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Abstract

Antimicrobial resistance has become a growing threat over the last decade to the health and
safety of the human populous, withe task of developing new antimicrobialsviragbecome the
responsibility of academic researchers. Current antimicrobials ageliabased on those that
interact with specific proteins, but these are becomimgreasinglyless and less effectivas
microbials develop resistance to the antimicrobials currently in circulatiwork published by
Hiscoclet al. hasdeveloped a novel class amphiphilic antimicrobialthat target the phospholipid
membrane rather than common protein targets. Buildorgthe past work within the Hiscock group
and extending thisesearchis the basis for the work described herein. Amphiphilic antimicrobial
calix[4]arene derived compounds have been synthesised and amphiphilissulfemate salts have

been designed, therpperties of which have been studied in thelid, liquid and gas states.

The study of the ureaulfonate salts in the solid state showed that the compound tends to
form extended structures with several different binding modes. In the gas phase, low level
complexes are visible which indicate the bonds formed between the structures argsis they
survive the experimental conditionStudies in the solution state show that the compounds form
larger structures in DMSO, whilst one compound formed largercgires in an pO: EtOH 19:1
solution. The results obtained thus far prove the compounds to be amphiphilic, but do not indicate

antimicrobial activity, so, further study is required.

The detection of anions in the environment is an egaswing concern imodern society as
the world becomes more aware of the impabt anionic pollutants are having upon the Earth
Anionic receptors are molecules designed to detect, respondnd recognise species carrying a
negative charge. The applicationasfionic reeptors to modern day science is varied and includes
organocatalysts which may be catalysed through hydrogen bond formation, in the separation of
anionic mixtures in industrial or radioactive waste as well as applications in biology, for the

treatment of icn channel based diseases such as cystic fibtdgisel fluorescent anionic receptors
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have been designed and synthesised based on works published by Hi$@dckvith properties

studied in the solid, liquid and gas state also.

Studies in the sal state showed the formation of intramolecular bonds with two of the
compounds synthesised, along with the formation of intermolecular bonds between one
compound and water that is used to stabilise the extended crystal structure. In the gas phase, one
compound showed the presence of le@vel complexes. In the solution state all the receptors
detected the presence of aniormd showed selectivity to specific anions also, where the order of

selectivity showed an inverse in the Hofmeister series.
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1.0 Introducton

1.1History of Chemistry

The term sipramolecular chemistrgriginatedin 1969 when JeaMarie Lehn first proposed
GKS GSNY Gatue®REZASOBRA GdzabINT Y2 SOdzZ | NI OKSYA &
Y 2 £ S Owlzér&fbcus was placed dhe association of two or more chemical spedieat are
held together through intermolecular forcé$.The introduction of this field to chemistry led to the
award of a Nobel Prize in 1987 to three of its gers JohrrMarie Lehn, Charles Pederson and

Donald Cran.

When compared toother areas ofchemistry as they are known today, supramolecular
chemistry is a relatively new diptine. However, its fundamental conceptave long been
recognised and date back to the beginning of modern chemisthen the idea of intermolecular
bonds were first introduced by Johannes Diderik van der Waals in &18HR@mistry as it is
recognised todaywas first discovered byserman chemist Friedrich Wohlewhen he first
synthesised urea from ammoniunyanatein 1828’ This discovery was ground breakiag the
process did not obey the laws of vitalismvhich stated that organic compounds could not be
synthesised in a laboratory from inorganic compotselmecause there was a certain essence of life
missing’ This paved the way for theynthesiof many other organic compoundsd how theymay

be developedvithout the use of organic reactants and so, vitalism was dispréved.

As organic chemistry continued to develop over the coming decades, there was still one area
of the subject under debatahis was how atoms bondThis became clearer 1916 when Gilbert
bSglG2y [SsArAa AYUINRBRdAdzOSR GKS ARSI 2F 020t Syl
used dot and cross diagrams (Figure 1) to explain'tt@lbert N. Lewis proposed two different
typesof covalent bonding, polar and nepolar. Where polar involved the transfer of electrons and

non-polar bonds were formed through sharing electrdh$
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H H

Figure 1¢ Exanple of a dot and cross diagram showing a covalent bond in a methane molAguecarbon atom with
four unpaired electrons and four hydrogen atoms with one unpaired electron,&jchihe hydrogen atoms are bonded

to the carbon atom through the sharing ofipaired electrons.

1.2Non-Covalent interactions

The existence of nenovalent interactions was first suggested in 1873 by Johannes Diderik van
der Waals forces which are today known as van der Waals interacfi6tsThis ground breaking
work by van der Waals paved the way for new and exciting resel@atting Emil Fischer in 1894
to propose a key principl@ 2 NJ SyT eYS | OliAGAles | y2%Hestadd (K¢
that a aibstrate of a specific shape, like a key, could fit into the cavity of an enzyme, which he
likened toalock in order for the reaction to procel&’ (Figure 2)This discovery could be argued as

the first description of supramecular chemistry as it is known today.

Lock / Host Key / Guest Lock-Key / Host-Guest complex

Figure 2¢ lllustration depicting the lock and key principle of enzysubstrate fitting. They must have complimentary

shapes to form a compleand are held together through necovalent interactions.
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Later, in 192, Moore and Winmill hypothesised thexistenceof the hydrogen bond®*°which
would be supported in the future by works published by Latimer and RodeBukhe ideas
presented at this time lead to the novel synthesis of several host complexes which selectively bind
to guest moleculesncluded in this series of molecule®re those synthesised biponald J. Cram,
who synthesisethe macrocyclic cyclophane, Charles J. Pedesdmsynthesised the crown ether
and cryptandswhich were synthesised by Jedarie Lehn(Figure 3§22 There have been
significant advancements in the field of supramolecular chemistry within the last degéitiethe
2016 Nobel Prize being jointly awarded to J&aerre Sauvage, Sir J. Frasged@art and Ben L.
Feringa for their pioneering contributions to theanitiation and developmentof synthetic
supramolecular machine$?* Sauvage developed a mechanicatipterlocked architecture

consisting of two or more interlocked macrocycles called catenanes (Figtire 3).

C)

Figure 3¢ The series of hogguest complexes synthesised: #y) Cram (spherand)B) Pederson ¢rown ether) C)Lehn
(cryptate)and D) Jeaierre (catenane).

Supramolecular complexes can be designed to eitherasgtinise, preorganiserdooth. Self
organisation is the process by which the molecules of a complex are arranged into more complex
structures through the presence of intermolecular, moovalent interactiong® Whilst
preorganisation is the process where a molecule has been designed to interact only with specific
and complimentary molecules through n@ovalentinteractions?’ Preorganisatiorin molecules is
beneficial as it haseenshown toincrease the binding affinity oholecules irhost: guest chemistry
by lowering the energy required to bind the guest molecules to the receftatthough, other
factors such a steric interactions play into the binding affinity also, where the steric structure of a
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molecule is optimised for specific guest binding,quganisation of the host molecules have led to
higher binding affinities for host: guest complexbtlecules like this include the carborane cages
which are carbon, boron and hydrogen based cages that poses planar preorganized cavities in an
uncomplexed &te.?%3° Whereas, traditional macrocycles such as the crown ether do not poses

preorganized cavigs.

There is a fine balance occurring between electrostatic interactions and solvent interactions in
a system that enables the formation of a supramolecular complirere the predominance of one
type of interaction may alter the formation of the complé&here are several types of neovalent
interactions, the most commonly considered are as follovise dipoleRA LJ2 f S Ay S NI
interaction, ionion interactions and lastly the hydrogen ba#ffdvhich can also be coitered as a

mixture of covalent and electrostatic interactions.

The dipoledipole interactions are the weakest type of interaction, with energies &f20
kJ/mol,and are formed through the attraction of one dipole to anoth@igure 4A¥? Due to the
nature of these type of interactions, there is a repulsive effaat increases as giance between
the molecules decrease. Eventually, a point is redohere the effect of the repulsive forces
overshadow the attractive forceand thedistance between the molecules begins to incre&ise.
) AYGSNF OlAa2ya 200dzNJ 0SGsSSYy IINRYIFGAO NAY
electronegative regionsnd have energies of80 kJ/moP* There are three ways the ring systems

can stackface to face (Figure 4B), edge to face (Figure 4C) or offset (Figute 4D).

A) B) C) D)
Rﬁgﬂ &8 @ @ @EH

Figure 4 lllustrations of norcovalent interactionsA) dipoleRA LJ2 t-SZFl OS2 FRDS (2 0PFFES !

O_
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The strongest notwovalent interactions are the ieion interaction.These types of interactions
have bond energies similar to a covalent bond, with values of3500kJ/mol. A covalent bond will
have an energy of €50 kJ/moF® Within this type of interaction fall the iedipole interactions,
these types of interactions occur between a charged ion and a dipole from a polar molecule. There
arealsocation” lafiitr AYUSNI O4AAYWaAENIOiliA2yad 200dzNJ 06 €
and electron rich aromatic ring systeffignion~ Ay i SN} OGA2ya 200dzNJ 6Si

electron deficient aromatic ring systefigFigure 5).

A) - B) C)

F
H 1 H 1 cr
5 I / N
50-*Na---0 & ° =
H . H SN

0. F” °N” °F
H 5~ H

Figure ; lllustration of noncovalent interactionsA) iondipole, B) cation = [/ 0~ ® YA 2 Y

The final norcovalent interaction discussed here is the hydrogen bombdich has been
studied ingreatdepth since its discover§®*! With an energy range @3¢ 167 kJ/mofor covalent
interactions,17 ¢ 63 kJ/mol for strong interactiorsuch as electrostatic interactioasid <17 kJ/mol
for weak electrostatic interactions?**> Hydrogen bond lengths range from5 A to 3.5 A%
Hydrogen bonds are formed between an elegositive hydrogen atomcontaining group andn

electronegative atom.

The hydrogen atom containing group acts as the hydrogen bond donor (HBD) with the other
electronegative atom acting as the hydrogen bond acceptor (BAhen compared to covalent
interactions, norcovalen interactions are weak, howevedhe effects of individual interactions are
additive andcan be strong enough to stabilise molecular structures and complékgdrogen

bonds are able to adopt several different geometrical structures, inclutlivear, bent, bifurcated
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(accepting and donating), trifurcated and three centred bifurcated (Figuf& @jtically formed
hydrogen bonds are those that are short range, selective and directional. The selectivity and

directionality increases with the strength of the bond fornféd

1) 2) A 3)
. A
E—H--A E—H E—H_
A E = Electronegative hydrogen bond donor
4) 5) 6) A H = Hydrogen atom
H A H
E< A E-H-A E A A = Electronegative hydrogen bond acceptor
H A \H
A

Figure 6¢ Examples of geometric structuresrfned through hydrogen bondingl) Linear, 2)Bent, 3) Accepting
bifurcated, 4)Donating bifurcated, 5)rifurcated, 6)Three-centre bifurcated.

Supramolecular complexes are often seen in biological systems and play a vital role in the
progression of lifeA varied and important example of this is proteins, but more specifjcally
enzymes. These are often complex protein structures folded througkcowalent interactions that
can catalyse chemical reactions within the bd®lthese protein structures also exhibit selectivity

to substrates forming tightly bound complexes, such as an antibodyd to its target infection

An antibody isa specialisedtructure designed to detect foreign particles within the body and
defend against these particlésThese final structures are formed through several steps, initially
the primary structure is formed and consists of a chain of amino afutlswed by the secondary
structure which isthe firstsp ofselfr a8 SYof & (KNRdzZZK K@ RSy 02
i -sheets> The tertiary structurethen forms, which is where the secondary structure self
assembles further through several nonvalent interactions such as further hydrogen bonding,
ionic interactions, sulfonate bridges and hydrophobic interactiise final step involves the self
assembly of two or more tertiary units to form the quaternary units (Figure 7). These structures are

held together using the same narovalent interactions as present in the tertiary structubés.

Page |17



35

A) Primary structure B) Secondary Structure C) Tertiary structure
a-helix B-sheet

D) Quaternary protein

Figure 7¢ lllustration of the steps in protein formatioi\) Primary protein, the amincacid chairheld together through
peptide bondsB)Secondaryprotein, egh -helixandi -sheetsheld together through hydrogen bondin@)Tertiary protein
formed from the folding of the secondary structuteough hydrogen bonsl, ionic bonds, hydrophobic interactions and
disulphide bridge formation in order to compabe structure D)Quaternary structure formed from the assembly of two
or more tertiary unitsheld together through hydrogen bonds and van der Waals interactions betweeipaolan side
chains

A complex example of a biological system containiog-covalent interactions is the cell
membrane(Figure 8)This naturally occurring structure contains many fomvalent interactions,
including those previously discuss€dost notably are the presence of hydrophobic interactions
as part of the main body of the cell membrane, the phospholipid bilgf#rHydrophobic

interactions are noftovalent interactions that occur between water molecules and low water

soluble molecules called hydrophobeasich as phospholipid§.The phospholipid bilayer is a thin
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polar membrane comprised of two layers of phospholipid molecules. These struaxisEss
components ofallmost everyorganism and many viruses t6bTheir presence is not limited to the

cell membrane, but also exist around scillular structures such as liposomes. The bilayers
responsibilities include: the protéon of the cell, enabling extracellular communication through
the transport of substances in and out of the cell and to facilitate the exchange of ions through the

cell wall®®

Glycoprotein

Glycolipid Y
B
® n?
® Alpha-helix protein Carbohdr&te:
)
. Globular protein Integral protein 'S
| ¢

®
@
Phospholipid ’ ’ \

Channel protein

Perlpheral protein

Phospholipid bi-layer Cholesterol

Figure &; lllustration of a celmembrane.

The phospholipid bilayer enables the transportations of proteins into the cell. This occurs due
to the presence of structures such as membrane protéifhese work by forming complexes with
extracellular proteins that when bounttigger speific reactions either within the cell membrane
or within the cell itself> Molecules may also enter the cell thrigh the action of being directly
delivered through the membrane and into the cétl.order to achieve effective penetration of the
OSftt YSYONIryS f2y3 ftl1eft OKIFAya | NB NI dza NBF
when interacting withthe phospholipid bilayer. These molecules must also possess the ability to
store molecules within their structures, usually bound through 1eomalent interactionsAn

example of moleculethat are able to store molecules within their structure, and have the ability
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to easily append long alkyl chaiase cyclic oligomederivatives called calixarere Thesemay be

the perfect type of compound to act both as a carrier and as delivery d&Vice.

1.3 Calixarenes

Calixarenanolecules are cyclic compounds composed of repeating units of phemsbusually
range in size from-20 repeating units, although other sizes have been synthesisdéas been
over 140 years since the first rudimentary calixarene compoundfingtsdiscovered in 1872 by
Adolf von Baeyet! Baeyer disceered simplistic versions of these compounds when he heated

aqueous formaldehyde with phenol.

Years later in the early 1900s, Leo Baekeland refined this process and marketed the resinous
product as Bakelif& (Figure 9F; he referred to these structures @& metacyclophaes®’ Later,
Zinke and Ziegler began the synthesis of modmiixarenes in 1943 through the synthesis qgf-
tert-butylphenol and formaldehyde to form what today is calfetert-butylcalix[4]aren€?® Later,

the compounds were fully characterised by C. D. Gutsche as calixarenes in the laté’1900s.

OH OH 0] OH
@ HO OH Heat [HO CHal 0 O O
iy Phenol
' H.0 -
Z 0
JH2CO
HO HO HO

Bakelite as a cross-linked solid

Figure & The synthesis of Bakte produced as a resinous solid from phenol and formaldehyde.
¢tKS 62NR OFfAEINBYS RSNAGSa Ada YSFEyAy3a Ay

G2NR YSFHyAy3a OKFIEAOST 2NJ Odzld £ A1 ST | fiys’WI NB
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Calixarenes are classified as cyclic oligomers, vareimacrocycles comprised of two sectioas,
narrow, lower endo rim and a wider, upper exo rim (Figure’2®They aresynthesisedhrough

the reactions of phenol and aldehyde in the presence of a strong’acida basé for larger ring
systemsHowever, the work up from these syntheses are often time consuming and diffidiits

may belargely due to the presence of reaction side products and conformers of the desired
product. The existence of these species may alter the desired compounds affinity for specific

solvents, which increasingly makes purification difficul

A) B)

. R h q/\l/
= N
) - /Y
i OH In OH &}H{Iqud —» Endo

Figure 1@ lllustration of Rcalix[4]arene: A) Simplified model, B) Cyclic model displaying exo and endo regions.

The presence of a methylene bridge at the ortho position on the benzene allows for easy
maneuverability around this poirff. This leads to the formation of several kinds of conformers
(Figure 1). Functionalization at the upper and lower rim can induce or lock the calixarene into one
of these conformationg’ Calix[n]arenes, where [n] is larger than 4, have reduced conformational
energy barries allowing greater access to alternative conformations during their syntkesis.
Alternative conformations may lead to induced effects, such as increased efficacy in coordination

properties’?
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Figure 11: Conformations of fert-Butylcalix[4]arene A) cone conformation, Bpartial cone conformationC) 1,3-
alternate conformation, [p1,2-alternate conformation.

Modification occurs either through, but is not limited to, the derivatisation of the OH group
and through the electrophilic substitution of thenzene ring following the removal of the R group
in the para position (Figure 127° Replacement of the hydroxyl group with specifically selected
substituents is a simple route to locking conformatiéikyl chairbased substituentare popular
and often allow for further derivation if it is requiredlowever, modification sites also include the
methylene bridgeg® Modifications in this position may produce yet more conformers, which may
occur through standardng inversion. Conformers produced at these modification sites, with one
site substitution are axial and equatorial based, those with two site substitutions produce cis and

trans isomers (Figure 12.The group which is appended to the methylene bridge may also
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influence which position the functional group sitsor instance, alkyl groups appear to have an

increased preference for the equatorial position when compared to aryl gréups.

o) R
A) NH; \-OH R
fe)
HO 4 *
-0 LO
OH 2
4 OR g ©" oH HO™ S0

Figure 12¢ Examples of different modifications and conformers: A) Examples of modifications in the para and ortho
positions, B) Examples of axial and equatorial isomers where onkeyhigidge is modified, C) Examples of cis isomers
when two methyl bridges are modified, D) Examples of trans isomers when two methyl bridges are modified.

The ability to amend differing functional groups to the positions mentioned, allows the
formation ofa wide array of calixarene derived compounds (Figuré®®3Yhe seemingly unlimited

alterations which can be made to thesengpounds have led to a variety of systems with specific
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calixarened! Deep cavity calixarenes may be dg®d to have increased hydrogen bonding to a
guest in hosgguest chemistry? This type of calixarene has also been designed to have properties
specific to fluorescence, with enhanced solubility in fluorescgivents, as well as improved

efficacy as fluorescent sensors, along with varied functional groups for molecular recoghition.

A) C)

Figure 13; Examples of different calixarene based compounds: AalteéBnate modified at the ortho and para positions,
B) Cone conformation modified at the ortho and para positi@)sCone conformation modified at the methylene bridge.
Calixarenamodification for the application to cell membrane ion transportation has over the
years been extremely well document&® Calixarenes have been ustxlenable the process of
cross membrane ion transportation to be studied. Derivatives of these structures have shown
selectivity to ions and are able to regulate ion transportation whilst forming ion channels in bilayer
membranes® When introduced to the membrane, be it a monolayer, bilayer or phospholipid
bilayer, derivates of calixarene compounds interact with the cell membrane througttowadent
interactions. Tlkse can be through hydrophobic interactions, the formation of hydrogen bonds,

ionic interactions and mor&<%

Calixarenes designed to mimic iohannels are a@én designed as amphiphil@s®
Amphiphiles are molecules thabntain both a nonpolar hydrophobic region, often referred to as

0KS WilFAf QX FyR I LIt NJ KéRNER BRmphiphlic chli&afied y *
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the upper rim they may also exhibit sedfssembly within the membran&.®® lon-channel
mimicking calixarenes can be activated through several methods, some of which are through ion

recognition, through pdalrization, or through changes in §&:%!

The method through which these compounds are activated depeati course, uporthe
structure. There are several functions that synthetic ion channels must have. These compounds
must have the ability to transport ions in the rangfel0* to 10°ions per second, it must be able to
discriminate between species and must be at least 40 A in ldvggthuse his is he average width
of a phospholipid membran¥. Calixarenesas synthetic ion pores are well suited in this role
because of their selectively designed cagtiwith aromatic uits of 4being the most effective

choice for this rolgFigure14).

m Hm HO i OH HO i OH Q
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Figurel4 ¢ A range of iorspecific filters inspired by calix[4]arene.
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Research intealixarenesnoving forward is being centred around applications in biological
systemst® and environmental systemdncluded in this are their application to drug sensing,
biotechrology and biosensot$and as metallic sensorgshich been greatly documented10%10°
When calixareneompounds act as metalloreceptors they are multidentate ligands containing non
covalent binding sites which are often preorganised allowing for secondary interactions with a
coordinated substraté® Applications of ligand calixarenes yawhere some have been designed
to act as environmental heavy metal detecté?é$some may act as both detectors and separators
of metal ions or specié¥ and others have been incorporated into metaanic frameworks

(MOFs) for the detection of nitrogeriakide, NQ.1%°

An area of research which cannot be ignored hdue to its evergrowingimportance in
society is the application of calixarene derivatives to drug delivery. It is something that has
provided significant evidence for improved efficiency and efficacy of already in place drug delivery
systems, as well as paving the way for reavd improved system$? Delivery systems developed
include micelles, hydrogels, vesicles and liposomes and supramolecular nanovalves on mesoporou
silicast!! Calixarene derived drug delivery systems may be triggered to release their pay load
through several methds. These include being sensitive to'fiFigure 5) and naturally present
receptors!'® Calixarene basedrug carrigs interact with the loaded drug throughon-covalent
interactions. The nowovalent interactions that occur here depend on the designed system, but
may include hydrogen bonding, ionic interactions, van der Waals interactions and electrostatic

interactions!14116

Drug for loading Drug for unloading

AC Disassembly
Drug unloading

AC Assembly
Drug loading

R & &
® @ [ ]

pH<6.0 or pH>8.0 pH<6.0 or pH>8.0

Figure 5 ¢ lllustration of a pH dependant calixarene based drug delivery systérare AC mearamphiphiic calixarene
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Amphiphilic calixarenes have been extensively explored in research amtbsighed with a
hydrophilic group and a hydrophobic group, usually in the form of an extensive alkylthain.
Research intoalixarene based amphiphiles and swar@phiphileshas indicated the application of
this type of compound tdoth drug delivery systems and to disease recognition and treatment is
an effective system moving forwatd-118Not only because of the ease @dinctionality alterations
to the starting compound, but also because these molecules interact through-cowalent

interactions!®

Amphphilic calixarenes have been shown to seifemble into several different forms,
including micelles, vesicles, narabes, rods and fibre¥° These compounds have also been
shownto form different aggregates in differing conditions, changing their form from a micelle
structure to a fibrous structuré?*122 This type of reaction to the environment means that the
application of the compound may be altered to cater for different purposes simply by exposing the

compounds to different environments.

1.4 SupramoleculaAmphiphiles

Amphiphiles are categorized into fourogips anionic, cationic, neutral and zwitterioni¢3
' YA2YAO | YLKALKAfSAE KIFI@GS |y 2@SNIff yS3II GAC
sulphates and phosphate@igure BA)!?* Cationic amphiphiles carry a positive charge with
O02YY2y WKSIRQ SEFYLX S& adzOK |aB)2FNeutrgl Snaphighig | Y Y
carry no overall chargeheir properties are dependent on the functional groygesent and how
easily they deprotonate (FiguresC)!?® Finally, the zwitterionic amphiphiles carry both a positive
FYyR I yS3IGABS OKI NBS g6DjiKIAig coninfors for $hi Bytréplobicd N2
region of an amphiphile to be a long alkyl chain, but this may differ in some cases where there are

aromatic ring systems owhere trifluoromethyl is present?®3° ¢ KS WKSF RQ NB3

F YLIKALKAE Sa oAttt 068 L€ NI AY -pyldr lydetiBes ¢ KA € ad
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Figure 5 ¢ Examples of differentraphiphilesshowing the norpolar region in black and the polar region in pidg
Anionic, B) Cationic, C) Neutral, D) Zwitterionic.

Simplistically, mphiphiles are generally formethrough covalently linkinga hydrophilic
molecule with a hydrophobic molecut& This means there is great availability for the formation
of highly diverse amphiphiles. From simptersmaller molecules such aospholipids, @ larger
more canplex molecules such asphiphilic block copolymerg®132133\hile amphiphileghat are
analogous may be synthesised using the satagting method, the synthesis of other types of
amphiphiles varies greatlyor instance, fluorinated 1-@-O-alkyll glycerolPEG is formed with the
intended use to reduce the amount of anaesthesia usegpirating roons, whilst also increasing
its affects and may be formed under phase transfer catalfswhilst a range of amphiphiles can
be synthesised for a variety of purposes through the use of click chemistry, as well as-copper
catalysed azidalkyre cycloaddition (CUAAC) reactiofi§gue 17)'* These types of synthesis can
be used to form phospholipid based amphiphiles with up to 20 alkyl chéthsuses from drug

delivery to solubilising bioactive food additivE816
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alkyl chain tail where R = (@¢CH=CH(GHCH.

