C{4")
glycosidic link [the primed atom belongs to the adjacent glucosa unit].

intramofecular hydrogen bonding

Since the glucopyranose units are orientated cis in the cyclodextiin, all the secondary
O{2y and {3) hydroxyl groups are sifuated on one side of the macrocycle. This
enables the formation of intramolecular hydrogen bonds of the type O(2)===0(3")
between adjacent glucopyranosze units. Neutron diffraction studies have shown that this
intramolecular hydrogen bonding is of a “flipflep” nature in (- and +-CO crystal
structures, constantly oscillating betwesn O(23-H=-+Q(3") and O(2)+H-0{3"} in the
solid state '™ The average Q(2)+O(3) distance decreases from o~ [3.05 A], to |-
[2.92 A, to +-CD [2.84 A" indicating that the hydrogen bonds become increasingly
stronger as the number of glucose units ncreases. Methylation of all the hydroxyl
groups resu‘ts in the loss of this intramolecular hydrogen bonding and consequently, an
increase in conformational flexibility is observed in the heptakis(2, 3 6—tri-C—methyl)=|i—

cyclodextrn (TRIMEB) molecule ™'

The primary hydroxy! groups

The prmary OB hydroxyl groups are located on the narrow primary im of the
macrocycle. They may rotate around the C(5-C(6) hond with the preferred arientation
of the O{5I-C{5-C{B)-0(8) torsion angle (u} being {(—igauche [ = -0 In this
conformation the OE) hydroxyl groups will be pointing away from the centre of the
cavity. However, if the O{6) hydroxyl groups are invelved in hydrogen bonding with an
enclosed guest molecule the less preferred (+hgavche conformation [ = +607), with the
Q{B) hydraxyl groups directed towards the cavity. is observed. The frans
arientation [ = 180" has not been observed thus far, prabably due to the adverse
steric interactions which might occur between the O[(6)-H and atoms of the adjacent

glucose residues.
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Parameters describing the conformation of cyclodextrins

The macrocyclic confermation of cyclodextring and an indication of its deviation from the n-
fold symmetry can be described by certain parameters.” ™ Amongst these are the
distances between the linking giycosidic oxygen atoms O(4)=+0{4" {. the radius of the
Q(4) polygon (. the O{dps{4}4"} angle {a) and the torsion angle
Q{4)e=O(4) 2= O(4"}e+-0(4") (1), a5 indicated in Figure 1.3. The average radius of the Q(4)
polygon is defined as the maan distance maasured from the centre of gravity (T} of the
polygon to each O{4) atomn. For a planar regular macrocycle the deviation {d) of sach Of4)
atom from the mean plane of the magrocycle would be zero and the torsion angles would
all be zere degrees. In practice, polygons composed of glycosidic O(4) atoms offer a good
idealisation of the macrocyclic ring and generally these oxygen atoms are wirtually
coplanar, with ca. 0.3 A deviation from the common mean plane,'”® The mean values of the
principal geometrical parameters of the O(4) peolygon for a-, - and +-CD are shown in
Table 1.1.

Figure 1.3 Principal geemetrical parameters of the O{4} polvgon



INTRODUGTION

Other useful parameters are the G(2)}0O(3') distance, the intersacchandic bond angle
{p} and the tilf angle (1}, The intersaccharidic bond angle is defined as ¢ =
C{1 =04 )=+C(4}, while the tt angle can be defined in two ways The mean values for
these parameters are shown in Tabie 1.1 and were obtained from average structure

values in the literature.

The tilt angle evaluates the relative inclinations of each glucosa unit from the ideal n-
fold symmetry. The tilt angle, 14, is defined as the angle made between the mean O(4)
plane and the mean plane through the six pyranose ring atoms [namely C(1). C{2},
C(3), C{4), C{5) and O(5)] of each glusose unit. The tilt angle, Tz, 15 defined as the
angle made by the mean Of4) plane and the mean plane throtigh the atoms O{4"),
C{1), C{4) and O{4} of each glucose urit * Each glucose unit is not orthogonal to the
mean (4} plane but is inclined with the O{6)} side towards the inside or outside of the
macrocycle. [f the glucose unit is inclined with its O(8) side towards the cenire of the
cavity. the tilt angle is positive, while a negative tilt angle denotes that the glucose unit

is inclined with the OB} side fowards the outside of the macrocyclic cavity.

Table 1.1 Geometrical parameters describing the macrecyclic conformation

O{4)r=O{4") disae‘“

Radius of the O(4} polygon'® {rf &} 42 5.0 5.9 |
O(4]e0sO{2")eee (4"} angle™ fal™ 120 128 132 I
Torsion angle™ {t/% 5 5 i
Planarity of the O{4) polygon®  (d /7 A) 0.07 0.08 0.02
O(2)=+0(3'}) distance™ {LHA) 3.05 292 2.84
Intersaccharidic bond angle™ (£ % 118.4 117.7 115.0

Tilt angle {z,Y** {1: 1 %} +11.4 +9.5 +14.5

Tilt angle {12} {12 £ %) +13 % +14 % +19 %




INTRODUCTION

Hydrophobic cavity

The shape of the c¢yclodextrin is that of a hollow, truncated cone Iwhich is frequently
compared to a bottomiess bucket] with a wider secondary rim farmed by the Q{2) and O(3)
aioms. The secendary hydroxyl groups are in eguatorial positions with the O¢2) groups
pointing towards the cavity and the O(3) groups pointing away from the cavity. The primary
rim is narrower, as the free rotation of the primary O{8) hydroxyl groups reduces the

effective diameter of the cavity [Figure 1.4].

H H
Secondary rim / 3
0{2) O
} /
Cavity /
’ /
Primary rim Q8)

Figure 1.4 Schematic diagram of C0 showing the Cavity, primary and secondary faces

The inner wall of the cavity is lined with atoms of the glycosidic oxygen bridges and
hydrogen atoms from the methine [C{3)—H and C(5}—-H] and methylene groups [C{6)—H:],
The non-bonding electron pairs of the glycosidic oxygen bridges are directed towards the
inside of the cavity producing a high electron density there. The hydroxyl groups are lined
on a circle at both ends of the cavity, such that there are twice as many secondary hydroxyl
groups as there are primary hydroxyl groups. This produces ab uneven charge distribution
caused by the dipole moment parallel o the pseuda-symmelry axis of the molecule. Az a
result of this special arrangement of the functional graups, the cavity is relatively apolar and
hydrophobic comparad to water while the external faces are relatively polar znd hydrophiiic,

The physical dimensions and cavity volumes of w-, §- and +CD are presented in Figure 1.5.

13.7A 15.3A 16.9A
o - g R
5.7A 7.84 9.5A
b E— R — + >

7.84 L4

a-CD B-CD 7-CD

Figure 1.5 The physical dimensions of ¢-CD, 3-CD and n,n-'l’;D2
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INCLUSION COMPLEXES

The affinity of a guest towards cyclodextring depends on the conformity between the
guest molecule and the cyclodextrin cavity [ie. the shape and size matching). the
hydrogen banding ability of the guest, the position of a substituent in the guest, and the
flaxibility of the guest molecule.

The structure of an inclusicn complex is determined by an energetic balance hetween
the maximal inclusian of the guest within the cavity, and the optimal arientation of the
host and guest to enhance the interaction of the polar portions of the guest with the
cyclodextrin or the solvent [Figure 1.6]. Thus, the guest can be completely or partialty
included in the cyclodextrin cavity.*® In general, the stability of the cyclodextrin inclusion

compounds increases with the extent to which the cavity is filled by the hydrophobic

part of the guest.
fydrophulic
part
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o O
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O’/ \D Py VY Y <0 P
g‘( 1{10 Q00
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i O —= attraction
Guest Cyclodextrin Cyclodextrin-guest

complex

Figure 1.6 Schematic representation of gues! inclusion by oyclodextrin on the expulsion of water
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The most probable mode of binding involves the insertion of the less polar part of the
guest molecule into the cavity, the direction of insertion presumably being from the
wider, secondary hydroxyl rim of the cavity. The more polar group is located near the
secondary hydroxyl groups or may even be exposed to the bulk solvent just outside the
cavity.

In an agueous solution, the slightly apolar cyclodextrin cavity is occupied by water
molecules which are energetically unfavoured. On complexation these water molecules
are readily substituted by appropriate guest molecules, which are less polar than water.
The liberated water molecules are taken up by the bulk water and contribute to the
stability of the complex owing to the resulting increase in entropy. This release of high
enthalpy water from the cyclodextrin cavity into the bulk water is thus viewed as one of
the driving forces of complexation.

Driving force of complexation

Many studies are aimed at elucidating this aspect of CDs. To date several factors have
been postulated: van der Waals interactions, hydrogen bonding, hydrophobic
interactions, release of high-energy cavity water, release of macrocyclic ring strain and
the effect of solvent surface tension. However there is still no clear agreement on the
mechanism of formation of cyclodextrin inclusion complexes.* 2 Although it is
suggested that host-guest interactions are mainly due to van der Waals forces,
hydrophobic interactions and hydrogen bonding, the extent to which these forces
contribute is dependent on the nature of the guest.'

Hydrogen bonding in the complex

The involvement of the cyclodextrin hydroxyl groups in hydrogen bonding to the guest
molecules is restricted mainly to the primary O(6)-H groups because they are more
flexible. In addition to direct hydrogen bonding between the guest and the cyclodextrin
molecules, there can be water-mediated hydrogen bonds as water may also be
enclosed within the cavity if the guest molecule is too small to fit properly.

e
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CRYSTAL PACKING

The packing arrangements found in the crystal structures of cyclodextrins and their
complexes can be broadly classified into channel and cage type packing, according to
the overall appearance of the formed cavities."'® The solid state structural
arrangement adopted is determined predominantly by the dimensions [i.e. size and
ghape] of the guest molecule as well as the intra- and intermolecular interactions
achievable within the cavity.

Channel type structures are formed by cavity-to-cavity alignment of the cyclodextrin
macrocycles, either in a head-to-head or head-to-tail fashion [or a combination of
these], thus forming infinite columns. Guest molecules are embedded in these columns
and those which are longer than the depth of the cavity can be included in two or more
cyclodextrin molecules. Frequently, the channels are not straight and individual
cyclodextrin molecules are tilted with respect to the channel axis. Cage type structures
are formed when the cavity of each cyclodextrin is blocked on both sides by adjacent
cyclodextrin molecules in the crystal structure. Cage type structures can either be
herringbone or brickwork type packing, the latter having a layered appearance. These
layered structures are observed when the guest molecule is too large to be fully
accommodated within the host cavity. These broad classifications can be further
subdivided and this is best illustrated by considering 8-CD.

Pack rrange within B-CD
Monomeric Structures [Figure 1.7]

There are five different types of monomeric packing arrangements, namely:
herringbone (P2.), zigzag (P2:2:2,), brickwork (P2,), iayer (P2,) and helical channel
(P6,).%2 A search of the Cambridge Structural Database® indicates that the majority of
monomeri¢ B-CD complexes have cage type herringbone packing.

The monomeric herringbone packing arrangement allows for very efficient packing of
the B-CD molecules and is preferred with small guest molecules that do not protrude
from the cavity. The cyclodextrin molecules are stacked along the two-fold screw axis
to form the characteristic herringbone pattem. The cavity of the cyclodextrin molecule
is blocked on one end by a screw-related cyclodextrin molecule. The other end is
blocked by a cyclodextrin molecule, which is related by translation along the b-axis.
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Figure 1.7 The packing arrangements of 8-CD monomers™
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Dimeric Structures [Figure 1.8]

The cyclodextrin conformation in the monomeric packing arrangements is slightly more
distorted in comparison with that found in the dimernc complexes, where the
macrocyclic conformation is round and symmetrical. The majority of B-CD complexes
are dimeric whereby two cyclodextrin molecules form a head-to-head dimer stabilised
by multiple hydrogen bonds across the secondary rim and are stacked in the crystal
with their seven-fold axes appPoximately parallel.® A larger cavity is formed in this
manner and can thus accommodate more bulky guests or more than one guest
molecule. The dimers always pack in layers and four different types of dimer packing
have been described, namely: channel (P1 or C2), screw channel (P2,), intermediate
(P1) and chessboard (C222,).%* * Further subdivisions of these general categories
have recently been identified based on X-ray powder diffraction pattemns of isostructural
series.? According to Mentzafos ef al ™ the packing of the dimer structures can
generally be considered to consist of C-centred or pseudo-C-centred dimeric layers.

in the channel class, the dimers are aligned one above the other by lattice translation
forming columns. In the screw channel class, the layers form a deforrned channel
located on a two-fold screw axis. in the intermediate class the layers are interrelated by
a laftice translation, as in the channel type, but the intramolecular cavities of dimers
belonging to adjacent layers are far from being aligned. In the chessboard class, the
dimers of adjacent layers are related by a two-fold screw axis. The dimer is thus
located above a space filled by solvent.

The dimers are linked together by a two-dimensional hydrogen bond network involving
the water molecules and the cyclodextrin hydroxyl groups, characteristic of all four
classes, and are divided into two sub-networks.® One is associated with the primary
hydroxyl groups of the host and links the layers of the dimers via water molecules. The
other is associated with the secondary hydroxyl groups of the host and therefore
extends the intramolecular and intra-dimer hydrogen bond network.



INTRODUCTION

Dy I

RN

A A D £
%j . 0 ¢
CHANNEL INTERMEDIATE

9 D A 4D
99 97 Y
Y. Y
A7 7
9 D 4 4
7 %7 9V

SCREW CHANNEL CHESSBOARD

Figure 1.8 The packing arrangements of B-CD dimers™



INTRODUCTION

METHYLATED CYCLODEXTRINS

One of the main limitations of native cyclodextring is their relatively low solubility,
particularly in the case of B-CD.* '° At 25°C the solubilites of a-, B-, and y-CD in water
are 0.1211, 0.0163, and 0.168 mol dm™, respectively.*® Consequently, in an effort to
improve the aqueous solubility while retaining and in some cases enhancing the
complexing ability, chemical modification of cyclodextrins has been extensively
investigated.>*

The hydroxyl groups of the cyclodextrins are characterised by different reactivities and
can be selectively substituted.*! Methylation of the hydroxyl group is one of the simplest
modifications and causes significant changes in some physical and chemical properties
of the cyclodextrins. Geometrically, the replacement of the hydroxyl groups with
methoxyl groups extends the depth of the cavity by ca. 2 A, which will affect host-guest
interactions. Physically, methylation causes both ends of the cavity to change from
hydrophilic to hydrophobic. Chemically, methylated cyclodextrins are more soluble in
water and organic solvents at room temperature than native CDs. Two methylated
derivatives of B-CD, heptakis(z,ﬁ-di-o-memyl)-ﬁ—cyclodextﬁn and heptakis(2,3,6-tri-
O-methyl}-pB—cyclodextrin, commonly abbreviated as DIMEB and TRIMEB, have been
proposed as drug carriers in the pharmaceutical industry, and have formed part of this
study. The structures of these compounds are given in Figure 1.8. A comparison
between the mean values for the geomefrical parameters of §-CD, DIMEB and
TRIMEB is given in Table 1.2 and these parameters were obtained from average
structure values in the literature.

CH,OMe THZOMG
TN 0~M~;-~—0\
) }\o..".'._._l '.. i cly...

OMe OMe
2,6-di~O-methyl-a-D-glucose 2,3,6~tri-O-methyl-a-D-glucose

Figure 1.9 Structure of DIMEB and TRIMEB subunits



I TROBUGTION

DIMER is produced on methylation of the {2} and Q(6) hydroxy! atoms. The round
structure of the macrocyclic ring is still maintained by the Intramolecilar O{2)++«H-0(3’)

“ 9 There is less difference in the hydrophilic character of the intra-

hydrogen bonds.
and intermolecular spaces of DIMEB than 3-CD. due to the presence of the methyl
groups and this enhances the inclusion ability of DIMEB. The guest can be found inside

A A=}

and outside the cavity,” ™" though interaction between quests 1s unusual.

The macrocychc rfing of TRIMEB is produced an full methylation, which leads to marked
distortion of the ring as the O(2)*+H-0{3'} hydrogen bonds are absent?” Hence the
macrocyclic nng becomes marea flexible and less symmetrical. Hydrogen bonding of the
weaker C(8)—-H-=-0(5"} interaction persists [Figure 1.10]. Full methylation also leads to
steric hindrance and thus the O{2). O(3) ends of the cavity are enlarged. The crystal
structure of the permethylated [3-C0D shows that the cavity s no longer open, but s
closed by 'inward” rotation of O{BCH: groups so that the cavity becomes bowl
shaped.®™ Although the average radius and side length of the O(4) heptagon are hearly
the same as those of -CD, the seven (4] atoms are no longer on a plane, as
indicated by the root-mean-square deviation of 0.44 A Permethylation not only
affects the macrocyclic conformation but alsa the pyranose conformation of the glucose
residues as one of the glucose residues adopts the C. conformation. This is most
unusual as the inverted chair conformation is less stable and has not been previously

abserved in COs or their complexes in the solid state. ™

CHa CHs

3y

0 TR

;oo iy
D_(\ P oo

O O G

A

i
CH; CH;  CH; CH;

Figure 1.10 lliustrates hydrogen bonding of the type CGi&)—H==0(5" in TRIMEE
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Table 1.2 Geometrical parameters describing the macrocyclic conformation

Of4)=O(4) distance (I} &5 @ 43 45
Hadius of the O(4) polygon {rid) 50 50 5.0
Planarity of the O{4) polygon d/A) 0.08 0.09 044
D{2)+0{3"} distance (L A) 282 2.91 3.46
Glucosidic angle {0 d™ 118 117 117

Packing arrangement within DIMEB

DIMES and its complexes crystaltise in both the monoclinic space group P2, and the
orthorhombic space group P2.2,2,.* Various packing modes are observed in DIMES
complexes. These include channel type nacking with head-to-taill stacking of the host
matecules. but with adjacent columns anti-parallel, modified brickwork type packing
and modified herringbone type packing. A search of the Cambridge Structural
Database® indicates that guest molecules can be either included in the cyclodextrin
cavity, as with 2-naphthoic acid, ™ or can be located in the interstitial sites while the
cavity is accupied by water molecules, as with p-iodophencl and p-nitrophenal.*® There
is no explanation for the guest accupyng the intermolecular space instead of the
cyclodextrin cavity in some of the DIMEE complexes, except that perhaps the
intermolecular space has 8 more hydrophobic character than the intramolecular spaces

of the parent cyclodextrin because of the aresence of the methyl groups. ™

Packing arrangement within TRIMEB

TRIMEB and its complexes crystallise in the space group P2,2.2,™ Moast TRIMES
crystal structures have a screw channel type packing arrangement in a head-to-tail
fashion with the axis of the cyclodextrin almost parallgl to the b-axis and adjacent
columns of complex units anti-parallel. The guest molecules are never fully immersad
in the TRIMEB cavity and a portion of the guest molecules protrudes from the O{2},
O(3} side of the macrocycle. ™™ However. in the case of the m-iodophenol TRIMES
complex,® ™ the axis of the TRIMEB molecule makes an angle of 26.2° with the h-axis,
resulting in a cage type packing arangement and ane of the methylglucese residues

adopts the °S. twist conformation.
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APPLICATIONS OF CYCLODEXTRINS IN THE PHARMACEUTICAL INDUSTRY

Over the past twenty years, cyclodextrins and their derivatives have received a
considerable amount of interest in the pharmaceutical industry, due to their potential to
form complexes with a wide variety of drug molecules. * %%

Complexation increases the chemical stability of pharmaceuticals that are sensitive to
the environment. Encapsulation provides protection from photodegradation, hydrolysis,
decomposition, oxidation and reduction, racemisation, isomensation and it eliminates
drug polymorphism. improved stability often results in significant decreases in the
degradation rate of the drug.

Pharmaceuticals which are poorly soluble in water and frequently only slightly soluble
in body fluids, can be made more readily available by the formation of inclusion
compounds. The increase in aqueous solubility facilitates simpler formulation and an
improved uptake of the drug, resulting in better oral bicavailability. Recently there has
been a great interest in the solubilisation of insulin® and steroid hormones® as well as
antiviral drugs® by cyclodextrins for nasal application.

In addition, complexation can be used to slow down the rate of release of a drug, thus
increasing the duration of effectiveness. Complexation may also be used to stabilise
volatile drugs and mask unpleasant odors or tastes associated with certain drugs.

Administration of most pharmaceutically active therapeutic agents is as a solid dosage
form,? and thus cyclodexirins can also function as an auxiliary additive, such as
carriers, solubilisers, diluents or tablet ingredients.

Because of their incorporation in phammaceutical preparations, cyclodextrins have
undergone detailed investigations of their toxicity, mutagenicity, teratogenicity and
carcenogenicity.® Native cyclodextrins are quite safe for oral administration as most of
the cyclodextrine are degraded by intestinal flora in the colon, although high
concentrations can cause damage to human erythrocytes.* The relative amounts of
unmetabolised cyclodextrins that are absorbed are less than 2% for a-CD, 0.1%
for y-CD and from 1-6% for p-CD.* The breakdown products, glucose and short-chain
oligosaccharides, are non-toxic and readily assimilated. The potential toxicity of
methylglucose and other derivatives may limit the use of substituted cyclodextrins.

17
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MOTIVATION AND OBJECTIVES OF THE STUDY

In pharmaceutical products, cyclodextrins act as drug carriers,* improve dissolution®®’
and enhance absorption of druges,s‘3 it is believed that the same complexation effect
occurs with preservatives, which are present in pharmaceutical products.®

Parabens [esters of 4-hydroxybenzoic acid, Figure 1.11] are widely used as typical
preservatives for cosmetics, food products and pharmaceutical formulations. Parabens
are often used in combination to take advantage of synergistic effects, are active over a
wide pH range, have a broad spectrum of antimicrobial activity and are most effective
against yeasts and moulds.™ |

The antimicrobial activity, antiseptic action and clinical safety of parabens increase with
the elongation of the alkyl moiety.”' However, practical use of parabens with longer
alkyl chains has been limited because of their low solubility in water, and so the sodium
or potassium salts of the paraben are frequently used in formulation. An altemative
approach to increasing their solubility is cyclodextrin complexation.”

O
Ho= CH3
CH.CH;

CH,CH,CH;
CH,CH,CH,CH3

OH

Figure 1.11 Paraben guest compounds
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The solubilities of parabens in both pure water and in the presence of 2-hydroxypropyl-B-
cyclodextrin [2-HP-B-CD] have been the subject of recent studies.”>”* Matsuda et al ™°
showed that the aqueous solubility of parabens, particularly those having long alkyl chains,
was significantly improved by inclusion with 2HP-B-CD, and suggested that the higher
solubilisation of 2-HP-B-CD with parabens with a longer alkyl group may be ascribed to the
preferred inclusion of the hydrophobic alkyl chain.

Complexation of parabens with 2-HP-B-CD has furthermore been studied in detail by
nuclear magnetic resonance. Matsuda et al ’° proposed that the hydrophobic alkyl chain of
the paraben molecules entered the hydrophobic cavity of 2-HP-B-CD, with the phenol
moiety of the preservative located at the wider secondary rim of the cavity. Chan et af ™
studied the interaction of p-hydroxybenzoic esters with B-CD using 'H-NMR. The results of
the 'H-NMR spectral studies showed that the hydrophobic part of the paraben molecule
entered the hydrophobic cavity of B-CD. The phenol moiety of the preservative was located
at the wider secondary rim of the CD and in the case of propyl- and butyl paraben, the alkyl
chain was allowed to orientate itself to assume a low energy conformation. Chan suggests
that the extent of host-guest interaction is dependent on i) the concentration of B-CD, ii) the
length of the alkyl chain which affects, iii) the spatial relationship between the host and
paraben guest molecule.

The difference between the methyl-, ethyl-, propyl- and butyl parabens, used in this study,
lies in the alkyl group. Hence the aim of this study was to investigate the effect of the size,
shape and degree of hydrophobicity of the alkyl group on the extent of interaction with
cyclodextrins and their derivatives and to assess current proposals for the mode of
inclusion of alkylparabens in CDs. Another interest was fo establish the role of
cyclodextrins as a solubiliser and carrier for these poorly soluble drug molecules. The host
cyclodextrins used in the study were B-CD, vCD, DIMEB and TRIMEB. The investigation
mainly focussed on i) preparation, ii) determination of chemical composition, iii) analysis of
thermal behaviour and iv) investigating the structure of CD guest complexes on the
molecular level in solution and in the solid state. By characterising the complexes and
solving the crystal structures, information about the i) thermal stability, ii) mode of drug
inclusion in the CD cawity lii) nature of host-guest interaction [related to the association
constant and hydrogen bonding / hydrophobic contacts] and iv) spatial distribution and
structural role of water in the crystal structure could be elucidated.
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MATERIALS

The host compounds B-cyclodextrin, y-cyclodextrin, DIMEB and TRIMEB were obtained
from Cyclolab [MH-1097 Budapest, lilatos it 7, Hungary] and were used as received. The
guest compounds methyl-, ethyl-, propyl- and butyl paraben were purchased from Sigma
Chemical Company [St. Louis, Missouri, USA] and were used without any further
purification. The DO [deuterium content 99.7%] was obtained from the Institute of
Cryogenics and Isotope Separation [Rm. Vaicea, Romania]. The D;O [deuterium content
99.9%] was additionally obtained from Aldrich Chemical Company, inc, USA.

INCLUSION COMPLEX PREPARATION AND CRYSTAL GROWTH

Inclusion complexes of the host with a paraben guest molecule were obtained by the
method of co-precipitation and/or kneading. Co-precipitated material was prepared with
B- and y-CD by the addition of equimolar amounts of drug to a hot, saturated aqueous
solution of the cyclodextrin. Kneaded material was prepared with each of the host
compounds by initially preparing a homogeneous paste of the cyclodextrin by mixing the
CD in a mortar with water. To this CD paste the paraben was added and the mixture was
kneaded for an hour. During this process, an appropriate quantity of water was added to the
mixture in order to maintain a suitable consistency. Attempts fo grow single crystals of
complexes of B- and y-cyclodextrin with the paraben drugs were conducted by adding an
equimolar quantity of each paraben to a hot aqueous solution of cyciodextrin, with
prolonged stirring. Crystais of these compounds were obtained by filtering the hot solution
through micofiters of pore size 0.45 um and allowing the aqueous solutions to slowly
evaporate. Inclusion complexes with DIMEB and TRIMEB were prepared by dissolving the
CD and guest in fixed molar ratios and concentrations at room temperature. Single crystals
were prepared by filtering the solution with a 0.45 um micofilter and placing the aqueous
solutions at an elevated temperature of 50°C in an incubation oven. Further details of the
preparation of individual complexes are given in the appropriate chapters.

UV SPECTROPHOTOMETRY (UV)

Since cyclodextring are UV inactive and parabens, are UV-active, UV can be used to
determine the amount of drug present in a specific mass of the sample or in the CD
solution. In this study UV was used to determine the CD:drug molar ratio. UV spectra were
recorded on a Philips PU8700 series UV / visible spectrophotometer over a wavelength
range of 180 nm to 300 nm at a scanning rate of 200 nm / min.
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MICROANALYSIS N

A Fisons EA1108 CHNS-O Elemental Analyser was used to determine the amount of
carbon and hydrogen that was present in the inclusion compound. Microanalysis was
used to validate the H:G ratio found for each inclusion compound from the UV
experiments. The samples were not dried under vacuum prior to the analysis and the
water content of each sample was taken into account for each calculation. These
values were then compared with the results obtained from microanalysis to see if they
comelated.

THERMAL ANALYSIS

Thermal analysis is a technique which measures the changes in physical properties of
a sample as a function of temperature, whilst the sample is subjected to a controlled
temperature program. The three thermal analytical methods used were Hot Stage
Microscopy [HSM], Thermogravimetric Analysis [TGA] and Differential Scanning
Calorimetry [DSC].

HSM can be used to observe physical changes in a sample, which are often related to
thermal events that can then be measurad on the TGA and DSC apparatus. Mass
loss, resulting from such processes as dehydration, can be measured by TGA. These
reactions are usually accompanied by absorption of heat that can be detected using
DSC. DSC measures the onset temperature [Tea] of dehydration, which is a reliable
indication of the stability of a given inclusion compound. Thenﬁal analysis can
therefore be used to characterise compound purity, solvation, and degradation' and
can also be used to detect complexation and/or polymorphism.

Both TGA and DSC experiments were performed on a Perkin-Elmer PC7-Series
instrument, namely the PE TGA7 Thermogravimetric Analyser and the PE DSC7
Differential Scanning Calorimeter. The results obtained were plotted by a Hewlett
Packard Colour Plotter which was connected to the thermal station. All TGA and DSC
runs were performed at a heating rate of 10°C / min under dry nitrogen with a flow rate
of 30 mi/ min. _

U
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Hot Stage ﬂicrosco HSM
Visual characterisation of the crystals was performed on a Nikon SMZ-10

stereoscopic microscope fitted with a Linkam THMS600 hot stage and Linkam
TPS2 temperature control unit. Images were captured using a real-time Sony Digital
Hyper HAD colour video camera and analysed using the Soft Imaging System
program, analySIS.2 A heating rate of 10°C / min was used and the crystals, in
most cases, were submerged in an inent medium of silicone oil to observe the
evolution of gas bubbles upon dehydration. Other events such as opacity of the
crystal, fusion and the onset of degradation were recorded for comparison with
data for crystals of native cyclodexirins. This proved useful for preliminary
identification of inclusion complexes.

The ravimetric Ana GA

TGA experiments measure the change in sample mass, determined by a
thermobalance, as a function of temperature. Both crystalline and powder samples
of weight 0.8-5 mg were analysed on the TGA, whilst being heated in an open
platinum pan. Weight loss was used to determine the number of water molecules
of crystallisation per host molecule for each complex.’ Calibration of the TGA
instrument was performed against the Curie points of alumel [163°C] and nickel
[354°C] and the balance calibrated using a standard mass.

Differential Scanning Calori DSC

DSC experiments measure the difference in energy inputs [i.e. the enthalpy]
between the sample and the reference, in a controlled atmosphere, as a function
of temperature. The crystalline sample, of weight 0.8-5 mg, was sealed in a
crimped, vented aluminum pan while a sealed and empty pan was used as the
reference. Endothermic and exothermic peaks appearing in the DSC traces were
analysed in terms of their onset temperatures, temperature range of the peak
[determined from the first derivative of the trace] and the enthalpy of the peak
[measured in J/g]. DSC can therefore be used to accurately establish the melting
point and the onset of other thermal events.® Callbration of the DSC instrument
was performed by measuring the onset temperatures of the melting of indium
[156.6°C] and zinc [419.5°C] while the heat flow was calibrated from the enthalpy
of fusion of indium [28.62 J/g].
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FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

The formation of an inclusion compound is known to have an effect on the
spectroscopic properties of the guest molecule.*® In this study FTIR was used to
determine the effect of cyclodextrin complexation on the C=0 stretching frequency of
the guest molecules. FTIR specira were recorded on a Perkin-Elmer 983 FTIR
spectrophotometer for pure and complexed materials. Samples were prepared by
grinding the material in nujol muli® and run over the range 1000-4000 cm™.
Percentage transmittance was recorded against frequency. For the cyclodextrin
complexes, shifts in certain characteristic bands of the appropriate drug molecule
were indicative of interaction between the cyclodextrin and drug.

SCANNING ELECTRON MICROSCOPY (SEM)

Scanning electron microscopy was carried out on a Leica Stereoscan 440! scanning
electron microscope. An accelerating potential of 10 kW and a probe current of 20 pA
were used. The working distance was 15 mm and scans were recorded at
magnifications of 5000x and 10 000x.

X-RAY POWDER DIFFRACTION (XRD)

This is a technique whereby diffraction patterns are obtained by irradiating a
powdered crystalline material with X-rays. The apparatus used was a Philips
PW1050/25 vertical goniometer. Ni-filtered CuKa-radiation [A = 1.5418 A}, generated
by a Philips PW1130/80 X-ray generator was used. The generator was operated at 40
kV and 25 mA. The system was calibrated with a silicon standard which yielded a
peak position 28.45 £ 0.01° 20 before each scan. The powder samples were manually
ground and packed successively in the same sample holder for reproducibility of
conditions, taking care to minimise preferred orientation. A 26 scanning range of 6.0°
to 40.0° was used. X-ray powder scans were carried out in a step mode at a scan
speed of 0.1° 20 min™, step size 0.1°26.
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Comparisons were made between the XRD traces of complexed material and a
physical mixture of host and guest in the relevant molar ratio. The appearance of new
peaks and the disappearance of peaks relative to the pattern for the physical mixture
is evidence in favour of the formation of an inclusion complex. This follows from the
fact that the crystal packing arrangement of the inclusion complex is generally quite
different from those of the components. The XRD patterns of the -CD, y-CD, DIMEB
and TRIMEB complexes were overlaid with reference pattems to see if these
complexes were isostructural with known structures.®

For each crystal structure determined in this study, refined unit cell parameters, space
group symmetry, atomic co-ordinates and thermal parameters were used as input to
the program LAZY PULVERIX®in order to generate an idealised X-ray powder pattem.
Calculated powder pattems can also be used to conveniently assess the purity of a
sample and were compared with the corresponding experimental patterns to prove
that the crystallographic model is correct.

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY (NMR)

NMR parameters such as chemical shift, spin coupling and relaxation time are

sensitive to short-range intermolecular interactions™*°

and ever since Demarco and
Thakkar'' presented direct evidence of complexation of B-CD with aromatic guest
molecules in aqueous solution, NMR spectroscopy has become more widely used for

studies of CD inclusion phenomena.

'H chemical shift changes of the CD protons within the cavity, namely the H3, H5 and
to a lesser extent the H6, are generally accepted to be evidencs of the formation of an
inclusion complex in solution. In addition shifts of the guest protons can also be
observed upon complexation and subsequently an advantage of NMR spectroscopy is
that both the host and guest components can be observed simultaneously. Difficulties
may be encountered, however, when there is overlap of the host and guest signals.
These changes in chemical shift allow for the determination of the stoichiometry and
association constant of the complex.
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The continuous variation [Job's] method'? has been used extensively to establish the H:G
stoichiometry in solution. This method involves preparing a series of solutions containing
both the host and the guest in varying proportions so that a complete range of the mole
ratios, r, is sampled and where the total concentration [H} + [G} is constant for each
solution. The experimentally observed parameter is a host or guest chemical shift that is
sensitive to complex formation. The data are plotted in the form ASees [X] versus r, where
Abeps is the measured change in chemical shift referenced to that of the uncomplexed
species and r, the mole fraction of the host / guest in equilibrium mixture. The position of
the maximum indicates the stoichiometry of the complex in solution. It is worth mentioning

that the stoichiometry in solution may, however, not be the same as that in the solid state.™
18

Once the stoichiometry of the complex has been ascertained the change in chemical shift
of the host and/or guest proton/s can be used to estimate the association constant. The
determination of the association constant, K, of a complex usually containg some
approximations. The most commonly used methods for the determination of K were the
methods due to Scatchard'®, Benesi and Hildebrand®® and Scott.?' They each require a
graphical representation of the experimental parameters and the global consideration of [H};
>> [G}. The latter requirement is not always either possible or mathematically correct.
Experimentally, AS; is determined for each of the studied protons and, consequently, the
use of the corresponding expression for K yields a different K value for each one of the
studied protons.Z Additionally, if [G}; is very small the difficulty in determining the chemical
shift for a signal increases with its complexity [coupling]. And finally, the standard range of
work only permits H:G ratios no larger than 9/1, a ratio which cannot mathematically be
considered as satisfying the condition [H], >> [G]. This limitation led to the production of
new methods and new programs, such as CALCK,? MULTIFIT, 22 EMUL*? to determine
K. The determination of the association constant for a 1.1 complex, is based on the
consideration of the general equations:

K
G+H &= HG @

x — [HG]
[HI[G] @
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We define f, and f, as the fractions of the host or guest in the free and bound states
respectively and hence f, + f; = 1. The equations below are related to the guest
where [G}; = [G] + [H:G] (i.e. the total concentration of the guest) and could alternatively be
expressed in terms of the host.

_IGl _ 1G] _ [G] _ 1
[G], [G]+[H:G] [GI+KMH][G] 1+K[H] 3

g = HGI_ K-HI[G] _ K[H][G] _ K[H]
[Gl, [GI+H:G] [GI+K[H][G] 1+K[H]

o

(4)

The chemical shift parameter is usually a weighted average of all the species present; in
consequence when the complex is in fast equilibrium with the isclated molecules, the
experimental dqs corresponds to the intermediate situation and can be expresSed by the
weighted average between the unbound / isolated (f;) and the bound / complexed (fi)
chemical shifts. The observed chemical shift can therefore be expressed as the following, if
the observed proton is located on the guest:

0=1f0g+ 104, 5)

8- 0= f,(8u - 05) €

Ad = 1A, ™

Ad = _KH . Ad, @)
1+ K[H]

1 _ 1 L1 o

Ad,. K-AG[H], Ad,

Equation (9) is the Benesi-Hildebrand equation, where [H] = [Hk and [Hk = [H] + [H:G] i.e.
the total concentration of the host. Equation (13) can be obtained by substituting Equations
(12) into Equation (8) and can be further developed into a second order equation whose
solution is Equation (18), where [X] is the concentration of the host or guest of a sample
and M = [G} + [H].

29
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¢, = [HG]
[G], @
[H:G] = M (10)
Ad,
[H]}, = [H] + [H:G] (11)
= . Ad . [G], {12)
[H] = [H}, A
Ad K (Aac [H], - Aaobs [G]t)
obs A“jc +K (Aac[H]t - Aaobs[G]t) ¢ (3)

Ad, AS,+ KAS, (AS, [H], - Ad,, [G]) = KAS (A8, [H], - A, [G]) e
KAS.,, [G], - Ady, (KAS, [G], + K AS, [H], +A8,) + KAS, [H,=0 )
K A8y, [GL - KAS A8, ([G], + [H], + /i) + KAS, [H],= 0 16)

= [KAéc (16}, + M1, + ) £ {([G], + H], + /K482 -
4G HIK2A82 } 2 |+ 2K [

(17

A6

= Z[X] 1/ (M + 1/1()2 - 4[G]t[H]t} 1/2] (18)

Only the negative square root solution is to be considered because the ratio ASgs/ A

is always smaller than 1. Equation (18) must be satisfied for each sample studied, i.e.,

we have a set of n equations [as many as there are samples] with two independent

variables (Adc and K) which can be solved using the experimental Adys values as
reference values.

30
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Apparatus

Proton NMR experiments were performed at 300 MHz with a Vanan-Gemini 300
spectrometer. The 'H NMR spectra were recorded in D-O solution at 288 + 0.5 K.
Typical conditions were as follows: 32 K data points, sweep width 4500 Hz giving a
digital resolution of 0.28 Hz / point. The pulse width was 13 ns (90%) and the
spectra were collected by co-addition of 32 or 84 scans. Homonuelear Overhauser
effect [NOE] difference experiments were performed at 300 MHz with a Varian-

Mercury 300 spectrometer with a three-second mixing time.

Continuous variation method

In order to determine the stoichiometry of the [3-CD complexes, the paraben under
investigation and f-CD were prepared in D:0 as two individual equimolar stock
solutions. The concentration of the stock solution was determined by the solubifity
of each paraben in water [Tatle 2.1]. The equimolar stock solutions of the host and
guest were mixed to a constant volume {1.5 ml) at varying proportions, so that a
complete range (0 = r = 1) of ratios v = [X] / [ [H]} + [G] ) was sampled This
maintained the total concentration of each sample seclution constant. In the
preceding equation [X] is equivalent to the concentration of the host or of guast for
the sample and [H} and [G], are the total concentrations of the host (3-CD) and
guest (paraben), respectively. From the NMR data the guantity A, [X] was
obtained by subtracting the obiserved shift value for a given sample from the
chemical shift of the free X. A, [X] was then plotted against r and the maximum

of the curve corresponded to the stoichiometry.

Table 2.1 Solubility and concentration of the stock solutions

Solubility Concentration of the stock solutions

{Mimol)™® {im )

Methyl paraben 181 | T AEn
Ethyl paraben 56 2.0
Propy! paraben 22 1.8

Butyl paraben 1.1 0.7
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Determinaticn of the association constant

The same set of samples that was used for the determination of the stoichiometry,
was used in the determination of the assaciation constant. Once the stoichiometry
had been determined as 1:1, the association constant was calculated using a C''
program.” This program evaluates the data by 2 non-lingar least squares
reqression analysis of the observed chemical shift ¢changes of the guest and (-CD
NMR lingg, ag a function of CD concentration, according te Equation {18} This
equation involves no approximations and correfates the total concentration of the

host and guast molecules with the observed difference in chemical shift, Ad.g..

The program is based on an iteration procedure foliowing specific afgorithms in
order ta fit the experimental values of Ad.. to the appropriate equation. Each
iteration sets up a quadratic program to determine the direction of the search and
the loss function E, defined as the sum of the sgquared deviation about the
predicted values, untl the search converges [Equation (19). where "I" counts the

J
rmolecula]. The fitting procedure reaches an end when the difference betwean two

gsample number and "|" the studied proton which can beleng to the guest or host

= & -
consecutive E values s smaller than 1407

1 ij 2
b5 E E ( 55(;?3?. & 38{« } L
]

The treatment of the whole set of protons studied yields one single K value for the
whole process and a set of calculated Adc values. Ad: represents the chemical shift
difference [for a given proton] between the free molecule and the pure mmplex.?ﬁ
The program is quite flexible as both the host and the guest can be observed for
spectroscopic  perturbations as a funclion of wvariable host and guest

concentrations.”™ However it can only be used for 1:1 host-guest stoichiometries.
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CRYSTAL STRUCTURE DETERMINATION

Single crystals were obtained from B-CD and methyl paraben [MPBCD, MPBCDP1]},
B-CD and propyl paraben [PPBCD], from DIMEB with each paraben [MPDMB,
EPDMB, PPDMB, BPDMB] and from TRIMEB with each paraben [MPTMB, EPTMB,
PPTMB, BPTMB]. In each case single crystals of suitable quality [typically between
0.2 and 0.5 mm in all dimensions] were selected for their ability to uniformly extinguish
plane-polarised light. Crystals were mounted on a glass fiber and coated with

Paratone N oil,* which was necessary to prevent decomposition owing to dehydration

and to provide a rigid mount in the instance of low-temperature data collection. The

glass fiber was then mounted on a goniometer head.

Photography

The preliminary cell dimensions and crystal systems were obtained by using
X-ray photography. Oscillation and Weissenberg photographs were both taken on
a Sto& goniometer with a film radius of 28.65 mm. Photography was performed
using Nickel-filtered CuKa radiation [A = 1.5418 A]. The X-ray generator was
operated at 20 mA and 40 kV.

Oscillation

When the crystal was mounted on the goniometer head it was done so that one of
the crystallographic axes would be orientated parallel to the axis of rotation [which
was orthogonal to the X-ray beam]. The reflections were recorded on film placed in
a cylindrical cassette which surrounded the crystal. From the oscillation
photography it was possible to align the crystal. This enabled the determination of
the unit cell dimension that was parallel to the oscillation axis, as well as being a
necessary requirement before a Weissenberg photograph couid be taken.

Weissenberg
Weissenberg photography allows a one-dimensional layer line in the oscillation

photograph to be expanded into two dimensions. This was achieved by
simultaneously rotating the crystal and moving the X-ray film. A screen was used to
ensure that only those diffraction spots comresponding to the selected layer line
reach the film.
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The film was moved parallel to the oscillation axis so that the diffraction pattem
from the chosen layer line was Spread over the entire film. The resulting
photograph appeared as a distorted image of the selected reciprocal lattice plane.
This photograph was placed on a transparent Weissenberg co-ordinate chart, from
which the co-ordinates of each point were located and plotted onto graph paper to
give a representation of the reciprocal lattice. From this plot a reasonable estimate
of the remaining two cell dimensions, as well as one of the angles could be
determined. Additionally the Laue symmetry could be inspected leading to the
establishment of the crystal system and space group.

Diffractometry

This technique uses the diffraction of X-rays from a single crystal to determine the
accurate unit cell parameters and intensities of the X-ray reflections. 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 an Nonius FR580 generator operated at 50 kV and 30 mA. Data
were measured at 173 K for all the crystal structures, except where indicated
otherwise. The reduced temperature of 173 K was maintained by a constant
stream of N, gas with a flow rate of 20 cm®/ min produced by a Cryostream cooler
[Oxford Cryosystems]. Data were corrected for Lorentz-polarisation effects and cell
refinement and data reduction were performed using the programs DENZO and
SCALEPACK.® The space group was determined by examining the systematic
absences and matching the observed conditions to a known space group.”‘"
Assignment of the correct space group was confirmed using the Xprep program‘“

CRYSTAL STRUCTURE SOLUTION AND REFINEMENT

The structures were solved either by the optimisation of the orientation and position of
a molecular fragment with the program PATSEE®™ or by isomorphous replacement,
using the published co-ordinates for the non-hydrogen atoms of cyclodextrins from an
isomorphous structure. The refinement was performed using SHELXL-97" which
employs full-matrix least-squares refinement on F> and was operated through
the X-Seed interface.® :
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In all cases, several low angle reflections were omitted from the final refinement

because of their abnormally low measured intensities caused by beam-stop

truncation. Further details of specific structure solutions and refinements are

discussed under individual structures in the relevant chapters.

PATSEE
PATSEE attempts to position a fragment of known geometry in a unit cell by

integrating the merits of Patterson, packing and direct methods. The reflection data
are processed with SHELXS® using the PSEE command to calculate the
sharpened Patterson map and a set of the largest E-values. A fragment search is
then performed with PATSEE, the procedure being a rotational search followed by
a translation search.

The orientation of the search model is determined by a conventional but highly
automated real-space Patterson rotation search. A comparison between the
weights of a number of vectors (n) produced by the orientations of the search
model (w) and the closest matching Patterson map vectors (P)) is used to calculate
rotational figures of merit (RFOMs), Equation (20).

The translation positions of a set of the fragments with the highest RFOM values is
located by maximising the weighted sum of cosines of a small number of strong
translation-sensitive triple-phase invariants, Equation (21).

For the solutions obtained, the correlation between the Patterson function and the
intermolecular vector set is used to determine a transiation figure of merit (TFOM),
Equation (22), in an analogous manner to that for CFOM. An R-index (Rg),
Equation (23), based on E magnitudes is computed for sets of solutions with the
best TFOM values.

The best solutions are sorted according to a combined figure of merit (CFOM),
Equation (24), based upon agreement with the Patterson function (TFOM), triple-
phase consistency (TPRSUM) and the R-index involving Ege and Ecac (Reg).
PATSEE produces a list of the best solutions found for the fragment. The fractional
co-ordinate sets of these positions can then be chosen for partial structure
expansion in SHELXS. If the partial structure expansion is successful, atomic co-
ordinates can be input for refinement.
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RFOM={ZP/wl/n (20)

TPRSUM ={ T Ep Ex Enkcos (on+ ox+ 0na) 1/ [ T En ExEonk] (21)

TFOM= [Z Pi/w]/n {22)

Re = [ Z {{Eove| - [Ecacl / P } ]/ Z |Eova] 23)

CFOM=[0.2 x { (RFOM + TFOM )/ 2 }+ x TPRSUM *]/ Re (24)
SHELXL-87

Refinement in SHELXL-97 involves minimisation of the function ¥ w (F> - F2)°
using the full-matrix least squares technique. The agreement between the
observed (F,) and caiculated (F.) structure factor is expressed by the residual index
(R,), Equation (25), which should be low for a satisfactory model. Refinement
against F? tends to magnify the deviations of the Goodness of Fit, S, from unity
compared with refinement against F and therefore these values are not directly
comparable to structures refined against F.

The weighting scheme (w) in Equation (26) and the parameters a and b were
refined for each structure using Equations (27) and (28) below. The terms a and b
are chosen in the above weighting scheme to yield constant distributions of
[W (Fo2F.?) %Jwith sin6 and (Fo/ Fme)™. S is defined by Equation (29), where n is the
number of reflections and p is the total number of parameters refined. For a well-
behaved structure S should be close to unity, and the over-determination should be
of the ordern / p = 10.

Ri=[Z| IF|-1Fl |17 ZIFol (28)
WR: ={[ Zw(F’-F’Y?1/[Zw(FR)1}"* (26)
w=1/[6? (FA)+ (@P)?+bP} (27
P =[max (0,F,%)+2F]/3 (28)

S={E[w(Foz'Fcz)zll(n'p)l% (29)
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ADDITIONAL RESOURCES

The Cambridge Structural Database [CSD)™ was used to investigate published crystal data
for comparison with strectures reported in this study Molectlar parameters and
geometrical data with their associated e.s.d.5 and non-bonding distances were calcutated
using the program PARST95.°' Molecular diagrams were created through POV-Ray for
Windows,** while molecular packing diagrams were produced with the program PLUTO.
CPK diagrams were constructed using the program Weblab ViewerPro Version 3.5.%

Slices through the unit celi were viewed using the Section program in X-Seed.™

Final atomic co-ordinates, temperature factors, bond angles, bond iengths, torsion angles
and structure factor tables for the each of the solved strecturas have been recorded under
the abbreviation of the complex in the filte named Appendix C an a compact disk, attached
to the inside back cover of the thesis, The files have been saved as tex files and can be
opened in a text editor such as WORDPAD in WindowsS5 and Windows85. The file

extension and file contents are listed in the table below.

Table 2.2 File types found in the Appendix

EXTENSION CONTENTS

HEL Feflection data
.RES SHELX type co-prdinate file
.CIF Crystallographic information file
SFT
oF Structure factor tables
TEX atomic co-ordinates

bend lengths

bond angles

torsion angtes

displacement parameters
AGT atomic co-ordinates

bond lengths

bond angles

torsion angles

displacement parameters

geametry betwesn non-bonded atoms
ifermotectlar and inter-atomic contacts
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COMPLEX PREPARATION

Crystalline complexes of -CD with each paraben were prepared by mixing eguimolar
amecunis of CD and drug in a hot agueous selution [45°C] The solution was then
filtered and allowed to undergo slow coofing and slow evaporation. Crystalline
powdered material was obtained con standing for a2 period of one to two weeks. The
complexes of -C0 with methyl-, ethyl-, propyl- and butyl paraben will be referred tc as
MPGCD, ERPGCD, PPGCD and BPGCD respectively,

UV SPECTROPHOTOMETRY (UV)

Since cyclodexirins are UV inactive, UV spectrophotometry was used to determine the
hast to guest ratic for the v-CD complexes. Each of the MPGCR, EPGCD, PPGCD and
BPGCD complexes contains 1:2 stoichiometric amounts of host to guest. The total
water content of the samplfe to be analysed was calculated from the initial mass losses

cbtained from thermogravimetric analysis and the results are reported in Table 3.1.

