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ABSTRACT

Immobilisation of functional entities, such as, enzym@m#o solid supports, as a
means of facilitating their removal from the surrougdienvironment and
subsequent regeneration has been in practice for many detadesiork focuses
on the immobilisation and analysis of three-walled @aen armed), cyclen based
receptor complexes immobilised onto a silica surfacehfe purpose of sequestering
aromatic anions from aqueous solution: Si-GPS-[Cd(T{@t)})., Si-GPS-
[Cd(DiPTrac)](ClQ),, and Si-GPS-[Cd(TriPTrac)](Ckp were the immobilised
receptors used.

Initially, synthesis of a three-walled model receptGd(TracHP12)](CIlQ),, that
is not bound to silica yet mimics the properties of #ileea anchored receptor
complexes with a hydroxypropyl pendant arm was effectedmatic anion binding
constant measurements were made on the model recejptprtdisNMR monitored
titrations in DMSO-d which showed that, in comparison to the first genenafour-
walled receptors, the removal of one of the pendans alich not affect the binding
capability of the receptor's cavity significantly. It wakown that the binding
strength correlated well with theKp of the particular anion with, for example;
hydroxybenzoate »-hydroxybenzoate ®-hydroxybenzoate. The precursor to this
receptor was then immobilised onto a silica surfacesabgected to metal ion uptake
studies to gauge its coordination properties with a numbeivafent metal(ll) ions:
cd(n, Pb(ll), zZn(ll), Cu(ll) and Ca(ll). The three ddl) coordinated receptor
complexes mentioned above were then subjected to imclgtudies with a number
of aromatic anions in aqueous conditions whereupon a etvefshe previously
mentioned trend,e. o-hydroxybenzoate m+hydroxybenzoate p-hydroxybenzoate

was observed. This indicated that the presence of watde system changes the



hydrogen bonding mode of the host-guest complexes, and wasgoa discovery

arising from this work.
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CHAPTER 1 INTRODUCTION

1.1 Genesis: Supramolecular Chemistry

The rationale behind the development of supramoleculamisry stems from
studies involving biological systems. For example, theysbf enzymatic processes
whereby a suitably configured enzyme (host molecule) & tbhon-covalently and
reversibly bind a substrate (guest species), thus caglygs particular biological
process.® This in essence, provides, economically, a definitio'apramolecular"
and, its often used synonym, "host-guest, chemistry", wikigenerally described as
"chemistry beyond the molecule” or the chemistry"adn-covalent interactions
between molecules”®® Enzymes in biological systems tend to be specific oremo
precisely, selective for a particular substrate, widah be a neutral, cationic or
anionic molecule that is "recognised” at a supramoledelsl and thence secured
by the enzyme's chemical or geometrical character, fgynai stable enzyme-
substrate complex. An example of an enzyme-substratelernis the sulfate
binding protein SBP responsible for sulfate transportShimonella typhimurium
Here sulfate is bound by an array of seven hydrogen Hoeitigeeen the NH groups
of the protein backbone and the oxygen atoms of thetsate as shown iRigure
1.1% ' This host molecule consists of two globular domaiegasated by a
flexible pivot. The crystal structure of this complexsla@so revealed that the sulfate
anion is bound in a cleft between the two globular domairs is 7A below the
surface of the proteih.The active site of SBP does not contain a guanidiroam
other positively charged amino acid and, hence binding o&tien is essentially

10,11

through hydrogen bonds'



Figure 1.1 X-ray determined crystal structure and diagrammatic tlepiof the hydrogen bonding

pattern within the active centre of a sulfate bindinggin, SBP, bound with SO.°

Applications utilising supramolecular chemical concepes reow possible in a
variety of fields including, catalyst$, drug delivery and desigh; * host-guest
chemistry*®> and molecular electroni¢§. Many of these applications, such as,
catalysis, or sequestration of molecules from solubigireceptors, suffer from an
inherent deficiency in that the catalyst or the recegtdifficult to recycle due to its
solubility in the reaction medium. To overcome thisnpdication, immobilisation of
the catalyst or receptor onto a solid support resultsrimsoluble material that is
easy to isolate and can be reused. Immobilisation & rtfanner must, however,
preserve the functionality of the original free swysteThis idea has long been
popular, with the immobilisation of enzymes both prologgtheir longevity and
reducing their production cost5.There exist a number of methods by which
enzymes are immobilised including, covalent bonding to aifraddvater-insoluble
matrix such as silic® *°which is of interest in this work; adsorption onto aewa
insoluble matrixt° and, entrapment within a water-insoluble polymer latfic&

Considering that water is regarded as a "green" solbemntg able to control,
regulate and mediate many natural processes, an objauftiveipramolecular
chemistry is the synthesis and design of receptoes\ssthat can operate with high

affinity and selectivity in binding guest molecules in gneous environmenf: 2



The focus of this work was to prepare and explore @asihmobilised metal-ion
activated receptor system that would successfully bind aiomanionic guest

molecules, ideally, in aqueous media.

1.2 Molecular Recognition

Generally, molecular recognition is associated wittermolecular non-covalent
interactions involving a large organic host molecule grabrganises by assuming a
conformation whose framework is chemically and geonatyicomplementary to
acceptance of a smaller organic or inorganic guest meléci?’ Inclusion of the
guest molecule can be either by metal-ligand coordindtidrydrogen bonding,
hydrophobic interactions, charge-transfer interacti@bsctrostatic van der Waals
forces, and, recently the introduction of reversibdeatent bonds such as, ester,
imine or disulfide linkage$. " ?® *®Inclusion through utilisation of these non-
covalent forces fulfils a number of potential objeesivsuch as enhancing solubility,
thermodynamic and kinetic stabilisation as a defegegnat decomposition, and the
development of molecular sensétg.he scope of research connected with molecular
recognition has now achieved a level of sophistication @dyedesign and synthesis
of receptors with predictable selectivity for a rang@wést species allows for their
preparation with a high degree of confideAté!=?

Many of the early host-guest studies concerned recepamable of capturing
cationic guest molecules for example, coordination chiyniwith group 1 and 2
metal ions or ammonium cations and therefore this @freapramolecular chemistry
is now well developed3**° An example is the complex formed between a
methylammonium cation and a crown ether hdstwhich is held together by
hydrogen bonds between ethereal oxygens and ammonium hydeoges>* >°

Synthesis and design of receptors for the capture ofalespiecies is also well



documented throughout the literatdté’

An example of a neutral guest species captureal fixylarised chiral calix[6]aza-
cryptand, 2, is shown below as the host-guest comflesGarrier et al have
demonstrated from inclusion studies with racemiesgsl that this enantiopure tetra-
ammonium host is also capable of behaving as amtiesalective molecular

receptor’’

®

HaN ENH, NH,

2
)Ol\ )OJ\
= HN NH , EtOH, DMSO, HN NH HO OH
\__/  EtCONH
I | | I
Achiral guests Chiral guests

Design, synthesis and exploration of receptor dergs that selectively capture
anionic guest species has only become prominemedent year$. 3 “4°0 Thijs
interest originates from the ubiquity of anionicesjs throughout biological
systems. For example, DNA is a polyanion and marpstsates and co-factors for

enzymes are also aniorift.>*® However, synthesis of artificial receptors for



sequestering anions has proved to be more demanding thaprgpbaration of
receptors for neutral or cationic species® Part of the difficulty in this area comes
from the larger size of anions with respect to isdededc cations and, accordingly, a

lower charge to radius ratio as showable 1.13¢ 4

Table 1.1  Radii (r) of isoelectronic cations and anions comgte

Cation® r(pm) Anion® r(pm)
Na* 116 F 119
K* 152 cr 167
Rb* 166 Br 182
Cs' 181 I 206

4n an octahedral environment.

Adding to the problem is the even larger size and vanaiti topology of poly-
atomic anions, for example: linear, C800 pm) and SCN350 pm); tetrahedral,
ClO4 (240 pm) and S¢¥ (230 pm); and, trigonal planar, NG179 pm) and C¢
(178 pm)® °* ®As a result, the effectiveness of electrostatic ibipdnteractions
with a host species is reduced in comparison with thelsngation®® Furthermore,
there is the sensitivity of anions to changes iniptlibeing prone to protonation and
losing their negative charge at low pH puts limitationghar receptors as they are
only functional within the target anion's pH rari§e>* This may restrict anion
binding events to media where the guest's negative chadyéharefficacy of the
host is maintained. This is also evident in the vast reiffees in free energies of
solvation for cations and anions. Simple cations such dsaRbK have solvation
free energies of -281 and -304 kJ hatkspectively, whereas $0and CQ* have -
1090 and -1315 kJ mid|] respectively. This shows that binding anionic species in

water is not as facile as in organic solvents due alsceladively small overall



enthalpy changes, resulting from competition with watelecules that might arise
upon inclusion. Biological anion receptor processes opeséhin highly defined
environments where selectivity depends on an unusuallyfleghenergy loss for the
preferred substrate, upon inclusion, compared to theefmeegy increase associated

with dehydrating it-°

1.3 Evolution of Synthetic Anion Receptors

Studies involving the specific recognition of anionic spedwys synthetically
designed hosts have their beginnings in the late 1960s waen was a report by
Park and Simmons concerning encapsulation of a halideinionthe cavity of
macrobicyclic ammonium cage compourgdand4. An example is shown below of
the capture of a chloride ion Byor 4 demonstrating that coordination of the anion is

both by hydrogen bonding and electrostatic interactiotis the ammonium ion®

56

Analysis by NMR and X-ray crystallography of these ctaxes showed that the
halide ions are spaced between the protonated nitrogems atther than simply
acting as counter ions to the protonated amine'figét.

Since Park and Simmon's report of their seminal anioeptec many studies
have also been conducted using positively charged anion oesdpmsed on the

guanidinium moiety, which has the benefit of being ablegerate under a wide



range of pH due to its high basict¥Examples of guanidinium derived receptors are
the foldable bis-guanidinium recepto&s and 6 synthesised by Schiessl and
Schmidtcheri® It was discovered that recept®mwas good at binding dicarboxylate
guest anions such as oxylate, malonate, isophthalat@-aitbisophthalate giving

logK values of 3.4, 4.2, 3.8 and 4.2, respectively.

e}r
NH HN
= cl°
OR RO”
5, R = SiPh,tBU
6, R=H

Each of the complexes formed displayed 1:1 H:G (hosttpbasding by analysis
using*H NMR monitored titrations in CEDD. Both receptob and6 also showed
affinity for nucleotide phosphates in polar solvents. &ample'H NMR monitored
titration studies wittb gave lod values of between 4.3 and 4.6 in £CID while 6
bound HPQO, with a loK of 3.0 in BO. Receptor6 is also capable of binding
biological materials, for example 5'-adenosine monopthate (5'AMP) with a lol§
of 4.02%>°

Exploration and synthesis of receptors for anionic gwpsicies has since
broadened beyond straightforward predisposition of pedjti charged regions
within a host species, which, by their electronic statws,inclined toward binding
anions. Later receptors included architectures based on realsa cryptands,
cyclodextrins, steroids and crown ethers that useysinglin combination, neutral

hydrogen bond donor groups, hydrophobic binding, electrostaticdeanWaals



forces and essentially the whole gamut of intermoéacuiteractions, previously
mentioned, as part of their anion retention mechaniSome of these receptor types

will be discussed in the following pages.

1.3.1 Cyclodextrins

Since their discovery in 1891 by Villiéfsthe exploitation and development of
cyclodextrins has extended into many areas of res€arich.more recent times
cyclodextrins have been the focus of considerable studiegegard to their ability
to act as synthetic hosts for guest molecule inclusgimg hydrophobic bindingf:®’
Cyclodextrins are a class of naturally occurring, thshaped cyclic
oligosaccharides the best known of which comprise 6, 8 @-glucopyranoside
subunits assigned as, B- andy-CD (with internal diameters of 4.7 - 5.3 A, 6.0- 6.5

A and 7.5 - 8.3 A, respectively); and, connecteditf§,4) linkages, for examplg-

OH
HO o) O
oo
OH|
HO
g HO
OH

HO o
OH

OH
OH

Cyclodextrins have an exceptional ability to form stabll complexes with a

CD, 7.9

OH

wide variety of appropriately sized hydrophobic guest spéciagueous media.?

In 1977 Bergeron and co-workers reported the inclusion of lacue of eitherp-



nitrophenol or p-nitrophenolate within the cavity of am-CD placing great
importance on the orientation of the phenolic moi€they pointed out thap-
nitrophenolate is able to position itself with eithke tnhitro end or phenolate end
first, as shown irFigure 1.2%® It was found that the guest species normally bound
nitro group first, but that various positional substitutiams the aromatic ring by
methyl groups tended to prevent this orientation and then @a$ec in binding
strength was observéd.

Me

Figure 1.2 Possible orientation gf-nitrophenolate and methyl substituted phenolate witten th

cavity ofa-cyclodextrin.

They were also curious as to why sodpHamitrophenolate bound 13 times tighter
than p-nitrophenol whereas studies with sodium-benzoate stiawat it bound 82
times less effectively than benzoic atldEurther investigation revealed that, like
sodium p-nitrophenolate,p-nitrophenol binds with its nitro group first and the
hydroxy group protruding out of the cavity into the solution viathding to the CD
mediated by an induced dipole-dipole interaction with taeew® Therefore, due to
the resonance delocalisation of the negative chargkeophenolate, which promotes
binding, but impedes hydration, the phenolate was inclined t founch stronger
than the phend® ™ It was found that benzoate and benzoic acid bound witkein th
cavity carboxy group first as this orientation is moreaifve at filling the cavity.
Since it is more difficult for the partially solvateharged carboxylate to move from

a high dielectric environment to one of low dielectrie. from the aqueous



environment to the hydrophobic interior of the CD, the Imgditrength is lowered
accordingly, compared to benzoic a&ldMoreover, studies wittp-nitrobenzoate
guests conducted by Davies and Savage revealed that guess sieeisied fronp-
nitrobenzoic acid bound more weakly than those fronzbe acid. They concluded
that the charged species bound as Bergetat proposed, but that binding in both
charged and uncharged species was also mediated by thereldhdrawing or
donating ability of the substituents. They ascertained shibstituents with higher
electron withdrawing ability penetrated the cavity fiss$.the nitro group has higher
electron withdrawing ability than the carboxy moietg ttarboxy group was likely to
protrude into the aqueous environment and hence the lowendpiodserved fop-

nitrobenzoic acid derivatives.

1.3.2 Calixarenes

The calixarenes exhibit some similarity with cyclodexdras both have recurring
structural subunits containing peripheral functional groupsnged around a
hydrophobic coré? Since their discovery they have become the subjechafy
studies as receptors due to the ease of modifying thekbbaes and their well-
defined upper and lower rims surrounding a central annulsscaen for8, a typical

calixarene’® > 74

10



It has been shown by NMR and crystallographic datadimato the flexibility of
the methylene linkage between the phenolic moieties,[4¢kbenes, such a8, may
adopt four rotational conformers, namely: cone, wheréhalphenyl rings align in
the same direction to form a "basket-like" cavity; @drtone, where one of the
phenyl rings aligns in a downward direction while the otiheee orient upwards;
1,2-alternate, where two of the phenyl rings align dowdvead two upward in as
arrangement; 1.3-alternate as previous, but witra@as arrangement, as shown in

Figure 1.3

1,2-alternate 1,3-alternate

Figure 1.3 The four possible conformers of calix[4]arenes.

Of these four conformations the most common is three @onformation. It can
be seen that in the cone conformation the -calix[4]arendeame forms a
hydrophobic "basket-like" cavity that can be used for médeaecognition of guest

molecules, and hence as a receptor.

11



To preserve the cone conformation and prevent inteecsion between the four
conformations, flipping of the rings can be restricted bylding between two
opposite p-positions with, for example, either aliphdficor ethereal chain® as

shown for9 and10, respectively?

(CHy)

OH OH oy HO

9,R=CHs, N=5 \\</\>//

10,R=H, n=2

The first conclusive report of the inclusion of a dnmdutral guest molecule
(toluene) within the cavity of a calixarene-based recepts by Andreetti and co-
workers in 19797 X-ray structures showed a 1:1 H:G complex mfert

butylcalix[4]arene with an included toluene molecule aswhio Figure 1.4

Figure 1.4 Crystal structure gb-tert-butylcalix[4]arene toluene (1:1) clathrate, looking down onto

the Q plane of the complex, and thecarbon’’

Bott and co-workers reported in 1986 their observationotfete inclusion

12



within the cavity of ap-tert-butylcalix[4]arene complexed with sodium through its
phenolic lower rinT® This demonstrated that the potential for inclusion of assgue

molecule was retained after complexation with mietas, as shown iffigure 1.5."®

Figure 1.5 Structure of theg-tert-butylmethoxycalix[4]arene-sodiumtoluefi@ation. The toluene

molecule is seen at the core of the caffity.

These early studies have provided the basis from whiotaezne-based receptor
synthesis and design has grown. They have led to maonple® and chemically
selective receptor systems, for example, the strappdimkéd 1,3-dialanyl-

calix[4]arenesl1 and12 synthesised by Sansone and co-workers.

Receptorsll and 12 both displayed a high affinity for carboxylate anions in

13



acetone-gl For instance, the I&gfor benzoate was 4.6 whereas chloride and nitrate

anions gave ldg values of 3.4 and 2.3, respectively.

1.3.3 Amide based anion receptors

It is well known that anion binding to proteins is notegpkhe domain of positively
charged side groups, but that neutral amide linkages ar@atdeed. The ability of
the amide subunits to function as both hydrogen bond dqis group) and
hydrogen bond acceptors (oxygen lone pairs on carbonyl) mbakss wersatile
groups for anion sequestration. Since amide based bindingsnimife such
significance in biological systems, development oftlsgtic anion receptors with
comparable capabilities has been given substantiatiatieh - 8- 8

Kondoet al synthesised anion receptors containing an isophthalasom@ewith

terminal amide groups bearing pyridyl moieties at theiippery. For exampld.3,

as shown irFigure 1.6%

_Os--
0] N N/H \P/ p
/
O—H---N
/ N N/ — N___H/O -
| | N7
XN XN
13

Figure 1.6  Complexation of dihydrogen phosphate by recep8s?

Receptorl3 forms complexes with dihydrogen phosphate and Y-shapeshsani
such as acetate by forming hydrogen bonds with the four axtidgroups. Studies

have shown that recept@B is selective towards 1RO, with K(H.POy)/K(AcO) >

14



60 in 0.5% DMSO-MeCN (v/}? The terminal pyridyl groups are presumed also to
accept hydrogen bonds from dihydrogen phosphate adding tornthedistrength
and hence selectivity.

A set of cyclic anion receptofigl and15 containing amide and amine moieties as
part of their backbone was reported by Hossgial in 2003% These receptors were

designed to bind tetrahedral anions, for instance swfatephosphate, selectivefy.

H3C CH3
o CH N
N ;ﬁ o] SN
N N N
H +
/N
X
NH N
\_/Iw
o CHs
H3C CH3
14, X = CH 16, X = CH
15, X =N 17, X=N

These receptors contain four amide NH hydrogen bond doonopgrand two
tertiary amine moieties that can be methylated to givdeguarised ammonium
receptorsl6 and 17, in effect furnishing the receptor with two additional siter
binding anion$? Binding of anions such as,PlO; is strengthened in receptats
and17 where the lol values are 4.06 and 5.32, respectively, whereas recdptors
and15 give logK values of 2.92 and 4.04, respectively, as determinedfroNiMR
monitored titration experiments in GOD.

The "catalogue” for anion receptors bearing the amidetynes vast due to the
efficacy of the amide group in binding anionic species arge of both polar and

non-polar solvent&!®®

1.3.4 Alcohol based anion receptors

Considering that hydroxy groups are excellent hydrogen hgrabnor groups it can

15



be appreciated that many biological processes are ramargpecific recognition
between hydroxy subunits and anionic substrates. An dgafrgm nature is the
interaction between carbohydrate moieties and anionieips3f

Due to the efficiency of the hydroxy group in participgtin hydrogen bonding
interactions in natural systems a great deal of invegiig&as gone into synthesis
and design of synthetic anion binding receptors with hydroxypg@s part of their
framework®

An anion receptof8 for selectively binding fluoride ions, based on a bile acid

derived cyclic dimer, was synthesised by Ghosh and Choydhtihis receptor was

designed to bind through OHF and CH--F interactions and it was determined from
'H NMR Job's Plot analysis that the stoichiometryhef complex formed was 1:2
H:G. They found that receptd8 bound Fin CDCk with binding constants of ldg

= 3.3 and lo#, = 2.4 whereas, the l&gfor CI in the same solvent was 2.0. Job's
Plot analysis for the Clon showed that only the 1:1 H:G complex was formed. It

was deduced frotH NMR monitored titration experiments that eachsFheld by

two OH--F and one CH-F hydrogen bonds.

18

A number of studies have also been involved in investigahe guest anion

recognition properties of calixarene hydroxy groups. Staffiland co-workers

16



synthesised bi- tri- and tetra =metalated macrocyclic complexes using, for

example p-tert-butylcalix[5]arene’

19

They found that the presence of transition metal (tnf8l) in these complexes

considerably amplifies the acidity of the hydroxy fuantlities at the calixarene

lower rim such that monodeprotonatt@lis able to include anionic species, such as

BF,, HSQy and SG*.%? A crystal structure was obtained for the host-guest &mp

formed with19 and BEF that showed one of the five tetrafluoroborate anioas w

included within the cavityfrigure 1.7.

1 i A ; OB o) b a
¥ 3 . i X INL\!I = B
e Fi1A)

FI3A)

Figure 1.7 Crystal structure of tri-iridium complexgstert-butylcalix[5]arene,19, with a

tetrafluoroborate anion included within its cavity.

It was determined that the distance of the neanesided BE fluorine atom to

17



an aromatic ring centroid, F(2AC(3C) was 2.93A, whereas the BFCp* and BR’

--arene distances for the anions outside the calixa@ity avere more than 3.10A.

It was found that the metal ions were essentialrfolusion of BE to occur’

1.3.5 Tetraaza based Molecular Receptors

The number of studies involving tetraazamacrocyclesteslily increased over the
last few decades as these molecules show considexaiity in complexing metal
ions and also because their functionality can bersified through their reactive
nitrogen atoms.

Undeveloped tetraazamacrocycles suffer one drawbdua&hws their inability to
enclose metal ions with coordination numbers gredian four. Nevertheless, by
incorporating pendant donor groups capable of metal ion cwdin within their
framework this obstacle can be overcome. The chemidtrgtraazamacrocycles
appended with pendant donor groups has been extensively ezkjrorecent times
and instances within the scientific literature are abuntfatit'®®

It is well known that appending pendant donor groups atp#rgphery of
tetraazamacrocycles leads to the retention of hleenccal properties inherent in both
the macrocycle and the pendant afffi#As tetraazamacrocycles can be modified at
either their carbon skeletons or their secondary amihe chemistry of both has
been widely investigated>*°” However,N-substitution has proven to be much more
facile and therefore studies in this area predomitfate’

Many of these studies have focussed on the chemistryl,48,11-
tetraazacyclotetradecane (cycla@y, first synthesised by van Alphétf: **which,
for the purpose of this work, is unsuitable in that stdgin with four pendant arms

and subsequent metal coordination will generally causeyttiam complex to
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adopt atranslll conformation, where two of the pendant arms prbjabove the

plane of the metal ion and two belokigure 1.8 %

k
&

Figure 1.8 Representation of theans Il conformation for 1,4,8,11-tetraazacyclotetradecane

(cyclam),20.

This problem does not occur with 1,4,7,10-tetraazacyclododdcsalen) 21, as
the pendant arms are inclined to project in the sametidineand upon metal

coordination to form a molecular cavity above the elahthe aza group$.

NH HN

(o o]

NH  HN
/

21

Cyclen,21, was first synthesised in 1976 by Stéfferand has since featured in
numerous literature reports in a diversity of fields, éxample contrast imaging

agents in magnetic resonance imaditig;*® models for enzymatic complexés *%°
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and chelation therapy™ *?*
The exploration of eight coordinate metal complexéscyrlen derivatives
containing four pendant arms has been of interest foe 4one using, for example,

DOTAM, 22, which was synthesised by Hancatlal in 1995

22

It has been demonstrated with X-ray determined crgstattures; for example
of the Cd* complex with DOTAM,22, shown inFigure 1.9, that this ligand readily
forms eight coordinate complexes with metal ions sicPI&, Cf* and C4" and

six coordinate complexes with metal ions such &&. %A **

Figure 1.9 A view of the crystal structure of [Cd(DOTAM]]showing the two planes of donor
atoms enclosing Géldue to the outward projection of all the pendant army &wen

the same face of the macrocytie.

Complexation occurs through the foaNratoms on the cyclen scaffold and the four

20



amide oxygen atoms on the pendant arms, with the metaitoated between the
two planes. In all cases this causes the pendant arpuxtapose away from the
cyclen skeleton in pseudoaxiatonformation??

The outward projection of the pendant arm2fsuggests that if the pendant
arms were increased in length, or broadened, or both,tiallyaor fully enclosed
cavity could result. Hence, the arrival of studies eoned with producing a
functionalised cavity. Cadmium(ll) complex&8 to 26 were all prepared from
ligands obtained by reacting cyclen with an appropriatidpoethylene oxide for
23, (9-propylene oxide foR4, (S)-styrene oxide foR5 and (&)-(+)-3-phenoxy-1,2-
epoxypropane fo26. Quantitative yields are common when functionalisingjey in

this way, as is the formation of the complex asliperchlorate salt.

H TH H H
A %H H
\ /O/éHH
— S
NIVAVW.N

25 26

The size of the cavity above theq @lane in these receptor complexes may vary
from negligible in23 and24 to shallow and saucer-shapedbto quite substantial
in 26, depending on the length and positioning of the pendant ‘atridie ©-

propylene oxide appended struct@rewas first synthesised in 1988 by Hancock and
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co-workers in their investigations relating to neutral oxydenors as regulators of

selectivity for Pb(ll) ions® Kimura et al'®®

utilised ©)-styrene oxide to attach a
benzyl alcohol pendant arm to cyclen. This mdhasubstituted cyclen derivative
was then complexed with zinc(ll) to yield a model biatgdt for cleavage of
phosphodiester bond&’ In an investigation of full cavity development by tela
substitution with benzyl alcohol pendant arms, Whitbretadl, found throughab
initio modelling work that the phenyl groups of a ligand formed inwag would
juxtapose to give a shallow cavity.'°® ***However, although these studies of this
complex showed its suitability as a potential receprploration of guest inclusion
with 25 was not pursued due to the low yieldsa.(40%) obtained when producing
the ligand® 12°

In 1999 Smith synthesised6, which has come to be known, within the
Wainwright group, as one of the first generation m@talactivated aromatic anion
receptors® ***|t is possible to alter the size of the cavity witHiese receptors in
correspondence with the ionic radius of the coordinatietal**® **" Thus the Pb(ll)
complexes appear to have slightly larger cavities thanCd(ll) complexes. These
studies by Smith proved to be the advent of investigatkenreceptor complexes of
this class. They operate with considerable efficacyrnoyuding aromatic anions,
such as phenolates, sulfonates and benzoates and, iar@amiab acids.

