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PREFACE

The chemistry of macrocycles has since become ubiquitous in the field of supramolecular
chemistry. The persistent hydrophobic cavities afford unique two-dimensional pockets
that are utilized in this thesis dissertation for fundamental and translational research
applications. In the following chapters, this dissertation presents an introduction to
supramolecular chemistry, types of macrocycles and a mini review of the past
resorcinarene macrocyclic chemistry applications in the Beyeh Lab. Subsequently, this
dissertation discusses cooperativity in non-covalent interactions that allows the self-
assembly of three different molecules. Perhaps, the most common use of the
resorcinarene macrocycle is for their molecular recognition potential as sensors. This
dissertation discusses the functionalization of the resorcinarene framework to bind and
sense N-alkyl ammonium cations, pyrophosphate anions. Finally, this dissertation
highlights how a water soluble resorcinarene can also act as aggregation inhibitors for

peptides that cause eye cataracts.
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ABSTRACT
DISCRETE FUNCTIONALIZATION OF RESORCINARENES FOR APPLICATIONS

IN SUPRAMOLECULAR CHEMISTRY

by
KWAKU TWUM
Adviser: Beyeh Ngong Kodiah, Ph.D.

Resorcinarenes are three dimensional cyclic oligomers obtained by acid-catalyzed
condensation between resorcinol and an appropriate aldehyde. This doctoral thesis
research presents basic and translational research studies that demonstrates the versatile
functionalization and applications of the resorcinarene macrocycle.

In chapter one, this thesis introduces macrocyclic chemistry with a brief reflection of
the history of the science and Beyeh Lab’s use of the resorcinarene macrocycle in
supramolecular chemistry. Chapter two presents a fundamental study of cooperativity in
non-covalent interactions using a resorcinarene as anchor to a guest in solution that
restricts its free rotation in solution. Chapter three explores the molecular recognition
potential of functionalized resorcinarenes as sensors for ammonium cations and
pyrophosphate anions. Last, chapter four presents functionalized water soluble
resorcinarenes as aggregation inhibitors for peptides that cause eye cataracts.

These applications are all realized through the persistent hydrophobic cavity inherent
in the basic resorcinarene cavitand and the synthetic functionalization of the macrocyclic
ring which underscores the versatile use of resorcinarene compounds in supramolecular

chemistry.
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CHAPTER ONE: INTRODUCTION TO SUPRAMOLECULAR CHEMISTRY

1.1 A historical perspective

Supramolecular chemistry is a branch of chemistry that studies chemical systems
between discrete molecules.! Unlike traditional organic chemistry, supramolecular
chemistry revolves around the reversibility of weak non-covalent interactions that have
advanced concepts in self-assembly?, molecular recognition®, molecular folding*, and
molecular interlocked systems.® Interactions responsible for supramolecular systems and
their applications are primarily weak attractions like hydrogen, halogen, van der Waal’s,
aromatic, and electrostatic interactions. Whiles scientists have postulated the existence of
these interactions since the late 1800s, Nobel laureate Hermann Emil Fischer was the first
to develop the principles that have since then shaped this branch of chemistry.® As a
relatively younger science, supramolecular chemistry started to blossom about three
decades ago with the first reports of crown ethers and their host-guest chemistry.
Subsequent advancements in technology spared the gradual understanding of non-
covalent interactions and their use for other applications discussed further in this and the

following chapters.

Latimer and Rodebush’s research paper in 1920 elucidated hydrogen bonding,
then called electro-affinity, as a driving principle between the formation of complexes in
solution.” This understanding spearheaded Watson and Crick’s understanding of the
complexity of the DNA double helical structure in 1948. This also led to a subsequent

appreciation of protein folding and the influence of hydrogen bonds in protein misfolded



disease states.® Within similar frameworks, Robert Mulliken developed the charge
transfer theory now known as halogen bonding between electronegative atom and a
sigma hole.? Crystallographic studies by Odd Hassel, confirmed the halogen bond
interaction that won the Nobel Prize in Chemistry in 1969.'° These discoveries led to
another explosion of supramolecular chemistry applications in crystal engineering,
polymeric systems, biological macromolecules, and molecular recognition. One of these
was in 1960s when Charles Pederson first reported crown ethers, organic macrocycle
capable of ion complexation.!! In 1987, Charles, alongside Donald Cram and Jean-Marie
Lehn shared the Nobel Prize in Chemistry for synthesizing guest selective macrocyclic
compounds for applications in supramolecular chemistry.!? To this day clinicians use ion-
selective crown ethers for selective detection of potassium ions using fluorescence
spectroscopy.'? In the 1990s, James Fraser Stoddart inspired another discipline in
supramolecular chemistry with the discovery of molecular machines.!# The discovery
began an advent into giant supramolecules'”, interlocked structures'®, molecular motion'”,

8 In recent times, the field has become increasingly

and molecular imprint polymers.!
even more complex with the advent of technology which has expanded the range of

possibilities beyond what the pioneers even envisioned.

Supramolecular chemistry principles have hence taken root in materials
chemistry, medicine, electrochemistry, pharmaceutical sciences, nanostructures, among
many others. Nowadays, it is not enough to simply tell one that you are a supramolecular
chemist. The contemporary understanding has evolved to encompass any science where

there is intermolecular communication resulting in self-assembly. Scientists have used
2



these principles in (thin)films, gels, polymers, batteries, sensors, drugs, and even
electronic systems.!” This proliferation has also evolved to include adaptation and
inspiration from nature. For example, enzymatic activity and selectivity inspired
development of molecular recognition systems with catalytic activity?? whilst
hydrophobic cavities in protein structures have inspired synthetic systems with persistent

hydrophobic cavities.?!

Within historical perspective, it’s safe to say the future of the supramolecular chemistry

is unpredictably exciting.

1.2 Introduction to macrocyclic chemistry

Macrocyclic chemistry is a discipline in supramolecular chemistry revolving
around the synthesis and applications of organic cyclophanes with persistent hydrophobic
cavities.?? The pioneering work of Cram, Lehn, and Pederson in the 1960s not only
spearheaded development in the discipline but also the advancement of supramolecular
chemistry principles in other scientific disciplines. Advances in technology, knowledge
and synthetic methodologies also pushed the envelope on the types and possible
applications of macrocycles.?* Scientists have also engaged self-assembly processes to
construct other supramolecular architectures including molecular dumb bells, nano
channels, nano capsules from macrocyclic compounds.? Synthetic routes to macrocycles
have varied with improved yields over the years. The most common is via ring-closure
macrocyclization using high dilution synthesis to avoid kinetic traps or templates to form

preferred thermodynamic products.?*



1.3 Subdivisions and applications of macrocycles

Several macrocycles exist in literature that fall under few broad categories. The
differences can also be the result of functionalizations that affords unique properties like
guest selectivity, solubility, and light emissions. Macrocycles typically have greater
affinity for guest compounds than their acyclic counterparts due to cooperativity in their
attractive interactions. Organic macrocycles have generally been grouped under the

following broad categories.

1.3.1 Crown ethers

Crown ethers are two-dimensional macrocyclic compounds made up of repeating
units of ether groups (Figure 1.1).%° They are called crown ethers because of the crown-
like conformation the macrocycle adopts when it complexes metal cations. The naming
convention for crown ethers is two numbers interspaced with the word ‘crown’ e.g., 12-
crown-4. The first number denotes the number of atoms in the macrocycle whiles the last
number denotes the number of oxygen atoms. Crown ethers are typically used for
complexing cations with selectivity due mainly to size match and charge density of the
ion. 12-crown-4, 15-crown-5, 18-crown-6, and 21-crown-7 have peculiar cation
selectivity for lithium, sodium, potassium, and cesium respectively.?® Crown ethers were
first reported by Charles Pederson, but scientists have since reported other crown ethers

)27

based on nitrogen (aza crown ethers)?’, sulfur (thia crown ethers)?® and other functional

group additions for conformational rigidity or photophysical effects.?
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Figure 1.1: Structures of example crown ethers.

Crown ethers have traditionally been used for aqueous extraction of heavy metals
with few quantitative studies on the extraction of other organic cations like amines*® and
amino acids.’! Crown ethers have also been modified with chiral groups and derivatized
on silica stationary phases for enantiomeric separations.*? Metal complexation of crown
ethers also enhances solubility in organic solvents enabling use as catalyst in organic
reactions.>® For metals too big to fit in the crown cavity, a 1:2 or 2:3 sandwich complex
can form owing to the charge density and nucleophilicity of the counter-ion.>* Crown
ethers also have biochemical relevance as they have been reported for use as synthetic
ionophores of sodium and potassium across the cellular membrane.>® Lastly, crown ethers
have also being explored for their antimicrobial activity due to their ability to complex

signaling molecules necessary for bacterial proliferation.®

1.3.2 Cryptands

Cryptands are three dimensional macrocyclic compounds made from multidentate

ligands for cationic guests (Figure 1.2).>” Cryptands have an additional binding site for



chelating to a guest with better selectivity, affinity, and thermodynamic stability than
crown ethers. Conventional naming of a cryptand is ‘[ X.X.X]cryptand’, where ‘X’
represents the number of ligand binding sites in each bridge between amine nitrogen

atoms.
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Figure 1.2: Structure of example cryptands.

Historically, cryptands were first reported by Donald Cram, Jean-Marie Lehn, and
Charles Pedersen which earned them the Nobel Prize in Chemistry in 1987.!2 Cryptands,
like crown ethers, are popularly being used for binding cationic guests. Researchers have
used cryptands to selectively monitor levels of potassium in blood under controlled pH
levels.?” Protonation of the macrobicyclic cryptand creates a cationic cage also capable of
encapsulating anionic guests.*® The lipophilic cryptand [2.2.2, C14] has been reported as a
catalyst for nucleophilic substitutions in chlorobenzene-water system via phase transfer.>’
Complexes of metal-ion and cryptands have also been used to extract metal ions from

water into organic solvents.*’



1.3.3 Calix[n]arenes

Calixarenes are macrocyclic compounds made from acid-catalyzed condensation
of a phenol with an appropriate aldehyde.*! Naming of calixarenes is generally based on
the number of repeating units of the phenol in the macrocyclic ring e.g., calix[4]arene
refers to a calixarene molecule with four repeating units. Typically, calixarenes can be
substituted at the meso position based on the length of aldehyde used for the
condensation reaction. This is added to the naming of the compound as a prefix ‘C-*, for

example, Cemyl calix[4]arene or C3-calix[4]arene.

Calix[4]arene Resorcin[4]arene

Figure 1.3: Structure of example a) calix[4]arene and b) resorcin[4]arene

Resorcin[4]arenes are related calixarenes synthesized from acid-catalyzed
condensation of resorcinol(1,3 dihydroxy benzene) and an appropriate aldehyde.*> The
choice of aldehyde forms the lower rim of the resorcinarene which also influences the
solubility of the compound. Calixarenes in their parent form are notoriously insoluble in
water until functionalized with water soluble functional groups like sulfonic acids or

ammonium salts. The versatility of functionalized calixarenes and resorcinarenes have



created considerable applications in drug delivery, sensory recognition elements,

fluorescent detectors and molecular self-assembly.*
This thesis discusses different applications of functionalized resorcinarenes.

1.3.4 Cyclodextrins

Cyclodextrins are arguably the most popular of cavitands especially in terms of
research work and industrial applications (Figure 1.4). Cyclodextrins consist of
oligosaccharide units joined by 1,4 glycosidic bonds as a macrocyclic compound.* There
are three main types of cyclodextrins depending on how many repeating units of sugars
make up the macrocycle including alpha-cyclodextrin, beta-cyclodextrin and gamma-

cyclodextrin for 6, 7 and 8 glucose subunits respectively.

& Jg %ﬁ "”%5 %{

alpha beta gamma

Figure 1.4: Structures of example cyclodextrins.

Their main synthetic route is through enzymatic treatment of starch to form a
complex of mixtures which is subsequently purified using chromatography.** In

supramolecular chemistry, cyclodextrins are noticeably used as solubilizing groups on

4547 capping units on mechanically interlocked systems*®

8
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coordination complexes*® and stationary phase materials for HPLC separations™. In the
pharmaceutical sector, cyclodextrins have also been employed as colorants, drug delivery

aids and food preservatives.!

1.3.5 Pillar[n]arenes

Pillararenes are another class of macrocyclic cavitands composed of para-linked
difunctionalized benzene units with methylene bridges (Figure 1.5).>? The number of
repeating units of benzene is used in naming pillararenes, e.g., pillar[5]arene is made up
of five repeating benzene units. As a macrocycle, pillararenes are most famous for their
host-guest chemistry applications but unlike other cavitands such as calixarenes and
resorcinarenes, their internal hydrophobic cavity is accessible from both sides of the

macrocycle.

Figure 1.5: Structure of a pillar[6]arene macrocycle.

Pillar[5]arene is the most thermodynamically stable pillar[n]arene generated in
synthesis but larger ring sized pillararenes have been reported using templates>, bulky
functional groups on the benzene monomer>* or ring expansion of pillar[5]arene.> Like

most cavitands, functionalization of the macrocycle generates functional applications.
9



Water soluble pillararenes have been used as drug delivery aids, bio-diagnostic sensory

recognition elements and artificial ionophores.>®

1.3.6 Cucurbiturils

Cucurbit[n]urils (CBs, figure 1.6) are also named according to the number of
repeating units that forms the macrocyclic ring. They are synthesized from glycoluril
units that are covalently linked by methylene bridges. The peculiar spatial orientation of
the oxygen units on the linked monomer creates a partially enclosed hydrophobic cavity
that is also bimodal (accessible from two directions).>’ Cucurbit[6]uril is the most stable
macrocyclic of this group, however other different sized macrocycles have been reported
using temperature control and template synthesis.*® Like all the cavitands previously

discussed, cucurbiturils are most famous for their host-guest chemistry applications.

