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Abstract

Proteases are responsible for the hydrolysis of proteins and peptides and
have been implicated in the development of various diseases. Herein
describes the design and synthesis of reversible peptidomimetic inhibitors
of serine and cysteine protease for the control of protease activity.
Proteases recognise substrates’ secondary peptide structure which
conforms to a saw-tooth arrangement of amino acids, known as an
extended B-strand geometry. This property has led to the development of

potent inhibitors which mimic this conformation.

Chapter two discusses defining B-strand geometry in inhibitors, while
maintaining key substituents necessary for recognition by protease hosts,
by the replacement of N-terminal residues with heterocyclic constraints.
The inclusion of a heterocycle both enforces backbone (-strand
conformation while increasing inhibitor bioavailability and metabolic
stability. A series of peptidomimetic inhibitors containing heterocycles,
including pyrrole, furan, thiophene and pyridine were synthesised, and the
associated inhibitory activities against a model serine protease, a-
Chymotrypsin, determined in proteolytic assays. Of the series of
heterocycles, pyrrole was determined to be the optimum heterocycle for
inclusion in inhibitors of this class. Extension of this concept of constraint
was investigated in the approach towards heterocycle-containing
macrocycles constructed by ring-closing metathesis for the inhibition of

cysteine Cathepsin proteases, where the introduction of a macrocyclic

\



tether couples with the heterocyclic constraint to define the desired
backbone B-strand geometry. Pyrrole-containing macrocycle 2.47 was
constructed by ring-closing metathesis, but was found to be unstable to
hydrogenation conditions. A similar pyridine-containing macrocycle 2.61
was successfully synthesised and hydrogenated, but was unable to be
functionalised with appropriate C-terminal residues due to its poor solubility

profile.

Chapter three details the design and synthesis of a series of peptidomimetic
inhibitors of the serine protease Hipl which has been implicated with a host
innate immune response pathway of Mycobacterium tuberculosis.
Described is the synthesis of a library of tripeptides containing an
electrophilic boronic ester at the C-terminus for reversible covalent
attachment to the Hip1 active site and the associated inhibitory assay data.
Alead compound, 3.23, which has exceptional potency of inhibition (low nM
activity) was discovered, from which highly potent derivatives featuring a C-
terminal aldehyde 3.44, a-keto heterocycle 3.49, and a-keto ester 3.58 were
established. Further refinement of these inhibitors presents an opportunity

for the development of therapeutics for the treatment of tuberculosis.
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CHAPTER ONE:

Structure, Function and
Mechanism of Action of Serine
and Cysteine Protease Inhibitors



Chapter One

1 STRUCTURE, FUNCTION AND MECHANISM OF ACTION OF
SERINE AND CYSTEINE PROTEASE INHIBITORS

1.1 Protein Structure and its Importance in Biology

Proteins are ubiquitous bioorganic molecules which play vital roles in all aspects
of cell structure and function.2 They are arguably the most versatile class of
macromolecules in living systems and perform crucial functions for almost all
biological processes, including catalysis, growth and differentiation, as well as
serving as the structural components of cells and organisms.? This function is
defined by four levels of structure designated as primary, secondary, tertiary and

quaternary, as depicted in Figure 1.01.13

Primary structure is defined by the linear sequence of amino acids (known as
residues) linked by amide bonds, with a sequence of a small number of amino
acids defined as a peptide. Disulfide bridges between cysteine residues are also
considered part of the primary structure and these provide conformational
constraint and thermodynamic stability to the overall structure.* Secondary
structure is predominately dictated by hydrogen bonding between N-H and C=0
groups along the peptide backbone, giving rise to two distinct classes of secondary
structure: a-helices and B-sheets. Tertiary structure defines the entire structure
of a protein and is formed by secondary structures such as a-helices and B-sheets
which are linked by loops formed by side chain and backbone interactions or side
chain side chain interactions. Quaternary structure refers to the functional unit

resulting from the assembly of multiple polypeptide subunits. The work described
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herein is concerned with the secondary structure and its role in defining the

interaction of an inhibitor with its target enzyme, a protease in this case.

£l
/
c”
4 //
(a) Primary Structure (b) Secondary Structure

, )‘i/

3

N A .
/f‘\ !
(c) Tertiary Structure (d) Quaternary Structure

Figure 1.01 Four levels of protein structure. (a) primary structure: amino acid
sequence from the N-terminus to the C-terminus. (b) secondary structure:
hydrogen bond stabilisation of the primary sequence to form a-helices and B-
sheets.? (c) tertiary structure: 3-dimensional structure of a protein (Erabutoxin B,
PDB 1ERA).> (d) quaternary structure: multi-polypeptide subunit (human

haemoglobin, PDB 1A3N).®
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1.2 Overview and Classification of Proteases
1.2.1 Introduction to proteases

Proteases are the proteins responsible for proteolysis, the process by which an
amino acid or peptide is released from a protein or larger peptide by hydrolysis of
amide bonds.” Proteases are involved in numerous physiological processes
including DNA replication and transcription, cell differentiation, wound repair,
blood coagulation, inflammation, immunity and apoptosis as a few examples.?®
Almost all organisms require proteases to function, with around 2% of the
mammalian genome constituted by proteases, resulting in 600 such enzymes in
humans.® 1% Organisms which do not encode proteolytic enzymes in their genome,
such as some viruses, still require these enzymes for survival and thus manipulate

host enzymes to perform proteolysis.

The active site of a protease contains two clefts which are connected through
various interactions to form two domains referred to as L (left) and R (right).* 711
Centred between the two clefts is the catalytic dyad or triad (depending on the
type of protease) which is responsible for catalytic proteolysis. A typical example
is the proteolytic enzyme Chymopapain, whose two clefts are roughly the same
size but are of different conformation, with the L domain mainly composed of a-
helices, while the R domain is predominately composed of antiparallel B-sheet

interactions (Figure 1.02).%2
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Figure 1.02 X-ray crystal structure of Chymopapain.” The L and R domains flank

the catalytic triad Cyszs, Hisise, Aspiss highlighted in red (PDB 1YAL).1?

Proteases are classified into six classes: serine, cysteine, threonine, aspartic acid,
glutamic acid and metallo proteases; the classification of which is based on the
mechanism of peptide bond hydrolysis.® Each protease has its own specificity,
localisation and biological function, but all catalyse the cleavage of amide bonds
by nucleophilic attack on the carbonyl carbon. Serine, cysteine and threonine
proteases contain a catalytic active site nucleophile residue (Ser, Cys and Thr,
respectively), while aspartic acid, glutamic acid and metallo proteases activate a
water molecule within the active site that then acts as the nucleophile. The
pathway for proteolysis for each protease class is summarised in Figure 1.03,
where Tl indicates the tetrahedral intermediate formed during proteolysis which
is held noncovalently within the active site during the noncovalent catalytic

pathway.
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Covalent catalysis: serine, cysteine and threonine proteases

P, H,0
E+S =—= ES =—= Tl, — AE —— T, E+P,

Noncovalent catalysis: aspartic acid, glutamic acid and metallo proteases

Hzo P1

\

ES == Tl =——= E+P,

E+S

Figure 1.03 Mechanistic pathways for peptide proteolysis. E indicates the
enzyme, AE is the activated enzyme formed during the covalent catalytic
pathway, S is the substrate, and P1and Pz are product 1 and 2 formed in the

hydrolysis reaction, respectively.

1.2.2 Protease specificity

Further classification of these broad classes into subclasses of specific proteases
is determined by the specificity of the catalytic active site towards particular
amino acids within a substrate. The nature of the amino acids (as defined by their
side chains) which make up the groove or pocket into which a substrate or
inhibitor binds defines selectivity within a protease family.* The manner by which
binding occurs is defined by the notation developed by Schechter and Berger
based on an early model of a cysteine Cathepsin protease, Papain.'®> Binding
pockets or groves known as subsites along the active site of a protease selectively
bind amino acids that are complementary in terms of size, shape and
hydrophobicity/hydrophilicity. The side chains of the amino acids in a substrate

are defined as Pn-Py, while the corresponding subsites of the enzyme are defined
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as Sn-Sr'. Upon binding to the active site, the substrate is cleaved between P; and

P1" at the scissile carbonyl bond (Figure 1.04).

S, Sy Sy’
7 7 N
o P o Py o Py
H 2 H 1 H 3
N N NJ;EH)\WN N
Ss S S,

Figure 1.04 Substrate residues (Pn-Pn’) and protease binding sites (S»-Sn") for a
general peptide sequence. The cleavage site is denoted by the red line, where P
and S sites denoted with a prime indicate the C-terminal side of the cleavage site

and non-prime sites indicate the N-terminal side of the cleavage site.

The catalytic triad of serine and cysteine proteases contains an acid-base pair
which activates the triad’s nucleophilic residue in order to perform covalent
catalytic proteolysis of polypeptides. Serine proteases contain a reactive hydroxyl
in a Ser residue activated by an Asp and His residue (Figure 1.05 (a)), while cysteine
proteases contain a reactive thiol in a Cys residue activated by an Asn and His
residue (Figure 1.05 (b)).1® The active site nucleophile attacks the carbonyl of the
scissile amide bond to give a tetrahedral intermediate which is stabilised by an
oxyanion hole arising from hydrogen bonding to active site residues (Glyi93/Serios
for Chymotrypsin —serine protease and Cyss/Glnig for Papain - cysteine protease).
Computational studies suggests that for serine proteases, the formation of the
unstable covalent anionic tetrahedral complex, TC(O-), is sufficiently
thermodynamically stabilised by the energy released in the formation of the new

C-O bond that protonation of the anion is not required (Figure 1.05 (a), (2)).1” The



Chapter One

thiol of cysteine proteases, however, is significantly less able to stabilise the
anionic tetrahedral complex and therefore potentially requires further
stabilisation by protonation to the neutral TC (OH) complex (Figure 1.05 (b), (2)).
Release of the free amine forms an acyl-enzyme (activated enzyme) intermediate
which undergoes hydrolysis to liberate the free carboxylic acid and regenerate the

catalytic triad.

(a) Serine protease catalytic cycle

Oxyanion hole

N N

/ / )
H\(g/H Hydrogen Bonding
H R . TC(O-)
IS 2~
— H?\R1
o NEN (-
N~ R
)]\ R, ,H/ " TH Ser H,N 2
2
Asp/go
Tetrahedral transition
His state | His OYR1
N__N N._N O
v “H-0 sNZ \_Ser
HO™” \—ser HO"
/g ‘@ /g {3 Acyl enzyme
Asp (@) m Asp O
Catalytic triad /N N
H o H/
\Q/
His 2
NI Hooﬁ\R1
@
H/N‘vv’N\H \—Ser
i . ® "
/U\ Asp (@]
Ry~ “OH

Tetrahedral transition
state Il
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(b) Cysteine protease catalytic cycle

Oxyanion hole

Covalent Bonding /N N

H H/ Hydrogen Bonding

N A -
o 9" TC(OH)
His 2~ 7
_ W7
0 N&N (-
'V H Cys Rz
)’LN/RZ ,H/ N Y H2N

A\ o
2
Asn/kNHz
Tetrahedral transition
His state | His o

- - Y

N N S
’H/N\? “Hes ’H/N\? N—Cys
o 7 \—CyS o
1,0 3,5 noneneme
Asn NH, m Asn NH,
Catalytic triad N N
S
Ho H

i X ©®
R1)J\OH

Tetrahedral transition
state Il

Figure 1.05 Mechanistic pathways for proteolysis catalysed by (a) serine and (b)

cysteine proteases.

The nature and details of proteases belonging to the serine and cysteine families

is discussed further in chapter two.

1.3 Proteases as Therapeutic Targets and the Current Design of
Protease Inhibitors

Proteases play a key role in a diverse range of biological processes, including, for
example, the cell cycle,'® cell motility,!® and cell fate determination.?’ As a
consequence, abnormally high activity in proteases is associated with a range of

important diseases including osteoarthritis,?! inflammatory lung diseases,
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Alzheimer’s®?> and cancer.”®> One way to reduce the number of undesired
proteolytic events is by protease inhibition using small molecule protease

inhibitors.

Enzymatic inhibitors are broadly classified by their mode of action. Four of these
classes include “active-site directed”, “mechanism based”, “tight-binding” and
“slow-binding” inhibitors. An initial classification is based upon whether inhibitors
interact with the active site directly (active-site directed) or whether they interact
at another site of the enzyme (allosteric effectors), with the number of active-site
directed inhibitors currently far outweighing the number of allosteric effector
inhibitors. The S1-Sz subsites are the most significant in defining which groups bind
in the corresponding substrate.'® Active-site directed inhibitors are further
classified as reversible or irreversible. Reversible inhibitors typically bind non-
covalently, though covalent binding is sometimes evident as is the case for
peptidic aldehydes and nitriles, as discussed in more detail in chapter two.?* A
covalent tetrahedral adduct forms between the protease and a reversible
inhibitor which is usually in equilibrium with the free enzyme and inhibitor.?> In
contrast, irreversible inhibitors are not in equilibrium with their unbound state
and invariably react covalently. Reversible inhibition is typically distinguished from
irreversible inhibition by systematically treating the enzymes with decreasing
concentrations of inhibitor which will result in an increase in enzyme activity in
the case of reversible inhibitors. While this distinction between inhibitor types
may appear to be simple, it is often quite difficult to differentiate them. For
example, reversible inhibitors which bind to the enzymes with a very high affinity

and thus have a very slow rate of reversibility can appear as irreversible inhibitors.

10
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1.3.1 Serine and cysteine protease inhibitor structural features

Protease inhibitors generally have the same core structure as a natural protein or
peptide substrate as is required for recognition by the protease host. Such
inhibitors are as such termed as “peptidomimetic” inhibitors. A high level of
affinity for a given protease generally requires the inhibitor to contain at least two
amino acid residues. Furthermore, substrate sequences (Pn-P»’, see Figure 1.04 for
a definition) known to bind at active site binding sites (Sn-Sn’) of the target
protease must be incorporated into the inhibitor design.?® In addition, the
hydrolytically labile amide bond on the Pi residue is typically replaced with an
electrophilic group, commonly referred to as “warhead”, which acts as the
substitute reactive group and forms the covalent linkage to the protease on
binding. If this covalent linkage can be reversibly broken to release the two free

species, the inhibitor is reversible.

Reversible inhibitors are generally more desirable than irreversible inhibitors in
therapeutic applications due to decreased toxicity and associated side effects.?’
The current approach to the development of new cysteine and serine protease
inhibitors is therefore primarily focused on peptidomimetic inhibitors containing
electrophiles whose electronic properties can be tuned for selective reversible
inhibition. The geometry or conformation of the peptidic backbone of inhibitors,
as defined by its B-strand character (chapter two), is also known to be critical for
binding to a protease. The introduction of a planar heterocyclic constraint into the
peptidic backbone has been demonstrated to both assist in defining this geometry

while reducing peptide character to improve biostability.?® Introducing a

11
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macrocyclic link between the P1 and P3residues has also been shown to define this

geometry.?® These ideas are developed further in chapter two.

1.3.2 Serine protease inhibitors

In order to inhibit proteases, inhibitors must have both an appropriate amino acid
sequence which is complementary to the binding sites and a suitable C-terminal
electrophile. A broad range of electrophilic warheads have been reported for
serine protease inhibitors.3° Leupeptin, a naturally occurring peptidic aldehyde
with the sequence Ac-Leu-Leu-Arg-CHO, was found to reversibly inhibit the
mammalian serine protease Trypsin (ICso= 5.0 uM) (Figure 1.06, (a)).3! The critical
P1 Arg of Leupeptin is known to interact favourably with the corresponding Aspiss
S1 pocket via a salt bridge interaction, while the amide bonds of the P, and P3
residues (Leu-Leu) interact with the corresponding amides in the S, Serz14 and S3
Gly216 residues respectively.3! Leupeptin demonstrates “slow binding”, that is, a
slow attainment of a steady state when introduced to serine proteases. Leupeptin
is not a slow binder in the classical sense of only binding following a
conformational change in the enzyme, but rather binds slowly because the
concentration of the free reactive aldehyde in aqueous solution which is able to
act as an inhibitor at any given time is low. This is largely due to the formation of
hydrates, a common feature of all peptidic aldehyde inhibitors which are likely to
exist a concentration of less than 10% free aldehyde at any given time in aqueous
environments (Figure 1.06, (b)).32 Leupeptin exists at a lower concentration than
most peptidic aldehydes in aqueous solutions due to a unique intramolecular
cyclisation between the P; Arg and terminal aldehyde which forms a stable 6-

membered hemiaminal ring system; Figure 1.06, (a).

12
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(a)

N N
2 2
OH NH 2 O NH N NH
Ac—Leu—Leu—N Ac—Leu—Leu—N =—= Ac—Leu—Leu—N \(
Ho Oy H o § Hho H NH,
42% “ 2% 56%
N N
\n/ 2
Ac—Leu—Leu—N/<;o/H NH
H oo
\Ser%
(b)
y OH H,O H 9 y OH
N -~ N _— N
Peptide” \;)\OH Peptide” \_,)LH Peptide” \;)\O—Ser%
R R R

Figure 1.06 (a) Inhibition of serine proteases by Leupeptin. (b) General inhibition

of serine proteases by peptidic aldehydes.

A significant drawback of such peptidic aldehydes is that they are often limited by
chemical and metabolic instability, in addition to being prone to epimerisation at
the P41 position. In response to this, other electrophilic terminal carbonyl groups
have been designed to provide reversible inhibition while minimising these
problems. Inhibitors containing trifluoromethyl ketones, a-keto heterocycles, a-
diketones and a-keto esters and amides have been developed (Figure 1.07, (a)).3*
37 Reversible inhibitors containing non-carbonyl electrophiles have also be shown
to be potent serine protease inhibitors, with organoboronic acids and boronate
esters having also demonstrated increased metabolic and chemical stability

(Figure 1.07, (b)).33 38
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(a) Reversible serine protease inhibitors

H 0] H 0] H 0]
N N N
Peptide” \;)kH Peptide” \;)kCFg Peptide” \;)kHeterocycle
R R R
Peptidyl aldehyde Trifluoromethyl ketone a-keto heterocycle
H 0]
. _N R,
Peptide Y
R, O

R2 = R3, OR3, NHR3
o—diketone
a—keto ester
a—keto amide

(b) Organoboronic acid and boronate ester serine protease inhibitors

Y 0o
Peptide”™ >~ "OH Peptide”™ ™~ "ORj3
R R,
Boronic acid Boronate ester

Figure 1.07 Design of reversible serine protease inhibitors.

1.3.3 Cysteine protease inhibitors

Cysteine proteases are also inhibited by peptidic aldehydes,3 trifluoromethyl
ketones,*® and a-dicarbonyls.*! However, in this case it is not the electrophilicity
of the reactive terminal group that defines binding efficacy, but rather the non-
covalent interactions (e.g., hydrogen bonding) that the reactive group
intermediate can make with the active site on binding to the protease (Figure
1.05). A computational study comparing the transition states of serine and
cysteine proteases with various inhibitors revealed that changing the

electrophilicity of the reactive terminal group greatly affected the thermodynamic

14



Chapter One

stability of the serine-inhibitor transition state, but had a minimal effect on the
stability of the cysteine-inhibitor transition state.!’” Contributions from hydrogen
bonding stabilisation to the newly formed oxyanion hole complex from active site
residues (Figure 1.05), however, significantly affects the efficacy of binding to
cysteine proteases, while playing a minor role in the binding stability of serine
proteases. This selectivity is directly related to nature of cysteine proteases which
bind a substrate in a groove located on the surface of the enzyme, which is
relatively polar and contains many interacting hydrogen bonding donor and
acceptor groups.*? This is exemplified for vinyl sulfone inhibitors which are
relatively unreactive towards nucleophiles compared to the analogous vinyl
ketones or esters, but are capable of forming reversible transition state complexes
with protonated histidine residues in the active site of cysteine proteases (pH
range of 4.5-6.5) (Figure 1.08).* This is also apparent for nitriles, a class of
inhibitors which are weakly electrophilic but are sufficiently reactive with cysteine
residues due to the secondary interactions which can be formed on binding. For
example, in a crystal structure of a nitrile inhibitor bound to the cysteine protease
Cathepsin K, the inhibitor-thiol adduct was found to be within hydrogen bonding

distance of the residue Hisiez (Figure 1.09).444

H O\ /O H 7 N
N >s? ., _N z
peptide” NSk, peptide” N
R R
Vinyl sulfone Peptidyl nitrile

Figure 1.08 Design of reversible cysteine protease inhibitors.
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Figure 1.09 Protein-ligand crystal structure of a nitrile inhibitor (coloured purple)
covalently bound by Cys;s (coloured white) to Cathepsin K which is within

hydrogen bonding distance of Hisis2 (coloured red) (PDB 1U9V).%*

1.4 Overview of the Thesis

Reversible peptidomimetic protease inhibitors present an opportunity for the
treatment of diseases associated with the overactivity of proteolytic enzymes.
Systematic modification of peptidic structure and the nature of the P1 electrophile
of such compounds allows for screening of potent inhibitors which may be of

therapeutic interest.

The aim of the first project (chapter two) was to synthesise constrained
peptidomimetic inhibitors which have reduced peptidic character by the insertion
of a heterocycle into the inhibitor backbone to effectively remove an amino acid
from the binding sequence. Replacement of amino acid residues in
peptidomimetic protease inhibitors with planar heterocycles has been

demonstrated to both improve binding affinity (as mentioned above and
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discussed in detail in chapter two) and biostability.*¢*” While examples of such
inhibitors have been previously investigated, the optimum heterocyclic constraint
has not yet been determined. A series of N-terminal heterocyclic inhibitors of the
model serine protease a-Chymotrypsin were synthesised (Figure 1.10, (a)) and
inhibitory potencies determined in a proteolytic assay. Drawing on findings from
the assay, macrocyclic inhibitors of cysteine Cathepsins containing optimised

heterocycles were investigated and their attempted syntheses are discussed.

