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Abstract

This work presented in this thesis details effooisards understanding what factors control the
formation of the myriad of architectures in calijjgrogallolarenes, leading towards biological
application. A variety ofC-alkyl-calix[4]pyrogallolarenes have been synthediand their solid-
state and in-solution behaviour has been studiedliffysion NMR spectroscopy and single

crystal X-ray diffraction.

It has been found that calix nano-capsules camobeed by calix[4]pyrogallolarenes in polar
protic solvents when the alkyl chain is substitutedh bromine at its terminus. This is
speculated to be due to formation of a dipolaradton between the bromine atoms of adjacent

calix[4]pyrogallolarene molecules.

Calix[4]pyrogallolarenes with pendant chains begrlrydroxyl and cyano groups have been
synthesised, and their behaviour in the solid dtate been investigated by single crystal X-ray
diffraction. They have been shown to form headaibgacking interactions in the solid state. As
the hydroxyl functional group offers opportunityr flurther synthetic manipulations, in future

investigations these molecules will provide a keteimediate in the synthesis of therapeutic

delivery vectors.

Preliminary investigation of cellular toxicity ohé calixarenes has also been performed and
indicates that this class of molecules does notap possess a high degree of toxicity towards
dendritic cells and peripheral blood mononuclediscehich are the envisioned target of this

delivery vector.
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Chapter 1 - Introduction



1 Supramolecular chemistry

Calixarenes are cup shaped molecules whose caityaccommodate smaller guest molecules. There
have been many calixarene derivatives synthesizttd avdiverse range of applications in mind. This
includes their use as drug delivery vectorms storage medfamemory for computing applicatioris
and in catalysi§.This thesis focuses on the potential applicatimiunctionalised calixarenes as drug
delivery vectors, with details of work which wilhderpin the use of these molecules in a therapeutic

setting.

The first section of the introduction gives an awew of the principles of supramolecular chemistry,

which form the basis of the synthetic work carried for this thesis.

Jean Marie Lehn, Donald J. Cram and Charles J.rBenlshared the 1987 Nobel Prize in chemistry for
their pioneering work on supramolecular chemisimyhis Nobel lecture, Lehn describes supramolecular

chemistry as:
“The chemistry of the intermolecular bond, coverthg structures and functions of the entities fatrme

by association of two or more chemical species.”

Jean Marie Lehn
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2 Inter- and intramolecular interactions

Chemists working in supramolecular science sealetign and control the formation of intermolecular

bonds which Lehn refers to, in order to produceemals with novel structures and properties.

The intermolecular bond may take several diffefenis which are relevant to the construction of
functional supramolecular species. In complex mdks there may be many different types of
interaction which give rise to the molecular staretand therefore the bulk function. This interiela
between structure and function is best exemplifisdnature by its ability to form functional
macromolecules which catalyse chemical reactionsagk (shown in Figure 1) is an enzyme which
catalyses the hydrolysis of urea to ammonia anboradioxide, accelerating the reaction by fithes®
The complex 3D structure shown below arises fronitipite hydrogen bonds, hydrophobic interactions

and metal to heteroatom borfds.

Figure 1 - Cartoon of Urease enzyme structure
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2.1 Hydrogen bonds

A hydrogen bond is an interaction (which may berirdgr intra-molecular) between a hydrogen atom

and another atom bearing an opposite partial chaigese dipoles arise as a result of differencakan

Pauling electronegativity of the constituent atoma heteromeric covalent bofd.

“The nature of the hydrogen bond depends on thereaif the donor and acceptor groups”

Jeffrey’

Hydrogen bonds can have a wide variety of bondgthe (4 — 120 kJmd) which in neutral molecules

is proportional to the distance between the tweratting atoms (in the range of 1.2 A to 3.2°A).

Hydrogen bonds are directionally dependent, whielams that the strongest hydrogen bonds are formed
between atoms arranged at 180° to each other. Breratrongest to the weakest, hydrogen bonds can
have a range of bond angles from 180° to 90°. Téferchation of hydrogen bonds is entropically

favoured and compromises between the angle formeaeher packing forces are often reached.

Hydrogen bonding is one of the most important imiecular interactions in nature; the genome of

every living organism is contained in strands ofAdWhich are held together in its characteristic loleu

helix by hydrogen bonding (Figure 2). The completagty of hydrogen bonding between the base

pairs allows faithful transcription and translatimithe genetic code from DNA to produce proteins.

-

=
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>

Figure 2 - Structure of DNA, showing hydrogen bobdsveen base pairs
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2.2 Cation — interactions

The interaction between a cation and thelectrons of an aromatic system are among sortaeof
strongest non-covalent inter-molecular interactifmshd, having energies of interaction in the ranfe
160 kJmof' to 60 kJmot.® The electrostatic model which describes the itéva between the cation
and the cloud of electrons which reside above agidvb the plane of the aromatic ring has been
validated'® However, inconsistencies between the standard haodkreality do exist, for example the
cation is treated of as a point charge 4 A fromglame of the ring in the model, when in realitgréa

are only the van der Waals radii of the atoms betvthe two interacting specit's.

The concept of a cation tointeraction was developed after binding studiesaifons with synthetic
cyclophane hosts were carried GutCyclophanes, the general structure of which iswshdelow
(Figure 3), are water soluble and monomeric betws¢rr and 9. The distance between the solubilising
carboxyl groups and the binding cavity allowed ®lestatic interactions between the carboxyl anion
and any potential guest cation to be minimisedjimeaus solutiof* The hydrophobic effect may give a
false positive of the binding of a cation by theitg therefore experiments using organic solvédratge

also been performed™*

NS

5 .

L
7>

N

Figure 3 - Cyclophane host molecule (X sHg)
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Cation to interactions are important in nature because amaids containing aromatic residues such
as tryptophan, phenylalanine, and tyrosine (Fighrare able to interact with a variety of biolodiga

significant cations.

i i i
H
H,N—C—C—OH HZN—CIJH-C—OH H2N—(|:H~C—OH
|
CH, CH, CH,
7
HN
OH
Tryptophan Phenylalanine Tyrosine

Figure 4 - Amino acids with aromatic side chains

Another illustration of the importance of cation tanteractions is the transmission of nerve impulses
between neurons in vertebrates. For example, ttieeasite of the enzyme acetylcholine esterase has
been characterised by X-ray diffraction studies ahdws a deep cavity with 14 aromatic amino acid

residues in the active site.

[0}
)L/\'/
(0] T®

Acetylcholine

Figure 5 - Acetylcholine

The toxin from the green mambBendroaspis angusticepblocks the hydrolysis of acetylcholine by
strong inhibition of the acetylcholine esteraseyemz’® Inhibition of this enzyme prevents termination
of a nerve impuls& One of the toxins is a polypeptide of 61 aminalacknown as fasciculiff. This
polypeptide is cationic overall due to the preseotenany lysine and arginine residues. When these
residues are functionalised there is a reductiofi08b in the inhibitory activity of fasciculi. This is

due to a blockage of the interaction between tlsnéy and arginine residues of the toxin and the
aromatic amino acid residues of the active siteergéfore the strong binding between the toxin ard th

enzyme can be attributed to cation tmteractions.
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2.3 Van der Waals interactions

Van der Waals interactions arise from the polagsabf an atom’s cloud of electrons, but unlike
hydrogen bonding they are non-directional and areesallt of non-permanent polarisatithThis
polarisation of a molecule’s electron cloud maytbe result of the proximity of another non-polar
group. If the molecules are close enough the fatadns may become synchronised and produce an
attractive force which is strongly dependent on thiermolecular (or inter-atomic) distance. The

strength of the interaction decreases as a funofidlistance to the negativé& power.® *°

Van der Waals interactions are important interagtibetween the alkyl chains in a wide variety of
mesogens. The odd-even effect in calamitic liquidials is due to the disruption of the van der \&/aa

interactions between long alkyl chain substitueWithen there is an even number of carbon atomsein th
chain the interactions are disrupted because #y ehains cannot come into close enough proximity
for the van der Waals interactions to take pladeis Tesults in a destabilisation of the mesogenic

phase®?

Another example of the importance of van der Wa#kractions is that of the phospholipid membrane
which surrounds cells and organelles in biologisgstems® Biological membranes are not fully
understoodin vivo and are the subject of intense investigatfofhe physical properties of the
membrane (fluidity, thickness and lateral mobilipf the constituent molecules) determine the
conformation of proteins which are embedded in asspthrough the membrane. This has important
implications for drug delivery and anaesthesia Wwhiovolve small lipophilic molecules causing

changes in the cell membraffe?®

Pabstet al. modelled a lipid bilayer and demonstrated thain#ty be disrupted by the presence of
ethanof* Normally the lipid bilayer is twice the thicknes$ an individual phospholipid molecufé.

However when ethanol is added, the hydroxyl grofithe ethanol molecules coordinate to the polar
phosphate head groups of the membrane, so thedlkyh of the ethanol molecules reside in the more
lipophilic area of the membrane. This inclusionaofjuest into the bilayer causes the packing of the

alkyl chains of the lipid to be disrupted, and tampensate for this and to prevent formation of id o
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the membrane, the chains begin to interdigitatstabilise the membrane with increased van der Waals

interactions*

This interaction is put to use by geck&ekko gecKpwhich can climb a smooth glass surface at high
speed” This is possible because a gecko has approxim&@gy000 keratinous hairs known as setae
which measure 0.2-0.5 um long, on the pad of eaot?f The van der Waals interactions between the
setae and the surface on which the gecko is stgmuisduce up to 20 N of adhesive force per fdot.
The interaction can be rapidly applied and remoe#ldwing the gecko to quickly attach and detash it
foot from a surface and move rapidfyThis is achieved because a small change in thie degween
the hair and the surface allows the bond to bedmpkince the interaction relies on intimate cantac

between the setae and the surfdce.
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2.4  The hydrophobic effect

The hydrophobic effect is an entropically drivenepbmenon which causes non-polar groups to
aggregate together in aqueous solution. The inerigagntropy on formation of aggregates is duédéo t

liberation of water molecules which would otherwiserigidly associated around the non-polar groups.
This liberation of water molecules is caused byeduction in surface area when non-polar groups

associate togethet’

Lipid Transfer Proteins (LTP) transport hydrophobiolecules between membranes in plants. It has
been discovered by Schranmen al. using X-ray diffraction data that oleic acid cameract with lipid
transfer protein in two different way$.The cavity of the LTP is smaller than oleic acid®lecular
volume, therefore both the conformations of therftbguest which have been discovered possess non-
staggered methylene interactions. Thgaecheinteractions are thermodynamically unfavourablé bu
this is compensated for by the hydrophobic effeetause when associated with lipid transfer prstein

the oleic acid is shielded from the aqueous medfum.

In addition to natural systems, it has been showi lembleauet al that the hydrophobic effect can
negate energetically unfavourable interactionsyintteetic systemd' When an alkene-based surfactant
is introduced to a synthetic receptor molecule watthydrophobic cavity in agueous solution, a
supramolecular complex is formed. If the guesttgnlinear form has a molecular volume greater than
the cavity of the host, the complex will still forrthis is because the entropic gain caused by the
liberation of water molecules to the bulk solutiwill overcome the energetic cost of the unfavougabl

gaucheinteractions caused by folding the alkyl chaimiathelix**
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3 Host-guest chemistry

Intermolecular interactions are the founding pfeiof supramolecular chemistry, and as shown above
there are many different types of interaction fdassiln order for a supramolecule to be formed,
complementarity of these molecular interactionseiguired. This is achieved by manipulation of the
molecular structure to effect changes in molecalmpe. Complementarity of shape is as essential to
formation of a supramolecule as the interactionsmitelves. This is because the strongest
intermolecular interactions (ion-dipole, dipole-di@ and hydrogen bond) are directionally dependent
and the forces which support the supermolecule @aanWaals forces and hydrophobic effect) rely on

very close proximity of the interacting groups.

Perhaps the most elegant demonstration of complmignhas been provided by nature in the
functioning of enzymes and metalloproteins. Thesalenules make life possible by accelerating
physical and chemical processes, which are achiéyethtricate combinations of inter- and intra-
molecular interactions. That enzymes and their tsates fit together like a lock and key was first
proposed by Emil Fischer in 1884 This was further developed by Koshlaetal. in 1960 by their
suggestion that the protein can modify its shap@ tround its guest when the two are associateds

theory became known as the induced fit mddlel.

The induced fit model can be applied to one ofrttest closely studied metalloproteins, haemoglobin,
which is responsible for the transport of oxygemead blooded animals. Haemoglobin comprises four
subunits, each responsible for transport of a simibxygen molecule using their haem iron centre
bound to a porphyrin macrocycltHaemoglobin demonstrates all of the interactioescdbed in the

section above in order to maintain its quaternamycsure and therefore its functiohi.
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Figure 6 - Oxygen binding to haemoglobin

(taken from M. F. Perutz, Trends in BiochemicaleBcies, 1989, 14, 42-44.)

When dioxygen binds to the haem iron, a confornmati@hange takes place and the iron moves further
towards the plain of the macrocyéfe® The position of the proximal imidazole ring of @tidine
residue coordinating to the iron is also alterealysing a conformation change in the quaternary
structure.® This conformation change on binding @akes the haemoglobin convert to its ‘relaxed’

form and increases the affinity for further oxydending by the remaining site¥.

This cooperation between subunits allows oxygeffutty occupy haemoglobin’s four binding sites
when in a high oxygen environment (such as thedun@/hen the oxygen concentration faile.(in
tissues) the removal of oxygen from ap<aturated haemoglobin molecule renders it in asée state,
where the binding of oxygen is energetically les#ofirable. Therefore haemoglobin readily unloads it

remaining oxygen molecules and shows a sigmoidatitn curve illustrated by Figure37:°
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Figure 7 - Oxygen partial presswe haemoglobin saturation
Taken from R. M. Winslow, M. L. Swenberg, R. L. Ber, R. |. Shrager, M. Luzzana, M. Samaja and

L. Rossi-BernardiJournal of Biological Chemistry1977,252, 2331-2337.
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The affinity for oxygen by haemoglobin can be affecnot only by cooperative binding but also its

local environment. The Bohr Effect describes the gapendence of haemoglobin’s oxygen affinity,

which is observed due to modification of the quadey structure as a result of changes in inter- and
intra-molecular interactions. The sigmoid curve e®vo the left or right depending on the pH of the
local environment. In the bloodstream an acidicimmment is usually due to the presence of high
concentrations of dissolved carbon dioxide charastte of high metabolic activity. This low pH cas

a decrease in the affinity of haemoglobin for bimpioxygen, thus the oxygen cargo is delivered to

tissues where it is most need@éd.

“Evolution is a brilliant chemist”

Perutz®®
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3.1 Calixarenes

Calix[4]arenes are macrocyclic condensation pradadtl,3-dihydroxybenzene (resorcinol) or 1,2,3-
trihydroxybenzene (pyrogallol) with an aldehydetethatively 4tert-butylphenol may be reacted with

formaldehyde to produce t-butyl-calix[njJarenes. Figure 8 below shows on the left
calix[4]pyrogallolarene when X = OH and calix[4mecinarene when X = H. On the right of the
Figure:t-butyl-calix[4]arene. There may be either alkylasyl substituents of the macrocycle denoted

by R.

Figure 8 - Calix[4]arene molecules

The calix- prefix was applied to this class of noolles becaustbutylcalix[4]arenes, which were the
first to be synthesised, were found to have a shegembling a cuff The bowl shape is no longer a
prerequisite for thealix- prefix (derived from the Greekalix = cup) and all macrocyclic condensation
products of aldehydes with resorcinol or pyrogadie# now included in this class. This expansiothef
class of molecules given the prefix was necessapalisetert-butylcalix[4]arenes were subsequently
found to be conformationally flexible, and a largember of calixarene derivatives have been shown to

have alternative conformatiofis.

In calix[4]pyrogallolarenes and resorcinarenes, upper rim bearing the hydroxyl groups has a wider
diameter than the lower rim (or annulus). The geoppsitioned axially at the macrocyclic methylene
position are known as the pendant chains. Thesgtstal features are highlighted in the image

generated from single crystal X-ray diffractionalat Figure 9 below.
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Upper Rim

Lower Rim / Annulus

Pendant Chains

Figure 9 - Main structural features of calix[4]pgedlolarenes

Calixarene molecules (pyrogallolarenes, resorcmeseand-butylcalixarenes) are cavitand molecules
which can act as hosts to a surprising variety oésts. The cavity formed by a calixarene is
hydrophobic, yet it has been proven that they @asalvate a variety of alkali metal cations, asahg
rings offer the potential to form a strong cation tinteraction. This interaction has been exploited i
the use of calixarenes as simplified molecular n®odé complex biological systems such as sodium
channel$? The coordination of a cation to a cavity of axalene inhibits the conformational flexibility
exhibited byt-butylcalix[4]arenes. Coordination of a caesium tonthe cavity of the calixarene has
been demonstrated in the solid state by X-ray afggfraphy and in the solution phase using NfAr

The coordination of cations to calix[4]pyrogall@aes has also been published by Ahetazal *’

The cation to interactions have been shown to take differentnfofor the two calixarene species.
When thet-butyl derivative is coordinated to the cation @lds the cation in the centre of its cawily.

The pyrogallolarene adopts a distorted boat-likefmonation, allowing ® coordination to the cation by
two equatorially positioned aromatic rings from gtdiouring molecules. The distortion of the

macrocycle allows the axial phenyl rings to conte itlose proximity and form - interactions'’
It is not only cations which can be bound to theityaof the calixarenes, a wide variety of guest

molecules have been coordinated to the interiagh@fcup, by either the hydrophobic effect or stagki

interactions such as- stacking.
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A variety of calix[n]arenes have a high affinityr fouckminsterfullerenes. Atwooet al. and Suzukit
al. demonstrated that calix[8larene selectively fornan inclusion complex with g
Buckminsterfullerené® “° The supramolecular complex increased the solyhilitCs in a variety of
organic solvents, allowing its separation fromdtgine soot to a purity of 98%. It has subsequédrain

shown that other calirjarenes and cavitands form complexes with the rietles’® >

Unfunctionalised calix[4]resorcinarenes have a wideity which allows rapid exchange of a range of

guest molecules. However functionalisation of tppar rim creates deeper hydrophobic cavities, with

the advantage that specificity for guests is inee€aand exchange rates are slowed. This extension o

the cavity has allowed large steroid molecules o dmcapsulated; a phenomenon driven by the

hydrophobic effect* > Caveet al. demonstrated that the cavity of calix[4]pyrogall@nes can be

extended by non covalent interactions of 4,4"-higiyes to the upper rirf.
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3.1.1 Conformations of calix[4]arenes

Calix[4]arenes possess four stereo-centres atridgithg points of the macrocycle. Different isoneeri
arrangements at these points produce a differemoomation in the macrocycle. Figure 10 shows a
cartoon of the possible conformations, with eaalasg block representing a phenyl ring: A — cone, B

partial cone, C — 1,3-alternate, D — chair

ya "4 A4 A 4
A //
A &

A B c D

Figure 10 - Conformation of calix[4]arenes

Only t-butylphenyl-calixhlarenes synthesised from formaldehyde anirébutylphenol have been
reported in the literatur€. There are no pendant chains attached to the hgdgiethylene position of
the macrocycle present in these molecules. The oogcle is therefore conformationally flexible and
can convert between cone and chérthe intermediate forms. When the phenolic hydragups on

the lower rim of thet-butylcalix[4]arenes are functionalised this lodke macrocycle in a single
conformation. Unlike the t-butylphenyl-calix[n]arenes, calix[4]pyrogallolaren  and
calix[4]resorcinarenes are conformationally lockdthe conformation interconversion is sterically
impossible because the pendant chains are blocksghge through the annulus, therefore conversion of

conformations is only possible by ring-opening a@dormation of the macrocycfg.

The conformation which predominates in a reactidxtume (during the synthesis of resorcinarenes and
pyrogallolarenes) is dependent on the reactionitiond and the substituent on the pendant chaihs. T
greater steric bulk at the-position to the aldehyde, the greater yield of ¢chair conformation (D) is
isolated; when benzyl aldehydes are used, the chaiiormation is exclusively isolatédlt has been
shown that cone conformation (A) has the greatdstrntodynamic stability when alkyl
calix[4]pyrogallolarenes are synthesised due togteater number of intramolecular hydrogen bonds
which can fornt? Since much research has been undertaken on tleecomformation, syntheses have

been optimised to yield higher quantities of tsisrer>" *°
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3.1.2 Synthesis of calix[4]resorcinarenes and calix[4]pygallolarenes

Calixarenes are synthesised by the condensaticesofrcinol or pyrogallol with an aldehyde under
acidic catalysis as shown in Figure 11 below. Thaeecurrently three methods in use to access these
molecules: reflux in mineral acid, transition metatalysed condensations and grinding of the ratcta

are discussed in section 4.1.2.

X
HO OH (e} @
4 + 4 )‘J\ L’
H R
X=0OHorH

R = Alkyl or Phenyl group

Figure 11 - General synthetic scheme for calix[dfes

Calix[4]resorcinarenes (see Figure 11 where X =RH; CH;) were first synthesised by Niederl and
Vogel by the condensation of resorcinol and acetalde in acidic solutioff. However, it was a further

40 years befor€-alkyl resorcinarenes were fully characterised ligberget al.®

The conditions of the synthesis determine whichf@aner and ring size product is form&ogberg
extended the work of Niederl and Vogel to includalkyl-calix[4]resorcinarenes. He described the
reflux of resorcinol with acetaldehyde in ethanotahydrochloric acid, and found that changing the
composition of the solvent and concentration ofttgdrochloric acid produced varying amounts of the
cone and chair isomers. The length of the alkyircladso affects the solubility of the macrocycledan
thus the distribution of products produced from teaction’’ This method became the standard
technique which has been widely applied to thetssis ofC-alkyl-calix[4]resorcinarenes ar@-alkyl-
calix[4]pyrogallolarenes with minor adjustments read the conditions to optimise the production of

the desired produét;®®
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3.1.2.1 Green methods for the synthesis of calix[4]pyrogadlarene derivatives

The technique of refluxing the reactants to pregafixarenes is very time consuming and produces th
product in only moderate yiel§$% As the cone conformation is often the desired peodlong
reaction times (up to 6 days) are used to exphat low solubility of the thermodynamic product,
causing its precipitatio™. Coupled with the long reaction times the largevsol volumes required to

synthesise calix[4]arenes prompted developmenbweéii‘green” techniques for their synthesis.

The use of microwave irradiation has been widelpliggd in synthetic chemistry in recent years to
reduce reaction times, solvent volumes requiredtaridcrease the yield of a reactihrhis method of
heating a reaction has been applied to the sysenesilix[4]resorcinarenes by Hedidt al. and
calix[4]pyrogallolarenes by Yaat al.®® It was reported in these articles that the useicfowave
irradiation considerably shortened the reactionetiamd reduced the volume of solvent required to

synthesise the macrocycles by up to 90%.

Hedidi et al. synthesised resorcinarenes as a single conforusémg microwave irradiation in 2-
ethoxyethanol solution. 12-Tungstophosphoric a8idnpl%) was used as catalyst, however this does
not significantly increase the isolated yield owse of concentrated hydrochloric acid as the csitaly
(HCI catalysed the synthesis of six of the nine pounds reported in the article in higher yield)efié

is no mention of recycling the tungsten catalysther isolation procedure which was used to separate
the tungsten catalyst and the product. A claimhaadrticle is that the technique is tolerated bgrge

of functional groups, yet the only functionality lgished aside from alkyl and benzyl groups was an

aryl ether®®

Yan et al employed the method developed by Hedati al to synthesise a range of aryl
pyrogallolarenes using a solution of concentratedrdchloric acid. The range of functionality on the
pendant phenyl rings which tolerate the conditimetude aryl rings bearing ethers, halogens angrest
demonstrating an extension to the work of Hedidie@o the steric bulk at the alpha position belbev t

macrocycle ring the chair conformation is formedlesively.°

29



The ‘green’ methodology of using metal catalystheathan mineral acids has been extended by the us
of ytterbium (ll1) triflate as a Lewis acid catatyia the reaction of resorcinol with a variety ddehydes

in ethanolic solutiod! The catalyst was recovered from the reaction mexand reused. This technique
gives yields comparable to the standard reflux inemal acid but is more atom efficient and therefor
more environmentally friendly since there are amdgctants, and the catalyst (which is recoverahde a

reusable) in absolute ethandi.

Most recently a novel technique for synthesizindixpgpyrogallolarenes was developed by
Antesbergeret al’® ™ The reactants are mixed in equimolar amounts énptesence of a catalytic
quantity ofpara-toluenesulfonic acid and ground together usingstlp and mortar. This process gave
C-aryl andC-alkyl-calix[4]arenes in excellent yield. In corgtato the results of Hogbewrt al®® the
equilibration between the cone and the chair isom&s not observed on prolonged standing. This
supports the earlier theory that strong mineradsaind vigorous conditions are necessary for cordor

interconversiorf®

3.1.2.2 Green techniques for the synthesis of terpyridines

Terpyridines have been co-crystallised with calxess to form a variety of supramolecular systems. |
was found by Cave and Raston that terpyridines lmarsynthesised by grinding together an aryl
aldehyde and aryl acetates in the presence of sobjroxide to give Krohnke type pyridines (2,4,6
substitution pattern). The reactants form a ewtettelt and undergo an aldol reaction followed by a
Michael type condensation. The intermediate di#ket then reacted in acetic acid with ammonium

acetate which cyclises the intermediate to a pyeidas shown in Figure 12.

Figure 12 - Terpyridine synthesis
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3.1.3 Capsules formed by calix[4]pyrogallolarenes and c&d[4]resorcinarenes

Aoyama first postulated that calix[4]resorcinaresedf-assemble into aggregates in 1988. The mass
spectra indicated a hexameric arrangement of ddtegorcinarene molecules in both chloroform and
benzene solution but gave no indication of the neatti the structure that was formé&dt was a further
nine years before MacGillivray and Atwood publisherdl image generated from single crystal X-ray
diffraction data showing the formation of a spharihexameric molecular capsule in the solid state.
This C-methyl-calix[4]resorcinarene crystallised fromraoltenzene self-assembles into a nanometer
scale-sphere with an external diameter of 24.3ekd kngether by 60 hydrogen bonds. Its centraltgavi
was unprecedented in size (diameter = 17.7 A) adme (approximately 13753\ which was four

and a half times larger than the capsule repometethat year by Kang and Reb@k.

Figure 13 - Nanometer scale-capsule forme€alkyl-calix[4]pyrogallolarenes

A capsule formed by calix[4]pyrogallolarene wasaeed two years later by Gerkensmeg¢ral. who
proposed that due to a lack of reproducibility afrfiation, the assembly of six calix[4]pyrogallolage
molecules was less stable than the previously tegaesorcinarene capsuldt has been subsequently
shown that the pyrogallolarene capsule is in fastarstable due to the extra hydrogen bonding which

the additional four phenolic hydroxyl groups all6w®
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The difficulty that Gerkensmeier had in reprodudihg capsule formation was recently shown to be due
to the acetonitrile solvent from which the crystaisre grown. When crystallised from acetonitrilz,
alkyl-calix[4]pyrogallolarenes are capable of fongiboth bi-layers and dimeric or hexameric capsular
packing motifs. The resulting packing arrangementiépendent on the degree of hydration of the
solvent®

The unequivocal determination of structure by singlystal X—ray crystallography allows the study of
the interactions which lead to the formation of tlaious nanometer scale-architectures and packing
motifs. From data gathered using this techniquevas found that the capsule formed Gymethyl-
calix[4]resorcinarene is a spherical arrangemersixomonomer molecules. The capsule is held togethe
by 60 hydrogen bonds, 36 of which are intermoleculiéh each capsule having a seam of eight water
molecules?” C-alkyl-calix[4]pyrogallolarenes have been shown riot require this belt of water
molecules for capsule formati6hThe nanometer scale-capsule itself can have diffgracking motifs

in the solid state. The calix[4]pyrogallolarene ewmlles show varying degrees of interdigitation of
pendant chains, with perturbation of the spherenesi in one of the polymorph¥: * 8it has been
recently shown by Dalgarnet al. that the formation of capsular architecture byxeaene derivatives is
not limited to resorcinarene and pyrogallolarendemges. An upper rim sulphonated and carboxyl
functionalised calix[4]arene has been shown to a=ecl700 A of spacé? The symmetry that the
carboxyl substituted calixarene possess in thefteBnate conformation allows each calixarene tinfo

the walls of two capsules.
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3.1.3.1 Synthesis of capsules

Currently there are three techniques availablettiersynthesis of calixarene-derived nanometer scale
capsules. The technique used by MacGillivray o$daligtion in a suitable solvent in the presencerof a
appropriate guest is still widely used for geneigtiydrogen bonded architectures. More recentiast
been shown that the capsule can be held to togetittermetal to ion bonds and covalent bonds. For
example, the capsule may be synthesised by digsolof C-methyl-calix[4]resorcinarene in boiling
nitrobenzene and slow evaporation of the resulsiolgition. This method of production exploited the
self assembly of calix[4]resorcinarenes into hexaenspheres in solution when an appropriate guest
molecule is present, and in this case the solvemtgn to be a suitable guest for inclusion. Thecexa
location of the guest molecules could not be detechby single crystal X-ray diffraction owing to

their extensive disordér.

In subsequent work, resorcinarene capsules hava beewn to spontaneously self-assemble in
chlorinated solvents saturated with wafeDissolution of pyrogallolarenes and resorcinareires
chloroform leads to spontaneous formation of nartemscale-capsules which are stable enough to
crystallise from solution when slow evaporatiomliswed. If a methanolic solution is heated in aled
tube within appropriate guest (to 150°C) and thikomad to slowly cool, crystals suitable for X-ray
diffraction studies fornf> The capsules have been shown to famrsitu during the macrocyclisation
reaction when the grinding method is emplo$e¢th order to speed capsule formation, solutions of

calixarene may be sonicated in an ultrasonic baiictwprovides the additional energy required.

Calix[4]resorcinarene derived capsules may be tméther by covalent linkers. This has been shown
by Liu et al. who synthesised an imine link between resorciregevhich had been functionalised with
aldehyde groups on the upper rim of the molefulEhe 18 components of the reaction mixture came
together to form a nanometer scale-sphere of uefdested interior volume of approximately 1700 A
In subsequent publications Lat al. describe the synthesis of covalently bound dicnend tetrameric

capsules derived from upper rim substituted resarene$®

33



3.1.3.2 Metal fringed capsules

Orr et al. &

showed that addition of a lanthanide salt anddbye-N-oxide changed the molecular
architecture formed by p-sulfonatocalix[4]arenenir@ bilayer to a sphef8.There are significant
differences between the capsules formed by theaesmenes and pyrogallolarenes to those formed by
p-sulfanatocalix[4]arenes. The capsules derived fpsulfanatocalix[4]arenes are held together by a
combination of van der Waals interactions, coortiimato metals and the hydrophobic effect, while th
resorcinarene capsules employ solely hydrogen bgnddespite the greater number of constituent
molecules which make up thg-sulfanatocalix[4]arene capsule (12 vs. 6), the emolar volume
enclosed (1000 3 is smaller than that reported for the resorcinareapsules (1300°A The decrease

in volume enclosed is due to the lower rim of théxarene forming the interior surface of the cdpsu
The lower rim of these molecules bears four hydrgxgups which offer coordination sites to the dues
molecules, which causes ordering of the guest mitdsclt is possible to determine the atomic posgi

of the guest molecules within the capsule by simgystal X-ray diffraction. This is not the casetlre
resorcinarene capsules because the interior afapsule is formed by the cavity of the macrocy€lee
upper rim hydroxyl groups are largely involved ydhogen bonding to the other molecules which form
the capsule, so the opportunity for coordinatiothimi the capsule is limited to cation tanteractions.
This results in disorder of the guest molecdfeBerhaps most importantly the capsules are notadesc

because the lanthanide ions which hold the capdolgsther are also coordinated to the capsule

adjacent so each capsule is coordinated to 6 otitech come into contact with 5.

It has been shown that the phenolic hydroxyl graefithe upper rim of calix[4]pyrogallolarenes offer
coordination site for a metal ion. Therefore capsulhich were held together by hydrogen bonds can
be synthesised by metal to oxygen bonds to formrelie metal bound nanometer scale-capstfésA
hexameric capsule formed by the coordination ofpeop(ll) ions to six calix[4]pyrogallolarene
molecules did not show significant changes in vauar shape compared to the hydrogen bonded
structure’”® The hexameric gadolinium capsule shows significdistortion of both the spherical
arrangement of the capsule and of the individualixax@ne molecules. Unusually for the
pyrogallolarene capsule, four water molecules actuded in the seam of the capsule. This inclusion

water is a result of the distortion providing atahble gap in the hydrogen bonding network. The
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distortion of the capsule and the larger ionic wadof gadolinium reduces the capsule volume to

115048 %4

There are two possible capsular architectures wimmc (lI) ions are coordinated to
calix[4]pyrogallolarenes. Firstly a dimeric capstitems when two calix[4]pyrogallolarene molecules
are arranged with their upper rims coordinated bela of eight zinc ions! Secondly, if the calixarene
is manipulated by substituting a central hydroxydup of the upper rim for a carboxyl group, this
provides sites for coordination to metal ions. &ngystal X-ray diffraction data has been colldcte

showing hexameric capsule formation with 16 zifgi@ins coordinating to six calixaren&s.

Following the discovery that pyridines can coortént the upper rim of calix[4]resorcinareriéand
that therefore the dimensions of the cavity carexiganded, a nanometer scale capsule formed by the
co-crystallisation of 4'-(4-octyloxyphenyl)-4,2":@"-terpyridine andC-methyl-calix[4]pyrogallolarene

was published by Cawt al.>® %’

Kobayashiet al. combined covalent extension of the upper rim dneduse of non-covalent interactions
to form space enclosing architectuf®@sA hydrogen-bonded capsule forms whemethyl-
resorcinarene functionalised with carboxyl groups the upper rim is co-crystallised with 2-
aminopyrimidine. This capsular arrangement is stablsolution as well as the solid state because th
amino-pyrimidine and carboxyl groups are complemsntand the capsule is held together by 16

hydrogen bonds.
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3.1.3.3 The interior of the capsule

The interior of the capsule has been likened tewa phase of matter and therefore has been an frea o
interest for a variety of groups over the past 2aryg since capsular arrangements of molecules were

first discovered®® 1%

A study carried out by Mecozzt al. led to the development of the 55% rule which stadtet the
optimum volume of a host’s cavity which a guest oaoupy is 55% + 9%. If the host capsule is tightly
held together by hydrogen bonds the occupancy isente 70% however this degree of occupancy is
infrequently observed. The remaining 45% of voluimerequired for thermal motion of the guest
molecules. Constriction of these motions is therymaginically unfavourable as it is effectively freagi

the molecule out of solution. When solvent molesudee encapsulated (as in the sphere formed by
pyrogallolarenes in chloroform) the concentratidrs@vent within the capsule is similar to the extd
concentrationt®® In synthetic systems it has been shown that jiossible for guest molecules to be
contorted by intermolecular interactions into confations which would be unfavourable in free

solution, in order to compress its volume to occtp¥s of a cavity™

The discovery of the 55% rule not only has implmas$ for synthetic systems because it has been
recently applied to enzymes and their active sitesthe design of inhibitors which is of interastlie
drug development proce¥8.Zurcheret al. reported that a series of enzyme inhibitors wgrehesised
differing only in the alkyl chain length and thaftem modelling of the enzymes’ active site they

discovered that the most effective inhibitors oded55% of the volume of the active sité.
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3.1.3.4 Capsules in solution

The spontaneous formation and stability in solutmhcapsules consisting of calix[4]arenes was
independently proven by the groups of Cohen andeRefithin a few months of each other, using
diffusion NMR spectroscopy to show both the largpsuile and their encapsulated guests have the same
diffusion coefficient. While robust, in solution ghcapsule is in dynamic equilibrium; individual
calixarenes comprising the walls of the capsule lmarexchanged and while the calixarenes are being

exchanged the guests can enter and leave, withewmplete destruction of the capsil&® 1931

It has been recently shown that in the solutionsphthe resorcinarene capsule does not always have a
seam of water molecules which is ubiquitous in $otid state structurés.The inclusion of water
molecules into the structure of the sphere is dé@enon the guest entrapped in the interior of the
capsule. When solvent molecules or tetraalkylamomorfialide salts are encapsulated the belt of water
is present in agreement with the solid state sirecpublished!® but if the counter ion of the

tetraalkylammonium is changed todP6r BF; the belt of water molecules is no longer obseivéd.

It has also been proven that in solution there @s farmation of heteromeric capsules when
calix[4]pyrogallolarenes and calix[4]resorcinaremes mixed-'? Cohenet al. discovered tha€-alkyl-

calix[4]resorcinarenes formed heteromeric capsuemprising of resorcinarene monomers with
pendant chains of different lengths. The exchangivéen two discrete species and a mixture of

capsules was shown to take seven days at ambiapetature or 2 hours at refluX.