Table 3.1 UV spectraphotometry results for the ~CD complexes

COMPLEX H:G RATIO

MPGCD » 16.2 H,O ' 1. ;2
EPGCD - 16.8 H,O 1 12
PPGCD » 15.7 H.O 1 2
BPGCD « 12.6 H.0 1 .2
THERMAL ANALYSIS

DSC results of the y-CD complexes and physical mixtures of their components

The DSC traces of the MPGCD, EPGCD. PPGCD and BPGCD complexes are shown in
Figure 3.1 together with the traces of the appropriate uncomplexed diug and the 1.1
+-CD to drug physical mixture. The characteristic melting endotherms for msethyl-, ethyf-,
propyl-, and butyl paraben are 126, 116, 96 and 69°C respectively. These fusion
endotherms are clearly visible in the DSC traces of the uncomplexed drug and physical
mixtures of these drugs with +-CD,
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MPECD

PHYSICAL MIXTURE
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Figure 3.1 DSC traces of the +CD paraben complexes, 11 physical mixtures and oncomplexed

paraben drugs



v INCLUSION COMPLEXES

In all cases the disappearance of the pure drug fusion endotherm was observed in the
DSC traces of the complexes. indicating that an inclusion complex has been formed In
the solid state. Individual drug molecules are separated from one another and
contained within the cavities of the cyclodextrin molecules and therefore will no langer
exhibit the characteristics of their original crystalline phase.

TGA results for the v-CD complexes

The TGA results for the MPGCD, EPGCD, PPGCD and BPGCD complexes are shiown
in Figure 3.2 {a), {b), (c) and {d} respectively. A summary of the observed percentage
weight losses is presented in Table 3.2, Woeight losses from 30 to 1680°C represent
water loss from the complexes. From 160 to 200°C a small weight loss is observed.
indicating initial decomposition. From 200°C onwards weight losses due to chemicat

decompaosition are gbserved.

Table 3.2 The percentage weight losses for the v-CD complexes

Ramplc A Weiphl Sumple A Weizhi Snmple AW e Sampls A Weipht

waighl (%) |assgier s | weight i) lussiMpt | weight(®e)  JoesTg* | welght (%%)  loss (%) *
30 100 - 100 - 100 5 100 -
160 3.2 16.8 829 7 B39 16.1 8.8 132
170 H3 .1 a2.7 0.2 83.8 0.1 B6.5 0.2
180 831 0.0 B2 4 0.3 E386 0.2 865 0.1
180 830 0.1 823 0.1 B37 0.4 561 0.4
200 83.0 0.0 820 0.4 827 0.9 854 038
220 828 0.2 1.4 06 816 1.1 838 2.0
260 82.3 0.5 782 22 787 29 794 4.4
300 B0.9 1.4 7h4 3.8 74.5 42 743 &
350 18.5 B2.4 13.7 51.7 132 51.3 252 49 1

Average number of water malecules per H:G unlt
. 16.2 16.8 157 12.6

* AW eight Inss (%) = [Sample weight (%} at temperature (n-1)] - [Sampfe weight (%) at tem perature (n}]
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DSC results for the y-CD complexes

The DSC results for the MPGCD, EPGCD, PPGCD and BPGCD complexes are shown
in Figure 3.2 (3}, {b), {c) and {d) respectively and the results are summarnsed in Table
3.3. The four +-CD complexes show a broad endothermic event corresponding to water
loss in the range 30-160°C, which is consistant with the observed mass loss in the TGA
traces [labelled A in Figure 3.2 (a), (b}, () and (2]

The asymmetnc shapes of the dehydration endotherms suggest that water loss from
these complexes is a multi-stage process. Tha onset of decomposition is indicated by
further mass loss on the TGA traces from 200°C [labelled B]. The DSC onset of
decomposition occurs at 265, 247, 232 and 209°C for the MPGCD, EPGCD, PPGCD
and BRPGCD complexes respectively. This decompoesition begins, in all cases, earier
than the decomposition of the ¥-CD molecule, which ogcurs above 290°C, and is
therafore associated with decomposition of the complax. Interpretation of the thermal
events ooccurring during the final stages of decomposition is complicated by the
significant loss of mass relative to the original sample. which affects the baseline of the

trace,

The thermal stahility of the inclusion complexes was based on the analysis of the onset
of decomposition for the complaxas. The stability follows the order MPGCD = EPGCD
> PPGCD = BPGCD, which follows the same thermal stability as that of the pure

parabens.

Table 3.3 Summarised DSC results for the -CD complexes

MPGCD EPGCD PPGCD

Temperature range A (*C) | 30-188  30-149 30155 30-165

Endotherm A ;1 285! P =1 B4 5
Peak (“C) 103 Shd 865 214

Endatherm B T (750 265 247 232 209

METHYL ETHYL PROPYL BUTYL

Endatherm tor fusion of pure paraben’' (°C) 126 116 96 59




SCANNING ELECTRON MICROSCOPY {(SEM)

SEM was undertaken to demonstrate the morphology of the «-CD powder complexes. 4-CD
complexes typically have a square, bipyramidal or tetragonal rod-Tike morphology and this
was ocbserved in the MPGCD, EPGCD, PPGCD and BPGCD complexes [as shown i
Figure 3.3].

MPGCD

Mag 10000x

Figure 3.3 SEM photographs of the +-CD complexes

FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

FTIR spectroscopy was used to determine how the carbonyl stretching frequency was
affected by complexation. The ©=0 stretching frequencies of the MPGCD. EPGCD.
PPGCD and BPGCD complexes are displaced to 1700, 1691, 1689, 1688 cm’ respectively
from the measured values of 1679, 1672, 1675, 1678 cm  for the pure methyl-, ethyl-.
propyl- and butyl paraben [Figure 3.4]. This significart frequency shift also indicates that
the guest is included in the host. Furthermore, this is consistent with the known presence of
strong hydrogen bonding (C=0==H-0} in the crystals of the guests’ and the probabie
ahsence of hydrogen bonding of this type in the C0 complexes.
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Figure 3.4 FTIR spectra {a) MP and MPGCD, (b} EP and EPGCD, (&) PP and PPGCD, (d) BP

and BRGCD, The top spectrum is that of the pure paraben.
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EXPERIMENTAL XRD ANALYSIS

The XRED patterns for the MPGCD, EPGCD, FPGCD and BPGCD co-precipitated
materials, kneaded materials and the physical mixtures of +-C0 with the appropriate drugs
are shown in Figures 3.5 3.6, 3.7 and 3.8 respectively. The diffraction patterns of the co-
precipitated and kneaded material were compared with those of the physical mixture
[cansisting of a 1;1 molar ratio of drug and +C0] When the XRD trace for the latter differs
from the others i e by the appearance of new peaks and the disappearance of old peaks,
inclusion complex formation is considered "very prabable".” This can be explained by the
fact that the crystal packing arrangement of the inclusion complex is generally quite
different from these of the components, and thus the complex wilt have a distinct crystaliine
phase with its own "fingerprint”. The XRE traces represented in Figures 3.5 - 3.8 therefore

indicate that complexation cccurred by the co-precipitation method, but not by the kneading

method.

PHYSICAL
MIXTURE

T

L KNEADED
MATERIAL
CO-PPT

5 MATERIAL
5 10 15 20 2% 30 35 40

267
Figure 3.5 xR0 patterns of the MPGUD co-precipitated and kneaded materials and a 101 physical mixture
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Figure 3.6 XR0 patterns of the EPGCL co-precipiteted and kneaded materials and 2 1:1 physical mixturs
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Figure 3.8 XRO patterns of the BPGCD co-precipitated and kneaded materials and a 1:1 ghysical mixture

The XRD patterns of all four of the +-CD complexes [Figure 3.9] are closely matching and
they can therefore be considered as isostructural to each other and witiv all other +-CD
complexes, based an work published by Caira.’ The term "isostructural” is used here in the
sense defined by Kalman and Parkanyi” to denote the fact that the complexes have the
same space group with similar unit cell dimensions and a similar internal arrangement of
molecules. This implies that for closely related structures, common atoms of the two

structures have approximately the same co-ordinates
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Only a few crystal structures have been published as yet for +-CD and these fall into two
structural categories: +CO+16H.0 crystalises in the space group P2,, foming a cane type
structure in which the water-filled molecular cavities are closed on both ends by
neighbounng »C0 molecules. In this crystal packing the +-CD molecules are somewhat
distorted with no internal symmetry,™ All other +-CD complexes crystallise in the tetragonal

space group P42,2 with channel type packing.

The analysis of the XRD fraces in Figure 3.9 for the CD complexes reveals that the
pattern is relatively "simple”, in that the XRD trace has relatively few peaks. This is
characteristic of compounds belonging to highly symmetrical space droups. Specifically.
these traces confirm that the complexes crystallise in the tetragonal system, space group
P42,2 with unit cell dimensiohs a~b~238andc~23.2A°

_A&.ﬁwﬂw oo o

EPGCL
T
l-n'l
PPGCD
BPGCD
& 10 15 20 25 30
20"

Figure 3.9 XRD traces of the MPGCD, EPGCD, PPECD and BPGCD complexes

The packing mode of a +-CD complex is shown in Figure 3.10 and Figure 3.11.7 In Figure
3.10 the crystallographic symmetry elements of the space group P42,2 are indicated. In the
crystaltine phase. »-CD molecules with thesr inherent sight-feld symmetry, are stacked
parallel to the tetragonal c-axis to produce linear infinite channets [Figure 3.17]. These
channels are unigue in that they have three cyclodextrin malecules in one asymmetnc unit.
Consequently, the number of symmetry-independent glucose residues is six. amounting to

1, of a +-CD molecule.



~=CD INCLUSION COMPLEXES

The three crystzilographically independent v-CD molecules A, B. C, form a trimer
arranged in head-to-head [A-Bj, tai-to-tall [B-C] and head-+e-tail [C-A"] relationships.
This stacking sequence is unusual, as CD columns typically stack with the molecules
parallel fhead-to-tail arrangement] or neighbiouring molecules antiparaliel " The four-
fold rotation axis runs through the centre of the v-CD cavily and any guest molecule
included in the cavity will of nacessity be disordered around the fourfold axis, unless it

possesses four-fold symmetry itself ©

Figure 3.10 Crystal packing shown in projection on the xy plane
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Figure 3.11 A prajection of the stacking sequence within the maolecular channel
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DISCUSSION

+CD has peen shown to have more favourable toxicological properties than o- and
(-CD because it can be degraded in the upper intestinal fract while «- and [3-CD
cannot. a- and B-CD can only be degraded in the caecum and colon by bacterial flora
and may therefore affect the kidneys by resorption [depending on the dosage].'' +CD
has therefore some more favourable properties than other CDs and this s what

promoted the investigation of +-CD complexation with the paraben drugs.

The +CD to guest stoichiometries were of 2 1:2 host to guest ratio for each of the
complexes. DSC and XRD comparison of inclusion complexes and the physical
mixtures of their constifuents demonstrated that inclusion complexes have been formed
in the salid state by the method of co-precipitation. Furthermore FTIR spectroscopy
confirmed this by the cbservation of a frequency shift of the C=0 bond. The thermal
stabilities of the complexes were found to be directly affected by the thermal stability of
the included guest, as the thermal stability of the y-CD complexes increased with

increasing fusion temperatures of the guest that they included.

The XRD traces of the +-CD complexes were in close agreement with each other, This
indicated an analogous packing amangement of the four complexes. They were
defermined to be isostructural with each other and with all other +CD inclusion
complexes with the space group P42,2.? Although the space group P42,2 [no. 90] and
the unit cell content Z = 6 are extremely rare this s the favourite crystal packing
arrangement of -CO inclusion complexes. The Cambridge Structural Database™ which
archived 257 1682 entries in April 2002, yislded 23 hits {i.e., 0.008%] for structures with
this space group, and 79 hits {i.e., 0.03%] for structures with a unit cell content of 8.

These v-CD complexes are positioned with the centre of the ¢-CD molecules situated
on a four-fold rotation axis. The guest melecules included in the cavities will inevitably
he crystallographically disordered around this rotation axis by at least four-fold. This is
the main reason why complexes of +CD molecules are struchurally much less

frequently characterised than those of the lower homologues o- and (3-CD.
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Chapter 4
[-CD INCLUSION COMPLEXES




The present section consists of two parts and descnbes a parallel study of the
inclusion of the paraben drugs in $-CD, both in the solid state and in solution, The
combination of the two studies provides more insight into the nature of the

inclusion process than either of the studies by itself.

in the solid state study. thermal analysis and X-ray fechniques were used fo
elucidate the thermal properties and crystal structures of the inclusion complexes

and these results are described in Part 1.

In solution, 'H NMR spectroscopy was used to determine the stoichiometry and
formation constants of the paraben-CD complexes. These results are presented
in Part 2.



Part 1
SOLID STATE STUDY




COMPLEX PREPARATION

Crystalline complexes of methyl-, ethyl-, propyt- and butyl paraben with [R-CD were
obtained from slow cooling and stow evaporation of hot asqueous solutions [~ 45°C] of
cyclodextrin and drug 0 11 malar ratios at 7°C and ambient temperature. Crystalline
malerial was obtained on standing for a peried of one to two weeks at RT and one month al
7°C. The density of the crystals was not measured due to the high solubility of the hast in
hoth agueous solution and organic solvents. The complexes of [-CO with each paraben,
grown under ambient conditons, will be referred to as MPBCD, EPBCD, PFPBCD and
BPBCD and will be described herein.

MICROANALYSIS

The hosl to guest ratios of the [1-C0 complexes were determined by carbon and hydrogen
micreanalysis of the fully hydrated complexes. Each of the MPBCD, EPBCD, FFBCD and
BFBCD complexes contains T:1 stoichiometric amounts of host {0 guest This stoichiometry
was confirmed by UV spectrophotometric experiments. The total water content of the
sample to be analysed was calculated from the inilial mass losses obtained from

thermogravimetric analysis and the results are reported in Table 4.1

Table 4.1 Carban and hydrogen microanalysis results for the 4-CD complexes

COMPLEX CALCULATED {%} EXPERIMENTAL (%)
' _— G oo H & . B
MPBCD » 7.2 H.O 42 38 6.57 4254 6.37
EFBCD = 7.0 H:0 42 90 B.64 42.79 5.35
PPBCD » 7.0 H:0D 4333 6,71 43 54 6 .48
BFBCD * 7 3 H:D 4357 6.80 43.61 .56

THERMAL ANALYSIS

DSC analysis of the B-CD complexes and physical mixtures of their components

Figure 4 1 shows the DSC traces of the MPBCD, EPBCD, FFBCD and BPFBCD complexes
respectively together with the traces of the appropriale uncomplexed drug and the
1:1 -CDO-drug physical mixture. The characteristic fusion endotherms for methyl-, ethyl-,
propyl-, and butyl paraben are 126, 116, 86 and 68°C respectively, and are clearly visible in
the BSC traces of the uncemplexed drug and physical mixtures of these drugs with [-CD.
in each case the disappearance of the fusion endotherm was observed in the DSC traces

of the complexes. which indicated that an inclusion complex had been formed.
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TGA resuits for the }-CD complexes

The TGA resulis for the MPBCD, EPBCD, PPBECD and BPBCD complexes are shown
in Figure 4.2 {a), {b), {¢) and {d) respectively. A summary of the ohserved percentage
weight losses over the temperature intervals between 30, 110, 200, 250, 300 and
350°C are presented in Table 4.2,

Table 4.2 The percentage weight losses for the -CD complexes

Temp
(°C) Sample A Waight Bumple 4 Weight Burmple A Weight Sample A Waight
waight (%) Iose{9a3* | woighl (26 lows(%) b | woight (%)  loss (%) ® | wolght (%) Joss(%) *

30 100 - 100 - 100 - 130 -
110 80.8 92 801 8.9 812 8.8 858 10.2
200 89.6 1.2 892 0.8 860 5.2 BE 2 16
250 86.7 2.9 86.7 2.5 834 25 86.1 2.1
300 ¥1.8 89 812 55 786 38 B38 25
350 20.8 57.0 1832 830 226 ST 234 80.2

Average number of water molecules per H:G unit

7.2 7.0 7.0 7.3

* AWWeight 0ss (%) = {Sample weight (%)} at temperature (n-1]] - {Sample weight (%) at temperature ()]

DSC results for the 3-CO complexes

The DSC resuits for the MPBCD, EPBCD, PPBCD and BPBCD complexes are shown
in Figure 4.2 {a), {b), (¢} and (d) respectively and the resulls are summarised in Table
4.3, The DSC traces of MPBCD, EPBCD, PPBCD and BPBCD appear to have similar
profiles, The complexes show a broad asymmetric endothenm [iabelled A] with a
leading edge. which is associated with water loss. This colresponds to an ohserved
mass loss in the TGA trace. For the MPBCD complex the endotherm peaks at 80°C
with a shoulder at 110°C. For the EFBCD compiex the major peak ogours at 85°C and
has a number of shoulders occurring at 110 ard 120°C indicating that water loss from
this complex is clearly a multi-step process. The water loss peak of the PPBCD
complex occurs at 77°C and has a shoulder that occurs at 106°C. The BPBCD complex
has one broad endotherm associated with water loss peaking at 83°C, The asymmetiic
shape of the dehydration endotherm is an indication that the water loss from these

complexes 1s a multi-step protess.
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As is usually the case for cyclodexirin complexes where the host is unsubstituted, there
is no well-defined melting point. The onset of decompasition is indicated by further
mass loss on the TGA traces from 200°C [labelled B] The decomposition peak is
asymmetric with a leading edge and thus the onset of decemposition occurs at
approximately 268, 258, 186 and 208°C for the MPBCD, EFBCD, PPBCD and BPBCD
complexas respectively. In all four complexes, this decomposition begins well below
the decormposition of the B-CD molecule, which ocours above 290°C, and is therefore
associated with loss or decomposition of guest molecules included in the complex
Very large weight losses are observed in the TGA traces from 300°C onwards for all
the complexes, confirning the decomposition of the B-CD molecules, The thermal
stability of the inclusion complexes was based on the analysis of the onset of
decompaosition for the complexes. The stability fallows the order MPBCD > EPBCD >
BPBCD ~ PPBCD, which follows a similar thermal stability ta that of the pure parabens.

Table 4.3 Summarsed DSC results for the 3-C0 complexes

MPBCD EPBCD PPBCD BPBCD
Temperature range A "Gy | 30-127  30-135 30-128 30139
Endotherm A Ton °C) 30 aa 30 30
Peak (°C) 80 &5 77 83
Endothem B Tan e 268 256 186 208
" F L By D METHYL ETHYL PROPYL BUTYL
End%e?n f; fuair:un_c:uf ;:TL:i;e—;lwaral:ﬁen1 ' 126 “ 116 g6 a]e]

FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

The carbonyl stretching frequencies of the pure methyl-, ethyl-, prooyl- and butyl
1672, 1675, 1878 cm’
respectively. The carbonyl stretching frequencies for the complexes were disglaced to
1715, 1708, 1712, 1708 cm™ for the MPBCD, EPBCD, PPBCD and BPBCD complexes
respectively {Figure 4.3]. It is evident that the w{C=0) of the complexed drug is

paraben werg measured and found to occur at 1679,

significantly higher than in the pure drug in each case This suggests that the C=0
bond is stronger in the complexed drug due to the absence of the strong hydrogen
bonding (C=0=--H-0} found in the crystals of the uncomplexed guest molecules.”
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Figure 4.3 FTIR spectra (a) MPF and MPBCD, (b} EP and EPBCD, {c) PP and FFBCD, (d) BP
andg BFECD. The top spectrum is that of the pure paraben.
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EXPERIMENTAL XRD ANALYSIS

The XRD patterns for the MPBCD, EPBCD, PPBCD and EFBCD complexes, obtained from
kneading and the co-precipitation method, are shown in Figures 4.4, 45 46 and 4.7
respectively together with the XRD patterns of the physical mixture of [}-CD with the
appropriate drug. The diffraction patterns of the kneaded and co-precipitated materials
were compared with these of the physical mixture foonsisting of a 1.1 motar ratio of drug
and A-CD). In each case, the diffraction patierns of the co-precipitated and kneadea
materials were different from that of the physical mixture, demaonstrating that complexation
had cccurred.” The diffraction patterns of the kneaded and co-precipitated materials were
simtilar, indicating that they are the same crystalline phase. The relative intensities of the
peaks do not coincide and this could be attributed to some degree of preferred orientation
of the sample in the XRD sample holder.

PHYSICAL

MIXTURE
T
[H:I

MM .0 KNEADED

J‘ / - “ MATERIAL

CO-PPT

MATERIAL

5 10 15 20 25 3 s 49

20°
Figure 4.4 X RD patterns of the MPECD co-precipitated and kneaded materials and a 1:1 physical mixdure
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Figure 4.5 XRD patterns of the EFBCD co-precipitated and kneaded materials and a 1:1 physical mixtura
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Figure 4.6 X[R0 patterns of the PPECD to-precipitated and kneaded materals and 2 1.1 phyafcal misture
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Figure 4.7 XRD patterns of the BFBCD co-precipitated and kneaded imaterdats and a 1:1 physical mixture
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Figure 4.8 xR0 traces of the MPECE, EFBCD, PPBCD and BPECD complexes
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The XRD traces of the four complexes resemble one another closely [Figure 4.8] and
these phases can therefore be considered as isostructural.® On comparison of these
XRD traces with those published by Caira,® it can be deduced that the space group will
either be C2 or P1, both with channel type packing, the unit cell dimensions being
approximately 19.3, 24.5, 15.9 A and P = 109° for the C2 complexes and 15.6, 15.6,
159 A, a = 101, B = 101 and y = 103° for the P1 complexes. p-CD complexes
crystallising in these space groups have practically indistinguishable XRD traces as the
respective unit cells are related by a simple lattice transformation® and the differences
between them are subtle. The B-CD dimer complex of space group P1 possesses a
pseudo-twofold symmetry, while the B-CD dimer complex of space group C2 has a
crystaliographic diad passing through the dimer interface. Consequently, in more then
one instance, the wrong space group has been used for complex crystal structure
refinement.>® Corrections from P1 to C2 or vice versa are minor and the molecular
dimensions and co-ordinates are effectively unchanged, explaining why the powder
patterns are so similar.” Preliminary inspection of the cell parameters may hint at the
fact that the wrong space group has been selected, i.e. the equality of two axes and
two angles suggesting that the space group P1 is incorrect. Once the cell dimensions
have been determined, the assignment of the comect space group can be determined
by using the tools of the reduced cell and Niggli matrix. X-ray photography does
distinguish these cases, yielding Laue symmetries 1 and 2/m for space groups
P1 and C2 respectively.

UNIT CELL DETERMINATION OF THE p-CD COMPLEXES

X-ray photographic analysis was used to determine the unit cell parameters, crystal
system and space group for crystal complexes. Suitable single crystals for X-ray
photographic analyses were obtained from the MPBCD and PPBCD complexes. A
single crystal of each complex was mounted on a glass fiber and covered in Paratone
N oil® to prevent cracking due to dehydration. The unit cell parameters determined from
photography for the MPBCD and PPBCD complexes were very similar with a = 19.0,
b =243 ¢ =154 A and B = 110°. Photography revealed Laue 2/m symmetry and
reflection conditions listed below.

hki: h+k=2n
hol:  (h=2n)
OkO: (k= 2n)
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This indicated the monoclinic space group C2, Cm or C2/m. These absences together
with the absence of possible mirror planes or centers of inversion, due to the chiral
nature of the cyclodextrin, indicated that the comect space group is C2.

Smaller crystals were obtained for the EPBCD and BPBCD complexes. These crystals
diffracted poorly and the long exposure time needed to obtain interpretable
photographs led {o crystal decay. Cell determination was therefore performed directly
on the Nonius Kappa CCD diffractometer using graphite-monochromated MoKao
radiation. For both compilexes the crystals were highly unstable in air and were
mounted on a glass fibre and covered in Paratone N 0il.® The unit cell parameters for
the EPBCD complex were a = 18.88, b=24.44, c = 15.73 A and B = 109.8° and for the
BPBCD complex a = 19.05, b = 24.48, ¢ = 15.73 A and 8 = 110.9°. These parameters
are very similar to those of the MPBCD and PPBCD complexes.

To confirm that the space group of the complexes is C2 [as observed from
photography], the crystal data of the MPBCD and PPBCD complexes were initially
collected as P1. From the computer program Xprep® it was found, by way of the Niggli
matrix, that the data fit the higher [monoclinic] symmetry. The metric tensor [Niggli
matrix] is given by [a.a b.b c.c | b.c c.a a.b] (conveniently abbreviated as [ABC /
DEFY), with standard ordering of the axes as a < b < ¢. The general background is
given by Giacovazzo,' while specifics on the use of reduced cells to determine correct
symmetries have been summarised by de Wolff."'

The unit cell and atomic co-ordinates were therefore transformed to acquire the new
cell and co-ordinates were averaged according fo the demands of the higher symmetry.
The relationship between the monoclinic and triclinic co-ordinates is xy = (x¢ + 1)/ 2 -
0.57, yu = (-xr + ) 1 2 and zy = zy - 0.48, the translation being needed to place the
origin on a C, axis in the space group C2. However, it should be remembered that the
true symmetry is revealed by intensity rather than by metric relationships and the
photographic observation of Laue 2/m symmetry is conclusive.

The MPBCD and PPBCD complexes are included in the next section, in which the
complete three-dimensional structure analyses are reported. Structures for the EPBCD
and BPBCD complexes are not included, as suitable single crystals of these complexes
could not be obtained, despite repeated efforts to grow them.

64
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X-RAY CRYSTALLOGRAPHIC ANALYSIS OF THE MPBCD STRUCTURE

Data-collection

X-ray intensity data-collection was performed at 293(2) K on the Nonius Kappa CCD
diffractometer using graphite-monochromated MoKa radiation. A single crystal was
mounted on a glass fibre and covered in Paratone N oil® to provide a rigid mounting for
the low-temperature data collection and to prevent cracking due to loss of water of
crystallisation. Crystal data and data-collection parameters are listed in Table 4.4.

Structure determination and refinement

The MPBCD complex crystallises in the monoclinic space group C2 with a single p-CD
molecule, a guest molecule and 7.2 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 dimer. The structure was solved
using published co-ordinates for the non-hydrogen cyclodextrin atoms [excluding the
primary hydroxyl oxygen atoms] of the isomorphous B-CD-ibuprofen complex. '

After refinement in SHELX-97,* the difference Fourier map revealed the positions of
most of the primary hydroxyl oxygen atoms. After further refinement it was found that
five of these atoms had full site-occupancy, while the other two [O(63) and O(86)] were
disordered over two positions. For a given pair, a fixed Uy, of 0.08 A? [the mean of U,
for the chemically equivalent ordered atoms] was assigned and site-occupancy factors
[s.0f's] of x and 1-x were assigned, with x variable. The major positions refined to
s.0.f.'s of 0.81 and 0.60 for O(63A) and O(66A) respectively. All the host atoms except
the disordered primary hydroxyl oxygen atoms and O(6G2) were refined
anisotropically.

Once all the non-hydrogen atoms of the host and the water molecules had been
located from subsequent difference electron density maps, all the cyclodextrin
hydrogen atoms were placed. These hydrogen atoms were geometrically fixed at
idealised 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 83 or AFIX 147 instruction. The remaining hydrogen atoms of each glucose
moiety were assigned common variable isotropic temperature factors.
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Table 4.4 Details of the data collection and refinement parameters for the MPBCD structure

Empilrical formula

Formula weight

Crystal system

Space group

alA

b/A

c/A

al’

B/°

y/°

Volume / A®

y4

Densitycae / g cm™

p (MoKa) / mm’™

F(000)

Temperature of data collection /K
Crystal size / mm®

Range scanned 6 /°

index ranges

¢ scan angle/°

$ acan range, frames

o scanangle / °

 scan ranges, frames
Dx/mm

Total no. of reflections coliected
No. of independent reflections
No. of reflactions with | > 2a(D)
No. of parameters

Rint

)

Ry (for 8090 refiections)
Reflections omitted

wR;

Weighting scheme
{8/ S)meen

Ap excursions / e A

CaoH70035°CsHgOa°7.2H,0

1416.8

Monoclinic

c2

18.8632 (4)

24.4542 (5)

15.5042 (5)

90

110.668 (1)

20

6730.4 (3)

4

1.308

0.125

3018

293 (2)

0.32x0.18 x0.10

2<0<28

h:-22,24 k-31,31 -19,20

1.0

183.0°, 183

1.0

44.0°,44 and 23.0°,23 and 68.0°, 68

33

21970

14557

10483

771

0.0200

1.087

0.1004

(002);,(0-21), (-112);(130); (1-30); (-13 1),
(150),(1-50);(200);(220); (-221); (2-22);
(222),(310);(3-30)

0.2548
a=0.1998
<0.103
0.83 and -0.83

b= 1.8270

|
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Fourteen positions were located for the water molecules and each was assigned a
fixed U.. of 0.11 A% while the site-occupancy factors wers allowad to refine. The site
pooupancies of the water molecules varied in the range 023-0.88 and are listed in
Table 4 5. The total number of accounted water molecules per asymmetnc unit was
6.8, as compared to the 7.2 water molecules expected from the TGA results. The
hydrogen atoms of the water molecules were not located.

Table 4.5 Site occupancy values of the water molecules per asymmetric unit

Water molecule A 8 Water molecule

O{1WA) ' 0.45 O{HWE) 0.44

| O(2WA) 0.47 O{2WB) 0.25
O(3W) 0.28 O{aWA) 0.46
Q{aWe) 0.54 D(4WE} 0.23
O(5W) 0.70 Olgw 0.86
O7TWA) 0.70 D(?WB} 0.40
Q(8WA) 0.53 O[BWB} 0.44

Modelling of the methyl paraben guest

The UV spectrophotometry axperiments indicated that a single methyl paraben
molecule was included per i-CD molecule. It became apparent during the course of the
refinement that this guest molecule was disorderad within the CD cavity, as additional
residual density was found around the guest atomic positions. After careful inspection
of the difference map, the two positions of the hydroxyl oxygen atoms of the guest were
found to be located at the primary rim of the CD cavity. The two peaks, of
approximately equal electron density, were assigned s.of's of 0.5 each. Initial
placement of the two phenyl rings was chall2naing. After analysing the electron density
map very carefully. pgaks were chosen that corresponded to two geometrically
teasonable positions for the phenyl rings consistent with the position of the hydroxyi
oxygen atoms. The atems of each phenyl ring were assigned s.o.f's of 0.5 and the
rings were ¢onstraingd as rigid hexagons using the AFIX 86 instruction. Refinement of
these two positions was successful, yielding an electron density map that led fo the
placement of the two ester substituents. The ester substituents were refined with
s.o.f's of 0.5 aach. The two positions of the guest will be referred to with the suffixes A
and B.
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The geometries of the models were then optimised with distance and angular
constraints on certain bonds, namely, O(1}C(2) 1.354 A; C(5)-Ci(8) 1488 A
C(8)=0(8} 1.217 A:; C{81-0(10) 1.334 A; O10)-C(11} 1.4236 A [ali with o = 0.005 A].
The values chosen were taken from Lin ** A single isotropic temperature factor was
used for the non-hydrogen atoms of sach position and these refined to final values of
0.19 and 0.15 A? for A and B respectively. The hydrogen atoms attached to the carbon
atoms of the guest were alse insered at idealised positions and assigned a common
isotropic temperature factor. The hydrogen atom of the hydroxyl group was placed
using the rotating group refinement strateqy [AFIX 147]. The two positions and the
numbering scheme [labelled A in blue and B in green] for the methyl paraben

molecules can be seen in Figure 4.9,

C11A

l:i

OEB CoR LB

Figure 4.8 & pfot of the two disordered positions {A and B] of the methy| paraben guest

At the end of the refinement there were still three significant slectron density pesaks
unaccounted for with heights between 0.83 and 0.81 e A° One of these peaks was
found at a distance of 0.7 A from O(6G2). Hydrogen atoms were placed on D(8G2)
before and after isotropic temperature refinement, but the remaining electron dengity
was still not accounted far. The possibility that this electron density peak represented a
disordered oxygen atom was rejected on the basis of the unfavourable geometric
position relative to those atoms already placed. Attempts to refing the ather two peaks
as water molecules were unsuccessful as clusters of electran density would collect
argund these atoms after further refinement and would invariably lead to unsuitable

close contacts with the CD atams.
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Geometrical analysis of the MPBCD structure

The asymmetric unit of the MPBCD structure contains a single [-CD maoleculs, its
associated guest and 7.2 water molecules. The structure and numbering scheme of the
-CD molecule and water molecules are shown in Figure 410, The glucase units will
be referred to as G1, G2, 53, G4, 55, G6 and G7. The guest s disordered over two
positions which will be referenced with the suffixes A [in blug] and B [in green]. The
geometrical data for the (-CD molecuie are listed in Tables 46 and 4.7 [esd.s are in
the range 0.005-0.007 A for distances and 0.12-0 47" for angles|.

ar OTWA
oOTwWE 9

a6\ @ & O5W

G5

G2

oawa a2 OB \‘
@ 04wt

G7
DZWA @ 03w
o

OBWA® 9 cawE

Figure 410 Macreoyolic structure and numbering scheme of glucose residues and water
oxygeh atoms, with the hydrogen atoms excluded. The host is viewed from the

prirnary face.
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The ghicose residues are all in the “, chair conformation. The C{8)-0(8) bonds of the G1,
G2, G4 and G5 residuss are directed away from the cavity and are in the {-} gauche
conformation to the Ci4}1-C(5) and O(5)—-Ci5) bonds. The C(8-0(8} bonds of the &7
residug points towards the cavity in the (+) gauche confermation, The O(8) atoms of the G2
and G6& residues are disordered over two sites. The major position of the O(f} atom of the
G2 residue adopts the {+) gawche conformation while the minor position adopts the (-]
gaucite conformation. The revarse of this is seen for the G6 residue, with the major position
adopting the {-) gauche conformation and the minor position adopbing the (+} gauche
conformation. The geometric parameters of the O(4) heptagon of the MPECD structure are
listed in Table 4.6 These include the radi, the O{d)+»O(4}) distances, the
Ofd)ee=Of)===0(4")  angles, the O(4)sOf4)e==0(4")==0{4™) torsion angles and the
deviations of sach of the O{4) atams from the mean O4) plane. Table 4.7 lists the other
impartant features of the macrocyelic structure such as the intersaccharidic bond angle (i,

the Q(23===(%37) distance and the tilt angles [r. and tz]. Thess paramsters are defined in

Chapter 1.

Table 4.6 Geometrical parameters of the Q1 4} heptagon for the MPBCD structure

Glucose

it

Radii
{A)

Of4)0(4’)

(A}

01{4) angle

Torsion angle

Deviation

G1 | 488(1) 4.50 132 2 3(3) 0.02
G2 502 (1) 4.29 129 4.5 (2) D.10
&1 523 (2) 4,30 124 0.3 1(2) -0.06
G4 4.98 (1) 4.42 131 4.7 (2} -0.06
G5 4.93 (1) 4.41 130 2.2 (2) 0.09
G6 512 (2] 4 31 127 -3.142) 0.02
G7 515 173 4.33 126 3212 6,10
Average 5.04 4.38 128 12.8] 0.06 ][

Table 4.7 >, O{2)=-2{3"} distance 1 for the MPBCD structure

Glucase O 2} (3"
unit (A
G1 119 278 1.3(2) 3.9(2)
G2 147 278 7412 10.4 (2}
Gl 117 282 8.9 {2 13 812}
G4 118 2.90 3.584{2} 7.3 02)
G5 120 283 g.0(1) 1001 {3
G6 118 278 7.0(2) 107 (2}
G7 119 2.34 5.512) 8.0 (3)
Average 118 2.52 6.0 9.2
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On the whole, the G(4) heptagon has a high degree of planarity and shows a seven-fold
symmetry based on the O{4){{4" distances and O{4)++0(4 4™ angles. The shave
of the macroeyele is defined by the tilt angles. The dihedral angles between the plane of the
macrocycle and the optimum planes thal defing the relative orientation of each glucose
residue show that all have a positive tilt angle and lean towards the centre of the cavity.
This gives the cyclodextrin the characteristic truncated cone shape with the secondary rim
being wider than the primary rim. The complex unit forms a dimer whose geometry is
describaed below.

Guest geometry and interacticns for the MPBCD structure

Two torston angles can be used 0 define the thiee-dimensional conformation of the methyl
paraben molecule. These torsion angies defing the rotational orientations that can be
adopted by the ester residue. The torsion angles & [G{E-C(5)-C(3)-0{9)] and &=
[Ci8—-CB-0010—C011)], will be used to describe rotation around the C(5-C(8) and
Ci8)-0{10) bonds respectively. They weare compared with the conformation of the free
methyl paraben molecule [Figure 4.11]." The torsion angles of the complexed methw
paraben have a larger cut-of-plane twist than those of the uncomplexed paraben, indicating
that inclusion allows for more rotational freedom around the C{51-C(8) and C{8-0{10)
bonds. The toreional changes could reflect changes in conformation which would assist in
the more efficient inclusion of the methy| paraben molecules in the 3-CD dimer. The close
cointact distances for the relevant imteractions betwesn the host and guest molecule are
listed in Table 4.8.

0y
14 Dok WL
C5 Cs A Il
C6 TR
- /*
OH OH
=
MP in complex A Bia=  14(2) Bon= 173 (2)
MP in complex B dip = 25{2) dag = 1F3(N)
MP uncomplexed: ™ § o= 06 AR

Figure 4.11 Torsion angles &, and &; of the methy| paraben
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Table 4.8 Close contact distances for the MPBCD structure

Interaction Distance (A)
Cl11A) == H{321) 2.69 {2}
H{114) = (3G2) 2.88 (5)
H{11A) === H[321) 220

H{11B) === H{321} 2249
H(3B] == H{531} 234
Ci11B]) ==~ H{351) 2.851{2)
Hi11D) =~ H{357) 225

Figure 4 12 shows the CPK diagrams for a dimer of the MPBCD structure, The upper
half of the dimer includes the position of A [with the carbon atoms in blue, oxygen
atoms in light blue and hydrogen atoms in purple]. The lower half includes the position
of B {with the carbon atoms in green, oxygen atoms in light green and hydrogen atoms
in yellow], The hydroxyl group of the guest is situated near the primmary rim of the dimer
with the ester moiety contained within the secondary hydroxyl interface of the dimer.
This figure illustrates how the two methyl paraben malecules are completely contained
within the 3-CD dimer. This is achieved by tilting the guest molecula with respect ta the
mean {4} plane of the CO. The phenyl rings of A and B form angles of 82 .9 (6)” and
72.6 {4)° respectively with the mean O4) plane, The tiling permits the guest to occupy
most of the available space in the cavity and is necessary to avoid abnomally close

contacis of the ester residues.

{b)

Figure 4.12 Space-filling diagram of the MPEBCD structure (3} side view [b) sectioned view of

the same oriermation, showing gucst A& and B* [the C--related cocntorpart of

malecule B of the asymmetnc wnit]




An important feature of the disorder of the guest metecule is that the ester portions of
both A and B are involved in unacceptably close contacts with their two-fold related
courterparts [C{1 1A 114) distance is 1.1 A and the C{11B)»C{11B)® distance is
1.5 Al This implies that A [or B] and its two-fold related position cannot be present in a
single [-CD dimer of the MPBCD structure. Therefore, the two-fold symmetry required
by the space group C2 cannot always be maintained within a single dimer. However, it
iz possible that if the two positions were present in egual proportions in the crystal of
the complex then the average structure would st maintain C2 symmetry [Figure 4.13].
A likely scenario for the disorder 1s one where, in any given dimer, A and B are present
in opposite halves of the dimer as shown in Figure 4.12(b) [C{11Ak«C(11B)° distance
is 5.3 A]

JAN
Y
AN
Y/

Figure 4.13 A schematic diagram of the guest A [blue] and B [green] in the dimer unit. viewsd

down the a-axis [excluding the hydrogen atoms)
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Hydrogen bending interactions of the MPBCD structure

Host interactions

The host molecules are stabilised by seven intramolecular O{2e++(3") hydrogen bonds
on their secondary faces, as reported with other B-CD structures. ™*® These hydrogen
bonds contribute to the rigidity and highly symmetncal conformation of the cyclodextrin.
Two hoast molecules form a head-to-head dimer with C; symmetry. The dimers are
stabilised by seven intermolecutar O—H++Q hydrogen bonds which invelve the O3)
hydroxyl groups. The O(3)==-0{3) bonds werg chosen aver and above the O[2)s0(2)
and Q(2y-==0(3} type hydrogen bond candidates as they were found to have shorer
and more favourable O-H-=0 gecmetries. Additionally, inter-dimer hydrogen bonds

oeeyr batwaen cyclodaxtrin layers, Table 4 9 lists thege lengths,

The confarmation of each R-CD malecute is further stabilised by one intra- and faur
intermolecular  C—HeD hydragen bonds  [Table 4.10]  These encompass a
CiE)—H+({5") hydrogen bond, a C{1}-H+*»0{2) hydrogen bond, a C{2}-H=-0{3)
bydrogen bond and two C{8)—H+-0Q(8) hydrogen bonds. The latter two bonds invalve
the disordered Q{BGEY atoms, and are an indication that disorder in the CD adds t the

overall stability of the structure. All the C==+O distances are in the range 3.1-3.4 A,

Table 4.9 Summary of the appropriate contacts for the cyclodextnin and inter-layer interactions

Mumber [ dimer Range (A) Mean {A)

Cyclodextrin interactions
O(2)+0( 3] 7 276 - 2.90 282
Dimer formation:  Q(3e0{37) v 276 - 2.8 2,85

tntra-fayer interactions

O[2G1-0(2G6) ' 2 2.78 278
' QBG1 = 0(6G4) " 2 288 2 85

QBG2 )0 BG4 " 7 2.90 2.90

i :
| § Twosoi related cosnterpart

' Ralated by symmet:y operalion T 1.!'2-}:, 1."2+'j,|', 1-
' * Helated by symmetry operation:  ftx, faby, 2
. " Related by spmmelry operalion Yo '.l'2+'j,r_ e

.
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Takle 4.10 C—H---0 hydrogen bonds in the MPBCD structure®

L H 0

Intramolecular hydrogen bonds

C{BGA) H(642) O{5G5) 0.87 2.57 336180  13B.4(5)
' Intermolecular hydrogen bonds
T CrGh R 0§2GS) 0.08 2.50 3.294(7}  138.4 (4)
C{2G6) Hi281) % ©aG2y” 0.88 2.44 2304 (B}  147.3 (4}
CIEG4) HIB411%  Oreea)™ 0.87 2.54 3.18 (2 122.0 {5}
C(6GS) HIBS1*  OesB) ™ 0.97 2.52 328 (2) 135.6 (5)
' Helgted by syrnetry aperation” e, ety 2
" Relatod by symmetry operation: G Sy, oz
" Related by symmetry operation: -A, ¥,

* Hydrogen bonding paraineters based on idealized hydregen atam positions.

In addition o these hydrogen bonds a direct hydrogen bond is found between adjacent
Q6 layers along the channel. The miner poesitien of (HE3B) 1§ bonded to a symmetry
related atom O(G3B) [symmetry operation -x, y, -z]. The length of this bond is 2.81(4) A,
with a C{(6G3)-0(63B)»»+ {638} angle of 121°.

Guest interactions

The hydrogen banding distances for the relevant interactions betwsen the host and guest
molecule are listed in Table 4. 11. The atpm O{1A) is within hydrogen bonding contact of
the primary hydroxyl stoms O(GEB) and Q(6G7). The ({B8B) host oxygen atom is one of
the disordered positions of the ({8) atom of glucose residue 56 The atom CH{1B) is within
hydrogen bonding contact of the primary hydroxyl ateem G(BGT). The O(18)=++0{8G7) bond
may be classified as a strong hydrogen bond from the OsQ distance of 2.55(3) A%
The Q{BEB) and O{&GT) atoms adopt a (+) gauche prigntation on account of this hydrogen

bending te the guest melecule, thus adding to the overall stability of the inclusion complex.

TFable 4.11 Hydrogen bonding distances betweean the host and the guest melecule*

Distamce (A) Angle 1)

DonoriD) Accepror{i} - | FLLLFLY Di—Heesf,

D6BBY  HEEB)  O(1A) 082 214 270(a) 125 (2
D14} OEGTY' 276 (4)
(1B} OIEGT) 2 55 (3)
C{2B) H3E)] DIBGT}' .93 2467 3.33 (2 128 (1)
' Related by symmetry operaton: 1-x. v, -z
* Hydragen bonding parameters hased on idealisad sydragan glom postions,
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Water interactions

Themogravimetric analysis gave a weight loss that corresponds to 7.2 water
molecules per 1:1 complex unit, of which 6.8 water molecules were accounted for in
the crystallographic anatysis. Many of the water molecules were found to be disordered
over two positions. All of these waters are situated at the periphery of the cyclodextrin
molecule, filing the intermolecular space between complex units. All the primary
hydroxyls [except O(BG2) and O{6G7)] are attached to at least one water molecule.

Twe water molecules O(5W) and O{BWEB) do not bond directly to a cyclodextrin
molecule but are connected to other water molecules. The water molecules that
interact with the O(B) rim of the cyclodextrin, O(1TWA), OG{2WA), O@BW), and O{7/WA)
form bricdges between adjacent dimers in the same layer, while those that interact with
the secondary rim, G{2WRE), O(3W), O{4WA-C) and O(BWA) indirectly form parnt of an
infinite sub-layer of water molecules that run between the cyclodextrin channels. Two
networks of water molecules form hydrogen bonds to primary and secondary hydroxyl
groups. Hence the water molecules were found to be involved in many hydrogen
bonds. which stabilise the crystal packing. There are no water molecutes positioned
inside the cyclodextnn cavity. Hydrogen baonding distances between the host and these
water molecules are listed in Tables 4.12 and 4.12 and are illustrated in Figure 4.14.

Table 4.12 C—H+0 hydrogen bonds between the host and the water molecules®

Distance (A) Anaie ()

DoporfB) H Acceptor{f) 0 | He==f

O(B6A) HiEBA) O TV AY n.gz 2.00 277 (2] 156 (1)
O{2G7) HiZTz} O3V 0.82 2 287 (3 137 {1
(252} H(222)' O[4awe) ' 0.8z L 282 (4 184 (1)
D{EGS) HiB53) DBV 0.gz 203 274 (N 144 5 (B}
C{BG2) Hig22) * Qv " 0.97 2.93 2.42 (1) 112.2 (B}
Ci134) Hi141) O{7WWA) 0.28 283 3.42 (2 119.4 (B}
C{1G4) Hi141} DITWE) 0.28 249 314 (4 123.6 (9
Oi2GE3 H{232) ° OBWA) n.gz 213 280 (3 139.04(7)

" Ralated by sytimetry operation: 1w, <Yy, 1oz

* Related by symrmeTy operation: e 1f;~+3r. -2

* Hydrogen banding paramelers based an idealisad hydrogan alom positiars.
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Table 4.13 Hydrogen bonding distances involving the water molecules

Interaction Distance [A) Symmetry operator for the

second oxygen atom listed

O(2WA) = O(63A) 2 81 (2) 1-x, y, -z
C(2WA) = O(63B) 2.84 (4) 1x, ¥, Z
Q{2ZWB) = 0O(3G3) 2.92 {4) 14x, y, Z
C{AWA) » O(26G2) 2.83 (3) X, ¥, Z
O{4WA) = O(3GB) 2.83 (3) Max, by, z
C({4WB) = 0i2G2) 2.81(3) X, ¥, 2z
OEWB) s O{3G1) 2.79(2) 1%, y, 1z
CHAWB) ++  O{3GB} 267 (2) e, pty, Z
D{EAWC) »= 0{2G4) 2.81 (5 Wox, oty, 1z
O(TWA) »»» OBGT) 2.70 (3} Sk, -ty 2
OFWA) ==+ {6G4) 2.89 (2) X, ¥, Z
O(BWA) »»+  {3G5) 274 (2) 1-x, y, 12
O(TWA) s+ O2WA) 2.86 (3) Xy, Z

| O(IWA) = O(TWA) 2 56 (4) 14x, y, 2
O(1TWA) == O(TWB) 2 69 (5) 14x, y, Z
O(1WB) =« O(2WE) 272 (3) %, YL
O(TWB) »= O(TWA) 2.80 (4) T4, ¥, Z
O(1IWB) ==  O(7TWE) 2.72(5) 14, ¥, Z
Of{2WA) == O(5W) 2.75(3) Yotx, by, 2
C2WB) »»=  O(3W) 2.56 {4) 2-x, ¥, 1z
O(3W) »=+  O(4WA) 2.71 (4) Yatx, -laty, Z
O(3W) = O(4WC) 2 64 (5) atx, aty, Z ,
O(BW) = OBW) 274 (2) Xy z |
O{5W) = O(BWA) 2.85 (2) 1, -ty 1z
G(BWE) « O{8WB)* 2.81 (4) 2%y, 1z

s Two-fold related counterpart
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COBEIA - ..?
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onsB:

OBW @... BWB® - @ osWE"

F .'--r...,_g_ .
‘s O8WA : ogwa® 0203

,.
8 OBGSE ® 0365

Figure 4.14 A schematic represeniation of the water molecutes that connecl adjacent host units
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Crystal packing of the MPBCD structure

Figure 4.15 is an extended sterso packing diagram of the MPBCD structure projected
down the c-axis and illustrates the "sndless” channels formed by the dimer columns
along the c-axis. Successive dimers within a channel are directly linked by hydrogen
honding between the primary hydroxyl groups. The two-fold axes [indicated as arrows
in Figure 4.15] run parallel to the b-axis and are present at positions G, "%, and 1 along
both the a- and c-axes. The two-fold axes relate the two -CO molecules of a dimer to
one another as well s reiating adjacent dimers. The MPBCD strugture is charactaristic
of the channsl type packing motif for [3-CD dimers.'” * The dimers are arranged in C-
centred layers and are stacked upon each other parallel to the c-axis to form almost
linear channels. The relative average shift of consecutive dimers, when the dimers are
viewed perpendicular to their mean O4) planes is reported as 2.7 (2) A for the channel
type structures crystallising in the space group C2.* These dimeric layers are a feature
of all dimeric [-CD structures. The dimeric layers stack on top of one another with a
single dimer iayer forming the repeating array of the structure. Disorder of the included
guest is often ahsarved in structures of the channel type packing mode erystallising in

the space group CEI‘IE-EEI. 22 24-35

as was observed m the MPBCD structurs. In only a few
cases [8.g. ethyl-p-amino-benzoate,” paracetamol,”” sesquikis coumarin,® dimethyt
coumarin® and cinnamic acid™] has it been possible to resclve the disorder of the

guest in this structural arrangement.

Figure 4.15 Stereo packing diagram of the MPBGCD structure [c-axis projection]
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Comparative XRD

The experimental X-ray powder diffraction pattemm of MPBCD was successfully
matched waith that caleulated from the single crystal structure data [Figure 4.186]. This

indicates that the sample has the same crystalline structure as that of the MPBCD

complex whose single crystal X-ray structure is reported here.

lJ'v.'l

CALCULATED
| PATTERN
N \_/ LJ’ l' -
1 /‘F\}\N J!\rﬂ KNEADED
\ . N+ MATERIAL
5 10 16 A 2 X 35 dai

24]

Figure 4.16 Experimental and caloulated XRD traces for the MPBCD structure
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ISOLATION OF A SECOND CRYSTALLINE MODIFICATION OF THE -CD
METHYL PARABEN COMPLEX

In addifion to the MPBCD incltusion complex, crystals of a second complex between p-CD
and methyl paraben were grown at 7°C [herainafter MPBCDP1]. The crystals wers
prepared by heating and stirring a solution of cyclodextrin and drug in & 1.1 molar ratio, in a
sealed flask at 45°C for 2 hours. This was followed by a hot filtration to remove any
undissolved material The solution was then allowed to cool to room temperatuce before
being placed in the refrigerator at 7°C. Block-shaped transparent crystals of the complex

wore obtained after 1 manth.