The second project (chapter three) describes the preparation of peptidomimetic
inhibitors of a newly identified Mycobacterium tuberculosis serine protease, Hip1,
which has been implicated in one of the organism’s pathways for evasion of innate
immunity response of a host organism. A series of tripeptide inhibitors containing
a reactive boronate ester at P1 were synthesised (Figure 1.10, (b)) and an
optimised peptidic sequence was determined. Modifying the terminal
electrophile in the optimised sequence with an a-keto heterocycle and a-keto
ester gave rise to highly potent inhibitors which have picomolar range inhibition

constants, Ki.
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(a) Heterocyclic Chymotrypsin protease inhibitors

X=NH, O, S /O N\/m i
/0 Nvl gi

(b) Tripeptide inhibitors of the Mycobacterium tuberculosis serine protease Hip1l

NH,
O H
PGHN\)J\N N__ X
é\ :H O :W/

R
R = H, OH; X = electrophile

Figure 1.10 Target inhibitors for inhibition of (a) Chymotrypsin and (b) Hip1
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Chapter Two

2 DESIGN AND SYNTHESIS OF B-STRAND CONSTRAINED
PEPTIDOMIMETIC INHIBITORS OF CHYMOTRYPSIN AND
CATHEPSIN PROTEASES

2.1 Peptide B-Strand

A B-sheet is a distinct secondary structure, formed by the pairing of discrete
structural elements known as B-strands through hydrogen bonding. The
component B-strands are themselves defined as segments of polypeptide chains
which are typically 3 to 10 residues long, which, unlike tightly coiled a-helices, are
almost fully extended.? These strands consist of alternating amino acid residues
which are: orthogonal to the extended peptide backbone, coplanar as dictated by
the amide bonds, and contain no intramolecular hydrogen bonds between amino
acid residues. The classic B-strand structure has torsional angles of ¢ = W = 120°
and is depicted as a “saw-tooth” arrangement of amino acids in a linear sequence
(Figure 2.01).%8 The dihedral angles found in parallel (¢ = -119°, W = 113°) and
antiparallel (¢ =-139°, W = 135°) B-sheets are the closest values to those of fully

extended strand structures (¢ = W = 180°) (Figure 2.02).

Figure 2.01 Dihedral angles, ¢ and W, for the peptide B-strand.
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(a) Parallel B-sheet

O R '11900113OR O R
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O R, '\, O R, %, O R
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e \)LN/H( \)J\N/kﬂ/N\_)J\N/H(‘I&
> H = H = H
1 3 O Rs
(b) Anti-parallel B-sheet
1390 135°

5 Rs R;

Figure 2.02 Schematic representation of (a) parallel B-sheets and (b) anti-parallel

B-sheets. Hydrogen bonding is denoted with dashed lines.

The B-strand motif plays a central role in the interaction and binding of a number

of important biological substrates with a corresponding protein host. Here, the

substrate is only recognised by the host, a protease in this case, upon forming a

B-stand geometry.*>>! A review of over 1500 three dimensional (X-ray) and

solution (NMR) structures from the protein data bank of substrates and inhibitors

bound to the six classes of proteases, reveals that in almost all instances the active

site recognhises a substrate in an extended B-strand conformation.>>>3 This

interaction is dictated by the tertiary structure of the protease, which defines an

active site geometry with pockets appropriately positioned to bind the extended
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amino acid side chains of the substrate in a B-strand. The evolution of this
conformational selection arises from a number of different factors. Firstly, helices,
turns, loops and sheets which contribute to tertiary structure are collectively
required to impart function to a protein unit. These structures need to be resistant
to proteolysis as it would be illogical for cellular machinery to expend energy in
folding polypeptides into such structural elements and yet the structures remain
susceptible to cleavage and degradation by proteases. Consequently, proteases
do not recognise folded helices, turns or loops, and instead selectively bind B-
strand structrues.>* Interestingly, B-sheets also tend to be resistant to proteolysis,
as unlike isolated B-strands, B-sheets utilise most of their backbone amides in
inter-strand hydrogen bonded networks and are therefore not available for
interactions with a protease.>® Secondly, ‘stretching’ of the substrate amide bonds
towards the transition state required for binding is most efficient when the forces
are directionally opposed, with trans amide bonds and L-conformations of each
amino acid in the B-strand structure enforcing this. Thirdly, maximum exposure of
the peptide main-chain amide bond atoms to solvent and host residues, which
would otherwise be shielded by hydrogen-bonding helices, turns and or sheet
structures, occurs when there is an extension of the peptide in a B-strand
geometry. Because of this high degree of exposure, extensive hydrogen bonding
between the amide backbone and the host can occur, promoting facile
dissociation of substrate and products. Finally, large helical/turn/sheet
substructures are not accommodated by the relatively extended and narrow

geometry of protease active sites.
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2.2 Chymotrypsin and Cathepsin Proteases
2.2.1 Structural assembly and specificity of Chymotrypsin and Cathepsins

The six classes of proteases: serine, cysteine, threonine, aspartic acid, glutamic
acid and metallo proteases have unique mechanisms of action. Within a given
class, protease families are broadly defined by the folded structure of their
polypeptide backbones.?> >? Here the focus is on serine proteases and particularly
Chymotrypsin, a well-studied model system of serine proteases, and also cysteine
proteases typified by the Cathepsins which are known to be associated with
various pathologies, osteoporosis, rheumatoid arthritis, osteoarthritis, and
bronchial asthma.>® Selective inhibition of Cathepsin L is of particular interest due
to its association with tumour metastasis.®’

Chymotrypsin

Serine proteases primarily adopt trypsin-like and subtilisin-like structural folds,
with most examples formed from the trypsin-like or Chymotrypsin-like structural
folds.*> The trypsin-like structure consists of two B-barrels (a beta sheet which
coils to a closed structure by inter-strand hydrogen bonding), with the catalytic
triad (Aspio2, Hiss7 and Serigs, a-Chymotrypsin numbering) coming together at the
interface of the two domains (Figure 2.03). Proteases of the Chymotrypsin family
consist of two perpendicular B-barrel domains formed by six antiparallel B-
strands.>® The key catalytic and substrate binding sites lie in a cleft between the
B-barrels, with substrate-enzyme interactions bridging the domains. The oxyanion
binding site of Chymotrypsin (Glyis3z and Serigs) belongs to the C-terminal B-barrel.
In the ground state, these residues form long-range hydrogen bonds with the

amide backbone and the scissile carbonyl of the binding substrate, with the length
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of the hydrogen bonds becoming significantly shortened in the anionic transition

state.

Figure 2.03 X-ray crystal structure of bovine a-Chymotrypsin. The catalytic
residues coloured yellow from left to right are Serigs, Hiss7 and Aspio2, as depicted

by stick representation (PDB 4Q2K).%°

The active site of Chymotrypsin is defined by three B-strand motifs (residues 189-
192, 214-216 and 226-228) that defines the specificity profile of the enzyme.
Specificity of binding within the wider class of serine proteases is dominated by
the Si-P: interaction, while binding interactions more removed (S;-Ss) have
significantly reduced influence, the magnitude of which dramatically decreases
with separation from S1.>° Chymotrypsin exhibits a clear preference for
hydrophobic residues at Si;, with Py residues defining the orientation of the
substrate in the active site. An increase in the volume of the P1 residue also

improves catalytic activity, with a strong preference for aromatic side chains.
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These cumulative effects result in highly preferential binding of Phe, Tyr and, to a
lesser degree, Leu at P1.%° The effect on specificity dramatically decreases with
separation from S, with S; and S; demonstrating little specificity towards residue
side chains. In fact, D-amino acids at P,-Ps provide somewhat comparable
specificity to L-amino acids. S4 and Ss sites, in addition to S’ sites, have negligible
influence on specificity and all residues are essentially accepted at these positions.
Despite a low specificity for residues at binding sites beyond S1, enzyme-substrate
interactions with amino acids at these positions are still important for catalytic
activity since interaction with corresponding amino acid side chains helps define
a B-strand geometry required for substrate binding. As an example, the N-H of
Trp21s and the carbonyl of P3 are known to form a hydrogen bond interaction
which is critical for efficient substrate binding.6* Consequently, substrates lacking
residues beyond P1 have a reduced rate of proteolysis.®0-61

Cathepsins

The human cysteine Cathepsin family is comprised of 11 different types: Cathepsin
B,C, F, H KL OS,V,Xand W.'* The Papain model (chapter one) which is
constituted by a L domain consisting of three a-helices and a R domain
constructed from a B barrel and two a-helices, is representative of cysteine
Cathepsins.'? Overall, the structural assembly of the Cathepsins within the family
is highly conserved, with L and R domains across the family maintaining a similar
size.5? The substrate binding cleft containing the site of catalysis is located at the
junction of these two domains. The key active site residues, Cyszs and Hisies
(Cathepsin L numbering) are essentially conserved across the nine Cathepsins

(Figure 2.04). Active site residues Glnig, Glyss and Trpigzand the N-terminus Proa,
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which form interaction with the main chain of the binding substrate are also

conserved.

Figure 2.04 X-ray crystal structure of Cathepsin L. The catalytic residues coloured
purple from left to right are Hisis3 and Cysas, as depicted by stick representation

(PDB 2XU1).63

Unlike serine proteases, substrate binding specificity for the cysteine Cathepsins
is dominated by the P, site, with a large preference for hydrophobic residues at
the complementary S; site.®* Furthermore, S»-P; interactions are the primary
determinant of differences in specificity between Cathepsins. For example, the S,
subsite in Cathepsin S consists of Gly137/Glyies, Cathepsin K consists of Alaiza/Alaies,
and Cathepsin L consists of Alai3s/Gly164.5°> The S; subsite of Cathepsin S favours
slightly bulky aliphatic side chains (preference for Val, Met, Phe and Nle, a straight
chain isomer of Leu) while Cathepsin K favours smaller aliphatic groups (Leu) in
addition to a preference for Pro, a specificity unique to mammalian Cathepsins.!?
Cathepsin L, however, favours aromatic residues (Phe, Trp, Tyr) at S,.%6 Substrate

specificity is much less defined beyond these interactions, though all human
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Cathepsins generally prefer charged side groups (Arg and Lys) at Pi. Ss and Sa

demonstrate very little specificity and can accept a range of residues.

2.3 Design of B-strand constrained Chymotrypsin and Cathepsin
Inhibitors

Substrate preferences must be incorporated into peptide-based inhibitors
(peptidomimetics), especially those that contribute significantly to binding as
discussed above. Affinity can be significantly enhanced by defining the backbone
of the inhibitor into a B-strand, a geometry that defines binding. An important
approach towards inhibitors of this type involves introducing a carefully designed
conformational constraint to pre-organise the otherwise flexible backbones into

a B-strand conformation.

2.3.1 Backbone modified 8-strand mimetics

Planar aromatic rings have been introduced into a peptide backbone to define the
required geometry, e.g. the biphenyl scaffold of the Trypsin inhibitor 2.00 shown
in Figure 2.05. A crystal structure of this inhibitor bound to Trypsin revealed that
it binds in an extended conformation, with the two predominant interactions
arising from ionic interactions with the Si1 pocket and hydrophobic interactions

with the S, pocket.’
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Figure 2.05 Trypsin inhibitor constrained into an extended conformation by a

biphenyl spacer.

Pyrrolinone based scaffolds have also been used to define an extended binding
geometry in protease inhibitors, including HIV-1 protease inhibitor 2.01, as shown
in Figure 2.06.%% Replacement of amide bonds in this way has a two-fold
implication. Firstly, as with the biphenyl system, pyrrolinone linkers pre-organise
the inhibitor into a B-strand conformation for improved binding efficacy. This was
demonstrated in the X-ray crystal structure of the free inhibitor which revealed
that its backbone is constrained into the desired B-strand geometry. Secondly,
amide bond replacement improves bioavailability and proteolytic stability of the
inhibitors.*¢#7. 6  More traditional short peptide-based inhibitors are
conformationally flexible, often existing as random structures in aqueous
solutions,’® while also being susceptible to degradation by proteolytic enzymes
and exhibiting low bioavailability and poor membrane permeability. This results
in a poor pharmacological profile.”* Replacing amide bonds in these inhibitors in
this way reduces their peptidic character, resulting in an improvement in
bioavailability and proteolytic stability. Importantly, key interactions with active
site residues achieved with amide bonds in peptidic inhibitors are maintained by

pyrrolinone-based inhibitors. Indeed, the pyrrolinone-based inhibitor 2.01 shown
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in Figure 2.06 has significantly improved cell transport capability compared to the
peptidic analogue. Furthermore, 2.01 (ICso = 1.6 nM) retains the high potency of

the parent peptidic inhibitor (ICsp = 0.6 nM).

Figure 2.06 B-strand constrained pyrrolinone-based HIV-1 protease inhibitor.

Peptidomimetic aldehydes with an N-terminal heterocycle have also been
reported to both define a B-strand geometry and to improve metabolic stability.”?
For example, dipeptides containing an N-terminal pyrrole as shown in Figure 2.07
have been reported as potent inhibitors of Calpain, a calcium dependent cysteine
protease associated with the development of cortical cataracts.”? The component
heterocycle provides favourable interactions with the hydrophobic S3 pocket of
the protease, with the pyrrole N-H also interacting with the amide carbonyl of
Gly19s within the S3 pocket. The dipeptide (Leu-Val) backbone sequence interacts
with S1 and S, subsites, respectively. Docking of these inhibitors to Calpain 1 and
Calpain 2 shows that the backbone binds in a B-strand geometry. These pyrrole
containing inhibitors are highly potent against Calpain 2, with the most potent

inhibitor (R = CHO) having an ICso= 25 nM.
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Figure 2.07 Pyrrole-containing Calpain inhibitors.

An alternative approach to achieving pre-organised inhibitors is by the chemical
linkage of either P1 and P3 or P’ and P3’. The conformers of the backbone of
macrocyclic Calpain inhibitor 2.02 (ICso(calpain 1) = 400 nM and ICsp(calpain 2) = 850 nM)
depicted in Figure 2.08 were all found to have the requisite extended B-strand
conformation, as determined by computational conformational searches.?®
Further reduction of the peptidic character of this class of macrocyclic inhibitor
has been achieved by replacing two amino acids of the macrocyclic backbone with
a substituted pyrrole (e.g., Figure 2.09), where the pyrrole is expected to maintain
the planar geometry required for an extended B-strand conformation.?® Aliphatic
macrocycle 2.03 is a potent inhibitor of Cathepsin L (Inhibition constant, Ki= 0.44
nM) and Cathepsin S (Ki = 0.92 nM). Introduction of aromatic groups into the
macrocyclic linker and replacement of Leu with Phe at P; afforded a selective
inhibitor of a-Chymotrypsin (2.04, Ki = 33 nM). A crystal structure of 2.04
covalently bound to Serigs of a-Chymotrypsin confirmed binding of the backbone
in an extended B-strand conformation, as defined by the pyrrole and macrocyclic
linker. An overlay of the backbone of 2.04 with the P1-P4region of an extended

peptide-based inhibitor of a-Chymotrypsin (PMP-C, PDB 1GL1)’3 shows the B-
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strand backbones of the two inhibitors nicely superimpose, as per the design of
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the macrocyclic inhibitor.

2.02

Figure 2.08 Preorganised macrocyclic inhibitor of Calpain.
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Figure 2.09 Macrocyclic inhibitor of Cathepsins Land S (2.03) and a-

Chymotrypsin (2.04).

2.4 Design and Synthesis of N-Terminal Heterocyclic Chymotrypsin

Inhibitors

As discussed, macrocyclic inhibitors containing a backbone pyrrole constraint are

highly potent inhibitors of Cathepsins and Chymotrypsin and are therefore of

interest regarding further development of inhibitors of these proteases, in

addition to other relevant cysteine and serine proteases. While only pyrrole has

been investigated in this context, other heterocycles have been used to reduce
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peptidic character and enhance binding affinity of peptidomimetic protease
inhibitors, as has been demonstrated with non-aromatic morpholines’4 and
aromatic quinolines’ and tetrazoles.”® Despite the prevalence of heterocycles in
the wider area of peptidomimetics, the optimum heterocycle for use as a

constraint in protease inhibitors has not been investigated.

What follows is a discussion on the synthesis of a series of model dipeptide
substrates containing N-terminal heterocycles aimed at binding to Chymotrypsin,
a well-characterised protease for studying relative inhibitor potencies, with the
goal of expanding the scope of heterocyclic constraints (pyrrole 2.30, furan 2.31,
thiophene 2.32 and pyridine 2.33, Figure 2.10) and determining the ideal
heterocycle that gives a combination of reduced backbone peptidic character and
an extended backbone geometry to facilitate active site binding. Pyrrole, furan
and thiophene were investigated as examples of m-excessive heterocycles and to
determine their relative abilities to facilitate binding. The hydrogen bond donor
N-H of pyrrole is also of interest regarding binding affinity. The properties of a mt-
deficient heterocycle were also investigated with pyridine. The relationship of the
target peptidomimetics to a natural substrate is depicted in Figure 2.10. An
electrophilic aldehyde was incorporated at the C-terminus as this group is known
to covalently and reversibly bind to Seriss, as per naturally occurring serine
protease inhibitors detailed in chapter one. Phe was incorporated at Pi1 since
Chymotrypsin has a clear preference for hydrophobic aromatic side chains at this
site, while Leu was incorporated P; due to a slight preference for aliphatic side

chains at S,, as discussed above.®® Finally, a methyl ester was appended to the
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heterocycles (potential P4 site) as this site is not considered important for binding.
This group provides a reference with 2.34, a purely peptidic substrate which
features an N-acetyl alanine residue (closest amino acid mimic to the heterocyclic

constraints) to probe the effect of heterocycles on binding.

H O Ps o, O P
RN\)LH/H(N\)J\” R
L Pyt Qipzli
o e 9
230X=NH o /" CONL L H
232X=8 | 0. . O:Y o)
! '/:| H o !
233 ~ON SN N\)J\N 4
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Figure 2.10 Design of N-terminal heterocyclic peptidomimetic substrates of
Chymotrypsin. The dashed lines between the natural substrate and heterocyclic

substrates indicate their mimetic nature.

2.4.1 Synthesis of heterocycle building blocks

The key heterocycle building blocks 2.09, 2.14 and 2.17 were first synthesised for
use in the synthesis of the targets 2.30, 2.31 and 2.32. Pyrrole 2.09 was prepared
in three steps from 2-trichloroacetyl pyrrole 2.05. Treatment of 2.05 with sodium
methoxide in MeOH gave the corresponding methyl ester 2.06.”” Formylation of

this ester under Vilsmeier-Haack’® conditions gave a mixture of 4- (2.07) and 5-
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formyl (2.08) substituted products in a 3:7 ratio, as determined by *H NMR, which
were separable by flash chromatography. Pinnick oxidation”® of the desired
aldehyde 2.08 with sodium chlorite in phosphate buffer gave carboxylic acid 2.09

in a 65% yield (Scheme 2.4.1).

Ry
o\ () [\ (i) /B (iii) /\
o f e o e (L £
o H o H o H o H o
2.05 2.06 2.09

2.07 R, = CHO, R, = H
2.08 R, =H, R, = CHO

Scheme 2.4.1 Reagents and Conditions: i) NaH, MeOH, THF, 0°C, 0.75h - rt, 18 h
(71%), ii) POCls, DMF, DCE, reflux, 0.25 h, then H;0, NaOAc:3H,0, reflux, 0.25 h

(68%), iiii) NaClO2, NaH2POa, H,0, DMSO, rt, 3h (65%).

The synthesis of the corresponding furan 2.11 was initially attempted using an
analogous synthetic approach. Attempted formylation of commercially available
methyl 2-furoate 2.10 under the same Vilsmeier-Haack conditions used in the
preparation of pyrrole 2.08 failed to give the desired formylated furan 2.11, with
only starting material recovered (Scheme 2.4.2). This may potentially be due to
the less electron excessive nature of furan compared to pyrrole which prevents

electrophilic aromatic substitution.8°

Scheme 2.4.2 Reagents and Conditions: i) POCls, DMF, DCE, reflux, 0.25 h, then

H20, NaOAc-3H20, reflux, 0.25 h.
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An alternative approach for the preparation of 2.11 was therefore investigated.
2,5-Furandicarboxylic acid 2.12 was reacted with EtOH under Fischer esterification
conditions®! to give the diester 2.13 and this was subsequently hydrolysed using a
stoichiometric quantity of anhydrous NaOH in anhydrous EtOH to give the
monoester 2.14 (Scheme 2.4.3).2 Attempted preparation of the corresponding
methyl ester was successful, as confirmed by NMR and mass spectrometry, but
surprisingly the product could not be purified due to poor solubility in common

organic solvents, making this approach unviable.

212 213 2.14

Scheme 2.4.3 Reagents and Conditions: i) H,SOa, EtOH, reflux, 18 h (98%), ii) NaOH,

EtOH, 0°C, 2h (95%).

The thiophene unit being sufficiently soluble in most organic solvents was
prepared as the desired methyl ester 2.17. Diesterification of 2,5-
thiophenedicarboxylic acid 2.15 with thionyl chloride in MeOH afforded diester
2.16, which was subsequently selectively mono-deprotected using anhydrous

NaOH to afford monoacid 2.17 (Scheme 2.4.4).

Scheme 2.4.4 Reagents and Conditions: i) SOCl,, MeOH, reflux, 18 h (88%), ii)

NaOH, MeOH, Acetone, rt, 18 h (70%).

2Ethyl ester 2.14 was prepared from diacid 2.12 by Stephen Kirby at The University of 36
Adelaide.
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Pyridine 2.20 was commercially available and therefore did not need to be
prepared, but can be readily synthesised by diesterification of 2,6-
pyridinedicarboxylic acid 2.18 with thionyl chloride in MeOH to diester 2.19,%?
followed by selective deprotection with potassium hydroxide to yield monoester

2.20 (Scheme 2.4.5).83

Scheme 2.4.5 Reagents and Conditions: i) SOCl,, MeOH, reflux, ii) KOH, MeOH, rt.

2.4.2 Synthesis of N-terminal dipeptides

The dipeptide intermediate 2.24 used in the preparation of alcohols 2.25-2.29 was
prepared over two steps from Boc-leucine 2.21 and phenylalaniol 2.22. Amidation
of 2.21 and 2.22 gave the dipeptide 2.23 in a quantitative yield using the amide
coupling reagent HATU. HATU is a uronium/aminium salt which contains a 1-
hydroxy-7-azabenzotriazole (HOAt) moiety which forms OAt active esters on
reaction with carboxylic acids. OAt esters subsequently react with amines to form
amide linkages. HATU mediated amidations are desirable as it has been
demonstrated that coupling reagents based on HOAt give faster, more efficient
couplings, and most significantly, with no appreciable levels of epimerisation.®
Subsequent deprotection of the acid labile Boc protecting group of 2.23 with TFA

gave the TFA salt of amine 2.24 in a quantitative yield (Scheme 2.4.6).
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Scheme 2.4.6 Reagents and Conditions: i) HATU, DIPEA, DMF, rt, 18 h (99%), ii)

TFA, CHaCl, rt, 5h (100%).