The general effects that a functional group has on the parent compound is well knowvednd
documented'®” From electron withdrawing/deactivating groups such as the nitro, ammonium and
halogen based groups, to the electron donatiacfivating groups such as the amidekyl and,
occasionally the hydroxyl based groups.Groups such as the hydroxyl group may be both

withdrawing and donating depending on the system in which it is in.

However, the effect that functional groups may have on the properties of amphiphiles is
something that requireqivestigation when novel compounds are being synthesisbis because
adding electron donating or withdrawing groups affects the electron density of a molecule. This can
cause changes to the polarity of the molecules which may result in a change to titg aba
molecule to form norcovalent bonds. Meaning thathanges to the molecules ability to self
associate may occur, or the ability to act as a receptor molecule for different substrates may also

change.

Changing the functional group may changetyyge of the aggregate formed by the amphiphile
during selfassembly. For instance, swapping end chain functionalised cyclodextrin for adamantly
functionalized calcein alters the properties of the aggregate formed by changing the diameter of
the aggregate asvell as the thickness of the aggregate w&lAmphiphiles selissemble into
aggregates when in solutiomhe structure of the agggetes formed varies depending on the
design of theamphiphile as well as the solvent in which it is introduceddoming structures such

as micelles, reverse micelles, vesicles or lipid bilaygt&Polar solutions will force the formation
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of micelles(Figure 8A), whilst nonpolar solutions force the formation of reverse micel(€sgure
18B).1*° The presence of hydrophobic groups can also affect the type of aggregate formed, for
SEI YL ST LIK2&LIK2f ALA R& canidinkKmidellesi whyrdas osdthdwo N2 O |

2NJ Y2NB KeRNROINb2Yy Wil AfaQ INB (22 od#Af 1& G2

(Figure BC) or vesicles (Figui&D).14

Polar Solvent Non-polar solvent
Hydrophilic head group Hydrophilic head group
Single hydrophaobic tail group ﬂ Double hydrophobic tail group

Figure B ¢ Examples of amphiphilic aggregatég Single hydrophobic chain amphiphile in a polar solvent. B) Single
hydrophobic chain amphiphile in a nqolar solvent. C) Double hydrophobic chain amphiphitenfag a lipid bilayer. D)
Double hydrophobic chain formirggvesicle.

Literature has showthat changing the functional groups on an amphiphile changes some of
its properties!*>143These poperties includethe ability to form gels in aqueous solutions, or the
ability to act effectively as an antimicrobial agéfft'*> Most types of antimicrobials work by
targeting the DNAof a cell,or enzymes on the membrane of a céf!*” These types of
antimicrobials may have higher toxicity amammalian cells, compared to antimicrobials based on
peptidesthat disrupt the bacterial membran®®14° Peptide amphiphiles are a class of peptide
based antimicrobial amphiphiles that were developed in 1995 by MattAerrell and Gregg
Fields'® This class of amphiphiles work by associating with the bacterial cell membrane, this
dismvery led to the development of new amphiphilic dru§eme examples of amphiphilic drugs

are: tranquilizers, antihistamines, antidepressaiisgure 193 -bliockers and antibiotic¥1%¢
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Figure 19%; Examples of two structurally related antidepressant amphiphilic drugs.

Research into amphiphiles has led to the development of sapmphiphiles, theseare
molecular machinesghat interactand are formed through norcovalent interactions®” Research
published by Wangt al. stated that supg-amphiphiles may be formed in twvays, either through
the non-covalent combination of a hydrophilic and a hydrophobic compoi&mr to amend a
molecule withgroups ofnon-covalent interactions that change the physical properties associated
with the moleculet® From this, low molecular weight amphiphiles have been shown te self
associate through hydrogen bonditfjespecially those containing specific functional groups such

as the urea functional groufs?

Faustinoet al. developed a analogue of anionic urea based sattst were derived from
sulphur containing amino acidd&igure 20A, B)!%? The study showed that hydrogen bonding
occurred at the urea moietyid not affect the formation of micelles, but showed no antimicrobial
activity. With this in mindPittelkowet al. synthesised aromatic anionizea salts derived from
sweeteners (Figur@0C)16*1¢5 with a focus orthe complexation of dendrimers and not the self
association properties. Hiscoekal then went a step further and modified the sulfonateea salts
with a focus in the selfissociation properties of these compounds. They discovered some of the

amphiphilic salts showed signs of antimicrobial activity (FigoE) 1°°

Page |31



Na'
o o
o
)J\ SH
N N
H H

C) o D) R2 VNa'
Q/\AN/\X .
\ | L ) \ | I
1 | 1
Hydrophobic Urea Hydrophilic Hydrophobic Urea Hydrophilic
group HBA group group HBA group

Figure20 ¢ Depiction of the evolution of the anionic urea amphiph#¢ Anionic monomeric urea amino aci) Anionic
dimeric urea amino acjdC) Anionic aromatic uredD) Modified anionic aromatic ureaX = S@ or GHsCE, A =
tetrabutylammonium(TBA) counter cation.

The amphiphiles shown aboue Figure20 consist of an anionic hydrophilic HBA group and a
urea group. These groups are used to form diffedeintding patterns, but they cannot exist at the
alYyS GAYS [yR a2 (KS ¥HydrdgdrvbontiSg@ibwsSar thedamphitilal NJ:
to selfassemble either through the urearea groups or through the ureaanion groups. Binding
through each mode creates different structures, where the wiesa can form either a dimer or a
tape like structure, and the ureanion forms asynstacked or aranti-stacking structure (Figure
21).15” Concluded from the researdiy Hiscoclet al.was that the binding mode was dependant on
the molecular structure of the antyphile, as well as beingependentupon the solvent system

used to form the aggregate.
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Figure21 ¢ Examples of possible hydrogen bonded-ss§ociation modes for this type of anionic urea based amphiphile.

Hiscoclet al. thenproceededo develop an aalogue of novel amphiphildhat kept the same
general structuré®” Functional groups present on the hydrophobic aromatic ring were altered,
some electron withdrawing, and some electron donatingups were affixed. These included
amide and nitro groups. The urea group was exchanged for a thiourea and the cation usdsovas
exchanged Studies were conducted on the properties of sefociation for these compounds in

the solid, liquid and gas pha$®

The research explained that compounds containing a -ar@anic group with a weakly
coordinated cation forms a ureanion complex and formed dimeric species in the gas phase and
solution state when present irsolutions containing high ppmrtions of dimethylsulfoxide
(DMSQ.**® When present in a water ethanol solution of mixture 19ie compounds formed
aggregates that were between 9160 nm, three of which showed antimicrobial activity towards
Methicillin-resistant Staphylococcus aureusMiRSA, a gram positive (+ve) celind towards

Escherichia colEcol), a gram negative\(e) cell}*
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Now thatthesecompounds had shown promise as antimicrobials, the mode of action had to
be investigated. Hiscoak al. went on to investigate the mode of action in a%avater (H,0): 5%
ethand (EtOH solution, investigating the aggregates formed in this solvent system. They did this
by synthesising a range of intrinsically fluorescent compotfiidisat allowed the mode of action
to be studied using transmittednd fluorescence microscopythe techniques showed that the
compounds formedesicularstructures that coat the surface of tidRS/Acell. The compound then

penetrates the cells membrane and intedises before associating with the nucleoid (Fig2e'®

Figure22 ¢ A) Green vesicular aggregates binding to the bacteria membrarstaphylococcus aureuss(@ureuy B)
Fluorescence microscopy image of white aggregates coatingutface of the cell membrane &.aureusC) Overlaid
fluorescence microscopy onto transmitted light microscopy displaying pink aggregates coating the surface of the cell
membrane ofS.aureusD) Fluorescence microscopy of white aggregates interacting with the nucleoid of tBeeagttus
E) Overlaid fluorescence microscopy onto transmitted light microscopy of pink aggregates interacting with the nucleoid
of the cell S.aureuglmagesobtainedand produced by aura Blackholly, Jennifer Hiscock and Dan Mylvihil

One of the intrinsically fluorescent compounds used within these studies has been published
twice by Hiscocket all®®%® The compoundis a tetrabutylammonium (TBA) sulfonateea
amphiphilic salt (Figur23) whichdemonstratedthe presence of dimers in the solid state formed
through sulfonateurea hydrogen bonds. Large aggregates of this compound were formed in

amounts ofDMSQCas shown in quantitative nuclear magnetic resonampéMR) with a size >10D
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nm and were thought to be smaller aggregates combining to form larger ones. In a 49: EtBH

solution the compound formed aggregates of size 220'%¥m.

O
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Figure23 ¢ Structure of novel TBsulfonateurea amphiphilic salt from Hiscoek al.168

The experiments concluded that the properties of amphiphilic surfactants may be predicted
based on the capabilities of the HBD urea group to form hydrogen bonds. The formation of these
bondsarelimited in this compound due to the presence of intramolecular hydrogen bonds formed

between the benzothiazoleitmogen andthe ureaNH6°

1.5 Fluorescent Receptors

Fluorescent receptors are receptors that emit a longer waveleaglightthan the wavelenth
of light by which it was exciteti* The compound shown aboyi Figure 17has the capability to
act as a fluorescent receptor. This is because it is intrinsically fluorescent due to the benzothiazole
group whilst possessing a urea grotigese groups combined enable hydrogen bond formatfSn.
Early reports of fluarscent receptor synthesis and design date back to the 197@dere in 1974
M.J Anderson and M.W Cohen first reported the process of labelling compounds using a fluorescent
dyel”®Whilst the metlod was revolutionary, it failed to recognise ligand binding siresinstead
it detected the receptor protein’2 Technologies later developed that focused on the detection of
ligand binding sites which thus allowed famocesses triggered by ligameceptor interactions to

be monitored.
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Compounds hat are intrinsically fluorescent are often ones that contain exterigive
conjugated system¥*17° Theseare systems that usually contain alternating single and double
bonds, most commonly seen in ring systems such as benzenes and p¥tfdlesnpounds
containing multiples of these groups may have increased fluorescence, where the light emitted
displays an incrse in emissiointensity 1’ For synthesised compounds to have the ability to act
as fluorescent receptors they must possess two fundamental qualities. Firstly, the compounds must
be fluorescent and secondly, the compound must have the ability to formaoealent bonds,

usually in the form of hydrogen bonds.

Receptors must be designed to contain complimentary binding sites to the molecules or atoms
for which it is designed to bind with® This means designingceptors that contain a sufficient
number of available binding sites both in the HBA and HBD regiwnlved in hosguest chemistry.
Receptors may be classed into categories, for instance, by the type of chemical reaction that is
induced during the recognition of the analyte. This may include those desisedion a cleavage
reaction, a nucleophili@ddition reaction, a reduction reaction, a complexation reactmna

deprotonation reaction-”®

However, the focus herés on the application of supramolecular sensors to the field of
molecular recognitioror, more specifically, optical sensors. Optical sensors may be categorised as
either colorimetric, circular dichroism or fluorescenbased® Fluorescent optical sensors are
synthetic molecular devices that are designed to bind analytes bycowalent interactions,
producinga change in fluorescence (Fig@4).28 The change in fluorescence upon the addition of
an analyte is indicative of binding, it may also be indicatithefype of analytdbound as different
analytes may produce different changes to the fluoreseeaof the receptor compoundrhetypes
of changes which may occur are fluorescence quenching, an increase in fluorescence emission
intensity, a shift in the wavelength of the peak maxima of the emission spectuinmay cause
Ly 2yk2FF (@& LIS Wa @K' thksa effiecks aré éirbct réstiltdzs bidsliagOahydo S

not occur unless specifi@nalyte isbound.
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Figure24 ¢ Graphical representation of the effects an analyte may have on a fluorescent receptor wS O S LJi 2 NJ 7
mode exhibiting no fluorescence along with a selection of analytas wSOSLIi2NJ FylfedS O2YLX S
fluorescenceC) Receptor analyte complex exhibiting quenching upon binding with a different arsdigten throudn a
decrease in the number of arrows compared t@®BReceptor analyte complex exhibiting increased fluorescence intensity
upon binding with a different compleshown through an increase in the number of arrows compared t)BReceptor
analyte complexepresenting a shift in peak maxima through a change in the colour of emitted dightpared to B
Hydrogen bonding chemosensors for: F) Urea, G) Creatinine, H) Monosaccharides.

Some common fluorescent compounds are anthracEf#ioresceint®” andquinine® These
compoundsare good starting pointdor the development of novel fluorescent receptoidey are
already fluorescentso the first point of alteration should be to adploupsthat are good HBAs

such a®nes containing nitrogen, fluorine and oxygathough,nitrogen and oxygebecome HBDs

when bonded to a hydrogen atoff®

Examples of anthracene based receptors with a varietgnalyte detectioncapabilitiesand

designs have been publishd&igure 25§°%1°2 From the selective detection of anions, to the
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detection of dicarboxylate, anthracene based receptors are just the start. A conmuiety
included in the structure of fluorescent receptors is the urea group. There are anthracene
derivatives!®® as well as fluorescein derivat@swhich contain this group. The use of a (thio)urea
group is effective within a receptor as it acts as an HBD with two positions available for hydrogen
bond formation.An article published in 2008 discussed the synthesis and design of an adenine
based fluorescent receptor possessing either a thiourea or a urea gfotipe paper discussed the
prevalence of (thio)urea groups to form directed bonds with spherical ions, such as those in the
halide group, with tetrahedral phosphates and with planar carboxylate arfSnghis singular
paper alone shows the abilities that one receptor may have to detect multiple different analytes,

whilst remainng stabilized and selective.

A) B)

0 0
«NH HN .~
0 0 | | .
N N*

NH HN .~
| C1)
4Cr

N* N*
] o

XSNH HNT S

o o

Figure 25 Anthracene based fluorescent receptors for: A) The selective binding of anions sugPCGasaid F, B) The
selective binding of aliphatic carboxylates.

Making receptors that are fluorescent is advantageous bseahey can be studied using
different technigues. Several techniques can be employed includidgaviolet visible
spectroscopy (UVis), fluorimetry or through proton nuclear magnetic resonance spectroséepy (
NMR)19:1971H NMR may be used to detect the change in structural stability or conformation of the
fluorescent receptor upon the binding of a guest material. There will often be a change in the NMR

spectra seen where a peak representative of the proton present on & mnoiety disappear due
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to the formation of hydrogen bonds between them and the guest analyte. Changes exhibited in

fluorimetry and UWis are described above in Figa4

As Hiscoclet al. demonstrated, theTBA sulfonatairea amphiphilic salt shown indare 23
exhibited the formation of dimers in the solid state, indicating the formation of intermolecular and
intramolecular hydrogen bond$2 1t follows that the benzothiazolarea section of this compound
makes for a good base for the devpioent of novel fluorescent receptors that share this

benzothiazoleurea moiety.

1.6 Project Aims

The aims of this project is to synthesise a calix[4]arene based amphiphilic salt that exhibits
antimicrobial activity towardsMRSAand E.colj and/or improvethe efficacy of amphiphilic
antimicrobial active compounds already published by Hisetckl.'*® Hence, two calix[4]arene
inspired compounds will be synthesised and characterised in the gas phase using electrospray
ionisation mass spectrometry (H85) and in thesolution state using NMR spectroscopy.
Compounds2-9 will be synthesised as precursors to compourddfisand 11 as the amphiphilic

calixarene derivatives.

The characterisation andproperties of two novel sulfonaterea amphiphilic salts will be
explored in he solid state, gas phase and solution state using single crystal Hiffraction
(SCXRPnegative EVS and NMR spectroscopgyompoundd 2 and 13 were synthesised outside
of this project and serfbr investigation only, previous versions of these amphiphiles have exhibited

antimicrobial properties?#®

Four benzothiazolerrea based fluorescent receptonavebeen synthesised and characterised
in the solid state, gas phase and solution state using single crysagl dKffraction, negativeeS]
MS NMR spectroscopy and fluorimetrCompoundsl14-17 were tested against a variety of
different anionswhich were acetate, benzoate, chloride, fluoride, hydroxide, hydregdphate,

phosphate monobasic and sulphate. Compouhds are shown in Figer26 below.
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Figure26 ¢ Structures of compounds-17.

2.0Supramolecular seffssociating amphiphilic calixarenes

A range of calix[4]arene compounds were synthesised to improve the delivery of novel
antimicrobial amphiphilic salts as well as to increase the efficacy of their effect. Comfhauesl

designedas a receptor molecule for another project. Compourifd® were synthesised as
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precursors to compound40 and 11. Compound 10 was designed as an amphiphilic salt, and
compoundllwas designed as an aliphatic ur¢laese were designed as the final structures of the
calix[4]arene inspired receptors. Compoub@and 11 were designed to have different structures

so that the efficacy effects could be compared across different structures to better determine which
functional group has the greatest effect as either a drug delivery system or as part of a

coformulation product vith amphiphilic salts.

2.1 Synthesis

Compoundd-3, 5and9 have been previouslyublished!%419%200hyt are required to synthesise
4,6-8, 10and11, which are novel compounds. Compouhdias synthesised according teaction
1 (Scheme 1)y combining pyrrole and acetoneijth a yield of 57 %ompound2 wassynthesised
according toreaction2 (Scheme 1)by reactingp-tert-butylcalix[4]arene and phenolyith a yield
of 66 %. Bmpound3 was synthesised accordingeaction3 (Scheme 1), by reacting calix[4]arene
with butyl iodide in the presence of potassiucarbonate (K:CQ), producinga yield of 51 %
Compound4 was synthesised through the direct nitration of compou)deaction 4 (Scheme 1)
using 70 wiw nitric acidHNQ) and 95% w/w sulphuric aci@H.SQ) diluted to 80% w/wwith a
final yield of91 % according taeaction4. Compound was synthesised according teaction5
(Scheme 1py reacting calix[4]arene with butyl iodide in the presence of sodium hydhidéd)

with a yield of 46 %.
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Scheme I; Synthesis scheme faompoundsl-5, conducted at room temperature

Compound6 was synthesised through the reduction of compouhdsing a hydrogen gas
balloon and palladium on carbdfd/C)with a yield 0of90 %, according to reaction 6Scheme 2)
Compound? was synthesised according teaction7 (Scheme 2)ith a yield ofL7 % Compound
8 was synthesised as an intermediate to compoufidhrough the reaction of compoun@ with
triphosgenewith an assumed yield of 10%, according to reaction 8§Scheme 2)The vyield of
compound8 is assumed to be 100% because it is an unstable intermediate and so cannot be dried
and weighed to gain the actual yield. This is the same for compau@oimpound was synthesised

according tareaction9 with an assumed yield of 100(&cheme 2)

Page |42



N02 NH2
. e WL
6 + H, _ MeOH 90 % yield
o) OH o\H OH
L 2 L 2
4
; PN 1V %}v 17 % il
N,
OH 4
2
L s
NH, _— NCO
. /o
Q Ethyl Acetate
8 + /Eo i atdatiing 100 % yield
0 OH 0 N2 o OH
cl
c’
L 2 L 2
6
o o \\L Dry 4 h O o
N _O Yy r \ _O
9 S + N*— - — .~ TBA 100 % yield

*HiN OH HoN
SN ) \\\ Vacuum 20N D)

Scheme Z; Synthesis scheme for compoung@lg 9, conducted at room temperature.

CompoundlOwas synthesisedccording tareaction10 through thereaction ofcompound9,
aminomethanesyhonicacidTBAwith compoundl10in ethyl acetate (EtOAc) produciagyield of
65% Compoundll was synthesisedccording taeaction11through the reaction of compoun@

with butyl isocyanate in pure pyridine with a yield5#%(Scheme 3)
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Schemes ¢ Synthesis schme for compound40and11. TBA = tetrabutylammonium

The synthesis of these compounds varied with difficuRgr instance, compound was
relatively easyasfrom start to finishthe synthesigook one hour to completeThesynthesis of
compound2 on a smaller scale haal simple work up that did not involve too much time or too
many stepsWorkup on a larger scale became more challenging however, partially due to the

evolution of copious amounts of gas.

The synthesis of congund3 was relatively simple with few reaction steps, though the reaction
was a little lengthy, taking two days to complete. Byathesis also worked well on larger scales,

where multiple grams of compourlwere being produced.

One of he mosttime-consuningissues however occurred when the synthesis of an indirectly
nitrated calix[4]arene compound was attempted. Several attempts were made to syrdghesis

compound such as this (FigureA7which ultimately resulted in failureThe synthesis of this
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compaund was attempted several times, with changes made to the mass of reactants used or which
reactants were used. For instance, the use of sodium hydr@id®H)nstead of triethylamine as

a base catalyst. Finally, the length of time in which the syntharisvas also altered several times.

In each case these experiments did mairk; this was proven when only starting materials were

isolated after the completion of the reaction.

Some of the experiments attempted were also very lengthy and involved multiple reaction
steps. For instance, where compouBavas reacted with benzoyl chlorid€igure 27B) anlaOH.
Compound3 wasfirst stirred with sodium hydroxiddor five hours under itrogen gas irthloroform
(CHGQG). After this itwastaken to dryness and placed on the Schlenk line overnigiter whichthe
remainingresiduewas dissolveihto dry dimethylformamid¢DMF)and adeed to this wasenzoyl
chloride The solutiorwas then sirred in an ice bath undemitrogen gagor five hours The solution
was thenwashed with water and died over magnesium sulphateThe magnesium sulphate was
then filtered off and the remaining solution taken to drynessproduce a solid, whiclfter

andysis, was showto be the benzoyl chloride.

A) — — B)

NO,

NO,

Figure Z ¢ Compound examples: A) Indirectly nitrated calix[4]arene derived compound, B) Benzoyl chloride.

From here, the decision to abandoattempting to synthesisethe indirectly nitrated
compounds. A few teempts were made to synthesise compouddbefore it was successfub
complicated reaction involving compour® oxalic acid dihydrate, sodium nitritdNdNQ) and

silicon dioxide (Sip was attempted. This took approximately 40 minutes. Though several steps
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were involved such as introducingoda lime which is a mixture afodium hydroxideand calcium
hydroxide (C4dOH),), to neutralise the poisonous gasedtrogen monoxide, NO) and nitrogen
dioxide (NQ) that were produced during the reactioriThe solid SiDwas filtered before the

reaction mixture was taken to dryness.

This reaction didnot work as only starting materials were isolatednd so the use of
concentratednitric acidand sulphuric acidas a catalyst was used to produce compoudnd his
reaction was successful, and the conditions were tweaked slightyn attemptproduce a mone
nitrated version (Figure 28) of compountd The synthesiof this compoundwas revisited
throughout the year,though the reaction remained unsuccessf@hanges were made to the
reaction conditions during synthesis, such asingnitric acidalone, using a single drop of 95 %
w/w sulphuric acidusing a more diluted portion aulphuric acidat 60 % or 70 % w/w instead of
the recommended 80 % w/w, argy neutralisingthe reactionat different times ranging from 30
seconds to 5 minutesor where there wasn immediate colour changés the reaction remained

unsuccessful, the synthesis was watried forward.

Figure 2& Mono-nitrated version of compound.

The synthesis for compourfiiwas not only lengthy, but also involved a lengthy work Tipe
reaction itself took in total approximately 26 hours to complete and produced comp@uwtiich
is the same as compourigbut with the butyl chains iriple addition as opposed to a quadruple
addition of the alkyl chaing.o achieve the synthesis afrapound5 the molar amount of sodium

hydride was increased to catalyse the reaction to completion withir2éhbour time frame.
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Compound 5 and 7 were synthesised in the aim of producing a compound that would better
penetrate the cell membrane by havingone butyl chains attachedlhese compounds were not
carried forward due to time constraint$he synthesis of the mordtrated version(Figure 29vas

unsuccessful and followed the same methodology asweasused to synthesise compourd

Figure 2%; Example of monaitrated version of compound.

The synthesis of compourtiwas relatively simple, though it took between 24 and 72 hours
depending on the amount of compoundlin the reaction.Often compound4 would not fully
dissolve into thenethanol(MeOH)but would dissolve as the reaction progressBdrification of
compound6 from the reaction mixture was difficult, there seemed to always remain a product that
couldnot be removed Unfortunately, this meant that compourtéicould not be purified enough
for characterisation,as shown with'H NMR, but it was pure enough to progss with

experimentally.

Compound 8 was synthesised as an intermediate compound towards the synttafsis
compound10. This was to enable the formation of a urea functional group within the compound,
so that the sulfonate functionality of compour@dcan beamended onto compoun8. Compound
9 was synthesised whilst the reaction for compouBidwas progressingCompoundl1l was
synthesised from compoun@ through the addition of butyl isocyanat®ue to timeconstraints
compoundsl0and 11 were not purified eva though several methods were attempted. Including

crystallisation fromchloroform, from methanol and fromethyl acetate precipitation from
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chloroform with methanol, or fromethyl acetatewith water. CompoundslO and 11 remained

impurified and so, uncharacterised.

The reactions for compounds11 were relatively simple and took between 6 andif®urs to
complete. There were several moments which have been discussed hererteant time was a
limiting factor Overall, theprogression of the compounds discussed in this chapter was difficult
and often involved lengthy method development. However, once specific avenues had been
explored the reactions used to synthesise compoutesl were relatively easy to follow and

complek, though several were time consuming.

2.2 SeHassociation in the solid state

2.2.1 Singlerystal Xray diffractionstudies

Single crystals are materials in which the crystal lattice of the sample is seen througlacut.
Von Laue suggested the use afgie crystals as diffraction gratings in 1&t2lue to the presence
of identical repeating units. This is a ndestructive technique that is used to obtain three
dimensional structures of materials in the solid state. This technique is also capable of providing
other information; for instance it may ige information on bond distance, bond angle,

conformational structures and intermolecular forc&s.

