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ABSTRACT

Understanding protein structure and function is central for the development of therapeutics
for the treatment of diseases and also novel biocompatible materials. Herein describes
studies on the control of peptide structure and function through synthetic modifications, for
the synthesis of novel enzyme inhibitors and biomaterials, primarily using olefin
metathesis chemistry. Metathesis is chosen for the manipulation of peptide structure in
order to induce conformational constraint in novel macrocyclic peptidomimetic inhibitors
and to develop novel hydrogel matrices, which are of importance in the advancement of
the pharmaceutical and medical industries.

The realization that enzymes bind their substrates in an extended B-stranded conformation
has led to the development of inhibitors that mimic this bioactive conformation. The
controlled organization of secondary structures in peptides by conformational constraint
has been utilized to design two novel series of macrocyclic inhibitors, which are
constrained by the P; and Ps residues or the P, and P4 residues using ring closing
metathesis (RCM). These inhibitors contain a pyrrole group in the peptide backbone,
thereby decreasing the peptidic nature of these inhibitors minimising susceptibility to
proteolysis, while maintaining the appropriate geometry for inhibitor binding. The
corresponding P1-P3 and P1-P4 acyclic inhibitors are designed and synthesized to provide
an insight into the importance of cyclisation on the potency of inhibition against serine and
cysteine protease.

The macrocyclic and acyclic inhibitors synthesized are assayed against a series of cysteine
(calpain and cathepsin) and serine proteases (a-chymotrypsin, human leukocyte elastase
and trypsin). These enzyme assays analyse the efficacy of the inhibitors against the
enzymes tested. The potency of the inhibitors against the aforementioned proteases
provides an insight into the effect of cyclisation, ring size and introduction of aryl groups
into the ring system, as well as trends in selectivity between proteases of the same family
(calpain vs. cathepsin and a-chymotrypsin vs. HLE and trypsin) and between the cysteine

and serine protease families.




The ability to mimic the natural environment of structural proteins in wound healing, has
led to the development of biocompatible materials, such as hydrogels, through the
manipulation of natural peptide structure. The controlled organization of the tertiary
structure of naturally occurring peptides is investigated by aqueous metathesis in the
synthesis of biocompatible hydrogels derived from gelatin. Novel gelatin-gels are obtained
by reacting methacrylate-functionalized gelatin and norbornene dicarboxylic acid in the
presence of a catalyst in aqueous media. Optimisation of the hydrogel formation is
investigated by; i) varying catalyst utilised and ii) varying ratios of starting gelatin and
norbornene dicarboxylic acid. These polymer gels exhibited physical and chemical
properties that might be useful in regenerative medicine. Mechanistic studies using
MALDI is also performed to provide an insight into the mode of hydrogel formation.
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Chapter One

1.1 Importance of Peptide Conformation in Biology/Nature

Peptides and proteins are versatile macromolecules that play a crucial role in many
biological processes. They are an essential part of life forming the building blocks that give
rise to the structure and function of biological entities."* A typical mammalian cell
contains as many as 10,000 different proteins having a diverse array of functions, including
binding, catalysis, operating as molecular switches; and serving as structural components

of cells and organisms.®
1.1.1 Peptide and Protein Structure

The function of a protein is governed by its amino acid composition and structural
organisation.® There are four levels of protein structure: primary, secondary, tertiary and
quaternary structure. The primary structure (Figure 1.1a) is defined as the linear sequence
of amino acids in a protein that is directly determined by the sequence of nucleotides in the
genome. The sequence of amino acids within the primary structure determines how the
protein folds to form higher-level secondary structures. The secondary structure (Figure
1.1b) can take the form of either alpha helices or beta sheets, as defined by hydrogen-
bonding interactions between the polypeptide backbone N-H and C=0O groups. Tertiary
structure (Figure 1.1c) refers to the overall three-dimensional shape of the protein resulting
from the folding of secondary structure elements (alpha helices and/or beta sheets) linked
by loops that have no secondary structure. The quaternary structure (Figure 1.1d) of a
protein is the further association of two or more folded polypeptides to give rise to a
functional unit. The tertiary and quaternary structures are stabilised by various types of
amino acid side chain interactions, including hydrophobic interactions, hydrogen bonding,
ionic bonding and covalent disulfide bonds (Figure 1.2).*°
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(a) Primary Structure (b) Secondary Structure
; %N
C
alpha helices beta strands

(d) Quaternary Structure

Figure 1.1 Levels of protein structures: (a) Primary structure: the amino acid sequence of a
protein; (b) Secondary structure: stabilization of peptide backbones by hydrogen bonds
forming alpha helices and beta sheets; (c) Tertiary structure: the overall 3-D structure of
the folded polypeptide chains (PDB 2CGP); (d) Quaternary structure: the assembly of two
or more polypeptides into a functional unit (PDB 1CGP). Adapted from Petsko and Ringe.?
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Figure 1.2 Chemical interactions commonly observed in polypeptide stabilization.

Secondary Structure

The secondary structure of peptides and proteins is governed by the sequence of
component amino acids, i.e. the primary structure. The sequence and nature of these amino
acids result in the formation of regular segments known as the secondary structure. There

are three general types of secondary structure: alpha helices, beta sheets and beta turns.

(i) a-helix

An a-helix is a cylindrical structure, composed of a tightly coiled polypeptide chain
(Figure 1.3a), where the wall of the cylinder is formed through the hydrogen-bonded
polypeptide backbone, with the side residues protruding outwards. Hydrogen bonding
interactions between the amide CO and NH groups of amino acids that are four residues
apart stabilise the secondary structure (Figure 1.3a). The protruding side chains determine
the interactions of the a-helix with other sections of the folded protein chain and with other
protein molecules. The a-helix is a compact structure, with phi and psi values of -60° and
-50°, respectively and a distance of 1.5A between successive residues along the helical axis
(Figure 1.3b). This translates to 3.6 residues per turn, corresponding to a rotation of 100°
per residue, resulting in the side chains projecting out of the helical axis at 100° intervals
(Figure 1.3c).”®
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(b)

Figure 1.3 The structure of an a-helix [PDB 1B9P]: (a) Hydrogen bonding (green lines)
between the carbonyl group of residue n and the amide N-H four residues away (n+4); (b)
Distance between successive residues along the helical axis; and (c) Side chains projection
from the helical axis.

An example of a naturally occurring helical structure formed from amino acid sequences
rich in proline is the collagen triple helix.® Collagen, a component of the extracellular
matrix, is the main constituent of bones, tendons, ligaments and blood vessels. It consists
of a repeating tripeptide in which every third residue is a glycine (GlyXY)n, where X and
Y are usually proline residues. Each collagen strand forms a left-handed helical
conformation, which coils around each other to form a rope-like structure (Figure 1.4).
Further aspects of this are discussed in chapter 4.




Chapter One

Figure 1.4 The figure of collagen [PDB 1CAG].

(i) p-sheets

The B-sheet is a structural arrangement that has an extended sheet-like conformation. It
consists of f-strands that are connected laterally by hydrogen bonds to form a pleated
sheet. A B-strand is a stretch of polypeptide composed of 3-10 amino acids, and is
represented as an extended or “saw-tooth” arrangement of amino acids, with the amide
bonds being almost co-planar. The torsion angles of a classic p-strand is defined by
¢ = 120° y = 120° and = 180°. This results in the amino acid side chains alternating
above and below the plane of the peptide backbone (Figure 1.5a).'° The steric effects of the
L-amino acid configurations giving rise to a pronounced right-handed twist. Furthermore,
the p-sheet is stabilized by hydrogen bonding interactions between the amide NH and CO
groups in the polypeptide chains. These sheets can lie in the same direction (parallel
B-sheet) or in the opposite direction (antiparallel B-sheet) (Figure 1.5b).* The role of a

[-strand geometry in the design of protease inhibitors is discussed in chapter 2.
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| e
vkkﬁ¢k{:> A )w I
*NJY J\r = VUW%*KE

Anti-parallel Parallel

Figure 1.5 (a) “Saw-tooth” arrangement for amino acids for a peptide p-strand; and (b) the
structural representation of antiparallel $-sheets (PDB 1SLK) and parallel p-sheets (PDB
2B1L, residues 71-76, 97-104 and 123-128). Hydrogen bonds indicated in red lines.

(iii) p-turn

The B-turn (also known as a reverse turn or hairpin turn) is the simplest form of secondary
structure, and usually involves four residues.? It consists of an intramolecular hydrogen
bond between the carbonyl group oxygen of one residue (n) and the amide N-H of the forth
residue apart (n+3), thereby reversing the direction of the peptide chain (Figure 1.6). The
torsion angles, ¢ and v of residues n+1 and n+2 are used to classify the different types of
B-turns. B-Turns are usually found on the surfaces of folded proteins, where they are in

contact with the aqueous environment, allowing stabilization with water molecules. Apart
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from its structural role in protein folding, p-turns serve as recognition motifs for protein-

12,13

protein and protein-ligand interactions.

Figure 1.6 Structural representation of a p-turn (PDB 2WWS86, chain A), showing the
hydrogen bonding (green lines) between the carbonyl of residue n with the amide N-H

three residues away (n+3).

The secondary structure of a given peptide or protein contributes significantly to the
stabilization of the overall structure, through extensive hydrogen bonding networks that
provides the enthalpy of stabilization required for the polar backbone groups to exist in the
hydrophobic core of a folded protein. As a result, the structures of most proteins are not
random, but are globular and have a tightly-packed core, consisting primarily of
hydrophobic amino acids, due to the tendency of hydrophobic groups to avoid contact with

the aqueous cell environment.***

Tertiary Structure and Quartinary Structure

The tertiary structure of a protein is the three-dimensional structure formed from the
folding or grouping of secondary structures into more complex and functional forms. This
spatial arrangement is particularly important for protein activity as it brings together
activity-specific amino acid residues that may be far apart in the polypeptide chain
sequence.®?*’ The tertiary structure of a protein is stabilized by weak interactions (Figure
1.2) and the tight packing of atoms maximizes both the strength and the occurrence of
these interactions. Subsequently, this leads to the creation of a complex surface
topography, which enables a protein to interact with either small molecules that bind in
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clefts, or with other macromolecules that have regions of complementary topology and
charge. Further aspects of this are discussed in chapter 2 with regards to the structure and

inhibition of proteases.

The complementary nature of protein surfaces enables them to associate with other protein
chains or subunits into a closely packed arrangement, which results in the formation of
quaternary structures.'’”*® Each protein subunit of the quaternary structure has its own
primary, secondary and tertiary structure. Furthermore, they are able to self-associate to
form homodimers (a2) or associate with other, unrelated proteins to give mixed species
such as heterodimers (ab) and heterotetramers (a2b2) (Figure 1.7). This complementarity
depends not only on the shape of the surface, but also extends to the weak interactions as
mentioned earlier (Figure 1.2) that hold the complexes together. This complementary
nature allows binding interactions between a protein and a small molecule or a protein with

another macromolecule, and plays an important role in the function of proteins.'’

(a) (b) (©)

Figure 1.7 Molecular assemblies of folded proteins to form quaternary structures. (a)

homodimer, a2; (b) heterodimer, ab; and (c) heterotetramer, a2b2.

1.1.2 Relationship Between Polypeptide Structure and Function

The biological activity of a peptide or protein depends on its three-dimensional shape or
native conformation. The functional diversity and versatility of proteins arise from the
chemical diversity of the side chain of their constituent amino acids, the flexibility of the
polypeptide chain, and the varying nature in which polypeptide chains with different amino
acid sequences can fold. Although protein structure appears to be rigid and static from the
X-ray crystallography pictures, in reality, proteins are flexible molecules.*® This flexibility
is of particular importance, as binding of another molecule or ligand to the protein often
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results in conformational changes that ultimately affect the function of the protein. For
example, binding of calcium ions causes calpain (a cysteine protease discussed in detail in
chapter 2) to change from an inactive to an active conformation, allowing proteolysis to
occur.”® Additionally, the function of many proteins involved in signalling, transport or
catalysis, depends on the specificity of ligand binding, which arises from the
complementing shape and charge distribution of donors and acceptors in the binding site of
the protein surface. It is this complementary nature as well as conformational flexibility
that allow a catalytic enzyme (or protease as addressed in this thesis) to bind specific
substrates.?!

Many structural components of cells and organisms, such as silk, collagen, elastin and
keratin, are constructed purely from proteins. These structures are stabilized by protein-
protein interactions that consist of numerous non-covalent interactions resulting from
complementary interactions between protein surfaces on simple repeating secondary
structures. Examples of such structures include collagen, which exists as a triple coiled
helix (Figure 1.4), and silk, which consist of a stack of beta-sheets (Figure 1.8). In
addition, protein stabilization can be accomplished through covalent cross-linking, which
in collagen, is initiated by lysyl oxidase that converts lysine residues to peptidyl aldehydes
capable of forming cross-linked chains.??

Figure 1.8 Schematic representations of silk [PDB:3UAQ], a structural protein.

10
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Peptide and protein structure can be disrupted by a variety of factors, such as elevated
temperatures, denaturants and environmental conditions. These factors disrupt the weak
interactions that stabilize the folded or native form of a protein, converting the structure to
an unfolded or denatured state. This is usually characterized by the loss of biological

activity, often leading to diseases.®?

Understanding peptide and protein structure and function is important in the development
of therapeutics for the treatment of diseases. The realization that enzymes bind their
substrates in an extended B-stranded conformation has led to the development of inhibitors
that mimic the bioactive conformation.”* Additionally, the ability to mimic the natural
environment of structural proteins in wound healing, has led to the development of
biocompatible materials, such as hydrogels, through the manipulation of natural peptide
structure.”?*" These are all topics developed further in this thesis.

1.2 Conformational Manipulation by Olefin Metathesis

The chemical modification of peptides and proteins is a powerful method in manipulating
peptide and protein conformation for the development of new therapeutics. Most strategies
of peptide and protein chemical modification rely on the presence of nucleophilic residues
of amino acids, such as lysine, cysteine, aspartic or glutamic acids.®**® For example,
crosslinking of proteins can be affected by oxidation of cystine residues to form disulfide
bridges or formation of lactam bridges by reaction of lysine and aspartic acid.”® An
alternative method of chemical modification of peptides and proteins is olefin metathesis.
Olefin metathesis is a useful metal-catalysed mediated reaction involving two olefin motifs
to give rise to the formation of a new carbon-carbon bond (Scheme 1.1). Carbon-carbon
bonds are non-reactive and not susceptible to enzyme degradation in comparison to amide

bonds.

11
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Scheme 1.1 Selected types of olefin metathesis: CM = cross metathesis, RCM = ring
opening metathesis, ROMP = ring-opening metathesis polymerization.

Olefin metathesis is mediated by a metal catalysis such as the ruthenium-based catalysts,
30,31

first developed by Grubbs, which combines high activity and excellent tolerance to
many functional motifs. The Grubbs catalysts consist of a ruthenium atom surrounded by
five ligands, and can be divided into two groups based on the nature of the ligands: (i) the
first generation Grubbs catalysts, L,X;Ru=CHR (where L is a phosphine ligand), and (ii)
the second generation Grubbs catalysts, (L)(L’)X,Ru=CHR (where L is a phosphine ligand
and L’ is a saturated N-heterocyclic carbene or NHC ligand) (see Figure 1.9). The second
generation Grubbs catalysts are more reactive and air-stable than the first generation

Grubbs catalysts.

‘ |
cr RU—
PCys cl’ ]ﬂPh
PCy3
(a) (b)
PCy N/
Ru \
cl u»*_c' i

(c) (d)
Figure 1.9 Well-defined ruthenium-based catalysts commonly used for olefin metathesis:

(a) Grubbs 1 generation catalyst, (b) Grubbs 2" generation catalyst, (c) Hoveyda-Grubbs
1% generation catalyst, and (d) Hoveyda-Grubbs 2" generation catalyst.

12
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The mechanism of metathesis, in which a new carbon-carbon bond is formed, proceeds
through a series of [2 + 2] cycloadditions between an alkene and a metal carbene complex,
followed by cycloreversion (outlined in Figure 1.10).*" The olefin then reacts with the
carbene catalyst [M], forming the a metallacyclobutane intermediate. This intermediate
undergoes cycloreversion to give either the original alkenes or a new alkene and an

alkylidene with regeneration of the metal catalyst.

R
Figure 1.10 Mechanism of olefin metathesis. L,M=CHR is used to denote the carbene
catalyst and L, is the attached ligands. *

The extensive utility of olefin metathesis is due to the tolerance and selectivity of the
ruthenium-based catalyst towards a multitude of functional groups during transformation.
Olefin metathesis is useful in the modification of proteins and peptides as the resultant
product of metathesis is the introduction of a non-labile carbon-carbon bond.®* This new
carbon-carbon bond can lead to an increased stability of peptide secondary structure, which
can improve metabolic stability and result in higher binding affinity towards biological
targets. For example, ring-closing metathesis (RCM) transforms a diene into a cyclic
alkene and has proven to be a potent method for creating macrocycles, which allows for
constraining the flexible portions of a peptide chain (will be discussed in chapter 2).
Similarly, ring-opening metathesis polymerization (ROMP) converts a cyclic olefin into an
unsaturated polymer, which can be used as a tether for connecting two molecules; while

cross metathesis (CM) provides a direct means of connecting two molecules. These
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methods can be applied to the formation of peptide-based polymers (will be discussed in
chapter 4).

1.2.1 Ring Closing Metathesis (RCM)

Ring-closing metathesis is a common form of metathesis that has been utilized in the

synthesis of unnatural amino acids®*

and in the design of conformationally constrained
peptidomimetics.®®> RCM has been applied in the replacement of disulfide bridges,
commonly found in natural peptides, and was used by Grubbs and coworkers® for the
synthesis of cyclic peptide 1.1, whereby the S-S bridge of cyclic peptide 1.2 had been
replaced by a C=C (Figure 1.11a). The conformational analysis of resulting cyclic peptide
1.1 revealed the presence of intramolecular hydrogen bond analogous to that found in the
corresponding disulfide-bridge cyclic peptide 1.2.%° Besides this, RCM has been applied
for preparation of peptidomimetic inhibitor 1.3 based on the acyclic inhibitor 1.4 (Figure

1.11b)."* Tzantrizos and coworkers®">*

postulated that introducing a hydrocarbon bridge
by linking the side-chains would introduce additional interactions in the binding pocket.
The resulting cyclic inhibitor 1.3 was found to be more potent than the acyclic peptide 1.4,
and after structure-activity relationship studies, compound 1.5 was identified as an orally
bioavailable clinical candidate for hepatitis C virus NS3 protease.® Both examples
exemplify the effectiveness of RCM in the preparation of confomationally restricted

peptides.
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(a)

(b)

14

HsCO

1.5
Figure 1.11 Compounds constrained by RCM: (a) disulfide bond mimic (b) B-strand

mimics.

The mechanism of ring closing metathesis is similar to that of olefin metathesis (Figure
1.10). The forward reaction for ring closing metathesis is entropically driven by the
production of volatile ethylene. The reactivity of ring-closing metathesis of olefins is
influenced by the size of the rings formed.***? This is particularly apparent in the synthesis
of large rings (macrocycles) as the efficiency of cyclization by RCM is governed by the
extent of competing acyclic diene metathesis polymerization. Reduction of competing
reactions is decreased by reacting olefins at low concentrations, elevated temperatures and
increased catalyst loading thereby reducing the rate of oligomerization.”® Ring closing
metathesis in protein and peptide modification has provided access to p-turn analogues that

are capable of mimicking the natural role of
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B-turns in stabilizing short peptides,®***

and has provided a means for the development of
conformationally constrained p-stranded inhibitors.***>*® Work on using RCM to access
conformationally constrained inhibitors for cysteine and serine proteases is presented in

chapter 2.

1.2.2 Cross Metathesis (CM)

Cross metathesis, another variant of olefin metathesis, is a powerful and convenient
synthetic technique for the synthesis of functionalized olefins from simple alkene
precursors as shown in Scheme 1.1. The mechanism of cross metathesis is again as
illustrated in Figure 1.11. However, cross metathesis has found comparatively limited use
due to issues of a lack of product selectivity and stereoselectivity, coupled with a low
catalyst activity. Nevertheless, Grubbs and co-workers*’ have established a general model
for imparting selectivity in cross metathesis, by categorizing the olefins by their ability to
undergo homodimerization. Additionally, the choice of olefin metathesis catalyst was
found to be critical for product selectivity, regioselectivity and chemoselectivity. With an
appropriate choice of Grubbs catalyst, cross metathesis has been successfully applied for
the modification of biomolecules in aqueous conditions.”* CM has been applied
successfully by Davis and coworkers® to functionalize a model protein, in an aqueous
environment, with carbohydrate and polyethylene glycol (PEG) moieties, while keeping
the enzymatic activity intact. This exemplifies the usefulness of CM as a method for

linking two biological molecules.

1.2.3 Ring Opening Polymerisation Metathesis (ROMP)

Ring opening polymerisation metathesis as depicted in Scheme 1.1 is widely used in
polymer chemistry. The driving force of the reaction is the relief in the ring strain in cyclic
olefins (such as norbornene). The mechanism of ROMP is similar to that illustrated in
Figure 1.10. In ROMP, a metal carbene species is formed, which is followed by attack of
the double bond in the ring structure, forming a highly strained metallacyclobutane
intermediate. The ring then opens, resulting in a linear chain with a carbene attached. This
carbene then reacts with the double bond of the following monomer, thus propagating the
reaction.”® The reactivity of ROMP is influenced by the substituents on the constrained,
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cyclic olefins. For example, in the polymerization of a mixture of endo- and exo-2-
norbornene derivatives, the exo-isomers are found to react faster than the endo- isomers,
which is attributed to steric and electronic effects.”* Thus, the nature of the substituents on
the cyclic olefin are considered when specific products are desired.® Currently, ROMP is
one of the most powerful methods for the synthesis of novel materials with well-defined

structures.®® Kiessling and coworkers®®°

used ROMP to synthesize bio-active polymers,
including multivalent displays of carbohydrates and other bioactive ligands. Such polymers

have recently been used to modulate immune responses in vivo.>

1.3 Overview of Thesis

Understanding protein structure and function is central for the development of therapeutics
for the treatment of diseases and novel biocompatible materials. To successfully develop
novel inhibitors for a given protein and biocompatible materials, the structural
arrangement, mode of substrate binding and arrangement, both before and after binding,
are crucial in development of selective and potent inhibitors and useful biocompatible

materials.

This thesis describes studies on the control of peptide structure and function through
synthetic modifications, for the synthesis of novel enzyme inhibitors and biomaterials,
primarily using olefin metathesis chemistry. Metathesis was chosen for the manipulation of
peptide structure in order to induce a constraint in novel macrocyclic peptidomimetic
inhibitors and to develop novel hydrogel matrices, which are of importance in the

advancement of the pharmaceutical and medical industries.

Chapter two describes the controlled organization of secondary structure in peptides by
ring closing metathesis for the design and synthesis of a new class of cyclic inhibitors
constrained by the P; and Ps; residues or the P, and P, residues. These inhibitors are
designed to be less peptidic in nature, with the incorporation of a pyrrole group in the
peptide backbone. Additionally, the synthesis of the corresponding P;1-P3 and P1-P4 acyclic
protease inhibitors are also presented for comparison to the macrocyclic aldehydes
derivatives. These acyclic inhibitors will provide an insight into the importance of the

macrocycle on the potency of inhibition against cysteine and serine proteases.

17



Chapter One

Chapter three details the enzyme inhibition assays utilised to analyse the efficacy of cyclic
and acyclic inhibitors prepared in chapter two. The assay protocols for in vitro testing
against cysteine (calpain and cathepsin) and serine (a-chymotrypsin, human leukocyte
elastase and trypsin) proteases are presented, followed by discussion of the potency of the
inhibitors against each of the aforementioned proteases. The inhibitors selectivity between
proteases of the same family (calpain vs. cathepsin and a-chymotrypsin vs. HLE) and

between the cysteine and serine protease families are further discussed.

Chapter four discusses the controlled organization of the tertiary structure of naturally
occurring proteins by aqueous metathesis for the synthesis of biocompatible hydrogels
derived from gelatin. Optimisation of the hydrogel formation is investigated by: i) varying
catalysts utilised and ii) varying quantities of starting gelatin and norbornene dicarboxylic
acid. Additionally, mechanistic studies using MALDI are preformed to provide an insight

into the mode of hydrogel formation.
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Chapter Two

2.1 Introduction: Protease Conformation and Inhibitor Design

2.1.1 Overview and Classification of Proteases

Proteases are found universally in all organisms, accounting for approximately 2% of their
genes.! They catalyse the hydrolysis of peptide bonds and as such are involved in
numerous physiological processes through the controlled activation, synthesis and turnover
of proteins. Consequently, proteases are important regulators of processes, such as cell
maintenance, cell signalling, wound healing, cell differentiation and cell growth.? As
proteases are involved in many physiological processes, their activity is tightly regulated,
through a feedback mechanism, which usually involves the binding of either a substrate or
signalling molecule to the protease.*® Many factors can affect the function of proteases,
leading to undesired and unregulated proteolysis, which can result in abnormal
development and diseases,®® such as Alzheimer’s,® cancer,'® stroke,** viral infections™? and
cataracts.”*** The inhibition of proteases can slow the undesired processes that are
characteristic of disease propagation or abnormal physiology.® As a result, inhibitors of
proteases have the potential to provide effective therapeutics for a wide range of

diseases. 81518

There are six known classes of proteases: serine, cysteine, aspartic acid, threonine,
glutamic acid and metallo-proteases. These are primarily categorized by the make-up of
the catalytic residue located in the active site, which usually determines the mechanism of
peptide bond hydrolysis.'’*® Two distinct catalytic mechanisms for hydrolysis are
observed, where; i) the key catalytic nucleophile is an intrinsic component of the active site
(serine, cysteine and threonine proteases), and ii) an activated water molecule acts as a

nucleophile (aspartic acid, glutamic acid and metallo-proteases).*®*°

2.1.2 Cysteine and Serine Proteases

All proteases bind their substrates in an active site groove or cleft. The nomenclature used
to define the associated interactions is based on a notation developed by Schechter and
Berger.?® Here the amino acid side chains of the substrate are defined as P,-P, and these
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occupy corresponding enzyme subsites designated as Sp-S,. These interactions define the
substrate into a p-strand like conformation that is critical to binding and inhibitor design as
discussed in section 2.2.1. Substrate cleavage then occurs between P; and P;’ as shown in
Figure 2.1.

Sl'
Ho § fP) O Pl 0 /FD
/N N \)Jé‘é /'ﬁ}/
H ful
U _/ U
83 Sl SZI

cleavage site
Figure 2.1 Schechter and Berger® representation showing the substrate residues (P) and
protease binding sites (S). Prime and non-prime designations distinguish C- versus N-
terminal sides respectively of the cleavage site.

Catalytic Mechanism

The active site of cysteine and serine proteases consists of i) a catalytic triad (Cys, His and
Asn for cysteine proteases'® and His, Ser and Asp for serine proteases') that is responsible
for the hydrolysis of the peptide bond (Figure 2.2) and ii) subsite binding pockets
(designated S;-S, and S;-S,’) that define the conformation of the bound substrate via
hydrogen bonding, covalent and non-covalent interactions between these subsites and the
amino acids of the substrate (Figure 2.1).
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(a) Cysteine Protease
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Figure 2.2 Mechanism of proteolysis of a) cysteine proteases and b) serine proteases
(enzyme residues in black).
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The Cys/Ser residues and His residues of the catalytic triad form a stable thiolate- (cysteine
proteases) or hydroxy- (serine protease) imidazolium ion pair, which can hydrolyse the
scissile bond of the substrate. The proteolysis of peptide bonds occurs in four stages,
outlined in Figure 2.2. Initially, the substrate binds to the free enzyme, forming tetrahedral
transition state 1, which is stabilised by hydrogen bonding to Cys;s/Glnig (for cysteine
protease (papain numbering system)) or Glyi93/Serigs (for serine protease (chymotrypsin
numbering system)) that makes up the oxyanion hole. This is followed by acylation to give
the acyl-enzyme intermediate with the release of product I (C-terminal substrate fragment).
Hydrolysis then proceeds via a tetrahedral transition state Il to regenerate the free enzyme

and liberate product Il (N-terminal substrate fragment)."*®

Protease Selectivity

Protease selectivity is a key feature of inhibitors that is determined by the nature of amino
acids within the catalytic active site.® These amino acids define the groove or pocket in
which substrates/inhibitors bind. It is the nature of these amino acids that confer selectivity

within proteases in the same family.®

i) Calpains (Cysteine Protease)

Calpains are calcium-activated neutral cysteine proteases that are expressed ubiquitously in
biological systems. They belong to the papain superfamily of cysteine proteases, and
consist of at least 15 isoforms.”>* Two major isoforms have been identified; p-calpain
(calpain 1) and m-calpain (calpain 2), that differ in requirements of calcium concentration
for activation (LM and mM amounts respectively). Both are heterodimers, consisting of an
80 kDa subunit (domains I-1V) and a small 30 kDa subunit (domains V and VI) (see Figure
2.3). Domain Il contains the active site, and is divided into two subdomains Ila and Ilb.
The active site Cysios resides in domain Ila, while Hiszs, and Asnggs, which complete the
catalytic triad are located in domain I1b.* In the absence of calcium, the catalytic Cysios is
8.5 A away from His,s,, Which is too far for the formation of the active catalytic triad.
Upon binding of calcium, a conformational change occurs, reducing the distance between

Cysios and Hisyez to 3.7 A, a distance at which proteolysis can occur (see Figure 2.4).2%
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Figure 2.3 The structure of human m-calpain (PDB 1KFU).** Active site (red box) as ball
and stick representation: Cys;os, Hiszs2 and Asnag.
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Figure 2.4 Arrangement of the active site of human m-calpain (PDB 1KFU)* without

calcium bound? (left) and with calcium bound?’ (right).

Calpains have a limited and specific subsite specificity that is almost identical for both m-

and p-calpain. Several reviews*?*%

on calpain inhibitors highlight that i) the P, position
favours Leu over other amino acids and is the primary determinant of selectivity; ii) the P
position prefers Leu, Thr or Val but has little effect on specificity;? and iii) bulky aromatic
groups such as Phe and Pro are favoured at Ps.** Calpains are involved in many
pathological diseases (described in the next section) and thus, they are ideal targets for
inhibitor design. Knowledge on subsite specificity and mode of binding is critical for the
design of potent and specific inhibitors. Calpains have generated much interested as these
proteases have been implicated in the formation of cataracts, a disease which results in
impaired vision and/or blindness.** For example, a topical treatment of CAT811, developed

by our group, is at the forefront of cataracts treatment.**

i) Cathepsin (Cysteine Protease)

The cathepsins are a large family of cysteine proteases consisting of 11 isoforms (cathepsin
B,C,F, H K L,0O,S, V, W and X),* most of which are involved in protein degradation in
lysosymes.®® In particular, cathepsin L is a lysosomal cysteine protease that is synthesized
as an inactive proenzyme containing an auto inhibitory 96-residue N-terminal propeptide.
Removal of the propeptide from the active site produces mature cathepsin L of
approximately 24kDa, which consists of two distinct left (L-) and right (R-) domains. The
domains are separated by a “V’-shaped active site cleft, whereby Cys,s located in the L-
domain and Hises in the R-domain, form the catalytic active site of the enzyme (Figure
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2.5).3"3 As per cathepsin L, cathepsin S is also a 24 kDa lysosomal cysteine protease,
consisting of a single chain monomeric protein of 217 amino acids.*® Unlike cathepsin L
which is ubiquitously expressed, cathepsin S has a restricted tissue distribution.* It has
two domains, which is separated by a long, narrow active site cleft where Cys;s, Hisis9 and
Asn,7s are located. The structure of cathepsin S is highly similar to cathepsin L, displaying

57% sequence similarity.

Figure 2.5 Mature cathepsin L (PDB 1ICF).*" Active site (red box) as ball and stick

representation: Cysys and Hisses.

Due to their structural similarity, cathepsins L and S have similar substrate specificity. In
particular, both have broad substrate specificity, showing a preference for hydrophobic
residues at the P, position, while a wide range of substituents can be accommodated at the
P, position including Ala, Arg and Phe.*"*® The S,-P, subsite is considered the primary
determinant of specificity between cathepsin L and S, with cathepsin L preferring smaller
hydrophobic groups, such as Leu and Val and cathepsin S preferring bulkier hydrophobic
groups such as Phe.*? Portaro’s study® of cathepsin L showed that bulky hydrophobic
groups as well as positively charged residues (with the exception of Asp) are preferred at
the P5 position, due to the large S; pocket formed by the amino acids Asngs, Glugs and
Leuge. While little structural information is known about the S, subsite of cathepsin L,

preference for hydrophobic groups such as Phe and Leu at the P4 position has been
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shown.® In contrast, the S; pocket of cathepsin S is smaller than that of cathepsin L, and

has a positively charged residue, Lysgs.*

Cathepsins are viable drug targets due to their involvement in many diseases, such as
osteoporosis, arthritis, immune-related diseases, atherosclerosis and cancer, as well as a
variety of parasitic infections.*®***® Selective and potent inhibitors of cathepsin L and S

are of great interest due to their involvement in tumor growth and invasion.***®

i) Chymotrypsin (Serine Protease)

Chymotrypsin, a member of the serine protease family,*® contains 245 residues, arranged
in two six-stranded beta barrels,® with the active site cleft located between the two barrels.
The catalytic triad of chymotrypsin spans the active site cleft, with Serigs on one side and
Aspig2 and Hiss; on the other (Figure 2.6).

Figure 2.6 Structure of chymotrypsin (PDB 1AB9).”" Active site (red box) as ball and
stick representation: Serigs, Aspioz and Hissy.
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Within the serine protease family, substrate binding is dominated by the S;-P; interaction.
The S; subsite of a-chymotrypsin is characterised by a deep hydrophobic pocket and thus,
large hydrophobic residues (Tyr, Trp, Phe, Leu, Met) are preferred at P.>* In contrast, the
S»-S3 sites of chymotrypsin display little substrate discrimination, with the S; site being
capable of accommodating both L- and D-amino acids.*® Apart from the S;-P; interaction,
hydrogen bonding interactions between i) the carbonyl oxygen of Ser;14 and the NH of P4,
i1) the NH of Trp,15 and the carbonyl of P and iii) the carbonyl of Gly,;6 and the NH of P3
are critical for efficient substrate binding.>® Chymotrypsin is one of the better studied
proteases, and as such it is an ideal model for studying the versatility of an inhibitor design.

iv) Human Leukocyte Elastase (Serine Protease)

Human Leukocyte Elastase (HLE) is a hydrolytic enzyme contained within the azurophilic
granules of a polymorphonuclear leukocyte. It is a glycoprotein, with a single peptide
chain that forms two interacting antiparallel B-barrel cylindrical domains.>** The catalytic
triad residues Serigs, Hiss; and Aspig, of HLE are located in the crevice between the two
domains (Figure 2.7).

Figure 2.7 The structure of human leukocyte elastase (PDB 3Q76).>° Active site (red box)
as ball and stick representation: Serigs, Aspio2 and Hissy.
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Studies on peptidic substrates and inhibitors against HLE>™ have shown a clear
preference for medium-sized alkyl chains at the P, position (e.g. Leu and Val) since the S;
site is small due to the presence of Valois and Thryp6.% Interestingly, the nature of the Py
substituent accommodated is dependent on substrate length, with specificity becoming
broader with decreasing chain length.®* Likewise, the S, subsite of HLE prefers medium-
sized hydrophobic side chains at P, and while the Sz subsite is not important for selectivity,
residues with elongated side chains do form favourable interactions with the hydrophobic
surfaces of Pheig; and Valye.>® Drug targets of human leukocyte elastase are of great
interest due to their involvement in diseases such as chronic obstructive pulmonary

diseases.?2%3

Physiological Implications of Cysteine and Serine Proteases.

As shown from the examples presented, cysteine and serine proteases have been implicated
in numerous diseases and cellular processes and are thus, attractive targets for therapeutic
drugs. The roles of the cysteine and serine proteases studied in this thesis are summarized
in Table 2.1.

Table 2.1 Summary of cysteine and serine proteases and their implicated diseases.

Protease Disease
Calpain™ (cysteine) + Cataracts * Stroke
* Muscular dystrophy * Brain trauma
» Platelet aggregation o Alzheimer
» Spinal cord injury » Cardiac ischaemia
» Thrombotic restenosis o Arthritis
Capathesin L/S «  Atherosclerosis®* « Rheumatoid
(cysteine) + Cancer**®%° arthritis®®®

« Cardiovascular Disease®” « Multiple sclerosis®

Parkinson’s disease’° . Cancer”
71,72

Chymotrypsin
(serine) e Alzheimer’s disease

Human Leukocyte Adult respiratory distress e+  Cystic fibrosis

Elastase®?%?

syndrome » Chronic obstructive
(serine) * Pulmonary emphysema pulmonary disease

e Rheumatoid arthritis,
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The development of non-invasive inhibitors of cysteine and serine proteases is highly
desirable, as currently, there is a lack of such pharmaceutical treatments on the commercial
market. As a result of their involvement in several diseases (Table 2.1), an increased
understanding of these proteases will aid the treatment of diseases associated. Additionally,
through specific inhibitor design, selective inhibition of proteases is a promising
therapeutic strategy for combating diseases and improving the human lifestyle.

2.1.3 Current Design of Inhibitors of Cysteine and Serine Protease

A vast number of inhibitors of serine and cysteine proteases exist, which are classified as
either “active-site directed” or allosteric, depending on the mode of interaction with the
enzyme.” “Active-site directed” protease inhibitors specifically bind to active site
residues, most importantly P;-P3; and are further classified as either covalent/irreversible,
covalent/reversible, non-covalent/irreversible or non-covalent/reversible inhibitors.*
Reversible inhibitors are removed from the active site by increasing concentrations of
substrate and are characterised by non-covalent interactions (hydrogen bonding, ionic and
van der Waals interaction) between the enzyme and inhibitor. However, some covalently
bound inhibitors can result in reversible inhibition due to hydrolytically labile bonding.
Examples of covalent reversible inhibitors include peptidyl aldehydes and nitriles as
inhibitors of serine and cysteine protease. In contrast, irreversible inhibitors are commonly
substrate-like and possess an electrophilic functional group capable of covalently binding
to the enzyme, thereby rendering the enzyme inactive.™

Inhibitors of serine and cysteine proteases are often small peptide-based molecules

consisting of 2-5 amino acids"'®"

that are able to bind to specific regions of the enzyme.
Reversible inhibitors are generally preferred over irreversible inhibitors in a therapeutic
sense as the latter can covalently bind non-specifically to many nucleophiles en route to the
intended target, resulting in toxic side effects.’ Additionally, for irreversible inhibitors to
be effective, a high degree of selectivity is required to ensure that they do not deactivate
other proteases with concomitant side effects. As a result, the design of inhibitors of serine
and cysteine protease has been primarily directed towards the development of reversible
inhibitors and in particular, those possessing an electrophilic isostere in order to achieve a

greater affinity for the intended target. ’
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Cysteine Protease Inhibitors Features

Irreversible inhibitors of cysteine proteases typically contain electrophilic flouromethyl
ketones, epoxides, diazomethyl ketones, acyloxymethyl ketones, Michael acceptors or
ketomethyl sulfonium salts (Figure 2.8a)."%" For example, the epoxide-based inhibitor
E-64 (2.1, Figure 2.8b), inhibits p-calpain (ICso = 1.5 uM), m-calpain (ICsp = 1.1 pM),
papain (ICsp = 0.29 uM), cathepsin L (ICsp = 0.11 pM) and numerous cysteine protease,
however shows no activity against serine proteases.®’” The activity of E-64 is thought to be
due to reaction of the thiol active site of cysteine with the C-2 carbon of the oxirane

ring.”®"

a) irreversible peptide inhibitors

peptide\n/Hi/F peptidewnvﬁ peptideﬁ]/HQOJ\¢N2
o R o R o R
fluoromethyl ketones epoxides diazomethyl ketones
O CH
peptide\[]/“\.)ok/o\n/ Ar peptideﬁf“\i/\/EWG peptideYH;JJ\/é\@Z:;'@
0O R O O R O R
acyloxymethyl ketones Michael acceptor ketomethyl sulfonium salts

b) selective irreversible inhibitor E-64

NH )\

H

* O
)J\ /\/\/N : )"/ 3 2
H,N N N™ OH

E-64 (2.1)

Figure 2.8 Irreversible peptide inhibitors of cysteine proteases.

Reversible peptide inhibitors such as C-terminal aldehydes (Figure 2.9a) react with the
active site cysteine to form reversible thioacetal transition-state analogues. For example,
the classical peptidyl inhibitor, Leupeptin (2.2, Figure 2.9b), is a modest inhibitor of
cathepsin B (ICsp = 0.44 pM), p-calpain (ICsp = 0.27 pM) and m-calpain

(ICso = 0.38 uM), and has also been shown to inhibit serine proteases such as trypsin
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(ICso = 5.0 uM).%° Due to structural similarities within the cysteine proteases, peptidyl
aldehydes such as leupeptin, show little selectivity between proteases within the cysteine
protease family. Alternative groups, such as semicarbazones and peptidyl nitriles (Figure
2.9a), are reported to increase selectivity for one cysteine protease over another,”® but often
at the expense of potency.

a) reversible peptide inhibitors

(0]

. H . H H . H N
peptide N\)J\ peptide N x. _N NH peptide N///
Y H Y N Y o

R

O

O R (0] O R
peptidyl aldehyde peptidyl semicarbazone peptidy! nitrile

b) selective reversible inhibitor Leupeptin (2.2)

H O N (@]
\[(NQJ\N N\E)J\H NH
(@] :\(H O :\/\N
H

)J\NHZ

Leupeptin (2.2)

Figure 2.9 Reversible peptide inhibitors of cysteine proteases.

Serine Protease Inhibitors Features

Irreversible inhibitors of serine protease often possess a terminal electrophilic group such
as an alkyl fluorophosphate, chloromethyl ketone, or sulfonyl fluoride (Figure 2.10a).
Whilst, reversible inhibitors of serine protease usually possess an electrophilic functional
group such as an aldehyde, boronic acid or activated ketone (Figure 2.10b) located at the
C-terminus of the P; residue. These reversible-transition state analogues mimic the
transition state of the amide bond hydrolysis when bound to the active site of the enzyme
and thus, display a greater binding affinity than those that do not possess an electrophilic

isostere.” "
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a) irreversible peptide inhibitors

o] O o]
I . H . H Oy,
peptide N cl peptide N. 9
Rl\o,'FI:)\O,Rz \”/ \_)J\/ \[r \_/ “E
O R O R
alkyl fluorophosphates chloromethyl ketones sulfonyl flourides

b) reversible peptide inhibitors

H 0 H (?H H 0
eptide N eptide N_ B. eptide N
pep \W%H peptide . N Brgy pep \[(\;)kCFs
O R O R O R
peptidyl aldehyde boronic acids activated ketones

Figure 2.10 Current designs of (a) irreversible and (b) reversible peptide inhibitors of

serine proteases.

Most of the protease inhibitors developed to date are relatively flexible structures that must
pre-organize into a particular conformation prior to binding. More selective and potent
protease inhibitors may be achieved through the development of conformationally
restricted molecules that are fixed in the protease-binding conformation as discussed in the

following section.®®°

2.2 Improved Inhibitor Design for Cysteine and Serine

Protease

2.2.1 Importance of g-Strand Conformation

Proteases (including serine, cysteine, aspartic and metallo-proteases) universally bind their
substrates and inhibitors in an extended or B-strand conformation as depicted in Figure
2.11b.°%% This conformational requirement for recognition is defined by interactions
between the P, and S, subsites as discussed in section 2.1.2. This important observation
has lead to inhibitors that are defined in a f-strand conformation by a component
macrocycle. A classic B-strand is defined by torsion angles of ¢, v and w of 120°, 120° and
180°, respectively (Figure 2.11a), and is represented as an extended or “saw-tooth”

arrangement of amino acids with the amide bonds being nearly co-planar. This results in
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the amino acid side chains alternating above and below the plane of the peptide backbone
(Figure 2.11b).% The presence of a p-strand then entropically favours binding to a protease
as compared to a conformationally flexible analogue. These structures also offer
advantages of increased stability to proteolytic cleavage.

(@) H O P, H O

® Carbon @® Hydrogen © Oxygen ' Nitrogen

Figure 2.11 (a) Torsion angles, phi (), psi (y) and omega (w); and (b) *“saw-tooth”

arrangement for amino acids for a peptide p-strand.

This chapter investigates the influence of constraining inhibitors into an extended p-strand
conformation by linking the P, and P or for the first time, the P, and P, residues, on
binding affinity. The ICsy values of these inhibitors will be used to determine binding
affinity; assuming that an increased binding affinity will be reflected in an increase in
potency against the proteases tested (results presented in chapter 3). With few exceptions,
existing macrocyclic inhibitors are constructed by linking the P1-P5 residues, as illustrated
by calpain inhibitor CAT811% (2.3, Figure 2.12) and serine protease inhibitor 2.4%° (Figure
2.13). These efforts have thus far been mainly focused on aspartic, serine and metallo
proteases.® In addition, upon constraining both CAT811 2.3 and inhibitor 2.4 maintain
peptide-like structural features, and retain a p-strand conformation along an intact amino
acid backbone. Thus far, there are no reported macrocyclic inhibitors that are constrained
from the P, and P4 residues. There is also a clear need to decrease the peptidic character of
these inhibitors to increase biostablity and drugability.
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(@)
o] Hp o]
=
cozn Il A NP
z H o H 0

H :
o O o
HOZCJ SH
CAT811 (2.3) 2.4
Figure 2.12 Macrocyclic inhibitors that mimic the extended (3-strand conformation.

2.2.2 Importance of the Macrocycle for Conformational Constraint

Introduction of macrocyclic constraints to peptides can influence the orientation and thus,
affect their ability to bind to a given protease.?® These changes in structural orientation
allow the molecule to pre-organize into a -strand conformation that promotes the binding
of the modified peptide to the active site. Several examples exist whereby the incorporation
of a macrocycle into a peptide inhibitor amplifies the potency of the inhibitor. For
example, Fairlie and co-workers®* compared the acyclic HIV-1 protease inhibitor 2.5 with
its cyclic analogue 2.6 in competitive enzyme assays. The study showed the macrocyclic
inhibitor to be more potent (75-fold) than the acyclic analogue.

0
0
AcHN\)k j:WNJk j‘\:g( N.~CONH; " H\)LNJJ\I(N\H
0 A OQ( o "7 © (CH2)3
\ﬁ @ @ 0% \QO/

(Ki = 60 pM) (Ki = 0.8 um)
2.5 2.6

Figure 2.13 Acyclic versus macrocyclic inhibitors of HIV-1 protease.®

A similar increase in potency has been noted in our group. Macrocyclic aldehyde, CAT811
(2.3, Figure 2.14) was found to be approximately 4-fold more potent than its acyclic
analogue, 2.7 (Figure 2.14).%
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0 -0 0 .0
cozin A AN cozin I AN

R : :H :
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) 0
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(|C50 =30 nM) (|C50 =130 nM)
2.3 2.7

Figure 2.14 Acyclic versus macrocyclic inhibitors of m-calpain.**

Cyclisation of peptides can be achieved by cyclisation through the N- and C- termini to
form a new amide bond giving a macrocyclic system. Alternatively, the functional side
groups of amino acids can be modified/utilised such that ring formation can be
promoted.**®° The latter will be further investigated within this study.

2.2.3 Methods for Introducing Conformation Restriction

A number of methods have been reported for introducing a conformational constraint.
Constraining along the peptide backbone can be achieved through the introduction of a
cyclic unit such as a lactam® or an aromatic pyrrole spacer,®” which is known to promote a
B-strand conformation. Additionally, an inhibitor can be conformationally constrained by

98,99

macrocyclization such as ring-closing metathesis™ or Huisgen 1,3-dipolar cycloaddition

as recently pioneered by us and others.?*%

a) Ring-Closing Metathesis

Ring-closing metathesis is an efficient and mild method towards macrocyclization101 that
has been widely utilised in conformationally constrained peptidomimetics (see chapter 1,
section 1.2).71%1%7 This methodology was successfully applied to the synthesis of
macrocyclic inhibitor of calpain, CAT811.%

b) Huisgen 1,3-dipolar cycloaddition

An alternative method for macrocyclization is the Huisgen 1,3-dipolar cycloaddition.'%®***
This form of cycloaddition has been found to be high yielding and is a highly modular
reaction that is suitable for use in an aqueous environment."'? Furthermore, alternating

between catalysts, results in the generation of two isomeric linkers within the macrocycle

39




Chapter Two

(Figure 2.15). It has been shown that the use of a copper (I) catalyst gives a 1,4-

112-114 115

disubstituted triazole, whilst a ruthenium catalyst gives a 1,5-disubstituted triazole.

R\N’ N Cu(l) Ru R\N’ N
\_( <«— RNy + =R ——>» _
catalyst 3 catalyst F
R’ R’
1,4-disubstituted 1,5-disubstituted
triazole triazole

Figure 2.15 Isomeric linkers generated by Huisgen 1,3-dipolar cycloaddition.

The mechanism of copper-catalysed Huisgen 1,3-dipolar cycloaddition is outlined in
Figure 2.16.° Firstly, an alkyne (a) coordinates to a copper (I) catalyst [M] forming
copper acetylide (b). The azide subsequently binds to the copper (c), resulting in the
formation of a six-membered copper (111) metallacycle intermediate (d). Ring contraction
proceeds, resulting in the formation of triazolyl-copper (e), followed by protonolysis to

@ N\

give the desired 1,4-triazole (f).

N
v (®) 0 ‘\N
N\ N
(a) IM]
,\ @ g
7= [M]
N\;’N __ M] \_/N\\N N
" N. N
N

Figure 2.16 Mechanism of copper-catalysed Huisgen 1,3-dipolar cycloaddition. [M] is

used to denote the copper catalyst and attached ligands.*°

The Huisgen 1,3-dipolar cycloaddition has been successfully used in our group to furnish

100

calpain inhibitors™ (Figure 2.17) and provides a general means of constraining flexible

peptides into the preferred -strand geometry.
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CszN\)L

w

n=3,4 R-=Leu, Phe
2.8

Figure 2.17 Constraining P; and Ps residues by Huisgen 1,3-dipolar cycloaddition for the
generation of macrocyclic -stranded inhibitors.'®

2.3 Design and Synthesis of Macrocyclic Protease Inhibitors

Whilst cyclisation is an important tool for inducing preferred conformations of inhibitors,
many of the current inhibitors are still highly peptidic in nature. We suggest that the
introduction of a planar aromatic group, such as pyrrole, into the peptide backbone would
reduce peptidic character while maintaining or even enhancing the (-strand geometry.

Such structures should also have improved proteolytic stability.

This chapter describes the design and synthesis of a new class of macrocyclic protease
inhibitor with a planar aromatic spacer in the peptide backbone that decreases the peptidic
character while maintaining an appropriate geometry for protease binding. Two novel
series of P;-P; and P2-P4 cyclised protease inhibitors are presented (Figure 2.18). The
pyrrole aromatic spacer in the backbone of the inhibitor retains the p-strand conformation
while reducing the peptidic nature of the inhibitor. The macrocycle core is introduced by
either ring closing metathesis or Huisgen 1,3-dipolar cycloaddition.

41




Chapter Two
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P1-P3 constrained inhibitor P,-P4 constrained inhibitor
2" Generation Macrocyclic Protease Inhibitors
Figure 2.18 Scaffold of 1% generation inhibitors and 2" generation macrocyclic protease

inhibitors, which includes both cyclisation and introduction of a planar aromatic group.

The target inhibitors (designated 2" generation macrocycles) are outlined in Figure 2.19.
An electrophilic aldehyde is incorporated at the C-terminus to allow reversible inhibition
of the active sites of both serine and cysteine proteases. An aryl group was incorporated
into the P, and/or P3 position (Figure 2.19a); or the P, and/or P4 position (Figure 2.19b) to
further constrain the geometry of the inhibitor and to explore potential specificity effects
based on binding preferences at this position. Additionally, varying the amino acid at Py,
P,, and P4 position should provide selectivity between protease families and classes (see

section 2.1.2 for details on selectivity). For example, calpains®**%

are known to prefer
Leu in the Py position, while chymotrypsin® prefers Phe in the P; position. Using this
knowledge, protease selectivity can be investigated by a simple change of the amino acid

residue in the P; position to give the P,-P4 constrained macrocycles (Figure 2.19b).
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a) P,-P5 Constrained 2" Generation Protease Inhibitors
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Figure 2.19 Target P1-P5 and P,-P4 constrained 2™ generation protease inhibitors.
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2.3.1 Molecular Modelling of Macrocyclic Protease Inhibitors

P1-P5 2" Generation Protease Inhibitors

The target macrocycles 2.10, 2.12, 2.14, 2.16, 2.19 and 2.20 (see Figure 2.19a) were
subjected to preliminary molecular and docking studies against calpain, as conducted by a
postdoctoral fellow in our group at the University of Canterbury (Dr. Steve McNabb).
Molecular modelling was performed with Schrodinger Suite, 2005. The crystal structure of
human mini calpain | (PDB 1ZCM)® was prepared using the protein preparation facility in
Glide 4.0, by mutation in silico of Serjis to Cysiis to re-establish the natural amino acid
composition of calpain I (pu-calpain), followed by deprotonation of Cysiis and protonation
of Hisyzz. The in silico ovine homology models were created by virtual mutation of the
appropriate residues around the active site cleft. This structure was minimized using the
OPSL2005 force field with a GB/SA water model. A docking grid was generated, and

117,118

inhibitors were docked into the calpain model using GLIDE (Schrodinger) to

establish the docking of the compounds.

Molecular and docking studies evaluate the position of this aldehyde carbonyl and its
susceptibility for nucleophilic attack from the thiol cysteine, as required for reversible,
covalent inhibition of calpain.®* The target structures 2.10, 2.12, 2.14, 2.16, 2.19 and 2.20
were docked into ovine calpain | (p-calpain) and ovine calpain 1l (m-calpain) 1%
generation homology model, which exhibits a close homology to the human crystallin
sequences.™® The results and parameters for the docking studies of macrocycles 2.10, 2.12,
2.14,2.16, 2.19 and 2.20 are outlined in Table 2.2.
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Table 2.2 Docking studies and parameters of macrocycles 2.10, 2.12, 2.14, 2.16, 2.19 and

2.20 against ovine calpain I/11.

R

0]

n!

[\
N

210R=H,n=2
212R=CH3,n=2

e

R,
oj
o)

R

O
[\ H
o A, N\:_)LH 0
nl A 0 :2 :
O/\/\/O

214R=H,n=2
216 R=CHz n=2

R

B
N

2.19R=H
2.20 R = CH,

Compound Grid

Most Representative Pose

H-bonds"® WHD? (A)
210 0-CAPNL Glyus(A), Glyx0s(D), Glysra(A), Seror 3.96
0-CAPN2  Glyiss(D), Glyzei(A) 4.33
212 0-CAPNL  Glyss(A), Glysos(D), Glysr(A) 3.28
0-CAPN2  Glyisa(A), Gly1ss(D), Glyzei(A) 3.61
214  0-CAPNL  Glyss(A), Glyaos(D), Gly271(A), Seras: 3.77
0-CAPN2  Glyisa(D), Glyze(A), Serzur 3.59
216 0-CAPNL Glyss(D), Glysi(A) 3.80
0-CAPN2  Glyiss(A), Gly1ss(D), Glyssi(A), Serss 3.56
219  0-CAPNL1 Glys 3.48
0-CAPN2  Glyiss(A), Gly1os(D), Glyss1(A), Serras 3.92
220  0-CAPN1  Glyxa(D), Glys7:(A) 3.31
0-CAPN2  Glyisa(A), Gly1ss(D), Glyzei(A) 3.60

# Warhead distance (WHD) is the distance between the carbonyl carbon of the aldehyde and the active site

cysteine sul

® Hydrogen bonds from the carbonyl group of Glyggs, the NH group of Glyagg and the carbonyl group of

furin A

Gly,7; of the ovine | (0-CAPN1) homology model are labelled Gly,os(A), Glya0g(D) and Gly,71(A),

respectively.

¢ The analogous hydrogen bonds from the carbonyl group of Glyigs, the NH group of Gly;eg and the carbonyl

group of Gly,g; of the ovine 11 (0-CAPN2) homology model are also labelled Gly;gg(A), Gly198(D) and

Gly,61(A), respectively.
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Representative poses of 2.10 and 2.14 (Figure 2.20) suggest that these compounds bind
with ovine calpain 11 homology model with the required -strand backbone conformation.
In addition, the carbonyl aldehydes were orientated to allow nucleophilic attack of the thiol
(Cysi0s) of the enzyme active site, with a distance of 4.33 A and 3.59 A for macrocycles
2.10 and 2.14, respectively. Macrocycles 2.10 and 2.14 adopted hydrogen bonds with
Glyi9s, Gly261 and Seras1, suggesting that they bind tightly within the binding pocket. The
well-defined interactions of macrocycles 2.10, 2.12, 2.14, 2.16, 2.19 and 2.20 with model
ovine calpain I/1l suggest that these compounds are promising targets as inhibitors of

cysteine and serine proteases.

% N

Figure 2.20 (a) Macrocycle 2.10 and (b) macrocycle 2.14 docked with ovine calpain 11 1%

generation homology model. Hydrogen bonding interactions with the corresponding amino

acid are shown as yellow dashed lines.