With dipeptide 2.24 in hand, alcohols 2.25-2.28 were prepared in moderate yields
by separate amide coupling reactions between heterocyclic carboxylic acids 2.09,

2.14, 2.17 and 2.20 and amine salt 2.24 (Scheme 2.4.7).

2.09 X = NH, R = CHj 2.25X = NH, R = CHj
214X=0, R=CH,CH, 226X=0, R=CH,CH,
217X=S, R=CH, 227X=S, R=CH,
ROMOH MN\A OH
0 o o
+ TFAGH,N Y
N

= | H H
O ANy OH \r N N N
O 220 O O 228 O =~
2.24 Y

Scheme 2.4.7 Reagents and Conditions: i) HATU, DIPEA, DMF, rt, 18 h (43-62%).

Ethyl ester 2.26 was subsequently converted to the desired methyl ester 2.29 over
two steps. Firstly, saponification of 2.26 with aqueous LiOH afforded the
intermediate carboxylic acid (not shown). Esterification was initially attempted
using Fischer esterification conditions, but this lead to degraded material.
Alkylation with methyl iodide, however, lead to the desired methyl ester 2.29 in a

good yield (Scheme 2.4.8).
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Scheme 2.4.8 Reagents and Conditions: i) LiOH, H,0, THF, rt, 2 h (79%), ii) Mel,

K2COs, DMF, rt, 24 h (71%).

With the alcohols 2.25-2.29 prepared, a final oxidation step was required to
provide the desired aldehydes 2.30-2.33. Dess-Martin Periodinane (DMP) was the
oxidant used for this transformation as it can chemeoselectively transform
primary alcohols to aldehydes under mild conditions.®> Importantly, DMP does not
cause oxidative ring opening of sensitive heterocycles such as furans in instances
where other oxidants might.® Additionally, DMP generally has a low tendency to
induce a-epimerisation; however peptidic aldehydes are known to be prone to a-
epimerisation.?”-®8 Indeed, while oxidation with DMP in CHxCl> (THF was used as
the solvent for the oxidation of thiophene 2.27 as it is insoluble in chlorinated
solvents) at rt did furnish the desired aldehydes 2.30-2.33, varying levels of a-
epimerisation at P1 was observed, ranging from 6 to 26% R isomer. This result is
likely due to activation of the a-position by the Phe benzyl substituent, making
this position more prone to stereomutation. Attempted purification of 2.30 by
flash chromatography induced higher levels of a-epimerisation.® Therefore, the
aldehydes were purified by reversed-phase high pressure liquid chromatography
(rp-HPLC). The diastereomeric aldehydes were not separable by HPLC and their

ratios, as determined by *H NMR (where S is the natural configuration and R is the
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unnatural configuration), in the mixtures isolated following purification are

reported in Table 2.4.1.

Table 2.4.1 Ratio of diastereomers obtained from DMP oxidation. The asterisks

indicate the epimerised centres.

Entry Structure Diastereomer Ratio
(S:R)
2.30 I\ H T 94:6
o A N\)J\N L_H
H H

2.31 J\ H 79:21
0 N H

0
2.32 H 74:26
o AN N H

2.33 | H 87:13

The peptidic backbones of the alcohols 2.25, 2.27, 2.28 and 2.29 and aldehydes

2.30-2.33 were defined as B-strand by 'H NMR. An indicative indicator of
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backbone B-strand geometry in peptide sequences is a string of consecutive
coupling constants =8 Hz for couplings between a-hydrogens and their adjacent
amide hydrogens, 3Jua-nun.2° All 3Juqun for alcohols 2.25, 2.27, 2.28 and 2.29 and
aldehydes 2.30-2.33 were found to range from 8.0 to 8.7 Hz, suggesting that the

model substrates’ backbones do indeed form the desired B-strand geometry.

2.5 a-Chymotrypsin Inhibition Assay

The inhibitory potencies of the alcohols 2.25-2.29 and aldehydes 2.30-2.33 were
determined by measuring their inhibition constants, I1Csg, using an in vitro assay as
discussed below. ICso, in this instance, indicates the concentration of a given
compound required to decrease activity of a target protease by 50% and is a
relative value, the magnitude of which is dependent on the concentration of
substrate used in the assay. The activity of a-Chymotrypsin was assayed
spectrophotometrically on a 96-well plate using a microplate reader. Ala-Ala-Phe-
7-AMC was used as the substrate which upon hydrolysis by a-Chymotrypsin
releases the AMC (7-Amino-4-Methylcoumarin) fluorophore with excitation = 380
nm and emission = 460 nm. By measuring the change in fluorescence over time,
the capacity of a given compound to compete with the substrate for binding to
the target protease can be measured and its inhibitory activity determined
guantitatively. The following was added to each well: TES buffer (pH = 8.0,
adjusted with NaOH), substrate in DMSO, an alcohol or aldehyde at seven
different concentrations in DMSO and a-Chymotrypsin in 1 mM aqueous HCI. In
addition to measuring the change in fluorescence, two controls were also used

during the assay: (1) Negative control (background fluorescence subtracted from
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the measured fluorescence changes): a non-enzymatic hydrolysis of the blank to
verify that the substrate is not degraded over time; and (2): Positive control:
fluorescence reading due to complete hydrolysis of the substrate by the enzyme
to which the measurements are normalised. Progress curves were monitored over
10 min for each concentration of every compound and each measurement was
made in triplicate. The ICso values were determined graphically for both the

alcohols and aldehydes and are given in Table 2.5.1.
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Table 2.5.1 Potencies of alcohols and aldehydes against a-Chymotrypsin as

determined by the fluorogenic assay.

Compound Substituents ICs0

(uM)
2.25 X =NH, R = CH,OH > 500
2.29 X =0, R=CH,OH > 500
2.27 X =S5, R =CH;0H > 500
2.28 Pyridine, R= CH,OH > 500
2.30 X=NH, R=CHO 0.54
2.31 X=0,R=CHO 34.5
2.32 X=S,R=CHO 70.0
2.33 Pyridine, R= CHO 33.1

Alcohols 2.25-2.29 did not inhibit at the highest concentration tested (500 uM)

and are therefore not considered to be inhibitors of a-Chymotrypsin. This is

expected as they lack the reactive C-terminal aldehyde and are thus only able to

act as non-covalent binders. The corresponding aldehydes, however, were found
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to inhibit with differing potencies. Pyrrole 2.30 was found to be the most potent
inhibitor with an ICso of 0.54 uM, over 50-fold more activity than the m-excessive
furan 2.31 and n-deficient pyridine 2.33. This significant difference in activity is
likely due to the pyrrole providing a hydrogen bond donor, which is unique
amongst the heterocyclic series studied. As shown in Figure 2.10, the mimetic
nature of the heterocyclic inhibitors is such that the heteroatom replaces the
amide N-H at the Ps position in the natural peptidic substrate. This amide N-H is
known to form a hydrogen bond with the Gly;isamide carbonyl in a-Chymotrypsin,
an interaction which contributes to the orientation of Glyais at $3.°°°! Upon
attaining an appropriate orientation, Glyz1s both assists in orienting the scissile
bond at P1in the protease complex for cleavage and in improving the protease’s
discrimination of residues at P1.5% 2293 |ndeed, this interaction is apparent in the
crystal structure of macrocycle 2.04 (Figure 2.09) bound to a-Chymotrypsin which
reveals a 3 A separation between the pyrrole nitrogen and the Gly,is carbonyl
oxygen.?? This strongly suggests that maintaining a hydrogen-bond donor at this
position is important for achieving maximal inhibitory potency. As pyrrole 2.30 is
the only aldehyde to contain this hydrogen bond donor at Ps, this likely accounts
forits improved activity over the other heterocyclic aldehydes. Following on, furan
2.31 and pyridine 2.33 possessed very similar potencies despite having different
electronic properties and ring sizes. Despite its similar properties to furan 2.31,
thiophene 2.32 is less active still, with half the potency of both the furan and
pyridine aldehydes. This suggests that binding is not significantly affected by the
electronics or size of a binding heterocycle, but rather is dependent on hydrogen

bond donor capabilities, as exemplified by the most potent aldehyde, pyrrole 2.30.
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While tripeptide 2.34 has not been discussed, synthesis and subsequent
characterisation of its inhibitory potency against a-Chymotrypsin will be valuable
for understanding the importance of backbone heterocyclic constraints for tight
binding.

2.6 Design and Synthesis of Macrocyclic, N-Terminal Heterocyclic
Cathepsin Inhibitors

As previously discussed, macrocyclisation can be used to preorganise the
backbone of peptidomimetic protease inhibitors into the B-strand geometry
required for binding. Macrocycles have been inserted into inhibitors of a number
of proteases beyond the examples already given. As demonstrated in Figure 2.11,
macrocyclisation of the linear hexapeptide HIV-1 protease inhibitor 2.35 resulted

in dimacrocycle 2.36 which is 75-fold more potent than the linear peptide.®*

\H/N\)Lﬁ NN N HN N\)k” B o N(CHy)s
oWV

: o
o o : H PR 07/ o
T wol
o

K;= 60 uM K;= 0.8 uM
2.35 2.36

Figure 2.11 Linear and corresponding macrocyclic derivative of a HIV-1 protease

inhibitor.

Similar to macrocycle 2.02, linear peptide 2.37 had its inhibitory potency
improved by more than four-fold by macrocyclisation between P1 and P3, giving

rise to CAT811, 2.38, a potent inhibitor of Calpain 2 (Figure 2.12).28

45



Chapter Two

0
/';‘%H\.)LH CszN\_)J\
0 - : o

0 0 R
coziN L AN
B H :

CAT811
ICs = 130 M ICs = 30 NM
2.37 2.38

Figure 2.12 Inhibitory potencies for the Calpain 2 inhibitors, CAT811, and its

acyclic equivalent.

A number of approaches have been developed for side chain cyclisation of
peptidomimetics, including lactamisation, Click chemistry,®> and disulfide bridge
formation by oxidation of cysteine residues within close spatial proximity.®® These
macrocyclic linkers, while versatile, require functionality in the linker units (e.g.,
dimacrocycle 2.36) for cyclisation. With the development of ruthenium based
Grubbs catalysts, however, synthesis of macrocycles from dienes (e.g., macrocycle
2.38) has become possible. Macrocyclisation by ring-closing metathesis (RCM) is
typically performed using Grubbs 2" Generation catalyst (Grubbs 2" Gen.), with
ring-closure generally being achieved under relatively mild conditions to afford E
and Z macrocycles. When performing RCM, careful consideration of reaction time,
temperature and concentration must be made to reduce ring-opening metathesis

(ROMP) events and oligomerisation (Figure 2.13).%”

g ) RCM

- — ROMP -

Figure 2.13 Equilibrium formed during RCM reactions
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2.6.1 Macrocyclic N-terminal pyrrole-P4 ester

As demonstrated earlier, pyrrole is the optimal N-terminal heterocycle for
reducing peptidic character and improving the B-strand geometry of the backbone
of peptidomimetic protease inhibitors of Chymotrypsin. It was therefore
envisaged that pyrrole would also be a suitable constraint for incorporation into
inhibitors of cysteine Cathepsins. Similar to Chymotrypsin, hydrogen bond
interactions with the P3 backbone amide (or pyrrole N-H in the case of heterocyclic
inhibitors) are important for achieving maximal binding to the active site. In the
case of Cathepsin L, hydrogen bonding exists between the amide carbonyl of Glyss
and the P3 amide N-H of binding substrates.®® The importance of a pyrrole
constraint in macrocyclic Cathepsin inhibitors has already been discussed, with
macrocycles 2.03 and 2.04 being potent inhibitors of Cathepsins L and S. A
drawback of these inhibitors is that the acyl substituent linking P4 and P, needs to
be introduced by Friedel-Crafts acylation, which is often very low yielding.
Additionally, the natural substrate features an amide bond at P4 (Figure 2.10)
which presumably imparts hydrogen bonding interactions with the Ss site to
improve binding efficacy; an interaction not possible for these acyl inhibitors.
Ideally, these interactions could be attained simply by substituting an amide
linkage at P4 in place of the acyl linkage. Unfortunately, this is synthetically
challenging, with previous attempts to cyclise dienes with Psamide linkages being
unsuccessful.? It is postulated that cyclisation is not possible due to an internal
hydrogen bond between the pyrrole N-H and the P4 amide, forcing the amide
bond into a trans configuration. As a consequence, the terminal alkenes are too

spatially separated to participate in RCM, preventing cyclisation (Figure 2.14).

bAbell personal communication. 47
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Figure 2.14 Proposed conformation of pyrrole-Ps amide acycles which prevents

cyclisation.

To circumvent this, it was anticipated that replacement of the amide linker with a
more conformationally flexible ester linker would allow for RCM, as proposed for
macrocycles 2.49 (Figure 2.15). Macrocyclic lactones would be expected to have
similar metabolic stabilities to the amide analogues, with a rate of hydrolysis
insignificant at physiological pH.?*1%° The macrocycles are designed for selective
inhibition of Cathepsin L, as defined by the aromatic substituent at P,.%° The linear
nature of the syntheses of these macrocycles, as demonstrated in Figure 2.15,
allows for various residues with different terminal warheads to be incorporated
at P1. In designing a Cathepsin L selective inhibitor, incorporation of Leu at P1is
favoured, as demonstrated for similar macrocyclic Cathepsin inhibitors such as
2.03.2° Appending a suitable electrophile at P; such as a nitrile will improve
selectivity over other protease classes such as serine proteases, as discussed in

chapter one.

It was envisaged that the macrocycles 2.49 (where R is an aliphatic amino acid side
chain and X is a terminal electrophile) could be prepared as outlined in Figure 2.15.
Amidation of carboxylic acid 2.41 and TFA salt of amine 2.45 gives diene 2.46

which can be cyclised by RCM to give macrocycles 2.47. It is then imagined that
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hydrogenation would afford carboxylic acid 2.48 which can undergo a final

amidation step with an appropriate terminal residue to give 2.49

O R
]\ H Amldatlon
N
o A J\”*x \)J\OH
LLo
Hydrogenatlon

o)
/\ H RCM

Figure 2.15 Retrosynthetic analysis of macrocyclic Cathepsin L inhibitors 2.49. BzI

= Benzyl.

Synthesis of pyrrole 2.41 followed the same general approach as used for pyrrole
2.09: esterification of 2-trichloroacetyl pyrrole 2.05 with allyl alcohol gave allyl
ester 2.39 that was formylated under Vilsmeier-Haack conditions to give 2.40.

Final Pinnick oxidation provided carboxylic acid 2.41 (Scheme 2.6.1).
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Scheme 2.6.1 Reagents and Conditions: i) NaH, allyl alcohol, THF, 0°C, 0.75 h > rt,
18 h (100%), ii) POCls, DMF, DCE, reflux, 0.25 h, then H,0, NaOAc-3H;O, reflux,
0.25 h (22%), iii) NaClO2, NaH2POa, H,0, DMSO, rt, 3h (94%).

Construction of the TFA salt of amine 2.45 began with esterification of Boc-L-
tyrosine 2.42 using benzyl bromide to form benzyl ester 2.43. Allylation of the
phenol with allyl bromide under Finkelstein conditions gave allyl ether 2.44 in near
guantitative vyields, which was subsequently Boc-deprotected using TFA to

guantitatively afford 2.45 (Scheme 2.6.2).

o o o}
BocHN JKOH @ BocHN\)J\Ole (i) BocHN\)LO S TFA-HZN\)J\Ole

Wo AR - SN o A e

2.42 2.43 2.44 2.45

Scheme 2.6.2 Reagents and Conditions: i) Benzyl bromide, DIPEA, THF, rt, 18 h
(55%), ii) Allyl bromide, K;COs, TBAI, DMF, 40 °C, 18 h (92%), iii) TFA, CHJCly, rt,
3 h (100%).

With the required amine and carboxylic acid in hand, amidation was performed to

give diene 2.46 in a 76% yield (Scheme 2.6.3).

/ \ o
A0 OH TFAeH,N
~ N + 2 \._)kOBzI 0, \)kOBzI

RSN o ( fﬁ

Scheme 2.6.3 Reagents and Conditions: i) HATU, DIPEA, DMF, rt, 18 h (76%).
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Attempted macrocyclisation of diene 2.46 proved challenging, with the
macrocycles 2.47 only being produced in low yields (Table 2.6.1). RCM was initially
attempted with Grubbs 2" Gen. in EtOAc to give a mixture of the desired E and Z
macrocycles 2.47, but only in a yield of 19%. This low yield may reflect a low
conformational flexibility of the diene due to internal hydrogen bonding, similar
to the proposed conformation for a P, amide depicted in Figure 2.14. LiCl was
therefore used as an additive in an attempt to disrupt potential hydrogen bonding
interactions between the P4 ester and pyrrole N-H to improve peptide flexibility
and hence RCM.192 The reaction in the presence of LiCl however gave similar yields
to the conditions without additive. The use of the alternative Lewis acid catalyst
titanium isopropoxide, Ti(OiPr)s, gave a significantly improved vyield of 50%.
Grubbs 2" Gen. and related ruthenium RCM catalysts have been shown to chelate
to dienes, preventing the ruthenium centre from forming a covalent bond with
alkenes, as required for the reaction to proceed and thereby deactivating the
catalyst. Ti(OiPr)s has been demonstrated to preferentially chelate to dienes,
preventing deactivation of the ruthenium catalyst by chelation to the alkene.
Furthermore, chelation of Ti(OiPr)s to dienes organises the substrate into a

conformation that promotes RCM.1??
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Table 2.6.1 Optimisation of RCM of diene 2.46.

oA s oyt Heoas
el v

Entry Grubbs Solvent Temperature Reaction Additive 2.47

2" Gen. (°C) Time Yield
(mol %) (h) (%)
1 10 EtOAc 55 3 - 19
2 10 EtOAc 55 3 LiCl 17
(1.5 equiv)
3 10 CH2Cl; 40 3 LiCl 15
(1.5 equiv)
4 10 EtOAc 45 3 Ti(OiPr)a 50
(4.0 equiv)

Macrocycles 2.47 were obtained as 2:1 mixture of Z:E isomers, as determined by
'H NMR, but this was of no consequence as subsequent reductive cleavage of the
benzyl ester to the corresponding carboxylic acid and reduction of the alkenes by
hydrogenation would give rise to a single common alkane. However,
hydrogenation of 2.47 with Pd/C in EtOAc returned only starting material, even
after increasing the reaction time from 4 h to 72 h. EtOAc was substituted for
MeOH, but this reaction only gave degraded material which was proposed to be

due to transesterification of the P4 ester with MeOH. Performing the reaction in a
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mixed EtOAc and MeOH solvent system with varying concentrations of MeOH also
resulted in degraded material. Due to the labile nature of the P4 ester under the

reductive conditions used, a more chemically stable macrocycle was pursued.

2.6.2 Macrocyclic N-terminal pyridine-P; amide

To improve the chemical stability of the macrocyclic Cathepsin L inhibitor, the P4
ester of the previous target macrocycle 2.49 was replaced with the optimum
amide linkage. The backbone pyrrole was also replaced with a pyridine to avoid
issues during RCM, as discussed earlier (Figure 2.14). Additionally, P4 was
substituted with an aromatic substituent in order to further enforce rigidity into
the macrocyclic tether and consequently the desired B-strand geometry of the
peptidic backbone. These modifications give rise to target macrocycle 2.50, as

depicted in Figure 2.16.

2.50

Figure 2.16 Target pyridine-Ps amide macrocycle 2.50.

Allylation of commercially available 4-N-Boc-aminophenol 2.51 with allyl bromide
gave allyl ether 2.52, which was treated with TFA to afford the TFA salt of amine
2.53. Amidation with pyridine 2.20 gave methyl ester 2.54 which was saponified

with LiOH to afford carboxylic acid 2.55 in an overall yield of 89% (Scheme 2.6.4).
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=
NHBoc R PN I OR,
i (iii)
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”) ,:252 R1 = NHBoc EZ .54 R2 = CH3
2.53 Ry = NH,eTFA 2.55R, =

Scheme 2.6.4 Reagents and Conditions: i) Allyl bromide, K2COs, ACN, reflux, 3h >
rt, 18 h (76%), ii) TFA, CH,Cly, rt, 0.5 h (100%), iii) 2.20, HATU, DIPEA, DMF, rt, 18

h (87%), iv) LIOH, H20, THF, rt, 2 h (94%).

HCI salt of amine 2.57, prepared by concurrent Boc-deprotection and methyl
esterification of commercially available Boc-Tyr(Allyl)-OH 2.56 with thionyl
chloride in MeOH, was coupled to carboxylic acid 2.55 to give diene 2.58 in a

guantitative yield (Scheme 2.6.5).

0 0 BN N
BocN. L, 0 omn M o TN LT ©
\/\O/©/ \/\OQ/ © p
O\/\
2.56 2.57 2.58 \

Scheme 2.6.5 Reagents and Conditions: i) SOCl;, MeOH, 0°C, 1 h = rt, 18 h (100%),

ii) 2.55, HATU, DIPEA, DMF, rt, 18 h (100%).

RCM of diene 2.58 with Grubbs 2" Gen. gave macrocycles 2.59 as a 1.7:1 mixture
of E:Z isomers, as determined by *H NMR. The macrocycles are poorly soluble in

most solvents, but are partially soluble in chlorinated solvents. Subsequent
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hydrogenation was therefore performed using a 1.5:1:1 CH,Cl: EtOAc: MeOH
solvent system, affording the corresponding saturated macrocycle 2.60 (Scheme
2.6.6). The C-terminal carboxylic acid was originally protected with a benzyl ester,
with the intention of removing it during the hydrogenation reaction. Surprisingly,
all attempts to perform a global hydrogenation on the equivalent benzyl ester of
2.59, including high pressure conditions (3 atm. H;), failed to give the desired

product and starting material was only ever recovered.

= I H © () | ~ n O (i) | ~ n O
] 1l
O N:QJ\O/ — (o) N/ N\:)ko/ — O N/ N\:)ko/

SN
NH o) ; NH o) , NH 0 ,
o Q o o
X O oL~
258 \ 2.59 2.60

Scheme 2.6.6 Reagents and Conditions: i) Grubbs 2"® Gen., CHxCly, reflux, 24 h

(30%), i) Hz, Pd/C, CH2Cl2, EtOAc, MeOH, rt, 18 h (90%).

Similar to 2.59, the saturated macrocycle 2.60 is also poorly soluble in most
solvents and could not be hydrolysed under standard conditions. Saponification
with NaOH in 9:1 CH2Cl2:MeOH3 successfully converted methyl ester 2.60 to the
desired carboxylic acid 2.61 (Scheme 2.6.7). 2.61 is insoluble in all solvents
investigated except for DMSO, preventing further purification or amidation
reactions to form the target macrocycles 2.50. Further functionalisation of 2.61

was consequently abandoned due to solubility issues.
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Scheme 2.6.7 Reagents and Conditions: i) NaOH, CH,Cl,, MeOH, rt, 2 h.