Crystal structures of compoundsind?2 are previously publishetf2%4 along with crystals from
similar structures to compound8 and 5.2052% Single crystal structures of compourdwere
obtained ttrough the slow evaporation of a mixture of Cki®1eOH Crystals of compounds; 7,
10and 11 were not obtained though many solvent systems were attemptaeth as a 1:1 ratio of
CHG MeOH, a 2:1 ratio of CHCMeOH and a 1:1 ratio of Ame (Ace) MeOH The cystal

structureof compound4 wasnot refined due to time restraintand the coronavirus.
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2.2.1.1 Results and discussion

The rudimentary crystal structure of compound obtained directly froma Rigaku Oxford
Diffraction Supernova diffractometelemonstrated the position of the nitro group on the phenolic
units. Unfortunately, the crystal structure of compound was lost andit was not able to be
recovered Thehydroxyl groug present on the calixarene act more favourably tsupstitution
thanthe alkyl groups that are presefft’ This means that nitration of the calixarene occurs on the

phenolic units (Figure 30).

NO,

Figure 3Q; Sructure of compoundi.

2.3 SeHassociation in the gas phase

2.3.1 Electrospray ionisation mass spectrometry

This technique provides qualitative information about a samfilean provide an insight into
weak noncovalent bonding which occurs in the gas phafter ionisatiod® if the molecule is not
naturally ionic. This is achieved when the sample compound is injected into an ionisation®&urce.
Compoundd wasanalysed using negative B8$ to determine the presence of low level complexes
in the gas phasewhich if presety would indicate selassociation within, or between the molecules

of the compound studied.
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2.3.1.1 Results and discussion

Preparation of the samples were standardised in order to make the results comparable across
each sampleApproximatelyl mg inof each compound was dissolved intanLof methanol. This
solution was further diluted 106 2 f R 0 ST2NB dzy RSNH2AYy 3 Fyl f &aa:
then injected directly into a flow of 10 mM ammonium acetate in%5wvater (flow rate = 0.02
mL/min). Conpounds4 (Figure 30js neutral, and so must be ionised to produce the monomeric

statewith a mass to charge ratio (m/g@yl - H]" (Tabé 2).

Tabk 1¢ High Resolution mass spectrometry theoretical and experimentally derived values for convhound

m/z [M - 2H7 m/z [M + M- H7
Compound Theoretical Actual | Theoretical Actual
4 312.1241 Roown | 624.2482 624.35]

The monomeric specigM - 2H]" m/z for compound4 wastheoreticallyobserved 8§626.2628
¢ (2 x1.0073) =624.2482 624.2482 | 2 = 312.124A.loss of two protons is observed here because
of the symmetrical bisnature of this compound.Unfortunately, due to lockdownbeing
implemented by the government because of the corona virus the clear section of the mass
spectrum containing the peaks situated in the region of 312 is unavailable at this time. If it were, it
would depict a clear enhanced version of the spectra displaying this peak, in replacement of this,

the whole spectrum is provided with the region in 312 highkghwith a black arrow (Figurel}.
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Figure 3 ¢ Full mass spectrum obtained for compou#dThearrows indicated the approximate region containing the
monomeric peak for compound, with an enlarged section.

The presence of a peak at 624.3578 indicates the presence of a dimer formed in the gas phase.
Where the dimer would have an exact mass of 6282x 2 = 1248.4964. So, because this dimer
has a charge of2, we theoretically see a peak at/z 624.2482,as 1248.4964 [ 2 = 624.2482,
practically a peak is observed at 624.3%Fjure 2). It is possible for molecule containing thigro
group to form hydrogen bond®with other species, such as thgdroxide group, which compound
4 contains both these groups. This could be an explanation for the formation of dimers in the gas

phase by compound.

imens. 623.3550 -MS, 3.9-5.3min #466-633

400

6243578

200

615 620 625 630 635 640 miz

Figue 32 ¢ Electrospray mass spectrometry spectrum of compodistiowing the monomeric species.
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The EBMS data for compound revealsthere arenon-covalent interactions in the gas phase.
Compoundd0andl1lwere designed to selissociate. The presence of dimers in their relative ESI
MS would support this theory. The strength of inteiaos would have to be explored using
alternative measures. However, B$ was not obtained for compound) and 11. Severha

attempts were made to obtain thdata for these compounds, without success.

2.4 Future works

Due to the time restraints and difficulty of synthesis not all studies were completedisn th
series ofcompounds. Further studies as well and purification ahdracterisation are required

before any formal assessment of the properties of these molecules can be detekmine

1 ESIMS for compound40and11.

9 Selfassociation and association properties on compoufiisand 11. Quantitative
NMR,diffusion-ordered spectroscopfDOSY, dilution studies, titration studies.

1 Dynamic light scatterin(DLSpand zeta potential studies.

9 Critical micelle concentratiofCMQ@ studies.

1 Antimicrobial activity screening.

1 Studies on Gram +ve and grave bacteria, such aSéureug and E.col) respectively.

Compoundsl0 and 11 were the final compounds for this portion of synthesis and were the
end goal. Had more time been awle these molecules would have gone on to been tested for
their application as antimicrobial active compound®ngsideefficacy studies in relation to
compounds already published from the Hiscock research group that show antimicrobial activity as

well as seassociation propertie$®®
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3.0Study of setassociativaireasulfonate salts

Using knowledge of hydrogen bondedion coordination the ureaanion sdf-association
properties of compoundsl2 and 13 have been exploredSeveral diferent techniques were
employed in the solid, liquid and gaseous states including, the use of-siygtal structures!H
NMR and mass spectrometry. Compourdsand 13 both possesHBA and HBD regions within
their structures, as presented by Hiscatlalin their publications o$elfassociatingirea-sulfonate

salts168.198

3.1 Synthesis

Compoundd2and13(Figure 3) were synthesised bpr Claudia Caltagirorsg the University

of Cagliari, Italy.

Cl
1.0 g i
/> TBA o)
N N~ NS )J\ g TBA
J o~ o N~ "N~ s
H H g O
13

/\_
H H 4o
12

Figure 3 ¢ The structure of compoundk2 and13.

3.2 &lf-association in the solid state

3.2.1 Singlerystal Xray diffractionstudies

Sngle crystals were obtaineaf compoundl3throughthe precipitation of thecompound with
water from ethyl acetate There was difficulty trying to obtain crystallisation through standard
methods, so in the hope of obtaining a crysthk precipitate of compound 3 from ethyl acetate
appeared to contain crystals, which it dido crystals were obtained for compouri@ even though

severaldifferent systems were attemptedfor example through slow evaporation imethanol
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from methanolwith a drop of DMSO, through phase separation usihg| acetateandwaterlayers
and finally though precipitation as a last attemptll crystallography data was obtaineefined

and processethy Dr Jennifer Hiscock.

3.2.1.1 Results and discussi

The crystal structure of compouri® (Figure &) shows the full crystal structure of compound
13 along with the TBA counter cation present, also displaying the presence of water within the
structure. The structure depicts the formation of intermoleculamts formed between two
molecules of compound3. An intermolecular hydrogen bond has also been formed between the

urea oxygen of one molecule to the hydrogen on a molecule of water.

Figure 3 ¢ Single crystal-¥ay structure of compound3.

The crystal tsucture of compoundl3 (Figure 3) shows the compound seéfssociates in the

solid state througtthe formation of a hydrogen bonded dimérhe inermolecular hydrogen bonds
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are formed between the urea NHs and the sulfonate oxygens. The structstabifised by four
hydrogen bonds, two originating from each molecule. The urea acts as an HBD group donating the

hydrogen bond to the sulfonate oxygens, which act as the HBA group.

Figue 35 ¢ Single crystal-xay structure of compound3 showing seHassociation in the solid statbrough the formation
of a dimer stabilised through four hydrogen bontgater and TBA counter cation omitted for clarity.

Theextended crystal packing structure of compout8{Figure 8) shows the dimers associate
through irtermolecular hydrogen bonds formed between the molecules of compoil®aand
water. The water molecule acts as an intermediate for the formation of hydrogen bonds between
the aromatic carbonyl groupf one molecule in a dimer, tihe urea oxygen of another molecule
of compoundl3 situated in a separate dimef.he presence of water within the crystal structure

aids in stabilising the formation of the crystal for compourd
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Figue 36 ¢ Single crystal Xay structure of compound3 demonstrating its crystal packing arrangemefBA counter
cation omitted for clarity.

The single crystal structure of compourd® demonstraes that there is selfssociation
occurring in the solid stat@he crystal packing shovimFigure 35 eémonstrdaes that the molecules
are arranged slightly offset to one another. The aromatic regions of each molecule of comi®und
are stacked above one another, but the molecule twists and bends slightly at the urea group,
enabling hydrogen bonding to occur betwetre two compounds in a structurally stable position.
The presence of intermoleculaydrogenbonding in the solid state is a sure sign of-ssociation,
however this method cannot be used alone to define these types of interacfidmns.is because
though these interactions may change in the solution state, or the gas state and so it is important

to study the presence of these bonds in these states to define them fully.

3.3 SeHassociation in the gas phase

Methods that can be employed in both the gas and solution state will indicate the presence of

hydrogen bond formation within compound®and13. This is particularly helpful here as no crystal
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structure was obtained for compountR. Although, these methaglcannot indicate where these
bonds are occurringjke crystallography data cait, can be theorised that as these compounds
share similar structuregntermolecular bonding will occur in compout@as they did in compound

13and it can be expected thabompoundl12 will form dimers.

3.3.1 Electrospray ionisation mass spectrometry
Compoundd 2and13were analysed using negative 88 to determine the presence of lew
level complexes in the gas phaggproximately 1 mg in of each compound was dissolnéal 1
mL of methanol. This solution was further diluted @ f R 60 S¥F2NB dzy RSNH2 Ay 3
of each sample was then injected directly into a flow of 10 mM ammonium acetate % ®&ter

(flow rate = 0.02 mL/min).

3.3.1.1 Results and discussion
The data obtained from this experiment shows ttia¢ anionic component ofompoundsl?2
and 13 exist asboth monomeric and dimeric species in the gas phase. Compdlthded 13 are
both salts, and therefore exhibit threnionicmonomeric state [M]andthe anionicdimeric state [M
+ M + H] (Tabk 2). The anionic components of compounti8and 13 are charged species, and so
do not require ionisation. Both compounds exhibit a atige charge of oneMeaning that the
values obtained from the mass spectra have been divided by one and are representative of the [M]

and [M + M + H ions formed.

Tabk 2¢ High Resolution mass spectrometry theoretical and experimentally derived values for comfd@am$13.

m/z [M] m/z [M + M+H
Compound Theoretical Actual| Theoretical Actual
12 304.9753 304.9765 610.9579 610.9593
13 311.0343 311.0356 623.0759 623.0773
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The protonated dimeric species of compouridsand 13 were observed. Using compoui@
as an example (Figar37). The monomeric [M]m/z peak is observedt 304.9765 and the
protonated dimeric peak [M + M +"His observed at (2 x 304.9765) + 1.0073 = 610.9593. this
calculation indicates that a dimeric species is present in the gas phase and is also apparent for

compoundl13 (Figure 8).

Intens. -MS, 7.1-9.0min #843-1080]
6109593
304.9765
A B
6000
4000
167980 306.9736
334.9964
2000 J l
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305 ?
610
223.0042 546.2533
6109593
852.2375
0 [ Ll A

200 T 400 600 800 1000 1200 m'z

Figue 37 ¢ Electrospray mass spectrometry spectrum of compoliaddepictingspeciesA) [M], B)[M + M + H]-.

Imxe;o»ss,- 166.9958 MS, 6.1-7.0min #728-83§)
311.0356 623.0773
A B
1.0
0.8
0.6
04
312034
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5100 & ]
3110356 I
L | 623.0773
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Figue 3B ¢ Electrospray mass spectrometry spectrum of compotliBddepictingspeciesA) [M]-, B)[M + M + H]-.
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The presence of dimers in the gakase indicate the strength of bonds formed between
molecules are quite strongspecially proven as the complexed structure of the dimer survives the
experimental conditionsThephenomenonof selfassociation in the gas phasequite unusualas
the expeimental conditions would usually degrade hydrogen bonding in the gas pfase
strength of these interactionis not quantifiedherein the gas phase and so, will be quantified and

studied in the solution state.

3.4 Association in the solutistate

Studies in the gas and solid state occur in the absence of solvent. The absence of solvent allows
for the interactions between compounds to be observed. Howether existence ofolventsolute
interactionshas been well documentedherefore it is mportant to investigate these interactions
for novel compoundsSolvent molecules mayntaineither HBA or HBDgroups which may in turn

affect the seHassociation properties of moleculesuch as compounds2 and13.

A commonsolvent that actdoth as @ HBAand an HBDis water(Figure 3C) This is due to
the polar protic nature of the solvent, in which it interacts through the proton during hydrogen
bonding?® Whereas, DMS@cts as an HB only(Figure 3C) this is because it ia polar aprotic
solvent. This means that it interacts with solutes through the oxygen atbem acting a a HB.?!!
Previous studies by Hiscoek al. have established experimental paratars to determine the
association properties of compounds in differing solvent conditi§fiEhese techniques va been
employed inthe studies of compound42 and 13 in order to characterisethe selfassociation

properties ofthese compoundn the solution state.
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Figure 3 ¢ Structure of solvents showing: A) The structure of DMSO, B) The structure of watee, @ddps involved in

acting as HBA and HBD groups for DMSO and water.

3.4.1'H NMR quantification studies

Quantitative '"H NMR(gNMR)studies are employed to quantify the interactions occurring
within compoundsl2 and 13. *H NMRpossesses an inherent property, that each NMR signal in a
spectrum is proportional to the number of nuclei responsible for that péaRdvantagecan be
taken of this property where an experiment is devised which empltlye techniqueof usingan
internal standardhat isthen comparal with a known concentration of theompound Thismakes
it possible to calculatéhe proportion of molecules in soluti If the proportion, or percentage of
molecules calculated in solutiois below 1002 Ay | 3IA @Sy a2t @Syiasx GF
Of FaaATASR & Wbaw aAftSyidQ o6SOI dzaf indicatestBeE OS S

formation of largerstructures whichare too large to be detected

Solution state NMR possessgeveral limitations which arsensitivity, solubility of compounds
and the natural abundance of an isotofiane limitation of this experiment that cannot educed
is the ability for the instrument to detect larger structures in solution. This is dfesrause larger

structures that are formed in the solution stateay adopt solid like characteristics, meaning they
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become NMR silent due to their slowing ma@ilivithin the solution state, meaning that the NMR
is not sensitive enough to detect the spin resonance of slower moving paiitEsis limitation is
taken advantage of in gNMR to indicate the presence larger structure formatitime solution

State.

Compounds 12 and 13 were studia under these conditions in a DMS@ls. 1 %
dichloromethane DCM) is added to thesolventas an internal standard with aingle'H NMR signal
at5.76 ppm irDMSGQGds. Deuterated water D,0) spiked with 3% EtOH as the internsiandardhas
also been employedThe EtOH produces a peak at 3.65 ppm in this solvent. These internal
standards are used because their peaks appear at a shift thatrdnes/erlapwith anypeak that
is representative of compoursdl2 or 13. This means thahe internalstandard signalsan easily

be comparativelyintegrated

3.4.1.1 Results and discussion

The data obtained from the gNMR studi€Bable 3)show that there wasa proportion of
compound that became NMR sileiotr compoundsl2 and13in deuterated DMS@MSQds). This
was also observeid D;O: EtOH for compount, but noproportion of compound.3became NMR
silentin this solvent systerpossibly due to the solubility of this compound in water.
Tabk 3- Overview of the calculatepercentageof compoundthat became NMR silersit a total concentration of

111.12 mM in DMS@g, 1 % DCMWitha total concentration 06.56mM in HO: EtOH 19:1 solutidior compoundsl2

and13.

% Loss % Loss
Compound DMSQds with 1% DCM DO with 5% EtOH
12 44 19
13 29 0
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The results of the experiment indicate that a large portion of the molecules form larger
aggregates with solitlke characteristicih DMSGds. This has been seen in previously published
data, but often it igeportedthat no proportion of the molecules become NMR siléntthe DMSO
solvent conditiong?® On the other hand, compounds? and 13 when observed in the {O: EtOH
solution, only compoundl2 showed signs othe compoundbeing NMR silentindicating the
formation of larger structureén this solvent systemWhere nomolecules became NMR sileint

this soVent conditionfor compound13, it indicates thano large aggregates are being formed

Using compound3as an example iDMSQds, the DCM peak is calculated to be 2.95. The CH
peak at7.15 ppmshould integrate to be 1, however it integrates for 0.71 (FiglOe Therefoe, it
is possible tadetect2 yf & 1M 22 2F GKS O2YLRdzyRI HKSNB H

forming larger solidike aggregates.

) My | L -

10 8 6 4 2 ppm]

Figure40 ¢ H NMR spectrum ¢d= 60 s) of compound3 (0.0300g, 111.12 mM) and DCM (5 pl, 0.08 mM) in DMIEO

29% loss of compound observed upon comparative signal integration.

Compoundl3 showed that no proportion of molecules formed larger aggregates in #& D

solvent system depicted througtomparative integration (Figureli
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Figue 41 ¢ *H NMR spectrum ¢d= 60 s) of compounti3 (0.00L5g, 6.00 mM) and EtOH (5 pl, 0.43 mM) ¥®DNo

apparent loss of compound observed upon comparative signal integration.

Compoundl2 showed a 44 % decreasethe proportion of molecules detected B NMR,

shown through comparative integration (Figurg) 4

|
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Figure42 ¢ 'H NMR spectrum ¢d= 60 s) of compound2 (0.0300¢g, 111.12mM) and DCM (5 pl, 0.08 mM) in DM8§

44% loss of compound observegon comparative signal integration.

Compoundl2 showed a reduction by 19 % in the number of molecules detected thréidgh

NMR. This is depicted as a result of comparative integration (Figre 4
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Figure43 ¢ IH NMR spectrum ¢d&= 60 s) of compouni2 (0.0015g, 6.00 mM) and EtOH (5 ul, 0.43 mM) #0019 %

loss of compound observed upon comparative signal integration.

The data obtained from gNMR shows that in DM&®oth compoundsl2 and13form larger
aggregates. Whereas, O only compound.2 is shown to form these larger aggregates. This is
evidence of the effect different solvent systems can have on intermoletyldrogenbonding.
Again, it is very unusual that no association is observed in #@esblution, but that agsiation is
observed in the DMS@s solvent systemfor compound13. This is new and exciting data!
Comparatively, compounti2 has a smaller ring system than compoutg] due to the presence of
a cyclopentadiene ring instead of two benzene rings,¢hifdd explain the reduced solubility seen
for this compound in both solvent systems that were investigat€éde use of comparative
integration through the doping of a known amount of solvent has enabled the formation of these

larger aggregates in the solah state to be quantified.

3.4.2'H NMR DOSY studies

The hydrodynamic radius of a complex in solution can be determined usiHgNWIRDOSY
study. This experimenderivesthe diffusion coefficients for individual resonances idHaNMR
spectrum.The vales can then be substituted intihe StokesEinstein equatior(Equation 1)}o

enable the solvation sphere diameter to be calculatiexin the data obtained.
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Equation 1¢ The Stoke€instein equation used to calculate the hydrodynamic diametdrom the dffusion coefficient.

d, = Hydrodynamic diameter (m)
kT k = Boltzmann constant
T = Temperature (K)
n = solvent viscosity (kg/ms)
D = diffusion coefficient (m2/s)

U= 3D

Practically speaking it it known if the seHassociated structures formed from compounds
12 and 13 form spherical structuresThis is a limitation of this experimeaaittechnique as theuse
of the StokesEinstein equation assumes that particles formedhiese solvent conditionsexist as
spherical structure. Because of thiassumption any value for the solvation sphere calculated will
be taken as an estimation of sjzather than an exaatalculationFor instance, particles which are
not spherical are measured across their widest length, giving the false impression of the molecule
forming a spherical structut& (Figure 4)). Experiments for compounds? and13were carried out

in DMSGds.

Figue 44 ¢ Examples of nospherical particles and how tl#hape may give the impression of a spherscddation sphere

calculatedusing Equation 1.

3.4.2.1 Results and discussion

The calculated results from theél NMR DOSY experimesgtimatesthat compoundsl2 and

13 (Table 4have ahydrodynamiadiameter of1.33nm and 1.54 nm respectively. Thesevidence
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supporting theformation of low level selassociated structuresuch as monomers, dimers or

trimers.

Table4 ¢ Calculated hydrodynamic radius of compoud@sand13 (nm) in DMS@is (111.12 mM).

Compound Hydrodynamic diameter (nm)
Anion Cation
12 1.33 1.25
13 1.54 1.24

The results obtained from tise data show that the anioe and cationic compeents of
compoundsl2 and 13 diffuse at different ratesThe!H NMR DOSapectra and table of diffusion
coefficients from the experiment for compouri@ is shown taindicate the difference in diffusion

between the anionic and cationic components for compod2dFigure %).
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Error [m2/s]
Peak Name D [m2/s] (x10°19) (x10°1 for peaks 1-5)
(x1015 for peaks 6-9)
1 1.83 4.346
2 1.67 2.579
3 1.66 2.493
4 1.64 3.114
5 1.63 1.432
6 | 1.78 | 6.025
7 | 1.75 | 5.675
8 | 1.75 | 4.505
9 | 1.75 | 2.661

Figure45 ¢ 1H DOSY NMR of compoui@ (111.12 mM) in DMS@s conducted at 298.15 K. Anionic component is
highlighted in purple angink, TBA counter cation is highlighteddlue. Inclusive of the table which repredathe values
for the diffusion constant for each peak used to calculate the hydrodynamic diamefeexXdept for peak 1. This was
found to be an outlier, so was not used in the final calculation of the hydrodynamic diameter. R&alsr2spond to
the anbn, and peaks-® correspond to the cationic component of compoutil For the full set of results from the table

see Appendix Figure 94.
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compound. It has beenighlighted in purple because it was found to be an outlier. It is common
that NH peaks may often become broad dutAigNMR analysidue to exchange effect3 his effect
may alter the true value of the diffusion coefficient for that peak. This is the reia$msnot been
included during the calculation of the hydrodynamic diameter for the anionic component of

compoundl2.

The!H NMR DOSY spectra and table of diffusion coefficients obtained for comp8shdws
the difference in diffusions of the anionitomponent to the cationic component of compout8
(Figure #). All the peaks produced in théH NMR spectra of compouri8 are in line, indicating

that there are no exchange effects occurring within this compound around the urea NHSs.
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Error [m2/s]
Peak Name D [m2/s] (x10°19) (x101# for peaks 1-6)
(x10-15 for peaks 7-10)
1 1.44 2.526
2 1.42 1.607
3 1.42 1.121
4 1.42 1.994
5 1.42 1.911
6 1.43 1.160
7 | 1.78 | 6.146
8 | 1.76 | 6.139
9 | 1.76 | 4.974
10 | 1.76 | 2.714

Figure46 ¢ IH DOSY NMR of compoud@ (111.12 mM) in DMS@s conducted at 298.15 K. Anionic coomgnt
highlighted inpink, TBA counter cation highlighted bfue. Inclusive of the table which represents the values for the
diffusion constant for each peak used to cddtea the hydrodynamic diameter ()i Peaks &6 correspond to the anion,
where peaks 710 correspond to the cationic component of compout®@l For the full set of results from the table see

Appendix Figure 95.
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The results obtained here are representativelyorof selfassociativeinteractions of the
molecule within EDMSQds environmentand do not correspond to any other solvent system. It is
possible that the size of these molecules could diffeotimer solvent systemsHowever, in the
solvent system employed here, the counter cation TBA has a similar size, which is to be expected
as itis the same compoundt may be possible that the aggregates contain both anionic and cationic
species which would result in a charge balance. However, when assessing compdand4 3t

IS important to note that the cation is the same for both andsbould exhibit very similar data sets.

The results also indicate that compouh8is slightly larger than compouri®, with values of
1.54 nm and 1.33 nm respectively. This may be expected though, as comp8ypusesses a
larger ring system than compourd@. Although, the structures of compound&and13are similar,
the difference in size of the anionic component observed for both compounds may be due to
experimental error It is important to remember here that the values calculated for compourads
and13from the'H NMR DOSY experiment are estimations of the size of particulates formed, they

are not exact measurements.

3.4.3'H NMR seléissociation studies

The strength of molecular interactions between compounds can be determined using a series
of tHNMR dilution studies. This study was conduatsthgcompoundsl2 and13in DMSGds with
0.5% HO. This solvent system was employed as it allowed for the study of the hydrogen bond
donating group, urea NHs to be studied. Information from the DOSY data indicated the compounds
form only low complex species which is advantageous in*HeNMR dilution teidies. The data
obtained from the dilution studies was used to calculate the-as#iociation constants using a

software called Bindfit vO.5?

