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Abstract

Over recent years, cyclic dipeptides, or 2,5-diketopiperazines, have found numerous
applications in nanotechnology, such as biological drug delivery. Reasons for this include their
ease of synthesis and numerous intrinsic properties. One such property is self-assembly,
wherein the cyclic dipeptide can undergo molecular reorganisation in certain conditions, and
exhibit a novel structure. This reorganisation can be achieved in different ways; the results

often vary depending on the original conditions.

A popular method of synthesising linear dipeptides is through solid phase peptide synthesis,
which has numerous advantages compared to the older solution phase method. In this project,
Fmoc solid phase peptide synthesis (SPPS) was employed to synthesise four different linear
dipeptides, and their cyclisation and subsequent self-assembly probed in different solvents. The
dipeptides used were chosen based on their varying aromatic side-chains, whilst solvents of

varying polarities were utilised.

Linear dipeptides were added to the solvents, and it was seen that many of them were insoluble
in certain solvents. The ones that did dissolve were heated and tested for unconventional
cyclisation. Cyclic dipeptide analogues from the initial sequences H-FF-OH, H-HH-OH,
H-HF-OH and H-HY-OH were confirmed and found to have a self-assembled structure in each
solvent they originated from. Cyclic FF (cFF, cyclised from linear H-FF-OH), self-assembled
in the most number of solvents, and produced a similar structure in each of them. In addition,
cyclic FF that self-assembled in 1,4-dioxane was found to have blue-luminescent properties. It
was also observed that the amount of self-assembly was affected by the temperature each
solvent containing the peptide was subjected to. cHH self-assembled in only one solvent,
n-PrOH, whereas cHF and cHY both self-assembled in i-PrOH and THF. Self-assembled cFF
was observed to be made of rod-like strands whereas self-assembled cHH appeared to be
composed of a hierarchal structure consisting of needle-like components in an “urchin-like”
sphere. Self-assembled cHF and cHY had a mixture of structures derived from those seen in

cFF and cHH, with a notable flower-like entity seen for cHY self-assembled in THF.
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Chapter 1. Introduction

1.1 Overview
In the field of nanotechnology, peptides have been under much investigation.! This is because

of their potential. For example, taking into account the activities of biological proteins, such
molecules are able to selectively bind to other molecules and function as smart materials. An
example of a peptide is diphenylalanine (H-FF-OH), a core constituent of the Alzheimer's 3-
amyloid polypeptide.? Synthetic peptides are not difficult to be made chemically,® and they can

be used as templates to construct sensors and nanodevices.

“Self-assembly” is a term in nanotechnology used to describe the spontaneous ordering of
individual units into bigger aggregates. These aggregates are often of interest because of their
unique properties. Among many other materials, self-assembly can result in the formation of

regular molecular crystals,* semicrystalline polymers® and gels.®

When subjected to certain conditions, peptides can undergo self-assembly. The underlying
theory is that this process is caused by non-covalent supramolecular interactions such as
hydrophobic binding, aromatic-aromatic interactions, hydrogen-bonding, van der Waals and
electrostatic forces.”® Cyclic peptides, formed from ordinarily linear peptides, have also

demonstrated the ability to self-assemble.

The central terms underlying this thesis are peptides, peptide cyclisation and self-assembly.
An employed method of experimentation, i.e. the heating of predissolved peptides in solvents,
will address two main problems; “What is the role of heating solvents in terms of peptide
cyclisation?” and, “Did the cyclised peptides subsequently undergo self-assembly in the same
solvents they were heated in?” In this chapter, 1.2 is the relevant literature review for peptide
self-assembly. 1.3 examines self-assembly fundamentals. 1.4 goes into further detail about
cyclic peptides, with some examples of their applications. 1.5 is the development of two main
synthetic peptide routes. Finally, 1.6 covers what this project aims to do in comparison to the

literature.



1.2 Research in context

The main theme of this project is organic nanotechnology (with an emphasis on aromatic
peptides), which is relatively new compared to other known nanotechnology such as carbon
nanotubes.® Some of the earliest research in this field dates back to 1993, where Ghadiri and
his co-workers first described hollow peptide nanotubes based on cyclic polypeptides.'® When
these peptides protonated, they crystallised into nanotubes with an internal diameter of 7-8 A.
Zhang and his group (2003) were among the first to show that peptides efficiently self-
assembled in an aqueous solution.! They demonstrated that ionic self-complementary peptides

could form hydrogels (Fig. 1).

Figure 1. Peptide research from Zhang et al. a) are ionic self-complementary peptides forming
hydrogels; b) are surfactant-like peptides.!!

The following are contemporary studies concerning the amino acids used in this project,

namely phenylalanine, tyrosine and histidine.
Phenylalanine

In recent years, phenylalanine-based nanotechnology has been researched extensively.
Diphenylalanine peptides are among the smallest peptide sequences to have reported self-
assembly.'2 The dipeptide L-Phe-L-Phe (H-FF-OH) has been reported to form organogels in
chloroform and toluene.® In this study, Yan et al. (2008) determined the self-assembled gels
to be made of L-Phe-L-Phe nanofibrils, and proposed that n-n stacking led to peptide B-sheets
which resulted in the nanofibrils (Fig. 2).
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Figure 2. A proposed model of the self-assembly process, where aromatic stacking eventually
leads to nanofibril formation.*?

The group of Adler-Abramovich and Gazit have also widely covered phenylalanine-based self-
assembly.® One of their novel research outputs in the area (2009) demonstrated that linear
H-FF-OH self-assembled onto a substrate as cyclic FF via vapour-phase deposition.’* The
mechanism they proposed for this was that on heating to 220 °C, linear H-FF-OH cyclised and

subsequently deposited onto the substrate as vertically aligned nanotubes (Fig. 3).

Figure 3. The proposed self-assembly mechanism of vertically aligned cyclic FF nanotubes. a)
The vapour deposition process, where linear H-FF-OH, when heated at 220 °C, cyclises and
deposits on the substrate at 80 °C. b) Depiction of a single nanotube comprising of cyclic FF.
c) Scheme of six cFF peptides stacked together which gives directionality of the overall
nanotubes.*



Tyrosine

Tyrosine (Y) has also been shown to display self-assembling properties. In 2015, Ménard-
Moyon and her co-workers demonstrated that L-tyrosine, when added to water in different
concentrations, produced nanoribbons.*® Short peptides containing tyrosine have been reported
to have self-assembling properties. Min et al. (2016) synthesised the peptide sequence
YYAYY, which, when irradiated with UV in a pH 10 buffer and followed by dialysis, formed

hollow nanocapsules.*®
Histidine
Due to the nature of imidazole on histidine (H), this amino acid has the ability to bind to metals

such as copper (Fig. 4).1'
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Figure 4. The Structure of the Copper (Il) -L-Histidine 1:2 Complex in D,O Solution;
structures I and 11 are the different arrangements of the complex in equilibrium.’

This property has been exploited in many metal-based studies, for example the self-assembly
of histidine-containing peptides onto gold nanoparticles and quantum dots, reported by
Mattoussi and his group in 2013.18 They also explored the metal-histidine coordination kinetics
of the two proteins used, a His-appended maltose binding protein (MBP-His) and a fluorescent
His-terminated mCherry protein.

Cyclic hetero-dipeptides

This concerns work relating to the cyclic hetero-dipeptide aspect in this project (where cyclic
homo-dipeptides are for example cFF, and hetero-dipeptides are cHF, etc.). Jeziorna and her

co-researchers (2015) synthesised two dipeptides, cyclo(L-Tyr-L-Ala) and cyclo(L-Tyr-D-



Ala), via the traditional chemical method, with the purpose of studying the effect the different
diastereomers of Ala had on the self-organisation of the peptides in solution and their heating
in the solid state.!® In their study, differential scanning calorimetry, SEM, powder X-ray
diffraction, solid state NMR, IR and electronic circular dichroism were used, which illustrates
the numerous experimental techniques that can be used to analyse the self-assembly and
subsequent crystallisation of cyclic peptides. As seen in Figs. 5 and 6, they showed that the
different diastereomers of Ala in fact had an effect on the morphology of the self-assembled
peptides.

Figure 5. SEM Images of cyclo(L-Tyr-L-Ala), or cYA 1. a) is the dipeptide after crystallisation
in a 1:1 MeOH/H0 solution, b) is the thermal treatment of H2Tyr(L)AlaOH in solid state, c)
is the dipeptide after heating at 160 °C.°



Figure 6. SEM Images of cyclo(L-Tyr-D-Ala), or cYA 2. a) is the dipeptide after crystallisation
in a 1:1 MeOH/H-0 solution, b) is the dipeptide after heating at 130 °C and c) is the dipeptide
after heating at 160 °C.1°

In 2013, Nachtsheim and his group synthesised phenylalanine-containing cyclic dipeptides
through conventional synthesis, heated an aqueous suspension of each dipeptide (4 wt%
dipeptide) until dissolution, and cooled each solution to room temperature.?’ Their results

showed that all the cyclic dipeptides tested formed hydrogels (Fig. 7).



Figure 7. Photos of different cyclic dipeptides after they were heated in aqueous solution (4
wt%) and cooled to room temperature. All of them formed hydrogels. (A) cyclo(L-Phe-Gly) (B)
Cyclo(L-Phe-L-Ser) (C) Cyclo(L-Phe-L-Cys) (D) Cyclo(L-Phe-L-Glu) in phosphate buffer/ pH
6.0. (E) Cyclo(L-Phe-L-His) (F) Cyclo(L-Phe-L-Lys).%

The self-assembly, with regards to crystallisation/gelation properties for three cyclic dipeptide
sequences in this project (cHH, cHF and cHY), has not been investigated to the extent seen for

cFF so far.

1.3 Self-assembly
The broader termed “supramolecular chemistry” is the chemistry of molecular assemblies

where individual structural units combine to form a multicomponent system.? The units
themselves are normally held by weaker non-covalent interactions, although there are
supramolecular systems where covalent metal-donor bonds bind together organic
components.?? Self-assembly is a process in which individual components form ordered
aggregates spontaneously, via localised and specific interactions between the components.?
That is, without human intervention. A key aspect to this definition is the spontaneous ordering
of the aggregates. One important note is that the molecular forces here are the same ones found
in Nature to bind molecular assemblies, and much of the work in supramolecular chemistry

deals with mimicking these systems.?*
Self-assembled structures

As mentioned in the overview (1.1), self-assembly can give rise to crystalline structures and
gels. The distinction between self-assembly and crystallisation is that although self-assembly
leads to crystallisation, it focuses on matter designed rationally at < 100 nm scales, and that

the components have to assemble themselves spontaneously in order to realise this.?® The



general term gel is used to define solid-like substances where a liquid is the dispersed phase
and a solid is the dispersion medium/continuous phase. Physical gelation can occur when self-
assembled fibrous networks (formed by intermolecular interactions), caused by gelator
molecules, entrap a solvent within those networks.?® Examples of gels formed in such a manner
are the hydrogels (liquid is water) and organogels (organic liquid) alluded to in 1.2, and

xerogels (liquid removed by evaporation).

Experimental techniques such as SEM and optical microscopy can be used to view the overall
self-assembled structure, whereas differential scanning calorimetry, powder X-ray diffraction,
solid state NMR and electronic circular dichroism can be used to determine the crystallinity of
the structure. The first two techniques will be employed in this project.

The interactions governing self-assembly can be subdivided into the following:
Electrostatic Interactions

These interactions are based on molecular charges. They can be attractive between ions or
molecules with opposite charges. Similarly, they can be repulsive between ions or molecules
of same charges. Pure electrostatic interactions are not directional in nature. The strength of
these interactions are also dependent on the medium that the molecules are present in. For
example, the interactions between opposite unit charges may be much weaker in polar media

compared to the interactions between these same units (with opposite charges) in a vacuum.
Hydrogen Bonding

Considered as a specific type of electrostatic interaction, this can be described an attractive
interaction between a proton donor and a proton acceptor. Hydrogen bonds are also directional

in nature, allowing them to be functionally used in supramolecular chemistry.
Van der Waals Interactions

These interactions consist of intermolecular dispersive and inductive forces (Keesom force,
Debye force and London dispersion forces). They are caused by the interactions of
neighbouring electron clouds (between atoms or molecules), and are long range in the sense
that they occur between molecules at distances larger than the sum of their electron clouds.?