2.7 Conclusions and Future Work

In summary, a series of N-terminal heterocyclic constrained peptidomimetics as
inhibitors of a-Chymotrypsin were prepared and the associated inhibitory
potencies determined. Aldehydes 2.30-2.33 inhibit a-Chymotrypsin, with pyrrole
2.30 being the most potent of the series (ICso = 0.54 uM), while furan 2.31,
thiophene 2.32 and pyridine 2.33 are significantly less potent inhibitors. This
significant reduction in potency is likely as a result of 2.31-2.33 lacking a P3
hydrogen bond donor. Further investigation into disubstituted heterocycles such
as imidazole is of interest to determine if heteroatoms at different ring positions
can improve binding efficacy. Future testing of tripeptide 2.34 against a-
Chymotrypsin is also of interest for understanding the effect of backbone

heterocyclic constraints on binding efficacy.

Macrocyclic intermediates 2.47 of macrocyclic inhibitors of Cathepsin L, 2.49,
were successfully prepared, but were found to be unstable to hydrogenation
conditions due to the labile nature of the P4 ester. Preparation of P4 ester
macrocycles functionalised with P; residues will consequently require either

retaining or functionalising the intermediate alkenes, as in 2.47. Carboxylic acid
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intermediate 2.61 was also successfully synthesised, but was unable to be purified
or further reacted due to its poor solubility profile. Investigations into similar
pyridine macrocycles with improved solubilities provides an opportunity to
investigate the effect of P4 amide linkages on binding efficacy to Cathepsin L and

other suitable Cathepsin proteases.
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Chapter Three

3 DESIGN AND SYNTHESIS OF PEPTIDOMIMETIC INHIBITORS OF
MYCOBACTERIUM TUBERCULOSIS SERINE PROTEASE HIP1

3.1 Mycobacterium tuberculosis

Mycobacterium tuberculosis (Mtb), the bacterium that causes tuberculosis (TB),
evades host innate immunity and causes disease by replication within
macrophages.’® Once assimilated into macrophages, Mtb can modulate
macrophage responses and interfere with dendritic cells (immune response cells),
enabling the pathogen to escape early detection of an immunity response.10>-106
The factors by which Mtb modulates host immunity are still currently under
investigation and are important for the development of new therapeutics for

treatment of TB.

3.2 Hip1 Protease

The cell-wall associated Mtb serine protease Hipl (hydrolase important for
pathogenesis; previously Rv2224c) has recently been implicated in modulating
interactions between Mtb and dendritic cells which results in dampened (regulate
a reduced response) macrophage proinflammatory responses. Importantly, Hip1l
has been shown to inhibit maturation of dendritic cells and impair antigen

presentation and T cell responses.107-108

Hipl performs proteolysis on a specific protein substrate, GroEL2, a cell wall-
associated heat-shock protein.1%° GroEL2 is a stress-induced secreted protein, the
release of which is induced by, for example, heat, nutrient starvation and hypoxia,
and has been shown to modulate macrophage cytokine responses.'1%111 The

function of Hipl in GroEL2 cleavage was studied by measuring the rate of
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proteolysis of the protein in the presence of wild type Hipl and a mutant strain
whose catalytic active site had been mutated. Wild type and mutated versions of
Hipl were introduced into a transposon mutant disrupted in Hipl, and their
effects tested on GroEL2 processing. Expression of wild type Hip1 gave increased
amounts of processed forms of GroEL2, while expression of mutant Hip1 failed to
give processed GroEL2, indicating that Hipl is associated with the cleavage of
GroEL2. It is presumed that the proteolytically cleaved form of GroEL2 is
responsible for the dampening of host innate immune responses required to drive
disease propagation and pathology. Indeed, it has been demonstrated that Hip1
is required for optimal growth both in vivo and in vitro. Furthermore, studies of
mice infected with Mtb containing mutant Hipl showed they had significantly
increased rates of survival and reduced lung pathology compared to wild type
Mtb.1%° As such, Hipl is a valuable target for adjunctive therapeutic treatment

against Mtb.

3.2.1 Structure of Hip1

Purified Hip1 protease has been crystallised and its X-ray structure solved. 12 This
reveals Hipl to be a 520 residue protein that forms a kidney-shaped monomer
unit with dimensions of 68 A x 48 A x 42 A. The primary sequence contains eleven
cysteine residues that form 5 disulfide bonds. The two structural domains which
form the clefts between the active sites are characteristic of serine proteases. One
domain is a mixed a/B domain, while the other is an a only domain (Figure 3.01).
The catalytic active site formed at the centre of the clefts contains the classical
catalytic triad, as discussed in chapter one, comprising of Serazs, Aspass and Hisago.

The protease was confirmed to be from the serine family by single point mutations
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of these residues to alanine, which resulted in abolition of catalytic activity.!3 The
catalytic residues form a characteristic hydrogen bonding network prevalent in
serine proteases which then facilitates nucleophilic attack on hydrolytically labile
amide bonds at Pi. Glyi110 and Tyray9 stabilise the oxyanion hole formed during

proteolysis, as determined by their positioning in the S1 subsite.

(o

S

Figure 3.01 Structure of Hipl monomer. The catalytic residues are enlarged for

clarity.*12

3.2.1 Hip1 active site
The substrate specificity of Hipl has been determined by position scanning-
synthetic combinatorial libraries.!** Synthetic libraries were constructed which
have the general formula: Ac-X-X-X-P1-ACC, Ac-X-X-P,-X-ACC, etc., where Ac =
acetyl, X is a mixture of all natural amino acids (excluding Cys and Nle), P1-P4 are

fixed single amino acids, and ACC is a fluorogenic tag used for the quantitation of
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cleaved substrate in fluorogenic assays. The substrate specificity determined is

shown schematically in Figure 3.02
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Figure 3.02 Hipl protease Pi-P4 substrate specificity as determined by position
scanning-synthetic combinatorial libraries. Bars coloured red indicate preferred

residues for binding at the defined site.!'4

The P; residue of Hipl has the most pronounced effect on substrate selectivity,
with an almost exclusive preference for Lys (K) at S,. Other binding sites have a
much-reduced effect on substrate specificity. There is no apparent preference for
a particular type of side chain at Si, although GIn (Q) and Leu (L) are slightly
favoured at this position. A slight preference for aromatic residues (Tyr, Y; Phe, F;
Trp, W) is apparent at Sz, though aliphatic residues (Nle, n; lle, I; Leu, L; Met, M;
Val, V) are still accepted at this position. S4 is comparatively unselective, but

negatively charged Asp (D) and Glu (E) residues are disfavoured. This data is in
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good agreement with multiplex substrate profiling by mass spectrometry which
was used to determine the cleavage of 228 defined 14-mer peptides by Hip1in an
MS/MS-based readout. Mass spectrometry was also utilised to determine
preferences at Sy’ binding sites. There appears to be a preference for Gly, Phe, Arg
and Ser, at Si’, while a variety of aliphatic and aromatic residues are
accommodated at Sy’-S4’. This combined specificity data is in good agreement with
the cleavage profile for Hip1’s proteolytic substrate, GroEL2, which is cleaved at
two sites in its N-terminal region (AKT-IAYDEEARR-GLERGLN, dashes indicate
cleavage sites). The first cleavage site contains the optimal P, Lys, while the second
cleavage site contains many suboptimal residues at Ps-P.’, suggesting that
cleavage at the first site is faster compared to the second cleavage site. In
summary, Lys is an obligatory residue at P, for binding substrates and inhibitors,

while there is reduced specificity at S1, S3 and Sa.

3.3 Current Design of Hip1 Substrates and Inhibitors
3.3.1 Hip1 substrate probes

Selective fluorogenic probes of Hipl were developed in order to visualise Hipl
activity in vivo.'* Optimised selective fluorogenic Hip1 substrates 3.00 and 3.01
(Figure 3.03) were developed based on the previously discussed profiling data.
These probes have been used to determine whether Hipl activity can be
monitored selectively by fluorescence based assays relative to the background
fluorescence of all total extracts derived from macrophage cell lines. Macrophage
cell lysates were spiked with a range of concentrations of Hipl and treated with
the substrates. While both probes showed a strong signal-to-noise ratio upon

addition of small amounts of Hip1 (as low as 270 pg), 3.01 demonstrated a lower
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background signal than 3.00, showing essentially no activity in macrophages
infected with mutant Mtb lacking Hip1, making it an ideal candidate for in vivo

imaging of Mtb.

7 |
o e e
)LH NQLH NQLH P NH,

Figure 3.03 Selective fluorogenic substrates for visualising Hip1 activity in vivo.

3.3.2 Hip1 irreversible inhibitors

Irreversible inhibitors have been developed for activity-based relationship studies
based on the fluorogenic substrates discussed above. Approximately 500 small
molecules containing serine-reactive electrophiles were screened against Hipl
using a fluorogenic substrate readout in order to identify possible potent
pharmacophores.''* Of the compounds assayed against Hipl, a series of
isocoumarins were identified with nM activity. Optimisation of these

isocoumarins lead to the development of a series of potent irreversible inhibitors
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(Figure 3.04). Various Fmoc protected residues with different side chain
functionalities were substituted at P, (R1). Substitution of the L-Lys side chain with
different chain lengths (i.e., hLys, Orn) or substitutents (i.e., D-Lys, PhNCS, Leu and
Lys(biotin) reduced the potency of inhibition, indicating that maintaining L-Lys at
P, is essential for activity. Indeed, the inhibitor featuring Fmoc-L-Lys at P, was

found to be the most potent of the series, with an ICso=~34 nM.

H o)
R{ (o)
= O/\/Br
Cl
Fmaoc- Fmoc- Fmoc- Fmoe- PhMNCS Fmae- Fmoc-
L-Lys L-hLys L-Ory D-Lys L-Leu L-Lys
: . : & : H :  (bighn)
RN R G A T G G B -
DS BB RGN N NG
DO A A I S L
TR GR I a )Tt RN TR
Fimes: H ‘5( : o Fmoc’ b # H * P
4 O rmes” L1 : ol : ' |
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E z H ' ' . :
1 2 ¥
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Figure 3.04 Top: structure of the optimised terminal electrophile for irreversible
binding to Hip1. Bottom: Comparison of relative ICso values of inhibitors with

various side chains at P,.

3.4 Synthesis of Reversible Hip1 Protease Inhibitors

The inhibitors discussed above have a number of disadvantages. Firstly, P1 is
entirely occupied by an electrophilic warhead, preventing functionalisation with
an amino acid residue (e.g., Glu or Leu). Furthermore, these inhibitors lack P3 and

P4 functionality which presumably provide important interactions with the active
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site. Finally, these inhibitors are irreversible, owing to the nature of the warhead
(e.g., isocoumarin irreversible inhibition by lactone ring opening upon nucleophilic
attack by Ser.2s). Irreversible inhibitors are generally less favoured as therapeutic
agents due to their toxicity and associated side effects.?” Addressing these issues
with reversible inhibitors featuring residues at Pi-P4 is therefore of interest

towards the development of potential immunodulatory therapeutics against Mtb.

Work described in this chapter is concerned with the design, synthesis and
evaluation of N-terminal protected tripeptides as reversible Hipl protease
inhibitors, as depicted in Figure 3.06. A pinanediol boronate ester was selected as
the C-terminal warhead, a common electrophile featured in serine protease
inhibitors which acts as a prodrug of the active boronic acid.3® 1> Boronic acids
are strong Lewis acids whose reactivity is due to a vacant p orbital centred on the
boron atom. Under physiological conditions boronate esters are hydrolysed to the
corresponding boronic acids (Figure 3.05, (a)).'*> The unmasked boronic acid is
then able to readily react with serine proteases to form a reversible tetrahedral
adduct, with one of the OH groups positioned in the oxyanion hole to stabilise the

protease-inhibitor complex (Figure 3.05, (b)).3®
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(a) Boronate ester hydrolysis under physiological conditions

OR,  2H,0 OH

+ Ron + R3OH

B. B.
R “OR, Ry “OH

(b) Reversible inhibition of serine proteases by boronic acids

OH

(?H Ser-OH l_
R/B\OH R1—I?—O—Ser + H*

! OH

Figure 3.05 Overall mode of reversible inhibition of serine proteases by boronate

esters.

Lys was incorporated at P; given that the S; site displays an almost exclusive
preference for this amino acid. Leu was introduced at Pi as it is somewhat
preferred at S1, as discussed earlier. As demonstrated in Figure 3.02, there appears
to be some specificity for aromatic residues at Ss, providing an opportunity to
investigate the optimised residue at this position. In this study, Phe and Tyr were
investigated at Ps. Finally, given the low specificity at Si, P4 residues were
substituted with the N-terminal protecting groups Boc (tert-Butyloxycarbonyl),
Cbz (Carboxybenzyl) and Fmoc (Fluorenylmethyloxycarbonyl) (Figure 3.06) and

the optimum protecting group at this site investigated.
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N
wd
Ho 2%
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PGHN\?)OLH :
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R=H, OH

Figure 3.06 General structure of reversible tripeptide Hipl protease inhibitors

(PG = protecting group).

The synthesis of the P3 Phe and Tyr inhibitors featuring N-terminal Boc protecting
groups 3.11 and 3.12, N-terminal Cbz protecting groups 3.23 and 3.24, and N-
terminal Fmoc protecting groups 3.35 and 3.36, respectively, proceeded via a
similar approach. Inhibitors 3.12 and 3.35 were prepared by the methods

described below.?

3.4.1 Synthesis of N-terminal Boc inhibitors

N-terminal Boc inhibitors 3.11 and 3.12 were prepared over four steps from Boc-
L-phenylalanine 3.02 and Boc-L-tyrosine 3.03. Amidation of 3.02 and 3.03 with L-
lysine(Cbz)-methyl ester 3.04 under standard HATU mediated amide coupling
conditions gave dipeptide esters 3.05 and 3.06 in excellent yields. Alkaline
hydrolysis of these esters with aqueous LiOH afforded carboxylic acids 3.07 and
3.08 respectively, which were subsequently coupled to the commercially available
leucine pinanediol boronate ester 3.13 to give tripeptides 3.09 and 3.10 in
excellent yields. Deprotection of the Cbz-protected side chains under standard
hydrogenation conditions gave the desired inhibitors 3.11 and 3.12 in near
guantitative yields (Scheme 3.4.1).

#3.12 and 3.35 were prepared by Dr Borja Lopez Pérez at The University of Adelaide.
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Scheme 3.4.1 Reagents and Conditions: i) HATU, DIPEA, DMF, rt, 18 h (93% R1=H, 88% R1= OH), ii) LiOH, H2O, THF, rt, 2 h (100% R1
= H, 98% R1= OH), iii) 3.13, HATU, DIPEA, DMF, rt, 18 h (92% R1= H, 70% R1 = OH), iv) Ha, Pd/C, MeOH, EtOAc, rt, 5 h (98% R1 = H,
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Chapter Three

3.4.2 Synthesis of N-terminal Cbz inhibitors

The synthesis of the N-terminal Cbz inhibitors 3.23 and 3.24 proceeds via a similar
sequence to the Boc-protected inhibitors described above. HATU-mediated
amidation of Cbz-L-phenylalanine 3.14 and Cbz-L-tyrosine 3.15 with L-lysine(Boc)-
methyl ester 3.16 gave the dipeptide methyl esters 3.17 and 3.18 respectively,
which were saponified to give carboxylic acids 3.19 and 3.20. These acids were
then coupled to boronate ester 3.13 to give tripeptides 3.21 and 3.22. Boc-
deprotection of 3.21 was achieved using anhydrous HCl to give the HCl salt of
amine 3.23 in a quantitative yield. Attempted deprotection of 3.22 under the
same conditions, however, failed to furnish the desired product 3.24. Repeating
the react ion using TFA in place of HCl gave rise to rapid Boc-deprotection to give

the desired deprotected amine 3.24 in a near quantitative yield (Scheme 3.4.2).
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Scheme 3.4.2 Reagents and Conditions: i) HATU, DIPEA, DMF, rt, 18 h (95% R1=H, 60% R1= OH), ii) LiOH, H20, THF, rt, 2 h (99% R1 =
H, 98% R1= OH), iii) 3.13, HATU, DIPEA, DMF, rt, 18 h (50% R1=H, 67% R1= OH), iv) HCl, Et20, rt, 18 h (99% R1= H); TFA, CHxCly, rt, 2

h (95% R1= OH).



Chapter Three

3.4.3 Synthesis of N-terminal Fmoc inhibitors

Synthesis of Fmoc-protected inhibitors was initially attempted using an analogous
approach to that used for the Boc- and Cbz-protected inhibitors, see Scheme 3.4.1
and 3.4.2. However, this approach was found to be unviable for Fmoc inhibitors,
with exposure of Fmoc-protected dipeptides 3.25 to alkaline ester hydrolysis
conditions resulting in partial or complete cleavage of the base-labile Fmoc-
protecting group, affording dideprotected dipeptides 3.26. A number of
conditions were trialled for hydrolysis of 3.25 in order to minimise or prevent
Fmoc cleavage, including low molar equivalence of hydroxide or reactions at 0 °C
and -25 °C. In all instances, ester hydrolysis was incomplete and partial cleavage

of the Fmoc group still occurred (Figure 3.07).

NHBoc NHBoc
O 0]
FmochiN I Ao ——= HN_ I A o
i oH g : H
i "R C R,
3.25 3.26

Figure 3.07 Resulting dideprotected dipeptides under ester hydrolysis

conditions.

It was envisaged that this issue could be circumvented by reversing the order of
the synthesis, i.e. initially coupling boronate ester 3.13 to Boc-L-lysine(Cbz)-OH
3.27 to afford dipeptide 3.29, which upon Boc-deprotection would afford a
common dipeptide intermediate 3.31 (Scheme 3.4.3). Coupling of this

intermediate to Fmoc-L-phenylalanine or Fmoc-L-tyrosine would then afford the
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Fmoc-protected tripeptides. Formation of the desired inhibitors would then be
achieved by Cbz-deprotection at the lysine side chain under hydrogenation
conditions. This route was applicable for the synthesis of phenylalanine inhibitor
3.35 (Scheme 3.4.3), but failed to give the desired tyrosine inhibitor due to both
cleavage of the Cbz- and Fmoc-protecting groups of tripeptide 3.37 in the final
hydrogenation reaction to give the undesired dideprotected tripeptide 3.38

(Figure 3.08).

NHCbz NH,

Figure 3.08 Cleavage of 3.37 Cbz- and Fmoc-protecting groups under

hydrogenation conditions (Hz, Pd/C, rt, 18 h).

It was thought that substituting the Cbz protecting group at the lysine side chain
with the acid-labile Boc group would avoid cleavage of Fmoc as it is stable under
the acidic conditions required for Boc-deprotection. Synthesis of Boc-protected
tripeptide 3.34 was performed over three steps from Cbz-L-Lysine(Boc)-OH 3.28,
which was Boc-deprotected with anhydrous HCI. Surprisingly, cleavage of the
boronic ester of 3.34 to the boronic acid 3.36 was also observed under acidic
conditions, despite Cbz-protected inhibitors 3.23 and 3.24 being stable under such

condition
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Scheme 3.4.3 Reagents and Conditions: i) HATU, DIPEA, DMF, rt, 4 h (92% R2 = Cbz, Rz = Boc; 92% R, = Boc, R3; = Cbz), ii) HCI, 1,4-
dioxane, rt, 18 h (100% Rz = Cbz, R3 = Boc); Hz, Pd/C, MeOH, EtOAc, rt, 3 h (100% R; = Boc, R3 = Cbz), iii) Fmoc-Phe-OH, HATU,
DIPEA, DMF, rt, 4 h (51% Rz = Cbz, R3= H,Cl); Fmoc-Tyr-OH, HATU, DIPEA, DMF, rt, 4 h (58% Rz = Boc, R3 = H), iv) H, Pd/C, MeOH,
rt, 18 h (99%, R1 = H, R, = Cbz), v) HCI, THF, 1,4-dioxane, rt, 18 h (47% R1= OH, R, = Boc).
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3.5 Tripeptide Boronate Ester Inhibition Assay

Inhibition of Hip1 by the tripeptide inhibitors 3.11, 3.12, 3.23, 3.24, 3.35 and 3.36
was determined by a fluorometric assay using a microplate reader by our
collaborator Nathan Goldfarb.? All inhibitors were tested for their ability to inhibit
Hipl-dependent hydrolysis of the substrate, Dabcyl-Glu-Ala-Arg-Arg-Gly-Leu-
Glu(EDANS)-Arg-OH, a novel FRET-based substrate (EDANS is a
naphthalenesulfonic acid fluorophore moiety and Dabcyl is an azobenzoic acid
guenching group) based on a previously discussed natural cleavage site at the N-
terminus of GroEL2. Inhibitors 3.11, 3.12, 3.24 and 3.35 were screened against
Hip1 at two different concentrations, 1000 and 500 nM, while 3.23 and 3.36 were
tested at three additional concentrations of 100, 10 and 1 nM given that they
exhibited complete inhibition of Hipl at 500 nM. Approximately 75 nM purified
Hipl was preincubated with each concentration of inhibitor for 50 min at 25 °C
and pH = 8.5 in Tris buffer. A control reaction containing 2% DMSO instead of
inhibitor was included for each inhibitor tested. Reactions were initiated by the
addition of substrate. Percent inhibition values were calculated by: 100 — [initial
rate of inhibited reaction/initial rate of control reaction*100] and the results from

the screening are given in Table 3.5.1.

bProteolytic assays performed at the California Health Sciences University.
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Table 3.5.1 % inhibition of Hip1 by tripeptide inhibitors and associated K; values as determined by fluorometric assays.

