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Abstract

This project entails the synthesis of a family of novel Schiff base capped
calix[4]arenes These ligands were prepared using three 1J8s-bromacalkyl-
disubstituted calix[4]arenes (ethyl, propyl and butyl), amtho, meta and para
substituteddi-imine bridged diphenol units. All these reactions yielded the desired
product with the exception of thieis-bromoehyl variants whichdid not result in
capped calix[4]arendormation. The resulting ligands were subjected to attempted
metal complexation reactions with metal perchlorate salt$*(@Qe’*, Hg'*, Ni** and

Zn**) andall these reactions resulted lydrolysis of the imine moietyEvidence of
metal complexation was noted in some cases and it is thouatethylenediamine

metal €n(M)) chelate complexes have formed.

A class of novel 1,distriazole linked calix[4]arene benzihydes were prepared
through dfunctionalisation of the lower rim. A zinc(ll) perchlorate complex of one of
these was formed and the binding site was evaluated dsingnd *C NMR
spectroscopyThe fluorescent behaviour of two of these ligands was probed with a
view to use as #uorescent chemosensor. However, it was determined that this class
of compounds was unsuitalfler this role.The synthesis of a range of triazole linked
Schiff base capped calix[4]arenes was attempted, but it was discovered the imine
moiety wasincompaible with the conditions used for triazole formatiégnnovel bis-

propargyl diimine diphenol precursor was prepared fromrtrezaSchiff base linker.

Finally anthracene and pyrene isoxazole calix[4]aresmssors were prepared in
collaboration with the Haney group of NUI Maynooth. The fluorescent emission
spectra of these were recorded, and the effect a range of metal catiéhsOQ&4
CU, F&¢*, Hgt*, PB* and zrt") had on the spectra wascorded The calix[4]arene
based sensors should goselectivity for CG* cations.Exploitation of fuorescence

Vi



spectroscopic methoded to the determination athe stoichiometry1:1) and binding
constant for these chemosensors. The mode of binding was also examthieN R
spectra titration studies, @rthraugh molecular modelling studies which provides a

coordination geometrical explanation of the selectivity fof'Cu

vii



List of abbreviations

Ac Acetyl

AcOH Acetic acid

app Apparent

AIC Anthracene Isoxazole modified Calixarene
AIM Anthracendsoxazole modified Monomer
Anal. Calc. Analytical calculation

A Angstrom

Ar Aryl

a.u. Arbitrary Units

br Broad

t-Bu tert-butyl

Boc tert-butyloxycarbonyl

CDCl; Deuterated chloroform

CDsCN Deuterated Acetonitrile

CHCl Chloroform

cm Centimetre

cm'? Wavenumbers

CsCl Caesium Chloride

CuAAC Copper(l}catalysed 1,3 Huisgen Azigkyne Cycloaddition
Cx Calixarene

d Doublet

dap 1,3-Diaminopropane

decomp Decomposition

°C Degrees Celsius

dd Doublet of doublets

d.e. Diastereomeric excess

(09] Reflux temperature

a Chemical shift

DCM Dichloromethane

DEPT Distortionless Enhancement by Polarization Transfer
DFT Density Functional Theory

DMF N,N-dimethylformamide

ds-DMSO Deuterated dimethyl sulphoxide

dt Doublet of triplets

en Ethylenediamine

ESI Electronspray ionisation

EtOH Ethanol

FTIR Fourier Transform Infrared

h Hour

HCI Hydrochloric acid

viii



HOMO Highest occupied molecular orbital

Hz Hertz

It Peak Fluorescence Intensity in presence of metal ion
lo PeakFluorescencéntensityof free ligand
IR Infrared

J Coupling constant

Ka Association Constant

KBr Potassium bromide

KOH Potassium hydroxide

Ks Stability Constant

Ksv SternVVolmer Constant

= Wavelength (nm)

| &M Emission wavelength (nm)

| & Excitationwavelength (nm)

LC Liquid chromatogram

LC/TORMS Liquid chromatography timef-flight mass spectrometer
L/min Litres per minute

lit Literature value

LUMO Lowest unoccupied molecular orbital

M Molar

m Multiplet

Me Methyl

MeCN Acetonitrile

MeOH Methanol

Me,Si Tetramethylsilane

MHz Megahertz

min Minute

mL Millilitre

mmol Millimole

m.p. Melting point

eL Microlitre

e M Micromolar

N2 Dinitrogen

NacCl Sodium chloride

NaOH Sodium hydroxide

NMR Nuclear magnetic resonance

nm Nanometre

NOAC Huisgen Nitrile OxideAlkyne 1,3dipolar Cycloaddition reaction
OEt Ethoxide anion

O, Molecular oxygen

pH Logarithmic scale of <c¢oncedi)
PhMe Toluene



PKa
ppb

ppm
PET

PIC
PIM

Py

gNR
sp.

TLC
TFA
UV-Vis

Minus log of association constajo f
Parts per billion

Parts per million

Photoinduced Electron Transfer
Pyrene Isoxazole modified Calixarene
Pyrene Isoxazole modified Monomer
Pyridine

Quartet

Singlet

quasiNewton Raphson

Species

Triplet

Fluorescent Lifetime

Thin Layer Chromatography
Trifluoroacetic acid

Ultraviolet/visible

Volts

Wavenumbers

a

gi venKgo



Table of Contents

DECIAIALION. ...ttt i.
ACKNOWIEAGEMENLS. ...t eee e e e e e e e enens s ii
(DI [ or= Vi o] o NPT PP PP PP PPPPPPPPPPPRPN v
Y 0] 1 = To! ST SPPPPETTPPP T PPPPP Vi
List of abDreviations...........cuvviiiii e viii
1. INrOAUCHION oooiiiiieeee e ee e eees e e eeas 1
1.1  Calixarene ChemiStry........ooviiiiiiiiiiiiiiieee e e 2
L.1.1 OVBIVIEW..ceiiiieiiiieittit ettt eemt ettt e e e s st e e e e e n e e e e e e e e s smmne e e e e 2
1.1.2  Calix[4]arene SYNINESIS. .......cciiiiiiiiiiiiiiieeei e 2
1.1.3  Lower rim functionalisation of calix[4]arene............ccccceeeiiiiiicreeveeeveeeeneee, 6
1.2 SCRIff DASES......cco i e 9
1,21 OVEIVIEW..cciiiieeiiieiit ettt ettt e e e e s e e e et r e e e e e e e s rmmne e e e 9
1.2.2  Schiff base SYyNthesis...........ooooo e 10
1.2.3  Schiff base derivatiVES.............uuriiiiieiiie e 12
1.2.4  Calix[4]arene Schiff DASES.........cuuvviiiiiiiiiiii e, 14
1.2.5  Schiff base metal complexatiQn.............cccueeiiiiiieeneeeee e 17
1.3 Triazole ChemiStry........uuuuiiiiiiiee e eeee e 17
L1.3.1  OVBIVIEW...teiieeiiiiiiee ettt ettt e e et e e e s me e as 17
1.3.2 CUuAAC Triazole SYNthesIS...........ocooiiiiiiii e 18
1.3.3  Triazole DEeriVALIVES........ccoiiiiiiiiiiii ittt 20
1.3.4  CaliX[4]arene TriazZOoleS......cccooiiiiiieei it rrer e 21
1.4 1SOXAZO0IE ChEMISIIY....cciiiiiiiiiiiiee e 24
1AL OVEIVIEW...ciiiiieiiiiiiee ittt eet ettt e e e s et e e e e e e e e e e e e e s smmne e e e 24
1.4.2 NOAC Isoxazole SYNthesis...........ccccoiiiiiiiiiceci e 24
1.4.3  1SOX8ZOIE DEIVALIVES.......eeiiiiiieiiiiiiiiiieeeiii ettt e e e e nesi e e e e e 26
1.4.4  Calix[4]arene ISOXazZOIES.........ccoeeeiiiiiiiiiieeee e 27
1.5 FlUOIESCENCE.....ceiiiiiiiiiiie e s 30
151 OVEIVIEW...ciiiiiiiiiiite ettt ettt e e e et a e e e e e e e e e s ammne e e 30
1.5.2 Monomer & EXcimer EMISSION...........cccuuuiiiiiiiiiieeee e 32
1.5.3 Quenching and Steiiolmer relationship............cooviiiiiiiiceeeeeee. 35
1.5.4 Binding constant determination...............ccoco oo e e 39
155 Jobbés Met hod (Met hod..of...Cont..nudus Var

Xi



1.5.6 Classes of FIUOrOIONOPNOIES. .......euviiiiiiiiiiiiiieeee e 41

T A N1 0 4 1S3 0 1 [T [P 43
2. EXPerimental..........cccoooioiiiiiiiii e 44
2.1 INSTTUMENEIATION ..ot 45

2.2 Synthesis of Calix[4]arene Schiff base derivatives and their metal

(00 101 0] 123 (1S USSR 47
221 5,11,17,23,29,35,41 43ctatert-butyl-49,50,51,52,53,54,55, 56cta
hydroxXyCaliX[8]ar€Ne: (L)......ceveeiiiieiiieeiieeiiees s e e e e e s e e e e e e e e e e e eeeeeesaeareeeererrrrrennrenneed a7
2.2.2 5,11,17 23Tetratert-butyl-25,26,27,2&etrahydroxycalix[4]arene: (2)....... 47
2.2.3 5,11,17,23Tetratert-butyl-25,27 dihydroxy-26,28bis(2
bromoethoxy)CaliX[4]are€ne: (3).... e eueeei it 48
2.2.4 5,11,17 23Tetratert-butyl-25,27 dihydroxy-26,28bis(2
Pbromopropoxy)CaliX[A]ar€ne: (4)........ueeeeeeiiiiiiiirieeeie e e ereer e e 49
2.25 5,11,17,23Tetratert-butyl-25,27 dihydroxy-26,28bis(2
bromobutoxy)CaliX[4]arene: (5).......uueeiiiiiiiiiiie e 50
2.2.6 4,4 ((Ethanel,2-diylbis(azanylylidene))bis(methanylylidene))diphenol: (61
2.2.7  p-Schiff Base linked propoxy calix[44ane: (7).......ccccceveeeerniiiiiriemmiiiinnne. 52
2.2.8 Metal Complexes Of Ligand.Z.........cooouiiuiiiiiiieeeiiieeee e 53
2.2.9  p-Schiff Base linked butoxy calix[4]arene: (8)........cccccccvvvvvrrrrimenneeeeeneennn. 59
2.2.10 Metal Complexes ofigand ...........coooiiiiiiiiiiiieeeieee e 60
2.2.11 Attempted Synthesis @FSchiff base capped ethoxalixarene................... 63
2.2.12 3,3 ((ethanel,2-bis(azanylylidene))bis(methanylylidene))diphenol:.(9)...63
2.2.13 mSchiff Base linked propoxgalix[4]arene: (10).....ccccceeevieeiiiiiiiiiiicmeenneee. 64
2.2.14 Metal Complexes of [igand 10............eueiiiiieiiiiicce e 65
2.2.15 mSchiff Base linked butoxy calix[4]arene: (11)......ccooeeeieiiiiiiiiiicereennnnd 67
2.2.16 Metal Complexes of [igand L11..........c.eoeiiiiieiiiiicceee e 68
2.2.17 m-Schiff Base linked ethoxgalix[4]arene: (12)......cccccccomiiivrrrrrieecneeenenn. 712
2.2.18 2,2*(ethanel,2-diylbis(azanylylidene))bis(methanylylidene))diphenol: (133
2.2.19 o0o-Schiff Base linked propoxgalix[4]arene: (14).......cccccoevieeeeeiiiiiiennsinnnns 74
2.2.20 Metal Complexes of ligand 14..........ccoooeiiiiiiiiiicceeeeeeeeeeeeee e 75
2.2.21 o0o-Schiff Base linked butoxgalix[4]arene: (15).......ccccceeeeeeeriiiiiieennsniinnnnd 9
2.2.22 Metal complexes of ligand 15............oooiiiiiiiiiiieee e 80
2.2.23 Attempted synthesis aFSchiff Base linked ethoxgalix[4]arene: (16)........ 82

2.3 Fluorescence Spectroscopy of Ligands from section 2.2..................... 82
2.3.1  Overview and ParameterS.........ccoouiiiuiimrimeeieeeeeee e e eeesenneeeee e 82
2.3.2  FIUOreSCENCE DALA........ceuiiiiiiiiiiireee e e 83
2.3.3  Fluorescence Spectroscopy of selected metal complexes...................... 33

Xii



2.4 Synthesis of Calix[4]arene triazole derivatives and their metal complexes

............................................................................................................. 84
2.4.1 5,11,17 22etratert-butyl-25,27 dihydroxy-26,28bis(propargyl)calix[4]arene:
(7)o e e e e e e amnr b a e s 84
2.4.2 511,17 23etratert-butyl-25,27 dihydroxy-26,28bis(2-
azidoethoXy)CaliX[4]arene: (L8)... ... uuuu i i e e reer s e e 85
2.4.3 5,11,17,23etratert-butyl-25,27 dihydroxy-26,28bis(2-
azidopropoxjycalix[4]arene: (L19) ... 86
2.4.4 511,17 23etratert-butyl-25,27 dihydroxy-26,28bis(2-
azidobutoxy)caliX[4]arene: (20)........uuuuuuiiiiiieiiicmr e 87
2.45 5,11,17 22etratert-butyl-25,27 dihydroxy-26,28bis(ethoxytriazo-methoxy)
Lo TTo= YLD = =T = 2t N 88
2.4.6 5,11,17 22etratert-butyl-25,27 dihydroxy-26,28bis(propoxytriazo-
MethoXxy) diCaliX[4]ar€Ne: (22)......ccceeeeieeeiiee ittt a e e e 89
2.4.7 5,11,17 22etratert-butyl-25,27 dihydroxy-26,28bis(butoxytriazo-ethoxy)
AICAlIX[A]ArENE: (23) ...ttt e e e e e 90
2.4.8  4-(prop-2-yn-1-yloxy)benzaldehyde: (24)........ccccooveeeiiiiiiicmniiiiiieeeeeeen 91
2.49 5,11,17,23etratert-butyl-25,27 dihydroxy-26,28bis-propoxy:(triazo-p-
benzaldehyde) caliX[4]are€ne: (25).......uuuuuuuuiiiiiiiiiee et ee e 92
2.4.10 3-(prop-2-yn-1-yloxy)benzaldehgte: (26)..........ccceeeeiiieiiiiiiiiiceeieereeeeeeeeeee, 93
2.4.11 5,11,17,22etratert-butyl-25,27 dihydroxy-26,28bis-propoxy(triazo-o-
benzaldehyde) caliX[4]arene: (27).......coouiiiiiiiiiii e 94
2.4.12 2-(prop-2-yn-1-yloxy)benzaldehyde: (28)...........ccoeveeeiiiiiiicemniiiiiieeeeeenn 95
2.4.13 5,11,17,23etratert-butyl-25,27 dihydroxy-26,28bis-propoxy-(triazo-
salicyalydehye) calix[4]arene: (29)........uuuruuimiiiiiiiiimeeeeeeee e reeer e 96
2.4.14 5,11,17,23etratert-butyl-25,27 dihydroxy-26,28bis-butoxy-(triazo-
salicyalydehye) calix[4]arene: (S0).......uurururimiiiiiiiiiemeeeeeeeeeeee e eeeer e 97
2.4.15 Bis(3-(prop-2-yn-1-yloxy)benzylidene)ethang,2-diamine (30)................... 99
2.4.16 Reaction of 19 with 30 in DCM and MeQH............ccccceiiiiiiiiccnnneeeeeeeeen, 100
2.4.17 Reaction of 19 with 30 in DCM and MeOH with a drying agent............ 100
2.4.18 Reaction of 6 with propargyl bromide in acetone: (31)........cccccevvunnnnnes 101
2.4.19 Reaction of 13 with propargyl bromide in acetonitrile: (32)................... 102
2.4.20 Reaction of 13 with propargyl bromide in acetonitrile: (33)................... 103

2.5 Fluorescence Spectroscopy of Ligands frosection 2.4...................... 103
2.5.1 Overview and ParameterS........coooieiiiiii e 103
2.5.2  FlUOresCent Data..........ccccoeeieie i mmme e 103

2.6 Synthesis of Isoxazole modified Calix[4]arenes forlkorescence studies.

........................................................................................................... 104
2.6.1 Anthracene modified Isoxazole Calix[4]arene: (AIC)........cccccvvviiieniienn. 104

Xiii



2.6.2  1-(tert-butyl)-4-(prop-2-yn-1-yloxy)benzene: (34)......ccccceeeeaeiiaiiniinncceenn. 105

2.6.3 Reaction of 34 with paraformaldehyde in MeQH...............cccooiiiiennnns 106
2.6.4  Anthracene modified isoxazolert-butyl-phenol: (AIM)...........cccccvvvvnnnnn. 107
2.7 Fluorescent properties of ssoxazole modified calix[4]arenes from section
12200 108
2.7.1  Overview and ParameterS.........cooouiuuriiiiiieeeeeieee e e eeeree e e 108
2.7.2  FIUOreSCENCE DALa.........cccciiuriiiiiireeiiie ettt smmee e 109
3. Results and DISCUSSION..........cccccuuiiiiiiiiimeeiiiiiieeee e eeeeeeenas 110
X 2% R [ 01 0T VTt 1 o] o PP PR PP PPPPPPPPPPPPPPPP 111
3.2 Schiff base capped caliX[4]arenes.........ccccoeeeeiiiiiiiccceeeeeee 111
.21 OVEIVIEW. ...t e ettt e e e e e e e et e e e e e e e e e e e e 111
3.2.2  Synthesis and characterisation of calix[4]arene precursors.................. 112
3.2.3  Synthesis and characterisation of Schiff Base linkers.............ccccoeeveeee. 116
3.2.4  Synthesis and @nacterisation of Schiff base capped calix[4]arenes.....119
3.2.5 Reactions of 1:glistal bromoethoxy calixarene with Schiff base érg6, 9 and
TSP U PP PPTRR PP 129
3.2.6  SPECIrOSCOPIC STUAIES. .....uuvviiiiiieeeiiiieeee ettt re e e 130
3.3 Metal Complexation Reactions of Schiff base calix[4]arenes............. 131
3.3.L  OVEIVIEW. ..ttt e ettt e e e n e e e e e e e e e e nn e 131
3.3.2  Schiff base hydrolysis and cleavage........c.cccccvvvveviieie e 132
3.3.3  Ethlyene Diamine (en) metal COmpIexes.........ccccceeeeiiiiiiemniiiiiiiiieeeeennn 133
3.3.4 Metal Complexation reactions of ligand..7....................c oo eeerieiiiieviinninns 135
3.3.5 Metal Complexation reactions of ligand.8.............ccccceeevviccceiiiiiiviinneen. 146
3.3.6 Metal Complexation reactions of ligand.1Q..........ccccceevvvvivieeeeeeiiennnnnnnn. 152
3.3.7  Metal Complexation reactions of ligand.11............cccoviiiiiieemieieneennnnns 156
3.3.8  Metal Complexation reactions of ligand.14..........cccccovvvvvivieeeeeeeeennennnnn. 163
3.3.9 Metal Complexation reactions of ligand.15..........cccccovvvvvivieeeeeeeeeneennnn. 168
3.3.10 Imine hydrolySiS ProdUCTS.........ccuiiiiiiiiiiiirreie e 171
3.3.11 SPECIrOSCOPIC StUAIES....cciieiiiii i e i it e e 172
3.4 Triazole linked caliX[4]arenes........ccccceeiiiiiiiiiiiiie e 173
Nt R O 1V VY 173
3.4.2  Synthesis and Characterisation of Calix[4]arene azide derivatives......176
3.4.3  Synthesis and Characterisation of alkynes............cccccccovviccniiniiivinnnnnn. 179

3.4.4  Copper(l}catalysed 1,3 Huisgen Azidgdkyne Cycloaddition (CUAAC)...190
3.4.5 Synthesis and Characterisation of Triazole linked Double Calixarenes191

3.4.6  Synthesis and Characterisation of Triazole linked Calixarene Benzaldehyde
QEIIVALIVES ..ttt e ettt ettt e ettt et e e eeees s s s s e e s s e e e e e e s aeaseeeessmamssssssenssnnernne 197



3.4.7 Reaction between 30 azdhc(ll) perchlorate...........cccvvvvvvviiiiiiecceeennins 204

3.4.8  SPECIrOSCOPIC STUAIES. ......uvreiiiiieeeiiiieeer et e 207
3.4.9 Reactions of 1glistal azidopropyl calixarene with dipropargyl Schiff base
1G] GO TR PPPPRR 209
3.5 Isoxazole modified caliX[4]arenes............coouvvvevvviniiiccmeeeeeiieee e 212
35,1 OVEIVIEW. ...t e e eee ettt e e e e n e bbb e e e e e e e e e e e e nnnne 212
3.5.2 Fluorescence studies on Al@nthracene isoxazole calixarerem)d AIM
(anthracene iS0Xazole MONOMEL)..........ccooii i 214
3.5.3 Metal Titration'H NMR of PIC and AIC..........cccveuevieeeireieemreees e 236
3.5.4 Computational Studies on PIC............ooooiiiiiiiieeeecc e, 243
A, CONCIUSIONS......uuuuiuunniniiaieee e e s eeeeeteeeeennana e s e e e e s smmeeeeeaessnnnnnnns 246
BIibliOgraphy .......oii oo 254

XV



1. Introduction



Chapter 1. Introduction

1.1 Calixarene Chemistry

1.1.1 Overview

Calixarens are versatile macromoleculesmd it is due to this versatility and the ease
of their preparatiorthat calix[4]areneshave become increasingly popular in the field
of supramolecular chemistrihe parent calix[4]arenes are easily functionalised, and
these derivatives have a wide array of applications from capfsulerug delivery to
metal ion chemosensor8oth the uppe and lower rims have been subjected to
countless transformations that bind medtais at both sites. This section will provide
an overview to the syhesis of the parent moleculasd an insight into the methods
used in functionalising the calix[4]arenghis thesis will focus solely on lower rim
functionalisationto bestowa taste of the vast array kfles for which these molecules

have been utilized.

1.1.2 Calix[4]arene synthesis

The macrocyclic calixarene i®rimedvia a base catalysed condensation betwaen
para-subgituted phenol and formaldehydghe preparation of the different derivatives
calix[4]arene, calix[5]arene, calix[6]arene and calix[8]arene is dependent on the base
which is employedWork undertaken by von Baeyer in 1872 involved the synthefsis
macrocycles antepresentedis first foray into penol and formaldehydehemistry*
Unfortunately the analytical tools which @re at his disposal at the time lexthe
incomplete characterisation of the macrocycles prefaltagtas not until 1942 a full
seventy years after von Baeyer, that Zinke and Ziegle would report the first crystalline
product from this condensation reaction. Zinke sought to simplify the reaction and in

pursuit of this used-tert-butyl phenol;the use of thgpara disubstituted phenol left
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only theortho positions open to reaction. The empirical formula of the crystals was
determined to be H140, this eventudy lead to the assignment of the tetrameric
structure® This assignment wasorroboratecby Hayes and Hunter, who developed a

stepwise synthesis which yielded a brown solid with a melting p&8io® C.%"

The studies byinke served as the foundation for work which was undertaken by
Cornforth in 1955 Cornforth repeated the work of Zinke and he isolaeal similar
products,which interestinglyhad different melting points. Tetrameric structures were
assigned to both of these products just as Zinke had done previously. Aided by
Hodgkin, Cornforth proposed that the compounds were diastereoisdribese
isomers are known to exist today as a result of the restriction in the rotation about the
aromatiemethylene bod. The diasteroisomers havesubsequently been
comprehensively characterised: cone, partial coneraliebhate, 1,&lternate

conformations are shown (Figure 1.1)

OR

partial cone

1,2-alternate 1,3 alternate

Figure 1.1: The four conformers of calix[4]arene.
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It has been found that the cone conformation is the most stable conformer. This is due
to the stabilisingeffect of the intramolecular hydrogen bonding which occurs between

the hydroxyl groups.

It was C. David Gutsche who proposed that this family of nyoies be named
calixarenes. This was owing to the shape of these molecules which resemblésea chal
and theGreekfor chalice beingcalix. The wor k undertaken by G
exploring the use of calixarenes as casitto mimic enzyme active sité Andretti et

al. solved the Xray crystal structure op-tert-butylcalix[4]arene in 1979, which
provided a definitive assignment of structttdt was found that the calix[4]arene
crystal grown, formed an inclus complex with a molecule of toluene situated in the
macrocyclic cavityHayes and Hunter proposed a ten step synthetic pathway for the
synthesis of p-methylcalix[4]arene Scheme 1.%. This method involves(i) the
protection of one of the reaction sites with bromiNext (ii) is the base promoted
hydroxymethylation which provides the methyl linkéifter this, steps(i) and (ii) are
repeated as necessary to give the appropriate number of repeat units for the linear
oligomer.The bromine is removed by palladium hydrogenolyaiglthis leads to self
concknsation of the linear oligomer the presence of acid at high dilutiocithough

there are advantages for this method, it is quite a laborious task when compared to later

developments.

Munch developed a methdxbtween 1976 antl977which yieldeda convenient route
to the calix[8]arene precursdbrMunch used aslurry of p-tert-butyl-phenol and
paraformaldehyde in xylenéSThis was heated to reftuwith a catalytic amount of
50 % potassiumhydroxide, with a Deaistark apparatus attached to remove water

from thereactionsystem.
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e —_— OH

Schemel.1: Hayes and Hunter stepwise synthesis of cyclic macromol&¢lelCHO,
NaOH (ii) A, HCI.

Gut schebds group hia Mpnthelad devehoped, mremubhadthisw
work concernedvith optimising the conditions by varying the catalyst, the ratio of
reactants and solvents usédhe product \@s examined by mass spectroscapish a
m/e value obtained which was in agment with a cyclic octamer. However, the
appearance of a strong mass signah&648 suggested that it could bleie to a pair

of cyclic tdramers. A trimethylsilyl derivative was also examined by mass
spectroscopy and thghowed a strong mass signahde 1872which pointel towards

an octameric rather than a tetrameric structimel®5 X-ray crystallographic data
which was published by Guse provided definiteproof of the existence of

calix[8]arene which is now known as octarfiér.
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Whilst this method is high vyieidg, it unfortunately only yields the calix[8]arene
derivative, and as such requires conversion to the tetrameric fomethod which

requires heating the octamer to reflux in diphenyl ether with a catalytic amount of
sodium hydroxide was published by Guts¢h@he product was isolated successfully

by precipitation upon addition of ethyl acetate to the warm diphenyl ether solution.

The exact mechanism for this conversionurgknown It is thought to involve the

calix(8]| arene fApi nchi ng ocleavage df the molaculnd Yieddingc a u s |
two equivalents of calix[4]Jaren&.hi s pr oc es s nokalartmaosidby d u b b e
Gutsche. In a paper published in 199%utscheand his group investigated the
mechanism of formation of the tetramer.
mitosisb is seen to occur, it i s just on

occur simultaneously:

Due to the highly symmetric nature of the tetramer and octamer, one would expect it
be difficult to distinguish between them, howetlais is not the caseAs a result of

this symmetry both calixarenes have very simfpleNMR spectrabut it is possible to
differentiate between the octamer and tetramer by the shift of the phenaba pro
the'H NMR spectraThis can be explained by the different sizes of the macrocyclic
cavity, the octamer lower rim has a larger circumference so the phenolic groups have
weaker hydrogen bonding interactions. Tetramer has a lower rim whérhaier,so

the phenolic groups are closer and thus, have stronger hydrogen bonding interactions.
The result of this is seen in thel NMR spectra of both products with octamer OH

resonating at 9.63 ppm as a singlet, and the tetramer OH resonates at 10.34 ppm.

1.1.3 Lower rim functionalisation of calix[4]arene

Only one of the four main conformers of calix[4]arene, the cone conformatilbibe

covered in this thesis. In this conformatidine phenolic hydroxyl groups are aligned
6
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on the same side of the cavity. Thérdener is drawn with the narrow rjmvhich
possesses the hydroxyl grougmelow the wider rim whichpossesghe tert-butyl
groups.As a result of this conventigthe wider rim is denoted the upper rim and the

narrower rim is the lower rim (Figure 1.2).

Upper Rim —>

Lower rim = »

OH HO

OH
Figure 1.2: Upper and Lower rim positions of Calix[4]arene.

Both the uppéer and lower rimf®!” have been successfully modified and the extent of
these modifications are the subject of several reviewdVith the calix[4]arene
derivatives prepared in this thesislely focused on attachmevia the lower rim, he
scope of thisntroduction will extend only to modification of the lower rim of the
calix[4]arene.In this thesis calix[4]arene is modified with Schiff base, triazole and
isoxazole moieties and as such this introduction will deal with examples of this type of

modification.

The lower rim of the calix[4]arene is easily functionalis@this is achievedising
widely emgdoyed acidbase and nucleophilic reactionA. base such aspotassium
carbonateis usuallyused in the modificationyhich gives rise to the calix[4]arene
alkali salt. The desired allgpalide is introduced, where it participates in iansitu
reaction to yield the phenosgther productChloro, bromo or iodo variants of the

alkyl halides are generally used in these reactidts.
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Regpselectivity can be an issue fdifunctionalisedcalix[4]arenes, as a result of the
products being either 1-f&oximal or 1,3distal substituted (Figure 1.3)he 1,3distal
product is obtained as the major producivhich is due to hydrogen bonding

interactions which stabilise the alkoxide intermediate

1,2-proximal 1,3-distal

Figure 1.3: Substitution patterns afisubstitutectalix[4]arene.

The first phenol is deprotonated by the first equivalent of base, and as this proceeds the
two proximal phenoxide moieties act as hydrogen bond donors. This stabilises the
intermediate and is shown in Figure 1Admonosubstitute derivative is produced first

by a nucleophilic substitution with one equivalent of the alkyl halide. This can be
isolated at this stage, howeyemonosubstituted calix[4]arenes usually require
chromatography for purificatioDue to the proximal hydroxyhoietiesability to act

as stabilising hydrogen bond donors (Figure 1.4), the monosubstituted calix[4]arene is
selectively deprotonated at the distal positibndeprotonation was to occur at the
proximal hydroxyl group, the alkoxide would be stabilifgdbne hydrogen bond. This

is a result of the distance between two distal orientated phenolic oxygack, would

be at a distance too great for hydrogen bonding to occuhdbideen calculated to be

in the range 3-B.6 A.%°
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Figure 1.4: Hydrogen bonding interactions following deprotonation of lower rim hydroxyl.

The influence that these hydrogen bond interactions hatteedower rim can be seen
when functionalisationof the remaining two phenoxy groups is undertalkafmilst
mono or bis substitution requires only a mild base, such as potassium carbonate, a
significantly stronger base is required to deprotonate the residual phenol groups. This
is a cosequace of an absence of amydroxyl protons which could participate in
stabilising the alkoxide ion formeds a resultthe deprotonated phenol is more basic

in nature, which leaves it more reactive. Stronger bases such as sodium hydride and

barium oxile have been exploited for this purps@.

1.2 Schiff bases

1.2.1 Overview

There is a vast array of publications in the literature which detail the use of Schiff
bases as ligands for binding meimhs The formation of Schiff base ligands can be
performed under a variety of reactioonditionsmaking this reaction quite flexihle

The main concern ithe formation of Schiff bases the necessity toemovewater
which is created from the condensation reaction between an aldelketerse and the
amine.These ligands are suitable foetalion complex formatiorbecause of the lone
pair of electronsvhich are orthe nitrogen atom of the imimaoiety. TheseSchiff base
ligandsare markedly proficient at binding transition metal ions. The complexes formed

have a wide array of applicatiofrem biological mimics to catalysts?*
9
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1.2.2 Schiff basesynthesis

Schiff basesnamed after Hug&chiff, are molecules which contain an imine with an
alkyl or aryl group attached to the imine nitrodéithe reactionfor theformationof a
Schiff-baseis a reversible acidatalysed condensatiaaction, vihich takes place
between a primary amine and either an aldehyaeketone This does not prove to be
successful for reactions witammonia The typical reaction conditions for imine
formation require a protic solverduch as methanol @thanol,which is sufficiently
dry to prevent subsequent hydrolysis of the newly formed imine b®hdse
condensation reactions proceed smootinlygeneral, although some reactawcen
requiremore energy starsherconditions such as heating to reflux in a high boiling
solventare usedand may include the use of a Dedatark apparatus or molecular

sieves to remove theater.This usuallydependon theelectronic effect§®?’

The mechanism of formation of the imitbond is wll agreed upon (Mechanism 1.1),
with the general consenshbeing thatthe carbonybxygenmust be protonatear that
a Lewis acid must be usedhis will enhance theslectrophilicity of the carbonyl

carbonwhich will assist the later nucleopici attack

oM 6/ H OH

JL R+H

R H

R H +

U * HZN\
RV

1,3-H shift

>:
|

H H OH,

R' R' R H
)\ - )\ + 7 4(“
R N -H* R -H,0 <)

H SR

Mechanism 1.1:Mechanism of imine formation.
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The protonation of the carbonyl oxygen precedes the nucleophilic attack of the amine
on the carbonyl carbon. This is followed by a -H3shift, which leads to the
elimination of water. Subsequent disassociation of this species yields the imine
product. Asa result of the steric interactions between the bulkier R groups, as R is
either an aryl or alkyl substituent, the imine double bond generally addpésa

geometrical orientation. This helps to limit the aforementioned steric interactions.

Whilst the brmation and purification of most Schiff base ligands is relatively straight
forward, some more complex derivativaschas tripodal ligand¢Figure 1.5)prove to

be more elusiveAs Schiff bases can undergo hydrolysis under chromatographic
conditions mettods such as employing zinc(ll) perchlorate as a template
circumvent these problentsave been devisedHundal et al proposed a mechanism
where coordination of the Zhion leads to an increasedectrophilic nature of the

aldehydée’®

R

)

\

N—R

Figure 1.5: Tripodal Schiff bae ligand synthesised using a zinc template method

R = aromatic moiet{®

11
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It is suggested that the zinc(ll) ion localises the electrositjeof the aromatic amine
on the nitrogen atonThis consequently makes it a stronger nucleophile which allows
the Schiff base reaction to occlliue to the ZA" ion being quite labile, liberation of
the newly formed tripodal ligand can occur (Figure 1T9)is reaction is high yielding

and gives a product of high purity.