It has been shown that the calixarene moleculesareable of showing high degrees of self recogmitio
in the formation of spheres. This capacity for sel€ognition has been tested by the synthesis of
calixarenes containing both pyrogallol and resafkinng units. A statistical distribution of cyclic
monomers precipitated from the reaction mixture taiming equal quantities of pyrogallol and
resorcinol. When dissolved in a non-polar solvémmomeric nanometer scale capsules are formed.
These contain a single heteromeric macrocycle wbahbe crystallised, showing extreme degrees of

self recognition as the macrocycles differ onlyabsingle hydroxyl group*®
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To study the behaviour of nanometer scale capsulseslution at concentrations below the sensitivity
limit of NMR, Fluorescence Resonance Energy Tran@&ET) analysis was applied to the calixarene
system by Barretet al. FRET is the transfer of energy from one molecal@other by fluorescence.
The fluorescence of the original molecule (donerabsorbed and then re-fluoresced by another moiety
(acceptor). The transfer of energy from donor toeator and re-fluorescence by the acceptor can be
monitored by ultra-violet-visible spectroscopy. FREan only be achieved by molecules which are in
very close proximity, so if the donor and acceptmieties are on different monomers which constitute
the nanometer scale-sphere, FRET will only be ateskin spherical arrangements of nanometer scale-
capsules which hold donor and acceptor speciesttegd=RET is achieved in calix[4]arene systems by
mono-functionalisation of the pendant chain of )ddlarene molecule with pyrene or perylene
substituents. The FRET occurs between the pyrerietynahich absorbs light at 346 nm (the donor)
and the perylene substituted calix[4]arene (theepimr), causing its fluorescence. A reduction ia th
pyrene and increase in the perylene fluorescendbeigfore observed only when the molecules are
arranged in a nanometer scale capsule. The FRHEliestlnave demonstrated high levels of self
recognition in the formation of nanometer scaleesph, because mixtures of calix[4]pyrogallolarene
and calix[4]resorcinarene monomers do not formoAdlown is the enhanced stability to polar protic

solvents of the pyrogallolarene spheres over theroinol derived derivatives® *°

In contrast Ajamiet al. used NMR to characterise a calix[4]resorcinareh&lwhad been extended on
its upper rim with an imido group forming a hetemin dimer with a calix[4]resorcinaren¥. This
type of non-self recognition in calixarene systemas unprecedented, showing flexibility in the
recognition which will lead to capsule formatiom. $olution there was equilibrium between the three
capsular species; hexameric capsule of resorcieadeeteromeric capsule of extended species and
calixarene and dimeric capsule of extended calh@ar&he heteromeric capsule was templated by the
encapsulation of an appropriate guest. Differemstsihad different affinities for the capsules #rel
presence of 1,4-diethylbenzene shifted the eqidlibiin favour of the hetero-capsule, while additafn

4,4'-dimethyl-trans-stilbene favoured the formatimfrthe homomeric capsules.
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3.1.3.5 Capsules in the gas phase

It has been shown in the literature that obtaimrags spectra of supramolecular capsules is possible
smaller assemblies such as Rebek’s softhalind urea functionalised calixarert&sLarger hexameric
capsules have proven more troublesome to detdbeimass spectrum but recently it has been shown
that the hexameric capsule formed by calix[4]pytodgrene is stable in the gas phaSeThe presence

of a cationic guest molecule of appropriate sizéetaplate the formation of the capsule is requiced
observe the hexamer. If smaller guest moleculesised (e.g. tetramethylammonium tetrafluoroborate)

dimers and trimers are observed.

In contrast to the work of Cohet al’® and Rebelet al'? Beyehet al. found that mixed hexamers of

pyrogallol and resorcinol derived calixarenes wéyaned in a near statistical distribution when a
pseudo-octahedral ruthenium(ll)tris(2,2’-bipyridireomplex (Figure 14) is the guest molecule. It was
also found that when solutions of pyrogallolarea®sl resorcinarenes were mixed an equilibration

towards a statistical distribution of calixarenel@eoiles comprising nano-spheres occurred rapid@ (<

seconds}
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Figure 14 - Ruthenium(ll)tris(2,2'-bipyridine) cotap

Molecular modelling of the supramolecular nano-cégshows that the di-cation is the correct size fo
the cavity of the sphere and that the deviatiomfaxrtahedral geometry of the guest is tolerate@rdh
may be a strong cation tointeraction driving the formation of the spherd this is not considered by
Beyeh. The discovery that capsules are stableaengts phase and that heteromeric capsules can be
formed if the association to the guest is favoweadiough, indicates that the formation of a sphere
driven very strongly by the presence of a guestemdé and that the forces which control capsule

formation can be manipulated with an appropriatesgu
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4  Drug Delivery

4.1  Historical perspective

In the UK over the past 150 years modern healthkasemore than doubled life expectancy from 39 to
79 years, and in the past 50 years has reducet infartality by 80962 Pharmaceuticals developed

over the past 100 years are a significant weapdhdrarmoury of healthcare professionals, rendering
treatable, diseases once considered fatal. Thewinly discussion shows why pharmaceuticals are

important, how they are developed and used and thisvdevelopment and use can be improved by

novel drug delivery techniques.

Treatments available from local apothecaries, umged for many hundreds of years, have been
replaced relatively quickly by a pharmaceuticalustly which in its early days was closely linked to
companies specialising in petrochemicals. Todagrphaceuticals are a multi-billion dollar industfy.
This transformation began with the extraction afti\ee principles” from a variety of plants traditially
used in the treatment of illness. One of the estrlexamples of this extraction and purification was
morphine’s extraction from opium in 1803. Once #otive ingredient was isolated, the dosage could be
controlled and treatment could be given in a peeciepeatable fashidf: This repeatability was
improved by the invention of tablets which gavettier control over the dosage of medicines. The
industrial tablet compression machine was introduge England in 1843 and gelatine capsules

followed in 1875%°

The movement away from the use of plant extrastgtds synthetic chemicals can be attributed to Paul
Ehrlich, who can be described as the originataardgibacterial chemotherapy. While studying azo dyes
produced by the chemical industry in Germany, Ehrhoticed that certain dyes stained only bacteria.
This led to the idea that bacteria could be selelstitargeted with a chemical which was toxic otdy

the bacterium like a “magic bullet”.
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Methylene Blue, a dye which selectively stained thalaria protozoan was used by Ehrlich to
successfully treat a malaria case in 1891, buttduiés renal toxicity and difficulty in producingha
animal model for malaria (the mosquito vector wasknown at the time) the treatment was not

developed furthef:? 2

I ® |
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Figure 15 - Methylene Blue

Ehrlich continued to screen a variety of dyes arghwometallic complexes for antibacterial activity.
The bacterium which caused syphiliEréponema palliduin responded successfully to the 806
compound to be synthesised. This compound becamarkras Salvarsan, the first antibacterial
chemotherapy available. While offering a cure fgphslis, Salvarsan did require a series of painful
injections and due to a sulphur impurity from tlyatiesis, a variety of side effects were observéd.
The molecular structure of Salvarsan was undetesuniantil 2005 when mass spectroscopy gave
conclusive evidence to show that the drug was dum@xof a trimer and pentamer, as shown in Figure

16 below'??
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Figure 16 - Structures of Salvarsan
Those studying disease have refined the paradigrelaieed by Ehrlich by targeting specific receptor

molecules rather than the whole cell. This advaras been made possible by the use of computers in

the development of combinatorial chemistry and riisdpof receptors which are the desired tardéts.
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This helps chemists design molecules with an ap@atpmolecular shapecf. intermolecular forces
discussed earlier) and sizcf. 55% rule above) whicban interact appropriately with the recef™**

The use of computers and receptor screening haeedeb increase the number New Chemical
Entities (NCEs) synthesised, yet there still needbé five thousanNCEs synthesised for each dr

which makes it to mark¢®

Scientists involved in health research have ma@atgorogress in reducing mortality and morbi
using chemotherapy bigreat challenges remain, includinggancer, coronary heart disease, Hut

Immunodeficiency Virus (V) and malaria.
4.2  The drug development proces

In order to facilitate the discussion of why newesgtical entities fail to become drugs a very b

overview of the current method of drug developnieméquire: (Figure 17).
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Figure 17 - Overview of drug development process

In a large pharmaceutical company an executivesirtis made on which illness to treat. After 1
decision is madea study of the available literature may suggestntieehanism of actn of the disease
and therefore targeting of which receptor (or gésdikely to be most effectiv'? If possible the target
receptor is modelled by computational chemists anadein crystallographers. Thinformation allows
design of amolecular structurdhat will be the starting point for testing activity against ttesirec

receptor.
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Medicinal and combinatorial chemists synthesiseras of molecules which are screened for actiity
the desired receptof’ From this initial screening process a candidateinigaactivity towards the
receptor is taken forwards for further developntéht.

The toxicity of the candidate drug is tested ongpessively more complex organisms requiring larger
quantities of active ingredient. If the testing amimal models show no significant toxicity, the glru

progresses onto double blind clinical trif3%.

In the development of a new drug, clinical triate ¢he most time consuming and expensive phase for
the company. Phase | trials are on healthy malantekrs and are designed to assess any side effects
and determine the metabolism of a drif§If Phase | is successful, the drug can pass &hése Il and

be tested on a small cohort of patients, to astesfficacy and dosage against the current galddztrd

of treatment. If efficacy and potency is provetai@e cohort of patients is recruited for phaseritls

and testing is undertaken. Only when large clinicills are completed will the relevant agencies
(Medicines and Healthcare Products Regulatory AgdMHRA) in the UK and the Food and Drug
Administration (FDA) in the USA) allow the drug toe marketed. If the number of eventually
unsuccessful candidate drug molecules which makéniical trial can be reduced, this will make the

drug development process significantly quicker elnelapef?!: 123 124, 13031, 132

4.3  Why drugs fail

The process of bringing a new drug to market i bengthy (taking up to 15 years) and costly (more
than $800 million US dollars per drifg. The improvement of efficiency of this processuldbbenefit
both the company which develops the drug (in tesfmsost reduction and an increase in the time which
the drug can be marketed under patent protectiod) @atients, because more treatments may be
available. In order to improve the efficiency gb@cess how it can fail must be understood. Bebw i

discussion of why drugs fail and what can be donenprove the process.

An analysis of the reasons for failure of candidétiegs which have undergone clinical trials between
1964 and 1988; Prentit al showed that adverse drug metabolism and pharrretals were the main
cause of failure to progress (89.9%). The remairfiidl% of candidates failed to meet commercial

interests™® Since this report was published, the pharmacdutiwustry has undergone massive
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changes, with the introduction of automation andngotational elements to the drug development
process. The integration of disciplines has alsenbkelpful in reducing the failures from lack of
commercial interest by improving communication begw the department¥.

A more recent analysis of why candidate drugsvi@i$ undertaken by Schustral®

Their analysis
showed that between 1992 and 2002, a drug’s pateificacy and toxicity could not be determined in
pre-clinical phases. This is because toxicity aatk lof efficacy remain the major reasons for drug
withdrawal once clinical trials have begun. Theitalis in greater detail than that of Prestisl** and
gives a phase by phase breakdown on the reasonsitfudrawal. In Phase | the major reason for
withdrawal was toxicity, this is because this ie thist time that a new chemical entity is givemtan,
and animal models can not predict exact toxicityran. In Phases Il and Ill the major reason for
withdrawal was a lack of efficacy. Since these Bhasclude administration of a candidate drug to
patients with the targeted condition, accurate mneasents of the effect of the drug are possible Th
proportion of drugs which are discontinued dueoadity increases from phase Il to phase lll, thés

been reasoned to be due to the increased numbeatiehts receiving the drug, allowing rare side

effects to be observed.

Pharmaceutical companies are making major invegsnero in vitro and in silico methods to
determine a candidate drug’s efficiency and toyibiefore it is brought to clinical trial, in the e of

reducing the number of costly animal and humaitstridich result in failuré?> 12°
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4.4  Pharmacology and Formulation

Bioavailability is critically important to the effacy of a drug. Bioavailability is defined as:

“The rate and extent to which the active drug idget or therapeutic moiety is absorbed from a drug

product and becomes available at the site of attidh

Pharmacologists and medicinal chemists jointly glesi drug with an appropriate drug delivery system.
A drug delivery system may involve chemical or gbhgsmanipulation of the active principle to contro
the bioavailability and prevention of premature glrexcretion, inactivation and the Active

Pharmaceutical Ingredient (API) inducing an immuesponse.

The provision of accurate, reproducible dosagehsydelected route of administration is criticalisit
known that identical drugs in different formulatiogive different plasma concentratioA%The plasma
concentration which a drug achieves after admatistn is important because the therapeutic index
shown below is variable between drugs. Some drage lsmall therapeutic indexes therefore making

control of the plasma concentration of the drugriscal.**

In order for the drug to reach the site of actiand cause an effect) the drug can be administeacithe
following routes:**

Oral

Sublingual

Rectal

Application to epithelial surfaces

Inhalation

Injection — subcutaneous, intramuscular, intravenaurathecal
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With the exception of intravenous injection, thejonigdy of drugs must be taken from the site of
administration into the bloodstream. This procekdransporting a drug to its site of action offers

challenge for both the pharmacologist and mediaihalmist.

Small, hydrophobic drugs may enter the bloodstrégnthe trans-cellular route which means passing
through the cell membrane. This transport may hieeaginvolving carrier proteins or endocytosis) or
passive (directly through the lipid membrane). Thensport of drugs is partially dependent on its
partition coefficient and therefore its solubilitywater and organic solvents. Solubility of thel A$of
critical importance it has been estimated by Fatal. that approximately 40% of drugs on the market

are poorly water solubf&®

Current techniques employed in the pharmaceutichlstry for dealing with low solubility APIs are :
Micronisation — grinding the drug so the final pele size is between 100 — 200 nm
Crystal engineering — changing particle size /(dsgpolymorphic forms
Co-crystals can be formed by slow evaporation oktanes, growth from melts,
sublimation, and slurry preparation.
Use of different counter ions which affect the &dlity
Solublisation of drugs in co-solvents
Use of micelle / liposome systems.
Use of cyclodextrins

Use of carrier proteins

Physical methods for drug delivery such as acittast tablet coatings and transcutaneous routiéls, w
not be covered in further detail in this review,igthwill concentrate on methods of encapsulation.
Physical methods such as the micronisation andedifige tablets rely on increasing the rate of

dissolution and not increasing the solubility afrag3®
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4.5 Pro-drugs, Early Antibiotics and Nitrogen Mustards

One of the earliest techniques for improving tharptacokinetics of a drug was to functionalise the
molecule with a biodegradable group which rendeirsaictive, but when metabolised releases the activ
drug known as pro-drug formation. Addition of thiedegradable group can improve solubility, add
specificity to the localisation of a molecule irethody**° prevent metabolisn?* or allow controlled

release of the drug over a long period of tiife.

Pro-drugs may be inadvertently discovered, a go@adnple being the discovery of Prontosil Rubrum in
1932 by Domagk from the screening of a range of dyges. When further investigations into the
mechanism of Prontosil Rubrum’s bacteriostaticaactook place in 1935 by Forneau, they showed that
in vivothe azo bond was hydrolysed and the 4-aminobesaforamide was the product had the same
bacteriostatic action as Prontosil Rubrum, andeffioee must be responsible for the efficacy of the

administered drug?® 2!

Prontosil Rubrum Sulfanilamide

Figure 18 - Metabolism of Prontosil Rubrum

This was revolutionary because systemic bactanfattions were generally regarded as untreatable so
only supportive measures could be taken for a mpati€his prompted further derivatives to be
synthesised and in 1938 Sulfacetamide was syn#tbsidhe greater acidity which the acetyl group gave
to the nitrogen of the sulphonamide meant thattig was rapidly excreted through the kidneys & th
bladder, where it would exert a bacteriostaticaarctiThis side effect is particularly useful in gatis

with urinary tract infections.

The use of pro-drugs is exemplified by early DNAkyddting agents used in antineoplastic

chemotherapy. It was known that nitrogen and sulghustard gas used during the First World War
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damaged the bone marrow, however they were too toxbe administered directly as they had a strong

vesicant effect?> When the molecular structure was modified, thekidity was reduced and on
administration to patients suffering from non-Hoolgk lymphoma dramatic remissions were

observed?®*

Nitrogen mustards work by alkylating DNA and themef preventing cell division, their general
structure is shown by the first structure of Figi There are two delivery systems at work in this
treatment; firstly the pro-drug (formation of thetise agent within the cancerous cells) and segondl
the variation of the R group. The general form dfimogen mustard is shown in the Figure below.
Variation of the R group allows tuning of the reéaity of the molecule due to the biologically aaiv
component of the mustard is an aziridinium catidnclv the N-7 of guanine is reactive to. It is fodne
by the nucleophilic substitution of a chlorine atanth the lone pair of the nitrogen. The R group ca
exert an effect on the availability of the lonerpai the nitrogen and therefore the rate at whiud t

aziridinium ion is formed.

R
\
N N.__NH,
<\ | Y R‘N N_ _NH,
cl N NH < | =
/_/ \J o \® NH
R—N —_— R—ﬁ)ﬁ _— R—NJ o)
cl cl Cl

Figure 19 - Mechanism of action for nitrogen mussar

In an example of rational pro-drug design phospimidtases were found to be over produced in tumour
cells, and so a phosphoramide containing mustars syathesised (Endoxana) in order to boost the
reactivity of the nitrogen mustard in the tumouli.cEhe increase in reactivity is due to the inGes

availability of the lone pair of the nitrogen atoomce hydrolysed. Endoxana was found to have

improved pharmacological properties over mustirre GHs. **°

OH ?
Hepatic 0
[\ WO Metabolism ’I‘t‘o 'IIE%) HoN P// PN
PZ — _PZ — P — s
km cl k<:| cl
Endoxana Nitrogen Mustard
(inactive) (active alkylating agent)

Figure 20 - Endoxana metabolism
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4.6  Microemulsions, Protein Carriers and Taxol

Taxol is an antineoplastic drug approved for us&982 by the FDA to treat advanced metastatic breas
and ovarian cancéf! The active ingredient was found in the bark of fific yew tree Taxus
brevifolia) with yields for its extraction at 0.04% wt/wt nméag a single cycle of treatment would
necessitate the sacrifice of 4 fully grown tré€&The drug can now be prepared semi-syntheticadignfr
the needles of the more common English yew tieexs Baccata Despite its high tumour response
rates (51% in metastatic breast can@®r Taxol has very low aqueous solubility (0.34 pg/mvhich

makes both formulation and administration probléci4t

HO

Figure 21 - Taxol

Currently Taxol is administered as a Cremofhsérethanol microemulsion, in order to solubilise
sufficient quantities of the drug. Cremopfids a derivative of castor oil which has been depet! to
form micro-emulsions. Unfortunately there are pewsh associated with the formulation, as micelle
formation in the bloodstream leads to non-lineasede anti-tumour activity. It has been shown that t
delivery method may cause a severe hypersensitigégtion in 20 — 30% of patients.In addition
significant side effects are nephrotoxicity, neaxitity and leaching of Poly(vinyl chloride) (PVC)
from the infusion apparatus, which may be causedhbkydelivery method. The majority of the side
effects can be managed by pre-medication with austeriods and antihistamines before each cycle of

treatment*°

Taxol has been found to be tightly bound(>90%) éoum proteingn-vivo. These proteins are the
natural carriers of hydrophobic molecules around thody™*’ A formulation was subsequently

developed in 2002* formulating taxol with Human Serum Albumin (HSA) order to overcome the
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difficulties in using taxol. A phase Il clinicatial (454 patients) found that HSA formulated takals
significantly benefits over the Cremophor® formidat A higher maximum tolerated dose was found
to be possible and therefore a higher responsetoateeatment was observed. The formulation was
diluted in a saline or dextrose solution allowingleorter administration time (30 minutes versus 3
hours) preventing leaching of the plasticisers fittve administration kit removing the requirement fo

pre-medicatiort*

4.7  Liposomes and Doxorubicin

Liposomes are nanometer sized spherical assendfl@®sphiphilic molecules which self assemble into
a lipid bilayer in the solution phase. They carr¢hg entrap guest molecules, either within the reént
aqueous cavity (shown in blue in Figure 22) or lthephilic inter-membrane zone (shown in yellow
below). This method of drug delivery has been aaaf intense scientific endeavour since the mid

1970's14% 143

Liposomal drug delivery is not without problems:eith primary method of excretion is by
reticuloendothelial cells scavenging the vesicled &ransporting them to the liver and the splean fo
metabolism and excretion. This obviously leads ricaacumulation of liposomes (and their cargo) in
these organ¥™ As a result there may be hepatotoxicity obseruegltd increased concentrations of both
drug and carrier moleculé®. Short shelf life“*° limited drug capacity, use of aggressive condstitor
their preparation and problems with sterilisatiae ather problems which it has been necessary to
overcomé:*’ Therefore it is only recently (2005) that liposaeve been available in pharmaceutical

formulations!*®

Figure 22 - Schematic representation of a mono{lam@osome
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The FDA granted approval for the first formulatitmuse liposomes as a carrier system in November
2005. It consisted of mono-lamellar vesicld$0 nm diameter containing doxorubi¢fii.Doxorubicin

is an anthracycline antibiotic which is used femting a variety of solid malignant tumodt$The total
maximum cumulative dosage of doxorubicin is limited450 mgrif due to its severe cardiotoxicity

which can cause congestive heart faiftife.

Figure 23 — Doxorubicin

It has recently been shown that doxorubicin is toptim in vitro to glioma (a tumour of the non-nervous
cells in the nervous systehtf) but the free drug has poor blood-brain barrigrgpeation, preventing its
use in treatment of brain tumours. A recent clihitdgal has shown that PEG-ylated liposomal

doxorubicin can cause stabilisation of diseaseéd Bf patients with gliom&*®

Other clinical trials have shown that encapsulatioh doxorubicin in liposomes increases the
concentration of drug in the tumour (by up to 1@ds in advanced Kaposi's sarcoma) and also
increases the drug’s half life, allowing penetnataf the blood-brain barrier and reduction in thegis
toxicity over the free molecule. These combinedrisrpments in the pharmacology have been shown
to result in improvement in the overall survivahés for ovarian cancer patients in comparison éseh
receiving platinum based chemotherapy. Patienfersod from Kaposi's sarcoma are shown to have a
longer mean survival rate and an increase in healttted quality of life than those on the standard

ABV (Bleomycin, Vincristine & Doxorubicin) regimeft?

The improvement in pharmacological properties eflthosomal formulation has been attributed to the
increase in time spent within the body’s circulataver the un-encapsulated drug. The extensioalfo h
life is thought to be caused by the PEG reducirg dtiachment of plasma proteins to the liposome
which would otherwise result in clearance from ¢ireulation!®* The increased circulation time allows

increased concentration of the drug in solid tureodthis is due to the enhanced permeability and
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retention effect (EPR effect) in solid tumours.ulibur has different pathophysiological charactiesst
from normal tissué®® This includes leaky vasculature within tumours abhallows the tumour cells
access to sufficient oxygen and other nutrientss Taky vasculature allows drug delivery systems t

leave the general circulation and become concentriatthe tumout®®

4.8 Cyclodextrins and Itraconazole

Cyclodextrins are cyclic oligosaccharides discosdre1891%*° whose arrangement of hydroxyl groups
means that the interior of the torus shape ispetar than the exteridf® This difference in polarity of
the interior and exterior allows the water molesuteordinated within the cyclodextrin to be libedht

and replaced by lipophilic guest molecutes.

%%

ok

Figure 24 - -Cyclodextrin

Cyclodextrins have been investigated for drug @elivapplications and have been shown to increase
solubility of lipophilic drugs without changing tinenolecular structur&?’ In 1976 the first cyclodextrin
drug formulation was approved for use in JaprCurrently cyclodextrins are marketed in over 30

pharmaceutical products’

Due to their high hydrophilicity cyclodextrins shopoor penetration of biological membranes and
therefore act by increasing the concentration mieabrane surfac&? When a drug is encapsulated, it
is masked from the external environment, so cycltdes have found use in reducing local drug-

induced irritation™>®" 1%°

52



Itraconazole is a wide spectrum antifungal agerthis used to treat infections caused by organisms
resistant to the standard treatment of fluconazdigortunately it has a very low aqueous solubility
(1 pgmi*) which limits its clinical utility. It has been fmulated with PEG but recently a cyclodextrin
formulation for oral administration has been appwy the FDA® It has been determined that the
drug is released when the complex comes into cbafitic the gastric lumen, and once released follows
the same pharmacokinetics as the un-encapsulagednation. The cyclodextrin is not absorbed indarg
guantities (0.5% excreted intact in urine), but thajority of the undesirable side effects can be
attributed to the cyclodextrin rather than Itracmia!® The major advantage of the cyclodextrin
formulation over the PEG capsule is the increasedns concentration achieved, which in clinicallgria

leads to a higher efficacy of treatmétt.
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Figure 25 - Itraconazole

While there are significant advantages to the dseydodextrins in pharmaceutical formulation there

remain some significant disadvantages. For examptg,clodextrin shows low water solubility and

161

nephrotoxicity >~ and so is unsuitable for intravenous injectiond aso the rate of formation /

dissociation is very close to the diffusion limi the guest molecules are only weakly held withia t

cavity 1*®
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4.9 Summary of drug delivery

The recent progress in improving the pharmacoldsedf doxorubicin has confirmed that there is great
potential in the field of drug delivery to improwxisting treatments and potentially make viable

chemical entities which were previously too harnfiul therapeutic use. These recent developments
demonstrate that significant progress being madenpyove the treatments already available on the

market by using novel drug delivery systems.

Ideally a new drug delivery system must be cheagyihesise, be applicable to a variety of therapeu
agents, have good stability and improve the phaokiaetics and efficacy of the drug it carries. Most
importantly it must be non-toxic and have no maile effects. These are the stringent requirements
which must be met in order for the drug to be appdoby the MHRA and FDA, and therefore be used

in a clinical setting.
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5 Analytical Techniques

5.1 Single crystal X-ray Diffraction

The diffraction of X-rays by single crystals andwalers is a technique widely used to determine
unequivocally the arrangements of atoms in spadetlaerefore the inter-molecule interactions which
contribute to the packing motif formed. Several ksoand monographs have been published detailing

the techniques currently in use for data collectind solutiort®**%*

X-ray diffraction techniques are limited somewhatuse hydrogen atoms have /%6 the X-ray
scattering power of carbon atoms, therefore thesition is difficult to determinélf higher precision of

the positions of hydrogen atoms is required, neutldfraction can be performed. The significant
limitations of this technique include the requirernéor much larger crystals (1rmijmthan for standard
X-ray diffraction experiments (therefore limitinget samples which can be run), neutron sources are
limited and data collection times are much longétich may contribute to decomposition of the sample

before analysis is complet®.

X-rays generated by a synchrotron source allow dathe collected from crystals which would be
unsuitable for analysis by standard lab basedumsnts. Data collection using a standard in-lalooyat
molybdenum or copper source can fail for severaseas, but most commonly small crystal size and
weak diffraction are to blame. Crystals with arsbst dimension <0.01 mm or which show only low
angle diffraction are often referred to nationahdyrotron sources for data collection. Successful
analysis of smaller and flawed crystals is possilie to the shorter wavelength and increased iityens

of the synchrotron radiatioi**%*
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5.2  Diffusion NMR spectroscopy

Diffusion NMR uses a conventional NMR instrumentpgrform non-destructive investigation into the
shape and size of a species in solution. This tqakris becoming widely used in medical sciences an
more recently is becoming important in drug disegyallowing probing of interactions between a

larger host molecule and a smaller guest mole@ile.

The work of Coheret al. (discussed above in section 4.1.3.4) shows thmatdtion of a supramolecular
species can be monitored by diffusion NMR. It issgible to monitor the encapsulation of guest
molecules because as the supramolecular assembigsnas a single entity the diffusion coefficient of

an encapsulated molecule will be the same as therlaost molecul& 8 103, 105-108, 111, 166

The diffusion coefficient of a spherical speciesotigh a solution can be determined using the Stokes

Einstein equatior’

k,T
6phr,

WhereD is the diffusion coefficienty, is the Boltzmann constant, the absolute temperatureis the
viscosity of the solution andg, is the hydrodynamic radius of the species. Forsuherical species the

Einstein-Smoluchowski equation can be used:

D:ﬂ
Nf

WhereN is Avogadro’s number arfds the frictional coefficient which is dependemt the shape of the
molecule. The diffusion coefficient of a species poportional to the signal intensity which is

proportional to the magnetic field gradient acritgslength of the NMR coil.

The diffusion NMR experiment is limited to systembich are at equilibrium with no concentration
gradients across the sample as diffusion and cdiovewill adversely affect any results. Most difiois
experiments are conducted using the PGSE pulseeseguFrom the PGSE pulse sequence using an
extra degree of data analysis a DOSY analysis eapdiformed. The DOSY experiment allows the

separation of mixtures by their diffusion coeffitig’®
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Chapter 2 - Synthesis and molecular structures

of C-alkyl-calix[4]arenes



1 Synthesis

In order to study the molecular interactions whgdvern the nanometer scale architecture€-of
alkyl-calix[4]pyrogallolarenes an@-alkyl-calix[4]resorcinarenes, a library of thesengpounds was
synthesised and crystals grown from a variety dfesds. The crystals were then analysed by single

crystal X-ray diffraction crystallography (SCXRD)@&mass spectroscopy (MS).

X=Hor OH
R = CnH2n+1

Figure 26 - General calixarene synthesis

The library of compounds was synthesised by opétitua of the procedure detailed by Gigtal for

the maximum vyield of the cone conformati5h In the article, Gibb details conditions for the
synthesis ofC-(butanol)-calix[4]resorcinarene by the slow adititiof 2,3-dihydropyran to a solution
of resorcinol in methanol hydrochloric acid, ancbsequent heating for 5 days at 60°C. In the
literature, other authors do not advocate slowtamtof aldehydes or long reaction times for alkyl
aryl calix[4](resorcin/pyrogallol)arenes and favowapid addition followed by reflux for up to 8
hOUrSA.‘Z' 43,115

Both ‘green’ and ‘conventional’ approaches wereestigated and were found to give the desired

product in moderate to high yields. It was foundttlonger reaction times gave materials which were

easier to purify and therefore isolated yields weoeeased.
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The reaction products which were produced wereimelyt analysed by'H and *C NMR with
resonances diagnostic of formation of a macrocygroduct detected. These characteristic
resonances can be attributed to the hydrogen bawodibe bridging carbon atom of the macrocycle in
the 'H spectra. There is also only a single aryl prodetectable byH NMR which indicates an
identical environment for the constituent protoheréfore this excludes higher homologues of the
calixarenes because the larger macrocycle sizasalbonformational flexibility which would result in

a disruption of the NMR signals attributable to fiteton of the aromatic rings. In thRRC{*H} NMR
spectrum, there is a characteristic decrease imtlmsity of the signal of the carbon atoms ofahg

ring (carbon atoms 4 and 6 of 1,2,3-trihydroxybem@ewhich become bound to the macrocycle and

therefore have their protons substituted.

It has been shown in the literature that duringafléxarene synthesis the macrocyclisation readdon
reversible under the conditions. It has been detedh that the cone conformation is the
thermodynamic product, the intramolecular hydrogends between phenolic hydroxyl groups give
this conformation greater thermodynamic stabilftfis conformation also has lower solubility in the
reaction mixtures than the other conformationakmists>> ® Therefore a long, low temperature
reaction was chosen for the synthesis of calix[¢jggllolarenes over the relatively short reactibn a
reflux favoured in the synthesis obutyl derived calix[4]arene®.Figure 2 shows the conformations
which a calix[4]arene can adopt, A — cone, B —iphdone, C — pinched cone, D — chair. The cone
isomer is the only conformation to possess a straciuitable for nano-sphere formation, therefore i

is the desired isomer in the work of this thesis.

ya "4 A4 « 4

Figure 27 - Conformations of calix[4]resorcinarenes calix[4]pyrogallolarenes

The solubility of the desired cone conformatiosusficiently low in the reaction mixture to allowsi

precipitation under the conditions, performancéhefreaction under thermodynamic control therefore
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allows the cone conformation to be the sole prodiidhe reaction. The product was isolated by
filtration of the precipitate which formed on cadli of the reaction mixture. The product was pudifie
further by recrystallisation from a variety of sehts, with acetonitrile being used in preferencelie

initial isolation of product due to its rapid preitation of the desired product when cooled.

During the synthesis of the library of compountisyas found that the rate of addition of the aldkhy

to the acidic solution of pyrogallol was criticab the yield of calixarene isolated. This was
particularly evident when performing ring openinig2o3-dihydrofuran and 2,3-dihydropyran. Rapid
addition of an aldehyde to an acidic pyrogallol mie gave low yields. The addition of acid to a

mixture of pyrogallol and aldehyde was found tdd/iew amounts of the desired calixarenes.

This finding can be rationalised if the condensatieaction with pyrogallol or resorcinol was less
rapid than the self condensation reaction whichegaes aldol products. This self condensation of
enolisable aldehydes under the reaction conditwmsld be uncontrolled and therefore give a wide

variety of products. This is exemplified in Figudelow.

@_H
O

~

®_H H
0 0 X @ )i/m o OH 0 R
+H* | -H Rz Ro +- H+ —_—
R4 Rq Ry — Ry — _— R4 —_—
Rs Rs Rs R; -HO0  Rs .
4 Ry Ry

Figure 28 - Aldol condensation, R alkyl / aryl R = alkyl / aryl / hydrogen
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In the past, pyrogallol was used in the laboratsyan indicator of the presence of oxygen, beciause
is easily oxidised, forming a black solution wheqp@sed to oxygen. This high colouration is due to
the formation of purpurogallin and related oligos1&f Therefore, in order to improve the yield of

product, the calixarene syntheses were heated anitnogen atmosphere to prevent oxidation.

OH o o) OH O o,
HO OH HO OH o OH HO
HO

Purpurogallin

Pyrogallol

Figure 29 - Oxidation of pyrogallol to Purpurogalli

For clarity and ease of reading, the calixareneemdés have been given their own shortened
nomenclature system; for examplemethyl-calix[4]pyrogallolarene will be noted as . The
number represents the number of carbon atoms ipghdant chain and the Pg or Rs suffix denotes

the pyrogallolarenes and resorcinarenes respegtifdlis nomenclature system is demonstrated in

Figure 5 below.

OH g OH

y

Upper

Lower

Bim c1

Pendant /

Chain c2

C3

Figure 30 - Cartoon demonstrating calix[4]arene enchature system
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Crystals were grown by slow evaporation of the pareduct from the desired solvent. Where this
method failed, diffusion methods of growing crystalere attempted. The calixarene was dissolved in
a solvent and the solution was placed in a viahiwia sealed container which contained a second,
more volatile solvent in which the calixarene hadv Isolubility. As the counter-solvent slowly
diffuses into the calixarene solution, this causestallisation to occur, producing materials which

were suitable for single crystal X-ray diffractianalysis.

The single crystal X-ray structures reported irs ttiesis were collected at three sources, Daresbury
synchrotron, the EPSRC crystallography service attt@mpton University and Heriot Watt
University. At the non-synchrotron sources Kloradiation was used and in order to minimise the
inter-atomic movement the crystals were cooled20 K. Structures were solved by direct methods
using SHELX-97via the X-SEED interfacé®*"* Molecular geometries and inter-atomic distances
were calculated using X-SEED or Mercury programméesay coordinates have been deposited with
the CCDC'"? Volumes of cavities or solvent filled voids weralaulated using the MCAVITY
programmé’® Where a hydrogen atom is geometrically generatsiiguthe AFIX command,
hydrogen bond distances are quoted as the interdsbm distance in addition to the hydrogen —

heteroatom distance.
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Acetonitrile X
Acetone X X X X X X X X X X
Diethyl Ether X X X X X X
Ethanol X X X X X X X X
Ethyl Acetate X X X X X X X X




2 Molecular structures of C-alkyl-calix[4]arenes

2.1 C-Methyl-calix[4]pyrogallolarene

C-Methyl-calix[4]pyrogallolarene was successfullynlyesised in the cone conformation using
methods which required solvent and the solvent feeénique. Crystals of the material were grown

by slow evaporation of a saturated solution ofi@akne in diethyl ether and acetonitrile.

The acetonitrile solvate ¢gH3,0,>-3(CH,CN)) crystallises in the space groBp/n and shows a head-
to-tail arrangement of the calixarene moleculessidgle acetonitrile molecule resides within the
cavity which is formed between the pendant chaih®re calixarene and the upper rim of the
calixarene below. The acetonitrile is aligned ity with respect to the cavity of the calixarene,
with its methyl group pointing towards the cavitydaa hydrogen bonding interaction between the
nitrogen of the cyano group and the hydrogen atohtke lower rim of the calixarene above. These
hydrogen bonds interactions are N(1) --- H(9) 02.é and N(1) --- H(1A) = 2.60 A in length are
within the expected limits for this type of intetian (2.2 — 3.2 A) as reported by Jeffrey (N(1)C¢1)

=3.53 Aand N(1) --- C(9) = 3.53(6) A).

Figure 31 -C-Methyl-calix[4]pyrogallolarene acetonitrile cla#te
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The volume of the cavity formed between the upparaf one calixarene and including the pendant
methyl groups and the lower rim of the calixarenrdaoule above was calculated using MCAVITY.
The cavity was found to be approximately 85iA volume and the volume of the guest acetonitrile
(shown in a space filling representation in FigBir@ove) was calculated with X-SEED to be 47°3 A
This represents 56% occupancy of the total volurhehe cavity comparing favourably with

Mecozzi's 55+9% solution for synthetic receptt¥s.

The very small difference in distances of the hgar bonds between the protons and the guest
acetonitrile molecule show that the acetonitrilecentrally arranged and that there is very little
distortion of the macrocycle in the solid stateisTlack of distortion can be quantitatively assddsg
generating centroids ((1)(2)(3)(4)) in the congtittaromatic rings of the calixarene and measuring
the distance between opposite rings and compahimglifference between the two possible distances

as shown in Figure 32 below.

Figure 32 - Distortion factor calculation

This gives the distortion factor, which in this eas 0.99 indicating near perfect symmetrical

arrangement of the aryl rings.
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A second acetonitrile molecule is found in the tal#attice forming a hydrogen bond to the upper
rim of the calixarene molecule (N(2) H(2A) = 1.86 A (N(2) O(2) = 2.71 (6) A)); however, this
causes no perturbation of the macrocycle or packimgngement because the calixarene above is
perfectly superimposed onto the original. This nsedat an infinite 2D chain of calixarene molecules
are formed because the neighbours in the othee@emarranged in the same way so there are chains

of oppositely arranged calixarene molecules thshmwvn in Figure 33 below.

