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Abstract

Polymorphs, Cyclodextrin Inclusion Complexes and Salts of the

Bronchodilator Tulobuterol, Clive Lloyd Oliver, September 2004

The aim of this thesis was to prepare polymorphs, cyclodextrin inclusion complexes and
salts of tulobuterol, a drug with bronchodilating properties. Polymorphic drugs are of
interest to the pharmaceutical industry because of their varied physical properties, whilst
the increase in aqueous solubilities of drugs by their inclusion within cyclodextrins or by

salt formation is also an important pharmaceutical consideration.

Two polymorphs, four cyclodextrin inclusion complexes and three salts of tulobuterol
free base were successfully generated in this study. The cyclodextrin hosts used for drug
inclusion were B-cyclodextrin, y-cyclodextrin, heptakis(2,6-di-O-methyl)-p-cyclodextrin
and heptakis(2,3,6-tri-O-methyl)-B-CD, whilst (R,R)-tartaric acid, succinic acid and

benzoic acid were used for tulobuterol salt formation.

The solid-state properties of the species were characterised by elemental analysis,
thermal, X-ray diffraction and spectroscopic techniques. The stability relationship
between the two polymorphs was established as monotropic, i.e. the higher melting
polymorph is the thermodynamically stable form at all temperatures below the melting
temperatures of the polymorphs. The structures of the polymorphs revealed a common
asymmetric unit consisting of three tulobuterol molecules associated by strong, classical
hydrogen bonds as a cyclic trimer. Structure solution was successful for three
cyclodextrin inclusion complexes. The tulobuterol guest molecule was successfully
modelled in only the heptakis(2,3,6-tri-O-methyl)-B-CD inclusion complex, whilst those
for the B- and y-cyclodextrin inclusion complexes were not modelled due to severe
disorder. The salts share common structural features with each other and with other B-

adrenergic agents containing an ethanolamine side chain.

The chemistry and potential pharmaceutical application of tulobuterol have been
extended beyond their current scope by the novel species prepared in this study. These

may serve as viable alternatives to the currently marketed hydrochloride salt.
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Chapter 1 - Introduction







Chapler 1 - litroduetion

Supramolecular Chemistry

The scope of this thesis falls under the broad discipline of supramolecular chemistry,
which was refereed to by J-M. Tebn' in his Nobel lecture as “chemistry beyond the
molecule™. Simply put, supramolecular chemistry is the study of non-covalent
interactions between molecules, ions or radicals, This includes, amongst others, hydrogen
bonding, n--t, C-H--x, van der Waals and hydrophobic interactions. The discovery of
the first inclusion compound Cly6H-O in %10 by H. Davy® is considered to have
initiated the discipline but it was the discovery of X-rays and their use in stucture
analysis in 1895 and 1912 respectively that spawned growth in this field. Tn this thesis the
poiymorphism, cyclodextrin inclusion and salt formation of tulchuterol, a drug with
bronchodilating properties, will be reated. Although polymorphs and salts are not
inclusion compounds, non-covalent interactions play a vital role in their respective
identitics and therefore their study also falls within the field of supramolccular chemistry.
Dunitz has in fact referred to different modifications of a polymorphic dnug as

: . 3
supramolecular isomers’.

Polymorphism

Polymarphism is the solid-state phenomenon whereby a chemical compound crystalliscs
in more than one form. These forms are chemically identical but differ in the way the
molecules in each polymorph pack, If there [s a remarkable difference between the
conformations of the molecules in the respective forms 1t is referred to as conlormational
polymorphism.? Specics with included solvent malecules are referred to as solvates.’
When the material exhibits no long-range order it is referred 1o as amorphous. In the
literature, polymorphs are labelled with Arabic (1. 2, 3.} or Roman (1. 11, 11,...}
numerals, lower or upper case Latin {a, b, ¢,... or A, 13, C....) or lower case Greek (a, [3,
7,...) letters.” In this thesis the Arabic labcling will be used except when referring to
palymorphs in the literature, which have their own specific labelling. The concept of

polymorphs and solvates is illustrated graphically in Figure 1.1,
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Figure 1.1 Schematic diagram illustrating the definition of polymorphism for rigid

molecules. - represents a solvent moleeulc.

The importance of polymorphism in a number of industrial and eommereial applications
is paramount and is a direct result of differences in physical propertics that accompany
differcnces in structure.” Physical propertics for which differences arc observed include

melting points, solubilities, dissolution rates and stabilities, 1o mention but a fow.

Briefl Historical Overview

The first recognition of the phenomenon of polymorphism is eredited to Mitscherlich®
who in 1822 discovered that the salt NallzPO4 11,0 crystallises with different crystal
morphologies. TTe attributed these morphological varations to differences in the internal
struciural arrangements of the constituent ions. This was before the dawn of X-ray
crystallography and the phenomenon was then largely investigated by the microscope and
subsequently alse with the polarizing microscope” invented in 1844." With the
recognition of difterent forms of the same compound, investigations inlo their stability
relationships naturally tollowed. In 1839, Frankenhcim suggesied principles for the
transition of one polymorph into a second whilst Lehman coined the irrcversible and
reversible transitions as monotropic and enanticfropic respectively.' Subsequently
Ostwald, in 1897, used thermodynamics to address the relative stabilitics of polymorphs.

some of his important findings being that the metastable torm has the higher solubility



and crystallises first, eventually transforming via a solution-mediated proecss into the
stable form.'® With the advent ol X-ray crystallography it was Tammann that considered
polvmorphs as identical molecular species arranged on dilferent lattices.'” 'Ihis serves

today as the basic criterion for identifving polymorphism,

Relevance

Polymorphism may have important health and economical consequences, which have
provided some of the driving lorces for the study of this phenomenon. A recent dramatic
example occwrred when the production ol the HIV protease inhibitor, ritonavir, had Lo be
temporarily halted by Abbott in 1998, due to the appearance ol an undesired [orm ol the
drug during its manulacturiag process.'” [t had health consequences since the undesired
form, a thermodynamically more stable polymorph than the original form, severely
affected the dissolution of the semi-solid capsule. 'T'he economic consequences were that
the company had to spend exira time and cxpense in rectifying problems arising out ol
the inadvertent production of an undesired torm. Polymorphism also plays an especially
significant role in the [at-based food industries where the melting point and melting
characleristics ate of particular irr'||:rr:-rtan-:a.=:.1S Drug polymorphs have also been the cause
ol many luigation battles between phanmaceutical companies in recent years, The
polymorphism ol blockbuster drugs like ranitidine hydrochloride and cefadroxil have

been the subject of these intense legal battles. '

Theoretical Background

Thermodynamics

"I'he thermodypamic investigation of a polymerphic system presents valuable insight into
the key question of the stability relationships and the effect that these have on phase

changes. Buerger laid down the [undamentals lor this investigation, '’

Enauntietropy vs monotropy

Enantiotropy and monotropy. mentioned earlier, are lerms used to describe the

reversibility [or lack of reversibility] ol the phase transition between polymorphs.'' Phase



transilions are restricted thermodynamically to occur spontaneously in the direclion of the
stable [brm only. This means that an irreversible phase transition [monotropy| implies
that one lorm 15 the thermodynamically stable form at all temperatures. A reversible
phase transition [enanliolropy] implies the presence of a transition point where the
stability order of the polymorphs is reversed. The most widely used thermodynamic

relationship lor the treatment ol this question s

G=H-Ts5 (1)

where (G = Gibbs free energy, |1 = enthalpy, T = absolute temperature and § = entropy.
‘This relationship is used to construct diagrams that 1llustrate the variation o G and H
with temperature to establish the stability relationship of polymorphs [rom 0K 10 just
beyond their melting lemperatures. Figure 1.2 illustrales these stability relationships
where the subscripts *1” and *2° denote the polymorph 10 which the function refers [the
Jower melting polymorph is denoted *2°], whilst °1" relers Lo the supercooled liguid. The

subseripts 7 and ‘te” refer to “tusion” and ‘iransiion” respectively.

(a) (b

AlT:g

AH

=

Energy

1

- i

Tempermt 1IKI Temperamre [KT

Figure 1.2 Semi-schematic disgrams showing the variation of (; and H with temperature
for (a) an chamiotropic and (b) a monotropic dimorphic system |adapted from
reference 18]

The G curves can only have a negative slope and intersect at most once, whilst the Tl
curves have a positive slope and it is assumed that they never interseer.” These

conditions led 1o Burger and Ramberger to suggest the following rule:™



Heat of Transition Rule
If an endothermic phase change is observed at a patticular wmperature, the stability relationship

is enantiotropic, otherwise it is monotropic [adapted from reference 20

Burger and Ramberger alse supgested several other rules in terms of various
thermodynamic properties and these are presented in ‘l'able 1.1. The density and infrared
rules musl be applied with caution as exceptions to them have been found, as was pointed
oul by these authors.

Table 1.1 Rules for enantiotropy and monotropy™ '~

1}efinition

IT the higher meling polymerph has the highet heat of fusion,
Heat of Fusion Rule the stability rclationship is monotropic.  otherwise it s

chanticiropic,

It the higher melting polymorph has the higher entropy of
Entropy of Fusian Rule fusion. the stability relationship is monotropic. otherwise ir is

cnantiotropic,

LI the higher melling polymorph has the higher hear capacity at
Heat Capacity Rule a given wmperature  then  the  stability  relatiomship s

enantiotropic, otherwise it is monotropic,

. 'The more stable polymorph at 0K should have the higher
Density Rule _
density.

For polymarphs with strong hydrogen bonds the one with the
Infrared Rule larger frequency tor the highest trequency infrared absorption
band, will have the larger cnitropy.,

The conclusions of Burger and Ramberger were based on statistical mechanical
argurments of an ideal mode] of molecular crystals. Yu™ used pure thermodynamical
arguments o Infer the stability relationship from melting data and derived
thermodynamic formulae for calenlating AGy, the Gibbs free enerpy difterence of the
polymorphs. and their temperature slopes at the melting point of the lower melting

polymorph. Extrapolation of the AGy, temperatere slopes to their point of intersection then
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yiclds the transition temperature, 1. The advantage of Yu's treatment is that both the
stability relationship and T, can be obtained from it. The equations necessary for the

determination of the transition temperature for the process:

Form 2 (Ty2) — Form 1 (Tg2) )
are:
AHp = AHg; - AHgy + (€. — Cpp) (T — Tia) (3)
ASg = AH;2/Tr2- AHpy/Tey + (Cpr. — Cpa) (T /T 2) (4)
and AGp = AH(T 2T — 1) + (Cpp. — Cp)) Tra - Tz - Tz In{ T Tiz)] ()

where the subscript {0 describes the function at the melting temperature of the lower
melting form and (Cpp - Coy) is the difference betwcen the heat capacitics of the
supercooled liquid and Form 1 between the temperatures Tro and Tpy. If AG{1) has a

linear dependence, then

AGLT) = AGy - AS(T-T;2) {6}
and the comdiiem AG{T,) — 4 (")
viclds T, = AHy/AS, (8)

All the parameters for these equations are obtained directly from conventional differential
scanning calorimetric data, except for the (C,1 — C,p) parameter. Yu estimated the latter

from the following derived equation:

k= {Cp,L = Cp,j]a"ﬁl'[m (9]

where the value of k. based on an empirical study of several pobvmorphic systoms, is

approximated ta 0.003/K
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Kinetic considerations

Kinetic factors may also determine the polymorphic form that crystallises from solution.
Figure 1.4 illustrates a Gibbs free energy vs reaction coordinate graph for a dimorphic
system. It shows that even though Form 1 is the thermodynamically stable polymorph, its
higher associated Gibbs free energy of activation might prevent its formation. However,
it is the rates of nucleation of the respective polymorphs that determine which one
precipitates from solution and the associated Gibbs free energy of activation is merely
one of the factors that determine these rates. Competitive kinetic and thermodynamic
factors complicate the prediction of the form that will precipitate first. The concept of
critical size is one of the key factors of kinetic nucleation as proposed by Volmer in
1939.%* According to this concept a critical size of aggregated molecules must exist in
solution before further growth is stabilised. This critical size is usually different for the
respective polymorphs, which would thus account for different crystallisation rates. Some
of the other factors influencing nucleation rates are molecular volume, surface free

energy, temperature, degree of supersaturation and solubility.

F .

G*

G*-

Gy

s
@
=
7]
8
o=

2 - G

§ 2
(4]

— G,

reaction coordinate

Figure 1.4 Free energy vs reaction coordinate diagram for two polymorphs [1,2]
illustrating the influence of kinetics on their formation. G*-Gy represents
the activation free energy for nucleation [adapted from reference 25]
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Preparative Methods for Polymorphs

It has become incumbent upon manufacturers of pharmaceuticals to prove that they have
investigated the potential polymorphism of their marketed drug so that an unwanted
polymorph does not filter through to the consumer. Therefore it is important to know
which methods are likely to yield polymorphs and to employ them in the search for
potential polymorphs. It is commonly believed that the more time spent on attempting to
produce a polymorph of a particular compound, the more likely is success. This is
reflected in Walter C. McCrone’s statement:

“Those who study polymorphism are rapidly reaching the conclusion that all compounds, organic
and inorganic, can crystallize in different crystal forms or polymorphs. In fact, the more diligently
any system is studied the larger the number of polymorphs discovered.” Walter C. McCrone
[1957]¢

Guillory suggested a number of methods for generating polymorphs, solvates or
amorphous forms of a particular compound.?” If none were to be found, even though it
cannot be guaranteed that in future no new forms will arise, at least “due diligence” will
have been exercised. Amongst these methods are sublimation, crystallisation from a
single or binary solvent system, vapour diffusion, thermal treatment, crystallisation from
the melt, rapid pH changes, thermal desolvation of crystalline solvates, growth in the
presence of additives and grinding. Of these methods crystallisation from a variety of
solvents is usually the first step in the search for polymorphic forms of a compound and
has been very successful in many cases. In a review of crystal polymorphism,”® Caira
pointed out alternative methods for preparing the same polymorph, in particular
desolvation of crystalline solvates, which resulted in the improvement of certain

properties such as flowability and uniformity of particle size.

Polymorphic Control

Controlling the polymorphic form obtained is of obvious interest to the pharmaceutical
industry. An understanding of the thermodynamic and kinetic factors discussed earlier is

essential for this exercise. Bernstein pointed out a number of examples where

8



Chapter 1 - Introduction

thermodynamic crystallisation conditions yield the stable form with kinetic conditions
yielding metastable forms.” Once a particular form has been obtained a knowledge of the
thermodynamics of the polymorphic system, e.g. in the form of energy vs temperature
diagrams, is essential to provide information on the storage conditions necessary to
prevent any unwanted transformations. The sophistication of the practical control of the
crystallisation of a desired form may vary between simply reproducing the form with the
same protocol as used before, to the rational design of auxiliaries that through selective
molecular recognition may inhibit or suppress the growth of the undesired stable form,
thus allowing the growth of the desired metastable form.*® The latter strategy has enjoyed
very limited success thus far, but one successful example has been the crystallisation of
the metastable form of N-(2-acetamido-4-nitrophenyl)pyrrolidine by the addition of a
small amount [0.03%] of the designed inhibitor.’® Between these two extremes there are
chemical and physical variations that have been used to produce specific polymorphs.?
These include, amongst others, examples of polymorphs that have been produced from
solutions seeded with the desired form,>! successive chemical reactions,*? desolvation of
solvates,”® and successive reheating and cooling strategies to produce a metastable

form.”’

Analytical Tools for the Study of Polymorphs

Once polymorphs of a compound have been found, several analytical methods are
employed to characterise their individual properties as well as to see how these properties
relate to each other [e.g. stability relationships]. These methods may include X-ray
diffraction, thermal and spectroscopic studies, which are respectively used to characterise
the polymorphs in terms of their structures, thermodynamic stabilities and spectral
energies. The range of analytical techniques used should be as broad as possible as the
information obtained from them is often complementary, as suggested by Bernstein.*

Bernstein,™* Brittain,”® Caira®

and Threlfall’® have given extensive reviews on the
analytical tools used in the study of polymorphs and the reader is referred to them for a

more detailed discussion.
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Structural Features

Structure is a fundamental property of polymorphs as it is this feature that differentiates
them. Molecules in polymorphs may be fairly broadly separated into ‘rigid’ molecules
and those with conformational ‘flexibility’. In cases where different conformations of the
molecules are adopted in different structures, the phenomenon is referred to as

conformational polymorphism.*

Comparison of polymorphic structures is useful in that they might provide a structural
picture of how transformation between them may be effected. However, this comparison
is non-trivial and several methods have been applied in the past for this purpose. For
polymorphs with no common unit cell parameters the traditional method was to prepare
packing diagrams with a view down an arbitrary crystallographic axis but this usually
conveyed little information about their similarities or differences. It is often more useful
to choose a common molecular reference plane and orientate it the same for all the
structures. This gives an indication of the immediate environment around the chosen
reference plane.*® Viewing down a common crystallographic axis, i.e. in polymorphic
structures that have similar unit cell parameters and/or symmetry elements, may also
allow a basis for comparison. The two polymorphic structures® of L-glutamic acid were

compared in this manner, which revealed no similarities between them.*®

The concept of graph set analysis has in recent years proved to be very useful in
comparing polymorphic structures.”** This concept is applied to hydrogen bonds which
are very often a common feature of polymorphic structures. In this approach the
hydrogen bonding is easily simplified and reduced to four basic patterns, viz. chains (C),
rings (R), intramolecular hydrogen-bonded patterns (S) and other finite patterns (D).
These designators are superscripted a and subscripted d for the number of hydrogen-bond
acceptors and donors respectively. This is followed by the descriptor (m) which indicates
the total number of atoms involved in the pattern. The general graph set descriptor is thus

G, (n) and examples of assignments are given in Figure 1.5.
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Figure 1.5 Schematic diagrams showing the four basic patterns using graph-set analysis.
If no a, d or (m) descriptor is present, the value is assumed to be 1.

Polymorphism of pharmaceuticals, as stated earlier, may have important consequences in
terms of their performance, e.g. their solubilities may have an impact on their
bioavailabilities. The varying physical properties of polymorphs thus necessitate control
over the form produced. However, this can prove costly. Inclusion of the drugs into
cyclodextrins, effectively eliminates the need for this careful control, as ‘new chemical
entities’ are formed and the polymorphic identity of the drug is removed. An overview of
cyclodextrins in terms of their structure, properties, inclusion complexes and application

in the pharmaceutical industry follows.
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Cyclodextrins

Natural Origin of Cyclodextrins

Cyclodextrins [hereinafter CDs] are cyclic oligosaccharides that are the products of an
enzymatic process of the degradation of amylose, a linear unbranched fraction of starch.
The enzyme used in the process, cyclodextrin glucotransferase {CGTase], was first
isolated from the microbe Bacillus macerans.* CDs are also known as Schardinger
dextrins, cycloamyloses and cycloglucoamyloses. The cyclic oligosaccharides consist of
glucopyranose units that may vary in number due to the unspecificity of the enzyme
action.**? However, the most commonly produced CDs are those with six, seven and
eight glucopyranose units, known as a-, - and y-CD respectively [Figure 1.6]. Larger
cyclodextrins have been prepared,® but it has been predicted that smaller ones cannot be
formed due to severe steric strain,* though the synthesis of a five-membered CD* has

been reported.

Brief Historical Overview

Villiers is credited with the first publication of a substance [he named it a ‘cellulosine’]
that later proved to be a cyclodextrin.*® However, it was Schardinger with publications
between 1904-1911 who is credited with laying down the fundamentals of cyclodextrin
chemistry [he referred to the compounds as dextrins].*"**4*°° Freudenberg et al.>'*** as
a result of their own experiments as well as observations published by Karrer and
Néigeli,54 and Miekeley,” postulated that the dextrins contain a-1,4-glycosidic linkages
which, in 1936, they proposed to be cyclic.”® In the 1950s, French®’ and Cramer* were
responsible for the enzymatic production of cyclodextrins and characterising their
physical and chemical properties. By the end of the 1960s the physical and chemical
properties of cyclodextrins had been characterised and their ability to form inclusion
complexes with improved properties, such as solubility and volatility, of the included
chemical had been recognised.’® But it was only after competent toxicological studies had
been performed that these compounds took off industrially to a point where at present
they are used in the food, pharmaceutical, biomedical and analytical industries, to

mention but a few.>®
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Structural Features

Iigure 1.6 presents schemalic diagrams of the glucopyranose unit atom labelling and the
native CDs. The glucopyranose unils are almost invariably in the *C-chair conformation
and their conformations are fairly rigid,s’g’m'ﬁ] except for the rotational freedom of the 06
atom around the C5-Cé bond. The cyclodextrin moiecule is therefore also faicly rigid
except for the limited rotational freedom around the C1-04'-C4' glyeosidic link [primed

numbers refer to the next glucopyranose unit|.
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Figure 1.6 Schematic diagram of (g) glucopyranose unit labelling, (b) «-CD (c) B-CD
and (dy v-CD>




Hydrogen bonding

All the glucopyranose units are orientated ¢is relative to one another and therefore
intramolecular hvdrogen bonding between 02 and O3 of adjacent unils is observed. This
hvdrogen bonding has been elucidated to be of a *tlip-flop™ naturc by ncutron diffraction
studies,” ™ i.e. they oscillale between 02-H--03' and 02--H-03' hydrogen bonds. The
hydrogen bonding strengthens with an increasc in the number of units [O---O distances of
3.05, 2.92 and 2.84A for o. p and ¥-CD respectively].”™ The hydrogen bonding is also
responsible for the stabilisation of the CD on the secondary side and explains why (ri-

methylated 3-CD, which Jacks this hvdrogen-bonding. is more flexible.”

Conformation of cvelodextrins

There arc threc types of torsion angles that describe important conformational aspects of
the glucopyranose units of a CD molecule. These are the primary, glveosidic and
pyranoid torsion angles. The primary bydroxyl torsion angle. o [O5-C5-CH-06],
describes the rotation around the C3-C6 bond. indicating the direction of the C6-06
bond. This angle is assigned as (+)-gauche or (-)-gauche depending on whelher the C6-
06 bond points towards or away from the CD cavity respectively, The frans and syn
conformations are not observed for sleric reasons. There are two glveosidic lorsion
angles. that describe the rotation around the C1-04'-C4' linkage, and Lhese are delined as
O [O5-CI-04'-C4'] and w [C1-04-C4-C3']. The pyranoid torsion angles & [C2-C3-C4-
C5] and @ [C3-C4-C5-035] describe the conformational relationships around the C4
atom. The glucopyranose units of CDs are invariably in the 'C; chair conformation. Table
1.2 Tists the mean values lor principal Llorsion angles for the three most common native

s,

Table 1.2 Mean vajues for principal torsion angles (7]

(o3 d 113 20 e =54
B &1 112 12% 56 =50
¥ o 110 23} ) -2
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Saenger”” and Harata® defined parameters for describing the macrocyclic symmetry of
D molecules. The O4 atoms are used to construct polygons that deline sevetal
parameters describing the macrocyclic symmetry of a CD molecule. These paramelers are

iNustrated schematically for a-CD in Figure 1.7,

Figure 1.7 Schematic diagram of the O4 polygon for o-CD

The parameters are the 04 distance 1oy the polygon centroid, r [the centroid is abbreviated
as C in llgure 1.7), the O4--04" distance. 1. the O4--04%-04" angle, a, the
040404 torsion angle, t, and the deviation ol each atom from the mean 04
plane, d. Other useful parameters that are not directly defined by this polygon are the
02--03" distance, the intersaccharidic bond angle. ¢, defined by C1'-04-C4, and the ik
angle of a glucopyranose unit which can be defined in lwo ways. The first tilt angle
definition 7, is the angle that the mean plane through atoms C1, €2, C3. €4, €5 and 05

makes with the line orthogonal to the O4 mean plane, whilst the second tilt angle



definition 2 is the angle that the mean plane through atoms O4, C4, C1 and 04" makes
with the 04 mean plane, [deally, both definitions should yield the same values but this is
often not the case due to the slight distertions of the glucopyrunose units. Positive valucs
and negative values for the tilt angles indicate that the glucopyranose units on the primary
side Lt towards and away from the cavity respectively. Comparisons of all the above

defined parameters are listed for o, [} and y-CD in Table 1.3,

Table 1.3 Structural parameters tor a-CD. B-CD and y-CD

Parameter

04-C/ r[A] 42 5.0 59
O4--04' 1A 42 P 45
040404 [ 2 [4]% 120 128 132
Od--O4'--0d"0d" i t |17 5 5 2
Planarity of 04 polygon £ [ﬁ;j - 0407 thidd 102
0203 [A]Y 345 2.92 2.84
C1-04-C4/ o [”]*-"-' 1154 117.7 115.0
Tilt angle / =; |°] =114 P45 145
Tilt angle / 72 |7 +13.% PESE i7"

Hydrophobic and Hydrophilic Character of Cyclodextrins

Figure 1.8 is a schematic representation of the native CDs as well as their physical
dimensions. The secondary and primary hyvdroxyl groups are on opposite sides of the CD
and these sides are thus denoted the secondary and primary faces respectively. The
primary tace is narrower, therefore giving the CD the shape of a *truncated cone’, This is
a result of the O2-11--03" and O2-+11-03" intramolecular hydrogen bonds which widen
the secondary sides of the CDs. The presence of the hydroxyl groups vn the outside of the
CD is responsible for its selubility whilst the glycosidic O4 atoms and hydrogen atoms of
the methine [those of C3 and C5] and methylene [those of C6] that line the inner wall of

the CD arc responsible for the hvdrophobic character of the cavity. There is also a dipole



maoment parallel to the pseudo-symmetry axis as a result of there being twice the number

of hydroxyl groups on the sceondary side when compared Lo the primary side.

Secondary face
13.7A 02-H

7.BA

Primary face 05-H

{a)

Figure 1.8 Schemalic diagram illustrating physical dimensions of (a) o-CD, (b) 3-CD
and (¢} y-CD [adapted from relerence 72]

Cyclodextrin Inclusion Complexes

Driving forces for complexation

As alluded to earlier, the formation of cyclodextrin inclusion complexes, and their
associated advantages, were known by the end of the 1960s. The driving forces for
inclusion are not entirely understood but there are several lactors that are thought
contribute to the overall process.™ ™ One of the initially implicated lactors was thought to
be a replacement of ‘high-enthalpy’ water molecules with the relatively morc
hyvdrophobic guests, as illustrated in Figure 1.9, These apolar-apolar intcractions were
thought to be energetically more lavourable than the polar-apolar interactions when the
cavity is occupied by water. The other forces such as van der Waals, hydrogen-bonding
and hydrophobic interactions as well as CLD strain release on complexation were thought
to be the secondary forees. However, a recent review of the driving forces im the
inclusion complexation of CDs,™ assigns more weight Lo the latter forces [except for the
release ot conformational strain| than to the exclusion ol cavity-bound water, and found
that enthalpy and entropy changes of complexation were not good criteria for judging the

eltect of a driving force, due to the enthalpy-entropy compensation that takes place.
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Figure 1.9 Schematic diagram of the inclusion of guest and expulsion ol water [O] on
inclusion complex formation. The green arrows | -+ lindicate  attractive
tnteractions of water with hydrophilic portions, whilst the red arrows [ 9
indicate repulsive interactions of water with hydrophobic portions. [adapted
lrom reference 72

Gruest oriendation

The oricntation of the guest s determined by size and shape, dipole alignments and
hydrophobic aitracttons. The end of the guest molecule that best fits into the cavity couid
be a determining factor in guest orientation in the CD cavity. The native CDs also exhibit
dipole moments as a cesult of the greater number of hydroxyl groups on the secondary
tim of the CD. {the dipole moments of aromatic guest molecules have been observed to
be anti-parallel to that of their host CDs.™" Careful analyses of computer-generated
molecular lipophilicity pattems [MLPs] have shown that there is a close relationship
between the hydrophobic and hydrophilic regions of UDs and the guests that they
include.™ Figure .10 shows MI.Ps for the native CDs with dark blue and yellow regions
representing hydrophilic and hydrophobic regions respectively. These show that the inner
wiills of the cavity are hydrophobie whilst the sccondary rim is more hydrophilic than the
primary rim. The hydrophobic part of the guest aligns with the hydrophobie cavity and
the polar group is located close W the secondary hydroxyls or even on the outside of the
cavily. These pailems are reversed with per-O-methylated CDs and thus the guest

oricntations are usually reversed within the cavities of these hosts.
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Figure 1.10 MLPs of «-CD (top), B-CD (middle) and v-CD (bottom). Piclures on the lfefi
are views ol closed and bisected CDs with the secondary rim on top. Pictures
on the right are views onto the primary and secondary rims. [adapted from
reference 67)

Methylated Cyclodextrins

479
7 and have

Native cvelodextrins have low solubilities, especially in the case of pB-CD.
been chemically modified Lo ingrease their solubilities. B-CD has been methylated for this
purpose at the O2 and 06 positions to form heptakisi2.6-di-O-methyl)-Pf-cvelodextrin
[DIMER, and additionatly at the (03 position o form heptakis(2.3,6-tr-O-methyl)-[3-
cyelodextrin |[TRIMLB]. The siructural modifications to the glucopyranose unit are

presented in Figure 1,11,
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Figure 1.11 'The positions of methylation for the glucopyranose units of {a) DIMEDR and
(b} TRIMER

Packing Arrangements in Cyclodextrin Crystal Structures

Caira has recently reviewed the phenomenon of isostructurality amongst eyelodexirin
complexes.® Tsostructurality is the phenomenon whereby two or more crystalline phases
have identical or quasi-identical packing motifs™ and thus necessarily have similar umt
cell dimensions and a similar intemal arrangement of molecules. As a result, common
aloms of these phases thus have approximately the same three-dinensional coordinates.™
For cyclodextrin complexes, which normally are lemary systems consisting of CT), guest
and water molecules. this usually applies only o the mflexible portions of the CT)
molecule.” This gives rise lo complexes with similar unit cell dimensions and packing
maotifs. The packing motifs {or B-CD. vCD, DIMEB and TRIMEB are discussed next.
with those for -CD illustrated schematically beeause it has by far the largest number of
packing motifs. The packing motifs ol the other CT} complexes are common to those of

B-CT} or vaniations of them.

Packing Arrangements of B-CD Species

The packing motifs of B-CD structures can broadly be ecategorised into monomeric,
dimeric [two B-CD molceules that are linked st their secondary faces by multiple
hydrogen bonds] and tetrameric structures [consisting of two dimers]. The monomeric
packing arrangements arc hersingbone [P2,], brickwork [P24], zigeap [P2,2,2,], laver

[P2,] and helical channel [F6,] which are presented schematically in Figure 1,12,
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Figure 1.12 Monomeric packing arrangements for B-CD structures are of the type
herringbone [HB], brickwork [BW], zigzag [ZZ], layer [LY] and helical
channel [HC| [Adapted from reterence 83 ]



The dimeric structures of 3-CT are channel TP1 or C2], screw channei |P2,], chessboard
[€:222] and intermediate [P1]. These are presented schematically in Figire 1,13, The
majority ol i-CD complexes consist of such dimers that are formed by head-to-head
stacking stabilised by multiple hvdrogen bonds across the secondary rims. In this manner
a larger cavity is created allowing for the inclusion ol bulkier guests. The tetrameric
packing arrangements are lelrameric intermediate [Pl]| and tetrameric chessboard [P2]

and are also illustrated schematicaliy in Figure |13,

Packing Arrangements of v-CD Species

The packing arrangements of y-CD structures are herringbone type [P2y] for the

uncomplexed molecule and channel type [P42,2] Tor the inclusion complexes.

Packing Arrangemcnts of DIMEB Species

The packing arrangements ol DIMEB itsell’ and its inclusion complexes vary from
channel type e modified brickwork and herringbone type packing, The structures
crystallise in the space groups P2, and P2,2,2,. The DIMIL:2 molecules are stacked in a
head-to-tail lashion with the guest located either in the cyclodexirin cavity or in the

interstitial sites.”

PPacking Arrangemcnts of TRIMEB Species

The majority of TRIMEB crystal structures display a screw-channel lype packing
crystallising in the space group P2,2,2;. Two TRIMEB crystal structures have been
reported in the monoclinic space group P2, namely the butamben-TRIMEB® and (12)-
ajnene-TR]MEBSﬁ complexes. The former complex displays a channel-tvpe packing with
successive layers of complex units having alternating polarities. whilst the latter Torms
channels as a result of translated vnits. Each one ol the monoclinie complexes is the first

member of 8 new isostructural series.
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Figere 1.13 Packing arrangements of f-CD complexes that are {a) dimeric - channel
[CH]. screw channel [SC], chessboard [CB], intermediate {IM] and (b
tetrameric - tetrameric intermediate [TT), tetrameric chessboard [TC]
[adapted from reference 83].



Application in the Pharmaceutical Industry

CDs have many applications in the food, pharmaceutical, biomedical and analytical
industries, but in this section a brief summary will be given of their application in the
pharmaceutical industry. as the title compound is a drug molecule. The pharmaceutical
nse of cyclodexiring as drug carriers has been extensively reviewed.''™ ™™ The
encapsutation ol drugs within CDs may eliminale potential problems such as
photodegradation, racemisation, isomerisation, hydrolysis, oxidation, decompaosition and
polymorphism. The encapsulation may also mask bad odour or taste of drugs which
would be advantageous in the paediatric oral application of the drug.™ Other associated
advaniages of encapsulation may be the fixation of aroma-containing drugs or volatile
drugs. the formulation of llquid drugs as solid formnlations, increased solubility of the

drug and therefore increased bioavailability.

The many applications that CDs may have in the pharmaceutical mdustry have also
necessanly  spawned studies on their toxicity, carcenogenicity. mutagenicity and
teramv_g,ﬂni:.:it}'.”gI Oral administration of the native CDs was found to be relatively safe
with only very high congentrations causing damage to human erythrocytes,” Most of the
{Ds were found to be depraded by the intestinal flora in the colon, The methylated CDs
have been found to have a higher toxicity, which presently limits their use in the
pharmaceutical industry. However, these systems may serve as madels for the mode of

inclusion of the title deng, which is discussed next.

Tulobuterol

Background

Tulobuterol | 2-chloro-c-||{1,]1-dimethylethyl)-amino|-methyl |benzenemethanel]  falls
into a category of compounds known as B-adrenoreceptors whose development over the
last one hundred vears towards the treatment of asthima and chronie bronchitis, has
recently been reviewed.”' Bullowa and Kaplan first reported the use ol compounds of this
¢class for the treatment of asthma in 1903 when they discovered that subcutaneous

injections of adrenaline dramatically relicved the symptoms.”’ Adrenaling proved to be an
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undesirable drug due to s many side effcets such as hyvpertension and metabolic
instability, When the structure of adrenaline became known, atempts were made to
synthesise analogues with more advantageous properties. The synthesis ol isoprenaline™
wits the first of many atiempts that made significant progress towards climinating the side

) .
1" and terbutaline™"’

cffects associated with adrenaline. However, it was salbutamo
that became the first to be in “general clinical use™.” After the success of salbutamol and
terbutaline various congeners appeared and tulobuterol forms part of this “first wave™.”
It was tirst prepared by Kato and Kurata in 1973.% Kubo et af. showed that tulobuterol
had a sustained cffect on the bronchial smooth muscle of up to ten times longer than

salbutamol.””

The drug has been administered mainly by inhalation but recently a
tulobuterel patch, that administers the drug transdermally, has been introduced. The
tuwlobuterol patch has becn deemed safe and efficacious in the [ong-term management of

childhood asthma.'"™

Salts of tulobuteral

Tulobuterol is marketed and administered as the hvdrochloride salt racemate [itlustrated
together with the free base in Figure 1. 14]. which in itsell’ exhibits polymorphism. Saito

et al. perlormed studies on the relationship beoween the physicochemical properties and

crystalline forms of the sall from a thermuanalyticatm[

in2

and  crystal  structure
perspective.” ™ Three polvmorphs and a hydrate of tlobuterol hydrochloride were
isolated and the thermodynamic stability relationship between the polvmorphs was

investigated and related to the crystal structures.