1.2.3 Schiff base derivatives

The use of Schiff base compounds which are derived from salicylaldehyde or another
one of its derivaties is well documentedlono, di and multinuclear complexesave

been successfully prepared usingdh salicylaldehyde derivativeBhe synthesis of
these andhe considerable extent of ligands which have been prepared is evident from

extensive review&>°

Salicylaldehyde has had extensive asea framework upon which some wetiown
reagents are based. The substitution pattern of the ring is the reason for this extensive
use, and this is clear when compared tontle¢aandpara derivatives which have been

used to a much lesser degrédter an imine has been formed with salicylaldehyde,

this imine isortho to the hydroxyl functional group. As a result of this orientation, a

six member chelate ring could bermed with the bound metal iaf complexation

takes place at the , binding site.A broad selection ofl- andf-block metals have

been bound at this sit&*? which demonstrates the versatility of thijsproach.

A recent review by Matsunaga and Shibasaki exhibits the broad scope oftsatalys
which have been developed based on Schiff b¥$@§ particubr interest is work by
Jacobsen and ewmorkers who reported on the synthesis ofin(ll)Cl (salen,**
Cr(IIN s(salen),*® Co(ll)OAc(salen® and Al(lll)X( salen complexes(X = Cl, Me,

CN, imidate)*’ As a result ofthe simibrity that theseSchiff base complexesearto

12
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the Schiff base capped calix[4]arenes which are prepared in this thesis, the
coordination geometry displayed by these complexes should provide a template for the

complexes attempted in this project.

The manganese(llltomplex (Figure 1.6a) was found to st®selectively convert
unfunctionalisedalkenes to epoxides, with enantiomeric excesses (e.e) of up to 97 %
reported®* The cobalt(Ill) complex (Fjure 1.6b) has been erogéd in the conversion

of racemic of various epoxide derivatives (aliphatic, halogenated, ether/carbonyl
baring, aryl, yinyl, and &ynyl) into a single enantiomer with e.e in excess of 99 %

reported®

(a) (b)
Figure 1.6:(a)J a c 0 & Mnesaletd comple¥ (b) Cosalen complex®
The central diamine ist the core ofthis extensive varietyf binding propertiesseen
for these compound3he bridging linkage between the two nitrogens caarbenatic
or aliphaticin nature.The onerequirementwhich can act as a limitation is thtite

functional groupsnustbe compatible with amines.

1,2-diaminoethane or ethylene diamine (en) is the most widely used diamine in the
literature.When ethylene dimine is employed in imine formation it incorporates a two
carbon chain between the two imine moieti€®mplexation of a metal through the
imine nitrogens results in the formation of a five member ring through tveNN
bonds. This can be seen in the kmssm complexes (Figure 1.6a & b)is possible to

prepareasymmetric centres on the chaiia functionalisationof the carbon chainA
13
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wide rangeof derivatives have been prepared with the introduction of naphthyl, phenyl
and isooctyl moieties. These digds have also beeutilised in the synthesis of

derivatives which have applications as catalyssndfluorescent sensor&>°

1.2.4 Calix[4]arene Schiff bases

The functionalisationof calix[4]arenes with Schiff bases has been extensively studied
with a multitude of examples present in the liter@tdrhis section will provide a brief
overview of the range of Schiff base modified calix[4]arenes. Calixarenes which have
been modified at the upp&f* and lower rims with Schiff base moieties have been
previously prepared. The Schiff base moiety is often introdwm@deaction of a

benzaldehyde moiety or with an amine modified calix[4]arene.

Of particular interest for this thesis are calix[4]arene Schiff base derivatives which
have been prepared that use salicylaldehyde moiety as a linker. Work which was
undertaken byicenset al utilized a cross linking reaction of a dd&taldialdehyde
calix[4]arene with appropriate diamines, such as ethylene diamine, to yield a bridged
lower rim calix[4]arene derivative (Figurg.7). It was expected that this molecule
would bind metals in a similar fashion to saldigands, which bind through 4,0,
coordination sphere. Whilst preliminary metal extraction studies by this group resulted
in moderate affinity for Cti ions?* further work on this ligand which resulted in the
preparation of the derivatives, shown in tig 1.7 slightly improved the metal ion

extraction potentiaf®

14
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|:| = (CHy)n (n = 24), 0- andm-CgH,
Figure 1.7 Schiff base bridged calix[4]arenes prepared by Visetas*
Schiff base modified calix[4]arenes have also been used as fluorescent sensors. Mahon
et al reported on the synthesis of a zinc(l@sponsive fluorescent sensor which
contairs a Schiff base li (Figure 1.8)** This ligand is prepared by reaction of the
calixarene dialdehyal with salicylaldhyde hydrazine the presence of acetiacid

which acts as a cataly$b form the imine link.

McGinley et al subjected this ligan@) to fluorescence emission spectroscopy. The
study proposes that the Zrion binds between the imine nitrogendatie hydroxyl
group (Figure 1.B). It was found that the free calix[4]arene liggajlexhibited weak
fluorescent ensision.Enhancement of the fluescent emission profile was observed
upon complexation of Zfi (b).* It is also noted that this sensor is responsive to zinc

and cadmium ions only.

15
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Figure 1.8 Zn(ll) responsive sensor prepared by McGirdeypl*
Functionalization of the lower rim of the calixarene has been expanded to prepare
calix[ 4] arene 06t ub e R@nes afeljoined by tkeir ivweerimg at wo
tail-to-tail arrangementyia a Schiff base linkage, or with another similar functional
group such as a hydrazide. Murray andaakers reported on the preparation of one
of these 6cal i)xwhaiebyansimineWas usgdo link an hldeyde and

amine functionalised calixarene togetfr.

Figure 1.9 Synthesis of calix[4]tub&

16
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1.2.5 Schiff base metal complexation

Schiff bases & often explded to create metal ion bindidigands, and as such are
regarded as good ligandBhe lone pair on the nitrogen atom is orientated in such a
manner as to allow it to donate into the metal ilonconjunction with the adjacent
oxygen atom insalicylaldehyde Schiff base derivatives, this donation resulthe
ability to coordinate aroal range of transition metalsAs a direct result of the
excellent metal binding characteristics which these ligands exhibit, numerous
examples of complexes have been prepared. A great number of these complexes have
found use as transition metal catalysts, which is discussed in seesrals,
Shibasaki and cworkers® and Guptaet al being notale exampled’ The meta
benzaldehyde angara-benzaldehyde Schiff base derivativascomparisorhave not

been sbjecedto exhaustive studybut there are some examples in the literatare.
metaderivative has been used by Herbett al. to form binuclear palladium

complexeg®4®

while Pal and ceworkers haveusedpara-analogues in combination
with cobalt(ll) chloride to enhance the enantioselectivity of lipaséliated alkylaon

of racemic secondary alcohdfs.

1.3 Triazole Chemistry

1.3.1 Overview

Ever sincehe seminal paper by Finn, Klamd Sharpless on click chemistry in 2681,
triazoles formed byCopper(l}catalysed Azie-Alkyne Cycloaddition (CUAAC)type
chemistry have been studied with increased intefidst. usefulness of this type of
reaction is dictated by two characteristics shared by both azides and alklyess.
functional group can equally be introduced into an organmolecule with relative
easeand just as importantlythey are quite stable under a variety of conditions.

17
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Because of this diversityriazole containing compounds have been used in a variety of
roles ranging from fluorescent metal ion sen¥ors biological enzyme inhibitor?

Due to the lone pair of electrons on the agEn atoms on the triazole ring and their
heterocyclic p-conjugated naturethee compoundshave been widely used for

coordinatiorto metalcentres™

1.3.2 CuAAC Triazole Synthesis

The Huigen 1,3dipolar cycloadditiorof alkynes and azides to yield2,3triazoles is

the premier examplef the clickreactiors which Sharplesslescribed The subsequent
discovery of the dramatieffect which coppe(l) catalysis had on theate of reaction

(an increase od factor of10") thrust this reaction into the limelight.A recent review

by Fokin highlights the broad scopéthis reactiorr® The synthesis of triazolesa the
CuAAC pathway can bearried at in a varietyof solvents both protic and aprotic.
Importantly, it is also unaffected by most inorganic and organic functional groups,

which negates the use of protecting groups.

With the notable exception of rutheniumvhich is exploited in the preparation of 1,3
disubstituted triazoles)copper is the only metal to stand out asreliable and
regioselective catalyst for the azidikyne cycloaddition.This unique catalytic
function which Cu(l) exhibits may be explathéy a combination of factors. Cu(l) is
able to react with terminal alkynéisrough boths andp interactionsand particularly
in aqueous conditionsrapid exchange of the alkyne and other ligandsthe

coordination sphere o€u(l) is possible

The reation can proceed with the use of ash@ny solvated source of Cuff)A
review of this reaction by Meldadt al. provides a comprehensive list of all sources

used at that poirit. This group proposes thanhe of the key factors whichas an

18
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influenceon this pathways the ability to keep the levef Cu(l) sufficiently high at all
times throughout the reaction peridt a consequenca# this, thein situreduction of
Cu(Il) with a large excess of a reducing ageas lecomeone of the preferred sources

of Cu(l). A result of havingthe reducing age in excesds that the reaction is less
susceptible to oxygerso these reactions can bermad out in open aiconditions
which further improvethe versatility of the reactiorCul, CuBr, and Cliare among

the most commdw utilized sources of coppehut the most widely used is S@; in

the presence of a reducing agedbdium ascorbate acts as the reducing agent in a

large proportion of the literatuf& and it is this partnership which is used in this thesis.

A stepwise mechanism for this reaction has been proposed by Himel>
(Mechanism 1.23). This stepwise mechanism is proposed on the basis of DFT
calculations, which indicate that the concerted mechathstroccurs for the thermal

dipolar cycloaddition of azides antkgnes is strongly disfavoured.

N +
NZ N —Ry NZN
| \ ©
3 ~— N—R,
\/ CuL, /
Ri R—=——Cul, 2
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N
— L Lo — |
R4 [CuPL] CuiL
Ri——=—I[Cu’L] R \/
1

i ety
[CuBL]
’ CuBLl

Mechanism 1.2 (A) Proposed catalytic cycfer the CUAAC reaction based on DFT

calculations(B) Introduction of second copper results in a lower energy batrier.

The mechanism is comprehensively reviewed by van Maarsetesri® It has been
proposed that this stepwise catalytic cyblegins with the formation of a Cu(l)
acetylide via g complexl1. Although experimental evidence suggests that the copper
acetylide complexedetermine the rate and success of the catalysis, remarkably little is
known about their exact natut®lt wasfound through kinetic studies that the rate of
the catalytic process is sew order in copper, however when the concentration of
copper increases, this results in the formation of less reactive metal aggteghies.
azide is then activated by coordination to copper to fmsmplex2. The possiblerole

of asecond opper atom caneébseen ir(B) and the introduction of this second copper
favourably influences the energetic profile of the reactiopugh a reduction in the
activation barrier by approximately@kcal mol*.>>** A strained copper metallacycle

3is formed by through thiérst C-N bondformation event

1.3.3 Triazole Derivatives

The literaturehas countlesexamples ofdisubstituted triazole$ or med by @A Cl|
Chemi st yclear thdt therei a8e two major derivatives which are repeatedly
mentioned the 1,4disubstituted and 1,8isubstitutedlH-1,2,3triazoles. The 1,4

disubstitured variant is commonly prepared by CuAA@hilst the 1,5disubstituted

20



Chapter 1. Introduction

derivative is more ®&n prepared using a rutiem catalyst (RUAACY? (Scheme

1.2).

Cp*RuCl(PPh;), H c=—C Ry Cu(I) catalyst
R —_—
/ N _— 2 - /

/ —N=—N'=—N- //

Scheme 1.2Catalyst for 1,4isubstituted triazolel] and 1,5disubstituted triazole2.

After extensive investigation undertaken by Foktral, [Cp*RuCl] compounds have
been found to be the most efficient and regioselective catalysts. This group found
through computational studies that the regioselectivity is determined by the oxidative
step. This is an irreversible oxidative coupling of azidd atkyne which gives a

ruthenacycle, this is followed by the ratetermining reductive eliminatiot.

Creary and cavorkersof the University of Notre Dameeported on a simple method

of distinguidiing between these &w triazole derivatives using*C NMR
spectroscopf’Us i ng a o6l ow techo ghisgreup deteennedu p | i 1
that the G signal of al,4-disubstitutedriazole will resonate a4120 ppm, the gof

the 1,5disubstituted triazole will resonate&t33ppm.

1.3.4 Calix[4]arene Triazoles

In recent years there has been an explosion in studies which functionalise
calix[4]arenes with triazole units, and this brief introduction will provide a taste of the
scope of these reactions. Modification of both the Uerd lover rims can be found

in the literature, and the vast majority of these reactions utagper(l}catalysed
Azide-Alkyne Cycloaldition (CUAAC) The triazole is generally formed through a

reaction between a calix[4]arene alkyne and an azide.
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In 2008 Kim and ceworkers developed a pyrenyl appended triazole linked
calix[4]arene, which was used as a fluorescent sensor fof &l Zrf* (Figure
1.10.%" This macrocycle was synthesised through the application of CuAARistry
between a 1;8istal dipropargyl calix[4]arene andnaazide pyrene derivative.
Fluorescent speascopic studies reveal that this sensor binds selectively forabd

Zn** ions. It was found that upon complexation of these metal ions that the monomer
emission increases while the excimer emission decréas&VIR studies which were
conducted upon G8 or Zrt* complexes of the sensamdicate that binding occurs

between the top of the triazole and the phenolic oxygens of the calixarene.

Figure 1.1Q Calix[4]arene based fluorescent sensor developed byeKat®’

Chunget al prepared a proximal derivative of this pyrenybapded calix[4]arene
(Figure 1.1).°® This sensor with a proximal substitution jatt had an emission
spectrum whibh was less intense than the -#ij8tal variant. Chung and aworkers
discovered that each of these senssplayedvery different responses to the addition

of Ag®. While for the 1,&distal sensor heightened fluorescenaswbserved in both

the monomer and excimer, the proximal sensor displayed a quenching of the excimer

and concurrent enhancement of monomer emission. Metal titrdtibnNMR
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spectroscopic studies deto a proposed mode of binding between® Amd the
macrocyle, which is similar to that seen betweerCand the sensor developed by
Park®” The 1,3di st al variant doesnét bind in t

contrasting effects upon compleixen.

=z

0 o HO/
~ /

N=—N

Figure 1.11 Proximal sensor prepared by Chung andvookers®®

Triazoles have also been exploited to link several calixarenes into multivalent

1% outlines the synthesis of two tris

structures. A reent review by Sameret a
calix[4]arenes which were prepared by Sant@mnzaleset al’®’* (Figure 1.12.
These compounds were produced in 5pietds; however no metal extraction studies

were carried out on these compounds.

9

Figure 1.12 Tris-calix[4]arenes prepared by Sante@onzales and cworkers®
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1.4 Isoxazde Chemistry

1.4.1 Overview

While much of 6click chemistryd found i
formation via CuAAC, the interest in the formatic
c h e mi s texkpgrignceokaponentialgrowth in the past decadésoxazoles are

class ofheterocytes which bear both oxygen anirogen atora.’® These heterocycles

have been used in a variety of rolesging fromscaffolds for achiral ligand3to
ionophores in chemosensdos both cations and aniod$ As is the case for triazole

rings due to the lone pairs of electrons on both the oxygen and nitrogen atoms and the
conjugatedp-bond nature of the hetargcle, isoxazoles have been widely utilized in

metal coordination complexé¥.In keeping with what was observed for triazple

metal catalyseé cycloaddition reactionallow for control of the regiochemisty of the
desired isoxazole. Use of a Cu(l) catalyst yield8,&disubstitutedisoxazole and
utilizing a Ru(ll) catalyst results in 8,4-disubstituted isoxazoléOnce again this is

very similar to what w&s seen fothe formation ofthe 1,2,3triazoles’® Interestingly
however, isoxazoles can be synthesised in the absence of acatetgbt through

)77

nitrile oxide-alkyne 1,3-dipolar cycloaddition (NOAC) " The material coved in this

thesis will concentratenly on this method of isoxazole formation.

1.4.2 NOAC Isoxazole Synthesis

A recent review by Heaney from NUI Maynooth illustrates the broad scope of
applications for this type of chemical reacti6mThere are many reasons why NOAC

is utilized in the preparation of isoxazoles. The formation of a dipole from oxime
substrates are easily prepared from a broad range of procedures, either bgrdirect

indirect oxidative methods. This dipole can also benfat from nitro precursors in the
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presence of aryl isocyanat&sThe NOAC reactionhas been observed experimentally
to be kinetically favoured when compared to similar azide cycloaddiffons.
Importantly, these reactions are regioselective, reactions between monosubstituted

alkynes and nitrile oxides results in the formation ofd@sgibstituted isoxazol&§.

The major obstacle of dipole instability, which can result in nitrile oxide dimeriZation
or nucleophile trappinff, can be circumvented by tlie situ generation of the dipole.
ChloramineT has been widely used in the generation of nitrile oxides from aldoxime
precursors;it has also been utilized in the transformation of hydrazones to nitrile
imines®® A key advantage whichesults from using chloramirg is its ability to be
used with both acid and basensitive substrates. Padmavathi andwookers
proposed a mechanism for ttrandormationof aldoxime to the nitrile oxiden 2003
(Mechanism 1.3 Although this is a reasonable mechanism for digfokenation,
there are a number dhctorswhich should be considered. Padmavatbserved that
the nitrile oxde which is initially generatecan undergo side reactions in the presence
of excess chloramin€&, thus providing undesired side produttRai et al. observed
that some compoungdsuch as vinyl sulfones, are not inert to thedising power of
chloramineT, however, a solution has been proposed taluat this problem This
requires the oxime tobe exposed tahe chloroamind prior to the addition of the

dipolarophile®*

e

R o—H . R ° e
>:N5S s N/ >:NSS Ne H
H \CI H Ts—N/
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Mechanism 1.3:Mechanism of nitrile oxide formaticinom oxime by chloramingd .®
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This nitrile oxide dipole then reacts with a dipolarophile, propargyl modified retést
are commonly employed in this rol€he use of terminal alkynes allows for selective
formation of 3,5disubstitutedisoxazoles, which can be distinguished from the 3,4
variant by their'H NMR spectrd™ The reaction mechanism follows a typicgB-
dipolar cycloaddition (Mechanism 1.4{0 yield the desired isoxazole. These reactions

typically are performed as a one pot synthesis.

R
R —
_—
)
o S
O——N—— R R

Mechanism 1.4:General mechanism fdr,3-dipolarcycloaddition.

1.4.3 Isoxazole Derivatives

As is the case with triazoles, isoxazoles are generally prepared as one of two major
regioisomers, th8,5-disubstitutedand 3,4disubstituted isoxazoles (Figure 1 1Both

the 3,5-disubstituted’ and 3,4disubstituteff variants have been prepared selectively

(a) (b)

Figure 1.13 3,5disubstituteda) and 3,4 disubstituted isoxazol@s.
FurthermoreKaiser and cavorkers reported that the selectivity for the two variants is
highly temperature dependekithen they performed the reaction at room temperature
they yielded the 3:dlisubstitutedisomerin a 47 % yield. Elevation of the reaction
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temperature to 60C yields the3,5-disubstitutedoroductin a 45 % vyield and 20 % of
the previously product isomer. This group also discovered that they could convert the

3,4 isomer to the 3,5 product by heatintpiB0°C for 92 h®®

NOH
| NCS, pyridine
! EtN, 60 °C
—_—
45 %

\Q

Scheme 1.3Kinetic and thermodynamic products reported by Kdi%er.

1.4.4 Calix[4]arene Isoxazoles

While triazoles have been widely exploited in calixarene chemistry, the application of
isoxazoles has been comparatively limited. The isoxazole moiety can act as an efficient
metal ion binding siteand as a result of this efforts have been made to prepare
fluorescent chemosensors which contain isoxazoles. Isoxazole modification of

calixareneshas been achieved at both the uppand lower rims.

Senthilvelan and cworkers reported the synthesis of raphthaleneisoxazole
modified cdix[4]arene in 2009 (Figure 1.B% with conjugation between the
isoxazole and the naphthalene moieties. This group reports that the macrocyclic
molecule displayed a weak monomer and strong extcamission when examined by
fluorescent emission spectroscopy. Ten metal perchlorate salts were added to an

acetonitrile solution of the molecule. However, only?Ceaused any dramatic
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quenching of the excimeemission. Following analysis othese fluorescence
experimentsthe binding was determined to be a 1:1 complex wikh, af 2080 M*.
Further work by this group modified this ligand to include-aminca,b-unsaturated
ketone instead of an isoxaeo(Figure 1.18). In contrast to the @xazole modified
derivaive, complexation of Cti leads to an enhancement of the fluorescent emission

profile.

(@) (b)

Figure 1.14: Fluorescent sensors basedcatix[4]arene prepared by Senthilvelainal®®

Isoxazole chemistry has also been utilised by &sal to prepare arsoxazolylanthryl
linked dicalixarene(Figure 1.1%).2° Tsai prepared this compounif two synthetic
routes. In principle the product couldbe prepared by a quadruple cycloaddition
reaction between &is-propargyl calix[4]arene and the anthracdis-carbonitrile
oxide. However, purification of this reaction proved to be difficult elsgncolumn
chromatography. ThuBsai and cewvorkers devised a twstep reaction which initially
prepares anono bridged precursor followed by a second cycloaddition tr@ado

prepare the desirdals-bridged product.

Due to the presence of the anthracene fluorophore in the strusimadlecule was
screened for fluorescent emission. A range of aromatic and alkyl diamine guests were

introduced to the host macrocycle all of which resulted in little to no change in the
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emission profile. Dramatic quenching was observed upon titrafiomethyl viologen
(Figure 1.18). More recentlythis group has explored the ability of these dicalixarenes

to undergo selissembly into supramolecular organog®@ls.

Figure 1.15: Dicalixarene prepared by Tsai andworkers®®

N/ NV
_/ \ /"

2CI

Figure 1.1%: Methyl viologen.
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1.5 Fluorescence

1.5.1 Overview

As this thesis deals with thpreparation ofluorescent metal ion sensawhich contain
either pyrene oanthraene fluorescent reporter unithe materials ogered in this
introduction will deal primarily with the fluorescence properties of pyrene and
anthracene containing moleculé3uorescencepectroscopy is an area of chemistry
which encompasses a broad spectaironcepts, and as such thisgisewill focus on

methods which have been applied in this project.

Stokes observed that when a fluorescent molecule absorbs UV light, the light emitted
is of lower energy (wavelengthThis difference in energy is known as the Stokes
shift. As a resultfluorescencewnhich is a natural phenomenaran bedefined as the
emission of a photon from an electronic excited stata ofiolecule with a lower
energythan the wavelength at which the photon was absdftEde Stokes shift can

be explainedy the FranckCondon principleThis states thadan electronic transition

is most likely to occur without changes iretpositions of the nuclei in the molecular
entity and its environme@® The resultant state is known as ffranck Condonstate,

and the transition is known asvartical transiton A direct result of the higher energy
potential of the excited stais that the vertical transition for the lowest vibrational
energy level of ground stateg, * I nt er sects t heenegydevel ed s
(Figure 1.16. Through norradiative decay tahe lowest vibrational energy level of

t he e x cipttedxcied dett®n lasés energlhe transition of the electron

f r ogt 03,'@poiht where its vertical transition intersects the ground state potential
energy curve, results in emissiof the photon. Nomadiative decay returns the

el ectron to the | owg(Bigure ¢©.1¢bTheoenargy diffeereree gy |
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between theabsorption(3 ¢ to 3,) andthe emission3y'to 3 ;) is the reasomwhy a

Stokes shift occurs.

Vn
E,

Energy

V'(]

Absorption
[ Non-radiative decay
I Emission

Figure 1.16:Vibrational level transitions of an electron for both absorption and emission

processes.
Fluorescence typically hasery short liféimes in the order of less than 10
nanosecondsThis is the time between exditan of the electron by absorption and
emission on its return to the ground stafbe short lifetime isa major difference
which distinguishes fluorescence from the otheluminescent phenomenon,
phosphorescence?hosphorescenchas a much longer lifetimén comparison to

fluorescence andcan have extended lifetimes which can be in excess of one

millisecond®?

J— T2
. 7y g _—
=_c A < sc =
A fr—

= S Tﬁ‘T's =
—— [ABSORPTION] [FLUORESCENCE] \PHOSPHORESLENCHE
= —

3 |

$ : :

S, X A 4 L 4 y S,

Figure 1.17:Jablonski diagram which shows all the possible transitions between electronic
states. S = singlet state, T = triplet statejritérnal conversion and ISi@tersystem
crossing’
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For the process of fluoresoee a molecule absorbs a photornisTis required as
thermal factors cannot provide enough energy to effect an electronic transition. The
energy from this photon is absorbed by a single electron, this electron undergoes an
electronic tansition from the gsinglet ground state the S; singlet excited stat&his
excited electrom, with a spin of +1/2 (&= +1/2), is spin paired with a corresponding
electron in the gund state orbitad* (Sa* = -1/2). This is a singlesinglet transibn

and is spin allowed following the M = 2S Hdrmula (DS = 0. To return to this more
stable ground statéhe electron must lose energy, and it cantlids by a number of
processes,such as luminescence (emission of light) or through -radrative
transitions {ransference of energy the surrounding solventibrations, rotations)if

the electron loses the excess energy through the emission of a,phaicgscence

occurs®

Phosphorescengeontrastingly involves a spin forbidden triplet transitioBS i 0).

As with the previously discussed fluorescence pro@dssorption occurs in the same
fashion. In this procesthe ekctron undergoes a change of spia £S+1/2 to-1/2) to

the triplet excited state;Twhich is slightly lowerin energythan the singlet excited

state $. Thelower energyof this excited statée s a r es ul t CowdrsioMu n d 6 <
from the S to the T, state throughntersystem crossing becomes possible due to spin

orbit coupling.A consequence of this is that the wavefunction of the singlet state

always contains a small but not insignificant fraction of a triplet wavefunction.

1.5.2 Monomer & Excimer Emission

All fluorescent compoundeavea monomer emission, but anatic fluorophores can
also exhibit an excimer emission profiEexcimers are dimers which are in an excited

state, the name is a contractionexfated and dner. An excimer is formed by the
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collision between identical excited and unexcited molecUlee excitation energis
delocalised over the two moietiewhich is denoted by the (MM)n the equation
below. The formation of these excimers is a diffusion controlled process, and thusly

the phobphysical effects are detected at relatively high eatrationof the specie
M+ Mt Y(MM)

Many aromatic hydrocarbons such as pyrene, naphthalene or anthr@e known to
form excimers. The peak emission wavelenbtil’ for the excimer is at a high

wavelength than that of the monoméhis can be een clearly from the graphical
representationof generic emission bandg¢Figure 1.Ba), and also from the

experimental recordespectrum of pyrene (Figure 1.18b

20 =

o
1

— *
N e
M)+ (M) — [\-\5

N
thIlh Vo lh v,

)

Relative quontum intensity

monomer excimer
band band
I L Il
5
IM E
L I 1
400 430 500
h Wavelength (nm)
() (b)

Figure 1.18:(a) Generic monomer and excimer emission bgb)i§luorescence Emission

spectrum of pyrene recorded by Bérand Christophorou in cyclohexafie.
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In 1963 Birks and Christophoroteported on the effe¢hat concentration has on the
monomer and excimer excitations. They fotinat the relative fluorescent intensity of
the monomer stays constant, however, the intensity of the excimer band increases with

increasingconcentration (Figure 1.188°

Thesefeatures of the excimercan be explainethroughthe use of energgurfaces
(Figure 1.19), the lowesmoothcurve represents the repulsive energy between two
ground state molecules. The uppmerve is representative of two molecylese of
which is in the excited state. A minimum whicbresponds tdormationof excimer
emissionis observedvhen two aromatic rings are facing each other at a distance of
a3-4 A. For pyrene this distance has beeund to be3.37 A, and the stabilisation

energy offH for the excimer has been determined experimentally &57BekJmol ™.

M* + M

A Jl
Excimer L —
AH

Energy

Figure 1.19:Energy sirface diagram for formatioof the excimer?

Excimer formation is seen for most calixarene based fluorescent compahisds
due tothe vast majority of these being based on 1,3 distal disubstituted calixarenes. A
review of calixarenalerived fluorescent probes by Kim and Quategscribes the

synthesis and fluorescent properties of a broad range of these modified caliXarenes.
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Jin et al developed one of the firstalix[4]arene derivatives to show excimer
formation (Figure 1.20). They found that this sensor showed good selectivity for the
Na' ion in MeOH/THF (Figure 1.20a§° The fluorescent spectrum of this derivative
shows a dual emission with the excimer and monomer bands at 480 nm and 390 nm
respetively. Upon addition of increasing amounts of 'Nhis group observed that as

the excimer emission band was quenched the monomer band was enhanced.

—-d

001

504

Relative fluorescence intensity

0
350

600

()

Figure 1.20: (a) Fluorescenemission spectrum of th@alix[4]arene deeloped ly Jin and ce
workersin the presence of increasing concentrations 6f (¥ Structure of the calixarene

derivative®

1.5.3 Quenchingand Stern-Volmer relationship

Quenching issimply any process which decreases the fluoresceneasity, and so
can resultfrom a variety of processed he majority of these processesuch as
concentration changes, light scattering or photobleaching, are not of interest
experimentally. The quenching processes which are experimentally interesting are
dynamic quenchingstatic quenchingand resonance energy transfefhe materials

covaed in this thesis will primarily deal witthynamicandstaticquenching.
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Dynamic Quenchingrequires contact between the quencher (Q) and the fluorophore,
which arise from random collisionakvents(Figure 1.21).The dynamic quenching

agent(quencher) provides a noadiative route for loss of the excited state energy.

excited state

A \
Absorpation Q
Fluorescence Dynamic Quenching
Q

ground state
Figure 1.21:Mechanism of dynamic quenching, Q denotes quencher (usually metal ion).

This mode of quenching exhibits a concentration depeed@hich is described by the

Stern Volmer equation.

%0 0 'rQ_l_ 4 . oW
% O P v P vy

Wherel, andl are the intensity of the unquenched and quenched fluorescent emission
spectra respectivelygnd £, is the life time of the fluorescent statetire absencef a

guencherwhent, is known the value fok, can be calculated.

Static quenchingcan occur through two processés) sphere of effective quenching

or through th€b) formation of a noffluorescent complex (Figure 1.22).

I,’ s\\ / ! K @
1 1}
N @ ) ] @ '—— Radius of quenching sphere
y ' ( :j ) “ !
A “ 'I
Static
Quenching quenched emission  unaffected emission

&;

F+Q =— FQ

Figure 1.22:Forms of static quenchin@) Sphere of effective quenching afij ground state

non-fluorescent complex formation.
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Perrin proposed a model of quenchingend neither the fluorophore (F) or the
quencher (Q) can change positions relative to each other in the excited staté Qf F

is located with the effective quenching sphiira surrounds the fluorophowéhich is

of volumeV, the quenching is assumedide completgFigure 1.2202If it lies outside

this sphere it will have neffect on the emission profilet ¢an be explained by the
following equation, wher®y is the volume of the ganching spheréd\ai s Avogadr o

number and [Q] is quencher concentration.

0 )
0 Aes 0

This mode of quenching applies to rigid matrices or viscous meldia.type ofstatic

guenchingis unlikely to be applicable, becaus# fluorescent expementsin this

projectwereperformed in the liquid phase.

The formation of a ground state 1:1 Aiturescent complex can be expressed by the
equilibrium seen in Figure 1.22. In contrastdygnamic quenchinghe excited state
lifetime of the uncomplexed fluorophoreig-unaffected The fluorescence intensity
found to decreaseipon addition of QThe stability ofthis complex is given by the

following equation.

C

0
0

CA

The total concentration of B given by[F] o = [F] + [FQ] . From this the fraction of

uncomplexed fluorophores can be determined.

C
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Due to fluorescence intensities being inversely proportional to concentration this is

rewritten as

0 o
TO P L U
A plot of /1 for this type of quenching will follow a linear Stexfolmer like line. If

the type of quenching is unknown the equation is rewritten as
0 o
- v U
0 P

WhereKsy is the Stern Volmer constant which is equal to the slop&eolihe, this
leads to asimple determination of the association const&atKs,). However, it is

not so simple when more than one quenching praxess's concurrently

Combined static and dynamic quenchingoccurs in many instances with quenching
occurring through both randoowollisions and through complex formatiorhis results

in a deviation from linearity to an upward concave cyiMgure 1.23) For this plot
the fraction of fluorescence which remaiQél,) is found from the portion not

complexedf) and the fraction wich is unquenched by collision encount&rs.

f 1 is equal tol+ KJQ] so inversion of this equation givem equation which is

second order with respect[@Q], this explainghe upward curve of this plot.

0 o
o P U 0 p U
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collisional process formation of a non-fluorescent complex
l, @y = ly Dy
00,70 . - s

T _‘“ =1+K, 1Q] BT 1+K.[Q)

STERN-VOLMER K;~=k, 1,

¥ e K1) LX) w3y
n>0Q a0
1 1
cidesd e Q
0 2 1 ¢

.{5:(11K,,JQ])[1#K,[OD

@ o 1 1a]

(a) (b) (c)

Figure 1.23:Summary of quenchi ngvoprmeoddDBmbaiad t hei

quenchingb) Static quenching complex formati¢c) combined quenchin®

1.5.4 Binding constant determination

| f thevod mtee®n t y p eKspWwhimh is thesslode iofnthe dirés the
binding constant for the system. This is an efficient and simple method of determining
this value from the fluorescenceesral data obtained, and it hlagen exploited by
numerous group¥.” However, this method is not useful if more than one type of

guenching occurs.

