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Abstract

The purpose of this investigation is to determine if novel biocompatible supramolecular
constructs with tuneable nanocavities for applications in catalysis, chemical separations, sensing
and biomedical applications, can be rationally designed and synthesised utilising polyproline
helices as their building blocks. The development of artificial supramolecular systems to mimic
complex biological systems has been a longstanding goal of the scientific community and
increasingly bioinspired building blocks such as DNA, RNA, aptamers, amino acids, peptides, and
proteins have been utilised to develop complex supramolecular systems with promising
applications. As such this project aimed to take advantage of the unique properties of the
polyproline helix (e.g. rigidity, stability, cis-trans isomerism), and the inherent advantages of
peptidic materials (e.g. chirality, periodicity, scalability), to develop peptide-based ligands that
can be rationally designed to form desired complex, asymmetric, supramolecular constructs.
This requires improving our understanding of the structure and assembly processes of these
peptide ligands and how these can compare to the reticular design principles of traditional
building-blocks. Therefore, these results will create the potential for the design of further
peptide-based supramolecular constructs to produce novel, versatile, biocompatible, functional
materials that can be exploited for promising applications.

A series of supramolecular peptide frameworks based on an oligoproline tetramer were
synthesised. With these materials we were able to demonstrate the ability to rationally design
the peptidic building block to form a variety of porous and non-porous crystalline frameworks
depending on the placement of functional groups, while also providing an excellent model for
the three-dimensional structure of functionalised polyproline Il helices. Thus, highlighting how
minimalistic peptide building-blocks can self-assemble to form desired supramolecular
assemblies by tuning the supramolecular interactions. Furthermore, the reversible porosity of
these peptide frameworks was shown with the ability to incorporate new guest molecules,
which was not limited to solvents, with iodine vapour reinflating the peptide framework. Using
a chiral guest molecule we were able to demonstrate the enantioselectivity of this absorption
process with clear applications for the design and synthesis of functional materials for chemical
separations and enantioselective catalysis.

Secondly, a series of functionalised non-natural prolines were synthesised with additional
carboxylic acid and pyridine based functional groups. These were incorporated into a variety of
peptide sequences to allow for the assembly of metal-peptide constructs via coordination
interactions from the functional groups. By varying the functionalisation on each face of the
polyproline helix both extended and discrete metal-peptide constructs were synthesised.
Nanoparticles were synthesised from metal complexation of a series of polyprolines
functionalised on all three helical faces, with the degree of functionalisation, placement of
functional groups, and the polyproline helicity (polyproline I vs polyproline 1) contributing to the
topology of the assembly formed, demonstrating how these ligands can be designed to drive the
formation of specific constructs. Furthermore, terminally pyridine functionalised proline
tetramers were shown to form discrete palladium complexes in both organic and aqueous
solutions. The dimerised peptide complexes expressed selectivity towards a single
conformation, highlighting how the chirality of the helix favours a single product over a mixture
of metal complex isomers. These complexes show promise for the design of discrete metal-
peptide nanocavities as “molecular flasks” for enantioselective catalysis and a clear path to
optimise the peptide ligands to form the desired peptide cage structures is discussed.
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In Chapter 1, the background and current state of the art of supramolecular chemistry is
reviewed and how issues encountered therein have led in recent years to the development of
bioinspired supramolecular building-blocks. From this the challenges and pitfalls are presented,
while reviewing some of the most successful cases that have become somewhat common within
literature. Specifically, after this discussion of general biomolecular building-blocks we focus on
the potential benefits of utilising peptides and how these can lend themselves towards the
rational design of supramolecular constructs. Herein, the polyproline helix is presented as a
standout candidate and the previous uses and applications of the helix are discussed while
looking at the prospects of the material, where further investigations can be focused, the
potential design considerations and rewards from these investigations.

Chapter 2 presents the work that has been carried out on utilising minimalistic oligoprolines to
synthesise supramolecular constructs, focusing on the formation of supramolecular peptide
frameworks and how the design principles of an initial peptide model can be used to rationally
design specific intermolecular interactions, affecting framework topologies, pore sizes and
properties. The self-assembly of a series of engineered oligoproline tetramers is analysed,
studied, and discussed. Furthermore, the reversible porosity and host-guest capabilities of the
porous frameworks is analysed, demonstrating their enantioselective potential.

In Chapter 3 the work to utilise polyproline helices as structural units for the co-ordination driven
assembly of nanostructures is presented. Functionalised proline monomers are initially
synthesised, these monomers are then incorporated into a series of peptide sequences to
achieve a variety of functionalised helices for the assembly of various nanostructures depending
on the location, type, and degree of functionalisation. A variety of structures are targeted from
nanoparticles to further extended and discrete assemblies. The assembled nanoparticles and
other topologies are then analysed and studied via dynamic light scattering (DLS) and
microscopy methods; transmission electron microscopy (TEM), scanning electron microscopy
(SEM), and atomic force microscopy (AFM). While discrete peptide complexes are analysed via
NMR spectroscopy and mass spectrometry. The potential for rational design of these peptide
units utilising the periodicity and tuneability of the polyproline helix is further discussed and how
the switchable nature of polyproline can be used to form responsive materials dependent on
external stimuli.

The experimental methods for all studies are included in Chapter 4, covering the synthesis of
monomers and peptides. The supramolecular synthesis of assemblies is also presented and the
analysis methods therein (e.g. microscopy x-ray diffraction, dynamic light scattering, NMR
spectroscopy, and mass spectrometry).

Finally, Chapter 5 presents a summary of the work carried out and the conclusions from these
findings. The future outlook for each of the projects is then analysed and the potential avenues
of investigation are discussed.
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A longstanding goal of the scientific community has been to develop artificial supramolecular
systems that can mimic complex biological systems, and while significant progress has been
made towards achieving this goal, hitherto, the ability to rationally design supramolecular
constructs which can effectively mimic the capabilities of these systems (e.g. enzymes) remains
elusive. The objective of this project is to take advantage of the stability and periodicity of
polyproline helices to develop novel supramolecular constructs with improved biocompatibility
and chemical complexity compared to traditional systems, while also improving our
understanding of the assembly of these structures such that they can be rationally designed to
achieve specific topologies and effects, with target structures ranging from metal-organic
constructs to self-assembled supramolecular organic frameworks, driven by weaker
intermolecular interactions. Thus, these results will open up the potential for the design of
further peptidic constructs for the generation of versatile biocompatible materials to be
exploited for catalysis, with substrate selectivity and stereoselectivity, chemical separations,
sensing or biomedical applications.

Chapter 1.

Polyproline helices as structural units for
the design of supramolecular constructs
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1.1 Introduction

1.1.1 Background and Supramolecular Chemistry:

The field of supramolecular chemistry is at the forefront of scientific interest in recent years,
with the breadth and scope of investigations into supramolecular constructs, and their
applications, growing at an ever-increasing pace as the field garners greater attention from the
wider scientific community. Since some of the earliest work, pioneered by Raymond and
Stang,? investigating the synthesis of discrete and extended constructs such as metal-organic
frameworks (MOFs) and metal-organic cages, instrumental in demonstrating the potential of de
novo rational design of supramolecular constructs, the ideal of supramolecular building-blocks
with tuneable chemical handles and predictable geometries in three-dimensional space, to allow
the design of methods of assembly and construct topology, remains a lofty goal.

Despite the many difficulties encountered in the development of supramolecular constructs
these have been frequently overcome to achieve novel supramolecular systems that are useful
in a broad range of applications. These supramolecular constructs vary; from metal-organic
frameworks (MOFs),>* supramolecular organic frameworks (SOFs),>® covalent organic
frameworks (COFs),”® hydro- and organo-gels,® and nanoparticles to more complex systems such
as nanoscale molecular weaves and nanocages.'®*? This broad range of materials has an equally
broad expanse of applications from biomedical applications, such as drug delivery and medical
treatments,*>?® to chemical separations,*”*® catalysis,>*! sensing,?>?* and gas storage.>?*?
However, inspired by biological systems that demonstrate flawless control over self-assembly
processes to achieve catalytic systems (e.g. enzymes), scientists have long sought after this same
level of control in these artificial systems.

(a) Reticular chemistry (b) Linker length

Linker size can be
readily varied in both
MOFs and MOCs to
control cavity/pore size

MOFs often exploit exodentate ligands and multi-metal
nodes or clusters to provide the connectivity to grow
a structure in multiple dimensions
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(e) Blocking coordination sites /..., \0Cs require extra ligands to

block metal coordination sites and ensure
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Figure 1 - lllustration from work by Dr B.Pilgrim and Prof N.Champness “Metal-Organic Frameworks and Metal-
Organic Cages — A Perspective”: Construction strategies: (a) The reticular chemistry of MOFs often employs both
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exodentate ligands and multi-metal nodes or clusters to grow a framework in multiple dimensions; (b) Linker length
can be readily varied in both MOFs and MOCs to control the size of the cavity or pore; (c) Three bidentate catecholate
ligands meeting at a vertex to satisfy the octahedral coordination sphere of Ga(lll) in a MOC; (d) The directional
bonding approach of using well-defined ligand geometries to control the shape of MOCs;(e) Two bidentate ligands
block vacant coordination sites on each vertex of an Mgl octahedral MOC keeping the structure discrete; (f) Face
panelling of an Mi;L3; icosahedral MOC, where three faces meeting at each vertex are panelled.?®

The design and synthesis of typical MOFs or cages (MOCs)? is a prime example of the state of
play within supramolecular chemistry (Figure 1). MOFs are crystalline frameworks assembled
from metal ions with bridging organic ligands to form an extended network. While MOFs are
polymeric systems, MOCs are discrete assemblies with several other naming systems coined
within literature such as metal-organic polyhedral (MOPs)? or supramolecular coordination
complexes (SCCs),”® however there is significant overlap in their design principles and
applications due to their well-defined internal cavities, useful for host-guest chemistries. Tuning
the assembly of the building blocks can be guided by selection of the required metal ions and
organic ligands to achieve either these extended or discrete systems.?® MOFs have become
increasingly popular as porous materials due to their high permanent porosity with large surface
areas, uniform pore sizes with tuneable surfaces, and a high degree of scalability, as such they
have a broad range of applications.?® However, the discovery of new materials has previously
often relied upon serendipitous discovery using an explorative approach, with a lack of defined
design principles behind synthesised materials (i.e. shake and bake),*° yet despite successful
formations of important unprecedented frameworks3'~3 it has become increasingly imperative
that materials designed for highly specific and cooperative functions are produced, extremely
challenging without the capacity for rational design. With the properties and topologies of these
materials relying on the selection of the type of metal nodes and nature of the bridging organic
ligands, the rational design of MOFs has led to the emergence of reticular chemistry, linking
conformationally rigid ligands with highly directional strong bonding interactions.? This allows
the targeting of specific framework topologies and for facile tuning of framework pores to
achieve desirable guest interactions. As such, these methodologies have shown significant
successes in the development of desirable MOFs,**37 with applications for gas storage, chemical
separations, sensing and in biomedicine.®*®** While the development of similarly designed
metallacages and metallacycles has shown equal successes with numerous reviews now
covering the wide ranging structures discovered?*243 found to have novel applications such as
serving as “molecular flasks” for reactions and catalysis**™® or biomedical applications as
selective analyte sensors and anticancer agents.*%®

While reticular design was first applied to the synthesis of porous MOFs these principles have
since been more broadly applied to covalent organic frameworks (COFs) and cages,*® where the
reversibility of the crystallisation of covalently bonded organic molecules was initially thought
to be an insurmountable challenge to the formation of porous crystalline frameworks.>® COFs
are crystalline polymers where organic molecules are linked by covalent bonds to form an
ordered extended network, while cages are designed such that the ligands form a discrete
assembly. Due to their strong bonding interactions, COFs are highly stable and permanently
porous, however reactions to form the covalent linkages are limited to reversible formations as
this allows self-healing to occur during crystallisation and polymerisation to prevent the
occurrence of structural defects to form an ordered structure. Thus, to obtain ordered COFs the
organic building blocks are again limited to conformationally rigid compounds with discrete
directional bond formations. However, despite these limitations several successful syntheses
and applications of COFs has been found with a larger focus on 2D COFs over 3D COFs, with
limited examples of 3D frameworks due to crystallisation issues.®® Although notable examples
have shown applications for gas storage,* size selective catalysis,>® and as optoelectronics.>*
Conversely, covalent organic 3D cages and 2D macrocycles have been more extensively studied,
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yet less frequently than coordination cages. These discrete cages are notably different to
extended frameworks due to the potential for cages to act as soluble porous units (SPUs) before
self-assembly offering solution-processing options, unlike insoluble frameworks. Recently,
several reviews have outlined the unique features of porous organic cages and their potential
applications, from catalysis®® and stabilisation of reactive compounds® to selective guest
recognition and absorption.>”"®

In contrast to the strong bonding interactions within MOFs and COFs, weaker non-covalent
interactions such as hydrogen-bonds, m-interactions, dispersion and Van Der Waals interactions
have been extensively utilised to synthesise supramolecular organic frameworks (SOFs) and
assemblies (e.g. HOFs®! and mOFs).%? While the construction of discrete supramolecular cages
from subunits via these weak interactions has also seen significant interest to mimic protein
cages and recent promising examples have been shown.®*-%® Utilising these weaker interactions
can be highly beneficial resulting in self-healing capabilities,®? reversibility, and stimuli-
responsiveness of synthesised materials.®” HOFs, self-assembled organic molecules forming
extended frameworks through reversible hydrogen bonds as well as other weak interactions,
have shown a broad range of highly promising applications such as frameworks for the
crystalline sponge method,®® efficient gas storage and separation,®®7! enantioselective
separation,’? asymmetric catalysis,”® sensing,’* biological applications,”>’® and even as
switchable machines.”” These exciting applications highlight the great potential from the
development of non-covalent assemblies and yet there are several challenges associated with
the synthesis of these materials. Namely, H-bonding interactions, one of the stronger non-
covalent intermolecular interactions used, are still relatively weak and flexible compared to
covalent or coordination bonds, as such permanent porosity is difficult to achieve with guest
removal often resulting in pore collapse, and stabilisation of frameworks and prediction of
assembly topologies is more difficult. As such, rigid polyaromatic molecules are typically
incorporated with the capacity to provide additional stabilising and directional m-interactions to
the assemblies.526878

With these examples it is no wonder that achieving rationally designed supramolecular materials
is a constant topic of research within the field.’*>7*#* However, as mentioned previously, this
has created a reliance on ligands that are rigid, polyaromatic and highly symmetrical.?® While
this methodology simplifies the principles of the assembly process allowing for prediction via
computational methods,®® thus allowing for rational design of these systems, it also presents
several significant roadblocks. Firstly, the variety of viable building-blocks is severely limited as
well as the number of functionalities that can be introduced, reducing the chemical complexity
of the synthesised supramolecular assemblies. Furthermore, this class of ligands is often bio-
incompatible, and these compounds lack the ability to incorporate a wide variety of
functionalities, often requiring long and complex syntheses to achieve small changes in chemical
structure. This is highly restricting in supramolecular chemistry where tuning and optimisation
of materials via small changes in ligand structure to study a series of similar materials is ideal,
thus the scope of any investigations are affected. However, despite substantial efforts to
develop methods for the rational design of complex bioinspired supramolecular systems there
yet remains significant further progress to be made. Hitherto, developed materials have yet to
match the performance of nature’s systems, and the great successes already achieved highlight
the substantial rewards at stake, as such there remains a need for the further development of
materials that can be rationally designed, are tuneable with high chemical complexity, and are
inherently biocompatible.
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1.1.2 Bioinspired Supramolecular Building-Blocks:

The limitations of more traditional materials have led researchers to look towards nature for
inspiration to develop building-blocks that can assemble into supramolecular constructs capable
of performing desirable functions such as mimicking the functionality of biological systems.
Biological materials are notorious for the ability to assemble complex biopolymers to achieve
reactions that are highly challenging to achieve artificially, enzymes are the prime example of
this achieving highly selective and efficient chiral, catalytic transformations while in an aqueous
environment under ambient conditions.?®®” Significant efforts have thus gone towards
attempting to mimic the capabilities of these biological systems and while some of the functional
features of an enzyme reactive site can be mimicked it is highly challenging to control the self-
assembly of low symmetry systems to achieve these results. This has subsequently led to the
use of bio-inspired supramolecular building blocks, ranging from proteins, peptides, and amino
acids, to DNA and RNA helices.®®3 Previously, the use of secondary structures of DNA and RNA
emerged as a promising avenue for the rational design of supramolecular constructs, now well-
established these methods make use of DNA’s specific-base pair recognition requirements
which, coupled with a toolbox of naturally occurring enzymes for manipulation and relatively
cheap synthesis, makes DNA an excellent avenue for materials and nanotechnology
development.®9° These materials have been shown to have a vast range of applications, ranging
from DNA origami,'® for the bottom-up synthesis of well-defined nanostructures, and
DNAzymes, single-stranded DNA catalysts able to mimic the activity of enzymes and act as
biosensors,°1%2 to DNA-based nanocarriers for intracellular biomedical applications (Figure
2).103104 The modular nature of DNA and RNA, combined with their biocompatibility has allowed
for this rational design of programmable nanostructures leading to such an expansive range of
promising functional materials.
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Figure 2 -lllustration from work by Dr A.Chandrasekaran “DNA Nanocarriers: Programmed to Deliver”: Designing DNA
Nanostructures. (A) Cooperative self-assembly of DNA strands into a DNA tetrahedron. (B) Component halves designed
from five-arm branched junctions connected via sticky ends to form a DNA icosahedron. (C) Double crossover DNA
motifs tailed with sticky ends alternate to form a 2D array (complementary sticky ends are denoted by N-n*). (D) A
long scaffold strand is folded into desired shapes by using short complementary staple strands in a method called DNA
origami. (E) Single-stranded DNA tiles connect to each other via complementary domains to form a molecular
canvas.104

While protein-constructs have also been utilised as supramolecular building-blocks shown in the
fabrication of protein-macrocycle and metal-protein frameworks,’”>'% as well as advances to
create protein nanocages akin to the enzymatic reactive site, partly thanks to progress in
computational methods.1%71% Recently, further advancements in supramolecular technology
have been developed using lipids, nucleic acids and peptides as building blocks to assemble
novel 2D and 3D biomaterials through supramolecular interactions.®®%1° These molecules
most commonly make use of hydrophobic interactions, m-stacking, cation-mt interactions,
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hydrogen bonding and metal-ligand coordination to direct self-assembly with the precise
location and orientation of functional groups driving the method of assembly.%®!'! The wealth
and variety of available natural materials and the ease of functionalisation and synthesis of
biomaterials make them highly promising candidates for use as supramolecular building-blocks,
however, complex intra- and inter-molecular interactions combined with chirality and
conformational flexibility of these materials impacts their potential for rational design and has
somewhat limited the successful incorporation of these materials into designed
nanomaterials.!'? Efforts have been made to develop supramolecular constructs such as MOFs
based on flexible ligands and these have seen some success, exhibiting unique structures and
properties.’'? However, well-defined secondary and tertiary structures of bio-building blocks is
essential to achieve de novo design of these bioinspired materials, ideally with minimal
perturbation of their 3D structures upon functionalisation to allow tuning of these ligands to
predictably change the assembly processes, topology, macromolecular properties, or reactivity.
Evidence of recent successful uses of biomaterials to achieve desirable supramolecular
constructs is only increasing in recent years with numerous promising examples,!>91:9498111,113
emphasising the untapped potential available within this field.

1.1.3 Peptides as Supramolecular Building-Blocks:

With this desire to achieve biomaterial building-blocks; that are both easily synthesisable and
tuneable, with the facile addition or removal of functional moieties, while having a well-defined
structure to facilitate rational design, retaining biocompatibility, economic viability, and a vast
expanse of available structures, our focus moved to peptide-based materials. Out of this
selection of potential biomaterials, suitable for utilising for supramolecular assembly, peptides
make highly promising candidates. Peptides are highly accessible materials with the advent of
Fmoc-based solid-phase peptide synthesis (SPPS) peptides, such that they can be prepared at
scale with a high purity, while incorporating natural and non-natural amino acids into the
primary structure.!* With this stepwise synthesis amino acids, and thereby functional groups,
can be placed with high accuracy and can be easily rearranged for new syntheses to alter the
placement and nature of these functional motifs. Also, peptides are found throughout biological
systems as the constituent parts of proteins. The primary sequence of the peptide units dictate
the tertiary structure these proteins adopt, as such peptide units present ideal candidates for
the development of proteomimetic systems.®! Additionally, peptides adopt well-known and
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stereoselective transformations and separations. Thus, this information can be utilised to design
peptidic ligands that can assemble through supramolecular interactions to form desired
constructs with specific topologies, solubilities and reactivities. As such, interest in the
development of hierarchical peptide-based supramolecular materials to mimic the capabilities
of biological systems is rapidly growing.1t>-17

Recent work in this field has been pioneered by several research groups, some of the most
notable examples of which are: The Fujita group, well known for the development of the
crystalline sponge method and Fujita’s seminal work on molecular recognition in macrocyclic
complexes,*1811 has demonstrated the formation of metal-peptide supramolecular assemblies
from peptide strands (Figure 3).212%124 From these peptide units Fujita is able to construct rings
or strings of peptide which assemble into unprecedented orderly entangled nanostructures
from a folding-and-assembly strategy (Figure 3).}?! These findings illustrate how peptides can
perform as versatile and modular ligands, affording chirality, conformational adaptability and
specificity to construct well-defined coordination networks. Moreover, these assemblies were
shown to have potential applications in biomedicine, catalysis, and molecular recognition, as
they were able to encapsulate guest molecules, catalyse reactions and bind to biomolecules.'?®
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Figure 4 - Illlustration adapted from a report by Prof. D. Woolfson, showing the schematics of SAGE assembly and
example compositions. When mixed, these peptides assemble through heterodimer association to form a hexagonal
lattice that closes to form SAGE particles.*!

Professor Derek Woolfson’s group has demonstrated the design and formation of self-
assembled peptide nanocages (SAGEs) from coiled-coil peptide modules with a design strategy
offering chemistry, self-assembly, and particle size control (Figure 4).1%¢ These de novo designed
SAGEs been shown to be nontoxic nanoparticles with promising potential as scaffolds for the
delivery of immunogenic components. The modularity of these systems has allowed for the
development of functionalised derivatives and can be designed to be capable of internalisation
into mammalian cells.!* They can be functionalised with proteins at the C and N termini of the
peptide hubs to create protein-SAGE (pSAGE) particles®® or functionalised with antigenic
peptides to drive specific cell responses,®® and as such have clear applications as nanoreactors
or cell-delivery vehicles.126-128

The Gazit lab has also focused on the use of peptides as supramolecular building blocks to self-
assemble to form well-ordered nanostructures and has demonstrated the formation of super
helical architectures from dipeptide nanostructures (i.e. minimal molecular elements still
presenting stable helical structures) such as nanotubes, nanospheres, nanoplates, and
hydrogels, as well as metal-peptide frameworks,*2%12-132 j||lystrating how short minimalistic
peptides can be used for the design of complex helical self-assembling supramolecular
constructs with a broad range of potential applications for the development of biomimetic

functional materials.1?7/128133
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The Wennemers group has shown several examples of the application of peptides as molecular
scaffolds to form supramolecular assemblies, specifically utilising the polyproline helix, notable
examples range from a triaxial supramolecular weave (Figure 11) to a metal-peptide
framework.10134-136  Another example of their work is utilising polyproline helices as
supramolecular building-blocks for the formation of silver nanoparticles with defined sizes,!3®
showing a clear goal of using the well-defined polyproline helix as a predictable unit to control
distances within rationally designed functional materials.'®” These exciting advancements in the
understanding and potential of peptidic supramolecular systems, achieving novel designed
constructs with highly promising applications, highlights the wealth of untapped potential in the
field and the significant promise these projects pose for the development of materials to solve
as yet unresolved scientific problems with significant impact across the scientific community and
Wider pOpUlation.13’111’113’138’139

Although there have been significant recent successes utilising peptides in supramolecular
systems there remain significant challenges, particularly in the rational design and ordered
assembly of these materials. These difficulties are in part down to the fact peptides are typically
flexible, chiral, and present a multitude of chemical side chains, which results in complex
intermolecular interactions and packing within the solid state. There has been significant
interest in the design of flexible ligands for the creation of supramolecular constructs, however,
these have been largely limited to ligands with large aromatic groups joined by single bonds
capable of free rotation, thus having relatively predictable flexibility, of which some of the most
notable case have been exemplified by Prof. Michael Ward with the synthesis of a family of
coordination cages driven by pyridine coordination.!'?140-142 predicting the likely method and
successful assembly of these low-symmetry flexible peptide units is often difficult and more
computationally challenging compared to traditional ligands. Peptide secondary structures, such
as a-helices, are also often prone to perturbation upon functionalisation, relying on specific
primary structures to retain helicity,'*® limiting the scope of functionalisation of these units.
Also, intramolecular non-covalent interactions are present within many helices, and these
groups are perfectly capable of adopting intermolecular interactions, further complicating the
method of assembly with disruption of the secondary structure, and varying the potential
assembly principles. These factors complicate the development and design of many peptidic
building blocks and present a significant challenge to be surmounted for the field.

1.1.4 Polyproline Helices and their Potential as Supramolecular Building-Blocks:
Considering the difficulties typically encountered with peptide supramolecular building blocks,
the polyproline helix, ubiquitous throughout nature, and one of the dominant helices found in
proteins and peptides alongside B-sheets and a-helices,***%> makes a prime candidate to reduce
many of the disadvantageous properties found for other peptide building-blocks while retaining
the desirable qualities. Often referred to as a “molecular ruler”, due to the well-known rigidity
and predictable length of the helices,'*” the polyproline helix has been used as a spacer in
molecular studies and supramolecular structures to achieve angstrém precision of distances
between specific units.136137.146-148 This has also allowed the use of polyprolines in experiments
such as Forster resonance energy transfer (FRET) studies as a reference for the determination
of the length of biomolecules.'® These applications clearly highlight how the secondary
structure of polyprolines gives a highly predictable geometry with a rigid helix that can be
adjusted to produce units with precise dimensions. This alone makes the polyproline helix a
highly promising candidate when compared to other peptide units.

Significantly, polyproline is known to form two different helical structures; the left-handed
polyproline Il helix and the right-handed polyproline | helix (Figure 5). The polyproline |
conformation has a more condensed helix due to a tighter helical turn, with 3.3 residues per
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Figure 5 - Example polyproline peptide hexamer in both polyproline |
and polyproline Il conformations, viewed from the side and above.

The polyproline Il trans configuration is favoured in more polar solvents such as; water, TFE,
organic acids and benzyl alcohol, while the polyproline | cis conformation is typically favoured in
less polar aliphatic alcohols such as ethanol or propan-1-0l.1571%8 |n these less polar solvents the
formation of the more condensed right-handed helix shields the peptide backbone, while in
more polar solvents the formation of the trans amide bonds is stabilised by interactions of the
exposed carbonyl groups with the polar solvent.'*® This makes the polyproline helix sensitive to
external stimuli such that two structures, with significantly different lengths and chirality, are
accessible from a single peptide unit.
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proline azetidine piperidine azaproline
Figure 6 — Chemical structures of proline analogues

Investigations show that the interconversion between polyproline | (PPI) and polyproline Il (PPII)
is strongly influenced via two mechanisms: via an exothermic proton transfer process (reaction
1) and an entropically driven endothermic conformational change resulting from reaction 2.
These two processes, observable through kinetic investigations using IM-MS data, together,
produce an extremely slow proton transfer process leading to slow conversion.’®® Maximum
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conversion (96%) to polyproline | occurs in propan-1-ol after six days in long chain
polyprolines.'®® This is due to the former transition being caused by cis-trans isomerisation as
propan-1-ol replaces water affecting transition states and intermediates, while the latter
transition is due to hydrogen bond breakage/formation from hydration of the peptide
backbone.®” Several methods can be used to limit the interconversion of the two polyproline
types and favour one over the other, such as incorporation of proline analogues (e.g. azaproline,
azetidine, piperidine)!%12 into the primary structure and substitution on the pyrrolidine ring of
residues, typically at the C* position (e.g. 5-tert-butylproline, methanoproline and azido-,
hydroxy-, fluoro-, and methoxy-proline derivatives). °1152183-165 Alteration of the terminal
moieties of polyproline residues, such as altering the N-terminal capping group, has also been
shown to affect the propensity to adopt either of the two helical conformations.6:167

(1) PPI'poy + H;0Y —> PPIP by, + H,0

(2) PPI+PrOH PPHJrP1rOH/aq

The stability of the polyproline helix also varies with chain length as, with greater chain lengths,
the ability of the polyproline | helix to form increases, while the polyproline Il helix remains
stable down to short chain lengths (> (Pro)4). The polyproline Il helix is more favoured and stable
at lower chain lengths due to the stabilising effect of N-rt* interactions, whereby the oxygen’s
lone pair (n-orbital) of a neighbouring carbonyl delocalises into the antibonding orbital (rt*) of
the next carbonyl, following the Biirgi-Dunitz trajectory, evidenced by pyramidalization of the
typically planar carbonyl group (Figure 7d).13>1%8% However, the polyproline | helix is stable in
propan-1-ol for a (Pro):s peptide and potentially as short as (Pro)e,*>” with longer chain lengths
the increased number of amide bonds also makes the cis conformation easier to detect.

a) Exo/Endo conformational ring puckering b) Dihedral angles of amide backbone
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Figure 7 - a) diagram of conformational change due to endo/exo puckering of the proline ring, b) diagram showing
the dihedral angles of a proline residue and the nomenclature for the pyrrolidine ring carbon atoms, c) diagram of
cis/trans isomerism of proline and de/stabilising interactions, d) diagram showing the Biirgi-Dunitz trajectory and
pyramidalization of the backbone amide carbonyls

This switching of polyproline can be monitored via several methods; circular dichroism (CD)
spectrometry presents a quick and effective method for the determination of the conformation
of polyproline peptides as the characteristic spectra of polyproline | and polyproline Il differs
significantly. The polyproline | helix presents minima at =200 nm, maxima at =214 nm and a
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small negative band at =232 nm while the polyproline Il presents reduced minima at =204 nm
and higher intensity maxima at =226 nm (Figure 8a). This shift is well documented for polyproline
chains 10 monomer units and larger.3>157160  Also, it is has been suggested that the shift
between the two conformations can be observed with the intensity of the molar ellipticity at
214 nm, where an increase in signal indicates transition to polyproline 1.2
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Figure 8 - (a) CD and (b) IM-MS distributions of Pro13 incubated in water, methanol, ethanol, or 1-propanol at 298 K,
from a report by Clemmer. Inset red lines in (b) scaled by x 35 158

However, the determination of the proportion of the cis amide bonds is more difficult to
determine from CD spectroscopy for shorter oligoprolines with a weaker CD signal and other
methods can be required for differentiation of the adopted helix, for example ion-mobility mass
spectrometry (IM-MS) showcased by Clemmer, allows accurate size determination of peptide
units from the collision cross-sectional area, as the conformation of the peptide affects the
mobility through a buffer gas, and thus the proportion of cis vs trans bonds can be determined
due to the peptide size difference (Figure 8). This has allowed investigation of the transition
states between the two helices, mixtures of cis and trans amide bonds, and the pathways for
folding and unfolding the peptide as a function of the solution environment by preserving the
solution state structures.’® FT-IR spectroscopy can also be used to monitor cis-trans switching,
whereby, the exhibited wavenumber of the polyproline C=0 amide band indicates the
polyproline conformation present in the sample. Polyproline | should exhibit C=0O amide
stretching band at 1635 cm™ and polyproline Il should exhibit the band at 1623 cm™, with an
intermediate band suggested to form during the transition at 1651 cm™ when both
conformations are present within the sample.’®® NMR data has also been previously used,
showing a slight difference in obtained spectra between the conformations.'’®

These tuneable properties of the polyproline helix towards either helical confirmation may allow
for the design of peptide-based building blocks that can respond to external stimuli to engender
a specific supramolecular change, such as the dimensions and chirality of supramolecular
structures, to achieve a desired effect. This can easily be envisioned as a useful property in chiral
transformations and separations as well for biomedical applications, such as the controlled
release or encapsulation of molecules for drug delivery.'’

More recently in 2014 the first crystal structure of the polyproline Il helix was obtained by the
Wennemer group showing the exact dimensions and conformational properties of a p-
bromobenzoyl capped oligoproline hexamer.*> This finding facilitates the design and use of
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functionalised derivatives as both molecular rulers and scaffolds. With these specific spatial
parameters from the crystal structure, and the rigidity of the polyproline Il helix, supramolecular
building-blocks incorporating the helix are significantly more accessible. The use of shorter
polyproline helices has been demonstrated by Fujita; metal-peptide rings which assemble into
highly entangled frameworks and the coordination-driven assembly of a short polyproline helix
in to a small protein-like channel, showing guest uptake and chiral recognition (Figure 10).123172
This highlights the great potential of polyproline as a ligand in metal-organic assemblies and
more broadly as a supramolecular building block, with promising applications as
proteomimetics. The Wennemer group has also gone on to demonstrate the formation of a
metal-organic framework from an oligoproline hexamer in the polyproline Il conformation,
capped with an N-terminal benzoic acid moiety,!3* the longest peptide used to assemble a metal-
peptide framework.8! The framework formed, however, was highly unstable and degraded
outside of the mother liquor and, being one of the most prominent examples of a polyproline
helix utilised in an organic framework or similar structure, demonstrates the further work
required to develop effective peptidic-units for the design of desirable and useful
supramolecular constructs.

1.1.5 Polyproline Helix Design Considerations:

The incorporation of desirable functional groups into peptides can be readily achieved thanks to
Fmoc-based solid-phase peptide synthesis (SPPS). This process can now be largely automated
using a peptide synthesiser, through which the majority of synthetic peptides are now achieved.
Fmoc-based amino acids are produced cheaply at an industrial scale and at ultra-high purity
making them readily available. The stepwise synthesis relies on the use of a resin bound peptide
allowing for sequential deprotection reactions, washes, and coupling reactions to produce
peptide sequences, with microwave-assistance this gives incredibly short reaction times eliciting
rapid synthesis of high purity peptides.!'* This modular synthesis also means that alternative
amino acids can be easily swapped into the peptide sequence to produce different
functionalities giving easy access to series of functionalised peptides for analysis.

As previously stated there exists a broad expanse of readily available Fmoc-protected amino
acids for peptide synthesis, however, non-natural amino acids are less commercially available
and can often require in-house synthesis. Polyproline helices are largely constituted of the
amino acid proline and its derivatives (e.g. hydroxyproline), unique in that it is the only natural
amino acid to have a secondary amine due to its cyclic side-chain and can much more freely
adopt the cis isomer,’* while also being tolerant to partial addition of some other amino acids.
As such a significant focus for the synthesis of polyproline helices will be on the development of
functionalised proline derivatives. Precursors to Fmoc-proline derivatives are readily available
and easily functionalisable at the C, (C* position) (Figure 7) with numerous reported synthetic
routes reported to achieve different functionalities.'’>'’* Proline is also functionalisable at Cq
and Cs positions (Figure 7), however, these are both less reported and require more complex
synthetic routes.?” Due to the presence of the C* position on the faces of the polyproline helix
(Figure 5 & Figure 7), facing perpendicular to the backbone, it also makes an ideal position for
the incorporation of functional moieties designed for intermolecular interactions. This,
combined with the pseudo-C3 rotational symmetry of the helix (Figure 5), makes the placement
of intermolecular interacting groups when designing the 3-dimensional building-block a
relatively simple endeavour. Some of the most typical avenues of functionalisation of the proline
unit involve alkylation reactions, the widely reported Mitsunobu reaction on hydroxyproline
derivatives (Figure 9), and carbon-carbon bond formation, with methods such as the Suzuki
reaction.>'7® While also utilising typical protecting group chemistry (e.g. Cbz, benzyl, Boc, tert-
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butyl, and esters) to synthesise the Fmoc protected, free acid of proline required for SPPS
Scheme.

i) CH3SO3H, DIAD,

HQ PPhs, NEt3, Nj
g o b
O\«O\ toluene 0-70 °C &(O\
’}l ii) NaN5;, DMF '}l
Boc © i) NaNs3, : Boc ©
80 °C

Figure 9 — Example of synthetic steps to incorporate the azide functional group onto the proline 4-position via the
Mitsunobu reaction, adapted from work by Prof. Wennemers,>?

Considerable interest has been expressed within this research field towards utilising minimalistic
peptide units in the design of supramolecular constructs due to atom economy, cost, and ease
of synthesis. The length of the peptide units can also have a significant impact on the stability of
adopted secondary structures, with shorter peptides showing a less stable helicity yet having
less conformational flexibility due to the size of the molecules, which is why short peptides (< 3
residues) are predominantly used in reported metal-peptide frameworks (MPFs),17:21123,172,177,178
However, longer peptides, which more readily adopt typical helical structures, exhibit greater
conformational flexibility due to the large size of the molecules and their length also increases
the cost and time of syntheses. As such, the peptide length is an important design consideration,
with varied factors to consider depending on the desired use. In the case of polyproline the helix
is stable to relatively short lengths when compared to other secondary structures,?>157.172 with
the accessibility of the polyproline | helix increasing with chain length. Typically, in literature 13-
monomer chains and longer are reported to adopt either of the two polyproline helices
depending on functionalisation and environment,'>>153157.179 while the polyproline Il helix can
be adopted down to trimeric peptide chains.'?*172 Thus, to obtain switchable building-blocks
slightly longer peptide units are required.

The relatively predictable chain length of the polyproline Il helix can also be used to obtain fixed,
predictable intermolecular distances within supramolecular constructs, this has been previously
shown where the helix has been used as a spacer of variable length to obtain desired distances
in molecular structures and between reactive sites on the polyproline helix, 1361481807182 Thjg g
clear applications for the rational design of supramolecular organic constructs with the
functionalisation of specific residues on the faces of the helix, or at the termini of the peptide,
achieving well defined distances between structural motifs (Figure 5). However, as is typical with
supramolecular chemistry, the assembly of these peptide building blocks will vary significantly
depending on the most significant factors driving either self-assembly or coordination, with the
accessibility of thermodynamically and kinetically stable products. In contrast, functionalisation
of the termini with interacting moieties can instead produce simpler linear ligands useful to
achieve defined intermolecular distances within a supramolecular structure,'® thanks to the
specific peptide length of the polyproline helix.
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1.1.6 Applications of Polyproline-based Supramolecular Constructs:

A wide variety of structures are potentially achievable with small variations in the placement of
interacting moieties on the polyproline helices which, combined with the variety of functional
groups, gives a massive range of potential supramolecular structures. As such, a narrow
selection of desirable structures is ideal for a targeted initial investigation to provide an
important proof of concept for future projects. Supramolecular organic frameworks (SOFs) are
a promising initial option, through either self-assembly or co-crystallisation, guided by hydrogen
bonding, m-m interactions, dispersion and Van der Waals interactions, which also allow for the
use of the same or similar building blocks to be consequently taken forward for the formation
of metal-organic frameworks (MOFs) or cages. The use of weaker interactions also allows for
self-healing during the assembly processes, increasing the likelihood of obtaining single crystals.
The self-assembly of peptide units to form useful supramolecular organic frameworks has been
substantially reported, with examples of dipeptide based porous crystalline frameworks capable
of selective gas absorption,3718 |onger peptide-based frameworks capable of enantioselective
separation of chiral polar drugs, self-assembly of peptides into 2D nanosheets,*®”"*°! and
complex self-assembled structures such as molecular weaves,'® nanocages,'®? super-helical

assemblies,’?® and crystalline SOFs.8! While examples of polyproline peptides used in the
formation of supramolecular organic frameworks is more limited, however some examples exist
. .. -Gly-Pro-Pro-
of its use, such as the triaxial n AgBF,
10 o -0 .
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to rationally design polyproline-
based SOFs from the ideal
model of a polyproline Il helix
using the helical faces as
chemical handles for

functionalisation. As  such,

i i . i . Figure 10 - lllustration adapted from a report by Prof. M Fujita; The

Investigation into the formation crystallization of Gly-Pro-Pro ligand with AgBF, (top). Networked

of polyproline-based SOFs is of structure of [(AgBFs)-1],in the crystalline state. Py groups are
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Figure 11 - Illlustrations adapted from a report by Prof. H. Wennemer, showing the topologies and design principle of
a triaxial weave utilising the predictable length of a polyproline helix; a) molecular structure of a peptide conjugated
and molecular dimensions b) anticipated self-assembly into threads with alternating up-and-down voids for the
formation of crossing points”1°.
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The incorporation of peptide building-blocks into MOFs and SOFs to replace the typically
synthetically challenging and bio-incompatible ligands normally utilized has immediate
relevance to recent investigations, whereby this topic has seen a blooming interest within recent
years with several notable successful findings.17/111134139,192-194 However, as previously
mentioned, this remains a significant challenge for investigators to achieve due to the flexibility
and complexity of peptides compared to typical polyaromatic rigid ligands. With the hope that
the unique polyproline helix may present more consistent results, a recent investigation by
Wennemer’s group has shown the formation of a porous crystalline metal-organic framework
from an N-terminally functionalised hexameric polyproline helix with an unprecedented
architecture of pleated nanosheets with metal ions aligned in strings,’** demonstrating the
potential success of incorporating peptidic building-blocks into MOFs to achieve unique
structures. However, in this case the MOF formed was highly unstable and degrades outside of
the mother liquor limiting the use for any potential applications, therefore, significant further
investigation is required to develop the capability to rationally design these structures. Outside
of MOFs an example of a supramolecular structure utilised a hexameric polyproline amphiphiles
to achieve vesicle-like assemblies, with oppositely charge capping moieties on the peptide, that
were fully reversible and has clear potential for the development of stimuli responsive drug
carriers.’’! Again an additional case utilised terminal functionalisation of an oligoproline to
achieve a supramolecular construct was recently shown in the synthesis of a self-assembled
oligoproline nanocage, demonstrating the ability of the polyproline helix to be utilised as a rigid
structural building-block.18

The utilisation of functionalisation of the proline residues to achieve specific geometries for
supramolecular interactions has been demonstrated in SOFs!®*8171 and to achieve specific
functional group distances in other molecular structures,3%137.147.182 however, this has yet to be
attempted in the formation of any MOFs and is thus of particular interest. The potential of the
ability to rationally design MOFs (or SOFs); with functionalisation of the polyproline helix with
coordinating functionalities at specific angles to the peptide backbone (i.e. C3-symmetry) and
predictable spacings between these groups (i = i+3 ca. 10 A), while also containing freely
functionalisable proline residues that are located between the linkers allowing for tuning of pore
spaces for specific interactions, has massive implications for the design of functional materials
to mimic the catalytic processes achieved by biological systems. A prime example of this ability
to synthesise peptidic supramolecular frameworks with functionalisable pore spaces, due to the
functionalisation of amino acid residues, was recently shown by the assembly of m-stacking
helical peptides into a porous and multivariable “proteomimetic” framework (Figure 12).8!
Within this framework residues could be freely switched out with alternate amino acids
containing varied sidechains while retaining the original supramolecular framework, and the
framework could thus be tuned to increase affinity toward a complex organic molecule within
the pores. Previous examples of porous peptidic frameworks with applications for host-guest
chemistry have mostly been limited to short chain lengths,®! while this example highlights the
exciting potential of longer peptide chains to achieve more complex and tuneable porous
frameworks. With this being one of the very few examples of an assembly of this kind, a similar
achievement to synthesise a polyproline-based system is highly desirable and would act as a
significant advancement for the field, while recent work by other groups has clearly been making
progress towards polyproline based frameworks showing the clear scientific interest and as such
the synthesis of these frameworks would not be a trivial achievement.

26



Peptide |:> Self-Assembly |:> Multivariate
Design Po

into Framework re Gpﬂmlmﬁan

Figure 12 - Illlustration from a recent report by Dr A. Nguyen, demonstrating the design and assembly of rt-stacking
helical peptides into porous proteomimetic frameworks, capable of optimisation to increase affinity towards complex
a complex organic molecule®!

1.2 Conclusion

Existing supramolecular materials have a major limitation associated with their poor
biocompatibility and lack of chemical complexity. While bioinspired building blocks now show
clear promise in supramolecular chemistry for the development of complex biocompatible
materials. With an ever-growing requirement for the development of highly specific and
cooperative functions, to mimic the capabilities of biological systems, the massive potential of
these biomimetic supramolecular assemblies is undeniable. While peptides are being
increasingly incorporated into the synthesis of novel materials with highly promising results,3!
polyproline helices are as yet minimally investigated but conversely represent an ideal candidate
for the development of designed supramolecular constructs. These helices are highly tuneable,
inherently chiral with well-defined periodicity, show excellent stability and are easily
functionalised. Recent auspicious examples of the utilisation of the helices in supramolecular
constructs, 29134182 demonstrate the significant untapped potential for these materials. As such,
a clear goal should be to pave the way towards the discovery of novel, responsive materials that
can be rationally designed from these modular and tuneable building-blocks to achieve bespoke
properties for highly specific applications. Achieving this requires a better understanding of the
assembly of these polyproline helices within supramolecular 3D materials and how these can be
better designed and functionalised to achieve specific topologies and functions.
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2.1 A Reversibly Porous Supramolecular Peptide Framework

2.1.1 Abstract

The ability to use bio-inspired building-blocks in the assembly of novel supramolecular
frameworks is at the forefront of this exciting research field. Herein, we present the first
polyproline helix to self-assemble into a reversibly porous, crystalline, supramolecular peptide
framework (SPF). This framework is assembled from a short oligoproline, adopting the
polyproline Il conformation, driven by hydrogen-bonding and dispersion interactions. Thermal
activation, guest-induced dynamic porosity and enantioselective guest inclusion have been
demonstrated for this novel system. The principles of the self-assembly associated with this SPF
will be used as a blueprint allowing for the further development of helical peptide linkers in the
rational design of SPFs and metal-peptide frameworks.

2.1.2 Introduction
Peptide based porous frameworks are an emerging class of materials, which have found
applications as adaptive'™ and reversibly tuneable? porous materials, capable of capturing
greenhouse gases,*® and, due to their inherent chirality, have found applications in facilitating
chiral events and transformations,” and separating chiral drugs®°. Peptides can be prepared at
scale with high purity, have canonical and non-canonical amino acids incorporated into their
primary structure with high accuracy and are biocompatible. As such, the efforts to investigate
this class of compounds as chiral, tuneable ligands has seen a surge in recent years.®* While
efforts to post-functionalise metal-organic frameworks (MOFs) with helical peptides,”* to
induce chiral selectivity, and to synthesise a broad range of metal-peptide frameworks (MPFs)
have seen considerable advancements,® %121 it remains a challenge to develop peptide-based
extended porous networks guided by supramolecular interactions (e.g. H-bonding, halogen
bonding, n-interactions and host-guest interactions).!”"*° To the best of our knowledge, the use
of cyclic peptides to yield porous channels in crystalline materials and the use of self-assembling
hydrophobic dipeptides, are amongst the few examples of well characterised peptide-based
frameworks (i.e. Supramolecular Peptide Frameworks; SPFs).#®132021 |n recognition of the
immense chemical space yet to be explored in this field, we set out to exploit peptides with
stable secondary structures in the construction of SPFs. In particular, we focused our efforts on
the use of polyproline helices as SPF building blocks due to the accessibility to rigid yet stimuli
sensitive secondary structures.?? Polyprolines can interconvert between two different secondary
conformations, polyproline Il with all trans amide bonds and polyproline | with all cis amide
bonds. This interconversion can be controlled as a function of the environment it is exposed to
(i.e. temperature, solvent polarity and pH) and can be monitored via circular dichroism (CD)
spectroscopy.?>2* Also, polyproline helices have also shown remarkable resilience to a diverse
range of functionalisation, in contrast to other helices used in supramolecular chemistry,?6-28
retaining their conformation even in short sequences.” These properties make them promising
candidates for the synthesis of novel porous SPFs. Herein, we report the first reversibly porous
SPF formed via the self-assembly of a helical tetraproline peptide (Figure 13). This
supramolecular peptide framework is formed through the self-assembly of a short helical
tetraproline via hydrogen-bonding and Fmoc-Fmoc interactions. The remarkably resilient SPF is
capable of reversibly hosting guest molecules within the channels through the guest-induced
reversion from a collapsed de-solvated state. The inherently chiral nature of the peptide
framework results in enantioselectivity of this adsorption process. Wennemer’s group reported
the first crystal structure of a polyproline hexamer in the polyproline Il conformation providing
insight into the stability of the polyproline helix,*® followed by Hanessian, who reported the
crystal structure of the tetrameric proline congener (cis-4,5-methanoproline) in the polyproline
Il form.3! Previously, a crystal structure of a tetrameric oligoproline was reported by Matsuzaki,
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Figure 13 - a) Proline tetramer Fmoc-(Pro)4-NH; (PP,), b) Crystal structure of PP,-SPF, 50% ellipsoids (Mercury), c)
View along the axis displaying C3 symmetry and the 3 faces (F1-3) of the helix, Fmoc group removed for clarity, d)
Crystal structure of PP4-SPF showing packing and solvent accessible voids (yellow) viewed along the a axis, ethanol
molecules were removed, e) View along the b axis, f) View along the c axis.

with several of the proline units deviating from the typical polyproline Il conformation.3?
However, reports have suggested that tetraproline can be found in the structured polyproline Il
helical conformation when in solution.?®3! To the best of our knowledge, tetraproline is the
shortest polyproline Il helix reported in the literature,?3! therefore we decided to focus our
initial efforts on this oligomer in the construction of structured SPFs.

2.1.3 Results and Discussion

2.1.3.1 Synthesis and Assembly of an Oligoproline Tetramer Framework

An oligoproline tetramer, PPs was successfully synthesized using solid phase peptide
methodology in a quantitative yield (SI 4.2). The N-terminus was capped with an Fmoc
carbamate group to facilitate intramolecular assembly of peptides via interactions between the
bulky aromatic groups, while the C-terminus was amidated to act as a hydrogen bond donor
(Hp). PP4 was characterized in solution with far-UV circular dichroism (CD) analysis of aqueous,
ethanol, and propan-1-ol solutions (0.25 mM), showing that the peptide retains the polyproline
Il helix in all solvents (Amax at 223/229 nm and Amin at 202 nm; S 4.2.2, Figure 14).
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Figure 14 — CD Spectrum overlay of P4 in water, ethanol, and propan-1-ol (0.25 mM) after incubating for 14 days.
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Crystals of PP, suitable for single crystal X-ray

diffraction analysis were reproducibly obtained Ci-f\\\o

i-1
via slow cooling of a hot super-saturated \
solution of PP; in ethanol (SI 4.3.1). The d \\/a

structure (supramolecular peptide framework — C.
| ——

SPF) was solved and refined to an atomic
O

Aapee
(_",| \

resolution of 0.81 A (Figure 13) and confirmed
that the peptide adopts the polyproline Il
helical conformation. A second structure was
also obtained after flash freezing the sample
(SPFgiash). The characteristic dihedral angles,
matching with the expected polyproline Il helix,
and an analysis of the puckering of the
pyrrolidine rings, have been summarized in Table 2. We found that pyramidalization of the
amide carbonyls (A) clearly indicated the presence of N-it* interactions and these interactions
were more significant in prolines exhibiting the exo conformation with a larger degree of
pyramidalization (Table 1) with only Pro3 showing minimal pyramidalization.3%33

N

Figure 15 — Diagram depicting the Biirgi-Dunitz
trajectory, angle (6) and pyramidalization (4), of the n-
nt* interaction between adjacent carbonyl groups.

Table 1. Trajectory angles, distances and pyramidalization of PP, carbonyls from PP,;-SPF
and PP4'SPFF|ash SC'XRD data
Osp/ ° d/ A A/ A

Residue

SPF SPFFIqsh SPF SPFFIash SPF SPFFIash
Prol 98.7(2) 95.4(2) 3.204(3) 3.155(3) 0.019 0.018
Pro2 103.1(2) 98.2(2) 2.937(3) 3.120(3) 0.025 0.018
Pro3 86.9(2) 86.6(2) 3.059(3) 3.084(3) 0.004 0.002
Pro4 94.0(2) 95.3(2) 2.964(3) 2.912(3) 0.031 0.026

The polyproline Il helix is stabilised by N-m* interactions, between the carbonyl non-bonding
orbitals to the next residue’s carbonyl antibonding orbital following the Biirgi-Dunitz trajectory,
this effect causes a degree of pyramidalization of the typically planar carbonyl (Figure 15). The
greater the degree of pyramidalization and the closer to the typical Burgi-Dunitz angle and

distance, the greater the strength of the N-rt* interaction is likely to be.

a) Exoe/Ende conformational ring puckering

b) Dihedral angles of amide backbone

Figure 16 - a) diagram of conformational change due to endo/exo puckering of a proline ring, b) diagram showing the
dihedral angles of a proline residue.

39



Table 2. Helix dihedral angles and ring puckering of peptide 1 from PPs-SPF and
PP;-SPFgash SC-XRD data
. o o o Ring
Residue | Crystal w/ o/ v/ Pucker
B_ &
SPF 179.8(2) -77.3(3) 154.5(2) C*-exo/C
endo twist
Prol 5 /
C*-exo/C'-
SPFiash -175.4(2) -74.7(3) 155.5(2) endo twist
C'-exo
SPF 179.5(2) -65.4(3) 140.8(2)
envelope
Pro2 " /
CP-exo/CV-
PFeias -179.2(2 -75. 154.2(2 Rk
SPFriash 9.2(2) 5.6(3) >4.2(2) endo twist
CP-exo/C'-
PF 174.8(2 -70. 163.5(2
S 822) 0.8(3) 63.5(2) endo twist
Pro3 3 /
C*-exo/CY-
SPFeiash 174.1(2) -69.6(3) 163.2(2) endo twist
C'-exo
SPF -173.3(2) -65.1(3) 151.2(2)
envelope
Pro4d
Y-
SPFriash -174.(2) -62.1(3) 146.8(3) Chexo
envelope

Analysis of the packing of PP, showed an extended supramolecular peptide framework (PP4-SPF)
with channels extending in one dimension through the network (Void volume 226 A3, Figure 13),
which were occupied with disordered solvent molecules (i.e. Ethanol; Figure 13d-f). The
formation of the extended framework is driven by a combination of hydrogen-bonding and
Fmoc-Fmoc interactions. The peptides are arranged in alternating anti-parallel rows, extending
through the network (Figure 13d-f). Each row of peptides is offset from the next row such that
the C-terminal amide can hydrogen bond with two other peptides. The C-terminal amides
hydrogen bond with the carbonyl group of Pro2 on the neighbouring peptide 1 and the Pro3
carbonyl on peptide 2 (2.1478(19) A and 2.1930(18) A respectively, Figure 13a), therefore each
peptide acts as both a Hp and Ha with another peptide extending to create 2D sheets, stacked
with weaker interlayer interactions in an alternating manner creating an extended network. The
crystal structure suggests that interactions between the Fmoc groups determine the second
aspect of the self-assembly process. The closest distance (2.7515(19) A) between the Fmoc
moieties is that of a proton of one fluorenyl to the aromatic region of another (Figure 17), well
within the possible distance to classify a potential interaction.3*3¢
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Figure 17 - PP4-SPF crystal structure showing the short contact (dashed red line, 2.7515(19) A) between a Fmoc proton
on one peptide to the centroid of the aromatic region of a neighbouring fluorenyl moiety.

It is also worth noting that a reversible single crystal to single crystal transition in the unit cell of
PP,;-SPF is observed (S| 4.3.1, PP4-SPFeash), Whereby the Pro3 puckering switches from exo to
endo (Table 2). This was achieved by flash freezing crystals at 150 K and, remarkably, upon
returning to room temperature the crystals readopted their initial unit cell and conformation.
This was not found when slowly ramping the temperature down to 150 K, with only a slight
reduction of the cell volume, but no significant conformational changes. Analysis of the N-
mr*interactions in the crystal structure data (Table 1) shows that the transition of Pro2 from exo
to endo, exhibited in the flash frozen (150 K) sample (PPs-SPFish), resulted in a reduction in
pyramidalization by 28% (0.025-0.018 A), which supports the theory that the endo conformation
disfavours N-rt* interactions when combined with the weaker pyramidalization exhibited for all
endo prolines,®” compared to those in the exo conformation.