Smith obtained crystal structures for many of the inclusiomplexes formed
with his first generation recepta2g, two of which are shown ifigures 1.10and
1.11 These crystal structures reveal the mode of bonditgyele® the aromatic
anionic guest species and the first generation receptorraarily being hydrogen
bonding between the guest oxoanion and the host pendant hggonps. Although

n-n interactions between the host aromatic rings and ahahe guest are not
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apparent there is, nonetheless, evidence from guest bimdingtant data that

suggests preferential stabilisation of these guest spbaieare aromatic in natuté’

Figure 1.10 X-ray determined structure of the inclusion complex fdrbetweemp-aminobenzoate
and [Cde)]**.%
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Figure 1.11 X-ray determined structure of the inclusion complex fedrbetween twp-

nitrophenolate molecules and [@é)]**.***

Moreover, electrostatic interaction between thé*Gon and the anion is minimal
and therefore is not a great contributor to the staloli the complex as the closest
point of approach between them is greater than 3% A.

As the properties of the pendant arms and the madeoaye retained upoN-
substitution the chemical properties of the receptordcbeldiversified to include for

example groups that would increase its solubility in aqueoceian Examples of

23



first generation water soluble ionic receptor ligands the trimethylammonium

appended$)-tmappc1227 and sulfonatedgj-stmppc1228.*2°

Me3 Me3N Me
NM63
803 “038 )
S0;
o j L
96 QU Oé o)

. ) iy . (2/ iy

: NN NH NH HN HN

S\ N0\ (CFa803), LN AL /NDY
27 28

It was demonstrated that anion binding properties for th®nia receptor
[Cd(27)]®" firstly investigated in DMSO were retained in water.d¥ic, hydrophilic
sulfonated [CdZ8)]* exhibited greater water solubility, but, predictably, itéoa
binding capability was much weaker due to charge repulsiortefféc

The success gained with the first generation, four-aatleceptors, as host
compounds for inclusion of aromatic anionic species sudbeazgoates, phenolates
and amino acids has prefaced design and synthesis ob-heseibstituted cyclen
derivatives, for exampl@9, which has as one of the pendant arms an anthracene
moiety capable of signalling the entry of a guest mdéethrough changes in its

fluorescence. This allows the host to act as a séfisor
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However, heterdN-substitution on the cyclen skeleton is not as easy a®iN-
substitution and there are relatively few instancehiwithe literaturé® 3% 3!The
methodology behind hetefg-substitution requires that the macrocycle is
incompletely substituted with a particular moiety andatththe remaining
unsubstitutedN-atoms are subsequently substituted with a different gréop.
instance, to acquire a t-substituted adduct necessitates a stepwise development
with initial protection of three nitrogen atoms follodveby protection, with a
different protecting group, of the fourth. Removal of theee initial protecting
groups, derivatisation of the deprotected nitrogen atoms thé@hrequired moiety
followed by deprotection of the second protecting group provédé®mo-triN-
substituted macrocycle. This allows for substitution effirurth nitrogen atom with
a different functionality, for example the fluoropkarn29, or immobilisation onto a

solid surface via a linker molecul®’

1.4 Immobilised Receptor Complexes

1.4.1 The silica surface

It is well known that immobilisation of chelating groups a silica surface via a
linker group not only allows better contact of the functiogeoup with its
environment, but also provides for regeneration of the ninhtgter use€? For this
reason the investigation of silica immobilised chetatynoups for pre-concentration
of metal ions has generated a great deal of intEtest

As noted on page 3, the primary focus of this work wamtoobilise aromatic
anion binders on a silica surface. In particular, it w@ase the cyclen derived
aromatic, anion binders similar &% that were to be immobilised. Silica gel is a very
effective agent for immobilisation of chelating liganand has therefore been at the

forefront of many investigations concerning the preparatibnmaterials for
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preconcentration of metal ions from aqueous m&di&: Certain advantages can be
gained by using an inorganic solid support, such as silicangétad of polymeric
resins or bead$? *> *%Some of these advantages are: good selectivity, ntirgyye
and good mechanical stabilt3f It is, therefore, essential to understand the nature o
silica surface chemistry, specifically, the propert@sl reactivity of its surface
silanol groups3® 147

The surface of untreated silica has three layers dfigidsorbed water hydrogen
bonded to silanol grougé® Activated silicai.e. silica that has been heated to 423 K
in vacuoto remove most of the physi-adsorbed water fronsut$ace, is structured
such that at the surface either a siloxane gragp®-Sk) forming part of the bulk
matrix or a silanol group=6i-OH) can be found. Concentrations of surface silanol
groups generally range from 4.5 to 8.0 groups per square nanaftetractivation
of the silica surfac&*®

Surface silanol groups may exist in more than one &ishown irFigure 1.12

DO G G

silica silica C silica

N

Figure 1.12 Schematic depiction of (A) isolated, (B) vicinal a@) geminal silanol groups that can

be found on the surface of silit}.

Hydrogen bonded, silanol groups have a lowKr than non hydrogen bonded
silanols with values of ~4.9 and ~8.5, respectivélyThus silanol groups remain
protonated under acidic conditions, but are susceptibldytrolysis if their

environment becomes too basic by the following prot&ss?
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SF-OH + OH —— SiO+ HO

For surface immobilisation of a substrate it is inapee that the number of
available silanol groups on the silica surface is maedias they are the reactive
species utilised in surface modification procesdes=>® 14 *This is commonly
done by heating the silica to 423 K under vacuum. Immobiligiadgunctional group
directly onto the silanol groups on the silica surfage tisadvantages and hence it is
desirable to append a linkage between the surface and th®fah group:>® Linker
molecules are generally silane coupling agents thataitoreactive moieties at each
terminus™? They are able to attach to the surface of silica lactieg with the
surface silanol groups. Once attached to silica thewlleeto retain some form of
functionality at their periphery, such as an aminpgsiane which uses the terminal
amino group as the reactive centre for further funefisation. The terminus that
reacts with the surface silanol groups tends to be compafskydrolysable groups
such as chloro or alkoxy moieti€&.Three examples of silane coupling agents are 3-

(aminopropyl)trimethoxysilane, 30,  vinyltrichlorosilane, 31, and, 3-

(glycidoxypropyl)trimethoxysilane32.

OMe
/OMe /CI /
HZN/\/\Si—OMe Hzczﬁ_Si—Cl L>\/O\/\/S|\——0Me
\ \ OMe
OMe Cl
30 31 32
These coupling reagents readily react with a silicéasarto produce an array of

linkers capable of covalently binding to a molecule oérest, as shown iRigure

1.13 for a single molecule &2 covalently attached to silica to form Si-GRS,
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Figure 1.13 Silica attached glycidoxypropylsilane (GPS) linker eni, Si-GPS33, derived from
the reaction of 3-(glycidoxypropyl)trimethoxysilaneRTS),32, with a silica surface.

A fully developed example of a 2-mercaptobenzothiazaldified silica material

34 has been used for the pre-concentration and separatigiiver in aqueous

solutionst®’

——OH OH N
_O_S:i/\/\m/\34</ ‘
S

——OH OH

34

This material was synthesised by the Mannich reactiortwden 2-
mercaptobenzothiazole and 3-aminopropyl modified silidd*j&he linker moiety
immobilises the 2-mercaptobenzothiazole functionality tbe material while
allowing it to project into the solveft®

This type of methodology for linking chelating groups taliasssurface via an
organic silane coupling agent has been used to anchor mow®a macrocyclic
ligands by Dudler and co-workers in 1987 They linked an @N3 donor macrocycle
to a silica surface that they had first derivatised thwi 3-

(chloropropyl)trimethoxysilane, to obtaib.
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35

This material was obtained with a loading of 0.41 mmahatrocycle per gram of

functionalised silica. It was used to investigate tthached macrocycles selectivity
toward CG*, Ni**, CU#*, zr* and Cd" in aqueous solution by atomic absorption
spectrometry>® They found, not unexpectedly, thas demonstrated selectivity

toward C4" when confronted with a mixture of all the metal iorsntioned">?

An example of silica tethered tetraazamacrocyclasgbesed for extraction of
uranyl ions from aqueous solution comes from Barbettal in 2004>*? They
prepared functionalised silica materials with eithedexivatised cyclen36, or
cyclam, 37, moiety attached via a linker arfif. This was done by two different
methods. Method one required firstly functionalising acaikurface with a linker
molecule using 3-chloropropyltriethoxysilane then attachihg tacrocyclé>?
Method two involved firstly attaching a linker molecule tlwi 3-
iodopropyltriethoxysilane to the one of the macrocycteteogen atoms and then
functionalising the three remaining nitrogen atoms with nogtie pendant arms

followed by anchorage on sili¢&
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The loading of macrocycle obtained for these matenahs 0.28 mmol of
macrocycle per gram of functionalised silica 3&and 0.32 mmol of macrocycle per
gram of functionalised silica f@7. Immobilisation of macrocycles in materids,
36 and 37 demonstrates that it is possible to graft bulky mokswnto linker

functionalised silica with good results.

1.4.2 Receptor complexes tethered to solid supports

Many studies involving immobilisation of a receptor ontsili@a surface concern the
tethering of either calixarene or cyclodextrin moti *°>An example is from an
account published in 2002 by Katz and co-worketdhey reported the tethering of
p-tert-butyl-calix[4]arene to a silica surface initially moedi with SiCj
(tetrachlorosilane) to obtaiB8 with a coverage of calixarene per gram of silica

material of 0.27 mmol 4
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surface of silica surface of silica

38 39

Scheme 1.1 Depiction of the inclusion of a small neutral aromagtiest molecule (R = H, OH, GH
or NG,) within the cavity of silica immobilised recept88 to give the host-guest
complex39. The guest molecule is seen to be held between ¢heatic moieties of the
calixarene host®

The inclusion capability 38 was tested with volatile organic molecules (VOCs)
such as toluene, benzene, phenol and nitrobenzene in aqoeondsions by
determining tentative binding constants for the host-gussthplexes formed

between these guests &l These are tabulated Trable 1.2 *°°

Table 1.2  Binding constants for various VOCs with silica immat@lilp-tert-butyl-calix[4]arene,

38, in aqueous solutioft®

Binding

Guest Species Structure Constant K(M'l)

phenol QOH 35115
benzene @ 275 £15
toluene QCH3 560 +20
nitrobenzene @—N% 715 +30
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In the host-guest comple39, formed as shown iBcheme 1.1it is believed that the
guest molecule is positioned between thech calixarene aromatic rings which is
indicative of the suitability 088 for guest inclusion®’

An example of an immobilised receptor for anionic specis the

glycidoxypropylsilane tetherefl-cyclodextrin moiety40 synthesised by Ponchet

158
al.

(l)H
O /\/\
si O/ﬁ/\o
@)
OH

Silica Surface 40

Loading of B-cyclodextrin on the functionalised silica was found by
thermogravimetric analysis to be 0.067 mmol per gram of3i@ material. The
loading of cyclodextrin was also confirmed by titrationengh reduction of the
tetrazolium blue molecule (8 occurs in the presence of reducing sugars.

The guest inclusion capabilty and guest molecule adxhtysito the
cyclodextrin moiety of this material was tested with basic form of methyl orange,
41, using UV Vis spectroscopy® *°% **!Studies by Clarket al have shown that
methyl orange forms a 1:1 complex wittyclodextrins:®

0]

o] i > < > /
Na* “0—$ N=N N
| \

O 41

At the time of publication Ponchel al stated that they were working on using the
silica immobilisedp-cyclodextrin materials as mass transfer promoteraqgineous

organometallic catalysis®
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Tetraaza metal complexes immobilised on solid supposs heaen utilised as
biomimetic catalysts in the hydrolysis of plasmid DA phosphodiester$® and

proteins'®*

These artificial enzyme systems all consist of éalmeomplexed cyclen
derivative attached to an organic polymeric backboneexample is the polymer
immobilised ZA* cyclen complext2 synthesised as an artificial enzyme for cleavage

of phosphodiester$?

B

AN
N
/353
I\_/I

2CIO4

*

H
polymeric support

1.5 Aims of the Project

The objectives of this project were to explore the inclugproperties, in agueous
conditions, of three-walled, cyclen-based, receptanpdexes immobilised on a
silica surface. It was thought that this system, sh@s4 would extend the
capabilities of the previously studied four-walled, first e@ation receptor
complexes26, synthesised by Smitt: *°

This would entall initial synthesis and exploratidritee aromatic anion retention
capabilities of a non silica attached, three-walled rheg&tem which, if successful,
would then be anchored onto chromatographic silica geloVarderivatives with
different properties such as wettability in was,and96 would also be synthesised
and characterised.

These silica attached receptor materials would thersubjected to metal ion

complexation with subsequent inclusion studies involvingaage of aromatic
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anionic guest species in agueous conditions.
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CHAPTER 2 SYNTHESIS OF MACROCYCLIC RECEPTOR
PRECURSORS

2.1 Synthetic design strategy

As indicated in the Introduction, the synthetic protofaimulated for the first
generation of tetr&d-substituted, phenoxy derived, cyclen-based receptors,

exemplified by26, is quite straightforward.

Finding a synthetic protocol for the silica immobilisedeptor94 - 96, shown
below, that are the objects of this investigation is semely more complex since
there are two types of pendant arm to be attachedtmétrocycle; the linker arm,
to connect the receptor to the silica surface, andthihee arms that ultimately

constitute the walls of the anion binding cavity.

N\ N
osi 07 A\’ /N 2ci0,
o)
. 94,R=H
Silica Surface 95, R = (OCH,CH,),OH

96, R = (OCH,CH,);0H
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In addition, successful immobilisation of these resepton a silica surface
complicates the characterisation of the guest uptake geb€en particular, the
silica immobilised receptor materials cannot be quantitatedobtain binding
constants as this requires dissolution of both the hos the guest to set up
conditions for a rapidly established equilibrium betwé®e bound and free gue$t.
Taking this point into account, it was decided firstlysymthesise a structurally and
chemically similar model recepto49, that could be used to test the suitability of a
three-walled binding cavity. In this molecular receptor nholie place of the linker
group would be taken by aB)(hydroxypropyl pendant arm, as showrFigure 2.1,
and because of its solubility anion binding constants coeldmeasured and

compared with those found for a comparable first generagiceptor such &5.

o
\\H
\E \\C / 9, / rrrrrrrrrr
ﬁl/ / \N
N NN 2ci0;
49

Figure 2.1 Schematic depiction of the structural features of rim@ecular receptor mode#9,
highlighting its correspondence with silica attached peged4: blug three phenoxy
derived pendant arms,ed octa-coordination with cadmium(ll) andreen (-

hydroxypropyl pendant arm, simulating the linker group.

Conceptually, the three-walled cavity appears to haveopan'gate" through

which included species are likely to escape through increesathct with the

solvent. Furthermore, the reduction in the number ofmat@ species forming the
walls of the cavity may result in a proportional logspossiblerteTt interactions,

presupposing, of course, that hydrogen bonding interactidmse®e the host O-H
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groups and guest species are augmented by some lewaliateraction. Therefore,
synthesising the molecular receptor mod&, was essential in examining whether
three pendant arms would adequately provide a binding cavitypleaphincluding
aromatic anionic species, as well as in developing dstiatstrategy that could also

be used for silica attached receptors.

2.2 Synthetic strategy

The strategy to accomplish the synthesis of botlsiliea attached receptoggl, 95

and 96 and the model recepto49, requires preparation of tN-substituted cyclen
precursor ligand<l6, 47 and 48, Figure 2.2 This necessitates attachment of the
pendant arms, to a momdprotected cyclen synthon. Literature precedent suggested

that the mono-carbamat&(, would be useful for this purpodeigure 2.21%°

H
o HO ..
7 o OTﬂsy\/ \
[NH N Kb [ j i
j L OH
NH HN E ‘ NH g
7/
R
50 46, R=H

47, R = (OCH,CH,),0H
48, R = (OCH,CH,);0H

Figure 2.2 Mono-protected cyclen synthdd(, and triN-substituted cyclen derivative$6, 47 and
48,

Anchorage o#6 - 48 to silica could then be effected by reaction with leasi
surface silanised with an appropriate alkoxysilane linkerthie work racemic 3-
(glycidoxypropyltrimethoxysilane 32, (hereafter GPTS) was used to attach a

suitably reactive linker to the silica surface, as shawFigure 2.3
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Silica Surface Silica Surface

Figure 2.3 Reaction of 3-(glycidoxypropyl)trimethoxysilane82, with silica to provide the
silanised surface capable of subsequently reacting 46th 48 to immobilise the

receptor on the surface.

Preparation of model recepto49, requires attachment of a 2-hydroxyalkyl
pendant arm to the unsubstituted fourth aza group on tiesubstituted cyclen
derivative46. For this work the-2-hydroxypropyl group was chosen. The optical
purity of this group is essential if only a single diasbener of the producgl, is to

be formed.

2.3 Synthesis of mono-protected cyclen synthon

In accord with the aims of this project a synthetiatsigy was devised to prepare a
mono-protected cyclen synthon to facilitate Nralkylation of cyclen with

appropriately functionalised pendant arms. This is shovBtheme.1
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Scheme 2.1:Five step synthetic strategy for Mialkylation of cyclen21

It can be seen conceptually 8cheme 2.1that synthesis of a tN-alkylated
cyclen derivative requires five steps involving protectiorthwiwo different
protecting groups and subsequent deprotection to achieve theddadkylation

pattern on the cyclen skeleton.

2.3.1 Synthesis of tri-formyl protected cyclen

Synthesis of the moniN-protected cyclen used in this work commenced with
preparation of a cyclen derivative with three of tlwaurf available N-positions

protected with formyl groups as depictedSicheme 2.2

/—\ OHC,_ /—\ ,CHO
NH HN N N
[ j CCIiCH(OH), (excess) [ j+ cHl,
EtOH +H,0
NH HN N HN
__/ oHc” \_/
21 52

Scheme 2.2 Synthesis of the tiN-formylated cyclen52
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The methodology chosen was adapted from relatively nteaevelopments
established by Boldrift* and Y00

Synthesis of the tri-formyl protected cyclen derivath2 proceeded by the
reaction of cyclen21, with an excess of chloral hydrate at’@D in anhydrous
ethanol. This adduct was attained in quantitative yield amdltadegree of purity as
the residual chloral hydrate and reaction by-products, cliorofind water were
readily removedn vacuo'®!

Due to restricted rotation around tReCHO bonds botiH NMR and**C NMR
spectra for52 show broad peaks due to superimposition of the slighparaged

resonances from the four geometrical isomers illustratEigure 2.4.°°

Figure 2.4 Schematic illustration of the four geometrical isomerginating from restricted

rotation around the amidic C-N bond.

Remarkably this synthetic procedure gives, exclusively tiife@myl protected
cyclen derivativeb2 as shown irBcheme 2.2even in the presence of excess chloral
hydrate. Boldriniet al explain this phenomenon as arising from intramo&cbase
catalysis of the formylation reaction by the cyclemagen atoms. This implies that
for substitution to occur at one of the nitrogen atorss@nd unsubstituted nitrogen
atom is required. Therefore, after three of the nitmog®ms have been reacted the
fourth nitrogen atom is bereft of a basic nitrogen a#tohe to provide the necessary

catalytic cooperation for substitution to occ¢tirAnother twist on this interpretation
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is that the electron withdrawing capability of the fotrgyoups causes the fourth
nitrogen atom to become less basic thus augmentingabdiiy to act as an effective

nucleophile.

2.3.2 Preparation of mono-carboxybenzyl (cbz) protected cyclen

Protection of the fourth nitrogen atom of tri-formylategclen, 52, to obtain tri-
formyl-cbz-protected cyclerh3, was achieved by treatment 52 with an excess of

benzyl chloroformate54, in de-ionised water at room temperature overnight,

| p

/u\ (excess) O

OHC\/—\/CHO Cl y O/\© \ /\ \A\o

L e E ]
/ \

r.t.
CHO \—/ HO

Scheme 2.3

Scheme 2.3 Protection of the fourtN-position with a carboxybenzyl group.

Since the HCI generated during the reaction may hydraligicemove some or all
of the formyl protecting groups and also cleave the cbz gmotegroup the pH of
the reaction was maintained between 4 and 10 with théi@ddif saturated sodium
carbonate solutioft’ *°® *’The tetraN-protected produc63 was extracted into
dichloromethane and following evaporation of the solweas used without added
purification® For the purpose of characterisation, a pure sampleeatfitformyl-

cbz-protected cyclen derivative was obtained by tritomawith diethyl ether over a

one week period and used to obtdih NMR and**C NMR spectral data which
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agreed with literature valué®’

Removal of the formyl groups was performed by stirrc@mpound53 in
solution with 1 M HCI at 50 C for five hours. The reaction mixture was then
concentratedn vacuoto complete dryness and subsequently dissolved in EtOH,
which was boiled for one hour. After cooling this solutidittiration (1% crop) and
precipitation by addition of diethyl ether”EZ:rop) gave the trihydrochloride salt of

mono-cbz-protected cycleh0, in 96% vyield,Scheme 2.4

1 M HCI 5 M NaOH
50°C
/ 2 HN3cr
55 50
Scheme 2.4 Preparation of the mong-protected cyclen synthd&o.

The pH of an aqueous solution % was then adjusted to ~13 by the drop-wise
addition of ice-cooled 1M NaOH to give the basic foB@, in 98% yield. The'H
NMR and**C NMR spectra for botB5 and50 show the disappearance of the broad

peaks for the three formyl groups and are in good agreemiteniiterature value$®®

2.4 Synthesis of the pendant arms
Having successfully prepared mono-protected cyd®n,with high purity and in
good yield, the next element in the sequential progressiwards triN-alkylation

was to synthesise the epoxides that would be used to ferpetidant arms.
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The chiral phenolic epoxidé6 was prepared by an established method, first
formulated by Klundet®® ***and subsequently modified by Smithin 74% yield
from the reaction of phenolb7, with enantiomerically pure2§-(+)-glycidyl

tosylate,58, Scheme 2.5'"H NMR and**C NMR spectral data agreed with literature

values>
Q/ dry DMF /@
_—
dry DMF K/ \\ 24h Oko
56
57

Scheme 2.5 Synthesis of chiral phenolic epoxigeé.

2.4.1 Preparation of hydroxy terminated polyether (HTPE) appendedpendant
arm epoxides with enhanced hydrophilicity

To impart and improve wettability in aqueous solution te #ilica immobilised
macrocyclic receptor materials, functional groups tmatreiase their hydrophilic
character seemed appropriate. Reasoning that the egenaénthe receptors
displaying most contact with the ambient solution are tipwardly projecting
pendant arms, it was determined that, modificatiome$¢ pendant arms to augment
their contact with the aqueous environment and, confer hydi@phiat the
periphery of the receptors would satisfy the objectioe ihcreased receptor
wettability in agueous solution.

The choice of adding a “dendritic” hydroxy terminated polgetthain to each
pendant arm developed from other studies pursuing the dajeeive of instilling

hydrophilic properties to their synthetic targefs'’

Synthesis of the pendant arm
HTPE epoxide$9 and60 does not reflect the ease of producing phenolic epoxide,

56, and requires a four step process as shown Soheme 2.6
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Scheme 2.6 Preparation of the hydroxy terminated polyether appendethpearm epoxides9 and
60 with synthetic steps numbereddgn

In step one it is apparent from the generic structupadnt polyethylene glycol
(PEG) that substitution is possible at each hydroxy tersnifthis is avoided* by
providing an excess of the appropriate PEG to optimisdotimeation of the mono-
substituted products in 81% yield 64 and 76% yield fo65.

It is well established that tosylates provide superiovitgaability to hydroxyl
groups ensuring that nucleophilic attack from the deprotormtedolic oxygen of 4-
(benzyloxy)phenol68, would, in the following step, occur at tagphacarbon of the
mono-tosylated HTPE4 or 65 Thus the mono-benzyl-protected, hydroxy
terminated di- or tri-ethylene glycol ether substituted hgdinoone derivatives66
and67, were obtained in four days with 68% yield & and 72% yield fo67.

Cleavage of the benzyl protecting group, Step 3, to pd#TPE substituted

phenols69 and 70 was accomplished by hydrogenation of the benzyl protected
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phenolic oxygen 066 or 67 over Pd/C catalyst under an atmosphere of hydrogen in
2 days. Both were formed in quantitative yieftH and **C spectral properties
correspond with literature valué$: "

Step 4, of thg-HTPE substituted phenoxy epoxide synthesis diévén 63%
yield and60 in 70% vyield. This was achieved by initial deprotonation ofathenolic
oxygen of 69 or 70. The resulting phenoxides then engage in a nucleophilic
substitution reaction involving enantiomerically purecidy! tosylate 58, giving the
required products. This reaction was conducted at a temperatus€® C to
safeguard the glycidyl functionality. Higher temperasucan affect kinetic stability
adversely and contribute to ring opening of the oxirane tymogenerating an
unwanted vicinal diot’® "’

The HTPE epoxide§9 and 60 are new compound$H HMR and**C NMR
spectra for both59 and 60 exhibit the appearance of resonances for the 1,2-
epoxypropane moiety that are consistent with literauaiees for epoxides6.”*
Chemical shifts for the HTPE appendages are in agreem#mthese found for the
precursors of these compounds. Optical rotation studies egrducted 059 and
60 to ensure that racemisation had not occurred.58ofa]*, = +4.2F (c 2.19,
MeOH); and, for60 [a]*°s = +2.35 (c 2.13, MeOH). Whilst the presence of a non-
zero |a]**5 value does not guarantee that full optical purity has peeserved later
reaction of three equivalents of each epoxide with mostected cyclen and the

observation of the product as a single diastereome®cdh case, proves that it has.

2.5 Preparation of tri- N-alkylated cyclen receptor precursors

To obtain the cbz-protected, tMalkylated-cbz-protected cyclen derivativés 72
and73, three molar equivalents of the previously synthesi@adl epoxide$6, 59

or 60 were introduced into a stirring solution of mono-cbz-gcttd cyclenS0, in
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anhydrous ethanofcheme 2.7The reactions were conducted under reflux for seven
to 14 days dependent on the rate of consumption of the eporiditored by thin
layer chromatography. Subsequent removal of the soivesmtcuoprovided7l, 72
and73in quantitative yield.

The homochirality of these products was confirmed ff&&NMR and APT

spectral data, which showed no evidence of multiple eliestners.

Q 56,R=H
I\ )*o 59, R = O(CH,CH,0),H © Y
NH N 60, R = O(CH,CH,0)3H
[ j EtOH ‘

NH HN A _ u

HH 71,R=H }\
. 72,R = O(CH,CH;0LH { H O R
5 73,R= O(CH,CH,0)H O

Scheme 2.7 Synthesis of the monoprotected f-alkylated cyclen receptor precursors.