In 1988 Valeur et al. developed three methodisr the determination of the stability
constantKs which is equal toK, from fluorescent spectral dat®. These methods
enable the determination of the binding constdgtwhen the StermVolmer plot

deviates from linearity, and have been employed by a number of dfodfss.

I° is the peak fluorescence for the free ligand spectruml@iidis the maximum
fluorescent emission observadthe presence of the quench&he concentration of

the metal and ligand are givey [M] and [L].

Method One:
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In this method the ratio ofi I°) / (IF"?¥ If) is plotted against the metal concentration
[M], and the stability constarks is obtained from the slope of the line. A major
drawback of thismethod is the requirement to determip€®. This is difficult to

determine with a high degree of accuracy at high concentrations of metal ions.

Method Two:

0 '
O U

o
d
S S

This method is used when the determinatiohe8%* proves to be problematt&® K is
determined from the intercept of a plot of(It%1)]/[M] againstl%Ir. Due to the
emphasis that this method places on the error for the points clgSeitds unsuitable

for weak variations in the fluorescence inigns
Method Three:

O ) p
O O w ® v D

For this method!°/(1¢-1£°) is plotted against 1/[M] anthe stability constanks is
determined from the ratio afitercept to slope. This third method was employed in the
work of this project todetermine the binding constants for the fluorescent sensors

prepared.

155 Jobdébs Method (Method of Continuous Val

The stoichiometry of a compl ex hadaoh be
continuous varigon. For a complex HGg which is formed according to the following

equilibrium
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O QG 000Q

The principle behind this method is that the fluorescentmnsity is measured for a
series of solutions which contains the host and guest, within which tdied
concentrations of host and guest is kept consfdrg.mole fraction [X] ofthe host is

given by the following equation.

O O O 0 6¢¢i oweod

where [H] = host concentration and [G] = guest concentration

w OF 0 O

The difference in the fluorescence intensity of the Rgstnd the host in the presence
of guestF is found for each solution and for curve fitting tiiB is multiplied by the
mole fraction[X]

IO ® @O0 O

This OF*[X] is plotted versugX] to give the Job plot. The stoichiometry of the
compkex can be determindaly observing at what mole fraction the maximum change

in fluorescence occurs.

1.5.6 Classes ofluoroionophores

Three major classes of fluorescent molecular sensors have ibeptfified. A

schematicummary of these is shown in Figure 1.24.

Class 1:This class of fluorophore undergoes quenching after collision with an analyte

such as @
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Class 2:A class of fluorophore which can reversibly bind an analyte, depending on the
nature of the angle these are classed as a fluorescent pH indicator or a fluorescent

chelating agent, for a proton or an ion respectively.

Class 3:This class contains two moieties with different functions. The fluorophore
which acts ashe reported unit is linked to aceptorfor the analyteeithervia a spacer

of directly. Supramolecular chemistry usiss class okensors extensivelensors of

this class are designed with selectivity and affinity in mind, which enables usage as
selective ion senssrand as such arknown asionophores When a fluorophore is

incorporated into a system with an ionophore it is known as a fluoroionophore.

Class 2 and class 3 sensors can function either by Chelation Enhancement of
Fluorescence GEF) or by Chelation Enhancement @uenching CEQ).”? The

sensors which are prepared in this thesisCéaies 3 CEQtype sensors.

Class 1: T :
Fluorophore (ON) | ———— ! Fluorophore (OFF) :
Fluorophore (ON) > Fluoropi1-(;re (OFF) : CEQ
Class 2:

or

©

Fluoropil-(;re (OFF) > Fluorophore (ON) CEF

H |-
Fluorophore (ON) Receptor
T l CEF

i Fluorophore (OFF) Receptor
- 9

Receptor

Fluorophore (ON) Receptor

o]
=
S
=
S
=]
=
o
=
(]
PS
=]
=
|
<
|
"
B
a8
o
=
s
O)
1
=3
5
1
B

Figure 1.24: Schematic of three major classes of fluoressensors?
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1.5.7 Aims of thesis

The overarching goal of this project was the expansion of the coordination
calix[4]arene ligands, with a view to potentrales as fluorescemmhemosensord his
apprach encapsulated three brancHashiff-bases, triazoles and isoxazol€he first

part of this project explored the synthesis of six novel Stiaiffe capped calixarenes
through a compartmentalisation method, and the subsequent attempted metal
complexation reactions. The binding characteristics of these ligands with cobalt(ll),
copper(ll)y mercury(ll), nickelll) and zinc(ll) were compared to that of the model
Salentype ligand metal complexes. These ligands were screened for examination of

their fluorescent emission spectra.

Continuing on this theme, an investigation into the synthesis of a range of triazole
linked aldehyde calix[4]arenes, and triazole linked Sdbakes capped calix[4]arenes
wererun in tandemOnce again the compartmentalisat method was employed. It

was intended that this would introduce unusual or multiple metal binding sites into the
structure. Preliminary fluorescent emission spectroscopic studies were performed on
the ligands from this investigatiorto establish their wstability as fluorescent

chemosensors.

The final approach in this project utilized isoxazole linked pyrene and anthracene
calixarenes to prepare fluoroionophores. These ligands were screened for their
fluorescent behaviourand the affe¢tif any, a range of metal perchiate salts,
cadmium(ll), cobaltl), copper(ll), iron(ll), lead(ll), nickel(ll) and zinc(ll) had on the
emission spectrum. The stoichiometry and kinetics of the binding with copper(ll) was
scrutinised Finally, a parallel*H NMR spectroscopicand computationahvestigation

of themode ofbinding was undertaken.
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2.1 Instrumentation

Reactants and reagents were supplied by Alfa Adgaollo or Sigma Aldrich and
were used as receivesdithout further purification HPLC grade solvents were used

and, where needed, dried aoting to standard procedures.

'H and™*C NMR spectra were recorded on a Bruker Avance 300MHz spectrometer at
a probetemperature of 25°Cising saturated CDglsolutions with MgSi unless
otherwise statedH NMR and**C NMR spectra were run at 300 MHz and 75 MHz

respectively.

For metal titration NMR analysi$H NMR spectra were recorded on a Bruker Avance
Il 500MHz spectrometewith a 25°C probe temperature using a {CN:CDCk (3:1)

mixture at Institute of Technology Tallaght Dublin.

Infrared spectra (chh) were recorded as KBr discs or liquid films between NaCl plates

using a Perkin EImer system 2000-F spectropbtometer.

UV-vis spectra were recorded solutions with HPLC grade solvenisjng a Uncam
UV-Visible 540 spectrometan the stated regiond he results were analysed using

Vision software V3.40.

Melting point analyses were carried out using a Ste®arentific SMP 1 melting

point apparatus and are uncorrected.

Mass spectrometry was carried out on a LC/A& model 6210 Tim®f-Flight
LC/MS with an electrospray source positive and negative (Exl¢apillary 3500 V,
nebuliser spray 30 psig, drying gas 5 L/min and source temperaturéC3Zbhe
fragmentor was used at 175 V. The LC was run on a 1200 series model and injection
vol umes wer e Thecpluma askdwas ah BgilentlEclipse XBIDL8. A
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diameter of micron was employed. The mobile phase constituted A (acetonitrile with
0.1 % formic acid) and B (0.1 % aqueous formic acid) with a gradient of 5 % A to 100

% at a flow rate of 0.5 mL/min over 15 minutes.

Microanalysis was carried oat the National Universy of Ireland Maynooth, using a
Thermo Finnigan Elementary Analyzer Flash EA 11TIBe results of which were

analysediusingthe Eager 300 software.

Fluorescence studies were performed usaglasco FB300 spetrofluorometer at

NUI Maynooth, and the results were analysed using the Spectra Manager 1.0 software
supplied. All fluorescence studies were carried out in emission mode, with an
excitation bandwidth of .8 nm and emission bandwidth @5 nm unless otherwise
stated All fluorescenceexperiments were carried out as acetonitrile solutions unless

otherwise stated.
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2.2 Synthesis of Calix[4]areneSchiff basederivativesand their metal

complexes

2.2.1 5,11,17,23,29,35,41,4dcta-tert-butyl -49,50,51,52,53,54,55,5écta-

hydroxycalix[8]arene: (1)'**

“/‘\\\\\\

X

SN

- OH 8

tert-Butylphenol (112 g, 720 mmol), paraformaldehyde (36 g, 1200 mmol) along with
10M KOH (1.8 mL) in xylene (600 mLwere placed in a 2 roundbottomed flak,

fitted with a DearStark apparatusThis mixture was refluxed fot h with efficient
stirring. After cooling a precipitatéormedwhich was collected by Ifration, washed

with toluene, diethyl ether, acetone and wateX (200 mL). The pecipitate was then

dried in an oveffior seven days to givkeas a white solid

Yield: 69.7g, 60%. m.p: > 300°C (lit: 411-412°C).}** ¢, (CDCL): 1.28 (72H, si-

Bu), 3.48 (8H, br dAr-CHz-Ar, J = 13.0 Hz), 4.39 (8H, br dAr-CHx-Ar, J = 13.0
Hz), 7.17 (16H, s, Ad), 9.63 (8H, s, ®l). lic (CDCL): 31.4, 32.3, 34.0, 125.5, 128.7,
144. 7, mad@&Br): B409, 3235, 2956, 1487, 1451, 1393, 1362, 1291, 1249,

1204, 1117, 875, 816, 784, 728'¢m

2.2.2 5,11,17,23Tetra-tert-butyl-25,26,27, 2&etrahydroxy -calix[4]arene: (2)'**
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A slurry of 1 (32 g, 24.65 mmolyand 10M NaOH (1.0mL) and diphenyl ether (400
mL) wasplaced in a 2 round bottomed flask equipped with a Destark wate trap.
The mixture was hetad to refluxfor 1.5 h with mechanical stirringAfter reflux a
black liquid had formed. fis liquid was left to cool to 80C 1 100 °C at which point
it was treated with ethylcatate (400nL). This gave a whitsolid; whichwas washe
with consecutive portions of toluene, ether, acetone, atdrwyl00mL of each and

placed in the oveto dry for five daysto yield a whitesolid 2).

Yield 16.9g, 40%. m.p: >300°C (lit: 344-346°C).*%* Uiy (CDCly): 1.21 (36H, st-Bu),

3.50 (4H, br dAr-CHp-Ar, J = 12.4 Hz), 4.26 (4H, br dAr-CH,-Ar, J = 12.4 Hz),
7.04 (8H, s, AH), 10.34(8H, s, QH) .c (QDCl): 31.4, 32.6, 34.0, 125.9, 127.7,
144. 4, mal(KBB). 3167, 2960, 2905, 2868, 1482, 1392, 1362, 1201, 871, 818,

782, 710, 675, 592 crh

2.2.3 5,11,17,23Tetra-tert-butyl-25,27 dihydroxy-26,28bis(2-
105

bromoethoxy)calix[4]arene (3)

Compound2 (2.5 g, 3.85 mmol) angotassium carbonate (1.@6 7.7 mmol) were
dissolved in aetonitrile 00 mL) in a round bottomed flask. This mixture was stirred
for 1 h, at which pointl,2-dibromoethane (14.4@, 77 mmol) was added dropwise.
The mixture was theheated to reflux for 48 hours with vigorous stirriiigpe reaction
was then cooled to room temp and left to stir for 12 hours.ifdrganicsalts formed

were filtered offand the filtrate wathen concentrated under vacuunyield a yellov
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solid. This stid wasdissolvedin a CHCE/EtOH mix (1:1). A powdery white solidJ)

was precipitated after a day.

Yield: 2.65g, 80 %. m.p: > 260 T (Lit. 278-280 °C)'% Anal. Calc. forCsgHeBr,O4:

C, 66.82; H, 7.24%; Found C, 66.50; H, 7.8%. d (CDCL): 0.95(18H, s, t-Bu), 1.29

(18H, s,t-Bu), 3.31 (4H, d, AtCH2-Ar, J = 13.2 Hz), 3.824H, t, BFCH,, J = 6.6 Hz),
4.284.33(8H, m, OCH,, Ar-CHx-Ar), 6.79 (4H, s, AH), 6.99(2H, s, AFOH), 7.06

(4H, s, ArH). Uc (CDCI3): 29.4 30.9, 31.633.0, 75.5, 125.1, 125.632.7 142, 147,

149, 151.3max (KBr): 3450, 2960, 2905, 2866626, 1598, 1484, 1453414, 1392

1373, 1362, 1301, 1270, 1238, 1195, 1176, 1124, 1100, 1068, 1007, 947, 873, 821,

635cm™.

2.2.4 5,11,17,23T etra-tert-butyl-25,27 dihydroxy -26,28bis(2-
106

bromopropoxy)calix[4]arene: (4)

Compound2 (5 g, 7.7 mmol) and potassium carbonael? g, 15.4 mmol) were
dissolved inMeCN (200mL) in a500mL round bdtomed flask and stirred for 1 hat
which point 1,3 dibromopropane (31.09, 154 mmol)was added dropwise. The
mixture was then heated to refltor 67 h with vigorous stirring. This was then cooled
for a 1 hperiod.The inorganic salts formed wefitered off, and the filtrate was then
concentrated under vacuum to yield a yellow. oifhis solid wasdissolved in a

CHCIy/EtOH mix (1:1). A powdery white solid| was precipitated after two days.
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Yield: 4.5 g 65 %. m.p: > 260 °C(Lit 288-290 °C)'% Anal. Calc. forCsgHeeBr20s:

C, 67.41; H, 7.47; N, 0 %; Found C, 71.08; H, 7.78; N, 0.04d94CDCl): 1.22

(18H, s, t-Bu), 1.27 (18H, st-Bu), 2.51 (4H,appq, CH-CH»-CHy, J = 12 Hz), 3.32

(4H, d, AFCH,-Ar, J= 12.9 Hz), 3.95 (4H, t, BEH,, J = 6.9 Hz), 4.09 (4H, t, @Hj,

J=5.4 Hz), 4.24 (4H, d, AEH-Ar, J = 12.9 Hz), 6.87 (4H, s, AiH), 7.05 (4H, s, Ar

H), 7.63 (2H, s, AIOH). tic (CDCI3): 30.3, 31.1, 31.7 31.9, 33.5, 34.0, 73.3, 125.2,
125.7, 127.5, 132.7, 141.7, 145.6, 147.2, 1482 (KBr): 3408, 3044, 2954, 2902,
2866, 1598, 1485, 1435, 1414, 1392, 1380, 1362, 1334, 1302, 1284, 1255, 1239, 1201,

1172, 1123, 1098, 1023, 977, 927, 873, 780, 759, 634¢r563

2.2.5 5,11,17,23T etra-tert-butyl-25,27 dihydroxy -26,28bis(2-
107

bromobutoxy)calix[4]arene: (5)

A mixture of potassium carbonat&.91 g, 13.8 mmgland compound2 (3 g, 4.62
mmol ) were dissolved in 26mL of MeCN in a 500mL round bottom flask, aftet h
of stirring at room temperaturé,4 dibromobutanel@.95 g, 9.24 mmdlwas added
dropwise. The resulting mixte was refluxed fof72 h and then cooled to room
temperature. The insoluble salts were filtered off aedittrate reduced to dryness,
yellow solid formed. This solid was taken up in hot CH@hd a white pptformed

upon addition of EtOH5 was collected by filtration and washed with cold EtOH.

Yield: 1.25 g, 30 %. m.p.: 250 -258 °C (Lit. 204-206 °C)'°®® Anal. Calc. for
CsoH70Br204: C, 67.97; H, 7.68; N, 0%; Found C, 65.4; H, 7.52; N, @&o(CDCly):
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1.02 (L8H, s,t-Bu), 1.35 (L8H, s,t-Bu), 2.19 (4H,appq, O-CH,-CH,, J= 6 Hz), 2.34 (

4H, appq, CH,-CH,-Br, J = 6.6 Hz), 3.354H, d, ArCH»-Ar, J=13.2 Hz) 3.67 (4H, t,
CH»-Br, J = 6.6 Hz), 4.04 (4H, t, @H,, J = 6 Hz), 4.27 (4H, d, ACH.-Ar, J =
12.9Hz) 6.86@H, s, AFH), 7.11@H, s, ArH), 7.47@H, s, ArOH). Uc (CDCI3): 28.4,

29.6, 31.1, 31.7, 32.5, 33.8, 34.1, 75.2, 124.8, 125.6, 127.8, 132.5, 141.5, 146.9, 149.7,
151.5 3max (KBr): 3400, 2961, 2905, 2866, 1598, 1485, 1443, 1391, 1384, 1362, 1332,

1300, 1241, 1200, 1123, 1037, 998, 9945, 928, 872, 63dm™".

2.2.6 44'-((Ethane-1,2-diylbis(azanylylidene))bis(methanylylidene))diphenal
(6)108

In a 100mL round bottom flask 4Hydroxybenzaldehyde (1 g, 8.18mol) was
dissolved in ethanol (56L), to this solution ethylenediamine (0.246 g, 4.09 mmol)
was added ovet hdropwise.The resulting solution was heated to 120°C and kept at
this temperature for 1 h i stirring. This was then cooletb roan temperature and

placed inanice bath 6 precipitated out of solutioas yellow crystals

Yield: 0.682 g, 6%. m.p.: 220- 222 °G (Lit 220 °C)!*® Anal. Calc. for GgH1gN2Ox:
C, 71.62; H, 6.01; N, 10.44 %; Found C, 66.75; H, 6.19; N, 9.38,%DMSO): 3.76
(4H, s, NCH,), 6.77 (4H, d, AH, J = 8.5 H2, 7.51 (4H, d Ar-H, J = 8.6 Hz), 8.17
(2H, s HC=N). lic (DMSO): 61.3 115.4 127.6, 129.7, 159.8, 161 &nax (KBr): 3471,
2892, 2682, 1639, 1606, 1584, 1516, 1456, 1437, 11341, 1287, 1259, 1181, 1163,

1034, 981, 826m™.
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2.2.7 p-Schiff Base linkedpropoxy calix[4]arene (7)

A mixture of6 (81.13 ng, 030 mmol) and potassium carbong8¥ mg, 075 mmol) in
MeCN (100mL) was stired at room temperature for 1Ho this stirring mixtured
(270 mg, 0.30mmol) in MeCN (100 mL)was added, and heated to reflux for 24 h,
followed by cooling to room temperaturgnorganic saltsverefiltered, and tle filtrate
reduced to drynesshis residue was taken up ahot EtOH/CHC} mix. A white

crystalline solid7) precipitated out of solution.

Yield: 225 mg, 746. m.p.: >260°C. Anal. Calc. forCgsHs0N2Os: C, 79.48; H, 8.08; N,
2.81%; Found C, 72.02; H, 7.42; N, 2.32. d; (CDCl): 1.01 (8H, s,t-Bu), 1.27
(18H, s,t-Bu), 2.31 @H, m, CH-CH,-CH,), 3.33 @H, d, ArCH,-Ar, J = 12.57 Hz),
3.77 @H, s, C=NCH,), 4.064.11 @H, mCH,), 4.194.28 8H, m, ArCHx-Ar, O-
CH,), 6.82 @H, d, ArH, J = 9 Hz),6.87 @H, s,Ar-H), 7.05 @H, s, ArH), 7.53 @H,

d, Ar-H, J= 8.7 Hz), 7.822H, s, AFOH), 8.04 (2H, SHC=N). lic (CDCly): 29.8 31.0,
31.7, 34.0, 64.7, 114.4, 125.1, 125.6, 12932.0, 132.8, 141.6, 147.1, 149.4, 150.9
160.7, 161.7 3max (KBr): 3411, 2959, 2905, 2870, 1644, 1606, 1578, 1511, 1485,

1362, 1305, 242, 1165, 1124, 1053, 871, 8&1™.
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2.2.8 Metal Complexes of Ligand 7

2.2.8.1 Attempted synthesis ofComplex Zn(7)ClO,),

Compound? (10 mg, 0.01 mmol) was dissolved in CHG2 mL), to this zinc(l)
perchloratg9.3 mg, 0.025 mmol) in MeOH (5 mL) was added. The resulting mixture
was stirred at room temperature for 4 h. A white ppt. formed, this was filtered and the
filtrate reduced todrynessto yield a pale yellow solid, which was the aldehyde

product.

CrudeYield: 5 mg, 40 %. m.p.: 154160 °C. d; (CDCl): 0.99 (18H, st-Bu), 1.27
(18H, s,t-Bu), 2.32 (4H, m, ChCH,-CH,), 3.30 (4H, d, A\CH»-Ar, J = 13.0 Hz)

4.09 (4H, t, CxO-CH,, J= 5.6 Hz), 4.19 (4H, d, A€H,-Ar, J = 12.9 Hz) 4.44 (4H, t,
Ar-O-CH,, J = 6.6 Hz),6.85 (4H, s, AiH), 7.037.06 (6H, m, ArH, Ar-H), 7.64 (1H,

s, ArOH), 7.79 (2H, d, AiH, J = 8.6 Hz), 9.84 (1H, sHC=0). @&~ (CDCL): 21.6,
28.5, 28.6, 29.9, 30.6, 30.32.8, 56.3, 113.8, 124.1, 124.6612 131.0, 131.6, 148.2,
189.8. 3max (KBr) : 3410, 2960, 2951, 2932, 2904, 2870, 1646, 1598, 1581, 1485,

1447, 1362, 1315, 1270, 1195, 1174, 1068, 1055, 871, 791, 680 cm
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2.2.8.2 Attempted Synthesis ofComplex Zn(7)CkL

Compound7 (22 mg, 0.022 mmol) was dissolved in toluene (2 mL) to this stirring
mixture zinc(ll) chloride (7 mg, 0.051 mmol) in MeOH (5 mL) wadded dropwise
The cloudy reaction mixture turned clear after addition ofttel MeOH, this was
stirred for 4 hand atthis point the reactiorturned white. The solution was
concentrated at reduced pressto yield a yellow solid whichvas dried in an oven

overnight.This solid was determined to be the aldehyde product.

CrudeYield 10 mg, 40 %. m.p.: 124136 °C d; (CDCl): 1.00 (18H, st-Bu), 1.27
(18H,st-Bu), 2.122.34 (4H, m, CHCH,-CH,), 3.31 (4H, d, AICH2-Ar, J = 12.6

Hz), 3.704.46 (16H, m, ACHy-Ar, O-CH,, O-CH,, C=N-CH), 6.857.04 (14H, m,

Ar-H), 8.46 (2H, s, ATOH), 10.09 (2H, sHC=0). & (CDCl): 31.0, 31.7, 33.8, 34.0,

65.1, 72.4, 114 .8, 115.0, 115.1, 125.1, 125.6, 127.6, 129.9, 132.0, 132.6, 132.7, 141.6,
141.7, 147.3, 149.2, 150.%63.9, 190.83max (KBr): 3494, 3445, 3271, 2958, 2905,
2868, 1692, 16011578, 1509, 1485, 1362, 131(®5D, 1211, 1160, 1047, 831, 619

cmt.
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2.2.8.3 Attempted Synthesis ofComplex Ni(7)(ClO4).

Compound7 (10 mg, 0.01 mmol) was dissolved in CHQR mL), nicke(ll)
perchlorate (9.2 mg, 0.025 mmol) in MeOH (5 mL) was titrated into the stirring
mixture. The reaction mixture was stirred at room temperature for 8 h. A yellow/green
solution formed, the solvents were removed under vacuum and the product extracted
from exess perchlorate by addition of CHGb yield a light green solid. The solid

was determined to be the aldehyde product.

CrudeYield: 8 mg,64 %. m.p.:180-192°C. 3max(KBr): 3405, 3235, 2960, 1689, 1650,

1623, 1600, 1576 510, 1486, 1262, 1089, 832, 6aTi".
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2.2.8.4 Attempted Synthesis ofComplex Co(7)(CIQy).

7 (10 mg, 0.01 mmol) was dissolved in CHCB mL) and to this cobalt perchlorate
(9.2 mg, 0.025 mmol) in MeOH (6 mL) was added, the resulting mixture was stirred at
room temperature for 8. red/yellow solution formed, the solvents weesnoved
under reduced pressuaed the product was extradtdom excess perchlorate through
addition of CHCY4. A red solid was formed from concentratiohsolvent at reduced

pressure, this was the aldehyde product from hydrolysis of the imine.

CrudeYield: 6 mg,48 % m.p.: >260 °C. 3max (KBr): 3529, 3417, 32332960, 2905,

2874, 1687, 1651, 1600, 1576, 1510, 14&&2] 1262, 1161, 1089, 832, 6a7".
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2.2.8.5 Attempted Synthesis ofComplex Hg(7)(CIOy),

A mixture of compound7 (10 mg, 0.01 mmol) in CH@I(3 mL) and mercurl)
perchlorate (10 mg, 0.025 mmol) in MeOH (7 mL) was stirred at room temperature for
16 h.The solvents were removed on a rotary evaporator, to give a yellow/orange solid.
The product was removed from the excess perchlorate by addition of3;CHCI
concentration nder reduced pressure yieldparplesolid. This solid was found to be

the aldehyde product.

CrudeYield: 9 mg,64 %. m.p.: >260°C. d; (CDClL): 0.99 (18H, st-Bu), 1.27 (18H,
s, t-Bu), 2.32 (4H, g, CRHCH,-CH,, J = 6.2 Hz),3.31 (4H, d, AfCH,-Ar, J = 12.9
Hz), 4.19 (1H, m, Ar-CHy-Ar, O-CH,, C=N-CH>), 4.44 (4H, t, OCH,, J = 6.5 Hz)
6.76 (4H, d, ArH, J = 13.8 Hz), 6.85 (4H, s, AiH), 7.04 (4H, s, AH), 7.60(2H, s,
Ar-OH), 7.79 (4H, d, ArH, J = 8.6 Hz), 9.84 (2H, HC=0). 3max (KBr): 3412, 3230,
2960, 2904, 2879, 1671, 1599, 1509, 1485, 1362, 18760, 1204, 1103, 981, 872,

627cm?.
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2.2.8.6 Attempted Synthesis ofComplex Cu(7)(CIOy),

Compound7 (10 mg, 0.01 mmol) in CHGI(5 mL) and copper perchiate (4.5 mg,
0.12 mmol) in MeOH (5 mL) were heated to reflux for 3 h. The mixture was then
cooled and the solvent was removedreduced pressure, this yieldadblue-green
solid, which was recrystallized from EtOH to yield a @ajreen solid, which was

found to be the aldehyde product.

CrudeYield: 10 mg,79 %. m.p.. 124136 °C. 3max (KBr): 3395, 2960, 2904, 2868,
1693, 1599, 1577, 1509, 1485, 1362, 1308, 1258, 12180),11124, 1102, 1051, 831,

615cm™.
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2.2.9 p-Schiff Base linkedbutoxy calix[4]arene (8)

In a 100mL round bottom flasl6 (0.1 g, 0.37mmol) and potassium carbonate (04,3
0.99mmol) were dissolved in MeCN (60L) and stirred at room temperature for 1 h.
To this compound4 (0.32 g, 0.35 mmol) was addednd the resulting mixture \sa
headed to reflux for 72 hours, andethcooled to room temperatufEhe potassium
saltswhich had formed were filtered ofindthe filtrate was dried under @aum.The

residue was taken up in hot CH@hd EtOH, to yield as apale yellow solid.

Yield: 132 mg 35%. m.p.: >260 °C Anal. Calc. forCegHgsN20s: C, 79.65; H, 8.26;

N, 2.73%; Found C, 77.31; H, 8.17; N, 2.338/4.(CDCl): 0.99 (18H, s,t-but), 1.29

(18H, s,t-but),2.07 H, m, CH-CH»-CH;), 3.31 (4H, d, AfCH,-Ar, J = 13.2), 3.99

4.11 (1H, m, BrCH,,0-CH,,N-CH,), 4.29 (4H, d, A/CH»-Ar, J = 12.9 Hz),6.84

(4H, s, ArH), 6.97 (4H, d, AiH, J = 6.9 Hz), 7.06 (4H, s, AH), 7.17 (4H, m, AH),

7.75 (2H, s, AIOH), 8.05 (2H, sHC=N). & (CDCl): 30.9, 31.1, 31.7, 31.9, 33.8,
66.3, 124.0, 124.5, 125.1, 126.2, 126.6, 128.4, 128.9, 131.6, 133.7, 140.4, 145.8,
148.7, 149.6, 158.2ax (KBr): 3388, 3@6, 2958, 2868, 1710, 1670, 1644600,

1485, 1446, 1391, 1362, 1296, 1241, 1202, 1123, 10842, 1018, 981, 871, 781,

698cm™.
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2.2.10 Metal Complexes of Ligand 8

2.2.10.1Attempted Synthesis ofComplex Zn(8)(ClOy)

Z

o OH OH OI
\Qﬁcoé,\zla (G/
__/

A mixture ofcompound (25 mg, 0.024 mmpand zingll) perchlorate (22ng, 0.9

mmol) ina MeOH:CHC} mixture (1:1, 20ml ) was placed in a 50 ml round bottomed
flask. The mixture was stirred at room temperature for e solvents wereemoved
under vacuum to obtain a yelloswlid; complex was separated from excess metal salt
using CHC}. Concentration nder reduced nessure yielded an orange solid, which

was determined to be the aldehyde product.

CrudeYield: 12 ng, 39 %. m.p.. 150164 °C.d, (CDCl): 0.97 (18H, s,t-Bu), 1.29

(18H, s,t-Bu), 2.20 (8H, m, CHCH,-CH»-CHy), 3.31 (4H, d, AfCH»-Ar, J = 12.9

Hz), 4.03 (4H, t, €l,-O-Ar, J = 5.4 Hz),4.12 (4H, t, OCH,, J = 5.7 Hz), 4.26 (4H, d,
Ar-CH,-Ar, J= 12.9 Hz), 6.82 (4H, s, Al), 6.94 (4H, d, AH, J = 8.7 Hz), 7.06 (4H,

s, Ar-H), 7.56 (2H, s, AOH), 7.75 (4H, d, AH), 9.84 (2H, SHC=0). 3max (KBT):

3428, 3235, 2960, 2905, 2868, 1693, 1601, 1577, 1509, 1485, 1431, 1392, 1362, 1311,

1258, 1209, 1159, 1121, 1108, 1011, 872, 627.cm
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2.2.10.2Attempted Synthesis ofComplex Hg(8(ClO4).

O

Z

OH OH o
clo, 04Cl

N
N-"" Hg--... N
__/
Compound8 (15 mg, 0.014 mmol)was dissolved in CHGI (3 mL), mercury
perchlorate (11.68 mg, 0.029 mmol) in MeOH (6 mL) was added to this stirring
solution, the mixture was stirred at room temperature for 8 h. The solution was
concentrated under reduced pressure, the complex was tedpdram excess

perchlorate by addition of CH¢land concentration under vacuum yielded tluaiuk

purplesolid which was found to be the aldehyde product from imine hydrolysis

CrudeYield: 10 mg 50 %.m.p.:> 260°C. d,; (CDCls): 0.97 (18H, st-Bu), 1.21 (18H,
s,t-Bu), 2.32 (8H, m, CRtCH»-CH>-CHy), 3.31 (4H, d, AICH-Ar, J = 12.9 Hz), 3.46
(4H, m, OCH,), 4.03 (4H, m, AICH»-Ar), 4.13 (4H, m, C=NCH,), 4.24 (4H, m, O
CH,),6.75 (4H, s, AH), 7.05 (12H, m, AH), 7.60 (2H, s, AOH), 10.34 (2H, s,
HC=0). 3max (KBr): 3423, 2958, 2868, 1601, 1510, 1484, 1362, 1251, ,12049,

1091, 872, 626 cih
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2.2.10.3Attempted Synthesis ofComplex Cu(7)(CIOy),

©

Z

A
S
Compound8 (17.2 mg, 0.016 mmol) was dissolved in CE(3 mL), to this copper
perchlorate (12.43 mg, 0.033 mmol) dissolved in EtOH (6 mL) was added. The

resulting mixture was stirred at om temperature for 8 hThe solution was

concentrated under vacuum to yield a brown sehith was the aldehyde product

CrudeYield: 10 mg,49 %. m.p.: >300°C. 3max (KBr): 3436, 2959, 2910, 2903, 2868,

1625, 1602, 1485, 1455, 1260, 1202, 1143, 1120, 1110, 1088, 872, 782,626 cm
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2.2.11 Attempted Synthesis ofp-Schiff base capped ethoxgalixarene

A mixture of compound6 (0.01 g, 0.037 mmol) and potassium carbonate (0.013 g,
0.093 mmol) dissolved in MeCN (50L) and stirred for 1 tat ambient temperature.

At this pointcompound3 (0.032g, 0.037 mmol) was added arehted to reflux for 48

h. The mixture was cooled to room temperature and the inorganic salts formed filtered
off. The filtrate was dried on @tary evaporator and the residue waslissolved in

CHClIs:EtOH solvent mix.

2.2.12 3,3-((ethane 1,2-bis(azanylylidene))bis(methanylylidene))diphenol(9)

N N T on

OH

In a 100mL round bottom flask -Hydroxybenzaldehyde (1 g, 8.1&mol) was
dissolved in ethanol (5fL), to this solution ethylenediamine (0.246 g, 4.09 mmol)

was added ovet h dropwise. The resulting solution was heated to°T2@nd kept at
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this temperature for one hour with stirring. This was then cooled to room temperature

and placed in icéAn off white crystalline solid9) was obtained

Yield: 0.615 g, 56%. m.p.: 198200 °C (Lit 198-200 °C)*° Anal. Calc. for
CieH1eN202: C, 71.62; H6.01; N, 10.44%; Found C, 65.75; H, 5.76; N, 9.88. d
(DMSO): 3.83 (4H, s, NCHy), 6.81(2H, dd, Ar-H, J= 7.1Hz), 7.10 (4H, mAr-H),

7.19 (2H, t Ar-H, J = 7.7 H2, 8.23(2H, s,HC=N). & (DMSO): 60.8, 113.3, 117.8,
119.3, 129.6, 137.0, 157.1, 1618 (KBr): 3418, 3051, 2928, 2884, 2850, 2823
2721, 2599, 2484, 1647, 1596, 1457, 1392, 1275, 1245, 1174, 1154, 1020, 867, 779,

685cm™.