Cucurbit[5]uril Cucurbit[6]uril Cucurbit[7]uril

Figure 1.6: Structure of example cucurbit[n]urils. Adapted from ref. 59 ¥

Neutral and cationic guests are complexed via hydrophobic interactions and/or
cationic-pi non-covalent attractions. Owing to the partially enclosed cavitand behavior,

suitable guests can have high association constants. Functionalization of the cavitand has

10



been reported for pharmaceutical and biomedical applications including drug delivery,

rotaxane synthesis, molecular recognition, and catalysis.*

1.3.7 Porphyrins

Porphyrins are macrocyclic compounds composed of pyrrole units interconnected
at the alpha-carbon via methine bridges (Figure 1.7).%! Porphyrins are also naturally
occurring compounds. Their metal complex is the major component of hemoglobin in the
blood that stores and transports iron.%? Porphyrins are also conjugated systems that absorb
light in plant leaves, impacting intense visible coloration and useful for photosynthesis.®
In supramolecular chemistry, derivatives of porphyrins have been synthesized with
pyrrole and an appropriate aldehyde. Like other cavitands, their functionalization has
created important biomedical applications in photodynamic therapy, biomimetic systems,

molecular recognition sensors and electron materials.®*

Figure 1.7: Base structure of a porphyrin macrocycle.
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1.4 Beyeh Lab’s research with macrocyclic compounds

The next dissertation chapters discuss applications of resorcinarenes compounds in
supramolecular chemistry. The research was inspired by the versatility of the macrocycle
and the synthetic organic functionalizations that affords unique properties. However, this
subsection is a very brief review of previous research conducted with the resorcinarene
framework prior to this dissertation. This discussion will focus on the specific

applications and not on synthesis or their characterization.

Resorcin[n]arene can self-assemble with guests in solid, solution and the gas-
phase to form bi-molecular complexes.®> For example, the Cenyi-2-methylesorcinarene
forms strong binary host-guest complex with pyridine and quinoline N-oxides in solution.
This relationship has long been characterized in resorcinarene chemistry and formed the
framework of several analytical and materials chemistry applications of the organic
macrocycle. In certain circumstances, the self-assembly must be aided by templating to
the thermodynamically preferred complexes. For example, the Beyeh lab reported
resorcinarenes based hexameric capsules using tetrabutylammonium and ruthenium
bipyridine metal complex cations as templates.®® Regardless of the nature of their self-
assembly, capsules are typically characterized and identified using soft ionization mass
spectrometry like Matrix Assisted Laser Desorption lonization (MALDI) or Electrospray
Ionization (ESI) MS. In that space, the Beyeh Lab has also employed a clever use of
hydrogen/deuterium exchange solution experiments to examine the gas-phase structure of

a hydrogen-bonded dimeric capsules.®

12



The popularity of the resorcinarene is also largely due to the ease of
functionalization that affords different macrocycles with persistent hydrophobic cavities.
In fact, that versatility is the inspiration behind this dissertation. One of those
functionalization avenues is through alkylation of the 1,3 dihydroxyl groups. It has been
well documented that the intramolecular hydrogen bonding between those adjacent
hydroxyl groups creates a highly symmetrical resorcinarene with C4, conformation.
However, reaction of the resorcinarene with dancyl chloride in the presence of a base can
create regioselective tetra (Cav) and octa (Csyv) dansylated resorcinarenes also capable of
forming guest inclusion complexes.%” Cationic guests like tetramethylphosphonium and
tetramethylammonium are appropriately sized guests for stable inclusion in those
functionalized macrocycles using non-covalent cation-pi interactions.®® Lower rim
functionalized tetraethyl and tetraphenyl resorcinarenes can also form stable host guest
complexes in the gaseous phase with hexose, pentose, and deoxyhexose sugars.®
However, functionalized resorcinarene recognition of sugars in water has so far proved

elusive.

Halogenation at the C2 position of the resorcinarenes also creates other desirable
properties including a highly directional halogen bond donating potential. The
halogenated resorcinarene can form stable complexes with ion-pairs, the cation sits in the
cavity while the halogen atom renders the hydroxyl group more acidic to bond to the
nucleophilic counterion.”® As a result, in halogenated resorcinarenes, appropriate
ammonium quaternary and di-quaternary guests can be synergistically bonded to the

macrocycle using cation-7, hydrogen, and electrostatic interactions. The synergistic
13



attraction of multiple non-covalent interactions working together affords a strong binding
affinity.”! The Beyeh Lab also first reported the synthesis of tetraiodoethynyl
resorcinarene cavitands as multivalent halogen bond donors.’? The iodoethynyl moiety is
a very potent donor that can form halogen bonds with oxygen, nitrogen, and halide
acceptors. The tetraiodoethynyl cavitands also forms halogen bonded solvates with
acetone, chloroform, acetonitrile, DMF and DMSO.”? The inclusion behavior of the
solvates in the cavitand is highly dependent on the length of the bridging unit between the
resorcinarene arms. A unique capsule from tetrakis(3-pyridyl) ethylene resorcinarene
cavitand was reported through N---I*---N halogen bonded capsule.”* A halogen bond
donor like bromotrichloromethane can also form potent halogen bonds resulting in an

extended, deep-cavity macrocyclic cavitand also capable of host-guest complexation.’

The C2-position of a resorcinol is also highly active for nucleophilic addition
reactions. This is the basis for Mannich condensation reaction between formaldehyde,
piperazine and the resorcinarene to create a dimeric helical cage with permanent cavity
capable of conformational flexibility to accommodate small guests.”® Moreover, it is not
unusual for resorcinarenes to form self-inclusion complexes where the lower tails of one
macrocycle sits in the cavity of another in a near linear fashion. This is typical of a family
of hydrogen bond-stabilized N-alkyl ammonium resorcinarene salts. N-alkyl ammonium
resorcinarenes have an extended cavity through Mannich condensation of the
resorcinarene with excess formaldehyde and a primary amine to create a tetrabenzoxazine
intermediate. The intermediate tetrabenzoxazine ring can be cleaved using a dilute

mineral acid to create the N-alkyl ammonium resorcinarene salt. Using picric, triflate and
14



nitrate acid creates a tetra-array of counter-ions sandwiched between each arm of the
cavitand, held together by hydrogen bonds. However, the bulky size of these anions
distorts the stable conformation of the cavitand. As a result, guest exchange to suitably
sized anions like chloride and bromide are enthalpically favored. This has been employed
as a sensor mechanism for these anions.”’ The extended cavity cavitands can also form
self-inclusion dimers but in the presence of an appropriate guest, spontaneously
rearranging to 1:1 host-guest complexes. For example, a homoditopic hexyl amide forms
a dimeric capsule with the cyclohexyl ammonium resorcinarene chloride through
cooperative non-covalent interactions.’® This phenomenon is also true for ditopic halogen
bond donors like iodine (I2) and diiodo perfluorinated alkanes with the sandwiched
anions between the cavitand arms which are very potent halogen bond acceptors.” These
sandwiched anions can even form halogen bonded complex with functionalized halogen

bond donating polymers.*°

1.5 Conclusions

This dissertation seeks to build on the rich history of resorcinarene research in the

Beyeh lab by continuing to pursue further supramolecular chemistry applications.
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CHAPTER TWO: COOPERATIVITY IN NON-COVALENT INTERACTIONS, A

CASE OF THREE COMPONENT ASSEMBLIES

2.1. Introduction

Cooperativity®! among non-covalent interactions plays a crucial role in
supramolecular chemistry.3% When two components associate, each with multiple
functional groups, the various non-covalent interactions will either reinforce or partially
negate each other.®* Advances in our understanding of these cooperative interactions has

had a significant impact in diverse fields including pharmaceutical formulation, 3%

energy,”®°* and liquid crystalline materials.”>”® These cooperative effects are further
complicated in ternary systems and can include hydrogen®’ and halogen-bonded
networks.”®%? Complex multicomponent co-crystals have been primarily characterized by
X-ray diffraction analysis,'°*!°! however this provides less information about the

solution-phase behavior of these materials which is often of greater interest and the

highlight of this chapter.

Calixarenes, resorcinarenes and other macrocyclic cavitands extensively studied for

1027105 are well known for their ability to bind molecular guests

host-guest applications,
via non-covalent interactions within their shallow and well-defined bowl-shaped
cavity.!% Resorcinarenes have been proposed as useful fluorescent diagnostics: for
example, guest encapsulation changes the emission spectrum and can be used to measure

binding.!”” However, a major limitation is that the choice of guest is restricted: small

heterocycles and salts are preferred. The utility of the systems would be greatly expanded
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by taking advantage of the emergent changes in the electronics of a bound guest to bind a
third component, an analyte. In a simple multi-component system, for example, binding a
pyridine in the electron rich resorcinarene cavity should increase electron density on the
nitrogen, potentially making it more basic; this could be exploited to bind a carboxylic
acid, creating a guest-mediated ternary complex. This binding event would then further
change the physical properties of the complex which could be observed. To the best of

our knowledge this would be a new architecture for supramolecular constructs.

A-(BH)*-(C)

A-(endo-B)

Figure 2.1: Representation of the stepwise assembly of ternary systems.

Defined ternary complex formation is the result of the interplay between a number
of factors that determine the overall thermodynamics, and structure: pKa value of acidic
protons, electronic effects, electrostatics, polarization, resonance-assistance, and dipole-
dipole interactions.!?® Making ternary complexes requires the control of the non-covalent
interactions in solution, particularly in protic polar solvents where hydrogen bonding is

ubiquitous, and is rendered even more complicated as these properties, although derived

17



from the individual components, are true emergent properties of the complex itself. Two-
component dimeric and hexameric capsules are common'*!!! but three-component all-
organic structures involving macrocycles remain rare, and mostly involve either the host
supported on a polymer or surface or polymer-like backbone,!!?"!'° or the host forming an

inclusion complex with two guests simultaneously.''®12

Even though resorcinarene-guest constructs often dimerize to form stable self-
inclusion complexes, this needs to be less favorable than forming a three-component
system: 1) is it possible to keep the guest inside the host cavity, stabilized through
multivalent interactions when a third component is added? 2) Will binding of the third
component be synergistic? These questions inspired the current study on a simple model

system (Figure 2.1).

2.2 Experimental

Combining Cemyi-2-methylresorcinarene (A) with pyridine (B) makes a simple,
and well-defined 1:1 dimeric endo-complex that have been documented in literature. %
This was then titrated with ten different carboxylic acids (Cn; n = 1-10) which should
initiate a single strong g(N)---(H-O)cn interaction between B and Cn. Whether the ternary
complex exists as hydrogen bonds and/or ion pairs depends on the specific pKa values of
Cn (Figure 2.2). We examined the monomeric, binary, and ternary components and
complexes using NMR spectroscopy and used isothermal titration calorimetry (ITC) to

quantify and fully elucidate the thermodynamics of this possible ternary assembly.
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Figure 2.2. Components of the ternary complexes of C-ethyl-2-methylresorcinarene (A),
pyridine (B), and carboxylic acids (Cn).

2.4 Results & Discussion

2.4.1 NMR Spectroscopy

Only one set of signals is present in NMR spectra of the mixtures, indicating that
the complexes are likely in fast dynamic equilibrium with the individual components. For
example, mixing the acid (C2) and pyridine (B) together induces the expected
deshielding of the aromatic proton resonances due to a decrease in aromatic electron
density (Figure 2.3c vs 2.3b). Similarly, the B resonances become increasingly shielded
when mixed with A, consistent with endo-complexation®® (Figure 2.3d vs 2.3b). The Hq
difluoroacetic acid proton experiences H-F coupling (Figure 2.3g). Mixing C2 with A
increases the splitting of the Hq signal but does not induce any significant changes in the

chemical shift. This suggests that a weak hydrogen bond interaction induces asymmetry in
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the fluorine atoms, but that the interaction with the phenol does not result in a

deprotonation (Figure 2.3f vs 2.3g).

The same NMR experiments were conducted for all the other A-B-Cn complexes.
The degree of deshielding induced on B by the formation of B-Cn was proportional to the
pKa of Cn (Figure 2.2). Clear deshielding of the pyridine resonances was observed with
strong acids trifluoroacetic acid C1, difluoroacetic acid C2, chloroacetic acid C3, and
formic acid C4 (Appendix I-I11, Figure 2.3). Negligible changes were seen with the
weaker acids C5-C10 (Appendix IV — IX). Similarly, the increase in shielding of the B
protons in A-B-Cn compared to A-B also increased as a function of pKa for C1-C4. For
the weaker acids C5-C10, no significant increase in B shielding was observed between
A-B and A-B-Cn suggesting that the pyridine’s position and interactions within the host

cavity is not hugely affected by binding to the weaker acids.