{a) (b)

Figure 1.14 Schematic diagrams ol the (a) hydrochloride salt and (b) free basc ot
tulobuterol. The chiral centre is denoted with **°.
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Motivation and Ohjectives of the Study

[n this study the racemic free base, prepared from the commercially available
hydrochloride sal, was used. The motivation lor the lree base preparation was to
investigate the CD inclusion of the derived species, IT successlul the encapsulation in
CDs would present several advantages, namely (a) the provision of previously
unexplored CD-tulobuterol inclusion complexes [elfectively ‘new chemical entities™ |, (b}
elimination of potential problems that could arise with the currern use of the
hydrochloride sal, which is prone to polymorphism, and (c) possible improvement of
tulobuterol performance [drug stability, enhanced dissolution rate], as illusirated for
many drugs formulated as their €13 complexes.”” The polymorphism of the free base
itself was also investigated, not only for academic interest, but to extend the chemistry
snd pharmaceutical appiications of tulobuterol. Preparation of other salts of tulobuterol
wias also attempted in order to derive potential alternatives to the cwrrently used

hydrochlonde forn:.

The aim of this study was to prepare and isolate polymorphs, cyclodexirin complexes and
salts of tulobuterol. Polymorph preparation was attempted using as many of the methods
described in this chapter as feasible. Cyclodextrin complexation was attempted using B-
CD, v-CD, DIMEB and TRIMER as hosts. Ailternative tulobuterod sait preparation was
allempted using {R.R)-tartaric acid, succinic acid and benzoic acid. Isolated species were
studied by thermoanalytical, speciroscopic and X-ray dillraction technigues and as Lar as
possible correlations were dravn between them, X-ray dilTrction studies included single
crystal structure analvses and powder diffraction methods to complement the lormer.
Thermal analyses were used to establish thermal stabilities and in the case of polymorphs,
stability relationships. Spectroscopic studies were used 10 a lesser extent, but were

neveriheiess emploved to provide additional information where relevant.



Materials

Tulobuterol hydrochloride was purchased from Sigma Chemical Company [5t. Louis,
Missouri, USA] and used as received for the free base preparation. The free base was
preparcd by the excess addition of 1.0 M NaOQH to an aqucous solution of tulobutcrol
hydrochloride. The free base was then extracted from the aguecous phase using
dichloromethane after which the product was obtained by tast cvaporation of the solvent
on a rotary cvaporator. The host compounds G-cyclodextrin, y-cyclodextrin, DIMEB and
TRIMED were obtained from Cyclolab | Budapest. Hungary] and used as received.

Preparation Methods

Slow cvaporation and slow cooling were used for the preparation of crystals of
polymorphs, cyclodextrin complexes and  salts  from  their saturated solutions,
Cyclodextrin complexes werc initially prepared by kncading aficr which single erystals
were obtained by the above methods. Kneading involved making a paste of the
cyclodextrin with water using a mortar and pestle. An equimolar amount of drug was
then added alter which kneading continued for an hour. The consistency of the paste was
maintained by adding an appropriate amount of walter during this period. Before slow
cooling and/or slow evaporation continued for all preparations. the solutions were filtered
with a 0.45 um microfilter in order to encourage the growth ol larger crystals. More

detail about the preparation of each species will be given in the appropriate chapters.

Microanalysis

The carbon, hydrogen and nitrogen content ot prepared compounds was determined using
a Fisons EAL1108 CHNS-O Elemental Anatyser. The polymorphic and salt compounds
proved to be anhvdrous from thermal analysis but were dricd under vacuum helore
analysis to evaporate any surface sofvent. Cyclodextrin inclusion complexes were dried
under vacuum before anatysis but due o their hygroscopic nature [specifically the B- and
y-CD complexes] still contaimed water on analysis. Thermal gravimetric analyses of these
compounds were thus performed concurrently in order to ascertain their water content al

the time ol their microanalysis. In addition to microanalysis confirming the purity of the

T



prepared species, it also provided additional information. the nature of which depended
on the species. In the case of polymorphs it confirmed whether the species were
polymorphs or solvates. whilst it was used to establish the host:guest and cation:anion

ratios for the cyclodextrin complexes and tulobuterol saits respectively,

Thermal analyses

‘Thermal analvsis involves heating or cooling a sample at a controlled rate and observing
the physical changes associated with the temperature changes. In this study thermal
analysis comprises hot stage microscopy [1TSM]. differential scanning calorimetry [DSC|
and thermogravimetric analysis [TGA]. All three technigues are used in conjunction to

elucidate the physical changes that take place.

HSM provides 8 quick and sample-inexpensive means of qualitatively analysing for
possible polymorphism, complexation or salt formation. [nformation may be also he
recorded visually that may not be apparent from DSC and TGA. DSC is used to
guantitatively determine onset temperalures [Tqq] of fusion, dehydration, recrvstallisation
and transformation and ¢an indicate complexation, polymorphism or salt formation. It is
ulso wsed to determine the enthzlpy changes associated with these events that is
purticularly important in the determination ol stability relationships of polvmorphs, TGA
is used Lo determine mass loss of 2 sample on heating thus allowing lor the determination
ol the mass per¢entage ol included soivenl. Both DSC and TGA were performed on a
Perkin Elmer PC-7 Series instrument, a dual system that consists of 8 PE DSC7
Diflerential Scanning Calonimeter and s PE TGAT Thermogravimetric Analyser. Uniess
specifically stated otherwise, all DSC and FGA runs were performed at 10 Ki/min under a

nitrogen flow rate of 30 ml/min.

Hot Stage Microscopy [HSM}

A Linkam TP92 temperature control unit Hnked to 2 Linkam TH MS000 was used to heat
the crystals at a controlled rate. Visunal characterisation of this process was made possible

by a real-time Sony Digital Ilvper 11AD colour video camera fitted to a Nikon SMZ-10



stereoscoplc microscope. Images that were recorded were analysed by the Soll Imaging
System, analySIS.'™ Silicone oil was used in appropriate cases to indicate the possible
inclusion of solvent, as would be suggested by bubbling ol the liquid medium on

desolvation,

Differential Seanning Calorimetry [DSC]

DSC experiments measure the dillerence in energy inpul betweett the sample and
reference pans whilst maintaining the heating rates of the two pans. Thermal events such
as lusion and dehydration require a higher energy input lor the sample L maintain its
heating rate relative to the refercnee pan whilst recrystallisation of the melt requires less
cnergy input relative to the referenee pan. Prior to the analysis, 0.8-5.0 mg of the sample
was placed in a crimped. vented aluminium sample pan, whilst the reference pan was left
cmpty. Onsct temperatures of thermal events | Ty, in °Cl. indicated by endothermic and/or
exothermic peaks, their temperature ranges as well their associated enthalpies [AH in 1/g]
were measured. The DSC analyser was calibrated against the melting points of indium

{156.6°C) and zinc (419.5°C} and the lusion enthalpy of mdium (28.5 J/g).

Thermal Gravimetric Analysis [TGA]

TGA viglded mass loss ol the sample upon hcating it at a controlled rate. An open
platinum pan was used, which was connected to the hanging wire of a thermobalance.
The mass loss could be used e determine qualitatively and quantitatively the presence of
meluded solvent. Buill-in procedures for furnace and mass calibration were used to

calibrate the T'GA analyser. The furnace was calibrated by measuring the Curie points ol

alumel (163%C) and nickel (354°C).

Scanning Electron Microscopy [SEM]

SEM was used to investigate visually marpholegical differences between polymorphic
crystals, which ¢ould thus be studied 10 a greater magnification and detail. Morphological

and crystal surface differences can account for diflerences in filtering and drying



behaviour. whereas using SEM to momior the growth ol one polymaorphic crysial on
ancther, could aid in the undersianding of transformation between different crystal

modifications.'™

Samples were mounied on aluminium stubs coated with carbon glue, They were then
sputter-coated with gold palladium. using a pulse coating technique. l'or polymorphic
Form 1 of tulobuterol an accelerating voltage of L0 kV. probe current of 200 pA,
warking distance of 16 mm and magnification of 673x were used. For polymorphic Form
2 ol tulubuterol, photographs were recorded employing an accelerating voltage of 10 kV,

probe current of 20 pA, working distance of 22 mm and a magnification of 214x.

Fourier Transform Infrared Spectroscopy [FTIR]

FTIR spectroscopy was used fo investigate possible differences in the N-H and G-H
stretching frequencies as well as in the fingerprint region for the polymorphs of
llobuterol prepared in this work. Although it is a technigue used primarily for the
investigation of molecular properties, rather than solid-state properties. polymorphs often
exhibit differences in the above siretching frequencies as a result of different hydrogen
honding environments. This lechnique is thus a possible diagnostic tool. FTTR spectra
were recorded on a Perkin-Llmer 983 FTIR spectrophotometer over the range 4000-600
e, Samples were ground in Nujol mull and the percentage transmittance recorded

againgt frequency.

Solid-state Nuelear Magnetic Resonance Spectroscopy [SSNMR]

SSNMR is increasingly used in polymaorphic studies as it provides information on the
environment of individual atoms. thus allowing for the monitoring of crystal and

"3 This can thus scrve as a diagnostic ool for polymorphism and

molcewlar changes.
provide information that complements that obtained by single crystal X-ray analysis. He
SSNMR spectra of polymorphs were recorded on a Varian VXR 300 M1z spectrometer
equipped with a Jacobson-sivle CP-MAS probe. Samples were run over a petiod of 3.5

hours.
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X-ray Crystallographic Analysis

Single crystal X-ray Diffraction

Single crystal X-ray crysiallography was the main tool used in this study for structure
elucidation. Single crystals were obtained for all new species reported in this study.
Crystals of dimensions 0.1-0.5 mm in all dimensions were selected for X-ray analvsis,
Crvstals were mounted on a glass fibre and covered with Paratone N oil'™ to prevent
dehydration in the case of solvated crystals and to “glug” the crystal to the glass libre
when cooling the crystal for low-temperature data collection. The glass libres were

mounted on goniometer heads.

X-ray Photography

X-ray photography was used 1o establish preliminary unit cell parameters and Laue
symmetries. Oscillation and 0-level Weissenberg photographs usuvally sufficed for this
purpose, X-rays were generated on a Philips PWI1120/00 generator using Ni-fillered
CuKa radiation [1.5418 A} produced at 20 mA and 40 kV. The photographs were

recorded on a Stod goniometer with a film radius 0f 28.65 mm.

Oscillation photography

Oscillation photography was used lor determination of one unit cell axis as well as
determine any symmetry associated with it.""" A crystal was mounted on a8 goniometer
head so that one of the cell axes was parallel to the oscillation axis and vrthogonal to the
X-ray beam. This alignment was done photographically with a series of short oscillation
photographs and was a prerequisite lor the accurate cell axis determination as well as for
Weissenberg photography. The cell axiz length and associated symmetry were

determined from a full oscillation photograph.

Weissenberg photography

Weissenberg photography was used to determine the remaining two cell axes, their

[1¥E)

associated symmetry and the angle between them."™ In most cases. the 0-level line on the
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ascillation photograph was chosen. In order 1o restrict recorded rellections to this line g
metal encasing with a narrow slit on the inside of the camera was used. By moving the
camecra at the same time as oscillating the ervstal, reflections contained this line wers

spread over the film creating a distorted, two-dimcnsional ditfraction pattern.

Intensity data-collection

Reflection intensity data were collected on a Nonius Kappa CCD Single Crystal X-ray
Diffractometer using graphite-monochromated MoK radiation [(.71073 A]. A Nonius
IFR390 penerator, operated at 23 mA and 53 kV, generated radigtion. Data-collections
were performed at room [-298K] and low |113-203K] temperatures, with exact
temperatures for each data eollection given in the appropriate chapters. Low temperatures
were maintained by a constant N pas tlow rate of 20 em’/min produced by a Cryosiream
cooler [Oxford Cryosystems). Cell refinement and data reduction were performed by
DENZO and SCALEPACK and data were corrected for Lorentz-polarisation effeets.”
XPREP'"™ was used to determine/confirm space groups by examining system ahscnecs

and to prepare the SHELX8-97"" Input files.

Crystal Structure Solution and Refinement Programs

The structures presented in this thesis were solved using different structure solution
programs and g variety of methods depending on the size of the structure, quality of the
data and nature of the problem. SIILXS-97""" swas used to solve smaller structures, such
as those of the polymorphs and salt compounds. This program was however not adeguate
for the CD complexes due o the poot difftaction that crysials of these compounds
exhibit, as well as their larger structures. CIY structures were solved by isomorphous
replacement in cases where isostructural complexes existed, using the coordinates of their
cvelodextrin non-hydrogen atoms. An alternative to this method was to use SHELXD,'"
a program specifically designed for solving larger structures. All structures were relined
on F? using full-matrix least-squares in the program SITELXL-97."" Both SHLELXS-97'"
and SHULXL-97"" were accessed via the X-SFUD'" interface. More detail on
SHELXD'" and SHELXI 97" fullows below.



SHELXTD)

SHELXD'"! is a program used to solve larger ab initio problems than those amenable to
solution with SHELXS-97."" The structure solution strategy of this program is based on
the dual-space itcration strategy, called *Shake-and-Bake’,'' and has been coined the
“half-baked’ method.''* Convential *direct methods® have successfully solved only a few
structures that have more than 200 independent atoms, "' whereas the dual-space iteration
sirategies have solved structures of up to 1068 independent atoms wilh native data to atl

least 1.2 A resolution.

SBELXL-97

Model refinement was done in SHELXI1-97"" emploving full-matrix least-squares

minmzation ol the [nclion ¥

s

w(F*-F.°), the weighted sum of the squares of the
differences between the observed and caleulated intensities. The refinctnent of the model
was monitored by assessing the residual index. R, defined by By or wRs. By |equation
(2.1)] represents the agreement between observed and calculated structure factors, whilst

wRa [equation (2.2)] represents the agreement between the obscrved and calculated

intensities.
R =[%|[F]-[F|}/Z]F, (2.1)
wR: = { | Zw(F,-F ) |/ Ew(F Y]} (2.2)

The parameter w in cquation 2.2 refers to the weighting scheme thal was vused in the fina!

cycles of the refinement, and is defined in equation 2.3.
w= 1/| 6*(F})+ {aPy¥ + bP| (2.3)

where the terms a and b are chosen (o yield constant distributions of wik,” —F2 jl1 with

sin O and [IFJI"MJ"Z and P is defined in cquation 2.4

P= [max(F,,0)+2F.|/3 (2.4)
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The goodness of Iit, §, is delined in equation 2.5
S=[2Z [w(F, -F ¥ ¥ {np)]"? (2.5)

where n and p represent the number of reflections and total number of relined parameters
respectively, For well behaved refinement 8§ should be close to umity and the

overdctermination ratio, nfp, should be at least ~ 10,

A measure of the agreemenl between all equivalent reflections is given by Ry, defined in

equation 2.6
Rii =2 [Fo'— Fo vican | L Z [F7) (2.6)

Powder X-ray Diffraction [PXRD]|

PXRD was used to determine charaeteristic *fingerprint’ traces of crystalline materials.
This technique can uniguely identify materials thus allowing for the identilication of new
species of polymorphs, cvclodextrin camplexes and salts.  This technique is especially
uscful in the abscnce of good quality single crystals for single crystal structure
determination. Polymorphism c¢an be detected due to different packing arrangements that
they exhibit. CD complexes also usoally have very different traces from those of the
parent CDs duc to their different packing arrangements. Complexation is proven if the
trace is difterent from that of the drug and host, as well as a physical mixture of the latter
two, or it it corresponds to that of a known complex of the particular CL, the latter

indicating isostructurality.

Powder patterns of ground samples were recorded on a Philips PWI1050425 vertical
goniometer with Ni-filicred CuKo radiation {4 = 1.5418 A) produced al 40 kV and 25
mA. Samples were packed in aluminium or glass sample holders and step scans of 0.1 28,
with 2 s counting times, in the range 5-40° 26 was emploved. In cases where sample
material was limited, PXRD pattermns were recorded using a Huber Imaging Plate Guinier

Camera 670. All samples were manually ground and packed into Lindemann capillarics
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with an internal diameter of |mm and a glass thickness of 0.0lmm. The capillancs were
obtained from Hilgenberg, Germany. Nickel filtered CuKix radiation |3 = 1.5418 A
produced at 40 kV and 20 mA by a Philips PW [ 120/00 generator fitted wiath a Huber long
tinc focus tube PW2273/20 and a tluber Guinier Monochromator Series 611715, was
cmployed. For high temperature PXRD the Huber High Temperature Controller HTC
9634 unit was used with the capillary rotation device 670.2. A 20 range of 4 to 100.0°
was used with a step size of 0.005° 28.

For each successfully determined singlc erystal structure LAZY PULVERIX''® was used
to generate a computed PXRD trace. These were compared with expetimental traces Lo
establish whether any phase transformations had taken place upon grinding the material

in the course of preparation for the analysis.

Computer Packages

The tfollowing computer packages were used in the crystal structure analvses of the

various compou nds:

- LAYER' was used to examine simulated graphic representations of the reciprocal
lattice layers in order to confirm Laue symmetries and reflection conditions in cascs

where X-ray photographic data were absent,

- Pov-Ray'"™ and Weblab ViewerPro''” were used for the gencration of molecular and

structural diagrams.

- Ortep-3'"" was used for generating molecular diagrams with theemal ellipsolds drawn at

a specilied probability level.

- LAZYPULVERIX'" was used to gencrate computed powder X-ray diffraction traces
from single crystal X-ray structures. ‘The input for this program included space group

information, fractional atomic coordinates and thermal parameters.
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- X-SFED'" was used as a graphical interface from which LAZYPULVERIX,'"
LAYLR.'" SHELXS-97'% and SHELXL-97""" could be run.

- PLATON"' was used to calculate the geometrical parsmeters and mon-bonded
interactions, together with their associaled standard deviations, of each structure. The
eegmetrical parameters included bond distances. bond angles and torsion angles, whilst
the non-bonded interactions included hvdrogen bonding. m-m-ring, and C-l11--n-ring

inleractions, as well as shott intermolecular contacts.

- The Cambridge Siructural Database™ was used to obtain unit cell parameters, space

group information and {ractional coordinates of structures where appropriate,

Additional Resonrces

Crystallographic information on each ol the solved structures v this thesis has been
stored on a compacl disk, attached o the inside cover of this thesis. The files are stored in
the folder Appendix A in a subfolder with the abbreviation of the structure that was used

in the thesis, Table 2.1 lists the file types and the information that they comtain.

Table 2.1 File types in Appendix A and the information that they contain

File extension Informuatinn
HKL Retlection data
.RES SHELX type coordinate file
.CIF Crystallographic Information File
.FCF Structure factor tables
XL SHELX output file

] PLATON output [ile listing all geometric
L5 pararmeters ol a siructurs
PLATON output lile summarising

SUp selected mformation from LIS lile in

tabulated torm




Chapter 3 - Tulobuterol ®olymorphs







Polymeorph Preparation

The free base of wlobuterol was prepared by adding an excess of 0.1 M NaOll to an
aqueous solution ol the hydrochloride salt. Following this, the resulting free base was
extracted into dichloromethane, alter which solvent evaporation on a rotary evaporator
yielded Form 1. Subsequent recrystallisation from a variety o[ solvents could also lead to
Form 1 as indicated in Table 3.1. Form 2 preparation conditions were very specific and
single crystals could only be reproducibly obtained from a solution of 20 mg of the free
base [Form 1] in 3 ml 50:50 water:methanol. The solution was prepared at 25°C’ and
allowed to evaporate slowly to yield crystals over a period of two weeks, Any attempt Lo
increase the mass ol the crystallised product vielded Form [ exclusively or a mixture of
the two polymorphs. Solvents thal also produced Form 2 exclusively, but not always
reproducibly, were tetrahydroluran, 1-propanol and diethyl| ether. These did not vield
suitable crystals due to the high solubilily ol tulobuterol in these solvents and were not

the solvents of choice for Form 2 preparation.

The preferred method in the search [or other polymorphs was crystallisation from various
sulvenis dug to the sase and speed ol using this method, although the high solubility of
tulobuterol in most organic solvents rendered the latter unsuitable lor single crystal
preparation. These solvents, as well as allernative preparative methods, are listed in Table
3.1. All the methods were largely unsuccessful and only resuited in the isolation of
existing polymorphs, except [or a third form |Farm 3| that was prepared by
recrystallisation of the melt. Form 3 was prepared by the natural cooling of molien Farm
1 or Form 2 in an aluminjum pan alter Dillerential Seanning Calorimetry analysis.
However, many atiempls to obtain a powder X-ray diffraction trace to confirm it as a new
polymorph were unsuccessful. Possible reasuns for this will be given later in the chapter.
Artempts were also made to use Form 3 in seeding experiments for single ervstal or bulk
powider preparations bul these were unsuccesstul. Thus, both the preparation and analysis
of Form 3 were restricted to DSC analysis and therelore are discussed in the Thermal
Analysis section only. Reference to polymorphs ol wiobuterol hereinalier pertains to

Form 1 and Form 2 only, unless stated otherwise.



Concenteation  Crastallising form

{my/‘ml)

‘rystallisation from single solvent systems*
Water 2 IFnrm 1
[i*vridine 48 IFurm 1
Ethyl acetate 20 IFurm 1
[ichloromethanc 10 IFDrm 1
Acetone 5 IFnrm 1
[Hexane 25 ]Furm I
Tetrahydroluran 10 IFurm 2
IDiethyl ether 20 IFﬂrm 2
1-Propanol 20 Form 2
|Methanul 20 Form 1/ Form 2 mixiure
[Ethanol 20 IFurm 1/ Form 2 mixtuyre
Tetrahydrofuran 73 ]Fﬂrm 1/ Form 2 mixturc
Carbon letrachloride 30 ]Furm I/ Form 2 mixiure
Isopropano] 10 [Form 1 / Form 2 mixture
Crystallisation from binary solvent systems
Water:Butanal (1:2 viv) 6.7 orm 1
[Water:Methanol (131 v/v) 6.7 IFurm 2
Bublimation nia [Form 1
Vapor diffusion®
ICarbon tetrachloride® Methanol (25 viv) 2.9 IFﬂrm 1
Pyriding®; Water (1:5 viv) 3.3 IFﬂrm 2
Frystaﬂisatiun from the melt /2 Il‘ﬂrm 3
Frinding of either Form 1 or Form 2 n'a IN-:} elfect

* Due to the high solubility of twlobuteral in the Nsted solvents, all solutions were
prepared at 25%C and left at that temperature for crystallisation to oceur
! Solvent, "precipitant



Microanalysis

The results of C, [1. N microanalvsis for the two poiymorphs are listed in Tabie 3.2, The
experimental values for Form 1 and Form 2 agree with their respective calculated values
within experimental crror thus showing a high degree of purily in their preparation. The
agreement ol Form 1 and Form 2 vaiues with the calculated values also indicates that

they are polymorphs and not solvated forms,

Table 3.2 C, H. N microanalysis results [n — 2] lor Form T and Form 2

Polvmarph Experimental Calentated tor CpHxCINO
Y C “%H VolN | % %H N
Form | 6349 761 593 | 6329 7.97 6.15
Form 2 63,66 821 6.14 | 6129 7.97 6.15

Scanning Electron Microscopy

SEM photographs were recorded of a representative crystal ol each polymorph 1o
examine their respective morphologies and to establish possible differences that might
exist between them. These photographs are presented in Figure 3.1. Form 1 has an
elonpated, flattened, prismatic shape whilst Form 2 has an equant, triclinic shape. These
diffcrences allow for the differentiation of the polymorphic crystals based on their

motphologies.

B i — 100 m

(a) (b}

Figure 3.1 SL'M photographs of (2) Form 1 and (b) Form 2
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Thermal Analyses

Hot Stage Microscopy

HSM was performed to characlerise the thermal events visually for the polymorphs on
heating, Crystals of the two polymorphs were placed side by side on a glass slide and
photographs were taken in the temperature range 40-100°C. These are presented in
Figure 3.2. The Form 2 crystal starts showing signs of melting at 83°C and is completely
melted by 86°C. ''he Form T crystal starts melting at 94°C and 15 completely melied at
93°C. The photographs indicate the distinct melting points of the two polymorphs,
Howcver, several crystals from Form 2 batches exhibited less straightforward behaviour,
In thesc cascs the crystals opacitied at ~80°C and then melted at the Form 1 melting
temperature, suggestive of a transformation of Form 2 te Form 1 upon melting. The
Form 2 crystals that transform or do not transtirm are hereinalter referred o as Form
2(Tr) and Form 2(NTr} respectively. A possible explanation for the existence of the two

types of thermal behaviour is given below.

Figure 3.2 HSM photographs at various temperatures ol a crystal of Form 1 [right] and
Form 2 [left]

4



Differential Scanning Calorimetry and Thermogravimetric Analysis

TGA analyses [not shown| indicated negligible mass loss for both Form 1 and Form 2 in
the range 30-100°C. thus confirming that they are not solvates. DSC analyses were also
performed in the 30-100°C temperature range and proved to correlate well with 11SM
findings. The DSC traces for Form 1, Form Z{NTr) and Form 2(Tr) are prescnted in
Figure 3.3,

70

60
Form 1

Bl e

40 Form 2(Tr)

- o o U £

30

Heat Flow f myy

20 -
EndoT Form 2(NTr)
10 -

30 40 50 60 70 30 a0 100
Temperature /1C

Figure 3.3 DSC traces of Form 1, Form 2(Tr) and Form 2(NTr)

Both the DSC traces for Form I and Form 2{NTr) exhibil a single endotherm [Form 1,
90-94°C; Form 2(NTr), 80-85°C] representing fusion. The DSC trace for Form 2(Tr) is
more complicated. as was expected from the TISM analysis. its DSC trace exhibits an
initial endothermn [#0-85°C]. lollowed by an exotherm [#3-90°C] and a final endotherm
[90-947C]. These respectively represent meliing of Form 2(T'r). rccrystallisation inlo
Form 1 and subsequent melting ol Form 1. These conclusions are consistent with those
drawn lrom HSM analysis with the exotherm corresponding to the opacification of the
crystals when cxamined by HSM. A plausible cxplanation for the behaviour of Form
2(Tr) crystals is that they arc contanunated with small amounts of Ferm 1, making the

only constitutional difference between Form 2(NTr) and Form 2(Tr) crystals the



presence of these Form 1 contaminants in the latter. Thus, at the Form 2 melting
temperature, the Form 1 contaminants are still onmelted, allowing them to act as seeds
for the recrystallisalion of the molten Form 2 into Form 1. Duc to the low level of
contamination the Farm 1 contaminants are undetectable by powder X-ray diffraction

analysis.

Separate DSC experiments were performed to prove that small amounts of Form 1
contaminants in Form 2{Tr) crystais could be responsible for the latter’s transformation
behaviour. A single, large Form XNTr) crystal was halved so that one half could serve
as a control and the other half sprinkled with Form I granules. The DSC traces for these
experiments are presented in Figure 3.4, The top trace represents the thermal behaviour
of the conteol. The sole endotherm at ~85°C establishes the crystal identity as Form
2{NTr}. The bottom trace represents the thermal behaviour of the other haif of the Form
2(NTr) crystal that was sprinkled with a small amount of Form 1 granules [7% of total
mass of analysed sample], it is consistent with that of Form 2(Tr), proving that the latter
is merely Form 2(NTr) contaminated with small amounts of Form 1. 'The ahove results

were reproducible down to 2 contamination level as low ag 1%

a0
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Figure 3.4 D5C traces of (g} Form 2(NTr) control and (b} Form 2{NTr} doped on the
surface with Form 1



Factors that arc known to influenec thermal behaviour, such as heating rates and crystal
sizes, were investigated but these were climinated as possible explanations for the
existence ol both the non-transiorming and translforming behaviours of Form 2 crystals,
as their variation did not change the observed behaviour of either type. Furthermorc, full
X-ray structure detcrminations camried cut en Form 2(NTr) and Ferm 2(Tr} crystals
were found to yicld identical results. These arc presented in the X-ray Crystallographic
Analysis section. The sub-classification of Form 2 inte Form 2(NTr} and Form 2(Tr)
crystals is thus relevant only in the context of the thermal behaviour. Tnterestingly, the
iransformation of the Furm 2 mell into Form 1 is thermodynamically favoured [see
Figure 3.6] but the existence of Form Z{NTr) thermai behaviour implies that therc is a
kinetic barrier for this to occur. The presence of the Form | contaminants facilitatcs
crossing of the kinetic bamier, enabling transformation to cccur. There is the additional
possibility that the presence or absence of lattice defects in Form 2 could account for the

differing behaviours displayed by Form 2 [as manifested by 2(I'r) and 2(NTr}.

It was found that Form 2 sample manipulation prior to DSC analysis could have an cffect
on the observed thermal bchaviour. The grinding of both translorming and non-
rranslerming Ferm 2 crystals prior to DSC analysis in some eascs led to only the Form 1
melting peak being obscrved, possibly indicating that transformation was induced upon
grinding. However, PXRD patterns of these ground materials unequivocally cstablished
their Identity as Form 2. The transformation of the ground crystals is thus net detected by
DSC analysis, indicating that prier grinding facilitates the ransformation on heating as a

result probably of'lattice strain or delects that are introduced upon grinding.

Anomalous thermal behaviour following grinding has alse been noted (or the polymorphs
of the tulobuterol hydrechleride salt.™ The unground Ferm 111 DSC trace has a similar
pattern to that of Form 2(Ir} of the free base, indicating transformation to the highest
melting ferm, Form I1, on heating. Howcever, when ground the initial endotherm
disappears and the YSC trace shows only the Form 11 endotherm. On the other hand, the
unground Form | DSC trace resembles that of the Form 2(N'Tr) free base, showing no
transformation to Form II, When ground prior to DSC analysis its pattcrn now

resembles that of the unground Form II1, indicating that it transforms 1o Form Il on



heating. PXRD analysis prior to DSC analysis also showed that these forms remained
unchanged, thus indicating that grinding facilitaled the transibrmations on heating. The
authors altributed this hehaviour to lattice strains induced by the grinding. The above
situations indicate thal due care must be taken when assigning polymorph identity of
ground forms 1o the higher melting form based on DSC analysis only and that assignment

of the ground [orms should abways be corroborated by PXRL analysis.

It was stated earlier that methods other than recrystallisation from solvents were employed
in an attempt 1o isolate different polymorphs. The only meihod to vield a positive result in
this search was recrystallisation from the melt by DSC experiment of either Form 1 or
Form 2. Figure 3.5 presends the observed traces [or Form 2 as starting material and its
reheat after cooling of the melt. Both fast and slow, controlled cooling of the melt [100
and | K/minute respectively, not shown] yielded no exotherm, indicating thai
recrystallisation did not occur. However, il the cooled matenal was immediately heated at
a rate of 10 K/minute. a very broad exotherm [60-76°C] and two overlapping peaks [76-
79°C and 79-84°C] were observed. The broad exotherm represents recrystaihisation of the
moelten Form 2, It is the appearance of the first endotherm in the trace that alludes to the
possible existence of a third form, Form 3, The second endotherm appears at 79°C,

which corresponds to the Form 2 melling temperature.
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Figure 3.5 Heating and reheating DSC traces for Form 2
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Il a lew minutes are allowed before rcheating the initial melt and the heating rate is
reduced to | K/minute the previously described broad exotherm becomes a clear, well
defined exotherm at ~30°C. The two overlapping peaks also become resolved with a
small exotherm evident between them. The paosition of the initial exotherm is obviously
dependent on the heating rale, as a slower heating rate will lower the recrystallisation
temperature,  If the sample was left long enough to completely recrystallise before
reheating, the above result could not be achieved, i.e. either a Form 1 or Form 2 peak, or
both appeared. Reheating the melt belore it recrvstallises at room temperature thus seems
t0 be necessary for recryslallisation into Form 3. Unfortunately. as stated earlier,
attempts to obtain & PXRI trace 1o unequivocally identify this form as a new polymorph
were unsuccessful. This could possibly be aseribed to practical considerations, such as
the necessary sample grinding before PXRD analysis, which could induce transforimation
of Form 3. Variable temperature PXRD was used o try and eliminate the need for
grinding malerial from DSC but this was also unsuccesslul in obtlaining Ferm 3, as
shown when the top trace in Figure 3.5 could not be reproduced when using variable
temperature PXRD to obtain the recrystallised material from the initial melt. This failure
could be a result of the PXRD conditions, ¢.g. heating rates and material onto which the

melt recrystallises, being different from those of DSC.

Stability relationship between polymorphs

The stability relationship between the polymarphs is discussed in this section as BSC
analysis was the main tool used for this investigation. T'he accurate heats of fusion, AH;,
and extrapolated omset temperatures. I'n for Form 1 and Form 2 are presented in Table
3.3. The reader is referred to Chapter 1 — Introduction [pages 4 - 7] for the theoretical

background on which the following discussion is based.

Table 3.3 Thermal data for Form 1 and Form 2 [n — 4]

Polvmorph Ty("C} AH; (. g"l AHp R mol ')
Foviid G0.9¢11.2) 364.0(0.2) H19(1.3} 27.110.3)
Form 2 B0.8{0.1) 754.0(0.1) T11.5(0.6) 75.4(0.1)




Table 3.3 shows that Form 1, the higher meiting polvmorph. alse has the higher heat of
fusion and thus, on the basis of Burger and Ramberger’s Heat of Fusion rule,™ this would
establish the stability rclationship as monotropic. In addition, Yu's treatment” of this
issue was emploved in order to confirm the stability rejationship, as well as obtain an
estimate of the transition temperature, ‘I, which for a monotropic relationship is virtual
as it lies either above the melting temperatures of the polymorphs or below absolute zero.
The vaiues obtained lor the various thermodynamic properties. to be used in Yu's derived
equations for the caleulation of Ty, were: AH, = -887 Jmol”', AS, = -0.434 JK 'mol”’, and
AGy — -733 Jmol™. Using these values Ty was estimated to be ~2040K. 'This value is,
however, very sensitive to the errors in the melting points and cnthalpies of fusion, and
should be considered a nominal value. It the reported standard deviations for the Ty
valpes are taken into account, the crror for 1 is as high as =500 K, being even higher if
the AH; standard deviations are considered as well. The small entropy dillerence implies
a small difference in the slopes of the G vs T curves lor Form 1 and Form 2 and is thus
consistent with the high value of Ty Values higher than these have been reported for
monotropically related ]:sulymUr|:nhs.‘23 A semi-cmpincal G vs T diagram of the above
results is prosented in Figure 3.6. The transtormation behaviour of several batches of
Form 2 to Form 1 |Form 2(Tr) thermal behaviour| is consistent with this monotropic

relationship as Figure 3.6 shows thar this transformation is thermodynamically favoured.

Form 2 %
G “J: e R
Form 1 ,_""-----._...:.".'.".__-.r..-
"‘,qu.
‘-
354 364 TIK 2040

Figure 3.6 G vs | diagram for Form 1 and Form 2 [not 1o scalg|
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The experimental densitics for Form 1 and Form 2 were determined to be 1.11(2) g cm™
and 1.132) g em™ respectively by floatation of the crystals in an aqueous Kl solution at
25°C. These densities are nol significantly dilterent but their nominal values apree with
those for the compuled densities of the room temperature polymorphic structures
presented in the next section [Table 3.4]. The lower nominal density of Form 1 is in
contrast to what would be expecied [rom the density rule of Burger and Ramberper™
IChapter 1 - Tuble 1.1] which stales that the stable form should have the higher density.
However. these authors have noted that there are exceptions to this rule and Bernstein' ™

has suggested that a caveat be associated with the use of it.



X-ray Crystallographic Analysis of Form 1 and Form 2

Single Crystal X-ray Diffraction

X-ray photography

X-ray photographic techniques were used to establish the preliminary unit cell parameters
and Laue symmetries of Form | and Form 2. The Laue symmelries were used 1o infer
the crystal systems lor the respective polymorphs. An oscillation photograph of Form 1
indicated no intcnsity symmetry but s symmetry was revealed by a O-level
Weissenbere photograph. This combined information indicated Laue 2/ symmctry and
therefore the monoclinic crystal system was assigned. An oscillation photograph for
Form 2 revealed no intensity symmetry whiist a (Hlevel Weissenberg photograph had
only the inherently present Laue 1 symmetry. On this basis, the triclinic crystal system

was assigned.