All of the productsr1, 72 and73 displayed the characteristic chemical shifts for
the pendant arms with the outer pendant arms giving resesiawice as intense as
the corresponding resonance from the central arm.pGands72 and 73 also
exhibit the appropriate number of resonances for theB-Hppendages.

The next step in the preparation of the receptor precligands was to cleave
the cbz protecting group to furnish the Nralkylated derivatives. The initial
deprotection method was adapted from protein studies whetdgdrolysis of cbz
protecting groups with 45% HBr in glacial acetic acid hasnhesed:’® **° This
proved to be low yielding and was subsequently abandoned whaorearecent,
cleaner and higher yielding alternative was found in iteeature: catalytic transfer

hydrogenationScheme 2.8°"
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72, R = O(CH,CH,0),H 47, R = O(CH,CH,0),H
73, R = O(CH,CH,0),H 48, R = O(CH,CH,0);H

Scheme 2.8 Deprotection of monoprotected tri-N-alkylated cyclen wiives by catalytic transfer
hydrogenation.

This deprotection process progresses with fragmentafitime cbz group into a
benzyl and a carboxy group which are hydrogenated to formnmlaed formic
acid®° This was effected by gentle reflux of a solutiorvaf72 or 73 in anhydrous
ethanol with a fivefold excess of cyclohexené, as the hydrogen donor, over Pd/C
catalyst to givel6 in 98% yield,47 in 83% yield and48 in 85% yield.**C NMR
spectroscopy showed the loss of the cbz group resonasttesonservation of the
pendant arms at resonances approximating those of thet pebesprotected

compounds.

2.6 Synthesis of the silica attached molecular receptor model

To conserve the overa configuration at the stereogenic carbon atoms in each of
the four pendant arms it was decided that the chiral ep¢S)ele)-propylene oxide,
75, would provide an appropriate alkylating reagent to introdheependant arm

intended to simulate a linker to a silica surfdagure 2.5
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Figure 2.5 Structure of §-(-)-propylene oxide75.

Studies relating to N-alkylation of cyclen with propyleogide are few in
numbet® 18 18118504 most relate to substitution on all four nitrogen atofrise
cyclen framework®*23 The only recorded procedure leading to hetéralkylation
of cyclen specifically at one nitrogen atom alkylates tourth nitrogen atom of the
tri-N-substituted cyclen adducts DOTA and DOTEP, which aremsaluble''®: 8
However, this method could not be used here as, tiheadliylated cyclen adduet6
is not water soluble. In the absence of catalysiectireaction of §-(-)-propylene
oxide with46 was prohibitively slow. Lithium bromide was chosen tcaleste the
epoxide ring-opening reaction as there are examples of ssfatesynthetic
procedures in the literature for the aforesaid reaatith amines®* *8° Previous
studies have discovered that®Lhas the ability to activate oxygen-bearing
electrophiles, due to its high oxophilic capacity, enablitgcatby a nucleophile at
the o carbon, Figure 2.6'%* '8 Successful regioselective ring-opening reactions
adhering exclusively ton2 nucleophilic attack at the terminal carbon of propylene
oxide by aliphatic amines, utilising lithium bromide as batahave been reported

with good yields:®

Li* Li+
Li+
E H 'u,”/l/ —\|v_| "’//,// OH
A N N

L ‘ D +ND D

Figure 2.6 Proposed mechanism for the LiBr catalysed ring-openingiogaof §)-(-)-propylene
oxide, 75, by cyclen.
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The model receptor ligan8l was prepared by heating a stirred acetonitrile

solution of 46 with a 100% excess ofS(-(-)-propylene oxide,75, and lithium

bromide, in a sealed pressure vessel &C8fr 72 hoursScheme 2.9

Scheme 2.9 Synthesis of the silica attached molecular receptmtainprecursors 1l

Following the reaction, the desired produxt, was extracted with chloroform,
after the addition of water to the reaction mixturerémove the lithium bromide.
The resulting extract was concentratedvacuoto give 51 in 97% yield and high
purity. Analysis of the'®C and**C APT spectra of compoun8l revealed the
appearance of three distinct peaks for the methyl, methyad methine carbons of
the appended hydroxypropyl pendant arm. The chemical shiftee gésonances due
to the three phenoxy and the hydroxypropyl pendant arne atgyositions normally

found for these moietig’d: 174

2.7 Metal ion complexation with the silica attached receptor
model

2.7.1 Molecular receptors activated by metal ion coordination: Backgroad
Previous studies of cyclen based receptor complexes demenstrated that upon
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metal ion coordination the pendant arms of the ligangepr@away from the same
face of the cyclen framework forming a cavity large enotghinclude small
molecules>° 1% 189t is also well established by these studies that, thithigands
examined, cadmium(ll) forms decidedly stable eight-coatdircomplexes with a
high level of rigidity. Therefore, the metal ion egtled to form the receptor model

complex was cadmium(ll).

2.7.2 Synthesis of the cadmium complex of the receptor model

The model macrocyclic receptor cadmium(ll) complé®, was synthesised by an

established method as reported by Sn8theme 2.16*

Cd(Cl04),6H,0
EtOH

51 49

Scheme 2.1ynthesis of the molecular analogue cadmium(ll) diperatdazomplexdo.

An ethanolic solution of cadmium perchlorate hexahydiatexcess, was added
to a refluxing solution of the receptor precurSaralso in ethanol causing an initial
precipitate that redissolved upon refluxing for a furtheurhdfter cooling the
solution a fine off-white solid formed that was filteraad washed with cold ethanol
to give49 in 91% yield. Characterisation 40 was by microanalysis arfdC NMR
spectroscopy, which revealed resonances in the spechiftedsslightly downfield
compared to those observed with the free ligand.

Before proceeding with anion inclusion studies (Chaptewi8) receptor49,
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hereafter referred to as [Cd(TracHP12)](QIO it was crucial to determine its
solubility. The complex was found to be soluble inrgeaof solvents encompassing
primarily those with some degree of polarity, such adFDacetone, acetonitrile and
DMSO. The solubility parameters for this compound coteelaell with prior
experimental findings for the tetra phenoxy pendant aruedct [Cd(§)-thphpcl2]
(ClOy),, 26

Isolating complex49 as its di-perchlorate salt was desirable as it is well
established that when perchlorate ions hydrogen bond or ligdtenetal cations the
interactions are quite weak. Therefore, these ions otentially ideal for
displacement in guest inclusion studies as there i@mpetition for the metal ion or
the anion binding cavity with potential guest spettés®® The nature of the
interactions between the perchlorate ions and the leongation was confirmed as
being essentially ionic through molar electrical condustistudies in DMF, which

gave a value of 128! cnf mol*, demonstrating that in this medium, receptér

behaves as a 2:1 electrolyte and is thus fully dissettat &
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CHAPTER THREE

GUEST MOLECULE INCLUSION STUDIES
WITH THE RECEPTOR MODEL



CHAPTER 3 GUEST MOLECULE INCLUSION STUDIES
WITH THE RECEPTOR MODEL

3.1 Background

Earlier it was mentioned that prior to immobilisat@inmolecular receptor precursor
46 onto a silica surface, guest uptake studies would be ukdertm a tri-phenoxy
pendant-armed, molecular receptor, to ascertain theyabilia receptor equipped
with only three aromatic groups to function as a satitsiry host species. These
studies were required as the silica immobilised host epeaduld lack one aromatic
group compared to hosts such 268 To do this a series of guest inclusion
experiments was performed with [Cd(TracHP12)](§40 49, with a view to
acquiring guest molecule binding constant data that could doktosgauge whether
the loss of stability of the host-guest complex, assed with the loss of one

aromatic group, would be prohibitively large or not.

3.2 Measurement of Host-Guest Binding Constants

3.2.1 Binding constant measurements using thtH NMR monitored titration
method

Titrations in which NMR chemical shift values are moretbare routinely used as a
means of obtaining binding constant dafa® It is well established that upon

dissolution, host-guest complexes will establish theliegum shown in equation
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3.1whereK, is the association, or guest binding constant thatugid.

Kp

HG H+ G (3.1)

K

Ka = association constant

Ko

dissociation constant

If the system undergoes slow exchange of the guestbatthe free and bound
states the resonances of the host, the guest andshguest complex are observed
as separate entities allowing the equilibrium constafiet evaluated, directly, from
the integration of the resonances’ intenSitlore commonly, though, the rate of
exchange between the associated and dissociated fothms lodst-guest complex is
rapid on an NMR timescale and only a single set of aswes for the host and guest
are seen where the chemical shift values are the gevayh the values for the
associated and dissociated species, weighted by the prgvable fraction of each.

Thus, for example,

O = OcXc * OHGXHG

It is then the case that when the chemical shifuesalassociated with the
monitored species, which in this work was the guest, areeglodigainst the
increasing concentration of the host, a titratiorveus produced, the curvature of
which diminishes with increasing magnitude I§i. Cursory inspection of the
physical appearance of the titration curve, which may framy virtually a flat line,
to a steep climb with an angular bend at its zenitheplang into linearity, gives, to
the experienced eye, a rough estimate of the strengtimediost-guest interaction.
An accurate, gquantitative determination of the host-guestirig constant can be
calculated by a curve fitting program that displays th@eermental data in

comparison with the theoretical curve for calculatedues of K and dys. A
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comprehensive description of the methodology used in this Yawrkletermining
guest molecule binding constants has been providadpendix A.

Before commencingH NMR monitored titration experiments it was decided,
that, due to the difference in the architectural frantéwad molecular recepto49
and, previously studied hosts, such @6, the previously established 1:1
stoichiometry between the host and the guest should lokexheThis was achieved
by subjecting some of the intended host-guest inclusioimgrarto examination by
the method of continuous variations (Job's Method) us$ihlMR spectroscopy. A

detailed description of the method of continuous variatam be found ippendix

195, 196
B.

3.2.2 Determining the stoichiometry of the host-guest complexes

Job's Method entails the preparation of a series aftisns each consisting of a
constant total number of moles of H and G but, withatem in the molar ratio of H
to G where (< [G]/([H] + [G]) < 1. A measurable parameter such as a change in the
chemical shift AJ) in the normalised formgAg, in the resonances of either the host
or the guest species is then followed and plotted asctidun of its mole fractiony)
to give what is known as a Job's Plot. The plot shoukthragpeak at the point where
the maximum amount of product, HG, is obtained. Thisagioint is located at the
stoichiometric ratio of G to H characteristic of tt@mposition of the product. For a
1:1 H:G complex the stoichiometric ratio is maximiseg@at 0.5 giving a parabolic
curve on the Job's Plot, as depicteffigure 3.1’

It can also be seen iRjgure 3.1, that the magnitude of the binding constagt (
influences the appearance of the curve with larger mgndonstants tending to give

it a triangular forpd?> 19197, 198
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Figure 3.1 Simulated Job’s Plot for 1:1 stoichiometry generatitl Waple V*° from Equation
1.1in Appendix B. The data plotted in this figure are for a model sysidrareAd,g =
1.0 ppm and\d.gmax = 0.5 ppm, withK ranging from (a), 3 x ZaM™ through (b), 3 x
10 M to (c), 16 M™.

For a system where the composition of the host-giaaplex has stoichiometry
of 1:2, H:G, for example/6, the Job’s Plot loses its symmetry and reaches a
maximum whereg = 0.67 orxy = 0.33 depending on which species is monitored, as

depicted infFigure 3.2

ON  NO, X3 XcAde
X 0.33 0.67
0.40 x :
M \ > W 035
< : :
;‘ 030
(0] / /\\ H H
g 0.25 H H
; g
O O O|II = 0.20
Qi QL s
: 2+— g
N/ / \ 0.10
AVl \—/ /N
0.00 h 4 h 4
0 0.1 02 03 0.4 05 06 07 038 09 1
76

mole fraction

Figure 3.2 Representation of a Job’s Plot produced from computer @ppatons of theAd values
(Equation 1.2in Appendix B.) for 1:2 H:G stoichiometry giving the H@omplex
ratio atyy = 0.33 ang(c = 0.67. This simulation was obtained independeht ahd
only serves as an example of the expected shape faemsydere two guest species
are included in a host cavity.
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3.2.3 Job’s plots for host-guest complexes formed with
[Cd(TracHP12)](CIO 4),, 49

Job’s plots for [Cd(TracHP12)](CKR, 49, with various different aromatic aniops
nitrophenolate, p-nitrobenzoate, acetate, phenoxyacetate, D-histidinaie la
histidinate, were produced by maintaining, in an NMR tube,tokal concentration
of the two components at 1M in 700 uL of DMSO-d; and varying the moles of
each constituent from 0 to 8.4 mmol to achieve moletivas ranging from O to 1.
Changes in the chemical shift of the guest resonancesealost-guest complex
formed were monitored b{H NMR spectroscopy at 298 K. Each difference in the
chemical shift of one particular resonance at the ap@te mole fraction was then
multiplied by that mole fraction to obtain a valuexefAdc which was plotted against
the mole fractiorxs to give an inverted parabola. In all cases the maximesureed
at xec = 0.5. This is shown, for example, for the inclusidrpbenoxyacetate in the
cavity of [Cd(TracHP12)](Clg),, 49, in Figure 3.3 and for p-nitrophenolate in
Figure 3.4

0.30

0.25 A

0.20 A

XcAdc

010 A

0.05 A

0.00 T T T )
0.00 010 0.20 030 0.40 0.50 060 0.70 0.a0 050 1.00

XG
Figure 3.3 Job's Plot for phenoxyacetate inclusion in the cavifCd{TracHP12)](CIQ),, 49,

showing 1:1 composition.
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Figure 3.4 Job's Plot fop-nitrophenolate inclusion in the cavity of [Cd(TracHP12)§g)., 49,
showing composition of between 1:1 and 1:2 for the comgiéfixied by a slight

asymmetry toward highe.

The barely discernible sharpening of the curve for pheawetate inclusion
compared t@-nitrophenolate inclusion suggests a higher binding constarg.was
subsequently verified quantitatively, and is reporte8eantion3.2.5

At a glance the Job’s plot fgrnitrophenolate appears to be symmetrical about
Xc = 0.5. However, careful inspection of tlggAds values reveals that they are
greater betweeRs = 0.5 and 1.0, compared to those betweer 0 and 0.5. The
appearance of this curve suggests a small contribution frbr2 B:G species to a
solution that predominantly contains a 1:1 H:G specidsisnonsistent with the 1:2
ratio of H:G found in the crystal structured, for whichK; << K;. No other anion

of those investigated in this way showed evidence of i@ adé$sociation.

3.2.4 Strategy for obtaining guest molecule binding constant data

Prior to initiating guest binding constant determinatiorselaction of anionic guest
species was required. These were chosen in considep&fwavious guest inclusion
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studies undertaken with the first generation of four drieyclen derived receptor
complexes, such &6. In that work the guests were mosphsubstituted aromatic
ring molecules witfC, symmetry,Figure 3.5 as theirH NMR spectra have an AA
BB pattern of resonances whose chemical shifts arebuitamoved from those of

the host complex.

Hg: Hg

Figure 3.5 The generic structure gf-substituted aromatic anionic guest species containing an
anionic substituent at position X with a different, nonidg substituent at Y.
In this work a typical pattern of chemical shift chasgeseen in the inclusion of
p-nitrophenolate into the cavity of the molecular recegCd(TracHP12)](CIQ),

49, in DMSO-g;, Figure 3.6

Hg Hg He~_~_Hs
Ha Ha % HA.j(\?LHA /Q ﬂ
o o
o] H/ \HH O o
H oHaH
=00 O H
(VA N
LA N clog
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“ 2 el
T P——————
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_n ot N N e e
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Figure 3.6 *H NMR spectra of (a), 7dmol dm?® sodiump-nitrophenolate, (b), dmol dn®
sodiump-nitrophenolate plus 5 x famol dm?® receptor49, and, (c), 16 mol dm?
sodiump-nitrophenolate plus mol dm? receptor49. All spectra were obtained in

DMSO-d. Host resonances are truncated for clarity.
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The downfield movement of the guest resonances carlyclEaseen as the host
complex is added. In earlier studies it was seen tleati protons show a smaller
Admax. than the H protons due to their increased distance from the phenoiladiing
site1®® 1% This is also the case with the present system addhg. for the H
protons,ca.0.41 ppm, is markedly less than that of theprbtons,ca. 1.0 ppm.

However, the KW proton resonances are only detectable up to a ratio ¢i:&1
in the®H NMR spectra as they become obscured by the aromatisrpresonances
of the host species beyond this point.

The changes in the chemical shift of the resonanceshéoitt protons gave the

titration curve shown ifrigure 3.7, corresponding to a l&gof 3.43 +£0.06.

8.00 A
7.95 A

7.90 A

Sobs (PPM)

7.85 A

7.80 A

7.75 A

7.70

[HI/[G]

Figure 3.7 Titration curve displaying the change in chemical gifithe H; protons ofp-
nitrophenolate with increasing ratio of [Cd(TracHP12){},),, 49. The red squares
represent experimental data points while the curve sttevtheoreticab values that

best fit the calculated valueskf andd.c.

A titration curve shown irFigure 3.8 correlating with a lof of 3.47 £0.04, was

produced from the chemical shifts of the resonancesedfi{ protons,.
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Figure 3.8 Titration curve displaying the change in chemical sifithe H, protons of p-
nitrophenolate with increasing ratio of [Cd(TracHP12){},),, 49. The red squares
represent experimental data points while the curve sttevtheoreticab values that

best fit the calculated values¥finddyc.

The binding constantK() values obtained from monitoring either the Kdr Hg
doublets were of the same magnitude, allowing for experahentor, giving a mean

value of lo = 3.45 + 0.05 and showing the reproducibility of the method.

3.2.5 Binding constant studies of anionic aromatic guest speciasth
[Cd(TracHP12)](CIO )2, 49

Binding constants for acetate, D-histidinate, L-histiddhgihenoxyacetate, ans
nitrobenzoate, with [Cd(TracHP12)](Clfp, 49 were determined in the same way
and are tabulated ifable 3.1 alongside the values obtained for recep2ér
Comparing the log values of the host-guest complexes formed with
[Cd(TracHP12)f*, 49, with those formed with [Cd§jthphpc12f*, 26, it is seen that
the value obtained fop-nitrophenolate with [Cd(TracHP13J] 49, logKk = 3.45
+0.05, is smaller than the value obtained with [Sitphpc12]*, 26, logk = 4.2 +
0.2. This may be due to absence of the fourth aromatietynon the host pendant
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arm framework. The relative magnitude of the other pafirfogK values shown in
Table 3.1 indicated a slight, but less significant, lowering bé tguest binding
constant upon loss of one aromatic moiety. Overabehmeasurements suggested
that the loss of one aromatic ring through silicacitaent, in the way proposed,

would not be a serious impediment to anion binding.

Table 3.1  Binding constants (ldg) for guest anion binding with Cd(Il) coordinated receptor
complexes, determined B NMR monitored titrations in DMSOgcht 298 K.

[Cd(TracHP12)]*", [Cd((S)thphpc12]*,

49 26
Guest species lag logk pKa®
p-nitrophenolate 3.45 +£0.05 4.2 0.2 7.15
phenoxyacetate 45 £0.3 >4.5 3.17
p-nitrobenzoate 4.7+0.3 45 +0.8 3.44
acetate c 3.3 +0.2 4.76
D-histidinaté 3.37 +0.04 42 +0.2 5% 6.02
L-histidinaté 3.54 +0.09 42 +0.4 5% 6.08

Previous studgonducted by Smitf **°Data for the protonated species igOHacquired from NIST
databasé® °No chemical shift changéGuest stock solution: 10% (v/v),0 in DMSO-g conducted
at 313 Kimidazole 'NH,.

3.2.6 'H NMR monitored titrations of amino acid anions with receptor
[Cd(TracHP12)](CIO )2, 49

The host-guest binding constants for both D- and L- Ilmstid with 49 were
measured to ascertain whether or not the host would exhiyt level of
enantioselectivity. The choice of D- and L-histidinatas derived from spectral
studies of histidine indicating that at least thg ptoton EFigure 3.9 would be
visible throughout the full range of the titratibfi.Thus, the K proton, which has its

resonance furthest downfield, was used to derive the ddsivéithg constants.
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Figure 3.9 The structure of histidine showing thg Bnd H; protons the former of which was

monitored in théH NMR titration experiments.

The chemical shifts for the AHoroton resonances of the two enantiomers, when
bound to the host were marginally different, with tbhthe L- enantiomer slightly

further downfield than that of the D- enantionfégure 3.10Q

|H H
.\\ﬁ\\/ O I””% \\NH2 \\COO_

49

L ©®
(b)

Figure 3.10 *H NMR spectra of (a) DL-sodium histidina@8, and (b) 10:1 ratio of9:sodium DL-
histidinate.

These chemical shift assignments were made using #micdl shift data obtained

from the®H NMR monitored titration experiments of each enantioseparately.
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This phenomenon correlates well with the chemicaltstobtained with receptor
26.1% A difference from the studies of the complexationboth these histidinates
with receptor26, is that with the latter the I&gvalues for both complexes are of
equal magnitude, ldg (4.2 £ 0.2), whereas the IKgvalues obtained for the
complexes with receptat9, differ marginally, D-histidinate, Idg (3.54 + 0.09) and
L-histidinate, lo¢g< (3.37 £ 0.04) . This indicates slight thermodynamic sefégt
toward the D-enantiomer with recep#s. It is noteworthy that the Hresonance for
L-histidinate is broader than the one for D-histidinsttewing that the less tightly

bound guest is also more labile.

3.2.7 H NMR titrations with hydroxy substituted benzoates

To ascertain whether hydroxy substitution on the arematgs of the guest species
would affect the inclusion capabilities of [Cd(TracHP12)¥&)., 49, a small group
of hydroxy substituted benzoate guests was also studied. Khawn that the
formation of hydrogen bonds between the hydroxy hydrogen satinthe host
pendant-arms and the carboxylic oxygen atoms of the gudsé iprimary mode of
binding experienced in these host-guest complexes. Therefoiee study was
conducted to determine whether non-classical hydrogen bondiggactions
between the guest hydroxy groups and the pendant arm aronaééiies might be a
factor in determining the magnitude of the binding stremdtthe guest molecule.
This would be of interest since, a trend that showedifmndonstants witho-
hydroxybenzoate >m-hydroxybenzoate >p-hydroxybenzoate was observed in
related work by the Wainwright group using rece@®rpage 98) in 20% aqueous
dioxane.

A generic structure representing the sodium salt diydroxy substituted

benzoate guest species is showRigure 3.11
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Figure 3.11 Generic structure depicting the sodium salt of a typicdidwybenzoate guest species.

Ha and H; protons are shown for when the hydroxy group is irptira position.

This set of'H NMR titration experiments was conducted in DMSOhY a
methodology identical to that specified in the precedimglibg constant study. The
'H NMR monitored titration experiments were run at astant guest concentration
of 10° M for benzoate, p-hydroxybenzoate, o-hydroxybenzoate, and 2,6-
dihydroxybenzoate. This concentration was increased to 1.Z0% for m-
hydroxybenzoate due to difficulty in monitoring the chemicalftshof the
resonances for this guest species. Benzoate and all dhexigpenzoate based guest
species exhibited chemical shifi&dmax, of between 0.1 and 0.2 ppm and in all,
excluding p-hydroxybenzoate, where thegHbrotons were followed, the chemical
shift monitored was from the resonance of the prgtana to the carboxylate group.
The chemical shifts for the resonance of this protorevaéways well removed from
the host resonances.

Each transference of the hydroxy group frpana to ortho was expected to bring
the hydroxy group into a more favourable proximity and angallgnment for non-
classical hydrogen bonding to theslectron systems of the aromatic groups of the
host pendant-arms. This is depictedrigure 3.12 It is well known that the strength
of hydrogen bonds is distance and angle deperifeRtom the depiction of the
host-guest complexes represented Figure 3.12 which is based on X-ray

determined structures, such as thafigure 1.1Q it is obvious that the potential for
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non-classical hydrogen bonding is geometrically possiblé& and79, but not in77.
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Figure 3.12 Schematic representation of three hydroxybenzoateguest complexes showing the
range of potential hydrogen bonding interactions betwleeiydroxy hydrogen atom
of the guest and an aromatic group of recegp®rhe ellipse shows the path

circumscribed by precession of the hydroxy hydrogen atonmd the O-Ar bond.

Ab initio methods were used to model this phenomenon by ProfSsstagh
Salehzadeh of Bu-Ali-Sina University with arhydroxybenzoate guest included in
the cavity of recepto9.*® The structure obtained displayed the potential for a
hydroxy group in theortho position to participate in hydrogen bonding with an
aromatic group from the host pendant-affisThis series of guests was also to be
used for inclusion studies with the silica immobilisedepor 94 in aqueous
conditions and this will be discussed in Chapter 6.

Prior to subjecting the hydroxybenzoate guest$itd!/MR monitored titration in
a search for enhanced binding strength attributable to nesicdh hydrogen
bonding a reference guest anion was needed. Sodium benzbatvn inFigure

3.13 was chosen for this purpose.

Na™*

0”0

Figure 3.13 Structure of sodium benzoate.
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An example of the titration curves obtained from*HeNMR monitored titration
experiments with hydroxy substituted benzoate guest spiscEown in titration
curves A and B, foro-hydroxybenzoate ang@-hydroxybenzoate, respectively, in

Figure 3.14
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Figure 3.14 Examples of titration curves displaying, A, the changghemical shift of thgara
proton ofo-hydroxybenzoate and, B the ldrotons ofp-hydroxybenzoate. Both
titration curves were obtained at a constant guest otratien of 16 M, with
increasing ratio (0-10 equivalents) of [Cd(TracHP12)]({19, in DMSO-d, The
curves show the theoretiagalalues that best fit the calculated valuek @inddc.

The red square points show the experimentally obtainedicaleshift values.
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The full set of lo¢k values obtained from inclusion studies with hydroxybenzoate

guests and [Cd(TracHP12)](C))R, 49, is shown inTable 3.2

Table 3.2  Binding constants (Idg) for guest anion binding of hydroxy substituted benzoafith
[Cd(TracHP12)](CIQ),, 49, determined byH NMR monitored titrations in DMSQOgd
with additional binding constants for benzoate and 2,6ellibgybenzoate determined
in CD;0D. Both sets of ldg values were obtained at 298 K.

[Cd(TracHP12)**, 49

Guest species |laig? logk® pKa’
benzoat@ 4.11 +£0.06 3.96 £0.09 4.19
p-hydroxybenzoate 4.09 +0.07 e 4.54
m-hydroxybenzoate 4.16 +£0.09 e 4.30
o-hydroxybenzoate 3.08 £0.08 3.23 £0.03 2.97
2,6-dihydroxybenzoate 2.05 +£0.03 e 1.05

2Acquired in DMSO-¢ P°Acquired in CROD “Values obtained in 0 from PHYSPROP
database for their respective conjugate aff&Guest stock solution 10% (v/v),D in DMSO-
ds. *Not attempted.