Figure 33 - Packing diagram Gfmethyl-calix[4]pyrogallolarene acetonitrile clatie (solvent

molecules and hydrogen atoms removed for clarity)

A solid state molecular structure of the diethylestclathrate (&H3,0;2-3(CH;CH,OCH,CHg)) was
solved from data collected on crystals formed mwskvaporation of a solution of C1Pg in ether
which had been sonicated for 20 minutes. The stracivhich forms is markedly different to that of

the acetonitrile solvate. It is in space grd@/c with molecules arranged in a head-to-head packing
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motif. The calculated density of the diethyl etBelvate is significantly lower (1.21 g ¢inthan that
of the acetonitrile solvate (1.35 g @nThis may be due to the greater volume occupiethe three
solvent molecules present in the lattice in thethyie ether clathrate over the two acetonitrile

molecules present in the previous structure.

Figure 34 -C-Methyl-calix[4]arene diethyl ether solvatexpsolvent molecules removed for clarity)

Three solvent molecules are included in the asymoeit, the first of which partially resides with
the cavity of the calixarene. One of the guesthy/legroups resides in the cavity forming CH —
interactions (H(34B)" (1) = 2.91 A and C(34) (1) = 3.56 A). The ethereal oxygen forms a hydroge
bond (O(13) --- H(10A) = 1.86 A and O(13) --- O(302.61(6) A) to the upper rim of the calixarene
which is arranged in a head-to-head fashion with fihst calixarene. This interaction causes a
misalignment in the head-to-head arrangement aryg &oproximately one third of the cavity’'s

opening is covered by a single calixarene moleabtzve.

The remaining two solvent molecules reside outttidecalixarene’s cavity but form hydrogen bonds
to the upper rim of the first calixarene molecul15) --- H(2A) = 1.98 A and O(14) - H(5A) = 1.63

A (0(15) - O(2) = 2.754 A and O(14) --- O(5) F46(6) A). One of thesexosolvent molecules has
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its alkyl chains disordered over two positions (ghaas blue and red chains in the Figure below).
Disorder is not seen in thendo solvent molecule, which indicates there is a gnefittedom of

movement in the exterior solvent molecules.

Figure 35 -C-Methyl-calix[4]arene diethyl ether solvate

Figure 36 - Misalignment of head-to-head arranger(sivent molecules and hydrogen atoms

removed for clarity)
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2.2 C-Ethyl-calix[4]pyrogallolarene

C-Ethyl-calix[4]pyrogallolarene was synthesised ime tcone conformation by both the method
requiring use of solvent and the grinding methadvas found that a significant proportion of the
material generated by the grinding process waldrchair conformation which can be separated from
the cone conformation by recrystallisation fromtaoérile. As the cone isomer is less soluble in

organic solvents it is easily isolated by filtratio

Crystals were grown by the slow evaporation of egt@nitrile solution. This gave a structure which
was dramatically different to that shown by the @ld&etonitrile clathrate @gHsO12-5(CH:CN)).
The molecule crystallises with one calixarene a@wne &cetonitrile in its asymmetric unit and thetuni
cell is filled by symmetry operations of the spateupP2,/c, and as a result of thg &rew axis a

mixture of both head-to-head interactions and hésad-to-tail interactions is found.

H(2A) Of2)
oeRe N2
2 o(2) H(zA)

Figure 37 - Packing motif i@-ethyl-calix[4]pyrogallolarene acetonitrile clatheafsolvent molecules

removed for clarity)

There are two crystallographically unique hydrodemds between the upper rims of calixarenes

which have been rotated and translated: H(2A)(3)© 1.89 A (O(2) --- O(3) = 2.70 A) and H(5A) -

0(8) = 2.07(7) A (O(5) -- O(8) = 2.73(5) A).
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The head-to-tail interaction covers approximatebg quarter of the surface area of the upper rim of
each calixarene. Approximately half this area agmitaken up by a head-to-tail interaction, witk th

remaining area being filled by three well definetvent molecules.

One of the crystallographically unique acetonitriteolecules resides within the cavity of the
calixarene but in contrast to the C1Pg case idtifit an angle of 54° from the central plane of the
calixarene, and does not interact with a lower ofrthe above calixarene. This molecule instead
interacts with the upper rim of a calixarene whiets been inverted N(1) --- H(7B) = 2.13 A (N(1) -
O(7) = 2.86 A). A crystallographically unique acditdle coordinates to the lower rim of each
calixarene molecule and is well aligned with thena of the ring (shown as the red line in Figurg 39
and is tilted 37.5° from the calixarene normal (@has blue line in Figure 39) and forms a hydrogen

bond to the lower rim of the annulus 2.69 A long.

Figure 38 -C-Ethyl-calix[4]pyrogallolarene acetonitrile solvate

The hydrogen bonding interaction between an acetennolecule and the lower rim of a calixarene
is shown to be important to the formation of diffiet packing architectures. This effect can be blear
observed in the packing motif of calixarenes whigtve pendant chains functionalised with nitrile

groups, which will be discussed in later sections.

70



2.3 C-Ethyl-calix[4]resorcinarene

C-Ethyl-calix[4]resorcinarene was synthesised byoavsirop-wise addition of propanal to an acidic
solution of resorcinol. The reaction was heated®C for 4 days and upon cooling the desired
product precipitated from solution. Recrystallieatiof the material from ethanol gave the product in

moderate yield. Crystals were grown by the slowpevation of solvent from an acetonitrile solution.

Figure 39 -C-Ethyl-calix[4]resorcinarene acetonitrile watertblate €xosolvent molecules removed

for clarity)

The packing motif and molecular structured@;Og:(CH;CN)(H,0O)) which is revealed on solution
of the data is strikingly different to that 6fethyl-calix[4]pyrogallolarene acetonitrile watdathrate
and bears a closer resemblance to the moleculactste of C-methyl-calix[4]pyrogallolarene
acetonitrile clathrate. Firstly, the calixarene emlles are arranged in a head-to-tail packing motif
which P2/n symmetry converts into an alternating infinitetical sheet architecture, which is seen in

C1Pg acetonitrile clathrate.
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Secondly the position of the acetonitrile is renadlly different to that seen in th€-ethyl-
calix[4]pyrogallolarene analogue, with the acetdleitmolecule being in parallel alignment with the
calixarene and forming a hydrogen bond to the armof the calixarene above (N(1) --- H(6) = 2.82 A

(N(1) - C(6) = 3.77(6) A) and N(1) --- H(15) =88.A (N(1) --- C(15) = 3.72(6) A)).

A water molecule residesxo to the cavity, and forms an intra-sheet bridgewken calixarene

molecules, This bridge runs from H(1A) of the upger to the oxygen of the water O(5) and is 1.85
A'long (O(1) - O(5) = 2.68(6) A). The water malke then forms a hydrogen bonds from one of its
hydrogen atoms (H(5C)) to the upper rim of the eelja calixarene (O(2)) which is 2.12 A long (O(5)

—0(2) = 2.79(6) A).
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2.4  C-Propyl-calix[4]pyrogallolarene

C-Propyl-calix[4]pyrogallolarene was produced by wemtional and ‘green’ methods in high yield.
This molecule was amenable to crystallisation arydtals were grown from saturated solutions of

acetone, acetonitrile, diethyl ether, and ethamgjite four distinct phases.

In the ethanol clathrate the expected bilayer strecis formed (GgH4g012-3CHsOH-2H,0). This
bilayer is formed by the interdigitation of the gamt chains of calixarenes which are arranged in a
head-to-head packing motif. The closest approachthef pendant chains to the annulus is
H(20A,B&C) — plane generated from H(1,11,21,31).805 A (C(20) — Plane (C(1,11,21,31)) = 4.045
A) The asymmetric unit (ASU) contains one completdixarene, three ethanol and two water
molecules. The structure is in space gr&upvhich converts the ASU into a bilayer as showihig

Figure below.

Figure 40 - Interdigitation of pendant chaingipropyl-calix[4]pyrogallolarene ethanol water

clathrate

Each face of the bilayer is formed by the squarekipg of calixarene molecules with alternating

absences. These absences are filled with solvelgcoies (two ethanol and two water molecules).
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The solvent molecules form hydrogen bonds to thgeupims of the adjacent calixarenes (O(16) -
H(4) = 1.83 A (O(16) -+ O(2) = 2.65(5) A), H(50) ©(11) = 2.19 A (O(16) --- O(11) = 2.83(5) A),
H(34) -~ O(17) = 1.84 A (O(11) -- O(17) = 2.71{6) which hold the layer in place. All four phenyl
rings of each calixarene are involved in the hydrogonding to the solvent pool. The solvent filled
void does not penetrate the full length of the Jwtaand is capped by the pendant chains of a
calixarene from the interdigitating layer. Aboves thlane of the bilayer the voids are capped by the
presence of the cavity of a calixarene. This inolu®f ethanol into the bilayer is reminiscent bét

disruption by ethanol to lipid bilayers in biologicsystems which is proposed by Padisil*

An ethanol molecule resides within the cavity whfohms a hydrogen bond to the upper rim of a

calixarene of the next bilayer (O(13) --- H(25).81A (O(13) - O(9) = 2.72(5) A)).

Figure 41 - Plan view of surface of bilayer formi®dC-propyl-calix[4]pyrogallolarene ethanol water

clathrate
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The acetone clathrate {fl450:,-3(CHC(O)CHg)) includes four molecules in its asymmetric unit
(one calixarene and three acetone molecules). R2fkh symmetry a bilayer is formed. The first
acetone resides outside the cavity of the calixaem in a similar manner to C30OHPg (see Chapter 5
section 3.1) a hydrogen bond is formed from thegexyof the acetone to the lower rim of the
calixarene (O(9) --- H(20) = 2.82 A (O(9) -- CHLB.82(6) A), O(9) - H(21) = 2.87 A (O(9) - ®(1
3.79(6) A)).

Figure 42 - Packing i€-propyl-calix[4]pyrogallolarene acetone clathrate

The second acetone forms a hydrogen bond to therujp of the calixarene (O(8) - H(17) = 1.83 A
(O(5) - O(8) = 2.76(5) A)). The third acetone ewmlle resides within the cavity and coordinates to
the upper rim of the next layer with one crystatbgghically unique hydrogen bond (O(7) --- H(16) =

1.91 A (O(7) - O(1) = 2.75(4) A)).
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Crystals rapidly formed when a solution of C3Pgdiethyl ether was left to slowly evaporate
(CyoH 48012 (CH;CH,OCH,CH3) (H,0)) . The molecular structure which is revealedvsha bilayer
arrangement of the calixarene molecules formedwid trystallographically unique calixarene

molecules, two diethyl ether and one water molecule

The architecture which is formed is interesting daese there is no interdigitation of the pendant
chains which is a formation commonly observed edhlixarenes bilayer. This is shown in Figure 43

below with each unique type of calixarene highleghin a different colour.

Figure 43 - Bilayer arrangement Gfpropyl-calix[4]pyrogallolarene diethyl ether watdathrate

(solvent molecules and hydrogen atoms removedldoity)

Each crystallographically unique calixarene istltat an angle of 20.7° to each of other. Due ¢o th
tilting of each sheet of calixarenes, direct calixee — calixarene inter layer hydrogen bonding is
possible. H(25) -+ O(17) = 1.97 A (O(25) --- O(E72.78(15) A), H(15) --- O(9) = 2.18 A (O(15) -
0(9) = 2.96(7) A), H(14) - O(8) = 1.94 A (O(14) ©(8) = 2.77(10) A), H(10) --- O(17) = 2.10 A

(O(10) - O(17) = 2.91(8) A), H(25) - O(17) DT.A (O(11) - O(17) = 2.80(10) A).
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In addition to the bilayer packing, there is anitiddal symmetry in the packing of the calixarene,
which is expressed by2,/c symmetry. This can be seen in the formation of sheet-like planes
composed of one crystallographically unique caérar molecule per sheet. These sheets are arranged
perpendicular to the plane of the bilayer and ekientwo dimensions throughout the structure. This
can also be seen in Figure 43 above. There agelmger, inter-sheet hydrogen bonds formed between
the upper rims of the calixarenes: H(22) --- O(D.83 A (0(22) --- O(7) = 2.73(6) A), H(3) --- Of18
=2.02 A (O(3) -- O(18) = 2.70(6) A). The etherlemules which reside within the cavity forms an
inter layer, intra-sheet hydrogen bond: O(25) (13) = 1.88 A (O(25) --- O(13) = 2.67(15) A) and
0(26) -~ H(12) = 1.86 A (O(26) --- O(12) = 2.64YZ3. The shape and positioning of the diethyl ethe
molecules determines the architecture which is &mtnBoth ether molecule reside centrally within
the respective cavities which gives the opportutatyform hydrogen bonds to the ethereal oxygen
atoms by the next layer. This causes an offsettinthe packing of the calixarene molecules from

central alignment as seen in earlier examples.

Both unique calixarenes within the structure hame of their pendant chains disordered over two
positions from the position to the macrocycle (disordered positio39}, C(40) and C(49), C(50)).
One of the calixarenes has one of its pendant st@ijecting perpendicularly to the cavity (so tiat

is parallel to the plane of the bilayer). Thishe first example of this projection of the pendetmiins

in the homologous series d@-alkyl-calix[4]pyrogallolarenes. The projection iatra sheet and
therefore the projection of the pendant chain menzllel to the plane of the bilayer in one plané b
within the sheet. The calixarenes are tilted wibpect to the plane of the bilayer and therefore in
order to fill the space which is created between ¢hlixarenes the projection fills any void which

would otherwise form due to the tilted arrangement.

The molecular structure of the acetonitrile clatibi@(CoHsg012)-6(CHCN)-3(H,0)) revealed a large
unit cell (volume 4034 A with an unusually large number of molecules wittie unit cell (4
calixarenes, 6 acetonitrile and 3 water moleculElg crystal is packed accordingRosymmetry; no
higher symmetry could be determined using PLATORBDSYM programme. The calixarene
molecules once packed form a bilayer motif in ailsinmanner to that formed by the ethyl acetate,

with each calixarene holding a single acetonitmiigecule within its cavity
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Figure 44 - Packing i€-propyl-calix[4]pyrogallolarene acetonitrile wateathrate

In a significant departure from the ethyl acetateivditive and the acetonitrile clathrates repoited
shorter alkyl chain derivatives, the two crystatlyghically unique acetonitrile which are not bound
by the cavity of the calixarenes are entrapped éetwthe pendant chains of two calixarenes. The
position of the solvent inclusion alternates ovee & axis (1,0,0), This packing motif extends
perpendicularly to the plane of the bilayer, therefforming sheets of solvent including and
excluding calixarenes which is reminiscent of C3ghyl ether clathrate. This packing architecture
can be seen in Figure 44 above and the individetlildof a solvent molecule including and excluding

dimer can be seen below in Figures 45 and 46 résphc

Unlike the C2Pg MeCN clathrate, tegoacetonitrile molecules are not aligned along tla@e of the
phenyl rings of the pyrogallolarene. Therefore digance between the annulus and the nitrogen of
the acetonitrile (N(6) — H(1A) = 2.93 A (N(6) — §(& 3.872(6) A and N) is greater than previously
seen. The anti-parallel arrangement of the acetieniholecules is similar to that shown by C5Pg

MeCN clathrate.
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Figure 45 - Detail of structural repeating unisivent including sheet &-propyl-

calix[4]pyrogallolarene

Unusually the water molecule which is present witthie lattice resides close to the lower rim of the
pendant chain and does not form a hydrogen bonthaoupper rim of the any calixarenes. The
calixarenes in the non-solvent including show girorterdigitation of the pendant chains in order to

prevent void formation.

Figure 46 - Detail of non- solvent including shewidtif of C-propyl-calix[4]pyrogallolarene

acetonitrile clathrate (hydrogen atoms removecfarity)
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2.5 C-Butyl-calix[4]pyrogallolarene

C-Butyl-calix[4]pyrogallolarene solvates were grovitom ether and acetonitrile. Both structures
show dramatically different packing architecturdsoge origin can be attributed to the structuréhef t

guest molecule which is present within the cryksttice.

The diethyl ether clathrate f§Hs¢0;,-(CH;CH,OCH,CHs)-3(H,O)) contains five molecules in its
asymmetric unit (three water, one diethyl ether and calixarene molecule) which fills its unit cell

with P2;/c symmetry.

fiism) Jo(16)
(14) i e
H(MEE/{WM) - (;[2]
. o) / o
0 (el ¢ J ™

Figure 47 - Asymmetric unit aZ-butyl-calix[4]pyrogallolarene diethyl ether watdathrate

As with previously reported examples of the diethgther clathrates of C-alkyl-
calix[4]pyrogallolarenes, a bilayer architectursuks. What separates this structure from the C1Pg
and C3Pg clathrates is the interdigitation of tlemdgant chains, within the lipophilic region of the
bilayer. Like the previously reported examples ¢hisrclose proximity of the upper rims in opposite
faces of the bilayers because there is a hydroged between the solvent molecule and the upper rim
of the facing calixarene. Therefore the bilayersdoet form a contiguous solvent filled void across
the lattice. Three water molecules are entrappadedsn the layers and form a hydrogen bonded
network which links the polar upper rims of twoifeg bilayers.
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O(13) -+ H(7) = 2.01 A (O(13) - O(7) = 2.79(6),/0(14) - H(10) = 1.97 A (O(14) --- O(10) =
2.77(7) A), O(14) - H(15B) = 1.75 A (O(14) --13) = 2.76(8) A), H(14B) --- O(11) = 1.64 A (O(14)
-~ 0O(11) = 2.76(7) A), H(14A) --- O(13) = 1.82 A(@4) --- O(13) = 2.82(7) A), O(15) --- H(5) = 1.84
A (0O@15) - O(5) = 2.65(7) A), O(15) - H(16B)1E51 A (O(15) - O(16) = 2.65(8) A), H(15A) -
0(6) = 1.95 A (O(15) - O(6) = 2.80(6) A), O(16) H(2) = 2.10 A (O(16) - O(2) = 2.72(7) A),
O(16) - H(1) = 1.91 A (O(16) - O(1) = 2.62(7),H(16A) - O(9) = 1.59 A (O(16) - O(9) =

2.73(7) A)

When crystallised from acetonitrile £1560,,-5(CH;CN)(H,0), molecules within the crystal were
found to pack into a hexameric nano-sphere formatlWhen the volume was calculated using

MCAVITY the six C-butyl-calix[4]pyrogallolarene molecules enclos&/a2® of space.

The asymmetric unit consists of four acetonitrilelecules, one water and one calixarene molecule,
as shown in Figure 48 below. Two of the acetositaihd one water molecule resieto the capsule

while the remaining two unique acetonitrile molexsulre encapsulated within the nano-sphere.

Figure 48 - Asymmetric unit a-butyl-calix[4]pyrogallolarene acetonitrile watdathrate
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The identity and position of twelve acetonitrileegti molecules encapsulated within the sphere can be
conclusively determined. Location of the guest rooles within calixarene spheres is highly unusual;
previously reported spheres have been formed frelatively non polar solvents (chloroform and
ethyl acetate), which do not form strong interatdiovith the walls or seam of the capsule. The
movement of these solvent molecules which do rteraat with the walls of a sphere is unrestricted,
therefore the guests may act as a liquid withinsghieere and diffraction of X-rays is not possilite.
the acetonitrile clathrate there has been suffiadedering of the solvent molecules within the cdes

to allow their determination (the specific inteians will be discussed later). There is however
remaining unassigned electron density within thpsao&e, from which the structure of a guest
molecule could not conclusively be determined aras wherefore modelled as diffuse electron
density. There is sufficient space within the c#psto accommodate a further six acetonitrile
molecules (one extra MeCN per A§UThis would be acceptable under the 55 + 9% pubposed by
Mecozzi et al. as 62% of the available volume would be occupigdth®e eighteen acetonitrile

molecules, rather than 41% with twelve acetonitmi@lecules encapsulatéd.

There are four crystallographically unique facescihhe sphere forms are highlighted with different
colours in Figure 49 below. Each face demonstratedifferent set of Inter- and intra-molecular
interactions and architectures. The nano-spherdorisied by R symmetry operation on the
crystallographically unique calixarene moleculesréfore any perturbation of the walls of the sphere
must originate from the individual macrocycle. Thighlights the importance of understanding how

the inclusion of guest molecules affects the stmgcof the macrocycle.

! (The average volume of an acetonitrile moleculeaisulated (using XSEED) to be 43.8% A
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Face 4

Figure 49 - Image showing unique faces of the regteere formed bg-butyl-
calix[4]pyrogallolarene acetonitrile clathrate (dant chains, hydrogen atoms and solvent molecules

removed for clarity)

Face 1 (shown in blue) and Face 4 (shown in pimk) enantiomers, as are Faces 2 and 3. The
capsules are stacked along thaxis (0,0,1) with Face 4 being stacked againse Hache separation

of the faces is 6.224 A. Within a capsule Face g itmphenyl rings rotated through 60° relative to
Face 1; therefore because the capsule is not doteten stacked, the phenyl rings of Faces 1 and 4

are not directly aligned directly above each other.

Figure 50 - Stack of nano-capsu@dutyl-calix[4]pyrogallolarene acetonitrile clatheaendosolvent

molecules removed for clarity)
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The faces are separated by a channel of solvertcmels which are entrapped between Faces 1 and 4
and enclosed on all sides by the pendant chaiadjatent stacks of nano-spheres. The six acetenitri
molecules and six water molecules which resideiwithe channel are arranged into a torus shape
with the acetonitrile molecules forming the exterid the torus by a head-to-tail interaction ane th
six water molecules residing within the centreh&f ting formed by the acetonitrile molecules. Tikis

shown in Figure 51 below.

Figure 51 - Plan view of stack of nano-capsulesvéigpexosolvent molecules in space-filling

representation (hydrogen atoms removed for clarity)

The pendant chains of adjacent stacks of nano-splieterpenetrates the gap between Faces 1 and 4

this allows the stacks of nano-capsules are offketg thec axis, therefore the nano-spheres form a

hexagonal close packing arrangement.
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2.6 C-Pentyl-calix[4]pyrogallolarene

C-Pentyl-calix[4]pyrogallolarene was synthesisedly solvent and solvent free methods in the cone

conformation. A molecular structure was obtainedytmywing crystals from a solution of acetonitrile.

The first structure to be solved was that @fpentyl-calix[4]pyrogallolarene acetonitrile water
clathrate GgHg4O12:(CH;CN)(H,0O). This structure has three molecules in its asgtmm unit (1
calixarene, 1 water molecule and one acetonit@le.packing the unit cell a capsular arrangement
arises from thé2,/c symmetry operations applied to the asymmetric. (nito acetonitrile molecules
are completely encapsulated by the head-to-headgement of the calixarene molecules. Two water
molecules (both symmetrically identical) fringe tbepsule. The distance between upper rims (2.26
A) (planes generated from average 02, 05, 08, @ambined with the offset of the capsules from
perfect alignment (by 1.71 A when viewed along talsgraphic axisb and 1.54 A when viewed
along crystallographic axis (0,0,1)) mean that direct calixarene — calixarégdrogen bonding

between layers is impossible.

Figure 52 -C-Pentyl-calix[4]pyrogallolarene acetonitrile watdatbrate
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The acetonitrile guest is held in place by a hydrogond from the central hydroxyl group of a phenyl
ring (H(13) --- N(43) = 2.04 A and N(43) --- O(2R=76 A). The water molecule which is included in
the crystal lattice forms four hydrogen bonds Iinikihe calixarene capsule to three other capsides
bonds within layers and between layers. H(18D(8) = 1.88 A (O(13) - O(8) = 2.73(6) A), H(2) -
0(12) = 1.91 A (O(13) - O(12) = 2.77(6) A), H(9) O(13) = 1.84 A (O(7) - O(13) = 2.75(6) A),
0(13) -~ H(12) = 1.88 A (O(3) --- O(13) = 2.63(&). Dimeric capsules have been reported in the
literature but with shorter chain lengths and theesis were simple alkylammonium saffsOn
calculating the molecular volume of each acetdaijiiest species in X-SEED (44)&nd comparing

it to the volume of the cavity as calculated by MAARY (Test sphere radius = 1.56 A, Resolution =
0.5 A, limiting sphere radius = 0.5 A) (155)A56% of the available volume of the cavity is wgied

by the two acetonitrile guests. This is a favougalthen compared to the optimal 55% occupancy of

synthetic receptors proposed by Mecaazal***

Figure 53 - Interdigitation of pendant chain<Cipentyl-calix[4]pyrogallolarene acetonitrile water

clathrate
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2.7  C-Hexyl-calix[4]pyrogallolarene

C-Hexyl-calix[4]pyrogallolarene hydrochloride aceiite clathrate (GH7501,-(CH:CN)(HsOCI))

was synthesised by dissolving the crude mater@hied from the calixarene synthesis reaction in
acetonitrile. The solution was allowed to slowlyaperate and after 1 week crystals suitable for
SCXRD studies were formed. On solution of the datatructure is revealed which contains three
species in its ASU; a calixarene, one chloride (e source is the hydrochloric acid used in the

synthesis), one acetonitrile and one water molecule

In a manner similar to enzymes, the cavity of théixarene modifies its shape to accommodate its
acetonitrile guest. The guest is tilted and therirghenyl centroid distance is shortest along the
longest edge of the acetonitrile molecule (centfe(d0)-C(45) to centroid C(14)-C(19) is shortentha
the other inter phenyl distance.). This cause®dish of the macrocycle and thd fr this species is

0.87.

Figure 54 -C-Hexyl-calix[4]pyrogallolarene hydrochloride aceitnite clathrate

The P symmetry generates a head-to-head packing madtif thie pendant chains formed into two
groups, the first containing three chains and #wosd only one. This grouping of the pendant chains
allows their interdigitation. The closest approaalihe calixarene below is by H(26D) whose closest

contact is 2.620 A but the average separation frathydrogen atoms of the annulus is 3.18 A.
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The lipophilic layer created by the pendant chailisws a separation of cavities of 8.58 A (inter
plane distance where the plane is calculated froenrhean positions of H(1), H(14), H(27) and
H(40)). The average through space distance fronhimztcarbon to the terminal hydrogen atom e.g.
C(7) — H(13C) is 7.94 A and the average along baisthnce is 10.09 A. This is accounted for by
twisting of the chain but if either of these figsiis added to the mean separation between thenirmi
hydrogen and the annulus this gives a distancehmsidarger than that seen between layers. This
means that the layers are tilted at 42° from tla@g@which is calculated from the average positains

C(1), C(4), C(27) and C(30) (shown by the red limeBigure 55).

Figure 55 - Tilting of pendant chains@hexyl-calix[4]pyrogallolarene hydrochloride aceitoite

clathrate (solvent molecules and hydrogen atomsvethfor clarity)

The strong inter-phenyl hydrogen bonding observedirad the upper rim of each calixarene in this
structure demonstrates why the cone isomer is theéymamically favoured (H(1A) - 012 = 1.87 A

(O(1) - O(12) = 2.82(5) A), H(4A) - O(3) = Z.& (O(4) -- O(3) = 2.71(5) A), H(6A) --- O(7) =

1.89 A (O(6) - O(7) = 2.72(5) A), H(9A) --- O(18)1.82 A (O(9) --- O(10) = 2.66(5) A)). The celtra
hydroxyl in each pyrogallol group forms intra-maléar hydrogen bonds, H(8A) forms a hydrogen
bond to the chloride in the lattice (H(8A) --- QIE 2.19(7) A) and the oxygen bearing this hydroxyl
group is hydrogen bonded to the water in the &t{i©(8) --- H(13A) = 1.77 A (O(8) --- O(13) =

2.88(7) A)).
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Figure 56 -C-Hexyl-calix[4]pyrogallolarene hydrochloride aceitpite clathrate

There is an unusual arrangement of hydrogen bondirige crystal structure; Firstly no inter-layer
calixarene hydrogen bonds are observed, the bilisykeld together by hydrophobic interactions of
the pendant chains and the bridge which is formgdhe chloride ion. Secondly only a single
hydrogen bond holds the acetonitrile within theityagH(12A) — N(1) = 1.92 A) this causes the guest
molecule to become ‘twisted’ within the cavity (igirected towards H(3A) rather than H(2A)). This
twisting of the guest molecule can be attributethespresence of the chloride ion which bridges two
calixarene molecules. Hydrogen bonds are formeddsst H(2A) and the CI(1) and H(8A) and CI(1)
(H(2A) - CI(1) = 2.33 A (O(2) --- CI(1) = 3.06(6Y)) rather than directed inwards towards N(1)
(compare withC-pentane-calix[4]pyrogallolarene acetonitrile clatle). The water molecule only
bridges intra-layer calixarene molecules formingidegen bond from H(13E) to O(1) = 2.08 A in

addition to the H(13A) :-- O(8) bond described iearl

This structure is very similar to the molecularusture of C-pentyl-calix[4]pyrogallolarene
acetonitrile water clathrate reported earlier, tifflers significantly because while it forms a high
overlapped head-to-head arrangement, the two atdoguest molecules are not completely isolated
from the exterior medium. This is due to the offeéthe two calixarenes, which is a result of the

coordination to the upper rims of the chloride ion.
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2.8  C-Heptyl-calix[4]pyrogallolarene

Crystals ofC-heptyl-calix[4]pyrogallolarene were grown from tatrile, diethyl ether, ethyl acetate
and ethanol. In line with previous findings, ditet molecular architectures were formed according t

which guests were present within the crystal lattic

C-Heptyl-calix[4]pyrogallolarene ethyl acetate clate GgHgoO;1.-2(CHCH,OC(O)CH) is arranged
by R symmetry into a capsular architecture. The sphdiieh is formed shows both similarities and

differences to theC-butyl-calix[4]pyrogallolarene acetonitrile clatibeasphere previously presented

(See Chapter 1, Section 2.5).

Figure 57 - Nano-capsule formed Byheptyl-calix[4]pyrogallolarene ethyl acetate clatte

The volume of the ethyl acetate sphere (calculayeblCAVITY) is smaller (~1249.5 A than that of
the acetonitrile sphere which has two of its fde& 4) bulging outwards (~1274°f This change in
the distortion of the sphere parallels the chamgé¢éhé shape of the monomeric macrocycle when

different guests are present within the cavity.
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There is extensive disorder of guests within thesose, due to their lack of permanent interactions
with the capsule interior surface or its seam. &foe the molecules within the capsule had to be
modelled as diffuse electron density. Taking inbmsideration Mecozzi's 55+9% packing rule and
the molecular volume of thexo ethyl acetate molecule calculated using XSEEDA&?), there is
potential for between seven and nine ethyl acetaikecules to be encapsulated within the sphere.
Caveet al. performed a TGA-gas phase IR study on ethyl aeatahtaining nano-capsules which
revealed that six ethyl acetate and one water ratdecan reside within a calix[4]pyrogallolarene

derived nano-sphefé.

In a major difference between the capsules, thgl ettetate capsule has its pendant chains radiating
out around the full sphere in three dimensions,red® the acetonitrile sphere has its pendant chains
directed only in two directions (perpendicularly ttte stack of nano-capsules). This difference in
packing architecture is due to the larger molecwlalume of theexo guest molecule which
coordinates to the lower rimia its carbonyl oxygen (O(14) - H(15A) = 3.05 A (@(--- C(15) =

3.98(19) A) and O(14) - H(43A) = 3.10 A (O(14)G(43) = 4.05(18) A)).

Figure 58 - Asymmetric unit aZ-heptyl-calix[4]pyrogallolarene ethyl acetate clatie

The sphere has four crystallographically unique$amonsisting of two pairs of enantiomers (Face 1 i
a mirror image of 4 and likewise for Faces 2 andh®&yefore rendering the sphere racemic (like the
acetonitrile sphere). This can easily be determimedliewing each face along the plane of its phenyl

rings and noting the arrangement of the pendarihshas seen in Figure 57). Face 1 and 4 are each
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comprised of three identical phenyl rings (C(1)-{®hereas each of the other two faces (2 & 3) are

comprised of a three non-identical phenyl rings.

The positioning (and increased length) of the pahddains causes a difference in the packing
arrangement of the nano-spheres. Unlike the addtersphere which forms stacks of nano spheres
with Faces 1 & 4 arranged parallel to each otheerdigitation of the pendant chains dominates the
packing and prevents nano spheres coming into ctmsgact, and a hexagonal close packed

arrangement of the spheres results.

Although the diethyl ether clathrate g8gq01,-2(CHCH,OCH,CHs)) of C-heptyl-
calix[4]pyrogallolarene forms a bilayer in a similmanner to previously described examples, the
structure shows a significant departure from thevipusly described ether clathrates. This diffeeenc
is due to a combination of the increased lengtthefpendant chains and the positioning of a diethyl

ether moleculexoto the cavity of the calixarene.

Figure 59 - Asymmetric unit a-heptyl-calix[4]pyrogallolarene diethyl ether watdathrate

There is a three to one split in the alignmenth&f pendant chains of the calixarene. This allows
interpenetration of the pendant chains by the lolager. There is a close approach of the pendant
chain of the acetonitrile methyl group of one calene to the annulus of the calixarene on the

opposite face of a bilayer. Interestingly it is tio¢ methyl group of the pendant chain which makes
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the closest approach to the annulus, it is the |peraie methylene (Ch) group which comes into

closest contact with the lower rim. (H(9A) - H[282.90 A (C(9) --- C(23) = 4.77(8) A))

The exo solvent molecule causes a disruption of the bilgacking arrangement with an alternate
solvent filled channel which is highlighted in tffigure below. The alignment of thendo cavity
solvent molecules (shown in blue in Figure 60 absl®ws that there is a 90° rotation between the
faces of each subsequent bilayer, is allowed toecono close contact with the subsequent bilayer
because thendo solvent molecule’s ethyl group which resides abthe plane of the upper rim,
penetrates the solvent filled channel. The solfitetl channel has a defined base which is formgd b

the extension of one of the pendant chains of #lisarene molecule

" Exo Solvent Molecules ) “ Endo Solvent Molecules

= k

Figure 60 — Packing diagram highlighting the sotfdled channel inC-heptyl-

calix[4]pyrogallolarene diethyl ether water clatiera

This crystal structure shows an excellent mimictioé postulated disruption seen in biological
membranes when polar anaesthetic molecules intaitittthe bilayer. This causes a contraction of
the bilayer to less than twice the molecular lengththe individual molecules. In the calixarene
system, interdigitation is present in the majodfythe bilayer architectures, however it is usudtig

terminal methyl group which makes the closest apghoto the lower rim of the calixarene on the

opposite face of the bilayer.
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The separation between the upper rim of the bikayeyrm planes generated (using Mercury) from
oxygen atoms (3), (5), (9) and (13) = 16.88 A. Thelecular length of an individual calixarene
molecule from the upper rim oxygen atoms to thenieal carbon atoms of the trimer of pendant
chains (C(11), C(41), C(46), C(55) = 9.25 A). Tsiimws a significant contraction of the thickneks o
the bilayer. It has been postulated in the biolalginodel that the contraction has allows an in@éas
number of van der Waals interactions between timelgr@ chains to form. This compensates for the
decrease in the number of hydrogen bonds whiclfoanged between the upper rims of the calixarene

molecules.

The ethanol clathrate (2£g150015)-5(CH:CH,OH)3(H,0)) has ten molecules in its asymmetric unit.
In a similar fashion to the diethyl ether clathrdkere is a single solvent molecule included wittie
bilayer, disrupting the packing of the calixarenelegules into a face of the bilayer. Contraction of
the bilayer is observed but not to the same exsrthe diethyl ether clathrate as the distancedsiw
upper rims is 17.654 A. One of the asymmetric @atne molecules has two of its pendant chains
directed parallel to the plane of the bilayer. Isimilar manner to the ether clathrate, the pendant

chains form the base to the solvent filled pockehe face of the bilayer.

The exosolvent molecules (one ethanol and one water ratdgof one layer coordinates to taedo
molecule of the next face of the structure, thianethat the solvent filled pocket contains three
solvent molecules. This is shown in the figure belohich shows the calixarene which forms the

base of the void in blue and the unperturbed cadixain red.
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Figure 61 - Plan view of bilayer face showiggpsolvent molecules creating voids within the bilaye

structure

The material obtained directly from the ‘boil’ réian was recrystallised from acetonitrile, the tays
which grew were suitable for single crystal X-raffrdction studies (GHgoO12*CH:CN-H,O). While

the interdigitated bilayer which is formed is siamilto the bilayers of the ethanol and diethyl ether
clathrates there is a significant difference beeati®re are onlendo solvent molecules present
within the crystal lattice. This means that theixaaknes are formed into a hexagonal arrangement

within the faces of the bilayer.

As with the previous structures of the C7Pg disedsthere is a 3:1 split of the pendant chains with
one of the pendant chains being directed parall¢he plane of the bilayer. This can be justified f
two reasons; firstly, the pendant chain fills adveihich forms due to the upper rim of the calix&en
being wider than that of the lower rim (diametettw upper rim C(8) — C(46) = 9.24(14) A diameter
of lower rim C(31) — C(26) = 5.23(11) A) This itustrated in the figure below which shows the chain

filling the void in red and the two calixarenes alihisurround the chain in blue.
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Figure 62 - Packing of pendant chain<ilneptyl-calix[4]pyrogallolarene hydrochloride aceitole

clathrate

Secondly there is insufficient space between tH&xaranes to have a completely interdigitated
bilayer when all four pendant chains are directedically away from the annulus. Therefore the
structure which results is a compromise betweerfahmation of van der Waals interactions between
the pendant chains on interdigitation and the pagkificiency gained by the horizontal projectidn o
the pendant chain. This projection allows maximumterdigitation, and fills a void that would
otherwise form. This also allows coordination ofagpropriate guest molecule to the upper rim of the

calixarene while residing in a non polar regiomital of guests which contain polar and non polar

elements such as ethanol or diethyl ether).
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2.9  C-Octyl-calix[4]pyrogallolarene

C-Octyl-calix[4]pyrogallolarene was synthesised tplvent and solvent-less methods. The crude
filtrate from the reaction was taken up into acétde, heated to boiling and then allowed to caod
slowly evaporate at room temperature. Crystals weoeuced which were suitable for single crystal
X-ray diffraction studies (§HggO1-CH3CN-H,O-HCI). The acetonitrile clathrate includes chlerid

ions which remain from the hydrochloric acid casaly

Figure 63 - Molecular structure Gfoctyl-calix[4]pyrogallolarene hydrochloride acetioite clathrate

The molecular structure which is revealed showddhmation of an architecture closely relatedto
hexyl-calix[4]pyrogallolarene hydrochloride acetmiié clathrate; that is a bilayer which has
calixarene molecules in facing layers are offsetmfrperfect head-to-head alignment to allow
hydrogen bonding from the upper rim of the calixerd¢o the chloride ion which is present in the
lattice. (H(2) -- CI(1) = 2.21 A (O(2) - CI(1)3:02(6) A) and H(8) --- Cl(1) = 2.31 A (O(8) - KD =
3.06(6) A)). The angle at which the pendant chaimstilted relative to the cavity of the calixarése

reduced over the hexyl homologue to 34.5° (rathan 42°).
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A similarity in the two hydrochloride analogues ggated is the shape of the cavity. The cavity ef th
calixarenes are distorted in two ways; firstly lympression of one of the phenyl rings towards the
centre of the macrocycle. In the octyl derivatikie phenyl ring of C(16-21) is closer to the centfe
the macrocycle (centroid 1) than the opposite (@@6-51)) ((1) - (2) = 3.13 A and (1) — (3) 23.