P,-P4 2™ Generation Protease Inhibitors

Molecular modelling and docking studies of the P,-P, macrocycles 2.21-2.26 (see Figure
2.19b) with calpain were conducted in collaboration with Dr. Matt Sykes and Mr. Steven
Nguyen (University of South Australia, Australia). Molecular modelling was conducted
with OpenEye Scientific Software, 2010.° The crystal structure of rat mini calpain |
(PDB 2G8E)'* was prepared using FRED Receptor, by removal of co-crystallized ligand,
calcium ions and water molecules; followed by the addition of the following parameters:
inner contour of 101 A; outer contour of 1706 A; custom constraint centred around sulphur
of the active site cysteine; and a SMARTS constraint selecting for the aldehyde group. A
docking grid was generated, and inhibitors were docked to the calpain model using FRED

(version 2.2.5) to establish the docking of the compounds.
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Table 2.3 Docking studies and parameters of macrocycles 2.21-2.26 against rat calpain |

(rCAPNL1)

B B
N H N H
o Ay H)\f o Ay ™ H)\( o

Ho)o
0

H

4

H O R
N,JJ\N/HfH
L

O/\/\/o
221 R=Leu 2.23 R =Leu 2.25R =Leu
2.22 R = Phe 2.24 R = Phe 2.26 R = Phe
Most Representative Pose
Compound Grid
H-bonds® WHD? (A)

2.21 rCAPN1 Glyzog(A), Glyzog(D), G|y271(A) 2.60
2.22 rCAPN1 Glyzog(A), Glyzog(D), G|y271(A) 3.61
2.23 rCAPN1 Glyzog(A), Glyzog(D), G|y271(A), Ly8347, G|y207 2.89
2.24 rCAPN1 Glyzog(D), G|y271(A) 3.48
2.25 rCAPN1 Glyzog(A), Glyzog(D), G|y271(A) 3.01
2.26 rCAPN1 Glyzog(A), Glyzog(D), G|y271(A) 3.60

# Warhead distance (WHD) is the distance between the carbonyl carbon of the aldehyde and the active site
cysteine sulfur in A

® Hydrogen bonds from the carbonyl group of Glyggs, the NH group of Glyagg and the carbonyl group of

Gly,7; of the rCAPN1 homology model are labelled Gly,gs(A), Gly20s(D) and Gly,71(A), respectively.

Representative poses of 2.23 and 2.25 (Figure 2.21) suggest that these compounds bind

with rat calpain 1 homology model with the required p-strand backbone conformation. In

addition, the carbonyl aldehydes were shown to be orientated to allow nucleophilic attack

of the thiol (Cysios) of the enzyme active site, with a distance of 2.89 A and 3.01 A for

macrocycles 2.23 and 2.25, respectively. Macrocycles 2.23 and 2.25 adopted hydrogen

bonds with Gly,s and Gly,7:. The macrocycle 2.23 showed additional hydrogen bonds

with Lysss7 and Gly,g7, suggesting that it binds tightly within the binding pocket. The well-

defined interactions of macrocycles 2.21-2.26 with model rat calpain | suggest that these

compounds would be promising targets as inhibitors of cysteine and serine proteases.
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Figure 2.21 (a) Macrocycle 2.23 and (b) Macrocycle 2.25 docked with rat calpain 1.
Hydrogen bonding interactions with the corresponding amino acid are shown as green
dashed lines.

Figure 2.22 Overlay of CAT811 (1% generation P;-P3 macrocycle; green carbon) and
macrocycle 2.25 (2" generation P,-P, macrocycle; grey carbon) showing alignment of

peptide backbone.

A structural overlay of the P,-P4 macrocycle 2.25 with the 1% generation P1-Ps macrocyclic
calpain inhibitor, CAT811 (Figure 2.22) shows good alignment of the peptide backbone
and similar positioning of the aldehyde group. This suggests that the P,-P, macrocycles are
capable of adopting the p-strand conformation required for tight binding and has the

potential to act as calpain inhibitors.
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The subsequent sections highlight the synthesis of these P;-P; and P,-P, macrocyclic
aldehydes using ring closing metathesis (RCM) or Huisgen 1,3-dipolar cycloaddition for
the generation of potential proteases inhibitors.

2.3.2 Synthesis of 2" Generation Macrocycles by Ring Closing
Metathesis (RCM)

The target P1-P; and P,-P, 2™ generation macrocycles 2.9-2.18 and 2.21-2.26 were
prepared from a common macrocyclic core A, which can be obtained from pyrroles F and
acid chlorides G, as outlined in Figure 2.23. Friedel-Craft’s acylation of pyrroles F,
followed by hydrolysis and amidation of the resulting pyrroles E with amino acids D
would give acyclic peptides C. The key macrocyclic core A can then be obtained by ring-
closing metathesis of acyclic peptide C, followed by palladium-catalysed reduction of
macrocycle B. Reduction of the C-terminal methyl ester would then give the required P1-P3
macrocyclic aldehydes. P,-P4 macrocycles can be obtained from hydrolysis of macrocyclic
core A, followed by amidation with requisite amino alcohol and subsequent oxidation to
the required aldehydes. Initially, the optimal reaction conditions for the synthesis of

macrocyclic core A was investigated and is outlined below.
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Figure 2.23 Retrosynthetic analysis of P;-P; and P,-P, macrocyclic aldehydes from
macrocyclic core A

Pyrrole 2.27 was acylated at C, with trichloroacetyl chloride to give pyrrole 2.28 in good
yield using a literature-based procedure.**® Nucleophilic substitution of trichloro pyrrole
122 gave the required ethyl 1H-pyrrole-2-carboxylate 2.29, which
was subsequently reacted with 1,1-dichlorodimethyl ether in the presence of aluminium
123 to give pyrrole 2.30. Palladium/carbon reduction of pyrrole 2.30 gave the key
2,4-substituted pyrrole 2.31 in excellent yields (Scheme 2.1).

2.28 with sodium ethoxide

chloride
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H O
(| (i) P (|||) N A
¢ o @&d o A v
2.27 2, 2.29 2.30 R = CHO
() |—_> 2.31 R = CHs

Scheme 2.1 Reagents and Conditions: i) (Cl)sCCOCI, Et,0, rt, 3 h (84%); ii) NaOEt,
EtOH, rt, 40 min, (91%); iii) MeOCHCI,, AICl;, CH,Cl,, CHsNO,, -20 °C, 18 h (44%);
iv) Hy, Pd/C, EtOH, rt, 9.5 h, (95%).

The other key starting materials, allyl derivatives 2.38, 2.39, 2.42 and 2.43 were prepared,
to allow generation of 2,5- and 2,4,5-substituted pyrroles 2.45-2.51, as shown in Scheme
2.3. O-Allylation'®* of commercially available methyl 4-hydroxy-phenylacetate 2.32 and
methyl 3-(4-hydroxyphenyl)propionate 2.33 gave esters 2.34 and 2.35, respectively, in

125

quantitative yields (Scheme 2.2). Subsequent saponification > of esters 2.34 and 2.35 gave

carboxylic acids 2.36 and 2.37, which were separately reacted with thionyl chloride'?®*?’
to give acid chlorides 2.38 and 2.39 in excellent yields as shown in Scheme 2.2. These acid
chlorides were used immediately without further purification. Commercially available 3-
butenoic acid 2.40 and 4-pentenoic acid 2.41 were similarly reacted with thionyl

chloride™®**" to furnish acid chlorides 2.42 and 2.43 in quantitative yields (Scheme 2.2).

a)
ROBTESAR Sl IE—at G
n O/ n O/ n OH
232n=1 234n=1 236n=1
233n=2 235n=2 237n=2
l(iii)
b) 0 (i) 0 /\/Om
—_—
MJ\OH Mq e
240n=1 242n=1 238n=1
241n=2 243n=2 2.39n=2

Scheme 2.2 Reagents and Conditions: i) Allyl Bromide, K,COs, TBAI, DMF, rt, 18 h,
(100%); ii) LiOH-H,0, THF, H,0, 40 °C, 3.5 h, (99-100%); iii) SOCI,, CH,Cl,, 40 °C,
18 h, (100%).
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With pyrroles 2.29/2.31 in hand, Friedel-Craft’s acylation in the presence of acid chlorides
2.38/2.39/2.42/2.43/2.44 was attempted to give pyrroles 2.45-2.51 as shown in Scheme 2.3.
Friedel-Crafts acylation of pyrroles with acid chlorides has been carried out in the presence
of zinc chloride.”® However, treatment of 2,5-substituted pyrrole 2.29 with allyl acid
chloride 2.39, in the presence of zinc chloride at 50 °C, failed to give the desired pyrrole
2.46. Instead, pyrrole 2.52 was obtained as a result of a tandem Lewis acid catalysed

129-131

Claisen rearrangement of the tethered allyl phenyl ether as shown in Scheme 2.4.

Several other Lewis acids have been shown to catalyse this Claisen hydroaryloxylation,

129 and transition metal

131

such as aluminium chloride, boron trifluoride and zinc chloride,

complexes, (e.g. copper (I1) triflate, iridium (I11) chloride/silver triflate,
132 130

silver triflate,

silver perchlorate™ and scandium (111) triflate).

Rl Rl
m Friedel-Craft's 7
Acylation 2
N OV + RZ _cl —_ R N OV
N T N
o) ¢} e}
229RI=H 2.38 R? = CH,Ph-p-OAll 2.45 R! = H, R? = CH,Ph-p-OAll
231R1=CH;  2.39 R?=(CH,),Ph-p-OAll 2.46 R! = H, R? = (CH,),Ph-p-OAll
2.42 R? = CH,CH=CH, 2.47 R! = H, R? = CH,CH=CH,
2.43 R? = (CHy),CH=CH, 2.48 R! = H, R? = (CH,),CH=CH,
2.44 R? = (CH,)gCH=CH, 2.49 R! = H, R? = (CH,)gCH=CH,

2.50 R = CH3, R? = CH,Ph-p-OAll
2.51 R! = CHg3, R? = (CH,),Ph-p-OAll

Scheme 2.3 Friedel-Craft’s acylation of pyrroles 2.29/2.31.

o) 0 o) o)
2.29 2.39 @) 2.46
@]
]\
O
N ~
o H o
2.52

Scheme 2.4 Reagents and Conditions: i) ZnCl,, 1,2-DCE, 50 °C (13%)

Ytterbium (I11) triflate (Yb(OTf)s), a transition metal complex, has also been shown to
promote Friedel-Crafts acylation of pyrrole derivatives in nitromethane at room
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temperature.”® Additionally, Yb(OTf); has been shown to facilitate acylation without
promoting the undesired Claisen hydroaryloxylation of the allyl phenyl ether motif.** As
such, Friedel-Crafts acylation of pyrrole 2.29 was attempted in the presence of ytterbium
(111) triflate (Yb(OTf)s).

Reaction of pyrrole 2.29 and acid chloride 2.39, in the presence of Yb(OTf); catalyst
(0.1 equiv) in nitromethane, gave the desired 2,5-substituted pyrrole 2.46 in moderate
yield, see Table 2.4, entry 1. This yield is in accordance with known examples of Friedel-

Crafts acylations of pyrroles.'?%%*

However, since pyrroles 2.45-2.51 are key
intermediates in the synthesis of P1-P3 and P,-P, 2™ generation macrocycles 2.9-2.18 and
2.21-2.26, an optimisation of Friedel-Crafts acylation of pyrrole 2.46 was attempted as
outlined in Table 2.4. Reaction of pyrrole 2.29 and acid chloride 2.39 with an increased
Yb(OTf); catalyst loading (0.5 and 1 equiv) resulted in an increased rate of consumption of
the starting pyrrole, see Table 2.4, entries 2 and 3. However, a decrease in the isolated
yields of the desired pyrrole 2.46 was observed due to the formation of a complex mixture
of products that could not be efficiently separated. Treatment of pyrrole 2.29 and acid
chloride 2.39 with 0.05 equivalents of Yb(OTf)s resulted in increased reaction times and
did not improve yields of the desired product, Table 2.4, entry 4. The lower yield was
consistent with the recovery of the starting pyrrole, while the increased reaction times
allowed competing reactions to occur. Reaction of Yb(OTf); (0.1 equiv) with pyrrole 2.29
and acid chloride 2.39 in either dichloromethane or 1,2-dichlorethane as a solvent instead
of nitromethane, resulted in an increased reaction time and decreased yields of pyrrole
2.46, Table 2.4, entries 5 and 6. Additionally, starting pyrrole 2.29 was recovered and a
complex mixture of products that could not be efficiently separated was obtained, resulting

in lower isolated yields.
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Table 2.4 Optimisation of Friedel-Craft’s acylation of pyrrole 2.29 and acid chloride 2.39

~_0
O o
N ~7F “solvent N ~
H o o H o
2.29 (1 equiv) 2.39 (2 equw)

Equivalents Reaction Yield of 2.46

Entry Solvent Yb(OTR; time (h) %)
1 Nitromethane 0.1 21 40°
2 Nitromethane 0.5 2.5 11°
3 Nitromethane 1 2.5 5°
4 Nitromethane 0.05 140° 23°
5 Dichloromethane 0.1 140° 26"
6 1,2-Dichloroethane 0.1 140° 11°

d

® Equivalents relative to 2.29. ° Starting material 2.29 recovered. ¢ One-fold or ¢ two-fold column

chromatography (silica gel, EtOAc/petroleum ether 1 : 4) was utilised in purification of 2.46.

With optimized conditions for the Friedel-Crafts acylation of 2,5-substituted pyrroles
established, pyrroles 2.29 and 2.31 were allowed to separately react with acid chlorides
2.38, 2.39, and 2.42-2.44 under these conditions as shown Scheme 2.5. Pyrrole 2.29 was
successfully acylated with acid chlorides 2.38, 2.39 and 2.44 to give 2,5- substituted
pyrrole 2.45, 2.46 and 2.49 in low to moderate yields, see Table 2.5, entries 1, 2 and 5.
However, synthesis of pyrrole 2.45 required 0.2 equivalents of Yb(OTf); catalyst and an
extended reaction time (93 h) to facilitate consumption of starting pyrrole 2.29.

R1 R!
(i)
N )il N
O o) ¢} o)

229Rl1=H 2.38 R? = CH,Ph-p-OAll 2.45 R! = H, RZ = CH,Ph-p-OAll

231R1=CH;  2.39 R?=(CH,),Ph-p-OAll 2.46 R! = H, RZ = (CH,),Ph-p-OAll
2.42 R? = CH,CH=CH, 2.47 R = H, R? = CH,CH=CH,
2.43 R? = (CH,),CH=CH, 2.48 R! = H, R? = (CH,),CH=CH,
2.44 R? = (CH,)gCH=CH, 2.49 R! = H, R? = (CH,)gCH=CH,

2.50 R! = CH3, R? = CH,Ph-p-OAll
2.51 R! = CHg, R? = (CH,),Ph-p-OAll

Scheme 2.5 Reagents and Conditions: i) Yb(OTf)s, CH3NO,, rt, 21 h, (0-53%).
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Table 2.5 Friedel-Crafts acylation of pyrroles 2.29 and 2.31.

Entry Pyrrole Acid Chloride Product (Isolated yield %)

1 2.29 2.38 2.45 (17%)
2 2.29 2.39 2.46 (40%)
3 2.29 2.42 2.47 (0%)
4 2.29 2.43 2.48 (0%)
5 2.29 2.44 2.49 (53%)
6 2.31 2.38 2.50 (18%)
7 2.31 2.39 2.51 (33%)

Interestingly, treatment of pyrrole 2.29 with acid chlorides 2.42 and 2.43 did not give the
desired pyrrole 2.47 and 2.48. Rather pyrrole 2.52 (Scheme 2.6) was obtained from
reaction of pyrrole 2.29 with acid chloride 2.42 due to electrophilic addition of HCI to the
allylic olefin, while reaction in the presence of acid chloride 2.43 gave starting pyrrole
2.29, Table 2.5, entries 3 and 4. Formation of pyrrole 2.52 is a result of carbocation
formation at the allylic olefin (2.53, Scheme 2.6) under acidic condition, facilitating
addition of a chloride anion. To resolve this, basic aluminium oxide (Al,O3) was added, in
order to quench any carbocation that might form.*®

/Y 0 /Y
%go\/—k WU —X X N SN

o) o H o
2.29 2.42 2.47
/N\ o cr /N\ o
@
c o " o o H o
2.52 253

Scheme 2.6 Reagents and Conditions: i) Yb(OTf)s, CH3NO,, rt, 21 h, (6%).

Addition of aluminium oxide (Al,O3) has been shown to suppress carbocation
formation,"® however reaction of pyrrole 2.29 with acid chloride 2.42 in the presence of
Al;O3 proved to be unsuccessful, with only starting pyrrole 2.29 being recovered after

reaction for 6 days, see Table 2.6, entry 1. Given this lack of success using Yb(OTf)s in
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nitromethane with basic Al,O5 as an additive, an alternative catalyst was investigated. The
addition of aluminium chloride to pyrrole 2.29 failed to give the desired acylated pyrrole
2.47, Table 2.6, entry 2. *H NMR analysis of the crude mixture suggested the loss of the
pyrrole with characteristic pyrrolic proton resonances not observed between 6.25 - 6.95
ppm. The addition of basic additive Al,Os to the reaction of pyrrole 2.29 and acid chloride
2.42 in the presence of AICIs, did not catalyse acylation, with only starting pyrrole
recovered after reaction for 7 days, Table 2.6, entry 3. As a result of difficulties in
obtaining pyrroles 2.47 and 2.48, the synthesis of P1-P3 macrocycles 2.17 and 2.18 was
abandoned, and efforts were focused on the synthesis of the other P3-Ps and P,-P, 2™
generation macrocycles 2.9-2.16 and 2.21-2.26.

Table 2.6 Optimisation of Friedel-Craft’s acylation of pyrrole 2.29

7\ catalyst 78\
o ™ Cl /" X o)
N ~T \/\[f solvent H ~
H o 0 o) o)
2.29 (1 equiv) 2.42 (2 equiv) 2.47
Entry Solvent Catalyst  Additive  Yield of 2.47 (%)
1 Nitromethane Yb(OTf); Al;04 0%
2 Dichloromethane AlCl; - 0%
3 Dichloromethane AlCl; Al,O3 0%

Pyrrole 2.29 was reacted with acid chlorides 2.38 and 2.39 in the presence of Yb(OTf); to
give pyrroles 2.50 and 2.51 in low to moderate yields, see Table 2.5, entries 5 and 6.
Purification of pyrroles 2.50 and 2.51 was difficult requiring multiple rounds of
chromatography and extractions, which contributed to the low yields obtained.
Subsequently, due to the low yields obtained, intermediates 2.50 and 2.51 were abandoned.
Focus was thus directed at the synthesis of P1-P3 macrocycles 2.10, 2.12, 2.14, 2.16 and
P,-P4 macrocycles 2.21-2.26 from intermediate pyrroles 2.46, 2.49 and 2.51.

With key intermediates 2.46, 2.49 and 2.51 in hand, esters 2.46, 2.49 and 2.51 were
hydrolysed to furnish carboxylic acids 2.54-2.56 in excellent yields (Scheme 2.7). The
amino acids, 2.63 and 2.66, required for subsequent amidation were prepared from readily

available starting materials as shown in Scheme 2.8. Amino acid 2.63 was prepared in

56




Chapter Two

quantitative yield from commercially available (S)-N-Boc-allylglycine, 2.62 (Scheme 2.8),
on reaction with thionyl chloride in anhydrous methanol.*****" Amino acid 2.66 was
prepared by esterification of corresponding Boc-protected amino acid (Boc-O-allyl-L-
tyrosine, 2.64) (Scheme 2.8) with methyl iodide (Mel)**® to give methyl ester 2.65, and the

Boc group was removed to give the free amino acid 2.66.**

Rl Rl
) J\ 5 (i) or (iii) g , J\ H o
R MOR Ra AL NN \i)ko _
o H o o H o R

0 ,: 2.46 R!=H, R? = (CH,),Ph-p-OAll, R® = Et 2.57 R! = H, R? = (CH,),Ph-p-OAll, R® = CH,CH=CH,

2.54 R! = H, R? = (CH,),Ph-p-OAll, R® = H 2.58 R = H, R? = (CH,),Ph-p-OAll, R® = CH,Ph-p-OAll
0 ,_: 2.49 R!=H, R? = (CH,)gCH=CH,, R3 = Et 2.59 R! = H, R? = (CH,)gCH=CH,, R® = CH,CH=CH,

255R!=H,R%= (ZCHz)ch=CH2, R®=H 2.60 R! = CHj3, R? = (CH,),Ph-p-OAll, R® = CH,CH=CH,
W[ 2.51 R = CHg, R? = (CHp),Ph-p-OAll, R3 = Et 2.61 R! = CHj3, R? = (CH,),Ph-p-OAll, R® = CH,Ph-p-OAll

2.56 R = CH3, R? = (CH,),Ph-p-OAll, R® = H

Scheme 2.7 Reagents and Conditions: (i) KOH, THF, H,0, 40-50 °C, 18 h, (85-100%); ii)
2.63, EDCI, HOBt, DIEA, anh. CH,Cl;, Ny, rt, 18 h, (33-94%); iii) 2.66, HATU, HOB,
DIEA, anh. CH,Cl,, Ny, rt, 18 h, (48-94%).

0 o)
BocHN QKOH (@) H,N QJ\O/
Eﬁ : x HCI
| h

2.62 2.63
o) 0 o)
BocHN\;)J\OH (ii) BocHN.QJ\O/ (i H,N \_.)J\o/
H H X TFA H
LT T T
2.64 2.65 2.66

Scheme 2.8 Reagents and Conditions: i) SOCI,, anh. MeOH, 0 °C = rt, 16 h, (100%); ii)
Mel, NaHCO3, anh. DMF, rt, 50 h, (100%); iii) TFA, anh. CH,Cl, 0 °C = rt, N, 5 h,
(100%).

The carboxylic acids 2.54 and 2.56 were separately reacted with amino acid 2.63, in the
presence of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI),
1-hydroxybenzotriazole (HOBt) and N,N-diisopropylethyl amine (DIEA) to give acyclic
tripeptide 2.57 and 2.60 in excellent yields of 94% for both reactions. In comparison,
amidation of carboxylic acid 2.54 with amino acid 2.66 furnished acyclic tripeptide 2.58 in
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a reduced vyield of 33%. However, the use of 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HATU), in place of EDCI, in the coupling of
carboxylic acid 2.54 with amino acid 2.66 gave peptide 2.58 in an improved yield of 94%.
The amidation of carboxylic acid 2.55 with amino acid 2.63 gave acyclic peptide 2.59 in
48% vyield, while the amidation of carboxylic acid 2.56 with amino acid 2.66 was also
improved under these conditions, i.e. HATU/HOBUt/DIEA, to give 2.61 in 83%.

R1 Rl Rl

(o} o} o
H
OYZ/:\)ﬁ(NQJ\O/ @) OJ;\)\WH\_)J\O/ (ii) o /N\ H\)J\O/

Rz H o RS x\H_o/\? x\H_o/\?

2.57 R = H, R? = (CH,),Ph-p-OAll, 2.67 R = H, X = -(CH,),Ph-p-OCH,-, 2.72 Rt = H, X = -(CH,),Ph-p-OCH,-,
R3 = CH,CH=CH, Y = -CH,. Y =-CH,.

2.58 R! = H, R? = (CH,),Ph-p-OAll, 2.68 R! = H, X = -(CH,),Ph-p-OCH,-, 2.73 R! = H, X = (CH,),Ph-p-OCH,-,
R3 = CH,Ph-p-OAll Y = -CH,Ph-p-OCH,- Y = -CH,Ph-p-OCH,-

2.59 R! = H, R? = (CH,)gCH=CH,, 2.69 R = H, X = -(CH,)g-, 2.74 R = H, X = -(CHy)g-,
R® = CH,CH=CH, Y = -CH,. Y = -CH,.

2.60 RY = CH3, R? = (CH,),Ph-p-OAll,  2.70 R = CHg, X = -(CH,),Ph-p-OCH,-,  2.75 R = CHg, X = -(CH,),Ph-p-OCH,-,
R® = CH,CH=CH, Y = -CH,. Y = -CH,.

2.61 R! = CH3, R? = (CHy),Ph-p-OAll,  2.71 R = CHg, X = -(CH,),Ph-p-OCH,-,  2.76 R = CHg, X = -(CH,),Ph-p-OCH,-,
R® = CH,Ph-p-OAll Y = -CH,Ph-p-OCH,- Y = -CH,Ph-p-OCH,-

Scheme 2.9 Reagents and Conditions: i) Grubbs 2™ Generation Catalyst, anh. CH,Cly, 45
°C, 2 h, (15-71%); ii) H,, Pd/C, EtOAc, rt, 18 h, (67-98%).

The dienes 2.57-2.61 were then cyclised by ring-closing metathesis (RCM) using 2™
generation Grubbs catalyst (20 mol%) in dichloromethane to give the key macrocyclic
cores 2.67-2.71 in modest to good yield (15-71%), as a 1:1 mixture of E/Z isomers based
on 'H NMR spectrum. The E/Z isomer mixture was of no significance as the olefin was
subsequently hydrogenated in the presence of hydrogen and palladium on carbon.
Hydrogenation of macrocycle 2.67 in methanol gave a hemiketal, as evidenced by a singlet
at 3.77 ppm in the *H NMR spectrum. This was supported in the **C NMR spectrum with
the absence of the ketone resonance at 191.9 ppm and two new resonances at 118.1 ppm
from the carbon of the hemiketal and at 57.2 ppm from the methyl group. Substitution of
methanol for ethyl acetate (EtOAc) or acetonitrile (ACN) in the hydrogenation reaction
did, however, give the desired reduced macrocycle 2.55 in 67%. Similarly, hydrogenation
of macrocyclic alkenes 2.67-2.71 in ethyl acetate gave the corresponding reduced

macrocycles 2.72-2.76 in moderate yields.
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A single X-ray crystallographic structure of macrocycle 2.72 was solved as depicted in
Figure 2.24 in order to define the conformation of the component macrocycle. The crystal
structure revealed that the macrocycle does not adopt a 3-strand conformation, see dihedral
angles depicted in Figure 2.23. Typically a p-strand has dihedral angles of ¢ = y = 120°
and w = 180°.°* However, constraining the P1/P, and Ps/P, side chains in macrocycle 2.72
had resulted in a increase in the v dihedral angle at P,/P, (C3 in Figure 2.24) to 171°,
resulting in a slight bent in the C-terminus. This bend is of significance as this may result
in the P; residue of the P,-P, macrocycle not being in the optimal orientation for
interaction with the protease active site.

Dihedral Angle
A 04-C9-C8-N2 -168°
B C9-C8-N2-C5 178°
C C8-N2-C5-C4 -179°
D N2-C5-C4-N1 151°
E C5-C4-N1-C3 () -176°
F C4-N1-C3-C2 (¢) -123°
G N1-C3-C2-01 (y) 171°

Figure 2.24 X-ray crystal structure and atom labeling of 2.72 (ORTEP). Displacement
ellipsoids are shown at 50% probability label for non-H atoms. H atoms are depicted as

small circles of arbitrary radii.

59



Chapter Two

2.3.2.1 Preparation of P;-P; Macrocyclic Protease Inhibitors

It was envisaged that P1-P3 macrocyclic aldehydes 2.10/2.12/2.14/2.16 would be obtained
by selective reduction of the ester motif of macrocycles 2.72/2.73/2.75/2.76, followed by
oxidation of the resulting primary alcohols to the aldehyde. Reduction of macrocycle 2.72
was accomplished with lithium borohydride'?® from -78 °C to 0 °C, to give the macrocyclic
alcohol 2.77, whereby only the keto motif was reduced (Scheme 2.10). The macrocyclic
alcohol 2.77 proved to be unstable and decomposed over 8h at room temperature. This
proved problematic for the enzyme inhibition assay. Reaction of macrocyclic ester 2.72
with lithium borohydride at -78°C, followed by warming to room temperature, resulted in
non-selective reduction of the both the ketone and ester groups to give the diol 2.78
(Scheme 2.10). However, it was postulated that the keto group could be regenerated during
oxidation of the primary alcohol to the required aldehyde; hence macrocycles
2.72/2.73/2.75/2.76 were reduced to furnish macrocyclic diols 2.78-2.81 in good to
excellent yields. Macrocyclic diols 2.78-2.81 were assayed against cysteine (calpain) and
serine (a-chymotrypsin) proteases as discussed in detail in chapter 3 (section 3.3).

0
]\ H
HO N Ni o
H 0 =
o} 0 )
7\ N o)
e
N ©© 2.77
H 0 = .
) > ho, A N N
0 (ii N " OoH
2.72 H o )
o}
2.78

Scheme 2.10 Reagents and Conditions: i) LiBH4, THF, -78 °C (3 h) = 0 °C (30 min),
(50%); ii) LiBH4, THF, 78 °C (1 h) > rt (L h), (81%).
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o]
/7 \\ H 7\ H
o) N ~ HO N
H o x) - = H o x)
o) o
2.72 R=H, X = -CH,- 2.78 R=H, X = -CH,-
2.73 R = H, X = -CH,Ph-p-OCH,- 2.79 R = H, X = -CH,Ph-p-OCH,-
2.75 R = CHg, X = -CH,- 2.80 R = CHg, X = -CH,-
2.76 R = CHg, X = -CH,Ph-p-OCH,- 2.81 R = CHj, X = -CH,Ph-p-OCH,-

Scheme 2.11 Reagents and Conditions: i) LiBH,, THF, -78 °C (1 h) = rt (1 h), (62-
100%).

Oxidation of the alcohol groups of 2.78 was next attempted using sulfur trioxide-pyridine
complex and dimethylsulfoxide in the presence of DIEA (Parikh-Doering Oxidation).****
These mild conditions are known to minimise potential epimerisation of the alpha-carbon
adjacent to the aldehyde.*** However, oxidation of the macrocyclic diol 2.78 under these
conditions gave the macrocyclic aldehyde 2.82 (Scheme 2.12) as evidenced by the 'H
NMR spectrum. *H NMR analysis showed a resonance at 4.72 ppm due to the secondary
alcohol and two aldehyde signals at 9.59 ppm and 9.61 ppm consistent with two
diastereoisomers. The aldehyde 2.82 was also unstable and decomposed rapidly overnight

(10 h). As a result, attention was focussed on the P,-P4 macrocyclic aldehydes.

o)
7\ H 7\
HO N N\i_/\OH 0 o \ NEQLH
0 ) X o) )
o) 0

2.78 \ 2.10
HO

O
/7 N\ K
@M“
H o *
O)

2.82

Scheme 2.12 Reagents and Conditions: i) Isopropanol, DMSO, DIEA, SOsPy, N,
0°C->rt,3h.
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2.3.2.2 Preparation of P,-P, Macrocyclic Protease Inhibitors

It was envisaged that P,-P, macrocyclic aldehydes would be obtained by hydrolysis of
ester motif of macrocycles 2.72-2.74, followed by amidation of the resulting carboxylic
acids with amino alcohols via a succinimide ester intermediate and oxidation of the
primary alcohols to the aldehyde.*® Hydrolysis of the macrocyclic ester 2.72, with sodium
hydroxide, gave the corresponding carboxylic acid 2.83 that was used without further
purification. Subsequent reaction of carboxylic acid 2.83 with N-hydroxysuccinimide, in
the presence of either EDCI or HATU only returned starting macrocycle 2.83. As a result,
amidation of carboxylic acid 2.83 with either (L)-leucinol or (L)-phenalaninol was
attempted.

O O
/7 N\ H /N H /\
) oL )
@)
l(IV)

O/N\NJL
»,

285

Scheme 2.14 Reagents and Conditions: i) 2M NaOH, THF, rt, 16 h (not isolated); ii)
HOSu, EDCI, THF/CHCI;, rt, 18 h, (0%); iii) HOSu, HATU, THF/CH,CI,, rt, 18 h, (0%);
iv) (L)-Leucinol, HATU, HOBt, DIEA, anh. DMF, rt, 18 h, (83%).

Reaction of carboxylic acid 2.83 with (L)-leucinol, in the presence of HATU, gave the
macrocyclic alcohol 2.85 in good yield. The macrocyclic esters 2.72-2.74 were similarly
hydrolysed to their corresponding carboxylic acids and coupled with (L)-leucinol or (L)-
phenalaninol, in the presence of HATU, to give the desired macrocyclic alcohols 2.85-2.90
in moderate to good yields (Scheme 2.21).
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N B AU B
(@) N N\.)J\O/ @, (i) (0] N N\_)J\N/K/OH (iii) or (iv) (©) N\.)J\N/HfH
x_. H o ¥ x_ H vy H vy " o
\_/

N
2.72 X = -(CH;),Ph-p-OCH,-, 2.85 X = -(CH,),Ph-p-OCH,-, 2.21 X = -(CH,),Ph-p-OCHj-,
Y =-CH,. Y =-CH,-, R=Leu Y =-CH,-, R=Leu
2.73 X = -(CH,),Ph-p-OCH,-, 2.86 X = -(CH;),Ph-p-OCH,-, 2.22 X = -(CH,),Ph-p-OCH,-,
Y = -CH,Ph-p-OCH,- Y =-CH,-, R = Phe Y =-CH,-, R =Phe
2.74 X = -(CHy)g-, 2.87 X = -(CH,),Ph-p-OCH,-, 2.23 X = -(CH,),Ph-p-OCH,-,
Y =-CH,. Y = -CH,Ph-p-OCH,-, R = Leu Y =-CH,Ph-p-OCH,-, R = Leu
2.88 X = -(CH,),Ph-p-OCH,-, 2.24 X = -(CH,),Ph-p-OCH,-,
Y = -CH,Ph-p-OCH,-, R = Phe Y = -CH,Ph-p-OCH,-, R = Phe
2.89 X = -(CHy)g-, 2.25 X = -(CH,)g-,
Y =-CH,-, R = Leu Y =-CH,-, R=Leu
2.90 X = -(CH,)g-, 2.26 X = -(CH,)g-,
Y =-CH,-, R = Phe Y =-CH,-, R = Phe

Scheme 2.15 Reagents and Conditions: i) 2M NaOH, THF, rt, 16 h (not isolated); ii)
(L)-Leucinol or (L)-Phenalaninol, HATU, HOBt, DIEA, anh. DMF, Ny, rt, 18 h, (36-
83%); iii) Isopropanol, DMSO, DIEA, SOsPy, N,, 0 °C = rt, 3 h, (0%); iv) Dess-Martin
Periodinane, anh. CH,Cl,, N, rt, 1 h, (15-65%).

Oxidation of the alcohol 2.85 with Dess-Martin periodinane’*’ gave the desired Py-P4
macrocyclic aldehyde 2.21 in a moderate yield of 37% after purification by high-pressure
liquid chromatography (HPLC) as a single epimer. If epimerization had occurred, signals
for both isomers, particularly the aldehyde hydrogen and the alpha-hydrogen of the P;
residue, would have been evident in the *H and **C NMR. The P; residue, which is directly
connected to the aldehyde, is more susceptible to epimerization than the P, residue that is
part of the macrocycle. These signals were clearly defined as single resonances in the *H
and *C NMR spectra of aldehyde 2.21 confirming the formation of a single epimer (Figure
2.25). The macrocyclic alcohols 2.86-2.90 were similarly oxidised with Dess-Martin
periodinane to give the desired P,-P, macrocyclic aldehydes 2.22-2.26 in low to moderate
yields. Analysis of the 'H NMR spectra of aldehydes 2.22-2.26 again showed the
formation of a single epimer. Interestingly, attempted oxidation of the macrocyclic
alcohols with sulfur trioxide-pyridine complex and dimethylsulfoxide (Parikh-Doering
conditions) in this case failed to give the desired aldehydes. With requisite macrocyclic
alcohols 2.85-2.90 and aldehydes 2.21-2.26 in hand, inhibition studies against cysteine
(calpain and cathepsin) and serine (a.-chymotrypsin and HLE) proteases were conducted

and are discussed in detail in chapter 3 (section 3.4).
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Figure 2.25 "H NMR spectrum of aldehyde 2.21 showing the single resonances for the
CHO peak (enlarged inset) and the a-protons (circled in blue); and the loss of CH,OH

signal (red square box).

2.3.3 Synthesis of 2" Generation P;-P; Macrocycles by Huisgen 1,3-
Dipolar Cycloaddition

The macrocyclic core of P;-P; 2" generation macrocycles 2.19 and 2.20 (Figure 2.26)
would be obtained using a Huisgen cycloaddition as the key step. Initial Friedel-Craft’s
acylation of pyrroles 2.29 and 2.31 with acid chloride 2.98, followed by subsequent
hydrolysis would give intermediate pyrroles 2.96 and 2.97 as shown in Figure 2.25. The
key macrocyclic esters 2.91 and 2.92 would be obtained by separate amidation of pyrroles
2.96 and 2.97 with amino acid 2.95, followed by Huisgen 1,3-dipolar cycloaddition of
acyclic peptides 2.93 and 2.94. Subsequent reduction of the C-terminal methyl ester
substituent to an aldehyde would then give potential protease inhibitors with the
macrocycle linking P; to P; as discussed in section 2.3. The key intermediates 2.96 and
2.97 would be obtained in a similar manner to the preparation of intermediates 2.45-2.51 as
discussed in section 2.3.2.
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R
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1,3-dipolar
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220 R =CH; 2.94 R = CHj3
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R
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W W 2 steps H + HzN\é)kO/
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2.98 229R=H Ns
2.31 R =CHs

2.95

296 R=H
2.97 R=CHs

Figure 2.26 Retrosynthetic analysis of P3-P3 macrocyclic aldehydes by Huisgen 1,3-

dipolar addition.

O-Allylation***'*® of commercially available methyl 3-(4-hydroxyphenyl)propionate 2.33
with propargyl bromide gave 2.99 in excellent yield (Scheme 2.16). Subsequent
saponification of the methyl ester of 2.99 gave carboxylic acid 2.100, which was reacted
with thionyl chloride to give the acid chloride 2.98 in excellent yield. Acid chloride 2.98
was used without purification for the generation of 2,5- and 2,4,5-substituted pyrroles, 2.96

and 2.97, as shown in Figure 2.26.

N
HO 0 N\_o i .0
e e
\©\/\(O\ \©\/\H/O\ \©\/\H/R

o O (0]

2.33 2.99 2100 R = OH
(i) [, 598 R = cl

Scheme 2.16 Reagents and Conditions: (i) Propargyl Bromide, K,COs, TBAI, DMF, rt, 18
h, (99%); (ii) LiOH.H,0, THF, H,0, 40 °C, 3.5 h, (98%); (iii) SOCI,, CH,Cl,, 40 °C, 18 h,
(100%).
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The amino acid azide 2.95, required for amidation of pyrrole 2.96/2.97, was prepared by
reaction of commercially available Na-Boc-L-lysine 2.103 with triflic azide 2.102 as
shown in Scheme 2.17. Triflic azide 2.102 was freshly prepared from reaction of triflic
anhydride 2.101 with sodium azide.™*® Simultaneous removal of the Boc protecting group
and esterification of Na-Boc-azido-L-lysine 2.104 was achieved by treatment with thionyl

chloride in anhydrous methanol to give azide amino acid 2.95 in 72% yield.

o 0 Q , BockN JL on @ _ BocHN JKOH

FsC- S O- S CF; —> N3— S—CF
o o 0 \/\/NHZ S~ Ns
2.101 2.102 2.103 2.104

i(iii)

HZN\)J\ P

X HCI :
\/\/N3

2.95

Scheme 2.17 Reagents and Conditions: (i) NaNs, anh. CH3CN, 0 °C, 2 h (not isolated); (ii)
EtsN, CuS0O4.5H,0, CH3CN/H,0, 0 °C (3 h) = rt (16 h) (48%); (iii) SOCI,, anh. MeOH, 0
°C (1 h) = rt (16 h) (72%).

The pyrrole 2.29 was reacted with acid chloride 2.98, under Friedel-Craft’s acylation
conditions in the presence of Yb(OTf)s to give ester 2.105 in an isolated yield of 24%,
with starting pyrrole 2.29 being isolated as a major by-product. Increasing the equivalents
of Yb(OTf)s (0.2 equiv) or the reaction time did not improve yields. The thus obtained
pyrrole ester 2.105 was hydrolysed on treatment with potassium hydroxide to give the
corresponding carboxylic acid 2.96, which was amidated with amino acid 2.95 using the
previously established EDCI/HOBt/DIEA conditions to give the acetylene azide 2.93 in a
33% yield. Amidation of carboxylic acid 2.96 with amino acid 2.95 was also attempted in
the presence of HATU, however in this case, a diminished yield of the desired acetylene
azide 2.93 was obtained (Scheme 2.18).
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i o (i) N_o

N YO T %CI ! 3 or
N

" o H o

o)
2.29 2.98 . 2.105R = Et
@[5 596 R =H

l(iii) or (iv)

\\\/O 0]
7\ H
o H o \

2.93 N3

Scheme 2.18 Reagents and Conditions: i) Yb(OTf)s, CH3NO-, rt, 21 h, (24%); (ii) KOH,
THF, H,0, 40-50 °C, 18 h, (94%); (iii) 2.95, EDCI, HOBt, DIEA, anh. CH,Cl,, N, rt, 18
h, (33%); (iv) 2.95, HATU, HOBt, DIEA, anh. CH,Cly, No, rt, 18 h, (14%).

Intramolecular Huisgen 1,3-dipolar cyclisation of acetylene azide 2.93 was attempted as
shown in Table 2.7. Reaction with copper sulphate (CuSO4.5H,0) in the presence of
sodium ascorbate (NaAsc) (Table 2.7, entry 1) failed to give the desired macrocycle 2.91
with only starting material being recovered after 20 h reaction. Reaction of 2.93 with
copper wire (Table 2.7, entry 2), or copper nanopowder (Table 2.7, entry 3) in the presence
of triethylamine hydrochloride salt similarly gave only returned starting material. The use
of more forcing reaction conditions, by refluxing 2.93 in the presence of copper bromide
(CuBr) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in toluene, did however give the

desired macrocycle 2.91 in moderate yields (Table 2.7, entry 4).
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Table 2.7 Intramolecular Huisgen 1,3-dipolar cycloaddition reaction of acetylene azide
2.102.

NN O
\ H
Xx_ 0 e o. A\ N \)J\o/
[\ N \)J\ _ Catalyst H :
N : @) —> O
H : Solvent /)
@) (0]
\ N\
| N
(e) N

N3
2.93 2.91
Ent Catalyst Solvent T (°C)  Time (h) Yield of
ntr atalys olven emp. ime
y Y P 2.91 (%)
CuS04.5H,0 (1 equiv) + 1:1
+3M0 {1 equi) rt 20 0°
NaAsc (1 equiv) THF/H0
10:1
2 Cu Wire 35 20 0?
CH3CN/H,0
Cu Nanopowder (0.2 equiv 2:1
P (0.2 equiv) rt 48 0?

+ EtzN.HCI (0.2 equiv) t-BuOH/H,0

CuBr (1 equiv) + A
4 ) Toluene 110 2.5 26
DBU (1 equiv)

% Starting material recovered (Entry 1: 58%, Entry 2: 75%, Entry 4: 62%). ° Reaction purified by preparative
TLC.

An alternative synthetic route to macrocycle 2.91 was investigated as shown in
Scheme 2.19 in an attempt to improve yields. This sequence involved first forming the
triazole linker to give compound 2.108 using Huisgen 1,3-dipolar cycloaddition, followed
by amidation induced cyclization to give the desired macrocycle 2.91. Protection of the
carboxy-terminal of amino acid 2.104 and pyrrole 2.96 was conducted prior to Huisgen
1,3-dipolar cycloaddition reaction (Scheme 2.19). The use of t-butyl and boc protecting
group allowed simultaneous removal of these groups prior to peptide cyclisation.
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0
BocHN\)J\ N \\\/o 1BUO |\ OBocHN\//<
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B OR ------ > o H N
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e 2.96 R = H
N ()5 5107 R=t-Bu N
()" 2104R=H V[ N
> 2.106 R = Me 0 N’
2.108
! (iv)
0
H 0
o. A N\ K - @ HO '\ o HN
N 7 o _ W N
N, z
\i 'N V[N
N N
© N
2.91 2.109

Scheme 2.19 Reagents and Conditions: (i) NaHCOs, TBAI, Mel, anh. DMF, Ny, rt; (ii)
(COCI);, DMF, anh. CH,Cly, rt; then KO'Bu, anh. t-BuOH, 40 °C: (iii) CuSO,.5H,0,
NaAsc, 2 : 1 t-BuOH/H0, rt; (iii) HATU, HOBt, DIEA, anh. CH,Cl;, N, rt.

Protection of amino acid 2.104 was achieved by methylation of the terminal carboxylic
acid, in the presence of methyl iodide and potassium carbonate to give amino acid 2.106 in
40% vyield. The use of potassium carbonate instead of sodium bicarbonate gave an

improved yield of 80%.

0 0
BocHN. I\, BocHN. A\ -
H (i) or (ii) )

\H —_— \
N3 N3
2.104 2.106

Scheme 2.20 Reagents and Conditions: (i) K,COs, TBAI, Mel, anh. DMF, Ny, rt, 90 h,
(40%); (ii)) NaHCOg3, TBAI, Mel, anh. DMF, Nj, rt, 90 h, (80%).
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A series of reaction conditions for the protection of carboxylic acid 2.96 with t-butyl was
investigated, as shown in Table 2.8. Reaction of amino acid 2.96 with oxalyl chloride,
followed by the addition of t-butanol gave a complex mixture of by-products from which
the protected amino acid 2.107 was isolated in a very low yield of 5%, (Table 2.8, entry 1).
Alternatively, reaction of amino acid 2.96 with phosphoryl chloride (Table 2.8, entry 2),
followed by the addition of t-butanol, gave only returned starting carboxylic acid 2.96.
Steglich esterification,*** a mild and convenient reaction for the formation of t-butyl esters
was next attempted (Table 2.8, entry 3). Reaction of 2.96 under these conditions
(4-DMAP, EDCI, t-BuOH) gave the bis-pyrrole 2.110 in a high yield of 84% (Table 2.8,
entry 3; Scheme 2.21). The pyrrole ester 2.107 was finally obtained in high yield by initial
conversion of carboxylic acid 2.96 to its corresponding acid chloride using thionyl

chloride, followed by esterification with potassium t-butoxide (Table 2.8, entry 4).

Table 2.8 Esterification of carboxylic acid 2.96

\/o \\\/O
MOH > \©\/\[(</N—\)\W07<
o " o o H o
2.96

2.107
Entry Reaction Conditions Yield of 2.107 (%)

1 (1) (COCI),, anh. DMF, anh. CH,Cly, rt, 1 h;

(i) t-BUOH, KO'Bu, 40 °C, 2 h >
2 (i) POCI3, 40 °C 18 h; .

(i) t-BUOH, KO'Bu, 40 °C, 2 h °
3 (i) DMAP, anh. t-BuOH, anh. CH,Cl,, EDCI, 0 °C (2 h) A

2> rt (16 h) °
4 (i) SOCly, rt 18 h;

83

(i) t-BuOH, KO'Bu, 40 °C, 3 h

? Starting material recovered (70%). ° Dimer product obtained (see Scheme 2.21)
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\\\/o

/ \ ® N 0

N OH —>
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o H o \ /)

O NV
2.96 2.110 /\\

Scheme 2.21 Reagents and Conditions: i) 4-DMAP, anh. t-BuOH, anh. CH,Cl,, EDCI, 0
°C (2 h) = rt (16 h) (84%)

Table 2.9 Formation of triazole 2.108 by Intermolecular Huisgen 1,3-dipolar cycloaddition.

wuo. A\ BocHN 0
BocHN\)L \/o N
Catalyst o H
\H \©\/\H/O\n/ " Solent z
2.106 2.107 N'
2.108
Temp. Time Yield of
Entry Catalyst Solvent
(°C) (h) 2.108 (%)
CuS04.5H,0 (0.01 equiv) + 2:1
1 _ rt 450 0?
NaAsc (0.1 equiv) t-BuOH/H,0
) 2:1
2 Cu Nanopowder (0.1 equiv) rt 450 0?
t-BuOH/H,0
2:1

Cu Nanopowder (0.2 equiv)
3 _ t-BUOH/H;0 rt 144 0
+ EtsN.HCI (0.2 equiv)
(10 mM)

2:1
Cu Nanopowder (0.2 equiv) 1
4 ) t-BuOH/H,0 rt 144 0
+ EtsN.HCI (0.2 equiv)
(33 mM)

% No product formation by NMR and IR. ® Desired product observed by NMR, Ratio of 2.108 : 2.107 = 2 : 1.

With amino acid 2.106 and pyrrole ester 2.107 in hand, intermolecular Huisgen 1,3-dipolar
cycloaddition was attempted in the presence of copper sulphate (CuSO4.5H,0) and sodium
ascorbate (NaAsc) (Table 2.9, entry 1). However, the desired triazole 2.108 was not
obtained after 18 days with starting materials 2.106 and 2.107 being the major products.
Reaction with copper nanopowder (Table 2.9, entry 2), or 10 mM copper

nanopowder/triethyl amine salt solution (Table 2.9, entry 3) again failed to give the triazole
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2.108 with starting amino acid 2.106 and pyrrole ester 2.107 being recovered after 18 and 6
days, respectively. Increasing the concentration of copper nanopowder/triethyl amine salt
from 10 mM to 33 mM and reaction for 6 days led to some success (Table 2.9, entry 4).
However, an *H NMR spectrum of the crude mixture showed that the starting pyrrole was
not entirely consumed, with the desired triazole 2.108 and starting ester 2.107 being
obtained in a ratio of 2 : 1. Due to difficulties in separation of the desired compound and
starting material, the earlier route to macrocycle 2.91 was adopted.

The desired P1-P3 macrocyclic aldehyde 2.19 would be obtained by selective reduction of
the ester of 2.91, followed by oxidization of the resulting primary alcohol 2.111 (Scheme
2.22). Reduction of the ester of macrocycle 2.91 was attempted (LiBH,), however only the
reduced keto derivative, macrocycle 2.111, was obtained in a low yield of 10%. As a
result, the synthesis of P1-P3 macrocyclic aldehyde 2.19 and 2.20 by Huisgen 1,3-dipolar
cycloaddition was abandoned.

(i)

291 2111 2.19

Scheme 2.22 Reagents and Conditions: i) LiBH,4, THF, -78 °C (1 h) = rt (1 h) (10%); ii)
Isopropanol, DMSO, DIEA, SOzPy, Np, 0°C = rt, 3 h.

2.4 Design and Synthesis of Acyclic Protease Inhibitors

This section describes the design and synthesis of acyclic analogues of the P;-P; and P2-P4
2" generation macrocyclic inhibitors (macrocycles 2.21-2.26 and 2.78-2.79), which were
prepared for comparative inhibition assay. The acyclic analogues 2.112-2.113 (Figure
2.27a) and 2.116-2.121 (Figure 2.27b) contain the same substituent at the Py, P;3 and P4
compared to the macrocyclic derivatives 2.78-2.79 and 2.21-2.26 (section 2.3.2),
respectively. The shorter acyclic P;-P; aldehyde analogues 2.114-2.115 (Figure 2.27a),

containing one amino acid less, allow for comparisons with the P1-P4 analogues and can be
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prepared by substituting the P; position with leucinol and phenylalaninol, which can be
subsequently oxidized to obtain the required aldehyde motif. The only constraint within the
acyclic derivatives is a pyrrole motif in the peptide backbone.

| | Hd | ] Hd
0) N
HO N N o S \;)LH
P3 H O F_)]_ P3 ) Pl
[P3 = aryl [Pl = aryl, alkyl [P3 = aryl [Pl = Leu, Phe
O
| ] Hd | || H
HO N
H \/\OH @) N N\;)]\H
o P "o B
2.112 Pl = CH2CH:CH2 2.114 Pl = Leu
2.113 P; = CH,Ph-p-OCH,CH=CH, 2.115 Py = Phe

a) Acyclic Analogue of P3-P5 Constrained 2" Generation Protease Inhibitors

P, = aryl, alkyl P, = aryl, alkyl

P; = Leu, Phe

I\ H I\ T
) N\)LH/kH/H o) N N\:)LH/'\H/H 0

o W 0 H o o)
o /\/
2.116 R=Leu 2.118 R=Leu 2.120 R =Leu
2.117 R = Phe 2.119 R = Phe 2.121 R = Phe

b) P;-P4 Acyclic Analogue of P,-P, Constrained 2™ Generation Protease Inhibitors
Figure 2.27 Target structures for the acyclic Pi-P; and P:-P4 2" generation protease
inhibitors.
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2.4.1 Synthesis of P;-P3 Acyclic Protease Inhibitors

The P1-P3 acyclic diols 2.112-2.113 and aldehydes 2.114-2.115 were prepared as shown in
Scheme 2.23 and 2.24 in order to elucidate the importance of the P;-P; 2" generation
macrocyclic core (macrocycles 2.78 and 2.79, section 2.3.2.1). Acyclic esters 2.57 and
2.58 were successfully reduced to their corresponding diols 2.112 and 2.113 using lithium
borohydride in high yields of 78%.

/\/O (@) . /\/O
IY R O B
N 7 0 N " OH
o) H » H B

O R OH O R
2.57 R = CH,CH=CH, 2.112 R = CH,CH=CH,
2.58 R = CH,Ph-p-OAll 2.113 R = CH,Ph-p-OAll

Scheme 2.23 Reagents and Conditions: i) LiBH,, THF, -78 °C (1 h) = rt (1 h), (78%).

Amidation of carboxylic acid 2.54 with (L)-leucinol or (L)-phenalaninol in the presence of
HATU (described in section 2.3.2.2) gave the peptidyl alcohols 2.122 and 2.123 in yields
of 62% and 82%, respectively. Oxidation of the alcohol groups of 2.122 and 2.123 was
achieved in the presence of Dess-Martin periodinane to give aldehydes 2.114 and 2.115 in
33% and 39% yields respectively. *H NMR spectra of aldehydes 2.114 and 2.115 showed a
single resonance at 9.66 and 9.70 ppm, respectively, consistent with a single aldehyde.
With requisite acyclic alcohols 2.112-2.113 and aldehydes 2.114-2.115 in hand, inhibition
studies against serine (a-chymotrypsin and HLE) and cysteine (calpain and cathepsin)

proteases were conducted and will be discussed in detail in chapter 3.

/\/O . /\/O
(i) H
T oy I\ H e
N N \_/
o " o o H o rt

2.54 (i) 2.122 R! = Leu, R? = CH,OH
,: 2.114 R! = Leu, R2 = CHO

. 2.123 R! = Phe, R% = CH,OH
1l ’ 2
® ,: 2.115 R! = Phe, RZ = CHO

Scheme 2.24 Reagents and Conditions: i) (L)-Leucinol or (L)-Phenalaninol, HATU,
HOBt, DIEA, anh. DMF, N, rt, 18 h, (62-82%); ii) Dess-Martin Periodinane, anh.
CH2C|2, N, rt, 1 h, (33-39%)
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2.4.2 Synthesis of P;-P4 Acyclic Protease Inhibitors

The P1-P4 acyclic aldehydes 2.116-2.121 were prepared as shown in Scheme 2.25 in order
to elucidate the influence of the Px-P; 2" generation macrocyclic core found in
macrocycles 2.21-2.26 (section 2.3.2.2). Acyclic esters 2.57-2.59 were hydrolysed to their
corresponding carboxylic acids 2.124-2.126, which were used without further purification.
Subsequent amidation of carboxylic acids 2.124-2.126 with (L)-leucinol or
(L)-phenylalaninol in the presence of HATU gave alcohols 2.127-2.132 in moderate to
high yields. Alcohols 2.127-2.132 were then oxidised in the presence of Dess-Martin
periodinane to give the required P;1-P4 acyclic aldehydes 2.116-2.121 in moderate yields.
'H NMR spectra of aldehydes 2.116-2.121 again showed a single aldehyde resonance at
9.35-9.64 ppm.

(0] - O R3
1 o\ H (i) _ 1 /\ H
R N NiJJ\ORa > R N N\i)I\N/'\/OH
o " o r o H o wr H

(i)’:2.57 R = (CH,),Ph-p-OAll, R? = CH,CH=CHj,, R® = Me 2.127 R = (CH,),Ph-p-OAll, R? = CH,CH=CH,, R® = Leu
2.124 R! = (CH,),Ph-p-OAll, R? = CH,CH=CH,, R® = H 2.128 R! = (CH,),Ph-p-OAll, R? = CH,CH=CH,, R3 = Phe
(i),:2.58 R! = (CH,),Ph-p-OAll, R? = CH,Ph-p-OAll, R®=Me  2.129 R! = (CH,),Ph-p-OAll, R? = CH,Ph-p-OAll, R® = Leu
2.125 R! = (CH,),Ph-p-OAll, R? = CH,Ph-p-OAll, R® = H 2.130 R! = (CH,),Ph-p-OAll, R? = CH,Ph-p-OAll, R® = Phe
(i),: 2.59 R! = (CH,)gCH=CH,, R? = CH,CH=CH,, R® = Me 2.131 R! = (CH,)gCH=CH,, R? = CH,CH=CH,, R® = Leu
2.126 R = (CH,)gCH=CH,, R? = CH,CH=CH,, R®=H 2.132 R! = (CH,)gCH=CH,, R? = CH,CH=CH,, R® = Phe

l(iii)
0O RS
R%HJN)\WH
H o re H o

o

2.116 R! = (CH,),Ph-p-OAll, R? = CH,CH=CH,, R® = Leu
2.117 R! = (CH,),Ph-p-OAll, R? = CH,CH=CH,, R® = Phe
2.118 R! = (CH,),Ph-p-OAll, R? = CH,Ph-p-OAll, R® = Leu
2.119 R! = (CH,),Ph-p-OAll, R? = CH,Ph-p-OAll, R® = Phe
2.120 R! = (CH,)gCH=CH,, R? = CH,CH=CH,, R® = Leu
2.121 R = (CH,)gCH=CH,, R? = CH,CH=CH,, R® = Phe

Scheme 2.25 Reagents and Conditions i) 2M NaOH, THF, rt, 16 h (not isolated); ii) (L)-
Leucinol or (L)-Phenalaninol, HATU, HOBt, DIEA, anh. DMF, Ng, rt, 18 h, (57-92%);
iii) Dess-Martin Periodinane, anh. CH,Cly, Ny, rt, 1 h, (21-53%).

With requisite acyclic alcohols 2.127-2.132 and aldehydes 2.116-2.121 in hand, inhibition
studies against serine (a-chymotrypsin and HLE) and cysteine (calpain and cathepsin)
proteases were conducted and will be discussed in detail in chapter 3.
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2.5 Conclusions and Future Work

In summary a new class of P;-P; and P,-P,4 cyclised protease inhibitors were designed and
synthesised. All inhibitors contained a planar pyrrole aromatic spacer to retain the
preferred B-strand conformation, while reducing the peptidic nature of the inhibitor. The
cyclised core was introduced through either ring closing metathesis or Huisgen 1,3-dipolar
cycloaddition.