Van der Waals forces are non-directional.



mt-t Interactions

The long-held belief was that these were directional forces arising from the attractive
interactions between aromatic-surface m electron clouds, allowing for aromatic groups to
“stack” on top of each other.?’ However, it has recently been proposed that such a definition
does not completely reflect the current experimental evidence.?® It has been argued that the
more accurately termed “aromatic-aromatic” interactions are also largely due to electrostatic
interactions between neighbouring electron-rich and electron-deficient aromatics, as well as
energetically dominant solvation/desolvation effects, such as the hydrophobic effect in polar
solvents.?® As an example in supramolecular chemistry, these interactions have been exploited
in the host-guest self-assembly of pseudorotaxane systems®°3! In peptide chemistry, these
interactions can be found on peptides containing the aromatic amino acids phenylalanine,

histidine, tyrosine and tryptophan.?
Hydrophobic Binding

These take place among molecules in a solution. These interactions have not been completely
understood, and different views have emerged over time. The classical view holds that there is
a tendency for solvent molecules to seek their most stable hydrogen-bonded environment.?! In
solution, water molecules form enhanced hydrogen bonding around a hydrophobic component,
leading to clusters or “icebergs” being observed.*® The dynamic view claims that hydrogen
bonding and water structure remains unchanged; rather, the hydrophobic solute hampers the
Jjump mechanism of the water molecules’ rotational relaxation, thus slowing the dynamics of
those water molecules.®* Another recent view suggests that the van der Waals attraction
between the hydrophobic solute’s carbon and the water’s oxygen result in an increased ordering
of water in the hydration shell of the hydrophobic component.® Hydrophobic binding has been
found to contribute to the stability of a large protein, the Borrelia burgdorferi protein (VISE),*®

when it folds in urea®’.

The table below shows the relative bonds strengths and lengths of these non-covalent
interactions. Although each of these interactions is individually weak compared to a typical
covalent bond (around 100 — 400 kJ mol™), a combination of all these forces is enough to hold

a self-assembled structure in place.

10



Interaction Typical Bond strength/kJ mol®  Typical Bond length/A

Electrostatic 50 - 200 ~25
Hydrogen bonding 4 - 60 25-3.0
Van der Waals 05-3 3-4
ni-w Interactions 0-50 ~3.8
Hydrophobic binding <40 varies

Table 1 Non-covalent interactions and their relative bond strengths and lengths.3® 4

1.4 Peptides
The naming convention of a peptide is to start with the N-terminal amino acid and end at the

C-terminal amino acid, from left to right.*! For example, for a peptide which consists of alanine,
aspartic acid and glutamine, where the N-terminal is on alanine and the C-terminal is on
glutamine, the name would be H-ADQ-OH.

Dipeptides consist of the minimum number of amino acids needed to make a peptide, i.e. two.
Dipeptides and other short peptides such as tripeptides are common subjects of modern
research, given their accessibility, relatively low cost and ability to form new materials such as

hydrogels.*?
Cyclic peptides

When a linear peptide forms a circular ring structure via a covalent bond between an intrinsic
N-terminus and C-terminus group, the new entity is known as a cyclic peptide.** Cyclic
peptides are interesting topics of research because they show greater stability compared to
conventional linear peptides,** and as such, show promise as drug scaffolds.*® Due to them not
having charges stemming from carboxylic and amine terminal groups, they can be very
permeable in the digestive tract and easily absorbable.*®

When dipeptides cyclise, they form what are known as 2,5-diketopiperazines, and these are the
smallest cyclic peptides.*” They can be found in natural products from sources such as bacteria
and fungi.*® By way of an example, the structural difference between a cyclic dipeptide and

another cyclic derivative is shown in Figs. 8 (2,5-diketopiperazine) and 9 (cyclic tetrapeptide).
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Figure 8. Cyclo(His-Pro), a biologically active peptide produced by the enzymatic cleavage
of the hypothalamic Thyrotropin-releasing hormone.*®
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Figure 9. The cyclotetrapeptides [1: cyclo-(L-Leu-L-Glu-L-Leu-L-Glu)] [2: cyclo-(L-1le-L-
Glu-L-1le-L-Glu)] [3: cyclo-(L-Val-L-Glu-L-Val-L-Glu)] isolated from Streptomyces sp. 447,
obtained from endophytic actinobacteria.>

Cyclic dipeptides have found use in the field of biology, in areas such as drug delivery. For
example, in one study, Diclofenac, a nonsteroidal anti-inflammatory drug, was conjugated to a
novel cyclic phenylalanyl-N-methyl-naphthalenylalanine-derived shuttle and to a cell
penetrating peptide TAT (GRKKRRQRRRPQ).*! The resulting compound strengthened the
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delivery of the drug through human epidermis, with a significant contribution from the cyclic

dipeptide.

As evidenced in 1.2, cyclic dipeptides can also function as low molecular weight (LMW)
gelators. Cyclo(Gly-L-Lys) derivatives can form organogels in toluene and hydrogels in water,
and a derivative of this cyclic compound self-assembles into a microporous hierarchal structure

with excimer emission properties in chloroform.®2

The conventional route to achieve peptide cyclisation is standard organic synthesis, i.e. by way
of many chemical reactions and reagents.>® With that said, amides, or more specifically cyclic
peptides, are not usually formed by the sole heating of amine and carboxylic acid precursors.
For the case of dipeptides, recent developments have shown that when they are heated alone,
they can lose water and cyclise.>*>” Thus, this unusual method of cyclisation via simple heating
IS an interesting rarity. It is suspected that the driving force behind this mechanism is the
formation of the more thermodynamically favoured cyclised product, compared to the starting

precyclised unit.®

This method of cyclisation has been demonstrated as the vertically aligned cFF nanotubes (1.2),
wherein the starting linear peptide was heated to 220 °C. The unique experimentation route for
this project follows the spirit of this cyclisation mechanism. Simple heating will be utilised,
however, it is unique in the sense that heating dipeptides in solvents only as a means of

achieving cyclisation has so far not been attempted.

Similar to standard procedures in organic chemistry, the difference between a cyclic peptide
and linear peptide can be seen in molecular characterisation using techniques such as MS and
NMR. This is done by comparing the molecular structure of each, and noticing the difference
in peaks between the spectra, which are due to distinct molecular arrangements between the

cyclic and linear peptide. This type of characterisation will be utilised in this project.

The relationship between cyclisation and self-assembly is that products formed from covalent
peptide cyclisation can take part in self-assembly, depending on the conditions subjected to
them. In other words, cyclic peptides are a distinct class of materials, like linear peptides, that

exhibit self-assembling properties.
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1.5 Peptide Synthesis
Since amino acids have two or three different functional groups which could react to give

unwanted by-products, those groups need to be protected beforehand to obtain the desired
peptide. There are two main routes to synthesise peptides.

1.5.1. Solution Phase
In 1901, the first published synthetic dipeptide was made by Emil Fischer.>® Here, a glycine

diketopiperazine was hydrolysed in the solution phase to give glycylglycine.®® The
conventional solution phase method involves the step-by-step coupling of individual amino
acids with other reagents in solution.® Each amino acid is eventually involved in a condensation
reaction with another, and this process is repeated until the desired peptide is obtained.5! An
advantage of this method is that at any stage, the intermediates could be isolated and by-
products removed, thus improving the yield of the final product.®? The disadvantage is that the
purification steps can be time-consuming, a lot of reagents and solvents need to be used, and a
lot of waste material is also generated.®® Up to date, there have been many variations of the
conventional solution phase synthesis.®® One recent method involves group-assisted
purification chemistry where peptides can be synthesised efficiently without the need for
chromatography or recrystallisation.®® However, before these newer alternative routes

emerged, another standard method of peptide synthesis was developed.

1.5.2. Solid Phase
In 1963, Robert Bruce Merrifield invented SPPS to improve peptide synthesis efficiency.%

Amino acids are consecutively coupled to each other in a step-by-step manner. Synthesis starts
at the C-terminal and ends at the N-terminal of the peptide. An insoluble polymer support such
as polystyrene acted as a carboxyl-protecting group for the C-terminal amino acid start of the
peptide, which was already N-protected. Functionalized linker groups were attached to the
polystyrene support, and these two collectively made up a resin. The initial resins were
chloromethylated polystyrene divinylbenzene particles (PS-DVB). After the N-protecting
group was removed, the next amino acid was coupled with the help of a coupling agent such
as DCC. Stepwise, more amino acids as desired were coupled to the preceding ones, and all
this was done on the polymer support. All the solvents were organic, and this took place at
room temperature. Finally, the peptide was deprotected and cleaved from the resin by treatment

with an acid such as HF and chemical scavengers.®® Some advantages of this technique, over
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solution phase synthesis, include: the reaction proceeds by an excess of reactants and reagents;
the final peptide is obtained in a single cleavage step (side chains also deprotected at this stage);
and any by-products can be removed from the growing peptide since it is attached to the
resin.®” %° Over time, many improvements were made to the original design such as the use of

a polar polydimethyl acrylamide resin by Sheppard.’

In the early designs of SPPS, amino acid protecting groups such as Boc were used. The problem
with this was that there was an incomplete differentiation in reaction conditions for the
protecting group cleavage.’* In addition, cleaving Boc groups repetitively by TFA may damage
long peptide synthesis, and the side chains in histidine, tryptophan, tyrosine and methionine
may experience trifluoro acetylation with the TFA.”2 Sheppard et al. (1989) investigated
different base-labile N-terminal protecting groups for application in SPPS, 73 and found the
Fmoc group proposed by Carpino in 19727 (which was not favourable for solution phase
synthesis since organic base cleavage resulted in reactive dibenzofulvene that could take part
in addition/polymerization reactions’®) to be well suited. In addition to overcoming the
problems with Boc mentioned earlier, other advantages of this approach include: milder
conditions are required where deprotection can be done by a non-hydrolytic base like piperidine
and final cleavage by TFA,; it could be automated since TFA was not needed in the pre-final-
cleavage early steps; the protected amino acids could easily be prepared in high yield and the
overall synthesis could be monitored since the fluorine group released from deprotection had

UV absorption properties’"

Apart from chemistry, Fmoc SPPS also found wide application in biology since the synthesis
could be automated relatively cheaply and hydrogen fluoride would not be needed.”® Due to
these advantages, Fmoc SPPS has been one of the main routes for peptide synthesis since the
introduction of SPPS.™

1.6 Aims and Objectives
The literature cited thus far displays examples of the self-assembling properties of both linear

and cyclic peptides, and methods of obtaining them. These materials could potentially form
structures such as hydrogels and organogels. Taking into account the promise of self-
assembling cyclic peptides, it is hoped that this study will contribute to the existing body of
work. Specifically, the experimental technique/sequence of using Fmoc SPPS to obtain linear
peptides, followed by their dissolution and simple heating in the range of solvents used (and
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peptide cyclisation characterised), then concluded by revealing their self-assembled
formations. Furthermore, it is hoped that more light would be shed on the less-explored self-
assembly of cHH, cHF and cHY.

The aim of the project is to address the two problems set out in the overview:

“What is the role of heating solvents in terms of peptide cyclisation?” To help answer this,
linear peptides will be synthesised, dissolved in different solvents, heated, and the resulting
solid products separated from their solvents and experimentally characterised. Comparison of
different spectra will confirm whether the end product is different (i.e. whether it is cyclic) to

the starting linear peptide.

“Did the cyclised peptides subsequently undergo self-assembly in the same solvents they were
heated in?” To address this, if the solid products obtained beforehand were confirmed to be

cyclic, they will be examined by microscopy techniques to observe their overall structure.

With the understanding of intermolecular interactions, possible reasons will be suggested to
help understand the formation of these structures based on the solvent environments they were
initially in. The effect of solvent polarity on peptide self-assembly will also be suggested,
whilst taking into account the unique properties of each solvent. Trends and patterns will be
noted between the different peptides and solvents, with comparisons being made to help

elucidate the nature of self-assembly for each cyclic dipeptide.
The experimental objectives of this project can be split in two parts:

1) To synthesise four different dipeptide sequences containing different amino acids:
H-FF-OH, H-HH-OH, H-HF-OH and H-HY-OH. Fmoc SPPS with a Wang resin will be
employed to achieve this, with all precursor amino acids being Fmoc-protected. These

sequences have been specifically chosen because of their varying side-chain aromatic groups.