The 'H NMR spectra of ternary complex A-B-C2 is clearly different from any of
the binary systems it is derived from. In A-C2, the acid’s Ha shows additional splitting
but no significant shielding, suggesting that any interaction is exo. However, the change
in the Ha chemical shift in the A-B-C2 assembly is greater than that observed for B-C2,
suggesting a greater degree of hydrogen bonding is occurring in A-B-C2: the nitrogen has
become more basic. Similarly, the pyridine resonances are shielded, indicating stronger
endo-cavity interaction with A than in the binary system alone.*?® This is significant as
protonation of B in B-C2 deshields the resonances. Increased shielding of B in the ternary

complex (Figure 2.3¢) over A-B, means that increasing the host-guest interaction has a
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stronger impact on the chemical environment than the decrease in electron density arising
from pyridinium formation. To further support these observations, '°F NMR studies were
carried out on A-B-C2 as fluorine’s chemical shift is very sensitive to the chemical
environment. The -CF,H signal was shielded by 0.24 ppm in the equimolar mixture of A
and C2 indicating some interaction between the components (Figure 2.4f). A significant
deshielding of -1.85 ppm was observed for B-C2, indicating a strong g(N)---(H-O)c2
hydrogen bond interaction (Figure 2.4g), while in A-B-C2, an even more significant
deshielding (-2.60 ppm) of the fluorine signal was observed suggesting cooperativity
(Figure 2.4h). A similar phenomenon but with much smaller shift changes of the fluorine

signals was observed with the trifluoroacetic acid C1 in A-B-C1 (Figure 2.4a-d).

CHs
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| l J 4
f) 20.02  A.C2 A
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c R
®) Ha B 2
. T oM
a) A ¢
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9.0 8.5 8.0 7.5 7.0 6.5 6.0 ppm

Figure 2.3. Expansions of the "H NMR (CD;0D, 20 mM, 298 K, 300 MHz) of the three-
component A-B-C2 assembly of host A, the pyridine guest B and difluoroacetic acid, C2
(pKa 0.025) and their dimeric and ternary complexes.

DOSY further supports the presence of these ternary complexes. The diffusion

coefficient of a molecular species depends on its molecular weight, solvodynamic radius,
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and interactions with solvent.'?’12 When comparing similar species in the same solvent
at the same concentration and the same temperature, a smaller diffusion coefficient
indicates a larger species. We studied a strong (C2) and a weak (C10) acid with
monitorable protons (trifluoracetic acid C1 is not suitable due to the lack of a C—H bond).

The diffusion coefficient of A (20 mM) in CD3OD at 298 K was 0.63x10” m?s™! (Table 1,

igure 2.5),"”" consistent with other previously reported resorcinarene-derived values
Figure 2.5),!3¢ tent with other p ly reported derived val
confirming that no dimeric or hexameric capsule is present. 2512
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Figure 2.4. Sections of the '°F NMR (CDsOD, 298 K, 300 MHz) of the three-component
ternary A-B-C1 complex between A, B and trifluoroacetic acid C1 (pKa -0.25). Spectra
are produced from (a) C1. Equimolar mixture of: (b) A and C1, (c) B and C1, (d) A, B,
and C1. Dashed lines highlight the observed shift changes of the resonances, labels are in
ppm. Sections of the '’F NMR of the three-component ternary A-B-C2 assembly between
the host A, the pyridine guest B and difluoroacetic acid, C2 (pKa 0.025). Spectra are
produced from (e) C2. Equimolar mixture of: (f) A and C2, (g) B and C2, (h) A, B, and
C2.

The diffusion coefficients for the B and the acids (C2 and C10) also reflect their
different solvodynamic radii in methanol (Table 1). When dimer and ternary structures
are formed, the diffusion coefficients decrease, indicating slower movement, and likely a

larger hydrodynamic radius. Taking the 1:1 host-guest mixture of A and B as an example,
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the diffusion coefficients of host A, and B dropped to 0.59x10-9 m2s-1 and 1.91x10-9
m2s-1 respectively. In a capsular construct, the diffusion coefticients would be roughly
the same. However, as an open inclusion complex it is in dynamic equilibrium with the
monomeric species, and these different diffusion coefficients are expected. In the 1:1
mixture of B and C2, the decrease in the diffusion coefficients of both B and C2 show
they both participate in a larger assembly; however, in the C10 and B complex, the
diffusion coefficients resemble those of the free species consistent with a much weaker

interaction (Table 1, Appendix XI).
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Figure 2.5. 2D DOSY NMR spectra (in CD30D at 298 K) of a 20 mM sample of: a) A,
b) B, ¢) C2, and equimolar mixtures of d) B+C2, e) A+B, f) A+B+C2 showing the
chemical species present in the samples. The diffusion coefficient (x10-9 m2s-1) of each
species is shown

Considering the host-acid dimers (A-C2 and A-C10), we see that the interaction is
weak: addition of the acid has little to no effect on the diffusion coefficient of the host
(Table 1). Considering A-B-C2 the diffusion coefficients of all components drop

precipitously from all binary species: the size difference would not be significant (as can

be seen by the minor change in A). This decrease in the values of B and C are consistent
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with the equilibrium now lying more towards a ternary complex (Table 1, Appendix XI).
In the case of the C10 ternary complex, the changes are far more subtle. The diffusion
coefficients for C10 and B are lower than in their dimeric pair, but the decrease is not as
significant, again consistent with the previous 'H NMR data. The shifts are moderated as
the process was measured in methanol, which competes for hydrogen bonds, decreasing
affinity. In previous investigations of dynamic enclosed capsular resorcinarene-based
assemblies, methanol was routinely used as a competing hydrogen bond solvent to break-
up the capsular assemblies.'?’ Seeing these effects in this solvent is strong evidence of the
high affinity these components have for each other, especially in the presence of a
competing solvent. In ternary complex A-B-C2, the pyridine and the host clearly show
strong through space interactions that are only consistent with an endo-inclusion
complex. The fluorine resonances on the acid show exchange peak behavior with respect
to the host phenolic protons. This indicates either rapid changes in conformation, or rapid
exchange between bound and unbound forms. Together, all the NMR evidence supports

the formation of the proposed and innovative guest-mediated ternary system.

Table 1.0. Average diffusion coefficients (x10® m?s!) of the species in different
combinations in CD30D at 298 K. The mixtures are all equimolar.

A B C2 C10 CD30D
0.63 - - — 2.61
B — 2.16 - — 2.39
C2 — - 1.78 — 247
A+B 0.59 1.91 - — 2.36
B+C2 — 1.82 1.60 — 2.35
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Table 1.0 continued

A B C2 C10 CD30D
A+C2 0.58 - 1.80 — 2.38
A+B+C2 0.57 1.24 1.51 — 2.32

2.4.2. ITC Analysis

DOSY and '"H NMR suggest the presence of a synergistic binding mode, but the gold-
standard approach for measuring binding affinity is ITC, and for comparison the
measurements were conducted in methanol (Appendix X — XI). The thermodynamic
parameters of host-guest binding (K, 4H, 4S, and AG) for the binary components were
determined by fitting the ITC data to a one-site binding model (Table 2). Negative 4G
values reveal the binding to be spontaneous at 303 K. The negative 4H and TAS values
for the B-Cn and A-B-Cn systems indicate the complexation to be enthalpy driven, but
entropy compensated. The negative 4H and positive TAS value for B-C10 indicates that
the process is favored by both enthalpy and entropy (desolvation) driven. Resorcinarene
A and pyridine B dimerize with a binding constant of 301 M™!. The interaction between B
and the carboxylic acids reveal a binding constant of 774 M™! for strong acid C2 and 70
M for the weak acid C10. This means that at equilibrium, A and B essentially exist as
the dimer, while B and C2 also exist as the hydrogen-bonded ion pair, while in B-C10 the
interaction is far weaker. ITC is designed to determine the thermodynamics of two-
component systems; there is no method to compute the thermodynamics of a system
consisting of three independent components interacting simultaneously. However, in the

case of B-C2 we can assume that it behaves largely as a single component as the binding
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is so strong. Titrating host A into an equimolar mixture of these compounds allowed the
data to be fitted to a one-site binding model with a binding constant of 671 M~!. The fact
that this value is larger than the observed binding constant of A-B (301 M) means that
the protonated pyridinium is a far better guest than the neutral pyridine. Binding between
B and C10 was insufficient for the required assumption that the mixture act like a single
molecule: there is enough free B or A-B to prevent the mathematical model from
providing a fit. This is not surprising; ITC is not designed to calculate three-component
interactions, the fact that B-C2 form a strong enough dimer that it can be treated as a
discrete single species is exceptional—we could not find any examples in the literature
where it had been used for this previously. However, the assumption is clearly fair for C2
as the B-C2 system acted as a single unit, a prerequisite for ITC parameter calculation.
The solution phase studies all strongly indicate that proposed guest-mediated complexes
are formed, and that formation is synergistic with respect to all possible binary

complexes.

Table 2. Binding constants K [M™'] calculated for the A-B, B-Cn system, and A-B-Cn
ternary system. *Data could not be fitted without large errors.

Entry KM AH (kcal/mol)  TAS (kcal/mol) AG (kcal/mol)
A‘B 30180 -38.24+0.28 -34.89 -3.35

B-C2 774+81 -15.26+0.78 -11.32 -3.94

B-C10 70+0.97 -0.23+0.55 2.37 -2.60
A-(B-C2) 671194 -7.65+0.81 -3.78 -3.87
A-(B-C10) _Ib) _Ib) _Ib] _Ib)

26



CHAPTER THREE: HOST-GUEST BINDING FOR SENSOR DEVELOPMENT

3.1 Introduction

Resorcinarenes as synthetic receptors are well-studied in the supramolecular host-
guest (H-G) chemistry, 03104131132 The development of aesthetic functionalization
methods at the upper-rim such as alkylation/arylation of hydroxyl groups and the
introduction of substituents at the C2-position between two hydroxyl groups of resorcinol
has notably made resorcinarene an excellent building block to produce extended
structures for host-guest sensor development and beyond.'**"!3% The ability to modulate
the properties of resorcinarenes by synthetic means has allowed the design of targeted
molecules for this self-assembly processes.'*® However, the major structural feature of
resorcinarenes is the electron-rich cavity, formed by the circular intramolecular O---H-O
hydrogen bonding interactions between adjacent resorcinol units that can bind neutral and
cationic guests through C—H:---m, cation---m, and/or cooperative H-bond interactions.!?” In
case of guest shape and size mismatch, the host’s cavity stabilizes either by self-

138-140

inclusion or solvent encapsulation.'*!"'*? Exo-guest complex formation arises often

via competitive H-bond interactions resulting in co-crystal complexes. 138143144
Nonetheless, strategic structural modification of the resorcinarene framework can afford
development of highly selective, sensitive, and specific recognition elements to be used
as sensors. Subchapter 3.2 analyses the guest encapsulation properties of one of the

commonest functionalization of resorcinarenes in sensor development, using nine

different N-alkyl ammonium cations. Subchapter 3.3 explores using extended cavity
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resorcinarene frameworks for selective detection of a physiological anion implicated in
disease diagnosis, prognosis, and clinical monitoring of therapeutic outcomes.

3.2 Guest binding in resorcinarene cavities: a case study with N-alkyl ammonium cations

Functionalized resorcinarenes have found use in nanoparticle synthesis, 4148

1149,150 152

optica and chemosensors,!*! gels,'>? and separation applications.!** In addition to
the various potential applications of resorcinarenes, their use in rigorous quantitative H-G
studies to extrapolate structure-property relationships and gain insights into fundamental
principles e.g. guest binding affinities, size and shape, and conformational flexibility has
always received wide attention in supramolecular chemistry research.!®* Unravelling such
fundamental knowledge could help to build complex molecular systems using the
bottom-up approach. The bottom-up approach in supramolecular chemistry has already
created access for chemists to perform catalysis and organic reactions inside self-

assembled hexamer and capsular structures 54157

and has the potential for much more.
Sodiumsulfonatomethyleneresorcinarene is an example of a host that can interact with
guests via multiple functionalities. Sulfonate substitution makes the resorcinarenes
behave as amphiphiles. This amphiphilic behavior of tetra sulfonate derivatives (SR) has
created new avenues for harnessing resorcinarenes in biological applications.!>®!> The
representative examples of SRs studied in the literature include, methylenesulfonate
groups appended at the upper-rim C2-positions (Type-1),'>%1 sulfonate and phenolic
oxygens linked by methylene chains (Type-2),'”° and alkylated sulfonate derivatives at

the lower-rim (Type-3).!7!"!73 The nature of their binding to neutral, singly and doubly

charged aliphatic/N-heterocycle cationic guests are been studied in solution to understand
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the sulfonate groups intricate role in H-G systems. For example, Liu et a/. have shown
that the H-G complexation between viologen type cationic guests and Type-2 receptor in
water results from charge transfer interaction between electron-rich host and electron-
deficient guest aromatic rings.!’® Additionally, the upper-rim longer alkyl chain
sulfonates provide an elongated cavity to improve the binding affinity for rod-shaped
guests such as N,N-dimethyl-4,4-bipyridinium ions. In another report by Aoyama et al.,
the recognition of sugars using Type-3 receptors in water resulted in very low binding
constants due to the aggregation of lower-rim longer alkylsulfonate chains and
competitive H-bonding interactions.!”! These findings demonstrate that the factors
affecting the guest inclusion complexes depend on the inherent location of the sulfonate
groups, and therefore, clearly understanding such principles governing the molecular
recognition process is a valuable asset to H-G chemistry based applications. '°!

