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Abstract

This thesigeports onthe design synthesisand structural characterisatioof a rovel

family of pyreneisoxazolecali{4]arenes An investigation of their metal cation
sensing abilitiesising techniques including absorbance, fluorescence ‘ehiMR
spectoscopiedollows.

The novel work begins by developingyaeneisoxazole appended calix[4]arer&C
that could selectively detecaind report, via fluorescence spectroscopy, on the
presence ofC#*ionsin MeCN Thehost:guest binding interactiomas investigated

by 'H NMR spectroscgp SternVolmer analysis of the quenching mechanism,
BenesiHildebrand analysis of the binding constamidadetection limit calculations
were performed in characterisation of the binding properties of this host.

The relationship betweenthe modular building blocks and the conformational
presentation of thehost structures and their metal cation sensing abild@s was
probed by design afhree new members of this familystructurally related toPIC
Each membediffered at just onekey position EPICintroducedan ethylene linker
between the lower rim of the calixarene and the isoxazole heterocyeRIC
introducedan alkyl chain between the isoxazole rings and the pyrene unit$/&ig
incorporatedmethoxy groups in plce of the hydroxyl groups &fIC Each host was
successfully synthesised using catafyse click cycloaddition andere structurally
characterisedusing the full suite of analytical techniques including solid state
structures ofEPIGind MPIC

Fluorescace spectroscopic studigsdicated thatwhilst EPICPPICand MPIC like

PIC had affinities forC/#* binding, there were subtle differences in the binding
association of the H:G complexes y#lues varied betwee83,000¢ 6,000 M*) and

in theinformation that could be extracted from the NMR spectroscopic study of their
binding.

In order to probe realvorld applications such as waste water analysisidies
involving PICin aqueous MeCN wereonducted Atendencyfor the hostto self
assemble ad form supramolecular structuresn the aqueous mediawas
hypothesised on the basis of emission and absorbance data and supported by SEM
images.

PIQwas shown to be fluorescent @rop-castedsolid statesamplesand subsequently
in electrospun PIC doped pdymeric micrdfibers. The fluorescenimicrofibers
respondedspectrdluorometrically tothe presence of Ctications in water.

Xii
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Chapter 1 Introduction

1.1 Calixarene Chemistry

1.1.1 Overview

Calixarenes are a class of versatile macrocycles. Their popularity stems from their
ease of synthesis, their functionalisable upper and lower rims and their wide range
of applications.This sectiorwill provide an overview of the history of calixarenes,

their general applications ang/ntheticmethods for lower rim functionalisation.
1.1.2 History of Calixarenes

Calixarenes were first synthesised in Germany by Adolph von Baeyer in 1872. He
observed hat mixing formaldehyde and phenol in the presence of a strong acid
resulted in the formation of a resinousixture.! At the time isolation of pure
products from this material was ngiossible. Even though Baeyer was unsuccessful
at characterisation of the mixture, his work was pivotal in the beginning of phenol

formaldehyde chemistry which paved the way for calixarene chemistry.

In 1902 in the United StatesLeo Baekeland began an @stigation into base
catalysed phenelormaldehyde reactions. After several years of research he
demonstrated that by using a defiad amount of base the reaction could be
controlledresulting inpolymeric products of reproducible rigiditide patented this
process in 1907 and his material became known as Bakefitieh was one of the

first commercially available synthetic plastfcs.

Depending on their substitution pattern, phenols have the possibility of reacting with
formaldehyde at theortho- and/or parapositions Thusthe formation of a wide

variety of crosslinked polymers where each phenolic unitlmarattached to up to

three other phenolic unitan result This potential lack of regioselectivity was a

problem in the initial pheneformaldehydechemistry In 1942, seventy years after

| S & fSrivdiehyde experimentd f 2 A4 %AY 1 S | ARLIIANKAOKR €% Al

reaction using aparasubstituted phenol in a condensation reaction with
formaldehyde? A parasubstituted phenol can only react at thertho- positons

thereby reducing the possible number of polymeric products. Zinke and Ziegler

proposedthat the productof their reaction had the cyclic tetrameric structure shown
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in Figure 11. Concomitantly,Joseph Niederl and his colleagHdeinz Vogel in New
York University proposed a cyclic tetrameric structure for the product of their acid

catalysed reactions between aldehydes and resorcifiols.

-

| ]
OH OH oH HO

Figure 11: Tetrameric structure proposed by Zinke and Ziegler as the product of base
catalysed reaction betweep-tert-butylphenol and formaldehydé.

DavidGutsche coined the ter WGQIE I NSy SQQ Ay firstdppearediy R KA
print in 1978° The name is derived from the Greek wardlixY S+ yAy 3 WW@Il &S
WY OK lafidarén8wdiehlindicates the presence of aryl residues in the macrocyclic

array, Figure 120 ! Ol t AEQYy 8 NBYyS O2y il Awde, ayé |
calix[4]arenes, calix[6]arenes and calix[8]arenes are the most heavily represented in

the literature. Calix[4]arenes can present as four distinct conformers: cone, partial

cone(paco) 1,3alternate and 1,zalternate,Figurel.3.

Figure 12: a) Space filling diagram of a calix[4]areng), Greek vase and)
calix[4]arene with upper rinp-tert-butyl substituents.

Gutschesaw the potential of calixarenes as molecular baskafsable ofunctioning
as enzyme mimics. Cyclodextfimsid crown etherShad previously been utilised for
this purposebut henotedthat calixarenes had two distinct advantagésthey were
easy to synthesisewhereas cyclodexins were only available by isolation from

natural sourcesand(ii) they had a true baskdtke shape whereas crown etherbad

3
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I Y2NBE RA&O tA1S a4KILISd DdziaOKSQa aSYAyLl f
and included the establishment of the strtures of the parent cyclic tetramer,
hexamer and octamer, a study of theconformational properties andthe
development of methods for the functionalisation of the upper and lower rims of the

calixarene skeleton.

i |
OR OR QR RO OR OR OR

cone partial cone

R'" R

1,3-alternate 1,2-alternate

Figurel.3: Common conformations of substituted calix[4]arenes.

1.1.3 General Applications of Functionalised Calixarenes

Calixarenes have unique three dimensional structures with hollow inner cavitiiss
characteristi¢ taken togeher with the ease of functionalisation of the upper and
lower rims gives rise to many applications within supramolecular chemistry
including molecular recognition, sensing and saffsembly, catalysis,

nanotechnology and drug delivefy.

In a recent publicatiorRaoet al. reported a drug storage and release application of
a lower rim monocholesteryl derivatised calix[4]arendsigure 14.° This
functionalised calix[4]arene showed instantaneous gelation in THF:M&QNv/v)

at a minimum gelator concentration of 0.6%. Gelatimas also achieved in the
presence of three different drugsjoxorubicin, curcumin and tocopherab90%
release of the drugs was subsequently demonstrated in watee. guesentrapped

gels exhibited the sae microstructures as the gueBke gels. Fluorescence
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spectroscopy and molecular mechanics studies sugdeitat the drug molecules

occupiedthe hydrophobic pockets of the calixarene.

0O O
OTTTC
HO OH

Curcumin

Doxorubicin =

Figure 14: Cholesteryl derivatised calix[4]arene capable of gel formation, storage
and release of the three drug molecules shotn.

Vigaloket al. have reported catalytic activity of lower rim heterocycle functionalised
calix[4]arenes? A threestep synthesis led to a triazole derivative whickpon
exposure to TiGland N,N-diisopropylethylamine (DIPEAfprmed a Ti* complex
capable of catalysing TMSN addition to benzaldehyde. No catalytic activity was
observed when control reactions were carried out with thé* Tomplex of1,3

dimethylcalkarene confirming the role of the heterocyclic ring in the catalytic cycle

A more recent publication citea coppercatalysed, onestep lower rim amination
reaction which producedpyrazole functionalised calixarenes which also formed
complexes with some main group and transition metal i¥n$he pyrazole T
complex, shown ifrigure 15, had superior catalytic activity tits triazole analogue

in promotingTMSCN addition to benzaldehyde
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N_O\ 2 ,,—N/N

N
<\/I/CI/T|:CI \ 7

Figure 15: Ti** complex of a pyrazole functionalised calix[4]arene used to catalyse
TMSCN addition to benzaldehyde and cyclohexene epoxidation reactions.

Environmental and human health have suédrdue to the widespread use of
pesticides. The potential binding of a naphtlagpended calix[4]arendo six
common pesticides was investigated using fluorescence spectroscopy. Enhancement
of the intensity of the fluorescence emission signal of the fuomzlised calixarene
occurred when exposed tonly one of this groupmetolcarb. No such change
occurred in the case of the five other pesticides examined in the same Stdy.
facilitate exploitation of the sensor in the figlthe calix[4]arenes were immobilised
onto gold nanoparticlessing a triazole forming clickycloadditionreaction. Contact
angle measurements were used as a simple and visual method to determine if
metolcarb was presengigure 16. This easily executed technique consista stage,

a syringe, a light source and an optical aid with a reticule for angle measurefent
droplet of a metolcarb containing solution was shown to form a specific contact angle
of 20.6+ 2.0° on the gold nanoparticle surface, while solution samples of the five
other pesticides tested had contact angles >113herefore,the calixarene
functionalised gold nanoparticlegere suitable for the rapid detection of metolcarb

in an environmental settg.

| A
y Q Y)Y
: T “NT0
fe) H
metolcarb
Contact Angle
"\5\ N
N o Liquid Droplet
! ,O _‘__‘\‘/
R e " <
N

oo =

Sample

Figure 16: Left: Naphtholappended calix[4]arene immobilised ton gold
nanoparticlesused for the detection of the pesticide metolcatbRight: General
diagram showing a contact angle measurement.
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Calix[4]arenes modified on the upper rim with arylacetylene uritgure 17, have
been utilised in selective spectrofluoratric sensing of the common explosive
trinitrotoluene (TNT) from an aqueous mediurArylacetylene substituentsare
known to widen the calixarene cavitgnd tis increased size combined with the
hydrophobicity of the cavity provides selectivifpr TNT* In a more robust
application it has been noted thdiuorescence emission resulting frofitter paper
coated with the modified calixarene wasienched uporexposure to TNT vapour as
visualised under a UV lamp at 365 rtlnys environmenal on-site detection of TNT

was possible.

HOOC COOH COOH

Figure 17: Arylacetylene modified calix[4]arene used in TNT detectfon.

lodide is an essential nutrient for healthy development of the human kaoijis of
particular importance for pregnant women and children. Therefeemnsors capable

of selective and sensitive iodidgetection at low concentrationgemain highly
sought after. Maityet al. have designed and synthesised a water solub)&
alternatep-sulphonatocalix[4]arene capable of detecting iodide to a remarkable limit
of 2.5uM.*® They anchored this calixarene onto the surface of gold nanoparticles,
Figure 18. In agueous solutions these nanoparticles show a vivid colour change from
pink to blue in the presence of iodide. It is understood that the iodide is oxidised to
iodine at the exposed surface of the nanopele which results in a change thie

size and morphology of the particleausinghe colour change of the solution.
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Figure 18: Gold nanoparticles with anchorgesulphonatocalix[4]arenased for the
colourimetric detection of the iodide ioff.

1.1.4 Synthetic Approaches to Functional Calixarenes

The upper and lower rimef calixarenes have been modified with an extensive range

of functional groups including carboxylic acids, amjdeewn ethers and azacrown

ethers!® However asthe novel caliarenes studied in this dzi K2 NQ& @2 NJ I f §
category of lower rim functionalised molecujésis section will give a brief overview

of the range of chemistries employed for functionalisation at the lower rim, a topic

which has been the subject of an attractive review by Createn!’
1.1.4.1 1,3Disubstitution of the Lower Rim

The hydroxyl groups of the lower rim of calixarenes are useful handles to introduce
various functional groups and \Wéimson ether syntheses have been a popular
synthetic tool® Typically a bas@ften potassium carbonate, is used to geate the
calixarene alkali saland an alkyl halide is introduced to the resulting alkoxide
culminating inthe formation of a monesubstituted phenoxyether. Thiscanthen be
selectively deprotonated at the distal positon and further alkylated to give 1,3
disubstituted products. The regioselectivity of the second alkylation reaction can be
explained by the relative stability of the intermediate alkoxides leading tednd
1,3disubstituted products. 1;B®istal are favoured over 1-f&roximal products due

to the availability of proximal hydroxyl moieties to stabilise the intermediate alkoxide

leading to the 1,3lisubstituted productScheme 11.



Chapter 1 Introduction

tBu tBu tBu B
K,CO; AlkX N\
— —
(|) o/ | //
OH oy
-7 6 KO OH OH QHAIKO
\ K,CO,
tBu tBu tBu tBu

| | ;
OH OH oAlk OAlk OAIKOH OHAIKO

1,2-proximal disubstituted 1,3.-distal disubstituted
calix[4]arene calix[4]arene

Scheme 11: General synthetic scheme for formation of dBtal disubstituted
calix[4]arenes by ether formation; stabilising hydrogen bonds of the intermediate
alkoxides are shown with dashed dm Inset: Structure of a ZXf@oximal
disubstituted calix[4]arene.

Lower rim functionalisation of calixarenes with crown ethers has been popular due
to the potential of the crown as a metal binding site. Ungaro anavodkers were

the first to reportthe synthesis of a member of this fam#§Their method involved
treating the parent calix[4]arene with two equivalents of potassitert-butoxide

and one equivalent of pentaethylene glycol ditolugmsulphonate. Following
heating at reflux in benzene for 48 hrs the wroether functionalised calix[4]arene

shown inScheme 12 was formedin 30% yield.

tBuOK

CeHe

HO —O 0o
48 hrs (

reflux

30%

Scheme 12: Synthesis of the first calirown from Ungaro and eworkers?®
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Calixarenes with pendant amide or ester groups have been synthesised in a manner
analogous to the Williamson ether synthesis. Following deprotonatester or
amide functioral groups have been introduced using appropriate halogenated
esterg? or isocyanated! If desired thsegroups can be used as handles for further
derivatisation. In one example, Bittest al. cycloamidated a lower rim diester
functionalised calix[4]arene using a polyamineptoducein 93% vyieldhe capped
calix[4]arene shown inScheme 13.22 This derivative showed potential as a

chromogenic optical sensor for alkali and alkaline earth metal ions.

EtOCOCH,Br N(CH,CHoNH,);

OH OH Q4 HO 293 PhMe-MeOH H,N

MeCN O reflux
8 hrs EtG o N H HN 0
rt OEt N
829% ‘\/ \/ ,
0 93%

Scheme 13: Synthesis of a lower rim carboxamide capped calix[4]arene from-a 1,3
diestercalix[4]arene??

1.1.4.2 Tetrasubstitution of the Lower Rim

Tetrasubstitution is usually achieved by functionalisation of edis@aldisubstituted
calix[4]arene. It requires a strong base such as sodium hydudego the difficulty
in forming thealkoxide ionwhenthere are no proximal hydroxyl groupsesentfor
stabilisation by intramolecular hydrogen bond formation. In one example Shah
formed a fully substituted calixarene by reaction of a distally methylated precursor

with ethyl 4bromobutanoate in the pesence oodium hydrideScheme 4.23

tBu tBu tBu  Bu

NaH
Br(CH,);CO,Et

—_—

‘ ] DMF
OH oOMeOMeHO rt

Scheme M. Synthesis of a tetrasubstituted calix[4]arene from reaction of a distally
methylated precursor andthyl 4bromobutanoateusing NaH as a base.
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1.2 Metal lon Sensors

Metal ions areubiquitous in biologicasystans and in the enironment. They are
present invery precise amoustand any deviation from the concentration norm can
have drastic effects on ecoggms and human health. For thisason chemosensors

that can selectively and sensitively detect and report on the presence of metal ions
in solution are widely desired. This section will give details on the general design of
metal ion sensors, beginning with examples of +wafixarenebased meal ion

sensordefore discussing calixarene based méalsensors.
1.2.1 General Design of Metal lon Sensors

An excellent review by de Sileaal. highlights the importance of the involvement of
synthetic organic chemists in sensor design and manufacithiér reviewhighlights
SEFYLX S& 2F @&AYLX S¢ ion sgriRory 2hblBesigh \ofliaNh O (i S
sensor, whether it is to be used tdetect a cation, anion or neutral species must

deliver the same three criteria:
i) a receptor

Thereceptor orbinding site is the location where the analyte of interest interacts

with the sensor.
i) a reporter group

The reporter group is a functiohity that must undergo a measurable change upon

analyte binding such as absorbance or emisdfagyre 19.25
iii) alinker group

Thelinker group omolecular scaffold is the framework that must hold the binding
site and reporter unit irthe desired orientation; it can take various forms, from a

simple linker as in the pictorial representation belotg a complex framework.

11
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9
~ Q=" 60

Figure 19: Schematic showing the recognition of an analyte by a chemosénsor.

1.2.2 NonCalixarene Based Metdbn Sensors

Sensitive and inexpensive methods that give #teak results are essential for the
detection of heavy metal ions froagueous sampleis environmental and biological
fields In one such example Sureshal designed and synthesised a cyclodextrin
based probe for Fé¢and R§*detection,Figure 110.26 Whenp-nitrophenol is added
to a solution containinger-6-amino-b-cyclodextrin,an inclusion complex is formed
and the solution chargs from colourless to an intense yellow. The colour change
occurs due tdhe presenceof the p-nitrophenolate anion, formed by abstraction of
the phenolic proton by an amino group tbfe cyclodextrin. It wa hypothesised that
in the presence of a suitablgation the protonation/deprotonation process may be
reversed andp-nitrophenol regeneratedthereby creating a colourimetric cation
sensor. Aqueous solutionsf fourteen mone, di and trivalent metal ions were
examined and the change from yellow to collass was observed only witfe**and
RW*. Thus the presence of #and R3*can be determined colourimetrically and

spectrophotometrically.

Figure 110: Per-6-AminoJ -cyclodextrin andd-nitrophenol used for the naked eye
detection of Fé*and Rg*.2¢

12
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Cryptands are anothewell-known sub-group of macrocyclic ligands. They have
hollow inner cavitieglong withnitrogen and oxygen donor atoms available to act as
efficientbinding sites. In the late 1980Ghostet al. designed and synthesised three
heteroditopic cryptands with different cavity sizes which were capable of detecting
and reporting on the presence dhe lanthanide ionsEw?* and Tb*, as well as
transition metaland Pk**ions?’ The supramolecular structures were dgsiéd with
anthracene reporter units attached to the three secondary amino groups of each
cryptand,Figure 111. The anthracene moieties of the hostwsved no fluorescence
emission due to ghotoinduced intramolecular electron transf€PET) between
them and the lone pairs on the amino nitrogen atoms. However, in the presence of
an analytical quantity of a suitable transition metal jsuch as Ct or Ni¥*, a
fluorescence signal emerged. The signal arose since the nitrogen londqranesrly
involved in PEbecame invlved in metal ion complexatiom the absence of a PET
mechanism the anthracene units fluoresc®f the three trianthryl derivatised
cryptands investigated, the one with the smallest cavity ,siagure 111a, was

capable of distinguishing between Eand Ti5*in solution.

(Y

AP 4% 7

(n\N\R
Ler)

c

N\R

a:n=1
b: n=2

Figure 111: Three trianthryl derivatised cryptands of various cavity sizes designed by
Ghoshet al. for lanthanide and transition metal ion detectich.

An interesting class afrown ether platinum(ll) alkynyl terpyridine complexes were
designed and synthesised by Taegal, Figure 112.28 They investigated their
complexation abilities with alkali, alkaline ra and transition metal ions using
fluorescence spectroscopgomplex1 shows an enhancement of the fluorescence
emission on binding with Mgand C&*, whilecomplex2 whichshows a purple colour

in MeCN in the absence of metal igrehanges to variousistinct shades of orange,

13
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yellowishbrown or yellow when introduced to the triflate saltslaf, Na, Mg?* C&*,

Cd*and zZi3*.

Figure 112: Crown ether platinum(ll) alkynyl terpyridine triflate salt complexes used
for the detection ofalkali, alkaline earth and transition metal ioffs

1.2.3 Calixarene Basddetal lon Sensors

There is a plethora of excellent literature on calixarenes as metal ion sensing
agents?®3! Beeret al. have demonstrated that a calix[4]aredienctionalisedwith

lower rim acid and amide groups can be used to extract toxic metal ions, including
lanthanide ions, from aqueous solutions containing low levélsuzlear waste?

They hypothesised that the introduction of an electroactive ferrocene moiety to the
framework could provide an electrochemicaénsinghandle3® The nonomeric
ferrocenederivative Figure 113, showed anodic potential shifts ap to 60 mV upon

the addition of one equivalent of lanthanide ionghile ferrocenebridged calixarene
dimers underwent much larger shifts of up to 200 m\the presence othe same

relative amount of lanthanide ions.