Preliminary physicochemical studies indicated that an inclusion complex had formed and
that these crystals were different from those grown under ambient conditions. These two
compliexes can therefore be considered to be polymorphs of each other, as they are
chemically identical but have different physical properbes owing to the different internaf
organisation within the sofid. According to McCrong “A polymorph is a solid crystalline
phase of 8 given compound resulting from the possibility of at least two different
arrangemerts of the molecules of that compound in the solid state".”' The situation is
however complicated by the lernary nature of the complex [containing host, guast and
water molecules] and the term "polymorphic pseudo-polymorphs” may be a beter
description of the relationship between the monoclinic and triclinic specias.

THERMAL AMNALYSIS OF THE INRCLUSION COMPLEXES

HSM results for the MPBCD and MPBCDP1 complexes

H5M proved to be a useful technique to observe the thermal differences between the two
complexes. HSM resuits for the MPBCD and MPBCDP1 complexes are presented in
Figure 4.17. Both complexes have similar crystal habits in that they both have a fiat plate-
like appearance. Additionally both compltexes display similar thermal events, e initizl
aracking and bubbling indicating dehydration. followed by decomposition. However, the

corfesponding events ocour at different temperatures.

The MPBCD crystals displayed signs of cracking after removal from the mother liguor, as
they began to lose their water of crystallisation. Thereafter significant cracking was
observed and by 125°C the crysiais had become totally opaque. These dehydrated orystals
remained unchanged till shortly before 200°C. Decomposition of the complex was evident
by the discoloration of the crystals from 184°C onwards and by 350°C extenswe

decompaosition of the complex had taken place.
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The MPBCOP1 crystals started to crack at 38°C and became more and more opague as
the temperature increased to 63°C. Bubbles were observed at 103°C and became more
vigorous by 115°C. This detydration process caused the crystals to crack and break apart.
Decormposttion was obsarved as the crystals started to discolour ondy at a temperature of

251°C. Hence this complex had a much higher decomposition temperature than MPBCD.

MPBLCL MPBCDP? MPBCDP1
x

& ;f ,1“:!
oS

3 n.. >
iy

|.‘J
y

112°C 111°C 350°C
Figure 4.17 HSM photographs taken at vanous temperatures for crystals of the MPECD and the

MPBCOF complexes
B2
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TGA and DSC results for the MPBCDP1 complax

The TGA and DSC results for the MPBCDP1 complex are shown in Figure 4.18 and
ihe results are summarised in Table 4. 14 TGA results show that water loss is complete
by 110°C and this event corresponds to a broad asymmetric endotherm [fabelled A] in
the DSC trace. The calculated number of water molecules per CD from the TGA weight
ioss was 14. The asymmetric shape of the dehydration endotherm is an indication that
the water loss from this complex is a multi-step process as seen from the HSM resuits.
The anset of decompaosition is indicated by further mass loss on the TGA traces from
250°C [tabelied B] and can be seen as a broad endotherm in the DSC trace,

Tahle 4.14 Summaries of TGA and DSC results for the MPECDP1 complex

TG A results
Temp ("C)
Sample weight [%a}
A Weight loss (%) *

29.85

DSC results

Temperature range Pt )

Endotherm A Tt ") an
Peak ) 71

Temperature range B {'Ci 307-360

Endotherm B G (") 313
Feak G 331

* A Weight loss (%) = [Sampte wekght (%) al lemperature (n-1)f - [Sample weight (%) at temperature {n}]

6
“"’1\ TGA

L 20 i
™~  Ba 1]
§ A 5
E BO o B 15 §
o =
g 4u-ﬂ_ - 10 %
_ﬂ. S E- S

20 4 - 5

T ENDO nsc
i z 1

50 3.I:l 134 180 230 284 150
Temperature { °C)

Figure 4,18 TGA and DEC traces for the MPECEBP1 complex



[-CD INCLUSION COMPLEXES

X-RAY CRYSTALLOGRAFPHIC ANALYSIS OF THE MPBCDP1 STRUCTURE

Data-gollection

The preliminary unit cell parameters and space group for the MPBCDP1 structure were
defermined by X-ray photographic technigues. Laue symmetry 1 indicated the friclinic

crystal system. The chiral nature of the CD molecule determined the space group as P1.

Intensity data were collecied at 173 K on the Monius Kappa CCD diffractomeier using
graphite-monochromated MoKo radiation [L = 0.71073 A]. A single crystal was mounted on
a glass fibre and covered in Paratone N oil' fo provide a rigid mounting for the fow-
temperature data collection and to prevent cracking due ta loss of water of crystallisation.
Crystal data and data-collection parameters are listed in Table 4.15.

Structure determination and refinement

The MPBCDF1 complex crystallises in the friclinic space group P11 with two
crystallographically independent B-CD molesules. two guest molecuies and 28 water
molecutes comprising the asymmetric unit. The structure was solved using published co-
ardinates for the non-hydrogen -CD atoms of the isomorphous [-CD-4-t-butylbenzoic acid
complex™ [deprived of the primary hydroxyl O afoms). This fragmeni was refined with
SHELX-87," generating a difference Fourier map that revealed the positions of the primary
hydroxyl oxygen atoms. From subsequent difference Fourier maps the miner occupancy
sites of three disordered primary hydroxyl groups were located {labelted € and D]. For a
given pair, sitepccupancy factors of x and 1-x were assigned, with x variable. The
popuiation parameters of the major siies refined to 089 0.80 and 0.73 for O{BAZ), O(BAE)
and O{BB5SY respectively. Refinement was camied out with all the host oxygen atoms

anisotropic, except the disordered primary hydroxyl oxygen atoms.

Once all the non-hydrogen atoms of the host had been located the cyclodextin hydrogen
atoms were placed. The hydrogen atoms of the host molecule were calculated at idealised
positions. They were included as riding, with Ug, st egual to 1.2 times the Ug, of the
parent atom. All the primary hydroxyi hydrogen atoms were assigned a commeoen vanabla
isotropic temperature facior and were placed using the AFIX 83 instruction. After a eyele of
refinement soma of these H atoms were fixed, as further refinemeni would lead to

abnormally close contacts with H atems on the adjacent 3-CD molecule.
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Table 4.15 Details of the data collection and refinement parameters for the MPBCORP structure

Empincal formula {CazH70035)2~{CaHg O, 28H,0
Formuta weaight 3078.80
Crystai system Triclime
Space group F1
alh 18.0187 (3) !
biA 1563451 [4) :
oA 15.4140 (3)
oi” 103.484 {13
g 113122 (13
vt ® 90 254 (1)
- Wolume J A7 3856.65 (1)
& 1
Densityzq: { g om” 1.368
1 (MaKl £ mm 0.128 :
F(000) 3288 |
" Temperature of data coilegtion § K 173 (2) ‘
Crystal size { mm’ 0.45x 0.30 % 0.25
. Range scanned 6 /° 2«23 :
 Index rangss h: 20,19 k -18,17 1:-17,16 i
4 scan angle 1 1.0 |
| scan range frames 183 0% 183 |
o sean angle 1.0 !
i scan ranges, frames 51.0° 51 and 27.0° 27 '
DCx / mm 35
Tetal no. of reflections collécted 18382
Mo. of independent reflections 18382
MNo. of reflections with | = 2s(0) 16851
Mo. of parameters 1213
. Rint 0.00a0
5 1.071 .
Ry (for 10403 rettections) 0.0g37 '
Reflections omitted @A A= (N g1 oy
W 0.2574
- Weighting scheme a= 01573 b= 105453
(A e, = (028
- Ajy excursions f e A .67 and -0.67

:. The R4 of = 0.0001 is not an ariefact as the data were checked and Friede| opposites were present. . :
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Oxygen atoms af water molecules were located over thirty sites, O(1W) to O{9W) with fult
site-gocupancy were placed and refined anisotropically with a final temperature factor Uy, in
the range 0.05-0.10 A% The remaining water molecules were refined isotropically with a
constant U, of 0.08 A% [the mean of the preceding U values]. O[10W) to OL17W) were
refined with varying site-ocoupancies, while the remaining water molecules werg, in most
cases, disordered over two posttions. The site-occupancies of the water molecules are
listed in Table 4.16. A total of 25.8 water molecules per complex unit were accounted for,
which compared favourably with the 28 water molecuies found from thermogravimetric
analysis. In view of the extensive disorder of many water molecules, no attempt was made

to Jocate water hydrogen atoms,

Table 4.18 Site-cccupancy values of the water molecules per asymmetric unit

Water molecule 5.0 WWater malecule 5.0.1. Water molecule
O 1w} 1.00 @‘1_ | 0.80 {185} 0.20
L 20 1.00 OH 1 94) 0.8y O 198} 0.33
CH W 1.00 CH204) 0.58 {208} 041
O AW 1.00 H214) 0.58 {218} a4
{5 1.00 HZ2A) 0.&87 (}(22B) 0.33
{EW} 1.00 234 0,52 {(}23B) 0.48
O N 1.00 248 0.1 {248 029
AW 1.00 CH2A54) 0.64 CHZ5E) 0.26
CHEW) 1.00 Oi2eA) 073 H268) 027
100 0.40 OH2TA) 0.53 {(278) 047
{11 0.48 C284) 0.58 () 2EB) .44
120 0.38 O 234) 087 H29E) 0.33
O 130 063 O1304) 033 H30E) 0.33
Q120 0.61 O(30C} 0.23
CHASW 031
O 16 0.58 |
T 0.28 =1 . - s

The highest residual electron density peak of 0.67 e A° was found within the cavity. When
refined as an oxygen atem and assigned a constant U, of 0.08 A the site-occupancy
factor refined to only 0.2 It was found at favourable Q-0 distances [2.61 (4} and 2.68 (G)
A] from the guest O(104} and O{108} oxygen atoms respectively. However it additionally
made unfavcurable contacts with the atom C{11) of these guests and was therefare not

assigned in the final refinement.



Modelling of the methyl paraben quest

[he subsequent difference Fourier map revealed the position of the guest atoms. These
were assigned and refined. However. the atoms of the guest displayed large isotropic
displacement parameters, indicating the pessibility of seme disorder of the guest malecule
within the [-CO ecawity. The UW spectrophotometric experiments indicated that a single
methyl paraben melecule was included per 3-CO molesule. A difference map calculated
near the end of the refinement revealed an alternative position with much lower ecocupancy
for each of the two independent paraben guest molecules. Initial placement of the phenyl
rinrgs was challenging. After careful inspection of the map, peaks were chosen that
sorresponded to two geometrically reascnable positions for the phenyd ring. each of which
could be reconciled with a co-planar hydroxyl axygen atom. The atoms of each phenyl ring
were constrained as rigid hexagons using the AFX 86 ingtruction. This was followed by the
placemant of the ester substituents, Each guest and its disordered counterpart were
assigned as.of of x and 1-x, with variable x. The population parameters of the major sites
refined to 0.77 and 0.71 for guest A and B respectively. A single isotropic temperature
factor was used for all the non-hydrogen atoms of each guest and this refined to a final
value of 0.10 A% The guest hydrogen atoms were included in geometrically caleulated
positions and were assigned a comman isotropic temperature factor. The minor compenent
molecules, C and D, were included in the final cycles with a conformation restrained to be
similar to that of the major compenent melecules, A and B. The hand lengths and angles
were set equal to those found in the uncemplexed methyl paraben crystals.”* The four
positions, numbering scheme and the relative position of the guest in the CD dimer can be
geen in Figure 419 Guests with the suffixes A, B, © and D are represzented in purple,

graan, dark red and blue respectively.

CLHA)
T11
09 ¢y -0O10
C5/ Qe
CE". T G4 _
cy o
C2
01 4 oo CD(B)

=

Flgure £.19 A plot of the disordered positions of the methyl paraben guest in the CD cavity
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Geometrical analysis of the MPEC DP1 structure

The asymmetric unit comprises two crystallographicatly independent host molecules,
two disordered guest maolecules and 28 water molecules. The twe CDs will be referred
to as CO{A) and CD(B). Disordered positons on CO{A) and CO(B) were denated C and
D respectively. The glucose residues of each of the CDs are numbered one to seven,
s0¢ that the glucose residues of CD{AY are A1, A2, A3, A4, AL ABG and AY. The hast
nurmbering scheme is illustrated in Figure 4. 20, The guest molecules associated with
CDiA} will be referred to with the suffixes A and C, while the guest maolecules
associated with CD{B) will be referred to with suffix B and D. The gesmetrical data for
the (--CD molecule are listed in Tables 417 and 4. 18 [e.s.d.5 are 1 the range 0.008-
0.013 A for distances and 0.19-0.77" for angles].

CiSy— 0I5}

L 4 — 4] (wlych) iy —
3G

Qi2)

Figure 4. 20 Macrocyaclic structure and numbering schems of glucose residuess

The shape of the macraocycle resembles that of a hollow cylinder. All fourieen glucose
residues adopt the usual "C- chair canformation. In the host maolecules A and B, two
and ocne of the primary hydroxyl groups are disordered over two sites respectively [host
A O(BA3Z). OBC3). OBAS) and O{BCS): host B: O(5BS5) and O(6D5)].
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The arientations of the majority of the pimary hydroxy! groups are associated with the
(-) gauche conformation, pointing cutwards. Exceptions oceur for the atom O{BAB), as
well as the atoms O{6CS), O(BDS) [minor positions] and O{6A3) [major position] which
all paint inwards [(+) gauche conformation].

Table 4.17 lists the qeometric parameters of the O{4) heptagon of the MPECDP1
structure for the two independent 3-CD molecules A B comprising the dimer. These
include the radi, the O(4)«0{4") distances, the O{d)={{4"1e{4") angles, the
4y 4 =04 1= O{4™) tarsion angles and the deviations of each of the Of4)
atoms from the mean Of4) plane. Table 4.18 lists the other important features of the
macrocyclic structure such as the intersacchandic bond angle (yp) the O(2)=0(3")

distance and the tilt angles [1; and 1z]. These parameters are defined in Chapter 1.

Table 417 Geometricat parameters of the Of4) heptagon for the MPECDP1 structure

Glucose Radii Of{d)=O(4')y OGfd)angle Torsion angle Deviation
unit (A) (A) (*) )
cD(A) —
A1 4.93 (1) 4.28 130 2.3 (4) -0.03
A2 5161 4.38 126 -0.8{4) 0.01
A3 509 (1) 4.31 127 0.3 (4) 0.00
Ad 488 (1) 4.47 1371 -0.2 {4) 0.00
A5 5.00 (1) 4 33 130 0.7 {4) -0.01
AB 526 (M) 4.29 123 2.4 (4) -0.041
AT 4,89 (1) 4 .50 153 -3.4 (4) 0.04
CRD(B)
B1 512 (1) 4.30 126 1.3 -0.01
B2 495 (1) 4. 46 131 -3.1{4) -0.02
B3 500{1) 423 129 3.3 (4 0.04
B4 507 (1) 4.40 128 -1.7 (4] -0.04
B5 501 (1) 4.33 129 0.0 (4} 0.00
B6 5.00 (1) 4.39 128 0.3{4) 0.01
B7 5.00 (1) 4,37 130 -0.2 (4) .00

Average 5.03 4 36 128.6 [1.4] |0.02|
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Table 4.18 o, O{2)==0(3") distance 1 for the MPBCDP1 structure

Glucose unit

CDi{A)}

A1 120 283 11.8 (3) 4.8 (3)
A2 118 283 4.4 (3) 9.8 (4)
A3 118 2.54 8.4 (2) 120 (3)
Ad 1189 2.81 3.3(2) 6.2 (3)
AS g Bl 273 3.4(3) 6.6 (5)
AB T 278 4.1({2) 714
AT 118 2789 22(2) 6.7 (4)
CD{B}

B1 120 279 4.8 ({2) 9.1(4)
B2 19 2.78 33(4) B3 4)
B3 c 177 2.82 B.B () 12.8 (3)
B4 M7 2.7 2.2(2) 4.9 (4)
B5 118 2.82 92 (2) 12.2 (3)
B6 118 275 2.5 (2} 5.9 (8)
B7 118 276 34(2) 6.6 (4)

Average 118 2.79 5.1 8.8

There is no significant ditference in the conformations of the two independent 3-CD
molecutes, A and B, and the geometric data for MPBCDP1 closely resemble those of
the MPBCD structure. On the whole, the O{4) heptagon has a high degree of planarity
and shows z seven-fold symmetry based on the O(4)}=--004"}) distances and
O(4)s=-0{4"=--0(4"; angles. The O(4) angies [Tabia 4.17] do not differ significantly from
128.6° the angle of the reguiar heptagon, denoting that the cavity has not become
distorted due to the inclusion of the guests. In addition the high degree of planarity is
illustrated in the small deviation of the O(4}) atoms from the mean O{4} plane, The
pianes formed by the glycosidic O atoms are afmost parallel for CD{A) and CR(B). The
tilt angles of the glucose units are ail smail and positive. This gives the cyciodextrin the
characteristic truncated cone shape with the secondary rim being wider than the

printary fim.
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Guest geometry and interactions for the MPBCDP1 structure

Two torsion angles can be used to define the three-dimensional conformation of the
methyl paraben meolecule. These torsion angles define the rotational onentations that
can be adopted by the ester residue. Tne torsion angles &; [C(6-C{5}-C(8~C(2}] and
8z [CB-CB-0O(10-C(11)], will be used to describe rotation around the C(5)-C(8) and
C(8-0(10) bonds respectively. They were compared with the conformation of the
uncomplexed methy! paraben molecule [Figure 4.211.1

In each of the modelled guests the torsion angles of the complexed methyl paraben
have a larger out-of-plane twist than those of the uncomplexed MP. indicating that
nclusion allows for maore rotational freedom around the C{5-C{8), and C{8»-0(10)
bonds. The guest molecule C has the largest out-of-plane twist, while the torsion
angles of the guest molecule B resemble those in MP. The torsionzal ¢changes could
represent changes in conformation, which would allow for the best possible fit of the
methy| paraben maolecutes in the host structure. The close contact distances for the
relevant interactions befween the host and guest molecule are listed in Table 419,

Q9 10
) | QQQ‘\%S/D 11 Dﬂ\igléﬂmx_cﬂ
Diad dpd B dn ; S .
\-[6:5 cs  Oead don O B
// /
OH OH
. MP in conformer A ea= -8B (2] dza = 162 {2}
| MP in conformer B de= -5(2) Sm= 171 (1
i MF in confonmer C e~ 1T S:c= 136 (1
¢ MP in conformer D dip=  1{2) ban = 167 (1}
MP uncomplexed: ™ 5 = 08 By = 177

Figure 4.2 Torslon angles d,, §z, 6 and & of the methyl paraben
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Table 4.19 Close contact distances for the MPBCDP1 struchure

Distance (&)

H(TA) s H(521) 229
CET1AY v H(224) 274(2)
H(11B) v H(342) 222
H(11B) == H(374) 233
H(11C) »+= H(224) 2,39
H(3B) s« H(574) 2.11
H(7B) ees H(544) 224
H(11D) = H(322) 2.18
H(11D) »» H(324) 235 |
H(11E) = H(331) 224
HEC) v H(5T1) 225
CL11C) » H(321) 2.81 (4)
CH11C) e H(325) 2 51 (3)
HUTTH) == C(3A2) 2,68 (1)
H(11HY === H(321) 1.60
H(11H) »+» H(322) 3 27
H(11H) == H(325) 220
H(111) = H(325) 222
H(111) == H(334) 230
H(3D) == H(514) 2 16
H(7D). === H(544) 2 21
GE11D) < C(3A5) 3.29 (4)
CL11D) +s» H(351) 2 42 (3)
H(11K) wes H(351) 1.94
HE11L} sas H(351) 213 i

Figure 4 22 show CPK diagrams for a dimer of the MPBCDP1 structure. In Figure 4.22 (a)
and (b) the upper half of the dimer includes the position of A {in purpie, with the oxvgen
atoms in light purple and the hydrogen atoms in light blue]. The lower half includes the
position of B fin green. with the oxygen atoms in ight green and the hydrogen atoms in
yellow]. In Figure 4.22 (c) and {d) the upper half of the dimer includes the position of C [in
dark red, with the oxygen atoms in orange and the hydrogen afams in yellow]. The lower
half includes the position of D [in blue, with the oxygen atoms in light blue and the hydrogen
atoms in purple].
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This figure iHustrates how the two methyl paraben molecules are complately enclosed
within the 3-CD dimer, This is achieved by tilting the guest molecule with respect to the
mean O4) plane of the CD in which they are included. The phenyl rings of A, C, B and
D make angles of 72.4 (3)°, 77.4 (8)° 56.2 (2)°, and 57.B (6)° with the mean O4)
planes of their corresponding host molecules. These tilt angles shaw that the guest in
the bottom half of the dimer has a greater tili angle than the quest in the top half of the
dimer. The hydroxyl groups of the guests are situated in the vicinity of the primary rim
af the dimer while the ester moiety is contained within the secondary hydroxyl interface
of the dimer. The orientation of the guest shows that the salvation of the polar group is
an important factor in the positioning and stability of the guest in the cavity.

(b}

Figure .22 Space-filling diagram of the MPBCDP structure () side view (b} sectioned view of
the same crentation, showing guest A and B (c) side view (d) sectioned view of
the same ofentation, showing gquest C and D
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An important feature of the disorder of the guest molecute is that the ester portions of A
and D, as well as B and C are involved in unacceptably close contacts with each other
IC{11A)»C(11D} distance is 1.5 A and the C{11B)=C{11C) distance is 2.1 Al This
implies that A and D [or B and C] cannot be present simultanegously in a single -CD
dirner. The most likely situation for the disorder is one where, in any given dimer, A and
B are present in opposite halves of the dimer as shown in Figure 4.22(b} or
alternatively C and D are present in opposite halves of the dimer as shown in Figure
4.22(d}. The C{11A)=C{11B) distance is 4.3 A and the C(11C)=-C{11D} distance is 5.2
A

Hydrogen bonding interactions of the MPBCDP1 structurs

Host interactions

A number of intramolecular O(2)=~0(3"} hydrogen bonds stabilise the cyclodextrin, as
has been reported with other fcyclodextrin structures.™™ These hydrogen bonds
contribute to the rigidity and highly symmetrical conformation of the cyclodextrin,

The B-CD dimer is formed by self-association of each monomer through hydrogen
bonding between their secondary hydroxyl groups. The stability of this dimeric motif is
well established in eyclodextrin siructural chemistry * The secondary hydroxyl groups
are therefore involved in an invariant network of hydrogen btonds connecting
neighbouring dimers directly or altematively through water molecules. The seif-
association of the monomer through hydrogen bonding thus produces an elongated
hydrophobic cavity, and the sandwiched area found between the two secondary rims is
thus rather hydrophobic. The O(3)==0!3) bonds were chosen over and above the
O{2)»0{2) and O2)-=0(3) type hydrogen bond candidates as they were found to
have shorter and more favourable O—H=() geometries.
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Additicnally, intra-dimer hydragen bonds occur between cyclodextrin layers. The
primary -OH groups form a network of hydrogen bonds connecting dimers. However,
thess hydroxyl groups are influenced by the type of crystal packing and the prasence of
the guest that emerges from these faces.”™ Tabie 4.20 lists these lengths.

The conformation of each F-CO molecule s further stabilised by four intramolecular
C{6-H==O{5") hydrogen bands [Table 4.21],

Tahle 4.20 Summary of the appropriate contacts for the cydlodextrin and inter-layer interactions

Mumber / dimer Range {A} Mean (A]

Cyclodextrin interactions

D20=0(2] A 7 273 - 284 Z.80
Qi2)0(3) B 7 2,76 - 2.82 278
Dimer formation:  O[31=0(3) A-B 7 272 - 2,92 2.81

Intrafayer interactions

CHBAZI-O(BAS) 2 2.93 2.93
O{BA4 == Q(BAT) " 2 276 276
O{2AZ)=-0(2B6) | 2 275 2.75
O 2Ad )= ((2B4) * yi 2.84 2.84
O{EB2)=--D(BBA) yi 2.74 2.74
O{EB4}=-0(BB7) " 2 283 283

' Related by symmetry cperation: w14y 2
* Related by symmetry operation. k0 ¥, 1+
¥ Ralated by symimetry operation:. x, y, 112

Table 4.24 C—Hv hydrogen bonds in the MPBUDP structure™

Distance (A}

c H He=0)

Intrarnolecular hydrogen bonds

CiBA1) H(511) O(5A2) 0.99 272 3.41 (2} 127 (1)
CBAT) HIB72) O(5A1) 0.99 285 3.44 {2) 136(1}
Ci6B2) H(B25) D(5B3) 0.99 2 66 3.45 (2) 136 (1)
C(BB3) H(B35) O(584) 0 99 2.76 3.44 (2} 127 (1]

* Hydrogen bonding parameters based on idealised hydrogen stom postions.
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Guest interactions

The hydrogen bonding distances for the relevant interactions befween the water
malecules and guest molecules are listed in Table 4 22. None of the atoms of the guest
are within direct hydrogen bonding distance of the host molecules and therefore the
water molecules, which are located in the vicinity of the primary rim, act as bridging
atoms linking the guests to the host. All the hydroxyl oxygen atoms of the guests A, B,
C and D are within hydrogen bonding contact of a water oxygen atom and are thersfore
linked via the water molecules to a primary hydroxyl atom of the opposite CD to that in
which it was included e.g. A to CD(B) via O(29A). Additionally the water network
connects the hydroxyl group of guest A / C with the hydroxyl group of the adjacent
guest B / D. The O(1D}+0{15W} interaction is an extremely sirong hydrogen bond **
These interactions are llustrated in Figure 4 23.

Table 4.22 Hydrogen bonding contacts involving the guest molecule*

Distance [A) Angle t-}

Conor{D) f Acceptonf) Heeett Diees iy D—Hess s

O(14) H(14) OEW) 084 184 264 (2) 173 (1)
O(1A) O(8W) 285(3)
D(1A) 0(28a)’ 2,68 (5)
CiTA) H(TA) O{6W) 0.95 2 63 3.28(1) 126 (1)
O18) Hi 18) O21A) ° (.84 2.02 282 (2) 160 {1}
23{(18) O(13W) 2.68 {4
C(7B) H(78) O(13w) 0.96 2.87 345 (3) 121 (1)
OtC) H(1C) Oi6W) 0.84 1.98 264 1(5) 123 (3)
o{1C) O(BW) 2.89(7)
0(1C) O(23A) 298 {B)
G{3C) H(3C) O(BWY) 0.95 2.73 3.33 (3 122 (2)
O(1D} Hi1D) D(15W) .84 1.78 258(1) 160 (3]
C(TD) H{1D] O{13W) n.a5 2.85 343 (4) 129 (1)
' Related by symmetry operation: =%, y. z
" Related by symmetry operation: x+%, y z#1
* Hydrogen bonding paramelers based on dealised hydrogen atom positions
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Figure 423 A schematic diagram showing the guest, water and host interactions for the
MPBCEOP structure

Water interactions

Thermogravimetric anaiysis gave a weight |loss that cormresponds to 28 water melecules
per 2.2 complex unit of which 25.8 were accounted for. Only a few of these water
moleciies had full s.of's. The water molecules are distributed over 30 sites, 24 of
them being within hydrogen bonding distance of primary and secondary hydroxyl
groups of +-CD. These water molecules play the important role of the mediators which
construct the hast malriz structure or connect the host and guest molecules, as well as
acting as spacers which fill the packing space among the B-CD dimer units. In the host
structure there are four C(63-0(6} bonds which point towards the cavity, namely
C(BA3)-0(6A3), C(BAS)-O(ECS), C(BBS}-0O(6D5) and C{BAG)-O(6AS) and these atoms
are involved in hydrogen bonding interactions with water molecules that are either
directly, or indirectly via a water molecuie, hydrogen bonded to the guest molecules, It
is assumed that distances of O««C{W) of 2.43-3.07 A and angles of O-HeOMW) of
133-185° indicate hydrogen bonding, Hydrogen bonding distances between the host

and these water molecules are listed in Tabies 423
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Table 4.23 Hydrogen honding distances involving the water molecules
Distance {A) Angle {7)

DonortD}) Acceptorih) He=sfy D—Feesfy

O(EATE  HIB13) O4W) 084 1.85 2,74 (2) {1
O{GAZ}  HB21) O 13W} 0.84 2.08 2.83(2) 145 (1)
OEBC5)  HiB52) 0{238} 0.84 1.80 274 (4) 173 (3)
O(BAS)  HEBEND 0(30C) 0.84 1.70 252(4) 164 (2)
OEB1)  HB16)  OMEw) " 0 84 1.99 2.72 (1) 46 (1)
O(2BZy  H{225) O{9W) (.84 1,99 281{3 185 (1)
O(6B2)  H{626) O{7TW) 0.84 1.96 2.74(2) 153 (1)
O(ZB3)  H{235) O[194) 0.84 2.0 2742} 145 (1)
O(2B3)  H(235) O{19B) .84 1.94 2.6 {4) 164 (23
O(6B3)  H{B36) O(17W) " 0.84 1.93 270{4) 163 (2)
O(6B3)  H(B3E) Q[30C}" 0.84 183 261{4)  155(2)
O(6D5)  H(ESE) O[298; (.84 2.03 273(7)  140(3)
O(ZB7)  H{275) O[224) 0.84 2.15 274(3) 133 (2)

interaction with H, Distance {A) eraction v ; Distance [A}

O2W) == O(6AB) 272 () O(1W) == OB 2 €5 (2)
Oy - O(BASY" 261 (1) O »e O(6B3) 274 {2)
O(5W) == O(2A5) 268 (1) T(ZW) + DIEBS) 288 1(1)
O(TW) »e O{BAD) " 2,72 (1) O{3W) +++ O(EB4) 273 (1)
O(11W) == (BC3I) 2.7413) O(EW) == O@EB ™ 2.784{2)
O{16W 0 D(BAD) 271 (3) O( 1447 === 0(2B5) 27342)
{17V == Q(BAZ)" 2,70 (4) Or19B) = O(3B5) ™ 2.73(4)
Or18A) «+ O(BAZ) 27212 O(224) « 2B " 2.73(2)
{188} == Q(BA2) 2,76 {8) 0(22B) = O(2B7} 2.64 (5)
Oi16B} === Oi3AT) 2.B6 (5) 0i24B) = Q(3B3" 2.76 (B
O(21A) = D(BAT) 268 (2) O(24B) ++ O(2B1) 2.71 (4)
O(21B) == D(BAT) 2.75(3) O{30B) == O(6B&)' 263 {5)
QO(Z24) == O[3Ad) 2.70 (2)
Q(244) == O(3A3) 286 (3}
D244~ 241" 272 (3)
Q(26A) = 283" 2.1 2
O{26A) <=« O{BAT) 286 (2)
O(268) » O(BAY 275 (4
O(27E) = O(2AT) 284 {4)
O(30B) =+ OBCE) 273{7T)
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Table 4.23 Hydrogen bonding distances involving the water molecules {continued)]

Interaction Distance |A) Interaction Distance (A}

O{1W) = OdW) T Qr14W) = O(25A) 2.71 (4)
DWW s 080" 2.80(2) Of 14y =ee D2TA) 2.81 (4
QW) = OE3wW " 2.7142) O(14W) ==+ O{208) 2.58 (4)
O »+e O(BAN" 2.81 (1) O{15W) «e O(264)" 267 {3)
O(IW) »== Oigwy ™ 2.75{1) O{15WY) === 268" 2.79(5)
O(3W) «es O{238) " 261 {4) D1 7W) == O{30B) 2.76 (6)
O{TW) == O(184)" 2.82 (2) G{18A) == 0278 " 2.64 13
O(TW) +ee O{1BR) " 262 (7 Oi194) = {204} " 2.72 (3)
QW) == (304" 2.85 (4) O(18B) == Q0B " 2.78 (4)
O+ O(308) " 2.88 {4) O{194) ~= Q(28B) 2.78 (4)
O(OW) == O(254)" 275 (4 D({208) == Q{2443 " 2.69 14}
D[SV = (258" 3.08 (43 D214 <= O{26B) 246 (4)
QUI0W) =+ O(20C " 277 (5) Gi21B) ++ 0{26B) 2.45 (4)
O{11W) === O{12W) " 270 (4) O{234) == (298 2.54 (4}
O 11W) == O(26A}" 2,69 (4) O{23B) == 0298, 2.72 (4)
Q{121 === Of 1843 27414 O{24B) == O(284)" 2.60 (4)
O 13W) == {294} 277 (4] O25A) == D(28A)" 2.80 (4)
Related by symmetry cparatian:

iy wl, y, =z i b N i wu ¥ y-1, 2-1 x}_l A e |
i) 1, ¥, Gy .\rj_ WP Wl !.'m]. ¥ oy, 21 X} aFl, e+l 241
i x4l g1, 2 I 0w, Z+i iy ¥+, ¥y, Z

* Hydrogen bonding parameters based on ideslised hydragen atom posticns.

The two separate water networks are formed batween the dimers, one connecting the
orimary and the other comnecting the secondary hydroxyl groups and these are
summansed in Table 4.24 and illustrated in Figure 4.24. The water molecules that
interact with the (8} rim of the cyclodextrin form bridges between adjacent dimers in
the same iayer, while those that interact with the secondary nm form part of an infinite
sub-layer of water meolecuies that run betwsen the cyclodextnn channels. The O(3)
atoms of the host A and B interact with similar water molecules. At the secondary
hydroxyl side, the water molecules would act as H atom donors. since the hydroxyl O
atoms donate their H atoms in the hydrogen bonding schemsa within the dimer /
between dimars in the laftice. Four water molecules arg exclusively within hydrogen
bending distance fo CDIA) and six to CL(B), while six water meiecules do not interact

with the host at all. but are connected to the CD by other water molecules.
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Table 4.24 Summary of the water interactions for the MPBCDP1 structure

Ranas (A)
O(2A_) +»= water ~ 270-288
O(2B_) »~ water 3 273-275 2.74
O(3A_) »+ water 4 2.69-2.84 | 274
0O(3B_) =+ water 7 265-281 274
"Q(BA_) » water 17 252-2.85 271
O(6B_) »++ water 11 261-2.78 270
water == water 34 246-306 | 274
?{auﬂl o )
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Figure 4.24 Schemastic diagram showing the hydrogen bonding of the hydroxyl groups with
water molecules
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Crystal packing of the MPECDP1 structure

The crystaliine MPBCDPT inclusion complex consists of head-to-head [-CD dimers
gnd includes two disordered guest molecules. Figure 425 is an extended sterso
packing diagram of the MPBCDF1 structure projecied down the a-axs and illustrates
the "endless" channels praoduced by the cavities of the dimers. Hence the dimeric

iayers are stacked parallei to the yz-plane of the structure.

Figure 4.25 Sleren packing diagram of the MPBCDF1 structure [a-axis projection), with the
water molecules represented as black spheres and guests C and D in red and

tlue respectively

Figure 428 (a) and (b} are extended packing diagrams of the MPBCDP1 structure
showing projections as viewed down the o- and b-axes. These figures illustrate the
stacking of the dimers in columns parallel to the g-axis,
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Figure 4.26 Packing diagrams of the {a) c-axis projection, including guests A and B and
(b} b-axis projection, including guest C and D of the MPBUDPT structure

This stacking mode is classified as an intermediate type packing mode, which is
characteristic for p-CD complexes that crystallise in the space group P1 with cell
dimensions similar to those reported here* in the intermediate type struciures, the B-CD
dimers are arranged as close packed layers with the layers stacking on top of each oiher
with a significant shift. The distance between the projection of two consecutive dimers onlo
the C{4) mean plane is 7.07 A The relative average shift of consecutive dimers along the
¢-axis, when the dimers were viewed perpendicular to their mean Q(4) plane, is 6.0 (2) A
for intermediate type structures crystallising in the space group P1.* This value is almost
equal to the inner diameter of the primary face of the B-CD molecule and is slightly arger
than the average radius of 503 A of lhe O{4) heptagon® This shift therefore places the
seven-fold axis of & dimer near the rim of a dimer below, as seen in Figure 4.26. The
seven-fold axis of a dimer forms an angle of ~ 207 with the stacking axis and conseguently
adjacenl layers are far from exactly aligned.‘ Henee the channets are more deformed at the
interdimeric interface than for the channel type structures. The large shift and angle resuit
itt the discontinuation of the channel ard justify the term “intermediate” ie. between
channel and chessboard mode. “Intermediate’ has also been termed as "cage type" by
Saenger.*® The guest molecules therefore find themselves in a nearly cage-like
anvironment and so interactions with guest molecules in neighbouring [-CD dimers were

not found.

The isalation and structure elucidation of two distinet crystalline madifications of a
cyclodextrin inclusion complex containing the same organic guest is noteworthy. The

guthor is unaware of a precedent in the literature on CD inclusion complexes.
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X-RAY CRYSTALLOGRAPHIC ANALYSIS OF THE PPBCD STRUCTURE

Data-collection

A single crystal of suitable size was extracted from a batch. The crystal was highly
unstable in air and was mounted on a glass fibre and covered in Paratone N oil® to
provide a rigid mounting for the low-temperature data collection and to prevent cracking
of the crystal surface. X-ray intensity data-collection was performed at 173(2) K on the
Nonius Kappa CCD diffractometer using graphite-monochromated MoKa radiation.
Data collection parameters are outlined in Table 4.25.

Structure determination and refinement

The structure was solved using published co-ordinates for the non-hydrogen
cyclodextrin atoms [excluding the primary hydroxy! oxygen atoms] of the isomorphous
B-CD-ibuprofen complex.'? After refinement in SHELX-97," the difference Fourier map
revealed the positions of most of the primary hydroxyl oxygen atoms. After further
refinement it was found that two of these atoms were disordered over two positions
{O(63) and O(66)]. For a given pair, a fixed Uy, of 0.08 A? [the mean of Uy, for the
chemically equivalent ordered atoms] was assigned and site-occupancy factors
[s.o.f's] of x and 1-x were assigned, with x variable. The major positions refined to a
s.0.f. of 0.63 and 0.74 for O(63A) and O(86A) respectively. All the oxygen atoms on the
host, except the disordered primary hydroxy! oxygen atoms, O(5G2), O(6G2) and
O(6G7) were refined anisotropically while the C atoms were refined isotropically.

Hydrogen atoms were included in idealised positions in a riding-model with Uy, set at
1.2 times those of the parent atoms. Ali the primary hydroxy! hydrogen atoms were
assigned a common variable isotropic temperature factor and placed using the AFIX 83
or AFIX 147 instruction. The remaining hydrogen atoms of each glucose moiety were
assigned common variable isotropic temperature factors.

163
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Table 4.25 Details of the data collection and refinement parameters for the PPBCD structure

Empirical formula

Formula weight

Crystal system

Space group

alA

b/A

cl/A

al®

B/°

y/°

Volume / A®

z

Densityeac / g cm™

p (MoK / mm'™*

F(000)

Termperature of data collection / K
Crystal size / mm°

Range scanned 6 /°

index ranges

¢ scan angle /°

$ scan range, frames

Dx / mm

Total no. of reflections collscted
MNo. of independent reflections
No. of reflections with I > 2o(1)
No. of parameters

Rint

S

Ry (for 4757 reflections)
Reflections omitted

wi,
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Oxygen atoms of water molecules were |ocated over nine positions. Three of these
water molecules [G{2W), QBW) and O(4W)] were found to be disordered over two
altemative positions. For a given pair, a fixed U, of 0.08 A? was assigned and s.of's
of x and 1-x were assigned, with x variable, The s.0.f's of the major position refined to
0.63, 065 and 0.57 for O(2WA), O{3WA) and O(4WA) respectively. The remaining
waters [O{1W) and O(5W) to O{9WW)} were assigned a fixed isotropic thermal factor of
0.08 A” while the site-occupancies were allowed to vary. The site-occupancies of these
six water malecules were 0.57, 0.95, 0.55, 0.77, 0.42, 0.34 for O{1W), O(5W). O{6W),
DI, OBW) and O(9W) respectively, amounting to an additional 3.6 water malecules
per asymmetric unit, This amaunts to a tatal of 6.6 water malecules per asymmetric
unit which were accounted for, as compared to the 7.0 water molecules expected from
the TGA results. The hydrogen atoms of the water malecules were not located,

The guest could not be |ocated beyond a diffuse electran density cloud located within
the cyclodextrin cavity and could not be modelled, due to abnormal distances and
angles between electron density peaks. Since the guest molecule epuld nat be
resclved the refinement converged to a relatively high R, of 0.15 for observed data [ =
2a{1}]. Fourteen low-angle reflactions were amitted owing to their trungation by the
beam-stop. The maximum and minimum residual electron densities were .83 and 0.46

e A7 respectively,

Geometrical analysis of the PPBCD structure

The asymmetric unit comprses a single hast molecule, 7.0 water molecules, and a
severely disordered guest molecule. The PPBCD complex crystallizes in the monoclinic
space group C2 and the -CD molecule is rotated thraugh a diad parallel to the b-axis
to produce the ather half of the dimer.

The stricture of the cyclodextnin molecule and the numbering scheme adopted for the
p-CO molecule and water molecules are illustrated in Figure 4.27. The seven glucosidic
residues have been assignad the Gn notation, Disordered positions were dencted A
and B respectively. The glucasa units will be referred to as G1, G2, G3, G4, G5, G6
and (37 The geometrical data for the 3-CD molecule are listed in Tables 4 26 and 4 27
fe.s.d.s arein the range 0.014-0.019 A for distances and 0.28-1.47° for angles].
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O5W = O2WA & .tGEW
02WB

= 09w

C8W . oawa
» O3WB

Figure 427 Macrocyclic structure and numberng scheme of glutose residues and water
oxygen atoms, with the hydrogen atoms excluded. The host is viewed from the
primary face.

The glucose residues are all in the *C, chair corformation. The C(6)-0(6) bonds of the
51, 52, G4 and G5 residues are directed away from the cavity and are in the (-)
gauche conformation to the C{4)-C(5) and O5}-C(2) bonds, The C{BHO{E) bond of
the GV restdue peints towards the cavity in the (+) gauche conformation. The O6)
atoms of the G3 and G6 residues are disorderad over two sites. The major posttien of
the QO(6) atom of the G3 residue adopis the (+) gauche corfermation while the minor
position adopts the {-) gauche conformation, The reverse of this is seen for the GB

glucose unit,

The geomeinc parameters of the O4) heptagon of the PPBCD structure are histed in
Table 4.26. These include the radii, the O{4)=-0{4") distances, the O{d)«-=0{4"}===(4")
angles, the Ofd}=ea0(4Yee=0{4" 1=+ (4™ torsion angles and the daviations of each of
the O(4) atoms from the mean Q4) plane.
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Table 4 27 lists the other important featurses of the macrocyelic structure such as the
intersaccharidic bond angle (), the G(21--0{3") distance and the tilt angles [1. and ).
These parameters are defined in Chapter 1.

Table 4,26 Geometrical parameters of the G4} heptagon for the PPBCD structure

Glucose Eadii H4)»0(4") Of4)angle Tarsion angle Deviation

unit (A {A) [} (A)

TG 492(1) 4.56 133 | 330 | o0t
G2 5.09 (2} 433 129 5.4 (B) 0.10
G3 5,29 (2) 4.44 124 0.3 (6 0.08
G4 504 (2) 4,51 130 5.9 (7) -0.06
G5 4.99 (2) 4.43 130 4.5(7) 0.13
G6 519 (2) 4.39 127 147) -0.01
G7 5.21 (2) 4.35 126 2.0(7) .0.09

Average 5.10 4.43 129 |3.2] [0.07]

Table 4.27 ¢, Q(2}--0(3'} distance, t for the PPBCD structure
Of2)=+Q(3'})

Gt I 117 ANV 2287 [ 025 1.0 (3)
G2 119 276 3.9 (5) 7.6 {6}
G3 118 2 85 6.7 (4) 14.3 (5)
G4 M7 2.85 3.5 (4) 9.6 (5)
G5 120 2.85 5.5 (4) 10.4 (7}
G6 119 2 80 6.5 (5) 8.5 (6)
G7 117 2.78 3.6 (6) 6.4 (8)
Average 118 2.81 4.4 8.2

The seven-fold symmetry of the -CD appears to be well maintained. This is reflected
in the Ofd)={4") distances and O{d}»0(4)++0{4"} angles Moreover, the deviations
af the glycosidic O(4) atoms from their optimum plane are small. The similarity in O{4)
lengths and angles, and the relatively small deviaticns indicate that a highly rigid
conformation is adopted hy the B-CD molecule.
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Hydrogen bonding interactions of the PPBCD structuse

Host interactions

The conformation of the [3-CO macrocycle is stabilised through seven intramolecular
O{2)=0(3") hydrogen bonds corresponding to the flipflop system described by
Saenger et al. ¥ The O(3)+0(3} distances and the angles C({3)-0(3)+-0(3"} [average
117", range 114-1227] indicate that hydregen bongs link the O3} hydroxyl groups of
two adjacent 3-CD molecuies to form a dimer, inter-dimer hydrogen bonds also oocur
between cyclodextrin layers. Table 428 lists the appropriate contacts for the
cyclodextrin, dimer and intra-layer interactions. The iisted contacts are all in the range
2.75-2.94 A and the £.5.d.s are in the range 0.02-0.04 A

The confarmation of the [-CD molecude is further stabilised by four intermolecular
C—H=--Q hydrogen bonds [Table 4 28] These encompass a C{1)—H=-+Q{2) hydrogen
bond, a Ci{2)—H=-0{3) hydrogen bond and two C{6H=+Qi8) hydrogan bonds. The
latter two bonds involve the disordered O{BGE) atoms, indicating that diserder in the
CD adds to the overall stability of the structure.

Figure 4.28 is a projection viewed down [010]. The figure shows the generation of the
dimer by the two-fold rotation axis parallel to the b-axis. the channel packing
armmangement and hydrogen bonding between adjacent dimers parallel to the c-axis.
The dimers are arranged in C-centred layers and these layers are held together via a
hydrogen bonding network through water molecules which link dimers within a layer
and dimers of one layer to those of adjacent layers. The dimers are stacked upon one
another parallel to the c-axis to form channels. Direct hydrogen bonding between
adjacent O(6) layers along the channel is only found with the minar position of Q(B3B),
which is bonded to a symmeatry related atom G{63B). The length of this bond is 2.73 (5)
A, with a C(BG3)-0O(638)=--Q(63B) angle of 129°. Other hydrogen bonds are fermed

between dimers which are parallel to each other in the ab-plane.
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Table 4.28 Summary of the appropriate contacts for the cyclodextin and inter-fayer interactions

Type Number ! dimer Range {A}) Mean (4)

Cyclodextrin interactions

O(2)=+0(F) 7 2,76-2.86 2 82
Dimer formation: O3 )ene O3 7 275-2.64 2.86
Intra-layer interactions
O(2G 10258} 2 2.78 2.78
O(BG1 }er0(8G4} 2 288 285
O[BG21-O(BG4) © 2 2.85 2.85

§Tu- «o-fold related counterpart

' Ralated by symmelry aperalion: ‘b—x IF+‘_.I' 1-Z
" Relaled by symmeatry aperation: f:rx fnﬂr z
W Related by syrmmetry operation: - f=x, fty, -z

Table 4.29 C—H=+( hydrogen bonds in the PPBCD structure®
Clistance (A) Angle (%)

H"'D G---O G_H"“D

Intermolecular hydrogen bonds

C(1G1)  H{111}'  O(2G5) 1.00 2.55 334(2) 136 (1)
C(2G8)  H(ZB1 "  OEG2)" 1.00 2.45 3.33 (2 148 (1)
C(eG4)  H(B41)"  O[BeA)" 0.99 2,56 3,16 (3) 118 {1)
CBG5  HEBS1"  OrssRy”" 0.99 2.41 3.24 (5) 141 (2)

'__ Related by symmelry operation;  fz+x oty =
' Related by symmetry operalion: Yotx, -ty zZ
" Related by symmetry aperalion, = o =z
* Hydrogen bonding parameters based an idealised hydrogen atom positions.
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/l\ CHANNEL
AXIS

Wl

§ Denotes = crystallographic two-fold rotation axis

Figure 4.28 -axis projection Hustrating the arangement of the p-CD dimer, the channel
packing of the complex and hydragen bonding between adjacent dimers [C-cantred
positions, water molecules ano hydrogen atoms omitted)

suest interaction

The guest maolecule is focated within the cavity, but is severely disordered and cannot
be visualised beyond a diffuse electron density cloud. This and the abnormal bond
angles and lengths made it difficudt to model the guest. The disposition of the electron
density cloud in relation to the -U0 dimer is shown in Figure 4 25 and Figure 4 30 by
the positions of peaks that were identified [having values of 0.35-0.83 e A, A group of
six peaks, armanged In 2 rough hexagon could be diseemed, although attempts to
maodel these as a phenyl ring were unsuccessful Subseguent difference elactran
density maps did reveal possible positions for the guest substituent groups although
the bond distances and angles were unsatisfactory.
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This type of guest disorder is inherent in cyclodextrin complexes of this channel type
packing and few strictures have been reported where the guest is revealed and
successfully modelled, '3 °" 192022 25 3 4 5o difficult to assess whether the disorder is
statistical or whether the guest molecule ts undergeing a high degree of thermal motion
or is actually migrating through the channels. The channels formed by the cyclodextrin
molecufes are almost perfectly linear and the diserdered guest is ocbserved in positions
near the centre of the cavity as a long chain of overlapping peaks, generated by
symmetry, suggesiing several possible positions for the guest.

Figure 4.30 Sterec-view down the b-axis illustrating low electron-density candidate guaest peaks
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Water interactions

Thermegravimetric analysis gave a weight loss that corresponds to 7.0 water
molecules per 1:1 complex unit, of which 8.8 water molecules were accounted for in
the crystatlographic analysis. All of these water molecules are situated at the penphery
of the cyclodextrin molecule, filling the intermolecular space between complex units.
Hydrogen bonding distances between the host and these water molecules are listed in
Tables 4.30 and 4,31,

Two networks of water molecules form hydrogen bonds to primary and secondary
hydroxyl groups [Figure 4.31]. Two water molecules, O{3WB) and O{6W), do not bond
directly 1o 2 cyclodextrin molecule but are connected to other water molecules. The
water molecules that interact with the O{B8) nm of the cyclodextrin are O{2WA),
O{2ZWEB), OQWA). O4WA) and O(5W). They form bridges between adjacent dimers in
the same layer. The water molecules tnat interact with the secondary rim are O{1W),
D{AWB). O{7W), O(8W) and O(BW) which form paert of an infinite sub-layer of water
molecules that run between the cyclodextrin channels, The water molecules of
crystallisation thereby form a hydrogen bonding network which facilitates the formation
of the infinite dirmer planes. The O(3WEB}=-O(4WA) distance of 1.86 (5) A indicates that

these two water molecules will net be present simutanecusly.

In addition to these Q-0 hydrogen bond distances, two water molecules, namely
D{2WA) and O(5W), are within hydrogen bonding contact of the host carbon atoms and
these two contacls are listed in Table 4 30.