Data-collection and space group determination

Lyiffraction imtensities were collected on a Nonius Kappa CCD diffractometer at room
temperature [RT, 295K] and low temperature |LT, 173K]. BT data coliections were
performed to ensure that no phase changes were effected on cooling of the crystals. The
program XPREP' was used to determine the space groups of Form 1 and Form 2
respectively. [t indicated the monoclinic space group P2,/n (standard setting P24/¢, space
eroup No. 14) based on the reflection conditions hid : h+1=2n; 0k0 : k = 2n. Inspection
of the reciprocal lattice layers with LAYER'' confirmed these reflection conditions. The
crystal system of Form 2 was determined fo be triclinic from the preliminary
photographic data. Laue symmetry 1 was confirmed lor the collected intensity data, thus
indicating the space group P1 or P 1. Iniensity statistics provided by XPREP'™ showed
I1:*- | = (1.966, indicating a centrosymmeiric space group and therefore 1 was chosen.
This choice was justified by the successful refinement of the structure in this space group.
In both cases, centrosymmeidric space groups were expected since the free base had been

prepared from the racemic hydrochloride sait,



Structure solution and refincment

SHELXS$-97"" was used for the structure solution of Form 1 and Form 2, which
revealed the positions of all the non-hydrogen atoms and allowed their placement. All
non-hydrogen atoms were then refined isotropically on P with SHELXL-97.'"”
Conditional on satisfactory isotropic thermal parameters, this was followed by
anisotropic refinement. Hydrogen atoms were placed in fixed geometric positions using
a riding model except lor the hydroxyl and amino hydrogens which were |ocated in
subsequent difference Fourier maps and allowed o refine Ireely with restrained O-11 and
N-H distances of 1.000(5) A. The latier were refined isotropically with temperature
factors 1.5 limes those ot their parent atoms. The rest of the hydrogen atoms were refined
isotropically with thermal parameters equal 1o 1.2 times those ol their parent atoms.
[east-squares weights were employed in the [inal cycles of the refinement. The crystal

and relinement data for both LT and RT determinations are presented in Table 3.4.

Description of the structures

The unit cell data of the respective LT and RT structures of Form 1 are in close
agreement and indicate that no phase changes occurred on cooling the erystals, The same
applies to Form 2 LT and R structure determinations. Form 1 erysiallises in the
monoclinic space group P2,/n with £ = 12 molecules per unit cell. This indicates three
moleciles per asvmmetric unit since P2/n has four gencral equivalent positions, Form 2
crystallises in the triclinic space group P | with Z = 6 molecules per unit cell, which also
indicates three molecules per asymmetric unit since this space group has two general
equivalent positions. The ADDSYM function in PLATON'™ indicated no extra
crystailographic symmetry for Form I and Form 2. reatfieming the correct choice of

space groups for these structures.

ORTLP'™ diagrams of both the LT and R'I asymmetric units of Form 1 and Form 2 are
presented in Figure 3.7. The smaller thermat ellipsoids of the LT structures indicate their
reduced atomic thermal motion. which led to a higher precision of their structurml
determinations. Thesc were therefore chosen for detailed structural analysis of molecolar

and crystal packing featurcs.
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Table 3.4 L'l and RT crystal and refinement data /' Form 1 and Form 2

Parameter

Form I RT

Form 11T

Form 2 T

Form 2 LT

rmula unit {aH R CING CaHCING CzbLCING C L CIND
[Farmula weight / g mal” 227.7 227.7 2377 ST
Fjrystal s¥sEem Monoulinic Monoclinic Trichnic Trclinie
Fpute group P2,/n P2.m Pl |
T 10.904(2) 10.302(1) 1 E0506(2) EIO032)
b/l 18.990(4) 18.04%2) 11.8859(3) 11.896(2)
e/ A 19.767(4) 10.649( 1) 16.9846(5) 16.844(3)
e /@ an an 9 .55801) 91233
p Jo 95 31(1} L 8401 Dr2all} OT.AG{3]
o 00 o 115.168(1) [15.52(3)
Volume / A° ANTG(H) 4007 H{5) 1994 501} 196X 7(7T)
. 1 12 L+ &
Pensit}'uk."gcm'l |l el 1.138 a2
(MuK,) | mm’ 0.26 0.26 0.27 027
k{ﬂ'ﬂﬂ} 1464 1464 Tiz2 732
k:q-stal size / mmy Q.20x. 2550350 | 0.20x0.300.40 0 30x0 30x0.35 (3820 J6x0.55
[Temperatare / K 2952} 17302 295(2) 175(2Y
[Range seanoed 1/ © 2=0=38 ot Bl IZh=27 2ER=D5
IIndex ranpes B0, 04 ko0, 18 b0, 1] k=230 23 he-14 14 k120 | h:-135, 12 ko -14,
1: =26, 26 1 -23, 23 15 1221, 21 14 1: 20020
i scan angle ! ° L0 1.0 1.0 .0
ly sean range / °, Eraoies 360, 360 103, f03 183, 185 182, 182
ko scan angle /[ ° 1.0 1.0 1.0 1.0
ko sean ranges /¥, Irames L63, 163 L5, F50 67, 67 63,03
Dx / mm 45 40 34 A}
No. of measured refleciivoy 409 17746 22610 | 3088
N, of unique reflections 10037 GRS 5463 T041
MNo. of reflections with 1> 2a({I) 3434 029 34906 5551
{No. of 1.8, parameters 431 434 436 439
IHL.“‘ R, 0.04]. 0.0423 0,020, 0.0435 (LOZYS, (L0408 0.0143. L0346
S .05 1.5 1.143 1.020
R, (F, > 40(F,) 00634 0.0464 0.0976 0.0378
[Ne. of reflections omitted i 3 39 0
wH, {all reflectivns) 01932 01106 0,200% (A0
[Weighting schems u=0.08% u =003 u=01602 a=10.0596
b=028] bh=1.9% b=0.75 b=10.7%
kA7 oo = 0,001 < 0,001 = 0.001 =000
\p excursivns /e A (3% 043 (a0, 0,38 (189, 080 040, 052
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Figure 3.7 ORTEP diagrams of {a} Form 1 LT, (b} Form 1 RT, (¢) Form 2 LT and (d)
Fuorm 2 RT. Thermal ellipsoids are drawn at the 50% probability level.

Figure 3.7 illusiraies that there is a remarkable similarity between the asymmetric units of
Form 1 and Form 2; in fact they are practically identical. In both cases, the asymmetric
unit is a cyelic trimer held together by three intermolecular O-H-N hydrogen bonds. The
presence of strong hydrogen bond denor and acceptor groups in the tulobuterol molecule
did sugpest that the three molecules of the asymmetric unit in both polymerphs would be
associated by hydrogen bonding, but that they do so in identical fashion was unexpected.
A graphical overlay of the trimers showing the hydrogen bonding in each is presented in

Figure 3.8.

=
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Form 1

Form 2

Figurc 3.8 Overlay of the asymmetric units of Form 1 and Form 2. Green dashed lines
represent the intermolecular O-H--N hydrogen bonds

The overlay illustrates that the two trimers are nearly perfectly supenmposable and that,
from wvisual inspection. minimal conformational differcnces exist between them. A
detailed geometrical analysis of the respective polymorph trimers follows to present a

more detatled comparison of their structures.

Geometrical comparison of the trimers in Form 1 and Form 2

Table 3.5 presents randomly selected. representative bond distances and torsion angles of
the Form 1 and Form 2 trimers for comparison as well as the distances and angles for all
the strong intermelecular hydrogen bonds of the trimer in both polymorphs. The
differences between corresponding parameters of the trimers in the respective
polymorphs were calculated and the mean of these differences, as calculated over the
whole trimer, are presented in the last column of Table 3.5. Corresponding bond
distances and torsion angles have a mean difference of 0.005(1) A and 2(2)° respectively.

whilst mean differences for the donor--acceptor distances and donor-1{---acceptor angles

1
rd



are 0.02(1) A and 3(1)" respectively. The torsion angles define the conlormations of the
trimer molecules and their close agreement continms thal the timer conformations are
esscntially the same. In tum, the hydrogen bond distances and angles deline the
dimensions of the trimer hydrogen bonding framework and their close agreement is
further evidence lor the close similarity of the polymorph trimers. A full set of molccuiar

parameters is available in Appendix A on the CT)-ROM provided.

Table 3.5 Randomiy selccted peomctrical parameters for the Form 1 and Form 2 trimers

Parameter

Form 1

Form 2

1"'!||-.-.||| l: tri mee)

Scleeted bond distances / A

CIA-COA 1,395(3) 395(3)

C7B-O7B 1.413(2) 1.425(2) 0.b05(1)
C20-CI2C | 749(2) | T5R(2)

Selected torsion angles / ©

C8A-NIA-CIDA-CI3A -67.8(3) -61.1(2)

C1-C7B-C3B-NUB -179.6(2) -1732(1) 2{2)
CoC-C | C-CTC-C8C 101.5(2) 9% (2}

D-H-A /A

QT A-UTA~ NG ZE21(2) 2850

OFC-HT(--N9B 2 750(2) 2.765(2) 0.02(1)
O7R-HTB--NSA 2.778(2) 2.747(2)

D-H~-A /7

OTA-HTA1-NYC | 71(2) 173{2)

OTC-HTC1-N9B 172¢2) 16%(2) 3(1)
OTB-HTB1-NOA 173(2) 17%2)

This geometrical comparison confirms what iy illustrated in Figure 3.8, namely that the
irimers of the respective polymorphs are practically identical. From this point of view the
discussion of the trimer will henceforth periain to both polymorphs. unless stated
otherwise, The remarkable consistency of the trimer is indicative of the stability of this
arrangement and thercfore closer, detailed investigation of its assembly is warranted,

which lollows next.



Trimer assembly

Figure 3.9 presents an oblique stereo view of a Form 1 frimer taken as representative for
hoth polymorphs. The immediate and most obvious feature of the trimer is the way the
individual molecules assembie to form the hydrogen bonding framework that defines the
asymmetric unit as a trimer. The Q7 atom of each tulebuterol molecule acts as the donor
in the hydrogen bond to the N9 atom of its neighbour, resulting in the fonmation of a
evelic trimer. The Q7A-H--NOC, O7C-H-~N9B and O7B-11---N9A hvdrogen bonding
sequence iilusteates 2 homodromic arrangement of the hydrogen bonds that connect the
molecules. The chirality combination of molecules A, B and C of'the trimer chosen as the
asymmgtric unit is (8-} (R-). (R-) respectively. However, for each such trimer there is a
counterpart in the crystal with the opposite combination of chiralitics [(R-). (S-), (8], a

requirement of the centrosymmetric space proup.

A A

Figure 3.9 Sterco diagram of the Form | trimer taken as a representative for both
polymorphs

The termini of the tulobuterol molecules are on opposite sides of the mean planc of the
hydrogen bond donor and acceptor atoms, with molecule A oriented in the opposite
direction to molecules B and €. The latter feature coupled with the opposite chirality of
molecule A enables cychc completion of the hydrogen bonding framework of the teimer.

From Figure 3.9 it is clcar that if molecule A were oriented in the same direction or had



the same chirality as molecules B and C, the O7A alom would be incorrectly positioned
to form its hydrogen bond with the N9C atom. For the 37A atom to be in position for an
(R-} A molecule. it would have to lwist around its C7-C8 bond or rotate around its long
axis. These scenarios are stericully unfavourable since they bring the aromatic ring of the
A molecule Into contact with the f-butyl groups of the other lwo muolecules. 11 the A
molecule were oriented in the same direction as molecules B and C, the N9A atom would
be out of position for its hydrogen bond to the O7B utom, irrespective ol ils chirality.
Thus. the first condition for completion of the cychic trimer 18 thus that molecule A
should be oriented in the opposite direction to that of melecules B and C, lollowed by 113

having an opposite chirality to that of molecules B and C.

An interesting feature ol the trimer is that for all three molecules the Q7 and C12 aloms
are frans to each other, The possible strong intramolecular hydrogen bond that could have
formed between these two atoms is precluded by this frans relationship which could be
due to the make-up of the wimer, 33 observed, possibly disallowing the 07 and C12 atoms
to be ¢is for steric reasons.  The preference of the observed arrangement to ong in which
an 0-H--Cl hyvdrogen bond is present is further evidence of the stability of the former.
The hydrogen bonding ol the trimer also affects the geometry around the N9 atom. It is
claser to tetrahedrul than tngonal planar which is expecied since the incoming hydrogen
bond will *force’ the H9 atom out of the C8-N9-C1( plane. The non-bonded interactions
of both polvmorphs will be discussed in more depth in the section titled Hydrogen

honding and C-H+-w-ring interactions.

Conformational aspects of the tulobuterol molecule

Since the tulobuterol molecule is central to all the structural investigations in this thesis
the conlormalion of this molecule also warrants in-depth discussion. The reader will be
referred to this section at relevant places later in the thesis. Five principal torsion angles
of the tulobuterol backbone were identitied that define the conformation of the molecule
and these are shown in Figure 3.10(a) and (b). The five torsion angles are vy [C2-C1-L7-
C8], nz [C2-C1-C7-07], 3 [C1-C7-C8-NG], ns [07-CT-C8-N9] and ns [CT-C8-N9-
C10). The n; and 2 lorsion angles both describe rotation around the CI1-C7 bond. v,



describing the rotation of the aromatic ring plane relative (o the tulobuterol backbone and
N2 describing the disposition of the CI2 and O7 atoms. [The Ci2-C2 bond lies in the
same plane as C2-C| and therctore makes the same angle with C7-07 thus justifving the
use of the 1z torsion angle for the deseription ol the disposition ol the CI2 and O7 atoms].
The 1), and 1y torsion angles deseribe rotation around the CY-CR bond, which is central in
the tulobuterol backbone. The n; torsion angle describes the disposition of the aromatic
ring relative to the N9 atom and thus the degres of *extension’ of the backbone. whilst the
N4 torsion angle describes the disposition of the OF and N9 atoms. The ns torsion angle
describes rotation around the C8-N9 bond in terms of the dispositions of the C7 and C10
[thus the tertiary butyl group] atoms and thus the degree of ‘cxtension” of the tail of the

Lulobutero] molecule.

(a) th}

Figure 3.10 Schematic diagram ol the principal torsion angles (a) 1. 113, 15 (b) 72 and 14
for the tulobuterol backbone.

Table 3.6 lists the principal torsion angles for the molecules ol the Form 1 and Form 2
trimers, as caleulated by PLATON."' The signs of the torsion angles arc those for the
chosen asymmetric unit trimer in the respective polymorphs and are reversed for the

centrosymmetrically related counterparl. The close apreement of the corresponding

SET



torsion angles in the Form 1 and Form 2 trimers is cvident and was demonstrated carlicr
in the chapter. However, Table 3.6 alse highlights the close agrecment of the torsion
angle magniludes of the molecules within the same trimer. The discussion of the principal
torsion angles from this point on thus pertains to all the trimer molecules of both
polymorphs. Figure 3.11 presents Newman projections of the torsion angles for the A

molecule of Form 1. arbitrarily chosen as a representative molecule for both polymaorphs.

'Fable 3.6 Principal torsion angles [°] for Form 1 and Form 2

Form 1
Molecule A [(8-)] R7.0(2) -153.8(2) SIESTZ) 62.2(2) 1 70.5(2)
Molecule B [{R-] -8.4{2) 160.2(2) -179.6{2) -58.2(2) 173.7(2)
Molecule € [{R-)] “77.8(2) 163.2(2) 178.1(2) -60.1{2) 169.4(2)
Form 2
Molecule A [(8-)] R4.0(2) -157.242) 17400 64,300 -166.0(2)
Molecule B [(R-)] -R3.9(2) 157.1(2) -175.3(D -54.1(2) 167.2(2)
Molecule C [(R-)] -R1.5(2) 159.9¢2} 178.9(1) -59.7(7) 172.6(1)
clz £ o7
+yve H7
4 HB HE HS
E_B LI -V
o7 B 18 H8
4 1 Ms
ce g c10
(a) {b) {c)

Figure 3.11 Newman projections illustraiing the principal 1orsion angles (a3 . nz (b) 03,
N4 and (c) ns for the A molecule of Form 1. The definition of the torsion
angle signs is itlustrated for n; and ns
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The m; torsion angle is close 1o 90° showing that the aromatic ring plane is nearly
orthogonal to the tulobuterol backbone. whilst the ng torsion angle indicates that the CI2
and O7 atoms are frans to one another. The n; torsion angle s close to 1807 indicating
that the wlobuterol molecule is in an ‘extended’ conformation with the aromatic ring
being frans to the N9 atom. The 14 torsion angle indicates that the O7 atom is gouche to
the N9 atom. Finally. the n; torsion angle indicates that the tail of the backbone is also in

an ‘extended’ conformation,

Hydrogen bonding and C-H--g-ring intcractions

able 3.7 lists all the hydrogen bonds for both polymorphs as calculated by PLATON.'
The O-H--N hydrogen bonds that are responsible for the formation of the trimer are the
only imtermolecular hydrogen bands, i.e there are no hydrogen bonds between symmetry
related trimers in the erystal, The N-H---Q. C-11---() and C-H---Cl intramolecular hydrogen
bonds help stabilise the conformations of the tulobuterol molecules. The gawche
relationship between aloms N9 and 07 is explained by the formation of the strong N-
H--* intramolecular hydrogen bonds. Noticeably, Form 2 has two additional
intramolecular hydrogen bonds in the trimer, namely C8-HoA---O7A and C7C-
HFC-CI2C, Rotation around the C6-C7 bond, described by the m, and n; torsion angles,
affects the donor---accepior distances for the latier inleractions. The torsiom angles for the
A and C molceules of Farm 1 [Table 3.6] are either al an absolule minimum or
maximum relative to all their counterparts in both polvmorphs. The absence of the Co-
H6A---OFA and C7C-1170--C12C intramolecular hydrogen bonds for Form 1, are thus

due to these lorsion angles being outside the range [or their formation.

PLATON"' tevealed that the C-H--=-ring interactions for Form 1 and Form 2 all have
symmetry operations other than x, v, 7 indicating that all the interactions are betwoen
molecules of different asymmetric umits and thus ditferent trimers. For (his reason these
interactions are discussed in more detail in the Crystal packing scction. Distances for
m-w-ting Interactions were too long [~5A] to be regarded as significant interactions of

this Lype.



Table 3.7 Hydrogen bonding interactions for Form 1 and Form 2

Hydrogen band

Form 1
OFA-LTAL NGO LEXD) 28201 1712
CFIB-HTBI--N9A 1.7H2) 2R 17302
OTC-HTCOL N9 A |61 2.750(2) 172(3)
NOA-LE A DT A (intramalegcular) 2.3802) 28072 T2
“OB-H9EB--07E (intramalecolar ) 23212 278002 07
WOC-HOC--O7C {intracna]ecular ) 2.26(2) 2T 1111y
CAB-HeB- - 078 (intramaolecular) 2.4502) 27933 10262y
CaC-H6C - O7C {intramaleculary 241123 2.766(3) 102023
C7A-HTA-CI2ZA fintramolecolar) 2.7H2) IR (9402}
C1B-HTB- 128 (intmmolecular) 2712 307 10262
Form 2
07 A-LTTAL-NOC 1.99(2) 2.85%2) 17342
OTB-HTBI--N9A 1752} 274N 1772
OFC-HIC 1 --W9A 1.78(2) 27652 168{2}
NGA-HAA--OT A {imramolecalar) 236(2) 2EHH2 10901y
NIB-HSB- - 7B {intramolccular) 22101} 272K [ TI£17
WOC-TQC -0 {intramglecular) 2312 2.77TH2 108617
ChA-HEA--OT7A (intramolecalar 25002 2822 100(2)
CEB-116B+O7B (intramolecular) 2.44(2) 2772 1022
COU-1160. 07 {intramolecular) 2. 44(2) 2 T8I 102(23
CTA-HTAC12A (intramalecular) 2722 J0R9(2} T032)
CTB-H7B---CI2H {intramlecylar) 27462 31072 10H3(2)
CTC-HFO--CI2C (inteamolecular) ] i | 3.009(2) 101627

* Interactions with D-11 A in the range [00-1 117 are incloded for complelcness, but they may have low

significance a2 “hydrogen bonds’

Crystal pa

ching

It was previously concluded that the trimers of the respective polymorphs are nearly
identical so differences in crystal packing must exist between the two structures in order
for the latter to qualify as polymorphs. The different space greups in which the
polvmorphs crystallise imply that these differences exist since the symmetry clements of

the two space groups are different. Figure 3.12(a) and (b) present crystal packing
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Figure 3.12 Crystal packing diagrams tor {2) Form 1 and (b} Ferm 2. Hydrogen bonds
of the trimers are shown in red. Four unit cells are drawn in each case.

diagrams of Form 1 and Form 2 respectively. There arc Your trimers In the monoclindc

Form 1 unit cell, whilst the triclinic Forme 2 unit cell containg twao trimers. Form 2

trimers stack in columns paralicl to the s-axis with plancs defined by the intermolecular



0-H--N hydrogen bonds normal 1o this direction, No such view could be obtained lor
Form 1, and a “common dircction” could not be established in order 1o propose a possible
transformation mechanism between the two polyvmorphs. The near uniformity of the
polvmorph trimers and lack of inter-trimer hydrogen-bonding also means that the graph
sct analysis descriptor [sce Chapter I — Introduction, pages 10-11] is the same for both

polymorphs, namely R (15).

Although there are no inter-trimer hydrogen bonds for cither polymorph, C-11--x-ring

interactions cxist between the trimers, and arcc listed in Table 3.8,

Table 3.8 C-H---r-ring interactions lor Form 1 and Form 2

Svminciry

Interaction He O code”
Form |
CAA-HAA - CpR® 2.70(2) 35344 1492 1¢2-5, 124w, 1/2-2
C3B-H3B- gl 3032 3.7242) 12312) iy, 7
CI2ZB-H 14B--CpA 3282} 4.233(3) 168(2) 172-%, - 1210y, 127
Form 2
(3B-H3R-Cal 3.17(2) 3TRICA) 125(2) T v, 2
C3C-H3C--CgR 3.06(2) 3.RIN0H) |46(2) iy

* CeX = centre of gravity of the aromatic ring of molecule X
" Symmetry code applies to the second unit of the interaction

Table 3.8 lists three unigue interactions for Ferm | and two lor Form 2. However, sinee
all the interactions are inter-trimeric, the total number of inlcractions per trimer doubles
to six and four lor Form 1 and Form 2 respectively. Figure 3.13(a) and (b) illustrate the

C-H-®-ring interactions for trimers in the Form 1 and Form 2 unil cells respectively.

In Form 1 the C3B-H5B--CeC interaction has the symmetry code —1+x, ¥, z indicaling
that this interaction connects trimers of adjacent unit cells translated along the g-axis.
Since only one trimer per unit cell is accommodated along this direction, each trimer is
linked o a chain with its translaled counterparts. The C4A-H4A--Cgld and C12B-

14B-CgA interactions connect trimers in the upper half ol the unit cell. with an identical

i
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network of C-11---Cg interactions occurring in the lower half’ of the unit cell due 1o
centrosymmetry. There are no C-H-m-ring interactions aleng the c-axis, Thus in the
Form 1 crystal all trimers are connected to their neighbours in the xy-plane only which

results in sheets of C-H-a-ring connected trimers that arc stacked along the c-axis.,

C4A-H4A--CgB
C5B-HSB - CgC

C12B-H14B---CghA

T

(b)

C5SB-H58--CgC

C5C-H5C --Cgb

Figure 3.13 Sterec diagrams illustrating the C-H--n-ring interactions for (a) Form | and
(h) Form 2



In the Form 2 unit cell, the C5B-H53B--CgC symmetry code of 1+x, y. z indicates that
this interaction links frimers along the g-axis, As in the case of Form 1. only ong trimer
per unit cell s accommaodated along this direction thus resulting in chains of translated
trimers, The CSC-T115C-CgB interaction comnects trimers diagonally along the vz-plane.
However, trimers within a particular unit celi are not linked in this manner. but only
trimers between adjacent unit cells, which thus results in a discontinuous connection of
trimers diagonally along the vz-plane. This means that the chains down the g-axis are
connected into sels of two. As in the case of Form 1, C-H--n-ring inleractions are absent

in a third dimension.

Form 2(NTr) and Form 2(Tr} crystal structure determinations

Structure determinations were performed on Form 2(NTr) [which were taken as
representative data for the Form 2 RT determination in Table 3.4] and Form 2(Tr)
erystals to determine whether they are the same polymorph. One hall of each crystal type
was subjected to thermal analysis 1o confirm its thermal behaviour, RT X-ray structurs
determinations were performed using the remaining crystal portions since comparing
these would be essential for making possible correlations with the different thermal
behaviours. The unit cell data lor Form 2(NTr) aund Form 2(Tr) presented in Table 3.9
are in very close agreement, The small dillerences that exisl are probably due to smali
variations in crystal characteristics such as size and mosaicity. Their structural
refinements were taken to completion and diagrams of their asymmetric units and crystal
packing were compared |[not shown]. These were found to be superimposable leading 1o
the conclusion that there are no structural differences between Form 2(NTr) and Form
2(Tr), i.e. that they are the same polymorph. The different thermal behaviours can thus
only be due to contamination effects and/or the presence of defects, as discussed in the

Thermal Analysis section.

s
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Table 3.9 Crystal and refinement parameters for Form 2{NTr) and Form 2(Tr)

Form 2iNTr)

Farm 2(Tr)

[Formula unit CroHpCING =L Ll IN G
[Formula weizht / ¢ mol” 2277 S
[Crystal s¥stean Triclinic Triclinie
Space groug Bl Pl
I FA 105062 FEDSIEZ)
b/A 11 8839(3) L1.8912)
e/ A 16.9846(5) 16,5943
bt/ ° Q1.538(1) 91 .593)
P ik Q7.206{1) GTIBLH)
12 115, 168(1) L5 de{3)
Valume / A” 199 5{ 1 L 96.fi(3)
7 6 G
Density., /g e 1,138 136
(MaK,}/ mm' (.27 01.264
L] i o
[Crystal size { mm 0.30x0.30x0.35 (350 40xtk.43
[Temperature / K 295(2) 295(2)
[Range scanned & / © 2EH=E27 3ZN=27
Index ranges et b 1205 132020 Phosdd: |2 0 =152 402230
fr scan angle / ° 0 L0
ko sean range / . na. of frames 143, 183 183, 183
ko scan angle £ ° 1.0 i
ko scum ranges [ ”, no. of frames fir. 67 44, 44; 43432 36_346; T8 T¥
B/ mm 34 32
Na. nf measured reflections 13165 13985
No. of unigue reflections B465 q052
No. of reflections with 1= 2o(l) 5005 4820
fNo. of least-squares parameters 436 430
K. R, (L0285, (10498 0.0237. 0.0574
B 1.145 1.0t7
IR, (F, > 4c(F.)) 0.0976 (0563
R; (1.200% 01575
No. of reflections omitted L 15
Weighting scliemc a=1Mit2 a == (628
h=(T5 =047
(A 7 Gl = 0.001 = 0,001
“p excursions /e A~ (189, -0.80 0,45, 043




Powder X-ray Diffraction

Fxperimental and computed PXRD patterns of Form 1 and Form 2 are presented in
Figure 3.14, The peaks of the computed and cxperimental patterns match in their number
and 20 positions. The relative intensity distribution of the peaks of the experimental
pattern i alse similar (o that of the computed pattern indicating the lack of prelerred
orientation in the analvsed sample. The close agreement of experimental and computed
patterns is also an indication of the corrcetness of the single crystal structural models.
The slight shilts of the experimental patrern with respect to the computed pattern to lower
28 are attributed to the lemperalurc differcnces ar which the respective traces were
obtained. The powder pallems of the polymorphs also differ significantly showing that
these can serve as reforences for their identification. Table 3,10 Dists the three most
intense peaks for the computed patterns of both pelymorphs. The peaks of the computed
patterns werc choscn since experimental pattern peaks with close Inlensities might be
reversed due 10 slight prefeered orientation efects. However, from visual inspection, an
easy, recognisable distinction is that the Form 1 irace has four peaks around 10° 28,

whilsi Form 2 has six in that region.

Table 3.10 The three most intense PXRD peaks for Form 1 and Form 2

Folvmorphs Peak 1 (20, T4) Peak 220k 1) Peak 3 (20, 1)

Form 1 10,2, 100 IR.7, 54 20.5. 44
Form 18.1, 100 4.3, 8 1.6, 73




Chapier 3 - Tulobuteral Palymeoerphs

(a)
Expenmental
lnl
Form 1
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Figure 3,14 Experimental {295 K] and computed patterns [173 K] of (a) Form 1 and (b)
Form 2

[



Fourier-transform Infrared Spectroscepy

FTIR traces lor Form 1 and Form 2 as Nujol mulls are presented in Figure 3.135. The
traces are identical across the scanned Irequency range, especially in the range 3000-3600
em™. This region is ofien diagnostic for polymorphs containing O-H and N-H iunctional
aroups. Only one peak of equal intensity appears in both traces at 3288 cm' which is
consistenl with the uniform environment of the —OH and —-NH groups in the inmers. This
techmigue can thus not be used to distinguish the palymorphs but does further attest to the

structural similatity ol the polymorph rimers revealed by single crystal X-ray dilfraction.

Form 1

%% Transmittance

T

”‘\W Form 2

| 1 | |
4000 3000 2000 1000
Frequency f cm™

Figure 3.15 FTIR spectra ol Form 1 and Form 2



Solid-state Nuclear Magnetic Resonance Spectroscopy

SSNMR assignments were based on solution NMR peak assignments, which showed

these peaks o be close in frequency to those of the SSNMR iraces. These are tabulated
together with those of the SSNMR peaks of Form 1 and Form 2 in Table 3.11.

Table 3.11 Peak assigniments for the solution and solid-state B¢ NMR

solution XME 7 ppm Form 1 S5MNMR Form 2 SSNMR /

e prpm

1 1519 136.19 13524
@2 140).53% 144.0% 14331
C3-C6 126.95-129.21 127.15-129.71 127.72
i 3.9 6792 (i1
[ 50.4 ST 5021
Cl0 47.9 44,04 48,24

cil-Cl3 29.2 29.36 3(ha6. 2878

The ''C SSNMR spectea for Form 1 and Form 2 are presented in Figure 3.16. Generally,
SS5NMR spectral peaks are broader than those of solution NMR due to factors such as
different decoupling efficiencies, dipolar coupling to quadropolar atoms and overlapping
peaks of chemically equivalent bui crystallographically independent carbons, From
Figure 3,16 it is clear that the broadening of peaks is extensive which is probably due to
the overlap of the chemically equivalent but crystallographically independent carbons.
tor Form 1, the peak representing atoms C3-C6 displays fine structure that s not
observed in the case of Form 2. PIATON"' was used te determine the short
intermolecular contacts present in the polymorphic structures. For Form 1 more short
intermolecular contacts were observed for atoms C3-Co than fir Form 2 which could
explain the fine structure of the peak representing these stoms in the Form 1 specirum,
The only other difference between the spectra is that two methyl peaks are observed for
Form 2, but only one for Form 1. Again, more short intermolecular contacts are
observed for these carbons in the Form 2 crystal than exist in Form 1. The atems for

which differences were observed in the SSNMR spectra can be explained structurally in

i



Clhagter 3 - Tulohweral Polvymorphs

that they are located on the periphery of the trimer [see Figure 3.9, pg. 53] and are
therefore in contact with neighbouring trimers. This also explains why atoms that are
located on the inside of the trimer, such as C7 and CR, exhibit no spectroscopic
differences as these environments [or both polymomphs were determined Lo be uniform by

X-ray diffraction. There is a general trend of an upfield shifl of up Lo 0.9 ppm from Form

1to Form 2.
Form 1
55 &5 r ﬂﬁ ES
.,...._..J"n._.,-"'ﬁ\_ J[u be — 35}
Form 2

( .
| '
DO v

I LI 1 I r==1 LI I 1 1 T 1 I 1 1 1 T I 1 LI} T I T LI} T I k] LI | T I T LI} 1 I
225 24} 175 150 1253 100 ] il 25

&/ ppm

Figure 3.16 SSNMR specira of Form 1 and Form 2, Peaks marked “ss” refer to
spinning side bands.



Conclusion

Two polymorphs, Form 1 and Form 2, of the free base of tulobutcrol were isolated and
characterised by thermal, spectroscopic and dillraction methods. A third form, Form 3,
was prepared by thermal methods. This form proved diflicult to isolate which left DSC

analysis as its only form of characterisation,

The melting point of Form 1. 91°C, was [bund o comespond to the previously reported
melting point [89-91°C] for tulobuterol.™ It is the higher melting iorm of the dimorphic
pair with Form 2 having a meliing point of 81°C. Accurale measurcments ol lusion
enthalpies established the stability relationship of the polymorphs as monotropic with the
higher-melting Form 1 thus being the stable form al all lemperatures. The trans{orming
behaviour of Form 2 wpon melting to Form 1 has been attributed to low-level

contamination | by grains of Form 1] that is not detectable by PXELD.

Form 1 crystallises in the monoclinic space group P2y/n with 2 = [0.802(1), b —
I8.949(2), ¢ — 15.649(1} A, i — 94.834° und 12 molecules per umit cell, Form 2
crystaliises in the triclinic space group P1 with a = 11.004(2), b — 11.896(2), ¢ =
16.844(3) A, oo = 91.283(3), 97.464(3), 115.324(3)" and 6 molecules per unit cell. In both
crystal structures the asymimetrie unit consists of three tulobuterol molecoles hydrogen
bonded to cach other to form a cyelic trimer. The structural uniformity ol these trimers
has been demonstrated and attests to the stability of the hydrogen bonding arrangement.
The timeric asymmetric unit alse results in the number of melecules per unit cell lor
gach polymorph being unusually high from a crystallographic point of view, The
polymorphs differ in the way these trimers pack in their respective unit cells. No inter-
trimer hydrogen bonds were located but C-H--m-ring interactions were found to connect
the trimers in both polymorphs. Thus only van der Waals and C-Hm-ring interactions
are involved in ¢rystal assembly, which is consistent with the low melting points of these
polymorphs. Furthermore, Form 2 was found to have fewer of these C-He-m-ring
interactions per trimer as well a5 a less extensive network of C-H--n-ring connected

trimers, which is consistent with its lfower melling point relative w that o’ Form 1,



Fxperimental PXRD traces were found to be consistent with computed patterns allowing

these to serve as reliable references for polymorphic identification.

Solid-state NMR  highlighted dillerences between the polymorphs that allow this
technique to be used lor disgnostic purpeses. The observed similarities and ditferences
could be comclated with the erystal structures. FTIR spectra for the polymorphs are
praciically indistimguishable, especially in the —OH, —NH stretching frequency region,
This is consistent with the uniformity ol the intermolecular hydrogen bonding of the

trimers n the polymorphs as established by X-ray dilfraction.
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Chapter 4 - B-CD and y-CD Inclusion Complexes




Complex Preparation

Complexes of B-CD and vCD with wlobuternl free base [respectively referred to as
BCDTUL and GCI¥TUL hereinafier| were prepared hy kneading the CD and the drug in
a 1:1 molar mtw with a mortar and pestle. This was done over 2 period of one hour,

during which an appropriate amount of water was added to maintain a pasty consistency.

BCBDTUL single crystals wore obtained by dissolving and sticring 100 mg of the kneaded
complex in 10 mi water at 60°C for two hours. The solution was then liltered and allowed
to cool spontancousty and evaporate to produce single crystals. GCDTUL single crystals
were ohtained in an analogous manner Lo those of BCDTUL, except that 100 mg of CD

was dissolved in 4 ml water.