14
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n=1,23

Figure 113: Monomeric ferrocene derivatised calix[4]arenes used for the detection
of trivalent lanthanide ions$3

Dublin based researchers Nolan and Diamond were amongst the firsedimyrd
analytical sensors for soft metal ionslising coordinating nitrile functional groups
Figure 114.3*Hostguest interactions were monitored by lon Selective Electrode (ISE)
based ptentiometry and selectivityith sensora was observed for Hgand Ag
cationsamongst a range of thirteesations studied In order to tune the cation
coordination abilities of their sensors, electron delocalising aromatic grawgre
positionedproximd to the nitrile groupsfFigure 114b. Thisstructural modification
resulted in suppression of the PHgcation complexation and thus produced a

selective and sensitive sensor for‘Agtions.

Figure 114: Nitrile functionalised calixarenes used for the electrochemical detection
of a) HF*and Ag- andb) Ag-ions 34
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An optical sensor for heavy metal ion detection based on a fiber coated with an
immobilised azebearing chromogenic calix[4]arene has been designed by Benounis
et al,, Figure 115.%° The calixarene functions as a complexing agéathe nitrogen
atoms of the amide groups. It was found that the light intensity output from the
optical fiber increased in proportion to the concentratiof metal iors present. The
system was suitable for the detection of GuCa* and Cd*to limits of 1M,

1 x103uM and 1 x 18 uM respectively. The lifetime of the sensor was shown to be

greater than eight months.

Y%@W
e O

Figure 115: Chromogeni@-tetrakisphenylazocalix[4]arenetra-amide derivative
used for sensing €y Ca*and Cd*ions3®

1.3 Fluorescence Spectroscopy Overview
This ection will give a brief overview of the principles behind fluorescence

spectroscopy, the structure of fluorophores and the detection of analytes by

fluorescence spectroscopy.
1.3.1 Basic Principles of Fluorescence Spectroscopy

Luminescence is the emissiof light from a substance in an electronically excited
state occurringndependentlyof temperature Fluorescence and phosphorescence

are specific forms of luminescence.

At standard temperature and pressu(8TPronditions most molecules will occupy
the lowest vibrational levef—o) of their groundelectronicstate (). Whena photon

of light energy is absorbedhe absorbing species elevated to produce excited

16
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electronicstates (& n>0). For each excited state there are a number of vibrational
levels. Excited species relax through a number of processes including intramolecular
charge transfer, conformational change, egg transfer, excimer formation and
internal conversion Excited state molecular collisions cause the molecule to lose
energy andrelaxto the lowest vibrational level of the excited state (vibrational
relaxation). From there the molecule can return to the grousldctronic state,
emitting light energy in the form of fluorescence. Intersystem crossing involves a
G F 2 ND A RR S yfrédm alsiNgley/esicked &tfteyto a triplet excited state ASTh,

n >0). Relaxation of the molecule from the triplet excited state to the ground state
results in the emission of light as phosphorescence. These various processes are

represented in the Jdbnski diagram shown iRigure 116.

excited vibrational states
S (excited rotational states not shown)

n

A =photon absorption
F =fluorescence (emission)
P =phosphorescence
S =singlet state

T =triplet state

1€ =internal conversion
ISC =intersystem crossing

-
-

P

N
IIII.J\
Lagt

S
S

Energy —»

Ic
! \/\/\\_‘
IsC
F

X L 4
electronic ground state

So

Figure 116: Jablonski diagram showing thensitions giving rise to absorptiqi),
fluorescencgF)and phosphorescencd)emission spectr&®

As is apparent in the Jablonski diagrathe energy of the emission is typically less
than that of absorption andhus fluorescence typically occurs at lower energies, or
longer wavelengths, than the excitation ligithus, he difference in energy between
the absorbed and emitted photons alie them to be distinguished from each other.
Irish physicist George Stokes was one of the firstiseovethe difference between

the band maxima of the absorption and emission spectra of the same electronic

transitionwhich subsequently became known ag ttokes shiftFigure 117.%7
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Intensity

Stokes shift

b

Absorption

Wavelength

Figure 117: Generic absorption and emission spectra showing the Stokes shift
between their band maximé.

1.3.2 FluorophoreDverview

A fluorophore is a molecule, @r unit withina molecule, that can emit fluorescent
light following excitation from light of a particular wavelength. A fluorophore
typically contains several fused aromatic ringbe efficiency of a fluorophore is
measured by a number of characteristics including fltuberescence quantum yield

(v vfluorescence lifetimé_) and Stokes shift.

The fluorescence quantum yields Omeasures he ratio of photons emitted to
photons absorbed to a maximum value of 1, this value can be used to compare the
fluorescence efficiency of a fluorophor€éhe fluorescence lifetime X refers to the
duration that a fluorophore remains in the excited state before returning to the
ground state, this can vary from picosecortdshundreds ofnanosecondg10'2¢
109s). A large Stokes shift can indicate the efficiency of a fluorophore lmnsdor

differentiation between absorbed and emitted photons.

The following section will give a brief overview of some commonly encountered

fluorophores.
1.3.2.1 Common Fluorophores

Naphthalene, anthracene, coumarin, fluorescein and pyrene are amoagnibst

commonly encountered fluorophoregjgure 118.

18



Chapter 1 Introduction

C C ‘ pentacene OO

anthracene

O pyrene
=
naphthalene O O
HO 0) OH coumarin

fluorescein

Figure 118: Structuresof commonly encountered fluorophores.

Naphthalene mostly obtained from coal tar, consists of two fused rifgs classed

as a polycyclic aromatic hydrocarbon (PAH). Generally as the degree of conjugation
increases, thewavelengths ofabsorption and fluogscence also increasd@hus,
pentacene with five linearly fused ringemits in the red regionwhile naphthalene

emits in the UV region of the electromagnetic spectrifigure 119.%8

< Increasing energy

[TAVAVAVAVA VAV VAN

Increasing wavelength

0.0001 nm 0.01 nm 10nm 1000 nm 0.01 cm 1cm Tm 100 m

l 1 1 ] 1
t t

Gamma rays Xsays ‘ Uliro- Infrared Radio waves
| violet
| Radar TV. FM AM

_— Visble light s
400 nm 500 nm 600 nm 700 nm

Figure 119: Diagram of the electromagnetic spectrum showing the colours making
up the visible light regios?

Anthracenecomprisesthree linearly fused aromatic rings aflike naphthaleneit is

most commonly extracted from coal tar. Anthracene is colourless but when excited
with ultraviolet light it emits fluorescence ihe blue region of the electromagnetic
spectrum. An extensive range of substituents have been introduced to the

anthracene framework and the fluorescence emissiorthaf resulting derivatives
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cover the entire visible spectrunfor examplg9,10-bis(p-dibutylaminostyryh2,6-
bis(-t-butylstyryl)anthracene emits red light (632 nrRjgure 120a,*° while a series

of 1,8diaryl substituted anthracenes emit in the blue regideigure 120b.%!
Substituted anthracenes are recognised as highly efficient light emitting materials
and have been incorporated iarganic light emitting diode¢OLED} which find
application ina variety of devices, for exampiaobile phones, car stereosjgital

cameras and white solistate lighting

Ar Ar

OCH; COCH, F CF4
- OO QDO Q
- v i
a b

Figure 120: a) 9,10Bisp-dibutylaminostyryl2,6-bis(p-t-butylstyryl)anthracene
capable of emitting red light and b) 1,8-diaryl anthracene derivatives capable of
emitting blue light*

Coumarin isa member of the benzopyrone family, i fluorescent butwith low
quantum yield Efficiency can be improved by appropriate substitution. Fluorescence
emission in the blugreen visible light ragn is produced by substituted coumarins.

A number of methyl derivatives have been utilised as efficient pH indicators showing

a large variation in fluorescence intensity with respect to pigure 121.38

4-Chloromethyl-7-hydroxycoumarin

HO 0 0 HO (@] 0 HO (@] 0O
@q B KIZ
Cl

4-methyl-7-hydroxycoumarin 6,7-dihydroxy-4-methylcoumarin

Figure 121: Structures of substituted coumarins used as fluorescent pH prébes.
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Fluorescein was first prepared by reacting phthalic acid and resorcinol over a zinc
catalyst. It is red in colour and emits fluorescent light in the green region of the
electromagnetic sectrum. It is one of the most commonly used fluorescent dyes
with recent applications in neurosurgery, dermatology and endomicrostdpie
isothiogyanate derivative is commonly used to attach fluorescein to molecules of
biological interest such as antibodies or proteiysnucleophilic attackn the central
electrophilic carbon of the isothiocyanate grqucheme 1. This allows for

fluorescence microscopy imaging techniques to be used in disease diagnosis.

o O +H2N_—>HO O

)

OH
HOOOH HOOOH

Scheme 1. General schemdor a protein labelling reaction using fluorescein
isothiocyanate (FITC).

1.3.2.2 Pyrene

Pyrene is a planar molecule with four fused rings, it makes up approximately 2% of
coal tar. Upon excitation at an appropriate wavelengih displays monomer
emissiors between 380 to 420 nixf two pyrenes are in close contact such as in a
concentrated solutiongxcimer emission will be observed in the range 410 to 500
nm. The potential to form inter or intramolecular pyrene excimers is due to the

relatively long fluoescence lifetime;410 ns for excited state pyrene units
1.3.3 Detection of Analytes using Fluorescence Spectroscopy

Fluorescence spectroscopy is a popular method for analyte detection due to the
intrinsic sensitivity, selectivityapid response time, I cost and the possibility ah
situ monitoring. Using an appropriate hosting molecule the detection of cations,
anionsand neutral species is possible, ifeporting fluorophore isbuilt into the

sensor.In analyte sensing by fluorescence spectrometbe, recognition event can
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involve a number of photoinduced processes including energy transfer, excimer

formation or electron transfer.
1.34 Energy Transfer

Fluorescence resonance energy transfer (FR&39 known a$0Orster resonance

energy transfer (HRT) is a mechanism of energy transfer between chromophores

either intermolecularly, i.e. between separate light sensitive units or
intramolecularly,i.e. between two light sensitive functional groups within one
molecule. One molecule, or functional growgets as a donor (transfers energy)d

the other as an acceptor, or quencher (accepts enerfyle emission spectrum of

the donor overlapswith the absorption spectrum of the acceptanergy transfer

will occur. The efficiency of the energy transfepdads on the distance between the

donor and the acceptor, the relative orientation of the dipole moments and the

degree of spectral overlap. Omo al. designed a FRET based sensor forcomy ions

in agueous solutionsAn oligonucleotide chain with two Hgbinding sequences

AaSLI NI GSR 6@ | fAY1SNE 4 A Gté&mitus ahd adedrNB a OS A
Tt dz2NBAOSyid RIoOet -thraudug DEBONRFiyuRARHON | 0 K
binding with Hg*ions the oligonucleotide forms a hairpin structure and FRET occurs
between the fluorescein and dabcyl moieties. No fluorescence quenchingswithr

a rang of ten other metal ions, thuthe sensor is selective for Hdon detection.

linker

'

D-ODN-F = (TTCTTTCTTCCCCTTGTTTGTT)~( )-3'
P

Hg?*-binding sequence

Figure 122: FRET basedigonucleotide sensor for Hwith fluorescein donor and
dabcyl acceptor moietie¥.
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1.35 Excimer Formation

Birks has defined aB EOAYSNJ & | GRAYSNI g KAOK A& |

aiFdS YR 6KAOK A& RAMIEIcEOremissBrRrestlty wheni &
one molecule/fluorophore in the excited state interacts with a second
molecule/fluorophore in tle ground state. The general equation for the formation of

an excimer (E*) is shown Eguation 1.1.

L4

0 00T Equation 1.1
M is the fluorophore in the ground state.
M* is the fluorophore in the first excited singlet state.

The ability of a fluorophoreo form excimers is related ties fluorescence lifetime as
this determines the time available for the excited fluorophore to interact wath
secondluorophore in the ground statel his type of excimer is classifiedsayynamic

excimer.

For a given flumphore the energy change associated with excimer emission is
smaller than that for the monomer emission and thus excimer bands will occur at

longer wavelengths than the monomer bands.

A fluoroionophore can be designed to contain twadramolecular fluorophores
capable of excimer formation. If a binding evesuch as metal cation complexation
affects the separation of the fluorophorgthen changes to the intensity of the
excimer emission signal can be used to monitor the presence and quantity of metal
ions present. Ghostet al. designed and synthesised a simplethraceneligated
benzimidazole diamide fluorescent sens@pable of exaner emission due to the
closely spaced anthracene fluorophoyEgyure 123.46 A binding induced destruction

of the excimer signal was observed in the presence of organic sulphonic acids and

CU* caions.
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Figure 123: Anthraceneligated benzimidazole diamide fluorescence sensor féf Cu
cations and sulphonic acids.

1.3.6 Photoinduced Electron Transfer

Photoinduced electron transfer (PEmyolvesan dectron transfer from alonor, n
the ground or exciteclectronicstate, to anacceptor in the opposite state. Either
the donor or the acceptor can be the fluorophorEhe general equations for PET
processes are shown igquations 1.2and 1.3. Generally PET sensors do not
fluoresce. Howver, in the presencef an analyte of interest PET can be shut down

and the excited state energy emitted as fluorescence

6° 0086 O Equation 1.2

6 Cod © Equation 1.3

A is an acceptor molecule or functional grolpjs a donomolecule or functional

groupand* denotes an excited state.

An effectiveacid sensothat exploits PETwasdesigned and utilised by de Sileal.,
Figure 124.4" In the host molecule the diethylamino functionality transfers an
electron to the excited stateminoraphthalimide eliminating the possibility for
fluorescence emission. In the presence of iBns the diethylamino group is

protonated, blocking the PET pathwalowingfor fluorescence emission.
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Figure 124: PET based proton sensor developed by de 8tlaawith a naphthalene
acceptor and a diethylamino donor grodp.

1.4 Analysis of Host:G Binding Events

This section will give an overview of the various techniques available for the analysis
of hostguest binding events, such as determination of the stoichiometry of a binding
SPSy il dzinewidd, ave®sis@a quenching mechanism & hostguest
system using Sterolmer analysis and determiniah of the association constant,

Ka of a binding event usmthe BenesHildebrand method.
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common method for the determination of the reactant stoichiometry of chemical
equilibria such as hogjuest interactiong? This method is named after Pau W2 6 Q a

1928 approach tehe characterisation of hosguest association.

Host:Guest equilibria is shown guation 1.4

aC &7 00 Equation 1.4

[H], [G]and HG] are the concentration of the hostnd guest specieand hostguest
complex respectively, wherem and n are whole numbes. Ky and K are the
association and dissociation constants respectively, givefEgoation 1.5and

Equation 1.6
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o — Equation 1.5

o — Equation 1.6

Job showed that a plot of the intensity of the UV absorption of the host species (H)
at a given wavelength, against the mole fracticq) of the additive [a, or guest, (G)],
can be used to determinthe stoichiomeéry of the binding event. Athe point of
maximum change of the J@bplot the mole fraction reflects the value of the
stoichiometric ratio of the binding evenin order to construct a J@b@lot, the total
molar concentration of the bindm partners is kept constantvhilst their mole
fraction is varied. An observable change that occurs following complex formation,
typically absorbance or fluorescence emission intensstylotted against the mole
fraction of either of the binding componé&n The mole fraction of the host species,

G+, In @ hostguest sample is given Bquation 17:

— Equation 17

W2 dogyinal study involved varying the mole fraction ®f(NQ) in a TI(NG)/NHz
solution and plotting the change in UV absorbance agairestrtble fraction,eq. This
gave a symmetricatx’ shaped plot with a maximum & = 0.5. Examination of the
eqguation for the mole fractiongquation 17) reveals that a value of 0.5 occurs when
equal concentrations of host and guest are prese¢ntis Jobconcludel that a 1:1
complexhad formed.Higher order complexes such as 2:2 or n:n, also produce
symmetrical curves with the maximum or minimuneat 0.5, but they have a subtle
bell shape®

If the Jol® plot shows a maximum changeaat= 0.33,there is double the amount

of guest w.r.t. host present in solutiandicating a complex of theorm HG formed

in solution. These plots have been shown experimentally to display a sigmoidal
curvature on the right side of the graphWhile complexes of the form H®Gave

0SSy OSNATASR 0 &°52thel &an Walifidlto Vi experinvestallK 2 R X

and may need computer aided fitting programis.
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Converselya Jold plotwhich shows a maximum change ai= 0.66, this indicates
that double the amount ofhost w.r.t. guestwas present in solutionindicating a

complex of the form kG formedin solution.
1.4.2 SternVolmer Analysis

The SterAvolmer relationshipfirst derived and published by Otto Stern and Max
Volmer in 19192 can be used to analyse fluorescence quenghand study
molecular interactions of a hogfuest system. Quenching is any process which
decreases the fluorescence intensity and it can occur by a number of methods, of
which dynamic and static quenching are predominant. Dynamic quenching, also
called collisional quenching, occurs when the fluorescent species collides with a
guencher without the formation of a complex. Static quenching occurs when a
fluorescent unit and a quencher form a complex in the ground state wtretents
fluorescence emissiorirom occurring Only static quenchingis significant for

supramolecular binding studies.

Dynamic quenching follows the Stevfolmer equationEquation 18.

— p U U Equation 18

lo is the fluorescence intensityn the absence of a quenchdrjs the fluorescence
intensity upon the addition of a quenchefQ)] is the concentration of queher

present in the solution an#svis the SterAVolme quenching onstant

The magnitude of Sterlolmer constants (&) for a given hosguest system can be
used to provide information on the associatiowhen all other variables are held
constant, highsvvalues are associated with guests that can cause quenching at low

concentrations*

The magnitude ofternVolmer constants varsignificantlyKhoumeriet al. reported

a kvof 9.9 x 18 M for the interaction of 1,4-dimethoxy2,3-dibromomethyl

anthracene9,10-dionewith silver nanoparticles in MeQIRigurel.25a,>° while Rao
et al reported a significanyl larger Ky 4.76 x 18 M1, for the interaction of their
triazole anthracer functionalised calix[4]arenaith C&*perchlorate ions in EtQH
Figure 125b.18
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a b

Figure 125: Structures ofa) 1,4-dimethoxy2,3-dibromomethylanthracene,10
dione®® andb) triazolellinked anthracenybppendedcalix[4]arene’®

If quenching occurs purely by a dynamic process, then a pIEt\tﬁ [Q] will produce

a linear graph with &equal to the slope of the line.

Unfortunately, pure 1:1 static quenching follows a nearly identical relationship as

dynamic quenchindgzquation1.9.
— p LU Equation 19

Where Ks is the association or binding constant between the host and guest.
Therefore the slope of a Steiolmer plot that follows pure static quenching
corresponds to the binding constafbr complex formationEqudion 1.5. The size

of Kaindicates the equilibrium beteen the concentrations of the haguest complex

and individual host and guest moieties in solution. Larger values indicate that the

equilibrium lies to the righti.e.in favour of the complex.

Unfortunately, a linear graph of [Q] again—tdoesnot discriminate between purely

dynamic or purely static quenching. In such cases analysis of the fluorescence
lifetimes or temperature dependant fluorescence studies must be used to

discriminate betweerthe possible quenching modes.

In the case of pure static quenching the fluorescence lifetime of the sample will

remain unchangedinder variable temperature conditionsince those fluorophores
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which are not complexed, are able to emit after excitatiorl drave normal excited

state properties.

In contrast, arise in temperature would theoretically increase dynamic quenching,
while having little or no effect on static quenching. This is due to the increase in the
random motion of the molecules in soluticlue to the temperature rise which would
increase the occurrence of random collisions between the fluorophore and quencher

moieties.

A SternaVolmer plot that displays an upwards curvature indicates that the quenching

mechanism is a combination of dynamiudastatic quenching.
1.4.3 BenesHildebrand Analysis

The BenesHildebrand methodintroduced in 1949¢an be used to determine the
binding or association constant,,Kof host:guest interaction8® Benesi and
Hildebrandusedthe absorption changes observed upon the interaction of iodine

with various aromatic hydrocarbons calculate thekafor the interactions

The concentration of the free host, [H&t any given time in a hosind guest
containing solution is the difference between the initial concentration of the host

[H]o, andthe concentration of the hosguest complexHG],Equation 1.D.
O C "0 Equation 1.D

Combiningequations 15 and1.10 givesEquation 1.11.

0 Equation 1.1

Rearrangindequation 1.1 givesEquation 1. 2.
u 00 ‘00 00 m Equation 1.2

Rearrangindequation 1.2 for [HG] give€quation 1.B.