2,5- and 2,4,5-substituted pyrroles 2.45-2.51 were prepared in moderate yields via Friedel-
Crafts acylation of pyrroles 2.29 and 2.31 to give the required precursors for ring closing
metathesis. The P;-Ps and P,-P4 2™ generation macrocyclic protease inhibitors 2.78-2.81,
2.85-2.90 and 2.21-2.26 were synthesised via ring closing metathesis in moderate yields to
provide a range of potential inhibitors for assay against cysteine and serine proteases. The
P1-P3 and P;-P4 acyclic protease inhibitors 2.112-2.121 were designed and synthesised to
provide an insight into the importance of a macrocycle towards the potency of inhibition
against serine and cysteine proteases.

Future investigations into alternative methods for the synthesis of the P;-P3 2" generation
macrocyclic aldehydes 2.10 (Section 2.3.2.1) should be conducted. The proposed selective
reduction of the ester motif of the macrocyclic precursor 2.72 proved to be difficult using
LiBH, as a reagent. Since the keto group was more susceptible to reduction, as an
alternative route it may prove advantageous to protect the keto group as an acetal prior to

reduction of the ester group.’*

Acid deprotection of the acetal group would unmask the
keto group allowing for the oxidation of the primary alcohol to yield the desired aldehyde

2.10 (Scheme 2.26).
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Scheme 2.26 Reagents and Conditions i) LiBH4, THF, -78 °C (1 h) = rt (1 h), (62-
100%); ii) Isopropanol, DMSO, DIEA, SOsPy, N,, 0 °C = rt, 3 h; iii) HOCH,CH,0H,
TsOH, benzene; iv) LiAlIH4, THF; v) 1M HCI, THF

Additional investigations into P,-P, series of potential macrocyclic inhibitors would
involve the investigation of different P; residues (R;) to incorporate selectivity for
alternative protease families. For example, having positively charged residues such as Lys
or Arg would provide compounds with potential selectivity towards trypsin-like threonine
protease such as proteasomes,” which has been implicated in cancer. Furthermore,
optimisation of the macrocycle ring-size (n) and incorporation of additional recognition
motifs by extension at the N-terminus (A) (Figure 2.28) would provide an opportunity to
establish the optimal potency and selectivity for a specific protease family. Incorporation
of alternative reversible warheads (Rz), such as nitrile groups (CN) is of high interest, as
this group is known to interact selectively with cysteine proteases (in particular

cathepsins).'>**%*

A y O R1
AMN\__)LH/H(RZ
x. B o v o

\—‘"/)n/

Figure 2.28 Formula of possible future compounds to be investigated.
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Chapter Three

3.1 Introduction: Protease Inhibition Assays

The biological activities of the macrocyclic and acyclic peptidic inhibitors reported in this
thesis were determined by measuring the inhibition constants (ICsp and Kj) using
established in vitro assays as discussed below. The ICs indicates the concentration of
inhibitor required to decrease the activity of the target protease by 50%, while K; is the
inhibition constant that defines the binding affinity of the inhibitor. The ICs is a relative
value, the magnitude of which is dependent on the concentration of substrate used in the
assay. It is related to K; through the Cheng-Prusoff equation (1),* where the K; value is a
constant for a given compound against a specific protease. However, as the substrate
concentration approaches 0, the ICsy value approximates to the K;value.?

_ [S]
ICSO - K|(1+K_) (l)

m

Protease assays are classified into two groups on the basis of the sampling method used:
(i) continuous assays; and (ii) discontinous assays. Continuous assays allow real-time
monitoring of enzyme activity, while discontinous assays require aliquots of the samples to
be removed at different time points.®> An example of a continous assay is a
spectrophotometric  assay, whereby enzyme activity is monitored through
spectrophotometric methods, such as absorption spectrophotometry or fluorescence
spectrophotometry. Spectrophotometric assays are easy to handle and allow intervention in
ongoing reactions (e.g. by additions) at any time during the reaction and were used in the
work described in this chapter.

3.2 Assay Protocols for Cysteine and Serine Proteases

3.2.1 Calpain Inhibition Assay: BODIPY-Casein Fluorescence

The in vitro assay of calpain was carried out using an established fluorescence assay
protocol.” Casein labelled with the fluorophore, 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-
diaza-s-indacene-3-propionic acid (BODIPY) was used as the substrate in this assay. In the
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absence of calpain, fluorescence is not observed due to auto-quenching of adjacent
intramolecular interactions of fluorophores. Enzyme catalysed proteolysis of the substrate
results in an increase in fluorescence observed (see Figure 3.1). Therefore, the inhibitory
activity of an inhibitor can be measured by calculating the change in fluorescence over a

known period of time.

Qj Casein

f‘\CIP/‘ BODIPY-FL §

/\

\/
<
(@]
I,’
bl: /\
.
\\/
j ®,
DN
&

Auto-quenched Substrate Fluorescent Cleavage Product

Figure 3.1 Schematic representation of the fluoroscence calpain assay.

p-Calpain (calpain 1) and m-calpain (calpain 2), isolated from sheep lung and purified by
ion-exchange chromatography, were separately diluted to give a linear response over the
course of the assay.* The substrate solution (0.0005% BODIPY-FL casein* in 10 mM
MOPS buffer, pH 7.5 containing 10 mM CacCl,, 0.1 mM NaN3; an 0.1% mercaptoethanol)
was prepared freshly on the day.

The inhibition assays were performed in 96-well black Whatman plates using three
controls: (i) a calcium blank (negative control) to demonstrate that the substrate does not
undergo self-decomposition; (ii) an EDTA blank (negative control) to demonstrate that
calpain activity requires calcium ions for activation; and (iii) an enzyme activity blank
(positive control) to show that the enzyme is active under the assay conditions. The
calcium blank contained 50 pL of ultrapure water and 50 pL of enzyme buffer (20 mM
MOPS, pH 7.5 containing 2 mM EGTA, 2 mM EDTA, 0.035% v/v 2-mercaptoethanol,

*Calpains and BODIPY-FL labelled casein were provided courtesy of Lincoln University, | 88
New Zealand
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220-270 mM NaCl), and the EDTA blank contained 50 pL of 50 mM EDTA/NaOH,
pH 7.5 solution and 50 pL of the enzyme in enzyme buffer (20 mM MOPS, pH 7.5
containing 2 mM EGTA, 2 mM EDTA, 0.035% v/v 2-mercaptoethanol, 220-270 mM
NaCl) . The enzyme activity blank contained 50 pL of 4% DMSO in ultrapure water* and
50 pL of enzyme solution. For enzyme inhibition assays, 4% DMSO in ultrapure water
was replaced with 50 pL of inhibitor solution in 4% DMSO in ultrapure water (see Figure
3.2 for a schematic of enzyme inhibition assay layout). The reaction was initiated by the
addition of 100 pL of substrate solution at 37 °C and the hydrolysis was monitored for
10 min in a BMG Fluostar with an excitation of 485 nm and emission of 520 nm. The
percentage inhibition was determined as 100 times the activity of the inhibitor present
divided by the activity of the enzyme activity control. Assays were performed in duplicate,
with serial dilutions of inhibitor (7 dilutions per assay) from a range of 50 uM to 10 nM.

For an example of raw data and 1Cs calculation see appendix A2.

Ca** blank
EDTA blank

Enzyme activity blank

ON NORV)

7 Inhibitor Concentrations

L X 2
OO0

@ ca*Blank O EDTABIlank
50 pL Water 50 pL 50 mM EDTA/NaOH, pH 7.5
50 pL Enzyme Buffer 50 puL Enzyme Solution
100 pL BODIPY-FL Casein 100 pL BODIPY-FL Casein

@000
OO0

. Enzyme Activity Blank Inhibitor Samples
50 puL 4% DMSO in water 50 pL Inhibitor in 4% DMSO in water
50 puL Enzyme Solution 50 puL Enzyme Solution
100 pL BODIPY-FL Casein 100 pL BODIPY-FL Casein

Figure 3.2 Schematic representation of a typical calpain inhibition assay.

*1t has been established that DMSO below 5% of the total well volume does not have an adverse effect| 89
on the activity of calpain’
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Validation of the BOPIPY-casein Assay Protocol

The assay protocol and analysis was validated with the known inhibitors SJA6017 and
CAT811 (see Table 3.1). The aldehydes displayed a curved line (Figure 3.3) associated
with a slow binding behaviour when assayed against calpain (section 3.3.1.1). Initial
attempts to fit the data points with an equation for slow binding inhibition® was
unsuccessful due to an insufficient amount of data points per curve. As a result, a linear
regression was completed over data points from t = 390-570 s, corresponding to the steady
state rate of slow binding inhibition, which gave a good correlation with linear behaviour.
As such, the slopes from the data points between 390-570 s were used for 1Cs, calculations

for all calpain inhibition assays (see Figure 3.4).

a
) 1200- =
g
< 1000
o~
wn
g) 800 i <
w
600
0 200 400 600 0 200 400 600
time (s) time (s)
—— Calpain 1 Blank —— 1uM CAT811 —+ Calpain 2 Blank = 1uMCAT811
900~
900
E £ 800
o 8001 =
o~ o~
w w 7004
® 7001 @
—
2 )
4 % 6004
600
T T ) 500 r r .
0 200 400 600 0 200 400 600
time (s) time (s)
-+ Calpain 1 Blank —— 0.2 uM SJA6017 —+— Calpain 2 Blank —— 0.2 uM SJAB017
—e— 0.04 uM SJAB017 - 0.04 uM SJAB017

Figure 3.3 Interaction of aldehydes (a) CAT811 and (b) SJA6017 with calpain 1 and 2.
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a) Inhibition of Calpain 2 by CAT811 (MOPS substrate buffer)
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Figure 3.4 Example of graph used for the 1Cs, calculation for a typical calpain inhibition

assay.

Inhibition assays of inhibitor SJA6017 with BODIPY-casein gave an average 56 nM
inhibition against m-calpain (ICso = 78 nM)°, while an 1Cs of 84 nM for p-calpain (ICso =

8 nM)® was obtained. The variation in 1Cso values of SJA6017 obtained utilising the

BODIPY-casein fluorescence assay compared to literature values is attributed to the

difference in implemented assay protocol (Coomassie Blue vs. BODIPY-casein assay),

which can easily influence the ICso values. The limitations of the Coomassie Blue

colorimetric assay'® utilized by Inoue® is that it can only detect 5-10 mg of calpain, and

thus, is less sensitive and reliable compared to the BODIPY-casein assay used, which is

capable of detecting 50-100 ng of calpain.’
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Table 3.1 1Cs values for aldehydes SJA6017 and CAT811 against p-calpain (calpain 1)
and m-calpain (calpain 2).

1Cs0 (NM)
-calpain m-calpain
CMPD H-calp F_)
(Calpain 1) (Calpain 2)
Reported  Obtained Reported Obtained
0P Ho glo! 731
P

S.
Q N : 84 56
F © he 13417 gol”!

H O N O
: Ot A A 22014 33 30M0 209

Interestingly, the 1Cso values for SJA6017 were found to be lower (i.e. more potent) than
values obtained by at Lincoln University” using the same BODIPY-casein assay protocol.
In contrast, the 1Cso values for CAT811 were found to be higher (i.e. less potent) than the
values determined at Lincoln University** (see Table 3.1), using the same assay protocol.
The inhibition assays were repeated for SJA6017 and CAT811 using TRIS-HCI buffer in
place of MOPS buffer (see Table 3.2) to investigate the effect of a different buffer solution
on the assay protocol. The inhibition assays of SJA6017 and CAT811 in MOPS buffer
were found to give lower ICso values in comparison to the 1Cso values obtained in TRIS
buffer. This phenomenon is most likely a result of interactions of the aldehyde inhibitors
with the TRIS-NH, group, which does not occur in the presence of MOPS.
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Table 3.2 ICsp values for aldehydes SJA6017 and CAT811 in MOPS and TRIS buffer for

calpain 1 and calpain 2.

1Csp (n M)
p-calpain m-calpain

(Calpain 1) (Calpain 2)
MOPS TRIS MOPS TRIS

CMPD

o\\ //O H O
S. N
/[::T’ éj[;r \fJ\H 82 108 54 71
F

SRS
OwrN\“)Lu N\;JLH 336 424 209 329

The discrepancies between the obtained 1Csy values for SJA6017 and CAT811 and
reported literature values”®** is most likely due to differences in data analysis. To confirm
this, one set of raw data for SJA6017 against m-calpain, performed at Lincoln University
by Mehrtens,” was re-analysed using both the standard methodology (0-570s) and the slow
binding inhibition methodology (360-570s) (see Figure 3.5).

a) Full data analysis, with no offset b) Full data analysis, with offset
100- - 1001 IC50=51+5nM
IC50 =86+ 27 nM 50 — *on
:\? 754 :\; 754
e ]
T 501 © 50
254 254
L]
c T T T T T 1 G T T T T T 1
0.001 001 041 1 10 100 1000 0.001 001 041 1 10 100 1000
[SJA6017] (uM) [SJA6017] (uM)
C) Slow-binding analysis, with no offset d) Slow-binding analysis, with offset
100+ 100
:\: 754 ;; 75
- IC50=36+3nM It IC50=34+3nM
© 504 T 50
254 25
0 0 T T T A Y \
0.001 001 01 1 10 100 1000 0.001 001 01 1 10 100 1000
[SJA6017] (uM) [SJA6017] (uM)

Figure 3.5 ICs analysis of SJA6017 using data obtained from Mehrtens’s thesis.’
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Analysis of the raw data for SJA6017 using the standard methodology (0-570 s) produced
an 1Cso value of 86 nM against m-calpain, which compares well to that reported by
Mehrtens (80 nM) (Figure 3.5, graph (a)). However, it can be seen from graph (a) (Figure
3.5) that the ICso curve does not fit the data points nicely, as the plot did not plateau at 0%
enzyme activity even at high inhibitor concentrations. Thus, an offset was applied to the
equation in analysis such that the obtained curve fits the raw data, resulting in a decrease in
ICso value to 51 nM (Figure 3.5, graph (b)). Applying the methodology for slow binding
analysis (analysis from 390-570s) gave 1Cso values for SJA6017 of 36 nM and 34 nM,
when analysed with and without an offset (Figure 3.5, graphs (c) and (d)). Hence, slow
binding inhibition methodology proved to be a more reliable analysis technique for
aldehyde inhibitors. Additionally, the concentration range investigated by Mehrtens’ was
not optimal, as seen in Figure 3.5, with the lowest concentration being 50 nM, which does
not span all ranges of the sigmoidal curve. The discrepancies between the ICsy values
obtained experimentally for SJIA6017 compared to those obtained by Mehrtens’ using the
same calpain assay methodology is most likely due to the use of a non-optimal
concentration range and the data analysis methodology. Hence the obtained 1Csy values of
SJA6017 and CAT811 obtained in Adelaide, utilising the above method of analysis, is
considered accurate and valid.

3.2.2 a-Chymotrypsin Assay

The in vitro a-chymotrypsin assay was carried out using a spectrophotometric assay
protocol established in Adelaide by Peddie and Pietsch.'? The assay protocol uses
4-nitroanilide, Suc-Ala-Ala-Pro-Phe-pNA (Suc-AAPF-pNA) as a substrate, of which the
hydrolysis gives p-nitroaniline that absorbs at 405 nm (see Figure 3.6). The inhibitory
activity of an inhibitor is then measured by calculating the change in absorption over a

known period of time.
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hv (405 nm)
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Figure 3.6 Schematic representation of the absorption a.-chymotrypsin assay.

The activity of bovine a-chymotrypsin was assayed spectrophotometrically using a
UV-Vis spectrophotometer equipped with a thermostated multicell holder, using 1 cm path
length cuvettes (1 mL). TRIS-HCI (77 mM) was used as the buffer with 20 mM CacCl,
added at a pH of 7.8, which is optimum for a-chymotrypsin activity.'* The enzyme
solution (21.9 mg/mL) in 1 mM HCI, substrate solutions (20 mM Suc-Ala-Ala-Pro-Phe-
pNA) in DMSO and inhibitor solutions in DMSO were prepared freshly daily for each

assay.

Three controls were used: (i) a non-enzymatic hydrolysis of substrate blank (negative
control) to ensure that the substrate is not degraded over time; (ii) a substrate degradation
by inhibitor blank (negative control) to ensure that the substrate is not degraded by the
inhibitor in the absence of the enzyme; and (iii) an enzyme activity blank (positive
control). The enzyme inhibition assays were performed in the presence of 6% v/v DMSO
in a volume of 1 mL, containing 0.011 pg/mL enzyme, different concentrations of
substrate (Suc-Ala-Ala-Pro-Phe-pNA) and inhibitor solutions. Each cuvette contained
890 uL of assay buffer (77 mM TRIS-HCI with 20 mM CaCls,, pH 7.8), 10 pL of substrate
solution (1-10 mM Suc-Ala-Ala-Pro-Phe-pNA in DMSO), inhibitor stock, and DMSO
were added to give a total volume of 950 pL. The enzymatic reaction was initiated by
addition of 50 pL of enzyme solution. The enzyme activity blank was determined by
addition of DMSO instead of the inhibitor solution. The non-enzymatic hydrolysis blank
was initiated by addition of DMSO and 1 mM HCI instead of inhibitor and enzyme
solution, respectively; and the substrate degradation blank was initiated by addition of
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1mM HCI instead of the enzyme solution. The progress of the reaction was monitored for
6 min in a Varian Cary 5000 UV-VIS-NIR spectrophotometer at 405 nm. The rate of
enzyme-catalyzed hydrolysis of 100 uM substrate was determined without inhibitor in
each experiment and was set to 100%. The K; values of all inhibitors were determined
graphically according to the method of Dixon using the average of percentage rates in
three separate experiments at two different substrate concentration (see appendix A3 for an
example of raw data and K calculation).

3.2.3 Cathepsin L, Cathepsin S, Human Leukocyte Elastase and Bovine
Trypsin Assays

The in vitro assays for cathepsin L, cathepsin S, human leukocyte elastase and bovine
trypsin were performed by Prof. Dr. Michael Gutschow at the University of Bonn,
Germany using established assay protocols.”®" These assays use a 4-nitroanilide-based
substrate as per the a-chymotrypsin assay described above. The inhibition assays were
conducted at five different inhibitor concentrations and the subsequent enzymatic cleavage
of the substrate yielding p-nitroaniline absorbance (UV-Vis 405 nm) was monitored over
10 min. The ICs values were obtained from the linear steady-state turnover of the

substrate as detailed in the experimental section of chapter 5.
3.3 Inhibitor Structure-Activity Relationship

The cyclic and acyclic inhibitors reported in chapter 2 and summarised in Figure 3.8 were
assayed against enzymes from the cysteine protease family (calpain, cathepsin S and
cathepsin L) and the serine protease family (a.-chymotrypsin, trypsin and human leukocyte
elastase). The following discussion addresses the struture-activity relationship of these
inhibitors with regards to proteases within the same class and across another family of
proteases.
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Figure 3.8 Structures of (a) macrocyclic and (b) acyclic 2" generation protease inhibitor.

3.3.1 Structure-Activity of Peptidyl Macrocyclic Alcohols and Aldehydes

Against Cysteine Proteases

3.3.1.1 Calpain

Inhibitors of calpains are of significant interest as therapeutics for the potential treatment
of cataracts (see chapter 2, section 2.1.2). Ovine calpain was used in the assays as ovine
lens crystallin proteins show high homology with those from human.*®*® Inhibitors were
assayed against m-calpain (CAPN2), the predominant calpain in ovine lens. The most
potent inhibitors of m-calpain were also assayed against p-calpain (CAPN1) to determine
selectivity between the two calpain isoforms. The results of these assays are shown in
Table 3.3
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Table 3.3 I1Cs values of (a) macrocyclic aldehydes and (b) acyclic aldehydes against p-

calpain and m-calpain.

Y&(Hi 1
O N H

x\_/
Cysteine Protease
(ICso (UM))*
CMPD R X Y m-calpain p-calpain
(CAPN2)  (CAPN1)
221  Leu -(CHy),Ph-p-OCH,- -CHo- 0.249 0.324
222 Phe -(CH,),Ph-p-OCH,- -CHo- 0.153 n.d.
2.23 Leu -(CH),Ph-p-OCH,- -CH,Ph-p-OCH,- 0.203 n.d.
224  Phe -(CHy),Ph-p-OCH,-  -CH,Ph-p-OCH,- 0.246 n.d.
2.25 Leu -(CHy)s- -CH,- 0.066 0.042
226 Phe ~(CHy)e- -CHo- 0.156 n.d.

n.d = Not determined, due to insufficient supply CAPN1.
* Standard deviation are found in the raw data, Appendix A5

A0 Y y O m y O R!
NQ&H R2 \ N\)LN/'\H/H
b N : Z
) o H o Rt o H o r H o
2.114-2.115 2.116-2.121

Cysteine Protease
(ICso (UM))*

CMPD R’ R? R’ m-calpain p-calpain
(CAPN2)  (CAPN1)
2.114 Leu - - 3.11 n.d.
2.115 Phe - - 8.9 n.d.
2116  Leu  -(CHy):Ph-p-OAll -CH,CH=CHj 0.067 n.d.
2117  Phe  -(CHy):Ph-p-OAll -CH,CH=CHj 0.823 n.d.
2118 Leu  -(CHy),Ph-p-OAll -CH,Ph-p-OAll 7.76 n.d.
2119  Phe  -(CHy):Ph-p-OAll -CH,Ph-p-OAll 1.3 n.d.
2.120  Leu -(CH,)sCH=CH, -CH,CH=CH, 0.040 0.055
2.121 Phe -(CH)sCH=CH, -CH,CH=CH; 0.072 n.d.

n.d = Not determined, due to insufficient CAPN1.
* Standard deviation are found in the raw data, Appendix A5
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The derivatives containing a C-terminal primary alcohol (2.78-2.81, 2.85-2.90, 2.112-
2.113, 2.122-2.123, 2.127-2.134) were all inactive against against m-calpain (CAPN2) (see
Appendix A4). This supports an earlier observation that an aldehyde group, or other
reactive warhead, is required for potent inhibition of calpain.'* In support, the macrocyclic
aldehydes 2.21-2.26 and the corresponding acyclic derivatives 2.114-2.121 were all active
against m-calpain with 1Cso values as shown in Table 3.3.

The most potent 18-membered macrocyclic inhibitor, aldehyde 2.25 (1Cso = 0.066 pM),
contains an unsubstituted aliphatic ring with a Leu at the P; position. This macrocyclic
inhibitor (2.25) is more potent than the lead structure CAT811 (ICsp = 0.209 pM)* which
has a smaller and conformationally more rigid 17-membered ring system. The aryl group
within the macrocycle of CAT811 further constrains the geometry of the backbone into a
[-strand, which is known to favour binding to a protease (see chapter 2, section 2.2.1). The
structure overlay of 2.25 and CAT811, docked into p-calpain (Figure 3.9), shows good
alignment of the peptide backbone from Pi-P3 residues, indicating that 2.25 adopts a
[-strand conformation, similar to that of CAT811. Hence, it appears that an increase in
flexibility of the backbone as in 2.25 increases inhibitor binding. The effect of ring size on
inhibitor potency has been noted previously.** The structural overlay of 2.25 bound to
p-calpain clearly illustrates that this new class of inhibitor positions the ring constraint for
interaction with the S, and S, binding sites of the active site, rather than S; and Sz for
CAT811. Thus the macrocycle of 2.25 uniquely links the P, and P4 residues, leaving the P,
position free for introducing any number of groups to provide further interactions with the
protease active site.

Figure 3.9 Superimposition of aldehyde 2.25 (green carbon atoms) and CAT811 (black
carbon atoms) docked into pi-calpain.

#2-fold less potent than the lead structure, CAT811 based on literature (ICso = 0.030 uM™) 99
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The analoguous macrocyclic aldehyde (2.26) with a Phe in place of Leu at P; was found to
be 2-fold less potent (2.26: 1Csp = 0.156 uM) than 2.25. This suggests that Leu is favoured
over Phe in the S; pocket for m-calpain, an observation previously noted in literature.?*#
Interestingly, incorporation of an aryl group into the ring system, as in 2.21 and 2.22,
resulted in a 2-fold decrease in potency (2.21: I1Cso = 0.249 uM; 2.22: I1Cs = 0.153 pM) as
compared to the macrocyclic analogues 2.25 and 2.26. A structure overlay of macrocycles
2.21 and 2.25, docked into p-calpain (Figure 3.10a) reveals that both ring systems adopt a
[-strand conformation. However, with an aryl group (2.21) in the 18-membered ring, the
pyrrole group in the peptide backbone changes orientation that results in a decrease in the
number of hydrogen bonding interactions within the enzyme active site. This somewhat
justifies the decrease in inhibitor potency observed for macrocycle 2.21 compared to 2.25
(Figure 3.10c).

Figure 3.10 (a) Superimposition of aldehyde 2.25 (green carbon atoms) with aldehyde
2.21 (black carbon atoms); (b) Aldehyde 2.25 and (c) aldehyde 2.21 docked into p-calpain

(Hydrogen bonding interactions indicated by green dotted lines)
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The introduction of an additional aryl group, to give a 24-membered ring size, also
decreased potency (2.23: 1Csp = 0.203 pM; 2.24: 1Cs = 0.246 uM). A structural overlay of
aldehydes 2.25 and 2.23 docked into p-calpain, reveals that the larger ring size of 2.23
results in a slight bend in the peptide backbone, with a deviation from the desired p-strand
conformation from P;-P3 (Figure 3.11a). The structural overlay also suggests that the ring

system of macrocycle 2.23 may be too bulky for tight fitting into the active site of calpain

(Figure 3.11b). This contrasts with results obtained for chymotrypsin as discussed later.

Figure 3.11 (a) Superimposition of aldehyde 2.25 (green carbon atoms) with aldehyde
2.23 (black carbon atoms); (b) Aldehyde 2.23 docked into p-calpain (Hydrogen bonding

interactions indicated by green dotted line)

The most potent acyclic inhibitor of m-calpain was the acyclic aldehyde 2.120 (1Csq =
0.040 pM), the direct analogue of the most potent 18-membered macrocycle 2.25. Again,
a Leu residue was found to be favoured over a Phe residue at P, with a 2-fold decrease in
potency observed for the P;-Phe analogue 2.121 (ICso = 0.072 puM). This trend was also
evident on comparing acyclic aldehydes 2.114 (P;-Leu; 1Cso = 3.11 pM) with 2.115
(P1-Phe; 1Cso = 8.9 uM) and 2.116 (Pi1-Leu; I1Cso = 0.067 pM) with 2.117 (P;-Phe; 1Cso =
0.823 uM); all of which showed a decrease in potency with substitution of Leu to Phe at
P1. The exception to this is the acyclic aldehyde 2.118 (P;-Leu; ICso = 7.76 uM), which
was less potent than 2.119 (P1-Phe; 1Csp = 1.3 uM), however it should be noted that neither
are particularly potent inhibitors. The aldehydes 2.118 and 2.119 were docked into
p-calpain in order to gain some insight into this observation, with the results shown in

Figure 3.12. The results reveal that the orientation of aldehydes 2.118 and 2.119 when
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bound to m-calpain were not optimum, with the P, residues fitting into the S; site instead
of required S; site , thus supporting the high 1Cs, value obtained.

Figure 3.12 (a) Aldehyde 2.118 and (b) aldehyde 2.119 docked into p-calpain.

Furthermore, the shorter acyclic aldehydes 2.114-2.115, containing one amino acid less,
were less potent than the C-terminal extended acyclic aldehydes (2.116-2.121), suggesting
that the extended inhibitors 2.114-2.115 better align within the substies of calpain, due to
increased interactions within the enzyme binding pocket (Table 3.3b). The incorporation of
long aliphatic side chains at the P4 position as in 2.120, presumably enhances interaction
with the enzyme pocket, perhaps through hydrophobic interactions with the hydrophobic
S4 pocket, as shown in Figure 3.13.

Figure 3.13 Aldehyde 2.120 docked into p-calpain, showing the electrostatic potential of
the enzyme binding pocket (Yellow: most hydrophobic; Purple: slightly hydrophobic; Red:
electronegative; Blue: electropositive)
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A comparison of the ICs values of acyclic aldehydes 2.116-2.121 with macrocyclic
aldehydes 2.21-2.26 reveals several distinct trends. Firstly, the aliphatic 18-membered
macrocyclic aldehydes 2.25 and 2.26 and their corresponding acyclic analogues 2.120 and
2.121 are similarly potent against m-calpain, suggesting that there is no gain in
constraining the backbone into a macrocycle in this case, however biostability may be
enhanced. A structural overlay of aldehydes 2.25 and 2.120 docked with p-calpain (Figure
3.14), shows good alignment of the peptide backbones and that linking P, and P4 with a
ring (as in 2.25) appears to have little influence on the overall p-strand backbone,

supporting the potency data obtained against calpain.

Figure 3.14 Superimposition of aldehyde 2.25 (green carbon atoms) and acyclic aldehyde
2.120 (black carbon atoms) docked into p-calpain.

In contrast, the more conformationally constrained 18-membered macrocyclic aldehydes
2.21 and 2.22, with an aryl group in the ring, are approximately 3-fold less potent against
m-calpain than their corresponding acyclic analogues 2.116 and 2.117. A structural overlay
of aldehydes 2.21 and 2.116 docked in p-calpain (Figure 3.15), suggests that both
aldehydes adopt the desired B-strand conformation for active site binding. However, the
X-ray structure of intermediate 2.72, a percursor of adehyde 2.21 (as discussed in
chapter 2, section 2.3.2), showed an increase in the v dihedral angle at P; and P, (from
120° to 171°) suggesting a decreased in the propensity of 2.21 to adopt a B-strand. For
acyclic aldehyde 2.116, the aryl group appears to be misaligned with the pyrrole of the
backbone, which may enable it to adopt a better fit within the enzyme pocket, thus
allowing for increased interactions with the residues in the Sz pocket.
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Figure 3.15 Superimposition of aldehyde 2.21 (green carbon atoms) and acyclic aldehyde
2.116 (black carbon atoms) docked into p-calpain.

The 24-membered macrocycles 2.23 and 2.24 were 5-fold more potent than their
corresponding acyclic analogues 2.118 and 2.119. An overlay of aldehydes 2.23 and 2.118
docked in p-calpain, suggests that linking the P, and P4 residues with a ring encourages the

formation of a 3-stand conformation as is required for binding (Figure 3.16).

Figure 3.16 Superimposition of aldehyde 2.23 (green carbon atoms) and acyclic aldehyde
2.118 (black carbon atoms) docked into p-calpain.

The most potent inhibitors of m-calpain, macrocyclic aldehydes 2.21 and 2.25 and acyclic
aldehyde 2.120, were also tested against p-calpain as shown in Table 3.3. The data reveals
similar potency towards both calpains. This is unsurprising as m-calpain and p-calpain
have a high degree of structural similarity.?® The ability of macrocycle 2.25 to slow calpain
induced opacification of human lenses is currently being evaluated in the UK.
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3.3.1.2 Cathepsin L and Cathepsin S

The inhibitors 2.21-2.26 and 2.114-2.121 described in chapter 2 were also tested against
cathepsin L and cathepsin S (outlined in section 3.2.3) as an alternative cysteine protease
from the papain superfamily. The cathepsins are viable drug targets due to their
involvement in many diseases, such as osteoporosis, arthritis, immune-related diseases,
atherosclerosis and cancer (see chapter 2, section 2.1.2). The results of these studies are
shown in Table 3.4.

Table 3.4 1Csy values of (a) macrocyclic aldehydes and (b) acyclic aldehydes against
Cathepsin L (CatL) and Cathepsin S (CatS).

Y&(Hi 1
O N H

X

~—__
Cysteine Protease
CMPD R X Y (ICs0 (MM))*

CatL CatS
2.21 Leu -(CH,),Ph-p-OCH,- -CH,- 0.0047 0.0217
222  Phe -(CH,),Ph-p-OCH,- -CH,- n.d. n.d.
2.23 Leu -(CH,):Ph-p-OCH,- -CH,Ph-p-OCH,-  0.0207 0.0014
224 Phe -(CH,),Ph-p-OCH,- -CH,Ph-p-OCH,- 0.206 0.0066
2.25 Leu -(CHy)s- -CH;- 0.003 0.0017
2.26 Phe -(CHy)s- -CH;- 0.0115 0.0017

n.d. = not determined due to insuficient sample.
* Standard deviation are found in the raw data, Appendix A5
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0
7 M v § M v §F
N NQ&H R2 \ N\)LN/'\H/H
b z B
) o H o Rt o H o r H o
2.114-2.115 2116-2.121

Cysteine Protease

CMPD R! R? R? (ICs (M)’
CatL CatS
2114 Leu - - >50 5.6
2115  Phe - - >50 14
2116  Leu  -(CH2).Ph-p-OAll  -CH,CH=CH, 00931  0.0019
2117  Phe  -(CH.).Ph-p-OAll  -CH,CH=CH, 1.72 0.0563
2118  Leu  -(CH.).Ph-p-OAll  -CH,Ph-p-OAIl 00115  0.0014
2119  Phe  -(CH,).Ph-p-OAll  -CH,Ph-p-OAll 0.366 0.0214
2120 Leu  -(CH2sCH=CH,  -CH,CH=CH, 0.921 0.0105
2121  Phe  -(CH2sCH=CH,  -CH,CH=CH, 1.39 0.176

* Standard deviation are found in the raw data, Appendix A5

The macrocyclic aldehydes 2.21-2.26 and corresponding acyclic derivatives 2.114-2.121
were all active against cathepsin L and cathepsin S with the 1Csy values shown in
Table 3.4. Again inhibitors with a Leu at the P; (2.21/2.23/2.25/2.114/2.116/2.118/2.120)
were more potent against both cathepsin L and cathepsin S compared to the analogous
inhibitors with Phe at Py (2.22/2.24/2.26/2.115/2.117/2.119/2.121). For example, P;-Leu
24-membered macrocyclic aldehyde 2.23 (ICso = 0.0207 uM) was 10-fold more potent
against cathepsin L than its corresponding P;-Phe analogue (aldehyde 2.24). This
observation is consitent with literature which suggests that small hydrophonic groups such
as Leu is favoured in the S; pocket for cathepsin L.** The most potent macrocyclic
inhibitor, aldehyde 2.25, contains an unsubstituted aliphatic 18-membered ring system with
a Leu at the P, position and is particularly potent against both cathepsins (1Cso = 0.003 uM
(CatL); ICso = 0.0017 puM (CatS)). An increase in ring size (from 18-membered to 24-
membered) and the introduction of two aryl groups into the macroycle (aldehydes 2.23 and
2.24) resulted in a decrease in potency against cathepsin L (2.23: 1Cso = 0.0207 uM; 2.24:
ICso = 0.206 pM). This decrease in potency is consistent with reports that cathepsin L
prefers to bind small hydrophobic groups at the S; site.?* In contrast, inhibitors containing
a 24-membered ring system (2.23 and 2.24) displayed high potencies (in the low
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nanomolar range) against cathepsin S (2.23: 1Csp = 0.0014 puM and 2.24: I1Cs, = 0.0066
HMM). This suggests that the binding pocket of cathepsin S is able to facilitate binding

interactions of the larger 24-membered macrocycles.

The macrocyclic aldehyde 2.25, which lacks aryl groups within its macrocyclic core,
displays little selectivity between the two isoforms (CatL and CatS), corroborating the
need for bulky aromatic groups at either P, or P4 to impart selectivity. Incorporating an aryl
group at the P, site in the macrocyclic core as in 2.21, results in some selectivity for
cathepsin L over cathepsin S. In contrast, the presence of aryl groups at both P, and P, (see
2.23 & 2.24) reverses selectivity to favour cathepsin S over cathepsin L. This observation
is consistent with literature that suggests that for cathepsin L and S, selectivity is
determined primarily by the S,-P, interaction.?* It is known that cathepsin L prefers small
hydrophobic groups in the S, pocket, while cathepsin S prefers bulkier hydrophobic

groups.

A comparison of the 1Csq values obtained for acyclic aldehydes (2.114-2.121) with those of
the macrocyclic aldehydes (2.21-2.26) reveals some significant trends. Firstly, inhibitors in
both series with Leu at Py (2.21/2.23/2.25/2.114/2.116/2.118/2.120) were more potent
against cathepsin L and cathepsin S compared to those with Phe at P;
(2.22/2.24/2.26/2.115/2.117/2.119/2.121). Acyclic aldehydes, with aryl groups at both P,
and P4 (2.118-2.119) have enhanced selectivity (10-fold) for cathepsin S compared to
cathepsin L. Importantly, the macrocycles 2.21-2.26 are significantly more potent than the
acyclic derivatives (2.114-2.121) against both cathepsins. We suggest, as outlined in
chapter 2, section 2.2.1, that this is likely due to the macrocycle stablizing a B-strand
conformation to the backbone as is required for binding to proteases, specifically cathepsin
L and cathepsin S in this case.? It is also important to note that the introduction of a
pyrrole into the backbone, as a replacement for the P; amino acid, decreases the peptidic
character of the inhibitor, which offers significant advantage as a potential therapeutic or
lead structure.

107



Chapter Three

3.3.1.3 Inhibitor Selectivity Within Cysteine Protease Family

The selective inhibition of one protease within the same family is a difficult and
challenging task. All the proteases discussed to date (i.e calpain and cathepsin) are cysteine
proteases and as such have the same mechanism of substrate hydrolysis involving a
common catalytic triad. Hence, the development of selective inhibitors of these enzymes
requires exploitation of the different selectivity between the P, (inhibitor) and S, (enzyme)
site. Data on the potencies of aldehydes 2.21-2.26 and 2.114-2.121 against these two
classes of cysteine protease are summarised in Table 3.5.

Table 3.5 Potency of (a) macrocyclic and (b) acyclic aldehydes against cysteine proteases,
calpain and cathepsin.

0O R
/I N\ K I\
o N H O
Y N

H o o)
a) o)

221R=Leu 0 2.25R = Leu
2.22 R = Phe O\/\> 2.26 R = Phe
2.23 R =Leu
2.24R = Phe

Cysteine Protease: 1Cs, (uM)*

CMPD m-capain (CAPN2) CatL CatS
2.21 0.249 0.0047 0.0217
2.22 0.153 n.d. n.d.
2.23 0.203 0.0207 0.0014
2.24 0.246 0.206 0.0066
2.25 0.066 0.003 0.0017
2.26 0.156 0.0115 0.0017

* Standard deviation are found in the raw data, Appendix A5
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/\/O / \ H 0
N
N ;JLH
o H o R
2114 R=Leu
2.115 R = Phe
O R O R
7\ H 7\ H
N H N H O
H o HH o) H o ; H o
O_\_
O\/\ o\/\
2116 R=Leu 2118 R=Leu 2120 R =Leu
2.117 R = Phe 2.119 R = Phe 2.121 R = Phe

Cysteine Protease: 1Cs, (uM)*

CMPD m-capain (CAPN2) CatL CatS
2.114 3.11 >50 5.6

2.115 8.9 >50 14

2.116 0.067 0.0931 0.0019
2.117 0.823 1.72 0.0563
2.118 7.76 0.0115 0.0014
2.119 1.3 0.366 0.0214
2.120 0.040 0.921 0.0105
2.121 0.072 1.39 0.176

'n.d. = not determined due to insuficient sample.
* Standard deviation are found in the raw data, Appendix A5

All of the macrocyclic (2.21-2.26) and acyclic (2.114-2.121) aldehydes tested were active
against the cysteine proteases tested. The aldehyde inhibitors with a Leu at P; (see
2.23/2.25/2.114/2.116/2.118/2.120) were all more potent against calpain and cathepsin L/S
than those with a Phe at Py (2.24/2.26/2.115/2.119/2.121).

The macrocyclic aldehydes (2.21-2.26) were the most potent inhibitors of cathespin L/S,
with the 18-membered macrocycle 2.25 exhibiting the greatest potency (CatL 1Cso = 0.003
MM; CatS ICsy = 0.0017 pM). Macrocyclic aldehyde 2.25 was also the most potent
inhibitor of calpain (ICsp = 0.066 uM). The lack of selectivity observed for macrocyclic

inhibitor 2.25 presumably reflects a common mode of binding to all the proteases.?
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Selectivity for cathepsin S was achieved with acyclic aldehydes 2.118 and 2.119 showing a
10-fold and 60-fold selectivity over cathepsin L and calpain, respectively. This can be
attributed to the presence of the aryl groups at the P, and P, site, which is consistent with
cathepsin S’s preference for bulky hydrophobic groups binding in the S, pocket.?* By
comparison, both cathepsin L and calpain are known to prefer smaller aliphatic groups at

this position.*?’

3.3.2 Structure-Activity of Peptidyl Macrocyclic Alcohols and Aldehydes

Against Serine Proteases
3.3.2.1 a-Chymotrypsin

The inhibitors 2.21-2.26 and 2.114-2.121 described in chapter 2 were also tested against a
serine protease (a-chymotrypsin) with the results shown in Table 3.6. a-Chymotrypsin is
one of the better studied proteases, and as such it is an ideal model for studying the
versatility of an inhibitor design. The in vitro a-chymotrypsin assay was conducted using

the spectrophotometric assay outlined in section 3.2.2.

Table 3.6 1Cso values of (a) macrocyclic aldehydes and (b) acyclic aldehydes against

bovine a-chymotrypsin.

Y&(Hi 1
O N H

N
Ki (LM)”

CMPD R X Y bCT

2.21 Leu -(CH;),Ph-p-OCH,- -CH,- >50

2.22 Phe  -(CHy),Ph-p-OCH,- -CH,- 0.431

2.23 Leu -(CH2):Ph-p-OCH,-  -CHyPh-p-OCH,- 1.917

224  Phe -(CHy)Ph-p-OCH,-  -CHyPh-p-OCH,- 0.033

2.25 Leu -(CHy)e- -CH,- >50

2.26 Phe -(CHy)s- -CH,- 2.525

* Standard deviation are found in the raw data, Appendix A5
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A0 0 o R!
7\ H 7\ Hd

O (6] R 0] @) R (@]

2.114-2.115 2.116-2.121

CMPD R R? R® My
bCT
2.114  Leu - - >50
2.115  Phe - - >50
2.116  Leu  -(CHy),Ph-p-OAll -CH,CH=CH; 0.939
2.117  Phe  -(CHy),Ph-p-OAll -CH,CH=CH; 0.056
2.118  Leu  -(CHy),Ph-p-OAll  -CH,Ph-p-OAll >50
2119  Phe  -(CH.)Ph-p-OAll  -CH,Ph-p-OAll 0.688
2120  Leu  -(CHp)sCH=CH, -CH,CH=CH, >50
2121  Phe  -(CH,)sCH=CH, -CH,CH=CH; 2.474

* Standard deviation are found in the raw data, Appendix A5

All the derivatives with a C-terminal primary alcohol (2.78-2.81, 2.85-2.90, 2.112-2.113,
2.122-2.123, 2.127-2.134) were inactive against a-chymotrypsin (see Appendix A4). This
IS not surprising given that a C-terminal aldehyde (or other electrophilic group) is generally
required for potent inhibition of a-chymotrypsin.?® In support, macrocyclic aldehydes
2.21-2.26 and the corresponding acyclic aldehydes 2.114-2.121 were all active against
a-chymotrypsin , with 1Csq values as shown in Table 3.6.

The macrocyclic aldehydes (2.22, 2.24 and 2.26) with a benzyl group (Phe) at P; were the
most potent of the aldehydes tested against a-chymotrypsin, with 1Cso values of 0.431,
0.033 and 2.525 pM, respectively. The Pj-Leu variants (2.21, 2.23 and 2.25) were all
significantly less potent, presumably since an aromatic Phe residue is favoured over Leu at
P (see section 2.1.2 for a discussion).?® Incorporation of an aryl group into the macrocycle,
as in 222, 224 and 226, results in an increase in potency against
a-chymotrypsin by up to 100-fold (2.26: 1Csp = 2.525 puM, no aryl group; 2.22: ICs =
0.431 uM, one aryl group; 2.24: 1Cs; = 0.033 uM, two aryl groups). Again this is
consistent with the known preference of a-chymotrypsin for hydrophobic groups that can

interact with the appropriate binding domain.”
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The acyclic aldehydes with a Phe at P; (2.117, 2.119 and 2.121) were also observed to be
more potent than those derivatives with Leu at P; (2.116, 2.118 and 2.120). In addition,
aldehyde 2.119 is 20-fold less potent than its macrocyclic analogue (2.24, I1Cs = 0.033
MM, see Table 3.6), presumably due to its enhanced conformational flexibility. A
comparison of the 1Cso values obtained for the potent acyclic aldehydes 2.117 (aryl group
at P4), 2.119 (aryl group at P, and P,4) and 2.121 (no aryl group) suggests that an aromatic
group is preferred at P4, but not at P,. In particular, acyclic inhibitor 2.117 (1Cso = 0.056
MM) with an aryl group at P4, is 12-fold more potent than acyclic inhibitor 2.119 (ICsp =
0.688 uM), which contains an aryl group at both the P, and P, positions. The shorter
acyclic aldehydes 2.114 and 2.115, containing one amino acid less, were all inactive
against a-chymotrypsin, suggesting a preference for extended peptidic inhibitors that
provide an opportunity for increased interactions within the enzyme binding pocket of a-

chymotrypsin.

The introduction of a macrocycle that links P, and P4 as in aldehydes 2.23 (ICso = 1.917
pHM) and 2.24 (1Cso = 0.033 pM) enhances potency by at least 20-fold in comparison to
their corresponding acyclic aldehydes 2.118 (ICsp > 50 uM) and 2.119 (ICsp = 0.688 uM).
Such a cyclisation presumably decreases the conformational flexibility of the side chains
while stabilising the preferred p-stranded backbone conformation.

Interestingly, the smaller macrocycles (18-membered compared to 24-membered ring
system) that link P, and P, are less favoured. The 18-membered macrocycles 2.21 (1Csq >
50 uM) and 2.22 (1Csp = 0.431 pM), containing an aryl group in the ring system, showed a
decrease in potency in comparison to the acyclic derivatives 2.116 (1Cso = 0.939 uM) and
2.117 (1Cso = 0.056 pM). The 18-membered aliphatic macrocyclic aldehydes 2.25 (1Csp >
50 pM) and 2.26 (ICso = 2.525 pM), are similarly potent to the corresponding acyclic
analogues 2.120 (ICsp > 50 pM) and 2.121 (ICsp = 2.474 uM). We suggest that the
introduction of an 18-membered aliphatic macrocycle as in 2.25 and 2.26 stabilises the
B-strand conformation required for tight binding. By contrast, the introduction of an
18-membered macrocycle containing a single aryl group in the ring system as in 2.21 and
2.22, leads to a decrease in the p-stranded nature. This was supported by the X-ray stucture
of intermediate 2.72, a percursor of adehyde 2.21 (as discussed in chapter 2, section 2.3.2),

which showed an increase in the 1 dihedral angle at P; and P, (from 120° to 171°). This
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increase in dihedral angle corresponds to a decrease the p-stranded nature,which results in

the decreased probability of enzyme-inhibitor binding.
3.3.2.2 Human Leukocyte Elastase (HLE)

The inhibitors 2.21-2.26 and 2.114-2.121 described in chapter 2 were also tested against a
second serine protease, Human Leukocyte Elastase (HLE) to further explore selectivity.

The results of these studies are shown in Table 3.7. Inhibitors of human leukocyte elastase
(HLE) are of significant interest for the potential treatment of chronic obstructive
pulmonary diseases (see chapter 2, section 2.1.2). The in vitro assays for HLE were
performed by Prof. Dr. Michael Gutschow at the University of Bonn, Germany using

established assay protocols (outlined in section 3.2.3).">*

Table 3.7 1Cs values of (a) macrocyclic aldehydes and (b) acyclic aldehydes against
human leukocyte elastase (HLE).

O N H

N %
ICs0 (M)

CMPD R X Y ALE

2.21 Leu -(CH;),Ph-p-OCH,- -CH,- >50

2.22 Phe  -(CHy),Ph-p-OCH,- -CH,- >50

2.23 Leu -(CHy),Ph-p-OCH,- -CH,Ph-p-OCH,- 1.820

2.24 Phe  -(CH),Ph-p-OCH,- -CH,Ph-p-OCH,- 1.720

2.25 Leu -(CH,)e- -CH,- >50

2.26 Phe -(CHy)s- -CH,- >50

* Standard deviation are found in the raw data, Appendix A5
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A0 0 o R!
7\ H 7\ Hd

O (6] R 0] @) R (@]

2.114-2.115 2.116-2.121

CMPD R R? R® 'Ca (UMY
HLE
2.114  Leu - - >50
2.115  Phe - - >50
2.116  Leu  -(CHy),Ph-p-OAll -CH,CH=CH; 0.859
2.117  Phe  -(CHy),Ph-p-OAll -CH,CH=CH, 1.46
2118  Leu  -(CH2)Ph-p-OAll  -CH,Ph-p-OAll 0.465
2119  Phe  -(CH.)Ph-p-OAll  -CH,Ph-p-OAll 0.524
2120  Leu  -(CHp)sCH=CH, -CH,CH=CH; 0.148
2121  Phe  -(CH,)sCH=CH, -CH,CH=CH; 0.52

* Standard deviation are found in the raw data, Appendix A5

The 18-membered macrocyclic aldehydes 2.21, 2.22, 2.25 and 2.26 were inactive against
HLE at a concentration of 50 uM, while the larger 24-membered macrocyclic aldehydes
2.23 and 2.24 were weakly active against HLE, with an ICso value of 1.82 uM and 1.72
MM respectively (Table 3.7a). This difference may reflect the presence of a hydrophobic
aryl group at the P, position in the ring system of 2.23 and 2.24. This is consistent with
HLE’s preference towards hydrophobic groups in the S, pocket.*® As previously discussed
(section 3.3.2.1), the 24-membered ring system may also better stabilize the p-strand

conformation required for inhibitor binding.

The acyclic aldehydes 2.116-2.121 inhibited HLE with 1Cso values in the range of 0.15 —
1.5 uM (Table 3.7b). Aldehydes with Leu at P; (2.116/2.118/2.120) were more potent than
the Phe variants (2.117/2.119/2.121), consistent with HLE’s preference for medium-sized
alkyl chains at the P; position.* In addition, an aryl group (2.118/2.119) or a long aliphatic
side chain (2.120/2.121) at P, further enhances potency, consistent with the preference that
HLE has for larger side chain groups at this position.*® The shorter acyclic aldehydes 2.114
and 2.115 containing one amino acid less, were all inactive against HLE, suggesting a
preference for extended peptidic inhibitors that provide an opportunity for increased

interactions within the enzyme binding pocket of HLE.
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3.3.2.3 Inhibitor Selectivity Within the Serine Protease Family

As discussed in section 3.3.1.3, selective inhibition of one enzyme within the same
protease family is a challenging task. The 1Cs, of the inhibitors 2.21-2.26 and 2.114-2.121
between bovine a-chymotrypsin, human leukocyte elastase (HLE) and trypsin, all of which

are serine proteases, are summarised in Table 3.8.

Table 3.8 1Cs values of (a) macrocyclic aldehydes and (b) acyclic aldehydes against
bovine a-chymotrypsin (bCT), human leukocyte elastase (HLE) and trypsin.

o /N\ N\)L /'ﬁ(H o

, O

221 R=Leu 225R =Leu
2.22 R=Phe 2.26 R = Phe

2.23R =Leu
2.24 R = Phe

Serine Protease”

CMPD
bCT (Ki (uMm)) HLE (1Cs (uM)) Trypsin (I1Cs, (uM))
2.21 >50 >50 n.i.
2.22 0.431 >50 n.i.
2.23 1.917 1.820 n.i.
2.24 0.033 1.720 n.i.
2.25 >50 >50 n.i.
2.26 2.525 >50 n.i.

* Standard deviation are found in the raw data, Appendix A5
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A0 o
/A H
N N;JLH
o H o R
2114 R=Leu
2.115 R = Phe
(0] R

I\ H I\

b oA, NJ\N/H(H oA,

H o) H H o H

7
o\/\ o\/\
2116 R=Leu 2118 R=Leu 2120 R =Leu
2.117 R = Phe 2.119 R = Phe 2.121 R = Phe
Serine Protease”
CMPD _
bCT (K (uM) HLE (1ICs (uM))  Trypsin (ICs; (M)

2.114 >50 >50 n.i.
2.115 >50 >50 n.i.
2.116 0.939 0.859 n.i.
2.117 0.056 1.46 n.i.
2.118 >50 0.465 n.i.
2.119 0.688 0.524 n.i.
2.120 >50 0.148 n.i.
2.121 2474 0.52 n.i.

n.i = no inhibition.

# Standard deviation are found in the raw data, Appendix A5
The macrocyclic (2.21-2.26) and acyclic (2.114-2.121) aldehydes tested displayed some
selectivity for the serine proteases used in the study, with the key features highlighted
below. The macrocyclic aldehydes (2.21-2.26) were generally more potent towards
a-chymotrypsin compared to HLE, though no such trend is apparent for acyclic inhibitors
2.114-2.121, see Table 3.8. Inhibitors with a Phe at P; (2.23/2.25/2.114/2.116/2.118/2.120)
were slightly more potent against a-chymotrypsin compared to those with a Leu at P,
(2.24/2.26/2.115/2.119/2.121). However, HLE showed no such preference toward the P;
substituent. The macrocyclic inhibitor 2.24, containing two aryl groups in the ring system,
was the most potent inhibitor of both HLE and a-chymotrypsin. By comparison, the
macrocyclic inhibitor containing one aryl group at P, in the ring system (2.22) or an
aliphatic ring system (2.26) displayed weak or no inhibition of a-chymotrypsin and HLE,
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respectively. This is consistent with a-chymotrypsin and HLE’s preference for bulky

hydrophobic groups binding at the S positions®®*

3.3.2.2).

(as discussed in sections 3.3.2.1 and

The acyclic aldehydes (2.114-2.121) were more potent against HLE than the macrocyclic
aldehydes (2.21-2.26), with inhibitors containing aryl or long aliphatic groups at P, being
preferred. In contrast, the incorporation of a single aryl group at the P4 position (2.117) was
more potent agasint a-chymotrypsin. However, a significant decrease in potency is
apparent on introduction of an additional aryl group at P, (2.119), which is presumably due
to its enhanced conformational flexibility (see section 3.3.2.1).

None of the macrocyclic (2.21-2.26) and acyclic (2.114-2.121) aldehydes were active
against trypsin at a concentration of 50 uM. This is not surprising given that the specificity
of trypsin is determined by the S; site, which is known to favour basic residues such as Lys
and Arg, due to the presence of a negatively charged Asp in the S; pocket.*

3.3.3 Summary: Structure-Activity Relationship for Cysteine and Serine

Protease Inhibition

A comparison of the efficacies of the aldehyde inhibitors (2.21-2.26 and 2.114-2.121)
against the proteases discussed above provides an opportunity to elucidate structural
preferences of the cysteine/serine protease families. The similar mode of action of cysteine
and serine proteases (see chapter 2, section 2.1.2 for further discussion) creates many
challenges with regards to designing inhibitor selectivity. The results and trends for the
macrocyclic and acyclic aldehyde series are summarised in Table 3.9
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Table 3.9 Trends observed for macrocyclic and acyclic aldehydes against cysteine
proteases and serine proteases.

Cysteine Proteases Serine Proteases
Calpain CatL CatS bCT HLE
P1 specificity Leu Leu Leu Phe No pref.
P, specificity Aliphatic Aliphatic Aromatic | Aromatic No pref.
P4 specificity  Aliphatic No pref. No pref. Aromatic No pref.
Cyclisation Favoured Favoured Favoured | Favoured Disfavoured
Ring Size 18-mem 18-mem No pref. 24-mem 24-mem

It was considered that the introduction of different substituents at P; within the
macrocyclic aldehyde series (2.21-2.26) might influence selectivity between the cysteine
proteases and a-chymotrypsin (serine protease). Here, the S; subsite for a-chymotrypsin is
characterised by a deep hydrophobic pocket and thus, large hydrophobic residues are
preferred at P1.?° Interestingly, no preference for substituents at Py (Leu or Phe) was
observed for HLE (serine protease), with the ring size (18-membered vs. 24-membered)
being the primary determinant for activity of the macrocyclic aldehydes.

The macrocycle of aldehydes 2.21-2.26 improves potency towards all proteases except
HLE as compared to the analogous acyclic aldehydes 2.114-2.121. As discussed earlier
(see section 2.2.1) an appropriate ring pre-organizes the peptidic backbone into a -strand
conformation required for inhibitor binding to the active site. The larger 24-membered
macrocyclic aldehydes (2.23/2.24) were found to be more potent inhibitors of a-
chymotrypsin and HLE (serine proteases) compared to calpain and cathepsin L (cysteine
proteases), presumably since these proteases have a deep and/or large binding pocket to
accommodate the larger macrocycle. In contrast, calpain and cathepsin L (cysteine
proteases) were found to prefer smaller 18-membered macrocycles, while interestingly,
cathepsin S did not display any preference towards the size of the macrocycle, with the
main influence of cathepsin S selectivity being the residue at the P4 position (Phe).

The introduction of aryl groups into the ring system as in 2.21, 2.22, 2.25 and 2.26 did not
improve selectivity towards any particular family (c.f. CatS and bCT in Table 3.9).
However, for the cysteine proteases studied, calpain appears to prefer aliphatic groups
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between the linked P, and P4 site, while cathepsins L and S are able to accommodate both
aliphatic and aryl groups at the P, site. By contrast, serine proteases (HLE and
a-chymotrypsin) appear to favour aryl groups at both the P, and P4 site, which is consistent

with their known preference for bulkier hydrophobic groups such as phenyl.?*°

3.4 Conclusions

In summary, a new class of macrocyclic protease inhibitors linked through the P, and P4
residues, were tested against a series of serine and cysteine proteases. All the inhibitors
were active towards the cysteine (calpain and cathepsin) and serine proteases (o.-
chymotrypsin and HLE). Inhibitors with Leu at P1
(2.21/2.23/2.25/2.114/2.116/2.118/2.120) were found to be more potent against cysteine
proteases, calpain and cathepsins, while inhibitors with Phe at P;
(2.22/2.24/2.26/2.115/2.119/2.121) were more potent againsts the serine protease o-
chymotrypsin. Inhibitors with a Leu at P; and small aliphatic groups (e.g. allyl glycine) at
P, (2.21/2.25/2.116) were potent inhibitors of calpain and cathepsin L, while the
introduction of an aromatic group at P, (2.23/2.118) gave potent inhibitors of cathepsin S.
In contrast, inhibitors with a Phe at P; and aromatic groups in the P, and/or P4 position
(2.24/2.119) were selective and potent inhibitors of the serine proteases, a-chymotrypsin
and HLE.