Table 4.30 C—H+ O hydrogen bonds between the host and the water molecules™
Distance (A) Angle ()

BonorD) AcceptorfA) Heer Ci—H=== 44

CaG2) Higz2) ' O 20A) 4 .09 278 3.28{4) 1113 (2}
Ci1G4) H{141)* Q5N f 1.00 270 341 (2} 120 (1)
' Related by symmetry oparalion: - by, 2
" Related by symmetry operation e
* Hydrogen bonding paramelsts based ondeabsed hydrogen atom positions:




(-CO INCLUSHON COMPLEXES

Table 4.31 Hydrogen bonding distances involving the water meolecules

Interaction Distance {A) Symmetry oparator for the

second oxygen atom hlisted

O(1W) = 0(2G3) 2.89 (4) ftx, - laty, 2
O(1W) == 0O(3GH 2.80 (3 X, ¥y Z
OEWA) »» O(6GSH) 267 (3) X, ¥ Z
QZWE) =+ O(BG5) 2.73(5) X, ¥, Z
QUIWA) == O(BBA) 2.79 (3) 1% ¥ 1-2
Ci4WWA) «=«  O(E3A) 277 (3) X, y. Z
OMWE) +== O(3G3) 2.88 (4) Sy, &
O{5W) +== O®BG1) 2.83(2) S S
O(FWy == 0(2G2) 2 67 (2) XY Z
QW)+ 0(3G6) 2.81(3) b, vy, 2
QBW) s OR2GT) 279 (4) X, ¥, Z
OEW) == O(2G4) 2.65 (5) X ¥ 12
O2WR) =+ D(BW) 2 48 (6) X, ¥, 2
O(3WA) = O(4WA) 2.76(4) 1+x. ¥, 14z
O(3WA) - O5W) 262 (3) 1+% y. 14z
O3WA} » O(8W) 2.58 (4) X,y 2
O(3WEB) == O(4WB) 2.93(5) 1+x. y, 142
O3WB) w0 O(5W) Z2.82 (8 1+%, y, 1+z
O(aWA) s O@BW) 2.89 (4) Srx, Uavy, -z
O(dWB) - O(BW) 284 (4) Jix, oty -z
C(4WB) »» O(BW) 2.62 {8) ~4x, y, -14Z
O(7w) =+ O(BW) 2.85 (4) Stax, 'ty 2 .
O(7W)  »r O(BW) 2.93 (4) bk, oty 2
OB = O(BW)° 167 (6) 1-%, ¥, 1-2
O(BW) s D(OW) 2.43 (6) X, ¥ 2
* Two-fold related counterpart
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Figure 4.31 A schematic representation of the water molecules that connect adjacent host units
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Crystal packing of the PPBCD structure

The FPBCD structure is characteristic of the channel type packing matif for [3-CD
dimers.'>* The dimers pack in a head-to-head manner and are arranged in C-centred
layers which form channels paraliel to the xwy-plane of the structure. The relative
average shift of consecutive dimers, when the dimers are viewed perpendicular to their
mean Of4) planes, is reported as 2.7 (2) A for the channel type structures crystallising

in the space group C2.*

Figure 4 32 is a plot of the unit cell viewed down the b- and c-axes prepared using the
Section program in X-Seed™ and shows the “endless” channels formed by the dimer
eplumns running paraliel to the c-axis. This clearly ilustrates the geometry of the

cavities in which the guest motecules are accommodated.

ap

{a) (b}

Figure 4.32 Section plot of PPBCD wath the host pasitions represented in grey and water
malecules in blue (a) viewed down [010] with the unit cell sectioned at y = 0.73 and
(b viewsd down [001] with the unit cell sectioned atz = 0.25
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DISCUSSION

A search of the CSD™ showed data for 70 crystallographic structures of dimeric B-CD
complexes. crystallising in the space groups P1, P2, C2 or C222,. The malecules of a
dimer pair are related by a crystallographic two-fold axis, strictly for space groups C2
and G222, and approximately for space groups P1 and P2, The stacking of these
dimers is either collinearly to vield a cnannel type packing arrangement [CH] or the
dimers are displaced sidewszys to different degrees forming intermediate [IM],
chessboard [CB] and screw-channel [SC] type packing modes. Table 432
surmmarises the average unit cell dimensions for these different 3-CD dimer packing
types and their occurrence. The table shows that dimeric $-CO inclusion complexes

prefer to crystallise in the space groups P1, M and C2, CH.

It is worth mentioning that in this search of the CS0 there was no occurrence of a
cyclodextrin inclusion complex of 2 particular organic guest crystallising in more than
one arrangament. The author is therefore unaware of a precedant in the literature of
pseudo-polymophic CD inclusion complexes, Hence the inclusion complexes of -CD

with the methyl paraben guest represents a novel discovery.

Table 4.32 Average unlt cell dimenstons for different B-CD dimer packing types from the 050

Space  Packing Occurrence  a(A)

qroup type

P CH™ 4 15547 15612 15,670 95,30 9977 | 10348
P1 | M A 26 18 266 15432 15412 | 10321 | 119.69 | 59.57
P2. 5C " g 15387 9% 745 15,363 @ 1012 48 Y
cz CH* 24 18,530 23361 15,503 50 108.03 an
(2222, Ce* 7 19527 24113 33.231 50 50 50

? LLD refeodes used. BCYDPR, CHANAD, FERCCU, XADHIT.

? el refcodes ueed AGAZIR, AGAZDN, AGAZLIND, BCRIFH BCOMPH BCONPR. DIDMOG, BOGCAB, BULFIX,
CACPOM CLUEXPH, CEDRMLT, CISXOF DEVGAE, DIFHOP, DCYLM, GESYLY, HESXLUM,
LOMGIE, MASHIE, MASECE, TEJHAR, WOQEOL, wOQE0LU, WISEEY, WISHIZ,

*CCD mefocdes used: COETAM. CIVBUL, DUTLIM, SETEAW GETPEA, KIFFAD, NIZELY, QACKEX SAJRIC

1 ooD refoodes used: GBI LJCH, COCMIQ, CYDXTE GEVTED, REVTIH, NGQPOO, 0EEIL, SOS000, HAMEZE,
HEAMIB, KDGLIB. KDSLOH, KUTJUE, MASEAL, DDEIOW, FUKRIL, PLKEDA, SOBFLIM,
SOEJEY, TEMCIE, VIJKaN, XERTET, YWD, ZUZXCH.

LN refiodes used, DEMTOMN, DEVTUT, FASXLS, GIPFEQ, KOFJEL. MEGRUEK, TECYL,




f-CO INCLUSION COMPLEXES

Owver 70% of the products produced by the phammaceutical industry are solids, which
are mastly obtained by crystallisation, making them prone {o the development of
various polymorphs. Pelymorphism is descnbed as the ability of a compound [or of an
element] to crystaliise in more than one distingt crystal structure. The best-known
example of polymorphism is that of carbon, which can exist in several forms: diamond,
graphite, Cs» and others. Pelymorphism was possibly first observed by Klaproth in
1788 when he noticed that calcium carbonate existed in two different crystalline
forms, caicite and aragonite ™" The extent of polymorphism among phanmaceuticals
was assessed by Kuhnert-Brandstatter in 1985, who reported that 67% of 48 steroids,
40% of 40 sulphonamides and B3% of 38 barbiturates studied, exhibited
pnlymarphism_‘m in a more recent publication” the authors listed about 500 drugs for
which polymerphism is known. One consequence of polymorphism is variation in
solubility or dissolution rate [and hence bioavailability] and this could have serious
implications, especially for drugs with a namow therapsutic window. The potential
impact is so great that the international Conference on Harmonisation [ICH] reguires
proper investigations [and analytical methods] for drug substances and drug products

. o 44-55
according to a decision tree.

Many analytical techniques are used to mondar polymerphism in the phamaceutical
industry, themat aznalysis being cne of the more commenly used analytical
techniques. In this study HSM proved to be a very useful and quick visual technigue to
obseive the thermal differences between the twe pseudo-polymorphic complexes,
TGA results indicated that the P1 complex loses its waters of crystallisation more
readily than the C2 complex. This corresponded to the DSC resulits, as the
dehydration endothenm of the C2 complex was broader than that of the P1 complex.
The D3C results also indicated that the P1 complex had a higher decomposition
temperature than the G2 compigx. This could be an indication that the P1 complex is
the more stable form. In addition to dehydration and decomposition events. the DSG
it capable of flustrating phase changes in polymorphs. However, endothermic or
gxothermic svenis that could have corresponded to a phase change were not

ohserved in these complexes.
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Another useful technique to monitor polymaorphism is XRD, as polymorphs have
different crystal packing arrangements. The XRD traces computed from the single
crystal structure of the MPBCD and MPBCDP1 complexes are shown in Figure 4.33.
From these XRD traces it is clear that two different forms of the B-CD-methyl paraben
complex exist X-ray photography and a comparison of these XRD traces with the
reference traces of Caira® indicated that the p-CO-methyl paraben inclusion complex
crystallises in the space groups P1 and C2 with packing modes IM and CH

respectively,

T _J MPECOP1
Im] -

MPBCD

20°

Figure £33 Calculated XRD traces of the MPBCD and MFBCDF1 complexes

Apart from polymorphic identification, XRD is a valuable tool in demonstrating
isostructurality of CO complexes. In this study XRD showed that ali the B-CD
complexes prepared by co-precipitation and kneading methods [i.e. MPBCD, EPBCD,
FPBCD and BPBCD] were isostructural to each other. This was very beneficial as
X-ray intensity data were not collected for the EPBCD and BPBCD compilexes but it
can be expected, from the XRD results, that the crystal structures would be similar to
those of the MPBCD and PFBCD complexes, The structures of the Iatter two
complexes. crystallising in the space group G2 with Z = 4 and a host to guest ratio of
1:1. have been elucidated.
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Conformation of the B-CD host molecule

In the complexes of this study, the B-CD molecules adopt & rather round and
symmeitrical structure as the variation in the radii of the heptagon and deviation of the
O¢4) atoms from the plane of the macrocycle are small. The average bond distances
and angles are consistent with those of other [I-CD structures. All the glucose units
are orientated sy, and thus the O{2) and O(3) atoms of adjacent glucose units form
seven intramolecular G{2)=«0(3") hydrogen bonds that maintain the conformation of
the macrocycle. The tilt angles are all positive resulting in the B-CD molecule adopting

a cone-like structure with the secondary rim wider than the primary rim.

Overall it has been found that in spite of the inclusion of a variety of guest molecutes,
the [-CD macrocycle is almost round, and the tiit angle is restricted to a relatively
narrow range [-5° to 23°] The average geometrical parameters that define the
conformation of the cyclodexirin O{4) heptagon, the average O(2}++0Q(3} distance
and the average tilt angle [t,], ware calculated from a number of dimeric structures in
the CSD [Table 4.33). Comparison of the data for the MPBCD, MPBCDP1 and
PPBCD siructures showed them to lie within the ranges tabulated. For all three
structures the geometric parameters occur over a relatively narrow range of values
and this can be attributed to the fact that the formation of the 3-CD dimers requires
cerfain geometrical requirements to be met so that the important intra-dimeric G

hydrogen bond contacts can be made.

Negligible differences were observed in the geometric parameters of the MPBCD and
FPPBCD host structures [Table 4.33]. However, it was noticed that the Of{4) heptagon
in the MPBCDP1 structure was more symmetrical and undistorted than those in the
CZ complexes. These differences were cleary expressed in the smaller deviations of
the C{4) atoms from the mean O{4) plane and O{4) torsion angies. This suggests that
the caonstraints that the two-fold symmetry places on the guest, in the space group C2,
iead to a less favourable fit of the guest within the cavity and consequently a more

distorted F-CD macrocyclic structure.
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Tabie 4.33 The average values of the O(4) heptagon parameters, the O(2)s+O{3)
distances and tilt angles for the MPBCD, PPECD and MPBCLDHP1 structuras,

and the average values for a number of -CD dimeric structures

Complex d(A) £1) 020t} 11 ()

' 504 438 128 006 28 2.82 6.0
PRBCDO 510 443 129 0.0y 32 281 4.4
MPBCDP1 5.03 434 129 ooz 14 274 5.1
B-C0 dimeric structures 5.04 438 129 0.t 54 2.80 7.8

Paraben guest molecules

The orientation of a gues! molecule within the CD cavity is dependent on a number of
factors, such as the size and shape of the guest, dipole moments. hydrophobic interactions,
nydrogen bonding and solvent interactions. The tendency to oplimise the occumence of
hydrophobic and bydrophilic domaing at the host-guest interface is thought 1o be important
in orientating the guest in the cavily and determining the stability of the complex. In this

47 did a very comprehensive study in whish they showed with

regard Lichtenthaler ef af
computer alded visualisation of the molecular lipophilicity patterns [MLP] that the secondary
rim of the B-CD molecule is relatively hwdrophilic and its opposite primary rim is relatively
hydraphobic. The bulk of the intensely Fydrophokic regions is concentrated on the inner
regions of the CD cavities. Additionally they showed that the sandwiched area between the
secondary hydroxyls of a B-CD dimer is relatively hydrophilic. Figure 4.34 shows the MLPs
for B-C0 with the colour code ranging from dark blue for intensely hydrophilic portions to
full yellow for the mest hydrophobic regions. Their views are consistent with structures in
the lterature where water molecules of crystallisation are often found at the secondary
hydroxyl interface of a B-CD dimer. From these studies they have suggested that the
difference in the relative hydrophobicity of the two rims can be a determining factor in the
crientation of the guest molecule within the cavity, as the hydrophilic portion of the guest
will align with the hydrophilic secondary rim, and the Fydrophotic portion of the quest will
be Iocated at the primary rim, These hydrophohic attractions are especially important in
cases where the guest is devond of polar groups. However, i polar groups are present, then
dipole-dipale alignments and the nesd for solvation of polar groups may diminish the

importance of hydrophohte attractions for crientating and stabilising a guest in a CD cavity
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Figure 4.34 MLPs of }-CD: side views [left] in closed and bisected form each with secondary

rim aligned upwards; views onte primary and secondary rims [nght]‘”"

The mode of inclusion of the propyl paraben guest could not be determined due to the
disordered nature of the guest within the GO cavily. The modes of guest inclusion for
the MPBCD and MPBCDPF1 complexes are comparable. in both complexes, two
disordered guest molecules are included within the B-CD dimeric unit. The phenyl
rings of the guest moiecules are centralised in the cavities of the B-CD molecules with
the hydroxyl group located at the pamary rim and the aster moiety occupying the
secandary nm. Figure 4 35 shows the orientation of the methyl paraben quest within
the [WCO cavity as determined in this study. The relatively planar conformation of the
uncomplexed methyl paraben guest, which s necessary for its close packing, is
relaxed in the complaxes.
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Figure 4.35 Drientation of the guest in the §-C0 cavity (a) MFBCD and {b) MFECDF1
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Figure 4.36 illustrates how the guest is totally included within the CD dimer cavity in
beoth of the methyl paraben inclusion complexes. This is achieved by tilting the guest
molecules within the B-CD cavity. The tilt permits the guests to cccupy most of the
available space in the cavity and is necessary te avoid abnormally short contacts and
steric clashes between the residues in the vicinity of the secondary hydroxyl dimer
interface. The average tilt angles for the phenyl ring relative to the 04} mean planes
of the CD were 78" and 86" for the MPBCD and MPBCDP1 complexes respectively.
Hence the guests included in the C2 complex have graater tilt angles than the guest
included in the P1 complex. This may bz 2 direct influence of the packing {ypes, as
the CH packing may allow for a2 more [near inclusion of the guest with respect to the

(3-CD dimer axis.

{h)

Figure 4.36 Space-filing diagrams of (a) MPBCD and (b MPECDP1 gimer structures

Me direct hydregen bonds are observad batween the host and guest hydroxyl groups
in the Pt complex. & weak association existing through water mediated hydrogen
bonding. The opposite is true for the C2 complex in which the guest interacts with host
Q[8) hydroxyl oxygen atoms that are in the {+) gauche conformation and no direct

interaction between the guest and the water molecules was observed.

Frem this analysis it is evidant that the dominant factor in determining the orientation
and positioning of the quest within the CD cavily is the solvation and hydrogen
bonding of the guest hydroxyl group with water molacules and CD-hydroxyl groups
respectively. This observation is in accordance with Bergeron et af * who state
that the most important factor in the positioning and stability of the guest in the 3-CD

cavity is the solvation of the polar group.
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For both complexes the orientation of the guest molecules, with the smaller hydroxyl
substituent at the primary rim, also allows for more efficient inclusion. Additionaly it
allows the hydrophohic phenyi ring to bhe centralised within the cavity, which according

to Lichtenthaler et at ¥

is the most hydrophobic area of the CDB. It is worth
mentioning that the majority of the guest motecules of -CD complexes found in the
literature contain a hydrophobic moiety and a polar group and these are crientated in
stch & way that the polar group is found in the region of the pnmary nm or protruding

from it.*

Hydroxyl-mediated hydrogen bonding interactions

Despite the different packing arrangements, the hydrogen bonding networks within
the layers are very similar in different packing 1:1.|r|:nas.EEr The hydrogen bonding can be
segregated into two sub-networks, ong containing the primary -OH groups and the
other containing the secondary hydroxyl groups. It has been observed in dimernc -CD
compleves etudied thus far that the secondary hydroxyl groups are not influenced by
the guest. but participate in an invariant network of hydrogen bonds connecting
neighbouring dimers directly or through water melecules.™ Primary hydroxyl groups
also form a network of hydrogen bonds connecting dimers but they are influenced by
the presence of the guest if the latter protrudes from those faces. ™

With regard to the secondary hydroxyl network the host molecules are stabilised by
saven intramolecilar O(2 w013 hydrogen bonds and these bonds contribute to the
rigidity and highly symmetrical conformation of the cyclodextrin, This network was
further extended by dimer formation through the association of the two [-CD
monomars by hydrogen bonding of the secondary O(3) hydroxyl oxygen atoms, The
mean distances of these contacts are 2.85. 2.81 and 2.86 A [average e.s.ds 0.01,
0.03, 0.02 A] for the MPRCD, MPBCDP1 and PPBCD complexes respectively.

The primary hydroxyl groups form hydrogen bonds to adjacent dimers of the same
layer. either directly or via water-mediated interactions. The O{2)»O{2) and
Q{8)=-0{E) contacts, which are present in all three complexas, are the only direct CD-
to-CD intra-layer interactions observed. [ addition to these intra-layer interactions,
inter-layer interactions were found between the primary -OH groups in the C2
complexes.
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in these complexes, the minor position of the discrdered hydroxyl group O{638) forms
a hydrogen bond to its symmetry related hydroxyl group on an adjacent dimer in the
mext layer of the channel The relative weakness of this bond, due to the low site-
occupancy of 0.18 and 0.37 in the MPBCD and PPBCD complexes respectively, may
explain in part the instability of the orystal structure. This inter-layer interaction was not
ohserved in the MPBCDOP1 structure because of the distortion in the linearity of the
dimeric columns. Finally, the analysis of the structure revealed a handful of weaker,

partly electrostatic C-He+=0 intermolecular interactions.

In addition to these hosi-host interaclions, the O2), O[3) and Q(6) hydroxyl groups
are involved in contacts with the salvent water molecules. Some of these primary and
secondary hydmxyt groups are linked to paralle! CD columns via hydrogen bonding to
the water channel. The water molecules thus contnbute to the overall stability of the

crystal structure and crystallinity is reduced upcn dehydration.

Water-mediated hydrogen bonding interactiops

The DSC results indicated that water oss from the complexes is a multi-step process
pointing to different populations of water molecules, This can be reconciled with the
crystal structure, where some water molecules are involved in a complex network of
hydrogen bonds.

The water molecules fill the interstitial space between the host molecules. Water-
water type hydrogen bonding mediates many of the hydrogen bonds that have
already been discussed and in many of the guest interactions, water molecules form a
link between guest and guest or guest and host. Despite the seemingly intrinsic
disorder of the water molecules, a guasi-invariant water network organised in layers
has been shown to exist® This network can be divided into two separate sub-
networks, one involving hydrogen bonds with the primary hydroxyl groups and the
other with the secondary hydroxyl groups.
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None of the primary hydroxyl groups links a water site of the secondary sub-network.
An important distinction between the two sub-networks is that in the secendary
network, water molecules extend the intramolecular and intradimer hydrogen bonding
system. However, the pnmary network constitutes an interface between two (-CD
dimeric layers and 1t is therefore principally involved in -OHs-water and waters+water
interactions. The water sub-layer constiiuting the interface between two adjacent
dimeric layers is said to contribute to the cohesiveness of the crystal since direct
hydrogen bonding between these dimers s rare.” Owing to this dense hydrogen
bonding netwark the water molecules are held more tightly than the guest molecules.

Table 4,34 shows the nommalised number of contacts and their mean Os-0Q contact
distances for the various water interactions. The numbers of contacts were normalised
for the purpose of comparison. The normalised number of contacts was calculated by
multipfying the number of water molecules per dimer by the total site-cccupancy factor
of the water molecule which was then divided by the total number of positions over

which the water molecules were found [Equation 1].

Number of water malecules per dimer x s.o.f. .

Normalised number of contacts = -
Total number of positions of the water molecules

The number of secondary hydroxyl hydrogen bonds is limited by the dimerisation of
the B-CD molecule. This tabulation shows that the IM structure has more QfB}-=water

and waterswater contacts than the CH structures.

Table 4.34 Summary of the water interactions for the MFBCD, PPBCD and MPBCDPT structures
Camplex Q(3)===\"Waler O G |==stf Water-+=V\fater

MPBCD f 277 5 270 & 279 13 27
PPECD fi 275 5 283 8 278 20 275
MPECDR 5 i 10 274 26 270 3z 274
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Crystal packing

Most complexes of native fI-CD crystallise as dimers. The dimers are linked together
in & head-to-head fashion into infinite two-dimensiona! layers by a dense network of
hydrogen bends involving primary and secondary hydroxyl groups as well as water
molecules. These layers are approximately perpendicular to the dimer axis and are
stacked with their seven-fold axes approximately parallel. All known B-CD dimeric
crystal structures are generated from a superposition of these practically invarant
layers. As mentioned earlier, B-CD dimers crystallise in four different packing types,
which differ in the relative placement of the CD Iayers." They are classified as:
channel type [CH], intermediate type [IM], chessboard type [CB] and screw-channel
type [SC). An important feature of these packing types is that they present different
ervironments for intermolecular interactions at the primary end of the (-CD dimers
and thus any part of the guest that protrudes from the primary rim plays a crucial role
in determining how the two-dimensional layers pack to form the crystal. ™ However, in
the pseudo-polymorphic structures na, or very little, guest protrusion from the primary

fim was obsenved.

in the MPBCD and PPBCD CH structures, the -CD dimers stack paraliel to the c-axis
neary directly on top of each other with only a slight shift of 2.7 A between two dimers
of successive layers along the channel, The guests therefore find themselves
shielded from the water environment and interact only with the hast O(B) hydroxyl
groups.

In the MPBCDP1 |M structure, the packing mode falls between the CH and CB type
packing modes as the |ateral displacement of dimers in consecutive layers is 8.2 A, In
the CB type packing, the lateral displacement between two consecutive -CD dimeric
layers is 8.9 A Hence each dimer is isolated, so that the structure takes on the
appearance of a three-dimensional chesshoard with “squares” of water channels and
f-CD dimers alternating throughout, This [eaves the primary face and included guest

fully exposed to water molecules and hydroxylic groups of neighbouring macrocycles.
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The lateral shift of 6.2 A in the IM mode puts the seven-fold axis of the dimer near the
rim of the dimer below and results in the guest molecules finding themselves in a
nearly "cage-ike" environment, The primary hydroxylic sides are therefore partially
closed by the B-CD atoams of adjacent layers. The IM packing is thought of as more
open than the CH type packing and permits the entrance of water molecutes between
the primary faces of the dimers, aliowing the guest to be fully hydrated.

The packing arrangement of the pB-CD0 structures can be examined in tems of the
volume per inclusion unit, which is defined as the cell volume required for a single
H-CO motectle. its included guest and its associated water molecutes, and these are
given in Table 4.35 with the average voiume per inclusion unit for the various types of

B-CD packing types.

Mentzafos et al * suggest that the volume per inclusion unit probably reflects the
extent of hydration over the primary faces of the dimers. In addition it ts a measure of
close packing, as it was noted that the monomeric herringbone structure, which has
the smallest volume [average value 1530 (10} A”), is also the most compact packing
type of all B-CD sfructures. For the dimeric sfructures it can be seen that a decrease in
the linearity of the dimeric columns results in an increase in the volume per inclusion
unit. The trend observed is CH < IM < SC < CB. This wouid suggest that the packing
amangement adopted by the [-CD structure correlates directly with the volume per

inclusion unit.

Table 4,358 Volume per inctusion unit of the MPBLD, PPBCD and MPBCDP siructures and

the average asymmetric volumes of some situctures from the literature

Complex Space group

MFBCD CH C2 o 1683
PFBCD CH C2 1747
MPBCDR1 1Y P1 1828
Average literature values® CH P1 1763
I P1 1843
5C P2, 1899
CH o) 1761
CB 0222, 1943
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The volume par inclusion unit therefore shows that the IM structure has a less compact
packing arrangement than the CH structure. This is probably due to the extended hydration
shell found arpund the primary rim. However, this still does not explain why two different
packing arrangements occur. A possible explanation for this phenomenon 15 that the
hydroxyl group of the guest forms a strong interaction with the water envirenment favouring
the IM packing over the CH. If this interaction is purely electrostatic then the spatial it of the
guest to the cavily becomes important, If the guest does not provide a tight spatial fit fas
sugnested by the disorder observed in the guest position within the cavity], then the
interaction with the water molecules will be destabilised and the CH type packing will form.
At tow temperature the degree of motion of the guest is reduced and the hydration shell is
more ardered thereby preventing the CH type of packing from forming and thus favouring

the IM packing mode.

Final remarks

In summary, the chserved differences between the MPBCD and MPBCDP1 structures are
that i) the P1 complex exhibile a more symmetrical macrocycle than the C2 complex, i) the
tilt angles of the guests in the C2 complex are greater than thase far the guests included in
the P1 complex, i) the P1 complex is more extensively hydrated and conseguently has a
larger wolume per inclusion unit than the C2 complex and iv) there are differences in the
interactions of the guest with the host and water molecules. With regard to the |latter point,
when crystals of the methyl paraben inclusion complexes were grown at rgom temperature
they display CH packing, which allows the guest to hydregen bond to the GO primary
hdroxyl groups and minimise contact with the waters of crystallisation. In contras!, when
the crystals were grown at low temperature the inclusion complex erystallises in the M type

packing allowing the guest to interact with the hydrophilic water environment.

The results presented here provide support that detailed structural studies are essential in
understanding the molecular interactions occurring in complex supramolecular systems.
Additionally, this study shows the importance of the conditions of crystallisation. The
abservation of pseudo-polymorphism in D inciusion complexes has to date not been
reported in the literature and was therefore an unexpected and most significant finding. 1t
can therefore be concluded that polymorphism of CD inclusion complexes is rare, but
gystematic variations in crystallisation conditions could ingrease the chances of its

GCCLrmrence,
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SOLUTION STUDY







PROTON NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY
(NMR) OF THE [-CD PARAEBEN COMPLEXES

The present section describes a parallel study of the inclusion of the parabken drugs with
the host $-CD, in sclution. NMR spectroscopy s one of the most useful technigues for
studying CO inclusion complexes in solution because of its sensitivity. ™™ The interaction of
a guest molecule with the CD is clearly reflected in changes in various NMR spectral
parameters, > Liste of the chemical shifts af the pure campounds and of the equilibrium
mixtures containing the 3-C0-paraben complexes are presented in Appendix A Partial 300
WMHz 'H NMR gpectra of the pure compounds and of the equilibriurn mixtures containing the
p-CO-paraben complexes and the remaining reagents are displayed in Appendix B, The
assignment of the -CD protons was perfarmed following those of Schneider ef al.™ For the
alkylparabens, assignment of the pratans was parformed in accordance with Chan et al. '
Haowever, whereas Chan st af T uged DMSOd: as the salvent. in this study [LO was used
In the present study, preliminary tests Using DWSO=d: as solvent did not  yield
spectroscopic evidense for inclusion complex formation with the parabens. A probable
regson for this is that the DMSed: becomes firnly fixed within the f-CD cavity, thus
preventing the entry of the guest. The large peak at 4.8 ppm seen in each spectrum is due
to residual HDO molecules in the 0L spivent and was considered as an internal standard
in the measurement of the chemical shifts of the peaks of -CO in the presence and
absence of the pargben drug. The numbering scheme of the B-C0 protons i shown in
Figure 4.37. In each of the -CC-paraben spectra, the B-CO gpectra showed gignificant
shifts far the H3, HS and HE protons, whereas the H1, H2 and H4 protons were relatively
unaffected [Figure 4.38],
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Figure 4.37 (3) The glucopyrancse unit with the numbering scheme (b) [\-CD
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Figure 4.38 Partial "H NMR spectra {300 MHz) of [HI/[G] 1:1 of the {a} MPBCDS, (b} EPBCDS.

(¢} PPBCDS and (d) BFBCDS complexes and {e) the pure B-CO at 2598 K



The H3 and HS protons are located within the cavity, the HB proton is located an the
cavity rim at the narrow end of the molecule and the H1, HZ and H4 protons are
located on the exterior of the [WCD torus, The up-field shifts of the H3, HE and HS
protons verified that the parabens interact only with the inside of the cawity and
thersfore inclusion complexes farm in solution. The complaxes of {i-CD with each
paraben will be referred to as MPBCDS, EPBCDS, PPBCDS and BPBCDS.

A small dispersian of the chemical shift values of the H1 pratan was noticed. This can
be interpreted in terms of the small differences in the canformation aropund the

glucosidic bond among the =(1,4)-inkages in the complexed state. ™

Distinct peaks were not observed for & bound and a free form. This observation implied
that complexation was a dynamic process, the included drug undergoing fast exchange
[relative to the NMRE time scale] between the free and bound states and anly the shifts
of the spectral lines were observed. Tharefore the exchange rate betwaen the free and
hound states must axceed the reciprocal of the largest observed shift diffarence [in Hz]
for any proton of the guest molecuie ™ The exchange rate, ta..n, can be calculated from
the equation given below™ and was found to be less than or equal to 19, 12, 5 and 9
ms for the MPBCDS, EPBCDS, FPBCDS and BPBCDS camplexes respectively.

1

E_' .
Pl 2. ,-“'W{Hz] !

Stoichiomeatry

The stoichiometries of the complexes were determined using the continuous varnation
method ¥ as described in the Experrmental section. Chapter 2. by foliowing the
changes in the chamical shifts of the host protons which showed the greatest variations
wiz. M3, HE and HE. The Jab's plot of the [\-CD proton shifts is more accurate than that
of the parabens, as the [-CD signals are strengthened by the seven identically

positioned protons [one from each glucose monomer].



£-CPD INCLUSION COMPLEXES

The Job's plots for the [CD H3, HE and HE pretons are presented in Figure 4.39 and
have an almost symmetric appearance, indicating that anky cne type of complex had
formed "™ Far each [“CD-paraben complex, the Job's plot shows a maximum at r =
1.5, indicating the sxistence of a complex with 1:1 stoichiometry within the range of

concentrations investigated.

0.04

Figure 4.3% Job's plots for protons of [-CO [-A- H3, B HS: -@- HE) in the (@) MPBECDS

[TOMm]. (b} EPBCDS [EMm]. (¢} PPBCDS [1 5Mm] and (d) EPBCDS [0.7Mm]
complexes



Association constant

The association constants for the 1.1 complexes were evaluated by a non-lingar least-
sguares regression analysis of the observed chemical shift chamges of the drug and
SO NMR lines, as a function of -0 concentration, Equation (3}, wherg [X] is the

concentration of the host or guest of a sample and M = [G]+ [H]:.

[
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For consistency, K was evaluated from the observed differences in chemical shifts for
the H3, HS, and HE protans of [-C0 in each case. The owverall asscciation canstants
{K} obtained are listed in Table 4.36, along with the |loss functions {E}. the correlation

fagtors (R and the complexation-induced shifts [(A#}).

The resutts show that As{HS) = A&{H3), indicating a deeper penetration of the guest
into the cavity and demonstrating that the primary side of the [-CD cawity is involved in
complex formation. In addition these results indicate that the association constant
generally decreases as the alkyl chain length increases. as this part of the guest finds
itself outside the cavity in the hydrophitic water environment. However the BFBCDS
complex is inconsistent with this trend and the rcalculated association constant
suggests that this guest has the bghtest fit within the CD cavity. As the stability of the
complex in sclution refers to the degree of association between the two species
involved in a state of eqguilibium, the averall stability follows the order BFBCDS =
MPECDS = EPBCDS = PPBCDS.

Table 4.36 K. E. E and As; of the [-C0 complexes at 298 K.

MPBCDS EPBCDS PPBCDS BPBCDS
K M 1831 938 480 2002
E 5188 % 10° 1177 x 10* 1459 x 10°  1.378 x 10
R 0.9980 0.0591 0.9988 0.9984
AB(H3)  pem 0 1363 0.1421 0.2550 0,1298
AG(H5)  pem (.2369 0).2768 0.4820 0.2687
AB(HB)  ppm 0.0483 0.0629 0.1327 0.0875




In addition the association constant allows for the estimation of the percentage of the
drug which will complex with the cyclodextrin at 288 K. Far any mixture of host and
guest, the concentration of the inciuded drug [C] can be calculated from the assaciation
constant using Equations {4) and (5. If [H]; = [G]. which corresponds to the mid-point
of the Job's plot experiment, [C] can be calculated and its valug indicates the
percentage of the drug that was not included. From Takle 4.37 it can be seen that as
the association constant decreases s0 the percentage of the drug included in the CD

decreases,

d = K[H], + K[G];+ 1 z

(€1= (d - {a? - akqH} [G] V7 ) (2 K)! ®

Tahle 4.37 Percentage of the drug not included in the CD cavity
MPBCDS EPBCDS PPBCDS BPBCDS

938 450 2022

-K (M7 ES'I

[H]. = [G] 5 2.5 0.75 0.35
(C] .93 1.3 016 011
%% of drug not included 29 % 47 % 749 % BD %

Determination of the structure

One source of structural information is the set of chemical shift changes relative to the
free forms observed upon formation of the complex. This parameter is referred to as
the complexation-induced shift (&) and is given in Takle 4.38. Patterns in the

ragnitudes of these shifts might indicate possible complex geometnes.

The signals of the inciuded paraken are shifted by complexation 1o a variable extent
and a sirnilar trend for each of the guest proton resonances was observed, suggesting
a camparable insertion of egch paraben guest in the P-CD cavity, For each [-CD-
paraben mixture an increase in the concentration of the CO caused down-fisld shifts of

the alkyl chain and ester moiety signals and up-field shifts of the aromatic ring protans.
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The shielding of the aromatic protons was interpreted as a consequence of their
inclusion in the CB.* while the deshielding of the alkyl protons indicated that this part
of the guest lies outside the cavity. The guest position is consistent with the up-field
shifts of the B-CD cavity protons, as the B-CD protons expenence anisctropic shielding

attributed to the inclusion of the guest aramatic ting. ™™

The crientation of the guest within the CD is determined by dipole-dipole interaction
between the guest and inner protons of the host as well as by the formation of
hydrogen honds between the -OH group and the hydrophilic water environment. in the
PPBCDS and BPBCDS complexes AG(H3,H7) » Ad(H4 HE) suggesting that the guest
hydroxyl groups are located at the primary rim. In the MPBCDS complex the shifts of
the meta protons are larger than those of the orlhe protons, ie. the reverse of the
PPBCDS and BPBCDS complexes. This suggests that the phencl moiety of the methyl
paraben is located at the secondary rim of the CD. In the EPBCDS complex AS(H3 H7}
~ AB({H4,H8B), i.e. both the aromatic protons show an approximately equal interaction
with the CD and hence the orientation of the guest cannot be uneguivocally
datermined.

A clearer geometrical relationship between the host CD and the guest in the inclusion
complex could be attained by measuring the 'H spectral enhancement dus to the
homonuclear Overhauser effect [NOE]"™ ™In this case, the origin of the NOE is a host-
guest intermelecular dipole-dipole interaction. The magnitude of the 'H homonuclear
NCE enhancement is small [max. 50 %] and depends criticaliy on the mutual maotion
and the distances betwaen relevant protons. NOE experiments were conducted and
confirmed the orientation of the methy| paraben quest within the cavity, viz. that tha
hydroxyl group is located at the secondary rim. The NOE experiments of the ethyl-,
propyl- and butyl paraben complexes showed that there was no interaction between
the host and guest, suggesting that the intramolecular interactions between the two

species were graater than 4 A
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Table 4.38 Chermical shifts (ppm} of the atkylparabens in the free (experimental values)

and complexed states (fitted values)

Parabens Frotons A Effect

Methyl parabe - 3, H - ?‘3 0.006 Shielded [(S)

H4, HE B.9987 0.028 Shistded  (5)

CH- 38337 -0.024 Deshielded (D}
Ethyl paraben H3 RT 8.0029 0 037 5

H4, HE 7.0038 0.044 5

CH: A 400 -0.038 B,

CH, 1.4118 -0L032 3
Propyl paraben H3, HY B.0037 0126 5

H4, HE & 8900 0052 S

CHa (t) 4.3720 -.095 W

CHa {g} i8i81 -0.027 B

CHa 1.0272 -G.032 O
Butyl paraben H3. H7 769544 0112 5

H4, Hb 6.9585 0.042 5

CH:z {t) 4. 3764 -0.058 D

CH. {q} 179583 -0, 028 O

CH: {st) 1.4882 -0.009 D

CH; 0.9854 -0.045 o

CH,

|
s

o
ce E)‘“ﬁ c4
c7 =03

g

O

|
OH

Figure 4.40 Chemicat structure of methyl-. ethyl- propyl- and butyl paraben. Numerals
comespand to proton positions referred tointhe NMR study,
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DISCUSSION

i 7 reported the association constants for the inclusion

Previous work by McDonald ef a
complexes of 2-hydroxypropyl-B-CD (2-HP-B-CD) with parabens as 1099, 699, 1338
and 2495 M’ for the methyl-, ethyl-, propyl- and butyl paraben complexes respectively.
They found that the K value increased as the hydrophobicities of the esters increased,
indicating a greater ability of the long chained parabens to compete for the hydrophobic
core of the 2-HP-B-CD molecule. Later, Matsuda ef al™® postulated that the
hydrophobic part of the paraben molecule entered the hydrophobic cavity of B-CD, with
the phenol moiety located at the wider secondary rim. Chan et al ° conducted 'H NMR
spectral studies and concluded that the phenyl ring was inserted into the hydrophobic
cavity [as found in this study]. Additionally Chan et al ¥ suggested that the steric strain
due to longer chain length would be overcome by a convenient twist in the chain
conformation, which favoured a compact accommodation of the guest molecule in the

hydrophobic B-CD cavity.

In this study it was found that the values obtained for K did not show a uniform
decrease as the length of the alkyl chain increased. This trend resembles the variation
I57

found by Chan et al > for the R and S parameters based on membrane dialysis results.
They obtained a relatively high value for S for the B-CD-methyl paraben complex,
indicating that the methyl group could be accommodated quite well in the B-CD
hydrophobic cavity. However, the ethyl group showed a decrease in the S value while
further increase in the size of the alkyl chain produced the opposite effect. This
suggests that the increase in the hydrophobicity of the larger alkyl group leads to a
greater interaction with B-CD. If this were the case, then there should have been a
uniform increase in the extent of interaction as the alkyl chain length increased.
However this was not observed, implying that not only the hydrophobic effect but also
some other factors play a significant role in determining the formation of the complex
[for instance the orientation of the preservatives within the B-CD cavity, van der Waals

77-78

forces, London dispersion forces and hydrogen bonding].

it is worth noting that in solution additional arrangements of the complex are possibie,
including inversion of the guest positions found in the crystal.” This is a consequence
of the secondary hydroxyl end being open in solution and allowing solvation of the
hydroxylic group at either end of the CD cavity.
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DIMEB INCLUSION COMPLEXES
COMPLEX PREPARATION

Initially. powderad inclusion complexes of methyl-, ethyl- propyl- and butyl peraben
with DIMEB [hepiakis(2 6-di-O-methvi)}-[—cyclodextrin] were prepared by kneading.
¥-ray powder diffraction was used to determine if complexation had occurred. The
diffraction patterns of the kneaded materials were compared with those of the physical
mixiures [consisting of a 1:1 molar ratio of DIMEE with each drugl In each instance,
the pattemns for the kneaded materials and physical midures were similar, indicating
that complexation did not occur by kneading. The XRD pattemns for the methyl-DIMERB,
ethyl-DIMEB, propyl-DIMEB and butyl-DIMEB kneaded materials and their physical

mixtures are shown in Figure 5.1,

s, butyi-DIMEB

t Al Lol LAcans® MR oA 2o propyl-DIVEB
|

, P ol A . ethyl-DIMEB

2 PRIRIAS A AL LA methyl-DIMER

5 10 15 20 25 30
20°

Figure 5.1 XRD patterns of the methyl-DIMEB, ethyl-DIMEE, propyl-DIMEE and butyl-DIMEER
kneaded materials [grey] and 1:1 physical mixtures [bluel

Crystaliine compiexes were prepaied by dissolving an equimolar amount of DIMEE
with each drug in distilled water at room temperature. in the case of the methyl- and
ethyl paraben, the resulting unfiltered dilute sclutions were placed in the oven at 60°C.
I the case of propyl- and butyt paraben the solutions were filtered and incubated at
approximately 50°C. Crystals were obtained on standing for a peried of 48 hours. The
densities of the crystals were not measured due to the high selubifity of the host in both
agueous sciution and arganic solvents. The complexes of DIMER with each paraben
will be referred fo as MPOMEB, EPDMB, PPDMB and EFDMB.
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THERMAL ANALYSIS OF THE INCLUSION COMPLEXES

HS M results for the DIMEB complexes

H5M was used to analyse the thermal behaviour of the complexes upon heating at 2
constant rate of 10°C / min. The visual interpretations of the changes observed in the
crystals upon heating are illustrated in Figures 5.2 and 5.3. Upon removal from the
mother liguor the crystals were submerged in silicone cil, in order to prevent
preliminary dehydration and to aid in the cbservation of dehydration upon heating. The
MPDMB and EPDMB complexes crystailise as transparent rectangular blocks while the
FPOME and BPDMB crystals ocour as long thin colourless neesdles,

initial lateral cracking of the MPDMB crystals was observed from 32°C and this became
mare pronounced as the temperature increased to 65°C. Dehydration started at 87°C
and continued at a steady flow until 108°C, at which point the crystals became opaque,
and started to fragment. The crystals continued to fragment further and had a glue-like
appearance at 115°C, No further observations were seen untl 270°C, when the

remaining material started to decompose and beceme brown in colour.

In the EPDMB complex, lateral cracking was chserved from 41°C to 72°C, and very
small bubbles were released as this cracking occurred. Larger bubbles were liberated
by 81°C and continued in a steady stream until 112°C. This process of dehydration
reduced the crystals to fragments and led to the crystals becoming opaque. By 134°C
the crystals had a glus-like appearance, with poory defined edges. The onset of
decomposition was chserved at 289°C.

In the PPDMB crystals, bubbling was initially seen at 45°C and continued to 96°C.
Small cracks were observed as dehydration took place. The release of bubbles started
to become more vigorous from 89°C and continued to 117°C, decelerating and finally
stopping at 127°C. At this pomt the crystals were slightly opaque and had lost the
sharpness of their edges, By 150°C the crystals ware totally opague and decomposition
commenced at 267°C, evident by discolouration of the crystals. Between 350°C and
400°C the crystals show a pseudo-melt and liquefy somewhat. As decomposition
sontinueas the crystals become hiack and charred.
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EPDMB EPDMB

87°C 350°C 112°C 380°C

57°C 134°C

Figure 5.2 HSM photographs taken at various temperatures for crystals of the MPDME and the
EPDMBE complexes
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8PDMB

29°C 155°C

101°C 303°C 79°C 323°C

400°C

267°0 123°C
Figure 5.3 H314 photographs taken at various temperatures fior orystals of the PPDMB and the

BFDME complexes
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In the BPDMB crystals, bubbles were seen at 44°C, indicating the beginning of
dehydration and continued in a slow steady stream to 86°C. The bubbling became
more vigorous at 96°C and continued to 117°C. Thereafter, dehydration continued
more slowly until 155°C, at which point the crysltals were opaque and had a glue-like
appearance. Thereafter no physical changes tock place until decompasition at 323°C.

TGA results for the DIMEB complexes

The TGA traces for the MPDMB, EPDMEB, PPCMB and BPDMB complexes are shown
in Figure 5.4 (a}, (b). {c) and (d) respectively. A summary of the abserved percentage
weight losses s presented in Table 5.1

The four DIMEB complexes exhibit similar thermogravimetric events, Weight iosses
from ambient temperature up to 100°C represent water loss from the complexes. From
100 to 150°C no significant weight loss was observed. Thereafter, there was a weight
loss step fram 150°C to 250°C. This is interpreted as the dissociation of the guest
malesule from the host, as the percentage weight loss comesponds to the molecular
weight of the paraben in each case Finally. the remaining sampie decomposed at
temperatures beyond 300°C. These thermal events comespond with those observed in
HSM.

Table 5.1 The percentage weight losses for the DIMEEB complexes

PPOMB BPDWE

Temp MPOMB

{'c) Samgle 4 Witk Sample A Weigh Snmple A Weight Bamgple A Weipht
welpht £%6]  lgws (st | woight(¥nh  losartart | weigh1(0 losuqSup® | oweipht(h doas (o) d

30 1ac = 100 0 100 -
100 855 4.2 854 4.5 8955 4.5 958 4.2
160 85 2 g G4 0.5 S48 0.7 851 .7
240 85.2 10.0 o458 0.0 a3 3 11.5 435 118
300 851 0.1 548 {1 81.7 1.6 4z 8 B:7
350 846 5 835 1.3 il 10 825 0.3
400 378 46.8 8.9 T4.6 6.9 4.9 230 585

Average number of water molecules per H:S unit

3.7 4.0 3.9 3.7

* A Weight loss (%) = {Sample weight {35) at temparature (n-1]] - [Sample weight {%4) at temperature (n)]




DIMEB INCLUSION COMPLEXES

10
A" T~ —~_ TGA A
Weight A — [ * rieat
30 B Flow
(%) c
. {mw}
60
(a)
G 4
40 A B
2
20
ENDO T DsC
o : : . ; . = . "
0 HI 130 THE 230 280 330 3|
160 £=—
. T TGA | 4
g0 B
¢
{b] &0 > s
40 y
A B & 15
20
ENDO T DSC
i - x - - 3
30 80 130 &0 230 2800 30 30
100§ 50
""\ TGA
i a
a0 B L A0
&
(c) 4
30
40 7 G
A B L2
20
ENDO T DscC
(¥ - —_ - . o . ¥ 10
30 %0 130 1% 230 280 30 30
00— 16
TGA
s0 | A _I;\— %
& 6
{d} Ml 1
40 : \ 4
A c
T 2
ENDO T DsC
1l ]
20 RO} 130 18 230 K0 3O 380

Temperature { °C )
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DSC results for the DIMEB complexes

The DSC results far the MPOMEB, EFDME, FFDMB and EFDME complexes are shown
in Figure 5.4 {a} (h). (c) and (d) respectively and the results are summarnsed in Takble
52 The four OIMEB complexes show a broad endothermic event representing water
loss in the range 30-100°C, which corresponds to an observed mass loss in the TGA
traces [labelled A]. The asymmetric shapes of the dehydration endotherms suggest
that water loss from these complexes was a multi-stage process, as was observed
from HSM.

The anhydrous complex undergoes a smaller endothermic event in the range 1350-
230°C [labelled B]. whose comesponding TGA weight 085 is in each case consistent
with a 1:1 host-guest stoichiometry. The separate losses of water and the guest can
alsa be chserved on the HSM. Figures 52 and 5.3 show how the crystals of the
complexas crack as they lose water and then become compietely opague as they lose

the guest molecule.

The final event, endotherm C, represents fusion of the host followed by decompositian
and appears similar in each case, Fusion of pure DIMEB does not occur, but rather the
hast starts to decompose over the temperature range 277-254°C. The stability of the
complexes was based on the analysis of the onset of guest 035 for the camplexes. The
stability followed the order MPCME = BPCMBE ~ PFDMB = EFDMB.

Table 5.2 Summarised DSC results for the DIMEB complexes
WVFDMB  EPDME FROMB EFDHIB

Temperature range A c) | 30-84 30-70 | 30-90 30-80
Endatherm A Tén {"C) 20 30 30 30
Peak ("2 &1 43 51 42
Temperature range B e 189-254 | 126-134 | 136-153 | 143168
Endotherm B i (°C) 208 150 142 147
Peak (*) 222 134 145 158
Tempearallre range i (") 347400 321-400 J57-400 347405
Endotherm C Peak 1 "y 366 aG0 371 agd
Peak 2 () 386 | 384 343 388
METHYL ETHYL PROPYL BUTYL

" Crndathierm for fusion of pure paraben (“C) 128 1186 ! g6 | 60




X-RAY CRYSTALLOGRAFPHIC ANALYSIS OF THE MPDMB STRUCTURE

Drata-collection

The prefiminary unit cell parameters and space group for the MPDMEB structure were
determined by X-ray photographic techniques, The cscillation photograph displayed m,
symimetry indicating the monoclinic system or higher. The Weissenberg photography
showed two central lattice rows, 90° apart. each of which was a mirror line, The overall
symmelry af the reciprocal lattice {Laue symmetry] was thus determined as i,
indicating that the crystal belonged to the erthorhombic system. The systematic absences
are listed below. and these confinmed the space group P24.2,2.

hkl;  none

ROD: h=2n 141

Okl: k=2Zn+1

00l 1 =2n+1
A single crystal was mounted on a glass fibre and covered in Paratone M oil* ta prevent
cracking due to loss of water of crystallization and to provide a rigid mounting for the low-
temperature data collection. X-ray intensity data-collection was performed at 173{2) K on
the Monius Kappa CCD diffractometer using graphite-manochromated Mok radiation,

Crystal data and data-collection parameters are listed in Table 5.3

Structure determination and refinement

An initial search of the CSD did not locate any DIMEE complex structures with similar unit
cell dimensions. Hence it was necessary to solve the structure afé initio, The structure was
solved using the program PATSEE"" which uses Patterson and direct methads to
arienlale and position a fragment of krown geometry in 8 unit cell. The search model
consisted of the skeletnn atoms of the host. DIMEE, from a previously solved DIMER
clofibric-acid complex,” as it was hoped that the conformation of the cyclodextrin would be
similar. After 5000 random positions were refined for 1 000 000 random orientations. a
starting meodeal with favourable statistics was produced from the PATSEE run [viz. RFOM =
0.439; TPRSUM = 0708 TFOWM = 0.221; B = 0.207, CFOM = 0.815]. Full-matix least
sguares methods [SHELX-87]° were used to refined the starting model. The difference
electron density map based on this initial refinement revealed meost of the remaining non-
hydroden atoms of the host. After further refinement it was found that the atom C{7) on
O 25G4) and the atoms O(6) and C{8) an Z{8GE) were disordered. Two alternative positions
were found for each diserdered atom. For a given pair, a fixed Uy, of 0.09 B [the mean of
bz for the chemically equivalent ardered atoms) was assigned and site-occupancy factors

[s.0.f.'8] of x and 1-x were assigned, with x yariable.
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Table 5.3 Details of tha data collection and refinement parameters for the MPOME structure

! Empinical formula
i Formula weight
Cryskal system
Space group
alh

bf A

A

e

B/

| 11"

Volume § A7

z

Derisityeae / g Y-
u {MoKer) | mm?
Fion)
Temperature of data collection § K

Crystal size/ mm”
Range scanned 6 /°
Index ranges

@ scan angle /°

t sGEN range, frames

¢1 5can angle ! °

¢1 Bzan ranges, frames

O mm

Tetal no. of reflections collected
Mo of independant reflections
Mo of reflections with § = 2a(l)
Mo of parameters

iy

5

R for 6241 reflections)
Reflections omitied

WRE
Weighting scheme
£ o Drrweane

Apexcursions { e A7

CosHuOuns CaHe0x3. 7 H20
15502

Orthorhombic

P2.2.2.