‘00 Equation 1.B
The BeeiLambert law is given iBquation 1.4.
O -a Equation 1.4
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F is the fluorescence intensity,and care the molar absorption coefficienand
concentration of the species under investigation respectivaatyl lis the pathlength
of the light. The Beelambert law carbe rewritten to giveEquation 1.5, where b is

a constant
Yo Y- "'0'Qn Equation 1.5

Combination oEquations 1.Band1.15 givesEquation 1.5.

yo 2 Equation 1.5

Rearrangement oEquation 1.5 gives the Benedilildebrand equationEquation
1.17.

- — - Equation 1.7

A BenesHildebrand graph is constructed by plottiy—;vs—. From this plotfhe Ka

can be determined by dividing the intercept of the resulting line by the slope. Thus
BenesiHildebrand analysis can be used for direct calculation of tlod & hostguest
binding event andhe SternVVolmerapproachcan be used for the analysis of the

guenching mechanism anmdkterminationof the quenchingonstant, Kv
1.5 SensingApplicationsInvolvingPyrene Fluorophorse

A pyrene based adenosine triphosphate (ATP) fluorescent sensor was designed by
Yoonet al, Figure 126.5” The watersoluble sensor contains four imidazole groups

as phosphate anion receptordihe sesor undergoes excimer quenching and
monomer enhancement in the presence of ATP. The measured
guenching/enhancement ratio was significantly larger than that observed for the
other biologically relevant nucleosides adenosine diphosphate (ADP) and adenosine
monophosphate (AMP), thus creating a fluorescent sensor for investigations ef ATP

relevant biological processes.
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Figure 126: Pyrene imidazolium based fluorescent sensor for ATP.

The Agion is highly toxic to aquatic organisms and can inactivate sulphydryl enzymes
and accumulate in the body.Yoonet al. designed and synthesised a pyridine based
sensor with two pendant pyrene moieti€$A strong excimer emission noted for the
host-alone was significantly quenched in the presence of ibgs. The proposed
bindingsite, Figure 127, suggests that the pyrene units are splayed apart upoh Ag
binding preventing excimer formation. The ‘Agnding event was investigated at a
physiobgical pH (7.4), which means that tlegsem can be utilised for biological

applications.
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Figure 127: Proposed Agbinding site of the pyridingyrene based fluorescent
chemosensor designed by Yoon anewarkers®®

Molecular recognition of substrates involved in biological processes is an important
issue within supramolecular and analytical chemistry. Tryptophaifirg). and
histidine (EHis) are amino acids uséar the biosynthesis of proteinghichare not

synthesigd within the human body so they are a dietary essential. Abnormal levels
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of either amino acid can have devastating effedts, example,chronic kidney
disease is attributed to a deficiency eHis’° Menonet al. designed and synthesised

a calix[4]arene functionalised on the lower rim with two aminopyrene pendants
which could be used for the selective and sensitive detectiopHtislor ETrpin blood
serum sampleg-igure 128. It was found that{Trp enhances the fluorescence of the

pyrene units by the PET mechanism whilgtis causes quenaig.

By tBu tBu  (Bu
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Figure 128: Bispyrene functionalised calix[4]arene fluorescent chemosensor for
selectivedetection of the amino acidsHistidine and Tryptophant?

j L-Tryptophan

1.6 Click Chemistry Overview

Click chemistry, a term first irdduced by Sharplesat al. in 2007, claims the ability

to diversify chemical function through a few good reactiéh&eactions must be
modular, stereospecific, wide in scope and have simple experimental conditions
order to fall into ths category These criteria place an emphasis on green chemistry
principles. This section will discuss3-tljpolar cycloadditions, copperatalysed

azidealkyne cycloaddition@CuAAG)andformation andreactivity of nitrile oxides
1.6.1 1,3Dipolar Cycloadditions

The 1,2dipolar cycloaddition reaction is popular in organic chemistry. It involves a
combinaton of a 1,3dipole and a dipolarophile to form a fiveembered
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heterocycle Scheme 16. A 1,3dipole shares 4 electrons in asystem over 3 atoms.
The first reported 1,3lipolar cycloaddition was carried out between diazoacetic
ester and" =unsaturated ester§®and n 1963 Huisgen published a systematic study
of the 1,3dipolar cycloaddition cla&s which subsequently became known as

Huisgen cycloaddition

Scheme 16: General schemand mechanisnof a 1,3dipolar cycloaddition reaction.

1.6.2 CoppeiCatalysed Azidé&lkyne Cycloaddition (CUAAC)

The classic click chemistry reaction is the coppmalysed azidalkyne
cycloaddition (CuAAC) forming fimeembered, 1,4disubstituted, triazole rings,
Scheme 17. While CUAAC reactions fulfil the definitions of click chemistry set out by
Sharples®t al., the reliance on a metal based catalyst can render them unsuitable

for certain applications.

=R R
+ > Cu(l) Catalyst N-N
® _— 1
) N= ( N\/g
R1 R,

Scheme 17: Genericscheme and mechanism for @QUAAC reaction forming 1,4
disubstituted triazoles.

1.6.3 Nitrile Oxides

Most nitrile oxides are highly reactive and in the absence r&faating partneithey
will undergo rapid selfeaction to give diroxans and dioxadiazineScheme 18.6566
For this reason nitrile oxides remed for cycloaddition chemistry are usually

preparedwith a trapping agentsuch as an alkyng situ
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Scheme 18: Selfreaction of nitrile oxides to form furoxanga and b) and
dioxadiazinegc).6556

1.6.4 Generation of Nitrile Oxides
Nitrile oxides can be formed by a number of methods. The Mukaiyama proc&dure

involves the dehydration of a nitroalkane with an asdcyanate in the presence of

a baseScheme 1.

€]
O R
N="
NEt, @ O: :NPh e o
RCH,;NO, —= . O@ﬁ R—=N-0
+
HNEt3 CO,

+
PhNH,

Scheme 19: Proposed mechanism for the Mukaiyama procedure for the generation
of nitrile oxides from nitroalkane%:%®

Nitrile oxides can ab be accessed from halooximes following treatmeith a
suitable base, often tethylamine. Halooximes are themselves formed from oximes
using appropriate halogenating agents such @séchlorosuccinimide (NCS) -

bromosuccinimide (NBS3cheme 110.5°
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0 0
X =BrorCl \V\_\f

Scheme 110: Mechanism for the formation of nitrile oxides, starting with the
conversion of an oxime totzalooxime’®

Nitrile oxides can also be formed by the reaction of the appropriate aldoxime with
chloramineT (CHT). Padmavathet al. suggestthis mechanism involvesxidative
dehydrogenation initiated by deprotonation of the oxime OHbton, followed by
nucleophilic substitution and finally elimination of a stoichiometric amount of tosyl

amine,Schene 111.71

Na ® O;S
chloramine-t

2.8

V)
Ts—NH, N-OiN-TS
sulphonamide R H

by-product

—=

Schene 111: Mechanism proposed by Padmavaghial. for ChT induced formation
of nitrile oxides’*

1.6.5 1,3Dipolar Cycloaddition of Nitrile Oxides

Addition of nitrile oxides to alkenes or alkynes leads to the formation of isoxazolines
or isoxazoles respectivel$fcheme 112. A recent review by Heaney highlights the
importance of the nitrile oxide/alkyne clgaddition (NOAC) as a cataljste

synthetic route to heterocyclic rings.

Ri R0
fON

@ — - Ly
So-N=-rR E(
Rl

Scheme 112: General mechanism for a Ruisgen click cycloadditideadingto
formation of isoxazolines or isoxazoles
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1.6.6 Isoxazole Heterocyclic Ring

Theisoxazole ring is a five membered aromatic heterocyclic ring containing adjacent
oxygen and nitrogen atom&igure 129a. It can befound in naturalproducts e.g.
ibotenic acidFigure 129. A number oamino functionalisedierivativesshowanti-

tumour activity, e.g.Figure 129c.”3

1 N~ NN
f}o\ Hod O O  yc_s 0
4\ N2 = OH = NH
2
3 NH; \r, R=alkyl, aryl
a b c ?

Figure 129: a) Heterocyclic isoxazole ring with numbering systémstructure of
ibotenic acid ana) general structure odmino functionalised isoxazolamily shown
to be effective antitumour agent&

1.7 Isoxazoles as Metal Binding Sites

Isoxazole rings are considered to be relatively weak electron donors, however
complexes with numerous nt@ ions, predominantly ¥t, have been describett.”
The nitrogen and to a lesser extent the oxygen atonmovide potential metd

complexation sites.

Ponticelliet al. found the parent isoxazole and 3dimethylisoxazolecapable of
forming complexes of the form M, involving Ndonationto P*and P#* ions.
Complexes of the form MLAnvolved both Nand Gdonation, where X =Cl or Br’’
Metal complexes o€, Ad, Zr#*, Cd*, Hg*, CE*, Mn?*, Fe*, Cé*and N#*ions have
also been reported? A series oMLy hydrazone complexewere formed with an
isoxaole functionalised dimethyl barbituric acid ligaadd investigated asptical
recording materials for the recordable btay disc systemFigure 130.8 MLy
complexes were formed with Ni, Cd*, C#* and Zi3* metal cations using the

appropriate metal acetate salt.
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Figure 130: ML complexeswith an isoxazole functionalised dimethyl béuric acid
as the ligand, lwhere M*=Ni?*, Ca@*, C¢*or Zr7*.’®

A squareplanar trans-dichloropalladium(ll) complex formed from 5-(p-
tolyl)isoxazof3-amine ligands was structurally characterised by IR and NMR
spectroscopies and by single crystaby diffraction. The complex waseparedby
refluxing the isoxazole ligands in MeCN in the presence of
bis(acetonitrile)dichloropalladium(ll)Replacement of the MeCN ligandscurred in
under 10 mins to form the Pdcomplex.X-ray crystallography revealed that the
complex was of thdorm ML.Ch and the Pd*was coordinated by the isoxazole N
atoms, Figure 131. The hydrogen atoms of the amino groups were involvedHn
bonding totwo chlorine atons. This complex was air and water stable and proved

effective as a new catalyst for the Suzlkiyaura crosscoupling reactior?

O\N/ NH,
|
CI—PId-CI

HN- N

Figure 131: 5-(p-Tolyl)isoxazeB-amine Pd* complex capable of catalysing the
SuzukiMiyaura crosscoupling reactior’?
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1.8 Ains of the Research

1 Our particularresearchinterest lies inthe development of new sensors
incorporating an isoxazole heterocyele a potential metal binding site aiad
pyrene fluorophore as a reporter unis our research group haxtensive
experience in the use of click cycloaddition asamjugationtool, nitrile
oxide/alkyne cycloaddition chemistry will leilised tolink pyrene moieties
to the lower rim of calix[farenes & synthesigg a family of calix[4]arenes
with a scaffoldreceptorreporter modulardesign

1 The work reported in this thesiwill focuson the synthesis, purification and
characterisationof a range oflower rim isoxazolepyrene functionalised
cdix[4]arenes

1 The detection and sensing abilitie$ this family for metal ions will be
exploredusingU\-Vis absorbancdluorescenceand NMRspectroscopies

1 Following analysis of the spectroscopiata, the best perforning sensorin
the series will be brought forwards a candidate for sensing aqueous
media This research wilkxplore the possibility of reatorld metal ion
sensng applicationssuch as wastater analysis.

71 Finally following result collation and analysis apwoghesison the metal ion

sensing abilities of the pyreAsoxazole calixarenes will be constructed.
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Pyrene Isoxazole

Calixarene (PIC)
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Chapter 2 Pyrene Isoxazole Calixarene (PIC)

2.10verview

As outlined in Chapter 1, the aims of thesearchare to design, synthesise and
investigate themetal ionsensing potential of aovel familyof pyrene functionalised
calixareneswhile alsodevelopinga hypothess on the mechanism of the hogtiest

AYGSNI OQGA2yad t NAR2N) 62 RA&aOdzaaiAy3a (GKS | dz
an overview of isoxazole functionalised calixarenealso discussesynthetic routes

to lower rim pyrene functionalised calix[4]arenes along with averviewof their

application as fluorescent probe$his chapter will also detail the wodonducted

on Pyrene IsoxazoleCalixarene PIGQ at Maynooth in a collaboration between the

groups of Heaney and McGinlpyior to the author taking up this research project

This will be followed by RA&Odzaaizy 2y GKS I dzi K2 ND

characterisation and sensing potentialRiC
2.2 Isoxazole Functionalised Calixarenes

Isoxazole forming nitrile oxide/alkyne cycloadditions (NOAC) are useful reactions for
conjugationchemistry (Section 1.6.5Fhanget al. used this chemistry tattach two
9-chloroanthracerl0-yl moieties to the lower rim of a calix[4]arene in a distal
substitution pattern®® Similarly,Senthilvelan and caorkers introduced dnaphthyl
moieties using the same approathFigure 21. Both the 9-chloroanthracerl10-yl
derivative 3 and the Xnaphthyl derivaive 4, showed selectivity toward copper
perchlorate over all other metalerchloratesexamined. The presence of theZion

in solution induced a quenching of the excimer emissio3 ahd 4. In contrast,5,

the ring opened derivativef 4 showed astrong enhancement of the monomer
emission at 343 nmand a small increase in the excimer emission at 450mthe
presence of Q€ClQ).. The enhancement is believed to be due to the rigidity of the

5:Cw*complex and diminished PCT.

It was hypothesisedhat a pyreneisoxazole appended calixarene would prove a
more effective chemosenspdue tothe long fluorescence lifetime and high quantum
yield of thepyrene fluorophore This novel pyrengsoxazole calixarenmay show
superior sensitivity totransition metal ions with respect to the related- 9

chloroanthracenl10-yl®° and knaphthyl analogue! 3, 4 and5 described above.
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Figure 21: Structures of 9chloroanthracenl0-yl, 3and X:naphthyl,4 and5isoxazole

functionalised calix[4]arenassed adluorescent chemosensors for the €ion 8081

2.3 Synthesis andApplications of Lower Rim Pyrene Functionalised

Calixarenes

The pyrene moiety has been introduced to the lower rim of calix[4]arenes using a
number of methodologies including, but not limited to, Schiff base formattatick

cycloaddition chemistr§® and amidé* and este?® condensation chemistries.

A lower rim Schiff base pyrene functionalised calix[4]arene, reported by Yainahz

was formed from the reaction between bis{@minopropoxy)calix[4]arene and- 1
pyrene carboxaldehyde following 6 hrs heating at reflux in MeOH:THF (1:1, v/v),
Scheme 2182 Upon excitation at 350 nm a solution®{1>M, DCM:MeCN, 1:1, v/v)
showed monomer and excimer fluorescence emiss@n370;450 nm and 503 nm
respectively. In the presence of 10 eqs ofPIC#* and Zi*ions introduced as
perchlorate saltsmore extensive quenching was observed thartli@er same relative
amount of C&*, Lf, Mg?*, B&*, Na or NF*ions The obseved quenching was
explained byPET from the pyrene units to the nitrogen atemhich had become
electron deficient upon metal complexation. The heavy metal effect and

conformational changes were also considered a factor in fluorescence quenching.
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Scheme 2L: Schiff base chemistry for the introduction of pendant pyrene rings to
the lower rim of a calix[4]arene; fluorescent sensadeveloped by Yilmaet al. for

detection of PB*, C¥#*and Z@*ions82

Triazole foming coppercatalysed azidalkyne click cycloaddition (CuAAC)
chemistry is apowerful tool for conjugation ofmolecules includingoeptides,
nucleotides or carbohydratefSction 1.6.2¥2% In one example oits application to
calixarene modificationChunget al. introduced two pyrene moieties to the lower
rim of a calix[4]arene Both proximal and distal isomers were forméd.1-
Azidopyrene and the required baéskyne functionalised calix[4]arene were heated at
50°C, in THF4D (2:1, v/v), in the gesence of a catalytic amount of Cul. After 24 hrs
reaction and purification by flash column chromatographwnd 8 were formed in
74 and 72% vyield respectivegcheme 2. Both were found to be highly selective
and sensitive fluorescent chemosensors for,Ager Li*, N&, K, Mg?*, C&*, B&*,
Cw*, NF*, Cd*, Hg*, Zrt*, Mn?*, PIF* and C#*ions, introduced as perchlorate salts,
in MeOH:CHE(98:2, VI <ex= 342 nm). Upon the addition of 10 egs of Agns, the
excimer emission @ decreased with the concomitant enhancement of its monomer
emission, while the monomer and excimer emissiong afere both enhanced by
Ad'. The distinctly different fluorescent responses of ligan@sd 8 toward Agions
implied that theorientation of the lowerrim triazolylpyrenes played an important
role in sensingThe selectivity afhe host8 for the Agion was retained in an aqueous

environment (MeOH:CH{HO, 88:2:10, v/v)however, he enhancement factor of
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the monomer emissiof H to H:Gdropped from 9.2 in MeOH:CHE98:2, v/v) to

3.1 in the 10% aqueous solutiom the addition ofLO eqs of Agguestions

Bu tBu tBu tBu {Bu tBu tBu tBu

tBu tBu Bu ’ fv //\

I [
Q (gH OH OI O OH O HO
THF/HZO
O OH OH 50 C N 1}1% N’\\l ’\\{ N
N N- N~y

Scheme 2: Coppercatalysed azidalkyne cycloaddition (CuUAAC) chemistry for the

introduction of distal, pendant pyrenmoietiesto the lower rim of a calix[4]aren@,
developed by Chunet al. as an Agfluorescent senso? Inset Proximal substituted

analogue 8.

An dher forming reaction betweenN-(1-pyrenylmethyl)chloroacetamide and a
triazacrown functionalised calix[4]arene MeCN in the presence of potassium
carbonate has been reported biim et al, Scheme 2.2* Quenching of the
fluorescence spectrum & in MeCN (6>M, <ex = 343 nm) occurred in the presence
of Plz*and Cé*ions,introduced agerchlorate salts, whilst no effect was observed
in the presence of NaLf, K or Cgions undetthe same conditions. The Piand Cé*
induced quenching d® was attributed to conformational changes, reverse PET and

the heavy metal ion effect.

The selectivity 08 towards anions of tetrabutylammonium salts was also explored
revealinga selectivity 6r Fanions The9:F complexis believed to involvélbonding
from the amide groups of the triazacrowto the guest, causindluorescence
qguenchingdue toa PET effect. Thu8,could be used as a cation sensor for Qo

PI?*and as an anion sensor fBr
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Scheme Z3: Etherification chemistry for the introduction of pendant pyrene rings to
the lower rim of an azacrown calix[4]arene givizgdeveloped by Kinet al. as a

cation (PB*and Cé*) and anion (ff sensort?

Koyameet al. reported the first example of a calix[4]arene based fluoreseesensor
for Na ions. Apyrene functionalitywas introducedto the lower rim of abis
ethoxycarbonylmethyunctionalised calixarene using potassium carbonate as a base
and Etpyrenemethyl iodoacetate as the pyrene containing reag@uheme 24.85
Calix[4]arenelOwas formed in 10%igid and the fluorescence spectrum (4:8l, aex

= 330 nm, MeOH:THF, 15:1, y/showed both monomer and excimer emissoat
390 and 480 nm respectively. Upon gradual addition ofidizs, in the form of the
thiocyanate salt, themonomer emission increadewhilst the excimer emission
decreased concomitantly. The utility #0 as a selective Naensor was verified by
competitive titration of other alkali metal cations (KL, R and C¥). Only slight
perturbations in the fluorescence intensity 0 were observed in the presence of

competitive metal ions, indicating that0 could function as a selective detector for

Na'.
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OH o0 HO THF :% Kfo
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Scheme 2 Etherification reaction forming bigyrene functionaliseatalix[4]arene

10developed by Koyamet al. as a Nasensor®
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2.4 Novel Pyrene Isoxazole Functionalis€alixarene

This section will give an overview of thiageof the development oPyrenelsoxazole
Calix[4]arene PIQ as ametal ionsensor at Maynooth Universitpyior to the author
setting out on her PhD research programmEhe discussion over the next pages,

follow the results of Dia®§ and Maher8” which include:

design and synthesis
x-ray crystallographic analysis
fluorescence spectroscopic studies

electron paramagnetic resonan¢EPRspectroscopic studies

=4 =/ =/ =4 =4

a theoreticalDensity Functional Theo(pF7 study.

The work of Diao and Maher combined with that for this thesis forms tigest of

a Tetrahedron publicatiof?
2.4.1 Design of PIC

In designing a new fluorescent sensor particular care was taken in choosing the

combination of fluorophore, binding sitenolecular scaffold and linker.

The isoxazole ring was chosen due to its potential, at one and tme siene, to
function as thdinkingunit between the fluorophore and the calix[4]arene scaffold,

and as a metal binding site. The isoxazole ring (Section 1.7) has shown potential as a
transition metal binding ligand, although it remains relatively unexgdas a binding

site within a chemosensor or fluoroionophore.