It is evident from the values that the trend oKag whicho-hydroxybenzoate >
m-hydroxybenzoate ¥-hydroxybenzoate is not seen here. Instead there isaa cl
relationship between the Iggvalues and the basicity of the guest species whereby
the more basic the guest species (indicated by higkgrtpe higher the binding
constant.

It is interesting to note thathydroxybenzoate and 2,6-dihydroxybenzoate both
have significantly lower IK.;s and lod(s. This is explained by the fact that both
species can engage in intramolecular hydrogen bondingcoessible to ther and
p-isomers. This internal hydrogen bonding is showRigure 3.15

One consequence of this intramolecular hydrogen bondiaglowering of the

pKa, due to delocalisation of the negative charge on tHmggtate?®® 2%
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Figure 3.15 Representation of the intramolecular hydrogen bondedtwtescofo-hydroxybenzoate

and 2,6-dihydroxybenzoate.

A second consequence is a weakening of the hydrogen boeptaic capability of
the carboxylate. For this reason the host-guest bindingtaots become appreciably
lower in magnitude with o-hydroxybenzoate <m-hydroxybenzoate <p-

hydroxybenzoate.

It appears from this study that binding strength withahgpes of guests may be
dependent on the solvent in which guest inclusion occuexidets studies with
receptor 29 were performed in 20% aqueous dioxane whereas this stutly wi
receptor49 utilised DMSO-d or CD;OD as the solvent. Indications are that the
hydrogen bond donor/acceptor abilities of the solvent hasigraficant bearing on
the magnitude of the binding constants obtained. Furthertigagsens of this and
the turnaround in the present trend can be found in Chéptere the silica bound

host is used under aqueous conditions.

The data obtained fronfH NMR monitored titration experiments with,
[Cd(TracHP12)](CIQ),, 49, and a number of different anionic guest species
demonstrate the suitability of a three-walled cavitydaest inclusion. From these
results it can also be said that removal of ondefaromatic groups does not affect,
to a great degree, the behaviour and efficacy of the bindwitycBinding constants

for inclusion of some of the guest species were lowatr not significantly reduced
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such that they would indicate preclusion of molecudmeptor precursot6 and its
derivatives47 and48 from acting as reasonable host species upon immobihsatio

a silica surface.
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CHAPTER FOUR

MODIFICATION OF THE SILICA SURFACE



CHAPTER 4 MODIFICATION OF THE SILICA SURFACE

4.1 Strategy for anchorage of tri-alkylated macrocycles to a sl
inorganic support

The development of composite materials consisting gélemtly bound inorganic-
organic moieties has steered its focus toward silicanasnahorage point for the
reasons given in the Introduction.

In this project the solid support used for anchoringtaerocyclic receptors was
mainly chromatographic silica gel, with mesh size 70 - 230 asurface area 300
m’g™. In an endeavour to increase the surface loading ofompdic receptors two
alternative forms of silica were also silanised WBRTS,32, and grafted with the
macrocyclic receptor precursdit: Amorphous silica gel with a smaller mesh size of
230 - 400, and therefore a larger surface area of 5%0:nand, a structurally
ordered mesoporous silica with a uniformly arranged hexagoray of cylindrical
mesopores, resembling a honeycomb network, known as MCM-li awsurface
area of about 10007,

Immobilisation of the receptor complexes used in thiskwon a silica surface
requires covalent attachment of a linker molecule esitionding the bulky
macrocycle directly to the silica surface will cagseric hindrances in the vicinity of
the surface silanof$® This would restrict the effectiveness of the maccticy

receptors in metal chelation and anionic guest inclusfon.

4.1.1 Strategy

Since it was now known from preliminary work that th=lkylated macrocyclic
ligand 46 can easily be alkylated through reaction with an epoXidestrategy to be
used to attach it to silica is shownHkigure 4.1 The advantage of this strategy is

that Si-GPS33, is a known material.
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Figure 4.1 Diagram showing the strategy used for covalent attaohwf a macrocyclic ligand to a

silica surface via a glycidoxypropylsilane (GPS) linker

4.1.2 Modification of the silica surface with an alkoxysilane linkage

The silanisation reaction employed to covalentlydtime linker molecule onto the

silica gel initiates hydrolysis of the methoxy groups feta by condensation of

each with the release of a molecule of water, awshio Figure 4.220207

(0]
fo
hydrolysis 0
%o
H
on (O-/ + MeOH i
e
7
Si \ . GQj— A
Meo/&\o"\?e/ H MeO SII OMe
/o\ condensation *+H0
* H. /\H MeO—-Sli—OMe
N i [N
Silica Surface Silica Surface Silica Surface

Figure 4.2 Schematic depiction of the mechanism for the silaiisaeaction with 3-
(gylcidoxypropyl)trimethoxysilane (GPTS2) showing initial hydrolysis of the
methoxy groups followed by a hydrogen bonded intermediatearknsation. Only

one bond formation has been shown here for clarity.
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Chemical modification of the silica surface with T3? 32, was accomplished
by treating dried chromatographic silica gel, 70 - 230 mesth am excess of
racemic 3-(glycidoxypropyl)trimethoxysilane (GPTSJR, stirred in dry toluene at

90 C for 24 hoursScheme 4.1

—OH —O0
MeO\
IS G v A NV ¥
MeO \OMe 0 dry toluene '\/\o/w
N | (0]
OH 32 O +3MeOH
GPTS 33

Silica Surface Silica Surface Si-GPS

Scheme 4.1 Silanisation of silica surface with potentially crosging silane coupling agent, GPTS,
32

After filtration and washing with MeOH and toluene tllarssed silica material was
subjected to Soxhlet extraction in dry toluene for siureado remove superfluous
GPTS. The material was then driedvacuofor two days and stored in a desiccator.
The preparation of the silanised products, Si-6%$° 80, and MCM-41-GPS81,
was performed in the same way.

A similar silica material SI-GPDMS33, was also prepared by the previously

described silanisation method for Si-GBS, Scheme 4.2

—OH —OH

RPN CHy
—OH + gi0” o\ O% — > Lo
CH; e} dry toluene | \/\O/V
CHs
—oH —OH ©
82 83
GPDMES Si-GPDMS

Silica Surface Silica Surface

Scheme 4.2 Silanisation of silica surface with non-cross-linksigine coupling agent, GPDMES,
82

The alkoxysilane linker reactant GPTS2 was replaced by racemic 3-
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(glycidoxypropyl)dimethylethoxysilane (GPDMES2, which has just a single
hydrolysable group bonded to the silicon atom and, therefeRDMES, 82, is
unable to cross-link with itself to form a polymeric lageross the silica surface in

the way shown ifrigure 4.3

B e ddd

i— —Sl—O—Sl—OMe

D

O O OH

Silica Surface

—O—

Figure 4.3 Representation of the ability of GPTE, to form oligomers and extend

multidirectionally in a layer across the silica sud.

Si-GPDMS, 83, was synthesised as it was thought that due to its ityabili
cross-link, silanisation of the silica surface would ireoa single molecule of
GPDMES, 82, reacting with one silanol producing, in effect, a seaoé monolithic
linker moieties randomly scattered over the silica seifas opposed to a tegumental
polymeric spread by GPT32 The difference between these two modes of binding
to the silica surface is illustrated figure 4.4. It can be seen that GPTX, is able
to form bonds in all directions and may even hang ftafg& units already attached
to the silica surface whereas GPDMBS, is only able to bond to the silica surface.
A comparison of the DRIFT spectra and the loading cipador 33 and83 would

give an indication of the level and mode of coverag#hersilica surface.
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Figure 4.4 Schematic depiction of the difference in surface ayety: GPTS32 oligomeric and
multidirectional (black) or monolithia€¢d); and, GPDMES82, monolithic plue).

4.1.3 Endcapping residual surface silanol groups

The process of functionalising the surface of silicedges not necessarily consume
all of the available surface silanol group$A proportion of these are unattainable
due to accessibility restrictions originating from stdrindrances, for example, those
that reside within pores in the silica gel. These residuahol groups tend to be
weakly acidic with a K, ~5, so there is the potential for them to undergo some

cation exchange in solutions containing metal i&wgjation 4.1

M™ + n(SiOH) M(0Si—), + nH™* Equation 4.1

Because of this it was considered desirable to chemicshtivate these residual
silanol groups to prevent their complexation with me&as when conducting metal
uptake studies (Chapter 5) This is commonly known as endcappifi

The general procedure for endcapping is to silanise liba gel surface, after

derivatisation with the desired moiety, using trimethylobddlane (TMCS),84.
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TMCS is a small molecule that can gain access whdeggar molecule, such as
GPTS,32, cannot.

Endcapping of the silanised silica material was effectedrbgdaptation of the
methods used by DudI& and Silva2®® whereby, Si-GPS33, was treated with an
excess of TMCS84, in dry toluene and stirred under reflux for three hour$ wit

further stirring overnight at room temperatuseheme 4.4

—O—Si—
——OH | |
—O\ Cl—Si— —O\
- 0—s;i 84 —O—Si
\/\O% - \/\O%
o toluene
0 —O ©
——OH |
—O—Si—
33 | 85
Silica Surface Silica Surface

Scheme 4.4 Endcapping residual silanol groups of Si-GB%,with trimethylchlorosilaneg4,
(TMCS).

The endcapped silica material, Si-GPS-(TM&j, was then filtered, washed with
toluene to remove residual TMCS and water to removéitieproduced during the

reaction. This material was dri@dvacuoand stored in a desiccator.

4.1.4 Preparation of the silica attached macrocyclic receptor ligands

The methods used for anchoring the three receptor preconacrocycles to the
silica attached linker were essentially identical wtitle only difference being the
solvent. As the two pegylated pendant arm macrocydlemd48 are not soluble in
toluene the solvent was changed to acetonitrile. lompdapacity (to be discussed
later) decreased when the reactions were performatiana.

Synthesis of the silica attached receptor ligandseaded by reacting the Si-
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GPS,33, linker material with an excess of the macrocyfiein dry toluene, or dry
acetonitrile for47 and48, for 2 days at 60C followed by filtration and washing with
toluene for46, or acetonitrile ford7, and48, followed by Soxhlet extraction with

methanol as shown Bcheme 4.5

o
R H R
o\ HO™ Q
SiGPS33 + | 43 Reolon - . O—5i ,/\N HO
-GPS, 47, R = O(CH,CH,0), H, or] ™~ 2270
48, R = O(CH,CH,0)3 H 46, dry toluene O N E
’ (CH,CH20) 47,48, dry CH,CN o N
’\—N\)

Silica Surface
43,R=H \
44, R = O(CH,CH,0), H H R
45, R = O(CH,CH,0); H

[o}

Scheme 4.5 Synthesis of the silica attached macrocyclic ligaB#&PS-Trac43, Si-GPS-
DiPTrac,44, and Si-GPS-TriPTrad5.

The silica materials Si-GPS-Tra43, Si-GPS-DiPTrac44, and Si-GPS-TripPTrac,
45, were driedin vacuo and kept in a desiccator. Synthesis of the immobilised
macrocyclic adducts, Si-GPDMS-Tra86, Si-GPS-Trat** 87, and MCM-41-
GPS-Trac,88, and endcapped receptor material Si-GPS-Trac(B@,),followed
procedures identical with those used for the preparatioBi-&GPS-Trac,43. The

synthesis of the endcapped material is depict&theme 4.6

[N-° Ik
) H 7 *O*S‘i*CHs
HO™ (¢ CHs
\ Y 0
I/\ "3 HO H |\
o
Si-GPS(EC)86  NH f/ - . |-o-s
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N\) —O
CHs
oOH |
4 ] /\/ —o—s||—CH3
[ y/
N CH
O/\/ Silica Surface *
46 89

Figure 4.6  Synthesis of the endcapped silica immobilised machacygceptor ligandd9.
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4.2 Characterisation of modified silica materials

4.2.1 Techniques used for characterisation of silica materials

Characterisation of the silica based materials wasmeed by established literature
methods utilising"*C Cross Polarisation Magic Angle Spinning Nuclear M&gne
Resonancé*C CPMAS NMR) and Diffuse Reflectance Infrared Foufieansform
(DRIFT) infrared spectroscopy’ 29 210

Loading capacities for all the prepared silica materiaere determined by
microanalytical calculation of the carbon content thee linker materials; and both
the carbon and nitrogen content for silica immobilisextmcyclic material$>* #*

Thermal decomposition of the materials at 800wvas also employed to establish the

extent of functionalisation on the silica surfate.

4.2.2 Diffuse Reflectance Infrared Fourier Transform spectrogsopy

Diffuse Reflectance Infrared Fourier Transform (DRIFI3 an effective
spectroscopic technique for qualitative analysis of surfpeeiss on solid materials
for which normal infrared spectra may be difficult tayaice?**?* For this reason,
DRIFT spectroscopy was used as a qualitative tool tosagbe changes to the
surface of dried silica gel as stepwise modificationsevebiemically imparted. These
spectral frequency changes are manifest in the DRIFGtrspperaces displayed in,
Figure 4.5 demonstrating the transition from pure silica gel, throatjachment of
the GPS linker, to attachment of a macrocyclic spdoi¢ise linker.

The expected absorption frequencies for the driechgyed, Trace A, are visible
with an additional band at 3739 €nfor the yon) frequency of isolated silanol
groups freed of hydrogen bonding by the removal of physisorbeer iram the

surface by thermal pre-treatmétt?*®
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Figure 4.5 DRIFT spectra showing the progressive modification ellica surface. A, Dried silica
gel; B, after silanisation with linker species, GP33,C, after covalently bonding
Trac,46to the linker.

Following chemical treatment with GPTS32, Trace B confirms that
modification of the silica surface has occurred as engdd by the significant
decrease in the intensity of the band at 3739 emd the appearance of two bands
for asymmetric and symmetngc.) from the Si(CH)s carbon chain of GPS at 2944
cm® and 2879 cm, respectively’*® ?*° An increase in the intensity of the
asymmetric and symmetric frequencies for the siloxage.-¥) between 1072 and
1192 cnt suggests that the GPS linker has formed a multi-dimeitipolymeric
network across the silica surface with intermittesactment to the surface rather
than a large number of monolithic, three bond, siloXameded, monomeric
alkoxysilane entities as stylised Figure 4.4%°" 2% 22'pyrther evidence for this
phenomenon comes from the DRIFT spectra showkfigare 4.6, for Si-GPDMS,
83. In trace A, for S-GPDMS33, the asymmetrigsi.o.sy band at 1089 cthshows a

single broad band, which broadens into two bands at 1162GEV crit, in trace B,
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for Si-GPS,33. The symmetrio/si.o-si band at 950 cth(Trace A) becomes more

prominent, at 935 cth for Si-GPS33, in Trace B9 221223
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Figure 4.6 DRIFT spectra of A, Si-GPDMS3, and B, Si-GPS33.

The DRIFT spectrum for Si-GPS-Trad43, Trace C inFigure 4.5 indicates the
presence of the macrocycle with bands at 752 and 690 cril, which are the Ar-H
out-of-plane bending frequencies and two bands at frequeati#602 crit and
1497 cnit for V(c=c) In the pendant aromatic groups of the immobilised mactec

The DRIFT spectra for the silica-based MCM-41 and 230 - #@8h silica
materials are basically identical to the spectratier70 - 230 mesh silica materials.
An obvious difference, however, is in the band at 3745 émn dried MCM-41,
Figure 4.7, which is of notably higher intensity and decidedly pkarindicating a
greater density of silanol moieties on its surfacesTihcrease suggests that the
thermal preparation of MCM-4ile., calcination at 550C, has, in addition to freeing

the surface of physisorbed water, eliminated chemisorbégr Wwgdrogen bonded to
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the surface silanol groups® >
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Figure 4.7 DRIFT spectrum of silica-based material MCM-41.

DRIFT spectra for both the silica immobilised, pegyateolecular receptor
ligands Si-GPS-DiPTrac44 (Figure 4.8), and Si-GPS-TriPTrac45, exhibit two
bands at 2981 cfhand 2889 cr These bands are in the region associated with
asymmetric and symmetnigc.y and can be ascribed to the methylene groups of the
organolinker moiety, the pendant arm and the dendritic gtter. Other than this
slight increase there doesn't appear to be a great tebfference between the
spectra for the materials with pegylated macrocychesthe material with the non-
pegylated macrocycle. However, it can be accepted thiagao the appearance of
vic=c)bands for the macrocycle, which has broadened andnkbsa intensity at
1600 cm' and increased considerably in intensity at 1509 and 1459tlan these
silica materials do in fact contain receptor ligands mosmg dendritic ethereal

chains appended to the aromatic rings of the pendant armsouttof-plane Ar-H
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bands forpara substituted aromatic rings expected between 860 and 8b@mmot
adequately resolved due to masking by the broad symmeirics) band at ~850 -

750 cnit.

Absorption
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Wavenumbers

Figure 4.8 DRIFT spectrum of Si-GPS-DiPTrad4.

4.2.3 Solid State Nuclear Magnetic Resonance

The obvious difficulty in attempting to characterise #ilica attached adducts with
solution based NMR techniques was circumvented by utilisingl ®tdte NMR
methodology. Initially**C spectra were obtained with Cross polarisation andidviag
Angle Spinning for Si-GPS33, and Si-GPS-Trac43, to ascertain whether the
desired synthetic objective was realiségjure 4.9,

Spectrum A for Si-GPS33, correlates suitably with literature values for GPTS,
32, and similar organolinker modified silica ¢éf. It is clearly evident from the
chemical shifts exhibited in the spectrum for, Si-GB%,that the linker species is

present and by inference, attached to the silica surfacaddition to the linker
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resonances, the spectrum for Si-GPS-T48c shows four resonances for the carbon
atoms of the aromatic groups of the immobilised maciacyeceptor at 159.7,
129.4, 120.1 and 114.8 ppm and enhanced intensity in the alipégion retween
50 and 70 ppm where the methylene and methine carbon atomamess are known

to arise in solution spectra of the model receptor ligahd,
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—O—Si 2 5
h / \/\O/V
w —© 33 °
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Figure 4.9 Solid State:*C CPMAS NMR, spectra for, A, Si-GPS3; and, B, Si-GPS-Trad3.

4.2.4 Loading level: Microanalysis and Thermal Combustion of the mateals

The primary technique used to obtain the loading of either linker or the
macrocyclic receptor ligands on the silica was micadgsis to obtain the percentage
carbon or nitrogen content of the material. Thermabdgosition was also used
with some of the silica-based materials to verify timécroanalytical results.
Microanalysis of the dried silica materials, $&hd MCM-41 showed some residual

carbon, which was taken into account when calculatiegldading for the various
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materials in mmol of the attached species per gramadénial. Thermal studies also
revealed that the materials contained 4% physisorbedrwahich was also taken

into account when processing the data from thermal cenalouexperiments.

4.2.5 Loading level: Linker materials

Comparison of the loading level of the two linker spe@8e&PS,33, and, Si-
GPDMS, 83, illustrates the correlation between the loading caypaaitd the
difference in the mode of attachment of each of themtdinker compounds, GPTS,
32, and GPDMESS2. It is assumed that the number of silanol centredadla to
each of these species is similar; therefore, if pbgential for polymerisation is
excluded, it could be argued that as the GRBESspecies has three groups able to
react with the silica surface, its coverage would be third that of GPDMES33,
which has only one group able to link with the silica stefdHowever, this outcome,
is not evident from the microanalytical data. In f8&GPS,33, exhibits a surface
coverage approximately three times more than Si-GP[#@Slable 4.1 This result
must be due to the tendency of GPB3,to form a polymeric layer on the silica as
shown inFigure 4.4,

Surface loading of GPS decreases slightly on the smaksh 230 - 400 silica
gel, SFP°GPS, 80, due to inconsistency with respect to the distributiod a
character of the surface silanol groups. Most of theease in surface area of the
230 - 400 mesh compared to 70 - 230 mesh silica gel is acconedodhin the
pores. The surface coverage of linker molecules polyegkracross the surface
cannot access the silanol groups in the pores. Thu§PRA&,32, molecule may be
too large to take advantage of the higher surface ardee &30 - 400 mesh because
it cannot react with the internal surface silanol groufiswever, the coverage of

GPS linker groups on the MCM-41 material, MCM-41-GBS, shows a marked
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increase in surface coverage from the other formgdicd-$ased materials used. This
is indicative of the significant increase in the isethsilanol population as observed

in the DRIFT spectra, for this material, showrFigure 4.7.

Table 4.1  Comparison of thiwading of the linker species, GPTE, on various forms of silica
with the non-cross-linking species GPDMBBS, Also showing residual carbon present
in the dried silica materials, Si@nd MCM-41.

Microanalysis %°? Loading
Si-Material c H Micro b_l Thermztj}lb wt Therma_llb

mmol g % mmol g
Si0, %0 0.25 0.92 -- - -
SiQ,*30400 0.20 1.30 - - --
MCM-41 0.01 1.33 - - --
Si'**%2.GPS,33 7.64 1.43 1.10 11.98 1.04
Si-GPDMS,83 3.39 2.26 0.35 5.25 0.42
SP*2GPS,80 6.34 1.36 0.88 c c
MCM-41-GPS81 1223  2.17 1.70 c c

2Error = = 0.3%;Error = + 10%2Not attempted.

4.2.6 Loading level: Macrocyclic receptor ligand materials

Loading levels for the immobilised macrocycles aretiehiby the level of coverage
of the linker molecules. Some linker molecules coulditeted within the pores of
the silica, whereas, others could reside beneathigonedric layer and consequently
be inaccessible to the macrocycle. The significandde linker's mode of coverage
becomes apparent in the degree of grafting of the mgadeoto the silica attached
linker achieved, since covalent attachment can only occlinker molecules that

are available for reaction.

84



The loading capacities for the macrocycle immobilised amorphous silica
materials, SP**2GPS-Trac43, and Si***2GPS-Trac87, as calculated from the
carbon and nitrogen content obtained from microanalyata indicate that within

experimental error they are of similar magnitutiable 4.2

Table 4.2  The loading capacity of the macrocyclic receptomidgmimmobilised on various types

of linker modified silica materials.

Microanalysis %? Loading”
i-Material Micro Thermal Thermal
Si-Materia C H mmol g Wit % mmol g’

S’ . GPS-Trac43  18.09 2.67 1.75 0.31 24.03 0.33

Si-GPDMS-Trac86 10.37 2.05 0.85 0.15 c c
SP04NGPS-Tracg7  17.44 257 152 0.27 c c
MCM-41-GPS-Trac88 18.05 2.74  1.60 0.22 c c

Si-GPS-DiPTrac44 14.89 2.47 0.93 0.17 16.59 0.18

Si-GPS-TriPTrac45 11.85 2.25 0.54 0.10 12.63 0.12

2Error = = 0.3%; +10% ;°Not attempted.

As expected the loading of macrocycle on the non-linkkesl linker material86, is
reduced markedly due to the lower number of available linkeieties. The
mesoporous silica material, MCM-41-GPS-Tr&8, also displays a reduction in
loading of the macrocycle, demonstrating the propaesitimat it is not only the
degree of surface coverage with linker molecules thaatés the extent of bound
macrocyclic receptor ligands, but the number of these rlimkelecules that are
accessible for reaction.

This proposition also holds true with the two hydroxynti@ated poly ether

(HTPE) appended silica materials, Si-GPS-DiPTrat,and, Si-GPS-TriPTrae}s
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and, more so due to the larger size of these moledudesever, it cannot be argued
that the reduction in macrocycle loading for these nasers controlled solely by
the accessibility of linker molecules. These two male contain macrocyclic

receptor ligands that are inherently larger at theiippery and with the dynamic
nature of the HTPE appendages there could be an ampmifigatsteric crowding in

the vicinity of the parent nucleophilic centres. Thése unfavourable conditions
would in combination contribute to the lower degree of meyrle loading observed

with the HTPE appended silica materials.
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CHAPTER 5 METAL ION UPTAKE STUDIES WITH SILICA
IMMOBILISED MOLECULAR RECEPTOR
LIGANDS

5.1 Metal(ll) ion uptake studies with Si-GPS-Trac, 43

Having successfully prepared the silica immobilised molecelzeptor ligands

metal ion uptake studies with Si-GPS-Trd8, were conducted to examine the level
and rate of metal ion uptake of this material for acsejeoup of divalent metal ions,
Cd(n, Zn(ll), Cu(ll), Pb(1l), and Ca(ll). This immolgled macrocyclic ligand was
expected to possess similar if not identical metalkgpaoperties to the mod49

and the first generation receptors, suctl2ésbut this needed to be verified.

A deviation from the attachment of four enantiomehlcalre pendant arms is
that the GPTS linker precursor is racemic. So, theesthiemistry around the
stereogenic carbon atom associated with the linker auld @ eithelR or S giving
rise to two diastereomeric forms of the immobiliseccroaycle:SSSSndSSSRIt
seemed remotely possible that 88SRliastereomer could produce something other
than the usual eight coordinate receptor complexes preyiobskerved with Cd(ll)
and PDb(Il) using homochiral ligands of this type. This isabse of the possibility of
conformer C, shown inFigure 5.1, forming, whereby the uniform spiralling

direction of the §-pendant arms may be opposed by Rependant arm.
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Figure 5.1 Representation of some of the possible coordinativdibgrarrangements with the

SSSRenantiomeric form of the silica immobilised receptaterial,43.
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Conformer C had never been observed in studies using haadolpnds of this
type, but the situation with non-homochiral ligands wasomwn?%°

Furthermore, this study would give an indication of ankect®ity towards
particular metal(ll) ions. Finally, as each macrorydlerminus is theoretically
expected to coordinate to one metal(ll) ion, then thabmar of moles of these ions
taken up should equate to the number of moles of macescytimobilised on the
mass of functionalised silica gel provided. The resultioed from these metal
uptake studies could then be compared with the loading tyfr@an microanalysis
and thermal combustion data to verify the number oillawa macrocyclic receptor
ligands per unit mass of material. This series of exmaismwas also undertaken to
determine whether the time provided for metal uptake wotddtathe metal loading
capacity of the receptor material.

Other silica based materials: silica gel, Si-GB% Si-GPS(endcappedb, and,
Si-GPS-Trac (endcapped9, were also subjected to metal(ll) ion uptake
experiments to determine whether the free linker molscare silanol groups, both
free and endcapped, had an effect on the uptake capaségved in the experiments

with Si-GPSTrac43.