The datafrom the *H dilution studiesvasbe fitted to two differentselfassociativanodek.
The first being dimerizain / equal K (EK). This modesisumeshat all selfassociationconstants

are identical for eacBuccessivevent?® The second model is the cooperative equal K (CoEK). This
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model is based on the assumptiohat the first sefassociation evendliffers from the energy of
any successiveelfassociation event!® Both models howevershare one assumptiomhichis the

assumptiorthat one-dimensional homogenous agagations are formed*’

3.4.3.1 Results and discussion
The results of the selssociation studies for compourd@ indicate that the chemicahift of
iKS dzNBF bl Qa AYONBI asS R2 g(FiduleSd). Rhis mdven@a ynO Sy
chemical shift may indicate the formation of seBsociated hydrogen bonded molecuiesngthe
dzNB I bl & ¢KA& A& SELX I AYySR 0 éshiéldedas doNdrtratibnl Q &

increases.
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Figue 47 ¢ Graph illustrating theH NMR dowsfield change in chemical shift of NH resonances with increasing

concentration of compounti2in DMS@ds: 5% HO (298.15 K)

Compoundl3l f 82 aK2ga | R2gyFASER OKIy3aS Ay OKS
(Figure 8). This again indicates increasedst@aelding with increased concentration as well as the

formation of hydrogerbonds at these points.
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Figure48 ¢ Graph illustrating the'H NMR dowrfield change in chemical shift of NH resonances with increasing
concentration of compound3in DMSGds: 0.5% HO (298.15 K).

Both compounds were successfully fitted to thienerization EK and CoEK modé€lcable 4)
However, it can be determined thabmpoundl2fits better to the EK model due to hiamgnegative
valuesobtained from the fitting of the data tthe CoEK modeTlhe values obtained from the CoEK
model were-3.36 M for the K, -1.68 M for the Kym and0.71 for P M. These values cannot be
the best model fit for compound2 because it is not possible to obtain negative sei$ociation
energies for the formation of complexed structurd@houghthe values for the EK model are still
small,with values 0f0.000887 M for the K, and 4.43 M for the Kim, they are a better fit than

negative values.

For compoundL3, the values obtained &m both models are good. The association values are
higher for the CoEK modélowever,so are the error values, it is because of this that the EK model
for compound13 becomes the most appropriate fiAs both compounds fit the EK model more
suitably, it ca be concluded that thbetter fit to the EK model faxompoundsl2and13is evidence

to support the formation oflimers.
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Table5 ¢ Selfassociation constants (M) calculated for both compount2 and13, in DMS@ds with a 0.5% HO solution
at 298 K. Té values of constants were obtained from fittilg NMR dilution data, which was refined to EK and CoEK

models using Bindfit v02%. The links created by tHgindfit software are provided within the appendix.

Compound EK Model (M) CoEK Model (M
Ke Kaim Ke Kaim {
12 8.876% (+ 0.05%) | 4.43 - 2.6€2%) | -3.36 (-3.3 %)| -1.68 (-1.6 %)| 0.71 & 1.5 %)
13 21.89 ¢ 1.6%) | 10.95 (0.8 %) | 30.69 & 1.8%) | 15.35 ¢ 0.9%) | 0.68 ¢ 7.2%)

The values obtained here should be considered with care. The data produced frotH the
dilution experiment considers the energy of one sedfociative event. There are multiple different
selfassociative eventsccurring at the same time within this solvent system that cause the

formation of larger structuresas seen in the gNMR experiments.

3.5 Low Levein-silicomodelling

It is common to use computational chemistry to support hypothesis formed during
experimentation. The hypothesis of molecular interactions with specific compounds can be
modelled using computational chemistry in synthetic chemistfyElectrostatic potential maps
(ESPMgcan be calculated that depict areas of electropositivity and electronegatBitydnd Enin
respectivelyf!® They are used to depict surface charge distributions of molecules in three
dimensional structures. Wherdenowledge of charge distributions can be used to determine how

molecules interact with each other.

Computational calculations to identify primary hydrogen bond donating and accepting sites
were conducted in line with studies reported by Hunter using Sparta#¢?&Galculations were
performed using serempirical PM6 methodsafter energy minimisation calculations, to identify
Enin and Bnax Values. PM6 was used over AM1 in line with research conducted by Stéiaata

refined and produced by.FEllaby.
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3.6.1 Results and discussion

TheEnwnof a compound igienerallyused to represent the HBA group and thexis used to
represent the HBD group3he ESPMof compoundl12 (Figure &) shows theEnnregions of the
compound to be situated arounché urea oxygen and the sulfonate oxygens. With the most
electronegative point calculated a699.476 kJ/mol. The map depicts the sulfonate oxygens as the
principle HBA group of compoud@. The map also shows the areaskaf,, these areas are focused
around the urea NHs, with a calculated energy value-26.5103 kJ/mol, where this area is the
principleHBD groupThis isndicativeevidence of where the intermolecular hydrogen bonds would
form within the single crystal-say structure, in the absence ofcaystal structure for compound

12.

-26.5103

-699.476

Figure49 - Electrostatic potential map calculated for compout® Enax(deep blue) andgyin (bright red) values depicted
in the Figure legends are given in kJ/mol.

TheESPMf compoundl3 (Figure50) shows theEninregions of the compound to be situated
around the urea oxygen and the sulfonate oxygens. With the most electronegative point calculated
at -699.979 kJ/mol, a value similar to that calculated for compod@d The map depicts the

sulfonate oxgens as the principle HBA group of compo3d The map also shows the areas of
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Enax these areas are focused around the aromatic methyl group, as well as the urea NHs, with a
calculated energy value e87.5145 kJ/molThe urea NH situated closest to tkalfonate group
possesses an approximate energy valuel®6 kJ/mol, whilst the urea NH closest to the aromatic

group possesses an energy value of approximagsykJ/mol.

Though the colour scheme of the map depicts the aromatic methyl group to posses®mste
electropostive region, the urea NHs are tipgincipleHBD group, as is supported within the single
crystal xray structure of compound3. There is an energy diffenee of approximately 16 kJ/mol
between the methyl group and the urea NH nearest the aromatic group. This difference is not a lot
in the grand scheme of ESPMs and methyl groups are not commonly considered to be HBD groups

The crystal structure of compouri8 confirms the urea NHs to be the principle HBD group.

-37.5145

-699.979

Figure50 - Electrostatic potential map calculated foompoundl13. Enax(deep blue) andyin (bright red) values depicted
in the Figure legends are given in kJ/mol.

TheESPMs$or compoundsl2 and 13 have been used as supportive, or indicative evidence of
the positionsin which intermolecular hydrogen bond formation occurs. This indicative evidence
with regards to compound.2 and is supportive evidence in the case of compoub8 to the

formation of these bonds.
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3.6 Conclusion

Based on the data collected for the saHsociation properties of compound2and13, it can
be determined that there is certainly selfsociation occurringvithin both compounds. Both
compounds exhibited sedssociative characteristics during the gNMR studies. This study showed
for three quarters of the experiments that loss of compound ocatliineghe solvent systems tested
This is an indication of sedfsociation due to the formation of larger, solide aggregates. An
overall loss of 446 for compound.2, 29%for compoundl13in DMSGds: 0.5 % DCM. A9 %loss

for compoundl2was observed through comparative integratimnthe D,O: EtOH solvent system

The DOSY studies also suggest the presence afssgltiation with both compounds. Though
the association between cation and anion is weak due to having different diffusion constants, the
presence of monomers, dimers and trimers is indicated throughitteaf the compounds. Where
a size of 1.33 nm and 1.54 nm for compourthnd 13 respectively indicates the presence of low

level complex formatioh y G KS NBYFAYAYy3 al YL S gKAOK gl a

Finally, sekassociation constas were determined usingH NMR dilution studies. However,
the selfassociations occurring between the compounds is weak, with values of 8\87and 4.43
M1, 21.89 Mtand 10.95 M for compoundsl2 and 13 respectively, fitted to the EK model. The EK
model had the most appropriate fit due to larger errors and negative values associated with the
CoEK model. It should be noted that relatively speaking, the strength eéssaitiation for

compoundl3is strorger than that of compound2.

3.7 Future works

The seHassociation and association properties of these novel amphiphiles were studied. They
showed the formation of aggregatestime two solventsystems usedSome properties are similar
to previously pubshed results for similar compounds from Hiscetlal. However, some results
were not similar, so further testing is requiradhich was not carried out here due to time restraints

and masses of compoundsailable
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9 Antimicrobial screening from compoundg and 13.

1 Ifthey pass the antimicrobial screening, they will be taken further wherenimémum
inhibitory concentration MIGso) will be calculated from Gram +v8.@ureusand Gram
-ve E.col) bacteria.

1 DLS and Zeta potential studies will be carriedfoutompoundsl?2 and13in DMSO.

CMC studies will also be conducted for compouh2land 13.

4.0 Fluorescentnionicreceptors

Fluorescent receptors designed based on the structure of the-sudfanate salt produced by
Hiscocket al.l®® have beensuccessfullysynthesised.Fluorescent receptord4-17 have been
designed as receptors to a range of different anidrige gesence of a benzothiazole group within
each receptor designed here is what makes compoudds? intrinsicallyfluorescent. The addition
of the urea moiety to each compound enables the formation of intermolecular hydrogen bonds,
which lead to the detectilm of anions in solution. The urea functionality may also cause

intramolecular bonding.

Compounds that are intrinsically fluorescent are those that exhibit colour very shortly after
being excited by a specific wavelength of light, usually in the ultraviole) or Xray region?®
There is a relase of energy during dexcitation that appears as colour, or fluoresceit®eThe
GSN)Y WT dz2 NB a1y Siy @e6r@e GabrigtokeS2 whitISIeIEdmond Becquered be
the first to make the observation that the light emitted fronflaorescent compound had a longer
wavelength than the light absorbed@ He was also the pioneer of rudimentary fluorimeteralled
a phosphoroscopeAn instrumentused to measure the intensity and duration of fluorescence of

Uranium following excitation by differing wavelgths 2%’
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4.1 Synthesis

Communds 14-17 (Figure 8) were synthesised through the reaction of-(2
aminophenyl)benzothiazole witthe appropriateisocyanate compounds. Compound (Figure
51A) was synthesised through the reaction @(2-aminophenyl)benzothiazole with butyl
isocyanatdn pyridine at room temperatureobtaineda yield of55 %. Compound5 (Figure 3B)
was synthesised through the reaction o{2aminophenyl)benzothiazole with phenyl isocyanate
in pure pyridine stirred at room temperature to a yield @8 %. Compound.6 (Figure 8C)was
synthesised through the reaction of-(2-aminophenyl)benzothiazole with -Mitrophenyl
isocyanate, with 1 mL of pgine and 9 mL ofhloroformstirred at room temperature to produce
a yield of46 %. Compoundl?7 (Figure 8D) was synthesised through the reaction of(22
aminophenyl)benzothiazole with half molaquivalents totriphosgene inethyl acetateat 60 °C
under nitrogen to form the isocyanate intermediateA further equivalenceof 2-(2-
aminophenyl)benzothiazole was added to the reactinixture. The final compoundvas obtained

in a yield of25 %.
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Figure51 ¢ Synthesis ofl) Compoundl4, 2) Compoundl5, 3) Compoundl6, 4) CompoundL7.
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4.2 Selfassociation in the solid state

4.2.1 Single crystalrdy diffraction

Single crystals of compoundd and 16 were obtainedthrough slow evaporation of a CHCI
MeOH 19:1 solution. The crystal structures allow the identification of intramolecukslf
association occurring in the solid stafiéhecollection of crystals suitable for SCXRD was attempted
for compoundsl5 and 17 were attempted but were unsuccessful even though several solvent
systems were attemptedincluding: a 1:1 ratio of DMSO: Cl@ 19:1 ratio of CHEIMeOH
through the slow evaporation of chloroform and finally, using a 2:1 ratio of Chit&tonitrile

(ACN. These data were obtainedefinedand producedby Dr Jennifer Hiscock.
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4.2.1.1 Results and discussio

Thesinglecrystalx-ray structure of compoundl4 (Figure52) showsthe presence of a single
hydrogen bond between the urea NH and the nitrogenger® in thebenzothiazoleing system.
The presence of a bond here may plasoke in the energy required for the formation of a host:
guest complex. Wherein, more energy may be required for the formation of this complex, as this

intramolecular bond must® broken b allow optimised host: guest complex formation

Figureb2 ¢ Single crystal-¥ay structure of compound4.

Compoundl14 also display intermolecularhydrogen bondingpccurringbetween molecules
(Figure530 @ ¢ KSaS 02y Ra 200dzNJ 6SiisSSy 020K GKS dz
of another molecule. The moleculesoduce aplanarstack arranging themselvedirectly on top

of one another.
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Figure53 ¢ Single crystal-Xay structure of compound4, exhibiting the extended structure

The single crystatpay structure of ompound16 (Figure54) shows the presence of hydrogen
bonding occurring between a urea NH and the nitrogen present irbémzothiazoleing system.
This is the same as that whiclasvseen for compountid. The crystal structuralso shows hydrogen
bonding occurring between compourdéand DMSO2 KSNB 020K dzNBF bl Qa |

the oxygen present in the DMSO. The DM$Mis instance is left over from purification processes
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Figure54 ¢ Single crystal-Xay structure of compound6, exhibiting intramolecular bonding with DMSO.

Although crystals were not obtained for every compouindthe group14-17, it can be
theorised that compound45 and 17 would also possesssingular intamolecular hydrogen bond
present between the urea NH and tihenzothiazolenitrogen. This is because this basic structure

is present ircompoundsl4-17.

4.3 Selfassociation in the gas phase

4.3.1 Electrospray ionisation mass spectrometry

Hich resolution mass spectrometry was performed using a Bruker micr6Y Qfass
ALISOGNRYSGSNI FYR &aLISOGNI NBO2NRSR IyR LINRBOSa
Compoundd.4-17 were analysed usgnegative ESMS in order to determine the preseaofselt

associative complexeés the gas phasand also for the purpose of molecular characterisation.
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4.3.1.1 Results and discussion

Thesedata obtained from the ESMIS shows that compounds?, 15 and 17 demonstrate only
monomers in the gas p@ise, whee 16 also demonstrates dimeeation in the gas phase.
Approximately 1 mg of each compound was dissolved in 1 mL of methanol. This solution was further
diluted 106F 2 f R 6 ST¥2 NB dzy RS NH »flegcHsamplelwasah@riirjectéd ieNB ™
into a flow of 10 mM ammonium acetate in 95 % water (flow rate = 0.02 mL/@apples were

prepared by LWhite. As ompounds14-17 are neutralthey require ionisation to show the

monomeric state [M; H]- and dmeric state [M + M HY]" (Table6).

Table6 ¢ High resolution mass spectrometry theoretical and experimentally derived values for compb&tds

m/z [M - H] m/z [M + M- H
Compound Theoretical Actual| Theoretical Actual
14 324.1176 324.1162 649.2425 N/A
15 344.0863 344.0853 689.1799 N/A
16 389.0714 389.0688 7791501 779.1438
17 477.0849 477.0810 955.1771 N/A

Compoundsl4-17 were ionised to produce an ion with a charge of negative one. This means
the position of the peaks are representative of the monomeric states for each compound as it is
calculatel as a mass/charge (m/z) ratibhe monomeric [M- H] m/z peakfor compound16 is
theoretically observed at 390.07&71.0073 = 389.0714, and experimentally observed at 389.0688
(Figure B). The dimeric species [M + MH  m/z of compoundl6 is observedexperimentallyat
779.1438. Theoretically is observed aim/z (389.0707 x 2)1.0073 = 779501, this indicates the

presence of a dimeric species in the gas ptiaseompoundl6 (Figure %).
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Figure55 ¢ Negative éectrospray mass spectrometry spectrum of compouiidshowing the monomeric species.
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Figureb6 ¢ Negative éectrospray mass spectrometry spectrum of compoddhowing the dimeric species.

Although there are interactions occurring in the gas a phagnitation of this experiment is
the inability to measure the strength of the interactionader these conditionsthis is something
that must be done in the solutiostate. Compoundl4 exhibited the monomeric state [Mat m/z

324.116 (Figured, whidch exists theoretically as 324.1176.
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Figure57 ¢ Negative é&ectrospray mass spectrometry spectrum of compodAdhowing the monomeric species.

Compound 15 exhibits the monomeric state [M]theoretically at m/z 334.0863 and

experimentally aim/z 334.0853 (Figure§j.
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Figureb8 ¢ Negative éectrospray mass spectrometry spectrum of compodsddghowing the monomeric species.

Compound 17 exhibits the monomeric state [M]theoretically at m/z 477.0849 and

experimenally atm/z 447.0810 (Figured.
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Figure59 ¢ Negative éectrospray mass spectrometry spectrum of compoudiddhowing the monomeric species.

The results from thehigh resolution negativeESIMS indicate the possible presence of
intermolecular bonding ithe case ottompoundl16. The presence of dimers here is an indicator
that compoundl6has seHassociative propertieis the gas phaselhe presence of these properties
hastherefore beenbe explored in the solution state. For compourids 15 and 17 however, only
monomers were found to be present. This indicates there are neasslficiative properties linked

to these compound the gas phase

4.4 Associations in the solution state

Noselfassociation was detected in the solution state for any of the compodds, as there
were no signs of peak broadening within th& NMR spectra obtained for compountié17 which
is an indication that no sedssociation is occurringll fluorescent related experiments conducted
herein were done so in chlorofordue tosolubilityissues Acetonitrilewas the first solvent chosen
for these experiments, but compourib had solubility issues in this solvent. In order to keep the

conditions as closelhe same as possible the solvent chloroform was selected instead.

4.4.1 Fluorescent titration studies

A series of fluorescent titrations were conducted where compoul#id7 acted as the host

molecules and several TBA salts acted as guest moleEllesescence was chosen as the method
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for conducting the titrations for a few reasons, namely due to the sensitivity of the instrument but
also because there were solubility issuer compoundd.4-17 at the concentrations required for
use with NMRTheanionsusedwere acetate, benzoate,chloride, fluoride, hydroxide,hydrogen
sulphate, phosphate monobasic andsulphate. These anions were selected for testing as they
offered a varty of geometries which would enable the understanding of the selectivity of

compoundsl4-17to anions of specific geometries.

The interactions that occurred during these titration studies were plotted Microsoftexcel

and fitted usingBindfit v0.5%° where the $rength of interactions between hosjuest molecules

was determinedThe data was fitted using théelderMead fitting method?®as is common for this

type of data interpretatior?>2¥1t is common to see a changetime fluorescent intensity of an
emission spectra during a fluorescent titratiéh There is either a shift in maximum intensity,.i.e
that the wavelength where the maximum intensity occurs changes, or there is a change in
fluorescent output. This type of interactiotean reducefluorescent intensity, in a result called
fluorescent quenchingas well as causing a fluorescence increasa sinift in the wavelength of

fluorescence emission.

The terms binding isotherm is shown by the curve on a graph, the binding event is the
formation of the host: guest complex and the association constant is the equilibrium constant for
the formation of tre host: guest complexX.he data was fitted to threbinding isotherms, 1:1, 1:2
and 2:1 whichassume the same parameter; that there is no dilution of the host compound during
the titration. A change of 2.5 % in volumeas allowed before dilutionwas congiered tohave a
significant effect on the concentration of the sample. Stock solutions afahgppoundsl4-17 were
made in the scale of 100 mL, of whicha 2 n raliqwo{ was taken for each titration experiment.
pn >[ 27F 3dz2Sad al olafdiionstd the cirvetieMd ciirdeRe was/the 3haKSMNJ
and inverted before being inserted into the instrument for testing. Wbrfescent titrations were

conducted using a Cary Eclipse Fluorescence Spectrophotometer.

Page |87



4.4.1.1 Results and discussion

Regslts from the fluorescent titration dta were fitted into Bindfit. Some of the results
producedbinding isotherms that could not be taken forward because th@yluced binding events
that either had negativessociation constast or had errors that wereao high,with valuesabove
11 %. The data presentéd Table7 demonstrates the results of fitting the experimental data to
the 1:1 binding isothermwith association constant@Vil) for all host: guest interactions. This is
shown here because where a model could be fitted within the acceptalmeters, all data fitted
to the 1:1 isotherm All secondaryassociation constastfor the 1:2 and 2:1 isotherm have been
calculated individally from the firstassociation constarft”-2*2All titration dataand Bindfitfit links

can be found in the appendix (Figuig&61), (Tables3-33).

Table7 ¢ Association constants (¥ calculated for eachost (compoundd4-17) titrated against each anionic guesith

a TBA Counter catigpracetate, benzate, chloride, fluoride, hydroxide, hydrogenlphate, phosphate monobasic and
sulphate for a 1: hssociation constantConducted in CHGIt 293 Ka = data coulahot be differentiated between &ost:
guestl:1 and a 1:2 binding isothertm= no full data set obtained due to experimental limitatioBsta provided to the

nearest whole number and error values provided to 1 decimal place.

Anion Guest (TBA) | Compoundl4 | Compoundl5 | Compoundlé | CompoundL7
K(M™) K (M?) K (M?) K (M?)
Error (£%0) Error (%) Error (£%0) Error (£%0)
Acetate 0 895 8263 243860
+25% +394% +13.6% +192%
Benzoate 0 352 1166 0
+05% +93% +24% +39%
Chloride 94878 95863 73 15241
+17.6% +154% +4.1% +10.7 %
Fluoride 2426 9855 11597 0
+4.7% +6.6% +21.3% +23%
Hydroxide 1544 2053 77551
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*7.7% +58% b +16.0%
HydrogenSulphate 15042 5596 136 0
+10.5% +4.9% +49% +1.2%
Phosphatemonobasic 3087 428 753 8816
+55% +3.9% +46% +9.0%
Suphate 0 1874 0 15556
+0.0% +204% +1.7% +9.8%

Bindfitdata produced from fitting the experimental results to binding isotherms fall into three
ranked orders of association. Weak, or no real interactions, are those that have values below 100
M. Medium strength interactions are those that haagsociation costants with values between
100 M and 1000 M. While strongassociation constastare those that have values in excess of

1000 M,

The titration results of compounti4 with the TBAacetate show alecrease in fluorescence of
compoundl14 upon increased ancentration of the gues(Figure60). Data obtained from Bindfit
indicate these compoundsawe an association constandf 0 M?, indicating that no measurable

interaction was occurring between compoufd and the acetate anion.

Page |89



=]
o
3

° 0
70 4 o o A
. NN
60 o * ® ® s SN o)
... ® o @—\_\Ok
%50. ¢ o o° R
= ° .W\_L
> oo
= 40 A 'Y )
o
U
E 30 -
20 4
10 -
0 L] L] L] L] L] 1
0 2 4 6 8 10 12

Guest Equivalence

Figure60 ¢ A graph showing a decreaseamissionintensity of compound.4 (host) upon increasing equivalence of TBA

acetate (guest)CHG (298 K)

Table 8 displays the data obtained from fitting the experimental results of compbdimdth

the anion acetate on host: guest 1:1, 1:2 and 2M ratio using Bindfit.

Table8 ¢ Association constants (¥ calculated for compountl4 (host) titrated against TB#cetate (guest) in CHCIThe

links for the Bindfidata is provided within the appendix.

Host: Guest 1:1 1:2 2:1
K Ki1 Kiz Ki1 Ko1
Association 0.015 -0.22 165182.65 -3.09 380529.91

constant(M?) | (£2.461%) | (£-32.119%) | (+378.851%) | (£-7.464%) | (+5.739 %)

The titration results of compounti6 with the TBAenzoate show ssociatiorbetween the two
compounds (Figurél). Data obtained from Bindfit indicate these compounds havstrang
interaction with an association constamf 1166 M!, though theassociation constaris towards

the lower end of the strong binding scaRindfit also indicated the compounds interact on a 1:1
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ratio, due to the numbers calculated for the 1:2 and 2:1 host: guest ratios being either too large or

being negaite.
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Figure6l ¢ A graph showing a decreaseamissionintensity of compound.6 (host) upon increasing equivalence of TBA

benzoate (guestCHG (298 K)

Table 9 displays the data produced from fitting the experimental data of comp6nth

the benzoate anion on a host: guest 1:1, 1:2 and\®ratio, using Bindfit.

Table9 ¢ Association constants (¥ calculated for compound6 (host) titrated against TBBenzoate(guest) in CHEI

The links for the Bindfilata is provided within the appendix.

Host: Guest 11 1:2 2:1
K K1 K12 Ki1 Ko
Association 1166.91 319.91 -1600.02 0.19 4878632.27
constant(M?) (£2.369%) | (£3.241%) | (£-5.623%) | (£9.040%) | (+1.644%)

The titration results of compound7 with the TBA chloride showsaociation occurring
between the two compounds (Figug). Data obtained from Bindfit indicate these compounds
have a strong interaction with naassociation constanof 15241 M. Bindfit indicated the
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compounds interact on a 1:1 ratio, due to the numbers calculated for the 1:2 and 2:1 host: guest

5
5

ratios being either too large or being negative.
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Figure62 ¢ A graph showing a decreasedmissionintensity of compound.7 (host) upon increasing equivalence of TBA

chloride (guest)CHG (298 K)

Table 10 displays the fit data obtained from the experimental results of compbumndth the

chloride anion in a host: guest 1:1, 1:2 and -1 ratio.

Tablel0 ¢ Association constants (M) calculated for compound7 (host) titrated against TBghloride (guest) in CHEI

The links for the Bindfit data is provided within the appendix.