Pyrene was chosen as an effective and versatile fluorophtbrés particularly
attractive due to its relatively long fluorescence lifetime and high quantum weld

outlined in Section 1.3.2.2

A calix[4]arene was chosen as a versatile molecular scaffold for hosting the pyrene
units in a flexible manner capable of adopting the required orientation for excimer

formation.

Typically calix[4]arene based fluorescence sensors contain a methylemerspa

between the fluorophore and the binding sit&®' In contrast, Pyrene Isoxazole
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Calixarene,PIG was designed with dirédinkagebetween the pyrene unit ash the
binding site to introduce the possibilitfor modified sensitivities andinding

affinities for metal ionskFigure 22.

Calix[4]arene
Scaffold

Isoxazole
Metal
Binding Site

Figure 22: Structure of Pyrene Isoxazole CalixarelRk}

2.4.2 Synthesis and Characterisation of PIC

Nitrile oxide/alkyne cycloaddition (NOAC) was the method of choice for the
formation of PIC.ChloramineT (CRKT) was chosen as the reagent for nitrile oxide
formation from the parent pyrene oxime. The situ generated nitrile oxide was

allowed to reactwith a bisalkylated calix[4]arene in refluxing EtO&theme A.

A model compounddesired to ascertain if the calixarene moiety was required for
meta detection, Pyrene Isoxazole Monomer @IM), inset Scheme 2%, was
synthesisedin a similar mannerlf PICshowed a fluorescence response to the
presence of a metal cation andRiM failed to respond spectrofluorometrically to
the same metal cation it would indicate that trewnformational cofines of the
calixarene scaffold were necessary for the system tovdethe twin requirements

of efficient ion complexation and effective reporting of the binding event.
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Scheme 2: Synthesis of Pyrene Isoxazole Calixar@g,(Inset: Structure of Pyrene

Isoxazole MonomerRIM).

The targeted compound®IM and PICwere successfully synthesised and their
characterisation was completed using the normal range of spectroscopic techniques.
Of particular relevance for this project was théd NMR and fluorescence
spectroscopic data. A pair of AB doublets at 4.37 and 3.40 ppm iAHhEMR

spectrum indicated thaPICpresented in the cone conformatiofjgure 23.
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Figure 23: 'H NMR (500 MHz) spectrum BfCin CDGlat 25°C,AB doublets of the
methylene bridges of the calixarene core are indicated by the red box.

A fluorescence emission spectrumRIiC(6 >M) was obtained in MeCNsigure 24.
The<max(343 nm) of the absorption band of longest wavelengtiPt@was chosen
as the excitation wavelength for ¢hmeasurement of the emission spectruRyrene

is known to displaynonomer emissios between 380 to 420 nm and if excimer

formation is possible it wilbccur between 410 to 500 ninSection 1.3.2.2n the
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fluorescence emission spectrum BIC small mononer emissionbands appear at

386 and 40/hm and a largexcimer emissiolbandappears at 498 nm.

Following excitation at 274 nmRIM (6 ¢M, MeCN) showed strong monomer
emissiors at 386 and 406 nm, with a slight shoulder at 428 nm. The absence of an
excimer emission suggested that intermolecular interactions of the pyrene units of

PIMdid not occur in MeCN at the given concentration.

— 800
)

600
500
400
300
200
100

0
365 415 465 515 565 615

Wavelength (nm)

Fluorescence Intensity (a.

Figure 24: Emission spectrurof PIQ6>M, <ex= 343 nm) in MeCN showing monomer
emission bands at 386 and 407 nm and an excimer band at 498 nm.

2.4.3 Solid State Structure of PIC

Crystalline needles &IC grown in MeCN were analysed Yyay crystallography by

Dr. John Gallagher of Dublin City University. In the solid state the calix[4]arene core
presented in the cone conformation, lower rim irteaanular Hbonding between the
phenolic OH and the neighbouring ether atoms stabilised ¢bisformationat an

averageh X Histance of 2.83, Figure 25a.

Intramolecularly the pendant pyree units do not align in a fade-face manner,

rather the planes created by the pyrene units are at 47t@ each otherFigure 25b.

The isoxazole and pyrene moieties of the pendant arms areaainar and angles
of 45.31° and 44.12° were measured between the planes of the pyrene and isoxazole

moieties of the pendant arm®.
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GK2NI O2y il OGac¢ > and Anfrat&leculdS igt&dctionsbetyiders NJ
neighbouring pyrene unitare indicated by the blue lines the dagram Figure 25c.
Whilst each pyrene moiety is parallel to a pyrene moiety from a neighbouring unit of

PIC the fluorophores are almost fulktipped from each other.

Figure 25: a) Molecular structure ofPICMeCN showing intramolecular hydrogen
bonding (blue lines), a molecule of MeCN is shown encapsulated in the uppé) rim,
diagram ofPICshowing the 47.7Dangk between the planes of the pyrene moieties
and c) tail-to-tail dimer of PIC showing intermolecularshort contact between
neighbouring pyrene units (blue line¥s)

Examination of the extended network created by the unit$?t€in the solidstate
structure revealed a tailo-tail arrangement of the calixarene units, creating a
channel between the interlocking pyrene units from neighbouring calixarene
moieties Figure 26. A summary of the interesting characteristics of tiReCMeCN

crystal is given iffable 21.
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Figure 26: Extended network of th®ICMeCN solid state structure showing the 1alil
to-tail arrangenent of the calixarene units.

Table 21: Summary of theharacteristics of th@®ICMeCN crystal structure.

Py-P LowerRim .
vy PyIsox Plane Solvent Other Interesting
Plane Hydrogen .
Angles _ Interaction Features
Angle Bonding
Tailto-tail interlocking
One
arrangementbetween
Present at an| moleculeof .
units of PIC

averageh X h| MeCN in

47.70 | 45.31°| 44.12° Channel between

distance of Upper interlockin rene
2.83A cavity of riocxing by
) units in extended
calixarene.

network.

2.4.4HostGuest Studies of PIC ankde Model Compound

Fluorescence spectroscopy was used to investigate the potentiBl@fand the
model compoundPIM, to selectively detect and report on the presence of metal ions

in MeCN.All fluorescence spectra presented in this thesis were recorded at room

50



Chapter 2 Pyrene Isoxazole Calixarene (PIC)

temperature (rt).Salts testedncluded Hg*, N?#*, Zrt*, Ca*, Fé*, Pi*, Cd*and Cé*
perchlorates. PIM, containing only one isoxazole ring and one pyrene moiety,
showed no percepble response toany of the metal perchlorates tested.
Contrastingly, the calix[4]arene bas&Cshowed a dramatic excimer quenching
when exposed to copper perchlorate onkigure 27. These results suggested that
the calixarene scaffold d?ICwas necessary for the twin requirements of efficient

Cw*ion complexation and effectivieeporting of the binding event.
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Figure 27: Emission spectra ¢fIC(6 >M, <ex= 343 nm) in MeCN with O (blue) and 10
(orange) egs of M(CIQ"),; where M*=a) HZ*, b) N#*, c) Zr¢*, d) Ca*, e) Fe*, f)

Pk*, g) Cd*andh) Cuw™.

The effect of the counterion was explored by comparing impact of copper
perchlorate, chloride, nitrate and acetate salts (100 eqgsh the extent of
fluorescence quenchingf PIC A decreasén the following order Cu(Cip > CuCl>
Cu(NQ@)2> Cu(CeCH).was observedFigure 28. This suggested that the degree of
dissociation of the metal salt in MeCN may be important for successful detection and

reporting of the binding event.
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Figure 28: Emission spectra ¢fICo ¢ = >& 343 sm) in MeCN (blue) with 100 egs
of: Cu(CaCH)2 (orange), Cu(N£x (grey), CuGlyellow) and Cu(CIp (navy).

The potential for application d?ICas a sensowasfurther probed by conducting a
competitive metal ion study. The fluorescence emission spectruRIG{6 €M) in
MeCN showed little or no quenching when exposed to 20 eqs 3f Ng', Zrt*, Ca*,

Fe*, Pl3*or Cd* perchlorates. Howevethe subsequent additioof a further 20 eqgs

of Cu(Cl@)2caused a dramatic quenching of the fluorescence signal. Thus indicating

the potential ofPICto detect copper in the presence of contaminating metal ions.
2.4.41 Determination of the Stoichiometry of association between®and Ctt

The stoichiometry of the complex formed betwe®iCand Cd* was determined

dzaAy3a GKS W20Qa& aSiK2R o6{ SOU0A PiCansi@h om0 O
was held at &M. The Jo glot that was constructed displayed a symmetrigzi

shaped curvewith the maximum fluorescence change observed when the molar

fraction of PICwas 0.5, Bowingthat 1:1 PICC#* metal complexes were formeit

MeCN

2.4.5EPR Spectroscopinvestigation of the Geometry of the PIC:&@Complex

Electron paramagnetic resonance (EPR) or electron spin resonance (ESR)
spectroscopy is a nedestructive technique for the analysis of species with one or
more unpaired electrons, such as free radicals or transition metal ions.

Autoreduction of Ctfrto Cu by the phenolic moieties of the calix[4]arene scaffold of
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PICwas considered a possibility and thus the nature of the complex formed between
PlCand Cé*was investigated by EPR spectroscoppadrallel to Rao and emorkersQ
investigation of dower rim triazolebenzimidazole functionalised calix[4]areffRIC

(10 mM, MeCN:CH(B:1, v/v) was added to a Cu(GJg3olution until a 1:1RICCL)
solution was reached. This was then repeated in the reverse approach, increasing
volumes of the Cu(CHl solution wasadded to thePICsolution until a 1:1 solution

was reached. It was observed that the final pattern of signals in the EPR spectra was
independent of the direction of the titration experiment. No obvious change in the
signal of the EPR spectrum was obsereadgoing from a Cu(Clf2 solution to a
PICCu(Cl®)2 solution, slight signal broadening occurs in the 1:1 solution. This data
suggests that there is no change to the geometrgundthe C@#*ion when going

from a MeCN solution of the perchlorate salt teetsolutionof the complex. fiusthe
autoreduction of C&rto Cu by PICwasnot considereda possibility in MeCN at room

temperature.
2.4.6 Computational Study

Molecular modelling studiegarried out by DrElsa Fadda of Maynooth University,
consideredthree possibilities for thePICC#* complex i) a 1:1 PICC#* complex
independent of solvent molecules) a 1:1" -cation interaction between the Ction
and the pyrene rings oPICand iii) a 1:1 PICCW#* complex involving solvent

molecules.

These ae discussed in more detail below:

)] The minimum energy structure found for tHICCw#* complexwith no
coordinating solvent molecules shows the metal ion in a penta
coordinate, distorted squarpyramidal geometry with one of the
isoxazoleD-atoms acting athe apical ligand andhe base of the pyramid
made up of the four oxygen atoms on the lower rinPd€ Relative to the
structure of the unboundPIC there was significant rotation of the pyrenyl
moieties to involve the isoxazol@-atom in metal bindingOpportunity

for solution phasentramolecular =~ &Gl O1Ay3 2F (KS
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would be hindered by this conformationand this would explainthe
significant excimer quenching observed in the fluorescence study.

i) Calculations failed to identify aminimum structure with “-cation
interactions between the pyrene moieties and the €uon, which
suggested that if such an interaction exists it was unstable in the gas
phase.

1) Modelling in the presence of solvent molecules identifiettmahedral
PICCu#*:MeCN coplex where wvo MeCN molecules and the isoxazole
nitrogen atoms are involved in the coordination sphere. This structure
would be expected tadisruptsolution phasentramolecular -~ &G O1 A y 3

of the parentPICwhich isalsoconsistent with the fluorescence study
2.5 Further Analysis of PIC and its Copper Complexation

g GKS 2dziaSi 2/ itvingkkdowh tzPIiCNdBaectNaya&dctNID
Cw*ionsover a range of other metal ionsbwever, despite EPR speascopic and
DFT theoretical studies details of the geometry of PIEC?* complex remained
unclear. The remainder of thehapterwill discusghe contributions of the author to

an understanding of the binding event betweBtCand Cd*includinga attemptsto

form crystals of thePICC#* complex, an advancetH NMR spectroscopgtudy, an
investigation of the mechanism of €induced quenching d?ICusingStern\Volmer
analysis, calculation of the binding constaningsBenesiHildebrand analysis and

calculation of the detection limit oPICfor Ci#*in MeCN.

2.5.1 UWisSpectroscopic Investigation of €UA, CurReduction by PIC in MeCN

The autoreduction of Ctito Cu by PICwas notconsidereda possibility in MeCN at
room temperature following an EPR spectroscopic study (Section 2.4.5). Numerous
reports within the literatureattribute the presence of an absorbance band~d80

nm to the MLCT band between Cand calixarene lower rimphenolic OH

moieties892

Thus a UWis spectroscopic investigation was desiradorder to rule out the
formation of Cdin the presence of CtiandPICin MeCN The absorbance spectra of

PIC(6 €M) in MeCN in the presence of 0, 1, 10 and 100 eqs of C{Q¥ere
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recorded, which did not show any evidence of a charge transfer band in the 430 nm
region, Figure 29, further suggesting that the autoreduction of €wo Cu by the

phenolic moieties oPICwas not likely in MeCN at room temperature.

Absorbance
[N
[ 3]

o
&

o

200 300 400 500 600 700
Wavelength (nm)

Figure 29: U\-Vis alsorbance spectrum oPIC(6 €eM) in MeCN with O (blue), 1
(orange), 10 (grey) and 100 (yellow) eqgs of CujelO

2.5.2Experiments inSearch of aSolid Saple of the PIC:CliComplex

To unambiguously identify the binding siteRiCfor Cif*, crystals of the complex of
suitable quality for xay structure determination were desired. A number of

attempts to form a solid sample of tHeICC** complex were conducted

Heatinga solution of a metal salt and ligata reflux, followed by coolingo room
temperature is a common technique for the formation of solid samples of metal
ligand comple&s®3°® This strategy was employed in an attempt to form a solid
sample of thePICCi¥*complex. InitiallyPICand copper perchlorate, in a 1:(40
eM:40¢eM) ratio, were dissolved in 100% MeCN, 100% EOEOH:DCM (2:1, v/iv),
Table 22. All solutions were heated to reflux for three hours and then allowed to
cool slowly to rt. Small ofivhite crystals foned from the MeCN solution, however

IR and NMR spectroscopic data identified db@s the parentPIC Similarly, an
amorphous offwhite solid which precipitated from the EtOH solution was also
shown by IR and NMR spectroscopy to be the uncomplexed @ix&IC Small
yellowish needle shaped crystals fell from the EtOH:DCM (2:1, v/v) solution, these

were also revealed to belC
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Table 22: Summary of experiments carried to form a solid sample ofRHEC*
complex using a 3 hour reflux of a solution contairffiGand copper perchlorate.

PIC : Ct
PIC : C# . .
Concentration Solvent Solid Formed Result
Eqgs
( B
11 40-40 MeCN Small Of#White PIC
Crystals Returned
Amorphous O# PIC
1:1 40:40 EtOH
White Solid Returned
[l Light Yell
EtoH:pcm | Smal Light Yellow o
1:1 40:40 NeedleLike
(2:1, viv) Returned
Crystals

* Verified by IR and NMR spectroscopy.

A furtherattempt to forma solid sample of thBICC#* complex involved dissolving
PICin EtOH:DCM (20 mL, 2mM, 2:1, v/v) in the presence of 20 eqs of Qu(©
solution was allowed to stir at rt for 3 hrs and then allowed to stand. After 2 weeks
small needle like colourless crystals formed. In spite of the expectation that a copper
complex of PICwould be greerblue in colouf® the crystals were solved by Dr
Brendan Twamley of Tiiy College Dublin. Unfortunately, the crystals were shown
to be the calixarene, free of copper ions lmantaining two molecules of DCMn®
solvent molecule was preseirt the upper cavity of the calix[4]arene. The second
DCM molecule was involved @nsort contact toa nitrogen atom(2.65A) of one
isoxazole unitand in close contactwith the upper rim of the calixarene of a

neighbouringmolecule

PIC2DCM presented in the cone conformation, lower rim irdranular Hbonding
between the phenolic OH andhe neighbouring ether atoms stabilised this
O2y F2NXI GA2Yy G Fy | ASoNe IR irfigtré21GRA A G yOS

Intramolecularly, he pyrene unitswere orientated away from each othewith an

interplanarangle of 45.57 Figure 210b.

The isoxazole and pyrene moieties of the pertdanims were not coplanar, angles of
39.28° and 31.49° were measured between the planes of the rings. These are

significantly smaller than the angles observed for FHEMeCN crystal (45.31° and

56



Chapter 2 Pyrene Isoxazole Calixarene (PIC)

44.12°). Itis possible that crystallisation with the secB@M molecule causes a twist

in the orientation of the isoxazole unit.

Figure 210: a)Solid state structure d?IC2DCM, crystal grown from EtOH:DCM (2:1,
v/v); one molecule of DCM is in the upper cavity and a seaotbse contact with
the isoxazole rindy) diagram ofPICshowing the 45.57angle between the planes of
the pyrene moieties ana) tail-to-tail & & I y' R ditheddf £ICshowing that no
intermolecular = A Y U0SN} OGA2ya | NB SOARQitd. 0SG6SS
Taitto-0 | A £ & &imgidwerd obdérved, a pyrene moiety of oRéOwas parallel

to a pyrene from another molecule &1C The second pyrene moieties of eaelC
molecule were also parallel. However, the parallel fluorophores were fully slipped
from each other leading to no intermolecular interactianghe dimericstructure, as

shown inFigure 210c.

Examination of the extended network created by the unit$t€in the solidstate

structure revealed a tatio-tail arrangement of the calixarene units, creating a
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channe] occupied by the DCM moleculeetween the interlocking pyrene units from

neighbouring calixarene moietieSigure 211.

A summary of the interesting characteristics of P C2DCM crystal is given Trable
2.3.

.\\
)‘v“—"'

"‘--:-n

”w”"" T’ ’l
’

Figure 211: Extended network of thé’IC2DCM solicstate structure showing the
tail-to-tail arrangement of the calixarene units.
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Table 23: Summary of the characteristics of tReC2DCM crystal structure.

Lower
Py-Py . :
Plane Py-Isox Plane Rim Solvent Other Interesting
Angles Hydrogen | Interaction Features
Angle .
Bonding
b2 Ay dSN¥2f
One unit of | interactions are evident
DCMin between neighbouring
Present at . .
upper cavity pyrene units.
an . . .
average and second | Taiklo-tail interlocking
45.57 | 39.28°| 31.49° h Xi molecule in arrangementbetween
. short contact units of PIC
distance .
with one of Channel observed
of 2.79A. : : .
the isoxazole, between interlocking
rings. pyrene units in extended
network.

The influence of the nature of the solvent of crystallisation enax crystal structures
of calixareness well reported in the literatur@®°®” and it isnot surprising that
crystallisation of PIC from two different solvent systems led to polymorphic

structures.

Dupont et al. report three different molecular structures for theipara
azidomethyltetrahydroxycalix[4]arene,Figure 212, crystallised from) a CHGE
MeOH mixture,ii) a CHGthexane mixture andii) 100% toluen€’ No solvent
molecules were present in the &t two crystal structures, whilstoluene co-
crystallisedin the third, where itprovided a = a4l Ol Ay 3 ySig2N]
dimers of the calixarene to six other dimers and two solvent molecules in all
directions. Theseasults indicated thasolvents for crystallisation canfluence the

packingwith or without being present in the crystal.
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/
OH OH oH HO

Figure 212 Paraazidomethyltetrahydroxycalix[4]arene used to study the influence
of the nature of the solvent of crystallisation omay crystal structures of calixarenes
by Dupontet al.®’

2.5.1.1 Vapour Diffusion Crystallisation Technique

A hanging drop vapour diffusion teclyoie was used to crystallise a complex of
isopenicillin N-synthase (IPNS) with #esulphate and U(L-U-aminoadipoyBL-
cysteinyiD-valine (AadCysVal) by Roach and aworkers?® They prepared stock
solutions of ferrous sulphate, IPNS and AagVal and plaed 6 €L drops of this
solution over a container of solvent. Three crystalline forms were obtained using this
technique,while analogous crystallisation attempts in the absence of-Bgs\val

were unsuccessful.

A vapour diffusion technig@ can also be usefulto form solid samples of a
compound or crystal. This technique involves placentéra solution of the analyte

to be crystallised intan open vial no more than half fullinside a larger sealed
container containing a solvent #lh is more volatile than that used in the inner vial,
Figure 213.3°It is important that the analyte for crystallisation be either insoluble or
only sparingly soluble in the more volatile solvent. Over time the vapotveainore
volatile solvent will diffuse into the head space in the larger sealed container and
subsequently into the solution of the compound resulting in a decrease in solubility

of the compoundandthusforcing it out of solution, ideally in crystallineri.