Introduction of a macrocyclic ring that uniquely links P, and P4 results in improved
potency against all proteases except for HLE. Linking these residues, rather than the P; and
Ps residues as in previous studies, means that the Py position is free for introducing any
number of groups. Molecular docking studies on the macrocyclic aldehydes (2.21-2.26)
docked into p-calpain suggest that the ring system pre-organizes the backbone of the
inhibitor into the prefered p-strand conformation. The component pyrrole replaces the
amino acid residue at P3 to effectively decrease the peptide character of the inhibitor, while
also promoting the requsit g-stranded conformation. The size of the macrocycle was found
to influence selectivity, with the 18-membered ring leading to potent inhibitors of calpain
and cathepsin L (both cysteine proteases), while the larger 24-membered ring favours the
inhibition of serine proteases (a-chymotrypsin and HLE). The cysteine protease, cathepsin

S, does not display a preference for ring size, with both the 18- and 24-membered
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macrocycle being equally potent inhibitors. Selectivity of inhibition for cathepsin S over
calpain and cathepsin L is essentially determined by the residue at the P, position.

The macrocyclic aldehyde with an 18-membered ring and aliphatic alkyl group linking P
and P4 (2.25) is the most versatile cysteine protease inhibitor, displaying potent inhibition
of calpain, cathepsin L, cathepsin S. By comparison, the larger macrocyclic aldehyde 2.23,
with two component aryl groups, is the most potent inhibitor of cathepsin S (1Cso = 0.0014
HMM) with significant selectivity over calpain, cathepsin L, a-chymotrypsin and HLE. The
most potent serine protease inhibitor (1Csp of 0.033 uM against a-chymotrypsin) proved to
be the analogue 2.24, which is the direct analogue of 2.23 differing only by having a Phe

instead of a Leu at P;. This macrocycle is also a potent inhibitor of cathepsin S with an

ICso 0f 0.0066 M.
0
I\ H
e 0 N /df\H
N AL A H NoT N T
L ;

2.25 S
ON 2.23
m-Calpain: IC5q = 0.066 uM )
Cathepsin L: ICsg = 0.003 pM Cathepsin S: ICgg = 0.0014 pM
Cathepsin S: ICsq = 0.0017 uM Selectivity 31-fold
o]
7\ H
N H
o A, QLN
H o H H o)

O\/\> 2.24

a-Chymotrypsin: ICgg = 0.033 uM
Cathepsin S: ICgg = 0.0066 M

These 2" generation macrocyclic inhibitors uniquely links the P, and P4 residues, leaving
the P; position free to allow for the introduction any number of groups to tailor for
selectivity. Additionally, the ability to introduce any number of ring systems adds to the
versatility of these inhibitors. Thus, this new class of macrocyclic protease inhibitor is
ideally suited to targeting other proteases, particularly other classes cysteine proteases and
proteases with chymotrypsin-like activities (e.g. proteasome).
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Chapter Four

4.1 Introduction

As previously stated, the focus of this thesis is to control peptide structure and function
through synthetic modification. Chapter 2 and 3 discussed in detail the controlled
organization of secondary structure in peptides via ring closing metathesis (RCM) to afford
novel inhibitors of cysteine and serine protease. In this chapter, the controlled organization
of the tertiary structure of naturally occurring peptides is investigated for the formation of
biocompatible hygrogels derived from gelatin. Methacrylate-functionalized gelatin is
crosslinked with norbornene dicarboxylic acid by aqueous metathesis to afford hydrogels
with varying degrees of crosslinking by varying the ratio of gelatin and norbornene
dicarboxylic acid. The varying degrees of crosslinking may provide differing physical
properties, which can potentially tailor this class of polymer hydrogels for specific

applications in regenerative medicine.

4.1.1 Ruthenium-Catalyzed Aqueous Olefin Metathesis

Olefin metathesis, as catalyzed by transition metal-based carbene complexes, is one of the
most useful reactions for carbon-carbon bond formation.»® Variations of this carbon-
carbon bond formation, particularly ring-opening metathesis polymerization (ROMP),
have been successfully used in the synthesis of polymer-based macromolecules and
hydrogels.®” Ruthenium-based complexes (Figure 4.1) are particularly useful due to their
increased stability in various media and tolerance to a variety of functional groups (see
chapter 1 for an in depth discussion of ROMP).
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Figure 4.1 Well-defined ruthenium catalyst for olefin metathesis: 4.1 Grubbs 1%
Generation (Gl), 4.2 Grubbs 2™ Generation (Gll), 4.3 Hoveyda-Grubbs 1% Generation
(HGI), 4.4 Hoveyda-Grubbs 2" Generation (HGII) and 4.5 water-soluble Hoveyda-Grubbs
2" Generation (HG2-S) catalysts.

Chemical transformations in industry often require the use of organic solvents as a reaction
media. However, there is a need for a move to water-based chemistry for environmental
benefits, though this often results in both insolubility of most organometallic catalyst in
water media, coupled with a decrease of reaction rate and efficiency. As a result, reactions
in aqueous media require harsh reaction conditions such as elevated temperatures and
increased catalyst loading, which can be detrimental for temperature sensitive reagents and
can ultimately affect the overall properties of the synthesized materials. Several methods of
improving solubility of organometallic catalyst in water currently exists, such as the use of

8-10

surfactants that can form micelles®° or the development of water soluble catalysts.**

4.1.2 Hydrogels in Biomedical Applications

The advancement of medical technology has vastly improved the lifestyle and living
conditions in the twentieth and twenty-first centuries. However, this advancement and
improvement in lifestyle is coupled with an increase in an average lifespan of the

population, leading to increases in patients suffering from degenerative diseases and
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injuries. Conventional treatments requiring surgery and organ transplant are invaluable,
however many issues can arise from such invasive methods, including tissue damage,
organ incompatibility and internal or external scarring. These potential problems have led

to the development of regenerative medicines to combat these diseases and injuries.*?

Regenerative medicine'® is an interdisciplinary field of research focused on the repair,
replacement or regeneration of damaged cells or tissues in order to restore impaired
function. It involves the use of various therapeutic strategies, such as the use of
biomaterials, cell therapy, or a combination of both, allowing regeneration of damaged

tissues by supporting endogenous regeneration.

The use of biomaterials as a form of regenerative medicine has generated significant
interest in the ability to tailor materials for specific functions, such as for drug delivery
systems or tissue healing. In particular, biomaterials can be used as extracellular matrixes
for tissue regeneration due to their capacity to interact with cells, tissues and biological
systems, when implanted into the body.'* For a biomaterial to be useful in tissue repair
several requirements need to be achieved; i) the material must be biocompatible and when
implanted it should act as a temporary substitute of the extracellular matrix, enabling the
growth of new tissue by cell proliferation; and ii) the material should degrade over time as
the formation of new tissue progresses. Additionally, the properties of these biomaterials,
such as the mechanical and thermal properties, water uptake, swelling and degradation,
need to be tailored to the biomedical application.”>*" A focus of biomaterial research is
directed at the generation of a series of polymer-based materials that are non-toxic,
degradable and histo-compatible and this has led to a series of polyglycols,

polysaccharides and peptidic based polymers.*®

Current designs of materials for use in biomedical and regenerative medicine integrate
principles from molecular and cell biology to mimic certain aspects of the natural
extracellular matrix (ECM).® Hydrogels show innate structural and compositional
similarities to the extracellular matrix (ECM). They exhibit complex structural networks
that promote survival and cellular proliferation and hence these polymer-based materials

have received extensive attention in the field of regenerative therapy.”
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Hydrogels are three-dimensional crosslinked polymer networks formed from hydrophilic
homopolymers, copolymers or macromers, and are insoluble polymer matrices that can
retain large volumes of water, causing the network to swell in aqueous medium. They are
thought to encourage accelerated tissue formation, as they offer an environment that
resembles the highly hydrated state of natural tissues.?’ The network structure of hydrogels
can be quantitatively described by several molecular parameters including the extent of
swelling and content of water retained, which is dependent on the hydrophilicity of the
polymer chains; and the crosslinking density, which directly affects the mechanical

properties of the material.

The crosslinking of hydrogels allows control over the gels’
final chemistry, macroscopic and degradation properties. These crosslinks can be formed
by ionic interactions, physical interactions, chemical and hydrogen bonding. Simple
changes in processing conditions (e.g. macromer concentration) can lead to a range of gel

21,22

properties,”~“ whereas mixing different macromers in solution prior to polymerization can

lead to networks that contain both synthetic and natural components.?

Synthetic hydrogels are commonly derived from single units and blends of polymers such
as poly(ethylene glycol) 4.6,%*?" poly(vinyl alcohol) 4.7,>?*% and polyacrylates such as
poly(2-hydroxyethyl methacrylate) 4.8°° (Figure 4.2). Synthetic gels exhibit several
advantages over naturally occurring gels due to (i) the ease of large-scale production; (ii)
high tunability; and (iii) consistent and reproducible properties between syntheses.
However, these gels risk contamination during formation and are thus often subjected to
several purification processes in order to remove hazardous contaminants. In contrast,
hydrogel formation derived from biological sources (Figure 4.2) such as agarose 4.9,*
alginate 4.10,%*% chitosan 4.11,%* hyaluronic acid 4.12,"**% fibrin®***" and collagen®*°
are widely thought to have an edge over synthetic biomaterials where biocompatibility is
concerned. These natural gels offer better chemical and morphological cues to cells and
offer environmental advantages, as they are capable of biomimicry of tissues and ECM.
However, natural polymer-hydrogels often exhibit several issues that include (i) variability
in batch-to-batch formulation; (ii) weak mechanical properties compared to their synthetic
counterparts; and (iii) unpredictable stability and degradation behavior.
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Figure 4.2 (a) Synthetic and (b) natural building blocks used for the formation of

hydrogels. *Poly(vinyl alcohol) exists as a mixture of acetylated and non-acetylated monomers.

4.1.3 The Extracellular Matrix

Cells reside in a dynamic framework composed of biopolymers called the extracellular
matrix (ECM). The ECM (Figure 4.3) is composed of water and extracellular
macromolecules, primarily consisting of polysaccharides (e.g. proteoglycans, hyaluronic
acid), and fibrous proteins (e.g. collagen, elastin, fibronectin, laminin and vitronectin) that

make up the matrix and have structural and adhesive functions.
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Figure 4.3 Overview of the composition and macromolecular organization of the extra

cellular matrix.

Proteoglycans* are proteins that are heavily substituted with glycosaminoglycans (GAGS).
GAGs are linear polysaccharides made from repeating disaccharide units of an acylated
amino sugars alternating with uronic acid. Examples of GAG chains include hyaluronan
(HA), heparan sulfate (HS), chondroitin sulfate (CS), dermatan sulfate (DS) and keratan
sulfate (KS). As GAGs posses a negatively charged sulfate or carboxylate group, they tend
to repel each other and anions while attracting cations, facilitating the interaction with
water molecules and giving hydration characteristics and resilience to compressional
forces.*? In connective tissue, proteoglycans form a gel-like structure, which resists
compressive forces on the matrix and allows rapid diffusion of nutrients, metabolites and
hormones between the blood and the tissue cells. Additionally, fibrous proteins present in
the ECM such as collagen fibrils provide durability and tensile strength for the surrounding
tissue, while the rubber-like elastin fibers provide resilience.*® Together with the entrapped

interstitial fluid, ECM exhibits a gel-like consistency.
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The structural organization of these protein components in the ECM is dictated by (i)
mutual cell control; (ii) the variability of protein component concentrations; and (iii) their
organization within the ECM; which gives rise to a diversity of matrix forms, each adapted
to the functional requirements of the particular tissue.** In addition to structural support,
the ECM is capable of storing and sequestering growth factors, cytokines and
developmental control factors for organ and tissue development/repair. As a result,
polymers that are able to store this biologically relevant information can serve as scaffolds
that mimic this biophysical environment of cells and can be used to imitate the

environment necessary for tissue-specific evolution and maturation of cells.

Collagen

Collagen is the most abundant structural protein in animals and is the main component of
connective tissue. Collagen is predominantly synthesized by the fibroblasts and undergoes
self-organized helicalization during its biosynthesis.”> Currently, there are 28 known types
of collagen, with types I-1V being the most abundant. Types I-111 exhibit similar structural
features, appearing as long thin fibrils, while type IV forms a two-dimensional net-like
structure.*“® These fibrous proteins have a unique structural motif, comprising of three
polypeptide chains (a-chains) that are arranged in left-handed helical conformation, which
coil around one another to form a right-handed superhelix structure (Figure 4.4). The
a-chains contain a highly repetitive triad sequence of (Xaa-Yaa-Gly),, with Xaa
predominantly proline (Pro) and Yaa being mostly hydroxyproline (Hyp), giving rise to a
left handed helical conformation (polyproline I1-type helix) that is more elongated than

typical a-helices due to a lower amount of hydrogen bonding interactions.*®
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Figure 4.4 Collagen hierarchy from the micromolecular to macromolecular level.

The self-assembly of collagen into fibers takes place over multiple steps from the
expression of procollagen, enzymatic modifications, to their assembly into collagen fibrils
and finally, into collagen fibers (Figure 4.4).*’ The triple helical formation and stabilization
relies on weak, cooperative forces and is dependent on the amino acid sequence. For
example, hydrogen bonds between the peptide backbone NH of glycine with the peptide
carbonyl group in an adjacent polypeptide is important for stabilizing the triple helix. In
addition, hydroxyproline, hydroxylysine, lysine, aspartic acid and glutamic acid tend to
stabilize the triple helix, while aromatic amino acids destabilize the helix.***® As a result,
exchanges, deletions and mutations of single amino acids can be deleterious to triple
helical formation, which is evident by failed assembly of the collagen chains in

diseases.>*>!

Once secreted into the extracellular space, these collagen molecules assemble into higher-
ordered structures (Figure 4.4), which is governed by the type of collagen. For example,
Type | collagen, found within the human body, are known to form fibrils with a diameter
of 50-200 nm. The tensile strength of individual collagen fibrils depends on; i) the
diameter of the fibril; and ii) the extent of crosslinking between collagen strands in the

triple helix.>® These fibrils then form organized parallel bundles of fibrils to give a single
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collagen fiber (Figure 4.4) that is commonly observed in tendons, where the fiber connects
muscle tissue to bones. Furthermore, the assembly of collagen molecules is an entropy-
driven process, due to the loss of water molecules from the protein surface, resulting in

favourable fibril and fiber formation.*

Collagen gels can be formed in situ and can be easily manipulated as a natural delivery
device for cells and growth factors.”® Additionally, they have also been used to make
hydrogels for vocal cord regeneration,®® spinal cord conduit repair’* and cartilage
defects.®**%*> However, collagen materials show significant shrinkage in physiological

environments®>8

and suffer from drawbacks such as heterogeneity, instability (e.g. loss of
structural integrity) and potential immunogenicity.”® Collagen immunogenity has been
found to be reduced by; i) enzymatic treatment (e.g. by pepsin), leading to partial
degradation; or ii) by physical and chemical crosslinking. Given the fibrous bundle
structure of collagen, the hierarchical level at which crosslinks are introduced is a key
parameter when studying the chemical and mechanical properties of collagen. Crosslinking

techniques® 2

that have been attempted in order to maintain mechanical integrity of
collagen post synthesis, have only led to slight variation of macroscopic mechanical
properties. Methods directed to collagen interfibril crosslinking®®® have been partially
successful, but procedures that can easily tune the final properties of collagen materials are

still lacking.

Gelatin

A commonly used alternative in biomaterial synthesis is gelatin. Gelatin is produced by
thermal denaturation or physical and chemical degradation of collagen, involving the
breakdown of the aforementioned triple-helices of collagen to form random coils (Figure
4.5). Gelatin exists as a heterogeneous mixture of single and multi-stranded polypeptides,
with an average molecular weight ranging from 40-90 kDa.®® and readily dissolves in
water at temperatures above 35 °C (helix-to-coil transition temperature, T), to form
solutions with low viscosity. In addition, the flexible random coils of gelatin consisting of
approximately 100-200 amino acid residues, are capable of forming a thermally reversibly
network that resembles the triple helix of collagen, in aqueous media.®’
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Figure 4.5 Denaturation process of collagen to obtain gelatin and the thermal solution-gel

transformation of gelatin.
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At temperatures above T, dissolution of gelatin occurs as the cooperative interactions
between gelatin chains are disrupted, leading to the increased formation of random single
coils. Cooling the gelatin solution to temperatures below T, results in the reformation of
the physical networks, leading to gel formation. This solution-gel transformation is due to
a conformational disorder-order transition of gelatin chains, which form thermoreversible
networks by associating helices in regions commonly referred to as junction zones, that are
stabilized by hydrogen bonds.?®®® Subsequent drying of the gels lead to the formation of
physically crosslinked films through the junction zones. Due to the varying crosslinked
network observed between samples, the physical properties of geletin-gels often vary
between samples depending on factors such as amino acid composition, the molecular
weight, the concentration, the environment of formation (e.g. pH, temperature) and the
presence of additives.®®™ Furthermore, gelatin is highly hygroscopic’* and can easily
undergo structural changes during (re)wetting or storage, which can affect its overall

helical content, thermal transitions and mechanical properties.’*"®

Currently gelatin is widely used in the medial industry as pharmaceuticals (drug
delivery),” wound dressings” and adhesives in clinics.”® It exhibits low level of

%976 cytotoxicity,”” and is biodegradable with excellent biocompatibility,

immunogenicity,
plasticity and adhesiveness. The commercial advantage of gelatin over collagen is its;
i) low cost; ii) ease of handling; and iii) wide range of processing techniques can be

applied to form sponges and hydrogels.
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The use of gelatin in regenerative medicine necessitates that it can be fabricated, in a
consistent manner, to give stable scaffolds while being able to control the mechanical and
chemical properties of synthetic gelatin films.”® The varying hydrogel properties often
observed between synthesis can be decreased by chemical and physical crosslinking
methods, thus resulting in an increase in stability of the gel in aqueous media.” Typically,
gelatin is known to contain a high quantity of glycine (25%), proline (18%) and
hydroxyproline (14%), which exhibits a similar to the composition to collagen.” Its
reactivity arises from the presence of functional amino acids, such as aspartic acid (6%)
and lysine (4%). The lysine residues are thought to play and important role in the natural

crosslinking of gelatin.”

As previously mentioned, the helical content, degree of
crosslinking and source of gelatin are known to influence the physical properties of the
resultant gelatin-gel. Furthermore, the mode of crosslinking imparts differing mechanical

properties on the gel.”

A common synthetic route utilized in mimicking this natural crosslinking behavior is the
physical crosslinking of either methacrylate or phenolic functionalized gelatin.”® Such
physical methods include the use of microwave irradiation, dehydrothermal treatment
(DHT), ultraviolet and gamma irradiation treatment. The advantage of physical
crosslinking is that they do not contain by-products that can cause potential cytotoxicity of
the gel, whereas their main drawback arises from the difficulty to obtain consistent degrees
of crosslinking.

Due to the presence of a large number of reactive functional groups in gelatin, it can also
readily undergo chemical crosslinking. Commonly used examples of crosslinking agents

include:

78,80,81

» Aldehydes (formaldehyde, glutaraldehyde, glyceraldehyde).

« Poly(ethylene glycol) diacrylate.®

«  Genipin.®¥®

« Carbodiimides.®%

« Diisocyanates.?*

The limitations in the use of chemical crosslinking agents are the potential entrapment of
unreacted crosslinking reagents within the scaffold. This can lead to the release of the
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trapped reagent during in vivo biodegradation that can be potentially toxic, and can affect
the integrity of additional substances incorporated within the gel (e.g. growth factors or
cytokines).®" As a result, there is an increased interest in the use of natural crosslinking

92,93

agents with low toxicity, such as the used of enzymes for crosslinking or the used of

naturally derived crosslinking agents (e.g. genipin).
4.1.4 Objectives

In this study, gelatin type A is functionalized with glycidyl methacrylate at the amino
functions as shown in Scheme 4.1. This then allows chemical crosslinking via olefin
metathesis to give novel biocompatible gelatin-gels. As gelatin is water soluble, olefin
metathesis reactions will be performed in agueous media, with the use of either ruthenium-

based Grubbs catalyst (Figure 4.1, compound 4.1 and 4.2) in emulsions,®*®

or newly
developed aqueous-soluble Hoveyda-Grubbs catalyst (Figure 4.1, compound 4.5).%°" The
development of novel gelatin hybrid materials and the chemistry of these materials is
discussed in detail, with focus on the aqueous metathesis of methacrylate-functionalized

gelatin (gel-GMA, 4.13) and norbornene dicarboxylic acid (NBE-OH, 4.14) (Scheme 4.1).

OH
H
—N 0 + — ?
\)\/ \H)J\ Lb\COZH
O COzH

4.13 4.14
Scheme 4.1

The objectives of this chapter are:

1. To develop a series of novel biocompatible peptide-based hydrogels from the
chemical crosslinking of gelatin and norbornene dicarboxylic acid with defined
tertiary structure.

2. To determine the ideal reaction conditions for aqueous metathesis in generation
novel of gelatin biomaterials.

3. To investigate the physical properties of hybrid materials by varying substituent
ratios during aqueous metathesis.

4. To investigate the mechanism of novel gelatin-NBE hybrid material formation.
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Through development of novel peptide-based hydrogels using environmentally friendly,
aqueous based reactions, we aim to develop hydrogels that are cost effective, biofriendly
and exhibit tunable tailored physical and chemical properties with potential use in the

medical industry as tools for regenerative medicine.

4.2 Synthesis and Characterization of Gelatin Hybrid Materials

4.2.1 Investigation of Ideal Reaction Conditions for Aqueous Metathesis.

Commercially available type A gelatin was allowed to react with glycidyl methacrylate
(GMA) in phosphate buffer pH 9.6 to obtain GMA-functionalized gelatin (gel-GMA).
Type A gelatin was used in this study as it has been previously utilized in hydrogel

89.98-100 and in clinically approved products, such as Gelfoam.'®* The reaction

formulations
was performed in a basic buffer system to ensure that free amino groups could react with
GMA. The degree of substitution of gelatin by GMA was quantified using trinitrobenzene
sulfonate (TNBS) colorimetric assay*®? and ranged from 57-69% substitution (see chapter
5, section 5.4 for procedural details). The *H NMR spectra of the resulting gel-GMA (a)
and unfunctionalised gelatin (b) are shown in Figure 4.6. The spectrum of gel-GMA shows
characteristic peaks at 8 5.83 and 6.25, corresponding to the geminal methylene protons of

the introduced methacrylate groups.
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Figure 4.6 *H NMR spectra of gel-GMA (a) and unfunctionalized gelatin (b).

Gel-GMA was then allowed to react with norbornene dicarboxylic acid (NBE-OH) in
aqueous phosphate buffer, pH 7.4 while varying; i) the catalysts utilized and ii) the ratio of
catalyst loading to the combined ratio of gel-GMA/NBE-OH monomers, Table 4.1. The
catalysts chosen for investigation were Grubb’s 1% generation (GI) and 2" generation (GII)
catalyst (Figure 4.1, compound 4.1 and 4.2), and a water-soluble derivative of Hoveyda-
Grubbs (HG2-S) catalyst (Figure 4.1, compound 4.5). Due to the air-sensitive nature of Gl
and GII catalysts, all metathesis reactions were performed under an inert atmosphere and
reactions were deemed complete once gelation was observed. Furthermore, since Gl and
Gl catalysts are insoluble in aqueous medium, reactions using these catalysts were
subjected to emulsification in toluene/hexadecane®®® before addition to the aqueous
solution, Table 4.1, entries 1-3. Metathesis reactions of gel-GMA/NBE-OH were
conducted at temperatures above helix-to-coil transition temperatures (35 °C),°®*%" as
disaggregation of the gelatin chains occurs and crosslinking at this temperature would
allow stabilization of gelatin in the random coil state.
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Table 4.1 Investigation of the reaction conditions for aqueous metathesis using various
catalyst and differing ratios of monomers to catalyst.

Gel-GMA NBE-OH Catalyst [Mon°]  Gelation
Entry Catalyst® Atmosphere
(equiv) (equiv) (mol%) - [Cat]
1 1 1 Gl 5 N> 20:1 Y
2 1 1 Gl 1 N> 100:1 Y
3 1 1 Gl 1 N> 100:1 Y
4 1 1 HG2-S 2 N, 50:1 N
5 1 1 HG2-S 5 N, 20:1 Y
6 1 1 HG2-S 5 Air 20:1 N

% Gl: Grubbs’ 1% generation catalyst; GII: Grubbs’ 2™ generation catalyst; HG2-S: Water soluble derivative
of Hoveyda-Grubbs 2™ generation catalyst. > Combined monomer ratio of Gel-GMA and NBE-OH

Metathesis of gel-GMA and NBE-OH was successfully accomplished utilizing Grubbs’ 1°
(GI) and 2™ (GII) generation catalysts and a water soluble derivative of Hoveyda-Grubbs’
2" generation (HG2-S) catalyst, as can be seen in entries 1, 2, and 3 of Table 4.1. In
particular, reaction of gel-GMA and NBE-OH with 5 mol% Gl resulted in a rapid increase
in viscosity followed by gel formation within 30 sec to 1 min, Table 4.1, entry 1. A repeat
of this reaction using reduced Gl catalyst loading (1 mol%) resulted in the formation of an
opaque, sticky polymer within 3 to 5 min, Table 4.1, entry 2. Similarly, an opaque, sticky
polymer was obtained within 3 to 5 min using Gll-catalyzed aqueous metathesis, with a 1
mol% loading, Table 4.1, entry 3. The similar time frames required for gel formation using
both GI and GII catalysts indicates that these catalysts have similar reactivity in catalyzing
the metathesis of gel-GMA and NBE-OH.

In contrast, emulsification was not required for reactions involving water-soluble
derivative of Hoveyda-Grubbs 2" generation catalyst (HG2-S), Table 4.1, entries 4-6. The
HG2-S catalyst is capable of dissolving in phosphate buffer due to the presence of the
water-soluble polyethylene glycol (PEG) side chains.*®” Upon addition of 1 mol% HG2-S
to the monomer solution, viscosity did not increase after 1 h. Addition of a further 1 mol%
HG2-S resulted in no change and gelation was not observed after 16 h, Table 4.1, entry 4.
However, increasing the catalyst loading to 5 mol% of HG2-S, gave rise to a clear
transparent gel formed after 16 h, Table 4.1, entry 5. The combination of higher catalyst
loading and a longer reaction time for gelation indicates that the rate of HG2-S-catalyzed
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metathesis is much slower than that of Gl- or Gll-catalyzed metathesis. This reaction was
repeated with 5 mol% of HG2-S in the presence of air (Table 4.1, entry 6), as the catalyst

is stable to air®®®’

and being able to conduct the reaction under atmospheric conditions is
an industrial advantage. Interestingly, the viscosity (as determined visually) of the solution
remained unchanged after 16 h, indicating that crosslinking had not occurred. To date,
studies have shown that metathesis reactions involving HG2-S catalyst are rapid reactions
that are completed within a short time frame and/or with the presence of an organic
solvent.®®" In contrast, the metathesis reaction for gel-GMA and NBE-OH required a
longer reaction time due to the lower reactivity of HG2-S in a pure aqueous media. This
suggests that the water-soluble HG2-S is not stable when exposed to atmospheric
conditions for a long period of time and the presence of a pure aqueous solution may have

accelerated the decomposition of the catalyst.

Polymer gels, when formed, were dried in a 37 °C oven before subjecting samples to
crosslinking analysis, Table 4.1, Entries 1-3 and 5. When a reaction did not result in an
increase in viscosity, an aliquot of the solution was transferred to a petri dish and dried in a
37 °C oven in order to obtain a film for crosslinking analysis, Table 4.1, Entries 4 and 6.
The crosslinking analysis involved heating the samples at 50 °C and testing for dissolution
in water. Crosslinking was deemed successful if no dissolution occurred after 5 h.
Crosslinking analysis of the synthetic samples (Table 4.1, entries 1-6) revealed that the
gels isolated for entries 1-3 and 5 (Table 4.1) were the result of GI, Gll and HG2-S
catalyzed crosslinking of gel-GMA and NBE-OH. Additionally, crosslinking analysis
revealed that attempts of crosslinking gel-GMA and NBE-OH at both low concentrations
of HG2-S and high concentrations of HG2-S under an atmospheric atmosphere (Table 4.1,
Entries 4 and 6) did not occur.

Polymer gels obtained through crosslinking of gel-GMA/NBE-OH (Table 4.1, Entries 2, 3
and 5) were characterized by thermal gravimetric analysis (TGA) and temperature
modulated differential scanning calorimetry (TMDSC). TGA analysis of the dried polymer
gels showed a mass loss (2-5% at 120-140 °C) for all samples (Figure 4.6), corresponding
to the loss of water in the polymer gel material. All samples showed thermal stability up to
~ 300 °C. These synthetic polymer gels show similar percentage mass loss (2-5%) and
thermal stability (~ 300 °C) to pure gelatin and gel-GMA.. (Figure 4.6).
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Figure 4.6 TGA data for polymer gels synthesized using Gl, Gl and HG2-S catalysts and
comparison with pure gelatin and gel-GMA.

0.8
1:1 Gel-GMA : NBE-OH
(Gl)
0.6
) 1:1 Gel-GMA : NBE-OH
£ (Gl
s
g_ 0.4
8
i 1:1 Gel-GMA : NBE-OH
® (HG2-S)
% 0.2
0.0 T L) 1
0 50 100 150
Temperature (°C)
Gel-GMA NBE-OH .
Entry ) ) Catalyst Tn (°C)
(equiv) (equiv)
1 1 1 Gl 69
2 1 1 Gll 72
3 1 1 HG2-S 100

2 GI: Grubbs’ 1% generation catalyst; GIl: Grubbs’ 2" generation catalyst; HG2-S: Water soluble
derivative of Hoveyda-Grubbs 2™ generation catalyst.
Figure 4.7 Summary of TMDSC data for polymer gels synthesized using GlI, Gll and
HG2-S catalysts.
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TMDSC data of the dried samples displayed an endothermic signal corresponding to the
crystalline melting temperature (Tn,) of the polymer gels (Figure 4.7). The polymer gels
formed via GI- and GllI-catalyzed crosslinking exhibited similar Tr, values of 69 °C and 72
°C respectively (Figure 4.7, Entries 1 and 2). Additionally, the TMDSC of these polymer

gels also displayed a Ty, due to hexadecane at 18 °C (lit. m.p.: 18 °C*®

), which suggested
entrapment of hexadecane in the polymer gel matrix as a result of using of
toluene/hexadecane in the emulsion process. In contrast, the polymer gel obtained from
HG2-S mediated crosslinking showed a single Ty, of 100 °C (Figure 4.7, entry 3), which is
significantly higher than that observed in the gel-samples catalyzed by Gl and Gl

catalysts.

The differences in Tp suggests differing degrees of crosslinking possibly due to the
increased reaction time required for the less reactive HG2-S catalyst (16 h) in comparison
to the more reactive Gl or GII catalyst (3-5 min). The implications of this variance in
crosslinking as mentioned previously (section 4.1.3., under Gelatin) would lead to
differences in physical properties of the polymer gel formed. For polymer gels with the
high level of crosslinking, a more rigid/brittle gel would be observed while a low level of
crosslinking could give a more flexible and pliable gel. Being able to tailor these properties
of the polymer gel would be a great advantage in regenerative medicine and the results

presented show the potential array of polymer gels that can be formed.

In summary, the rate of polymer gel formation was shown to be influenced by choice of
catalyst utilized in the aqueous metathesis reaction. The use of Gl and Gl in an emulsion
system rapidly furnished polymer gels within 3-5 min, at a loading of 1 mol%, Table 4.1,
Entries 2 and 3. In contrast, aqueous metathesis reaction of gel-GMA and NBE-OH
catalyzed by HG2-S (Table 4.1, entry 5) required a prolonged reaction time for polymer
gel formation. Furthermore, HG2-S catalyst is not available commercially and requires the
need to be synthesized.”” While both GI and Gl catalysts are commercially available and
rapidly furnished polymer gels, Gl catalyst is inexpensive, thus making Gl catalyst more
economically viable. As a result, GI catalyst was chosen for further investigation of
aqueous metathesis reactions of gel-GMA and NBE-OH due to modest price and ease to

obtain commercially.

141



Chapter Four

4.2.2 Validation of Crosslinking Between Gel-GMA and NBE-OH.

With conditions for polymer gel formation established, gel-GMA and NBE-OH
crosslinking was validated by performing a series of control experiments to confirm that
polymer gel formation proceeded only in the presence of a catalyst and when both required
monomers were present , Table 4.2. In order to establish that polymer gel formation was
the result of crosslinking between gel-GMA and NBE-OH, reactions were performed by
omitting either gel-GMA (Table 4.2, entry 1) or NBE-OH (Table 4.2, entry 2).
Furthermore, to establish that polymer gel formation was due to catalytic metathesis
reaction, a model reaction for gel-GMA and NBE-OH, in the absence of catalyst, was
performed (Table 4.2, entry 3).

Table 4.2 Control reactions for the validation of crosslinking reaction.

Gel-GMA NBE-OH Catalyst Eq.

a :
Entry (equiv) (equiv) Catalyst (mol%) [Mon] : [Cat]
1 2 0 Gl 0.01 (1 mol%) 100:1
2 0 2 Gl 0.01 (1 mol%) 100:1

3 1 1 - - -

®Gl: Grubbs’ 1* generation catalyst

These model reactions confirmed our earlier observation that gel formation results from
the crosslinking of gel-GMA and NBE-OH. Reactions of both gel-GMA in the absence of
NBE-OH (Table 4.2, entry 1) and NBE-OH in the absence of gel-GMA (Table 4.2, entry
2) resulted in no change in viscosity of the solution. This indicated that both monomers
were required for polymer gel formation. Similarly, gelation was not observed in the
reaction of gel-GMA/NBE-OH in the absence of catalyst (Table 4.2, entry 3), confirming
the involvement of the catalyst in the formation of polymer gels.

As an increase in viscosity was not observed in all the model reactions, control reactions
containing gel-GMA (Table 4.2, Entries 1 and 3) were aliquoted into petri dishes and dried
in a 37 °C to obtain films for crosslinking analysis. The clear films obtained were found to
dissolve in water when heated to 50 °C, indicating that self-crosslinking of gel-GMA
(Table 4.2, entry 1) and crosslinking of gel-GMA/NBE-OH in the absence of catalyst
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(Table 4.2, entry 3) had not taken place. This confirmed that cross-metathesis of gel-GMA
did not occur and that polymer gel formation of gel-GMA/NBE-OH requires the presence
of a catalyst.

The reaction of NBE-OH alone in the presence of catalyst (Table 4.2, entry 2) was
analyzed by NMR and IR spectroscopic techniques to determine if self-polymerization of
NBE-OH had occurred. The *H NMR spectrum of the NBE-OH reaction (Table 4.2, entry
3) indicated the presence of unreacted NBE-OH, with a characteristic signal from the
proton on the constrained bicyclic system of NBE-OH at & 6.1 ppm. In addition, the *H
NMR spectrum revealed a lack of resonances in the region of 6 5-6 ppm, which is
indicative of cis/trans alkenes that would be observed upon ring-opening of the bicyclic
ring system. This confirmed that self-polymerization of NBE-OH in the presence of
catalyst had not occurred and that polymer gel formation of gel-GMA/NBE-OH requires
the presence of both monomers in the presence of a catalyst. These control experiments
confirmed that the polymer gel samples previously isolated (Table 4.1) were a result of
catalytic metathesis of gel-GMA/NBE-OH as in the absence of either monomers and/or
catalyst, polymer gel formation does not occur.

4.2.3. Effect of NBE-OH Concentration on Polymer Gel Characteristics

With the successful formation of polymer gels containing gel-GMA/NBE-OH, our
attention was directed towards the synthesis of polymer gels with differing mechanical
properties, that could potentially be tailored for use in regenerative medicine. In particular,
varying mechanical properties can be achieved by altering the concentration of NBE-OH
with respect to gel-GMA. Varying the amounts of NBE-OH could possibly result in; i)
grafting of NBE-OH chains on gel-GMA via cross metathesis, followed by ring opening
metathesis polymerization (CM-ROMP); ii) varying amounts of crosslinking between gel-
GMA and NBE-OH due to ring opening cross metathesis (ROCM); or iii) a mixture of
both mechanisms, all of which could potentially affect the mechanical properties of the

polymer gels.
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Table 4.3 Varying ratios of NBE-OH for the metathesis reaction.

Gel-GMA NBE-OH Catalyst Eq.
Entry _ _ Catalyst® [Mon] : [Cat]
(equiv) (equiv) (mol%)
1 1 0.5 Gl 0.01 (1 mol%) 100 : 1
2 1 1 Gl 0.01 (1 mol%) 100:1
3 1 2 Gl 0.01 (1 mol%) 100:1
4 1 5 Gl 0.01 (1 mol%) 100 : 1
5 1 10 Gl 0.01 (1 mol%) 100:1

®Gl: Grubbs’ 1* generation catalyst.

The synthesis of novel gel-GMA/NBE-OH polymer gel was carried out by varying the
amount of NBE-OH with respect to gel-GMA, Table 4.3. For all samples, gelation
occurred within minutes, with differing textural properties of polymer gels (before drying)
depending on the amounts of NBE-OH to gel-GMA being observed. Upon increasing the
amount of NBE-OH with respect to gel-GMA, the texture changed from a rubber/latex like
gel to a smaller solid/clumpy gel. A high amount of NBE-OH, typically above 5
equivalents (Table 4.3, Entries 4 and 5), resulted in an instantaneous increase in the
viscosity of the solution upon the addition of Gl catalyst, followed by a rapid formation of
a clumpy gel within minutes. These textural differences observed with varying NBE-OH
concentration suggest the possibility of either; i) an increase in cross-metathesis; or ii)
ring-opening metathesis polymerization; resulting in an extended norbornene chain (i.e.
grafting). In order to determine the mode of formation of these polymer gels mechanistic
studies were conducted and are discussed in detail, in section 4.6.4.

Thermogravimetric analysis (TGA) of the dried polymer gels showed a mass loss (2-5% at
120-140 °C), corresponding to the loss of polymer gel bound water and thermal stability up
to ~ 300 °C was observed for all samples. In addition, TMDSC analysis of the polymer
gels showed an endothermic signal corresponding to the crystalline melting temperature
(Tm) of the polymer gels in the range of 64-85 °C (Figure 4.8) and also a T, around
17-19 °C (lit. m.p.: 18 °C*®) due to the use of hexadecane in the emulsion process. No
significant change in Ty, was observed upon increasing the ratio of NBE-OH.
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Figure 4.8 Summary of TMDSC analysis for polymer gels synthesized from various feed
ratio of gel-GMA/NBE-OH.

4.2.4 Mechanistic Studies of Aqueous Metathesis Reactions Using
PEGMA

The metathesis of gel-GMA and NBE-OH can potentially result in the formation of four
different polymers from either; i) cross-metathesis (CM) of gel-GMA, ii) ring-opening
metathesis polymerization (ROMP) of NBE-OH, iii) cross metathesis-ring opening
metathesis polymerization (CM-ROMP) of gel-GMA/NBE-OH and iv) ring opening cross
metathesis (ROCM) of gel-GMA/NBE-OH, as shown in Scheme 4.2. However, cross-
metathesis (CM) of gel-GMA and ring-opening metathesis polymerization (ROMP) of
NBE-OH can be excluded, as controls reactions performed in the crosslinking validation
study showed that these reactions did not occur, section 4.2.2.
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In order to gain some insight into the mechanism of gel-GMA/NBE-OH polymer gel

formation, a mechanistic study was conducted using a model reaction of NBE-OH and

polyethylene glycol methacrylate (PEGMA), as an alternative methacrylate-tethered

polymer. PEGMA was chosen for the studies as it exhibits similar physical (water soluble)

and chemical (methacrylate group) properties to the original gel-GMA. Furthermore, the

chosen PEGMA polymer is of known molecular weight and repeat sequence, allowing for

simplistic analysis into the mode of crosslinking, Scheme 4.3.
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Scheme 4.2 Possible products from the metathesis reaction of gel-GMA with NBE-OH.

CM: cross metathesis; ROMP: ring opening metathesis polymerization; CM-ROMP: cross

metathesis-ring opening metathesis polymerization; ROCM: ring opening cross metathesis.
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Scheme 4.3 Possible products from the mechanistic studies of PEGMA with NBE-OH.
CM: cross metathesis; ROMP: ring opening metathesis polymerization; CM-ROMP: cross
metathesis-ring opening metathesis polymerization; ROCM: ring opening cross metathesis.

Metathesis reaction of PEGMA/NBE-OH (1:1) was conducted under the same conditions
as per metathesis of gel-GMA/NBE-OH (see Table 4.1, entry 2) by dissolution of both
monomers in a phosphate buffer prior to addition of Gl catalyst in a toluene/hexadecane
emulsion. A change in viscosity was not observed after 1 hr and thus, the solution was
lyophilized and analyzed by MALDI. Commercially supplied PEGMA of greater than
8800 g/mol was utilized, where high molecular weight fragments were not observed in the
MALDI analysis of the resulting polymer gels. Further investigations'® confirmed that the
supplier had incorrectly supplied a low molecular weight variant of PEGMA and the
commercially supplied stock had an average molecular weight of 285 g/mol. As a result,
PEGMA was used in 31 fold excess to NBE-OH, however, analysis of the MALDI data
would not be affected by the excess PEGMA as this is removed during the extraction

procedure and thus, the mechanistic studies would still be valid.

MALDI analysis of the polymer gel formed from PEGMA/NBE-OH confirmed the
absence of CM and ROMP products, as evidenced by the lack of peaks due to CM and
ROMP (See Table 4.4, CM: n;,n, = 1,1 ... 41 and ROMP: n = 1, ..., 7). The major
product observed was the result of ROCM reaction of PEGMA/NBE-OH, while the minor

product was a result of CM-ROMP. Interestingly, there was no evidence of polymerization
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(grafting) of NBE-OH during CM-ROMP or ROCM reactions (See Table 4.4; CM-ROMP,
ni,n2 = 1,2; 2,2; 3,2 and ROCM ny,nz,n3 = 1,2,1). However, the possibility of NBE-OH
polymerization (grafting) after initial cross metathesis during CM-ROMP or ROCM
reactions cannot be fully eliminated due to the 31-fold excess of PEGMA reagent with
respect to NBE-OH. This preliminary insight into the mechanism suggests that the polymer
gel formed from gel-GMA/NBE-OH is possibly a result of ROCM reaction between the
two monomers. However, further mechanistic studies involving increasing amounts of
NBE-OH with respect to PEGMA need be investigated in order to justify the differing
textural properties of the polymer gels obtained with differing ratios of gel-GMA/NBE-
OH, section 4.2.3.

4.2.5 Attempted Polymer Gel Film Formation.

With successful synthesis of polymer gels containing gel-GMA and NBE-OH, film
formation was attempted in order to produce a uniform material for mechanical testing.
Film formation of the polymer gels was performed as described in section 4.2.1. However,
upon addition of catalyst (GI or HG2-S), the solution was quickly transferred between two
tightly sealed glass plates, separated by a 1 mm Teflon spacer using a syringe, and the
reaction was allowed to complete in a 50 °C oven. The remaining solution was transferred

to a petri dish and the reaction was also allowed to complete in a 50 °C oven.

The resulting polymer gel films where dried and subjected to crosslinking validation as
described in section 4.2.1. Treatment of gel-GMA/NBE-OH with HGS-2 resulted in
formation of gel films that dissolved in water, indicating a lack of crosslinking. This is
most likely due to exposure of the catalyst to air, in addition to the slow reactivity of HG2-
S in comparison to Gl or Gl for polymer gel formation. Treatment of gel-GMA/NBE-OH
with Gl in the petri dish resulted in a gel that dissolved in water. Polymer gel crosslinking
does not proceed using the petri dish formulation method as the catalyst is exposed to air,
rendering the catalyst inactive over time. In contrast, polymer gel films formed between
the tightly sealed glass plates were found not to dissolve in water when subjected to
crosslinking analysis. This indicated successful crosslinking of gel-GMA and NBE-OH
between tightly sealed glass plates due to the exclusion of air. However, the resulting
material were not of uniform thickness and therefore, mechanical testing was not possible.
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Table 4.4 Expected and found m/z for M + Na" specimens in the MALDI MS analysis of the reaction of PEGMA with NBE-OH. n.o.: not observed.

HO,C_  CO,H

o] HO,C CO,H
o OH
X (e}
PN Wow /\OWO/\ Ho Ok ~ o

n
O

HO,C

HO/{/\/O ny

0]

CO,H

o
n, n;OH

o

Cross Metathesis Ring I? pening_ Mgtathesis Cross Metathesis - Rin_g O_per;ing Ring Opening Cross Metathesis”
olymerisation Metathesis Polymerization
n,nz Mw/gmol? Rel.mol% n My/gmol” Rel. mol % n,nz  Mw/g mol?  Rel. mol % N1,N2,N3 Mw/g mol™  Rel. mol %
1,1 255 n.o. 1 321 n.o. 1,1 379 7 1,11 437 9
1,2 2 503 n.o. 2,1 423 3 2,11
2.1 299 no. 3 685 n.o. 31 467 n.o. 11,2 481 10
2,2 4 867 n.o. 41 511 n.o. 3,1,1 525 9
1,3 343 n.o. 5 1049 n.o. 1,2 561 n.o. 3,1,2 569 8
3,1 6 1231 n.o. 2,2 605 n.o. 3,1,3 613 8
4.1 387 n.o. 7 1413 n.o. 3,2 649 n.o. 12,1 619 n.o.

“M + H" specimens were also observed for ny,n, = 2,1 and ny,n, = 3,1. > M + Na* specimens were observed up to ny,n,,n; = 9,1,9.
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4.3 Conclusion and Future Directions.

In conclusion, polymer gels were successfully obtained from aqueous metathesis of GMA-
functionalized gelatin (gel-GMA) with NBE-OH using either Grubbs’ 1% generation
catalyst (Gl), Grubbs’ 2" generation catalyst (GlI) or a new water-soluble derivative of
Hoveyda-Grubbs’ 2™ generation catalyst (HG2-S). All dried polymer gel samples were
found to be thermally stable up to 300 °C. Polymer gels derived from GI and GII catalyst
were found to have a lower Ty, than that of the polymer gel derived from HG2-S, possibly
due to differing extents of crosslinking. Upon successful generation of polymer gels, a
series of control experiments were conducted to confirm that polymer gel formation was
the result of crosslinking between gel-GMA and NBE-OH and that, in the absence of either
monomer and/or catalyst, polymer gel formation does not proceed. This suggests that the
formation of gel-GMA/NBE-OH polymer gel was a result of a catalytic metathesis
reaction between gel-GMA and NBE-OH.

Attention was then directed to the synthesis of novel polymer gels with differing
mechanical properties that could potentially be tailored for use in regenerative medicine.
This was achieved by varying the concentration of NBE-OH with respect to gel-GMA,
resulting in polymer gels with differing textures prior to drying. All dried polymer gels
were found to be thermally stable up to 300 °C and had a T, range of 65-85 °C.

Mechanistic studies were conducted between PEGMA and NBE-OH as a simple model as
there were difficulties in characterizing the polymer gels formed between gel-GMA/NBE-
OH. MALDI analysis of the model reaction between PEGMA and NBE-OH gave
preliminary insights into the gel-GMA/NBE-OH polymer gel formation. The MALDI
analysis suggests that formation of polymer gels between PEGMA and NBE-OH is
possibly a result of ring opening cross metathesis (ROCM) reaction between the two
monomers as shown in Scheme 4.3. However, due to the excess of PEGMA reagent used
in this mechanistic study, the possibility of NBE-OH grafting could not be eliminated and
hence, these studies are being repeated and extended in collaboration with Dr. Benjamin
Pierce at Helmholtz-Zentrum Geesthacht, Centre for Materials and Coastal Research.
Additionally, a similar mechanistic study should be performed with PEGMA and various

150



Chapter Four

ratios of NBE-OH in order to justify the difference in texture of the polymer gels obtained
when varying the ratio of NBE-OH to gel-GMA.

Uniform materials of polymer gel of gel-GMA/NBE-OH were successfully accomplished
using Gl catalyst, in between glass plates to give thin polymer films. Attempts at film
formation in petri dishes and using HG2-S were unsuccessful due to the instability of the
catalysts to air. Future film formation should be performed in a glove box in order to
minimize air exposure. Upon synthesizing these films, mechanical properties of the film

can then be investigated.

These studies have provided the first insight into the use of aqueous metathesis for the
controlled organization of the tertiary structure of naturally occurring peptides. Novel
gelatin-gels were obtained by reacting methacrylate-functionalized gelatin (gel-GMA,
4.13) and norbornene dicarboxylic acid (NBE-OH, 4.14) (Scheme 4.1) in the presence of
multiple catalysts in aqueous media. Furthermore, these polymer gels exhibit physical and
chemical properties that could potentially be utilized in regenerative medicine. However,
further investigations are needed to determine the physical and mechanical properties of
these gels and to evaluate their biocompatibility as medicinal tools.
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5.1 General Methods and Procedures

5.1.1 General Practice

Molecular Modelling

Molecular modelling experiments in chapter 2, section 2.3.1 were conducted by Dr. Steven
McNabb with the Schrédinger suite 2005. Conformational searches with MacroModel 9.1,
generated an ensemble of low energy conformers for docking. The searches were
conducted with the MCMM method using a GB/SA water model and the OPLS2001 force
field. The minimisation was stopped with the default gradient convergence threshold of 6 =
0.05 kJ/(mol*A). The default Polak-Ribiere Conjugate Gradient method was used for all
minimisations. The crystal structure of human mini calpain 1 (PDB code 1ZCM) was
prepared using the protein preparation facility in GLIDE 4.0. The in silico ovine homology
models were created by the virtual mutation of the appropriate residues (Seri;s 2 CySiis)
around the active site cleft, followed by deprotonation of Cysi1s, and protonation of Hisyz,.
These structures were minimised using the OPLS2005 force field with a GB/SA water
model over 500 iterations. All residues within a 5 A distance of the calcium ions, the
calcium ions and the key residues Cysiis, Glyzs and Glyz7: (0-CAPN1) or Cysios, Glyigs
and Glyzs1 (0-CAPNZ2) of the structures were kept frozen during this minimisation. The
centre of the docking grid was defined as the centroid of the residues Cysiis, Gly2s and
Glyz71 (0-CAPN1) or Cysios, Glyigs and Glyzs; (0-CAPN2) and was generated using
default settings. The centre of the docked ligands was defined within a 12 A box. Docking
of flexible ligands to the rigid calpain model was performed with the following parameters:
OPSL2001 force field, extra precision mode, 90000 poses per ligand for the initial
docking, and the best 1000 poses per ligand were kept for energy minimisation with a
distance dielectric constant of 2 and a maximum of 5000 conjugate gradient steps. A
representative conformer from the different clusters was used as a starting conformer in the
docking studies. From each study, up to ten poses, as defined by the program default, were
collected. Representative poses from these were chosen such that: i) the distance between
the carbonyl carbon of the aldehyde group and the active site cysteine sulfur is less than
2.5 A; ii) appropriate hydrogen bonds in the active site are present; and iii) the pose has a
low energy GLIDE Emodel score. Associated parameters of the representative poses of
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compounds 2.5, 2.7, 2.9, 2.11, 2.14 and 2.15 docked with the 0-CAPN1 and o-CAPN2

homology models are shown in Appendix Al.

Molecular modelling experiments in chapter 2, section 2.3.1 were conducted by Steven
Ngugen and Dr. Matt Sykes with the OpenEye Scientific Software, 2010.* Conformational
searches were carried out with OMEGA (version 2.4.3) to generate an ensemble of low
energy conformers for the compounds. The searches were conducted with the default
settings, and increasing the maximum conformers to 10000 to ensure all possible
conformers for each compounds were generated. The crystal structure of rat mini calpain 1
(PDB code 2G8E)? was prepared using FRED Receptor (version 2.2.5), by removal of
calcium ions and water molecules. The centre of the docking grid was defined as the
centroid of the residues Cysiis, Glyaos and Gly,71 (r-CAPN1), with an inner contour of
101 A and an outer contour of 1706 A. Custom constraints were placed to ensure that the
compounds dock in the expected orientation, by increasing the docking sphere to
completely encompass the carbon where the covalent bond between the thiol and co-
crystallised ligand occurs (see Figure 5.1); and an additional SMARTS constraint to ensure
that the aldehyde group is present within the docking sphere for successful docking of the
compounds. A docking grid was generated, and inhibitors were docked to the calpain
model using FRED (version 2.2.5) using the default scoring function (chemgauss3) to
establish the docking of the compounds. Representative poses from these were chosen such
that: i) the distance between the carbonyl carbon of the aldehyde group and the active site
cysteine sulfur is less than 4.5 A; and ii) appropriate hydrogen bonds in the active site are

present.
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Figure 5.1 The docking sphere (in green), generated in FRED Receptor, encompassing the
carbon where the covalent bond between the enzyme thiol (stick representation) and co-
crystallised ligand (stick and ball representation) occurs.

NMR Spectroscopy

NMR spectra of all compounds in chapter 2 were obtained as described below.

Proton spectra were obtained on a Brucker ACP-30V spectrometer operating at 300 MHz
or a Varian Inova spectrometer operating at 600 MHz. Carbon spectra were obtained on a
Brucker ACP-30V 300 spectrometer operating at 75 MHz or a Varian Inova 600
spectrometer operating at 150 MHz. Two-dimensional correlation experiments (COSY,
ROESY, HSQC, HMBC) were performed on a Varian Inova spectrometer operating at 600
MHz. Unless otherwise stated, all spectra were obtained at 23 °C. Chemical shifts are
reported in parts per million (ppm) on a ¢ scale (in which trimetylsilane (TMS) is
referenced to 0.00 ppm). Solvents used in NMR analysis (reference peak listed) included
CDCl; (CHCIs at 6y 7.26 ppm, CDCl3 at ¢ 77.00 ppm); CD3;OD (CHD,OD at 6y 3.31
ppm, CD30D at &¢c 49.05 ppm); (CD3),SO ((CHD,),SO at 6y 2.50 ppm, (CD3),SO at ¢
39.70 ppm). All resonances are given in parts per million (ppm). Spin multiplicities are
indicated by the following symbols: singlet (s), broad singlet (br s), doublet (d), doublet of
doublet (dd), triplet (t), doublet of triplet (dt), quartet (q), quintet (quin) and multiplet (m).
All coupling constants are reported in hertz (Hz).
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NMR spectra for compound 4.13 and gelatin in chapter 4 were obtained on a Brucker
Advance spectrometer (Karlsruhe, Germany) at 500 MHz in D,O at Helmholtz-Zentrum,
Centre for Materials and Coastal Research, Germany.

Mass Spectrometry

Electrospray ionisation (ESI) mass spectra (MS) were obtained on a Finnigan LCQ lon
Trap mass spectrometer, conditions were as follows: needle potential,
4500 V; tube lens, 60 V; heated capillary, 200 °C, 30 V; sheath gas flow, 30 psi.
Electrospray ionisation (ESI) high resolution mass spectra (HRMS) were recorded on a
Bruker microTOF-Q |1 spectrometer using a capillary voltage of 2500V, a source
temperature of 200 °C and an acquisition rate of 0.5 Hz.

Melting Points
Melting points were determined on a Reichert Thermovar Kofler apparatus, and are

uncorrected. Melting points are not reported for oils or glassy solids.

Infrared Spectrometry
Infrared spectra were recorded on an ATl Mattson Genesis Series FTIR spectrophotometer

as either nujol mulls or neat as denoted.

X-Ray Crystrallography

X-Ray crystallography was performed by Daouda Traore at Monash University at the
Australian Synchrotron. The data was collected on the MX2 beamline (A = 0.774917A) at
100 K using Blu-Ice software. Cell refinement and data reduction were undertaken with
XDS. The structure was solved by direct methods using SHELXS97, and refined by full-
matrix least squares calculations on F? using SHELXL97.

Optical Rotation

Optical rotation measurements were performed on an ATAGO AP-100 polarimeter with
9.99 mm path length. Measurements were taken at 23 °C in DMSO at A = 589 nm. [a]p
values are given in units of °>.mL/g.dm and the sample concentration given in units of 10

mg/mL. Optical rotation measurements were not performed for diastereomeric mixtures.
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Glassware
Oven-dried glassware was used in all reactions performed under an inert atmosphere

(nitrogen or argon).

Reagents and Solvents

All starting materials and reagents were obtained commercially and used without further
purification unless stated otherwise. Dichloromethane was dried over 4 A molecular
sieves. Anhydrous N,N-dimethylformamide was purchased from Sigma-Aldrich (St. Louis,
MO, USA). Methanol was dried by heating to reflux with magnesium/iodine and
distillation over 3 A molecular sieves. Anhydrous tetrahydrofuran was obtained by fresh

distillation from sodium/benzophenone under a nitrogen atmosphere.

Thin-layer Chromatography

Thin-layer chromatography was carried out on Merck aluminium sheets with silica gel 60
F2s4. Traces were visualised using short wave UV light on Vilber Lourmat VL-6C (6W -
254 nm tube) or a suitable dip, including vanillin (general) and basic potassium

permanganate (general).

Flash Chromatography
Flash column chromatography was performed using Merck or Scharlau silica gel 60, 230-
400 mesh, under a positive pressure of nitrogen. The eluting solvents petroleum ether

50/70*, ethyl acetate, dichloromethane and methanol was used as received.