In this context, Type-1 receptors have been subjected to less systematic testing in H-G
studies using cationic guests. Several of Type-1 host’s intriguing properties and
possibilities of their unique endo-cavity environments for molecular recognition in solid-
state and solution have been underexplored. For rational design of H-G systems
exploiting Type-1 receptors, it is crucial to understand their limitations particularly in
terms of spatial constraints of their cavities and nature of their H-G interactions. In the

present two-component approach, A * B, we use a combination of 'H NMR spectroscopy

and 1sothermal titration calorimetry (ITC) to investigate the nature of H-G chemistry

between sodiumsulfonatomethyleneresorcinarene (A) and a set of nine ammonium guests
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(Bn,n=1 -9) shown in Figure 3.1. Our motivation for studying the Type-1 receptors

stem from the following:

(1) the four sulfonate groups encompassing the upper-rim offer a deeper cavity compared
to classic Cemyl-2-H-resorcinarene, and these substituents should act as a lid
rendering a narrow portal thus improving the guest selectivity,

(1) the guests can be stabilized by both C—H:--m and C—H---OSO, interactions from
endo-cavity m-systems and sulfonate groups, respectively,

(ii1) mixing host A and guest (Bn) components leads to desalination (meaning removal of
sodium chloride or sodium iodide) and the formation of H-G complexes of the

type (An) *(Bn)*, despite the strong electrostatic attractive interaction between

sulfonate O-atom and sodium to form coordination complexes, and competitive
hydrogen bond interactions between chloride ion and the ammonium cations’ H-
atoms, and
(iv) the type of H-G interactions favored in endo-guest complexes can be potentially
tuned by changing the H-G size match and ammonium cation functional groups.
We investigate the preferred type of H-G interactions by using a series of ammonium
cations "NH2(R1)(R2) (R1 = -methyl, -ethyl; R = -ethyl, -butyl, -aryl) to determine
whether the endo-guest complexation occurs rather by more acidic N-methyl, N-ethyl or
through longer N-alkyl/N-aryl chains. The “N(CH3)4 is used as reference species as it is
expected to have the best size match fitting inside the cavity and strong binding due to

acidic C—H protons that can take part in C—H---r interactions. Furthermore, we
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investigate whether N-methylated heterocycles have the inclination to form endo-

complexes via N-methyl or the aromatic m-system using guest B8 and B9.
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Figure 3.1: List of components, sodiumsulfonatomethyleneresorcinarene hosts (A), and
quaternary ammonium halides Bn [n = 1-9].

3.2.1 Results and Discussion

3.2.1.1 'H NMR studies

The binding properties of the receptor A towards the guests were probed in
solution through 'H NMR analyses. In solution, the complexes are in rapid equilibrium
with the free components, therefore, only one set of signals could be observed in the
NMR spectra of the mixtures. Despite the dynamic system and fast exchange process,
endo-cavity binding of the guests can be determined through monitoring the shielding
effects of the guest signals. By following and comparing the degree of shielding, one
could qualitatively determine which part of the *"NH2(R1)(R2) guest (R1 or R2) is

preferred and predominantly located in the cavity of the receptor. Strong increase in
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shielding of the guest B2 protons was observed as would be expected considering the
affinity of resorcinarenes towards quaternary ammonium ions. For the other guests,
several parameters were investigated to understand the preferences of the host towards
the guests B1-B9. First, we determined the maximum length of the alkyl group that could
possibly be bound into the cavity of the receptor. For this process, the H-G complexes
between A and B3-B7 were investigated. Taking A vs B3 as an example, the N-methyl
group of B3 had the higher increase in shielding (1.62 ppm) when compared to the —-CH3
protons of the butyl group (0.14 ppm) clearly suggesting the N-methyl group sits deep
into the cavity of the of A (Figure 3.2B). By the same analyses, it was observed that the
N-ethyl groups of B4, B5 and B6 are also preferred for the endo-complexation (Figure
3.3, Appendix X - XII). Guest B7 is a particularly interesting example, since it has a butyl
group on one side and a benzyl group on the opposite side of the nitrogen. Following the
"H NMR changes, it was observed that neither the terminal -CHj3 signals of the N-butyl
group (0.24 ppm) nor the aromatic signals of the N-benzyl group (a-proton: 0.31 ppm)
had the highest change in shielding. Instead, the methylene protons closest to the
ammonium group (N-CH»-) showed the highest increase in shielding (0.64 ppm, 0.66
ppm). This suggests the receptor A interacts with the carbons adjacent to the positively

charged nitrogen of the guest B7 as shown in Figure 3.2D.
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Figure 3.2: 'H NMR spectra (CD30D, 303 K) of: (A) host A, (C) guest B3, (E) guest B7,

and the equimolar mixtures of (B) A and B3, (D) A and B7. Star represents the residual
CDs0OD solvent. The dash lines give an indication of the signal changes in ppm.

Secondly, we compared whether interaction with N-methyl group or the aromatic
ring of pyridinium ion in B8 was preferred by the host. The changes in 'H NMR of B8 in
host equilibrium show that the aromatic protons were located deeper into the cavity of A
than the N-methyl group (increase in shielding Pha: 1.63 ppm, N-CHs: 0.95 ppm, Figure
3-3B). This is in contrast with the N-ethyl group preference shown by the endo-
complexation of B5 or the preference toward shorter N-methyl or N-ethyl groups shown
by the shallow cavity of host A with the B3-B7 guests. In case of B8 the different
behavior can be explained by the better size match and stronger n—x interactions between
the electron-deficient pyridinium ion and the electron-rich cavity of the host. Next, in
case of guest N-methylquinolinium iodide B9, the higher increase in shielding of 'H
NMR signals of the N-methyl group show it to be in the cavity of the receptor (increase
in shielding Qug: 0.87 ppm, N-CHs: 1.69 ppm, Appendix XII). This preference could be

explained by a better size match of N-methyl group than the quinoline moiety to the
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cavity of the host. Additionally, the larger m-system of B9 is not as electron deficient as

the aromatic ring in B8.

Figure 3.3: '"H NMR spectra (CD3;0D, 303 K) of: (A) host A, (C) guest BS, (E) guest B8,
and the equimolar mixtures of (B) A and B5, (D) A and BS. Star represents the residual
CDsOD solvent. The dash lines give an indication of the signal changes in ppm.

3.2.1.2 Isothermal Titration Calorimetry (ITC)

The complexation of the guests Bn by the host A were quantified through a series
of ITC experiments in methanol (Appendix XIII - XV). The thermodynamic parameters
of host-guest binding (K, 4H, 4S8, and 4G) between the host A and the guests Bn were
determined by fitting the ITC data to a one-site binding model (Table 1). Complex
formation between any combination of the host A and the guests Bn is spontaneous (AG
< 0) at the experimental temperature (303 K). The negative 4H and positive TAS values
indicate the complexation of the guests by A are both enthalpy and entropy driven.

Solvation of the species and the counter ion releases are factors that explain the entropy
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contribution. This has been previously observed for supramolecular binding interactions
between poly(ammonium chlorides) and poly(sodium phosphates), and may be due to the
particularly strong ion-pairs in the host.” The highest binding affinity among all the
guests was observed with guest B2 (K, = 909 M™). This is logical since
tetramethylammonium cation is known to be a good fit for resorcinarene cavity through
C—H:--m and cation—r interactions.'’>"*’® This value is much higher when compared with

basic resorcinarenes in methanol (K, ~ 100-200 M) 142177.179

Table 3.1. Thermodynamic binding parameters of formed complexes between the host A
and the guests Bn by ITC.

AH TAS AG
Complex K. M
kcal/mol kcal/mol kcal/mol

Bi@A 173.00+£7.19 -2.58+0.15 10.40 -13.00
B.@A 909'1();191'6 -13.80+0.18 3.37 117.20
B3@A b b b b
Bs@A 196.10+£21.90 -8.77£0.07 4.54 -13.30
Bs@A b b b b
Bs@A 546'405123'6 -9.28+0.07 6.63 -15.90
Br@A 207.90+53.80 -6.62+0.07 6.84 -13.50
Bs@A 326.80+38.60 -7.124+0.07 7.49 -14.60
Bo@A 80.00+£7.10 -12.50+0.07 -1.48 -11.02

[ TC was done in methanol at 303 K. ®Data could not be obtained due to large errors.
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3.3 Resorcinarenes as molecular recognition sensors for pyrophosphate

A significant challenge in supramolecular chemistry is developing high-affinity

receptors for anions in biologically relevant solvents, 180184

and the design of such
receptors has elicited considerable effort from the research community. '35-1* Primarily,
this challenge has been addressed by leveraging the cooperative effect of non-covalent
attractions.!*>'°7 One of such anions is pyrophosphate (PPi), a side product of ATP

198

metabolism °, that can quantitively be assessed for clinical diagnosis of disease states

including crystal deposition'**'*”

and other enzyme deficiency disorders. Therefore,
chemosensors for qualitative and quantitative detection of PPi have been reported by

several research groups featuring varying functional structures, including sensors relying

193,200-204 205,206

on metal binding centers and sensors for application only in organic media
However, we recognize that any suitable application of a pyrophosphate sensor should be
sensitive and selective in predominantly water systems. Unfortunately, anions have
significantly high hydration energies in water that negatively affects complexation.?%”-2%
In that space, the Beyeh Lab has previously reported the N-alkyl ammonium
resorcinarene salts (NAR(X4), consisting of a macrocyclic resorcinarene tetra-ammonium
cation and four anions with a preference for chloride in NAR(Cl)s, over bromide, nitrate,
triflate, or picrate in organic media.??2!! This binding preference is due to the chloride’s
suitable size, the snug fit between two adjacent ammonium moieties, and its strong
hydrogen bond acceptor behavior that generates the robust and circular [NH2+...-CI°

...NHx+...-CI'...]2 hydrogen-bonded seam along the upper rim of the macrocycle. The

NARX4 receptors are tetra-cationic, and by careful inspection, tetra-anionic
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pyrophosphate (PP1) appeared to be the perfect guest due to size-charge complementarity
and chelate cooperativity. As a result, the Beyeh Lab subsequently reported an N-alkyl
ammonium resorcinarene chloride receptor capable of high affinity (10’ M) and
selective binding of PPi in pure water.?'?> Guest displacement assays further confirm the
selectivity for PPi through absorbance measurements with 2-naphthalene sulfonic acid
sodium salt as the guest. The binding motif is based on an intramolecular ionic seam
where the four counter ions leave upon the complexation of PPi. Based on that
mechanism, we recognized the potential to improve the affinity and selectivity of the
receptor by employing the use of more weakly coordinating counter ions. Furthermore,
we could simplify the determination of PPi binding by incorporating a fluorophore into
the resorcinarene structure that would change optical behavior in the presence of a guest.
This would bypass the need for guest displacement assays and allow for simple direct
measurement. In this study, we hypothesized that, with weaker coordinating counter
anions, the NARX4’s affinity towards PPi would substantially increase. By integrating a
fluorescent moiety into the receptor, we could develop a simple read-out high-affinity
sensor for PPi.

3.3.1 Experimental

We synthesized ten new R-NARX4’s (R = upper rim substituent, X = counter
anion) receptors with three different counter anions, chloride, bromide, and triflate (OTY),
and four different upper rim substituents; one with a flexible terminal hydroxyl propyl
group (C30HNARX4, X = Cl, Br, and OTY), the second with a rigid cyclohexyl group at

the upper rim (CyNARX4, X = CI and Br), the third with a flexible benzyl group
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(BnNARX, X = Cl and Br), and the fourth with a flexible and fluorescent napththalen-1-
ylmethyl group (NpNARX4, X = Cl, Br, and OTY). In addition to PPi, the binding
properties of the receptors towards a tribasic monophosphate (K3PO4), and a dibasic
monophosphate (AMP), diphosphate (ADP), and triphosphate (ATP) are also
investigated. The binding was confirmed through 'H and *!P NMR experiments.
Quantification and thermodynamics of the binding event were carried out through a series

of Isothermal Titration Calorimetry (ITC) experiments.

3.3.2 Results & Discussion

Mannich condensation reaction between aliphatic amines and C-nydroxyl-
resorcinarene in the presence of excess formaldehyde generates tetrabenzoxazines.***
Ring-opening of the six-membered tetrabenzoxazine ring is affected by refluxing in the
presence of an acid (HCI, HBr, and triflic acid) to provide crude R-NARX4s (Figure 3.4);

these are purified through recrystallization to give the final products in 50 — 85% yields.
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N-Alkyl Ammonium Resorcinarene Salt Receptors, R-NARXs
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Figure 3.4: Synthesized resorcinarene salt receptors C3OHNAR(X)4, CyNAR(X)4,
BnNAR(X)4, NpNAR(X)4 (X = CI', Br', and CF3S0Oy3"), and the phosphate guests K3POs,
NasPPi, Na,AMP, Na,ADP, and Na,ATP.

3.3.2.1 NMR Spectroscopy

The —OH and —NH> protons of the cationic core of the receptors form hydrogen
bonds with the counter anions. When the R-NAR X4 receptors bind to pyrophosphate, the
counter anions are displaced to accommodate PPi. This reorganization produces
observable differences in the 'H resonances of the -OH, -NH,, and neighboring -CH»—

protons. To probe these receptors' binding capability, we performed a series of 'H NMR
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measurements of the pure phosphate guests, pure R-NARXj4 receptors, and equimolar
mixtures of phosphate guests and R-NARX4 receptors. The binding processes are fast on
the NMR timescale; however, clear changes in the hosts’ methylene signals confirm host-
guest interaction between the NAR(X)ss and the PPi (Figure 3.5). Due to the limited
solubility of the R = napthyl receptors, the proton measurements were done in a
D>0/[Ds]DMSO (90%/10%) at 298 K. Hydrogen/ Deuterium exchange in this solvent
mixture prevents the —OH and —NH> signals from being monitored. However, we
observed changes in the chemical environment of the non-exchangeable methylene
protons (Ar-CH>N) closest to the —OH and —NH> groups. We also observed, by NMR,
that the resorcinarene core distorts its bowl conformation, breaking Cy, symmetry to

better accommodate PPi.