2.2.13 m-Schiff Baselinked propoxy-calix[4]arene: (10

s s
S

A mixture of compound (50 mg, 0.18 mmoljand potassium carbonat@5(mg, 0.51

mmol) in MeCN (100mL) was stirred atroom temperaturdor 1 h. After 1 h
compound4 (166 mg, 0.18 mmol) was added, the mixture was then heated to reflux
for 72 h with vigorous stirring. This was then cooled and left to stir for 24 h at room

temperature The solvent was removed under vacuum to obtain a yellow/off white
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solid; this was trituratedvith MeOH, and the solithken up in &HCIl;:EtOH mixture

(1:1).10precipitated as white solid.

Yield: 147 mg, 82% m.p.: 218-224 °C. Anal. Calc. for GgHgsN2.Og: C, 79.48 H,

8.08; N, 2.81 %; Found C, 77.42; H, 8.27; N, 29%80d, (CDCls): 1.05(18H, s,t-Bu),
1.26(18H, s,t-Bu), 230 (4H, t, CH-CH»-CH,, J = 6.9 Hz), 3.31(4H, d, A-CH»-Ar, J

= 12.9 Hz),3.93(4H, s, C=NCH,), 4.06 (4H, t, OCH,, J = 6.3 Hz),4.24 (4H, d Ar-

CH.-Ar, J = 12.9Hz), 4.37 (4H, t, CH»-O-Ar, J = 6.6 H2), 6.91 (4H,s, Ar-H), 6.99

(12H, m, Ar-H), 7.96 (2H, s, AFOH), 8.06 (2H, s,HC=N). tic (CDCL): 29.9, 31.1,

31.7, 31.9, 33.8, 34.0, 59.8, 64.7, 72.5, 113.4, 117.6, 120.0, 125.1, 125.6, 127.7, 129.7,
132.9, 137.7, 141.6, 147.1, 149.4, 150.6, 159.0, 163xAKBr): 3404, 2960, 2870,

1646, 1598, 1581, 1485, 1447, 1362, 1266, 1195, 1174, 1157, 1123, 1096, 1068, 1055,

946, 871, 791, 696m™.

2.2.14 Metal Complexes of ligand 10

2.2.14.1Attempted Synthesis ofComplex Zn(10)(ClOy,),

@ C|o§n/oAC| (@

__/
A mixture of13 (62 mg, 0.06nmol) and zinc (ll) perchlorate (27@g, 0.07mmol) in a

MeOH:CHCE mixture (1:1, 20ml ) was placed in a 50 ml round bottomed flask. The
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mixture was then heated to reflux in an inestdtmosphere for 4 hours with vigorous
stirring. This washen cooled for geriod ofl h. The solvents were removed under
vacuum to obtain a yellow/off whiteolid, this was the aldehyde product from imine

hydrolysis.

CrudeYield: 34 ng, 45 %. m.p.. 122-136 °C d, (CDCl): 0.99(18H, s, t-Bu), 1.31

(18H, s,t-Bu), 2.172.24 (4H, m, CRH-CH,-CH,, J = 13.2 Hz), 3.31 (4H, d, ACH»-

Ar, J=12.9 Hz), 4.04 4.07(4H, t, BFCH,, J = 5.7 Hz), 4.1 4.14 (4H, t, GCH, J =

5.4 Hz), 4.27 (4H, d, ACH»-Ar, J= 12.9 Hz), 5.3 (4H, s, ICH,), 6.84 (4H, s, AH),

7.06 (4H, sAr-H), 7.1247.156 (4H, d, AH, J = 9.6 Hz), 7.3687.393 (4H, d, AH, J

= 7.5 Hz), 7.71 (2H, s, ADH), 9.97 (2H, s, ACH=0). Uc (CDCL): 25.97, 31.04,
31.71, 31.83, 33.97, 67.92, 113.17, 121.76, 123.11, 125.12, 125.55, 127.73, 130.02,
132.62, 137.76, 141.53, 146.93, 149.82, 150.71, 159.56, 19%,143(KBr): 3417,

2961, 2969, 1698, 1598, 1486, 1262, 1094, 627.cm

2.2.14.2Attempted Synthesis ofComplex Cu(10)(CIQy),

@ CIO(\;/OACI (@

__/
Ligand 10 (50 mg, 0.0488 mmol) and Cu(CIQ). (21.7 mg, 0.0586 mmol) were

dissolved in CHGIMeOH an (1:2) mix. The mixture was stirred for 8 at room
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temperatureThe solvents were removed under vacuum to obtgal@ greersolid,

which was determined to be the aldehyde product resulting from hydrolysis

CrudeYield: 24 ng, 39 %. m.p.: 86-98 °C 3yax(KBr): 3411, 2960, 2872, 2829, 1698,

1599, 1486, 1392, 1362261, 1102, 1055, 871, 627 ¢m

2.2.15 m-Schiff Base linked butoxycalix[4]arene: (11)

A mixture of12 (87 mg, 0.32mmol) and potassium carbonate (Irhdy, 1.1 mmol) in
MeCN (50 mL) was stirred atoom temperature for 1 Mfter this 5 (295 g, 0.32
mmol) was added, the mixture was then heated to reflux in an ipatimdsphere for
48 h with vigorous stirring. This was thecooled and left to stir for B at room temp.
The solvent was removed under vacuunolbtain a yellow/off vhite solid. This was
redissolved inCHCI;:EtOH (1:1). Compound 11 precipitated as ra off white

crystalline solidafter a day.

Yield: 200 mg, 6(%. m.p.. 154°G184°C. Anal. Calc. forCggHgsN2.Og: C, 79.65; H,
8.26; N, 2.73 %; Found C, 75.52; H, 7.68; N, 2.85&6(CDCls): 0.99(18H, s,t-Bu),
1.29(18H, s,t-Bu), 3.31 (4H, d, AfCH,-Ar, J = 12.6Hz), 3.71(8H, m, GCH,), 3.93
4.04 (12H, m, GCH2-CH,, C=N-CH,), 4.28(4H, d, ArCH>-Ar, J = 12.9 Hz),6.84
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(4H, s, ArH), 6.976.99 GH, m, Ar-H), 7.06(4H, m, Ar-H), 7.21 (H, s, ArH), 7.74

(2H, s, AFOH), 8.05 (2H, SHC=N). tic (CDCl): 26.5, 27.1, 31,031.7, 34.0, 33.8
60.1 67.8, 111.4, 118.9, 120.4, 125.1, 125.5, 127.7, 129.6, 132/83 ,141.4, 146.9,
149.7, 150.7, 159.3, 165.%mnax (KBr): 3398, 3045, 2954, 2905, 28686646, 1598,

1582, 1485, 1446, 1362, 1264, 1200, 1123, 1042, 1016, 978, 871, 78688

2.2.16 Metal Complexes of ligand 11

2.2.16.1Attempted Synthesis ofComplex Zn(11)(ClOy,),

ClO;  04C]

| |

-Zn..
N- N

/

A mixture of ligandl1 (25 mg, 0.025 mmol) and zinc)Iperchloratg 22.39 mg, 0.06
mmol) in a CHC{MeOH (1:2) was stirred at room temperature for 8h. The organic
solvents were removed under vacuum to leave a wdotel. The complex was
separated from excess perchlorate using GHEfter removal of solvent an off
white/yellow solid was obtained, this solid was found to be the aldehyde product due

to imine hydrolysis.

CrudeYield: 20 mg, 62%. m.p.. 128138 °C.d; (CDCl): 1.01 (18H, st-but), 1.26
(18H, s,t-but), 2.36 4H, g, CH-CH,-CH,, J = 6 Hz),3.263.33 8H, m, ArCH2-Ar,

C=N-CHy), 4.13 @H, t, OCH,, J = 5.7 Hz),4.21 @H, d, ArCH2-Ar, J = 12.6 Hz),
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4.47 @H, t, ArO-CH,, J = 6.3 Hz), 6.874H s, ArH), 7.02 @H, s, ArH), 714 (2H,
m, Ar-H), 7.407.46 (6H, m, Ar-H), 7.78 @H, s, AFOH), 9.89 (2H, sHC=0). 3max
(KBr): 3409, 3328, 2959, 2928, 2868, 1699, 1567, 1485, 1446, 1384, 1260, 1198,

1041, 872, 682 cih

2.2.16.2Attempted Synthesis ofComplex Co(11)(CIQy),

Ligand 11 (10 mg,0.009mmol) and cobalt()l perchloratg4.3 mg, 0.012 mmol) were
dissolved in CHGIMeOH (1:2), which was stirred at room temperature for 4 h. The
mixture was separated from the excess metal salt, @@Ql;. Removal of solvent

yieldeda red brown solidvhich was the aldehyde product

CrudeYield: 8 mg, 69 %. m.p.: >300 °C.3max (KBr): 3417, 2960, 1698, 1598, 1486,

1262, 1094, 791, 627 ¢
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2.2.16.3Attempted Synthesis ofComplex Cu(11)(CIQy),

Compoundl1 (10 mg, 0.01 mmol) in CHEI(5 mL) and copper perchlorate (4.5 mg,
0.12 mmol) in MeOH (5 mL) were heated to reflux for 3 h. The mixture was then
cooled and the solvent was removed at reduced pressure, this yaeldieeigreen

solid, which was the aldehyde product from hydrolysighefimine.

CrudeYield: 10 mg, 77 %. m.p.. 122-168 °C. 3max (KBr): 3395, 2960, 2904, 2868,
1693, 1599, 1577, 1509, 1485, 1362, 1308, 1258, 1210, 1160, 1124, 1102, 1051, 831,

615cm™.

2.2.16.4Attempted Synthesis ofComplex Ni(11)(CIOy);

70



Chapter 2. Experimental

Compoundll (25 mg, 0.024 mmol) was dissolved in CH@ mL), nickel perchlorate
(20.5 mg, 0.029 mmol) in MeOH (6 mL) was added, the reaction mixture was heated
to reflux for 4 h.The mixture was cooled, and was centaed under reduced
pressureThe solvents were removed under vacuum to yield a yellow, seticth was

determined to be the aldehyde product from the imine hydrolysis reaction

CrudeYield: 18 mg,58 % m.p.: 130-138 °C. 3max (KBr) : 3436, 2960, 2909, 2870,

1697, 1633, 1599, 1485, 1384, 1261, 1200, 1121, 799, 626 cm

2.2.16.5Attempted Synthesis ofComplex Hg(11)(CIQy),

Compound 11 (15 mg, 0.02mmol) was dissolved in CHEI(3 mL), merary
perchlorate (11.68ng, 0.03mmol) in MeOH (6 mL) was added, and the reaction
mixture was stired at room temperature for 8 h. The solution was concentrated under

vacuum to yielda brownsolid, which was found to be the aldehyde product

CrudeYield: 7 mg, 33 %m.p: > 260°C. d; (CDCly): 0.96 (18H, st-Bu), 1.28 (18H,
s, t-Bu), 2.32 (4H, t, ClCH,-CHp-CHy, J = 7.0 Hz), 3.31 ( 4H, d, AICH-Ar, J =
12.9 Hz), 4.10 (8H, m, @H,, O-CH,), 4.24 (4H, m, AICH,), 6.83 (4H, s, AH),

7.05 (8H, m, ArH), 7.33 (4, m, Ar-H), 7.65(2H, s, AFOH), 9.89 (2H, sHC=0).
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3max (KBr): 3409, 3227, 2959, 2870695, 1598, 1506, 1485, 1391, 1362, 1261, 1202,

1107, 1092, 872, 783, 627 ¢m

2.2.17 m-Schiff Baselinked ethoxy-calix[4]arene: (12

Potassiuncarbonate (0.1§, 0.99 mmol) andompound9 (0.10 g, 0.37mmol) were
dissolved in MeCN (250 njLand heated to reflux for 1 hthis point3 (0.32g, 0.35
mmol) was addednd the mixture was heated to reflux fori.&'he reaction mixture
was then cooled to room temperature and the inorganic salts formed were removed by
filtration. Solvent was removed under vacuuend the residue wasedissolved in

CHCIl;. 12 wasobtainedas an off white solithrough addition of cold tOH.

Yield: 64 mg, 62 %. m.p.. 222-226 °C.Anal. Calc. for G4H77BrN,Os: C, 73.19 H,
7.39; N, 2.67 %Found C, 74.48; H, 7.26; N, 2.98. d; (CDCl): 1.04 (18H, si-Bu),
1.26 (18H, st-Bu), 3.30 (4H, d, A\CH,-Ar, J = 12.9 Hz), 3.93 (4H, s, C=RH,),
4.06 (4H, t, GCH,-CH,, J = 5.7 Hz) 4.23(4H, d, AfxCH,, J = 12.9 Hz), 4.37 (4Ht,
O-CH,-CH,-O-Ar, J= 6.9 Hz),6.89 (4H, s, AH), 6.987.03 (6H, mAr-H, Ar-H, Ar-
H), 7.08 (2H, s, AiH), 7.23-7.30 (4H, m, ArH, Ar-H), 7.95 (2H, sAr-OH), 7.98 (2H,

s,N=CH). «(CDCl): 29.8, 30.9, 31.0, 31.6, 31.9, 33.8, 34.0, 59.8, 64.7, 72.5, 113.4,
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117.5, 119.9, 125.2, 125.7, 127.7, 129.7, 132.9, 137.7, 141.6, 147.2, 149.4, 150.6,
159.0, 163.73max(KBr): 3408, 2960, 2904, 2870, 1646, 1598, 1581, 1485, 1447, 1392,

1362, 1314, 1270, 1240, 1195, 1174, 1156, 1097, 1068, 1055, 871, 7&hi 690

2.2.18 2,2'-(ethane 1,2-diylbis(azanylylidene))bis(methanylylidene))diphenal
(13)111

Seot
OH
OH

Salicylaldehyde (DO g, 8.18 mmol) was dissolved in rhanol (50 mL)
ethylenediamine(Q(25g, 4.09 mmol) was added dropwise, and heated to 120 °C for 2
h. The mixture was then cooled to room temperature and the round bottom placed in
ice. A bright yellow crystalline solil3) was formed. This was collected by filtration

and washed with cool MgH.

Yield: 0.88g, 81%. m.p.: 112118 °C (Lit105 °C)**? Anal. Calc. for GgH16N2O2: C,
71.62; H,6.01; N, 10.44 %; Found &5.75; H, 5.76; N, 9.586. d; (DMSO): 3.91
(2H, s, NCH,), 6.856.9 (4H, m, ArH), 7.29(2H, t, Ar-H, J = 7.2 HJ, 7.40 (H, dd,
Ar-H, J = 7.6 Hz), 8.58 (2H, sHC=N), 13.39 (2H, s, ADH). d& (DMSO): 58.7,
116.4, 118, 131.6, 132.3, 160.5, 166.88.x (KBr): 3456, 2900, 1636, 1577, 1497,

1460, 1455, 1418, 1371, 1283, 1199, 1149, 1042, 1021, 85¢n742
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2.2.19 o-Schiff Base linked propoxycalix[4]arene: (14)

A mixture of compoundl3 (100 mg, 0.36mmol) and potassiuncarbonate (12ing,
1.02 mmol) in MeCN(100 mL) was stirred atoom temperaturéor 1 h. After this
hour compound4 (321 mg, 036 mmol) was added, the mixture was then heated to
reflux for 72 h with vigorous stirring. This was then cooled and left to@ti24 h at
room temperature The solvent was removed under vacuum to obtain a yellow/off
white solid;this was triturated with MeOH, and the sot&btissolved inCHCIl;:EtOH

(1:1). Compoundl4 precipitated as a yellow crystalline solid after two days.

Yield: 255 mg, 71%. m.p.: 188196 °C Anal. Calc. for GgHgsN.Os: C, 79.65; H,

8.26; N, 2.73 %; Found C, 75.52; H, 7.68; N, 2.85¢%(CDCls): 1.01(18H, s,t-Bu),

1.33 (18H, st-Bu), 2.503 (4H, t, ChHCH,-CH,, J = 6 Hz), 3.32 (4H, d, ACH-Ar, J

= 12.9 Hz), 3.951 (4H, s, C=RH,), 3.99 (4H, t, GCH,, J = 6.3 Hz), 4.09 (4H, t,
CH»-O-Ar, J = 5.4 Hz), 4.24 (4H, d, AEH»-Ar, J = 12.9, 6.836.88 (12H, m, AH),

6.927 (4H, d, AH, J = 8.1 Hz), 7.04 (4H, s, AH), 7.227.32 (14H, m, AH), 7.72

(2H, s, ArOH), 8.36 (2H, sSHC=N). lic (CDCL): 29.3, 30.0, 30.6, 30.8, 32.4, 32.8,
33.0, 58.7, 115.9, 117.6, 124.7, 126.5, 130.4, 131.3, 131.8, 148.12, 149.5, 159.9,
165.5.3max (KBr): 3400, 3046, 2963, 2904, 2867, 1633, 1600, 1485, 11362, 1196,

1152,932, 754cm™.
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2.2.20 Metal Complexes of ligar 14

2.2.20.1Attempted Synthesis ofComplex Zn(14)(ClOy,),

Compound21 (10 mg, 0.00 mmol) was dissolved IfCHCI; (2 mL), to this zinc
perchlorate (9.33 mg, 0.028mol) in MeOH (5 mL) was added. This mixture was
stirred for 4 h at room temperature, and the solvents removed at reduced pressure. This

gave a yellow/ti white solid, which was found to be the aldehyde product.

CrudeYield: 5 mg, 40%. m.p.. 122-140 °C.dH (CDCl): 3max (KBr): 3423, 2959,
2926, 2867, 1731, 1632, 1623, 1606, 1485, 1469, 1423, 1384, 1363, 1287, 1261, 1201,

1121, 1107, 1098, 1023, 873, 626'tm
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2.2.20.2Attempted Synthesis ofComplex Hg(14)(CIQy),

Mercury perchlorate (10 mg, 0.025 mmol) in MeOH (5 mL) was added to a stirring
solution ofcompoundl4 (10 mg, 0.00 mmol) in CHCE (2 mL), the reaction mixture
was stirred at room temperature for 12 A.redbrown solid was obtained upon
concentration of the saion, which was found to be the aldehyde product from imine

hydrolysis

CrudeYield: 6 mg,17 %. m.p.. > 260°C. sy (CDCI3): 0.99 (18H, s{-Bu), 2.35 (4H,
m, CH2CH2-CH?2), 3.64 (12H, m, €&H,, O-CH,, C=N-CH,), 4.23 (4H, m, A1CH,-
Ar), 6.91 (4H, s, AH), 7.05 (12H, m, AH), 7.60 (2H, s, AOH), 10.34(2H, s,
HC=0). 3max (KBr): 3406, 3237, 2961, 2905, 2868, 1658, 1600, 1484, 1460, 1393,

1362,1297, 1240, 1201, 1121, 1108, 1104, 872, 756, 626 cm
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2.2.20.3Attempted Synthesis ofComplex Co(14)(CIQ,),

Compoundl4 (10 mg, 0.00 mmol) in CHC} (3 mL) and cobalt perchlorate (9.2 mg,
0.025 mmol) in MeOH (6 mL) were stirred at room temperature forha.solution
was concentrated under reduced pressure to yield a brownwgbiath was determined

to be the aldehyde product from imine hydrolysis

CrudeYield: 6 mg,48%. m.p. 120-122 °C. 3max(KBr): 3613, 3529, 3414, 2960, 2904,

2867, 1686, 1639, 1600, 1484, 1458, 1392, 13898, 1195, 1097, 87256, 626 cm

1
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2.2.20.4Attempted Synthesis ofComplex Cu(14)(CIQy),

Compoundl4 (10.0 mg, 0.0D mmol) was dissolved in CHE(3 mL). To this copper
perchlorate (9.3 mg, 0.025 mmol) in MeOH (6 mL) was added, the reaction mixture
was stirred at roontemperature for 8 h. The solvents were removed under reduced

pressure to yield a green sqhwhich was found to be the aldehyde product

CrudeYield: 8 mg,64 %. m.p:: 188190°C. 3max(KBr): 3453, 2961, 2905, 2867, 1639,

1600, 1484, 1459, 1362, 129288, 1241, 1195, 1112, 88, 872, 757, 626 cin

2.2.20.5Attempted Synthesis ofComplex Ni(14)(CIOy);
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Nickel perchlorate (9.2 mg, 0.025 mmol) in MeOH (6 mL) was added to a stirring
solution of compound4 (10.0 mg, 0.01 mmol) ilCHCI; (3 mL), the resulting mixture
was stirred at room temperature for 8 h. The solution was concentrated under vacuum

to yield yellow/green soligvhich was found to be the aldehyde product

CrudeYield: 7 mg, 22 %. m.p: 162 168 °C. 3max (KBr): 3405, 2961, 2905, 2872,
1687, 1625, 1600, 1484, 1459, 1362, 1298, 1288, 1240, 1194, 1139, 1110, 1089, 872,

757, 626 crit.

2.2.21 o-Schiff Baselinked butoxy-calix[4]arene: (15

A mixture ofcompoundl3 (26.8mg, 10 mmol) and potassiumarbonate (34.5 mg, 25
mmol) was dissolved in MeCN (2580L) and heated to reflux for 1 i€ompound5

(166 mg, 0.186 mmol) was added, and the reaction neixtiais heated to reflux for 48

h, and then cooled to room temperature. The inorganic salts formed were filtered and
the filtrate concentrated on a rotary evaporaténvas obtained as @aleyellow solid

by slow diffusion oiMeOH in DCM.

Yield: 51 mg, 27 %. m.p.: 168178 °C Anal. Calc for CsgHgsN2Os: C, 79.65; H, 8.26;

N, 2.73; Found: C, 77.96; H, 8.41; N, 2.20 &g.(CDCl3): 0.99 (18H, s,t-Bu), 1.34
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(18H, s,t-Bu), 2.82 (8H, g, CH#CH,-CH,-CH,, J = 6.6 Hz), 3.29 (4H, d, ACH,-AY,
J=12.9 Hz),4.03 (12H, m, O-CH,, O-CH,, C=N-CH,), 4.21 (4H, d, AfCH»-Ar, J =

12.9 Hz), 6.844H, s, ArH), 6.89 (4H, m, ArH), 7.10(4H, s, ArH), 7.36(2H, s,Ar-

OH), 7.93 (2H, dd Ar-H, J = 7.6 H2, 8.71(2H, s,HC=N). a&t (CDCly): 29.7, 30.0,

30.6, 32.7, 32.9, 60.9, 66.7, 74.7, 110.8, 119.5, 124.1, 124.5, 126.6, 131.7, 140.4,
145.9, 148.7, 149.7, 157.0, 158.5, 16@7ax (KBr): 3398, 2958, 29302867, 1668,

1633, 1599, 1485, 1456, 1391, 1362, 1298, 1240, 1200, 1122, 871, 819536m".

2.2.22 Metal complexes of ligand 15

2.2.22.1Attempted Synthesis ofComplex Zn(15)(ClO,)2

A mixture of ligand15 (25 mg, 0.025 mmol) and zinc)lperchlorate( 22.39 mg,
0.06mmol) in a CHGIMeOH (1:2) was stirred at rooremperature for &. The
organic solvents were removed under vacuum to leave a white solid. The complex was
separated from excess perchlorate using GHEfter removal of solvent an off

white/yellow solidwas obtainegwhich was found to be the aldehydedgtuct
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CrudeYield: 19 mg, 59 % m.p.; 168226 °C 3max (KBr): 3489, 2961, 2906, 2868,
1689, 1599, 1485, 1458, 1391, 1362, 1300, 1260, 1241, 1196, 1106, 1093, 871, 802,

755, 627 crit.

2.2.22.2Attempted Synthesis ofComplex Cu(15)(CIQy);

Compoundl5 (11.2 mg, 0.011 mmol) was dissolved in CEI@ mL). To this stirring
solution copper perchlorate (8.1 mg, 0.022 mmol) in MeOH (6 w43 added, the
reaction mixture was stirred at room temperature for 8 h. The solution was
concentrated under reducekssureand dried in an ove(Y5 °C) overnight. This gave

a brown solidvhich was determined to be the aldehyde praduct

CrudeYield: 8 mg, 56 %. m.p.: >300 T. 3max (KBr): 3432, 2956, 2875, 2863, 1600,

1485, 1362, 1299, 1121, 1108, 871, 720, 625.cm
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2.2.23 Attempted synthesis ofo-Schiff Baselinked ethoxy-calix[4]arene: (16

A mixture of compoundL4 (0.125 g, 0.46 mmol) and potassium carbonate (0.161 g,
1.16 mmol) dissolved in KICN (50 mL) and stirred for 1dt ambient temperature. At

this point compound (0.40 g, 0.46 mmol) was added and heated to reflux for 48
hours, the mixture was cooled toorn temperature and theoirganic salts formed
filtered. The filtrate was concentrated under reduced vacuum and the residue was

redissolved in CHGIEtOH solvent mixo yield a brown ppt

2.3 Fluorescence Spetroscopy of Ligands from sectior2.2

2.3.1 Overview and Parameters

CHCI; solutions of theSchiff base linked calix[4]arenes weseiccessfullyprepared
All samples were run at room temperatuas 100nmM solutions of their proposed
structures.UV-Vis spectra were recorded to determine the absorption maXinea.

parent calix[4]arene has an absorption max at 280 nm.

82



Chapter 2. Experimental

2.3.2 Fluorescence Data
Table 2.1 Absorption maxima were used as an excitation parameter to generate

emission spectra, with maximund«{"). It was intended to use this parameter to

generate an excitation spectriout No Fluorescence was Observed (NFO) for any of

the ligands.
Sample No. Absorption Peaksnm /&M
7 228.0 272.0 NFO
8 269.2 243.6 NFO
10 242.5 2915 NFO
11 250 291 310 NFO
14 230.0 284.0 NFO

2.3.3 Fluorescence Spectroscopy aelected metatomplexes

Although the parent ligands exhibited no observable fluorescence, some of the metal
complexes which showed interesting colour changes (2.2.8.5 and 2.2.10.2) were

screerdfor fluorescent behavioulhe UV-Vis spectrum of each compound was used
to determinethe excitation wavelength/ ). The emission would be recorded upon
excitation at this wavelength. The peak emission wavelergtf (vas recorded, but

as in the case of the parent ligands no fluorescent behaviour was observed (NFO).

Table 2.2 Absorpton peaks and fluorescence emission max (nm) for sedeeatal

complexes.
Sample Absorption Peaksnm Il
Hg(7)(CIO,), 280 NFO
Hg(8)(CIOJ), 280 NFO
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2.4 Synthesis ofCalix[4]arene triazole derivatives and their metal

complexes

2.4.1 5,11,17,23etra-tert-butyl-25,27 dihydroxy-26,28
113

bis(propargyl)calix[4]arene: (17)

A mixture of 2 (3.86 g, 5.90 mmol) and potassium carbonate (1.97 g, 14.3 mmol) in
acetone (100 mL) were heatedreflux with stirring for 2 hAat this point propargyl
bromide (2.40 g, 20.3 mmol) was added dropwise. The resulting mixture was heated to
reflux for 24h. After cooling the reaction mixture was filtered, and filtrated reduced to
dryness, the residueas triturated with MeOH to give a white solid. This solid was
recrystallized from CHGIlby addition of MeOH, and purified further on sdi gel

using ethyl acetate/petroleusthea mix (1:2), givingl7.

Yield: (2.65g, 62 %), m.p.: 222-226 °C (Lit. 220-222°C)'**, Anal Cat. C, 82.83; H,

8.34; N, 0.0; FoundC, 80.21;H, 8.34; N, 0.0 %d, (CDCls): 0.90 (18H, st-Bu), 1.30

(18H, s,t-Bu) , 2. 53 H,3#2.4 Hz),3.3104HCd, AfCHx-Ar, J = 13.35),

4.35 (4H, d, AfCH,-Ar, J = 13.29 Hz), 4.74 (4H, d, QH,, J = 2.43 Hz),6.49 (2H, s,
Ar-OH), 6.72 (4H, s, AH), 7.07 (4H, s, AiH). & (CDCls): 30.9, 31.7, 32.0, 33.9,
63.31, 76.3, 125.0, 125.5, 128.0, 132.5, 141.6, 147.2, 149.4, 35Q.8KBr): 3435,

3312, 3289, 2957, 2905, 2866, 2119, 1485, 1392, 1362, 1302, 1024, 1189, 1174, 1122,

1004, 924, 872, 666, 64",
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2.4.2 5,11,17,23etra-tert-butyl-25,27 dihydroxy -26,28bis(2-

azidoethoxy)calix[4]arene: (18

3 (100 mg, 0.11mmol), sodium azidé28 mg, 0.46 mmol) and caesium chloridd @
mg) were dissolved in DMF (1fL) in a round bottomed flask. This mixture was
heated to 90°C for 4.5 hours; the mixture was then coaemddm temperature. A
white pptwas obtained when this mixture was added to cold wdt8mwas collected

by filtration and washed with water (3 X 50 mL).

Yield: 74.8mg, 82 %. d; (CDCly): 0.99(18H, s,t-Bu), 1.30 (18H, s,t-Bu), 3.30 (4H,

d, Ar-CH,-Ar, J = 13.2 Hz), 3.83 (4H, t, B-N3, J = 5.1 Hz), 4.05 (4H, t, @H,, J =

4.2 Hz), 4.29 (4H, d, ACH2-Ar, J = 13.5 Hz),6.77 (4H, s, AH), 6.98 (2H, s, Ar

OH), 7.07 (4H, s, AiH). a& (CDCl): 30.9, 31.4, 31.7, 32.2, 51.2, 74.4, 125.0, 125.6.
3max (KBI): 3428, 2961, 2904, 2867, 2107, 1677, 1484, 1362, 1300, 1239, 1200, 1123,

1107, 872 cn.
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2.4.3 5,11,17,23etra-tert-butyl-25,27 dihydroxy -26,28bis(2-
115

azidopropoxy)calix[4]arene: (19)

Compound4 (1.0 g, 1.® mmol), sodium azide (0.318, 4.81 mmol) and caesium
chloride (5 mg) were dissolved in DMF (30L) in a round bottomed flask.This
mixture was heated to 9C for 4.5 hours; the mixture was then cooledroom
temperature. Avhite pptwas obtained when this mixture was added to cold wdi@r.

wascollected by filtration and washed with water (3 Xr&0).

Yield: 0.67g, 78%6. d; (CDCly): 1.00(18H, s, t-Bu), 1.27 (18H, st-Bu), 2.23 (4H, g,
CHp-CHp-CHp, J = 6.0 Hz), 3.32 (4H, d, AICH-Ar, J = 12.9 Hz), 3.86 (4H, t, Br

CHy, J = 6.6 Hz), 4.044H, t, OCH,, J = 5.7 Hz), 4.204H, d, ArCH-Ar, J = 12.9

Hz), 6.85(4H, s, AFH), 7.04 (2H, s, AOH), 7.60(4H, s, ArH). tic (CDCL): 29.67,

31.08, 31.73, 34.05, 48.25, 72.64, 125.23, 125.70, 127.58, 131.89, 141.55, 145.63,
147.26, 149.313ma (KBr): 3419, 2960, 2904, 2867, 2097, D4d435, 1414, 1362,

1302, 1285, 1239, 1201, 1123, 1097, 1023, 927, 873 cm
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2.4.4 5,11,17,23etra-tert-butyl-25,27 dihydroxy -26,28bis(2-

azidobutoxy)calix[4]arene: (20**°

a

'/
o} OH o
2;,\,3 N,

5(1.0 g, 1. mmol), sodium azide (0.31¢ 4.81 mmol) and caesium chloride (5 mg)
were dissolved in DMF (3@1L) in a round bottomed flask. This mixture was heated
to 90°C for 4.5 hours; the mixture was then cooled to room temperature. A white ppt.
was obtained under vacuum after thisximie was added to cold wate20 was

collected by filtration and washedtwiwater (3 X 50 mL).

Yield: 56.67mg, 56 %. d (CDCl3): 0.96(18H, s,t-Bu), 1.28(18H, s,t-Bu), 2.06 (8H,

M, CH,-CH,-CHp-CHy), 3.29(4H, d, ARCH-Ar, J = 12.9 Hz),3.47 (4H, t CH-Ng, J

= 6.3Hz), 3.97(4H, t, O-CHy, J = 5.4 H2, 4.21(4H, d, ArCH-Ar, J = 12.9Hz), 6.80

(4H, s, ArH), 7.05(2H, s, ArH), 743 (4H, s, AFOH). iic (CDCly): 25.8, 27.3, 31.0,

33.8, 33.9, 51.3, 75.6, 125.1, 125.5, 127.6, 132.5, 141.5, 146.9, 149.7, 450.6.
(KBr): 3405, 2961, 2905, 2868, 2096, 1485, 1362, 1300, 1266, 1255, 1201, 1123, 872

cmt.
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2.45 5,11,17,22etra-tert-butyl-25,27 dihydroxy-26,28bis(ethoxy-triazo-

methoxy) dicalix[4]arene: (21)

Compound18 (83 mg, 0.10 mmol) andompoundl7 (76.5 mg, 0.10 mmol) were
dissolved in DMF (10 mL)To this stirring mixture copper sulphate (3 mg, 0.01 mmol)
and sodium ascorbat21 mg, 0.10 mmol) were adddte mixture was heated to 90
°C for 86 h.After cooling to room temperature theaction mixture was poured into
water (50 mL), and the product was extracted with EtOAc (200 mL), thistiveas
dried over MgS@ The crude product was purified by column chromatography (silica

gel) with DCM as eluenR1 obtained as an off white solid.