Microanalysis

The host:euest ratios were determined by €, H, N microanalysis. The BCBTUL and
GCDTUL complexes proved to be hygroscopic and therefore I'GA was performed
concurrently in onder to ascertain the water content of the samplcs analysed by
microanalysis. Prior to these analyses. the samples were removed from their mother
liquor, dried on a filter paper and left in the open air for three days in order lor their water
content to equilibrate. The microznalysis results are presented in Tuble 4.1 and they
indicate that the BCDTUL and GCDTUL complexes crysiallise in a 2:1 and 3:2

host:guest matio respectively.

Table 4.1 €, H. N microanalysis results [n —2] for BCDTUL and GCDTUL

Complex lixperimental Caleulated

%C | %H | AN || %C | %H | %N

BCDTUL
A H 035} O H R CINO- 12.3(H0)
GCDTUL
s He Qa2 O H :CINOY33.3(H0)

4268 | 0353 0,67 4246 6.8] LS

40.97 | a3 038R H1.E5 g .57




Chapter 4 — f-CD and v-CL Inclusion Complexes

Thermal analyses

Hot Stage Microscopy

HSM photographs of the complexes of BCDYFUL and GOCTYFUL are presented in Figure
4.1. The analyses were done under silicone oil (o assess the presence of included water as
would be mdicated by bubhble formation. Photographs of the BCDTUL and GCDTUL
were recorded at {a) the starl of the analysis, (h) the first signs of bubbling, (¢} the time
by which extensive crysial cracking had taken place, (d) the onset ol decomposition
|indicated by a colour change of the crystals to brown] and (e) the subsequent appearance
of bubbling as a result of decomposition. Figure 4.1 shows that the first signs of release
of water from the crystals appear at 90°C and 53°C for the BCDTUL and GCDTUL
respectively. By 120°C extensive cracking, a further consequence ol dehydration of the
crystals, had taken place for both complexes. The lirst signs of decomposition and ity
associated bubbling appear at 240 and 300°C respectively for BCDTUL, whilst these
events respectively appear at 250 and 295°C for GCDTUL.

BCDTUL
2000 80°C 120°0 AP0 300°C

120°C
GCDTUL

Figure 4.1 | {SM photographs of BCDTUL and GCDTUL at various temperatures



Differential Scanning Calorimetry and Thermogravimetric Analysis

DSC and TGA traces for BCDTIIL and GCDTUL are presented in Figure 4.2, TGA was
uscd to determine the water content of the BCDTUL and GCDTUL complexes, which is
indicatcd by the initial mass loss [mass loss Al m Figure 4.2, The TGA trace for
BCDTUL shows a mass loss of 1199 in thc lemperature range 30-150°C, which
cstablishes its B-CD:tulobuterel:Ha () ratio as 2:1:18.7, whilst that of GCDTUL indicates
a mass loss of 12.1% in the temperature range 30-150°C, in turn establishing its -
Chowlobuterol:H-O ratio as 3:2:33.3. The TGA resuits over the whole range ol the

analyses are summarised in Table 4.2

(a)
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(] G 4 z
= 50 4 o
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o
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1) T T T 7 7 o a
n BG 130 180 230 280 30
Temperature § °C
{b)
100 40
[r]
;]
[1:]
=
P

30 BD 130 180 230 280 330
Temperature / °C

Figure 4.2 DSC [blue] and TGA [grey] traces of (a) BCDTUL and {b) GCDTUL



GCDTUL
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As is characicristic of hydrated complexes, the DSC traces for both BCDTUIL and
GCDTUL show an initial endotherm [endotherms A in Figure 4.2] indicative ol
dehydration. which revealed ilseltin the TGA (races as an inilial mass loss [Mass loss A]
for both complexes. The features of the final section of the DSC curves [endotherms B,
which in cach case is followed by an immediate exotherm] for both complexes
cortespond to decomposition. The HSM analvsis confirmed this visnally when the
crvstals turned brown at these temperatures. The onset of decomposition occurs at 305°C
for BCDTUL and 298°C tor GCDTUL. The very high and rapid mass losscs oocurring
at these temperatures, as indicated by the TGA taces are a further confirmation of
decomposilion. The asymmetric shapes of the endotherms of dehydration and
decomposition for both complexes indicate that these are multi-step processes. Generally
the DSC and TGA results correlate well with the HSM results. The DSC results are
summarised in Table 4.3.

Table 4.3 Summary of the DSC thermal events tor BCDTUL and GCDTUL

Exdacherin Parameter BCDILL L 0 5
Temperature range (°C) 55-105 55-145
A Ton (°C) 62 62
Peak (°C) 82 94
Temperature range (°C) 294-308 295-305
13 Fon (°C) 305 298
Peak () 303 300




X-ray Crystallographic Analysis of BCDTUL

Single Crystal X-ray Diffraction

X-ray photography

Photographic technigues were used o eslablish the preliminary unit cell parameters for
the BCDTUL complex. A suitable crystal was mounted on a glass fibre and covered with
glye in order Lo prevent dehyvdration of the crysial. An escillation photograph revealed no
symmetry whilst a O-level Weissenberg photograph indicated only the inherent Laue |
symmetry. This led to the assignment of the triclinic crysial system for which the only
two space group possibilitics are P1 and P 1. Since the host molecule B-CD is chiral, the

former space group was chosen.

Data-collection and space group determination

Intensity data were coliected on a Nonus Kappa CCD diffractometer at 113K using
praphite-monochromated MoK radiation. XPRUP'™ indicated the space group P1 on
the basis ol intensity statistics, which indicated [F-1] = 0.733. This is close to the value
of (.736 expected for non-centrosymmetric structures. 'The author 15 aware ol the space
grovp ambigaity that often surrounds (-CD compiexes thal crystallise in the space group
Pl with unil cell parameters a ~ 15, b ~ 15, ¢~ 15 A, @ ~ 100, p ~ 101, ¥ ~103°, The
triclinic unit cell can be transformed to the monoclimic unit celi [a ~ 18. b~ 24, ¢ ~ 15 A,
[~ 1107, space proup C2, via a simpie matrix. 'The latter space group has been shown to
indicate the true symmetry for a number of 3-C1) complexes imitially reporied with the
indicated P1 lattice.’"* In both space groups the B-CD host molecules form dimers,
their constitvent host molecules being related by a pseudo- [Pl lattice] or =
crysialiographic two-fold rotation axis [C2 Iaitice| that runs through the secondary
interface of the f-C1D molecules. To investipate whether the assigned space group of Pl
for BCDTUL was correct, the appropriate transformation matrix was applied in order 10
generate the higher symmetry space group C2. The laiter space group was subsequently

rejected for two rcasons, Firstly, the structure solution and refincment in the space group



C2 vielded too many inconsistent equivalents [3003 ow of 10594 umigue rellections,
~28%|, thus indicating that the required Lave symametry for a monoclinic space group
was not met. Secondly, the a- and y-angles of the transformed unit cell were not
sufficiently close to 90° [« — 91.8%, v — §9.5°] as required for a monoclinic unit cell. Post-
refinement analysis of the BCDTUL structure using the ADDSYM rouline in
PLATON'"" indicated no obvious extra crystallographic symmetry, thus reaffirming the

correct choice of space group.

Structure solution and refinement

Microanalysis indicated a 2:1 pB-ClX:tulobuterol ratio and from the unit cell volume it was
deduced that the asymmetric unil comprises two [B-CD host molecules and one
tulobuterol guest molecule, SIIELXD''' was used to solve the structure by ob initio
methods, which revealed the positions of all the non-hydrogen atoms of the two host
molecules. For the first refinement in SHELXL,"™ only the host atoms [excluding Lhe
‘freely' rotating O6 atoms] were retained and refined isotropically. This was done so that
any disorder of the 06 atoms could be modelted based on peak heights of their associated
electron densities in the difference Fourier map. The glucopyranose units of the two host
molecules of the asymmelric unit were labelled A1-A7 and BI-B7 respectively. The O6
atoms were located in the initial and subsequent difference Fourier maps with one 06
atomm per host molecule being disordered [those of A4 and B6] over two positions. These
disordered 06 atoms [second disordered component labelled (7] were refined with
s.o.”s ol x and |-, the initial fraction x weighted according Lo the initial electron density
peak heights ol the disordered components. The initial values of x were 0.56 and 0.67 for
06A4 and O6136 respectively. which retined to final values of 0.66 and 0.82. The host
atoms were not refined anisotropically since several of these had thermal parameters that
became ‘non-positive definite’ when this was attempted. This occurred despite isotropic
thermal parameters behaving well. The host hydrogen atoms were placed using a riding
maodel, except for the hydroxy| hydrogen atoms, which were refined using a hydrogen
hond searching model [AFIX 83]. All the hydrogen atoms were refined isotropically with

temperature factors 1.2 times those of their parent aloms,



Thirty-five sites were identified as water molecule locations. The oxygen atoms of these
waler molecules were placed with fixed temperature factors [0.05 A? was chosen sinee
the hast oxygen atams were well below this value] and refined with varying s.o.7s. The
total site occupancy summed to 18.5, which is close to the value of 18.7 obtained from
TGA analysis. The s.0.f.7s of the water molecules are presented in Table 4.4, Hydrogen

atams of water molecules were not placed.

The diffuse electron density in the ¢avity ol the host molecules did not allow for
placement of the guest atoms due 1o the unacceptable distances and angles between
electron density peaks. Thus there were several, relatively high-density peaks [1.00-1.78
¢ A”] remaining in the host cavity after the final refinement. This, together with the
forced non-anisotropic refinement of the host atoms, impacted negatively on the
precision of the refinement as the B -tactor was relatively high at G.18. The case
presented here is the best of a number of data collections that were performed for several
different BCDTUL crystals, in which the indicated negative factors were consistently
present. These problems could be attributed to the relatively high mosaicity [-2°] of the
crystals. The lack of guest modelling in f-CD inclusion complexes due to their disorder
has been reported for other §-CT) dimeric structures that crystallise with channel packing
arrangement.™ Crystal and retinement parameters for BCDTUL are presented in Table

4.5.

Table 4.4 Site vccupancy lactors for the water molecules of the BCDTUL structure

Muolecule s.inf. Maltecrte st Mualeeule st Molecule st
Ol 1.040 QW1 01z O 14 .34 (W23 032
OW2 018 Owll Xk O 20 023 LELL LT (0
Ow3 1.00 OWlz2 g2 Oow?2] 1146 W30 134
w4 0.8g OwWl3 02l Ow 22 .30 O3 e |
OWS 1.00 OwWl4 059 ow?23 0127 LTS e (3192
Crh 072 OWls 075 W24 0.73 (OW 33 042
(W7 A OW |6 (HE T O 25 .19 OW3g 1.Cx}
CHY S R OW 17 (.30 OW e 030 O 3s .24
OwWa 1.0 W 1R .34 O 27 016




Table 4.5 Crystal and refinement parameters for the BCDTUL structure

Parameter

Formula wnit

2C-Hp O, YO, -H i CING- 1R HH0)

5 . -T
Formula weight £ g med

23346

Crystal system I'riclinfe
Space groun Fl

al A 13.320(3)
hiA 1546203
A [5.579(3)
al® L4, 103
i [01.31(3)
g 104,156 33
Vohime ¢ A 3340(1)

£ |
Thensity,., ! g cm™ 1.409
Mok / mo! 0145

F{ 000y 313
Crystal size /o 0 55x0 40 =040
lemperatre / K 13
Ranpe scanned 8 7 ° [

Ihelex ranges

iy (ol T e B i (R B e

Psean anple per frame [ °

1.0

L=}

i scan range ¢ 7, nee. of framics

10,100 10 185 10, 1 363, 363

i scan angle/ #

1.0

0 scan ranges % onn. of franes

124, 124; |52, 152; 120, 121552, 52; 119, 1 1%
28, 2869, 69; 44, 44 113, 115 49, 49

DO mm 4

Mo, of measureq reflections 85758

o, el unigue reflections 20551

Moo of reflections with [ = 2o(1) 16600

Mo, ol leasr-sguares paraneters Tal

R B 0.09], 0.036
S 2245

Ry (F; =4oF.n 0.1806

wha (all retlections) 0025

M. of reflections omitied 7
Weighting scheme paramelers a—0.200,b-0
b S N 0.033

Ap excursions S e A7 -1.61, 1.78




Chapter 4 — B-CD and ¢-C D Inelusion Complexes

Drescription of the structure

BCDTUL crystallises in the space group Pl in a 2:1 B-CD:tulabuterol molar ratio with Z
= | formula unit [formula unit defined in Table 4.5] per unit cell. A diagram of the
asymmetric unit of the BCDTUL complex is presented in Figure 4.3. The glucopyranose
units of the A and B host molecules are denoted A1-A7 and B1-B7 respectively, with the

glucopyranose atom labelling shown for residue B6.

Figure 4.3 Obligue view of the asymmetric unit of the BCDTUL complex. 'The labelling
for the B6 residue is shown. The glucopyranose units of the front and rear
host molecuies are labelled in black and grey respectively. Hydrogen atoms
as well as the unplaced cavity electron density are omitted for clarity.

%]



The geometrical parameters that describe the conformations ol cyclodextrin molecules,
as discussed in Chapter | — Introduction [pages 14-16], arc listed for the BCDTUL
structure in Tables 4.6-1.8. Table 4.6 lists the principal torsion angles for the BCDTUL

host molecule,

Table 4.6 Principal torsion angles [*] for BCDTUL

{ |]lrL'|1|r'h Pl s

nnit

Al -H0(2) 114(1) 129(1) 54(2) -53(1)
A2 T1(2) 115¢1) 127(1) 542) -5R(2)
A -£3(2) 1121} 121(1) 54(2) 5142
A4(06, 0T+ -56(2), S2(2) 12201} 128(1) 60(2) -62(1)
AS -58(2) LID(}) 134() 53(2) -54(2)
Ab -63(2) 109i1) 130(h) 60(1) -55¢1)
AT -T0(7) 119(1) L33 S8(1) 5217
Mean magnitude 63 114 129 S 58
Bl -H8(2) 11%1) 131(1) 53(2) 532
B2 -58(2) (WRI{H) 126013 59%2) -52(2)
B3 -49(2) SETEY 126(1) 5%2) -52(2)
(¥ -6%(2) 118(1) 12601 54(2) -56(2)
ns -6t ) 123(1) 125(1) 56(2) -54(2)
B& (06, O7)* &6(2). -30(2) 17 125(1) 592) -55(2)
B7 -hiy2) 113{1) 13141 57(2) -532)
Mean magnitude 5% 15 127 57 54

* Two valucs for the @ paramcter as a result ol the disorder of the 06 atom

The @ parameter indicates whether the direction of the C6-0%6 bond is towards [positive|
or away [rom [negative] the host cavity. In the BCDTUL structure. all the C6-06 bonds
arc In the (-}gauche conformation, except that for glucopyranose unit A2 which is in the
{+}-ganche conlormation. The €'6-06 bonds for glucopyranose units A4 and B6 are both
in the (<) and (1 )-gauche conlormations, as a result of the disorder of their (6 atoms.
The (i )-ganche conlormations describe the conformations of the minor and major

components of the disorder for the Ad and B6 glucopyranose units respectively. The .



W ®y and ©; torsion angles agree closely with those observed for the parent [3-{,1),”' All

. ‘ A L .
the glucopyranose units are in the “Cy chair conformation.

The parameters ol the O4-heptagon for cach hoest molecule are listed in Table 4.7. Ther,
a and | parameters, which respectively describe the distance of the O4-heptagon centroid
te each ()4 atom, the distancce between adjacent O4 atoms and the angle between three
aldjacent 04 aloms, do not vary substantially within each B-CD molecule, thus reflecling
the near ideal scven-fold symmetry of the O4-heptagons. This symmetry is alse indicated
by the low values of the d and t parameters, which respectively deseribe the deviation of
each 04 atom (rom the mean O4 plane and the torsion angle defined by four adjacent (4
atoms. On the other hand. the close correspondence of the values in Table 4.7 between
the two host molecules is indicative of the pseudo- two-fold refation axis that relates
them. The (04 mean planes of the A and B bust molecules are also ncarly parallel. as

indicaled by the angte of 1.14(6)" that these make with each other.

Tahle 4.8 lists the intersaccharradic angle, . and ult angles |ty and 2] for the BCDTUL
structure. The @ angles for both host molecules are close to the average values for other
B-CD molecules.® All the tilt angles for host molecule A are positive, except that for
slucopyranose unit A3 which is negative. Host molecule B has positive tilt angles for
five glucopyranose units. with the tilt angles for plucopyranose units B3 and B4 being
negative. Even though the tilt angles for the two host molecules are both positive and
negative, their values are fairly small and within a fairly narrow range [-1.2 to 12.7° and

3.1 1o 1007 for hest molecules A and B respectively]. This is consistent with other
dimeric B-CD structures and is due to the intra- and intermolecular hydrogen bonding

123

present within the dimers in these siructures,



Table 4.7 O4-heptagon parameters for the BCDT UL structure

Celacoy ranose wnil

Al 5.1 4.32 126 -0,008(6) i
Al 5.2 4.31 134 -0,079(6) -3
A3 4,84 451 127 0.077(6) -2
Ad 510 4,30 1235 DO186) 2
A5 5.23 441 132 (U686} |
A6 4.2 1,40 129 0.012(6) =t
AT 497 4.3% 127 0.0458(6) -3
Mean magnitude A0 4.38 129 0.053* 3
1] 493 435 128 05006 2
B2 5.05 430 126 -0, (F23(6) 1
B3 5.14 433 121 0.063(7) ]
B4 495 440 130 0,009 6) -
s 4.9 438 125 -0.082{6) ]
B6 516 435 129 L0346} -1
B7 3032 438 131 U.05T6) -2
Mean magnitide 503 4.37 129 815 2

* Root-mean-square deviation

Table 4.8 ¢ and 7 parameters for the BCDTUL structure

Calu COPY PO

unll

Al H6i( 1) 6.9 0.6(5)
A2 117(1) 6.004) 7.6(4)
Al 1i81) -1.5(4) 2042)
Ad 1A9(1) 9. 34} 10.4¢2)
A3 1191 V2.7(4) 1282
Ab 11601) G.9(4) 9.3(2)
AT 116(1) 9.3(4) 10.3¢3)
Mesn 1"z 7.1 8.4
Bi 17(1) 9.7(4) 9.6(2)
B2 HI8(1) 7.6(4) 10.2¢%)
B3 7 -3.3{4) -3.714)
B4 L 15¢1) -1 5(4) -2.3(3)
B5 119{1) 6.3} 6.42)
B6 1171} 5.%:4) 3.5(2)
B7 L16(1) 6.003) £.2(2)
Mean 117 48 54
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Guest inclusion

As stated carlier in the chapler, Lhe guest could not be modelled due to the high degree of
disorder that prevailed in the difference Fourier map as indicated by the unaccepiable
distances and angles botwoen clectron density peaks. The only information about the
puest molecule was oblained from microanalysis. which indicated that the BCDTUL
crystallised with one guesi moleeule per two B-CD molecules. The highest efectron
density peaks in the host cavitics | 1.00-1.73 e A™] are illustrated in stereo in Figure 4.4.
it shows that the difterence lourier map did not reveal any recognisable fragment of the
tulobuterol molecule that could be used as a starting model for turther refinements. This
situation prevailed even when investigating difference Fourler maps with more than two

hundred residual cleciron density peaks.

(a)

(b)

Figure 4.4 Stereo vicws of the (a) top and (b) side faces ot the B-CD dimer in BCDTUL
illustrating the highest electron density in the dimer cavity



Host hydrogen bonding intcractions

PLATON"' was used to caleulate several hvdrogen bonding interactions for the
BCDTUL structure exclusively invoiving host atoms. These host hyvdrogen bonding
interactions are categorised with respect to whether they occur within or between dimers,

respectively referred to as intra- and inter-dimer host hvdrogen bonding interactions.

Intra-climer hvdrocen bands

Table 4.9 presents the intra-dimer host hydrogen bonding interactions. The
intramolecular (-H--0 hyvdrogen bonds |four for cach host molecule] are between the 02
and 03 atoms of ncighbouring glucopyranose units. These hydrogen bonds are
responsible for the small tilt angles and thus relatively ‘round’ shapes of the B-CD
molecules.'* [n addition to the O-H-0 intramolecular hydrogen bonds, three and two
Co-H--05" intramolecular hydrogen bonds respectively stabilise the conformations of the

A and B host molecules,

There are fifteen intermolecutar, intra-dimer O-H--0 hydrogen bonds that connect the
two host molecules into a head-to-head dimer, and these involve the O2 and O3 atoms on
the sccondary sides of the 3-CI? molecules. Figure 4.5 presents a stereo diagram of all
the intra- and intermelecular intra-dimer O-[1---O hydrogen bonds. It shows that the O2
and O3 atoms that are not involved in 02--03" intramolecular hvdrogen bonds. instead
engage in hydrogen bonds 1o the other host molecule of the dimer. The *flip-flop’ nature
of the intramolecular hydrogen bonds involving the 02 and O3 atoms, i.e. the dynamic
switching between 203" and 03--02' hydrogen bonds, has been highlighted in

6283 indicating the mobility of the 02 and O3

previous acutron ditfraction studies,
hydrogen atoms. It has receatly been shown for the first time with the aid of synehrotron
data that the O3---03 hydrogen bonds hind the dimer in the 2(B-CI(1.12)-
dodecanedioic acid strueture,'* That these interactions bind $-CD dimers was previously
concluded on the basis of the more favourable geometries of the (33--03" hydrogen

bonds. From Table 4.9 it can be seen that the O3---03' hydrogen bonds for the BCDTUL



structure also have more favourable geometnies than the other inter-host intra-dimer

hydrogen bonds.

Table 4.9 Inira-dimer hydrogen bonds

Interaction

lotrumuelecular

O3AT-113A1--02A2 2405(4) 2.78(2) | 4R8(4)
C2A2-P2ZAZ-00A] 2005 2.7812) | 463)
OZAS-H2A5-03A4 222(8) 282 | 38(3)
O3A-H3AG-0O2AT 21004y 2.72t1) | 32(5)
(2B1-H2BI1--03B7 2.12{4) 2. B42) 146(3)
QIR2-H3B2--02B3 2.05(5) 2.76(2) 1445)
O3B4-13B64-+02A3 2.10¢4) 2762} 138(5)
O3B7-1B3B7-+2R| 2146} 284 143(5)
CoA2-HI0--05A3 2.55(5) 334 150(5)
CHEAL-HEAR-O5AF 2.56(%) 1.29(2) 132(3}
CHAG-TI6ANX-0EAT 26004} 3.39(2) 139(5}
Cals-H6BZ---03B7 2.48(5) A37(2) 15115)
CeBET-H43-05R1 2.54(5) 3.352) 14043}
Host--Host

O2ZA1-12A1--03R7 2.30(5) 298(1) 1 40(4)
DA IZA-03RS 2.33(3) 295 1) 133(3)
O2A4-H2A4--03134 2.34(5) 30T2) 149(3)
OZAT-HZAT--03[3] 241N 3.04(1) 1.34(3)
O2B2-12B303AS 2284 3.0H2) 15}
D2 B4-H2B4-00A4 2.43(6) J.01(1) 129(5)
U2B6-H2R6--02A3 2.51i4) 2971 LIHS)
O3A2-H3AZ--0306 204y 230(2) 164(3)
O3AFH3AY-03B5 2.00{4) 2.1 162(5]
O3A4-13A4- 01384 |.97(4) 277 166{5)
O3AS-HIAS--3B) L.9%R(6) Sy | 6B}
O3AT-I3AT- 3R 2.04(4) 2.8511) I 71{5)
O3B 1-112B1--3A7 2.0:446) 2551 1 72(5)
OARI-HARM--3AS5 2.001{4) 2 7 I5%(5)
O3Be-H3RA--03A2 2.00{6) 2.80(1) 162(5)
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Figure 4.5 Sterec diagram of the intra-dimer hydrogen bonding for the BCDTUL
structure. Only O-H-~0O hvdriogen bonding hydrogen atoms are shown,

Inter-dimer vdrogen bonds

The inter-dimer hydrogen bonds are listed in Table 4.10. As will be elaborated on in the
section titled Crystal packing, the dimers are amranged in layers that are stacked on top
of one ancther. Thus, the hydrogen bonding between dimers is discussed in terms of
whether they are within the same laver [intra-layer] or between adjacent layers [inter-

laver] and are categorised as such in Table 4.10.

‘There are ning unique inua-laver hydrogen bonds ol which only ¢ne is an O-H--0
hydrogen bond, the rest being C-H--O hydrogen bonds. The former is an O2-H---02'
hydrogen bond, the latter being C1-11---02', C1-1T---05', C2-I1--'03' hyvdrogen bonds. The
C1 and C2 hydrogen atoms are located on the outside of the cyclodextrin molecules, thus

allowing them te interact with the atoms of neigbouring B-CD molecules.

On the cther hand there are nine unique inter-layer O-H--0) hydrogen bends, all being
O6-H--06" and 06-H-03F" hydrogen bonds. The greater number of strong O-H---0
hydrogen bonds tor the inter-laver dimeric interactions indicates that dimers are more

strongly associated between the dimetic layers than within.
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Table 4.1{} Inter-dimer hydrogen bonds tor the BCDTUL structure

Interaction HeA f A DesXi A Dadlge Spmnictiy

cole”

Intra-layver

O2B2-H2B2-02A% 2.25(5) 270023 115{4) B A
C2ALI-HT -03Ad 2,48(4) 3302 143{3} xo-l-w, =z
CZA IS -03A0 2.A41(1) 33D F57 “lx v, 2
CLAF-HIA3--U2A7 2.44{6) 3282 1435} -l laey, 2
CZRZ-H| 7-OABS 2.42(4) 33N 1544} I+x v,
C2B4-112 10367 2.A3(5) 3ANY 16 3) X Iy x
CIBl-HIB| 0584 2.59(5) 3522 155H3) -1y, 7
C1BZ-111B2 (P20 2166} 3.3002) I 44{4) |+ v, &
C1Bd-HLBA-- 02131 251{5) 3.25(2) 1324} bR
Luter-layer

6 AZ-HBA T O6HG 2338) 2.86{2) 1233} Xy, Itz
GBT-H41--6A4 2544 JOHD 123(4} Xy, -llz
Col7-HI9--O6Al 2,4% 5y 3.0 134(3}) ¥, -1t
O6B5-HAEBR- 05 AT 2396} 3071 1494} sl by -4z
06 AG-Hb AG--D15RE5 24406} 3191} 152(d) lix, 3. 1-2
O6AGHEAG--U6HS 2275} 2.5602) 129(3) [ B B
O6A4-H30--D5E1 20504} 2,759{7) 1493} x5 1w, 1=2
Oab7-1141- 0544 2.00(5) 280010 162(d) %= l—w, -1tz
OO 1-HEB 1 -6 AT 2.0006) 28101 167(3) i-liy.-liz

* Symmetry code applicd to the second unit of the interaction

Water inferactions

The BCDTUL structure from TGA analysis was found to have 18.7 water molecules, of
which 18.5 were modelled over thirty-live sites as a result of the vast majority having
only partial s.a.0.s. The watcr molecules were located around the periphery of the host
molecules. The possible presence of waler molccules within the hest cavities was
difticult to ascertain due to the lack of modelling of the guest molecule and no attempts
were thus made 1o do so. The close contacts invelving water molecules, together with

their averages and ranges, for the BCDTUL structure are summariscd in Table 4.11.

it



The water molecules are involved in two networks of close contacts viz. those involving
the pritmary and sccondary sides of the B-CD molecule. These networks are almost
cntirely separated from each other, i.e the water molecules make contacts to atoms either
on the primary or secondary sides of the B-CD> molecules. The exception is the QW7
molecule. which s part of the primary water network but which also makes a weak
C-H--0 hydrogen bond to the C2B6 atom on the secondary side of host molecule B. Two
water molecules [OW2| and OW34] are in close contact only with each oiher and with
no olther hosl aloms, The water molecules in the ervstal structure are illusteated in the

crystal packing diagram {Figure 4.6] in the next scetion.

Table 4.11 Summary of water close contacts for the BCIYITL structure

SNpmber of

Coetact atom - ] Range S A Mean Distace / A
e ractions
0O2A & 2.43-3.12 P
O3A [ 2.62-3.14 283
34 G 1.03-324 310
{4 11 271-3.15 2491
CiA 3 122-136 329
C2A 4 3A02-3. 55 iR
C4A I = 326
HA 4 3.13-3139 332
Total Host(A)--Water 47
0O2B 14 200-3 2% 287
O3 5 273317 2.5
(53R 5 2320 3.0
a6 il 2.73-1.16 2.9
CIB 6 315332 3.2
2B & 3.12-3.56 3.26
C4R 2 3.09-3.33 3,21
CiB 2 3.29-342 13a
CHl 3 3 16-3.40 .52
T'otal Host(13)-Water 58
Walter-Walter 20 267-3.24 284




Crystal packing

A stereo view of the crystal packing down the ¢-axis for the BCDTUL structure is
presented in Figure 4.6. | displays the channel-type packing motif, a common packing
motif for B-C1} dimeric structures,'™ where head-to-head dimers stack on lop ol one
another forming ‘endless’ channels, The diagram also illustrates the location of the water
malecules lor one interstice where they act as the ‘glue’ that maintains the erystal

structure.

Figure 4.6 Stereo view ol the crystal packing down the ¢-axis for the BCDTUL
structure. The water molecules for one interstice are shown in red
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Powder X-ray Diffraction

The computed and cxperimental PXRD patterns for BCDTUL are presented in Figure
4.7. These show a high degree of corrclation despite the guest not being modelled in the
single crystal siruciure due to its disorder. The slight shift of the cxperimental trace to
lower 20 when compared to the computed trace is a result of the lower temperature al
which the information for the latter was obtained. This shift is responsible for the peak
corresponding fo the first peak in the computed trace being below the minimum 20 at
which the analysis was performed. The differcnces in relative intensities of the
cxperimental trace compared to the computed trace are due to crientation cffccts in the
sample prepared for experimental analysis. Nevertheless, the close match between the
pattems shows that the computed trace can serve as a reference for BCDTUL

identification,

Experimental

Ir\el
I AI n Computed
V’.I!\MMM# e e
& 11 16

21 26 3 35
26

Figure 4.7 Computed | 113K | and experimental | 295K | PXRD traces for BCDTUL
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Discussion

In this section. the conformations of the host molecules, host hvdrogen bonding

imeractions and erystal packing of the BCDTUL structure will be discussed relative to

other dimeric -CT) structures.

Firstly. the average unit coll parameters for various B-CD dimeric structures, as obtained
from the CSD,™ are presented in Table 4.12. It shows that there arc only four B-CD
struclures with unit cell parameters similar to those of BCDTUL. and that B-CD dimeric
structures to date generally prefer to crystallise in space groups P1 [IM packing type] and
(2 |CH packing tvpe].

Table 4.12 Average unit cet} parameters for dimeric B-CD structures from the CSD™

Ngrace semip.

Packing tvpe MDD SR
Pi,CH" 4 15411 | 15596 | 15884 | 10005 | 10112 | 10280
P1, CH [BCDTLUL| Thiswork | 15320 [ 15462 [ 15579 [ 10410 | 10031 104.15
Pi, IM 24 18.260 | 15438 [ 15419 | o310 | 11382 | 9w
C2,CH" 26 19.284 | 24.547 | 15.874 ) 109,15 o
P2y, 5C7 L] 15369 | 32561 | 15415 %0 102,72 )
€222, CB* 7 19327 | 24013 | 33.230 41) 0i) Hi)

TCCD refeodes uxed: BOYDPR, FERCOU, OKUFOPR, XUBXUN

" CS00 refeodes used: AGAZIR, AGAZOX, AGAZUD, AJUVAC, BODIPH10. BCDMPH, BCDNPR 11,
BIDMOO, BULFIX, CACPOM, COEXPR. CEDMUT, CIGXID10. DEVVAB,
DIFHOP, DOCV VMO, GESVUVIO, HEGXUM, LONGIE, MASBIR., MASBOX,
QABHOR, TEJHAR, vOODOLL VOQDUA, WISREY, WISRIZ. TATZIK.
DK AGOC

" CSD refeodes used: ATUVEG, BEFDOG, BEZLAT, COCMIO, CYDXTFE, DEVTED. DEVTIH,
DOOPOC, DOOQPULL GOSOOL, HUITKOW, TGO, KOGLIB, KUTICENT,
MASBAL ODEMOW, PLIKPIU, PUKPOA, SOBHUMUZ, SOBIEY (02, TEMCIX,
TURKLS, VITKANTE XERTET. YOVAVTON] . ZUZKOH

L0SD refeodes used: BEGWEQ, CDLETAN, CIVBUE, DUTLINIO. GETPAW. GETPLA. KIFPAQ,
MACDAW, NIZGLY, QACKEX, SAIPIC

U8 refeodes wsad: DEVTON., DEVTUT, FASXLS, GIPFEQL KOFIFELL MEGOUEK. TECYI1]




Conformations of the host molecules

The BCDTUL host molecules are fairly round, as is the case for other B-CD structures.
This has been attributed to the intramolecular O2--03' and 03--02" hydrogen bonds that
restrict the glucopyranose till angles to relatively small values.'** Selected conformational
parameters for seversl dimeric B-CD complex structures obtained from the CSD.*

logether with those of BCDTUL, are listed in Table 4.13.

Table 4.13 Selected averaged conformational parameters for the host molecules of a
number of dimeric B-C12 structures'™ and those for BCDTUL host molecule

Parameter Dhimeric B-CD complexes from CSD BCDILL
r/A 5.04 5,04
1/ A 438 433
al® 129 129
d/* 0.11 0.06
i /° 59 3
Ta " 7.9 5

The conformationzal parameters lor the BCDTUL host molecules are in close agreement
with those lor the dimeric B-CD complexes, This shows that, despite the inclusion of a
vartety of puests within the p-CD dimers, the symmetrical shapes ol the host molecules
of B-CD dimeric structures are maintained. This is probably due to the intra- and
mtermolecular hydrogen bonding within the B-CD dimers that restrains the geometry of
the B-C'D molecules. It has also been noted that the conformations of dimeric B-CD
molecules deviate less lrom ideal sewven-fold symmetry than their monomeric

%
counterparts.'”

Host hydrogen bonding interactions

Diflerent packing Lypes of B-CD molecules display similar hydrogen bonding networks
within specific layers."® The host hydrogen bonding network can be divided into those

tnvolving the primary and the secondary hvdroxyl groups of the B-CD moelecule. it has

(W |
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been found for dimeric B-CD structures that the secondary hydroxyl groups form part of
an tnvariant hydrogen bonding neiwork that is not influenced by the included guest
molecules, but that the hydrogen bonding network of the primary hydroxyl groups is
influenced to a greater extent by guest molecules that protrude from the host cavities.'*
In the majority of thc eomplexes. primary hydroxyl groups of adjacent dimers within a
layer form direct hydrogen bonds with each other. this type of hydrogen bending beiween
dimers of adjacent lavers being rare. In contrast. the hydrogen bonding involving the
primary hydroxyl groups ef the BCDTUL structure is observed exclusively between

dimers of adjaccent layers.

Water interactions

The water molecules in BCIVTUL, as for most other B-CD dimerie complexes have low
occupancy factors indicating a high degree of disorder. Despile this, these water
molecules have been shown to form a quasi-invariant water nelwork that is organised in
layers,**1*! The layers are separaled and their constituent waler molecules interact with
the same side ol the D moelecules, i.e either with the secondary or primary hydroxyl

groups. as is the case in the BCDTUL structure.

Crystal packing

The general packing motits of §-CD dimeric struciures have been described in Chapter
1 - Introductien. Despite the differences in the unit cell parameters and space groups ol
the different dimeric B-CD structures they all consist of dimers that pack so that they
torm centred or pseudo-centred dimeric layers. The different packing motils come about
in the way these layers are stacked on top ol one another. [here are four packing
arrangemnents known thus far for dimeric 3-CT structures. which result from difforent
relative settings of these dimeric lavers. As stated earlier, these are the channel [CH].
intermediate [IM], chessboard [CB] and screw-channel |SC) packing arranpements. The
CH and IM dimcrs arc stacked on top of one another parallel either to the a- or c-axes.
The relative shifts of consecutive dimers arc 2.7 A for the former and 6.0 A for the latter.
‘The CB and SC dimeric layers are related by 2, axes. [he CB dimers of adjacent layers

are located in each other's inter-dimer spaces so that a chessboard pattern is formed. The



Chaprer 4 - (-t 17 arwd ¥-I 1 Inclusion Camnplexes

SC dimers of consecutive layers are also stacked on top of one another, as in the case of
the CH mode, hut the (4 mean plancs of consceutive 8C dimers are inclined to one
another so thal a screw-channel is formed. The relative displacement of consecutive

dimers of CB and SC are 2.6 and 8.7 A respectively.