High Pressure Liquid Chromatography (HPLC)

Purification by reversed phased HPLC (rp-HPLC) was done using a Discovery BIOwide
Pore C5, 250 x 20 mm?, 5 um column, monitored at 220 nm, 254 nm and 280 nm, using
solvent A = 0.1% TFA in H,0 and solvent B = 0.08% TFA in acetonitrile; and a gradient
of 20% B to 80% B over 20 min, with a flow rate of 4.0 mL/min.

Removal of volatiles in vacuo
Removal of volatiles in vacuo refers to the removal of solvents “under reduced pressure”

by rotary evaporation (low vacuum pump) followed by application of high

*A mixture of hexanes with a boiling point range between 50 and 70 °C 162
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vacuum (oil pump) for a minimum of thirty minutes. All yields reported are isolated yields
determined to be homogenous by NMR spectroscopy.

Cooled Solutions
The cooled solutions comprise of the following: 0 °C refers to the reaction taking place in
an ice bath; -78 °C using a mixture of COx(s) acetone; -18 °C using mixtures of COx(s)

methanol.

Yields
All yields reported are isolated yields, judged to be homogeneous by TLC and NMR

spectroscopy.
5.1.2 General Procedures

General Procedure A: O-Allylation
R—OH —= R~

To a solution of respective alcohol (1.0 equiv) in anhydrous DMF (4.5 mL / 1 g alcohol)
was added sequentially K;CO3 (2.0 equiv), tetrabutylammonium iodide (0.1 equiv) and
allyl bromide (1.2 equiv) and the mixture was stirred at ambient temperature under a
nitrogen atmosphere for 18 h. The solution was poured into ice-water and extracted with
ethyl acetate (4x). Organic extracts were combined and washed with 1M aqueous HCI
(2x), H20 (2x), brine and dried over Na,SO,. Volatiles were removed in vacuo to give the
desired O-allyl derivatives that derivatives were used without further purification.

General Procedure B: Ester hydrolysis with LiOH

O O

R' )J\OR" R' )kOH

To a solution of respective ester (1.0 equiv) in 3:1 THF / H,O (10 mL / 1 g ester) was
added lithium hydroxide (5.0 equiv) in one portion and stirred at 40°C for 3.5 h. The
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reaction mixture was cooled in an ice bath and acidified to pH 1 with 2M aqueous HCI.
The resulting mixture was extracted with ethyl acetate (3x). The combined organic extracts
were washed with water (2x) and brine, dried over Na,SO, and volatiles were removed in

vacuo to yield the desired carboxylic acids.

General Procedure C: Formation of acid chloride

O ——X=0H

)]\X — X =Cl

Rl

To a solution of respective carboxylic acid (1.0 equiv) in dry dichloromethane (20 mL /1 g
carboxylic acid) at 0 °C, under a nitrogen atmosphere, was added thionyl chloride (6.0
equiv). The solution was stirred for 10 min at 0 °C, heated to 40 °C and stirred for 18 h.
Volatiles were removed in vacuo to give the desired acid chlorides, which were used

without further purification.

General Procedure D: Friedel-Craft’s acylation

o
/ \ = /\
R'ACI ' ?\R" A R"

N
o H

To the respective acid chloride (2.0 equiv) in nitromethane (6 mL / 1 g of acid chloride)
was added the respective pyrrole (1.0 equiv) followed by the addition of ytterbium (I11)
trifluoromethanesulfonate (0.1 equiv). The resulting dark red solution was stirred at
ambient temperature for 21 h. The reaction was quenched by addition of sat. NaHCO3 and
extracted with diethyl ether (3x). Organic layers were combined, washed with sat.
NaHCOs, H,0 (2x), brine and dried over MgSQ,. Volatiles were removed in vacuo and the
resultant crude oil was purified via flash chromatography to give the desired pure pyrroles.
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General Procedure E: Ester hydrolysis with KOH

O O
R')J\ OR" R')k OH
To a solution of respective ester (1.0 equiv) in 1:1 THF / H,O (20 mL / 1 g ester) was
added potassium hydroxide (8.0 equiv) in one portion and stirred at 40-50 °C for 18 h. The
reaction mixture was cooled and partitioned between diethyl ether and water. The aqueous
layer was collected, cooled in an ice bath and acidified to pH 1 with conc. HCI. The
precipitate was collected, washed with water (2x) and dried in vacuo to give the desired

pure carboxylic acids.
General Procedure F: EDCI Mediated peptide coupling

O ——X=0H
X = X=NHR"

Rl

To the respective acid (1.0 equiv) in dry dichloromethane (50 mL / 1 g of carboxylic acid)
at ambient temperature, under a nitrogen atmosphere, was added the appropriate amine
(1.15 equiv), EDCI (1.4 equiv) and HOBt-H,0 (1.5 equiv) and the solution stirred for 5
min. To the solution was added DIPEA (2.6 equiv) and the solution stirred for 18 h. The
solution was partitioned between dichloromethane and 2M aqueous HCI. The organic
phase was separated and washed with 2M aqueous HCI (2x), water (2x) and brine; dried
over Na,SO,4 and volatiles removed in vacuo. The crude product was purified by flash
chromatography to yield the desired pure amides.

General Procedure G: HATU Mediated peptide coupling

O ——X=0H
R-)Lx > X = NHR"

To the respective acid (1.0 equiv) in dry dichloromethane (50 mL / 1 g of carboxylic acid)
at ambient temperature under a nitrogen atmosphere was added the appropriate amine
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(1.15 equiv), HATU (1.2 equiv) and HOBt-H,0 (1.2 equiv) and the solution stirred for 5
min. To the solution was added DIPEA (2.6 equiv) and the solution stirred for 18 h. The
solution was partitioned between dichloromethane and 1M aqueous HCI. The organic
phase was separated, washed with sat. NaHCO;3; (2x), water (2x) and brine; dried over
Na,SO4 and volatiles removed in vacuo. The crude product was purified by flash
chromatography to yield the desired pure amides.

General Procedure H: Ring-Closing Metathesis

To the respective acyclic diene (1.0 equiv) in anhydrous dichloromethane (2.5 mL / 1 mg
of acyclic diene) under a nitrogen atmosphere was added Grubb’s 2" generation catalyst
(10 mol %) and the solution was heated to 45 °C for 30 min. An additional portion of
Grubb’s 2" generation catalyst (10 mol %) was added and the solution was stirred at 45 °C
for 18 h. The reaction was quenched by addition of activated charcoal and stirred for 18 h
at ambient temperature. The suspension was filtered through Celite, volatiles removed in
vacuo and the crude residue was purified by flash chromatography to give the desired cis

and trans macrocycles.

General Procedure I: Hydrogenation of a double bond
R'/\/R" —_— R'/\/R"

To the respective olefin (1.0 equiv) in ethyl acetate (400 mL / 1 g of olefin) was added
10% Pd/C (2.0 equiv) under a hydrogen atmosphere at ambient temperature and
atmospheric pressure for 18 h. The suspension was filtered through Celite, volatiles
removed in vacuo and the crude residue was purified by flash chromatography to give the
desired pure alkanes.
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General Procedure J1: Reduction with lithium borohydride

O OH

N ™ A

R' R R R

A solution of macrocyclic ester (1.0 equiv) in anhydrous THF (0.3 mL / 1 mg of
macrocyclic ester), under a nitrogen atmosphere, was cooled to -78 °C. Lithium
borohydride (2M in THF, 2.0 equiv) was added, and the resultant solution was stirred at -
78°C for 1h, then warmed to -15 °C and stirred an additional 45 min. Solution was
quenched by addition of water and extracted with ethyl acetate (3x). The combined organic
extracts were washed with brine, dried over MgSO, and volatiles removed in vacuo. The

crude residue was purified by flash chromatography to give the desired pure alcohols.
General Procedure J2: Reduction with lithium borohydride

O OH

N ™ A m

R' R R R

A solution of macrocyclic ester (1.0 equiv) in anhydrous THF (0.1 mL / 1 mg of
macrocyclic ester), under a nitrogen atmosphere, was cooled to -78 °C. Lithium
borohydride (2M in THF, 2.0 equiv) was added, and the resultant solution was stirred at -
78 °C for 1h, then warmed to rt and stirred an additional 18 h. Solution was quenched with
addition of water and extracted with ethyl acetate (3x). The combined organic extracts
were washed with brine, dried over MgSO, and volatiles removed in vacuo. The product
was either recrystallized to give the desired pure alcohols or used without further

purification.
General Procedure K: Ester hydrolysis with NaOH

O O

R' )J\OR" R' )kOH
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To a solution of respective ester (1.0 equiv) in 1:1 THF / H,O (20 mL / 1 g ester) was
added 2M aqueous NaOH (8.0 equiv) in one portion and stirred at room temperature for 18
h. THF was removed in vacuo. The resulting solution was neutralized with conc. HCI and
lyophilized to give the desired carboxylic acids, which was used in the next step without

purification.
General Procedure L: Dess-Martin Oxidation of alcohols to aldehydes

O
R OH — > R')J\H
To a solution of respective amino alcohol (1.0 equiv) in anhydrous dichloromethane
(70 mL / 1 g amino alcohol), was added Dess-Martin Periodinane (2.0 equiv) and stirred
for 1 h at ambient temperature under a nitrogen atmosphere. The reaction was quenched by
addition of sat. NaHCO3; and Na,S,0s and stirred at room temperature for 15 min. The
reaction mixture was extracted with dichloromethane (2x), dried over Na,SO4 and volatiles
were removed in vacuo. The resultant crude mixture was purified by rp-HPLC to give the
desired pure aldehydes.

5.2 Experimental Work Described in Chapter Two

e
0 /N\ N:QKN H
H o ) H o

o

Macrocyclic aldehyde 2.21

Alcohol 2.85 (15 mg, 0.032 mmol) was oxidized according to general procedure L and the
crude product was purified by rp-HPLC to give aldehyde 2.21 as a clear oil (6 mg, 37%).
R = 0.45 (ethyl acetate); Ry 9.4 min; [a]p = + 1.8 (¢ 0.1 in (CH3),SO); *H NMR (CDCls,
600 MHz) 6 0.96-1.00 (m, 6H, CH,CH(CHz3),), 1.41-1.55 (m, 3H, O(CH,),CH,CH,,
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CHHCH(CHj3),), 1.69-1.77 (m, 4H, CHHCH(CH3),, OCH,CH2(CH>),), 1.77-1.84 (m, 1H,
O(CH,)sCHH), 2.28-2.32 (m, 1H, O(CH,)sCHH), 2.86-2.95 (m, 3H, ArCHHCH,), 3.04-
3.06 (m, 1H, ArCHHCH,), 3.90-3.95 (m, 1H, OCHH(CH,)s), 4.02-4.07 (m, 1H,
OCHH(CHy)3), 4.59-4.63 (m, 1H, NHCHCHO), 4.65-4.68 (m, 1H, NHCHCO), 6.21 (d, J
= 6.6 Hz, 1H, NHCHCHO), 6.36-6.37 (m, 1H, pyrrole H), 6.41 (br s, 2H, OArH), 6.52 (d,
J=7.2Hz, 1H, NHCHCO), 6.70 (br s, 2H, OArH), 6.71-6.72 (m, 1H, pyrrole H), 8.41 (br
s, 1H, pyrrole NH), 9.60 (s, 1H, CHO); *C NMR (CDCls, 150 MHz) & 19.4, 21.9, 23.0,
24.9, 27.5, 30.4, 33.8, 37.9, 42.2, 52.5, 57.5, 65.5, 109.6, 115.7, 128.9, 131.6, 135.0, 157.2,
159.2, 171.2, 192.0, 198.6; HRMS (ES) 468.2481 (MH"); C26H34N3Os requires 468.2493.

0 [:
Y
O A AN AN A H
H o jH 0

O

Macrocyclic aldehyde 2.22

Alcohol 2.86 (26 mg, 0.05 mmol) was oxidized according to general procedure L and the
crude product was purified by rp-HPLC to give aldehyde 2.22 as a clear oil (4 mg, 15%).
Rt = 0.42 (ethyl acetate); Ri: 9.6 min; [o]po = + 2.0 (¢ 0.1 in (CH3)2S0); 'H NMR (CDCls,
600 MHz) & 1.39-1.54 (m, 2H, O(CH,),CH,CH.), 1.62-1.69 (m, 2H, OCH,CH,(CH,),),
1.72-1.82 (m, 1H, O(CH,);CHH), 2.19-2.23 (m, 1H, O(CH,)sCHH), 2.85-2.98 (m, 3H,
ArCH,CHH), 3.02-3.07 (m, 1H, ArCH,CHH), 3.13-3.21 (m, 2H, CHCH,Ar), 3.89-3.93
(m, 1H, OCHH(CHy>)3), 4.00-4.05 (m, 1H, OCHH(CH,)3), 4.61-4.62 (m, 1H, NHCHCO),
4.78 (q, J = 6.6 Hz, 1H, NHCHCHO), 6.33-6.35 (m, 1H, pyrrole H), 6.42 (br s, 2H,
OArH), 6.43 (d, J = 7.2 Hz, 1H, NHCHCHO), 6.46 (d, J = 7.8 Hz, 1H, NHCHCO), 6.68
(br's, 2H, OArH), 6.71-6.73 (m, 1H, pyrrole H), 7.09 (d, J = 9.0 Hz, 1H, ArH), 7.14 (d, J =
7.2 Hz, 1H, ArH), 7.20-7.28 (m, 3H, ArH), 8.47 (br d, J = 13.2 Hz, 1H, pyrrole NH), 9.66
(s, 1H, CHO); **C NMR (CDCls, 150 MHz) & 19.6, 27.4, 30.3, 33.8, 35.0, 42.2, 52.4, 59.7,
65.5, 109.8, 112.5, 115.7, 116.5, 127.4, 128.7, 128.9, 129.0, 129.1. 129.2, 131.6, 134.9,
135.1, 157.1, 159.3, 171.1, 192.1, 198.0; HRMS (ES) 502.2325 (MH"); C9H32N30s
requires 502.2336.
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Macrocyclic aldehyde 2.23

Alcohol 2.87 (24 mg, 0.04 mmol) was oxidized according to general procedure L and the
crude product was purified by rp-HPLC to give aldehyde 2.23 as a white oil (10 mg, 41%).
R¢ = 0.77 (ethyl acetate); Ry: 13.0 min; [a]p = + 3.5 (¢ 0.1 in (CH3),SO); 'H NMR (CDCls,
600 MHz) & 0.84, (t, J = 5.7 Hz, 6H, CH,CH(CHs),), 1.43-1.51 (m, 1H, CHHCH(CHs)»),
1.66-1.74 (m, 2H, CHHCH(CHjs),), 1.93 (br s, 4H, OCH,CH,CH,CH,0), 2.68-2.71 (m,
1H, ArCH,CHH), 2.94-3.07 (m, 3H, ArCH,CH,, CHCHHAr), 3.09-3.13 (m, 1H,
ArCH,CHH), 3.33 (dd, J = 14.4 and 4.8 Hz, 1H, CHCHHAr), 3.81-3.97 (m, 4H,
OCH5(CH,),CH0), 4.52-4.60 (m, 1H, NHCHCHO), 4.74-4.79 (m, 1H, NHCHCO), 6.07-
6.09 (m, 1H, pyrrole H), 6.14-6.15 (m, 1H, pyrrole H), 6.24 (d, J = 6.0 Hz, 1H,
NHCHCHO), 6.63 (d, J = 8.7 Hz, 2H, OArH), 6.74 (d, J = 9.0 Hz, 2H, OArH), 6.91 (d, J
= 8.7 Hz, 2H, OArH), 7.01 (d, J = 9.0 Hz, 2H, OArH), 7.05 (d, J = 7.2 Hz, 1H,
NHCHCO), 9.61 (s, 1H, CHO), 10.02 (br s, 1H, pyrrole NH); **C NMR (CDCls;, 150
MHz) & 21.8, 23.0, 24.8, 25.1, 25.2, 32.6, 36.1, 37.7, 40.1, 54.1, 57.5, 67.0, 67.2, 110.4,
114.3, 114.9, 117.0, 127.7, 129.5, 129.6, 130.2, 132.1, 134.7, 157.4, 158.0, 160.3, 171.4,
192.2, 199.1; HRMS (ES) 574.2900 (MH"); Ca3sHoN3Og requires 574.2912.
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Macrocyclic aldehyde 2.24

Alcohol 2.88 (18 mg, 0.03 mmol) was oxidized according to general procedure L and the
crude product was purified by rp-HPLC to give aldehyde 2.24 as a white oil (12 mg, 65%).
Ri = 0.65 (ethyl acetate); R, = 12.9 min; [a]o = + 1.1 (c 0.2 in (CH3),SO); 'H NMR
(CDCl3, 600 MHz) & 1.92 (br s, 4H, OCH,CH,CH,CH,0), 2.68-2.70 (m, 1H,
ArCH,CHH), 2.93 (dd, J = 14.7 and 10.5 Hz, 1H CHCHHArO), 2.96-3.04 (m, 2H,
ArCH,CH,), 3.06-3.14 (m, 2H, CHCHHAr, ArCH,CHH), 3.17 (dd, J = 14.3 and 6.3 Hz,
1H, CHCHHAr), 3.26 (dd, J = 14.7 and 4.5 Hz, 1H, CHCHHArO), 3.79-3.97 (m, 4H,
OCH3(CH,),CH,0), 4.67-4.71 (m, 1H, NHCHCO), 4.74 (q, J = 6.8 Hz, 1H, CHCHAr),
6.00-6.02, 6.14-6.15 (m, 2H, NHCHCHO, pyrrole H), 6.11-6.12 (m, 1H, pyrrole H), 6.62
(d, J = 8.4 Hz, 2H, OArH), 6.74 (d, J = 8.4 Hz, 2H, OArH), 6.90 (d, J = 8.4 Hz, 2H,
OArH), 6.98 (d, J = 8.4 Hz, 2H, OArH), 7.08-7.13 (m, 6H, ArH, NHCHCHO), 9.67 (s,
1H, CHO), 9.89 (br s, 1H, pyrrole NH); **C NMR (CDCls, 150 MHz) § 25.1, 32.7, 34.9,
35.7, 40.1, 53.9, 59.8, 66.9, 67.1, 110.2, 114.2, 115.0, 116.9, 127.1, 127.7, 128.7, 129.2,
129.3, 129.5, 130.1, 132.1, 134.7, 135.3, 157.3, 158.0, 160.2, 171.2, 192.2, 198.4; HRMS
(ES) 608.2736 (MH™); C3sH33N3Os requires 608.2755.

(S)-N-((S)-4-Methyl-1-oxopentan-2-yl)-2,16-dioxo-3,20-diazabicyclo[15.2.1]icosa-
1(19),17-diene-4-carboxamide 2.25
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Alcohol 2.89 (35 mg, 0.078 mmol) was oxidized according to general procedure L and the
crude product was purified by rp-HPLC to give aldehyde 2.25 as a clear oil (13 mg, 37%).
Rf = 0.74 (4:1 ethyl acetate / petroleum ether); R; = 13.0 min; [a]p = + 2.2 (¢ 0.2 in
(CH3),S0O); *H NMR (CDCls, 600 MHz) & 0.79-1.35 (m, 17H, CO(CH,).CHH(CH.);),
0.94 (t, J = 5.4 Hz, 6H, CH,CH(CHs),), 1.38-1.44 (m, 1H, CO(CH,),CHH), 1.46-1.50 (m,
1H, CHHCH(CHs),), 1.69-1.76 (m, 2H, CHHCH(CHs),), 1.66-1.67(m, 2H,
COCH,CH(CH)sCHH), 2.07-2.10 (m, 1H, CO(CH,)CHH), 2.69 (br s, 1H,
COCHH(CH2)1), 2.88 (br s, 1H, COCHH(CH2)10), 4.52-4.55 (m, 1H, NHCHCHO), 4.89-
4.90 (m, 1H, NHCHCO), 6.80 (s, 1H, pyrrole H), 6.93 (s, 1H, pyrrole H), 7.09 (br s, 2H, 2
x NH), 9.59 (s, 1H, CHO), 10.87(br s, 1H, pyrrole NH); *C NMR (CDCls, 150 MHz) §
21.9, 23.0, 24.5, 24.8, 26.6, 27.9, 28.1, 28.3, 28.9, 29.1, 29.3, 29.7, 30.9, 37.6, 39.1, 53.4,
57.4,112.0, 116.6, 130.4, 134.4, 160.2, 172.4, 194.6, 199.2; HRMS (ES) 446.3001 (MH");
CasH40N304 requires 446.3013.

(S)-2,16-Dioxo-N-((S)-1-oxo-3-phenylpropan-2-yl)-3,20-diazabicyclo[15.2.1]icosa-
1(19),17-diene-4-carboxamide 2.26

Alcohol 2.90 (58 mg, 0.12 mmol) was oxidized according to general procedure L and the
crude product was purified by rp-HPLC to give aldehyde 2.26 as a clear oil (20 mg, 34%).
Rf = 0.60 (4:1 ethyl acetate / petroleum ether); R; = 12.9 min; [a]p = + 1.8 (¢ 0.2 in
(CH3),S0); *H NMR (CDCl;, 600 MHz) & 0.78-1.29 (m, 15H, CO(CH,)2(CH.);CHH),
1.38-1.40 (m, 1H, CO(CH_)9CHH), 1.68-1.86 (m, 3H, COCH,CH_(CH,)sCHH), 2.00-2.04
(m, 1H, CO(CH2)10CHH), 2.69 (br s, 1H, COCHH), 2.85 (br s, 1H, COCHH), 3.08-
3.12(m, 1H, CHHA), 3.17-3.20 (CHHAXr), 4.73 (q, J = 7.0 Hz, 1H, NHCHCHO), 4.81 (br
s, 1H, NHCHCO), 6.77 (s, 1H, pyrrole H), 6.91 (br s, 2H, pyrrole H, NHCH), 7.06-7.22
(m, 6H, ArH, NHCH), 9.66 (s, 1H, CHO), 10.82 (br s, 1H, pyrrole NH); **C NMR
(CDClI3, 150 MHz) 6 24.5, 26.7, 28.0, 28.3, 28.9, 29.2, 29.3, 29.7, 30.3, 30.9, 35.0, 39.1,

172



Chapter Five

53.2, 59.8, 116.7, 127.1, 128.7, 129.2, 130.4, 134.3, 135.4, 160.1, 172.1, 194.5, 198.5;
HRMS (ES) 480.2834 (MH+); C28H38N304 requires 480.2857.

2-Trichloroacetyl-1H-pyrrole 2.28°

H O
N
mm
cl Cl

Pyrrole (6.72 g, 100.00 mmol) in diethyl ether (15 mL) was added dropwise over a1 hto a
solution of trichloroacetyl chloride (20.00 g, 110.00 mmol) in diethyl ether (50 mL). The
resulting mixture was stirred for 3 h before the reaction was quenched with the slow
addition of potassium carbonate (8.97 g) in water (35 mL). The layers were separated, and
the organic phase was dried over MgSQO,. Volatiles were removed in vacuo to obtain a
grey crystalline solid, which was dissolved in n-hexane (350 mL), silica gel 60 (6.00 g)
was added and heated. The hot mixture was filtered and the filtrate was allowed to cool to -
12°C (ice-salt bath). The white precipitate was collected by filtration and the volume of the
filtrate was reduced (~50 mL) in vacuo. The filtrate was cooled to 4°C (fridge) and the
grey crystalline solid was collected. All precipitates were separately dried in vacuo at
ambient temperature to give pyrrole 2.28 as a white crystalline solid (17.80 g, 84%). mp
71-73 °C, lit. mp 72-74 °C* R; = 0.6 (4:1 petroleum ether / ethyl acetate); '"H NMR
(CDCls, 300 MHz) 8 6.37-6.40 (m, 1H, pyrrole H4), 7.18-7.20 (m, 1H, pyrrole H3), 7.39-
7.42 (m, 1H, pyrrole H5), 9.79 (br s, 1H, NH); *C NMR (CDCls, 75 MHz) 8 94.9, 111.8,
121.3, 122.8, 127.3, 173.2. Experimental data as per literature.®

Ethyl 1H-pyrrole-2-carboxylate 2.29°

Sodium metal (0.15 g, 6.50 mmol) was added to a solution of anhydrous ethanol (20 mL)
and once the sodium had dissolved, pyrrole 2.28 (10.45 g, 49.20 mmol) was added portion
wise over 10 min. Upon completion, the mixture was stirred for 40 min at ambient
temperature and volatiles were removed in vacuo to give a dark red oil, which was

redissolved in diethyl ether (30 mL) and extracted with 3M aqueous hydrochloric acid
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(6 mL). The organic phase was separated, and the aqueous phase was further extracted
with diethyl ether (20 mL). Organic phases were combined, washed with sat. NaHCO3 (5
mL), and dried over MgSO,. Volatiles were removed in vacuo to obtain a brown oil, which
crystallised upon standing to form tan crystals (6.56 g). The tan crystals was purified by
distillation under reduced pressure (130°C, 5 mm Hg) to give pyrrole 2.29 as a colourless
oil, which crystallised upon standing to form white crystals (6.21 g, 91%). mp 36-37 °C,
lit. mp 38-39.5 °C% 'H NMR (CDCls, 600 MHz) & 1.36 (t, J = 7.2 Hz, 3H, OCH,CHy),
4.33 (9, J = 7.2 Hz, 2H, OCH,CHj3), 6.25-6.27 (m, 1H, pyrrole H4), 6.91-6.93 (m, 1H,
pyrrole H3), 6.94-6.95 (m, 1H, pyrrole H5), 9.31 (br s, 1H, NH); **C NMR (CDCls, 150
MHz) § 14.43, 60.29, 110.35, 115.07, 122.70, 122.99, 161.25. Experimental data as per

literature.®

Ethyl 4-formyl-1H-pyrrole-2-carboxylate 2.30*

OHC

/\

0
N ~
H

O

Aluminium chloride (5.03 g, 37.70 mmol) in 1:1 anhydrous dichloromethane /
nitromethane (10 mL) was added to a solution of pyrrole 2.29 (2.02 g, 14.50 mmol) in 1:1
anhydrous dichloromethane / nitromethane (20 mL) and the resulting mixture was cooled
to -30°C (acetone-dry ice bath). 1,1-Dichlorodimethyl ether (1.7 mL, 18.80 mmol) in
anhydrous dichloromethane (2 mL) was added to the cooled solution and the mixture
stored for 16 h in a -20 °C freezer. The mixture was poured over crushed ice water, the
aqueous layer collected and extracted with diethyl ether (2 x 25 mL). The organic layer
was dried over Na,SO,4 and volatiles were removed in vacuo to obtain a dark brown solid,
which was recrystallized from ethanol (15 mL) to obtain pyrrole 2.30 as a tan solid (1.06 g,
44%). mp 101-105 °C, lit. mp 101-102 °C:* R; = 0.57 (1:1 petroleum ether / ethyl acetate);
'H NMR (CDCls, 300 MHz) & 1.38 (t, J = 7.2 Hz, 3H, OCH,CHs), 4.37 (g, J = 7.2 Hz, 2H,
OCH,CHg), 7.33 (dd, J = 2.4 and 1.5 Hz, 1H, pyrrole H3), 7.58 (dd, J = 3.3 and 1.5 Hz,
1H, pyrrole H5), 9.86 (s, br s, 2H, CHO, NH); **C NMR (CDCls, 75 MHz) & 14.3, 61.2,
114.1, 125.1, 127.6, 128.3, 160.9, 185.6. Experimental data as per literature.*
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Ethyl 4-methyl-1H-pyrrole-2-carboxylate 2.31*

/ N\ o
H o
Pyrrole 2.30 (502 mg, 3.00 mmol) in ethanol (10 mL) was added 10% Pd/C (135 mg, 25%
by weight) and the mixture was stirred under hydrogen atmosphere at ambient temperature
for 19.5 h. Celite and ethanol (20 mL) were added to the reaction mixture, followed by
filtration through a celite pad and washing with ethanol (75 mL). The filtrates were
combined and volatiles were removed in vacuo to obtain pyrrole 2.31 as a yellowish oil,
which crystallised upon standing (437 mg, 95%). mp 37-41 °C, lit. mp 37-38 °C;* Ry =
0.51 (2:1 petroleum ether / ethyl acetate); *"H NMR (CDCls, 300 MHz) § 1.34 (t, J = 7.1
Hz, 3H, OCH,CH3), 2.11 (dd, J = 0.6 and 0.6 Hz, 3H, pyrrole CHs), 4.30 (g, J = 7.1 Hz,
2H, OCH,CHjs), 6.71-6.74 (m, 2H, pyrrole H3, pyrrole H5), 9.02 (br s, 1H, NH): **C NMR
(CDCl5, 75 MHz) 6 11.7, 14.4, 60.1, 115.8, 121.1, 120.9, 122.5, 161.2. Experimental data

as per literature.*

Methyl 2-(4-(allyloxy)phenyl)acetate 2.34°

O
\/\Om

Methyl 2-(4-hydroxyphenyl)acetate (831 mg, 5.00 mmol) was subjected to O-allylation
according to general procedure A to afford compound 2.34 as a yellow oil (1.03 g, 100%).
'H NMR (CDCls, 300 MHz) & 3.56 (s, 2H, ArCH,), 3.68 (s, 3H, OCHs), 4.51-4.53 (m, 2H,
OCH,CHCH,), 5.26-5.30 (m, 1H, OCH,CHCHH), 5.37-5.44 (m, 1H, OCH,CHCHH),
5.99-6.11 (m, 1H, OCH,CHCH,), 6.87 (d, J = 8.6 Hz, 2H, OArH), 7.19 (d, J = 8.6 Hz, 2H,
OArH); *C NMR (CDCls, 75 MHz) & 40.3, 51.9, 68.8, 114.8, 117.6, 126.2, 130.2, 133.2,
157.7, 172.3. Experimental data as per literature.’
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Methyl 3-(4-allyloxyphenyl)propanoate 2.35%"

/©/\)J\O/
\/\O

Methyl 3-(4-hydroxyphenyl)propanoate (9.05 g, 50.20 mmol) was subjected to
O-allylation according to general procedure A to afford compound 2.35 as a yellow oil
(11.01 g, 100%). *H NMR (CDCls, 300 MHz) & 2.60 (t, J = 7.8 Hz, 2H, ArCH,CH,), 2.89
(t, J = 7.8 Hz, 2H, ArCH,CH,), 3.66 (s, 3H, OCH3), 4.50-4.52 (m, 2H, OCH,CHCH,),
5.25-5.30 (m, 1H, OCH,CHCHH), 5.37-5.44 (m, 1H, OCH,CHCHH), 5.99-6.12 (m, 1H,
OCH,CHCH,), 6.84 (d, J = 8.7 Hz, 2H, OArH), 7.11 (d, J = 8.7 Hz, 2H, OArH); *C NMR
(CDCls3, 75 MHz) 6 30.1, 35.9, 51.6, 68.8, 114.7, 117.6, 129.2, 132.7, 133.4, 157.1, 173.4.

Experimental data as per literature.®’

2-(4-(Allyloxy)phenyl)acetic acid 2.36°

OH
\/\Om

Methyl 4-allyloxyphenylacetate, 2.34 (5.20 g, 25.20 mmol) was hydrolysed according to
general procedure B to afford carboxylic acid 2.36 as yellowish crystals (4.77 g, 99%). mp
72-73 °C, lit. mp 69-71 °C;® *H NMR (CDCls, 300 MHz) & 3.57 (s, 2H, ArCHy), 4.51-4.53
(m, 2H, OCH,CHCH,), 5.26-5.29 (m, 1H, OCH,CHCHH), 5.37-5.43 (m, 1H,
OCH,CHCHH), 5.98-6.11 (m, 1H, OCH,CHCH,), 6.87 (d, J = 8.3 Hz, 2H, OArH), 7.18
(d, J = 8.3 Hz, 2H, OArH), 9.20 (br s, 1H, OH); **C NMR (CDCls, 75 MHz) & 40.1, 68.8,
114.9, 117.7, 125.5, 130.4, 133.2, 157.9, 178.0. Experimental data as per literature.®

3-(4-Allyloxyphenyl)propanoic acid 2.37°

O

/@/\)J\oH
\/\O
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Methyl 3-(4-allyloxyphenyl)propionate, 2.35 (11.01g, 50.00 mmol) was hydrolysed
according to general procedure B to afford carboxylic acid 2.37 as a yellow solid (10.31 g,
100%). mp 87-89 °C, lit. mp 89-90 °C;? *H NMR (DMSO-ds, 300 MHz) & 2.45-2.50 (m,
2H, ArCH,CHy,), 2.74 (t, J = 7.7 Hz, 2H, ArCH,CH), 4.50-4.53 (m, 2H, OCH,CHCH,),
5.22-5.26 (m, 1H, OCH,CHCHH), 5.34-5.41 (m, 1H, OCH,CHCHH), 5.96-6.09 (m, 1H,
OCH,CHCH,), 6.84 (d, J = 8.6 Hz, 2H, OArH), 7.12 (d, J = 8.6 Hz, 2H, OArH), 12.11 (br
s, 1H, OH); *C NMR (DMSO-ds, 75 MHz) & 29.7, 35.8, 68.3, 114.7, 117.5, 129.4, 133.1,
134.1, 156.7, 174.0. Experimental data as per literature.®

Ethyl 5-[2-(4-allyoxyphenyl)acetyl]-1H-pyrrole-2-carboxylate 2.45

Cl /A
O

\/\O

Carboxylic acid 2.36 (548 mg, 2.80 mmol) was reacted with thionyl chloride according to
general procedure C to afford a dark brown oil, acid chloride 2.38 (596 mg, 100%), which
was used immediately without purification. *H NMR (CDCls, 300 MHz) & 4.05 (s, 2H,
ArCH,), 4.50-4.53 (m, 2H, OCH,CHCH,), 5.26-5.30 (m, 1H, OCH,CHCHH), 5.37-5.44
(m, 1H, OCH,CHCHH), 5.97-6.10 (m, 1H, OCH,CHCH,), 6.89 (d, J = 8.6 Hz, 2H,
OArH), 7.16 (d, J = 8.6 Hz, 2H, OArH); *C NMR (CDCls, 75 MHz) & 52.2, 68.8, 115.1,
117.7,123.4, 130.6, 133.0, 158.4, 172.1.

Ethyl 1H-pyrrole-2-carboxylate 2.29 (206 mg, 1.50 mmol) was coupled to acid chloride
2.38 (596 mg, 2.8 mmol) according to general procedure D and the crude product was
purified by flash chromatography (4:1 petroleum ether / ethyl acetate) to afford compound
2.45 as a yellow oil, which crystallised upon standing (78 mg, 17 %). mp 76-88 °C; R; =
0.48 (4:1 petroleum ether / ethyl acetate); 'H NMR (CDCls, 300 MHz) & 1.36 (t, J = 7.2
Hz, 3H, OCH,CHs), 4.03 (s, 2H, ArCH,), 4.35 (q, J = 7.2 Hz, 2H, OCH,CHs), 4.50-4.52
(m, 2H, OCH,CHCH,), 5.26-5.29 (m, 1H, OCH,CHCHH), 5.37-5.43 (m, 1H,
OCH,CHCHH), 5.98-6.11 (m, 1H, OCH,CHCH,), 6.86-6.89 (m, 4H, pyrrole H, OArH),
7.19 (d, J = 8.7 Hz, 2H, OArH), 9.82 (br s, 1H, NH). *C NMR (CDCls, 75 MHz) § 14.3,
445, 61.1, 68.8, 115.0, 115.5, 116.3, 117.7, 126.3, 127.5, 133.2, 133.4, 130.3, 157.7, 160.3
188.8; HRMS (ES) 314.1378 (MH"); C15H20NO, requires 314.1392.
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Ethyl 5-[3-(4-allyloxyphenyl)propanoyl]-1H-pyrrole-2-carboxylate 2.46

O /\/O
/©/ka| /N\ O
\/\O o H o

Carboxylic acid 2.37 (6.60 g, 32.00 mmol) was reacted with thionyl chloride according to
general procedure C to afford a dark yellow oil, acid chloride 2.39 (7.19 g, 100%), which
was used immediately without purification. *H NMR (CDCls, 300 MHz) § 2.96 (t, J = 7.4
Hz, 2H, ArCH,CH,), 3.18 (t, J = 7.4 Hz, 2H, ArCH,CH,), 4.52-455 (m, 2H,
OCH,CHCH,), 5.28-5.33 (m, 1H, OCH,CHCHH), 5.39-5.46 (m, 1H, OCH,CHCHH),
6.00-6.13 (m, 1H, OCH,CHCH,), 6.88 (d, J = 8.6 Hz, 2H, OArH), 7.12 (d, J = 8.6 Hz, 2H,
OArH); *C NMR (CDCls, 75 MHz) & 30.1, 48.7, 68.7, 114.9, 117.5, 129.2, 130.7, 133.2,
157.4, 173.0.

Ethyl 1H-pyrrole-2-carboxylate 2.29 (2.23 g, 16.00 mmol) was coupled to acid chloride
2.39 (7.19 g, 32.00 mmol) according to General Procedure D and the crude product was
purified by flash chromatography (4:1 petroleum ether / ethyl acetate) to afford the
compound 2.46 as a yellow oil, which crystallised upon standing (2.08 g, 40%). mp 69-73
°C; Rf = 0.42 (4:1 petroleum ether / ethyl acetate); *H NMR (CDCls, 300 MHz) & 1.37 (t, J
= 7.2 Hz, 3H, OCH,CHj3), 2.96-3.01 (m, 2H, ArCH,CH), 3.07-3.13 (m, 2H, ArCH,CH,),
4.36 (q, J = 7.2 Hz, 2H, OCH,CH3), 4.50-4.52 (m, 2H, OCH,CHCH,), 5.26-5.30 (m, 1H,
OCH,CHCHH), 5.36-5.44 (m, 1H, OCH,CHCHH), 5.98-6.11 (m, 1H, OCH,CHCH,),
6.80-6.88 (m, 4H, pyrrole H, OArH), 7.13 (d, J = 8.7 Hz, 2H, OArH), 9.83 (br s, 1H, NH);
3¢ NMR (CDCls, 50 MHz) & 14.3, 29.6, 40.3, 61.1, 68.9, 114.9, 115.5, 117.5, 127.3,
133.1, 133.5, 133.8, 129.3, 157.2, 160.4, 190.4; HRMS (ES) 328.1541 (MH"); C1gH»,NO4
requires 328.1549.

Attempted synthesis of ethyl 5-pent-4-enoyl-1H-pyrrole-2-carboxylate 2.48
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4-Pentenoic acid 2.41 (49 mg, 0.50 mmol) was reacted with thionyl chloride according to
general procedure C to afford a light brown oil, acid chloride 2.43 (58 mg, 100%), which
was used immediately without purification. *H NMR (CDCls, 300 MHz) & 2.41-2.49 (m,
2H, CH,CH,CHCHS,), 3.00 (t, J = 7.2 Hz, 2H, CH,CH,CHCH,), 5.07 (dg, J = 6.5 and 1.3
Hz, 1H, CH,CH,CHCHH), 5.12 (dg, J = 12.9 and 1.3 Hz, 1H, CH,CH,CHCHH), 5.72-
5.86 (m, 1H, CH,CH,CHCH,); **C NMR (CDCls, 75 MHz) & 29.0, 46.3, 117.0, 134.8,
173.2.

Ethyl 1H-pyrrole-2-carboxylate 2.29 (34 mg, 0.25 mmol) was coupled to acid chloride
2.43 (58 mg, 0.50 mmol) according to General Procedure D and volatiles were removed in

vacuo. TLC and *H NMR of the mixture showed that reaction had not proceeded.

Ethyl 5-undec-10-enoyl-1H-pyrrole-2-carboxylate 2.49

_ Y o
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o M o

Ethyl 1H-pyrrole-2-carboxylate 2.29 (505 mg, 3.6 mmol) was coupled to 10-undecenoyl
chloride 2.44 (1.6 mL, 7.5 mmol) according to general procedure D and the crude product
was purified by flash chromatography (9:1 petroleum ether / ethyl acetate) to afford the
pyrrole 2.49 as a yellow oil, which crystallised upon standing (588 mg, 53%). mp 41-43
°C; Rf = 0.44 (9:1petroleum ether / ethyl acetate); 'H NMR (CDCls, 600 MHz) & 1.25-1.39
(m, 13H, (CH,)2(CH2)sCH,CHCH,, OCH,CHs), 1.72 (quin, J = 7.5 Hz, 2H,
CH2CH,(CH,)6CHCH,), 2.04 (g, J = 7.2 Hz, 2H, (CH2)2(CH2)sCH,CHCH,), 2.79 (t, J =
7.8 Hz, 2H, COCHy,), 4.36 (g, J = 7.2 Hz, 2H, OCH,CH3), 4.93 (d, J = 10.2 Hz, 1H,
(CH,)sCHCHH), 4.99 (d, J = 17.4 Hz, 1H, (CH,)sCHCHH), 5.78-5.84 (m, 1H,
(CH2)sCHCHy), 6.83-6.83 (m, 1H, pyrrole H), 6.88-6.89 (m, 1H, pyrrole H), 9.78 (br s,
1H, pyrrole NH); *C NMR (CDCls, 150 MHz) & 14.3, 24.8, 28.9, 29.0, 29.2, 29.3, 29.5,
33.8, 38.4, 61.1, 114.1, 115.3, 115.4, 127.1, 133.9, 139.2, 160.4, 191.7; HRMS (ES)
306.2052 (MH"); C1gH2sNO3 requires 306.2064.
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Ethyl 5-(2-(4-allyloxyphenyl)acetyl)-4-methyl-1H-pyrrole-2-carboxylate 2.50

cl I\
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Carboxylic acid 2.36 (779 mg, 4.00 mmol) was reacted with thionyl chloride according to
general procedure C to afford a dark brown oil, acid chloride 2.38 (847 mg, 100%), which
was used immediately without purification. *H NMR (CDCls, 300 MHz) & 4.05 (s, 2H,
ArCH,), 4.50-4.53 (m, 2H, OCH,CHCH,), 5.26-5.30 (m, 1H, OCH,CHCHH), 5.37-5.44
(m, 1H, OCH,CHCHH), 5.97-6.10 (m, 1H, OCH,CHCH,), 6.89 (d, J = 8.6 Hz, 2H,
OArH), 7.16 (d, J = 8.6 Hz, 2H, OArH); *C NMR (CDCls, 75 MHz) & 52.2, 68.8, 115.1,
117.7,123.4, 130.6, 133.0, 158.4, 172.1.

Ethyl 4-methyl-1H-pyrrole-2-carboxylate 2.31 (311 mg, 2.00 mmol) was coupled to acid
chloride 2.38 (847 mg, 4.00 mmol) according to general procedure D and the crude
product was purified by flash chromatography (4:1 petroleum ether / ethyl acetate) to
afford compound 2.50 as a yellow oil (119 mg, 18 %). R; = 0.49 (4:1 petroleum ether /
ethyl acetate); *H NMR (CDCls, 300 MHz)  1.35 (t, J = 7.1 Hz, 3H, OCH,CHs), 2.40 (s,
3H, pyrrole CH3), 4.04 (s, 2H, ArCH,), 4.32 (q, J = 7.1 Hz, 2H, OCH,CH3), 4.50-4.53 (m,
2H, OCH,CHCHy), 5.25-5.30 (m, 1H, OCH,CHCHH), 5.37-5.44 (m, 1H, OCH,CHCHH),
5.98-6.11 (m, 1H, OCH,CHCH,), 6.69-6.70 (m, 1H, pyrrole H3), 6.88 (d, J = 8.4 Hz, 2H,
OArH), 7.14 (d, J = 8.4 Hz, 2H, OArH), 9.77 (br s, 1H, NH); *C NMR (CDCls, 75 MHz)
014.2,14.2,45.7,61.0, 68.7, 114.9, 117.6, 117.8, 125.4, 125.7, 126.8, 131.2, 133.2, 130.3,
157.6, 160.3, 188.9; HRMS (ES) 328.1573 (MH"); C1oH,,NOs requires 328.1543.

Ethyl 5-(3-(4-allyloxyphenyl)propanoyl)-4-methyl-1H-pyrrole-2-carboxylate 2.51

/©/\)J\Cl /N\ O
\/\O o H o

Carboxylic acid 2.37 (827 g, 4.00 mmol) was reacted with thionyl chloride according to
general procedure C to afford a dark yellow oil, acid chloride 2.39 (902 mg, 100%), which
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was used immediately without purification. *H NMR (CDCls, 300 MHz) § 2.96 (t, J = 7.4
Hz, 2H, ArCH,CH,), 3.18 (t, J = 7.4 Hz, 2H, ArCH,CH,), 4.52-4.55 (m, 2H,
OCH,CHCH,), 5.28-5.33 (m, 1H, OCH,CHCHH), 5.39-5.46 (m, 1H, OCH,CHCHH),
6.00-6.13 (m, 1H, OCH,CHCH,), 6.88 (d, J = 8.6 Hz, 2H, OArH), 7.12 (d, J = 8.6 Hz, 2H,
OArH); *C NMR (CDCls, 75 MHz) & 30.1, 48.7, 68.7, 114.9, 117.5, 129.2, 130.7, 133.2,
157.4, 173.0.

Ethyl 4-methyl-1H-pyrrole-2-carboxylate 2.31 (311 mg, 2.00 mmol) was coupled to acid
chloride 2.39 (902 mg, 4.00 mmol) according to general procedure D and the crude
product was purified by flash chromatography (4:1 petroleum ether / ethyl acetate) to
afford compound 2.51 as a yellow oil, which crystallised upon standing (63 mg, 9%). mp
83.5-86 °C; R¢ = 0.54 (4:1 petroleum ether / ethyl acetate); *H NMR (CDCls, 300 MHz) &
1.36 (t, J = 7.2 Hz, 3H, OCH,CHj3), 2.37 (s, 3H, pyrrole CHs), 2.97-3.10 (m, 4H,
ArCH,CHy), 4.33 (g, J = 7.2 Hz, 2H, OCH,CH3), 4.50-4.53 (m, 2H, OCH,CHCH,), 5.26-
5.30 (m, 1H, OCH,CHCHH), 5.37-5.44 (m, 1H, OCH,CHCHH), 5.99-6.12 (m, 1H,
OCH,CHCHy), 6.70 (d, J = 2.7 Hz, 1H, pyrrole H3), 6.86 (d, J = 8.6 Hz, 2H, OArH), 7.15
(d, J = 8.6 Hz, 2H, OArH), 9.67 (br s, 1H, NH); **C NMR (CDCls, 150 MHz) & 14.3, 14.3,
28.9, 42.4, 61.0, 68.9, 114.8, 117.6, 117.8, 125.2, 126.2 131.3, 133.2, 133.4, 129.3, 157.1,
160.4, 190.4; HRMS (ES) 342.1722 (MH"); C20H24NO4 requires 342.1705.

Ethyl 5-[3-(2-methyl-2,3-dihydrobenzo[b]furan-5-yl)propionyl]-1H-pyrrole-2-
carboxylate 2.52
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Freshly dried zinc chloride (205 mg, 1.5 mmol) was added to acid chloride 2.39 (344 mg,
1.5 mmol) in 1,2-DCE (3 mL) to form a suspension. A solution of pyrrole 2.29 (104 mg,
0.75 mmol) in 1,2-DCE (2 mL) was added dropwise over 5 min to the stirred suspension
at 0 °C under an inert atmosphere. The suspension was heated to 50 °C for 28.5 h. After
cooling to room temperature, 1,2-DCE (3 mL) was added and the reaction mixture was
heated to 50 °C for additional 63 h. The resulting dark reddish brown solution was cooled

to room temperature, diluted with 1,2-DCE (10 mL) and poured onto a mixture of ice
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(60 g) and water (20 mL). The organic phase was separated and the aqueous phase was
extracted with EtOAc (3 x 20 mL). The combined organic fractions were washed with
brine (30 mL), 1 M aqueous sodium hydroxide (2 x 20 mL), water (2 x 20 mL), and brine
(3 x 20 mL) again. The combined organic phase was washed with water (20 mL) and brine
(20 mL), dried (MgS0O4.2H,0), and the solvent was removed in vacuo. The resulting dark
brown oil was purified flash chromatography (4:1 petroleum ether / ethyl acetate) to give
compound 252 as vyellow oil (31 mg, 13%). ‘H NMR (CDCls,
300 MHz) 6 1.37 (t, J = 7.2 Hz, 3H, OCH,CHs3), 1.45 (d, J = 6.3 Hz, 3H, CHCH3), 2.78
(dd, J =15.6 and 7.8 Hz, 1H, CHCHH), 2.94-2.99 (m, 2H, ArCH,CH,), 3.06-3.12 (m, 2H,
ArCH,CH>), 3.27 (dd, J = 15.6 and 8.7 Hz, 1H, CHCHH), 4.36 (q, J = 7.2 Hz, 2H,
OCH,CHjs), 4.86-4.94 (m, 1H, CHCH3), 6.67 (d, J = 8.1 Hz, 1H, OArH), 6.81-6.83 (m,
1H, pyrrole H), 6.86-6.88 (m, 1H, pyrrole H), 6.95 (d, J = 8.1 Hz, 1H, OArH), 7.02 (s, 1H,
CH,ArHCH,), 9.86 (br s, 1H, NH); B3C NMR (CDCl3, 75 MHz) 6 14.3, 21.7, 29.8, 37.1,

40.7, 61.1, 79.6, 109.0, 115.4, 115.5, 125.0, 127.2, 127.3, 127.7, 132.5, 133.7, 158.0,
160.4, 190.5.

rac-Ethyl 5-(3-chlorobutanoyl)-1H-pyrrole-2-carboxylate 2.52

Q I\
NLCI R MO\/
c o H o

3-Butenoic acid 2.40 (211 mg, 2.50 mmol) was reacted with thionyl chloride according to
general procedure C to afford a reddish oil, acid chloride 2.42 (231 mg, 88%), which was
used immediately without purification. *H NMR (CD;Cl,, 300 MHz) & 3.71 (ddd, J = 7.2,
1.4 and 1.4 Hz, 2H, CH,CHCH,), 5.30-5.39 (m, 2H, CH,CHCH,), 5.89-6.03 (m, 1H,
CH,CHCHy); **C NMR (CD,Cl,, 75 MHz) & 51.4, 121.3, 128.5, 172.4.

Ethyl 1H-pyrrole-2-carboxylate 2.29 (140 mg, 1.00 mmol) was coupled to acid chloride
2.42 (231 mg, 2.20 mmol) according to general procedure D and the crude product was
purified by flash chromatography (4:1 petroleum ether / ethyl acetate) to afford compound
2.52 as an off-white solid (14 mg, 6%). mp 57-61 °C; R = 0.44 (4:1 petroleum ether / ethyl
acetate); "H NMR (CDCls, 600 MHz) & 1.38 (t, J = 7.1 Hz, 3H, OCH,CHs), 1.62 (d, J =
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6.6 Hz, 3H, CH,CH(CI)CHs), 3.08 (dd, J = 16 and 6.0 Hz, 1H, CHHCH(CI)CHs), 3.38
(dd, J = 16 Hz and 7.5 Hz, 1H, CHHCH(CI)CHs), 4.37 (q, J = 7.1 Hz, 2H, OCH,CHs),
4.59-4.64 (m, 1H, CH,CH(CI)CHs), 6.87-6.92 (m, 2H, pyrrole H), 9.88 (br s, 1H, NH);
3C NMR (CDCl;, 150 MHz) & 14.3, 25.3, 48.3, 52.5, 61.2, 115.6, 116.3, 127.9 133.6,
160.2, 187.3; MS (El) m/z (rel intensity) 243.15 (M", 11), 208.20 (M" - Cl, 49), 166.15
(M*- C3HgCl, 54), 120.10 (M* - C3HsCI - C2Hs0, 100).

5-[3-(4-allyloxyphenyl)propanoyl]-1H-pyrrole-2-carboxylic acid 2.54

A0
/ \ OH

N
o H o

Ester 2.46 (584 mg, 1.80 mmol) was hydrolysed according to General Procedure E to
afford carboxylic acid 2.54 as a yellow solid (511 mg, 96%). mp 169-172 °C; *H NMR
(CDCl3, 300 MHz) 6 3.01 (t, J = 6.9 Hz, 2H, ArCH,CH,), 3.16 (t, J = 7.2 Hz, 2H,
ArCH,CH,), 451 (d, J = 5.1 Hz, 2H, OCH,CHCH,), 5.28 (d, J = 10.2 Hz, 1H,
OCH,CHCHH), 540 (d, J = 17.1 Hz, 1H, OCH,CHCHH), 5.99-6.11 (m, 1H,
OCH,CHCHy), 6.85 (d, J = 8.6 Hz , 2H, OArH), 6.92 (br s, 1H, pyrrole H), 7.01 (br, 1H,
pyrrole H), 7.13 (d, J = 8.6 Hz, 2H, OArH), 10.99 (br s, 1H, NH), COOH was not
observed; *C NMR (CDCls, 75 MHz) & 29.6, 40.7, 68.8, 114.8, 117.1, 117.4, 117.6,
127.9, 129.3, 132.8, 133.3, 134.3, 157.1, 164.1, 192.1; HRMS (ES) 300.1241 (MH")
C17H18NO4 requires 300.1236.

5-Undec-10-enoyl-1H-pyrrole-2-carboxylic acid 2.55

/ \
N
H

OH

o O

Ester 2.49 (100 mg, 0.33 mmol) was hydrolysed according to general procedure E to afford
carboxylic acid 2.55 as a pale yellow solid (77 mg, 85%). mp 113-115 °C. *H NMR
(CDCl3, 300 MHz) & 1.24-1.42 (m, 10H, (CH,)2(CH,)sCH,CHCH,), 1.69-1.77 (m, 2H,
CH,CH,(CH,)sCH,CHCH,), 2.01-2.07 (m, 2H, (CH,)2(CH,)sCH.CHCH,), 2.87 (t, J = 7.5
Hz, 2H, COCHy,), 4.92-5.02 (m, 2H, (CH,)sCHCH,), 5.75-5.88 (m, 1H, (CH)sCHCH,),
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6.95-7.04 (m, 2H, pyrrole H), 11.18 (br s, 1H, pyrrole NH); **C NMR (CDCls, 75 MHz) &
24.8, 28.9, 29.0, 29.2, 29.3, 33.8, 38.7, 114.1, 117.0, 117.2, 127.8, 134.5, 139.2, 164.1,
193.4; HRMS (ES) 278.1740 (MH"); C16H24NO5 requires 278.1751.

5-(3-(4-(Allyloxy)phenyl)propanoyl)-4-methyl-1H-pyrrole-2-carboxylic acid 2.56

/\/O
N
H

o @)

Ester 2.51 (63 mg, 0.18 mmol) was hydrolysed according to General Procedure E to afford
carboxylic acid 2.56 as a white solid (58 mg, 100%). mp 177-180 °C (decomp.); *H NMR
(DMSO-dg, 300 MHz) 6 2.26 (s, 3H, pyrrole CHs), 2.81 (t, J = 7.5 Hz, 2H, ArCH,CH,),
3.22 (t, J = 7.5 Hz, 2H, ArCH,CH>), 4.51-4.53 (m, 2H, OCH,CHCH>), 5.22-5.26 (m, 1H,
OCH,CHCHH), 5.34-5.41 (m, 1H, OCH,CHCHH), 5.96-6.09 (m, 1H, OCH,CHCH,),
6.63 (d, J = 2.1 Hz, 1H, pyrrole H), 6.86 (d, J = 8.6 Hz, 2H, OArH), 7.17 (d, J = 8.6 Hz,
2H, OArH), 12.03 (br s, 1H, OH), 12.84 (br s, 1H, NH); *C NMR (DMSO-ds, 75 MHz) &
13.6, 28.6, 49.8, 68.3, 114.6, 117.5, 125.7, 126.9, 129.51, 131.4, 133.5, 134.1, 156.6,
161.8, 191.5; HRMS (ES) 314.1380 (MH"); C1sH20NO, requires 314.1392.

Methyl (2S)-2-[[5-[3-(4-allyloxyphenyl)propanoyl]-1H-pyrrole-2-carbonyl]amino]

A0 e
T ot

o " o W

|

Carboxylic acid 2.54 (480 mg, 1.60 mmol) was coupled to amino acid 2.63 (297 mg, 1.80

pent-4-enoate 2.57

mmol) according to General Procedure F and the crude product was purified by flash
chromatography (1:1 petroleum ether / ethyl acetate) to afford the acyclic diene 2.57 as a
dark yellow oil (621 mg, 94%). R; = 0.62 (1:1 petroleum ether / ethyl acetate); *"H NMR
(CDCl3, 300 MHz) 6 2.58-2.72 (m, 2H, CHCH,CHCHy), 2.95-3.00 (m, 2H, ArCH,CH,),
3.05-3.11 (m, 2H, ArCH,CH), 3.79 (s, 3H, OCHs), 4.51 (dt, J = 5.1 and 1.5 Hz, 2H,
OCH,CHCH,), 4.85 (dt, J = 7.7 and 5.6 Hz, 1H, CHCH,CHCH,), 5.12-5.18 (m, 2H,
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CHCH,CHCHy), 5.28 (dg, J = 10.4 and 1.6 Hz, 1H, OCH,CHCHH) 5.40 (dg, J = 17.4 and
1.6 Hz, 1H, OCH,CHCHH), 5.65-5.79 (m, 1H, CHCH,CHCH,), 5.99-6.11 (m, 1H,
OCHCH,CHCH,), 6.53 (d, J = 7.7 Hz, 1H, NHCH), 6.57 (dd, J = 4.0 and 2.7 Hz, 1H,
pyrrole H), 6.80 (dd, J = 4.0 and 2.7 Hz, 1H, pyrrole H), 6.84 (dt, J = 8.7 and 2.3 Hz, 2H,
OArH), 7.13 (dt, J = 8.7 and 2.3 Hz, 2H, OArH), 9.94 (br s, 1H, pyrrole NH); *C NMR
(CDCls, 75 MHz) & 29.5, 36.6, 40.3, 51.6, 52.6, 68.8, 110.1, 114.8, 115.5, 117.6, 119.5,
129.3, 129.6, 133.1, 133.3, 133.4, 131.9, 157.0, 159.4, 172.1, 190.1; HSMS: (ES)
411.1909 (MH™) C23H27N,0Os requires 411.1920.