A).

Figure 64 - Distortion of macrocycle @roctyl-calix[4]pyrogallolarene hydrochloride acetivite

clathrate

The second form which the distortion takes is flaysng outwards of one of the phenyl rings (C(31)-
(36)). This is at its most extreme at C(33) whigHurthest from the centre of the macrocycle (C(33)
(1) = 4.34 A and C(35) - (1) = 4.29 A). Baihses of distortion may be attributed to the presen
of the acetonitrile guest molecule which is oriéatiadiagonally across the cavity. The phenyl ring
bent inwards is furthest from the methyl group @nerefore its distortion will minimise the void
which is formed. The phenyl ring which is distortedtwards is due to the electrostatic repulsion

between the nitrogen of the acetonitrile group tedupper rim (N(1) and O(7)).
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Chapter 3 - Host-guest chemistry oC-alkyl-

calix[4]pyrogallolarenes



1 Introduction

Co-crystallisations of pyrogallol and other molexul were attempted to study the possible
supramolecular interactions which calix[4]pyrogldlenes form. Crystallisations were attempted
using ortho-carborane and buckminsterfullerenesgofCunder a variety of conditions (solvent
calixarene pendant chain length, concentration angtallisation technique) but none of the

attempted combinations gave crystals which showectygstallised material.

It can be speculated that the systems are toor@fedch to enter the cavity which has a hydroxyl
fringed upper rim. Also the fullerene may be tom&ato be accommodated. In the literature several
covalently bound calix[4]arene-fullerene speciesehdeen reported but it is only in the higher
calix[n]arenes (n = 6, 8) that non-covalent cooation is observetf' °* A notable exception is the
coordination of G, by cyclotriveratrylene (CTV) whose cavity wallseaat a sufficiently large angle

to accommodate the large spherical gtst.

Following the work of Cavest al. co-crystallisation of calixarene derivatives widrpyridines was

carried out* *® A variety of terpyridines were synthesised usifg tgreen synthetic method

developed by Cavet al!™

o
[e] H N CH3
o I
NaOH P =N
AN CHz + — —_—
| N NaOH
N

Figure 65 - Terpyridine synthesis

It was attempted to synthesise a phenanthreneitsubdtpyridine in order to probe the nature of the

cavity formed by calix[4]arenes,
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Figure 66 - 2,6-(2'-phenanthrene)-4-phenyl-pyridine

It was desired that the phenanthrene moiety cauderact with the hydrophobic cavity while the
pyridine could hydrogen bond with the upper rimtloé cavitand. Unfortunately, the synthesis failed
and material which had undergone the aldol readiuh subsequently dehydrated could be the only
product isolated from the reaction mixture. Thisynb@ due to steric constraints at the 3 position of
the 2,3-unsaturated carbonyl compound (C(35) ar@@)}((labelled in Figure 68), meaning that

extended reaction times are required for 1,6-dmaybcompound formation.
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2 Single crystal X-ray diffraction studies

Crystals of sufficient quality to undergo SCXRD @stigations were obtained by recrystallising the

solid from glacial acetic acid.

Figure 67 — SCXRD image of Phenanthren-2-yl-3-ph@ngpenone

The herringbone type packing of aromatic groupsbserved for this species; however, the packing of
this is somewhat unusual when compared to simmmatic species such as benz&fde structure
shows very little overlap of the aromatic groupsd aiso no CH — interactions, due to a significant

offset between the layers.

A variety of solvent / terpyridines / calix[4]aremembinations were mixed and allowed to slowly
evaporate after sonication. Only a single combimatf 2,6-(2-pyridyl)-4-phenylpyridine an@-
heptane-calix[4]pyrogallolarene in methanol gavsstals suitable for single crystal X-ray diffragi®

studies.
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The synthesis of this supramolecular species whigweed by addition of the terpyridine to a solution
of calixarene, sonication for 10 minutes and theawing the resulting solution to slowly evaporate.
The product (GgHggO12-Co1H1sN3-2(CH;OH)(HCI)) crystallised from solution and the crystavere
found to be suitable for single crystal X-ray difftion studies, with a synchrotron source as the

crystals were weakly diffracting.

Figure 68 -C-Heptyl-calix[4]pyrogallolarene terpyridine complex

A hydrogen bond is formed between an aromatic tgeinan the 3-position of the peripheral pyridine
ring (H(65)) and the -system of the interior face of the cavity (cerdr@). The closest contact is 2.85
A (C(65) - (1) = 3.90 A). This is reminiscent tife herringbone architecture formed by a large

number of planar aromatic systems when crystalftsed

The closest contact is between the terpyridine #ad calixarene is between the centre of the
terpyridine nucleus and the upper rim of the caére H(80) --- O(11) = 3.08 A. The presence of

chloride ion close by indicates protonation of thgpyridine and therefore this suggests a hydrogen
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bond between the protonated terpyridine and thewupm of the pyrogallolarene. This is in contrast
to Caveet al. who show coordination of unprotonated terpyridingsch bridge the gap between two

resorcinarene¥.

Figure 69 -C-Heptyl-calix[4]pyrogallolarene terpyridine complekowing - interactions

The structure shows a fascinating variety of intsoular interactions. There are stacking
interactions between the external face of the aedime with the terpyridine. The closest contact
between the two species is centroid (2) — C(57)15BA. This is significantly shorter distance than
the only other reported instance of exo-coordimaby a calixarene discovered by Messital. who

discovered thaper-halobenzenes can interact with bis-pyridylmetleytatert-butylcalix[4]arene-
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These interactions were in the range 3.4 — 3.8 theO stacking interactions discovered involving

endo coordination of phenanthroline ligated metmisalixarenes are in the range of 3.50 — 3.5%°A.

The distortion factor of the macrocyle is 0.79 camgul to crystal structures of C7Pg with small
molecules as guests datas is: 0.86,0E0.98 - EtOAc, 0.92 - EtOH, 0.87 - MeCN. Thiswisahat if

the guest are in the cavity then the cup can distorl certain extent to accommodate the guest
molecule. This has been shown in the case of stratign — interactions to distort the macrocycle
into a pinched cone conformatiéhiTaking the evidence from this structure it is jilolgsto maipulate
the structure of the macrocycle with significanthyeaker interactions. Similar structure
interconversions have been modelled by Maggwl. in the conformation changes which take blace

betweerC-methyl-resorcin[4]arene in its solvated and desteld form:’" 18
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Chapter 4 - Green chemistry



In order to rapidly generate the materials requicedhe structural studies of calix[4]pyrogallataes
green chemistry methods were employe8! When pyrogallol para-toluene sulphonic acid and an
appropriate aldehyde were ground together in a anoend pestle, it was found that the

macrocyclisation reaction was rapid, but the chainformation was a significant by-product.

Calixarene Green chemistry | Chair Conformation Standard Method
(Total Yield by NMR) (By NMR) % (isolated yield) %
%
CilPg 82 0 99
C2Pg 86 0 50
C3Pg 72 0 77
C4Pg 80 0 51
C5Pg 61 53 49
C6Pg 91 55 72
C7Pg 60 3 71
C8Pg 83 15 85
C9Pg 92 2 95
C10Pg 80 4 99

Table 2 - Green Chemistry Results

This conclusion was arrived at by inspection of tHeNMR spectra. The data shows a splitting of the
aromatic proton resonance from a single signalzgpin to two individual signals at 7.3 and 7.1ppm.
This is indicative to the chair isomer as it posssstwo aromatic environments which would cause
the splitting. (for a detailed discussion of comfiational analysis of calix[4]arenes by NMR $&¢4-

nitrophenyl)-calix[4]pyrogallolarene in Chapter BcHon 4).

Separation of the conformational isomers was aelielby repeated recrystallisation from either
diethyl ether or acetonitrile depending on the tangf the pendant chain (as this has a significant
effect on the solubility of the calixarene in orgasolvents). This technique exploits the different
solubility of the chair and cone conformers in arigasolvents, the chair conformation is considerabl
more soluble in polar organic solvents than theecomnformation, and therefore can be separated by

filtration and recrystallisation.
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The use of automated grinding techniqgues was atmmpto speed the synthesis of
calix[4]pyrogallolarenes. Firstly a Fritsche Puigette # 6 ball mill was used. This instrument dsin

the sample in a stainless steel bowl containingdzarings which rapidly spin round the bowl when i

is subjected to eccentric rotation within the instent. The second piece of apparatus to be used was
the Pulverisette # 2, which is an automatic pemstie mortar. The sample is placed in a ceramic bowl
which rotates and the sample is ground by a p#stecan be positioned to affect the intensityhef t

grinding. Both pieces of apparatus are shown inféig0 below.

-
2
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—
é» i
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Figure 70 - Fritsche Pulverisette # 6 ball milfffend Fritsche Pulverisette # 2 automatic pestie

mortar (right)

When the calix[4]pyrogallolarenes were ground usihg ball mill the reaction did not progress
further than the eutectic melt stage and un-cytliséermediates were isolated. It was speculatatl th
due to the sealed nature of the system the wdieralied by the condensation reaction could not

escape and thereby prevent the reaction from pseiig to completion. A series of experiments
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where activated molecular sieves were added tgrihding bowl to absorb the water liberated during

the reaction failed to yield the desired produat anly oligomers could be isolated.

When the calixarene synthesis was attempted us$iagatitomated pestle and mortar, the desired
product was obtained in yields identical to thosengd with the hand held pestle and mortar.
However, the temperature of the bowl had to befellyemonitored; if the bowl became too hot, and

prolonged grinding took place (>1 hour) decompogitf the product was observed.

It can therefore be concluded that a ball mill isisuitable for the synthesis of
calix[4]pyrogallolarenes. This can be speculatedt tthe failure of the reaction to progress to
completion is due to the grinding being too entgcgether than the sealed nature of the system
failing to allow water to be liberated. The autoethipestle and mortar can be used to synthesise
calix[4]pyrogallolarenes in a solvent free manr®rt the conditions must be carefully monitored in

order to maximise the yield of the desired product.

When the approach of functionalising the pendaairehof a calixarene was found to be impractical,
the synthesis of functionalised aldehyde derivatibecame necessary. However in doing this it
became necessary to protect the aldehyde groupgdtine synthesis of the additional functional

groups.

Protecting aldehydes as cyclic acetals is a comynased technique in synthetic organic chemisftty.
These protecting groups are relatively easy to fgahare resistant to a wide variety of organic,
organometallic and basic reagents. They are eelsiBved with a dilute solution of aqueous acid, a

scheme showing their synthesis is shown in Figarbe&low:

R” "H pTSA

=
0 HOT > ~OH oj/ R
g, Ty 1

H

R = Alkyl or Aryl group
R'=H or CH;

Figure 71 - Acetal formation
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Traditionally the acetal group is prepared by reacbf the aldehyde with a 1,3-diol undeara-
toluenesulphonic acid catalysis. The reaction Eclly performed in a toluene solution using a
Dean-Stark apparatus to remove the water genelatetie condensation reaction. This technique
involves relatively large solvent volumes and lénygteaction time$’ It is possible to perform a
wide variety of organic reactions under microwavadiation®® An unmodified domestic microwave
was used to perform the synthesis of an acetalpgvathout the use of solvents and with minimal

catalyst present. A typical procedure is as follows

Acetaldehyde (0.17 ml, 3 mmol), 2,2-dimethyl-1,8panediol (0.312 g, 3 mmol) anpara
toluenesulfonic acid (0.02 g, 0.105 mmol) were mdixe a vial. The mixture was heated for 120
seconds in a domestic microwave (ONN, Model OM@) W). The reaction was allowed to cool,

an NMR was taken of the resulting colourless sstidwing product (>99 % yield).

This procedure has been shown to be successfubduping protected aldehydes with 1,3-propane-
diol, 2-methyl-1,3-propane-diol and 2,2-dimethy8-propane diol. These findings are summarised in
the table below which show the yields obtainedraction of linear aliphatic aldehydes with ,2,2-

dimethyl-1,3-propane diol.
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Aldehyde Yield by NMR
%
CH;CHO 99
C,HsCHO 97
CsH,CHO 99
C,HgCHO 98
CsHy,CHO 99
CgH13sCHO 99
C;HsCHO 99
CgH1,CHO 98
CgH1gCHO 99
C10H2:.CHO 99
C11H2sCHO 99

Table 3 - Yields of acetals formed by microwavadiiation

This shows that lengthy reaction times, and lanjeesit volumes are unnecessary for the synthesis of

acetals. Th@TSA can be removed from an ethereal solution ofrélaetion mixture by liquid —liquid

extraction using an aqueous base to yield the puar@uct.
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Chapter 5 - Synthesis of functionalised

calixarene derivatives



1 Introduction

The use of a calix[4]pyrogallolarene nanometeresspheres as a drug delivery vectors relies on the
decoration of the exterior of the capsule with fiowality to enable targeting of the sphere to a
specific tissue. This requires understanding of fd@ors which govern the host-guest interactions
which guide capsule formation which was in partieedd by the preliminary investigations into the

alkyl calixarenes and their interactions with soltvenolecules.

The nano-capsule has 24 sites for potential funatisation (these are highlighted in green in Fégur
72 below). The purpose of the functionalisatiomoisllow delivery of the nano-capsule to dendritic
cells. The nano-capsule may be decorated with ¢geesequences which have been found exclusively

on the surface of cancerous cells. This may leadrtovel form of antineoplastic immunotherapy.

Figure 72 - Nano-capsule with potential functiosation points highlighted in green

In cancer, due to mutation of cancerous cell's iem®de, peptide sequences unique to the caneer ar
presented on the surface of the cell. The genetitation may cause disruption of the protein’s

primary structure, and therefore could be recoghiby the immune system as ‘non self. If
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recognised as ‘non-self’ an immune response maprbduced against the cell which carries the
mutated peptide, and therefore regression of them’®® In order for the immune response to be
activated the antigen must first be processed bgnéigen presenting cell, which are usually derdrit
cells. Dendritic cells present the metabolised idepto T-cells which can then begin the response to
the antigen in the body? It is therefore essential to design a deliveryesyswith high selectivity and

low toxicity to dendritic cells.

Initial investigations were focused on the functiisation of calix[4]arene derivatives. This was
because the calixarene synthesis uses very hamstiitions (concentrated hydrochloric acid /
methanol) and long reaction times (up to 6 daysickviivould destroy a large variety of functional
groups. Secondly, the calixarene synthesis haslyvidariable yields (from 20 — 100% reported)
which strategically is potentially very wastefuhdrefore theC-(dec-10-ene)-calix[4]pyrogallolarene

(C10enePg) was synthesized.

Figure 73 -C-(Dec-10-ene)-calix[4]pyrogallolarene

The boiling method which has proven successfutherlibrary of aliphatic calixarenes was shown to
be unsuccessful, possibly due to the hydro-chltidnaof the alkene and subsequent nucleophilic
substitution reactions with pyrogallol. The molecwas eventually synthesized by following the

L”® Grinding pyrogallol and a catalytic amount of

grinding technique developed by Antesbergerl
para-toluenesulfonic acid to a fine powder followed drpp-wise addition of undecyleneic aldehyde

and further grinding and recrystallisation usinigyéficetate gave the desired product in high yield.
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2 C-(Dec-10-ene)-calix[4]pyrogallolarene

When a solution ofC-(dec-10-ene)-calix[4]pyrogallolarene in ethyl atetis a allowed to slowly
evaporate, crystals grow which are suitable forglsincrystal X-ray diffraction studies
((CegHggO12(CHCH,OC(O)CH)). The data shows a capsular arrangement of mekedw the solid
state. There is a single calixarene and a disoddstieyl acetate molecule in the asymmetric unthef
structure, which is transposed into a large unit @ = 37.22 Ab = 37.22 A,c = 26.03 A) and
spherical architecture bR symmetry. The figure below shows the nano-capsdieeh has been

formed with the pendant chains and encapsulategisbinolecules removed for clarity.

Figure 74 - Nano-capsule formed 8ydec-10-ene)-calix[4]pyrogallolarene (pendant nkaemoved

for clarity)

The exact location of the encapsulated guests coatdbe determined due to extensive disorder
within the capsule. Therefore the contents of theorcapsule were modelled as diffuse electron
density. This disorder is due to a lack of interactbetween the guest and the walls of the cavity
making the contents fluid. Earlier gas-phase-iméd-thermogravimetric analysis by Cae¢ al.
showed that six ethyl acetate molecules are entmpduwithin the spher®.In the shorter chain

capsules reported to daféthere are solvent molecules included in the latikoto the capsule, and
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the extension of the chain length by 4 carbon atomeans that the lipophilic domain created by the
pendant chains is sufficient to stabilise the napberes without the inclusion of extra solvent

molecules.

Each calixarene interacts with its pendant chams faces of an adjacent sphere in a CH —
interaction (C(15) -+ centroid (11) = 2.97 A an(6@) - centroid (10) = 2.86 A). These interaction
lead to a short inter-sphere distance. This indese distance is calculated by generating a dentro
at centre of each macrocycle. A final centroid énerated from the position of the six monomers’
centroid which gives the location of the centrataf capsule. This also gives the internal diamefter

the nano-sphere to be 17.83 A. The inter-capsuledsn centres of the capsule is 23.17 A.

Figure 75 - Interactions between capsules (pend@ihs and hydrogen atoms removed for clarity)

The lack of permanent interactions between the uapsnd its contents and low distortion of the
pendant chains means that the macrocycle is nadrped significantly in conformation (G= 0.97).
The capsule is a result & symmetry and this lack of distortion of the magae leads to the
capsule that is formed showing little perturbatafnthe walls and a good alignment of the phenyl
rings which make up the walls. This is in contr@sthe “nano-rods” formed by C6Pg ethyl acetate

capsules forming inter-capsule hydrogen bdfids.
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The molecular structure of the capsule also dematest clearly why three individual signals in the

NMR spectra are observed when in the capsule foiomand only two are seen while in the
monomer. There are three possible environmentsafegplanar, trigonal or uncoordinated) for the
hydrogen atoms, which is identical to the arranggnw hydrogen atoms in the metal fringed

capsules reported in the literatd?e.

2.1  Synthetic manipulations ofC-(dec-10-ene)-calix[4]pyrogallolarene (C10enePg)

With the C10enePg in hand, efforts to functionatise pendant chains were pursued with a view to

forming an attachment point on the terminus ofggaadant chains for a peptide sequence.

It has been reported in the literature that thedpahchains of an alkene substituted resorcinazane

be thiolated by a photolytic mechanism. The thimup was targeted because the group would give
some degree of water solubility by increasing tbéayty of the pendant chains, and secondly if a
disulfide link to a cysteine amino acid this wofiksm an ideal biodegradable link to a peptide chain
which could be metabolised within a dendritic cElespite several attempts using different reaction
conditions including; varying intensity and wavedémn of ultraviolet light, different batches of diag
material and reagents, solvent and reaction tirhés teaction could not be repeated on the

pyrogallolarene system and only starting matexadse recovered.

AIBN
Toluene
hv

Figure 76 - Thioloation of-(dec-10-ene)-calix[4]pyrogallolarene
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In addition to thiolation, efforts to brominate theacrocycle were undertaken. Under a variety of
conditions (NBS & AIBN, HBr, By Et:;N/pyridine, 9-BBN) the eventual result of the réastwas a
black intractable solid. For the strongly acidiaigbromic acid it would be reasonable to suggest th
the macrocycle was destroyed during this reactipprotodealkylative ring opening and subsequent
oxidation of the pyrogallol residues. If the broation was partially complete it was speculated that
oligomers of the calixarene have formed by nucld@pbkubstitution of the bromine by a phenolic
hydroxyl group. When solids isolated from the re&acwere analysed b¥H NMR, residual alkene
peaks were visible, indicating the reaction wasoiplete. This lends further support to the

suggestion that the calixarene has formed a ciassd ether polymer.

Figure 77 - Bromination of-(dec-10-ene)-calix[4]pyrogallolarene

In order to attach peptide sequences to the naners@mino or carboxyl substituted pendant chains
were targeted. With the experience gained in tHertsfto functionalise and protect the alkene
substituted calixarene of bases turning the caixarsolution black and eventually forming an
intractable resinous mixture, it was decided thatdarboxyl group rather than the basic amino gsoup

would prove simpler for further development as matlgtic target.
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3 Hydroxyl footed calix[4]arenes

Hydroxyl footed calix[4]arenes were synthesised fojowing the method of Gibket al.'®’ This
involves the acid catalysed ring opening of unsdad pyran or furans to yield an enol intermediate
which tautomerises to a hydroxyl substituted aldiehsts shown in the Figure below. On cooling the
acidic mixture, the desired product (cone conforomgt precipitates from solution. This solid is
filtered and suspended in water which is sonicédemove any acidic residues. Crystals are grown

by the slow evaporation of a solution of calixarémtéhe relevant solvent.

o Sy
oL

Figure 78 - Synthetic route to hydroxyl substitubadix[4]pyrogallolarenes

3.1 C-(3-Propanoal)-calix[4]pyrogallolarene acetone clathate

Two unique crystal structures have been obtaine8-propanol)-calix[4]pyrogallolarene acetone
clathrate  (GoH440:165(CH,C(O)CH,)-4(H,0)) and  (GoH4016'(CH3C(O)CH)-3H,O).  These
molecular structures show significant differencasttie packing motif. The first structure to be
presented is the higher molecular symmetry polytmofis crystal structure has nine molecules (two
calixarene, four acetone and three water molecittef)e asymmetric unit which fill a unit cell by
P2,/c symmetry operation. On inspection of the packimrgragement of the molecules, the calixarenes
form a head-to-tail arrangement with the hydroxsdups of the pendant chains forming hydrogen

bonds to the upper rim of the calixarene below JH(90(14) = 1.91 A (O(11) --- O(14) = 2.70(5) A)
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and H(23) --- O(13) = 2.14 A (O(10) --- O(13) =®@®) A)). In the cavity which is formed between the
cavity of one calixarene molecule and the penddmatins of the calixarene above one acetone
molecule is hosted (shown in space-filling repréeston). The three remaining acetone molecules are

exoto the cavity of the calixarene as shown in Figi8e

> A
/0(20)

Figure 79 -C-(3-Propanol)-calix[4]pyrogallolarene acetonitni@ater clathrate

The acetone guest molecule coordinates to the asmdlthe calixarene forming hydrogen bonds the
mean separation between the hydroxyl oxygen andotier rim hydrogen atoms (O(17) --- (H(21),
H(30), H(31), H(32)) is 2.86 A (mean separationimn O17 and carbon atoms (11) (21) (31) (41)=
3.83 A). Despite the void which is present below #mcapsulated acetone molecule the macrocycle
remains undistorted with a distortion factor of 8.9This forms an alternating sheeting like
arrangement with calixarenes aligned in oppositectipns. Below the acetone molecule there is a

significant void which has formed.
In the second crystal structure there is signifiigatower lattice symmetry with five molecules

comprising the asymmetric unit (one calixarene, anetone molecule and three water molecules).

This is transposed into a significantly smallertwell byP symmetry.
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Like the higher symmetry polymorph, there is annité alternating sheet architecture formed due to
the inversion centre which is present. However sibigent molecules which lie between the sheets of
the higher symmetry sheet is not present in theetasymmetry polymorph. The closer proximity of
the sheets allows inter-sheet hydrogen bonding H(1 O(14) = 1.84 A, O(10) --- O(14) = 2.68(4)
A). This inter sheet bonding forms two sheets whigh linked by mutual pendant chain to upper rim
hydrogen bonding. This double sheet is bonded Ipenupm to upper rim bonding to another sheet —

dimer.

Figure 80 -C-(3-Propanol)-calix[4]pyrogallolarene acetonitniater clathrate

There is also a significant tilting of the acetanelecule (23.8°) relative to the plane of the calene
(shown in Figure 82 above) whereas the first exanipltilted only 1.1° from the plane of the
calixarene. The tilted acetonitrile is also twiktey 13.2°. This tilt and twist of the hosted aceto
molecule allows formation of a hydrogen bond betwteeone of the hydroxyl groups (H(13) --- O(20)

= 2.03 A, O(13) - 0O(20) = 2.81(12) A) insteadbwinding to the annulus of the calixarene above.
This non central alignment of the guest molecufeca$ the geometry of the macrocycle and causes a

decrease in the symmetry of the calixarene anditttertion factor is 0.88.
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A tetrahydrofuran clathrate ¢gH440:¢C4HgO-2H,0) was formed by slow evaporation of a solution of
C30HPg in THF. Like the acetone clathrates desdridmlier, the molecule is arranged in a head-to-
tail stacking pattern but a higher degree of mdeecsymmetry is present, with a mirror plane pagsin
through the centre of the calixarene. Three mobaciihgments are present in the asymmetric unit;
half a calixarene molecule, half a THF, and a watetecule which are subjected R&/n symmetry
operation which fills the unit cell. Tetrahydrofards present within the void created between the
lower rim and pendant chains of one calixarene taedupper rim and cavity of one below (shown

with transparent van der Waals radii in Figure 8lbtw).

Figure 81 -C-(3-Propanol)-calix[4]pyrogallolarene tetrahydrafarwater clathrate

The space between calixarene molecules is gatdsvtywater molecules (O(10)) which form two
hydrogen bonds; one to the pendant chain (0107-=H.97 A (010 --- O7 = 2.80(6) A)) and the

second to the upper rim of the calixarene (O(1®(4) = 1.87 A (O(10) --- O(4) = 2.67(5) A)) below

A relatively large distance separates the ethemegden of the tetrahydrofuran and the lower rim of
the calixarene above (O(9) --- H(11) = 3.69 A (O(9L(11) = 4.58(18) A) and O(9) --- H(1) = 3.68 A
(O(9) --- C(1) = 4.75(18) A)). Therefore, therenis coordination of the guest’'s oxygen atom to the

annulus of the calixarene above unlike the acettatbrates. This separation may be due in pattdo t
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steric requirement of the two methylene groups Wwhmrm the ether linkage of THF preventing

closer approach of the oxygen, also it may be duike different electronic structure of the oxygen
with the carbonyl oxygen being more polar thandtier which is present in the THF and is therefore
less attracted to the slightly positive lower rifihe guest molecule is located centrally in the tyavi

between two calixarenes. The accommodation of tlestgys compensated for by the distortion of one
of the pendant chains in the asymmetric unit (dretefore two chains in the complete calixarene
molecule) and also distortion of the macrocyclee This 0.91 which is significantly lower than the

distortion observed in the acetone clathrate. Tisfortion can be found to be prevalent in the
macrocycle at the methine bridging point (C(17)arfieg the pendant chain which is not distorted
outwards (C(18-20)) the angle formed between C@AEC(16) is 111.34° compared to C(6)-C(7)-

C(12) = 109.78".

The water molecule which bridges the gap betweéiractane molecules also forms a hydrogen bond
to the upper rim of a calixarene chain which issaged anti-parallel to the original chain (H(10C) -

0(1) =2.11 A (010 - O1 = 3.14(5) A)) shown imiie 82 below.

Figure 82 - Anti-parallel arrangement of calixarehains inC-(3-Propanol)-calix[4]pyrogallolarene

tetrahydrofuran clathrate (solvent molecules rerddee clarity)
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A second unique chain is arranged in an anti-peralignment to the original chain and shows a
mutual hydrogen bond between the same faces uppeand pendant chain (H(8) --- O(1) = 1.85 A,

(08 --- 01 = 2.73(6) A)) this interaction is higjtited below in Figure 83.

Figure 83 - Hydrogen bonding between anti-paralidixarene chains i@-(3-Propanol)-

calix[4]pyrogallolarene tetrahydrofuran water clatie (solvent molecules removed for clarity)

As the yield of the calixarene synthesis was orily%64of the desired product, the filtrate from irlitia
separation of the precipitate from the reactiontorx was concentrated. This caused small crysials t
form; this solution was left to slowly evaporatether to promote growth of crystals which were of
suitable quality for single crystal X-ray diffrasti studies. On solution the molecular structureaéy
the chair conformation. In the asymmetric unit éhéx a single calixarene molecule and five water

molecules.

Figure 84 -C-(3-Propanol)-calix[4]pyrogallolarene tetra-hydrateir conformation

124



The unit cell is in space group but possesses high molecular symmetry as the oleld@as the
inversion centre. This crystal structure clearlyer@s why two signals for the hydrogen atoms are
observed because H(11) and H(3) are clearly inuvaéent molecular environments and the up-field
shift of one of the signals may be due to the pnityi of the quadrupolar electron cloud of the pHeny
rings arranged in the axial positions. This efishown in the enlargement of the aromatic region
the'H NMR spectrum. The peaks at 5.86 and 5.74 ppndereed from the proton resonance which

has split due to the different arrangement of atomspace.

Figure 85 - Enlargement of aromatic regiortthNMR showing chair conformation &-(4-

nitrobenzene)-calix[4]pyrogallolarene
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3.2 C-(3-Propanol)-calix[4]resorcinarene

C-(3-Propanol)-calix[4]resorcinarene was synthesisaldly by traditional methods requiring the use
of solvents, as the solvent free method failed it@ ghe desired product. The failure of the green
chemistry reaction may be due to the anhydroustimaconditions because water is required to
catalyse the hydrolysis of the alkylated enol eglgmt (2,3-dihydropyran). Crystals were grown by
dissolution of the product from the reaction in th&evant solvent and allowing the solvent to siowl

evaporate.

Two polymorphic structures have been obtained lar acetonitrile clathrate which show similar
differences in the arrangement of the guest modsculto that of C-(3-propanol)-
calix[4]pyrogallolarene acetone clathrate. Like thteuctures previously discussed, the calixarene
molecule is arranged in a head-to-tail packing fnwith the alternating alignment of the calixarenes
forming a sheet-like architecture j8H4,0:,-CH;CN-2H,0O) . This is in contrast to the bilayers

observed in th€-alkyl-calix[4]arenes.

Figure 86 - Sheet of alternating calixarenes in BB® acetonitrile clathrate
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Hydrogen bonds are formed within the sheet betvirerupper rim of the calixarene to the hydroxyl
groups of the pendant chain of the calixarene adiaas shown in Figure 87 below. (H(3) --- O(12) =
1.89 A (O(3) - O(12) = 2.72(7) A), H(4) - O(12)1.80 A (O(4) -- O(11) = 2.63(9) A), H(7) -

0(10) = 1.77 A (O(7) --- O(10) = 2.61(7) A), H(8)©O(9) = 1.81 A (O(8) --- O(9) = 2.64(9) A)).

Figure 87 - C-(3-Propanol)-calix[4]resorcinarenetaaitrile water clathrate (solvent molecules

removed for clarity)

Between each sheet of calixarenes there are thystaltographically unique solvent molecules (one
acetonitrile and two water molecules). Unusuallg ofthe water molecules is located on the interior
surface of the cavitand and forms a hydrogen borahe of the pendant chains (H(9) --- O(14) = 2.12
A (0(9) - O(14) = 2.86(14) A)) of a calixarene time upper sheet. This hydrogen bond causes a
misalignment of the calixarene producing a cubickpay arrangement with the calixarene molecules
of each sheet arranged directly above each othes. disruption of the packing of the calixarene
molecules affects the orientation of the acetdaitmolecule located within the void formed between
the cavity of a calixarene and the pendant chafna calixarene above. The misalignment of the
acetonitrile causes the distance between the asiamd the nitrogen to be too great to form hydrogen

bonding interactions. At closest contact (N(1H(21) = 3.15 A (N(1) --- C(21) = 4.35(10) A)).
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The second structure is a polymorph of the acettenitlathrate which has the same ratio of water to
the acetonitrile (2:1) shown in the previous stuuet A different architecture has been produced
which possesses significantly higher molecular gagking symmetry; Only one quarter of the
calixarene is crystallographically unique because gtructure is in space group4,/ncm with the

mirror planes passing through the centre of thxaane.

The higher symmetry polymorph ¢1,401,:(CHsCN)-3(H,0)) forms a similar packing motif to the
lower symmetry polymorph with a layer arrangemenithwalternating up-down intra-layer
arrangement of the calixarene molecules being sHawrseen in Figure 88). The difference between
the structures sheet motifs is the uneven surfaeach sheet in the higher symmetry polymorph, the
intra-sheet interactions cause an alternating heiifference between the constituent calixarene
molecules within the sheet. The water moleculesiviare present in the crystal lattice ar®to the
cavity of the calixarene, therefore there is norugison of vertical parallel arrangement of the
calixarenes. Hydrogen bonds are formed betweerupiper rim of the calixarene and the pendant

chains of the calixarene above (H(3B) --- O(2)891A (O(3) --- O(2) = 2.80(4) A)).

Figure 88 -C-(3-Propanol)-calix[4]pyrogallolarene acetonitrilater clathrategxowater molecules

removed for clarity)
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The phenolic groups which are involved in hydrodgemding to the pendant chains form a
stacking motif and the closest approach is betveeeentroid generated between C(9) and C(12) and a
symmetry generated C(9) (3.70 A). This distancewithin the accepted limits for this type of

interaction®

The acetonitrile molecule is completely enclosedhim cavity which is formed between the pendant
chains of one calixarene and the cavity of a seaatidarene. This is a similar binding motif to tha
seen in C1Pg and C30HPg acetonitrile clathrate. édewthe distance between the nitrogen of the
guest molecule and the lower rim of the calixarémegreater than seen in other examples of
coordination to the annulus (N(1) -~ H(12A) = 3RgN(1) --- C(12) = 4.19(6) A), N(1) --- H(4A) =
3.18 A (N(1) --- C(4) = 4.09(6) A)). The distance dt the upper limit of a weak hydrogen bond

proposed by Jeffrey.

The phenolic hydroxyl groups which are not invohiechydrogen bonding to the calixarene directly
above form intra-sheet hydrogen bonds to the adjazaixarene which is orientated in the opposite

direction (H(1B) - O(3) = 1.85 A (O(1) --- O(3)266(4) A)) as shown in Figure 89 below.

Figure 89 -C-(3-Propanol)-calix[4]resorcinarene acetonitrileteveclathrate
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4  C-(4-nitrophenyl)-calix[4]pyrogallolarene

In order to access amino-substituted calixareneg4-@itrophenyl)-calix[4]pyrogallolarene was
synthesised from its corresponding aldehyde witl plan in mind to hydrogenate the resulting
product. The synthesis gave the desired produgbaod yield and purity under standard calixarene

synthesis conditions of heating in acidic methdapob days at 60°C.

S)
0590
HO OH HO OH HO OH
Nol iy 6 ¢ >
4 4
© N« NH
0/@)\0 2

Figure 90 - Synthetic Route @ (4-nitrophenyl)-calix[4]pyrogallolarene

The hydrogenation was unsuccessful in a variegobfents under atmospheric pressure of hydrogen,
however the conditions of the hydrogenation allowrsal recrystallisation of the product into crystals
suitable for single crystal X-ray diffraction stedi This shows that the prediction of the alphbaar

to the aldehyde was a phenyl group then the cloaifocmation would dominate, the NMR data also
supported this because of the presence of two laygtogen resonances which shows the two

conformations.
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Figure 91 -C-(para-nitrophenyl)-calix[4]pyrogallolarene

This also shows that aromatic nitro groups couldcessfully withstand the calixarene synthesis
conditions and would be a suitable handle from Whiz build an amino group. The difficulty in
hydrogenation could be due to solubility problerasadoen the hydrogenation took place in non polar
solvents such as toluene significant clumping &f ¢arbon catalyst was observed. When non polar
solvents were used then the clumping was not obdefthis was speculated to be because the amino
groups when formed made the molecule very insolublae non-polar solvents and so stuck to the
surface of the catalyst making the reaction celdsavever when the product was analysed from the

polar solvent (methanol) there appeared to be aogsh

This success in introducing the nitro functionadug into the calixarene system prompted pursuit of

an aliphatic nitro-aldehyde, attempts to synthefiekey intermediate however were unsuccessful.
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Chapter 6 - Synthesis of halogenated

calix[4]pyrogallolarenes



1 Synthesis

Accessing a calixarene with a brominated pendaatncis highly desirable because it allows the
further functionalisation of the molecule. Thisbiscause bromide is an excellent leaving group sind i

therefore readily substituted by a variety of nopleiles.

Taking earlier work on the bromination of the alkesubstituted pyrogallolarene into consideration it
was found that the approach of functionalising x@aknes was impractical (see section 1.5.1).
Therefore this tactic was abandoned in favour ofipcing an aldehyde precursor bearing a functional
group which would both survive the calixarene sgsth conditions and not disrupt the
macrocyclisation by hydrogen bonding to the phendlydroxyl groups. Halogen functionalised

aldehydes were therefore synthesised.