2.1.3.2 Computational analysis

Figure 18 - Electrostatic potential map (blue — positive, red — negative) calculated at B3LYP-D3/6-311-G++(p,d) level
of theory.
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Computational calculations at [B3LYP-D3(BJ)/6-311++G(d,p)] on an Fmoc associated pair
(geometry fixed to that of the PP4-SPF crystal structure) showed orbital overlap between the
groups (Figure 19). The electrostatic potential map showed relatively electron poor inner regions
for the Fmoc groups, as expected, but no obvious points of significant electrostatic interaction
between the groups (Figure 18). Energy decomposition analysis (EDA) of the isolated dimer
system (geometry fixed to that of the PP4-SPF crystal structure) was used to determine the
relative breakdown of the intermolecular forces between the Fmoc groups in the crystal lattice.
Calculations were run with two different functionals, BLYP-D3(BJ) and PBE-D, giving interaction
energies of -44.2 and -32.4 klmol? respectively. The breakdown suggests that dispersion
interactions are the predominant interaction between the Fmoc groups with smaller
contributions from electrostatic and orbital interactions (and the Pauli repulsive interaction, Sl
4.3.1.17, Table S5).

Figure 19 - HOMO-6 (left) and HOMO-19 (right) highlighting orbital interactions between discrete molecules,
calculated at B3LYP-D3/6-311-G++(p,d) level of theory.
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2.1.3.3 Reversible Porosity and Host-guest Interactions

Fe
o
i
* ——< * 1 * = * r
| | ot
4 5
4’( & < F e~
Y 3 2 <
| | ! 3
] ] i i fe
3 3 3 3
* ] * 3 * — *3]
i 1 3 {:: r
= ]
= = = =
= 4 -'| L n
|
!
- O
-~
=3 = ==
= 3 3
e e Lo g
Q
Q
- o
L e
2
[
|
| =
<= [ N ~ F
o~ | <t —
|9 O O
o o o )
N LN N -
< < <
2 3 3
ES 5 X 5 X 5 ]
o 2 (=) = ~ = &)
~ k5] n k5] o T~
L] © © .
w o3} [Th) ~ L M w )} "
o | [a | o | o | r—
R = R = R = RO
a8 o 2 o S o
o | | o ] o | o | | F 9

Figure 20 — 1H NMR spectra of dissolved PP4SPF with varying degrees of thermal treatment, highlighting the
remaining ethanol (mol/mol%) after treatment.

Due to the porosity of the framework, it has the potential for ‘activation’ by removal of the
solvent from the pores, thereby allowing the introduction of other guests into the activated
pores. To investigate the ability for thermal release of ethanol from the framework channels,
!H-NMR analysis of PP;-SPF in methanol-ds was carried out after activating the crystals for
various timeframes under vacuum at 45 °C. These studies revealed that thermal activation could
gradually reduce the ethanol content over time up to a 90% reduction after 12 h, compared to
the initial content present within the framework (Figure 20). Subsequently, simultaneous
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) of PP4-SPF showed
a crystalline melting point with an endothermic peak (150 °C, SI 4.3.1.4, Figure S15).
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Figure 21 - Hydrogen-bonding between a single peptide unit and two opposing peptide units, through terminal amide
hydrogens and Pro2 and Pro3 carbonyls (2.1930(18) A and 2.1478(19) A respectively), which extends through the
framework (PP4-SPF)

Powder X-ray diffraction (PD-XRD) analyses revealed a change in phase upon de-solvation after
heating under high vacuum, with significant differences to the original sample (Figure 22).
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Figure 22 — X-ray powder diffraction pattern of the freshly isolated, solvated PP4-SPF (black), this sample after grinding
in air (red), the sample immediately following de-solvation and gas adsorption experiments (blue) and the desolvated
sample after grinding (green).

Due to these changes SCXRD analysis was carried out on an activated crystal to investigate the
change in porosity. Although the crystal showed very poor single crystallinity after the
evacuation of the solvent, and no useful reflections were observed beyond 1 A resolution, the
diffraction data could be solved to give a connectivity model (Figure 23).
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Figure 23— Crystal structure of PP4-SPF ac: showing the desolvated structure highlighting significantly smaller void
spaces ((yellow) 32.81 A3, 2.0%-unit cell volume; Probe radius 1.2 A, grid spacing 0.7 A2). Ball and stick model, packing

3x3x3.

This low-resolution model is presented purely as a comparative connectivity model which
suggests collapse of the porous structure with the 2D hydrogen bonded layers shifted relative
to one another such that the Fmoc group fills the pore space.
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Figure 24 — X-ray powder diffraction pattern of the desolvated PP4-SPF following gas adsorption (blue), and the
simulated pattern from the single crystal X-ray dataset of a crystal following de-solvation (red)

However, the predicted powder pattern for the modelled de-solvated structure matches very
well with the powder pattern of the bulk material (Figure 24), suggesting the correct assignment
of the collapsed structure for the material. Gas absorption studies supported these findings,
with negligible gas absorption due to pore collapse upon solvent removal (Sl 4.3.15).
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Figure 25 - PD-XRD of PP4-SPF simulated from SC-XRD data (green, top), PP4-SPF after activation at 45 °C under high
vacuum (red, bottom), PP4-SPFact after incubation in a chamber saturated with ethanol vapour for 26 h (blue) showing
a clear match with the solvated structure, key peaks indicative of phase change are highlighted.

Subsequently, the activated sample was then soaked in the ethanol mother liquor to investigate
if this phenomenon was reversible. Remarkably within 15 minutes the crystals showed an almost
complete phase change back towards the original structure with a complete return clear after
21 h (SI 4.3.1.6, Figure S17). To rule out the possibility of partial recrystallization causing the
phase change, a sample of PP4s-SPF,.: after PD-XRD analysis, while still on the mount, was placed
in a chamber with saturated ethanol vapour for 26 h, before again recording the powder
diffraction, which showed a complete change from the activated phase to the original phase
(Figure 25). This type of behaviour, exhibiting a dynamic porosity whereby the framework is
capable of reversible collapse, is more typically seen for MOFs or coordination polymers,
whereby the conformational flexibility of a ligand or weak interactions between 2D layers allows
for an adaptable transition, dependent on the guest molecules present.>3° However, there
have been somewhat similar cases with supramolecular/hydrogen-bonded frameworks.3** In
this case the behaviour results due to the 2D hydrogen-bonded layers of peptide shifting against
one another, behaving as weakly bound 2D interdigitated layers.® Thus negligible
conformational change of the peptide units occurs and the strong hydrogen bond interactions
are retained along two axes (Figure 23). This exemplifies the benefits of the exceptional rigidity
of the polyproline helix compared to other biomolecules,® highlighting its applicability as a
structural unit in constructing supramolecular frameworks.
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Table 3: Determination of encapsulated guest®
Entry | Sample treatment Time | guest content | Hexane Resid.
/h /mol%* content EtOH
/mol%* /mol%*
1 Washed with hexane (PP,_SPF) | - - 8 91
2 Activated under vac 45 °C (PPs- | 16 - - 12
SPF.ct)
3 EtOH 5% /Hex 1.5 54 61 -
4 EtOH vapour 26 14 - -
5 (*)1-phenylethanol 5% /Hex 1.5 36 20 8.
6 (*)1-phenylethanol 5% /Hex 16 59 36 6
7 (*)1-phenylethanol 2 eq. /Hex 1.5 33 17 5
8 Amorphous PPs; Inc. (%)1-| 1.5 7 16 78
phenylethanol 5%/Hex
9 Acetone 5% /Hex 16 2832 51 0
10 THF 5% /Hex 16 232 48 2
11 EtOAc 5% /Hex 16 33 50 2
12 Hexane 16 - 4 7
13 Toluene 5% /Hex 16 33 30 5
14 1-Bromohexane 5% /Hex 16 15 32 2
15 I, saturated hexane 336 | 12° 18 2

?Integral of clean spectrum of PPs at same ppm range subtracted from solvent peak integral for%
calculation due to overlapping peaks of peptide and guest

blodine content determined via molecular occupancy from SC-XRD data
¢ All guest mol% calculated against moles of peptide

Due to the framework exhibiting dynamic porosity, attempts were made to see if this behaviour
would apply with other guests. PPa- SPF. was soaked in hexane and showed no change in phase
on the powder pattern, as such hexane was used as the diluent for other guest molecules. The
framework was soaked in a 5% hexane solution of various guests (Table 3, further details Sl
4.3.1.8). After soaking the SPF was washed thoroughly with fresh hexane to remove excess
guest. PDXRD analysis was then carried out to determine whether a change in phase had
occurred (i.e. reinflation) for each guest (SI 4.3.1.14, Figure S20-30). The mol% of guest retained
within the pores, as well as residual EtOH was analysed via *H NMR, after dissolving the

framework in methanol-d4 (Table 3, SI 4.3.15).
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Figure 26 - Crystal structure of PP4+-SPF@CHCIl3 showing the CHCl3 molecules contained with the channels
between each row of antiparallel peptides, 50% ellipsoids.

All the guests analysed (Acetone, THF, 1-bromohexane, ethyl acetate, toluene, (%) 1-
phenylethan-1-ol, and iodine), elicited a change in phase from the de-solvated structure, after
analysis of the solid SPF after soaking, suggesting they all act to reinflate the structure (Sl
4.3.1.14). However, differences in the powder patterns of the samples suggests either a degree
adaptation of the framework to accommodate different guests when compared to the original
ethanol guest or ordering of the new guest molecules resulting in new diffraction peaks.
Although, differences in peak intensities and loss of some low angle peaks are likely attributable
to both loss of crystal quality through the processes of activation and guest inclusion. It should
be noted that the activated material loses crystallinity when mechanically ground (Sl 4.3.1.4,
Figure S14), and so the measured diffraction patterns for the (unground) materials also exhibit
some preferred orientation effects. Analysis of the 'H NMR data showed significantly higher
proportions of hexane than for the SPF soaked alone in hexane (Table 3), which suggests that
once porosity is recovered hexane is adsorbed into the framework. However, the proportion of
guest alters significantly (e.g. from 5% v/v), favouring adsorption of guest molecules over the
hexane diluent. Interestingly, when incubating crystal of PP4-SPF in a 10% chloroform solution
in hexane CHCI; exchanged with the original EtOH molecules to give the new crystal structure
PP4+-SPF@CHCls where CHCl; could be modelled within the pores, hydrogen bonding to the Prol
carbonyl, with a 55% occupancy (Figure 26). This exemplifies how this exchange process can be
utilised as a method to encapsulate desired molecules acting as a crystalline sponge akin to the
coordination networks developed by Fujita,** and can enrich a specific molecule due to non-
covalent interactions, the size and chirality of the pore space, while also avoiding the harsh
vacuum drying process which impacts the crystallinity.
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Figure 27 - Comparative HPLC chromatogram of a solution of (+) 1-phenylethan-1-ol (red, top), after incubation of
amorphous PPy in (%) 1-phenylethan-1-ol (5% in hexane) (blue, middle), and after extraction from PP4-SPF,c after 1.5
hincubation in (£) 1-phenylethan-1-ol (5% in hexane) (black, bottom). Highlighting the enantioselectivity towards the
guest encapsulated within the de-solvated SPF. (Further details Sl 4.3.1.15)

As the SPF building blocks are inherently chiral, with the specific helicity introduced by the
polyproline Il conformation, we decided to investigate the framework’s ability for
enantioselective adsorption. With this in mind, and with the successful encapsulation of the
chiral molecule (+) 1-Phenylethan-1-ol within the framework (<60 mol%, Table 3, SI 4.3.17),
chiral HPLC was utilized to investigate whether any enantioselectivity was exhibited (Figure 27).
These results showed a clear shift in the enantiomeric ratio from the reference racemic () 1-
phenylethanol after exposure to PPs-SPF (= 24% ee, S-1-Phenylethan-1-ol) (Figure 27).

Figure 28 - Crystal structures of PP4,-SPF@I; a) View along the b-axis, two parallel peptide units’ halogen bond

interactions (I---O distance of 2.813(16) A) with two molecules of iodine (purple), 50% ellipsoids (Mercury), b) View
along the a axis showing iodine filling the channels.

Activated single crystals were then exposed to a solution of iodine in hexane to allow
visualization of a guest within the reinflated pores through single crystal diffraction, even at
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lower guest loadings, due to the high electron density of iodine. A colour change was evident
with the crystals taking on a yellow-orange hue indicating the incorporation of iodine. SC-XRD
analysis of PP,-SPF@I, was performed which showed that the SPF readopted the initial solvated
structural geometry and was able to adsorb iodine with a chemical occupancy for I, of = 12%
(Figure 28, SI 4.3.1.9). The interatomic distances (2.813(16) A) between iodine and the Prol
carbonyl oxygens were indicative of halogen bond formation (Figure 28). To investigate the
ability to perform reversible guest absorption with iodine, the same single crystal of PP4-SPF@I,
was thermally treated, while mounted on the stage, using a heated flow of N, at 323 K for 4
hours, prior to repeating SC-XRD analysis at 150 K. The crystal was mounted without the use of
any inert oil, to facilitate guest loss. Upon analysis of the thermally treated crystal, the chemical
occupancy of I; was reduced by 50% while crystallinity of the sample was retained (Sl 4.3.1.9),
demonstrating the potential of the PP4-SPF to perform thermally responsive guest release.

2.1.4 Conclusion

In conclusion, the formation of the first supramolecular peptide framework formed by the self-
assembly of a polyproline helix is reported (PP4-SPF), utilizing the resilience and rigidity of the
polyproline Il helix in a short oligoproline. This SPF has shown remarkable reversible porosity
and the ability to reversibly host chemical guests in its channels with exhibited enantioselectivity
of this adsorption process. The self-assembling principles associated with this SPF will be used
as a blueprint in the synthesis of novel helical SPFs and has the exciting potential for the rational
design of functionalized cavities, offering an exceptional level of positional control of easily
incorporated new functionalities. These materials have clear applications in chemical
separations and potential chiral catalysis.

2.1.5 Contributions

Computational calculations were carried out by S.J.Holder. Single crystal structure analyses and
structure resolutions were carried out in part by G.Truccolo, D.F.Brightwell, and H.J.Shepherd.
Single crystal analysis and structure resolution, gas absorption studies, and powder x-ray
diffraction of activated peptide carried out by C.S.Hawes. The original manuscript was written
through contributions of all authors.

CCDC-2127748, 2127749, 2127750, 2127751, 2288009 and 2156434 contain the supplementary
crystallographic data for this paper, including structure factors and refinement instructions and
can be obtained free of charge from The Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK (e-mail: deposit@ccdc.cam.ac.uk), or via
https.//www.ccdc.cam.ac.uk/qetstructures
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2.2 Supramolecular Self-assembly of Engineered Polyproline Helices

2.2.1 Abstract

The ability to rationally design biomaterials to form desired supramolecular constructs presents
an ever-growing research field, with many burgeoning works within recent years providing
exciting results, however, there exists a broad expanse of promising avenues of research yet to
be investigated. As such we have set out to make use of the polyproline helix as a rigid, tuneable,
and chiral ligand for the rational design and synthesis of supramolecular constructs. In this
investigation we show how an oligoproline tetramer can be specifically designed and
functionalised, allowing predictable tuning of supramolecular interactions, to engineer the
formation of supramolecular peptide frameworks with varying properties. Consequently, laying
the groundwork for further studies utilising the polyproline helix, with the ability to design
desired supramolecular structures containing these peptide building-blocks, having tuneable
structural features and functionalities.

2.2.2 Introduction

The synthesis of hierarchical supramolecular functional materials is an exciting field of research
with applications in biomedicine,**® separation and catalysis,>®° and sensing.*” Pivotal to the
successful design of these supramolecular constructs is the ability to synthesise building blocks
with specific topologies. Pioneering work by Raymond and Stang in the field of extended and
discrete metal organic frameworks were instrumental in demonstrating the importance not only
of the nature of the chemical handles but also of their relative position in space.*®*° While a high
level of positional control of these handles can be achieved with relative ease on classical
(poly)aromatic building blocks, the same cannot be stated if one intends to use structured
peptides as supramolecular building blocks. Recently, biomolecules such as peptides, lipids and
DNA/RNA, have appeared in a number of reports as interesting building blocks in the synthesis
of novel 2D and 3D biomaterials which assemble using supramolecular interactions.*”%>* We
are particularly interested in the use of structured peptides as supramolecular building blocks.
Peptides can be prepared at scale with high purity, have canonical and non-canonical amino
acids incorporated into their primary structure with high accuracy and are biocompatible.> This
creates a vast array of accessible structures that are easily tuneable, thanks to the stepwise
synthesis of peptides on a solid support, creating an expanse of chemical space yet to be
explored, with a broad chemical diversity of potential building-blocks and secondary structures.
As such, the efforts to investigate this class of compounds as chiral, tuneable ligands has seen a
surge in recent years.2'* Peptides are typically flexible, chiral, and present a multitude of
chemical side chains, which results in complex intermolecular interactions and packing within
the solid state. Moreover, when structured peptides such as a-helices and B-sheets are used as
supramolecular building blocks, it is known that they can suffer perturbation of their periodicity
upon functionalisation (i.e., deterioration of secondary structures) which leads to the inhibition
of predictable self-assembly. This often means the accessibility of good quality single-crystals
for solid state analysis is challenging.*’” The nature of the amino acids, their position within the
sequence, and side-chain-to-side-chain interactions are all aspects that need to be carefully
considered in order to minimise the risk of perturbation of the secondary structures in order to
achieve a predictable periodicity.®® With these challenges in hand, it is essential to have a
thorough understanding of the peptide secondary structure, and the resulting interacting
moieties, to predict the assembly of the peptide ligands within supramolecular constructs. It is
within this context that we propose the use of polyproline helices as supramolecular building
blocks. The polyproline Il helix is both rigid and stable in short sequences, and has three
repeating helical faces, creating predictable and accessible handles for functionalisation and
supramolecular assembly.3%>”58 The lack of internal hydrogen bonding further simplifies the
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potential assembly principles compared to other helices, these factors combined make the
polyproline helix an ideal candidate.

We have recently demonstrated that super short polyproline helices (tetrameric peptides) can
assemble into a reversibly porous supramolecular peptide framework (SPF) capable of engaging
in stereoselective host encapsulation.®® Herein, we demonstrate the ability to utilise
functionalised short polyproline helices as predictable ligands with an exceptional level of
control, for the rational design of a series of H-bonding driven supramolecular peptide
frameworks. The design principles successfully applied to these peptides, can be used to drive
the design of more complex materials; the periodicity of the helix allows the expansion of the
principles of assembly found in these minimalistic peptides to longer peptide chains, while the
resilience of the helix to functionalisation means these principles can be applied to various
functional groups.

Minimalistic peptides have the potential to play a key role in the emerging field of
bionanomaterials.*>®%¢1 We recently reported the first SPF formed by the self-assembly of a
polyproline helical tetramer, Fmoc-(Pro)s-NH,, P4. Despite the short length of this tetrapeptide,
P4crystallised in the polyproline Il helical form, a common secondary structure found in nature.®?
This SPF showed remarkable reversible porosity, the ability to reversibly host chemical guests in
its channels and exhibited enantioselectivity for this adsorption process. The formation of this
porous framework was driven by hydrogen-bond donor and acceptor (Hp-Ha) interactions
between the hydrogens of the primary amide at the C-terminus and the carbonyl groups on the
peptide backbone, as well as, Fmoc-Fmoc association predominantly driven by dispersion
interactions.>® These results gave us an insight into the potential of short polyproline helices as
supramolecular building blocks.

We aim to exploit the full potential of polyprolines as minimalistic peptides in the construction
of emerging bionanomaterials. We are particularly interested in the functionalisation of position
4 (or y-carbon) of the proline amino acid as this position is exposed on the exterior of the helix*°
and is capable, upon functionalisation,®® of engaging in the formation of supramolecular
interactions. Remarkably, analysing the P4 supramolecular framework, we were able to
successfully predict the effect of a hydrogen donor (i.e. Hp; -OH) interactions on the
supramolecular assembly for a series of polyproline peptides. Led by design principles based off
the P4 framework, a series of seven hydroxy-functionalised derivatives were synthesised using
Fmoc-based solid-phase peptide (SPPS) techniques (Figure 29, S/ 4.2). We anticipated that if the
polyproline Il conformation was retained for these peptides, the spatial orientation of the
hydroxyl group of a hydroxyproline residue would be highly predictable, thereby enabling future
endeavours in the rational design of polyproline based ligands to assemble into supramolecular
bio-constructs. If successful, we would demonstrate the resilience and high level of positional
control achievable using proline based minimalistic peptides. Therefore, with this information it
would be feasible to rationally design polyproline-based peptides with predictable geometries
of functional motifs for the incorporation of further supramolecular interactions, to be utilised
in supramolecular assembly. The repeating nature of the polyproline helix also means that, from
the detailed investigation of functionalisation of a minimalistic tetrameric oligoproline (four
residues constituting one full turn of the polyproline Il helix), it is possible to infer the structural
details of longer peptide units with multiple helical turns and apply these findings as a strong
foundation to design more complex polyproline-based peptides.

52



2.2.3 Results and Discussion
2.2.3.1 Synthesis and Analysis of Engineered Oligoproline Frameworks
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Figure 29 - Chemical structures of synthesized oligoproline peptides, helical faces are highlighted in different colours
(i+3 periodicity). H in the peptide name indicates the position of the hydroxyproline starting from the N-terminus in
the sequence.

Analysing the crystal structure of P4 we were able to observe that the terminal prolines, Prol
(N-terminus) and Pro4 (C-terminus), clearly have close contacts with the neighbouring peptide’s
carbonyl groups along the b-axis (Figure 30a).>° We anticipated that a H-donor group such as the
hydroxyl group introduced in position 4 of the first proline in the sequence, would engage in
intermolecular hydrogen-bonding interactions along the b-axis without significantly impacting

the packing topology.
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Figure 30 — Crystal structures of peptides P4 (a), highlighting close contacts between Cy (Prol and Pro4) and the
adjacent peptide’s closest carbonyl groups, HP3 (b), PsH (c), HP,H (d), cis-HP,H (e), and AcHP;H (f), showing the new
hydrogen bond interactions formed by the additional hydroxyl moieties. cis-HP,H C-terminus hydroxyl has an
undefined hydrogen bond to disordered solvent within the channels of the framework.

53



Thus, it can be inferred that the crystal structures formed should adopt, through
functionalisation of the terminal residues, the same hydrogen-bonds and Fmoc-Fmoc
interactions as in the P4 structure, with additional H-bonding (O-H---O=C) along the same plane
as the amide (N-H---O=C) H-bonding interactions, to form similar 2D sheets, this packing of the
peptide units is highlighted in a simplified model in Figure 32. These sheets should stack in
various assemblies to form either porous, as in the P, framework, or non-porous structures.
With these details in mind a series of peptides were synthesised by replacing the terminal
prolines with hydroxyprolines, these were peptides; HPs, PsH, HPzH, cis-HP,H (containing all cis-
hydroxyprolines), AcHP,H and AcP, (Figure 29), varying not only the number of hydroxyl groups
but also the N-terminal capping moiety. Due to the increased solubility of the functionalised
peptides in polar solvents compared to peptide P4, they were largely crystallised from a mixture
of ethyl acetate or acetonitrile and ethanol, while peptide AcHP;H, with the Fmoc group
replaced with an acetyl group, crystallised from an acetonitrile solution.

Figure 31 - — Crystal structure of peptide HP3 showing the packed extended structure (3x3x3), view along the b axis,
hydrogens not shown, atomic displacement parameters are shown at 50% probability.
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The first peptide tested HPs, Fmoc-Hyp- a) Peptide Building-Block
Pros-NH; (Figure 29), crystallised to form a
non-porous structure (Figure 31), driven
by the addition of a hydrogen-bond
between the Prol hydroxyl to the
neighbouring peptide’s Prol carbonyl,
forming 1D hydrogen bonded tapes of the
peptide along the b-axis, similar to the == = Potential H, sites
tapes of peptide along the b-axis already b)

present in P4, (Figure 30a). The amidated u
C-terminal formed the same hydrogen- u ’ u
bond interactions (-NH,---O=C) as found u
for the P4 framework, with interactions u U
with the Pro2 and Pro3 carbonyls of

Packing Principles — e.g. Fmoc-HypPro,Hyp-NH,

adjacent antiparallel peptides. The

assembly of the peptides in these Figure 32 - a) A model of a general peptide building-block with

hydrogen-bonded layers into 2D layers, sites of intermolecular interaction shown, b) general packing
principles of hydrogen-bonded layers, example: peptide HP,H
shown.

Fmoc
moiety

via Fmoc-Fmoc interactions, is very similar
to the crystal structure of Ps. However,
these 2D sheets then stack with a slight displacement to form the 3D framework, significantly
changing the unit cell and reducing the void volume, resulting in no solvent-accessible channels
present within the framework (Figure 30a).
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Figure 33 — Crystal structure of peptide PsH showing the packed extended structure (3x3x3), view along the b axis,
hydrogens not shown, atomic displacement parameters are shown at 50% probability.

&

The peptide PsH, Fmoc-Pros-Hyp-NH,, crystallised as a porous structure with channels (Volume
342.6 A3, 10% / unit cell, Probe r = 1.2 A, Grid spacing 0.4 R), isostructural to the P4 framework
(Table 4) except for a doubling of the c-axis, to be expected from the doubling of Z' (Figure 33).
These pores are a slightly larger size than those found in the original framework (Volume 245.09
A3, 13.8% / unit cell, Probe r = 1.2 A, Grid spacing 0.4 A; Figure 30d), which presents a good
example of the accessibility of alternative structures via editing of the peptide monomers,
allowing tuning of the pore environment for various functionalities. In this case the asymmetric
unit was comprised of two N-terminally hydrogen-bonded peptides. The new hydroxyl group
has a hydrogen bond interaction with the Pro4 carbonyl of the adjacent parallel peptide,
occurring similarly for both peptides within the asymmetric unit (OH---O=C, 2.693(3) and
2.762(5) A, Figure 30c). The precise placement of the -OH groups along the same helical face,

55



i.e., Prol and Pro4, produces H-bonding interactions towards neighbouring carbonyls of Prol
and Pro4 units respectively, thus highlighting the exceptional control possible, producing
interactions with specific predictable geometries.

Table 4: Comparative table of peptide crystal structures
Structures Porous (Y/N) | Crystal System Space Group
Py Y
P,HP" Y

Monoclinic P2,
P2HP-P4"(mixed) Y
PsH" Y
HP5* N

Monoclinic c2
HP,H* N
Cis-HP,H 4 Orthorhombic P2,2:2;
AcHP>H 4 Orthorhombic P2,2:2;
AcP, Y Monoclinic P2,

*Isostructural to each other, *Isostructural to each other,
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Figure 34 — Crystal structure of peptide HP,H showing the packed extended structure (3x3x3), view along the b axis,
hydrogens not shown, atomic displacement parameters are shown at 50% probability.

As both HP3 and P3H peptides form similar hydrogen bonded layers within their frameworks
(Figure 30b-c), we predicted functionalisation of both positions would allow for both hydrogen
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bonds to be present simultaneously within the framework without significant disruption of the
packing, as such peptide HP;H, Fmoc-Hyp-Pro,-Hyp-NH,, was synthesised. Single crystals of
HP,H were successfully obtained in the same manner as HP3/PsH, and subsequently analysed
via SC-XRD. The crystal structure contained both hydrogen bonds present in the previous
structures as predicted, with similar hydrogen bond distances (Prol OH---O=C; 2.98(2) A vs HPs;
2.92(1) A. Pro4; 2.71(1) A vs PsH; 2.693(3) A, Figure 30d). However, the extended structure was
isostructural with peptide HP3;, (Table 4) with only small differences in unit cell parameters
(Figure 34). The successful formation of this framework and retention of the polyproline Il helix,
despite 50% functionalisation of the peptide clearly highlights the resilience of the polyproline
helix and how the ability to predict the geometry of new functionalities can be utilised to
rationally design supramolecular constructs.

Figure 35 — Crystal structure of peptide cis-HP,H showing the packed extended structure (3x3x3), solvent filled
channels highlighted in yellow (volume 628.9 A3, 17.1% / unit cell, Probe r = 1.2 A, Grid spacing 0.4 A). Hydrogens not
shown, atomic displacement parameters are shown at 50% probability . Top: view along a-axis, bottom: view along
b-axis

To observe the impact of cis-hydroxy, versus the trans-hydroxy previously used, on the packing
topology, the peptide cis-HP,H, Fmoc-cis-Hyp-Pro,-cis-Hyp-NH,, was synthesised, with both
hydroxyprolines cis rather than trans. In this case we expected the 4S-hydroxyproline to prefer
the endo conformation and internally hydrogen bond to the hydroxyproline’s amide carbonyl,
thus restricting the formation of intermolecular interactions.®® This peptide was successfully
crystallised from a mixture of acetonitrile and ethanol, forming colourless plank crystals (S/
4.3.8). The crystal structure obtained contains channels filled with disordered solvent (volume
628.9 A3, 17.1% / unit cell, Probe r = 1.2 A, Grid spacing 0.4 A, Figure 30e, S/ 4.3.8), and was not
isostructural to any of the other peptide frameworks (Table 4). Most significantly the extended
structure of cis-HP;H differs from the other Fmoc peptide frameworks as the Fmoc moieties of
adjacent peptides no longer face one another, resulting in staggered rather than linear H-
bonded layers of the peptides (Figure 35). Due to the presence of both acetonitrile and ethanol
solvent molecules, and significant disorder, the solvent within the pores could not be accurately
modelled as such solvent masking was used. However, the last hydroxyproline’s (C-terminus)
hydroxyl group is aligned into the pore space, clearly hydrogen bonding to a solvent molecule,
with significant electron density adjacent to this group. While this hydroxyl was in the typical
exo ring puckering, thus aligned mostly perpendicular to the helix, the N-terminal hydroxyl
adopted endo ring puckering. The endo hydroxyl, now facing into the helix, was then able to
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satisfy the Hp via intramolecular hydrogen bonding (OH---0=C, 2.793(4) A, Figure 30e) towards
the same hydroxyproline’s amide carbonyl (Figure 30e). Therefore, the only intermolecular
hydrogen-bonding between peptides is the typical C-terminal NH, amide bonding present in all
the structures seen previously. This highlights how small changes in the placement of functional
groups can be used to affect the assembly process, with control over even the flexible
pyrrolidine ring endo/exo conformations possible by use of 45 versus 4R functional groups, while
the polyproline Il helix remains as a rigid ligand for placement of these functional groups.
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Figure 36 — PD-XRD of cis-HP;H simulated from SC-XRD data (black, bottom), cis-HP;H experimental PD-XRD (blue,
top)

The significant impact of the ability to internally hydrogen bond was also observed when
analysing the bulk material from crystallisation via powder X-ray diffraction, which differed
significantly from the simulated pattern from the crystal structure (Figure 36). This suggests that
the bulk material adopts a different crystal structure to that of the analysed crystals, which was
not found for any other peptide crystals, and is likely a product of multiple accessible structures
through the two hydroxyls adopting either endo (internal hydrogen bonding) or exo
(intermolecular hydrogen bonding) ring puckering (Figure 30e) and thus changing the nature of
the supramolecular interactions present in the crystal structure.
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Figure 37 — Crystal structure of peptide AcHP,H showing the packed extended structure (3x3x3), view along the a axis,
hydrogens not shown, atomic displacement parameters are shown at 50% probability.

With the addition of two hydrogen bonding interactions in the HP;H
structure it seemed apparent that these hydrogen bonding interactions
should still produce an extended 2D structure without the Fmoc-Fmoc
interactions. As such the peptide AcHP;H, Ac-Hyp-Pro,-Hyp-NH,, was
synthesised, whereby the Fmoc protecting group on the N-terminus
was replaced with an acetyl group (Figure 29). Initial attempts to
crystallise the peptide indicated the clear formation of an extended
network as the peptide formed an organogel upon sonication in a
saturated solution (Figure 38). As such, a more dilute solution of the
peptide in chloroform was analysed via atomic force microscopy (AFM)
to see if initial fibre formation could be observed as the solution
evaporates. These results showed the aggregation of a gel-like
assembly which clearly contained trapped solvent, from spots showing
areas with escaped solvent upon drying (Figure 39b), into more Figure 38—Sample of

extended fibres (Figure 39a+c). ?Zﬁ;:g;ofg’(?:;nm/_l)

after sonication
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Figure 39 - AFM image of peptide AcHP,H in CHCl3 (1.2 mg/mL), 10 uL spotted; a) max height 63 nm; b) object average
height 29 nm, radius 295 nm; c) object height 22-48 nm, radius 160-370 nm.

Heating and slowly cooling a supersaturated solution of the peptide in acetonitrile, or slow
evaporation of an acetonitrile solution, produced clusters of long fibre/needle-like crystals of
the peptide, unlike those produced in any of the Fmoc containing structures. These largely 1-
dimensional crystals were expectedly poorly diffracting; however, a crystal structure was
obtained from a suitable crystal (Figure 37), with the data giving a predicted powder pattern
that matched well with PDXRD analysis of the bulk material (S/ 4.4.9). Remarkably, the
polyproline helix form Il was retained for this peptide moreover, as anticipated, analysis of the
single crystal data showed the retention of the same hydrogen bonding interactions present in
the HP;H structure (Figure 30d+f) but, with the loss of the Fmoc interactions, there are no other
significant interactions extending along two of the axes (Figure 37). Channels within the
framework contain well-ordered acetonitrile molecules with no apparent strong interactions
between the solvent and the peptide within the structure (Volume 415.06 A3, 15.6% / unit cell,
Probe r=1.2 A, Grid spacing 0.4 A). Remarkably, comparing the structures of AcHP,H and HP,H
we can clearly conclude that, while not necessary to the formation the peptide framework, nor
to the stability of the polyproline helix in such short peptides, the terminal groups can also be
functionalised with chemical handles (e.g., Fmoc/Acetyl) to increase the level of control of the
supramolecular assembly process for these short peptides.
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Figure 40 — Crystal structure of peptide AcP4 showing the packed extended structure (3x3x3), view along the b axis,
hydrogens not shown, atomic displacement parameters are shown at 50% probability.

Due to the successful crystallisation of the peptide AcHP-H, without the contribution of the
Fmoc moiety, the peptide AcP4 (Figure 29), Ac-Pros-NH;, was synthesised to demonstrate the
contribution of the two terminal hydroxyprolines, versus the C-terminal amide -NH, to the self-
assembly of the peptide unit. It was theorised that the structure should bear strong similarities
to the AcHP;H structure if successfully crystallised, driven by the bridging terminal -NH;
hydrogen bonding seen in all the structures, without the influence of any other moieties.
However, it was uncertain whether this H-bonding would be sufficient to drive the assembly.
Subsequently, the peptide did not crystallise from ACN or any of the previously attempted
solvents, but readily crystallised from a CHCl; solution. Through vapour diffusion of Et,0 into a
solution of the peptide in CHCI; crystalline needles were obtained suitable for SCXRD analysis.
This data (SI 4.3.10) showed the formation of a similar assembly to AcHP,H with repeated layers
of peptide and solvent (Figure 40), however, adopted a significantly different unit cell.

2.976(7) A

\./\\\‘ 3.026(7) A \2.993(6)A
ﬁ\

Figure 41 Crystal structure of peptide AcP4 showing hydrogen bonding interactions of a single peptide unit, hydrogens
not shown, modelled as capped sticks.

In this case the layers of peptide are significantly further apart forming large channels (Volume
572.37 A3, 36.1% / unit cell, Probe r = 1.2 A, Grid spacing 0.4 A) containing two CHCls molecules
per peptide, coordinating to the Prol and Pro4 carbonyl groups (CI3CH---O=C, 2.993(6) and
3.026(7) A, S1 4.3.10 Figure 41). This clearly demonstrates the ability of the peptide to crystallise
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without the presence of sterically bulky, rigid groups (e.g. Fmoc), with a minimally functionalised
tetramer forming a porous framework. With this data and the previous structures we exemplify
how variation of sidechain functionalities, terminal capping groups and non-
coordinating/coordinating solvents can be used to achieve a variety of supramolecular
frameworks, starting from an initial peptide model. Significantly, this example also highlights the
stability of the polyproline Il helix, with previously “inconclusive” evidence of the helix being
adopted for the proline tetramer,3:32%° this simple peptide, and all other crystallised peptides
within this work, adopted the polyproline Il helix in the solid state.

Figure 42 — Crystal structure of P4, highlighting the C* positions on the Pro2 residue (green), the location of the new
hydroxy moiety in the PHP, peptide, and the lack of close contact hydrogen bond acceptors.

Analysing the other positions on the P4 backbone, the Pro2 residue on the P4 backbone is aligned
with adjacent peptides’ aromatic groups and the closest hydrogen bond acceptor (Ha) is 4.5 A
from the C4 position, which suggests the current crystal structure is unlikely to satisfy the
hydrogen bond donation of a new hydroxyl at this position (Figure 42). Unfortunately, the
peptide PHP,, Fmoc-Pro-Hyp-Pro,-NH,, did not crystallise effectively. We hypothesise that the
absence of favourably positioned Ha groups close to the Pro2 C4 position (closest carbonyl Ha,
C---0 4.447(4) A) in the P4 framework is impacting the assembly process. However, PDXRD of
the precipitate, from the attempted crystallisation of PHP, in EtOAc/EtOH, showed partial
crystallinity (Figure 43).
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Figure 43 - PHP, experimental PD-XRD, sample was poorly crystalline and contained amorphous peptide producing a
broad background peak.
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Figure 44 — Crystal structures of P4 (a), P2HP (b) and P4+P;HP (c) mixed crystal, depicting two peptide units adjacent
to the framework channels, view along the b-axis, Mercury. Hydrogen bond interactions are shown, (c) is slightly off
the b-axis to show both hydrogen bonds to different ethanol molecules. Crystal structures of P4 (d), P2HP (e) and
P4+P;HP (f) mixed crystal, showing their closely matched extended structures viewed along the b-axis, the channels
are highlighted in yellow, and one solvent filled pore is shown for each, atomic displacement parameters are shown
at 50% probability.

Figure 45 — Crystal structure of peptide P,HP showing the packed extended structure (3x3x3), view along the b axis,
hydrogens not shown, atomic displacement parameters are shown at 50% probability.

The Pro3 residues of the P4 peptide, face into the channels of the framework and as such are

prime candidates for functionalisation to affect host-guest interactions (Figure 44), without

disruption of any supramolecular interactions forming the extended framework. Therefore,
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functionalisation at this position should have minimal impact on the adopted structure, giving
rise to the same crystalline framework. As such peptide P,HP, Fmoc-Pro,-Hyp-Pro-NH,, was
synthesised and successfully crystallised with the same packing as the P, framework (Figure 45),
retaining polyproline Il helicity. The hydroxyl groups line the previous channels of the
framework, with the main structural difference being the hydroxyl forcing exo puckering of the
attached pyrrolidine ring, typical for this functionality,®® and the subsequent reduction in pore
volume (Volume 161.8 A3, 9.2% / unit cell, Probe r = 1.2 A, Grid spacing 0.4 A), due to the steric
bulk from the additional functional group. This reduced pore size is too small to accommodate
EtOH molecules, as such the framework is selective towards H,O molecules in the wet solvent
during crystallisation, which can be clearly modelled in the crystal structure (Figure 44b). This
change in properties of the framework was exemplified through the repetition of thermal
activation studies carried out on the P4 framework previously, whereby encapsulated solvent
could be removed resulting in the collapse of the channels forming a non-porous structure.>® In
this case heating the P,HP framework under reduced pressure at 45 °C did not show the
formation of a second crystalline phase (Figure 47, Figure S57, S 4.4.3), showing how the solvent
filled voids are now trapped in place by the additional hydroxyl moieties. This ability to
functionalise the pores of the framework with no disruption of the peptide helix, thereby
allowing tuning of the selectivity of the pores has clear applications towards specific host-guest
interactions.

Figure 46 — Crystal structure of peptide P4-P,HP showing the packed extended structure (3x3x3), view along the b axis,
hydrogens not shown, atomic displacement parameters are shown at 50% probability .

As P4 and P,HP are isostructural, we theorised that both peptides would crystallise together, to
yield either a co-crystalline material or a solid solution.®” If successful, the two could be
combined to create a porous framework spiked with the hydroxyproline moiety, while also
reducing the effect of the limiting reduction of the channel diameter found in the P,HP structure.
When combined the two peptides crystallised via cooling a supersaturated solution of the
peptides (1:1 molar ratio) in ethanol. We were pleased to see that SC-XRD analysis of the crystals
formed clearly showed the presence of both peptides (Figure 46, SI 4.3.6). Within the pores of
this SPF, the hydroxyl moiety had a reduced chemical occupancy of the oxygen atom (0.375),

64



indicating the lack of differentiation between the two peptides during the self-assembly process
resulting in the formation of a solid solution,®” with P,HP randomly dispersed throughout the
extended P; framework. Interestingly this framework adopted the endo conformation similarly
to P4 alone, having significantly less impact on the channel volume (Volume 233.02 A3, 12.8% /
unit cell, Probe r = 1.2 A, Grid spacing 0.4 A), and thus contained EtOH within the pores rather
than being selective towards H,0 (Figure 44d-f). This result is not trivial as it paves the way to
the synthesis of discrete or extended supramolecular structures using different polyproline
building blocks simultaneously and potentially synergistically.
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Figure 47 — Comparative powder diffraction pattern showing; P4-P,HP experimental PD-XRD (black, bottom), P4-P,HP
experimental PD-XRD after activation at 45 °C under vacuum (red), P4 experimental PD-XRD after activation at 45 °C
under vacuum (blue),>® P,HP experimental PD-XRD after activation at 45 °C under vacuum (green). Highlights the
partial activation, and subsequent change in phase, of the mixed framework compared to P4/ P,HP activation, showing
similarities to both pure frameworks.

As mentioned previously the P4 peptide framework could be activated by heating (45 °C) under
reduced pressure,”® with characterisation through both PDXRD and SCXRD showing
encapsulated EtOH had been removed, forming a collapsed non-porous structure. As the mixed
framework exhibited a very similar structure to the P, framework, with EtOH encapsulated in
accessible channels, while the P,HP peptide framework contained water trapped in isolated
pores (Figure 44b+e), and significantly showed no change after attempted activation (S/ 4.4.3,
Figure 47), we anticipated the mixed framework would exhibit different behaviour to the
peptides alone. Interestingly, the mixed framework P4s+PHP showed hybrid behaviour
compared to the two single peptide frameworks, with the powder pattern upon activation for
P4+P,HP bearing similarities to both activated single peptide frameworks (i.e. P, and P,HP) with
some formation of the new characteristic peaks seen in the P4 “activated” diffractogram (Figure
47, Sl 4.4.5) while a portion of the original peaks remained. This suggested only partial
“activation” and collapse of the pores, thus showing the additional hydroxyl moiety alters the
pore properties, restricting the collapse of the channels.
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2.2.3.2 Attempted Synthesis of Covalent Peptide Cages

With the as synthesised peptides HP,H and AcHP;H having two functional groups (-OH) on the
same face, i.e. functioning as a ditopic linker, we theorised that using a multidentate linker could
form a molecular cage between peptide units. As such a simple method of forming a linker
between two hydroxyl groups was theorised by utilising phosphoryl chloride (POCIs). This
compound readily reacts with free hydroxyls to form phosphate esters(O=P(OR)s), in the
presence of a HCl acceptor (e.g. pyridine), as such this group has the potential to act as linker
between the hydroxyproline residues.®®® Therefore, the aim was to attempt to form a trimeric
peptide cage linked by two trialkyl phosphates (Figure 48). If successful, this would be an
excellent example of the potential to utilise functionalised short polyproline helices to form
covalently linked supramolecular constructs. While also providing information on the degree of
selectivity of the chiral helices to assemble in either anti-parallel or parallel arrangements (i.e.
all peptides bonded at the same terminus to the same linker) when forming linked structures.

a) b)

c)

N— O
5 /A \;N > N
(e]
© NH, \\N ,
\
(e} e} o)
(0] « (6]

HO
| _OH
0*Pon
Dimer Dimer
(AcHP,H),(-P=0(OH),)(-P=0(OH)) ((AcHP2H)2(-P=0O(OH))

Figure 48 — (a-b) Theorised chemical structure of a trimeric covalent peptide cage of peptide AcHP,H with a phosphate
linker where all peptides are parallel, (c-d) Examples of synthesised peptide phosphate ester structures determined by
LCMS, further structural isomers are possible other than the examples shown.

However, repeated attempts to synthesise the cage structure were unsuccessful with only
partial phosphorylation of the peptide, achieving various degrees of substitution and incomplete
conversion of the starting material. The closest structure to the desired trimer achieved was
isomers of a peptide dimer link with a phosphoryl group with an additional phosphorylated
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hydroxyl not involved in a linkage (AcHP;H),(-P=0(OH),)(-P=0(0OH)) (Mass: 1101.4 [M+H]"),
however, the major product was a peptide dimer linked by a single phosphate ester ((AcHP,H),(-
P=0(OH)) (Mass: 1021.4 [M+H]*) (Figure 48).

4a+b

Figure 49 - HPLC UV-Vis spectrum of peptide AcHP,H after treatment with POCl; (method 1), peak 1: rt = 5.995 min
AcHP,H(-P=0(OH););; peak 2: rt = 6.27 min, AcHP;H(-P=0O(OH);),peak 3: rt = 6.755 min, AcHP;H; peak 4a+b: rt =
7.25+7.48 min, (AcHP;H)z(-P=0O(OH);)(-P=0(OH)); peak 5: rt = 8.093 min, (AcHP2H)>(-P=0(OH)).

This was determined by LCMS as initial attempts to analyse via NMR were unsuccessful with
precipitation in deuterated solvents or no visible reaction (Figure 49). This evidence suggests
that subsequent esterification of the monomeric phosphate ester may be sterically hindered
and becomes less energetically favourable, resulting in incomplete esterification. Alternatively,
further optimisation of the reaction may be possible, with the promise from the partial
completion via formation of a peptide dimer, to push the reaction to completion. Due to the
small quantities of phosphoryl chloride involved in the reaction it is also possible trace water in
the reaction is sufficient to quench the reaction forming phosphonic acid (H3POs) and stalling
the reaction at partial peptide substitutions, despite the use of dry solvents and attempts to
scale up the reaction to larger masses. Furthermore, it is possible that the phosphate triester is
readily hydrolysed in the aqueous conditions from liquid chromatography, as phosphate
triesters are known to undergo more rapid hydrolysis, while diesters undergo very slow
hydrolysis, which could lead to the lack of detected triester and the predominance of the diester
product skewing the results.”® Despite these setbacks this is certainly worthy of further
investigation to achieve a simple route to achieve covalently linked oligoproline cages from
cheap proline derivatives (hydroxyproline), with their potential application as selective
nanoreactors.
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2.2.3.4 Synthesis and Assembly of Further Polyproline Peptides:

e <
SLAPAPR CLARAR

O 0 o
D-P, Az,

AR SRR
@h

Figure 50 - Chemical structures of further synthesized oligoproline and proline derivative peptides, helical faces are
highlighted in different colours (i+3 periodicity).

With the promising successes encountered with the tetrameric oligoproline and its derivatives
for the construction and design of supramolecular peptide frameworks we were eager to carry
this forward to alternative peptide structures. As such a series of varying lengths of Fmoc-
protected polyprolines were synthesised: Pg, P7, and P13. While two derivatives of the tetramer
were also synthesised, based on the amino acids D-proline and azetidine: D-P4 and Az, (Figure
50). We theorised that the peptides P7,13 would be able to assemble via the same route as the
tetramer as they each contain a further helical turn so the termini of the peptides will have the
same geometry of P, and thus minimal disruption of the packing-principles should occur as the
peptide backbones assemble in rows in the crystalline framework and the bridging hydrogen
bonding occurs at the terminus of the peptide. These longer assemblies, if packing using the
same principles as the P4 peptide, would then have multiple channels adjacent to each peptide
with great promise for functionalisation to create differing pore environments within the same
framework. To observe whether the longer peptides could switch to the polyproline | helix in
solvents such as ethanol, used for the crystallisation of the oligoproline tetramers, circular
dichroism (CD) spectroscopy was carried out on samples of the peptides Ps, P, and P13. As
expected, for a polyproline with thirteen residues P13 clearly adopted the polyproline | helix in
PrOH, with the maxima (Amax) shifting to 216 nm typically seen for these helices, while also
showing a clear shift from the polyproline Il helix in water with a Amax 0f 228 nm to 220 nm in
EtOH (Figure 51). Atrough at = 238 nm is also visible in PrOH and EtOH, indicative of the adoption
of the polyproline | helix, alongside the shift of the minima to a lower wavelength.? This could
potentially prevent crystallisation in a similar manner to the P4 peptide in solvents such as EtOH
as the helix has adopted the significantly different polyproline | conformation.
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Figure 51 — CD spectra of peptide P13, Fmoc-Pros, in water, EtOH and PrOH (125 uM), incubated for 15 days.

However, as with the P4 peptide, P¢ and P; showed no clear shift in maxima or minima when
incubating in EtOH instead of water (Figure 52+52), suggesting that the polyproline Il helix is
retained for these peptides and their length is insufficient to stabilise the adoption of the cis
amide bonds to form the polyproline | conformation. However, attempts to crystallise these
peptides, were unsuccessful forming either glasses or oily solids. Yet it is possible these may still
hold potential, and a more thorough screening of crystallisation conditions is required. The
lengthening of the peptides also increases the hydrophobicity of the peptide, due to increased
exposure of the hydrophobic peptide backbone, and this may well affect the crystallisation and
drive self-assembly in a different manner to satisfy the increasingly significant hydrophobicity of
the peptide, as hydrophobicity is well known to have a not insignificant impact on the self-
assembly of peptides (e.g. amphiphiles).”%"?
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Figure 52 - CD spectra of peptide P;, Fmoc-Pro;, in water and EtOH (125 uM), incubated for 15 days.
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Figure 53 - CD spectra of peptide Ps, Fmoc-Prog, in water and EtOH (125 uM), incubated for 15 days.

We were particularly interested in the use of azetidine within the peptide framework to observe
the impact of the smaller ring on the helical parameters and the adopted geometry of the
monomer within the helix. It has been previously shown that azetidine residues can increase the
favourability of the helix to adopt cis amide bonds, shifting to the polyproline I helix.” Thus, the
incorporation of azetidine into polyproline helices could be a useful method for the tuning of
the sensitivity of the peptide, increasing the propensity to switch conformations (polyproline I
helix = polyproline | helix), clearly useful for optimisation of stimuli responsive supramolecular
assemblies. However, more information is required on the effect of this residue on the peptide
secondary structure to be able to rationally design any supramolecular building-block
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successfully. With this goal in mind Fmoc-Azetidine was synthesised and used to synthesise a
tetrameric peptide. Subsequently, attempts were made to crystallise the azetidine tetramer,
with the additional hope that due to the lack of changes to any of the strongly interacting
moieties (i.e., H-bonding) that this would form a framework isostructural to P4, thus increasing
the size of the channels within the framework due to the reduced sidechain ring sizes. However,
all attempts to crystallise the peptide were unsuccessful forming amorphous glasses or oily
solids. This suggests that changing all the residues to the azetidine derivative has a more
significant impact on the self-assembly principles and potentially the adopted peptide secondary
structure. As such, synthesis of partially substituted derivatives of the peptide would be more
sensible, to systematically observe the impact of azetidine on the adopted structure (e.g., Az-
Pros, Az,-Pro,, etc).

To investigate the effect of the helix chirality on the properties of the supramolecular assembly
D-P, was synthesised. Natural amino acids have the L configuration, except for achiral glycine,
however, D-amino acids are readily available artificially. Incorporation of D-amino acids into
peptide-based supramolecular frameworks can thus be used to produce the mirror-image of the
framework. Where this can be applied to enantioselective processes, such as shown previously
with the selectivity of the Ps crystalline framework towards S-1-phenylethanol, this can
theoretically switch the selectivity towards the opposite isomers of guest molecules. This
peptide was successfully crystallised as the mirror image to P, and thus the selectivity of the
framework towards chiral molecules can be investigated to determine that the chirality of the
amino acids used, and thus the handedness of the peptide helix, is the driving force for the
selectivity of the framework. This would be a highly beneficial finding for the rational design of
peptide-based materials for specific host-guest interactions.

2.2.4 Conclusion

In conclusion, we have synthesised a series of hydroxyproline-based derivatives of an
oligoproline tetramer, successfully forming novel H-bonding driven supramolecular peptide
frameworks. Using rational design, based on the original supramolecular framework, from the
placement of additional functional groups we were able to consistently predict the position of
the hydroxyl groups in relation to the polyproline Il helix and therefore anticipate their effect on
the topology of the H-bonding supramolecular network formed. This approach is not trivial, and
our results are remarkable as we use a peptide-based supramolecular building block. Moreover,
engineering polyproline peptides, through sidechain functionalisation and peptide capping, we
can modulate the nature of the frameworks (i.e., porous, or non-porous) as well as the size and
the properties of the pores (e.g., solid solution framework), while functionalising up to 50% of
the peptide’s backbone. The resilience of the polyproline Il helix, is crucial in our methodology
as it allow us to use their predictable geometries for the rational design of discrete and extended
supramolecular three-dimensional structures. This work lays the groundwork for further studies
focusing on the polyproline helix, to rationally design structural units capable of forming desired
supramolecular structures with tuneable structural features and functionalities.

2.2.5 Contributions
Single crystal x-ray diffraction analyses and resolutions were carried out in part by G.Truccolo
and D.F.Brightwell. The original manuscript was written through contributions of all authors.

CCDC-2127750,%° 2238152, 2238155, 2238160, 2238161, 2238180, 2238252, 2234312,
2264145, and 2178857 contain the supplementary crystallographic data for this work, including
structure factors and refinement instructions, and can be obtained free of charge from The
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK (e-mail: depos-
it@ccdc.cam.ac.uk), or via https://www.ccdc.cam.ac.uk/qgetstructures.
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3.1 Abstract

Synthesising supramolecular constructs capable of mimicking the catalytic activity of enzymes,
to achieve enhanced reaction rates and high catalytic selectivity, has long been a pursuit of
chemists. Inspired by these natural systems the concept of artificial enzyme mimetics has been
developed since the earliest examples of supramolecular catalysts. While catalysis inside
supramolecular cavities has been reported under mild and biomimetic conditions the chemical
manipulation of these cavities is typically distinctly limited. This presents a clear limitation for
the exploitation of these assemblies for a broad range of applications when utilising typical
building-blocks. However, discrete nano-constructs such as metallo-organic rings and cages, as
non-covalent hosts, offer a modular approach to their assembly process via supramolecular
interactions. Seminal work by Stang, Raymond, Fujita, and Nitschke identifies several design
principles allowing the prediction of the geometry of new metallo-organic constructs.
Furthermore software has been developed to rationally design these types of constructs and
predict their properties, however, these design methods are often limited to highly symmetric
and polyaromatic ligands to simplify the assembly processes. Thus, access to highly
functionalised, asymmetric constructs is restricted and presents a significant roadblock to the
design and synthesis of enzyme mimetics. Significantly, some reports have been presented that
move beyond these limitations, Fujita has reported the use of oligopeptides with terminal
pyridines to form coordination networks and entangled metallo-peptide rings. With this
research we aim to utilise peptides as a unique class of building-block for the bottom-up design
and synthesis of supramolecular constructs to achieve nano-cavities with unique applications.
The stepwise synthesis of peptides combined with a focus on the polyproline helix, with a
uniquely rigid secondary structure capable of stimuli responsiveness, will allow unprecedented
control over the morphology and cavity topology making further progress towards the synthesis
of functional biomimetic systems. Herein, we demonstrate how polyproline helices can be
utilised for the design and synthesis of metal-organic constructs that assemble to form a variety
of nanostructures, either forming extended structures, such as nanoparticles and gels, or
discrete complexes depending on the functionalisation of the peptide helix. With designs
modelled from the secondary structure of the helix, functional groups can be specifically placed
within the peptide sequence to predictably alter the supramolecular interactions to directly
impact the topology of the achieved complexes. The stimuli responsiveness of the polyproline
helix (polyproline | -> 1l) allowed various morphologies and topologies to be achieved from the
same ligand via changing the solvent environment of these assemblies. With these successes we
demonstrate that polyproline helices, that are both chiral and asymmetrical, can be effectively
used to achieve metal-organic assemblies with the potential to form nanocavities useful as
biomimetics for supramolecular catalysis and molecular transport.