BCDTUL has the CH tvpe packing arrangemcnt and its computed PXRD trace
conresponds with isostructural series 10 and 11 computed for this packing arrangement.™
The tormer and the latter correspond to the space proups Pl and C2 respectively. Due to
their similar packing arrangements, and subtle structural differences alluded to at the
beginning of this chapter, the computed PXRLY traces for B-CD complexes crystallising
in these lwo space groups are virtually indistinguishable. However, Figure 4.8 presents
the computed PXRD traces for BCDTUL and isostructural series 10, as the space group
Pl was chosen as the correct space group for BCDTUL; based on the rcasons mentioned
carlicr in the chapter. The BCDTUL trace closcly matches the trace for isostructural

series 10 as 15 expected from the single crystal X-ray analysis.

Irp.*.l

5 10 15 20 25 30 35 40
26

Figure 4.8 The computed trace for BCDTUL [bottom] and the trace for isostruciural
serics 10 |B-CD complexes with similar unit cell paramcters and the same
space group as BCDTUL)

L



X-ray Crystallographic Analysis of GCDTUL

Single Crystal X-ray Diffraction

X-ray photography

Preliminary unit cell parameters for the GCDTUL complex were established using
phaotographic techniques. The crysial was mounted on a glass fibre and covered with
protective glue In order 1o prevent dehydration of the crystal. Oscillation and
Weissenberg photographs collectively revealed Lave #/immm symimetry and h((: h = 2n.
These indicated the two space groups P42,2 or P42ym but since the host is chiral the

former space group was chosen,

Data-collection and space group determination

The mosaicity of the GCDTUL crystal increased on cooling in a stream of N» vapour
and therefore intensity data were collected on a Nonius Kappa CCD diffractometer at
room lemperature [298K] using graphite-monochromated MoK radiation. The unit cell
parameters confirmed those obtained by photography and XPREP'™ indicated the space
group P42;2. Inspection of the reciprocal lattice lavers with LAYER'' showed this Lo be
consistent with X-ray photography.

Structure solntion and refinement

To date, all y-CD complexes crystallise in the space group P42,2 and contain three
crystallographically independent host molecules that are stacked on top of one another.'**
These host molecules are located on a four-fold rotation axis that is orthogonal to their
(Kl mean planes running down their cavities parallel to the c-axis. The four-lold rotation
axis reduces the asymmetric unil w0 six  glucopyranose units, ie two per
crystallographically independent y-CD molecule. The space group and unit cell volume
of GCDTUL are consistent with those for other v-CD complexes and therefore the
isomorphous replacement method was employed to solve the GCDTUL siructure using
the coordinates of ong of these known complexes. The coordinates ol the host atoms of

3{y-CDyeyelizine 49 2(H-0) |excluding the ‘freely rotating’ O6 atoms] were used as an
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initial phasing model in the structure solution of GUDTUL. The O6 atoms were
excluded in order to model their possible disorder using the electron density peak heights
of their disordered components. The host atem  labelling  of  the 3(y-
CDY-eyvelizine-49,2{H,0} structure was relained. the glucopyranose units of the A. B and
C asymmetric unit host molecules being labelled A1-A2, B1-B2 and C1-C2 respectively.
SIILLXL-97""* was used to vefine this initial model and to locate the remaining
asymmetric unit atoms. The 06 atoms were localed in the initial and subsequent
difference Fourier maps with those for the Al, A2 and C1 glucopyranose units being
disordered over two positions [the minor disordered component was labelled 07]. The
disordered O atoms were placed with s.o0.f. s based on their initial peak heights and
allowed to refine frecly with s.0.f. s of x and 1-x for the major and minor disordered
components respectively, Their temperature factors were fixed at 0.09 A7, the average
value of the isolropic lemperature factors of the ordered O6 aloms. The inital x values of
0.75, 0.68 and 0.67 tor Al, A2 and C1 respectively, refined 1o 0.77, 0.80 and 0.75. The
isotropic thermal parameters for all host atoms refined satisfactorily and thesc atoms
wete thus subsequently refined anisotropically, except for the disordered 06 atoms. The
hydroxyl hydrogen atoms were placed using a hydrogen-hond searching mode] [AFIX
83], whilst the rest of the host hydrogen atoms were placed using a riding model. All the
hydrogen atoms were refined isorropically with temperature factors 1.2 times those of

their patent atoms.

The four-fold rotation axis that exists down the cavity of the cyclodexinin molecules
requires any asymmetrical guesl molecule w0 be at least four-fold disordered. This
requirement made the interpretation of the difference Fourier map very difficult. In fact,
ne guest atoms could be placed due to the unacceptable geometrics and distances
between the eleetron densily peaks in the host cavities, as well as their extremely low
clectron densitics [highest peak in cavity 0.48 e A7), Alter all the host and water atoms
were placed, four of the highest peaks in the map did consistently appear on this four-fold
rotation axis bul the distances between them could not be reconciled with cxpected
distances between non-bonded atoms of the tulobuterol guest molecule. The

reconciliation of distances belween peaks that appeared on this four-fold axis with



distances between non-bonded atoms of the guest molecule in the 3(y-
CDY-eyclicine-49.2(H0) structure was a departure point for successful guest molecule

modelling.**

Ninetcen sites were identified as water molecules. These were placed with fixed isotropic
temperature faclors [0.09 A® which was the fixed value for the disordered 06 host
oxygen atoms] and site occupancy factors were aflowed to vary. Effectively all the water
molecules were disordered as indicated by their close proximity to a neighbouring water
molecule of less than the usual hydrogen-bonding distance. as well as their partial s.0.t.7s.
Al the end of the refinement the total site occupancy tor the unique water molecules was
5.7 which translated to 22.8 water molecules for the three independent bost molecules.
This is considerably less than the 33.5 water molecules as caloulated from the TGA
analysis. which emphasises that this intormation is best obtained from thermal analvsis
rather than X-ray diffraction. The s.0.£7s of the water molecules are presented in Table

4.15, whilst the crystal and refinement parameters are presented in Table 4.16.

Table 4.15 Site cccupancy factors for the water molecules of the GCDTUL structure

Yoleeok: ; AMolecule

0wl RIE | W TA 021

OwW2 (57 OWwW7B a4
OW3A .37 OWEA 0.37
oW iB (b5 OWaB Q.23
OWd4a N3l owa 0.45
v 4R 0.30 OowWin 0.01

W3 037 0wl 0.04
OWa A .25 Owiz 013
OWeh 028 OWI3 0.03
OWwa 018




Table 4,16 Crystal and refinement parameters for the GCDTUL structure

Formuyla gnit

o s - 200 - H g CINO-33 . 3(HO)

Formuly weight ¢ g mol”!

4946.7

Crystal system Tetragonal
Space proup P42,2

al kA 23.73103)
ciA 23.06%5)

s o il

fp i 90

v i a0

et X

Volume 7 &° 12992(4)
Density, . § g om 1.265
p(Mokes) / mm’ 0132
F{O0) 5282
Crystal size ( mm 0.22x0.27x4.30
Temperatute ! K 295(2)
Range scanned 87 ° 2EBE4
lnde; rAnges bs-11,26 k:-24 26 |:-21,23
& scan angle pur frame £ © 04

4 scan range £ %, no, of (rames L70. 425

¢ scan angle /7 1.0

i soan ranges £ no, of frames 160, 160
U3x ¢ mm 65

Weo. of measured reflactions 22974

Mo of unigue reflections Y&04

Mo, of reflections with 15 2ai} o404

Mo of least-squares parameters |

Rt Re 00710071
8 1048

R (F, = dF.0 J.0%62

wids (all reflections) 1.2874

Mo, of rellections omitied

1

Weighting scheme parameters

a=0.1%6.h=99117

‘.-J—"' -'Ilﬂ}lrxml

0046

Ap cxcursions { o A

-(154, (Lo
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Description of the structure

GCDTUL crystailiscs in the tetragonal space group P42,2 in a 3:2 y-CD:ulobutero! ratio
with £ = 2 formmula units per wnit cell |formula unit in Tabhie 4.[16]. Three
crystallographically independent host melecules are located on a four-fold rotation axis
and thus the asymmetric unit consisis of only six glucopyranose units, two Irom each
host molecule. A side view of the three crvstallographically independent molecules, as

well as the asymmetric unil with its atom labelling scheme are presented in Figure 4.9,

(a) (b}

Al

Figurc 4.9 (a) Side view of the three independent crystallographic y-CD host molecules
in the GCDTUL structurc

(b) Asymmetric unit of the GCDTUL structure with the atom labeliing ol
glucopyranose unil €1 shown as representative of the host atom labelling
for the other glucopyranosc units.



The parameters that describe the conformations of the GCDTUL host molecules are

presented in Vables 4.17-4.19, The principal torsion angles are prescnted in Table 4.17.

Table 4.17 Principal torsion angles [°] for the GCDTUL structure

Glucopy ranose unit

Al (D6, DTy -T1.8(¥), 66.3(8) L10.7(6) 12506} 55.9(T -57.8(T)
A2 (06, OT* -70.3(R), T5.5(8) L1976} 126.36) 55.3(%) -56.6(7)

Meun magnilude 71.0 110.7 127.4 S5.0 57.2
Bl -60.%8) 108 96 129.%a) 56.7(T) -58.5(7)
B2 -59.4(9) 106.3(6) 12976} 5T.7(E) -56.%7)

Mean magnitnde 60.2 107.6 1208 572 57.7
106, 0N -61,7i9, B1.6{M 105 3{6) 129 a{0) 55.5(8) -57.08)
{2 -59.3(8) 1K 8] 128.53{6} S8.1(T -58.1(7)

Mean magnitude 6758 [N | 129.0 57.0 584

* Two values for the @ parameter due to the disorder of the (6 atom

The @ torsion angle describes the rotation around the C5-C6 bond and thus the dircction
of the freely rotating C6-06 bond. 1t is both positive and ncgative for the A, A2 and C1
glucopyranose units comesponding to the disordered positions of the O6 atom for these
residucs. [n each case the positive sign of @ [indicating that the C6-06 bond points
towards the host cavity] represcnts the conformation of the minor disordered component.
The @ parameter for the B1, B2 and C2 glucopyranose units is negative, indicating that
the C6-06 bonds are directed away from the host cavity. The four-fold symmetry of the
y-CD molccuies requires the direction of the C6-06 bonds for each of the v-CD
molecules to be as follows. For host molecule A the C6-06 bonds point both towards and
away from the host cavity due to the disorder of both uniguc 06 atoms, whilst all those
for host moiecule B point away from the host cavity, and lastly that half of those for the
residues in host melecule € point both towards and away from the host cavity with the
other halt having their C6-06 bonds pointing exclusively away from the host cavity. The
glucopyranose units are all in the *C, chair conformation with the ®, ¥, & and ©;

torsion angles agreeing well with those for the parent y-CD.



‘T'able 4.18 presents the parameters for the O4-octagons in the GCDTUL structure, The
parameters listed are the O4-octagon centroid to 04 atom distance. r, the O4--04'
disianee, 1, the O4--04---04" angle, a, the deviation of the 04 atom from the mean 04
plane, d. and the O4--04-04"--04" torsion angle, t. The values {or the r, | and a
paramelers show that, in addition to the four-fold symmetry of each host malecuie
required by the space group P42;2, the unique residues also have very close values both
within and between hosl molecules. This indicates that the O4-octagons are very close 1o
regular octagons. This is also substantiated by the d and t paramelers. whose values are

close o 7ero,

Table 4,18 The geometrical parameters of the O4-octagons of the GCDTUL structure

Al .89 4,50 133 -th e ) 2l
Al 589 4.52 135 0.006(3) 1
Mean magnitude 5.89 4.51 135 R L 1
Bi 589 451 136 00090 3) =]
B2 584 448 134 -LO0RH3) |
Meun mugnitude 557 4.5 135 0.049* 1
1 5091 448 137 001603 Z
2 584 4.51 153 SR =2
Meun magnitude .58 4.5 135 0.016% 2

* Root-mean-squate deviation

‘Table 4.19 presents the tilt and intersaccharradic angles for the GCDTUL, structure. The
tilt angles are all positive, small and span a ity narrow range [12.3 to 16.7°]. Thisisin
keeping with the high degree of symmetry indicated by the parameters in Table 4.18. The
relatively smail positive angles indicate that the secondary side of the CD is only slightly
more open than the primary side of the CD molecules giving them the shape of a

truncated cone.




Table 4.19 ¢ and 1 parametery lor GCDTUL

Al 117.5(5) 1252} 13.1(2)

Al 117.7%5) 12.002) 12.51)
Mean 117.6 123 12.8
B1 117.0(5) 14.8(2) 16.0(2)
B2 116.43) 13802} 15.5(2)
Mean 1167 143 158
cl 118.2(5) 14.8(4) 16.6(2)
2 116.3(5) 12.8(4) 16.7(2)
Mean 1173 13.8 - 16,7

Guest inclusion

As stated, earlier the guest could not be modelled due to the inherent disorder resulting
from the host molecules being located on a four-fold axis. Figure 4.10 is a stereo diagram

of the highest electron density peaks [0.48-0.23 ¢ A”] in the host cavities.

ial

Figure 4.10 (2) Top and (b) side stereo views of the electron density in the GCDTUL
host cavities.
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Host hydrogen bonding interactions

PLATON"™' was used to calculate several hydrogen bonding interactions exclusively
involving host atoms of the GCDTUL siructure. Thesc are discussed next in terms of the

intra- and intermolecular hydrogen bonding inleractions.

Intramolecudar hydrogen honding

able 4.20 lists four unique O-H--O and three unique C-H--O intramolecular hydrogen
bonds, The O-H--O hydrogen bonds are the characicrisiic 03-H:-+02' and 02-11--(3'
hydrogen bonds that arc present in B-CD and y-CD complexes.' ™™ Figure 4.11(a) is a
diagram of these unigue O-H-0 hydrogen bonds. The A and C host molecules each have
one uniguc O3-t1--02" hydrogen bond prescnt with the lour-fold symmetry of thesc
molecules requiring three other identical hydrogen bonds. In the B host molecule there is
& unique O2-H--03' and 02-+H-O3 hydrogen bond present that connects the B2
glucopyranose unit to each ncighbouring residue on both sides, 'The four-fold symmectry
of the molecule, results in cach glucopyranose unit of the B2 host molccule being
connecled o I1s neighbouring residue on either side, thus yielding a total of eight of these
interactions. The 0O2-H--03' and 0OZ--11-03' hydrogen bonds are responsible for the
rigidity and small tilt angles of the host molecules. As m the case of the BCDTUL
structure, Co-H-- 05" intramolecular hyvdrogen bonds were also present in the GCDYTTL

structure, contribuling 10 the stabilisation of the host molecules.

Table 4.20 Intramolecular hydrogen bonding interactions for the GCDTUL structure

Hyilrogen bond SY M meEry
Code®
O3A2-HA2I--02A1 2.06(2) 2797 149(3)
O2B2-11322+ 0K 2. 12} 2HTHT) 15503 K. Y. 7
O3R2-111323+ 2B 2.22(2) 2.842(7) 133(3) =X, Y-y, &
O3C2-HC23--020 ] 213 2.89HT) 144(2) Vg e ly. 7
C&B1-H7D] 05132 253(2) 1.29(1) 135(4) Ky.Z
CoB2-HTB2-05H1 2.54(2) 3.30(1) 13414) oty ey 7
CoCZ- C2-05C) 2.58(2 A31(1) 132(4) Vex, Yoty 2

* Symmetry code applics to the second unit of the interaction
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{a) {b)

Figure 4.11 Diagram ol the GCDTUL asyinmetric unit showing the (a) intramolecular
and {b) the intermolecular, intra-channel O-T1T-( hydrogen bonding

Intermofecular fnvdroven bonding

As stated earlier, the GCDTUL host molecules stack on top ol one another and thus [orm
‘endless’ channels down the e-axis. The intermolecular hydrogen bonding is thus
discussed in terms of whether it occurs within these channcls [intra-channcl| or between
them |inter-channel]. The intermolecular, intra-channel hydrogen bonds for the
GODTUL structure are presented in Table 4.21. There are ten unique O-11-0 hydrogen
bonds and these are shown in Figure 4.11(b). The A and B host molecules are arranged
head-to-head and are hydrogen bonded 1o each other via their U2 and O3 atoins. All the
02 and O3 atoms that were not hydrogen bond donors for intramolecular hydrogen
bonding interactions, are instead donors for the intermoiccular, intra-channel hydrogen
bonding, the exception being the 03A1 atom, which is a hvdrogen bond donor to a host
atom of a neighbouring channel. The B and € host molecules are arranged tail-to-tail and

arc linked to cach other via four O6-H--06 hydrogen bonds. Lastly, the O6-H--02'

[ 43y



hydrogen bond links the € and A molecules [arranged head-to-1ail] of adjacent scts of
theee erystallogeaphically independent ¢-CD molecules within a channel to cach other.
Thus in the GCDTUL structure, afl the y-CD molecules within a particular channel are

linked 1o cach via O-H O hydrogen bonding.

Table 4.21 Intra-channel hvdrogen bonding interactions for the GCDTUL structure

Hydrogen bomd H\;]:::;:“‘
O2A|-HA 20362 2352 3 195(6) 140(3) b P R,
O2A2-HAZ2 -3B8] 254 3.196(7) 138(3) Pt T
O2R1-HBRI2- 0241 251 2.993(6) 118(3} X V.7
O2B1-HB12-03A2 236 3.264(7N 145(3) -1i2-x, |72y, =
O3B1-HIR1 30342 2.01 2816(7T) L7003 2%, 12,
OSB1-LIB1 606 | 205 2.R5(1) 169 4] o 2=x 12, 2
D62 IC 261 bR2 2.02 28419 175{d}) I, v
C61B2-1 1326062 202 2R41(%) 1743 1%, -¥%, &
O6A1-11A 160120 230 283008 123(4) % ¥ 1+e
Q6 1-HC 16—0GB 1 2.4 2.85(1) 169%(4) bex, Vetv. 2

* Symmetry code applies to the sccond unit of the interaction

Table 4.22 lists the inter-channel hydrogen bonding interactions that were observed lor
the GCDTUL structure, There are six unique hydrogen bonds of which two are O-H---Q
hydrogen bonds, the other lour being C-H-+O hydrogen bonds. Figure 4.12 iy a stereo
diagram of two neighbouring channels, showing three ervstallographically independent
host melccules and inter-channel hvdrogen bonding for one asymmetric unil. Each
asymmetric unit is mvolved in twelve hydrogen bonds, because it is al the recciving end
of the interaction as well. However, the four-fold rotation axis requires that each set of
three crystallographically independent CDs be involved in a total of forty-eight hydrogen

honds with its neighbouring sets,



Symmeln

Code™
03A1-HA302C1 2.12) 2.843(7T) 149(3) 1-x. Iy, |-z
02C1-HC 1 2--03A1 228(3) 2B43(7 126(4) l-x, l-y. |-z
CI1BI-HI1B1--06C2 2.49(3) 3.469(9) 173(4) 32ex, Yity, 142
CICI-HICI-03B2 2.41(3) 31.289%(1) [49(4) Yot o=y, -2
C201-H2C|-02R2 2.60(2) 15049 154(4) vt My, -z
C202-H2C2-~02B1 2.49(3) 3397 154¢4) 3 2x, o 1i2+y, 1z

* Symmetry code applies to the second unit ol the interaction

................. C202-H2C202B1 {2CI-HC12-03A1
T O3 AL-HALZ--02C1 S — CIBI-HIB1~06C2
............. . CIC1-HIC]--03B2 C2C1-H2C1--02B2

Figure 4.12 Stereo diagram of the inter-channel O-H---0 and C-H-O hydrogen bonding
in the GCDTUL complex.
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Watcr interactions

Table 4.23 lists all the wnique watcer interactions for the GCDTUL structure. The
host--water intcractions arc more predominant than the water-—-water Intsractions
[seventeen host--host vs. three water--water interactions]. Only water molecules on Lhe
periphery ol the v-CD molecules were located as the lack of guest modelling made i

dilficult to assign water molecules that are possibly located within the host cavitics.

Table 4.23 Water contacls for the GCDTUL siructure

Hydrogen bongd Svmmetry Code™
O2AZOW3A 27312}
O2AZ--OWI3B 2.76(2) KNTF
DIAZ-OW2 29101} Iy, -1 1oz
O5AZ--OWalk 3.08(2) Iy, 1%, 2z
5A2--0WeC 2873} l-y. 1-x, Z-2
OWIAA--G3C1 27Ty -y, I-x |-z
202 -0W2 27141} X ¥, 7
Q5R2--(FW9 3.05(2) XY, £
OW 10502 3.23(1) Vity, Yz
6B 10w 278(1) Ky, 7
OW3B--(3C1 3.06(2) T-v. I-%. 1-2
6020w | 2ROy 328, - L2y 1-%
O6R2 (NG 2.08(2) b
OW IO 34001y KoY, Z
OW2-OWTA 2924 Y. Z
OWY--Coli2 342(2) L
OWald - DWel F3043) l-v, I-x, 2-z
OW B D212 RN Y2 Ix, Yaew, bz
OW3A-CZAZ 3.3602) Y, Z
COW3B--OWald 2.373) Y. T

* Symmciry code applies to the second unit of the interaction

| (3



Chaprer 4 — O and v-C 0 Inclusion Complexes

Crystal packing

Figure 4.13 is a stereo view of the crystal packing of the GCDTUL structure projected
down the c-axis. It illusirates the ‘endless’ channels that are formed down this axis and
the location of the water molecules for ome interstice 15 shown, The diameter of the
interstice is fairly large [almosi comparable to that of the host cavities] and 15 a result of
the channels arranging it a squarc pattern, as opposed to a more closely-packed
hexagonal arrangement. The wide interstices facilitate diffusion of the water molecules

upon heating the crystals, as was sugpested to be the casc for v-CD complexes in a study

of the dehydration kinetics of v-CD-clofibric acid-15.5(t L0},

Figure 4.13 Stereo view of the crystal packing of the GCDTUL structure down the c-
axis. The water molecules for one interstice are shown
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Powder X-ray diffaction

The experimental and computed PXRD patierns for GCDTUL are presented in Figure
4.14. There is generallv good agreement between the two (races despite the guest
molecule not being modelled in the GCDTUL structure. Differences in relative
intensities ol the peaks in the experimental trace when compared to the computed pattern
are due to preferred orientation effects in the former and incomplete modelling in the
latter. The complex crystallises as Mne columnar rods, which are conducive to prelerred
orienlation despite the sample being finely ground. The close agreement of the traces
shows that the computed trace can serve as identification for GCDTUL, The traces were
obtained at similar temperatures and therelore the angular shifi that was observed in the

case of BCDTUL [Figure 4.7] was not present here.

W

lrl‘l i

Computed

Figure 4.14 Computed {298K] and experimental {295K] PXRD traces lor GCDTUL
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Discussion

The structural features of the GCDTUL crystal will be discussed next in refation to the
other known y-CD complexes. This will be done In terms of the conformation of the host
molceules, the host hydrogen bonding and water interactions and linally the crystal

packing.

Firstly, Table 4.24 presents the unil cell parameters ol the v-CD structures of which the
auihor is aware. O the twelve structures presented, ten structures were obtained from the
CSD.> whilst two were determined by members of the Supramolecular Chemistry
Rescarch Unit [SCRU| at the University of Cape Town [UCT]. All the y-CD species
crystallise with similar unit cell parameters in the space group P42,2. except those of the

parent, which cryslallises as two hydrated forms in the space group P2,

Table 4.24 Unit cell parameters of the known y-CD structures

Spoce praoup 2,

LITT200 20287 | 22079 | 10858 W) FRS0F | 90 CIMSRAS
L4103 16847 | 11098 | 20,271 il 10497 ) CIWMIETNT 1 *
Spoce group 42,2

| 2-Crown-4 23RO | 23808 | 23073 a0 an 30 LDOCY L
12-Crown-4LiSCN 23750 | 23750 | 22910 G a0 i FEIFL)

L 2-Crown-4K O] et t 0 . Dt B L L i) Lo FEIPOP
polyvrotaxanpe 2RET0) 25T | 2591 L L Ll MOPDBLIO
metha o] 3508 | Z3R08 | 23140 i Ll vl MLUNRIX
[2-Crown-4-Malll 23816 | 23816 | 23072 i i L SAINAS
|-propanol {erystal 1) | 23840 | 23840 | 23227 | 9o 4t 4ty SERJIAO
l-propanol {crystal 23 | 23.809 | 23309 | 23.207 ) ) oty AT ETIEES
UCT SCRLI

clofibric acid 23650 | 23630 | 23640 | 0 90 90 | vcrscrutt
evielane 23824 | 23824 | 23083 M a0 a0 T S{?RUE—
Tulebulen] 23731 | 23731 | 231062 H) L i This work

* Number of redeterminations in parentheses



Conformation of the host molecule

All v-CI) complexes known lo date crysiallise in the space group P42,2 and consist of
three crystallographically independent host molecules that are located on a four-fold
rotation axis.'”* This indicates that the host molecules have four-fold internal symmetry
which contributes (o the ‘roundness’ of the y-CD molecules. The main conlributions Lo
the ‘roundness’ of the v=CD molecules are the O2---03" and 0302, as well as the
intermolecular, intrg-channel hydrogen bonding interactions which restrict the tilt angles

[between [0 and 20°] of the glucopyranose units.

Host hydrogen bonding interactions

The hydrogen bonding nteractions in the y-CD-1-propanol-17H-0 complex have been
extensively described'** and this complex is taken as a model for these interactions in
isostructural y-CD complexes,'™ The hydrogen bonding in the GCDTUL siructure is in

close agreement with this.

Water interactions

The water molecules are mainly found in the interstices which have fairly large diameters
due to the arrangement of the y-CD channels. as described in the next section. This
aliows for gasy ditfusion of the water molecules and explains the reason for y-CD

complexes desolvating so readily when exposed to open air or mild heating.

Crystal packing

The space group P42,2 is an extremely rare space group for compounds to erystailise in
and these complexes are the only non-biological, organic compounds to do s0."" The y-
CD molecules stack on top of one another forming channels down the tetragonal c-axis.
These channeis are not arranged in a hexagonal or quasi-hexagonal pattern and are thus
not ¢lose packed. Insigad the columns arrange in a square pattern, resuiting in large
channels between the columns |Figure 4.13], The diameters of the inlerstitial channels

are only slightly smailter than those of the host cavities [-7A vs, ~8A]. Neighouring
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channels run anti-parallel to each other as illustrated in Fipure 4.15. which illustrates the
orientation of the three crystallographically independent y-CD molecules of the
neighbouring channels relative to each other. The molecules are arranged head-to-head
[A-B], tail-to-tail [B-C] and head-to-tail [C-A]. This stacking sequence is unusual for CD
molecules within @ channel, which normally have ther neighbouring molecules

I.lﬁﬁ

exclusively parallel or anti-paralie

Figure 4.15 Schemalic diagram of the stacking within a channel relative to its
neighbouring channel in v-CD complex structures

Figure 4.16 presents the compuled trace Tor GCDTUL and that of the averaged trace for
y-CD complexes, published by Caira as isostructural series 17.% The close agreement in
the traces is expected as GCDTUL is isostructural with the other known y-CD

com plexes,
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Figure 4.16 The computed trace for GDDTUL |bettom] and the trace for isostructural
serics 17 [-CD complexes with similar unit ecll parameters and the same
space group as GCDTUL|

Conclusion

Complexes of (3-CD and y-UD complexes with tulobuterol [named BCDTUL and
GCDTUL respectively] have successlully been prepared. These complexes were

characterised by elemental analysis, thermal and X-ray diffraction technigues,

The host:guest:1 ;0 ratio for BCDTUL was cstablished from the combined information
of nticroanalysis and TGA to be 2:1:18.7. Inclusion of tulobuterol within [5-CT increased
its thermal stability as the temperature al which the complex decomposes | 1o, = 305°C] is
higher than that at which the uncomplexed drug melts |Form 1, 15, — 91°C; Form 2 —
1= 81°C7. BCHTUL was found to crystallise in the space group P1 with & = 15.320(3),
b= 15.462(3), 15.579(3) A. @ = 104.10(3). B = 101.31(3}, y = 104.15(3)°. The structure

was solved but the guest molecule could not be located due to its  high degree of
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disorder. Nevertheless, the host and water molecules were modelled and their
geometrical parameters and interactions characterised. Powder X-ray diffraction
confirmed that BCDTUL is a member of an existing isostructural series of [-CD

complexes.

The host:guest:H20 ratio for GCDTUL was established as 3:2:33.3 from the combined
information of microanalysis and TGA. As with BCDTUL, inclusion ot tulobuterol in y-
CD increased its thermal stability as the temperature at which the complex decomposes
[Ton — 298°C] is higher than the melting temperature {Form 1, 1, = 91°C: Form 2 = T,
= B1°C] of the uncomplexed drug, GCNTUL crystallises with unit ¢ell parameters a = b
= 23.731(3) and ¢ = 23,0695 A. (1, together with all other known y-CD complexes,
crystallises in the space group P42,2 with its host molecules located on a four-fold
rotation axis. thus requiring that any asymmetrical guest molecule be at least four-fuld
disordered, For this reason, it was not possible to model the guest molecules in the
GCDTLUL structure, |owever, the host and water molecules were modelled and their
geometrical parameters and interactions elucidated. Powder X-ray dillraction ol the
GCDTUL complex confirmed that it 38 isostructural with the other known +CD

complexes,

||I_|
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Chaptlor 5 - DIMER and TRIMEB [nclusion Comploxc

Complex Preparation

The methylated Cl¥s have an inverse lemperature-solubility relationship, i.e. their
solubilitics decrease with an increase in temperature. Complex cryvstals of these CDs are
therefore prepared by dissolution of the CD at lower lemperatures, the dissolved CD in
turn solubilising the drug, and the formed complex allowed to crystallize at clevated

temperature,

The DIMEB complex of tulobuterol [hereinafter referred to as DMBTUL] was first
prepared by kneading the hast and goest in a 1:1 molar ratic with a mortar and pestle for
an hour. During this period a suitable amount of water was added Lo maintain a pasty
consistency. Single crystal preparation followed by stirring the kneaded complex in water
at a concentration of 20 mg/ml, and on ice in order to aid dissolution. The solution was

then filtered and allowed Lo crystallise at 70°C over a period of a fow days.

Single ecrystals of the TRIMEB complex of tulobuterol [hercinafier referred to as
TMBTLUL| were preparcd by adding o a ssturated, aqueous solution of TRIMEB an
equivalent amount of tulobuterol. The solution was filtered and allowed to crystallize at
60°C. TMBTUL could alse be prepared by kneading. the protocol being identical to that
for the DMBTUL preparation.

Microanalysis

C, H, N microanalysis was used for establishing the host 10 guest ratios. These data are
presented in Table 5.1 and indicated a 1:1 host:guest ratio for the DMBTUL and
TMBTUL complexes.

Table 5.1 C. 11, N microanalysis resulls [n=2] for DMBTUL and TMBTUL

Complex Experimentat Caleulated

%C | %Il | %N %l %H faN
TMBTUL [CoHpnOneColLCING] | 5457 | 783 | 1o ] 5435 | 791 085
DMBTUL [CHauOwCplliCINO] | 5261 | 765 | 072 [] 5238 | 750 | om0
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Thermal Analyscs

Hot Stage Microscopy

Figure 5.1 shows the visual characterization of the DMBTUL and TMBTUL crystals on
heatme. The analyses were performed under silicone oil to determine the presence of
possible meluded solvent. The DMBTUL crystals are initially clear but from 190-260°C
they completely opacify. This was evidenced on TGA as a mass loss equivalent to the
dissociation of one guest per host molecule. AL 260°C the crystals also show signs of
decomposition, indicated by a brown tinge. The crystals gradually become darker up o
350°C at which point bubbling occurs as a result of the increased rate of decomposition.
The TMBTUL crystals remain clear throughout the temperature range and the lack of
bubbling or crystal cracking, is indicative of a lack of included water. The crystals show

signs of melting at 149°C and are completely melted by 160°C.

DMEBTUL

80t 3R0C

Figure 5.1 1HHSM photographs of DMBTUL and TMBTUL



Diffcrential Scanning Calorimetry and Thermogravimetrie Analysis

Figure 5.2(a) and (b} present the TGA and DSC analyses of the single crystals of the
DMBTUL and TMBTUL compicxes respectively. The DMBTUL DSC irace shows a
complicated endothermic event in the range 205-269°C [endotherm B, which on the
TGA [mass loss A in the range 150-250°C] corresponds to 2 mass loss equal 1o one guesl
molecule per host molecule. This indicates the dissociation of the complex, a
phenomenon that has been observed for other DIMER complexes. The peak al 353°C
[endotherm A]. together with the exotherm and endotherm that follow it |355-390°C],
indicates decomposition of the DIMLUDB host. This is reflected in the TGA trace by a large
and tapid mass loss in the range 350-390°C. The lack of an endothermic peak and
negligible mass loss [the mass loss observed is attributed 10 surface waier] betore 150°C
in the DSC and TGA iraces respectively, indicate the absence of included water.
TMBTUL shows a single thermal event at 156°C [endotherm A] representing the mch of
the complex. The TGA trace shows negligible mass loss [observed mass loss attributed to
surtace water] indicating the lack of included solvenl. The above results are consistent

with the HSM analysis. Table 5.2 summarises the DSC thermal events.

Table 5.2 Summary of the DSC thermal events for DMBTUL and TMBTUL

DMBTUL TMBTLE

Temperature ranpe A (°Cy | 345-355 153-161
Endotherm A T cCy | 347 155

Pcak {°C) | 353 156
Temperature rangs: B (“C) | 205-269

3 B {"C) | 208

Peak (*C) | 238
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X-ray Crystallographic Analysis of DMBTUL

Single Crystal X-ray Diffraction

X-ray photography

Preliminary unit cell paramcters were established by photographic techniques. The
crystal was mounted on a glass fibre and oscillation and Weissenberg photographs were
recorded which collectively revealed Laue mwn symmetry, indicating the orthorhombie

crystal system.

Data-collection and space group determination

Intensity data were collected on a Nonius Kappa CCD diffractometer at 173K using
graphite-monochromated MoKa radiation. XPREP™ indicated the space group P2,2,2
and mspection of the vero levels of the reciprocal latiice with | AYER'" showed the

reflection condilions to be h0d: h = 2n, 0k0: k = 2n, which uniquely identify this space
group.

Structure solution and refinement

The structure of DMBTUL could nol be solved by 1somorphous replacement since there
are no previcusly published IMMER complexes with similar unit cell parameters to those
of DMBTUL. Unfortunately, the structure of DMBTUL could not be solved by olher
methods either, despite many attempis to do so. Many strategies were employed which
included @b initio structure solution [using SHELXD,'"! SIR2002,'** SHAKE-AND-
BAKE,"" DIRDIE,* SHELXS-97'"| and fragment phasing [using PATSEE.'Y
DIRDIF, " SHEL.XD'"'}. A *partial” answer was obtained from ab initio methods using
SHELXD,'"" which revealed approximately half of the asymmetric unit host atoms, but
these could not be refined to locate the rest of the atoms. This was probably due o the
fragment being translated Irom its ‘true’ position, which then could not be successfully
refined. This fragment was also used as an input mode) in SHELXD'" and PATSEE'™"’
for rotational and translalional searches which were also unsucecesstul in providing a
satisfactory solution. The crystals of DIMBTUL were very weakly diffracting which

could have hindered the ab iwitio structure solutton of DMBTLL since observable



reflections at high 8 werc lacking. Twinning could not be discarded as a possibility. but

strong evidenee for this phenomenon in this case was lacking.