% inhibition of Hip1 proteolytic activity

Q ho 9" @
CszN\)LN N_B.g"
i\ :H O :\(

Compound Structure 1000 nM 500nM 100 nM 10 nM 1nM Ki (nM)
NH,
3.24 LA (’N@ 45 53 c
. BocHN\)LN N\/B\Oc' - - - -
i H Y
NH s TFA
o [ 9
3.35 BocHNQLN N_B-g’ 100 67 - - - -
i H O § _\(
\©\OH
NH,eTFA
3.36 100 100 86 90 39+15 16
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% inhibition of Hip1 proteolytic activity
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Compound Structure 1000 nM 500nM 100 nM 10 nM 1nM Ki (nM)
NH,CI
0 yo ot
3.24 CszNQLN N_ By’ 45 27 - - - -
: H :
AW
OH
NH,
3.35 FmocHN\)L /dj @ 68 - - - - -
NH,sTFA
3.36 FmocHN\)L J\{ By 100 100 79 96 70%15 7
OH

‘No data available.
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No clear preference is apparent for the Ps and P4 residues investigated, as
demonstrated by the lack of a trend in potencies between inhibitors. However,
inhibitor 3.23 was particularly potent, inhibiting Hipl by 39% at a 1 nM
concentration which was determined to be an inhibition constant, Ki = 16 nM
(Appendix 1). This is an improvement on the most potent inhibitor of Hipl
reported thus far: the Fmoc-Lys reversible inhibitor depicted in Figure 3.04 which
is significantly less active with an ICso of ~34 nM. There appears to be a preference
for Phe at Pz and Cbz as an N-terminal protecting group (P4 group) given that 3.23
is significantly more potent than the other boronate esters assayed. Interestingly,
boronic acid 3.36 has comparable activity (Ki= 7 nM, Appendix 1) to 3.23 despite
featuring a presumably less favoured Tyr at Pz and Fmoc N-terminal protecting
group. This unprecedented activity is likely as a result of 3.36 not needing to be
hydrolysed in order to act as a reversible inhibitor. As described earlier, a boronate
ester acts as a masking group which is hydrolysed to the active boronic acid and
then interacts with the active site nucleophile (Serzzs for Hipl). While boronate
esters are typically labile under agueous conditions in a mild pH range, pinanediol
boronate esters have been reported to be highly robust towards hydrolysis, even
under extreme pH conditions.''® As a consequence, the enhanced activity of the
boronic acid 3.36 is likely as a result of it not requiring hydrolysis prior to reaction
with the active site nucleophile, while boronate esters 3.11, 3.12, 3.24 and 3.35,
and to a lesser degree, 3.23, are likely weaker inhibitors due to possessing

hydrolytically stable pinanediol protecting groups.
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3.6 Investigation of other Terminal Electrophiles for the Optimised
Sequence

As discussed, C-terminal pinanediol boronate esters appear somewhat
hydrolytically stable and are therefore not ideal masked warheads for achieving
reversible inhibition of Hipl. Nevertheless, 3.23 is an exceptional inhibitor which
indicates that Phe and Cbz are optimal Psand P4 substituents. To further improve
upon this potency, other C-terminal electrophiles which are common to serine
protease inhibitors and which do not require activation (e.g., hydrolysis) to inhibit
Hipl were investigated for the optimised sequence, namely a-keto heterocycle,

aldehyde and a-keto ester warheads (Figure 3.09).

NH,
O H
CszN\')J\N N._X
E\ :H O :\(

Figure 3.09 Sequence of the optimised tripeptide Hipl protease inhibitor derived

from 3.23. X indicates the reactive terminal electrophile to be investigated.

3.6.1 Synthesis of a-keto heterocycle inhibitor

A key premise of designing reversible serine protease inhibitors is the inclusion of
a suitably electrophilic C-terminal warhead. The ketone of a-keto heterocycles is
activated for reaction with serine due to the electron-withdrawing properties of
the adjacent heterocycle. This group has been used to generate potent a-keto
heterocyclic inhibitors of other serine proteases such as Human neutrophil

elastase,''’ thrombin,'*® and trypsin.''® In most instances, an sp? donor nitrogen
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in the heterocycle provides key interactions with the active site. Additionally, ring
oxygen and sulfur atoms have been shown to be beneficial for improving binding
affinity.3® a-keto benzothiazole was therefore selected as the C-terminal

electrophile as it features both ring nitrogen and sulfur atoms, i.e., 3.44.

A retrosynthetic analysis of the target a-keto heterocycle 3.44 gives rise to two
independent fragments 3.19 and 3.41, which upon amidation, oxidation, and Boc-
deprotection would afford the target inhibitor (Figure 3.10). Formation of the
benzothiazole fragment 3.41 proceeds via a Weinreb ketone synthesis to form a-
keto heterocycle 3.39, reduction to the secondary alcohol 3.40, and finally Boc-
deprotection to give the TFA salt of amine 3.41. Synthesis of dipeptide 3.19 is

depicted in Scheme 3.4.2.
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y\( — BocHN\:)J\Ws — BocHN\;)J\T,O\
C =0 C :

BocHN

3.38
Figure 3.10 Retrosynthetic analysis of a-keto heterocycle 3.44.

Synthesis of benzothiazole fragment 3.41 began with a Weinreb ketone synthesis
between commercially available Weinreb amide Boc-L-Leucine N,O-
dimethylhydroxamide 3.37 and benzothiazole 3.38. Weinreb ketone synthesis is a
highly versatile method for the formation of ketones.*?? The reaction proceeds via
addition of an organometallic species to the Weinreb amide, which upon
guenching at low temperatures by addition of aqueous acid, forms the desired

ketone. Unlike many other organometallic addition reactions, Weinreb amides
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avoid formation of over-addition products due to an assumed metal-chelate
intermediate.'?! Low temperature addition of Weinreb amide 3.37 to lithiated
benzothiazole 3.38 afforded a-keto heterocycle 3.39. Despite having the desired
oxidation state, 3.39 was reduced with sodium borohydride to the secondary
alcohol 3.40 as a 3:1 mixture of diastereomers, as determined by *H NMR (Scheme
3.6.1). This then deactivates the amino acid a-carbon and prevents epimerisation
in the amidation step which is performed under alkaline conditions (Scheme 3.6.2).
Related C-terminal 2-ketothiazoles have been demonstrated to readily undergo a-
epimerisation under enzymatic assay conditions of pH 7.4, but were found to be

stereochemically stable at pH 3-4.1%?

(i)

0] S (i 0] OH

BocHN \)L N’O\ + NW@ —— BocHN \_)J\/S —— BocHN \_/5\(3

Y | Y N\@ Y “}@
3.39

3.37 3.38 3.40

Scheme 3.6.1 Reagents and Conditions: i) n-Buli, THF, -78 °C, 1.75 h, then sat. aq.

NHa4Cl, -78 °C, ii) NaBHa4, MeOH, CHCl,, -25 °C, 0.5 h (44% over 2 steps).

Alcohol 3.40 was then Boc-deprotected on treatment with TFA to give the amine
3.41 in quantitative yields, which was coupled to the previously prepared
dipeptide carboxylic acid 3.19 to give tripeptides 3.42 in a good yield as a 3:1

mixture of diastereomers based on H NMR. (Scheme 3.6.2).
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NHBoc

BocHN\/K( 0, TFA-HZN\A( e cre HN\)L 5\/\/
O O

3.42

Scheme 3.6.2 Reagents and Conditions: i) TFA, CH,Cly, rt, 2 h (100%), ii) 3.19, HATU,

DIPEA, DMF, rt, 18 h (71%).

Oxidation of alcohol 3.42 to a-keto heterocycle 3.43 was achieved with DMP and
the crude product was Boc-deprotected on treatment with TFA to afford the
target a-keto heterocycle 3.44 in a respectable yield following purification by rp-

HPLC (Scheme 3.6.3).

NHBoc NHBoc NH,eTFA

CszN\)OLujf:HVOKHWs 0, CszN\)L Jf:dj\( 0, CszN\)L Jf:\)\(
O e

Scheme 3.6.3 Reagents and Conditions: i) DMP, CH,Cly, rt, 2 h, ii) TFA, CHCl, rt,

1.5 h (46% over 2 steps).

3.6.2 Synthesis of aldehyde inhibitor

Given the potency of the aldehyde inhibitors of a-Chymotrypsin discussed in
chapter two (particularly pyrrole 2.30), it was proposed that incorporation of a C-
terminal aldehyde into the optimised sequence would give rise to a potent
inhibitor of Hipl. The target aldehyde 3.48 would be prepared by oxidation of
tripeptide alcohol 3.46 followed by Boc-deprotection of aldehyde 3.47 (Figure

3.11).
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3.46
Amidationﬂ

Figure 3.11 Retrosynthetic analysis of aldehyde 3.48.

L-Leucinol 3.45 was coupled to dipeptide 3.19 to give alcohol 3.46 in a moderate
yield and this was subsequently oxidised with DMP to afford aldehyde 3.47. Boc-
deprotection of 3.47 was initially trialled using anhydrous HCl. NMR analysis of the
reaction mixture after 1.5 h reaction surprisingly revealed that aldehyde 3.47 had
degraded. This suggested that the intermediate aldehyde is sensitive to acidic
conditions and subsequent Boc-deprotection was attempted using tetra-n-
butylammonium fluoride (TBAF). Refluxing of N-Boc protected amines in solutions
of TBAF in THF has been demonstrated to selectively cleave Boc groups in the
presence of acid and base sensitive functionalities.?* Reaction of aldehyde 3.47
under these conditions, however, also resulted in degradation. Although 3.47
appears to be unstable towards various reaction conditions, Boc-deprotection
was attempted with TFA as this condition was successful for cleaving the Boc
group in a-keto heterocycle 3.43. 'H NMR (CD30D) of the product obtained after
purification by rp-HPLC reveals that Boc-deprotection had proceeded cleanly, as

demonstrated by the loss of the tertiary butyl signal at 1.43 ppm (Figure 3.12).
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Surprisingly an expected signal for the formyl hydrogen of 3.47 (approximately
9.50 ppm) was absent and there was an added 1 H doublet at 4.18 ppm. Further
investigation of the doublet by the 2-dimensional NMR experiment *H-'H COSY
(spin-spin coupling correlations) revealed coupling between the signal and the a-
hydrogen on the leucine residue, J = 4.6 Hz, suggesting vicinal coupling. The 13C
NMR spectrum of the 3.44 was also unexpected, with the appearance of a peak at
109 ppm, a diagnostic shift of a carbon directly attached to two heteroatoms
(Figure 3.13). 'H-13C HSQC (correlations of hydrogen nuclei directly attached to
carbon nuclei) revealed a correlation between this signal and the doublet at 4.18
ppm in the H spectra. In addition to this doublet, two diastereotopic singlets
integrating for 3 H each at 3.39 ppm were present in the H spectra, with 1H-13C
HSQC correlations to two peaks at 56 and 57 ppm in the '3C spectra. From this
analysis, methyl acetal 3.49 was proposed as the product (Scheme 3.6.4). The
acetal likely formed during the workup when the crude product was washed with
MeOH to remove residual TFA. TH NMR (CDCls3) of the crude product from the
reaction where the product was not washed with MeOH revealed retention of the
aldehyde, supporting this proposed pathway for acetal formation. Although this
demonstrates that acetal formation can be avoided by not washing the product
with MeOH, it is was not possible to exclude the use of MeOH completely, as
purification by rp-HPLC required dissolving the crude material in MeOH due to
limited solubility in other solvents. The structure of acetal 3.49 is also supported
by high resolution mass spectrometry (HRMS), with the base peak corresponding

to m/z = 571, equivalent to [M+H]* for the proposed methyl acetal. Additionally,
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peaks corresponding to [M+H]* for the corresponding hemiacetal (m/z = 557) and

free aldehyde (m/z = 525) are also present.
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Figure 3.12 'H NMR (CDs0D) of acetal 3.49.
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Figure 3.13 3C NMR (CD3sOD) of acetal 3.49. The signal highlighted in red (109
ppm) corresponds to the acetal carbon, while those highlighted in blue (56 and 57

ppm) correspond to the two diastereotopic acetal methoxy groups.
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Scheme 3.6.4 Reagents and Conditions: i) HATU, DIPEA, DMF, rt, 18 h (60%), ii)

DMP, CHaCly, rt, 2 h, iii) TFA, CH2Cly, rt, 1.5 h, then MeOH, TFA (29% over 2 steps).

3.6.3 Synthesis of the a-keto ester inhibitor

The final C-terminal electrophile investigated was an a-keto ester. Examples of
peptidomimetic protease inhibitors featuring P:1 a-keto esters have been
demonstrated to provide potent reversible inhibition of other serine proteases.!?*
A study on Chymotrypsin selective inhibitors for which different C-terminal
carbonyl electrophiles, including aldehydes, a-fluorinated ketones and a-
diketones, demonstrated that inhibitors featuring C-terminal a-keto esters
afforded the greatest amount of inhibition in proteolytic assays.*! In addition to
increasing the electrophilicity of the reactive ketone, the adjacent ester is
proposed to form a hydrogen bond with active site residues, stabilising the
inhibitor-protease complex, resulting in the inhibitor having improved binding

efficacy (Figure 3.14).1%° In the case of designing a reversible Hip1 inhibitor, the

simple a-keto methyl ester 3.57 was prepared for assay against Hip1.

(@] R, O
)J\ _H—Donor
© ? Rs
Ser

Figure 3.14 Proposed stabilised transition-state complex formed between serine

proteases and a-keto ester inhibitors.
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Retrosynthetic analysis of a-keto ester 3.57 identified the modified P residue 3.54
which is prepared from commercially available L-leucinol 3.45. Boc-protection of
3.45 will afford Boc-L-leucinol 3.50 which can be oxidised to the corresponding
aldehyde 3.51, and then converted to cyanohydrin 3.52. Treatment with aqueous
HClI will give a-hydroxy acid 3.53 which on esterification will afford the

corresponding a-hydroxy methyl ester 3.54 (Figure 3.15).

NHBoc
Boc-deprotection
CszN\)L QS( . = CszNQL \)k[(
3 57 3 56
H Oxidation
NHBoc NHBoc

Amidation

0
CszNQLN OH +CIH3NVS( L = CszNQL \/%( -
E E

3.19 3.54
H Esterification

Hydrolysis
OH Boc-deprotection OH  Cyanohydrination
BocHN BocHN
CleNVQWOH — N A, = oc :QLH
\(2 (6] \(Z Y
3.53 3.52 3.51

Oxidation

Boc-protection
HZN.V\OH BOCHN\_/\OH

v v

3.45 3.50

Figure 3.15 Retrosynthetic analysis of a-keto ester 3.57.
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Boc-protection of L-leucinol 3.45 was achieved using Boc anhydride!?® and the
resulting Boc leucinol 3.50 was then oxidised to the corresponding aldehyde 3.51
under Parikh-Doering conditions.'?” Conversion of aldehyde 3.51 to cyanohydrins
3.52 as a 1:1 mixture of diastereomers, as determined by 'H NMR, was achieved
with acetone cyanohydrin under alkaline conditions in MeOH in an overall yield of

78% over the 3 steps (Scheme 3.6.5).

. —345R=H 3.51 3.52
M [, 3750 R = Boo

Scheme 3.6.5 Reagents and Conditions: i) Boc;0, CH,Cly, rt, 18 h, ii) sulfur trioxide
pyridine complex, DMSO, TEA, 10 °C, 1 h, iii) acetone cyanohydrin, K;COs, MeOH,

rt, 1 h (78% over 3 steps).

Subsequent acidic hydrolysis of 3.52 with aqueous HCI gave the Boc-deprotected
a-hydroxy acids 3.53, again as a 1:1 mixture of diasteromers. Esterification to a-
hydroxy methyl esters 3.54 was achieved with thionyl chloride in MeOH. Coupling
of these esters to the core dipeptide unit 3.19 in the presence of HATU gave the
tripeptides 3.55 in an overall yield of 63% over 3 steps and in an isomeric ratio of

1:1 (Scheme 3.6.6).
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Scheme 3.6.6 Reagents and Conditions: i) HCI, H,0, 1,4-dioxane, reflux, 18 h, ii)
SOCl;, MeOH, -10 °C - rt, 2.5 h, iii) 3.19, HATU, DIPEA, DMF, rt, 18 h (63% over 3

steps).

Oxidation of alcohols 3.55 was achieved with DMP. The resulting a-keto ester 3.56
was Boc-deprotected using TFA. Similar to acetal 3.49, addition of MeOH to the
ketone of 3.56 appeared to have occurred based upon the 3C NMR spectrum
(CD30D) which revealed loss of the ketone signal at 195 ppm and the appearance
of a diagnostic peak corresponding to an addition product at 102 ppm (Figure
3.17). Interestingly however, the 'H spectrum suggested hemiacetal formation
(Scheme 3.6.7), as indicated by the presence of only one singlet at 3.87 ppm which
would otherwise be expected to be present as two signals for an acetal which has
diastereotopic methoxy groups. (Figure 3.16). Splitting of signals in the 3C
spectrum and overlapping signals in the H spectrum support assignment of the
hemiacetal as two diastereomers on addition of MeOH at the ketone. Interestingly,
the methyl peak of the hemiacetal integrates for 0.6 H rather than the expected
3.0 H. This is likely due to exchange between the methoxy group of the
undeuterated hemiacetal isolated following purification with the NMR solvent, i.e.,

CDs0D, giving rise to the reduced integration observed.
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The *H spectrum in CDCls lacked the methyl resonance observed at 3.87 ppm in

the CD3OD spectrum (Figure 3.16), while the 3C spectra in CDCls reveals the

expected ketone signal at 195 ppm and lacks the signal at 102 ppm due to the

hemiacetal resonance observed in the CDs3OD spectra (Figure 3.17). These

cumulative findings suggest that the hemiacetal formed from MeOH is stable in

methanolic solutions, but is readily converted back to the a-keto ester by solvent

exchange with an aprotic solvent.

f1 (pom

7.5 7.0 65 6.0 55 50 45 . A0 s 30 25

395 390 3.85 3.80 375 37 365

Figure 3.16 *H NMR (CDs0D) of hemiacetal 3.58. The singlet at 3.87 ppm arises

from the hemiacetal methoxy group, and the two singlets at 3.75 ppm

correspond to the methyl esters of both diastereomers.
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Ll ] H J_MUIJ.

Figure 3.17 3C NMR (CDs0D) of hemiacetal 3.58. The signal highlighted in red

(102 ppm) corresponds to the hemiacetal carbon. The signal corresponding to

the methoxy group of the hemiacetal (55 ppm) has not been highlighted for

clarity.
NHBoc NHBoc NH,eTFA
o o
H
CszN\)L /{\/%( 0, CszN\)L /{\)H( _, CszN\)L o
3.55 3.56 3.58

Scheme 3.6.7 Reagents and Conditions: i) DMP, CHCly, rt, 2 h, ii) TFA, CH2Cly, rt,

1.5 h, then MeOH, TFA (64% over 2 steps).

3.7 Extended Series Inhibition Assay

Inhibitors 3.44, 3.49 and 3.58 were assayed against Hip1 using the same method

described earlier and the inhibitory potencies are given in Table 3.7.1.
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Table 3.7.1 % inhibition of Hip1 by tripeptide inhibitors and associated K; values as determined by fluorometric assays.

% inhibition of Hip1 proteolytic activity
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Initial screening of the inhibitors demonstrated that all three are more potent
against Hipl compared to the lead inhibitor 3.23. a-keto heterocycle 3.44 and
hemiacetal 3.58 proved to be exceptionally potent, inhibiting Hip1 at 95% and 97%
respectively at a concentration of 1 nM. K; values of 3.44 and 3.58 were
determined to be 178 pM and 309 pM, respectively (Appendix 1). This significantly
improved activity over 3.23 is likely due to, in part, these inhibitors being able to
react directly with the active site Serz:s to achieve reversible binding, while
boronate ester 3.23 is required to be hydrolytically cleaved to the boronic acid to
react with Serzzs. Other factors such as the inhibitors’ terminal electrophiles
electrophilicity, shape and size are also expected to influence the binding efficacy.
Additionally, the rate of interconversion between hydrates/hemiacetals/acetals
and the active electrophile, in addition to the concentration of the active
electrophile, is also presumed to affect the inhibitors potencies. For example,
hemiacetal 3.58 will equilibrate to a-keto ester 3.57 which is expected to be the
active form of the inhibitor. Similarly, acetal 3.49 which demonstrates relatively
modest activity (45% inhibition at a concentration of 1 nM) is expected to be active
on interconversion to aldehyde 3.48, with the rate of interconversion and the
concentration of the aldehyde in solution being expected to partially define the

potency of the inhibitor.
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3.8 Conclusions and Future Work

In summary, a novel series of tripeptide inhibitors containing P1 boronate esters
for the reversible inhibition of Hipl has been synthesised and the associated
inhibitory potencies characterised. Inhibitor 3.23 which features Phe at Pz and Chz
at the N-terminus (P4) was found to be a particularly potent inhibitor of Hip1 with

aKi=16 nM.

An extended series of inhibitors containing either a C-terminal a-keto heterocycle,
aldehyde or a-keto ester warhead were then designed based on the optimal
sequence found in 3.23. Initial screenings of these inhibitors against Hipl shows
a-keto heterocycle 3.44, acetal 3.49 and hemiacetal 3.58 exhibit tight binding,
with 95%, 45% and 97% inhibition of Hipl activity at a concentration of 1 nM,
respectively. K; values for 3.44 and 3.58 were determined to be 178 and 309 pM,

respectively, highlighting these compounds as highly potent inhibitors of Hip1.

Co-crystal structures of 3.23, 3.36, 3.44, 3.49 and 3.58 bound to Hipl are under
investigation by our collaborator Nathan Goldfarb to provide insight into the
binding mode of these inhibitors. In vivo efficacy against Mtb and cell cytotoxicity
data will indicate the suitability of these inhibitors as adjunctive immunodulatory
therapeutic agents against Mtb. Investigations into other classical reversible
serine electrophiles, including a-keto amides and carbamates, in addition to
modifications to the nature of the electrophiles investigated thus far, including
synthesis of the corresponding boronic acid of boronate ester 3.23, will be

valuable for further refining the inhibitors discussed.
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Chapter Four

4 EXPERIMENTAL PROCEDURES

4.1 General Methods

4.1.1 General practices
Glassware

Oven-dried glassware was used for all reactions performed under an inert
atmosphere of nitrogen or argon.

Reagents and Solvents

All commercially available starting materials and reagents were used without
further purification unless otherwise stated. Dry dichloromethane (CH,Cl;) and
tetrahydrofuran (THF) were obtained from an Innovative Technology Puresolv
solvent purification system unless otherwise stated. Dry N,N-dimethylformamide
(DMF) and methanol (MeOH) were purchased from Sigma Aldrich (St. Louis, MO,
USA).

Cooled solutions

Cooling of solutions at <4 °C refers to cooling in an ice bath. Cooling of solutions
below 0 °C was achieved by addition of dry ice to acetone until the desired

temperature was reached.

Removal of volatiles in vacuo
Removal of volatiles in vacuo refers to removal of solvents and other volatiles

under rotary evaporation. Residual volatiles were removed by use of high vacuum

overnight.
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Thin-layer chromatography

Thin-layer chromatography was performed on Merck aluminium TLC plates, silica
gel (60 A pore size) coated with fluorescent indicator Fass. Traces were visualised
using 254 nm UV light on a Cole-Parmer 8-watt UV lamp with a 254 nm wavelength
light tube and or a suitable dip including basic potassium permanganate dip and
phosphomolybdic acid dip.