3.2 Introduction

Metal-organic interactions have long been used to assemble supramolecular assemblies with
metal ions acting as nodes between coordinating organic ligands.?> These host molecules are
classified as non-covalent hosts, unlike covalent hosts such as macrocyclic structures held
together by covalent interactions; cyclodextrins, cucurbiturils, and calixarenes,® which have
been shown to bind specific guests within their cavities and even achieve catalysis under mild,
biomimetic conditions.* These non-covalent hosts, in contrast, offer a modular assembly process
via reversible supramolecular interactions, enabling the formation of ordered assemblies
through combining components with complementary interactions while their flexibility and
dynamic behaviour enables guest accommodation. Also, metal coordinate bonds can offer
varying geometries and bond strengths unlike weaker interactions (Hydrogen bonds, dispersion
interactions, etc) for the design of these supramolecular constructs.”
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These metal-organic assemblies can be designed to adopt a variety of geometries. These can be
extended structures such as metal-organic frameworks, nanotubes, and coordination polymers
or discrete assemblies such as metal-organic cages, macrocycles, polyhedra and nanoparticles.
Work by pioneering researchers such as Stang, Raymond, Fujita and Nitschke has been
instrumental in identifying several key design principles to predict the topology of these metal-
organic assemblies, varying the metal to ligand ratio and the geometry of the ligands about the
metal nodes.>° These findings combined with ever improving computational methods!! to
assist in the prediction of the assembly and properties of these constructs has allowed the
rational design of metal-organic assemblies to form predictable nanocavities with the aim of
tuning these spaces to mimic the catalytic effect of enzymes.>*?

This creation of a catalytic pocket, at least partially enclosed by the remaining supramolecular
structure, functions similarly to enzyme catalysts with this nano-environment creating several
important effects. The function of this restricted space is based off the “induced fit” model
whereby a substrate with a specific shape and functionality induces conformational changes in
the both the enzyme and substrate to achieve enzyme binding and react.®® Thus a specific size,
shape and placement of functional groups is required to bind to the flexible enzyme binding
site.!® Further important factors can be the desolvation of the reactants, destabilisation of the
ground state substrate or stabilisation of transition states from interactions within the cavity,
and inducing favourable conformations of the product. While the hydrophobicity of the
nanopore while in an aqueous environment (or vice versa) can encapsulate the substrates
increasing the concentration about the reactive site to increase the rate of reaction, alongside
non-covalent interactions trapping guests within the host molecule and impacting the stability
of the transition states. In enzyme catalysis these factors can generate rate enhancements of up
to 10%° mol L 51,3 therefore the great potential for artificial enzymes can be clearly seen and
these properties can be designed into artificial confined environments.**

However, from the literature it is immediately evident the prediction and design of these
assemblies has been largely limited to polyaromatic and symmetric organic ligands due to the
simplification of the assembly processes. This common approach, despite offering a diverse
platform yielding significant successes and allowing for simplification of computation modelling
for prediction of structures, also raises significant restrictions and limitations. These ligands
typically do not allow access to the synthesis of asymmetric constructs or highly functionalised
cavities contrasting significantly with the high level of structural and functional complexity
encountered in enzymatic hosts. They are also often difficult to manipulate requiring multi-step
syntheses to achieve new functionalisations and limiting the placement and geometry of binding
motifs, and areas for non-covalent and secondary interactions within the cavities, such as for
host-guest interactions. This undoubtedly impacts the usefulness of these materials for the
design of biomimetic catalytic cavities. This clear limitation of these materials has led to some
encouraging reports within literature moving towards the use of asymmetric constructs with
promising applications as asymmetric catalysts.>” However, significant challenges still remain
when attempting to synthesise asymmetric constructs that exhibit high levels of chemical
complexity within their cavities, which are essential to tune the host-guest interactions to direct
the catalytic effects. Thus, moving away from polyaromatic structures researchers have looked
towards nature for inspiration, leading to the use of biomaterials, such as DNA, RNA, proteins,
peptides, and amino acids as supramolecular building-blocks that are both inherently chiral and
biocompatible.’® 2 Significantly, with the goal of achieving nanoreactors more akin to those
found in nature, Fujita has extensively reported the use of simple oligopeptides terminally
functionalised with pyridines which coordinate to metal centres to form either coordination
networks?*% or metallo-peptide rings, polyhedra and entangled knots and coils?*2® which
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contain nanocavities. While promising work by Carlos Marti-Gastaldo has shown the use of
peptide-metal organic frameworks for the enantioselective separation of the chiral drugs
ephedrine and methamphetamine, the first example of a MOF capable of separating chiral polar
drugs,? and that exhibit sponge-like behaviour and high catalytic activity in the Henry reaction.*®
These reports exemplify how peptides can be utilised as chiral, biocompatible ligands for the
synthesis of asymmetric, highly functionalised cavities with highly promising applications and
have been instrumental in redirecting this field towards these types of supramolecular building-
blocks. However, the functionalisation and optimisation of these peptidic nanomaterials
remains highly challenging as the design principles applied to rigid, symmetrical, polyaromatic
ligands cannot be easily applied to peptide-based ligands and therefore further development of
these design principles and understanding of assembly processes for this unique class of ligands
is essential. Consequently, the aim of this research is to translate the design principles utilised
for classical metallo-organic system to peptide-based ligands in order to rationally design and
synthesise chiral, highly functionalised, tuneable cavities that can act as enzyme mimetics and
have further applications, such as for drug delivery vehicles.

Analysing previous studies on metal-organic constructs the high flexibility of peptides compared
to traditional polyaromatic ligands, which are structurally rigid and have positional control of
coordinating motifs, may evidently be a significant hindrance to forming an ordered assembly
with directional supramolecular interactions. The inherent flexibility of peptide bonds makes the
prediction of the geometry of supramolecular interactions and the secondary structure more
difficult. Peptides are also often prone to perturbation of their secondary structure (e.g. a-
helices) upon functionalisation relying on specific primary structures to retain helicity,3* making
the tuning and optimisation of these materials more complex. However, this naturally led us to
consider the use of the polyproline helix as an ideal supramolecular building-block. Polyproline
is ubiquitous throughout nature, found in proteins and peptides,®>*3 and is often referred to as
a “molecular ruler” due to its high rigidity and predictable helix geometries.>* As such, the
polyproline Il helix is treated as a rigid rod-like structure ideal for achieving angstrom precision
as a spacer in molecular studies and supramolecular structures. This is clearly evidenced in
reports where polyprolines are used as references for the determination of distances in
biomacromolecules through Férster resonance energy transfer (FRET) studies.® Furthermore,
the polyproline Il helix is extraordinarily tolerant to functionalisation, retaining their secondary
structures with significant functionalisation and down to short chain lengths.3®3” This unique
stability of the polyproline helix highlights this class of peptides as a prime candidate as an
organic ligand for the assembly of metal-organic constructs.

In 2014 the first crystal structure of the polyproline Il helix was obtained by the Prof. Helma
Wennemers, showing the exact dimensions and conformational properties of a p-bromobenzoyl
capped oligoproline hexamer.3® Furthermore, our other work detailed in the previous chapter,
which has been recently published,3° provides further detailed information on the geometry
of the polyproline helix from crystallographic studies of a series of functionalised oligoproline
tetramers. With these specific spatial parameters from the crystal structure, and the rigidity of
the polyproline Il helix, the geometry of functional groups is highly predictable facilitating the
rational design and use of functionalised polyproline derivatives as both molecular rulers and
scaffolds. The use of shorter polyproline helices in the design an assembly of metallo-peptide
constructs has been demonstrated by Fujita; metal-peptide rings which assemble into highly
entangled frameworks and the coordination-driven assembly of a short polyproline helixin to a
small protein-like channel, showing guest uptake and chiral recognition.®?® These reports
highlight the great potential of polyproline as a ligand in metal-organic assemblies with highly
promising applications already evident from these few studies.
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The Wennemers group has also gone on to demonstrate the formation of a metal-organic
framework from an oligoproline hexamer in the polyproline Il conformation, capped with an N-
terminal benzoic acid moiety,*® the longest peptide used to assemble a metal-peptide
framework.*! The framework formed, however, was highly unstable and degraded outside of
the mother liquor lacking any useful applications which, being one of the most prominent
examples of a polyproline helix utilised in an metal-organic framework, demonstrates the
further work required to develop effective peptidic building-blocks for the design metallo-
peptide constructs.

The polyproline helices have three functionalisable faces with a pseudo C; rotational symmetry
axis which can be accurately functionalised by replacing specific residues within the peptide
sequence with non-natural prolines. Thus, these can be used as chemical handles to induce the
desired assembly of these peptide units (Figure 54). These peptide units can be envisioned as
rod-like structures where functional groups have three potential directionalities, while the
terminal residues can be functionalised via peptide capping at the N-terminus on the resin-
bound peptide and via coupling at the C-terminus with the free peptide exemplified in
Wennemers example of a polyproline based MOF with terminal carboxylic acids binding to the
metal centres,®® adding further directional handles for supramolecular assembly. Thus,
polyprolines could be envisioned as multi-topic ligands with the level of functionalisation and
placement of groups dictating the topology of the metal-organic assembly (Figure 54). This
potential has been partially shown in the previous chapter whereby an oligoproline tetramer
was functionalised with hydroxyprolines at each terminus, and thus decorated with two
functional groups on the same helical face aligned in the same direction, essentially forming a
C-shaped ditopic ligand with initial attempts to form a covalent-organic cage. There is clear
potential for this material to form discrete cage-like structures from this design of peptide and
as such this research aims to progress this work with alternate functional groups and varying
chain lengths to demonstrate the possibility of utilising these peptides as scaffolds for metallo-
organic assemblies.
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Figure 54 - Crystal structure of an oligoproline tetramer viewed along the helix after Fmoc removal with the face
highlighted and a side view of the helix (top), illustration of potential supramolecular structures achievable by varying
the functionalisation of a model polyproline helix (bottom)3°

This functionalisation of the side chains of proline residues theoretically allows for the rational
design of either 1-/2-/3-dimensional constructs depending on the number of faces
functionalised; with the functionalisation of all three faces likely to obtain a 3-dimensional
framework, and two faces capable of producing varied structures from extended frameworks to
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cages and barrels, while as stated previously functionalisation of a single face is likely to form a
discrete assembly such as molecular cages or nanobelts (Figure 54). The level of functionalisation
of the faces is also an important consideration, especially in the multi-directional peptide
ligands, with a single binding group between interacting units likely to produce a weaker, less
directional interaction, while increasing the number of linkers should increase the strength of
the interaction and broadly increase the likelihood of obtaining a more ordered assembly. The
terminally functionalised polyproline helices can extend in 1-dimension to construct fibres
forming assemblies such as hydro- or organogels, or may be used as simple linkers between
metal nodes in metal-organic frameworks.*
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Figure 55 - Chemical structure of example polyproline helices showing the maximum number of functionalisable
positions on a helical face for peptide lengths Pro4 (a), Pro7 (b), and Pro13 (c). Each proline is coloured to represent
which helical face they reside on in the polyproline Il helix.

Minimalistic peptide units are desirable as these smaller units are cheaper and easier to
synthesise, can be simply functionalised, and have an improved atom economy, as such the use
of the shortest optimal peptide units as scaffolds for metal-organic constructs is ideal. With
these factors in mind there are several desirable peptide lengths to be initially investigated; very
short peptide units (i.e. 4-7 monomers, Figure 55a-b) that are between 1 and 2 helical turns are
liable to adopt only the polyproline Il helix and be significantly simpler to rationally design and
model potential assemblies, and longer peptide units (13+ monomers, Figure 55c) with more
sites available for functionalisation, which are useful for tuning and optimisation of non-covalent
and secondary interactions, and have the potential to easily switch between the polyproline |
and Il helices depending on the environment. The smaller peptides (< 6 residues) come with
some limitations such as when used as a ditopic ligand, with two linker groups on the same face,
these would only have two other residues for further functionalisation to produce interactions
with any guest molecules and these are both on opposite faces, therefore chemical complexity
and handles for manipulating host-guest interactions are somewhat limited. As such a ligand
with at least two helical turns (Pro7, Figure 55b) may be desirable for further studies as this
contains a 3" residue on the same face as the terminal prolines such that functional groups can
be placed directly into any nanocavity adjacent to the peptide helix, while still utilising a
minimalistic peptide unit. Thus, there are varied design considerations when looking at peptide
length and the placement of functionalised amino acids within the peptide sequence, depending
on the desired properties of the peptide and the subsequent supramolecular constructs. Yet this
especially highlights how tuneable these peptide ligands can be and functional groups can be
easily incorporated through the stepwise solid-phase peptide synthesis (SPPS).
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3.3 Results and Discussion

3.3.1 Synthesis of Functionalised Proline Derivatives
3.3.1.1 Synthesis of a -COOH functionalised proline
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Figure 56 — Synthetic route carried out to synthesise compound 26, an Fmoc-proline with a protected carboxylic acid
sidechain

The synthesis of a number of functionalised proline derivatives was attempted. The amino acid
initially synthesised was functionalised with a carboxylic acid sidechain (-OCH,COOH) at the C*
position to yield an alkoxyproline (Figure 56). This was achieved via an O-alkylation reaction of
a protected trans-L-hydroxyproline substrate with tert-butyl bromoacetate. Initially, the free
hydroxyproline 20 was protected via benzylation 21 with toluenesulfonic acid and benzyl
alcohol, and subsequent Cbz protection 23 to access multiple different proline derivatives from
the partially protected pTSA proline salt 21. However, future reactions and scale up reactions
were synthesised via the Cbz protection 22 and benzylation route, both reaction routes caused
minimal issues during synthesis. The functionalisation of hydroxyproline was carried out via the
base-catalysed O-alkylation of the Cbz/Bn protected derivative 23 under dry conditions giving a
good yield after purification (= 70%). The benzyl ester 23 was utilised to prevent alkylation at
the carboxylic acid, forming an alkoxyproline ester, removing the requirement for a subsequent
hydrolysis step, which together typically achieve low yields.** Subsequently, both Cbz and Bn
protecting groups were removed simultaneously via hydrogenation 25 achieving quantitative
yields and the product protected via the relatively facile Fmoc protection. Some optimisation of
the Fmoc protection step 26 was required to achieve consistently high yields (50-70% - >90%).
Control of the ratio of water and THF was essential, with 1:1 giving the highest yields and
complete dissolution of Fmoc-Cl before addition to the amino acid solution. Also, control of the
reaction pH via the addition of excess NaHCO3 was necessary due to the production of HCl from
the reaction of Fmoc-Cl. The t-butyl protecting group on the additional sidechain was retained
at this point for protection of the carboxylic acid during peptide synthesis, which would
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otherwise react with any free amines during the coupling reaction step. This Fmoc-protected
amino acid was subsequently taken forward for peptide synthesis.

3.3.1.2 Synthesis of a rigid -COOH functionalised proline derivative
o —0 BnO,
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Figure 57 — Target 4-position functionalised Fmoc-proline derivatives

Subsequent, to the successful synthesis of the carboxylic acid functionalised alkoxyproline 26 a
more rigid version of the carboxylic acid linker was targeted to achieve a more directional
interacting moiety, in the hope that upon incorporation into a peptide sequence any subsequent
assemblies are likely to be more ordered. The first aliphatic functional group is both relatively
long and flexible making the prediction of the COOH geometry more difficult and likely to inhibit
ordered assembly due to the flexibility, while the length also creates the potential for
interactions to be less specific to a counter moiety during assembly as the group could form
intramolecular bridging interactions to closely placed functionalised residues. A series of routes
were attempted to achieve a more rigid functionalised derivative with varying degrees of
success. The targeted functionalised prolines are shown in Figure 57.
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Figure 58 — Synthetic route to achieve compound 35, with an aromatic protected carboxylic acid sidechain, synthesis
unsuccessful from compound 32.

The focus of the new syntheses was to achieve an aromatic carboxylate functionality on the
proline with the aromatic group contributing to the rigidity of the COOH group and also
increasing the directionality of any interactions due to the steric bulk and potential for -
interactions. The Mitsunobu reaction was initially used to achieve substitution at the C* hydroxyl
group for compounds 32, 40, and 56 with phenolic nucleophiles to form phenol ethers. However,
numerous issues were encountered during these syntheses. The Mitsunobu reaction progresses
via a Sn2 reaction at C* inverting the stereochemistry at the position, this required the utilisation
of cis-hydroxyproline derivatives prior to substitution to give the desired trans-functionalised
derivatives to match the geometry of the previously synthesised proline, although given time
the cis-derivatives are also a viable avenue of investigation. As such, a different starting
substrate was utilised; Boc-cis-hydroxyproline methyl ester 27 due to access and cost compared
to the fully de-protected derivative. Thus, deprotection of this substrate was required for the
incorporation of new protecting groups, necessary to retain the t-butyl protecting group on the
new desired aromatic carboxylic acid functionality, carried out simply via Boc cleavage with TFA,
28. The amine was subsequently protected using Cbz-Cl to synthesise compound 29 which was
suitable for substitution. This compound also crystallised from EtOAc and as such SC-XRD
analysis was carried out to obtain the crystal structure (Sl 4.8.2, CCDC-2290760). Initially, the
Mitsunobu reaction to synthesise compound 32 was attempted using diisopropyl
azodicarboxylate (DIAD) and triphenylphosphine (PPhs) which, while resulting in complete
consumption of the starting material, produced a very complex TLC with by-products from the
DIAD reagent overlapping with the product, making purification difficult. As such, DIAD was
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replaced with 1,1’-(azodicarbonyl) dipiperidine (ADDP), which is a solid at room temperature, as
the hydrazine by-products are significantly more polar than for DIAD and remain at the baseline
in the conditions used for TLC analysis and the azo derivative is more easily protonated by less
acidic substrates due to a higher basicity, and as such is more successful with substrates with a
lower pKa that are near the limit of DEAD/DIAD (= 11).** However, the attempted reaction
produced multiple major products from TLC analysis suggesting significant side product
formation. From this it is likely the reaction has proceeded via an elimination pathway instead
of via Sn2, to give a dehydrated derivative of the substrate, which can be a common side reaction
in Mitsunobu reactions.*** Due to the lack of significant product formation several alternate
reaction conditions were attempted. Initially the alcohol, nucleophile and PPh; were mixed
before slow addition of the azodicarboxylate, the typical procedure for this reaction.
Alternatively, the phosphine and azodicarboxylate were mixed for 30 min to pre-form the
betaine intermediate before the addition of both the nucleophile and alcohol simultaneously,
as well as attempting the reaction at higher temperatures (50 °C) and with sonication at high
concentrations.*® However, these attempts all produced similarly negligible product formation.

As such, the synthesis of the functionalised intermediate was attempted via activation of the
hydroxyl with MsCl and subsequent substitution with the t-butyl 4-hydroxybenzoate nucleophile
with KsPO, at high temperature (80 °C). This small-scale test reaction showed the formation of
the desired product for the mesylation reaction step, however the substitution reaction with the
phenol showed several highly coloured product spots not expected from the reaction.
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Figure 59 — Synthetic route to again incorporate an aromatic carboxylic acid sidechain, compound 42, unsuccessful
Mitsunobu reaction to synthesise compound 40

Due to issues with the previously attempted monomer during the Mitsunobu reaction an
alternate reaction pathway to synthesise a similar monomer, with the same functionality once
inserted into a peptide sequence, 40 was targeted. This was carried out with the aim of avoiding
the use of a Cbz protecting group on the proline monomer during the Mitsunobu reaction due
to frequent issues encountered during this step for Cbz protected prolines. However, the use of
Boc on the proline required different protecting groups on the phenolic acid. The first method
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attempted used the methyl ester however it was uncertain whether this protecting group would
survive the harsh conditions during peptide synthesis and furthermore, would require a
hydrolysis reaction on any completed peptide.

With this new reaction pathway, a Boc protecting group was utilised on the amine, while tert-
butyl was used to protect the carboxylic acid (38), allowing for full deprotection in one step via
TFA treatment. This required deprotection of the initial methyl ester on the proline substrate
and protection with the t-butyl group via treatment with synthesised tert-butyl N,N'-
diisopropylcarbamimidate 37. The initial one-pot method used to synthesise the tert-butyl
protected proline did not use purification of excess reagents during the synthesis of tert-butyl
N,N'-diisopropylcarbamimidate, as such this resulted in coupling of both the hydroxyl of t-BuOH
and the proline hydroxyl to DIC, achieving the desired tert-butyl protection the carboxylic acid
yet also coupling DIC to the hydroxy group, confirmed via *H NMR spectroscopy and LCMS
analysis (38b). An attempt to react this product (O-Acylisourea) with the phenolic nucleophile
to achieve the desired product for the next step was unsuccessful. As such, purification of the
reactant 37 was required before reaction with the proline substrate 36, this was achieved via
carrying out the reaction with an excess of tert-BuOH versus DIC to remove the risk of residual
DIC and filtering through a short alumina pad to remove excess CuCl, while also filtering off the
crystallised urea by-product. The treatment of the free acid of proline 36 with this product
subsequently yielded the desired t-butyl protected monomer, purified via FCC 40.

The methyl ester of 4-hydroxybenzoic acid was synthesised using typical procedures and further
dried in a desiccator in preparation for the Mitsunobu reaction. As such, with the Boc/t-butyl
protected proline in hand the Mitsunobu reaction using ADDP was attempted with the typical
procedure. However, despite complete consumption of the starting material, isolation of the
predicted product produced negligible yields of the correct compound 40 (9%). Due to the
potential for further problems with the methyl ester group during peptide synthesis and the
less-than-ideal requirement for hydrolysis on the free peptide, combined with the difficulties of
synthesis of the tert-butyl carboxylate and unsuccessful Mitsunobu this synthetic route was
abandoned in favour of an alternate route, to synthesise compound 56.
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Figure 60 - Synthetic route carried out to achieve the proline derivative, 56, containing a trans -O-CsHs;~-COOH
functionality at 4-position.

Compound 56 was targeted to make best use of the as-bought starting proline substrate cis-L-
Boc-Hyp-OMe 27 such that no reactions on the proline are required prior to the Mitsunobu
reaction, and significantly with the substrate being a more common example in literature with
clear previous successes. In this case the phenolic acid was protected with BnBr using typical
conditions and giving a high yield (85%). Subsequently, the Mitsunobu reaction was carried out
using typical conditions with ADDP but in dry DCM rather than dry THF as attempted previously.
Upon purification this yielded the desired product 53 in a good vyield (68%). After this
deprotection of the methyl ester via base catalysed hydrolysis 54 and Boc-deprotection with TFA
55 were carried out successfully in quantitative yields. Finally, Fmoc-protection using typical
conditions was carried out to yield the desired final proline monomer 56. However, partial
deprotection of the benzyl ester occurred, requiring FCC to purify the final product. This product
was taken forward for use in peptide synthesis, however, due to the incorporation of a benzyl
ester protecting group any peptides synthesised will require a subsequent hydrogenation
reaction to remove the benzyl protecting group.
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Figure 61 - Synthetic route to achieve the proline derivative, 62, with direct C-C coupling of a motif, incorporating an
aromatic carboxylate sidechain

Concurrent to the synthesis of the previous proline derivative an alternate synthesis of a -RCOO-
Bn functionalised proline, 62, was attempted via a completely different route, using C-C bond
formation from the Suzuki reaction to produce a direct Bn-Proline C-C linkage,* further
shortening the distance from the proline ring to the -COOBn functional group, creating a highly
rigid group due to the conjugated system from the alkene formed. As such, this monomer has
clear potential for forming highly directional and ordered interactions compared to the
significantly more conformationally flexible —OCH,COOH group previously utilised. The starting
substrate in this synthetic route was the readily available N-Boc-4-L-oxo-proline 57. As this
substrate has a ketone instead of the hydroxyl group, the carboxylic acid can be easily esterified
with t-BuOH and DCC, catalysed by DMAP, affording the desired product in a high yield after
purification (78%). To allow for the Suzuki cross-coupling reaction the ketone first had to be
converted to a vinyl triflate to form a good leaving group. This was carried out via reaction of
the carbonyl with trifluoromethanesulfonic anhydride (Tf,0) to yield the triflate, an -OTf moiety,
with a double bond between the C** positions on the pyrrolidine ring. This was achieved in good
yields (72%) after purification.

After activation of the carbonyl, the Suzuki reaction
was carried out with the para-boronic acid of
benzylbenzoate in the presence of a palladium
catalyst to yield the desired product 60 in a
reasonable yield (44%). This product formed a
crystalline solid on which single-crystal X-ray
diffraction (SCXRD) analysis was carried out. This
data showed the adoption of a planar pyrrolidine
ring, unlike the typical puckered pyrrolidine ring,
now in-plane with the aromatic group due to the
double bond forming part of the conjugated
system. This gives a clear model for the geometry of
the sidechain functionality compared to the proline
ring, useful for the rational design of peptides for
supramolecular assembly, however, it is yet unclear
what impact the alternate conformation of the
pyrrolidine ring and new double bond will have on Figure 62 — Single crystal structure of compound
the dihedral angles and helical structure of a 60, asymmetric unit, 50% ellipsoids
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peptide containing this monomer. To achieve the desired Fmoc protected monomer, simple
cleavage with TFA was carried out to deprotect the substrate before using the typical Fmoc
protection procedure. As such this monomer was taken forward for peptide synthesis, however,
upon incorporation into a peptide sequence this monomer will require hydrolysis of the benzyl
ester to form the free acid sidechain. In this case the olefin can undergo catalytic
dehydrogenation which should exclusively form the cis-enantiomer according to literature,*®
while simultaneously deprotecting the benzyl ester, a viable route if issues are encountered with
saponification of the benzyl group.

3.3.1.3 Synthesis of a pyridine functionalised proline derivative
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Figure 63 - Reagents and conditions: (a) PPhs, DIAD, dry THF, addition at 0 °C, then 24 h. at RT, N, (b) LiOH (aq.), THF:
MeOH (1:1), at RT, 2.5 h., (c) TFA, DCM, then 24 h. at RT, (d) NaHCO3s, THF: H,O (1:1), addition at 0 °C, then RT, o/n.
Reactions a-c carried out by Dr K.Samanta.

Moving away from the carboxylic acid functional group the pyridine functionality was instead
targeted as it is well known to act as a ligand forming metal complex,* while it can also act as
complementary group for assembly with carboxylic acids.>°As such a pyridine functional group
incorporated into a proline monomer has promising applications for supramolecular assembly
when placed into a peptide sequence. To synthesise a pyridine functionalised proline monomer
the Mitsunobu reaction was carried out with pyridine-4-ol and a protected cis-hydroxyproline
to form the desired trans-O-functionalised proline derivative (65) achieved in reasonable yields
(55%) after purification via FCC, using triethylamine as an additive to prevent binding of the basic
monomer to the acidic silica. Subsequent, deprotections and protection were carried out to
achieve the final Fmoc substrate required for SPPS.
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3.3.2 3-Dimensional Metal-Peptide Frameworks

There exists a keen interest in the synthesis of nanoparticles as vehicles for drug delivery with
the goal to incorporate bioinspired building-blocks such as peptides in the construction of these
supramolecular materials. These materials have promising applications for the synthesis of
biocompatible tuneable nanoparticles capable of the encapsulation of compounds for the
targeted delivery and controlled release of drug molecules. As such we aimed to incorporate the
polyproline helix as a structural unit in the synthesis of metal-organic nanoparticles. Initial work
carried out previously within the research group evidenced highly promising results with the
functionalisation of a hexameric oligoproline with three carboxylic acid functional groups
allowing the synthesis of a zinc-peptide complex that assembled in water to form nanoparticles,
evidenced by TEM microscopy (Figure 64).5!
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Figure 64 — TEM images (a-b) of previously synthesised nanoparticles from peptide 67 (500 mM) and zinc nitrate (1.5
eq.) in water; (synthesised and imaged by Dr A. Palma). c) Peptide 67 used for supramolecular assembly (synthesised
by J. Marsh)>!
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3.3.2.1 Peptide Synthesis
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Figure 65- Synthesised polyproline peptides functionalised with -OCH,COOH motifs on all three helical faces. Residues
on the same helical face are highlighted in the same colour. distances; a =+9; b =+6; ¢, d =

Due to the previous successes with preliminary evidence of nanoparticle formation from peptide
67-zinc complexes this peptide was again synthesised using SPPS techniques via a CEM liberty
light peptide synthesiser. However, this short peptide hexamer lacks the capability for easy
analysis of the conformational switching between the all-cis polyproline | and all-trans
polyproline Il helices via CD spectroscopy as the typical shift in maxima and minima does not
occur for such a short polyproline helix.>* This was confirmed from CD spectroscopy of the
peptide in EtOH and water solutions with no diagnostic shift in the maxima or minima of the
EtOH sample (Figure 66), suggesting that the polyproline Il helix is retained. With this in mind an
extended 13-chain version of the peptide was synthesised with the same single carboxylic acid
functional group on each helical face of the peptide, with the aim of having a switchable
polyproline building-block. CD spectroscopy of this peptide in EtOH and water confirmed the
ability to switch between the two conformations, with a clearer shift in maxima from 227 nm in
water to 220 nm in EtOH (Figure 67). Furthermore, base (ammonium hydroxide) to be used in
complexation of the peptide was also added to the CD samples to observe the effect, if any, on
the conformation of the polyproline helix. Notably, this increased the propensity of the peptide
to switch to the polyproline | helix with a shift to the characteristic maxima of 216 nm and a
trough at 235 nm, typical for the polyproline | helix. These peptides were then both taken
forward for supramolecular assembly via complexation with metal centres.
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Figure 66 — CD spectra for peptide 67 incubated in EtOH and water (250 uM), incubated for 14 days
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Figure 67 — CD spectra for peptide 68 incubated in EtOH and water (250 uM), and with ammonium hydroxide (30%,
1 ulL), incubated for 14 days

With a single binding motif on a long, relatively flexible, ligand it was theorised that the
formation of an ordered assembly would be unlikely with a lack of selectivity between the faces
of the helix and highly flexible interactions. As such a new peptide, 69, was designed with the
goal of achieving a stronger more directional binding between each of the helical faces. This was
achieved via placing two functional groups on each face to increase the strength of the binding
and reduce the flexibility of the complexed peptide. To introduce a degree of selectivity of this
binding to prevent each face binding to any other face, as is possible for peptides 67 and 68, the
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functional groups were placed at different distances on each face (Figure 65) such that binding
between non-complementary faces will not satisfy both linkers simultaneously due to the
distance between placed functional motifs. Therefore, the most stable assembly should be via
complementary binding between the same faces to achieve an extended framework,
theoretically forming a more ordered assembly. CD spectroscopy analysis of peptide 69
confirmed that the peptide switches to polyproline | helix, with a clear shift in maxima to 216
nm in PrOH (Figure 68).
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Figure 68 — CD spectra for peptide 69 incubated in water, MeOH, EtOH, and PrOH (125 uM), incubated for 14 days

To support the idea that the placement of the functional groups within the peptide sequence
can be used to introduce selectivity of the peptide assembly a further peptide was synthesised,
70 (Figure 65), retaining the two functional groups on each face yet placing each of these the
same distance apart so the peptides should be able to bind with any other face and thus be non-
selective. This should therefore form a less ordered assembly and potentially disrupt the
supramolecular assembly processes. However, CD spectroscopy analysis of peptide 70 showed
that the peptide does not show a clear switch to the polyproline | helix, with only a small shift in
maxima in PrOH and EtOH (223 nm, Figure 69). This suggests that the placement of the
functional groups on the peptide backbone affects the ability for the amide bonds to switch
between cis and trans, this may be due to the close proximity of the carboxylic acid in this
peptide with each group one helical turn apart on the same face (Prol-4, 5-8, and 9-12) and
having the groups on adjacent prolines but on different helical faces (i.e. Pro4-5 & 8-9)(Figure
65).
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CD Spectra - Peptide 70
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Figure 69 — CD spectra for peptide 70 incubated in water, MeOH, EtOH, and PrOH (125 uM), incubated for 14 days

3.3.2.2 Peptide-metal complexation —-(OCH,COOH);

Initially, complexation of peptide 67 was attempted to reproduce the previously synthesised
peptide 67-zinc nanoparticles. These were synthesised via treatment of the peptide with
ammonium hydroxide in water and drying to remove excess base, leaving the ammonium
carboxylate of the peptide, which was then redissolved in water and combined with zinc nitrate
producing a clear solution. This solution was then diluted with EtOH to produce a slightly turbid
solution. Dynamic light scattering (DLS) analysis is a common method for the analysis of spherical
particles in the solution state,**** allowing the hydrodynamic diameter and the polydispersity of
the assemblies to be analysed. As such, DLS was utilised to analyse the peptide-zinc complex in
solution. These results clearly showed the formation of low polydispersity nanoparticles
approximately 360 nm in diameter (Figure 70).
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Figure 70 — DLS intensity distribution for peptide 67 (0.5 mg/mL) dried from ammonium hydroxide and redissolved in
water with zinc nitrate (1.5 eq.).

Subsequently, transmission electron microscopy (TEM) was utilised to allow for imaging of the
deposited nanoparticles from solution. Samples of the complex were diluted with water to 0.5
mg/mL and drop-casted onto the TEM grids. This was then negatively stained with uranyl acetate
solution to allow for imaging of the organic material, which is electron-dense to contrast the
specimen on the grid. Analysis of the TEM micrographs evidenced the presence of nanoparticles
however these were incorporated into a mixture of structures. Some of these nanoparticles had
clearly aggregated into chain-like aggregates rather than discrete particles (Figure 71a-b),
however particles are also visible dispersed through a film likely constituted of free peptide
(Figure 71c-d), which prevents the negative stain from affecting some of the particles forming a
dark film with light particles within and dark particles on top. Analysis of these spherical particles
appears to suggest the particle may be hollow with the appearance of a collapsed sphere (Figure
71c), which is highly promising for the use of these materials allowing encapsulation of other
molecules for methods such as nanotransport. This data suggests that while the peptide is
forming nanoparticles these freely aggregate and are thus more polydisperse than suggested by
DLS analysis. However, solution state versus solid state analysis can vary significantly as the
deposited sample has been exposed to different conditions as it is the dried material. Without
the use of base in this reaction the peptide instead forms 2D thin films with zinc nitrate.
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Figure 71— TEM images of peptide 67 (1 mg) in water (100 ulL) reacted with zinc nitrate (2 eq.) and diluted with EtOH
(100 uL). Ammonium hydroxide (30%, 1 uL) added. Aliquot (10 ulL) taken and diluted to 100 ulL (H,0) for drop-casting
(0.5 mg/mL). Stained with uranyl acetate.

Alternatively, a different method of centrifuging the peptide-zinc suspension from a mixture of
EtOH/Water (1:1), decanting, and redissolving fully in water also produced nanoparticles from
analysis via TEM. These particles were again mostly contained within a film and some
aggregation of particles is clearly visible (Figure 72). However, these results are clearly indicative
of the successful formation of nanoparticles from the complexation of these functionalised
peptides.
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Figure 72 — TEM images of peptide 67 (1 mg) in water (100 uL) reacted with zinc nitrate (2 eq.) and diluted with EtOH
(100 uL). Sample then centrifuged and dissolved in water (200 uL). Aliquot (10 uL) taken and diluted to 100 uL (H,0)
for drop-casting (0.5 mg/mL). Stained with uranyl acetate.

To analyse the effect of changing the solvent during the synthesis, as the polyproline helix is
known to switch conformation in different solvents such as long chain alcohols,>>** the synthesis
of the nanoparticles was carried out in an EtOH solution after incubating the peptide for longer
than 10 days to ensure any conformational changes are complete due to the slow trans->cis
switching. This resulted in a significantly larger particle size from DLS analysis (= 880 nm) with a
worse PDI (Figure 73), suggesting solvent has a significant effect on the assembly of the particles.
Subsequent, TEM analysis of the complexed peptide showed the presence of well-defined
nanoparticles (Figure 73a-d) similar to those seen in previous studies in water (Figure 64) and in
the water/EtOH mixtures (Figure 71). However, these particles were significantly smaller (< 200
nm) than expected from DLS analysis, showing a clear mismatch between the two methods of
analysis.
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Figure 73 - DLS intensity distribution for peptide 67 (1 mg/mL) dried from ammonium hydroxide and redissolved in
EtOH with zinc nitrate (1.5 eq.). a-d) TEM images of peptide 67 (1 mg/ml) incubated for 10 days in EtOH (100 uL) and
reacted with zinc nitrate (2 eq.) and diluted with EtOH (100 uL). Ammonium hydroxide (30%, 1 uL) added. Aliquot (10
ulL) taken and diluted to 100 ulL (EtOH) for drop-casting (0.5 mg/mL). Stained with uranyl acetate.

Combination of the peptide with zinc without the presence of base instead produced chain-like
aggregates that may have likely formed from the aggregation of spherical nanoparticles upon
drying (Figure 74), however, the presence of ammonium hydroxide appears to be required to
form well-defined discrete nanoparticles, with the presence of base and protonation of the
peptide impacting the propensity to aggregate.
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Figure 74 —TEM images of peptide 67 (1 mg) incubated for 10 d in EtOH (100 uL) and reacted with zinc nitrate (2 eq.)
and diluted with EtOH (100 uL). Aliquot (10 ulL) taken and diluted to 100 ul (EtOH) for drop-casting (0.5 mg/mL).
Stained with uranyl acetate.

This data was also supported by scanning electron microscopy (SEM) showing similar clusters of
aggregated nanoparticles (Figure 75). These were clearly visible without requiring a metal
sputter coating. These bear a remarkable similarity to SEM images of self-assembled cages from
coiled-coil peptides from work by Woolfson, where they claim to synthesise nanoparticles from
peptide hubs, and describe these images as aggregated nanoparticles formed upon deposition
on the stub and drying.>®

hole 9053
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Figure 75 - - SEM images of peptide 67 (1 mg) incubated for 10 days in EtOH (100 uL) and reacted with zinc nitrate (2
eq.) and diluted with EtOH (100 ul). Aliquot (10 uL) taken and diluted to 100 ulL (EtOH) for drop-casting (0.5 mg/mL).
Uncoated sample.

With this promising data in hand, whereby nanoparticles could clearly be synthesised from a
functionalised oligoproline hexamer as previously evidenced from preliminary studies, it was
theorised this could be replicated in the longer 13-monomer chain, peptide 68, giving access to
different structures dependent on the solvent used due to isomerism of the helix. With the
hexamer complex similar nanoparticles are achieved in both ethanol and water. Thus, a
switchable peptide may give arise to a stimuli responsive supramolecular structure where the
switching of the peptide results in decomposition of the assembly, which could be applied to
release of encapsulated molecules or simply to access multiple structures from a single starting
material with varying applications.
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Figure 76 - DLS intensity distribution for sample of peptide 68 (1 mg/mL) dried from ammonium hydroxide and
dissolved in H,0 (1 mL) with zinc nitrate (1.5 eq.) and a sample of peptide 68 (1 mg/mL) dried from ammonium
hydroxide and dissolved in EtOH (0.25 mL) with zinc nitrate (1.5 eq.).

As such the synthesis of a peptide 68-zinc complex was also attempted using similar methods to
the previous example. Initial DLS studies indicated the formation of nanoparticles with a good
PDI in both water and ethanol, however with slightly different size, 190 and 280 nm respectively
(Figure 76). This supports that the longer peptide assembles similarly to the hexamer, forming
nanoparticles under similar conditions.
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Figure 77 — TEM images of a sample of peptide 68 (1 mg/mL) dried from ammonium hydroxide and dissolved in H,0
(1 mL) with zinc nitrate (1.5 eq.), stained with uranyl acetate (a) and unstained (b)

TEM analysis of the peptide complex sample in water did not show the formation of any ordered
assemblies (Figure 77) contradicting the results from DLS analysis. However, this shows a
significant difference to the smaller peptide 67, which clearly formed nanoparticles from TEM
analysis (Figure 71). This suggests increasing the size of the peptide, or spacings of the linker
groups, can significantly impact the topology of the metal-peptide assembly.
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Figure 78 — TEM images of a sample of peptide 68 (1 mg/mL) dried from ammonium hydroxide and dissolved in EtOH
(1 mL) with zinc nitrate (1.5 eq.) stained with uranyl acetate (a-b) and unstained (c-d).

Further TEM analysis of 68-Zinc complex in EtOH clearly evidenced the formation of an ordered
assembly, contrary to that seen in water, with a combination of aggregated particles forming
chain-like structures (Figure 78a-b) and cluster-like nanoparticles (Figure 78c-d, 50-100 nm). The
size of these nanoparticles is smaller than suggested by DLS (= 190 vs 50-100 nm), which can be
accounted for by differences in the analysis methods and that DLS measures the hydrodynamic
diameter which is expected to be larger than the actual particle size. The particles seen for this
peptide are also smaller than those seen for peptide 67 and rather than containing particles
dispersed in a gel-like assembly, these are freely dispersed particles and clearly aggregate upon
drying to a degree (Figure 78). Also, by analysing the sample without a uranyl acetate negative
stain we can see from the dark colouring that the particles are electron dense and thus contain
a significant amount of zinc and are not solely peptidic (i.e. low electron density organic
material) (Figure 78c-d), the less defined assemblies and increased amount of aggregation also
suggests that the uranyl stain negatively impacts sample quality. These promising results show
that the longer 13-chain peptide 68 can also form nanoparticles akin to the shorter peptide 67,
while the differences between the EtOH and water samples are indicative that the conformation
of the helix can significantly alter the assembly of the complex as no ordered assemblies are
seen in water for this peptide with polyproline Il helicity. While the shorter peptide which does
not switch conformation adopts similar topologies in both solvents.
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Figure 79 — a) AFM image of peptide 68 in water (1 mg/mL) with KOH (3 eq.) and zinc nitrate (1.5 eq.); b) AFM image
of peptide 68 in EtOH (0.4 mg/mL) with KOH (3 eq.) 20 x 20 um, c) AFM images of peptide 68 in EtOH (0.4 mg/mL)
with KOH (3 eq.) and zinc nitrate (1.5 eq.); 18 x 18 um,

The formation of the 68-zinc complex was also repeated with an alternate base, utilising
potassium hydroxide in place of ammonium hydroxide, so that the amount of base could be
more carefully controlled. With this method equimolar amounts of base to carboxylic acid were
used. AFM analysis was thus used to analyse these samples to give a clear indication of whether
nanoparticles were present or not. For all samples the mica was first coated with nickel as
samples were otherwise not retained, likely repelled by the negatively charged mica.

AFM analysis clearly showed that in water no nanoparticles were formed with base alone or
base and zinc, instead giving 2D thin films in both cases (Figure 79a). However, samples
synthesised from ethanol suggested the formation of nanoparticles with KOH alone (Figure 79b)
and with both KOH and zinc (Figure 79c), with particle sizes averaging at 700 nm (height 50-100
nm) and 400 nm (height 20-60 nm) respectively. This indicates a significant difference between
the assembly of the peptide in EtOH versus water, with the adoption of the polyproline | helix
over the polyproline Il helix a potential driving force for the formation of an alternate assembly
as well as the solvent effects such as lipophilicity, volatility, and surface tension.
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3.3.2.3 Peptide-metal complexation —-(OCH,COOH)s
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Figure 80 — Chemical structure of peptide 69, distances between the functional groups on each face are highlighted
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Comparing the assemblies formed with either peptide 67 or 68 suggests the ability for the
polyproline helix to switch conformations clearly impacts the assembly processes. However, the
lack of formation of nanoparticles in water for peptide 68, which is in the polyproline I
conformation, the same conformation as would be adopted for the hexamer (67) in water and
ethanol, suggests the effect of lengthening the helix also disrupts the assembly previously seen
for the hexamer and nanoparticles only again form in ethanol when the more condensed
polyproline | helix is adopted. These results are a positive indicator for the potential of
polyproline helices a supramolecular building blocks to design stimuli responsive
supramolecular constructs, yet further details of the methods of assembly and the effect of helix
conformation are required to draw further conclusions from these results. As such, it was
decided that the focus should be on using longer chain helices that can clearly undergo
conformational switching, while refining the peptide building-block to achieve a more
predictable and controlled assembly. Thus, the synthesised peptide 69 (Figure 80) was taken for
complexation studies, with this peptide theoretically forming a more ordered and directional
assembly due to the placement of two functional groups on each face at varying distances
(i+3/6/9, Figure 80) as previously described.

a) I " b) . i

Figure 81 — AFM images of peptide 69 (1 mg/mL) dried from ammonium hydroxide and redissolved in water with zinc
nitrate (3 eq.); a) 20 x 20 um, b) 5 x 5 um

A combination of AFM and DLS studies were thus used to determine the adopted topology of
samples of peptide 69-zinc complexes. Initial analysis of the free peptide and peptide with base
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(NaOH/KOH/TEA) in water showed no formation of any ordered assemblies with either gel-like
films or random aggregates visible as expected. Likewise, the peptide in MeOH and PrOH
without zinc showed no ordered assembly with just random aggregates forming. While
synthesising the complex using similarly treated peptide to previous methods, drying from
ammonium hydroxide, instead formed chain-like aggregates (Figure 81). This is similar to the
structures seen in some areas for the hexamer in water, and matches closely with the structures
seen in ethanol, suggesting the longer peptide is assembling in a similar manner. However,
individual nanoparticles are not visible only showing aggregates, suggesting some deviation
from the previous samples which could be attributed to many factors, such as the change from
TEM grid to the silica mica disc, dilution effects or differences between the peptides.
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Figure 82 — DLS size distribution for peptide 69 (1 mg/mL) in water with TEA (6 eq.) and zinc nitrate (3 eq.). Z-avg:
247.1 nm, PDI: 0.226

Due to the lack of visibility of single nanoparticles the synthesis of the peptide complex was
attempted with an alternate base, using triethylamine (TEA) in place of any of the initially tested
ammonium hydroxide. DLS analysis of the complex in water indicated the presence of
nanoparticles with an average size of approximately 250 nm with a reasonable PDI (0.226)
(Figure 82). Subsequent AFM analysis of this complex did not show the presence of the chain-
like aggregates, seen with ammonium hydroxide, matching with the findings from DLS analysis
instead showing the presence of discrete particles less than 100 nm in size. These objects had
relatively low height (< 8 nm) suggesting that if these are spherical nanoparticles in solution that
they have collapsed upon drying on the mica surface and are therefore hollow, solvent-filled
spheres (Figure 83).

96



1: Hoight

d
1: Height 50 um

!
/

nm 50 100
50 00 nm

Figure 83 — AFM images of peptide 69 (1 mg/mL) in water with TEA (6 eq.) and zinc nitrate (3 eq.); a) 5x 5 um, b) 1 x
1 um, c) table showing diameter and height of spherical objects from image (a); height — 2.6-8.6 nm, diameter —
approx. 100 nm

Due to the successful formation of nanoparticles from peptide 69 with TEA and zinc in water this
method was carried forward for analysis with other solvents. DLS analysis of the complex formed
in methanol solution at a lower concentration (0.4 mg/mL), due to reduced solubility in organic
solvent versus water, indicated the formation of similarly sized nanoparticles to water at 295
nm (A 48 nm) with a better PDI (0.186) (Figure 84). In methanol the peptide predominantly
adopts the polyproline Il helix, as shown by CD analysis, as such methanol acts as a good model
of the behaviour of the complex assembled from the polyproline Il helix while in organic solvent,
such that the differences in topology cannot be directly attributed to differences between
aqueous and organic solvents. The good match between the DLS of the complex formed in water
and MeOH supports the hypothesis that the helicity is driving the adoption of this topology, not
solvent effects.
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Figure 84 — (top) DLS size distribution for peptide 69 (0.4 mg/mL) in MeOH with TEA (6 eq.) and zinc nitrate (3 eq.). Z-
avg: 295.6 nm, PDI: 0.186 (bottom) DLS size distribution for peptide 69 (0.4 mg/mL) in MeOH with TEA (6 eq.) and zinc
nitrate (3 eq.). Z-avg: 263.0 nm, PDI: 0.153

In an attempt to further stabilise the nanoparticles formed to improve the PDI and prevent
aggregation the particles were “capped” via the addition of benzoic acid subsequent to
complexation. This method showed a marked improvement in the degree of aggregation over
time, improved the PDI of the particles from DLS analysis (0.153 vs 0.186), and slightly reduced
the determined size from DLS (263 nm) (Figure 84).
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Figure 85 — AFM images of peptide 69 in MeOH (0.4 mg/mL) with TEA (6 eq.) and zinc nitrate (3 eq.) and subsequently
capped with benzoic acid (1 eq.); a) 10 x 10 um, b) 2.5 x 2.5 um, horizontal distance — 300-440 nm, vertical distance-
5-15 nm (larger circular objects); c) TEM image, unstained sample.

However, AFM analysis of the capped complex formed in methanol did not show the presence
of spherical nanoparticles with flat 2D circular structures forming, these were relatively large
300-440 nm and despite being circular had a vertical height that was very low for their diameter
(5-15 nm) so it is unclear if these existed as nanoparticles in solution and have simply collapsed
upon drying (Figure 85). TEM analysis of the complex also showed similar structures with
relatively disperse circular objects clearly visible (Figure 85). Although taken with the DLS results
this suggests that nanoparticles may be forming in methanol but that they do not survive the
drying or washing processes of sample preparation.
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Figure 86 — AFM images of peptide 69 dried from ammonium hydroxide and redissolved in EtOH (0.4 mg/mL); a) 10 x
10 um, b) 6.6 x 6.6 um

As for previous peptides complexation of peptide 69 was repeated in EtOH, with the peptide
incubated to ensure complete conversion to the polyproline | helix prior to assembly. Initial AFM
studies of the peptide with ammonium hydroxide showed the formation of chain-like aggregates
(Figure 86) previously seen for ammonium hydroxide-zinc complexes of the peptide in water
and for the less functionalised peptides (67-68). With the addition of zinc nitrate however a
significantly different assembly was formed.

a) b)

Figure 87 - AFM images of peptide 69 dried from ammonium hydroxide and redissolved in EtOH (0.4 mg/mL) with zinc
nitrate (6 eq.); a) 6.6 x 6.6 um, b) 10 x 10 um

AFM analysis of this complex in EtOH showed the formation of two architectures, with relatively
monodisperse nanoparticles and a thin film with these same nanoparticles also dispersed
throughout (Figure 87). This clearly shows that while the peptide can aggregate to form
supramolecular structures with some degree of order such as the chain-like aggregates,
complexation of the peptide with zinc can drive the assembly towards a different topology such
as the nanoparticles seen here, indicating the successful complexation of the peptide and
formation of an extended metal-peptide network.

100



Size Distribution by Intensity
15 .................. .................. . ................. _ .................
[ R R B
G At e PP e D
5 : : :
& : : :
=
‘w
5 5 ........................................................................................
E
0 t i + + i
0.1 1 10 100 1000 10000
Size (d.nm)
— Record 267. DB79-58-C2 1 Record 268: DB79-S8-C2 2 — Record 269: DB79-58-C2 3
Size Distribution by Intensity
20 .................. .................. . ................. _ .................
E‘ B e .................. ................ .................
o . . . . .
5 : : : : :
a : : : : :
&10 .................. .................. ............... .................
‘u . . - . :
5 . o .
E 5 .................. .................................. / ................................
0 ; : ;
0.1 1 10 10000
Size (d.nm)
— Record 273: DB79-S9-cap 1 Record 274: DB79-S8-cap 2 — Record 275: DB79-S9-cap 3|

Figure 88 — (top) DLS size distribution for peptide 69 (0.4 mg/mL) in EtOH with TEA (6 eq.) and zinc nitrate (3 eq.). Z-
avg: 284.3 nm, PDI: 0.176; (bottom) DLS size distribution for peptide 69 (0.4 mg/mL) in EtOH with TEA (6 eq.) and zinc
nitrate (3 eq.), capped with benzoic acid (1 eq.). Z-avg: 207.3 nm, PDI: 0.147

Due to the preliminary evidence from DLS studies of peptide 69 complexes forming smaller
nanoparticles with a better PDI and reduced aggregation potential in water after capping with
benzoic acid, this study was repeated using the same procedures in EtOH. This gave similar
results with a reduction in the determined size (Z-avg: 285 nm -> 210 nm) and an improved PDI
(0.176 -> 0.147) (Figure 88). Thus, these results suggest capping with benzoic acid may be an
effective method to prevent further aggregation of the nanoparticles to yield discrete, stable
nanoparticles.
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Figure 89 — a) AFM image of peptide 69 (0.4 mg/mL) in EtOH with TEA (6 eq.) and zinc nitrate (3 eq.), capped with
benzoic acid (1 eq.); b) TEM image, unstained sample; c) table showing diameter and height of spherical objects from
image (a)

Subsequent, AFM analysis of this sample did present a better match with the DLS results than
seen in for the complex in water, with the apparent presence of nanoparticles (Figure 89). These
were relatively polydisperse ranging from 200-400 nm, and appeared to be spherical from AFM
measurements as they were perfectly circular and had a height ranging from 15-28 nm which
was relative to the diameter of the particles again indicating some degree of flattening or
collapsing upon deposition and drying. Again, TEM analysis of the same complex gave similar
results with large circular objects clearly seen on the grid, suggesting this is the predominant
structure formed from the complex. This was carried out without negative staining which
suggests the presence of zinc within the structures due their dark colouring, not seen for low
density organic compounds, such as the peptide alone, without staining.
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Figure 90 - AFM images (a,c,d) of peptide 69 (1 mg/mL) in EtOH with KOH (6 eq.) and zinc nitrate (3 eq.), 20 x 20 um;
b) table showing diameter and height of spherical objects from image (a)

With the successful formation of nanoparticles from peptide 69 in EtOH with both TEA and
ammonium hydroxide the complexation was further attempted with KOH as the base with
equimolar quantities to the free carboxylic acids. AFM analysis of this complex again showed the
formation of nanoparticles that were relatively disperse and larger than previously seen
(diameter 200-1000 nm, height 20-60 nm, Figure 90). This clearly shows that the designed
peptide 69 predominantly forms nanoparticles upon complexation in EtOH, while the base used
also affects the size and dispersity of the structures formed.

To provide supporting evidence for the topologies achieved using the polyproline | helix in the
EtOH samples of the peptide 69-zinc complex these experiments were repeated in propan-1-ol
(PrOH). Both EtOH and PrOH have been reported to switch polyprolines to the all-cis polyproline
| helix conformation over time, with PrOH achieving slightly higher percentage conversions to
the cis amide bonds and as such is typically used in experiments to form this helix.>®> Therefore,
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forming the peptide-zinc complex in PrOH should produce similar supramolecular assemblies to
that seen in EtOH where the helix conformation is the driving factor for the differences in the
topology formed.
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Figure 91 - DLS size distribution for peptide 69 (0.4 mg/mL) in PrOH with TEA (6 eq.) and zinc nitrate (3 eq.) Z-avg:
311.4 nm, PDI: 0.293

Initial DLS studies of the peptide complex in PrOH formed with TEA as the base and with zinc
nitrate, again indicated the formation of nanoparticles not dissimilar to that seen for MeOH,
EtOH, and water with a Z-average size of 310 nm but with a slightly worse PDI than previously
seen (0.293) (Figure 91). Looking at the DLS data alone this seems to suggest that nanoparticles
of a similar size range are formed in all four solvents tested when using TEA as the base,
indicating that the formation of either the polyproline | or polyproline Il helix does not
significantly affect supramolecular assembly of the complex contrasting with the previous
findings.
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Figure 92 — AFM images of peptide 69 (0.4 mg/mL) in PrOH with TEA (6 eq.) and zinc nitrate (3 eq.); a) 20 x 20 um, b)
2 x 2 um; Tables showing diameter and height of objects from AFM images; c) measurements from image (a), height
15-25 nm, diameter 0.5-2 um; d) measurements from image (b), height 1-3 nm, diameter 50-150 nm

However, AFM analysis of this complex instead showed the formation of amorphous gel-like
assemblies and despite appearing spherical in Figure 92b these are very thin (< 3 nm) and, with
a width of 50-100 nm, are likely thin films, especially when viewed in conjunction with other
images (Figure 92a) which clearly show the presence of amorphous gels from the deposited
sample.