2) To successfully dissolve the four synthesised dipeptides into solvents of varying polarities
and heat them overnight (12 hours). The effect of heating the dipeptides in different solvents
will be documented, in relation to peptide cyclisation and self-assembly. Cyclisation will be
characterised by MS, NMR and FT-IR. Confirmed cyclic products, which have already been
separated from their solvents, will then have their self-assembled structures examined by SEM

and optical microscopy.
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Chapter Two

Experimental
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Chapter 2. Experimental

2.1 Materials

All starting amino acids were Fmoc-protected on the main chain amide (NH2) groups, and were

the L isomers.

Chemical Supplier Purity
Fmoc-Phe-OH GL Biochem (Shanghai) Ltd. | >99%
Fmoc-Tyr(tBu)-OH Fluorochem 98%
Fmoc-His(Trt)-OH GL Biochem (Shanghai) Ltd. | >99%
Wang resin GL Biochem (Shanghai) Ltd. | -

HOBt GL Biochem (Shanghai) Ltd. | >99%
TBTU GL Biochem (Shanghai) Ltd. | >99%
DMAP Alfa Aesar 99%
TIS Alfa Aesar 98%
DIC Fluorochem 99%
TFA Fluorochem 99%
HFIP Fluorochem 99%
DIPEA Sigma-Aldrich >99%
Piperidine Sigma-Aldrich 99%
DMF Emparta >99.5%
MeOH VWR Chemicals >99.8%
EtOH VWR Chemicals >99.8%
n-PrOH VWR Chemicals >99.8%
i-PrOH VWR Chemicals >99.8%
1,4-Dioxane Fisher Scientific >99%
THF VWR Chemicals >99.5%
DCM VWR Chemicals >99.5%
Et.O VWR Chemicals >99.7%
ACN Alfa Aesar 99%
n-Hexane VWR Chemicals >95%
Toluene Arcos Organics 99.8%
Water - Milli-Q

Table 2. Table showing the chemicals used, along with their purities.
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2.2 Instrumentation
Centrifuge

A Heracus™ Multifuge™ X1 Centrifuge Series was used in obtaining the final linear peptides.
The speed was at 5000 rpm.

Heating Oven
A Memmert UF30 oven was used in the cyclisation of the peptides.
Optical Microscope

An Olympus InfinityX BX51 polarising microscope was used to capture images of the samples.
To obtain these, four different objective lens (4X, 10X, 20X and 50X) were used, with all the
samples at room temperature. Around 10 ul of each solvent containing a self-assembled entity

was deposited on a glass slide and examined.
Scanning Electron Microscope

A HITACHI TM 1000 instrument was used, with an accelerating voltage of 15 kV. Samples
were deposited on a conductive carbon tape, which was attached to specimen stubs (15 X
10 mm). The stubs were then screwed into the microscope and measurements taken at different

magnifications.
Fourier transform infrared spectroscopy

Infrared spectroscopy was used to confirm certain functional groups. A Thermo Scientific™
Nicolet™ iS™S35 FT-IR Spectrometer was used with a PIKE Technologies MIRacle™ Single
Reflection Horizontal ATR Accessory. Solid samples were placed on a diamond crystal
reflection plate and clamped in place by a Micrometer clamp and a swivel tip.

Photoluminescence spectroscopy

One of the self-assembled products was dispersed in more of the solvent it self-assembled in

and analysed with a FluoroMax®-4 spectrofluorometer, from HORIBA Scientific.
Mass spectroscopy

Mass spectra were obtained from an Agilent 1100 series HPLC coupled with a Bruker HCT
Ultra ion trap MS/MS instrument. The ion source was electrospray, with a capillary voltage of

3.5 kV, gas temp. of 300 °C, and gas flow on 10 L min™. This was generally used for loop
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injections directly into a solvent stream of 5 uL inj. volume. Either positive or negative ion as

indicated on the spectrum produced.
Nuclear Magnetic Resonance Spectroscopy

NMR were recorded on a Jeol JNM ECP-400 spectrometer or a Jeol JNM ECZ-S400
spectrometer, with TMS 6 1 = 0 as the internal standard or residual protic solvent. Chemical
shifts are given in ppm (o) and coupling constants (J) are given in Hertz (Hz). [CDCls, on =
7.26; (CD3)2S0, 01 = 2.50]. (CD3)2SO was used as the solvent for pre-cyclised linear peptides.
Cyclised peptides were first dissolved in HFIP (0.5 mL) followed by CDCls (1 mL). *H NMR
were recorded at 400 MHz; *3C recorded at 100.5 MHz with the central peak of CDCls (6 ¢
=77.0 ppm) or (CD3).SO (J ¢ = 30.8 ppm) as the internal reference.

Splitting patterns in the spectra are denoted by the following notations:

S - singlet d -doublet t  -triplet
quart - quartet quint - quintet sext - sextet
sept - septet dd - double doublet qd - quartet of doublets
m - multiplet br - broad
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2.3 Linear peptide synthesis protocol

The procedure below follows the standard protocol, and a brief description is given for each

coupling agent. All reactions were performed at room temperature.

Wang resin was added to a reaction vessel. The solvent used for all reagents is DMF. Relative
to a weighed amount of the resin, the following chemicals were added in different

equivalencies.

*  Fmoc-protected amino acid: 2 mol. eg. reagent to 1.2 mmolg?* Wang resin
=  DIC: 2 mol. eq. reagent to 1.2 mmolg* Wang resin

=  HOBt: 2 mol. eg. reagent to 1.2 mmolg?* Wang resin

=  DMAP: 0.2 mol. eg. reagent to 1.2 mmolg?* Wang resin

=  TBTU: 2 mol. eq. reagent to 1.2 mmolg™* Wang resin

DIPEA: 2 mol. eq. reagent to 1.2 mmolg* Wang resin

The scales used below are typical masses/moles.

Resin swelling:

15 mL DCM was added to the resin (5 g, 6.0 mmol, 1.2 mmolg™) and left for 15 min.
15t Amino Acid Coupling:

Fmoc-AA-OH (4.5 g, 11.6 mmol) (where -AA- represents any two amino acids), DIC (1.8 mL,
11.6 mmol), HOBLt (1.6 g) and DMAP (0.1 g, 1.2 mmol) were dissolved in DMF. This was
added to the resin and left overnight.

15t Fmoc Deprotection;

The vessel was washed 5 times with DMF. 15 mL 20% piperidine in DMF was added to resin
and left for 20 min. It was then washed 5 times with DMF.
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2nd Amino Acid Coupling:

Fmoc-AA-OH (4.5 g, 11.6 mmol), TBTU (3.7 g, 11.6 mmol), HOBt (1.6 g, 11.6 mmol) and
DIPEA (2 mL, 11.6 mmol) were dissolved in DMF. This was added to the resin and left for 45

min.
2" Fmoc Deprotection:

The vessel was washed 5 times with DMF. 15 mL 20% piperidine in DMF was added to the
resin and left for 20 min. This was washed 5 times with DMF, then 5 times with DCM. The

resin was dried under a vacuum for 2 hr.
Cleavage:

A 30 mL cleavage solution containing TFA (27.6 mL), TIS (1.2 mL) and H20 (1.2 mL) in the

ratio 92:4:4 was prepared. The solution was added to the resin and left for 2 h.
Product Isolation:

The solution was filtered and precipitated with ice-cold EtoO (100 mL). A precipitate was
observed. The solution with the precipitate were centrifuged. Et.O was decanted off, fresh Et,O
was added and centrifuged again. This was repeated 3 times.

Fig. 10 is a schematic depiction of the process.
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Figure 10. Schematic diagram’’ of the SPPS process used in this project.
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2.4 Linear peptides
The following procedures all follow the peptide synthesis protocol in 2.3.

2.4.1. H-FF-OH

H
N
5

Figure 11. Molecular structure of H-FF-OH.

OH

“hg:o

HoN

Procedure: Fmoc-Phe-OH (4.5 g, 11.6 mmol) was coupled to a Wang resin (5 g, 6.0 mmol, 1.2
mmolg?) via the reagents DIC (1.8 mL, 11.6 mmol), HOBt (1.6 g, 11.6 mmol) and DMAP (0.1
g, 1.2 mmol). The Fmoc group was deprotected by 15 mL 20% piperidine/DMF. The second
Fmoc-Phe-OH (4.5 g, 11.6 mmol) was coupled to the first amino acid via the reagents TBTU
(3.7 g, 11.6 mmol), HOBLt (1.6 g, 11.6 mmol) and DIPEA (2 mL, 11.6 mmol). The Fmoc group
was deprotected by 15 mL 20% piperidine/DMF. The peptide was cleaved by a solution of 27.6
mL TFA, 1.2 mL TIS and 1.2 mL H20, and precipitated by 100 mL Et,O.

The white solid was obtained in a 51% yield (0.9 g).

MS m/z (ESI): Calculated for C1sH20N203 ([M]*): 312.37. Obtained: 313.14 [M + H*]*, 625.29
[2M + H*]*, 937.53 [3M + H']".

Literature’® MS m/z (ESI): 313 [M + H*]*, 335 [M + Na]*, 625 [2M + H*]*, 647 [2M + Na]".

'H NMR ((CDs)2S0, 400 MHz) 6 1: 8.86 (2H, d, J = 7.79 Hz, NH>), 8.16 (1H, br, NH), 7.20
(10H, m, ArH), 4.48 (1H, m, COOH-CH), 4.03 (1H, quart, NH>-CH), 3.33 - 2 .91 (4H, m,
CH>).

Literature™ *H NMR ((CD3)2SO, 400 MHz) 6 u: 7.35 - 7.24 (10H, m), 4.52 (1H, dd, J1= 8.1
Hz, Jo= 4.8 Hz), 3.99 (1H, dd, J1 = 9.0 Hz, J2= 4.8 Hz), 3.28 - 3.22 (2H, m), 3.02 (1H, dd, J;
= 13.9 Hz, J, = 8.1 Hz), 2.92 (1H, dd, J; = 14.4 Hz, J, = 9.0 Hz).
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13C NMR ((CD3)2S0, 100.5 MHz) & ¢c: 172.8 (COOH), 168.7 (CO), 137.7 (ArC), 129.9 (ArCH),
129.0 (ArCH), 127.2 (ArCH), 54.3 (COOH-CH), 53.7 (NH-CH), 37.4 (CH,), 37.3 (CHy).

IR vmax/cm™: 2872, 1722, 1688, 1569, 1547, 1496, 1456, 1427, 1282, 1137, 1094, 1033, 992,
919, 840, 797, 747, 741, 723, 700, 629.

The mass and *H NMR results agree well with the reported data.”® The *C NMR values are

also in agreement with the reported literature.’®
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2.4.2. H-HH-OH

Figure 12. Molecular structure of H-HH-OH.

Procedure: Fmoc-His(Trt)-OH (14.4 g, 23.2 mmol) was coupled to a Wang resin (10 g, 11.6
mmol, 1.2 mmolg™?) via the reagents DIC (3.6 mL, 23.2 mmol), HOBt (3.1 g, 23.2 mmol) and
DMAP (0.3 g, 2.3 mmol). The Fmoc group was deprotected by 15 mL 20% piperidine/DMF.
The second Fmoc-His(Trt)-OH (14.4 g, 23.2 mmol) was coupled to the first amino acid via the
reagents TBTU (7.4 g, 23.2 mmol), HOBt (3.1 g, 23.2 mmol) and DIPEA (4 mL, 23.2 mmol).
The Fmoc group was deprotected by 15 mL 20% piperidine/DMF. The peptide was cleaved by
a solution of 36.8 mL TFA, 1.6 mL TIS and 1.6 mL H20O, and precipitated by 100 mL Et0O.

The white solid was obtained in a 127% vyield (4.3 g).

MS m/z (ESI): Calculated for C12H16NeOz ([M]*): 292.30. Obtained: 274.94 [M - H20]",
292.97 [M + H'T".

IH NMR ((CD3)2SO, 400 MHz) & 1: 8.98 (2H, d, J = 7.34 Hz, NHy), 8.85 (2H, m, ArH), 8.29
(1H, s, NH), 7.91 (2H, s, ArH), 4.57, (1H, br, COOH-CH), 4.13 (1H, t, J = 5.96 Hz, NH2-CH),
3.01 (4H, m, CHy).