5.1.1 Strategy for metal(ll) ion uptake with Si-GPS-Trac, 43

Metal loading experiments were conducted by the batch uptekkod, with five
replicates undertaken to check reproducibility. These werformed by shaking 10
cnt of an aqueous solution, at pH ~5 (HEPES) containing theoppate metal(ll)
nitrate (2 x 1¢ - 5 x 10°> mol dn?) with 100 mg of the silica based material for
between 15 minutes and 18 hours as shown for Si-GPS43dn,Scheme 5.1

At the end of the shaking time the silica materias wecovered by filtration and

the filtrate and washings collected in a volumetrickilas
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Scheme 5.1 Metal(ll) ion coordination with Si-GPS-Traé3.

The filtrate was then analysed by atomic absorptiontspopy to obtain the
equilibrium metal ion concentration. Metal ion uptakas then determined by the
difference between the initial and equilibrium concatins of the divalent metal
ions. Percent metal uptake and metal loading capaacdytowe are shown iRigure

5.2for up to 3 hours as beyond this the uptake level doeshaoge.

0.30 - 100
0.25 - 80
0.20 - m Cd(l)
60 S mph(ll)
o c
2 015 - § mZn(ll)
g ® mCu(ll)
£ 40
0.10 | m Ca(ll)
20
0.05 -
0.00 - 0

15 min. 30 min. 1h 3h

Figure 5.2 Metal uptake from t = 0 to t = 3 hours with Cd(ll), Ph(&n(Il), Cu(ll), and Ca(ll) and
receptor ligand43, conducted in aqueous conditions at pH ~5 in HEPES buffer and T
298 K.

It can be seen from the percent valueEigure 5.2 that uptake of the metal(ll)
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ions by Si-GPS-Trag}3 is in most cases rapid, for example, Cd(ll) occupies 89%
the available macrocyclic coordination sites after 1b6ut@s. This translates to 0.31
mmol Cd(ll) ions per gram of the silica immobilised nwayrcles which, itself has a
measured loading of 0.31 mmol of macrocycle moieties pamgof the silica

immobilised materialTable 4.2 Loading of the metal(ll) ions with Si-GPS-Trac,

43, after 15 and 30 minutes of the uptake time are shovabie 5.1

Table 5.1  Percent uptake and loading capacity of Cd(ll), Pb(ll), ZnQu(ll) and Ca(ll) ions
with Si-GPS-Trac43, at t = 15 min. and t = 30 min.

15 min. 30 min.

% Uptake®  mmol g™ % Uptake® mmol g™

cd(l) 99 0.31 101 0.32
Pb(ll) 91 0.29 101 0.32
Zn(ll) 83 0.26 91 0.29
cu(ll) 84 0.26 101 0.32
ca(lly 0 0.00 60 0.19

8 rror = +3% PError = +10%

It can be seen from the above table that within 30 rgthe uptake of Cd(ll),
Pb(ll) (eight coordinate) and Cu(ll) (five or six coordmatvith Si-GPS-Trac43,
has reached maximum capacity. However, Zn(ll) (five imrceordinate) takes an
hour to attain maximum capacity whereas Ca(ll) (eighbrdinate) coordinates

poorly after 15 minutes and takes three hours to reacbapdicity.

5.1.2 Metal uptake studies with other related silica based matals

After establishing that the time needed to ensure fudlifgacapacity with metal(ll)
ions it was of interest to ascertain whether precursaterials or residual silanol
groups on the silica surface were also involved with neaiplexation and should

be taken into account. Therefore, dried silica gel,Slica gel modified with GPS
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linker material, Si-GPS33;, endcapped Si-GPS(EC85; Si-GPS, Trac43 and,
endcapped Si-GPS-Trac(E@9, were studied. A 100 mg sample of each of these
materials was treated with a solution of each of the etahetal ions by the batch
method described isection 5.1.1and, shaken for the times mentioned. The results

for this series of experiments are showfigure 5.3

100

80

mCd
HPh
Zn

20 HCu

Si-GPS, 38

Si-GPS(EC), 59
Si-GPS-Trac, 40

Si-GPS-Trac(EC), 60

Figure 5.3 Percent uptake after 1 hour from experiments conductedhettivalent metal ions
Cd(11), Pb(ll), Zn(l1) and Cu(ll) utilising various sil&cbased materials. Uptake of
metal(ll) ions with Si@Q Si-GPS33, and Si-GPS(ECRS, is reported as the percentage
by weight of the metal in the material. Uptake with SiSsRac,43, and Si-GPS-
Trac(EC),89, is reported as the percentage of the theoretical uptedesl on the
calculated macrocycle loading.

As expected, dried silica gel shows very little ability complex with the
metal(ll) ions, which demonstrates that the silanolugsoon its surface are not
effective in coordinating with these divalent metal iansder the experimental
conditions. After modification of the silica surfaweth GPTS the uptake of metal
ions increases slightly showing that the glycidyl eties have a slight, but very
weak ability to coordinate with these divalent metal ioffser endcapping of this

material a slight reduction in the percent uptake oceutis Cd(ll), Cu(ll) and
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Zn(ll); with Pb(ll) showing a lesser decrease. Thesesved reduction in metal
uptake was expected and is indicative of the purpose ofrnifheapping treatment.
However, these uptake values, regardless of increasecogade with variation of
the functional groups on the silica surface, are samthonstrating that the non-
macrocyclic ligand component of the material doessigptificantly contribute to the
overall uptake of metal(ll) ions. This is supported by tkeeiments conducted with
Si-GPS-Trac43, and endcapped Si-GPS-Trac(E@Y, where inactivation of the
silanol groups with TMCS34, appears to make little difference to the percent uptake
of the metal ions.

Due to this it was decided to proceed with guest molanalasion studies with
Si-GPS-[Cd(Trac)](Cl®)., 94, and dispense with endcapping as it did not appear to
make any significant difference to the coordinatiorihef metal(ll) ions. It is clear
from Figure 5.3 that these metal uptake experiments revealed no particula
thermodynamic selectivity towards any of the particutzetal(ll) ions that were
investigated.

From the results obtained with the metal uptake stutdwas decided that the
receptor functionalised material Si-GPS-Tré8, and its HTPE derivativeg4, and
45, could be activated by metal coordination using Cd¢z#6(H.O) as, in the
previous work, perchlorate anions have been shown to beteagplace by the
inclusion of an anionic guest species.

Preparation of the cadmium(ll) complexed materieds wompleted by stirring a
suspension of Si-GPS-Trag3, or Si-GPS-DiPTrac44, or Si-GPS-TriPTrac45, in
an aqueous solution containing an excess of cadmium peatehlbexahydrate for
two hours at room temperature as showSéheme 5.2* The suspension was then

filtered and washed with copious amounts of de-ionised watejield Si-GPS-
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[Cd(Trac)](CIQy),, 94, or Si-GPS-[Cd(DiPTrac)](Clg).,, 95 or Si-GPS-

[Cd(TriPTrac)](ClQ), 96.

I W\
. O\Cd2+ antll
Si-GPS-R Cd(ClOy4),° 6H,0 } AN
—> O=Si O 2CI05
H20 /
e 0
, R=DiPTrac
45, R =TriPTrac . 94,R=H
Silica Surface 95, R = O(CH,CH,0), H

96, R = O(CH,CH,0); H

Scheme 5.2 Complexation of silica immobilised receptor ligands wadldmium perchlorate

hexahydrate.
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CHAPTER 6 GUEST MOLECULE INCLUSION STUDIES
WITH SILICA IMMOBILISED RECEPTORS

6.1 Guest Inclusion with silica immobilised receptor complges:
Background

Studies with molecular receptor mod&d in DMSO-d&, have demonstrated the
suitability of a three-walled binding cavity for guest noole inclusion and

prompted the present investigation with silica bound recemtomplexes. As the
preliminary studies were conducted in an organic solventas expected that the
current investigation, which would be conducted in the moteresting aqueous
environment, might provide some contrasting results reggrdinding behaviour

between host and guest in this medium.

As host-guest binding constants for the silica immsdédireceptors could not be
determined by conventional methods due to the difficultgrgyanising conditions,
such that, an equilibrium is established between bound warmbund guest;
provisional binding strength was established by evaluating theemteof guest
species removed from the initial solution after contaith the receptor. Percent
inclusion of guest species was determined by UV-Vis spectpgsand calculated by

the equation
: : ni—ne
% inclusion = [T] 100

wheren; is the number of mmol of guest species in the ing@ution, ne is the
number of mmol in the solution at equilibrium,the mass of the silica material (g)
and L the loading of macrocycles on the silica materiampl g*) to yield %

inclusion of the respective guest species.

6.1.1 Strategy for guest molecule inclusion with silica immobi8ed hosts

Guest inclusion with silica immobilised host materiatss effected by the treatment
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of 100 mg of the host material, SI-GPS[Cd(Trac)](9#24, Si-GPS-[Cd(DiPTrac)]
(ClOy),, 95, or Si-GPS-[Cd(TriPTrac)](Clg,, 96, with 10 cni of an aqueous
solution containing a&a. 50% excess of the sodium salt of the appropriate guest
species at a concentration of 5 x*1®ol dm?® at pH 7 in 0.01 mol dih HEPES
buffer. HEPES buffer was brought to pH 7 from its mafd of ~5.3 by the addition
of 1 M NaOH. All phenolate inclusion was conducted in warbuffered 10%
DMSO/acetonitrile mixture to avoid protonation of th&oanion moiety. The
host/guest suspension was stirred for one hour at 298 Kvdfieh the solid phase
was isolated by filtering the agueous phase into a 250 ml edtienflask and
washing it with ample amounts of de-ionised water. Pémgeest inclusion was then
established by calculation of guest species remaining ifiltita¢e using the method
described. An example of the general host-guest complexegaxction with silica

immobilised receptors is shown3theme 6.1

o) , N
Wi P
o o
o\\ 2+/ om/
Si-GPS-[Cd(Trac)|(CIO4),, 94 ) 7 SR

H,0 o}Si/\/\o XN NON

Silica Surface

Scheme 6.1General procedure for guest inclusion with silica imrisdsl receptor complexes,
depicted here with four hydrogen bonds to the host biruticget.

6.1.2 Guest molecule inclusion with Si-GPS-[Cd(Trac)], 94

To enable comparisons with binding studies conducted with Imedeptor49 it was
decided that the initial series of inclusion experimenits the silica immobilised
receptors would involve the same set of guest spgem@gophenolate (in 10%

DMSO v/v in acetonitrile), acetat@-nitrobenzoate, phenoxyacetate, L-histidinate
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and D-histidinate. Guest inclusion with an additionab tamino acid guests D- and
L-phenylalanate was also attempted. It was of interesbserve whether the percent
inclusion values obtained for this set of guest speciaddumirror their respective
binding constants as determined in DMS©aith receptord9. The results for guest
inclusion studies with this series of guests and silica doecepto©4 are tabulated

in Table 6.1

Table 6.1  Percent guest inclusion of with Si-GPS-[Cd(Tr&¢)4, conducted in aqueous solution
with a guest concentration of 5 x4fol dm® at pH 7 in 0.01 mol dii HEPES buffer
compared with lof determined for [Cd(TracHP12}] 49 by*H NMR monitored
titration in DMSO-d.

Si-GPS-[Cd(Trac)]**, 94 [Cd(TracHP12)]*, 49

Guest Species % Inclusion® logk® pK.*
p-nitrophenolate 72° 3.45 £ 0.05 7.15
acetate 7 e 4.96
p-nitrobenzoate 16 4.7 £0.3 3.44
phenoxyacetate 27 45 +0.3 3.17
L-phenylalanate 23 f 2.20°
D-phenylalanate 24 f 2.20°
L-histidinate 35 3.37 £0.04 1.82°
D-histidinate 35 3.54 £0.09 1.82°

3Error = + 3%."Determined byH NMR monitored titration in DMSO+Data for the protonated
species in kD acquired from NIST databad&uest stock solution unbuffered 10% v/iv DMSO in

acetonitrile ®No change in chemical shiftNot attempted?COOH.

With these guest species the only good correlation batweeeptor94 and
receptor49 is with p-nitrophenolate. In this case, according Fmure A.1l in
Appendix A, the observation of 72 £3% inclusion at a 50% exoéshe guest over

host approximately correlates with a kogalue of 3.45 +0.05. However, as tpe
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nitrophenolate inclusion experiment was conducted in a D& @onitrile mixture
to maintain the anionic character of this guest spedmespbserved result, is not
altogether surprising and is not comparable with those fémmthe other anions in
Table 6.1where uptake was performed in aqueous conditions.

The other guest species, which all have a carboxylate dggdrbond acceptor
group, display a trend where the less basic specien@ highly included. This is
a reversal of the binding constant trend obtained witaheceptod9in DMSO-g
where the binding strength increased with increasing bgsiciconformity with the
expected strength of hydrogen bonding interactions betweeguest species and
the base of the host binding pocket. The low uptake ofatgetvhich lacks an
aromatic group, suggests that an aromatic moiety in thetgre of the guest

contributes to molecular recognition of guest molecules.

6.1.3 Inclusion of hydroxybenzoate guest species with silica immaised
receptors

A series of hydroxy substituted guest molecules was algieced to guest inclusion
with receptor94 in an aqueous environment in conditions identical witlsehor the
previous set of guest species. The data are tabulaféabla 6.2 It can be seen that
percent inclusion for hydroxybenzoate guest species in aqueounditions
demonstrates a reversal of the trendydroxybenzoate «+hydroxybenzoate -
hydroxybenzoate observed for this series of guest molegutasreceptor49 in
DMSO-d; (Chapter 3). However, the percent inclusion values oétain agueous
conditions with recepto®4 mirror the log values acquired with recept@6e from
fluorescence monitored titration experiments in 20% aquebasane. Thus it
appears that by switching from DMSO to aqueous conditionscaneeverse the

trend in binding constants.
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Table 6.2  Percent inclusion data for hydroxybenzoate guest speitleSi-GPS-[Cd(Trac)]
(ClOy,),, 94, conducted in aqueous media with a guest concentration dd8md dm®
at pH 7 in 0.01 mol dHEPES buffer at 298 K and, Igvalues for [Cd(®-athppc)]
(ClOy),, 29 in 20% aqueous dioxane and model receptor [Cd(TracHP12))CAO, in
DMSO-g; also at 298 K.

Receptor Receptor Receptor
94 29 49
Guest species % Inclusion® logk® logk® pK.’
benzoate 30 23 +0.1 4.11 +0.06 4.19
p-hydroxybenzoate 32 45 £0.3 4.09 £0.07 4.54
m-hydroxybenzoate 48 5.3 £0.5 4.16 £0.09 4.30
o-hydroxybenzoate 81 7.1 £0.5 3.08 £0.08 2.97
2,6-dihydroxybenzoate 95 7.5 £0.9 2.05 +£0.03 1.05

3Conducted in aqueous solutid@btained by fluorescence monitored titrations in 20% aqueous
dioxane ‘Conducted in DMSO+%alues obtained in 40 from PHYSPROP database for their

respective conjugate acitf.

Rationalisation of the trend in DMSQ-dith receptord9 was explained by the
inability of three guest species, benzoatp;hydroxybenzoate andm-
hydroxybenzoate to participate in intramolecular hydrogewing and, therefore, in
DMSO-d;s they exhibited significantly larger binding constants than
hydroxybenzoate and 2,6-dihydroxybenzoate, which are both krmarmh strong
hydrogen bonds between their phenolic and carboxylate graupsiti mediunf®”
228 The trend observed in aqueous conditions with rec&gtappears to result from
weaker intramolecular hydrogen bonds within these btwiho-substituted guest

molecules due to competition with water molecules. Kgaeng intramolecular

hydrogen bonding within these molecules strengthens the-O-klydrogen bonding
and also allows for non-classical hydrogen bonding acterns to occur between the
guest hydroxy groups and aromatisystems of the host pendant arms as shown in
Figure 6.1
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Figure 6.1 Potential non-classical hydrogen bonding interactwatts the pendant arms of receptor
material94 when the guest hydroxy groups are inttetaor ortho positions. The
ellipse shows the path circumscribed by precession dfyttiexy hydrogen atom
around the O-Ar bond.

Therefore, retention of these guest species withirhtist cavity is strengthened by
summing classical hydrogen bonding between the host hydroxypgrand guest
carboxylate moiety and the previously mentioned non clalskicrogen bonds with
host aromatic moieties. As this additive effect is poddy only viable in m
hydroxybenzoatey-hydroxybenzoate and 2,6-dihydroxybenzoate it is not surprising
that as the hydroxy group is moved into positions wheezantions with the host
system are more favourable there is a correspondinggisern binding strength.

Of the three guest molecules potentially able to hydrdaem with the host's
aromatic rings the hydroxy hydrogen atom m¥hydroxybenzoate satisfies the
criteria for hydrogen bonding over only part of its ranfenovement prescribed by
rotation along the axis of the O-Ar bond, whereas, Etipoing the hydroxy moiety
into anortho position fulfils the criteria irrespective of rotati@round the aromatic
carbon to oxygen bond. This justifies the difference irceat inclusion and Id¢
values obtained fom-hydroxybenzoate compared to the values obtainedofor
hydroxybenzoate and 2,6-dihydroxybenzoate with recef@drand 29. Moreover,

judging by the increase in binding strength for 2,6-dihydroxybeezoahich
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contains two hydroxy groups in tleetho position, it would appear that more than
one such non-classical hydrogen bond is possible.

As the relative magnitude of the binding constaobsained in DMSO-+ for the
hydroxybenzoate guests is the inverse of thosdnstan 20% aqueous dioxalfe;
166 and suggested by percent inclusion values obtamétO with the silica bound
macrocyclic receptor94, *H NMR monitored titration experiments were also
conducted with receptod49 in CDsOD. This is a solvent with hydrogen bond
acceptor and donor properties more closely reldtedhose of HO. It was
anticipated that in CEDD the same trend as seen in 20% aqueous dioxahe wi
receptor29 might be observed. However, as may be sedrable 3.2this was not
the case. It would appear that the presence ofrviaten essential criterion for the
trend observed with receptd8 and94 to occur.

A speculative explanation for this phenomenon loamxtracted from the crystal

structure of ano-hydroxybenzoate guest included in the cavity &MCd(S

thpc12)](ClQ).-0.5H,0 as shown ifrigure 6.2°%"

Figure 6.2 Crystal structure showing the interaction of amamolecularly H-bonded-

hydroxybenzoate guest H-bonded to hydroxyl grodgs[@€d(S

thpc12)](ClQ),-0.5H,0. H-bonds are in dashed lines. H atoms and peatelare
omitted for clarity. O9 is the water molecule atdm.
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It can be seen here that a water molecule is hydrogeded to the carboxylate
oxygen atom of theo-hydroxybenzoate guest. This suggests that in aqueous
conditions with receptor29 and 94 there exists in a similar way the potential for
H,O molecules to mediate hydrogen bond bridges betweayudst hydroxy groups
and the host aromatic rings, as showrFigure 6.3 (a) and (b). If, for instance,
water molecules were to form a hydrogen bond bridging otwvithin the host
cavity as shown bya) and(b), the observed increase in binding strengthoftino

substituted hydroxybenzoates in water could be expldfied.

T
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Figure 6.3 Representation of potential hydrogen bonding schememtinabe contributing to the

difference in guest selectivity experienced yOHas opposed to DMSO and MeOH.

Water molecules, having two hydrogen bond donor atones,able to form
hydrogen bond bridges from guest carboxylate oxygens and hydrakpdens
whereas, methanol is only able to bridge to an aromadg from guest hydroxy
hydrogen atomsHigure 6.3 (c) over a more limited distance, making it a less
effective mediator.

To verify whether the trend observed in aqueous conditdass linked to non-
classical hydrogen bonding a series of test experimeadgsconducted with receptor
94 using a similar set of guest molecules, but eliminatimg potential for non-

classical hydrogen bonding interactions by replacing hyeroxy group with a
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methoxy group, as portrayed by the generic examfgimre 6.4.

Figure 6.4 A generic example of a methoxy substituted benzoate mastule.

The guest species chosen for this study wermethoxybenzoate,m-
methoxybenzoat&-methoxybenzoate and 2,6-dimethoxybenzoate. The resuits fr

this study are tabulated Trable 6.3

Table 6.3 Comparison of inclusion data for hydroxybenzoate anttiongbenzoate guest species
with Si-GPS-[Cd(Trac)](CI),, 94, in agueous solution with a guest concentration of 5
x 10% mol dm® at pH 7 in 0.01 mol dMHEPES buffer at 298 K.

Guest Species % pK.* Guest Species % pkK.’
p-hydroxybenzoate 32 4.54  p-methoxybenzoate 60 4.47
m-hydroxybenzoate 48 430 m-methoxybenzoate 55 4.09
o-hydroxybenzoate 81 2.97 o-methoxybenzoate 29 3.90
2,6-dihydroxybenzoate 95 1.05 2,6-dimethoxybenzoate 23 3.44

Values obtained in $D from PHYSPROP database for their respective conjugzds"”

It would be expected that without the influence of nossital hydrogen
bonding that the more basic methoxybenzoate species wghibit stronger binding
capacities. This is the case with the methoxybenzoatésgyeang a data set that is
a virtual mirror image of that observed for hydroxybenzaatkision in DMSO-¢
with receptor49 and, a reversal of the trend observed with recepidn agueous

conditions with the same set of hydroxybenzoate guestcmele Comparing
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percent inclusion with theky values for each set of benzoate guest molecules it is
clear that the hydroxy groups are having some effect obitideng mode in aqueous
conditions. This inclusion study with methoxybenzoate guedieh was conducted
under identical conditions to the previous study with hydromgbate guests,
demonstrates the proposition that non-classical hydrdgmmding interactions
contribute to host-guest binding strength only in the prEsehwater.

Another question that could be asked with regard to thelies with
hydroxybenzoate and methoxybenzoate guests ispahgthoxybenzoate uptake is
ca. double that ofp-hydroxybenzoate. Obviously, there is something other than
hydrogen bonding contributing to the increase in percentusion for p-
methoxybenzoate as theiKpvalues are similar. The discrepancy observed could be
the result of a hydrophobic effect driving thenethoxybenzoate molecule into the
cavity of recepto®4, and away from the aqueous surroundings, as its methowp gro
is less hydrophilic than the hydroxy group phydroxybenzoate. Conversely, the
hydroxy group ofp-hydroxybenzoate could be drawing it out of the cavity of
receptor94 by a hydrophilic effect. A lesser rendering of these hydrbjgghand
hydrophilic effects could describe the decrease in differeme®veen percent
inclusion values of mmethoxybenzoate andm-hydroxybenzoate since the
substituents on these molecules are in the neighbourhothe doundary dividing
the interior and exterior regions of the host cavity.

Hydroxybenzoate guest species with various other substitpéitierns were also
used in these inclusion studies to see if any variatioharldcation of the hydroxy
substituent would affect binding with recep@t. The guest molecules chosen were
2,5-dihydroxybenzoate, 3,5-dihydroxybenzoate, 2,4,6-trihydroxybenzoate,4,5-

trihydroxybenzoate (gallate)lable 6.4 displays the percent inclusion values for
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these guest molecules with recefidr

Table 6.4  Percent guest inclusion of different hydroxybenzoate gyesties with Si-GPS-[Cd
(Trac)](ClQy),, 94, in aqueous solution with a guest concentration of 5%mol dm?®
at pH 7 in 0.01 mol dHEPES buffer at 298 K.

Guest Species % Inclusion pkK.’
2,4,6-trihydroxybenzoate 94 1.68
2,5-dihydroxybenzoate 82 2.95
3,5-dihydroxybenzoate 50 4.04
3,4,5-trihydroxybenzoate 73 4.41

3Values obtained in 0 from PHYSPROP database for their respective conjugads’®

High inclusion values for 2,5-dihydroxybenzoate and 2,4,6dribwybenzoate
further demonstrate that having hydroxy groups in éhgo position increases
binding strength through hydrogen bonding interactions wittht® pendant arms.
The relatively high inclusion value for 3,4,5-trihydroxybeatznis a little surprising
in that this guest molecule not only lacks a hydroxy grouperrtho position, but
in that both of themeta hydroxy groups are not equally available for hydrogen
bonding due to one being intramolecularly hydrogen bondedthatpara hydroxy
group. This effectively leaves only one hydroxy group to farhydrogen bond with
the host aromatic group. Some compensation by strongedingp through the

benzoate moiety due to its higher basicitfi{p 4.41) is suggested.

6.1.4 Guest inclusion with immobilised hydroxy terminated polyeher (HTPE)
receptors

Due to the organic nature and hence low wettability itewaf the receptor
component of SI-GPS-[Cd(Trac)](Cli, 94, it was thought that a receptor moiety

with hydrophilic groups attached to its pendant arm framewankdd provide better
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contact with an aqueous environment and therefore wdtélsguest species. This
would, in essence, endow the receptor part of the mateittala greater degree of
wettability enabling the inclusion process to occur in alsipipase. Accordingly,
guest inclusion studies were performed with two silicamobilised receptor
materials Si-GPS-[Cd(DiPTrac)](Cl, 95, and Si-GPS-[Cd(TriPTrac)](CKR, 96,
appended with hydroxy terminated polyether (HTPE) moietiethe periphery of
each receptor's cavity. Both materials were expectgos$sess a level of wettability
through increased hydrogen bonding between their ethereahyaindxy oxygens
and water molecules. Solubility of the silica freeten@als was evaluated by
suspending 50 mg of each of the precursor macrocyclic compdiRdrac47, and
TriPTrac, 48, in 1 cm® of water and gradually adding a small amount of water to
each over time until it was completely dissolved.uBdity in water at 298 K
obtained for these compounds was 0.007 mbkdr 47 and, 0.032 mol t for 48.
These values are significant in the context of T, which has essentially zero
solubility in water. Furthermore, when water is addeeither of material85 or 96
the resultant suspension is visibly different than tkat 94. A perceivable
translucence with the appearance of the material bignavith the aqueous
environment gives the impression that these matemalsnare wettable. The results
from the study of the uptake of hydroxybenzoate guests VBHGPS-
[CA(DiPTrac)](ClQ),, 95 and Si-GPS-[Cd(TriPTrac)](Ckp, 96, are given in
Table 6.5 The percent inclusion values fop-hydroxybenzoate andm-
hydroxybenzoate for all three materials do not vary gre&tr o-hydroxybenzoate
and 2,6-dihydroxybenzoate the immobilised HTPE materialsvsiery different
percent inclusion values. Si-GPS-[Cd(DiPTrac)](g#295, exhibits similar binding

to SIi-GPS-[Cd(Trac)](ClQ., 94, but Si-GPS-[Cd(TriPTrac)](Cl&», 96, includes
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only about half of that taken up by the two former mater

Table 6.5 Guest inclusion data for hydroxybenzoate guest specikseaeptor complexes Si-
GPS-[Cd(Trac)](CIQ),, 94, Si-GPS-[Cd(DiPTrac)](Clg),, 95, and Si-GPS-
[Cd(TriPTrac)](CIQ),, 96, conducted in aqueous media at pH 7 in 0.01 mal dm
HEPES buffer at 298 K.