Flash Chromatography

Flash chromatography was performed on Grace Discovery Sciences Davisil
chromatographic silica gel, 40-63 micron particle size, under a positive pressure of
nitrogen. The eluting solvents hexane, ethyl acetate (EtOAc), dichloromethane
(CH2Cl,) and methanol (MeOH) were used as received.

Reversed-Phase High Pressure Liquid Chromatography

Purification by Reversed-Phase High Pressure Liquid Chromatography (rp-HPLC)
was performed using a Gilson semi-preparative reversed phase HPLC on a
Phenomenex Luna C18(2) column with monitoring at 215 nm. The solvent gradient
used is as specified in each protocol using solvent A = 0.1% TFA in Milli-Q water
and solvent B = 0.1% TFA in acetonitrile (ACN) purchased from Sigma Aldrich (St.
Louis, MO, USA). Appropriate fractions were combined and lyophilised on a Christ

freeze dryer.

4.1.2 Analytical methods

NMR Spectroscopy

Proton NMR spectra were obtained on an Agilent spectrometer (Agilent DD2
Console) operating at 500 MHz or an Oxford spectrometer (Agilent DD2 Console

+ Cryoprobe) operating at 600 MHz. Carbon NMR spectra were obtained on the
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same spectrometers operating at 125 MHz or 150 MHz. Two-dimensional
correlation experiments (COSY, HSQC, TOCSY, ROSEY and HMBC) were performed
on the Agilent spectrometer operating at 500 MHz unless otherwise stated. All
spectra were obtained at 23 °C. Chemical shifts are reported in parts per million
(ppm) on a 6 scale (internal standard is tetramethylsilane, TMS, shift = 0.00 ppm).
Solvents used in NMR analysis include CDCls (CHCls at &1 7.26 ppm, CDCls at &¢
77.16 ppm); CD3OD (CHD,0D at 6+ 3.31 ppm, CD30D at 6¢49.00 ppm); DMSO-ds
((CHD2)2SO at 6+ 2.50 ppm, (€D3)2S0O at 6¢39.52 ppm) and acetone-ds ((CHD2).CO
at &u 2.05 ppm, (CD3)2CO at &¢ 29.84 ppm). Spin multiplicities of signals are
indicated as follows: singlet (s), broad singlet (br s), doublet (d), doublet of
doublets (dd), doublet of doublet of triplets (ddt), triplet (t), doublet of triplets
(dt), quartet (g) and multiplet (m). All coupling constants are reported in Hertz
(Hz).

High Resolution Mass Spectrometry

High resolution mass spectrometry (HRMS) was performed on an Agilent 6230 ESI-

TOF LCMS.

4.2 General Procedures
4.2.1 In vitro a-Chymotrypsin assay

The assay was adapted from the method of Zhang et al.!?® The activity of a-
Chymotrypsin was assayed spectrophotometrically at 25 °C using a Synergy H4
Hybrid Multi-Mode Microplate Reader and each measurement was made in
triplicate. A solution of a-Chymotrypsin (21.9 pg/mL) in 1 mM aqueous HCl was
prepared fresh by a 1:40 dilution of a stock solution (874 pug/mL) in 1 mM aqueous

HCl and kept on ice. A 1:100 dilution of the 21.9 pg/mL solution in ice-cold 1 mM
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aqueous HCl was prepared immediately before the start of each measurement.
All compounds were analysed at seven different inhibitor concentrations. The
assay was conducted in black 96-well plates as below: To each well was added N-
[Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid (TES) buffer (50 mM, pH
= 8.0, adjusted with NaOH) (87.5 uL), Ala-Ala-Phe-7-AMC substrate (20 mM) in
DMSO (2.5 pL), and an inhibitor (0.00064—10 mM) in DMSO (5 uL). The reactions
were initiated by addition of a-Chymotrypsin in 1 mM aqueous HCI (5 uL, final
concentration = 11 ng/mL). The excitation and emission wavelengths of the
substrate were 380 nm and 460 nm respectively. Progress curves were monitored
over 10 min for each concentration of every inhibitor. GraphPad Prism 5.0,
GraphPad Software, Inc. was used for the determination of kinetic values and the
half maximal inhibitory concentration (ICso) of each inhibitor. The mean ICsp was
determined by fitting the dose-response data to the built-in model-(inhibitor) vs.

response- variable slope (without log transformation).

4.2.2 General reaction procedures

General Procedure A: HATU mediated amide coupling

O I:X = OH
RHkX X =NHR,
To a stirred solution of the respective carboxylic acid (1.0 equiv) and appropriate
amine (1.0 equiv) in dry DMF (20 mL / g carboxylic acid) was added sequentially
HATU (1.2 equiv) and dry DIPEA dropwise (4.0 equiv), and the solution stirred at
ambient temperature under a nitrogen atmosphere for 18 h. To the resulting

solution was added 10% ag. NH4Cl solution and the aqueous phase extracted with
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EtOAc (3x). The combined organic extracts were washed with brine (3x), dried
over MgSQy, filtered, and concentrated in vacuo. The crude product was purified

by flash chromatography on silica to afford the desired pure amides.

General Procedure B: Ester hydrolysis with LiOH

0] O

Ry” “OH

To the respective ester (1.0 equiv) in THF (equal volume as aq. LiOH solution) was
added ag. 1M LiOH (4.0 equiv) and the solution stirred at ambient temperature
for 2 h. Volatiles were removed in vacuo, the solution washed with Et,O and
acidified to pH = 1 with 1M aqg. HCl. The resulting mixture was extracted with
EtOAc (3x), washed with brine, dried over MgSQ, filtered, and concentrated in

vacuo to afford the desired pure carboxylic acids.

General Procedure C: Oxidation of alcohols with DMP

OH o]
R1/kR2 - R1)LR2
To the respective alcohol (1.0 equiv) in dry CH,Cl; (25 mL / g alcohol) was added
DMP (1.5 equiv) and the solution stirred at ambient temperature under a nitrogen
atmosphere for 2 h. CH,Cl> (25 mL / g alcohol) was added, the reaction quenched
by addition of 10% Na;S,0s3 in sat. aq. NaHCOs solution (25 mL / g alcohol), and the
resulting solution stirred at ambient temperature for 15 min. The mixture was
extracted with CH,Cl, (3x), washed with brine (1x), dried over MgSQy, filtered, and

concentrated in vacuo to afford the desired crude oxidised alcohols which were
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either used without further purification in subsequent reactions or purified by rp-

HPLC to afford the desired pure oxidised alcohols.

4.3 Experimental Work Described in Chapter Two

Diastereomers with selected data listed for minor isomers have NMR data

reported which is distinguishable from the major isomer data.

tert-Butyl((S)-1-(((S)-1-hydroxy-3-phenylpropan-2-yl)Jamino)-4-methyl-1-

oxopentan-2-yl)carbamate 2.23

0 [ //\:
BokN. I A_oH
: H

Boc-L-Leucine monohydrate (3.91 g, 15.7 mmol) was coupled to L-phenylalaninol
(2.37 g, 15.7 mmol) according to general procedure A and the crude product was
purified by flash chromatography on silica (80% EtOAc / Hexane) to afford 2.23 as
a white solid (5.68 g, 99%). Rf= 0.54 (80% EtOAc / Hexane); *H NMR (500 MHz,
CDCl3) 6 0.91 (m, 6H, CHCHs), 1.42 (m, 1H, CH3CHCHH), 1.44 (s, 9H, C(CHs)3), 1.60
(m, 2H, CH3CHCHH, CH3CH), 2.88 (m, 2H, CH,0H), 3.12 (brs, 1H, OH), 3.58 (m, 1H,
CHHCHCH,0H), 3.66 (m, 1H, CHHCHCH,0H), 4.04 (m, 1H, CHCH,OH), 4.14 (m, 1H,
CO,NHCH), 4.96 (m, 1H, NHCHCH,0H), 6.56 (d, J = 7.5 Hz, 1H, CO2NH), 7.25 (m, 5H,
CsHs); 13C NMR (125 MHz, CDCls) & 24.6, 25.5, 27.4, 31.0, 39.5, 43.7, 55.6, 56.2,
66.2,82.7,129.2,131.2,131.9, 140.4, 158.6, 175.6. HRMS (ESI) 387.2324 (M+Na)*;

Ca0H32N2NaO4 requires 387.2254.
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(S)-1-(((S)-1-Hydroxy-3-phenylpropan-2-yl)amino)-4-methyl-1-oxopentan-2-

aminium 2,2,2-trifluoroacetate 2.24

0 [ //\:
TrasiN L Ao
: H

To a solution of 2.23 (368 mg, 0.97 mmol) in dry CH,Cl> (5 mL) was added TFA (0.5
mL, 6.5 mmol) and the solution left to stir at ambient temperature for 5 h under
a nitrogen atmosphere. The resulting solution was concentrated in vacuo, washed
with CHCl; (3x) and MeOH (3x), concentrating in vacuo following each wash, to
afford 2.24 as a crude orange oil (446 mg) which was used without further

purification.

Methyl 1H-pyrrole-2-carboxylate 2.06

To a suspension of 60% sodium hydride dispersion in mineral oil (4.25 g, 127
mmol) in dry THF (40 mL) cooled at <4 °C under a nitrogen atmosphere was added
dry MeOH (40 mL) over 1 h, and the resulting solution stirred at ambient
temperature for 30 min. The resulting solution was added to a stirred solution of
2,2,2-trichloroacetyl pyrrole (22.4 g, 105 mmol) in dry THF (40 mL) at <4 °C under
a nitrogen atmosphere over 1 h, the solution stirred for 45 min at <4 °C and then

at ambient temperature for 18 h. Phosphate buffer, pH =7 (50 mL) was added and
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the pH of the solution lowered to pH = 7 by addition of 4M ag. HCI. Volatiles were
removed in vacuo, added water (100 mL), and the aq. phase extracted with EtOAc
(2x). The combined organic extracts were washed with brine (1x), dried over
MgSO0., filtered, and concentrated in vacuo. The resulting residue was triturated
with hexane (3x 15 mL) and recrystallised from EtOAc / hexane to afford 2.06 as a
pale brown crystalline solid (9.38 g, 71%). *H NMR (500 MHz, CDCls) & 3.87 (s, 3H,
CO,CH3), 6.28 (m, 1H, NHCH), 6.93 (m, 1H, NHCHCH), 6.97 (m, 1H, NHCCH), 9.07
(brs, 1H, NH); 13C NMR (125 MHz, CDCl3) 6 51.4, 110.4, 115.3,122.6,123.0, 161.7.

Experimental data as per literature.'?®

Methyl 5-formyl-1H-pyrrole-2-carboxylate 2.08

o A N _n

- N
H

@) @)

Phosphoryl chloride (4.93 mL, 53.0 mmol) was added dropwise to a stirred
solution of dry DMF (4.07 mL, 53.0 mmol) cooled to 15 °C under a nitrogen
atmosphere over 15 min. DCE (12 mL) and a solution of 2.06 (6.00 g, 48.0 mmol)
in DCE (12 mL) were added sequentially to the solution over 1 h. The resulting
solution was heated at reflux for 15 min, cooled to ambient temperature, treated
with a solution of sodium acetate tetrahydrate (35.9 g, 264 mmol) in water (70
mL) and heated at reflux for an additional 15 min. The aq. layer was extracted with
CH2Cl; (3x), the combined organics were washed with sat. ag. NaHCOs (3x), dried
over MgSQy, filtered, and concentrated in vacuo. The crude product was purified
by flash chromatography on silica (98% CHCl, / MeOH) to afford 2.08 as a yellow

solid (5.00 g, 68%). Rr= 0.37 (2% MeOH / CH2Cl2); *H NMR (500 MHz, CDCls) & 3.93
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(s, 3H, CO2CHs), 6.95 (s, 1H, NHCCH), 6.95 (s, 1H, NHCCH), 9.68 (s, 1H, CHO), 9.80
(brs, 1H, NH); 13C NMR (125 MHz, CDCl3) § 52.2, 114.3, 124.9, 127.8, 128.5, 161.4,

185.8. Experimental data as per literature.'3°

5-(Methoxycarbonyl)-1H-pyrrole-2-carboxylic acid 2.09

To a stirred solution of 2.08 (3.50 g, 23.0 mmol) in DMSO (25 mL) was added a
solution of monosodium phosphate (21.4 g, 137 mmol) in water (30 mL). A
solution of sodium chlorite (7.44 g, 67.0 mmol) in water (15 mL) was added
dropwise over 20 min and the resulting solution stirred at ambient temperature
for 3 h. The reaction was quenched by addition of sat. ag. NaHCO3 (50 mL), water
(100 mL) was added, and the mixture washed consecutively with Et,0 (50 mL) and
EtOAc (50 mL). The mixture was acidified to pH = 1 with 1M aq. HCl and extracted
with EtOAc (3x). The combined organics were washed with brine (1x), dried over
MgSO0., filtered, and concentrated in vacuo to afford 2.09 as white solid (2.51 g,
65%). IH NMR (500 MHz, DMSO-ds) § 3.77 (s, 3H, CO2CH3s), 6.75 (d, J = 3.9 Hz, 1H,
NHCCH), 6.80 (d, J = 3.9 Hz, 1H, NHCCH), 12.45 (s, 1H, NH), 12.80 (br s, 1H, COzH);
13C NMR (125 MHz, DMSO-ds) 6 51.6, 115.3, 115.5, 126.2, 128.1, 160.5, 161.4.

Experimental data as per literature.3°
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Methyl 5-(((S)-1-(((S)-1-hydroxy-3-phenylpropan-2-yl)amino)-4-methyl-1

oxopentan-2-yl)carbamoyl)-1H-pyrrole-2-carboxylate 2.25
O
/N H
/OMN%NL ;OH
o " o \(H

Crude 2.24 (386 mg) was coupled to 2.09 (173 mg, 0.930 mmol) per general
procedure A and the crude product was purified by flash chromatography on silica
(80% EtOAc / Hexane) to afford 2.25 as a white solid (214 mg, 50%). Rf= 0.32 (80%
EtOAc / Hexane); 'H NMR (500 MHz, CDCl3) § 0.91 (m, 6H, 2x CHCH3), 1.69 (m, 3H,
CH,CHCHs, CH2CHCH3), 2.91 (m, 2H, CH,CHCH,0H), 3.78 (m, 2H, CH20H), 3.90 (s,
3H, CO,CH3s), 4.31 (m, 1H, CHCH,O0H), 5.15 (m, 1H, CHCH,CHCH3), 6.69 (m, 1H,
NHCCH), 6.90 (m, 1H, NHCCH), 7.18 (m, 6H, CsHs, NHCHCH,CHCH3), 8.52 (d, J = 8.4
Hz, 1H, NHCHCH,0H), 11.45 (s, 1H, NH); 3C NMR (125 MHz, CDCls) 6 25.2, 25.4,
27.6, 39.8, 44.3, 54.4, 54.7, 55.0, 65.8, 113.4, 118.9, 127.6, 129.0, 131.0, 131.9,
132.5, 140.6, 162.4, 164.9, 175.5. HRMS (ESI) 438.2000 (M+Na)*; C22H29N3NaOs

requires 438.1999.
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Methyl 5-(((S)-4-methyl-1-oxo-1-(((S/R)-1-oxo0-3-phenylpropan-2-

yl)amino)pentan-2-yl)carbamoyl)-1H-pyrrole-2-carboxylate 2.30

2.25 (69 mg, 0.170 mmol) was oxidised according to general procedure C and
purified by rp-HPLC (10-70% aq. ACN over 25 min) to afford 2.30 as a fluffy white
solid as a 94(S):6(R) mixture of diastereomers (15 mg, 22%). HRMS (ESI) 414.2011

(M+H)*; C22H28N30s requires 414.2024.

Data for major isomer from mixture: Re: 10.7 min; *H NMR (500 MHz, CDCls) &
0.92 (d, J = 6.2 Hz, 3H, CHCHs), 0.96 (d, J = 6.2 Hz, 3H, CHCH3), 1.68 (m, 3H,
CH,CHCHs, CH,CHCH3), 3.06 (dd, J = 14.1 Hz, 7.0 Hz, 1H, CHHCHCHO), 3.17 (dd, J =
14.1 Hz, 7.0 Hz, 1H, CHHCHCHO), 3.83 (s, 3H, CO2CHs), 4.75 (m, 1H, CHCH,CHO),
4.91 (m, 1H, CHCH,CHCHs), 6.62 (m, 1H, NHCCH), 6.66 (m, 1H, NHCHCH,CHO),
6.88 (m, 1H, NHCCH), 7.11 (m, 5H, C¢Hs), 7.31 (m, 1H, NHCHCH,CHCH3), 9.66 (s,
1H, CHO), 10.90 (s, 1H, NH); 13C NMR (125 MHz, CDCl3) & 25.0, 25.3, 27.5, 37.7,
43.6,53.9,54.5,62.5,113.3,118.3,128.1,129.7,131.2,131.9, 138.0, 162.5, 163.9,

175.2, 200.1.

Selected data for minor isomer from mixture: Re: 10.7 min; *H NMR (500 MHz,
CDCls) & 3.86 (s, 3H, CO2CHs), 9.62 (s, 1H, CHO), 3C NMR (125 MHz, CDCls) 6 24.9,
25.3, 275, 37.5, 43.9, 54.3, 62.5, 113.4, 118.3, 129.8, 131.4, 131.8, 138.3, 163.8,

201.2.
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Ethyl 5-(((S)-1-(((S)-1-hydroxy-3-phenylpropan-2-ylJamino)-4-methyl-1-

oxopentan-2-yl)carbamoyl)furan-2-carboxylate 2.26
0]
/N H
\/OMNQLN/[ ;OH
0 0 w/H

Crude 2.24 (679 mg) was coupled to 2.14 (364 mg, 2.00 mmol) per general
procedure A and the crude product was purified by flash chromatography on silica
(60 - 80% EtOAc / Hexane) to afford 2.26 as an off-white solid (344 mg, 45%). Rf=
0.19 (80% EtOAc / Hexane); 'H NMR (500 MHz, CDCls) § 0.91 (d, J = 6.3 Hz, 3H,
CHCHs), 0.93 (d, J = 6.3 Hz, 3H, CHCH3s), 1.42 (t, J = 7.1 Hz, 3H, CO2CH.CH;s), 1.68
(m, 3H, CH2CHCH3, CH2CHCH3), 2.85 (dd, J = 13.8, 7.6 Hz, 1H, CHHCHCH,0H), 2.90
(dd, J = 13.8, 7.6 Hz, 1H, CHHCHCH,0H), 3.64 (dd, J = 11.1, 5.2 Hz, 1H, CHHOH),
3.71 (dd, J = 11.1, 5.2 Hz, 1H, CHHOH), 4.21 (m, 1H, CH2CHCH,0H), 4.41 (q, J = 7.1
Hz, 2H, CO,CH,CHs), 4.60 (m, 1H, CHCH,CHCHs), 6.71 (d, J = 8.0 Hz, 1H,
NHCHCH,CHCHs3), 7.03 (d, J = 8.4 Hz, 1H, NHCHCH,0H), 7.12 (m, 1H, OCCH), 7.19
(m, 6H, CeHs, OCCH); 3C NMR (125 MHz, CDCls) 24.7, 25.5, 27.4, 39.6, 43.4, 55.5,
55.6, 64.4, 66.5, 118.6, 121.5, 129.1, 131.1, 131.9, 140.2, 148.1, 151.9, 160.2,

160.9, 174.3. HRMS (ESI) 453.1997 (M+Na)*; C23H30N2NaOs requires 453.1996.
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5-(((S)-1-(((S)-1-Hydroxy-3-phenylpropan-2-yl)amino)-4-methyl-1-oxopentan-2-

yl)carbamoyl)furan-2-carboxylic acid 2.26*
O
/\ N
HOMN%NL ;OH
0 o} w/H

2.26 (182 mg, 0.453 mmol) was hydrolysed per general procedure B to afford
2.26* as a white solid (135 mg, 79%). *H NMR (DMSO-ds, 500 MHz) 6 0.83 (d, J =
6.4 Hz, 3H, CHCHs), 0.87 (d, J = 6.4 Hz, 3H, CHCH3), 1.52 (m, 3H, CH2CHCH3,
CH2CHCHs), 2.64 (dd, J = 13.7, 8.2 Hz, 1H, CHHCHCH,OH), 2.84 (dd, J = 13.7, 8.2 Hz,
1H, CHHCHCH;0H), 3.30 (m, 2H CH,0H), 3.88 (m, 1H, CH,CHCH,0H), 4.47 (m, 1H,
CHCH,CHCH3), 4.75 (brs, 1H, OH), 7.14 (m, 5H, C¢Hs), 7.29 (d, J = 3.6 Hz, 1H, OCCH),
7.30(d, J = 3.6 Hz, 1H, OCCH), 7.83 (d, J = 8.4 Hz, 1H, NHCHCH,0H), 8.37 (d, /= 8.4
Hz, 1H, NHCHCH,CHCHs), 13.45 (br s, 1H, CO2H); 13C NMR (DMSO-ds, 125 MHz) &
24.7, 26.1, 27.4, 39.5, 43.7, 54.3, 55.5, 65.4, 117.9, 121.6, 128.9, 131.1, 132.2,
142.1,148.8,152.7,159.9, 162.1, 174.3. HRMS (ESI) 403.2035 (M+H)*; C21H27N206

requires 403.1864.
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Methyl 5-(((S)-1-(((S)-1-hydroxy-3-phenylpropan-2-yl)amino)-4-methyl-1-

oxopentan-2-yl)carbamoyl)furan-2-carboxylate 2.29
0]
/N H
/OMNJNL ;OH
o} 0 ﬁ/H

To a solution of 2.26* (93 mg, 0.223 mmol) in dry DMF (1.5 mL) was added
sequentially K2COs (36 mg, 0.260 mmol) and methyl iodide (16 pL, 0.260 mmol)
and the solution stirred at ambient temperature under a nitrogen atmosphere for
24 h. Sat. ag. NaHCOs solution (2 mL) was added and the solution was extracted
with EtOAc (3x). The combined organics were washed with brine (3x), dried over
MgSQg, filtered, and concentrated in vacuo to afford a crude residue which was
purified by flash chromatography on silica (90 % EtOAc / Hexane) to afford 2.29 as
a white solid (68 mg, 71 %). Rf = 0.34 (90 % EtOAc / Hexane); *H NMR (500 MHz,
CDCl3) 6 0.93 (m, 6H, 2x CHCH3s), 1.69 (m, 3H, CH2CHCH3, CH2CHCHs), 2.74 (br s,
1H, OH), 2.85 (dd, J = 13.9, 7.6 Hz, 1H, CHHCHCH,0H), 2.91 (dd, J = 13.9, 7.6 Hz,
1H, CHHCHCH:0H), 3.68 (m, 2H, CH;0H), 3.95 (s, 3H, CO2CHs), 4.28 (m, 1H,
CHCH,0H), 4.58 (m, 1H, CHCH,CHCHB3s), 6.55 (d, J = 8.0 Hz, 1H, NHCHCH,0H), 6.96
(d, J=8.4 Hz, 1H, NHCHCH,CHCH3), 7.12 (m, 1H, OCCH), 7.20 (m, 6H, C¢Hs, OCCH);
13C NMR (DMSO-ds, 125 MHz) 6 24.7, 25.5, 27.4, 39.6, 43.3, 54.4, 55.1, 55.6, 66.6,
118.6,121.7,129.1, 131.1, 131.9, 140.1, 147.8, 152.0, 160.2, 161.2, 174.2. HRMS

(ESI) 439.1840 (M+Na)*; C22H2sN2NaOs requires 439.1389.
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Methyl 5-(((S)-4-methyl-1-oxo-1-(((S/R)-1-oxo0-3-phenylpropan-2-

yl)Jamino)pentan-2-yl)carbamoyl)furan-2-carboxylate 2.31

2.29 (56 mg, 0.135 mmol) was oxidised according to general procedure C and
purified by rp-HPLC (10-70% aq. ACN over 15 min) to afford 2.31 as a fluffy white
solid as a 79(S):21(R) mixture of diastereomers (16 mg, 28%). HRMS (ESI) 437.1647

(M+Na)*; C22H26N2NaOe requires 437.1682.