13C NMR ((CD3)2S0, 100.5 MHz) 6 c: 172.0 (COOH), 168.1 (CO), 135.1 (ArCH), 129.8
(ArC), 128.8, 127.9 (ArC), 117.5 (ArCH), 52.3 (COOH-CH), 51.8 (NH2-CH), 27.1 (CH>), 26.9
(CHy).

IR vmax/cm™: 2862, 1666, 1434, 1189, 1130, 976, 835, 797, 667, 630.
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2.4.3. H-HF-OH
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Figure 13. Molecular structure of H-HF-OH.

Procedure: Fmoc-Phe-OH (8.9 g, 23.2 mmol) was coupled to a Wang resin (10 g, 11.6 mmol,
1.2 mmolg™?) via the reagents DIC (3.6 mL, 23.2 mmol), HOBt (3.1 g, 23.2 mmol) and DMAP
(0.3 g, 2.3 mmol). The Fmoc group was deprotected by 15 mL 20% piperidine/DMF. Fmoc-
His(Trt)-OH (14.4 g, 23.2 mmol) was coupled to the first amino acid via the reagents TBTU
(7.4 g, 23.2 mmol), HOBt (3.1 g, 23.2 mmol) and DIPEA (4 mL, 23.2 mmol). The Fmoc group
was deprotected by 15 mL 20% piperidine/DMF. The peptide was cleaved by a solution of 36.8
mL TFA, 1.6 mL TIS and 1.6 mL H-O, and precipitated by 100 mL Et.O.

The white solid was obtained in a 51% yield (1.8 g).

MS m/z (ESI): Calculated for C1sH1sN4O3z ([M]): 302.33. Obtained: 284.99 [M - H.0]",
303.00 [M + H*]*, 605.13 [2M + H*]".

IH NMR ((CD3)2S0, 400 MHz)  1: 8.83 (2H, d, J = 7.79 Hz, NH>), 8.71 (1H, s, ArH), 8.31
(1H, s, NH), 7.95 (1H, s, ArH), 7.18 (5H, m, ArH), 4.46 (LH, s, COOH-CH), 4.08 (1H, s, NH,-
CH), 3.09 - 2.85 (4H, m, CHy).

13C NMR ((CD3)2SO, 100.5 MHz) ¢ ¢: 172.9 (COOH), 168.2 (CO), 137.8 (ArC), 135.1
(ArCH), 129.7 (ArC), 128.8 (ArCH), 128.3 (ArCH), 127.1 (ArCH), 118.1 (ArCH),
54.6 (COOH-CH), 51.8 (NH2-CH), 36.3 (CH>), 31.3 (CH).

IR vma/cm™: 2868, 1660, 1538, 1433, 1184, 1131, 971, 916, 835, 797, 700, 667, 627.
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2.4.4. H-HY-OH
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Figure 14. Molecular structure of H-HY-OH.

Procedure: Fmoc-Tyr(tBu)-OH (10.7 g, 23.2 mmol) was coupled to a Wang resin (10 g, 11.6
mmol, 1.2 mmolg™) via the reagents DIC (3.6 mL, 23.2 mmol), HOBt (3.1 g, 23.2 mmol) and
DMAP (0.3 g, 2.3 mmol). The Fmoc group was deprotected by 15 mL 20% piperidine/DMF.
Fmoc-His(Trt)-OH (14.4 g, 23.2 mmol) was coupled to the first amino acid via the reagents
TBTU (7.4 g, 23.2 mmol), HOBt (3.1 g, 23.2 mmol) and DIPEA (4 mL, 23.2 mmol). The Fmoc
group was deprotected by 15 mL 20% piperidine/DMF. The peptide was cleaved by a solution
of 36.8 mL TFA, 1.6 mL TIS and 1.6 mL H.O, and precipitated by 100 mL Et0.

The white solid was obtained in a 63% yield (2.3 g).

MS m/z (ESI): Calculated for CisH1sN4Os ([M]7): 318.33. Obtained: 301.10 [M - H2Q]",
319.04 [M + H']".

H NMR ((CD3)2S0, 400 MHz) 6 1: 8.83 (2H, m, NH_), 8.75 (1H, d, J = 7.79 Hz, ArH), 8.23
(1H, s, NH), 7.91 (1H, s, ArH), 6.97 (2H, m, 0-ArH), 6.72 - 6.62 (2H, m, m-ArH), 4.33 (1H, s,
COOH-CH), 4.10 (1H, s, NH2-CH), 3.17 - 2.69 (4H, m, CH>).

13C NMR ((CDs):SO, 1005 MHz) & ¢: 173.0 (COOH), 168.1 (CO), 156.6 (COH),
135.1 (ArCH), 130.1 (ArC), 128.5 (0-ArCH), 127.6 (ArC), 118.0 (ArCH), 115.6 (m-ArCH),
54.9 (COOH-CH), 51.8 (NH2-CH), 36.3 (CH2), 31.3 (CH2).

IR vmax/cm™: 2877, 2278, 1660, 1515, 1435, 1388, 835, 797, 721, 665, 626.
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2.5 Cyclic peptides
All linear peptides were added to their solvents in a 10 mg/mL concentration. Below are the

characterisations for any self-assembled solids that were formed. More detail will be discussed

in chapter 3.

2.5.1. cFF/H20

HN
NH

Figure 15. Molecular structure of cFF.

H-FF-OH (0.2 g) was dissolved in H20 (20 mL), and heated to 90 °C for 12 h.

The end product was filtered from its solvent and air-dried (left after vacuum Buchner

filtration) to give a 33% yield (0.1 g).

MS m/z (ESI): Calculated for C1sH1sN202 ([M]*): 294.35. Obtained: 295.10 [M + H*]*, 313.10
[M+ H0 + H'T".

Literature®® MALDI-TOF MS m/z: 295.064 [M + H']*.

IH NMR (CDCls, 400 MHz) 6 1 7.36 (10H, m, ArH), 4.35 (2H, m, NH-CH), 2.91 (4H, dd, J
= 3.67, 13.75 Hz, CHy).

13C NMR (CDCls, 100.5 MHz) § c: 168.3 (CO), 133.9 (ArC), 129.5 (ArCH), 128.1 (ArCH),
125.5 (ArCH), 56.3 (NH-CH), 39.6 (CHs).

IR vma/cm™: 3052, 2360, 1658, 1496, 1454, 1349, 1337, 1267, 1211, 1194, 1091, 1032, 1014,
920, 899, 853, 802, 755, 658.

The MS results agree with that of the literature.8%8! The 1*C NMR values also concur with the
reported data for the (S,S) isomer” and (R,S) isomer,®? but more closely match the former in

terms of the (CH.) peak.
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2.5.2. cFF/EtOH
H-FF-OH (0.1 g) was dissolved in EtOH (10 mL), and heated to 68 °C for 12 h.

The end product was filtered from its solvent and air-dried (left after vacuum Buchner
filtration) to give a 34% yield (0.03 g).

MS m/z (ESI): Calculated for C1sH1sN202 ([M]*): 294.35. Obtained: 295.10 [M + H*]*, 317.10
[M + Na]*, 589.20 [2M + H*]".

IH NMR (CDCls, 400 MHz) 6 1: 7.38 (10H, m, ArH), 4.37 (2H, m, NH-CH), 2.93 (4H, dd, J
= 13.98, 3.67 Hz, CH2).

13C NMR (CDCls, 100.5 MHz) 6 c: 168.4 (CO), 133.9 (ArC), 129.4 (ArCH), 128.0 (ArCH),
125.4 (ArCH), 56.3 (NH-CH), 39.5 (CHs).

IR vmax/cm™: 3054, 2348, 1658, 1497, 1459, 1337, 1267, 1211, 1091, 1015, 921, 899, 803, 755,
699, 659.

2.5.3. cFF/n-PrOH
H-FF-OH (0.1 g) was dissolved in n-PrOH (10 mL), and heated to 87 °C for 12 h.

The end product was filtered from its solvent and air-dried (left after vacuum Buchner
filtration) to give a 54% yield (0.1 g).

MS m/z (ESI): Calculated for C1gH1sN202 ([M]¥): 294.35. Obtained: 295.10 [M + H™]*, 317.10
[M + Na]*, 589.20 [2M + H*]".

IH NMR (CDCls, 400 MHz) 6 1 7.39 (10H, m, ArH), 4.39 (2H, m, NH-CH), 2.93 (4H, dd, J
= 13.75, 3.67 Hz, CHy).

13C NMR (CDCls, 100.5 MHz) 6 c: 168.4 (CO), 133.9 (ArC), 129.4 (ArCH), 128.0 (ArCH),
125.4 (ArCH), 56.4 (NH-CH), 39.5 (CHs).

IR vmax/cm™: 3053, 1658, 1497, 1459, 1349, 1338, 1267, 1211, 1194, 1091, 1033, 1015, 921,
899, 853, 802, 755, 659.
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2.5.4. cFF/i-PrOH
H-FF-OH (0.1 g) was dissolved in i-PrOH (10 mL), and heated to 72 °C for 12 h.

The end product was filtered from its solvent and air-dried (left after vacuum Buchner
filtration) to give a 52% yield (0.1 g).

MS m/z (ESI): Calculated for C1sH1sN202 ([M]*): 294.35. Obtained: 295.10 [M + H*]*, 313.10
[M + H20 + H*]*, 335.10 [M + H20 + Na]".

IH NMR (CDCls, 400 MHz) § 1: 7.37 (10H, m, ArH), 4.36 (2H, m, NH-CH), 2.92 (4H, dd, J
= 14.21, 3.67 Hz, CH2).

13C NMR (CDCls, 100.5 MHz) 6 c: 168.3 (CO), 133.9 (ArC), 129.5 (ArCH), 128.0 (ArCH),
125.4 (ArCH), 56.4 (NH-CH), 39.6 (CHs).

IR vmax/cm™: 3196, 3053, 1659, 1497, 1460, 1349, 1338, 1268, 1211, 1194, 1091, 1033, 1015,
921, 899, 853, 803, 699, 659.

2.5.5. cFF/1,4-dioxane
H-FF-OH (0.1 g) was dissolved in 1,4-dioxane (10 mL), and heated to 90 °C for 12 h.

The end product was filtered from its solvent and air-dried (left after vacuum Bichner
filtration) to give a 47% yield (0.04 g).

MS m/z (ESI): Calculated for C1sH1sN202 ([M]*): 294.35. Obtained: 295.10 [M + H*]*, 317.10
[M + Na]*, 589.20 [2M + H*]".

IH NMR (CDCls, 400 MHz) 6 1 7.38 (10H, m, ArH), 4.36 (2H, m, NH-CH), 2.93 (4H, dd, J
= 13.75, 3.67 Hz, CHy).

13C NMR (CDCls, 100.5 MHz)  c: 168.3 (CO), 133.9 (ArC), 129.5 (ArCH), 128.0 (ArCH),
125.4 (ArCH), 56.4 (NH-CH), 39.6 (CH>).

IR vmax/cm™®: 3052, 2358, 2164, 1659, 1497, 1460, 1338, 1267, 1211, 1091, 1015, 921, 899,
804, 699, 659.
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2.5.6. cFF/THF
H-FF-OH (0.1 g) was dissolved in THF (10 mL), and heated to 56 °C for 12 h.

The end product was filtered from its solvent and air-dried (left after vacuum Buchner
filtration) to give a 49% yield (0.04 g).

MS m/z (ESI): Calculated for C1gH1sN202 ([M]"): 294.35. Obtained: 295.10 [M + H*]".

IH NMR (CDCls, 400 MHz) 6 1 7.37 (10H, m, ArH), 4.35 (2H, m, NH-CH), 2.91 (4H, dd, J
= 13.75, 3.67 Hz, CHy).

13C NMR (CDCls, 100.5 MHz) 6 c: 168.3 (CO), 133.9 (ArC), 129.5 (ArCH), 128.1 (ArCH),
125.5 (ArCH), 56.3 (NH-CH), 39.6 (CHs).

IR vmax/cm™: 3198, 1674, 1660, 1497, 1460, 1338, 1268, 1212, 1091, 1015, 921, 899, 805, 700,
660.
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2.5.7. cHH/n-ProH
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Figure 16. Molecular structure of cHH.

H-HH-OH (0.2 g) was dissolved in n-PrOH (20 mL), and heated to 87 °C for 12 h.

The end product was filtered from its solvent and air-dried (left after vacuum Bichner
filtration) to give a 39% yield (0.1 g).