Yield: 20 mg, 13 %m.p.: >260 °C(Lit > 250 °Q).”* m/zCalc [M+H]" for CogH122NgOs
Calcubted; 1512.943, Found; 1512.944 (CDCls): 0.97 (36H, st-but), 1.20 (36H, s,
t-Bu), 3.29 (8H, m, AfCH,-Ar), 4.10(8H, m, A-CH»-Ar), 4.50 (4H, t, G1,-O,J = 4.8
Hz), 5.14 (4H, t, Gl,-Triazole,J = 7.5 Hz), 5.25 (4H, s, TriazoléH,-0O), 6.83 (8H, s,
Ar-H), 6.91 (2H, s, AMOH), 7.02(16H, m, ArH), 7.60 (2H, s AFOH), 8.55 (2H, s,
TriazoleH). & (CDCl): 29.7, 31.031.5, 31.7, 33.833.9, 46.2,70.4, 111.9, 125.2,
125.6, 125.9, 127.6, 150.2yax (KBr): 3440, 2996, 2961, 1635, 1484, 1384, 1362,

1201, 1123, 872, 727 ¢hn
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2.4.6 5,11,17,23etra-tert-butyl-25,27 dihydroxy -26,28bis(propoxy-tria zo-
methoxy) dicalix[4]arene: (22)

Compound17 (82 mg, 0.11 mmol) andompound19 (100 mg, 0.11 mmol) were
dissolvedin DMF (15 ml) to this stirring mixture sodium asdmate 3 mg, 0.11
mmol) and copper sulphate pentahydrate (2.8 mg, 0.011 mmol) were added. The
resulting mixture was heated to 90 °C for 17 h, and then cooled toteyoperature.

The reaction mixture was poured into water (50 mL), and then extracted with ethyl
acetate (200 mL,)the solvent was removed by vacuum. The red solid formed was

taken up in DCM:EtOAC to giverhite crystal22.

Yield: 32 ng, 19 %. m.p.: 172178 °C m/zCalc [M+H]" for Cio0H126NsOg Calculated:;
1540.9743, Found; 1540.9766; (CDCLy): 0.95(18H, s,t-Bu), 1.04 (181, s, t-Bu),

1.27 (18H, st-Bu), 1.29 (18H, st-Bu), 2.67 (4H, m, CH-CH»-CH,), 3.31-3.38 @8H,

m, Ar-CH.-Ar), 4.30 8H, m, ArCH.-Ar), 4.50(4H, t O-CH,, J = 5.7 H2, 5.13(4H,

t, TriazoleCH,, J = 6.0 Hz), 5.25(4H, s, Triazole CH,-OAr), 6.81 (4H, s, AiH), 6.91

(4H, s, ArH), 7.04 (8H, d, AtH, J = 5.7 Hz) 7.22 (2H, s, AIOH), 7.94 (2H, s,
TriazoleH), 8.13 (2H, s, AOH). @ (CDCl): 30.9, 31.0, 31.6, 31.7, 33.8, 34.0, 125.0,
125.2, 125.5, 125.7, 125.8, 132.5, 132.8, 1585« (KBr): 3416, 2961, 2926, 2866,
1736, 1600, 1485, 1464, 1392, 1362, 1300, 1240, 1202, 1123, 1096, 1044, 946, 871,

720 cm.
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2.4.7 5,11,17,23etra-tert-butyl-25,27 dihydroxy -26,28bis(butoxy-tria zo-
ethoxy) dicalix[4]arene: (23

Compoundl17 (30 mg, 0.035mmol) andcompound20 (26 mg, 0.035mmol) were

stirred in DMF (5 mL) and sodium ascorbate (6.35 ®@@30 mmol) and copper
sulphate (1 mg, 0.08imol) were added. The reaction mixture was heated to 90 °C for
18 h, and then cooled to room temperature. This was then poured into water 50 mL and
the product extracted with EtOA@ROO0 mL), the solution was concentrated under
reduced pessure and the red residue obtained purified by elution with DCM on

silica gel, andcrystallisationwith DCM:PetroleumEther (1:1) mixture to givdight

browncrystals23.

Yield: 29 mg, 52 %m.p.: 232 236 °C m/zCalc [M-H]" for Cio:H126NsOg Caculated;
1567996, Found; 1563.961d, (CDCl;): 0.89 (32H, st-Bu), 1.11(32H, s,t-Bu), 2.63
(4H, m, CH-CH»-CH,-CHy), 3.30 (8H, m, AfCH,-Ar, Ar-CH»-Ar), 4.18 (4H, t, G
CHy, J = 6.4 Hz),4.27 (8H, m, A¥CH,-Ar, Ar-CH-Ar), 4.98 (4H, t, tiazoleCH,, J =
6 Hz),5.13 (4H, s, riazoleCH»-0), 6.81 (4H, s, AH), 6.90 (4H, s, AH), 7.0477.06
(8H, 2 x s, ArH), 7.21 (2H, s, AYOH), 7.90 (H, s, ArOH), 8.13(2H, s, Triazole

H). at (CDCl): 28.6, 29.9, 30.3, 30.4, 30.6, 32.8, 113.1, 122.4, 124.2, 124.7, 156.5,
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130.8, 131.5, 131.8, 137.7, 146.3, 148.6, 149.5, 1822(KBr): 3425, 2963, 1633,

1484, 1464, 1384, 1367, 1362, 1261, 1203, 1123, 1097, 1023, 803 cm

2.4.8 4-(prop-2-yn-1-yloxy)benzaldehyde (24)*°

o\/
x
4-Hydroxybenzaldehyde (@0 g, 16.4 mmol) and potassium carbonate (4532.8
mmol) were dissolved incatone(250 mL), and this mixture was stirred at room
temperature for 2 h. Propargyl bromide (2.34 g, 19.68 mmol) was added to this stirring
mixture, which was then heated to reflux for 5 h, after which the reaction miwias

cooled to room temperature. Thahgent was removed under vacuum, yieldi¥y

Yield: 2.44 g, 93%. m.p.. 66-70 °C (Lit 85 °C)'" m/z Calc [M+H]" for CioHgO-
Calculated; 161.0597, Found; 161.0588al. Calc. for GoHgO,: C, 74.99 H, 5.03

N, 0.0 %; Found C73.53 H, 4.69 N, 3.61%. d; (CDCl): 2.57 (1H, t,C[ B, J =
2.4Hz), 4.77 (2H, s, @H,), 7.07 (2H, d, AiH, J= 4.5 Hz), 7.84 (2H, d, AH, J= 4.8
Hz), 9.90 (1H, sHC=0). d& (CDCl): 55.8, 76.4, 78.3, 115.1, 130.8, 131.6, 162.3,
190.8.3max (NaCl): 3213, 2833, 1681, 1603, 1578, 1507, 1248, 1216, 1169, 8822,

cm?,
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2.4.9 5,11,17,23etra-tert-butyl-25,27 dihydroxy -26,28bis-propoxy-(triazo-p-
benzaldehyde) calix[4]arene(25)

J

A mixture ofcompound24 (42 mg, 0.25 mmol) andompoundl9 (100 mg, 0.12 mol)

was dissolved ilDCM (25 mL) and water (25 mL)To this mixture copper sulphate

(3.1 mg, 0.01 mmol) and sodium ascorbate (25 mg, 0.12 mmol) were added. This
reaction mixture was heated reflux for 24 h, and ten cooled to room temperature.

The produc®5 wasprecipitatedas an offwhite solidfrom DCM: Petroleum Ether.

Yield: 84 mg, 62 %. m.p.: 214228 C. n/z Calc [M+H] for C;oHg2NgOg Calculated;
1135.6267, Found; 1135.61&4, (CDCly): 0.96 (18H, st-Bu), 1.29 (18H, si-Bu),

2.61 (4H, m, CH-CH»-CH,), 3.29(4H, d, Ar-CHx-Ar, J = 12.9 Hz), 3.99 (4H, t, O

CHy, J = 5.4 Hz), 4.13 (4H, d, AEH>-Ar, J = 12.9 Hz), 4.88 (4H, m, I8,-Triazole),

5.24 (4H, s, TrizaokCH,-0), 6.81 (4H, s, AH), 7.03 (4H, d, AH, J = 11.1 Hz),

7.11 (4H, s, AH), 7.42 (2H, s, AOH), 7.77(4H, d, ArH, J = 8.4 Hz), 7.95 (2H, s,
TriazoleH), 9.90 (2H, sHC=0). & (CDCl;): 30.8, 30.9, 31.7, 33.9, 34.0, 47.3, 62.0,
72.1, 115.0, 125.3, 125.7, 127.6, 130.3, 132.0, 132.3, 142.3, 147.6, 149.1, 150.2,
163.1, 190.83max (KBr): 3423, 2960, 2920, 28, 2867, 1687, 1657, 1647, 1601,

1579, 1509, 1485, 1384, 1347, 1249, 1217, 1B71,,673 cnt'.
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2.4.10 3-(prop-2-yn-1-yloxy)benzaldehyde (26)
O\/
“

3-Hydroxybenzaldehyde (@0 g, 16.4 mmol) was dissolved in MeCN (250 mL) with
potassium carbonate (4.53 g, 32.8 mmol) and stirred for 1 h. To this mixture propargyl
bromide (2.34 g, 19.68 mmol) was added, and the reaction mixture was heated to
reflux for 5 h.The mixture was then oted and filtered, and the solvent was removed

at low pressure. The yellow oil yielded was purified by column chromatography with
dichloromethane as eluent to gi26 asyellow oil. Cooling with in ice gives yellow

crystalline solid.

Yield: 1.63 g, 62 %. m.p.. 30-34 °C. m/z Calc [M+H]" for C;oHgO, Calculated,;
161.0597, Found; 161.059@, (CDCk): 2 . 55 ( 1M J=24,Hz)@.I6Q2H, s,
O-CHp), 7.25 (1H, m, ArH), 7.457.54 (3H, m, ArH), 9.98 (1H, s,HC=0). ¢
(CDCly): 59.9, 76.1, 77.8, 113.4, 1221124.2, 130.2, 137.7, 158.0, 1913max (NaCl):
3300, 3055, 2826, 1701, 1594, 1484, 1387, 1321, 1265, 1243, 1167, 1148, 1037, 790,

738cm™.
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2.4.115,11,17,23 etra-tert-butyl-25,27 dihydroxy -26,28bis-propoxy-(triazo-o-
benzaldehyde) calix[4]arene: Z7)

N\, S

(e}

A mixture of compoun@6 (42 mg, 0.25 mmol) and compoué (100 mg, 0.12 mol)

was dissolvedn DCM (25 mL) and water (25 mL)Yo this mixture copper sulphate

(3.1 mg, 001 mmol) and sodium ascorbate (25 mg, 0.12 mmol) were added. This
reaction mixture was heated to reflux for 24 h, and then cooled to room temperature.

The produc®7 wasprecipitated as an off/hite solid from DCM: Petroleum Ether.

Yield: 66 mg, 48 %. m.p.: 218232 C. m/z Calc [M+H] for C;oHg:NsOg Calculated;
1135.6267, Found; 1135.625d; (CDCl): 0.97 (18H, st-Bu), 1.28 (18H, st-Bu),

2.62 (4H, m, CHCH>-CH,), 3.29 (4H, d, A"ICH2-Ar, J = 13.2 Hz), 3.98 (4H, t, O
CH,, J=5.4 Hz), 4.88 (4H, m, B»-Triazole), 5.22 (4H, s, «@H,-Triazole), 6.82 (4H,
s, Ar-H), 7.08 (4H, s, AH), 7.16 (2H, d, AH, J = 7.8 Hz), 7.46 (8H, m, AH, Ar-

OH), 7.98 (2H, s, Triazok#), 9.98 (2H, s,HC=0). d-(CDCl): 30.8, 30.9, 31.49,
31.6,33.8,34.0, 47.2, 55.9, 62.1, 72 113.6121.8§ 122.1,123.5, 125.3125.7, 127.6,

132.3, 137.7, 142.1, 147.5, 149.2, 150.2, 158.8, 192.0(KBr): 3425, 2960, 2924,
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2904, 2868, 2906, 1698, 1596, 1587, 1485, 1461, 1449, 1391, 1385, 1362, 1287, 1260,

1243, 1201, 1168, 1034, 872 ¢m

2.4.12 2-(prop-2-yn-1-yloxy)benzaldehyde (28)

O

X

o\/

Salicylaldehyd€2.00 g, 16.4 mmol) was dissolved in MeCN (250 mL) with potassium
carbonate (4.53 g, 32.8 mmol) andrsd for 2 h; propargyl bromide (2.34 g, 19.68
mmol) was add# This reaction mixture was heated to reflux for 5 h, it was then
cooled, filtered and the solvent removed under vacuum. This yi@8ed a brown

crystalline solid.

Yield: 2.37 g, 90 %m.p.: 60-62 °C (Lit 60-62 °C).>® m/z Calc [M+H]" for CioHsO-
Calculated; 161.0597, Found; 161.058®&al. Calc. forC1gHgO,: C, 74.99; H, 5.03;

N, 0.0%; Found C73.21 H,4.79 N, 3.226.d, (CDCl3): 2 . 56 ( 1H J=24, ClrC
Hz), 4.83 (2H, s, @CH,), 7.0%7.14 (2H, m, AfH), 7.557.59 (1H, m, AsH), 7.85

7.88 (1H, m, ArH), 10.49 (1H, SHC=0) d- (CDCly): 56.3,76.5, 77.7, 113.2, 121.6,

125.4, 128.5, 135.4, 159.7, 189%K.x (NaCl): 3301, 3054, 2872, 1690, 1600, 1483,

1460, 1400, 1304, 1288, 1265, 1220, 1191, 1163, 1021, 73&n703
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2.4.135,11,17,23etra-tert-butyl-25,27 dihydroxy -26,28bis-propoxy-(triazo-
salicyalydehye) calix[4]arene: (29)

Compound19 (250 mg, 0.03 mmol) and compou8 (98.25 mg, 0.06 mmol) were
dissolved in a DCM and water mixture (25 mL: 25 mL), copper sulphate (153.16 mg,
0.06 mmol) and sodium ascorbate (121.52 mg, 0.06 mmol) were addetha
mixture heated to refluxof 120 h. The reaction mixture was cooled and the product
extracted with DCM (100 mL), the combined organic extracts were washed with brine
(200 mL) and dried over MgSQOThe solution was dried under reduced pressure and
the product wagprecipitatedfrom DCM:Petroleum Hter, giving29 as an off white

solid.

Yield: 30 mg, 88 %; m.p.. 230-234 °C, nVz Calc [M+H] for C;oHg2NgOg Calculated;
1135.6267 Found; 185.6191 d; (CDCl): 0.96 (18H, sf-Bu), 1.27 (18H, st-Bu),

2.61 (4H, g, CH-CH»-CHy, J = 6 Hz), 3.28 (4H, d, AfCHx-Ar, J = 12.9 Hz),3.99
(4H, t, OCHp, J = 5.7Hz), 4.13 (4H, d, AICH,-Ar, J = 12.9Hz), 4.87 (4H, t, Gl,-

Triazole,J = 6.6 Hz), 5.29 (2H, s TriazoleCH>-0), 6.81 (4H, s, AH), 7.03 (2H, m,
Ar-H), 7.05 (4H, s, AiH), 7.13 (2H, d, AiH, J = 8.7 Hz),7.43 (2H, s, ATOH), 7.46
(2H, m, ArH), 7.79 (2H, d, AfH, J = 5.7 Hz), 7.95 (2H, s, Triazold), 10.40 (2H, s,

HC=0).at (CDCl): 30.9, 31.7, 34.0, 47.3, 62.5, 113.0, 121.2, 125.0, 125.3, 125.7,
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127.5, 128.6, 132.3, 135.9, 142.1, 149.10.25160.5, 189.@Bmax (KBr): 3397, 2958,
2903, 2867, 1687, 1598, 1584, 1484, 1458, 1392, 1362, 1301, 1286, 1241, 1209, 1162,

1124, 1045, 1027, 945, 872, 832, 758'cm

2.4.145,11,17,23etra-tert-butyl-25,27 dihydroxy -26,28bis-butoxy-(triazo-
sdicyalydehye)calix[4]arene: (30

In a mixture of DCM (25 mL) and ater (25mL) compound28 (100mg, 0.01 mmol)

and compound20 (38 mg, 0.023 mmol) weredissolved.To this copper sulphate
pentahydrate 5§9.22 mg, 0.023 mmol) and sodium ascorbatd7(mg, 0.023 mmol)

were addedThe mixture was heated to reflux for 1h5the reaction mixture was
cooled and the product was extracted with DCM (100 mL). The organic layers were
combined and washed with brine (200 mL), droeer MgSQ and concentrated under
redued pressure, the residue was redissolved in diethyl ether, and the solvent was

removed under vacuurBp was collected as a white solid.

Yield: 34 mg, 83%. m.p.. 218224 C. m/z Calc [M+H] for C;oHgsNeOg Calcuhted;
1163.658, Found; 1163.666, (CDCls): 0.89 (18H, st-Bu), 1.24 (18H, st-Bu), 1.72
(4H, q, CH-CH2-CH,, J= 6.9 Hz), 2.19 (4H, q, CHCH,-CH,-CH,, J = 6.9 Hz),3.28

(4H, d, AFCH»-Ar, J = 13.2 Hz), 3.86 (4H,tO-CHy, J = 5.7 H2, 4.10 (4H, d, Ar
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CH.-Ar, J = 12.9 Hz), 4.56 (4H, tCH,-Triazole J = 7.5 H2, 5.32 (4H, s, AIO-CH,-
Triazole), 6.72 (4H, s, AH), 7.02 (4H, m AfH, Ar-OH), 7.07 (4H, s, AH), 7.17

(2H, d, ArH, J = 8.4 Hz),7.48 (2H, t Ar-H, J= 7.5 H2, 7.78 (2H, dAr-H, J= 7.8

Hz), 8.01 (2H, s, Triazok), 10.45 (2H, SHC=0). ¢ (CDCl): 18.4, 26.5, 27.7, 30.9,

31.2, 31.4, 31.7, 33.9, 50.2, 58.4, 62.5, 113.1, 121.2, 123.9, 125.05, 125.6, 127.7,
128.6, 132.0, 136.0, 142.0, 143.2, 147.2, 149.4, 150.2, 160.6, 333.6<Br) : 3416,

2957, 2904, 2867, 1687, 1598, 1484, 1458, 1392, 1362, 1285, 1239, 1210, 1195, 1162,

1049, 872, 758 cih

2.4.14.1Reaction of 30 with Zn(CIlO 4),.6H,O in MeOH/CHCI 3. Complex
Zn(30)(CIO4)2

\
/ N N

A mixture of 30 (10 mg, 0.008 mmol) in CHEI5 mL) and zinc(l) perchlorateg(12
mg, 0.032 mmol) in MeOH (10 mL) were stirred at room temperature for 8 h. The

solvent was removed on a rotary evaporator, to leave a yellow solid.

Yield: 8 mg, 70%: m.p.. 154164 °C, d; (CDCl;): 0.84 (18H, st-Bu), 1.30 (L8H, s,t-
Bu), 2.18 (8H, m, CH-CH,-CH,-CHy), 3.26 (4H, d, AfxCH,-Ar, J = 12.9 Hz), 3.88
(4H, m,0-CHy), 4.08 (4H, d, AfCH,-Ar, J = 12.9 Hz), 4.69 (4H, m, I@,-Triazole),
5.45 (4H, sAr-O-CH,-Triazole), 6.68 (4H, s, AH), 6.99 (6H, m, AfH), 7.48(2H, m,

Ar-H), 7.76 (2H, m, ArH), 8.19 (2H, s, Triazok), 10.28 (2H, sHC=0). 3max (KBTr)
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: 3469, 2958, 2907, 2868, 1688, 1599, 1484, 1458, 1240, 1208, 1145, 1110, 1090, 757,

626cm™.

2.4.15 Bis(3-(prop-2-yn-1-yloxy)benzylidene)ethanel,2-diamine (30)

(;/\N/\/N\@\O/\%
]

A mixture of compound9 (0.1 g, 0.37 mmol) and potassium carbonate (0.7 g, 5.11
mmol) were dissoled in a&etone and heated to reflux for one hour, at this point
propargyl bromide (0.39 g, 3.27 mmol) was added dropwise, an@dlcgan mixture

was heated to reflux for 48 h. After cooling to room temperature the potassium salts
formed were filtered and the filtrate concentrated under vacuum, the residue was

dissolved in CHGland30 was obtained by addition of EtOH.

Yield: 44 mg,35%.m.p.: 8894 °C.Anal. Calc. forC,,H,0N2O2: C, 76.72; H, 5.85; N,

8.13 %;Found C,70.27% H, 5.46N, 7.24%. d, (CDCl) : 2.49 H,2H24 t C
Hz), 3.96 (4H, s, C=RCH»CH»>N) , 4. 70 (H,H = 2.4 Hz), H0C7.0€

(2H, m,Ar-H), 7.287.34(6H, m, ArH,Ar-H,Ar-H), 8.24 (2H, SHC=N). a (CDCL):

55.8, 61.4, 75.6, 112.9, 117.9, 122.00, 129.64, 137.60, 157.78, 162.4(KBr) :

3237, 2837, 1639, 1598, 1447, 1378, 1277, 1263, 1175, 1156, 1042, 781686
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2.4.16 Reaction of 19 with 36n DCM and MeOH

Q/\N/\/N\/Q\O/\/
O

CuS0,4.5H,0
I ———x—— N
Sodium Ascorbate, 90 °C N N

A mixture of30 (10 mg, 0.0029 mmol) ant® (23.7 mg, 0.0029 mmol) were dissolved

in a DCM (10 mL) to this stirring mixture copper sulphate pentahydrate (2 mg, 0.008
mmol) and sodium ascorbate (5 n@g025mmol) in MeOH (2 mL) was added. The
resulting mixture was heated to 90°C ¥oh. The solvent was removed under vacuum
and the residue was taken up in CEi©lwhich EtOH was added white ppt formed
which was insoluble in all NMR solvenfEhe solution was reduced under vaccume, t

'H NMR spectrumincludes a aldehyde peak, which is consistent with imine

hydrolysis.

2.4.17 Reaction of 19 with 30in DCM and MeOH with a drying agent

QA\N/\/ \ Y
o |
CuS0,4.5H,0
| ‘ /N%
Sodium Ascorbate, 90 °C N N
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A mixture of 30 (10 mg, 0.0029 mui), 19 (23.7 mg, 0.0029 mmol) and magnesium
sulphate (3.5 md).029mmol) were dissolved iBDCM (10 mL) to this stirring mixture
copper sulphate pentahydrate (2 mg, 0.008 mmol) and sodium ascorbateQ(92hg,
mmol) in MeOH (2 mL) was added. The resuitimixture was heated to 9C for 7 h.
The solvent was removed under vacuum and the residue was taken up nt€HCI
which EtOH was addedhe'H NMR includes a aldehyde peak, which is consistent

with imine hydrolysis.

2.4.18 Reactionof 6 with propargyl bromide in acetone:(31)

OH

K,CO;3

s \/\/

Acetone, A N

/o

Potassium carbonate (143 mg, 1.12 mmol) @200 mg, 0.74 mmol) were dissolved

N=—

OH
/@A\N/\/N\/G/

/\Br

in acetone (100 mL) and heated to reflux for 1 hour, propargyl bromide (133 mg, 1.12
mmol) was added and heated to reflax 24 h. The mixture was cooled to room
temperature and Buchner filtered, the filtrate was ceduo dryness under vacuum.
The residue was dissolved in DCM addition of Pet Ether gave a browrtipptwas
removed and the sadnts were removed under vaauua yellow solid precipitate from
DCM: Pet Ether, this was found to be tt& which indicates that the imine underwent

hydrolysis.

di (CDCL): 2.56 (1H, t, CCH, J = 2.5 Hz), 3.92 (4H, s, C=ICH,), 4.78 (2H, d, ©

CH,, J = 2.4 Hz),6.96 (4H, d, AfH, J = 8.8),7.63 (4H, d, ArH, J = 8.9 Hz),8.21
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(2H, s,HC=N), 9.91 (1H, sHC=0). & (CDCl): 55.9, 76.3, 76.6, 115.2, 130.6, 131.9,
162.3, 190.83max(KBr): 3448, 3214, 2964, 1683604, 1578, 1508, 1453, 1260, 1095,

1022, 805 cn.

2.4.19 Reaction d 13 with propargyl bromide in acetonitrile: (32)

HO.
OH ; ;
H 0 ——N
X NS " K,CO;
—x—>
Acetone, A \\

Br/\¢
D

Compoundl3 (0.1 g, 0.37 mmol) and potassium carbonate (0.13 g, 0.93 mmol) were
dissolved in acetonitrile (100 mland heated to reflux for 1 h. At this point propargyl
bromide (0.13g, 1.49 mmol) was added dropwise, and the mixture was heated to
reflux for 48 h, and then cooled to room temperature. The inorganic salts formed were
filtered, and the filtrate concentrated under reduced presshig.yielded a brown
solid, '"H NMR analyss of the crude product revealed that significant imine hydrolysis
had occurredlt was attempted to purify the product by column chromatography, but it

was only possible to isolate the aldehyde hydrolysis product.
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2.4.20 Reaction d 13 with propargyl bromide in acetonitrile: (33)

OH ’

K,CO4
—X—
HO Acetone, A N

\/\O

Compoundl3 (0.1 g, 0.37 mmol) and potassium carbonate (0.05 g, 0.46 mmol) were
dissolved in acetonitrile (100 mL) and heated to reflux for 1 h. At this point propargyl
bromide (0.11 g, 0.93 mmol) was added dropwise, and the mixture was heated to
reflux for 24 h, andhen cooled to room temperature. The inorganic salts formed were
filtered, and the filtrate concentrated under reduced predswvas clear from théH

NMR spectrum that significant aldehyde formation had occurred.

2.5 Fluorescence Spectroscopy of Ligandsdm section 2.4

2.5.1 Overview and Parameters

Two of the triazole ligands were of sufficient purity be screesd for fluorescent
behaviour,29 and 30, 100 nM solutiors of both ligands inCHCI; were successfully
preparedAll samples were run abomtemperaturet)V-Vis spectra were recorded to
determine the absorption maxima. The parent calix[4]arene has an absorption max at

280 nm?

2.5.2 Fluorescent Data

The UV-Vis spectra plot of the ligands,29 and 30, showed three absorption peaks

(Table 2.3. Each of thesgpeaks werghenused as the excitation wavelength®),
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and the emission spectrunas recorded with peak emissioh®™™). Excitation of29 at
252 and 316 nm resulted ino fluores@nce emission spectravhile a /¢~ = 292

resulted in a weak emission spectrum wiffi" = 344 nm. A similar result was noted

for ligand30.

Table 2.3: UV-Vis absorption peaksyhich are used as the excitation wavelengffi, to

obtain fluorescent emission spectrum with peak emisgidh

Sample no. Absorption Peaks (nm) /M
29 252 292 316 344
30 250 290 316 346

2.6 Synthesis of Isoxazole modifié Calix[4]arenes for Fluorescence

studies

2.6.1 Anthracene modified Isoxazole Calix[4]arene: (AIC)

AIC was prepared by Haowen Diao using the following method.
Anthracened-carbaldehyde oxime (0.19 g, 0.75 mmol) and chlorashif@e.20 g, 0.90
mmol) were placed in a 100 mL round bottomed flask and dissolved in EtOH (60 mL).
Compoundl7 (0.30 g, 0.43 mmolyvas added. The mixture was heated at reflux (80

°C) for 3 hours and another portion of oxime (0.90 g) and chloramif@20 g) were
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added. The mixture was heated at reflux {8) overnight. On completion of the
reaction, water (30 mL) was added andnmgture was extracted with chloroform (10
mL x 3). The organic layers were combined, washed with 5% NaOH (10 mL x 2) and
dried over anhydrous MgSO The solvent was removed under vacuum. The crude
product was purified by flash column chromatography{Spetroleum ether: ethyl
acetate, 3: 1). The crude product wagstallised from &er EthefEtOAc mixture (3:

1) yielding the desired produes a white solid.

Yield: 0.25 g, 51 %m.p.. 174190 °C. m/z [M+Na]" calculated for H7gN.NaGs,
1185.5752found 1185.5670ly (CDCls) : 0.94 (18H, st-Bu), 1.31 (18H, st-Bu),

3.37 (4H, d, A\CH,-Ar, J= 13.2 Hz), 4.29 (4H, d, AEH2-Ar, J = 13.2 Hz), 5.27 (4H,

s, ArrO-CH,), 6.48 (2H, s, isoxazoleH), 6.70 (2H, s, AIOH), 7.09 (4H, s, AiH),
7.337.43 (8H,m, Ar-H), 7.79 (4H, d, AH, J = 7.8 Hz), 7.93 (4H, d, AH, J = 7.8

Hz), 8.43 (2H, s, AiH). Uc (CDCl;) 310, 31.7, 33.9, 34.0 67.7, 108.1, 125.2, 125.3,
125.6, 125.8, 126.5, 127.8, 128.4, 129.0, 130.6, 131.1, 132.5, 141.9, 147.7, 149.6,
150.4, 161.0,167.9 3max (KBr): 3447.81, 2960.41, 1625.69, BI87, 1362.69,

1207.46, 888.35/35.12cm’™.

2.6.2 1-(tert-butyl)-4-(prop-2-yn-1-yloxy)benzene (34)

/

_

p-Tertbutyl phenol (1 g, 6.65 mmol) and potassium carbonate (1.75 g, 12.65 mmol)
were dissolved in acetone (100 mL) and stirred for 2 h, at this point propargyl bromide

(1.18 g, 9.98 mmol) was added dropwise. The mixture was heated to reflux for 8 h
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under N. The reation mixture was cooled to room temperature and the inorganic salts
filtered. The mixture was washed with water (50 mL) and the product extracted by
DCM (150 mL), and dried over MgSOThe solvent was removechder vacuum to

yield yellow oil 34.

Yield: 113 g, 90% nvz Calc [M+H] for Ci3H60 Calculated; 189.1270, Found;
189.12744d, (CDCl): 1.37 (9H, st-Bu) , 2. 55 H,1=P,4 Hz),,4.71Q2HCd,
O-CHp, J = 2.43), 6.96 (2H, d, AH, J= 8.9 Hz), 7.36 (2H, d, AH, J = 8.9 Hz).ct
(CDClg): 31.5,38.8, 55.8, 75.3, 78.8, 114.3, 126.3, 144.4, 158:5. (NaCl). 3435,

3290, 3276, 3046, 2958, 2906, 2867, 1595, 1482, 1445, 1388, 1366, 1306, 1205, 1187,

1120, 1095, 1002, 867, 640 ¢m

2.6.3 Reaction of 34with paraformaldehyde in MeOH:

|

Compound34 (500 mg, 2.65 mmol) was dissolved in MeOH (50 mL) to this 30%
formaldehyde in KO (200 mg, 6.63 mmol) and sodium hydroxide (287 mg, 7.17
mmol) was added. The reaction mixture was heated to 67 °C for 3 h, andotied

to room temperature, filtered and the solvents were removed from theefidittat
reduced pressure, to gieown oil. The 'H NMR showed nasignal for thealdehyde

proton.
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2.6.4 Anthracene modified isoxazoletert-butyl-phenol: (AlM)

AIM was prepared by Haowen Diao using the following method.

34(0.25 g, 1.35 mmol) and EtOH (40 mL) were added a0 mL round bottomed
flask. Anthracened-carbaldehyde oximé0.15g, 0.68 mmol) and chloramink (0.15

g, 0.66 mmol) were added. The mixture was heated at reflux for 2 Wdtes2 h 34
(0.128 g, 0.68 mmol) and chloramiiig(0.154 g, 0.68 mmolyvereadded. The mixture
was heated at reflux for another 2 hours. After this intefituaher portions of34
(0.128 g, 0.68 mmol) and chloramiiig(0.154 g, 0.68 mmolvere added. After a total
of 6 h the reaction was cooled amdter (100 mL) was addedThe mixture was
extracted with chloroform3(x 30 mL). The organic layers were combined and
washed with 5 ¥NaOH @ x 15 mL) and dried over anhydrous Mg&OThe solvent
was removed by evaporation under reduced pressure. The crude product was purified
by flash column chromatography (S#D DCM: petroleum ether, 1:2,tR 0.4). The

desired productAIM ) was obtanred as a yellow liquid

Yield: 0.27 g, 98 % m/z[2M+Na] +calculated for gHsoN2NaQ,, 837.3663, found
837.3681 d,; (CDCl): 1.32 (9H, st-Bu), 5.38 (2H, sO-CH,), 6.61 (1H, s, isoxazole
CH), 7.0:6.97 (2H, m, AfH), 7.36 (2H, m, ArH), 7.527.42 (4H, m, ArH), 7.85
(2H, m, ArH), 8.06 (2H, dd, AH, J= 1.8,7.2 H2, 8.58 (1H, s, AfH). @ (CDCL):

31.5, 34.2, 61.8106.9 114.5 122.9, 125.4125.6, 126.5, 126.6, 128.55, 129.1, 130.6,
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131.2, 144.8, 155.7, 161.067.7.3max (KBr): 2962.5 1605.5, 1512.3, 1363.5, 1363.5

1232.0, 998.2, 893.6, 732c&t.