To minimise the number of steps in the synthetgusace the direct conversion of a bromo-acid to
the corresponding aldehyde using 9-BBN was attednpihis failed to give the desired product and
intractable mixtures were formed. Therefore the mwamly used two step procedure of reducing the
acid to the alcohol and then using a mild oxidisiggnt to produce the corresponding aldehyde was

used.

o 1, BHy' SMe, , MeOH o
_—
HO)LM,,/\ Br 2 pcc, CH,Cly H)%n/\'?’r
n=3-8

Figure 92 - Synthetic route to 11-Bromoundecanal

The bromo-acids were reacted with borane dimethigtsde in freshly distilled tetrahydrofuran. Thin
layer chromatography revealed that the startingeri@$ had been consumed after an hour at reflux,
after which any residual borane complex was quehahith methanol. The removal of the solvent
and the trimethyl borate on a rotary evaporatoregdae corresponding bromo alcohol in high yield
and purity. These halo-alcohols were oxidised us§logey’s reagent (pyridinium chlorochromate) in a

dichloromethane solutioli? The product was separated from the spent oxidisgemnt by passing the
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reaction mixture through a silica plug and elutibgwith dichloromethane. The desired bromo-

aldehydes was shown to be isolated in high pugtEEMS and NMR analysis.

The bromo aldehyde was reacted with pyrogallolotonfthe corresponding calixarenes. The solvent
free grinding technique was attempted but failedite the desired product, the NMR of the reactions
suggest the reaction produced a mixture of oligenagrich were inseparable. When the synthesis was
attempted in solution, only 5-bromopentanal, 6-bmbexanal and 11-bromoundecanal gave products
which could be isolated from the reaction mixtuihen the reaction mixture was cooled in an ice-
bath the product was precipitated from the reaatith crystals of sufficient quality to be submite
for X-ray crystallography analysis. Unfortunatehgetremaining bromo calixarene syntheses failed to

yield product.

OH

HO OH
OH
0 HO OH
—_—
H)L@:\Br HCI, MeOH

(n4

Br

Figure 93 - Synthetic route ©(bromo-alkyl)-calix[4]pyrogallolarenes

Aldehyde Yield of calixarene %
3-Bromopropanal 0
4-Bromobutanal 0
5-Bromopentanal 49
6-Bromohexanal 43
8-Bromooctanal 0
11-Bromoundecanal 56

Table 4 - Yields of brominated calixarenes

Upon analysis of X-ray data collected on crystdl€4BrPg and C5BrPg the thermal parameters of
the terminal atom did not match with those expedtedoromine. On close inspection of the mass
spectra it showed that there had been a substitofithe bromine atom on the pendant chains for a

chlorine atom. As the GCMS and NMR results for éhdehyde synthesis show conclusively that
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bromo-aldehydes had been produced, halogen exchrangebe taking place during the calixarene

synthesis.

As the sole source of chloride in the calixarenglsysis was the hydrochloric acid catalyst, a feact
was performed to see if the presence of pyrogald essential for bromine substitution. This was
achieved by submitting the aldehyde to the calixargynthesis reaction conditions in the absence of
pyrogallol. The reaction was monitored by gas clatmgraphy-mass spectroscopy (GCMS) analysis
which shows halogen exchange taking platg an enol-derived cyclic intermediate which is

subsequently ring opened to the chloro-aldehyde.

0] HCI 0
MeOH
H Br H)LH/\Cl
n n

Figure 94 - Halogen exchange in aldehydes

Attempts to repeat the calixarene synthesis wittirdlyromic acid as the catalyst failed to yield the
desired bromo-calixarene. Three possible reasanthéfailure of the reaction under hydrobromic
acid catalysis have been considered: The increstsexdgth of the acid catalyst may destroy either th
aldehyde or open the calixarene macrocycle anevalladation of the pyrogallol rings. Thirdly under
the reaction conditions there may have been nublkosubstitution of the bromide by the phenolic
hydroxyl group, producing cross linked polymersisimilar manner to that which is suspected in the

bromination of the alkene substituted calixarene.

Crystals of the C4CIPg have been grown from dietityler, methanol, ethanol, isopropanol and

acetonitrile.
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2 C-(4-Chlorobutane)-calix[4]pyrogallolarene diethyl ether clathrate

Crystals were grown from a saturated solution Gaf4-chlorobutane)-calix[4]pyrogallolarene in
diethyl ether which had been sonicated for 30 neis@nd left to slowly evaporate. On solution of the
diffraction data, the structure which is formedinsspace groug® with one calixarene and two
solvent molecules comprising the asymmetric uniff60:,Cls-2(CH,CH,OCH,CHs)). The P
symmetry operation imparts a head-to-head bilayarkipg motif on the calixarenes. There is
extensive disorder of the terminal atoms in thré¢he four pendant chains, in one of the pendant
chains (C(41) — C(44)) there is a complete splithaf pendant chains at C(41) with the chain being
disordered over two positions. In all of the pertddrains there is an extremely close contact wi¢h t

interdigitating calixarene towards its annulus.

Figure 95 -C-(4-Chlorobutane)-calix[4]pyrogallolarene diethyher clathrate

One of the ether molecules resides within the gadfithe calixarene in a similar arrangement td tha
of C1Pg diethyl ether clathrate. However, unlike former structure, the ethyl group of the guest
molecule which is above the upper rim of the cabxe (C(47) & C(48)) does not reside in the cavity

of a symmetry generated calixarene. The second gthyp is thereforexoto the calixarene. The
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guest molecule is held within the cavity by van @éaals interactions between the ethyl group of the
chains and the aromatic rings of the cavity walklso held by hydrogen bonding to the next bilayer
forming a bond to the upper rim of a calixareneneein O(13) and H(1) (O(13) --- H(1) = 1.93 A
(O(13) - O(1) = 2.71(5) A)). The second solvemtienule resides exclusiveBxoto any calixarene
cavity, but forms a strong hydrogen bond to theeupipn of the calixarene (O(14) --- H(4) = 1.86 A,

(O(14) - O(4) = 2.69(6) A)).

Figure 96 - Bilayer packing motif for C4CIPg dietkegher clathrate
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3 C-(4-Chlorobutane)-calix[4]pyrogallolarene propan-2-ol clathrate

Crystals of C-(4-chlorobutane)-calix[4]pyrogallolarene 2-propblncclathrate  (G4Hs0:.Cl-
4(CHsCH(OH)CH)-5H,0) were grown by slow evaporation of a saturatetbtiem of C-(4-
chlorobutane)-calix[4]pyrogallolarene in propan{2¥he molecular structure generated from the data
shows a higher degree of symmetry than the diedthdr clathrate being in space grde®/c. The
asymmetric unit contains 7 molecules; one calixareme propan-2-ol and five water molecules. In
addition to the higher symmetry which is presehg tmolecule has significantly less disorder
affecting its pendant chains, with only a singlertial chloride atom (Cl4) being disordered oveo tw

positions.

Figure 97 -C-(4-chlorobutane)-calix[4]pyrogallolarene 2-propbwater clathrate
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Due to its bulky methyl groups and ability to fohydrogen bonds with the upper rim, the 2-propanol
guest molecule is tilted to an angle of 85° andnfoa hydrogen bond between O(17) and H(8) is 1.76

A long with the inter-oxygen distance 3.05 A.

Due to the tilting of the molecule there is a cdaesable distance between the atom which is furthest
within the cavity and a plane created from the agerpositions of C(1), C(12), C(23), C(34) (H(45A)
— plane C(1),C(12),C(23),C(34) = 2.20 A and C(4®lane C(1),C(12),C(23),C(34) = 2.98 A) . This
creates a void at the base of the cavity whichngdr than observed in other examples reportekisn t
thesis: for example €-methyl-calix[4]pyrogallolarene acetonitrile claste has a separation between
the plane of the annulus and the closest atomeofjtiest molecule to be 2.02 A (H(17B) — C(1)/C(9)

plane and C(17) — C(1)/C(9) plane = 2.35 A).
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4  C-(4-Chlorobutane)-calix[4]pyrogallolarene ethanol water clathrate

As expected a bilayer packing arrangement is faanithe ethanol clathrate with three ethanol, two

water and one calixarene molecule comprising tlyenaetric unit (G4Hs,0,2-2(CH,CH,OH)-2H,0)

Figure 98 - Packing motif for C-(4-chlorobutane)idd]pyrogallolarene ethanol water clathrate

Two of the ethanol molecules aexo to the cavity and fill a void created by the U sha

arrangement of the pendant chains this is higheidjim the cartoon below.

<«——Cavity of calixarenes

<«—— Pendant chains

<\Solvent filled void
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Figure 99 - Packing cartoon 6f(4-chlorobutane)-calix[4]pyrogallolarene ethanalter clathrate
The solvent filled void forms a three-molecule (twthanol and one water molecule) hydrogen
bonded linker between the calixarenes: H(1A) -23)E 1.84 A (O(1) - O(13) = 2.66(7) A), H(13)
- 0(14) = 1.85 A (O(13) -- O(14) = 2.68(12) A)14) --- O(16) = 1.94 A (O(16) --- O(14) = 2.76)13

A), H(8A) - O(16) = 1.99 A (O(8) - O(16) = 2(B} A).

In previously reported examples of calixarene lbtaywhere the pendant chains are strongly
interdigitated there is distortion of one of thengant chains in a direction which is parallel te th
plane of the bilayer. This allows the voids betwealixarene walls to be filled and interdigitatitm
take place. In C7Pg diethyl ether and ethanol cdédis, this distorted pendant chain forms the bése

a solvent filled void. In the molecular structuré G64CIPg the pendant chains are strongly
interdigitated but are too short to allow distontito take place and are therefore all aligned & th
same direction. The interdigitation is made possiy the increased polarity of the chloride group
allowing interactions with the annulus of the catiene on the opposite face of the bilayer and also
creating a sufficiently polar environment in whithe ethanol molecules can reside between the

calixarenes.

Figure 100 - Interdigitation of pendant chain<hg4-chlorobutane)-calix[4]pyrogallolarene ethanol

water clathrate
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The mean separation between the calixarene’s asiauldi the chloride atom is 3.39 A (CI(1) -- H(1),
H(2), H(10), H(31) and CI(1) — C(1), C(12), C(28)(34) = 4.30 A) this is a larger value than the
interactions between the annulus of a calixarert agetonitrile previously reported, however the
significantly larger ionic radius of the chloride mot taken into account. Therefore no void is fadm

below the annulus.

Only a single inter layer hydrogen bond exists leetv the hydroxyl group of the endo ethanol
molecule and the upper rim of the calixarene inrtegt layer. (H(10A) --- O(17) = 1.96 A (O(10) -

0(17) = 2.76(8) A)).
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5 C-(5-Chloropentane)-calix[4]pyrogallolarene ethanol clathrate

Crystals of C5CIPg were grown from a saturatedtsmiuwf ethanol. As expected from data gathered
in C-alkyl-calix[4]pyrogallolarenes a bilayer pangi motif is formed by the three molecules of the

asymmetric unit undergoing the inversion operatibtheP space group £HgiO12-2(CH,CH,OH) .

In a manner like the previously reported long-chaymgallolarene — ethanol clathrates there are two
solvent molecules in the asymmetric unit, one ofchis bound by the cavity, and the second of
which resides externally of the cavity of the catiene. Thexo solvent molecule resides within the
interstices created by the cubic packing of thexaegne molecules and forms hydrogen bonds to the
upper rim of the calixarenes which surround it. 4(1- O(6) = 2.68 A (O(14) --- O(6) = 3.23(4) A),

H(9) -- O(14) = 2.17 A (O(9) --- O(14) = 2.77(3).A

Figure 101 - Location agxoethanol molecule i€-(5-Chloropentane)-calix[4]pyrogallolarene

ethanol clathrateehdosolvent molecules removed for clarity)
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Unusually the terminal chloride atoms do not forpaitogen bonds to the annulus of the calixarene
forming the opposite face of the same bilayer, ameddirected parallel to the plane of the bilayéis
enables very close packing of the bilayer, anddteance between upper rims of opposite faceseof th
same bilayer is 16.29 A. (for the unfunctionali€@®Pg MeCN clathrate the inter-upper rim distance
is 16.00 A). CI(1) forms a van der Waals interattigith its symmetry generated counterpart, CI(2)
and CI(3) both form hydrogen bonds to the terminmadthylene groups of opposite calixarene
molecules (CI(3) - H(24A) = 2.95 A (CI(3) - @2= 3.76(8) A), CI(2) - H(12A) = 3.31 A (CI(2) -
C(12) = 3.97(9) A)). Finally CI(4) is attached teetpendant chain which is parallel to the planthef

bilayer. This can be seen in Figure 102 below.

Figure 102 - Detail of interdigitation of pendaihiains inC-(5-chloropentane)-calix[4]pyrogallolarene

ethanol clathrate (hydrogen atoms and solvent ratdsaemoved for clarity)
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6 Solid state structures ofC-(10-bromodecane)-calix[4]pyrogallolarene

methanol and ethanol clathrates

C-(10-Bromodecane)-calix[4]pyrogallolarene was ssstdly synthesised using traditional solvent
methods. There was no halogen exchange observegdiethe calixarenes which may be a result of
the increased chain length preventing formatioraafyclic intermediate in the halogen exchange
reaction. Two crystal structures were obtained hey glow evaporation from saturated solutions of

methanol and ethanol §§,000:,Br4-4(CH;OH)) and (GgH100012:XCH;CH,OH).

Unusually the calixarene system, C10BrPg formedsuai@p architectures in the solid state when
crystals were grown from ethanol and methanol. Tikidighly unusual because in addition the
examples discussed in the previous section showiathanol and ethanol clathrates @falkyl-
calix[4]arenes in bilayer packing motifs there lisoawide literature precedent for polar protic solis

to break up the capsular architecttffie!*®

Figure 103 - Nano-capsule formed &y10-bromodecane)-calix[4]pyrogallolarene etharathoate

In the ethanol clathrate the contents of the capsoilild not be conclusively assigned due to extensi
disorder, therefore the interior of the capsule welelled as diffuse electron density. This loss of

order in the ethanol sphere may be a result ofstightly more lipophilic and conformationally
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flexible nature of the guest than the acetonitdégived capsule whose guests’ location could be

determined.

The packing of the nano-spheres is very similah&d of the acetonitrile spheres, with a face tefa
hexagonal packing arrangement. The external solwariecules which were observed to form a
torroidal arrangement between the stacking faceth@fmano-capsules are absent in this structure.,
This lack of solvent molecules is compensated forthe longer pendant chains which form a
lipophilic layer between the capsule, with a higbgeke of molecular symmetry and a helical
arrangement of pendant chains. Each gap betweecagimuiles is filled by six calixarenes donating

three out of their four chains to the inter-capgde.

Figure 104 - Inter capsule packing of pendant chaiiC-(10-bromodecane)-calix[4]pyrogallolarene

ethanol clathrate

146



= = == =
=l——
= = = =
— =
*‘ /

Nano-spheres

Figure 105 - Cartoon showing packing arrangementob-spheres generated®@y10-

bromodecane)-calix[4]pyrogallolarene ethanol clatir

The methanol nano-spheres have the same arrangahémt pendant chains and therefore show
exactly the same packing arrangement as the etldatiirate discussed above. In a significant
difference between the structures, the methandtguelecules’ position can be determined as shown
in Figure 108. This structure shows 24 guest mddscwhich occupy 65% of the available space.

This is just out of range of the ideal packing ¢ic&fnt of 55%:9.
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Figure 106 - Nano-capsule formed ®y10-bromodecane)-calix[4]pyrogallolarene methasiathrate

When compared to the alkene substituted calixaréme,spheres formed from the halogenated
derivatives show significant distortion of the maxycle and therefore capsule due to the more polar
guests which have been included into the nano-sphEhis distortion results in a decrease in
molecular volume encapsulated (1213f&r ethanol clathrate and 1209 fr methanol clathrate)
compared to the previously reported nano-spherdPg@eCN — 1274 Aand C7Pg EtOAc — 1249

A3) this is a significant decrease in molecular vadurhich is encapsulated.

The pendant chains of the brominated calixarenealigmed in bi-directionally, with a trimer of
pendant chains with potential hydrogen bondingrations between the bromine and the methylene
hydrogen atoms of the terminal carbon in the chaie trimers in the methanol sphere interact with
another trimer from an adjacent sphere whose degierpendicular to the line of the original chain.
The remaining pendant chain is aligned in the ojp@alrection to the trimer and interacts with the

annulus of an adjacent sphere, so each spheradtgewith another six spherg& the individual

148



pendant chain. This is perhaps why the shorter alkgined halogenated calixarenes cannot form the

nano-sphere in very polar solvents because triorendtion is prevented.

Figure 107 - ASU o€-(10-bromodecane)-calix[4]pyrogallolarene ethanatiulate

149



7 Behaviour of C-(10-bromodecane)-calix[4]pyrogallolarene in solution

Investigation of the behaviour &-(10-bromodecane)-calix[4]pyrogallolarene in saatiby DOSY
NMR shows that the capsular arrangement is fornmedhloroform but is broken down to its

constituent monomers in methanol solution.
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Figure 108 - DOSY NMR data @&-(10-bromodecane)-calix[4]pyrogallolarene in CRCI
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Figure 109 - DOSY NMR data &-(10-bromodecane)-calix[4]pyrogallolarene in {£1D

In CDCl, the diffusion coefficient is 2.23xT8 m?s* therefore the hydrated radius is 17 A. In;OD

solution, the diffusion coefficient is 3.66x1bn?s™ therefore the hydrated radius is 10 A. 1n;OD
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the diffusion coefficient corresponds to that ahanomeric calixarene. This shows that in alcoholic
solution the material is in its monomer form butemhcrystals are grown of the material, the

calixarene self assembles into a sphere conformatio

The imperfect correlation between the calculatedemdar size of the monomer and the hydrated
radius which is derived from the Stokes-Einsteinagmpn is due to the shape of the calixarene. The
Stokes Einstein equation is designed for sphesigaties, while the long alkyl chain of the calixere
gives it a more cylindrical shape. The differenteriolecular size is sufficiently large to differexé

between the monomer and the sphere conformation.

The formation of nano-spheres in the solid statd&lpgenated calixarene derivatives could be due
the weak bonds between the trimer of pendant chainish is strong enough to overcome the

destructive force of the polar protic solvents. sSThould be tested by the synthesis of fluorinated
derivatives which would show a stronger bond asefketronegativity of the fluoride is significantly

higher.
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Chapter 7 - Synthesis of cyano substituted

calix[4]pyrogallolarenes



1 Introduction

To overcome the problem of denaturation of calireseduring their functionalisation with basic
reagents, the aldehyde used for the calixarendayist was substituted with a functional group. This
culminated in the synthesis of cyano functionali®adixarenes. It was envisioned that the cyano
group would be hydrolysed to the corresponding @aylic acid during the calixarene synthesis,

therefore providing a scaffold from which to bineppide sequences to the calixarene scaffold.

OH OH
HO OH H* HO OH
_»
H,0
4 4
( 0

I HO” o
N

Figure 110 — Cyano-calixarene to carboxyl calixaren

2 Synthesis

The commercially available bromo-carboxylic acid sweeduced using borane methyl sulphide
complex in THF to yield the corresponding 11-bromdecanol (step A). A simple nucleophilic

substitution of the bromide using sodium cyanideDMF, gave the cyano alcohol in quantitative
yield (Step B). 11-cyanoundecanol was smoothly igeid to the corresponding aldehyde (step C)

using Corey'’s reagent (pyridinium chlorochromateY2% yield over the three steps.

)

0 0
Ay B Sy
HO Br Ho” Y er ’ Ho/\(\{\\\N HM NS

N

Figure 111 - Synthetic route to 11-cyanoundecanal

The calixarene synthesis was attempted both urmlatittons developed during the synthesis of the
calixarene library (6 days heating at 60°C in acidihanol solution) and by green techniques of

grinding the aldehyde and pyrogallol together vétipestle and mortar and an automatic pestle and
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mortar. The green techniques failed to producedisired product and only produced a resinous
orange material which failed to be recrystallisednf any solvent and the NMR failed to show

product formation, therefore the reactions werendbaed.
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Figure 112 - Synthetic route @&(10-cyanodecane)-calix[4]pyrogallolarene

The standard conditions using a strongly acidiaitsmh of ethanol proved successful but only gave
the desired calixarene in 15 % vyield. A low vyielglistep so far down a synthetic sequence is
obviously undesirable but investigations have shawmbe unavoidable. There is, however, potential
for further refinement of the method which is usedrder to improve the yield. The product was

isolated by crystallisation from the reaction mngtwluring cooling in an ice bath after 6 days mepti

at 60°C, the crystals which grew were suitablesfogle crystal X-ray diffraction studies.

As there was strong literature precedent for thardlysis of nitrile groups in strongly acidic aladh
solutions, it was expected that the nitrile woulgdiolyse to the corresponding acid substituted
calixarene’®® The crystalline precipitate which formed on coglithe reaction mixture was analysed
by NMR and SC-XRD. Both techniques show hydrolysid not taken place and the cyano group was

preserved during the reaction in both the bulk mmtand the crystals which formed.

OH OH
HO OH H* HO OH
—
H20
4 4
(% 0%
1| HO™ YO

Figure 113 - Proposed route@acarboxyl-calix[4]pyrogallolarene
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3 Single crystal X-ray diffraction studies

Because the crystals which were analysed were gfawm polar protic solvents it was expected that
a bilayer packing motif would be formed, howevemias found that an unusual capsule packing

arrangement was formed.

Figure 114 - SCXRD image &-(10-cyanodecane)-calix[4]pyrogallolarene

The cyano-calixarene forms a chloride gated, dieneaipsule, enclosing a single benzene molecule
(2(Cr2H100N4012)(CeHe)(2HCI)) . The benzene was an impurity in the rieacsolvent. The benzene
molecule (molecular volume 77.4%Aoccupies 60% of the available volume within thevity

(130 &).

The cone of the calixarene is slightly distortedthwa distortion factor (f) = 0.83. The b for
unfunctionalisedC-decyl-calix[4]pyrogallolarene ethanol clathrate0=97. This distortion may be
attributed to either the presence of a non-spHegigast molecule (benzene) causing contraction of
the cavity to maximise host-guest interactionsher iresence of the chloride ions which interach wit

the upper rim.
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Figure 115 - Dimeric capsule formed 6y10-cyanodecane)-calix[4]pyrogallolarene (Image

generated from SCXRD data)

The dimeric capsule is tilted 13.55° from paradléjnment of upper rims, allowing the chloride ions
to form an electrostatic interaction with the uppen (Cl(1) — H(2) = 2.386 A (CI(1) — O(2) =

3.168(15) A)). A monolayer is formed with calixaeemolecules alternately rotated through 180°.
Uniquely the pendant chains show no interdigitatewen though all solid state structures of
calixarenes with pendant chains longer than 5 earlstiow this type of packing in order to maximise

the van der Waals forces between the chains.
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Figure 116 - Alternating monolayer formation of @3{cyanodecane)-calix[4]pyrogallolarene

hydrochloride benzene clathrate (solvent molecateshydrogen atoms removed for clarity).

The cyano-calixarene shows a 3:1 split of pendaains with no interdigitation of the triad of chain
but in the isolated chain there is coordinatiortite annulus of an adjacent calixarene via N(2) as
shown in Figure 119. The average distance from @y@trogen to hydrogen ions of lower rim is

3.214 A

Figure 117 - Coordination &@-(10-cyano-decane)-calix[4]pyrogallolarene
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Efforts to hydrolyse the cyano group have failedbjScting the cyano-calixarene to more vigorous

conditions; suspending the solid product in coneget acid (HCI, HBr, aqueous TFA) and heating,

forms a black intractable mixture. This decompositof the calixarene may be due to hydrolysis of

the macrocycle and subsequent oxidation of the yihimgs >

R R

///N OYNHQ OYOH

R

Figure 118 - Hydrolysis of nitrile group

The cyano group also offers the potential to beiced to the corresponding amine. In the literatture

was shown to be very troublesome to hydrogenatgmaccgroup?® This is because the intermediate

imine formed, reacts with amines previously produeead results in the production of a mixture of

secondary and tertiary amines.
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Figure 119 - Reduction of nitrile group

Therefore to avoid this alkylation of the amine yre the reaction can be performed in acetic

anhydride or in strongly acidic methanol soluti§hBoth these solutions immediately render the

amine un-reactive by acetylation or protonatiorgamnthe reaction conditions.
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Figure 120 - Protection of amino groups generatech fitrile hydrolysis
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Both techniques were attempted using atmospheritolggnation apparatus using a palladium on
charcoal catalyst (10% metal loading). When thectiea was performed in the strongly acidic
conditions did not produce any reduction and stgrthaterial was recovered. When the reaction was
performed using acetic anhydride as the reactibwesba new product was found to have formed,
which was on further investigation was proved tcatfelly acetylated cyano-calixarene. Therefore it
can be concluded that under atmospheric pressuiehvithe apparatus available can exert was
insufficient for reduction to occur. Reduction bgtnitrile group was attempted using LiAIFSnC)

and BH-SMe both proving to be unsuccessful with starting malte being isolated after the
reaction. This is perhaps due to reagent complaxatith the upper rim of the macrocycle in

solution, but this theory has not been verified.
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4 NMR Studies

The NMR spectrum of the unprotected cyano calixaisras expected. However when NMR analysis
was performed on the acetylated calixarene, theshows no aromatic hydrogen peak and ‘i
spectrum showed only a broad peak in the regionmevtiee phenyl carbons were expected (100 — 140
ppm) with no resolved peaks which correlate toghenyl rings. When cooled to —50°C, the solution
the broad peak in tHéC spectrum coalesced to well resolved peaks wiictespond to the carbon

atoms of the phenyl rings.

Figure 121 - Resolution of broad peak$*t NMR spectra of acetylated cyano-calixarene

This indicates some molecular movement or intereogsion was taking place rapidly on an NMR
timescale but when it was cooled, the motion wasvetl and peaks could be resolved. Taking the
work of Hoéegberg® as inspiration this would indicate a conversiortween pinched cone

conformations.

Figure 122 - Interchange between pinched cone cowfions in acetylated-cyano-

calix[4]pyrogallolarene
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In order to test the capsule forming ability of fhgogallolarene system, diffusion NMR experiments
where carried out on the cyano-calixarene in bdiloroform which is known to promote the
formation of capsule and methanol where no capsatesingement of the molecules has been

observed.
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When the Stokes-Einstein equation is applied ® dhatta it shows that even in chloroform, the cyano-
calixarene exists as a monomer with a hydratedisaoli 12 A which is not significantly different to

161



that calculated from the data gathered while inhauet! solution (12.4 A). This shows that in solatio
the nitrile groups on the pendant chain are seffity polar to break up the capsular arrangement of

the calixarene nano-sphere.
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5 X-ray diffraction studies of acetylated cyano-calixarene

The structure of (undecyl-acet@)10-cyanodecane)-calix[4]pyrogallolarene shows niicant
differences to the un-protected molecule in both @éhrangement of the monomer and the packing
motif which it therefore forms. The acetylated nmikes are, like their unprotected counterparts

arranged in a head-to-head packing motif, howeteés is the sole similarity.

The difference in structure is due to the compietetylation of the upper rim hydroxyl groups ared it
stereo-electronic effect on the macrocycle. Thero@wle is severely deformed into the pinched cone
conformation (distortion factor = 0.674). The gstran the macrocycle also causes deformation of the
aromatic rings away from the ideal hexagonal fofime conformation which the macrocycle adopts
means that the cavity is no longer available fodbig guest molecules and unusually for calixarene
molecules there are no solvent molecules entrapptte crystal lattice. The Figure below is aligned

to highlight the pinched cone conformation.

Figure 123 — SC-XRD image of acetyla@q10-cyanodecane)-calix[4]pyrogallolarene

The average distance from cyanide nitrogen to asnis 2.992 A which is much closer than
unprotected analogue. The acetylation of the hgdrgroups means that the phenyl rings are slightly

more electron deficient than the unprotected cyanshown in the up-field shift of the peaks. This
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electron deficiency allows four hydrogen bondsdmf between phenyl hydrogen and nitrile group.
This interaction draws adjacent molecules closéywing interdigitation of the calixarene’s pendant

chains.

Even though the ring is more electron deficient wheetylated compared to the acetonitrile solvates
(C1Pg MeCN — 2.6 A) this is a longer hydrogen boot this could be accounted for by the greater

steric encumbrance of the pendant chains which taisecome organised. This suggests that it is not
only the presence of groups at the terminus ofrela@et chain which determine the packing motif but

the electron density around the phenyl rings.

In concordance with the structures published by Eaal>®

there are interpenetration of the acetyl
groups of the adjacent calixarenes so the actsqaest to prevent formation of a large unoccupied
cavity forming because “nature abhors a vacutfthThe dimer is held together with 4 hydrogen

bonds between a methyl group of an acetal grouptlemaarbonyl oxygens. In the figure below one

monomer is shown in red the other in blue.

Figure 124 - Dimerisation of acetylat€d(10-cyanodecane)-calix[4]pyrogallolarene (penddnains

removed for clarity)
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Chapter 8 - Calixarenes as drug delivery

vectors



1 Toxicity of C-alkyl-calix[4]pyrogallolarene derivatives

The following section will discuss the investigatso undertaken to assess the viability of u

calix[4]pyrogallolarene derived systems as drug delivecyors

In order to complete preliminary toxicity data the tatic of a variety of C-alkyl-
calix[4]pyrogallolarenes was tested. This was to asse effect on theoxicity of a variety of alky
chain lengths. The tests were performed by adddfan10pg/ml DMSO slution of the calixarene 1
immaturedendritic cells and incubating them together foB X®ur: in order to allow the cells 1
mature. After a weekhe cell count was assessed and the number of jwg\iells was counted. Ti
dataas shown in the Figuibelowshows that the calixarenes do not show signifitaxitity on their

own towards immaturdendritic cells
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Dendritic cells were used because immature DC caeillsuptake a wide variety of materials by
phagocytosis. Also more significantly when exposed peptide the DC cells mature and present the
peptide on the surface of the cell. This peptidgusace is now in an acceptable form to enable the
activation of T-cells which will induce an immunesponse against cells bearing this surface peptide.
This will allow the targeting of specific cell typdor immunotherapy. Currently no adjuvant for the
delivery of short peptide sequences is approvedhfonan use, therefore if the peptide can be
immobilised on the surface of a calix[4]pyrogall@ae supramolecular scaffold (in addition to

aqueous solubilising groups) a therapy can be dpeel based on the principles detailed above.

A second round of testing of cytotoxicity was penied once C-(10-cyanodecane)-

calix[4]pyrogallolarene was synthesised in orderassess the effect of including a highly polar
functional group on the pendant chain on the calltdxicity which the calixarenes present. The yassa
was shorter in duration due to the peripheral blomhonuclear cells (PBMC) used. While there is
significant cell mortality during this assay, whesmpared to the media-only controls this cannot be
attributed to the presence of CLOCNPg. Any toxfeatfdue to the calixarene is rapidly shown (with a

significant decrease in cell viability after 5 mias).
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Chapter 9 - Conclusions



Construction of a calix[4]pyrogallolarene contaimipolar functional groups on its pendant chain is
possible by pre-forming the desired functionalityamthe aldehyde which is reacted with pyrogallol.
Efforts to functionalise the calixarene once formeste complicated by difficulties in protecting the

upper rim of the macrocycle and its decomposition.

If the pendant alkyl chains of calix[4]pyrogallodares are unconstrained by functionalisation, tihés
guest which appears to determine the geometryeofrticrocycle. If the chains are functionalised it i
the interactions originating from the groups onchain which takes precedence for the packing motif
and any distortion of the macrocycle. Thereforenity be possible to have sphere-promoting and
sphere-dissociating functionality on the pendargintd The capsule is surprisingly robust when the
additional functional groups which promote the fation of a nano-sphere (in the case of the halogen

functionalised spheres) are present.

If the pendant chains of the calixarene are suffity long (>6 carbon atoms long) the chain can
distort and allow solvent molecules to be includeithin the face of a bilayer, this causes a
contraction of the bilayer to allow greater van téaals interactions to form between the pendant

chains.

In a manner similar to that of the induced fit miodé enzymes, the macrocycle can distort to
accommodate the presence of guest molecules viltbicavity. The capsule is generally formed by
R symmetry, therefore any change in the conformatibthe macrocycle is duplicated around the
sphere. This distortion can lead to changes insiggramolecular architecture which is formed.
Distortion of the conformation of the calixarenesisen in the nano-spheres which contain highly
polar guest molecules (e.g. chloro spheres comgimnethanol and ethanol and the acetonitrile

sphere). Therefore there are guest molecules vanelphere promoting and sphere dissociating.

When the upper rim is unfunctionalised, the hydrogeoms of the lower rim bear a slight positive
charge and therefore electron donors may form lggtrdoonds to the calixarene. These interactions
dramatically affect the behaviour of the molecutghbin solution and in the solid phase. This isnsee

in the acetylated cyano calixarene derivatives,revligsruption of the hydrogen bonding which keeps
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the macrocycle in its cone conformation is eliméthtcausing the molecule to become much more

conformationally flexible.

The calixarene scaffold shows great potential wittial toxicity data indicating a lack of signifinit
toxicity to the dendritic cells which are the targéthe therapy. The obvious target is the synthek
an amino or carboxyl substituted calixarene whidh allow therapeutic peptide sequences to be
tagged onto the exterior of the capsule. Furtheicity testing on all derivatives synthesised waildl

the understanding of the toxicological profile bistclass of molecules.
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Chapter 10 - Experimental



1 Instrumentation

Nuclear magnetic resonance (NMR) spectra were decbon a JEOL ECX 400H: 400 MHz and
13C: 100 MHz) spectrometer in the deuterated solseated. All chemical shifts { are quoted in ppm
and coupling constantsl)(in Hz. Residual signals from the solvents weredugs an internal
reference. Infrared spectra were recorded on aimREfker Spectrum 100 Fourier Transform
spectrophotometer with an attenuated total reflteda(ATR) sampling accessory, allowing direct
analysis of the sample. Only the characteristickpesre quoted in cf All reactions involving
moisture sensitive reagents were performed undetransphere of nitrogerna standard vacuum line
techniques. Tetrahydrofuran was distilled undemtmosphere of dry nitrogen from potassium. All
other solvents were used as supplied (Laboratonyalytical or HPLC grade), without prior
purification. Thin layer chromatography was perfednon aluminium sheets coated with 6@,F
silica. Sheets were visualised using 1% potassiemmanganate. Mass spectra were obtained upon an
APCI Platform spectrometer with only molecular ipfiegments from molecular ions and major
peaks being reported. Elemental analyses were rpgetb by the microanalysis service of the
Inorganic Chemistry Laboratory, London Metropolitdmniversity. Single crystal analysis was
performed at Daresbury synchrotron laboratoriegjdt&Vatt University and by the EPSRC X-ray
crystallography service at The University of Souatipton. The instruments used respectively were:
Bruker-Nonius KappaCCD diffractometers with a rimigt anode X-ray generator. One of the
instruments has a Bruker Apex Il detector. Bothrddtometers are fitted with a Cobra cryogenic

system.
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2 Method for cytotoxicity assay on calixarenes

Cytotoxicity studies were performed using a Trypalne assay in sterile fume hoodS:(10-
cyanodecane)-calix[4]pyrogallolarene was dilutethgiDMSO to final concentration of 10 mgrl
500 ml of RPMP media was modified by addition of 1% glutamine dfi% Foetal Calf Serum
(FCS). The PBM cells were given an initial washngsihe modified media. This was performed by
adding the defrosted PBM cells to the modified raediis suspension was centrifuged for 3 minutes

at 3Gs. The supernatant was then removed and tle¢ rgesuspended in modified RPMI media.

The initial cell count was performed by creatind & 10 cell dilution using 4501 of Trypan blue
and 50 | of the cells. A haemocytometer was cleaned in #dBanol, and the cell solution was plated
and the cells counted in the four 0.25 mm x 0.25 gniats. There were 17.5 xienl™* cells present in
the initial sample. As the original volume of tregple was 4 ml, the original sample contained 7x10
cells. For the cytotoxicity studies, it was necegsa have 0.5 million cells per well. Each welinca
contain 1 ml, so 286 of PBMC cell suspension was added to 14 wellds Téas topped up to 1ml

using the modified RPMI media, and incubated owgrat 37°C.

Dilutions of C-(10-cyanodecane)-calix[4]pyrogallolarene were t@daising modified RPMI media to
give final concentrations of 10, 1, and 0.1 mg-n8erial 1 in 10 dilutions of DMSO were prepared in
a similar manner to give 1 in 10, 1 in 100 and 1®30 dilutions for testing. After 24 hours, 10Qof

the supernatant was removed from 12 of the 14 w08 | of 10 mimI* C10CNPg was added to
two wells, 100 | of 1 mgml* of CLOCNPg was added to two wells and 1aff CLOCNPg was added

to two wells. The DMSO was added to 6 wells inrailsir fashion. Two wells were left alone in order
to provide a control. The cells were then incubae87°C. At 5 minutes, 30 minutes, 1 hour and 2
hours the well was removed from the incubator ad@ 1 of each removed into a 1 ml aliquot. The
plate was then placed back in the incubator. Td edicuot, 100 | of Trypan blue was added to
provide a 1 in 2 dilution of the cells. Samples evpltaced on a haemocytometer and the live and dead

cells counted in each sample.
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3 Synthesis ofC-methyl-calix[4]pyrogallolarene (C1Pg)

OH

Pyrogallol (10 g, 79 mmol) was dissolved in ethafidl0 ml). Hydrochloric acid (37 % 25 ml) was

added and the solution was stirred for 5 minuteztéldehyde (4.40 ml, 79 mmol) in ethanol (20 ml)
was added drop-wise to the acidic pyrogallol solutover 1 hour. The reaction mixture was stirred
for 24 hours at room temperature then was heate®0t€ for a further 120 hours. The reaction
mixture was cooled in an ice bath and a pale yepoecipitate was observed to form from the brown
solution. The solid was filtered under vacuum arasieed with ice cold ethanol (3 x 10 ml) to yield a

buff coloured solid (11.961 g) shown to be prod@&% yield).