Host: Guest 1:1 1:2 2:1
K Ki1 Kiz Ki1 Ko1
Association 15241.79 9292.99 29606.66 4725.77 -3943.36

constant(M?) | (£10.667%) | (+18.511%)| (+57.646%) | (+5.399%) | (+-1.692%)

The titration results of compound5 with the TBA fluoride show eorrelation between the
two compounds (Figuré3). Data obtained from Bindfit indicadeghese compounds have a strong

interactioncompared to the results obtained for othatteractions such as compount¥4with TBA
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acetate. Compound5 with fluoride has a association constardf 9855 M. Bindfit also indicated
the compounds interact on a 1:1 ratio, due to the numbers calculated for the 1:2 and 2:1 host: guest

ratios being either too large or being negative.
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Figure63 ¢ A graph showing a decreasedmissionintensity of compound5 (host) upon increasing equivalence of TBA

fluoride (guest)CHGI (298 K)

Table 11 shows the data obtained from fitting the experimental results of compolbidad

fluoride into Bindfit with a host: guest ratio of 1:1, 1:2 and Bt1.

Tablell ¢ Association constants (¥ calculated for compound5 (host) titrated against TBAuoride (guest) in CHLI

The links for the Bindfit data is provided within the appendix.

Host: Guest 1:1 1:2 2:1
K Ki1 Kiz Ki1 Ko1
Association 9855.59 5193.55 -137.62 3.45 2379388.45

constant(M?) | (£6.593%) | (£4.252%) | (+-7.028%) | (£3.869%) | (+0.73%%)

The titration results of compound5 with the TBAhydroxide showinteractions occurring
between the two compounds (Figur@d). Although, urea containing receptors such as those
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described in this body of work may undergo deprotonatiio the presence of strongly acidic anions,
such as hydroxide which has a pKa value of1#his is because the urea functionality has a pKa
value 0f0.12%*and chloroform a p&value 0f15.7.2%° In addition to this, the presence of electron
withdrawing groups such as the phenol group attached to compdiByanay lead to polarisation

of the NH bonds within the urea, causing an increase in hydrogen bond donation prop€Ehies.
leads to the urea group becoming more acidic as it losesyldeogen atom more readilyMeaning
that the urea is comparatively more acidic than the hydroxide anion, whichnbesmore basic
than the urea groupas it takeson the hydrogen atom more readiff® These characteristics
combined means that it is not unlikely treemay be deprotonation of theeceptor before the

formation of ahost: guest complex.

Data obtainedfrom Bindfit indicate these compounds have a strong interaction with a
association constardf 2053M* when compared to 1:1 association constants obtained from fitting
experimental data to Bindfit for other cgmound combinations.Bindfit also indicated the
compounds interact on a 1:1 ratio, due to the numbers calculated for the 1:2 and 2:1guest
ratios being either too large or being negativefulltitration with 25 additions was not possible to

obtain for compoundl6 with this anion even after several attempts.

This is because of the release of second order emigdisecond order emission is the process
by which an emission of light is produced at twice the excitation wavelekkghally it is possible
to produce an emission spectra where the second order emission does not have an impact on the
spectra produced. However, in this example the second order emission was too close to the
emission value and so the spectra could not be produced without interferéman the second
order peakDuring this experiment, the intensity for the second order emission rose to above 1000
au by addition number 7. The maximum intensity that can be read by the detector is 1000 au,
because the experiment had reached this vatueds decided not to carry on with the experiment

as samples producing this kind of value over repeated runs can cause damage to the detector.
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Figure64 ¢ A graph showing a decreasedmissionintensity of compoud 15 (host) upon increasingquivalence of TBA

hydroxide (guest)CHG (298 K)

Table 12 displays the data obtained for the Bindfit fit of the experimental data obtained from

compoundl5with TBA hydroxide with host: guest ratios 1:1, 1:2 and\2*1

Tablel2 ¢ Association constants (¥ calculated for compouwhl5 (host) titrated against TBA hydroxide (guest) in GHCI

The links for the Bindfit data is provided within the appendix.

Host: Guest 1:1 1:2 2:1
K Ki1 Kiz Ki1 Ko1
Association 2053.74 875.30 -852.18 0.0274 60896310.08

constant (M) | (+ 5.8439 %) (+ 7.5713 %) (+-13.5117 %) (+ 15.0113 %) (+ 2.7483 %)

The titration results of compound4 with the TBA hydrogesulphate shows interactions
occurringbetween the two compounds (Figarés). Data obtained from Bindfit indicate these
compounds havene of the strongest interactions observed for a 1:1 binding isotherm for any
combination of compounds tested.oMiever, the results obtained for a 1:1 and a 1(Pable 13)

were too similar and caruoi be distinguished without further testing. The results indicate a strong
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interaction for both binding isotherms, withraassociationconstantof 15042M for a 1:1 ratio,
and associationconstans of 3266M™*and 15262M for the 1:2 bindingsotherm. The numbers
calculated forthe 2:1 host guest ratioindicate that this isotherm doesot fit due tothe numbers

being too large onegative.
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Figure65 ¢ A graph showing a decreasedmissionintensity ofcompound14 (host) uponincreasing egivalence of TBA

hydrogensulphate (guest)CHG (298 K)

Table 13 shows the data produced from fitting the experimental results of combining

compoundl4 and hydrogersulphate in a host: guest 1:1, 1:2 and 2:1 Mtio.

Tablel3 ¢ Association constants () calculated for compounti4 (host) titrated against TBA hydrogsnlphate (guest)

in CHGI The links for the Bindfit data is provided within the appendix.

Host: Guest 1:1 1:2 2:1
K Ki1 Kiz Ki1 Ko1
Association 15042.74 3266.93 15262.76 3273.53 -2782.41

constant(M?)

(+ 10526 %)

(+3.253%)

(+8.485%)

(+3.139%)

(+-0.888%)

Page |96




The titration results of compoundl7 with the TBAphosphate monobasishowthat the two
compounds are interacting with each oth@igure66). Data obtained from Bindfit indicate these
compounds have atronginteraction with a association constandf 8816 M. The association
constantproduced here from Bindfit is stronger théimat seen for other compound combinations
within this series on a 1:1 host: guest rafindfit indicated the compounds interact on a 1:1 ratio,
due to the numbers calculated for the 1:2 and 2:1 host: guest ratios being either too large or being

negative

Intensity (au)
3
®
°

30 - P
¢ N~~~
20 - o o)
® 11
°, . O
0 . ' 2
0 2 4 6 8 10 12

Guest Equivalence

Figure66 ¢ A graph showing a decreaseamissionintensity ofcompound17 (host) uponincreasing equivalence of TBA

phosphate monobasiuest).CHG (298 K)

Table 14 displays the data obtainedrrditting the experimental results of compourid with

phosphate monobasic on a host: guest ratio of 1:1, 1:2 and 221 M
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(guest) in CHEIThe links for the Bindfit data is provided within the appendix.

Table14 ¢ Association constants (M calculated for compound?7 (host) titrated against TBphosphate monobasic

Host: Guest 11 1:2 2:1
K Ki1 Koo Ki Ko1
Association 8816.24 973.44 43149.22 3026.37 -3793.05
constant(M™) (£9.003%) | (+4.182%) | (+16.130%) | (+4.199%) | (+-1.217%)

The titration results of compound7 with the TBA sulphate showssociation occurring
between the two compounds (Figu@&¥). Data obtained from Bindfit indicate these compounds
have astronginteraction with an association constaraf 15556 M, even when compared to other
strong interaction between compounds, such as between compdirrahd phosphate monobasic.
Bindfit also indicated the compounds interact on a 1:1 ratio, due to the nundadesilated for the

1:2 and 2:1 host: guest ratios being either too large or being negative.
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Figure67 ¢ A graph showing a decreaseamissionintensity ofcompound17 (host) uponincreasing equivalence of TBA

sulphate(guest).CHG (298 K).
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Table 15 shows the databtained from Bindfit for the interaction of compountl7 with

sulphate in a host: guest ratio of 1:1, 1:2 and 21 M

Tablel5 ¢ Association constants (¥ calculated for compound7 (host) titrated against TBsulphate(guest) in CHEI

The links for the Bindfit data is provided within the appendix.

Host: Guest 1:1 1:2 2:1
K Ki1 K12 Ki1 Ko1
Association 15556.98 192788.2 21076.04 9116.08 -4950.07

constant(M?) (£9.783 %) (+101.172 %) (£ 18.802 %) (+6.174 %) | (x-0.0003 %)

The examples given above are those that represent the strongest association constants

calculated from Bindfifor eachanionic gueston a host: guest 1:1 bindingptherm

Overall, compound4 (Figure 68showed the strongest intactions with TBA acetaend TBA
hydrogen sulphatéTable 16)Although, for acetate the association constanaisostO, meaning
that no interactions are occurringhis was still the highest association constant produced for
acetate This meanshat acetate does not bindstronglyto any of the host compound$4-17.
Whereas the hydrogen sulphate anion showed a high association constant, meaning that it bound
strongly to compoundl4 and compoundl5. However, the anion had a moderatessociation

constantwith compoundl6 and a wealassociation constarwith compound.
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Figure68 ¢ Structure of compound4.
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Table 16c Association constants (¥ calculated for each host (compounti4-17) titrated against anionic guest with a

TBA Counter cation; acetatind hydrogensulphate for a 1:Jassociation constantConducted in CHCAt 293 K. Data

provided totwo decimal placeand error values provided to 1 decimal place.

Anion Guest (TBA)

CompoundlL4

Compoundl5

Compoundl6

Compoundl?

K (M%)

Error (£%0)

K (M%)

Error (%)

K (M%)

Error (£%0)

K (M%)

Error (£%0)

Acetate 0.02 89518 826355 24386054
+25% +394% +13.6 % +192%

HydrogenSulphate 1504274 559621 136.03 0.01
+10.5% +49% +49% +1.2%

Compoundl5 (Figure 69%howed thehighestinteractionswith TBA fluorideand TBA hydroxide
(Table 17)TBA fluoride also showed a high association with compdudnd@he anion produced an
unreliable association constant value with compourths theassociatecerror value is too large.
TBA luoride produced a weakssociation costant value with compoundl7, demonstrating no
binding is occurringTBA hydroxide produced a highsociation constanwith compound14 alsa
A full data set was not obtained for hydroxide with compour@las previously discussed. With

compoundl7, hydroxide produced an unreliable result due to a high error value.

2 3
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Figure 6%; Structure of compound5.
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Table 17¢ Association constants (¥ calculated for each host (compounti4-17) titrated against anionic guest with a
TBA Counter cation; fluoride and hydroxide for a 1:1 association constant. Conducted3iatC9GIK. b = no full data

set obtained due to experimental limitations. Data provided to the two decimal places and error values provided to 1

decimal place.

Anion Guest (TBA)

CompoundL4

Compoundl5

Compoundl6

Compoundl?

K (M)

Error (%)

K (M)

Error (%)

K (M)

Error (%)

K (M)

Error (%)

Fluoride 242688 985559 1159753 0.01
47 % +66% +21.3% +2.3%

Hydroxide 1544.66 2053.74 77551.09
+7.7% +5.8% b +16.0%

Compoundl6 (Figure 70showed the strongest interaction with TBA benzo@ftable 18)TBA
bendate produced results with compoundsg! and 17 that indicate no association between the

host: guest compounds. When titrated with compouri®$ a moderate strength association

constant was produced.

@)

X

Irz
Irz

NO,

Figure 7@; Structure of compound®é.
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Table 18&; Association constants (¥ calculated for each host (compounti4-17) titrated against anionic guest with a

TBA Counter cation benzoate for a 1:1 association constant. Conducted ya€C2E3 K. Data provided to two decimal

places and error values provided to 1 decimal place.

Anion Guest (T8)

CompoundlL4

Compoundl5

Compoundl6

Compoundl?

K (M%)

Error (%)

K (M%)

Error (%)

K (M%)

Error (%)

K (M%)

Error (%)

Benzoate

0.01

+05%

35209

+93%

116691

+24%

0.02

+39%

Finally, compound.7 (Figure 71showed the strongest interactions with TBA chlorid®A
phosphate monobasic an@iBAsulphate(Table 19)An unreliable result wa produced for TBA
chloride with compound44 and15due to the error value being above 11 %. When titrated against
compound16, TBA chloride produced a weak association consf@BA phosphate monobasic
produced a strong association constant with compoul®d Compoundsl5 and 16 produced
moderate association constanisith TBA chloride TBA sulphate showed no interaction with
compounds14 and 16, and anunreliable value was produced whéfBA sulphate wastrated

against compound5due to a high error vak.
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Figure 71 Structure of compound?.
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Table 1% Association constants (¥ calculated for each host (compounti4-17) titrated against anionic guest with a
TBA Counter cation; chloride, phosphate monobasic and sulphate forasdotiation constant. Conducted in GHEI

293 K. Data provided to two decimal places and error values provided to 1 decimal place.

Anion Guest (TBA)

CompoundL4

Compoundl5

Compoundl6

Compoundl?

K (M)

Error (%)

K (M)

Error (%)

K (M)

Error (%)

K (M)

Error (%)

Chloride 9487833 9586348 73.20 1524179
+17.6 % +154% +4.1% +107%
Phosphate monobasic 3087.76 42845 75360 881624
+55% +39% +46% +9.0%
Sulphate 0.00 187416 0.01 1555698
+0.0% +204% +17% +98%

The data obtained for these experiments shows that all compounds showed strong interactions
on a 1:1 ratio, apart froncompound14 with TBA chlorideand hydrogersulphate,compound15
with TBA acetate, chloride and sulphate, composdvith TBA acetate and fluoride arfihally,
compound17 with TBA acetateThough Bindfit did fit the data to an isotherm, the error values
associated with the data means that it was not reliable, anddfere noreliablefit was obtained

for these sets of data.

All titrated host compounds showed some degree of fluorescent quenching when exposed to
the guest molecule, apart from compourkb with TBA acetate and sulphat&he fluorescent
quenching seen heris negligiblegraphs ofwhich can be found in the appendix (Figsi@293).
Quenching is a phenomenon that relies on the direct interactions of the fluorescing compound with
the guenchep®® usually the guest moleculayhich proves the fluorescent quenching occurring

during the titrations is a direct results or host: guest interactions.

Upon the addition othe guest aniosfluoride and hydroxideéo compoundl6 a colour change

from clear topale yellow and to deepellow (Figure72) was observedThis is most likely due to
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the presence of the nitro functionality; it facilitates the removal of a hydrogen atom from the host
molecule?®® A 'H NMRspectrum depicting this change was attempted, but unfortunately the
phenomenon was reversed upon exposure to cold temperatukdest sample of this solution was
prepared at room temperature which showed the colour change observed in Figure 72 below.

However, upon placing the sample into the fridge for storage the colour change reversed to the

image Figure 72A.

Figure72 ¢ Image A) host: guest solution of compourih with TBAfluoride, forcing deprotonationB) host: guest
solution of compound 6 with TBAhydroxide forcing deprotonation.

The data obtained from the fluorescent titrations of compouridls17 with the respetive
anions show a trendhis trend can be relatetb the Hofmeister series.He Hofmeister trendsthe
order in which anions and cations may be placed with regards to tékéble ability to cause an
effect on the physical properties of proteiff§.However, more recent earch has highlighted the
seriesapplication in a variety of different chemical processes and settighe order of anions in

the series relates several properties; the ability to form hydration sphéxgsmore notably
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included in this is the order in which the anions are placed depending ondblectivity to biml

with a host moleculé*? Figure73 below gives the order of anions in the Hofmeister series.

Figure73- The Hofmeister series represented with a range of anions.

Although he order of anion¥?24shown above may vary slightly depending what the
environmentalapplication i KS 2 @SN} ff GNBYR R2SayQi OKly
rare, especially those that exhibind inverse inselectivity?*> HBD receptors normally displ
selectivity in the ordeshown in Figure 74owever the HBD fluorescent receptdrd-17 exhibit
an inverse of the trendl'hedata obtained from the fluorescent titrations exhibit this reverse order
selectivity for bindingo a host moleculeSome anios showed a reversed order selectivity to
specific compounds from compountiid-17. Theanions which would be expected #&xhibit higher
association constasthave been shown here texhibit lowerassociation constast Those that
would be expected teexhibt lower association constast have been shown to exhibit higher

association constastthan expected if the Hofmeister series is followed.

Figure 74 Hofmeister series for the anions used within these experiments.

Usirg theexamples of a host: gue$tl binding isotherm fof BAsulphate andIrBAchloride as
examplesjt would be expeckd that the sulphateanion would have digherassociation constant
with compoundsl4-17 than thechlorideanion exhibited with compound4&4-17, if the trend in the

Hofmeister series is followed. However overall, we see the opposite t{Eiglre 75)For
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compoundl4the sulphateanion has a association constardf 0 M?, whilst the chlorideanion has

an association constardf 94878 M.

ST —
o e

Figure 7% The trend shown for each anion for compoub#i

The trend seen forampound 15 (Figure 76)with the sulphateanion has a association
constantof 1874M, whilst the chlorideanion has a association constanbf 95863 M which

magnifies the slectivity demonstrated with this anion.

Figure 76&; The trend shown for each anion for compouttl

For compoundl6, the trend in the Hofmeister series (Figure 77) shdwesh association
constantsare weak, but the chloride ion still maintains tligher association constantThe
sulphateanion has & association constanof 0 M! and the chlorideanion has & association

constantof 73 M™.

T
- -

Figure 77 The trend shown for each anion for compout®l

Finally, for compound? the trend seen in the series (Figure 78) sh@gsociation constast
for both ions ardow, with the sulphate ion producing the slightly strongessociation constant

Though this follows the Hofmeister series, it should bpeexed that due to their positions in the
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series, the sulphatanion would have a significantly strongassociation constanfrheassociation
constantof the sulphateanion with compoundl7is 15557 M and theassociation constarfor the
chlorideanionis 15242 M, demonstrating that the chloride anion is able to bind equally as well as

the sulphate anion to compount7.

O cause an

Figure 7&; The trend shown for each anion for compout®l

At this time, it cannot be definitively stated why this reverse tresgriesent within the body
of work presented. One may theorise that the structure of the host compouddds7 will play a
significant role in the binding events occurring with the anionic gu¥éksch lead to the formation
of intramolecular bondsin addiion to this, the presence of a conjugated ring system on the
benzothiazole region of each compound may certainly provide additional support to the theory of
why the structure of the compounds may contribute to a reverse in the trend, as depicted here
However, further study is required here in order to fully ascertain the reason for the reverse in

binding affinities which is something that will be conducted in the future.

This would include the use of single crystahy on crystals produced of the hostuegt
complexes produced in the work discussed here. This would demonstrate the binding of the guest
to the host compound, which may indicate why some anions show higher binding than others to
the same compound. The usef NMR may also be valuable fortelenining the change in urea

NH resonance if the solubility issues experienced within can beanrae.

4.4 .2 Fluorescent dilution studies

A series of fluorescent dilutions were performed compoundsl4-17in order to determine

whether the concentration at which the samples for the titrations were conducted was free of a
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phenomenon known as the inner filter effefFE) This phenomenon arises during fluorescent
measurementsvhen the concentration of a sampig high enough to prevent all the emitted light
from reaching the detectof*®* Some of the emitted light is usually-adsorbed by the solution for
secondary excitation at these concentratipnseducing the signal intensity produced from
fluorescent molecules during experimentatiot’ It should be noted that IFE is ntdte same as

guenching?#®

The concentration at which this occurs is different focleaompound?*®but this event usually
occurs when samples have an absorbance larger thaa@*in which supportive evidence can
also be obtained from UVis experimentsHowever, most modern fluorimeters correct for this
effect by having the detector at a 90 ° angle to the sample from which the light wilP&ie
fluorimeter used irthese experimenthas this set ug>* however this does not correct inner filter

effects for samples that have a high absorbafi€e.

Stock solutions of compoundst-17 were madewith a maximumconcentration that was 30
timesmore concentrated than the stock solutions made for theatibns. This concentration was
used for several reasons. FirstiMHE vere occurring in the samples used for the titrations, it would
also occur in more concentrated samples, with increasing effect as the concentration increases until
no / little lightis detected. If this effect was to occur, during the dilution experiment a decrease in

fluorescent intensity would be seé&dupon increasing concentration of compournti$17.

Secondly, this concentration was used as it was the strongest concentration attainable for
compoundsl4-17 beforethe limit of solubilitywas reachedA 10 mL stock solution wasoduced
of each compound inhloroformat a concentration of 0.003 M. From these stock solutions a 2000
>[ It Aljdz2 G used as thé stdrt Point for yh& experimerirom this pointoB | H A N
FfAljd2G ¢61Fa NBEY2OSR FTNRBY (KS O dabdbiSréfarnssalventy R
This procedure was carried out untidre was little change being observed in the intensity output.
Of compoundd4-17 the only compound which exhiied signs of inner filter effect was compound

17. This effect occurred only at the highest concentrations, in the range of approximately @.0017

0.0030 M.
Page |108



4.4.2.1 Results and discussion

The results of the dilution studies conducted on compouti4 7 indicated that no inner filter
effect is occurring during the titrations at the specified concentratiimefluorescent mntensity is
seen to increase with increasing concentrationeaich host samplewhich is what would be

expected in a sample where no liSBccurring.

Compound14 showed no signs of inner filter effect throughout the dilution stuatythe
concentrations tested (Figurg). This can be seen because the curve continues in an exponential
trend throughout.The data point highlighted by the girtircle is highlighted because it appears as
an anomalous result. It is not an indication of IFE as there are three data points at higher

concentrations that fit the trend with the initial nine data points.
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Figure79 ¢ Graph illustrating the increase in intensity as concentration of compdudridcreasesCHG (298 K).

The results for compountsindicate that there is no inner filter effect occurring at the lowest
concentration as the trend proceeds linea(ligure80). However, because the trenchanges
slightly at the higher concentrations, highlighted in pink, this may be evidence of IFE. This does not
affect the results obtained for the fluorescent titrations, as the concentration used in those

experiments fallsvithin the linear region of the dilution study for compout8.
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Figure80 ¢ Graph illustrating the increase in intensity as concentration of compdiridcreasesCHG (298 K).

The dataobtainedfor compoundl6 showsthat nolFEs occurring during the titrations as there

is no presence of this event at the lower concentratighggure81). Although there is a slight

change in trend at the lower concentratiorsghlighted in pink, this is not an overahange that

would affectthe results,alludingto the presence of IFE.
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Figure8l ¢ Graph illustrating the increase in intensity as concentration of compdéridcreasesCHG (298 K).
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The dateaobtained for compound7indicates that at the higher concentratient is likely here
isIFEoccurrirg, highlighted in pink (FiguB2). This can be seen where the emitted intensity begins
to decrease with increasing concentration of compourd The decrease in intensity begins at a
O2y OSYyiNI GA2Y 2F mynn >aX ¢6A0GK |y SYAaarzy A
RFEGF @1 tdzS 0STF2NB GKAa ¢la G  O02yOSYidNI GAZ2
demonstrates a slrp and noticeable drop in the emission intensity of compoaidalludingto
the presence of IFE at the ten highest concentratidtieweveras there is no evidence of IFE
occurring at the lower concentrationthere is no IFE presestt the concentrationused for the

titrations.
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Figure82 ¢ Graph illustrating the increase in intensity as concentration of compdifridcreasesCHG (298 K).

The data produced from the dilution studies show no IFE occurring at the lowest
concentrations. This means thab special measures need to be taken to correct for this in the data

produced from the titration experiments.

4.5 Low leveh-silicomodelling

Computational chemistry is used within to modEISPMsfor compounds14-17 using

Spartai26®3 with energy minimised ser@mpirical PM&* modelling methodsto derive
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comparativeEnin and Enax values.ComparativeEnin and Enax values are displayed using a colour
spectrum where red denotes thgn, and blue denotes th&ax All computation chemistry herein

was produced by Dr J. Hiscock.

4.5.1Results and dcussion

TheESPMor compoundl4 (Figure83) show the most negative point on the surfadgif) of
the molecule idocated around theurea oxygen and tharomatic nitrogenThe aromatic nitrogen
is most likely therefore tbe an HBAThe mospositive points Enay) 0n the map are situated around
the butyl chain, as well as the outer most parts of the aromatic rikigsvever, the most positive
area can be found on one of the urea Nii®l is the principléiBD groupThe map als@onfirms
the intramolecular hydrogen bond frothe crystal structure (Figurg2) where a hydrogen bond is
present between the aromatic nitrogen and the urea NH, where there is an area of high negativity
and an area of high positivity spatially close to one another the dtion of hydrogen bonds can

be expected.

161.777

-288.861

Figure83 - Electrostatic potential map calculated for compoub#l Enax(deep blue) andenin (bright red) values

depicted in the Figure legends are given in kJ/mol.
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TheESPMor compoundl5 (Figure84) showsthe most negative point on the surfacB«,) of
the moleculeis around theurea oxygen and th@romatic nitrogen.The groups are therefore
identified as the principle HBA groupBhe most positive pointd&f.y) on the mag are situated
around the outer edes of the aromatic functionalities, with the highest area of positivity situated

around one of the urea NHs whichidentified as the principl&lBD group.

186.374

-249.312

Figure84 ¢ Electrostatic potential map calculated for compoutil Enax(deep blue) andenin (bright red) values
depicted in the Figure legends are given in kJ/mol.