2.7 Fluorescentproperties of ssoxazole modified calix[4]arenes from

section 26

2.7.1 Overview andParameters

Fluorescence spectra measurementsre performed using a Jascow R0
fluorescence spedmeter. The samples we prepared in a 3000l quartz
fluorescence cell with a 10 mm path d¢im. The excitation wavelengtl/>) was
detemined using UWVis spectroscopyo be274 nm,343 nm and 364 m for PIM,
PIC, AIC and AIM, respectively with all results recorded in triplicateStock
solutions of the host and guest (metal salts) wereapeepn HPLC grade acetonitrile
to concentrations of 18M host and 1200rM guest.A total volume of 30001 was
maintained in the cell at all times, with the hestume of 15001 for each reading
resulting in a constant concentration afid. The concentration of the metal salts was
varied from 0.6nM to 600 nM by dilution using additional acetonitrile in the
remaining 15007 portion. Upon addition, mixing waserformed by inversion; this
mixing was completed after sixty seconds ensuring adequaikbeafion of host and
guest.Before each sample was rue cell filled with acetonitrilewas placed in the
spectrometer and the emission spectra was recordedgtii@gment wa then auto
zeroed for the solvent. The data obtained wescessedising Microsoft Ecel to
obtain a spectral plot of relative fluorescence intengayu) versus emission

wavelength (nm).
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2.7.2 Fluorescence Data

Absorption maxima were used as an excitation parangéféy to generate emission

spectra, with maximum/ €™, Table 2.4 All the exdtation wavelengths were tested

but some resulted in higher quality emission specace the optimum excitation

wavelength was found, the emission spectra in the presence ofety \@r metal

perchlorate saltand coppesaltswere recorded.

Table 2.4 Absorption maxima used as excitation wavelengff)( and the corresponding

peak emission wavelength recordéd™).

Sample UV-Vis absorption peaks (nm) [ +™ (nm)
Name
AIC 356 364 384 439
PIC 235 278 343 498
AIM 252 304 364 421
PIM 274 346 386
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3.1 Introduction

This thesis represents the results of an investigation into the discovery of novel metal
binders based otert-butyl-calix[4]arene, which is exploited as a macromolecular
scaffold. This was further expanded to include analytical proprjetieeh display

when metal complexation had occurredPreparation of novel compounds through
standardSchiff base conditiongproved to bea successUV-Vis and fluorescence
spectroscopic methods weperformed on the ligands and select metal complex
reactions. Once this avenue was exhausted, the development of unusual metal binding
sites wasinvestigated;it was decided to include bothchiff base and triade sites

within the same lower rintavity. Due to the sensitivity of the -@tnine link to the
reactionconditions needed for theick reaction the desired calktriazole Schiff base
compounds proved elusivelowever lower rim link triazole doulke calixarenesc{ick-

calixtube$ andtriazole linked calix[4]arene aldehydes wertecessfullyprepared.

3.2 Schiff base cappedalix[4]arenes

3.2.1 Overview

It was initially decided to substitute the lower rim t&frt-butyl calix[4]arene with a
simple metal binding site, within which the size and shape of the binding site could be
altered. To this e it was decidedhiat simpledi-imine bridged diphenol link units
would be exploited, with the position of the aldehyde relative to the hydroxyl group
being changed to enable the construction of calix[4]arenes with metahdpisities

with different shapes, Figure 3.15chif base capped calix[4]arenes have been
previously reported®*® but these have been achidwéa a cross linking fashiariThis

thesis focused on creating a compartmentalised approach to synthesisseg th
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compounds. This was atterept in order to maximise the yield amgbtimise the
purification steps neededoThis end a rang of bromoalkoxycalix[4]arenesand di-
hydroxybenzyiimines were synthesisedo that theycould be combined in a simple

one step reaction to give the desired compounds.

AN hN/ ‘ AN
——OH
/ a4 G

HO

Figure 3.1: Generaktructure fordi-imine bridged diphenol units used

3.2.2 Synthesis and baracterisation of calix[4]arene precursors

The calix[4]areng2, (tetramer) which was to serve as the scaffold upon which all
subsequent compounds would be constrycteds prepared using the method

developed by Gutschet al'®

which first prepareghe calix[8]arene precursold,
(octamer) through the base catalysed condensation of paraformaldehydp-tartd
butylphenol shown in Scheme 3.The expected highly symmetricature of the
octamerwas confirmed by examination of tH&! NMR spectrum, with a single
uncoupled peak representing tieet-butyl groupsresonatingat 1.28 ppmDue to the
position of thet-butyl groups, the aromatic protorexe chemically equivalent and as
such are observed as a singlet at 7.17 gpgra.methylene bridges resonate as a pair of
doublets at 3.48 and 4.39 ppm, which is indicative of their diastereatbpracter
resulting in one proton poiimg into the macrocyclic cavity. @hsequently the
geminal protons exist in two different chenli@nvironments.Extensive hydrogen

bonding occurs between the phenolic protons because of their relative close proximity

within the cavity,giving rise to a lower than expecteldwer field resonance at 9.63

ppm
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A

cat. KOH
xylenes

cat. NaOH
Ph,O

Scheme3.1: Synthesis of calix[8]arenk,and calix[4]arene?, with conditions used.

By heating the octamer to reflux in diphenyl ether in the presence of a base catalyst t
octamer,1, was converted to tetramé;, whichis shown inScheme3.1 Thisyields 2

as a glinting white solid. The resonance signals fotehebutyl groups, aromatics and
phenolic groups occurring as singlets at 1.21, 7.04 and 10.34 reppectively is
indicative of preservation of symmetrgs in the case of thetamer.The lowerfield
position observé for the phenolic proton is as a resulttloé tighter proximity of the
hydroxyl groupsdue to the smaller macrocycle size. As in the caskaxdctamer, the
methylene protonare diastereotopic in nature and resonate as a set of doublets at 3.50
and 4.26 ppm.

The phenolic rim of the tetramer is easily functionalised using potassium carbonate as
a bag with the addition of a desired &ctrophile. his routewas utilised to fasbn
1,3bis-bromoalkoxy substituted calix[4]aren&s 4, and5 as shown irBchemes.2 In

the synthesis of the bromoethoxy derivative, the tetramer was heated to reflux with
potassium carbonate for one hotihe 1,2dibromoethane was addedtenfold exces

and refluxed fotwo days The 1,3distal substituted calixaren®8, was obtained after
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precipitation from a mixtur@f hot chloroform and methanol anehs confirmed by

analysis ofts '"H NMR spectrum.

Br 4 Br

Scheme 3.2Synthesis 08, 4, 5 (a) 1,2-dibromoethane, ¥CGO;, D; (b) 1,3-dibromopropane,
K,CGO;, D; (c) 1,4-dibromobutane, KCO;, D.

The effect of the symmetrihat exists inthe moleculecan be seen in ittH NMR
spectrumwhich isclear fromthe twotert-butyl group signalsesonating & singlets at
0.95 and 1.29 ppnThis patternis also observed for the aromatic protons, which are
observed as two singlets at 6.79 and 7.06 ppme. phenolic proton signal is shifted
upfield significantly to 6.99pm; this is de to two of the phenolic groups being
substitued to form phenolic ethers. The presence of the ethsuits in a reduction in
the degree of hydrogen bondingth which the remaining phenolic protons can
participate From the data analysed in this thes$iss characteristic is observed falt
1,3-distal substituted calixarenes synthesis&€tde bromaethoxy p@&dant arm protons
are represented by a triplet at 3.82 ppm and as part of a multiplet at 4.2Bqtprof
which areshifted downfield due tthe close proximity teelectronegative atoms, O and
Br. The bridging methylene protons occur as a doublet at 3.31 ppm with a coupling

constant ofJ = 13.2 Hz and in the multiplet at 4.28 ppm. The value for the coupling
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constant was within the expected range geminal protons'® As with unmodified
calixarenes, these protons retain their diastereotopic natur@l functionalised
calixareneswvhich are descrid in this thesis with the chemical shifts, amipling

constants beingimilar.

The procedurdor preparing 1,3is-bromopropoxycalix[4]arene 4, was the same as

for the bromcethoxy variant,with symmetry once again beingetained in the
macrocycle. This is clear from the twert-butyl signals which are seen as singlets at
1.10 and 1.27 ppm, and from a pair of singlets representing the aromatic protons at
6.86 and 7.04 ppm. Because of the reasons outlined above tltwippeston appears

at 7.63 ppmThe proton signals for therom@ropoxy pendantarm are present as a
quintet at 2.47 ppm, and two triplets at 3.98 and 4.09 pphile the methylene
bridges are represented by two doublets at 3.32 and 4.23 $ymthesis of he
bromobutoxy substituted derivative was similar to both the bromoethoxy and
bromopropoxy derivatives, with a slight modification of the reaction time being
lengthened tdhree daydo maximise yield. Tie work up also required washing with
copious amountsf water (>1000 mL) to remove excess-tlijdromobutaneAs with

the previously described calixarene derivati@eand 4, symmetry is retainedlhis is
clear from the’H NMR spectrum with the tert-butyl groups present as a pair of
singlets at 1.02 and.35 ppm. Wo singlets at 6.85 and 7.11 ppm represent the
aromatic protons. A singlet at 7.47 ppnrépresentativef the phenolic protgnand

the methylene protons resonate at 3.35 and 4.27 ppm as dolbletistcomdutyl
fragment of the molecule is reggented by two quintets at 2.16 and 2.34 ppm and two
triplets at 3.67 and 4.03 pprfihe characteristitH NMR spectra described above can

be seen in all substituted calixarenes synthesised.
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Changing the alkoxghain length from two to three and finallyftaur carbons had an
observable effect othe percentage yields obtained, showrilrable 3.1. This trend

holds true in general for all substituted calix[4]arenes studied in this thesis.

Table 3.1 Varying reaction times and yields obtained for bromoalkasstuted

calix[4]arenes

Chain Length Reaction Time (hours) % yield
2 48 80
3 48 65
4 72 30

3.2.3 Synthesis and baracterisation of Schiff Baselinkers

The diphenol diminesthat wereused toform capped calix[4]arene derivativegere

prepared using standard Schiff base conditi8fiShese linkers were selectbdcause
the ortho-benzaldhyde baseBalenand themetabenzaldhydelerivatives have been
extensively studied for their metal binding capabilif®s! The para-benzaldeyde

derivative isrelatively unstudiedh comparison

@ﬁ”ﬁ

@/ Ny |
UCﬁ

Scheme 3.3Synthesis of dialdehyde Schiff baga¥4-Hydroxybenzaldehyde, EtOH, 12Q,
2 h(b) 3-Hydroxybenzaldehyde, EtOH, 12Q, 2h(c) 2-Hydroxybenzaldehyde, EtOH, 120
°C, 2h.
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The synthesis of thpara, metg andortho-Schiff base linkes, 6, 9, and13, is outlined

in Scheme3.3. The effect the symmetrical natuné6 has on théH NMR spectrumis

clear upon analysighisis evidentfrom the two doubles at6.77 and 7.51 ppnmwhich

are representativef the aromatic protonghat integratefor four protons eachThis
splitting pattern is characteristic for @ara-disubsituted aromaticompound.The
signal for the ethyl bridge protomesonateat 3.75 ppm as a singlathich integrates

for four protonsThisis furtherevidence of the symmetig this molecile, ands seen

in all Schiff bases prepared in this thesis. Tharacteristisignal for theimine proton

is seen as a singlet which resonates at 8.17 ppm, which is integrated for two protons.
The evidence for formation of the iminedenfirmedfurther by examination of theC

NMR spectrumwhich shows a peak at 161.5 ppm which ighg region the imine
would be expected tesonateThe IR spectrum of the compound shows an absorption
band at 1639 cih which is within the region of the spectrum where timéne would

be expected to appedthe phenolic proton does nappearin the*H NMR spectrum,

but its presence is indi¢ad in the IR spectrum by a bbabsorption band at 3471 tm

! and the®*C NMR with a signal that resonates at 159.8 ppm, which is common for a

carbon bound to a phenolic OH.

From analysis of théH NMR spectrum ofmetaSchiff base linke®, the effect of the
symmetry is once again clearly seéhe aromatic regiorcontains a doublet of
doublets whih resonates at 6.81 ppm, representiwwg protons with a coupling
constant of] = 7.1 Hz,a multipletwhich iscentred at 7.10 ppm whiahtegratedor
four protons, and a triplet which resonate3.40 ppm, andntegrages for two protons
with a couplingconstant ofl = 7.7 Hz.As with 6, the ethyénebridging probns are
represented by agial whichresonates at 3.81 ppas a singletThe imine proton
resonates in the expected region witkignal with chemical shift of 8.23%pm; the

presence of the imine is aganpportecby the'*C NMR with a signal occurring at
117



Chapter 3. Results and Discussion

161.9 ppm, and an absagt band in the IR spectrum occurring at 1647'cAs was
the case it6, the phenolic protosignal is not presetin the'H NMR, but again can be
accounted for from th€C NMR which has a signal resonagiat 157.5 ppm, arfiom

the IR spectrum with aabsorption band which peaks at 3418'cm

Ortho-Schiff base linker13, also known a$alen exhibits the same symmetry which
has been discussed férand9 above.Analysisby *H NMR spectroscopphows that

the aromatic signals resonate as a multiplet&® pm, a triplet at 7.28 ppm, and a
doublet of doublets at 7.40 ppm, which integrate for eight protons collectiMedy.
signal for thebridging ethylfragmentresonates at 3.92 ppm as a singlet, and the imine
signal resonates at 8.58 ppm as a sin@date againconfirmation is obtained from
analysis ofthe 1*C NMR spectrumwithin which a signal resonates at 166.9 ppnd

also by thdR spectrum, which clearly shows ahsorption band observed at 1636 cm

! In contrast to the earlier discusse@nd9, the phenolic protosignalis observed in
the'H NMR spectruris due to the hydrogen bonding interaction between the OH and

the imine(Scheme 3.4).

Scheme 3.40rtho Schiff base linked.3, showing the hydrogen bondingeractions.

The phenolic protomesonates at 13.38 ppm as a singidtich is in agreemertb the
data obtaied from the®*C NMR, which has a signalesonatingat 160.5ppm, and the

IR spectrumwhich onceagain shows a characteristic absorption bard#a6cm’.
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The ymmetry found in the dialdehyd®chiff bases discusseabove is found to be

conservedvhen they are used to functionalise the lower rirthetalixarene

3.2.4 Synthesis and baracterisation of Schiff base capped calix[4]arenes

The 1,3-distatbromoalkoxycalix[4]arenes3, 4, and5 were used as the basic scaffold
unit which would be capped by the-tinine linked diphenol Schiff basés 9, and13.
Scheme3.5 shows the reactiononditionsfor the formation of theara-Schiff base
benzyl linked popoxy-calix[4]arene7 and para-Schiff base benzyl linkedutoxy-
calix[4]arene8. The synthesis is straigbtward, with deprotonation of the Schiff base
phenols preceding addition of the alkyl bromide, withgheducs 7 and8 obtained in
high purity as a solid precipitated from a CREtOH solutionin moderate yieldef
74 % and 35 %respectively. The lower yielthatwas obtained for the butyl derivative

follows the trend which was originally noted in Section 3.2.2.

Scheme 3.5Synthesis opara-Schiff base linked alkoxy calix[4]arenes, where n = @ (i)
K,COs, D, MeCN(ii) 4, D, MeCN.(b) (i) K,COs, D, MeCN, (ii) 5, D, MeCN

It is clear from analysis of thtH NMR spectrumof 7, thatthe symmetrywhich was
exhibited by the starting materials is retained for the capped calix[4]arare.is
illustrated by two signalswhich representhe tert-butyl groups which resonatesa

singlets at 1.03 and 1.27 ppkvhenthis iscompared to the bromopropoexglixarene
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ligand 4, no significant shifting of the signals observedThe methylene bridges are
again observed as two doubletgh signalsthatresonate at 3.33 and 4.23 ppnisT
clearly shows the diastereotopic naturetlod genimal protonsThe aromatic proton
signalsresonate as two singlets at 6.86 &4 ppmwhich is characteristic for ais-
substitution patternOnce @ain this shows minimal shifting of the spectrum
comparison tal. The propoxy fragmergignals resonatat 2.31, 4.04 and 4.15 ppas

a multipletand two triplets respectivelyn comparison to th@reviously discussed
calixarene scaffold, the alkoxy chain shows the most significant shifting. Tametral
CH; in the propoxy chains shifted upfield by 0.20 ppm whil¢he ether Chisignals
are not shifted significantlyrhe phenoligrotonresonates at 709 pm as a singleind

is shifted by 0.2 ppm downfield when compared to the free ligartk signals for the
Schiff base portion of the nterule again shosthe characteristicymmetry observed
in the starting compound. The bridging £kesnates as a singlet at 3.77 ppm
integrating for four protonsand shows no significant shift upr dowrfield. The
aromatic regioronceagain shows the characterigbiara splitting patterrwith a pair of
doublets resonatingt 6.81and 7.53 ppmwhichrepresent no significant shiftinghe
imine protonis represented as a singlleatresonates at.82 ppm, which is a 0.15 ppm
upfield shft in comparison td®. A summary of these shifts is shownTable3.2. The
presence of the imine is also corroborated by #8eNMR spectrurby a signal witha

resonance of 161.7 ppm
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Table 3.2 Comparison of chemicah#ts for capped calix[4]arengand starting compounds

ande.

U Hn S.M (ppm) U Hn 7 (ppm) DU Hppm) Assignment
1.01,1.27 1.03, 1.27 +0.02, 0.00 t-Bu
3.32,4.24 3.32,4.24 0.00, 0.00 Ar-CHx-Ar

2.51, 3.98, 4.09 2.31,4.04, 4.15 -0.02, + 0.06, + CH,-CH,-CH,
0.06
6.86, 7.04 6.89, 7.05 +0.03, +0.01 CxAr-H
7.63 7.90 +0.28 Ar-OH
3.76 3.77 +0.01 N-CH,-CH,-N
6.76, 7.51 6.81, 7.53 +0.05, + 0.02 Ar-H
8.17 8.03 -0.14 HC=N

Upon analysis of théH NMR spectrum oB, the retention of symmetry is again quite
clear. Theert-butyl groups resonatas a pair of doublets at 0.99 dnd9 ppm andhe
aromatic protons sonate as singlets at 6.84 an®6 ppm The methylene bridges
retain their diastereotopic tuee andappear as two doubletisatresonate at 3.31 and
4.28 ppm. The phenolic prota@ignalis represented by a singlet at 7.76 pgm.was
observed for compound, the alkxy chain is seen to undergo the most noticeable
shifting when compared tthe calix[4]ar@e coneThe butoxy chain is represented by
two signalsthatresonateas two multiplets at 2.19 and 3.99 pphhe bridging CH of
the Schiff base moiety is representedtlng multiplet Due to shifting of the signals
the characteristic splitting pattern is nosebved for the aromatic protoriastead the
signals resonate as twmaultiplets at 6.99 ppnmand7.23 ppm. As is the case withthe
imine proton has den shifted upfield to 8.05 pprand as with the capped
calix[4]arene discussed earliethe imine moiety was confirmed by’C NMR
spectroscopyvhich exhibits a signal dt64.4ppm. The approxima shifts are shown

in Table3.3.
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Table 3.3 Comparison of chemicahits for capped calix[4]areng@and starting cmpounds

and®é.

U Hn S.M (ppm) U Hn 8 (ppm) DU Hppm) Assignment
1.02, 1.35 1.03,1.29 +0.01,- 0.06 t-Bu
3.35,4.27 3.32,4.24 -0.03,-0.03 Ar-CH,-Ar

2.16, 2.34, 3.67, 2.19, 3.99 Indeterminate CH,-CH,-CH,-CH,
4.04
6.85, 7.11 6.84, 7.07 -0.01,-0.04 CxAr-H
7.47 7.76 +0.29 Ar-OH
3.76 3.99 +0.23 N-CH,-CH,-N
6.76, 7.51 6.99, 7.23 + 0.05, + 0.02 Ar-H
8.17 8.05 -0.12 HC=N

IR spectroscopy was employed to aid in validiatof the proposed structuremihes

are known to have a sharp absorbance band foRiGeN-R stretchbetween 1640

1690 cni. Therefore the presenceof this, along with the phenolic stretch for the
tetramer & 3 48" would back up the data from ttel and**C NMR spectra

This spectral method is of importance due to the desire to complex metals to the
ligands. Examination of the IR spectrumshows the characteristic peaks for both
the imine at 1644 cthand the phenol group at 3411 tnwWhen the spectrum fd@; is

studied these peaks are again seef644 crit, representing the imine, and 3395tm

for the phenolic OH.

The synthesesof meta cappedligands 10 and 11 are shown in Scheme3.6. The
synthetic route is essentially the same asptra base&l compoundsAs was the case
with 7 and8, the reflux time is increased from twenty four hours to forty eight hours

increasing the chain length from ethl,3dibromopropane to the 1,4

upon

dibromobutane.
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(@)/(b)

10,11

Scheme 3.6Synthesis opara-Schiff base linked alkoxy calix[4]arenes, where n = @3#(i)
K,CGO;, D, MeCN, (ii) 4, D, MeCN.(b) (i) K,CO;, D, MeCN,(ii) 5, D, MeCN.

For the reasons which have previousBendiscused the high degree of symmetry
was once again observed for both compoub@sind 11. Analysis ofthe 'H NMR
spectrunreveals similar trends to what was seen previously witlpéna ligands;the
tert-butyl groups resonate as dwsinglets at 1.05 and 1.26 ppand the calixarene
aromatic protons are represented by two singlets at 6.91 and 7.0 @stereotopic
behaviour is again observed at the methylene bridges, which is evident from the pair o
doublets at 3.31 and 4.24 ppithe phenolic proton occurs at 7.96m due tothe
same reasons discussed as the precurSbespropoxypendantarm which links the
tetramer to he Schiff base experienceeme notableshifting in comparison to the
precursod s s p e lkigsegmenif th& compound is represedtby a quingét and

two triplet signalghatresonate at 2.28, 4.06 and 4.37 ppespectively. Asummary

of these shifts can be seenTiable3.4. The signals for the capping unit conform to the
precursor spectrum quite well, with the etmngbridge represented bysangletthat
resonates at 3.93 ppmhe aromatic protonarerepresented by multiplets at 7.01 and
7.07 ppmand another multiplet at 7.29 ppm which is partially obscured by the £DCI
peak.The two imine protons are representedalsinglet at 8.06 ppm. Mén compared

to the Schiff base linker starting materifiis represents a 0.17 ppm upfield shift.
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Table 3.4 Comparison of chemicahgts for capped calix[4]arent0 and starting compounds

4 and9.

U Hn S.M (ppm) U Hn 10 (ppm) DU Hppm) Assignment
1.01, 1.27 1.05, 1.26 +0.04,-0.01 t-Bu
3.32,4.24 3.31,4.24 -0.01, 0.00 Ar-CH,-Ar

2.51, 3.98, 4.09 2.28, 4.06, 4.37 -0.23,+0.08, + CH,-CH,-CH,
0.28
6.86, 7.04 6.84, 7.07 -0.02, +0.03 CxAr-H
7.63 7.96 +0.33 Ar-OH
3.83 3.93 +0.10 N-CH,-CH,-N
6.85, 7.09, 7.18 7.01, 7.07 ,7.29 +0.16, + 0.02, + Ar-H
0.11
8.23 8.06 -0.17 HC=N

Examination of thé*C NMR spectrum aids in confirrtian of the proposedtructure

indicated by a signal pkahat resonates at 163.@pm whichrepresents the imine

carbon. Aalysis of the IR spectrum shows stretching bands at 3404 and 1646 cm

These bands are in the expected range for both the phenolic and imine, groups

respectively

As was the caséor the prgpoxy capped calixareng0, the structure of the butoxy

derivative11 was confirmed byH NMR spectroscopy. This is furth&acked up by

the >C NMR and IR spectra of the liganBymmetry is confirmedby the presence of

two tert-butyl groups at 0.99 and 1.2%%m which resonate as singletnd the two

aromatic proton signals for the cafliore, which are represented byotwinglets at

6.84 and 7.07 ppnihis pattern in théH NMR spectrumis indicative of a 1,3listal

substitutedcalix[4]arene.The methylene bridges are represented by deoblets at

3.31 and 4.29 ppmiTlhe butoxy chain signals are shifted as is see@. ifhey are

represented by twmultiplets at 2.18 pprand 4.00 ppm which integrater eight and

twelve protonsrespectivelyThe multiplet which resonates at 4.00 ppaiso includes
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the bridging ethybprotons; this is indicated by its integration for twelve protorie T
phenolic protorcalixarene scaffold is represented as a singlet at 7.74 iparsignals

for the Schif base portion of the structuege represdnd bya singlet aB.05 ppmfor

the imine proton andh singlet at 3.99 ppm, which is the midst of the butoxy
multiplet representinghe bridging ethyl protons. The aromatic protons for the Schiff
base can be seen as multipletmtredat 6.84,7.05 and 7.1ppm. These signals are
slightly obscured by the aromatic signals from the calixarene €atde 3.5 shows a
summary of the relative shifts in thel NMR spectrum of thenetaSchiff base capped

butoxy calixarend 1.

Table 3.5 Comparison of lkemicalshifts for capped calix[4]arenEl and starting compounds

5and9.

4 Hn S.M (ppm) 4 Hn 11 (ppm) Dl Hppm) Assignment
1.02,1.35 0.99, 1.29 -0.03,-0.09 t-Bu
3.35, 4.27 3.31,4.29 -0.04,+ 0.02 Ar-CH,-Ar

2.16, 2.34, 3.67, 2.18, 4.00 Indeterminate CH,-CH,-CH,-CH,
4.04
6.85, 7.11 6.84, 7.07 -0.01,-0.04 CxAr-H
7.47 7.74 +0.27 Ar-OH
3.83 3.99 +0.16 N-CH,-CH,-N
6.85, 7.09, 7.18 6.84, 7.05, 7.17 | -0.01,-0.04,-0.01 Ar-H
8.23 8.05 -0.18 HC=N

This structural assignment was confirmed by 1@ NMR spectrum which has a
resonance at 164gpbm indicative of an imine. &ain IR spectroscopyvas useds a

tertiary analytical methodnd shows bands at 3459 and 1646 cm

The ortho-Schiff basecapped calix[farenes were synthesised in the same manner as
both thepara and metavariantsbut it was found thathis addition to the system

resultedin negatively affected yields angarticularly in the case of the butoxy chain,
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made purification more difficult to chieve The reaction conditions and synticet

route are shown in Scheme 3.7

(a)/(b)

14,15

Scheme 37: Synthesis opara-Schiff base linked alkoxy calix[4]arenes, where n = @3#(i)
K,COs, D, MeCN(ii) 4, D, MeCN.(b)(i) K,CO;, D, MeCN, (ii) 5, D, MeCN

The propoxy derivativd4 wassuccessfullyisolated as a yellow solid. Aalysis of the
productthrough’H NMR spectroscopyrovides a clear indication of the symmetry in
the macrocyclianolecule.This is clear from the twaoert-butyl groupsresonating at
1.01 and 1.33 ppras a pair of singletsand the calixarene aromatic protpwhich are
represented as a pair sihgletsthat resonate at 6.88 antl04 ppm. The methylene
bridging protons appear as a pdirdoublets at 3.32 @ah4.24 ppmand as discussed
earlier, retain their diastereotopic naturehe propoxy chain is represedty a quintet
and two triplés which resonate at 2.48, 3.99 ah@9 ppm respectively. Tie phenolic
proton resonates at 7.76 ppm as a singlbe ehyl bridging protonsresonate as a
singlet at 3.95 ppmyhilst the imine protons are represented as a simgéetnatingat
8.37 ppm.In a trend which was established with the other capped calix[4]arenes, the
aromatic protons in th&chiff base are represted bymultiplets that are somewhat
concealedby the tetramer aromatjgrotons which resonate at 6.86 and 7.24 ppm.

doublet is also seen to remde at 6.92 ppmA summary of the shifting compared to
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the starting materials is shown Trable 3.6. The*C NMR spectrumof 14 shows a
resonance at 165@gpmwhich ba&s up the presence of the imifdis is given further
backing by the IR spectrumwvhich upon analysis shovedsorption bands at 3410 and

1634 cmt', which are indicativef the presence of phelic OH and imine.

Table 3.6 Comparison of chemicahsts for capped calix[4]aren®4 and starting compounds

4andl2
U Hn S.M (ppm) U Hn 14 (ppm) DU Hppm) Assignment
1.01, 1.27 1.01, 1.33 +0.00, + 0.06 t-Bu
3.32,4.24 3.32,4.24 0.00, 0.00 Ar-CH,-Ar
2.51, 3.98, 4.09 2.48, 3.99, 4.09 -0.03,+0.01, + CH,-CH,-CH,
0.00
6.86, 7.04 6.88, 7.04 +0.02, + 0.0 CxAr-H
7.63 7.76 +0.13 Ar-OH
3.91 3.95 +0.05 N-CH,-CH,-N
6.86, 7.29, 7.74 6.86,6.92, 7.24 Indeterminate Ar-H
8.58 8.37 -0.21 HC=N

Upon analysis of théH NMR spectrumof 15, the symmetry is again cleand is
indicated by the presence of twimglets which resonate at 0.99 d@nd4 ppm and the

two singlets for the aromatfrotons which resonate at 6.82 ahdi0 ppm The butoxy
fragment is represented by a multiplet at 2.16 ppm, wiephesentgight protons, and

a multiplet which resonatest 3.90 ppm, whih integrates for twelve protonds for

the previous butyl chain calixarenéise protons for thethyl bridge on the Schiff lsa

also resonate the middle of this multiplefThe aromatic protons are observed as two
singlets which resonate at 6.84d7.05 ppm, and the phenol group is represented by a
singlet at 7.36 ppmThe ethyl bridge is represented in a multiplet at 3.98,pihe
imine group resonates as aglet at 8.71 ppmThe aromaticprotons argepresented

by a multiplet at 6.89 ppm, a multiplet centred at 7.01 ppm and a doublet of doublets at

7.93 ppm.The®*C NMR and IR spectra again confirm the presence of bothrtime
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proton and phenolic hydroxygroup, with a signal resonating at 160.2 ppm, and

absorption bands 8898 andL633 cnt for the imine and phenalespectively

Due to the difficulty in purifying the product, tHél NMR spectrumis not quite a
cleaty defined as in the case of eithgara or metavariants.As such comparson with

the starting materiak® determine relative shifts is ineffectual in this case.

This reduced yield may possibly be due to steric hindrambieh arises as a
consequence of the positiof theimine groupwithin the cavity.As a result oftrain,
the Schiff base bridge would aldze requiredo adopt adistorted conformatianThis
effect seems tbe moreobviousfor the ortho when it is compeed with thepara and
metaderivatives which can be seen the proposed structisen Figure 3.2 However

without crystallographic data, the structure cannot be determined unambiguously.

Figure 3.2 Proposed structusef 8, 11 and15.

This proposed strain could explain why there is such a dramatic reduction in yield

This trend has beepreviously reportedy Vicenset al*®

This group created a range
of Schiff base calix[4]arenes which were then screened for their metal ion extraction

ability. However, these capped calixarenes were synthesised by wayasgsalinking
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reaction. Wiile this is not alefinitive trend, it is seen when the length of the bridge is
increasedhatan initial increase in yield is observ&dThe extra flexibilty affordedto

the scaffold from the lengémedalkyl chain results in the nek for an extended
reaction timego maximise yield, but as expected leads to lessersytblh the propoxy

derivatives. his combination of factors negatively affects the synshefsl5.

3.2.5 Reactions ofl,3-distal bromoethoxy calixarenewith Schiff base linkers 6, 9

and 13.

The successful synthesis of artho-capped ethoxgalixarene has been previbus
reporteq but in this synthesis a crosisking reaction was exploitedCherefore,
was expected that the compartmental route engplmythis thesis would yield similar
resuls. The synthesis plan followvdeis shown inScheme3.8, which was the standard
routeadhered to throughout the synthesis of capped calixarafies.the twenty four
hour reflux period *H NMR spectroscopy wasacried out on the crude product,

however this did not yield the expectedguct.

(i) K,CO3,4, 2 h, MeCN
(i) 4, A, 2 % MeCN

Scheme3.8 Attempted synthesis of the Schiff linked ethoxycalix[4]asanih conditions

usedand proposed structusiiown
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The same method was attempted withdho andmetaSchiff base linkes, which is
shown in Scheme3.8 as with all 1,&distatsubstituted calixarenes studien the
course of this projeciAs was the case with the previous reaction analysis ofHhe

NMR spectrunreveals that the desired prodsnaterenot obtained

In previous studies reported othe reaction ofbis(tetrazole)phenylenes with 1,2
dibromoethang®® a vinyl group is formed by the presence of unreacted triethylamine
abstracting HBr from the initily formed alkylblomo compoundsAn alternate route is
that the bromo ion that is formed in the first displacement caras@ base in 12
dibromoethanen the absence ofadvent, which results in an ion thit not solvated.
However, the spectroscopic data obtained didpmovide evidence for thisrmation

of a vinyl compoundTherefore,it is reasonable to concludleat the synthetic method

employed in this thesis is not tablefor the 1,3bisbromoethyl tetramer.

3.2.6 Spectroscopic Studies

The ligands which were obtainedth sufficient purity (7, 8, 10, 11 and 12) were
screened toacquire their UV-Vis absorbancespectrum (Figure 3.3. Due to the
insolubility of the ligandsn other commonly used solvents, e.g. MeCN, sphectra
were all obtained using a HPLC grade CklGblution of the compound at a
concentration of 100rM of the proposed structure8 summary ofthe absorbance
peaksobserved is shown in Table 3.These peaks &e used to determine the
excitation wavelength for fluorescent emission spectroségfilyNoneof the ligands

were found to exhibit any observable fluorescent behaviour (NFO).
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Absorbance (a.u)

Wavelength (nm)

240 250 260 270 280 290 300 310 320 330 340

Figure 3.3 UV-Vis Spectraof 7 (blue),8 (red),10 (green),11 (light blug), 12 (purple)
(CHCI3) 100mM.

Table 3.7 Summary of absorbance peaks observed for Schiff base ligands.