MS m/z (ESI): Calculated for C12H14aNgO2 ([M]*): 274.28. Obtained: 274.97 [M + H*]*, 549.13
[2M + H']".

IH NMR (CDCls, 400 MHz) 1 8.28 (2H, s, ArH), 8.13 (2H, s, NH), 7.33 (2H, s, ArH), 4.13
(2H, s, NH-CH), 3.30 (2H, t, J = 6.42 Hz, CHy), 2.79 (2H, m, CH2).

13C NMR (CDCls, 100.5 MHz) 6 c: 167.5 (CO), 134.9 (ArCH), 131.2 (ArC), 117.8 (ArCH),
54.4 (NH-CH), 29.5 (CHs).

IR vmax/cm™®: 3109, 1979, 1662, 1621, 1455, 1332, 1269, 1232, 1202, 1108, 1090, 990, 936,
831, 774, 743, 721, 649, 638, 627.

The 'H NMR values agree with the (S,S) isomer reported in the literature.®
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2.5.8. cHF/i-PrOH

HN
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Figure 17. Molecular structure of cHF.
H-HF-OH (0.2 g) was dissolved in i-PrOH (20 mL), and heated to 72 °C for 12 h.

The end product was filtered from its solvent and air-dried (left after vacuum Bichner
filtration) to give a 39% yield (0.1 g).

MS m/z (ESI): Calculated for C1sH1sN4O2 ([M]*): 284.32. Obtained: 285.00 [M + H*], 307.00
[M + Na]".

IH NMR (CDCls, 400 MHz) 6 w: 8.19 (2H, s, NH), 7.25 (1H, s, ArH), 7.18 (5H, d, J = 7.79 Hz,
ArH), 4.38 (2H, m, NH-CH), 3.16 (4H, qd, J = 4.58 Hz, 14.21 Hz, CHy).

13C NMR (CDCls, 100.5 MHz) 6 ¢: 168.0 (CO), 133.3 (ArC), 132.9 (ArCH) 130.2 (ArC),
128.5 (ArCH), 128.3 (ArCH), 125.5 (ArCH), 117.2 (ArCH), 56.2 (NH-CH), 39.0 (CHy),
28.6 (CH2).

IR vmax/cm™: 3428, 3032, 2875, 1660, 1463, 1336, 1199, 1137, 1095, 1001, 946, 908, 835, 796,
767,721,702, 679, 629.

The MS, *H NMR, BC NMR and IR values agree with the (S,S) isomer in the reported

literature.?°
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2.5.9. cHF/THF
H-HF-OH (0.2 g) was dissolved in THF (20 mL), and heated to 56 °C for 12 h.

The end product was filtered from its solvent and air-dried (left after vacuum Buchner
filtration) to give a 34% yield (0.1 g).

MS m/z (ESI): Calculated for C1sH16N4O2 ([M]*): 284.32. Obtained: 284.96 [M + H*]*, 569.13
[2M + H'].

IH NMR (CDCls, 400 MHz) 6 1: 7.25 (1H, s, ArH), 7.04 (5H, d, J = 6.88 Hz, ArH), 4.35 (2H,
m, NH-CH) 2.60 (4H, s, CH2).

13C NMR (CDCls, 100.5 MHz) & ¢: 168.2 (CO), 133.9 (ArC), 129.7 (ArCH), 129.3 (ArC),
128.1 (ArCH), 125.5 (ArCH), 122.7 (ArCH), 117.1 (ArCH), 56.3 (NH-CH), 39.6 (CH>).

IR vmax/cm™: 3432, 3032, 2876, 2629, 1660, 1633, 1464, 1423, 1341, 1320, 1238, 1201, 1176,
1158, 1140, 1094, 1001, 945, 909, 834, 795, 775, 721, 703, 679, 630.
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2.5.10. cHY/i-PrOH
OH
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Figure 18. Molecular structure of cHY.

H-HY-OH (0.2 g) was dissolved in i-PrOH (20 mL), and heated to 72 °C for 12 h.

The end product was filtered from its solvent and air-dried (left after vacuum Bichner
filtration) to give a 36% yield (0.1 g).

MS m/z (ESI): Calculated for C1sH16N4O3 ([M]*): 300.32. Obtained: 301.09 [M + H*]".

IH NMR ((CD3)2S0, 400 MHz) 5 w: 8.85 (1H, s, ArH), 8.23 (2H, s, NH), 7.97 (1H, s, ArH),
7.03 (2H, t, J = 8.25 Hz, 0-ArH), 6.63 (2H, d, J = 7.34 Hz, m-ArH), 2.92 (2H, d, J = 11.0 Hz,
CHy), 2.70 (2H, dd, J = 13.53, 4.58 Hz, CH>).

13C NMR ((CD3)2SO, 100.5 MHz) & ¢: 166.9 (CO), 156.9 (ArCOH), 134.9 (ArCH),
131.9 (ArC), 129.1 (0-ArCH), 126.5 (ArC), 117.7 (ArCH), 115.6 (m-ArCH), 56.1 (NH-CH),
38.2 (CH2), 29.9 (CHy).

IR vmax/cm™: 3055, 1661, 1513, 1456, 1332, 1240, 1212, 1198, 1177, 1119, 1023, 953, 880,
836, 770, 751, 721, 677, 630.

The 'H NMR values agree with the (S,S) isomer reported in the literature.®
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2.5.11. cHY/THF
H-HY-OH (0.2 g) was dissolved in THF (20 mL), and heated to 56 °C for 12 h.

The end product was filtered from its solvent and air-dried (left after vacuum Bichner
filtration) to give a 42% yield (0.1 g).

MS m/z (ESI): Calculated for C15H16N4O3 ([M]™): 300.32. Obtained: 301.10 [M + H']".

IH NMR ((CD3)2S0, 400 MHz) 5 w: 8.83 (1H, s, ArH), 8.22 (2H, s, NH), 7.96 (LH, s, ArH),
6.89 (2H, t, 0-ArH), 6.64 (2H, d, J = 6.42 Hz, m-ArH), 2.93 (2H, d, J = 13.75 Hz, CH>), 2.70
(2H, d, J = 13.75 Hz, CHy).

13C NMR ((CD3)2SO, 100.5 MHz) ¢ c: 166.9 (CO), 156.9 (ArCOH), 134.9 (ArCH),
131.9 (ArC), 129.1 (0-ArCH), 126.5 (ArC), 117.7 (ArCH), 115.6 (m-ArCH), 56.2 (NH-CH),
38.2 (CH2), 29.9 (CHy).

IR vmax/cm™: 3052, 2880, 2076, 2014, 1979, 1662, 1514, 1457, 1337, 1236, 1177, 1135, 1048,
952, 910, 834, 795, 771, 750, 721, 679, 629.

37



Chapter Three

Results and Discussion

38



Chapter 3. Results and Discussion

3.1 Synthesis

Figure 19. Big SPPS reaction vessel on left, small SPPS reaction vessel on right; both loaded
with Wang resin.

Customised apparatus were used as the reaction vessels, as seen in Fig. 19: The resin and
solvents are introduced in the vessel through the top. For efficient reactions, the closed vessel
is then manually shaken by hand for a certain period of time. Next, the solution is vacuum-
filtered into the round bottom flask below. This general system is repeated after the introduction

of each new solvent and cleavage solution. No part of this process was automated.
The following details the role of each reagent used in 2.3:

1t Coupling: DIC and HOB are both involved in the carboxy activation of the first amino acid.
In addition, HOBt minimizes any partial racemization of the amino acid caused by the
activation. DMAP is a catalyst which is needed in general for coupling amino acids to a
hydroxy-functionalized resin. 0.2 eq is used since larger amounts can cause racemization.”

The activated amino acid is then coupled to the resin.
Deprotection: Piperidine is a base used to remove the Fmoc group.

2" Coupling: TBTU and HOBL are involved in the carboxy activation of the second amino
acid, however TBTU requires the presence of a base to react.” This requirement is met by
DIPEA (Hinig's base). The second activated amino acid can then couple with the first one

already linked to the resin.
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Cleavage: TFA cleaves the bond between the resin and the amino acid chain, thus releasing the
new peptide. The acid also deprotects side chain protecting groups that are acid-labile, e.g. —
Trt. TIS and water are nucleophilic scavengers, used to quench any reactive cationic species
produced from the cleavage of protecting groups and the resin linker.

The synthesis of H-FF-OH and H-HF-OH gave the same yield (51 %), whereas H-HY-OH had
a higher yield of 63%. In general, incomplete deprotection by piperidine and/or incomplete
coupling could result in loss of material to give the 51%/63% yields. Inadequate cleavage may
also contribute to this. Although only dipeptides were synthesised, it is usual for each
successive amino acid coupling in SPPS to result in a decreased final yield. H-HH-OH gave a
127% yield, and a possible reason for this could be due to the histidine groups reacting with
TFA to give a salt in addition to the final peptide. This yield could be reduced by purification.

For this project, the yields were sufficient to produce enough peptide for experimentation.

The linear peptides were first added into empty sample vials followed by each solvent. For the
solvents that the peptides were confirmed to dissolve in completely in the following sections
(3.2 - 3.5), it was seen that the H-FF-OH and H-HF-OH dissolved instantly in those solvents.
The dissolution of H-HH-OH and H-HY-OH was not instantaneous and was aided by the use
of a sonicator. All the vials had PTFE-lined caps in order to withstand the higher heating
temperatures, e.g. 90 °C. After the samples were heated in the oven, they were allowed to return

to room temperature before they were analysed.

3.2cFF

For all the dipeptides in this work, the general process is that they first cyclise via heating, then

subsequently self-assemble in their solvents.

Given the recent research around diphenylalanine, noted in 1.2, its tendency to form nanotubes
under various conditions is known. Apart from water, however, little is known concerning its
self-assembly in other solvents; and more specifically, via the cyclisation method in this

project.

To start off this study, the self-assembly of cFF in water (cyclised from H-FF-OH via heating)
was investigated to see what structures form compared to the existing literature. Likewise, the
rest of the solvents were tested in a similar fashion. This is an interesting aspect because it
could potentially show if the particular self-assembly of cFF displays similar formations in

different solvents.
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Referring back to 1.4, amide formation from amine/carboxylic acid precursors via simple
heating is unusual and conventionally proceeds by organic chemical synthesis. It is speculated
that the driving force behind the unconventional cyclisation in the following experiments is the
formation of the more energetically favoured cyclic derivative,®® followed by the loss of

water, 457

solvent

o)
H y O
HN
H,N N\;)J\OH + H0

increase in
NH

O >/_ temperature o)

Figure 20. Proposed schematic diagram of H-FF-OH cyclisation. Terminal carboxylic acid
and amine groups join together during heating to form a cyclic amide bond.

Jaworska et al. conducted an investigation where a muffle furnace was used to heat H-FF-OH
nanotubes at 423 K (149.85 °C), for 30 min, to give cFF nanotubes.”® Solid state
cross-polarization magic angle spinning **C CP/MAS NMR spectra were obtained for both the
initial H-FF-OH and cFF nanotubes, and the geometry of their cFF was revealed to be the cis
isomer.” In this project, no experimental techniques were utilised to ascertain any optical
rotations. However, referring back to 2.5.1., when comparing the lit. data for (S,S)” to that of
(R,S)%?, the obtained *C NMR values more closely match the (S,S) in terms of the proton
environment between the phenyl and cyclic amide ring (CH). From this information, it is

assumed that the (S,S) configuration has not changed.
The overall scheme of the whole self-assembly process is:

H-FF-OH dissolves in solvent - Solvent containing H-FF-OH is heated - H-FF-OH cyclises

to give cFF in solvent (due to heating) = cFF self-assembles in same solvent.

This routine applies to the other dipeptide sequences.
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The following table and picture shows the results of heating H-FF-OH samples in different

solvents:

Solvent Peptide dissolution and solution appearance | Appearance after 12 h heating
H20 Dissolved, colourless White aggregate

EtOH Dissolved, colourless White aggregate

n-PrOH Dissolved, colourless White aggregate

i-PrOH Dissolved, colourless White aggregate

THF Dissolved, colourless White aggregate
1,4-Dioxane | Dissolved, colourless White aggregate

Toluene Insoluble -

n-Hexane Insoluble -

Table 3. Results of H-FF-OH dissolution and appearance after heating.