Take the binding of PPi by C30HNAR(X4) as an example; up to 0.09 ppm
upfield shifts are realized by the methylene protons, and up to 0.22 ppm upfield shifts are
observed for the aromatic protons of the resorcinarene core. The changes in the host’s
signals clearly support the host re-organizing the cavity during the binding process. No
significant differences in the 'H NMR of the receptor in PPi@R-NAR(X)s complex was
observed between the chloride, bromide, or triflate counter ions once the counter anions
are displaced to accommodate pyrophosphate. The final assembly is expected to be the
same PPi@C30OHNAR(X)4 where X represents the initial counterion that has now been

fully displaced (Figure 3.5).
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An even better way to access the binding process is to monitor the *'P NMR
signals of the phosphate guests upon complexation with the NARXj4 receptors. A series of
3P NMR experiments of the phosphate anions and equimolar concentrations of pure
phosphates and receptors were used to qualitatively probe the binding processes (Figure
3.6, Appendix 3.7 - 3.17). The magnitude of the upfield shift of the phosphorus isotopic
signals upon binding the R-NARX4 receptors qualitatively indicates the degree of guest
shielding in the macrocyclic binding pocket. Of the different R-NARBr4 receptors, PPi
experienced the largest upfield movement with R = naphthalene This was followed
closely by the benzyl (Bn)-NARBr4 receptor and 1-propanol (C30H)-NARBr4 (Figure
3.6b). Qualitatively, the absence of an aromatic environment or a hydrogen bond
potential of hydroxyl groups in the cyclohexyl upper rim modification may explain why

it has the smallest effect on the PPi phosphate resonance.

i 4 0.22 ppm
e)
Ar-H
4H
) .1 0.21 ppm
c) Ar-H —_|
b) ~ 0.22 ppm

............... =/
9.0 86 82 78 74 7.0 6.6 6.2

Figure 3.5: Sections of the 'H NMR spectra in D20/[Ds]DMSO (90/10 v/v) at 298 K of
(a) C3OHNAR(Cl)4 and (b) the equimolar mixture C3OHNAR(Cl)4 and PP1, (c)
C30HNAR(Br)4, and (d) the equimolar mixture C3OHNAR(Br)4 and PPi, (e)
C30HNAR(OTY)4 and (f) the equimolar mixture C30OHNAR(OTY)4 and PPi. The dashed
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lines indicate the signal changes in ppm. Star represents the residual D,O solvent. For
clarity, the original counter anion is indicated in brackets.

Additionally, it is evident how the different counter ions contribute to the
shielding of the pyrophosphate anions. The PPi signal was shielded by 1.14 ppm with
C30HNAR(Cl)4, 1.76 ppm with C3OHNAR(Br)4 and 1.85 ppm with C3OHNAR(OTf)4.
Larger up field shifts of 2.42, 2.50 and 2.72 ppm were observed upon switching from
chloride to bromide or triflate with the NpNARX4 receptors. The magnitude of these
shifts is a qualitative representation of the different affinities. As the product is identical
in each case, the changes are better interpreted as a measurement of the population ratios
between bound (upfield shifted) and free (unchanged) PPi. That the largest shifts are
observed for triflate suggest that this salt shows the highest affinity, likely because the
counterion is easiest to displace. Similar *!'P experiments were used to probe the binding
of the receptors towards other phosphates: PO4*, AMP, ADP, and ATP. PO4** showed
similar but much weaker upfield movement than PPi, while AMP showed greater field
changes than PPi. Moderate, but measurable deshielding was observed for ADP and

ATP. The interaction of ADP and ATP with the host might be through an exo-binding
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mode, explaining the weaker effects, their larger size could be the main factor in this

behavior.
a) i — b) A I
FRIGEQHEARER] J1.85 ppm N PPI@NpPNAR(BY)  2-505p00
. : E2.36 ppm
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Figure 3.6: Sections of the 3'P NMR spectra in D20/[Ds]DMSO (90/10 v/v) at 298 K. (a)
Equimolar mixtures of PPi and NpNAR(X)4 (X = Cl, Br, and OTf) as compared to pure
PPi. (b) Equimolar mixtures of PPi and CyNAR(Br)4, PPi and C3OHNAR(Br)4, PPi and
BnNAR(Br)4, PPi and NpNAR(Br)s compared to pure PPi. The dashed lines indicate the
signal changes in ppm. Star represents the residual H;PO4 as an external standard. For
clarity, the original counter anion is indicated in brackets.

3.3.2.2 Isothermal Titration Calorimetry (ITC)

Thermodynamic parameters (K, AH, AS, and AG) between the R-NAR(X)4
receptors and the different phosphate anions were measured by a series of ITC
experiments in 90% H20/10% DMSO. A mixed solvent system was necessary to ensure
the complete dissolution of the variable hydrophobic groups on the different R-NAR(X)4
receptors. Probing different functionalization of the upper rim alkyl (R) substituent was
necessary to underscore its importance in defining phosphate anion affinity (Table 2). All
the data with a few exceptions were fitted to a two-set-of-sites binding model.
Considering only one PPi guest can fit into the binding pocket, this two-set-of-sites

binding model was puzzling at first. As a representative example, we did a '"H NMR Job
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plot experiment to understand the binding stoichiometry (Appendix 3.18). A closer
inspection of a '"H NMR titration of PPi to C3OHNAR(Cl)4 revealed the secondary
binding is likely happening at the four lower rim hydroxyl groups. This is indicated by

the upfield shifts of the —CH>— protons closest to the lower rim hydroxyl groups.

Upper rim substitution also offers an obvious role in the thermodynamic
parameters of host-guest binding. The NAR(X)4 with naphthalene groups show higher
binding when compared to benzyl or cyclohexyl substituents due to the presence of a
series of stacking interactions (Table 3.2). Interestingly, C30H functionality overall
provided the best affinity constant due to the extra hydrogen bond potential of the
hydroxyl groups. In all, the trend of counter anion exchange on the Ka values is clear and
consistent. K; values increased by 52.5% and 68.2% in the complexation of PPi to Np-
NARXj4 upon switching counter-ion from chloride to bromide and triflate anion,

respectively.

Table 3.2: Thermodynamic binding parameters of formed complexes between [PPi and R-
NAR(Br)4]

Complex K; AH; TAS; 4G
(x 10°) M kcal/mol kcal/mol  kcal/mol
PPi@C30OHNAR(Br)4 5.30+1.08 -6.72+2.22 1.09 -7.81
PPi@CyNAR(Br)s 2.62+0.54  -1.09:047 629 -7.38
PPi@BnNAR(Br), 3124024 -042£0.10  7.06 -7.48
PPi@NpNAR(Br)4 3.02£022  -4.92£0.62  2.55 747

44



Table 3.2 continued

Complex K> AH> YVIRY) 4G,
(x 10°) M kcal/mol kcal/mol  kcal/mol
PPi@C30OHNAR(Br)4 1.40+0.03 8.36+1.74 15.3 -6.94
PPi@CyNAR(Br)4 0.18+0.01 26.6+0.84 32.2 -5.60
PPi@BnNAR(Br)4 0.29+0.03 16.0+1.50 22.1 -6.10
PPi@NpNAR(Br)4 1.13+0.01 32.6£2.11 39.6 -7.00

Negative AG values for all complexes of PPi with varying R-NAR(X)4 suggest
the association between the pair to be spontaneous at 298K. The AH and TAS results also
indicate the spontaneous association is exothermic and mostly enthalpy driven with a
small entropic contribution. This is consistent with our understanding that PPi as an anion
exists as a hydrated species in water, and this association must be disrupted upon
complexation. The first binding event described as K in table 3.3, reveals a generally
higher binding constant for PPi over AMP, ADP, and ATP. As the cavity is committed to
the binding of the first PPi molecule, this second interaction (described as K>) is most
likely an allosteric exo binding with the lower rim hydroxyl groups or in the case of
C30H-NARX4 the extra OH groups at the upper rims. From the NMR data, AMP is also
highly shielded by the NARX receptors. We recognize that sometimes degree of
shielding can also give a false sense of binding affinity. In the thermodynamic data of
AMP complexation with the NAR(X)4 receptors, the binding affinity is consistently one

order of magnitude below PPi.
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Table 3.3: Thermodynamic binding parameters of formed complexes between PPi, ATP,
ADP, AMP, PO4 and C30H-NAR(Br)4

Complex K; AH,; TAS; 4G
(x 10°) M! kcal/mol  kcal/mol kcal/mol
PPi@C30HNAR(Br), 5.30+1.08 -6.7242.22 1.09 -7.81
ATP@C30OHNAR(Br), No Binding - - -
ADP@C30HNAR(Br), No Binding - - -
AMP@C30OHNAR(Br), 0.07+0.009 6.21+0.68 11.4 -5.19
PO4@C30HNAR(Br), No Binding - - -
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CHAPTER FOUR: MACROCYCLES FOR DEAGGREGATION OF CRYSTALLIN

PEPTIDE RELATED TO CATARACTS

4.1 Introduction

Molecular aggregation is a phenomenon that occurs as a function of attractive
non-covalent interactions in solution especially when concentration goes beyond the
critical aggregation concentration (CAC). CAC refers to the minimum concentration
above which molecules in solution begin to aggregate. This aggregation in human
physiology is responsible for several disease pathologies including Alzheimer’s disease,
pulmonary embolism, deep-vein thrombosis, and eye cataracts.

Cataract disease remains without a cure and is caused by the clouding of the eye
lens.?!'* The onset of lens clouding is due to aging, protein post-translational
modifications, and damage by radicals such as reactive oxygen species (ROS) generated
by exogenous and endogenous factors.?!42!® The aA-crystallin, a heat-shock protein,
maintains the solubility and stability of lens proteins and lens clarity by preventing
protein aggregation, which may lead to lens clouding and eventually cataracts.?!”2!° The
chaperone property of aA-crystallin may be compromised with aging due to extensive
chemical modifications and degradation of aA crystallin. The aA-crystallin protein level
in the eye lens decreases significantly with aging leading to low molecular weight peptide
(LMW) fragments.??° The LMW fragments are present in aggregates of cataract lenses,
pointing to their essential roles in the disease.??! In particular, the aA66-80 peptide

fragment of aA-crystallin, among others, was observed at a high level in cataracts eye
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lenses.?!® The aA-crystallin peptide sequence has also been evaluated for its aggregation
and ROS production.??? The aA66-80 crystallin aggregation is a viable therapeutic target,
and several small molecules have been assessed as aggregation inhibitors to include
aspirin, flavonoids, orange G, among others.????2* Currently, there are no proven cures for
cataracts other than surgery, which is performed at a later stage of the disease and

continues to be debilitating to the people affected as they wait for the surgery.??*

Cavity-containing macrocyclic compounds can be modified with specific
functional groups and used as a target for biological materials.??>?2® Understandably,
designing synthetic macrocycles that can target peptides or proteins offer a suitable
avenue for applications in hybrid materials, diagnostics and potentially in this study as
aggregation inhibitors. Receptors like molecular tweezers have been used to target
aggregation of amyloidogenic peptides through their amino acid residues??’>?%; however,
the crystallin aggregation has not been previously targeted using this approach. In this
contribution, we hypothesize that receptors that can target specific amino acid sites on oA
crystallin can disrupt the aggregation pattern inherent with its morphological changes. To
this effect, we used three different resorcinarenes-based ionic macrocyclic receptors A, B
and C (Figure 4.1). Receptors A and B are functionalized resorcinarenes with anionic
sulfonate groups at the upper and lower rim respectively. Receptor C is a resorcinarene
salt receptor with an extended cavity with four ammonium groups at the upper rim and
four hydroxyl groups at the lower rim. Receptor C has a strong intramolecular circular
hydrogen bond seam (--- NR'R"H2+ ---CI"--- NR'R"H2+ ---CI"---)> between the

ammonium groups and the chloride anion referred to as the hydrogen bond analogs of
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deep cavity cavitands.?!® The anionic receptors A and B have the potential to interact via
electrostatic attractions to the cationic amino acids, arginine (R), lysine (K) and histidine
(H) on the a A66—80 peptide while receptor C can interact with various amino acids

including aspartic acid (D) and others through ionic and aromatic interactions.

SO;zNa SOzNa

HO,OH HOOH

Receptor A Receptor B

Nagos SOzNa
So,Na SOsNa

Receptor C

Figure 4.1. Structure of receptors A, B and C.