Thus, from this data it is evident that solution state analysis via DLS measurements and solid-
state analysis from microscopy methods (AFM/TEM) can provide opposing results with DLS,
often indicating the presence of nanoparticles that cannot be corroborated by the microscopy
results. From this it cannot be clear whether positive results for the presence of nanoparticles
from DLS are either false or simply that the nanoparticles do not survive subsequent treatments
for sample preparation such as deposition on the mica, drying, and washing. As such, DLS data
alone cannot be used as a definite indicator for nanoparticle formation despite their promising
results and could only be used where supported by evidence from microscopy studies that can
corroborate these findings.

105



However, we have been able to show that the designed peptide 69 with six carboxylic acid
functional groups is able to reliably form nanoparticles in water, EtOH and PrOH, and with
circular objects in MeOH that may be collapsed nanoparticles or thin films/gels. With these
samples the base used had a clear impact on the successful assembly of the complex, however
successful examples were shown in specific cases for ammonium hydroxide treated peptide, and
with equimolar amounts of TEA or KOH, with the most consistent success seen for samples with
TEA suggesting it is an effective base to use in the construction of these nanoparticles. We were
also able to demonstrate that using a capping agent, in this case the monotopic benzoic acid
ligand, can be an effective method to hinder the aggregation of the preformed nanoparticles,
which theoretically acts by truncating exposed zinc ions increasing the negative charge of the
particles and preventing further aggregation in solution. The requirement of nickel coating the
mica to allow deposition of the samples, with no visible assemblies without this treatment for
zinc containing samples, clearly shows that the negatively charged mica repels the metal-
peptide assemblies and thus these particles must have a negatively charged surfaced.
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Figure 93 — Chemical structure of peptide 70, matching spacings of the functional groups on each face is highlighted
(d)

The data from peptide 69 alone does not conclusively show that placing the functional groups
at varying distances on each face drives facial selectivity, to achieve a more ordered assembly.
As such, the synthesised peptide 70, with functionalised prolines placed two prolines apart on
each face (i+3, Figure 93), was utilised to repeat the complexation experiments carried out on
peptide 69. This peptide should therefore have minimal facial selectivity and was therefore
hypothesised to form less ordered assembilies, and thus the effect of this on the topology of the
supramolecular assemblies can be determined to improve our understanding of the assembly
principles of the peptide complex. However, significantly, CD spectroscopy had shown that this
peptide did not adopt the polyproline | helix in EtOH or PrOH, exhibiting the characteristic
polyproline Il helix spectrum. This was unexpected for such a long peptide suggesting that the
placement of the functional groups at one helical turn apart along the peptide sequence affects
the propensity for the formation of cis amide bonds, preventing switching of the helix. However,
this also means the solvent effects on the assembly topology can be monitored as, with the same
conformation present in all solvents, any changes can be attributed to the different solvent
properties.
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Figure 94 - AFM images of peptide 70 in water (0.4 mg/mL) with TEA (6 eq.), 7.5 x 7.5 um

Analysis of the self-assembly of the peptide-TEA solution in water via AFM evidenced similar
supramolecular assemblies to that seen for the previous peptide, 69 with ammonium hydroxide
(Figure 86), with the formation of chain-like aggregates and similar morphologies (Figure 94).
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Figure 95 — DLS size distribution of peptide 70 in water (1 mg/mL) with TEA (6 eq.) and zinc nitrate (3 eq.); Z-avg: 247.2
nm, PDI: 0.106

The subsequent addition of zinc nitrate to the peptide-TEA solution again formed nanoparticles
from DLS analysis with similar sized particles (250 nm) to that seen for the previous peptide
under the same conditions with a very good PDI (0.106) (Figure 95). To corroborate these
findings a sample of the complex solution was drop-cast onto nickel coated mica for AFM
analysis.

107



]
10 1: Height 50um

nm 100 200 300 400 500 nm

1
1: Height 10um 1: Height 50um

Figure 96 — AFM images (a,c,d) of peptide 70 in water (1 mg/mL) with TEA (6 eq.) and zinc nitrate (3 eq.); b) table
showing diameter and height of objects from image (a)

The AFM images of the peptide 70-Zn complex in water show what appear to be aggregated
clusters of small particles (Figure 96). This data suggests that while nanoparticles do form in
solution, similar to the previous i+3/6/9 peptide, these then undergo further aggregation to
form cluster-like morphologies with a stark difference to the more discrete particles seen
previously (Figure 90). Therefore, this supports the hypothesis that the rational design behind
the placement of the functional groups can drive the supramolecular assembly to form more
ordered interactions. A possible hypothesis from this evidence is that the non-selective
coordination of the helical faces results in a more disordered assembly with more unreacted
free carboxylates on the nanoparticle surface which promotes this cluster behaviour between
the particles as these sites could bind to exposed metal centres on other particles leading to the
cluster-like formations seen here.
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Figure 97 — DLS size distribution of peptide 70 in MeOH (0.4 mg/mL) with TEA (6 eq.) and zinc nitrate (3 eq.); Z-avg:
247.2 nm, PDI: 0.106 (Top). AFM images (a, b) of peptide 70 in MeOH (0.4 mg/mL) with TEA (6 eq.) and zinc nitrate (3
eq.); c) table showing diameter and height of objects from image (b), height 2.5-10 nm, diameter 50-150 nm

Subsequently, complexation was carried out in MeOH as done for the previous peptide. DLS
analysis of this solution again evidenced the presence of nanoparticles in solution with a good
PDI (0.146) and a slightly larger size than previously seen (370 nm). However, AFM analysis of
this sample showed a mixture of morphologies, different to the low polydispersity nanoparticles
seen in water (Figure 97). The AFM clearly showed areas containing fibre-like assemblies with
smaller circular objects also visible (50-150 nm), however these have a low height (3-10 nm),
varying in correlation with their diameter (Figure 97c), which may be simply thin-films of the
complex or peptide as seen in some previous samples.
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Figure 98 - AFM images of peptide 70 in EtOH (0.4 mg/mL) with TEA (6 eq.) and zinc nitrate (3 eq.); a-b) sample without
washing drop-cast sample with solvent, depth 100-150 n; c-d) drop-cast sample washed with EtOH (10 uL, x 3), depth
2-4 nm

Analysis of peptide 70 in EtOH, where this peptide still retains the polyproline Il helix, after
complexation with zinc nitrate in the presence of TEA did not produce any reasonable DLS size
distribution. This indicated no spherical morphologies were forming which was supported by
subsequent AFM analysis of the sample. Analysis of the sample after drop-casting onto mica
without subsequent washes clearly showed the formation of a gel-like film with “holes” from
escaping solvent upon drying. While washing the sample clearly diluted this film to form thinner
layers in smaller areas of the same film. This supports the information from DLS that no
nanoparticle formation occurs for the peptide in EtOH. This differs significantly from the
morphologies seen for peptide 69 in EtOH with both ammonium hydroxide and TEA where
nanoparticles are clearly visible in both cases (Figure 87).
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Figure 99— AFM images (a, b) of peptide 70 in PrOH (0.4 mg/mL) with TEA (6 eq.) and zinc nitrate (3 eq.); c) table
showing diameter and height of objects from image (b), height 10-35 nm, diameter 100-200 nm

In conjunction with the complexation of the peptide in EtOH this was also carried out with the
same conditions in propan-1-ol (PrOH) which also still retained the polyproline Il helicity. Again,
the DLS analysis of this sample did not show any reasonable size distribution indicating no
detectable nanoparticles in solution. However, subsequent AFM analysis showed the formation
of cluster-like aggregates (Figure 99a-b) similar to the morphology seen in water (Figure 96) yet
with more random clusters than the circular clusters seen in the water sample. These dense
clusters are formed of globular particles that may be nanoparticles that have quickly aggregated
into these clusters. This again suggests that the placement of the carboxylic acid motifs on the
peptide sequence to not drive facial selectivity, as is the case in peptide 69, increases the
likelihood of aggregation of the nanoparticles forming clusters and other linked structures.

The stark differences between the AFM results in water, MeOH, EtOH and PrOH for peptide 70
also demonstrates the significant solvent effect on the adopted topology of the assembly. As
the peptide adopts the polyproline Il helix in all the solvents tested the differences in structures
can be attributed to solvent effect. Thus we see variation from spherical clusters, fibres, gels,
to densely aggregated clusters. This is likely due to a combination of the lipophilicity and polarity
effects on the assembly, and differences in the drying process as the volatility of each solvent
varies, impacting the rate of deposition and affecting the morphology of the structures formed.
Water is also known to solubilise the peptide backbone carbonyls, increasing the strength of
n—>1t* inter-carbonyl interactions favouring the polyproline 1l helix,>” while the longer alcohols
have a less stabilising effect, thus a portion of the amide bonds may switch from trans to cis in
these solvents,*® affecting the assembly process despite the peptide adopting mostly trans
amide bonds, as seen by CD analysis, which confirmed the polyproline Il helicity of the peptide
in these solvents.
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Table 1: Comparison of microscopy images (TEM & AFM) of each peptide complex

Solvent

a.H,0 b. MeOH c. EtOH d. PrOH

Peptide
Zn-Complex

In summary, these results show that the peptide length, conformation, linker spacing, degree of
functionalisation, the base utilised, and solvent effects, can all be used to alter the accessible
topologies from a polyproline-zinc complex. Significantly, we demonstrate how nanoparticles
can be synthesised from the complexation of polyproline helices, functionalised with carboxylic
acids on the proline sidechains, with zinc nitrate. This occurs for the hexameric peptide 67 in
both water and EtOH, while a Proiz peptide with the same number of functional groups (-
(OCH,COO0H)s), 68, does not form nanoparticles in water (polyproline IlI) and does in EtOH
(polyproline 1), suggesting the ability to switch conformation directly affects the topology of the
metal-peptide framework. The nanoparticles formed from the longer peptide also have a
different morphology with a cluster-like structure that aggregates into chains while the shorter
peptide forms distinct spheres that meld together when aggregating, which indicates a different
mode of assembly for the two peptides.

Further functionalisation of the peptide to induce facial selectivity, increasing the directionality
of the supramolecular interactions, with the synthesis of peptide 69, then drove the formation
of nanoparticles in water unlike the less functionalised peptide. Showing that optimisation of
the peptide allows the formation of previously unobtainable assembly topologies. This peptide
also formed nanoparticles in EtOH and showed some positive results for nanoparticle formation
in MeOH. While the PrOH sample simply formed gel-like structures. This indicates that solvent
effects are also important factors for the assembly process as the peptide adopts the polyproline
112



| helix in both EtOH and PrOH, yet the adopted structures are different (nanoparticles/gels),
which instead may be attributable to differences in the solvent properties such as lipophilicity,
viscosity, volatility, and surface tension.

Subsequent adjustment of the functional group placement was carried out to synthesise peptide
70 to test the importance of the facial selectivity. Thus, the selectivity of the peptide should be
reduced such that all the peptide faces should be able to form intermolecular interactions with
each other, this led to significant differences to peptide 69 in all solvents. The water sample
showed the most similarities still forming nanoparticles, yet these seemed to form spherical
clusters of nanoparticles showing the surface properties of the particles were different affecting
the aggregation of the particles. The MeOH sample was distinctly different forming fibrous
assemblies not seen in any other samples. The peptide assembled into an organogel in EtOH
and, while some gel-like assemblies were visible for the previous peptide 69, these were evenly
dispersed with nanoparticles not seen in peptide 70. This data shows that placement of
functional groups significantly affects the assembly’s topology and none of the adopted
structures match despite retaining the same polyproline Il helix, shown from CD analysis (Figure
66 to Figure 69), showing that solvent effects significantly affect the topology.

3.3.3 Metal-Peptide Cages
3.3.3.1 Synthesis of discrete carboxylate peptide-metal cages
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Figure 100 — Chemical structures of synthesised polyproline peptides functionalised with -OCH,COOH motifs on only
one of the peptide helices’ faces. Residues on the same helical face are highlighted in the same colour.
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With the formation of complex supramolecular assemblies (nanoparticles/gels) from multi-topic
polyproline ligands (67-70), where all three faces of the polyproline helix were functionalised
(Figure 100), the focus moved towards simpler systems to be able to form discrete
supramolecular constructs with nanoscale cavities, with potential applications for host-guest
chemistry and catalysis. It was also evident further elucidation of the methods of assembly and
the effect of face functionalisation on the adopted interactions (i.e. selectivity of face
interactions) was required. As such, a series of peptides functionalised only on one helical face,
with varying distances between the two functional groups on each face, were synthesised. With
the capping groups chosen due to their ease of identification via 'H NMR spectroscopy,
containing aromatic and alkene protons, with a chemical shift well outside the range of the
peptide backbone protons, as well as, differing the masses of the peptides for LCMS analysis.
These were peptides 71-74 (Figure 100) and were designed to mirror the helical faces of peptide
69, with each peptide having the carboxylic acid sidechains placed on different helical faces and
with different spacings. With these peptide structures the goal was therefore to form a
complexed peptide dimer with metal nodes acting as linkers between the carboxylic acid groups,
creating a nano-cavity with the peptide helices as the walls and the central proline ring of both
peptides facing into the cavity. However, HPLC analysis of the crude peptide 73 showed the
presence of significant impurities suggesting an issue during peptide synthesis, or the capping
steps, and with the successful synthesis of peptides 72 and 74 initial studies were instead
focused on these two peptides.
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Figure 101 — Example structures of heterogenous Zn-peptide complexation of peptides 72-74 with each other; a)
Peptide 72 and 74 dimeric complex showing the impossibility to satisfy both carboxylic acid linkers simultaneously due
to large differences in x and y distances, b) Peptide 72 and 73 dimeric complex showing the uncertainty that the
difference in x and y is sufficient to prevent simultaneously linking of all carboxylic acid sites; b) Peptide 74 and 73
dimeric complex showing the uncertainty that the difference in x and y is sufficient to prevent simultaneously linking
of all carboxylic acid sites

With these longer peptides (72-74) the goal was to determine whether the previously utilised
placement of two binding sites on each face could result in selectivity of the peptide
complexation. For example peptides 72 and 74, 72 having the greatest functionalised residue
distance (i+9) and 74 having the shortest (i+3), should not be able to form two carboxylate-metal
linkers with each other simultaneously as the formation of one linkage should result in the
distance between the other free acids being too great (i+6 difference) to form a peptide-peptide
link (Figure 101a). Thus, if the two peptides were mixed and complexation carried out with zinc
then two separate complexes should form, rather than mixed complexes containing both
peptides, which may be detectable by NMR analysis and mass spectrometry. However, analysing
the sidechain spacings it should be considered that peptide 73 has an intermediate spacing
between the two other peptides’ functionalised residues (i+6), as such, it is unclear whether the
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difference in spacings (i+3 difference) is sufficient to prevent linker formation at both binding
sites on each molecule simultaneously (i.e. 74=73 and 73=72, Figure 101b-c) due to the flexibility
of the -OCH,COOH group. If peptide 73 can bind in this manner this would result in peptide 69
forming a less ordered assembly than desired as all the faces can bind to their complementary
face yet face 2 would also be able to bind to faces 1 and 3, reducing the selectivity of the
assembly process. Thus, determining the degree of selectivity of the assembly between peptides
of varying linker spacings on different faces is essential for the rational design of any
supramolecular constructs.
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Figure 102 - Possible structures of peptide 72 - zinc complexes; a) formation of a peptide dimer, b) formation of a
peptide 1D polymer chain,

Secondly, an important factor considered was the propensity for the peptides to form a linker
at both binding sites to the same peptide or whether a third molecule can form a linker with the
as formed dimer and thus lead to polymerisation into a 1D polymer chain (Figure 102b).
Theoretically as the distance between the linkers (y) in peptide 72 is significantly larger than the
distance of peptide remaining at either terminus (x & z) there is minimal hindrance to form an
extended polymer, however, the reaction to form a single dimer should still be significantly
favoured as the reaction sites are bound close together after the initial dimerization via one
carboxylate linkage.
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Figure 103 - Possible structures of peptide 74 - zinc complexes; a) shows the formation of a single carboxylate link and
how the significantly smaller distance of y versus x and z reduces the likelihood of polymerisation due to the steric
hindrance of the peptide chain adjacent to the linker motifs hindering the angle of approach of further peptide
molecules, b) Complexation of a peptide-74-zinc dimer, theoretically favoured over polymerisation

In contrast, the peptide 74, and to an extent peptide 73, has a significantly smaller y distance
between the linkers versus the peptide adjacent to these motifs at each terminus (x & z), this
should hinder the angle of approach of further peptide molecules due to the steric bulk of the
peptide backbone around the binding sites and thus prevent polymerisation of the peptide
(Figure 103). If this can be determined this will clearly show that the peptide length and spacings
of functional groups can be tuned to prevent the formation of specific assemblies and achieve a
desired topology.
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Figure 104 —1H NMR Spectra of peptide 72 in DMSO-ds a) peptide with TEA (6 eq.) and zinc nitrate (1 eq.), b) peptide
with TEA (6 eq.), c) peptide alone. Area with most significant differences highlighted in pink.

Consequently complexation of these peptides was carried out using a similar method to that
adopted for the nanoparticle synthesis. In this case the peptide was heated at 65 °C with
equimolar amounts of zinc nitrate hexahydrate in either MeOD, DMSO-ds or D;0, thus allowing
for NMR analysis of the sample to assist in determination of the successful complex formation.
In this case no precipitate or turbidity was observed for any of the samples, except peptide 72
in MeOD, indicating that unlike with the multi-face functionalised peptides these peptides do
not form insoluble extended structures, instead forming discrete assemblies that remain soluble
even in poorer solvents such as methanol. The presence of some precipitate from the peptide
72-Zn complex in methanol suggests that an extended structure forms supporting the
hypothesis that a degree of polymerisation can occur through the assembly shown in Figure
102b. However, most of the peptide remains in solution as indicated by NMR analysis. This does
not occur for the closely placed carboxylic acid motifs in peptide 74 showing that these chemical
handles can be used to control the topology of the adopted assembly.
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Figure 105 —1H NMR Spectra of peptide 74 in DMSO-ds a) peptide with TEA (6 eq.) and zinc nitrate (3 eq.), b) peptide
with TEA (6 eq.), c) peptide alone. Area with most significant differences highlighted in pink.

Aromatic capping groups were used in the peptide synthesis of peptides 72 and 74 as the
chemical shift of these protons will be well outside the range of the peptide backbone protons
and, due to the size of these molecules, the *H NMR spectra are highly complex between 2-5
ppm making assignment of the protons and observing any changes significantly more difficult.
However, the N-terminal capping group is situated at a significant distance from the carboxylic
acid groups, as such, as can be seen in the *H NMR spectra (Figure 104-108), significant changes
are not observed. Albeit the aromatic region appears to have an increased complexity, most
evidently an increase in splitting at 7.48 ppm. Hence, the CH/CH; region was analysed as any
diagnostic shift will be more evident due to the proximity to the Zn centre. Changes in *H spectra
for the complexed peptide were observed in the 4.75-4.0 ppm region for the protons on the
pyrrolidine ring adjacent to the functional groups. However, direct interpretation of any of these
changes was not feasible due to the complexity of the signals in this region as such the extent of
facial selectivity could not be determined upon mixing the two peptide complexes (Figure 106).
As such from these results, although the structure could not be determined from NMR analysis,
the evidence supports the formation of a peptide-Zn complex due to the characteristic changes
seen in the *H NMR spectra of both peptides upon Zn addition.
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a) Peptides 72+74 (MeOH)
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Figure 106 - 1H NMR Spectra of samples of mixed peptides 72 and 74; a) peptide 72 and 74 in MeOD, b) peptide 72 (1
eq.) and 74 (1 eq.) with TEA (12 eq.) in MeOD, c) peptide 72 (1 eq.) and 74 (1 eq.) with TEA (12 eq.) and zinc nitrate (2
eq.) in MeOD, d) sample of peptides 72 and 74 complexed separately then mixed. Area with major differences
highlighted in pink.

3.3.3.2 Synthesis of a Copper-peptide tetrameric cage
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Figure 107 — Theorised chemical structure of peptide 71 complexed with copper nitrate forming a tetramer with four
linking copper centres, in this example the peptides are arranged in alternating antiparallel directions
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Subsequently, the peptide 71 was synthesised, in this case a 7-chain peptide was targeted as
this is the shortest peptide with three residues on the same face of the polyproline Il helix.
Therefore, the terminal positions, both on the same face, could be functionalised such that the
peptide acts a C-shaped ditopic ligand while the central residue (Pro4) is free to be functionalised
allowing for the placement of a functional group into any cavity formed from complexation of
the peptide. Thus the free residue can be utilised to tune host-guest interactions between the
complexed peptide and any encapsulated molecule.
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a) Peptide 71 + Cu(NO;),.3H,0
(heated @ 85 °C for 24 h)
(DMF - MeOD)

2

b) Peptide 71 (MeOD)

ri

B e e e e S B NI B e e e e e LR o e o L T
3.3 3.1 29 2.7 2.5 2.3 2.1 19 1.7 1.5
f1 (ppm)

Figure 108 —*H NMR spectra of peptide 71 in MeOD (b) and peptide 71 reacted with copper nitrate at 85 °C for 1 day
in DMF, with a MeOD capillary (a)

Initial synthesis of a peptide-copper coordination cage was attempted with peptide 71. Copper
nitrate is distorted octahedral so the complexation of this peptide with copper should form a
tetrameric cage with four metal centres linking the carboxylic acid groups (Figure 107). The
synthesis was carried out by heating the peptide and copper nitrate solution in DMF at 85 °C.
The solution changed from the original light blue colour to dark green after 5 minutes indicating
the successful reaction of the copper. No precipitate formed from this reaction unlike when
using the peptides functionalised on all three faces, thus indicating the complex formed is a
discrete assembly and is therefore a soluble complex. Repeated attempts were made to
crystallise the formed discrete complex via vapour diffusion with poor solvents to determine the
adopted structure via SC-XRD analysis, however, these were all unsuccessful only producing
amorphous precipitate. Also, once precipitated the amorphous solid produced was then
insoluble in DMF or EtOH, indicating that drying affects the solubility either by further
complexation to form an extended network or that after exclusion of solvent from nanocavities
these cannot be re-solubilised at room temperature. The solid was soluble in water, likely from
disassociation of the metal complex. Subsequently, *H NMR analysis of the complex was carried
out (Figure 108), as expected significant peak broadening was observed due to the presence of
paramagnetic Cu (II) making determination of any diagnostic shifts difficult.
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Figure 109 - HPLC UV-Vis chromatogram of peptide 71 and peptide 71 reacted with copper nitrate, enlarged region
between 8-10.5 min, (Full spectra - SI 4.10.2)

To further determine the successful complexation of the peptide HPLC analysis was carried out
on the complex solution, this showed residual unreacted peptide (rt = 8.78 min) while two small
new peaks were visible (rt = 9.29-9.49 min) indicating the formation of a two new species from
complexation. The large amount of residual starting material is to be expected from
disassociation of complex in the agqueous media or from the decomposition of the copper
complex due to the formic acid additive. For the determination of the new species HRMS analysis
was carried however, the expected mass ([M+4H]**; 949.0789) was not found with the only
identifiable mass matching the peptide ([71+Na]*; 909.404). Other larger mass peaks (e.g.
1094.467, Sl 4.10.2), that were not present for the peptide alone, could not be identified as a
reasonable fragment of the complex or peptide which indicated that an unexpected complex
structure may have formed. This also suggests that the complex does not survive either contact
with the aqueous media (0.1% formic acid) used in the analysis or the ionisation process, despite
using the relatively soft electrospray ionisation (ESI). This is supported by the solubility of the
dried complex in water and not DMF, with water causing disassociation of the copper-
carboxylate bond. As such, without conclusive evidence of successful complexation from the
analytical methods used, further investigation of this peptide complex was paused until further
elucidation of the assembly principles of these materials could be carried out.
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3.3.3.3 Synthesis of Discrete Peptide-palladium Coordination Cages
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Figure 110 — Crystal structure of a proline tetramer capped with the 2-naphthoyl group at the N-terminus and
functionalised with trans -O-Pyridine at the 4-position on Prol and trans -O-Lutidine at the 4-position on Pro4.5°

To target a minimalistic ditopic peptide ligand for the synthesis of a peptide-metal nanocage the
proline tetramer was again chosen as the ideal candidate. This peptide forms one full helical
turn whereby the two terminal prolines can be functionalised for metal co-ordination. Notably
within our group in as yet unpublished work a peptide tetramer, functionalised with lutidine and
pyridine at the N and C-terminus respectively (synthesised by Dr K. Samanta, University of Kent),
self-assembled to form a crystalline framework allowing for analysis via single crystal x-ray
diffraction (SCXRD data from Dr Lina Mardiana/Dr Michael J Hall; University of Newcastle)*® and
thus allowing determination of the structure of the peptide helix and consequently the
geometry of the functional groups (Figure 110). This data clearly showed that the polyproline II
helix was retained for this structure despite significant functionalisation (50%) of the peptide
backbone as in previous studies of the polyproline tetramer with hydroxyl functionalisation,
again highlighting the resilience of the helix to functionalisation even at short peptide lengths.
From this structure the two functional groups are located on the same helical face and with this
data in hand the synthesis of a peptide functionalised with two coordinating functional groups
to act as a ditopic C-shaped ligand for the synthesis of metal-peptide coordination cages could

AARR

(75)

Figure 111 — Chemical structure of peptide 75, proline rings are highlighted to show each of their locations on the
three helical faces (i.e. functionalised prolines 1 and 4 are on the same face)

As such the pyridine functionality was incorporated into a peptide sequence with the 4-position
functionalised monomer 66 at both termini forming a C-shaped ditopic ligand with two pyridine
motifs, which are commonly used to coordinate with metal cations to form coordination
complexes.* Peptide 75 (Figure 111) was synthesised using standard SPPS techniques in a
quantitative yield. The resin bound peptide had to be treated with methanol to remove the
pivalic capping group from the pyridines and the as synthesised peptide formed the TFA-
pyridinium salt upon resin cleavage. Subsequent to purification of the peptide via RP-prepHPLC
the pyridines exist as the pyridinium formate salt of the product. As such, the peptide was
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treated with either a basic ion-exchange (Purolite® A300) resin or Si-CO3 (0.5 mmol/g) to remove
the acid and ensure the pyridines exist as the free amines, which was confirmed by either H or
F NMR. The complete removal of formic acid was essential as formic acid is a strong reducing
agent and will reduce metals such as palladium salts altering the molar ratio of the reactants.®°
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Figure 112 — Expected chemical structures of peptide 75-Pd(en) complexes; a) Peptides in anti-parallel conformation,
b) peptides in parallel conformation, (alignment indicated by arrows); and the actual experimental structure; c)
Peptide 75-Pd monochelate complex where the pyridines coordinate from one peptide to a single Pd ion.

With this peptide in hand it could then be used for the synthesis of discrete co-ordination
complexes. For these initial trials palladium was targeted as an excellent candidate for the
formation of pyridinium complexes, with the potential to form both dimeric and tetrameric
cage-like structures (Figure 112) with the peptide pyridines coordinating to palladium ions in a
square planar geometry. This synthesis was achieved using the palladium salts Pd(en)(NOs),, for
the attempted peptide dimer synthesis, and Pd(CH3CN)a4(BFa4)> for the attempted synthesis of a
peptide tetramer. The Pd(en) salt retains the ethylenediamine ligand which leaves only two
coordination sites free on the palladium centre for coordination of the peptide pyridines (Figure
112a). The complexation was carried out via heating the peptide with each palladium salt to 65
°C for at least 2 h in either deuterated water or DMSO. As such, the as formed complex could be
analysed via NMR to assist in determination of the product formation and the adopted
conformation.
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Figure 113 —1H NMR spectra in DMSO-ds (d-f) and D;0 (a-c) of peptide 75, enlarged aromatic proton region; a) peptide
alone, b) complex with Pd(en)(NOs),, c-d) complex with Pd(CH3CN)4(BF4),, e) complex with Pd(en)(NOs),, f) peptide
alone.

Analysis of the complex formed with Pd(en)(NOs), in both DMSO and water via *H NMR showed
the quantitative formation of a peptide complex, most evidently the splitting of the pyridine
aromatic protons increases as the pyridines are no longer equivalent, and a downfield shift
occurs due to de-shielding from the adjacent palladium (Figure 113). However, while NMR
analysis confirmed that complete complexation had occurred, with no residual starting material,
it was unclear which of the predicted structures had been adopted. With the capability of the
peptides to form either a parallel complex (Figure 112b), antiparallel complex (Figure 112a), a
mixture of both conformations, or act as a monochelating ligand (Figure 112c) it was unclear
what the selectivity of this assembly process would be. However, the splitting of these aromatic
protons was clearly indicative of the formation of a single major product due to the lack of
complexity of the splitting. The formation a mixture of different complexes would form
significantly more proton environments than the four seen in the *H NMR spectrum. To further
determine the geometry of the peptides within the complex 2D NMR was utilised. via both 2D-
ROESY and 2D-NOESY NMR the interactions through-space between protons, rather than
through bond interactions, can be observed to determine the conformation.®!
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Figure 114 — a) Chemical structure of non-equivalent N-terminus and C-terminus pyridines coordinating to a single
palladium ion (b) Chemical structure of equivalent pyridines coordinating to a single palladium, examples of the NOE
interactions are shown between H® or H-H¢ protons.

From 2D NOESY and ROESY NMR of both complexes NOE interactions should be apparent as
cross peaks in the 2D spectra between the non-equivalent ortho (H¥)protons of each pyridine
(pyridine A and B, Figure 114) if the adopted structure is in either the antiparallel dimer structure
or in the monochelate structure, both having C-terminal and N-terminal pyridines coordinating
to the same palladium ion. While if in the parallel dimer conformation no NOE cross peaks should
be seen, as the NOE interaction would be with the proton in the same chemical environment on
the symmetrical pyridine motif (Figure 114b).
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Figure 115 —1H-'H 2D NOESY NMR of peptide complex [Pd(en)(75)]¢(NOs), in D,O

Analysing the aromatic region of the 2D NOESY and ROESY NMR of the complex in DMSO and
D,0 it is evident that there are cross peaks between a shoulder on the proton region (1 —H?) on
the ortho protons of the pyridine at the C-terminus (A) and a region under the ortho protons (2-
H¢, Figure 115) on the pyridine at the C-terminus (B) (Figure 114b) indicating they are close in
space. However, these cross peaks do not properly align with the major peaks and the phasing
is different to the H*® and H““ cross peaks and are likely from a minor product, possibly the anti-
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parallel dimer complex. Further to this, to confirm whether the dimer or monomeric complex
had been formed, HRMS analysis of the sample was carried out. These results indicated that the
desired cage-like structure was not adopted. While the expected mass of 420.6571 was
achieved, the charge of this ion (M?*), as well as the isotopic pattern, indicated that the mass of
the complex was half the desired mass, for the dimeric cage complex ([Pdz(en);L2]*), therefore
instead of chelating to two palladium ions the peptide is instead acting as a monochelate ligand
([Pd(en)L]?*, Figure 112c). This can only occur due to the added length from the pyridine
functional groups with the ether linkage allowing free rotation such that both pyridines can
adopt a geometry sufficient to coordinate to a single palladium ion without significant disruption
of the polyproline Il helix. This result matches with the sharp peaks seen via NMR analysis, where
a degree of peak broadening would be expected from a more flexible cage-like structure. Due
to this finding some of the conditions were altered to see if the formation of an alternate
complex could be observed. Initially the reaction was carried out at 0 °C in D0 to see if the high
temperatures (65 °C) used previously were disrupting the polyproline helix significantly to allow
this type of chelation, however, this experiment gave the same product. The concentration of
the reaction was also increased (20 mg mL?) to see if intermolecular linkages could be promoted
over the intramolecular bonding, however, this also had no effect with intramolecular binding
to an adjacent pyridine on the same peptide clearly significantly more favourable.
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Figure 116 - Chemical structures of potential peptide 75 Pd(ACN),(BF;), complexes; a) Peptide 75-Pd tetramer
complexes with two metal centres linking four peptides via pyridine coordination with peptides in alternating anti-
parallel arrangement and in the parallel conformation; b) Peptide 75-Pd complex where a single Pd ion acts as a metal
centre with four coordinating pyridines from two peptides, with both peptides aligned in parallel and antiparallel. 3D-
structure is not representative of the actual conformation of the peptide complexes.

In contrast to the Pd(en) complex, complexation with Pd(ACN)x(BF4),, with four coordinating
pyridines, can have several accessible structures from the alignment of the peptides in the
complex. With the formation of the tetrameric complex if the peptides are not selective
numerous combinations of peptide geometries are possible, while even if the peptide acts as
monochelating ligand as seen for the Pd(en) peptide complex this can either have the peptides
parallel or anti-parallel. Analysis of the 'H NMR of the complex in both solvents show the
formation of one major product (Figure 117) with the same splitting and downfield shift as seen
previously for the Pd(en) complex, where the difference in chemical shift between the non-
equivalent protons on the pyridines increases. Small impurities can be seen with a similar
splitting pattern and a slight downfield shift, more evident in D,0, which likely correspond to
the alternate isomer of the complex (Figure 117). The 2D NMR analysis via NOESY/ROESY NMR
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again shows no NOE interactions between the ortho protons of the N- and C-terminus pyridine
moieties suggesting adoption of the parallel confirmation. However, cross peaks are evident for
the minor product peaks in D,O which may indicate the ortho protons are adjacent to the
opposite terminus pyridine, therefore this minor product complex is likely the anti-parallel
conformation or the cage-tetrameric product.
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Figure 117—-1H-'H 2D NOESY NMR of peptide complex [Pd (75),]*(BF4), in D;O

Subsequent, HRMS analysis was again carried out to indicate whether either the cage like
structure or the “bowtie” like structure, with monochelating peptides, had been adopted. HRMS
analysis again shows the formation of the monochelating complex (dimer) with a mass of
728.7911 (M*?). The 2+ charge from HRMS is diagnostic for this complex as the predicted
tetrameric structure will give the same mass but with a +4 charge, determined from the isotopic
pattern of the ion peak. Therefore, the desired cage structure was not formed in this case,
instead again forming a “bowtie” like complex with two peptides chelating to a single palladium
(Figure 116c-d).

This shows that the incorporated pyridine functional group on the same face of the polyproline
Il helix can be effectively used to synthesise a metal-peptide complex with the peptides linked
by metal coordination bonds, as seen for the [Pd (75).]*(BF4), complex. However, the functional
groups used were either too long and flexible or placed too close together to form the desired
intermolecular linkages as these factors allowed the peptide to act as a monochelating ligand,
which is significantly more favourable over forming an intermolecular interaction to a new
peptide especially at relatively low concentrations. The impact from the longer sidechain is
exemplified in the previous chapter where the synthesis of organophosphate linked peptides
from hydroxyproline did not form any such intramolecular bonds, due to the significantly shorter
single oxygen-phosphorus bond, instead forming intermolecular bonds between two peptides
with a phosphate linker (2.2.3.3 - Attempted Synthesis of Covalent Peptide Cages). As such, the
optimisation of this peptide to achieve the desired metal-peptide cage with a nanocavity is
clearly feasible. This also, has implications for the previous section using carboxylic acid side
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chains which are almost as long as the pyridine group and more flexible, therefore the closely
placed functional groups also have the potential to chelate with a neighbouring group to a single
metal ion. Further investigation of these assemblies is therefore required and optimisation of
the peptide building-blocks to allow for rational design of the supramolecular interactions. Also,
recent evidence from an non-peer-reviewed preprint from the McTernan group shows the
promising potential of these types of ligands as supramolecular building-blocks with the
indication of the formation of cage-like structures using very similar peptide ligands only
differing by the means used to attach the pyridine group to the amino acids, with ester rather
than ether linkages.®? Furthermore, several routes to optimise the peptides to prevent the
chelation seen in this work are apparent, with the most evident being using a shorter, less
flexible, functional motif with direct C-C coupling of a pyridine to the proline ring during amino
acid synthesis, which has already been carried out using a phenolic acid sidechain previously.
Also, using a sterically hindered coordinating group, such as lutidine to hinder this type of
chelation, or using a longer peptide with an increased distance between the binding groups to
prevent the chelation of both pyridines to the same metal ion are viable routes.

This data clearly shows how short oligoproline helices can be utilised as ligands for the synthesis
of discrete chiral metal complexes with the capability for rational design from the predictable
secondary structure of the polyproline Il helix. We clearly evidence how previous studies on the
proline tetramer provide a model from which a peptide can be designed and specifically
functionalised with motifs for coordination interactions while retaining the polyproline Il helix
to achieve a predicted metal-peptide complex. Despite the further investigation required into
these materials this undoubtedly has great potential for the rational design of nanoreactors to
achieve specific host-guest interactions for enantioselective catalysis.

3.4 Conclusion

In conclusion, we have utilised polyproline helices to synthesise three different types of
supramolecular constructs. By functionalising a proline monomer with a carboxylic acid
sidechain we were able to incorporate this moiety into a series of different peptide sequences.
Working from the polyproline secondary structure with a chemical model from the crystal
structure of the previously synthesised proline tetramers we were able to place these groups at
specific locations within three-dimensional space on the peptide backbone, functionalising
different faces of the helix, and with varying degrees of functionalisation, to directly influence
the supramolecular assembly of these peptide building blocks. With the added carboxylic acid
sidechains as handles for supramolecular assembly on all three faces of the helix we were able
to synthesise extended metal-peptide assemblies. These constructs then assembled into a
variety of topologies depending on the solvent environment, whereby, the polyproline helix
switches between the extended polyproline Il helix, in either water or methanol, and the shorter
polyproline | helix, in propan-1-ol or ethanol, as shown by circular dichroism spectroscopy, and
the adopted helix altered the adopted topology of the metal-organic assemblies. By designing
the length of the peptides and changing the placement of the functional groups we then also
demonstrated that these aspects could be used to alter the topology of the assembly. From the
peptides we were able to synthesise a range of assemblies; gels, fibres, chain-like aggregates,
clusters, and notably nanoparticles, with nanocavities that have potential applications in
enantioselective catalysis and molecular transport.

To demonstrate the rationale behind the design of the peptide sequences and further
investigate the assembly principles of the functionalised peptides a series of peptides
functionalised on a single face were synthesized to match with each face of the peptide that was
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designed to be “facially selective” during the synthesis of the extended metal-peptide
frameworks. With these polyprolines discrete metal-peptide complexes were synthesised which
remained in solution. However, due to the nature of the zinc carboxylate coordinate bond we
were not able to demonstrate whether the spacing of the linker group could be used to control
facial selectivity by mixing two peptide complexes with different carboxylic acid sidechain
spacings, with the complexes not surviving the required analytical methods and NMR could not
conclusively show the difference due to the complexity of the relevant region of the spectra
despite indicating successful complexation.

In further attempts to synthesise nanocavities from discrete polyproline-metal cages a pyridine
functionalised proline tetramer was synthesised with the functional groups on the same face
at either terminus to act as a C-shaped ditopic ligand. We successfully formed metal complexes
using palladium salts and by controlling the free coordination sites of the metal centre the
adopted structure could be predicted. However, rather than forming the desired cage-like
complexes the peptide monochelated to a single palladium ion due to the length and flexibility
of the functional group. Thus, a peptide-palladium monomer and a dimer complex were both
synthesised, with the dimer expressing good selectivity toward forming a single major product
driven by the chirality of the peptide helix. Despite not synthesising the desired cage structure
this clearly showed the potential of this functionalised peptide to form predictable metal
complexes and the optimisation of the peptide building block to achieve the desired structure
can be easily envisioned. This will be achieved by either shortening the functional group by
direct C-C coupling of the pyridine to the proline ring, reducing the flexibility and length, or
lengthening the peptide and increasing the spacing between the functional groups to prevent
the type of chelation seen here. Therefore, a highly tuneable, chiral, nanocavity can be
synthesised via peptide-metal complexation with promising applications as a nanoreactor for
enantioselective catalysis or molecular transport.
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Chapter 4 - Experimental (CH.2) —S1 4.1-4.7

Materials — All solvents were used as procured from Fischer Scientific except dry THF, which was
dried by distillation using sodium wire in inert atmosphere and dry DCM, which was dried over
activated molecular sieves under an inert atmosphere. For all LCMS and HPLC purposes, HPLC
grade solvents were procured from Fischer Scientific and used as such. Thin layer
chromatography was conducted using plates (silica gel, 250 um, 60 A F254). Flash
chromatography was performed using 230-400 mesh (40-63 um, 60 A) silica gel from Merck.
Deuterated methanol (CDsOD), chloroform (CDCls), water (D;0) and dimethyl sulfoxide
((CDs3),SO) were purchased from Cambridge Isotope Laboratories. Rink Amide MBHA resin (100-
200 mesh, 0.3 mmol/g) 1% DVB, Fmoc-L-amino acids, N,N-Diisopropylethylamine (DIPEA), acetic
anhydride (Acac) and benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate
(PyBOP) were obtained from Fluorochem Ltd (Derbyshire, UK).

LCMS - Compounds were separated via RP-HPLC using a HiChrom KR100 5C18 5263 column at
40 °C on a Dionex UltiMate 3000. Gradient: 5% B for 5 minutes then from 5% B to 100% B over
20 minutes, and held at 100% B for 5 minutes. Where A is Water (0.1% formic acid) and B is
methanol (0.1% formic acid). Flow rate is 1.0 mL/min. Wavelength: 225 nm. The flow was
directed into directed into the electrospray source of a Thermo Scientific MSQ Plus Mass
Detector, operating in positive ion mode, at 75 kV and mass spectra recorded from 100-2000
m/z. Sample specific details are highlighted in the relevant text.

NMR spectroscopy - NMR spectra were collected on Bruker Avance Il 400 MHz spectrometer,
using Topspin software. 2D NMR experiments were measured on the Bruker Avance IIl 400 MHz
at 298 K, using Topspin software. Chemical shifts are with reference to the residual solvent peak,
with J values in Hz. For multiplicity of the peaks, the abbreviations used are (s) singlet, (d)
doublet, (t) triplet, and (q) quartet.

FT-IR spectroscopy were carried out on a Shimadzu IR Affinity 1S spectrophotometer.

Single crystal XRD data were collected either on a Rigaku Oxford Diffraction SuperNova A S2
single crystal diffractometer using either Mo or Cu radiation or were collected with a Bruker D8
Quest ECO diffractometer using Mo-Ka radiation (A = 0.71073 A). Crystals were mounted on a
Mitegen micromount in either NVH or Paratone immersion oil and temperature controlled using
an Oxford Cryostream. Sample specific details can be found in the CIF files.

X-ray powder diffraction patterns were collected on a Rigaku Miniflex 600 using a Cu radiation
source and measurements were performed at room temperature (Scan range 26; 5-55°, Step;
0.02 °, scan speed; 0.8 °min?).

Further experimental details and instrumentation (e.g., gas absorption, thermogravimetric
analysis, HRMS, prep-HPLC, AFM, SEM, TEM, etc.) used are described in the relevant sections.

SI'4.1 Monomer Synthesis

All other monomers, unless otherwise stated, were separated on a 2.1 x 150 mm, 3.6 um, XB-
C18 Aeris Widepore column, from Phenomenex, at 30 °C on an Agilent 1100 HPLC. Gradient: 5%
B for 5 minutes then from 5% B to 100% B over 25 minutes and held at 100% B for 5
minutes. Where A is Water (0.1% formic acid) and B is acetonitrile (0.1% formic acid). Flow rate
is 0.2 mL/min. The flow was directed into directed into the electrospray source of a Bruker
micrOTOF-Qll mass spectrometer, operating in positive ion mode, at 5 kV and mass spectra
recorded from 150-3000 m/z. Data was analysed with Bruker’s Compass Data Analysis software.
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SI'4.1.1 Synthesis of (25,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-
hydroxypyrrolidine-2-carboxylic acid, 1:

N\ @]
Fmoc

1

(2S,4S)-4-hydroxypyrrolidine-2-carboxylic acid (0.698 g, 5.3 mmol, 1 eq.) was dissolved in THF (5
mL) and saturated aqueous NaHCOs (5 mL) in an ice bath. Fmoc-ONSu (2.7 g, 8.0 mmol, 1.5 eq.)
was then added to the stirred solution and the solution stirred at 0 °C. The pH was checked after
1 h and adjusted with excess NaHCOs to pH 8. The solution was then stirred overnight at rt. The
reaction was monitored by TLC (8:2, Hex/EtOAc). The reaction was quenched with deionised
water and washed with ice cold diethyl ether (x 4). The aqueous solution was then acidified with
3M HCl to pH 2 and extracted with EtOAc (x 3). The combined EtOAc layers where then washed
with brine (x 2), before drying over anhydrous MgS0O, The solvent was removed under vacuo to
yield an oil (2.25 g), this was redissolved in Et,0 and reevaporated to yield a white foamy solid
of Fmoc-cis-L-Hyp-OH, 1, (1.80 g, 5.14 mmol, 97%).*H NMR (400 MHz, CDCls) & 7.73 (m, 2H), 7.61
—7.47 (m, 2H), 7.44 — 7.27 (m, 4H), 5.82 (s, 2H), 4.55 — 4.29 (m, 4H), 4.28 — 4.08 (m, 1H), 3.72 —
3.48 (m, 2H), 2.42 — 2.22 (m, 2H).**C NMR (101 MHz, CDCl5) § 175.9, 172.2, 141.5, 128.0, 127.3,
125.1, 120.2, 71.0, 70.0, 68.5, 66.1, 58.4, 57.7, 55.6, 47.2, 37.3, 25.5. ESI-MS
(m/z):[M+H]*calcd.for C;0H1sNOs, 353.1263 ;found, 353.1; [M+Na]*, 376.3; [2M+Na]*, 729.6.

SI'4.1.2 Synthesis of (S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)azetidine-2-carboxylic
acid, 2:
@)

O

N OH
Fmoc
2

Azetidine-2-carboxylic acid (1.00 g, 9.9 mmol, 1 eq.) and K,COs (684 mg, 9.0 mmol, 0.5 eq.) were
dissolved in THF/water (1:1, 5 mL). Fmoc-Cl (2.1494 g, 8.3 mmol, 0.85 eq.) was added to the
stirring solution causing bubbling to occur. The reaction was stirred overnight at rt. The solution
was then diluted with saturated aqueous NaHCO3; and washed with Et20 (x 3). The aqueous layer
was then acidified to pH 2 with 3 M HCI and extracted with DCM (x 3).The combined DCM
extracts were then washed with brine (x 2) before drying over anhydrous MgSO, and filtering.
The solvent as removed under vacuo to yield a white foamy solid, 2 (2.3 g, 7.1 mmol, 72%).'H
NMR (400 MHz, CDCl3) 6 7.76 (d, J = 7.5 Hz, 2H), 7.56 (dd, J = 7.5, 1.0 Hz, 2H), 7.41 (t, / = 7.4 Hz,
2H), 7.32 (t, J = 7.4 Hz, 2H), 4.81 (s, 1H), 4.52 — 4.36 (m, J = 8.4 Hz, 2H), 4.23 (t, J = 6.2 Hz, 1H),
4.02 (t,J=7.5Hz, 2H), 2.55 (s, 2H). 3C NMR (101 MHz, CDCls) § 143.6, 141.5, 128.0, 127.3, 125.2,
125.1, 120.2, 68.1, 62.2, 60.8, 47.5, 47.2. ESI-MS (m/z):[M+H]*calcd.for C19H1sNO4*, 321.230
;found; [M+H]*, 320.0 ; [M+Na]*, 346.0; [M+Na,COs]*, 429.0; [2M+Na]*, 668.9
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SI 4.2 Peptide synthesis:
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Peptide Synthesiser Method — All peptides were synthesised on a 0.1 mmol scale on Rink amide
MBHA resin using a Liberty™ microwave peptide synthesiser (CEM) utilising Fmoc solid-phase
peptide synthesis techniques and repeated steps of single deprotections, and couplings
interspaced with washings (4 x 4 mL DMF). The synthesis was paused after the final coupling
step and the resin removed from the reaction vessel before stopping the synthesis (to prevent
gradual loss of the Fmoc group). Deprotection: 20% piperidine in DMF (5 mL) for 5 min with 30
W microwave irradiation at 90 °C. Coupling: Fmoc-amino acid (1.5 mL, 0.2 M, 3 eq.), DIC (1.2 mL,
0.5 M, 6 eq.), Oxyma Pure (0.6 mL, 0.5 M, 3 eq.) in DMF, and DMF (3 mL) for 5 min at 90 °C with
30 W microwave irradiation. Capping procedure: Resin washed with DMF (x 5) and suspended
in DMF with Acac (50 eq.) and DIPEA (50 eq.). Resin agitated for 30 min before filtering and
washing the resin multiple times with DMF. Capped peptides containing hydroxyl groups were
then spun with MeOH for 30 min before washing with MeOH (x 2) and DCM (x 4).

Peptide Cleavage - The resin was then washed with DCM (x 5), before the Fmoc-protected
peptide was cleaved from the resin with TFA (95% in DCM) for 1.5 h. The resin was then washed
with the cleavage cocktail (x 2) and the filtrate was concentrated by evaporation before
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precipitation in cold Et,0 and centrifugation. The solution was then decanted and the solid
repeatedly washed with cold Et,0 to isolate the peptide, as a white solid in a quantitative yield
after drying under vacuum. Peptides were then used without any further purification, > 99%
purity by analytical reverse-phase HPLC.

High-resolution Mass-Spectrometry (ESI+) — P, and P,HP were separated on a Phenomenex 2.1
x 150 mm, 3.6 um, XB-C18 Aeris Widepore column at 50 °C on a Waters H-Class Acquity UPLC. R
=10.49 min. Using a 0.1% formic acid/acetonitrile gradient: 5% B for 2.55 minutes then from 5%
B to 95% B over 15 minutes, and held at 95% B for 2 minutes. A is 0.1% formic/Water, B is 0.1%
formic/Acetonitrile. Flow rate is 0.25 mL/min. The flow is directed into the electrospray source
of a Waters G2-Si mass spectrometer, operating in positive ion mode, at 2.5 kV and mass spectra
recorded from 100-3000 m/z. Data was analysed with Waters Mass Lynx software.

All other peptides, unless otherwise stated, were separated on a 2.1 x 150 mm, 3.6 um, XB-C18
Aeris Widepore column, from Phenomenex, at 30 °C on an Agilent 1100 HPLC. Gradient: 5% B
for 5 minutes then from 5% B to 100% B over 25 minutes, and held at 100% B for 5
minutes. Where A is Water (0.1% formic acid) and B is acetonitrile (0.1% formic acid). Flow rate
is 0.2 mL/min. The flow was directed into directed into the electrospray source of a Bruker
micrOTOF-QIl mass spectrometer, operating in positive ion mode, at 5 kV and mass spectra
recorded from 150-3000 m/z. Data was analysed with Bruker’s Compass Data Analysis software.

LCMS - Peptides PsH, AcHP;H, cis-HP;H and AcP, were separated via RP-HPLC using a HiChrom
KR100 5C18 5263 column at 40 °C on a Dionex UltiMate 3000. Gradient: 5% B for 5 minutes then
from 5% B to 100% B over 20 minutes, and held at 100% B for 5 minutes. Where A is Water (0.1%
formic acid) and B is methanol (0.1% formic acid). Flow rate is 1.0 mL/min. Wavelength: 225 nm.
The flow was directed into directed into the electrospray source of a Thermo Scientific MSQ Plus
Mass Detector, operating in positive ion mode, at 75 kV and mass spectra recorded from 100-
2000 m/z.