'H ((CDy),SO ppm 400 MHz) 6.67 (1 H, s), 4.43 (1 H31,= 6.9 Hz), 1.44 (3 H, &J = 7.32 Hz)
B3¢ {1} 7070707070%9((CD,),SO  ppm 400 MHz) 140.2, 132.4, 114.4, 28.9, 21.0 JR ATR cmi’
3309, 3158, 2967, 2931, 1609, 1488, 1446, 13165,12798, 1094, 1076, 1030.5, 1002, 961, 875,
772, 725, 646. MSn/z (ESI+) 609 ([M+H], 100%), 626 ([M+HO]"15), 631 ([M+Na]20), 646
(IM+K]* 20), 1217 ([2M+H], 25), 1234 ([2M+HO]" 15), 1240 ([2M+Na] 15), 1255 ([2M+K]’

15)

Crystal data for  C-methyl-calix[4]pyrogallolarene diethyl ether Cledke:
(CszH37012-3(CH;CH,OCH,CHs)), M = 830.75, colourless block, 0.10 x 0.08 x 0.04*mmonoclinic,
space grou€2/c (No. 15),a= 27.3835(9)b = 21.9504(7)c = 17.4697(5) A, = 120.1140(10)°V =
9083.4(5) R z=18,D, = 1215 g/crﬁ Fogo = 3568, Bruker-Nonius APEX Il CCD camera on
goniostat, M& radiation, = 0.71073 A, T = 120(2)K, 2 ..« = 55.3°, 53344 reflections collected,

10426 unique R, = 0.0807). FinalGooF= 1.125,R1= 0.0869,wR2= 0.1590,R indices based on
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6989 reflections with | >2 (1) (refinement orF?), 608 parameters, O restraints. Lp and absorption

corrections appliedy = 0.091 mrit.

Crystal data foIC-methyl-calix[4]pyrogallolarene acetonitrile clatite: (G,H3,0:2-3(CH:CN)), M =
731.74, colourless slab, 0.58 x 0.22 x 0.10 *nmonoclinic, space group2/n (No. 13),a =
12.3862(3)b = 7.2689(2)c = 19.9868(6) A, = 94.4630(10)°V = 1794.04(9) A Z=2,D, = 1.355
glen?®, Fooo = 772, Bruker-Nonius Roper CCD camera on gonipsfak radiation, = 0.71073 A,
T = 120(2)K, 2 max = 55.2°, 19932 reflections collected, 4122 uni¢Rg = 0.0525). Final500F =
1.077,R1= 0.0887,wR2= 0.2441 R indices based on 2866 reflections with | X2) (refinement on

F?), 111 parameters, O restraints. Lp and absorgtorections applieds = 0.102 mri.

4  Synthesis ofC-ethyl-calix[4]pyrogallolarene (C2Pg)

OH
o HO OH HCl

Pyrogallol (10 g, 79 mmol) was dissolved in ethafidl0 ml). Hydrochloric acid (37% 25 ml) was
added and the solution was stirred for 5 minutespiBnaldehyde (5.72 ml, 79 mmol) in ethanol (20
ml) was added drop-wise to the acidic pyrogalldugon over 1 hour. The reaction mixture was
stirred for 24 hours at room temperature then vesgdd to 60°C for a further 120 hours. The reaction
mixture was cooled in an ice bath, and the palelpwprecipitate which formed was filtered. The doli
was washed with ice cold chloroform which decolsed the powder to pale grey. NMR confirms

solid as product (4.906 g, 50% yield)

'H ((CD5),SO ppm 400 MHz) 6.88 (1 H, s), 4.03 (1 H21,= 8.48 Hz), 2.15 (2 H, qriJ = 7.32),

0.79 (3 H, £ = 6.88 Hz)."*C {*H} ((CD3),SO ppm 100 MHz) 139.6, 132.9, 124.4, 113.6, 36.1,
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26.0, 12.8. IR max ATR cmi® 3220, 2962, 2872, 1607.5, 1500, 1477, 1384, 18226, 1228, 1209,
1114, 1087, 1057, 1033, 988, 948, 934, 906, 878, 7Z1, 601. MSn/z(ESI) 664 (IM+H]", 30%),
682 ([M+H,0]" 40), 687 ([M+Na] 35), 703 (M+K]" 100), 1329 ([2M+H], 5), 1352 ([M+Nal 40),

1368 ([M+K]" 90)

Crystal data forC-ethyl-calix[4]pyrogallolarene acetonitrile clathea GgHsgO12:5(CH;CN), M =
869.97, Colourless Block, 0.28 x 0.24 x 0.18 fnmonoclinic, space group2,/c (No. 14),a =
11.2014(3),b = 21.3303(4) ¢ = 19.3327(4) A, = 92.1080(10)°V = 4616.02(18) A Z = 4,D, =
1.252 g/cm, Fooo = 1848, Bruker-Nonius Roper CCD camera on gonip$tK radiation, =
0.71073 A, T = 120(2)K, 2 max = 55.1°, 54117 reflections collected, 10598 uni¢fRig = 0.0791).
Final GooF = 1.036,R1= 0.0617wR2= 0.1418,R indices based on 6599 reflections with | X2
(refinement orF?), 605 parameters, O restraints. Lp and absormtrections applieds = 0.091

mmL.
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5 Synthesis ofC-ethyl-calix[4]resorcinarene (C2Rs)

o OH
oH g
. -
H)H EtOH g

Resorcinarene (10 g, 91 mmol) was dissolved inrethél00 ml). Hydrochloric acid (37% 25 ml)
was added and the solution was stirred for 5 mgReopionaldehyde (6.55 ml, 79 mmol) in ethanol
(20 ml) was added drop-wise to the acidic pyroda@dution over 1 hour. The reaction mixture was
stirred for 24 hours at room temperature then vesgdd to 70°C for a further 144 hours. The reaction
mixture was cooled in an ice bath, and the palelpwprecipitate which formed was filtered. The doli
was washed with ice cold chloroform and dried Waauum oven overnight. NMR confirms solid as

product (23.08 g, 88% yield)

'H ((CD,),SO ppm 400 MHz) 7.21 (s, 1H), 6.14 (s, 1H), 4.07 H, 1J = 7.88 Hz), 2.08 (p, 2H) =
6.64, 7.32 Hz), 0.77 (q, 3HJ = 6.96 Hz)"*C{*H} ((CD3),SO ppm 100 MHz) 151.9, 125.1, 123.3,

100.2, 35.3, 27.9, 12.8

Crystal data folC-ethyl-calix[4]resorcinarene: §H400g:(CH;CN)(H,0), M = 659.81, colourless slab,
0.44" 0.33" 0.10 mni, monoclinic, space group2/n (No. 13),a = 13.8457(3)b = 7.8652(2)c =
18.3617(5) Ab = 103.156(2)°V = 1947.09(8) A Z = 2, D, = 1.238 glcmy Fooo = 772, Bruker-
Nonius Roper CCD camera on goniostat,doradiation,] = 0.71073 A, T = 120(2)K, Znax =
55.0° 20276 reflections collected, 4477 unigRg, € 0.0457). FinalGooF = 1.083,R1 = 0.0931,
wR2= 0.2454 R indices based on 3538 reflections with | X®) (refinement orF?), 244 parameters,

0 restraints. Lp and absorption corrections applie= 0.088 mrit.
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6 Synthesis ofC-propyl-calix[4]pyrogallolarene (C3Pg)

Pyrogallol (10 g, 79 mmol) was dissolved in ethafidl0 ml). Hydrochloric acid (37% 25 ml) was
added and the solution was stirred for 5 minutadyfldehyde (7.15 ml, 79 mmol) in ethanol (20
ml) was added drop-wise to the acidic pyrogalldugon over 1 hour. The reaction mixture was
stirred for 24 hours at room temperature then wested to 60°C for a further 120 hours. After 24
hours at 60°C the solution darkened to dark brol¥re mixture was cooled in an ice bath and the
purple precipitate was filtered. The solid was veashwith ice cold toluene which caused

decolourisation. Analysis shows the solid to bedésired product (10.389 g, 77% yield).

'H ((CDy),SO ppm 400 MHz) 6.90 (1 H, s), 4.19 (1H23,= 7.76 Hz), 2.14 (2 H, d)) = 7.8 Hz),
1.18, (2 H, m), 0.88 (3 H, £J = 6.88).*C{*H} ((CD3),SO ppm 100 MHz) 139.6, 132.8, 124.5,
113.6, 34.9, 33.4, 20.8, 13.9. IR, ATR cmi* 3357, 2953, 2927.5, 2867, 1615, 1474, 1465, 1299,
1237, 1196, 1110, 1076.5, 1040, 976, 949, 877, 838, 782, 748, 730, 682, 609, 589. k& (ESI)

721 ([M+HJ", 100%), 736 ([M+HO]" 70)

Crystal data foC-propyl-calix[4]pyrogallolarene ethanol water cliagtte: GoH401,-3CHsOH-2H,0,
M = 895.02, colourless plate, 0.460.20~ 0.03 mni, triclinic, space grougP-1 (No. 2),a =
11.5628(5),b = 12.2343(5)c = 17.2991(9) Aa = 72.332(2)p = 82.829(2)g = 86.732(3)°,V =
2313.04(18) A Z = 2,D, = 1.285 g/cy Fogo = 964, Bruker-Nonius Roper CCD camera on gonipstat
MoKa radiation,] = 0.71073 A, T = 120(2)K, 2. = 55.2°, 45995 reflections collected, 10590

unique Ry = 0.0644). FinalGooF = 1.014,R1= 0.0613,wR2= 0.1301,R indices based on 7213
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reflections with | >2 (I) (refinement onF?), 829 parameters, O restraints. Lp and absorption

corrections appliedy= 0.097 mri.

Crystal data foiIC-propyl-calix[4]pyrogallolarene acetone clathrafgHg0:>-3(CHC(O)CH;), M =
894.40, colourless cut block, 0.560.44" 0.28 mm, monoclinic, space group2/c (No. 13),a =
12.0951(3)b = 14.3546(5)¢ = 15.3913(5) Ap = 109.098(2)°V = 2525.16(14) A Z=3,D, = 1.254
g/cn?®, Fooo = 1024, Bruker-Nonius Roper CCD camera on gonipbtaKa radiation,| = 0.71073 A,
T = 120(2)K, Zmax = 55.1°, 28932 reflections collected, 5805 uni¢ieg = 0.0460). FinalGooF =
1.067,R1= 0.0545wR2= 0.1448 R indices based on 4555 reflections with | X2 (refinement on

F?), 428 parameters, O restraints. Lp and absorpgtorections appliedy= 0.092 mrit.

Crystal data forC-propyl-calix[4]pyrogallolarene diethyl ether watefathrate: GgH11¢02, M =
1637.81, colourless plate, 0.250.22° 0.04 mm, monoclinic, space group2i/c (No. 14),a =
20.6338(8)b = 11.2266(4)c = 36.0871(15) Ap = 92.6060(10)°V = 8350.8(6) &, Z = 4,D, = 1.303
glen?®, Foeo = 3504, MdKa radiation,] = 0.71073 A, T = 120(2)K, 2« = 55.0°, 81565 reflections
collected, 18806 uniqudf; = 0.1095). FinaGooF = 1.038,R1= 0.1180,wR2= 0.3195,R indices
based on 8934 reflections with | >2I) (refinement orF?), 1082 parameters, 0 restraints. Lp and

absorption corrections appliedz= 0.097 mrt.

Crystal data foC-propyl-calix[4]pyrogallolarene acetonitrile watelathrate: GoH4s01,-C,H3sN1 H,0,

M = 794.11, colourless lath, 0.260.12" 0.02 mmi, triclinic, space groupl (No. 1),a = 12.3620(5),

b = 18.9976(10)¢ = 20.0390(11) Aa = 62.434(2) b = 76.306(3)g= 88.490(3)°V = 4034.3(3) &
Z=4,D. = 1.307 g/crﬁ Fooo = 1691, Bruker-Nonius APEX Il CCD camera on gotabsMadKa
radiation,] = 0.71073 A, T = 120(2)K, Zjnax = 55.7°, 59550 reflections collected, 32632 unifRie

= 0.1164). FinalGooF = 1.031,R1= 0.1443,wR2= 0.2400,R indices based on 13301 reflections
with 1 >2 (I) (refinement onF?), 2145 parameters, 3 restraints. Lp and abserptimrections
applied,m= 0.096 mrit. Absolute structure parameter = 3(3) (Flack, HABta Cryst 1983 A39

876-881).
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7 Synthesis ofC-butyl-calix[4]pyrogallolarene (C4Pg)

Pyrogallol (10 g, 79 mmol) was dissolved in ethafidl0 ml). Hydrochloric acid (37% 25 ml) was

added and the solution was stirred for 5 minutesit&hal (8.43 ml, 79 mmol) in ethanol (20 ml) was
added drop-wise to the acidic pyrogallol solutim@iol hour. The reaction mixture was stirred for 24
hours at room temperature then was heated to Gi°&€ further 120 hours. The reaction mixture was
cooled in an ice bath and the resulting grey pratp was filtered, and washed with ice cold

methanol. NMR shows precipitate to be product (7.§%1% Yield).

'H ((CD3),SO ppm 400 MHz) 6.86 (1 H, s), 4.16 (1 H31,= 7.8 Hz), 2.13 (2 H, m), 1.32 (2 H, m),
1.17 (2 H, m), 0.85 (3 H, £) = 7.76 Hz)"*C{*H} ((CD3),SO ppm 100 MHz) 139.6, 132.8, 124.5,
113.5, 33.9, 33.1, 22.2. 14.3 IR, ATR cmi' 3451, 2953, 2926, 2857, 1619, 1495, 1466, 13746,12
1179, 1114, 1067, 1044, 1011, 969, 935, 873, 839, 718, 676, 610, 584. M&/z (ESI) 776

(IM+H] ", 95%), 792 (IM+HO]* 100)

Crystal data foC-butyl-calix[4]pyrogallolarene diethyl ether watgathrate: GgH;,016, M = 905.06,

colourless plate, 0.200.16" 0.02 mni, monoclinic, space group2;/c (No. 14),a = 20.6564(9)b =

13.1221(6),c = 18.2667(7) Ap = 108.700(2)°V = 4689.9(3) A Z = 4, D, = 1.282 glcr) Fogo

1952, Bruker-Nonius APEX Il CCD camera on gonigstdbKa radiation,] = 0.71073 A, T
120(2)K, 2gmax = 55.3°, 38021 reflections collected, 10627 uni¢g = 0.0702). FinalGooF =
1.092,R1=0.0999wR2= 0.1653,R indices based on 6377 reflections with | f2 (refinement on

F?), 623 parameters, 4 restraints. Lp and absorgtorections applied7= 0.095 mrit.
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Crystal data foiC-butyl-calix[4]pyrogallolarene acetonitrile watetattrate: GgH7,01,, CH3N; H,0,
M = 846.11, colourless block, 0.240.24° 0.1 mmni, trigonal, space grouR (No. 148),a= b =
35.7719(4),c = 21.3642(6) AV = 23675.6(8) A Z = 21,D, = 1.246 glcy Fooo = 9486, Bruker-
Nonius Roper CCD camera on goniostat,doradiation,] = 0.71073 A, T = 120(2)K, Znax =
55.0° 69106 reflections collected, 12075 unigig € 0.1073). FinalGooF = 1.503,R1= 0.1611,
wR2= 0.4251 Rindices based on 6042 reflections with | X2 (refinement orfF?), 664 parameters,

1 restraint. Lp and absorption corrections applied 0.089 mrit.
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8 Synthesis ofC-pentyl-calix[4]pyrogallolarene (C5PQ)

Pyrogallol (10 g, 79 mmol) was dissolved in ethafi@0 ml). Hydrochloric acid (37% 25 ml) was

added and the solution was stirred for 5 minutesxanal (9.75 ml, 79 mmol) in ethanol (20 ml) was
added drop-wise to the acidic pyrogallol solutim@iol hour. The reaction mixture was stirred for 24
hours at room temperature then was heated to 68°& further 120 hours. The dark purple solution
was cooled in an ice bath and the purple precgitgtiich formed was filtered and washed with ice
cold methanol to give a pale purple solid which weed in a vacuum oven. NMR shows solid to be

product (8.13 g 49% Yield)

'H ((CD3),SO ppm 400 MHz) 6.82 (1 H, s), 4.15 (1 H21,= 7.7 Hz), 2.11 (2 H, m), 1.30-1.05 (6 H,

m), 0.84 (3 H, t3J = 7.14).2*C{*H} ((CD3),SO ppm 100 MHz) 139.7, 132.9, 124.5, 113.4, 33.9,
33.14, 31.6, 27.7, 22.4, 14.1. IR ATR cm’ 3369, 3187, 2953, 2930, 2860, 1625, 1609, 1473,
1386, 1311, 1274, 1186, 1118, 1085, 1034, 980, 948, 878, 869, 859, 829, 781, 765, 723, 676,

606. MSm/z(ESI) 833 ([M + H]", 40), 413 ([M + 2H]", 100%)

Crystal data forC-pentyl-calix[4]pyrogallolarene acetonitrile watetathrate: GoHegNO13, M

892.06, colourless plates, 0°50.44° 0.05 mm, monoclinic, space group2./c (No. 14), a
18.587(4),b = 13.270(3)c = 19.692(4) Ap = 90.31(3)°V = 4857.1(17) A Z=4,D. = 1.220 g/cm
Fooo = 1920, MdKa radiation,] =0.71073 A, T = 120(2)K, Zax= 55.0°, 47651 reflections collected,
11092 unique R, = 0.0671). FinalsooF = 1.042,R1= 0.0968,wR2= 0.2495,R indices based on
7618 reflections with | >2 (1) (refinement orF?), 630 parameters, 12 restraints. Lp and absarptio

corrections appliedy= 0.087 mrit
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9 Synthesis ofC-hexyl-calix[4]pyrogallolarene (C6PQ)
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Pyrogallol (10 g, 79 mmol) was dissolved in ethafidl0 ml). Hydrochloric acid (37% 25 ml) was

added and the solution was stirred for 5 minutesptihal (11.1 ml, 79 mmol) in ethanol (20 ml) was
added drop-wise to the acidic pyrogallol solutim@iol hour. The reaction mixture was stirred for 24
hours at room temperature then was heated to 60°@ further 120 hours. The reaction was then
cooled, and the pale pink precipitate was filteasdl washed with ice cold methanol. NMR shows

solid (12.598 g) to be product (72% Yield).

'H ((CD5),SO ppm 400 MHz) 6.78 (1 H, s), 4.20 (1 H31,= 7.76 Hz), 2.09 (2 H, m), 1.30-1.10 (8

H, m), 0.85 (3 H, t3J = 7.04 Hz),*C{*H} ((CD3),SO ppm 100 MHz) 139.7, 132.7, 124.3, 113.3,
33.7, 33.3, 31.3, 28.7, 27.7, 22.0, 13.7, }R ATR cm’ 3266, 2952, 2926, 2855, 1691, 1611, 1477,
1467, 1314, 1202, 1115, 1078, 1039, 1004, 973, 843, 779, 721, 591, 497. MB/z(ESI) 911 (M

+NaJ", 30), 889 ([M + HI', 20%), 685 ([M — 1 GH:¢05 subunit]’, 100), 445 (M + 2H[", 20).

Crystal data forC-hexyl-calix[4]pyrogallolarene hydrochloride aceitoite clathrate: GH-7CINO;s3,

M = 983.62, colourless block, 0.240.20 " 0.10 mn, triclinic, space groug>-1 (No. 2),a =
10.6780(4),b = 12.4618(5)c = 21.1907(10) Aa = 105.968(2)p = 98.239(2) g= 95.678(2)°\V =
2654.49(19) A Z = 2, D, = 1.231 gl/c®y Fopo = 1058, Bruker-Nonius Roper CCD camera on
goniostat, M&a radiation,| = 0.71073 A, T = 120(2)K, Zmax = 55.2°, 55436 reflections collected,
12183 unique R, = 0.1121). FinalGooF = 1.035,R1= 0.0758wR2= 0.1735,R indices based on
6663 reflections with | >X(1) (refinement onF?), 647 parameters, 0 restraints. Lp and absorption

corrections appliedy= 0.135 mr.
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10 Synthesis ofC-heptyl-calix[4]pyrogallolarene (C7Pg)
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Pyrogallol (10 g, 79 mmol) was dissolved in ethafid0 ml). Hydrochloric acid (37% 25 ml) was
added and the solution was stirred for 5 minuteta@al (12.40 ml, 79 mmol) in ethanol (20 ml) was
added drop-wise to the acidic pyrogallol solutim@iol hour. The reaction mixture was stirred for 24
hours at room temperature then was heated to 60°& further 120 hours. The reaction mixture was
cooled in an ice bath and after 1 hour a grey ahys¢ solid had formed in the solution. The salids
filtered off, and washed with ice cold methanold alniedin-vacua Analysis shows the solid (13.199

g) to be the desired product (71% Yield).

'H ((CD3),SO ppm 400 MHz) 6.72 (1 H, s), 4.13 (1 H31,= 7.32 Hz), 2.04, (2 H, m), 1.30-1.05 (10

H, m), 0.82 (3 H, t3J = 7.7 Hz).*C{H} ((CD3),SO ppm 100MHz) 139.8, 133.0, 124.4, 113.2, 34,
33, 31.5, 30, 29.0, 28, 22.2, 14.0. IR ATR©®269.8, 2922.9, 2853.2, 1612.2, 1479.5, 1465.0,
1378.1, 1314.9, 1240.3, 1200.2, 1115.8, 1086.3510D78.7, 944.5, 870.3, 781.9, 721.7, 614.8,

598.4, 574.9, 499.5 MB/z(ESI) 944 (M + H[', 100%), 961 ([M + HOJ", 80).

Crystal data forC-heptyl-calix[4]pyrogallolarene diethyl ether watelathrate: GH10dO1, M =
1092.63, colourless block, 0.440.17" 0.12 mni, triclinic, space group-1 (No. 2),a= 10.649(2)p
=15.580(3)c = 20.359(4) Aa = 109.79(3) b = 93.19(3) 9= 98.00(3)°V = 3128.3(11) A Z=2,D,
= 1.178 gl/cmy Fogo = 1208, Bruker-Nonius 95mm CCD camera on gonipdteKa radiation,| =

0.71073 A, T = 120(2)K, Zmax = 56.1°, 55974 reflections collected, 14352 uni(Rg = 0.0697).
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Final GooF = 1.401,R1= 0.1272,wR2= 0.3665,R indices based on 8252 reflections with | X2
(refinement onF?), 720 parameters, O restraints. Lp and absorgtarrections applied7= 0.082
mm™.

Crystal data forC-heptyl-calix[4]pyrogallolarene ethanol water clatte: Gi-H196040, M = 2180.00,
colourless plate, 0.10 0.08" 0.01 mm, triclinic, space groug?-1 (No. 2),a = 16.539(2),b =
16.629(2),c = 23.088(3) Aa = 73.037(2)» = 81.318(2) g= 85.089(2)°V = 5998.2(13) A Z = 4,
D.=1.197 g/crﬁ Fooo = 2350, Bruker SMART APEX2 CCD diffractometer, siinotron radiation|
=0.6884 A, T = 120(2)K, Zax = 42.5°, 33635 reflections collected, 14617 uni(Rg = 0.0488).
Final GooF = 1.040,R1= 0.0998wR2= 0.2717,R indices based on 8324 reflections with | @)
(refinement orfF?), 1437 parameters, 21 restraints. Lp and absormirrections appliedy= 0.085
mm™.

Crystal data for C-heptyl-calix[4]pyrogallolarene hydrochloride aceitole water clathrate:
CsgHgsCINO,5, M = 1037.70, colourless slab, 0.2(0.18" 0.07 mn, triclinic, space grouf-1 (No.
2), a = 10.6185(2),b = 12.5157(4),c = 22.7434(7) Aa = 105.9370(10)p = 99.380(2)g =
95.389(2)°,V = 2836.72(14) A Z = 2, D, = 1.215 glcy Foo = 1118, Bruker-Nonius Roper CCD
camera on goniostat, M@ radiation,] = 0.71073 A, T = 120(2)K, Znax = 55.1°, 52483 reflections
collected, 12933 uniqudf; = 0.0701). FinalGooF = 1.030,R1= 0.0646,wR2= 0.1602,R indices
based on 8980 reflections with | >ZI) (refinement orF?), 663 parameters, O restraints. Lp and

absorption corrections applied= 0.130 mr.

Crystal data forC-heptyl-calix[4]pyrogallolarene ethyl acetate clatie: GoHgsO14, M = 1033.30,
Colourless Block, 0.58 0.54" 0.50 mn, trigonal, space grouR-3 (No. 148),a= b = 30.059(4)c
=36.910(7) AV = 28883(8) &, Z = 18,D. = 1.069 g/cm Fyeo = 10080, Bruker-Nonius 95mm CCD
camera on goniostat, M@ radiation,| = 0.71073 A, T = 120(2)K, Zjnax = 55.3°, 87065 reflections
collected, 14718 uniqudf; = 0.0900). FinaGooF = 1.866,R1= 0.2298,wR2= 0.5702,R indices
based on 5728 reflections with | >ZI) (refinement onF?), 315 parameters, O restraints. Lp and

absorption corrections applied= 0.075 mr.
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11 Synthesis ofC-octyl-calix[4]pyrogallolarene (C8Pg)

T
o
+
I
d
o
T
m I
5] @9
T

Pyrogallol (10 g, 79 mmol) was dissolved in ethafi@l0 ml). Hydrochloric acid (37 %, 25 ml) was
added and the solution was stirred for 5 minutesaxal (13.64 ml, 79 mmol) in ethanol (20 ml) was
added drop-wise to the acidic pyrogallol solutim@iol hour. The reaction mixture was stirred for 24
hours at room temperature then was heated to 66°@ further 120 hours. The red solution was
cooled in an ice bath for 1 hour and the resulgiimi precipitate was filtered, and washed withtdeli
ice cold methanol and dried to yield cream colowelild which was shown to be product (16.846 g,

85 % Yield).

'H ((CD,),SO ppm 400 MHZz) 6.74 (1 H, s), 4.15 (1 H31,= 7.44 Hz), 2.06 (2 H, m), 1.34 — 1.05
(12 H, m), 0.85 (3 H, t)**C{*H} ((CD4),SO ppm 100 MHz) 139.7, 132.9, 124.3, 113.1, 33.9333.
31.4, 29.4, 29.3, 28.9, 28.0, 22.2, 14.0. |R, ATR cm* 3277, 2922, 2853, 1612, 1478.5, 1465,
1377.5, 1312, 1236, 1209, 1116, 1086, 1036, 979, 889, 775, 720.5, 595, 576.0, 500, Mtz

(ESI+) 1119 ((M+H[, 15%), 412.08 (100), 250 (20)

Crystal data for C-octyl-calix[4]pyrogallolarene hydrochloride acetiite water clathrate:
CooHggO12-CHsCN-H,0-HCI M = 1106.91, colourless block, 0.580.24" 0.12 mmi, triclinic, space
groupP-1 (No. 2),a=10.6979(6)b = 12.5868(8)¢ = 23.5520(17) Aa = 76.818(3) b= 78.637(3)g
= 84.395(4)°V = 3022.6(3) A Z = 2, D, = 1.216 glcmy Foo = 1208, Bruker-Nonius Roper CCD
camera on goniostat, M@ radiation,| = 0.71073 A, T = 120(2)K, Zjnax = 55.4°, 55444 reflections

collected, 13645 uniqudf; = 0.1319). FinaGooF = 1.005,R1= 0.0860,wR2= 0.2020,R indices
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based on 6082 reflections with | >ZI) (refinement orF?), 768 parameters, 66 restraints. Lp and

absorption corrections appliedr 0.126 mrit.

12 Synthesis ofC-decyl-calix[4]pyrogallolarene (C10Pg)

T
o
+
I
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o
T
m I
5] @9
T

Pyrogallol (10 g, 79 mmol) was dissolved in ethafidl0 ml). Hydrochloric acid (37 % 25 ml) was

added and the solution was stirred for 5 minuteddddanal (16.37 ml, 79 mmol) in ethanol (20 ml)
was added drop-wise to the acidic pyrogallol solutover 1 hour. The reaction mixture was stirred
for 24 hours at room temperature then was heat&®iG for a further 120 hours. The red / orange
solution was cooled ad a cream coloured precipitély formed. The precipitate was filtered and

dried in a vacuum oven to yield product (21.8299% Yield)

'H ((CD5),SO ppm 400 MHz) 6.71 (1 H, s), 4.22 (1 H23,= 7.8), 2.04 (2H, m), 1.24 (14 H, m),
0.84 (5 H, m)*C{*H} ((CD3),SO ppm 100 MHz) 139.7, 132.6, 124.0, 112.9, 33.6, 33130, 29.0,
28.9, 28.8, 28.7, 28.4, 27.6, 21.8, 13.5. }& ATR cm* 3540, 3505, 3310, 2955, 2919, 2851, 1613,
1466, 1378, 1307.5, 1237, 1119, 1082.5, 1045, 948, 878, 781, 721, 682, 608, 585, 496, 425, 413,

MS m/z (ESI+) 1013 ([M+H],20%), 790 (5), 526 (70), 388 (100)
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13 Synthesis ofC-(dec-10-ene)-calix[4]pyrogallolarene (C10enePg)

Pyrogallol (1 g, 8 mmol) anp-toluene sulfonic acid (2 mg 0.01 mmol) were grotmgkther to a fine

powder with a mortar and pestle. Undecyleneic gideh(1.68 ml, 8 mmol) was added and the
mixture was ground together. After 10 minutes ahdjing the mixture had become viscous and
thickened. This mixture was left to stand for aruthavhereupon it hardened and became brittle.
Recrystallisation of this solid from acetonitrilavg a white solid which was shown by NMR and MS

to be the desired product (2.01 g, 1.8 mmol, 8884dyi

H ((CDCl; ppm 400 MHz) 6.76 (s, 1H), 5.75 (m, 1H), 4.87 (1H)24.29 (s, 1H), 2.14 (s, 2H), 1.98
(m, 2H) 1.30 (m, 12H)*C{'H} ((CD3),SO ppm 100 MHz) 139.1, 138.4, 137.3, 131.3, 125.3,024
114.1, 33.9, 30.0, 29.8, 29.7, 29.6, 29.3, 29.13 2R . ATR cni* 3451, 2923, 2852, 1638, 1505,

1466, 1276, 907, 720 391, M&z(ESI) 1127 ((M+Na], 100%)

Crystal data forC-(dec-10-ene)-calix[4]pyrogallolarene ethyl acetatathrate: GsoHg24084 M =
7128.63, colourless block, 0.370.23" 0.10 mni, trigonal, space group-3 (No. 148),a= b =
37.216(5),c = 26.038(5) A,V = 31232(9) R Z = 3, D, = 1.166 glcm Foeo = 11826, M&a
radiation,l = 0.71073 A, T = 120(2)K, 2.« = 46.6°, 88333 reflections collected, 10033 unitRig
=0.0696). FinaGooF=1.674,R1=0.1247wR2= 0.3531Rindices based on 5809 reflections with
I >2 (1) (refinement orF?), 786 parameters, 11 restraints. Lp and absergtiorections applied7=

0.081 mnit.
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14 Synthesis ofC-Propanol-calix[4]pyrogallolarene (C30H Pg)

OH
HO OH o) HCI

Pyrogallol (10 g, 79mmol) was dissolved in methaf&fiml). Hydrochloric acid (15 ml 37%) was

added and the mixture stirred for 5 minutes. 2,8yDiopyran (6 ml 79 mmol) was added drop-wise
to the acidic pyrogallol solution and the mixtur@sastirred for 1 hour at room temperature. The
reaction mixture was heated to 30°C for 12 houtsrafhich the temperature was increased to 50°C
and the reaction was stirred for a further 144 koiihe reaction was cooled in an ice bath, the
colourless precipitate which formed was filterefl @he solid was suspended in water and sonicated
for 30 minutes. The solid was filtered and drieéimacuum oven. Analysis shows solid to be product

(7.649 g 49% Yield).

'H ((CD,),SO ppm 400 MHz) 6.87 (1 H, s), 4.13 (1 H%1,= 7.8 Hz), 3.42 (2 H, £J = 6.4 Hz), 2.15
(2 H, m), 1.33 (2 H, m)}*c{*H} ((CD3),SO ppm 100 MHz) 139.6, 132.9, 124.5, 113.5, 60.7, 33.6
31.3, 29.2, MSM/z (ESI) 807 [M+Na], 100%), IR max ATR cm* 3194, 2946, 1637, 1466, 1297,

1092, 1047, 970, 867, 676, 493

Crystal data folC-(3-hydroxypropane)-calix[4]pyrogallolarene acetomgter clathrate: £Hs60.0, M
= 892.94, colourless Blade, 0.500.20 "~ 0.05 mni, triclinic, space groupP-1 (No. 2),a =
10.4216(3),b = 10.8206(4)c = 11.8989(5) Aa = 91.955(2) b = 104.612(2)g= 116.399(2)°V =
1146.33(7) R Z=1,D, = 1.398 glcy Fogo = 516, Bruker-Nonius 95mm CCD camera on goniostat,
MoKa radiation| = 0.71073 A, T = 120(2)K, 2 = 55.5°, 23346 reflections collected, 5293

unique Ry = 0.0470). FinalGooF = 1.061,R1= 0.0536,wR2= 0.1416,R indices based on 3766
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reflections with | >2 (I) (refinement onF?), 435 parameters, O restraints. Lp and absorption

corrections appliedy= 0.118 mr.

Crystal data for C-(3-hydroxypropane)-calix[4]pyrogallolarene tetrdhgfuran water clathrate:
CasHecO10, M = 892.92, Colourless Block, 0.140.07° 0.03 mni, monoclinic, space groug2/n (No.
13),a= 13.9100(4)b = 9.6399(2)c = 16.1474(4) Ap = 90.4790(10)°V = 2165.15(9) A Z = 2,D,
= 1.370 g/crﬁ Fooo = 952, Bruker-Nonius 95mm CCD camera on goniodthiKa radiation,| =
0.71073 A, T = 120(2)K, Zmax = 55.0°, 31057 reflections collected, 4969 uni¢Bg = 0.0500).
Final GooF = 1.066,R1= 0.0627wR2= 0.1699,R indices based on 4149 reflections with | X2
(refinement onF?), 386 parameters, O restraints. Lp and absorgtarrections applied7= 0.107
mm™.

Crystal data folC-(3-hydroxypropane)-calix[4]pyrogallolarene acetomgter clathrate: §HgsOo5, M
= 1147.24, Colourless Needle, 0.168.014" 0.015 mm, monoclinic, space group2;/c (No. 14),a
= 15.051(2) b = 16.979(2)c = 27.627(3) A = 122.481(5)°V = 5955.7(12) A Z = 4,D, = 1.279
g/cm3, Fooo = 2464, Bruker SMART APEX2 CCD diffractometer, shinotron radiationl = 0.6941
A, T=120(2)K, 2.« = 54.3°, 51684 reflections collected, 13142 uni(iyg = 0.0364). FinaGooF
=1.029,R1=0.0413,wR2= 0.1028,R indices based on 9860 reflections with | X2) (refinement

onF?), 919 parameters, O restraints. Lp and absorpgtorections applied7= 0.101 mrit.
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15 Synthesis ofC-Propanol-Calix[4]resorcinarene (C30H Rs)

Resorcinol (5 g 45 mmol) was dissolved in methg@060 ml). Hydrochloric acid (37% 50 ml) was
added and the solution was stirred for 5 minute®ain temperature. 2,3-Dihydropyran (3.18 g, 45
mmol) in methanol (50 ml) was added drop-wise ® dicidic resorcinol solution over 1 hour. The
reaction mixture was stirred for 1 hour at room genature under an atmosphere of nitrogen. The
reaction was then heated to 60°C for 144 hours.réhetion was then cooled in an ice bath and the
resulting precipitate was filtered. The off-whitelid was suspended in water and sonicated for 15
minutes. The white solid was filtered once more dridd in a vacuum oven overnight. NMR shows

solid (5.29 g) to be product (65 % Yield).

'H NMR(CD,OD / DO ppm 400 MHz) 7.23 (s, 1H), 6.23 (s, 1H), 4.25 |, 11 = 7.71 Hz), 3.60 (t,
2H, % = 6.75 Hz), 2.23 (m, 2H), 1.48 (m, 2HJC{*H} NMR (CD;0D / D,O ppm 100 MHz) 152.6,
141.4, 125.4, 103.9, 62.8, 35.9, 31.9, 30.7, IR AR 3159, 2934, 1616, 1498, 1441, 1366, 1285,

1223, 1157, 1021, 845, 518, MSz(ESI+) 743 [M+Na] (100%)

Crystal data foC-(Propan-3-ol)-calix[4]resorcinarene acetonitrileter clathrate: ggH,04N4Os6, M =
3175.35, Orange Plate, 0.580.50 ~ 0.10 mni, monoclinic, space group2/c (No. 14),a =
13.379(3),b = 19.146(4)c = 18.112(7) Ap = 119.50(2)°V = 4038(2) R, Z = 1, D, = 1.306 g/cmy
Fooo = 1688, Bruker-Nonius 95mm CCD camera on gonipstaKa radiation,| = 0.71073 A, T =
120(2)K, 2gmax = 55.1°, 50561 reflections collected, 9277 unifiRig = 0.0465). FinaGooF= 1.075,
R1= 0.0954,wR2= 0.2464 R indices based on 6613 reflections with | >@) (refinement orF?),

532 parameters, O restraints. Lp and absorptioreciions applieds= 0.098 mrit.
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Crystal data for C-(Propan-3-ol)-calix[4]resorcieae acetonitrile water clathrate;,B5;NO;s, M =
811.88, light yellow slab, 0.400.32" 0.14 mni, tetragonal, space grofd,/ncm(No. 138),a= b=
15.48520(10) ¢ = 17.4646(3) AV = 4187.86(8) A Z = 4, D, = 1.294 glcriy Fooo = 1744, Bruker-
Nonius 95mm CCD camera on goniostat, MoKadiation,| = 0.71073 A, T = 120(2)K, Zax =
55.0° 34174 reflections collected, 2533 uniqug; €(R0.0442). FinalGooF = 1.210,R1 = 0.0890,
WR2 = 0.2194,R indices based on 2305 reflections with | >2sigihd(efinement onF?), 152

parameters, O restraints. Lp and absorption coorecapplied/7= 0.098 mrit.