TheESPMor compound16 (Figure85) show the most negative point on the surfaéif) of
the molecuk is predominantt the aromatic nitogen the urea oxygen and even more significantly
around the nitro functionalityTheseareas arethereforeidentified as the primarfiBAgroups The
most positive pointknay) on the mags situated aroundbne ofthe ureaNHs and wilinost likely be
anHBD groupsThe crystal structure of compourid (Figure54) shows the presence of a hydrogen
bond between the highly electropositive urea NH and the highly electronegative aromatic nitrogen.
Along with hydrogen bonds from the urea NHs to the oxygen on a DMSO molecule. Oxygen is a

well-known HBA, indicating further that the urea NH is an HBD.
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228.769

-256.231

Figure85 ¢ Electrostatic potential map calculated for compoul®l Enax(deep blue) andenin (bright red) values

depicted in the Figure legends are given in kJ/mol.

TheESPMor compoundl7 (Figure86) showsthe most negative point on the surfacBi,) of
the molecule is predominantihe aromatic nitrogen. Another area of electronegativity hoeeis
also the ureaoxygen;therefore,these groups are identified as the primary HBA groijpe most
positive point Ena) On the mapgs situated around the urea N&dAThese areas amesented as the
principleHBD groupsThough there is high electropdtisity around the outer edges of the aromatic
functionalities alsoFigure85 above shows there is a slight bend in the positioning of the lower
benzothiazole regionwhich may be due to repulsion from the sulphur and nitrogen components

of the compoundThis mayalsoindicate thatthe binding event may be affected by steric factors.
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123.41

-236.86

Figure86 ¢ Electrostatic potential map calculated for compoutitl Enax(deep blue) andenin (bright red) values

depicted in the Figure legends are given in kJ/mol.

The data calculated for compounii4-17 showsthat the highestarea ofEqin is situated around
the aromatic nitrogen on compoundst-17, whilsthighestarea ofEnaxis located around the urea
NHs on compound$4-17. It has been theorised that the use of lé@wel computational chemistry

can be used to help predict where hydrogen bonding will occur witlsimeanical system

For the relativeEnin values, ordered from least electronegative to most electronegative
compaunds14-17are ordered as: compountl7, 236 kJ/mol, compountl5, 249 kJ/mol, compound
16, 256 kJ/mol and compount¥4 with 288 kJ/molWhen ordered from least electronegative to
most electronegative using the relativignax values, compoundd4-17 are orderal as such:
compoundl7, 123 kJ/mol, compound4, 161 kJ/mol, compound5, 186 kJ/mol and compourth

with 228 kJ/mol.

When discussing the formation of host: guest complexes ftrenation of intermolecular
hydrogen bonds ifocused around the primary HBD gups present on the host compound. These
groups are represented by then&values calculated, othe areas coloured dark blu&Vhen

compoundsl4-17 are ordered based on their relative selectivity to anionic guests, the compounds
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are ordered as: compound6 with a high association constant to one anion, benzoate. Then,
compoundsl5 and 17 show selectivity to three anionic guests each: compoBdvith chloride,
fluoride and hydroxide and compourdd with hydroxide, phosphate monobasic and sulphdtkis

may also be a result of increased steric contributions from the structure of compditiatsd17.

Finally compound.4 shows selectivity to four anionic guests which are: fluoride, hydroxide,
hydrogen sulphate and phosphate monobasic. In other wotts compounds can be ordered as:
compoundl6, compoundsl5and17 jointly and finally compound4. This follows the same order
observed when the compounds are ordered according to their relddivevalues.Therefore, the
data calculated for the electrosia potential maps for compound&4-17, supports the data
obtained from the fitting of the experimental results to a host: guest 1:1 binding isotherm

calculated by Bindfit.

Thisdata produced from the electrostatic potential mapsow evidenceof the presence of
areas ofhigh electronegativity at the imding sites. This originates from the aromatic nitrogen.
Where anions are negative, they may be repelled by this area of high electronegativity and so have
reducedassociation constas. It would then in turn make sense that those anions which are less
negative would feel the force of repulsion less, and therefore have higbsvciation constast
Whilst this data is supportive of this trend, it is not conclusive. Further experirients required

to definitively say what is causing this reversed Hofmeister series effect.

4.6 Conclusion

In conclusion, four novel fluorescent receptors have been synthesised, characterised and host:
guest properties were investigated. Compounti¥17 all act as good anionic receptors and
detectors inchloroform. Compoundl7 showed strong interactions with the highest number of
anions, followed by compound4 and then compound15 and finally compound16 with the
strongest interactioroccurringwith one guest speciedAll receptors fitted with their gueston a 1:1

binding isotherm, apart from compouridt with hydrogensulphate where the difference could not
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be determined without the need for further studythe results showed a reverse trend ttee
Hofmeister series with anions such as clderdisplaying stronger binding events than an anion

such as sulphate.

The results from the dilution studies show that no inner filter effect was occufangny
receptor at the titration concentration useduring the titrations, as these concentrations were
markedly above those used in the titrations. Apanh compoundl?7, where there is evidence of
this phenomenon occurring at the higher concentrations testelgctrostatic potential maps for
compounds14-17 have been employed and show the areas of highest electronegativity to be
around the aromatic nitrogen, with the areas of highest electropositivity to be located around the

urea NHs.

4.7 Future Works

Further study of why a inversein the Hofmeister tend is observedthrough the use of

methods such as single crystalay of the host: guest complexes, the usétsfNMR and qNMR.

5.0 Experimental techniques

5.1 General Remarks

All reactions associated with compountid 1 and compoundlL7 were conducted under slight
positive pressuref N> gasusing oven dried glassware. NMR spectra wdrginedusing a Bruker
AV2 400 MHz or Bruker AVNEO 400 MHz spectrometer with the chemical shifts reported in parts
per million (ppm), with the calibratio set to the centre of the solvent peak set. The data was
LINE RdzOSR dza Ay 3 . NUz| S NI Al sdivants arid Rtdrtingsrhatefals asedadereJi Y
purchased from commercially available sources where appropriate -fldggiution mass spectra
were ollected using a Bruker microOT-QFmass spectrometer. Melting points were obtained in

open capillaries using a Stuart SMP10 melting point apparatus. Infrared (IR) spectra were recorded
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using a ShimadzuWffinity 1 where the data was analysed in wavenamrs(cm') using IRsolution
software. Fluorescent emission spectra were obtained using a Cary Eclipse Fluorescence
Spectrophotometer from Agilent Technologies. A 1°amartz curvette was used for these

measurements.

5.2 Singlecrystal Xray studies

A suitable crystal of each relevant compound was selected and mounted onto a Rigaku Oxford
SATTFNI OGA2Yy {dzZISNYy 20 RAFTFNI OG2YSGSNY 5101 ¢
were solved with either Shel®Yor ShelXS structure solution programs via Direct Methods and
refined with Shel)X@® by the Least Squares minimisation. Ofék®@/as used as an interface to all

the ShelX programs. (CCDC 186628@6275)Data refined by Dr J. Hiscock.

5.3 Highresolution mass spectra studies

Approximately 1 mg of each compound was dissolved in 1 mL of methanol. This solution was
further diluted 100F 2 f R 6 S¥2NB dzy RSNH2Ay3 Fylfeéeara gKSN
directly into a flow of 10 mM ammonium acetate in 95 % water (flow @02 mL/min)Mass
ALISOGNI 6SNB I OljdZANBR Ay GKS yS3IIGAGBS A2y Y?

Data Analysis software by both R. Ellaby and L. White.

5.4 Selassociation and association constant calculations

All association constantgere calculated and obtained using the widely available BiNWR

program {ttp://app.supramolecular.org/bindfity. All data used to obtain association constants

can be accessed online through thse of the appropriate link provided in the appendix for each
complexationevents / a R2LIAY 3 aidzRASa ¢S )Bo eOadly Rada®dubtR &

of water present in the DMS@sto be monitored.

5.5 Fluorescence Spectrometry

All data produced forfiorescent spectrometry was obtained using the Scan software provided
by Cary Eclipse. The data was then opened and manipulated in Microsoft Excel to produce

representative graphsAll association constastwere calculated using the online Bindfit -Wig
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program {ttp://app.supramolecular.org/bindfity. All data used to obtain association constants

can be accessed onlingsingthe appropriate link provided in the appendix for eatitration

complex

6.0 Synthesis

Compound 1 (Figure87) This compound was synthesised in line with previously published
methods. Proton NMR were found to match the previously published #ahe reactants were
added into a round bottom flask, stirred for 30 minutes producing a-pallw precipitate, which
was filtered and washed with methanol producing a white precipitdteNMR (400 MH298 K,

CDG): 7.00 (s, 4NH), 5.90 (d= 2.72 Hz, 8H), 1.51 (s, 24H)

/ \

N
H

Figure87 ¢ Structure of compound.

Compound2: (Figure88) This compound was synthesised in line with previously published
methods. Proton NMR were found to match the previouplyblished datd® The solutim
containing compoun® was washed with dilute hydrochloric acid, where the toluene layer was
then dried with magnesium sulphate to remove any water remaining from the acid wash in the
separating funnel. To the toluene was added methanol and a white pragdormed, which was
separated through filtration. If the product was not pure it was dissolved into chloroform and
precipitated out with methanol before being filtered ofH NMR (400 MH298 KCDG): 10.22 (s,

40H), 7.08 (d)=7.59Hz, 8H), 6.75 (1= 15.17Hz, 4H)3.92 (br d,J=284.90Hz, 8H).
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Figure88 ¢ Structure of compouna@.

Compound3: (Figure89) This compound was synthesised in line with previously published
methods. Proton NMR werfound to match the previously published dat4.Compound2 was
dissolved intoacetonitrile and KxCQ was added. The mixture was heated to reflux for 24 hours.
Extracted into dichloromethane and wash withater, it was then dried over Mg3Gnd
precipitated out into a swirling flask of MeOH producing a white s4HdNMR (400 MH298 K,
CDG): 8.26 (s, 20H), 7.05 (d= 7.42 Hz, 4H), 6.92 (#= 7.80 Hz, 4H), 6.74 (t= 15.38 Hz, 2H),
6.64 (t,J= 1484 Hz, 2H), 4.32 (d= 13.19 Hz, 4H},00 (t,J= 13.19 Hz, 4H), 3.37 (@& 13.19 Hz,

4H), 2.04 (mJ= 28.03 Hz, 4H), 1.79 (% 37.09 Hz, 4H), 1.09 = 14.01 Hz, 6H).

JOPSY)
O OH

Figure89 ¢ Structure of compoung@®.

Compound4: (Figure90) A mixture of80 % w/wHNQand 70% w/w H,SQ was added to a
stirring solution of compound (0.200 g,0.37 mM) in acetonitrile at room temperature.The
product was extracted with chloroform (30 mL) and then water washed (20 mL x3jhenganic
phase vastaken to dryness. Yield b (02119, 034 mM). Melting point: >200 °GH NMR (400
MHz,298 K.CDG): 9.40 (s, 2H), 8.04 (s, 4H)6.98 (d,J= 8.36 Hz, 4H), 6.84 (t= 13.93 Hz, 2H),
4.29 (d,J= 13.09 Hz, 4H), 4.04 = 13.09 Hz, 4H), 3.50 @ 13.09 Hz, 4H), 2.05 (s 28.37 Hz,

4H), 1.77 (mJ=37.09 Hz, 4H), 1.11 (= 13.09 Hz, 6HESIMS 624.357gM+M-HT-.
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Figure90 ¢ Structure of compound.

Compound>5: (Figure9l) This canpound was synthesised in line with previously published
methods. Proton NMR were found to match the previously published ¥4fhe sodium hydride
was washed with hexane to remove the mineral oil gtated into a round bottom flask undeg,N
to this compound2 was added. Through the septum ddMFwas added and the mixture stirred
for ten minutes, then butylodide was added through the septum dr@pse and the solution
stirred for 26 hours at room taperature.Once complete, the reaction mixture was then poured
into a 2 M solution of hydrochloric acid, producing a pg#low viscous substance. The viscous
substance was then dissolved irgthyl acetate the organic layer was then washed with wateefi
times, followed by saturated sodium hydrogen carbonate and then finished with a brine wash. The
solution was then dried over magnesium sulphate and then vacuumed down to produce a whiteish
powder.*H NMR (400 MH298 K,CDG): 6.57 (m,J= 32.22 Hz, 2H), 4.45 (d)= 12.24 Hz, 4H),
3.89 (t,J= 14.69 Hz, 8H), 3.14 (@t 14.69 Hz, 4H), 1.89 (ths 29.38 Hz, 8H), 1.45 (d% 39.17 Hz,

8H), 0.99 (t)= 14.69 Hz, 12H).

Figure9l ¢ Structure of compouné.

Page |121



Compoundé6: (Figure92) Hydrogen gas was added through a hydrogen balloon to a stirring
solution of compound! (0.250 g, 0.95 mM) and Pd/C (000§, 0.47mM) in methanol (25 mLand
stirred for 48 hours until the balloon had deflated fully. The solution was filtered to remove the
Pd/C, and then taken to dryness. Yield:99@®.483 g, 0.85 mM)YH NMR (400 MH298 K,CDG):

8.56 (s, 2H), 7.97 (s, 2H), 6.77 §m178.52 Hz, 8H), 4.22 Jt 23.14 Hz, 4H), 3.95 (d% 23.14 Hz,
4H), 3.38 (MJ= 66.12 Hz, 4H), 1.97 @ 3.31Hz, 4H), 1.72 (d= 6.61 Hz, 4H), 1.03 (% 16.53

Hz, 6H).

NH,
PV
o) OH

Figure92 ¢ Structure of compound.

Compound?7: (Figure93) 1-lodobutane (0.2 mL1.76 mM) was added to a stirring mixture of
compound?2 (0.100 g, 0.23 mM) and sodium hydride (0.200 g, 8.33 mM) in dry DMF (20 mL). The
solution was then filtered to remove the sodium hydride before acid washing (20)ntheb water
washing (20 mL x3Yhe compound was then extracted using chloroform and taken to dryness.
Yield: 186 (0.023 g, 0.04 mMY4 NMR (400 MH298 K CDGJ): 10.20 (s, 1HY.05 (d,J= 7.15 Hz,
2H), 6.72 (tJ= 15.29 Hz, 1H), 6.57 (3% 32.05 Hz, 9H), 4.44 (@ 13.84 Hz3H), 3.91 (br dJ=
288.17 Hz, 2H), 3.88 (t= 15.82 Hz, 6H), 3.14 (@ 13.84 Hz, 3H), 1.89 (d% 29.66 Hz, 7H), 1.44

(m,J= 37.57 Hz, 7H), 0.99 {&= 15.82, 11H).
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Figure93 ¢ Structure of compound.

Compound8: (Figure94) Triphosgene (0.264 g, 0.89 mM) was added to a stirring solution of
compound6 (0.416 g, 0.73 mM) iethyl acetate(30 mL) and heated t60 °C.Attached was a
bubbler filled with a saturated solution of sodium carbonate to neutralise any phosgene gas

produced. This product was synthesised as an intermediate to compdQmdth an assumed yield

of 100%.

NCO
MO
O OH
L 12

Figure94 ¢ Structure of compoun®.

Compound9: (Figure95) This compound was synthesised in line with previously published
methods. Proton NMR wer®und to match the previously published dafd8.To a round bottom
flask aminomethane sulfonic acid was added dissolved into methanol to which
tetrabutylammonium hydroxide (TBA OH) was added and the solution dried on theapfar a
minimum of four hours to remove all the methanol. This was then dissolvecthid acetateand
added to the reaction mixture of compour8through a septumAssumed yield of 10%, taken

straight through to react.
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Figure9s ¢ Structure of compond 9.

Compound D0: (Figure96) Compound9 (0.256 g, 0.73 mMyas dissolved intethyl acetate
(20 mL) and added to a stirring solution of compo®8r{@.451 g, 0.73 mM) iethyl acetate(30 mL).
The solution was then filtered to remove any precipitate aaklen to dryness. Crude yield: &6

(0.397 g, 0.47 mM).

Figure96 ¢ Structure of compoundO.

Compound 1: (Figure97) Butyl isocyanate (0.223 g, 2.24 mM) was added to a stirring solution
of compound6 (0.395 g, B9 mM) in pure pyridine. The solid was filtered from the solvent and

washed with methanol (20 mL). Crude yield o£5%0.274 g, 0.35 mM).
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Figure97 ¢ Structure of compoundLl.

Compound 2: (Figure98) Melting point; 130 °C:H NMR: (400 MHz, 298 K, DM&D Y 1 Y ¢
(s, NH), 7.97 (di= 8.28 Hz, 1H), 7.65 (@ 7.9 Hz, 1H), 7.45 (t= 11.88 Hz, NH), 3.91 (@ 5.76,
2H), 3.16 (t)= 16.68, 8H), 1.56 (W= 31.23, 8H), 1.30 (M= 36.91 Hz, 8H), 0.92 {t= 14.65 Hz,
12H).1°C{H} NMR: (100 MHz, 298 K,DM& Y {+ Y wMpn®H &6/ 00X wmny ®o o/
(C), 113.2 (CH), 109.6 (C), 57.7:{@6.0 (Ch), 23.2 (CH), 19.3 (Ch), 13.6 (CH); IR (film): v = 2962

(NH stretch) 1699 (C=0 stretch), 1215 (S=O stretE§IMS 304.9765 [M] 610.9593 [M+M+H.

Cl
I
TBA
NG ] N N/\ //\ i
\ H H 70
0-N o

Figure98 ¢ Structure of compound 2.

Compound B: (Figure99) Melting point: 176 °CtH NMR: (400 MHz, 298 BIMSQGds0 ¥ 1 Y b
(s, NH), 7.55 (dl = 2.06 Hz, 1H), 7.47 (@ 8.40 Hz, 2H), 7.15 (@ 6.75 Hz, 1H), 6.04 (s, 1H), 3.99
(d,J= 6.05 Hz, 2H), 3.15 (t= 16.77 Hz, 8H), 2.31 (s, 3H), 1.55Jm31.10 Hz, 8H), 1.29 (¥
36.56, 8H), 0.91 (1]= 14.80, 12H3Cfl ¥ bawyY o6mnn all X Hody YZI 5af
153.9 (C), 153.6 (C), 144.4 (C), 125.4 (CH), 114.4 (CH), 113.1 (C), 110.9 (CH), 103.8 (Chl), 57.7 (C
56.1 (Ch), 23.2 (Ch), 19.3 (Ch), 18.1 (CHJ, 13.6 (CH}; IR (film): v 2960 (NH stretch), 1703 (C=0
stretch), 1215 (S=0 stretcli§SIMS: 311.0356 [M] 623.0773 [M+M+H..
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Figure99 ¢ Structure of compound3.

Compound #: (Figurel00) Butyl isocyanat€0.202 g, 2.04 mM)yas added to a solution of 2
(2-aminophenyl)benzothiazol€0.407 g, 1.80 mMin pure pyridine(10 mL) The solid was then
filtered off and washed with water (50 mL) then methanol (20 nvigld 55% (0.321 g0.98mM);

Melting point: 158 °C*H NMR (400 MH298 K DMSGQds): 11.01 (s, 1H), 8.47 (A= 9.91 Hz, 1H),

8.23 (d,J= 7.93 Hz, 1H), 8.13 (@ 7.93 Hz, 1H), 7.84 (@ 8.69 Hz, 1HY,.59(t, J=16.30Hz, 1H),
7.46(m, J=33.69Hz,2H),7.33(s, 1H),7.07 (t, J=16.30Hz, 1H)3.15(m, J=19.27Hz,2H),1.48(m,
J=28.27Hz,2H),1.34(m, J=36.62Hz,2H),0.89(t, J= 14.78Hz,3H).*C£H} NMR: (100 MHz, 298

K, DMS@s0 Y 168.0/(C), 154.9 (C), 152.5 (C), 139.5 (C), 132.9 (C), 131.6 (CH), 129.9 (CH), 126
(CH), 125.8 (CH), 122.9 (CH), 121.9 (TCH)2 (CH), 119.9 (CH), 117.7 (C), 31.8)(@BL6 (Cb),

13.7 (CH); IR (film): v 3302 (NH stretch), 1654 (C=0 stretdHMS: 324.1162 [MH]-

S” N

&

Figure100 ¢ Structure of compound4.

Compound 5: (Figurel01) Phenyl isocyanate (8289, 275 mM) was added to a solution of
2-(2-aminophenyl)benzothiazole (0.493 3,17 mM) in pure pyridine (10 mL). The solid was then
filtered off and washed with water (50 mL) then methanol (20 mL). Yietd {@84g,1.40mM);
Melting point:>200°C;*H NMR 400 MHz298 K DMSQde): 11.17 (s, 1H), 9.73 (s, 1H), 8.38(d, J=
8.56Hz,1H), 8.21 (d, J= 8.56Hz,1H), 8.15 (d, J= 17.14Hz,1H), 7.90 (d, J= 8.56Hz,1H), 7.54 (m, J
= 55.66Hz,5H), 7.3 (t, J= 15.70Hz,2H), 7.17 (t, J= 14.27Hz,1H), 7.01(t, J=14.27Hz,1H). *C{H}

NMR: (100 MHz, 298 K, DME® Y 167.7%(C)152.6 (C)152.6 (C)139.6 (C)138.4 (C)133.1 (C),
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131.6 (CH), 130(TH)128.7 (CH}126.6 (CH}1.25.9 (CH)123.1 (CHY122.3 (CH)122.2 (CH)122.0
(CH)120.9(CH),119.2 (CH), 118.9 (C); IR (film):3286 (NH stretch), 1660 (C=0 stretd&$IMS:
433.0853 [MHY-.
5,
N N
H H
SN

;

Figurel01 ¢ Structure of compoundb.

Compound 86: (Figure102) 4-Nitrophenyl isocyanate (099 g, 1.76 mM) was added to a
solution of 2(2-aminophenyl)benzothiazole (@09g, 1.80 mM) in chloroform (9 mL) and pyridine
(1 mL). The solid was then filtered off and washed with watt@n{L) then methanol (20 mL). Yield
46% (0.32 g,0.82mM); Melting point:>200°C;*H NMR (400 MH298 KDMSGds): 11.36(s, 1H),
10.51 (s1H), 8.36 (d,J= 9.38Hz,1H), 8.22 (m,J= 33.44Hz,4H), 7.96 (d,J= 9.38Hz,1H), 7.81 (m,
J= 15.45Hz,2H), 7.56 (m,J= 56.70Hz,3H), 7.24 (t,J= 16.56Hz,1H). *C{H} NMR(100 MHz, 298
K, DMS@ls0 Y 167.5¢(C)152.5 (C)152.1 (C)146.4 (C)141.2 (C)137.6 (C)133.1 (C)131.6 (CH),
130.1 (CH), 126.7 (CH), 126.0 (CH), 125.0 (CH), 123.1 (CH), 122.9 (CH), 122.1 (CH), 121.2 (CH), 1
(C), 118.0 (CH); IR (film): v = @3®BIH stretch), 1685 (C=0 stretcESIMS: 389.0688 [MHY,

779.1438 [M+MH"

NO
L
NN
SN

Figurel02 ¢ Structure of compound6.
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Compound ¥: (Figurel03) Triphosgene (0.127 g, 0.42 mM) was added to a stirring solution of
2-(2-aminophenyl)benzothiazole (0.402 g, 1.77 mMgthyl acetate(25 mL) and heated to 60 °C
for 4 hours, with a quenching solution of saturated sodium bicarbonate attached as a bubbler. With
an assumed vyield of 10, 2(2-aminophenyl)benzothiazole (0.411 581 mM) was added to the
solution containing the isocyanate intermediate and stirred over night at 60 °C. The precipitate was
then filtered off and washed with methanol (25 mL). Yield29.215 g, 0.45 mM); Melting point:
>200 °C*H NMR (400 MH298 K DMSGds): 11.42 (s, B), 8.29 (d J= 8.99Hz,2H), 8.13 (d J= 5.99
Hz,2H), 8.05 (d J= 7.49Hz,2H), 7.86 (d,J= 8.99Hz,2H), 7.57 (t,J= 14.98Hz,2H), 7.45 (m J= 38.95
Hz,4H), 7.29 (t,J= 16.48Hz,2H). *C{H} NMR: (100 MHz, 298 BMSQds0 Y No*G¢H} NMRiata

obtained due to solubility issues. IR (film): v = 1718 (C=0 str&siNlS: 477.0810 [MHT".

O
Ty

S °N N~ S

O O

Figurel03 ¢ Structure of compound?.

Page |128



7.0 References

10.

11.

Gale, P. A., Howe, E. N. W. & Wu, X. Anion Receptor Che@hsbryl, 351¢422 (2016).

Ariga, K. Supermolecules. Biomaterials Nanoarchitectoni@bc40 (Elsevier Inc., 2016).

doi:10.1016/B978-323-371278.000030

Reinhoudt, D. N. Supramolecular Chemistry and HeterocycleReference Module in
Chemistry, Molecular Sciences and Chemical EnginéEtgmyier, 2013). doi:10.1016/b978

0-12-4095472.053968

KinneSaffran, E. & Kinne, R. K. Vitalisrd aynthesis of urea. From Friedrich Wohler to Hans

A. KrebsAm. J. Nephroll9, 29(;294 (1999).

INOUYE, M. Functional Dyes for Molecular Recognition: Chromogenic and Fluorescent
Receptors. inColorants for NoiTextile Application®38¢274 (Elsevier Samice, 2000).

doi:10.1016/b9780444828880/50037-4

Johannes Diderik van der Waals Biographical - NobelPrize.org. Available at:
https://www.nobelprize.org/prizes/physics/1910/waals/biographical/. (Accessed: 21st

April 2020)

KinneSaffran, E. & Kinn&. K. Vitalism and synthesis of urea. From Friedrich Wohler to Hans

A. KrebsAm. J. Nephroll9, 29(;294 (1999).

CNF GAET '@ {d t SNIAYQE al dz@SY Techidh S@L,BNI 2 F

(1990).