Data for major isomer from mixture: Re: 9.5 min; *H NMR (500 MHz, CDCls) § 0.94
(d, J = 6.2 Hz, 3H, CHCH3), 0.96 (d, J = 6.2 Hz, 3H, CHCHs), 1.68 (m, 3H, CH2CHCHs,
CH,CHCH3), 3.11 (dd, J = 14.1 Hz, 7.0 Hz, 1H, CHHCHCHO), 3.18 (dd, J = 14.1 Hz,
7.1 Hz, 1H, CHHCHCHO), 3.95 (s, 3H, CO,CHs), 4.64 (m, 1H, CHCH,CHO), 4.73 (m,
1H, CHCH,CHCHs), 6.73 (m, 1H, NHCHCH.CHO), 6.99 (d, J = 8.3 Hz, 1H,
NHCHCH,CHCH3), 7.18 (m, 7H, CéHs, 2x OCCH), 9.64 (s, 1H, CHO); 3C NMR (125
MHz, CDCls) 6 24.6, 25.5, 27.4, 37.7, 43.2, 54.0, 55.1, 62.4, 118.6, 121.7, 129.8,

131.3,131.9, 138.0, 147.8, 151.9, 160.2, 174.2, 200.1.

Selected data for minor isomer from mixture: Re: 9.5 min; *H NMR (500 MHz,
CDCl3) & 3.94 (s, 3H, CO,CH3), 9.62 (s, 1H, CHO), 3C NMR (125 MHz, CDCls) & 25.4,

37.5,43.6,54.2,55.0,62.4,121.7,129.8, 131.4, 131.9, 138.1, 160.2, 174.4, 201.1.
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Dimethyl thiophene-2,5-dicarboxylate 2.16

To a solution of 2,5-Thiophenedicarboxylic acid (2.50 g, 14.5 mmol) in dry MeOH
(50 mL) was added SOCI; (4.43 mL, 61.0 mmol) over 10 min and the resulting
solution heated at reflux for 18 h under a nitrogen atmosphere. The resulting
precipitate was filtered, washed with MeOH (3x 10 mL) and air dried to afford 2.16
as an off-white solid (2.52 g, 88%). *H NMR (500 MHz, CDCls) & 3.93 (s, 6H, 2x
CO,CHs), 7.74 (s, 2H, 2x SCCH); 13C NMR (125 MHz, CDCl3) & 55.2, 135.7, 141.5,

164.7. Experimental data as per literature.3!

5-(Methoxycarbonyl)thiophene-2-carboxylic acid 2.17

o M N _ on
s

o o
To a solution of 2.16 (923 mg, 4.61 mmol) suspended in acetone freshly distilled
from dry calcium sulfate (13 mL) was added a solution of dry NaOH (221 mg, 5.53
mmol) in dry MeOH (2 mL) dropwise over 20 min, and the resulting solution stirred
at ambient temperature under a nitrogen atmosphere for 18h. The solution was
concentrated in vacuo, the residue dissolved in water (10 mL) and washed with
EtOAc (3x 10 mL). The solution was acidified to pH = 1 with 1M HCl and the
resulting precipitate filtered, washed with water (3x 10 mL) and air dried to afford
2.17 as a white solid (606 mg, 70%). *H NMR (500 MHz, DMSO-de) & 3.85 (s, 3H,

CO4CHs), 7.73 (d, J = 3.9 Hz, 1H, SCCH), 7.79 (d, J = 3.9 Hz, 1H, SCCH), 13.65 (br s,

114



Chapter Four

1H, COzH); 3C NMR (125 MHz, DMSO-ds) 6 55.2, 136.3, 136.9, 140.7, 143.5, 164.5,

165.4. Experimental data as per literature.3?

Methyl 5-(((S)-1-(((S)-1-hydroxy-3-phenylpropan-2-yl)amino)-4-methyl-1-

oxopentan-2-yl)carbamoyl)thiophene-2-carboxylate 2.27

O
/R H
/OW/Q\WNJN OH
0 0 \rH

Crude 2.24 (864 mg) was coupled to 2.17 (491 mg, 2.64 mmol) per general
procedure A and the crude product was purified by flash chromatography on silica
(60% EtOAc / Hexane) to afford 2.27 as a yellow crystalline solid (445 mg, 43%). R¢
=0.29 (55% EtOAc / Hexane); *H NMR (500 MHz, Acetone-ds) 6 0.91 (d, J = 6.5 Hz,
3H, CHCHs), 0.93 (d, J = 6.5 Hz, 3H, CHCH3), 1.68 (m, 3H, CH,CHCHs, CH2CHCH3),
291 (dd, J = 13.7, 7.7 Hz, 1H, CHHCHCH,0H), 2.93 (dd, J = 13.7, 7.7 Hz, 1H,
CHHCHCH,0H), 3.55 (2H, m, CH,0H), 3.92 (s, 3H, CO2CH3), 4.11 (m, 1H, CHCH,OH),
4.63 (m, 1H, CHCH2CHCH3), 7.17 (m, 5H, CeHs), 7.34 (d, J = 8.2 Hz, NHCHCH,0H),
7.75 (d, J = 4.0 Hz, 1H, SCCH), 7.79 (d, J = 4.0 Hz, 1H, SCCH), 8.01 (d, J = 8.0 Hz,
NHCHCH>CHCH3); 3C NMR (125 MHz, Acetone-des) & 23.9, 25.1, 27.3, 39.4, 43.4,
54.5,54.9,55.7,65.5,128.9,130.7, 130.8, 131.9, 136.0, 139.4, 141.5, 148.2, 163.3,

164.4,174.1. HRMS (ES|) 433.2052 (|V|+H)+,' C22H29N205S requires 433.1792.
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Methyl 5-(((S)-4-methyl-1-oxo-1-(((S/R)-1-oxo-3-phenylpropan-2-

yl)Jamino)pentan-2-yl)carbamoyl)thiophene-2-carboxylate 2.32

2.27 (61 mg, 0.141 mmol) was oxidised according to general procedure C, with the
modification of using THF as the reaction solvent, and purified by rp-HPLC (10-70%
ag. ACN over 15 min) to afford 2.32 as a fluffy white solid as a 74(S):26(R) mixture
of diastereomers (12 mg, 20%). HRMS (ESI) 431.1642 (M+H)*; C22H27N20s5S

requires 431.1633.

Data for major isomer from mixture: R:: 7.3 min; *H NMR (600 MHz, CDCls) 6 0.94
(d, J = 6.3 Hz, 3H, CHCH3), 0.95 (d, J = 6.3 Hz, 3H, CHCH3), 1.68 (m, 3H, CH2CHCHs,
CH>CHCH3), 3.10 (dd, J = 14.2 Hz, 6.9 Hz, 1H, CHHCHCHO), 3.17 (dd, J = 14.2 Hz,
6.9 Hz, 1H, CHHCHCHO), 3.92 (s, 3H, CO,CH3), 4.61 (m, 1H, CHCH,CHO), 4.73 (m,
1H, CHCH,CHCH3s), 6.44 (d, J = 8.0 Hz, 1H, NHCHCH,CHO), 6.56 (d, J = 6.9 Hz, 1H,
NHCHCH,CHCH3), 7.17 (m, 5H, CeHs), 7.44 (d, J = 4.0 Hz, 1H, SCCH), 7.74 (d, J = 4.0
Hz, 1H, SCCH), 9.64 (s, 1H, CHO); 13C NMR (150 MHz, CDCl3) § 24.9, 25.5, 27.5, 32.4,
37.7,43.7,54.5,55.3,62.4,129.9, 130.9, 131.4, 131.9, 135.9, 137.8, 146.1, 163.4,

164.7,174.3, 200.1.

Selected data for minor isomer from mixture: R:: 7.3 min; *H NMR (600 MHz,
CDCls) 6 0.88 (m, 6H, 2x CHCH3), 3.90 (s, 3H, CO,CH3), 7.71 (d, J = 4.0 Hz, 1H, SCCH),

9.63 (s, 1H, CHO), 13C NMR (150 MHz, CDCls) & 25.4, 32.0.
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Methyl 6-(((S)-1-(((S)-1-hydroxy-3-phenylpropan-2-yl)amino)-4-methyl-1-

oxopentan-2-yl)carbamoyl)picolinate 2.28

H
_0 \N| N OH

Crude 2.24 (744 mg) was coupled to 6-(methoxycarbonyl)-2-pyridinecarboxylic
acid (392 mg, 2.20 mmol) per general procedure A and the crude product was
purified by flash chromatography on silica (60 — 100% EtOAc / CH,Cl,) to afford
2.28 as a viscous yellow solid (322 mg, 62%). R¢= 0.25 (90% EtOAc / CH2Cl,); *H
NMR (500 MHz, CDCls) & 0.87 (m, 6H, 2x CHCHs), 1.69 (m, 3H, CH2CHCHs,
CH>CHCHz3), 2.89 (m, 2H, CH,CHCH,0H), 3.66 (m, 2H, CH,0OH), 3.98 (s, 3H, CO,CH3),
4.13 (br's, 1H, OH), 4.24 (m, 1H, CHCH,OH), 4.69 (m, 1H, CHCH,CHCH3), 7.09 (m,
6H, CsHs, NHCHCH,0H), 7.97 (t, J = 7.8 Hz, 1H, NCCHCH), 8.18 (d, J = 7.8 Hz,
NCCHCH), 8.30 (d, J = 7.8 Hz, NCCHCH), 8.60 (d, J = 8.7 Hz, 1H, NHCHCHCHCH?3);
13C NMR (125 MHz, CDCls) 6 24.7, 25.5, 27.5, 39.6,41.3, 43.5, 54.9, 55.4, 55.7, 65.9,
128.3, 128.9, 130.1, 130.9, 131.9, 140.6, 141.2, 149.1, 152.3, 166.2, 167.7, 174.5.

HRMS (ESI) 466.1750 (M+K)*; C22H29N3KOs requires 466.1739.
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Methyl 6-(((S/R)-4-methyl-1-oxo-1-(((S/R)-1-oxo-3-phenylpropan-2-

yl)Jamino)pentan-2-yl)carbamoyl)picolinate 2.33

2.28 (71 mg, 0.169 mmol) was oxidised according to general procedure C and
purified by rp-HPLC (10-70% aq. ACN over 15 min) to afford 2.33 as a fluffy white
solid as an 87(S):13(R) mixture of diastereomers (30 mg, 52%). HRMS (ESI)

448.1847 (M+Na)*; C23H27N3NaOs requires 448.1843.

Data for major isomer from mixture: R:: 9.7 min; 'H NMR (500 MHz, CDCls) &
0.94 (d, J = 6.3 Hz, 3H, CHCHs), 0.97 (d, J = 6.3 Hz, 3H, CHCHs), 1.74 (m, 3H,
CH,CHCH3s, CH,CHCH3s), 3.10 (dd, J = 14.2 Hz, 7.0 Hz, 1H, CHHCHCHO), 3.17 (dd, J =
14.2 Hz, 7.0 Hz, 1H, CHHCHCHO), 4.04 (s, 3H, CO2CHs), 4.61 (m, 1H, CHCH,CHO),
4.73 (m, 1H, CHCH2CHCH3), 6.44 (d, J = 8.0 Hz, 1H, NHCHCH,CHO), 7.14 (m, 5H,
CsHs), 8.05 (t, J = 7.8 Hz, 1H, NCCHCH), 8.27 (d, J = 7.8 Hz, NCCHCH), 8.33 (d, J =
7.8 Hz, NCCHCH), 8.41 (d, J = 8.7 Hz, 1H, NHCHCH,CHCHs), 9.63 (s, 1H, CHO); 13C
NMR (125 MHz, CDCI3) 6 24.6, 25.5, 27.5, 37.6, 42.8, 54.6, 55.7, 62.4, 128.3, 129.6,

130.3,131.3,131.9, 138.1, 141.3, 149.4, 151.8, 166.6, 167.6, 174.7, 201.2.

Selected data for minor isomer from mixture: R:: 9.7 min; 'H NMR (600 MHz,
CDCl3) & 4.03 (s, 3H, CO2CH3), 9.62 (s, 1H, CHO), 13C NMR (125 MHz, CDCl3) & 25.4,

37.5,43.2,54.8,62.4,129.7,131.3, 131.9, 141.3, 166.6, 174.9, 201.3.
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Allyl 1H-pyrrole-2-carboxylate 2.39

/\

(@]
P s ”

)
To a suspension of 60% sodium hydride dispersion in mineral oil (2.66 g, 79.0
mmol) in dry THF (20 mL) cooled at <4 °C under a nitrogen atmosphere was added
allyl alcohol (20 mL) over 1 h, and the resulting solution stirred at ambient
temperature for 30 min. The resulting solution was added to a stirred solution of
2,2,2-trichloroacetyl pyrrole (11.2 g, 53.1 mmol) in dry THF (20 mL) and allyl
alcohol (20 mL) at <4 °C under a nitrogen atmosphere over 1 h, the solution stirred
for an additional 45 min at <4 °C and then at ambient temperature for 18 h.
Phosphate buffer, pH = 7 (25 mL) was added and the pH of the solution lowered
to pH =7 by addition of 4M aq. HCI. Volatiles were removed in vacuo, added water
(50 mL) and the aq. phase extracted with EtOAc (2x). The combined organic
extracts were washed with brine (1x), dried over MgSQ4, filtered, and
concentrated in vacuo. The resulting residue was triturated with hexane (3x 15
mL) to afford 2.39 as a brown oil (8.53 g, 100%). *H NMR (500 MHz, CDCls3) § 4.79
(m, 2H, CH,CHCH3), 5.23 (m, 1H, CH,CHCHH), 5.40 (m, 1H, CH2CHCHH), 6.02 (m,
1H, CH,CHCH,), 6.28 (m, 1H, NHCH), 6.98 (m, 2H, NHCHCHCH), 9.60 (br s, 1H, NH);
13C NMR (125 MHz, CDCl3) 6 67.6, 113.1, 118.2, 120.8, 125.2, 125.8, 135.0, 163.7.

HRMS (ESI) 152.0687 (M+H)*; CsH10NO; requires 152.0706.
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Allyl 5-formyl-1H-pyrrole-2-carboxylate 2.40

A0
o o)

Phosphoryl chloride (2.42 mL, 37.5 mmol) was added dropwise to a stirred
solution of DMF (2.82 mL, 37.5 mmol) cooled to 15 °C under a nitrogen
atmosphere over 15 min. DCE (8 mL) and a solution of 2.39 (5.00 g, 31.0 mmol) in
DCE (8 mL) were added sequentially to the solution over 1 h. The resulting solution
was heated at reflux for 15 min, cooled to ambient temperature, treated with a
solution of sodium acetate tetrahydrate (22.7 g, 167 mmol) in water (30 mL) and
heated at reflux for an additional 15 min. The aq. layer was extracted with CH,Cl,
(3x), the combined organics were washed with sat. ag. NaHCOs3 (3x), dried over
MgSQ,, filtered, and concentrated in vacuo. The crude product was purified by
flash chromatography on silica (0-10% EtOAc / CH,Cl,) to afford 2.40 as an orange
solid (1.31 g, 22%). Rr=0.50 (10% EtOAc / CH,Cl>); 'H NMR (500 MHz, CDCls) 6 4.83
(brd,J=5.8 Hz, 2H, CH,CHCH,), 5.32 (m, 1H, CH,CHCHH), 5.42 (m, 1H, CH,CHCHH),
6.01 (m, 1H, CH2CHCH), 6.96 (m, 2H, NHCCHCH), 9.68 (s, 1H, CHO), 10.05 (br s,
1H, NH); 13C NMR (125 MHz, CDCls) 6 68.5, 118.5,121.8, 122.4, 130.8, 134.2, 137.2,

162.7, 183.0. LRMS (ESI) 381.0 (2M+Na)*; (CsHoNO3)2Na requires 381.1.
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5-((Allyloxy)carbonyl)-1H-pyrrole-2-carboxylic acid 2.41

To a stirred solution of 2.40 (1.10 g, 6.14 mmol) in DMSO (10 mL) was added a
solution of monosodium phosphate (4.45 g, 37.1 mmol) in water (10 mL). A
solution of sodium chlorite (2.01 g, 22.2 mmol) in water (5 mL) was added
dropwise over 5 min and the resulting solution stirred at ambient temperature for
3 h. The reaction was quenched by addition of sat. agq. NaHCO3 (25 mL), water (30
mL) was added and the aq. mixture was washed consecutively with Et,0 (25 mL)
and EtOAc (25 mL). The mixture was acidified to pH = 1 with 1M ag. HCl and
extracted with EtOAc (3x). The combined organics were washed with brine (1x),
dried over MgSO0, filtered, and concentrated in vacuo to afford 2.41 as a pale
white solid (1.13 g, 94%). *H NMR (500 MHz, DMSO-ds) & 4.73 (br d, J = 5.0 Hz, 2H,
CH2CHCH3y), 5.24 (m, 1H, CH2CHCHH), 5.39 (m, 1H, CH2CHCHH), 6.00 (m, 1H,
CH2CHCH,), 6.77 (m, 1H, NHCCHCH), 6.83 (m, 1H, NHCCHCH), 12.50 (s, 1H, NH),
12.85 (br's, 1H, CO2H); 3C NMR (125 MHz, DMSO-ds) 6 67.6, 118.2, 118.6, 120.9,
129.0, 131.1, 135.8, 162.6, 164.3. HRMS (ESI) 218.0421 (M+Na)*; CoHoNNaO4

requires 218.0424.
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(S)-Benzyl 2-((tert-butoxycarbonyl)amino)-3-(4-hydroxyphenyl)propanoate 2.43

(@]
BocHN \)kOBzI

AT

To a solution of Boc-L-tyrosine (5.86 g, 20.8 mmol) in dry THF (25 mL) was added
sequentially DIPEA (3.79 mL, 20.8 mmol) and benzyl bromide (4.95 mL, 41.6 mmol),
and the resulting solution left to stir at ambient temperature for 18 h under a
nitrogen atmosphere. The mixture was concentrated in vacuo, added water (15
mL) and the mixture extracted with EtOAc (3x). The combined organics were
washed with brine (1x), dried over MgSQa, filtered, and concentrated in vacuo.
The crude product was purified by flash chromatography on silica (0-50% EtOAc /
Hexane) to afford 2.43 as a white solid (4.75 g, 55%). Rf= 0.20 (30% EtOAc /
Hexane); 'H NMR (500 MHz, CDCl3) & 1.43 (s, 9H, C(CHs)s), 3.02 (m, 2H, CHCH,),
4.58 (m, 1H, CHCH,), 5.01 (d, J = 7.9 Hz, 1H, NH), 5.10 (d, J = 12.2 Hz, 1H,
CO2CHHCe6Hs), 5.18 (d, J = 12.2 Hz, 1H, CO2CHHCsHs) 6.06 (br s, 1H, OH), 6.69 (d, J
= 8.3 Hz, 2H, 2x HOCCHCH), 6.88 (d, J = 8.3 Hz, 2H, 2x HOCCHCH), 7.33 (m, 5H,
CeHs); 3C NMR (125 MHz, CDCls) 6 28.1, 37.1, 54.6, 67.1, 80.3, 115.4, 126.7, 128.4,

130.2, 134.9, 155.4, 172.0. Experimental data as per literature.33
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(S)-Benzyl 3-(4-(allyloxy)phenyl)-2-((tert-butoxycarbonyl)amino)propanoate

2.44

(e}
BocHN \)kOBzI

\/\O/©/

To a solution of 2.43 (3.50 g, 9.43 mmol) in dry DMF (16 mL) was added
sequentially dry K2CO3 (2.61 g, 18.9 mmol), TBAI (0.36 g, 1.12 mmol) and allyl
bromide (2.85 mL, 33.0 mmol) and the solution stirred at 40 °C for 18 h under a
nitrogen atmosphere. Water (10 mL) was added and the mixture extracted with
EtOAc (3x). The combined organics were washed with 1M aq. HCI (15 mL), brine
(3x), dried over MgSQa, filtered, and concentrated in vacuo. The crude product
was purified by flash chromatography on silica (0-30% EtOAc / Hexane) to afford
2.44 as a white solid (3.22 g, 92%). Rr= 0.60 (30% EtOAc / Hexane); 'H NMR (500
MHz, CDCl3) & 1.42 (s, 9H, C(CHzs)3), 3.00 (m, 2H, CHCH), 4.50 (ddt~ddd, J = 5.3,
3.0, 1.4 Hz, 2H, OCH,CHCHz2), 4.60 (m, 1H, CHCH.), 4.98 (d, J=7.7 Hz, 1H, NH), 5.11
(d, J = 12.3 Hz, 1H, CO2CH2C¢Hs), 5.18 (d, J = 12.3 Hz, 1H, CO2CHCsHs), 5.29
(ddt~ddd, J=10.5, 2.8, 1.4 Hz, 1H, OCH,CHCHH), 5.42 (ddt~ddd, J=17.3, 10.5, 4.7
Hz, 1H, OCH2CHCHH), 6.06 (ddt, J = 17.3, 10.5, 5.4 Hz, 1H, OCH,CHCHz), 6.79 (d, J
= 8.3 Hz, 2H, 2x OCCHCH), 6.95 (d, J = 8.3 Hz, 2H, 2x OCCHCH), 7.34 (m, 5H, CsHs);
13C NMR (125 MHz, CDCls) 6 31.0, 40.1, 57.3, 69.7, 71.4, 82.5, 117.4, 120.3, 130.7,
131.1,131.2,131.2,133.0, 136.0, 137.9, 157.8, 160.3, 174.5. HRMS (ESI) 450.1676

(M+K)*; C2aH29NKOs requires 450.1678.
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(S)-Allyl 5-((3-(4-(allyloxy)phenyl)-1-(benzyloxy)-1-oxopropan-2-yl)carbamoyl)-

1H-pyrrole-2-carboxylate 2.46

M \)J\OBZI
O
C
To a solution of 2.44 (400 mg, 0.973 mmol) in dry CHxCl; (0.5 mL) was added TFA
(0.5 mL, 6.53 mmol) and the mixture stirred at ambient temperature for 1.5 h
under a nitrogen atmosphere. The mixture was concentrated in vacuo and washed
sequentially with CH,Cl; (2x) and MeOH (2x), concentrating in vacuo following

each wash to give 2.45 as a crude light brown oil (460 mg, 100%) which was used

without further purification.