Diffusion

Maore volatile solvent

Time

Sample dissolved in
less volatile solvent

Figure 213: General seup of a vapour diffusion crystallisation approath
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The vapour diffusion technique was pursued search ofin situ formation of a
crystallinePICCu* complex Four separate vapour diffusion experiments were set
up; PIC(37¢M, MeCN:CHg;110:1, v/v) was plced inside a 2 cm diameter glass vial,
Cu(Cl®2 (37 or 74eM) was added to the vial which was placed inside a 5 cm
diameter screw top jar containing either EtOAc or diethyl etherthe volatile
solvents Table 24. Unfortunately,despiteseveral monthsneither a crystalline nor

an amorphous solid formed in any of the four inner vials.

Table 24: Summary of vapour diffusioexperiments carried out foin situ PICCl#*

complex (MeCNCHG, 10:1, v/v) formation and precipitation.

PIC : C&t
PIC : Ct Concentration | Volatile Solvent Result
(™)
1:1 37:37 EtOAC No Solid Formed
1:2 37:74 EtOAC No Solid Formed
1:1 37:37 DiethylEther No Solid Formed
1:2 37:74 Diethyl Ether No Solid Formed

2.53H NMR Spectroscopic Investigation of the Effect of the#Qon onPIC

A H NMR spectroscopic study was undertaken to investigate the mode of
complexation betweerPlCand Cé*ions. A mix of C{tN:CDEI[4:1, v/v) was chosen

as the best mimic of the fluorescence experiments (conducted in MeCN)Q%e/ &/
CDGlwas required to reach a sufficient concentration BfCfor the 'H NMR
spectroscopy measurementa. stock solutiorof PICat 0.65 mMwasprepared ina
CRCN:CD@I(3:1, v/v)mixed solvent systemA stock solution of Cu(CiRat 6.77

mM was prepared in GON.Samples with varying ratios of host to metal salt were
prepared (1:0 through 1:2 egs) according to the volumesaghin Table 25. Each
sample was allowed to equilibrate for 20 mins prior to recording*titsNMR

spectrum.
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Table 25: Summary of the volume of reagents employed for tH¢ NMR
spectroscopicstudy of PICC#* (1:0 to 1:2 eqsgomplexation in CECN:CDE(4:1,
vIv).

pic: |Dlen®cep Yo cigpcorT Y ,
cuci, | CRONCDGISL, oBeN) c/ b 6>
VIv)
1:0 500 0 100
1:1 500 48 52
1:2 500 96 4

Following exposure ofPIC to increasing amounts of Cu(G)&) significant
concentration dependant changes became evident as showkigure 214. A
significant broadening of the pyrene protsignals is observad the presence of the
Cwion in solutionwhichsuggessthat the pyrene moieties ar close proximityto
the paramagnetic€?* metalion during host:guest bindingn contrast, the peakim

the rest of the spectra remain relatively sharp and well resolved.

A numbe of significant new signals appeared at 6.80, 6.38, 6.04 and 4.54 ppm in the
copper containing samples. The new singlets at 6.80 and 6.38 ppm showed identical
integrations and wee assigned to the ArH of the upper rim of the calixarene of the
host:guest complex. These signals were more intense in the presence of 2 eds of Cu
w.r.t. 1 eq of Cef. These relative intensities were ascertained by comparison to a
spiked DCM peak at 2Ippm and by comparison the peaks of the host alone. The
new peak at 4.54 ppm was assigned to the Aro&@Hhe host:guescomplex in a

similar manner.

A number of new signals appeared in thbutyl range ofPICin the presence of
Cu(Cl®)2, Figure 214b. Thesenew signalsvere deemedndicative ofconformational
changes induced to the calixarene scaffold upon guest binding véiiehed the

resonance positions of thiebutyl moieties of thehost:guest complex
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Figure 214: *H NMR (500 MHz) spectra BfC(0.54 mM, CECN:CDG| 4:1, v/v) at
25°C in the region betweera) 8.30 and 3.00 ppm ank) 1.10 and 0.83 ppm; with
increasing numbers of equivalents of Cu(@@® (blue), 1 (red) and 2 (green).

Copper perchlorate in MeCN can act as an oxidising agemt thre presence of
adventitious water as 8rgnsted acid'°®1%! The potential incrase in acidityof the
NMR samplavas considere@ possibé contributor to theguestinduced effects on
the isoxazole proton observed in théH NMR titration experiments. This
phenomenon was investigated by exposkigto perchloric acicand recording the
'H NMR spectraStock solutions ofPICat 0.65 mM and HClKOat 65 mM in
CDCN:CDE(3:1, v/v) were prepared, antH NMR spectra were recorded, according
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to the volumes shown iTable 26. Each sample was allowed to equilibrate for 20

mins prior to recording it"H NMR spectrum.

Table 26: Summary of the volume of reagents required fotH-RNMR spectroscap
study of the interactions betweerPIC and perchloric acid1:0 to 1:5 eqs) in
CRCN:CD@(3:1, v/v).

PIC : HCID PIC-0.65mM6 >[ J HCIQ-65mM0 > [
1:0 500 0
1:2 500 10
1:5 500 25

P1C(0.65 mM, CBCN:CD@| 3:1, v/v) was titrated against 0, 2 and 5 egs of perchloric
acid, Figure 215. A slight broadening o#ll proton signalswas observedwith no
significant effect to the isoxazole proton at 6.67 ppfe 'H NMR titratons of PIC
with Cu(Cl@)z indicated the emergence afeveral new signals both up and down
field from the isoxazole proton signalhis was not the case in the perchloric acid
titrations suggesting that the effects of the €ion on the!H NMR spectra dPIC

were not due tochanges inthe acidity ofthe NMR sample.

I WP N ¥

8.0 75 7.0 65  [ppm]

Figure 215: 'H NMR (500 MHz) spectra BfC(0.65 mM, CECN:CDGJ 3:1, v/v) at
25°C in the region between 8.20 and 6.40 ppm with increasing amounts o4HLCIO
(blue), 2 (red) and 5 (green) eqgs.

In order to lend support to the suggestion thiie spectroscopic changes RiCon
exposureto copper perchlorate wre not due to the acidity of Cef ions a

fluorescence spectrum oPICin the presence of 30 eqs of péloric acid was
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compareal to that recorded for the hosalone, Figure 216. No difference was
observed between tbse; he shape and the intensity of both the monomer and
excimer peaks were unchanged from the hBSE(6 €M) inthe absence of perchloric
acid, indicaihg that the fluorescence emission &Cis unaffected by the induced
acidity of theMeCN solution o€u(CIQ)..
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Figure 216: Emission spectra &?1C(6 >M, <ex= 343 nm) in MeCN with O (blue) and
30 (orange) egs of HGIOnset: Expansion of monomer region from 365 to 450 nm.

2.54 Analysis of the Fluorescence Quenching Mechanism of PIC by Copper

Perchlorate

The method of fluorescence quenchingr¥Cby copper perchlorate was investigated

by SternVolmer analysis (Sectioh4.2). The hosPICwas prepared at 12M in

MeCN and a solution of Cu(@OA Y GKS alyYS az2tgSyid o1 a 1
Appropriate quantities were drawn from these stock solutions to prepare the

samples as indicated ifable 27.

Fluorescence emission spectra were recordedPi@(6>a 0 Ay aS/ b Ay (KS
of 0-2 equivalents of Cu(Cl}p, Figure 217. As larger quantities of Ctiionswere
added, the quenching of excimer fluorescence became more apparent, reaching 35%

in the presence of 2 eqs of Cu(@Qi@l2> a 0 @

65



Chapter 2

Pyrene Isoxazole Calixarene (PIC)

Table 27: Summary of the volume of reagenéd solventrequired in order to

construct a StersVolmer plot forPICand Cu(CIg) (1.0 to 1:2 eqs).

PIC : Ctt PIC-12>M 6 > [| Cu(Cl@)2-24>M 0 > | MeCNo >[ 0

6:0 1500 0 1500
6:1.2 1500 150 1350
6:24 1500 300 1200
6:.3.6 1500 450 1050
6:4.8 1500 600 900
6:6 1500 750 750
6:9 1500 1125 375
6:12 1500 1500 0

S 700

S

> 600

2

g 500

= 400

(0]

2 300

(O]

?

$ 200

S 100

LL

0
415 465 515 565 615

Wavelength (nm)

Figure 217: Emission spectraf PIC(6 >M, MeCN,<ex= 343 nm)with 0-2 egs of

Cu(Cl@).

Using the data shown frigure 217 a SternVolmer plotwasconstructed by graphing

— on the yaxis and [Cti] on the xaxis It showeda linear relationshigR =0.9941),

Figure 218. The linearity was consistent with either purely static or purely dynamic

quenching of the fluorescenaamissionof PIChy up to 2 equivalentsf Ci#*ions in

MeCN at rt. The slope of the ploindicated that the SterfWolmer quenching
constant, Ky was45,000M1, which is in the same range as tKe, (47,600 M)

determined by Raoet al, for the interaction of their triazole anthracene

functionalised calix[4]arene with Emperchlorate ions in EtOHFigure 125b.18
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Figure 218: SterrgVVolmer plot of PIC(6 uM) with Cu(Clg): (0-2 eqs), in MeCN in
L

which the fluorescence intensit—f at 498 nm was plotted against the concentration

of Ci#* (Jope = 44744 =0.9941).

2.55 Binding Constant Determination of the PIC:ZComplex Formation

The BenesHildebrand method (Section 1.4.3) was used to determine the binding
constant K, for the PICC#* complex formation reactioiin MeCN at rt The data
used to construct theplot corresponded to thatised to construct the Sterrolmer
plot, Table 27. Thus, theconcentration ofPICwas keptat 6 >M while varying the

concentration of the Cii from 0>M to 12>M. The plot was constructed by plotting

g~ on the yaxis and— on the xaxis, Figure 219. Thisplot showed a linear

relationship(RP=0.9928. According to the Beneslildebrand equation the intercept
divided by the slope gives the,kthe bindingconstant Therefore K= 0.0033(7x10
8) = 47000 M1, which is higher than thatalculated for thed-chloroanthracerl0-yl
isoxazoleanalogue 3 (15,800 M1)8 and approximately 20 times greater than thg K
calculated for the dnaphthyl isoxazoldéunctionalised calix[4]arene} (2080 M?1)8!
indicating that the pyrendsoxazolecalixarenecombination may be an attractive

designfor a calix[4]arene based €&sensor.
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Figure 219: BenesiHildebrand plot ofPICwith Cu(Cl®)2 (0-2 eqgs) in MeCN (6 uM).
(RP=0.9928 intercept= 0.0033, slope ¥x107%).

2.5.6 Detection Limit of PIC for the Ctlon

The detection limit (DL¥the smallestconcentration of a substance that can be
reliably measured by an analytical procediiféwas deternined using the following

formula;2930
0Q0 QoI Bo— Equation 2.1

K is an arbitrary unit equal tod 3, SB1 is the standdrdeviation of the fluorescence
intensity ofhostsolutions S is the slope of the calibration curve of the fluorescence

intensity ofthe host with varying eqs of guest

Therequiredcalibration curve was constructed by plotting the fluorescence intensity
of PIC(6 €M, MeCN gex= 343 nmhat 498 nm against the concentration of Cu(£40
(0-2 egs) Figure 220. The data used to construct the calibration curve corresponded

to the data used for the StarVolmer analysis (Section 2.5.4
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Figure 220: Calibration Curve oPIC(6 >M, MeCN,<ex= 343 nm) with € eqs of
Cu(Cl@),, R =0.9889.

The detection limit was thus calculated as follows:
DL =KSB1/S
=(2x2.90)/(2x 19
=2.90 x 10M
=03eM.

This indicates thaPICcan accurately detect Ctions from a MeCN solution of
copper perchlorate to the lowest concentration oB&M. This compares favourably
with the detection limit of 0.6 eM ascertained by Shukla and-emrkers for their

coumarin functionalised calixarene fluorescenf@ensor Figure 221.

{Bu tBu tBu tBu
N A\
e Q
> Z > V
| /
O OH OH O€
g
0
MeQ Q PMe
/ N\ N
o )—=N-N N-N=— P
o)

Figure 221: Coumarin functionalised calixarene designed by Sheklal as a
fluorescent chemosensor for €iions in MeCN with a detection limit of 0e64.103
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2.6 Conclusions

'd GKS 2dzi aSid afch, it wiak Bown tal I NdBalectNgya&ect
the C#*ion over a range of other metal ions, however, despite EPR spectroscopic
and DFT theoretical studigsletails of the geometry of thePICCi* complex

remained unclear.

(1) PIC equipped with distaisoxazole units as potential metal binding sites
and pyrenemoieties as fluorophoric reporter unitswas synthesised by
catalystfree nitrile oxide/alkyne cycloaddition (NOAC).

(i) PIC presentedin the cone conformation in the solid stat&ructure
obtained flom a crystal grown in MeCMNith no interactions evident
between pendant pyrene moietiesThe packing diagram showed
intermolecularshort contacs between pyrene moietesin neighbouring
PICmolecules.

(iif)  Excimer signals in the fluorescence emission spectdicated an
AYUNI Y28 SQoeiilISNMI OldAz2y 2F (GKS LW NByS
Fluorescence quenching occurréul the presence of Chions over a
range of other divalent transition metal catignall introduced as

perchlorate salts

The contributiors of the author to an understanding of the binding event between

PlCand Cd*are summarised below.

1 Attempts were madeto prepare a solid sample or tgrow crystas of the
PICCw*complexsuitable forx-ray analysishowever allvere unsuccessful.

1 An advaced'H NMRspectroscopistudy of the effect of the Ctiion onPIC
indicated bindinginfluenced the protonspyrene regios of PIC most
significantly Thus the Ctibinding site is likely to be in the pyrene region.

1 SternVolmer analysis indicated that the quenchingd€oy up to two egs of
copper perchlorate occurreceither purely by a static or a dynamic
mechanism

1 The binding constant d?ICwith copper perchlorate in MeCMascalculated
using the Benediildeband method Ka=47000M.
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1 The detection limifor PICto senseCl#*ions in MeCN solutiowas found to
be0.3eM.

2.7 Future Work

Following on from thénitial success dPICas a Ctf fluorescent sensor, sequential
investigaton of the relationship between molecular structyrand selectivityand

sensitivty to detection ofmetalionswasdesigned
The proposed studiesicluded an examination of the importance :of

i) the length of the linker between théower rim ether O atoms andhe

heterocyclic isoxazole rings
i) direct conjugation between the pyrene titophore and the isoxazole ring
iii) the phenolic hydroxyl moieties on the lower rim of the calix[4]arene;

Chapter 3 will report on the design, synthesis and characterisation of three novel
lower rim pyrene functionalised calix[4]arenssucturally related toPIG intended

to investigate the threestructural features mentioned above.
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3.1 Overview

This chapter gives a description of the design, synthesis and characterisation of
number ofnovel pyrene functionalised calixarenes structurally relatedPl@ Each
new compound was designed to differ frdhCat only one position, these variations
included (i) extension of the linker group between the lower rim of the calixarene
and the isoxazole ring@i) introduction of a spacer between the pyrene fluoropkor

and the isoxazole ring ar(di) alkylation of the lower rim hydroxyl groups.
3.2 Ethylene Pyrene Isoxazole Calixarene (EPIC)

EPIC, tylene PyrenelsoxazoleCalixarene, shown ifrigure 31, was designed with
an ethylene linkage separating the isoxazole ring from the lower rim of the
calixarene, whilst retaining the hydroxyl groups and having no spacer between the

isoxazole and pyrene rings.

Lower Rim OH
Groups Retained

Ethylene
Linker

No Spaer between
Isoxazole Ring and Pyren
Moieties

Figure 31: Structure ofhylene PyrenelsoxazoleCalixarene EPIC.
3.2.1 Synthesiof EPIC

To accessEPIC by nitrile oxiddalkyne cycloaddition chemistry the distally
functionalised calix[4]arend.1 was required to act as the dipolarophile and 1
pyrenecarbaldoxime 12 as the dipole precursor. The katkylated calix[4]arene
5,11,17,23etra-tert-butyl-25,27bis(but3-ynyloxy}26,28dihydroxy calix[4]arene,

11, was synthesised by the method of Bonnamoet al, Scheme 3L.1%
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GCommercially available tert-butylcalix[4]arene was initially exposed to 5 eqgs of
potassium carbonate inndnydrous MeCN for 1 hour at rtzBromo-1-butyne (4.2 egs)

was added dropwise over 30 mins and the solution was heated to reflux for 24 hrs.
Following filtration over celite, an acidic weup and flash column chromatography,

11 was obtained as a bright vite amorphous solid in 36% yieldH NMR

spectroscopic data corresponded to that reported in the literattfte.

{Bu tBu tBu  {Bu

/
OH OH OH HO

+

NV
\\/\Br

Scheme 3L: Synthesis of 5,11,17,28tra-tert-butyl-25,27bis(but3-ynyloxy}26,28
dihydroxycalix[4]arene]1.1%4

The modest yield afl is in keeping with, sevidenced in théH NMR spectrum, the
presence of both the monoalkylated calixarene and unreacted starting material in
the crude mixture. The presence of these species led to difficulty in purificafion
11. The moderate yielthay also belue to the terdency of the halalkyne to undergo
base induced dehydrohalogenatid??,thus two new peaks at 3.03 (m) and 2.16 (t)
ppm in theH NMR spectrum of the crude mixture mhg attributed to alkene

elimination products.

1-Pyrenecarbaldoxime, 12 was prepared from 1-pyrenecarbaldehyde by
optimisation of a known methodScheme 2.1% Hydroxylamine hydrochloride (3
egs) and sodium acetate trihydrate (4 eqs) were added to commercially available 1
pyrenecarbaldehyde in 33% v/v aq. EtOH and the resulting solution was heated to
reflux for 1 hr. Following an EtOActexction, 12 was obtained as a bright yellow
solid in 95% yield, a 28% improvement in the reported yiHdNMR spectroscopic

data corresponded to that reportef”
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OH
(0] 1
Z _N

NH,OH.HCI
“ NaOAc
e L
OO 33 % vlv aq. EtOH
e
reflux 95%

12

Scheme 2: Synthesis of pyrenecarbaldoximgl2.106

EPICwas synthesised following a 18uisgen cycloaddition between thia situ
generated 1,3ipole 13 and the calixarene dipolarophilél. One eq ofll was
dissolved in EtOH and 4 egs gbyrenecarbaldgime,12 were added to the solution
which was heated to reflux. Three portions, each of 2 egs ef ,Giere added at 0,

3 and 6 hrs from the commencement of the reaction, this allowed for generation of
the putative nitrile oxidel3 and in situreaction with the alkyne. The portiewise
addition of CHT wasalsodesigned tohelp avoid selfeaction of the nitrile oxide,
which could result in the formation of furoxan awmlibxadiazineby-products (see
discussionin Section 1.6.8 When addition & ChT was complete,hte reaction
mixture was allowed to stir fom further 18 hrs at reflux, cooled, and the product
extracted with chloroform and washed with 5% ag. NaOH to remove sulphonamide
by-products. The solvent was removed under reduced pressung the crude
material purified by flash column chromatography and finally recrystallfseh
EtOH:DCM (2:1, vitp yield EPICas a white crystalline solid in 49% yieBtheme

3.3.
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Scheme 3B: Synthesis of Ethylene Pyrene Isoxazole CalixaeRKy(14.

3.2.2 Characterisation of EPIC

Characteristic'H NMR signals expected following teaccessful synthesisf the
isoxazoldigated pyrenecalixarenel4 from reaction betweerll and12include the
emergence of a singlet peak between 6.25 and 7.25 ppm (ins@&Che  of the
isoxazole ring% and the disappearance of the termihalkyne triplet signal of the

starting material at-2 ppm.

The!H NMR spectra of isolatdePIGand alkynell were compared, the triplet signal
at 2.08 ppm of the alkyne proton was not present in theNMRspectrum ofEPIC
while a number of singlets between 6.90 and 6.71 ppm in the spectruBPo€

strongly suggested that the heterocyclic isoxazole ring had been formed.
3.2.2.1'H and'3C NMR Spectroscopic Characterisation of EPIC

The'H NMR spectrum d&PICFigure 32 showed a pair of sharp AB doublets at 4.03
and 3.25 ppm with reciprocal coupling constants of 13.0 Hz which indicate&&iat
presented in the cone cdarmation.t?® The conformabnal assignment was further
supported by twa-butyl singlets, each with a relative integration of 18H at 1.38 and
0.90 ppm?©9
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Figure 32: 'H NMR spectrum (500 MHz) BP1Gn CDGlat 25°C.