10.6014 {1}

154760 {2)

48 2438 {B)

40

o0

an

7162 (2}

r

1.301

0,108

3324

173i2)

0.27 x .38 %035
2=0x25

h 612 k-1810 | -58, 55
0.5

131.5° 263

0.5

100.5%, 201 and 75.5°% 1581 and 97.6° 195

77.8
14594

9801

7416

826

0.0196

1.037

0.0004

(0135 (D23 (A28 (O26) (D44 {05 1)
Z10EEI211

02407

a=01548 b= 129325

< 0.001

.78 and -0 52
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[hstance constraints were placed on the bonds linking these disordered atoms to their
parent atoms. All the non-hydrogen atoms on the host, except the disordered atoms and
O(BG1)  C8G1), C(7G3), O(BG4), O(3G5). OEGE) and C{BGS) were refined
anisotropicaliy. Once all the non-hydrogen atoms of the host had been placed. the
cyclodextrin hydrogen atoms were geometrically fixed at tdealised positions in a niding-
model. All the methyt hydregen atoms were assigned a common varable isofropic
ternperature factor and the remaining hydrogen atoms of each giucose moiety wera

assigned commen variable isctropic temperature factars.

Refinement continued with the placement of the water cxygen atoms. Five positions were
wlentified, with one water molecule, O(4Yy), disordered over two sites. The water oxygen
atorns were each assigned a fixed isotropic temperature factor of 0.07 A% and the s.of's
were allowed to vary. The s.of's refined to 0.93, 0.78. 0.79, 0.64, 0.20 and 0.3t for O{1W),
(200, D3N, QWA OWWE) and CHEW) respectively. This lad to a total of 3.7 water
mecleculas in the asymmetric unit, which was comparable tc the number of waters observed

from the TGA results. The hydrogen atoms of the water maolecules were not jocated.

From the remaining elactren density map a fragment of the quest was discernible and after
further refinement all the non-hydrogen atoms of the guest were located in the difference
elactron density map. The phenyl ring was constrained az a rigid hexagen using the AFIX
66 instruction, it became evident that the ester substituent was discrdered over two
positions. They were labelfed with suffixes A and B and each of these disorderad atoms
was assigned a s.o.f. of x and T-x, with x variable. These values refined to 057 for O{10A)
and Cl11AY and 0,43 for G{10B) and C{11B). A single isotropic temperature factor was
used for the non-hydregen atoms of the guest and this refined to a final value of 0.12 A?,
The twa positions of the ester substituent and the numbering scheme for the methyl

paraben molecule can be seen in Figure 5.5

c7 Cé

01

c3 C4 O10A C11A

Figure 55 Structure of the methyl paraben quest molecule showing the two disordered
positions of the ester substituent [A and B]
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The hydrogen atoms aftached to the carbon atoms of the quest were alse inserted at
idealised positions and assigned 2 commaon isotropic temperature factor. The hydrogen
atom of the hydroxyl group was placed using the rotating group refinement strategy [AFIX
83]. Due to the asbnormally long bond distances found in the guest molecule, distance
constraints were placed on certain bonds, namely: C{51=C(8) 1.468 A: C{8)-0§8) 1.217 A:
C{RI-O{104} 1.334 A: and O{10B}-C{118) 1.438 A [all with ¢ = 0.005 A] The values

chosen were taken from Lin’

Geometrical analysis of the MPDMB structure

A single DIMEB molecule, its associated guest and 2.7 water molecules make up the
asymmetric unit of the MPDMB structure. The glucose units will be referred to as G1, G2,
33, G4, G5, G6 and G7 and the structure and numbenng scheme of the MPFOME complex
ari water molecules are shown in Figure 56. The geometrical data for the DIMEB
maolecule are fisted in Tables 54 and 55 [eeds are in the range 0.007-0.012 A for
tiistances and 0.1-0.8" for angles].

Figure 5.6 Macrocyclic structure and numbering scheme of glucose residuss and water oxygen
atoms, with the hydrogen atoms excluded. The host is viewed from the secondary
face.
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The DIMEB molecule has a round and rather symimetrical structure with all the
giucopyranose residues in the *C, chair conformation. Each of the glucose residues
inclines with the O{6) side tumed towards the inside of the macrocycle. The C{8}-0{6)
bonds of the G1, G3, G4, GB, and G7 residues are directed away from the cavity and
are in the (-) gauche conformation to tae C{4)-C(5) and Of5)-C(5) bonds. The GG}~
CHE) bond of the G2 residue points towards the cavity in the (+) gauche conformation.
The O(6) atoms of the G5 residue are disordered over two sites with the major position
{OIB5A)] adopting the (+} gauvche conformation while the minaor position [Q{658)]
adopts the (-) gauche conformation. All the O(6}-C(8) bonds are frans to the respective
C(5-C(8} bonds, except in the G2 residue and in the case of the major position of the
G5 residue, where the bond lies gauche. All the O(ZC(T) bonds, including the
disordersed CH; on O{2) of the G4 residue, are directed away from the cavity.

The geometric parameters of the C(4} heptagon of the MPDMB structure are fisted in
Table 5.4, These include the radii, the O(d)-0({4") distances. the O{4}=--0(4')==0{4"}
angles, the Of4)e+{4")++=0{4"}+=«O{4™} torsion angles and the deviations of each of
the O{4}) atoms from the mean O{4) plane. Table 5.5 lists the other important features
of the macrocyclic structure such as the intersacchandic bond angle (p}, the
Q(2p=0(3") distance and the tilt angles [r; and 2] These parameters are defined n
Chapter 1,

Table 5.4 Geometrical parameters of the CG{4) heptagen for the MPDMB structure

Glucese Radii Ofd =04’} (4] angle Torsion angle Deviation

unit {A) {A) . (")

Gl | N\o.1B(1} | 428 |  1zF 32(3) [ oo2
G2 5.22 {1} 4.47 124 4.1 {3 016
G3 4.83 (1) 4.48 134 1.4 (3} 01.04
G4 5.05 (1) 438 128 3.9(3) 6.10
Gs 5.24 (1) 4.3 125 0.9 (3 0.07
GB 5.01 (1) 4.44 129 6.3 (3} -0.08
a7 4.85 (1) 441 133 34 (3 2.1
Average 5.05 4.39 129 [3.3] [0.07 |

The average vatue of 5.05 A for the radius of the heptagon is in good agreement with
the radius of #-CD [5.04 A]*" The values calcutated for these parameters compare
favourably with those of the DIMEB-clofibnic-asid complex ®
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Table 5.5 o, O(2)==0(3'} distance 1 for the MPDMB structure

Glucose O(2)==0(3)

Lnit . (A) %)

G1 118 ' 4.4 (3)

G2 118 256 1252} 15.0 (2}
G3 119 282 1.2 {1} 15.2 (2)
G4 120 282 7813 13.7 (4)
G5 117 292 8.7 (1) 13 2 (2)
G6 119 283 14.5 (1) 17.1 (3}
G7 118 284 5402 0.1 (2}

Average 118 2.85 B8 12.7

The distances between the G(2) and O3} atoms of the adjacent residues Indicate that the
Q(3) hydroxyt group is hydrogen bonded to the O(2) atom of the adjacent residue. The
intramotecular O(2)=+-0O(3') hydrogen bonds contribute to the ngidity and highly symmetrical
conformation of DIMEB

Guest geometry and interactions for the MPDMB structure

The conformation of the methyl paraben guest may be definad by three torsion angles. The
torsion angles & [C(E-C{5-C(B-C{9), & [CI5-C{E8O(10A-C(11A)] and &=
[C(5)-C(8)-O{10B)-C(11B)], will - be used to describe rotation around the C{5)-C{8),
Cte)-0(104) and C(8)~-O{10B) bonds respectively. These torsion angles were compared
with the corresponding ones of the uncermplexed methyl paraben molecule’ and were found
o be similar in the case of 5 [Figure 5.7]. & of the complexed methyl paraben has a
slightly larger out-of-plane twist than that of the uncomplexed MP, indicating that inclusion
allows for more rotational freedom around the C{5)-C(8) bond.

09%2%8/01““‘*-“(;11 0 C8 UW‘\-\.CH MP in complex:

. . d =-17 (1)
9 lgg cg Vsl Om Ban = =180 (1)
o = dzp = -179 (2)
o 7 MP
uncomplexed.”
QH OH H=-086
ﬁ; = -1??

Figure 5.7 Torsion angles &, fus and o of the methyl paraben
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The close contact distances for the reevant interactions between the host and guest
molecule are listed in Table 5.6. Most of the close contacts occur between the guest
and the disordered C{854) and C(85B) atoms and their related hydrogen atoms of the
host. The ester oxygen atom, O(10B), is in close contact with C{85A) indicating that
these two disordered atoms are nol present at the same time, The |ast five contacls
show how the disordered atom C(85B) of one host protrudes into the cavity of the host
above it.

Table 5.6 Close contact distances for the MPDMB structure

Interaction Distance {A)
H(4) +»» H{B61) 233
C(8) ==~ H(851) 2 85(1)
Q{10B} =+« C[B5A) 266 (3)
Q{10B} s+ H{B51) 1.85 (2)
Hi114) === CIBSA) 2.77 (2
C{11B) == C{BSA) 2.33 {4)
Gi11B) == H(B51) 2.08(4)
C{11B] =~ H(B52) 2.25(3)
C(11B) = H(B53) 228 {3y
H(11D) == H{B51) 159
H{11D) === H{B52) 1.32
H(11D) === H{B53) 189
H{11E] «» C{B5A) 2.59(2)
Hf11E) s H{853} 243
Of1) === C(e58)’ 3.09 (4)
Ot} =+ CiB5B) ' 3.24 {2}
C{7) == H{8EB)' 276 {1}
H{7} === C[8EB}’ 2,58 (2}
H{7} === H(856)’ 1.08
' Related by symmelry operation -1+x, y, 2

The methyl paraben guest is almost completely enclosed in the cyclodextrin cavity. with
its long axis orientated in the direclion of the molecular axis of the host. The phenclic
hydroxyl group is located at the secondary rim of the cyclodextrin, while the ester
moiety of the quest molecule is located at the primary nim. The pheny! ring of the guest
ls almost perpendicutar to the mean O(4) plane with an angle of 88.9 (2)" between the
two. Figures 5.8 and 5.8 show CPK diagrams of the MPOMB structure
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Figure 5.8 Space-filling diagram of the MPOMB structure (a) side view (b} sectioned view of|

the same onentation

(b}

Figure .9 Space-filling diagram of the MFDMEB stnucture (a) viewed from the primary rim

{E] vigwed from the secondary rim

Hydrogen bonding interactions of the MPDME structure

Haost interactions

Seven strong intramolecutar Qf2)+=CH{3"}) hydrogen bonds. which are in the range
2.76-2.93 A with 2 mean of 2.85 A [Table 5.5], contribute to the "roundness” of the
cyclodextrin structure. The confermation of the DIMER motecule is stabilised by seven
imramalecular C—H=-=C hydrogen bonds [Table 5.7], a common interaction found in
carbohydrate crystat structures.” The intramolecular hydrogen bonds consist of five
C(B8)-H=+=0{5") hydrogen bonds, a C{7)—H+=0(3} hydrogen bond and a C{B}-H={5")
hydrogen bond. Three intermalecular C—H-=0 hydrogen bonds stabilise the crystal
structure and consist of a C{2)—H++0(3) hydrogen bond. a C{B)-H=+0{3) hydrogen
bond and a C{8}H+-C(B) hydrogen bond. All the Ce+O distances are in the
range 3.2-3.5 A

&7
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Table 5.7 C-H++0 hydrogen bonds in the MPDME structure®

Distance (4) Angle (%)
Husald
Intramolecular hydregen bonds
CIBG1) H(612) CH5G2) 0.99 2.60 334 (1) 1315 (8)
C(6G3) H{B3Z} (5G4} .99 2.78 33211 116.7 (5)
{654} H{B42) Q[5G5) 0.99 263 33801 TR R
C(BGE) H{BE2) O(RG7) 0.99 280 348¢1) 1254 (5)
C{BGT7) H(E72) O(5G1) .99 270 345(1) 132.6 (5)
C{TE1) H({713} O(3G1) 098 285 321N TME.4 (7}
C(BG3) H(B33) 5GE4) 0.98 2.90 3.44 (1} 115.8 (7)
Intermolecufar hydrogen bonds X R R e
T C@Ee1) HE2TD 036G 1.00 2.61 3,350 (9)  130.5 (4)
Ci8Ga) H(832) O{3G2) " 0.98 2.65 343(1)  1368(7)
C(BGT) H{B73) HBGA) 0.98 277 |[ 1 } 118.0 {8
L ﬁ.sla-'.r;d by symmstry operation . x =1+, ._z_.
* Related by symmetry opsration:  i-x Yty ez
™ Hydrggean bonding pararreters bazed on dealised hyd-egen aiom posiisns.

Guest interaclions

Hydrogen bonding distances invelving the guest are listed in Table 5.8. The hydroxyl
oxygen atom is invelved in hydregen bonding with one water oxygen atom and
engages in three hydrogen bonds to the host molecules in symmetry related positions
{Figure 5.10).

Table 5.8 Hydrogen bonding distances involving the guest in the MPDMB structure®
Distance (A)

Donor(D) Acceptor{i) - Hrasdy

o) H( ) O@W) ' 0.840 1.80 272(1)  168.0(7)
C(85B) H{SEE} " 0.980 262 .09 {3) 108 (1)
Ci6G8H)  H(661 o{1) " 0.990 276 343(1y 1258 (5)
C{7G6)  H(76 :. o1 (0.980 265 33820  131.8¢(9
Cl11A)  H(11C)H O(3G2) ° 0.980 262 3.30(1) 12707

' Related by syTmetrs ooetaznn  fote, ey, -2
" Relatad By symmstry cheratien: T+x, 4§ Fig
Y Rulated by syrrmery apsraton: o, ey, -z
* kydregen bongdicg paramstess based oo dealised hydrogen aion positions.
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GUEST INTERACTIONS

C7G6
Y
CeGH
. @
s.® gy
C85B

WATER INTERACTIQNS
B 08G7

0558 o, ;
"'.‘MWA . oO1W
i sk

LS
RY --q.,:.' 0366 "
e g @ 8 OIW

-

Figure 5.10 A schematic representation of guest and water interactions that connect adjacent
host units

Waler Interactions

Thermogravimeiric analysis gave 2 weight loss which cormesponds to 3.7 water
molecules per 1.1 complex unit. These water molecules were all accounted for in the
erystallographic analysis by setting the common isotropic temperature factor to 0.07 A%,
All the water molecules are situgted at the pariphery of the cyclodaxtrin molecule, filling
the intermolecular space between complex units. Hydrogen bonding distances between
the host and these water molecules are listed in Table 5.5,

All the water molecules are within hydregen bonding distance of a host cxygen atom,
except for O2W) and O(3W), O(2W) is hydrogen bonded to the guest hydroxyl oxygen
atorn and is within hydrogen bonding distance of two water oxygen atoms, thus fonming

bridges with atoms of adjacent gfucose units {Figure 5 10].
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Both the O(4WA) and O(4WWE) water atoms are in hydrogen bonding contact with the
same host oxygen atom and water oxygen atom, namely O{3GE) and O{1W). O(4WR)
is 2.28 A from O[5W), indicating that these atoms will not be present simultaneously.
The s.0f values for O(4WA), O4WRE) and O(5W) are 0.64, 0.20 and 0.31 mspectively,

Table 5.9 Hydrogen bonds and hydrogen bonding distances between water molecules
and the host in the MPDMB structure®
Distance {A)

Donor(D) Acceptor(A) B-H Heas Ay

CC{3G6)  H381)  OBwW 1.00 270 336(2) 124.3(8)
Symmetry operator for
Interaction Distance [A) the host axygen atoms
O[1W) »» O(6GT) 284 (1) XY Z
Q4WA) === O{B58) 2.70 (2} X, -1+y, 2
OIAWA) »»  O{3CH) 280 (1) o4x, oy, -z
QAWEB) == Q{3G6) 2.69 (3) Yok, foy, Z
O{EWW) »= Q(2GH) 2702} XV, 2
Q1) s O{3WY) 2.75 (1} Yo%, fey, -2
QUIVY)  aee O(HWA) 2701} T T
Q) e O(4WB) 2.74 (3) Y. M. Z
O(2W) e+ O{3W) 285(1) Yotx, 1oy, -2
Q20 w O(5W) 292 (2) Vokx, 1y, 2
OAWB] = O(5W) 2.28 (4) fotx, Uy, Z
* Hydrogen bonding parameters based on idealised hydrogen stom positions.

Crystal packing of the MPDMB structure

Figures 5.11 and 5.12 are extended sterec packing diagrams of the MPDMB structure
showing projections as viewed down the s5- and b-axes Complex units stack in
columng in a head-to-tail mode, forming what appear to be continuous channels along
the a-axis. Figure 511 shows the "endiess" channels while Figure 5.12 shows the
columns running paraltef o the a-axis. This style of packing is considered to be a

maodifiad herringbone type packing.
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Figure 5.11 Stereo packing diagram of the MPDME structure [4-axis projection]

Figure 5.12 Steren packing diagram of the MPDMB structure [b-axis projection]
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N-RAY CRYSTALLOGRAPHIC ANALYSIS OF THE EPDME STRUCTURE

Data-collection

Preliminary X-ray photography was used to determine the unit cell parameters, crystal
system ang space group of the EPDMB complex. Oscillation and Weissenberg
photography indicated that the complex belongs to the orthorhombic system [mmim
Laue symmetry]. The systematic absences are listed below, and these confirmed the
space group P2.242..

hkl;  none

h00: h=2n+1
OkO0: k=2n+1
oo | =2n+1

A single crystal was mounted on a glass fibre and covered in Paratone N oil * This was
done to prevent cracking due to loss of water of crystallisation and to provide 3 rigid
mounting for the low-temperature data cellection X-ray intensity data-collection was
performed on the Monius Kappa CCD diffractometer using graphite-monochromated
MoK radiation [4 = 0.71073 Al, at 173(2) K. Crystal data, unit cell parameters, data-

collection and final refinement parameters are listed in Table 5.10.

Structure determination and refinement

The crystal structure of EFDMB was solved by the isamarphous replacement method
using co-ordinates of the non-hydrogen atoms [excluding the O(6), C(7), and C{(8)
atoms of each methylglucose residug] of the host cyclodextrin in the isomorphous
DIMEB complex of MPDMB descnbed previously

The structure was refined by full-matrix least-squares refinement using the SHELX-97
program”® with subsequent location of the remaining non-hydrogen atoms from the
electron density map. After further refinement the atam C{7) on O{2G4) and the atoms
O(&) and Ci8) on C(EGS) were found to be disordered. Two alternative positions were
found for each disordered atom and for a given pair, a fixed U, of 0.08 A7 [the mean of
Uisa for the chamically equivalent ordered atoms] was assigned, Site-occupancy factors
of x angd 1-x were assigned. with x variable. Distance constraints were placed on the
bonds linking these disordered atoms. All the oxygen atoms on the host, except the
disordered oxygen atoms O{2G4) and Of6G1) were refined anisotropically.
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Tahle 5.10 Details of the data callection and refinement parameters for the EPDMB structure

Empirical formuta

Fomula weight
Crystal system
Space group
alA

bi!A

ci A

[n]
)

p!e

1"

Volume / A

Z

Densityese f g em™
MoK ! !
F{000)

Termperature of data collecton f K

Crystal size! mm’

Range scanned 01"
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# scan angle /

# scan rangs, frames

w scan angle / °

v BGaN ranges, frames

Lhe £ mim

Total no. of reflections collectsad
Mo, of independent reflections
Mo, of reflections with 1 = 2a{l)
MNo. af parameters

R

5

R {for 4381 reflections)
Reflections omitted

\'\-'Rz
Weighting scheme
':-"\ ! 7 Jrean
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3368

173 {2}
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1=g=22
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142.0°. 284 and 141.0° 262

4

1.303
I
|

05 !
745° 148 and 285° 57 i

ga.0

12580

7013

5756

Bl

0.01B6

1.028

0.0857

{006 {012:(052), (105 (18505 (111%
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Hydrogen atoms bonmded to the carbon atoms of the host were geometrically fixed at
ijealised positichs in a riding-model. All the methyl hydrogen atems were assigned a
cammon variable isotropic temperature factor and the remaining hydrogen atoms of each
glucose moiety were assigned commen variable isotropic temperature factors, Onge the
refinement of the host was complete, water oxygen atoms were located and placed. Five
positions were |ocated, with one water molecule, QW) distributed over twe sites. Each
atom was assigned a fixed isotropic temperature factor of 008 A? and the site-accupancy
factors were allowed to vary. The s of’'s refined to 083, 080, 0.73 0.71, 017 and 0.28 for
Qitwn, OO0, O2WG, Odwa) OMWEBY and O(5W}) respectively. The isotropic
temperature factor of 0.08 A™ was chosen with the intention of allowing the total number of
refined water oxygen atoms to equate to the total number of waters observed from the TGA

results. The hydregen atoms of the water molecules were not located.

Refinerment continued with the placement of the guest atoms. Once the phenyl ring was
located it was refined as a rigid hexagon using the AFIX 86 instruction. A single isctropic
temperature facter was used for the non-hydrogen atoms of the guest and this refined to a
final value of .12 A% Upon further refinement it became evident that the ester substituent
was dizardered over two positions and these were |abelled with suffixes A and 8. The
C{12} atom was located in one position, it was therefore daplicated and the position of A
and B wera kept the same using an EXYZ instruction, For each of these disordered atoms
site-occupancy factors of x and 1-x were assigned, with x variable. The major position
refined to a s.of of 070 The two positions of the ester substituent and the numbering
scheme for the ethyl paraben molecules can be seen in Figure 5.13. The hydrogen atoms
attached io the carbon atoms of the guest were also inserted at idealised positions and
assigned a commaon isotropic temperature factor. The hydrogen atom of the hydroxyl group

was placed using the AFIX 83 instruction.

Figure 5.13 Structure of the ethy| paraben guest molecule showing the twa disordered positions
of the ester substituent [A and B]
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Due to the abnormally long bond distances found in the guest molecule, distance
constraints were placed on certain bonds, namely, CG(1)-C{2) 1.351 A; C{5)-C(8) 1471 A
CE0OE) 1.207 A CE-0(10) 1.334 A: O(10=C(11) 1.448 A: CH11-C(12) 1.480 A [all
with o = (L005 A]. The values chosen were taken from Lin."" Due to abnormally large bord
angles, distance constraints were placed on nen-bonded atoms to maintain the angles
O(O)-C(8)—Q( 10}, C8)-O{10)—C{11) and O{10}-C{11}-C(12) close to the ideal valus of
109.5%

Geometrical analysis of the EPDMB structure

The structure and numbering scheme of the EFDME complex are shown in Figure 5,14 and
the geometrical data for the DIMEEB muolecule are listed in Tables 5.11 and 512 [ s.d s are
in the range 0.008-0.013 A for distances and 0.2-0.8° for angles). The asymmetric unit of
the EPDMB structure consists of a single DIMEB molecule, its associated guest and 4.0
water molecules. The glucose units will be referred to as G, G2, G3, G4, G5, G6 and G7.

o O5W

Figure 514 Macrocyclic structure and numbering scheme of glucose residues and water
oaygern ators, with the hydrogen atorms exclUded. The host s viewed from the
secondary face,
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As shown in Figure 514 the DIMEB molecule has a round and rather symmetrical
structure, Each glucose unit has the 'Cy chair conformation and is connected to the
next residue by the a1 4)-linkages. Each of the glucose residues inclines with the O(5)
side tumed towaeds the inside of the macrocycle. The filt angles, v; and 1, are in the
range 0.5-18.5° with the G6 residue having the targest tilt angle [Table 512}

The C(E}-Ci8) bonds show two types of arientations, the (-} gauche conformation [to
the C{4)—C(5) and O{5)}-C(5) bonds] in the G1. G3, G4, GB, and G7 residues and the
(+) gauche conformation in the G2 residug. The C{6-0(6) band in the G5 residue is
disordered with the major pasitian [Q{65A)] adopting the {(+) gauche conformation while
the mrinor position [Q(G5B)] adopts the (-) gauche conformation. Al the O{B)-C(8)
bonds are trans to the respective C(5)-C(6) bonds. except in the G2 residue and the
major pasition of the GS residue, where the bond lies gauche.

The geometric parameters of the O{4) heptagon of the EPDMB struciure are listed in
Table 5.11. These include the radii, the O{d)+0(4)) distances. the O{d)++=O(4')++(}{4")
angles, the Od)s==0{4" =4 »==0(4""] torsion angles and the deviations of each of
the ({4) atoms from the mean O4) plane, Tabie 5.12 lists the other important features
of the macrocychc structure such as the intersaccharidic bond angle (p), the
O{2)+++0(3') distance and the tilt angles [ty and 1:]. These parameters are defined in
Chapter 1. The values calculated for these parameters compars favourably with those
of the BIME B-clofibric-acid complex” and the MPDMB camplex previously described on
pages 154-155.

Table §.41 Geometrical parameters of the O(4) heptagon for the EPDMB structure

Glucose Radii {404y Ofd) angle Torsion angle Deviation

unit : (A} %) (A]

Gl | 478(1) 429 127 45 (3} 0.04
G2 506 (1) 436 123 -5.1 {4} -0.13
G3 225 (1) 4 51 134 -1.8 {4} 004
G4 4.98 1) 4.39 129 5.2 (3) 0.12
G5 4.32 {1} 427 124 0.2 {3} .09
G6 5231} 4 45 128 -B.2 {4} 0.09
G7 .15 {1 4. 44 134 2.8 {4} .12
Average 5.05 4.39 128 |3.7] 10.09 |
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Table 5.12 ¢, O(2)==-0(3') distance.1 for the EPDMB structure

Glucose i D2} (3"
Linit _ _
G1 119 2.72 05{2) 29 (3)
G2 118 2.86 138(2) 16.3 (3)
G3 119 279 $1.5(2) 16.8 (3)
G4 120 2,81 9.3 (3) 14.4 (4)
G5 118 293 8.7 (2) 12.2 (2)
GB 118 2.87 14.1 (2) 16.9 (3)
G7 119 285 5.0 {2) 11.4 (3)
Average 119 2.83 9.6 13.0

The average radius of the heptagen, composed of seven glycosidic oxygen atoms. is
5.05 A, which Is in good agreement with the radius of the parent [-CD [5.04 A]* The
distances between the O{2) and O{3) atoms of the adjacent residues indicste that the
Q(3) hydroxyl group is hydrogen bonded to the O{2) atom of the adjacent residue, This
indicates that the round shape of the macrocycle is maintained by the intramolecular
O(2)==-0(3") hydrogen bonds. All the O(2}C(7) bonds, including the disordered bonds
on the G4 residue, are directed away from the cavity and therefore the methylation of
the O{2)H hydroxyl group does not affect the formation of the intramolecular hydrogen

bonds,
Guest geometry and inleractions for the EPDMB structure

The conformation of the ethyl paraban guest may be defined by five torsion angles
which are listed below and were used to describe the rotafion around each of the
correspending bands, They were compared with the conformation of the uncomplexed
ethyl paraben molecule [Figure 5.15]1"" The close contact distances for the relevant
interactions between the host and guest moiecule are listed in Table 513

The 824 82, 820 and &y, torsion angles of the complexed ethyl paraben have a larger
out-of-plane twist than those of the uncomplexed ethyl paraben, indicating that the
complexation yields more rotationai freedom around the C{80(10) and O(10)-C{11)
bonds.
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fizp G2 -Ci8)-0{10B)-C{11B) » C(8)-0{108) EF uncomplexed:

B CB)-O10A)-C(11AI-C(124) = O{10AC(11A) BsaryEn

: B =.178.7

op C(E=O(10B}=C(11B)-C(12B) = O{10B-C{11B) B o

Figure 5.15 Torston angles &, fza, fzp, das and daa of the ethyl paraben

Tahle 5.13 Close contact distances for the EFDME structure

Interaction Distance {A)

H{d] == H{561) 222
C11B) wr C{BGH) 3,20 (2)
H{11D) = CIBGE) 2.33 (1)
H{11D) »ee Q[B54) 187 (3)
Hi 1241 oo CIBGE) 2.91(1)

H{124) »s H(B51) oy
. Q1) »ee H[BEE) ' 267 {1
CI7} === H{855)" 2.82 {1}
H{7} == C1BSA) 27743

H{7) === H(B51)' 239

H{ 7} = H{B52) 2,32

H{7} »or H(858) ' 2.25

H{11C) »ee Hi733)" 2.44

H{12B) #» H{321)' 2.38

'Relatod by symmetry opermtion: -1+, y, Z
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The ester moisty of the guest malecule is Iocated at the primary rim while the phenolic
hydroxyl group is located at the secondary nm of the cyclodextrin. The phenyl ring of
the guest is almost perpendicular to the mean O{4) plane with an angle of 87.3 {2)°
between the two. The guest makes a number of van der Waals contacts with the inside
wall of the cavity. Figures 5.16 and 5.17 show CPK diagrams of the EPDMB structure.

Figure 5.16 Space-filling diagram ot the EPDMB structure (a) side view (B} sectioned view of|

the same arientation

(b}

Figure 5.17 Space-filiing diagram of the EFDMB structure {a) viewed from the primary dm (b}

vigwed fraom the secandary rim
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Hydrogen bonding interactions of the EPDMB structure

Host interactions

There are seven intramolecular O{2)+0(3') hydrogen bonds which contribute to the
rigidity and highly symmetnical conformation of the cyclodextrin, These hydrogen bonds
are in the range 2.72-293 A, with a mean of 283 A, Table 512, Additionally the
conformation of the DIMEB molecule is stabilised by six intramolecular C-MHe-O
hydrogen bonds which consist of five C(G)-H=+0O{5"} hydrogen bonds and a
C(8)-H+=-0(5) hydrogen bond. The c<rystal siructure is further stabilised by five
intermolecular C-H++0 hydrogen bonds which consist of a C{2}-H+-0O(2) hydrogen
bond, a C(8)}-H++0O(2) hydrogen bond, two C(8)-Hw-0(2) hydrogen bends and a
C{8)-H++0O(6) hydrogen bond. This indicates that the discrdered atoms C{B5A) and
C{85B) atoms add to the overall stability of the structure. These C—H++O hydrogen
bonds are listed in Table 5.14 and the CrO distances are in the range 3 2-3.5 A

Table 5.14 C—H«++0O hydrogen bonds in the EPDMB structure*

Distance {A) Angle [*)
Hesa (3 Cess() C=H+==0
Intramolecular hydrogen bonds
| C(6G1) H(B12) OpG2) 0.99 264 336 (M 1297 07)
C(6G3) H(632) H5G4) 0.99 2.70 329(1) 1189 (B}
C(BG4) H{542) O(5GS) 0.99 266 336 (1) 1273 (6)
C(6GH) H{662) O(5G7) 0.99 278 344(1) 124.4 (6)
CIeG7  HB72) 0BG 0.99 2.69 244(1)  132.2(6)
C(8G3) H{833) O(5064) 0.98 2.76 2,40 (1)  123.5(7)
Intermolecular hydregen bonds
C(2G1) H{211) O{33G4)’ 1.00 258 332 (1) 1324 (B)
CI8G3) Hi832) 0O(3G2)’ 0.98 262 343(1) 1398(8)
C(85A) H(852) 0O26G4)" 0.98 267 322(4) 115(2)
C(858) H{854) O(3G4)" 098 275 3.43 (2) 127 (1)
C(8G7) H{873) O(6G4) 098 2.73 3.32(1) 119.1 (7)
* Related by symmetry operation: ¥, 1y, 2 j[
" Related by syrmimelry operation.  1-x, 'iby 'z |
“ Relared by syrimelry aparation 1+, y, 2 ;!
* Hyerogen bonding parameters based on ldeallsad hydrogen atom positicns !
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{Guest interactions

The hydroxyl oxygen atom forms three hydrogen bonds to host malecules in symmetry
related positions and a hydrogen bond with one water oxygen atom O(3W) [Figure
5.18]. The atom C(124) forms a weak hydrogen band to the atom O(B5A). Hydrogen
bonding distances involving the guest are listed in Table 5.15.

Table 5.15 Hydrogen tronding distances involving the guest in the EPDMB structure®

Distance (A) Angle (%)
Danor{D) Acceptor{A) Heee A D=Hses iy
01} H1) O{3W) 0.84 1.89 272 (1) 169.4 (T)
C{85B)  H{(856) oy 0.98 2.57 32042y 182 (1)
CiBGB)  H{BB1) o 099 267 3.40 (1)  130.7 (B)
(766 H(762) o 0.98 2.79 3.48 (2} 128 (1)
C{12Aa)  H{12C) DIB5A) 0.98 2.84 3.53(4)  128{1)
' Related by symmetry operation:.  1+4x. 4 Z

" Related oy symmetry oparation.  fetx, 1y -2
* Hydrogen boncing paramete-s basad on idealised hydrogen atom pasitions.

Water interactions

Thermogravimetric analysis yiglded a weight loss that corresponds to 4.0 waier
molecules per 1:1 complex unit and these were all sccounted for in the crystallographic
analysis. All the water molecules are situsted at the perniphery of the cyclodextrin
molecule, filling the intermolecular space between complex units. Hydrogen bonding
distances between the host and these water molecules are listed in Table 5.16.

All the water molecules are within hydrogen bonding distance of a host oxygen atom,
except for O(3W). This water molecule is hydrogen bonded to the guest hydroxyl
oxygen atom and is within hydrogen bonding distance of two water oxXygen atoms
forming bridges with atoms of adjacent glucose units [Figure 5.18].

Both the water oxygen atoms OQ{4WA) and C(4WB) are in hydrogen bonding contact
with the same host oxygen atom and water oxygen atom, namely O{3G8) and C{1W).
O(4WB) is 2.23 A from O5W), indicating that these atoms will not be present
simultangously. The s.o.f's of C4WA). O{4WB} and O(5W) are 0.71, 0.17 and 0.28
respectively.
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Table 5.16 Hydrogen bonds and hydrogen bonding distances between water molecufes and
the host i the EPDME structure®

Angle {)

D—-H===4,

Distance (&)

D...H Hess fiy

Donor D) Acceptor(A)

C(3G6)  HB1) O5W) 100 269 3363  124.0(8) |
CITGT) H{TT2) oj2w 0.98 2.89 3.46 (2} 117.5 (9}
Symmetry operator for the
Interaction Distance {A) host oxygen atoms
OV e CHBGT) 2.89 (1) Wy
O{AWAL +ee  DBSE} 27201 ¥, ~1+y 2
CHANAY oee D(30G6) 2TE Yatx, 1."21;, -z
OLAWE) = O[3GH) 2.72 (5) Yok, oy, 2
O(FN) = O2GB) 2.78 (3) Yo, Viry. 2
O{ AT wee D2 2.75{1) % ¥ 2
O{TWL == O40A) 28681 Y Z
OV == Q(4WE] 2.81(5) X ¥ E
O{2W) == O(3W) 2.78 (1) "obw, oy, 2
QW) = O[5W) 2.89 (3} Mo, Viay -z
O{NWE] === THEW) 22315} W1y oz
' Reisted by symmeliy operation; -:-"24'1‘ 1‘1!-; G 4
" Relaied by symmatry operation: - Ltx, Loy, =2
* Hyaragen banding, paramateis based a7 idaaliecd hydrogen atom postions.

GUEST INTERACTIONS

a, b y}"\*f:;,z NI “—1;
5, % 7 % ¥ E:" C7GB
A ®
% " ‘}/'F:y LS - CeGh
T oy, B 5 ®
RN TR ;
T - T 000 s
i : @ 01
i W C858
AT W
£ Bell 7Y
{?_Y%;?:{T. el WATER INTERACTIONS
I 'IT"’:T-??. J ; \,;___;Q\_;\ _g: ® O6GT
g'} i 7 ;l L !
; “v LR T Fﬁ\ OB6B 9. :
ek el v L oMWA & O1TW
: “_‘:‘?\-ti f: '5&“' "‘E'l:‘r_r__. "-.1" 1.‘
¥ v 7 R oawe @ .
JPT;)F"\.'$ . {Lu:__v-?{ . 02'35'. !. _4" 02W
R3S, S
SRR TS osw® " o

Figure 5.18 A schematic representation of guest and water interactions that connect adjacent

host units
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Crystal packing of the EPDMB structure

Figures 519 and 5.20 are extended stereo packing diagrams of the EPFDMB structure
showing projections as viewsd down the a- and b-axes Figure 519 shows the
"endless" channels while Figure 5.20 shows the columns running paralie! to the a-axis.
The EPDMB molecules are stacked in columns in a head-to-tall mode, forming what
appear to be continuous channels along the a-axis in a herringbone type pattern.

a. b

Figure 5.20 Stereo packing diagram of the EPDME structure {b-axis projection]
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X-RAY CRYSTALLOGRAPHIC ANALY3IS OF THE PPDMEB STRUCTURE

Data-collection

X-ray photographic technigues were used to detemmine the preliminary unit cell
parameters. crystal system and space group for the PPDMB structure. Oscillation and
Weizsenberg photography revealed Laue symmetry s, corresponding to the
ortherhombic system. The systematic absences observed are listed below and these
verified that the space group is P2,2.24.

hk!: none

OO0 h=2n+1

Okdx  k=2Zn+1

oan: | =2n+1
A singie crystal of the complex was mounted on a glass fibre and covered in Paratone
N oil* to prevent cracking due to loss of water of crystallisation and to provide a rigid
mounting far the low-temperature data coilection. Data were coilected on the Nonius
Kappa CCD diffractometer using graphite-monochromated MoK o radiation at 173(2) K.
Crystat data and data-coilection paramelers are listed in Tabie 5.17.

Structure determination and refinement

The structure was scgived using published co-ordinates for the non-hydrogen
cyclodextrin atoms {excluding the O{B), C(¥), and C({B) atoms of each methylgiucose
residue] of the isomorphous DIMEB-2-naphthoic acid trinydrate complex.™™ This
skeletal structure was refined with SHELX-87° and the difference Fourier map showed
the positions of mast of the remaining non-hydrogen atams.

As the refinement of the host proceeded, it become evident that the atarm C(7) on
({20:3) was disordered. For each disordersed atom twa alternative positions were found
and for a given pair of atoms a fixed U, of 0.08 A’ [the mean of Uy, for the chemically
eguivalent ordered atoms] was assigned and site-occupancy factors of x and 1-x were
assigned, with x variable. The final site-cccupancy from the major position refined to
0.57 for C{73A) Distance constraints were piaced on the bands involving these
disordered atoms. All the non-hydrogen atams on the host were refined anisatropically,
except the disordered atoms. the atoms C(8) and O(6G2), C{7G2), C(1G3), O(3G3),
C{3G3), C4G3), C5G3) and M2G5). The hydrogen atoms of the host were
gecmetncally constrained to their parent atoms and refined with linked temperature

factors,
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Table 5.17 Details of the data collection and refinement parameters for the PPDMEB struclure

l?mﬁicd formula
| Formula weight

| Crystal system

| Bpace group
alA

b/ A

oA

al®

pr°

yi®

volume / A*

Zz

Densityes / @ cm™
it (MoKa) / mm
F{000}

Crystal size / mm”

Range scanned 0/ °

Index ranges

$ scan angle / °

$ scan range, frames

w scan angle | ©

v Scan ranges, frames

D f mm

Tatal no. of reflections collected
No. of independent reflections
No. of reflections with ! = 2atl)
No. of parameters

R

=]

R- (for 5247 reflections)

. Refiections omitted

Wi,
Weighling scheme

(A hmear

Ap excursions [ e A

Temperature of data coliection / K

‘ConHaaQae*CaH1205°3.9H:0
165818

COrthorhombic

P2:2,2,

16,1399 (2)

18.8943 (3)

28 4008 (5}

90

90

80

8124.3 (2}

4

1.293

0.108

3396

173 (2)

D45x039x0.17

25822

h=1515 Kk -1813 | 28 29
1.0

181.0°, 181

10

42.0° 42 and 47.0° 47

890

19849 ,
4303

BE01

819

00634

1.292

01125

(002):{(011),(021;{D60). (200} {20 3).
(220,{114).{-114x.(401):(502)

0 3080

a=02000 b=00000

< .067 !

(.48 and -0.51 |

175
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Refinement continued with the placemeant of the water molecules. Seven water
molecule sitles were located and each water molecule was refined isotropically and
assigned a fixed isotropic temperature factor of 012 A® while the site-occupancies
were allowed fo vary, The s.0f's refined to 0,46, 029 035 047, 060, 048 023
0.50 and 0.32 for O{1WA), O(1WB), O{2WA), O2WEB), O(3W), O&aW), OB, OBW)
and O(7TW) respectively. This temperature factor was chesen to equate the number of
water molecules per gsymmetic unit to the 3.9 waters found by the TGA expenment.
The computed waters amounted {o a total of 3.7 water molecules per asymmetric unit,

The hydrogen atoms of the water molecuies were not located.

Cnece the waters were accounted for, the remaining difference electron density map
revealed the non-hydrogen atoms of the guest Refinement proceeded with the
placemeni of these atoms. The phanyl group of the guest molecule was treated as 3
regular hexagon with bong lengths of 1.390 A. A single isotropic temperature factor
was used for the non-hydrogen atoms of the guest and this refined to a final value of
0.23 A®. For the hydrogen atoms linked to the carbon atoms of the guest, calculated co-
ordinates were used [C-H distance 0.95 A] and the H atoms were assigned a common
isoiropic temperature factor. The hydrogen aiom of the hydroxyl group was piaced
using the rotating group refinement strategy [AFIX 83]. Due to the abnommually long
bond distances found in the guest moiecule, distance consirainis were placed on
certain bonds, namely: O(1=C{2) 1.351 A; C(5}-C(8! 1.471 A, C(8)-0(9) 1.207 A;
C(8)-0(10) 1.334 A; O(10C(11) 1.448 A, C(11-C(12) 1480 A and C{12+C(13)
1.480 A jall with & = 0.005 A]. The values chosen were taken from Lin"' A distance
constraint was placed on the alkyl chain atoms of C{11)=C{12~C{13) to maintain the
angle close to ihe ietrahedral value. The largest remaining difference electron density
peak Ap = 0.5 e A% is not indicative of appreciably populated atomic sites which might
have been missed.

Geometrical analysis of the PPDMB structure

The asymmetric umt of the PPDME structure contains a single DIMEB molecule, its
associated guest and 3.9 water molecules. The numbering scheme adopted for the
inclusion complex is given in Figure 5.21,
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G5

» & 07w
- o1WB

C1WA
G6 % O3W

Figure 5.21 Macrocyclic structure and numbering scheme of glucose residues, waler oxygen
atorms and guest molecule, with the hydrogen atoms excluded. The host is viewed
from the secondary face.

The glucose units will be referred to as G1, G2, 53, G4, G5, G& and 7, The geometrical
data for the DIMER motecule are listed in Tables 518 and 5.19 [e.s.d.s are In the range
0.008-0.015 A for distances and 0.2-0.9° for angles]. Figure 5217 shows that the DIMEB
motecule has a round and symmetrical structure with each of the glucopyranase residues in
the *C. chair conformation. The C{8)-0(6) bonds of the G1, G5, G6 and &7 residues are
directed away from the cavity in the {-) gawche conformation fo the C(4)-C(a) and
H5—C(8) bonds, The C{EO(6) bonds of the G2 residue and the G4 residus point
towards the cavity in the (+) gauche conformation. The C{8)—0(8) bond of the G3 residue is
in a trans conformation. All the O{&-C(8) bonds, including the OBGS-0(85A) and
OHEGE-C(B58) bonds, are frans with respect {0 the C{5)-C(8} bonds, except the
OE-Ci8 bond of the G3 residue which is aofs. All the Q{237 bonds, including the
O{2G3)-C(73A) and O{2G3)—-C(73B) bonds, are directed away from the cavity.

The geometric parameters of the C{4) heptagon of the PPDME structure are hsted in Table
518. These include the radii, the Gi{4)-=-04" distances, the G{4)==-CH4")=--0(4"} angles,
the C{d}esO{4" =0 4" === 4™} torsion angles and the deviations of each of the O{4) atoms
from the mean G(4) plane,
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Table 519 lists the other important features of the macrocyclic structure such as the

intersaccharidic bond angle (). the Q203" distance and the filt angles {r, and ]

Thesa parameters are defined in Chapter 1.

Table 5.18 Geometrical parameters of the O{4) heptagon for the PPDMB structure

Glucose

unit

Eadii
(A)

O{4)++0{4')

0({4) angle

")

Torsion angle

()

Deviatian
(A)

G1 5.00 (1) 4.43 131 6.7 (4) -0.03
G2 513 (1) 4,25 125 11.0 (4) 023
G3 4.94 (1) 4.66 132 2.1 {4y 0.13
G4 5.00 (1) 4.30 127 67(4 | 014
G5 5.10 (1) 4.43 128 -2.3{4) -0.12
G6 5.00 (1) 4.38 130 €5 (4) -0.04
G7 5.06 (1) 4.36 127 4.3 (4) 0.17
Average | 5.05 4.38 129 [56] [0.13]

Table 5.19 o, O{2)=++CK3'") distance, 1 for the PPDMB structure

Glucose

unit

O{2}rr+0{3')

(&)

T4

()

I

()

Gl e 2 88 71 (2} 10.1 {3)

G2 118 2,80 14.5 (2) 16.6 {4)

G3 118 2.89 14.7 (3) 21.8 (4)

4 120 287 4.8 (2} 1.7 {4}

G5 118 2 a7 16.6(3) 17.8 (4}

o 118 2 88 16.0(2) 19.6 (3)

G7 120 282 7.01(2) 11.7 {4) :
Average 118 2.87 L ' ”..2,,,"__..;;

The radii of the heptagon are in the range 4.94-5 13 A and the average value of 5.05 Ais in
good agreement with the radius of native p-CL0HS.04 A1*® The side lengths of the heptagon
are in the range 4.25-4.55 A. Each glucose residve inclings with the O{6) side turning to the
inside of the macracycle. The tilt angles are in the range 1.7-21.8°, with the G3 and G6
residues being the most inclinad, The distances betwesn the O{2) and ({3} atoms of the
adjacent residues [in the narrow range 2.80-2.97 A] indicate that the Q(3) hydroxy! group is
hydrogen bonded to the 0023 atom of the adjacent residuee. The values calculated for these
parameters compare favourably with those of the DIMEB-2-naphthoic acid trihydrate

complex,# ¥
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Guest geometry and interactions for the PPODMB structure

The conformation of the propyl paraben guest may be defined by four torsion angles
and the torsion angles listed below are used to deseribe the rotation around each of the
corresponding bonds [Figure 522]. The close contact distances for the relevant
interactions between the host and guest molecule are listed in Table 5.20. This table
shows that the hydroxyl oxygen atom is in close contact to the O(2W3a) water oxygen
atom while it is at a distance of 3.04 A from its disordered counterpart.

C13 C13 c13 C13
| C12
Gi12 c12 c1z
/ 7 ¥ n,
e i G Ci1¥ g
3
| i, N I
08 010 08 010 o8 10 o9 L10
Pge G xivp 8-
[ Ags gs & o

cs _.[f % 7 %] Ef% A
e iv : r’f" (,/'

OH OH CH OH

PF in complex:

) CB)-C(5—C8—CuE) = C(5-CE) &= +1{d)
5, G{5)-C(BI~0(10)-C{11) »  C{8-0(10) 5 = -170 (1)
8 CEBI-O(0-C(11)-C(12) »  O(10)-C(11) 3= 129 (1)
B OUO-C{1 1)-CU12)=C(13) = C(11-C(12) 5= -B3 (2)

Figure 5.22 Torsion angtes &, 3:, 4 and 8 of the propyl paraben

Table 5.20 Close contact distances for the PPOME structure

Interaction Piztance [A)

H{3) ~= H(B53) - 221
H{11B) + H{511) 2358

O1) » G(7G7)’ 3092y
1) = O{WAY© 3.04 (4)
Q] == S{2WE) i 2.18{3)
H(1) === H{772} " 2.33
H{3) see OLEW) © 2,53 (4)
Cf4) == H{742) xE

' Relatoz by syimmetry pperahon;  -1+x, ! z

¥ Relatas by syrimetry operation: -"Yo+x. fry. 1z

* Rplated by symmetry operation  -fatx 1y, 1.z
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Although the contact distance between O(2WB) and O{1) was abnormally close,
spurious electron peaks of a low density were found in the vicinity of the water oxygen
atarn, suggesting either further disorder or a higher anisotropic thermal motion.

Figures 523 and 524 show CPK diagrams of the PPDMBE structure, The phenotlic
hydroxyl group and the aromatic ring extend well beyond the primary rim of the host
while the ester moiety occupies the centre of the host cavity. This can be ascribed to
the hydraphilic nature of the hydroxyi group and the hydrophobic nature of the alkyl
group. The phenyl ring of the guest forms an angle of 55.9 (2)" with the mean O4)
plane. This represents a significantly different mode of guest inclusion from that
chsernved for the MPEOMB and EPEMB complexes descrnbed earlier.

B)

Frgure 5.23 Space-filling diagram of the PPDMB slructure (a) side view {b) sectioned view of|
the same oriemtation

(bj

Figure 5.24 Space-filling diagram of the PPOME struclure (a) viewsad from the primary fim (D)
viewed from the secandary rm

i
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Hydrogen honding interactions of the PPDMB structure

Most interactions

n addition to the O(2)=+0{3") intramolecular hydronen bonds [Table 5.19] which contribute
to the roundness of the DIMEE muolecule, the conformation of the DIMEE molecule is
stabilised by eight intramoclecular hydrogen bonds, These consist of four C{E)—HOQ{5")
hydrogen honds and four C{7)—Hr==043) hydrogen bonds. Furthermore the crystal structure
iz stabilised by three intermolecuiar hydrogen bonds. These comprise one C{2)-Hee0(3)
hydrogen bond, one C(7)—H==-Q(3} hydrogen bond and a C{8)—He«++O(3) hydrogen bond to
adjacent glucose units. All the C»O distances are in the range 3.0-34 A,

Table 5.21 C—H---Q hydrogen bonds in the PPOMB structure?®
Distance (A}

He==0)
Intramolecular hydrogen bonds
CeE H{G12Y oeGE2) 0.89 2.55 33511 1332 (B)
C{EE5) Hig52 O BGE) 0.8 2.66 337 (1 1283547}
CieGe) H{GE2) Ore&E7) .98 272 338071 124 88}
CHEGT) Hig? DiEG1) .59 2.84 3.3617) 129.1 {8}
TG H{713) D(351) 098 2.60 320 (2) 119.8 {8}
CiTG4H HiFa3 D[ 354) a8 248 .09 (2] 120 (1)
CiTG8) HiFe2) O 3GE) 0.98 245 3122 122 1)
C{7G7) H{773) Df3G7) .23 258 317 (2) 118.3(8)
Intermelecular hydrogen bonds
C(2G4)  H(241) 0aG7) 1.00 272 3.39(1)  124.4(8)
C{7GY) Hi772) O[aG3)” 0.48 272 3.30 (2) 118.1 (8)
CIBGT) H(871) o(aGT}" 0.98 282 3.28 (2) 124 (1)
' Relatad by syrmimatry ooesaticn: b, ‘l'.-'-;g.r 1-z
" Relaled by syrmatry noecaren: Tetx ey 1z
* Related by symmetry operation, - Yoty fey, 1.2
* Hydregen bonding sarameters besad on idealised hydsogen stom Dosmcns.