Methyl (2S)-3-(4-allyloxyphenyl)-2-[[5-[3-(4-allyloxyphenyl)propanoyl]-1H-pyrrole-2-
carbonyl]amino]propanoate 2.58

/\/O o

Carboxylic acid 2.54 (199 mg, 0.66 mmol) was coupled to amino acid 2.66 (207 mg, 0.76
mmol) according to General Prodecude G and the crude product was purified by flash
chromatography (1:1 petroleum ether / ethyl acetate) to afford the acyclic diene 2.58 as a
yellowish brown oil (323 mg, 94%). R; = 0.71 (1:1 petroleum ether / ethyl acetate); *H
NMR (CDCls, 300 MHz) & 2.94-2.99 (m, 2H, ArCH,CHj), 3.04-3.10 (m, 2H, ArCH,CH,),
3.15 (dd, J = 5.1 and 5.1 Hz, 2H, NHCH), 3.76 (s, 3H, OCHs), 4.48-4.52 (m, 4H, 2 x
OCH,CHCH,), 5.02 (dt, J = 7.8 and 5.7 Hz, 1H, NHCH), 5.25-5.30 (m, 2H, 2 x
OCH,CHCHH) 5.36-5.43 (m, 2H, 2 x OCH,CHCHH), 5.97-6.11 (m, 2H, 2 x
OCH,CHCHy), 6.50 (dd, J = 4.1 and 2.6 Hz, 1H, pyrrole H), 6.59 (d, J = 7.8 Hz, 1H,
NHCH), 6.77 (dd, J = 4.1 and 2.6 Hz, 1H, pyrrole H), 6.82 (d, J = 8.7 Hz, 2H, OArH),
6.84 (d, J = 8.7 Hz, 2H, OArH), 7.02 (d, J = 8.7 Hz, 2H, OArH), 7.13 (d, J = 8.7 Hz, 2H,
OArH), 10.07 (br s, 1H, pyrrole NH); *C NMR (CDCls, 75 MHz) & 29.5, 37.1, 40.3, 52.5,
53.2, 68.7, 68.8, 110.2, 114.7, 114.8, 115.5, 117.6, 117.7, 129.3, 130.3, 127.6, 129.6,
133.1, 133.1, 133.2, 133.3, 157.0, 157.8, 159.3, 171.9, 190.1; HRMS (ES) 517.2321
(MH™) C3oH33N,O6 requires 517.2339.
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(S)-Methyl 2-(5-undec-10-enoyl-1H-pyrrole-2-carboxamido)pent-4-enoate 2.59
0
/\ N
WN%O/
0 o =
7

Carboxylic acid 2.55 (419 mg, 1.50 mmol) was coupled to amino acid 2.63 (314 mg, 1.80
mmol) according to general procedure F and the crude product was purified by flash
chromatography (4:1 petroleum ether / ethyl acetate) to afford acyclic diene 2.59 as a pale
yellow oil (280 mg, 48%). Ry = 0.38 (4:1 petroleum ether / ethyl acetate); *H NMR
(CDCls, 600 MHz) & 1.26-1.37 (m, 10H, (CH,)2(CH.)sCH,CHCH,), 1.68-1.73 (m, 2H,
CH,CH3(CH3)sCH,CHCHy), 2.03 (g, J = 7.0 Hz, 2H, (CH2)2(CH,)sCH,CHCHy), 2.57-
2.63 (m, 1H, NHCHCHH), 2.67-2.72 (m, 1H, NHCHCHH), 2.77 (t, J = 7.2 Hz, 2H,
COCHy), 3.79 (s, 3H, OCHs), 4.86 (q, J = 6.4 Hz, 1H, NHCH), 4.93 (d, J = 10.2 Hz, 1H,
(CH.)sCHCHH), 4.99 (d, J = 18.0 Hz, 1H, (CH,)sCHCHH), 5.15 (d, J = 13.5 Hz, 2H,
CHCH,CHCH,), 5.65-5.76 (m, 1H, CHCH,CHCH,), 5.77-5.84 (m, 1H, (CH5)sCHCH,),
6.57 (br d, J =7.8 Hz, 1H, NHCH), 6.60 (br s, 1H, pyrrole H), 6.83 (br s, 1H, pyrrole H),
9.97 (br s, 1H, pyrrole NH); *C NMR (CDCls, 150 MHz) & 24.8, 28.9, 29.0, 29.1, 29.2,
29.3, 33.8, 36.6, 38.4, 51.6, 52.6, 110.1, 114.1, 115.4, 119.5, 129.5, 132.0, 133.5, 139.2,
159.5, 172.1, 191.3; HRMS (ES) 389.2427 (MH"); C22H33N,04 requires 389.2435.

Methyl (2S)-2-[[5-[3-(4-allyloxyphenyl)propanoyl]-4-methyl-1H-pyrrole-2-
carbonyl]amino]pent-4-enoate 2.60

A0 e
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Carboxylic acid 2.56 (184 mg, 0.60 mmol) was coupled to amino acid 2.63 (112 mg, 0.68
mmol) according to general procedure F and the crude product was purified by flash
chromatography (1:1 petroleum ether / ethyl acetate) to afford the acyclic diene 2.60 as a
yellow oil (235 mg, 94%). R; = 0.67 (1:1 petroleum ether/ethyl acetate); *"H NMR (CDCls,
600 MHz) 6 2.34 (s, 3H, pyrrole CHj3), 2.55-2.69 (m, 2H, CHCH,CHCH,), 2.96-2.99 (m,
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2H, ArCH,CH,), 3.02-3.05 (m, 2H, ArCH,CH,), 3.76 (s, 3H, OCHs), 4.50 (d, J = 6.0 Hz,
2H, OCH,CHCH,), 4.85 (q, J = 6.4 Hz, 1H, CHCH,CHCH,), 5.13-5.15 (m, 2H,
CHCH,CHCHy), 5.26-5.28 (m, 1H, OCH,CHCHH), 5.38-5.41 (m, 1H, OCH,CHCHH),
5.69-5.76 (m, 1H, CHCH,CHCH,), 6.01-6.07 (m, 1H, OCH,CHCHy), 6.43 (s, 1H, pyrrole
H), 6.74-6.78 (m, 1H, NHCH), 6.83 (d, J = 8.4 Hz, 2H, OArH), 7.13 (d, J = 8.4 Hz, 2H,
OArH), 9.99 (br s, 1H, pyrrole NH); *C NMR (CDCl;, 150MHz) & 14.2, 28.8, 36.5, 40.1,
51.6, 52.5, 68.8, 113.0, 114.7, 117.4, 119.3, 129.2, 126.5, 127.6, 130.7, 132.0, 133.2,
133.4, 156.9, 159.6, 172.2, 190.1; HRMS (ES) 425.2060 (MH"):; C24H20N,Os requires
425.2071.

Methyl (2S)-3-(4-allyloxyphenyl)-2-[[5-[3-(4-allyloxyphenyl)propanoyl]-4-methyl-1H-
pyrrole-2-carbonyllamino]propanoate 2.61

/\/O 0

Carboxylic acid 2.56 (235 mg, 0.75 mmol) was coupled to amino acid 2.66 (354 mg, 0.80
mmol) according to general procedure G and the crude product was purified by flash
chromatography (2:1 ethyl acetate / petroleum ether) to afford the acyclic diene 2.61 as a
yellow oil (330 mg, 83%). Ry = 0.83 (2:1 ethyl acetate / petroleum ether); '"H NMR
(CDCls, 300 MHz) 6 2.31 (pyrrole CHg3), 2.91-3.19 (m, 6H, ArCH,CH,, ArCH,CH), 3.72
(s, 3H, OCH3), 4.46-4.49 (m, 4H, 2 x OCH,CHCH,), 5.01 (q, J = 6.6 Hz, 1H, NHCH),
5.24-5.27 (m, 2H, 2 x OCH,CHCHH) 5.35-5.42 (m, 2H, 2 x OCH,CHCHH), 5.96-6.09
(m, 2H, 2 x OCH,CHCHy), 6.36 (d, J = 2.7 Hz, 1H, pyrrole H or NHCH), 6.79-6.85 (m,
5H, pyrrole H or NHCH, OArH), 7.03 (d, J = 8.4 Hz, 2H, OArH), 7.11 (d, J = 8.4 Hz,
2H, OArH), 10.11 (br s, 1H, pyrrole NH); *C NMR (CDCls, 75 MHz) § 14.3, 29.0, 37.1,
42.2, 52.6, 53.4, 68.8, 68.9, 113.3, 114.8, 114.9, 117.6, 117.7, 129.4, 130.3, 126.7, 127.8,
127.9, 130.9, 133.3, 133.4, 133.5, 157.0, 157.8, 159.7, 172.4, 190.3; HRMS (ES) 553.2294
(MNa"); Cs1H34N2NaOg requires 553.2309.
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Methyl (2S)-2-aminopent-4-enoate hydrochloride, 2.63"

O
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To a solution of L-allylglycine 2.62(587 mg, 5.00 mmol) in anhydrous methanol (10 mL) at
0 °C was added thionyl chloride (1.90 g, 16.00 mmol) in portions under a nitrogen
atmosphere. The resulting solution was stirred at 0 °C for 10 min, then warmed to room
temperature, and stirred overnight. VVolatiles were removed in vacuo to afford amino acid
2.63 as a white crystalline solid (847 mg, 100%). mp 88-90 °C, lit. mp 91-92 °C:*® 'H
NMR (CDClIs, 300 MHz) 6 2.86 (br s, 2H, CHCH,CHCH,), 3.81 (s, 3H, OCHj3), 4.26 (br
s, 1H, CHCH,CHCHy), 5.27 (d, J = 10.2 Hz, 1H, CHCH,CHCHH), 5.34 (d, J = 17.1 Hz,
1H, CHCH,CHCHH), 5.80-5.94 (m, 1H, CHCH,CHCH,), 8.80 (br s, 3H, N*Hs); *C
NMR (CDCls, 75 MHz) & 34.5, 52.9, 53.1, 121.5, 130.1, 169.1. Experimental data as per

literature.*

Methyl (2S)-3-(4-allyloxyphenyl)-2-(tert-butoxycarbonylamino)propanoate, 2.65
y O
>|/O\[( N \i)ko/
o

=\

To a solution of O-allyl-N-tert-butyloxycarbonyl-L-tyrosine 2.64 (1.61 g, 5.00 mmol) in
anhydrous DMF (20 mL) were sequentially added NaHCO; (555 mg, 6.60 mmol) and Mel
(2.67 g, 18.80 mmol). The reaction mixture was stirred at room temperature for 50 h, then
poured into ice-water (150 mL), and extracted with ethyl acetate (75 mL, 2 x 50 mL). The
combined organic fractions were washed with saturated NaHCO3 (2 x 50 mL), water (2 x
50 mL) and brine (50 mL), dried over Na,SO, and volatiles were removed in vacuo to
obtain amino acid 2.65 as yellow crystals (1.68 g, 100%). mp 38-39 °C; *H NMR (CDCls,
300 MHz) & 1.42 (s, 9H, C(CHy3)s), 3.00-3.04 (m, 2H, ArCH,), 3.71 (s, 3H, OCHg), 4.50-
4.57 (m, 3H, OCH,CHCH,, NHCH), 4.96 (br d, J = 7.8 Hz, 1H, NH), 5.26-5.31 (m, 1H,
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OCH,CHCHH), 5.37-5.44 (m, 1H, OCH,CHCHH), 5.99-6.11 (m, 1H, OCH,CHCH,),
6.84 (d, J = 8.7 Hz, 2H, OArH), 7.03 (d, J = 8.7 Hz, 2H, OArH); *C NMR (CDCls, 50
MHz) & 28.3, 37.6, 52.1, 54.6, 68.8, 79.9, 114.9, 117.6, 128.2, 130.3, 133.4, 155.1, 157.8,
172.4; HRMS (ES) 358.1652 (MNa"), C1gH2sNNaOs requires 358.1625.

Methyl (2S)-3-(4-allyloxyphenyl)-2-amino-propanoate trifluoroacetate, 2.66

Trifluoroacetic acid (5 mL) was added under a stream of nitrogen to a cooled solution of
amino acid 2.65 (1.01 g, 3.00 mmol) in anhydrous dichloromethane (20 mL) at 0 °C. The
reaction mixture was subsequently warmed to room temperature, and then stirred for 5 h.
Volatiles were removed in vacuo to give amino acid 2.66 as light brown crystals (1.32 g,
100%). fractionated melting, mp; 38-40 °C, mp, 87-100 °C; *H NMR (CDCl;, 300 MHz)
0 3.11-3.28 (m, 2H, ArCHy), 3.75 (s, 3H, OCHy), 4.20-4.25 (m, 1H, ArCH), 4.48-4.50 (m,
2H, OCH,CHCHj,), 5.28 (dd, J = 10.4 and 1.4 Hz, 1H, OCH,CHCHH), 5.39 (dd, J=17.4
and 1.4 Hz, 1H, OCH,CHCHH), 5.96-6.09 (m, 1H, OCH,CHCH,), 6.86 (d, J = 8.4 Hz,
2H, OArH), 7.08 (d, J = 8.4 Hz, 2H, OArH), 8.35 (br s, 3H, N*Hs); *C NMR (CDCls, 75
MHz) 6 35.3, 53.3, 54.3, 68.8, 115.5, 117.8, 124.7, 130.3, 133.0, 158.6, 161.6, 169.4,
CF3;COOH was not found; HRMS (ES) 236.1296 (MH"); C13H1sNO;3 requires 236.1287.

Macrocyclic ester 2.67

Acyclic diene 2.57 (209 mg, 0.51 mmol) was subjected to RCM according to General
Procedure H and purified by flash chromatography (2:1 ethyl acetate / petroleum ether) to
give a mixture of cis and trans macrocycles, 2.67 as a yellow oil (103 mg, 53%). R = 0.42
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(2:1 ethyl acetate / petroleum ether); *H NMR (CDCls, 300 MHz) & 2.27-2.37 (m, 1H,
OCH;CHCHCHH), 2.87-3.06 (m, 5H, ArCH,CH,;, OCH,CHCHCHH), 3.81 (s, 3H,
OCHs), 4.42-4.62 (m, 2H, OCH,CHCHCH>), 4.93 (dt, J = 9.1 and 3.9 Hz, 1H, NHCH),
5.60-5.77 (m, 2H, OCH,CHCHCH, ), 6.23 (d, J = 8.7 Hz, 1H, NHCH), 6.34 (dd, J = 4.1
and 2.3 Hz, 1H, pyrrole H), 6.58-6.61 (m, 3H, OArH and pyrrole H), 6.89 (d, J = 7.8 Hz,
2H, OArH), 8.83 (br s, 1H, pyrrole NH); *C NMR (CDCls, 75 MHz) & 33.6, 36.2, 41.5,
50.9, 52.8, 66.0, 109.9, 114.5, 116.1, 128.1, 128.9, 129.4, 130.2, 131.5, 134.7, 156.2,
158.9, 172.0, 192.2; HRMS (ES) 383.1616 (MH"); C21H,3N,0s requires 383.1601.

Macrocyclic ester 2.68

O\H_‘J\>

Acyclic diene 2.58 (150 mg, 0.29 mmol) was subjected to RCM according to General
Procedure H and purified by flash chromatography (2:1 ethyl acetate / petroleum ether) to
give a mixture of cis and trans macrocycles, 2.68 as a greenish-brown oil (88 mg, 62 %).
Rf = 0.51 (2:1 ethyl acetate / petroleum ether); ‘H NMR (CDCls, 300 MHz) & 2.64-2.71
(m, 1H, ArCHHCH,), 2.82 (dd, J = 9.6 and 13.8 Hz, 1H, NHCHCHH), 2.92-3.12 (m, 3H,
ArCHHCHS,), 3.33 (dd, J = 4.4 and 14.0 Hz, 1H, NHCHCHH), 3.84 (s, 3H, OCH3), 4.41-
4.66 (m, 4H, OCH,CHCHCH,), 4.84-4.94 (m, 1H, NHCHCH,), 5.82-5.84 (m, 2H,
OCH,CHCHCHy,), 6.07-6.13 (m, 2H, pyrrole H), 6.61 (d, J = 8.6 Hz, 2H, OArH), 6.68 (d,
J = 10.8 Hz, 1H, NHCH), 6.75 (d, J = 8.7 Hz, 2H, OArH), 6.89 (d, J = 8.6 Hz, 2H,
OArH), 7.02 (d, J = 8.7 Hz, 2H, OArH), 9.49 (br s, 1H, pyrrole NH); *C NMR (CDCls,
75 MHz) 6 32.5, 36.6, 40.1, 52.9, 53.3, 68.3, 68.6, 110.1, 115.1, 115.9, 116.7, 128.1,
128.4, 128.8, 129.6, 130.2, 130.5, 132.7, 134.2, 157.4, 157.7, 159.8, 173.1, 191.8; HRMS
(ES) 489.2009 (MH™); C2sH29N20s requires 489.2020.
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(S)-Methyl 2,16-dioxo-3,20-diazabicyclo[15.2.1]icosa-1(19),6,17-triene-4-carboxylate
2.69

Acyclic diene 2.59 (308 mg, 0.79 mmol) was subjected to RCM according to general
procedure H and purifited by flash chromatography (2:1 petroleum ether / ethyl acetate) to
give a mixture of cis and trans macrocycles 2.69 as a brown oil (100 mg, 35%). R¢ = 0.65
(2:1 petroleum ether / ethyl acetate); ‘H NMR (CDCls;, 300 MHz) & 0.53-0.58 (m, 1H,
CO(CH,)sCHH), 0.68-0.52 (m, 1H, CO(CH.)sCHH), 0.80-091 (m, 3H,
CO(CH.)4CH,CHH),), 0.97-1.05 (m, 1H, CO(CH,)sCHH), 1.12-1.13 (m, 1H,
CO(CH,),CHH), 1.21-1.31 (m, 2H, CO(CH,),CHHCHH), 1.39-1.43 (m, 1H,
CO(CH,)sCHH), 1.72-1.83 (m, 2H, CO(CH,);CH,), 1.87-1.88 (m, 1H,
COCH,CH2(CH,)s), 2.17-2.22 (m, 1H, NHCHCHH), 2.50-2.53 (m, 1H, COCHH(CH,);),
2.84-2.86 (m, 1H, NHCHCHH), 2.89-2.93 (m, 1H, COCHH(CH.),), 3.81 (s, 3H, OCHy),
4.88-4.92 (dt, J = 9.5 and 4.5 Hz, 1H, NHCHCO), 5.19-5.24 (m, 1H, NHCHCH,CHCH),
5.30-5.35 (m, 1H, NHCHCH,CHCH ), 6.31 (d, J = 7.8 Hz, 1H, NHCHCO), 6.64-6.65 (m,
1H, pyrrole H), 6.88-6.89 (m, 1H, pyrrole H), 10.02 (br s, 1H, pyrrole NH); *C NMR
(CDCl3, 75 MHz) 6 26.4, 28.1, 29.0, 29.4, 29.6, 29.7, 29.8, 33.4, 37.0, 38.8, 51.5, 52.7,
110.2, 115.9, 122.9, 134.2, 137.0, 159.4, 172.5, 193.6; HRMS (ES) 361.2110 (MH");
Ca0H29N204 requires 361.2122.

Macrocyclic ester 2.70

Acyclic diene 2.60 (31 mg, 0.07 mmol) was subjected to RCM according to General
Procedure H and purified by flash chromatography (2:1 ethyl acetate / petroleum ether) to
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give a mixture of cis and trans macrocycles, 2.70 as a greenish-brown oil (20 mg, 71%). Rs
= 0.38 (2:1 ethyl acetate / petroleum ether); *H NMR (CDCl;, 600 MHz) & 2.22-2.29 (m,
1H, OCH,CHCHCHH), 2.31 (s, 3H, pyrrole CHs;), 2.75-3.09 (m, 5H, ArCH,CH,,
OCH,CHCHCHH), 3.79 (s, 3H, OCHs), 4.47-4.66 (m, 2H, OCH,CHCHCH,), 4.95 (dt, J
= 9.8 Hz, 3.6 Hz, 1H, NHCH), 5.59-5.63 (m, 1H, OCH,CHCHCH, ), 5.71-5.76 (m, 1H,
OCH,CHCHCHj ), 6.20 (d, J = 9.8 Hz, 1H, CONH), 6.23 (d, J = 1.8 Hz, 1H, pyrrole H),
6.67 (br s, 2H, OArH), 6.96 (br s, 2H, OArH), 8.33 (br s, 1H, pyrrole NH); *C NMR
(CDCl3, 150 MHz) 6 13.3, 33.4, 37.1, 42.4, 50.8, 52.9, 65.8, 111.6, 115.0, 126.8, 130.4,
128.0, 129.2, 129.3, 132.1, 156.2, 158.6, 172.1, 192.4; HRMS (ES) 397.1780 (MH");
Ca22H25N205 requires 397.1758.

Macrocyclic ester 2.71

O
H
@) /N\ N\;)J\O/
H o =
O
O\H_‘J\>

Acyclic diene 2.61 (318 mg, 0.60 mmol) was subjected to RCM according to General
Procedure H and purified by flash chromatography (1:1 ethyl acetate / petroleum ether) to
give a mixture of cis and trans macrocycles, 2.71 as a greenish-brown oil (45 mg, 15%). Ry
= 0.37 (1:1 ethyl acetate / petroleum ether); *H NMR (CDCls, 300 MHz) & 2.17 (s, 3H,
pyrrole CHs), 2.75-3.09 (m, 5H, ArCCH,CH,, NHCHCHH), 3.34 (dd, J = 4.1 and 13.7
Hz, 1H, NHCHCHH), 3.80 (s, 3H, OCH3), 4.47-4.59 (m, 4H, OCH,CHCHCHy), 4.93-
5.03 (m, 1H, NHCH), 5.82-5.91 (m, 2H, OCH,CHCHCH,), 6.19 (d, J = 2.7 Hz, 1H,
pyrrole H), 6.40 (d, J = 8.7 Hz, 1H, NHCH), 6.66 (d, J = 8.7 Hz, 2H, OArH), 6.72 (d, J =
8.7 Hz, 2H, OArH), 6.94-7.03 (m, 4H, OArH), 9.39 (br s, 1H, pyrrole NH); *C NMR
(CDCls, 75 MHz) & 14.1, 31.1, 37.4, 40.7, 52.9, 53.1, 68.4, 68.5, 113.2, 114.4, 114.8,
115.5, 115.6, 127.0, 127.6, 128.2, 128.8, 129.7, 130.4, 131.5, 133.0, 156.9, 158.0, 159.6,
172.7, 191.6; HRMS (ES) 503.2169 (MH"); C29H3:N2Og requires 503.2177.
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Macrocyclic ester 2.72
0
/N H
@) N N\i)J\O/

H o )
@)

Macrocycle 2.67 (124 mg, 0.32 mmol) was hydrogenated according to General Procedure
I, purified by flash chromatography (2:1 ethyl acetate / petroleum ether) and recrystalized
from ethyl acetate to give compound 2.72 as a white needle-like crystals (84 mg, 67%). mp
198-200 °C; Ry = 0.47 (2:1 ethyl acetate / petroleum ether); *H NMR (CDCls, 600 MHz) &
1.33-1.40 (m, 1H, O(CH,),CHHCH,), 1.45-1.52 (m, 1H, O(CH,),CHHCH,), 1.64-1.70
(m, 1H, OCH,CHH(CH,),), 1.72-1.81 (m, 2H, OCH,CHHCH,CHH), 2.31-2.37 (m, 1H,
OCH,CH,CH,CHH), 2.83-2.95 (m, 3H, ArCHHCHy), 3.04-3.08 (m, 1H, ArCHHCHy),
3.80 (s, 3H, OCHy3), 3.89-3.92 (m, 1H, OCHH(CH,)3), 4.03-4.06 (m, 1H, OCHH(CH,)3),
4.75-4.78 (m, 1H, NHCH), 6.37-6.40 (m, 2H, pyrrole H, OArH), 6.50 (d, J = 3.6 Hz, 1H,
NHCH), 6.61 (br s, 1H, OArH), 6.77 (br s, 1H, pyrrole H), 6.81 (br s, 1H, OArH), 7.18 (br
s, 1H, OArH), 8.34 (br s, 1H, pyrrole NH); *C NMR (CDCls, 150 MHz, 0°C) & 19.1, 27.3,
29.4, 33.8, 42.3, 51.9, 52.7, 65.1, 109.3, 112.0, 115.6, 116.3, 128.3, 129.1, 129.7, 131.7,
134.9, 157.3, 158.7, 172.5, 191.9; HRMS (ES) 385.1778 (MH"); C1H25N20s requires
385.1758.

Macrocyclic ester 2.73

Macrocycle 2.68 (44 mg, 0.09 mmol) was hydrogenated according to General Procedure |
and purified by flash chromatography (2:1 ethyl acetate / petroleum ether) to give
compound 2.73 as a yellow oil (40 mg, 91 %). R; = 0.58 (2:1 ethyl acetate / petroleum
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ether); *H NMR (CDCl;, 600 MHz) & 1.88-1.98 (m, 4H, OCH,CH,CH,CH,0), 2.67-2.71
(m, 1H, ArCHHCH,), 2.93-3.03 (m, 3H, ArCH,CH,, NHCHCHH), 3.11 (dt, J = 12.0 and
5.0 Hz, 1H, ArCHHCH,), 3.42 (dd, J = 14.1 and 5.0 Hz, 1H, NHCHCHH), 3.84 (s, 3H,
OCHs), 3.88 (t, J = 5.7 Hz, 2H, (CH2)ArOCHy), 3.95-4.04 (m, 2H, CH,OArCH,CH),
4.85 (q, J = 7.2 Hz, 1H, NHCH), 6.08-6.12 (m, 2H, pyrrole H), 6.16 (d, J = 7.2 Hz, 1H,
NHCH), 6.64 (d, J = 8.7 Hz, 2H, OArH), 6.72 (d, J = 8.7 Hz, 2H, OArH), 6.88-6.92 (m,
4H, OArH), 9.71 (br s, 1H, pyrrole NH); *C NMR (CDCI3, 150 MHz) § 25.3, 25.4, 32.8,
36.0, 40.1, 52.7, 53.1, 67.0, 67.4, 110.0, 114.0, 114.7, 116.8, 127.1, 129.6, 130.3, 129.8,
132.2, 134.4, 157.3, 158.0, 159.3, 172.0, 191.9; HRMS (ES) 491.2195 (MH"); C2sH32N205
requires 491.2177.

(S)-Methyl 2,16-dioxo-3,20-diazabicyclo[15.2.1]icosa-1(19),17-diene-4-carboxylate
2.74

Macrocycle 2.69 was hydrogenated according to general procedure | and purified by flash
chromatography (2:1 petroleum ether / ethyl acetate) to give macrocycle 2.74 as a white oil
(79 mg, 79%). R = 0.29 (2:1 petroleum ether / ethyl acetate); *H NMR (CDCls, 600 MHz)
5 0.80-0.94 (m, 2H, CO(CH_)sCH,), 0.96-1.13 (m, 2H, CO(CH,)3CH,), 1.18-1.38 (m,
12H, CO(CHy,),CH,CH,(CH,),CH,CH,CH,), 1.68-1.75 (m, 1H, CO(CH,)1(CHH), 1.78-
1.88(m, 2H, COCH,CHy), 2.17-2.25 (m, 1H, CO(CH3)10CHH), 2.60 (br s, 1H, COCHH),
2.92 (br s, 1H, COCHH), 3.80 (s, 3H, OCHj3), 4.93 (dt, J = 8.0 and 3.9 Hz, 1H, NHCH3),
6.66 (br s, 1H, NHCH), 6.71 (s, 1H, pyrrole H), 6.91-6.92 (m, 1H, pyrrole H), 10.19 (br s,
1H, pyrrole NH); *C NMR (CDCls, 150 MHz) & 23.9, 26.5, 27.5, 28.3, 28.4, 28.8, 28.9,
29.2, 29.7, 30.1, 39.0, 52.4, 52.6, 110.6, 116.3, 130.1, 134.0, 159.4, 172.8, 194.1; HRMS
(ES) 363.2274 (MH"); C20H3:N,0, requires 363.2278.
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Macrocyclic ester 2.75
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Macrocycle 2.70 (50 mg, 0.13 mmol) was hydrogenated according to General Procedure I,
purified by flash chromatography (2:1 ethyl acetate / petroleum ether) and recrystallised
from ethyl acetate to give compound 2.75 as white round crystals (51 mg, 88%). mp 193-
195 °C; R¢ = 0.55 (2:1 ethyl acetate / petroleum ether); *H NMR (CDCls;, 600 MHz) §
1.33-1.40 (m, 1H, O(CH,),CHHCH,), 1.46-1.53 (m, 1H, O(CH,),CHHCH), 1.70-1.79
(m, 1H, O(CH2)3sCHH), 2.31-2.37 (m, 1H, O(CH2)3CHH), 2.35 (s, 3H, pyrrole CH3), 2.71-
2.75 (m, 1H, ArCH,CHH), 2.85 (dt, J = 8.4 and 3.0 Hz, 1H, ArCHHCH,), 2.95 (dt, J = 8.4
and 3.2 Hz, 1H, ArCH,CHH), 3.06-3.09 (m, 1H, ArCHHCH,), 3.79 (s, 3H, OCHs), 3.92-
3.95 (m, 1H, OCHH(CH,)3), 4.12-4.15 (m, 1H, OCHH(CH,)3), 4.74-4.77(m, 1H, NHCH),
6.21 (d, J = 1.8 Hz, 1H, pyrrole H), 6.29 (d, J = 7.8 Hz, 1H, CONH), 6.36 (br s, 1H,
OArH), 6.55 (br s, 1H, OArH), 6.89 (br s, 2H, OArH), 7.91 (br s, 1H, pyrrole NH): *C
NMR (CDCls, 150 MHz) & 13.5, 19.3, 27.1, 29.6, 33.8, 43.2, 51.6, 52.7, 65.1, 110.9,
112.8, 116.3, 127.1, 128.1, 129.4, 129.7, 130.7, 132.2, 157.1, 158.6, 172.6, 192.3; HRMS
(ES) 399.1906 (MH™), C22H,7N,0s requires 399.1915.

Macrocyclic ester 2.76

Macrocycle 2.71 (45 mg, 0.09 mmol) was hydrogenated according to General Procedure |
and purified by flash chromatography (2:1 ethyl acetate / petroleum ether) to give
compound 2.76 as a off white oil (44 mg, 98%). R; = 0.63 (2:1 ethyl acetate / petroleum
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ether); 'H NMR (CDCls;, 300 MHz) & 1.88-1.99 (m, 4H, OCH,CH,CH,CH,0), 2.10 (s,
3H, pyrrole CHjs), 2.78-3.16 (m, 5H, ArCH,CH,, NHCHCHH), 3.40 (dd, J = 4.8 and 13.8
Hz, 1H, NHCHCHH), 3.81 (s, 3H, OCH3), 3.86-3.99 (m, 4H, 2 x ArOCH,), 4.89-4.95 (m,
1H, NHCH), 6.15 (d, J = 2.7 Hz, 1H, pyrrole H), 6.15 (d, J = 8.1 Hz, 1H, NHCH), 6.64 (d,
J=8.7 Hz, 2H, OArH), 6.71 (d, J = 8.7 Hz, 2H, OArH), 6.92 (d, J = 8.7 Hz, 2H, OArH),
6.94 (d, J = 8.7 Hz, 2H, OArH), 9.64 (br s, 1H, pyrrole NH); **C NMR (CDCls, 75 MHz)
§ 14.1, 25.4, 255, 32.0, 36.6, 40.4, 52.9, 53.3, 67.3, 67.5, 113.5, 114.3, 114.7, 127.0,
127.5, 127.9, 129.8, 130.5, 131.8, 132.2, 157.4, 158.1, 159.5, 172.4, 192.3; HRMS (ES)
505.2322 (MH"); C29H33N20s requires 505.2333.

Macrocyclic ester 2.77
o)
o LI M
H o °
)
Macrocycle 2.72 (10 mg, 0.03 mmol) was reduced according to General Procedure J1 and
the crude residue was purified by flash chromatography (4:1 ethyl acetate / petroleum
ether) to give a white solid, alcohol 2.77 (5 mg, 50%), as a 1:1 mixture of isomers. mp
110-113 °C; Ry = 0.28 (4:1 ethyl acetate / petroleum ether); *H NMR for both isomer from
mixture (CDCls, 600 MHz) & 1.32-1.42 (m, 2H, 2 x OCH,CH,CHHCH,), 1.48-1.67 (m,
4H, 2 x OCH,CHHCHHCH,), 1.69-1.83 (m, 4H, 2 x OCH,CHHCH,CHH), 2.19-2.42 (m,
6H, 2 x OCH,CH,CH,CHH, 2 x ArCH,CHy), 2.57-2.61 (m, 2H, ArCCH,CH), 2.91-2.96
(m, 2H, ArCH,CH,), 3.80 (s, 6H, 2 x OCH3), 3.92-4.03 (m, 4H, 2 x OCH,(CH,)s), 4.67-
4.75 (m, 4H, 2 x CHOH, 2 x NHCH), 5.90-5.93, (m, 1H, pyrrole H (isomer A)), 6.00-6.01
(m, 1H, pyrrole H (isomer B)), 6.19-6.20 (m, 1H, pyrrole H (isomer A)), 6.26-6.32 (m, 3H,
pyrrole H (isomer B), 2 x NHCH), 6.49 (d, 4H, J = 7.5 Hz, OArH), 6.72 (d, 2H, J=7.5
Hz, OArH), 6.75 (d, 2H, J = 7.5 Hz, OArH); **C NMR for both isomer from mixture
(CDCls, 150 MHz) 6 18.8, 18.9, 27.3, 27.4, 29.3, 29.4, 30.3, 30.4, 36.6, 37.4, 51.4, 51.6,
52.5, 65.1, 65.2, 68.3, 68.9, 106.1, 108.6, 108.9, 109.8, 113.7, 123.7, 124.9, 128.9, 129.0,

131.7, 132.3, 137.2, 139.5, 159.9, 160.0, 162.6, 172.9; HRMS (ES) 409.1727 (MNa");
C21H26N2NaOs requires 409.1734.
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Macrocyclic diol 2.78

Macrocycle 2.72 (50 mg, 0.13 mmol) was reduced according to General Procedure J2 and
recrystallized from ethyl acetate to give a white solid, alcohol 2.78 (38 mg, 81%), as a 1:1
mixture of isomers. mp 232-234 °C; Ry = 0.1 (4:1 ethyl acetate / petroleum ether); *"H NMR
for both isomer from mixture (CD;OD, 600 MHz) & 1.30-1.54 (m, 8H, 2 x
OCH,CHHCH,CHH), 1.61-1.70 (m, 4H, 2 x OCH,CHHCH,CHH), 2.09-2.15 (m, 2H,
ArCH,CH,; (isomer A)), 2.19-2.28 (m, 2H, ArCH,CH, (isomer B)), 2.36-2.40 (m, 2H,
ArCH,CH; (isomer A)), 2.74-2.81 (m, 2H, ArCH,CH, (isomer B)), 3.34-3.41 (m, 4H, 2 x
CH,0H), 3.84-4.06 (m, 6H, 2 x NHCH, 2 x OCH,(CH,);) 4.56-4.58 (m, 1H, CHOH
(isomer B)), 4.61-4.63 (m, 1H, CHOH (isomer A)), 5.80 (d, J = 3.6 Hz, 1H pyrrole H),
5.85 (d, J = 3.6 Hz, 1H pyrrole H), 6.30 (d, J = 3.6 Hz, 1H, pyrrole H), 6.35-6.37 (m, 5H,
pyrrole H, OArH), 6.60-6.62 (m, 4H, OArH). NH and OH signals not observed; *C
NMR for both isomer from mixture (CDsOD, 150 MHz) § 23.1, 23.2, 29.1, 29.5, 31.0,
31.2, 31.8, 31.9, 38.0, 39.2, 55.9, 57.8, 66.7, 67.8, 67.9, 69.7, 70.0, 108.4, 109.9, 111.3,
112.7, 115.6, 126.1, 126.9, 130.6, 130.7, 134.2, 134.3, 138.8, 140.5, 157.0, 157.3, 163.5,
163.8; HRMS (ES) 359.1959 (MH"); CxoH27N,04 requires 359.1965.

Macrocyclic diol 2.79

Macrocycle 2.73 (40 mg, 0.08 mmol) was reduced according to General Procedure J2 to
give a white amorphous solid, alcohol 2.79 (33 mg, 87%), as a 3:1 mixture of isomers. mp
83-86 °C; R; = 0.14 (4 : 1 ethyl acetate / petroleum ether); *"H NMR for major isomer from
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mixture (CDs;OD, 600 MHz) 6 1.77-1.96 (m, 5H, OCH,CH,CH,CH,0, ArCH,CHH),
2.17-2.22 (m, 1H, ArCH,CHH), 2.41-2.47 (m, 1H, ArCHHCH,), 2.56-2.62 (m, 1H,
ArCHHCH,), 2.79 (dd, J = 7.8 and 14.3 Hz, 1H, NHCHCHHAr), 2.99 (dd, J = 3.3 and
14.3 Hz, 1H, NHCHCHHAr), 3.51-3.66 (m, 2H, CH,OH), 3.88-4.13 (m, 4H,
OCH,(CH,),CH,0), 4.22-4.28 (m, 1H, NHCH), 4.37 (dd, J = 6.0 and 8.4 Hz, 1H,
CHOH), 6.12 (d, J = 3.6 Hz, 1H, pyrrole H), 6.69 (d, J = 10.2 Hz, 2H, OArH), 6.73-6.79
(m, 5H, OArH, pyrrole H), 7.07 (d, J = 8.4 Hz, 2H, OArH). NH and OH peaks not
observed; *C NMR for major isomer from mixture (CD;OD, 150 MHz) & 26.4, 26.5, 31.7,
36.8, 40.2, 54.2, 65.1, 68.3, 68.6, 68.9, 108.9, 114.2, 115.7, 116.5, 126.9, 130.8, 131.6,
132.3, 135.8, 140.1, 158.6, 159.5, 163.8; HRMS (ES) 465.2368 (MH"); Ca7Ha3sN2Os
requires 465.2384.

Macrocyclic diol 2.80

Macrocycle 2.75 (28 mg, 0.07 mmol) was reduced according to General Procedure J2 and
recrystallised from ethyl acetate to give a white round solid, alcohol 2.80 (16 mg, 62%), as
a 3:1 mixture of isomers. fractionated melting, mp; 179-180, mp; 207-209 °C; R¢ = 0.05
(4:1 ethyl acetate / petroleum ether); *"H NMR for major isomer from mixture (CDsOD,
600 MHz) & 1.38-1.64 (m, 4H, OCH,CHHCH,CHH), 1.68-1.79 (m, 2H,
OCH,;CHHCH,CHH), 2.06 (s, 3H, pyrrole CHj3), 2.26-2.35 (m, 3H, ArCH,CHH), 2.87-
2.91 (m, 1H, ArCH,CHH), 3.42-3.52 (m, 2H, CH,0H), 3.92-3.96 (m, 1H, OCHH(CH,)3),
4.02-4.08 (m, 1H, NHCH), 4.14-4.17 (m, 1H, OCHH(CH,)3), 4.68-4.76 (m, 1H, CHOH),
6.21 (s, 1H, pyrrole H), 6.31 (s, 1H, pyrrole H), 6.35-6.49 (m, 2H, OArH), 6.72 (d,J=7.8
Hz, 2H, OArH). NH and OH signals not observed; *C NMR for major isomer from
mixture (CD3;0D, 150 MHz) 6 23.3, 29.0, 31.0, 32.1, 37.6, 51.5, 66.7, 67.6, 68.0, 112.6,
115.6, 118.4, 125.3, 130.2, 134.1, 134.8, 156.9, 163.6; HRMS (ES) 371.2113 (MH");
C21H29N204 requires 371.2122.
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Macrocyclic diol 2.81

Macrocycle 2.76 (40 mg, 0.08 mmol) was reduced according to General Procedure J2 and
purified by flash chromatography (ethyl acetate) to give a white solid, alcohol 2.80 (38 mg,
100%), as a 2.3:1 mixture of isomers. mp 108-110 °C; R¢ = 0.25 (4:1 ethyl acetate /
petroleum ether); *H NMR for major isomer from mixture (CD;OD, 600 MHz) & 1.81-1.91
(m, 5H, OCH,CH,CH,CH,0, ArCH,CHH), 2.05 (s, 3H, pyrrole CHs), 2.14-2.21 (m, 1H,
ArCHHCH,), 2.24-2.33 (m, 1H, ArCH,CHH), 2.57-2.64 (m, 1H, ArCHHCH,), 2.71-2.77
(m, 1H, ArCHHCH), 2.99 (dd, J = 14.1 and 2.7 Hz, 1H, ArCHHCH), 3.58-3.66 (m, 2H,
CH,0H), 3.93-4.08 (m, 4H, OCH,(CH,),CH-0), 4.21-4.25 (m, 1H, CHOH), 4.61-4.64
(m, 1H, NHCH), 6.56 (s, 1H, pyrrole H), 6.61 (s, 2H, OArH), 6.67 (d, J = 7.8 Hz, 1H,
OArH), 6.73-6.75 (m, 2H, OArH), 6.78 (d, J = 8.4 Hz, 1H, OArH), 7.13 (d, J = 8.4 Hz,
2H, OArH), NH and OH signals not observed; *C NMR for major isomer from mixture
(CD30D, 150 MHz) 6 11.7, 26.4, 26.5, 31.4, 37.4, 40.7, 54.6, 66.0, 67.5, 68.5, 69.0, 114.2,
115.8, 116.4, 119.0, 125.6, 130.5, 131.9, 132.4, 135.8, 136.2, 158.3, 159.4, 163.9; HRMS
(ES) 479.2514 (MH"); C2sH3sN,0s5 requires 479.2540.

Attempted synthesis of macrocycle 2.84

o)
0
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0
Macrocyclic ester 2.72 (30 mg, 0.08 mmol) was hydrolysed to its corresponding carboxylic

acid 2.83 according to general procedure K, and was dissolved in THF (3 mL), to which
N-hydroxysuccinimide (11 mg, 0.10 mmol) was added. The solution was cooled to 0 °C
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before addition of EDCI (20 mg, 0.1 mmol) or HATU (38 mg, 0.1 mmol) in
dichloromethane (3 mL) and stirred for 24 h under a nitrogen atmosphere at ambient
temperature. Volatiles were removed in vacuo, the resulting residue resuspended in
dichloromethane, washed with 1M aqueous HCI (20 mL) and saturated NaHCO3 (20 mL);
dried (Na,SO4) and volatiles removed in vacuo. *"H NMR and MS analysis of product

showed reaction did not proceed. Macrocycle 2.83 recovered (5 mg, 14%).

O
o A3 H¢LN¢H

Macrocyclic alcohol 2.85

D
Macrocyclic ester 2.72 (29 mg, 0.08 mmol) was hydrolysed according to general procedure
K to its corresponding carboxylic acid, which was coupled to (L)-Leucinol according to
general procedure G and the crude product was purified by flash chromatography (ethyl
acetate) to give macrocyclic alcohol 2.85 as a white oil (30 mg, 83%). R; = 0.24 (ethyl
acetate); [a]o = + 1.4 (c 0.1 in (CH3),SO); *H NMR (CDCls, 600 MHz) & 0.87 (d, J = 2.4
Hz, 3H, CH,CH(CHs),), 0.89 (d, J = 2.4 Hz, 3H, CH,CH(CHs),), 1.33-1.43 (m, 2H,
CH,CH(CHs),), 1.44-1.66 (m, 4H, CH,CH(CHs);, OCH,CHHCH,CH,), 1.70-1.76 (m,
1H, OCH,CHH(CH,),), 1.80-1.86 (m, 1H, O(CH,)sCHH), 2.20-2.26 (m, 1H,
O(CH,)sCHH), 2.89-2.95 (m, 4H, ArCHHCH,, CH,0H), 3.00-3.04 (m, 1H, ArCHHCH,),
3.66-3.67 (m, 1H, CHHOH), 3.75-3.77 (m, 1H, CHHOH), 3.89-3.93 (m, 1H,
OCHH(CHy)3), 3.96-4.00 (m, 1H, OCHH(CH,)3), 4.07-4.09 (m, 1H, NHCHCH,O0H),
4.79-4.80 (m, 1H, NHCHCO), 6.38-6.39 (m, 1H, pyrrole H), 6.52 (br s, 2H, OArH), 6.62
(s, 1H, pyrrole H), 6.72 (d, J = 7.8 Hz, 1H, NHCHCO), 6.78 (d, J = 7.2 Hz, 1H,
NHCHCH,O0H), 6.85 (br s, 2H, OArH), 9.13 (br s, 1H, pyrrole NH); *C NMR (CDCls,
150 MHz) 6 22.4, 22.7, 24.9, 27.9, 31.0, 33.8, 40.1, 41.8, 49.7, 52.8, 65.4, 65.8, 109.5,

112.0, 115.6, 116.5, 128.3, 129.2, 129.7, 131.2, 135.2, 157.2, 159.5, 171.3, 192.9;: HRMS
(ES) 470.2636 (MH+); C25H35N305 requires 470.2649.
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Macrocyclic alcohol 2.86

/ \
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I

Macrocyclic ester 2.72 (69 mg, 0.18 mmol) was hydrolysed according to general procedure

e
0 N A
0 ) H

o

K to its corresponding carboxylic acid, which was coupled to (L)-Phenalaninol according
to general procedure G and the crude product was purified by flash chromatography (ethyl
acetate) to give macrocyclic alcohol 2.86 as a white oil (32 mg, 36%). R; = 0.13 (ethyl
acetate); [a]o = + 1.3 (c 0.2 in (CH3),SO); *H NMR (CDCls, 600 MHz) & 1.42-1.55
(O(CH,),CH,CH,),  1.59-1.62  (OCH,CHH(CH.),),  1.72-1.82 (m, 2H,
OCH,CHHCH,CHH), 2.19-2.22 (m, 1H, OCH,CH,CH,CHH), 2.83-2.91 (m, 3H,
ArCHHCH,, CHCH,Ar), 2.92-3.03 (m, 3H, ArCHHCH,), 3.17 (br s, 1H, CH,OH), 3.69-
3.75 (m, 2H, CH,OH), 3.87-3.90 (m, 1H, OCHH(CH,);), 3.94-3.97 (m, 1H,
OCHH(CH,)3), 4.20-4.21 (m, 1H, CHCH,Ar), 4.88 (br s, 1H, NHCHCO), 6.33-6.34 (m,
1H, pyrrole H), 6.53 (br s, 2H, OArH), 6.58-6.60 (m, 2H, NHCHCO, pyrrole H), 6.82 (br
s, 2H, OArH), 7.16-7.26 (m, 6H, 5 x ArH, NHCHCH,0H), 9.43 (br s, 1H, pyrrole NH);
3C NMR (CDCls, 150 MHz) & 19.9, 28.1, 31.1, 33.9, 37.1, 41.7, 52.6, 52.7, 63.1, 65.8,
109.8, 117.0, 126.6, 128.6, 129.2, 129.3, 129.4, 131.0, 135.3, 137.6, 157.2, 159.5, 171.1,
193.3; HRMS (ES) 504.2481 (MH"); Ca9H34N30s requires 504.2493.
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Macrocyclic alcohol 2.87

Macrocyclic ester 2.73 (40 mg, 0.08 mmol) was hydrolysed according to general procedure
K to its corresponding carboxylic acid, which was coupled to (L)-Leucinol according to
general procedure G and the crude product was purified by flash chromatography (4:1
ethyl acetate / petroleum ether) to give macrocyclic alcohol 2.87 as a white solid (25 mg,
54%). mp 122-125 °C; R = 0.28 (4:1 ethyl acetate / petroleum ether); [a]o =+ 4.0 (c 0.1 in
(CH3)2S0); *H NMR (CDCls, 600 MHz) & 0.84, (d, J = 3.3 Hz, 3H, CH,CH(CHs),), 0.85
(d, J = 3.3 Hz, 3H, CH,CH(CHs),), 1.30-1.38 (m, 2H, CH,CH(CH3),), 1.53-1.58 (m, 1H,
CH,CH(CHs3),), 1.92-1.95 (m, 4H, OCH,CH,CH,CH,0), 2.67-2.70 (m, 1H, ArCH,CHH),
2.91-3.04 (m, 3H, ArCH,CH,, CHCHHAr), 3.13-3.18 (m, 1H, ArCH,CHH), 3.34 (dd, J =
14.4 and 4.8 Hz, 1H, CHCHHAr), 3.50 (br s, 1H, CH,OH), 3.72 (d, J = 9.9 Hz, 1H,
CHHOH), 3.82 (d, J = 9.9 Hz, 1H, CHHOH), 3.85-3.98 (m, 4H, OCH,(CH,),CH,0),
4.08-4.14 (m, 1H, CHCH,0H), 4.98 (q, J = 7.2 Hz, 1H, CHCH:Ar), 6.11-6.12 (m, 1H,
pyrrole H), 6.16-6.17 (m, 1H, pyrrole H),6.45 (d, J = 7.5 Hz, 1H, NHCHCO), 6.65 (d, J =
8.4 Hz, 2H, OArH), 6.73 (d, J = 8.1 Hz, 2H, OArH), 6.91 (d, J = 8.4 Hz, 2H, OArH), 7.01
(d, J = 8.1 Hz, 2H, OArH), 7.40 (d, J = 9.0 Hz, 1H, NHCHCH,OH), 10.53 (br s, 1H,
pyrrole NH); **C NMR (CDCI3, 150 MHz) & 22.4, 22.7, 24.9, 25.2, 25.3, 32.7, 37.2, 40.1,
40.2, 49.2, 53.9, 64.6, 67.1, 67.3, 110.2, 114.2, 114.6, 117.7, 127.9, 129.5, 130.1, 130.4,
132.0, 134.5, 157.4, 157.9, 160.0, 171.2, 192.7; HRMS (ES) 576.30682 (MH");
C33H42N306 requires 576.30681.
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Macrocyclic alcohol 2.88

@) /Y H&k OH

Macrocyclic ester 2.73 (40 mg, 0.08 mmol) was hydrolysed according to general procedure
K to its corresponding carboxylic acid, which was coupled to (L)-Phenalaninol according
to general procedure G and the crude product was purified by flash chromatography (4:1
ethyl acetate / petroleum ether) to give macrocyclic alcohol 2.88 as a white solid (28 mg,
55%). mp 118-120 °C; Ry = 0.28 (4:1 ethyl acetate / petroleum ether); [a]p =+ 1.4 (c 0.2 in
(CH3),S0); *H NMR (CDCls, 600 MHz) & 1.92-1.99 (m, 4H, OCH,CH,CH,CH,0), 2.70-
2.73 (m, 1H, ArCH,CHH), 2.84 (d, J = 7.8 Hz, 2H, CHCH>Ar), 2.95-3.05 (m, 3H,
ArCH,CH,, CHCHHArO), 3.17-3.21 (m, 1H, ArCH,CHH), 3.34 (dd, J = 14.4 and 6 Hz,
1H, CHCHHATrO), 3.76-3.85 (m, 3H, CH,OH), 3.90-4.02 (m, 4H, OCH.(CH.),CH,0),
4.22-4.26 (m, 1H, CHCHAr), 5.15 (q, J = 7 Hz, 1H, CHCH,Ar0), 6.07-6.08, 6.14-6.15
(m, 2H, 2 x pyrrole H), 6.32 (d, J = 7 Hz, 1H, NHCHCO), 6.66 (d, J = 8.4 Hz, 2H,
OArH), 6.73 (d, J = 8.4 Hz, 2H, OArH), 6.92 (d, J = 8.4 Hz, 2H, OArH), 6.97 (d, J = 8.4
Hz, 2H, OArH), 7.10- 7.12 (m, 1H, ArH), 7.16-7.19 (m, 4H, ArH), 7.78 (d, J = 7.8 Hz,
1H, NHCHCH,O0H), 10.78 (br s, 1H, pyrrole NH); *C NMR (CDCls, 150 MHz) & 25.3,
25.4, 32.9, 37.1, 37.2, 40.5, 52.5, 53.3, 62.9, 67.0, 67.4, 110.0, 114.1, 114.5, 118.2, 126.4,
127.7, 128.4, 129.3, 129.6, 130.3, 130.6, 132.0, 134.4, 138.0, 157.4, 157.9, 159.8, 171.1,
183.0; HRMS (ES) 610.29114 (MH"); C3sH40N3O6 requires 610.29116.
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(S)-N-((S)-1-Hydroxy-4-methylpentan-2-yl)-2,16-dioxo-3,20-diazabicyclo[15.2.1]icosa
-1(19),17-diene-4-carboxamide 2.89

Macrocyclic ester 2.74 (61 mg, 0.17 mmol) was hydrolysed according to general procedure
K to its corresponding carboxylic acid, which was coupled to (L)-Leucinol according to
general procedure G and the crude product was purified by flash chromatography (4:1
ethyl acetate / petroleum ether) to give macrocyclic alcohol 2.89 as a white oil (42 mg,
629%). R; = 0.30 (4:1 ethyl acetate / petroleum ether); [a]o = + 1.3 (¢ 0.2 in (CH3),S0): *H
NMR (CDCls, 600 MHz) & 0.84 (d, J = 6.0 Hz, 3H, CH,CH(CHs),), 0.88 (d, J = 7.2 Hz,
3H, CH,CH(CHj3),), 0.85-1.35 (m, 18H, CO(CHy>)2(CHy)s), CH2CH(CHs),), 1.58-1.59 (m,
2H, CO(CH2)10CHH, CH,CH(CH3),), 1.66-1.67(m, 2H, COCH,CH>), 1.77-1.79 (m, 1H,
CO(CH2)10CHH), 2.61-2.62 (m, 1H, COCHH), 2.88-2.90 (m, 1H, COCHH), 3.20-3.24 (m,
1H, CHHOH), 3.28-3.33 (m, 1H, CHHOH), 3.81 (br d, J = 4.2 Hz, 1H, NHCHCH,0H),
4.48 (t, J = 8.7 Hz, 1H, NHCHCO), 4.62 (t, J = 5.1 Hz, 1H, CH,OH), 6.81 (s, 1H, pyrrole
H), 6.91 (s, 1H, pyrrole H), 7.66 (d, J = 8.4 Hz, 1H, NHCHCH,0OH), 8.41 (d, J = 8.4 Hz,
1H, NHCHCO), 12.16 (br s, 1H, pyrrole NH); *C NMR (CDCls, 150 MHz) & 21.8, 23.4,
24.2, 25.9, 26.9, 27.3, 275, 27.7, 27.9, 28.1, 28.6, 31.5, 38.2, 48.7, 52.6, 63.7, 114.0,
115.0, 131.0, 134.0, 159.1, 171.5, 193.0; HRMS (ES) 448.3149 (MH"); Cu5H42N30,4
requires 448.3170.
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(S)-N-((S)-1-hydroxy-3-phenylpropan-2-yl)-2,16-dioxo-3,20-diazabicyclo[15.2.1]icosa-
1(19),17-diene-4-carboxamide 2.90

OH

Macrocyclic ester 2.74 (79 mg, 0.22 mmol) was hydrolysed according to general procedure
K to its corresponding carboxylic acid, which was coupled to (L)-Phenalaninol according
to general procedure G and the crude product was purified by flash chromatography (ethyl
acetate) to give macrocyclic alcohol 2.90 as a white oil (62 mg, 58%). R; = 0.60 (ethyl
acetate); [o]po = + 1.6 (¢ 0.2 in (CH3),S0); *H NMR (CDCls, 600 MHz) & 0.64-1.47 (m,
16H, CO(CH,)2(CHy)s), 1.74-1.80 (m, 1H, CO(CHy);0CHH), 1.81-1.86(m, 2H,
COCH,CH,), 2.12 (br s, 1H, CO(CH,)10CHH), 2.51 (br s, 1H, COCHH), 2.88-2.92(m, 2H,
CH,Ar), 3.08 (br s, 1H, COCHH), 3.77 (s, 2H, CH,0H), 4.10-4.18 (m, 1H, CH,OH), 4.24
(g, J = 8.0 Hz, 1H, NHCHCH,0H), 5.36 (br s, 1H, NHCHCO), 6.74 (s, 1H, pyrrole H),
6.95-6.98 (m, 2H, pyrrole H, NHCH), 7.14-7.26 (m, 5H, ArH), 8.19 (br s, 1H, NHCH),
11.42 (br s, 1H, pyrrole NH); *C NMR (CDCls, 150 MHz) & 24.8, 26.7, 27.2, 28.1, 28.8,
29.1, 29.3, 29.4, 29.6, 31.8, 37.3, 38.9, 52.3, 53.5, 62.5, 110.4, 117.9, 126.4, 128.4, 129.4,
131.0, 134.0, 138.2, 159.7, 171.7, 195.4; HRMS (ES) 482.2991 (MH"); CasHoN304
requires 482.3013.
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Macrocyclic ester 2.91
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Method 1: To a solution of tripeptide 2.93 (16 mg, 0.03 mmol) in acetonitrile (10 mL) and
H,O (1 mL), was added a small piece of Cu wire and stirred at 35 °C for 120 h. The
solution was filtered through Celite and volatiles removed in vacuo. TLC and *H NMR of
the mixture showed that the reaction had not proceeded.

Method 2: To a solution of tripeptide 2.93 (12 mg, 0.03 mmol) in 1:1 THF / H,O (12 mL),
was added sequentially CuSO,4.5H,0 (6 mg, 0.03 mmol) and sodium ascrobate (5 mg, 0.03
mmol) in H,O (0.7 mL). The reaction was stirred vigorously at ambient temperature for 20
h, filtered through Celite and volatiles removed in vacuo. TLC and *H NMR of the mixture

showed that the reaction had not proceeded.

Method 3: To a solution of tripeptide 2.93 (12 mg, 0.03 mmol) in 2:1 t-BuOH / H,0O (27
mL), was added sequentially Cu nanopowder (1.6 mg, 0.03 mmol) and EtzN.HCI (3.5 mg,
0.03 mmol). The reaction was stirred vigorously at ambient temperature for 72 h, filtered
through Celite and volatiles removed in vacuo. TLC and *H NMR of the mixture showed
that the reaction had not proceeded.