4.2 Experimental

The receptors used in this study were synthesized according to reported
procedures.?*%23 The crystallin aA66-80 peptide was purchased from GenScript and
used without further purification. All the receptors possess hydrophobic internal cavities
that can accommodate neutral side groups based on size complementarity. The effect of
the receptors on the aggregation/de-aggregation of aA66—80 peptide are investigated at
the macroscopic level through Fluorescence Aggregation Assay, Dynamic Light
Scattering (DLS), Transmission Electron Microscopy (TEM), and Mass Spectrometry.
Interactions at the molecular level between the receptors and the individual amino acids
are investigated qualitatively via NMR spectroscopy, and quantitatively via Isothermal

Titration Calorimetry (ITC).
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4.3 Results and discussion

4.3.1 Fluorescence Aggregation Assay

Resorcinarenes are notably weak fluorescent compounds which prompted the use
of the proteostat detection kit for qualitative detection of peptide aggregates. This
rotational proprietary dye specifically intercalates into quaternary protein structures
typical of aggregated B-pleated sheet peptides and proteins, resulting in fluorescence
emission enhancement.?** The dye's free intramolecular rotation along a single central
bond eliminates fluorescent emissions in the absence of aggregates. As a result, the dye
has been reliably used as an indicator of B-pleated sheet formation during crystallin
aggregation.”**2*” As shown in Figure 4.2, pure crystallin aggregation resulted in
formation of dynamic structural assemblies that produced a high fluorescence intensity.
To assess the level of aggregation of the peptide with the receptors, the mixtures of
receptor: peptide ratios at 0.2, 0.4, 0.6, 0.8, 1.0 and 5.0 were incubated at 37 °C in 10 mM
Tris buffer (pH 7.4) for seven days. Compared to the pure crystallin incubated for the
same period, all ratios showed a concentration-dependent decrease in the extent of
peptide aggregation (Figure 4.2a). From these results, receptors A, B and C all have an
inhibiting effect on the extent of crystallin peptide aggregation in the seven days
incubation period. To rule out any inconsistent fluorescence contributions from the
proteostat dye, we also run positive and negative controls (Appendix 4.1) to make sure
that, a) each freshly prepared dye solution is effective, b) there is little to no fluorescence

contributions from free dye solutions and c) the receptors are not artificially quenching
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fluorescence from the dye irrespective of peptide aggregation. In queries a) and b), we
see high and minimal fluorescence intensities from the proprietary positive and negative

controls respectively (Appendix 4.1).

4.3.2 Dynamic Light Scattering (DLS)

To clarify the effect of the receptors on peptide aggregation without another
chemical dye, we resorted to Dynamic Light Scattering (DLS) experiments (Figure 4.2b).
DLS is used for measuring the size distribution of small particles, peptides, cells,
carbohydrates, nanoparticles, or polymers in solution.*® These measurements were also
carried out on increasing receptor: peptide molar ratios (0.0, 0.2, 0.4, 0.6, 0.8 and 1.0:1)
after seven days of incubation at 37°C. The size (Z-) average in d.nm of triplicate
measurements of the different concentration ratios reflects a similar inhibitory effect of
receptors A, B, and C against aggregation of crystallin (Figure Appendix 4.2 —4.4). In
the incubations of pure a A66-80 crystallin peptide without any receptor, the Z-average
size is (1.20£0.15) x 10* d.nm after seven days of incubation. All the incubations
revealed substantially different size distribution profiles showing smaller average size
intensity profiles compared to the crystallin peptide (Figure 4.2b). The mixture between
receptor A, B and the peptide show some large size distributions on an average of
replicate measurements, however, the overall sizes show substantially smaller
distributions compared to the pure aA66-80 crystallin peptide. The average sizes from
triplicate measurements of a 1:1 concentration ratio of receptor A, B, and C: crystallin are

19184897, 37394644, and 202+2.2 d.nm respectively. Receptor C, the deep cavity
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cavitand, was most effective at disrupting the aggregation of the crystallin peptide in the

DLS experiments.

4.3.3 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) was used to virtually characterize
aA66-80 crystallin peptide aggregates in the presence of the inhibitors. TEM analysis of
pure aA66-80 crystallin peptide, peptide-receptor A, B and C complexes at 1:1
concentration ratio, and pure receptor A, B and C were performed after aging the samples
for seven days. From the images, pure crystallin demonstrates large, fibrillar-like peptide
aggregates congruent with the results from fluorescence and DLS experiments both
initially and after seven days. The macrocycles show significant potential to disrupt the
crystallin aggregation (Figure 4.2¢). Additionally, TEM images also reveal receptor C,
decorated with functional groups on both sides of the receptor, is superior to receptors A
or B at equimolar concentrations regarding disrupting crystallin a A66—80 aggregation.
aA66-80 Crystallin peptide: receptor C complex morphology showed significantly less
fibrillar aggregates when compared to a A66-80 crystallin peptide: receptor A or B
complex morphology, suggesting its superior inhibitory role. TEM imaging however
shows amorphous small protein aggregates in the a A66-80 crystallin peptide: receptor A,

B and C complexes with few branching fibrils. Overall, these results suggest that while
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all receptors A, B, and C inhibit the aggregation of the crystallin peptide, receptor C acts

as a more potent inhibitor to the peptide over time.
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Figure 4.2. a) Bar chart showing results of fluorescence aggregation of crystallin peptide
(5.4 mM) in different host ratios. Error bars represent standard deviations of the mean of
repetitive measurements. b) Graph showing percent intensities of Z-average sizes in
solution of pure crystallin (red), 1:1 aA66-80 crystallin peptide: receptor A (sea blue), 1:1
aA66-80 crystallin peptide: receptor B (green), 1:1 aA66-80 crystallin peptide: receptor
C (dark blue), pure receptor B (grey), pure receptor A (orange) and pure receptor C
(yellow). ¢) Transmission Electron Microscopy (TEM) imaging of one week incubated
samples of pure crystallin, 1:1 aA66-80 crystallin peptide:receptor A, 1:1 aA66-80
crystallin peptide: receptor B, and 1:1 aA66-80 crystallin peptide: receptor C.
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4.3.4 Mass Spectrometry

To further investigate this phenomenon of crystallin de-aggregation, we turned to
gas phase measurements, devoid of solution interruptions to tease out possible host-
aA66-80 crystallin peptide complexes. Electrospray ionization mass spectrometry (ESI-
MS), a soft ionization method, was used to characterize each receptor and the peptide
using freshly made sample solutions, as well as their respective complexes. In the
positive ion mode, the mass spectrum for the peptide shows the [M+3H]*" peak at m/z
622.6646, associated with the triply charged peptide (Appendix 4.5a). The mass spectra
for the receptor A, B, and C show peaks at m/z 1065.097 [M+H]", 1009.0296 [M+H]",
and 599.3110 [M-4HCI+2H]*" respectively (Appendix 4.5b-d). The MS analysis of
freshly prepared samples, compared to aged samples (72 h at 37°C), yielded more
prominent receptor + peptide complexes. Figure 4.3a shows the observed and theoretical
isotope patterns for doubly charged receptor A + peptide complexes as [ A+peptide-
4Na+6H]*" and [A+peptide-3Na+5H]*" (Figure 4.3b-c). In addition, the triply charged
receptor A-peptide complexes were observed with increasing sodium loss. Figure 4.3 also
shows the MS spectrum of the observed (Figure 4.3d) and theoretical isotope patterns of
the doubly charged complexes of receptor B as [B+peptide-4Na+6H]?" and [B+peptide-
3Na+5H]*" (Figure 4.3e-f). The receptor B + peptide complexes were also observed as
triply and doubly charged ions. The multiply charged ions are expected due to the mass
of the complexes, the multiple basic amino acids present in the peptide and the chosen

ionization method. Equimolar receptor C and peptide solution were also analyzed, but no
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b)

<)

peaks associated with receptor C + peptide complexes were observed under the same
experimental conditions (Appendix 4.6). Receptor C is cationic and structurally different
from the anionic receptor A and B. However, the receptor C + peptide complex could not

be observed after optimization of the ionization methods.
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Figure 4.3. Positive mode ESI-MS spectra of a) doubly charged receptor A-peptide
complexes showing [A+peptide-4Na+6H]** and [A-+peptide-3Na+5H]2+; d) Receptor B
+ peptide complexes showing [B+peptide-4Na+6H]*" and [B+peptide-3Na+5H]**
(experimental: a), d); theoretical isotope distribution: b), c), e), f).

4.3.5 NMR Spectroscopy

To further understand the interactions between the receptors and the aA66—80
crystallin peptide, we investigated the binding ability of the receptors towards the
individual amino acids within the aA66-80 peptide through 'H NMR experiments. This
was done by monitoring the complexation-induced 'H chemical shift changes of the
receptor-amino acid mixtures and comparing that to the pure receptor and the amino

acids. Guest complexation in the resorcinarene cavity is typically indicated by shielding
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and broadening guests' signals while hydrogen bond interactions are generally observed
as downfield shifts.>*! With receptors A and B, both upfield and downfield shifts of
lysine and arginine signals were observed. While the receptors can encapsulate both
amino acid residues, extra exo-cavity interactions are also observed with the de-shielded
protons. No significant shift changes were also observed for the other amino acids,
including histidine and aspartic acid (Appendix 4.7 — 4.32). If the association cannot be
established with these individual amino acids, there is no reason to believe they are viable
binding pockets on the crystallin peptide. Moreover, receptor C showed significant shift
changes for complexation with lysine, arginine, histidine, and minor shift changes for
aspartic acid (Appendix 4.25 — 4.32). These results indicate that these receptors have a
peculiar preference for specific amino acids due to both size and complementarity of the

weak interactions.

4.3.6 Isothermal Titration Calorimetry

If these interactions can translate into any consequential effect on the
morphological changes in a peptide, we needed to understand the thermodynamics of
those interactions under physiological conditions using isothermal calorimetric titrations
(ITC). Individual amino acid experiments were limited to the arginine, lysine, histidine,
and aspartic acid residues based on established supramolecular attraction to the receptors
inferred from their 'H-NMR chemical shift changes. Moreover, ITC experiments were
also conducted between the receptors A, B, and C with aA66-80 crystallin peptide

(Appendix 4.33 — 4.37, Table 4.1). The sodium sulfonate substitution pattern on receptors
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A and B does not have a marked difference in the thermodynamic binding parameters
with the amino acids from our initial experiments. However, the binding affinity and
energy are highest with receptor A where the functional groups are closest to the
macrocyclic cavity. Complexation was enthalpically favorable with entropic
compensations except for histidine, enthalpically and entropically favorable in
complexation with both receptors. The supramolecular attraction of the persistent
hydrophobic cavity and the different functional groups on both sides of the receptor C are
highlighted in the nonspecific nature of the ITC curvature with amino acids (Appendix
4.36). The multiple binding processes between receptor C and arginine, lysine could not
be fitted to one or two sets of sites binding model without significant errors. However,
complexation with histidine was found to be enthalpically favorable with minor entropic
compensations. Aspartic acid, a negatively charged amino acid, was found to be both
enthalpically and entropically favorable in complexation with receptor C. Ultimately, the
binding event between C and the a A66—80 crystallin peptide is a one-to-one association.
All the complexation experiments were found to be spontaneous at 298 K. It is worth
mentioning that for the ITC measurements, the titrant is added, and the associated heat
changes are measured immediately.?*° In effect, samples for these measurements cannot
be aged, a limitation of the technique. Again, we recognize the unpredictable and three-
dimensional folding of the crystallin peptide is the most predominating factor influencing
peptide: receptor complexation and the subsequent disruption of aggregates. However,

through "H-NMR and ITC experiments, we can predict possible binding pockets on the
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crystallin aggregates that can effectively disrupt the peptide aggregation when or if

accessible to the macrocycle.

Table 4.1. Thermodynamic parameters of binding between receptors A, B, and C with
amino acids (arginine, lysine, histidine) and crystallin a.66-80 peptide in 100% water. All

the data shown were fitted to one set of sites binding model at 298K.

K AH TAS AG
Complex (x 10> M™! kcal/mol kcal/mol kcal/mol
Ae
Arginine 7.27+1.28 -15.70+3.85 -10.43 -5.27
Lysine 5.89+0.88 -12.07+2.04 -6.45 -5.62
Histidine 2.94+0.39 -2.59+0.16 6.91 -9.50
Crystallin 1360 £+ 490 -8.28 £0.21 0.092 -8.37
Be
Arginine 3.64+0.47 -15.15£1.00 -10.25 -4.90
Lysine 4.45+0.69 -6.74+0.69 -1.76 -4.98
Histidine 3.44+0.51 -1.05+0.07 3.75 -4.80
Crystallin 380 + 33 -3.23 +£0.027 4.38 -7.61
Ce
Arginine - - - -
Lysine - - - -
Histidine 14.90+1.70 -7.53+0.34 -1.84 -5.69
Aspartic Acid 7.30+0.10 -1.00+0.06 2.90 -3.90
Crystallin 2.40+0.95 4.89 £2.66 9.48 -4.59
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CHAPTER FIVE: CONCLUSIONS

In conclusion, supramolecular chemistry principles are integral to the applications
of organic, inorganic, environmental and analytical chemistry. Different types of
macrocycles have been synthesized and reported for applications in this discipline. In the
Beyeh Lab, we have extensive experience in calixarenes and pillararenes and have
reported discrete functionalizations of the macrocycle for applications in experimental
chemistry, materials science and as receptors for neutral guests, cations, anions, bio-
analytes, and metals. In this thesis, we continued to explore the resorcinarene
macrocycles and their discrete functionalizations for applications in ternary system
assemblies, cataract de-aggregation, and as sensors for pyrophosphate and N-alkyl

ammonium cations.

In chapter two, since Cn is the only component that differs between any two
ternary systems, it would be unsurprising if the stability of the complexes is highly
dependent on the pKa of the acid. This would be expected to be especially true if one is
simply analyzing the interaction between the pyridine and the acid as a binary system.
These results supports co-operativity: pKa is more important in the ternary system than in
a simple binary acid-base system because the acidity and basicity behavior are enhanced.
The presence of the resorcinarene, by increasing electron density on the pyridine and
decreasing it on the acid, increases the affinity of the acid for the base. The reported
pyridine-mediation of a resorcinarene-carboxylic acid interaction represents a new

ternary supramolecular archetype. The presence of the carboxylic acid, located outside
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the cavity, stabilizes the pyridine-resorcinarene inclusion complex. The electron-rich
resorcinarene cavity makes the pyridine N-atom more basic via the host-guest C—H---nt
interactions. In the ternary systems, the strength of the O—H---N hydrogen bond between
exo-carboxylic acid and endo-pyridine varies from —104.0 kcal/mol to —121.0 kcal/mol
for carboxylic acids with pKa values ranging between —0.25 and 3.75; and —37.0
kcal/mol to —102.0 kcal/mol for acids with pKas between 4.19 and 4.90. The ITC derived
thermodynamic parameters, negative 4H and positive TAS values, for carboxylic acid-
pyridine (binary) and ternary systems indicate that complexation is enthalpy driven and
compensated by entropy. By broadening the pool of analytes for supramolecular
diagnostic tools from those that fit in a macrocycle’s cavity, to include those that interact
with the guests in the cavity, these new guest-mediated ternary complexes could prove
very useful as the basis for next-generation sensors in biomedicine and environmental

science applications.