Percent Guest Inclusion

Silica Immobilised Receptors

Guest Species Trac, 94 DiPTrac,95  TriPTrac, 96 pk.’
benzoate 30 b b 4.19
p-hydroxybenzoate 32 50 31 4.54
m-hydroxybenzoate 48 45 30 4.30
o-hydroxybenzoate 81 76 45 2.97
2,6-dihydroxybenzoate 95 92 46 1.05

Values obtained in $D from PHYSPROP database for their respective conjuagzds”
®Not attempted.

Lowering of the percent inclusion values seen for BE&Cd(TriPTrac)](CIlQ).,

96, could be related to the HTPE chain length of this nateWhereas Si-GPS-
[Cd(DiPTrac)](ClQ),, 95 has two ethoxy moieties between its aromatic and
hydroxy groups, Si-GPS-[Cd(TriPTrac)](C)Q, 96, has three. The extra length in
the HTPE chain could result in orientation of theichato the host cavity resulting

in hydrogen bonding with the hydroxy groups at its base or ewgneach other.
This would effectively create a barrier at the openimghte cavity as well as an
obstruction of the host hydroxy groups making them stericalbvailable to guest
molecules. This is shown faigure 6.5 On the other hand the polyether chain of Si-
GPS-[Cd(DiPTrac)](Cl@)2, 95 may be too short to interact with the binding cavity

and hence the percent inclusion values for this matanieor values for receptd@4.
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Figure 6.5 Diagrammatic depiction of the possible orientatioff®PE appendages on the pendant
arms of immobilised receptor Si-GPS-[Cd(TriPTrac)(£}®6.

6.1.5 Guest inclusion with aminobenzoates

A further study was conducted to ascertain whether othest gudecules substituted
with hydrogen bond donor groups would display a similar trendhat of the
hydroxybenzoate guest species in aqueous conditions. The gulestiles chosen to
test this proposition were a set of amino substituteddetesp-aminobenzoatan
aminobenzoate amataminobenzoate. It was thought that these guest nieteaay
mimic with N-H'z the hydrogen bonding interactions postulated for
hydroxybenzoate guests in identical conditions. To check vedality of this
proposition guest inclusion of a series of similarly sitbted nitrobenzoate guest
molecules: p-nitrobenzoate, m-nitrobenzoate ando-nitrobenzoate were also

investigated. The structures of these guests are depidigglLire 6.6.

R

O,":‘x
R = NH, or NO,

Figure 6.6 lllustration of the structure gfara, metaandortho substituted-aminobenzoate and

nitrobenzoate guest species.
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Percent inclusion values for these two sets of goedecules are tabulated in
Table 6.6 The expected trend with aminobenzoate guest speciespavtially
observed with a lower percent value (22%, B.38) forp-aminobenzoate than for

aminobenzoate (43%Kgp 2.14).

Table 6.6  Percent guest inclusion of aminobenzoate and nitmulzéa guest species with Si-GPS-
[Cd(Trac)](CIQ),, 94, in aqueous solution with a guest concentration of 536l
dm? at pH 7 in 0.01 mol dAHEPES buffer at 298 K.

Guest Species % pkK.* Guest Species % pK.®
p-aminobenzoate 22 2.38 p-nitrobenzoate 16 3.44
m-aminobenzoate 12 3.07 m-nitrobenzoate 23 3.46
0-aminobenzoate 43 2.14 o-nitrobenzoate 12 2.47

Values obtained in }D from PHYSPROP database for their respective conjugzds"”

These values demonstrate an increase in binding-fominobenzoate, 43%,
compared with op-aminobenzoate, 22%, despite the lower basicity offdheer.
This suggests that a degree of non-classical hydrogen bondinthe host pendant
arms is contributing to the higher value fmaminobenzoate. However, inclusion
with mraminobenzoate appears to oppose this suggestion withua vél12%.
Considering tham-aminobenzoate has the highekt, (8.07) of the aminobenzoates
its percent inclusion value is anomalously low.

Inclusion with nitrobenzoate guest species conforms bwitling as predicted by
the basicity of the guest molecule. The guest with tlghdst K, (3.46), m
nitrobenzoate, also shows the highest inclusion value X28¥% p-nitrobenzoate
next with 16% followed byo-nitrobenzoate (12%). These percent inclusion values
demonstrate that nitro substituents do not significantrsasn binding of guest
species. Amino substituents are somewhat helpful, buasi@ffective as hydroxy

substituents.
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6.1.6 Guest inclusion studies with guest species containingfiérent
substituents

To check whether variation of substituents in plaea position would affect binding
values a series of different benzoate guests was algected to guest inclusion
experiments with Si-GPS-[Cd(Trac)](Cfg, 94. The guest molecules used were
methylbenzoatey-fluorobenzoatep-chlorobenzoate ang-formylbenzoate.

Also a set of hydroxybenzoates with the phenolic hydgreyp deprotonated in
addition to the carboxy group were used in these experinerdse if endowing a
guest molecule with more than one oxoanion would havenfirence on binding
strength. The guests for these experiments wewarboxyphenolate anan-
carboxyphenolate. Preparation mtarboxyphenolate anatcarboxyphenolate was
by treatment of their conjugate acids with NaOH while mramning the solution
above pH 12. This series of experiments was conducted &2 piding 0.02 mol din
CAPS buffer.

Furthermore to ascertain whethet interactions between guest and host species
would also increase binding, twoenriched guest molecules: 1-naphthoate and 2-
naphthoate were also used in guest inclusion experimenésrakionale was that
either guestt-n interactions (edge to face or face to face) direwith the host or
n"H-O-H 7 H,O bridged hydrogen bonding would contribute to the overall binding
in the host-guest complexes formd@able 6.7 shows the percent inclusion values
for these sets of experiments.

It appears from the percent inclusion values attaioeddries 1 that the character
of the substituent in this case does not alter thesesvalgaificantly as they tend to
agree with the binding values expected with respect to alsecity of the guest

species.
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Table 6.7  Percent guest inclusion of different guest species WvitAES-[Cd(Trac)](ClQ)z, 94, in
aqueous solution with a guest concentration of 56l dni® at 298 K. These
experiments were performed at pH 12 in 0.02 mof @APS buffer fop-, andm-
carboxyphenolate and at pH 7 in 0.01 molFdHEPES buffer for the other guest

species.

Series Guest Species % pPKacoon” PKaon
p-methylbenzoate 43 4.37
p-fluorobenzoate 33 4.14

: p-chlorobenzoate 38 3.98
p-formylbenzoate 19 3.77
p-carboxyphenolate 4 4.54 9.32°

. m-carboxyphenolate 2 4.30 9.92°
1-naphthoate 76 3.60

R
2-naphthoate 98 4.17

Values obtained in ¥D from PHYSPROP database for their respective conjuagzds"”
IUPAC 2

Series 2 guest species show little binding with the Adss. could be attributed
to increased aqueous solubility of these dianionic guest wolefec They are
potentially able to bind at either of their anionic end$hie binding pocket leaving
the other anionic moiety projecting into the aqueous phdbey are more
hydrophilic than their monoanionic parent compounds and thgefore, prefer to
remain surrounded by water rather than bind within the hogtycavhich is
essentially hydrophobic.

The percent inclusion values for series 3 guest spdu®g & significant increase
in host-guest complex formation with 2-naphthoate attaininglue (98%) near that
of the strongest binding hydroxybenzoates. As these guestutedalo not possess
a hydrogen bond donating atom within their framework, the higkecent values
cannot be attributed solely to their basicity as eviddnby their K, values 1-
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naphthoate (8. = 3.60) and 2-naphthoateKp= 4.17). This has been corroborated
previously by guest inclusion studies with hydroxybenzoatetgsmscies where
benzoate (Ka =4.19) ando-hydroxybenzoate (, =4.54) both show modest percent
inclusion values although theiKp values are high. So, some other factor must be
responsible for augmenting their binding values. For instatie contribution ok
electrons from the adjoining aromatic ring increases pgbeential for forming
hydrogen bond bridges between the guest and host arognatips®>*2* There is
also the possibility of hydrophobic effects amd interactions between guest and
host species if the respective aromatic groups come witmding distance of one
another. Summation of these modes of binding appears teflbeted in increased
percent inclusion values for 1-naphthoate and 2-naplghwadth the difference

resulting from one being more basic than the otheis Iknown from crystal
structures of Ngcalix[4]arene sulfonate]l3.5H0 that water molecules are able to
bridge, through hydrogen bonding, between two arometdcceptor groupS™

Indications of how these bridging:--H-O-H:---& hydrogen bonding interactions might

occur between a naphthoate guest and the host spec@gsearénFigure 6.5

0
O>Si/\/\0
0 o

Silica Surface Silica Surface

Figure 6.5 Representation of the possible hydrogen bonding intensotiohancing the binding
between naphthoate guests and Si-GPS-[Cd(Trac)Jjj£@a.
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6.1.7 Guest inclusion studies with precursor silica materiks

There exists the possibility that the silica surfaceher silane linker may adsorb
guest molecules. Therefore, to determine whether pemeuosion values obtained
from guest inclusion experiments are correspondingly readth both pristine SO
and Si-GPS33, were treated with guest anions using some of the guese¢spsed
in the previous studies with Si-GPS-[Cd(Trac)](9QK>)94. Neither SiQ nor Si-GPS,
33, showed any significant uptake of any of the guest moledasted. For both
materials the uptake of any guest species was less than 3%.

Inclusion was also attempted with hydroxybenzoate guestiespeusing
cadmium-free ligand materials Si-GPS-Trat3, and Si-GPS-TriPTrac45, to
determine their binding capability. The observed percentkaptar these materials
was considerably reduced to values of between 10 and 20%tindithat metal-ion
complexation is a necessary feature for activatibrthese receptor materials to

enable guest inclusion.

6.1.8 Characterisation of the silica immobilised host-guest comples

Solid materials that are not readily solubilised, withalisturbance of their

composition, present difficulties in their charactdr@a These problems can be
overcome by subjecting these materials to analytiethads that are non-intrusive
and yet provide useful information about the materiade Quch technique is solid
state NMR, in particulat®C CPMAS NMR. It is a very effective method for
determining structure within solid materials. As the hostsguemplexes formed in

the preceding work are immobilised on a silica surfaedr ttharacterisation was
achieved in this way.

A sample size of ~150 mg of the silica immobilised lgpstst material was

tamped into a 4 mm zirconium oxide rotor stoppered withleFkend-cap. The
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spectrum for the material was then attained afrargpe of 5 kHz with a recycle
delay time of 4 s utilising TOSS (TOtal Suppressd®pinning Sidebands)
software to eliminate the appearance of spinnidg-bands. Solutiof'C NMR
spectra (proton decoupled) were also obtained ir8SDM} for the guest species to
allow chemical shift assignment of their resonant@msexample, as shown in

Figure 6.6 for 2,6-dihydroxybenzoic acid and 2,6-dihydroxybeate.

2 4
) 4 ‘
3
HQ™ 3 f OH HO” 3 H
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Figure 6.6  Solution™*C{*H} NMR spectra of (A) 2,6-dihydroxybenzoic acid af®) sodium 2,6-
dihydroxybenzoate obtained in DMSQ@-d

Both of the above spectra show sharp singlet @sms for each of the five
inequivalent carbon atoms present in 2,6-dihydrexyoic acid and 2,6-
dihydroxybenzoate. However, tH&C spectra seen in solution do not mirror those
seen in the'®C solid state NMR, as evidenced by the spectrairmatafor 2,6-
dihydroxybenzoic acid and sodium 2,6-dihydroxybextepdepicted ifrigure 6.7.

Spectra A and B for 2,6-dihydroxybenzoic acid arsbdium 2,6-
dihydroxybenzoate show line broadening with exgaonances for C3 and C4 in

2,6-dihydroxybenzoic acid, and C3, C4 and C5 inwsod,6-dihydroxybenzoate.

113



Neutral Gues

Y e
—BJ LA“WM
C NA

LT
/\\/‘/\ Hos-Gues
< ik = g

Figure 6.7 C CPMAS NMR spectra for (A) 2,6-dihydroxybenzoidéda(B) sodium 2,6-
dihydroxybenzoate, (C) Si-GPS-[Cd(Trac)](G)©and (D) Si-GPS-[Cd(Trac)(2,6-

dihydroxybenzoate)](CI¢). All spectra are shown with line broadening.

This arises because hydroxybenzoates are able doodsn bond across their
carboxy as well as their hydroxy termini, both amolecularly and intermolecularly,
which will give rise to a number of conformationatlifferent molecules in the solid
state?**?**Thus the extra bands observed in the solid statel#e to the differences
in sample dynamics between the two methods. Intisolu anisotropic NMR
interactions are averaged to zero to give the @bsgechemical shifts as sharp
isotropic signal$®” ?*In the solid, state, however, the molecules areiaily static
and because of this anisotropic or orientation-ddpat interactions can be
observed>" 2*® Furthermore, polymorphism within the powder stetputs some
of the carbon atoms into different environments,aasl solid state NMR can
distinguish these different molecular conformationsaddition to configurational
dissimilarities in a segment of a molecule the speobtained display a more
complex pattern for some resonantgs?*

In examining spectrum D for evidence of the indnwf 2,6-dihydroxybenzoate
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it should be borne in mind that previous comparisonsoaftion**C NMR arising
from guest anions and host guest complexes of this typeahaags revealed almost
negligible chemical shift perturbation for the host carkatom resonances, but
usually some quite significant perturbation to the chahsbift values of the guest
resonances. Proceeding on this basis it is then rallsoto postulate that the new
resonance in spectrum D (compared to C) at 182.2 ppm is @braf the guest
(183.0 ppm in B), the new resonance at 167.9 ppm is from C3 (166.h@)mnthe
new shoulder at 138.0 ppm is from C5 (139.7 ppm in B) and the bneed
resonance at 110.2 is from a merging of C4 and C2 (113.0 and 108.8 @m
Thus there seems little doubt that not only is 2,6-dihydremngbate present in the
sample used to produce spectrum D, but that the alteredicdieshift values for the
guest indicate a more intimate association than jyshyaical mixture of the two
species.

The preceding spectra are for a host-guest combinatie@newthe very highest
uptake of the guest occurred (95%) so examination of the stalid NMR spectra
from a lower percentage uptake combination is also nfitise as a basis for
comparison. The guest specissmethoxybenzoate, with 55% inclusion in Si-GPS-
[Cd(Trac)](CIQy),, 94, was chosen for this purpose. The acquired spectra are
depicted inFigure 6.8

Spectrum A, form-methoxybenzoate, shows splitting of all of the single
resonances found in the solution spectrum. This spectrdmanwiewed in
combination with spectrum B does display evidence forusich of m
methoxybenzoate in Si-GPS-[Cd(Trac)](G)& 94, as depicted in spectrum C, with
some bands for this guest molecule clearly visible,iqdarly C1 which moves

from 183.0 ppm in A to 184.1 ppm in C.
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Figure 6.8 °C CP MAS NMR spectra for (A) sodium-methoxybenzoate, (B) Si-GPS-
[Cd(Trac)](CIQ), and (C) Si-GPS-[Cd(Trasytmethoxybenzoate)](CI{p. All spectra
are shown with line broadening.

However, overall the comparison is not as convig@s that seen faigure 6.7
and this is completely in line with uptake ofmethoxybenzoate b@4 being
measured as 55% instead of 96%. Resonances fromorcatoms C2 to C7 in
spectrum C are either superimposed or appear attiyanbarely discernible signal to
noise ratio.

To confirm that high percent inclusion materialsud display bands for host
material with included guest species another highlusion material, sodium 2, 4, 6-
trihydroxybenzoate, 94%, was analysed. The releggsettra for this material are
displayed inFigure 6.9

As sodium 2, 4, 6-trihnydroxybenzoate is a highdbg guest its spectral bands
are quite prominent in spectrum C for the host-gumesterial. The band for the
carboxylate carbon C1 is clearly visible at 183gnp A large band for th@so
carbon C2 in spectrum A at 101.7 ppm is distingaid, but broadened and much
smaller at 100.2 ppm in spectrum C. Additional [sabdtween 150.0 ppm and 169.0

ppm for C3, C4 and C5 are shifted downfield in $pea C.
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Figure 6.9 °C CP MAS NMR spectra for (A) sodium 2,4,6-trihydyoxybenzoate, (B) Si-GPS-
[Cd(Trac)](CIQ), and (C) Si-GPS-[Cd(Trac)(2,4,6-trihydroxybenzolD,). All

spectra are shown with line broadening.

These spectra are indicative of inclusion of theesy species in Si-GPS-
[Cd(Trac)](CIQy)2, 94, and confirm the UV-Vis analytical uptake measuzatn

Host-guest inclusion complexes formed with Si-B8¢Trac)](ClQy),, 94, that
had percent inclusion values lower than 50% dodmylay any visible evidence of
host-guest complex formation in solid state NMR ctpe It appears that the
concentration of the guest species relative tdtst material is too low for the solid
state NMR method to detect it once uptake dimirsshelow this level. Also,
inclusion spectra for some guest species, sughrasophenolate (73%), with high
percent inclusion, did not display discernible restces as they were masked by the
host signals. Further sets B CPMAS spectra for high guest uptake host-guest

combinations are provided Appendix C.

6.2 The model receptor complex revisited: Determinatiorof
binding constants in the presence of water

To confirm the proposition that the presence otewan the system would

enhance the binding strength of hydroxybenzoatstgugithortho, and to a lesser
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extent,metapositioned hydroxy groups it was decided to revidiNMR monitored
titration experiments with the receptor model [Cd(HB&2)](CIQ,),, 49, this time
in 20% aqueous acetonitrile buffered at pH 7. The guest mMetseawsed for this
series of binding constant studies were benzogtdnydroxybenzoate, m-
hydroxybenzoatep-hydroxybenzoate and 2,6-dihydroxybenzoate. This was done in
an attempt to mirror previous studies utilising 20% aqueousad® with receptor
29.'% The method used to obtain the binding constants wasithe as fofH NMR
monitored titrations in DMSO+«d A diversion from the previous study wi¢® in
DMSO-d; was that with 2,6-dihydroxybenzoate the ptotons were followed rather
than thepara proton as it was masked by the host resonances wh&9%mn
D,O/CDsCN buffered at pH 7. The results of these experimeetslaown inTable

6.8.

Table 6.8 Inclusion of hydroxybenzoate guest species with [CAAPAR)](CIQ),, 49, in 20%
D,O/CD;CN solution with a guest concentration of*Iiol dm® at pH 7 in 0.01 mol
dm? HEPES buffer at 298 K, compared with inclusion for presip used systems.

Solvent Conditions

20% 20%
DMSO CD;0D H,0° H,0/dioxane’” D,0/CD;CN

Host Species

Guest Species 49 49 94 29 49 pK.*
benzoate 4.111+0.06 3.96+0.09 30 2.310.1 3.10+0.08 4.19
p-OH 4.09 £0.07 d 32 4.510.3 3.18+0.28 4.54
m-OH 4.16 £0.09 d 48 5.310.5 3.49+0.17 4.30
0-OH 3.08 £t0.08 3.23+0.03 81 7.1£0.5 3.70£0.15 2.97
2,6-diOH 2.050.03 d 95 7.510.9 4.64 £0.36 1.05

3percent uptakéObtained by fluorescence studiés®Values obtained from PHYSPROP database

for their respective conjugate acfd$’Not attempted.

118



The loK values obtained for this study demonstrate that additiomater to the
system does reverse the trend frprhydroxybenzoate »t+hydroxybenzoate »-
hydroxybenzoate found in DMSQs-tb o-hydroxybenzoate m+hydroxybenzoate >
p-hydroxybenzoate. This is markedly apparent for 2,6-dihydroxyladeashere the
logK value increases from 2.05 MSO-d; by ca. three orders of magnitude to 4.64
in 20% aqueous acetonitrile. The Kogalues obtained correlate well with those
obtained for recepto29 by fluorescence monitored titratidff. Therefore, the
ordering of the percent guest uptakes measured in wateinantbbilised receptor
94 is consistent with the findings for these types of remrsptThe reversal of the
trend shows that regulation of the system is dependespexific solvent effects, in
this case, most likely, the ability of water molesute mediate hydrogen bonding
between the guest hydroxy groups and the host aromatic Ergsiples otH NMR
monitored titration curves obtained in this series ofeexpents are shown fan-
hydroxybenzoate ifigure 6.10and 2,6-dihydroxybenzoate kigure 6.11
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Figure 6.10 Example ofH NMR monitored titration curve fan-hydroxybenzoate with
[Cd(TracHP12)f", 49, in 20% DO/CD;CN buffered at pH 7 with HEPES buffer,
showing the downward arc due to the upfield perturbatitharchemical shift of thp-

proton.
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[Cd(TracHP12)f", 49, in 20% BO/CD,CN buffered at pH 7 with HEPES buffer,

showing the downward arc due to the upfield perturbatitherchemical shift of the

Hg protons.
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CHAPTER SEVEN

EXPERIMENTAL



CHAPTER 7 EXPERIMENTAL

7.1 General Experimental

All reactions were performed under an atmosphere obgetn unless specified
otherwise. Solvents were purified by using known literatuethods>** Cyclen in
98% purity was purchased from Strem Chemicals, U.S.A. aasl wged without
further purification. Silica gel 60 (70 - 230 mesh) was purdahdsen Merck. The
methods detailed by Zubrick were wused for purifications isutg silica
chromatograph$*? Stationary phase packing was purchased from Merck ea g
60 (230 - 400 mesh). Monitoring of silica chromatography progmassperformed
by thin layer chromatography (tlc) using Merck No. 5554 aluminhaoked silica

gel 60 PEs4 plates.

7.2 Physical methods

Microanalyses were carried out at the University ofg@tdNew Zealand™H and*®C
NMR spectra were obtained using one of the following tspeeters: Varian
Oxford 200, Varian Gemini 300 or Bruker 400 Avantté.spectra were collected at
an operating frequency of 199.985, 300.075 or 400.13 MHz, respectiedy>C
spectra were recorded at 50.291, 75.462 or 100.61 MHz, respedieddyencing of
the *C NMR chemical shifts was in relation to the centresanance of the
multiplets of the solvents usedl:77.00 for CD{, 6 39.52 for DMSO-¢ 118.10 for
CDsCN ands 49.00 for CROD. **C NMR spectra obtained in,D were referenced
by the addition of 1,4-dioxané 67.19)."H NMR chemical shifts were referenced to
the central resonance of the residual solvent p&ak26 for CDC, ¢ 2.50 for
DMSO-a;, 6 1.94 for CRCN ands 3.31 for CROD. Optical rotation was measured

at 298 K with a PolAAr polarimeter. Molar conductivity aseirements/) utilised
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10° mol dm® solutions in anhydrous DMF at ambient temperature withcaleV
Aqua-C Conductivity-TDS-Temp. Meter. Thermal combustionedrination of
loading capacity was conducted in 153cporcelain crucibles at 1073 K in a C

Muffle Furnace manufactured by H. B. Selby and Co. Rty. L

7.3 Host-Guest binding constant measurements

All guest species were used as their sodium salts, wiecé prepared by treatment
of aqueous or ethanolic solutions of their conjugate aeitlsNaOH until the pH of
the solution was at least two pH units above tKg @f either their carboxy or
hydroxy moiety. The salt was then isolated either byafitbn or removal of the
solventin vacuoand recrystallisation of the residue from ethanahethanol.

NMR monitored titration experiments, conducted at 298 Kepixcwhere
otherwise noted in the text, were used where the standaakdure required
preparation of individual samples containing guest or hodt guest in 0.7 ci
DMSO-a; in 5 x 180 mm NMR tubes. Samples for NMR titrations wadded to the
NMR tubes with Gilson Pipetman micropipettes (2 +«2@®0 - 100pl, 100 - 200ul
and 200 - 100@l). Concentration of the guest species in each tubekejatsconstant
at 1 mM while varying the host for each sample from 0 tfMO mM. The samples
in each tube were prepared by addition gfl%{f guest from a 14 mM stock solution
made up in DMSO- A host stock solution of 14 mM was prepared from which
aliquots of between 5 and 5Q0were added to each sample to give host:guest ratios
between 0.1 and 10 in a total of 15 increments. Host-guesingirmdnstants in
CDsOD and 20% BO in CDsCN buffered at pH 7 with HEPES buffer were obtained
by the same method.

IGOR data analysis software was used to process thacdieshift data to obtain
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binding constants (ld¢ values) and generate best-fit theoretical titratiornvesir
using a non-linear regression procedure written by Dr. AVKStephens of Flinders

University, Adelaide, South Austraffa®

7.4 Metal ion uptake determined by Atomic absorption
spectroscopy

Metal ion uptake was determined by atomic absorption smactpy with a GBC
901 Atomic Absorption Spectrophotometer. Calibration cuwere constructed for
each of the divalent metal ions Cd(ll), Pb(ll), Zn(lQu(ll) and Ca(ll). A 100 mg
sample of the silica-based material was then stiate@98 K with 10 crhof an
aqueous solution (2 x Y0 5 x 10 mol dm®) of the appropriate metal ion at pH ~5
in HEPES buffer from 15 min. to 18 hours, for uptake oveetiand for 1 hour for
general uptake. The silica-based material was then seg@abg filtration into a
volumetric flask, washed thoroughly, and the percent upthkieeometal ions was
determined by the difference between the initial come&ioh and the equilibrium

concentration in the filtrate.

7.5 Solid state guest molecule uptake measured by Ultravidie
Visible spectroscopy

Measurement of UV-Visible spectra were performed witMagian Cary 50 SCAN
UV-Visible spectrophotometer utilising 1.0 cm path lengthriquauvettes over a
wavelength of 200 - 500 nm at 0.15 nm intervals, with a scanafab0 nm per
minute and a slit width of 5.0 nm. Concentrations of guelsttiens were 5 x 18
mol dm?® in de-ionised water that was maintained at pH 7 with 0.01dmS HEPES
buffer for benzoates, and in 10% DMSO in acetonitn&/)(for phenolates. For
carboxyphenolates 0.02 mol d@B-(cyclohexylamino)propane sulfonic acid (CAPS)

buffer was used (pH 12). All spectra were obtained usingibassrrections with a
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blank containing the relevant solvent and buffer spedibs. guest solutions used
were prepared immediately before use and were equilibaat2@8 K.

Prior to performing each guest inclusion experiment, lldrasion curve was
constructed for the appropriate guest species. The genetfabanfor guest inclusion
experiments was to stir 10 émf the guest species at a concentration of 5ol
dm? in de-ionised water with 100 mg of the cadmium(ll) cometk silica-based
receptor material for 1 hour. The solid material weamntisolated by filtration into a
volumetric flask and washed with copious amounts of deséml water. Percent
inclusion was determined by the difference between thaliconcentration of the
guest species and the concentration at equilibrium itiltrete. For phenolates the
procedure was identical apart from the solvent whichM&s DMSO in acetonitrile

(v/v).