Sample No. Absorption Peaksnm |
7 228.0 272.0 NFO
8 269.2 243.6 NFO
10 242.5 291.5 NFO
11 243.0 292.0 NFO
14 230.0 284.0 NFO

3.3 Metal Complexation Reactionsof Schiff base calix[4]arenes

3.3.1 Overview

The metal binding abilities of Schiff bases is a major faotaheir selection fothe

construction of Schiff base capped calixaren€se imine moiety makes them

effective metal binderss it has anitrogen atom which possesses lone pair of

electronsijt is these electrons which then donat® the metal to form a coordination

bond.The extento whichthe imine moiety has been employiedhe preparation of
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molecuks that have ligating qualitidsas been revieed by Vigatio et al>® Metal
complexation reactions were performeetweenligands7, 8, 10, 11, 14 and 15, and

the metal perchlorate salts of coppabalt, mercury, nickel and zinEor ligand7, a
complex formation was attempted with the anhydrows chloride salt.Due to the
general insolubility for the calixarene ligandstypical coordination solvents, such as
ethanol or methanol, it was required to perform these reactions in a mixed solvent
system. The solvent systemvhich was almost exclusively usedas a mixture of
methanol and chlorofornwith the exception beinthe reaction of ligand with zinc
chloride carried out in a toluene and methanol mixtwaere possiblethe result of

the reaction was monitored witli and *C NMR spectroscopy, but this was only
availablefor the propose mercury and zinc complexedue to the paramagnetism of
the other metals studiednfrared spectroscopy was also used to characterise th
products from these reactionss was discussed in section 3.2.3 and 3.2.4, the imine
absorption band occurs between 1630 and 167%) smichangs to this would inidate
complexation at this sitélso, this could be used to establish if ligand hydrolysis had

occurred.

3.3.2 Schiff base hydrolysis and cleavage

A major problem with using Schitbases imattemptingto complex metalonsis that
Schiff bag ligands readily undergo hydrolysis. Cleavage of the imine bond can occur
even under mild conditiongn themetal complexation redons which were attempted

in Section 2.2, every precaution was taken to ensure that anhydrous $olaewl
conditions weraused. Howeverthe addition of water to the system was unavoidable
due to the metal saltathich were obtainedaznmercially in their hydrateform. In the
course otthis project it was found thathis did indeed supply enough water to lead to

ligandhydrolysisand thiscould also becceleratethy metal cations which have Lewis
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acid propertiesThe mechanism for imine formatiqiacid catalyst and dehydration)

and its reversible reaction (aqueous acid) are shown in mechadism

H

A

‘o =9 H OH
¢ _
I, — =+
R H
R H *
H,N—R' HZN\
R'
1,3-H shift !
/
H H 5 H,
R' )\ R' R—I1—H
R)\N/ R XN
5. _H+ 'HZO HN"
H \R'

Mechanism 3.1; Mechanism of imine formation

In nearly all cases evidence of metal complexation was observed with coordinate
perchlorate groups being evident from the IR spedttacases wheréH NMR
spectroscopy was possiplénine hydrolysis was evident from ahift seen at
approximately 9.0-10.0 ppm depending on the position of the aldehyde. In certain
cases this was confirmed BJC NMR spectroscopywith a signal occurringn the

region of 190 ppm, contrasting with tle&pected 166165 ppm for the imine carbon.
Elemental analysis was also used to determine the structure of any complexes formed

by these reactions.

3.3.3 Ethlyene Diamine €n) metal complexes

As a result of imine hydrolysig is possible that the diamine is now dable for
complexation reactions.hls has been previously notéd work carried out by our
group. Attemptedmetal complexation reactions witim-Schiff base ligansl (Figure
3.4) results in cleavage of the imine raty and subsgient formation of bidentate

enM) complexes’?°

133



Chapter 3. Results and Discussion

OH HO
Figure 3.4 m-Schiff base ligand prepared by Mahon anevawkers?°

Chattopadhyayet al reportedon the influencehe counter anions of a metal salt on

hydrolysis of the imine bond in metal complex reactidhsvas found that when the

counter ion was chlorigdnydrolysis of the imine occurred and an@mplex of the

121

metal was forme¢en(M)) (Figure 3.9.

Figure 3.5 en(Ni) complex isolated by Chattopadhyay anevookers**

Both of these studies successfully isolated the en(M) complex which wagdo
However in the current studyeven afternumerousattempts at recrystallization
isolation of theprobable resultant complgxoved fruitless The micro analytical data
which was acquirefor the attempted complexelwes suggest there are both rgan
and metalsalts present in the product obtainddhe IR spectroscopic data which

indicates the presence of the perchlorate counter anion also points towarésighis.
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proposed that aftehydrolysis of the imine to yielthe calix[4]arene dialdehyde, the

free diamine could form a metal complex.

3.3.4 Metal Complexation reactionsof ligand 7

3.3.4.1 Reaction of 7 with zinc(ll) perchlorate

A solution of7 in chloroform was stirred in a 100Lmmound bottom flaskandto this a
methanolic selution of zinc(l) perchloratevas addedwhereupora white precipitate
formed. This was collected and analysed foundto be the starting ligand (Figure

3.6).

Figure 3.6 Ligand7.

As a resultthe filtrate was concentrated and the residue was analyséd BYIR
spectroscopyThe spectrum of and the spectrum of the zinc perchlorate complex are
shown inFigure3.7. The protorsignals which are labelled as per Figure 3show the
largest degre of shifting in the complex fornThe signalthatrepresents the phenolic
protonsH; undergoes an upfield shift of 0.26rp from 7.90 ppm ir¥, to 7.64 ppm in

the product obtainedlhere is also a shift fahe noncalixcore aromati signals Hqg
undergoes a shift from 6.81 to 7.03 ppm, &hdrom 7.53 to7.79 ppm,downfield

shifts of 0.22 and 0.26 ppnrespectively.The most notable apparent shift is seen in
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Hg, which resonates at 8.02 ppm in the starting ligand spectrum, and at 9.84 ppm in the
spectrum of complex Zid}(ClO4), which would have represented a downfield shift of
1.82 ppm. A shift in position was expected for the imine protdy which was the
proposed site for metal complexatidstudies on similar Schiff baseéhave reported

shifts of between 0.08.5 ppmon complexatioff>!#

and as such this strikingly
obvious shift was not unexpedteHowever,the magnitude of this shift may icete
that ligand hydrolysis had occurred, particularly when viewed with the apparent

disappearance of the bridging ethyl signal at 3.77 ppm.
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Figure 3.7: Comparison ofH NMR spectrunof Complex Zn(7)(CIQ), (blue) and7 (red).
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Figure 3.8: Originally proposed structure for Complex ZJ{(CIO,), with protons which

undergo shifts labelled
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As the 'H NMR spectrum strongly suggested aldehyde formattbe *C NMR
spectrumwas next tobe studied. The spectral trace dfcleaty includes a signal at
161.7 ppm which is indicative of an iminearbonin the structureThis hasbeen
previously discussed in section 3.2.3 and 3.3@me shifting in the signal position
would be reasonable to gact, but analysis of the spectrum for the ptam reveals a
stark differencea new signal is now seen at 1BQpm. This signal resonates in the
region of the spectrumhereone would expect an aldehyde carliorappear, so with
this and théH NMR spectum it was becoming clear thagéind hydrolysis had taken

place.These signals can be seerFigure3.9a and 3.8 below.
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Figure 3.9a: *C NMR spectrum of.
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Figure 3.9%: **C NMR spectrum of complex ZAY{(ClO,)..
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Analysis of the IR spectra of (Figure 3.Da), and of Zn{)(ClO,), (Figure 3.Db),

reveals clearly that the absorption band which appears at 164#hdfre spectrum of

7 is now seen at 1735 ¢émThis new higher wavenumber is most likely attributable to

the formationof an aldehyde irthe structure.This effect can also be seen in the

appearance of two absorption bands at 2742 and at 2856 cth These bands are

typical of the CH aldehyde stretcihe presence of the perchlorate anion is suggested

by the observation of absorptionrius at 1097 cihand 1195 cil, suggestinghat

some metal complexation has occurred.

0,325+

EE )

0275

025+

0.225+

Transmittance

0.24

0.175

0.12549

0.1

0.9754

Transmittance

T
3500

T T T T
3000 2500 2000 1500
Wavenumbers (cm”)

Figure 3.10a: IR Spectrum of.
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Figure 3.10b: IR spectrum of Zri{)(ClO,)..
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Elemental analysis waalso performed on this compounthe calculatd results for
the poposed structure in gire 3.8would account for carbon comprisi®g@.83 % of
the structure with hydrogen and nitrogen responsible for 6.39 and 2.22 %,
respectivelyThe returned experimental results differ from this with carbon accounting
for 62.60%, with hydrogen and nitrogen as 7.65 % and 1.44réspectively.The
result for nitrogen of..44% indicates that there may still be an imine or amine present

in the structure.

3.3.4.2 Reaction of 7 with mercury(ll) perchlorate

The same procedure was used for the attempted complexatibwiti mercury(l)
perchlorateas for complex ZmM)(ClO4),. No starting material precipitated out of
solution duing the course of this reactiohhe product was obtained as a purple solid.
This colour change was unexpected as previously reported mercury complexes tend to
retain the colour of the parent ligands mercury is diamagnetic’H NMR
spectroscopic analysis was possible asda result the spectrum was studied in the
same manner abe zinc(ll) perchloratecomplex. Shown and labelled Figure 3.11,

is the'H NMR spectrunmof the ligand7 and the product from the complex reactam

well assignificant shifts within the spectr@he effect of gmmetry is notedn the
spectrumby the appe@ance of two singlets at 0.99 and 1.27 ppm which represent the
tert-butyl groups, and by a set of singlets at 6.85 and 7.04 ppm wugiiepreserdtve

of the calixarene aromatic protorihe signal forH;, which is attributed to the imine
proton in the clxarene compound, seems to undergoshift from 8.02 ppm to 9.84
ppm.This woul be a 1.82 ppm downfield shift arndhen compared to shifts observed

in other Schiff base metal complexéisis seems excessivit. would seem that this

ligand underwent hydrolysis during the complexation reaction. The phenolic pigton
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shifts upfield from 7.90 to 7.66 ppm, a shift@®R4 ppm.This is consistent with the

shifts seen in the zinc perchlorate complex reaction in $e8t&3.1.
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Figure 3.12 Originally proposed structure for HY(ClO,)..

The IR spectrum of thproduct obtainedFigure 3.13, was compared to the spectrum
for the starting material, shown inFigure3.10a. It can be seen that a slightly broad
band occurs at 1671 ¢hndiffering from 7, which hasa sharper band at 1644 ¢nA
typical imine stretch occurs between 164890 cni, while an aldehyde usually has
stretching bands at 168510 cnt for the C=0, and®2850 and 2750 cthfor C-H

stretch.The stretching bands observed at 2745'@nd 2873 cnl, along with the
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previously mentioned band at 1671 tnpoints to an aldehyde dorporated into the
compound.The conjugatechature of the benzaldehyde which wa result forimine
hydrolysiswould account for this low wavenumber for a C=0 aldehyde strétubs.
effect has been previous reported in the caseHjdtoxybenzaldetiye *?* It is clear
from thespectrum thathe perchlorate is also presewhich is shown by the band at

1103 cni.
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Figure 3.13 IR spectrum of Complex HgJ(ClO,),.

Elemental analysis was also performed on the product from this reaction, with the
expected result for thetracture proposed in Figure 3.&eing carbon 56.75%,
Hydrogen 5.77% and Nitrogen 2%l The results returned were quite differeuith

the carbon comprising 71.70 %, hydrogen 4.54 %, and nitrogen 1%2of the

structure.

3.3.4.1 Reaction of 7 with zinc(Il)chloride

A solution of 7 in toluene was stirred in a 50 mL round bottomed flask, to this a
methanolic solution of zinc(ll)chloride was added dropwise. No precipitate was

formed, so the solution was reduceddtgness under reduced pressanel the yellow
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substanceformed was analysed bjH NMR spectroscopy. Complexation of the
zinc(I)chloride salt was explored, due to its availabilityamanhydrous basi®espite

the hydroscopic nature of the metal sateaning that it would be impossible to
guarantee total exasion of water from theeaction it was expected that there would

be less available than in the case of the perchlorates. would give more of an
insight into whether the hydrolysis is a result of Water complexed to the perchlorate
salts, or due tahe interaction with the metals themselves. As was the case with the
Zn(7)(ClO,),, a signal occurs at 9.84 ppm as a singhdtich had been previously
thought to represent the aldehyde proton formed asudt i the hydrolysis reaction.
However there vas also evidence of the imine within the spectrum, as can be seen in

Figure 314.
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Figure 3.14 'H NMR of Zn(7)Cl,.

The *C NMR spectrum also seems to confirm the presence of both aldehyde and
imine within the structure with a peak at 190.8 ppm another at 163.9 pp, as can

be seen in Figure B5.
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i
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Figure 3.15 **C NMR of Zn(7)Cl,.

The IR spectrum was also examin@iure 316) and the presence of an aldehyde is
clear from the C=0O stretching band which occurs at 1692, dsat there is also
evidence of the imine being present from a weak band at 1635T¢me bands which
appear at 2740 and 2868 trance again seem to be in line witre imine hydrolysis

hypothesis
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Figure 3.16: Infrared spectra Z@jCl,.

Elemental analysis was mermed o the isolated productt was found that the
experimental results deviated from those which had been calculdd@ckver, this

deviation was to a lesser extent than previously obsemvsal calculated results were
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carbon69.93 %, hydrogen 7.11 % and ngem 2.47%, but the experimentallyotind
results came back asarbon 66.60 %, hydrogef.33 % and nitrogen 1.30 %.
Therefore,it is clear that thisproposedstructure varies from the actual structure

formed.

3.3.4.2 Reaction of 7 withparamagnetic perchloratemetal salts

A similar procedure was followed for the preparation of gheamagneticomplexes
Cu(7)(CIQg)2, Co(7)(ClO4)2 and Ni(7)(ClO4), aswas discussed for ZR((ClO,), and
Hg(7)(ClO.),. As these metals amaramagneticH NMR and**C NMR spectroscopic
analysis could not besed to characterise the produltherefore IR spectroscopyvas
the main technique useohd these spectra could be compared with the spectraaibtain
for the diamagnetic compoundBhe product from the copper complerat reaction
was a blugyreen solidThe IR spectrum in Figure 37 shows a sharp absorbance peak
at 1694 crit, which is just outside the range expectedtfarimine stretchmost likely
due to am,b benzaldehyde. The argument for imine hydrolysis igh&urstrengthesd

by the shoulder stretches at 2739 and 2869 evhich are also normé} seen in

aldehydic systemdt is clear from this spectrum that no perchloiatpresent
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Figure 3.17: Infrared spectra of Cudj(ClO,),.
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The cobalt(l) perchloratecomplexation reaction was performed in a similar fashion.
After concentration of the liqujda red solid wasformed The IR spectrunof the
proposed complex C@)(ClO,), is shown in Figure 38. This was compared tdée
free ligand IRspectrumin Figure 310a. The appearancef a stretching band 8651
cm®, which could be attributed to a conjugated aldehysl®bservedndicating that
ligand hydrolysis has occurred. This assertion is éaclp by the appearance of a
stretching banat 2874 cm* which could be due to the aldehydeHC This dataalong
with analysis of théH NMR spectraof the diamagnetic metals reactjappears to

indicate the presence of an aldehyde within the structure
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Figure 3.18 Infrared spectra of C@J(ClO,),.

The meal complexation reaction with nickel(ll) perchlorate proceeded in the same
manner as the previously discussed reactidie product from this reaction was
obtained as dght yellow green solid. The infrared spectra of the ligandrigure
3.10s, was compared with that d¢fie product from the complexation reaatigigure

3.19 A band at 1689 cthis presentwhich is most likelya result of benzaldehyde in

the product structur&wo stretching bandsvhich are attributable to the aldehyde C

H, are seen at 2743 ¢hand 2872 cil. This is consistent with the trends thiaaive
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been seen with other metal complexation reactimsisag ligand 7. It was clear that
perchlorate is also present in this structure which is seen by absorption bands at 1089

cm®and 1111 cAl. This indicates that some metal complexation has occurred.
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Figure 3.19: Infrared spectra of Ni)(ClOy),.

3.3.5 Metal Complexation reactions of ligand 8

3.3.5.1 Reaction of 8 with zinc(ll) perchlorate

A methanolic solution of zinc(Jl perchloratewas added to a solution of ligar&l
(Figure 3.20 in chloroform, he resulting mixire was stirred for eight hourAfter
concentration of the solutiony&llow solid was obtained’he *H NMR spectrum was

analysed and is shown in comparison with the specbf the starting ligan8.
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Figure 3.2Q Ligand8.

The labelled peaks-@ correspond to the proton signals which appear to undéego
largestdegreeof shifting (Figure 3.2 As in the case of the ligar®y which differs by
nature of its propyl chain, the most striking shift is that of sig¢tyawhich shifs from
8.05 ppm to 9.84 ppnif this shift was due to the complexation of zinc it would be a
shift of approximately I79 ppm, which in this context istauge shift.The spectre of

imine hydrolysisonce again overshadows any attempted metal complexation
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Figure 3.21 'H NMR spectaof 8 (blue) andZn(8)(CIO,) (red)

The signal for the phenolic proteil. experiences an upfield shift of 0.20 ppm from

7.76 ppm to 7.56pm; this could possibly be due to increased hydrogen bonding
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within the lower rim cavityThe aromatics for what was the Schiff base moiety again
show some shifting, but these arm®re prominent for signdH,, which undergoes a
downfield shift from 7.23 to 7.75 ppm, a 0.52 ppm shifte signals for the butoxy
chain are relatively unchanged with the exception of the disappearance of the bridging
ethyl proton signalAs was the caswith the zinc complexes of, the *C NMR
spectrum of8 showed a signal at 190pm which would be indicationhat an
aldehyde had been formeld.it was the case that it was a shifted imine cartois

would be a shift downfield of almo&7 ppm.This is illustratedin Figure 3.22a and

Figure 3.2D.
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Figure 3.22a: DEPT135Q of 8 with imine carbon signal highlighted
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Figure 3.22: *C NMR of Zn@)(ClO.), with the shifted signal highlighted
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The IR spectrum of the producf(Figure 3.2®) was compared to that of the
uncompexed ligand seen in Figure 3&23The stretching band between 1600700

cm' is observed at a different wavenumbler.the product from the metal complex
reaction it is observed at 1694 ¢ras a sharp medium band, while8rit occurs at

1644 cni as a sharp strong absorption baAg. has been previously discussed
wavenumber this low is not uncommon far conjugatedaldehyde, such as
benzaldehyde, whictvould be the likely product afmine hydrolysis in this reaction.

Two absorption bands occur where the perchlorate anion would be expected to show,
with stretching bands at 1109 ¢rand 1122 cil. This would seem to indicate some

metal complexation had occurred.
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Figure 3.23: IR spectrunof ligand8.
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Figure 3.23: IR spectrum of Zr)(ClO,)..
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3.3.5.2 Reaction of 8 with mercury(ll) perchlorate

The attempted complexation of mercury(berchloratevas dme in a similar fashion

to the zinc(l) perchloratereaction. The product was collected after concentration of
the reaction mixture as a dark rple solid. This stark colour change wasot
anticipatedas mercury complexes are expected to give a complex which bears the
colour of the parent ligandthe 'H NMR spectrumof the productvas analysed ah
compared to the parent liganith comparison to the Z8)(CIO.), spectrum the *H

NMR spectrum is less clear but the same treagisbe observedFigure 3.24.

An aldehyde signal pedibelledH, is seen to resonate at 10.34 ppm ingpectrum
of the complexwhich would represent a downfield shift of 2.29 ppm from the imine
peak position ir8 of 8.05 ppm. As the signal resonates in the regiberavaldehydes

are expected to occur, it is posteldthat the ligand has undergone imine hydrolysis.
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Figure 3.24 'H NMR spectra o8 (blue) and H()(CIO,), (red).

The IRspectum (Figure 3.25, shows more evidence of this ligand hydrolysith an
absorption band at 1693 &miThis is a clear shift from the band obserfedthe free

ligand (Figure 3.23). The presence of the perchloratestch absorption bands at 1092
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and 1109 cni indicate that some degree of metal complexation is likely to have

occurred.
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Figure 3.25 Infrared Spectrum of H8J(CIOy),.

3.3.5.3 Reaction of 8 with copper(ll) perchlorate

The reaction between ligai@dand copper()l perchloratdollowed a similar procedure

to the metal complexation reactions above. The product from the reaction was obtained
as abrown solid, this colour changeas not promising for any potential complex as a
green or blue colour would be expectéte IR spectrum(Figure 3.2 shows no clear
evidence of aldehyde formation but does show a broad absorption band at 1628 cm
However the presenceof two absorption bands which could represent th€ M
stretch are seen at 2781 trand 2870 cri, providing some evidencevhich points
toward the formation of an aldehyddés was also seen in many of éseinfrared
spectrathe perchloratanion stretches are observed at 1089 and 1110imdicating

thatsome metal complexation is likely to have occurred.
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Figure 3.26 IR spectrum of CW&)(CIO,),.

3.3.6 Metal Complexation reactions of ligand 10

3.3.6.1 Reaction of ligand 10 with zinc(ll) perchlorate

A methanolic solution of zinc(JI perchloratewas added to a solution of ligarid

(Figure 3.27 in chloroform. Ater stirring overnight no precipitate had formed.

OH OH

S
o 5

Figure 3.27 Ligand 10.

The solution was reduced to dryness arel’th NMR spectrumwas analysed and
compared to the starting ligandrigure 3.28. Once again an apparent shift in
resonance position is seen for protéy) which is representative of the imine proton in

10. The sift is from 8.06 ppm to 9.88 ppma downfield shift of 1.82 ppm.
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Figure 3.28 'H NMR spectra o0 (blue) and Complex ZaQ)(CIO.,), (red)

An upfield shift is noted for the phenolic proton sigi&l from 7.96 ppm in the
starting ligando a position of 7.78 ppm in tlspectrum of theomplex,resulting inan
upfield shift of 0.18 ppmShifting can be seen in thEendantaromatic proton signals
positionsH, and Hp. This trend wasalso seen in the products from earlieretal
complexationreactions The *C NMR spectrumwas examine@nd compared to that

of 10 (Figure 3.28&b). Once again the formation of an aldehydeuld be quite
obvious from these spectréhe key difference in the spectrum is the region in which
the highlighted signalsesonateln the spectrum obtained for theomplexthis peak
resonates a92.2 ppmandonce again this is much higher than would be expected for

an imine carbon.
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Figure 3.2%: **C NMR spectrunof Zn(10)(ClO.), with apparenaldehyde signal highlighted
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When it is compared to the spectrum of ligdid which has a signdhatresonates at
163.7 ppm, this would represent a shift of 28.5 ppm. This wdeittea very large
degree of shifting, and once again points to the occurrence of imine hydrolysis wit

the reaction system.
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Figure 3.2%: **C NMR spectrunof 10 with imine signal highlighted

The infrared spectrum was examined next, with the complex once agaig be
compared to the free ligandrigure 3.30a & Figure 3.80). It can be seen that the
stong sharp signal between 160800 cm® no longer overlaps with the imine
absorption band in the parent spectrum. This band now occurs at 1894hich, as
discussedreviously is common forbenaldehyde.This hypothesis is supporteoly

the presenceof two bands at 2726 chand 2870 ci, which are the FC aldehyde
stretch bandsOnce againthe perchlorate bands are noted within the spectrum and
occur at 1099 cthand 1151 cil. This again shows that some metal complexation is

likely to have occued.
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Figure 3.3M: IR spectrum oZn(10)(CIO,),.

3.3.6.2 Reaction of ligand 10 with copper(l) perchlorate

The attempted metal complexation reaction betwigkesind copper()l perchloratevas

performed in the same manner as for the zihp@rchlorateeaction, with the product
obtained as @ale greersolid after reduction of the solutioblpon comparison to the
parent ligandFigure 3.8a), afew difference arenotable in thespectrum obtained for

the complexFigure 3.3). A sharp absorption band occurs at 1698" amnich would
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seem toimply that an aldehyde has formed during the plaxation reaction. This
assetion is backed up by the appearance of two stretching bandst 888 crit and

another at 2872 cth which represent the-8 aldehyde stretchA pair of absorption
bands which could be attributed to the nglorate anion are seen at 11&xd 1055

cm. This, along with the colour changgindicative of metal compietion.
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Figure 3.31 IR spectra of CU(0)(CIO,)..

3.3.7 Metal Complexation reactions of ligand 11

3.3.7.1 Reaction of 11 with zinc(ll) perchlorate

A solution of 11 (Figure 3.32 in chloroform was stirred and to this a methanolic
solution of zinc(l) perchloratevas addedAfter being cooled to room temperature, the
sdution was reduced to dryness undeduced pressure to yield an off white solitie

'H NMR spectrum of the product was analysed and comparea: tspgctrum of the

parent ligandFigure 3.33.
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Figure 3.32 Ligand11.
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Figure 3.33 'H NMR spectra ofl1 (blue) and Zn{1)(CIO,), (red).

The protonsignalwhich is labelledHy has been assigned to the imine protodina
large shift in thisesonance position can be seen in the spectrum @i{G({O,),. The
shift from 8.05 ppm i1 to 9.89 ppm in Zr{1)(ClO,), is most likely due to imine
hydrolysis resulting in a benzaldehydéie phenolic proton signal. is seen to shift
upfield by 0.04 ppm from 7.74 ppm iri, to 7.70 ppm in the produdhs was the case
with the previously discussed zinc complexaslight downfield shift is observed in
the pendant aromatic protonsis also noted that the bridginghgt fragment signal is
no longer present in the spectrufthe **C NMR spectrumof the product(Figure

3.348) was analysed and compared to thatldf (Figure 3.3%4). The large shift
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downfield ofthe hidnhlighted signal in Figure 3.24of 28 ppm from 164.4 t491.13
ppm is indicative of aldehydrmation. This is in accordance with what has been

previously discussed sections3.3.3, 3.3.4, and 3.3,

T \r
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Figure 3.34: **C NMR spectrunof Zn(11)(CIOy),.
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Figure 3.3%: *C NMR spectrunof 11.

The IR spectrum was also examinadd compared to the spectrum obtainedlfbr
The spectra are shown in Figure 3.35a and 8.35shift in the bandwhich occurs at
1646 cnt in 11, can be seen @ new wavenumber of 1700 &nfior Zn(11)(ClO4)o.

The new position is characteristic farconjugated aldehydguch as benzaldehyde
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This is also backed up by tpeesencef two new peaks at 2741 and 2869 Giwhich

are typical for the € aldehyde stretch.
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Figure 3.3%: Infrared Spectrum of ZA@)(CIlO,)..

3.3.7.2 Reaction of 11 with mercury(ll) perchlorate

The same general method as was used in the complexation reactibwiti zinc(ll)
perchloratewas used for the reaction betweEhand mercury(ll perchlorate which
yieldeda brownsolid. The®H NMR spectrumof the product was analyseadit can

be clearly seefFigure 3.3¢ that there is a large shift from the spectrumifb(red) to
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the spectrum of the Hi1)(ClO,),. This once again is consistent with the aldehyde

formation hypothesis.
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Figure 3.3 "H NMR spectraof 11 (blue) axd Hg(11)(ClO,), (red).

The IR spectrum of the product HY)(ClO,), (Figure 3.37 clearly shows a shift in

the band in the region of 16A®00 cnt when compared to the spectrum Hf
(Figure 3.33). The band occurs at 1696 ¢mwhich is indicatie of a benzaldehyde
C=0 stretch.This assignment is backed up by the observation of two aldede C
stretch bands at 2725 &nand 2870 cnl. It is also clear from the spectrum that the
perchbrate anion is present in this compound from the bands at 1092 and 1108 cm

which points to metal complexation occurring.
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Figure 3.37 IR spectrum of Hg(1)(CIO,),.
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3.3.7.3 Reaction of 11 with paramagneticperchlorate metal salts

The metal complexation reactiongetween the paramagnetic saltsopper(l)
perchlorate cobalt(l) perchlorateand nickel(l) perchlorate and the ligand.l, were
performed in a similar fashion to the diamagnetic salts alddore of the reactions
afforded the product as a precipitate, so all solutions were concentrated under reduced
pressure to give solids. Cul)(ClO,4), gives a blue green solichf which the IR
spectrum was recordedrigure 3.38 and compared to the spectrum fit (Figure

3.35). As wasthe case with the diamagnetic compounds, an absorption band is seen at
1694 cmi’, which pointsto hydrolysis of the imine moiety in the complexation
reaction.The aldehyde @ streching bands can be seen at 2£89" and2869cm?,

whichis in line withtheoriginal hypothesis.
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Figure 3.38 Infrared spectrum of CaQ)(CIlO,)..

Co(11)(CIlO,), is obtained as a red solid after reduction of the soluttbe IR
spectrum (Figure 3.39was once again compared to that of the starting ligdné
sharp absorption band is observed at 1698cmhich is most likely due to the
formation of an aldehyde@ndonce again this is solidified by the presence of th¢ C

stretching bands at 2726 ¢rand 2869 cri.
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Figure 3.39 Infrared spectrum of CaQ)(CIlO,)..

Ni(11)(ClO4), was obtained as a yellow salidpon analysis of thdR spectrum
(Figure 3.40, an absorptionband is seen at 1698 &mwhich again points to
hydrolysis of the imine moiety in the complexation reaction. The aldehy#te C
stretching bands cdre seen at 2742 ¢hrand 2870 cril, which backs up this original

hypothesis.
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3.3.8 Metal Complexation reactions of ligand 14

3.3.8.1 Reaction of 14 with zinc(ll) perchlorate

A methanolic solution of zinc(JIperchloratewas added to a sting solution of 14

(Figure 3.4} in chloroform

Figure 3.41 Ligand14.

After concentration of the solution a light brown solid was obtained. Analysis of the

'H NMR spectrun(Figure 3.42 yields some interesting results.
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Figure 3.42 "H NMR spectra ofl4 (blue), and Zn{4)(ClO,), (red).

When the IR spectrum of the produ¢Figure 3.48) is compared to the ligand

spectrum (Figure 3.43), a noticeable changen position is seen for the sima
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absorptiorbandwhich occurs at 1634 cth In the infrared spectrum of Zig)(ClO,),

this band occurs at a higher wavenumber of 1732.chhis is a characteristic
absorption band for the C=0 stretch of the aldehyde product from the hydrolysis
reaction.This is also backed up by the observation of two aldehyte Sretching

bands at 2743 and 2868 ¢m
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Figure 3.43: IR spectrum of Zri{4)(CIQO,),.

3.3.8.2 Reaction of 14 with mercury(ll) perchlorate

The reaction betweeb4 and mercury(ll perchloratewas carried out with the same
method as the zinc{lperchloratecomplexation reactionChe product was obtained as
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a brown solid from concentration of the solution. THENMR spectrun(Figure 3.44

was compared to that of tiséarting ligandL4. A large downfield shift can be seen for
the proton labelledH, from a positon of 8.36 ppm irl4, to a resonance position of
10.34 ppm in HJ(4)(ClOy),, resulting ina downfield shift of 1.98 ppm. The new
downfield position of this pton would seem to suggest that imine hydrolysis occurred
during the metal complexation reactidrne phenolic proton sign&l, experiences an

upfield shift of 0.12 ppm from 7.73 ppm 14, to 7.60 in Hg{4)(ClOy)-,

"
lb aLJ\/L J NU E_a

Figure 3.44 'H NMR spectra ofL4 (blue) and H(4)(CIO.),.

[rel]

Comparison of the infrared spectrum obtained for thel®¢ClO,), produd (Figure
3.45 with that of the parent liganance againshows a shifted position in the sharp
bandseen at 1634m™ for 14, to a higher wavenumber @658 cni. Although this is
somewhat low for an aldehyde, it is reasoned to reprdsamtaldehydewhich is
consistent with imine hydrolysi©nce again the presence of aldehydH Stretching
bands at 2746 cthand at 2868 cih supports this hypothesiMetal complexation is
thought to haveccurred as absorption bands which are attributedhe perchlaxte

anion are seen at 1108 ¢rand 1121 cnl.
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Figure 345: IR spectrum of Hg(4)(ClO,),.

3.3.8.3 Reaction of 14 with paramagnetic perchloratenetal salts

The metal complexation reactions between the paramagnetic salts, copper(ll
perchlorate cobalt(l) perchlorateand nickel(l) perchlorateand the ligand.4, were
performed in a similar fashion to the diamagnetic salts previously discubsed.
product fromthe copper(l perchloratecomplex reaction Caé)(ClO,), is obtained as

a green solid. The infrared spectrum of the prodqEure 3.4% was analysed ah
compared to the parent ligand. Since absorption hawtiech poined towards
aldehyde formationwere seen in both diamagnetic complexes W#h the general
broadening of the imine absorption band was somewhat unexpéctéte product
spectrum it occurs at 1639 &mwhich would seem to suggest that metal complexation
to the imine nitrogen has occad. The absence of thekCaldehyde stretching bands
at& 2750 cm' and& 2850 cn' makes it difficult to suggest that imine hydrolysis has

occurred.
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Figure 3.46 Infrared spectrum of Ca#)(CIlO,)..

The nickel(l) perchloratecomplex NiL4)(ClO,), is oktained as a yellowish green
solid. When the infrared sptrum is analysedFigure 3.47 the general broadening
observed for Cu4)(ClO,), was again observed, but an absorption peak at 1687 cm
can be seeas a shoulder band. An absorption band is seen at 28¥2ndrich could

be due tanaldehyde EH stredching bandbut no strong band is observed at 2750 cm
! As was the case witthe copper complex, it cannot be said for certain that imine

hydrolysis fad occurred.
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Figure 3.47 Infrared spectrum of Ni4)(CIO,)..

167



Chapter 3. Results and Discussion

The same trends are seen in the IR spectrum of thed{G(0,4), complex (Figure

3.48). The general broadening of the imine band is noted, but once again a shoulder
aldehyde peak isbservedat 1687 crit. The presencef an aldhyde is further hinted
towardsdue to the appearance of theHGstretching bands at 2868 ¢rand at 2747

cm’. However,it cannot be said with any certainty that imine hydrolysis had occurred

with these metal complexactions.
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Figure 3.48 IR spectrum of Cd(4)(CIO,)..

3.3.9 Metal Complexation reactions of ligand 15

3.3.9.1 Reaction of 15 with zinc(ll) perchlorate

This metal comfexation reaction was attempteding a similar procedure to the
previously discussed complexation attempitter reduction of the solidn a yellow

solid was obtained.
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Figure 3.49 Ligand 15.