P4,(PP4) *H NMR (400 MHz, MeOD) & 7.85 (dd, J = 14., 7.3 Hz, 2H), 7.70 — 7.58 (m, 2H), 7.48 —
7.31 (m, 4H), 4.76 — 4.68 (m, 1H), 4.66 — 4.61 (m, 0.5H), 4.58 (dd, J = 9.0, 4.1 Hz, 0.5H), 4.6 —
4.3.16 (m, 2H), 4.3.14 — 4.25 (m, 1H), 4.19 (t, J = 4.6 Hz, 0.5H), 4.08 (dd, J = 8.7, 3.2 Hz, 0.5H),
3.87-3.78 (m, 1H), 3.78 = 3.70 (m, 1H), 3.63 (q, J = 7.0 Hz, 4H), 3.59 — 3.52 (m, 1H), 3.51 — 3.42
(m, 1H), 3.42 — 3.35 (m, 1H), 2.32 — 1.74 (m, 14H). 3C NMR (101 MHz, MeOD) & = 177.0, 172.8,
172.6, 172.3, 172.1, 156.6, 156.2, 145.4, 142.6, 128.8, 128.2, 126.2, 125.7, 120.9, 68.7, 67.0,
61.2, 59.6, 59.3, 59.1, 58.3, 48.3, 48.0, 47.8, 30.70, 30.0, 29.1, 28.8, 25.8, 25.2, 24.0, 18.4. FT-IR
= Vmax/CM™! 2956.88 (C-H), 2881.65 (C-H), 1683.86 (C=0s), 1624.06 (C=0s). m/z calcd. for [M+H]*
CasH42NsOg*: 628.3130; found: [M+H]* 628.3137, [M+Na]* 650.2938, [2M+Na]* 1277.6010

HPs, 'H NMR (400 MHz, MeOD) & 7.83 (dd, J = 15.9, 7.7 Hz, 2H), 7.67 — 7.57 (m, 2H), 7.47 — 7.37
(m, 2H), 7.37 — 7.28 (m, 2H), 4.76 — 4.56 (m, 3H), 4.7 — 4.15 (m, 5H), 3.90 — 3.43 (m, 7H), 3.09 —
3.00 (m, 1H), 2.35-2.12 (m, 4H), 2.12 — 1.84 (m, 10H). 3C NMR (101 MHz, MeOD) & 177.0,
172.6,172.6,172.3,172.0, 156.5, 145.2, 142.6, 128.9, 128.8, 128.2, 126.2, 125.7, 121.0, 120.9,
70.9, 69.8, 68.9, 67.3,61.2, 59.8, 59.7, 59.6, 59.4, 58.0, 56.3, 56.1, 39.0, 30.7, 29.2, 29.1, 28.8,
25.9, 25.7. m/z calcd. for [M+H]" C3sH42NsO7*: 644.3079; found: [M+H]* 644.2, [M+Na]* 666.1,
[2M+Na]*

PHP, *H NMR (400 MHz, MeOD) & 7.82 (t, J = 7.5 Hz, 2H), 7.67 — 7.55 (m, 2H), 7.47 — 7.25 (m,
4H), 4.81 (t,J = 7.8 Hz, 0.5H), 4.73 — 4.61 (m, 1.5H), 4.57 (dd, J = 8.5, 3.2 Hz, 0.5H), 4.53 —
4.3.10 (m, 4.5H), 4.25 (t, J = 6.3 Hz, 1H), 3.89 — 3.69 (m, 3H), 3.64 (dd, J = 10.2, 4.8 Hz, 3H), 3.58
—3.35(m, 3H), 2.69 (s, 1H), 2.35 — 2.15 (m, 4H), 2.14 — 1.80 (m, 11H). 3C NMR (101 MHz,
MeOD) § 177.0, 172.9, 172.6, 172.1, 145.4, 142.5, 129.9, 128.8, 128.2, 128.2, 126.1, 126.0,
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122.0,120.9, 120.7, 108.2, 71.3, 70.8, 68.8, 68.5, 61.3, 59.7, 58.6, 56.2, 55.7, 37.3, 30.9, 30.7,
29.3, 25.9. m/z calcd. for [M+H]* C3sH42NsO7*: 644.3079; found: [M+H]* 644.3, [M+Na]* 666.3,
[2M+H]* 1287.8, [2M+H+Na]** 1310.6

P,HP, *H NMR (400 MHz, MeOD) & 7.83 (dd, J = 15.5, 7.7 Hz, 2H), 7.67 — 7.55 (m, 2H), 7.47 —
7.28 (m, 4H), 4.81 — 4.67 (m, 2H), 4.63 — 4.7 (m, 2H), 4.6 — 4.3.12 (m, 2H), 4.3.12 — 4.23 (m, 1H),
4.17 (t,J = 4.6 Hz, 0.5H), 4.07 (dd, J = 8.8, 3.3 Hz, 0.5H), 3.89 — 3.69 (m, 3H), 3.69 — 3.64 (m,
1H), 3.56 — 3.38 (m, 2H), 2.97 (dd, J = 11.8, 5.0 Hz, 1H), 2.33 — 1.68 (m, 14H). 3C NMR (101
MHz, MeOD) & 177.0, 172.5, 145.7, 145.1, 142.7, 128.8, 128.2, 126.1, 125.6, 120.9, 71.2, 68.8,
67.0, 61.3,59.4, 59.1, 37.5, 30.8, 30.1, 28.8, 25.9, 25.6, 24.1. m/z calcd. for [M+H]* C3sH42NsO7":
644.3079; found: [M+H]* 644.3, [M+Na]* 666.2, [2M+2H]** 1288.6, [2M+H+Na]?** 1310.2

PsH, H NMR (400 MHz, MeOD) 6 7.87 (dd, J = 16.1, 8.2 Hz, 2H), 7.71 — 7.59 (m, 2H), 7.53 — 7.44
(m, 2H), 7.43 — 7.34 (m, 2H), 4.75 — 4.61 (m, 2H), 4.60 — 4.53 (m, 1H), 4.53 — 4.3.19 (m, 2H),
4.3.11-4.05 (m, 2H), 3.86 — 3.74 (m, 3H), 3.71 - 3.57 (m, 2H), 3.22 (s, 1H), 2.69 (dd, J = 16.0,
6.3 Hz, 1H), 2.35 —2.13 (m, 4H), 2.12 — 2.01 (m, 4H), 2.00 — 1.68 (m, 7H). 3C NMR (101 MHz,
MeOD) 6 172.8, 157.7, 146.5, 145.2, 142.7, 128.8, 128.2, 126.2, 125.6, 121.0, 120.9, 71.6, 71.1,
68.8, 67.8, 67.0, 60.1, 59.7, 59.4, 59.1, 56.1, 39.0, 29.1, 25.7, 24.1. m/z calcd. for [M+H]*
C3sHa:NsO5*: 644.3079; found: [M+H]* 644.2, [2M+Na]* 1309.7

HP,H, 'H NMR (400 MHz, MeOD) 6 7.83 (dd, J = 15.9, 7.8 Hz, 2H), 7.68 — 7.57 (m, 2H), 7.42 (dt, J
=12.1, 7.4 Hz, 2H), 7.37 = 7.28 (m, 2H), 4.76 — 4.56 (m, 3H), 4.8 (dt, J = 10.7, 7.8 Hz, 2H), 4.3.17
—4.22 (m, 2.5H), 4.18 (t, J = 4.8 Hz, 0.5H), 3.89 — 3.61 (m, 5H), 3.50 (dt, J = 18.0, 11.3 Hz, 2H),
3.08-2.98 (m, 1H), 2.40 —2.13 (m, 4H), 2.13 — 1.81 (m, 8H). *C NMR (101 MHz, MeOD) & 176.8,
172.7, 172.6, 172.3, 172.1, 156.5, 145.5, 145.2, 142.59, 128.8, 128.2, 121.0, 71.1, 69.8, 67.2,
60.1, 59.7, 59.4, 58.0, 56.3, 56.1, 39.0, 28.9, 27.3, 25.9, 25.8, 25.7, 25.7. m/z calcd. for [M+H]*
CasHa2NsOs*: 660.3028; found: [M+H]* 660.2, [M+Na]* 682.2, [2M+H]* 1319.6, [2M+H+Na]?*
1342.3

AcHPH, 'H NMR (400 MHz, MeOD) & 4.79 — 4.65 (m, 3H), 4.54 —4.3.1 (m, 3H), 3.91 — 3.49 (m,
8H), 2.53 - 2.16 (m, 5H), 2.13 = 1.97 (m, 10H). **C NMR (101 MHz, MeOD) 6 205.0, 200.8, 200.6,
200.4, 200.3,99.3,99.1, 88.3, 87.9, 86.2, 85.5, 84.3,67.2, 66.3, 57.4, 57.3, 54.0, 54.0, 50.3. m/z
calcd. for [M+H]* C32H34NsO7*: 480.2453 ; found: [M+H]* 480.2, [M+Na]* 502.2

Cis-HP,H, 'H NMR (400 MHz, MeOD) & 7.85 (dd, J = 15.0, 7.5 Hz, 2H), 7.68 — 7.58 (m, 2H), 7.43
(dt, /=13.0, 6.2 Hz, 2H), 7.35 (dd, J = 13.4, 6.0 Hz, 2H), 4.79 — 4.71 (m, 1H), 4.64 (ddd, J = 15.1,
10.2, 4.3.1 Hz, 2H), 4.9 - 4.3.17 (m, 3H), 4.3.17 — 4.14 (m, 3H), 3.94 (ddd, J = 15.0, 10.6, 5.0 Hz,
1H), 3.88 — 3.71 (m, 2H), 3.64 (dt, J = 13.4, 6.4 Hz, 4H), 3.58 — 3.38 (m, 2H), 2.54 — 2.23 (m, 4H),
2.20 — 1.77 (m, 10H). **C NMR (101 MHz, MeOD) 6 177.5, 173.1, 173.0, 156.6, 145.6, 145.3,
145.1, 145.0, 142.7, 128.9, 128.8, 128.3, 128.2, 126.8, 126.1, 125.8, 125.7, 125.5, 121.0, 71.5,
70.3, 68.8, 67.2, 60.4, 59.9, 59.7, 59.5, 58.4, 57.9, 56.5, 56.0, 38.3, 38.1, 37.6, 29.3, 28.9, 25.9,
25.7. m/z calcd. for [M+H]* C3sH42Ns05": 660.3028 ; found: [M+H]* 660.3, [M+Na]* 680.3

AcP4, 'H NMR (400 MHz, CDCls) 6 8.29 (s, 0.5H), 6.78 (s, 0.5H), 5.68 (s, 0.5H), 5.41 (s, 0.5H), 4.79
—4.61 (m, 2H), 4.58 (d, J = 6.3 Hz, 0.5H), 4.3.1 (t, J = 6.8 Hz, 0.5H), 4.28 (d, J = 7.9 Hz, 0.5H), 3.93
—3.43 (m, 7H), 2.69 (s, 3H), 2.58 (dd, J = 12.5, 6.2 Hz, 0.5H), 2.35 — 2.26 (m, 0.5H), 2.26 — 2.10
(m, 5H), 2.09 (s, 3H), 2.07 — 1.72 (m, 8H). 3C NMR (101 MHz, CDCls) § 174.3, 173.9, 172.2, 171.3,
170.7, 170.6, 170.0, 60.8, 59.5, 59.1, 58.2, 58.0, 48.5, 48.4, 47.5, 47.4, 47.3, 47.2, 46.8, 31.5,
28.8, 28.5, 28.2, 27.9, 27.0, 25.4, 25.3, 25.2, 25.0, 24.9, 24.7, 22.2. m/z calcd. for [M+H]*
Ca2H34NsOs*: 448.2554; found: [M+H]* 448.5, [M+Na]* 470.5

D-Pa4, 'H NMR (400 MHz, MeOD) & 7.83 (dd, J = 15.6, 7.4 Hz, 2H), 7.69 — 7.56 (m, 2H), 7.48 — 7.28
(m, 4H), 4.77 — 4.53 (m, 4H), 4.4 — 4.3.13 (m, 2H), 4.3.11 — 4.23 (m, 1H), 4.17 (t, ) = 4.5 Hz, 0.5H),
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4.06 (dd, J = 8.8, 3.3 Hz, 0.5H), 3.86 — 3.40 (m, 7H), 3.40 — 3.34 (m, 1H), 3.00 — 2.90 (m, 1H), 2.32
—1.72 (m, 14H). 13C NMR (101 MHz, MeOD) 6 177.0, 172.6, 172.6, 172.4, 172.1, 167.7, 145.7,
142.7,128.7,128.2, 125.7, 120.9, 67.0, 61.2, 59.5, 59.4, 59.1, 30.7, 30.7, 29.2, 28.9, 25.9, 25.8,

25.7, 24.1. m/z calcd. for [M+H]* CssHs2NsO5*: 628.3137, found: [M+H]* 628.3, [M+Na]* 650.3,
[2M+Na]*1277.6
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SI'4.2.1 FT-IR Analysis of Ps:
FT-IR spectroscopy was carried out on a Shimadzu IR Affinity 1S spectrophotometer.
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Figure S1 — FT-IR Spectrum of P4 as a dry solid. The C=0 stretching band frequency was typical
for that of a PPII helix at 1624 cm™.*
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SI'4.2.2 Circular Dichroism Spectroscopy:

CD experiments were carried out on a Jasco J-715 spectropolarimeter. Spectra were recorded
using a spectral bandwidth of 190-260 nm, at 20 °C, with a scan rate of 100 nm/min. CD data are
given in ellipticity (mdeg). The spectra are formed of 4 accumulations and a spectrum of the
solvent blank was subtracted from the raw CD data. A Quartz cell was used with a 1 mm path
length using either 125 or 250 uM peptide solutions. All samples were kept in solution for at
least 14 days prior to recording CD spectra to ensure the final stable conformation had been
achieved due to slow conversion between polyproline helices (i.e. Polyproline [I-> Polyproline
1). The observed ellipticity has been converted to molar ellipticity (8) for all spectra, expressed
in the units deg.cm?.dmol™.

SI'4.2.3 Synthesis of Fmoc-(Az)s-NH; (14):

5
Y Yy
(14) Az,

Peptide 14, Az4, (Az — Azetidine) was synthesised using standard SPPS techniques on 0.1 mmol
scale using the Oxyma-DIC coupling method, gquantitative yield. m/z calcd. for [M+H]*
C31H34NsO6™: 572.2504; found: |:|\/|+H]+ 572.0, [M+Na]+ 594.0

SI 4.2.4 Synthesis of Fmoc-(Pro)s-NH, (15):

A

0] O (0]
L 5

(15) Pg

Peptide 15, Ps, was synthesised using standard SPPS techniques on 0.1 mmol scale using the
Oxyma-DIC coupling method, quantitative yield. m/z calcd. for [M+H]* C4sHssN7Os*: 822.4185;
found: [M+H]* 822.8, [M+Na]* 843.9

SI 4.2.5 Synthesis of Fmoc-(Pro)7-NH, (16):
l o]r,N N NH,
(0] 0] 0]
L Je

(16) P,

Peptide 16, P7, was synthesised using standard SPPS techniques on 0.1 mmol scale using the
Oxyma-DIC coupling method, quantitative yield. m/z calcd. for [M+H]* CsoHg3NsOs*: 919.4713;
found: [M+H]* 919.1, [M+Na]* 941.5
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SI 4.2.6 Synthesis of Fmoc-(Pro)13-NH; (18):
l o]r,N N— NH,
0] @) (o)

J12
(18) Py3

Peptide 18, P13, was synthesised using standard SPPS techniques on 0.1 mmol scale using the
Oxyma-DIC coupling method, quantitative yield. P13, m/z calc. for CgoHi0sN14O15* : 1501.7745
Jfound: [2M+H]** 751.2, [2M+K]?** 768.3, [M+Na]* 1524.6

SI 4.3 X-ray Diffraction data:
Crystallisation conditions:

Peptide P4 was fully dissolved (25-30 mg ml?) in hot EtOH before slowly cooling the solution
from 60+ °C overnight, forming crystals (colourless planks) in solution.?

Peptide P,HP was crystallised by slowly cooling from a hot EtOH/EtOAc solution, forming crystals
(colourless planks) in solution.

Peptides HP3, PHP,, PsH and HP,H were crystallised by slow evaporation from an EtOH/EtOAc
solution, forming crystals (colourless planks). However, no crystals of PHP; suitable for SCXRD
analysis were found.

Peptide AcHP;H was dissolved in hot acetonitrile before slowly evaporating to form colourless
needles. Sonication of a supersaturated solution instead forms an organogel, this occurred in
acetonitrile, chloroform, and dichloromethane, with the strongest gelation in chloroform (Figure
37).

Crystallisation of peptide AcP; was attempted in MeOH, EtOH, EtOH/EtOAc, ACN, and
EtOH/ACN, producing a non-crystalline glassy solid or a viscous oil. The peptide crystallised
readily from slow evaporation of a CHCl; solution to form colourless needles, however, the
crystal quality was poor and unsuitable for single crystal analysis. The peptide was crystallised
successfully from vapour diffusion of Et,0 into a solution of the peptide in CHCI; to produce
colourless needles which were analysed via SCXRD analysis.

All crystalline samples were stable outside of their mother liquor. Crystals of peptide AcHP.H
melted under a stream of room temperature N, (290 K), likely due to the loss of ACN from the
framework. Crystals of peptide cis-HP,H, degraded under a room temperature N, flow (300 K)
also likely due to loss of encapsulated solvent within the framework pores.

Single crystal XRD data for all peptides were collected on a Rigaku Oxford Diffraction SuperNova
AS2 single crystal diffractometer using Cu Ka (A = 1.54184) radiation, AcHP;H and AcP4 used Mo
Ka (A = 0.71073). The crystals were mounted on a Mitegen micromount in Paratone immersion
oil and temperature controlled using an Oxford Cryosystems 800-series Cryostream.

Using the software Olex2,® the structures were solved with the ShelXT structure solution
program using intrinsic phasing and refined with the ShelXL refinement package using least
squares minimization.*®
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CCDC-2127751,% 2234312, 2238152, 2238155, 2238160-1, 2238180, 2238252 and 2264145
contain the supplementary crystallographic data for this paper, including structure factors and
refinement instructions, and can be obtained free of charge from The Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK (e-mail: depos-
it@ccdc.cam.ac.uk), or via https://www.ccdc.cam.ac.uk/getstructures.
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Table S1 - Comparative table of crystallographic data for all crystal structures:

*Peptides that form isostructural structures are highlighted in the same colour

Identification code| PP4-SPF P2HP P2HP-P4 P3H HP3 HP2H Cis-HP2H AcHP2H AcP4
Empirical formula | C37H47NsO7 | CasHasNsOs | CsesHa2.36Ns507.13 C36H41N50s C35HaiNs07 | C3sHaoNsOg C3sH41Ns0s C24H36N60O7 C24H35ClsN5Os
Formula weight 673.79 679.76 665.19 671.74 643.73 658.72 659.73 520.59 686.27
Temperature/K 150(2) 150.15 290.0(2) 150.00(10) 150.15 295 150.15 290(5) 150.0(7)
Crystal system | monoclinic | monoclinic monoclinic monoclinic monoclinic | monoclinic | orthorhombic | orthorhombic monoclinic
Space group P2, P2, P2, P2, Cc2 C2 P212:24 P2:2:21 P2,
a/A 16.4182(3) | 16.6440(5) 16.6077(8) 16.8723(2) | 22.1654(7) | 22.476(2) 6.4160(2) 6.3773(10) 13.0167(8)
b/A 6.27740(10)| 6.3071(2) 6.3463(3) 6.45220(10) 6.3098(2) 6.2932(7) 12.0836(6) 18.232(4) 6.2940(6)
c/A 18.2112(3) | 17.8450(5) 18.3211(9) 32.1004(4) 23.0675(7) 23.245(3) 47.4708(17) 22.857(5) 19.6114(12)
a/° 90 90 90 90 90 90 90 90 90
B/° 109.152(2) | 110.012(3) 109.933(5) 101.2140(10) 92.401(3) 92.036(10) 90 90 99.377(6)
v/° 90 90 90 90 90 90 90 90 90
Volume/A3 1773.03(6) | 1760.18(10) 1815.31(16) 3427.84(8) 3223.37(17) | 3285.8(6) 3680.3(3) 2657.6(9) 1585.2(2)
VA 2 2 2 4 4 4 4 4 2
Pcalcg/cm? 1.262 1.283 1.217 1.302 1.326 1.332 1.191 1.301 1.438
u/mm? 0.716 0.770 0.699 0.766 0.765 0.788 0.085 0.097 0.584
F(000) 720.0 724.0 707.0 1424.0 1368.0 1396.0 1400.0 1112.0 712.0
CCDC No. 2127750 2238161 2238180 2238152 2238155 2238160 2238252 2234312 2264145
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SI'4.3.1 Analysis of Crystalline Pa:

Crystallisation conditions: Peptide P4 was fully dissolved (*25-30 mg ml?) in hot EtOH before
slowly cooling the solution from 60+ °C overnight, forming crystals (colourless planks) in
solution. Slow evaporation of the EtOH solution elicits crystal formation on the walls of the vial.

All samples were stable outside of the mother liquor and no significant degradation occurred
after air drying (stable at rt out of solution for =2-3 months before crystal deterioration).

lodine adsorption: Single crystals of P, were heated at 45 °C for 16 hours before soaking in a
solution of iodine in hexane for 1 week. A colour change of colourless to orange/yellow crystals
was observed over time (further details SI113.1).

Single crystal XRD data for the solvated structure and iodine treated sample were collected on
a Rigaku Oxford Diffraction SuperNova A S2 single crystal diffractometer using Cu radiation.
Sample specific details can be found in the CIF files.

Using the software Olex2,® the structures were solved with the ShelXT structure solution
program using intrinsic phasing and refined with the ShelXL refinement package using least
squares minimization.*®

CCDC-2127748-2127751, and CCDC-2156434 contain the supplementary crystallographic data
for this paper, including structure factors and refinement instructions, and can be obtained
free of charge from The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK (e-mail: depos-it@ccdc.cam.ac.uk), or via
https://www.ccdc.cam.ac.uk/getstructures.

The crystal structure data was obtained from colorless crystals, crystallised by dissolving P4 in
hot EtOH (60 °C, =25 mg ml?) and allowing to slowly cool to room temperature forming crystals
rapidly overnight within the solution. The crystals were stable outside of solution at room
temperature showing no signs of deterioration over the timeframe of the experiment. For the
PP;-SPF crystal, to model the disordered solvent, the ethanol molecule was split into two
components with a total occupancy of 1. The distances between the oxygen-carbon and carbon-
carbon atoms were set to the expected values of 1.43 A and 1.51 A respectively. Upon
refinement, these distances were then fixed to the same value between the two components
and the anisotropic displacement parameters were set to be equivalent within the molecule.
For the PPs-SPF gash the same restraints and constraints were applied as above, with the two
components of the ethanol molecule set to 0.75 and 0.25. The oxygen atom of the most
abundant component was further split into two, and the total occupancy for its two components
was set to the sum of 0.75. A further restraint between the CHs- carbon and the oxygen atom
was necessary to model this component, whose distance was set to be 2.4 A.
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Figure S4 — Crystal structure of peptide P, showing the unit cell, all molecules whose centroids
fit are shown, atomic displacement parameters are shown at 50% probability.
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Figure S5 — Crystal structure of peptide P, showing the packed extended structure (3x3x3), view
along the b axis, hydrogens not shown, atomic displacement parameters are shown at 50%
probability.

Figure S6 — Crystal structure of PP4-SPF showing the asymmetric unit. Atomic displacement
parameters are drawn at 50% probability. Hydrogen atoms have been removed for clarity.

PP,;-SPF was slowly cooled from 290 K to 150 K with a ramp rate of 280 K/h, while PP4-SPFiash
placed on the mount at 150 K (flash frozen). Upon returning to room temperature PPs-SPFejash
crystals readopt their initial unit cell and conformation. This was not found when slowly ramping
the temperature down to 150 K, with only a slight reduction of the cell volume, but no significant
conformational changes.
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Identification code PP4-SPF PP4-SPF fiash
Empirical formula C37H47NsO7 C37H41Ns0O7
Formula weight 673.79 667.75
Temperature/K 150(2) 150(2)
Crystal system monoclinic monoclinic
Space group P24 P24
a/A 16.4182(3) 15.5793(2)
b/A 6.27740(10) 6.34080(10)
c/A 18.2112(3) 18.5772(3)
a/° 90 90
B/° 109.152(2) 107.249(2)
v/° 90 90
Volume/A3 1773.03(6) 1752.62(5)
z 2 2
Pcalcg/cm? 1.262 1.265
pu/mm-? 0.716 0.724
F(000) 720.0 708.0
Crystal size/mm?3 0.217 x 0.063 x 0.054 0.298 x 0.056 x 0.042
Radiation Cu Ka (A =1.54184) Cu Ka (A =1.54184)

20 range for data collection/®

8.84 to 146.496

9.972 to 1402

Index ranges

-16<h<20,-7<k<7,-22</<19

-19<h<18,-7<k<7,-22

</<22

Reflections collected

20137

19739

Independent reflections

6927 [Rint = 0.0225, Reigma = 0.0217]

6762 [Rint = 0.0233, Rsigma =

0.0225]
Data/restraints/parameters 6927/8/444 6762/9/452
Goodness-of-fit on F? 1.040 1.055

Final R indexes [I>=20 (1)]

R1=0.0383, wR, =0.1041

R1=0.0449, wR; =0.1271

Final R indexes [all data]

R1=0.0397, wR2 =0.1055

R1=0.0464, wR, =0.1295

Largest diff. Peak/hole / e A 0.56/-0.55 0.67/-0.36
Flack parameter 0.01(5) 0.04(5)
CCDC No. 2127750 2127751

S14.3.1.1. Modelling of PP4-SPF pores

The void space for PP4-SPF was calculated with Mercury (Probe radius, 1.2 A, grid spacing, 0.7
A; Volume 226.19 A3, 12.8% of unit cell). The channel is viewed along the b axis and is depicted
in yellow. The channel is anisotropic, so both the shortest and longest edge to edge distances
were measured (shortest, 8 x 7.7 A; largest, 5.0 x 11.7 A).
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Figure S10 — Model of the channel (yellow) within the crystal structure of PP,-SPF (Mercury)

$14.3.1.2 NMR Studies to determine thermal activation potential

Through NMR studies we were able to demonstrate that drying under high vacuum at 45 °C was
sufficient for almost complete desorption of ethanol from PP4-SPF (8% mol/mol, i.e. 1 g PP4-SPF:
6.4 mg EtOH). Drying under vacuum at 30 °C was insufficient with significant residual ethanol
(85% mol/mol, i.e. 1 g PP4-SPF,: 62.4 mg EtOH).

NMR analysis was carried out in MeOD from samples of PPs;-SPF crystals after thermal
treatment. Crystals of PPs-SPF was dried under vacuum at 30 °C to remove excess ethanol giving
an initial ethanol content of 97% mol/mol (0.97 eq. EtOH: 1 eq. PP4). Subsequent heating under
high vacuum resulted in a reduction of ethanol down to 9.7% mol/mol after heating under
vacuum at 45 °C for 12 hours. The recorded spectra are shown with the ethanol%, heating
temperature and time. These results were reproducible with different crystal batches with only
slight differences in ethanol percentage (+ < 10%).

S14.3.1.3 Gas Adsorption Studies

The freshly isolated PP,-SPF was activated by degassing at 45 °C for a total of 29 hours under
dynamic vacuum, and the volumetric uptake of N, (77 K) and CO; (280 K) was measured. In
both cases, no significant adsorption was observed across the loading range P/P; = 107 - 1.0
(N2) or 0 — 1 bar (CO,) consistent with adsorption only on the surfaces of the particles without
penetration into the material, and a surface area <10m?/g.
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Figure S12 — N; adsorption isotherm for the desolvated PP4-SPF (77 K)
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Figure S13 — CO; adsorption isotherm for desolvated PP4-SPF (280 K).

Gas adsorption measurements were performed using a Quantachrome Autosorb iQ using N, and
CO; at N5 grade or better. Temperature control was provided by a liquid nitrogen dewar for N,
measurements and a Julabo recirculating chiller for CO, measurements. Samples were activated
prior to the adsorption experiment at 45 °C for 6 hours dynamic vacuum provided by a rotary oil
pump followed by evacuation under high vacuum provided by a turbomolecular pump at 45 °C
for 15 and then 30 °C for a further 8 hours. The final desolvated sample mass was 165.2 mg.
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Figure S14 — X-ray powder diffraction pattern of the freshly isolated, solvated PP,-SPF (black),
this sample after grinding in air (red), the sample immediately following de-solvation and gas
adsorption experiments (blue) and the desolvated sample after grinding (green).

S14.3.1.4. Simultaneous thermogravimetric analysis of P4 crystalline framework:
Thermogravimetric analysis was carried out on a STA 409 PC Luxx Simultaneous thermal analyser
with N3 as the purge gas and a temperature range of 30-600 °C and a ramp rate of 10 K/min. A
powdered sample of the crystalline P was packed into an aluminium crucible after drying excess
ethanol under vacuum at 20 °C for 45 min and then grinding.
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Figure S15 — TGA and DSC trace of P4 showing a crystalline melting point on the DSC trace at 150
°C, mass lost during melting, 12.4%. Mass loss is likely due to the release of encapsulated solvent
upon melting.
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S14.3.1.5 Single Crystal X-ray Diffraction of the Desolvated Phase (PP4-SPFqct)

A single crystal from the desolvated phase following gas adsorption was subjected to single
crystal X-ray diffraction. The crystal quality was poor following the phase transition on de-
solvation, with cracking of the crystallites and a significant decrease in both resolution and
intensity. Nonetheless, a new unit cell could be indexed (SI1 12.3) which was consistent with a ca
15% contraction of the a unit cell edge compared to the pristine sample, with smaller increases
on b and ¢ while maintaining monoclinic P2, symmetry. Despite the poor-quality diffraction an
approximate structure model could be obtained suggesting a rearrangement and contraction of
the individual PP4 molecules and closing of the solvent channels following de-solvation. The X-
ray powder diffraction pattern simulated from this model closely matches that obtained from
the bulk de-solvated material (Figure $16), which supports the assignment of the non-porous
structure model.

S14.3.1.6 Re-solvation Experiments

A 30 mg sample of the desolvated material (following the gas adsorption experiments) was
immersed in 5 mL of ethanol at room temperature in a sealed vial. Two samples were isolated
from this suspension by filtration: one after 15 minutes, and one after 21 hours. Although both
phases share an intense reflection at 10.1° (28), the immediate disappearance of the reflections
at 6.8° and 7.2° in the desolvated phase and appearance of the reflection at 6.2°, as well as clear
differences above 12° for the two phases indicate immediate regeneration of the solvated phase
under these conditions.
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Figure S17 — Comparative X-ray powder diffraction patterns of PP,-SPF desolvated (blue),
following 15 minutes and 21 hours of soaking in ethanol (green and yellow, respectively), and
the freshly isolated solvated material (black), compared with the simulated pattern for the
desolvated sample (red).

S14.3.1.7 Crystal structure of PP4-SPFact

The single crystal X-ray diffraction data for the desolvated material were collected with a Bruker
D8 Quest ECO diffractometer using Mo-Ka radiation (A = 0.71073 A). A crystal was isolated from
the sample following the gas adsorption experiments and mounted on a Mitegen micromount
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in NVH immersion oil and cooled to 150 K using an Oxford cryostream. Data collection and
reduction were controlled using the Bruker APEX-3 suite of programs.” Multi-scan absorption
corrections were applied using SADABS.8 All data were solved using the intrinsic phasing routine
within SHELXT® and refined on F? using full-matrix least squares procedures with SHELXL®> within
the OLEX-2 package.? The crystal showed very poor single crystallinity after the evacuation of
the solvent, and no useful reflections were observed beyond 1 A resolution, and all observed
reflections showed a high degree of mosaicity. While the diffraction data could be solved to give
a connectivity model and accurate unit cell parameters, the poor data quality precludes any
meaningful refinement of anisotropic displacement parameters. This model is presented purely
as a comparative connectivity model for comparison with the observed X-ray powder diffraction
data; no attempt has been made to restrain Uis, parameters to avoid over-interpretation of the
model.

Figure S18 — Crystal structure of PP4-SPF a« showing the desolvated structure highlighting
significantly smaller void spaces ((yellow) 32.81 A3, 2.0%-unit cell volume; Probe radius 1.2 A,
grid spacing 0.7 A%). Ball and stick model, packing 3x3x3.
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Crystal data and structure refinement for PP4-SPF

Identification code

PP4-SPF_act (PP4d ried)

Empirical formula C35H41Ns06
Formula weight 627.73
Temperature/K 150.0
Crystal system monoclinic

Space group P24
a/A 13.438(6)
b/A 6.535(3)
c/A 19.346(8)
a/° 90
B/° 105.094(9)
v/° 90
Volume/A3 1640.2(12)
Z 2
pcalcg/cm3 1.271
w/mm 0.088
F(000) 668.0
Crystal size/mm?3 0.34x0.11 x 0.03
Radiation MoKa (A =0.71073)

20 range for data collection/®

264 t0 41.794

Index ranges

-13<h<13,-6<k<6,-18<1<19

Reflections collected 14635
Independent reflections 3452 [Rint = 0.1698, Rsigma = 0.1423]
Data/restraints/parameters 3452/1/185
Goodness-of-fit on F2 1.141

Final R indexes [I>=20 (1)]

R1=0.1758, wR, =0.3106

Final R indexes [all data]

R1=0.2034, wR, = 0.3283

Largest diff. peak/hole / e A’ 0.59/-0.45
Flack parameter -2.6(10)
CCDC No. 2156434

S14.3.1.8 Framework Host-Guest chemistry:

Subsequent to de-solvation of the framework and the observation of apparent reinflation upon
soaking in ethanol solution (Figure S17), reinflation on PPs-SPF.¢ with various guest molecules
was then attempted (Table $3). Both *H NMR (SI 13.3) and PD-XRD (Sl 13.4) were used to confirm
the degree of encapsulation of guest molecules and the change from the starting phase of the
desolvated material after soaking with the guest molecule. The percentage of encapsulated
guest, hexane (used as guest diluent) and residual ethanol obtained from *H NMR (SI 13.3)
analyses are summarized in the table below (Table S3). Chiral HPLC was then used to determine
the enantioselectivity of the SPF towards 1-Phenylethan-1-ol (SI13.5).
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Table S3: Determination of encapsulated guest®
Entry | Sample treatment Time | guest content | Hexane | Resid.
/h /mol%* content | EtOH
/mol%° | /mol%®
1 Washed with hexane (PP4_SPF) - - 8 91
2 Activated under vac 45 °C (PP4-SPF.) 16 - - 12
3 EtOH 5% /Hex 1.5 54 61
4 EtOH vapour 26 14 - -
5 (+)1-phenylethanol 5% /Hex 1.5 36 20 8.
6 (+)1-phenylethanol 5% /Hex 16 59 36 6
7 (£)1-phenylethanol 2 eq. /Hex 1.5 33 17 5
8 Amorphous PP, Inc. (+)1-phenylethanol 1.5 7 16 78
5%/Hex
9 Acetone 5% /Hex 16 2832 51 0
10 THF 5% /Hex 16 23? 48 2
11 EtOAc 5% /Hex 16 33 50 2
12 Hexane 16 - 4 7
13 Toluene 5% /Hex 16 33 30 5
14 1-Bromohexane 5% /Hex 16 15 32 2
15 I, saturated hexane 336 12° 18 2

2 Integral of clean spectrum of PP, at same ppm range subtracted from solvent peak integral
for% calculation due to overlapping peaks of peptide and guest

®lodine content determined via molecular occupancy from SC-XRD data

¢ All guest mol% calculated against moles of peptide

dGeneral procedure for guest soaking: A sample of PPs-SPF.: (=5-10 mg) was placed in a
premixed solution of guest (typically 5%) in hexane (300 pL, HPLC grade) for 16 hours before
decanting the solution and washing five times with fresh hexane to remove excess guest. The
solid was then taken for PD-XRD analysis (Sl 13.4). The sample was then fully dissolved in MeOD
before recording the *H NMR spectra (SI 13.3). The peaks at 7.8-7.85 ppm for two of the Fmoc
CH protons were used as the peptide reference, set as 2H, and the integrals of the guest’s peaks
were used to calculate the mole percentage against the peptide (i.e. 50% guest = 2 eq. peptide:
1 eq. guest).

For (+) 1-Phenylethan-1-ol studies the NMR sample was then dried under compressed air before
dissolving in propan-2-ol (30 uL), and diluting with hexane (570 uL) causing the peptide to
precipitate. This suspension was then filtered through a 0.2 um syringe filter and the filtrate
taken for chiral HPLC analysis (further details SI 13.5).

S14.3.1.9 Crystal Structure of PP,-SPF@1;

The crystal structure was obtained from orange/yellow crystals, crystallised from a
supersaturated hot ethanol solution as previously, before they were dried under vacuum at 45
°C overnight and covered with a saturated solution of iodine in hexane for a week. The crystals
were stable outside of solution at room temperature showing no signs of deterioration over the
timeframe of the experiment.

The experiment was carried out by mounting a crystal without using an inert oil to maximize the
guest loss. The crystal was mounted at 290 K, then cooled down to 150 K with a cooling rate of
280 K/h and analyzed via single crystal X-ray diffraction. A second data collection was performed
after heating the same crystal directly on the mount at 323 K for 4 hours and cooling it down to
150 K with the same rate used for the previous collection. The guest molecules within the pores
have been modeled for each of the two sets of data in the same way: the occupancies of the
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iodine atoms were allowed to freely refine while keeping the atoms isotropic and fixing the
isotropic atomic displacement parameters to the same value. The analogous treatment of the
two data sets allowed us to obtain the values of 12.3% and 5.8% respectively for the chemical
occupancies of the iodine molecules respectively before and after the thermal treatment.

In the structures reported (CCDC-2127748 and CCDC-2127749), before and after the thermal
treatment, the iodine atoms were treated anisotropically and their anisotropic displacement
parameters were kept equivalent. For the PP,-SPF@I; structure the carbon atom C14 of the ring
of pro2 (C,) was split into two components with a total occupancy of 1. The anisotropic
displacement parameters were set to be equivalent for this atom and for the nearest carbon
atoms. For the PP4-SPF@I_peated Structure three carbon atoms (C13, C14 and C15) of the ring of
pro2 (Csys) were split into two components with a total occupancy of 1. The anisotropic
displacement parameters were set to be equivalent for these atoms in both the components.
Within the pro2 ring, both the N-C and C-C distances were fixed to be the same between the
two components.

Figure S18 — Mercury ellipsoid representation (50% probability) of the asymmetric unit of PPs-
SPF@I;, hydrogen atoms removed for clarity
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$14.3.1.10 Crystal data and structure refinement for PP4~-SPF@1, and PP4-SPF@1; peated

Identification code PP;-SPF_I, PP4-SPF_I; heated
Empirical formula C3sHa1l0.27Ns06 C3sHa0l0.14N506
Formula weight 661.99 645.12
Temperature/K 150(2) 150(2)
Crystal system monoclinic monoclinic
Space group P24 P2,
a/A 16.523(2) 16.5376(15)
b/A 6.3229(5) 6.2977(4)
c/A 18.208(4) 18.2023(16)
a/° 90 90
B/° 109.803(19) 109.744(10)
v/° 90 90
Volume/A3 1789.8(5) 1783.1(3)
Z 2 2
Pcalcg/cm?® 1.228 1.201
pu/mm-? 2.487 1.644
F(000) 697.0 681.0

Crystal size/mm?3

0.235x 0.073 x 0.035

0.235x 0.073 x 0.035

Radiation

Cu Ka (A = 1.54184)

Cu Ka (A = 1.54184)

20 range for data collection/®

8.882 to 143.29

8.872to 143.6

Index ranges

-20€h<13,-7<k<7,-22<1<22

-20€h<20,-75k<7,-22<

<13
Reflections collected 12910 13057
. 6762 [Rint = 0.0564, Rsigma = 0.0785]| 6779 [Rint = 0.0442, Rsigma =
Independent reflections 0.0598]
Data/restraints/parameters 6762/1/421 6779/8/426
Goodness-of-fit on F? 1.072 1.059

Final R indexes [I>=20 (1)]

R1=0.1062, wRz = 0.2855

R1=0.0952, wR; =0.2548

Final R indexes [all data]

R1=0.1311, wR, =0.3075

R1=0.1140, wR2 =0.2763

Largest diff. Peak/hole / e A 0.85/-0.36 1.25/-0.44
Flack parameter 0.08(3) 0.31(3)
CCDC No. 2127749 2127748

S14.3.1.11 Crystal Structure of PP4-SPF@CHCl3
The crystal structure was obtained from colourless crystalline needles, crystallised from a
supersaturated hot ethanol solution as previously, before they were then incubated in a 10%
solution of chloroform in hexane. The crystals were stable outside of solution at room
temperature showing no signs of deterioration over the timeframe of the experiment.

The experiment was carried out by mounting a crystal in inert oil. The crystal was mounted at
293 K analyzed via single crystal X-ray diffraction.

A second data collection was performed after heating the same crystal directly on the mount at
323 K for 4 hours and cooling it down to 150 K with the same rate used for the previous
collection. The guest molecules within the pores have been modeled for each of the two sets of
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data in the same way: the occupancies of the iodine atoms were allowed to freely refine while
keeping the atoms isotropic and fixing the isotropic atomic displacement parameters to the
same value. The analogous treatment of the two data sets allowed us to obtain the values of
12.3% and 5.8% respectively for the chemical occupancies of the iodine molecules respectively
before and after the thermal treatment. In the structure (CCDC-)e reported the carbon atom
C22 at position 4 on Pro2 was split into two components with a total occupancy of 1 and freely
refined to give an occupancy of 0.34 for the carbon in with endo puckering (C22B) and 0.66 for
the carbon in with exo puckering (C22A). The anisotropic displacement parameters were set to
be equivalent for these atoms in both the components. The chemical occupancy of the CHCl;
atoms were freely refined isotropically before fixing at an occupancy of 0.55, the atoms were
then treated anisotropically and their anisotropic displacement parameters were kept
equivalent.

Figure $S18b — Mercury ellipsoid representation (50% probability) of the asymmetric unit of PPs-
SPF@CHCIs, hydrogen atoms removed for clarity
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$14.3.1.12 Crystal data and structure refinement for PP4-SPF@CHCls

Identification code

FmocP4_CHCI3

Empirical formula Cs5.55H41.55Cl1.6sN5sO6
Formula weight 693.38
Temperature/K 293
Crystal system monoclinic

Space group P2
a/A 16.4779(4)
b/A 6.37150(10)
c/A 18.4425(5)
a/° 90
B/° 109.220(3)
v/’ 90

Volume/A3 1828.33(8)

YA 2
Pcaicg/cm’ 1.259
w/mm? 1.773
F(000) 732.0

Crystal size/mm?3

0.54 x0.13 x 0.07

Radiation

Cu Ko (A = 1.54184)

20 range for data collection/®

8.78 to 147.374

Index ranges

-20€h<16,-7<k<7,-18<1<22

Reflections collected

20453

Independent reflections

7196 [Rin: = 0.0384, Rsigma = 0.0368]

Data/restraints/parameters

7196/3/461

Goodness-of-fit on F?

1.055

Final R indexes [I1>=20 (1)]

R1=0.0692, wR; =0.2116

Final R indexes [all data]

R1=0.0816, wR, =0.2212

Largest diff. peak/hole / e A’ 0.37/-0.33
Flack parameter 0.14(5)
CCDC No. 2288009
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S14.3.1.13 H NMR studies of SPF after guest encapsulation
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Figure S19 - 'H NMR (400 MHz, MeOD) of PP,-SPF washed with hexane (HPLC grade, x 5) (black,
bottom), PP4-SPF after activation at 45 °C under vacuum for 16 h (blue), and PPs-SPF..: after
soaking in hexane for 16 h (red, top).
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S14.3.1.14 Powder Diffraction data after SPFac: guest soaking

X-ray powder diffraction patterns for host-guest studies were collected on a Rigaku Miniflex 600
using a Cu radiation source and measurements were performed at room temperature (Scan
range 26; 5-55°, Step; 0.02 °, scan speed; 0.8 °min™).
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Figure S20 — PD-XRD of fresh crystals of PP4;-SPF unground (black, bottom), PP,-SPF after
activation at 45 °C under high vacuum (provided by a turbomolecular pump) (red), PPs-SPF.
after soaking in a chamber saturated with ethanol vapour for 26 h (blue), and PP4-SPF.. after
soaking in ethanol solution for 21 h.
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Figure S21 — PD-XRD simulated for PP4-SPF (black, top), PPs-SPF after activation at 45 °C under
high vacuum (provided by a turbomolecular pump) (red), PPs-SPF. after soaking in hexane
(blue)
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Figure S22 — PD-XRD simulated for PPs-SPF (black, top), PP4-SPF after activation at 45 °C under

high vacuum (provided by a turbomolecular pump) (red), PP4s-SPF.: after soaking in a 1-
phenylethanol solution (2 eq. in hexane 300 uL, HPLC grade) for 1.5 h (blue)
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Figure $23 — PD-XRD simulated for PP4-SPF (black, top), PP4-SPF after activation at 45 °C under
high vacuum (provided by a turbomolecular pump) (red), PP4,-SPF..: after soaking in a 1-
phenylethanol solution (2 eq. in hexane 300 pL, HPLC grade) for 16 h (blue)
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Figure S24 — PD-XRD simulated for PP4-SPF (black, top), PPs-SPF after activation at 45 °C under

high vacuum (provided by a turbomolecular pump) (red), PP4-SPF.: after soaking in a acetone
solution (5% in hexane 300 pL, HPLC grade) for 16 h (blue)
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Figure $25 — PD-XRD simulated for PPs-SPF (black, top), PP4-SPF after activation at 45 °C under
high vacuum (provided by a turbomolecular pump) (red), PP4-SPF.: after soaking in a acetone
solution (5% in hexane 300 pL, HPLC grade) for 16 h (blue)
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Figure $S26 — PD-XRD simulated for PPs-SPF (black, top), PP4-SPF after activation at 45 °C under

high vacuum (provided by a turbomolecular pump) (red), PPs-SPF..: after soaking in a THF
solution (5% in hexane 300 pL, HPLC grade) for 16 h (blue)
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Figure S27 — PD-XRD simulated for PPs-SPF (black, top), PP4s-SPF after activation at 45 °C under
high vacuum (provided by a turbomolecular pump) (red), PP4-SPF.: after soaking in a toluene
solution (5% in hexane 300 pL, HPLC grade) for 16 h (blue)
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Figure S28 — PD-XRD simulated for PP4-SPF (black, top), PP4-SPF after activation at 45 °C under

high vacuum (provided by a turbomolecular pump) (red), PPs;-SPF.: after soaking in a 1-
bromohexane solution (5% in hexane 300 pL, HPLC grade) for 16 h (blue)
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Figure $S29 — PD-XRD simulated for PP4-SPF (black, top), PPs-SPF after activation at 45 °C under

high vacuum (provided by a turbomolecular pump) (red), PP4-SPF. after soaking in a saturated
iodine solution (hexane 300 L, HPLC grade) for 16 h (blue)
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Figure S30 — Experimental PD-XRD of all studied guest molecules compared with original PPs-
SPF simulated, experimental, and after activation. Legend in order, with simulated (bottom) to
iodine (top).

S14.3.1.15 Enantioselectivity studies of PP4~SPFac: for (+) 1-Phenylethan-1-ol

Chiral separation — Samples of PP4-SPF. (5-10 mg) were soaked in a premixed solution of (&) 1-
phenylethan-1-ol in hexane and left for a set time without agitation. The solution was then
decanted and the solid washed with hexane (300 pL x 5, HPLC grade) to remove excess 1-
phenylethanol. The samples were then dissolved in propan-2-ol (30 L), to release encapsulated
guest, before precipitating with hexane (570 pL). The dispersion was then filtered through a
syringe filter (0.2 um) before taking for HPLC analysis. Where the SPF was used in excess, the
supernatant after soaking and first hexane wash were collected, combined, filtered and taken
for HPLC analysis without dilution.
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HPLC analysis - The determination of enantiomeric selectivity was investigated via normal phase
chiral HPLC. These were carried out with an isocratic mobile phase (A: 98% hexane, B: 2%
propan-2-ol, 1 mL min™flow rate, 20 min runtime, 298 K) on an Agilent 1100 Series Capillary LC
system with a CHIRALCEL® OD chromatographic column (6 mm x 250 mm, 10 um). Samples used
40 pl injections in 5% propan-2-ol in hexane, the target analytes were monitored at 254 nm. R-
1-phenylethan-1-ol rt = 10.45 min, S-1-phenylethan-1-ol rt = 13.07 min.

Table S4: HPLC Chromatogram data for R and S-1-phenylethanol from

consecutive repeats of PP,_SPF.. soaking with 1-phenylethanol (5% in

hexane)

Peak rt / min Peak area /% ee /%

Run 1 10.111 38.783 22.434
12.547 61.217

Run 2 10.578 36.717 26.566
13.220 63.283

Run 3 10.661 38.029 23.942
13.253 61.971

Average 10.450 37.843 23.114
13.067 62.157

S14.3.1.16 Computational Methods

Molecular Orbital and Electrostatic Potential Modelling

Summary: Energy decomposition analysis (EDA) of the isolated dimer system (geometry fixed to
that of the PP4-SPF crystal structure) was used to determine the relative breakdown of the
intermolecular forces between the Fmoc groups in the crystal lattice. Calculations were run with
two different functionals, BLYP-D3(BJ) and PBE-D, giving interaction energies of -42 and -32.4
kimol? respectively. The breakdown suggests that dispersion interactions are the predominant
interaction between the Fmoc groups with smaller contributions from electrostatic and orbital
interactions (and the Pauli repulsive interaction, Table S5).

The Fmoc-Fmoc dimer was modelled by density functional theory at the B3LYP-D3/6-311++G
(p,d) level using GAMESS version 5 (Dec 2014) with Avogadro as the GUI(v. 1.2.7).9*° The input
geometry was that of two PP4 molecules associated at the terminal Fmoc ends (Figure S31)
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Figure S31 - Fmoc-Fmoc dimer taken from crystal structure and used as fixed geometry for
subsequent molecular model calculations

The input for GAMESS is given below.

SBASIS GBASIS=N311 NGAUSS=6 NDFUNC=1 NPFUNC=1 DIFFSP=.TRUE. DIFFS=.TRUE. SEND
SCONTRL SCFTYP=RHF RUNTYP=ENERGY DFTTYP=B3LYP SEND

SSCF DIRSCF=.T. DAMP=.T. SOSCF=.F. SEND

SELPOT IEPOT=1 WHERE=PDC OUTPUT=NONE SEND
SPDC PTSEL=CONNOLLY SEND
SSYSTEM MWORDS=100 SEND

SDATA
Title

(@]
=

8.0
8.0
8.0
8.0
8.0
8.0
7.0
7.0
7.0
7.0
7.0
1.0
1.0
6.0
6.0
6.0
6.0
6.0
6.0

1.63200
7.19400
3.69000
8.76800

9.52000
8.00300
3.41100
6.40200
6.49100
11.43500
11.93900
11.78500
10.10500
7.82000
6.83000
5.21300
-0.96500
-1.41200

OO0 0OO0O0O I I Z2222Z2000000

3.86900 9.38200
6400 13.19100

2.92300 9.11200
2.59100 16.50300

0400 3.62300 12.57200

2.02400 19.65400
3.89400 18.17000
84200 10.29900
2.50800 15.18600
3.59300 11.76600
3.04100 18.99200
2.41000 19.28700
3.72800 18.61000
2.95600 19.12700
3.14200 17.07400
3.30100 120200
3.99100 11.72000
1.76200 7.73800
0.56000 8.29800
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6.0
6.0
6.0
1.0
6.0
1.0
6.0
6.0
1.0
1.0
6.0
1.0
6.0
1.0
6.0
1.0
6.0
1.0
6.0
1.0
6.0
1.0
6.0

-1.15500
2.98100
6.38900
5.94000

-1.99700

-2.31800

-0.53800
6.97100
6.64500
6.22300

-0.35800
-0.84800

-1.42500
-1.84400
9.35600
9.86900
6.92800
6.40000

-1.61800
-1.67700

0.59200
3.81000
3.01400
3.88400
-0.41500
-1.20600 7.86500
1.81200 10.05400
52500 18.99400
3.91600 19.67700
82500 18.45400
2.64600 8.81600
3.49100 8.89100
-0.35300 10.73100
-1.15600 10.52100
19700 18.65300
66200 17.95900
2.67000 12.82200
1.84500 12.79000
1.00100 5.56500
1.13500 64700

9.74000

9.56100
16.55700
16.59100

7.49500

82300 96500 10.60900

5.37300
-2.09100

82600 9.81000
-0.17800 6.12400
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H 1.0 -5.23600 5.91800 11.19800 H 1.0 -15.73700 8.98300 -2.67800
C 6.0 -5.81300 5.24200 5.84000 C 6.0 -9.54600 9.81200 5.45700
H 1.0 -6.22500 6.04900 5.62900 H 1.0 -9.34800 10.76100 5.43400
C 6.0 -13.68600 8.83900 -2.41000 H 1.0 -9.52100 09.46100 55300
H 1.0 -13.71500 9.59500 -1.80200 C 6.0 -13.54300 7.02200 6.37700
H 1.0 -13.27200 9.11700 -3.24200 H 1.0 -13.99900 7.84400 6.13900
C 6.0 -91600 3.07000 5.15900 H 1.0 -13.20300 7.10000 7.28200
H 1.0 -73900 2.45400 8600 C 6.0 -8.56200 9.06500 6.36900
C 6.0 -5.55200 27800 84800 H 1.0 -7.81000 8.71800 5.86300
H 1.0 -5.80500 4700 3.96900 H 1.0 -8.23200 9.64000 7.07600
C 6.0 -11.76000 3.81900 0.68500 C 6.0 -13.16900 5.51600 76400
H 1.0 -11.02600 3.19800 0.55100 H 1.0 -197600 6.07200 25000

H 1.0 -12.58800 3.38800 0.42400 H 1.0 -158700 58400 60500

C 6.0 -10.89500 9.55300 6.10400 C 6.0 -15700 5.84600 6.24800

H 1.0 -11.61400 9.65400 5.46100 H 1.0 -15.36300 6.07600 6.50300
H 1.0 -11.04700 10.16000 6.84500 H 1.0 -115100 5.10300 6.79100
C 6.0 -15.07600 8.27300 -2.64900 SE

H 1.0 -15.10800 7.78000 -3.48400

Figure S32 - Electrostatic potential map (blue — positive, red — negative) calculated at B3LYP-
D3/6-311-G++(p,d) level of theory
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Figure S33 - HOMO-6 (left) and HOMO-19 (right) highlighting orbital interactions between
discrete molecules, calculated at B3LYP-D3/6-311-G++(p,d) level of theory

S14.3.1.17 Energy Decomposition Analysis
EDA was conducted on the Fmoc-Fmoc dimer obtained from the crystal geometry (Figure 543)

using the Amsterdam Density Functional (Amsterdam Modelling Suite) with the BLYP-D(BJ) and
PBE-D functionals (frozen cores). 1!

Table S5. Energy components of Fmoc-Fmoc interactions from EDA
(kJ mol?).

Func. Eelstat Epauli Eorb Edisp Etotal
BLYP-D3(B)J) -15.5 32.6 -12.9 -48.3 -42
PBE-D -13.7 17.9 -8.7 -27.9 -32.4

Model parameters were as follows.

DENSITY FUNCTIONAL POTENTIAL (scf)

LDA: Exchange only
== Not Default ==
Gradient Corrections: Becke88 LYP

== Not Default ==
SPIN (restricted / unrestr.)
Molecule: Restricted

Fragments: Restricted

OTHER ASPECTS

Relativistic Corrections: scalar (ZORA,MAPA)
Nuclear Charge Density Model: Point Charge Nuclei
Core Treatment: Frozen Orbital (s)

Hyperfine or Zeeman Interaction: -——-

Settings for Grimme D3 dispersion correction

damping BJ
s6 1.000
s8 2.700
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al 0.430
a2 236

Other (technical) parameters

alpha 1000
version 4

DENSITY FUNCTIONAL POTENTIAL (scf)

LDA: PWo2
== Not Default ==
Gradient Corrections: PBEc PBEX

== Not Default ==
SPIN (restricted / unrestr.)
Molecule: Restricted

Fragments: Restricted

OTHER ASPECTS

Relativistic Corrections: scalar (ZORA,MAPA)
Nuclear Charge Density Model: Point Charge Nuclei
Core Treatment: Frozen Orbital (s)

Hyperfine or Zeeman Interaction: -——-

Settings for Grimme dispersion correction

use heavy dispersion T

scaling of radii 1.100
alpha (scaling function) 20.000
cut off distance 100.000
overall factor 0.750

SI'4.3.2 HP3 SC-XRD:

The crystal structure data was obtained from colourless plank crystals, the crystal quality was
relatively poor, the crystal was mounted on a Mitegen micromount in Paratone immersion oil
and cooled to 150 K using an Oxford Cryosystems 800-series Cryostream. The crystal structure
was obtained with some regions of significant disorder. The linker to the fluorenyl group was
significantly disordered as such the atom C13-14 were split and EADP applied. Split SAME was
also carried out on 02. The Pro1l pyrrolidine ring was disordered, as such C16-19 were split and
EADP applied, split SAME was applied to O8. The pro3 ring was also disordered as such C26-28
were split and DELU applied. Only small voids are present (40.80 A3, 1.3%-unit cell volume, Probe
radius 1.2 A, grid spacing 0.5 A) within the structure that do not extend through the framework,
forming a non-porous structure. The fmoc region is disordered and this extends to the
neighbouring peptide’s Pro3 sidechain, while the C-terminus is well ordered.
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Figure S34 — Crystal structure of peptide HP3 showing the unit cell, Atomic displacement
parameters are shown at 50% probability .
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Crystal data and structure refinement for HP3

Identification code HP3
Empirical formula Cs3sHa1NsO5
Formula weight 643.73
Temperature/K 150.15
Crystal system monoclinic
Space group C2
a/A 22.1654(7)
b/A 6.3098(2)
c/A 23.0675(7)
a/° 90
B/ 92.401(3)
v/° 90
Volume/A3 3223.37(17)
z 4
pcalcg/cm3 1.326
p/mm- 0.765
F(000) 1368.0
Crystal size/mm3 0.21 x 0.07 x 0.06
Radiation CuKa (A =1.54184)
20 range for data collection/® 7.672 to 136.628
Index ranges -26<h<26,-7<k<7,-27<1<27
Reflections collected 11914
Independent reflections 5885 [Rint = 0.0822, Rsigma = 0.0962]
Data/restraints/parameters 5885/22/493
Goodness-of-fit on F2 1.096
Final R indexes [I>=20c (1)] R1=0.0883, wR, =0.2371
Final R indexes [all data] R:=0.1103, wR, = 0.2675
Largest diff. peak/hole / e A 0.35/-0.38
Flack parameter -0.5(5)
CCDC No. 2238155

SI'4.3.3 PHP2 SC-XRD:

Crystallised from slow-evaporation of a propan-1-ol solution forming long fibrous crystals,
however these were not suitable for SC-XRD analysis. Crystallised poorly from an ethanol/ethyl
acetate solution and methanol/water solution. However, poor quality powder diffraction data
was obtained, see 4.

Analysing the other positions on the P4 backbone, the Pro2 residue on the P4 backbone is aligned
with adjacent peptides’ aromatic groups and the closest hydrogen bond acceptor (Ha) is 5 A from
the C4 position, which suggests the current crystal structure is unlikely to satisfy the hydrogen
bond donation of a new hydroxyl at this position (3.1, Figure S36).

SI'4.3.4 PoHP SC-XRD:

The crystal structure data was obtained from colourless plank crystals, the crystal was mounted
on a Mitegen micromount in Paratone immersion oil and cooled to 150 K using an Oxford
Cryosystems 800-series Cryostream. PoHP crystal structure was isostructural to P4, and two
water molecules were modelled within the voids of the framework. One of the water molecules
was disordered as such split SAME was applied to 09. EADP was applied 02-C15. This reduced
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pore size is too small to accommodate EtOH molecules, as such the framework is selective
towards H,O molecules in the wet solvent during crystallisation, which can be clearly modelled
in the crystal structure (Figure S37).