In chapter three, a comprehensive solution 'H NMR study of the H-G complexation
process between Cemyi-tetrasodiumsulfonatomethyleneresorcinarene and ammonium
halides was carried out in a hydrogen bond competing solvent, MeOH-d,. In solution,
despite the upper-rim host cavity being surrounded by hydrogen bond competing
sulfonate oxygen atoms, the C—H---r contacts between guest and host are the key driving
non-covalent interactions for 14 out of 16 observed endo-complexes. The exception being
for N-butyl-N-benzylammonium cation, where the hydrogen bonding between -NH> and
sulfonate oxygens restricts both N-butyl and N-benzyl groups from endo-complexation.

Isothermal calorimetry titrations were carried out to quantify association constants. The
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binding was spontaneous at 303 K. The highest binding constant observed for
tetramethylammonium cation guest (K. = 909.10 M) reflects the perfect size match
between the host and guest. Flexibility and size mismatch were also highlighted with
lower binding constants of some of the guests. This work offers more fundamental
insights into the unique properties of tetrasulfonatomethylene resorcinarenes and their
potential as receptors for a variety of cationic guests in a highly competitive solvent. An
extensive study in solution of ten N-alkyl ammonium resorcinarene salts with varying
counter anions using 'H and *'P NMR, and ITC show the resorcinarene salts to be high-
affinity receptors for PPi in aqueous media. The receptor with the terminal propyl
hydroxyl groups C3OHNAR(X)4+ and the napththalen-1-ylmethyl group at the upper rim,
both with weakly coordinating triflate counter anions, gave the best binding results with
PPi. The results show that both the nature of the upper rim substituent and the
coordinating strength of the counter anions play important roles in determining the
affinity of binding. The C30OHNAR(X)4 receptors provide extra hydrogen bond for
enhanced binding, while the NpNAR(X)4 provides a larger surface area for binding.
Weakly coordinating counter anions such as triflate enhanced the binding affinity over
more coordinating anions such as chloride. Our results also show good binding for AMP
while PO4>" due to its smaller size was only weakly bound. The larger sizes of ADP and
ATP suggest the binding to the receptor to be exo. These results show that modifying the
upper rim and counter anions of the R-NAR(X)4 enhances their affinity and sensor ability
towards PPi. These results pave the way to using a supramolecular approach using cavity
containing resorcinarene salts receptors as sensors for PPi in biological media.
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Last, in chapter four, the present work demonstrates that three resorcinarene-based
receptors can successfully disrupt aA66-80 crystallin peptide which is abundant in
cataracts eye lenses. Two of the receptors possess anionic sulfonate groups at the upper
and lower rim. The third receptor possesses cationic ammonium group and flexible
benzyl groups. All three receptors possess internal hydrophobic cavities. Macroscopic
experiments such as Fluorescence with a proteostat dye, dynamic light scattering, and
TEM microscopy show the receptors to successfully interact and disrupt the aggregate of
the aA66-80 crystallin peptide. These macroscopic experiments also show receptor C
with the cationic ammonium groups and benzyl arms to be the optimum receptor for this
process. Qualitative NMR experiments reveal the receptors prefer specific amino acids
which are all part of the peptide backbone. Isothermal Titration Calorimetric experiments
provide some thermodynamic data showing the interaction between the receptors and the
amino acids, or the a A66-80 crystallin peptide to be spontaneous at the given
temperature. We are currently expanding the library of these resorcinarene based
receptors. We envision that based on these results, resorcinarenes can be developed into
potential therapeutics for crystallin disruption.

Overall, resorcinarenes as macrocycles have incredible potential for applications
in the chemical space. This dissertation highlights but a few of them. Advances in human
chemical understanding and synthetic modalities will continue to open ways to

functionalize resorcinarenes in novel and exciting ways for future applications.
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CHAPTER TWO
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Appendix 2.1. Sections of the 'TH NMR (CDs0D, 298 K, 300 MHz) of the ternary
A-B-C1 complex between A, B and trifluoroacetic acid C1 (pKa -0.25). Spectra are
produced from (a) A, (b) B, (g) C1. Equimolar mixtures of: (¢) B and C1, (c) A and B, (e)
A, B, and C1, (d) A and C1. Dashed lines highlight the observed shift changes of the
resonances, labels are in ppm.
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Appendix 2.2. Sections of the 'H NMR (CD3;0D, 298 K, 300 MHz) of the three-
component A-B-C3 complex between A, B and chloroacetic acid C3 (pKa 2.87). Spectra
are produced from (a) A, (b) B, (g) C3. Equimolar mixtures of: (¢) B and C3, (c) A and
B, (e) A, B, and C1, (d) A and C3. Dashed lines highlight the observed shift changes of
the resonances, labels are in ppm.
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Appendix 2.3. Sections of the 'TH NMR (CDsOD, 298 K, 300 MHz) of the three-
component ternary A-B-C4 complex between A, B and formic acid C4 (pKa 3.75).
Spectra are produced from (a) A, (b) B, (g) C4. Equimolar mixtures of: (¢) B and C4, (c)

A and B, (e) A, B, and C4, (d) A and C4. Dashed lines highlight the observed shift
changes of the resonances, labels are in ppm.
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Appendix 2.4. Sections of the 1H NMR (CD;0D, 298 K, 300 MHz) of the three-
component ternary A-B-C5 complex between A, B and acetic acid C5 (pKa 4.75).
Spectra are produced from (a) A, (b) B, (g) C5. Equimolar mixtures of: (¢) B and C5, (c)
A and B, (e) A, B, and C5, (d) A and C5. Dashed lines highlight the observed shift
changes of the resonances, labels are in ppm.
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Appendix 2.5. Sections of the 'TH NMR (CDs0D, 298 K, 300 MHz) of the three-
component ternary A-B-C6 complex between A, B and benzoic acid C6 (pKa 4.75).
Spectra are produced from (a) A, (b) B, (g) C6. Equimolar mixtures of: (¢) B and C6, (c)
A and B, (e) A, B, and C6, (d) A and C6. Dashed lines highlight the observed shift
changes of the resonances, labels are in ppm.
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Appendix 2.6. Sections of the 'TH NMR (CDs0D, 298 K, 300 MHz) of the three-
component ternary A-B-C7 complex between A, B and cyclopropyl carboxylic acid C7
(pKa 4.78). Spectra are produced from (a) A, (b) B, (g) C7. Equimolar mixtures of: (c) B
and C7, (c) A and B, (e) A, B, and C7, (d) A and C7. Dashed lines highlight the observed
shift changes of the resonances, labels are in ppm.
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Appendix 2.7. Sections of the 'TH NMR (CDs0D, 298 K, 300 MHz) of the three-
component ternary A-B-C8 complex between A, B and cyclobutyl carboxylic acid C8
(pKa 4.80). Spectra are produced from (a) A, (b) B, (g) C8. Equimolar mixtures of: (c) B
and C8, (c) A and B, (e) A, B, and C8, (d) A and C8. Dashed lines highlight the observed
shift changes of the resonances, labels are in ppm.
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Appendix 2.8. Sections of the 'TH NMR (CDs0D, 298 K, 300 MHz) of the three-
component ternary A-B-C9 complex between A, B and cyclopentyl carboxylic acid C9
(pKa 4.80). Spectra are produced from (a) A, (b) B, (g) C9. Equimolar mixtures of: (c) B
and C9, (c) A and B, (e) A, B, and C9, (d) A and C9. Dashed lines highlight the observed
shift changes of the resonances, labels are in ppm.
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Appendix 2.9. Sections of the 'H NMR (CDsOD, 298 K, 300 MHz) of the three-
component ternary A-B-C10 complex between A, B and cyclohexyl carboxylic acid C10
(pKa 4.90). Spectra are produced from (a) A, (b) B, (g) C10. Equimolar mixtures of: (c) B
and C10, (¢) A and B, (e) A, B, and C10, (d) A and C10. Dashed lines highlight the
observed shift changes of the resonances, labels are in ppm.
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Appendix 2.10. 2D DOSY NMR spectra (in CD30D at 298 K) of a 20 mM sample of: a)
C10, and equimolar mixtures of b) B-C10, ¢) A-B C10 showing the chemical species

present in the samples. The diffusion coefficient (10 m?s™!) of each species is shown in

brackets.
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Appendix 2.11. 2D DOSY NMR spectra (in CD30D at 298 K) of a 20 mM equimolar
sample of: a) A-C2, and b) A-C10 showing the chemical species present in the samples.
The diffusion coefficient (x10” m?s™") of each species is shown in brackets.
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CHAPTER THREE
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Appendix 3.1: 'H NMR spectra (CD;0D, 298 K) of: (A) host A1, (C) guest B4, and the
equimolar mixture of (B) A1 and B4. Star represents the residual CD3OD solvent. The
dash lines give an indication of the signal changes in ppm.
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Appendix 3.2: 'H NMR spectra (CD;0D, 298 K) of: (A) host A1, (C) guest Be, and the
equimolar mixture of (B) A1 and Bs. Star represents the residual CD3OD solvent. The
dash lines give an indication of the signal changes in ppm.
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Appendix 3.3: 'H NMR spectra (CD;0D, 298 K) of: (A) host A», (C) guest Bo, and the
equimolar mixture of (B) Az and Bo. Star represents the residual CD3OD solvent. The
dash lines give an indication of the signal changes in ppm.
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Appendix 3.4: ITC traces of the titration of the host A with the guests (a) B1, (b) B2 and
(c) B4 in CH30H at 298 K. The data were fitted into a one-site binding model.
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Appendix 3.5: ITC traces of the titration of the host A with the guests (a) Bs, (b) Bs and
(c) B7 in CH30H at 298 K. The data for B¢ and B7 were fitted into a one-site binding
model. The data for Bs could not be fitted correctly, with very large errors.
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Appendix 3.6: ITC traces of the titration of the host A with the guests (a) Bg and (b) By in
CH;O0H at 298 K. The data were fitted into a one-site binding model.
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Appendix 3.7: *'P NMR spectra (D20/[Ds]DMSO 9/1 v/v, 298 K) of (a) PO+*, and
equimolar mixtures of (b) PO4*@C30HNAR(Cl)4, (c) PO+ @C30HNAR(Br)4 and (d)
PO+*@C30HNAR(OTY)4. The displaced anions are represented in parentheses. The dash
lines give an indication of the signal changes in ppm.
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Appendix 3.8: 3'P NMR spectra (D.0/[Ds]DMSO 9/1 v/v, 298 K) of (a) PO+, and
equimolar mixtures of (b) PO4*@NpNAR(Cl)4, (c) POs> @NpNAR(Br)4 and (d) PO4*>
@NpNAR(OTHY)s. The displaced anions are represented in parentheses. The dash lines
give an indication of the signal changes in ppm.
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Appendix 3.9: 31P NMR spectra (D20/[D6]DMSO 9/1 v/v, 298 K) of (a) PO43-, and
equimolar mixtures of (b) PO43-@C30HNAR(Br)4, (c) PO43-@CyNAR(Br)4, (d)
PO43-@BnNAR(Br) 4 and (e) PO43-@NpNAR(Br)4. The displaced anions are
represented in parentheses. The dash lines give an indication of the signal changes in
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Appendix 3.10: 3'P NMR spectra (D.0/[Ds]DMSO 9/1 v/v, 298 K) of (a) AMP, and
equimolar mixtures of AMP@C3OHNAR(Cl)4, (¢) AMP@C30OHNAR(Br)4 and (d)
AMP@C30HNAR(OTY)s. The displaced anions are represented in parentheses. The dash
lines give an indication of the signal changes in ppm.
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Appendix 3.11: 3'P NMR spectra (D.0/[Ds]DMSO 9/1 v/v, 298 K) of (a) AMP, and
equimolar mixtures of (b) AMP@NpNAR(Cl)4, (¢) AMP@NpNAR(Br)4 and (d)
AMP@NpNAR(OTf)4. The displaced anions are represented in parentheses. The dash
lines give an indication of the signal changes in ppm.
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Appendix 3.12: 3'P NMR spectra (D.0/[Ds]DMSO 9/1 v/v, 298 K) of (a) AMP, and
equimolar mixtures of (b) AMP@C30OHNAR(Br)4, (c) AMP@CyNAR(Br)4, (d)
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AMP@BnNAR(Br)4 and (¢) AMP@NpNAR(Br)s. The displaced anions are represented
in parentheses. The dash lines give an indication of the signal changes in ppm.

o 4 2 3 4 5 6 7 -8 9 -0 -1 ppm

Appendix 3.13: 3'P NMR spectra (D20/[Ds]DMSO 9/1 v/v, 298 K) of (a) ADP, and
equimolar mixtures of ADP@C30OHNAR(Cl)4, (¢) ADP@C30OHNAR(Br)4 and (d)
ADP@C30OHNAR(OTY)4. The displaced anions are represented in parentheses. The dash
lines give an indication of the signal changes in ppm.
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Appendix 3.14: 3'P NMR spectra (D.0/[Ds]DMSO 9/1 v/v, 298 K) of (a) ADP, and
equimolar mixtures of (b) ADP@NpNAR(Cl)4, (c) ADP@NpNAR(Br)4 and (d)
ADP@NpNAR(OTY)4. The displaced anions are represented in parentheses. The dash
lines give an indication of the signal changes in ppm.
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Appendix 3.15: 3'P NMR spectra (D20/[Ds]DMSO 9/1 v/v, 298 K) of (a) AMP, and
equimolar mixtures of (b) ADP@C30OHNAR(Br)4, (¢) ADP@CyNAR(Br)4, (d)
ADP@BnNAR(Br)4 and (¢) ADP@NpNAR(Br)s. The displaced anions are represented
in parentheses. The dash lines give an indication of the signal changes in ppm.