Figure 21. Sample vials of dissolved H-FF-OH after heating (hence aggregates are cFF). (A)
was taken immediately after heating whereas (B) was taken when each product was filtered
from their solvent. For both images, samples from left to right contained the solvents H20,
EtOH, n-PrOH, i-PrOH, THF and 1,4-dioxane.

After isolating the compounds seen in Fig. 21a, they had the appearance of white solid
aggregates; Fig. 21b.
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The solid self-assembled aggregates obtained after the heating were confirmed to be cyclic by
the characterisation methods in the experimental section. This characterisation will be detailed

below, and also be discussed for the other dipeptides.

On comparing the characterisation of the starting H-FF-OH peptide, in 2.4.1., with that of the
white aggregates, 2.5.1. - 2.5.6., the following is observed. The IR peaks arising from H-FF-OH
and the aggregates are not that distinct from each other, because of the similar amino/carbonyl
groups. The differences in the mass and NMR spectra peaks are more prominent. The
protonated molecular ion peak observed for the preheated dipeptide, 313.14 [M + H']", is
different than that of each of the aggregates, 295.10 [M + H*]" (the exact m/z seen for all six).
The calculated mass for cFF is 294.35 ([M]"). The total number of proton and carbon NMR
peaks observed for the aggregates are lower than the preheated dipeptide, which is expected
for cFF. For the 'H NMR spectra, NH2 and NH,-CH peaks are present in the preheated
dipeptide but absent in each aggregate. Furthermore, a COOH peak is obtained in the 3C NMR
for the preheated dipeptide but not in any of the aggregates. This pattern matches that which is
expected from the molecular structure of H-FF-OH (NH2 and COOH present) and cFF (NH:
and COOH absent). From all this information, it was concluded that each of the white solid

aggregates were cFF.

Thus, this characterisation addressed one of the questions of the project, “What is the role of

heating solvents in terms of peptide cyclisation?”

An investigation carried out by Mason et al. (2014) suggested that the solubility of H-FF-OH
in a solvent depends on the extent of hydrogen bonding between the peptide and the solvent,
where a greater solubility correlates to a higher amount of hydrogen bonding.®* With the
chemical structure of the solvents in consideration, it is likely that those which have the
electronegative groups -O and —OH, are able to partake in a relatively higher amount of
hydrogen bonding than those without. When a peptide is added to such solvents, the solvent O
and OH groups interact greatly with the NH2, NH, CO and OH groups on the peptide. Thus,
this is likely the reason of linear H-FF-OH being relatively insoluble in n-hexane and toluene

than the other solvents.
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Solvent Relative polarity*8® Boiling point/°C
H20 1 100.0

MeOH 0.762 64.7

EtOH 0.654 78.3

n-PrOH 0.617 97.2

i-PrOH 0.546 82.3

THF 0.207 66.0
1,4-Dioxane 0.164 101.0

Toluene 0.099 110.6

n-Hexane 0.009 68.7

Table 4. The solvents' boiling points and relative polarities. *Values for relative polarity are
normalized from measurements of solvent shifts of absorption spectra.®

The following are optical photos and SEM images taken of cFF/H.O at different

magnifications:

Figure 22. Optical photos of cFF self-assembled in H20. (A) is at 4x magnification, with the
scale bar in the bottom right at 265 um. (B) is at 50x magnification, with the scale bar in the
bottom right at 21.2um.
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TM-1000 2017/01/27 11:36 x3.0k 30 um

E x3.0k 30 um 2 x3.0k 30 um

TM-1000 2017/01/26 11:14 x3.0k 30um TM-1000 2017/01/26 10:53

Figure 23. SEM images of cFF obtained from different solvents. (A) H.O (B) EtOH (C) n-
PrOH (D) i-PrOH (E) 1,4-dioxane (F) THF. All images revealed rod-like formations.
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From the optical images, it can be seen that the aggregates are made up of individual rod-like
strands. In the study performed by Adler-Abramovich et al (2009) in chapter 1, linear H-FF-
OH was heated to 220 °C, and by the process of vapour deposition, it self-assembled onto a
substrate as cyclic FF.1* The structures were confirmed to be nanotubes, vertically aligned on
the substrate.'* This morphology is very similar to the rods seen in the SEM images (Figs. 23a
—f). Even though each sample cyclised and self-assembled in different solvents, the rods from

each solvent are nearly identical in appearance.

When the dissolved peptides are heated (and cyclise), the —OH groups in H2O and the alcohols
and the —O groups in the ether analogues (THF and 1,4-dioxane) interact heavily with the
functional groups in the cyclic peptide. This cyclic peptide first forms by heating, then
subsequently, self-assembly occurs by intermolecular forces between the cyclic peptide-cyclic
peptide and cyclic peptide-solvent. In the case of cFF, the phenyl groups favour and participate
in aromatic-aromatic interactions, which could contribute to the shape of the rods. Studies have
shown that for linear H-FF-OH in water, hydrogen bonding between the peptide and water
drives linear H-FF-OH’s self-assembly.28® In the similar case of cyclic FF, hydrogen bonding
occurs 1) between neighbouring cyclic peptides via the amino and carbonyl groups and 2)
between those same groups and the —OH and —O groups from solvent molecules other than
water. Additionally, the hydrophobic phenyl groups could also partake in favoured
hydrophobic binding.

Hence, the discussion above addressed the second question of the project, “Did the cyclised

peptides subsequently undergo self-assembly in the same solvents they were heated in?”

Heating temperature

For the initial experiments, it was uncertain at which temperatures would be optimal in heating
the solutions to yield a self-assembled entity. Therefore, samples of H-FF-OH were dissolved
in each solvent and heated to different temperatures for 12 h. The results can be seen in the
following tables (excluding n-hexane and toluene because of H-FF-OH insolubility). All

samples were added to their solvents in a 10 mg/mL concentration.
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H-FF-OH in H20

Temp. for 12h | Physical appearance of sample after heating

30°C No change

40 °C No change

50 °C Small rod-like strands appear

60 °C White aggregate

70 °C White aggregate Increasing
80 °C White aggregate amount of
90 °C White aggregate aggregation

Table 5. Results of heating H-FF-OH in H20, 30 °C to 90 °C.

H-FF-OH in EtOH

Temp. for 12h | Physical appearance of sample after heating
30°C No change

40 °C No change

50 °C White aggregate

60 °C White aggregate

70 °C White aggregate

Table 6. Results of heating H-FF-OH in EtOH, 30 °C to 70 °C.
H-FF-OH in n-PrOH

Temp. for 12h | Physical appearance of sample after heating
30°C No change

40 °C No change

50 °C White aggregate

60 °C White aggregate

70 °C White aggregate

80 °C White aggregate

90 °C White aggregate

Table 7. Results of heating H-FF-OH in n-PrOH, 30 °C to 90 °C.
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H-FF-OH in i-PrOH

Temp. for 12h | Physical appearance of sample after heating
30°C Small rod-like strands appear

40 °C White aggregate

50 °C White aggregate

60 °C White aggregate

70 °C White aggregate

80 °C White aggregate

Table 8. Results of heating H-FF-OH in i-PrOH, 30 °C to 80 °C.

H-FF-OH in 1,4-dioxane

Temp. for 12h | Physical appearance of sample after heating
30°C No change

40 °C White aggregate

50 °C White aggregate

60 °C White aggregate

70 °C White aggregate

80 °C White aggregate

90 °C White aggregate

Table 9. Results of heating H-FF-OH in 1,4-dioxane, 30 °C to 90 °C.

H-FF-OH in THF

Temp. for 12h | Physical appearance of sample after heating
30°C Small white aggregate

40 °C White aggregate

50 °C White aggregate

60 °C White aggregate

Table 10. Results of heating H-FF-OH in THF, 30 °C to 60 °C.

The minimum temperature was 30 °C, and the highest temperature was 10 °C below the boiling
point of each solvent, to avoid the evaporation of the solvent. A general trend can be seen where
more self-assembled aggregate is observed at higher temperatures. This could relate to an

increased amount of interactions between the molecules. A study which involved the
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hydrothermal reactions of a diglycine peptide suggested that the cyclisation of the peptide was
more prominent at high temperatures.®” Another observation is that among the two isomers of
propanol, a precipitate can be seen at all temperatures for i-PrOH, whereas for n-PrOH, they
can only be seen starting from 50 °C. This could possibly be due to the lower cohesive force

of the —OH group in i-PrOH compared to n-PrOH.

It was concluded from these tests that the optimal temperatures would therefore be around
10 °C lower than the boiling point of the solvent, as these temperatures produced visibly more
self-assembled aggregate. This temperature rule was applied to the other peptide sequences as

well.

Photoluminescence

The group of Lee et al. (2011) undertook research in which cFF nanowires were produced from
linear H-FF-OH via a vapour-transport process.®® Photoluminescence spectra of these cFF
nanowires were taken where an excitation wavelength of 367 nm yielded a relatively strong

emission band near 465 nm.88

CFF self-assembled in 1,4-dioxane (and filtered) was added to 10 mL of fresh 1,4-dioxane and
examined under a spectrofluorometer. An excitation wavelength of 250 nm was used to obtain

an emission spectra:
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Figure 24. Photoluminescence spectra of cFF/1,4-dioxane, intensity (counts per second)
against wavelength (nm). With an excitation at 250 nm, an emission at 468 nm is seen.

Even though the excitation used here was 250 nm, the strong emission at 468 nm is almost the
same as the cFF nanowires mentioned earlier. This is the region of blue luminescence. This
suggests that cFF self-assembled in different experimental environments could possibly retain
its luminescent properties. The strong emission observed here is most likely due to the phenyl

rings.&

From these experiments, it was concluded that cFF had a preference to form rod-like entities
in the different solvents used. This could indicate a specificity in the nature of cFF self-

assembly.
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3.3 cHH

Unlike diphenylalanine dipeptide, most of the existing literature concerning histidine
documents its behaviour when present in long peptide sequences. So far, the self-assembling
properties of cyclic dihistidine, specifically, have not been determined. Therefore, there is a

great motivation in this case to probe its potential by the method in this project.

N /\ NH N 4\
NH
- =
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H O
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o) = temperature o)
o N
HN N
NS \=N

Figure 25. Schematic diagram of H-HH-OH cyclisation.

Depending on the pH, the imidazole group in this dipeptide can be positively charged and the
free nitrogen atom can potentially be protonated.
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Solvent Peptide dissolution and solution appearance Appearance after 12 h heating

H20 Insoluble -

MeOH Dissolved, colourless No change

EtOH Dissolved, colourless No change

n-PrOH Dissolved, colourless Small spherical solid
particles in solution

i-PrOH Insoluble -

THF Insoluble -

1,4-Dioxane | Insoluble -

Toluene Insoluble -

n-Hexane Insoluble -

Table 11. Results of H-HH-OH dissolution and appearance after heating.

Figure 26. Pictures of sample vials containing dissolved H-HH-OH after heating. From left to
right; MeOH, EtOH and i-PrOH. The vials containing MeOH and EtOH had no change but
spherical solid particles in a yellow solution were seen for cHH/n-PrOH.

H-HH-OH was insoluble in all the non-polar solvents and soluble in the most polar solvents,
except for water. H-HH-OH’s solubility in n-PrOH and insolubility in i-PrOH could be due to
n-PrOH being more polar than the latter. Molecular dynamics simulations have shown that in
water, a protonated histidine group has a tendency to form like-charged contact pairs with
another protonated histidine group.®® The stability of the resulting H-HH-OH moiety could be
the cause of it not being soluble in water.
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The characterisation pattern exhibited for H-FF-OH and cFF is expected to carry on for the
other three dipeptide sequences and their cyclic derivatives. In this case, H-HH-OH (2.4.2.)
was compared with the solid particles filtered from n-PrOH (2.5.7.). For the mass spectra peaks,
the starting dipeptide protonated molecular ion peak was 292.97 [M + H*]" whereas that of the
solid particles was 274.97 [M + H*]*. The mass expected for cHH is 274.28 ([M]"). *H NMR
NH. and NH2-CH peaks are observed for H-HH-OH but not for the solid particles. Likewise,
a ®*C NMR COOH peak is seen for the starting peptide but not for the solid particles. With this
evidence, the solid particles from n-PrOH were confirmed to be cHH.
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Figure 27. Optical photos of cHH self-assembled in n-PrOH. (A) is at 10x magnification, with
the scale bar in the bottom right at 106 um. (B) is at 50x magnification, with the scale bar in
the bottom right at 21.2 pm.