Guest interactions

The hydroxyl oxygen atom of the guest is hydrogen honded to the water oxygen atom
O{5W) and forms a weak hydrogen bond to two of the host C{V) astoms. The
CITET=0{ 1= C{7G2) angle is 136° In addition the O{5W) water atom is hydrogen
bonded to C{3) of the guest. The carbonyl oxygen is in hydrogen bonding contact with two
C{6) carbon atoms of the host
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The carbon atom C(7} of the guest is hydrogen bonded o one of the disordered water
oxygen atoms, namely Q(2WE). By forming an integrated network the water molecules
add to the stability of the complex. Hydrogen bonds and hydrogen bonding distances
are listed in Table 5.22 and are illustrated in Figure 5.25.

Tabile 5.22 C-H---0 hydrogen bonds and hydrogen bonding distances involving the
guest in the PPDMB structure®

Distance [A) Angle (7}

Donar (O} H Acceptor (A) D-H Heee &y Dimesiy D—Hesa

0{1) H(1) OEWYY 0.84 175 25811) 179 (2)
C{3) H(3) O(5W) * 0,95 2.58 324(1) 127N
C{F} H{¥) Ci2WB) 2 0.595 2.67 32217 117 {1}
762y HT22y o 0.98 260 3.21 (1) 114 (1)
Ci7GT) H{772) (1} i .88 268 3101 105.8 {8)
CBGTY HMB1H 0 0.99 271 339(1)  126.0(8)
CIBGT)  HB72) OO 0.99 2.71 331(1) 1187 (8)

‘ Related by symmetry operation 'Lk, 1y 1z

" Related vy syrimetry operation: -15';+){. 1.-':-3r. 1-2

* Related oy symmetry operation T e e

" Related oy symmetry agaration 1450 4 =

* Hydroger honading garsameters based onidealisad byarpgen atam positions.

Figure 5.25 Tha hydrogen bond scheme involving the guest hydroxy| group in the PPDME eomplsx
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Water interactions

TGA showed a weight loss that cormesponds to 3.9 water molecules per 1.1 complex
unit. Crystallographic analysis revealed that all the water molecules are located at the
periphery of the cyclodexirin molecule, and fill the small intermolecular space between
complex units. C-He+{ hydrogen bonds between the host and these water molecules
are fisted in Table 523 and hydregen bonding distances between the host and these
water melecules are listed in Table 5.24. Two water molecules [O{1W) and O(2W)] are
found over two positions with the s.of of these positions, A and B. being almost
eguivalent in each instance. All the water molesules are within hydrogen bonding
distance of a host oxygen atom, except for O{ 1WA}, O(2WB) and O{5W). The O{1WWa)
and O(2WB) water molecules are involved in hydregen bonding to other water
molecules. forming brdges with atoms of adjacent glucose units [Figure 5 26].

The O5W) water molecule is hydrogen bonded to the guest hydroxy| and is alse found
to form a C(TGE)-HT53««0{5W)} hydrogen bond to the host Additionally this water
molecule is within hydrogen bonding distance of C(73A) at a distance of 3.03 (4) A and
with C(73B) at a distance of 3.13 (5) A [Figure 5.25].

The Q(3W) and O(4W} water molecules are within hydrogen bonding distance of
O{6GEY and O(6G5) respectively. This places these water molecules in a close contact
distance of 3.21 (2} A to C{BGS) and of 3.03 (4) A to C{BGS) respectively,

Tahle 5.23 C-H=--0 hydrogen bonds between the host and the water molecules*

Distance (A) Angle (%)
DonorfD) Acceptar(A) Hees 4, De=e= 4y Dhmbwas &

O(3G5)  Hi352)  OBW) 0.84 2.19 276(2) 1256 (8)
CIFG2)  H(723) O4W) " 0.98 2 43 31743 132 (1)
C(73B)  H{734) O(5W) 0.98 2.33 3.13¢5) 138 {1)
G(7G5)  H(753) Q5w " 0.98 238 313 (4) 133 (1)

' Related by symmetry cperation.  Fex, ey 1z
" Related by symmetry operation: fox,  Fy,  UYabz
* Hydregen bonding parameters based onidealised hydrogen atom pasitions,
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Table 5.24 Hydrogen bending distances involving the water molecules

Interaction Distance (A)

the hosl oxygen atoms

O({1WB) s+ O(BGT) 2 85 (4) . X, ¥ 2

Q(2WA) «»+ O[BG1) 2.60 (3) X ¥ Z

O{3W) +=+ O(BGE) 2.80 (2) X, ¥, Z
O(4W) »=» O(3G2) 2,95 (2) Shatx, 1ly. 12

O(4W) === O{BG5) 2 52 (2) X Y, Z

O(BW) ==+ O(3G5) 277 (2) X, ¥. Z

T O(1WA) e OTW) 2.99 (4) X, Yoz
O(2WA) ree O{AW) 2.21(3) X, 1Y, -2
O(2WB) »»» O{4W) 2.75 (3) Uk, Ay, -tz
O(3W) === OBW) 261 (3) 1-x, -oty, 11z

owa e
aeomw
omwae” -
»
G7
0368 0 8 O
oW ® "
® 0666
0362 %, L. ®o2wE
. ¥
iy S
ﬂl'l'\" ¢.02wa
= L0
i ® 0661
csG6 &

Figure §.26 A schematic representation of the water molecules that connect adjacent host units
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Crystal packing of the PPDMB structure

The extended sterec packing diagrams of the PFDMEBE struciure showing projections as
viewed down the a- and c-axes are given in Figures 5.27 and 5.28. These figures show
the PPDMB molecules packing along the a-axis in a zigzag type pattern. The O{2).
Of3} side of the PPDMB cavity is blocked by the O{8) side of the adjacent PPDMB
molecule which is related by the two-fold screw axis along the z-axis. An inclusion of
the primary —OCH; group on the G4 residue into the secondary side of the 2, related
CD gcocurs. However this does not ocour on the G3 residue as the OEBRO®) bond is in
the cis conformation. The O(8) side of the cavity is open to the intermolecular space,

where the guest is located.

Figure 5.28 Stereo packing diagram of the PPDMB structure [£-axis projection]
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X-RAY CRYSTALLOGRAPHIC ANALYSIS OF THE BPDMB STRUCTURE

Data-collection

A single crystal was mounted on a glass fibre and coverad in Paratone N ol The
orystal is prone to dehydration; contact with the atmosphere leads within seconds to
cracking and subsequent disintegration. X-ray photographic techniques were used to
determing the unit cell parameters, crystal system and space group for the BPDMB
structure. Oscillation and Weissenberyg photography revealed Laue symmetry rmmm
indicating that the system belonged to the orthorhombic system. The unit call
paramesters for BPDMB determined from the photographs are a = 150, b= 181 and
o= 283 A The systematic absences are listed below, and these confirmed the space

group P2,2,2;

hkl:  rnone

ROO: h=2n+1
OkG: k=2n+1
0ol | =2n+1

#-ray intensity data-collection was performed on the Nonius Kappa CCD diffractometer
using graphite-monochromated MoKo radiation [ = 071073 A] at 173{(2) K. Crystal

data and data-collection parameters are listed in Table 5.25.

Structure determination and refinement

As for PPDMB, the struciure was sowed using published co-crdinates for the non-
hydrogen cyclodextrin atoms [excluding the O(G), C(7), and C{8) atoms of each
methylglucose residue] of the isomorphous DIMEB-Z-naphthoic acid trihydrate
complex.'"* Initially isotropic refinement of this skelstal structure was performed using
SHELX-87° and the difference Fourer map stowed the positions of all the remaining
non-hydrogen atoms.
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Table 5.25 Details of tha data collechon and refinement parameters for the BPOME structure

. Empirical formuta

Formula weight

| Crystal system

Space group
alh

R Y
:c:fﬁ.

)
(¢ 8%

pie
i
volume § A’

i

t Densityeac / § om™

-1 (MoK fmmT

FiOo0)

Temperature of data collection ! K
Crystal size / mm®

Range scanned 047

Index ranges

'_ ¢ scan angle /"

¢ 4 scan range. frames

w scan angle 7

o scan ranges, frames

i Eix f
| Total no. of reflections eoflected

Mo, of independent reflections
Ma, of reflechons with | = 2x(1)
Mo, of parameters

R

3

R (for 4803 reflections)
Reflecttans amilteq

Weighting scheme
(A ! T)meen

Ap excursions | e.A”

CseHse0350C a4 H14 032 3. 7THO

1582.2

Orthorhombic :
P2,242, ‘
16.3735 {2}

18,8114 {2} |
28 3989 (4) )
a0

&l

a0

B213.0 (2

4

1.288

G107

3420

173 (2}

0.60x 0.50 x 0.40

2=8 21
h: -1315
1.0

181.0°, 181

1.0
52.0°. 52 and B80° 68

ko182 |1 -2B 25

58.3
19801

8750

7503

845

0.0285

1.028

0.1007

013540605 {102y (1115 {-1113{200)
(220):{240),{402); (B0

(.2668
a=01736

< 0.002

(.57 and -0.95

b=240473
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Further refinement indicated that the atorn C(8) on O{6G5} was disordered over two
positions. Two alternative positions were found for each disordered atom. The atom O(8)
on each of C(BG3) and C{6G4} was also disordered aver two positions |abelled A and B.
The C(8) atom on these disordered ©(6) atorms was located in one position. The C(8) stomn
was therefore duplicated and the position was kept the same using an EXYZ instruction.
For a given pair of atoms, a fixed U., of 0.08 A® [the mean of Uy, for the chemically
equivalent ordered atoms] was assigned and site-occupancy factors of x and 1-x were
assigned, with x variable, The final site-cccupancies from the majer positions [A] refined to
(.55 for G(BSA), 064 for O(B3A) and C{B3A) and .62 for O{644) and C{B4A), Distance
constraints were placed on the bonds involving these disordered atoms. Anisotropic
displacernent parameters were assigned to all the nan-hydrogen atoms on the host, except
the dizordergd atomes and G752}, (2G3), CBG3), CFG3), CEGAH and O(EGE) which
were refined isotropically. Hydrogen atoms were caiculated for the © atoms of the host
using a riding model with U (H} equal to 1.2 U, or 1.5 U, of the parent primary and

secondary or tertiary G atomns respectively.

After many successive refinements, six positions were located for the water molecules.
Each water molecule was refined isotropically and assigned a fixed isotropic temperature
factor of 0.10 A® while the site-nccupancies were allawed to vary. The s.o.f's refined to
0.39. 0.31, 043, 067, 0.58, 0.72. and .81 for O(TWA), O{1WEB}, O(ZW), Of3W), O{4W),
O{5W and O{BW) respectively. The site-occupancdies accounted for 3.7 water molecules
per asymmetric umt, which s egquivalent to the expected number of water molecules
obeerved from the TGA results. The hydrogen stoms of the water molecules were not
lncated.

Fefinement continued with the placement of the non-hydrogen atoms of the guest. The
guest phenyl ring was refined as a rigid hexagon. The hydrogen atams attached to the
carbon atoms of the guest were also inserted at idealised positions and assigned a
commen isclrepic temperature facter. The hydrogen atam of the hydroxyl group was placed
using the AFIX 83 instruction. A single isotropic temperature factor was used for the non-
hydrogen atoms of the guest and this refined to a final value of 0.14 A% Due to the
abnarmally long bond distances found in the guest molecule, distance constraints were
placed on certain bonds, namely Of$1—C(2} 1.351 A, C(5)-CI8) 1471 A; C(8)-0(0) 1.207
A, CI8I-O(10) 1.334 A; O{100-Ci{11) 1,448 A, G D-C{12) 1.480 A, C(12)-C(13) 1.480 A,
C{13}-C(14) 1,450 A [all with o = 0.005 A]. The values chosen were taken from Lin." Due
to abnormally large bond angles, distance constraints were placed on the alkyl ehain atoms
ta maintain the angles C{11-C{12)-C(13} and CU12-C{13-C{14) close to the tetrahedral
values.
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m

iseometrical analysis of the BPDMB structure

The BFDME asymmetric unit consists of a single DIMEER malecule, 3.7 water molecules
and its associated guest. The seven glucosidic residues have been assigned the Gn
netation and the structure and numbering scheme of the BFOME cemplex and water
malecules are shown in Figure 529 The gecmetrical data for the DIMEB maolecule are
listed in Tables 526 and 527 [es.ds are in the range Q.008-0.011 A for distances
and 0.2-0.7" for angles].

B% Sew 1WA
) [ ]

Qi O6W @ = Q3w S

Figure 529 Macrocyclic structure and numbering scheme of glucose residues, waler axygen
atoms and guest molecule, with the nydrogen atoms excluded. The hest 15 viewed

from the secondary face.

All glucose residues have the *C, chair conformation with the O(6) side turning to the inside
of the macrocycle. The C{61-0(6) bonds of the G1, G5, GE and G7 residues are in the {-)
gauche conformation to the C41-C(3) and O(5)—C(5) bonds. The C(E-C¢6) bond of the
32 resigue points towards the cavity in the (+) gauche conformation. The QO[6) atoms of the
53 and G4 residues are disordered over two sites. Both the majer and miner positions of
the atoms cof the G4 residue are in the {(+) gauche conformation. The major pesiticn of the
G3 residue assumes the (+) gauche conformation while the minor position assumes the ()
gauche conformation. All the O(6)—C(8) bonds, including the disordered CHy on O[6) of the
535 residue are frans with respect to the C3)-C(6) bonds, All the O(2—2(7) bonds are
directed away from the cavity.
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The geometric parameters of the O4) heptagoh of the BPDMB structure are listed in Table
5.26 These inciude the radii, the Of4)==0(4% distancas, the Of4)==={4"+0(4"} angles,
the Of4)se=O{4)===0{4")»++0{4™) torsion angles and the daviations of each of the O(4) atoms
from the mean O4) plane. Table 5.27 lists the other important features of the macrocyclic
stryctura such as the intersaccharidic band angle (g}, the O(2)==+0(3" distance and the tift

angles [t and wz]. These parameters are cafined in Chapter 1.

Table 5.26 Geometrical parameaters of the 04 heptagon for the BPDME structure

Glucose Radii o TEALLLIE TR Gi4) angle Torsion angle Deviation

unit (&) {4) “ ) {A)

G1 B0 (1) | 4.41 " x3n [ B2 | o602
G2 512 (1) 434 125 0.6 (4) 0.21
G3 481 (1) 4.41 133 3.4 {4) 0.12
G4 511 (1) 4.3% 128 4.4(3) 0.08
G5 508 (1) 4.44 128 1.0 (3) 010
GE 499 (1) 4.35 130 .13 -0.05
G7 507 (1) 438 127 37 (3 0.15
Average 5.04 4.38 128 '5.1] [o41]

Table 5.27 o, O(21++0(3'} distance,t for the BFOMB shructure
Glucose P O 2)===0{3"}

(") (A)

G EEE 2.91 e | 109@

G2 119 2.80 15.1(2) 17.3(3)

G3 118 2,67 16.4 (2] 20.0 (3]

G4 120 2.87 5.3(2) 2.4 (4)

GS 118 2.95 14.9 (1) 17.5 (4)

G6 118 2.86 16.1 (2) 19.5 (3}

a7 118 2.78 53 (2) 10313
Average 113 2.86 17 14.0

The average value of 5.04 A for the radius of the heptagen is in geod agreement with the
radius of [1-CO [5.04 A" The distances between the Of2) and O{3} atoms of the adjacent
residues indicate that the {3 hydroxyl group 18 hydrogen bonded to the O2) atom of the
adjacent residue. The values cafculated for these parameters compare favourably with
those of the DIMEB-Z-naphthoic acid trihydrate complex™™ and PPDMB, previously
described on page 178
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Guest geometry and interactions for the BPDMB structure

The conformation of the butyl paraben guest may be defined by five torsion angles.
The torsion angles listed below will be used to describe the rotation around each of the
corresponding bonds [Figure 5.30]. The close contact distances for the relevant
interactions between the host and guest molecule are listed in Table 5,28,

cia 14 Ci4 Cid £14
4 o v / /
C13 £13 13 C13 ©13
| | | R
c ok Id 132
T c1t
10 09 g 010
Ch
R"‘H
|
._’,-’
i
CH

BP in complex;

5,C6)-C(5-CE-OE) = CE)-CB) | | 5= +18(1)
& CI5)-Ci8-01M-2{11) = (BT 32 =176 (1)

Ca-010)-C{11=-C{12) - = O0-0C011) g3 =-153 (1)

O1-CH11N-C12)-C13) = 11— C{'IE S4= +45(1)

& C11-C12)-Ci13=Ci14) = C{121-C(13 ds = +85 (1)

Figure 5.30 Torsion angles &1, 3z, 8, & and &= of the butyl paraben

Table 5.28 Close contact distances for the BPDME structure

Interaction Distance (A)
H(} - e kel o
H(14A4) =« H{5E1) 233
O] = CTGTY 3.10(2)
C(4) === H{742} ¢ 281 (1)
H{12A) +== H(B45)" 233
" Related by symmetry operation; ;1+x. ¥, i
" Related by svmmetry cperation: - otk 1y, 1-z
" Related by symmetry operation: Wotx, 16y, 1z
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Figures 531 and 532 show CPK diagrams of the BPDMB structure. The phenochic
hydroxyt group and the aromatic ring extend well beyond the primary rim of the host
while the alkyl moiety occupies the centre of the host cavity The onentation of the
guest can be ascribad to the hydrophilic and hydrophobic nature of the hydroxyl group
and atkyl moisty respectively. The phenyl ing of the guest forms an angle of 53.0 (2)°
with the mean O{4) plane. This mode of guest inclusion is analogous to that found for
propyl paraben in the isemorphous complex PPOME described earlier.

(b)

Figure 5.31 Space-filling diagram of the BPOMB structure {a) side view (b sectioned view of
the same anentation

{b)

Figure 5.32 Space-filling diagram of the BFDME slruciure (a) viewed from the pimary fm (b}

viewed from the secendary rim
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Hydrogen bonding interactions of the EPDME structure

Host irtsractions

Owing to the seven intramolecular O(2)=0{3") hydrogen bonds which are in the range
2.78-2.95 A with a mean of 286 A [Tabie 5.27], the CD structure has a highly
symmetrical shape. The conformation of the DIMEB molecule is further stabilised by
ning intramolecular C-He+0 hydrogen bonds [Table 5.29]. These encompass four
C{68)-H+0(5) hydrogen bonds, four C(7r+H+0(3) hydrogen bonds and a
C{8)—H++0(6"} hydrogen bond, The crystal structure is stabilised by four intermolecular
C—H« hydrogen bonds, These comprise one C(2)-H=+0(3) hydrogen bond and
three C(8)—-Hs++(X(3) hydrogen bonds to adjacent givcose units. All the Cs=»0 distances
are in the range 3.0-3.4 A

Table 5.29 C-H--+0O hydrogen bonds in the BPDMB structure”
Distance (A}

Hae+0 Coas)
| Intramolecular hydregen bonds
CiBG1} H{G512) O[sG2) .99 2.59 3.36 (1) 1351 (B)
Ci{B55) H{652) O(5GS) 0.99 263 3.35(1H) 130.4 {7}
CIBGE6) H{BB2} Or5GE7) 0.5949 278 343101} 123.8 (B)
C6GT) H{672} D(501) 054 264 3.30 {1} 1239 (%)
C{7G1) H{¥13} O(3G1) 0.98 253 3.15(2) 121.7 (8)
Ci7 G4} H{743} Oi3564) 0.98 2.41 303 (2 121.0(8B)
Ci7G6) H{761} O{3066) 0.98 2.41 308 {2) 1252 {9)
C{7G7) H{773) O(3GT) .98 2.63 317 (1) 1153 (8)
C{838) H{B3B) O{B4a) 0.58 251 3.36 (2) 144 5 (7}
Intermalecular hydrogen bonds
C(24) H{241)" O3G7)’ 1.00 270 3.36 (1} 123.5 {6)
Clai2) H{B21) ' O{3G4)" o.o8 2.82 3.37 (2} 116.4 {B)
{838) {BSE}‘ O(3G4)" 0.54 256 337 (1 140.0 (7)
ot:lerd HB71)" O(3G7)" 0.99 2.69 331(2) 1214 {9}
Related by symmetry operation -jfz+x 1 .f;_ R = . T,
" Relaed oy symimery operaten - et !2—1.-' 1=
* Hydregen bond ng paramate-s basad o ideaiised hydrogen awm posﬂlun&.
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(uest interactions

The hydroxyl oxygen atom of the guest is hydrogen bonded to one water oxygen atom
{5 and to two of the host C(7) carbon atoms. The C{FGE7)+==0{1)»C{7 52} angle is
152°  |n addifion, the O{5W) water atom is hydrogen bonded to C(7) of the guest The
sarbanyl oxygen is in hydrogen bonding contact with O{1WA) and is hydrogen bonded to 3
CiB) host carbon atom. The carbon atorm C(11) of the guest forms a weak hydrogen bond
to one of the disordered oxygen atoms on G{BG3). Hydrogen bonds and hydrogen bonding
distances are listed in Table 5.30 and a simplified hydragen bonding scheme is illustrated
in Figure 5.33,

Table 5.30 C—Hs++D hydrogen bonds and hydrogen bonding distances invalving the guest
inthe BPOMB structure®

Distance (A} Angle (°)
Donar (D) H==2A ; O—H===4,
B R O(5W} D.gd 187 267(2)  167.3(9)
Ty H7 QBN 0.495 283 3.48 (2) 1247 (8)
204) Of 1) ™ 2.85 (2
£i11) MH114A) O{E3A) 0.9% 288 3.80 (1 121.1 (E)
CirGE) H7 23 Il . 0838 2.63 316 (2 114(1)
CirET) H(772) Q201 i 0.858 2.65 3012 108.7 17
CHEGET) HIB72) () 0.52 2.83 3.41 12 118.2 (&)
' Related by symimetry operation: Yty -z
Sl Sl IR, b T
* Hydroger bonding parametess bazed on idealised hydsogen atam posticns.

Figure 5.33 The hydrogen bond scheme ir the BFDOMB complax
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Walter interactions

Themeogravimetric analysis gave a weight loss which corresponds to 3.7 water
molecules per 1:1 complex unit, and these were all accounted for in the
crystaliographic analysis. All the water molecules are |ocated at the periphery of the
cyclodextrin melecule, filing a smail intermolecular space between complex units.
C—H+=( hydrogen bonds between the host and these water molecules are listed in
Table 531 and hydrogen bonding distances between the host and these water
molecuies are listed in Table 5.32. The hydrogen bonding scheme is iilustrated in
Figure 5.34.

All the water maolecules are within hydrogen bonding distance of a host oxygen atem,
except for the disorderad Q(1W). As seen in Table 530, the O(1TWA) water moleculs
with a s.of of 039, is invoived in hydrogen bonding to the guest. The O{1WB)
counterpart, with a s.o.f. of 0.31, is within hydrogen bonding distance of O{6G7). This
Q(1WB) atom is also in close proximity 10 the O(2W) water molecule [at a distance of
1.89 (4) A by the symmetry operation 1-x, -'f,+y, 1'/:-z], indicating that these two atoms
are not present concurrently. The s.of ofthe O2W) water molecule is 0.43,

The O{3W) and O{4¥W) water molecules are within hydrogen bonding distance of
Q(BGEA) and OBGS5) respectively. This places these water malecules in a close contact
distance of 3.18 (2} A to G(8G6) and of 3.21 ({3) A to C(85A) respectively. In addition
the O(4W) water molecule is at a distance of 322 (2) A to a symmetry refated C{7G2)
atom [-'fo+x, 1y, 171,

Table 5.39 C—H---0 hydrogen bonds between the host and the water molecules®

Distance [4&) Angle ()
Danor( D} Acceptor(A) D—H Hess A D—H== A

O(3G5}  H(3B2) W)’ 0.84 238 283(2) 1130(7)
CUGe)  HEs1)  OBwW) 1.00 288 346(2) 138.8(6)

" Related by symmetry operatians 1-x, 1.-'3+-,r. filhes
* Hydragen bonding parameters based anidealised hydragen atant positians.
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Table 5.32 Hydrogen bonding distances .nvolving the water molecules

Interaction Distance (A) Symmelry operator for

the host oxygen atoms

O(1TWB) +»= O(BGT) 3.04 (3) X ¥ Z
O(2W) === O(5GT) 2.95 (2) 1-x, "oty 1z
O(3W) »o+ O(BGE) 2.89 (2) Xy, z
O(4W) == O(3G2) 2.91(2) Matx, 'y, 1-2
O(4W) »s» GBEGS) 281 (2) X. ¥, Z

| O(5W) === O(6G1) 276 (1) %, 1y, 1-z
O(BW) == O(3G5) 2.82 (2) 1-x, -"ory, 1772
O(1WA) = O(2W) 3.00(3) 16 -lavy, V-z
O(3W) +=+ O(BW) 2.70 (2) X, ¥y, Z
O(AW) +=s O(5W) 2.50 (2) X, 'y, 1z

056G [ ] oeG1
K »
oaw® . 7
o

DEW
o3Gz e

06Gs @ 8 O8W
o3w @

8 03Gs

Figure 5.34 A schematic reprasentation of the water molecules that connect adjacant host units



DIMEE INCLUSION COMPLEXES

Crystal packing of the BPDME structiure

Figures 535 and 5.36 are axtended stereo packing diagrams of the BPDME structurs
showing projeclions as viewed down the &- and c-axes and illustrate the packing
features in the crystal The BPDIME molecules are stacked along the a-axis in a zigzag
type pattern. An inclusion of the primary O(6CH: group on the G2 and G4 residuess
into the secondary side of the BFDME malecule, which is related by the two-fold screw
axis along the s-axis. occurs, The Q(8) side of the cavity is open to the intermolecular

space, where the guest is located.

Figure 5.36 Stereo packing diagram of the BFDME structure [c-axis projoction]
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DISCUSSION

Heptakis-[2 6-di-O-methyl)-fi-cyclodextrin s attractive for the formation of inclusion
complexes owing to its good solubility in water and organic solvents. * However anly a few
crystal struetures have been reported thus far. The CSD'® houses fifteen DIMEE structures,
which include an anhydrous form, three hydrated forms and eleven inclusion complexes,
DIMEB and its complexes crystallise in both the monoclinic space group P2- as well as the
artharhambic space group P2,2-2, and various packing modes are observed [Tahle & 33].
The guest maolecules can he either included in the cyclodextrin cavity, as with 2-naphthoic
acid."™* and adamantanol'® or can be located in the interstitial sites while the cavity is
occumed by water molecules. as with p-iodophenol and p-nitrophenel.’ ™™ In some
instances such as the carmofur complex, the guest being disordered over two siies, 1S
found to be both ingluded in the cavity [when in the major position] and located in the

intermoiecular space [when in the minor position].

Table 5.33 DIMEB structures fream the CSD
o=ty N s I e

Space group - P2,

Herringbone type |
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In the present study the structures of the inclusion complexes MFDEM, EPDME,
PPDMB and BPDMB have been solved and analysed. Each inclusion complex
crystallises in the space group P2,2:2, with £ = 4 and a host to guest ratio of 1.1
Comparison of the morphalogy and cell dimensions of the four structures shows that
there are two sostructural pairs viz.,. MPOME and EPEME as one isostructural pair
[hereon in denoted Auisg] and PPDMB and BPDMB as the other [herson in denoted
Biso). This could be confirmed by comparisan of the single crystal XRD traces, Figure
5.37. The term "isestructural” signifies that the two complexes of one isostructural pair
will exhibit & similar internal arrangement of molecules. have a comparable hydrogen

banding netwark and will have an analogous crystal packing maotif. 3

BFDMBE
FPONMBE
T
J-rl:l
EFDME
MPOMB

20°
Figure 5.37 Calculated XRD traces of the MFDME, EFDME, FFDME and BPDME compiexes

Conformation of the DIMEB host molecule

The average DIMEB conformational parameters of the four inclusion complexes appear
to be similar and except for the orientation of the methyl groups, the macrocyclic
conformation does not differ significantly from that of the 3-CD observed in Chapter 4.
Tha DIMEB maolecyles adopt a rather round and symmedtrical structure as the variations
in the radii of the heptagon and the dewviations of the O(4) atoms from the plane of the
macrocycle are small. The average bond distances and angles are in the usual range
for the glucopyranose residues.
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All the glucose units are orientated sy, and thus the G2} and O3} atoms of adjacent
glucose units form seven intramolecular 3(2)««C{3') hydrogen bonds which contribute
to the conformational stabilty of the CD macrocycle. Additionally a series of
intramelecular C—H++O hydrogen bonds maintaing the conformation of the DIMEB
molecule, The cohesion of the structure is ensured by intermaolecular G+ contacts

involving the Of2), O3) and O(&} groups of the macrocycle.

Figure 538 illustrates the similar internal arrengement of the host for both the
isostructural pairs. Additienally it shows how the Ajso complaxes differ slightly in their
spatial arrangement of host atoms from those of the Bise complexes and demonstrates

the slight adjustment in the shape of the host as the alkyl chain length increases.

Figure 5.28 Conformation of the DIMEE inclusion complexes {a) MPDMEB [yvellowd and EPDMB
[blue}; {ib) PPOME {red] and BPOMB [purpie] [¢) Ago [yellow] and Bgg fred)
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Paraben quest molecules

Many factors determine the mode of inciusion of a particular guest within the CD cavity.
These include geometnc compatibility, hydrophobicity and polarity, The geometry of the
CD is such that the O(2), O(3) side is wider than the OIB) side as the CD glucose
residues incling with the O{8) side tumed to the inside of the macrocycle. The valume
of the Q(B) side is further reduced by the rotation of the O{6}-CH: groups inwards [two
in the Ao structures and three in the Bise structures]. Te reduce the van der Waals
contacts the larger substituent of the guest would be located at the secondary Aim.
However in some cases the difference in relative hydraphobicity can be g determining
factor in the orentation of the guest mokecule in the CD cavity.

Lichtenthaler ef af *** have shown in their computer aided visualisation of the
molecular lipophilicity pattems that the primary rim of the DIMEB molecule is relatively
hydrophilic and its opposite, secondary rim is relatively hydraphobic.

Anather factor to consider in the extent of compiexation is the polarity of the guest
molecule, If a polar group is present the dipole-dipole alignment and the need for
solvation of the polar group may diminish the importance of the hydrophobic attractions
for orientation.

Figure 5.38 (a) and (b} illustrate how the aromatic ring of the guest is located in almeost
identical positions in the Agg and Bisg structures respectively, while Figure 5.39
illustrates how the oreptation and maode of inclusion of the guests are significantly
different between the Agze and Biss structures. As the guests of the Bigg structures
protrude weli out of the cavity, the number of close contacts was found to be fewer in

these complexes,

. &
T E-.\ G,
O R N S N
{a) {b) (c) {d)

Figure 5,39 Orientation of the guest in the DIMEB cavity (a) MPOMB, (b) EPDMB, (¢} PPOMB
and {b) BPDMB
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in the Ausg structures, the methyl- and ethyl paraben molecules are positioned
approximately at the centre of the macrocycle with the guest almost perpendicular to
the mean Oi4) plane. The ester moiety is located at the narrower primary fim and in
both structures is found to be disordered over two positions. This leads to a number of
short contacts between the guest molecules and the host atoms but these are
minimised by the "vertical' position of ithe guest within the cavity. This orientation
allows more efficient inclusion of the guest and closer packing of the host molecules.

In the Bigo structures the phenolic hydroxyl group and the aromatic ring extend well
beyond the primary rim of the host. The pheny! ring of the guest forms an angle of 53-
56° relative to the macrocydlic ring axes, This allows the hydrophobic alkyl chain to be
logcated at the hydrophobic inner surface of the CD cavity while the relatively more
hydrophilic ester and polar hydroxyl group are positioned at the primary rim and in the
polar environment respactively. This orientation cormesponds to Lichtenthaler's ef af **
study in that the hydrophilic and hydrophobic portions of the guest aligh with the
hydrephilic and hydrophabic portions of the host respectively.

Water molecules

Hydrogen bonds involving water molecules mediate many of the interactions batween
the host and guest. The hydrogen bonding network forms a spiral running down the
channels. In this manner the hosts and guests are re-linked to each other and hence
crystallinity is lost on dehydration. The four complexes have certain similarities: (i) al
the water molecules are situated on the periphery of the CD molecules. filling the
intermolecular space between complex units and (i) the guest hydroxyl oxygen atom is
hydrogen bonded to a water molecule. Since the water molecules act as a "filler” in the
CD structure, this may be an indication that the guest might play a critical role in the
determination of the packing arrangement of the complexes. The main difference,
besides the spatial arrangament of the water malecules, is that the Aizp complexes
have two water molecules that are not hydrogen bonded to the host, while all the water
molecules are hydrogen bonded to the host in the Biso complexes.
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Crystal packing

The unit celt parameters and XRD traces of the Ao complexes were in close
agreement with each other indicating an analocgous packing arrangement of the two
complexes. A similar phenomenon was seen for the Bigo complexes. In the Asp
complexes, the complex units stack in infinite chaing in a head-te-tail mode In a
modified hemingbone scheme. The herringbore chains form sheets parallel to the bo-
plane which are stacked aleng the a-axis. However, the two-fold screw axis parallel to
the #-axis does hot pass through the host cavity and therefore complex units related by
the 2,-axis in this direction are members of adjacent columns. The consequence of this
is a much shorter cell length a than the cell lengths & in the Bigo compiexes and
therefore successive complex units within a column are related by a unit cell translation

rather than by a two-fold screw axis as in other complexes.

Im the Bigp complexes, the molecules pack along the z-axis in a zigzag type pattern
and the two-fold screw axis parallel to this direction passes through the host cavity. In
the case of FPOME, the O(6) side is partially blocked as the primary methoxy moisty of
the 3 residue is in the cis conformation, while on the G4 residue it protrudes into the
cavity "above" it. In the BPDMB structure, the primary O(8)-CH: group on both the G3
and G4 residues protrudes into the CD cawvity "above" it. Thus the cavity is partially
filled by the guest and the O(6)-CH; group of an adjacent moiscule related by the two-
fod screw axis parallel to g ["self-inclusion”, Figure 5.40]. It was found that the cell

velume increases by approximately 1 % as the alkyl chain length increased,

(@) (b

Figure 5.40 A sectioned spaceilling diagram of the {a) FFDMEB and {b} BPFDME structures
showing the "self inclusion” aspect indicated by an arrow. To differentiate the
hosts, cne host molecule (s represented in a lighter shade.
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Chapter 6
TRIMEB INCLUSION COMPLEXES
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TRIMEB INCLUSION COMPLEXES
COMPLEX PREPARATION

Crystalline complexes were prepared by dissohing an equimolar amount of TRIMEB
and each of the four parabens in distilled waier at room temperature. The resulting
dilute solutions were filtered and incubated at approximaiely 50°C. Crysials were
ghtained on standing for a period of 48 hours and were colourless needles. The density
of the crystals was not measured due to the high solubility of the host in both aqueous
solution and organic solvents. The complexes of TRIMEE with methyl-, ethyl-, propyl-
and butyl paraben will be referred to as MPTMB, EPTME, PFTMB and BFTMB
respactivaly.

MICROANALYSIS

The hosi to guest ratios of the TRIMEE complexes were determined by carbon and
hydrogen microanalysis and the results are given as the average of duplicate
determinations. Each of the MPTMB, EFTME, PPFTMEB and BPTMB complexes
contains 1.1 stoichiometric amounts of host to guest The water content present in
each complex was calculated from the initial mass loss obtained from the TGA traces
and the resulis are reported in Table 61, LW spectrophotometry was used to confim

these results,

Table 6.1 Carbon and hydrogen microanalysis results for the TRIMEB complexes
COMPLEX

MPTMB « 28 H.0 52 36 775 52 31 - 808

EPTME « 5.0 Hs0 5129 7.69 51 59 782

PPTMB * 5.2 H.0) 51 45 7.05 51.30 7.70

BPTMB » 56 H:0 51,52 & 02 51 8% 7.80
THERMAL ANALYSIS

HSM results for the TRIMEB complexes

The HSM results for MPTMB. EPTME, PPTMBE and BEBTME are presented in Figure
5.1, Loss of water from the camplexes is visible by a slow release of bubbles. Water
loss occurred over the range 73 to 92°C for the MPTME complex, from 76 to 101°C for
the EPTMB complex, from 85 to 114°C for the PPTME complex and from 72 te 103°C
for the BPTME complex.
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BPTMB

112°C 134°C 129°C

Figure 6 1 HSM photographs taken at vanous temperatures for crystals of the MPTMB.
EPTMBE. PFTRIE and BPTMB complexes

208
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The temperature range of water [0ss is also evident from the TGA traces [Figures 5.2
{a). (b). (c} and (d)] 1n the case of the PPTMB complex. smaller crystalliies appear to
form on the cutside of the crystal at 55°C and continue te do so till 85°C.

After water loss the crystals remain visibly unchanged up to the onset of
decomposition, which is observed from 97 to 107°C for the MPTMB complex, from, 109
ta 112°C for the EPTMB complex, from 122 to 134°C for the PPTMB complex and from
120 to 127°C for the BPTMB complex. Decomposition of the complexes is cbserved by
further mass losses in the TGA traces.

TGA results for the TRIMEB complexes

The TGA results for the MPTMB, EPTMB, PPTME and BEPTMB complaxes are shown
in Figure 6.2 {(a). (b, (c} and (d) respectively. A summary of the observed percentage
weight losses is presented in Table 6.2, Weight losses from 30 te 100°C represent
water loss from the complexes. From 100 to 160°C a small weight loss is observed.
From 180°C onwards weight losses due to decomposition are cbserved.

Table 6.2 The percentage weight losses for the TRIMEB complexes

Temp MPTWE EPTME PETMEBE BFTMB
("C| Hamiple & Weiplit Sample AWeighl Sarnile A Weghe Hamiple A Weraty
waght (Y lnsa (%) weteh %0 Jous (M) ¥ warght (M Qe (o) woight (M) loss £05 ¢
30 100 -4 100 - 100 - 100 -
100 97.1 2.9 847 5.3 845 5.5 941 59
110 95.9 0.2 94.6 0.1 94 4 0.1 940 0.1
120 a5 8 1 4.5 0.1 4.3 0.1 940 0.0
130 95.8 0.0 94.3 0.2 Qa4 2 0.1 84 0 0.0
140 887 01 942 0.1 Q94 2 0.0 4 0 0.0
150 965 oA D4.0 02 g4 1 3.1 93.8 0.2
180 86.5 oA 54.0 0.0 g4 1 0.0 93,7 0.1
180 95.5 1.0 938 g 8939 0.1 934 0.3
200 935 2.0 91.4 25 837 0.2 831 0.3
&verage number of water molecuies per H:G unit
2.5 5.0 L 52 5.6

© A Weight loss (%) = [Sample weight (%) at temperature (1] - [Sample weight (%) at temperature {n}]
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DSC results for the TRIMEB complexes

The OSC results for the MPTMB, EFTMB, PPTMB and BPTMB complexes are shown
in Figure &2 &), (b), (c) and (d) respectively and the results are summansed in Table
G.3.

All the complexes show endothemmic events cotresponding to water loss in the range
30-86"C, which correspond to an observed mass 1035 in the TGA traces [labelled Al
Each of the complexes shows an asymmetric endathem [C] representing fusion of the

complex.

The DSC trace of PPTMB shows a small endothemmic peak [B] at 116°C before the
shamer asymmetric endotherm of fusion is observed. This is also seen in the BPTMB
complex, where the endotherm due to fusion [C] is split, the first peak occuming at
120°C with 2 shouider at 124°C [B]. When the crystals of these two complexes were
grown with an excess of the drug present it was noticed that this peak B increased.

This suggests that this peak is produced on melt of the uncomplexed drug,

The onset of fusion occurs at 107, 94, 122 and 116°C for the MPTMB, EPTMB, PPTMB
and BPTMB complexes respectively. The thermal stability of the inclusion complexes
was based on the analysis of the onset of decompasition for the complexes. The
stability follows the order of PPTMB = BPTMB = MPTMB = EPTME.

The much lower melting paint in comparison with the "melting points” of complexes of
unsubstituted cyclodextrins i3 indicative of the weaker intermaolecular interactions and is
expected since methylation of the hydroxyl groups precludes host-host intenmolecular
hydrogen bonding
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Table 6.3 Summarised DSC results for the TRIMEB complexes
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WPTMB EPTMB PPTMB BPTMB

Temperature range A (°C) 30-90 30-80 30-80 30-80
Temperature range B ("C) 108-119
Endothenn B T 6 1114

Peak {"C) 118 124
Temperature range C{°C) 100-1189 | 88-111 119-128 | 110128
Endotherm C T CEK 107 o4 122 116

Peak (“C) 115 102 125 120

METHYL ETHYL PROPYL BUTYL

Endotherm of pure paraben (*Cy' 126 116 aB B9

FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

FTIR spectroscopy was used to determine how the carbonyl shretching frequency was
affected by complexation, The C=0 stretching frequency of the complexed methyl
paraben is displaced to 1712 ¢y’ from the measured value of 1672 cm’ for the drug
itself. In the EFTME complex the C=0 slretching frequency is displaced fram the
measured value of 1672 em™ for the drug itself to 1711 em™' in the complex. In PPTMB
the stretching frequency is displaced from 1675 em”’ in the pure drug to 1712 cm, For
the BPTMB complex the C=0 stretching frequency is displaced from 1678 cm™ in the
pure drug to 1710 e¢m”. The FTIR spectra for the four paraben complexes are
represented in Figure 6.3. This significant frequency shift also indicates that the guest
is included in the host Furthermorg, this is consistent with the known presence of
strong hydrogen bonding (C=0s=H-Q) in the crystals of the guest and the absence of
hydrogen bonding of this type in the CD complex.’

EXPERIMENTAL XRD ANALYSIS

The ARD patterns for the MPFTMB, EPTME, FPTMBE and BFTMB powder complexes
are shown in Figures 6.4, 6.5, 6.6 and 6.7 respectively together with the XRD pattemns
of the physical mixture of TRIMEE with the appropriate drug. The diffraction pattem of
the kneaded materal was comparad with those of the physical mixture [consisting of a
1:1 molar ratio of drug and TRIMEB;.
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Figure 6.3 FTIR spectra (a) MP and MPTMB, (b) EP and EPTMB, {c) PP and PPTMB, (d} BP
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The appsarance of new peaks and the disappearance of old peaks in the XRD {races
of the physical mixture indicated that complexation had occurred. The XRD traces of
EFTME. PPFTMB and BPTME are closely matched and they can thergfore he
considered as isomorphous structures. The XRD pattern for the MPTMEB complex is
similar to those of the other three complexes of TRIMEB. but the 2B positicns are
slightly different, and hence this complex may have 2 similar packing arrangement, but

will have different cell dimensions [Figure 6. 8]
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Figure & 4 XRD patterns of the MPTME complex and a 1:1 physical misdure
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Figure 6.5 XRD patterns of the EPTME complex aad a 1.1 physical mixture
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Figure 6.8 XRD patterns of the MPTMB. EPTMB, FPTME and EPTMB complexes
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X-RAY CRYSTALLOGRAPHIC ANALYSIS OF THE MPTMEBE 3STRUCTURE

Data-collection

The preliminary unit cell parameters and space group for the MPTMB structure were
determined by X-ray photographic technigues. The oscillation photograph displayed m,
symmetry indicating the monoclinic system or higher. The Weissenberg photography
showed two central lattice rows, 907 apart, of which each was a mimrer line. The overall
symmetry of the réciprocal lattice [Laue symmetry] was thus determined as mnwn
fndicating the crystal belonged to the orthorhombic system, The systematic absences
are listed below, and these confirmed the space group P2,2,2,.

hkl:  none

hOoO: h=2n+1
QkO: k=2n+1
oar | =21 +1

A single crystal was mounted on a glass fibre and covered in Paratone N ail” to prevent
cracking due to loss of water of crystallisation and to provide a rigid mounting for the
low-temperature data-collection. X-ray intensity data-collection was performed at
173(2) K on the Nonius Kappa CCD diffractometer using graphite-monochromated
Mok radiation. Grystal data and data-collection parameters are listed in Table 5.4,

Structure determination and refinement

Solving the MPTMB structure represented a difficult challenge in view of the fact that
the cell parameters did not directly match any of the known TRIMEB structures
reported in the Cambridge Structural Bamabase” and the structure solution required the
location of a large number of non-hydrogen atoms. The structure was solved using the
program PATSEE'" which uses a Patterson vector search and direct methods to
position a fragment of known geometry in a unit cell. The search model consisted of the
skeleton atoms of a previously solved TRIMEE molecule® as it was hoped that the
conformation of the cyclodexirin would be similar. After many attempts. 1100 random
positions were refined for 50 000 randam orientations producing a starting model with
favaurable statistics from the PATSEE run [viz. RFOM = 0.477; TPRSUM = 0465
TFOM = 0.215; Rz=0.381; CFOM = 0.278].
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Table 6.4 Delails of the data collection and refinement parameters for the MPTMB structure

¢ Empirical formula

Formula weight

- Crystal system

Space group
alA
bt A

Ce A

g

pi®

il

Yolume / ¢

Pl

Densitycac/ g om™

1 (MoKe) ! mm

F{000)

Temperature of data collection / K
Crystal size / M

Range scanned 8/ °

Index ranges

f# scan angle / ©
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This model was refined isotropically by full-matrix least-squares methods [SHELX-97]7
Difference electron density maps based on initial refinements revealed most of the
remaining non-hydrogen atoms of the host and many of the non-hydrogen afoms for
the guest, Once all the non-hydregen atoms of the host and the water molecuies had
been |ocated from subsequent difference electron density maps. all the cyclodextrin
hydrogen atoms were placed. These hydrogen atoms were geometrically fixed at
idealised positions in a riding-mode!. All the methyl hydrogen atoms were assigned a
common varigble isotropic temperature factor and the remaining hydrogen atoms of
each glicose moiety were assigned common vanable isotropic temperature factors.
The O-methyl, mathykene and methine groups {except C{9G7)] on the host wers
assighed anisotropic temperature factors. After many successive refinements, fwo
water molecules with full siteoccupancy were placed, O{1W) having a finsl
termperature factor of U., = 0.08 A% and Q(2W) having a final isotropic temperature
factor of 0.16 A% The other water molecule with  site-ococupancy of less then one was
assigned a fixed isotropic temparature factor of 0.07 A® fthe mean of the preceding U
values] and the s.of was allowed to vary [final value 0.32], The total ococupancy of 2.3
for the water molecules compared favourably with the 2.6 water molecules observed
from the TGA results. The hydrogen atoms of the water molacules were not located.

Eventually all the non-hydrogen atoms of the guest were located in the difference
efectron density map. All three cxygen aloms of the guest were refined with anisotropic
temperature factors. The hydregen atoms attached te the carbon atoms of the guest
were also inserted at weslised positions and assigred a commaon isetropic temperature
factor. The hydrogen atom of the hydroxyt group was placed using the rotating group
refinement strategy [AFIX 147]. Due to the abnormally long bond distances found in the
guest melecule, distance constraints were placed on certain bonds, namely: O{13-C{2)
1.354 A C(5C(8) 1.469 A, C(B)-0( 1.217 A, C(B-0O(10) 1.334 A O(10)-C(11)
1.436 A [all with o = D.005 A]. The values chosen were taken from Lin.?

At the end of the refinrement there was still cne significant electron density peak
unaccounted for with a height of 0.88 e A™, located at a distance of 0.8 A from C(BG1).
Hydrogen atoms weare placed on C{8G1) before and after anisotropic temperature
refinement, but the remaining electron density was stil not accounted for. The
possibility that this etectron density peax represented a disordered cavbon atom was
rejacted on the basis of the unfavourable geometric position refative to those atoms
already placed,
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Geametrical analysis of the MPTMB structure

The asymmetric unit of the MPTMB structure contains a single TRIMEE molecule, its
assaciated guest and 2.6 water molecules, The glucose units will be referred to as G1,
G2, 33, G4, G5, G and G7 and the structure and numbering scheme of the MPTMB
complex and water molecules are shown in Figure 6.8 The geomstrical data for the
TRIMEB molecule are listed in Tables 8.5 and 8.8 [e.s.d s are in the range 0.001-0.005
A for distances and 0.1-0.6° for angles].

G4 y \ Y oW

2w

G5 | Ge -9

Figure 8.9 Macrocycllc structure and numbering scherme of gluccse residues, waler oxygen
atoms and guest molecule, with the hydrogen atoms excluded, The host s viewsd
from the secondary facs.

The glucopyranose residues are all in the ¢, chair conformation and the macrocycle is
in the shape of an elliptically-distorted and truncated cona. The Q{2-C(7) bonds ara
directed away from the cavity and the O{3)-C(8) bonds are directed towards the cavity,
as is observed in most TRIMEB complexes.* ** The C(6)-0(8) bonds of the G2, G4,
G and GV residues are directed away from the cavity and are in the (-) gauche
conformation, while thase of the 51, G3 and G5 residues are pointed towards the
cavity in the (+) gauche conformation. All the O{6)-C(%) bonds are tans to the
raspective C(5)—C(6} bonds, except in the G2 rasidue whare the bond lies gauche.
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The O{61-C(9) groups of the G1 and G5 residuas, which have the largest tilt angles,
act as a "id", closing off the O(8) side of the TRIMEB cavity, making it cup shaped. The
G3, G4 and G7 residues also contribute to this effect. Hence TRIMEE assumes a cup-
shape. in contrast to structures with 3-CD and DIMEE where the cavity conforms to &

more annular shape.

The geometric parameters of the O(4) heptagon of the MPTME structure are listed in
Table 6.5 These include the radii, the O{4)»-0(4") distances, the O{d}rO{4')=--0{4")
angles. the O[4)e+0{47++=(3(4")=D(4"") torsion angles and the dewiations of each of
the O(4) atoms from the mean O(4) plang. Table 6.6 lists the other important features
of the macrocyclic structure such as the intersaccharidic bond angle {©), the
O{2)=+0{3" distance and the tilt angles 1, and ;). These parameters are defined in
Chapter 1.