De Klerk, G. J. M. Mechanism and vitalism. A history of the controveartsy Biotheor28,

1¢10 (1979).
Lewis, G. N. The atom and the moleculeAm. Chem. S@&8, 762,785 (1916).

Lewis, G. N. Introductory address: Valence and the eleciroarsactions of the Faraday

Societyl9, 452458 (1923).

Page |129



12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

Gillespie, R. J. & Robinson, E. A. Gilbert N. Lewis and the chemical bond: The electron pai

and the octet rule from 1916 to the present day.Comput. Cherd8, 87¢97 (2007).

Tang, K. T. & Toerms, J. P. Johannes Diderik van der Waals: A pioneer in the molecular
sciences and nobel prize winner in 192hgewandte Chemie International Editiord9,

9574c9579 (2010).

Dalgarno, A. & Davison, W. D. The Calculation of Van Der Waals Interastionét. Mol.

Opt. Phys2, 132 (1966).

Andersson, Yet al. Van der Waals Interactions in Density Functional TheornB3ctronic
Density Functional Theory: Recent Progress and New DirectiorSleatronic Density
Functional Theorgeds. Dobson, F., Vignale, G. & Das, M. P.) @D (Springer US, 1998).

doi:10.1007/9781-4899-03167_17
[ AOKGSYUuKIHt SNE Co® 2 mnn ,SINE a{ OKf NaasSt
Analogy?Angewandte Chemie International Edition in Endi32364,2374 (1995).

Behr, J. PThe Locland-Key Principle, The State of the-Ard0 Years Qi he Lockand-Key

Principle, The State of the Aff00 Years Oh, (2007).

Hendricks, S. B., Wulf, O. R, Hilbert, G. E. & Liddel, U. Hydrogen Bond Formation betweer
Hydroxyl Groups and Nitrogen Atoms in Some Organic Compodindsr. Chem. Sds8,

1991¢1996 (1936).

Chenon, B. & Sandorfy, C. Hydrogen bonding in the amine hydrohalides: |. General aspects.

Can. J. Cher86, 118%1206 (1958).

Smith, D. A. A Brief History of the Hydrogen Bond.¢ih (11994).d0i:10.1021/bk1994

0569.ch001

Pedersen, C. J. The Discovery of Crown Ethers (Noble Lecng®wandte Chemie

International Edition in Englistv, 102X1027 (1988).

Page |130



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Sherman, J. C. Donald J. Cr&mem. Soc. Re’36, 148,150 (2007).

Leigh, DA. Genesis of the Nanomachines: The 2016 Nobel Prize in CherAisgigw.

Chemie Int. Ed.55, 1450€;14508 (2016).

Richards, V. 2016 Nobel Prize in Chemistry: Molecular maciNagsie Chemistrg, 1090

(2016).

Marrs, C. N. & Evans, N. H. Thadagynthesis and dynamic behaviour of an isophthalamide

[2]catenane Org. Biomol. Cheni3, 1102111025 (2015).

Northrop, B. H., Zheng, Y. R:\Wian, C. H. |. & Stang, P. J.-8ajanization in coordination

driven selfassemblyAcc. Chem. Re42, 1554;1563 (2009).

Wittenberg, J. B. & Isaacs, L. Complementarity and Preorganizati@upiramolecular

ChemistryJohn Wiley & Sons, Ltd, 2012). doi:10.1002/9780470661345.smc004

McGrath, J. M. & Pluth, M. D. Understanding the effects of preorgtoig, rigidity, and

steric interactions in synthetic barbiturate receptods.Org. Chen?9, 711719 (2014).

Adams, R. D., Kiprotich, J., Peryshkov, D. V. & Wong, Y. O. Opening of Carborane Cages |

Metal Cluster Complexes: The Reaction of a Thiedaflestituted Carborane with Triosmium

Carbonyl Cluster Complexdisorg. Chem55, 82048213 (2016).

Murugan, R. & Sutharchanadevi, M. Rings containing Other Elemer@aniprehensive
Heterocyclic Chemistry II: A Review of the Literature-198%9, 10331037 (Elsevier Ltd,

1996).

Lin, X. & Grinstaff, M. W. lonic supramolecular assemhBesel Journal of Chemistba,

498c510 (2013).

Parkin, 1. P. Supramolecular chemistry. J.W. Steed and J.L. Atwood. John Wiley & Sons Litc

Chichester, 2000745 pages. 29.95 (paperback). ISBM70:987913. Appl. Organomet.

Chem15, 236:236 (2001).

Page |131



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Ninham, B. W. & Parsegian, V. A. van der Waals Forces: Special Characteristied/amteipid
Systems and a General Method of Calculation Based on the Lifshitz TReqtyys. J10,

646¢663 (1970).

Waters, M. L. Aromatic interactions in model syste@grrent Opinion in Chemical Biology

6, 736741 (2002).

Zhuang, W. Retal.! LJLJ A OF 4A AYida O3 Ry 3 Ay (G SNI Odéliery a A

systemsJournal of Controlled Relea2@4, 311326 (2019).

Davarcioglu, B. The General Charastar of Weak Intermolecular Interactions in Liquids

and Crstalsint. J. Mod. Eng. Res. www.ijmer.ctmi43;454
Dougherty, D. A. The cation A y (i SAtE. Ohierk. Rg48p88% 893 (2013).

Schottel, B. L., Chifotides, H. T. & Dunbar, K. RnAnio A Y (i S NChe®itad Sogiétyd

Reviews37, 68;83 (2008).
Conn, M. M. & Rebek, J. Saffsembling capsule€hem. Re\A7, 16441668 (1997).

{ G 2y 6 ktéaDESiIgh @nd synthesis of a-§mmetric selcomplementary hydrogen
bonding cleft motcule based on the bicyclo,[3.3.1]nonane aneox#-5-azaindole
framework. Formation of channels and inclusion complexes in the solid tad¥g. Chem.

69, 5196;5203 (2004).

Ono, G., lzuoka, A., Sugawara, T. & Sugawara, Y. Structure and physieglegrap a
hydrogenrtbonded selfassembled material composed of a carbamoylmethyl substituted TTF

derivative.J. Mater. Chen8, 1703;1709 (1998).

Dannenberg, J. J., Haskamp, L. & Masunov, A. Are Hydrogen Bonds Covalent or Electrostatic
A Molecular Obital Comparison of Molecules in Electric Fields afgbHding Environments.

J. Phys. Chem.183 7083;7086 (1999).

Page |132



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

MacLeod, J. M. & Rosei, F. Directed Assembly of Nanostructurgsomprehensive

Nanoscience and Technolotgb, 1368 (Elsevier Inc., 2011).

Deng, W., You, Y. & Zhang, A. Supramolecular netias&d sethealing polymer materials.
in Recent Advances in Smart Sedhling Polymers and Composite1¢210 (Elsevier Ltd,

2015). doi:10.1016/B978-78242280-8.000078

Gupta, V. P. Topological Analysis of Electron DanQtyantum Theory of Atoms in
Molecules. inPrinciples and Applications of Quantum Chemi359;384 (Elsevier, 2016).

doi:10.1016/b9780-12-8034781.00011x

Yamada, KRecent Applications of Solgtae 170 NMR Annual Reports on NMR

Spectroscopy0, (Academic Press, 2010).

Shoji, Met al. LargeScale QM/MM Calculations of Hydrogen Bonding Networks for Proton
Transfer and Water Inlet Channels for Water Oxidafitveoretical System Models of the
OxygenEvolving Complex of Photosystem Il Aidvances in Quantum Chemisit§, 325

413 (Academic Press Inc., 2015).

Schaeffer, L. The Role of Functional Groups in-Beagptor Interactions. ifthe Practice of
Medicinal Chemistry: Fourth Editi@59378 (Elsevier Inc., 2008). doi:10.1016/BAr-82-

4172050.000146

Taylor, R. & Kennard, O. Hydroger2 Y R DS 2 YS (i NB A YicctCNIREW,O / N

320¢326 (1984).
Feyereisen, R. INSECT P450 ENZWES. Rev. Entomal4, 507533 (1999).
Hahn, B. H. Antibodies to DNew England Journal of Medici@&8, 13531368 (1998).

Leippe, Met al.Primary and secondary structure of the pdoeming peptide of pathogenic

Entamoeba histolyticdEMBO J11, 350X 3506 (1992).

Page |133



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Fromme, R., Katiliene, Z., Fromme, P. & Ghirlanda, G. Conformational gating of dimannose
binding to the antiviral protein cyanovirin revealed from the crystal structure at 1.35 A

resolution.Protein Scil7, 939,944 (2008).

Halls, S. C. & Lewis, NS@condary and quaternary structures of theijoresinotforming

dirigent protein.Biochemistry1, 94559461 (2002).

Noncovalent Bonds- Molecular Cell Biology- NCBI Bookshelf. Available at:

https://www.ncbi.nlm.nih.gov/books/NBK21726/. (Access8th March 2020)

Cerbdn, J. NMR Evidence for the hydrophobic interaction of local anaesthetics. Possible

relation to their potencyBBA- Biomembr290, 51¢57 (1972).

Lis, L. J., McAlister, M., Fuller, N., Rand, R. P. & Parsegian, V. A. Intdvatiiers neutral

phospholipid bilayer membraneBiophys. B7, 657665 (1982).

Meyer, E. E., Rosenberg, K. J. & Israelachvili, J. Recent progress in understanding
hydrophobic interactionsProceedings of the National Academy of Sciences of the United

States of America03, 1573%15746 (2006).

Schober, M. E. Docosahexaenoic Acid and Omega 3 Fatty Adibsyitherapeutics for
Traumatic Brain Injury: Prevention of Secondary Brain Damage and Enhancement of Repair

and Regeneratio287¢306 (Elseviemkc., 2017). doi:10.1016/B97812-8026861.000183

Jonas, J. High Pressure Studies Using NMR Spectroscipgyaiopedia of Spectroscopy

and Spectrometry60c771 (Elsevier, 1999). doi:10.1006/rwsp.2000.0117
Cell Membranes The Celt NCBI Booksdif.pdf.
Silver, P. A. How proteins enter the nucle@sll64, 489497 (1991).

Costa, P. J., Marques, I. & Félix, V. Interaction of a calix[4]arene derivative with a DOPC
bilayer: Biomolecular simulations towards chloride transpd@tochim. Biopys. Acta-

Biomembr1838 89(;901 (2014).

Page |134



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Jose, P. & Menon, S. Lowén substituted calixarenes and their applicatioBsinorganic

Chemistry and Applicatior2907, 65815 (2007).

Bakelite, B. & Nagel, M. C. Profiles in chemisiwyrnal of Chermoal Educatiorb7, 811812

(1980).

Structure G Bakelite. Available at:
https://bakelitegroup62.wordpress.com/2016/09/25/structure/. (Accessed: 21st April

2020)

Gutsche, C. D., Rogers, J. S., Stewart, D. & See, K. A. Calixarenes: Paradoxesgins parad

in molecular basket$2ure Appl. Cheng2, 485491 (1990).

Gutsche, C. D., Igbal, M. & Stewart, D. Calixarenes. 18. Synthesis Procedurderfor p

Butylcalix[4]arened. Org. Chendl, 742,745 (1986).

Kappe, T. The early history of calixarene chemidtincl. Phenom. Mol. Recognit. Chén.

3¢15 (1994).

Gutsche, C. D. Calixarenésc. Chem. Rek6, 161170 (1983).

Sardjono, R. E. & Rachmawati, R. Green Synthesis of Oligomer Calixare@esenn

Chemical Processing and Synth@siSech, 2017). doi:10.5772/67804

Roundhill, D. M. Calixarenéa Comprehensive Coordination Chemistd88¢491 (Elsevier,

2003). doi:10.1016/B08-0437486/010549

Asfari, Z. (ZouhairCalixarenes 200Calixarenes 200KIluwer Academic Publishers, 2006).

doi:10.1007/0306-475227

Guérineau, Vet al. The synthesis and characterization of giant CalixareNes. Commun.

10, 113 (2019).

Makha, M., Raston, C. L., Skelton, B. W. & White, A. H. A more benign approach to the

synthesis of calixarene&reen Cheng, 158 (2004).

Page |135



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Biali, S. Eet al. Alkarediyl bridged calix[4]arenes: Synthesis, conformational analysis, and

rotational barriers.J. Am. Chem. Sdcl8, 1293812949 (1996).

Gutsche, C. D. & Pagoria, P. F. Calixarenes. 16. Functionalized Calixarenes: The Dire

Substitution RouteJ. Org. Gém. 50, 57955802 (1985).

Simaan, S. & Biali, S. E. Synthesis-teftgbutylcalix[4]arene derivatives with traredkyl

substituents on opposite methylene bridgds.Org. Chen®8, 3634;3639 (2003).

Espafiol, E. S. & Villamil, M. M. Calixarenesie@dities and their role in improving the
solubility, biocompatibility, stability, bioavailability, detection, and transport of

biomoleculesBiomolecule9, 90 (2019).

Slavik, P., Eigner, V. & Lhoték, P. A general method for obtaining calix[4]arene derivatives in

the 1,2alternate conformationTetrahedron/2, 6348,6355 (2016).

Kumar, R., Jung, Y. & Kim, J. S. Fluorescent calixarene h@stiixanenes and Beyoidd3¢

760 (Springer, 2016). doi:10.1007/93819-3186F7_28

Deska, M., Dondela, B. & Sliwa, W. Calixarenes containing modified meso bhidiiasc

2015 2947 (2014).

Osipov, M., Chu, Q., Geib, S. J., Curran, D. P. & Weber, S. G. Synthesisafityeffyporous

calix[4]arenes as molecular recognition scaffoRsilstein J. Org. Chery.36 (2008).

Mutihac, L. Calix[n]arenes as synthetic membrane transporters: A minire&ii. Lett43,

13551366 (2010).

Mutihac, L. Functionalized Céilijarenes as Membrane Transporters for Biological

Compounds.A MinireviewCurr. Drug Discov. Techn®l98;104 (2008).

Jin, T. Photocontrol of Na+ transport across a phospholipid bilayer containing a

bisanthroylcalix[4]arene carrie€hem. Commuri379¢1380 (2000). doi:10.1039/b002034f

Page |136



87.

88.

89.

90.

91.

92.

93.

94.

95.

Perret, F.et al. Anionic fullerenes, calixarenes, coronenes, and pyrenes as activators of
oligo/polyarginines in model membranes and live cellsAm. Chem. Sak27, 11141115

(2005).

CORNFORTH, J. W., HARD., NICHOLLS, G. A,, REES, R. J. & STOCK, J. A. Antituberculo
effects of certain surfacactive polyoxyethylene ether&r. J. Pharmacol. Chemothé&f,

7388 (1955).

Perret, F., Bonnard, V., Danylyuk, O., Suwinska, K. & Coleman, A. W. Conf@amatio
extremes in the supramolecular assemblies of gardonatocalix[8]arene New J. Chem.

30, 987990 (2006).

Nimse, S. B. & Kim, T. Biological applications of functionalized calixa@dmss. Soc. Rev.

42, 366386 (2013).

Igbal, K. S. J. & Cragg, P. J. Transmembrane ion transport by calixarenes and their derivatives

Dalt. Trans26¢32 (2007). doi:10.1039/b613867p

Schihle, D. T., Peters, J. A. & Schatz, J. Metal binding calixarenes with potential biomimetic

and biomedial applicationsCoordination Chemistry Revie®B5 272%2745 (2011).

Fayzullin, D. Aet al. Influence of Nature of Functional Groups on Interaction of
Tetrasubstituted at Lower Rimtprt-Butyl Thiacalix[4]arenes in TA™ternate Configuration

with Model Lipid MembranesAppl. Magn. Resod0, 231243 (2011).

Xu, Z.et al. Heteromultivalent peptide recognition by @ssembly of cyclodextrin and
calixarene amphiphiles enables inhibition of amyloid fibrillatiblat. Chem.11, 86¢93

(2019).

Lee, M., Lee, S. J. & Jiang, L. H. Stiespionsive supramolecular nanocapsufesm

amphiphilic calixarene assembly.Am. Chem. Sd26, 1272412725 (2004).

Page |137



96.

97.

98.

99.

100.

101.

102.

103.

104.

Subramani, K. & Ahmed, W. Safisembly of proteins and peptides and their applications in
bionanotechnology and dentistry. iEmerging Nanotechnologies in Dentistry: &gkt

Edition231¢249 (Elsevier, 2018). doi:10.1016/B97-82-8122914.000121

Strobel, M.et al. Selfassembly of amphiphilic calix [4]arenes in aqueous solutiaiv.

Funct. Mater16, 252;259 (2006).

Seganish, J. ket al. Regulating supramoleculdunction in membranes: Calixarenes that
enable or inhibit transmembrane -Gransport. Angew. Chemie Int. Ed.45, 33343338

(20086).

Tieke, B., Toutianoush, A. & Jin, W. Selective transport of ions and molecules acress layer
by-layer assembled memanes of polyelectrolytes,-pulfonato-calix[n]arenes and Prussian

Bluetype complex saltsAdvances in Colloid and Interface Scietic® 121¢131 (2005).

Akieh, M. N., Ralph, S. F., Bobacka, J. & Ivaska, A. Transport of metal ions across al
electrically switchable cation exchange membrane based on polypyrrole doped with a

sulfonated calix[6]arenel. Memb. ScB854, 162;170 (2010).

{Sadl T . DA tonidtransdaiNdcrygsa lipid bilayers activated by cryptands and alkyl
cryptands. inColloids and Surfaces A: Physicochemical and Engineering Asp®ctds;

126 (Elsevier Sci B.V., 1998).

SHINKAI, S. ChemInform Abstract: FunctionalizatiomosfrCEthers and Calixarenes: New

Applications as Ligands, Carriers, and Host Molec@lesminforn24, no-no (2010).

Demirkol, D. O., Yildiz, H. B., Sayin, S. & Yilmaz, M. Enzyme immobilization in biosensol
constructions: Selassembled monolayers afalixarenes containing thiolfRSC Adw4,

1990019907 (2014).

Consoli, G. M. L., Granata, G. & Geraci,C@lixarenébased micellesDesign and
Development of New Nanocarrie(Blsevier Inc., 2018). doi:10.1016/b90-82-813627

0.00003x

Page |138



105.

106.

107.

108.

109.

110.

111.

112.

113.

114,

115.

Agrawa) Y. K., Pancholi, J. P. & Vyas, J. M. AGRAWAL at al: Design and synthesis of calixarer

J. Sci. Ind. Reser68, 745,768 (2009).

Loeb, S. J. & Cameron, B. R. Calixarene metalloreceptors: Demonstration of size and shape

selectivity inside a calixarercavity ACS Symp. S&57, 283,295 (2000).

Eddaif, L., Shaban, A. & Telegdi, J. Sensitive detection of heavy metals ions based on the
calixarene derivativemodified piezoelectric resonators: a reviemt. J. Environ. Anal.

Chem99, 824;853 (2019.

Arora, V., Chawla, M. & Singh, S. P. Special Issue Reviews and Accounts ARKIVOC 2007
172unn |/ FEAEFNByYySa a aSyaz2N) YFEGSNAFE & F2N
Arkivoc2007, 172,200 (2007).

Schulz, Met al. A Calixarendased MetatOrganic Framework for Highly Selective NO2

Detection.Angew. Chemielnt. Ed.57, 12961%12965 (2018).

Da Silva, E., Lazar, A. N. & Coleman, A. W. Biopharmaceutical applications of calixarenes

Journal of Drug Delivery Science and Techndlégs;20 (2004).

Zhou, Y., Li, H. & Yang, Y. W. Controlled drug delivery systems based on cali€hiaenes.

Chem. Lett26, 825,828 (2015).

Xue, Y., Guan, Y., Zheng, A. & Xiao, H. Amphoteric calix[8lzased complex for pH

triggered drug deliveryColloids Surfaces B Biointerfad€4, 55¢60 (2013).

Mo, J., Eggers, P. K., Yuan, Z. X., Raston, C. L. & Lim, L. Y. fReadieakphospbnated

calixarene nanovesicles as a modular drug delivery platfSoh.Reps, 1¢12 (2016).

Li, P., Chen, Y. & Liu, Y. Calixarene/pillarabased supramolecular selective binding and

molecular assemblyChinese Chem. LeB0, 119@;1197 (2019).

Rebek Jr., J. Hagluest chemistry of calixarene capsul€hem. Commui®37¢643 (2000).

d0i:10.1039/a910339m

Page |139



116. Kim, H. J., Lee, M. H., Mutihac, L., Vicens, J. & Kim, J.-§ukkistensing by calixarenes on

the surfacesChemical Society Reviedds 1173;1190 (2012).

117. Wang, J., Ding, X. & Guo, X. Assembly behaviors of calixaasad amphiphile and supra
amphiphile and the applications in drug delivery and protein recognifidwances in Colloid

and Interface Scien@69, 187202 (2019).

118. Shahgaldian, P., Sciotti, M. A. & Pieles, U. Amirstituted amphiphilic calixarenes: Self

assembly and interactions with DNAangmuir24, 8522;8526 (2008).

119. Yu, G, Jie, K. & Huang, F. Supramolecular Amphiphiles Based e@udsisiMolecular

Recogition Motifs. Chemical Reviewtl5, 724(@;7303 (2015).

120. Basilio, N., Francisco, V. & GaiRia, L. Aggregation of-qulfonatocalixarendased
amphiphiles and supramphiphiles.International Journal of Molecular Sciendds 314G;

3157 (2013).

121. Guan, B., Jiang, M., Yang, X., Liang, Q. & Chen;&sseaifty of amphiphilic calix[6]crowns:

From vesicles to nanotubeSoft Matter4, 1393;1395 (2008).

122. Helttunen, K. & Shahgaldian, P. @s§embly of amphiphilic calixarenes and resorcinarenes

in water.New Journal of ChemistBg, 27042714 (2010).

123. Zhang, J. Amphiphilic Molecules. Encyclopedia of Membranek;4 (Springer Berlin

Heidelberg, 2014). doi:10.1007/983642-408724_17891

124. Taylor, R. Met al. Anionic amphiphile and phospholipidduced conformational changes in
human neutrophil flavocytochrome b observed by fluorescence resonance energy transfer.

Biochim. Biophys. ActaBiomembr.1663 201¢213 (2004).

125. Findlay, B., Zhanel, G. G. & Schewif. Cationic amphiphiles, a new generation of
antimicrobials inspired by the natural antimicrobial peptide scaff@ldtimicrobial Agents

and Chemotherap§4, 4043;4058 (2010).

Page |140



126.

127.

128.

129.

130.

131.

132.

133.

134.

Barthelemy, P.et al. Supramolecular assemblies of DNA with neutral leoside

amphiphilesChem. Commuri.261¢1263 (2005). doi:10.1039/b412670;j

Wu, A., Gao, Y. & Zheng, L. Zwitterionic amphiphiles: Their aggregation behavior and

applications Green Chemistrg1, 429@;4312 (2019).

Tian, J.et al. Electrospun nanoférs for food and food packaging technology. in
Electrospinning:  Nanofabrication and Applicationd55¢516 (Elsevier, 2018).

doi:10.1016/B978-323-512701.000157

bAAKA{lFI Sl ¢®X DbIENRGEFEYET | @ h3AAT { T -{F (3
interaction-driven selfassembly of amphiphilic aromatic hydrocarbons into nanosheets.

Chem. Commura5, 1495@14953 (2019).

Thawarkar, Set al. TrifluoromethylDirected Supramolecular S&ssembly of Fullerenes:
Synthesis, Characterization and Photd&ial ApplicationsChemistrySelecs, 11151121

(2020).

Hada, D., Rathore, K., Chauhan, N. P. S., Sharma, K. & Mozafari, M. Functional protein tc
polymer surfaces: an attachment. iAdvanced Functional Polymers for Biomedical

Applications191c210 (Elevier, 2019). doi:10.1016/h978-12-8163498.000162

Adams, M. L., Lavasanifar, A. & Kwon, G. S. Amphiphilic block copolymers for drug delivery.

Journal of Pharmaceutical Scien8@s1343;1355 (2003).

Alberts, Bet al. The Lipid BilayerMolecular Biology of the CelNCBI Bookshelflberts B,
Johnson A, Lewis J, et al. Molecular Biology 4th edition. New York: Garland f208®%)e;

Available at: https://www.ncbi.nlm.nih.gov/books/NBK26871/. (Accessed: 12th April 2020)

Parlato, M. C.Jee, J. P., Teshite, M. & Mecozzi, S. Synthesis, characterization, and
applications of hemifluorinated dibranched amphiphilels. Org. Chem76, 65846591

(2011).

Page |141



135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

Feast, G. &t al. The search for new amphiphiles: Synthesis of a modular;thrglughput

library.Beilstein J. Org. Chef0, 15781588 (2014).

Hutt, O. E., Mulet, X. & Paul Savage, G.-Clieknistry as a miand-match kit for amphiphile

synthesisACS Comb. St#4, 565569 (2012).

Hehre, W. J., Radom, L. & Pople, J. A. Molecular Orbital Theory of the Electronic Structure of
Organic Compounds. XIll. Conformations, Stabilities, and Charge Distributions in

Monosubstituted Benzenes. Am. Chem. Sd#, 1496;1504(1972).