Figure S38 — Crystal structure of peptide P,HP showing the unit cell, atomic displacement
parameters are shown at 50% probability .
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Crystal data and structure refinement for P,HP
Identification code P2HP
Empirical formula C35HasNsOq
Formula weight 679.76
Temperature/K 150.15
Crystal system monoclinic
Space group P2
a/A 16.6440(5)
b/A 6.3071(2)
c/A 17.8450(5)
o/° 90
B/ 110.012(3)
v/° 90
Volume/A3 1760.18(10)
VA 2
pcalcg/cm3 1.283
p/mm 0.770
F(000) 720
Crystal size/mm3 0.12 x 0.07 x 0.06
Radiation CuKa (A =1.54184)
20 range for data collection/® 8.956 to 136.434
Index ranges -20€h<20,-7<k<7,-15<1<21
Reflections collected 18801
Independent reflections 6417 [Rint = 0.0425, Reigma = 0.0447]
Data/restraints/parameters 6417/1/470
Goodness-of-fit on F? 1.051
Final R indexes [I1>=20 (I)] R: =0.0515, wR; =0.1389
Final R indexes [all data] R:1=0.0621, wR; =0.1473
Largest diff. peak/hole / e A’ 0.35/-0.29
Flack parameter -0.10(10)
CCDC No. 2238161

SI'4.3.5 PsH SC-XRD:

The crystal structure data was obtained from colourless plank crystals, the crystal was mounted
on a Mitegen micromount in Paratone immersion oil and cooled to 150 K using an Oxford
Cryosystems 800-series Cryostream. The structure was resolved with two peptides comprising
the asymmetric unit (2’ = 2), joined by the typical C-terminal amide NH; hydrogen bonds. Each
of these peptides was modelled with a disordered EtOH molecules within the pores with partial
occupancies (0.5). The oxygen atoms of each were disordered as such split SAME was applied to
each (08-08X). While a model of the atomic positions of this disordered solvent is included it is
likely that an atomistic model is not fully appropriate for the disordered electron density inside
the pore.
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Figure S40 — Crystal structure of peptide P3H showing the unit cell, Atomic displacement
parameters are shown at 50% probability

Crystal data and structure refinement for PsH

Identification code P3H
Empirical formula C36Ha1NsOs
Formula weight 671.74
Temperature/K 150.00(10)
Crystal system monoclinic
Space group P24
a/A 16.8723(2)
b/A 6.45220(10)
c/A 32.1004(4)
o/° 90
B/ 101.2140(10)
v/° 90
Volume/A3 3427.84(8)
VA 4
Pealcg/cm? 1.302
w/mm 0.766
F(000) 1420
Crystal size/mm?3 0.16 x 0.11 x 0.07
Radiation

CuKa (A = 1.54184)

20 range for data collection/®

6.956 to 14164

Index ranges

-18<h<20,-7<k<7,-39<1<39

Reflections collected 38516
Independent reflections 13166 [Rint = 0.0224, Rsigma = 0.0216]
Data/restraints/parameters 13166/51/909
Goodness-of-fit on F? 1.043

Final R indexes [I>=20 (1)]

R1=0.0416, wR, =0.1251

Final R indexes [all data]

R1=0.0431, wR, =0.1274

Largest diff. peak/hole / e A’ 1.24/-0.86
Flack parameter 0.07(4)
CCDC No. 2238152
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SI'4.3.6 P4-P,HP SC-XRD:

The crystal structure data was obtained from colourless plank crystals crystallised via slow
cooling of a hot supersaturated ethanol solution of peptides P4 and P,HP in equimolar
concentrations. The crystal was mounted on a Mitegen micromount in Paratone immersion oil
and kept at 290 K using an Oxford Cryosystems 800-series Cryostream. The mixed peptides
crystal structure was isostructural to PHP and P Disordered EtOH molecules were modelled in
the pores with a partial occupancy of 0.75. Split same was applied to the EtOH atoms C36-37. H
atoms were not assigned to the EtOH molecules due to the high level of disorder. Interestingly
this framework adopted the endo conformation similarly to P4 alone, having significantly less
impact on the channel volume (Volume 233.02 A3, 12.8% / unit cell, Probe r = 1.2 A, Grid spacing
0.4 A), and thus contained EtOH within the pores rather than being selective towards H,0 (Figure
542 and 543).

Figure S44 — Crystal structure of peptide P,+P,HP showing the unit cell, atomic displacement
parameters are shown at 50% probability .
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Crystal data and structure refinement for P4-P,HP

Identification code P2HP-P4
Empirical formula C36.5H42.36N507.13
Formula weight 665.19
Temperature/K 290.0(2)
Crystal system monoclinic
Space group P24
a/A 16.6077(8)
b/A 6.3463(3)
c/A 18.3211(9)
a/° 90
B/° 109.933(5)
v/° 90
Volume/A3 1815.31(16)
VA 2
pcalcg/cm3 1.217
w/mm 0.699
F(000) 707.0
Crystal size/mm?3 0.18 x 0.06 x 0.04
Radiation Cu Ka (A =1.54184)

20 range for data collection/®

9.896 to 143.886

Index ranges

-20€h<20,-7<k<7,-22<1<19

Reflections collected 13382
Independent reflections 6926 [Rint = 0.0244, Rsigma = 0.0353]
Data/restraints/parameters 6926/29/481
Goodness-of-fit on F2 1.039

Final R indexes [I>=20 (1)]

R1=0.0480, wR, =0.1294

Final R indexes [all data]

R1=0.0604, wR, = 0.1398

Largest diff. peak/hole / e A’ 0.40/-0.20
Flack parameter -0.01(11)
CCDC No. 2238180
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SI'4.3.7 HP2H SC-XRD:

The crystal structure data was obtained from colourless plank crystals, crystallised via slow
evaporation of an ethanol solution of peptide HP;H. The crystal was mounted on a Mitegen
micromount in Paratone immersion oil and kept at 295 K using an Oxford Cryosystems 800-
series Cryostream. The first hydroxyproline residue was disordered on hydroxyl group and at the
Cy position (C18), likely to due to the presence of endo and exo ring puckering within the
structure. The crystal structure is nonporous containing no significant void space. Both hydrogen
bonds present in the HP; and PsH crystal structure are present within the crystal structure
between the same atoms, extending along the b-axis.

Figure S46 — Crystal structure of peptide HP,H showing the unit cell, atomic displacement
parameters are shown at 50% probability .
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Crystal data and structure refinement for HP;H

Identification code HP2H
Empirical formula C35H40NsOs
Formula weight 658.72
Temperature/K 295
Crystal system monoclinic
Space group C2
a/A 22.476(2)
b/A 6.2932(7)
c/A 23.245(3)
a/° 90
B/° 92.036(10)
v/° 90
Volume/A3 3285.8(6)
z 4
Pcaicg/cm® 1.332
w/mm 0.788
F(000) 1396.0
Crystal size/mm?3 0.16 x 0.03 x 0.02
Radiation Cu Ka (A =1.54184)
20 range for data collection/® 7.612 to 136.478
Index ranges -19<h<26,-7<k<7,-27<1<27
Reflections collected 11409
Independent reflections 6003 [Rint = 0.1158, Rsigma = 0.1952]
Data/restraints/parameters 6003/5/421
Goodness-of-fit on F2 0.840
Final R indexes [I>=20 (1)] R1=0.0835, wR, =0.1224
Final R indexes [all data] R:=0.1873, wR, = 0.1585
Largest diff. peak/hole / e A’ 0.40/-0.21
Flack parameter 0.7(5)
CCDC No. 2238160

S1'4.3.8 cis-HP,H SC-XRD:

The crystal structure data was obtained from colourless plank crystals, crystallised via slow
evaporation of an ethanol/acetonitrile solution of peptide cis-HP,H. The crystal was mounted on
a Mitegen micromount in Paratone immersion oil and kept at 150 K using an Oxford Cryosystems
800-series Cryostream. The crystal structure obtained shows the presence of channels within
the structure, filled with disordered solvent (volume 628.9 A3, 17.1% / unit cell, Figure S48) and
no suitable model could be obtained for the disordered solvent (EtOH and acetonitrile) within
the pores of the structure and so a solvent masking routine was used. The electron density was
therefore accounted for using a solvent mask within Olex2,3 giving a solvent accessible volume
of 167 A% and containing 36 electrons asymmetric unit. Screening of multiple crystallites suitable
for single crystal analysis gave the same crystal structure. The extended structure of cis-HP;H
differs from the other Fmoc peptide frameworks as the Fmoc moieties of adjacent peptides no
longer face one another, resulting in staggered rather than linear H-bonded layers of the
peptides. The last hydroxyproline’s (C-terminus) hydroxyl group is aligned into the pore space,
clearly hydrogen bonding to a solvent molecule, with significant electron density adjacent to this
group. Therefore, the only intermolecular hydrogen-bonding between peptides is the typical C-
terminal NH; amide bonding present in all the structures seen previously. This highlights how
small changes in the placement of functional groups can be used to affect the assembly process,
with control over even the flexible pyrrolidine ring endo/exo conformations possible by use of

182



4S versus 4R functional groups, while the polyproline Il helix remains as a rigid ligand for
placement of these functional groups.

Figure S48 — Crystal structure of peptide cis-HP,H showing the unit cell, Atomic displacement
parameters are shown at 50% probability .

Crystal data and structure refinement for cis-HP,H.
Identification code Cis-HP2H
Empirical formula C35H41NsOs

Formula weight 659.73
Temperature/K 150.15
Crystal system orthorhombic
Space group P2,2:24
a/A 6.4160(2)
b/A 12.0836(6)
c/A 47.4708(17)
a/° 90
B/° 90
v/° 90
Volume/A3 3680.3(3)
VA 4
Pcaicg/cm® 1.191
pw/mm 0.085
F(000) 1400.0
Crystal size/mm?3 0.26 x 0.06 x 0.05
Radiation MoKa (A =0.71073)
20 range for data collection/® 6.578 to 57.246
Index ranges -6<h<8,-16<k<15,-50<1<63
Reflections collected 18190
Independent reflections 7790 [Rint = 0.0457, Rsigma = 0.0744]
Data/restraints/parameters 7790/0/440
Goodness-of-fit on F? 1.020
Final R indexes [I1>=20 (I)] R1=0.0600, wR; =0.1215
Final R indexes [all data] R:1=0.0926, wR; =0.1348
Largest diff. peak/hole / e A’ 0.23/-0.25
Flack parameter 0.0(6)
CCDC No. 2238252
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SI'4.3.9 AcHP,H SC-XRD:

The crystal structure data was obtained from colourless needle crystals, crystallised via slow
evaporation of an acetonitrile solution of peptide AcHP,H. The crystals obtained formed packed
fibrous assemblies that did not diffract well due to low crystal volumes requiring long exposure
times. The crystal was mounted on a Mitegen micromount in Paratone immersion oil and at 29
The crystal structure obtained showed a porous structure (Volume 415.06 A3, 15.6% / unit cell,
Probe r = 1.2 A, Grid spacing 0.4 A), in the orthorhombic P2,2:2; space group, with channels
extending along the g-axis containing ordered acetonitrile molecules with no apparent strong
interactions between the solvent and the peptide within the structure. The crystal was weakly
diffracting and no data above 2 |/sig was observed above 1.1 angstroms. Consequently, the data
were truncated at this resolution.

Figure S50 — Crystal structure of peptide AcHP;H showing the unit cell, Atomic displacement
parameters are shown at 50% probability .
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Crystal data and structure refinement for AcHP;H

Identification code AcHP2H
Empirical formula C24H36N60O7
Formula weight 520.59
Temperature/K 290(5)
Crystal system orthorhombic
Space group P212:24
a/A 6.3773(10)
b/A 18.232(4)
c/A 22.857(5)
a/° 90
B/° 90
v/° 90
Volume/A3 2657.6(9)
VA 4
Pcaicg/cm® 1.301
w/mm 0.097
F(000) 1112.0
Crystal size/mm?3 0.19 x 0.02 x 0.02
Radiation Mo Ka (A =0.71073)
20 range for data collection/® 6.634 to 59.564
Index ranges -8<h<8,-25<k<23,-30<1<28
Reflections collected 26353
Independent reflections 6766 [Rint = 0.2746, Rsigma = 0.4001]
Data/restraints/parameters 6766/0/338
Goodness-of-fit on F2 0.966
Final R indexes [I>=20c (1)] R1=0.1033, wR; =0.1305
Final R indexes [all data] R:=0.3459, wR;, =0.1936
Largest diff. peak/hole / e A’ 0.18/-0.23
Flack parameter -1.7(10)
CCDC No. 2234312

SI'4.3.10 AcP4 SC-XRD:

The crystal structure data was obtained from colourless crystalline needles, crystallised via
vapour diffusion of Et,0 into a solution of AcP4in CHCls. The crystal was mounted on a Mitegen
micromount in Paratone immersion oil and kept at 150 K using an Oxford Cryosystems 800-
series Cryostream. The crystal structure obtained showed a porous structure (Volume 572.37
A3, 36.1% / unit cell, Probe r=1.2 A, Grid spacing 0.4 A), with in the monoclinic P2, space group,
with channels extending in a 2D layer along the b- and g-axis containing ordered chloroform
molecules, with two solvent molecules per asymmetric unit, hydrogen bonding to the Prol and
Pro4 carbonyl groups.
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Figure S52 — Crystal structure of peptide AcP4 showing the unit cell, Atomic displacement
parameters are shown at 50% probability .

Figure S53 — Crystal structure of peptide AcPs showing the packed extended structure (3x3x3),
view along the b axis, hydrogens not shown, atomic displacement parameters are shown at 50%
probability.
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Crystal data and structure refinement for AcP4

Identification code

AcP4
Empirical formula C24H35ClgNsOs
Formula weight 686.27
Temperature/K 150.0(7)
Crystal system monoclinic
Space group P2,
a/A 13.0167(8)
b/A 6.2940(6)
c/A 19.6114(12)
a/° 90
B/° 99.377(6)
v/° 90
Volume/A3 1585.2(2)
z 2
pcalcg/cm? 1.438
w/mm-1 0.584
F(000) 712.0
Crystal size/mm?3 0.51 x 0.06 x 0.04
Radiation

Mo Ko (A = 0.71073)

20 range for data collection/®

6.59 to 50.038

Index ranges

-15<h<15,-7<k<7,-22<1<23

Reflections collected

14583
Independent reflections 5615 [Rint = 0.0679, Rsigma = 0.0900]
Data/restraints/parameters 5615/1/370
Goodness-of-fit on F2 1.017

Final R indexes [I>=20c (1)]

R1=0.0512, wR; = 0.0969

Final R indexes [all data]

R1=0.0783, wR, =0.1084

Largest diff. peak/hole / e A 0.46/-0.38
Flack parameter -0.09(5)
CCDC No. 2264145
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Sl 4.4 Powder XRD data:
S1'4.4.1 HP3 PD-XRD:

—HP3
——HP3_sim

Bl
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| .

5 15 25 35 45 55

Angle 20 (°)

Figure S55 — PD-XRD of HP; simulated from SC-XRD data (black, bottom), HP; experimental PD-
XRD (blue, top)

SI'4.4.2 PHP, PD-XRD:

—PHP2

Intensity (A.u.)

5 15 25 35 45 55
Angle 20 (°)

Figure S56 — PHP, experimental PD-XRD, sample was poorly crystalline and contained
amorphous peptide producing a broad background peak.
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SI'4.4.3 P,HP PD-XRD:

—P2HP
—P2HP_act

——P2HP_sim

M\,WM‘__V‘“
WW‘ L

5 15 25 35 45 55
Angle 20 (°)

Intensity (A.u.)

Figure S57 — PD-XRD of P,HP simulated from SC-XRD data (black, bottom), P,HP experimental
PD-XRD (blue, top), P,HP after activation at 45 °C under high vacuum (red)

SI'4.4.4 PsH PD-XRD:

Peptide PsH did not crystallise well as once precipitated from solution an insoluble white solid
formed preventing redissolution, as such a suitable powder pattern could not be obtained,
despite the crystallisation of some single crystals suitable for SCXRD, sufficient crystalline
material was not obtained for PDXRD analysis.

—P3H_sim
5
<
2
‘»
c
g
£
5 15 25 35 45 55

Angle 20 (°)

Figure S58 — PD-XRD of P3H simulated from SC-XRD data
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SI'4.4.5 P4+P,HP PD-XRD:

— P4+P2HP_act
— P4+P2HP
—P4+P2HP_sim
Fl
<
Py
»
3
£ BEMWJ‘WU\NV\W
WNWV =~
5 15 45 55

25 35
Angle 20 (°)

Figure S59 — PD-XRD of Ps+ P,HP simulated from SC-XRD data (black, bottom), P,+ P,HP
experimental PD-XRD (blue, top), P4+ P,HP after activation at 45 °C under high vacuum (red)
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Figure S60 — Comparative powder diffraction pattern showing; P4+ P,HP experimental PD-XRD
(black, bottom), P,HP powder pattern simulated from SC-XRD data (blue), P4 powder pattern
simulated from SC-XRD data (red, top).
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——P4+P2HP_act
——————— P4+P2HP
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Angle 20 (°)

Figure S61 — Comparative powder diffraction pattern showing; P4+ P,HP experimental PD-XRD
(dotted), Po+ P;HP experimental PD-XRD after activation at 45 °C under vacuum (red, top), Ps
activated powder pattern simulated from SC-XRD data (black, bottom).? Highlights the partial
activation and change in phase of the mixed peptide framework.

—P4+P2HP_act
—P4+P2HP
—P2HP_act
—P4_act

P,HP activated

P4 activated

Intensity (A.u.)

P4+P,HP activated

V’ Vv
P4+P2HP

5 10 15 20 25 30 35 40 45 50 55
Angle 20 (°)

Figure S62 — Comparative powder diffraction pattern showing; P4+ P,HP experimental PD-XRD
(black, bottom), P,+ P,HP experimental PD-XRD after activation at 45 °C under vacuum (red), P4
experimental PD-XRD after activation at 45 °C under vacuum (blue),? P,HP experimental PD-XRD
after activation at 45 °C under vacuum (green). Highlights the partial activation, and subsequent
change in phase, of the mixed framework compared to P4/ P,HP activation, showing similarities
to both pure frameworks.
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SI'4.4.6 HP,H PD-XRD:

—HP2H
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Figure S63 — PD-XRD of HP,H simulated from SC-XRD data (black, bottom), HP,H experimental
PD-XRD (blue, top)

SI'4.4.7 cis-HP,H PD-XRD:
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Figure S64 — PD-XRD of cis-HP,H simulated from SC-XRD data (black, bottom), cis-HP;H
experimental PD-XRD (blue, top)

The experimental spectra for cis-HP,H differs significantly from the simulated powder pattern
(Figure S64), from the crystal structure obtained, suggesting the bulk material differs from the
singly crystalline material. Screening of crystals for alternate crystal structures was unsuccessful,
all crystals suitable for single crystal analysis exhibited the previously obtained structure.
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SI'4.4.8 AcHP,H PD-XRD:
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Figure S65 — PD-XRD of AcHP,H simulated from SC-XRD data (black, bottom), AcHP;H
experimental PD-XRD (blue, top)

SI'4.4.9 AcP4 PD-XRD:
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Figure S66 — PD-XRD of AcP4 simulated from SC-XRD data (black, bottom), AcP, experimental
PD-XRD (blue, top)
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SI 4.5 AFM of self-assembled AcHP;zH

Atomic force microscopy (AFM) analysis: Samples were diluted as specified for each sample and
10 pL droplets were deposited on freshly cleaved mica discs (Agar Scientific F7013). For aqueous
samples after 10-min incubation at room temperature, excess sample was removed by washing
with 1 mL of 0.2-um syringe-filtered mQ H,0, and the specimens were then dried under a gentle
stream of N, (). For volatile solvents, after 1-min incubation at room temperature excess sample
was removed and the mica discs washed with 10 pL (x 3) of 0.2-um syringe-filtered solvent, and
the specimens were then dried under a gentle stream of N, g).Samples were imaged using a
Bruker Multimode AFM with a Nanoscope V controller and a ScanAsyst probe (Silicone nitride
tip with nominal tip radius = 2 nm, nominal spring constant 0.4 N/m, and nominal resonant
frequency 70 kHz). Images were captured at a resolution of 88 nm per pixel scanned. All images
were processed using the Nanoscope analysis software (version 1.5, Bruker).

1: Height 51im 00 1: Height 200um

Figure S67 - AFM image of peptide AcHP;H in CHCl; (6 mg/mL), 10 pL spotted, washed with CHCl3
(x 3); a) average height 50 nm, b) object average height 19.5 nm, radius 80-170 nm; c) object
height 17-50 nm, radius 160-550 nm.
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1: Height 204 00 1: Height 20im

Figure S68 - AFM image of peptide AcHPzH in CHCl; (1.2 mg/mL), 10 pL spotted; a) max height
63 nm; b) object average height 29 nm, radius 295 nm; c) object height 22-48 nm, radius 160-
370 nm.

SI 4.6 Synthesis of phosphate ester peptide cages

SI 4.6.1 Reaction conditions tested:

1)

2)

3)

Peptide AcHP.H (1 eq, 5.5 mg) was dissolved in pyridine-ds (600 pL) under a N
atmosphere. POCl; (0.6 eq, 0.65 pL) in dry DCM (50 pL) was then added to the solution
causing a white precipitate to form and the solution was stirred for 1 h. The supernatant
was then precipitated with cold Et,0 and the Et,0 precipitate washed with Et,0 (x 3) to
remove excess pyridine. The yellow/white solid was then dissolved in 10% MeOH (aq.)
and filtered through a 0.2 um filter. This solution was then analysed via LCMS, showing
a mixture of products. The precipitate from the reaction was analysed via *H NMR.
Peptide AcHP;H (1 eq, 9.5 mg) was dissolved in dry pyridine (1 mL) under a N,
atmosphere. POCl; (0.6 eq, 1.11 pL) in dry pyridine (1.5 mL) was then added dropwise
over 1 h, no precipitate formed. The solution was then stirred at 60 °C for 4 h. HPLC
analysis of an aliquot of the sample showed only starting material.

Peptide AcHP2H (26.2 mg) was dissolved in pyridine-ds (650 pL) under a N, atmosphere.
POCI; (0.66 eq, 3.4 pL) in dry DCM (50 pL) was then added to the solution causing a white
precipitate to form, and the solution was stirred for 1 h. The supernatant was then
precipitated with cold Et,O and the Et,0 precipitate was washed with DCM (x 3). The
yellow/white solid was then dissolved in 10% MeOH (aq.) and filtered through a 0.2 um
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filter. This solution was then separated via semi-prep HPLC (5-95% B, MeOH 0.1% formic
acid, 9 min, 225 nm). NMR analysis was carried out on the two major products (rt =
7.009, 7.500).

Mass and chemical formula for a trimeric AcHP.H phosphate ester cage:

Chemical Formula: CegHg3N15023P> Exact Mass: 1525.6044

SI4.6.2 HPLC-MS results from reaction conditions 1:

PP i L DRI -a T T

[F. % bp\.‘i I‘-“?"

L & _ . P.”‘
o ' Iﬂf

. ."""

B, e T T v A T u'.-'ET‘F.‘E.EE:‘ﬁ
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[ iE TF 113 03 B2 B3 1 3 £ T3 13 3 13 WE s

HPLC UV-Vis spectrum of peptide AcHP;H after treatment with POCl; (method 1), rt 5.995 min,
6.755 min, 8.093 min
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Mass spectrum (100-200 m/z), peptide AcHP:H (from POCI; reaction), peak at 6.755 min, m/z
calcd. for [M+H]* C22H34NsO5*: 480.2453 ; found: [M+H]* 480.2, [M+Na]* 502.2

H2N OX

Chemical Formula: C,,H35N5015P,
Exact Mass: 639.1707

197



Apex Pegk# Soan: #7332 RT: 55 i WL 1T 4EHDS Bpey O 4+ ES|c0mnd £ TS0 det= 1247 00 Fall me 100 O0-AT0000
%

EddA

04

T3

16115

o 15662 15333
L

113EA 12250

| 179‘Ff3| WEA |

cuek] 1123 v
0| =7 1mz2a 11Fu:| 13544
i‘ |. | | 1 |.

| sz i e

mi

-10- T T T T T T T T T T T T T T T T

— — 7777
m i am [ 10m 1230 140 110 21m

Mass spectrum (100-200 m/z), AcHP,H(-P=0(OH)>),, peak at 5.88 min, m/z calcd. for [M+H]*
C22H35N5013P2+2 640.1779 ; found: |:|\/|+H]+ 640.1, [M+Na]+ 662.1

HO,
1,, r, OH
HO /

o} /F\o
10

H,N o}

Chemical Formula: C,,H34N5O;,P

Exact Mass: 559.2043 (Either hydroxyl substitution possible 1 or 4)
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m
Mass spectrum (100-200 m/z), AcHP,H(-P=0(OH),), peak at 6.27 min, m/z calcd. for [M+H]*
C22H36Ns010P*: 560.2116; found: [l\/|+H]+ 560.2, [M+Na]+ 582.1

\on-

HOy,,, \ro HO\

=0
l\\O
N

Chemical Formula: C44H66N|0019P2

Exact Mass: 1100.3981 (Multiple stereoisomers of this compound — multiple

peaks)
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Mass spectrum (100-200 m/z), (AcHP;H), (-P=0(OH),)(-P=0(OH)), peak at 7.25 min, m/z calcd.
for [|V|+H]+C44H57N10019P2+2 1101.4054; found: [|\/|+H]Jr 1101.4, [|\/|+N<’:l]+ 11234
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1 230
Mass spectrum (100-200 m/z), (AcHP,H)>(-P=O(OH),)(-P=0(OH)), peak at 7.48 min, m/z calcd.
for [M+H]+C44H57N10019P2+Z 1101.4054; found: ['\/H'H]+ 1101.4, [M+Na]+ 11235

HO//
N\\(
o)

N (¢}

(0]

o
o
HoN §<

Chemical Formula: Cy4HgsN (O 4P

Exact Mass: 1020.4318
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Mass spectrum (100-200 m/z), (AcHP,H),(-P=0(OH)), peak at 8.10 min, m/z calcd. for [M+H]*
C44H6sN10016P*: 1021.4390; found: [M+H]* 1021.4, [M+Na]* 1043.4 [M/2]** 511.6

SI'4.6.3 Prep-HPLC and 1H NMR — reaction conditions 3:

MWD1 A, Sig=225.4 Ref=off (PaimaDB102-POCI3-inj2.D)
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Prep-HPLC UV-Vis spectrum — Reaction conditions 3, AcHP;H and POCIs in pyridine ds, rt = 7.009
min (Fraction 11) and 7.500 min (Fraction 12), 225 nm

202



AcHP,H — POCI, — Peak 2
MeOD

bt A
‘ L

‘u Y “J

AcHP,H—-POCI; — Peak 1
MeOD

|
3'\ | |
| l\uN‘Im i J‘[ ‘ \‘ A M,MV'H

M

\
- " men ‘"Mvﬁkmwmﬂmmmmwmvmm

AcHP,H
MeOD

JML_/«(WU‘M

T T T T T T T T T T T T T T T T T T T T T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -10
(ppm)

'H NMR spectra — AcHP;H, AcHP;H reaction with POCl; (Conditions 3) peak 1 and 2 from prep-
HPLC (MeOQOD, 400 MHz)
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Chapter 4 — Experimental (CH.3) =51 4.8-4.11

SI'4.8 Monomer Synthesis - 2
S14.8.1 Synthesis of 4-position carboxylic acid functionalised trans-fmoc-proline (26):

TsOH, H,0, HO, oBn
BaoH. m CbzCl, NaHCO;,
reflux, 4h N S 0°C-rt, 18 h
Toulene, Ha THF, H,0
100 % PTSA 75 % Bn
HO/,' OH 21 HO/"mO
L 0
H CbzCl, NaHCO;, HO,, o BnBr K.CO, Chz
20 0°C -1t 18 h m Nal, Ny, rt, 16 h 23
N 0
THF, H0 Chz DMF iy NaH, TBAI
56 % 22 82% o THF,
+ Br/\[( j< N, rt, 64 h
o ii) H,0, HCl,
DCM, 68 %

i) Fmoc-Cl, NaHCO 0
(go ‘I)'HF Hy0,0°C -1t, (§O Y 7<
O, OH 0 112 ’ 0, OH Pd/C, H2, o)
. 16 h z rt, 16 h
o g N Bn
N NH CbZ/ 0

\ ii) H,0, HCI MeOH, EtOAc
Fmoc DCM 100 % (0]
26 95 % 25 24

The target molecule for this synthesis, 26, was desired for the synthesis of a polyproline peptide
functionalised with carboxylic acid side chains. Work was initially carried out via compound 21,
due to access to other protecting groups for other syntheses. Further repeats and reaction scale
ups were carried out with Cbz protection as the initial step, (21), due to higher overall yields.

Synthesis of tosylate benzyl-(2S,4R)-4-hydroxypyrrolidine-2-carboxylate (21):

HO,, OBn
(o
N @)

21

Trans-L-Hyp-OH, 20, (1.00 g, 7.63 mmol, 1 eq.) was dissolved in toluene (10 mL). Benzyl alcohol
(3.2 mL, 30.5 mmol, 4 eq.) was then added to this solution with p-TsOH.H,0 (1.17 g, 9.156 mmaol,
1.2 eq.), the reaction was then heated at reflux for 4 h. The solution was then diluted with Et,0
(20 mL) and the resulting precipitate was isolated via filtration and washed with Et,0 to yield
the product, 21, as a white foam in a quantitative yield, this was used as is for the next step.

Synthesis of benzyl-1-(25,4R)-4-hydroxypyrrolidine-1-carboxylate-2-carboxylic acid (22):

HO/IEHOH

N\ 0]
Cbz
22

204



Trans-L-Hyp-OH, 20, (7.0125 g, 53.48 mmol, 1 eq.) was dissolved aq. NaHCO; (30 mL). The
resulting solution was stirred at 0 °C for 30 minutes before adding Cbz-Cl (9.2 mL, mmol, 1.2 eq.).
The solution was stirred at 0 °C for 1h and then stirred for 18 h at rt. The reaction was monitored
via TLC (6:4, Hex/EtOAc). Upon completion the reaction was diluted with deionised water (100
mL) and washed with cold Et,0 (x 3) while at pH 8. The solution was then acidified to pH 2 with
3 M HCI and extracted with EtOAc (x 3). The combined EtOAc extracts were then washed with
brine (x 2), dried over anhydrous MgSQ,, filtered and the solvent was removed under vacuo to
yield 22 as an oil (7.923 g, mmol, 56%). 'H NMR (400 MHz, MeOD) 6 7.39 —7.25 (m, 5H), 5.16 —
5.03 (m, 2H), 4.47 — 4.36 (m, ) = 16.0, 8.0 Hz, 2H), 3.65 — 3.49 (m, 2H), 2.38 — 2.23 (m, J = 12.9,
9.7,8.1,2.9, 1.5 Hz, 1H), 2.16 — 2.01 (m, 1H). 3C NMR (101 MHz, MeOD) & 176.3, 176.0, 156.8,
156.5, 137.9, 137.7, 129.4, 129.1, 128.9, 128.5, 70.7, 70.0, 68.3, 59.3, 59.02, 56.0, 55.7, 40.2,
39.3. LCMS (ESI-MS) m/z: [M+Na]* calcd for C13H1sNOs = 288.08, found = 288.00.

Synthesis of dibenzyl (25,4R)-4-hydroxypyrrolidine-1,2-dicarboxylate (23):

4-trans-L-Hydroxyproline benzyl ester tosylate salt, 21, (8.444 g, 21.5 mmol, 1 eq.) and
NaHCOs (4.52 g, 53.8 mmol, 2 eq.) were dissolved in water (32 mL) and after 5 min acetone (32
mL) was added followed by Cbz-Cl (3.2 mL, 22.5 mmol, 1.1 eq.). The resulting slurry was stirred
overnight at room temperature. The reaction mixture was quenched adjusting to pH 1-2 with 3
M HCI and diluted with H,O (300 mL), the solution was then extracted with Et,0O (3 x 350 mL).
The combined organic extracts were washed with saturated aqueous NaHCO; (250 mL) and 5%
aqueous NaCl (150 mL), dried over MgSQ., filtered, and concentrated on a rotary evaporator.
The residue was purified by flash chromatography (3:2 Hex/EtOAc) to give the title compound,
23 (5.69 g, 16.13 mmol, 75%), as a clear and colourless oil.

Compound 22 (7.923 g, 29.87 mmol, 1 eq.), KxCOs (9.0814 g, 65.71 mmol, 2.2 eq.) and Nal
(0.4477 g, 2.99 mmol, 0.1 eq.) were dissolved in DMF (22 mL) under a N, atmosphere. BnBr (8.82
mL, 89.6 mmol, 3 eq.) was added dropwise over 5 min to the stirring solution. The solution was
stirred overnight at rt forming a yellow solution with a white precipitate. The reaction was
monitored via TLC (3:2, Hex/EtOAc). The reaction was diluted with EtOAc and washed with
deionised water (x 4) and brine (x 4), before drying over anhydrous MgS0, and filtering. The
solvent was removed under vacuo to yield an orange oil, this was then washed with hexane (x
5) forming a pink extract. The washed oil was then purified via FCC (3:2, Hex/EtOAc) and
concentrated to yield a yellowish oil, 23 (8.68 g, 24.4 mmol, 82%).'H NMR (400 MHz, CDCl;) &
7.39-7.16 (m, 10H), 5.25 — 4.94 (m, 4H), 4.55 (dt, J = 15.6, 7.9 Hz, 1H), 4.45 — 4.34 (m, 1H), 3.68
—3.49 (m, 2H), 3.08 (s, 1H), 2.35-2.21 (m, 1H), 2.08 —1.97 (m, J=8.1, 7.2, 4.7 Hz, 1H). *C NMR
(101 MHz, CDCls) & 172.68, 172.48, 155.18, 154.71, 136.40, 136.19, 135.57, 135.36, 128.57,
128.49, 128.44, 128.38, 128.29, 128.15, 128.09, 128.05, 128.01, 127.85, 127.78, 69.88, 69.15,
67.30, 67.27, 66.98, 66.85, 60.52, 58.14, 57.90, 55.23, 54.63, 39.11, 38.31, 21.06, 14.19.

Synthesis of dibenzyl (2S,4R)-4-(2-(tert-butoxy)-2-oxoethoxy)pyrrolidine-1,2-dicarboxylate (24):
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24

NaH, 60% in mineral oil, (1.2656 g, 31.62 mmol, 2.5 eq.) was placed in an oven dried flask under
a N; atmosphere. Dry THF (30 mL) was then added slowly. Tert-butyl bromoacetate (7.46 mL,
50.50 mmol, 4 eq.) and TBAI (3.75 g, 10.2 mmol, 0.8 eq.) in dry THF (5 mL) was then added in
one portion. The solution was stirred at rt for 20 min. Compound 23 (4.4870 g, 12.6 mmol, 1 eq.)
in dry THF (18 mL) was added dropwise over 2 h. This formed an off-white cloudy solution and
was left stirring at rt for 64 h hours. TLC analysis (6:4, Hex/EtOAc) was carried out to confirm
reaction completion. The reaction was then diluted with deionised water (200 mL), acidified to
pH 6-7 with 3 M HCl and quickly extracted with DCM (150 mL x 3). The combined organic layers
were then washed with brine and dried over anhydrous MgS0,. The remaining solvent was then
removed under vacuo. The crude yellow oily product (16.5706 g) was then placed under high
vac at 65 °C with a nitrogen trap, to remove residual tert-butyl bromoacetate yielding an oily
partially yellow crystalline crude product (10. 9579 g). This was then purified by FCC (3:1,
Hex/EtOAc), yielding compound 24 as an oil (4.0324g, 8.6 mmol, 68%).Spectral Data *H NMR
(400 MHz, CDCls) 6 7.53 — 7.37 (m, 9H), 7.37 — 7.31 (m, 1H), 5.38 (s, 0.13H), 5.35 (s, 0.3H), 5.30
(s, 0.32H), 5.28 (s, 0.17H), 5.27 (s, 1H), 5.18 (s, 1H), 5.13 (s, 1H), 4.67 (dt, 1H), 4.37 — 4.31 (m,
1H), 4.08 (dt, 2H), 3.95 — 3.72 (m, 2H), 2.66 — 2.49 (m, 1H), 2.29 — 2.18 (m, 1H), 1.60 (d, J = 3.4
Hz, 9H). 3C NMR (101 MHz, CDCl5) & 172.49, 172.26, 169.18, 154.86, 154.34, 136.49, 136.37,
135.64, 135.42,128.59, 128.50, 128.44, 128.37, 128.30, 128.14, 128.09, 128.05, 127.98, 127.93,
127.85, 82.00, 78.00, 77.26, 67.26, 67.20, 67.01, 66.96, 66.92, 66.82, 58.10, 57.86, 51.90, 51.79,
36.77,35.48, 28.11.

Synthesis of (25,4R)-4-(2-(tert-butoxy)-2-oxoethoxy)pyrrolidine-2-carboxylic acid (25):

K

o
o, MH
NH O

25

Pd/C 5% (0.2 g, 20% w/w) was placed in a three-neck flask with stirrer bar under a N;
atmosphere. The catalyst was then covered with ethyl acetate (10 mL) and methanol (10 mL)
was then added in a stream down the side of the flask. Compound 24 (0.7965 g, 1.7 mmol, 1 eq.)
in methanol (10 mL) was then added. Stirring was then started and the flask was evacuated till
the solvent was bubbling and refilled with nitrogen three times. The vessel place under a H;
atmosphere with a H, balloon attached. The balloon was then left open to the flask with the
needle underneath the solvent line and the reaction stirred overnight. The hydrogen balloon
was refilled as needed. The reaction was monitored via TLC (8:2, Hex/EtOAc). After completion
of the reaction the solution was filtered through a celite filter and the solvent removed under
vacuo to yield compound 25 as a white crystalline solid (0.416 g, 1.7 mmol, 100%). Spectral Data:
'H NMR (400 MHz, MeOD) 6 4.39 —4.29 (m, 1H), 4.20—4.13 (m, 1H), 4.13 - 3.97 (m, 2H), 3.50 —
3.35(m, 2H), 2.64—2.51 (m, 1H), 2.11—2.00 (m, 1H), 1.48 (d, J = 4.3 Hz, 9H). 3C NMR (101 MHz,
MeOD) 6 173.66, 171.49, 83.19, 80.33, 67.60, 61.36, 52.10, 36.34, 28.30.
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Synthesis of (2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(2-(tert-butoxy)-2-
oxoethoxy)pyrrolidine-2-carboxylic acid (26):

oK

(@)
0O, OH
0o

\Fmoc
26

Compound 25 (1.43 g, 5.83 mmol, 1 eq.) was dissolved in THF (40 mL) and saturated aq. NaHCO3
(40 mL) in an ice bath. Fmoc-Cl (1.81 g, 7.00 mmol, 1.2 eq.) was dissolved in THF (7 mL) and
added to the solution at 0 °C. The pH was checked after 1h and adjusted with excess NaHCOs; to
pH 8. The solution was then left stirring overnight at rt. The reaction was monitored via TLC (6:4,
Hex/EtOAc). The reaction was quenched with ice cold water (250 mL) and washed with cold Et,0
(150 mL x 3). The aqueous solution was then acidified to pH 2 with 3 M HCl and quickly extracted
with DCM (500 mL x 3). The combined DCM layers were then washed with brine (x 2), dried over
anhydrous MgSQO,, filtered, and the solvent removed under vacuo to yield a white crystalline
solid, 26 (2.59 g, 5.54 mmol, 95%). Spectral Data: *H NMR (400 MHz, CDCl5)  7.76 (d, J = 7.5 Hz,
1.25H), 7.69 (d, J = 7.5 Hz, 0.75H), 7.60 — 7.50 (m, 2H), 7.43 — 7.23 (m, 4H), 6.57 (s, 1H), 4.56 —
4.29 (m, 3H), 4.28 —4.09 (m, 2H), 4.02 — 3.86 (m, 2H), 3.81 —3.57 (m, 2H), 2.57 — 2.48 (m, 0.38H),
2.47 -2.37 (m, 0.62H), 2.30 - 2.21 (m, 0.62H), 2.21 - 2.11 (m, 0.38H), 1.48 (d, / = 8.8 Hz, 9H). 13C
NMR (101 MHz, CDCls) & 177.21, 175.54, 169.34, 155.95, 154.69, 144.07, 143.82, 143.78, 141.40,
141.38, 141.32, 127.87, 127.74, 127.23, 127.18, 125.19, 125.05, 120.11, 120.00, 82.30, 77.85,
68.13, 68.04, 67.90, 67.05, 66.99, 58.14, 57.48, 51.92, 51.83, 47.20, 47.15, 36.99, 34.98, 28.21,
28.18, 25.67. Mass spectrometry: ESI-MS(m/z):[M-Na]+calcd.forCasH2sNNO7Na, 490.52;found,
490.1.
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SI 4.8.2 Synthesis of (25,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(tert-
butoxycarbonyl)phenoxy)pyrrolidine-2-carboxylic acid (35):

Cbz-Cl, NaHCO3, \

\
mo TFA, rt, 90 min Homo rt, 24h Homo
DCM N

HO

N O N O  THF H,0 { ©
Boc 100 % H 95 % Cbz
27 28 29
ADDP, PPhj, 31
0°C-rt 24 h MsCl, DMAP, TEA
rt, N, 48 h,
DCM
95 %
00O \’<
K3POQy, 80 °C MsO o—
72 h, DMF m
KOH N ©
o, OH ... 7< \CbZ
N o THF, H,0 m 30
\Cbz
33 32
: 31
| Ha, PIC
' MeOH, EtOAc
]

K K

O, OH  Fmoc-Cl, NaHCO; O, OH
0 e - O
NH O oc.p N O
THF, H,0 Fmoc
34 35

Synthetic route to achieve a benzoic acid sidechain on a Fmoc proline (35). This monomer is
required to functionalise peptides, with the benzene ring adding rigidity and directionality to the
interaction that may be lacking in the previously synthesised aliphatic carboxylic acid group. Two
different routes were attempted for the substitution of the phenolic group as difficulties were
encountered using the Mitsunobu reaction.

Synthesis of methyl (2S,4S)-4-hydroxypyrrolidine-2-carboxylate (28):

HOMO
N 0]
H
28

Compound 27 (2.0 g, 1 eq, 8.15 mmol) was dissolved in DCM (2 mL) and TFA (6.3 mL, 10 eq.),
the resulting solution was then stirred for 90 min. TLC (8:2, Hex/EtOAc) confirmed no residual
starting material. The solution was then concentrated under reduced pressure before drying
with compressed air overnight to yield a viscous oil of 28 (2.4862 g), which was carried forward
for the next step with no further purification.
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Synthesis of 1-benzyl 2-methyl (2S,4S)-4-hydroxypyrrolidine-1,2-dicarboxylate (29):

\Cbz

29
Compound 28 (10.3 mmol, 1 eq.) was dissolved in THF (6 mL) and the pH was adjusted to pH 7-
8 with aqueous sodium bicarbonate (sat.). The solution was stirred for 10 minutes before adding
Cbz-Cl (1.69 mL, 11.9 mmol, 1.15 eq.) in one portion. The solution was stirred for 24 h before
diluting with deionised water (90 mL) and then acidified to pH 3 with conc. HCl before extracting
with EtOAc (200 mL x3). The combined organic layers were washed with aqueous sodium
bicarbonate (x 2) and brine (x 2). They were then dried over anhydrous magnesium sulphate
before filtering and concentrating under vacuum to yield a white crystalline solid, 29 (2.74 g, 9.8
mmol, 95%).

Single-crystal x-ray diffraction analysis was then carried out (CCDC — 2290760). The crystal
structure data was obtained from colorless block crystals, crystallised by evaporation of an
EtOAc solution. The crystals were stable outside of solution at room temperature showing no
signs of deterioration over the timeframe of the experiment. Crystal data and structure
refinement are available in the appendices.

Qc
@

Figure 118 — Crystal structure of compound 29, asymmetric unit, 50% ellipsoids (Olex 2)

Synthesis of 1-benzyl 2-methyl (2S,4R)-4-((methylsulfonyl)oxy)pyrrolidine-1,2-dicarboxylate (30):
MsO

\
Cbz
30

Compound 29 (571.8 mg) was dissolved in DCM (5 mL) under a nitrogen atmosphere. TEA (320
uL, 1.1 eq.), MsCl (170 pL, 1.05 eq.) and DMAP (27.8 mg, 0.1 eq.) were then added in sequence
to the stirred solution. A white precipitate forms which dissolved over time, reaction left stirring
for 48 h. Reaction monitored vig TLC (1:1, Hex/EtOAc).The solution was concentrated under
reduced pressure and partitioned between EtOAc (25 mL) and deionised water (10 mL). The
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EtOAc extract was then washed with deionised water (x 4) and dried over anhydrous MgS0,
before concentrating under reduced pressure to yield an oil, 30 (678.1 mg, 93%). *H NMR (400
MHz, CDCl3) 6 7.40—-7.27 (m, 5H), 5.27 = 5.05 (m, 3H), 4.54 (ddd, J = 27.9, 9.1, 2.3 Hz, 1H), 3.90
—3.79 (m, 2H), 3.70 (m, 3H), 2.99 (s, 3H), 2.62 — 2.42 (m, 2H).

Synthesis of 1-benzyl 2-methyl (2S,4R)-4-(4-(tert-butoxycarbonyl)phenoxy)pyrrolidine-1,2-

dicarboxylate (32):
Oé EO\’<
o, o—

%

\

Cbz
32

PPhs (751.3 mg, 2.86 mmol, 2 eq.), tert-butyl 4-hydroxybenzoate (556.4 mg, 2.86 mmol, 2 eq.)
and compound 29 (400 mg, 1.43 mmol, 1 eq.) were dissolved in dry THF (5 mL) in a flask under
N,. DIAD (564 pL, 2.86 mmol, 2 eq.) dissolved in dry THF (4 mL) was then added dropwise over
40 min at 0 °C to the stirring solution of reactants. The resulting solution was then stirred at 0 °C
for 30 min before stirring for 1 day at rt. TLC (1:1, Hex/EtOAc) was used to monitor the reaction.
After completion the solution was concentrated under reduced pressure. Diethyl ether (100 mL)
was then added causing a white crystalline solid to precipitate from the solution. The white solid
was then filtered off and the resulting filtrate concentrated under reduced pressure to yield an
orange oily solid. Multiple major products were present within the crude product suggesting the
occurrence of significant side reactions.

Compound 30 (628.7 mg, 1.8 mmol, 1 eq.) was dissolved in DMF (25 mL), to this stirred solution
tert-butyl 4-hydroxybenzoate (683.4 mg, 3.5 mmol, 2 eq.) and K3sPO,4 (1.1203 g, 5.3 mmol, 3 eq.)
was added. The solution was heated at 80 °C for 72 h. TLC (1:1, Hex/EtOAc) was used to monitor
the reaction. The solution was diluted with deionised water (150 mL) causing a white precipitate
to form. The suspension was then extracted with EtOAc (x 3) and the combined extracts were
washed with water (x2) and brine (x 2). The organic extracts were then dried over anhydrous
MgS0O, and concentrated under reduced pressure to yield an orange oil (1.09 g). TLC analysis of
the concentrated material shows several more highly coloured spots. This was confirmed by
HPLC analysis with multiple major products. As such the product was not taken forward for
continued synthesis.
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Sl 4.8.3 Synthesis of (25,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-
(methoxycarbonyl)phenoxy)pyrrolidine-2-carboxylic acid (42):

\ KOH, H20, i) D|C, t-BUOH, CUC|,
—_ s
N o THF N o ii) DCM, 36, 24 h, rt, N, \‘/ \(|)/ o
Boc 100 % Boc 81% w
27 N O’é'
Boc
38b
DIC, CuCl, 1 h
OH 0°C-rt N,
81 % o HO.__O
7 ADDP, PPhs, H,S0,, MeOH
16 h, 0 °C- rt, L T
N, T;L/F reflux, 16 h
° OH 47 % OH

39

—0 —~0
Ol Fmoc-ClI Ol

o} o
'(HOH NaHCOs '(HOH TFA O)“
<--------- D T 0
Qi
N o) THF/H,0 H o) DCM N
Fmoc 1:3 "Boc
a1 40
42

Synthetic route to achieve a benzoic acid sidechain functionality on a proline monomer for
incorporation into a peptide, adding a more rigid, directional group.

Synthesis of (2S,4S)-1-(tert-butoxycarbonyl)-4-hydroxypyrrolidine-2-carboxylic acid (36):

HOmOH
N @]
Boc
36

Compound 27 (5.003 g, 20.4 mmol, 1 eq.) was dissolved in THF (15 mL). KOH (2.3 g, 40.8 mmol,
2 eq.) was then added in one portion and deionised water (15 mL) added subsequently. The
solution was stirred at rt for 2.5 h. The reaction was monitored via TLC (6:4, Hex/EtOAc). Upon
completion the reaction was diluted with deionised water (100 mL), acidified to pH 4 and quickly
extracted with EtOAc (x 3). The combined organic layers were then washed with brine (x 2), dried
over anhydrous MgS0, and filtered. The solvent was then removed under vacuo to yield an oil
that the formed a white crystalline solid, 36 (4.714 g, 20.4 mmol, 100%). 'H NMR (400 MHz,
MeOD) & 5.00 (s, 2H), 4.40 — 4.24 (m, 2H), 3.66 — 3.58 (m, 1H), 3.36 (dd, /= 5.1, 2.3 Hz, 1H), 3.35
—3.32(m, 1H), 2.52 = 2.37 (m, 1H), 2.08 (ddd, J = 13.1, 8.9, 4.1 Hz, 1H), 1.47 (d, J = 16.2 Hz, 9H).
13C NMR (101 MHz, MeOD) 6§ 176.32, 175.98, 156.27, 155.91, 81.56, 81.37, 70.80, 69.96, 59.20,
58.76, 55.57, 54.89, 39.57, 38.96, 28.70, 28.52.

211



Synthesis of tert-butyl N,N'-diisopropylcarbamimidate (37):

K
N)\NH
T

CuCl; (127 mg, 1.3 mmol, 0.02 eq.) was dissolved in DIC (10 mL, 64 mmol, 1 eq.). The resulting
solution was chilled to 0 °C and purged with N, before adding t-BuOH (6.36 mL, 67 mmol, 1.05
eq.). The solution was then stirred for 1h at 0 °C and overnight at rt, forming a green solution
with precipitate. The solution was then diluted with hexane and filtered through a short alumina
pad. Crystallised urea was then filtered off and the solvent removed under reduced pressure to
yield a liquid, product 37 (10.34 g, 51 mmol, 81%). The product was then taken forward without
any further purification. *H NMR (400 MHz, CDCls) § 3.63 (s, 0.1H), 3.50 (s, 0.3H), 3.43 (s, 0.5H),
3.00 (s, 0.4H), 2.91 (s, 0.55H), 1.24 (s, 4H), 1.15 (s, 2H), 1.04 (s, 4H), 0.85 (s, 9H), 0.65 (s, 1H).

Synthesis of di-tert-butyl (2S,4S)-4-hydroxypyrrolidine-1,2-dicarboxylate (38):
Homo
s
Boc

38

Compound 36, (2.32 g, 10.3 mmol, 1 eq.) was dissolved in dry THF (31 mL) under a N;
atmosphere and compound 37 (2.4 mL, 10 mmol, 1 eq.) was added. The solution was stirred for
30 min forming a precipitate. Further 37 (1.2 mL, 5 mmol, 0.5 eq.) was then added and the
solution stirred overnight. TLC (1:1, Hex/EtOAc) was used to monitor the reaction. The solution
was then filtered and concentrated under vacuum to yield an oil (3.1102 g). This was purified via
FCC (1:1, Hex/EtOAc) to yield an oily product, 38 (2.012 g, 7.0 mmol, 68%).

Synthesis of di-tert-butyl (2S,4S)-4-(((E)-N,N'-diisopropylcarbamimidoyl)oxy)pyrrolidine-1,2-
dicarboxylate (38b):

e

v,
Ole

38b

t-BuOH (3.7 mL, 39 mmol, 7 eq.) was added to CuCl (34 mg, 0.3 mmol, 0.06 eq.) and DIC (5.25
mL, 6 eq, 33 mmol) under a N; atmosphere. The resulting solution was stirred for 24 h forming
a cloudy green solution. The solution was diluted with dry DCM (19.2 mL) and added to a stirred
solution of compound 27 (1.2877 g, 5.6 mmol, 1 eq.) in dry DCM (19.2 mL) under N». The solution
was stirred for a further 24 h forming a light green solution with some precipitate. TLC (1:1,
EtOAc/Hex) was used to monitor the reaction. The solution was then concentrated and filtered
through a short celite pad. The product was then isolated via FCC to afford the byproduct, 38b,
as an oil (1.62g, 70%).*H NMR (400 MHz, CDCl3) § 5.23 (d, J = 2.7 Hz, 1H), 4.28 (dd, J = 9.6, 3.2
Hz, 0.3H), 4.18 (dd, J = 9.8, 3.0 Hz, 0.7H), 3.78 — 3.62 (m, 2H), 3.54 (dd, J = 12.2, 2.2 Hz, 0.65H),
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3.42 (dd, J = 12.0, 2.8 Hz, 0.35H), 3.31 (s, 1H), 3.11 (d, J = 6.0 Hz, 1H), 2.53 — 2.34 (m, 1H), 2.22
(dd, J = 6.4, 3.3 Hz, 0.65H), 2.19 (t, J = 3.0 Hz, 0.35H), 1.85 (d, J = 20.4 Hz, 1H), 1.45 (s, 9H), 1.44
(s, 3H), 1.42 (s, 6H), 1.04 (dd, J = 9.8, 5.4 Hz, 12H). 3C NMR (101 MHz, CDCl3) & 171.04, 154.25,
154.02, 150.21, 80.85, 80.66, 79.70, 79.65, 72.27, 71.41, 58.48, 58.22, 52.50, 52.34, 46.12, 43.18,
36.16, 35.37, 28.45, 28.36, 28.01, 24.42, 24.12, 23.87. ESI-MS: (m/z):[M+H]*calcd. for
C21H4oN30s*, 414.2963; found, [M+H]*, 414.2; [2M+H]*, 827.4

Synthesis of methyl 4-hydroxybenzoate (39):

|
0._0

OH
39

4-Hydroxybenzoic acid (5.0094 g, 26.2 mmol, 1 eq.) was suspended in MeOH (33 mL). Conc.
H,S04 (5 mL) was slowly added to the stirred solution and the resulting solution was heated at
reflux overnight. The solution was then cooled to rt, diluted with deionised water (700 mL) and
neutralised with NaHCOs; to pH7-8. The white precipitated formed was then filtered off and
washed with deionised water. The resulting white solid was then dissolved in acetone and
concentrated under reduced pressure to yield a white solid, 39 (2.5775 g, 12.3 mmol, 47%). *H
NMR (400 MHz, CDCls) 6 7.95 (d, J = 8.9 Hz, 2H), 6.89 (d, J = 8.9 Hz, 2H), 3.90 (s, 3H). 2*C NMR
(101 MHz, CDCls3) 6 167.46, 160.26, 131.99, 122.30, 115.31, 52.15.

Synthesis of di-tert-butyl (2S,4R)-4-(4-(methoxycarbonyl)phenoxy)pyrrolidine-1,2-dicarboxylate
(40):

@)
O

/ >LO

OI--C’AO
N

~

Boc
40

ADDP (772 mg, 3.1 mmol, 1.4 eq.) and PPhs (802 mg, 3.1 mmol, 1.4 eq.) were dissolved in dry
THF (12 mL) at 0 °C under a N; atmosphere. The solution was stirred for 30 min before adding
compound 38 (627.5 mg, 2.2 mmol, 1 eq.) and 39 (400 mg, 2.6 mmol, 1.2 eq.) dropwise over 15
min in dry THF ( 6 mL) at O °C. The reaction was stirred overnight forming a yellow precipitate.
TLC (8:2, Hex/EtOAc) was used to monitor the reaction. The solution was concentrated under
vacuo and precipitated in cold Et,0. The precipitate was then filtered off and the crude oil was
then purified via FCC returning a negligible yield of the product.