Triplet resonances at 3.95 and 2.76 ppm were assigned anétieylene protons of

the ethylene linker. The more downfield signal was intuitively assigned as the OCH
group, as theO-atom is expected to have a stronger deshielding effect than the
isoxazole ring. The assignment is supported by comparingHidMVR spctra of the
starting alkyne andhe cycloadductFigure 33. In the starting materialll, the
methylene group adjacent to the alkyne appears asiplet of doublets due to
coupling to both the neighbouring Glnd CH protons whilst the signal of the
corresponding protons appears as a triplet in the spectrumaiCTlus, the upfield
triplet, at 2.76 ppm was assigned as thex@dxazole group.
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Figure 33: 'H NMR spectra (500 MHz) of Jaitkylated calixarendl (red) andEPIC
(blue) in CDght 25°C showing the change in multiplicity of the QQH methylene
groups on converting from the alkyrid (td) to EPIC14, (t).
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Sharp singlets, with the same relative intensities at 6.88 and 6.78 ppm, were
tentatively assigned as the OH and the isoxazole CH protons. The disappearance of
the signal at 6.78 ppm following a® shake identified it as representing the lower

rim OHprotons. It followed intuitively that the singlet at 6.88 ppm arose from the
isoxazole protons. The assignment was supported by a HSQC spe€igune, 34.
Isoxazole CH carbon atoms resonate at approximately 105 ppi@ MMR spectfa’

and the singlet peak at 6.88 ppm imet!H NMR spectrum showed a correlation with
a'*C NMR signal at 105.1 ppm. Singlets at 7.13 and 6.73 ppm were assigned as the
ArH protons of the upper rim of the calixarene based on their chemical shift,
multiplicity and relative integrations. The aromatsignals between 8.45 and 7.58
ppm showed a relative integration of 18H and were assigned as the pyrene protons;

individual signals were not assigned due to severe resonance overlap.

S I de b, 1 [ JL | LJL -

;i JOS PIEC conc _EE
; —-— ?@ - - - auils _§
.- 3

: — . T : — T . — . T . — T . — .
85 8.0 75 70 6.5 F2 [ppm]

Figure 34: Section othe HSQC NMR spectrumBPI1Gn CDGlat 25°C showing the
isoxazoleCHcorrelation with red lines

ESI HR mass spectrometry supported the structur€&fC The mass spectrum
showed a peak at B1.6039corresponding to the [MMa* ion of EPIGvith a-2.06

ppmdifference between the calculated and observed values.

* The calculation of the difference (in ppm) between the observed and calculated value of the mass to
charge ratio of a molecular ion is explained in Section 7.1.
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3.2.2.2 Solid State Structure of EPIC

Small white needle like crystals formed following slow evaporation of an EtOH:DCM
(2:1, viv) solution oEPICThese were solved byray diffraction crystallogriphy by

Dr. Brendan Twamley at Trinity College Dubkigure 35. Two encapsulated DCM
molecules fornmpart of the structure. One in the upper annulus of the calix[4]arene
is shown with short contactsit an average distance of 2.87 between two distal
aromatic rings of the calixarene cavity and the methylgmetons of DCM The
secondDCM molecule showeshort contacts tahe nitrogen atoms oboth of the
isoxazole nucleandto the oxygen atom of one heterocyclat an average dishce

of 2.69A, Figure 35a.

In keeping with the solution state structure suggested 1y NMR dataEPIC
presented in the cone conformation. The crystal structure shotheatlthe lower rim
phenolic OH and the neighbouring ether oxygen atoms were involved in
intramolecular hydrogen bondinghich helps to stabilise the cone conformation,
Figure 35a. The OXO distances, spanned from 2.75 to 2.86 which compares
favourably with the distance range of 2.75 to 2.93 A previously reported for the
crystab of PICgrown from MeCRf or DCMand other related systems lished in

the literature 11113

Intramolecularly the pendant pyrene units do not align ifiaaeto-face manner,
rather the planes created by the pyrene units are at an angle of 70ufich is
considerably larger than the angles of 47.70° and 45.57° calculated fBi@MeCN

and PIC2DCM crystals respectiveljhis larger angle may be due toet rotation of

the pendant arms to allow both heterocycles to interact with the DCM molecule
and/or to facilitateintermolecular -~ & G I O JyfeBe noiktied) Whith was

not evident in the two crystalline forms &C

Ly d SN 24 S 6 dz Oweanhaghlio@iig pyrene units BPIGvas evident.

Faceto-face overlp at an average distance of 3.#8was observed between one

pyrene unit of each molecule with a neighbouring pyrene mqietiyh the centrads

of each pyrene moiety creating a slgnge of 66.127 Figure 35c. The gcond

pendant pyrene molecule wasot involved ininter2 NJ A Y iU NI Y2 B & O d@ff A N3
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I 2 YL NR &2y 2 TstackikgSithif theCsdlid ftafe structuref PIC2DCM

and thefaceto-¥ I OGS ail Ol Ay3 20aSNIBSR XERFICDHES az2f A
suggested that the extra methylene group on the lower rimE®flCprovidedthe

opportunity for2 @S NI | LI 2 F ork Byrene ndidtipoERiCwith & pyfeie

moiety from a neighbouringPlCmoiety, possibly facilitated by the complexation of

the isoxazole nuclei to DCM.

Figure 35: a) Single xay crystal structug of EPI2DCM b) diagram ofEPIGhowing
the 70.56 angle between the planes of the pyrene moieties ajtivo neighbouring
units of EPIGhowing the intermolecular-" stacking between adjacent pyrene units
(blue lines).
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As observed foPIC the isoxazole and pyrene moieties of the pendant arms are not
coplanar and the dihedral angles between those rings on the pendant ari&BIGr

are: 42730 S 6SSy GUKS Y2ASGASE 2y- 0K FHIQOFWKR Y
26.08°0n the opposite arm.

Examination of the extended network created by the unitsEf?1Gn the solid state

structure reveded a tailto-tail arrangement of the calixarene units, creating a

channel between the pyrene units from neighbouring calixarene moidtigsye 36.

\\_n \ \H\Iﬁ‘\\ “

Figure 36: Extended network of th&ePIC2DCM solid state structure showing the
tail-to-tail arrangement of the calixarene usit

A summary of the interesting characteristics of tBRICDCM crystal is given in

Table 31.
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Table 31: Summary of the characteristics of tBRIC2DQM crystal structure.

Lower
Py-Py , :
Plane PyIsox Plane Rim Solvent Other Interesting
Angles Hydrogen Interaction Features
Angle .
Bonding
) Tailto-tail
One unit of DCM
Present at| . . arrangement
in upper cavity .
an between units of
average and second PIC
70.56 42.73°| 26.08° 9 molecule in short
h Xh i Channel created
) contact withboth
distance of the oxazole between pyrene
of 2.79A. . units in extended
rings.
network.

3.2.2.3 UV and Fluorescence Spectroscopy of EPIC

Although the pyrene moietiesf EPIGnay dominate the UWisspectrum it is known
that absorption bandgor the t-butyl substituted calixarene corare also expected
at ~240 and 301 nm in acetoi¥ and at 280 and 288 nm in chloroforff. Pyrene
exhibits threewell-structuredabsorption band$rom 213 to 385 nmwhenrecorded
in either hexaneor MeCN by Morekt al''> and in a Ne matrix by Salanea al.*16
These absorption bands have been assigned to theSS =S and 4 S

transtions 116117

In their investigation of the absorption spectra BAHs (parent, substituted and
charged), Salamet al. observed that théband positions in th@bsorption spectra of
the aliphaticallysubstituted pyreneskigure 37, were relatively unchanged.r.t. the
parent pyrene They attributed this to thefact that the molecular orbitals that
comprisethe aromatic nature of the pyrene chromophoveere notperturbed to a
great extent by the aliphatic side chains.contrast,the absorption spectra of the
naphthalene and phenanthrene chrmphores and their aliphaticsubstituted

derivatives differed significantly.
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50 o‘:
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Figure 37: Aliphaticsubstituted pyrenes studied by Salamtaal.*1®

In contrast,Morel et al. observedthat the introduction ofan electron withdrawing
nitro group to the %, 2- and 4postions of the pyrene chromophore resulted in three
broad, structurelesslasorption bands, in MeCN and hexane.t. the fine structure

of the absorption spectra of thearent pyrene in the same solvents.

A UV absorbance spectrum &PICat 6 >M in MeCN,Figure 38 showsthree
absorption bands at 240, 280 and 348 nmhich correspond to the positions
expected for the pyrene moietiedVhilst, the absorbancébandsare broad with
limited vibronic structurethe band at 240 nm appears suggestive of a double peak

and therearesmall shoulders at lower wavelengtbsthe bands at 280 and 348 nm.

The lack of structure in the absorbance spectruriBfGvas attributed to thedirect
attachment of the isoxazole lerocycles to the Jposition of the pyrene moieties in
EPIGwvhich induces differences in the photochemistry of the pyrene functionalised

calixarenew.r.t. the parent pyrene moiety.
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Figure 38: U\-Vis absorbancepectrum ofEPIG6 >M) in MeCN showing absorption
bands at 240, 280 and 348 nm.
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The<nax(348 nm) of the absorption band of longest wavelengtliEBiGvas chosen

as the excitation wavelengtld{y) for the measurement of the emission spectrum of
EPIC(6 >M, MeCN),Figure 39. As recorded in Section 1.3.2.2 pyreneits are
expected to display a monomer emission between 380 to 420 nm, and, if excimer

formation is posible, it will present as a band between 410 and 500 nm.

The fluorescence emission spectrum BPIC displayed low intensity monoen
emission bands at 386 and 4@0m and an intense, featureless, excimer emission
band with a maximum at 494 nm. The ratiothé fluorescence intensity at thirst
monomer emission band (94 a.u.) to tagaxof the excimer (551 a.yyascalculated

to be 1:5.9, thus the excimer signal was approximately six fold higher than the

maximum monomer intensity.

)
(o2}
o
o

= 551 a.u.
)
> 500
% 400 Monomer: Excimer
£
@ 300 1:59
c
8 200
(%]
S 94 a.u
5 100 et
LL

0

365 415 465 515 565 615

Wavelength (nm)

Figure 39: Emission spectrum oOEPIC(6 >M, <ex = 348 nm) in MeCN showing
monomer emission bands at 386 and 407 nm and an excimer band at 494 nm.

3.3Propyl Pyrene Isoxazole Calixarene (PPIC)

Thedegree of conjugation, if any, between the fluorophore and binding sita of
chemosensor iguite variable!'811° |t was hypothesised that the direattachment
of the pyrene moieties and the isoxazole ringsfd€mayhaveplayed an impor@ant
role in the detection and selectivity f@w?*ions, and that breaking thidirect linkage
may help inform on the optimastructural features of isoxazolealixarene derived

copper sensors. Thus a new calix[4]arene was designed with a propy! linkerdmet
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the isoxazole and the pyrene moietieand denoted Propyl Pyrene Isoxazole

Calixarene PPIQ, Figure 310.

Retention of
Lower Rim OH
Groups
o] :
N \ / N Methylene Linker
PropylSpacer between \ between Lower
Isoxazole & Pyrene Rimand Isoxazole
Ring
= X = A
= | = X | X
X | _ N | =

Figure 310: Structure ofPropyl PyrenelsoxazoleCalixarene PPIG.
3.3.1 Synthesis of PPIC

A retrosynthetic approach t®PIds laid out inScheme 31. The proposed synthesis
involved a 1,3lipolar cycloaddition between am situ generated pyrene nitrile

oxide,and the known alkyne functionalised calixarelte

tBu tBu
tBu tBu
Q 1)
prasy) :
i / OH OH O
O OHoH ©O
/ \\ 15
92\ yio SN
N rrS‘S/N +

®
ow

NIOH

Z

PPIC “

Scheme 3. Proposed retrosynthetic scheme for the synthesi®BIC

The known bisalkylated calix[4]eene, 5,11,17,23tetra-tert-butyl-25,27
dipropargyloxy26,28dihydroxycalix[4]arenel5, was synthesised using a method
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reported by Rao et al, Scheme ®.'®* Commercially available -fert-
butylcalix[4]arene was expped to 2.4 eqs of potassium carbonate in anhydrous
acetone for 1 hour at rt prior to dropwise addition of propargyl bromide (2.4 eqs)
over 30 mins and heating to reflux for 24 hrs. Following filtration over celite, an acidic
work-up and crystallisatiori5 was obtained as a white crystalline solid in 74% yield.

'H NMR spectroscopic data corresponded to that repoligdRacet al.l8

tBu tBu tBu

|
OH OH QH HO

K,CO4
+ ] -

24 hrs 74%

\Br reflux 15

Scheme &: Synthesis of 5,11,17,28tra-tert-butyl-25,27dipropargyloxy26,28
dihydroxycalix[4]arene]5.18

1-Pyrenebutanaldoximel8, precursor to the desired dipole, was not commercially
available. Theoroposedsynthetic approach td8 involved initial reduction of the
available acid to the alcohol, then oxtdan to the aldehyde and finally oximation as
outlined in Scheme 3. Commercially availabl&é-pyrenebutyric acid was reduced
using LiAlH(LAHYo form 1-pyrenebutanol,16 as a yellow oil in 95% yieltHd NMR
spectroscopic data corresponded to that reportéfThe alcohol was oxidised using
pyridinium chlorochromate (PCC)p¥renebutanal l7 was isolated as pale yellow
solid in 85% yieldtH NMRspectroscopic data corresponded to that reported 1-
Pyrenebutanal was oximated by a method developed within the gfétiFhe
aldehyde was allowed to react with 1.5 eqs of hydroxylamine hydrochloride and 1.5
egs of pyridie in EtOHnN a scientific microwave (126, 1 hourPmnax = 300 W).
Following a chloroform extraction and purification by flash column chromatography,
1-pyrenebutanaldoximel8 and 1-pyrenebutanenitrilel9 were obtained in 8 and

43% yields, both compoundsgere pale yellow solids withrR06 and 08 respectively
(SiQ, DCM)Both the oximel8 and the nitrile19 were novel compounds and thus

were fully characterised.
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0 OH H

OH O

LiAlH, PCC

9@ we [ 1] oo
1 hr 3 hrs 17
rt rt

95% 85%
16 EtOH NH,OH.HCI
1hr Pyridine
MW 125 C
H N
=
SN ~OH -

£y X 99
E-z- 43% 46%

18 19

Scheme 3: Synthesis ot-pyrenebutanaldoximel8 and 1-pyrenebutanenitrile,19.
3.3.2 Characterisation of Pyrenebutanenitrile
The'H NMR spectrum of the produgtith higher Rrevealed a compound with 9

aromatic protons and three methylene grougsgure 311 and the structure was

tentatively proposed as-pyrenebutanenitrile.

T
0 [re

~ 35412
/— 35262

=351

24202
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Figure 311 *H NMR spectrum (500 MMHef 1-pyrenebutanenitrile19 in CDGlat
25°C.
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A BC NMR spectrum revealed twenty unique signals. Three signals appeared
between 32.0 and 16.8 ppm. HSQC and BDEF5TIspectra confirmed these signals as
representative of three methylene groups. The remaining signals appeared between
133.7 and 119.6 ppm. A BE9O spectrum distinguished the quaternary from the CH
carbon atoms. The furthest downfield carbon signal at 133.7 ppm showed a HMBC
correlation to the two methylene groups adjacent to thgasition of the pyrene and

was assigned as the quaternary carl{g€) at the dposition of the pyrene moiety,
Figure 312 (green lines). A second HMBC correlation between the carbon signal at
119.6 ppm and the two ethylene groups adjacent to the nitrile functionality,

confirmed this sigal as the nitrile carbon atonfsigure 312 (orange lines).

-
Jh"k JJUL M

F1 [ppm]

i .—.- [

Ll l“JHH |
I &

T
140

O

—
3.4 32 3.0 28 26 24 F2 [ppm]

Figure 312 Portion of the HMBC spectrum ofgdyrenebutanenitrile19 showing
correlations between the nitrile carbon atom and the protons of the two adjacent
methylene groups (orange lines), and between the quaternary carbon at the 1
position of the pyrene moiety and the protons of the two adjacent methylene groups
(greenlines).

Nitrile functional groups typically appear as medium intensity stretching $and
between 2260 and 2220 chin an IR spectrun? A band at 2246.4 cth present in
the IR spectrum of a sample prepared as a KBr disc, supponsabence of a nitrile

functional group irnL9.

The yellow solid was analysed by ESI HR mass spectrometry. The mass spectrum
showed a molecular ion peak at 292.1102 which corresponded to the [Mioviadf

1-pyrenebutanenitrilewith a -1.73 ppm difference betwen the calculated and
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observed values supporting the formation opgrenebutanenitrileas a byproduct

during oximation ofL7, Scheme 3.
3.3.3 Chaacterisation of XPyrenebutanaldoxime

The second yellow product, lowey, Ras assigned asgdyrenebutanaldoximefigure

3.13. Severe overlapping and an almost doubling of the expected number of signals
in the 3C NMR spectrum suggested that the product may have presented as a
mixture of geometrical isomerd-urther analysis of the NMR spectra completed

assignment of the structuse

[rel]

15

— 7.0652
8170
8060
7950
4241
[-3.4185
4083
3,330~
3877

M | .

HEER BRR BB S - W - 0 - -

8 7 6 5 4 3 [ppm]

6.22
Aes

Figure 313: 'H NMR spectrum (500 MHz) ofp¥renebutanaldoxime8 in CDGlat

25°C.

'H NMRsignals between 8.29 and 7.85 ppm were assigned as the 9 pyrene CH
protons, Figure 313. Two multiplet signals at 3.43.38 and 2.12.04 ppm were
assigned as the py€H: and pyrChHCH; respectively on the basis of their chemical
shift, relative integration, DEPIB5 and HSQC spectra. Six signals remained ftthe
NMR spectrum, two broad singlets, two triplets and two multiplets. They did not
show whde number integrations relative to the aromatic region or the previously
assigned methylene groups. The three pairs of matching signals instead showed an
approximate integration ratio, relative to the aforementioned signals, of 0.6:0.4,
suggesting the presice of geometrical oxime isomers in a 3:2 ratio. The
disappearance ahe two broad singlets at 7.37 and 7.07 ppm following.®Bhake
supported their assignment as hydroxyl proton sign#BHCOSY showed that the

two remaining multiplets arose from & CH group adjacent to the oxime
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functionality.Both multiplets showed a correlation to the &gtoup in the middle of
the propyl chain but no correlation to each oth&igure 314. This indicated that the

signals arose from the Ggroup adjacent to the oxime functionality in both isomers.

=1L

Figure 314: 1H'H COSY ofgyrenebutanaldoximé8 at 25°C showing theorrelation
between the middle CHgroup of the propyl chain and thaultiplets representing
the CH groups adjacent to the oxime functionality of tBeand Zisomers.

-1t
3.4 3z 3.0 2.8 26 24 22 20  F2[ppm]

The two remaining triplets at 7.52 and 6.81 ppm, based on their multiplicity, chemical
shift and relative integration, were intuitively assigned as representing the imine
N=CH protons of the isomers ofl8. The tentative assignment of signals as
representing either theE or the Z-oxime isomers was aided by examination of
literature data. Crandall and Reix separated and charactelis@md Z-isomers of
butanal oxime, decanal oxime aBemethyt3,4-hexadienal oximeFigure 315.1%2In

each case théH NMR signal of the imine proton of tBexime appeared as a triplet

at ~0.6 ppm downfield to the corresponding signal of #hssomer. The imine triplet

at 7.52 ppm was thus assigned as Eisomer and that at 6.81 ppm as t@asomer.

1-Pyrenebutanaldoxime presented, in solution in GREhR 2:3 ratio oE:Zisomers.

Analysis by ESI HR mass spectrometry showed a molecular ion peak at 310.1207

which corresponded to the [M+Naipn of 1-pyrenebutanaldoximevith a-1.61ppm
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difference between the calculated and observed values. This along withHtlzad

13C NMR analyses suppdhe characterisation of -pyrenebutanaldoxime.

N
2 <
/\)‘\\ sOH WN ~OH \/T-'/ OH
butanal oxime decanal oxime 5-Methyl-3,4-hexadienal Oxime
Butanal Oxime Decanal Oxime 5-Methyl-3,4-

hexadienal Oxime

E-isomer: 6 imine 7.41 7.41 7.40
proton (ppm)

Z-isomer: & imine 6.71 6.71 6.80
proton (ppm)

Figure 315: Structures of butanal oxime, decanal oximal&methyl3,4-hexadienal
oximewith the *H NMRchemical shifts in CDgIf the imine protons of thé&s and Z-
isomersshown underneathi??