Method 4: To a solution of tripeptide 2.93 (12 mg, 0.03 mmol) in toluene (26 mL) was
added DBU (12 mg, 0.08 mmol) and the solution was degassed under nitrogen atmosphere
for 30 min. The solution was then heated to 110 °C before addition of CuBr (33 mg, 0.03
mmol) and stirred for 20 h at 110 °C under nitrogen atmosphere. The resulting mixture was
cooled, filtered through Celite, volatiles removed in vacuo and the crude residue was
purified by preparative TLC (4:1 ethyl acetate / petroleum ether) to give macrocycle 2.91
as a yellow gum (3.1 mg, 25%). R = 0.21 (4:1 ethyl acetate / petroleum ether); 'H NMR
(CDCls, 600 MHz) & 1.36-1.50 (m, 2H, CHCH,CH,(CH.);N), 1.78-1.84 (m, 1H,
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CHCHH(CHy)3N), 1.89-1.94 (m, 1H, CH(CH,);CHHCH,N), 2.02-2.06 (m, 1H,
CH(CH,),CHHCH,N), 2.10-2.15 (m, 1H, CHCHH(CH,),CH,N), 2.66-2.68 (m, 1H,
ArCHHCH,), 2.96 (dt, J = 12.9 and 4.2 Hz, 1H, ArCH,CHH), 3.02-3.04 (m, 1H,
ArCHHCH,), 3.18 (dt, J = 12.0 and 4.2 Hz, 1H, ArCH,CHH), 3.78 (s, 3H, OCH3), 4.20-
4.25 (m, 1H, CHHN), 4.35-4.39 (m, 1H, CHHN), 4.78-4.81 (m, 1H, CHNH), 5.14 (d, J =
14.4 Hz, 1H, OCHH), 5.22 (d, J = 14.4 Hz, 1H, OCHH), 6.22-6.23 (m, 1H, pyrrole H),
6.31-6.32 (m, 1H, pyrrole H), 6.41 (d, J = 7.8 Hz, CHNH), 6.74 (d, J = 7.8 Hz, 2H,
OArH), 6.93 (d, J = 8.4 Hz, 2H, OArH), 7.33 (s, 1H, triazole CH), 9.60 (br s, 1H, pyrrole
NH); *C NMR (CDCls;, 150 MHz) & 22.0, 29.4, 30.7, 33.1, 39.9, 49.8, 52.0, 52.8, 62.3,
110.1, 115.0, 117.2, 122.1, 129.7, 132.3, 134.6, 135.2, 144.5, 157.0, 159.4, 172.2, 192.1;
HRMS (ES) 488.1928 (MNa"), C24H27NsNaOs requires 488.1904.

(S)-Methyl 6-azido-2-(5-(3-(4-(prop-2-ynyloxy)phenyl)propanoyl)-1H-pyrrole-2-
carboxamido)hexanoate 2.93
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Carboxylic acid 2.96 (31 mg, 0.10 mmol) was coupled to amino acid 2.95 (27 mg, 0.12
mmol) according to general procedure F and the crude product purified by flash
chromatography (1:1 petroleum ether / ethyl acetate) to afford tripeptide 2.93 as a pale
yellow oil (16 mg, 33%). Ry = 0.47 (1:1 petroleum ether / ethyl acetate); *H NMR (CDCls,
600 MHz) & 1.41-151 (m, 2H, CHCH,CH»(CH.),N), 1.57-1.67 (m, 2H,
CH(CHy).CH,CH,N), 1.75-1.84 (m, 1H, CHCHH(CH.)sN), 1.91-2.05 (m, 1H,
CHCHH(CH,)3N), 2.52 (t, J = 2.3 Hz, 1H, OCH,CCH), 2.95-3.00 (m, 2H, ArCH,CH,),
3.05-3.11 (m, 2H, ArCH,CH,), 3.27 (dt, 2H, J = 6.6 and 1.2 Hz, CH,N), 3.79 (s, 3H,
OCHs), 4.66 (d, J = 1.8 Hz, 2H, OCH,CCH), 4.78-4.85 (m, 1H, CHNH), 6.61-6.63 (m,
1H, pyrrole H), 6.78-6.80 (m, 1H, pyrrole H), 6.88-6.92 (m, 3H, CHNH, OArH), 7.15 (d,
J =8.7 Hz, 2H, OArH), 10.08 (br s, 1H, pyrrole NH); *C NMR (CDCls, 150 MHz) & 22.5,
28.4, 29.5, 32.1, 40.2, 51.0, 52.1, 52.7, 55.9, 75.4, 78.7, 110.4, 115.0, 115.6, 129.4, 129.9,
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133.3, 133.9, 156.0, 159.6, 172.9, 190.1; HRMS (ES) 466.2074 (MH"), CusH2NsOs
requires 466.2085.

(S)-Methyl 2-amino-6-azidohexanoate 2.95
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Thionyl chloride (0.2 mL, 2.60 mmol) was added drop wise to anhydrous methanol (5 mL)
at 0 °C. A solution of the azide 2.104 (0.15 g, 0.60 mmol) in anhydrous methanol (10 mL)
was added to the mixture, stirred at 0 °C for 1 h before warming to ambient temperature
and stirred for a further 16 h. The mixture was concentrated in vacuo, resuspended in
toluene (15 mL) and volatiles removed in vacuo to afford azide 21 as a yellow oil (0.15 g,
100%). 'H NMR (300 MHz, CDCls) & 1.65 (br s, 4H, N3sCH2(CH,)s3), 2.10 (br s, 2H,
N3CH2(CHy)s3), 3.32 (br s, 2H, N3CH,), 3.83 (s, 3H, OCHj3), 4.15 (br s, 1H, NHCH), 8.57
(br s, 2H, NH); **C NMR (300 MHz, CDCly): § 22.7, 28.5, 30.3, 46.8, 53.7, 53.9, 170.2;
HRMS (ES) 187.1196 (MH™), C;H15N40O, requires 187.1190.

5-(3-(4-(Prop-2-ynyloxy)phenyl)propanoyl)-1H-pyrrole-2-carboxylic acid 2.96
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Ester 2.105 (63 mg, 0.20 mmol) was hydrolysed according to general procedure E to afford
carboxylic acid 2.96 as a white solid (55 mg, 94%). mp 165-167 °C; *H NMR (CDCls, 300
MHz) & 2.51 (t, J = 2.4 Hz, 1H, OCH,CCH), 2.99-3.04 (m, 2H, ArCH,CHy), 3.13-3.18 (m,
2H, ArCH,CHy), 4.67 (d, J = 2.4, 2H, OCH,CCH), 6.88-6.93 (m, 3H, pyrrole H, OArH),
6.98-7.01 (m, 1H, pyrrole H), 7.16 (d, J = 8.7 Hz, 2H, OArH), 10.69 (br s, 1H, NH); °C
NMR (CDCl3, 75 MHz) 6 29.7, 40.7, 56.1, 75.7, 78.9, 115.2, 116.7, 117.3, 129.6, 133.9,
134.6, 139.1, 156.3, 163.7; HRMS (ES) 298.1074 (MH"), C17H16NO, requires 298.1074.
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Methyl 3-(4-(prop-2-ynyloxy)phenyl)propanoate 2.99"*2
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Methyl 3-(4-hydroxyphenyl)propanoate 2.33 (1.89 g, 10.40 mmol) was subjected to O-
allylation according to general procedure A to afford compound 2.99 as a orange-yellow
oil (2.28 g, 99%). *H NMR (CDCls, 300 MHz) & 2.52 (t, J = 3.5 Hz, 1H, OCH,CCH), 2.60
(t, J=8.1Hz, 2H, ArCH,CH,), 2.90 (t, J = 8.1 Hz, 2H, ArCH,CHy), 3.67 (s, 3H, OCH3),
4.67 (d, J = 2.1 Hz, 2H, OCH,CCH), 6.90 (d, J = 8.1 Hz, 2H, OArH), 7.13 (d, J = 8.1 Hz,
2H, OArH); *C NMR (CDCls, 75 MHz) & 30.3, 36.1, 51.8, 56.0, 75.6, 78.9, 115.1, 129.4,
133.8, 156.2, 173.5; HRMS (ES) 241.0867 (MNa"), C13H14NaO3 requires 241.0835.

3-(4-(Prop-2-ynyloxy)phenyl)propanoic acid 2.100™*

\\\/O\Q\/\'(
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Methyl 3-(4-(prop-2-ynyloxy)phenyl)propanoate, 2.99 (2.28 g, 10.00 mmol) was
hydrolysed according to general procedure B to afford carboxylic acid 2.100 as an off-
white solid (2.09 g, 98%). m.p. 80-82 °C; *H NMR (CDCls, 300 MHz) & 2.51 (t, J = 2.3
Hz, 1H, OCH,CCH), 2.63 (t, J = 7.8 Hz, 2H, ArCH,CH.), 2.89 (t, J = 7.8 Hz, 2H,
ArCH,CH,), 4.66 (d, J = 2.4 Hz, 2H, OCH,CCH), 6.90 (d, J = 8.7 Hz, 2H, OArH), 7.13
(d, J = 8.7 Hz, 2H, OArH), 10.08 (br s, 1H, COOH); *C NMR (CDCls, 75 MHz) & 30.0,
36.2, 56.0, 75.7, 78.9, 115.2, 129.5, 133.5, 156.3, 179.4; HRMS (ES) 227.0704 (MNa"),
Ci12H12NaOg3 requires 227.0679.

Trifluoromethanesulfonyl azide 2.102°
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A solution of sodium azide 2.101 (3.80 g, 58.40 mmol) in anhydrous acetonitrile (60 mL)
was stirred at 0 °C for 15 min and triflic anhydride (8.1 mL, 48.70 mmol) was added
dropwise. The solution was stirred vigorously for 1 h at 0 °C to afford an orange solution
of trifluoromethanesulfonyl azide 2.102, which was subsequently used without further

purification."?

(S)-6-Azido-2-(tert-butoxycarbonylamino)hexanoic acid 2.104
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N.-Boc-L-lysine 2.103 (9.92 g, 40 mmol) was dissolved in 4:1 acetonitrile / water (135
mL) and stirred for 40 min at ambient temperature. Triethylamine (17 mL, 121.80 mmol)
and CuS0,4.5H,0 (0.10 g, 0.40 mmol) were added to the solution, cooled in an ice-bath
and freshly prepared trifluoromethanesulfonyl azide (8.43 g, 48.00 mmol) 2.102, was
added dropwise. The solution was stirred at 0° C for 3 h, warmed to ambient temperature
and stirred for a further 16 h. The resulting green solution was concentrated in vacuo and
extracted with ethyl acetate (3 x 200 mL). The combined organic layers was washed with
brine (100 mL), dried (Na,SO,) and concentrated in vacuo to give a green gum which was
purified by flash chromatography (4:1 chloroform / methanol) to afford carboxylic acid
2.104 as a yellow foamy solid (4.98 g, 48%). Vmax (film)/cm™ 1594, 1693, 2098, 3453: 'H
NMR (600 MHz, CDCl;) & 1.42 (s, 9H, t-butyl CHs), 1.60-1.55 (m, 4H,
NsCH,CH,CH,CH,), 1.80 (br s, 2H, CH,CH,CH), 3.26 (t, 2H, J = 6.9 Hz, N3CH,), 3.92
(m, 1H, NHCH), 5.67 (br s, 1H, NH), COOH signal was not observed; **C NMR (150
MHz, CDCl3): 6 23.1, 28.4, 28.5, 31.9, 45.0, 51.3, 79.8, 156.7, 158.4; HRMS (ES)
295.1394 (MNa"), C11H20N4NaQ4 requires 295.1277.
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Methyl 5-(3-(4-(prop-2-ynyloxy)phenyl)propanoyl)-1H-pyrrole-2-carboxylate 2.105

\/o \\\/O
%C' - /N ! O~
H

@) O

Carboxylic acid 2.100 (378 mg, 1.85 mmol) was reacted with thionyl chloride according to
general procedure C to afford a dark brown oil, acid chloride 2.98 (412 mg, 100%), which
was used immediately without purification. *H NMR (CDCls, 300 MHz) & 2.52 (t, J = 2.4
Hz, 1H, OCH,CCH), 2.96 (t, J = 7.4 Hz, 2H, ArCH,CH,), 3.17 (t, J = 7.4 Hz, 2H,
ArCH,CH,), 4.67 (d, J = 2.4 Hz, 2H, OCH,CCH), 6.92 (d, J = 8.7 Hz, 2H, OArH), 7.13
(d, J = 8.7 Hz, 2H, OArH); *C NMR (CDCls, 75 MHz) & 30.4, 48.9, 56.0, 75.8, 78.7,
115.3, 129.5, 131.8, 156.6, 173.3.

Ethyl 1H-pyrrole-2-carboxylate 2.29 (134 mg, 0.96 mmol) was coupled to acid chloride
2.98 (412 mg, 1.85 mmol) according to general procedure D and the crude product was
purified by flash chromatography (4:1 petroleum ether / ethyl acetate) to afford compound
2.105 as a off-white solid (84 mg, 27%). mp 99-101 °C; R¢ = 0.37 (4:1 petroleum ether /
ethyl acetate); *H NMR (CDCls, 300 MHz) & 1.37 (t, J = 7.2 Hz, 3H, OCH,CHs), 2.51 (t, J
= 2.2 Hz, 1H, OCH,CCH), 2.97-3.02 (m, 2H, ArCH,CHy), 3.08-3.13 (m, 2H, ArCH,CH,),
4.35 (q, J = 7.2 Hz, 2H, OCH,CHz), 4.66 (d, J = 2.2, 2H, OCH,CCH), 6.80-6.92 (m, 4H,
pyrrole H, OArH), 7.16 (d, J = 8.7 Hz, 2H, OArH), 9.81 (br s, 1H, NH); *C NMR
(CDCls, 75 MHz) 6 14.3, 29.4, 40.2, 55.8, 61.1, 75.4, 78.6, 114.9, 115.4, 115.5, 127.2,
129.3, 133.7, 133.8, 156.0, 160.3, 190.3; HRMS (ES) 326.1409 (MH"), CioHaNO,
requires 326.1387.

(S)-Methyl 6-azido-2-(tert-butoxycarbonylamino)hexanoate 2.106

0]
BocHN \.)J\O/

o~ Ns

To a solution of carboxylic acid 2.104 (286 mg, 1.05 mmol) in anhydrous DMF (5 mL)
was added sequentially NaHCO; (176 mg, 2.10 mmol), TBAI (38 mg, 0.10 mmol) and
methyl iodide (0.45 mL, 7.20 mmol) and stirred at ambient temperature for 4 h under a
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nitrogen atmosphere. The reaction mixture was poured into ice water (20 mL) and
extracted with ethyl acetate (3 x 10 mL). Organic phases were combined, washed with
saturated NaHCO3 (2 x 10 mL), water (2 x 10 mL) and brine (10 mL); dried (Na,SQO,) and
concentrated in vacuo to give ester 2.106 as a yellow oil (172 mg, 57%). Vmax (film)/cm™
1643, 1713, 2097, 2953, 3376; 'H NMR (CDCls, 300 MHz) & 1.38-1.51 (m, 11H, t-butyl
CHs, CHCH,CH,(CH>),Ns), 1.57-1.72 (m, 3H, CHCHHCH,CH,CH,Ns), 1.78-1.87 (m,
1H, CHCHH(CH>)3Ns), 3.28 (t, J = 6.8 Hz, 2H, CH,Ns), 3.75 (s, 3H, OCH3), 4.31 (q, J =
5.4 Hz, 1H, NHCH), 5.14 (d, J = 7.8 Hz, 1H, NHCH), COOH signal was not observed,
3C NMR (CDCls, 75 MHz) & 22.6, 28.4, 28.5, 32.3, 51.2, 52.4, 53.3, 80.0, 155.5, 173.2;
HRMS (ES) 309.1557 (MNa"), C1,H22N4NaOy, requires 309.1533.

Tert-butyl 5-(3-(4-(prop-2-ynyloxy)phenyl)propanoyl)-1H-pyrrole-2-carboxylate

2.107
\/o
MO
CWT

Method 1: To a solution of carboxylic acid 2.96 (48 mg, 0.16 mmol) in anhydrous
dichloromethane (2 mL) and catalytic amount of DMF (70 uL) was added oxalyl chloride
(43 pL, 0.5 mmol) in anhydrous dichloromethane (3 mL) and stirred at ambient
temperature for 1 h. Volatiles were removed in vacuo and the resulting oil resuspended in
anhydrous t-BuOH (6 mL), before heating the solution to 40 °C. Potassium t-butylate (32
mg, 0.25 mmol) was added, stirred at 40 °C for 2 h and volatiles removed in vacuo. The
resulting oil was redissolved in dichloromethane (25 mL), washed with saturated NaHCO3
(3 x 20 mL) and H,0O (20 mL); dried (Na,SO,4) and volatiles removed in vacuo to obtain
the crude product, which was purified by flash chromatography (4:1 petroleum ether /
ethyl acetate) to give ester 2.107 as a yellow oil (5 mg, 9%).

Method 2: Carboxylic acid 2.96 (9.3 mg, 0.03 mmol) was converted to the acid chloride,
according to General Procedure C. The acid chloride in anhydrous t-BuOH (2.3 mL) was
heated to 40 °C before addition of potassium t-butoxide (6.3 mg, 0.06 mmol) and stirred
for 3 h at 40 °C. The reaction was cooled, volatiles removed in vacuo and the resulting
residue was dissolved in dichloromethane, which was washed with saturated NaHCOs3 (2 x
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10 mL) and H,0O (2 x 10 mL); dried (Na;SO,) and volatiles removed in vacuo to give ester
2.107 as an orange-yellow oil (12 mg, 100%), which was used without further purification.
'H NMR (CDCls, 300 MHz) & 1.57 (s, 9H, OC(CHs)s), 2.51 (t, J = 2.4 Hz, 1H,
OCH,CCH), 2.96-3.02 (m, 2H, ArCH,CHy), 3.07-3.12 (m, 2H, ArCH,CH,), 4.67 (d, J =
2.4, 2H, OCH,CCH), 6.79 (d, J = 2.7 Hz, 2H, pyrrole H), 6.91 (d, J = 8.7 Hz, 2H, OArH),
7.16 (d, J = 8.7 Hz, 2H, OArH), 9.68 (br s, 1H, NH); *C NMR (CDCls, 75 MHz) & 28.4,
29.7, 40.4, 56.1, 75.6, 78.9, 82.4, 115.2, 115.3, 115.7, 128.9, 129.6, 133.4, 134.1, 156.2,
159.8, 190.6; HRMS (ES) 376.1503 (MNa"), C,1H23sNNaO, requires 376.1520.

(S)-Tert-butyl  5-(3-(4-((1-(5-(tert-butoxycarbonylamino)-6-methoxy-6-oxohexyl)-1H-
1,2,3-triazol-4-yl)methoxy)phenyl)propanoyl)-1H-pyrrole-2-carboxylate 2.108

N=N, ,
O\A/N\\\\ Q
tBuOM -...gto

o) H o) NHBoc

To a solution of alkyne 2.107 (33 mg, 0.1 mmol) in t-BuOH (1.9 mL) and H,O (1 mL) was
added sequentially azide 2.106 (29 mg, 0.1 mmol) in t-BuOH (0.1 mL), Cu nanopowder
(2.2 mg, 0.02 mmol) and EtsN.HCI (2.6 mg, 0.02 mmol), and stirred vigorously at ambient
temperature for 144 h. The reaction was diluted with H,O (15 mL) and extracted with
dichloromethane (2 x 15 mL, 1 x 10 mL). The combined organic layers was dried over
Na,SO,, volatiles removed in vacuo and purified by flash chromatography (4:1 ethyl
acetate / petroleum ether) to give triazole 2.108 as a yellow oil (10 mg, 16%). R; = 0.68
(4:1 ethyl acetate / petroleum ether); *H NMR (CDCls, 600 MHz) & 1.31-1.44 (m, 20H,
CHCH,CH3(CH,),N, 2 x OC(CHs)3), 1.64-1.70 (m, 1H, CHCHH(CH,)3N), 1.83 (br s, 1H,
CHCHH(CH,)3N), 1.92-1.99 (m, 2H, CH(CH,),CH,CH,N), 2.99 (t, J = 7.7 Hz, 2H,
ArCH,CH,), 3.10 (t, J = 7.7 Hz, 2H, ArCH,CH,), 3.73 (s, 3H, OCH3), 4.30-4.39 (m, 3H,
CH(CH>)sCH>N), 5.08 (br d, J = 7.2 Hz, 1H, CHNH), 5.17 (s, 2H, OCH,), 6.81-6.87 (m,
2H, pyrrole H), 6.91 (d, J = 8.4 Hz, 2H, OArH), 7.14 (d, J = 8.4 Hz, 2H, OArH), 7.58 (s,
1H, triazole CH), 9.85 (br s, 1H, pyrrole NH); *C NMR (CDCls, 150 MHz) § 22.3, 28.4,
28.7, 29.4, 29.6, 32.2, 40.2, 50.0, 52.4, 53.0, 62.1, 80.0, 81.7, 114.8, 115.4, 115.5, 122.4,
127.2, 129.4, 133.5, 133.7, 144.3, 156.7, 160.3, 173.0, 190.4; HRMS (ES) 662.3181
(MNa"), Cs3HasNsNaOg requires 662.3160.
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3,8-Bis(3-(4-(prop-2-ynyloxy)phenyl)propanoyl)dipyrrolo[1,2-a:1',2'-d]pyrazine-5,10-
dione 2.110

\\\/o

To a solution of carboxylic acid 2.96 (9.5 mg, 0.03 mmol) in anhydrous dichloromethane
(2 mL) was sequentially added DMAP (3.8 mg, 0.03 mmol) and t-BuOH (6 pL, 0.06
mmol). The solution was cooled to 0 °C before addition of EDCI (8.9 mg, 0.05 mmol),
stirred at 0 °C for 2 h, warmed to room temperature and stirred for a further 16 h. Volatiles
were removed in vacuo and the resulting oil was partitioned between ethyl acetate (10 mL)
and H,O (5 mL). The organic layer was washed with saturated NaHCO3 (2 x 10 mL) and
H,0 (2 x 10 mL); dried (Na,SO,) and volatiles removed in vacuo to give dimer 2.110 as an
orange solid (11 mg, 100 %). mp 117-119 °C; *H NMR (CDCls, 600 MHz) & 2.51 (t, J =
2.4 Hz, 2H, 2 x OCH,CCH), 3.02 (t,J = 7.6 Hz, 4H, 2 x ArCH,CH,), 3.17 (t, J = 7.6 Hz,
4H, 2 x ArCH,CH,), 4.65 (d, J = 2.4, 4H, 2 x OCH,CCH), 6.65 (d, J = 3.6 Hz, 2H, 2 x
pyrrole H), 6.88 (d, J = 8.9 Hz, 4H, 2 x OArH), 7.14 (d, J = 8.9 Hz, 4H, 2 x OArH), 7.29
(d, J = 3.6 Hz, 2H, 2 x pyrrole H); *C NMR (CDCls, 150 MHz) & 29.5, 44.3, 55.8, 75.4,
78.6, 115.0, 118.3, 122.4, 126.2, 129.3, 138.2, 133.4, 150.7, 156.1, 190.3; HRMS (ES)
581.1656 (MNa"), Cz4H26N2NaOg requires 581.1683.

Macrocyclic diol 2.111

Macrocycle 2.91 (10 mg, 0.02 mmol) was reduced according to General Procedure J2 and
recrystallized from ethyl acetate to give a off-white solid, alcohol 2.111 (10 mg, 10%), as a
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1:1 mixture of isomers. mp 122-124 °C; Ry = 0.1 (4:1 ethyl acetate / petroleum ether); *H
NMR for both isomer from mixture (CDsOD, 600 MHz) & 1.36-1.50 (m, 4H, 2 x
CHCH,CH2(CH,),N), 1.80-1.86 (m, 2H, 2 x CHCHH(CH,)sN), 1.90-1.94 (m, 2H, 2 x
CH(CH,),CHHCH:N), 2.02-2.06 (m, 2H, 2 x CH(CH,),CHHCHN), 2.10-2.15 (m, 2H, 2
x CHCHH(CH,),CH,N), 2.66-2.68 (m, 2H, 2 x ArCHHCH,), 2.96 (dt, J = 12.9 and 4.2
Hz, 1H, ArCH,CHH), 3.02-3.04 (m, 2H, 2 x ArCHHCH,), 3.18 (dt, J = 12.0 and 4.2 Hz,
1H, ArCH,CHH), 3.44-3.61 (m, 4H, 2 x CH,OH), 4.20-4.25 (m, 2H, 2 x CHHN), 4.35-
4.39 (m, 2H, 2 x CHHN), 4.78-4.81 (m, 2H, 2 x CHNH), 4.85-4.88 (m, 1H, CHOH
(isomer B)), 4.91-4.93 (m, 1H, CHOH (isomer A)), 5.14 (d, J = 14.4 Hz, 1H, OCHH), 5.22
(d, J=14.4 Hz, 1H, OCHH), 6.18-6.23 (m, 2H, pyrrole H), 6.31-6.35 (m, 2H, pyrrole H),
6.70-6.74 (m, 4H, OArH), 6.92-6.95 (m, 4H, OArH), 7.33 (s, 1H, triazole CH), NH and
OH signals not observed; **C NMR for both isomer from mixture (CDsOD, 150 MHz) &
22.0, 29.4, 30.7, 33.1, 39.9, 49.8, 52.8, 62.3, 63.9, 64.0 73.5 74.7, 110.1, 115.0, 117.2,
122.1, 129.7, 132.3, 134.6, 135.2, 144.5, 157.0, 159.4, 172.2, 192.1; HRMS (ES) 462.2189
(MNa"); C,3H29NsNaO, requires 462.2220.

(S)-5-(3-(4-(Allyloxy)phenyl)-1-hydroxypropyl)-N-(1-hydroxypent-4-en-2-yl)-1H-
pyrrole-2-carboxamide 2.112

/\/O

Acyclic tripeptide 2.57 (52 mg, 0.13 mmol) was reduced according to general procedure J2
and purified by flash chromatography (4:1 ethyl acetate / petroleum ether) to give a yellow
oil, alcohol 2.112 (38 mg, 78%), as a 1:1 mixture of isomers. Rs = 0.21 (4:1 ethyl acetate /
petroleum ether); *H NMR (CDCls, 600 MHz) & 2.07-2.15 (m, 4H, 2 x ArCH,CH,), 2.33-
2.46 (m, 4H, 2 x CHCH,CHCH,), 2.61-2.73 (m, 4H, 2 x ArCH,CH>), 3.04 (br s, 2H, 2 x
CH,OH), 3.68 (br s, 4H, 2 x CH,OH), 3.91 (d, J = 4.8 Hz, 1H, CHOH), 3.93 (d, J = 4.8
Hz, 1H, CHOH), 4.10-4.14 (m, 2H, 2 x CHCH,CHCH,), 4.50 (dd, J = 5.4 and 1.2 Hz,
2H, 2 x OCH,CHCH,), 4.68-4.74 (m, 2H, 2 x CHOH), 5.13-5.18 (m, 4H, 2 x
CHCH,CHCHy), 5.27 (d, J = 10.2 Hz, 2H, 2 x OCH,CHCHH), 5.40 (d, J = 17.1 Hz, 2H, 2
x OCH,CHCHH), 5.77-5.85 (m, 2H, 2 x CHCH,CHCH), 6.02-6.08 (m, 4H, 2 x pyrrole
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H, 2 x OCH,CHCHy), 6.11 (br d, J = 7.8 Hz, 2H, 2 x CONH), 6.48 (t, J = 3.3 Hz, 2H, 2 x
pyrrole H), 6.83 (d, J = 9.0 Hz, 4H, 2 x OArH), 7.09 (d, J = 9.0 Hz, 4H, 2 x OArH), 10.58
(br s, 2H, 2 x pyrrole NH): *C NMR (CDCls, 150 MHz) & 30.9, 31.0, 35.8, 38.5, 38.9,
51.2, 64.9, 67.0, 67.3, 68.9, 106.5, 106.7, 109.8, 109.9, 114.7, 117.5, 118.6, 124.4, 124.5,
129.3, 133.5, 133.7, 134.0, 139.7, 139.8, 156.9, 162.1; HRMS (ES) 385.2112 (MH");
Ca2H29N204 requires 385.2122.

(S)-5-(3-(4-(Allyloxy)phenyl)-1-hydroxypropyl)-N-(1-(4-(allyloxy)phenyl)-3-
hydroxypropan-2-yl)-1H-pyrrole-2-carboxamide 2.113

/\/O
/ N\ H
N ~"0oH
H -

OH 0] /

=

Acyclic tripeptide 2.58 (52 mg, 0.1 mmol) was reduced according to general procedure J2
and purified by flash chromatography (4:1 ethyl acetate / petroleum ether) to give a yellow
oil, alcohol 2.113 (38 mg, 78%), as a 1:1 mixture of isomers. Rs = 0.36 (4:1 ethyl acetate /
petroleum ether); *H NMR (CDCls, 600 MHz) & 2.06-2.17 (m, 4H, 2 x ArCH,CH,), 2.59-
2.73 (m, 4H, 2 x ArCH,CHy,), 2.82-2.91 (m, 4H, 2 x NHCHCHy), 3.01 (br s, 2H, 2 x
CH,0H), 3.61 (br s, 2H, CH,0H), 3.65 (br s, 2H, CH,0H), 3.93 (br s, 1H, CHOH), 3.97
(br s, 1H, CHOH), 4.24 (s, 1H, NHCHCH), 4.26 (s, 1H, NHCHCH,), 4.48-4.50 (m, 8H, 4
x OCH,CHCH,), 4.68 (br s, 1H, CHOH), 4.72 (br s, 1H, CHOH), 5.26 (d, J = 10.2 Hz,
2H, 4 x OCH,CHCHH), 5.39 (d, J = 17.1 Hz, 4H, 4 x OCH,CHCHH), 5.98-6.07 (m, 6H,
4 x OCH,CHCH_, 2 x pyrrole H), 6.13 (d, J = 8.1 Hz, 2H, 2 x NHCH), 6.39-6.40 (m, 2H,
2 x pyrrole H), 6.81-6.84 (m, 8H, OArH), 7.07 (d, J = 8.4 Hz, 4H, OArH), 7.13 (d, J =9
Hz, 4H, OArH), 10.53 (br s, 1H, pyrrole NH), 10.55 (br s, 1H, pyrrole NH); *C NMR
(CDCI3, 150 MHz) 8 30.9, 30.1, 36.3, 38.4, 38.8, 52.7, 64.0, 67.0, 67.3, 68.8, 68.9, 106.5,
106.7, 109.9, 110.0, 114.7, 115.0, 117.5, 117.6, 124.5, 124.6, 129.3, 130.2, 133.3, 133.5,
133.7, 139.7, 156.9, 157.5, 161.9; HRMS (ES) 491.2528 (MH"); CyH3sN20s requires
491.2541.
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(S)-5-(3-(4-(Allyloxy)phenyl)propanoyl)-N-(4-methyl-1-oxopentan-2-yl)-1H-pyrrole-2-
carboxamide 2.114

/\/O o

Alcohol 2.122 (30 mg, 0.08 mmol) was oxidized according to general procedure L and the
crude product purified by rp-HPLC to give aldehyde 2.114 as a yellow oil (10 mg, 33%).
Rf = 0.48 (96:4 dichloromethane / methanol); R; = 12.9 min; [a]p = + 1.8 (¢ 0.1 in
(CH3)2S0); *H NMR (CDCls, 600 MHz) & 0.99 (d, J = 6.6 Hz, 3H, CH(CHs3),), 1.02 (d, J
= 6.6 Hz, 3H, CH(CH3),), 1.67-1.72 (m, 1H, CHHCH(CHs),), 1.74-1.79 (m, 1H,
CHHCH(CHs)»), 1.80-1.87 (m, 1H, CH(CHs),), 2.99 (t, J = 7.2 Hz, 2H, ArCH,CH,), 3.13-
3.22 (m, 2H, ArCH,CH,), 3.90-3.93 (m, 1H, NHCH), 451 (d, J = 4.8 Hz, 2H,
OCH,CHCH,), 5.28 (d, J = 10.8 Hz, 1H, OCH,CHCHH), 5.40 (d, J = 17.1 Hz, 1H,
OCH,CHCHH), 6.01-6.08 (m, 1H, OCH,CHCH,), 6.17 (br s, 1H, NHCH), 6.85 (d, J = 7.8
Hz, 2H, OArH), 6.93 (d, J = 4.2 Hz, 1H, pyrrole H), 6.97 (d, J = 4.2 Hz, 1H, pyrrole H),
7.13 (d, J = 9.0 Hz, 2H, OArH), 9.66 (s, 1H, CHO), 10.30 (br s, 1H, pyrrole NH); **C
NMR (CDCl;, 150 MHz) 6 22.3, 22.8, 24.2, 29.6, 38.8, 41.4, 52.7, 68.9, 113.3, 114.9,
,117.6, 118.9, 128.6, 129.2, 131.5, 132.7, 133.3, 157.2, 160.4, 193.0, 199.1; HRMS (ES)
397.21219 (MH"); Cy3H29N204 requires 397.21218.

(S)-5-(3-(4-(Allyloxy)phenyl)propanoyl)-N-(1-oxo-3-phenylpropan-2-yl)-1H-pyrrole-
2-carboxamide 2.115

/\/O 0

Alcohol 2.123 (56 mg, 0.13 mmol) was oxidized according to general procedure L and the
crude product purified by rp-HPLC to give aldehyde 2.115 as a yellow amorphous solid
(22 mg, 39%). mp 63-65 °C; R = 0.40 (96:4 dichloromethane/methanol); R; = 13.3 min;
[a]o = - 1.6 (¢ 0.2 in (CH3)2S0); *H NMR (CDCls, 600 MHz) & 2.68 (dd, J = 14.4 and 9.3
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Hz, 1H, CHCHHAY), 2.95-3.05 (m, 3H, ArCH,CH,, CHCHHAXr), 3.19 (t, J = 7.8 Hz, 2H,
ArCH,CH,), 4.01-4.05 (m, 1H, NHCH), 4.51 (d, J = 5.4 Hz, 2H, OCH,CHCH,), 5.27 (d, J
=10.2 Hz, 1H, OCH,CHCHH), 5.40 (d, J = 17.1 Hz, 1H, OCH,CHCHH), 5.89 (br s, 1H,
CONH), 5.98-6.07 (m, 1H, OCH,CHCHy), 6.86 (d, J = 8.4 Hz, 2H, OArH), 6.93 (d, J =
4.8 Hz, 1H, pyrrole H), 7.02 (d, J = 4.2 Hz, 1H, pyrrole H), 7.11-7.15 (m, 4H, OArH,
ArH), 7.24-7.28 (m, 1H, ArCH), 7.30-7.32 (m, 2H, ArH), 9.70 (s, 1H, CHO), 10.01 (br s,
1H, pyrrole NH); *C NMR (CDCls, 150 MHz) & 29.8, 40.7, 41.4, 58.0, 68.9, 113.4, 114.9,
117.6, 119.7, 127.4, 128.5, 129.1, 129.2, 129.3, 131.9, 132.6, 133.3, 135.4, 157.2, 159.0,
193.3, 198.2; HRMS (ES) 431.1961 (MH"); CasH27N204 requires 431.1965.

5-(3-(4-(Allyloxy)phenyl)propanoyl)-N-((S)-1-((S)-4-methyl-1-oxopentan-2-ylamino)-
1-oxopent-4-en-2-yl)-1H-pyrrole-2-carboxamide 2.116

N -~ N
o H o HH 0
|

Alcohol 2.127 (34 mg, 0.07 mmol) was oxidized using general procedure L and the crude
product purified by rp-HPLC to give aldehyde 2.116 as a off-white amorphous solid (7.5
mg, 21%). mp 56-60 °C; Ry = 0.52 (2:1 ethyl acetate / petroleum ether); R; = 13.3 min;
[a]o = + 1.4 (c 0.1 in (CH3)2S0); *H NMR (CDCls, 600 MHz) & 0.92 (d, J = 5.4 Hz, 3H,
CH,CH(CHg)y), 0.97 (d, J = 6.0 Hz, 3H, CH,CH(CHg3);), 1.42-1.48 (m, 1H,
CHHCH(CHa)y), 1.57-1.76 (m, 2H, CHHCH(CHj3),), 2.60-2.63 (m, 2H, CHCH,CHCH,),
2.97 (brd, J =3 Hz, 2H, ArCH,CHy), 3.08 (br d, J = 3.6 Hz, 2H, ArCH,CH), 4.50 (br d, J
= 4.8 Hz, 2H, OCH,CHCH,), 4.54-4.56 (m, 1H, CHCH,CH(CHs),), 4.76-4.77 (m, 1H,
CHCH,CHCHy), 5.16-5.21 (m, 2H, CHCH,CHCH)), 5.27 (d, J = 10.2 Hz, 1H,
OCH,CHCHH), 540 (d, J = 16.8 Hz, 1H, OCH,CHCHH), 5.80-5.86 (m, 1H,
CHCH,CHCH,), 6.01-6.07 (m, 1H, OCH,CHCH;), 6.59-6.63 (m, 2H, pyrrole H,
NHCHCHO), 6.77-6.84 (m, 4H, pyrrole H, NHCHCO, OArH), 7.12 (d, J = 7.2 Hz, 2H,
OArH), 9.56 (d, J = 10.8 Hz, 1H, CHO), 10.31 (br s, 1H, pyrrole NH): **C NMR (CDCls,
150 MHz) 6 21.8, 23.0, 24.8, 36.7, 37.7, 40.3, 52.4, 57.6, 68.9, 110.7, 114.8, 115.8, 117.6,
119.5, 129.2, 129.7, 132.6, 133.1, 133.4, 133.5, 157.1, 159.9, 171.2, 190.4, 199.0; HRMS
(ES) 494.2649 (MH™); C2sH3sN3Os requires 494.2650.
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5-(3-(4-(Allyloxy)phenyl)propanoyl)-N-((S)-1-oxo-1-((S)-1-oxo-3-phenylpropan-2-
ylamino)pent-4-en-2-yl)-1H-pyrrole-2-carboxamide 2.117

A0 0
MQL ;
oHoHHo

|

Alcohol 2.128 (26 mg, 0.05 mmol) was oxidized using general procedure L and the crude
product purified by rp-HPLC to give aldehyde 2.117 as a colourless oil (7.5 mg, 29%). mp
56-60 °C; Rf = 0.64 (2:1 ethyl acetate / petroleum ether); R; = 14.6 min; [a]o =+ 2.3 (c 0.1
in (CH5)2S0); *H NMR (CDCls, 600 MHz) & 2.48-2.64 (m, 2H, CHCH,CHCH,), 2.98 (t, J
= 7.2 Hz, 2H, ArCH,CHy), 3.07-3.17 (m, 4H, ArCH,CH,, CHCH>Ar), 4.50 (d, J = 5.4 Hz,
2H, OCH,CHCH,), 4.67-4.75 (m, 2H, CHCH,CHCH,;, CHCHyAr), 5.07-5.15 (m, 2H,
CHCH,CHCH,), 5.27 (d, J = 9.3 Hz, 1H, OCH,CHCHH), 5.40 (d, J = 17.1 Hz, 1H,
OCH,CHCHH), 5.72-5.79 (m, 1H, CHCH,CHCH,), 6.01-6.07 (m, 1H, OCH,CHCH),),
6.55-6.56 (m, 1H, pyrrole H), 6.62 (br d, J = 7.8 Hz, 1H, NHCHCHO), 6.80-6.82 (m, 2H,
pyrrole H, NHCHCO), 6.84 (d, J = 9.0 Hz, 2H, OArH), 7.09-7.18 (m, 7H, OArH, ArH),
9.64 (2, 1H, CHO), 10.22 (br s, 1H, pyrrole NH); *C NMR (CDCls, 150 MHz) & 29.6,
35.0, 36.4, 40.3, 52.1, 59.8, 68.9, 110.5, 114.8, 115.7, 117.6, 119.5, 127.2, 128.7, 129.2,
129.3, 129.6, 132.6, 133.1, 133.4, 133.5, 135.2, 157.1, 159.8, 170.9, 190.4, 198.3; HRMS
(ES) 528.24933 (MH"); C31H34N30s requires 528.2493.

N-((S)-3-(4-(Allyloxy)phenyl)-1-((S)-4-methyl-1-oxopentan-2-ylamino)-1-oxopropan-
2-yl)-5-(3-(4-(allyloxy)phenyl)propanoyl)-1H-pyrrole-2-carboxamide 2.118
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Alcohol 2.129 (44 mg, 0.07 mmol) was oxidized using general procedure L and the crude
product purified by rp-HPLC to give aldehyde 2.118 as a yellow amorphous solid (23 mg,
53%). mp 57-60 °C; R¢ = 0.45 (96:4 dichloromethane / methanol); R; = 15.2 min; [o]p = +
1.9 (c 0.1 in (CH3),S0); *H NMR (CDCI3, 600 MHz) & 0.84-0.86 (m, 6H, CH,CH(CHs)),
1.27-1.37 (m, 1H, CHHCH(CHs),), 1.50-1.61 (m, 2H, CHHCH(CHs), ), 2.94-2.96 (m, 2H,
ArCH,CH,), 3.05-3.11 (m, 3H, ArCH,CH,, CHCHHArO), 3.13-3.16 (m, 1H,
CHCHHATO), 4.35-4.42 (m, 1H, CHCH,(CHa),), 4.47 (d, J = 5.4 Hz, 2H, OCH,CHCH,),
450 (d, J = 4.8 Hz, 2H, OCH,CHCH,), 4.99 (q, J = 7.2 Hz, 1H, CHCH,ArO), 5.25-5.28
(m, 2H, 2 x OCH,CHCHH), 5.36-5.43 (m, 2H, 2 x OCH,CHCHH), 5.98-6.08 (m, 2H, 2 x
OCH,CHCHy,), 6.56-6.57 (m, 1H, pyrrole H), 6.66 (br d, J = 6.0 Hz, 1H, CONH), 6.79-
6.84 (m, 5H, pyrrole H, 2 x OArH), 6.97 (br d, J = 7.2 Hz, 1H, CONH), 7.12 (d, J = 7.8
Hz, 2H, OArH), 7.16 (d, J = 7.8 Hz, 2H, OArH), 9.35 (s, 1H, CHO), 10.52 (br s, 1H,
pyrrole NH); **C NMR (CDCI3, 150 MHz) & 21.8, 22.9, 24.6, 29.5, 37.6, 37.7, 40.3, 54.5,
57.4, 68.8, 68.9, 110.7, 114.8, 115.0, 115.9, 117.6, 117.7, 128.2, 129.2, 129.9, 130.3,
133.0, 133.2, 133.4, 133.5, 157.1, 157.8, 159.8, 171.4, 190.5, 199.1; HRMS (ES) 601.3072
(MH™); CssH42N306 requires 601.3068.

N-((S)-3-(4-(Allyloxy)phenyl)-1-oxo-1-((S)-1-0xo-3-phenylpropan-2-ylamino)propan-
2-yl)-5-(3-(4-(allyloxy)phenyl)propanoyl)-1H-pyrrole-2-carboxamide 2.119

/\/O o

Alcohol 2.130 (13 mg, 0.02 mmol) was oxidized using general Procedure L and the crude
product purified by rp-HPLC to give aldehyde 2.119 as a colorless oil (6 mg, 48%). R¢ =
0.62 (2:1 ethyl acetate / petroleum ether); R; = 15.0 min; [a]p = + 1.6 (¢ 0.2 in (CH3),SO);
'H NMR (CDCls, 600 MHz) & 2.94-3.14 (m, 8H, CHCH,Ar, ArCH,CH,, CHCH,ArO),
4.48 (d, J = 6.0 Hz, 2H, OCH,CHCH,), 4.50 (d, J = 5.4 Hz, 2H, OCH,CHCHy), 4.60 (q, J
= 6.8 Hz, 1H, CHCH,Ar), 4.85 (g, J = 7.4 Hz, 1H, CHCH.ArO), 5.27 (d, J = 10.2 Hz, 2H,
OCH,CHCHH), 5.37-5.41 (m, 2H, OCH,CHCHH), 5.99-6.07 (m, 2H, OCH,CHCH,),
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6.47-6.49 (m, 2H, pyrrole H, NHCH), 6.59 (br d, J = 7.8 Hz, 1H, NHCH), 6.78-6.85 (m,
5H, pyrrole H, 2 x OArH), 7.00 (d, J = 7.5 Hz, ArH), 7.10-7.16 (m, 7H, 2 x OArH, ArH),
9.48 (s, 1H, CHO), 10.20 (br s, 1H, pyrrole NH); **C NMR (CDCls, 150 MHz) & 29.5,
34.9, 37.4, 40.3, 54.3, 59.7, 68.8, 68.9, 110.3, 114.8, 115.0, 115.7, 117.6, 117.7, 127.2,
128.1, 128.7, 129.1, 129.3, 129.6, 130.3, 133.1, 133.2, 133.4, 133.5, 135.2, 157.1, 157.8,
159.6, 170.8, 190.3, 198.1; HRMS (ES) 634.2903 (MH"); C3sH40N3Os requires 634.2912.

N-((S)-1-((S)-4-methyl-1-oxopentan-2-ylamino)-1-oxopent-4-en-2-yl)-5-undec-10-
enoyl-1H-pyrrole-2-carboxamide 2.120

O
/\ N
/\/\/\/\%N\)J\H/d;—l
0] O S O
7

Alcohol 2.131 (41 mg, 0.09 mmol) was oxidized using general procedure L and the crude
product purified by rp-HPLC to give aldehyde 2.120 as a colourless oil (13 mg, 31%). R¢ =
0.77 (2:1 ethyl acetate / petroleum); R, = 15.8 min; [a]o = + 2.7 (¢ 0.1 in (CH5)>SO); *H
NMR (CDCls, 600 MHz) & 0.91 (d, J = 5.7 Hz, 3H, CH,CH(CHj)), 0.96 (dd, J = 6.0 and
3.0 Hz, 3H, CH,CH(CHs),), 1.23-1.37 (m, 11H, COCH,CH,(CH,)s, CH,CH(CHs),), 1.43-
1.49 (m, 1H, CHHCH(CHs),), 1.68-1.71 (m, 3H, CHHCH(CH3)2, COCH,CH>), 2.03 (g, J
= 7.0 Hz, 2H, COCH,CH2(CH,)sCH,), 2.58-2.68 (m, 2H, CHCH,CHCH,), 2.75-2.81 (m,
2H, COCHy), 4.49-4.54 (m, 1H, NHCHCHO), 4.86 (q, J = 6.8 Hz, 1H, NHCHCO), 4.93
(d, J = 10.2 Hz, 1H, (CH,)sCHCHH), 4.99 (d, J = 17.4 Hz, 1H, (CH,)sCHCHH), 5.15-5.20
(m, 2H, CHCH,CHCH,), 5.77-5.85 (m, 2H, CHCH,CHCH,, (CH2)sCHCH,), 6.63-6.64
(m, 1H, pyrrole H), 6.84-6.85 (m, 1H, pyrrole H), 6.91 (d, J = 7.2 Hz, 1H, NHCHCO),
7.02 (d, J = 7.2 Hz, 1H, NHCHCHO), 9.57 (s, 1H, CHO), 10.53 (br s, 1H, pyrrole NH);
3¢ NMR (CDCl3, 150 MHz) 6 21.8, 22.9, 24.8, 28.9, 29.1, 29.2, 29.3, 29.4, 33.8, 36.8,
37.6, 38.5, 52.4, 57.5, 110.8, 114.1, 115.8, 119.4, 129.7, 132.6, 133.7, 139.2, 160.0, 171.4,
191.8, 199.1; HRMS (ES) 472.3151 (MH"); C27H42N30, requires 472.3170.
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N-((S)-1-Oxo-1-((S)-1-oxo-3-phenylpropan-2-ylamino) pent-4-en-2-yl)-5-undec-10-
enoyl-1H-pyrrole-2-carboxamide 2.121

O
I\ H !
W{@\[(NJH H
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N

Alcohol 2.132 (61 mg, 0.12 mmol) was oxidized using general procedure L and the crude
product purified by rp-HPLC to give aldehyde 2.121 as a white oil (13 mg, 22%). R = 0.65
(2:1 ethyl acetate / petroleum ether); R; = 15.6 min; [a]o = + 1.3 (c 0.1 in (CH3),SO); *H
NMR (CDCls, 600 MHz) & 1.26-1.37 (m, 10H, COCH,CH,(CH)s), 1.63-1.72 (m, 2H,
COCH,CH,), 2.03 (g, J = 7.0 Hz, 2H, COCH,CH,(CH,)sCH,), 2.52-2.61 (m, 2H,
CHCH,CHCHy,), 2.78 (t, J = 4.8 Hz, 2H, COCH,), 3.06-3.18 (m, 2H, CHCH,Ar), 4.73 (q,
J=17.0 Hz, 1H, CHCHyAr), 4.78 (q, J = 7.0 Hz, 1H, CHCH,CHCH), 4.93 (d, J = 9.6 Hz,
1H, (CH2)sCHCHH), 4.99 (d, J = 17.4 Hz, 1H, (CH;)sCHCHH), 5.11-5.15 (m, 2H,
CHCH,CHCH,), 5.73-5.84 (m, 2H, CHCH,CHCH,, (CH,)sCHCH,), 6.58-6.59 (m, 1H,
pyrrole H), 6.70 (d, J = 8.4 Hz, NHCHCO), 6.85-6.86 (m, 1H, pyrrole H), 7.07-7.17 (m,
6H, NHCHCHO, ArH), 9.64 (s, 1H, CHO), 10.39 (br s, 1H, pyrrole NH); **C NMR
(CDCl3, 150 MHz) 6 24.9, 28.9, 29.1, 29.2, 29.3, 29.4, 33.8, 35.0, 36.4, 38.5, 52.1, 59.8,
110.6, 114.1, 115.7, 119.4, 127.1, 128.7, 129.2, 129.6, 132.6, 133.7, 135.3, 139.2, 159.9,
171.1, 191.7, 198.4; HRMS (ES) 506.3006 (MH"); C3oH4oN30, requires 506.3013.

(S)-5-(3-(4-(Allyloxy)phenyl)propanoyl)-N-(1-hydroxy-4-methylpentan-2-yl)-1H-
pyrrole-2-carboxamide 2.122

Carboxylic acid 2.54 (50 mg, 0.17 mmol) was coupled to (L)-Leucinol (25 mg, 0.21 mmol)
according to general procedure G and the crude product was purified by flash
chromatography (4:1 ethyl acetate / petroleum ether) to give alcohol 2.122 as a yellow oil
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(42 mg, 62%). Ry = 0.52 (4:1 ethyl acetate / petroleum ether); [a]o = + 1.1 (c 0.1 in
(CH3),S0); *H NMR (CDCls, 300 MHz) & 0.95 (d, J = 6.6 Hz, 6H, CH(CHs)), 1.40-1.45
(m, 1H, CHHCH(CHs),), 1.50-1.65 (m, 1H, CHHCH(CHs),), 1.67-1.70 (m, 1H,
CH(CHsa)y), 2.76 (br s, 1H, CH,OH), 2.95-2.98 (m, 2H, ArCH,CH), 3.05-3.08 (m, 2H,
ArCH,CHy), 3.66-3.87 (m, 1H, CHHOH), 3.80-3.82 (m, 1H, CHHOH), 4.24-4.29 (m, 1H,
NHCH), 455 (d, J = 54 Hz, 2H, OCH,CHCH,;), 5.27 (d, J = 10.2 Hz, 1H,
OCH,CHCHH), 540 (d, J = 17.1 Hz, 1H, OCH,CHCHH), 6.01-6,07 (m, 1H,
OCH,CHCHy), 6.32 (br d, J = 8.4 Hz, 1H, NHCH), 6.54-6.55 (m, 1H, pyrrole H), 6.77-
6.78 (m, 1H, pyrrole H), 6.83 (d, J = 8.7 Hz, 2H, OArH), 7.12 (d, J = 8.7 Hz, 2H, OArH),
10.34 (br s, 1H, pyrrole NH); *C NMR (CDCls, 75 MHz) & 22.2, 23.0, 25.0, 40.2, 40.3,
49.9, 65.7, 68.9, 110.1, 114.8, 115.7, 117.6, 129.3, 130.5, 133.1, 133.2, 133.4, 157.0,
169.5, 190.3; HRMS (ES) 399.22781 (MH"); C»3H31N»04 requires 399.22783.

(S)-5-(3-(4-(Allyloxy)phenyl)propanoyl)-N-(1-hydroxy-3-phenylpropan-2-yl)-1H-
pyrrole-2-carboxamide 1.123

Carboxylic acid 2.54 (48 mg, 0.16 mmol) was coupled to (L)-Phenalaninol (35 mg, 0.23
mmol) according to general procedure G and the crude product purified by flash
chromatography (4:1 ethyl acetate / petroleum ether) to give alcohol 2.123 as a yellow
solid (57 mg, 82%). mp 132-135 °C; Rf = 0.52 (4:1 ethyl acetate / petroleum ether);
[a]o = - 1.2 (c 0.1 in (CH3),SO); *H NMR (CDCls, 600 MHz) & 2.83 (br s, 1H, CH,OH),
2.95-2.99 (m, 4H, ArCH,CH,, CHCH,Ar), 3.05-3.08 (m, 2H, ArCH,CH,), 3.67-3.71 (m,
1H, CHHOH), 3.78-3.80 (m, 1H, CHHOH), 4.36-4.40 (m, 1H, NHCH), 4.50 (d, J = 5.4
Hz, 2H, OCH,CHCH,), 5.21 (d, J = 9.9 Hz, 1H, OCH,CHCHH), 5.39 (d, J = 17.1 Hz, 1H,
OCH,CHCHH), 6.01-6.07 (m, 1H, OCH,CHCHy), 6.47-6.48 (m, 1H, pyrrole H), 6.53 (br
d, 1H, CONH), 6.75-6.76 (m, 1H, pyrrole H), 6.83 (d, J = 8.4 Hz, 2H, OArH), 7.11 (d, J =
8.4 Hz, 2H, OArH), 7.22-7.26 (m, 3H, ArH), 7.29-731 (m, 2H, ArH), 10.37 (br s, 1H,
pyrrole NH); *C NMR (CDCl;, 150 MHz) & 29.6, 37.0, 40.3, 52.7, 63.6, 68.9, 110.2,
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114.8, 115.8, 117.6, 126.8, 128.7, 129.3, 130.4, 133.1, 133.2, 133.4, 137.4, 157.1, 160.3,
1904, HRMS (ES) 433.2119 (MH+); C25H29N204 requires 433.2122.