-1.16 ppm

d -1.37 ppm
) ‘M . ; S

eﬁ{ o ATP C

0 -2 -4 -6 -8 10 -12 14 -16 -18 -20 -22 ppm

81



Appendix 3.16: 3'P NMR spectra (D.0/[Ds]DMSO 9/1 v/v, 298 K) of (a) ATP, and
equimolar mixtures of ATP@C3OHNAR(Cl)4, (c) ATP@C30OHNAR(Br)4 and (d)
ATP@C30HNAR(OTY)s. The displaced anions are represented in parentheses. The dash
lines give an indication of the signal changes in ppm.
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Appendix 3.17: 3'P NMR spectra (D.0/[Ds]DMSO 9/1 v/v, 298 K) of (a) ATP, and
equimolar mixtures of (b) ATP@NpNAR(Cl)4, (c¢) ATP@NpNAR(Br)4 and (d)
ATP@NpNAR(OTf)4. The displaced anions are represented in parentheses. The dash
lines give an indication of the signal changes in ppm.
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Appendix 3.18: 3'P NMR spectra (D.0/[Ds]DMSO 9/1 v/v, 298 K) of (a) ATP, and
equimolar mixtures of (b) ATP@C30HNAR(Br)4, (¢) ATP@CyNAR(Br)4, (d)
ATP@BnNAR(Br)s and (¢) ATP@NpNAR(Br)4. The displaced anions are represented in
parentheses. The dash lines give an indication of the signal changes in ppm.
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Appendix 3.19: 'H NMR titration spectra (D20, 298 K) of C30H-NAR(Br)4 showing
signal changes per equivalence of pyrophosphate added.
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CHAPTER FOUR

Controls

Fluorescence intensities (a.u)
N
8
Q
o

Positive Negative

Appendix 4.1 Bar chart of fluorescence intensities of positive and negative controls of the
Proteostat dye. Error bars are the standard deviations of the mean of triplicate
measurements.
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Appendix 4.2. Bar chart of Z-average size (d.nm) different concentration ratio of receptor
A into 1 equivalence of aA66-80 crystallin peptide. Error bars are the standard deviations
of the mean of triplicate measurements.
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Appendix 4.3. Bar chart of Z-average size (d.nm) of different concentration ratio of
receptor B into 1 equivalence of aA66-80 crystallin peptide. Error bars are the standard
deviations of the mean of triplicate measurements.
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Appendix 4.4. Bar chart of Z-average size (d.nm) of different concentration ratio of
receptor C into 1 equivalence of aA66-80 crystallin peptide. Error bars are the standard
deviations of the mean of triplicate measurements.
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Appendix 4.5. Positive mode ESI-MS spectra of (A) the a66-80 crystallin peptide, (B)
Host A, (C) Host B and (D) Host C with their respective theoretical isotope distributions.
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Appendix 4.6. Positive mode ESI mass spectrum of host C + peptide mix after incubation
for 72 hours at 37 °C. Peaks associated with the free peptide and free host are labeled.
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Appendix 4.7. "H NMR spectra (D20, 298 K) of (a) receptor A, equimolar mixtures of
(b) arginine@A and (c) arginine. The dash lines give an indication of the signal changes
in ppm. Asterisks is the residual NMR solvent.
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Appendix 4.8. "H NMR spectra (D-0, 298 K) of (a) receptor A, equimolar mixtures of
(b) histidine@A and (c) histidine. The dash lines give an indication of the signal changes
in ppm. Asterisk is the residual NMR solvent.

Isoleucine

:0.00

A + Isoleucine

s

j ) N

4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

Appendix 4.9. '"H NMR spectra (D-0, 298 K) of (a) receptor A, equimolar mixtures of
(b) isoleucine@A and (c) Isoleucine. The dash lines give an indication of the signal
changes in ppm. Asterisk is the residual NMR solvent.
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Appendix 4.10. 'H NMR spectra (D20, 298 K) of (a) receptor A, equimolar mixtures of
(b) leucine@A and (c) leucine. The dash lines give an indication of the signal changes in
ppm. Asterisk is the residual NMR solvent.
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Appendix 4.11. '"H NMR spectra (D20, 298 K) of (a) receptor A, equimolar mixtures of
(b) lysine@A and (c) lysine. The dash lines give an indication of the signal changes in
ppm. Asterisk is the residual NMR solvent.
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Appendix 4.12. '"H NMR spectra (D0, 298 K) of (a) receptor A, equimolar mixtures of
(b) phenylalanine@A and (c) phenylalanine. The dash lines give an indication of the
signal changes in ppm. Asterisk is the residual NMR solvent.
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Appendix 4.13. '"H NMR spectra (D0, 298 K) of (a) receptor A, equimolar mixtures of
(b) serine(@A and (c) serine. The dash lines give an indication of the signal changes in
ppm. Asterisk is the residual NMR solvent.
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Appendix 4.14. 'H NMR spectra (D20, 298 K) of (a) receptor A, equimolar mixtures of
(b) valine@A and (c) valine. The dash lines give an indication of the signal changes in
ppm. Asterisk is the residual NMR solvent.
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Appendix 4.15. 'H NMR spectra (D.0, 298 K) of (a) receptor B, equimolar mixtures of
(b) arginine@B and (c) arginine. The dash lines give an indication of the signal changes
in ppm. Asterisk is the residual NMR solvent.
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Appendix 4.16. 'H NMR spectra (D20, 298 K) of (a) receptor B, equimolar mixtures of
(b) aspartic acid@B and (c) aspartic acid. The dash lines give an indication of the signal
changes in ppm. Asterisk is the residual NMR solvent.

92



Histidine

b

10.01 10.00

: : :0.01 B + Histidine
001 = ' :
. i wls 1 Mk JL A

L J}L UG

75 70 65 60 55 50 45 40 35 3.0 25 20 1.5 ppm

Appendix 4.17. 'H NMR spectra (D20, 298 K) of (a) receptor B, equimolar mixtures of
(b) histidine@B and (c) histidine. The dash lines give an indication of the signal changes
in ppm. Asterisk is the residual NMR solvent.
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Appendix 4.18. 'H NMR spectra (D.0, 298 K) of (a) receptor B, equimolar mixtures of
(b) isoleucine@B and (c) isoleucine. The dash lines give an indication of the signal
changes in ppm. Asterisk is the residual NMR solvent.
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Appendix 4.19. 'H NMR spectra (D20, 298 K) of (a) receptor B, equimolar mixtures of
(b) leucine@B and (c) leucine. The dash lines give an indication of the signal changes in
ppm. Asterisk is the residual NMR solvent.
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Appendix 4.20. 'H NMR spectra (D.0, 298 K) of (a) receptor B, equimolar mixtures of
(b) lysine@B and (c) lysine. The dash lines give an indication of the signal changes in
ppm. Asterisk is the residual NMR solvent.

94



Phenylalanine

Loy o

: 0.00‘: B + PheAA

1 JL L

T T T T T T T T T T T T T 1
75 70 65 6.0 55 50 45 40 35 3.0 25 20 1.5 ppm

Appendix 4.21. 'H NMR spectra (D.0, 298 K) of (a) receptor B, equimolar mixtures of
(b) phenylalanine@B and (c) phenylalanine. The dash lines give an indication of the
signal changes in ppm. Asterisk is the residual NMR solvent.
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Appendix 4.22. 'H NMR spectra (D-0, 298 K) of (a) receptor B, equimolar mixtures of
(b) serine@B and (c) serine. The dash lines give an indication of the signal changes in
ppm. Asterisk is the residual NMR solvent.

95



_b J A Valine hl{_
E : io.oo

0.00 L, 0.00:

| P A |

L N

I T T T T T T T

45 40 35 3.0 25 20 15 1.0 ppm

Appendix 4.23. 'H NMR spectra (D.0, 298 K) of (a) receptor B, equimolar mixtures of
(b) valine@B and (c) valine. The dash lines give an indication of the signal changes in
ppm. Asterisk is the residual NMR solvent.
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Appendix 4.24. 'H NMR spectra (D-0, 298 K) of (a) receptor C, equimolar mixtures of

(b) arginine@C and (c) arginine. The dash lines give an indication of the signal changes
in ppm. Asterisk is the residual NMR solvent.
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Appendix 4.25. 'H NMR spectra (D.0, 298 K) of (a) receptor C, equimolar mixtures of
(b) aspartic acid@C and (c) aspartic acid. The dash lines give an indication of the signal
changes in ppm. Asterisk is the residual NMR solvent.
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Appendix 4.26. 'H NMR spectra (D.0, 298 K) of (a) receptor C, equimolar mixtures of
(b) histidine@C and (c) histidine. The dash lines give an indication of the signal changes
in ppm. Asterisk is the residual NMR solvent.
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Appendix 4.27. 'H NMR spectra (D20, 298 K) of (a) receptor C, equimolar mixtures of
(b) isoleucine@C and (c) isoleucine. The dash lines give an indication of the signal
changes in ppm. Asterisk is the residual NMR solvent.
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Appendix 4.28. 'H NMR spectra (D.0, 298 K) of (a) receptor C, equimolar mixtures of
(b) leucine@C and (c) leucine. The dash lines give an indication of the signal changes in
ppm. Asterisk is the residual NMR solvent.

Lysine
Do AJL }Uﬁ )

; f C + Lysine

0,05,
T 014
LN J\J..JJJKL......J& .,
ui J\.)L C
-.—L Jf\.g_ ﬂ LJ.l
4[.5 4I.0 3I.5 3[0

2I.5 20 1|.5 1|.0 ppm
Appendix 4.29. 'H NMR spectra (D0, 298 K) of (a) receptor C, equimolar mixtures of

(b) lysine@C and (c) lysine. The dash lines give an indication of the signal changes in
ppm. Asterisk is the residual NMR solvent.
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Appendix 4.30. 'H NMR spectra (D-0, 298 K) of (a) receptor C, equimolar mixtures of
(b) phenylalanine@C and (c) phenylalanine. The dash lines give an indication of the
signal changes in ppm. Asterisk is the residual NMR solvent.

‘h Serine
WL imennihy i )

10.00

Juli, 1

- l e

4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

C + Serine

100



Appendix 4.31. '"H NMR spectra (D0, 298 K) of (a) C, equimolar mixtures of (b)
serine@C and (c) serine. The dash lines give an indication of the signal changes in ppm.
Asterisk is the residual NMR solvent
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Appendix 4.32. 'H NMR spectra (D.0, 298 K) of (a) receptor C, equimolar mixtures of
(b) valine@C and (c) valine. The dash lines give an indication of the signal changes in
ppm. Asterisk is the residual NMR solvent.
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Appendix 4.33. ITC traces of the titration of crystallin peptide with receptors A, B and C
(a, b and c respectively) at 298 K in water. All the data were fitted to a one-site binding
model.
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Appendix 4.34. ITC traces of the titration of receptor A with amino acids at 298 K. The
data was fitted to a one-site binding model for (a) arginine@A, (b) histidine@A, and (c)
lysine@A in water. (d) arginine@A, (e) histidine@A, and lysine@A were in 10mM tris
buffer at pH 7.4.
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Appendix 4.35. ITC traces of the titration of receptor B with amino acids at 298 K. The
data was fitted to a one site binding model for (a) arginine@B, (b) histidine@B and (c)
lysine@B in water. (d) arginine@B, (e) histidine@B and lysine@B were in 10mM tris
buffer at pH 7.4.
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Appendix 4.36. ITC traces of the titration of receptor C with amino acids at 298 K. The
data was fitted to a one site binding model for (a) arginine@C, (b) histidine@C and (c)
lysine@C in water. (d) arginine@C, (e) histidine@C and lysine@C were in 10mM tris
buffer at pH 7.4
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Appendix 4.37 Interaction parameters between receptors A, B and C and selected amino acids in

Tris buffer. All the data shown were fitted to one set of sites binding model at 298K.

Complex K, AH, 148, AG
(x 10°) M kcal/mol kcal/mol kcal/mol

Ae

Arginine 7.27£1.28 -15.70+3.85 -10.43 -5.27

Lysine 5.89+0.88 -12.07+£2.04 -6.45 -5.62

Histidine 2.94+0.39 -2.59+0.16 6.91 -9.50

Be

Arginine 1.42+0.73 -0.60+0.26 3.70 -4.30

Lysine - - - -

Histidine - - - -

Ce

Arginine 1.66+0.13 -1.07+0.05 3.31 -4.38

Lysine 0.78+0.12 -1.40+0.14 2.55 -3.95

Histidine - - - -

Aspartic Acid - - - -
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