16 Synthesis of CpNitrobenzene-calix[4]pyrogallolarene (CpNO2C6H4

Pg)

O, H o OoH
OH MO ® OH
+ = 1
EtOH
OH 4
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e
o/g'\\o
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Pyrogallol (10 g, 79 mmol) was dissolved in ethafid@0 ml), hydrochloric acid (37% 25 ml) was
added and the solution was stirred for 5 minutesain temperaturg-Nitrobenzaldehyde (11.9 g 79
mmol) in ethanol (20 ml) was added drop-wise ovenolr to the acidic pyrogallol solution. The
mixture was stirred at room temperature for 1 hbarheated to 60°C for 120 hours. The mixture was
then cooled and the resulting precipitate wasréltieoff and the solid (14.29 g) was washed with ice

cold methanol. Analysis shows solid to be the @elsproduct (70% yield)

'H ((CD5),SO ppm 400 MHz) 7.76 (d, 2H® = 8.72 Hz), 6.84 (d, 2H,J = 8.28 Hz), 5.83 (s, 1H),
5.77 (s, 1H), 1.22 (s, 1H}’C{*H} ((CD3),SO ppm 100 MHz) 152.8, 144.7, 142.8, 142.4, 131.9,
129.9, 122.2, 121.0, 119.9, 48.6, IRy ATR cni'3435, 2926, 1624, 1603, 1518, 1462, 1350, 1287,
1077, 1013, 859, 818, 700, 563 MSz (ESI+) 1037 [M+H] (25%), 1059 [M+Na] (100), 1122
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Crystal data forC-(4-nitrophenyl)-calix[4]pyrogallolarene ethyl mgthketone water clathrate:
CsgH4N,047, M = 798.74, brown-green block, 0.10.10" 0.04 mni, triclinic, space group-1 (No.
2),a=10.909(4)b = 14.075(5)c = 14.615(5) Aa = 91.686(4) b = 106.942(4) g= 102.816(4)°V =
2082.5(13) R Z = 2, D, = 1.274 glcry Fooo = 840, Bruker SMART APEX2 CCD diffractometer,
synchrotron radiatiorl, = 0.7977 A, T = 120(2)K, 2. = 47.1°, 15321 reflections collected, 7279
unique (R = 0.0375). FinalGooF = 1.811,R1= 0.1580,wR2= 0.4365,R indices based on 4325
reflections with | >2 (I) (refinement onF?), 425 parameters, O restraints. Lp and absorption

corrections appliedy= 0.101 mri.

17 Synthesis of 3-Bromopropanol

o)
)]\/\ BH; SMe,
HO Br TH—F> HO™ "By

In a flame-dried, 3 necked round bottomed flaslr@mopropionic acid (20 g, 131 mmol) was
dissolved in freshly distilled THF (250 ml). Borameethyl sulphide complex (12.6 ml, 131 mmol) in
THF (200 ml) was added drop-wise. When half theahersolution was added, the reaction was
heated to reflux. Once at reflux the remaining heraas added drop-wise. The reaction mixture was
stirred for 2 hours at reflux, then cooled to rommperature. The reaction was slowly poured ir¢o ic
cold methanol (400 ml), once the addition was cateplthe solution was allowed to warm to room
temperature and was then stirred for 1 hour. Theeabwas removed by rotary evaporation, and the

resulting yellow oil (18 g 129 mmol) shown to b@guct. (99 % Yield)

'H (CDCl ppm, 400 MHz) 3.71t( 2H, %) = 6.46 Hz), 3.42t( 2H,%) = 6.36 Hz), 2.021q, 2H,%) =
6.12 Hz),"*C{*H} (CDCl;, ppm, 100 MHz) 54.9, 38.8, 30.2, IRax ATR cm* 3328, 2949, 2882,
1726, 1254, 1082, 910, 646, 563, Mz (ESI) 137 [M+H] (5%), 120 [M — OH + HJ (100), 58 [M

— Br+ H]* (90)
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18 Synthesis of 3-Bromopropanal

PCC
HO "
DCM

To a rapidly stirring solution of 3-bromopropandlO(g, 72 mmol) in dichloromethane (300 ml),

pyridinium chlorochromate was added (18.56 g, 86othnirhe pale yellow solution immediately

darkened to a deep brown colour, and the solutias keated to reflux for 3 hours. The reaction was
monitored by thin layer chromatography (3:7 ethgétate / 40 — 60°C petroleum ether on silica) and
once the starting materials had been consumed &teurs at reflux, the black solution was cooled
and was passed through a silica plug which was wseshed with further portions of dichloromethane
to ensure complete recovery of product. The solwerst then removed by rotary evaporation to yield

a yellow oil (7.45 g, 54 mmol), which on analysiassshown to be the desired product. (76 % vyield)
'H (CDCl; ppm, 400 MHz) 9.779 1H), 3.43{, 2H,%) = 6.5 Hz), 2.64t( 2H,%) = 6.7 Hz),*C{'H}

(CDCl;, ppm, 100 MHz) 202.0, 32.91, 42.2, IR, ATR cmi*2925, 2857, 1727, 1421, 1259, 1122,

1072, 921, MSn/z(ESI) 137 [M+H]", (20%), 57 [M — Br] (100)
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19 Synthesis of 4-Bromobutanol

BH; SMe.
Br 3 2 AN Br
HO > HO
THF

In a flame dried, 3 necked round bottomed flaskrdmobutyric acid (5 g, 30 mmol) was dissolved in
freshly distilled THF (200 ml). Borane-methyl suigé complex (2.9 ml, 30 mmol) in THF (200 ml)
was added drop-wise to the solution. When half ibeane solution was added, the reaction was
heated to reflux. Once at reflux the remaining berwas added drop-wise. The reaction mixture was
stirred for 1% hours at reflux and then cooleddom temperature. The reaction was slowly poured
into ice cold methanol (400 ml), once the additieas complete, the solution was allowed to warm to
room temperature and was then stirred for a furtheur. The solvent was removed by rotary

evaporation, and the resulting yellow oil (4.36Zdwn to be product. (95 % Yield)

'H (CDCkL ppm, 400 MHz) 3.55t( 2H, %) = 6.43 Hz), 3.38t( 2H,3J = 6.65 Hz), 1.86qn, 2H,%] =
7.85, 6.96 Hz), 1.62q0, 2H, %) = 8.10, 6.46)C{*H} (CDCl;, ppm, 100 MHz) 60.9, 33.4, 30.6,
28.9, IR na ATR cmi' 3331, 2944, 1630, 1035, 392, M¥z (ESI) 151 [M+H]", (5%), 134 [M -

OH]" (25), 55 [M - OH & - Br]" (100)
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20 Synthesis of 4-Bromobutanal

PCC

(o}
Br
HO/\/\/ — H)J\/\/Br

DCM

To a rapidly stirring solution of 4-bromobutanol 8 20 mmol) in dichloromethane (100 ml),
pyridinium chlorochromate was added (5.06 g, 12 imbhe pale yellow solution immediately
darkened to a deep brown colour, and the solutias keated to reflux for 3 hours. The reaction was
monitored by thin layer chromatography (3:7 ethydtate / 40 — 60°C petroleum ether on silica) and
once the starting materials had been consumedbldlo& solution was cooled and was passed through
a silica plug which was then washed with furthertipas of dichloromethane to ensure complete
recovery of product. The solvent was then removerbtary evaporation to yield a yellow oil (2.72 g,
18 mmol), which on analysis by gas chromatographmass spectrometry was shown to be the

desired product. (92 % vyield)

'H (CDCl; ppm, 400 MHz) 9.7551H), 2.62 {, 2H,3J = 7.39 Hz), 2.44t( 2H,3) = 7.17 Hz), 2.12
(an, 2H,3%) = 6.74, 6.52 Hz)**C{*H} (CDCl;, ppm, 100 MHz) 200.8, 53.4, 42.1, 32.7, 24.9, IR,
ATR cmi* 2927, 2860, 1720, 1459, 1440, 1400, 1259, 1174, 835, MSm/z (ESI) 151 [M+H]",

(20%), 71 [M — BI]"(100)
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21 Synthesis of 5-Bromopentanol

o)
)]\/\/\ BH; SMe,
HO B TP HO O gy
THF

In a flame dried, 3 neck round bottomed flask, &rbopenanoic acid (20 g, 110 mmol) was dissolved
in freshly distilled THF (200 ml). Borane-dimettsulfide complex (10.6 ml, 110 mmol) in THF (200
ml) was added drop-wise. When half the borane issluvas added, the reaction was heated to reflux.
Once at reflux the remaining borane was added diep-to the refluxing solution. The reaction
mixture was stirred for 2 hours at reflux, and thlwmmled to room temperature. The reaction was
slowly poured into ice cold methanol (400 ml), ortbe addition was complete, the solution was
allowed to warm to room temperature and was theredtfor 1 hour. The solvent was removed by
rotary evaporation, and the resulting yellow oB.(19 g, 108 mmol) upon analysis was shown to be

the desired product. (99 % Yield)

'H (CDCk ppm, 400 MHz) 3.57t( 2H, %) = 6.22 Hz), 3.36t( 2H,3J = 6.51 Hz), 1.83qn, 2H,%) =
6.73, 7.65 Hz), 1.56 - 1.42n( 4H), °C{*H} (CDCl,;, ppm, 100 MHz) 62.2, 33.7, 32.2, 31.5, 24.3, IR
max ATR cmi® 3333, 2937, 2864, 1732, 1455, 1431, 1246, 1043, 831, 559, MSn/z (ESI) 167

[M+H] ", (40%), 87 [M — Br]"(100)
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22 Synthesis of 5-Bromopentanal

PCC

(0]
NN — )J\/\/\
HO Br Br

H
DCM

To a rapidly stirring solution of 5-bromopentand0(g, 60 mmol) in dichloromethane (400 ml),
pyridinium chlorochromate was added (25.8 g, 120othnirhe pale yellow solution immediately
darkened to a deep brown colour, and the solutias keated to reflux for 3 hours. The reaction was
monitored by thin layer chromatography (3:7 ethydtate / 40 — 60°C petroleum ether on silica) and
once the starting materials had been consumedbldlo& solution was cooled and was passed through
a silica plug which was then washed with furthertipas of dichloromethane to ensure complete
recovery of product. The solvent was then removedblary evaporation to yield a yellow oil (9.432

g), which on analysis was shown to be the desiredyzt. (95 % yield)

'H (CDCl; ppm, 400 MHz) 9.71 1H), 3.36 {, 2H,%) = 6.63 Hz), 2.43t( 2H,3J = 7.29 Hz), 1.87 -
1.68 M, 4H), *C{*H} (CDCl;, ppm, 100 MHz) 201.7, 42.6, 33.0, 31.7, 20.4, IR, ATR cnmi’
2940, 2726, 1722, 1433, 1253, 1122, 1061, 751, BEmM/z(ESI) 164 [M+H]", (20%), 159 [M —

CHO] *(100)
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23 Synthesis of 6-Bromohexanol

(0]

M Br BH; SMe,
HO —>

THF

AN NN Br
HO

In a flame dried, 3 neck round bottomed flask, éAohexanoic acid (10 g, 51 mmol) was dissolved

in freshly distilled THF (200 ml). Borane-dimethstilfide complex (4.9 ml, 51 mmol) in THF (200

ml) was added drop-wise. When half the borane issluvas added, the reaction was heated to reflux.
Once at reflux the remaining borane was added diep-to the refluxing solution. The reaction

mixture was stirred for 2 hours at reflux, then ledoto room temperature. The reaction was slowly
poured into ice cold methanol (200 ml), once thditih was complete, the solution was allowed to
warm to room temperature and was then stirred ftwo@rs. The solvent was removed by rotary

evaporation, and the resulting yellow oil (9.2 §,/Bmol) shown to be product. (99 % Yield)

'H (CDCkL ppm, 400 MHz) 3.52t( 2H,%) = 6.82 Hz), 3.35t( 2H,%) = 6.82 Hz), 1.79dn, 2H,%) =

6.89, 6.95), 1.52 - 1.25r( 6H), 3C{*H} (CDCls;, ppm, 100 MHz) 61.9, 33.6, 32.4, 31.9, 27.6, 24.6,

IR max ATR cni® 3347, 2933, 2858, 1721, 1459, 1436, 1258, 105311727, 642, 559, 383, M8/z

(ESI) 181 [M+H]", (20%), 101 [M — Br}(100)
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24 Synthesis of 6-Bromohexanal

PCC o
HO/\/\/\/ Br » JJ\/\/\/ Br

H
DCM

To a rapidly stirring solution of 6-bromohexanol ¢ 28 mmol) in dichloromethane (150 ml),
pyridinium chlorochromate was added (11.9 g, 55 imbhe pale yellow solution immediately
darkened to a deep brown colour, and the solutias keated to reflux for 3 hours. The reaction was
monitored by thin layer chromatography (3:7 ethydtate / 40 — 60°C petroleum ether on silica) and
once the starting materials had been consumedbldlo& solution was cooled and was passed through
a silica plug which was then washed with furthertipas of dichloromethane to ensure complete
recovery of product. The solvent was then remoweddbary evaporation to yield a colourless oil

(3.647 g, 20 mmol), which on analysis was showbedhe desired product (74 % yield).

'H (CDCl; ppm, 400 MHz) 9.72¢ 1H), 3.37 {, 2H,3J = 6.81 Hz), 2.42t( 2H,3) = 7.11 Hz), 1.84
(an, 2H,3% = 6.78, 7.04), 1.61g6, 2H,3%) = 7.32, 7.32), 1.47 - 1.39n( 2H), **C{*H} (CDCl;, ppm,
100 MHz) 202.2, 53.4, 33.4, 32.3, 27.5, 21.0, M&ATR cm’ 2938, 2864, 2723, 1722, 1459, 1437,

1410, 1265, 1197, 735, 640, 559, Mz (ESI) 179 [M+H]', (5%), 150 [M — CHOJ(100)
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25 Synthesis of 8-Bromooctanol

(0]

BH3 SMe2 Br
NN TN T
HO)W Br — HO

THF

In a flame dried, 3 neck round bottomed flask, 8rawoctanoic acid (5 g, 22 mmol) was dissolved in
freshly distilled THF (100 ml). Borane-dimethyl dé complex (2.15 ml, 22 mmol) in THF (20 ml)

was added drop-wise. When half the borane soluties added, the reaction was heated to reflux.
Once at reflux the remaining borane was added diep-to the refluxing solution. The reaction

mixture was stirred for 2 hours at reflux, then ledoto room temperature. The reaction was slowly
poured into ice cold methanol (200 ml), once thditiwh was complete, the solution was allowed to
warm to room temperature and was then stirred ftno@rs. The solvent was removed by rotary

evaporation, and the resulting yellow oil (4.72rgmol) shown to be product. (99 % Yield)

H (CDCl, ppm, 400 MHz) 3.28rt, 2H), 3.11 fn, 2H), 1.52 ¢n, 2H,%) = 7.18, 7.62 Hz), 1.23 - 0.95
(m, 10H),*C{'H} (CDCls, ppm, 100 MHz) 62.0, 33.5, 32.2, 29.0, 28.5, 27B42IR nax ATR cri
13339, 2928, 2855, 1723, 1462, 1272, 1126, 1053, 623, 561, M3n/z(ESI) 209 [M+H]", (2%),

129 [M — Br]"(100)
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26 Synthesis of 8-Bromooctanal

Br PCC 9
Ho/\/\/\/\/ — HJJ\/\/\/\/ Br
DCM

To a rapidly stirring solution of 6-bromohexanol ¢4 19 mmol) in dichloromethane (150 ml),
pyridinium chlorochromate was added (8.23 g, 38 iumbhe pale yellow solution immediately
darkened to a deep brown colour, and the solutias keated to reflux for 3 hours. The reaction was
monitored by thin layer chromatography (3:7 ethydtate / 40 — 60°C petroleum ether on silica) and
once the starting materials had been consumedbldlo& solution was cooled and was passed through
a silica plug which was then washed with furthertipas of dichloromethane to ensure complete
recovery of product. The solvent was then removetbbary evaporation to yield a colourless oil (1.2

g, 6 mmol), which on analysis was shown to be #srdd product (32 % yield).

H (CDCl; ppm 400 MHz) 9.72 (s, 1H), 3.36 (t, 28, = 6.8 Hz), 2.38 (m, 2H), 1.81 (m, 2H), 1.60
(m, 2H), 1.41 (m, 2H), 1.29 (m, 4HYC{*H} (CDCl; ppm 100 MHz) 202.6, 43.7, 33.8, 32.6, 28.8,
28.4, 27.8, 21.8, IRnax ATR cni' 2930, 2857, 1707, 1461, 1269, 1122, 1072, 941, G&%, 561, MS

m/z(ESI) 207 [M+H]", (25%), 178 [M — CHO](100)
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27 Synthesis of 11-Bromoundecanol

0o BH; SMe,
THF

In a flame dried, 3 neck round bottomed flask, YtrBoundecanoic acid (10 g, 38 mmol) was
dissolved in freshly distilled THF (150 ml). Boradenethyl sulfide complex (3.8 ml, mmol) in THF
(50 ml) was added drop-wise. When half the boranetisn was added, the reaction was heated to
reflux. Once at reflux the remaining borane waseaddrop-wise to the refluxing solution. The
reaction mixture was stirred for 2 hours at reflthen cooled to room temperature. The reaction was
slowly poured into ice cold methanol (200 ml), ortbe addition was complete, the solution was
allowed to warm to room temperature and was thigredtfor 1 hour. The solvent was removed by
rotary evaporation, and the resulting yellow oil@L g, 36 mmol) crystallised on standing. Shown to

be product. (98 % Yield)

'H (CDCkL ppm, 400 MHz) 3.60t( 2H, %) = 6.85 Hz), 3.38t( 2H,3J = 7.01 Hz), 1.82qn, 2H,%) =
6.85, 6.63 Hz), 1.5300, 2H,%) = 6.41, 6.85 Hz) 1.39 - 1.1T( 14H),*C{*H} (CDCl;, ppm, 100
MHz) 63.11, 34.2, 32.9, 32.8, 29.6, 29.6, 29.4 (tmocurrent resonances), 28.8, 28.2, 25.8,IR
ATR cm* 3427, 2917, 2892, 2850, 1466, 1345, 1302, 12660,12209, 1187, 1057, 1050, 1034,

1001, 982, 972, 723, 644, 594, 519, 492, WIB(ESI+) 250 [M + H] (100%)
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28 Synthesis of 11-Cyanoundecanol

To a solution of 11-bromoundecanol (20 g, 79 mnimIN,N’-dimethylformamide (500 ml) sodium
cyanide (3.9 g, 79 mmol) was added. The mixture stiased under nitrogen at 60°C for 3 hours after
which, TLC analysis (3 : 7 ethyl acetate / 40- 6@¥roleum ether) shows the starting materidl<{R
0.30) has been consumed. The solvent was removeistifation under reduced pressure. The solid
residue was suspended in diethyl ether which wais Washed three times with water and then once
with brine. The layers were separated and the argaolvent was dried over anhydrous magnesium
sulphate then removed on a rotary evaporator ttw yaeyellow oil (11.18 g, 71 % yield) which

solidified on cooling. NMR and GCMS analysis shailgo be pure product.

'H ((CDCkL ppm 400 MHz) 3.53 (2H, £J = 6.72 Hz), 2.27 (2H, £J = 6.9 Hz), 1.57 (m, 2H), 1.47
(m, 2H), 1.35 (m, 2H), 1.21 (m, 12H¥C{*H} (CDCl; ppm 100 MHz) 162.7, 119.9, 62.8, 32.7,
29.5,29.4, 29.3, 28.8, 28.7, 25.8, 25.4, 17.1, JB ATR cm' 3440, 2923, 2853, 2247, 1732, 1466,

1350, 1052, 722, 581, MS m/z (ESI+) 198 [M¥H[90%), 180 [M — OH + H] (100)

204



29 Synthesis of 11-Cyanoundecanal

(0]

(0]
NaCN
)W >
H Br DMF H \\

N

To a rapidly stirring solution of 11-cyanoundecai(dlg, 25 mmol) in dichloromethane (50 ml),
pyridinium chlorochromate (11.02 g, 50 mmol) wasledl The mixture was heated to reflux for 2
hours after which TLC analysis (3 : 7 ethyl acetat#- 60°C petroleum ether) showed complete
consumption of the starting materialf(R68). The reaction mixture was passed throughug pf
silica gel which was eluted with dichloromethan&eTcollected solvent was removed using a rotary
evaporator to yield a yellow oil (3.48 g, 77 % dielvhich was shown by NMR and GCMS analysis

to be pure product.

'H ((CD5),SO ppm 400 MHz) 9.69 (s, 1H, &), 2.35 (t,) = 7.43 Hz, 2H, M), 2.27 (1,3 = 7.20 Hz,
2H, Hb), 1.56 (m, 4H, H), 1.37 (m, 2H, id), 1.22 (m, 10H, id-h), **C{*H} (CDCIl; ppm 100 MHz)
202.9 (@), 119.9 (@), 43.9 (&), 29.3, 29.3, 29.2, 29.1, 28.7, 28.6, 25.4, 2201 (B-)), IR max

ATR cmi' 2926, 2855, 2720, 2246, 1723, 1465, 1430, 736, BBS(ESI+) 194 (M), 167 (M — CN)
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30 Synthesis ofC-(4-chlorobutane)-calix[4]pyrogallolarene

Pyrogallol (2.53 g, 20 mmol) was dissolved in etilafi00 ml) and hydrochloric acid (25 ml, 283

mmol) was added. The solution was stirred at roempterature for 10 minutes, after which, 5-
bromopentanal (5 g, 20 mmol) in ethanol (20 ml) wdded drop-wise over 20 minutes. The solution
was stirred for 1 hour at room temperature and theated to 50°C for 144 hours. The reaction
mixture was allowed to cool to room temperature tiredcrystalline precipitate was filtered (3.525 g,
49% Yield). NMR shows precipitate to be productystals suitable for single x-ray crystallography

formed over 24 hours in the mother liquors of titteation.

'H ((CD,),SO ppm 400 MHz) 6.86< 1H), 4.16 {, 1H, %) = 7.61 Hz), 3.60t( 2H, %) = 6.76 Hz),
2.16 M, 2H), 1.76 (¢, 2H), 1.29 (M, 2H), *C{*H} ((CD;),SO ppm 400 MHz) 39.7, 132.9, 124.3,
113.4, 56.0, 45.5, 32.2, 25.3, 18.6, IR, ATR cm™* 3205, 2934, 2866, 1622, 1475, 1387, 1306, 1094,
1033, 978, 720, MS m/z (ESI+) 915 ([M+H]90%), 937 [M + Na] (10), 959 [M + GHsOH + HJ"

(30)

Crystal data folC-(4-chlorobutane)-calix[4]pyrogallolarene diethyiet clathrate: §H73ClsO15 M =
1115.35, colourless plate, 0.48).36" 0.08 mmi, triclinic, space grouf-1 (No. 2),a = 13.0897(4),
b =13.2617(4)¢c = 18.3750(5) Aa = 78.5860(10)p = 76.8360(10)g= 64.842(2)°V = 2792.75(14)
A3 Z =2 D, =1.326 glcmy Fooo = 1180, Bruker-Nonius Roper CCD camera on gonip&taKa
radiation,] = 0.71073 A, T = 120(2)K, 2. = 55.3°, 58121 reflections collected, 12821 unitRie

= 0.0427). FinalGooF = 1.025,R1 = 0.0940,wR2= 0.2468,R indices based on 10086 reflections
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with | >2 (I) (refinement onF?), 719 parameters, 4 restraints. Lp and absorptimmections

applied, 7= 0.324 mrit.

Crystal data foiC-(4-chlorobutane)-calix[4]pyrogallolarene 2-prophotathrate: GggHy76Cli607,, M
= 4255.29, colourless plate, 0.550.42" 0.06 mni, monoclinic, space group2,/c (No. 14),a =
18.2796(4)b = 13.2600(5)c = 20.7196(7) Ap = 94.955(2)°V = 5003.4(3) A Z = 1,D, = 1.412
g/cm3, Fooo = 2252, Bruker-Nonius APEX Il CCD camera on gotagsMoKa radiation,] = 0.71073
A, T=120(2)K, Zax = 62.5°, 45253 reflections collected, 11412 unifRig = 0.0931). FinaGooF
=1.097,R1=0.1113,wR2= 0.2098,R indices based on 7043 reflections with | X2 (refinement

onF?), 697 parameters, 1 restraint. Lp and absormtisrections appliedy= 0.310 mrit.

Crystal data foiC-(4-chlorobutane)-calix[4]pyrogallolarene ethanddter clathrate: §HegCl4O16, M
=900.45, colourless plate, 0.110.08" 0.03 mn, triclinic, space group-1 (No. 2),a= 11.5783(5),

b = 12.3650(3)c = 18.5273(7) Aa = 97.505(2) b = 91.704(2) g= 94.074(2)°V = 2621.06(16) A
Z=2,D.=1.375 g/crﬁ Fooo = 1148, Bruker-Nonius APEX Il CCD camera on gotabsMaoKa
radiation,] = 0.71073 A, T = 120(2)K, Zjnax = 55.3°, 41446 reflections collected, 11959 unitRie
=0.0895). FinaGooF= 1.058,R1=0.1243wR2=0.2160R indices based on 6193 reflections with
I >2 (I) (refinement orF?), 667 parameters, 6 restraints. Lp and absorpiiorections applied7=

0.296 mn.
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31 Synthesis ofC-(5-chloropentane)-calix[4]pyrogallolarene

Br

Pyrogallol (2.53 g, 20 mmol) was dissolved in etilafi00 ml) and hydrochloric acid (25 ml, 283
mmol) was added. The solution was stirred at roemperature for 10 minutes, after which, 6-
bromohexanal (5 g, 20 mmol) in ethanol (20 ml) \wdded drop-wise. The solution was stirred for 1
hour at room temperature and then heated to 50°C4# hours. The reaction mixture was allowed to
cool to room temperature and the crystalline piitatip was filtered (43% Yield). NMR shows
precipitate to be product. Crystals suitable foigk X-ray crystallography formed over 24 hours in

the mother liquors of the filtration.

'H ((CD5),SO ppm 400 MHz) 6.865 1H), 4.36 {, 1H, %) = 6.74 Hz), 3.55t( 2H, %) = 7.35 Hz),
2.25 (n, 2H), 1.79 ¢n, 2H,%1 = 6.52, 6.52 Hz), 1.581(, 2H), 1.36 n, 2H), *C{*H} ((CD3),SO ppm
400 MHz) 137.4, 131.4, 125.3, 113.6, 58.4, 34.06327.5, 26.9, 18.4, IR, ATR cm* 3286, 2928,
2855, 1612, 1474, 1307, 1098, 977, 720, MS m/z{ESVO0 [M+H]", (90%), 991 [M + NaJ (15),

1015 [M + GHsOH + HJ" (10)

Crystal data forC-(5-chloropentane)-calix[4]pyrogallolarene ethamtdthrate: GH,;,Cl;04, M =
1062.90, Colourless Slab, 0.20.18" 0.06 mmi, triclinic, space group-1 (No. 2),a= 10.3726(2)b
= 13.2310(2)c = 19.4494(4) Aa = 87.0790(10)p = 80.4320(10)g= 88.1340(10)°V = 2627.90(8)
A% z=2D,=1.343 g/crﬁ Fooo = 1128, Bruker-Nonius Roper CCD camera on gonipsfaKa
radiation,] = 0.71073 A, T = 120(2)K, Zax = 55.1°, 54792 reflections collected, 12082 unitRig

=0.0477). FinaGooF= 1.005,R1=0.0693wR2= 0.1805Rindices based on 9149 reflections with
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I >2 (1) (refinement orF?), 681 parameters, O restraints. Lp and absorgiiorections applied7=

0.290 mnit.

32 Synthesis ofC-(10-Bromodecane)-calix[4]pyrogallolarene

Pyrogallol (2.53 g, 20 mmol) was dissolved in etllafi00 ml) and hydrochloric acid (25 ml) was
added. The solution was stirred at room temperdturré0 minutes, after which, 11-bromoundecanal
(5 g, 20 mmol) in ethanol (20 ml) was added dropewiThe solution was stirred for 1 hour at room
temperature and then heated to 50°C for 144 hdtwesreaction mixture was allowed to cool to room
temperature and the crystalline precipitate wasréfd to yield a colourless solid which upon analys
was shown to be the desired product (3.525 g, 5§iétd). Crystals suitable for single X-ray
crystallography formed over 24 hours in the motfgrors of the filtration and were submitted to the

EPSRC X-ray crystallography analysis service.

'H (CDCk ppm 400 MHz) 8.70 (s, 1H), 7.40 (s, 1H), 6.81 (4),16.76 (s, 1H), 6.76 (s, 1H), 3.46 (t,
1H3J = 6.60 Hz), 3.31 (t, 2HJ = 6.82 Hz), 1.78 (p, 2HJ = 7.21 Hz), 1.70 (p, 2HJ = 7.12 Hz),
1.47 — 1.23 (m, 14H)*C{*H} ((CD3),SO ppm 400 MHz) 131.5, 127.6, 125.6, 123.9, 45.1, 34.0
32.8, 32.6, 29.7, 29.5, 28.9, 28.9, 28.8, 28.2, IR ATR cm' 3454, 3263, 2923, 2852, 1634, 1508,
1479, 1338, 1280, 1239, 1083, 978, 932, 778, 721, 640, 544, 390, M8V/z(ES+) 1347 (M+ -Br,

20%), 554 (50), 392 (100)
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Crystal data folC-(10-bromodecane)-calix[4]pyrogallolarene etharlatloate: GoH294Br12036, M =
4281.31, Colourless Rhombus, 0.9.18" 0.14 mni, trigonal, space groug-3 (No. 148),a= b=
37.2327(5),c = 27.2555(8) AV = 32721.5(11) A Z = 6, D, = 1.304 g/cm Fooo = 13356, Moka
radiation,] = 0.71073 A, T = 273(2)K, Zax = 55.0°, 67280 reflections collected, 16584 unitRig
=0.0804). FinaGooF= 1.650,R1=0.2319wR2= 0.5224 R indices based on 6400 reflections with
I >2 (1) (refinement orF?), 778 parameters, 3 restraints. Lp and absorgiiorections applied7=

2.268 mn.

Crystal data foiC-(10-Bromodecane)-calix[4]pyrogallolarene methaclathrate: G,HHgs54Br24092, M
= 9141.31, colourless block, 0:40.33" 0.08 mn, trigonal, space group-3 (No. 148),a= b=

37.2447(6),c = 27.2736(8) AV = 32764.4(12) A Z = 3, D, = 1.390 g/cy Fooo = 14322, Bruker-

Nonius Roper CCD camera on goniostat,doradiation,] = 0.71073 A, T = 120(2)K, Znax =
55.0° 74104 reflections collected, 16693 unigig € 0.0961). FinalGooF = 1.872,R1 = 0.2385,
wR2= 0.5355R indices based on 7500 reflections with | X® (refinement orF?), 815 parameters,

99 restraints. Lp and absorption corrections agipti= 2.273 mrit.
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33 Synthesis ofC-(10-cyanodecane)-calix[4]pyrogallolarene

HO OH o HCl
\©/ " H)J\C H >
78 EtOH

Pyrogallol (0.905 g, 7 mmol) was dissolved in etild20 ml) and hydrochloric acid was added (37 %
5 ml). The solution was placed under nitrogen dirdes for 20 minutes at room temperature. 11-
Cyanoundecanal (1.4 g, 7 mmol) in ethanol (20 na$wdded over 6 minutes to the acidic pyrogallol
solution. The solution was stirred at room tempemfor 10 minutes and then heated to 50°C for 6
days. After this time the solution was concentratedpproximately half its volume and then cooled
in an ice bath. Aftec.2 hours crystals formed which were filtered andrupoalysis were shown to be

the desired product (0.65 g, 0.5 mmol, 30% yield)

'H ((CDy),SO ppm 400 MHz) 7.07g 1H), 2.41 (, 2H), 2.25 , 2H), 1.59 ¢, 1H), 1.283 fn,
16H), **C{*H} (CDCIl; ppm 100 MHz) 40.9, 134.4, 126.2, 121.3, 114.2, 38426, 30.8, 30.7, 30.7,
30.5, 30.0, 29.8, 29.2, 26.5, 17.3. Mtz (ESI) 1213 ([M+H], 10%), 1235 ([M+Nal], 100), IR nax

ATR cmi* 3313.8, 2920, 2851, 2251, 1719, 1609, 1537, 14884, 1110, 978, 931, 778, 721, 595

Crystal data for C-(10-cyanodecane)-calix[4]pyrogallolarene: 488,0/NgO24Clo, M = 2559.0,
colourless cut block, 0.350.40" 0.3 mni, monoclinic, space group2/c (No. 15),a = 34.066(7)p
=12.568(3)c = 34.785(7) A= 107.05(3)°V = 14238(5) A, Z = 4, D, = 1.195 g/cy Fooo = 5520,
Bruker-Nonius Roper CCD camera on goniostat, Ma#diation,| =0.71073 A, T = 173(2)K, Znax
= 46.6°, 37452 reflections collected, 10197 unifiRig = 0.0450). FinaGooF = 1.537,R1=0.1179,
wR2= 0.3479Rindices based on 6414 reflections with | X® (refinement orF?), 839 parameters,

132 restraints. Lp and absorption correctionsiagphz= 0.116 mrit.
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34 Synthesis of dodecyl-acetat&-(10-Cyanodecane)-

calix[4]pyrogallolarene

C-(10-cyanodecane)-calix[4]pyrogallolarene (0.B3,umol) was suspended in freshly distilled acetic
anhydride. The suspension was placed under a stofantrogen and stirred for 8 hours at room
temperature until the solid starting material hassalved into the solvent. The residual solvent was
removed under vacuum to yield an off-white powd&i2 g 85% vyield) which upon analysis was
shown to be the desired product. Crystals suitédnlesingle crystal X-ray diffraction studies were

grown by allowing the reaction mixture to slowlyagorate.

'H ((CD5),SO ppm 400 MHz) 7.29 (broad singlet, 1H), 4.08 (t, 281z 7.7 Hz), 2.29 (t, 2H3 =
7.01 Hz), 2.14 (m, 2H), 1.60 (p, 2B = 7.57 Hz), 1.37 (m, 2H), 1.21 (m, 14HJC{*H} ((CD3),SO
ppm 100 MHz) 167.4, 167.0, 166.5, 120.0, 37.1, 38946, 29.5, 29.4, 29.3, 28.8, 28.7, 27.9, 25.4,
22.2,20.0, 17.1, IRna ATR cit 2926, 2855, 1771, 1728, 1440, 1370, 1203, 1165210029, 899,

868, 588, 523

Crystal data forC-(10-Cyanodecyl)-calix[4]pyrogallolarene dodecyktad: GgH12oN4Oos, M =
1715.98, colourless block, 0.200.10" 0.08 mn, triclinic, space group (No. 2),a= 12.521(6)b
=17.207(9)c = 24.217(12) Aa = 96.828(6) 6= 101.104(6)g= 110.673(6)°V = 4690(4) R, =2,
D.=1.215 g/crﬁ Fooo = 1836, Bruker SMART APEX2 CCD diffractometer, siinotron radiation|

= 0.6941 A, T = 120(2)K, Zax = 40.6°, 22765 reflections collected, 9743 uni¢Rg = 0.0950).
Final GooF = 0.959,R1= 0.0739,wR2= 0.1702,R indices based on 4635 reflections with | X2

(refinement orF?), 1137 parameters, O restraints. Lp and absermirections applied7= 0.087

mmL.
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35 Synthesis of supramolecular complex of C-(heptyl)
calix[4]pyrogallolarene methanol solvate and 4-phenyl-terpyridine

hydrochloride

C-(Heptyl) calix[4]pyrogallolarene (0.2 g, 0.21 mmobhich was tae directly from the calixarene
synthesis reaction without further purification weissolved in methanol (20 ml) and 4-phenyl
terpyridine was added (0.065 g, 0.21 mmol). Thetswh was sonicated for 30 minutes and then left
to slowly evaporate. After 10 days the volume ofvent had reduced significantly (~10 mL) and

crystals suitable for single crystal X-ray diffrat studies formed.

Crystal data for C-Heptyl-calix[4]pyrogallolarene 4-phenyl-tripyridin methanol solvate:
CsoH10N3014Cl, M = 1113.89, colourless plate, 0.200.08” 0.01 mmi, triclinic, space grougP-1
(No. 2),a= 12.845(3)b = 13.052(3)c = 23.136(7) Aa = 77.57(4),b = 80.22(4) g= 71.71(3)°V =
3574.6(16) R Z = 2, D, = 1.035 g/cry Fooo = 1455, Bruker SMART APEX2 CCD diffractometer,
synchrotron radiatior, = 0.6941 A, T = 120(2)K, Zjmax = 45.5°, 10241 reflections collected, 10241
unique (R, = 0.0000). FinalGooF = 1.064,R1= 0.0950,wR2= 0.2606,R indices based on 6197
reflections with | >2 (I) (refinement onF?, 902 parameters, 1 restraint. Lp and absorption

corrections appliedy= 0.121 mrit.
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Appendix

Please see attached CD-ROM for crystallographia fiatthe species reported in this thesis.