213



S 4.8.4

Synthesis

of

((benzyloxy)carbonyl)phenoxy)pyrrolidine-2-carboxylic acid (56):

(2S5,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-

HO (@] BnBr, NagCO3, BnO (@) ADDP, PPh3 BnO
18 h 1t 0°C-rt,16 h o
DMF DCM, N,
OH 85 % OH 68 % d KOH, H,0
51 ) HO, \ t, 16 h,
5 \ o) THF
+ 0 N 100 %
'}l 0 Boc o
Boc 53
27 Y
BnO
0]
BnO 0] BnO @)
Fmoc-Cl, NaHCO3,
0°C-rt, 16 h TFA, 1 h g
- /,'
0., OH  H,0, THF 0, OH  pcm OH
m 62 % m 100 % N
(0] I
N O NH Boc ©
Fmoc
56 55 54

Synthesis of benzyl 4-hydroxybenzoate (52):
BnO (0]

OH
52

4-hydroxybenzoic acid, 51, (1.986 g, 14.4 mmol, 1 eq.) was dissolved in DMF (20 mL) with Na>COs
(1.524 g, 14.4 mmol, 1 eq.). Benzyl bromide (1.76 mL, 14.4 mmol, 1 eq.) was then added to the
stirred solution and the solution stirred for 18 h at rt. The solution was then diluted with
deionised water (150 mL) causing a white precipitate to form and extracted with Et;0O (x 4). The
combined organic extracts were then washed with saturated aqueous NaHCO; (x 2), deionised
water (x 5), brine (x 2) and dried for 1 h over anhydrous MgS04. The solvent was then removed
under vacuo to yield a white crystalline solid, 52 (2.7894 g, 85%). ESI-MS (m/z):[M+H]*calcd. for
Ci14H1303, 229.0859; found, [2M+Na]*, 479.5.
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Synthesis of 1-(tert-butyl) 2-methyl (2S,4R)-4-(4-((benzyloxy)carbonyl)phenoxy)pyrrolidine-1,2-
dicarboxylate (53):

BnO
O
0,
’, \
(0]

N
Boc 0O
53

ADDP (730.5 mg, 2.90 mmol, 1.5 eq.), PPh; (784.7 mg, 3.00 mmol, 1.55 eq.), compound 27 (473.4
g, 1.93 mmol, 1 eq.), and compound 52 (528.6 mg, 2.32 mmol, 1.2 eq.) were placed in an oven
dried flask under a N, atmosphere. The reactants were then partially dissolved in dry DCM (7
mL) at 0 °C, and the resulting solution stirred for 1h and then warmed to room temperature,
fully dissolving to form an orange solution. The solution was then stirred overnight forming a
cloudy yellow solution. The reaction was monitored via TLC (8:2, Hex/EtOAc). The solution was
then concentrated under reduced pressure and precipitated with ice cold Et,0. The solution was
then filtered and concentrated to yield a crude oil (1.9495 g) and subsequently purified by FCC
(8:2, Hex/EtOAC) to yield a cloudy oil, 53 (530 mg, 1.3 mmol, 68%).*H NMR (400 MHz, CDCls) &
8.08 — 7.97 (m, 2H), 7.49 — 7.29 (m, 5H), 6.86 (d, J = 8.3 Hz, 2H), 5.34 (s, 2H), 4.97 (s, 1H), 4.46
(dt, J=30.7, 7.8 Hz, 1H), 3.85 —3.79 (m, 1.5H), 3.76 (d, J = 4.0 Hz, 3H), 3.67 (d, J = 12.0 Hz, 0.5H),
2.60 — 2.47 (m, 1H), 2.31 — 2.19 (m, 1H), 1.43 (d, J = 9.6 Hz, 9H). *C NMR (101 MHz, CDCl;) &
173.41, 166.12, 160.90, 136.35, 132.04, 131.97, 128.73, 128.33, 128.26, 123.40, 115.05, 80.76,
77.36,74.92, 66.64, 58.08, 52.32, 51.99, 36.65, 28.38. ESI-MS (m/z):[M+H]*calcd. for C;5H2sNO7,
456.2017; found, [M+Na]*, 478.3.

Synthesis of (2S,4R)-4-(4-((benzyloxy)carbonyl)phenoxy)-1-(tert-butoxycarbonyl)pyrrolidine-2-
carboxylic acid (54):

BnO
(0]

54

Compound 53 (490 mg, 1.1 mmol, 1 eq.) was dissolved in THF (10 mL) and deionised water (5
mL). KOH (93.8 mg, 1.67 mmol, 1.5 eq.) was added and the solution stirred overnight at rt. The
reaction was monitored by TLC (6:4, Hex/EtOAc). Upon completion the solution was diluted with
deionised water (100 mL) and acidified to pH 4, forming a white precipitate. The solution was
then extracted with EtOAc (x 3), the combined organic extracts were then washed with brine (x
2), dried over anhydrous MgS0, and filtered. The filtrate was then concentrated under reduced
pressure to yield a white solid, 54 (474.5 mg, 1.1 mmol, 100%).
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Synthesis of (25,4R)-4-(4-((benzyloxy)carbonyl)phenoxy)pyrrolidine-2-carboxylic acid (55):
BnO (0]

0, OH
55

Compound 54 (474.5 mg, 1.1 mmol) was dissolved in TFA (5 mL) and DCM (500 puL). This was
stirred at rt for 60 min before evaporating, washing with cold Et,O and drying to yield a white
foamy solid, 55. The crude material was then taken forward for the next step with no further
purification.

Synthesis of (2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-((benzyloxy)carbonyl)phenoxy)
pyrrolidine-2-carboxylic acid (56):
BnO 0]

0, OH
e

\Fmoc
56

The compound 55 (474.5 mg, 1.1 mmol, 1 eq.) was dissolved in THF (10 mL) and saturated
aqueous NaHCOs (10 mL). The resulting solution was stirred at 0 °C for 15 min before adding
Fmoc-Cl (343 mg, 1.33 mmol, 1.2 eq.) in THF (10 mL). The reaction was monitored by TLC (6:4,
Hex/EtOAc). Upon completion the solution was diluted with deionised water (100 mL) and
washed with ice cold Et,0 (x 2). The solution was then acidified to pH 2 with 3 M HCI, causing a
white precipitate to form, and extracted with EtOAc (x 3). The combined organic extracts were
then washed with brine (x 2), dried over anhydrous MgS0, and filtered. The filtrate was then
concentrated under reduced pressure to yield a white solid, containing both 56 and the
hydrolysed benzyl ester (546.8 mg). The product was purified via FCC (8:2, Hex/EtOAc) to yield,
56, as a white solid (383.8 mg, 0.68 mmol, 62%). ESI-MS (m/z):[M+H]*calcd. for C34H29NO,
564.2017; found, [M+H]* 564.7 [M+Na]*, 586.5. [2M+Na]", 1151.4. 56 minus Bn,
(m/z):[M+H]*calcd. for C27H24NO5*, 474.1548; found, [M+H]*, 474.5; [M+Na]*, 496.5; [2M+Na]*,
969.8
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S 4.8.5 Synthesis

of (S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-

((benzyloxy)carbonyl)phenoxy)-2,5-dihydro-1H-pyrrole-2-carboxylic acid, (62):

Q t+BuOH, DCC, < Tf,0, DIPEA, 16 h  TfO
o DMAP rt,72h o A15°C - rt, N, Zﬂ\ﬁor-su
_ >
N . N N
Boo OH DCM.78% Boc OBU  DCM,72% Bos O
57 58 59
Pd(PPha)s, K,CO5 O O8N
80°C 0.5 h,
Bn\o rt 16 h, Dioxane, *
Fmoc Cl, NaHCO3 Reflux
TFA, 1.5h,
-1, 24 h, H,0, © Sh. 0 44.%
_ mboM o Bon
THF, 46 % 100 %
OH Ot-Bu
N
Fmoc Boc ©
60

Synthetic route to achieve compounds 62, for the introduction of a benzoic acid functionality as
a peptide sidechain, whereby the benzoic acid can act as a more directing, rigid complexation
handle compared to the previously synthesised alkyl carboxylic acid. This method makes use of
a Suzuki coupling due to difficulties with success in Mitsunobu reaction attempts to add a benzo
ester. Subsequent saponification of synthesised peptides utilising this monomer was required
to remove the benzyl protecting group.

Synthesis of di-tert-butyl (S)-4-oxopyrrolidine-1,2-dicarboxylate, (58):

0
0
h
Boc Ot-Bu
58

N-Boc-4-oxo-L-proline, 57 (1.499 g, 6.54 mmol, 1 eq.) and DMAP (79 mg, 0.65 mmol, 0.1 eq.)
were added to DCM (35 mL). DCC(1.3502 g, 6.54 mmol, 1 eq.) was added to the stirred solution.
Subsequently t-BuOH (1.87 mL, 19.70 mmol, 3 eq.) was added, forming a brown solution which
was stirred for 72 h at rt. The solution was then filtered, and the filtrate was washed with
aqueous HCI (1M, x 2), sat. aqueous NaHCOs (x 2), deionised water (x 2) and sat. aqueous NaCl
(x 2) before drying over anhydrous MgSQ,. The organic phase was then concentrated under
reduced pressure yield an oil which formed yellowish crystals (1.7221 g). The product was then
purified by FCC (1:9, EtOAc/Hex) which yielded a colourless oil which crystallised overnight to
form colourless crystals of 58, (1.45 g, 5.08 mmol, 78%). *H NMR (400 MHz, CDCl3) 6 4.65 (d, J =
10.3 Hz, 0.42H), 4.57 (dd, /= 10.4, 1.6 Hz, 0.58H), 3.88 (d, / = 5.8 Hz, 1H), 3.83 (s, 1H), 2.98 — 2.81
(m, 1H), 2.53 (d, J = 2.2 Hz, 0.57H), 2.48 (d, J = 2.2 Hz, 0.43H), 1.48 — 1.42 (m, 18H). *C NMR (101
MHz, CDCl3) 6 209.10, 208.28, 170.89, 154.38, 153.70, 82.41, 81.07, 77.26 (CH), 57.06 (CH),
56.60 (CH), 52.99 (CH,), 52.56 (CH,), 41.44 (CH,), 40.92 (CH3), 28.27 (CH3), 27.92 (CHs).
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Synthesis  of  di-tert-butyl  (S)-4-(((trifluoromethyl)sulfonyl)oxy)-2,5-dihydro-1H-pyrrole-1,2-
dicarboxylate, (59):
TfO

Z:>\W0t-8u
N

I
Boc o

59

Compound 58 (1.44 g, 5.05 mmol, 1 eq.) was dissolved in dry DCM (25 mL) under a N;
atmosphere. DIPEA (4.35 mL, 24.97 mmol, 5 eq.) was added and the solution chilled to -15 °C
and stirred. Tf,0 (1.3 mL, 7.74 mmol, 1.5 eq.) was then added dropwise over 10 minutes. The
solution was kept at -15 °C for 30 min before stirring at room temperature for 24 h, forming a
dark reddish solution. TLC (2:8 EtOAc/Hex) was used to monitor the reaction progress. The
solution was then quenched by adding sat. aqueous NaHCOs, the aqueous phase was separated
and extracted with DCM. The combined organic phases were then washed with sat. aqueous
NaCl, before drying over anhydrous MgSO, and concentrating under vacuo to yield a dark
reddish oil (2.3221 g). The crude product was then isolated by FCC (95:5, Hex/EtOAc) to yield a
yellow oil which formed a crystalline solid, 59 (1.52 g, 3.6 mmol, 72%). NMR (400 MHz, CDCl;) &
5.73 (dd, J=4.2, 2.0 Hz, 0.38H), 5.69 (dd, /= 4.3, 1.9 Hz, 0.62H), 4.90 (dt, /= 6.1, 2.5 Hz, 0.38H),
4.85 (dt, J = 5.9, 2.5 Hz, 0.62H), 4.39 — 4.20 (m, 2H), 1.47 (d, J = 5.6 Hz, 9H), 1.44 (d, J = 1.0 Hz,
9H).*C NMR (101 MHz, CDCl5) 6 168.11, 167.97, 153.22, 152.85, 146.17, 145.78, 118.59 (q, J =
321.0 Hz),112.27, 112.02, 82.69, 81.28, 81.22, 64.53, 64.27, 50.47, 50.19, 28.41, 28.33, 28.01,
27.98.

Synthesis of di-tert-butyl (S)-4-(4-((benzyloxy)carbonyl)phenyl)-2,5-dihydro-1H-pyrrole-1,2-
dicarboxylate, (60):
Bn_
@]
@]

Ot-Bu
N

I
Boc 0O

60

Compound 59 (1.45 g, 3.47 mmol, 1 eq.) and 4-benzyloxycarbonylphenylboronic acid (1.3439 g,
5.25 mmol, 1.5 eq.) were dissolved in dioxane (40 mL) with
tetrakis(triphenylphosphine)palladium (0) (311 mg, 0.27 mmol, 0.08 eq.). A potassium
carbonate solution (7.7 mL, 0.254 mmol, 4.4 eq.) was then added and the yellow solution heated
at 80 °C and stirred for 30 min, forming a black solution. The solution was then left stirring
overnight at rt, forming a black foamy precipitate. TLC (5:95, EtOAc/Hex) was used to monitor
the reaction. The solution was then diluted with a brine solution (150 mL) and extracted with
EtOAc (x 3). The combined organic phases were then washed with brine (x 2), dried over
anhydrous magnesium sulphate and filtered to afford a yellow solution. This was concentrated
under reduced pressure to yield a mixture of brown precipitate and white crystalline solids
(2.0894 g). The crude product was purified via column chromatography to afford 60 as a white
crystalline solid (735.5 mg, 1.54 mmol, 44%). *H NMR (400 MHz, CDCls) & 8.09 — 8.03 (m, 2H),
7.48 -7.42 (m, 4H), 7.42 - 7.32 (m, 3H), 6.22 (dd, J = 4.3, 1.9 Hz, 0.32H), 6.18 (dd, J = 4.3, 1.9 Hz,
0.68H), 5.37 (d, J = 2.4 Hz, 2H), 5.09 — 5.04 (m, 0.32H), 5.00 (dt, J = 5.4, 2.6 Hz, 0.68H), 4.69 —

218



4.47 (m, 2H), 1.59 (s, 1H), 1.52 (s, 3H), 1.50 — 1.44 (m, 15H). (m/z):[M+H]*calcd. for C2sH3sNOs",
480.2381; found, [M+H]*, 479.5

Synthesis of (S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-((benzyloxy)carbonyl)phenyl)-2,5-
dihydro-1H-pyrrole-2-carboxylic acid, (62):
Bn
\
0
0

OH
N

I
Fmoc 0

62

Compound 60 (420 mg, 0.88 mmol, 1 eq.) was dissolved in TFA (5 mL, 95% in DCM) and stirred
for 90 min before evaporating. The subsequent oily residue, 61, was dissolved in THF (2 mL) and
sat. ag. NaHCOs; (2 mL) was added at 0 °C. Excess NaHCOs, and Fmoc-Cl (272 mg, 2.19 mmol, 1.2
eq.) in THF (1 mL), was then added, the resulting solution was stirred at 0 °C for 1 h and at rt for
a further day. TLC (3:7, EtOAc/Hex) was used to monitor the reaction. The solution was diluted
with deionised water (50 mL) and washed with cold Et,O (x 2). The aqueous solution was then
acidified to pH 2 with 3 M HCI causing a white precipitate to form. This was then extracted with
EtOAc (x 3), the combined organic extracts were washed with brine (x 2), dried over anhydrous
MgSO0,, filtered, and concentrated under reduced pressure to yield a white foam solid (530 mg).
TLC showed the presence of some Fmoc sideproduct so FCC was carried out (7:3, Hex/EtOAc) to
yield the pure compound as a white foam solid after removing solvent under vacuo, 62 (220 mg,
46%). 'H NMR (400 MHz, CDCls) & 8.07 (dd, J = 16.3, 8.4 Hz, 5H), 7.75 (dd, J = 18.0, 7.0 Hz, 2H),
7.64—-7.51(m, 2H), 7.49-7.27 (m, 12H), 6.29 (d, / = 1.8 Hz, 0.5H), 6.16 (d, / = 2.2 Hz, 0.5H), 5.37
(d,J = 8.7 Hz, 2H), 5.33 — 5.28 (m, 0.5H), 5.06 (dd, J = 6.4, 3.7 Hz, 0.5H), 4.70 — 4.66 (m, 1H), 4.66
—4.43 (m, 3H), 4.33 (t, J = 6.8 Hz, 0.5H), 4.19 (t, J = 6.0 Hz, 0.5H), 2.12 (s, 3H), 2.07 (s, 2H). 13C
NMR (101 MHz, CDCl3) 6§ 177.56,174.74,174.05, 172.19, 166.09, 155.27, 154.46, 143.78, 143.64,
141.49,140.47,140.12, 136.29, 136.16, 135.86, 130.50, 130.38, 128.80, 128.79, 128.56, 128.53,
128.44,128.40,128.01, 127.84,127.32,127.23,125.88, 125.84, 125.15, 125.08, 124.89, 124.80,
120.19, 120.13, 119.95, 119.54, 77.48, 77.36, 77.16, 76.84, 68.44, 67.97, 67.29, 67.19, 67.15,
66.68, 60.93, 54.07, 53.57,47.21, 21.23, 20.85, 14.27.
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Sl 4.8.6 Synthesis of (2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(pyridin-4-
yloxy)pyrrolidine-2-carboxylic acid (66):

HO, PPhs, DIAD, —

N o
b\wo\ | A 0°Crt-24 hr, Ny, . o
=+ / _— .

0 OH N
° ° >L/§ ©
(@) (@)
65

i) LiOH, THF,
MeOH, rt, 4 h
b, c

i) TFA, DCM
rt, 18 h, 100 %

g Fmoc-ONSu, NaHCO3, N
OH 0 /N
0°C0.5hn,rt18h,
N - —
PN o
o Xo THF, H,0,
. 95 % OH
d N
H (0]

66 65b

Reagents and conditions: (a) PPhs, DIAD, dry THF, addition at 0 °C, then 24 h. at RT, N2, (b) LiOH (aq.), THF:
MeOH (1:1), at RT, 2.5 h., (c) TFA, DCM, then 24 h. at RT, (d) NaHCO3s, THF: H20 (1:1), addition at 0 °C, then
RT, o/n. Reactions a-c carried out by Dr K.Samanta.

Synthesis of 1-(tert-butyl) 2-methyl (2R,4S)-4-(pyridin-4-yloxy)pyrrolidine-1,2-dicarboxylate (65):

O\(O\

N O
SR
65

To a stirred solution of N-Boc-cis-4-hydroxy-L-proline methyl ester (2 g, 8.2 mmol, 1 eq.) in
anhydrous THF (30 mL) at room temperature was added 4-hydroxy pyridine (0.9301 g, 9.78
mmol, 1.2 eq.) under an inert atmosphere. PPh; (12.2 mmol, 1.5 eq.) was then added followed
by drop wise addition of diisopropyl azodicarboxylate (12.2 mmol, 1.5 eq.) over 30 minutes at 0
°C. The reaction was then allowed to warm up to room temperature and stirred at ambient
temperature overnight. After completion, the reaction mixture was concentrated and the
residue treated with EtOAc (100 mL) and then Hexane (100 mL), to remove excess 4-hydroxy
pyridine/lutidine as yellow solid by filtration. The filtrate was concentrated to one fourth of its
volume to initiate crystallization of triphenylphosphine oxide by-product and filtered off. The
filtrate was then evaporated and purified by column chromatography (EtOAc/n-hexane, 60/40
to EtOAc/Methanol/EtsN 88/10/2) affording the product, 65, as a yellow oil (1.4538 g, 4.51

220



mmol, 55%). *H NMR (400 MHz, CDCls) & 8.43 (dt, J = 4.9, 3.1 Hz, 2H), 6.79 — 6.73 (m, 2H), 4.9
(bs, 1H), 4.45 (dt, ) = 31.7, 7.8 Hz, 1H), 3.81 (d, J = 4.1 Hz, 2H), 3.75 (d, J = 2.2 Hz, 3H), 2.61 - 2.47
(m, 1H), 2.28 (ddd, J = 13.5, 8.2, 5.0 Hz, 1H), 1.43 (d, J = 11.0 Hz, 9H).

Synthesis of (25,4R)-4-(pyridin-4-yloxy)pyrrolidine-2-carboxylic acid (65b):

N
/ N\
O,,
O\« OH
N
H (e
65b

Compound 65 (0.75 g, 1 eq, 2.14 mmol) was dissolved in a 2:1 vol/vol mixture THF and MeOH
(total 6 mL) with stirring followed by addition of LiOH (3.2 mmol, 1.5 eq.) in water (2 mL) and
left to stir for 2-4 h. TLC was used to monitor the reaction (hexane/EtOAc, 25/75,) and once
complete, organic layer was removed under reduced pressure. The crude product was dissolved
in TFA (32 mmol, 15 eq.) and DCM (10 mL) before being left to stir at ambient temperature
overnight. After completion of the reaction, the combined organic layer was removed under
reduced pressure and co-evaporated with methanol (5 x volume of TFA) thrice. The resultant
yellowish oil was dissolved in 1M HCl and stirred for an hour at 50 °C. The insoluble residue was
removed by dissolving and extracting with EtOAc (3 x 25 mL). The product was used without
further purification. *"H NMR (400 MHz, CD;0D) & 8.76 — 8.68 (m, 2H), 7.69 — 7.55 (m, 2H), 5.67
(t,J = 4.4 Hz, 1H), 4.74 (dd, J = 10.3, 7.8 Hz, 1H), 3.95 — 3.67 (m, 2H), 2.83 (ddt, J = 14.9, 7.8, 1.6
Hz, 1H), 2.66 (ddd, J = 14.9, 10.3, 4.8 Hz, 1H).

Synthesis of (2S5,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(pyridin-4-yloxy)pyrrolidine-2-
carboxylic acid (66):

66

Compound 65b (0.78 g, 3.3 mmol) was dissolved in H,0 (10 mL) with NaHCOs (4 mmol, 1.2 eq.).
The solution was stirred for 15 min at 0 °C. Fmoc-ONSu (4 mmol, 1.2 eq.) in THF (10 mL) was
then added and the solution stirred at 0 °C for 30 min. The solution was then stirred overnight
at rt, the THF was then evaporated, and reaction quenched with methanol (10 mL) and stirred
for an hour. The methanol was evaporated and 2.5% NaHCOs (15 mL) was added to the solution.
The solution was extracted with cold Et,O (4 x 25 mL), the combined Et,0O was then extracted
once with 2.5% NaHCO; and H,0 (25 mL). Upon neutralization of the combined aqueous extracts
with 1 M HCI, a white precipitate formed. The aqueous solution was then extracted with EtOAc
(6 x 50 mL). The combined organic extracts were then washed with brine (2 x 30 mL), dried over
anhydrous MgS0,4 and evaporated to obtain crude product. The product, 66, was further re-
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crystallized from hot MeOH to obtain a white crystalline solid (1.0654 g, 2.475 mmol, 75%). H
NMR (400 MHz, CDs0D) & 6.93 — 6.85 (m, 4H), 6.24 (d, J = 7.5 Hz, 2H), 6.20 — 6.06 (m, 4H), 5.98
(m, 2H), 5.88 — 5.65 (m, 7H), 5.64 — 5.55 (m, 3H), 5.54 — 5.48 (m, 2H), 3.36 (s, 2H), 3.00 — 2.90
(m, 2H), 2.90 - 2.76 (m, 3H), 2.67 (td, J = 6.7, 3.0 Hz, 2H), 2.22 —2.07 (m, 2H), 1.76 (p, J = 1.6 Hz,
18H). *H NMR (400 MHz, DMSO-ds) 6 8.42 (m, 2H), 7.92 — 7.78 (m, 2H), 7.67 (t, J = 7.9 Hz, 1H),
7.57 —7.49 (m, 1H), 7.45 -7.27 (m, 3H), 7.20 (dtd, ) = 23.6, 7.5, 1.1 Hz, 1H), 6.99 (dt, J = 4.7, 1.5
Hz, 2H), 5.16 (dt, J = 5.1, 2.4 Hz, 1H), 4.46 (t, ) = 8.0 Hz, 1H), 4.37 — 4.10 (m, 4H), 3.76 — 3.58 (m,
4H), 3.16 (s, 1H), 2.63 — 2.53 (m, 1H), 2.46 (t, J = 2.0 Hz, 1H), 2.41 — 2.29 (m, 1H), 2.24 (ddd, J =
13.7, 8.4, 4.9 Hz, 1H). In MeOH, 66 exists as a 1:1 mixture of monomer and H-bonded dimer,
whereas in DMSO it only exists as a monomer due to disruption of H-bonding.
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SI 4.9 Peptide Synthesis - 2

Materials — Rink Amide MBHA resin (100-200 mesh, 0.3 mmol/g) 1% DVB, Fmoc-amino acids,
N,N-Diisopropylethylamine (DIPEA), acetic anhydride (Acac), pivalic anhydride, Trifluoroacetic
acid (TFA), Diisopropylcarbodiimide (DIC), Ethyl cyano(hydroxyimino)acetate (Oxyma Pure), and
benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) were obtained
from Fluorochem Ltd (Derbyshire, UK).

Peptide Synthesiser Method — All peptides were synthesised on a 0.1 mmol scale on Rink amide
MBHA resin using a Liberty™ microwave peptide synthesiser (CEM) utilising Fmoc solid-phase
peptide synthesis techniques and repeated steps of single deprotections, and couplings
interspaced with washings (4 x 4 mL DMF). The synthesis was paused after the final coupling
step and the resin removed from the reaction vessel before stopping the synthesis (to prevent
gradual loss of the Fmoc group). Deprotection: 20% piperidine in DMF (4.5 mL) for 5 min with
30 W microwave irradiation at 90 °C. Coupling: Fmoc-amino acid (1.5 mL, 0.2 M, 3 eq.), DIC (1.2
mL, 0.5 M, 6 eq.), Oxyma Pure (0.6 mL, 0.5 M, 3 eq.) in DMF, and DMF (3 mL) for 5 min at 90 °C
with 30 W microwave irradiation. Capping procedure: Resin washed with DMF (x 5) and
suspended in DMF with Acac (50 eq.) and DIPEA (50 eq.). Resin agitated for 30 min before
filtering and washing the resin multiple times with DMF.

Peptide Cleavage - The resin was then washed with DCM (x 5), before the Fmoc-protected
peptide was cleaved from the resin with TFA (95% in DCM) for 1.5 h. The resin was then washed
with the cleavage cocktail (x 2) and the filtrate was concentrated by evaporation before
precipitation in cold Et,O and centrifugation. The solution was then decanted and the solid
repeatedly washed with cold Et,0 to isolate the peptide, as a white solid in a quantitative yield
after drying under vacuum. Peptides were then purified via RP-HPLC, > 99% purity by analytical
reverse-phase HPLC.

HPLC: Semi Preparative HPLC was performed on a 1260 Infinity Il (Agilent) HPLC, equipped with
a C18 (Kormasil 100-5-C18, 10 x 250 mm) column at a 4.73 mL/min flow rate monitored at
205/225/254 nm wavelengths.

S14.9.1 Synthesis of Ac-Pros-NH» (-OCH,COOH)s(i: 1, 3, 5) (67):

HO\EO Ho\io HO\EO
O -

© 0 0
O (@) (0] (@] (6] (0] (o)
(67)

Peptide 67 was synthesised using standard SPPS techniques on 0.1 mmol scale using the
standard Oxyma-DIC coupling method, quantitative yield. The peptide was purified via semi-
prep RP-HPLC. 67,
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S14.9.2 Synthes/s of Ac-Pro13-NH, (-OCH2COOH)s(i: 2, 7, 12) (68):

HO HO\EO

D Ty Y

(68)
Peptide 68 was synthesised using standard SPPS techniques on 0.1 mmol scale using the
standard Oxyma-DIC coupling method, quantitative yield. 68, 'H NMR (400 MHz, MeOD) & 4.75
—4.63 (m, 5H), 4.62 — 4.44 (m, 4H), 4.44 — 4.33 (m, 3H), 4.32 — 4.07 (m, 8H), 4.06 — 3.86 (m, 3H),
3.86 — 3.44 (m, 26H), 2.85 — 2.55 (m, 1H), 2.55 — 2.37 (m, 5H), 2.37 — 2.14 (m, 10H), 2.14 - 1.77
(m, 31H). m/z calcd for [M+H]*: C73H103N14023%, 1543.7315; found; [M+H]* 1543.7315

HO O

S14.9.3 Synthesis of Ac-Prois-NHz (-OCH2COOH)s(i: 3, 5, 7, 10, 11, 12) (69):
HO

ARRRARSIRMARS .

(69)
Peptide 69 was synthesised using standard SPPS techniques on 0.1 mmol scale using the
standard Oxyma-DIC coupling method, quantitative yield. 69, *H NMR (400 MHz, MeOD) & 4.83
—4.60 (m, 7H), 4.45 — 4.32 (m, 4H), 4.29 — 3.94 (m, 12H), 3.88 — 3.55 (m, 14H), 2.68 — 1.86 (m,
27H). m/z caled for [M+H]*: C79H109N1403,*, 1765.7327; found; [M+Na]* 1787.3; [M/2+H]?** 883.5

(e}

T

”O/}]/O

I

"O/YO
(@]

S14.9.4 Synthesis of Ac-Pros-NH (—OCH;COOH)g(/'l 4,5,8 9, 12) (70):

mmm;mmm

Peptide 70 was synthesised using standard SPPS techniques on 0.1 mmol scale using the
standard Oxyma-DIC coupling method, quantitative yield. 'H NMR (400 MHz, MeOD) § 4.73 —
4.62 (m, 3H), 4.45-4.28 (m, 4H), 4.28 —3.93 (m, 10H), 3.92 —3.46 (m, 12H), 2.57 — 2.33 (m, 4H),
2.32-2.15(m, 4H), 2.14 — 1.86 (m, 16H). 70, m/z calcd for [M+H]*: C79H10sN1403,", 1765.7327;

found; [M+2H]** 883.6
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S14.9.5 Synthesis of Ac-Pro7-NH; (-OCH2COOH)(i: 1, 7) (71):
HO o HO 0

Anmanna

(71)

Peptide 71 was synthesised using standard SPPS techniques on 0.1 mmol scale using the
standard Oxyma-DIC coupling method, quantitative yield. *H NMR (400 MHz, MeOD) & 4.76 (dd,
J=10.6,5.0 Hz, 1H), 4.70 (t, /= 8.1 Hz, 4H), 4.51 — 4.42 (m, 1H), 4.39 — 4.33 (m, 1H), 4.33 - 4.28
(m, 1H), 4.27 — 4.07 (m, 4H), 4.01 (t, J = 12.0 Hz, 1H), 3.92 — 3.68 (m, 8H), 3.68 — 3.55 (m, 6H),
2.52 — 2.32 (m, 2H), 2.32 — 2.16 (m, 4H), 2.15 — 1.89 (m, 16H). 71, m/z calcd for [M+H]*:
C41H59N3014+, 887.4145; found; [l\/H'H]+ 887.2; [M+Na]+ 909.1

S14.9.6 Synthes/s Of CHgO—C6H4—CO—PI’013—/\//—/2 (—OCH2COOH)2(/.' 3, 12) (72)’
HO HO

o 8&0
0

omamanmanmagan.

(72)

Peptide 72 was synthesised using standard SPPS techniques on 0.1 mmol scale using the
standard Oxyma-DIC coupling method, coupling of 4-methoxybenzoic acid was carried out on
the peptide synthesiser, no final deprotection was required, quantitative yield. 'H NMR (400
MHz, MeOD) & 7.59 (d, J = 8.5 Hz, 1.5H), 7.36 (d, J = 8.4 Hz, 0.5H), 7.00 (d, J = 8.6 Hz, 2H), 4.77 —
4.65 (m, 7H), 4.58 — 4.48 (m, 1H), 4.47 — 4.34 (m, 3H), 4.27 — 4.18 (m, 2H), 4.18 — 4.02 (m, 4H),
3.96 (dd, J = 20.9, 11.6 Hz, 2H), 3.90 — 3.77 (m, 11H), 3.77 — 3.68 (m, 5H), 3.68 —3.47 (m, 9H),
2.55 — 2.34 (m, 4H), 2.34 — 2.17 (m, 10H), 2.17 — 1.83 (m, 33H). 72, m/z calcd for [M+H]":
C77H105N14021%, 1561.7573; found; [M+Na]* 1583.5

S14.9.7 Synthesis of Cyclopent-3-ene-Proi3-NH2 (-OCH.COOH),(i: 5, 11) (73):
HO

HO
fo O
o

(asmasmasagaan.

(73)
Peptide 73 was synthesised using standard SPPS techniques on 0.1 mmol scale using the
standard Oxyma-DIC coupling method, coupling of cyclopentene carboxylic acid was carried out
on the peptide synthesiser, no final deprotection was required, significant impurities were
observed for the crude peptide as such resynthesis is required to achieve a good yield of the
target molecule. The synthesis of this peptide was placed on hold until results from peptide 72
and 74 complexation could be obtained.
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514.9.8 Synthesis of F3C-CsH4-CO-Proi3-NH; (-OCH,COOH),(i: 7, 10) (74):

@Mﬁm%@m@m

Peptide 74 was synthesised using standard SPPS techniques on 0.1 mmol scale using the
standard Oxyma-DIC coupling method, coupling of 4-(triflouromethyl)benzoic acid was carried
out on the peptide synthesiser, no final deprotection was required, quantitative yield. *H NMR
(400 MHz, MeOD) 6 7.81 — 7.73 (m, 3.5H), 7.57 (d, J = 8.6 Hz, 0.5H), 4.74 — 4.57 (m, 8H), 4.54 —
4.43 (m, 1H), 4.41 (dd, J = 8.4, 4.3 Hz, 1H), 4.35 (s, /= 1.6 Hz, 2H), 4.21 (d, / = 16.8 Hz, 2H), 4.12
(s, 1H), 4.07 (s, 1H), 4.03 (d, J = 10.8 Hz, 2H), 3.97 — 3.75 (m, 10H), 3.75 — 3.68 (m, 4H), 3.68 —
3.55(m, 10H), 3.55-3.46 (m, 2H), 2.69 — 2.54 (m, 1H), 2.52 — 2.35 (m, 4H), 2.34 - 2.17 (m, 10H),
2.16 — 1.79 (m, 35H). 74, m/z calcd for [M+H]*: CssH4sN7O7*, 676.3453; found; [M+H]* 676.7;
[2M+H]* 1352.7

S514.9.9 Synthesis of Piv-Pros-NH; (-OCsN)z(i: 1, 4) (75):

a, O
AAAR

(75)

Peptide 75 was synthesised using standard SPPS techniques on a 0.1 mmol scale using the
standard Oxyma-DIC coupling method, at couplings 1 and 4 the pyridine functionalised proline
derivative compound 65b was used in place of proline, final deprotection was carried out.
Subsequent capping was carried out on the bench using the standard capping procedure with
pivalic anhydride in place of acetic anhydride, the peptide bound resin was treated with
methanol (10 mL) for 1 hour at room temperature followed by washing with MeOH (2 x 5 mL)
and DCM (3 x 5 mL) before cleavage. quantitative yield. 75, *H NMR (400 MHz, DMSO-ds) & 8.41
(dt, J = 4.8, 2.4 Hz, 4H), 7.39 (s, 1H), 7.05 — 6.97 (m, 4H), 6.91 (s, 1H), 5.22 (d, J = 19.6 Hz, 2H),
4.75 (t, J = 8.1 Hz, 1H), 4.61 (dd, J = 8.8, 4.2 Hz, 3H), 4.32 (t, J = 8.0 Hz, 1H), 4.06 (d, J = 11.7 Hz,
1H), 3.98 — 3.80 (m, 2H), 3.76 —3.57 (m, 3H), 3.46 (q, J = 7.8, 7.3 Hz, 2H), 2.41 — 2.27 (m, 3H),
2.13 (ddd, J=14.0, 8.4, 5.2 Hz, 3H), 1.94 (dq, J = 44.0, 5.7 Hz, 8H), 1.09 (s, 9H). *H NMR (400 MHz,
D,0) & 8.39 (s, 4H), 7.05 (t, J = 4.7 Hz, 4H), 5.33 (d, J = 15.5 Hz, 2H), 4.90 (t, J = 8.5 Hz, 1H), 4.73
—4.66 (m, 1H), 4.59 (t, J = 8.6 Hz, 1H), 4.24 (dd, J = 11.8, 6.7 Hz, 2H), 4.06 (dd, J = 11.9, 3.5 Hz,
1H), 3.95 (d, J = 9.6 Hz, 1H), 3.91 — 3.79 (m, 2H), 3.69 — 3.55 (m, 2H), 3.03 (s, 1H), 2.87 (s, 1H),
2.68 (dd, J=14.2, 7.6 Hz, 1H), 2.55 (dd, J =13.7, 7.9 Hz, 1H), 2.44 - 2.23 (m, 3H), 2.12 - 2.02 (m
4H), 2.02—-1.86 (m, 3H), 1.17 (s, 8H). m/z calcd for [M+H]": C3sH4sN;07", 676.3453; found; [M+H]*
676.3477; [M+Na]* 698.3629

S514.9.10 Synthesis of Ac-Proi3-NH (76):

ARmmamasassas.

(AcP,43, 76)
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Peptide 76 was synthesised using standard SPPS techniques on 0.1 mmol scale using the
standard Oxyma-DIC coupling method, and deprotection/capping procedures. Quantitative
yield. m/z calcd for [M+H]*: Cs7H97N14014", 1321.7303; found; [M+H]* 1322.8; [M+Na]* 1345.6;
[M+2H]* 662.3

$14.9.11 Synthesis of Fmoc-Prois-NH; (-OH)s(i: 3, 5, 7, 10, 11, 12) (77):
C:)H 9H

OH OH OH HO
o o] o] o] o} o) o} o) o] o] o] o} o} o
(77)

Peptide 77 was synthesised using standard SPPS techniques on 0.1 mmol scale using the
standard Oxyma-DIC coupling method, and deprotection/capping procedures, the resin-bound
peptide was agitated in a MeOH solution before washing with MeOH and DCM before TFA
cleavage. m/z calcd for [M+H]*: CesHsaN11015*, 1258.6143; found; [M+Na]* 1280.7; [M+H+Na]*
640.9

CD Spectra - Peptide 77
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Figure 119 — CD spectra of peptide 77 in water, EtOH and PrOH (250 uM) incubated for 14 days

S514.9.12 Synthesis of Ac-Proio-NHz (-OH)s(i: 4, 6, 8) (78):

AARRARRARS,.

(78)

Peptide 78 was synthesised using standard SPPS techniques on 0.1 mmol scale using the
standard Oxyma-DIC coupling method, and deprotection/capping procedures, the resin-bound
peptide was agitated in a MeOH solution before washing with MeOH and DCM before TFA
cleavage. 78, m/z calcd for [M+H]*: Cs2H76N11014*,1078.5568; found; [M+H]* 1078.5, [M+2H]**
539.3
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CD Spectra - Peptide 78
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Figure 120 — CD spectra of peptide 78 in water, EtOH and PrOH (250 uM) incubated for 14 days

S14.10 Complexation reactions:

Materials: Cu(NOs),.3H,0 was procured from Sigma-Aldrich. Zn(NO3),.6H,0 was procured from
Acros Organics. Strong basic lon-exchange resin, Purolite® A300 has been received as a generous
gift from Purolite Ltd. Pd(en)(NOs); has been synthesized from commercially available K:PdCl, by
following literature procedure.® Triethylamine (TEA) anhydrous, K:PdCls and Pd(CH3CN)4(BFa);
were procured from Fluorochem Ltd (Derbyshire, UK). Refl: J. Am. Chem. Soc. 2009, 131, 12,
4505-4512

Dynamic Light Scattering (DLS) — All solvents used for DLS samples were filtered through 0.2 um
syringe filters. Data for samples 67 and 68 were collected on an Anton Paar Litesizer. Data was
made up from an accumulation of 3 runs with a minimum of 10 scans per run. Data for all other
samples were collected on a Malvern Pananalytical Zetasizer NanoZS. Data was made up from
an accumulation of 3 runs with a minimum of 10 scans per run.

AFM Analysis: Samples were diluted as specified for each sample and 10 uL droplets were
deposited on freshly cleaved mica discs (Agar Scientific F7013). For samples with zinc or base
the mica was first coated with Ni. A solution of NiCl; (2 mM) in water (10 pL) was dropcast onto
the mica and incubated for 10 min, excess solution was removed by washing with 1 mL of 0.2-
pum syringe-filtered mQ H;0, and the mica were then dried under a gentle stream of N, (). For
aqueous samples after 10-min incubation at room temperature, excess sample was removed by
washing with 1 mL of 0.2-um syringe-filtered mQ H,0, and the specimens were then dried under
a gentle stream of N, ). For volatile solvents, after 1-min incubation at room temperature excess
sample was removed and the mica discs washed with 10 pL (x 3) of 0.2-um syringe-filtered
solvent, and the specimens were then dried under a gentle stream of N g.Samples were imaged
using a Bruker Multimode AFM with a Nanoscope V controller and a ScanAsyst probe (Silicone
nitride tip with nominal tip radius = 2 nm, nominal spring constant 0.4 N/m, and nominal
resonant frequency 70 kHz). Images were captured at a resolution of 4.88 nm per pixel scanned.
All images were processed using the Nanoscope analysis software (version 1.5, Bruker).
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TEM Analysis: Samples were prepared by dilution to 0.5 mg/mL and 5 pL droplets were
deposited onto 3 mm 400 mesh copper microscope grids covered with holey carbon film and
allowed to settle on the grid for 5 min. Samples were then air dried and negative stained in 2%
aqueous uranyl acetate unless otherwise stated. Samples were viewed using a Jeol 1230
transmission electron microscope at 80 kV and images were recorded on a Gatan OneView 16-
megapixel digital camera.

SEM Analysis: Samples were diluted to 0.5 mg/mL and 5 uL droplets were deposited on an
aluminium plate mounted on a carbon tab on an aluminium stub. Samples were then dried.
Imaging was achieved via an Hitachi S-3400N scanning electron microscope and analysed with
Oxford Instruments Aztec analysis software.

S14.10.1 Synthesis of Peptide-Metal Complexes based on carboxylic-acid functionalised
peptides:

$14.10.1.1 Peptide 67 and 68 Complexes (-COOH)s:

General procedures for synthesizing Zn-Peptide (COOH); complexes:

1) 1 mg (1 eq.) of peptide (67-68) was dissolved in EtOH/H,0 (950 pL) in an epindorph vial
(samples in EtOH were incubated for 10 d) and TEA (6 eq.) was added. Zn(NOs),.6H,0 (1.5 eq.)
in the respective solvent (50 uL) was then added to the solution. The resultant solution was
sonicated for 2 min.

2) 1 mg (1 eq.) of peptide (67-68) was dissolved in EtOH/H,0 (950 uL) in an epindorph
(samples in EtOH were incubated for 10 d) and excess ammonium hydroxide was added, the
sample was then evaporated to dryness and the solid redissolved in the respective solvent.
Zn(N0Os),.6H,0 (1.5 eq.) in the respective solvent (50 pL) was then added to the solution. The
resultant solution was sonicated for 2 min.

Synthesis of peptide 67 — copper complexes: Peptide 67 (5 mg, 5.6 umol, 1 eq.) was dissolved
in DMF (800 uL) and Cu(NOs)2.3H,0 (1.5 eq, 1.7 mg, 6.6 umol) was added forming a blue solution.
The solution was heated at 85 °C for 5 min forming a green solution with precipitate. After 2h
the solution turns green with further precipitate. Precipitate forms upon addition of EtOAc or
Et,0. The addition of EtOH does not cause a precipitate to form. Recrystallizations were
attempted with DMF/EtOAc, DMF/Et,0, EtOH/EtOAc, and EtOH/Et,0, with the formation of only
amorphous precipitates. These were attempted on the solution as is, and on precipitated solid
washed with EtOAc (x 3) before redissolving in DMF or EtOH. The precipitate was fully soluble in
Hzo.

Synthesis of peptide 67-Zn complex in water: Peptide 67 (1 mg) was dissolved in ammonium
hydroxide (20 pL, 30%) in H,O (200 uL).The solution was then dried and the solid redissolved in
H>0 (1 mL). Zinc nitrate hexahydrate (1.5 eq.) was then added causing a white precipitate to
form.
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Figure 121 — DLS intensity distribution for peptide 67 (0.5 mg/mL) dried from ammonium hydroxide and redissolved in
water with zinc nitrate (1.5 eq.).

Figure 122 — TEM images of peptide 67 (1 mg) in water (100 uL) reacted with zinc nitrate (2 eq.) and diluted with EtOH
(100 uL). Aliquot (10 uL) taken and diluted to 100 uL (H,0) for drop-casting (0.5 mg/mL). Stained with uranyl acetate.
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Figure 123 - SEM images of peptide 67 (1 mg) in water (100 uL) reacted with zinc nitrate (2 eq.) and diluted with EtOH
(100 uL). Aliquot (10 uL) taken and diluted to 100 ulL (H20) for drop-casting (0.5 mg/mL). Uncoated sample.

Synthesis of peptide 67-Zn complex in EtOH: Peptide 67 (2 mg) was dissolved in ammonium
hydroxide (20 uL, 30%) in EtOH (200 uL).The solution was then dried and the solid redissolved
in EtOH (2 mL). To an aliquot of this solution (1 mL, 1 eq.) zinc nitrate hexahydrate (1.5 eq.) was
added causing the solution to become turbid. DLS analysis shows the initial presence of large
particles (880 nm) that then aggregated over time.
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Figure 124 — DLS intensity distribution for peptide 67 (1 mg/mL) dried from ammonium hydroxide and redissolved in
EtOH with zinc nitrate (1.5 eq.).
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Figure 125 — TEM images of peptide 67 (1 mg) incubated for 10 d in EtOH (100 uL) and reacted with zinc nitrate (2
eq.) and diluted with EtOH (100 uL). Aliquot (10 uL) taken and diluted to 100 uL (EtOH) for drop-casting (0.5 mg/mL).
Stained with uranyl acetate.

Figure 126 - TEM images of peptide 67 (1 mg) incubated for 10 d in EtOH (100 uL) and reacted with zinc nitrate (2 eq.)
and diluted with EtOH (100 uL). Sample was then centrifuged and decanted before redispersing in water (200 uL).
Aliquot (10 uL) taken and diluted to 100 uL (EtOH) for drop-casting (0.5 mg/mL). Stained with uranyl acetate.

Synthesis of peptide 68-Zn complex (H.0): Peptide 68 (1 mg) was dissolved in ammonium
hydroxide (20 pL, 30%) in H,O (200 uL).The solution was then dried and the solid redissolved in
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H,0 (1 mL). Zinc nitrate hexahydrate (1.5 eq.) was then added, no precipitate formed. DLS
analysis shows particles with good PDI (190 nm).

Synthesis of peptide 68-Zn complex — EtOH: Peptide 68 (1 mg) was dissolved in ammonium
hydroxide (20 uL, 30%) in EtOH (200 uL).The solution was then dried and the solid redissolved
in EtOH (0.25 mL). Zinc nitrate hexahydrate (1.5 eq.) was then added, the solutions became
slightly turbid. DLS analysis shows a good PDI with an average particle size of 280 nm. Diluting
the sample up to 1 mL shows large aggregating particles.

20.0 nm

-20.0 nm

1
00 1: Height 20.0 ym

Figure 127 — AFM image of peptide 68 in water (1 mg/mL) with KOH (3 eq.)
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1
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Figure 128 - AFM image of peptide 68 in water (1 mg/mL) with KOH (3 eq.) and zinc nitrate (1.5 eq.)
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Figure 129 —a) AFM image of peptide 68 in EtOH (0.4 mg/mL) with KOH (3 eq.) 20 x 20 um, b) table showing diameter
and height of a selection of particles from image (a)
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Figure 130 - AFM images (a-b) of peptide 68 in EtOH (0.4 mg/mL) with KOH (3 eq.) and zinc nitrate (1.5 eq.); a) 6.6 x
6.6 um, b) 18 x 18 um, c) table showing diameter and height of a selection of particles from image (b)

$14.10.1.2 Peptide 69 and 70 Complexes (-COOH)e:

General procedure for synthesizing Zn-Peptide (COOH)s complexes: 0.4/1 mg (1 eq.) of peptide
(69-70) was dissolved in MeOH/EtOH/PrOH/H,0 (950 pL) in an epindorph and TEA (6 eq.) was
added. Cu(NOs),.3H,0 (3 eq.) or Zn(N0Os),.6H,0 (3 eq.) in the respective solvent (50 L) was then
added to the solution. The resultant solution was sonicated for 2 min.

Synthesis of peptide 69 — copper complexes: Peptide 69 (10 mg, 5.7 umol, 1 eq.) was dissolved
in DMF (800 pL) and Cu(NOs),.3H,0 (3 eq, 4.9 mg, 20.4 umol) was added forming a blue solution.
The solution was heated at 85 °C for 30 min forming a white precipitate. After 2h the solution
turns green with further precipitate formed.

At maximum magnification (x 1000) very small particles that appeared partially crystalline were
observable however these were unsuitable for SCXRD. The solution was then centrifuged and
decanted, the solid was then washed with DMF (x 3) to yield a white solid. The solid was then
dissolved in H,0O to yield a colourless solution. The slow addition of EtOH caused a white
precipitate to form at the solvent interface, no crystal formation was observed. The
complexation was repeated on several smaller batches and diffusion recystallisations were
attempted with DMF/EtOAc, DMF/Et,0, DMF/EtOH with no success.

Control sample: Cu(NOs),.3H,0 (3 eq, 4.9 mg, 20.4 umol) was dissolved in DMF (800 pL)
forming a blue solution. The solution was heated at 85 °C for 5 min forming a green solution,
after a further 5 min the solution turns brown-green, gradually turning dark brown after 2 h. No
precipitate was formed.
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S514.10.1.3 AFM and DLS analysis of peptide 69 and complexes:
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Figure 131 — AFM image of peptide 69 in water (1 mg/mL), 20 x 20 um
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Figure 132 - AFM images of peptide 69 in water with base (1 mg/mL); a) NaOH (6 eq.), 20 x 20 um, b) TEA (6 eq.), 10
x 10 um, c) KOH (6 eq.), 20 x 20 um
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Figure 133 - AFM images of peptide 69 in MeOH (0.4 mg/mL), 10 x 10 um
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Figure 134 — AFM images of peptide 69 in EtOH (0.4 mg/mL), 10 x 10 um; a) Ni coated mica, b) uncoated mica

S514.10.1.4 AFM and DLS analysis of peptide 70 and complexes
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Figure 135 - DLS size distribution of peptide 70 in MeOH (0.4 mg/mL) with TEA (6 eq.); Z-avg: 368.9 nm, PDI: 0.146
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Figure 136- DLS size distribution of peptide 70 in PrOH (0.4 mg/mL) with TEA (6 eq.); Z-avg: 2512 nm, PDI: 0.291.
Aggregate over time

S14.10.1.5 CD Spectroscopy

CD experiments were carried out on a Jasco J-715 spectropolarimeter. Spectra were recorded
using a spectral bandwidth of 190-260 nm, at 20 °C, with a scan rate of 100 nm/min. CD data are
given in ellipticity (mdeg). The spectra are formed of 4 accumulations and a spectrum of the
solvent blank was subtracted from the raw CD data. A Quartz cell was used with a 1 mm path
length using either 125 or 250 uM peptide solutions. All samples were kept in solution for at
least 14 days prior to recording CD spectra to ensure the final stable conformation had been
achieved due to slow conversion between polyproline helices (i.e. Polyproline 11> Polyproline
1). The observed ellipticity has been converted to molar ellipticity (6) for all spectra, expressed
in the units deg.cm?.dmol™.
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Figure 137 — CD spectra for peptide 67 incubated in EtOH and water (250 uM), and with ammonium hydroxide (30%,
1ul)
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CD Spectra - Peptide 69-TEA
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Figure 138 — CD spectra for peptide 69 incubated in MeOH, EtOH, PrOH, and water (125 uM) with triethylamine (6
eq.), incubated for 14 days
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Figure 139 — CD spectra for peptide 70 incubated in MeOH, EtOH, PrOH, and water (125 uM) with triethylamine (6
eq.), incubated for 14 days in solvent and further 14 days with base.
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CD Spectra - Peptide 72
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Figure 140 — CD spectra of peptide 72 in water, MeOH, EtOH, and PrOH (125 uM), incubated for 14 days
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Figure 141 — CD spectra of peptide 74 in water, MeOH, EtOH, and PrOH (125 uM), incubated for 14 days
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CD Spectra - Peptide 72-TEA
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Figure 142 — CD spectra for peptide 72 incubated in MeOH, EtOH, PrOH, and water (125 uM) with triethylamine (6
eq.), incubated for 14 days in solvent and further 14 days with base.
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Figure 143 — CD spectra for peptide 74 incubated in MeOH, EtOH, PrOH, and water (125 uM) with triethylamine (6
eq.), incubated for 14 days in solvent and further 14 days with base.

S14.10.2 Synthesis of discrete peptide-metal cages based on carboxylic-acid
functionalised peptides:

General procedure for synthesizing M,L, M-Peptide complexes: 1.5-3 mg (1 eq.) of peptide (71-
74) was dissolved in MeOD/DMSO-de/D,0 (540 pL) in an NMR tube and Cu(NOs),.3H,0 (1 eq.)
or Zn(N0Os),.6H,0 (1 eq.) was added to the solution. The resultant solution was heated at 65 °C
for at least 2 h.
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Synthesis of peptide 71 — copper complexes: Peptide 71 (5 mg, 5.6 umol, 1 eq.) was dissolved
in DMF (800 pL) and Cu(NOs)2.3H,0 (1 eq, mg, umol) was added forming a blue solution. The
solution was heated at 85 °C for 5 min forming a green solution with no precipitate. This was
heated for a further 1 day and remained green. (A control sample at the same concentration
without peptide followed the same colour changes but continues to turn brown overtime)
Precipitate formed upon addition of EtOAc or Et,0 to the peptide-Cu solution. The addition of
EtOH does not cause a precipitate to form. Recrystallizations were attempted with DMF/EtOAc,
DMF/Et,0, EtOH/EtOAc, and EtOH/Et,0, with the formation of only amorphous precipitates.
These were attempted on the solution as is, and on precipitated solid washed with EtOAc (x 3)
before redissolving in hot DMF or EtOH. The precipitate was fully soluble in H,0. *H NMR analysis
was carried out on the sample with a MeOD capillary insert. HPLC analysis was also a carried out
on the sample: separated via RP-HPLC using a HiChrom KR100 5C18 5263 column at 40 °Con a
Dionex UltiMate 3000. Gradient: 5% B for 5 minutes then from 5% B to 100% B over 20 minutes,
and held at 100% B for 5 minutes. Where A is Water (0.1% formic acid) and B is methanol (0.1%
formic acid). Flow rate is 1.0 mL/min. Wavelength: 225 nm. The complex was also submitted for
HRMS analysis. (71)sCus, m/z caled for [M+H]": CieaH225Cu4N3,056%,3790.2921; [M+4H]*
949.0789; found; [71+Na]* 909.404
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1500 1

peptide 71 - Cu (DMF)

1000 1

peptide 71

-500 -

'1000-----u----u----u-"'IIIIIIIIIIIIIIIIIII

0 2 4 6 8 10 12 14
time / min

Figure 144 — HPLC UV-Vis chromatogram of peptide 71 and peptide 71 reacted with copper nitrate, large peak at rt
6.15 min is DMF
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Figure 145 — Mass spectrum (m/z 600-4000) of peptide 71 reacted with copper nitrate at 85 °C for 1 day in DMF
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Figure 147 —1H NMR Spectra of peptide 72 in MeOD a) peptide with TEA (6 eq.) and zinc nitrate (1 eq.), b) peptide
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Figure 148 —H NMR Spectra of peptide 74 in DMSO-ds a) peptide with TEA (6 eq.) and zinc nitrate (1 eq.), b) peptide
alone
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Figure 149 —1H NMR Spectra of peptide 72 and 74 zinc complexes; a) peptide 72 with TEA (6 eq.) and zinc nitrate (1
eq.) in DMSO-ds, b) peptide 74 with TEA (6 eq.) and zinc nitrate (6 eq.) in DMSO-ds, c) complexes from samples (a) and
(b) mixed, d) complexes from samples (e) and (f) mixed, e) peptide 74 with TEA (6 eq.) and zinc nitrate (1 eq.) in MeOD,
f) peptide 72 with TEA (6 eq.) and zinc nitrate (1 eq.) in MeOD

SI'4.10.3 Pyridine-based Discrete Peptide-Metal Complexes:

Synthesis of Pd(en)Cl,: K;PdCl, (0.4 g, 1.22 mmol) was dissolved in 0.1 N HCl (8 mL) under
stirring. Any insoluble salt was removed at this stage by filtration. To this, ethylenediamine (1.35
mmol, 1.1 eq.) in 0.05 N HCI (40 mL) was added dropwise. The resultant mixture was stirred at
60 °C for 2 h. A yellowish-orange precipitate of Pd(en)Cl, was formed and stirred for a further
30 min at 60 °C. Precipitate was collected by filtration and was thoroughly washed with H,O,
ethanol, and diethyl ether. A yellow powder was obtained (88%).