Table 5.3 Crystal and data-collection parameters for DMBTUL

Parameter

Uomnula writ ConHop Oy 0 H TN
Fornula weight £ g mol’! L5501
Cryvstal system Chtharhombic
Space group IEAHE

al i 26756 1(4)
biA 30.6918(5)
o/ A 19.7482(2)
e a0

Bi® 90

o a0

Volume ¢ 47 16217.1{4)

£ g

Densily.,: / gem” 12440

: .
Crystal sive ! mm’ A 2740.22x0.1 7

Temperalure / K 173

Kange scanned &/ 2031
Index ranpes ho-26.26 k:-30.30 1:-19,19
i scan angle per frame £ 2 1.0

t scan range ¢ % no. of frames 183, L&3

o scan angle / ® B

0 sean ranges C ©, no. of frames 38. 58, 55,55
Cx  mm 44

Mo, of measured reflections 16444

Mo ol unigue retlections 16421

No. of reflections with 7> 2a(T) BOT7U

R Re 0.099, 0.0%
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X-ray Crystallographic Analysis of TMBTUL

Single Crystal X-ray Diffraction

X-ray photography

Preliminary unit ccll parameters were established by photographic techniques. Laue #mm
symmetry was revealed by the collective information Irom oscillation and Weisscnberg

photographs. This indicated the orthorhombic crystal system.

Data-colleetion and space group determination

Intensity data were collected on a Nonius Kappa CCD diffractomcter at 162K using
graphite-monochromated MoK radiation, XPREP'™ indicated the space group P2,2,2,

"7 showed the

and inspection of the 7ero levels of the reciprocal lattice with LAYER
reflection conditions to be h0O: b = 2n, OkO: k= 2n. 00 [ = 2n. thus uniquely identifying

this space group.

Structurce selution and refinement

The structure of TMBTUL was solved by isomorphous replacement with the coordinates
of an isostructural TRIMEB complex, TRIMEB-clofi brate-H-0.""" The coordinaics of the
host non-hydrogen atoms of the TRIMLEB-clofibrate-i [0 complex unit [cxeluding the
“freely’ rotating O6. €7, C8 and C9 atoms] werc used for the positions of the
corresponding atoms in the TMBTUL structure. The refinement procceded in SHELXI -
97'"* and the difference Fourier map revealed the positions of the 06, C7, C8 and C9
atoms in the initial and subsequent refinement runs. Al host atoms were initially refined
isotropically. Pcaks for the guest appeared concurrently, but these were not placed as
atoms before complete placement of all host aloms in order to optimise the former’s peak
pusitions. Satisfactory isofropic thermal parameters for the host atoms allowed for
anisotropic refinement. After it was assesscd that these atoms refined satisfactorily with
anisotropic temperature factors, hydrogen atoms werc placed on the host in fixed
gepmelric posilions using a riding model and refined with isolropic temperature factors of

1.2 times those of their parent atoms. The methy] hydrogen atoms were placed using the
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rotating group relinement strategy [AFIX 137] wilh isotropic lemperature factors 1.5

times those of their parent atoms.

After all the cyclodextrin atoms had been placed all the guest atom peaks appeared in the
differcnce Fourier map. The map revealed a substituent peak at both ortho-positions of
the phenyl ring which clearly corresponded to the positions of a disordered chlorine atom.
I'he disorder is effected through the rotation of the chlorophenyl ving around the C1-C7

bond, as illustrated in Figure 5.3

cr2

Figurc 3,3 Schematic diagram illustrating the mode of guest disorder effecied through
rotation avound the C1-C7 bond

Since there was only onc peak position for cach phenyl ring alom the disorder was
modelled as the result of an exact 1807 rotation around the C1-C7 bond. The two
rotational conformations will respectively be referred to as the CI2A and CI2B rotamers
hercinafier. The CI2A and CI2ZB atoms were refined with partial s.o.f. s of x and 1-x
respectively, The initial vaiue of (.58 for x was based on the initiai peak heights and
allowed to freely refine in subscquent runs. This value converged to (.56, 'The phenyl
ring geomelry was distorted and therefore a geometrical constraint |AFIX 66] was
applied in order to fit the phenyl ring atoms to a regular hexagon. The guest atoms were

nol relined anisotropicaily due to their high temperature factors, final values ranging

-
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from 0.10-0.29 A%, The disorder of the C12 atom did not allow lor the placement of the
phenyl H6A and H6B atoms using a riding mode] [AFTX 43] due to the connectivity
conditions of the model described, but instead their fixed positions were calculated based
on the distance and geometry for the other phenyl hydrogens. The s.o.f. s of the H6A and
H6B atoms were refined with those ol the C12A and CI2B atoms respectively and therr
isotropic temperature lactors assigned as 1.2 fimes those of their parent atoms. 'the O7
hydragen atom [labelled H7| could not be located in the difference Fourier map and was
thus placed using a hydrogen bond searching model [AFIX 83] and refined with an
isotropic temperature factor 1.3 lirnes thal of ils parent atom. The amino hydrogen atom
[labelled HYY could also not be locaied in the dilference Fourier map and was therefore
placed ai a caiculated distance of 1.00(5) A from the N9 atom in the C8-N9-C10 plane
with the C8-N9-H$ and C10-N9-119 angles being equal. Appropriate dislance restraints
relative lo the C8 and C10 atoms were applied to ensure sensible geometry but with
enough Mexibility to allow the 1{% atom to settle in either a trigonal planar or tetrahedral
geometry ground the N9 atom. It was refined with an isotropic temperature factor 1.5
times that of its parent atom. The rest of the guest hydrogens were placed and relined in
the same manner as their counterparts on the host molecule. The highest electron density
pcaks at the end of the refinement [0.40-0.69 ¢ A™) were situated around the C12A and
CI2B atoms and are associated with the non-anisotropic relinement of these atoms. The
peaks around the t-butyl methyl carbons were discarded as possible disordered methyl
groups on the basis of their unacceptable geometry and very low peak density [0.30-0.39

¢ A7|. Crystal and relinement pacameters are presented in Table 5.4,
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Table 5.4 Crystal und refinement parameters for TMBTUL

Parameter

Formula unit

CosHyaOns U4 01N

RIBMLELE [aclpslon Comples

Formula weisht £ g mal” l657.3
Crystal sysiem Orthorhombic
Space group P2,2,2,

alk 15063013
hiA 31290 1)
gk 26T

E i)

pie 90

Vit 4i)

Volume / A’ 88741

¥ 4

Dnsitye ¢ 2 on™ 1.2480

wi Mok £ ! 0127

F{1HI) 3568

Crystal size / mm 0.27x0.22%0.17
Temperalure £ 162

Range scanned 4/ ° 2EE<30

[ndex ranpes h:o 9 k-2930 1:-3% 38
& scom gngle per frame / ° L0

4 sean range £ °, no. of frames (a1, |6l

i scEm ghole / © L.

L sean Tﬂi;gl.‘ﬁ- 47 . of frames 1% 38; 37,37
I/ mm )

Mo, ol measured reflections 35636

o of unigue reflections 19gR2

Mo, of reflections with [ = 2a(D) Qo

Mo, of [east-sguares parometers 54

B., R, 00739, 0.1 157
5 1.035

Ky (F, = 4a(E. ) 0858

wh, 02714

Mo, of reflections omitted 17

Weighting scheme parametars

a= {1487, b= 0LI1

(A /8)ucy,

< 000

Ap excursions /¢ &7

0.69, .63
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Description of the structure

TMBTUL crystallizes in a 1:1 TRIMEB:tulobuterol ratio in the orthorhombic space
group P2,2,2; with Z = 4 complex formula units per unit cell and thus one complex
formula unit per asymmetric unit. A diagram of the TMBTUL structure is presented in
Figure 5.4, The methylglucose units are denoted G1 to G7 and the numbering of the
guest and one methylglucose unit is shown, The geometrical parameters used to describe
the structural featyres of the CD host, as described in Chapter 1 are listed in Tables 5.5-
7.

Figure 5.4 View of the TMBTUL complex from the host secondary face. Host and guest
numbering schemes are in black and grev respectively, Tlydrogens atoms are
omitted for clarity.

| -



Moechy lulucose
unit

Gl1 82.1¢7) 101 9¢3) 144.5(4) 44.7(6) -50.9(6)
G2 TO0(5) 81.7(5) 93.3(5) 52 8(6) -ST.45)
G3 72.%6) 105.8(5) 14.8(5) 45.9(6) -49,(5)
G4 4105 110.044) 131.%%) 56.4(5) -58.005)
Gs 73.0(6) 106.6(4) 136.7(4) 48.(5) -47.4(5)
Go -R1.%3) 89.2¢4) 101.0{4) 48.55) -53.3(5)
G7 -73.5(5) INR.0{4) 162.8{4) 3N -55.9%5)
Mean magnitude 154 1045 130.7 499 53.1

Tahle 5.5 lists some of the principal torsion angles of the TRIMER molecule. The ®
parameter [describing the direction of the C6-06 honds wiath respect to the cavity] is
positive for G1. G3 and G5 |pointing 1owards the cavity] and negative lor G2, G4. G6
and G7 [pointing away from the cavity]. The C% methyl carbon aloms of the
methylglucose units for which m is positive extend across the primary rim to effectively
seal this side of the CD as is discussed later in the Guest inclosion section and illustrated
in Figure 5.4. The 06-C9 bond is frans W C5-C6 for all residues. except for GG6 where it
i8 gauche. On the secondary rim all the 02-C7 bends point away [rom the cavily. except
for that of G2. which together with all the O3-C8 bonds, points towards the cavity. For
steric reasons the C7 and C8 methyl ¢carbons also point away from each other in all the
units. The methylglucese units are all in the *C, chair conformation and the conformation
around the C4 atoms. as described by the parameters &4 and ©;, show minimal deviation
from the ideal values for such a residue. Table 5.6 lists the parameters for the 04

heptagon.
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Table 5.6 O4-heptagon paramelers for TMBTUL

AMethylelueose unit

Gl 464 4,449 123 -, 083(3) 1%
2 e 2 4.27 125 -0 446(3) 3
G3 | 4.49 128 g.2610 =20
G4 4,92 4.29 134 0.390(2) L
{5 4.77 4.43 L22 03792y 26
Gh 523 4.40 121 S0.315(2) -24
G7 313 433 L8 0.625(3) ~3
Mean magnitude 541 4.39 127 L 4

* Root-mean-square deviation

‘The O4-hepragon of TMBTUL deviates significantly from a rcgular heptagon and is
clliptical as is evident from Figure 3.4, This is indicated numencally by the
increasing/decreasing patterns in the r, | and a parameters. The deviation of the
individual 04 atoms from the G4 mean plane is also significam as indicated by the d and
t paramcters and is a result of the tilt angles described next. The till angles for the
TMBTUL structure together with the imersaccharidic bond angles are histed in Table 5.7.
Five of the methylglucose units have positive till angles, those for G2 and G6 being
negative, indicating that the majority ol the methylglucose units are tilted towards the
mside of the cavity on Lhe 06 side. The degree of tilt of the methylglucose units varies
sequentially around the ring. There is an increase between neighbouring units in the tilt
angle in a numerical order from 61 to 7, except for G2 and G6 for which the tiit angles
arc ncgative. G2 and G6 are nearly on opposite sides of the CD and thus have the effect
of squaring the CD off at these points and giving the CD a ‘bent’ appearance as
illustrated in Figure 5.5, The imersaccharidic bond angles are close 1o what is observed

for B-CD molecules,



Table 5.7 ¢p and t parameters for TMBTUL

Methylglugose unit

Gl T16.5(4) 144513 +50.6{2)
2 118.8(H -B.S(1} 9. 1{1)
.3 1196(4) 1163(1}) +17.001}
G4 [17.8(3) 2711 +27.2(2)
G5 | 15.2(3) +28.7(1) “33.6(2)
Go | 18.3(3) 1241 130013
G7 11654 F37.6(1) 36.8(2)
Mean 1174 19.1 204
=3 G3 ?4 et 1 o

Figure 5.5 Stereo view from the side of the TRIMEB molecule in TMBTUL in order to
illustrate its *curvature’

Guest inclusion

The -butx| group of the tulobuleral molecule inserts into the cyclodextrin cavity from the
secondary face with the chlorephenyl group located on the outside of the cavity as
illustrated In Figure 5.6, The #butyl group is located very close o the centre of the
TRIMEB cavily [the distance of the C10 alom 1o O4-heptagon centroid is only 0.41A]
whilst the chlorophenyl group is lecated on the outside of the cavity over the secondany
side of the G4 methylglucose umit. The tulobulerol backbone mean plane defined by the
C1, C7. C8, N9 and CI0 atoms [reler to Figure 5.3 for atom labelling of the tulobuterol
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molecule] makes an angle of 29.2(7) with the molecular axis of the host molecule.

detined as being orthogonal to the O4 mean plane.

Figure 5.6 Stereo view illustrating the mode of guest inclusion inthe TMBTUL complex

Figures 5.7(a)-(d) are space-[illing diagrams presenting different views ol the TMBTUL
complex. Figure 5.7(a) is a view lrom the primary lace illusirating the effect of the C9
meihyl groups of the methylglucose units for which @ is posiiive and which thus extend
aver the TRIMEDB cavity, effectively 'sealing off’ this side of the CD. The view Itom the
secondary face. presented in Iigure 5.7(b). shows the ‘open’ side ol the TRIMEB
molecule and how the guest is ‘buried” in the cavity. The degree of guest protrusion from
the host cavity is illustrated in a side view of the TMBTUL complex in Figure 5.7(c).
which shows that the ¢hlorophenyl group is located above the secondary ‘upper’ rim of
the TRIMER molecule. Figure 5.7(d}, with part of the hosl removed, presents a side view

of the degree of insertion of the guest molecule into the host cavity.
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(i} (b)

(e {d}

Yigure 5.7 View of the {a) primary, (b} secondary and (¢} side face of the TMBTUL
complex, whilst {d} is a view ol the side with part of the host molecule
removed
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Conformation and configuration of the guest molecule

The conformation of the tulobuterol melecule in TMBTUL is discussed next relative to
its contormation in the Form 1 and Form 2 polymorphs of tulobuterol. The principal
torsion angles for the tulobuterol molecule in TMBTUL. Form 1 and Form 2 are
presented in Table 58, whilst Iigure 5.8 is a repeat of Figure 3.10, illustrating the
definitions of the torsion angles. 'or more background the reader is referred back to
Chapter 3. The configuration at the chiral centre C7 of the included tulobuterol molecule

is {R-). which will be elaborated on in the Discussion scction of this chapter.

(@) (b}

Figure 5.8 Schemalic diagram of the principal torsion angles (a) ny, Nz, 115 (b} n2 and 14
for the tulobuterol backbone.,

The two enteies each for the m, and n: torsion angle for the tlobuteral molecule in
TMBTUL correspond (o the two retatiomal orientations of the chloropheny! ring |refer to
Figure 5.4]. The ); and n: torsion angles of the CI2A conformer agree closely with those
for Form 1 and Form 2, respectively indicating that the aromatic ring plane is nearly
orthogonal to the tulobuterol backbone and that the O7 and CI12A atoms are trans. The n;
angle for the CI2B conformer is larger than in the uncomplexed state but the aromatic
ring planc is still nearly orthogonal to the tulobutero! backbone, The 72 torsion angle is

markedly dilferent though, indicating that the CI2B and O7 aloms are gauche. which

I3



contrasts with the exclusively trans relationship obscrved in the uncomplexed state. The
CI2A conformer is slightly favoured over the CI2B conformer as indicated by its s.0.f. of
0.56.

Table 5.8 Principal torsion angles [*] of wlobuterol in TMBTUL, Form 1 and Form 2

TMBTUL [{R-}] -?5_5;3;:_ o ﬁmj;‘ 179.5(7) 49.6(12) 119.5(9)
100.9(8) -30.2(10)
Form 1
Molecule A [(5-)] | 87.002) -153.%2) 17522 622(2) -170.52)
Muolecule B [(R-1] | -81.4(2) 160.2(2) -179.402) 58.2(2) T3
Molecule C |(R-)] | -77.8(2) 163.2(2) 178.1{2) -0, 1¢2) 169 4{2)
Form 2
Molecule A [(S-)] | 84.0(2) 1572(2) -174.002) 64.3(2) 166.0(2)
Maolecule B [{R-)] | -83.9(2) 157.112) -178.2(2) L E BT e 167.2(2)
Molecule C [(R-)] | -81.35(2) 159.9(2) I78.9(1) S9N 172.62)

* CI2A rotamer

® CI213 rotamer [C2 is replaced by C6 in the lorsion angle definitions)

I'he n: torsion angle for the tulobuterol molecule in TMBTUL is close to 180" and in
agreement with that observed in Form 1 and Form 2. indicating that the backbone is in
the *extended’ conformation with the aromatic ring trans to the N9 atom. The ny lorsion
angle indicates that the O7 and NY atoms are gawche as is the case for the Form 1 and

Form 2 tulobutere] molecules.

The ns torsion angle of —119.5(9)" in the TMBTUL complex constilules a signiticant
dilference from the angles observed in the uncomplexed tulobuterol molecules as
illustrated in Igure 5.9. This is probably necessary to allow for a better fit of the

tulobuterol molecule in the TRIMER cavity.
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(@)

~ CI2A

(b) 7

c7

H&

Uk
M=

Hg
HE Hg 10

Ha H&
c10

Figure 5.9 (a) Diagram iliustrating the differcnee in the 15 torsion angle for welobutero! in

Form 1. molecule C [lett] and in TMBTUL |right|. Hydropen aloms are
omitted for clarity

{b) Newman projections illustrating the 115 torsion angle of the corresponding
molccules in (a)

3
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Hydrogen bonding and C-Hx-ring interactions

Hydrogen bonding and C-H-w-ring interactions for TMBTUL ure listed in Table 5.9,
indicating that it is not only van der Waals and hydrophobic interactions that stabilise the

TMBTUL structure,

Inframofecilar host interactions

‘There are eleven host hydrogen bonds that stabilise the structure of the TRIMLB
molecule in TMBTUL. They do so for different contormational aspects of the molecule.
On the primary side of the TRIMUEB molecule, Co-H--(¥5" hydrogen bonds hayve been
implicated as factors for the high positive tilt angles observed for the methylglucose units
in general,'™ and it has also been suggested that these hydrogen bonds are usually not
present for methylglucose units with lower tilt angles. In the TMBTUL structure there
arg five methyl glucose units at the receiving end of such hydrogen bonds [Figure 5. 10]
with G2 and G6, the methylglucose units with the lowest lilt angles, being the

exceplions.

Figure 5,18 Stereo view of the Co-H---05' hydrogen bonds in the TMBTUL structure.
Only the hydrogen atoms involved in the relevant hydrogen bonding are
shown.

Interestingly. G2 on the secondary side is involved in a CI-H--03' hydrogen bond
[C1G2-H1G2-+03G]1 | which could be responsible for its low tilt angle. There are two
other C-H---O hydrogen bonds on the primary side ol the TRIMEB molecule, namely
CoGT-HEB7--06G1 and CIG7-HIGT-060G6 [not shown], and these ‘lock’ the O6
alomns i their observed positions in their rotation around the C3-C6 bond (defined by



paraimeter @ in Table 5.5]. The other hydrogen bonds on the secondary side of the
TRIMEB malecule are C8-H-+02 and C8-H--O3" hvdrogen bonds, which *lock’ the C8
methyl groups in the positions that they are observed on their respective methviglucose

units.

Table 5.2 Hvdrogen-bunding and C-H---n-nng intcractions for TMRTUL

Svmmetry

Interaction Al A D-H--A" LR
Host

Cl1G2-H1G2--030G] 2 43(4) 3.10(1) 1234) ]
CHO7-HIGT-0O606 2.46%) 321 L34(4) KY¥,Z
CHG2-Hal 20303 2431) 1le(l) I32{4) Ly.2
CHGI-H6AI-0504 248(4) 3.58(1) 154{4) Y. Z
CH04-1 1B4--(1505 2.35(4) adnin 123(4) X, ¥.
Cols-HeBa - O3G7T 24104} 30501 133{4) X, ¥, £
COGT-HaBT--0301 2.4004% ER(VAN] 128(4} Y. 7
CeGT-HeRT- 060G 2.36(4) 3481 1584} XY Z
C8GI-HEC] 0261 2.35(4) 3.12(1) 11814} Ky ¥ &
C8G2-HEA?-0203 I 3HA) 3200) 143(4) X ¥.7
C3GS-1IBCS-026G3 2334) 311 12041} X ¥.-2
Guest

L 8-HRR-- (124 2724 35(1) 123{4) “y.Z
Huost-guesi

- M7+ 0206 2604 2.86(1) 143{4) Xy, L
NO-HY--{HMGS 2514} 347N [ G0{4) Ky ¥y i
CROGA-H3CH-Cp* 330{4) 3.80(1) 114¢4) Y.Z
Llost-lost

CAG2-HAG2--03GS 251(4) 34201 1544 bix.y.7
C2G5-HIGS--0On02 2.35(4) 3.A6(1) 154{4) o L
COGa-HI AG--030 | 2.59(4) 3071 111(4) -l hx, ¥ 2
C2G4-H2ZG4--050G7 2.38(4) 34201 143(4) 32-%, b-v, 12tz
C2G4-112G4--0GT 2.56{4) 3.43(1) 149(4) 3a-x. 1y, V242
C2GT-H2GT--0H G4 240010 3.32(1) i55(4) 32ax, |-y, 17227
CoG7-HOBT-0304 25044} 3191} 128{4) 3ax, |ay, =124

* Symmetry code applied to second umit of interaction
* Cg = Centre of gravity of the arvinatic ring of the guest
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Intramolecular suest inferactions

Only one guest hydrogen bond, namely C8-H8-CI2A, was found which could explain
the slight preterence of the CI2ZA over the CI2B rotamer, as indicated by the former’s
s.0.f of .56

Hast-guest interactions

There are two host-guest hydrogen bonds and one C-11---7-ring interaction that are listed
in Table 3.9, which strengthen the association of the host and guest molecules. 'These are
the O7-17--02G6 and N9-HY9---04GS hydrogen bonds and the C8G4-118C4--Cg
interaction which are illustrated in Figure 5.11. The presence ol the host-guest hydrogen
bands invalving the N2 and O7 atoms explains the absence ol the intramolecular N-H--O
hydrogen bond that is observed for the tulobuterol molecules in the uncomplexed state.
The symmetry codes also indicate that these are within the same asymmetric unit, i.e. no

contacts are made between guest and host molecules of neighbouring units.

Figure 5.11 5Stereo diagram illusirating the host-guest interactions. The (O7-H7--02G6
and N9-119---04035 hydrogen bonds are shown in red. whilst the C80G4-
HECA--Cyg interaction is shown in green. Only the hydrogen atoms involved
in the interzetions are shown for clarity
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Hast-host fnieractions

The seven host-host C-H---O hydrogen bonds that are present in the TMBTUL struciure
contribute to the stabilisation of the crystal structure in the absence ol water molecules
that fulfil this function in hydrated complexes. The symmetry codes lor the C4G2-
H4G2-03G5 [1+x, v, 2], CZG5-H2G5-06G2 [-1+x, v, 2] and C9G6-HOAG-03G]
[-1+x, ¥, 7] hydrogen bonds indicate that they link the host molecules along the a-axis,
Likewise the symmetry codes lor the C2ZO4-H2G4--O5GT [3/2-x, |-y, 1/24z7], C2064-
H2G4-06G7 [3/2-x, [y, 1/2+2]. C2GT-H2GT-+06G4 [3/2-x, -y, ~1/2+2] and C9G7-
HYB7--03G4 [3/2-x, 1-y, -1/2+7] hydrogen bonds indicate that they link the screw-
related host molecules along the c-axis. The number of these hydrogen bonds per host
molccule doubles to fourteen as a result of it also being at the receiving end of the
interaction. These are illustrated in Figure 5.12, which also shows that each host molecule

is connected to four surrounding host molecules along the directions mentioned above,

CG6-HOAG--C30G] v - C2G5-H2IGS 0602 wemeer COGT-HIGY - 0604

CAG2-H4G2--0530GS == CoGT-H9BT--03G4 =====" C20G4-HZGE 00T =me=es

{2G4-H2G4--05G7

Figure 5.12 The intermolccular C-H--0 hydrogen bonds that link TRIMEB molecules in
the TMBTUL structurc.
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Crystal packing

Crystal packing diagrams of the TMBTUL structure are presented in Figure 5.13. The
{)4-heptagon mean plane is parallel to the ge-plane with the cavity axis of the CD parallel
1o Lhe A-axis. The molecules are stacked head-to-tail down this direction with slight
lateral offsets resulting in a screw-channel. The crystal packing diagrams also visually
conlirm that there are no inter-goest interactions and also show that the chlorophenyl ring

does not protrude into the cavities of neighbouring host molecules.

Figure 5.13 Stergo packing diagrams of TMBTUL down the {(a) - (b} - and (c) c-axes
respectively

S
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Powder X-ray Diffraction

The computed and experimental PXRD patierns for TMBTUL are presented in Figure
5.14, The patterns maltch in their number ol peaks as well as their profiles. The slight
shifi of the experimental trace to lower 2¢ wvalues is attributed to the difference in
temperatures at which the information lor the traces was obtuined. The close agreement
also indicates the lack of a phase change on grinding the complex, whilst the mismatch in
relative peak intensities of the experimental trace with respect to the computed trace is

due to preferred orientation effects.

Experimental

l!'tl

1] e
1 —

Computed

Figure 5.14 Computed [ 162K] and experimental [295K] PXRI> traces of TMBTUL



Discussion

A search of the CSD™ for TRIMEB structurcs viclded twenty cntries, but seven of thesc
are redeterminations, thus making a total of thirtecn unique TRIMEB structures that the
database contains. The unit cell parameters for these are listed in Table 3.10. However, in
addition to the CSD™ structures, members of the Supramolecular Chemistry Research
Unit [SCRU] at the University of Cape Town [UCT] have determined several TRIMEB
structures that have recently been published. or gre “in press’, but which are not yet listed
in the CSD.* The unil cell parameters for these structures, as well as those for
TMBTUL, are listed at the bottom of Tuble 5.10, The CSD* structures all crystaliise in
the space group P2,2,2;. Two TRIMEB complex structurcs, isolated by the SCRU al
UCT. with butamben™ and (E}-ajoene™ as guests crystallise in the monoclinic space
group P2,, the former being the first reported TRIMEB structure to crystallise in the
monoelinic erystal system. Two new crystalline lorms of the host TRIMEB, an anhydrate

" were also recently prepared by the UCT SCRU. As stated earlier, the

and a trihvdrate,
initial phasing trial model uscd for the structure solution of TMBTUL was oblained from
TRIMEB- clofibrate-H20."" whose unit eell parameters [Table 5.10] agree closely with
those of TMBTUL, one of the two nccessary conditions lor successful structure solution

using the isomorphous replucement method.

Conformation of the host molecule

Permethylation of the B-CD molecule has a marked effect on its conformation. as
discovered with the first structural determination of a TRIMEB complex, namely
TRIMEB p-iodophenol."”' It was found that the 04 heptagon is clliptically distorted with
relatively large positive values tor the methylglucose tilt angles when compared to those
of B-CD. The reason for the distortion of the heptagon, and more specifically the

relatively large tilt angles in TRIMEB structures is the lack of 02--03" hydrogen

141 142,124

bonds' " that arc responsible Jor the ‘round structure’ of B-CI molecules. It was
suggested that in addition to this, C6-H--03' intcractions are responsible lor the

stabilisation of the distortion of the TRIMEB molecules in general.'*”

147
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CSD structures

Cs1) Refeode

Space prowg — 12,2,2,

L0 14823 | 19382 | 26534 | o 90 o | HEZWAK
methylcyciohexane 17.043 | 25333 | 29032 | w0 90 90 | xaom™
ffg‘{gw o5 Spandoenc | 10936 | 25530 | 20600 | 90 o0 90 | covLiz'*

ETF.L:L ;;f]l;;} az ;‘z 7 1119 | 26080 | 29085 | 90 90 90 | MopHUT'®
{L)-menthol 11060 | 26,138 | 29660 | o0 90 90 | MzZHAF'
p-iodopheng 14997 | 21.368 | 28205 | 90 90 90 | campPipMin
(R)-flurbiprofen 15092 | 21714 | 28269 | w0 90 90 | coyxario™*n
{S}-tlurbiprofen 15271 | 21451 | 27805 | o0 90 o0 | coyxerzo'y
sm-iodophenol 15669 | 20798 | 25486 | 90 90 o0 | GeLKeEN10YR )
4-hiphenylacetic acid ta.g90 | 21407 | 28590 | oo 90 90 | pAFsOR'™

ethyt laurate 14796 | 12444 | 27720 | o o0 90 | pMAA'

(S }-ibuprofen 15232 | 21327 | 27397 | w0 40 o | Ronwog' ™
{S)-naproxen 15179 | 21407 | 22670 | 90 90 o0 | zirgou!®!

LT SCRILT Heferences
Spoce group— P2,

Butamben 10891 | 11858 | 27.583 | 9o | 99s2 | w0 85
(E)-ajoene 11333 | 2725 | 1603 | 90 |1w93s| s 86

Sprree granp — 12,22,

THL0) te.205 | 16287 | 3009 | 9o 40 90 140

none 15.951 | 16.372 | 28001 | o0 a0 90 140
clofibric acid 11601 | 26281 | 25882 | oo 9 50 138,152
psoraten 10.945 | 25652 | 29039 | oo 90 o0 153
{7)-ajoene 15.102 | 21520 | 27313 | 9o 90 00 86
clofibrate 15010 | 21,490 27.700 Qi L o 135
tubobutero 15063 | 21.2% | 27467 o G o This work

# Number of re-determinations in brackets
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In the parent TRIMIB, a monohydrate, the O4-heptagon is even more elliptically
distoricd [tom the native [3-(_‘.1_).1‘13 Deviation (rom the usual *C, chair conformation ol the
methylglucose unit scemed to promote further distortion of that alrcady inhcrent in
TRIMEB structures, as one ol the methylglucose units was found (o exist in the high-
energy, inverted 'y chair conformation. This is the only example of deviation from the
usuzl *Cy chair conformation [ound in eyclodextrins, excepl lor one of the methylglucos:
units of 'I'R!MUB'm-IGd{)phenol'4” which cxisis in the "S, twist conformation. a high
energy intermediate of the two chair conformations.'™ The %S, twist conformation also
partly adds to the distortion of the TRIMEB molecule, supported by the fact that the
TRIMEB m-iodophenol complex host molecule is the most distorted to date of any other
TRIMEB compilex host molecule.

Table 5.1 presents the average values of selected conlormational parameters for the
TRIMEB molecules of the species in Table 5.10, presenting a comparison with those lor
the TMBTUL host molecule, Generally the average valucs for the various parametcrs
agree closcly amongst the various TRIMEB steuctures but differences exist in their
respective ranges. The TRIMER host of TMBTUL forms part of the group with smaller
ranges Tor the various parameters and thus those with a ‘rounder” host molecule which
include, amongst others, the complexes o TRIMEB with (8)-naproxen,”™ (F)-ajoene™
and (Z)-ajoene.® Iis parameters are also, as expected, very close to those of the host of
TRH\-‘IEB‘CIGﬁbralC'HgD.]38 An overlay of the hosts ol the two structures is presented in
Figure 5.15. The hosts are virtually supcrimpoesable with even the “freely rotating” methyl
eroups of TMBTUL, which were not part of the initial phasing model, showing a high
degree of overlap. TMBTUL lorms part of the group of complexes tor which five
methylghucose Lill angles are positive and two are negative, the other complexes all
having positive till angles. With the majority of the il angles lor TMRBTUL being
positive, as well as the fact it has three Co-06 bonds pointing towards the cyelodextrin
cavity. the primary side of the host molecule is capped, thus preventing any inter-guest
contacts. This ‘capping’ of the primary side of the TRIMEB molecule ts consistent with
most other TRIMEB complexes, an exception being the butamben-TRIMEB complex
where all the C6-06 bonds point away [rom the cavity allowing a significant portion of

the guest to protrude from the primary side.®
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Table 5.11 Average values of selected host conformational parameters [ranges in
brackets] lor the TRIMEB structures presented in Table 5.10

Guest’ L
amgle (72)
H-0O A82(3.41-394) | 4.35(4.09-468) P24 92-162) WH0-U6Z, T.UY | 26(-25_ T3)
methyleyelohexane SUMATO-F2) | 43004244500 | 128021037 | 0230-0.35,0.32) | 237, 50
3;;;;12}“0(515}”“‘]““&“: S04(4.32-358) | 4424264610 | 128{115-145) | 037(-0.55 0.42) | 2606, 57)
{Lmenthol S03(440-553) | 4414 20-455) | [28(115-143) | 0360-042 0.51) | 2K-2, 48)
p-iodophenol 1 9H463-535) | 433(4.20-4.45) | 12T0118-159 | thddi-0.57, 1.65) | 20{-16, 43)
(RJ)-tlurbiprofen FOAB3-5.36) | 4394274337 | 1270019-138) | O046{-0.38 0.66) | 20(-13, 44
(S)-flarbiprofen $.0104.70-523) | 4300422455 | 12mc09o38y | 0.4000.50. 0603 | 19(-12. 439
s-ivcdophenol S04 16547 | 441415477 | 1270114-152) | B42(-0.65, 0.593 | 21(-id, 52}
+hiphenylacetic acid 397460537 | 437423453 | 12A0LE-139) | 0450056 066) | 20{-14, 44)
eliyl laurate £.00(4.63-543) | 43804 16-4.60) | 1270116-136) | 0420058 2.54) | 15(-14, 38)
(5)-ibuproten 4904 T1-5.06) | A3B(4.22-450) | 127120137 | 0.3K-051.0.57) | 1%-14, 42)
{ S)-naproxen S0(4.64-3217 | 43842545100 | 127002000139 | 0390350 0058) | 201-14, 49)
butamben 408440531 | A3TE27458) | 12700019041y | 041050, 062) | |8-23.41)
(F-ajnene 4984.67-53.200 | 4374234477 | 1ZB(119-138) | D3H-0.65 0400 | 2510, 54)
3H-0 AR ABT-5.49 | AIBA17-455) | 12Z7012-136) | 0.464-0.80, 0.47) | 26{-4, 67)
none 4904505500 | A3R(412-4607 | 12T0001-136) | Q41{-0.72,0.35) | 30(3. 72)
clafibric acid S5024.49-5.45) | 444244627 | 1ZE(116-1417 | O.3W-0.54 046) | 18-15 47
psorilen FANA 5600 | 2.304.22-4635) | 12ZR0013-144) | 0.360-0.41, 0.54) | 247, 510
(7)-ajaene 500(4.73.517) | 437423949 | 128012¢-137) | 0.38(-0.51. 0.56) | 24412, 43)
clofibrate s01(371-5200 | 3.3904.27-450) | 12800212038y | 0.4000.52, 060y | 1912, 45)
wlahuternl S001{d64-523) | 43N427-4.49) | 127(121-138) | 0.90{-0.38, 0.63) | 21{-13, 51}

T Coordinates for £-5-cthyl-1 3 S-trimethylhydantoio-TRIMEB |[MODHU1| do nol appear in the CSD
P Ranges of the individual deviations fram the mean 04 plane in brackets
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— TMBTUL

TRIMEB-clofibrate-H O

Figure 5.15 Overlay of the hosts of TMBTUL and TRIMEB-clofibrate-H-O illustrating
their close conformations.