7.6 Diffuse reflectance infrared Fourier transform (DRIFT)
spectroscopy

The silica-based materials were characterised by DRIg&ctroscopy as a finely
ground KBr mixture in aluminium sample cups on either a&Id-TS 40 A Infrared
Spectrometer fitted with a Spectra-Tech 30-034 DRIFT aocgssith an MCT

detector or a Nicolet Nexus 8700 FTIR Spectrophotometexdfitvith a Smart

Collector DRIFT accessory.

7.7 Solid State’>C CPMAS NMR

Solid state nuclear magnetic resonant€ (CPMAS NMR) spectra for the linker
attached and the combined receptor-linker attached silitarials were recorded at
an operating frequency of 50.318 MHz on a Varian Unity 200tepeeter using a
Doty high speed probe in an open ended 7 mm zirconium oxide wittoKel-F

endcaps. The samples were spun at 5 kHz with a comtecot 1 ms and a recycle

124



delay time of 4 s®C CPMAS NMR spectra for the host-guest complexes were
recorded on a Bruker 400 Avance spectrometer at an opefra@mqmgency of 100.61
MHz with TOSS (TOtal Suppression of Spinning Side-bandfvare in a 4 mm
zirconium oxide rotor with a Kel-F end-cap. The sampls wjpun at 5 kHz and a

contact time of 1 ms with a recycle delay time of 4 s
7.8 Synthesis of the pendant arm epoxides

(25)-(+)-3-phenoxy-1,2-epoxypropane, 56
\\H /@
ok/o
56

The procedure described by Smitwas used to synthesise this compound. To a
suspension of sodium hydride, (95%, 1.5 g, 62.50 mmol), in dAF P15 cni) a
solution of phenol57, (4.63 g, 49.20 mmol), dissolved in dry DMF (10%mwas
added dropwise and stirred at ambient temperature for 1 blutios of 29-(+)-
glycidyl tosylate,58 (9.12 g, 40.00 mmol), dissolved in dry DMF (153 rwas
added and the mixture was stirred at ambient temperatug9faor The progress of
the reaction was monitored by tlc on silica (10% heXa@&). The reaction was
quenched with N&CI (10 cnf), diluted with de-ionised water (1 x 150 Ynand
extracted with ether (5 x 150 &nThe combined ether extracts were washed with
ice-cold NaOH (0.1 M, 4 x 100 cinde-ionised water (1 x 200 &nbrine (1 x 100
cnt), dried over NgSO, and concentrateéh vacuoto yield a pale yellow oil.
Purification by column chromatography over silica (elu#@® hexane/DCM rf:

0.37) affordeds6 as a clear oil: yield 4.5 g, 75%H NMR (CDCk): 67.34-7.29 (2
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H, m, ArH); 7.02-6.93 (3 H, m, AH); 4.22 (1 H, dd,) = 3.08, 11.04 Hz,HCH-);
3.92 (1 H, dd,) = 5.8, 11.04 Hz, -HB-); 3.36-3.33 (1 H, m, -BO-); 2.88 (1 H, dd,
J = 4.16, 4.96 Hz, -HBO-); 2.74 (1 H, dd)) = 2.68, 4.98 Hz,HCHO-). **C NMR
(CDCk): 0158.34 (1 C, Arjpso); 129.35 (2 C, Armetg; 121.04 (1 C, Arpara);
114.47 (2 C, Arprtho); 68.52 (1 C,CHy-); 49.96 (1 C,CHO-); 44.46 (1 C,CH,0O-

).

2-[(2-hydroxyethoxy)ethoxy]-toluene-4-sulfonate, 64

O
i/ \ / \
ﬁ—O O OH
O

64

Preparation of the title compound was from a methodtaddpom Ameijdeet
al.'™ Triethylamine, (2.70 g, 26.4 mmol), was added to a stirred solgf di-
ethylene glycol (digol), 61, (5.59 g, 52.70 mmol), dissolved in 50 tm
dichloromethane. The solution was stirred for 15 minsoatn temperature after
which time tosyl chloride63, (3.01 g, 15.80 mmol), was added in a single measure
and stirred at OC for 2 hours and thence stirred for 15 hours at roonpeedture.
The solution was then washed with KHSQ@M, 3 x 100 cr), and 5% NaHC@ (1
x 100 cni), and dried over N&Q,. Purification of the product was achieved by
column chromatography over silica (eluent 40% EtOAc/DCK1, 0x22), and
concentratedh vacuoto yield64 as a colourless oil, 3.33 g, 81%.NMR (CDCh):

0 7.80 (2 H,d=8.0Hz); 7.35 (2 H, d) = 8.0 Hz); 4.20-4.17 (2 H, m, -®G-);
3.70-3.65 (4 H, m, -0B,-); 3.54-3.51 (2 H, m, -O8-); 2.44 (3 H, s, -€3); 2.14 (1
H, s, OH).1**C NMR (CDC}): J144.69 (1 C, Arpara); 132.45 (1 C, Ar,[so);

129.56 (2 C, Armetd; 127.52 (2 C, Arprtho); 72.17 (1 C, €H,-CH,0H): 69.06 (1
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C, CHo- CH,0SQ); 68.11 (1 C, EH-OSQy); 61.08 (1 CCH»-OH); 21.21 (1 C, -

CHa).

1-[2-(2-hydroxyethoxy)ethoxy]-4-benzyloxybenzene«0.5H66

0] o 0] OH

66

The named compound was synthesised by a procedure mddifiedmabilino
and co-workeré** A solution of 4-(benzyloxy)phenoB8, (2.34 g, 11.70 mmol),
dissolved in anhydrous DMF (10 &mwas added slowly over 10 min. to a stirring
suspension of finely ground anhydrougCQs;, (4.04 g, 29.30 mmol), in anhydrous
DMF (5 cn?). The mixture was stirred at 8C for 1 h in an atmosphere of nitrogen.
A solution of the tosylaté4 (3.10 g, 11.90 mmol), dissolved in dry DMF (10%m
was then added dropwise and stirred for 4 days @C80he mixture was diluted
with water, (1 x 200 cf), and extracted with Ci€l,, (5 x 100 cri). The CHCl,
extracts were washed with KH$Q(1M, 3 x 100 cr), brine, (3 x 100 cf), and
water, (3 x 100 cf), and dried over MgSQOThe solvent was removed vacuoto
yield a brown oil which was purified by column chromatographgr silica (eluent
40% EtOAc/DCM, rf: 0.35 ), and concentratedvacuoto obtain66 as an off-white
oil which solidified overnight into a white waxy solid2.6 g, 76%)."H NMR
(CDChL): 7.38-7.30 (5 H, m,, Bhf); 6.92-6.85 (4 H, m, AH); 5.01 (2 H, s, Bn-
CHy-); 4.10-3.84 (2 H, m, -08,); 3.78-3.76 (2H, m, -OB,); 3.76-3.66 (4 H, m, -
OCH,); 2.10 (1 H, br s, -OH)!*C NMR (CDCE): §153.19 (1 C, Arpara); 152.94

(1 C, Ar,ips0o; 137.18 (1 C, Bn, ips0);128.48 (2 C, Bnetg; 127.83 (1 C, Bn,
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para); 127.41 (2 C, Bnprtho); 115.80 (2 C, Arprtho); 115.59 (2 C, Armet3;
72.52 (1 C,EH,-0Ar); 70.60 (2 C,EH2-Bn); 69.72 (1 C,CEH,-CH,-OAr); 68.03 (1
C, CH,-OAr); 61.71 (1 C, €H-OH). (Found C, 70.54; H, 7.56.;£1,004°0.5H,

requires C, 70.57; H, 7.32%).

1-[2-(2-hydroxyethoxy)ethoxy]-4-hydroxybenzene, 69

HO O O OH

69

A solution 0f66 (2.5 g, 8.67 mmol), dissolved in anhydrous DCM (25)oras
added to a suspension of Pd/C, (10%, 0.30 g), in anhydrous MeO¢in{pand
stirred at ambient temperature under an atmosphere gdigifor 2 days. The catalyst
was removed by filtration through celite. The solvent veamovedin vacuoto yield
69 as a brown oil in quantitative yiellH NMR (CD;OD/CDCh): 06.68-6.61 (4 H,
m, Ar-H); 4.06 (2 H, br s, 2 x -OKB.95-3.93 (2 H, m, -OB,); 3.70-3.67 (2 H, m, -
OCH,); 3.62-3.59 (2 H, m -OB,); 3.53-3.50 (2 H, m, -08,). *C NMR
(CDsOD/CDCB): 0151.42 (1 C, Ar,para); 150.56 (1 C, Arjpso); 115.32 (2 C, Ar,
metg; 115.31 (2 C, Ar,ortho); 72.10 (1 C, €H,-CH,OH); 69.12 (1 C, CH»-

CH,OAI); 68.11 (1 C,€H,-OAr); 61.08 (1C, €H,-OH).

(2S)-(+)-3-(phenoxy-4-[2-(2-hydroxyethoxy)ethoxy]-1,2-epoxypropane, 59

O&O‘@*O o OH

59
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A solution of69 (2.00 g, 10.1 mmol), was added slowly over 20 min. to a stirring
suspension of anhydrous®Qs, (3.5 g, 25.3 mmol), in anhydrous DMF (10%m
The mixture was stirred at 5C for 2 h. 29-(+)-glycidyl tosylate 58, (2.30 g, 10.0
mmol), dissolved in anhydrous DMF (10 Yrwas then added dropwise and the
mixture was stirred at 8@ for 4 days. The reaction was quenched with saturated
NH.CI, (1 x 10 cr), and then diluted with water, (1 x 200 9nThe product was
extracted with CkCl,, (4 x 150 cr). The organic extracts were then washed with
brine, (2 x 100 cr}), and water, (1 x 100 ¢ concentrateth vacuoand purified by
column chromatography over silica (eluent 40% EtOAc/D@M).20). The pure
product was concentrat@uvacuoto yield59, 1.73 g, 68%, as a pale yellow dH
NMR (CDCk): 66.81 (4 H, s, AH); 4.13 (1 H, ddJ = 3.0, 11.5 Hz,HCH-); 4.05-
4.02 (2 H, m, -O@El»-); 3.84 (1 H, ddJ = 5.7, 11.5 Hz, -HEO-); 3.80-3.77 (2 H, m,
-OCHy-); 3.70 (2 H, br s, -08;-); 3.62-3.60 (2 H, m, -08;-); 3.29 (1 H, m, -ElO-

); 2.90 (1H, br s, -6l); 2.85 (1 H, tJ = 4.5 Hz, -HEO-); 2.70 (1 H, ddJ = 2.7,
4.8)HCHO-).**C NMR (CDCE): 0153.04 (1 C, Ar,ipso); 152.75 (1 C, Arpara);
115.52 (2 C, Armetg; 115.47 (2 C, Arprtho); 72.48 (1 C,E€H,- CH,OH); 69.55
(1C, CH»-CH-); 69.29 (1 C, CH,-CH,OAr); 67.87 (1 C, EH»-OAr-); 61.53 (1 C, -
CH,-OH); 50.09 (1 C,CH-); 44.48 (1 C,EH,-OCH-). [0]*p = +4.2F (c 2.19,

MeOH)

[2-(2-(2-hydroxyethoxy)ethoxy)ethoxy]-toluene-4-sulfonate, 65

O

<:> N/ N/ \/ \
ISI_O (@] (@] OH

0]
65
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The preparation of this compound was from triethyleneail{trigol) 62 (6.7 g,
44.91 mmol), triethylamine (2.3 g, 22.45 mmol) and tosyl chlo88g(2.6 g, 13.47
mmol), by the same procedure as @&dr(rf: 0.19) The produc5 was gained as a
colourless oil, 3.12 g, 76%H NMR (CDCk): & 7.75 (2 H, dJ = 8.4 Hz, Ar-H;
7.29 (2 H, dJ = 8.4 Hz, Ar-H); 4.13-4.10 (2 H, m, -®G-); 3.67-3.64 (4 H, -O8,-

); 3.56-3.50 (6 H, m, -08,-); 2.60 (1 H, s, -®); 2.40 (3 H, s, -B3). *C NMR
(CDChk): 6 144.87 (1 C, Arpara); 132.77 (1 C, Ar,ps0; 129.80 (2 C, Armet3;
127.89 (2 C, Arprtho); 72.33 (1 CCH,-CH,OH; 70.68 (1 CCH,-OCH,CH,OH);
70.14 (1 C, €H,-OCH,CH,0S02); 69.11 (1 C,CH»-CH,OSO; 68.62 (1 C,CH--

0SQy): 61.63 (1 CCH,-OH); 21.58 (1 C,CHy).

1-[2-(2-(2-hydroxyethoxy)ethoxy)ethoxy]-4-benzyloxybenzene, 67

C o@—o/ \o/ \o/ \OH
67

Preparation of this compound was by a method analogoustaised for the
preparation 066 from 4-(benzyloxy)phenok8 (3.25 g, 16.23 mmol), ¥CO;3, (5.6
g, 40.60 mmol), an@5 (5.01 g, 16.45 mmgl)rf: 0.18), to obtain67 as an off-white
oil which solidified overnight into a white, waxy solid.6 g, 85%)."H NMR
(CDCk): 0 7.44-7.31 (5 H, m, Bid); 6.92-6.84 (4 H, m, AH); 5.01 (2 H, s, Bn-
CH-); 4.10-4.07 (2 H, m, -O&»-); 3.86-3.82 (2 H, m, -O&,-); 3.75-3.70 (6H, m, -
OCH>-); 3.63-3.60 (2 H, m, -0B-); 2.52 (1 H, br s, OH)**C NMR (CDC}): &
153.12 (1 C, Arpara); 153.01 (1 C, Arjpso); 137.21 (1 C, Bnipso); 128.46 (2 C,
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Bn, metg; 127.79 (1 C, Bnpara); 127.39 (2 C, Bnortho); 115.75 (2 C, Arprtho);
115.57 (2 C, Armetd; 72.43 (1 C, EH,-CH,OH); 70.72 (1 C, GH,OCH,CH,OH;
70.59 (1 C, -ChBn); 70.32 (1 C,EH,0CH,CH,0Ar); 69.79 (1 C, €H,-CH,0Ar);
67.97 (1 C, €H,-OAr, 61.69 (1 C, €H,-OH). (Found C, 68.60; H, 7.24.14E1,40s

requires C, 68.66; H, 7.28%).

1-[2-(2-(2-hydroxyethoxy)ethoxy)ethoxy]-4-hydroxybenzene, 70

O/ N/ \/\
HO @) @) @) OH

70

Deprotection of this compound was analogous to the prepar@tb9 using67
(3.6 g, 10.83 mmol), and Pd/C, (10%, 0.40 g), to ob#nas a brown oil in
quantitative yield*H NMR (CDsOD/CDCL): 06.70-6.64 (4 H, m, AH); 4.68 (2 H,
br s, 2 x -®); 3.95-3.93 (2 H, m, -OK,-); 3.75-3.72 (2 H, m, -08;-); 3.69-3.64
(4 H, m, -O-); 3.62-3.60 (2 H, m, -0B»-); 3.55 (2 H, m, -O6,-) *C NMR
(CDsOD/CDCB),: 8 152.37 (1 C, Arpara); 150.14 (1 C, Arjpso); 116.07 (2 C, Ar
metg; 115.66 (2 C, Ar,ortho); 72.50 (1 C, €H,-CH,OH); 70.73 (1 C, CH»-
OCH,CH,0OH); 70.21 (1 C, GH,-CH,CH,OAr; 69.88 (1 CCH,-CH,OAr; 67.85 (1

C, CH>-OAr; 61.68 (1 C,EH,-OH).

(29)-(+)-3-(phenoxy-4-[2-(2-(2-hydroxyethoxy)ethoxy)ethoxy]-1,2-

epoxypropane, 60

OK\H/O‘@*O/ \O/ \O/ \OH

60
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The preparation of this compound was by the same methé &9 using 70
(4.21 g, 17.40 mmol), CGs;, (6.01 g, 43.5 mmol), an®H-(+)-glycidyl tosylate,
58, (3.97 g, 17.39 mmol), to yielf0 as a pale yellow oil, 3.71 g, 74%, rf: 0.2H.
NMR (CDCk): §6.82 (4 H, s, AH); 4.14 (1 H, ddJ = 3.2, 11.04 Hz,HCH-);
4.06-4.04 (2 H, m, -0OB,-); 3.86 (1 H, dd)J = 5.7, 11.04 Hz, -HA); 3.82-3.79 (2
H, m, -OH,-); 3.71-3.64 (6 H, m, -08,-); 3.59-3.57 ( 2 H, m, -O8>-); 3.32-3.28
(1 H, m, -GH-0-); 2.87 (1 H, tJ = 4.48 Hz, -H®-O-); 2.71 (1 H, ddJ = 2.68, 4.91
Hz, HCHO-); 2.15 (1 H, br s, B). *C NMR (CDC}): & 153.15 (1 C, Arjpso);
152.75 (1 C, Arpara); 115.53 (2 C, Armetg; 115.48 (2 C, Arprtho); 72.39 (1 C,
CH,-CH,OH; 70.66 (1 C, CH,-OCH,CH,0H); 70.24 (1 C, €Hy-OCH,CH,0ATr);
69.71 (1 C, €H,CH-); 69.35 (1 C,EH,-CH,0Ar); 67.87 (1 C, EH,-OAr); 61.61 (1
C, CH»-OH); 50.14 (1 C,CH-); 44.56 (1 C, EH,-OCH,-).[a]*p = +2.3% (c 2.13,

MeOH).
7.9 Synthesis of the mono-protected cyclen synthon

1,4,7-triformyl 1,4,7,10-tetraazacyclododecane, 52

O

,:N /
N :I
N~/ \CHO

HC CHO
NSO
N
H N
52

This compound was synthesised by a method previously ebtabliby
Boldrini,*** and modified by Yod® To a stirred solution of cycle2], (1.0 g 5.80

mmol), in anhydrous ethanol (30 &nchloral hydrate, (3.84 g, 23.20 mmol), was
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added in a single portion. The mixture was stirred at®@dor 4 h under a dry
nitrogen atmosphere, concentraiadvacuoto complete dryness and subsequently
held under vacuum (0.75 mmHg) for 2 days to y&2das a clear, resinous, oil 1.46
g, quantitative’H NMR (CDCk): §8.30-7.82 (3H, brHC=0 ), 3.90-2.65 (17H, br,

cyclen).®*C (CDCE): 0164.01-162.89 (3CGHO), 53.10-40.00 (8C, cycleiTH,).

1,4,7-triformyl-10-(benzyloxycarbonyl)-1,4,7,10-tetraazacyclododecang3

OHC — C

]
"/ 7//0\/®

O

/

\/\

53

The synthesis 083 was effected by applying a method reported by ¥8d0 a
solution of52 (682 mg, 2.7 mmol, pH 9) dissolved in de-ionised water, benzyl
chloroformate54, (710 mg, 4.15 mmol), was added and the mixture was stirred for
h at ambient temperature, after which the pH was adjustem 4 to 10 with
saturated N#&£LO; solution. Benzyl chloroformaté4, (710 mg, 4.15 mmol), was
added and the mixture was stirred for 1 h at ambient tetoperafter which the pH
was adjusted from 6 to 10 with saturated®@; solution. Benzyl chloroformat&4,
(710 mg, 4.15 mmol) was again added and the mixture was stirexdight at
ambient temperature under a nitrogen atmosphere. The pnedscextracted with
dichloromethane, (5 x 20 ¢jn and the combined organic layers were washed with
saturated NaHC®(1 x 10 cni), dried over MgS® and concentrateth vacuoto
obtain crudeb3 as a yellow oil, 583 mg which was used in the triformyl degmtion

step without further purification.
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For the purpose of spectral characterisation ci3deas purified by refrigeration
in ether for 7 days after which time a white solid preaipd. The white solid was
filtered under nitrogen and washed with copious quantitiestltdr to giveb3 as a
fine extremely hygroscopic white powder in 92% yiéf NMR (CDCk): J166.10
(1 C, C=0); 165.25 (1 C, C=0); 163.76 (1 C, C=0); 163.76 (1 C, C=0)91§2.
C, Bn); 157.54 (1 C, Bn); 135.87 (2 C, Bn); 129.15 - 128.71 (2 C, Bn); 66867

(1 C, BnCH,); 52.56-43.29 (8 C, cycleitH,).

1-(benzyloxycarbonyl)-1,4,7,10-tetraazadodecane*3HCI+1.58, 55

T
O

55

NH2 H2

A solution of53 (504 mg, 1.38 mmol), dissolved in HCI, (1M, 35°85 mmol),
was stirred a 50C for 5 h after which the solvent was removed comjyleite vacuo
at 60 C to yield an off-white solid. The crude product was suspidethanol (20
cnt), refluxed for 1 h, cooled to room temperature, filteaed dried in air to yield
55. 1% crop 64 mg, 12%. Excess ether was added to the filtratesgess the
cloudiness of the solution and the white precipitatergltl and washed with ether (1
x 5 cn?) and dried in air to yield5: on crop 450 mg 84%. Both crops exhibited
equal purity and were combined for an overall yield of, 514 96§p. (Found C,
43.22; H, 7.45; N, 12.50. 16H29CIsN4O2¢1.5H,0 requires C, 43.40; H, 7.28; N,
12.65%). *H NMR (D,0/1,4-dioxane)d7.45 (5 H, br s, Bid); 5.21 (2 H, br s, Bn-
CH,); 3.72 (4 H, br s, cycleni); 3.20 (12 H, br s, cyclert®). 1*C NMR (D,0/1,4-

134



dioxane): 0 158.67 (1 C,C=0); 135.87 (1 C, Bnipso; 129.10 (1 C, Bnpara);
129.01 (2 C, Bnmetg; 128.59 (2 C, Bnortho); 68.82 (1 C, BrizH,); 46.73 (2 C,
cyclen CH,); 45.34 (2 C, cyclenCH,); 44.81 (2 C, cyclenGHy); 42.97 (2 C, cyclen

-CHy).

1-(benzyloxycarbonyl)-1,4,7,10-tetraazacyclododecane, 50

50

Chilled NaOH was added, dropwise, to a stirred solutiob50(514 mg 1.24
mmol), dissolved in milliQ water (5 cinraising the pH to 13. The solution was
stirred for 2 h at room temperature and extracted with IH@ x 20 cm). The
combined organic extracts were washed with chilled NaOR5(Y, (1 x 10 cr),
NaHCQ, (1 x 5 cmi), brine, (1 x 5 crf), dried over NgSO,, filtered and
concentratedh vacuoto give the free basg0 as a yellow oil in 98% yieldH NMR
(CDCk): 07.34 (5 H, br s, Bn); 5.08 (2 H, s,H&Bn); 3.61-3.56 (4 H, br m,
cyclen@,); 3.31 (3 H, -NH-); 3.14 - 3.08 (12 H*C NMR (CDC}E): 6156.90 (1 C,
C=0); 136.50 (1 C, Bnipso); 128.24 (1 C, Bnpara); 128.05 (2 C, Bnmet3;
127.77 (2 C, Bnortho); 66.93 (1 C, BrcH,); 48.91 (2 C, cyclenGH.); 48.64 (2 C,

cyclen CH,); 47.69 (2 C, cyclenGH,); 46.03 (2 C, cyclenGHy,).
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7.10 Synthesis of macrocyclic receptor ligands

1-(benzyloxycarbonyl)-4,7,10xis-((S)-2-hydroxy-3-phenoxypropyl)-1,4,7,10-

tetraazacyclododecane, 71

71

This compound was synthesised by an established methodiedofiom
Smith®* A solution 0f56 (638 mg, 4.25 mmol), in anhydrous ethanol (10)onas
added drop-wise to a refluxing solution 80 (424 mg, 1.40 mmol), dissolved in
anhydrous ethanol (10 énThe reaction was monitored for the disappearandeeof t
starting epoxide by TLC on silica (eluent 10% hexane/DCMOr89) for the
disappearance @6, 10 days. Evaporation of the solvantvacuogave71 as a
viscous yellow oil; yield 1.0 g, quantitativ€C NMR (CDC}): §158.48 (3 C, Ph,
ipso); 156.35 (1 CC=0); 136.45 (1 C, Bnipso); 129.28 (6 C, Ph); 129.25 (1 C,
Bn); 128.34 (2 C, Bn); 127.88 (2 C, Bn); 120.72 (3 C, Ph); 114.38 (6 CA216R
(2 C, OCH,); 68.82 (1 C, @H,); 67.10 (1 C, GH-Bn); 66.70 (2 CCH); 65.93 (1
C, CH); 59.10 (2 CCH:N); 57.89 (1 CCH2N); 54.06 (2 C, cyclenGH,); 53.31 (2

C, cyclen €Hy); 50.40 (2 C, cyclenGHy); 47.42 (2 C, cyclenGHy).
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1-(benzyloxycarbonyl)-4,7,10is-((S)-2-hydroxy-3-phenoxypropyl)-1,4,7,10-

tetraazacyclododecane3HCI, 90

To a solution of71 (796 mg, 1.05 mmol), dissolved in dry EtOH (5% mand
stirred at 6 C was added 36% HCI, (10 &n116.50 mmol). The mixture was stirred
for 2 h, after which the solvent was remowedacuo The white solid obtained was
redissolved in EtOH and precipitated withh@&ffiltered, and washed with ice-cold
EtOH (5 cm) and E$O (5 cni) to yield 90 as a white solid, 840 mg, 9295C NMR
(CDs0OD): 6159.90 (1 CC=0); 159.63 (3 C, Plips0); 136.7 (1 C, Bnipso); 130.57
(6 C, Ph); 129.91 (1 C, Bn); 129.70 (4 C, Bn); 122.30 (2 C, Ph); 122.C7 h);
115.70 (6 C, Ph); 70.98 (3 C3Bl); 70.01 (1 C, €H.Bn); 67.90 (1 CCH); 65.95
(2 C,CH); 58.1 (1 CCH:N); 57.80 (2 CCH:N); 53.69 (2 C, cyclenGHy); 52.10 (2
C, cyclen €Hy); 50.80 (2 C, cyclenCH,); 46.01 (2 C, cyclenGH,). (Found C,

59.52; H, 6.98; N, 6.30.4Hs0ClsN4sOgrequires C, 59.55; H, 6.97; N, 6.46%).
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1,4,74ris-((S)-2-hydroxy-3-phenoxypropyl)-1,4,7,10-tetraazacyclododecane, 46

46

To a stirred suspension of Pd/C catalyst, (10%, 500 mghsolute ethanol (10
cnt), a solution of71 (523 mg, 0.69 mmol) dissolved in absolute ethanol (3 cm
was added. The mixture was stirred for 5 min. and themlbggene 74, (283 mg,
3.45 mmol), was added. The mixture was stirred under geffitix fer 5 h, cooled
to room temperature and filtered through a small cetidenon and washed with
absolute ethanol (5 ¢in The product was concentratad vacuoto give 46 as a
brown viscous oil, yield 426 mg, quantitativdC NMR (CDCk): §158.70 ( 2 C, Ar,
ipso); 158.62 (1 C, Aripso); 129.31 (4 C, Ar); 129.28 (2 C, Ar); 120.73 (2 C, Ar);
120.64 (1 C, Ar); 114.63 (4 C, Ar); 114.45 (2 C, Ar); 69.88 (2 CHg); 69.23 (1 C,
OCH,); 65.45 (2 CCH); 65.24 (1 CCH); 58.60 (2 CCH,N); 58.24 (1 CCH.N);
51.33 (2 C, cyclenGHy); 49.79 (2 C, cyclenGHy»); (2 C, cyclen €H,); 44.33 (2 C,

cyclen CHy).
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1,4,74ris-((S)-2-hydroxy-3-phenoxypropyl)-1,4,7,10-

tetraazacyclododecane«4HCI, 91

91

A solution 0f46 (400 mg, 0.64 mmol), in ice-cold dry EtOH (5 Yrwas treated
dropwise with 37% HCI, (10 cn121.00 mmol), over 10 min. and then stirred for a
further 2 h. The resultant mixture was then concestdiiat vacuoand redissolved in
MeOH (0.5 cr), precipitated and then triturated with of@tto give an off-white
solid, which was filtered, washed with Bt (10 cni) and dried under reduced
pressure, to yiel®1 426 mg, 86%°C NMR (CD;OD):  159.95 (2 C, Arjpso);
159.73 (1 C, Arjpso); 130.56 (6 C, Ar); 122.33 (2 C, Ar); 122.11 (1 C, Ar); 115.68
(6 C, Ar); 71.20 (2 C, OH,); 70.85 (1 C, @H,); 67.44 (1 CCH); 65.67 (2 CCH);
58.37 (1 CCH2N); 57.80 (2CCHN); 52.20 (2 C, cyclenGH,); 51.89 (2 C, cyclen
-CHy); 44.20 (2 C, cyclenCHy); 43.74 (2 C, cyclenCH,). (Found C, 54.54; H,

6.88; N, 7.57 GHs4ClsN4Os requires C, 54.69; H, 7.08; N, 7.29%).
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1-(benzyloxycarbonyl)-4,7,1041(S)-2-hydroxy-3-[4-((2-(2-

hydroxyethoxy)ethoxy)phenoxypropyl]-1,4,7,10-tetraazacyclododecang?