Table 6.5 Geometrical parameters of the Of4) heptagon for the MPTMEB structure
Glucose Radii Ofd)===0{4'}
unit ) 3§ i {A})

Gtd4) angle Deviation

Tarsian angle

G1 4,49 {1) AEE | N BH(3) 001
G2 4 80{1) 4.25 131 11442 43
G3 552 {1} 4.39 17 12,8 (2) 0.11
G4 a4 41) 4,55 125 -32. 83 a50
G5 4.45 {1} 4.40 140 8.6 (3) 0.45
GG 526 (1} 4.31 120 21.8{&) -0.28
G7 5.3311) 4.16 118 215 (3 0.64
Average 4,598 4.38 127 l16.5] |n.34]

Table 6.6 ¢, (}{2)+ {3} distance,1 for tre MPTMB structure

Glucose
unit ]
G1 118 3.26 32.3 (2) 39.4 (2)
G2 117 3.54 215 (1) -18.0(2)
G3 120 344 130N 15.0 2]
G4 118 3.46 3125 326 (3
G5 114 339 342 {1) 450 (2)
G6 118 358 -7.8 42} £6(2)
G7 118 341 2272 28.7 {2}
Average 117 3.45 23.2 26.3
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Usually in TRIMEB complexes two glucose moieties have a negative filt angle, while

5, 912

the others have positive tit angles and this is also seen in the MPTMEB complex.

Thus far, only steric repulsion and the absence of O(2)++0{3'} hydrogen bonds have
been invoked ta explain the unusually large titt angles found in TRIMEB structures.” #°
The values calculated for these parameters compare favourably with those of the
TRIMEB-p-icdophenat tetrahydrate complex.” as this TRIMEB molecule was used as

the search fragment in the Patterson search,

Guest geometry and interactions for the MPTMB structure

The conformation of the methyl paraben guest may be defined by twe torsion angles.
The torsion angles &, [C(6-C(5»C{8)-0(8)] and &:; [C(5)}-C{B)-O(10-C(113], will be
used to describe rotation around the C{5)}-C(8} and C(8)}-0O{10} bonds respectively.
They were compared with the conformation of the uncomplexed methyl paraben
molecule® and were found to be similar [Figure 6,101 8 of the complexed methyl
paraben has a slightly larger cut-of-plane twist than that of the uncompiexed MP,
indicating that inclusion allows for more rotational freedom around the C{8}~0(10)
bond. There are few close contacts between the host and guest molecule and the
relevant interactions are listed in Table 5.7,

09 cg ~0Q10—

e = |
o s
CH
OH
MP in complex &= 0(2) B = -171 (1)
MP uncomplexed:® 5, =-06 I

Figure 6.10 Torsion angles & and bz of the methyl paraben
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Tahle 6.7 Close contact distances for the MPTME structure

Interaction Distance (&)
H{1} «== H{B51) 2.19
H{11B} »»+ H(531) 227

' Retated by symmetry cperaton: -1+x, ¥y, 2

The phenalic hydroxyl group protrudes from the O(2), O(3) face of the host, while the
ester maiety of the guest molecule occupies the centre of the host cavity, The pheny!
ring of the guest forms an angle of 50.4 (2)° with the mean Of4) plane. The tilting
perrmits the guest to occupy most of the available space in the cavity. Figures 6.11 and
6.12 show CPK diagrams of the MPTME structure and include the O(3W) water oxygen

atam [which is light blue in colour].

{b}

Figure 6.11 Space-filling diagram of the MFTMB structure {a) side view (b} sectioned view of

the same orentation

(b}

Figure 812 Space-filing diagram of the MPTME struciure (a) viewed from the prirmmary rim (b}
viewed [rom the secandary rim
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Hydrogen bonding interactions of the MPTMB structure

Host interactions

The distorted conformation of the TRIMEE molecule reiative io the conformation
ohserved for the parent [B-cyclodextrin molecule is stabilised by numerous
intramolecukar C—-H+-=0 hydrogen bonds [Tabie 6.8]), 3 common interaction found in
carbohydrate erystal structures.™

The conformation of the TRIMEB moiecule is stabilised by nine intramolecular
C—H++O hydrogen bonds, four of which are of the type C{E)-H-=0(5'}, as observed in
the TRIMEB monchydrate structure.™ [n addition, there are two C{1)H+=0(3")
hydrogen bonds and a2 C(1}H=0(6"} hydrogen bond. Furthermore there are stabilising
intramolecular hydrogen bonds within some of the glucose units, namely a
C(7H*Of3} hydrogen bond and cne C(8)-H++0{2} hydrogen hand. All the Ce0
distances are in the range 3.0-3.4 A,

Table 6.8 Intramolecular C—He==0 hydrogen bonds in the MPTMB structure®
Distance {A)

C-H HessO

C(iG2)  H{121)  O@3GT1) 098 2.44 3114 () 1253 (5)
CiiG3)  H{131)  O(G2) 0.98 2 BQ 3.243(9) 123.5(4)
C1GE)  H{181)  ©O(3GE) 0.98 2 46 3.084(9) 1216 (5)
C(6G2)  Hi(B22)  O(5G3) 0.97 2 45 3.198(9) 1332 (5)
C(6G4)  H{B42)  O(5GH) 0.97 247 3.158(8) 127.3 (5)
Ci6GE)  Hi(BB2)  O(5GT) 0.57 2.43 316 (1) 132.0(5)
CBGTY  HB72) 0BG 0.97 2.66 337 (1) 130.3(6)
C{TG2}  H(7T23}  0O(3G2) 0.96 2.47 3.08(1) 121.0(D
C{8GS)  H8s3)  0{26G5) 0.96 2.33 297 (1) 1237 (5)
* Hydregen bonding parameters based an idealsed hydrogen atem positions,
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(Suest interactions

The hydroxyl oxygen atomn is in hydrogen bonding contact with one water CG{1W)
oxygen atom while the carbonyl oxygen is in hydrogen bonding contact with O{3wv),
The water oxygen atoms in turn form hydrogen bends with the atoms on the host
molecule. Hydrogen bonding distances involving these water molecules are listed in
Table 6.9.

Table 6.9 Hydrogen bonding distances invclving the guest in the MPDMB siructure®
Distance (A)

Donar{D) Acceptor(A) O—H He=sfy

o1} H(1) O(1W) 082 207 288(1) 130.4(6)
C(3) H(3) 0(266) 093 2 64 331{1) 1297 (7)
09} O{3W) 3.05 (2}

' Related by symmetry oparation: 2%, ey 182
* Hyarogen bonding pearameters based on idealised fydrogen atom oositions

Water interactions

Thermogravimetric analysis gave a weight loss which corresponds to 2.6 water
molecules per 1:1 complex unit, of which 2.3 water molecules were accounted for in
the crystallographic analysis. Two of the water molecules [O(1W) and O{2W) are
situated at the periphery of the cyclodextrin molecule, filling a small intermolecular
space between complex units, The gther water molecule [O3W), s.of 0.32] was
located within the TRIMEB cavity and does not interact with the CD host Hydrogen
bonding distances between the host and these water molecules are listed in Table 6.10

and a schematic representation of these interactions is presented in Figure 6,13,

Table 6.10 Hydrogen bonding distances involving the water molecules

Interaction Distance (A) Symmetry operator for

the host oxygen atoms

O(1W) +v+ O(5GS) 281 (1) 1, ~ltety, 1Yz
OC1W) +e O(3G7) 279 (1) X ¥.Z
QW) === O{3G4) 2.85 (1) x. ¥, z
O(ZW] o O(5G4) 3.6 (1) T, 1y, 12




Figure 6.13 A schematic representabon of gusst and water interactions that connect adjacent

host units

Crystal packing of the MPTME structure

Figures 6 14 and §.15 are exiended stereo packing diagrams of the MPTMB struciure
showing projections as viewed down the - and c-axes. Complex units stack in
columns i a head-te-tall mode, forming what appear {0 be continuous channels along

the z-axis.

Figure 6.14 shows the "endless” channels while Figure 615 shows that the phenolic
group does not protrude into the cavity of the CO above it in the channel and also

shows the columns running parallel to the g-axis.
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=

Figure 6.14 Stereq packing diagram of the MPTME structure [g-axis projection]
c; 4
b

Figure 6.15 Stereo packing diagram of the MPTME structure [c-axiz projestion]
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Comparative XRD

The experimental X-ray powder diffraction pattern of MPTMB was successfully
matched with that calculated from the single crystal structure data [Figure 6.16]. Ths
very close match in peak positions (20) indicates that the sample giving rise to the
gxperimental pattern is a homogeneous preparation of the MPTME complex. The
calculated pattern can be used in future as a fingerprint to identify that an inclusion
complex has besen obtained during complex preparation. The diffsrences in relative
intensities between the calculated and the experimental patterns are dus to preferred
arientation of the crystallites.

N
; CALCULATED

rt'l_ | A PATTERN

IIq E |' i
Al
J '.1/\‘ ﬂﬂf&“{‘\, WMo KNEADED
J Lua LJP JJ MAAAR MATERIAL
5 10 15 20 1;5 s;u 3:5 4Iu

Figure 6.16 Experimental and calcutated XRD traces for the METMB structure
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X-RAY CRYSTALLOGRAPHIC ANALY3SIS OF THE EPTMB STRUCTURE

Data-collection

The preliminary unit cell parameters and space group for the EFTMB structure were
determined by X-ray photographic techniques. The latter revealed Laue mmm
symmetry, with the systematic absences listed below. This corresponds to the
arthorhombic system, space group P2.2,2,.

hkl:  none

hQd: h=2n+1
OkQ: k=2n+1
oo | =2n+1

A crystal of the complex was mounted on a glass fibre and covered in Paratone N oil®
to prevent cracking due to loss of water of crystallisation, Data were collected at 173{2)
K on the MNonius Kappa CCD diffractometer using graphile-monochromated MoKo
radiation. Crystal data and data-collection parameters are listed in Table 6.11.

Structure determination and refinement

The siructure was solved using published co-ordinates for the non-hydrogen
cyclodextrin atoms [excluding the OB} C{7F), C{8) and C{9) atoms of each
methylglucose residue] of the isomorphous TRIMEB-p-iodophenol tetrahydrate
complex.® After refinement in SHELX-87.” the difference Fourier map revealed the
positions of most of the remaining non-hydrogen atoms. After further refinement it was
found that the atoms C{7) and C{8) on O{2(:3} and O{3G5} were discrdered as well as
the atom O{B) on C{6G2) and C(6G5). leading to disorder in the C{8) atoms. Two
alternative positions were found for each disorderad atom, For a given pair, a fixed Uy,
of 0.07 A® [the mean of Uy, for the chemically equivalent ordered atoms] was assigned
and site-pecupancy factors [s ¢.f 's] of x and 1-x were assigned, with x varable. Some
of the bonds on these disordered atoms were either abnormally long or too short and
thus distance constrairds were placed on them. All the non-hydrogen atoms on the
host, except the disordered atoms and C(8G2), CEGS), C{7FGSE), {861, C{RG3)
C{8G6) and C{8GB) were refined anisotropically, Refinement continued with the
placement of the water oxygen atoms. Six positions were located for the water
molecules of which four could be assigned a full s.of. O(1TW), O(2W) and O{3W) were
refined anisotropically with a final temperature factor of Uy, in the range 0.10-0,12 A%,
while O{5W) was refined isotropically with a final temperature factor of 0.16 A%
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Table .11 Details of the data collection and refimement pararneters for the EPTMB structure

Empirical farmuta
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Crystal systermn
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1
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i 5can angle ! ”
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a=02 b=00

< 0000

0,46 and -0.56
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The remaining watar molecules, with a site-occupancy of less than one, were assigned
a fixed isotropic temperature factor of 0.12 A® [the mean of the preceding U values}
white the site-occupancies wers allowed to vary. The site-pccupancies of these two
water molecules [O{4W) and O(BW)] are 0.57 and 0.41 respectively, amounting to an
additional 10 water molecule per asymmetric unit. This amounted to a total of 5.0
water molecules per asymmetric unit, which was equivalent to the number of water
molecules observed from the TGA results presented earier in this chapter. The

hydrogen atoms of the water molecules were not |ocated.

Cnce all the non-hydrogen atoms of the host and the water molecules had been
located from the subsequent difference alectron density map. the positions of the
hydrogen atoms attached to methine and methylene groups on the CD were
caiculated. Thase hydrogen atoms were geometrically fixed al ideatised positions in a
niging model and were included in the refinement with the isclropic temperature factor
of 1.2 times that of the attached carbon atom.

After further refinement, alt the non-hydrogen atoms of the guest were located in the
difference electron density map. The guest phenyl ring was modelied as a regular
hexagon. The hydrogen atoms attachad to the carbon atoms of the guest wera al=o
inserted at idealised positions and assigned a common isotropic temperature factor,
The hydrogen atom of the hydroxyl group was placed using the rotating group
refinement strategy [AFIX 83]. Placement of the C(12) atom was challenging as the
elactron density was low and diffuse. Numerous positions were refined and it was
found that the ¢is-conformation of the C{111-C({12) bond to the C{8C0{10) bond, which
is energetically the most favourable, was the most suitable position, Due to the
abnormally long bond distances found in the guest molecule, distance constraints were
placed on certain bords, namely: O(1+C(2) 1.351 A; C(5-C(8) 1.471 A; C(8)-0(9)
1.207 A; C(B}O{10) 1.334 A O(10)-C{11) 1,448 A; C(11)-C{12) 1.490 A lall with ¢ =
0,005 Al The valuas chosen were taken from Lin."* Due o abnormally large bond
angles. distance constraints were placed on non-bondad atoms to maintain the angies
O(9-C(8)-0(10), C8-O(10-C{11} and O(101-C{11}-C(12), close to the tetrahedral
value of 109.5% At the end of the refinerment there ware still three significant electron
density peaks unaccounted for with heights of 0.96, 0.81 and 0.74 e A”, the highest
electron density being located at a distance of 0.9 A from C{5G2) white the lower
glectron density of 0.81 e A™ was located at a distance of 0.7 A from C{6G5).
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The possibility that these electron density peaks represented a disordered carbon atom
was rejected on the basis of the unfavourable geometric position relative to those
atoms already placed. The (.74 e.A® electron density was initially refined as water,
with @ 5.0.f of less than one, as it was at a favourable hydrogen bonding distance from
O(5W). However this led t¢ 8 short contact distance to the atorn C{12) and thus this

electron density was not accounted for in the final refinement.

Geometrical analysis of the EPTMB structure

The asymmetne unit of the EPTME structure contains 2 single TRIMEE molecule, its
associated guest and 5.0 water molecules. The ghucose units will be referred to as G1,
(32, 53, G4, G5, G6 and GV and the structure and numbering scheme of the EPTMBE
complex and water molecules are shown in Figure 6 17. The geametrical data for the
TRIMEB molecule are listed in Tables 6.12 and 6.13 [e.s.d.s are in the range 0.008-
0.010 A for distances and 0,1-0.6" for angles].

04w =

oW »

Figure 6.17 Macrocyclic structure and numbering scheme of glucose residues, water oxygen
atoms and guest moleculs, with the hydrogen atoms exdeded. The host is viewsd

from the secondary face.
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All seven methylglucose moieties of the TRIMEB molecule are in the °C, chair
conformation and the macrocycle is in the shape of an elliptically-distorted and
truncated cone. The atoms C{7) and C(8) an O{2G3) and O(3GS) were disordered over
two sites as well as the atom O(B) on C(6G2) and C(6G5), leading to disorder in the
C(8) atoms. Methy! groups are located at the edge of the torus-shaped molecule. The
O[2-C(7) bonds point away from the centre of the macrocycle and are mosily gauche
to the C{1)-Ci2) bond. The OQ(3)-C(E) bonds are directed towards the cavity and are
onentated roughly parallel to the molecular axis that is perpendicular fo the plane
through the seven C{4) atoms. The C{6)}-0(6) bonds on all the glucose units are
directed away from the cavity and are in the () gauche conformation, except for the
C{6GS)-0{65A) bord which 15 poirted towards the cavity in the (+) gauche
conformation. All the O(8)}-C{9) bonds are trans to the respective C(5-C{6) bonds,
except in the GB residue where the bond lies gauche. The ({6-C(8) groups of the G5
residue [specifically O{B5A-C{95A)] and the G7 residue act as a "lid". closing off the
O(6) side of the TRIMESB cavity, making it cup shaped.

The geometric parameters of the (4} heptagon of the EPTME structure are bisted in
Table 6.12. These include the radii, the 044" distances, the O{4)===0{4 " ===(4")
angles, ithe O(4)r=e[4 ee» T4 A"} torsion angles and the deviations of each of
the Qid) atoms from the mean (4] plane. Table .13 lists the other important features
of the macrocyciic structure such as the intersaccharidic bond angle {g), the
O(2)==+0(3") distance and the tilt angles [, and 1;]. These parameters are defined in
Chapter 1.

Table 6.12 Geometrical parameters of the O(4) heptagon for the EPTMB structure

Glucose Radii O(d)=0f4) Of4)angie Torsion angle Deviation

unit (A} (A) () () (A)

Gl 5.74 (1) 4.42 122 1092 | 051
G2 B.13 (13 4.26 123 14.3(3) 0.14
G3 541 (1) 4.57 127 8.2 (3) -0} 51
G4 4.29 (1} 428 139 225 (3) -0.03
G5 4 56 (1} 4.32 116 26,1 (2) 0,67
G6 4.48 (1) 448 122 5.1 (3) 0.37
G7 4,51 (1) 4.34 140 3103 -0.44

Average 5.02 4.37 127 [16.8] [0.38
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Table 6.13 ¢, O(2)=++Q(Z') distance, 1 for the EPTMB structure

Glucose i O[2)+0(7)

unit (&)

G1 117 321 29.3(2) 16.4 (1)
G2 120 314 332 7.8(2)

G3 118 335 121 (2) -18.7 (2)
G4 117 3.39 331 29.5 (3}
G5 119 3.80 33.1(2) 19.9 (2)
G6 118 3.75 ~H¥ .2 (2} ~15.3 (1)
G7 118 345 33.042) 47 3 (3)

Average 118 3.44 23.0 221

Generally, the bond lengths and bond angles conform to those of other known
cyclodextrin complexes except in the case of some of the disordered atoms, as already
mentioned. Usually in TRIMEB compilexes two glucose moieties have a negative tilt
angle, while the others have positive tiit angles® * ' and this is also seen in the EPTMB
complex. The caiculated parameters are in agreement with the corresponding ones in
the TRIMEB-p-iodophenol complex ® whose host was used for the present structure
solution by the isomorphous replacemeant technigue.

Guest geometry and interactions for the EPTMB structure

The conformation of the ethyl paraben guest may be defined by three torsion angies.
The torsion angles &, [C(B}-C{5}-C{8}-0(8)], &: [C{5}-C{8}0O{10)-C(11)] and 3;
[C{B}-OMOHC(11)=C(12)), will be used fo describe rotation around the C{5-C(8),
C{8)-0(10) and O(10)-C(11) bonds respectively. They were compared with the
conformation of the uncomplexed ethyl paraben molecule [Figure 6.18] "

The §;. &2, & torsion angles of the complexed ethyl paraben have a larger out-of-plane
twist than those of the uncomplexed EP, indicating that inclusion aliows for more
rotational freedom around the C{5-C(8B), C{8)-0(10) and C(10}-C(11) bonds. The
close contacl distances for the relevant interactions between the host and guest
molecule are listed in Table 6 14.
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Figure 6.18 Torsion angles 5, 3; and 8; of the ethyl paraben

& =-178(1
B, =-1797

Table 6.14 Close contact distances for the EPTMB structure

Interaction
C(3) == C(6G2)
C(3) == H(B11)
H(3) «+« C(6G2)
H(3) »== O(52B)
H{4) «== H(521)
CIB) 5% O(BG4)
C(B) »+ H(641)
C(B) === H(67 1)
H(E) == O{55A)
H(B) «»= C(O5A)
CiB) === H{BT2)
Q{9 ++= H(E51)
O(8) *»» H(672)

C(12) == H(B31)
H(12C) === C(8G3)
Hi12C) ++= H(831)

H(12C) = H(833)

Distance (A)

317 (2)
2.83 (1)
227 {2)
262 (1)
235
341(2)
255 (1)
2 84 (1)
243 (1)
277 (1)
2.84 (1)
2 47 (1)
257 (1)
281(2)
246 (2)
183
2.31

5 =-153 (1)
By=-1794
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The ethyl paraben guest molecule is held in the TRIMEB cavity by hydrophobic forces
and iz insered from the O{2), O3 side of the cycledexdrin molecule. The phenolic
hydroxyl group protrudes from the primary rim of the host. while the ester moiety of the
guest molecule is situated at the secondary face. The phenyl ring of the guest forms an
angle of 87.6 (3)" with the mean O{4) plane. The tilting permits the guest to occupy
most of the avallable space in the cawvity. The guest makes a number of van der Waals
contacts with the inside wall of the cavity. Figures 6189 and 6 .20 show CPK diagrams
of the EPTMB structure, and include the O{5W)} and O{6W} water oxygen atoms [which

are light blue in colour].

Figure 6.19 Space-filling diagram of the EPTMB structure (a) side view (b seclioned view of

the same nnentation

Figure 6.20 3Space-filling diagram of the ERTMBE structure (8) vicwed from the primary rnim {b)

viewed from the sccondary (im
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Hvdrogen bonding interactions of the EPTMB structure

Host interactions

The distorted conformation of the TRIMEB molecule relative to the conformation
observed for the parent |--cyclodextrin molecule is stabilised by numerous

intramolecular C—H=+0 hydrogen bonds [Table 6.15].

The conformation of the TRIMEB molecule is stabilised by eleven intramolecular
C—H===0O hydrogen bonds, three of which are of the type C{6)-H---Q(5'). In addition,
there are two C{1)—H=0(3" hydrogen bonds and a C{1}—Hs+Q({8") hydrogen bond
{which stabilise the negative tilt angles of the G3 and GB residues] and three
C(8)~H»-0{2") hydrogen bonds, bonding adjacent glucese rasidues in the TRIMEB
malecula. Furthaermore there are stabilising intramaolecular hydrogen bonds within some
of the glucose units, namely a C(7)}-H==-0{3) hydrogen bond and a C{8)—H=--0{2]
hydrogen bond. The existence of these bonds has been confirmed by previous reports
in other TRIMER complexes and in uncomplexed TRIMEB. *** All the C»-Q distances
are in the range 3.0-34 A

Table 6.15 Intramolecular C—H+0O hydrogen bonds in the EPTMB structure*

Distance {A)

He==0
C(1G3)  Hi131y  O(BG4) 100 254 3134(9) 118.0(4)
Ci1G5) H{1571} D{BGE) 1.00 2.44 3.174(8) 1302 (4)
C{1G8) Hi161) D367} 1.00 2.40 3103 (8) 126.6(5) .I
CiBG1) H{B12) SI{IC TS .98 2.49 ST ¢1) 121.4 (5)
;; CiBG3) Hi{B32) O(58G2) Q.83 &0 3.30 (1) t31.8(8) .
| Ci{BGa) HiBE2) 0{505) 0.99 2.33 3.089 (8) 134.1(5) |
 C(7G6) H(763) CH3E8) .95 257 XA 119.0(7)
C{BG1) HiB11} O(2GT) 0.9 LT L 332101 1189 {7)
| C{BG2) H(B21) O2G1) 0.88 2.58 3.14 {1 116.1 {6)
C(85A) H(B52) O20G4) (.58 279 3.37{2) 118 (1)
C{aGT) H{873) Qi267) 0.58 2.60 316 (1) 116.6 (5]
* Hyaregen banaing oaramoters haseq on jgealised hydrogen atem gositions i -
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Guest interactions

The guest hydroxyl oxygen atom is invoived In hydrogen bonding with one water
oxygen atom O(6W) The latter is also involved in hydrogen bonding to a symmetry
related C(11), while C{12) is hydrogen bonded to the water oxygen atom of O(5W). The
water oxygen atoms in lurn form hydrogen bonds with the atoms on the host molecule
Hydrogen bonding contacts mvolving these water molecules are isted in Table 5.16.

Table 6.16 Hydrogen bonding contacts invoiving the guest*

Distance (A} Angle {°)

Acceptor{&) bC-H Her=A O iy D—H==8

O(1) H(1) O(BW) 0.84 1.7 259(3) 158(1)
C(11)’  H{11A)' O(6W) 0.99 217 312 (3) 160 (1)
C{12)  H(12B) O({5W) 0.98 2.84 3.19(2) 115 (1)

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

* Hycrogen bone ng parameters based on dealised hydrogen ator positions.

Water interactions

Thermogravimetric analysis gave a weight loss which corresponds to 50 water
molecules per 1.1 complex unit and these were all accounted for in the crystallographic
analysis. Four of the water molecules [O{1W), O2W), O(3W) and O{4W)] are situated
al the periphery of the cyclodextrin molecule. filing a small intermolecular space
between compiex units. The oxygen atoms O(1W) and O{2W; are within hydrogen
bonding distance of each other and they hydrogen bond to the host atoms O(5G3) and
O(BG4} thus forming a bridge. The cother two water molecules are located near the
TRIMEB cavity, with O{5W) near the secondary nm and O{8W) near the primary rim
[llustrated in Figure 6 18(b)] The O(6YY) water molecule is within hydrogen bonding
contact to the guest as well as the host and therefore acts as a bridging atom. The
conlact distances of these intra-cavity water oxygen atoms are slightly longer than the
sum of the van der Waals radil of two oxygen atoms, suggesting that thess atoms are
weakly hydrogen bonded to the host. Hydrogen bonding distances between the host
and these water molecules are listed n Table 8.17.
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Table 6.17 Hydrogen bonding distances involving the water melecules

Interaction Distance (A) Symmetry operator for the

second oxygen atom listed

O 1W) === O(5G3) 2.86 (1) “1¥x, ¥, Z

O(1W) == O@BGT) 2.78 (1) X, ¥, Z

2N »»e O(6GH) 276(N “1+x, y. 2z

O{3W) = O13G2) 2.82 (1) X ¥ Z

O{4W) = O(5C4) 2,99 (2) 2%, 1oy, 'tz

OEW) » O12G3) 2,98 (2) 2x, oy, Yz
QW) v OEW) 267 (1) R o

O{2W) === O(3W) 275 (1) 1% 1oy, -tz

O(3W) == OidW) 2.96 (2) oy Z

O(3W) += O(BW) 2.86(1) Trx. ey 12
dn c

- >

oW @
0362 .0 03w
&7 C L oaw
.' :’.i- P ..?1w

4w -|. . @
o K
08G4 m:

Figure 6§.21 A schematic representation of guast and water interactions thal connect adjacent
host units
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Crystal packing of the EPTMB structure

Figures 5.22 and B.23 are extended stereo packing diagrams of the EPTMB structure
showing projectivns as viewed down the - and b-axes. Complex units pack in a screw-
channel mode in & head-to-tail fashion with their gxes almost parallel to the b-axis and
the TRIMEB molecules are nearly parallel to the acplane. Two adjacent TRIMEE
molecules, which are related by the two-fold screw axis paraliel to b, are laterally
shifted with respect to one another. As & result the channel does not run straight. but

zigzags. This enables the guest molecule to have contact with the water molecules.

Figure 6.22 Stereo packing diagram of the EPTME structure (s-axis projection)

Figure 6.23 Sterec packing diagram of the EPTME structure {5-axis projection]
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Comparative XRD

The calculated and experimental XRD patterns for the EPTMB complex were
succassfully matched and are shown in Figure 624 The very close match in peak
positions (20 show the high purity of the sample. The differences in relative intensities
between the two patterns are due to preferred orientation of the crystallites.

%
b CALCULATED
= i PATTERN
KNEADED
J ‘ T s MATERIAL
E 10 15 28 25 30 35 40

20°

Fiqure 6.24 Experimental and calcuwated XRD traces for the EPTME structure



X-RAY CRYSTALLOGRAPHIC ANALYSIS OF THE PPTME STRUCTURE

Data-collection

The preliminary unit cell parameters and space group for the PRTMEB structure were
determined by X-ray pholographic technigues.  Oscillation and  Weissenbery
photography revealed Laue symmetry mm commesponding to the orthorhombic
system. The systematic absences observed are listed below and these confirmed the
space group as P242:2;.

hkt  none

hOG. h=2n+1

Okl k=2n+1

Qo | =2n+1
A crystal of the complex was mounted on a glass fibre and covered in Paratone N oil®
to prevent cracking due to loss of water of crystallisation. Data were collected on the
Noniugs Kappa CCD diffractometer using graphite-monochromated Mokoe radiation at

173(2) K. Crystal data and data-collection parameters are listed in Table 6.18.

Structure determination and refinement

The structure was sclved using published co-ordinates for the non-hydrogen
cyclodextnn atoms [excluding the O(6) C{7), C{8) and C(9 atoms of each
methylglucose residue] of the isomorphous TRIMEB-p-iodophenal tetrahydrate
complex.” The difference electron density map based on initial refinement in SHELX-
97." revealed the positions of most of the remaining non-hydrogen atoms. After further
refinement it was found that the atoms O(8) on CBG2) and C(6GS) were disordered,
leading to disorder in the C{9} atoms. Two alternative positions were found for each
disordered atom. For a given pair, a fixed U., of 0.07 A® fthe mean of .. for the
chemically equivalernt ordered atoms] was assigned and site-cccupancy factors
[5.0f's] of x and 1-x were assigned, with x variable Some of the bonds on these
disordered atoms were either abnomally long or too short and thus distance
constraints were placed con them. The G2}, O(3) and O{4) oxygen atoms on the host
were refined anisctropically, as well as all the O{8) oxygen atoms that were not
disorderad. Refinement proceeded with the placement of water oxygen atoms, addition
of geametrically fixed hydrogen atoms to CD carbon atoms and the placement of all CD

methyl hydrogen atoms using the rotating group refinement [AFIX 137] strategy.
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Table 6.18 Details of the data collection and refinement parameters far the PRPTME structure

[ Empirical formula
Farmuila weight
Crystal system
Space graup
alh
biA
c/A
Fo
g
v lI|’ o
Volume i A°
Z
Densityea f gom™
u (MoKe) ¢ mm!
Fiaao)
Temperature of data cdledtion / K
Crystal siza / mm”
Fange scanned A/ °
Index ranges
b scan angle / °
@ 5can ranges, frames
v scan angie ! °
i BCAN ranges, frames
O § mm
Total no. of reflections coflected
No. of independent reflections
Mo, of reflections with | > 2a{l)
ho, of parameters
Fiv
5
Ay (for 3571 reflections)
Feflections omitted

T
Yifeighting scheme
[ﬂ ! & meen

Apexcursions f ek’

CeaH) 12057 CroH120:+8.2H,0
1703 4
Qrthorhombic
P2.242,

14 863 (1)

21 862 (2}
27,627 (3]

a0

ag

80

8977.0 (1)

4

1.280

0.104

57z

173 (2)

058 x 025 %025
2020

h:-13, 8 ki-14.19  11-24 23
0.5

119.8°, 239

0.5

&86.0° 112

627
12271

6006

5023

609

0.0327

1.074

0.1176

(Q04): (0208021 (1011 ¢t a2y (111
111

0.3037 ;
a=01738  b=565160 i
<0000

0.74 gnd -0.80
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All the methyl hydrogen atoms were assigned a common variable isotropic temperature
factor and the remairing hydrogen atoms of each giucose moiety were assigned

comman variable isotropic temperature factors.

After many successive refinements, three water molecuies [O{1W), O(2W) and O{3W)]
with full site-occupancy were placed and refined anisotropically with a final temperature
factor U, in the range 0.12-0.17 A% A further three water molecules [O(4W), O(5W)
and Q(6W)] with a site-occupancy of less than one were refined with a fixed isctropic
temperature factor of 0.14 A® [the mean of the preceding U values] and varying site-
occupancy. The site-occupancies of these water molecules are 0.76. 0.69 and 0.46
respectively, and they amounted to a further 1.9 water molecules per asymmetric unit.
A total of 49 water molecules per asymmetnc unt were accounted for, which
compared favourably with the 5.2 water molecules expected from the TGA results. The
hydrogen atoms of the water molecules were not located.

Refinement continued with the placerment of the non-hydrogen atoms of the guest. The
guest phenyl ring was modelled as a regular hexagon and hydrogen atoms attached to
the carbon atoms of the gquest were also inserded at idealised positions and assigned a
comiman isotropic temperature factor. The hydrogen atom of the hydroxyl group was
paced using the rotating group refinement strategy [AFIX 83]. Due to the abnormally
long bond distances found in the guest molecule, distance constraints were placed on
certain bonds, namely: O(1)~C{2) 1351 A; C{5}-C{8) 1.471 A, C{80(%) 1.207 A,
CERO(10) 1.334 A; O(10-C{11) 1,448 A, C(11-C{12) 1.490 A, C{12)-C{13) 1480 A
[all with o = 0.005 A} The values chosen were taken from Lin.'* Due to abnormaily
large bond angles, distance constraints were placed on non-bonded atoms to maintain
the angles O{8-C{B0(10}, CE-O(10-C{11), O{ORC{1I1)-C(12} and
C{11-C{12}-C{13) ¢luse to the tetrzhadral value of 109.5"

The anomaly seen in the MPTMB and EPTMB structures of the high density electron
peaks being located in the vicinity of the disordered O{6) was also seen in this
structure, although the eiectron density was not significant. An electron density of 0.73
e A™ was located at a distance of 0.8 A from C{6G2).



Geometrical analysis of the PPTMB structure

The asymmetric unit of the PPTMB structure contains & single TRIMEB molecule, its
associated guest and 5.2 water molecules. The glucose units will be referred {o as G1,
G2, G3. (34, G5, GB and G7 and the structure and numbering scheme of the PPTMB
complex and water motecules are shown in Figure §.25. The geornetrical data for the
TRIMEB moiecuie are listed In Tables 619 and 620 [esds are in the range
0.013-0.020 A for distances and 0.3-1.3° for angles].

OsW ©

(311

C4 Ce
4w @

G5

C1W &
G2

Figure 6.25 Macrocyclic structure and numberng scheme of glucose residues, walter oxygen
atoms and guest malecule, with the hydrogen atoms excluded. The host is viewed
fram the primaty face.

All seven methylglucose moieties of the TRIMEB molecule are in the *C. chair
conformation, with the O(2}-C(7) bonds directed away from the cawvity and the
Q(3-C(8) bonds directed towards the cavity, The atoms G8) on G(EG2), CEGS) were
disordered aver two sites each leading to disorder in the C(2) atems. The C(6-0(6)
bonds on &l the glucose units are In the (-} gauchs conformation and are directed away
from the cavity, except for the C(6G5)-0{65A) bond which is pointed towards the cavity
in the {(+} gauche conformation. All the GiBC(9) bonds are frans to the respective
Z(5-C(6) bonds, except in the GO residue where the bond lies gauchs.
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The OfB)}-C(9) groups of the G5 residue [spedfically O{65A)-C{85A)] and the G7
residue act as a "lid", closing off the O(8) side of the TRIMEB cavity, making it cup
shaped.

The geometric parameters of the O(4) heptagon of the PPTME structure are listed in
Table 6.19. These include the radii, the 0414} distances, the O(4)«==0(4'}»+H4")
angles, the O{4y=-0(4")+O{4"p»+({4") torsion angles and the dewviations of each of
the O(4) atoms from the mean O(4) plang. Table 6.20 lists the other important features
of the macrocyclic structure such as the intersaccharidic bond angle (p), the
O 2)++=(3") distance and the tilt angles [t and t]. These parameters are defined in
Chapter 1. The calculated parameters show good agreement with those for the
complex of TRIMEB with p-iodophenol” and are comparable to those for the complex
formed with ethyl paraben. pages 232-233.

Table 6.19 Geometrical parameters of the Ofd) heptagon for the PPTME structure
Shucose Radii Oi{d)===0(47) Qid) angle
unit : ) {7} {4y

Deviation

Torsion angle

G1 5.70 (1) 4.40 122 12.2 (5)
G2 6.08 (1) 4.22 123 128 (5) 0.12
G3 5.30(1) 4.57 128 -8.3 (B) -0.47
G4 4.28 (2} 428 139 -21.1(8) 0.01
G5 4684 (1) 4.31 118 25.4 (5) 0.87
G6 4.54 (1) 4.48 123 4.4 (7) -0.35
G7 4.54 (2 4.31 140 -30.8 (8) -0.40
Average 5.01 437 127 “16.4 | [0.36]

Table 6.20 o, C{2)++3) distance, for the FPTME structure
C{2)e=+O{3')

Glucose

unit {A)

@ | 2 117 317 20.5 (3) 15.9 (3)
G2 115 316 4.7 ¢4y 7.6 (3)

G3 120 3.35 13.4 {4) 8.0 ¢4)
G4 117 3.36 32.4 (3) 291 (8}
G5 120 379 32.4 ¢4y 18.6 (4)
G6 118 372 8.0 (4) 15.4 (3)
G7 115 347 31.5 (3 461 (5)

Average 117 3.42 2341 215
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Guest geometry and interactions for the PPTMB structure

The canformation of the propyl paraben guest may be defined by four torsion angtes. The
torsion angles listed below will be used to describe the rotation around each of the
corresponding bands [Figure 8 28], This conformatien is favoured as it reduces the width of
the paraben molecule. The close contact distances for the relevant interactions between

the hast and guest moleculez are listed in Table §.21.

ci13 C13 ?13 5213
C42 !::12 |C12 L12
._:4 a::1/1‘ ! i
[
9%, g5 010 09 cg O
i ?ﬂjﬁ i::s
Cs T P
C
|
o . PP in complex:
i C{E}-C{E)-CIB)-H8) =»  C{5)-C{8) 5,7 -23(2)
& CIB-CB-0(10-C11) » Ca-0ro) Sz = +10% (2]
&5 C{B)-0{10)-C(11)}-C{12) B O10-C{11) 8, = +69(2)
52 O(10)-C(11}-C{12)-C(13] = C{11-C{12) By = =140 (2}

Figure 6.26 Torsion angles &1, fs, ds and ay of the propy| paraben

Table 6.27 Clpse contact distances far the PPTME structure

interaction Distance (A)

Hidi » Hi521) 2.38
C(5} === H(BT1) 2.85 (1)
C{E) » C(BGT) 3.37 (3
5] »== H{GTZ) 277 (3)
H{G) e {50847 2.48 (2]
H(7) »= H(B51} 2.37
Hi11 45w H{B4 1 228
Hi11B) == C8GE)’ 2.811(3)
H(12B) ==+ Hi732)’ 227
C{13) = D26H' 2.98 (4)
; Hi 134} *» (4263’ 2.18(1]
"Relatad by symmelry cperalion;  2-x, 1."2*:-’. Yz
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The phenclic hydroxyl group is situated at the secondary rim of the host, while the ester
moiety of the guest melecule protrudes from the primary face. The phenyl ring of the
guest forms an angle of 85.9 {(4)° with the mean O(4) plane. Figures 627 and 6.28
show CPK diagrams of the PPTMB structure, and include the O{aW) and O(5W) water

oxygen atoms [which are light tlue in colour],

Figure 6.27 Space-filing diagram of the FPTMB structure (a) side view (b)) sectioned view of

the same orientation

Ka)

Figure 6.28 Space-filling diagram af the PFTMB slruclere {8} viswed from the primary rim (b}
viewed from the secondary nm
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Hydrogen bonding interactions of the PPTMB structure

Host interagtions

The conformation of the TRIMEB molecule is stabilised by twelve intramolecular
C—He+0Q hydragen bonds [Table 6.22], three of which are of the type C(6-H-0(5}. In
addition there are two C(1)=H=--0{3} hydrogen bonds. a C(1)-H-=-0(8") hydrogen
bond [which stabilise the negative it angles of the G3 and GE resicues] two
C{8)=H=O{2") hydrogen bonds and a C{9He-0{5") hydrogen bond. Furthermare
there are stabilising intramolecular hydrogen bonds within some of the glucose units,
namely a C(7xH+0Q{3} hydrogen bord and two C(8)—H+0(2) hydrogen bonds. All
the G+ distarices are in the range 3.0-33 A

Table 6.22 Intramolecular C—H+++O hydrogen bonds in the FPTMB structure”
Distance (A) Angle ()

Haaa) Caea) GC—=Hs=

C(GH  H(1ah)y  O(3G4) 1.00 260 317(2y 1169 (9)
CO1G5) H(151)  O{8G6) 1.00 237 3102y 130(1)
166 H161) O(36GT) 1.00 2.43 3.13(2) 126 (1)
CIBGT) HB12)y  OBGT) 0.99 2.43 208(2) 123(1)
C6G3) H632)  O(562) 0.99 257 331(2) 132 (1)
C(6G6) H©B62)  O(5G5) 0.99 2.36 3.08(2)  130(1)
CI7G3) Hr733) {363 0.98 255 3.16(3) 120 (2}
C(BG2) HB21) {261 0.98 2.39 a1@ 1300y |
C(8G2) HE32) 0262 0.98 2.33 306(3)  131(2)
C{BGS5) H(853) CH2GE) 0.98 259 3.18(3) 118 {2}
C(BGT) HiB73)  O@GDH 0.58 258 315(2) 117 {1)
CaG1) Hi913} D(5G7) 0.98 273 3.34 {3) 122 {1}
* yarogen bonding parameters basea on icealised Fydroger atormn costtions,

Guest interactions

The guest hydroxyl axygen atom s imvolved in hydrogen bonding with one water
oxygen atom OM4W). The atom C{13) of the propyl moiety is involved in hydrogen
bonding to an oxygen atom on the secondary rim. Hydrogen bonding contacts with
these water molecules are listed in Table 6.23. The G{1)}=H=0(4W) bond may be
classified as a strong hydragen bond from the OO distance of 2.51{4} A"®
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Table 6.23 Hydrogen bonding coniacts involving the guest”

Distance (A) Angle (")

Doner(D) H Acceptor(4) Drene Ay D—Heee 8

o)  H(M) 0.84 1.83 251(4) 137 (2)
Ci13) H{13C)" o)’ 0.98 264 3.0t (5) 107 (2}
Cri3y H{13A) DEEG3}|'; 0.98 216 2.98 (4) 141 (2}
* Related by symmetry aperation: 2-x, Yty iz - B
* Hydrogen konding parameters based on idealised hydrogen atom positions,

Water interactiong

The distribution of the water molecules i2 such that four of the water molecules [O{TW),
{20}, O{3W) and O(BWW)] are situated at the periphery of the cyclodextrin molecule,
filling a small intermolecular space between complex units. The other two water
molecules [(H{4W) and O(5W)} are located within the TRIMEB cavity near the
secondary rfim [illustrated in Figure 6 28(b)]. These water molecules Jdo not bond
directly to a cyclogextrin molecule but are connected to the other intra-cavity water
molecule, Hydrogen bonding distances between the host and these water molecules
are listed in Table 6 .24 and are illustrated in Figure 5.29,

Table 6.24 Hydrogen bonding distances involving the water molecules

Interaction Distance (A) Symmetry cperator for the

second oxygen atom {isted

O(IW) = 0(3G2) 284(2) T Mo

O(2W) o> O(BG4) 2.75(2) X ¥, Z

O(3W) == O(5G3) 2 87 {2) X, Y, Z
O(3W) == O(6GT) 2.74 (2) X, ¥, z

O(BW) === O(5G4) 2.97 (4) Mk, 1oy, 'tz
O(1W) +re QW) 2.69 (3} 2'x. 1. ¥z
OCTI e OB 2.82 (3 Yo, My, 12
Q1) e O(BWY 2.90 (4) T, o0

QI 2% »or O(3WY) 27513 1+, y, Z
O(4W) ++ O(5W) 2.62 (4) X,y z
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065G C6GT
& &

Figure $.29 A schematic representation of guest and water interactions that connect adjacent

host units

Crystal packing of the PPTMB structure

Figures 830 and 6.31 are extended stereo packing diagrams of the PPFTMEB structure
showing projections as viewed down the a- and b-axes. Compiex units pack in a screw-
channel mode in a head-totail fashion with their axes almost parallel to the b-axis. This
type of packing allows for the penetration of the alky chain into the secondary side of the
CD "above” it

Ay

Figure 6.30 Sterec packing diagram of the PPTME structure [&-axis projecton]
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Figure 6.31 Sterec packing dizgram of the PPTME structure [B-axis projection]

Comparative XRD

The calculated and expermental XRD patterns for the PPTMB complex were
successfully matched and are shown in Figure 8.32. The very close maich in peak
positions {20)) is evidence for the high purity of the sample, The differences in relative
intensities between the two patterns are due to preferred orientation of the crystallites.

T
]rrl
|| CALCULATED
11 . PATTERN
!I: il.
M |
| | \yary /
i i VYV A
R I,; ' N s i, KNEADED
Aad MATERIAL
5 10 15 20 25 30 35 40
20°

Figure §.32 Experimental and calculated XRO traces for the PFTME structure
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X-RAY CRYSTALLOGRAPHIC ANALYSIS OF THE BPTMB STRUCTURE

Pata-collection

The preliminary unit cell parameters and space group for the BFTMB structure were
determined by X-ray photographic technigues. Osclllation and Weissenberg
photography revealed Laue symmetry mumm, comesponding to the orthorhombic
systemn. The systematic absences abserved are listed below and these confirmead the
space group as P2,242-.

hkl:  nhone

h0D: h=2n+1

Okd; k=2n+1

QO | =2n+1
A crystal of the complex was mounted on a glass fibre and covered in Paratone N oil’
to prevent cracking due to loss of water of crystallisation. Data were collecied at 173 K
on the Monius Kappa CCD diffractometer using graphite-monochromated MoK
radiation. Crystal data and data-caollection parameters are listed in Table 6.25.

Structure determination and refinement

The structure was solved using pubfished co-ordinates for the non-hydrogen
cyclodextnn atoms lexcluding the O(B). C(7), C{B) and C{9) atoms of each
methylglucose residue] of the isomorphous TRIMEB-p-lcdophens! tetrahydrate
comptex.” After refinement in SHELX-97." the difference Fourier map revealed the
rosittons of most of the remaining nan-hydrogen atoms. After further refinement it was
found that the atoms C(7) and C(8) on O(2G3) and C{3G5) were disordered as well as
the atam OB} on C{6G2), C(6GS), leading to disorder in the C(8) atoms. The atoms
that showed disorder were assigned a fixed isotropic temperature factor of 0.07 A% [the
mean of the preceding U valugs] and the s.0.f's were allowed {o vary. Some of the
bonds on these disordered atoms were either abnormally long or too short and thus
distance constraints were placed on these bonds. All the non-hydragen atoms on the
host, except the disordered aztoms, CiBG2), C{7G5). C(7GB). C{BG1). C({8GH) and
C(9GB) were refined anisotropically. Refinement continued with the placement of the
water oxygen atoms, for which six positions were lacated. O01W), O{2W) and O{3W)
were assigned a full site-occupancy factor and refined anisatropically with a finaf
temperature factor of Us, in the range C.10-0.14 A7,



Table 6.25 Details of the data collection and refinement parameters for the BPFTME structure

TEIRAE B bR R oL P
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Empirical formula
Fomula weight
Crystal system
Space group
alA

bfA

cihA

all

pse

i

: Volume 7 A

Z
Densityea. { g cm™

w (MoK f mm”’

F{0C0)
. Temperature of data collection / K

Crystal size / mm”

Range scanned 64 °

Index ranges

¢ scan angle / *

$ scan range, frames

t scan angie / ”

¢ scan ranges, frames

D f mim

Total no, of reflections collected
Mo, of independent reflectons
MNo. of reflections wath | = 2ol
Mo. of parameters

Rint

5

Ry {far 8247 reflections)
Reflections omitted

WRQ
Weaighting scheme
{.:i fl.".i}n'lean

Ap excursions / e A

CazH1120254C11H40a=5.6H:0
1724.6

Qrtharhombic

P2.2.2

14 865 (2}

21.967 (2)

27635 (4)

80

50

80

9024 (2)

4

1.269

0,104

avzo

173 (2)

0.45x 0.40x 035
2=0=22
h: 15, 15
0.9
180.0°, 200

0.9

576", 64 and 73.8° 82

60.0

22421

11006

8811

g24

0.0243

1.040

0.0983

(@Q2){004) {013} (020 {102y (110
(101 {111} =111}

0.2658
a=0.1903

< 0.001

0.99 and -0.62

ko -22 23 L-18, 289

b=1322329




The remaining water molecules. with a site-cccupancy of less than one, were assigned
a fixed isotropic temperature factor of 0.14 A" [the mean of the preceding U values]
while the site-ogccupancies were allowed to vary. The site-pccupancies of O{4W)
O{5W) and OBW) are 0.51, 0.65 and [ 64 respectively. amounting to an additional 1.8
water molecules per asymmetric unit. This amounted to a total of 4.5 water molecules
per asymmetric unit which were accouned for, as compared to the 5.6 water molecules
expected from the TGA results presented eariier in this chapter. The hydrogen atoms
of the water molecules were not located. Once all the non-hydregen atoms of the hast
and the water molecules had been located from subsequent difference electron density
maps. all the cyclogaxtrin hydrogen atoms were placed. These hydrogen atoms were
geometrically fixed at idealised paositions in a riding-model. The thermal parameters of
the primary, secondary and tertiary hydrogen atoms were kept constant at 0.15 0.15

and (112 A" respectively.

After further refinement all the non-hydrogen atoms of the guest [except C(14}] were
located in the difference efectron density map. The guest phenyl ring was modelled as
a rigid hexagon. The hydrogen atorms attached to the carbon atoms of the guest were
also nserted at idealised positions and assigned a common isotropic temperature
factor. The hydrogen atom of the hydroxyt group was placed using the rotating group
refinemeant strategy [AFIX B3] Placement of the C{14) atom was challenging as the
electron density was low a-d diffuse. Using Weblab Viewer,”" the C{14} atom was
rotated around the bond C(12}-C{13} and the most suitable position, that minimised
the number of abnormaily close contacts, was attained, Due to the abnormally long
bond distances found in the guest molecule. distance constraints were placed on
certain bonds, mamely: O(1-C(2) 1331 A C(5)-C(B) 1471 A, C(B-0(9) 1.207 A
C(80{10) 1334 A; OU-C{11)y 1448 A, C11-C(12) 1480 A, C{12)-C(13)
1480 A C{13)-C{14) 1490 A [all with o = 0.005 A]. The values chosen were taken
from Lin.'” Due to abnormally large bend angles distance constraints were placed on
non-bonded atoms to maintain the angles OE-C(8-0(10), C[8-0010-Ci11),
O10)-C{11)-C(12). C(11)=C{12)=-C({13) and C(12-C{13)-C{14) clese to the

tetrahedral value [109.5%] At the end of the refinement there was still one significant

electron density peak unaccounted for with a height of 0.99 e A" at a distance of 0.8 A
from C{6G2), The possibility that this electron density peak represented a disordered
carbon atom was rejected on the basis of the unfavourable geometric position relative

to those atoms already placed.
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Geometrical analysis of the BPTMB structure

The asymmetric unit of the BPFTME structure contains a single TRIMEB molecule, its
associated guest and 56 water molecules. The seven glucosidic residuss have been
assigned the Gn notation and the struciure and numbering scheme of the BFTME complex
and water molecules are shown in Figure 833 The geometrical data for the TRIMEE
molecule are listed in Tables 6.26 and 6.27 [es.d.s are in the range 0.007-0.010 A for

distances and 0.1-0.6° for angles).
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Figure 6.33 Maciocyclic structure and numbering scheme of glucose residues, water axygen
atoms and guest maolecule. with the hydrogen atoms excluded. The host is viewed
frarn the primary face.