Guest inclusion

Tufobuterol is one of the larger molecules that have been included within the TRIMERB
cavity, othcr cxamples of comparably sized guests being (R)- and (S)-llurbiprolen, and
(8)-ibuproten. TMBTUL forms part of the group of TRIMEB complcxcs that crystailise
with common unit cell parameters of 2 ~ 15, b ~ 21, ¢ ~ 284, spacc group P2,2,2; whose
members have a significant portion of the guest protruding from the secondary side, the
exceptions being the guests p-isdophenol and m-iodophenol. These complexes, with the
gxception of m-iodophenol in which one of the methylglucose units deviates from the
usual *C| chair conformation. have a relatively small range for their O4-heptagon radii.
when compared to  host molecules with smaller guests such as  (8)-1.7-
dioxaspiro{3,5)undecane and psoralen that crystallise with unit cell parameters of a ~ 11,
b ~ 26 and ¢ ~ 29A, space group P2,2,2,. and have their respective guest molecules
completely encapsufated in their host cavities. The exception is for the TRIMLB-
methyleyclohexane complex, which alse has a relatively small range lor its (M4-heptagon
radil.
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The chlorophenyl ring of the tulobutcrol molecule in TMBTUL s located on the
seccondary face, as is found for other TRIMEB complex guests containing a chloropheny)

moiety, namely elofibric acid and clofibrate.'*

Guest chirality

The chirality of the guest was found to be (R-) and the absence of any sign of disorder,
c.g. as two supcrimposed enantiomers, indicates that there is a reselution of the drug, at
Icast for the chosen crystal. The use of CDs for the resolution of racemic compounds bas
been reviewed."™ Unlike the native CDs, the permethylated CDs have been found to be
maote suitable for chiral recognition due to the increased flexibility of the hosts, enabling
them to change their conformation to accommodate a specific enantiomer. In the case of
the TMBTUL complex the conformation of the host is thus probably more
accommuodating to the (R-)-cnantiomer. Unfortunately, time constraints did not allow
experiments Lo be carned oul in order Lo ascertain whether this extended to the entire

balch of crystals.

Crystal packing

The crystal packing of TMBTUL is consisient with what is found in TRIMEB
complexes crystallising in the space group P2,2,2|, 1.e, head-to-tail packing of the host
molecules down Lhe b-axis. The partial inclusion results in the stacking net being as
close as in complexes where the guest is almost completely encapsulated, e.g. TRIMER-
psoralen.'™ The computed PXRID trace corresponds, as expected, to the averaged
calculated trace that was published by Caira lor TRIMER complexes with unit cell
parameters a ~ 15, b~ 21 and ¢ ~ 28 A, space group P2,2,2, [Figure 5.16] in a review ol

the phenomenon of isostructurality in cyelodextring.™
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Figure 5.16 The computed trace for TMBTUL [bottom] and the trace for isostructural
series 16 [TRIMEB complexes with similar unit cell parameters and the
SAITE Space group as TMBTUL®

Conclusion

Tulobuicrol has been successfully complexed with DIMEB and TRIMEB. These

complexes have been characterised by thermal and X-ray diffraction technigues.

DMBTUL crystallises in a 1:1 host:guest ratio as cstablished by microanalvsis. TGA
cstablished that the complex is anhydrous and also confirmed the 1:1 host:guest ratio as
cvidenced by the dissociation of the guest at 150-250°C before the host decomposed at
~350°C. Tt crystallises in the orthorhombic space group P2,2,2 with a = 26,7561(4), b =
30.6918(5), ¢ — 19.7482(2) A, and Z — 4 molecules per unit cell. Attempts 1o solve the

structure failed.

Microanalysis indicated that TMBTUL crystallises in 1:1 hostguest ratio. whilst TGA
and DSC analyses respectively showed that 1t is anhydrous and melts at 155°C. Single

crystal X-ray diffraction indicated the orthorhombic space group P2,2,2), with 2 — 4

[ 15
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molecules per unit cell and a= 15.063(1), b=21.290{1) and ¢ =27.671(1} A. The lertiary
butyl group of the tulebhutero| guest molecule was found to insert into the TRIMEB caviiy
from the secondary side with the chloropheny! oroup located on the outside. Host and
gucst are linked via ene strong. classical (guest)O-H--Ofhost) hydrogen bend and a
weaker {guestN-H---Othost) hvdropen bond. The hest distortion was not as pronounced
as in some other TRIMEB complexes. TMBTUL was found to be isostructural with a

known series of TRIMEB complexes,
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Salt Preparation

Three novel salts of tuloboterol were prepared. The salts formed with (R.R)-tartaric,
suecinie and benzoic acids will respeetively be referred to as TULTAR, TULSUC and
TULBEN.

{R.R)-tartaric acid and succinic acid have two ionisable functional growps. Therefore,
TULTAR and TULSUC were prepared in a 2:1 tulobuterpi:acid molar ratio. Salurated
splutions of each mixture in pentanol were prepared at 60°C, with the resuliing solutions
being fillered and allowed Lo cool spontaneously lo 25°C. Single crystals of good quality
appeared over a period of a few days. Pentanol was the sotvent of choice for producing
such crystals of TULTAR and TULSUC, as these compounds-proved to be too soluble

in 1 wide variety of other organic solvents,

Benzoie acid has only one ionisable funciional group and therefore TULREN was
prepared using a I:1 tulobulerol:benzoic acid molar ratio. A saturated sohition of the
mixlure in waler was prepared at 25°C with the resulling solution being filtered and
allowed o evaporale slowly 1o produce single crystals meeting the requirements for

single crystal X-ray studies.

Microanalysis

The results of C, H. N microanalysis are presented in Table 6.1. The experimental results
agree closely with the computed percentages. These confirm the purily of the sglts and

that they crystallised in the mtios in which were prepared.

Table 6.1 C, 11, N microanalysis results [n=2] for TULTAR. TULSTIC and TULBEN

Experimental Calceulated

%C | %H | %N %C | %H | "GN

TULTAR [2(C:HCINOYH(CIL0)] | 3572 | 698 | 467 5554 | 699 | 464
TULSUC [(CM,CINOY -0.5(C,ILOGY ]| 5927 | 7.5 441 5863 | 738 | 480
TULBEN [(C :HsCINO) - {C.HL0-) | 6550 | 6.85 | 402 63527 | 6.9 400
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Thermal Analyses

Hot Stage Microscopy

HSM of the salt crystals atforded a visnal characterisation of their behaviour upon
heating, Photographs of these analyses are presented in Figure 6.1. The analvses were
done under silicone oil to detect the presence of possible mcluded solvent as this would
be indicated by bubble formation upon heating., The HSM analyses show that the salis are
uniform in their thermal events. In each case, the absence of bubbling indicates the lack
of included solvent. The analyses for all three salts also display a single thermal event.
namely fusion, which occurs in the ranges 186-198, 157-160 and 155-157°C for
TULTAR, TULSUC and TULBEN respectively.

TULTAR
3C 10020 186°C 198°C

TULSUC
H0eC 1536°C

157°C

Figure 6.1 TISM photographs tor TULTAR, TULSUC and TULBEN



Differential Scanning Calorimetry and Thermogravimetric Analysis

The DSC (races ol the salts are presenied in Figure 6.2. In all three cases the DSC traces
show only fusion endotherms with extrapolated onset temperatures of 191, 163 and
147°C for TULTAR, TULSUC and TULBFEN respectively. Grinding the crystals prior
oy DSC analysis did not affeet the traces, thus showing that prior mechanieal treatment
did not induce phase transformations on heating. TGA traces [not shown] indicated
negligible mass loss in all three cases, confirming the lack of included solvent. These

results correlate well with the HSM findings and are summarised in Table 6.2

110
100
- TULTAR J
z 8
E
; 70
TULSUC
[~}
L 5 _/r\ ]
ey
-3
[
£ % f
Y TULBEN y ]l__._,__._._...—-"_----l
30
20
40 B0 83 100 120 140 1680 180 200

Temperature { *C

Figure 6.2 DSC traces for TULTAR, TULSUC and TULBEN

Table 6.2 Summary of the D5C events for TULTAR, TULSUC and TULBEN

Fndotherm parimeters TLLTAR TLESUC FULBEN

Temperature range invesligated (°C) | 187-198 158-169 145-154
T (°Cy | 191 I63 147
Peak ("C) | 193 163 149




X-ray Crystallographic Analysis of TULTAR

Single Crystal X-ray Diffraction

Data-collection and space group determination

Diffraction intensity data for the salt formed between wilobuterol and (R,R)-tartaric acid
were collected on a Nonius Kappa CCD diffractometer at 173K, A suitable crystal was
mounted under paratome ol w glue the crystal to the fibre on freezing. The Laue
symmetry [ 1] of TULTAR indicated thar it belongs to the triclinic crystal system [or
which the only two possible space groups are Pl and P 1. Since a chiral tartaric acid was
uzed it followed that the chiral space group Pl was the only choice. Intensity statistics
provided by XPREP'™ corroborated the choice of a chival space group with [F-1| =

.777, which Is close Lo the expected value of 0.736 for non-centrosymimetric siructures.

Structure solution and refinement

SHLLXS-97'" was used to solve the sirueture of TULTAR by direct methods. From the
unit cell volume it was deduced 1hatl the asymmetric unit comprises four tulobuterol
cations and two tartrate anions. The E-map revealed the positions of all the non-hvdrogen
atoms and these were placed and refined in SHFLXL-97'"" with isotropic temperature
factors. Anisotropic refinernent followed subject Lo satisfactory behaviour of isotropic
thermal parameters. Only three amino hydrogen atoms of the eight in the asymmetric unit
appeared in the difterence Fourier map, but the equalisation of the terminal C-C bond
iengths on both rartrate anions was prool that the carboxylic acid groups had lost their
hydrogen atoms and thus that a salt had formed. Two amino hydrogen aloms per
tulobuterol cation, with tetrahedeal geometry, were thus placed. The hydrogen stoms of
the freely rotating hydroxyl [only one hydroxyl hydrogen atom found in the ditference
I'ourier map] and methy] groups of the tulobuterol cations were placed in fixed positions
and refined using a rotating refinement strategy. The rest of the hydrogen atoms for the
TULTAR structure were placed in fixed geometric positions using a riding model. All
hydrogen atoms were refined with thermal parameters 1.2 times those of their parent
aloms. For methyt hyvdrogen atoms the factor was 1.5, The crystal data and relinement

parameters are presented in Table 6.3.



Table 6.3 Crystal and refinement parameters for TULTAR

Parameter

Formula wnit

2C;,HLCINOY-CHO,

lXange scanned & 7 °

Formula weight / g mol ' (035
Crystal svstem Triclinic
Space proup F1
alA Q6H65(2)
h:A 1LEBS(2)
el A 16.923(3)
al® 94.06(3)
pie 03 80(3)
v iv 115.46(3)
Volume | 4° 1564 9(5)
£ 2
Uensity,,, / gem” 1.285
p{MoKe) 2 mm™ 0.256
F{N00) 644
Crystal size / mm’ 0.50x0.30x(110
Temperature 7 K 24302)
45=0=78

tadex tanpes

ho-12, (2 k:o-14, 14 (:.22 22

i scan angle per Irame £ 7

1.0

 sesn range £ 7, no, of frames

363, 363

wr scan angle 7 °

10

o sean ragges S no. of frames

] i T e e et e st o Lol ER B Il W el BT R
LIS 6. 76083, 30; 75, 73

Dy £ mm 35

Mou ol measured reflections 46020

Mo of unigue reflections 14611

Moo ot reflections with 13 2a(1) 12622

Mo, of least-squares parameters 741

g 00504, 00439
5 105G

Ry (17, = 4aiF0 TR

Mo, of reflections omitted 57

wlt, (all data) 1.1965
Weighling scheme parameters a= 1286 h=0nl
(A T ha < (L0

= i ]
AP BXCUTEIONS (O A

the3, -0L.72
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Description of the structure

TULTAR crystallises in the triclinic space group Pl in a 2:1 tulobuterol cation:tartrale
anion ratio with Z — 2 formuia units per unit cell. Thus the asymmetric unit, as illustrated
by the ORTEP"™ diagram in Figure 6.3(a). consists of four tulobuterol cations and two

tartrate anions,

{a)

(k)

Figure 6.3 (1) ORTEP diagram of the asymmetric unit of TULTAR. 'Tulobuterol cations
are labelled A, B. C and D but for clarity their individual atoms are not
numbered. The tartrate anions arg labelled T1 and T2 with their
individual atom numbering shown. Thermal ellipsoids are drawn at the
50% probability level. Hydrogen atoms are drawn as spheres with
arbitrary radii,

(b) The individual tulobuterol cations with the configuration at the C7 atoms
and protonation of the N atoms shown.



Figure 6.3(b) presents the individual tulobuterol cations, with their chiralities, and shows
that the nitrogen atoms are protonated when the salt between tulobuterol and (R,R)-
tartaric acid is formed.

Hydrogen bonding and C-H-xn-ring interactions

A PLATON"' geometrical structurc analysis revealed several N-H---Q, O-H-0, C-H~0
and C-T1--Cl hydrogen bonds, which arc presenied in Table 6.4. Figure 6.4 illustrates the
strongest of thesc, the N-H--0 and the O-H--O hydrogen bonds. All the ions in the
asymmetric unit arc involved in this type of hydrogen bonding in an extensive and

intricate manner. which will be described next.

Figure 6.4 Stereo view ol the intermolecular hvdrogen bonds [O-H--O and N-H--0 in
red] and intramolecnlar bonds [O-H---0 in blue] for TULTAR. Only the
labelling ot the donor and acceptor atoms is shown.

There are two hydrogen bonding motils [1 and 2 in Figure 6.4] that connect the ions in
the asymmeiric unit. In motif 1, cation A is connected to anion T1 by the N9A-
H9AZ- 0511 hydrogen bond. whilst cation B is connected 1o anion T1 by the O7B-
H7B 10511 and N9B-H9B|--O&T| hydrogen bonds. Cation A is also connected 1o
anion T2 by the N9A-HZA {0112 and O7A-H7AT-02T2Z hydrogen bonds, whilst
cation B is connecled to anion T2 by the N9B-H9B2--O2T2 hydrogen bond. [n motil’ 2,
cation € 18 linked to anion T2 by the O7C-HYC1--0612 and N9C-H9C1---03512
hydrogen bonds, whilst cation 1} is linked to anion T1 of the adjacent unit cell by the
O7D-H7DH--O1T1 [x. v, +7] and NOD-HIDH--O2T1 [x, v, 1+z] hydrogen bonds. The
cations of motil' 2 are linked to each other via the N9C-H9C2--Q7D and N9D-

G



H9D2:-07C hydrogen bonds, unlike the situation in motif 1 where the cations are not

linked via any hydrogen honds.

Table 6.4 Hydrogen bonds lor TULTAR

Hydrooen bondl AL D-11ed e RF?‘._mmr}
ode
0-H-+0, N-H--0
NOA-HIAZ-35TI 1.93{4) 283004} [ T4} KoY. Z
NOA-HIAT~(H T2 1.83(3) 27113} 1674} X y.z
OTAHTA | ~02T2 1.90(3) 2. 712(3) 168(2) X.y.z
OTB-HTB1--0OST| 1.8%(4) 2.701(4}) 176(2} X.¥.7
NOB-H2B 06T 1LE33) 27133} 1632} b R
NOR-HAR2---()IT2 [.35{3) 28814} ETaid) X, ¥. 7
07C-H7C1--06T2 L.76(3) 25633 168t2) X ¥. Z
MNOC-HYC1---005T2 LEMZ) 270114}y tal{3) bl
NG 2 07D |92} 2.838(4) 173(4) AR
O70-UH7DRI--CH T 1.76(4) ] 2. 562(4) 1674} o, Yo
NOLD-1{21 ] 2T |.79(3) 2.4676(4) 167(3) $ A
NOO-HID2- 70 1560 2) 280H4) 17304) X ¥2
CATI-HATI--02T | {intramobecular) 2.1 2) 23874 1184 XN
(AT E-HST1--06&T I {intramolecular) 2133} 2384 T18(3) xV.2
O3T2-H4T2---02T2 {intraimofeoular) 21602 20054 1144} Mo
C-H--O
C4A-HAA--OFT] 237(4) 3286 170¢2) I-x, 1+v, 7
CHB-HEB- 0412 24302} L S ] 168(2) -l+x, ~l+y, 2
CEC-HEC2--O11 ] 25702 3.391(6) 142(4) x. ¥, 1+7
CED-HED2-03T2 2,49(4} 3.423(%) 163(3) X, ¥. 2
ChA-1H6A-07 A (intramelecular} 23973 2.730(%) FO2(3) KA
Cal-HGEE 078 {intramolecular) 240302y 27385 101{4) X2
CAU-HZTL-0ET ] (intramclecitlar) 2.59(4) 2926(4) 100{3) XLy
C-H---Cl
CIA-HTA--CI2A {Intramaleculary 2784y 31234 iz KoY. 2
C7B-H7R 2R (intramnlecular) 2772) ERBIVE S 101 R S
CTC-HTC-~CL2C (intramolecular) 20624) J124(4) 1123 Y. Z
CAD-HTD- 2120 {inrsamolecular) 262(7) EINE 111{3) Xl




Both motifs consist of six intermolecular hydrogen bonds that are related by a pseudo-
centre of inversion [the motif labels 1,2 in Figuve 6.4 are placed at these pseudo-centres
of inversion]. The three O-H---Q iniramolecular hydrogen bonds that are listed in Table

6.4 and llustrated in Figure 6.4 |indicated in blue|, occur only in the tartrate anions.

lhere are seven C-H--() hydrogen bonds listed in Table 6.4, of which four are
intermoiccular and three intramolecular. Three of the intermolecular C-H--( hydrogen
bonds hink asymmetric units of neighbouring unit cells, whilst one is within the same
asymmelric unit. The C4A-H4A--O3TI and C4B-1143--04T2 hydrogen bonds link
asvmmelric units diagonally along the xy-plane whilst the CBC-118C2-<Q1T1 hydrogen
bond links asymmetric units aiong the c-axis. The C8D-HED2-+03T2 hydrogen bond
links the D cation and the T2 anjon within the same asymmetric unit. The C-H--0) and C-

H:+Cl hydrogen bonds contribute to stabilisation of the ions in which they oceur.

PLATON""! was used 1o calculate five unique C-H---ring intcractions for the TULTAR
structure and these are presented in Table 6.5. *Cp” refers to the centre of gravity of the
aromalic ring of the tulobuterol cation. The A and C cations of adjacent asvmmerric units
along the c-axis arc connected by the CI2A-HI6A-CegC and CI2C-Hi6C ~CgA
interactions, whilst the B and D cations are connected by the CI2B-H|I5B--CgD, C12B-
HI6B--Cel) and CI12D-H16DCgB interactions along this direction. Figure 6.5
illustrates the C-H--w-ring interactions for the TULTAR structure, The m-m-ring
distances werc nol considered as representing significant interactions as they were all

greater than SA.

Table 6.5 C-H-n-ring interactions for TULTAR

symmetry code

Interaction e L - i applied 1o
seeond unit
C1ZA-H16A~CaC 291(2) 3.563(4) 126(4) X, y.-147
CIZC-HI60-CgA 3.24(2) 3.835) 122(2) %Y 117
CI2B-HISB-Cul) 3.09(3) 3.620(1) 116(3) X, ¥, 7
CI2B-HI6B--{gl) 3.26(4) 3.62001) 105(3) X, ¥, 7
C12D-HI6Dgh 2.95(3) 3.614(1) 127(4) X, ¥ £
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Figure 6.5 C-11--qm-ring inleractions for the TULTAR structure with the tartrate anions
omitled tor clarity. View is down the g-axis.

Conformations and configurations of the tulobuterol cations

Figure 6.6, a repeat of Figure 3.10 for the reader’s convenicnce, illustrates the definitian
of the principai torsion angles for tulobutered. Por more background to these principal
torsion angles the reader s referred to Chapter 3. Table 6.6 lists the principal torsion
angles 1), Na. Mz Mg and s for the A, B, € and D cations compared to the corresponding

parameters for the Form 1 and Form 2 molecules.

The magnitudes of the 17 and 12 torsion angles for the TULTAR cations compare well
with those for the Form 1 and Form 2 malecuics, except those for the C and D cations
which arc respectively larger and smaller for the n; and nz torsion angles. Table 6.6
tndicates that for both cations C and D the C7-07 bond changes from antiperiptanar to
anticlinal with respect Lo the C2-C12 bond. whilst the C2-C| bond changes from synclinal
to anticlinal with respect to the C7-C8 bond. The angles do, however, still generally
show that the aromatic ring planc is ncarhy orthogonal to the tulobuterol backbone with

the €12 and O7F atoms being frans,



() (o)

Figure 6.6 Schematic diagram of the principal torsion angles {a) 1. m3, 13 (b) 12 and ny

for the tulobuterol backbone,

Table 6.6 Principal torsion angles for the TULTAR calions and polymorph molecules

TULTAR

Cation A [(R-)] B10(4) 158.3(3) <688 -18.8{1) -162.6(3
Cation B [(S-)] R34 -139.6(3) 170.5(3) SOLG(1) 156.7(3)
Cation B [{R-)] “100.2(1) 137.6(3) 173.7(3) -51.2(4) -155.1(3)
Cation D [{5-}] 29.5(4) -139.6(3) 174.4(3) 3.94) 154.9(3)
Form 1

Malecule A {(5-)] 87.0{2) -153.8(2) -175.72) 62.2(2) -170.5¢2)
Maolceule B [(R-)] -$1.42) 160.2(2) -176.6(2) 582N | 73.7(2)
Moiecule € [(R-)] -17.8(2) 163.2(2) 178.1(2) 60, 1(2) 169,412
Form 2

Molecule A [(5-)] R4.0(2) -157.2(2) -174.0(2) 64.3(2) -166 0(2)
Molecule B [(R-)] -83.9(2) 157.1(2) 1752() -54.1(2) 167.2(2)
Molecule C [(R-)] -8$1.5(2) 159.9(2) 178.5(1) -59.7(2) 172,62}




The magnitudes of the 13 torsion angle for the TULTAR cations arc only slightly smaller
than those for the Form 1 and Form 2 molecules. indicaiing that ihe backbone remains in
an ‘extended’ conformalion in TULTAR with the aromatic rmg frans to the N9 atom.
‘The small difference in the w3 lorsion angle magnitudes means that there is a small
difference in the magnitude for the my torsion angle as well when compared 1o the
corresponding parameters for the Form 1 and Form 2 molecules. 1t indicates thal the (7

and N9 atoms are also gawche for the TULTAR cations,

The magnitudes of the ns torsion angle for the TULTAR cations are significantly smaller
than these for the Form 1 and Form 2 molecules indicating that the backbone fail is
more *hent’. with the lerliary butyl group “swung® away (rom the O7 atom side of the

hackbone tor all the cations.

‘The torsion angles of the cations show that the latter arc gencrally close in conformation
to thosc of the Form 1 and Form 2 molecules. excepl for the differences mentioned
above. The signs of the torsion angles also refleel the pseudo centres of symmetry

relating the A and B, and C and I} cations respectively.

There is an equal number of cations with opposite configuration at the C7 alom [iwo (8-}
and two (R-} indicating that tulobuterol was not resolved on sali formation with (R,R)-

tartaric acid.

Crystal packing

Figure 6.7 presents the crystal packing of the TULTAR structure down the g-axis. [t
shows that adjucent motifs share common anions and thercfore infinite chains of N-H-O
and (-H--0 hydrogen bonded ions are formed along the c-axis. T'hese chains are stacked
parallel to the A-axis and connected diagonally along the xy-plane by the intermolccular

C4-H4A-+03T] and C4B-H4B--04T2 hydrogen bends [not shown],



Figure 6.7 Crystal packing diagram of TULTAR down the g-axis, The intermolecular
hydrogen banding (8 shown in red.

Powder X-ray Diffraction

The computed and experimental PXRD patterns for TULTAR are presented in Figure
6.8. These patterns match closely, indicating that no phase transformation took place an
grinding of TULTAR. The slight shift of the experimental trace to lower 26 values when
compared to the computed teace is attributed to the difference in temperature at which the
information for the respective traces was obtained. The close match of the experimental
and computed patterns indicates that the latter can serve as a reference for TULTAR

ideniitication.
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Experimental

1

35 410

T

Figure 6.8 Computed [203K ] and experimental [295K] PXRD patterns for TULTAR

[



X-ray Crystallographic Analysis of TULSUC

Single Crystal X-ray Diffraction

Data-collection and space group determination

Diflraction intensity data for the salt formed between tulobuterol and succinic acid were
collected on a Nonius Kappa CCD diffractometer at 203K. A suitable crystal was
mountcd under paratene il to glue the erystal te the glass fibre on freezing. Inspection of
the intensitv-weighted reciprocal lattice revealed Lauc 2/m svmmetry, indicating the
monoclinic system. XPREP" indicated the space group P2,/n [standard setting P2,/c.
spacc group No.l4, unique axis #] as the only possible space proup. The reflection
conditions were investigated with LAYFR'" and found 1o be hOl: b + | = 2n; 0k0: k — 2n

which umiquely identifly tns space group.

Structure solution and refinement

Direct methods in SHELXS-97'"" were used 1o solve the TULSUC structure, The
asymmetric unit comprises one tulobutero! cation and half a succinatc anion. The atoms
identified in the F-map were refined in SHELXL-97'"* with isotropic temperature factors,
This was lollowed by anisotropic refihernent provided that isetropic temperature factors
behaved satisfactorily. Hydrogen atoms were placed in fixed geometric positions and
were, unless stated otherwise, refined using a riding model with isotropic thermal
parameters 1.2 limes those of their parent aloms. The two amino hydrogen atoms as well
as the hydroxyl hvdrogen atom were located in the difference Fourier map. The location
of two amino hydrogen atoms, together with the near equality of the two (-0 bonds at
the terminus of the succinate anion, was proof for salt formation and the site of
protonation on the tulobutcrol molecule. Lven though the aminoe hvdrogen atoms were
located in the difference Fourier map they were placed in idealised positions with
tetrahedral geometry [AFTX 23]. The hydroxyl und methyl hydrogen atoms werc placed
using a rotating retincment strategy [AFIX 147 and AFIX 137 respectively] with the
methvl hyvdropen atoms refined with isotropic temperature factors 1.5 times those ol their

parcnt atoms. The crystal data and refinement parameters are presented in Table 6.7,



Table 6.7 Crystal and rcfinement parameters for TULSUC

Parameter

Formuala unit

Ol CINO ™05 CaHL 0,y

e L=

2] DAl

Fomnula weight / g mol™ 2867
Crystal svslen Muonoclinic
Spice group P2in

aih 1.377(2)

b /A 10.207(2}
ciA 14.855(3)
i a

B 106.23(3)
it o0
Volume (A° LS10.8(5)
Z 4
Denisity, . / £ oo 1.261
p{MoKe) / mm”’ 0257
I{THI0} ni2
Ceystal size / mm’ 0.30x0, 400, 44
Temperature ¢ K 203

lKange scammed 87 ° | <5 =78

Tndex ranges

hi-12. 13 k:-13,13 1;-13, 1%

¢ scan angle ¢ °

1.0

i scan range 7, oo, of frames PO, 10 10 10

L §uan angle £ ° L0

ar scan ranges ¢, no. of frames 245 24594, 94 A6, 40
Ik f mm 33

Mo of measured reflections 13716

o, of unigue rellections 3381

N, ol rellectvons with | = 2a(l) 3136

Mo of leasi-squares parameters | Tiy

Mo, of reflections omitted L7

B B, GO, D20

5 1.0 |

R {F, =4a(F. 1 (L0373

whRa (all rellections) 01047

Welghting scheme paramelers a — 00439, b — (L34
{4 0 e = () (K]

Ap exearsions fc A7 031, -043
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Description of the structure

TULSUC crystallises in a 2:1 tulobuterol cation:succinate anion ratio in the monoclinic
space proup P2y with £ = 4 tormula units per unit cell. The tulobuterol cations were
located in gencral positions and the suceinate anions on the centres of inversions at
Wyckoff positions (0, 0, 0) and (%, 12, '2). An ORTEP'Y diagram of the asymmetric unit
[which is also the empirical formula unit] consisting of one tulobutero] cation and haif a
succinate anton s presented in Figure 6.9(a), whilst Figure 6.9(b) illustrates one of the

centres of mversion on which the succmate anions are located,

(@)

(b)

Figure 6.9 (2} ORTEP diagram of the asymmetric and Formula unit of TULSUC. The
succinate atoms arc labelled with the suffix *S°. Thermal ellipsoids are
drawn at the 50% probability level. Hydrogen atoms are drawn as

spheres with arbitrary radii.

{b) Diagram illustrating one of the inversion centres on which a succinate
anion 15 located.
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Hydrogen bonding and C-H-n-ring interactions

PLATON®! revealed several O-H-Q, N-AT-0 and C-H-Cl hydrogen bonding

interactions which arc presented in Table 6.8.

Table 6.8 | Ivdrogen-bonding interactions for TULSUC

H- A/ A DAt A D-H--A /7 Symmelry
Code
OT-H7A-OI8 1.70(3) 2.525(1) 1753 X ¥.Z
NO-1194--015 L8114} 2.703(1) 165(4) X ¥, ¥
N9-HIB--O7F | 8723 287113 17143 T, 4 e
C7-H7 =212 (intramnlecular) 2.66(3) JEE(D) 106(1 X ¥, 2

There arc three unique intermolecular hydrogen bonds all of which are inverted through a
crystallographic centre of symmietry to fbrm the basic hydrogen-bonding motif consisting
of six hydrogen bonds, as illustrated in stereo in Figure 6,10, The O7-H7A--028 and N9-
H9A--O18 hydrogen bonds connect the suceinate and tulobuterol lons within the same
formula unit whilst the third hydmogen bond, N9-HYB--O7, connccts tulobuterol
molecules of different formula wupits. C7-H7--C12 is the only intramolecular hydrogen
bond and contributes to the stabilisation of the cation conformation. No other types of

hydrogen bonds were obseryed for this structure.

Figure 6.10 Steveo view of the basic hydrogen bonding motil'in TULSUC
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Two C-H-r-ring interactions were indicated by PLATON"' and these are presented in
Table 6.9.

Table 6.9 C-H-7-ring interactions for TULSUC

Intcraction

Symmetry codde

C13-H18Cg* 3.32(3) 3.76%2) 113) 142-x, 1/2+y, 1i2-2

C13-HI9--Cp 3.32(3) 3.765(2) 110(3) 12ex, 1124y, 122

* Cg = Centre of gravity ol the arematic ring of the tulubutern! cation

The identical symmetry codes for the twe interactions indicate that the HI8 and HIY
atoms interact with the same n-ring as is illustrated in Figure 6.11. The inleractions are

between cations that aure related by the screw axis parallel to the b-axis.

Figure 6.11 C-H-n-ring interactions for the TULSUC structure. For clarity only the
cations are shown.

The observed n--z-ring distances are considered 10 be too long [>5A] to qualify as
significant interactions of this type.
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Conformation and configuration of the tulobuteral cation

The principal torsion angles 1. Nz, M3, 14 and 1 for the tulobuterol cation in TULSUC
are compared with those of the wilobuternl molecules in Form 1 and Form 2 in Tuble
6.10, The reader is referred to Figure 6.6 for a graphical illustration of the torsion angle

definitions. Torsion angles in Table 6,10 are discussed in terms of their magnitudes only.

Table 6.10 Principal torsion angles for the TULSUC cation and polymorph molecules

TULSUC [(5-)] 91 .0(2) -147.0(1) TR 56.001) 157.6(1)
Form 1

Molecule A [(R-)] |  87.0(2) -153.8() 175702 62.2(2) -170.5(2)
Molecule B [(R-)] | -81.42) 160.2(2) 179.6(2) -58.2(2) 173.7(2)
Muolecule C [(R-)] | -77.8(2) 163.2(2) 178.1(2) 60, 1{2) 169.4(2)
Form 2

Maodeeule A [(5-)] | 84K2) 1572 T74.002) 64.3(2) -166.0(2)
Molecule B [{R-)] | -83.59(2) | 57.1(2) -175.2(2) -54.142) 16722}
Moleeule C [(R-)] | -81.5(2) 1 59.9(2) | 7R.9(1} -50.7(2) 172.6(2)

The 1, torsien angle for the TULSUC cation is slightly larger than those for the Form 1
and Form 2 molecules, onty just moving into the anticlinal region from synclinal, On the
other hand, the v; torsion angle is slightly smaller indicating that the 07 and CI2 atoms
for TULSUC are closer together and anticlinal with respeet te cach other. The 0y and 12
torsion angles respectively indicate that the aromatic ring plane is nearly orthogonal Lo
the backbone of the tulobuterol cation and that the C12 and O7 atoms are frans, as is the

case for the Form 1 and Form 2 molecules,

The 1z torsion angle is within the range of those for Form 1 and Form 2. also being
closc to 180" and thus indicating that the buckbone is in the “extended” conlormation with
the aromatic ring rrass to the N9 atom. The 14 torsion angle for the TULSUC cation is
also similar to those for the Form | and Form 2 molecules with the (7 atom gauche Lo

the N9 atom.



As in the case of the TULTAR cations |previcus seclion], the ns lorsion angle for the
TULSUC cation is significantly smaller than those for the Form 1 and Form 2
molecules, indicating that the backbone tail is slightly more *hent” and ‘swung' away
from the O7 side of the tulobuterol backbone. All the torsion angles show Lhat the
TULSUC cation conformation is similar to those for the Form I and Form 2 molecules,

except for the slight deviations mentioned abowve.

For the chosen asvmmetric unit in the TULSUC structure the conliguration at the C7
atom of the lulobuterol cation is (5-). but the centrosymmetnc space group P2,/n requires
the presence ol a counterpart in the crystal with the opposite conliguration. Thus

tulobuteral was not resolved on salt lormation with succinic acid.

Crvstal packing

Stereo views of the crystal packing m the TULSUC structlure are presented in Figures
6.12{a) and (b}, which include the hydrogen bonding and C-H---m-ring interactions Lo
present a clearer picture of closely associated ions. The view down the «-axis [Figure
6.12(a)| clearly shows that adjacent motifs |as in the case for the adjacent TULTAR
hydrogen bond motifs] share 2 common anion thus forming an infinite chain of N-H--O
and O-H--0 hydrogen bonded ions, which in this case i1s along the d-axis. The view down
the f-axis [Figure 6.12(b}] shows that the axes of these chains coincide with the centre
and corners of the unit cell and that the CI3-ITi1R--Cg and C13-H19--{’g interactions

[indicated in green] link these chains diagonally along the xz-plane.

Powder X-ray Diffraction

The computed and experimental PXRD patterns for TULSUC presented in Iigure 6.13
show a close mateh fharring the slight mismatch of relative intensities due to preferred
orientation effects] indicating that TULSUC did not transtorm on grinding and that the
computed pattern can serve as a reference for TULSUC identification. ‘T'he slight shitt of
the experimental trace relutive to the computed trace te lower 200 values is due to the

dilferent lemperatures at which the information was oblained lor the respective traces.



Figure 6.12 Sterco packing diagrams of TULSUC down the () g-axis and (b) c-axis.
Hydrogen bond and C-TT---ring interactions are shown in red and green

respectively.
Experimental
I-Il.'l
3
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Figure 6.13 Computed [203K] and experimental | 295K ) PXRD traces for TULSUC



X-ray Crystallographic Analysis of TULBEN

Single Crystal X-ray Diffraction
Data-collection and space group determination

Diffraction iniensity data for the salt formed between tulobuterol and benzoic acid were
collected on a Nonius Kappa CCD diffractometer at 293K. A suilable crystal was

P indicated the moneclinic

mounted under paratone oil and glued to a glass fibre. XPRE
space group P2)/c as the only possible choice. TAYERY" was used to inspect the
reflection conditions which were lound to be h0l: 1 — 2n, 0k0: k = 2n which indicate the

space group P2,/¢ unequivocally.

Structure salution and refinement

The asymmetric unit consists of one tulobuterol cation and one benzoate anion. The
structure was solved in SHELXS-97" using direct methods, which revealed the peak
positions of all the non-hydrogen atoms. These were placed and refined in SHELXL-
97'"* with isotropic temperature factors and subsequently, subject to satisfaclory
behaviour of the latter, refined with anisotropic temperature factors. Hydrogen atoms
were placed in fixed geometric positions and refined using a riding model with 1solropic
temperature factor 1.2 times those of their parent atoms. Two amine hydrogen atoms
were located in the difference Fourier map, which together with the equalisation of the C-
O bonds on the benzoate anion indicated salt formation and the site of protonation on the
tulobuterol molecule. The hydroxyl hydrogen atom was also located in the difference
Fourier map. The methyl hydrogen atoms were refined using a rotating refinement
strategy [AFIX 137] with isotropic temperature factors 1.5 times those of their parent

atoms. Crvstal and refinement parameters are presented in Table 6.1 1.