TM-1000 2017/01/27 12:05 X200 500 um TM-1000 2017/01/27  12:07 x500 200 um

TM-1000 2017/01/27 1212 x2.0k  30um TM-1000 2017/0127 1214 x3.0k  30um

Figure 28. SEM images of cHH obtained from n-PrOH at different magnifications. Higher
magnifications (C) and (D) revealed an urchin-like sphere.
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From the optical images, the solid particles do not seem to be made of aggregates and are not
rod-like like cFF. Looking at the SEM images, many of the solid particles appear to have
common spherical features. (Figs. 28a and b). At x2.0k and x3.0k magnifications (Figs. 28c
and d), the spheres seem to consist of microneedles outgrowing from a common centre. The
spherical formations also appear to be distributed irregularly and not stacked in the same
manner as the cFF rods. When comparing the microneedles to the cFF rods at the same
magnification (x3.0k; Figs. 28d and figs. 23a — f respectively), a very general observation is
that those needle-like structures appear to be smaller than the rods. The arrangement of these
structures could be the reason why many of the solid particles are seen sticking to the sample

vial’s side-wall surfaces. (Fig. 26).

In the three alcohols that H-HH-OH dissolved in (MeOH, EtOH and n-PrOH), after heating,
self-assembly only occurred in n-PrOH. This could be possibly due to the larger chain length
of n-PrOH. Like cFF, hydrogen bonding occurs between the cyclic peptide-cyclic peptide and
cyclic peptide/solvent, mainly via the -OH group on n-PrOH. In addition to the amino and
carbonyl groups on the cyclic peptide, the imidazole ring can participate in aromatic-aromatic
stacking. However, this is dependent on the pH of the solvent.®* Compared to the aromatic-
aromatic stacking of cFF’s phenyl, the stacking here could possibly be different due to
imidazole’s different © system. Where phenyl’s stacking in cFF produced long regular rods,
imidazole’s stacking produced needle-like structures that were observably shorter. cHH’s self-
assembly in n-PrOH produced individual spheroids that aggregated with other spheroids (Figs.
33a and b). Compared to cFF, it is possible that the self-assembly of cHH could be caused by
nucleation, giving rise to the observed formations. The spheroid could be described as a
hierarchal arrangement similar to what has been called a-Fe.Oz (hematite) “urchin-like
spheres” by Sun et al. (2012) in their research (even though the centres of those structures were

hollow).%?
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Figure 29. From the work of Sun et al. A hydrothermal process produced FeOOH spheres with
hollow structures in water. This was then converted into hollow a-Fe;Os urchin-like spheres
via thermal annealing. FESEM (a) and (c) and TEM (b) and (d). (a) and (b) are samples of
product synthesised with precursor concentration 0.01 M, (c) and (d) are from precursor
concentration 0.1 M.%

While the results of cHH/n-PrOH look promising, the lack of self-assembly in the other
solvents are unfortunate since the exact cHH self-assembly mechanism could not be probed
further using the heating method in this project.

3.4 cHF
Similar to cHH, most of the existing literature only covers histidine coupled with phenylalanine
in long peptide sequences and not the dipeptide and/or cyclic dipeptide form. This is also

another reason for exploring this dipeptide, and furthermore to see whether, in this sequence,

phenylalanine would exhibit its self-assembling tendencies seen in cFF.

pe
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H,oN OH —> n
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Figure 30. Schematic diagram of H-HF-OH cyclisation.
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In this case, both the phenyl and imidazole side chains can influence peptide self-assembly. It

is expected that the results would be similar to that of both cFF and cHH.

The solvents used here were the same ones used for the cHH tests; with the exception of EtOH

and n-hexane.

Solvent Peptide dissolution and solution appearance Appearance after 12 h heating

H20 Dissolved, colourless No change

MeOH Dissolved, colourless No change

n-PrOH Dissolved, colourless No change

i-PrOH Dissolved, colourless Big urchin-like spherical
particles

THF Dissolved, colourless Small spherical solid
particles in solution

1,4-Dioxane | Insoluble -

Toluene Insoluble -

Table 12. Results of H-HF-OH dissolution and appearance after heating.

Figure 31. Pictures of sample vials containing dissolved H-HF-OH after heating (hence
particles are cHF). From left to right; H.O, MeOH, n-PrOH, i-PrOH and THF. The vials
containing H20, MeOH and n-PrOH had no change but big solid particles were seen in i-
PrOH. Smaller particles were seen in THF.

H-HF-OH dissolved in most of the polar solvents, except for 1,4-dioxane, but did not dissolve
in the non-polar toluene. The general solubility pattern resembles that of H-FF-OH more than
H-HH-OH, which suggests that the phenyl ring in H-HF-OH has more influence in this regard.
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With the exception of 1,4-dioxane; compared to H-FF-OH’s solubility in this solvent, H-HF-
OH’s relative insolubility could be due to the histidine side-chain. In water, since there is only
one histidine group in H-HF-OH, there are no like-charged protonated histidine contact pairs
(unlike in H-HH-OH), and histidine does not form a protonated contact pair with the phenyl

group. Therefore, there should be no barriers to H-HF-OH dissolving in water.

Regarding the characterisation, H-HF-OH (2.4.3.) was compared with the solid particles
filtered from both i-PrOH and THF (2.5.8. - 2.5.9.). Looking at the mass spectra results, H-HF-
OH’s protonated molecular ion peak was 303.00 [M + H*]*. One of the solid particles (from i-
PrOH) had a protonated molecular ion peak at 285.00 [M + H*]" and the other (from THF) at
284.96 [M + H*T", where the mass calculated for cHY was 284.32 ([M]"). For the *H NMR, H-
HF-OH had NH2 and NH2-CH peaks whilst neither of the solid particles had them. For the *C
NMR, H-HF-OH had a COOH peak, but this was not observed in either of the two solid

particles. Therefore, both solid particles were cHF.
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Figure 32. Optical photos of cHF self-assembled in n-PrOH. (A) was taken when cHF was still
in the sample vial with the solvent. 4x magnification, with the scale bar in the bottom right at
265 um. (B) was taken when cHF was filtered from the solvent, where the initial arrangement
in (A) broke. 10x magnification, with the scale bar in the bottom right at 106 pm.

Figure 33. Optical photos of cHF self-assembled in THF. (A) is at 10x magnification, with the
scale bar in the bottom right at 106 um. (B) is at 50x magnification, with the scale bar in the
bottom right at 21.2 um.
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Figure 34. SEM images of cHF self-assembled in different solvents. (A) and (B) are cHF/i-
PrOH, which consisted of broken rod-like strands; (C) and (D) are cHF/THF, which mostly
consisted of urchin-like spheres.

For cHF self-assembled in i-PrOH, big urchin-like spheres can only be seen when the peptide
is in solution (Fig. 32a). However, when it was filtered from the solution, the initial
arrangement broke into the rod-like particles seen in Fig. 32b. This can also be seen in the SEM
(Figs. 34aand b).

The optical picture of cHF self-assembled in THF at 10x magnification (Fig. 33a) seems to be
similar to the same magnification picture of cHH/n-PrOH. However, at 50x magnification, the

big solid particles appear to be made up of smaller rods (Fig. 33b).

The SEM images of cHF/i-PrOH (Figs. 34a and b) closely resemble those of cFF, in that
individual rod-like strands can be seen. However, compared to the long distinct rods in cFF
(for x3.0k magnification, Figs. 28a - f), the cHF rods are shorter in length and are mostly found
in bundles. This is likely because these rods were broken from the big urchin-like structures
(Figs. 31 and 32a) when they were filtered from the solution. The SEM images of cHF/THF
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are more like those of cHH/n-PrOH, where a hierarchal arrangement on this scale can be seen
once more. The urchin-like spheroids in Fig. 34c are made up of individual rod-like strands

outgrowing from a common centre in Fig. 34d.

In the self-assembly of cHF, apart from the peptide amino and carbonyl functional groups,
there will be interactions such as phenyl-solvent, phenyl-phenyl, phenyl-imidazole, imidazole-
solvent and imidazole-imidazole. The lack of a self-assembled entity in MeOH is more aligned
with the behaviour of cHH, which suggests that the imidazole group might be the reason for
this. H-HH-OH cyclised in and gave a self-assembled formation in n-PrOH, but H-HH-OH was
insoluble in i-PrOH; whereas H-HF-OH was soluble (and cyclised after heating) in both but
gave a self-assembled structure in i-PrOH rather than n-PrOH. cFF self-assembled in both n-
PrOH and i-PrOH, so the lack of self-assembly for cHF in n-PrOH is not likely due to the
phenyl group alone. It is more likely due to the interactions of both phenyl and imidazole
groups and the surface area of OH in i-PrOH compared to n-PrOH. H-HH-OH was insoluble
in THF but H-HF-OH both dissolved in THF and cHF/THF yielded a self-assembled entity,
suggesting that here, the phenyl group had an influence in both dissolution and self-assembly
(cFF self-assembled in THF). Looking at both optical and SEM images for cHF/i-PrOH and
cHF/THF, the basic building blocks are rod-like and resemble cFF’s rods. The reason for this

could be due to a significant amount of phenyl-phenyl aromatic-aromatic interactions.

Even though big urchin-like solid spheres were observed for cHF/i-PrOH in solution, these
entities broke easily when filtered, leaving behind the rods that formed the sphere. This is in
contrast to cHH/n-PrOH, where the spheres were not seen on the optical but rather on the SEM

scale, and the urchin-like arrangement was only observed in the SEM images.

When comparing the similar urchin-like formations of cHF and cHH, it is possible that the
aromatic-aromatic and hydrogen bonding interactions between the imidazole-imidazole groups
is favoured over their interactions with the solvent molecules, causing them to group together.
This could be similar to the effect of micelles having their non-polar groups in their centre
when they form in solution.®® In cHF, this tendency to form spheres could also cause a limit on
how long the rods could grow out from the centre of each sphere. This could be the reason why
the rods seen for cHF/i-PrOH, when broken off, were shorter than the longer ones observed in
CFF.

The self-assembly of cHF in THF resembles cHH in n-PrOH more than that of cHF in i-PrOH.

In the sense that the urchin-like morphology is mostly seen on the SEM scale and the particles
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on the whole are not as big as cHF/i-PrOH. For the most part, the urchin-like formations remain
mostly intact after filtration, except for the numerous scattered broken rods seen in the optical
(Fig. 33a) and SEM (Fig. 34c) images. Upon closer examination of the SEM (Fig. 34c), cone-
like arrangements consisting of rods can be seen, along with two cones joined apex to apex to
form a double cone. This is in addition to the full spheres. These cone-like structures could be
early stages of self-assembly where cones first form, then are stacked on each other to give a
sphere. The individual strands seen in each sphere are rods compared to the needles seen in
cHH/n-PrOH, most likely due to the difference in phenyl-phenyl and imidazole-imidazole
interactions between the two. The broken rods also indicate that the initial framework can be
broken by physical force, however are more stable compared to cHF/i-PrOH where all the
spheres easily broke. Concurrently, it is possible that cHF/THF’s structural integrity is weaker
compared to cHH/n-PrOH, where individual needles could not be seen on the SEM and the

spheres remained largely intact.

The self-assembly method of cHF/THF compared to cHF/i-PrOH is likely due to the aprotic
nature of THF cf. the protic i-PrOH. The —O in THF is more limited in terms of hydrogen
bonding and relies on hydrogens located on the peptide whereas the —OH in i-PrOH has an H
available for hydrogen bonding in addition to the oxygen interacting with hydrogens on the

peptide.

Both cHF/THF and cHF/i-PrOH conform to the hierarchal organisation seen in cHH/n-PrOH.
The grooves in both cHF spheres could cause them to stick to the sample vials (Fig. 31) like
CHH/n-PrOH did.

In conclusion, the results for the two solvents are very interesting as they show that the self-
assembled formation differs in a different solvent. This breaks the pattern of the previous
dipeptides, since cHH only self-assembled in one solvent and cFF had nearly identical
formations in each solvent. These results also suggest that the self-assembly for a given

dipeptide varies in different solvents (with the conditions used in this project).
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3.5cHY

Even though there is no specific study on the self-assembly of cHY, the self-assembly of

tyrosine both by itself and in short peptide sequences has been reported (mentioned in 1.2).1516

Taking the other sequences in this project into account, the results could also shed more light

on whether changing a single residue between two dipeptides could affect the overall

supramolecular reorganisation (upon heating in the solvents).
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Figure 35. Schematic diagram of H-HY-OH cyclisation.