Synthesis of Pd(en)(NOs).: Pd(en)Cl; (0.26 g, 1.09 mmol,) was dissolved in water (280 mL) and
AgNOs (2.3 mmol, 2.1 eq.) was added. The resulting solution was stirred in the dark at 60 °C for
2 h and then at room temperature for a further 24 h. The AgCl precipitate was removed by
gravity filtration and the filtrate concentrated by gentle heating on a hot plate to yield a residue
of [Pd(en)(ONO,),] as a yellow solid (73%). Analytical data matches the previous reports.

Treatment with ion exchange resin: 1 g (per 50 mg of peptide) of highly basic Purolite A300
resin was treated with DI water (250 mL), 4% aqueous NaOH solution (250 mL), DI water (250
mL), and MeOH (250 mL). The peptide was then added to the resin in MeOH and spun for 2 days.
The solvent was then collected and the resin flushed with MeOH (250 mL) before removing the
solvent under vacuo to yield the free peptide, no longer the TFA/formate salt of the peptide.

General procedure for synthesizing mL;.,Pd-Peptide complexes: 1.5-3 mg (1 eq.) of 75 was
dissolved in DMSO-d¢ or D,O (540 pL) in an NMR tube and Pd(en)(NOs). (1.1 eq.) or
Pd(CH3CN)4(BF4), (0.55 eq.) was added to it. The solution was then heated at 65 °C for at least 2
h. The quantitative complex formation was confirmed by *H NMR.
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Figure 150 —1H NMR spectra in DMSO-ds of a) peptide 75 complex with Pd(CH3CN)4(BF4),, b) peptide 75 complex with
Pd(en)(NOs),, c) Peptide 75 alone

ML complex: [Pd(en)(75)]*(NOs),: *H NMR (400 MHz, DMSO-d¢) § 8.57 (d, J = 6.2 Hz, 2H), 8.11
(d, J =5.4 Hz, 2H), 7.49 (s, 1H), 7.28 (d, ) = 5.3 Hz, 3H), 7.03 (d, J = 6.4 Hz, 2H), 6.95 (s, 1H), 5.64
(m, 6H), 5.41 (s, 1H), 5.04 (s, 1H), 4.86 (s, 1H), 4.73 (d, J = 9.2 Hz, 1H), 4.61 (d, J = 8.5 Hz, 2H),
4.43 (d, ) = 8.4 Hz, 2H), 4.32 (t, J = 8.5 Hz, 1H), 3.79 (d, J = 12.7 Hz, 2H), 3.67 — 3.50 (m, 3H), 3.40
(d, J=6.9 Hz, 3H), 2.67 (s, 6H), 2.15 (m, 5H), 1.97 (d, J = 10.6 Hz, 1H), 1.86 (s, 7H), 1.15 (s, 9H).

1H NMR (400 MHz, D,0) & 8.49 (d, J = 6.0 Hz, 2H), 8.29 (d, J = 6.2 Hz, 2H), 7.08 (t, J = 5.0 Hz, 4H),
5.41 (s, 1H), 5.15 (dt, J = 17.1, 8.5 Hz, 1H), 4.87 (d, J = 9.1 Hz, 1H), 4.74 — 4.68 (m, 1H), 4.62 (dd,
J=16.2,7.8 Hz, 2H), 4.57 — 4.49 (m, 1H), 4.10 (d, J = 12.2 Hz, 1H), 3.99 (d, J = 12.8 Hz, 1H), 3.87
—3.71(m, 3H), 3.67 —3.47 (m, 3H), 2.89 (s, 4H), 2.79 = 2.69 (m, 2H), 2.65 (s, 2H), 2.44 — 2.26 (m,
3H), 2.25 — 1.82 (m, 9H), 1.25 (s, 9H).

[Pd(en)(75)]#(NO3),, m/z calcd for [M+H]*: C3;Hs3NsO,Pd?*, 841.3092 ; found; M*, 420.6571
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Figure 153 - 1H-'H NOESY spectrum of [Pd(en)(75)]¢(NOs), (400 MHz, DMSO-ds, 298 K).
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Figure 154 H-'H ROESY spectrum of [Pd(en)(75)]#(NOs), (400 MHz, DMSO-dg, 298 K).

ML, complex: [Pd(75),]¢(BF4),: *H NMR (400 MHz, DMSO-ds) 6 8.90 (s, 1H), 8.54 (d, ) = 16.5 Hz,
1H), 7.49 (s, 1H), 7.30 (s, 1H), 7.21 (s, 1H), 6.95 (s, 1H), 5.24 (s, 1H), 4.91 — 4.71 (m, 1H), 4.56 (s,
1H), 4.44 (s, 1H), 4.30 (d, J = 13.5 Hz, 1H), 3.85 (d, J = 11.7 Hz, 1H), 3.60 (g, J = 10.0, 8.5 Hz, 2H),
3.46 (m, 2H), 2.20 (s, 1H), 2.07 (d, J = 1.4 Hz, 4H), 1.96 — 1.68 (m, 4H), 1.15 (s, 5H).
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'H NMR (400 MHz, D;0) 6 9.02 — 8.91 (m, 0.5H), 8.91 — 8.78 (m, 0.5H), 8.59 (s, 2H), 8.22 (t, J =
6.0 Hz, 2H), 7.28 — 7.16 (m, 1H), 7.09 (dt, J = 15.7, 7.5 Hz, 3H), 5.48 - 5.36 (m, 1H), 5.36 — 5.19
(m, 2H), 4.69 —4.59 (m, 2H), 4.58 — 4.48 (m, 1H), 4.45 —4.22 (m, 1H), 4.11 (d, J = 12.3 Hz, 1H),
3.98 (d,J=11.4 Hz, 2H), 3.91-3.69 (m, 3H), 3.69 —3.47 (m, 3H), 2.79 - 2.67 (m, 1H), 2.66 — 2.55
(m, 1H), 2.44 —2.25 (m, 3H), 2.25-2.14 (m, 2H), 2.13 - 1.83 (m, 11H), 1.26 (d, J = 8.6 Hz, 9H).

[Pd(75)2]®(BF4)2, m/z calcd for [M]*: CsoHssN14014Pd?*, 1455.5785; found; [M]*2, 728.7911;
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Figure 155 - 1H NMR spectrum of [Pd(75),]®(BF,), (400 MHz, DMSO-ds, 298 K).
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Chapter 5.

Summary and Future Outlook
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5.1 Summary of Work

There is an increasing need to develop ever more targeted systems for a wide range of
applications via the use supramolecular constructs. This has led to a desire to develop artificial
supramolecular systems to mimic complex biological systems such as enzymes such that these
materials can be designed and tuned towards specific functions. However, despite progress
towards developing such systems there remain significant challenges, ranging from their
predictable assembly to the range of accessible building blocks and structures. Increasingly,
biomaterials are seen as promising building-blocks for the synthesis of biocompatible,
chemically complex, and tuneable supramolecular constructs.

Inspired by successes in the development of bioinspired supramolecular constructs whereby this
new generation of supramolecular materials has demonstrated applications in catalysis with
substrate selectivity and stereoselectivity, chemical separations and biomedical applications, we
aimed to specifically make use of peptides as supramolecular building-blocks. Their ease of
synthesis, periodicity, biocompatibility, economic viability, scalability, and vast array of
accessible structures made peptide ideal candidates for this endeavour. However, the secondary
structures of peptides are often prone to perturbation upon functionalisation and are highly
flexible, compared to traditional rigid polyaromatic ligands, limiting the potential of these
materials with such obstacles to their rational design. As such, we sought to incorporate
polyproline helices as building-blocks, as these peptides are highly stable to functionalisation
and are notably rigid compared to other secondary structures.

The first part of chapter 1 explored the state of play within supramolecular chemistry and how
increasingly more complex supramolecular structures have been developed with promising
applications as researchers have moved from traditional building-blocks for the synthesis of
constructs in MOFs, COFs, SOFs and other nanomaterials towards more chemically complex
bioinspired building-blocks such as DNA, RNA, aptamers, amino acids, proteins, and recently
peptides. This discussion highlights how investigations into the use of peptides in
supramolecular materials is still limited, especially for MOFs, SOFs, and COFs, and thus the
development of novel constructs based on these building-blocks is an essential avenue to be
explored within the field. Polyproline helices have also been largely unexplored as potential
supramolecular building blocks and recent work within literature exploring their use in a MOF
and some metal-organic cages (MOCs) or entangled polyhedra are described, highlighting the
potential applications of this secondary structure.

The structure and unique features of the polyproline helix are detailed, such as its’ unique ability
switch from trans to cis amide bonds, due to the proline secondary amine, with a cyclic
sidechain, and thus can switch between the extended left-handed polyproline Il helix and the
shortened right-handed polyproline | helix. The stabilising factors, transition processes, and the
effects of functionalisation and external stimuli on this process are further described.

With these aspects in mind the final part of the chapter looks at the design considerations of a
polyproline helix building-block for various applications and discusses the potential chemical
handles available for supramolecular interactions. Furthermore, the synthesis of non-natural
proline monomers to incorporate functional groups into the polyproline helix via several routes
such as the Mitsunobu reaction or Suzuki cross-coupling is investigated. With these
considerations and potential accessible structures the applications of synthesised
supramolecular materials is discussed, while highlighting recent examples within literature of
relevant peptide and polyproline-based supramolecular constructs that influence the avenues
of investigation of this project.
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Chapter 2 presents the recently published work in Chemistry: A European Journal (“A Reversibly
Porous Supramolecular Peptide Framework”) and ACS Macro Letters (“Supramolecular Self-
Assembly of Engineered Polyproline Helices”) expanding on these articles with further
experimental data which is as yet unpublished. The first section of chapter 2 focuses on the
initial publication, in Chemistry A European Journal, on the synthesis of a proline tetramer which
self-assembles to form a porous supramolecular peptide framework. This was analysed via SC-
XRD to give a crystal structure, this determined the peptide adopted the polyproline Il helix, the
shortest unfunctionalized polyproline to adopt the secondary structure, giving a useful model
for the geometries of the proline residues in a full helical turn.

We were then able to demonstrate that the supramolecular peptide framework exhibited
reversible porosity where thermal activation caused removal of encapsulated ethanol molecules
resulting in pore collapse. Significantly, re-exposure to ethanol vapour then reformed the
original structure, confirmed by single crystal and powder x-ray diffraction. As the structure
could be reinflated, we sought to replace the encapsulated molecule with a new guest. We
successfully demonstrated this with several different solvent molecules analysed from the
material powder patterns and *H NMR to confirm solvent encapsulation. However, to visualise
the new encapsulated guest we carried out vapour diffusion of iodine into the desolvated
framework, with the high electron density of iodine allowing SC-XRD to confirm the presence of
the new guest and the slight adaption of the framework to accommodate the new guest and
forming host-guest halogen bonds. Due to the chirality of the framework, inherent from the
peptide helix, we subsequently sought to incorporate a chiral molecule, 1-phenylethan-1-ol,
which demonstrated that the framework was enantioselective, preferential to absorption of the
S-enantiomer. Thus, highlighting the potential applications of these porous peptidic materials in
chemical separations with chiral pores and host-guest interactions.

The second part of the chapter focuses on the more recently published paper, in ACS Macro
Letters, on the rational design of functionalised oligoproline tetramers by using the peptide
structure determined from the crystal structure of the Fmoc-protected proline tetramer to
predict the geometry of new hydroxyl groups on each residue and how this placement would
affect the packing principles. A series of hydroxyl functionalised derivatives were initially
synthesised with which the packing could be altered to form either isostructural frameworks or
new porous and non-porous peptide frameworks depending on which positions were
functionalised with hydroxy groups. We were also able to demonstrate that altering the capping
group (Fmoc or acetyl) could alter the adopted assembly, either adding or removing a dimension
of stronger intermolecular interactions, such that predominantly one-dimensional crystals and
gels could be formed from acetyl capped peptides without the presence of Fmoc-Fmoc
interactions. This also demonstrated that polyproline Il helix was retained with different capping
groups and degrees of functionalisation, demonstrating how this peptide helix can be utilised as
a highly predictable ligand for the rational design of supramolecular constructs.

In chapter 3 our investigation into the use of polyproline helices as supramolecular building-
blocks moved towards more complex peptides and supramolecular constructs. Herein, the focus
was on synthesising functionalised polyprolines with coordinating groups to form metal-peptide
bonds, constructing metal-organic frameworks, cages, and assemblies. The initial introduction
of the chapter focuses on the background of metal-organic assemblies and recent examples
constructed from bioinspired building blocks such as peptides, with a few examples utilising
polyproline-based ligands highlighting the growing interest in these materials and their
potential. Previous work from within the research group in the synthesis of a carboxylic acid
functionalised oligoproline was also highlighted with preliminary results suggesting the
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formation of nanoparticles from assembly with zinc salts, suggesting a promising avenue of
investigation.

The initial experimental work in this chapter focused on the synthesis of non-natural
functionalised proline monomers to incorporate the desired functional groups. The first
monomer synthesised was a 4-position trans-(-OCH,COO-tBu) functionalised Fmoc-proline
while further attempts were carried out to synthesise alternative sidechains with aromatic
carboxylic acid groups. While the synthesis of the alkyl carboxylate functionalised proline was
successful, several attempts to incorporate aromatic groups, to reduce the level of flexibility and
increase the directionality of any supramolecular interactions, faced setbacks especially using
the Mitsunobu reaction and several different reaction conditions and starting materials with
different protecting groups were attempted. Successfully incorporating a benzoic acid functional
group was eventually achieved via carbon-carbon cross-coupling using the Suzuki reaction,
which had the added benefit of incorporating a double bond in the proline to create an extended
conjugated system such that the functional group is both rigid and linear with the proline ring,
confirmed by single-crystal x-ray diffraction of the monomer. While this also reduced the length
of the sidechain by removing the previous ether linkage, thus creating a highly directional
functional group on the proline monomer. Subsequently, synthesis of an alternatively
functionalised proline monomer was successfully carried out via the Mitsunobu reaction to
achieve a pyridine-functionalised monomer, frequently used as a coordinating ligand in metal-
organic assembly.

Thus, with these monomers in hand the next section of the chapter focused on their
incorporation into a variety of peptide sequences and the rational design of these building-
blocks to achieve specific types of supramolecular assembly. Peptide synthesis was carried out
using Fmoc-based solid-phase peptide synthesis on an automated peptide synthesiser (Liberty
Lite CEM), allowing the rapid synthesis of high purity peptides. Initially a series of carboxylic acid
functionalised peptides were synthesised incorporating the -OCH,COOH functionalised proline
monomer. These were functionalised on all three helical faces with the goal of forming
nanoparticles based on an extended metal-peptide framework, driven by preliminary results
showing nanoparticle formation from an oligoproline hexamer with three carboxylic acid
groups. From the synthesis of a peptide hexamer and three 13-chain polyprolines with varying
degrees of functionalisation and positioning of these groups we were able to demonstrate the
synthesis of several zinc-peptide assembly topologies such as nanoparticles, gels, and chain-like
aggregates. These were determined by several methods of analysis: dynamic light scattering
(DLS), transmission electron microscopy (TEM), scanning electron microscopy (SEM), and atomic
force microscopy (AFM). Combined with controlling the helicity of the longer chain peptides by
changing the solvents and altering the base used we could demonstrate how the adopted
topology could be controlled via several factors and, with further knowledge of these systems,
the ability to use these polyprolines as versatile ligands in metal-organic constructs can be easily
envisioned.

Consequently, the next part of the chapter looked at simpler peptide ligands extracted from the
design of one of the previous 13-chain peptides with six carboxylic acid sidechains with varying
spacings on each helical face, hypothesised to induce facial selectivity, such that this hypothesis
could be investigated and to further elucidate the self-assembly principles. Three peptides were
therefore synthesised to mirror each face of this peptide with two carboxylic acid groups,
varying the capping groups to aid differentiation between the peptides from NMR and mass.
With these peptides complexation was carried out with zinc as previously, with goal of forming
discrete cages that could be studied via NMR and mass spectrometry. We successfully
demonstrated that complexation to form discrete structures by only functionalising a single
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helical face to prevent the formation of an extended network was successful. However,
elucidation of further details of these structures were hampered by the complexity of the NMR
spectra and decomposition of the complex during mass spectrometry analytical methods.
Attempts to crystallise a smaller 7-chain peptide-copper cage to directly determine the structure
of the construct was also unsuccessful. However, these complexes hold promise of forming
discrete chiral nanocavities with potential applications for enantioselective catalysis. As such
further investigation is required to determine the successful application of the design principles
to achieve the hypothesised selectivity of these peptides to form complexes with only
themselves and disfavour complexation with peptides with different functional group spacings.

Finally, this chapter looked at the synthesis of a pyridine functionalised oligoproline tetramer,
with trans -O-Pyr sidechains on the terminal prolines. This structure was based off a model
derived from the previously crystallised oligoproline tetramer with terminal hydroxyprolines.
The functionalised peptide could then be treated as a ditopic C-shaped ligand in the design of
discrete metal-peptide cages with asymmetric nanocavities. This was achieved by reacting the
peptide with palladium salts Pd(en)(NOs), and Pd(ACN)(BF4), with the aim of forming a peptide
dimer linked by two palladium centres for the former and a peptide tetramer, linked in the same
manner, for the latter. The Pd(en) salt retains the ethylenediamine ligand after complexation
limiting the number of free coordination sites.

Thus, with the synthesis of these peptide-palladium complexes carried out, analysis out of the
complexes was carried out to determine the adopted three-dimensional structure. Initially *H
NMR analysis was carried out which clearly indicated complete complexation of the peptide
starting material. 2D NOESY and ROESY NMR was then carried out to determine the
conformation of the peptides in the structures via NOE interactions between protons through
space. This suggested the peptides were in an anti-parallel arrangement due to NOE interactions
between the pyridine hydrogens on each peptide terminus and that a single major product was
formed. However, subsequent high-resolution mass spectrometry analysis of the peptide
complexes indicated that the expected cage-like complexes had not formed, as half the expected
mass was found. Instead these peptides were acting as monochelating ligands to a single
palladium, with the length and flexibility of the pyridine sidechain allowing both groups to adopt
a geometry to coordinate to the same metal centre. Thus, the complexes formed a “bowtie” like
structure with the Pd(ACN)(BF4), complex forming a peptide dimer. Despite this setback, this
clearly evidences how these peptides can be used to form discrete metal-peptide complexes,
with the chirality of the peptide helix favouring a single isomer of the product, instead of forming
a 50:50 mixture of anti-parallel and parallel peptides for the dimeric complex. However, further
optimisation of the peptide functional groups is required to prevent this type of chelation and
drive the formation of the desired complex with a nanocavity for use in catalysis.

Chapter 4 presents the experimental work from the investigations in chapter 2 and then chapter
3, with the relevant synthetic steps, analytical methods, and the resulting data. More routine
analytical data with less relevance to the findings of the work, such as NMR spectra and mass
spectra of synthesised compounds, has been placed in the appendices.

5.2 Future Outlook

The study investigating the use of minimalistic oligoprolines to form tuneable self-assembled
supramolecular peptide frameworks demonstrated the potential of these porous materials to
act as an enantioselective host towards the polar 1-phenylethan-1-ol molecule. With this
promising ability, further work should look to investigate the applications for the chiral channels

in chemical separations. The use of the crystalline peptide in a chiral SPE cartridge to separate
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further test racemic mixtures would further demonstrate the applicability of the peptide
framework, while the enantioselectivity, time efficiency, and stability of the framework could be
tested. This could also be expanded to test the new porous crystalline frameworks synthesised
with hydroxyprolines, different capping groups, and D-proline, to determine the tuneability of
the pore spaces and how this affects the enantioselectivity.

Furthermore, investigation of the host-guest interactions and the degree of adaptation of the
framework to include the new guests should be carried out, ideally by single crystal analysis with
encapsulated molecules and computational methods. Thus, new porous frameworks could be
more accurately targeted towards specific host-guest interactions, allowing tuning of the
selectivity.

The subsequent investigation into the use of functionalised polyproline helices to synthesise
metal-peptide assemblies demonstrated the ability to form nanoparticles of varying sizes with
potential in molecular transport and chemical separations. However, further characterisation of
these assemblies is required to determine the porosity of the nanoparticles, their tolerance to
guest molecules, and cryo-TEM of each to demonstrate their internal structure. With this in hand
studies can be carried out to analyse their capability to incorporate fluorescent molecules and
whether these can be released in controlled manner. This can then be applied to test the
interaction of the particles with cells, whether they are internalised, their cytotoxicity, and if
encapsulated molecules previously impermeable to the cell membrane can be carried into a cell,
which can be visualised by confocal microscopy. This would demonstrate whether these
particles can be used as tuneable cell-delivery vehicles, having biomedical applications.
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Figure 160 — Chemical structures of different functional groups on non-natural proline residues. Synthesised
functionalised prolines with flexible linkers utilised in the synthesis of peptides for complexation reactions (a-b),
lutidine functionalised proline with added steric bulk adjacent to the amine coordinating group (c), synthesised benzoic
acid functionalised proline to be utilised in peptide synthesis, with a rigid planar functional group for highly directional
coordination bonds (d), theorised structure of a pyridine functionalised proline with a direct C-C bond to the pyrrolidine
ring creating a shorter, rigid and planar functional group

However, further optimisation of the peptide functionalisation is required as further studies
with a pyridine functionalised monomer (Figure 160b) demonstrated that longer, flexible
sidechains can chelate to the same metal node affecting the predictability of the adopted
structure. As such futures studies should aim to incorporate the benzoic acid functionalised
proline derivative (Figure 160d), coupled by direct C-C bond coupling to the pyrrolidine ring. This
shorter, more rigid, group should allow for the synthesis of more predictable intermolecular
interactions and assist with the determination of the adopted structure and assembly principles.
This can also be applied to the synthesis of discrete cages from similarly functionalised peptides
to determine the facial selectivity of the complexation of these peptides and conformation of
the peptides within these structures. The ortho protons adjacent to the carboxylic acid group on
the benzene ring should also allow elucidation of NOE interactions between adjacent ligands
around a metal centre to determine the adopted structure, as seen for the pyridine
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functionalised monomer (Figure 160b+d). Thus, with a more thorough understanding of the
structure and assembly principles these constructs can be more readily designed and
reproduced.

The synthesis of palladium-polyproline complexes with pyridine coordinating functional groups
was also demonstrated, however the desired structures were not synthesised due to the
monochelation of the two pyridine groups. Thus, further studies into these constructs to achieve
polyproline-based metallo-cages should focus on the optimisation of the peptide ligand to
prevent the formation of intramolecular linkages. This could be achieved by additional steric
bulk around the coordination amine by replacing pyridine with lutidine (Figure 160c), thus
hindering the coordination of pyridines from the same peptide. Additionally, the flexibility and
length of the functional group could be reduced which should hinder the adoption of the
geometry required to satisfy the palladium coordination sites. This can be achieved using a
similar route carried out for the synthesis of a benzoic acid functionalised proline previously
(Figure 160d), by direct C-C bond coupling of the pyridine to the pyrrolidine ring (Figure 160e).
This removes the ether linkage and forms a rigid, planar group that cannot reasonably
monochelate to single metal centre from the terminal proline residues. Finally, the distance
between the functional groups could be increased by synthesising a longer peptide with another
helical turn, such as a 7-residue peptide. Therefore, the increased distance should be too great
to bind to a single metal centre, while having the added benefit of a 3™ residue on the same
helical face on Pro4 that may be utilised for tuning host-guest interactions if facing into any
cavity created by the formation of a peptide cage. With these steps there is a clear path forward
to develop the desired polyproline-based metallo-cages, to achieve the synthesis of tuneable,
chiral nanocavities.
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Appendices: Chapter 2
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NMR experiments were recorded on a Bruker Avance Il 400 MHz spectrometer in deuterated
solvents.

High-resolution Mass-Spectrometry (ESI+) — P, and P,HP were separated on a Phenomenex 2.1
x 150 mm, 3.6 um, XB-C18 Aeris Widepore column at 50 °C on a Waters H-Class Acquity UPLC. R
=10.49 min. Using a 0.1% formic acid/acetonitrile gradient: 5% B for 2.55 minutes then from 5%
B to 95% B over 15 minutes, and held at 95% B for 2 minutes. A is 0.1% formic/Water, B is 0.1%
formic/Acetonitrile. Flow rate is 0.25 mL/min. The flow is directed into the electrospray source
of a Waters G2-Si mass spectrometer, operating in positive ion mode, at 2.5 kV and mass spectra
recorded from 100-3000 m/z. Data was analysed with Waters Mass Lynx software.

All other peptides, unless otherwise stated, were separated on a 2.1 x 150 mm, 3.6 um, XB-C18
Aeris Widepore column, from Phenomenex, at 30 °C on an Agilent 1100 HPLC. Gradient: 5% B
for 5 minutes then from 5% B to 100% B over 25 minutes, and held at 100% B for 5
minutes. Where A is Water (0.1% formic acid) and B is acetonitrile (0.1% formic acid). Flow rate
is 0.2 mL/min. The flow was directed into directed into the electrospray source of a Bruker
micrOTOF-QIl mass spectrometer, operating in positive ion mode, at 4.5 kV and mass spectra
recorded from 150-3000 m/z. Data was analysed with Bruker’s Compass Data Analysis software.

LCMS - Peptides PsH, AcHP:H, cis-HP;H and AcP4, as well as all monomers, were separated via
RP-HPLC using a HiChrom KR100 5C18 5263 column at 40 °C on a Dionex UltiMate 3000.
Gradient: 5% B for 5 minutes then from 5% B to 100% B over 20 minutes, and held at 100% B for
5 minutes. Where A is Water (0.1% formic acid) and B is methanol (0.1% formic acid). Flow rate
is 1.0 mL/min. Wavelength: 225 nm. The flow was directed into directed into the electrospray
source of a Thermo Scientific MSQ Plus Mass Detector, operating in positive ion mode, at 75 kV
and mass spectra recorded from 100-2000 m/z.

6.1 Synthesis of (2S,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-
hydroxypyrrolidine-2-carboxylic acid, 1:

l\{ (@]
Fmoc

1
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6.2 Synthesis of (S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)azetidine-2-carboxylic

acid, 2:
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6.3 Synthesis of Fmoc-(Pro)s-NH; (2):

i

90

M

rETT
20
90

- TET
-

¥ 190
T st

- 190
£ o0

H NMR of P4 (400 MHz, MeOD)

268

|
| MMMNW M hﬁ_ﬁj B

] EECW-

—— [

——£1F

FE0T [
By
FoS0T T

- SETT

0.0

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

10.0



S0°FE
£2°52
0£°52
08'52
06°52
R
50°62
61°6T
#0"0E
L9708
0£0€

Ll
FEBS
95°65
69°65
T~

209~
£L89—

13C NMR of P4 (101 MHz, MeOD)

269

190 180 170 160 150 140 130 120 110 5 {IDO ) a0 80 70 60 50 40 30 20 10
ppm

200



PF4
20211028_DBO1 {1) PDA Ch1 214nm@4 8nm
Range: 1
14
1
1
1049
1.1
1
9.0e-1
2.0e-1
2
T 70et
6 Oe-1
5.0e-1
4.0e-
3 0e-1
2.0e-1 ‘ ‘
125 | lwk,t___—_—-——'——*—'—’——
1.0e-1 { ////—J
0 ‘LF"
T T T T T T T T T T T Time
000 200 4.00 600 8.00 10.00 12.00 14.00 16.00
UHPLC UV-Vis trace of peptide P4, rt = 10.49 min, 214 nm
PP4
20211028_DBO1 1193 (10.484) AM2 (Ar 20000 0,556 28,0.00,LS 3); Cm (1179-1200) 1 TOF MS ES+
6512958 5.85e6
1004
650.2938]
628 3137
1277.6010
655.2716
6557733 1278.6051
=
179.0861
556 2761
3336350 12796083
334 1364 6662679
s 5
180 0893 160.1848 £p2.233 1293.5670
514 2354 12616289 | [ 13
\ ; 7772130 969.4294 o 1095388
333,600 5704315 19574550 1311.5460
[ e N ..\nlml\ . ) { R 1423 5062 )
O-pirmer b bepipppisorberel i oA A ey LA R B R A sy LAl LA LR Ry B LA AR RS RAARE RS RAARE R nannd nALReLL P
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

Mass spectrum (100-2000 m/z) of peak at 10.49 min, P4 UHPLC

270




FPd
20211028_DB01 1193 (10.484) AM2 (Ar,20000.0,556.28,0.00,LS 3); Cm (1178:1200) 1: TOF MS ES+
, 651.2058 5.85e6
100
650.2936
628.3137
647.7863
655.2716
655.7733
=
629.3170
656.2761
639.2950
6402951
634.3220
666.2679
6407952 6567775
6622335
641.2993 Eh7.2752 Ser.2708 683.2370
628.1989) 66
6112905 6223015 547.1629. ‘ (‘/557'7737 PRI s 684.2377
o . : . IR I Ll : QL L L \|\Im L , bk ' L . miz
6 615 620 625 630 635 640 645 650 655 660 665 670 675 680 685 690

Mass spectrum (610-690 m/z) of peak at 10.49 min, P; UHPLC

271




6.3.1 Experiments with Fmoc-(Pro)s-NH; crystalline material (2):
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'H NMR (400 MHz, MeOD) of PP4-SPF. after soaking in 1-phenylethanol (5%, 300 pL in
hexane) for 16 h and washed with hexane (HPLC grade, x 5) before drying for 30 min at rt.
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'H NMR (400 MHz, MeOD) of PP;-SPF.: after soaking in 1-bromohexane (5%, 300 pL in

hexane) for 16 h and washed with hexane (HPLC grade, x 5) before drying for 30 min at rt.
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'H NMR (400 MHz, MeOD) of PP4-SPF.: after soaking in saturated iodine solution (300 pL in
hexane) for 16 h and washed with hexane (HPLC grade, x 5) before drying for 30 min at rt.
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6.4 Synthesis of Fmoc-Hyp-(Pro)s-NH; (3):
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'H NMR of HP; (400 MHz, MeOD)
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13C NMR of HPs (101 MHz, MeOD)
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Intens. 221018_DB04_5_01_10477 d: UV Chromatogram, 220 nm)|
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HPLC UV-Vis trace of peptide HPs, rt = 17.35 min, 220 nm

Ir-nens5 TF +MS, 17.2-17 Smin #1026-1042
x10 644.294
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2+ 24
2254.041 2576.184
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Mass spectrum (100-2000 m/z) of peak at 17.35 min, HP3; HPLC

\mensE 54?294 +MS, 17.2-17.5min #1026-1042)
x10

30
25
20

15 1+
645.297
|

10 |
|

05 1+
‘ |'| 646.209
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A A L— - — - .

1+

666276 |,
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Isotopic distribution spectrum of peak at 17.35 min (m/z 644.294), HP; HPLC
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6.5 Synthesis of Fmoc-Pro-Hyp-(Pro).-NH: (4):

'H NMR of PHP; (400 MHz, MeOD)
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‘Frmij Z21018_DB02_3_01_10475.d. UV Chromatogram, 220 in
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HPLC UV-Vis trace of peptide PHP,, rt = 18.25 min, 220 nm
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Mass spectrum (100-2000 m/z) of peak at 18.25 min, PHP, HPLC

\m.enss. I+ +MS, 18.1-18.4min #1080-1097]
x10- 644.298
* ‘
1+
4 645.299
2 ‘
|
1+
1+
646.300 666.277
| " 1+ [ 1+
j‘. H || 647302 663.271 i BST;ZBU
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Isotopic distribution spectrum of peak at 18.25 min (m/z 644.298), PHP, HPLC
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6.6 Synthesis of Fmoc-(Pro).-Hyp-Pro-NH; (5):
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H NMR of P,HP (400 MHz, MeOD)
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13C NMR of P,HP (101 MHz, MeOD)
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P2HP
20211028_DB02 (1) PDA Ch1 214nm@4.8nm
Range: 1
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UHPLC UV-Vis trace of peptide PoHP, rt = 10.09 min, 214 nm

P2HP
20211028_DB02 1141 (10.039) AM2 (Ar,20000.0,556.28,0.00,LS 3); Cm (1130:1152) 1: TOF MS ES+
1004 6662885 6.61e6
544.3069
67.2931
671.2674
= 71.7697 1309.5914
1310.5956
179.0860
444 2207
72.2723
341.6323
1311.5955
2421333
476.1595 582 2632 085 4373
984.9356.| _993.4229 1341.5269
180.0894
530.2305 698.2292 935240 1307.0883| [1342.5305
531 2398 977.4490 N
341.5990 793.2086 994.4251 1287 6117 ]
ST e YO 1 (TGO | (T P o e 16357275 1956676,
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Mass spectrum (100-2000 m/z) of peak at 10.09 min, P,HP UHPLC
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P2HP
20211028_DB02 1141 (10 039) AM2 (Ar 20000 0 556 28,0 00,LS 3); Cm (1130-1152) 1 TOF MS ES+
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663 2800
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Mass spectrum (625-705 m/z) of peak at 10.09 min, P,HP UHPLC
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6.7 Synthesis of Fmoc-(Pro)s-Hyp-NH2 (6):
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13C NMR of PsH (101 MHz, MeOD)
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HPLC UV-Vis trace of peptide PsH, rt = 18.05 min, 214 nm

Time [m\;w]

‘me1H055 5441 ;95 +MS, 18.0-18.1min #1071-1082)
x .
20
15
1+
1287.590
10
05
417.172 9552;22 1+ 2+ 1+
J 1430528  1629.217 1931.887
00 L | L i el [ . .
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Mass spectrum (100-2000 m/z) of peak at 18.05 min, P3sH HPLC
\nte1n055. 6441;95 +MS, 18.0-18.1min #1071-1082
X
20
15
| 1+
10 645|.ZQB
05 ‘ ‘ 1+
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‘ Edﬁ'jﬂﬂ 2 ‘
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Y] T | Jl‘-\ .‘ILE;m - 653.21.2\_ A 56;;.81
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Isotopic distribution spectrum of peak at 18.05 min (m/z 644.295), PsH HPLC
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6.8 Synthesis of Fmoc-Hyp-(Pro).-Hyp-NHz (7):
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H NMR of HP,H (400 MHz, MeOD)
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HPLC UV-Vis trace of peptide HP;H, rt = 17.05 min, 220 nm
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Mass spectrum (100-2000 m/z) of peak at 17.05 min, HP,H HPLC
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Isotopic distribution spectrum of peak at 17.05 min (m/z 660.289), HP;H HPLC
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6.9 Synthesis of Fmoc-cis-Hyp-(Pro).-cis-Hyp-NH, (8):
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1H NMR of cis-HP;H (400 MHz, MeOD)
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HPLC UV-Vis trace of peptide cis-HPzH, rt = 22.887 min, 225 nm
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Mass spectrum (100-2000 m/z) of peak at 22.887 min, cis-HP;H HPLC. M+ ion peak area

enlarged.
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6.10 Synthesis of Ac-Hyp-(Pro).-Hyp-NH (9):
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'H NMR of AcHP;H (400 MHz, MeOD)
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HPLC UV-Vis trace of peptide AcHP2H, rt = 10.022 min, 225 nm
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Mass spectrum (100-2000 m/z) of peak at 10.022 min, AcHP,H HPLC. M+ ion peak area

enlarged.
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6.11 Synthesis of Ac-Hyp-(Pro)2-Hyp-NH,, (AcPa):

'H NMR of AcP, (400 MHz, CDCl;)
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HPLC UV-Vis trace of peptide AcPg, rt = 14.227 min, 225 nm
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Mass spectrum (200-2000 m/z) of peak at 14.23 min, AcPa.
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6.12 Synthesis of Fmoc-(pro)a-NH; (13):
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13C NMR of D-P4 (101 MHz, MeOD)
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Mass spectrum (50-2000 m/z), D-P4, m/z found: [M+H]* 628.1, [M+Na]* 650.0, [2M+Na]*
1277.4

6.13 Synthesis of Fmoc-(Az)a-NH; (14):
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HPLC UV-Vis trace of peptide Fmoc-(Az)s-NH,, Azs, rt = 11.787 min, 225 nm
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Mass spectrum (50-2000 m/z) of peak at 11.79 min, Azs(without Fmoc), m/z calcd. for [M+H]*
C16H24Ns04*: 350.1823; found: [M+H]* not found
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Mass spectrum (50-2000 m/z) of peak at 11.79 min, Azs, m/z calcd. for [M+H]* C31H34NsO6*:
572.2504; found: [M+H]* 572.0, [M+Na]* 594.0

6.14 Synthesis of Fmoc-(Pro)e-NH, (15):
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HPLC UV-Vis trace of peptide Fmoc-(Pro)s-NH3, Pg, rt = 12.523 min, 225 nm
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Mass spectrum (50-2000 m/z) of peak at 12.55 min, Pe, m/z calcd. for [M+H]* C4sHssN-Os*:
822.4185; found: [M+H]* 822.8, [M+Na]* 843.9
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6.15 Synthesis of Fmoc-(Pro);-NH; (16):
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HPLC UV-Vis trace of peptide Fmoc-(Pro);-NH;, P, rt = 12.548 min, 225 nm
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Mass spectrum (50-2000 m/z) of peak at 12.55 min, P, m/z calcd. for [M+H]* CsoHe3NgOs":
919.4713; found: [M+H]* 919.1, [M+Na]* 941.5
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6.16 Synthesis of Fmoc-(Pro)13-NH2 (18):
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HPLC UV-Vis trace of peptide Fmoc-(Pro)13-NHis, Py, rt = 14.68 min, 225 nm
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Appendices: Chapter 3
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NMR spectroscopy. NMR spectra were collected on Bruker Avance Il 400 MHz spectrometer,
using Topspin software. 2D NMR experiments were measured on the Bruker Avance 111 400 MHz
at 298 K, using Topspin software. Chemical shifts are with reference to the residual solvent peak,
with J values in Hz. For multiplicity of the peaks, the abbreviations used are (s) singlet, (d)
doublet, (t) triplet, and (q) quartet.

LCMS: Compounds were separated via RP-HPLC using a HiChrom KR100 5C18 5263 column at
40 °C on a Dionex UltiMate 3000. Gradient: 5% B for 5 minutes then from 5% B to 100% B over
20 minutes, and held at 100% B for 5 minutes. Where A is Water (0.1% formic acid) and B is
methanol (0.1% formic acid). Flow rate is 1.0 mL/min. Wavelength: 225 nm. The flow was
directed into directed into the electrospray source of a Thermo Scientific MSQ Plus Mass
Detector, operating in positive ion mode, at 75 kV and mass spectra recorded from 100-2000
m/z.
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7.1 Monomers

7.1.1 — Synthesis of 4-position carboxylic acid functionalised trans-fmoc-proline (25):

Synthesis of benzyl-1-(2S,4R)-4-hydroxypyrrolidine-1-carboxylate-2-carboxylic acid (22):

EJFO72

HCLZOQ

MOH
N o

Cbz
(22)

T
14

T
12

T
10

i

i

~

'H NMR of 22 (400 MHz, MeOD)
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EJFO72

13C NMR of 22 (101 MHz, MeOD)
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Synthesis of dibenzyl (25,4R)-4-hydroxypyrrolidine-1,2-dicarboxylate (23):

0ce

ol

.
T T T T T
&8 8 15 g 7
=1 o ~ - - -
T T T T T T T T T T T T T T T T T T T T T
100 95 90 85 80 725 70 65 60 55 t 5.0) 45 40 3.5 30 25 20 15 .0 05 00
ppm

H NMR of 23 (400 MHz, CDCls)
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Synthesis of dibenzyl (25,4R)-4-(2-(tert-butoxy)-2-oxoethoxy)pyrrolidine-1,2-dicarboxylate (24):
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'H NMR of 24 (400 MHz, CDCls)
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Synthesis of (2S,4R)-4-(2-(tert-butoxy)-2-oxoethoxy)pyrrolidine-2-carboxylic acid (25):
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'H NMR of 25 (400 MHz, MeOD)
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Synthesis of (25,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(2-(tert-butoxy)-2-oxoethoxy)pyrrolidine-2-carboxylic acid (26):
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'H NMR of 26 (400 MHz, CDCls)
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7.1.2 Synthesis of (25,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(tert-butoxycarbonyl)phenoxy)pyrrolidine-2-carboxylic acid (35):
Synthesis of 1-benzyl 2-methyl (2S,4S)-4-hydroxypyrrolidine-1,2-dicarboxylate (29):

29

Table 1 Crystal data and structure refinement for cis-Chz-Hyp-OMe.

Identification code cis-Cbz-Hyp-OMe
Empirical formula C14H17NOs
Formula weight 279.28
Temperature/K 150.00(10)
Crystal system monoclinic
Space group P2;

alA 6.7483(3)

b/A 10.5173(4)

c/A 9.6302(4)

a/° 90

/e 100.951(4)

v/° 90

Volume/A3 671.05(5)

Z 2

pearcg/cm? 1.382

wmm™ 0.105

F(000) 296.0

Crystal size/mm?® 0.35%x0.15x 0.1

Radiation Mo Ka (A=0.71073)
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20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A
Flack parameter

CCDC No.

6.806 to 59.48

9<h<8 -13<k<14,-13<1<13
15236

3440 [Rint = 0.0346, Rsigma = 0.0314]
3440/1/183

1.041

R1 = 0.0362, wR, = 0.0801

R1 = 0.0413, wR; = 0.0840
0.17/-0.19

0.0(4)

2290760
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Crystal structure of compound 29, viewed along the c-axis, 50% ellipsoids (Olex 2)
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Crystal structure of compound 29, viewed along the a-axis, 50% ellipsoids (Olex 2)



Synthesis of 1-benzyl 2-methyl (2S,4R)-4-((methylsulfonyl)oxy)pyrrolidine-1,2-dicarboxylate (30):
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'H NMR of 30 (400 MHz, CDCls)
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7.1.3 Synthesis of (25,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(methoxycarbonyl)phenoxy)pyrrolidine-2-carboxylic acid (42):
Synthesis of (2S,4S)-1-(tert-butoxycarbonyl)-4-hydroxypyrrolidine-2-carboxylic acid (36):

W orTTTTTTY mommimeime s~ e e e e
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H NMR of 36 (400 MHz, MeOD)
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7.1.4 Synthesis of tert-butyl N, N'-diisopropylcarbamimidate (37):
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IH NMR spectrum of 37 (400 MHz, CDCls)



7.1.5 Synthesis of di-tert-butyl (2S,4S)-4-(((E)-N,N'-diisopropylcarbamimidoyl)oxy)pyrrolidine-1,2-dicarboxylate (38b):
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1H COSY NMR of 38b (400 MHz, CDCls)

f1 (ppm)



18T
(4874
4254
10'82
9c'8e W
Sb'8T
LE°GE~_
919g

8T'eh —
oy —

1294
0s°¢S
°8s
8v'8S

TL~
e
§9'6L
0/°6L
99°08
58°08

TC0ST ~
20°¥ST
STHST

POTLT —

338

-10

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
(ppm)

210

13C NMR of 38b (101 MHz, CDCls)



[7431
L6'61
82'07 "
[8€T~_
12%C
1€'%C

€UTE~
e

$0'6€ —
86Ty —

0’8t
9€'8Y

80'0S ~_
€Evs

LT°L9—

339

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

(ppm)

13C DEPT NMR of 38b (101 MHz, CDCl5)



ove

Ut RO

RHONADD AN

NN

' mi
9% 1.02.03.04.05.0 6.0 7.0 8.0 9.0 10.011.012.013.01418.5

HPLC UV-Vis spectrum of 38, rt = 10.468, 225 nm
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Synthesis of methyl 4-hydroxybenzoate (39):

_~7.96
~N-7.94

_-6.90
6.88
—6.47

OH /
9

3.90

.
& Ty &
5] <] @ S
N N S ©
T T T T T T T T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 4.5 4.0

H NMR of 39 (400 MHz, CDCl3)



Eve

— 167.46
—160.26

OH

39

131.99

—122.30

—115.31

52.15

T T T T T T T T T T T

210 200 190 180 170 160

'H NMR of 39 (400 MHz, CDCls)

T

150

T

140

T

130

T

120

T

110

T
100
(ppm)



174743

7.1.6 Synthesis of (25,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-((benzyloxy)carbonyl)phenoxy)pyrrolidine-2-carboxylic acid (56):
Synthesis of benzyl 4-hydroxybenzoate (52):
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HPLC UV-Vis trace of compound 52, rt = 11.807 min, 254 nm
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Synthesis of 1-(tert-butyl) 2-methyl (25,4R)-4-(4-((benzyloxy)carbonyl)phenoxy)pyrrolidine-1,2-dicarboxylate (53):
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'H NMR of 53 (400 MHz, CDCls)
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Synthesis of (25,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-((benzyloxy)carbonyl)phenoxy)pyrrolidine-2-carboxylic acid (56):
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HPLC UV-Vis of 56 before FCC, rt (56 minus Bn) = 11.170 min, rt 56 = 13.375 min
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969.8
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7.1.7 Synthesis of (S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-((benzyloxy)carbonyl)phenoxy)-2,5-dihydro-1H-pyrrole-2-carboxylic acid, (62):

Synthesis of di-tert-butyl (S)-4-oxopyrrolidine-1,2-dicarboxylate, (58):
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'H NMR of 58 (400 MHz, CDCls)
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'H NMR of 59 (400 MHz, CDCls)

Synthesis of di-tert-butyl (S)-4-(((trifluoromethyl)sulfonyl)oxy)-2,5-dihydro-1H-pyrrole-1,2-dicarboxylate, (59):
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Synthesis of di-tert-butyl (S)-4-(4-((benzyloxy)carbonyl)phenyl)-2,5-dihydro-1H-pyrrole-1,2-dicarboxylate, (60):
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Mass spectrum (50-2000 m/z) of peak at 11.81 min, 60, (m/z):[M+H]*calcd. for C;sH3sNOs", 480.2381; found, [M+H]*, 479.5
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Single crystal structure of compound 60, 50% ellipsoids, view along the a axis

Table 2 Crystal data and structure refinement for compound 60.

Identification code 2178751
Empirical formula C28H33NOs
Formula weight 479.55
Temperature/K 293

Crystal system monoclinic
Space group P2;

alA 6.14630(10)
b/A 8.31350(10)
c/A 25.4908(3)

a/° 90
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pre

V/°

Volume/A3

Z

Pcalcg/Cm3

wmm'*

F(000)

Crystal size/mm?3

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A
Flack parameter

93.1660(10)

90

1300.52(3)

2

1.225

0.698

512.0

0.96 x 0.31 x 0.07

CuKa (A= 1.54184)

6.946 to 136.5
-7<h<7,-10<k<10,-30<1<30
28430

4772 [Rint = 0.0426, Rsigma = 0.0197]
4772/1/322

1.123

R1 = 0.0615, wR; = 0.1808
R1=0.0621, wR; = 0.1815
0.35/-0.26

-0.02(9)



Synthesis of (S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-((benzyloxy)carbonyl)phenyl)-2,5-dihydro-1H-pyrrole-2-carboxylic acid, (62):
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13C NMR of 62 (101 MHz, CDCl3)
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7.2 Peptides

7.2.1 Synthesis of Ac-Prog-NH; (-OCH,COOH)s(i: 1, 3, 5) (67):

HO\EO HO.__O

HO\EO

0 0 f@
o] 0] o O O O o
(67)
500, 2 Oradient Sequence #51 DB004-1 UV_VIS_2 WVL 225 nm
375 j1e-4.897

2504

v9¢€

1254

Absorbance [mAL
T

-1254

120 - 10,180

-250+
5
-3754
_SOO_I T T T T T T T T T T T T T T 1
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.5
Time [min]

HPLC UV-Vis trace for peptide 67, rt = 4.857 min, 225 nm
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7.2.2 Synthesis of Ac-Proi3-NHz (-OCH2.COOH)s(i: 2, 7, 12) (68):

TO HO._.O

HO__O HO

s}

5 ? 5
ARsmaasaneaan.

//////

s/

5 8 g
g ] CR=3 >
w E N E P & E : = b
T ) T \{ T ¥ T L) T v T L § T 2 T Y T I T ¥ T L; T T T T T T T T T T T T
9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 -1.0

H NMR of 68 (400 MHz, MeOD)
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13C NMR of 68 (101 MHz, MeOD)
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1;:ﬂ _ F1-PGRLCMS #212 DE_08-1 UV_ WIS 1 WVL:225 nm
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- .\ h '_5

| T |

1 [F | |
. T
1, 0

] min
1,800

I T T T T T T T T T T T T T T T T T T T T T T T T 1
0.00 125 258D 37k ROD 6.25 T.RD 8.7k 10.00 1125 12 80D 1375 16.00 16.60

HPLC UV-Vis Spectrum of peptide 68, rt = 10.552 min, 225 nm
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#212 DB_08-1 - Scan: #5683 - 613 AV: 10.33 - 10.88 min (31) ML: 1.37E+DDG

120
J] %
100 - 1643 5
] 1644 49
a0 -
- 3531
60 288.1
] 7031
- 4203
- 15454
TTrE
40 311
@02 47T .8 apo.3
] miz
-ED_| T T T | T 1 T T 1 T T T T | T T T T 1
100 OO 1,000 1 500 2 000

Mass spectrum (50-2000 m/z) of peak at 10.88 min for peptide 68, m/z calcd for [M+H]*: C73H103N14023*, 1543.7315; found; [M+H]* 1543.7315
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7.2.3 Synthesis ofAc—Prolg—NHz(—OCHzCOOH)G(i:3, 5,7,10, 11, 12) (69)'
HO

[oli I el et ate

ARRAARRARMANN .

(69)

[ Ml bk P B P OE_T

Lk a1 Wil e

el

Meertarcs iy
i

Ties e |

HPLC UV-Vis Spectrum of peptide 69, rt = 8.188 min, 225 nm
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Mass spectrum (50-2000 m/z) of peak at 8.20 min for peptide 69, m/z calcd for [M+H]*: C7oH10oN1403,*, 1765.7327; found; [M+Na]* 1787.3; [M+2H]** 883.5
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7.2.4 Synthesis of Ac-Pro13-NH2 (-OCH2COOH)6(i: 1, 4, 5, 8, 9, 12) (70):
HO HO

A s A ola RS

sRsARARRaRans.

(70)
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Mass spectrum (50-2000 m/z) of peak at 8.20 min for peptide 70, m/z calcd for [M+H]*: C7oH100N1403,*, 1765.7327; found; [M+2H]?** 883.6
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IH NMR of peptide 70 (400 MHz, MeOD)
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7.2.5 Synthesis of Ac-Pro7-NH; (-OCH,COOH)(i: 1, 7) (71):

[ER T}

300 — ?J 1 - Hew Sequence #1448 DB-38-1 UV_VIS_1 WWL:225 nm
7| mall

750 4

£25

500

375

250 L
] tmin

1 I:II:I - T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
0.00 1.25 2.50 375 .00 5.25 7.a0 8.75 10.00 11.25 12.50 13.75 15.00 15.99

HPLC UV-Vis Spectrum of peptide 71, rt = 7.755 min, 225 nm
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Apex Peak #9 Scan: #4337 RT. 775 min ML 2.01E+006
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Mass spectrum (555-1084 m/z) of peak at 7.755 min for peptide 71, m/z calcd for [M+H]*: C41HsoNgO14", 887.4145; found; [M+H]* 887.2; [M+Na]* 909.1
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7.2.6 Synthesis of CH3-CeH-CO-Pro13-NH; (-OCH2COOH)4(i: 3, 12) (72):
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Mass spectrum (100-2000 m/z) of peak at 9.997 min for peptide 72, m/z calcd for [M+H]*: C77H10sN14021%, 1561.7573; found; [M+Na]* 1583.5; [M+2H]** 781.5
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7.2.7 Synthesis of Cyclopent-3-ene-Pro13-NH; (-OCH,COOH)(i: 5, 11) (73):
HO HO

o (&o
©

(mamaamasamann.

(73)
Impure product after SPPS from HPLC analysis, as such this peptide was not carried forward for further studies pending results from peptides 72 and 74.

7.2.8 Synthesis of F3C-CeHs-CO-Pro13-NH; (-OCH2COOH)a(i: 7, 10) (74):
HO HO
O O

aammsamananan.

(74)

“O
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7.2.9 Synthesis of Piv-Pros-NH; (-OCsN),(i: 1, 4) (75):
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HPLC UV-Vis Spectrum of peptide 75, rt = 6.462 min, 225 nm
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Mass spectrum (50-2000 m/z) of peak at 6.46 min for peptide 75, m/z calcd for [M+H]*: C3sH4sN7O7*, 676.3453; found; [M+H]* 676.7; [2M+H]* 1352.7
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7.2.10 Synthesis of Ac-Proi3-NH; (76):

s
ARAARALAREARA.

J

(AcP 3, 76)
|
J |
528 E g g
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H NMR of 76 (400 MHz, MeOD)
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[M+2H]** 662.3
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7.2.11 Synthesis of Fmoc-Proio-NH; (-OH)s(i: 4, 6, 8) (77):
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7.2.12 Synthesis of Ac-Proio-NH; (-OH)s(i: 4, 6, 8) (78):
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7.2.13 Synthesis of [Pd (en) (75)]¢(NO3);:

gl
66'T
10T
20T
¥0'Z
90T
807 ~¥
61T~
€T~
seT"
S9T~_
e —

€L°C \
9L'C

88¢

09°€
[4°X3
vLe
R.m/

6L'€ ~t
18"
0%~
60y —

€S
65t /
09y V
9" %

|

/

557

€r's
mﬁ.mV

D.m\

s —

L0°L
60°L Wn
0T’L

8T8~
0€'8—"

8v'8
om.wV

sl //// J//

f

/]

403

Feow

Fooz |

Torz

T

T

T

T

T

T

T

T

T

T

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5
(ppm)

8.5

9.0

'H NMR Spectrum of complex [Pd(en)(75)]*(NOs), (400 MHz, D,0)



14017

1 N

[Pd,(en),(75),]*(NO,), (D,0)
Cosy

T T T J T T T v T v T T T T T J T v T v T
90 85 80 75 70 65 60 55 50 45 40
(ppm)

1H-'H COSY NMR Spectrum of complex [Pd(en)(75)]¢(NOs), (400 MHz, D,0)

3.5

3.0

2.5

2.0

1.5

1.0

0.5

f1 (ppm)



Sov

WA

[Pd (en ,(75),]#(NO), (D,0)
NOESY
é T
3
o
L]
o’
o
_— .
e o 1
9|.ul 8‘.5‘ E;.UI 7I.5I 7I.o‘ e‘.s‘ el.ul 5‘.5| 5‘.ol 4‘.5 4|.u‘ 3|.5 | 3|.ul zl.sl 2‘.0‘ 1‘.5| 1|.ol ol.s

(ppm)

1H-'H NOESY NMR Spectrum of complex [Pd(en)(75)]*(NOs), (400 MHz, D,0)

f1 (ppm)



(017

| J M«WJL«LL_

Il L

[Pd,(en),(75),]¢(NO;), (D,0)
ROESY

R .
9.0 85 8.0 7.5 7.0 6.5 6.0 55 50 45 40

(ppm)

'H-'H ROESY NMR Spectrum of complex [Pd (en)(75)]*(NOs), (400 MHz, D,0)

3.5

3.0

2.5

2.0

1.5

1.0

0.5

f1 (ppm)



7.2.14 Synthesis of [Pd(75)2]¢(BF4)2:
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