Below is a list of ‘Class A’ errors generated bye tbnline IUCR basic .CIF checking package
(http://journals.iucr.org/services/cif/checking/ckiasic.htm) with a list of explanations of the errors

which are generated. These errors arise as a fghlé¢ unique nature of the crystallographic syste

studied in this thesis.

C1PgEt20

PLAT432 ALERT 2 A
Short Inter X...Y Contact C36A .. C43B .. 2.82 Ang.
PLAT773 ALERT 2 A
Suspect C-C Bond in CIF: C44A -- C43B .. 1.95 Ang.
PLAT223 ALERT 4 A
Large Solvent/Anion H  Ueq(max)/Ueq(min) ... 5.56 Ratio

The short inter-hydrogen distance and the largeestlH errors are due to the disordered naturbeof t
solvent molecule which igxo to the cavity of the calixarene interacting witke tordered solvent
molecule which resides within the cavity of theixalene.

ClPgMeCN

PLAT414 ALERT 2 A
Short Intra D-H..H-X H2 .. H7 . 1.78 Ang.

The electron density pattern suggests that hydr@genms a hydrogen bond to oxygen 3, bringing it
into close contact with hydrogen 7 which is the fmbuo methine carbon of the macrocycle as a
consequence of intramolecular hydrogen bondinpa$ only been modelled in the highest electron
density position, however it is acknowledged timatre is a dynamic interchange of position between
the two sites.

C2RsMeCN

No category A alerts were produced for this dataset

C2PgMeCN

PLAT222 ALERT 3 A
Large Non-Solvent H  Ueqg(max)/Ueg(min) ... 5.35 Ratio

This error is due to the solvent molecule exo ®dhvity being disordered over two positions, despi
successfully modelling it as a disordered entiy¢hror persists.
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C30HPgAcetonel

SHFSUO1 ALERT 2 A
The absolute value of parameter shift to su ratio > 0.20
Absolute value of the parameter shift to su ratio g iven 2.679
Additional refinement cycles may be required.

Despite repeated cycles of refinement, therdnained unchanged at 0.0411 and the structure was
stable.

C30HPgAcetone?2

PLAT306 ALERT 2 A

Isolated Oxygen Atom (H-atoms Missing ?) ....... 017
PLAT306 ALERT 2 A
Isolated Oxygen Atom (H-atoms Missing ?) ....... 018

This error is due to the lack of hydrogen atomsaomater molecule which have been located in the
structure. Xseed does not currently support placewiehydrogen atoms on water molecules.

C30HRsMeCNIowsymm

PLAT306 ALERT 2 A

Isolated Oxygen Atom (H-atoms Missing ?) ....... 013
PLAT306 ALERT 2 A
Isolated Oxygen Atom (H-atoms Missing ?) ....... 014

This error is due to the lack of hydrogen atomswen water molecules which have been located in
the structure. Xseed does not currently supporimgédcal location of hydrogen atoms on water
molecules.

C30HPgChairConf

SHFSUO1 ALERT 2 A
The absolute value of parameter shift to su ratio > 0.20
Absolute value of the parameter shift to su ratio g iven 3.411
Additional refinement cycles may be required.

PLATO80 ALERT 2 A

Maximum Shift/Error ..........cccoecevveneenns 3.41
PLAT222 ALERT 3 A
Large Non-Solvent H  Ueqg(max)/Ueg(min) ... 8.70 Ratio

This structure has a network of five water molesulgthin the asymmetric unit which have been
assigned hydrogen atoms empirically rather thanuthel protocol of geometrical addition, which
may be the cause of the PLATO080 error. Despite atege cycles of refinement, the, Remained
unchanged at 0.0536 and the structure was stable.
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C3RsMeCNHighSymm

SHFSUO1 ALERT 2 A
The absolute value of parameter shift to su ratio > 0.20
Absolute value of the parameter shift to su ratio g iven 0.449
Additional refinement cycles may be required.

PLATO80 ALERT 2 A

Maximum Shift/Error ..........cccccceeevennne 0.45
PLAT306 ALERT 2 A
Isolated Oxygen Atom (H-atoms Missing ?) ....... 04
PLAT306_ALERT 2 A
Isolated Oxygen Atom (H-atoms Missing ?) ....... 05

The PLAT306 error is due to the lack of hydrogeona on two water molecules which have been
located in the structure. Xseed does not curresitlyport placement of hydrogen atoms on water
molecules. The absolute parameter shift is dubg¢ddrmation of a channel of solvent molecules exo
to the cavity of the calixarene molecules, therefitie exact atomic positions could not be deterdhine
and were therefore modelled as oxygen atoms.

C30HPgTHF

PLAT222_ALERT 3 A
Large Non-Solvent H  Ueqg(max)/Ueg(min) ... 6.75 Ratio

The source of the error above is the free watereoudd whose hydrogen atoms were located
empirically and not geometrically.

C3PgAcetone

No class A errors were generated for this dataset
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C3PgEt20

SHFSUO1 ALERT 2 A
The absolute value of parameter shift to su ratio > 0.20
Absolute value of the parameter shift to su ratio g iven 4.997
Additional refinement cycles may be required.

PLATO80 ALERT 2 A

Maximum Shift/Error ..........cccccceeevennne 5.00
PLAT215 ALERT 3 A

Disordered C50B has ADP max/min Ratio ....... 6.10
PLAT220 ALERT 2 A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ... 4.76 Ratio
PLAT220 ALERT 2 A

Large Non-Solvent O  Ueg(max)/Ueg(min) ... 10.00 Ratio
PLAT220 ALERT 2 A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ... 9.55 Ratio
PLAT222 ALERT 3 A

Large Non-Solvent H  Ueqg(max)/Ueg(min) ... 5.93 Ratio
PLAT222 ALERT 3 A

Large Non-Solvent H  Ueqg(max)/Ueg(min) ... 10.00 Ratio
PLAT413 ALERT 2 A

Short Inter XH3 .. XHn  H20C .. H50B .. 1.74 Ang.
PLAT432 ALERT 2 A

Short Inter X...Y Contact 027 .. C85 .. 2.20 Ang.
PLAT432 ALERT 2 A

Short Inter X...Y Contact 029 .. C84B .. 2.07 Ang.
PLAT432 ALERT 2 A

Short Inter X...Y Contact 029 .. C84 .. 2.40 Ang.
PLAT432 ALERT 2 A

Short Inter X...Y Contact C20A .. C50A .. 2.79 Ang.
PLAT221 ALERT 4 A

Large Solvent/Anion C  Ueq(max)/Ueq(min) ... 10.00 Ratio
PLAT223 ALERT 4 A

Large Solvent/Anion H  Ueq(max)/Ueqg(min) ... 10.00 Ratio
PLAT780 ALERT 1 A

Coordinates do not Form a Properly Connected Set ?

SHFSUOL1 is due to the isotropic refinement appi@the two solvent molecules causing oscillation

within the structure. The disorder of the penddrdiies contributes errors PLAT220, PLAT222 and

PLAT432. The interdigitation of the two sets of atidered chains gives rise to the close contacts
which produce the errors. The close contact betwe2n and C85 is a result of a water molecule
(027) which is hydrogen bonded to the upper rina @Blixarene molecule coming into close contact
with the methyl group of a diethyl ether molecuteibed in the cavity of a calixarene.

C3PgEtOH

PLAT222 ALERT 3 A
Large Non-Solvent H  Ueqg(max)/Ueg(min) ... 10.00 Ratio

The presence of this error is due to the inclusiba water molecule into the crystal lattice. The
hydrogen atoms were placed onto the oxygen by érapimethods as the geometrical placing of
hydrogen atoms onto an isolated oxygen is not atlyresupported by Xseed.
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C3PgMeCN

PLAT220 ALERT 2 A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ... 7.82 Ratio
PLAT222 ALERT 3 A
Large Non-Solvent H  Ueqg(max)/Ueg(min) ... 9.13 Ratio

This large Ueq is due to the formation of a smalldvby the interdigitation of the pendant chains,
allowing some conformational flexibility of the tamal methyl group.

CACIPQEtOH

PLAT220 ALERT 2 A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ... 10.00 Ratio
PLAT222 ALERT 3 A

Large Non-Solvent H  Ueqg(max)/Ueg(min) ... 10.00 Ratio
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for C22
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for CI2A
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for Ci2B
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for c21
PLAT306 ALERT 2 A

Isolated Oxygen Atom (H-atoms Missing ?) ....... 015
PLAT306 _ALERT 2 A

Isolated Oxygen Atom (H-atoms Missing ?) ....... 016
PLAT224 ALERT 1 A

Ueq(Rep) and Ueq(Calc) differ by -0.010 Ang**2 . C22

The errors generated from C22 and CI12A and Cl1gBdue to the disordering of the terminal

chlorine atom over two positions. The isolated atygtom are due to lack of hydrogen atoms on two
water molecules which have been located in thectire. Xseed does not currently support
geometrical placement of hydrogen atoms on watdecntes.
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CACIPQE;O

PLAT215 ALERT 3 A

Disordered C22B has ADP max/min Ratio ....... 15.60
PLAT220 ALERT 2 A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ... 10.00 Ratio
PLAT220 ALERT 2 A

Large Non-Solvent ClI  Ueg(max)/Ueq(min) ... 6.21 Ratio
PLAT222 ALERT 3 A

Large Non-Solvent H  Ueqg(max)/Ueg(min) ... 10.00 Ratio
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for Ci2B
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for C22A
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for Cl4A
PLAT245 ALERT 2 A

U(iso) H22B Smaller than U(eq) C22B by ... 0.29 AngSq
PLAT306 ALERT 2 A

Isolated Oxygen Atom (H-atoms Missing ?) ....... 015

The PLAT215, 220, 222, 242, 245 errors are gengryedisorder of a pendant chain which forms
the base of a solvent filled void within the crydgdtice. This void is bounded on three sides oy t
aryl rings of adjacent calixarene molecules whielvehlow conformational flexibility, however the
base of this void is completed by a pendant chailchivhas conformational flexibility which has been
modelled. The PLAT306 error is due to the preserice water molecule within the asymmetric unit.
Currently Xseed does not support placement of tgeiioatoms in geometrical positions on isolated
oxygen atoms.

C4CIPgProH

PLAT306 ALERT 2 A

Isolated Oxygen Atom (H-atoms Missing ?) ....... 013
PLAT306 ALERT 2 A

Isolated Oxygen Atom (H-atoms Missing ?) ....... 014
PLAT306 ALERT 2 A

Isolated Oxygen Atom (H-atoms Missing ?) ....... 015
PLAT306_ALERT 2 A

Isolated Oxygen Atom (H-atoms Missing ?) ....... 016
PLAT306 ALERT 2 A

Isolated Oxygen Atom (H-atoms Missing ?) ....... 018
PLAT414 ALERT 2 A

Short Intra D-H..H-X H1 .. H40 .. 1.72 Ang.
PLAT414 ALERT 2 A

Short Intra D-H..H-X H7 .. H18 .. 1.76 Ang.
PLAT414 ALERT 2 A

Short Intra D-H..H-X H9 .. H29 .. 1.59 Ang

The PLAT306 error is due to the presence of fivaewanolecules within the asymmetric unit.
Currently Xseed does not support placement of tgeiicatoms in geometrical positions on isolated
oxygen atoms. The PLAT414 error is due to the gearent of hydrogen atoms of the upper rim into
a intra-molecular hydrogen bonded motif. These bgdn atoms come into close contact with the
methine carbon. It is acknowledged that this iy@adhic system and at room temperature rotation of
these bonds will be possible.
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No class A errors were generated for this dataset

C4PgMeCN

RFACRO01 ALERT 3 A

The value of the weighted R factor is > 0.45
Weighted R factor given 0.472

SHFSUO1 ALERT 2 A

The absolute value of parameter shift to su ratio >
Absolute value of the parameter shift to su ratio g
Additional refinement cycles may be required.
PLATO80 ALERT 2 A

Maximum Shift/Error ..........ccccceeevvnnne
PLAT084 ALERT 2 A

High R2 Value ..........ccccciiiiiiiiiiiinns

PLAT220 ALERT 2 A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ...
PLAT222 ALERT 3 A

Large Non-Solvent H  Ueqg(max)/Ueg(min) ...
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for
PLAT306 _ALERT 2 A

Isolated Oxygen Atom (H-atoms Missing ?) .......
PLAT430 ALERT 2 A

Short Inter D...A Contact 015 .. 015
PLAT430 ALERT 2 A

Short Inter D...A Contact 015 .. 015
PLAT430 ALERT 2 A

Short Inter D...A Contact O15 .. N4

PLAT432 ALERT 2 A

Short Inter X...Y Contact N4 .. C51
PLAT432 ALERT 2 A

Short Inter X...Y Contact N5 .. C54
PLAT432 ALERT 2 A

Short Inter X...Y Contact C51 .. C52
PLAT773 ALERT 2 A

Suspect C-C Bond in CIF: C51 -- C52

0.20

iven 5.261
5.26
0.47
7.09 Ratio
8.83 Ratio
C10
015
2.00 Ang.
2.00 Ang.
2.54 Ang.
2.55 Ang.
2.70 Ang.
1.89 Ang.

1.90 Ang.

This crystal structure is a calixarene molecul@amged by R symmetry to form a nano-sphere. The
large unit cell combined with the intrinsic diffity in assigning the electron density within thenoa

capsule lead to a high R1 and R2 factor. The césmtfithe nano sphere are tentatively assigne@as 1
acetonitrile molecules, which account for the clasatacts seen in the .CIF check. The isolated
oxygen atom is an extra-capsular water moleculeedsdoes not allow geometrical assignment of

hydrogen atoms in water molecules.
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C5CIPQEtOH

PLAT222_ALERT 3 A
Large Non-Solvent H  Ueqg(max)/Ueg(min) ... 6.67 Ratio

This error is due to the empirical location of thalroxyl hydrogen atoms around the upper rim of the
calixarene molecule. There is an intramolecularrbgdn bonding network around each calixarene
molecule which would cause this error as they bgatty disordered.

C5PgMeCN

PLAT220 ALERT 2 A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ... 10.00 Ratio
PLAT222 ALERT 3 A

Large Non-Solvent H  Ueqg(max)/Ueg(min) ... 10.00 Ratio
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for Cc23

This is a false alarm generated by the .CIF checkimgine, The carbon atom which has been flagged
as erroneously assigned is the penultimate atom péndant chain which forms an interdigitated
bilayer. The atom in question has larger than uth&imal ellipsoid parameters, which indicate some
degree of freedom of positional location within thrgstal lattice. On packing the structure arourel t
atom in question a small void is apparent which icupport the theory of conformational freedom
of the terminal two atoms of the pendant chain.

C6PgMeCN

PLAT220 ALERT 2 A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ... 4.66 Ratio
PLAT222 ALERT 3 A
Large Non-Solvent H  Ueqg(max)/Ueg(min) ... 5.50 Ratio

This large Ueq is due to the formation of a smalldvby the interdigitation of the pendant chains,
allowing some conformational flexibility of the tamal methyl group.

C7PgE$O

PLAT220 ALERT 2 A Large Non-Solvent C Ueg(max)/Ueg(min) ...
9.68 Ratio

PLAT222 ALERT 3 A Large Non-Solvent H Ueg(max)/Ueq(min) ...
10.00 Ratio

PLAT241 ALERT 2 A Check High Ueq as Compared to Neighbors for
C52

PLAT306 ALERT 2 A Isolated Oxygen Atom (H-atoms Missing ?) .......
010

The possible cause of the PLAT220 and PLAT 222ren®the presence of a small void below the
pendant chain bearing C55 which may allow a snalbant of conformational flexibility causing
disorder within the structure. The PLAT306 errodig to the lack of hydrogen atoms on two water
molecules which have been located in the structiseed does not currently support placement of
hydrogen atoms on water molecules.
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C7PgEtOAC

RFACRO1 ALERT 3 A

The value of the weighted R factor is > 0.45
Weighted R factor given 0.465

SHFSUO1 ALERT 2 A

The absolute value of parameter shift to su ratio >
Absolute value of the parameter shift to su ratio g
Additional refinement cycles may be required.
PLAT080 ALERT 2 A

Maximum Shift/Error ..........ccccceeeeennne

PLAT084 ALERT 2 A

High R2 Value ..........ccccooeviivicninns

PLAT220 ALERT 2 A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ...
PLAT222 ALERT 3 A

Large Non-Solvent H  Ueqg(max)/Ueg(min) ...
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for
PLAT413 ALERT 2 A

Short Inter XH3 .. XHn  H14C .. H42A
PLAT413 ALERT 2 A

Short Inter XH3 .. XHn  H14C .. H42C
PLAT432 ALERT 2 A

Short Inter X...Y Contact C14 .. C42

PLAT601 ALERT 2 A

Structure Contains Solvent Accessible VOIDS of .
PLAT224 ALERT 1 A

Ueq(Rep) and Ueg(Calc) differ by 0.010 Ang**2 .
PLAT234 ALERT 4 A

Large Hirshfeld Difference C13 -- C14

0.20
iven 0.958
0.96
0.46
10.00 Ratio
10.00 Ratio
C12
c27
C55
C13
1.83 Ang.
1.57 Ang.
2.87 Ang.
1205.00 A**3
Ci4

0.37 Ang.

This crystal structure is a calixarene molecul@amged by R symmetry to form a nano-sphere. The
large unit cell combined with the intrinsic diffity in assigning the electron density within thenoa
capsule lead to a high R2 factor. Despite repeatelés of refinement the R1 remained at 0.158.

The contents of the nano sphere are assigned faseliélectron density and are modelled by the
SQUEEZE programme. It has been shown in the liteeathat 6 ethyl acetate molecules may occupy
the internal volume of the nano-sphere. The endrieh refer to C14 (and corresponding hydrogen
atoms) are due to the presence of a small voidimitie crystal lattice allowing the terminal methyl

group of a pendant chain to be conformationallyifiee, therefore enlarging the thermal parameters

of this terminal group.
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C7PgMeCN

PLAT220 ALERT 2 A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ... 5.06 Ratio
PLAT222 ALERT 3 A

Large Non-Solvent H  Ueqg(max)/Ueg(min) ... 5.81 Ratio
PLAT306 _ALERT 2 A

Isolated Oxygen Atom (H-atoms Missing ?) ....... 016

The errors which refer to C73 (and correspondindrdgen atoms) are due to the presence of a small
void within the crystal lattice which is formed liye interdigitation of the pendant chains. Thisdvoi
allows the terminal methyl group of the affectechqient chain to be conformationally flexible,
therefore enlarging the thermal parameters oftériminal group.

The PLAT306 error is due to the lack of hydrogeona on two water molecules which have been
located in the structure. Xseed does not curresitlyport placement of hydrogen atoms on water
molecules
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C7PgEtOH

THETMO1_ALERT 3_A

The value of sine(theta_max)/wavelength is less tha n 0.550
Calculated sin(theta_max)/wavelength = 0.5263

PLAT220 ALERT 2 _A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ... 6.22 Ratio
PLAT220 ALERT 2 A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ... 10.00 Ratio
PLAT222 ALERT 3 A

Large Non-Solvent H  Ueqg(max)/Ueg(min) ... 5.45 Ratio
PLAT222 ALERT 3 A

Large Non-Solvent H  Ueqg(max)/Ueg(min) ... 10.00 Ratio
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for C52
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for C79
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for C82
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for C96
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for Cl11
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for C51
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for C53
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for C78
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for cs1
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for c83
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for Cco7
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for C110
PLAT306_ALERT 2 A

Isolated Oxygen Atom (H-atoms Missing ?) ....... 026
PLAT306 ALERT 2 A

Isolated Oxygen Atom (H-atoms Missing ?) ....... 030
PLAT412 ALERT 2 A

Short Intra XH3 .. XHn H11D .. H12C .. 1.69 Ang.
PLAT415 ALERT 2 A

Short Inter D-H..H-X H13 .. H84A . 1.80 Ang.

This dataset was collected by the EPSRC crystalfiigr service at Daresbury synchrotron because
despite repeated attempts to crystallise the nadtemly small crystal dimensions and low diffracti
angles could be achieved. This accounts for the L error.

The PLAT220, 222, 241, 242, 412 and 415 are dukdanolecules forming an interdigitated bilayer.
This bilayer arrangement allows a small degreeoofa@mational flexibility within the crystal lattée
and therefore accounts for the large thermal palermebserved for the atoms highlighted above.

The PLAT306 error is due to the lack of hydrogeona on two water molecules which have been

located in the structure. Xseed does not curresitlyport placement of hydrogen atoms on water
molecules
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C7PgTerpy

SHFSUO1 ALERT 2 A
The absolute value of parameter shift to su ratio > 0.20
Absolute value of the parameter shift to su ratio g iven 1.207
Additional refinement cycles may be required.

PLAT213 ALERT 2 A

Atom C26 has ADP max/min Ratio ............. 5.30 prola
PLAT220 ALERT 2 A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ... 10.00 Ratio
PLAT222 ALERT 3 A

Large Non-Solvent H  Ueqg(max)/Ueg(min) ... 10.00 Ratio
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for C12
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for C25
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for C26
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for c11
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for C24
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for c27
PLAT353 ALERT 3 A

Long N-HBond (0.87A) N1 - H80 ... 1.21 Ang.
PLAT410 ALERT 2 A

Short Intra H...H Contact H58 .. H73 .. 1.79 Ang.
PLAT410 ALERT 2 A

Short Intra H...H Contact H60 .. H63 .. 1.58 Ang.
PLAT413 ALERT 2 A

Short Inter XH3 .. XHn  H24A .. H28C .. 1.17 Ang.
PLAT413 ALERT 2 A

Short Inter XH3 .. XHn  H60 .. H79C .. 1.81 Ang.
PLAT413 ALERT 2 A

Short Inter XH3 .. XHn  H63 .. H79A .. 1.59 Ang.
PLAT413 ALERT 2 A

Short Inter XH3 .. XHn H77 .. H79C .. 1.61 Ang.
PLAT413 ALERT 2 A

Short Inter XH3 .. XHn  H78B .. H79A .. 1.83 Ang.
PLAT415 ALERT 2 A

Short Inter D-H..H-X H4 .. H79B .. 1.48 Ang.
PLAT432 ALERT 2 A

Short Inter X...Y Contact O5 .. C79 .. 2.42 Ang.
PLAT432 ALERT 2 A

Short Inter X...Y Contact C63 .. C79 .. 2.66 Ang.
PLAT224 ALERT 1 A

Ueq(Rep) and Ueq(Calc) differ by -0.010 Ang**2 . Cc28
PLAT234 ALERT 4 A

Large Hirshfeld Difference C12 -- C13 .. 0.31 Ang.

The crystal produced were very small plates whicte do their size were only suitable for
examination at a synchrotron radiation source.

Errors PLAT241 and 242 are due to disorder withia pendant chains which form an interdigitated
bilayer and therefore have some degree of confoomeltflexibility. The errors PLAT360, PLAT410
and PLAT 413 are due to the two methanol moleculbieh are present within the crystal lattice.
Refinement of these molecules was confined to apidrrefinement only as including them in the
isotropic refinement model introduced instabilitga the model. With this compensation in place for
the solvent molecules, despite repeated cyclesfimfement, the Rremained unchanged at 0.111 and
the structure was stable.
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C8PgMeCN

SHFSUO1 ALERT 2 A
The absolute value of parameter shift to su ratio > 0.20
Absolute value of the parameter shift to su ratio g iven 4.892
Additional refinement cycles may be required.

PLATO80 ALERT 2 A

Maximum Shift/Error ..........cccccceeevennne 4.89
PLAT220 ALERT 2 A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ... 9.46 Ratio
PLAT222 ALERT 3 A

Large Non-Solvent H  Ueqg(max)/Ueg(min) ... 10.00 Ratio
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for C30
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for C29A
PLAT390 ALERT 3 A

Deviating Methyl C30  X-C-H Bond Angle ...... 137.00 Deg.
PLAT390 ALERT 3 A

Deviating Methyl C30  X-C-H Bond Angle ...... 64.00 Deg.
PLAT410 ALERT 2 A

Short Intra H...H Contact H58A .. H60E .. 1.61 Ang.
PLAT410 ALERT 2 A

Short Intra H...H Contact H58B .. H60E .. 1.45 Ang.
PLAT411 ALERT 2 A

Short Inter H...H Contact H13 .. H60OD .. 1.61 Ang.
PLAT411 ALERT 2 A

Short Inter H...H Contact H14 .. H60OD .. 1.76 Ang.

Two of the pendant chains within the calixarenevwsk@nificant disorder which has been modelled.
The half occupancy model which has been writtethéssource of the PLAT220, 222, 241, 242, 290,
410 and 411. This disorder is due to the increakngth of the pendant chains allowing greater
conformational variability within the bilayer whidias formed, thereby introducing disorder into the
crystal. Despite repeated cycles of refinementRheemained unchanged at 0.0859 and the structure
was stable when the disorder was modelled.
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C10BrPgEtOH

RFACGO1_ALERT 3_A

The value of the R factor is > 0.20

R factor given 0.229

RFACRO1_ALERT 3 A

The value of the weighted R factor is > 0.45
Weighted R factor given 0.548

PLAT082 ALERT 2 A

High R1Value ........ccccciiiiiiiiiinns

PLAT084 ALERT 2 A

High R2 Value ..........ccccooeviiiicninns

PLAT215 ALERT 3 A

Disordered C16B has ADP max/min Ratio .......
PLAT220 ALERT 2 A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ...
PLAT222_ALERT 3 A

Large Non-Solvent H  Ueqg(max)/Ueg(min) ...
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for
PLAT241_ALERT 2 _A

Check High  Ueq as Compared to Neighbors for
PLAT241_ALERT 2 _A

Check High  Ueq as Compared to Neighbors for
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for
PLAT242_ALERT 2 _A

Check Low Ueq as Compared to Neighbors for
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for
PLAT242_ALERT 2 _A

Check Low Ueq as Compared to Neighbors for
PLAT242_ALERT 2_A

Check Low Ueq as Compared to Neighbors for
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for
PLAT242_ALERT 2 _A

Check Low Ueq as Compared to Neighbors for
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for
PLAT245 ALERT 2 _A

U(iso) H16A Smaller than U(eq) C16B by ...
PLAT601_ALERT 2 _A

Structure Contains Solvent Accessible VOIDS of .

0.23
0.55
7.70
10.00 Ratio
10.00 Ratio
Brl
C62
c67
C16A
C17A
C17B
C5h1
C61
C63
C66
C68

0.32 AngSq

1178.00 A**3

This structure shows a spherical arrangement ofctiiearene molecules, the SQUEEZE program
was applied to model the disordered contents ofsiiieere as diffuse electron density. This un-
assignable electron density is the cause of thie Riyand R2 values. PLAT215, 220, 242, 241, 245
errors are due to the disorder of two pendant shand despite modelling the disorder, the errors

persisted.
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C10BrPgMeOH

RFACGO1_ALERT 3_A

The value of the R factor is > 0.20

R factor given 0.242

RFACRO1_ALERT 3 A

The value of the weighted R factor is > 0.45
Weighted R factor given 0.574

SHFSUO1 ALERT 2 A

The absolute value of parameter shift to su ratio >
Absolute value of the parameter shift to su ratio g
Additional refinement cycles may be required.
PLATO80 ALERT 2 _A

Maximum Shift/Error ..........ccccceeeeeeenn.

PLAT082 ALERT 2 A

High R1Value ......c.cccccoooviviiiiiiinnns

PLAT084 ALERT 2_A

High R2 Value ..........ccccooeviiiicinnns

PLAT213 ALERT 2 A

Atom O1  has ADP max/min Ratio .............
PLAT213 ALERT 2 A

Atom O2  has ADP max/min Ratio .............
PLAT213 ALERT 2 _A

Atom O5  has ADP max/min Ratio .............
PLAT213 ALERT 2 A

Atom O11 has ADP max/min Ratio .............
PLAT213 ALERT 2 _A

Atom C11 has ADP max/min Ratio .............
PLAT213 ALERT 2 A

Atom C49 has ADP max/min Ratio .............
PLAT213 ALERT 2 _A

Atom C58 has ADP max/min Ratio .............
PLAT220 ALERT 2 _A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ...
PLAT222 ALERT 3 A

Large Non-Solvent H  Ueqg(max)/Ueg(min) ...
PLAT241_ALERT 2 _A

Check High  Ueq as Compared to Neighbors for
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for
PLAT241_ALERT 2 _A

Check High  Ueq as Compared to Neighbors for
PLAT241_ALERT 2 _A

Check High  Ueq as Compared to Neighbors for
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for
PLAT241_ALERT 2 _A

Check High  Ueq as Compared to Neighbors for
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for
PLAT242_ALERT 2_A

Check Low Ueq as Compared to Neighbors for
PLAT242_ALERT 2_A

Check Low Ueq as Compared to Neighbors for
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for
PLAT242_ALERT 2_A

Check Low Ueq as Compared to Neighbors for
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for

0.20
iven 2.004

2.00

0.24

0.57

6.40 prola
6.20 prola
5.80 oblat
7.50 prola
6.10 prola
5.40 prola
6.00 prola
10.00 Ratio
10.00 Ratio

C11

C17

C29

C32

C49

Ch1

C10

C16
C28A
C31A

C34

C48
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PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for C50
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for C68
PLAT410 ALERT 2 A

Short Intra H...H Contact H31B .. H33B .. 1.72 Ang.
PLAT413 ALERT 2 A

Short Inter XH3 .. XHn H69B .. H71B .. 1.73 Ang.
PLAT413 ALERT 2 A

Short Inter XH3 .. XHn  H69C .. H71A .. 1.55 Ang.
PLAT432 ALERT 2 A

Short Inter X...Y Contact 014 .. C69 .. 2.70 Ang.
PLAT432 ALERT 2 A

Short Inter X...Y Contact C69 .. C71 .. 2.71 Ang.
PLAT234 ALERT 4 A

Large Hirshfeld Difference C32 -- C33 .. 0.41 Ang.

This structure shows a spherical arrangement ofctiearene molecules, the SQUEEZE program
was applied to model the disordered contents ofsiiieere as diffuse electron density. This un-
assignable electron density is the cause of the Rij and R2 values. PLAT213, 220, 234, 241, 242,
245, 410, 413, 432 errors are due to the disorfléwoe pendant chains, and despite modelling the
disorder, the errors persisted.
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C10CNPg Benzene

SHFSUO1_ALERT 2 _A

The absolute value of parameter shift to su ratio >
Absolute value of the parameter shift to su ratio g
Additional refinement cycles may be required.
PLATO80 ALERT 2 _A

Maximum Shift/Error ..........cccccceeevennne

PLAT213 ALERT 2 A

Atom C52 has ADP max/min Ratio .............
PLAT215 ALERT 3 A

Disordered C64B has ADP max/min Ratio .......
PLAT220 ALERT 2 _A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ...
PLAT220 ALERT 2 A

Large Non-Solvent N  Ueqg(max)/Ueg(min) ...
PLAT222_ALERT 3 A

Large Non-Solvent H  Ueqg(max)/Ueg(min) ...
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for
PLAT241_ALERT 2 _A

Check High  Ueq as Compared to Neighbors for
PLAT241_ALERT 2 _A

Check High  Ueq as Compared to Neighbors for
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for
PLAT241_ALERT 2 _A

Check High  Ueq as Compared to Neighbors for
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for
PLAT242_ALERT 2 _A

Check Low Ueq as Compared to Neighbors for
PLAT242_ALERT 2_A

Check Low Ueq as Compared to Neighbors for
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for
PLAT242_ALERT 2 _A

Check Low Ueq as Compared to Neighbors for
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for
PLAT242_ALERT 2_A

Check Low Ueq as Compared to Neighbors for
PLAT242_ALERT 2_A

Check Low Ueq as Compared to Neighbors for
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for
PLAT242_ALERT 2_A

Check Low Ueq as Compared to Neighbors for
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for
PLAT242_ALERT 2_A

Check Low Ueq as Compared to Neighbors for
PLAT242_ALERT 2_A

Check Low Ueq as Compared to Neighbors for
PLAT245 ALERT 2 A

U(iso) H63A Smaller than U(eq) C64B by ...
PLAT331_ALERT 2 _A

Small Average Phenyl C-C Dist. C100 -C101_a
PLAT773 ALERT 2 A

Suspect C-C Bond in CIF: C64B -- C65

0.20
iven 6.839

6.84

7.00 prola
8.60
10.00 Ratio
8.95 Ratio
10.00 Ratio
C17

C35

C50

C52

C65

C68

C16

C18

C34

C36

C49

Ch1

C53

C54

C63
C64A

C66

C69

0.37 AngSq
1.34 Ang.

1.76 Ang.
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PLAT224 ALERT 1 A

Ueq(Rep) and Ueg(Calc) differ by -0.010 Ang**2 . N1
PLAT224 ALERT 1 A

Ueq(Rep) and Ueq(Calc) differ by -0.010 Ang**2 . C17
PLAT224 ALERT 1 A

Ueq(Rep) and Ueq(Calc) differ by -0.010 Ang**2 . C18
PLAT234 ALERT 4 A

Large Hirshfeld Difference N4 -- C18 .. 0.55 Ang.
PLAT234 ALERT 4 A

Large Hirshfeld Difference C67 -- C68 .. 0.36 Ang.

The errors generated are due to disorder of twdgr@rchains within the molecule. Despite modelling
of the disorder the error persisted. This is thet flataset collected for this molecule, due toftinere
importance of this molecule as an intermediatehi@ $ynthesis of a therapeutic delivery system
further investigations into the structural behaviofisubstituted calixarene molecules. The disoader
pendant chains may be due to the interactions legiiee pendant chains preventing interdigitation,
this would allow greater conformational flexibiligf the chains and therefore disorder within the
crystal lattice.

C10CNPgAcetylated

THETMO1 ALERT 3 A

The value of sine(theta_max)/wavelength is less tha n 0.550
Calculated sin(theta_max)/wavelength = 0.4998

PLAT220 ALERT 2 A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ... 5.00 Ratio
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for C16A
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for C18

Despite repeated attempts to crystallize the nadfehie crystals which grew were only suitable for
synchrotron radiation due to their small size. PhT220 and 242 errors are due to the disorder of
the penultimate carbon atom of one of the pendhains. Despite modelling the disorder the error
persists.
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C10enePgEtOAC

PLAT213_ALERT 2 A

Atom C51 has ADP max/min Ratio ............. 8.10 prola
PLAT220 ALERT 2 A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ... 10.00 Ratio
PLAT220 ALERT 2 _A

Large Non-Solvent C  Ueqg(max)/Ueg(min) ... 10.00 Ratio
PLAT222 ALERT 3 A

Large Non-Solvent H  Ueqg(max)/Ueg(min) ... 10.00 Ratio
PLAT241_ALERT 2 _A

Check High  Ueq as Compared to Neighbors for C44
PLAT241_ALERT 2 _A

Check High  Ueq as Compared to Neighbors for ca7
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for C49
PLAT241_ALERT 2 _A

Check High  Ueq as Compared to Neighbors for 013
PLAT241 ALERT 2 A

Check High  Ueq as Compared to Neighbors for C70
PLAT241_ALERT 2 _A

Check High  Ueq as Compared to Neighbors for C71
PLAT242_ALERT 2 _A

Check Low Ueq as Compared to Neighbors for C32
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for C33
PLAT242_ALERT 2 _A

Check Low Ueq as Compared to Neighbors for C46
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for C48
PLAT242_ALERT 2 _A

Check Low Ueq as Compared to Neighbors for C50
PLAT242_ALERT 2_A

Check Low Ueq as Compared to Neighbors for 014
PLAT242 ALERT 2 A

Check Low Ueq as Compared to Neighbors for C69
PLAT306_ALERT 2_A

Isolated Oxygen Atom (H-atoms Missing ?) ....... 015
PLAT780 ALERT 1 A

Coordinates do not Form a Properly Connected Set ?

This structure shows a spherical arrangement ot#tigarene molecules. The PLAT213, 220, 222,
241 and 242 errors are due to a disordered pertlainh which, despite modelling the errors
persisted. The PLAT306 is due to the presencewétar molecule within the crystal lattice. Xseed
does not currently support geometric placementdfdgen atoms on isolated oxygen atoms.
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CpNO,CeH,Pg

PLAT306 ALERT 2 A

Isolated Oxygen Atom (H-atoms Missing ?) ....... 014
PLAT306 ALERT 2 A

Isolated Oxygen Atom (H-atoms Missing ?) ....... 015
PLAT412 ALERT 2 A

Short Intra XH3 .. XHn  H31B .. H34C .. 1.61 Ang.
PLAT415 ALERT 2 A

Short Inter D-H..H-X H3A .. H34A .. 1.67 Ang.
PLAT415 ALERT 2 A

Short Inter D-H..H-X H3A .. H34B .. 1.63 Ang.
PLAT430 ALERT 2 A

Short Inter D...A Contact 014 .. 014 .. 1.94 Ang.
PLAT432 ALERT 2 A

Short Inter X...Y Contact O3 .. C34 .. 2.69 Ang.
PLAT432 ALERT 2 A

Short Inter X...Y Contact O4 .. C27 .. 2.65 Ang.
PLAT432 ALERT 2 A

Short Inter X...Y Contact O6 .. C38 .. 2.66 Ang.

Despite multiple attempts to crystallizepl0O,CsH,Pg from a number of different solvents under
varying conditions, crystals only grew from a satad solution of methyl ethyl ketone exposed to the
atmosphere and allowed to slowly evaporate. Thellsomgstal size and low quality required
synchrotron radiation to collect an adequate datd$ese factors required the use of the SQUEEZE
program to model extensively disordered solventemalesexoto the cavity of the calixarene. The
PLAT306 error is due to XSEED currently not suppaytthe geometrical placement of hydrogen
atoms on isolated oxygen atoms. PLAT415, 430, 48Xae to the extensive disorder of the solvent
moleculesxoto the cavity of the calixarene.

Phenanthrene

This structure produced no class A or B alerts.
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