Table 6.11 Crystal and refinement parameters lor TULBEN

I'ormula unit

L G ING  CaH: 04

Formula weight / g mal”’

3498

Cryslal system Mtonoclinic
Space group "c

atA 8.9587(3)
b!A 18.9875(9)
cf A 11.0801(5)
ol Nl

[ 94 (0R(3)
T )
Valume ¢ A’ 1880.1¢1)
£ 9
Blensitv., { om™ 1,236
U(MoKa) / mm | (219
F{O0m) T4
Crystal size / mm D=L 50x0.15
Tomperature /£ K 293(2)
Rarge scanned B¢ ° 4=0=27

Index rangees

bath 11 k24,24 [:-14,-04

h scan angle per frame

1.0

t suan range £, 0o, of franes

&1, 181

op scan angle / ”

| .k

o scan ranges ¢ no. of frames

Fh. GOSUD DG S T B

O ¢ mm s

Na. of measured reflections 13307

Mo, ol unigue reflections 42351

Mo of reflections with T:= 2e(T) 2§49

v, 0F loast-squarcs parametors 232

R Ro 0.0421, 0.0652
5 |.022

B (F, = da(F, 1) 0.0582
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Description of the structure

TULBEN crystallises in a 1:1 tulobuterol cation:benzoate anion ratio in the monoclinic
space group P2y/c with 7 = 4 formula units per unit cell. The asymmetric unit consists of
one wiobuterol cation and one benzoate anion and is illusteated in the ORTEP™ diagram

in Figure 6.14,

Figure 6.14 ORTEP diagram of the asymmetric unit of TULBEN. The benzoate atoms
are labelled with the suffix ‘B’. Thermal ellipsoids are drawn at the 50%
probability level. Hydrogen atoms are drawn as spheres with arbitrary radii.

Hydrogen bonding and C-H---n-ring interactions

PLATON"' caleulated O-H--0, N-H~-0, C-H-0 and C-H--Cl hydrogen bonds for
TULBEN which are presented in Table 6.12. There are three unique sirong
intermolecular hydrogen bonds that are inverted through a crystallographic centre of
symmetry o yield the basic hydrogen-bonding motif’ consisting of six hydrogen bonds.

which is illustrated in Figure 6.15.



‘Table 6.12 Hydrogen bonding intzractions for the TULBEN strueture

Symmetry
Code
MNe-HIA--(OTR] 1.EH2) 2.776(2) 1742 Xv
O7T-1TA--OTR] 1.24(3) 2.7652) 164(3) 1-x, |-y. -7
NO-119D---07TR2 1.78{2) 27122 174(2) lex, I-¥.-2
C12-HI5--0782 2 34(3) 3.298(3) 135(3) 1-x, 1-3, -z
6= He==OT {mbramalecular) 2372 27033 101(2) XY F
C7-HT-C12 (intramolecular) 2.72(2) 3078(2) L02(3) XY 2

The N2-H9A-0O7i3] hydrogen bond connccts ions within the same asvimmctric onit.
whilst the O7-H7A--O7B1 and N9-119B--007B2 hydrogen bonds are between two
adjacent asymmetric units that are related by the crystallographic inversion centre. The
fourth unique intermolecular hydrogen bond CI12-H13--07B2 [not shown] connects the
Same asymmetric units as the N9-H9B--(07B2 hydrogen bond and is thus also inverted
through the centre of symmetry to yicld two C-H+-O hydrogen bonds that strengthen the
association ol the ions. The Co-Ho--OT and C7-H7--CI2 hydrogen bonds arc the only
two iniramolecular hydrogen bonds and coniribute to the stabilisation of the tulobuterol

cation conformation.

Figure 6.15 Sterco view ol the basic hydrogen bonding motif in TULBEN



PLATON'" was used to caleulate two unique C-Hl-m-ring interactions for the TULBEN

structure and these are presented in Table 6.13.

Table 6.13 C-H--r-ring interactions for the TULBEN structure

; ; Svmmetry
[nteraction He- L/ ' b
cimle
C5B-H5Beae{ur’ 2923} ERCIEY 154(3) 1=x, l-y. |-z
C12-HEfeeelg 3.17(4) 3.803(3) 12563} 1+, ¥, 7

* Cg — Centre ol gravity of the aromatic ring of the tulobuterol cation
. Symmetry code is applied to the second unit of the interaction

The two C-H---r-ring hydrogen bond symmetry codes indicate that these bonds fink ions
of ditferent asvmmetrie units and will be discussed in further detail in the section titled

Crystal packing.

The mm-ring distances observed are considered o be too long [=5A] w qualify as

significant interactions ol this Lvpc.

Conformation and configuration of the tulobuterol cation

The principal torsion angles 17, m2. 13, Ta and 15 for the wlobuterol eation in TULBEN
are compared wilh the corresponding parameters for the tulobuterol molecules in Form 1
and Form 2 in Tabie 6.14, The reader is referred to Figure 6.6 for an illustration of the
torsion angle definitions. The torsion angles in Table 6,14 will be discussed in terms of

their magnitudes only.

The 1, and 1 torsion angles for the TULBEN cation are similar to those lor Form 1 and
Form 2 molecules, indicating that the aromatic ring plane is also nearly perpendicular to

backbone of the tulobuterol cation and that the C12 and OF atoms are frawms to each other,

The 13 torsion angle for the TULBEN cation is slightly less than those for the Form 1
and Form 2 molecules, indicating that the backbone of the TULBEN cation is slightly

more ‘bent” but with the aromatic ring stifl being approximately frans 1o the N9 atom,

| ]
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The ny torsion angle for the TULBEN cation 1s slightly larger but with the Q7 atom still

being gatche to the N9 atom.

Table 6.14 Principal torsion angles lor the TULBEN cation and polymorph molecules

TULBEN |{R-}] B18(2) 156 8(2) 167.%2) -73.8(2) -177.602)
Form 1

Molecule A [(5-)] 87.0(2) -153.8(2) 1757 2) 62.2(2) 17052
Molecule B [(R-}] | -#1.4(2) 160.2(2) -1 79.602) -58.2(2) 173,7(2)
Molecule C [{R-}] | -77.8(2) 163.2(2) 178.1(2) -60,1(2) 169,4(2)
Form 2

Molecule A [(S-)] 54.0(2) -1572.2(2) 17402 £4.3(2) -166.0(2)
Molecule B [(R-}] | -83%2) 157,142} -175.2(2) -54.1{2) 167.2(2)
Molecule C [{R-)] | -81.5(2) 159.9(2} 173.9(1} -59.7(2) 172.6(2)

In contrast to the previcusly discussed salts, the ns torsion angle for the TULBEN cation
is larger than in the case of the Form | and Form 2 molecules indicating that the cation
tail is more ‘extended’ in the TULBEN structure, but is still found on the side of the
hackbone opposite to that of the O7 atom.

The overall conformation of the TULBEN cation is close to that for the Form 1 and

Form 2 molecules. except for the small ditferences mentioned above.

The configuration at the C7 atom of the tulobuterol cation lor the chosen asymmetric unit
is (R-), but there is a counterpart with the opposite configuration in the crystal, as

requiared by the ecntrosymmetric space group.

Crystal packing

The crystal packing of the TULBEN structure is presented as stereo views in Figures
6.16(a) and {b), which include the strong intcrmalecular hvdrogen bonding as well as the

C-H--m-ring interactions to presenl a clearer picture of closcly associated iong in the
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crystal. The view down the a-axis |Figure 6.16{a}} shows that adjacent motifs, contrary Lo
the situation in the two previcusly discussed salts. de not sharc a common anion nor do
they have strong intermelecular hydrogen bonds connceting them. Thus, isolated strongly
hydrogen bonded clusters of ions are formed. The view also shows that these clusters
coincide with the inversion centres at the midpoints of the & and ¢ cell edges and that the
C5B-H5B---Cg intcractions connect adjacent clusters along the c-axis. The view down the

c-axis shows that the C12-116---Cg interactions connect the clusters along the g-axis.

(b}

Figure 6.16 Stercoviews of the crystal packing down the (a) o- and {b) c-axcs. Strong,
intermolecular hvdropen bonding interactions are shown in red whilst
C-H-m-ring intcractions are shown in green [only the C5B-H3B--Cg and
C12-Hl 6~ Cg interactions arc shown in (a} and (b} respectively].

17w



Powder X-ray Diffraction

The experimental and computed traces for the TULBEN structure are presented in Figure
6.17. These traces agree closely wilth each other and thus show that TULBEN did not
transform on grinding and that the computed irace can serve as reference for TULREN
identification. ‘Fhe information for the traces were obtained at approximately the same
temperatures and thus the shilt to lower 20 of the experimental trace that was observed

for TULTAR and TULSUC is not evident here.

Exparimental

Computed

28
Figure 6.17 Computed [293K] and experimental | 295K [ PXRD traces for TULBEN
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Discussion

This section will aim to compare the structures ol TULTAR, TULSUC and TULBEN in
terms of the conlormation of their common wlobuterol cations, hydrogen bonding and C-
H--n-ring interactions and crystal packing and then relale these to their thermal behaviowr.
Finally the structural [Catures of the salts prepared in this study will be compared with

those for the polymorphs of the hydrochloride salt.'"”

Conformations of the tnlobuterol cations

Table 6.15 presents the torsion angles ol the tulobuterol cations found in TULTAR,
TULSUC and TULBEN. lhe differences in conformations of the cations between the
respective salt structures are minor. This is indicated by the ranges in the torsion angles
given at the bottom of Table 6.15. The 15 torsion angle displays the widest range al 25.0°
but this still does not indicate any major changes in the slercostructure such as a frans to
a gauche rolation. So for all the cations of the respective salis the aromatic ring plane is
nearly orthogonal to the backbone and frans to the amino nitrogen | backbone in extended
conformation]. whilst the hydroxyl group is nearly frans (o the chlorine atom and gauche
to the amino nitrogen atom. The L&il of the tulobuterol cation also always adopts an
extended conformation but with the tertiary butyl group slightly “swung away™ from the
hydroxy| side of the backbone.

Table 6.15 Principal torsion angles for tlobuterol cations in TULTAR. TULSUC, and

TULBEN
{ ompouid
TULTAR
Cation A (R-) A1 104 L58.3(3) -168.R(3) -48.5(4) -162.6(3
Cation B (5-) B1.3(4) -159.6(3) | 70.5(3) 50.6(4) 156.7(3)
Cation C (R-) -100.2(4) 137.6(3) -173.7(3) -51.2(4) -155.1(3)
Cation D (5-) 94,5(4) -139.6(3) 174.4(3) 33.9(4) 154.9(3)
TULSIIC (5-) 9].0{2} -147.0(1) 7721 56.0(1) 157601}
TULBEN (&-) -R1.8(2) 156.8(2) 167.9(2) -73.8(2) -177.6(2)
Altorsion angle)* N 22.0] 23.3] [25.0 [22.7]

* The sign of the torsion angles for epposile enantiomers was accounted for by inverting
the sign of that of the (S)-enantiomer farbitrarily chosen] before calculating the range

&3



Chapler & — Tulobuteeod Salts

Comparison of hydrogen bonding and C-H--n-ring interactions

In the TULTAR and TULSUC structures adjaceni hydrogen bond motifs share a
common anion restiMing in the formation of infinite chains of N-H---0 and O-H---0)
hydrogen bonded ions in both structures aleng the direction in which they share the
common anions. Adjacent motifs in the TULBEN structure neither share a common ion
nor have N-H--0O or (3-H--0 hydrogen bonds linking them and therefore lonn isolated
clusters, Table 6.16 presents the number of hwdrogen bonding and C-IT--7-ring
interactions within and between the chains or clusters found in the respective structures.,
T'he interactions for the chains will be discussed in terms of the mumber per repeating

unit.

There are lour N-H--0 and two O-H---0) interactions contained in each ol the hvdrogen
bonded nits of TULTAR, TULSUC and TULBEN. A comparison of the hydrogen
bonding motifs found in each structure 18 presented in Figure 6.18. [t shows that a strong
topelogical homology exists between the hydrogen-bonding motifs. All the O-H and N-H
groups of the tulobuterol cations as well as the terminal oxygens of the anions are

involved in the hyvdrogen bonding.

Table 6.16 Type and number ol interactions for TULTAR, TULSUC and TULBEN

Interaction per unit TULTAR ¢hain TULSUC chain 'L LBEN cluster
Within chain/cluster

N-TT---0O 4 4 4
O-1-03 2 2 2
C-H--0Q ¥ t 2
C-H-n-ring 25 t 0
Between chain/cluster

C-H-0 I 0 0
C-H--m-ting 0 = 2'and 2

"Averaged over the two independent motifs, ™ links chains diagonally along the ah-planc.
“links chains diagonally along the ae-plane. “links clusters along the e-axis



Chamer 6— Tulobolsrol Salts

Type A
TULTAR meotit'1 TULBEN maotil’

Type B
TULTAR motif 2 TULSUC motif

Figure 6.18 Comparison of the hydrogen-bonded motifs in TULTAR, TULSUC and
TULBEN

The hydrogen bonding distances, and thus strengths, are also similar among the
structures. as indicated in Tables 6.4, 6.8 and 6.12. In each siruciure the motif possesses
either a pseudocentre [TULTAR motifs 1 and 2] or a erystallographic centre of inversion
[TULSUC and TULBEN matifs]. However, certain features of the hydrogen bonding
motifs subdivide them into two groups. In the type A motifs [TULTAR motif 1 and the

TULBEN motif] each cation links to both anions but not to the other cation that makes

| 52



up the motif. The O-1T group on the tulobuterol cation is also mvolved only as a hydrogen
bond donor. In the type B molifs [TULTAR motif 2 and TULSUC] the cations link to
cach other as well as to one anion each, with the O-H group involved in both a hyvdrogen

bond donating and accepling capacily.

The other types of hydrogen bonds found in the respeetive structures either reinforce the
chains or ¢lusters, or connect them to cach other. In the TULTAR structure ap average of
one C-H--0 and two and a halt' C-H---m-ring intcractions per unit reinforce the chains,
whilst an average of one C-1T-Q hydrogen bond per unil links adjacent chains. In the
TULSUC structure no other hydrogen bonds further reinfiwee the chain but four C-H--n-
ring interactions per unil link adjacent chains. In the TULBEN structure two C-H:-0
hydrogen bonds strengthen the association of the ions within the cluster, whilst adjacent
clusters are conmected by C-IT--m-ring interactions along two directions [two inleractions
per direction]. Thus, two-dimensional sheets are formed in all three structures but which
differ in the architecture of their constituent intcractions. The order of the sheet strength,
as determined by their constituent hydrogen bond types described above, i1s TULTAR =
TULSUC = TULBEN, comresponding with the decreasing melting point order of the

salts.

Crystal packing

C-H--m-ring interactions are commaoen to ali three structures and highlight a common trait
of the packing amongsi the three structures. For all these interaciions, lertiary bulyl
hydrogen atoms of one cation intcract with the chlorophenyl rings of another cation,
indicating that thesc groups form hydrophobie “pockets’ in all the structures. An
exceplion oceurs in the case of the specific C-H--n-ring interaction in the TULBEN
structure where it is an aromatic hydrogen atom interacting with another chlorophenyl

ring. but which nevertheless also leads to the formation of a hydrophobic *pocket’.



Comparison with the HCI salt structures

The salls prepared in this study will now be compared with the polymorphic HC| salt

=
structures.m”

The principal torsion angles lor the hydrochloride salt polymorphs are
presenied in Table 6.17. As for Table 6.15 the signs of the lorsion angles for enantiomers
of opposite chirality were accounted lor by inverting the signs of the torsion angles for
the (S)-cnantiomer [arbitrarly chosen] before calculating the range. The latter also
includes the torsion angles for the cations of the salts prepared in this study.

Table 6,17 Torsion angles for the miobuterol cations in the 1IC] salt modifications™”

Crystal form

Form 1

Cation ] j{R-)] 512 147.8 1714 -70.8 -177.0
Cation 2 [(8-)] 96.5 -l43.8 -169.6 7.7 -171.8
Cation 3 [(8-)] §4.2 -156.3 -169.8 72.1 179.%
Form 11 [(5-}] 107.7 -132.7 -172.0 71.6 -145.8
Form I |(5-}] 102.7 -138.3 -173.7 68 4 -163.1
Hydrate [(S-)] §7.2 -155.9 -177.9 61.7 -179.7
A(angle)” |26.6| 126.9] 23.9] 25.0] |59.3;

* Range includes the torsion angles for the cations in TULTAR. TULSUC and
TULBEN given in Table 6.15

The lact that the ranges for the torsion angles given in Table 6,17, whose caleulation
includes all the cations in the hydrochloride salt polymorphs as well as the salts prepared
in this study, are similar to those found in Table 6,13, indicates that conformations of the
tulobuterol cations in the h:-,fu:h‘n:!rc:hl::-rir:I-:,"}2 TULTAR, TULSUC and TULBEN salts arc
similar. The 15 torsion angle range in Table 6.17 does, however, increase substantially
relative to that found in Table 6.15 as a result of the Form [l ns angle of —1453.8%. A
comparison, in g previous study. of torsion angies [, 13, 14] of the tulobutercl HCY salts
and other related adrencreic agents having an cthanclaming side chain, showed these to
be similar.”™ The sterie arrangement of the functional groups is consistent with rotamer
11 illustrated in Figure 6.19. In this rolamer the aromatic group is frans to the amino

nitrogen. whilst the hydroxyl group 1s ganche to it. The comparison of the i, angles also

L
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showed that the aromatic ring planes are nearly orthogonal to the ethanolamine side
chain. The conformations of the cations in TULTAR, TULSTC and TULBEN thus also
follow this general trend. This arrangement of functional groups is believed to bhe

hiodi 4 . 135
necessary for the activity ol these compounds as adrenergic agents.

Ar AT Ar
H N H H N~ H
HO H HO H H H
H N H
L 1] I

Figure 6.19 Possible rolamers for the 13 and ng tersion angles. |adapted from
reference 155]

As in the case ol the salts prepared m this study, the hydrogen bonding in the HCI salt
modilications determines the architecture ol the crystal structures. Hydrogen-bonded
motifs arc also formed consizting of cations and anions rclated by pscudo-  or true
crystallographic symmetry elements. However, in the TULTAR, TULSUC and
TULBEN structurcs the hydrogen bonding motifs consist of six hydrogen bonds as
opposed Lo the four found in the HCL salt polymorphs. This is due to the anions in this
study possessing more hydrogen bend donor and acceptor sites. 'Lhe erystal packing is
also chargoterised by the tertiary bulyl and chlorephenyt groups forming hydrophobic

‘pockets’



Chapter 6 — Tulobuterol Salts

Conclusion

In this chapter, three novel salts of tulobuterol prepared by its reaction with (R,R)-tartaric
acid, succinic acid and benzoic acid respectively, were described. These have been

characterised by thermal and X-ray diffraction techniques.

All three salts were established by TGA to be anhydrous with DSC analysis indicating
one thermal event for each, viz. fusion at extrapolated melting points of 191, 163, 147°C
for TULTAR, TULSUC and TULBEN respectively.

X-ray diffraction analysis established that TULTAR crystallises in the triclinic space
group P1 with a = 9.665(2), b = 10.685(2), ¢ = 16.923(3)A, a = 94.06(3), B = 93.80(3), ¥
= 115.46(3)° and Z = 2 formula units per unit cell. TULSUC crystallises in the
monoclinic space group P2;/n with a = 10.377(2), b = 10.207(2), ¢ = 14.855(3)A, B =
106.23(3)° and Z = 4 formula units per cell. TULBEN crystallises in the same space
group as TULTAR but in a different setting [P2,/c] with a = 8.9587(3), b = 18.9875(9), ¢
= 11.0801(5)A, B = 94.008(3)° and Z = 4 formula units per unit cell. An extensive and
intricate hydrogen bonding arrangement of ions was found in all three structures, which
were discussed separately as well as in terms of their common features and
dissimilarities. The melting point order of the salts could be related to these common

features and dissimilarities in their hydrogen-bonding interactions.

The structural features of the salts prepared in this study were also compared with the
structural features of the known hydrochloride salt polymorphs. These were found to
have many common features, e.g. the conformations of the cations of the salts prepared in
this study were found to be similar to those of the hydrochloride salt polymorphs reported

2

earlier'™ and generally consistent with those of adrenoreceptor agonists with an

ethanolamine side chain.'>
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Chapter 7 - Conclusion

In this study a number of novel species of tulobuterol have been prepared. These include
a second polymorphic form, four cyclodextrin inclusion complexes and three salts of
tulobuterol. Identification and characterisation of these crystalline phases were afforded
by elemental analysis, thermal, X-ray diffraction and spectroscopic techniques. A
summary of the application of the above techniques to the identification and

characterisation of the species prepared follows.

Polymorphs
Polymorph identification

Two polymorphic forms of tulobuterol, Form 1 and Form 2 [novel form], were prepared
by recrystallisation from different solvent systems. Hot stage microscopy was a quick,
inexpensive technique to assess different thermal behaviours that possibly indicated
polymorphism. Microanalysis was then used to determine that the two crystal forms had

the same elemental content, establishing them as polymorphs and not solvates.

Thermal analyses

Form 1 and Form 2 were confirmed as polymorphs by their lack of mass loss on TGA.
DSC established that Form 1 has the higher melting point and enthalpy of fusion
implying that monotropy described the stability relationship of the dimorphic pair and
that Form 1 is the thermodynamically more stable form at all temperatures below the
melting points of the polymorphs. This was confirmed by using the accurately
determined enthalpies of fusion of the polymorphs to calculate the stability transition
temperature of the dimorphic system, which was found to lie well above the melting
points of the polymorphs.

The DSC analysis of the polymorphs revealed a single thermal event for each, namely
fusion. However, certain batches of Form 2 crystal exhibited three thermal events,
namely fusion at the Form 2 melting temperature, immediate recrystallisation and
subsequent fusion of the recrystallised material at the Form 1 melting temperature. This
was interpreted as being due to contamination of these batches of Form 2 with small

amounts of Form 1, which apparently acted as seeds for the recrystallisation of the
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molten material into Form 1. The existence of a third form, Form 3, was implied by the
appearance of a new peak on the DSC trace of the reheat of molten tulobuterol, but
unfortunately this was its only form of characterisation. Finally, it was established that
sample grinding prior to DSC analysis could affect the thermal behaviour of the
polymorphs and thus that identification of ground forms should always be corroborated
by powder X-ray diffraction.

X-ray diffraction

The crystal structures of the polymorphs were successfully determined. Apart from
differences in crystal packing, as expected for polymorphs, single crystal X-ray
diffraction revealed a common asymmetric unit with a highly conserved topology. This
consists of three tulobuterol molecules associated by three homodromic O-H--N
hydrogen bonds as a cyclic trimer. The polymorphs thus basically differ only in the way
these trimers pack in their respective unit cells. Differences were observed for the inter-
trimer interactions; specifically Form 2 was found to have fewer C-H--m-ring
interactions, which is consistent with its lower melting point. The presence of only soft
C-H---n-ring and van der Waals interactions in the polymorphic crystals is consistent with
their relatively low melting points. Powder X-ray diffraction indicated that these forms
do not transform on grinding and that the computed PXRD traces can serve as references
for their identification.

Spectroscopic studies

The FTIR spectra of the polymorphs proved to be indistinguishable, especially in the -NH
and -OH frequency range, which is often diagnostic for polymorphs. This is consistent
with the identical hydrogen bonding environments revealed by the single crystal X-ray
analyses. However, solid-state NMR spectroscopy did prove to be diagnostic for the two
forms, the differences correlating with short intermolecular contacts identified in their

crystal structures.
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Cyclodextrin inclusion complexes

Complex identification and determination of the stoichiometry

Complexation of tulobuterol with B-CD, y-CD, DIMEB and TRIMEB was proved using a
combination of techniques. Microanalysis proved that each analysed sample contained
nitrogen and thus tulobuterol, whilst thermal analysis suggested complexation by the
disappearance of the bulk crystalline properties of the drug molecule. However,
unequivocal proof for complexation was afforded single crystal X-ray diffraction which

revealed the three-dimensional structures of the complexes.

The stoichiometries of the complexes were determined by the combined information
from microanalysis and TGA. Microanalysis was used to determine the host:guest ratios
of dehydrated complexes, whilst TGA was used to determine the water content of the
fully hydrated complexes. In the case of hygroscopic complexes, TGA was performed
simultaneously in order to ascertain their water content at the time of microanalysis. The
host:guest ratios are 1:1 for the DIMEB and TRIMEB inclusion complexes of
tulobuterol, whilst the B-CD and y-CD inclusion complexes of tulobuterol have host:guest
ratios of 2:1 and 3:2 respectively.

Thermal analyses

Thermal analysis of the CD complexes involved HSM, DSC and TGA, which were used
in a complementary and corroborative manner in the characterisation of the physical

properties of the CD complexes.

HSM was used to characterise visually the thermal events indicated by DSC and TGA.
The presence of included water was indicated by bubble formation on heating the
complexes under silicone oil. Included water was indicated for the B-CD and y-CD
inclusion complexes only. This was evident from an initial mass loss and an endothermic
peak from TGA and DSC respectively. TGA was also used to quantify the water present
in the hydrated complexes, proving reproducible in its assessment. Thus this technique is

more reliable than the single crystal structure solution where the disorder and high
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thermal motion of water molecules made their quantitation and placement difficult. DSC
was used to determine the onset temperatures of melting [TRIMEB complex] and
decomposition [B-CD, y-CD and DIMEB complexes]. These temperatures are higher than
the respective melting temperatures of the polymorphs of the uncomplexed drug,
indicating that the complexed tulobuterol remains intact in the solid phase at higher
temperatures.

X-ray diffraction

The structures of the y-CD and TRIMEB inclusion complexes were solved using
isomorphous replacement, whilst the -CD inclusion complex structure was solved from
ab initio methods using SHELXD. Attempts at solving the structure of the DIMEB

inclusion complex failed.

Host geometry

The geometries of the host molecules were mainly described in terms of their
macrocyclic symmetries as defined by certain parameters of the O4-polygon as well as
the tilt angles of the individual glucopyranose units. The O4-polygon parameters included
the radius of the polygon, the deviation of each O4 atom from the 04 atom mean plane as

well as the distances, angles and torsion angles defined by adjacent O4 atoms.

In the B-CD inclusion complex, the host molecules form a head-to-head dimer with O3-
H--03' hydrogen bonds implicated as the major interactions that bind the dimer. The
glucopyranose units of the B-CD molecules have relatively small positive values, which
results in their being fairly ‘round’. The low tilt angles are attributed to the intramolecular
02--03' and 03--02' hydrogen bonds on the secondary side of the B-CD molecules.
Conformational parameters of the host molecules agree well with those for other B-CD
dimeric structures. The intermolecular 03---03' hydrogen bonds that bind the dimer
further restrict these tilt angles so the host molecules of dimeric B-CD structures show
less deviation from ideal seven-fold symmetry than their monomeric counterparts.

The geometries of the y-CD complex host molecules also agree well with those of other
v-CD inclusion complexes, which all form part of one isostructural series. The tilt angles
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for the glucopyranose units are relatively low which results in the fairly ‘round’ shapes of
the y-CD molecules. This is attributed to the intramolecular 02--03' and 03--02'
hydrogen bonding on their secondary sides. The y-CD molecules stack on top of one
another forming columns with intermolecular hydrogen bonding observed between the y-

CD molecules that further restrict the tilt angles.

The macrocyclic symmetry of TRIMEB [permethylated B-CD] molecules deviates
significantly from that of native B-CD molecules as a result of the lack of 02-H---O3' and
02--H-03' hydrogen bonding. Nevertheless, the TRIMEB complex was found to be a
member of an existing TRIMEB complex isostructural series and thus its host

conformational parameters agree closely with other members of this series.

Guest inclusion

Due to the severe disorder of the guest molecules that prevailed in the B-CD and y-CD
complexes, these could not be modelled. The only information regarding the guest
molecules could be obtained from microanalysis, which indicated that one tulobuterol per
B-CD dimer and two per three crystallographically independent y-CD molecules are

included.

The only successfully modelled guest molecule was that of the TRIMEB inclusion
complex. In this case the tertiary butyl group of the tulobuterol molecule includes from
the secondary side of the TRIMEB molecule. This host-guest interaction is stabilised not
only by hydrophobic and van der Waals interactions but by a O-H---O, N-H--O and C-
H-n-ring interaction. A significant portion of the tulobuterol molecule protrudes from
the secondary side of the TRIMEB molecule, which is a common feature for the majority
of the members of the isostructural series to which the complex belongs. The
chlorophenyl ring of the tulobuterol molecule is located on the secondary face of the
TRIMEB molecule as was found for other guest molecules of TRIMEB inclusion
complexes that contain a chlorophenyl moiety. The conformations of the uncomplexed
and complexed tulobuterol molecules were found to be essentially the same, except for

the tertiary butyl group that is ‘swung away’ from its frans position in the uncomplexed
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state in order to allow for a better fit in the TRIMEB cavity. The included tulobuterol
molecule was found to have the (R-) configuration, which indicated a resolution of the

drug, at least for the chosen crystal.

Host hydrogen bonding interactions

The non-covalently bonded interactions in the B-CD and y-CD inclusion complexes are
characterised by extensive hydrogen bonding networks that exclusively involve host
atoms. The strong O-H~O hydrogen bonding interactions were found to have marked
effects on the geometries of the host molecules. Both intra- and intermolecular hydrogen
bonding restricted the host molecules of these complexes to relatively ‘round’ shapes as a
result of the low tilt angles of their glucopyranose units. In the B-CD inclusion complex
the O-H---O hydrogen bonding is divided into secondary and primary hydroxyl-mediated
hydrogen bonding interactions. The former were found to be consistent with those
observed in other B-CD dimeric structures, whereas the latter differed from the majority
of B-CD dimeric structures in that they connected host molecules between adjacent
dimeric layers rather than within the same dimeric layer. Host molecules within a dimeric
layer were mainly connected by weaker C-H---O hydrogen bonds. In the y-CD complex
the host molecules within a channel are connected to each other mainly via O-H--O
hydrogen bonds with C-H---O hydrogen bonds connecting host molecules of adjacent

channels.

In the case of the TRIMEB molecules, the lack of hydroxyl groups meant that strong
hydrogen bonds exclusively involving host atoms were precluded. Thus this complex
contains only weaker C-H---O hydrogen bonds, which were nevertheless arranged in a
systematic manner. Thus they contribute in a definite manner to the stabilisation of the

host conformation as well as the extended structure of the complex.

Water interactions

The water molecules in the B~ and y-CD inclusion complexes were found to have a high
degree of disorder as indicated by the larger number of water sites than molecules

calculated from TGA, as well their partial site occupancy factors and close proximity to
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other water molecules. Despite this, they formed quasi-invariant water networks that

were found to be similar to those in other - and y-CD complexes.

Crystal packing

All the CD complexes with tulobuterol, except that with DIMEB, were found to be
isostructural with known complexes of their hosts. The crystal packing arrangements
were thus consistent with those observed in the isostructural series to which they belong.
The B-CD inclusion complex with tulobuterol belongs to the subset of B-CD dimeric
species that pack in the channel mode. Unlike the situation within a channel in the B-CD
inclusion complex, where neighbouring host molecules are arranged anti-parallel, the
host molecules in the y-CD inclusion complex are arranged both parallel and anti-parallel
with their neighbours. In the TRIMEB complex the host molecules are stacked parallel on
top of one another, with slight lateral offsets between adjacent units resulting in the

formation of a screw-channel.

Tulobuterol salts

Salt identification and determination of the stoichiometry

Salt formation of tulobuterol with (R,R)-tartaric acid, succinic acid and benzoid acid was

established by microanalysis which also yielded the cation:anion ratios.

Thermal analyses

DSC revealed a single thermal event for each salt, namely fusion. TGA yielded negligible
mass loss, which confirmed the lack of included solvent, These results were corroborated
by HSM.

X-ray diffraction

The crystal structures of the three salts were determined by single crystal X-ray
diffraction. Even though the constitutions of the salts differ in their anionic component,
many similarities were found amongst the three structures. Firstly, the conformations of

the cations were found to be similar in all the salts. Furthermore, the arrangements of
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functional groups are similar to those of the hydrochloride salt and other adrenergic
agents having an ethanolamine side chain, which have been compared in a previous
study.'®® This arrangement is believed to be necessary for activity of these compounds.
Secondly, extensive hydrogen bonding networks were found in all the salt structures and
common motifs were identified that involve strong O-H---O and N-H---O hydrogen bonds.
The nature in which these interactions connect ions in the respective salt structures,
together with the presence/absence of weaker C-H--O and C-H---n-ring interactions, was
found to be consistent with the melting point order of the salts. The packing arrangements
of all three salts prepared in this study, as well as polymorphs of the hydrochloride salt,
were found to have a common feature, namely that the tertiary butyl and chlorophenyl
groups of neighbouring tulobuterol cations cluster together, forming hydrophobic
‘pockets’.

Final remarks

All the species prepared in this study are novel, except for the higher melting polymorph
of tulobuterol. The latter form had not, however, been characterised to the extent that it
has in this study, especially in terms of the determination of its crystal structure. The
feasibility of the inclusion of tulobuterol within a variety of cyclodextrins, as well as its
ability to form a number of salts, have been amply demonstrated. Thus, the objectives of
generating polymorphs, cyclodextrin inclusion complexes and salts of tulobuterol have
been successfully addressed.

The range of techniques applied gave a comprehensive solid-state characterisation of all
the species. Thermal analysis was key in the determination of the stability relationship of
the polymorphs, which is important for future practical considerations with respect to
manipulation of the drug. From a crystallographic point of view the polymorphs yielded
very interesting features, such as unusually high numbers of molecules in the respective
unit cells, and even more interestingly, the commonality of their asymmetric units, which
are hydrogen bonded trimers. The similarity of the structural features of the salts, even
when compared to the hydrochloride salt and other P-adrenergic agents with an

ethanolamine side chain, is remarkable, especially in terms of the conformations of the
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active components. In fact, all the tulobuterol molecules and cations successfully
modelled in this study were found to have similar conformations. This not only suggests
that the species prepared may be viable alternatives in that the required conformation for
B-adrenergic activity is exhibited,'> but it highlights the importance of structural studies
in characterising possible alternatives to currently used drugs. Each solid species has
unique physical properties, thus presenting each of these as a possible alternative to the
currently marketed hydrochloride salt, depending on the specific application intended. In
addition, physicochemical characterisation of the novel species prepared in this study was
successful in relating their molecular scale and bulk properties. Knowledge of these
relationships will be essential for future assessment of these species as viable alternatives

to the hydrochloride salt.

Tulobuterol is proving to be an important bronchodilator in the long-term treatment of
severe childhood asthma. It has recently been introduced as a transdermal patch which
has been recommended for the treatment of the ‘severe morning dip’,'® as effective
15 The polymorphs,

cyclodextrin complexes and tulobuterol salts prepared in this study may also serve as

tulobuterol levels are maintained by its transdermal applicétion.

viable alternatives to the hydrochloride salt in this respect as, in particular, the suitability
of cyclodextrins as drug carriers in transdermal administration has been demonstrated."”’
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Appendix

Supplementary crystallographic information on each of the solved structures in this thesis
has been stored in the folder ‘Appendix A’ on a compact disk, attached to the inside
cover of this thesis. The files pertaining to a particular structure are stored in a subfolder
that is named according to the structure abbreviation that was used in the thesis. Each
subfolder contains seven text files that can be opened in a text editor such as Windows98
WORDPAD. The files contain the following information.

File Intformation

HKL Reflection data

RES SHELX type coordinate file

.CIF Crystallographic Information File

FCF Structure factor tables

XL SHELX output file

LIS PLATON output file listing all geometric
parameters of a structure
PLATON output file summarising

SUP selected information from .LIS file in
tabulated form
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