The 'H NMR spectrum was analysed and compared to the spectrulrb {Giigure
3.50. The clear downfield shift in the proton labellddfrom 8.72 ppm to 10.52 ppm
which is a downfield shift of 1.80 ppnonce again points to imine hydrolysis during
the complexation reaction. The phenolic proton signal labdigdexperiences an
upfield shift of 0.25 ppm from 7.92 to 7.67 ppnihis trend was seen for all the

attempted diamagnetic complexes.

ﬁ
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Figure 3.50 *H NMR spectra ofl5 (blue) and Zn{5)(CIO,), (red).
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Examination of the IR spectrum(Figure 351b) and comparison withhe parent
spectrum(Figure 3.58), once again shows a change in position forbdwedwhich is

at 1668cm™ in 15; a shift is seen in this peak 690 cn in Zn(15)(ClO,),. This
would sug@st that an aldehyde had forme&dhin our structure, as was the case with
the previously discussed reactions. The observation of absorption bands at 2759 cm
and 2869 cm indicaes further thatligand hydrolysis has occurred, with these

absorption bands representing the aldehyd¢ Iretching bands.
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Figure 3.51a: IR spectrum ofl5.
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Figure 3.51b: IR spectrum of Zn(5)(CIO,),.
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3.3.9.2 Reaction of 15 with copper(ll) perchlorate

The IR spectrum of theCu(15)(ClO,), (Figure 3.52 when compared to the infrared
spectrum of the parent ligand, shows the general broadening which has been seen with
the paamagnetic complexes iRigures 347, 3.48 and3.49. This absorption band
occurs at 160@m™ and is quitebroad;a shoulder can be seen&i720 cm* which

could point to aldehyde formation. Thek aldehyde stretching peaks can be seen at
2747 cntt and another at 2863 ¢mThis providesadditional indicatiornthat ligand

hydrolysis has oeared.
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Figure 3.52 IR spectrum of CU(5)(CIlO,)..

3.3.10 Imine hydrolysis products

The proposed structure for the hydrolysis product from the attempted metal
complexation reactions is ewn (Figure 3.58 This assignmeris supported by thtH

NMR, °C NMR, and IR spectroscopic data collected.
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Figure 3.53 Proposed structure of the hydrolysis product from metal complexation reactions,

where n =3 or 4.

3.3.11 Spectroscopic Studies

The products from the metal complexation reactiohglv have theanost interesting
colour changes &re screened to determine if they exhibited any fluorescent emission
behaviour. The purple products from the mercury perchlorate complexeg aiithd

were tested as this colour change was unexpected. Ihoted that the purple colour
which wasseenin thesolid formwas not observed in solution phase. Once in solution
a brown colour was notedlhe UV-Vis spectra of the products from theetal

complexation reactionsave compared tthat of the starting matials(Figure3.54 &

Figure 3.55.
5.5
5
545
S 4
83.5
e 3
825
o 2
315
< 1
0.5
04—

220 240 260 280 300 320 340 360 380 400 420 440
Wavelength (nm)

Figure 354: UV-Vis Spectra of7 (red) and Hg[)(CIO,), (blue).
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Figure 3.55 UV-Vis Spectra oB (blue) and HZ§)(CIO,), (red).
A reduction in the degree of absorbarnicehe peak at 28@m is observed in both
spectra.The peakobserved in theabsorbancespectra were once again used as the
excitation wavelengtk/**= 280 nn) to obtain aluorescence emission spectruim a
not unexpected resuho fluorescent behaviour was obseryBifFO) for ether of the
complexes screenddiable 3.8.

Table 3.8 Excitation wavelengtti* for fluorescent emission spectroscopy and peak emission

recorded/ "

Sample no. /% (nm) /M (nm)
Hg(7)(CIO)2 280 NFO
Hg(8)(ClOa), 280 NFO

3.4 Triazole linked calix[4]arenes

3.4.1 Overview

The goalfor this section was to prepagerange of calix[4]arene triazole derivatives
that could exhibit unusual metal binding behaviours, building from the Schiff base
linked calixarenes prepared section 22. In the years followng Sharplesst al.
reporting on click chemist3f the use of the triazole moiety as an ionophore for metal

ion sensors has been of interest with numerous examples prépared'=
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Calixarene based sensors containing both an imine and triazole moiety #for Zn
coordinationhave been reported bpathaket d.*?* This group wanted to examine the
effect of having more than one metal bindecage in the structure upon selectivity for
metal ions. To this end they prepared four ligands, one possessing just the triazole
moiety and three with &iff base linkages (Figure 3.p6Using fluorescence and
absorption spectroscopthis group has showrat Zrf* is selectively recognized by
the Schiff base and not the triazole moidtiiey found that only 4, L3 and L, show

any change in fluorescence upon titration of‘ZRathak also reports that tan be
used as selective sensor for Zhdue to chages in the fluorescence only occurring
upon titration of ZA" out of the ten divalent metal ions studidelrthermore this
group reported on the suitability of tHigand L, for use in organisystemsas binding
was noted in aqueous solutions of MeOH MeCN. L, was utilized for sensing Zh

in blood serum milieu which this group reported on in 2830.
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Figure 3.56 Ligands prepared by Pathak andveorkers'*

Therefore the preparatiorof triazole linked Shiff base capped calix[4]arengas
attenpted to examine the effect of multiple binding sites within the moleculbe
triazole would be formed by @opper(l}catalyzed AzideAlkyne Cycloaddition

(CUAAC),>® which is a copper catalysed variant of the Huisgen-dip8lar
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cycloaddition™?® Sticking with the compartmentalisation methadhich had proved to
be successful, a range of calilddene azides are preparedScheme 3.0 These have

been usegreviouslyas a basis for producinigazole linked calixarene$'®

Scheme 3.9Scheme for synthesis of azidalixarens 18: n =2,NaN;, CsCl, DMF, 9C°C.
19: n =3, NaN;, CsClI, DMF, 9C¢°C. 20: n = 4, NaN, CsCl, DMF, 9C°C.

The aim was to prepammonoand bis alkyne substitutedli-imine bridged diphenol

link units (Figure 3.57. It was initially envisaged that preparation of this variants

would allow for the preparation of triazole linked analogues of the ligands prepared in
Section 3.2 The mono derivatives would furnish a range of calixarene variants
possessing flexible pendants arms which contain both a triazole and Schiff base

moiety, similar to those prepared by Patfk.

N
@/\N/\/N\ \\O
RO/ / %

Figure 3.57 General sucture of alkyne substituted-ithine diphenol units. R=HZH,Cl CH.
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To ensure that thEuAAC method was advantageous for a calixarene based synthesis,
a range of calixarene triazole linked benzaldehyde were syntheBmsgdvas intended

to serve as a model system upon which the Schiff base triazole reactions could be
based As was the caswith the Schiff base linkershe ortho, metaand para alkyne

substitued benzaldehyde derivative®re prepared (Figure 3.58

X X0

N\ [

O

Figure 3.58 Structure of alkyne subtited benzaldehyde.

3.4.2 Synthesis and Characterisation of @lix[4]arene azide derivatives

The alkylazide substitutecalix[4]arenesl8, 19 and 20 were prepared bthe method
which is described by Tiaret al'*® The appropriatébis-bromoalkyl calix[4]arenes
were dissolved in DIF (15 mL), to which sodium azide and caesium chloride was
added. This reaction mixture was heated t6®@@or a period of four hourg\fter the
reaction is cooled to room tempene the azidoalkyl calixareneare precipitated

from water as off white didls.

CsCl, NaN;
—
DMF, 90 °C

Scheme 3.10Synthesis o8 showing conditions used.
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The resulting azides were characted by their NMR and IR spectidpon analysis

it is found that théH NMR spectra are broadly similar to the spectra obtained for the
bromoalkoxy tetramers previously discuss€lde effectthatthe symmetry of the 1;3
distal substituted calixarene has on tHeNMR spectrum ofl8is clear upon malysis.

The tert-butyl group signals are seen to resonate as two singlets at 0.93 ppm3hd 1.
ppm. Again, this effect is seen in the signals for the aromatic protons, which resonate
as a pair of singlets at 6.77 ppm and 7.07 ppnte againthe diastereotopic nature of

the methylene bridging proteris seerby the pair of doublets at 3.30 ppm and 4.30
ppm. The phenolic proton signal is seen to resonate as a singlet at 6.98 ppm. These
signals show little or no shifting when compared to th8&-bisbromoethoxy
calix[4]arene 3. In comparisonthe ethyl chain signal show the most significant
amount of shifting. The ethyl chain is represented by tiptets at 3.81 ppm and 4.05
ppm. When compared to the spectrum3fit is clear that the more dmiield signal

has been shifted upfieldy approximatelyd.23 ppm; this isdue tothe azidebound to

this CH.

The 1,3bis-azidopropoxy calix[4]arenel9 provides a similar spectrum to the

bromopropoxyderivatve 4, which has been previously described.

CsCl, NaN;
e

DMF, 90 °C

Scheme 3.11Synthesis o9 with conditions used shown.
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Once againthe effect of symmetry on the spectrum is apparent from the pair of
singlets at 1.00 ppm and 1.27mppThis effect is also clear fmo the pair of singlet
thatrepresent the aromatic protagrgls at 6.85 ppm and 7.04 ppiie signal for the
phenolic proton is seen at 7.60 pphs.in the case o018, the methylene bridges retain

their diastereotopic nature and are represented as two doublets at 3482%ppm.

When compared td, there is an upfield shift in the downfield doublet from 4.24 to
4.19 ppm. The propoxy chain is represented by a quintet and two triplets, which
resonate at 2.21, 3.86 and 4.03 ppm. When these signals are compared to the starting
bromopropoxy derivative, it is clear they experience the greatest degree of shifting,

with upfield shifts of 0.28, 0.12 arfd06 ppm.

The 1,3bisbutylazide derivative20, produces aH NMR spectrum which is quite

similar to the bromobutyl derivativg, which was discussed previously.

CsCl, NaN;
_—
DMF, 90 °C

Scheme 3.12Reaction conditions for synthesis24.

The effect thatsymmetry hason the spectrum is clearly seémom the tert-Butyl
groups which resonate as twongjlets at 0.96 and 182%pm.It can also be seen from
the appearance of the aromatic signals as two singlets at 6.80 ppm and 7.@% ppm.
has been the case with all the-tlj8tatsubstituted calixarenes studied in this thesis

the butyl pendant arms experience the highest degree of shifting. The two central
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methylene groupsesonate as a broad dieigat 2.06 ppm which integratésr eight
protons The ether Chlandthe CH, bound tothe azide resonate as two triplets3ad7
and 3.97 ppm, which represents an upfield shift of 0.13 ppm and a slightfidmvn

shift, from the bromobutyigand.

3.4.3 Synthesis and Characterisation of alkynes

The synthesis of the Xdstal propargylcalixarend,7, is shown in Scheme 3.1Bhis
alkyne substituted calixarene is widely used as the starting point for many triazole
linked calixarene derivativé$*'#4?” A mixture of the calix[4]arene and potassium
carbonate was refluxed for two heuprior to addition of the alkyne to facilitate
deprotonation of the phenolic group&ituration of the crude product with MeOH
yielded a white solid which was recrystallizedg slow diffuson. Further purification

was carried out by column chromatography.

Schene 3.13 Synthesis of 1;Bisalkyne Calixarene with conditions used shown

As was expectedhe symmetrical nature of thaspropargyl substitutedalixarene
was evident upon analysis of thé NMR spectrumThe effect of symmetry is clearly
seen by the appearance of two singlets which represertethButyl groups that
resonate at 0.90 ppm and 1.30 ppm. This effect is also seen in the arontatis pro
which resonate at 6.72 and 7.07 ppm as singlets. The phenolic proton signatess
at 6.49 ppm as a singléthis upfield shiftis due to the extra hydgen bonding which

can occurdue to the presence of the alkyne proton in close proximity tehkeaol
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groups.The methylene bridges are seen oncerags two doublets which resonate at
3.31 and 4.35 ppm. It is clear that they retain the diastereotopic nature previously
discussed. The ether GHof the propargyl arm is represented by a doublet which
resonates at 4.74 ppm with a coupling constadt=of.4 Hz The alkyne proton signal
resonates at 2.53 ppm as a triplet, vatltouplingconstant of] = 2.4 Hz, which is
characteristic for a terminal alkyn&he **C NMR substantiateshis assignment, as

does the microanalysis whichsaincludes a water molecule in the macrocyclic cavity.

The synthesis of the ppargyl substituted benzaldehyde derivativieas been
previously reported, byGiguére et al'*® Magano et al'?® and Pathaket al'?*
Therefore these vere selected as model compoundsich wodd be linked by the
triazole maety to the calixazide scaffold. The general synthetheme is shown in
Scheme 3.14lt is clear from theproposed structures that there is a highreegf
symmetryin the compoundThe effect of thion the'H NMR spectras clear

o o~
(a

LR /\Br ©

l (b) o]
’ \ 24 \
S A@ N
2

6
)

~

Scheme 3.14General synthetic scheme for pesgyl substituted benzaldehyde derivatives
(a) Ko,COs, MeCN, 2hydroxybenzaldhydgb) K,COs, MeCN, 3hydroxybenzaldehydédc)

K,CGO;, MeCN, 4hydroxybenzaldehyde
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Upon analysis of théH NMR spectrum o®4, the distinct splitting pattarfor apara
di-substituted aromatics observed.These arontéc protonsresonate as a pair of
doublets at 7.07 ppm andB3. ppm, with coupling constants && 8.7 Hz and) = 8.7

Hz. The aldehyde proton signal is seen as a singlet at 9.89guithe ether CH
resonates as a doublet at 4.77 ppm with a coupling constant 8f4 Hz. Thesignal

for the alkyne proton is obseed as a triplet which resonates at 2.58 ppm, with a

coupling constant of = 2.37 Hz.

The metasubstituted benzaldehyd®$ also exhibits the effect of symmetry in fid

NMR spectrum.The aromatic protons are represented by two multiplets which
resonate at 7.25 ppm and 7&fm;the aldehyde proton signal can be seensisget
which resonates &@.98 ppm. A doublet which resonates at 4.75 ppm represents the
ether CH and has a couiplg constant of = 2.4 Hz. The alkyne protas observeds

a triplet which resonates at 2.55 ppm, with a coupling constant @4 Hz.

Analysis of the'H NMR spectrunof theortho substitutecbenzaldehyd@8reveals the
effect that the symmetrical nature of the compound has upon the speciruen.
aldehyde proton signal is seen as a singhich resonates at 10.47 pphie aromatic
proton signals resonate as two multiplats7.10 and 7.56 pprand a doublet of
doublets which resonegat 7.83 ppm. This splitting pattern was seen previously in the
ortho substituted Schiff base liek 13. Once againthe ether Chl resonates as a
doublet at 4.82 ppm with a coupling constantlof 2.4 Hz, and the alkyne proton
signal is represented byt@plet which resonates at 2.58 ppm with a coupling constant

ofJ=2.4 Hz.

The deshielding effect which is seen for the aldehyde proton signal when moving
from ortho to metato para (10.47 > 9.98 > 9.8ppm), can be attributed to the induced

magnetic field of the alkyne bor{ffigure3.59. Thep electrons circulate the molecule
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along the girth of the alkyne with boghbonds being involvedrhis movement of the
p electrons produces a contribution to the induoegnetic fieldvhich opposes the
applied fieldaroundthe terminal proton (Figure 3.9 his produces a shielding effect
on the alkyne, which explains thgpfield position in contrast to alkes. When the
aldehyde proton ig the vicinity of this indued field it has the opposite affect and
resulsin a downfield shift. The shift experienced by tr¢ho variant is larger de of
the proximity aldehyde proton to the alkyne, which resalthe downfield position of
10.47 ppm The aldehyde protons of botheta and para derivatives being more

distant arenot as desheilded with shifts @08 and 9.87 ppmespectively.

Induced Magnetic Field

Applied Magnetic Field | |

anisotropic induced
magnetic fields

Figure 3.59 Applied and induced magnefiields of a typicaterminalalkyne.

As the para, meta and ortho propargyl substituted benzaldehyde derivatives were
obtained as pure produgciswas decided to synthesiarange of propargyl substituted
variants of the Schiff base linkers froBection 2.2 It was originally planned to
prepare a library oboth bis and monosubstituted derivatives of theara, metaand
ortho linkers 6, 9 and 13. This was to continue the compartmentalisation ethic which
was decided upo at the outset of this project. As the reaction conditions were

practcally identical to the pathway employed in the construction of the capped
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calixarenesit was expected that these Schiff base alkynes would be readily obtained.

The reality was that there was mixed success in the synthesis of this family of linkers.

A bis-alkyne substituteebrtho-Schiff base linker30, was synthesisedsing similar
conditions to all previous reaotis with alkyl halide compoundsported in this thesis
(Scheme 3.15 Analysis of the'H NMR spectrunof this compoundcleaty shows the
effect that symmetry has on the NMR spectrurhe imine proton resonates as a
singlet at 8.24 ppmand integrates for two proton3his is clear evidence of the

presence of the imine within the compound.

N F =/
HO/O\/ DN = :
9
OH K,CO;y 2
_— >
A, Acetone, 48 h
//\Br : : N

Scheme 3.15Synthesis ofmetabis-substituted Schiff base linker

The characteristic triplewvhich represents the alkyne proton, banseen to resonate at
2.49 ppmwith a coupling constant df= 2.4 Hz. This signal resonates for two protons,
providing evidence thaa bis substituted alkyne h&been formedThis postulation is
further strengthened by the appearance of two signals, wisohate at 3.96 ppm as a
singletand at 4.70 ppm as a doublet. These represent thebettye within the Schiff
baseand the etbr CH of the alkyne respectively.The aromatic protons resonate at

7.02 7.28and 7.32 ppm ashteemultiplets. The formation of thisis-alkyne Schiff
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base is bolstered by tH€C NMR spectrum. Elemental analysis reveals that some

ethanol, which was used as the crystallisation sol\&ptesent.

Although the isolation of this product was successful, examination VIR of

the crudeproduct (Figure 3.®) reveals a familiar themevhich was to be seen
throughout the attempted synthesis of propargyl substituted $elils. A new signal,

Ha, appears at 9.97 ppm, which is in the region of the spectrum an aldehyde proton is
expected to resonate. It is cleaorh the reaction conditions that no aldehyde is

present, so this aldehyde must be formed due to imine hydrolysis.

_rl
fref]

=
T
15

I M N

Figure 3.60: *H Spectreof crude productblue) and30 (red)with protonsa andb highlighted

L

[ppm]

N

Hydrolysis of the imine has been discussed at lengseation 3.3 Comparison of the
integrals for the iminél, and aldehyde signald, reveal aratio of product to aldehyde

of 13:1, with the desired product as the major proddithough imine hydrolys is
known to occur even under mild conditgrthis was somewhat unexpecthe to the
previously successful employment of similar reaction conditions to yield the capped
calixarenes.Propargyl bromide has bbwer acid disassociation constantK{p in
comparison to the alkyl halidealixarenes;this may leadto an acid cklysed

128

hydrolysis of the imindo yield the aldehydéMechanism 3.2“° Although it is clear
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from the formation of the desired compouBd that in this case the aldehyde is a
minor side produgctthe instability of the imine bond undemnild conditions could be

problematic in further reactions of this type.

H H
~No ’
H . H (l@ H
QL
)\ R T NG AR

Mechanism 3.2 Acid catalysed imine hydrolysis

A monopropargyl substituted variant of tlpara linker 6 was prepared in a similar
fashion t030 (Scheme 3.16 Due to the attemptechono substitution the reaction

period was half of that employed for thés variant. This was also expected to help

//

limit formation of the aldehyde.

HO.
\©\/N \/\N/\O\
9 OH K,CO,4

—_—

Acetone, A, 24 h

/\Br

/Z\/\Z/

HO
31

Scheme 3.6: Proposed synthesis nfonosubstituted-Schiff base link
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'H NMR spectral malysisof the crude productFigure 3.6} clearly illustratesthat
aldehyde formation has indeed occurrtds also indicated that the aldehyde is the
major product from this reaction, which ike opposite of what was seen in the
synthesis of compounBD. Comparisorof the integrals for the aldehyde signa)l &nd

the imine signallf) reveal a ratio of 3.6:1 of aldehyde to the desired compotimsl.

crude mixture was dissolved in DCM and petroleum ether was added to precipitate out

the product.

IJ , L 1 L I .

T T T r T r r T T T T T
8 6 4 2 [ppm]

Figure 3.61 *H NMR spectrum of attempted synthesi3af
A pale yellow solid was obtained and upon studying'#hé&lMR spectrumit is clear
that this isthe aldehyde hydrolysis produgfigure 3.62. The spectrum obtained is

practically identical tahatof thep-alkyne substituted benzaldehy2i

EEE

: . . . : . . T T T T T : . . . : . . .
10 8 6 4 2 [ppm]

Figure 3.62 *H NMR spectrunof product ofSchiff basehydrolysis
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Although some cleavage of the imine bond was expected, the predominance of the
aldehyde product was noThe 'H NMR spectrum of theemaining filtrate was
analysed and compared tithat of the isolated aldehydEigure 3.63 and it is clear

that even in the filtrate thddehyde is the dominaproduct;this trend was to be seen

for the remainingttempts at synthesisimpgopargyl subtituted Schiff bases

[
Iren

40

ol

: . . . : . . . : . . . : . . . : . . .
10 g 3 4 2 [ppm]

Figure 3.63 '"H NMR spectra of the isolated aldehyde (blue) and the filtrate. (red)

An ortho-bis-alkyne variant was attempted using similar reaction condition30to
(Scheme 3.1/ As imine hydrolysis was observed in the previously attempted
reactions, it was no surprise when, upon analysis dHH¢MR spectrunof the crude
product a characteristic aldehyde peak was observed.
OH —
C@N\/\N/

K,CO;3

_—

MeCN, A, 48 h

IS
-~ N2

Scheme 3.17Reacton scheme for attempted synthesi8af
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A TLC of the crude product revealed two spots, so column chromatography was
utilized to separate the product. Schiff bases are very hagpévate usingilica gel,

but the propargyl substituted benzaldehykivatives are easily purified by this
method, and as such it was assurtied itwould be easily separated while leaving the
desired product on the stationary phase. Comparison GHthN&R spectraof the first
product from the column witthe crude spectruiifrigure 364) reveals that thertho

alkynebenzaldehyd@8 was isolated.

[

[rel]

60

40

s MJ_J L

20

, L A JJ - g

. . T T . . T T . . T T . T . T . . T
10 8 § 4 2 [ppm]

Figure 3.64 'H NMR spectra 082 crude (blue) and first column product (red)
The column was flushed with MeOH, and it was thought this would yield thebpsdre
alkyne productbut upon analysis of thtH NMR spectra(Figure 3.65 it is clear that

the aldehydés still present as major constituent.

H

14 [rel]

12

- 0 S

T T T T : . T T : : T T : T T T : : T T
10 8 [ a 2 [ppm]

Figure 3.65 '"H NMR spectra of aldehyde product (blue) and of column flush.(red)
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The final alkyne substitutionreactionto be attempted was moncortho-alkyne
substituted Schiff base. Once agathis was prepared in a similar fashion to the
previously discussedinsuccessfulattempts;the reaction paway is outlined in

(Scheme 3.18

OH
13 4o K,CO,

—_
MeCN, A, 24 h

/Z\/\Z/

Scheme 3.18Attempted synthesis @&3.

Yet again some degree of imine hydrolysis was expectad the extent to which it
occurs was still uncertai@nce again théH NMR spectrumwas obtained athe crude

product(Figure 3.66.

T T ,_
[rel]

15

T T T T T T T T T T T T T T T T T T T T a
10 8 & 4 2 [ppm]

Figure 3.68 "H NMR spectrum of crude product fro8s.
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It can beclearlyseen that @eak is observed in the aldehyagion of the spectrunat

10.49 ppm,which once again points towardgdrolysis of the imineAs column
chromatography proved to be unsuccessful imiobtg the desired product for thes
derivative, a mixture of DCM and petroleunther wasattemped to isolate the
product. However, this did not yield either the aldehyde hydrolysis product or the
desired product. The major difference between the ssitdes/nthesis 080 and the
subsequent failed synthesis attempt is the choice of solvent, with acetone being used

for the successful method and acetonitrile for the failed attempts.

3.4.4 Copper(l)-catalysedl,3 HuisgenAzide-Alkyne Cycloaddition (CUAAC)

The proposed catalytic cycle fahe copper(Bcatalysed 1,3 Hugen azidealkyne
cycloaddition (CUAAC) raction is shown in mechanism 3\8hich was proposed by

Himo et al* This mechanism has previously been discussed in defédtion 1.3.2

N4N\
N—R,
=

Ry
H [CuLx]
®
y %
NéN\

N—R,
\ N‘
Ri NZ= \ﬁ/R2

Ry

H
@
H

R—=—=—CuL,

N +
NP SN— Ry NZN\
[S]
| —_ N—R,
\/CULX /"
Ri Ri—=——CuL,

Mechanism 3.3 Proposed catalytic cycfer the CuUAAC reactior®

This type of cycloaddition washosen a# is regioselective and results in onhetl 4

disubstitutedtriazole. The formation ofhis triazoleis easily characterised from the

190



Chapter 3. Results and Discussion

characteristic resonance position of the €@rbon in the™>C NMR spectrumat
approximately 120 ppiff. Figure 3.67 shows the standard nomenclature for

assignment of triazole structure.

Figure 3.67 General 1,4isubstitutedlH-1,2,3triazole

The Cu(l) catalyst is generated ki situ reduction of Cu(ll), copper sulphate
pentahydrate in this case. The addition of a reducing agent, sodium ascorbate for
example reduces Cu from the +2 to the +1 oxidation state. Using this method"bf Cu
generation negates the need for a base in the reaction. Another advantage of employing
this method is that it does not require an inert atmosphere, despite the instability of

Cu(l) in the presence of oxygéft.

3.4.5 Synthesisand Characterisation of Triazole linked Double Calixarenes

Using the successfully isolated calixaraailkyne 17, and the three calixaresdkyl
azides,18, 19 and 20, three triazole linked double calixarenes were synthesidael.
synthesis of the double calixarei2d has been previously reported Iorales
Sanfrutos and cworkers?! using copper iodidas the catalystThe aim was to use
copper sulfate as the catalyst, by way of ithesitu reduction of Cu(ll) to Cu(l), to
perform a click reaen, yielding the desired double calixarenes. ,Bagt will be seen

in the discgsion of eachproduct the requiement of column chromotography for
purification means tt these reactions do not adhere to the rules which Sharpless
proposed for a reaction to be classesiclick®
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Beforearriving uponthe reactiorconditions which are shown in Schefé&9 a range

of solvents, reaction temperaturasd reaction times were attemptedost of these
conditionsgave minimal yields, witsome giving no indication of the desired product
being formed. Tha conditionsvhich were finally usethadbeen previously reported by
Tian in 2010 for the synthesis of a triaztitked 8 oxyquinoline calix[4]aren€? It
was found through several attempts that cortfdhereaction temperature was key to

the formation of the triazole ring.

CuS0,.5H,0, DMF

R
Sodium Ascorbate, 90 °C, 4 d

Scheme 3.19Synthesis o1 showing conditions used

The bis-alkyne calixarenel7 and thebis-ethylazide calixaren&8 were dissolved in

DMF. To this tre copper sulphatand sodium ascorbate were added, and the stirring
mixture was heated to 9UC for 86 h.After the product was extracted with ethyl
acetate from water, the solution was reduced to dryness. This residue was taken up in
DCM, and a yellow solid was obtad through slow diffusion of DCM in methanol.

This was then further purified by column chratmgraphy to obtairRl as an off
white/yellow solid. Analysis of thtH NMR spectrunof the product indicates that the
proposed structure from Scheme 3.A&s been obtained, and conformsliwe the

previously reported spectruff.
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As is the case for the majority @f3-bis-substituted calixaremsen this thesis, théert-

Butyl groups are seen as a sesbfgletsat 0.97 ppm and 1.28 ppiiout they integate

for thirty six protons eactDue to the fact there are two cavities for solvents to inhabit,
an array of solvent signals can be seen intéheButyl region.In the spectrum of the
double calixarene duightion of the methylene bridgesignals is noted, whereas in
previously discussed calixarene derivaivthe methylene bridges appess two
doublets.This is due to the methylene bridges being in slightly different chemical
environments owing tahe proximity to the triazole unitn this spectrum the
methylene bridges are represented by two multipiétich resonatet 3.29 and4.10
ppmand integrate for eight protons eadhwo triplets at 4.50 and 5.12 ppm represent
the ethyl chain protons, and a signal %25 ppm which resonates aa singlet
represents the ether GHetween the calixarene and the triazdlee aromatic proton
signals are represented by a singlet which resona@83jpm and a multiplet which
resonates at 7.02 ppm. These integrate as eight and sixteen jrespestively. Two
sets of signals are seen for the phenolic p®t@and resonate at 6.91 and 7ppén as
singlets. Finallythe triazole proton signal is observed as a singlet whiebnedes at
8.55 ppm The*C NMR spectrum also indicates the formation of a doublet calixarene
with the tert-Butyl carbon peak dominating the spectrum. Mass speety of the
productpoints towards the proposed structure with the M+H peak found at 1512.9443
m/z which conforms welto the calculated valuand falls within the accepted 5 ppm
error range. However, without a crystal structure this cannot be conédn

unambiguously.

With this synthetic route proving to be fruitfud similar reaction was performed
between théis-propylazide calixarend9 and17 (Scheme 3.20 After removal of the
solvents the produc2 wasobtained as an offvhite solid.'H NMR spectralnalysis

(Figure 3.68 showeda similar spectrum to that @&fl.
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Scheme 3.20Synthesiof 22 with conditions shown

The effect of the highly symmetric nature of the product is clear on the spectniam.

is evident fromthe appearance of thert-Butyl groups as four singlets which resonate

at 0.95, 1.04, 1.2and 1.29 ppmOnce @ain there is duplication of the methylene
bridge signals, which resonatesfaar doublets at 3.31, 3.35, 4.2id 4.32 ppmThe

propyl chain is represented by three signals which resonate at 2.67 ppm as a multiplet,
at 4.18ppm as a triplet, and at 4.99 ppm as another tripietether CHbetween the
calixarene and the triazole resonateS.4l ppm as a singlésymmetryis noted in the
aromatic signals, which resonate at 6.81, 6.91, &@47.06 ppm as singletas was

seen for21, two separate signals anbservedor the phenolic protons. These resonate

as singlets at 7.22 ppm and at 7.93 ppm. The triazole proton isyets®r8.13 ppm

and resonates as a singlet.
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L

i &JU”U

[ppm]

Figure 3.68 'H NMR spectrum oR2.

This assignment of théH NMR spectrumindicates that a triazole linked double
calixarene hs been successfully synthesis@tis is furthersubstantiatedy the **C
NMR spectrumand by mass spectromgtwhich found the M+H peak &t540.9766

m/z which compares well to the calculated vadunel is within the ppm error

A similar reaction between thieis-butyl-azide calixaren€0 and 17 was attempted
using comparablecondiions to tke previously isolated producf&l and 22. This is
describedin Scheme 3.21The product23 was obtained as brown crystals from a
mixture of dichloromethane and petroleum etfiére product was characterised'bly
NMR spectroscoppndanalysis othe producteveals a similar spectrum to thatif
and22. Once againthe effect olsymmetryis seen on the spectrum, with tieet-Butyl
groups resonating as four singlets at 0.95,,11037 and 1.29 pprmAs was the case

with 21, thetert-Butyl regionshowsnumerous solvents peaks.
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Scheme 3.21Synthesis o023 with conditions shown

Once againthe duplication of the meytene bridge signals is seday four sets of
doublets which resonateat 3.30, 3.35,4.27 and 4.31ppm. The butyl chain is
represented by two triplets theesonate at 4.18 and 4.98 ppanmultiplet which
resonates &.73 ppm, and another multiplet which resonates at 2.67 Ppige again
the ether CH between the calixarene and tti@zole resonateas a singleft 5.13
ppm.As was the case f&2, four signals can be seen for the aromatic protasch
resonate as singlets at 6.81, 6.90, ‘A0d 7.06 ppmTwo signals can be seen for the
phenolic protons which resonate as singlets at 7.21 ppm @8@g¢g@mand finally, the

triazole proton resonates at 8.12 ppm as a singlet.

The dructure proposed in Scheme 3.2@mpares well to théH NMR spectral
assignmentand the®C NMR spectrumprovides further edience of this. Mss
spectrometryvas performean this compoundnd although the accurate mass was not
found, a fragmentation pattern which wesnsistent for the compoundsing four

protons was obtainedhis orce again strengthens the case for the proposed structure.
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Although these compounds were successfully synthesised, the percentagevgields

quite low, and a a result this route was abandoned at this stage.

3.4.6 Synthesis and Characterisation of Triazole linked Calixarene

Benzaldehydederivatives

Two sets of reactionconditions were used to synthesisbee triazole linked
benzaldehyde calixarene derivasvd he firstmethod(a) using DMF as solvent gave
higher yields (>85 %), but required colurahromatography for purificatioand strict
control of reaction temperatir The seconanethod(b) used a solvent mixture of
dichloromethane and wateBoth method have been previously reportéa the
synthesis of triazole linked calixarene derivati¥e$®* and both have their
advantagesThis gaveslightly lower yields (7680 %) but did not require column
chromatographyor purification. As a resultthe latter set of conditions were chosen
where possible for the Hsgen cycloaddition to form the triazole linked cedirene
benzaldehyde derivativesThe triazole linked calixarene benzaldehy86, was

synthesisedia both method$Scheme 3.22

Scheme 3.22Comparison the two reaction conditions emplofggdsynthesis 080, (a):
DMF, CuSQ.H,0, Sodium Ascorbate, 9, 4 d(b): DCM:H,0, CuSQ.H;0, Sodium
AscorbateD, 5 d.
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