In order to minimise formation of-pyrenebutanenitrile, 19as a byproduct of oxime
formation, an alternative synthetic approach i® was desirableThe experience
within the group indicated that, under the conditions employed,.0H.HCI and
pyridine in EtOH, the conversion of aryl aldehydes to oximes was not complicated by
formation of nitrile side products. However, there is literature precedent fordiye

acting as a catalyst in a hydroxylamine hydrochloride promoted aldehyde to nitrile
conversiont?® It may be the case thathe byproduct of the oximation step,
pyridinium hydrochloride, is sufficiently acidic to facilitate oxime dehydration so

generating the nitrileScheme 3.
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Scheme 3: Mechanism for the conversion of an aldehyde to a nitrile using
hydroxylamine hydrochloride in the presence of catalytic pyridine suggested by Zhu
et alt?®

TKS & 2 EA YLV wiah 2pédted Bsthg sodium acetate as the base as utilised by
Parghi and cavorkers for formation of bothaliphatic and aryl aldoxime3? 1-
Pyrenebutanal was allowed to heat at reflux for 3 hrs in MeG8:@1:1, v/v) in the
presence of 2 egs of hydroxylamine hydrochloride and 2 egs of sodium acetate,
Scheme 3. Following cooling, water was added to aid the precipitation of the pure

oximes as a pale yellow solid in 92% yield, in a 1E:&) ratio.

H
NN +OH

NH,OH.HCI

NaOAc
I g LX)
MeOH:H,0 (11:1, viv) E-:Z-
SO
reflux 92%

17 18

Scheme 38: Synthesis ol-pyrenebutanaldoximesl8.

Unlike imines which rapidly isomerise between inseparaBleand Z- forms,
geometrical oximdsomers carbe rather stable, they may be isolated as discrete
specied?® and their reactivity may or may not be influenced by their getme:=
and Zcinnamaldoximes were found to be almost equalliszceptible to dehydration
with 1H-benzotriazoll-yloxytris(dimethylamino)phosphoniunexafluorophosphate
(BOP) andi,8-Diazabicyclo[5.4.0lJundetene PBU) in DCM at rtScheme 3,
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yielding, after 30 minssinnamonitrile in 83 and 90% yield respectivéypnversely,
Boucheret al. report the Eisomers of benzaldoxime and(Aexyloxy)benzaldoxime
failed to dehydrate with catalytic rat liver microsomes and NADPH or dithionite

whilst the Z-isomers readily dehydratkunder the same condition®®

BOP, DBU BOP, DBU

©\/\/N DCM, - ©\/\ DCM, - Oi/\/@
~ NS |
7 OH 30 mins ~ “CN 30 mins Na X

83% 90%

Scheme ®: Reactions ofE and Z-cinnamaldoximes to inependently form
cinnamonitrilet?’

As oxime isomerare often used without separatiotté12°a mixed sample d& and
Z-18 was used for the formation d?PICAs describedneviously, the dimerisation of
nitrile oxides,Section 1.6.3is faster for aliphatic than for aromatic nitrile oxifeas
such extra care waskenwith the experimental conditions selected for nitrile oxide
formation and subsequent cycloadditioA literature search of isoxazole forming
reactions from aliphatic oximes revealedoeeference for the NCS/NBS halome

approach to dipole formation (Section 1.6:4%132

1-Pyrenebutanaldoximel8 was allowed to react wit 1.5 egs of NCgr 1 hr in DCM
at rt resulting in formation of the chlorooxim&0. The success of the transformation
was supported by the disappearance of the triplet signals for the imine protons of

the E and Z-oximes,Figure 316.
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Figure 316: 'H NMR spectra (500 MHz) ofp¥renebutanaldoximel8 isomers (red)
and the chlorooxime derivative0 (blue) in CD@at 25°C, showing the disappearance
of the imine proton signals (purple boxes).

The alkylated calixarend5 was added to a refluxing DCM solution of the
chlorooxime, 3 egs of Nftvere added at a rate of 4.98mol/min using a syringe
pump. This particularly slovate was used to ensure optimal time for the alkyne to
trap thein situgenerated nitrile oxideScheme3.10. The crude reaction mixture was
cooled, washed with water and purified by flash column chromatography taRfNe
as an offwhite solid in 49% vyield.

H

Bu tBu tBu tBu
NfOH D \
0O
> Z > Vi
| /
99 R
DCM
1 hr NEt; %
18 IEE— . N

DCM
17 hrs
reflux

=

tBu tBu tBu  tBu
,[g N ‘O
LI, e
| I
(6] OHOH O

—
= =

15

21

Scheme3.10: Synthesis of Propyl Pyrene Isoxazole CalixafleR&], 21.
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3.3.4 Characterisation of PPIC

The successful synthesisPPICvas supported by initial inspection of thel NMR
spectrum, which showed the disappearance of the triplet signal of the alkyne proton
of 15, the disappearance of a doublet signal at 4.74 ppm and the appearance of a
new singlet at 4.97 ppm representing the I@CC protons of the starting material
and product respectively; finally a new signal observed at 6.32 ppm, was deemed

typical of the isoxazoleHJproton.
3.3.4.1'H and'*C NMR Characterisation of PPIC

The'H NMR spectrum of a pure sampleRPICFigure 317 showed a pair of sharp

AB doublets at 4.15 and 3.24 ppm with reciprocal coupling constants of 13.3 Hz
indicating that PPICpresented in the cone conformatiof®® This was further
confirmed by two largé-butyl singlés, each with a relative integration of 18H at 1.27

and 0.89 ppmi%°

mmmmm
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6.3319
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Figure 317: 'TH NMR spectrum (500 MHz) BP1Gn CDGlat 25°C.

Triplets at 3.34 and 2.75 ppm and a multiplet at 2222 were intuitively assigned

as the Ckgroups of the propyl chain d?PICbased on HMBC correlations and
through comparison with the data from -gdyrenebutanenitrile and 41
pyrenebutanaldoxime. Analysis of DEEBb and HSQC spectra confirmed that the
singlet at 4.97 ppm represented the methylegup adjacent to th&-atom on the

lower rim of the calixarene. A HSQC correlation between the singlet at 6.32 ppm and

a carbon signal at 103.5 ppm permitted assignment of the former as the signal for
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the isoxazole CH proton. Interestingly, the isoxazwoleton of PPICappears~0.60
ppm upfield of the isoxazole protons BfCand EPIGvhilst the isoxazole Carbon
signalappears~1.80 ppmupfield of the corresponding carbons BfCand EPICThis
is in keeping with the fact that thisoxazole rings dPPICare less influenced by the
deshielding zone of the pyrene nuclei than is the casé’t@and EPIC where the
heterocycle and pyrene ring are directly connectétie upfield shifts may also be
due to loss of the degree of conjugation between the pyamd isoxazole moieties
w.r.t. PICandEPIC

The remaining 2H singlet at 6.62 ppm was assigned as the phenolic OH protons and
the two 4H singlets at 7.03 and 6.72 ppm as the upper rim aromatic protons of the
calixarene. Aromatic proton signals between&dnd 7.78 ppm showed a relative
integration of 18H and were assigned as the pyrene protons, they were not

individually assigned due to severe resonance overlap.

ESI HR mass spectrometry also supported the structuRPHE The mass spectrum
showed a moleular ion peak a1333.6435which corresponded to the [M+Kipn of

PPIGvith a-0.37 ppm difference between the calculated and observed values.
3.3.4.2 UV and Fluorescence Spectroscopy of PPIC

A UV absorbance spectrum BPICat 6 >M in MeCN is shown iRigure 318 with

three main absorptiomegionsat 244, 276 and 348 nm. The spectrunP&flGhows
more fine structure thathat which wasobserved folEPICThe first absorption band
at 244 nmdisplays a shoulder at a shorter wavelength of 232 fime remaining two
absorptionregions eachcomprise three discernible peaks wjtim each casajeep

troughsbetween the second and third

The presence of wetlefined vibronic structure in the absorbance profile RRIC
w.r.t. EPIGand PICwas expected due to the aliphatic chain at thedsition of the
pyrene moieties instead of directly connected isoxazole rings. The UV prdffel ©f
was similar to that of the parent pyrene in MeC,which is in keeping with Salama
et als.observations that aliphatic substitution of pyrene does not affect the aromatic
nature of the molecule and in turn the absorption spectrum appears similar to the

parent pyrenel16
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Figure 318: U\-Vis absdbancespectrum ofPPIQ6 >M) in MeCN.

The absorptiorspectrum2 ¥ . Af YT YR {lFIKAyQa LRBNBYS
Figure 319, which bears a flexible alkyl linker chain in thpdsiton of the pyrene
moieties,in MeCN:DCM (1:1, vii} similarto that of PPICin MeCNin terms of
vibronic structure and band positiof$ Thus, the propyl chaidoes not significantly

influence theelectronic properties of the pyrene moieties BPIC

{Bu tBu tBu  {Bu

Figure 319: Propyl amino pyrene functionalised calix[4]are2#??

A fluorescencemission spectrum d?PI1G6 >M) was recorded in MeCIRjgure 320.
The<max(348 nm) of the absorption band of longest wavelength was chosen as the
excitation wavelengthay) for the measurement of the emission spectrum which
displayed monomer emission bands at 384 (shoulder at 379 nm) and 403 nnmand a

excimer emission band at 480 nm. The ratio of the emisgitensity at the first
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monomer band (87.u.) to the intensityat the <naxof the excimer band (243 a.u.)
was calculated to bé&:2.8, which was significantly smaller than the value&:©0.8
and1:5.9 determined, under the same conditions, RICand EPIGespectively. The
reduced significare of the excimer bandor PPICsuggested that the propyl chain
between the isoxazole heterocycle and the pyrene moieties of the pendant arms of
PPICsufficientlyincreased the flexibility of the molecule so making intramolecular

excimer formation less likg than inEPIGndPIC
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Figure 320: Emission gectrum of PPIC(6 >M, <ex= 348 nm) showing monomer
emission bands at 384 (shoulder at 379 nm) and 403 nm and an excimer band at 480

nm.

Numerous attempts were made to groRPICcrystalsof suitable quality for a solid
state structure determination, these attempts involved slow evaporation of solutions
of PP1Gn different solvent systems, including EtOH:DCM (2:1, v/v), MeCN:QHCI

v/v) and DCM:petroleum ether (1:2, v/v). In all cases an amorphous off white solid
formed over time,no crystalssuitable for xray crystallographic studiesould be

obtained suggesting irregular packing of the molecule in the solid state.
3.4 Methoxy Pyrenelsoxazole Calixarene (MPIC)
There is a plethora of literature reports on calix[4]arenes as analyte binding ligands

with one or more of the lower rim phenolic hydroxyl groups forming part of the
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proposed binding sit#20819092133 gnd also numerous reports detailing calixarene

sensors with no free phenolic hydroxyl groups on tbeer rim134138 A npvel

calix[4]arene withmethoxy groups in place of the free Qjtbupsof PIG denoted

Methoxy Pyrene IsoxazoleCalixarene MPIQ, Figure 321, was designed with the

objective of investigating the necessity, if any, of the hydroxyl groupBIGfor

effective Cé*binding.

In selecting the group for alkylation of thlewer rim, two main issues were

considered:

)
i)

the influence ofconformational mobility

the influence of steric factors on analyte binding.

The origins of the concerns are discussed below:

)

A methoxy group is the smallest possible functional group suitable for
replacementof a phenolic hydroxyl with a group incapable of functioning
as a Hoond donor. However, the choice presents its own difficulties in
that the methoxy group is small enough to fit through the inner annulus
of a calix[4]arene and with no hydrogen bondingpoptunities to hold the
calix[4]arene in the cone conformation, the emergence of a
conformationally mobile calix[4]arene was deemed lik8lg¢ction 1.1.2

The steric requirements of the replacing group may interfere with the
guest binding if the group chen to replace the hydroxyl groups is large.
Thus if the new calix[4]arene was not a good sensor fof*Cpossible
explanations could include the followirfg) the hydroxyl groups may be

a necessary part of the €binding site orb) the Ci#*cation maynot be

a suitable size for the new binding site proportions.
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and Isoxazole Ring
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Isoxazole Ring
and Pyrene
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Figure 321: Structure ofMethoxyPyrenelsoxazoleCalixarene MPIQ.
3.4.1 Synthesis of MPIC

Synthesis of tetrasubstituted calix[4]arenes has been achieved in a number of ways.
Menon et al. synthesised the bigyrene bismethoxy functionalised calixaren23,
Scheme 311 by reaction of 4tert-butylcalix[4]arene with methyl iodide in the
presence of a base followed by reaction wilk(2-(2-(2-chloroethoxy)ethoxy)

ethyl)pyren2-amine in the presence of potassilcarbonate and potassium iodidé.

tBu tBu tBu

tBu tBu  (Bu tBu

tBu tBu tBu K,COs, KI, tBu . {

Mel | > {\ Q | @ [

0 A Y Y //

Acetone \ ! O O O (o]

OH OH OH HO reflux OH © =Y HO 2N j

48 hrs 81%

K,CO3, KI o o
* —

MeCN o) O

Scheme 3L1: Synthesis of the bipyrene bismethoxy functionalised calixaren23
by Menon and cevorkers®?

Chunget al. in accessing bis-propoxy, bisnaphthalene functionalised calix[4]arene

24 utilised the reverse approach, introducing the naphthalene moieties by a 1,3

100



Chapter 3 PIC Analogues
Design, Synthesis and Characterisation

dipolar cycloaddition prior to replacing the remaining hydroxyl groups with propyl
groups using sodium hydride and propyl iodi8eheme 312.81 During a subsequent
fluorometric study, they observed that theaphthalene functionalised calixarene

with free phenolic hydroxyl groupsasselective for the Cliion.

Pri

ts Na

/ \ ‘f i‘ 2. ‘f E‘
el SONG

Scheme 312: Synthesis o# tetrasubstitutedcalix[4]arene24 by Chunget al.8!
Thus, hree routes were considered for the synthesidM®?IC Scheme 3.13

Route 1 Distal propargylation, bisycloaddition, bignethylation ¢ i.e. initial

formation of PICfollowed by methylation.
Route 2 Distalmethylation, bispropargylation, biscycloaddition.
Route 3 Distal propargylation, bimethylation, biscycloaddition.

Route 1 involving initial synthesis@fCfollowed by methylation of the free hydroxyl

groups was the first choice route for exploringetsynthesis oMPIC
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N\

ropargylation
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tBu

1,3-Diploar
Cycloaddition

—
Propargylation }

1,3-Diploar
Cycloaddition

Methylation
Route 2
1,3-Diploar =
Cycloaddition

Route 3

Route 1
Scheme 3.13: Three retrosynthetic routes proposed for the synthesis of MPIC.

PlCwas prepared by a modification of the route previously developed byaxers

in the laloratory, thus one eq of the bialkynel5 was dissolved in EtOH and 4 egs
of 1-pyrenecarbaldoximel2 were added and the solution was healtto 40C. Three
portions of 2 eqs of Gl were added at 0, 3 and 6 hrs frolmetcommencement of
the reaction The reaction was allowed to stir for a further 18 hrs at@0cooled,

extracted with chloroform, washed with 5% aqg. NaOH to remove the sulphaea
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by-products, purified by flash column chromatography and finally recrystallised from
EtOH:DCM (2:1, vit) yieldPIC 25, as a white crystalline solid in 53% yieddheme

3.14. 'H NMR spectroscopic data corresponded to that previously recotied.

tBu tBu tBu

tBu

DO,
Y // 3 N
O OH (DO Q | //

— == 15 | ]
= = O OHOH O
Ch-T
+ —
EtOH 0= /A
24 hrs Na _N

40C

o}

o (T 90

Y | 9@ 90
Ch-T 53%

D) =L | 1 2

ool il|ew

12 - 13 -

Scheme 3.14Synthesis oPyrenelsoxazoleCalixarene PI1Q, 25.

A strong base such as NaH carréguired to deprotonate the hydroxyl groups of a
1,3-disubstituted calix[4]arene (Section 1.1.4.2), accordingly, one dj@h DMF
was exposed t80 egs of stripped NakHMethyl iodide (20 eqs) was then added and
the resulting solution was allowed to stir at rt for 12 hrs. The reaction mixture was
quenched with distilled water and extracted with DCM. Following solvent
evaporation the crude residugas triturated with hot MeOH to yielPICas a bright
white solid in 62% yieldcheme 3.5.

Whilst the reactionwas successfulthe fact that sodium hydride is extremely
flammable when exposed to air or moisture led to a search for alternative reaction
conditions and it was subsequently established thaiOtswas a suitable base for
the reaction, accordingly it became the reagemf choice in subsequenwPIC
formation reactions. The latter reaction conditions were also attractive due to the

use of acetone as the solvent medium in place of DMF. Repeated exposure to DMF

"Procedure for stripping sodium hydride in Section 7.1.
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has serious health and safety issues that are avoidable wi¢hoae, a further

attraction of acetone is its low boiling point of &&.

(i)
NaH
tBu tBu tBu  1Bu Mel

DMF

Q ] [ 24 hrs
rt

OH OH 0 OMeOMe 62% yield

(|) or (ii)
(0]
N (ii)
C52C03
‘ Mel
acetone
’ 17 hrs
reflux

71% yield

tBu tBu

Scheme 3.15Synthesis oMethoxyPyrenelsoxazoleCalixarene MPIQ, 26.
3.4.1.1 Characterisation of MPIC

Full structural characterisation ®PIC a white crystalline solid obtained following
flash column chromatography, began with an analysis of its thin layer
chromatography profile (SO DCM:petroleumether; 4:1, v/v) followed by mass

spectrometry and NMR spectroscopic analyses.

The molecular formula diPICwas supported by HRMS. An electrospray ionisation
(ESI) higiresolution mass spectrum showed a molecular ion peal 261.6105
which corresponded to the [M+Na ion of MPIC with a -3.17 ppm difference

between the calculated ahobserved values.

One fluorescent spot was observed under a UV lasap=(254 nm) following TLC
analysis oMPICin a number of DCM:petroleum ether based elution systems which

did not correspond to the falue of the startind?IC

A 'H NMR spectrumrecorded at rt in CDglwas poorly resolvedFigure 3.22,
suggesting MPIC had conformational mobility under the conditions of the

experiment.
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Figure3.22: 'TH NMR spectrum (500 MHz) PICin CDGlat 25°C.
3.4.1.2 Variable TemperaturéH NMR Spectroscopic Study of MPIC

The broad appearance of thel NMR spectrum d¥IPICwas not unexpected due to
the lack of hydrogen bondingpportunities on the lower rim of the calixarene along
with the small size of the methoxy group facilitating irtmanular movement. A
variable temperature (vt{H NMR spectroscopic study dfPICwas carried out to
assess the structural presentation overange of temperatures. A study carried out
on a 300 MHz Bruker instrument recorded spectra at 25, 30, 35, 40 aadd & DGl
As shown irFigure 323, asthe probe temperature increased the resolution of the
peakscontinued to deterioratesuggesting aincrease in conformational mobility of

MPICover the temperature range (2545°C).

. "
,,\.J A ILM’WM&

s August J0| Il"[—_ -

U
2 [ppm]

Figure 323: 'H NMR spectra (300 MHz) PICin CDGlat 25°C (blue), 30C (red),
35°C (green), 47C (purple) and 4% (yellow).
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A second series of spectra recorded at and below rt, (25, 2200.20,-30,-40 and
-50°C),Figure 324, show that as the probe temperature decreaséie resolution

of the spectra improved. This observation is in keeping with a reduction in mobility
at lower temperatures as the enerdparrier for conformational switching becomes

less attainable.
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Figure 324: 'H NMR spectra (300 MHz) PICin CDGlat -50°C (blue);40°C (red),
-30°C (green);20°C (purple),-10°C (yellow), 6C (orange), 1T (light greenand
25°C (black).

3.4.1.3H NMR and3C NMR Characterisation of MPIC

The four main conformers of substituted calix[4]arenes are the cone, pacaarig?
1,3-alternate conformerss shown for a generic exampleHigurel.3. Each of these
conformers were considered possible fMPIC Figure 325. The 1,2alternate
conformer was easily ruled out as it involves two proximal lower rim groups rotating
through the inner annulus of the calix[4]arene and the pendant isoxaaplene
group is too bulky to pass through the core. Thus, the presenting fdorise
considered forMPICincluded the cone, the partial cone and the -hlBernate

conformers.
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Figure 325: Cone, partial cone, 1;2nd 1,3alternate conformations oMPIC

A full NMR characterisation MPICwas carried out in CD£it -30°C on a 500 MHz
Bruker Avance NMR spectrometer. This temperature was selected due to limited
conformational inversion ofMPIC and because the instrument can hold this
temperature with limied fluctuation 13C, 'H, COSY, DER35 and HSQC NMR

spectra were recorded aB0°C.

It was shown by de Mendoz al that the resonance position of the methylene
bridge carbon atomis diagnostic ofhe conformation of calix[4]arene derivativé¥,

If the aryl groups around the methylene bridge ayn (both facing upwards or
downwards) the methylene carbon atoms resonate at approximately 31 ppm and if
they areanti (one facing upwards and one downwards) the resweawill be further

downfield at approximately 37 ppm. The proposed number @-#signals, and the
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approximate chemical shift in ppm for each of the conformersMRIC were

considered and are summarisedTiable 32.