OH
o o o
\_/ .
HO -
N\
oH <\ N O\/Q
Y
5 - OH
j H —
o o o
o
HOJ " HO

Synthesis of this compound was by a method analogous ttausked for the
preparation o¥1 using50 (415 mg, 1.35 mmol) ang9 (1.04 g, 4.08 mmol), to give
72 as a thick brown oil, 1.44 g, in quantitative yieflC NMR (CDCk): §156.26 (1
C, C=0); 152.95 (3 C, Phpso); 152.77 (3 C, Phpara); 136.54 (1 C, Bnipso);
128.29 (1 C, Bn); 127.80 (1 C, Bn); 127.77 (1 C, Bn); 127.70 (2 C, Bn); 116@0 (
Ph); 115.33 (6 C, Ph); 72.46 (3 CH, HTPE); 71.23 (1C, -OH,); 70.42 (1C, -
OCH,); 70.30 (1C, -@H,); 69.47 (3 C, €H, HTPE); 67.86 (3 C,GH, HTPE);
66.93 (2 C,€H); 66.72 (1 C,€H); 65.98 (1 C,E€H,, Bn); 61.28 (3 C,CH, HTPE);
59.15 (3 C, €EH2N); 52.76 (2 C, cyclenGH,); 50.05(2 C, cyclenCHy); 47.50 (2 C,

cyclen CH,); 44.43 (2 C, cyclenGHy,).
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1,4,74rig(S)-2-hydroxy-3-[4-((2-(2-hydroxyethoxy)ethoxy)phenoxypropyl]-

1,4,7,10-tetraazacyclododecand,7

Synthesis of this compound was by a method analogous ttausked for the
preparation o#6 using72 (396 mg, 0.37 mmol), and, cyclohexerdd, (158 mg,
1.92 mmol), to givel7 as a thick brown oil, 345 mg, in quantitative yieddl53.35
(3 C, Phijps0); 153.19 (3 C, Ptpara); 115.85 (12 C, Ph); 72.93 (3 GGH,; HTPE);
71.67 (1C, -@H,); 71.13 (2C, -@H,); 69.92 (3 C, €H, HTPE); 68.30 (3 C,GH,
HTPE); 67.11 (3 C,GH); 61.66 (3 C,EH, HTPE); 59.10 (3 C,GH.N); 52.50 (2 C,
cyclen CH,); 51.80 (2 C, cyclenGH,); 50.20 (2 C, cyclenGHy); 44.20 (2 C, cyclen

-CH,).
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1-(benzyloxycarbonyl)-4,7,104is(S)-2-hydroxy-3-[4-(2-(2-(2-hydroxyethoxy)-

ethoxy)ethoxy)phenoxypropyl]-1,4,7,10-tetraazacyclododecang3

(OH

@]
<*O\—/O 0]
H
HO
[~ ON
Y
T QNJBTW@
5 ~OH
) ST

73 HOJ

Synthesis of this compound was by a method analogous ttausked for the
preparation o¥1 using50 (503 mg, 1.64 mmol), arD (1.50 g, 4.94 mmol), to give
73 as a thick brown oil, 1.93 g, in quantitative yiefflC NMR (CDCk): §156.18 (1
C, C=0); 152.89 (3 C, Phpso); 152.74 (3 C, Phpara); 136.49 (1 C, Bnipso);
128.26 (1 C, Bn); 127.75 (4 C, Bn); 115.37 (6 C, Ph); 115.27 (6 C, PBY (@C, -
OCH, HTPE); 70.47 (3 C, -OH, HTPE); 70.31 (1 C, BnGH,); 70.03 (3 C, -@H,
HTPE); 69.53 (3 C, -OH, HTPE); 67.76 (3 C, -OH, HTPE); 66.91 (2 C, OHy);
66.80 (1 C -@H,) 66.02 (3 C, €H); 61.33 (3 C, -@H, HTPE); 59.08 (2 C, -
NCH,); 58.00 (1 C, -KCH,); 53.61 (2 C, cyclerCH,); 52.68 (2 C, cyclerCHy);

50.61 (2 C, cyclel@H,); 47.47 (2 C, cycle@H,).
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1,4,74ris(S)-2-hydroxy-3-[4-(2-(2-(2-hydroxyethoxy)ethoxy)-

ethoxy)phenoxypropyl]-1,4,7,10-tetraazacyclododecangg

o

O

OH O © O‘>
QOJ ®
48 HOJ

Synthesis of this compound was by a method analogous ttausked for the

preparation o#6 using73 (457 mg, 0.39 mmol), and, cyclohexerdd, (183 mg,

2.22 mmol), to givet8 as a thick brown oil, 415 mg, in quantitative yiefflC NMR

(CDsCN): 0153.15 (1 C, Phipso); 153.090 (1 C, Phpso); 153.05 (1 C, Phpso);

152.98 (1 C, Pipara); 152.91 (1 C, Pipara); 152.85 (1 C, Plpara); 115.63 (2 C,

Ph): 115.59 (4 C, Ph); 115.48 (6 C, Ph); 72.54 (2 GHOHTPE); 72.51 (1 C, -

OCH, HTPE); 70.72 (2 C, -OH, HTPE); 70.70 (1 C, -OH, HTPE): 69.78 (3 C, -

OCH, HTPE); 67.96 (3 C, -OH, HTPE) 61.56 (2 C, -OH, HTPE); 61.50 (1 C, -

OCH, HTPE); 71.27 (2 C, -OH,); 70.27 (2 C, -@H,): 69.66 (2 C, €H); 69.42 (1

C, CH); 59.00 (2 C, -ICH,); 58.45 (1 C, -ICH,); 50.1 (4 C, cyclenGHy); 44.05 (4

C, cyclen €Hy).
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1-(2-hydroxypropyl)-4,7,104ris-((S)-2-hydroxy-3-phenoxypropyl)-1,4,7,10-

tetraazacyclododecane, 51

51

To a pressure vessel containing a solutiod®{600 mg, 0.963 mmol) in dry
CHsCN (1 cnf) and LiBr (262 mg, 0.302 mmol)SK-(-)-propylene oxide75, (0.088
g, 1.51 mmol) was added. The mixture was stirred & 86r 3 days. The reaction
was then diluted with 20 chof de-ionised water and extracted with CEH@ x 10
cnt). The extracts were dried over Mg$énd then concentratéd vacuoto yield,
51, as a brown oil, 630 mg, 96%4 NMR (CDCL): 6 7.3 (6 H, m, AH); 6.9 (9 H,
m, ArH); 4.8 - 2.8 (37 H br m, 485, -OH & -CH); 1.3 (3 H, br s, (-83). *C NMR
(CDsCls): 8 158.35 (2 C, Arjps0); 158.32 (1 C, Arjpso); 129.25 (6 C, Ar); 120.92
(2 C, Ar); 120.73 (1 C, Ar) 114.57 (2 C, Ar); 114.49 (2 C, Ar); 114.3T(Ar);
70.13 (1 C, @H,); 70.04 (2 C, @H,); 67.84 (1 CCH); 65.89 (1 CCH); 65.67 (1
C, CH): 65.34 (1CCH); 63.26 (1 C, €H,N) 58.04 (1 CCH,N); 56.92 (2 CCH,N):;
52.33 (2 C, cycleltH,); 51.04 (2 C, cycle€H,); 50.36 (2 C, cycleCH,); 49.71 (2

C, cyclenCHy); 21.87 (1 C, CHj3).
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1-(2-hydroxypropyl)-4,7,104ris-((S)-2-hydroxy-3-phenoxypropyl)-1,4,7,10-

tetraazacyclododecane*4HCl+1.5k0D, 92

O\Q
{ 7 OH
o P N{:\

+ H N/»/
NH H‘)
N

+ HO

The preparation of the title compound was by a procedurdadéto that for91,
but using51 (534 mg, 0.79 mmol) to giv@2 as an off-white powder, 583 mg, 89%.
(Found C, 53.46, H, 7.23; N, 6.588s0ClsN4sO71.5H0 requires C, 53.46; H, 7.44;
N, 6.56%).H NMR (CD;OD): 6 7.3 (6 H, m, AH); 6.9 (9 H, m AH); 4.8 - 2.8 (41
H br m, -CHy, -NH, -OH & -CH); 1.3 (3 H, br s, (-€3). *C NMR (CD;OD): 159.83
(1 C, Ar,ipso); 159.76 (1 C, Arjpso; 159.68 (1 C, Arjpso); 130.53 (6 C, Ar);
122.30 (2 C, Ar); 122.18 (1 C, Ar) 115.72 (4 C, Ar); 115.66 (2 C, Ar); 70.93 (1
OCHy); 70.85 (2 C, -@H,); 66.67 (1 C,€H); 66.35 (1 C,EH); 66.19 (1 C, €H);
65.59 (1 C, €H); 64.83 (1 C,-NCH,); 58.18 (1 C, -ICHy); 57.64 (2 C, -ICHy);

52.20-51.15 (4C, cyclerCH,); 51.00 -50.00 (4C, cycleiCH,): 22.10 (1 C, EHa).
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[Cd(1-(2-hydroxypropyl)-4,7,104ris-((S)-2-hydroxy-3-phenoxypropyl)-1,4,7,10-

tetraazacyclododecane)](Cl@),+0.5H,0, 49

iy

H3C \

49

To a refluxing solution 061 (248 mg, 0.36 mmol) in dry ethanol (10 Ym
cadmium perchlorate hexahydrate (168 mg, 0.40 mmol) dissatvddyiethanol (5
cnt) was added dropwise over 5 min. A white precipitate fornmeti radissolved
immediately. The reaction was heated at reflux teatpee for a further 1 h and then
cooled to room temperature. The solvent was removedcuoresulting in a viscous
light brown oil which was dissolved in minimal MeOH th@necipitated and
triturated with diethyl ether to yield9 as an off-white powder that was dried under
reduced pressure, 281 mg, 7% = 128Q* cnf mol* (1 x 10°). (Found C, 45.62;
H, 5.54; N, 5.42 &Hs56CdCbN4O;5°0.5H0 requires C, 45.59; H, 5.74; N, 5.60%).
13C NMR (CD;OD): 159.92 (1 C, Aripso); 159.86 (1 C, Arjpso); 159.79 (1 C, Ar,
ipso); 130.67 (2 C, Ar); 130.63 (2 C, Ar); 130.56 (2 C, Ar); 122.40 (3 C, 14%5.81
(2 C, Ar); 115.74 (2 C, Ar); 115.66 (2 C, Ar); 70.66 (1 CCHB); 70.42 (1 C, -
OCHy); 70.04 (1 C, -@H,); 66.65 (2 C,€H); 66.50 (1 C, E€H); 65.79 (1 C, €H);
63.26 (1 C,-\CH,); 56.24 (2 C, -N\THy); 56.15 (1 C, -IKCH,); 54.56 (2C, cyclen -
CHy); 53.05 (2C, cyclenGHy); 51.53 (2C, cyclenCHy); 50.49 (2C, cyclenCGHy);

22.13 (1 C, €Ha).
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7.11 Preparation of the silica materials

Si-(GPS), 33
—Q
AR
/ v
L G of

Silica Surface
33

To a stirred suspension of silica gel (2.2 g; Merck 70-230 npesheated at
12@ C, at, 0.75 mm Hg for 24 h) in dry toluene (50°jrB-
(glycidoxypropyltrimethoxysilane32 (2.08 g, 8.8 mmol) was added. The mixture
was stirred at 90C for 24 h, cooled to room temperature, filtered and vehsigh
dry toluene (100 cf) and absolute methanol (100 Ynirhe resulting white powder,
33, was then subjected to Soxhlet extraction with dry t@u@0 cr) for 6 h, air
dried and stored under vacuum. Microanalysis gave 7.64% C and H43%
corresponding to a loading of 1.1 mmdi material. IR (KBr, DRIFT)v(c-H) 2944

cmi’, 2879 crit; asym.v(si.o-siy 1192cnT, 1072 crit; sym.v(si.o.si 950 cntt, 807 cm

1

Si-GPS(230-400), 80
The preparation of this material was analogous38,using silica gel (1.0 g,
Merck 60 230-400 mesh) and 3-(glycidoxypropyl)trimethoxysil@&2e950 mg, 4.0
mmol). Microanalysis gave 6.34% C and 1.36% H correspondirg ltading of

0.88 mmol ¢ of material.
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Si-GPS-Trac, 43

—O HO Q_N P

Silica Surface
OH
43 /@

To a stirred suspension 83 (1.5 g, 1.1 mmol GPS'gmaterial) in dry
toluene (40 cr) a solution of46 (2.57 g, 4.13 mmol) dissolved in dry toluene (10
cnt) was added and the mixture was stirred 8t@eébr 2 days. The suspension was
filtered, washed with dry toluene and subjected to SoxRkteaaion with MeOH for
4 h to obtaimt3 as a light brown powdered material. Residifalas recovered by
evaporating the washing and Soxhlet solvents. Microanagsis 18.09% C, 2.67%
H and 1.75% N corresponding to a loading of 0.31 mrifahgterial. IR (KBr,
DRIFT): vy 2942 cnit, 2875 cril; vic=c) 1602 cn, 1497 cnil; vy 752 cnf,

690 cm'.

Si-GPS (endcapped), 85

|
—QO
_O_SI\/\
077
L o
|

Silica Surface
85
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To a suspension 083 (1.48 g, 1.1 mmol ¢ in dry toluene (20 ci
trimethylchlorosilane (TMCS)84 (5.92 g, 54.5 mmol) was added and the mixture
was heated at reflux temperature for 3 h. After coolingstispension it was stirred
at ambient temperature overnight. The solid was thikerdd and washed with
toluene (100 ci) and de-ionised water (200 &mThe resultant soli@5 was then

dried under vacuum for 24 h and stored in a desiccator.

Si-GPS-Trac(endcapped), 89
Preparation of this material was by the same methogexs for43, but using35

(1.3 g) and46 (2.23 g, 3.58 mmol).

Si-GPS-Trac(230-400), 87
This material was prepared by an analogous methdBtdgut using80 (1.0 g,
0.88 mmot) and46 (1.4 g, 2.2 mmol). Microanalysis gave 17.44% C, 2.57% H and

1.52% N corresponding to a loading of 0.27 mnibbfimaterial.

Si-GPDMS 83
—OH
oM
—O‘Si\/\
C|3H3 O/\7
L OH o]

Silica Surface 83

This material was prepared by a procedure analogous to #a@tfars33 with
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siica gel (1.5 g9; Merck 60 70 - 230 mesh and 3-
(glycidoxypropyl)dimethylethoxysilane (GPDMES)82 (1.3 g, 6.0 mmol).
Microanalysis gave 3.39% C and 2.26% H corresponding todintpaf 0.35 mmol
g* of material.

Si-GPDMS-Trac, 86

Silica Surface
OH
~ Lo

The preparation of the title material was by the weétlemployed for the
synthesis 0f43, but using83 (1.5 g, 0.35 mmol § and 46 (1.3 g, 2.1 mmol).
Microanalysis gave 10.37% C, 2.05% H and 0.85% N correspormliadaading of

0.15 mmol ¢ of material.

MCM-41, 93

This material was prepared by adapting a method reported d*BeTo a
stirred suspension of sodium silicate (9.0°chg,0: 8.55%, Si@ 27.45%) diluted
with de-ionised water (28 cihwas added bSO, (0.4 cri, 98%) and allowed to
continue stirring at room temperature for 30 minutes, aftech time a solution of
cetyltrimethylammonium bromide (CTAB) (10 g, 27.44 mmol) inial@ised water
(28 cm) stirred at 78 C was added with rapid stirring forming a thick white
suspension that was stirred for a further 5 minutes. Theeots were then diluted

with de-ionised water (10 chand allowed to stir overnight at 76 forming a white
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gel-like suspension that was cooled to room temperatuierefll and washed with
copious amounts of de-ionised water to obtain a trandiupel-like substance that
turned white and solidified on drying in air. The white dokias then calcined at

550 C for 5 h giving a hard white, chalk-like solid that waadily ground.

MCM-41-GPS, 81
Synthesis of this material was by a method analogotls®etmethod used @3
but using93 (1.6 g) and 3-(glycidoxypropyl)trimethoxysilar&? (1.5 g, 6.4 mmol).
Microanalysis gave 12.23% C and 2.17% H corresponding tadatpaf 1.7 mmol

g* of material.

MCM-41-GPS-Trac, 88
This material was synthesised by a method analogous$ato used for the
synthesis of receptor materi® but using81 (1.2 g, 1.7 mmol §) and46 (3.17 g,
5.1 mmol). Microanalysis gave 18.05% C, 2.74% H and 1.60% Nspaneling to a

loading of 0.22 mmol § of material.
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Si-GPS-DiPTrac, 44
(@]
(@]
é\OH %
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Silica Surface

OH

To a stirred suspension 88 (2.0 g, 1.1 mmol §) in dry acetonitrile (30 cf

a solution of47 (6.2 g, 6.6 mmol) dissolved in dry acetonitrile (5°cmas added

and the mixture was stirred at’8D for 3 days. The suspension was filtered, washed
with dry acetonitrile and subjected to Soxhlet extractith MeOH for 4 h to obtain
44 as a light brown powder. Microanalysis gave 14.89% C, 2.47&ad 0.93% N
corresponding to a loading of 0.17 mmdlaf material. IR (KBr, DRIFT)v(chy

2981 cnit, 2888 cnit; vic=c) 1509 cnif, 1458 cril; v(sio.si 955 cni', 794 cnf.
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Si-GPS-Tri-Trac, 45

.
;;QUJ
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<\OH 45 K/O\)OH

The title compound was prepared by the same method usdd fart using.33 (2.0

g, 1.1 mmol &) and48 (7.04 g, 6.6 mmol). Microanalysis gave 11.85% C, 2.25% H
and 0.54% N corresponding to a loading of 0.10 mriadfgmaterial. IR (KBr,
DRIFT): vic.iy 2981 cnt, 2888 crit; vic=c) 1508 cn, 1457 crit; v(sio-s)y 953 cnf,

796 cni.
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APPENDIX A BINDING CONSTANT DETERMINATION
PROCEDURES

A.1l. Outline of the theory used in determination of biling

constants using 1H NMR titration experiments-*°

To obtain the binding constants, for the host-guest combinations that have been
reported the chemical shift data obtained in the NMR titration experiments
outlined in Chapter 3 were subjected to a non-linear least squares curvegfittin
analysis. This was achieved using a procedure written bADK. W. Stephens of
the Flinders University of South Australia, utilising the rigdata analysis

software*®®

The binding constarK, which is sought, pertains to the following equilibrium:

K

H+G

HG (1.1)
whereK=HG /H x G

H is the free binary receptor complex (host) conceptragndG is the free guest
concentration.HG is the concentration of the ternary (host-guest)pter
The total amount of host preseht:] is given by the formula:

Hr=HG +H (1.2)
Likewise, Gt is the total concentration of guest present in solutaok corresponds
to:

Gr=HG+G (1.3),

Therefore, equation (1.1) can be rewritten using equati¢hand 1.3 as:

G;-G
(Hy -G+ G) X G

K=

(1.4)
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Rearranging equation 1.4 gives equation 1.5:
KG? + G(KH7 -KGt +1) -G1 =0 (1.5),
which can be solved to give the concentration of G Inygusquation 1.6:

-b+/ B-4ac

2a (1.6),

G =

where a=xXK
szHT—KGT+ 1
c=-G

Equation 1.5 can be related to the obsefdNMR guest chemical shifts through
the use of equation 1.7:

Ocalc = OcXGHOHGXHG (2.7),

where: Xs = G/Gr, mole fraction of unbound guest
Xne = mole fraction of bound guest = g
0c = chemical shift of unbound guest
Onc = chemical shift of bound guest

An estimate of G at eachrHsalue is obtained by the computer subjecting a trial
value ofK and known values ofHand G to equation 1.6. Equation 1.7 then allows
the determination of preliminary values fa, at each H, for a trial value obyg.

The computer program then iteratively vaeanddyg, until the best match @

at each H with dypsat that H is obtained.

Several sample titration curves are shown in Figufie Arhese simulations
show the variation in guest chemical shdi§w) for illustrative values of the binding
constant (lo&), and indicate the difference in the shape of thesees as the
binding constant varies. A chemical shift difference 6fdpm between bound and
complexed guest is assumed, and the guest concentrasienas 1 x 1® mol dm?®,

which was the concentration used in the experimentdt wescribed in this thesis.
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Figure A.1: Titration curve simulations for different IKg values at an assumed guest

concentration of 1 x 1D mol dm® and a chemical shift difference of 1.0 ppm
between free and bound guest. The typical titration paotrespond to the guest
chemical shift (left Y-axis) at each host concetidra The curves represent the
changing percentage of bound guest (HG) (right Y-axis) ascidanof increasing

host concentration.
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APPENDIX B  DETERMINATION OF STOICHIOMETRY BY
THE METHOD OF CONTINUOUS
VARIATION

The method of continuous variation (or isomolarusohs) is also known as Job's
method as it was first suggested by P. Job in 182&°1t is popularly employed to

determine the stoichiometry of a system contairting species that are likely to
interact with one another to form a complex congatisof both species at

equilibrium, for example.

nHGYn — lﬁGm
The general procedure for the method of continueaisations requires the
preparation of a series of solutions in which thaltmolar concentration H G, is

kept constant while the ratig)(H.:Gm is varied incrementally such that a fixed

volume is maintained. A range of molar concentregis established so that

0<G(Hn+Gn<1
A measurable quantity such as the change in chémluét A5 of one of the
constituent species is monitored and plotted imthrenalised formyAd as a function
of the y of that species to give a curve that is commonigvin as a Job's Plot,

Figure B 1195, 197, 198

0f  — Maximurr

whereys = m/(m+n)

AGAS

m n
XG

Figure B.1 Job's Plot showing the correlation between thietstumetry of the host-guest complex
H.Gn, formed and the molar fractignof one of the constituent species, in this case th

guest GlQS, 198
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The stoichiometry of the product,8, has a maximum where thxecoordinate, in

this cases equals

T m+n

If the complex forms predominantly in a 1:1 H:G ratio tldue at the maximum
will be 0.5 wheran=n = 1. For a 1:2 H:G complex whene= 2 andn = 1 the value
at the maximum reaches 0.67 or 0.33 depending on which spgadmrsnitored,
Figure B.3'" 2" This method is generally used where only a single comislex
formed as the calculations required are more compisxg multi-equilibria
equations.

The following equations were used to generate simulategs for 1:1 and 1:2
H:G complex formationEquation 1.1 was used to generate a simulated curve for a

1:1 H:G complex shown dggure B.2 below!®

XeA86= 58 (Kop + 1= (Ko + 17 — 4KZcZx(1 - xo)) (1.1),

2Kcr

whereAdyg is the limit where G = H for a 1:1 complex equalling 1 gprthis case,
K is the association constant angd is the total concentration. This equation also

applies forHASH.
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0.24
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v

XG
Figure B.2 Simulated Job’s Plot for 1:1 stoichiometry generateti Maple V° from Equation

1.1 The data plotted in this figure is for a model systemereAd,c = 1.0 ppm and
Advcmax= 0.5 ppm, wittK ranging from (a), 3 x FM™ through (b), 3 x 1DM™ to (c),
10° M™.

Equation 1.2 was adapted from Likas$atand used to generate a simulated curve

for a 1:2 H:G complex:

XGAS = Ymax(m + n)xg — (n + m)M(m+n)(1-xg) — (1 —y)" (1.2)

whereymax = 0.1 and the correction factgr= 2.77784 x 10. The curve produced
with this equationFigure B.3 originates from computer approximationsygfx and
y and serves only as an example of the curve expected:2oH:G complex

formation.

2

o
w
%)

0.67

XGAs

v
XG
Figure B.3 Representation of a Job’s Plot produced from computer @ppatons of theAd values

d--------N--------

0 0.1 0.2

o
w

generated fronkEquation 1.2 for 1:2 H:G stoichiometry giving the H@omplex ratio

atxy =0.33 ang = 0.67. This simulation was obtained independeit of
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%C CPMAS NMR SPECTRA OF SOME HIGH UPTAKE HOST-
GUEST COMPLEXES

Si-GPS-[Cd(Trac)(1-naphthoate)](CIQy)
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Si-GPS-[Cd(Trac)(o-hydroxybenzoate)](CIQy)
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Si-GPS-[Cd(Trac)(3,4,5-trihydroxybenzoate)](CIQ)
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Si-GPS-[Cd(Trac)(2,5-diydroxybenzoate)](CIQ)
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Si-GPS-[Cd(DiPTrac)(o-hydroxybenzoate)](CIQy)
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