5-(3-(4-(Allyloxy)phenyl)propanoyl)-N-((S)-1-((S)-1-hydroxy-4-methylpentan-2-
ylamino)-1-oxopent-4-en-2-yl)-1H-pyrrole-2-carboxamide 2.127

AN o)
MHJN OH
L WH
|

Acyclic ester 2.57 (50 mg, 0.12 mmol) was hydrolysed using general procedure K to its
corresponding carboxylic acid 2.124, which was coupled to (L)-Leucinol (46 mg, 0.39
mmol) via general procedure G and the crude product was purified by flash
chromatography (4:1 ethyl acetate / petroleum ether) to give alcohol 2.127 as a off-white
amorphous solid (34 mg, 57%). mp 62-65 °C; R = 0.30 (4:1 ethyl acetate / petroleum
ether); [o]o = + 1.8 (¢ 0.1 in (CH3),SO); *H NMR (CDCls, 600 MHz) & 0.87 (d, J = 6.6
Hz, 6H, CH,CH(CHs),), 1.36-1.45 (m, 2H, CH,CH(CHs),), 1.56-1.61 (m, 1H,
CH,CH(CHs),), 2.62 (t, J = 6.9 Hz, 2H, CHCH,CHCH,), 2.95-2.98 (m, 2H, ArCH,CH,),
3.08-3.15 (m, 2H, ArCH,CHy), 3.79-3.88 (m, 2H, CH,OH), 4.08 (br s, 1H, CH,OH), 4.10-
4.14 (m, 1H, CHCH,CH(CH3),), 4.50-4.51 (m, 2H, OCH,CHCH,), 5.08-5.14 (m, 2H,
CHCH,CHCH,), 5.21-5.25 (m, 1H, CHCH,CHCHj;), 5.28 (d, J = 10.8 Hz, 1H,
OCH,CHCHH), 540 (d, J = 17.1 Hz, 1H, OCH,CHCHH), 5.82-5.89 (m, 1H,
CHCH,CHCH,), 6.01-6.08 (m, 1H, OCH,CHCH,), 6.62-6.63 (m, 1H, pyrrole H), 6.83-
6.86 (m, 3H, pyrrole H, OArH), 7.11-7.13 (m, 3H, NHCHCO, OArH), 7.92 (d, J = 8.4 Hz,
1H, NHCHCH,OH), 11.24 (br s, 1H, pyrrole NH); *C NMR (CDCls, 150 MHz) & 22.5,
22.9, 24.9, 29.7, 38.5, 40.2, 40.4, 48.9, 52.5, 64.7, 68.9, 110.3, 114.8, 117.1, 117.6, 118.5,
129.2, 130.7, 133.0, 133.1, 133.4, 157.1, 159.5, 170.6, 191.5; HRMS (ES) 496.28058
(MH™); C2gH3sN30s requires 496.2806.
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5-(3-(4-(Allyloxy)phenyl)propanoyl)-N-((S)-1-((S)-1-hydroxy-3-phenylpropan-2-
ylamino)-1-oxopent-4-en-2-yl)-1H-pyrrole-2-carboxamide 2.128

A0 o)
T i L

6 H ¢ = H

7

Acyclic ester 2.57 (50 mg, 0.12 mmol) was hydrolysed using general procedure K to its
corresponding carboxylic acid 2.124, which was coupled to (L)-Phenalaninol (31 mg, 0.21
mmol) via general procedure G and the crude product was purified by flash
chromatography (4:1 ethyl acetate / petroleum ether) to give alcohol 2.128 as a white
amorphous solid (39 mg, 60%). mp 48-50 °C; Rs = 0.47 (4:1 ethyl acetate / petroleum
ether); [a]o = + 2.0 (¢ 0.1 in (CH3):SO); *H NMR (CDCls, 600 MHz) § 2.63 (t, J = 6.9 Hz,
2H, CHCH,CHCH,), 2.85-2.93 (m, 2H, CHCH,Ar), 2.96-3.02 (m, 2H, ArCH,CH,), 3.06-
3.15 (m, 2H, ArCH,CHy,), 3.75-3.83 (m, 2H, CH,0H), 4.22-4.26 (m, 1H, CHCH,Ar), 4.39
(br s, 1H, CH,OH), 450 (d, J = 5.4 Hz, 2H, OCH,CHCH;), 5.03-5.17 (m, 2H,
CHCH,CHCH,), 5.27 (d, J = 10.2 Hz, 1H, OCH,CHCHH), 5.35-5.41 (m, 2H,
CHCH,CHCH,, OCH,CHCHH), 5.81-5.88 (m, 1H, CHCH,CHCH,), 6.00-6.07 (m, 1H,
OCH,CHCHy), 6.63-6.64 (m, 1H, pyrrole H), 6.85 (d, J = 8.4 Hz, 2H, OArH), 6.90-6.91
(m, 1H, pyrrole H), 6.98 (br d, J = 7.8 Hz, 1H, NHCHCO), 7.11-7.15 (m, 4H, OArH,
ArH), 7.21-7.24 (m, 3H, ArH), 8.30 (br d, J = 9.0 Hz, 1H, NHCHCH,O0H), 11.52 (br s,
1H, pyrrole NH); *C NMR (CDCls, 150 MHz) & 29.8, 37.3, 38.7, 40.5, 52.2, 52.3, 62.4,
68.9, 110.2, 114.9, 117.5, 117.6, 118.6, 126.4, 128.5, 129.3, 129.4, 130.8, 132.9, 133.2,
133.4, 138.2, 157.1, 159.4, 170.6, 191.8; HRMS (ES) 530.2651 (MH"); Cs1H3sN3Os
requires 530.2650.
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N-((S)-3-(4-(Allyloxy)phenyl)-1-((S)-1-hydroxy-4-methylpentan-2-ylamino)-1-
oxopropan-2-yl)-5-(3-(4-(allyloxy)phenyl)propanoyl)-1H-pyrrole-2-carboxamide

2.129
A0 H O
/ NJ OH

Acyclic ester 2.58 (30 mg, 0.06 mmol) was hydrolysed using general procedure K to its
corresponding carboxylic acid 2.125, which was coupled to (L)-Leucinol (8.2 mg, 0.07
mmol) via general procedure G and the crude product was purified by flash
chromatography (4:1 petroleum ether / ethyl acetate) to give alcohol 2.129 as a off-white
solid (25 mg, 71%). mp 155-158 °C; R¢ = 0.43 (4:1 petroleum ether / ethyl acetate); [a]p =
+ 2.0 (c 0.1 in (CH3),SO); *H NMR (CDCI3, 600 MHz) & 0.86 (t, J = 7.2 Hz, 6H,
CH2CH(CHs),), 1.36 (t, J = 7.2 Hz, 2H, CH,CH(CHs),), 1.47-1.51 (quin, J = 6.6 Hz, 1H,
CH,CH(CHy), ), 2.91-3.17 (m, 6H, ArCH,CH,, CHCH,Ar), 3.50 (d, J = 7.8 Hz, 1H,
CHHOH), 3.62 (d, J = 10.2 Hz, 1H, CHHOH), 3.73 (br s, 1H, CH,OH), 4.10 (d, J = 7.2
Hz, 1H, CHCH,(CH3),), 4.27 (d, J = 4.2 Hz, 2H, OCH,CHCH,), 4.52 (d, J = 5.4 Hz, 2H,
OCH,;CHCHy), 5.13 (q, J = 7.8 Hz, 1H, CHCHAr), 5.18 (d, J = 10.2 Hz, 2H,
OCH2CHCHH), 5.25-5.30 (m, 2H, OCH,CHCHH, OCH,CHCHH), 5.41 (d, J = 17.4 Hz,
2H, OCH,CHCHH), 5.87-5.94 (m, 1H, OCH,CHCH,), 6.02-6.09 (m, 1H, OCH,CHCH,),
6.56-6.68 (m, 3H, pyrrole H, OArH), 6.77 (br s, 1H, pyrrole H), 6.82 (d, J = 8.4 Hz, 2H,
OArH), 6.98 (br s, 2H, OArH), 7.15 (d, J = 8.4 Hz, 2H, OArH), 7.70 (br s, 1H, NHCH),
10.74 (br s, 1H, pyrrole NH): **C NMR (CDCI3, 150 MHz) & 22.7, 22.8, 29.3, 38.6, 40.2,
40.3, 48.3, 55.2, 64.5, 68.6, 68.9, 110.2, 114.4, 114.8, 116.7, 117.3, 117.6, 129.3, 130.5,
130.8, 132.7, 133.3, 133.4, 157.1, 157.5, 159.5, 191.2; HRMS (ES) 602.3212 (MH");
C3sH44N30g requires 602.3225.
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N-((S)-3-(4-(allyloxy)phenyl)-1-((S)-1-hydroxy-3-phenylpropan-2-ylamino)-1-
oxopropan-2-yl)-5-(3-(4-(allyloxy)phenyl)propanoyl)-1H-pyrrole-2-carboxamide
2.130

/\/O o
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Acyclic ester 2.58 (31 mg, 0.06 mmol) was hydrolysed using general procedure K to its
corresponding carboxylic acid 2.125, which was coupled to (L)-Phenalaninol (13.8 mg,
0.09 mmol) via general procedure G and the crude product was purified by flash
chromatography (4:1 petroleum ether / ethyl acetate) to give alcohol 2.130 as a yellow
solid (23 mg, 62%). mp 154-156 °C; R¢ = 0.57 (4:1 petroleum ether / ethyl acetate); [a]p =
+ 1.6 (c 0.3 in (CH3),S0); *H NMR (CDCl;, 600 MHz) & 2.89 (d, J = 7.8 Hz, 2H,
CHCH-Ar), 2.92-3.19 (m, 6H, ArCH,CH,, CHCH,ArO), 3.50 (d, J = 9.6 Hz, 1H,
CHHOH), 3.68 (d, J = 9.6 Hz, 1H, CHHOH), 4.19-4.22 (m, 1H, CHCH>Ar), 4.25 (d, J =
4.8 Hz, 2H, OCH,CHCH,), 4.31 (br s, 1H, CH,OH), 450 (d, J = 5.4 Hz, 2H,
OCH,CHCH,), 5.14 (d, J = 9.6 Hz, 1H, OCH,CHCHH), 5.24 (d, J = 17.7 Hz, 1H,
OCH,CHCHH), 5.27 (d, J = 10.5 Hz, 1H, OCH,CHCHH), 5.36 (q, J = 7.8 Hz, 1H,
CHCH,Ar0), 5.40 (d, J = 16.8 Hz, 1H, OCH,CHCHH), 5.84-5.90 (m, 1H, OCH,CHCH,),
6.01-6.08 (m, 1H, OCH,CHCH.), 6.58 (d, J = 8.4 Hz, 2H, OArH), 6.61-6.63 (m, 1H,
pyrrole H), 6.82-6.86 (m, 3H, pyrrole H, OArH), 6.97 (d, J = 8.4 Hz, 2H, OArH), 7.06 (t,
J=6.9 Hz, 1H, ArH), 7.14-7.26 (m, 6H, OArH, ArH), 7.60 (br s, 1H, NHCH), 8.19 (br s,
1H, NHCH), 11.14 (br s, 1H, pyrrole NH); *C NMR (CDCI3, 150 MHz) & 29.6, 37.4,
38.8, 40.4, 51.9, 54.7, 62.5, 68.6, 68.9, 110.2, 114.5, 114.8, 117.3, 117.6, 126.2, 128.3,
129.0, 129.3, 129.4, 130.4, 131.1, 132.8, 133.1, 133.3, 133.4, 138.4, 157.1, 157.5, 159.6,
171.4, 191.6; HRMS (ES) 636.3058 (MH"); C3sH4,N30s requires 636.3068.
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N-((S)-1-((S)-1-Hydroxy-4-methylpentan-2-ylamino)-1-oxopent-4-en-2-yl)-5-undec-
10-enoyl-1H-pyrrole-2-carboxamide 2.131

O
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Acyclic ester 2.59 (100 mg, 0.26 mmol) was hydrolysed using general procedure K to its
corresponding carboxylic acid 2.126, which was coupled to (L)-Leucinol (47 mg, 0.40
mmol) via general procedure G and the crude product was purified by flash
chromatography (4:1 petroleum ether / ethyl acetate) to give alcohol 2.131 as a yellow oil
(96 mg, 79%). Rt = 0.56 (4:1 petroleum ether / ethyl acetate); [o]o = + 1.7 (¢ 0.2 in
(CH3),S0); *H NMR (CDCls, 600 MHz) & 0.87 (d, J = 1.8 Hz, 3H, CH,CH(CHs),), 0.88
(d, J = 24 Hz, 3H, CH,CH(CHs),), 1.25-1.45 (m, 12H, COCH,CH,(CH,)s,
CH,CH(CHs),), 1.58-1.62 (m, 1H, CH.CH(CHs);), 1.70 (quin, J = 7.4 Hz, 2H,
COCH,CHy), 2.03 (g, J = 7.0 Hz, 2H, COCH,CH,(CH3)sCHy), 2.62 (t, J = 6.9 Hz, 2H,
CHCH,CHCH,), 2.78-2.81 (m, 2H, COCHy), 3.78-3.81 (m, 1H, CHHOH), 3.87-3.90 (m,
1H, CHHOH), 4.10-4.15 (m, 2H, CHCH,CH(CHs),, CH,OH), 4.93 (d, J = 10.2 Hz, 1H,
(CH,)sCHCHH), 4.99 (d, J = 17.4 Hz, 1H, (CH,)sCHCHH), 5.07-5.14 (m, 2H,
CHCH,CHCHy), 525 (q, J = 7.0 Hz, 1H, CHCH,CHCH,), 5.75-5.90 (m, 2H,
CHCH,CHCH_,, (CH2)sCHCHy), 6.64-6.65 (m, 1H, pyrrole H), 6.88-6.90 (m, 1H, pyrrole
H), 7.04 (d, J = 7.8 Hz, 1H, NHCHCO), 7.95 (d, J = 9.0 Hz, 1H, NHCHCH,0H), 11.29
(br s, 1H, pyrrole NH); *C NMR (CDCls, 150 MHz) & 22.4, 22.9, 24.9, 25.0, 28.9, 29.0,
29.2, 29.3, 29.4, 33.8, 38.5, 38.6, 40.2, 49.0, 52.4, 64.6, 110.2, 114.2, 117.1, 118.5, 130.6,
133.0, 133.3, 139.1, 159.5, 170.5, 192.9; HRMS (ES) 474.3323 (MH"); Cy;H1N304
requires 474.3326.
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N-((S)-1-((S)-1-Hydroxy-3-phenylpropan-2-ylamino)-1-oxopent-4-en-2-yl)-5-undec-
10-enoyl-1H-pyrrole-2-carboxamide 2.132
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Acyclic ester 2.59 (100 mg, 0.26 mmol) was hydrolysed using general procedure K to its
corresponding carboxylic acid 2.126, which was coupled to (L)-Phenalaninol (65 mg, 0.43
mmol) via general procedure G and the crude product was purified by flash
chromatography (4:1 petroleum ether / ethyl acetate) to give alcohol 2.132 as a colourless
oil (122 mg, 92%). R¢ = 0.51 (4:1 petroleum ether / ethyl acetate); [a]o = + 1.6 (¢ 0.1 in
(CH3),S0); *H NMR (CDCls, 600 MHz) & 1.26-1.39 (m, 10H, COCH,CH,(CH>)s), 1.66-
1.76 (m, 2H, COCH,CH,), 2.03 (g, J = 7.0 Hz, 2H, COCH,CH(CH2)sCH>), 2.63 (t, J =
6.9 Hz, 2H, CHCH,CHCH,), 2.79-2.98 (m, 4H, COCH,, CHCH,Ar), 3.75 (d, J = 10.8 Hz,
1H, CHHOH), 3.81 (d, J = 9.0 Hz, 1H, CHHOH), 4.23 (g, J = 8.0 Hz, 1H, CHCHAr),
4.45 (br s, 1H, CH,OH), 4.92 (d, J = 10.2 Hz, 1H, (CH,)sCHCHH), 4.99 (d, J = 17.4 Hz,
1H, (CH3)sCHCHH), 5.03-5.12 (m, 2H, CHCH,CHCH;), 5.38 (g, J = 7.0 Hz, 1H,
CHCH,CHCHy), 5.77-5.89 (m, 2H, CHCH,CHCH,, (CH,)sCHCH), 6.65-6.66 (m, 1H,
pyrrole H), 6.93-6.94 (m, 1H, pyrrole H), 6.98 (d, J = 8.4 Hz, 1H, NHCHCO), 7.12-7.15
(m, 1H, ArH), 7.21-7.24 (m, 3H, ArH), 7.31-7.32 (m, 1H, ArCH), 8.33 (d, J = 8.4 Hz, 1H,
NHCHCH,OH), 11.53 (br s, 1H, pyrrole NH); *C NMR (CDCls, 150 MHz) & 25.0, 28.9,
29.1, 29.3, 29.4, 33.8, 37.3, 38.6, 38.8, 52.2, 52.3, 62.3, 110.1, 114.2, 117.3, 118.5, 126.3,
128.4, 129.4, 130.7, 132.9, 133.3, 138.2, 139.1, 159.4, 170.6, 193.1; HRMS (ES) 508.3152
(MH™); C3oH42N304 requires 508.3170.
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5.3 Experimental Work Described in Chapter Three

Assay of Ovine Calpain Activity

Fluorometric assays (excitation: 485 nm, emission: 520 nm) with ovine calpains 1 and 2
were done with a (BMG Labtech) Fluostar Optima plate reader at 37.0 + 0.2 °C in 96-well
black (Greiner Bio-one) microassay plates. Calpains 1 and 2 partially purified from sheep
lung by hydrophobic interaction and ion-exchange chromatography were diluted in 20 mM
MOPS, pH 7.5, containing 2 mM EGTA, 2 mM EDTA and 0.035% v/v 2-mercaptoethanol
to give a linear response over the course of the assay. The substrate BODIPY-FI casein
was prepared as reported.** A 0.0005% solution of the substrate in 10 mM MOPS, pH 7.5,
10 mM CaCl,, 0.1 mM NaNs3, 0.1% v/v 2-mercaptoethanol was prepared freshly before

each experiment. Stock solutions of inhibitors (5 mM) were freshly prepared in DMSO
and diluted in DMSO/water mixtures to obtain a total DMSO concentration of 4% vi/v.

Inhibition studies were performed in the presence of 187.5 pg/mL calpain 1 or
14 pg/mL calpain 2, seven different inhibitor concentrations and 1% v/v DMSO in a
volume of 200 pL: 50 ul of inhibitor solution was added to a microassay well followed by
50 ul of calpain-containing solution. The reaction was initiated by adding 100 ul of
BODIPY-FI casein solution to each well and progress curves were monitored every 30 s
over 570 s. Uninhibited enzyme activity was determined by adding 4% v/v DMSO in
water instead of inhibitor solution. Every experiment included two blanks, a Ca®* blank
and an EDTA blank. The Ca*" blank contained 50 pl water and 50 pl 20 mM MOPS, pH
7.5, 2 MM EGTA, 2 mM EDTA and 0.035% v/v 2-mercaptoethanol instead of inhibitor
and enzyme solution, respectively. For the EDTA blank, 50 pl 50 mM EDTA/NaOH, pH
7.5, was added instead of inhibitor solution to the well.

The rate of enzyme-catalyzed substrate hydrolysis was obtained by linear regression of the
progress curves over the time course. If slow-binding inhibition occurred,® only those
data points representing the steady state of enzyme-inhibitor interaction were taken into
account, i.e. data points between 390 s and 570 s. The rate of the enzymatic reaction was
corrected by the average value of the rates obtained for the two blanks, and the rate in the

absence of inhibitor was set to 100%.
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The average value of rates obtained in two or three separate experiments, each in triplicate,
was plotted versus the inhibitor concentration and 1Csy values were calculated with the
following equation:
-V
V; » 10}
1Cs,
where [I] is the inhibitor concentration, and vy and v are the enzyme activities in the
absence and presence of inhibitor. All analyses was done with the program GraphPad

Prism version 5.02 for Windows.®

Reference values:

Inhibitor ICs0 0n Calpain 1 ICso on Calpain 2
CAT-0811 336 + 36 nM 209 + 31 nM
SJA-6017 81.7+£9.3nM 54.3+3.9nM

Assay of Bovine a.-Chymotrypsin Activity

The activity of bovine a-chymotrypsin (bCT) was assayed spectrophotometrically with a
Varian Cary 500 UV-VIS-NIR spectrophotometer equipped with a thermostated muticell
holder at 25.0 + 0.1 °C. The assay buffer used was Tris-HCI (77 mM), CaCl, (20 mM), pH
7.8 (optimum pH for a-chymotrypsin®’). A solution of bCT (21.9 pg/mL) in ag. HCI (1
mM) was prepared daily by a 1:40 dilution of a stock solution (874 pg/mL) in aq. HCI (1
mM) and kept at 0 °C. A 1:100 dilution in ice-cold agq. HCI (1 mM) was prepared
immediately before starting each measurement. Stock solutions of the substrate Suc-Ala-
Ala-Pro-Phe-pNA

(20 mM) and all inhibitors (0.001-1 mM) were freshly prepared in DMSO and stored at r.t.
All compounds were analyzed at five different inhibitor concentrations, [I]. Progress
curves were monitored at 405 nm over 6 min and characterized by a linear steady-state
turnover of the substrate.
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Inhibition studies were performed in the presence of 6% v/v DMSO in a volume of 1 mL
containing 0.011 pg/mL bCT, different concentrations of Suc-Ala-Ala-Pro-Phe-pNA (10-
100 pM) and inhibitor (0.001-1 mM). In each cuvette containing 890 pL assay buffer, 10
ML of substrate solution (1-10 mM), inhibitor stock, and DMSO were added to give a total
volume of 950 pL. After thoroughly mixing of the contents of the cuvette, the enzymatic
reaction was initiated by adding 50 pL of bCT solution. Uninhibited enzyme activity was
determined by adding DMSO instead of inhibitor solution. Non-enzymatic hydrolysis of
Suc-Ala-Ala-Pro-Phe-pNA was analyzed by adding DMSO and 1 mM aq. HCI instead of
inhibitor and enzyme solution, respectively, and found to be negligible. The rate of
enzyme-catalyzed hydrolysis of substrate was determined without inhibitor in each
experiment and was set to 100%. K; values of all inhibitors were determined graphically
according to Dixon'® using mean values of percentage rates obtained in three separate
experiments at two different substrate concentrations, [S]. The mode of inhibition was
concluded from Dixon plots.*®

Assay of Human Cathepsin L*°

The in vitro enzyme inhibition assay against human cathepsin L was conducted by Prof.
Michael Gltschow at the University of Bonn, Germany.

Human isolated cathepsin L (Enzo Life Sciences, Lorrach, Germany) was assayed
spectrophotometrically (Cary 50 Bio, Varian) at 405 nm and at 37 °C. The reactions were
followed over 10 min. Assay buffer was 100 mM sodium phosphate buffer pH 6.0, 100
mM NaCl, 5 mM EDTA, and 0.01% Brij 35. An enzyme stock solution of 135 pg/mL in
20 mM malonate buffer pH 5.5, 400 mM NaCl, and 1 mM EDTA was diluted 1:100 with
assay buffer containing 5 mM DTT and incubated for 30 min at 37 °C. Inhibitor stock
solutions were prepared in DMSO. A 10 mM stock solution of the chromogenic substrate
Z-Phe-Arg-pNA was prepared with DMSO. The final concentration of DMSO was 5%,
and the final concentration of the substrate was 100 uM. Assays were performed with a
final concentration of 54 ng/mL of cathepsin L. Into a cuvette containing 910 pL assay
buffer, inhibitor solution and DMSO in a total volume of 40 pL, and 10 pL of the substrate
solution were added and thoroughly mixed. The reaction was initiated by adding 40 pL of
the cathepsin L solution.

232



Chapter Five

Assay of Human Cathepsin S

The in vitro enzyme inhibition assay against human cathepsin L was conducted by Prof.
Michael Gltschow at the University of Bonn, Germany.

Human recombinant (E. coli) cathepsin S (Calbiochem, Darmstadt, Germany) was assayed
spectrophotometrically (Cary 50 Bio, Cary 100 Bio; Varian) at 405 nm and at 37 °C. The
reactions were followed over 10 min Assay buffer was 50 mM sodium phosphate buffer
pH 6.5, 50 mM NaCl, 2 mM EDTA, and 0.01% Triton X-100. An enzyme stock solution
of 375 pg/mL in 35 mM potassium phosphate, 35 mM sodium acetate pH 6.5, 2 MM DTT,
2 mM EDTA, and 50% ethylene glycol was diluted 1:200 with assay buffer containing 5
mM DTT and incubated for 30 min at 37 °C. Inhibitor stock solutions were prepared in
DMSO. A 10 mM stock solution of the chromogenic substrate Z-Phe-Arg-pNA was
prepared with DMSO. The final concentration of DMSO was 5%, and the final
concentration of the substrate was 100 uM. Assays were performed with a final
concentration of 94 ng/mL of cathepsin S. Into a cuvette containing 900 pL assay buffer,
inhibitor solution and DMSO in a total volume of 40 pL, and 10 pL of the substrate
solution were added and thoroughly mixed. The reaction was initiated by adding 50 pL of
the cathepsin S solution.

Assay of Human Leukocyte Elastase®

The in vitro enzyme inhibition assay against human leukocyte elastase was conducted by
Prof. Michael Glitschow at the University of Bonn, Germany.

Human leukocyte elastase (Calbiochem, Darmstadt, Germany) was assayed
spectrophotometrically (Cary 50 Bio, Varian) at 405 nm at 25°C. Assay buffer was 50 mM
sodium phosphate buffer, 500 mM NaCl, pH 7.8. A stock solution of the chromogenic
substrate MeOSuc-Ala-Ala-Pro-Val-para-nitroanilide was prepared in DMSO and diluted
with assay buffer. The inhibitor stock solutions were prepared in DMSO. Final
concentration of DMSO was 5.5%, the final concentration of the substrate was 100 pM.
Assays were performed with a final HLE concentration of 50 ng mL™ An inhibitor
solution (50 pL) and the substrate solution (50 pL) were added to a cuvette that contained
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the assay buffer (850 pL), and the solution was thoroughly mixed. The reaction was
initiated by adding the HLE solution (50 pL) and was followed over 10 min. 1C50 values
were calculated from the linear steady- state turnover of the substrate. HLE inhibition was

determined in duplicate experiments with five different inhibitor concentrations.
Assay of Bovine Trypsin®!

The in vitro enzyme inhibition assay against human leukocyte elastase was conducted by
Prof. Michael Glitschow at the University of Bonn, Germany.

Bovine trypsin (Sigma, Steinheim Germany) was assayed spectrophotometrically (Cary 50
Bio, Cary 100 Bio; Varian) at 405 nm and at 25 °C. Assay buffer was 20 mM Tris HCI
buffer and 150 mM NaCl (pH 8.4). An enzyme stock solution of 10 pg/mL was prepared in
1 mM HCI and diluted with assay buffer. A 40 mM stock solution of the chromogenic
substrate Suc-Ala-Ala-Pro-Arg-pNA in DMSO was diluted with assay buffer. Final
concentrations were as follows: substrate, 200 mM; DMSO, 6%, trypsin, 12.5 ng/mL.
Inhibitor solution (55 pL) and substrate solution (50 pL) were added to a cuvette
containing 845 pL assay buffer and thoroughly mixed. The reaction was initiated by
adding 50 pL of a trypsin solution.

5.4 Experimental Work Described in Chapter Four

Materials

Gelatin (Type A, 200 Bloom) was purchased from Fluka (Germany). PEGMA (M, = 8800
g.mol™) was purchased from Polysciences, Inc. (Germany). Glycidyl methacrylate (GMA),
cis-5-norbornene-endo-2,3-dicarboxylic acid (NBE-OH), Grubb’s 1% generation (GI)
catalyst, Grubb’s 2" generation (GlI) catalyst, ethyl vinyl ether, and all other chemicals
were purchased from Sigma Aldrich (Germany).

234



Chapter Five

Materials Characterization

Thermal analysis was performed using the Gerdtebau TGA 209 (Netzsch)
thermogravimetric analyzer and Gerdtebau DSC 204 F1 (Netzsch) differential scanning

calorimeter.

Samples analyzed by mass spectrometry were dissolved in 1 mL of water containing 0.2%
formic acid and subjected to ESI-Q-TOF analysis on a Micromass Q-TOF Ultima with a
source temperature of 120 °C, desolvation temperature of 150 °C, and capillary voltage of
2.5 kV (positive ion mode).

Gelatin Functionalization

A 10 wt% solution of gelatin in pH 9.6 carbonate/bicarbonate buffer (50 mM: 1.59 g
sodium carbonate and 2.93 g sodium bicarbonate in 1L water, pH 9.6) was stirred at 50 °C
until complete dissolution (ca. 1 h). GMA (25 g, 0.18 mmol) was added and the solution
stirred at 50 °C for 3 h. The product was precipitated in 5-fold volume excess ethanol, with
gentle stirring, and soaked overnight for further extraction of unreacted GMA. The
functionalized gelatin (gel-GMA) was cut into smaller pieces and dried at 50 °C under
reduced pressure.

'H NMR (500 MHz) spectra of functionalized gelatin was recorded on a Bruker Advance
spectrometer (Karlsruhe, Germany) in D,O. A 2,4,6-trinitrobenzenesulfonic (TNBS)
colorimetric assay was performed to determine the degree of substitution of GMA.?
Samples of gel-GMA (11 mg, six replicates) were dissolved in 4% NaHCO; (1 mL, pH
8.5) at 40 °C for 10 min. Three replicates of each material were treated with 0.5% TNBS (1
mL) while the other three replicates were used as blanks, which were treated with 6N HCI
(3 mL) before adding 0.5% TNBS (1 mL). The samples and blanks were heated at 40 °C
for 4 h, prior to addition of 6N HCI (3 mL) and heating at 120 °C for 1h. Distilled water (5
mL) was added to the samples and blanks, washed with diethyl ether (15 mL) and the light
absorbance at 346 nm for the samples and blanks were detected using Varian Cary 50 Bio

UV-Visible Spectrophotometer (Agilent Technologies, Waldbronn, Germany).
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Percentage Functionalization of Gelatin:
Batch 1: 2.2428 x 10" mol GMA/1 g of Gel-GMA
Batch 2: 1.861 x 10 mol GMA/1 g of Gel-GMA

Aqueous Metathesis Reaction

Gl and GII Emulsion

A 10 wt% solution of gel-GMA (2.54 g, 0.57 mmol) in aqueous phosphate buffer pH 7.4
(21.00 g) was stirred at 50 °C under nitrogen flow until complete dissolution (ca. 5 h). 1
wt% SDS (0.24 g) was added and stirred until dissolution at 50 °C under Argon (30 min).
NBE-OH (varying amounts) was added and stirred at 50 °C under nitrogen atmosphere for
a further 30 min. 1 wt% SDS (0.02 g) in aqueous phosphate buffer pH 7.4 (2.00 g) was
added to a solution of 1 mol% of Gl or GlI in toluene (0.2 mL) and 1 wt% hexadecane and
purged under nitrogen. The catalyst mixture was sonicated and cannula transferred under
nitrogen into the reaction mixture. The solution became viscous within 3-10 min
(depending on the amount of catalyst used). Ethyl vinyl ether (2 mL) was added and
sonicated at room temperature for 30 min. The gel was washed with DCM (50 mL) and
soaked in DCM (50 mL) for 1 h, before sequential washing with MeOH (100 mL) and
water (100 mL). The gel was soaked in water (100 mL) over night (16 h), and dried in a
37 °C oven in a petri dish. The resulting gel was tested for crosslinking using the

crosslinking analysis procedure.

HG2S (2 mol%)

A 10 wt% solution of gel-GMA (2.60 g, 0.58 mmol) in aqueous phosphate buffer pH 7.4
(22.50 g) was stirred at 50 °C under nitrogen flow until dissolution (ca. 5 h). NBE-OH
(0.11g, 0.60 mmol) was added and stirred at 50°C under nitrogen atmosphere for a further
30 min. 1 mol% HG2-S (0.01 g, 0.012 mmol) in aqueous phosphate buffer pH 7.4 (3.50 g)
was added to the reaction mixture, and stirred at 50 °C under nitrogen for 1 h. An
additional 1 mol% HG2-S (0.01 g, 0.012 mmol) was added to the reaction mixture and
stirred under nitrogen at 50 °C for 16 h. The reaction was quenched by addition of ethyl
vinyl ether (4 mL) and stirred at room temperature for 30 min. 5 mL and 10 mL aliquots
were transferred onto petri dish or foil dishes and dried at room temperature over night
(16 h) in the fumehood. The resulting gel was tested for crosslinking using the crosslinking

analysis procedure.
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HG2S (5 mol%)

A 10 wt% solution of gel-GMA (3.03 g, 0.58 mmol) in aqueous phosphate buffer pH 7.4
(25.50 g) was stirred at 50°C under nitrogen flow until dissolution (ca. 5h). NBE-OH (0.11
g, 0.60 mmol) was added and stirred at 50°C under nitrogen atmosphere for a further 1.5 h.
5 mol% HG2-S (43 mg, 0.06 mmol) in aqueous phosphate buffer pH 7.4 (2.50 g) was
transferred into the reaction mixture and stirred overnight (17 h) at 50 °C under nitrogen.
Reaction was quenched with ethyl vinyl ether (4 mL) and sonicated at room temperature
for 30 min. The gel was washed with DCM (50 mL) and soaked in DCM (50 mL) for 30
min, before extracting with MeOH (2 x 50 mL). The gel was sequentially soaked in MeOH
(100 mL) for 30 min and water (100 mL) overnight (16 h), and dried in a 37 °C oven in a
petri dish. The resulting gel was tested for crosslinking using the crosslinking analysis

procedure.

Crosslinking Analysis

A dried sample of gel (ca. 100 mg) was added to water (25 mL) and heated at 50 °C for 5
h. The dissolution or non-dissolution of the sample was recorded.

Controls Reactions with Gl

Gel-GMA-Catalyst Control

A 10 wt% solution of gel-GMA (2.60 g, 0.58 mmol) in aqueous phosphate buffer pH 7.4
(22.50 g) was stirred at 50°C under nitrogen flow until dissolution (ca. 5 h). 1 wt % SDS
(0.24 g) was added and stirred until dissolution at 50 °C under nitrogen atmosphere (30
min). 1 wt/v% SDS (0.02 g) in aqueous phosphate buffer pH 7.4 (2.00 g) was added to a
solution of 1 mol% GI (0.01 g, 0.01 mmol) in toluene (0.2 mL) and 1 wt % (0.3 mL)
hexadecane and purged under nitrogen. The catalyst mixture was sonicated and cannula
transferred under nitrogen into the reaction mixture. Ethyl vinyl ether (2 mL) was added
after 1 h and stirred at room temperature for 25 min. 10 mL aliquots were transferred onto
petri dish and dried at room temperature over night (16 h) in the fumehood. The gel was
washed with DCM (50 mL) and soaked in DCM (50 mL) for 1 h, before sequential
washing with MeOH (100 mL) and water (100 mL). The gel was soaked in water (100 mL)
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over night (16 h), and dried in a 37 °C oven in a petri dish. The resulting gel was tested for

crosslinking using the crosslinking analysis procedure.

NBE-OH-Catalyst Control

NBE-OH (220 mg, 1.20 mmol) in aqueous phosphate buffer pH 7.4 (25.00 g) was stirred at
50 °C under nitrogen flow until dissolution (20 min). 1 wt/v% SDS (0.28g) was added and
stirred until dissolution at 50 °C under nitrogen atmosphere (30 min). 1 wt % SDS (0.02 g)
in aqueous phosphate buffer pH 7.4 (2.00 g) was added to a solution of 1 mol% GI (10 mg,
0.01 mmol) in toluene (0.2 mL) and 1 wt % hexadecane (0.3 mL) and purged under
nitrogen. The catalyst mixture was sonicated and cannula transferred under nitrogen into
the reaction mixture. The reaction was quenched with ethyl vinyl ether (2 mL) after 1 h
and stirred at room temperature for 30 min, before extraction with diethyl ether (50 mL).

The aqueous layer was lyophilized to obtain a fluffy white solid.

Gel-GMA-NBE-OH Control

A 10 wt% solution of gel-GMA (3.01 g, 0.58 mmol) in aqueous phosphate buffer pH 7.4
(27.20 g) was stirred at 50 °C under nitrogen flow until dissolution (ca. 5 h). NBE-OH
(0.11 g, 0.60 mmol) was added and stirred at 50 °C under nitrogen overnight (17 h). 10 mL
aliquots were transferred onto petri dish, dried at room temperature over night (16 h) in the
fumehood and further dried in the a 37 °C oven. The resulting gel was tested for

crosslinking using the crosslinking analysis procedure.

Film Formation

HG2-S (5 mol%)

A 10 wt% solution of gel-GMA (3.02 g, 0.56 mmol) in aqueous phosphate buffer pH 7.4
(25.90 g) was stirred at 50 °C under nitrogen flow until dissolution (ca. 5 h). NBE-OH
(0.11 g, 0.60 mmol) was added and stirred at 50 °C under nitrogen for a further 1.5 h. 5
mol% HG2-S (42 mg, 0.06 mmol) in aqueous phosphate buffer pH 7.4 (1.60 g) was
transferred into the reaction mixture and stirred at 50 °C under nitrogen for 1 h. An aliquot
the solution (9 mL) was quickly transferred between two tightly sealed glass plates (10 cm
x 10 cm), separated by a 1 mm Teflon spacer using a syringe. The remainder of the
solution was transferred into a petri dish. The petri dish and glass plates were placed in a
50 °C oven for 72 h, before drying in a 37 °C oven. The film produced was soaked in ethyl
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vinyl ether (30 min), washed and soaked in DCM (50 mL, 30 min), washed with MeOH
(200 mL, 1 h) and soaked in H,O (100 mL) overnight (16 h). The resulting film was tested
for crosslinking using the crosslinking analysis procedure.

GI (1 mol%)

A 10 wt% solution of GMA-functionalized gelatin (3.06 g, 0.57 mmol) in aqueous
phosphate buffer pH 7.4 (25.60 g) was stirred at 50 °C under nitrogen flow (ca. 4 h). 1
wt% SDS (0.28 g) was added and stirred at 50 °C under nitrogen (10 min). NBE-OH (0.11
g, 0.60 mmol) was added and stirred at 50 °C under nitrogen atmosphere for 1.5 h. 1 wt%
SDS (0.02 g) in aqueous phosphate buffer pH 7.4 (2.00 g) was added to 1 mol% of Gl (9.7
mg, 0.01 mmol) in toluene (0.2 mL) and 1 wt% hexadecane (0.3 mL) and purged under
nitrogen. The catalyst mixture was sonicated and cannula transferred under nitrogen into

the reaction mixture.

An aliquot of the solution (8 mL) was quickly transferred between two tightly sealed glass
plates (10 cm x 10 cm), separated by a 1 mm Teflon spacer using a syringe. The remainder
of the solution was poured into a petri dish. The petri dish and glass plates were placed in a
50 °C oven for 1 h, before drying in a 37 °C oven. The film produced was soaked in ethyl
vinyl ether (30 min), washed and soaked in DCM (50 mL, 30 min), washed with MeOH
(100 mL, 1 h) and soaked in H,O (100 mL) overnight (16 h). The resulting film was tested
for crosslinking using the crosslinking analysis procedure.

Mechanistic Model

A 10 wt% solution of PEGMA (4.98 g, 0.56 mmol) in aqueous phosphate buffer pH 7.4
(42.90 g) was added 1 wt% SDS (0.47 g) and stirred at 50 °C under nitrogen for 10 min.
NBE-OH (0.11 g, 0.60 mmol) was added and stirred at 50 °C under nitrogen for a further
10 min. 1 wt% SDS (0.02 g) in aqueous phosphate buffer pH 7.4 (1.90 g) was added to 1
mol% GI (9.6 mg, 0.01 mmol) in toluene (0.2 mL) and 1 wt% hexadecane (0.3 mL) and
purged under nitrogen. The catalyst mixture was sonicated and cannula transferred under
nitrogen into the reaction mixture. The reaction was quenched with ethyl vinyl ether (2
mL) for 1 h and stirred at room temperature for 30 min. The mixture was extracted with
DCM (3 x 50 mL). The aqueous phase was lyophilized to obtain fluffy white solid and
subjected to analysis by MALDI (MS).
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Appendix Al: Raw Data for Molecular Modelling

Table Al: Docking results and parameters for 2.10, 2.12, 2.14, 2.16, 2.19 and 2.20.

Comp. Grid No. poses with WHD < 4.5% Most Representative Pose
H-bonds®®  WHD? Emodel®

210 0-CAPN1 17 AB,CSerys;  3.96 -53.70
0-CAPN2 11 B,C 4.33 -54.86

212 0-CAPN1 6 AB,C 3.28 -45.24
0-CAPN2 4 AB,C 3.61 -43.10

2.14  0-CAPN1 2 AB,CSerys;  3.77 -59.01
0-CAPN2 4 B,C,Serss 359  -51.06

2.16  0-CAPN1 4 B,C 3.80  -46.96
0-CAPN2 4 A,B,C,Serysp  3.56 -47.30

2.19 0-CAPN1 3 Gly2os 3.48 -43.48
0-CAPN2 4 AB,C,Serps1  3.92  -66.56

2.20 0-CAPN1 4 B,C 3.31 -51.33
0-CAPN2 6 AB,C 3.60 -45.58

# Warhead distance (WDH) is the distance between the carbonyl carbon of the aldehyde and the active site

cysteine sulfur in A

® Hydrogen bonds from the carbonyl group of Glyags, the NH group of Glyags and the carbonyl group of

Gly,7; of the Ovine | homology model are labelled A, B and C, respectively.

¢ The analogous hydrogen bonds from the carbonyl group of Glyeg, the NH group of Gly,4g and the carbonyl

group of Gly,g; of the Ovine Il homology model are also labelled A, B and C, respectively.

¢ GLIDE Emodel combines the energy grid score, the binding affinity predicted by the GlideScore, and the

internal strain energy of the ligand for the model potential used to direct the conformational-search algorithm.
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Appendix A2: Raw Assay Data and 1Cs, Calculation Example for Calpain Assay

The data in Table A2 was collected for one assay run for SJA6017. Rows 1-3 correspond to the calcium blank; 4-6 EDTA Blank; 7-9 m-calpain;
10-12 SJA6017 at 5 uM; 13-15 SJA6017 at 1 pM; 16-18 SJA6017 at 0.2 uM; 19-21 SJA6017 at 0.04 uM; 22-24 SJA6017 at 0.02 pM; 25-27
SJA6017 at 0.01 pM; 28-30 SJA6017 at 0.005 uM. The columns correspond to the amount of fluorescence (in fluorescence units) recorded at 30

s intervals for a total of 10 min. The fluorescence over time for the blanks and inhibitor concentration was plotted and analysed using GraphPad

Prism version 5.02 for Windows {GraphPad Software, San Diego California USA, www.graphpad.com} (Figure Al).

time (s)

Ca Blank

EDTA Blank

m-calpain

(calpain 2)

SJA5 puM

540
537
542
651
647
650
543
541
540
535
528

30

534
540
540
651
658
656
559
556
550
534
528

60

538
543
538
649
653
599
565
564
560
534
525

90

536
538
536
650
655
654
575
573
572
534
526

120

534
537
539
652
650
653
589
586
584
531
533

150

537
543
540
647
648
652
600
596
594
532
531

180

538
538
539
648
647
649
607
609
604
533
530

210

534
540
541
641
649
652
619
613
613
534
530

240

535
537
539
640
644
648
628
628
621
534
530

270

534
539
537
640
640
644
639
632
629
530
529

300

529
536
536
639
640
644
650
643
639
530
529

330

529
529
535
637
638
643
656
652
643
530
527

360

527
529
527
636
640
639
671
661
652
527
527

390

521
529
526
637
637
635
674
669
663
530
526

420

523
525
527
634
635
636
687
682
671
531
528

450

518
524
522
636
640
637
699
690
681
528
526

480

514
521
519
634
640
640
707
696
686
526
522

510

513
518
519
627
630
636
717
709
696
528
522

540

514
516
517
629
635
631
728
720
706
525
521

570

510
515
515
631
634
630
740
729
715
529
525
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SJA1pM

SJA0.2 pM

SJA 0.04 pM

SJA 0.02 pM

SJA 0.01 pM

SJA 0.005 uM

534
534
533
537
540
539
551
539
538
538
532
538
538
540
536
535
535
539
539

534
535
538
536
548
544
557
549
547
547
544
549
546
548
548
547
548
547
549

534
534
533
536
548
551
563
555
562
556
556
561
557
556
557
557
559
557
556

532
536
537
535
553
557
565
564
568
566
566
572
569
570
568
565
570
568
570

532
539
538
539
559
561
571
579
579
574
578
579
578
580
580
578
584
580
582

534
539
538
540
563
567
572
584
584
579
583
591
588
586
585
583
591
589
590

534
538
539
540
564
568
575
591
592
586
590
597
595
596
597
596
601
599
601

533
542
540
541
567
568
576
598
600
597
598
604
603
605
602
602
606
606
611

533
538
540
540
569
569
581
604
602
601
606
611
613
612
613
611
616
615
624

533
536
535
538
570
570
581
609
609
602
613
619
619
619
620
614
624
624
628

530
539
540
537
571
571
580
615
615
613
620
623
623
626
627
624
631
631
639

528
538
541
539
569
576
583
620
619
615
626
635
634
630
634
636
640
641
648

531
538
535
536
455
573
580
624
625
623
630
641
635
642
639
638
648
648
661

531
539
538
540
573
576
580
633
629
626
638
647
642
647
650
648
656
652
668

526
536
538
535
576
579
582
637
635
628
642
650
648
656
658
653
667
662
679

526
534
535
540
575
578
584
640
641
636
651
656
657
661
663
659
673
673
690

528
535
536
537
575
584
585
645
644
640
661
664
664
671
671
667
681
683
698

523
538
537
537
576
581
586
651
648
644
669
669
669
677
677
674
690
691
707

527
535
535
537
576
582
587
658
654
648
667
677
675
686
684
681
696
699
718

525
533
535
537
576
581
586
659
657
655
677
683
681
690
692
691
710
707
726

Table A2 Raw calpain inhibition assay data for SJA6017.



|74

Inhibition of Calpain 2 by SJA-6017 (MOPS substrate buffer) Inhibition of Calpain 2 by SJA-6017 (MOPS substrate buffer):
steady state of slow-binding inhibiton
(linear fit: 390-570 s)

8004
—-o- CaBlank
-=- EDTABIlank —e— CaBlank
—+~ 1/20 Cpn2 7001 -a~ EDTA Blank
= 5uMSJABO017 g —— 1/20 Cpn2
1 uM SJA5017 8 = 5 uM SJA6017
- 0.2uM SJA-6017 @ 6001 L — 1 uM SJA6017
0.04 uM SJA-6017 2 - s - - 0.2 uM SJA-6017
- ~+ 0.02uM SJA-6017 ; — s 0.04 uM SJA-6017
500 r r , —* 0.01uM SJA-6017 500 LI —-- g.gf nm ?J:«jgz
0 200 400 800 0,005 uM SJA-6017 35 400 450 500 550 600 _,_ o.ooél uM SJA-6017

fue 0) time (s)

Figure Al Graph of a the calpain inhibition assay for SJA6017

The average enzyme activity was obtained from the slope of the linear regression over data points 390-570 s (corresponding to the steady state
rate of slow binding inhibition); and the corrected enzyme activity average values were obtained using equation Al for the inhibitor samples or

using equation A2 for the uninhibited enzyme, which represent the baseline corrected fluorescence.

I:Uavg. inhibitor = I:Uavg. sample — (FUcabiank + FUEDTA blank)/2 Equation Al
FUuninibited = FUenzyme — (Aca blank + AeDTA blank)/2 Equation A2
Where FU corresponds to the change in fluorescence over 390-570 s.
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The corrected enzyme activity in the absence of inhibitor (m-calpain) was set to 100%. Enzyme activities in the presence of inhibitors were

calculated in relation to the activity in the absence of inhibitor using equation A3:

% Inhibition = [(FUavg. inhibitor — FUuninnibited)/F Uuninhibitea] X 100 Equation A3
Average  Std. error Corrected average Inhibition
(FUIs) (FUIs) (FUIs) (FU/min) (%)
Ca Blank -0.07063 0.006117
EDTA Blank -0.03254 0.01478
m-calpain 0.323 0.00807 0.3746 22.4751 100.00
SJA-6017 5 pM -0.02183 0.008076 0.0298 1.7853 7.94
SJA-6017 1 uM -0.01468 0.006145 0.0369 2.2143 9.85
SJA-6017 0.2 uM 0.0254 0.006716 0.0770 4.6191 20.55
SJA-6017 0.04 uM 0.1567 0.00313 0.2083 12.4971 55.60
SJA-6017 0.02 uM 0.2155 0.008531 0.2671 16.0251 71.30
SJA-6017 0.01 uM 0.2369 0.004314 0.2885 17.3091 77.01
SJA-6017 0.005 pM 0.3028 0.004705 0.3544 21.2631 94.61

Table A3 Calculations for SJA6017



The average values of percentage inhibition obtained in two separate experiments, each in triplicate, were plotted against the inhibitor

concentration (logarithmic scale, value for [1] = 0 is not depicted), and analysed using equation A4 to obtain the 1Csy value (Figure A2).
v .
Vi = OI Equation A4
0
IC,,

Where [1] is the inhibitor concentration, and vo and v are the percentage enzyme activities in the absence and presence of inhibitor.

Inhibition of Calpain 2 by SJA6017
(MOPS substrate buffer)

1001 ICso = 56 + 4 NM
S 75
S
S 50

25-

0 L ——rp—r———r

1 10 100 1000 10000 100000
[SJA6017] (nM)

Figure A2 ICsp analysis for SJA6017
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Appendix A3: Raw Assay Data and K; Calculation Example for a.-Chymotrypsin Assay

The data in Table A4 are the slopes obtained from three assay runs for inhibitor 2.86 at two different substrate concentrations. The slope values
are the raw data, as given by the Varian Cary 5000 UV-VIS-NIR spectrophotometer, after automatic analysis over 6 min at zero order. The
columns correspond to the rates of substrate hydrolysis over 6 minutes in the absence of inhibitor (row 1) and in the presence of 5 different
inhibitor concentrations (rows 2-6). The rates in the absence of inhibitor, vo, and the rates in the presence of inhibitor, vi, were used for the
determination of 1Csp and K;.

Table A4 Raw data for the a.-chytrypsin inhibition assay data of macrocyclic inhibitor 2.86.

50 UM Suc-Ala-Ala-Pro-Phe-PNA 20 UM Suc-Ala-Ala-Pro-Phe-PNA
Run 1, vj Run 2, vj Run 3, vj Run 1, vj Run 2, vj Run 3, vj
no inhibitor, vo 0.0053 0.0049 0.005 no inhibitor, vo 0.0026 0.0023 0.0029
0.6 uM 2.86 0.0016 0.0019 0.0014 0.6 uM 2.86 0.0005 0.0005 0.0003
0.3 uM 2.86 0.0026 0.0029 0.0024 0.3 uM 2.86 0.001 0.0009 0.0009
0.15 pM 2.86 0.0033 0.0039 0.003 0.15 pM 2.86 0.0016 0.0012 0.0012
0.075 pM 2.86 0.0045 0.0049 0.0039 0.075 pM 2.86 0.0017 0.0017 0.0021
0.0375 pM 2.86 0.0045 0.0052 0.0045 0.0375 pM 2.86 0.0025 0.0022 0.0028
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The ICs for inhibitor 2.86 was determined graphically using using GraphPad Prism version 5.02 for Windows {GraphPad Software, San Diego
California USA, www.graphpad.com} at two substrate concentration (50 mM and 20 mM) were determined using equation A4. By rearranging

equation A4 to obtain equation A5, the I1Cs, for 2.86 was obtained from the reciprocal of the slope, i, by plotting Yo against inhibitor
50 Vi

concentration, [I] (Figure A3).

vV, = —— Equation A4
1+7[|]
IC,,
Vo _ 1 [1]+1 Equation A5
v, IC,

where Vo and v; are the rates in the absence and presence of inhibitor, and [1] is the inhibitor concentration.
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Determination of IC;, for 2.86
(12.5 ng solid/mL Enzyme, 6% DMSO)

10- -o- 50 uM Suc-AAPFpNA
—— 20 yM Suc-AAPF-pNA

L

0 200 400 600 800

[2.86] (nM)

ICgy =276 = 20 nM (50 uM substrate)
ICgp =110 = 14 NM (20 pM substrate)

Figure A3 ICs determination for 2.86 at 50 mM and 20 mM substrate.

The inhibition constant, K;, for inhibitor 2.86 was determined graphically using the Dixon plot {Dixon, M. Biochem. J. 1974, 137, 143}. The Dixon
plot is derived from the Michaelis-Menton equation (equation A6), which relates the rate of reaction, vy to the concentration of inhibitor, [I].

This equation can be transformed to the Lineweaver-Burk equation (equation A7) to obtain a linear plot, by plotting the inverse of the relative
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rates, i, against inhibitor concentration, [1], at a constant substrate concentration, [S]. The intersect of the two lines determined at 50 mM and
v

20 mM substrate concentration intersects at -K; (Figure A4).

v, = Vinex[S] 0 Equation A6
S]+K_ |1+==
5] ( Ki)
1 = [S1+K, + Ky [1] Equation A7
Vi Vmax[s] Vmax[S]Ki

where v; is the rate, Ky, is the Michaelis constant, and [I] is the inhibitor concentration.
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Dixon Plot for2.86 (To determine K;)
(12.5 ng solid/mL Enzyme, 6% DMSO)

4000+
- 50 uM Suc-AAPF-pNA
K=33=x5nM -~ 20 uM Suc-AAPF-pNA
3000
2000+
e‘
1000 .
200 200 400 600 800
[2.86] (nM)
-1000-

Figure A4 K; determination for 2.86 using the Dixon plot.



Appendix A4: Percentage Inhibition of Alcohols Synthesized in Chapter 2

Table A5 below outlines all the alcohols compounds assayed against m-calpain and a-

chymotrypsin using the assay protocols in Chapter Three. Values given are the percentage

inhibition for each compound a their highest possible concentration.

Table A5 Percentage inhibition of alcohols against m-calpain and a-chymotrypsin.

% Inhibition
Compound i i
m-calpain (CAPN2) a.-chymotrypsin
HO. / \ N\/\OH
2.78 ) 0% @ 50 mM 0% @ 250 mM
HO N\/\OH
2.79 @ 0% @ 50 mM 0% @ 250 mM
YbYNwOH
2.80 \@ ) 0% @ 50 mM 0% @ 250 mM
HO. N\/\OH
281 © 0% @ 50 mM 0% @ 250 mM
i, e
2.85 N ) 0% @ 50 mM 0% @ 50 mM
1\ |
2.86 N n “% 10% @ 50 mM 0% @ 125 mM
O, Jf
2.87 10% @ 25 mM 0% @ 125 mM

@

254



Compound

% Inhibition

m-calpain (CAPN2)

a-chymotrypsin

2.88

2.90

2.122

2.123

2.127

2.128

2.129

2.130

o/\NQL]

N

@
%b

/\/O
B
N ~"oH
o H o ﬁ

/\/o

12% @ 25 mM

0% @ 25 mM

10% @ 25 mM

0% @ 50 mM

0% @ 50 mM

0% @ 25 mM

0% @ 10 mM

6% @ 25 mM

17% @ 25 mM

0% @ 50 mM

25% @ 50 mM

0% @ 125 mM

0% @ 50 mM

0% @ 250 mM

0% @ 125 mM

0% @ 50 mM

0% @ 50 mM

0% @ 50 mM
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Compound

% Inhibition

m-calpain (CAPN2)

a-chymotrypsin

2.131

2.132

2.133

2.134

43% @ 50 mM

26% @ 25 mM

0% @ 50 mM

0% @ 10 mM

0% @ 50 mM

0% @ 25 mM

25% @ 125 mM

0% @ 25 mM
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Appendix A5: Enzyme Assays Data

Table A6 below outlines assay data for all the aldehyde compounds assayed against cysteine proteases and serine proteases using the assay protocols

in Chapter Three.

Table A6 Enzyme inhibition assay data for aldenyde compounds.

Cysteine Protease (ICso (LM))

Serine Protease (ICso (LM))

Ovine

Ovine

Human Human Bovine Human Bovine
Compound _ _ _ _ _ _
p-calpain m-calpain Cathepsin  Cathepsin a-Chymotrypsin  Leukocyte Trypsin
(CAPN1)? (CAPN2)? L° ¢ (Ki (UM))! Elastase'
o AN KT L 4 0.0470 + 0.0217 + 37% residual _ ni. @ 10
2.21 NTTN T 0.324 +0.08 0.249 +0.05 o . ni.@10ppM" N
0.0012 0.0043 activity @ 125 pM’ uM
(o]
M 5 f ni. @ 10
2.22 G Ny T n.d.’ 0.153 + 0.02 n.d.c n.d.c 0.431 +0.0028 n.i. @ 10 uM" "
n
D
B
WY y T X 0.0207 + 0.00137 % ni. @ 10
2.23 n.d. 0.203 +0.04 1.917 £ 0.167 1.82+0.43 N
0.0023 0.00015 uM
rS
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Cysteine Protease (ICsp (LM))

Serine Protease (ICso (LM))

c d Ovine Ovine Human Human Bovine Human Bovine
ompoun ] . . . . ]
H-calpain m-calpain Cathepsin  Cathepsin o-Chymotrypsin  Leukocyte Trypsin
(CAPN1)? (CAPN2)? L® S (Ki (M)’ Elastase'
B
5 %é i 0.0066 + ni. @ 10
2.24 © ° n.d. 0.246 £ 0.06 0.206 £0.014 0.033£0.005 1.72+0.68 "
Q 0.0019 uM
PN
. 52.6% residual )
A HJ)L y 0.00300 + 0.00171 34% residual o ni.@ 10
2.25 N TN 0.042+£0.005  0.066 +0.008 . . activity @ 10 o
© © 0.00036d 0.00035 activity @ 50 uM! ” uM
n
54.6% residual )
Mo O . 00115+  0.00169 + N ni. @ 10
2.26 o5y “%N H n.d. 0.156 £ 0.027 2.525+0.248 activity @ 10 "
"o i Mo 0.0018d 0.00033 . uM
uM
O o IC50 > 100 54.4% residual i
B . ) ) o ni.@ 10
2.114 O g n.d. 3.11+£05 uM @ 10 5.6h ni. @ 125 puM activity @ 10 "
T uMf uMf "
O o IC50 > 300 82.1% residual )
[N KL, X ) . . ni.@ 10
2.115 I i n.d. 89+05 uM @ 10 14h n.i. @ 50 uM activity @ 5 "
\© uMf uM’ "
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Cysteine Protease (ICsp (LM))

Serine Protease (ICso (LM))

c d Ovine Ovine Human Human Bovine Human Bovine
ompoun . . ) . . .
p-calpain m-calpain Cathepsin  Cathepsin a-Chymotrypsin  Leukocyte Trypsin
(CAPN1)? (CAPN2)? L® S (Ki (M)’ Elastase'
Y R R Ly
g I JLH ) X 0.0931 + 0.00185 + ni. @ 10
2.116 3 n.d. 0.067 £0.005 0.939+£0.19 0.859 £ 0.432 "
0.0008 0.00015 uM
O~
o AN R L .
N TN b 0.0563 + ni. @ 10
2.117 ° N ° n.d. 0.823 +0.28 1.72+0.13 0.056 +0.015 1.46 +0.40
0.00203 uMm™
O~
o A MR L
NT TN X 0.0115 + 0.00141 + _ ) ni. @ 10
2.118 n.d. 7.76 £ 1.08 n.i. @ 50 uM 0.465 + 0.154 N
0.0018d 0.00028 uM
N O_E
o AN R L .
NN X 0.0214 + ni. @ 10
2.119 ° ° n.d. 13+0.2 0.366 + 0.05d 0.688 £0.08 0.524 £0.030 "
@ 0.00198 uM
O~ o—\=
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Cysteine Protease (ICsp (LM))

Serine Protease (ICso (LM))

Ovine Ovine Human Human Bovine Human Bovine
Compound ) ) ] ] . ]
p-calpain m-calpain Cathepsin  Cathepsin a-Chymotrypsin  Leukocyte Trypsin
(CAPN1)? (CAPN2)? L® S (Ki (M)’ Elastase'
H 0.0105 % 40% residual ni. @ 10
2.120 ° 0.055+0.011  0.04+0.006 0.921+0.072 o - 0.148+0.029
0.0008 activity @ 25 M’ uM™
H X 0.176 + ni. @ 10
2.121 i n.d. 0.072+0.014  1.39+0.07 2.474+£0.118 0.520 + 0.206 N
0.038 uM

® Triplicate measurement @ seven inhibitor concentration

® Not determined due to insufficient enzyme for assay

¢ Duplicate measurements @ 2 days @ five inhibitor concentrations, the first 10 min of the progress curves were analysed
¢ progress curve analysed between 2 and 10 min.

¢ Not determined due to insufficient compound for assay

" Quadruplicate measurement @ single inhibitor concentration

9 Single measurements @ 2 days @ five inhibitor concentrations, the first 10 min of the progress curves were analysed
" Duplicate measurement @ single inhibitor concentration

' Triplicate measurement @ five inhibitor concentration at 20 and 50 M substrate concentrations.

I Triplicate measurement @ single inhibitor concentration, 50 uM substrate concentration.

% No inhibition; > 80% residual activity; triplicate measurement

' Duplicate measurement @ five inhibitor cocentration

™ No inhibition; > 80% residual activity; duplicate measurement
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