Here, both the phenol and imidazole side chains can influence peptide self-assembly.

Solvent Peptide  dissolution and  solution | Appearance after 12 hours’ heating
appearance

H.0 Dissolved, colourless No change

MeOH Dissolved, colourless No change

n-PrOH Dissolved, colourless Yellow solution

i-PrOH Dissolved, colourless Solid clumps in solution

THF Dissolved, colourless Small spherical solid particles in

solution
1,4-Dioxane | Insoluble -
Toluene Insoluble -

Table 13. Results of H-HY-OH dissolution and appearance after heating.
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Figure 36. Pictures of sample vials containing dissolved H-HY-OH after heating (hence
particles are cHY). From left to right; H.O, MeOH, n-PrOH, i-PrOH and THF. The vials
containing H>O and MeOH remained unchanged. The vial with n-PrOH had a yellow solution.
cHY/i-PrOH gave settled solid particles whereas cHY/THF had scattered solid particles.

H-HY-OH was soluble in most of the polar solvents except for 1,4-dioxane, and was insoluble
in toluene. Even though, in water, the —OH on the phenol group in Y (tyrosine) could
potentially hydrogen bond with the peptide main chain or the imidazole in H (histidine); in this
case, any such interactions weren’t significant enough to make H-HY-OH insoluble in water.
Apart from the polar —OH group on the phenol (in Y) compared to none on the phenyl (in F),
these two side chains are similar in terms of the hydrophobicity of the aromatic ring (in this
case, —OH may have a lesser influence versus the aromatic hydrophobicity). From a solubility
but not self-assembly perspective, this could explain why H-HY-OH dissolved in the same
solvents H-HF-OH did.

Characterisation: The starting peptide H-HY-OH (2.4.4.) and the solid particles filtered from
both i-PrOH and THF (2.5.10. - 2.5.11.) were characterised. The protonated molecular ion peak
observed for H-HY-OH, 319.04 [M + H']", is different than that of particles/i-PrOH, 301.09
[M + H*]*, and particles/THF, 301.10 [M + H*]*. The mass calculated for cHY was 300.32
(IM]"). *H NMR NH2 and NH,-CH peaks are seen for H-HY-OH but not for the solid particles.
A BC NMR COOH peak is seen for the starting peptide but not for the solid particles. Thus,
both of the solid particles were determined to be cHY..
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Figure 37. Optical photos of cHY self-assembled in i-PrOH. (A) is at 10x magnification, with
the scale bar in the bottom right at 106 um. (B) is at 50x magnification, with the scale bar in
the bottom right at 21.2 pum.

T -v T

Figure 38. Optical photos of cHY self-assembled in THF. (A) is at 10x magnification, with the
scale bar in the bottom right at 106 um. (B) is at 50x magnification, with the scale bar in the
bottom right at 21.2 um.

65



2017/01/26  11:37 X200 500 um TM-1000

2017/01/26  11:54 x3.0k 30 um

TM-1000

2017/01/27 12:46 X200 500 um TM-1000

2017/01/27  12:55 x500 200 um

TM-1000

2017/01/27  13:09 x1.0k 100 um TM-1000

2017/01/27 13:35 x3.0k 30 um

TM-1000

Figure 39. SEM images of cHY self-assembled in different solvents. (A) and (B) are of cHY/i-
PrOH, which consisted mostly of rods. (C) — (F) are of cHY/THF at different magnifications.
Urchin-like (D) as well as flower-like (E) morphologies can be seen. (F) is a zoom in of the
curved rods forming the flower-like.
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From the optical, the big solid clumps for cHY/i-PrOH and cHY/THF (Figs. 37a and 38a, resp.)
seem to be composed of individual rod-like strands (Figs. 37b and 38b, resp.). However, the
individual rod-like strands of cHY/THF (Fig. 38b) appear to be much shorter than those of
cHY/i-PrOH (Fig. 37b). It has been demonstrated that in a series of tripeptides of varying
terminal amino acid residues, the presence of two terminally positioned Y residues was
important in forming nanotubes.®* The SEM images of cHY self-assembled in i-PrOH break
the expected pattern in that urchin-like entities are not seen. Rather, stacks of rod-like strands
are observed with no regular distribution (Figs. 39a and b). cHY self-assembled in THF,
however, displays the familiar urchin-like organisation (Figs. 39c - f). Although, these
formations are not consistent in occurrence and bundles of rods can be seen (Fig. 39c.) The
individual cHY rods from both solvents have a similar width to those of cFF. An unusual
feature of cHY/THF is that many of the rods are slightly curved (Fig. 39f). This is in contrast
to the relatively straight rods seen in cHY/i-PrOH, cHF and cFF. This suggests that these
particular rod-like strands may have a degree of flexibility. A consequence of this attribute is
that when these strands aggregate into spheres, they produce flower-like structures (Figs. 39d
and e). These, along with the urchin-like formations, may be the reason why they stick to the
sample vial’s walls, whereas cHY/i-PrOH lacks these and settles at the bottom of the vial (Fig.
36).

The self-assembly results are almost identical to that of cHF. The lack of self-assembly in
water, MeOH and n-PrOH here also could be due to the imidazole group. It is possible that the
coloured solution seen for n-PrOH could be the result of cyclised HF (from heating). However,
this mostly remained in the solvent and the intermolecular interactions did not trigger self-
assembly and/or precipitation. Which in turn suggests that, in this case, the peptide’s bonding
with the solvent was more favourable. In terms of molecular forces, Y is similar to F due to the
aromatic ring present as phenol. As mentioned in the solubility discussion, the phenol group is
different in that the —OH can partake in greater hydrogen bonding. The self-assembly of cHY
in i-PrOH vyielded individual rod-like strands, much like cFF, possibly due to phenol’s
aromatic-aromatic stacking. The lack of an urchin-like entity suggests that phenol’s stacking
and hydrogen bonding are more significant than that of imidazole’s. The hydrogen bonding
between phenol’s —OH and iPrOH’s —OH could also be of influence. Even though bundles of
rods are seen, they may not be as extensive and ordered as cFF’s rods, since those form bigger
aggregates to the human eye whilst these (cHY) are relatively small solid clumps. This could

be due to differing interactions caused by phenol and imidazole as opposed to the homogeneity
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of cFF’s two phenyl groups. The bundling in this case (cHY) could be due to van der Waals

forces.

For cHY/THF, it appears that imidazole has a significant influence due to the presence of
urchin-like formations. This structuring also appears in cHF/THF, which could indicate that
the —O ether group in THF is a factor. Since NH-N (imidazole-imidazole) hydrogen bonding
is stronger than NH-O% % (imidazole-THF), the favoured imidazole-imidazole interactions

could minimize contact with THF.

Two types of spherical structures are observed. The urchin-like with the straight rods (Fig.
39d) is probably due to phenol’s aromatic ring interactions, with lesser input from the —OH
group. However, for the flower-like (Figs. 39e and f), in addition to the aromatic stacking, the
—OH groups may hydrogen bond significantly with —O in THF, and in a specific direction,
giving rise to the curvature of the rods. This curving ability, without the breaking of the strands,
could also be due to the inherent flexibility of the rods.

Even after product filtration (from the solvent in the vials), most of the rods seen in cHY/THF
were still attached to the bigger spherical aggregates and not broken off (similar to cHF/THF).
This suggests a significant amount of intermolecular bonding. In the end, cHY/THF contained

a hierarchal entity whereas cHY/i-PrOH did not.

The results recorded for cHY, in addition to the other dipeptides, are interesting because they
show that even the change in a single amino acid residue can affect self-assembly. Which in
turn confirms the specificity of the nature of self-assembly. However, for this specific dipeptide
(cHY), a change between the two solvents did not appear to cause a big variation in the self-

assembled formation of the cyclic peptide. This is in clear contrast to cHF.

To summarise, the two main questions set out in this project were answered. The simple heating
of predissolved linear dipeptides in different solvents caused cyclisation. All cyclic dipeptides
self-assembled in their solvent of origin, with the self-assembly being governed by various
intermolecular interactions. Apart from cFF, changing the solvent for a given dipeptide had a
visible effect on the self-assembled formation. Lesser to an extent for cHF. Likewise, cyclic
dipeptide sequences which varied only by one amino acid residue (cFF cf. cHF; cHF cf. cHY),

for a given solvent, also displayed a change in their self-assembled formations.
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Chapter Four

Conclusions
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Chapter 4. Conclusions and future work

This project aimed to determine the self-assembly of dipeptides after they cyclised in different

solvents upon heating.

Four dipeptides, H-FF-OH, H-HH-OH, H-HF-OH and H-HY-OH were successfully
synthesised by Fmoc SPPS with a Wang resin. The testing of each peptide in the solvents
yielded the following results.

H-FF-OH was soluble in all of the polar solvents used, and cyclised in each solvent. White
solid-like aggregates were seen by the human eye, and optical and SEM images revealed
consistent rod-like frameworks. The self-assembly in this case was caused by the aromatic-
aromatic stacking of cFF’s phenyl group, possibly its hydrophobic binding, and hydrogen
bonding throughout the peptide. cFF cyclised in 1,4-dioxane also exhibited blue luminescent
properties. Temperature tests showed that the higher the temperature, the greater the amount
of solid aggregation (by human eye). With this result, it was concluded that the best temperature

for heating all four dipeptides would be 10 °C lower than the respective solvent’s boiling point.

H-HH-OH dissolved in the more polar solvents except for water. This could be due to a
protonated histidine group forming a like-charged contact pair with another protonated
histidine group, making the H-HH-OH moiety much more stable in water. cHH only exhibited
self-assembly in n-PrOH, possibly due to n-PrOH’s chain length, and displayed a hierarchal
entity. Urchin-like spheres were seen which seemed to be made up of smaller needles
aggregated together. The cause of this arrangement could be due to the specific aromatic-

aromatic interactions of histidine’s imidazole.

H-HF-OH dissolved in the more polar solvents, resembling H-FF-OH’s solubility. Its
insolubility in 1,4-dioxane could be due to the histidine group. cHF self-assembled in i-PrOH
and THF. To the human eye, cHF/i-PrOH had a big urchin-like appearance whereas cHF/THF
was seen as small spherical particles. After each compound was filtered from its solvent,
images showed cHF/i-PrOH to be made of rods which were broken off from the bigger particles
seen in the sample vial. cHF/THF retained its hierarchal arrangement, similar to cHH/n-PrOH,
and appeared to be made of smaller rods aggregating to give an urchin-like formation. The self-

assembly of cHF in i-PrOH could have initially given a stable entity in the solvent, but the
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molecular forces were not strong enough to hold the initial structure when it was filtered. The
self-assembly of cHF in THF could have been stronger because of cHF’s interactions with the

THF —O group, and the urchin-like structure could be the result of histidine’s imidazole groups.

H-HY-OH dissolved in the same solvents that H-HF-OH did, which could be due to the
similarity between Y’s phenol and F’s phenyl. cHY self-assembled in i-PrOH and THF.
cHY/i-PrOH did not appear to have a hierarchal structure but instead seemed to be made of
bundles of rods. This similarity to cFF’s rods could be due to Y’s phenol’s aromatic-aromatic
stacking. cHY/THF had two types of hierarchal entities. The urchin-like with the straight rods
was probably a result of phenol’s aromatic ring interactions. The flower-like was likely due to
both cHY’s aromatic stacking and significant hydrogen bonding with THF’s —O. The specific

directionality of this bonding could also have caused the rods to curve.

For future work, the exact crystallography of each self-assembled cyclised peptide could also
be elucidated by techniques such as powder X-ray diffraction, FESEM, AFM and TEM. An
investigation into peptide gelation in a range of other solvents should also be undertaken.
Physical properties of the self-assembled products could be tested, such as photoluminescence,
rheology, electrical and fluorescence. The kinetics of heating each peptide in their solvent
should also be probed. By the same heating method, other dipeptide sequences such as H-FW-
OH and H-YW-OH should also be experimented on. Regarding the histidine-based dipeptides,

their self-assembly could be tested via binding to metals such as Cu?*.
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