Table 32: Proposed number of AH, signals and approximate chemical shift
expected in the”®*C NMR spectra of cone, partial cone anddlt8rnate conformers
of MPIC

Expected No. of | Expected Approximate
MPIC Conformer ArCHz signals Chemical Shift (ppm)
Cone 1 31
Partial Cone 2 31 and 37
1,3-Alternate 1 37

The'3C NMR spectrum dfIPICat -30 °C showed eight carbon signals between 30
and 40 ppm, of which three were at approximately 31 ppm and one was at
approximately 37 ppm. A DERB5 spectrum was used to ascertain which, if any of
these four signals arose fro@ carbon atoms. A DEPIB5spectrum shows positive
signals for C#and CH @toms, and negative intensity signals for,Cratomswhile
quaternary carbon signals are suppressed. A BIEBBTspectrum oMPICat -30°C
(CDGQ) revealed threeCh signals in the 3B7 ppm range at 37.8,1322 and 31.16
ppm, Figure 326. This suggested thaiPICpresented as two conformers in solution:
as the partial cone, with two distinct methylenea®ms (resonating at-37 and 31
ppm) and as the fully symmetrical cone where all the bridging methyleati@s
are in identical environments (resonating €81 ppm),Table 32. Two further Chl

signals downfield at 67.3 and 65.7 ppm represent tl@i&isoxazolecarbon atoms

The presence of both the cone and partial cone conformersiBfCwas further
supported by the presence of five signals in thbutyl range of the'H NMR
spectrum,Figure 327. Three of these signals at 1.34, 1.11 and 1.07 ppm showed a
relative integration of 1:1:2 which corieted with that expected for the-butyl
groups of a partial cone conformer MPIC Two further signals at 1.31 and 0.87
ppm, in a 1:1 ratio, were typical of that which was to be expected fortthetyl
signals of a cone conformer BIPIC In order to asertain the ratio of cone to partial
cone at-30°C the relative intensities of the peaks at 1.07 (18 H of paco) and 0.87 ppm

(18 H of cone) were compared. This gave a cone:paco ratio of 1:2.78 which indicated
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that the paco conformer represented close to%®f the material in solution aB0°C

in CDGI

67.2828
656676
60,7867
60.2091
581717
495142
37.8381

e
"

. . . . . . . . . . . . . . . . . ;
&0 50 40 30 [ppm]

Figure 326: DEPT135 (125 MHz) spectrum MPICin CDGlat -30°C showing 5 CH
signals (red boxes) at 67.3, 65.7, 37.6, 31.22 and 31.16 ppm.
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Figure 327: Section of theH NMR spectrum (500 MHz) dPICin CDGlat -30°C in

the region between 1.40 and 0.85 ppm with the signals from the different
conformers highlighted in coloured boxes: pacbutyl signals (green boxes) and
conet-butyl signals (red boxes).

A conformationally mobilebis-pyrenyl bishydroxamate calix[4]aren®7, Figure
3.28, that bears strong structuraimilarities toMPIG including methoxy groups on
the lower rim, was fully characterised by Laguesk al.'®** They reported the
methoxy protons of the paco and cone conformation®dfat 3.93 (cone) and 3.80
and 2.02 (paco) ppm (CRCIA 1.3:1paco:cone ratio ofthe conformers o7 at rt

was observed in CRCI
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Figure 328: Conformationally mobile bipyrenyl bishydroxamate calix[4]areng7
characterised in CD{&y Laguerre and eworkers!34

One singlet signal was expected for the @Qibtons of MPIC in the cone
conformation while two signals were expected for then-equivalentOCH protons
of the paco conformerThree singlets at 4.00, 3.37 aBd34 ppm in the'H NMR
spectrum of MPIC(CDGC -30 °C) were tentatively assigned as the Q@kHbtons,
Figure 329.

During the low temperature study oMPICin CDGlon the 500 MHz Avance
instrument, the singlets at 3.37 and 3.34 merged to one broad s&tamperatures
above-10°C red spectrarigure 329. Whilst baseline resolution was almost reached

at -50°C as inversion of the conformers became limited

Comparison of the relative integrals dfet assigned-butyl signals with those for the
singlets at 4.00, 3.67 and 3.34 ppm led to the assignment of the signal at 4.00 ppm
as the OCkprotons of the cone comfrmer and the two signals at 3&and 3.34 ppm,
present in a 1:1 ratio, as representinget OCH protons of the partial cone. The
relative integration of these signals was used to calculate the ratio of cone to partial
cone conformers at30°C as 1:2.8 cone:paco; tHigure agrees very well with that

concludedfrom analysis of the relative tegrals of thet-butyl signals.

110



Chapter 3 PIC Analogues
Design, Synthesis and Characterisation

Sldata 1705 el |

o
-
o

ictata\T0s ||

M
| o
—T T T T T T T T T T T T T T T T T T

4.0 39 38 3.7 36 [PP'"]

Figure 329: Section of théH NMR spectré600 MHz) oMPICin CDGlat -30°C (blue)
and O°C (red) in the region between 4.05 and 3.30 ppm with paco:G@hals (green
box) and cone OGHignal (purple box).

The region of the spectrum (CRCGB0°C) between 4.44 and 3.19 ppm displayed six
doublets. A'H'H COSY spectrum MPICat -30°C was analysed to establish the
correlation, if any between these signaldrigure 330. Three strong correlations

between the doublets revealed three pairs of methylene protons.
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Figure 330: *HH COSY spectrum (500 MHzM#fICin CDGlat -30°C showing three
strong sets of correlations (green, red and brown lines) suggesting three pairs of
methylene protons.

The relative integration values of the six doublets between 4.44 and 3.19 Tgioie
3.3, combined with the correlations observed in the COSY spectrum and the

reciprocity of the coupling constants were used to assign them as three pairs of
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diastereotopic Ckprotons, these were ssigned as the methylene bridges of the

calixarene core of the paco and cone conformations.

Table 33: Chemical shift, coupling constants, conformer assignments and relative
integration of six doublets appearing between 4.44 @9 ppm of the'H NMR
spectrum ofMPICat -30°C.

Chemical Shifts (ppm), (J values] Conformer Relative Integration
4.43 (12.6 Hz) and 3.27 (12.7 Hz Cone 8H
4.23 (12.9 Hz) and 3.20 (13.2 HZ Partial Cone 4H
3.86 (14.1 Hz) and 3.79 (14.1 HZ Partial Cone 4H

A HSQC spectrum established that the two doublet signals at 5.12 and 4.88 ppm
arose from a pair of methylene protons on a carbon atom withsmnance position

at 65.7 ppm. Ainglet at 5.11 ppmwvhich overlapped with the doubletas shown to

arise fom a proton(s) directly attached to a carbon atom resonating at 67.3 ppm,
Figure 331. The carbon signals at 65.7 and 67.3 ppm were previously shob&By

135 analysis to be GHignals,Figure 326. The doublets were assigned as the
diastereotopic OCiprotons of the partial cone, while the singlet was assigned as the
OCH group of the cone conformer. These assignments were also sugpbont the
relative integration values of the signals compared to those of the;@@éit-butyl

groups.
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Figure 331: HSQC spectrum &fiPICin CDGlat -30°C showing two GH-isoxazole
correlations with purple (paco) andddines (cone).
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Seven peaks appeared between 7.30 and 6.57 ppm itHH¢MR spectrum d¥IPIC

at -30°C. These peaks were tentatively assigned as the isoxazgeotns and the
upper rim aromatic protons of both conformers of the calixarene. Isoxagble
signals appear at approximately 3205 ppm?*% In the 3C NMR spectrum dfIPIC
only two carborsignals were observed this range, at 105.2 and 105.7 ppm; these
were assigned as the isoxaz@ld resonances. The HSQC spectrumiBfCshowed
correlaions between the singlet at 6.82 ppm in tH¢ NMR spectrum and the carbon
at 105.7 ppm in thé3C NMR spectrum; and between the singlet at 6.90 ppm and the
carbon at 105.2 ppntigure 332. The relative integrals of the singlets in this region
compared to those previously assigned as tHautyl, OCH and OCktisoxazole
protons were then used to assign the signal at 6.90 ppm as the isoxazole poftons
the cone conformer and the signal at 6.82 ppm as the corresponding signal of the
partial cone conformer.
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Figure 332 HSQC spectrum dfIPICin CDGlat -30°C showing two isoxazoleH
correlations with green (cone) and red (paco) lines.

The remaining five peaks in the range 7.30 to 6.57 ppm, on the basis of their
integration values, multiplicity and relative chemical shift were assigned as the upper

rim aromatic protons of the calixane, Table 34.
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Table 34: Chemical shift, multiplicity, relative integration and conformer
assignments of five singlets appearing between 7.30 and 6.57 ppm oHtINMR
spectrum ofMPICat -30°C.

Chemical Shift o Relative ,
Multiplicity ) Conformer Assignment

(ppm) Integration
7.30 S 2H paco calixArH

2 x paco calkarH
7.14 brs 6H

4 x cone calbkArH
7.00 brd 2H paco calixArH
6.60 br d 2H paco calixArH
6.57 S 4H cone calixArH

The'H and'*C NMR resonances of the pyrene nuclei were not fully assigned due to
severe resonance overlap. However, in theNMR spectrum three distinct doublet
signals were discernible, these were assigned based on their chemical shift and
relative integration valug, Table 35. The remaining overlapping resonances
between 8.17 and 7.80 ppm were assigned, based on their total integration values,
as 16 and 14 pyres protons of the partial cone and the cone conformenRIC

respectively

Table 35: Chemical shift, multiplicity, relative integration and conformer
assignments of three doublets appearing between 8.55 and 7.69 ppm &fthsR
spectrum ofMPICat -30°C

Chemical Shift o Relative Conformer
Multiplicity . .

(ppm) Integration Assignment
8.55 d 2H paco pyreneH
8.33 d 2H cone pyreneH
7.69 d 2H cone pyreneH

The ratio of the cone and partial cone conformersMPICover the temperature
range studiedwas determinedat -20°C,-10°C and 23C by reviewing the relative
integrals of the methoxy proton signals at 4.00 ppm (representing 6H of the cone
conformer) and 3.37 and 3.34 ppm (each representing 3H of the paco cosfprm

Figure 333. The paco conformer d¥iPICdominated at all temperatures analysed,
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however, the contribution of cone conformer increased with tengdere, rising

from 26% cone at30°C to 38% at 2%&C.
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Figure 333: 'H NMR spectra (500 MHz) dPICin CDGlat 25°C (blue);10°C (red),
-20°C (green) and30°C (purple), ratio of cone:paco conformers BIPIC are
indicated on each spectrum.

3.4.1.4 Solid State Structure of MPIC

Small white needle like crystals BfPICformed following slow evaporation of an
EtOH:DCM (2:1, v/v) solutiomhese were solved byray diffraction crystallography

by Dr. Brendan Twarey of Trinity College DubliRjgure 334. In the solid statéViPIC
presented as the partial cone conformer, the same conformer as dominated the
solution state as judged by NMR analysis (Sectibi ). In the paco conformer one
methoxy group oMPIChad moved through the inner annulus of the calix[4]arene
and faced upwards while the aryl residue distal to this methoxy group was in a
G LAy OKSFR ¢ GAINY SRé Ol f FFigube3B4a NBy S 2NA Sy G G A
As in the crystalline forms d?ICand EPIC the pyrene and isoxazole units of the
pendant arms wre not coplanar, dihedral angles of 50.29° and 39.12° were
measured between the moieties in the pendant armsMPIC A summary of the

interesting characteristics of thglPICcrystal is given iifable 36.

Intramolecularly the pendant pyrene units do not align in a faxéace manner,
rather the planes created by the pyrene units are at an angle of 4F&fure 334b,

which is similar to the angles of 47.70° and 45.57° calculated foPi@kleCN and
PIC2DCM crystals respectively, whildbager angle70.569 was measured foEPIC

115



Chapter 3 PIC Analogues
Design, Synthesis and Characterisation

Examination of theextendedpackingnetwork of MPICgave no indication of any

inter- 2 NJ Ay i NI ¥ 2 3910 dX{IAN0T™ 0 S a5 Boyevel, @ Smallled NEy S
number of short contactswere observed between the pyrene protons of one
molecule and the pyreneng of an adjacent molecule with separationsigang from

2.70 to 3.31A, Figure 334c. A headto-tail extended network of thaIPICunits was

observed in the solid state, unlike the t#ktail arrangements of the crystalline

forms ofPICandEPIC

Figure 334: a)Solid state structure d¥fIPIC crystal grown from EtOH:DCM (2:1, v/v),
showingMPICin the partial cone conformationb) diagram ofMPICshowing the
42.25 angle between the planes of the pyrene moieties an)dwo neighbouring
units of MPICA K2 g A Y3 & & KigetlBen pygeneiuhit® andl detween an
isoxazole CH and an adjacent pyrene in gimeouring molecule (blue lines).
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Figure 335: Extended packing network of tidPICsolid state structure showing the
headto-tail arrangement of the calixarene units.

Table 36: Summary of the characteristics of tPI1Ccrystal structure.

Lower
Py-Py . .
Plane Py-Isox Plane Rim Solvent Other Interesting
Angles Hydrogen| Interaction Features
Angle .
Bonding
Not No solvent of Headto-tall
42.25 | 50.29°| 39.12° . crystallisation | arrangementbetween
evident. . :
evident. units ofMPIC

3.4.1.5 UV and Fluorescence Spectroscopy of MPIC

A UV absorbance spectrum iPICat 6>M in MeCN, shown ifrigure 336 displays
three broad absorption bands, each with shoulders, at 240, 280 and 348 nm similar
to that observed folEPIGSection 3.2.2.3). As expected, the UV profil®BiCdoes

not show the ame fine vibronic structure as observed for the parent pyreneRIC
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in MeCN, which again suggests that the direct linkage of the isoxazole ring at the 1
position of the pyrene moieties alters the electronics and photophysical properties

of the fluorophoes.

o o
o o P

Absorbance
o
D

o
o N

200 250 300 350 400 450 500
Wavelength (nm)

Figure 336: UW-Vis absorbancespectrum of MPIC (6 >M) in MeCN showing
absorption bands at 240, 280 and 348 nm.

A fluorescence emission spectrumMPIC 6>M in MeCN, is shown iRigure 337.

The <naxOf the absorption band of longest wavelength, 348 nm, was chosen as the
excitation wavelengthgy) for the measurement of the emission spectrumMPIC
exhibited low inensity monomer emissiombands at 387 and 409 nm and a relatively
intense excimer emission band at 494 nithe ratio of the emissionf the first
monomerband (44 a.u.)to the intensity at the<maxof the excimer (328 a.u.) band
was calculated to bé&:7.5. Thisuggestshat the equilibrium between the cone and
paco conformers in MeCN solution does not prohibit pyrpiyeene excimer
formation. Whilst the profile is similar td’1G the relative intensity of both the

monomer and excimer bands is reduced.
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Figure 337: Emission spectrunof MPIC (6 >M, <ex= 348 nm) in MeCN showing
monomer emission bands at 387 and 409 nm and an excimer band at 494 nm.

The suggestion that thexistence of a combination of cone and paco conformers in
solution produces a more intense excimer emission band relative to a solution of the
pure cone conformer of the same calixarene, was repotigdhinkaet al. for the
pyrene functionalised conforni@nally mobile calixarene28, shown in Figure
3.38.140 They suggested thags the lower rim of the calixarene is less sterically
crowded in the paco conformerexcimer formation occurs me easily m this

conformation

Theyalsoobserveda reduced intensity excimer emissionnore polar solvens, e.g.
methanol wherethe cone conformer dominatesy.r.t. spectra recorded in less polar
solvents.They measured the relative peak intensity of the monomer emission, which
they defined asnl (%) =m/(Imt+k), where hand k are the emission intensities at the
monomer and emission bands, respectivdlge value ofd (%) was larger in solvents
with larger cone:paco ratios, which supported the view that the interaction of the
two pyrene moieties to form an excimer occurred more easily in g&than in

cone-28.

The intensity of the monomer emissionMPIC 44 a.u., was approximately half that
recordedfor PIG EPIGnd PPIC 8094 a.u.Thus, it may be the case that, similar to

conformationally mobile calixaren28, the dominance of the paco conformer of
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MPICin solution allows for enhanced excimer formatjoleading toa reduced

monomer intensity w.r.tPIC EPIGndPPIC

Figure 338: Pyrene functionalised conformationally mobile calixare2f&,shown by
Shinkai and cevorkers to have reduced excimer emission in polar solvents as the
cone conformer becomes more predominant relative to less polar solvents with
predominant paco conformef?°

The inensities of the signals (a.u.) at themax of the excimer and first monomer
emission along with the ratio of the former to the latter for all four pyrene
functionalised calixarenes studied in thisesis (MeCN, &) are summarised in
Table 37. Comparison of the purely cone conformeRI¢ EPICand PPIQ reveals
that PPIQiffers most from the others in the seri@gr.t. the excimer intensityThe
maximum intensity of the monomer emisswof PIG EPIGndPPIGemained within

a narrow range of 8@4 a.u. while that of the excimer basdaried through 243 a.u.,
551 a.u. ad 737 a.u. foPPICEPIGndPICrespectively. It can be seen that excimer
emission fronPICwas both more intense and more dominahin was the case for
EPIGndPPICThusan attractivedesgn for excimer emission involvéslimiting the
linker between the lower rim of the calixarene and the isoxazole ring to a single
methylene group andii) making a direct linkage between the isoxazole and the

pyrene moieties.
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Table 37: Comparison of the intensity at thanaxof the first monomer peak and the
excimer peak oPIG EPICPPIGand MPICall at 6eM in MeCN and the ratios of the
excimer to the monomer intensity.

Intensity at .
. Intensity at Monomer :
Absorbance| <maxOf First . .
<ex . <maxOf Excimer|  Excimer
Intensity at Monomer - :
(nm) . Emission (a.u.)| Intensity
<ex(a.u.) | Emission (a.u.) )
(wavelength) Ratio
(wavelength)
PIC 343 0.358 68 (386 nm) | 737 (498 nm) 1:10.8
EPIC | 348 0.337 94 (386 nm) | 551 (494 nm) 1:5.9
PPIC | 348 0.227 87 (384 nm) | 243 (480 nm) 1:2.8
MPIC | 348 0.325 44 (387 nm) | 328 (494 nm) 1:75

3.5Conclusions

1 Threenovel lower rim pyrene functionalised calixarenes structurally related
to PICEPICPPIGNdMPIC were designed to study the relationship between
host structure and ion sensing ability.

1 EPICwith an ethylene linker between the lower rim of the calixarene and the
isoxazole heterocycle was successfully prepared. It presemte¢de cone
conformer in solution and in the solid stat®ne pyrene unit oEPIGhowed
G af A fatedfaéeintermolecular - interactionsto a pyrene moietyf a
neighbouringeP1Qunit in the solid state structure. No suchteraction was
observedwith the second pyrene unit of each molecule.

1 PPIGwith an alkyl chain between the isoxazole rings and the pyrene unds wa
successfully preparedit presented as the cone conformer in solution
Qrystals suitable for determination of a solid state structure could not be
grown.

1 MPIG was formed by methylation of the hydroxyl group$6€ It was found
to be conformationally rabile in solution over the temperature rang&0 to
45°C. NMR spectroscopic dathowed it to presenat -30°Casa mixture of
cone and paco conformers in a 1:2.8 ratio. The paco conformer was dominant
at all temperatures in the range 30 to 25°C. An xray crystal structure

showedMPICpresented as the paco conformer in the solid state structure,
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with no evidence of interor intramolecular”-" stacking between pyrene
moieties.

1 All three novel calixarenes displayed monomer and excimer bands in thei
fluorescence emission spectréhe ratio of the intensity of emission at the
<maxOf the excimer band to the first monomer basdt 1:10.8 was greatest
for PICand smallestat 1:2.8 for PPICsuggesting that the propyl chain
between the isoxazole heteroclkes and the pyrene moieties of the pendant
arms ofPPIGmade excimer formation less likely thanRihC EP1IGnd MPIC

1 Theln:leratio calculated foMPIC 1:7.5,was larger than the ratios calculated
for EPIGNdPPIC
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Chapter 4

4.1 Overview

This chapter reports on investigations of theetal ion sensing potential of the
pyrene functionalised calixarene&PICPPICand MPIG using fluorescence aniH
NMRspectroscopy An analysis of the results, together with those found RICis

provided,in an effort to formulate a hypothesis regarding the structural components

Sensing Potential of EPIC,
PPIC and MPIC

of a pyrene appended isoxazetalixarenenecessary for guest detection.

Ethylene
Linker

Methoxy

©4/ Groups | >

Figure 41: Structures oPIC EPICPPIGNnd MPIC
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