The macrocycle is in the shape of an elliptically-distorted and fruncated cone and all the
glucopyranose residues are in the *C, ¢hair conformation. The atoms O(2G3), O(3G5),
Ci6G2), C(6(5) are each disordered over two sites A and B. As is normaily the case for
TRIMERB, the O{2)-C(7) bonds point outwards from the cavity, while the 0{3)-C({8) bonds
point towards the cavity™' The O(6}-C(9) groups of the G5 residue {specificaliy
O{65AC{954)] and the G7 residue, which have the iarge filt angles, act as a "lid", closing
off the O{6) side of the TRIMEE cavity, making it cup shaped.
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The C{6+0(6) bonds on all the giucose unils are directed away from the cavity and are
in the (-} gauche conformation, except for the C{6GS)-0(B5A) bond which is pointed
towards the cavity in the (+) gauche corformation. All the CH{E)}-C(9) bonds are frans o
the respective C(5)=C(6) bonds, except in the G6 residue where the bond lies gauche.

The geometric parameters of the G{4) heptagon of the BFTME structure are fisied in
Table 6.26. These include the radii, the O{d)=0(4') distances, the O(4)+=+0{4")+==0(4")
angles, the O{4)++Q(4')++0{4")=--0{4") torsion angle and the deviations of each of the
O{4) atorns from the mean O4) plane. Table 6.27 lists the other important features of
the macrocyclic structure such as the intersaccharidic bond angle (ip), the O{2)++{3")

distance and the tilt angles [z, and tz]. These parameters are defined in Chapter 1.

Table 6.26 Geometrical paramester of the Of4) heptagon for the BFTME structurs

Glucose Radij C{a}+~-0{4") Of4)angle Torsion anagle Deviation

unit (A) {A) i i) (&)

G1 5.08(1) | 442 122 ) 11.8 (3) 051
G2 5.34 (1) 425 122 13.4 (3) 0.12

| B3 | 483() 458 128 -7.3(3) 051

I‘ G4 4.58 (1) 4327 139 -23.3 (3) 005
G5 i 8.36(1) 432 I 116 266 2) 066
G6 | 515(1) 445 | 123 4.5(3) 038
G7 4.49 (1) 4.35 138 -31.2 (3) -0.46

Average | 4.98 [~ 438 127 [16.9 " [0.39]

Table 6.27 ¢, O{2)+--0(3') distance, T for the BPTMB structure

Glucose : O{2)=++0{3")
unit (A}
1 119 - 325 29.6(2) 16.8 (2)
G2 120 317 4.4 (2) -7.0(2)
G3 119 3.36 -12.4(2) 17.9 (2}
G4 117 3.35 32.5(1) 3023
G5 120 3.82 3292 20.2 (2)
G& 118 372 A7.4(2) 158 (1
G7 115 343 32.4(1) 46.3(3)
Average 118 3.44 23.1 22.0




Unlike the situation in [3-CD, the seven-fold symmetry is not well maintained. This fact
is reflected in the geometrical parameters of the glycosidic ({4) heptagen ring This
sonformation is attributed to the absence of the O(2)«+0(3") hydrogen bonds that exist
in the +-CO dimer complexes and which lock the macrocycle into a round shape, Two
of the glucose moisties in the BPTME complex have a negative tilt angle, while the

*1T ag seen in other TRIMEB complexes. Average bond

others have positive tilt angies
lengths and angles for the host are within the standard deviation of those repored for
other TRIMEEB complexes, except in the case of some of the disordered atoms, as
already mentioned. The values calculated for the parameters in Tables .26 and 6.27
are comparable with those of the TRIMEB-p-iodophencl complex.” as this TRIMEE

molecule was used as the isomorphous replacement structure.

Guest gepometry and interactions for the BFTMB structure

The conformation of the butyl paraben guest may be defined by five forsion angles.
The torzion angles iisted below will be used to describe the rotation arpund each of the
conesponding bonds [Figure §.34], This conformation is favoured as it reduces the
width of the paraben molecule.

BP in complex:

C{6)-CI5)-C(B1-0(9) » CE-CE) | | b= 4200
62 CIS-CE-OMO-CT % CB-O0 | se=+157(1)
C(8)-O(10)-C{111-C{12) = 0{10}—0{11;.3 85 = +105 (2)
(113) Ci1 10[12)—01113} »  C(19-C(12); | 8= -136(2)
CH-GI12)-C13) 1-C(14) = cmzycmsyi Bs= -125 (2)

Figure 6.34 Torziocn angles &, ds, da, & and 3s of the butyl paraben
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The close contact distances for the relevant interactings_behveen the host and_guest
molecule are listed in Table 6.28. As can be seen from this table there are many close
contacts with the hydrogen atorms on C(14), however this was the best pesition located for

this atom in WebLab Viewer."”

Table .28 Close contact distances for the BPTMB structure

Interaction Distance {A)

Hid) oo H21) 2.24
CiB) =+ H{B41) 289N
C(B) +++ CBCT) 3.36(2)
C(B) »» H(B72) 2.811(2)
HiG) =+ Q{ESA) 2.44 (2)
C{7) v+ H(551) 2792}
H(7) #+ H{551) 203
O{1) == H(13B)’ 2.48 (3)
Of1) === C(14)’ 3.03 (3}
O{1) += H(14C)' 230(3) |
' C(2) s+ C(14)° 3.35(2) |
C{2) v+ H{14C)' 2.57 (2) |
C{7) s H(14C)' 282 (2) l
H(Ty #= H(14C)' 231
H(11B) === C(BGS)' 248 (2) i
H(11B} ++= H(862)' 2.20(1) '
H(11B) == H{263)’ 219
C(13) == O(2G3)’ 2.98 (4)
Hi13A) === (7 34)' 2.59 (2
H{13A) == H(732)' 233
H{134) == Q(2G3)' 204(1)
C(14) «= C(3G4)’' 3.07 (1)
C14) == H(341)' 2147 (1)
Cl14) == O{4G4)’ 298 (1)
C(14) == O(4G4)’ 337 (1
Hi14/) »+ C(3G4)’ 272 (1)
H{14A) = H(341)' 174
H{14B) ==+ C(3G4)’ 2.54 (1)
H{14B) == H{341)’ 186
H{14B) = O{4G4Y’ 2.00{1)
Hi14B} «+= Cr4G4y’ 253 (1)
H(14B) +»* H(541)’ 238
| "Helalad by symmetry operation: o-x, foty, e
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The ester moiety of the guest molecule protrudes from the pnmary rim of the host while
the phenolic hydroxyl group is situated at the secondary face of the host. The phenyl
ring of the guest forms an angle of 836 (4)" with the mean O(4} plane. The tilting
permits the guest io ococupy most of the available space in the cavity, Figures 6.35 and
6.36 show CPK diagrams of the BPTMB structure, and include the O{4W) and O(5W)

water oxygen atoms {which are light blue in colour]

Figure 5.35% Space-filling diagram ot the BPTME structure (a) side view (b} sectioned view of

the sarme orertation

(o)

Figure 6.36 Space-filling diagram of lhe BRTMEB structure {a8) viewed from tho pramary rim {b)
viewed Trom the secondary nim
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Hydrogen bonding inferactions of the BPTMB structure

Host interactions

The conformation of the TRIMEB malecule is stabilised by sixteen intramalecular
C—He++() hydrogen bonds [Table 6.29), three of which are of the type C(B)—H=-+O{5'). In
addition, there are two C{1}-HeD(3"} hydrogen bonds, a C{1)}-H«O{&) hydrogen
bond, three C{8)—Hr=0{2") hydrogen bonds, a C{7}-He-0{2") hydrogen hond and a
G{9}-H=Q(5) hydrogen bond linking adjacent glucose residues in the TRIMEB
molecule. Furthermore there are stabilising intramolecular hydrogen bonds within some
of the glucese units. namely two C{7}H=O(3} hydrogen bonds, two C{8)—Hs0{2)
hydrogen bonds and a C{8}-H---0(5) hydrogen bond. Additicnally there |s one
intermolecular C{7)—He=0({5" hydrogen bond that adds stability ta the crystal structure.
All the C==-0 distances are in the range 3.0-3.4 A,

Table .29 Intramotacular C—H=+0 hydrogen bonds in the BPTMB structure”
Distance {A) Angle ("}

He=+O C-He=+0

C(1G3) H(131) Or3G4) 1.00 254 344 {1} 1182 (5)
C1EM Hi151) (HBEE) 1.00 242 346 {1} 130.7 (5}
C1G6) H181) Qi3ET) 1.00 2.41 311 (1) 126.5 (5}
CiBGE1) H(B12) NBET) g:88 2.91 313(1) 1207 (G}
CEE3) H{&E32) QisG2) 0. 599 2.5% 33041 132.1 (8)
CIBGH) H(BB2) i558) 0.09 233 3101 134 3 (5)
Ci{734) H{T335) O{3G3) 0.58 2.44 3.08 (2 122 (1)

CiTE4) H{741} 01355} 0.e8 2.74 3537 (1) 122.0(8)
C{7GE8) Hi¥E3) {306 0.88 248 312 (2) 1223 (B)
C83EN Hi{g12y Ci2GT) 0.8 258 3128 (2 128.0 (%)
CBGEE) HiB21) 2061 0.68 2.50 318 1) 127.4 (8)
CiBG3) Hi552) 2052 0,98 2.44 307 {2 121.5 (8}
C{B5A) Hi853) {2565 .98 254 314 (2} 120 (1)

Ci8GET) HiB73) 2057 ) 0.58 2.80 316(1) 116.7 (5}
a5y H{=13) HEGET 0.98 277 3.40 (1) 122.9(7)
Ci9Ga) Hi961) e85} 098 2 41 3031 121.0 (8)
ST G7) Hi# 7 (658 0.98 2753 317 (2 122.6(7)
' Related by symmetry operation: 1 -x 1-v, 'H+z

* Hydregen bonding parameters based on idealised hydrogen stom pesitions.




TRIMEB INCLUSION COMPLEXES

{Guest interactions

The hydroxyl oxygen atom is in hydrogen bonding contact with one water Q{4W)
oxygen atom. This water 'r%nlecule is #iso involved in hydrogen bonding to one of the
aromatic carbons, C(13) and C(14) are hydrogen bonded to the guest hydroxyl oxygen
atorm by the symmetry operation 2 - x. o+ v, ', - z. The guest is furthermare stabilised
by a hydrogen bond with the host, of the type C{14}-H»(0(4}). These interactions are
listed in Table 6.30.

Table 6.30 Hydrogen bonding distances and C—Hs++0 hydregen bonds involving the guest®

Distance [A)

Doner (D) Acceptor (A) bD-H H==-4

O(1) Hilp Olavy  0.84 205 2.74(4) 140(2)
Ci3) H(3) O(4WV) 0.05 2.84 3.45 (3}  122.9(7)
Gi13) H(13B) oty 0.99 2.49 3.18 (4) 128 (1)
Ct14) Hi14A) 4G5y .48 273 3.386(5) 1222 (1)
Ci14) H{14B} 1y 0.98 2.31 303(3) 129.8(8)

' Related by symimetry c.r.;:l-aratioﬁ: e .x. u%f.p + ¥, H-w e

* Hydrogen band ng parameters based on “dealised hydraogen atom positors.

Water interactions

Four of the water molecules [O{1W), O{2W), O(3W) and Q(BYW)] are situated at the
periphery of the cyclodextrin molecule, filing a small intemmolecular space betwsen
complex units. The other two water molecules [O4VW) and O{5W)] are located within
the TRIMEB cavity, near the secondary rim. The OM4W) O5W) and OEW) water
molecules do not bond to the host, but are within hydrogen bonding distances to other
water molecules. Furthermare the O4W) water molecule s invoived in hydrogen
bonding to the guest molecule. The hydrogen bonging distances between the host and
these water molecules are listed in Tabie .21 and are jllustrated in Figura 6.37.



= -

TRIMEB INCLUSION COMPLEXES

Table 6.31 Hydrogen bonding distances involving the water molecules

Interaction

O{1W) === O(5G3)

Distance (4)

Z.84 (1)

QAW »20 CEEWY

O 1AW e O{BGT) 2.76 {1}
O(2W) »r O{3G2) 2.82 (1)
O(3W) «s O(BG4) 2.78 (1)
OIBW) ==+ O{5G4) 3.00 (2)
(1) ++ O(IW) 2.68 (1)
O(2W) #+ O{3W) 277 (1)
O2WV) +os O(5W) 2.81(2)
Q{2 »o» OBV 289 (2)

262 (3)

Symmetry operator for the

second oxygen atom listed

T o BT
X, ¥, Z
XV Z
X, ¥. 2

2, 1y, otz

14K, W, 2
2, 1oy, otz
ot oy, 12

XY, Z

X ¥z

Figure 6.37 A schematic representation of guest and water interacticns that connect adjacent

host units



Crystal packing of the BPTME structure

Figures §.38 and 6.39 are extended stereo packing diagrams of the BPTMB structure
showing projections as viewed down the a- and b-axes. Complex units pack in a sgrew-
channe! mode in a head-to-tail fashion with their axes almost parallel to the H-axis and
the complex units arranged parallel to the ac-plane. Since the centre of the molecule is
laterally shiffed from the two-fold screw awis, the cavity does naot form a continuous
channel. Figure 6.38 illustrates how the alkyl chain of the butyi paraben molecule

panetrates into the secandary side of the neighbouring host molecule.

Figure .39 Steren packing diagram of the BITME structure [h-axis projection)



Comparative XRD

The calculated and experimental XRO patterns for the BPTMB complex were
successfully matched and are shown in Figure 6.40. The very close match in peak
pasitions {26} shows that the experimental pattern represents a homogensous
preparation of the BPTME. The differences in relative intensities between the two

patterns are due to preferred crientatior of the crystallites.

T
| CALCULATED
PATTERN
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& KNEADED
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Figure 640 Expeamental and calculated patterns for the BFTME structure
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DISCUSSION

Permethylation of B-CD renders it many times more soluble than B-CD and, as such,
potentially more useful in the pharmaceutical industry.”® Hence complexes with
heptakis(2,3,6-tri-O-methyl)-p-cyclodextrin  and the paraben preservatives were
investigated in this study. To date the CSD® houses twelve TRIMEB structures, of
which one is the hydrated form. TRIMEB and its complexes crystallise in the
orthorhombic space P2,2:2, in four different packing modes, of which the screw-
channel type packing mode along the b-axis is predominant [Table 6.32].

in most of these complexes the TRIMEB molecule takes on a similar conformation
despite a range of guests and different packing arrangements. in these structures the
CD molecule is cup shaped and five of the glucose residues have a positive tilt angle,
while the other two have a negative tilt angle. Exceptions are observed in the ethyl
laurate, methylcyclohexane and S-(1,7)dioxaspiro(5,5)undecane complexes where all
the glucose units adopt a positive tilt angle. A marked difference in the conformations
of one of the pyranose rings is observed in two instances, namely the monohydrate
and the m-iodophenol structures. In both these structures one of the glucopyranose
residues adopts an altemative conformation to the "normal” *C; chair conformation. In
the monohydrate structure the 'C, inverted chair conformation is observed, while in the
m-iodophenol-TRIMEB complex a °S, twist conformation is found.

All the structures reported to date have larger tilt angles than those observed in
complexes of native B-CD and this can be attributed to two factors, namely steric
hindrance involving the methyl groups attached to O(3) which are directed towards the
cavity, and the host's inability to form O(2)++*0O(3") intramolecular hydrogen bonds.? The
absence of these hydrogen bonds allows the TRIMEB macrocycle to be more flexible
and therefore the insertion of a guest molecule into the cavity will alter the conformation
of the ring to accommodate the guest, i.e. an induced fit is achieved.” The
conformation of TRIMEB is however stabilised by several C(6)-He+O(5') intramolecular
hydrogen bonds and these are said to account for the similarities found among
TRIMEB structures.”

265
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Table 6.32 TRIMEBR structures from the C8D

Giiest H G U a (A L (A A - i o Refeodle Rel

Space group - P2.2.2,

Herringbone type

Hydrate 1:0:1 14818 | 19.362 | 26510 | 90 | 90 | 90 | HEZWAK | 19,14
m-iodophenol 1:1:0 15669 | 20798 | 25486 | 90 | 90 | 90 | GELKEN | 11.21
Cage type

L-menthol 1:1:2 11.080 | 26138 | 20669 | 90 | 90 | 90 | NIZHAF 22
methylcyclohexane 1:1:0 11149 | 25664 | 20427 | 90 | 9 | %0 | xaQuu 2
Screw-channel type.

p-iodophenol 1:1:4 14.997 | 21.368 | 28205 | 90 | 90 | 9% | CAMPIP 8,9
R-flurbiprofen 1:1:1 15.002 | 21.714 [ 28269 | 90 | 9 | 9% | COYXAP | 10,24
S-flurbiprofen 1:1:0 15.271 | 21451 | 27895 | 90 | 90 | 90 | COYXET 810
4-biphenylaceticacid | 1:1:1 14.890 | 21407 | 28540 | 90 | 90 | 90 | PAFSOE 11
ethyl laurate 1:1:092 | 14796 | 22444 | 27720 | 90 | 90 | 90 | PINMAA 12
S-ibuprofen 1:1:0 15.232 | 21327 | 27597 | 90 | 90 | 9 | RONWOG | 25
S-naproxen 1:1:0 15179 | 21407 | 27670 | 90 | 9 | 9% | ZIFQOU 26
Channel type '

S-{1,7)dioxaspiro(5,5) | 1:1:0.57 | 10.936 | 25530 | 29640 | 90 | 9 | 9 | Qovuz 27
undecane

In this study, complexes of TRIMEB with each paraben have been crystallised and the
crystal structures have been elucidated. A comparison of the four crystal structures and
the interaction between the cyclodextrin, water molecules and the guest compounds
are discussed in this section. Physicochemical methods of analysis showed that the
parabens form well defined inclusion complexes with TRIMEB by kneading. This was
determined by comparison of the measured X-ray powder diffraction pattern of the
ground product with the calculated pattem obtained from the single crystal structure.
Each complex crystallised in the space group P2,2:2, with Z = 4 and a host to guest
ratio of 1:1. Companson of the cell dimensions and XRD traces of the four structures
indicated that the EPTMB, PPTMB and BPTMB complexes were isostructural, while
the MPTMB structure stood apart, as shown in Table 6.33.

Table 6.33 The unit cell parameters of the TRIMEB-paraben inclusion complexes

Giuest Gy b (A

e o
MPTMB 1:1:28 10.718 26.353 30.018 90 90 90
EPTMB 1:1:50 14.886 22.024 27.602 90 90 90
PPTMB 1:1:82 14.863 21.862 27.627 90 90 90
BPTMB 1:1:58 14.866 21.967 27.638 90 90 80
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Conformation of the TRIMEB host molecule

Comparison of the paraben complexes indicates that the geometries of the TRIMEB
molecule in the EPTMB, PPTMB and BPTMB complexes are all ciosely related to each
other, while the geometry of the TRIMEB molecule of the MPTMB complex differs more
significantly from the other three complexes. This point is more clearly illustrated in
Figure 6.41(b), which shows how the macrocycle of the MPTMB complex differs in the
relative orientations of the glucose residues from that of the EPTMB complex and is
therefore not superimposable with the latter.

Figure 6.41 Conformation of the TRIMEB macrocycle (a) EPTMB [red), PPTMB [biue] and
BPTMB [yellow]; (b) MPTMB [purple] and EPTMB [red]

In all four complexes the extensive distortion of the macrocycle from the symmetrical
shape of the parent B-CD is reflected in the geometrical parameters of the O(4)
heptagonal rings [Tables 6.5, 6.12, 6.19 and 6.26]. This is manifested in the deviation
of the O(4) atoms from their mean plane, which range from 0.01 to 0.67 A in the
TRIMEB structures, while the corresponding deviation in the B-CD dimeric structures is
less than 0.02 A% ’
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Another remarkable difference is found in the tilt angles of the TRIMEB residues. The filt
angles are in the range -8.1 to 33.2° (14) and -6.6 to 47.4° (1;). Five residues incline with
their O(8) side towards the inside of the macrocycle, while the other two are rotated in the
opposite direction. Steric reasons seem to induce the negative tilting of the two glycosidic
residues. Hence the O(6) rim is narrowed and the molecule assumes a cup shaped
appearance. In the MPTMB complex, the residues G1, G3, G4, G5 and G7 incline with their
O(B) side nearer to the molecular axis of TRIMEB, while the G2 and G8 residues incline so
that their O(2) and O(3) sides ars nearer to each other. For the other three complexes the
G1, G2, G4, G5 and G7 residues are tilted inwards and the G3 and G6 residues are tilted
outwards. It should be noted that the numbering scheme "Gn" used for the MPTMB differs
from that used for the EPTMB, PPTMB and BPTMB complexes, since MPTMB is not
isostructural with the latter three complexes. Thus residues G2 and G6 in MPTMB
physically correspond with residues G3 and G6 respectively in the EPTMB, PPTMB and
BPTMB complexes. Since the G6 and G7 residues are oppositely rotated to each other
with respect to the O(4) plane, a large tilt angle of 47.3°, 46.1° and 46.3° in the EPTMB,
PRTMB and BPTMB complexes respectively, is observed between the planes through
O(4), C(1), C(4) and O(4) of these residues. A similar twisted conformation is observed
between the G3 and G4 residues. In the MPTMB complex this twisted conformation is
observed between the G1 and G2 residues and the G5 and G6 residues. The ftilt angles
can therefore be described as a measure of the macrocyclic shape.

The distortion of the macrocycle is due to the methylation at the O(3) position, since
DIMER, in which all O(2) and O(8) hvdroxyl groups are methviated, still maintains the round
structure.”®*° The methylation of the O(3) hydroxy! groups, firstly, breaks the intramolecular
O(2)»=0(3") hydrogen bonds and makes the macrocyclic conformation less symmetrical.
Secondly, it causes steric hindrance which can only be relieved by increasing the O(2),
0O(3) distance, which requires a larger inclination of each residue.® The O(2)«=0(3)
distances between the adjacent TRIMEB residues are in the range 3.14-3.82 A, with an
average value of 3.44 A. These differences in the O(2)«-0(3") distances, deviations of the
O(4) atoms from their mean plane and the tilt angle suggest that the 2,3,6-tri-O-
methyiglucose residue has more flexibility around the glycosidic linkage. The structure is,
however, stabilised by numerous C(8)-He--0O(5) inframolecular hydrogen bonds. The
EPTMB, PPTMB and BPTMB structures have three analogous C(B)—He0O(5") hydrogen
bonds. The MPTMB structure has an additional C(6)-H===0(5" hydrogen bond, which has
the effect of narrowing the O(6) rim and producing a more cup shaped and "sealed"
macrocyclic conformation. Numerous other C-HeeO hydrogen bonds involving O(2), O(3)
and O(6) add to the conformational stability of the macrocycle, the BPTMB complexes

having significantly more of these types of interactions.
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Paraben guest molecules

In the TRIMEB-paraben complexes each of the paraben guests is inserted into the
TRIMEB cavity. The protrusions of the four guests can be seen in the CPK diagrams,
illustrated in Figure 6.42. A schematic representation of the inclusion features of all the
CD complexes is shown in Figure 6.43. Noticeable differences are observed in the
position and orientation of the guest molecules within the CD cavity.

(=) (b) {c) (d)

Figure 6.42 Space-filling diagram of the (a) MPTMB, (b) EPTMB, (c) PPTMB, (d) BPTMB
structures

in the MPTMB complex the phenolic hydroxyl group protrudes from the O(2), O(3) face
of the host, while the ester moiety of the guest molecule occupies the centre of the host
cavity. The molecule is included not parallel to the molecular axis of TRIMEB, but tilted,
with the benzene plane making an angle of 50.4 (2)° with the mean O(4) plane. The
large tilt of the glucose residues and the extra C(6)-He++0O(5") hydrogen bond make the
primary side very narrow and almost sealed over the guest. As a result the benzene
ring is more suitably accommodated to the wider O(2), O(3) side of the cavity.

The guest of the EPTMB complex is flipped with respect to the guest in the other three
complexes, in that the phenolic hydroxyl group protrudes from the primary rim of the
host enabling it to be in a polar environment. The ester moiety of the guest molecule is
situated at the secondary rim. The phenyl ring of the guest forms an angle of 87.8 (3)°
with the mean O(4) plane. This orientation corresponds to the Lichtenthaler ef al 3%
theory in which it is suggested that the primary rim of the TRIMEB molecule is relatively
hydrophilic and so the hydrophilic portion of the guest will be located there.
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in the PPTMB and BPTMB complexes, the guest has the same orientation and is
included almost parallel to the molecular axis of TRIMEB with the aromatic ring located
near the centroid of the cyclodextrin. Since the depth of the TRIMEB molecule [~9.8 A]
is not enough to cover the entire length of the propyl- and butyl paraben guests [being
approximately 10.5 A and 11.8 A in length respectively] the alkyl chain protrudes
through the narrow opening of the primary rim. These hydrophobic ends "protect"
themselves by entering the secondary side of the adjacent host molecule, forming a
channei with the original and related by the two-fold screw axis paraliel to the b-axis.
Since the butyl paraben alkyl chain protrudes into the host "above" it the C(14) atom is
within hydrogen bonding distance to the guest hydroxyl oxygen atom found in this CD.

" C (

Ok

(a) (b) {c) (d)

Figure 8.43 Orientation of the guest in the TRIMEB cavity (a) MPTMB, (b) EPTMB, (c) PPTMEB,
{d) BPFTMB

Water molecules

TRIMEB complexes contain few or no water molecules and this is presumably because
of their decreased hydrogen bonding capability and the presence of methyl groups
which have a greater degree of rotational freedom and so help to maximise the
efficiency of crystal packing. However, with the paraben complexes the water
molecules are vital in maintaining the crystal structure and the crystallinity is reduced
upon their removal.

One common feature in the four complexes is that the hydroxyl oxygen atom is in
hydrogen bonding contact distance to one water oxygen atom. This interaction adds
stability to the crystal structure. Another similarity is that in each complex at least one
water atom is found within the cavity and has a site-occupancy factor of less than one.
The remaining waters fill the intermolecular spaces between complex units and are
linked together by O(W)++-Q(W) type hydrogen bonds and interact with the host, to

stabilise the crystal structure.
270



TRIMEB INCLUSION COMPLEXES

The MPTMB complex has fewer water molecules per asymmetric unit than the other
three complexes and this can be ascribed to the fact that the MPTMB complex has a
more efficient packing arrangement. In the MPTMB structure the cavity water molecule
is in hydrogen bonding contact distance to the O(9) atom of the guest, and appears to
act as a "filler" of the space that is created by i) the small guest size and ii) the
inclination of 50.4° that the benzene plane makes with the mean O(4) plane. The guest
is indirectly connected to the host by this water molecule as the latter acts as a bridging
atom and therefore holds the guest in place relative to the host.

in the EPTMB complex the hydroxyl oxygen atom of the guest is in hydrogen bonding
contact distance to a water molecule, which acts as a bridging atom to the TRIMEB
host molecule. In the PPTMB and BPTMB structures the cavity water molecule is in
hydrogen bonding contact distance to the hydroxyl oxygen atom of the guest and is
linked to another water molecule, found inside the cavity with a s.0.f. of less than one.

Crystal packing

In the EPTMB, PPTMB and BPTMB structures, the TRIMEB molecules are linked by
the two-fold screw axis parallel to the b-axis and are nearly parallel to the ac-plane.
These structures have been characterised as a screw-channel type packing mode and
pack in a head-to-tail fashion that is observed in the dimeric B-CD structures [space
group P2,]. Two adjacent TRIMEB molecules, which are related by the two-fold screw
axis paraliel to the b-axis, are laterally shifted with respect to each other. As a result the
channel runs in a zigzag. The zigzag packing enables the guest molecules to have
contact with the water molecules, which are located outside the TRIMEB rim.

in the MPTMB structure, complex units stack in columns in a head-to-tail mode,
forming what appear to be continuous channels along the a-axis in a modified
herringbone type packing mode. However the O(6)-C(8) methoxy groups almost
completely block off the O(6) side of the molecule and therefore the packing is more
accurately described as a cage type packing. The cell volume of the MPTMB complex
is approximately 6% less than the mean of the cell volumes of the three isostructural
complexes. This suggests that the MPTMB complex has a closer packing arrangement.
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CONCLUSION

CONCLUSION

In this study a number of solid state complexes have been prepared and properties
such as H:G:W stoichiometry, thermal behaviour and X-ray diffraction characteristics
have been recorded. Where crystals of suitable size have been grown, single crystal
X-ray photography and X-ray intensity data-collections were performed. In addition *H
NMR solution studies were performed on the B-CD series.

Complex preparation, identification and determination of the stoichiometry

Inclusion complexes of alkylparabens with y-CD, p-CD, DIMEB and TRIMEB were
prepared and have been characterised by physicochemical methods. Indications of
compiex formation were based on the assumption that the included guest would no
longer exhibit its bulk crystalline properties when it was interspersed in the CD
crystaliine framework.

Formation of a CD complex was characterised by the disappearance of the fusion
event of the guest in the DSC trace, as well as by a change in the profile of the XRD
trace. Shifts in prominent IR bands of a guest also indicated that certain interactions
of the guest had changed in the presence of a CD. These trends were all observed for
the interaction of each paraben with each of the host CDs and so it was evident that
sixteen different CD-guest inclusion complexes had been prepared.

A combination of UV spectrophotometric analysis, thermogravimetric analysis and
microanalysis were the principal means of determining the stoichiometry of the
inclusion complexes. In most cases, the stoichiometry was calculated from
microanalysis results using the percentage of water in the sample and values for the
content of carbon and hydrogen. The number of water molecules of crystallisation
was based on the mass loss determined by TGA. The results obtained from
microanalysis were supported by UV spectrophotometric analysis. The stoichiometries
of all the complexes were 1:1, except in the y-CD complexes where a 1:2 host-to-
guest ratio was observed. Solution state NMR studies alsp indicated 1:1 B-CD to
paraben stoichiometries, although it has been noted that the stoichiometry in solution
and in the solid state do not always coincide."®
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Thermal analysis of the CD complexes

Thermal analysis is commonly used as a routine method for a rapid preliminary
qualitative investigation. As already mentioned, it is one of the principal techniques
used to establish if complexation has occurred. In this regard the approach was
almost always the same: comparison of the thermal behaviour of single components,
their physical mixtures and the inclusion compound candidate prepared by kneading
or co-precipitation. Evidence for the formation of an inclusion complex was provided
when differences between ’the physical mixtures and the putative inclusion complex
existed, as observed by the disappearance of the fusion endotherm of the guest in
the DSC trace.

Thermal analysis also provided information on the physical characteristics of the
inclusion complexes and proved to be the most useful technique in determining the

presence of two different forms of the B-CD-methyl paraben inciusion complex.

DSC indicated that water losses from complexes of native CDs and DIMEB were
multi-step processes, pointing to different populations of water molecules in the
inclusion complexes. Weight loss and endotherms associated with the loss of water
couid be seen in the TGA and DSC traces, respectively. Weight losses obtained for
dehydration were generally very reproducible, emphasising the reliability of
thermogravimetric analysis in estimating the water content of CD complexes as
opposed to crystal structure solution, where high thermal motion and disorder often
caused uncertainty in the placement of water molecules.

In the DSC traces, endotherms related to decomposition could also be identified. The
v-CD inclusion complexes revealed a correlation between the onset of decomposition
of the inclusion complex and the onset of decomposition of the appropriate
uncomplexed guest. A similar trend was observed with the p-CD complexes. This
observation suggests that the inclusion of the guest by the CD does confer additional
stability to that particular guest but that the thermal stability of the uncomplexed guest
is still an important overall determinant.
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The decomposition of the complexes began at a lower temperature than the
decomposition of the pure host. This decrease in thermal stability of the inclusion
complexes was associated with the thermal stability of the guests they include. In
contrast, the lower melting points of the TRIMEB complexes, compared to those of
native cyclodextrins, were indicative of the weaker intermolecular interactions.

XRD analysis of the CD complexes

In much the same way that thermal analysis can be used to determine if an inclusion
complex has formed, so can XRD, as inciusion complexes showed characteristic XRD
powder patterns, which are distinguished from those of the uncomplexed guest, pure
host or physical mixures of the two compounds. In addition XRD traces are useful as
predictive indicators of structural characteristics of CD complexes and in this regard
are effective in detecting polymorphs.

The essential structural characteristics of the y-CD inclusion complexes could be
determined from their XRD traces, a great benefit, as single crystals could not be
obtained for these complexes. The XRD patterns of the y-CD complexes were all
closely matching implying an analogous packing arrangement for the host structures
of these complexes. Comparison of these patterns with the reference pattemns
indicated that these y-CD complexes belong to. an isostructural series crystallising in
the space group P42,2.” Based on the consideration of their space group and H:G
stoichiometries the structures of these complexes would exhibit disorder of the guest
molecule.

A similar trend was observed for the B-CD complexes in that the XRD traces resemble
one another closely and these complexes could therefore be considered as
isostructural. Comparison of these pattems with the reference pattemns indicated that
these B-CD complexes crystallise in the space group C2 or P1, both with channel type
packing.” X-ray photographic analysis was used to determine the space group
unequivocally and indicated that the complexes crystallise in the monoclinic space
group C2.
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Although it was not possible to collect X-ray intensity data for the EPBCD and BPBCD
complexes, it was expected from the XRD results that the crystal structures would be
similar to those of MPBCD and PPBCD complexes whose crystal structures were

successfully elucidated.

Both the DIMEB and TRIMEB complexes crystallised in the most commonly observed
space group for these host inciusion complexes, namely P2,2,2,. However, compared
to the y- and B-CD complexes, where only a single isostructural series was observed
in each case, single crystal XRD of the DIMEB complexes indicated two different
isostructural packing arrangements, namely MPDMB and EPDMB as one isostructural
pair and PPDMB and BPDMB as the other. Similarly, two different packing
arrangements were observed for the TRIMEB complexes. The XRD traces of the
EPTMB, PPTMB and BPTMB complexes were closely matched and these species
could therefore be considered to be isostructural with each other,” while the MPTMB
complex formed an inclusion complex that crystallised with a different packing
arrangement. These XRD results indicate that the elongation of the alkyl chain directly
affects the packing arrangements of the complexes. No differences in the packing
arrangements of the p-CD complexes were observed as the C2 complexes crystallise
as a dimer, thus aliowing the parabens with the longer alkyl chain to be included
within the CD cavity.

X-ray structure solution of the CD complexes

Patterson search and isomorphous replacement techniques proved to be useful for
the structure solution of the CD complexes, accounting for the solution of ten of the
sixteen crystal structures investigated in this study. In addition one other crystal
structure was solved as the complex between B-CD and methyl paraben exhibited
pseudo-polymorphism. It was not possible to collect X-ray intensity data for the y-CD
complexes and two of the B-CD complexes due to inferior crystal quality, despite
repeated efforts to grow better crystals. In all other cases, crystal structure solution of
CD-drug complexes has provided unambiguous confirmation of complex formation
and detailed information regarding the stoichiometry, mode of inciusion and host-
guest interactions.
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Structural characteristics of CD geometry

The geometrical parameters that define the conformation of the macrocycle show that
the ring of B-CD adopts a more rigid relative positioning of the glucose residues than
DIMEB or TRIMEB, as illustrated by the radius of the heptagon, deviation of the O(4)
atoms from the mean O(4) plane of the macrocycle and glycosidic oxygen angles. In
the B-CD complexes an intrinsic network of intramolecular and intermolecular

hydrogen bonds maintain these geometric parameters.

Methylation of the hydroxyl groups enlarges the whole cavity of the host molecules
and gives rise to a narrower primary rim than that of native CDs and this steric effect
is important in guest orientation. Additionally it adds length to the CD leading to a
deeper cavity. Besides these differences the conformation of DIMEB was found to be
similar to that of B-CD, and this can be ascribed to the formation of a network of
intramolecular O(2)+«0(3") hydrogen bonds found in both structures. Permethylation
in contrast makes the formation of such hydrogen bonds impossible and hence the
macrocyclic conformation is more flexible than B-CD or DIMEB.

The crystal structures of the TRIMEB complexes reveal a rather distorted
conformation of this host in comparison with B-CD. The cavity is no longer open but
closed by "inwards" rotation of the O(6)-CH; groups so that the host is cup shaped.
The permethylation markedly affects the planarity of the O(4) heptagon of the
macrocycle and increases the deviations of the O(4) atoms from the mean O(4) plane.
The effect of permethylation appears more clearly in the change of the O(2)e=0(3")
distances and tilt angles. The average O(2)-O(3") distances are enlarged to avoid
steric hindrance and are about 0.6 A larger than those in B-CD. Steric hindrance also
results in larger tilt angles of the glucose residues, which are about three times those
in the native CD. Such a macrocyclic conformation produces a cavity with a shape
and size different from that of the parent CD.

it was noted that the TRIMEB molecule in this study adopts a similar conformation to
that observed in all of its complexes reported to date. This is attributed to a series of
C(6)~Heoe»O(5") intramolecular hydrogen bonds which maintain and stabilise the
conformation of the macrocycle in the solid state in much the same way as the
0(2)+++0(3") hydrogen bonds do in B-CD and DIMEB.
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Mode of guest inclusion and orientation

The orientation of the guest molecule within the CD cavity is dependent on a number
of factors. These include geometric compatibility, hydrophobicity and polarity. In
general the included molecules are normally orientated in the host in such a way as to
achieve the maximum contact between the hydrophobic part of the guest and the
apolar cavity of the cyclodextrin. The hydrophilic part will remain as far as possible at
the outer face of the cyclodextrin cavity to maximise contacts with the solvent and/or
hydroxyl groups of the host.

The guests of the pseudo-polymorphic B-CD-methyl paraben structures show very
similar modes of inclusion. in both cases, two disordered guest molecules were
included in the B-CD dimeric unit. The ester moieties of the guest molecules were
centralised in the cavities of the B-CD molecules and the guest hydroxyl groups were
located at the primary rims. The position of the guest -OH group at the rims of the CD
allows for hydrogen bonding with water molecules and CD-hydroxyl groups in the P1
and C2 complexes respectively.

A parallel study of the inclusion of the paraben drugs in B-CD in solution was
performed. Additional arrangements of the B-CD complex are possible in solution, as
the secondary hydroxyl end is open, allowing for solvation of the hydroxylic group at
either end of the CD cavity.? NOE experiments indicated that the orientation of the
methyl paraben guest was indeed inverted, as the guest ~OH group was now found to
be located at the wider secondary rm.

Similarly, in the DIMEB complexes, where both ends of the cavity are exposed to
water, the guest hydroxyl group of the MPDMB and EPDMB structures were found at
the secondary rim. However, the orientation of the guests in the PPDMB and BPDMB
structures differed in that the guest aromatic ring extends well beyond the primary rim
of the host and the alkyl chain is embedded in the cavity. The guest orientation of the

latter two compounds cormresponds to Lichtenthalers **°

study in that the hydrophilic
and hydrophobic portions of the guest aligns with the hydrophilic and hydrophobic
portions of the host respectively. These results clearly show how the elongation of the
alkyl chain affects the mode of inclusion of the guest, as both propyl- and butyl

paraben are too long to be fully included within the DIMEB cavity.
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in all of the TRIMEB complexes, except EPTMB, the guest orientation corresponds
with that found in the DIMEB structures MPDMB and EPDMB. The hydroxyl group of
the guest is located at the secondary rim and the alkyl chain is located at the primary
rim. The orientation of the EPTMB guest comesponds to the Lichtenthaler ef al **°
model in which it is suggested that the primary rim of the TRIMEB molecule is
relatively hydrophilic and so the hydrophilic portion of the guest will be located there.
Here again the propyl- and butyl paraben guests are too long to be fully included

within the TRIMEB cavity and thus the alkyl chain protrudes into the neighbouring CD.

From this analysis it can be seen that the size of the guest is an important factor in
complex formation and differences in the inclusion geometry can be ascribed to
changes in the shape and size of the host cavities.

Host-auest interactions and hvdrooen in

Hydrogen bonding remains the most important intermolecular interaction in complexes
of the type examined in this study. it is these intermolecular forces which make a
significant contribution to the structure and thermal stability of the inclusion
compound,

it is well known that the p-CD host has a strong tendency to form head-to-head
dimeric units held together by multiple O-He»O hydrogen bonds across the secondary
rims'’ and these hydrogen bonds show a remarkable consistency in the constitution of
their network. Strong hydrogen bonds form between the O(2) and O(3) hydroxyl
groups of adjacent glucose units in the same molecule, giving rise to an
intramolecular ring of hydrogen bonds. The hydrogen bonds are of the flip-flop type
and so contribute to the stability of the individual CDs. In addition to these
intramolecular hydrogen bonds, intermolecular O(3)e«O(3) hydrogen bonding was
observed in these dimeric B-CD structures.
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The DIMEB and TRIMEB studies illustrate the predominant role of the intermolecular
C-He++Q interactions involving the methoxyl groups when methylation of the O(6), O(2)
and/or O(3) hydroxyl groups negates the formation of O-HeesO hydrogen bonds.
Although C-H groups form much weaker hydrogen bonds [ca 2-8 kJ mol '] than O-H
groups, their donor potentials should not be neglected as C-He-«O hydrogen bonds
have been shown to occur frequently and play crucial roles in many organic and

biological structures.’**®

in most of the DIMEB and TRIMEB structures there are also C-HeeeQ interactions
between the host cavity walls and guest molecules. This has been observed before
when polar guest molecules, which are included in the relatively hydrophobic cavity,
cannot satisfy their acceptor potential with conventional partners and therefore resort
to weaker C-HeQO hydrogen bonds involving the cavity wall.'*'® From quantum
chemical calculations, the energies of these interactions are estimated to be slightly
more then 4 kJ mol™, i.e. about a quarter to a third of those of conventional hydrogen
bonds."”

Struc I role of water

The water molecules in CD complexes can act as "space-fillers”, maintaining the
crystal structure through a network of hydrogen bonds, and/or as a participant in the
inclusion mode.'® The water structure in these complexes plays an important role in
determining the equilibrium, complex stability, and consequently the effect of the
cyclodextrin on the guest. DSC results indicated that water losses from complexes of
native CDs and DIMEB are multi-step processes, pointing to different populations of
water molecules. This can be rationalised with the respective crystal structures, where
some water molecules are involved in a complex network of hydrogen bonds.

All the complexes contain water molecules in the interstices between the cyclodextrins
in the crystal structure. These water molecules interact through hydrogen bonding with
the -OH groups on the primary and secondary rims of the CD molecules in the case of
DIMEB and B-CD.
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The relatively hydrophobic environment of the methylated CD crystal structure
generally excludes water molecules. However, in this study the TRIMEB host
molecules included water molecules and these play an important part in the overall
stabilisation of the complex, as the water molecules are in hydrogen bonding contact
of the guest molecule which, are in turn in contact with the host molecule.

Crystal packing of the CD complexes

The structure analyses indicate that the packing arrangements of the complexes are
directly affected by i) the temperature of crystallisation and ii) the elongation of the
alkyl chain. A variation in crystallisation temperature resulted in the B-CD-methyl
paraben inclusion complex crystallising in both the space groups P1 and C2 with IM
and CH type packing modes respectively.

A possible expianation for this pseudo-polymorphic occurrence is that when the
crystals are grown at low temperature the degree of motion of the guest is reduced
and the hydration shell is more ordered, thereby favouring the IM packing mode.
When the crystals are grown at a higher temperature, the guest has a greater degree
of motion and therefore the interactions with the water molecules are destabilised,
allowing for the CH type packing mode to form.

The previous XRD results indicated that elongation of the alkyl chain leads to two
different packing arrangements of the DIMEB and TRIMEB complexes, and these
differences were confirmed by the crystal structure analyses. The crystal packing of
complexes of the methylated CDs indicated that the smaller paraben guests, which
can be fully included within the cavity, allow for a close packed arrangement of the
molecules. This is evident in the MPDMB and EPDMB complexes, where the complex
units stack in infinite channels in a modified herringbone scheme, and a similar
packing arrangement is seen in the MPTMB complex. In contrast, parabens with a
longer alkyl chain yielded CD complex structures characterised by a more zigzag type
packing than those already discussed.
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Final remarks

Parabens have a long history of use in drug products and were first employed as
preservatives in pharmaceutical products in the mid-1 920s." The antimicrobial activity
of alkylparabens increases as the chain length of the ester group increases, but the
solubility decreases with increasing chain length. This study has shown that
alkylparabens are favourable candidates for inclusion by CDs, thereby improving their
aqueous solubility. Physicochemical characterisations of the solid state complexes
provided indisputable evidence for complex formation. XRD was one of the
techniques used in this regard and it additionally enabled the prediction of the packing
amangements of the complexes. Physicochemical characterisation therefore
accomplished a comprehensive understanding of the solid state properties of these
complexes by relating molecular scale properties and bulk properties. The NMR
spectroscopy study provided additional information on the relative stability,
stoichiometry and geometry of the inclusion compounds in solution. This study, based
on the continuous variation method, represents a significant advance on that reported
by Chan ef al® whose NMR measurements were performed at only a single
concentration of each paraben.

The results of the X-ray analyses for a number of complexes, and the unique unit cell
data obtained, indicate that the mode of inclusion and properties of the complexes in
the solid state are more varied than have been reported to date. The methyl and
ethyl parabens allow for a close, channel type packing complex to form, that until now
was not as prevalent among DIMEB and TRIMEB inclusion complexes. Differences in
the temperature of crystallisation also yielded some unique findings. In conclusion, the
application of X-ray diffraction methods, thermal analysis, and in some cases solution
NMR spectroscopy, has therefore enhanced the understanding of the inclusion
capabilities of these compounds.
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APPENDICES

APPENDIX A
i
0 0
C6 T, C4
c7 ' C3
r=[BCD] / [BCD] [G] or
OH r=[G] / [BCD) [G]

Table 1 BCD protons of the MPECD complex in D20 at 298K

r [BCDY H1 H2 H3 H4 HE& Hé&

1 10 61143 3.6927 4.0033 3.8273 3.8038 30240
0a o b.1082 3.6851 3.9895 3.6200 3.8672 3.0093
0.8 8 508563 36755 3.9718 3.8157 3.831 3.8039
0.7 7 50897 3.86875 3.8508 3.6134 3.7840 3.8882
0.8 5 £.0209 36762 3.9325 J.6138 3 7843 3.8871
0.8 5 6.03831 3.6588 3.9086 3.6104 3.7251 3.8887
0.4 4 60772 3.8603 3.8891 3.8101 3.7038 3.88368
0.3 3 50817 3.8703 3.8875 3.81581 3.6908 J.8828
0z 2 5.0873 3.6541 3.8899 3.6109 3.63801 3.88148
0.1 1 5.0871 3.6530 3.8833 38113 38704 38788

Table 2 Methyl paraben protons of the MPECD complex in D0 at 288K

1 10 7.0864% f.9987 3.9337

0% 2] 7893875 5. 8068 3833

0.8 8 7.0854 5.98935 3.8378 |
07 7 79857 5.9810 3.8455

0.5 & 79872 6.5848 3.84B5

0.3 ] 79833 £.9774 3.8517

0.4 4 7.9855 §.9790 3.8511

0.3 3 79817 5.9741 -

0.2 2 7.9745 £.9580

01 1 789787 B.9718 -




Co

cr

Table 3 BCD protons of the EPBCD complex in D,O at 298K
[BCD]

0.a
0.s&
0.7
0.8
0.5
0.4
0.3
0.2
0.1

OH

5,01
4.5
4.0
15
3.0
25
2.0
15
1.0
0.5

H1
5.1
51138
51112
51060
51058
5.0568
5.0968
50666
5.0036
5.0904

H2
46953
3.6936
3.6913
3.6862
36869
3BT
3.6849
36753
3 B850
2 6008

r = [BCD] ! [BCD] [G] or
r=[G] / [BCD] [G]

H3
40115
2.9920
2.9847
3.9679
3.9550
39338
3.9250
3.9149
3.9049
3 3082

H4
16292
3.6289
36280
3.6272
3.6273
AB228
36228
36234
36208
36205

38741
3.8436
38118
27820
37478
3ve1s
37038

APPENDICES

3820
38111
38077
3.6008
38936
3.8882
3.8840
3BTTE
3873

Table 4 Ethy| paraben protons of the EPBCD complex in D0 at 208K

5.0
4.5
4.0
3.5
30
2.5
2.0
1.5
1.0
0.5

8.0029
7.9983
7.5963
7.9948
7.9880
7.0848
7.9831
7.9792
7.9735
7.9718

0038
59878
. 58431
5.8834
5.5863
5 Be21
5.5788
B.5734
£.5654
B.8706

4.4004
4.4040
4.4070
4.4144
4 4176
4.4220
4.4251
4.4277
44288
¢ 4303

14118
1.4173
1.4193
1.4233
1.4248
1.4282
1.4319
1.4339
1.4344
1.4353




CH;
/CHz ()
":Hz (t)
0] O
Cé C4
CT C3
oH

r=[BCD] ! {BCD] [G] or
r=[G]/ [BCD] [G]

Table § BCD protons of the PPBCD complex in DO at 208K
[BCD] H1

B 150 51095
09 1.35 51100
08 1.20 5.1084
0.7 1.05 5017
0.6 0.90 51075
0.5 0.75 50673
0.4 050 50989
0.3 0.45 50946
0.2 0.30 5.0937
0.1 015 50930

H2
3.5884
35853
36814
36803
3.6782
36769
3.6768
36733
3.6584
38748

- 4.0043
3.9847
3.0828
3.9714
39609
3.9510
3.9405
39300
3.9172
3.9101

3.8239
3.6230
36214
36213
36205
362562
38238
3.8220
3.8165
Jal44

38872

3871
3.8526
3.8313
3.8088
3.7541%
3.7814
37420
37249
37057

APPENDICES

39118
3.9073
3.9035
3.8973
3.5803
3.8B41
3.8756
3.0722
3.B710

Table 6 Propyl paraben protons of the PPBCD complex in D.0O at 258K

0.8 1.36 79827
0.8 1.20 7.8858
Q7 1.05 79805
08 0.90 7870
(431 Q75s 79696
0.4 Q.80 79626
0.3 Q.45 79578
0.2 .30 79540
01 .15 78525

& 9770
£.9738
69715
5.9509
& 9670
8.8642
&.89611
5.9560
5.9530

4.31356
£.3184
4.3310
4.3371
£ 3395
4 3427
4.3470
4.3483
4.3550

1.8208
1.8231
1.8206
1.8268
1.8273
1.8205
1.8245
1.8264
1.B308

1.0258
1.0278
1.0343
1.0368
1.03685
1.0362
10377
1.03B5
1.0415
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APPENDIX B

The NMR iraces of the free and complexed states of the B-CD solution siate
complexes can be found on the CO-ROM attached. There are eleven NMR traces for
each [-CD complex and these are grouped under a filename bearng the same nams
as that of the complex. Each trace is labelled according to the [}-CD concentration of

that sample.
APPENDIX C

Supplementary material can be found on the CD-ROM attached. Seven fiies are

includead for each of the structures esiucidated in this thesis. namely;

EXTENSION CONTENTS

Filename HKL Reflection data

Filename RES SHELX type co-ordinate file

Filename. CIF SHELX type co-ordinate file
Filgname SFT
RO Structure factor tables
Filename TEX atomic co-ordinates

bond lengths

bond angles

tarsian angles

displacement parameters
Filgname LST atomic co-ordinate s

bond lengths

bond angles

tarsion angles

displacement pararmeaters

geometry between non-bonded atoms

intermaolecular and inter-atomic contacts

For each structure these seven files are grouped into a subdirectory bearing the same
name as the fiiename. The files have been saved as text files and can be opened in a
text editor such as WORDPAD in Windows95 and Windows28,
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