Sorrenti, A., llla, O. & Ortufio, R. M. Amphiphiles in aqueous solution: Well beyond a soap

bubble.Chemical Society Revied 8208219 (2013).

Knight, H. Life sciencEnginee93, 18;19 (2005).

Alexandridis, P. & Andersson, KevBrse micelle formation and water solubilization by
polyoxyalkylene block copolymers in organic solvantPhys. Chem. B)1, 81038111

(1997).

Hashidzume, A. & Harada, A. Micelles and VesiclesEnityclopedia of Polymeric
Nanomaterials 1238;1241 Springer Berlin Heidelberg, 2015). doi:10.1007/37&42-

296482_56

Polarz, S., Kunkel, M., Donner, A. & Schlbtter, M. Adddde SurfactantsChemistry- A

European Journa@4, 1884218856 (2018).

Jiao, Tet al. Selfassembly and headgroup efft in nanostructured organogels via cationic

amphiphilegraphene oxide compositeBLoS On@, €101620 (2014).

Sliwa, W. & Girek, T. Calixarene complexes with metal ibnisicl. Phenom. Macrocycl.

Chem$66, 1541 (2010).

Tyuleva, S. Netal. A symbiotic supramolecular approach to the design of novel amphiphiles

with antibacterial properties against MSRZhem. Commura5, 9598 (2019).

Page |142



146.

147.

148.

149.

150.

151.

152.

158.

154.

155.

Bolhuis, A. & AldrichiVright, J. R. DNA as a target for antimicrobi@lsorg. Chenb5, 51¢

59 (2014).

Bush, K. Antimicrobial agents targeting bacterial cell walls and cell memb@ikeRev. Sci.

Tech:31, 4356 (2012).

Lalatsa, A., Leite, B.®> CAJdzSANBR2X ad C® 3 hQ/ 2Yyy2N]
targeting. inNanotechnologyBased Targeted Drug Delivery Systems for Brain Turhbes

145 (Elsevier, 2018). doi:10.1016/B90-82-8122181.000051

Tomich, J. M., Wessel, E., Chd, Avila, L. A. Nonviral Gene Therapy: Peptiplexé¢uateic

Acid Nanotheranostic347¢276 (Elsevier, 2019). doi:10.1016/b908.2-8144701.000083

Seroski, D. T. & Hudalla, G. A.-8sembled Peptide and Protein Nanofibers for Biomedical
Applicatons. in Biomedical Applications of Functionalized Nanomaterials: Concepts,
Development and Clinical Translatib69¢598 (Elsevier, 2018). doi:10.1016/B9U323

508780.000197

l¢¢2hh5% 5& 3 ¢h[[9, 3 W ! & { SttighmssacagodA | {
models for codeine, oxycodone, ethylmorphine and pethidiheurnal of Pharmacy and

Pharmacology2, 761765 (1980).

Causon, Det al. Ultrasonic relaxations associated with aggregation in drig€hem. Soc.

Faraday Trans. 2 Molhém. Phys77, 143,151 (1981).

ATHERTON, A. D. & BARRY, B. W. Photon correlation spectroscopy of surface active cation

drugs.J. Pharm. Pharmacd?7, 854,862 (1985).

Sarmiento, F., Lopdzontan, J. L., Prieto, G., Attwood, D. & Mosquera, ¥Yed/imicelles of

structurally related antidepressant drugSolloid Polym. S&@75, 11441147 (1997).

Attwood, D., Mosquera, V., Garcia, M., Suarez, M. J. & Sarmiento, F. A comparison of the
micellar properties of structurally related antidepressanigs.J. Colloid Interface Stiz5,

201¢206 (1995).

Page |143



156. ' ¢¢2hh5%X 5 g IIDIw2!l[Z {® td ¢KS adaNFI O
adrenoceptor blocking agents in aqueous solutidn.Pharm. PharmacoBl, 392;395

(1979).

157. Kang, Y. & Zhang, BHAPTER 1. Evolution of Sufinaphiphiles from Amphiphiles. irg22

(Royal Society of Chemistry, 2017). doi:10.1039/97817880106661

158. Zhang, X. & Wang, C. Supramolecular amphiphiemical Society Revied8, 94¢101

(2011).

159. Wang, C., Wang, Z. & Zhang, X. Amphiphilic building blocks feassethbly: From

amphiphiles to supramphiphilesAcc. Chem. Re45, 608;618 (2012).

160. Sikder, A. & Ghosh, S. Hydrodmmding regulated assembly of molecular and

macromolecular amphiples.Materials Chemistry FrontieB 2602,2616 (2019).

161. Mohmeyer, N. & Schmidt, H. W. A new class oftealecularweight amphiphilic gelators.

Chem- A Eur. J11, 863872 (2005).

162. Faustino, C. M. C., Calado, A. R. T. & GRiojaL. Dimericral monomeric surfactants

derived from sulfurcontaining amino acidgl. Colloid Interface S8b1, 472477 (2010).

163. Pittelkow, M., Nielsen, C. B., Kadziola, A. & Christensen, J. B. Molecular recognition:
Minimizing the aciebase interaction of a tundb hostguest system changes the selectivity

of binding.J. Incl. Phenom. Macrocycl. Ché®).257%266 (2009).

164. Pittelkow, M., Christensen, J. B. & Meijer, E. W. Ghest chemistry with dendrimers:
Stable polymer assemblies by rational desiyrPofm. Sci. Part A Polym. Chefgl, 379%;

3799 (2004).

165. Pittelkow, M. et al. Molecular recognition: Comparative study of a tunable hgs¢st
system by using a fluorescent model system and collgsidaced dissociation mass

spectrometry on dendrimersChen. - A Eur. J11, 5126;5135 (2005).

Page |144



166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Hiscock, J. R., Bustone, G. P., Wilson, B., Belsey, K. E. & Blackholly, L. R. In situ modificatit
of nanostructure configuration through the manipulation of hydrogen bonded amphiphile

seltassociationSoft Matter12, 422%4228 (2016).

L EFO1lK2ttes [ wodsE {KSLKSNRZ |1 & WP 3 | A3

amphiphile seHassemblya solid state studyCrystEngComm8, 702k 7028 (2016).

White, L. Jet al. Towards quantifying the role of dyogen bonding within amphiphile self

association and resultant aggregate formati@hem. Sc8, 7620;7630 (2017).

White, L. Jet al. Towards the Prediction of Global Solution State Properties for Hydrogen

Bonded, SelAssociating Amphiphile€&hem- A Eur. 124, 77617773 (2018).

Blackholly, L. R. Design, Characterisation and Synthesis of Novel Amphiphilic Supramolecula

Antimiaobials.

Valeur, B. Molecular Fluorescence. digital Encyclopedia of Applied Physi£s/c531

(Wiley-VCH Verlag GmbH & Co. KGaA, 2009). doi:10.1002/3527600434.eap684

Leopoldo, M., Lacivita, E., Berardi, F. & Perrone, R. Developments in fludnesises for

receptor researchDrug Discovery Today, 706,712 (2009).

Anderson, M. J. & Cohen, M. W. Fluorescent staining of acetylcholine receptors in vertebrate

skeletal musclel. PhysioR37, 385400 (1974).

P YE3dZOKASE |, @ al §&adzol N X |, @3 hOKAZI ¢ o3 2
length affects he fluorescence emission efficiencl. Am. Chem. Sat30, 1386%¢13869

(2008).

Zhang, Hetal.2 K& 52 {AYLX S a2t SOdzZ Sa 6A0GK WwWrazfl

Am. Chem. Sott39, 1626416272 (2017).

Page |145



176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Baranczak, Aet al. Fluorogent small molecules requiring reaction with a specific protein to
create a fluorescent conjugate for biological imagivigat we know and what we need to

learn.Biopolymers 01, 484495 (2014).

Li, A. F., Wang, J. H., Wang, F. & Jiang, Y. B. Anion xatiopl@nd sensing using modified

urea and thioureebased receptorsChemical Society Revie@8 37233745 (2010).

Dey, S., Sain, D. & Goswami, S. Naphthyridine based fluorescent receptors for the

recognition of uric acidRSC Adw, 428433 (2014).

MA, K., WA, S., BA, B. & M, G. Fluorescent Synthetic Receptors for Signaling Hydroger

Sulphide in Living SystenBiochem. Anal. Bioche®8, 1¢4 (2019).

You, L., Zha, D. & Anslyn, E. V. Recent Advances in Supramolecular Analytical Chemistr

Using Optical SensinGhemical Reviewlsl5, 784@;7892 (2015).

Bell, T. W. & Hext, N. M. Supramolecular optical chemosensors for organic analytes.

Chemical Sociefgeviews33, 583,598 (2004).

Quenching of Fluorescence. Brinciples of Fluorescence Spectrosc@ps;330 (Springer

US, 2006). doi:10.1007/97B387-463124_8

Tanaka, F., Mase, N. & Barbas, C. F. Determination of cysteine concentration tscéinoee
increase: Reaction of cysteine with a fluorogenic alden@lem. Commurl, 1762;1763

(2004).

FIKRY, M., OMAR, M. M. & ISMAIL, L. Z. Effect of host medium on the fluorescence emissiol
intensity of Rhodamine B in liquid and solid phase. inc210 (World Scientific Pub Co Pte

Lt, 2011). doi:10.1142/9789814317511_ 0025

Zhang, M., Yin, B. C., Tan, W. & Ye, B. C. A versatile graphedeS R Ff d22 NS5 & 0OS
switch for multiplex detection of various targetBiosens. Bioelectror26, 326Q;3265

(2011).

Page |146



186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

AbouHatab, S., Spata, V. A. & Matsika, S. Substituent Effects on the Absorption and

Fluorescence Properties of AnthracedePhys. Chem.1&1, 1213;1222 (2017).

Sjoback, R., Nygren, J. & Kubista, M. Absorption and fluorescencetmsé fluorescein.

Spectrochim. Acta Part A Mol. Spectrésc.L €L21 (1995).

Chen, R. F. Some characteristics of the fluorescence of quimaé.Biocheml9, 374,387

(1967).

Taylor, R. The hydrogen bond betweerHNor OH and organic fluine: Favourable yes,

competitive no.Acta Crystallogr. Sect. B Struct. Sci. Cryst. Eng. M&{et74¢488 (2017).

Ghosh, K., Sarkar, A. R. & Masanta, G. An anthracene based bispyridinium amide receptor

for selective sensing of anioriBetrahedron Li. 48, 87258729 (2007).

Ghosh, K. & Sarkar, A. R. Anthracbased macrocyclic fluorescent chemosensor for

selective sensing of dicarboxylafeetrahedron Lett50, 85,88 (2009).

Huang, W., Lin, H., Cai, Z. & Lin, H. A novel anthrdzssed reeptor: Highly sensitive

fluorescent and colorimetric receptor for fluorid€alanta81, 967971 (2010).

Kim, S. Ket al. Anthracene derivatives bearing two urea groups as fluorescent receptors for

anions.Tetrahedrorbl, 45454550 (2005).

Moragues, M. E., Santddgueroa, L. E., Abalos, T., Sancenoén, F. & Maillééez, R.
Synthesis of a new tripodal chemosensor basad?,4,6triethyl-1,3,5 trimethylbencene
scaffolding bearing thiourea and fluorescein for the chrefiiorogenic detection of anions.

Tetrahedron Letts3, 51145113 (2012).

Ghosh, K. & Sen, T. Adenin@sed urea receptors in fluorescent recognitiohiodide.

Tetrahedron Lett49, 7204;7208 (2008).

Page |147



196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Ramachandram, B. & Samanta, A. How important is the quenching influence of the
transition metal ions in the design of fluorescent PET sengoheP. Phys. Le290, %16

(1998).

Xu, K. X., Qing, G. Y., He, Y. B., Qin, H. J. & Hu, L. Chiral fluozespsors based on amino
acid unit: Synthesis and their enantioselective recognitumpramol. Chenl9, 403409

(2007).

White, L. Jet al. Towards the Prediction of Global Solution State Properties for Hydrogen

Bonded, SelfAssociating AmphiphiseChem- A Eur. 124, 776X 7773 (2018).

Stremple, P., Baenziger, N. C., Coucouvanis, D., About, M. & Article, T. complexes . Synthes

and structural characterizatio©ommunicationg, 1013 (2002).

Chauhan, S. M. S., Garg, B. & Bisht, Th&sgs of calix[4]pyrroles by amberlysb catalyzed

cyclocondensations of pyrrole with selected ketondsleculesl2, 24582466 (2007).

Eckert, M. Max von Laue and the discovery-oayXdiffraction in 1912Annalen der Physik

524, (2012).

Batanov, A. S. -Ray Diffraction, Small Molecule Applications. Emcyclopedia of
Spectroscopy and Spectrome@¥6¢666 (Elsevier, 2016). doi:10.1016/B97-82-409547

2.113708

Davis, F. & Higson, S. Heterocalixarenes and Calixnaphthaleidaciiocyclesl26¢189

(John Wiley & Sons, Ltd, 2011). doi:10.1002/9780470980200.ch5

Atwood, J. L., Barbour, L. J. & Jerga, A. Storage of methane and freon by interstitial van der

Waals onfinement.Science (80).296, 236%2369 (2002).

Vita, Fet al. Synthesis and recognition properties of calix[4]arene semitubes as ditopic hosts

for: N-alkylpyridinium ion pairsCrystEngComm8, 50145027 (2016).

Iwamoto, K., Araki, K. & Bkai, S. Conformations and Structures of Tefraalkytp -tert -

Page |148



207.

208.

209.

210.

211.

212.

213.

214,

215.

216.

217.

butylcalix[ llarenes]. Am. Chem. Sdt9, 49554962 (1991).

Kundrat, O. & Lhoték, P. Meta substitution of calixarene€ailixarenes and BeyoAdd¢73

(Springer, 2016). doi:10.100778-3-319-318677_3

Ho, C. St al.Electrospray ionisation mass spectrometry: principles and clinical applications.

Clin. Biochem. Re24, 3¢12 (2003).

Baitinger, W. F., Schleyer, P. von R., Murty, T. S. S. R. & Robinson, L. Nitro groups as pro

acceptors in hydrogen bondingietrahedror20, 16351647 (1964).

Raghavendra, B. & Arunan, E. Hydrogen bonding with a hydrogen bond: The metitane

complex and the pentaoordinate carbonChem. Phys. Lett67, 37¢40 (2008).

Protti, S., Mzzetti, A., Cornard, J. P., Lapouge, C. & Fagnoni, M. Hydrogen bonding
properties of DMSO in grourstate formation and optical spectra oft8/droxyflavone

anion.Chem. Phys. Le#t67, 88;93 (2008).
Evilia, R. F. Quantitative NMR spectroscédmalytical Letters34, 2222236 (2001).

Wallace, M., Iggo, J. A. & Adams, D. J. Using solution state NMR spectroscopy to probe NMF

invisible gelatorsSoft Matter1l, 77397747 (2015).

Achuthan, S., Chung, B. J., Ghosh, P., Rangachari, V. & Vaklyapdified StokeEinstein

Sljdzl G A2y ¥F2 NBMOCBiohf@Eaid@Z3$18 @@ 1.

MeijerK. S. and V. E. P Thordarson. BindFit v0.5 | Supramolecular. Available at:

http://app.supramolecular.org/bindfit/. (Accessed: 3rd December 2019)

Martin, R. B. Comparisons of indefinite sedSociation modelsChemical Reviev@s, 3043;

3064 (1996).

Von Krbek, L. K. S., Schalley, C. A. & Thordarson, P. Assessing igagperatpramolecular

systemsChemical Society Revied 2622,2637 (2017).

Page |149



218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

228.

Gupta, V. P. Characterization of Chemical Reaction®riirtiples and Applications of

Quantum Chemistr$85¢433 (Elsevier, 2016). doi:10.1016/b90@&2-8034781.000121

¢FyOK2025 C® W9t SO NP LI2Jauknél bidChdmica EducAt@s, WS

291 (1938).

Hunter, C. A. Quantifying intermolecular interactions: Guidelines for the molecular

recognition toolboxAngewandte Chemielnternational Edion 43, 53135324 (2004).
2 @STdzy OtlA2y S LYyOd LNBAYSS /@ {LINIFIYyQmc d

Stewart, J. J. P. Optimization of parameters for semiempirical methods V: Modification of

NDDO approximations and application to 70 elemehtdol. Modell3, 11731213 (2007).

Hibbs, A. R. & Hibbs, A. R. What is Fluorescendadifocal Microscopipr Biologistsl87¢

200 (Springer US, 2004). doi:10.1007/9¢806-485657_8

Wouterlood, F. G. & Boekel, A. J. Fluorescence Microscopy in the Neurosciences. in
Encyclopedia of Neuroscien2&3¢260 (Elsevier Ltd, 2009). doi:10.1016/B9OB045046

9.0066-5

Valeur, B. & BerberaBantos, M. N. A brief history of fluorescence and phosphorescence
before the emergence of quantum theoryournal of Chemical Educati&8, 731738

(2011).

Valeur, B. Introduction: On the Origin of the Terms FluoreseRbosphorescence, and

Luminescence. ing® (2001). doi:10.1007/9%78-642-568534 1

Sekiya, M. & Yamasaki, M. Antoine Henri Becquerel I¥B): a scientist who

endeavored to discover natural radioactiviBadiological Physics and Technol8g{2015).

Nelder, J. A. & Mead, R. A Simplex Method for Function Minimiza@iomput. J7, 308&;

313 (1965).

Page |150



229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

Deiana, Met al.A Lightup Logic Platform for Selective Recognition of Paral@u&druplex
Structures via Disaggregatidnduced Emission.Angew. Chem. Int. Ed. Engl.

ange.201912027 (2019). doi:10.1002/anie.201912027

Hisamatsu, Y., Umezawa, N., Yagi, H., Kat®, Higuchi, T. Design and synthesis of-a 4
aminoquinolinebased molecular tweezer that recognizes protoporphyrin 1X and iron(lll)
protoporphyrin IX and its application as a supramolecular photosensitdgm. Sci9,

74557467 (2018).

Papageorgiou, G & Govindjee. Changes in Intensity and Spectral Distribution of
Fluorescence: Effect of Light Treatment on Normal and D@blkbned Anacystis nidulans.

Biophys. J7, 375389 (1967).

Thordarson, P. Binding Constants and Their Measuremer8upramaotcular Chemistry

(John Wiley & Sons, Ltd, 2012). doi:10.1002/9780470661345.smc018

Silverstein, T. P. & Heller, S. T. PKa Values in the Undergraduate Curriculum: What Is the Re:

pKa of Waterd. Chem. Edu@4, 690;695 (2017).

Information, N. C. for B. Urea. Available at:
https://pubchem.ncbi.nim.nih.gov/compound/Urea.

Y2@IYIFZ ad YIFgLF{lFIYAZ ¢ hllT1 2SS ¢ 3 b

Methacrylic Esters from Aceton€hemg A Eur. 125, 1091310917 (2019).

Boiocchi, M et al. Aniorrinduced urea deprotonationChem.- A Eur. J11, 309%3104

(2005).

Li Yaoqun, Qian Fang, L. Z. Reduction of seomat scattering interference by variable

angle synchronous luminescence spectroscopy.

Lakowicz, J. RPrinciples  fluorescence spectroscapyPrinciples of Fluorescence

Spectroscopf2006). doi:10.1007/978-387-463124

Page |151



239.

240.

241.

242,

243.

244,

245.

246.

247.

248.

an{z2alls ad bdzOft S2LIKATAO adzoadAddziazy Ay

ChemTexts, 1¢12 (2019).

Zhang, Y. & Cremer, P. S. Interactions between macromolecules and ions: the Hofmeister

series.Current Opinion in Chemical Biolddy 658,663 (2006).

Okur, H. let al. Beyond the Hofmeister Series: l@pecific Effects on Proteins and Their

Biologi@l FunctionsJournal of Physical Chemistri &L, 19942014 (2017).

Dabrowa, K., Ulatowski, F., Lichosyt, D. & Jurczak, J. Catching the chloride: Searching for nor
Hofmeister selectivity behavior in systematically varied polyamide macrocyclic resepto

Org. Biomol. Cheml5, 59245943 (2017).

Parsons, D. F., Bostrom, M., Nostro, P. Lo & Ninham, B. W. Hofmeister effects: Interplay of
hydration, nonelectrostatic potentials, and ion siBdysical Chemistry Chemical Phys8:s

1235212367 (2011).

Pegram, L. M. & Record, M. T. Quantifying accumulation or exclusion of H+amtO

Hofmeister salt ions near interfacéShem. Phys. Le#t67, 1¢8 (2008).

Nucci, N. V. & Vanderkooi, J. M. Effects of salts of the Hofmeister series on the mydroge

bond network of waterJ. Mol. Liql143, 16Q;170 (2008).

Puchalski, M. M., Morra, M. J. & von Wandruszka, R. Assessment of inner filter effect

corrections in fluorimetryFresenius. J. Anal. Che3d0, 341¢344 (1991).

Kubista, M., Sjoback, FEriksson, S. & Albinsson, B. Experimental correction for the-inner

filter effect in fluorescence spectranalyst119, 417419 (1994).

Kothawala, D. N., Murphy, K. R., Stedmon, C. A., Weyhenmeyer, G. A. & Tranvik, L. J. Inne
filter correction of dissolved organic matter fluorescenteannol. Oceanogr. Methodkl,

616¢630 (2013).

Page |152



249.

250.

251.

252.

253.

254.

255.

256.

257.

Omary, M. A. & Patterson, H. H. Luminescence, TheoBncyclopedia of Spectroscopy and

Spectrometry636¢653 (Elsevier Inc., 2017). doi:10.1016/B9#82-8032244.00193X

Gu, Q. & Kenny, J. E. Improvement of inner filter effect correction based on determination
of effective geometric parameters usiagconventional fluorimeterAnal. Chem81, 42(;

426 (2009).

Quinn, M. Determination of acetylsalicylic acid in aspirin using Total Fluorescence

Spectroscopyd. Chem. Edutg2 (1994).

Fonin, A. V., Sulatskaya, A. I., Kuznetsova, I. M. & Turoverov, K. K. Fluorescence of dyes |

solutions with high absorbancener filter effect correctionPLoS On@, e103878 (2014).

Zakharian, T. Y. & Coon, S. R. Evaluation of Spartaresgrmical molecular modeling
software for calculations of molecules on surfaces: CO adsorption on NiQadjput.

Chem25, 135144 (2001).

Sen, P.,Yildiz, S. Z., Atalay, V. E., Kanmazalp, S. D. & Dege, N. Synthesis, molecular structt
and spectroscopic and computational studies on -(242-(2-
formylphenoxy)ethoxy)ethoxy)phthalonitrile as a functionalized phthalonitiieced. J

Chem. Chem. Eng8, 6374 (2019).

Sheldrick, G. M. SHELAmtegrated spacaroup and crystastructure determinationActa

Crystallogr. Sect. A Found. Crystall@dr.3¢8 (2015).

Yoshioka, S., Inokuma, Y., Hoshino, M., Sato, T. & FujitaAbgblute structure
determination of compounds with axial and planar chirality using the crystalline sponge

method.Chem. Sc6, 37653768 (2015).

Dolomanov, O. V., Bourhis, L. J., Gildea, R. J., Howard, J. A. K. & Puschmann, H. OLEX?2
complete stucture solution, refinement and analysis programAppl. Crystallog#2, 339;

341 (2009).

Page |153



8.0 Appendix

8.1 Characterisation NMR
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Figure28 ¢ 13C NMR of Compounthin DMSGds.
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Figure29 ¢ Enlarged3C NMR of Compountb in DMSGds.
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Figure32 ¢ 13C NMR of Compountsin DMSGds.
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Figure33 ¢ Enlarged3C NMR of Compourth in DMSCde.
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Figure35 ¢ EnlargedH NMR of Compound7 in DMSQds.

8.2 'H NMR selissociation studies

Tablel ¢ Dilution study of compound2in DMSGdsw/ 0.5 % HO. Values calculated from data gathered from 2 NHs.

Compound EK Model (M) CoEK Model (M
Ke Kaim Ke Kaim
12 8.87¢* 4.43¢* -3.36 -1.68 0.71
(£0.05%) | (£2.63€2%) | (£-3.27%) | (+-1.63%) (+ 153 %)

Link for EK | http://app.supramolecular.org/bindfit/view/cf416bb3133d-44da805f406a26265789

Link for CoEK http://app.supramolecular.org/bindfit/view/36dfa0389e544df-87983b0a36fc8631
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Figure36 ¢ IH NMR stack plot of compouri®in a DMS@ls 0.5 % HO solution. Samples were prepared in series with

an aliquot of the most concentrated solution undergoing serial dilution.

Table2 ¢ Dilution study of compound3in DMSGdsw/ 0.5 % HO. Values calculated from data gathered from 2 NHs.

Compound EK Model (M) CoEK Model (M
Ke Kaim Ke Kaim
13 21.89 10.95 30.69 15.35 0.68
(*1.56%) | (+0.8%) (£1.77%) (+0.88%) (£7.27%)

Link for EK | http://app.supramolecular.org/bindfit/view/d9c0a46Z41d-4c84b51b-1e1fc99380f9

Link for CoEK http://app.supramolecular.org/bindfit/view/44c7db78b3e40b0-95559000a1b8f5¢c9

Figure37 ¢ *H NMR stack plot of compouri8in a DMS@ls 0.5 % HO solution. Samples were prepared in series with

an aliquot of the most concentrated solution undergoing serial dilution.
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