Crude 2.45 (460 mg) was coupled to 2.41 (240 mg, 1.23 mmol) according to
general procedure A and the crude product was purified by flash chromatography
on silica (0-40 % EtOAC / Hexane) to afford 2.46 as a yellow oil (390 mg, 76%). Rf
= 0.49 (50% EtOAc / Hexane); *H NMR (500 MHz, CDCl3) & 3.16 (m, 2H, CHCH>),
4.50 (ddt~ddd, J=5.3, 3.0, 1.4 Hz, 2H, OCH.CHCH), 4.81 (ddt~ddd, /=5.8,2.4,1.1
Hz, 2H, CO2CH,CHCHz), 5.03 (m, 1H, CHCH2), 5.10 (d, J=12.0 Hz, 1H, CO2CHHCsHs),
5.25 (d, /= 12.0 Hz, 1H, CO2CHHCsHs), 5.30 (m, 2H, OCHCHCHH, CO2CH2CHCHH),
5.39 (m, 1H, OCH2CHCHH), 5.42 (m, 1H, CO2CH2CHCHH), 6.04 (m, 2H, OCH2CHCH_,
CO2CH2CHCH_), 6.41 (d, J = 7.8 Hz, 1H, NHCCH2), 6.56 (m, 1H, NHCCH), 6.60 (d, J =
7.8 Hz, 1H, NHCCHCH), 6.77 (d, J = 8.6 Hz, 2H, 2x OCCHCH), 6.89 (d, / = 8.6 Hz, 2H,

2x OCCHCH), 6.92 (m, 1H, NHCCH), 7.38 (m, 5H, CeHs), 10.38 (s, 1H, NHCCH); 13C
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NMR (125 MHz, CDCls) 6 39.7, 56.2, 68.4, 70.4, 71.5, 112.7, 117.5, 118.4, 120.3,
121.4, 131.3, 131.3, 131.4, 130.0, 134.6, 135.9, 137.6, 160.5, 162.5, 173.9. HRMS

(ESI) 511.1844 (M+Na)*; C8H28N2NaOe requires 511.1839.

Benzyl (35,13E/2)-5,10-dioxo-11,16-dioxa-4,22-diazatricyclo[15.2.2.1%°]docosa-

1(19),6,8,13,17,20-hexaene-3-carboxylate 2.47

o)
/7 \ H
OYQ\[(N%OBH
o_ H o ~
o)

To a solution of 2.46 (100 mg, 0.205 mmol) in dry EtOAc (100 mL) was added
Ti(OiPr)4(0.24 mL, 0.811 mmol) and the solution was heated to 45 °C. Grubbs 2"
generation catalyst (17 mg, 0.02 mmol) in dry EtOAc (6 mL) was added portion
wise (2 mL) at 1 h intervals over 3 h and the resulting solution stirred at 55 °C
under an argon atmosphere following each addition. The solution was stirred for
an additional 1 h, the reaction quenched by addition of 1M Tris(hydroxymethyl)
phosphine in isopropyl alcohol (5 mL, 5 mmol) and stirred at 45 °C for 24 h under
an argon atmosphere. Nitrogen-degassed water (15 mL) was added, the solution
stirred vigorously for 10 minutes, and the aqueous phase removed (3x). The
organic phase was washed with 1M aq. HCI, sat. NaHCOs (1x), brine (1x), dried
over MgSO0., filtered, and volatiles removed in vacuo. The crude product was
purified by flash chromatography (0-40 % EtOAc / Hexane) to afford 2.47 as 2:1
mixture of E/Z isomers as a colourless oil (46 mg, 50%). *H NMR (500 MHz, CDCls)

63.16 (m, 2H, NHCHCHy), 4.48 (dd, /= 11.0, 5.8 Hz, 1H, OCHHCHCH>), 4.76 (m, 2H,
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CO,CH,CHCHy), 4.95 (dd, J = 11.0, 5.8 Hz, 1H, OCHHCHCH), 5.11 (m, 1H, NHCHCH3),
5.23 (d, J = 12.0 Hz, 1H, CO,CHHCeHs), 5.37 (d, J = 12.0 Hz, 1H, CO2,CHHC6Hs), 5.89
(m, 2H, OCH,CHCHCH3), 6.67 (d, J = 8.4 Hz, 2H, OCCH,CH,), 6.77 (d, J = 8.4 Hz, 2H,
OCCH.CH;), 6.83 (m, 1H, NHCCH), 6.97 (m, 1H, NHCCH), 7.41 (m, 5H, CsHs), 8.88
(s, 1H, NHCCHCH); 13C NMR (125 MHz, CDCls) 6 39.4, 54.1, 63.1, 66.0, 69.2, 70.4,
116.8, 119.2, 131.2, 131.4, 131.5, 131.7, 134.4, 158.6, 159.1, 174.1. HRMS (ESI)

483.1525 (M+Na)*; C26H24N2NaOg requires 483.1526.

tert-Butyl (4-(allyloxy)phenyl)carbamate 2.52

NHBoc

O\/\

To a solution of tert-Butyl(4-hydroxyphenyl)carbamate (8.0 g, 38.2 mmol) in ACN
(350 mL) was added sequentially KCO3 (5.28 g, 38.2 mmol) and allyl bromide (3.23
mL, 38.2 mmol), the mixture stirred at reflux for 3h, and then stirred at ambient
temperature under a nitrogen atmosphere for 18 h. The mixture was
concentrated in vacuo, added water and the mixture extracted with EtOAc (3x).
The combined organics were washed with brine (1x), dried over MgSQy, filtered,
and concentrated in vacuo. The crude product was purified by flash
chromatography on silica (20% EtOAc / Hexane) to afford 2.52 as a white solid
(7.26 g, 76%). Rr= 0.47 (20% EtOAc / Hexane); *H NMR (500 MHz, CDCl3) 6 1.52 (s,
9H, C(CH3)3), 4.51 (ddt~ddd, /= 5.3, 2.9, 1.3 Hz, 2H, OCH,CHCHy), 5.28 (ddt~ddd, J
=10.5, 2.9, 1.3 Hz, 1H, OCH,CHCHH), 5.41 (ddt~ddd, J = 17.3, 10.5, 5.3 Hz, 1H,

OCH,CHCHH), 6.05 (ddt, J=17.3, 10.5, 5.3 Hz, 1H, OCH,CHCH>), 6.34 (brs, 1H, NH),
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6.87 (m, 2H, 2x OCCHCH), 7.26 (m, 2H, 2x OCCHCH); 3C NMR (125 MHz, CDCls3) &
31.0,71.8,80.2,117.8,120.2,123.1134.2, 136.0, 155.8, 157.3. Experimental data

as per literature.'3*

Methyl 6-((4-(allyloxy)phenyl)amino)picolinate 2.54

To a solution of 2.52 (2.93 g, 11.8 mmol) in dry CHCl; (120 mL) was added TFA (20
mL, 261 mmol) under a nitrogen atmosphere. The reaction mixture was stirred at
ambient temperature for 30 min and volatiles removed in vacuo. The resulting
dark red oil was washed with CH,Cl; and concentrated in vacuo (7x) to afford 2.53
as a dark red oil which crystallised on standing at 4°C (fridge) and was used without

further purification (3.05 g, 100%).

Crude 2.53 (3.05 g, 11.5 mmol) was coupled to 6-(methoxycarbonyl)picolinic acid
(2.09 g, 11.5 mmol) per general procedure A and the crude product was purified
by flash chromatography on silica (0-5% EtOAc / CH,Cl>) to afford 2.54 as a pale
red solid (3.18 g, 89%). Rf= 0.39 (5% EtOAc / CH2Clz); *H NMR (500 MHz, CDCls) 6
4.01 (s, 3H, OCHs), 4.52 (ddt~ddd, J = 5.3, 1.5 Hz, 1.4 Hz, 2H, OCH2CHCH,), 5.27
(ddt~ddd, J = 10.5, 3.0, 1.4 Hz, 1H, OCH,CHCHH), 5.40 (ddt~ddd, J = 17.3, 3.0, 1.5
Hz, 1H, OCH,CHCHH), 6.04 (ddt, J = 17.3, 10.5 Hz, 5.3 Hz, 1H, OCH,CHCHy), 6.92

(m, 2H, 2x OCCHCH), 7.68 (m, 2H, 2x OCCHCH), 8.02 (t, J = 7.8 Hz, 1H, NCCHCH),
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8.21 (d, J= 7.8 Hz, 1H, NCCHCH), 8.43 (d, J = 7.8 Hz, 1H, NCCHCH), 9.86 (s, 1H, NH);
13C NMR (125 MHz, CDCls) & 55.6, 71.7, 117.7, 120.3, 124.3, 128.0, 130.0, 133.4,
135.9, 141.4, 149.1, 152.9, 158.2, 163.5, 167.4. HRMS (ESI) 330.1458 (M+NHa)";

C16H20N304 requires 330.1448.

6-((4-(Allyloxy)phenyl)amino)picolinic acid 2.55

2.54(2.50 g, 8.8 mmol) was hydrolysed according to general procedure B to afford
2.55 as a pale green solid (2.17 g, 91%). 'H NMR (500 MHz, DMSO-ds) 6 4.56 (m,
2H, OCH,CHCH,), 5.26 (ddt~ddd, J = 10.5, 3.0, 1.4 Hz, 1H, OCH,CHCHH), 5.40
(ddt~ddd, J = 17.3, 3.0, 1.6 Hz, 1H, OCH,CHCHH), 6.05 (ddt, /= 17.3, 10.5, 5.4 Hz,
1H, OCH,CHCHy), 7.00 (d, J = 9.0 Hz, 2H, 2x OCCHCH), 7.71 (d, J = 9.0 Hz, 2H, 2x
OCCHCH), 8.28 (m, 2H, NCCHCH, NCCHCH), 8.37 (dd, J=7.5, 3.0 Hz, 1H, NCCHCH),
10.77 (s, 1H, NH), 13.17 (br s, 1H, COH); 3C NMR (125 MHz, DMSO-ds) & 71.5,
117.9, 120.5, 125.4, 128.8, 129.9, 134.2, 136.9, 143.2, 149.1, 152.4, 158.1, 164.1,

167.8. HRMS (ESI) 321.0836 (M+Na)*; C16H14N2NaO4 requires 321.0846.
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(S)-3-(4-(Allyloxy)phenyl)-1-methoxy-1-oxopropan-2-aminium chloride 2.57

o)
C|H3N\)ko/

\/\O/©/

To a solution of Boc-L-Tyr(Allyl)-OH (7.00 g, 21.8 mmol) in dry MeOH (50 mL) was
added thionyl chloride (6.33 mL, 87.2 mmol) dropwise at <4 °C under a nitrogen
atmosphere, and the solution was left to stir at <4 °C for 1 h. The solution was
warmed to ambient temperature and then stirred at ambient temperature for 18
h. The mixture was concentrated in vacuo and the resulting residue washed with
MeOH and concentrated in vacuo (3x) to afford 2.57 as a yellow, crystalline solid
(5.92 g, 100%). *H NMR (500 MHz, DMSO-ds) 6 3.05 (dd, J = 13.8, 7.2 Hz, 2H,
NCHCHH), 3.15 (dd, J=13.8, 7.2 Hz, 2H, NCHCHH), 3.63 (s, 3H, OCHs), 4.13 (m, 1H,
NCHCH2), 4.52 (br d, J = 5.2 Hz, 2H, OCH,CHCH.), 5.37 (br d, J = 17.2 Hz, 1H,
OCH,CHCHH), 6.02 (m, 1H, OCH,CHCH,), 6.88 (d, J = 8.6 Hz, 2H, 2x OCCHCH), 7.14
(d, J = 8.6 Hz, 2H, 2x OCCHCH), 8.80 (br s, 3H, NH3); 13C NMR (125 MHz, DMSO-db)
6 38.1, 55.6, 55.6, 71.3, 117.8, 120.5, 129.7, 133.6, 136.9, 160.5, 172.5.

Experimental data as per literature.3>
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(S)-Methyl3-(4-(allyloxy)phenyl)-2-(6-((4-allyloxy)phenyl)carbamoyl)
picolinamido)propanoate 2.58
= | O
OYENj\WN%o/
P
O\/\ °
\
2.55 (1.50 g, 5.03 mmol) was coupled to 2.57 (1.38 g, 5.09 mmol) according to
general procedure A and the crude product was purified by flash chromatography
on silica (60% EtOAc / Hexane) to afford 2.58 as a viscous yellow solid (2.59 g,
100%). Rs= 0.54 (60% EtOAc / Hexane); *H NMR (500 MHz, DMSO-ds) 6 3.21 (m,
2H, NHCHCH), 3.68 (s, 3H, OCH3), 4.42 (br d, J = 5.1 Hz, 2H, OCH,CHCHz), 4.49 (br
d, J=5.1 Hz, 2H, OCH,CHCH,), 4.69 (m, 1H, NHCHCH,), 5.17 (m, 1H, OCH,CHCHH),
5.28 (m, 2H, OCH,CHCHH, OCH,CHCHH), 5.41 (m,1H, OCH,CHCHH), 5.94 (m, 1H,
OCH,CHCHz), 6.06 (m, 1H, OCH,CHCH,), 6.78 (d, J = 8.4 Hz, 2H, 2x OCCHCH), 7.06
(d, J=8.4 Hz, 2H, 2x OCCHCH), 7.30 (d, J = 8.5 Hz, 2H, 2x OCCHCH), 7.77 (d, J = 8.5
Hz, 2H, 2x OCCHCH), 8.20 (m, 2H, NCCHCH), 8.32 (m, 1H, NCCHCH), 9.63 (d, J=7.8
Hz, 1H, NHCHCH>), 10.79 (s, 1H, NHCCHCH); 3C NMR (125 MHz, DMSO-ds) & 38.5,
57.7,57.7,71.1,71.5,117.5,117.9, 120.4,120.5, 125.8,127.9,128.1, 132.6, 133.1,
134.2,136.8, 136.9, 142.9, 151.2, 152.0, 158.2, 160.0, 164.3, 166.4, 176.2. HRMS

(ESI) 538.1942 (M+Na)*; C29H29N3NaOe requires 538.1948.
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Methyl(11S,19E/Z)-3,9-dioxo-17,22-dioxa-2,10,30
triazatetracyclo[21.2.2.21316,1%8]triaconta-1(25),4,6,8(30),13,15,19,23,26,28-

decaene-11-carboxylate 2.59

] w1
(@) N/ N\:)ko/
NH o} )f
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Oy

To a solution of 2.58 (60 mg, 0.12 mmol) in dry CH,Cl, (150 mL) heated at reflux
was added Grubbs 2" generation catalyst (10 mg, 0.01 mmol) in dry CH,Cl> (2 mL)
and the resulting solution stirred at reflux for 0.5 h under an argon atmosphere.
An additional portion of Grubbs 2" generation catalyst (10 mg, 0.01 mmol) in dry
CHxCl; (2 mL) was added and the solution was stirred at reflux for 18 h. The
reaction quenched by addition of 1M Tris(hydroxymethyl) phosphine in isopropyl
alcohol (3 mL, 3mmol) and stirred at reflux for 24 h under an argon atmosphere.
Nitrogen-degassed water (20 mL) was added, the solution stirred vigorously for
10 minutes, and the aqueous phase removed (3x). The organic phase was washed
with 1M aq. HCI, sat. NaHCOs (1x), brine (1x), dried over MgSOQ,, filtered, and
volatiles removed in vacuo. The crude product was purified by flash
chromatography (0-100 % EtOAc / Hexane) to afford 2.59 as 1.7:1 mixture of E/Z
isomers as a white solid (18 mg, 50%). *H NMR (500 MHz, CDCls3) 6§ 3.13 (m, 1H,
NHCHCHH), 3.35 and 3.43 (dd, J = 3.7, 14.0 Hz, 1H, NHCHCHH), 3.84 and 3.87 (s,
3H, CO2CHs), 3.95 (m, 1H, OCHHCHCHCHH), 4.13 (m, 1H, OCHHCHCHCHH), 4.55

(m, 1H, OCHHCHCHCHH), 4.67 (m, 1H, OCHHCHCHCHH), 5.20 and 5.30 (m, 1H,
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NHCHCH,), 5.76 and 6.08 (m, 2H, OCHHCHCHCHH), 6.80 (d, J = 8.4 Hz, 2H, 2x
OCCHCH), 6.97 (m, 2H, 2x OCCHCH), 7.09 (d, J = 8.4 Hz, 2H, 2x OCCHCH), 7.46 (d,
J = 8.4 Hz, 1H, 2x OCCHCH), 8.09 (m, 2H, NCCHCH, NHCHCH,), 8.39 (m, 1H,
NCCHCH), 8.47 (m, 1H, NCCHCH), 9.20 (s, 1H, NHCCHCH); 13C NMR (125 MHz,
CDCls) & 32.4, 39.5, 39.7, 54.6, 54.9, 55.2, 69.7, 69.9, 70.2, 70.5, 117.2, 117.4,
117.6, 118.0, 124.1, 124.2, 127.8, 127.9, 129.8, 130.3, 130.5, 130.7, 133.2, 133.2,
133.3, 133.4, 142.2, 150.8, 150.9, 151.5, 151.5, 158.0, 160.5, 163.3, 163.3, 165.2,
165.2, 174.0, 174.1. HRMS (ESI) 510.1638 (M+Na)*; Ca7H2sN3NaOs requires

510.1635.

Methyl(11S)-3,9-dioxo-17,22-dioxa-2,10,30-
triazatetracyclo[21.2.2.2'316 1%8]triaconta-1(25),4,6,8(30),13,15,23,26,28-

nonaene-11-carboxylate 2.60

To a solution of 2.59 (15 mg, 0.03 mmol) in CH,Cl (4 mL), EtOAc (3 mL) and MeOH
(3 mL) was added 10 % palladium on activated carbon and the resulting mixture
stirred under a hydrogen atmosphere for at ambient temperature for 18 h. The
mixture was filtered through a short pad of silica and concentrated in vacuo to
afford crude 2.60 as a white solid (14 mg, 90%) which was used without further

purification.
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4.4 Experimental Work Described in Chapter Three

(S)-Methyl6-((benzloxy)carbonyl)amino)-2-((S)-2-((tert-butoxycarbonyl)amino)-

3-phenylproanamido)hexanoate 3.05

N®-Boc-L-Phenylalanine (300 mg, 1.13 mmol) was coupled to N&-Z-L-Lysine methyl
ester hydrochloride (374 mg, 1.13 mmol) according to general procedure A and
the crude product purified by flash chromatography on silica (50% EtOAc /
Hexane) to afford 3.05 as a colourless gum (570 mg, 93%). Rr= 0.44 (50% EtOAc /
Hexane); *H NMR (500 MHz, CDCls) & 1.23 (m, 2H, NHCH2CH2CH2CH2CH), 1.34 (s,
9H, C(CH3)3), 1.46 (m, 2H, NHCH,CH,CH,CH,CH), 1.63 (m, 1H,
NHCH,CH2CH,CHHCH) 1.73 (m, 1H, NHCH,CH,CH,CHHCH), 2.83 (m, 1H,
CO,NHCHCHH), 3.11 (m, 2H, CO2NHCHCHH, NHCHHCH2CH,CH2CH), 3.17 (m, 1H,
NHCHHCH,CH2CH,CH), 3.64 (s, 3H, CO,CHs3), 4.53 (m, 2H, CO;NHCHCHH,
NHCH,CH2CH2CH,CH), 5.04 (d, J = 12.1 Hz, 1H, CO,CHHCgHs), 5.11 (d, J = 12.1 Hz,
1H, CO,CHHCgHs), 5.42 (d, J = 8.2 Hz, 1H, CONHCH,CeHs), 5.82 (br s, 1H,
NHCH,CH,CH2CH,CH), 7.20 (m, 10H, 2x CeHs); 3C NMR (125 MHz, CDCls) & 30.9,
31.9,34.4,41.2,43.2,54.7,54.9, 58.2, 69.2, 80.2, 82.7,129.3, 130.7, 130.7, 131.1,
131.1, 131.9, 139.4, 139.4, 158.5, 159.3, 174.8, 175.0. HRMS (ESI) 564.2676

(M+Na)*; C29H39N3NaO7 requires 564.2680.
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(S)-Methyl6-((benzloxy)carbonyl)amino)-2-((S)-2-((tert-butoxycarbonyl)amino)-

3-phenylproanamido)hexanoic acid 3.07

3.05 (487 mg, 0.90 mmol) was hydrolysed according to general procedure B to
afford 3.07 as a viscous colourless solid (472 mg, 100%). *H NMR (500 MHz, DMSO-
ds) 61.22 (m, 2H, NHCH2CH,CH,CH,CH), 1.30 (s, 9H, C(CHs)s3), 1.41 (m, 2H,
NHCH,CH,CH,CH,CH), 1.61 (m, 1H, NHCH;CHCH,CHHCH) 1.73 (m, 1H,
NHCH,CH,CH,CHHCH), 2.72 (m, 1H, NHCHHCH,CH,CH,CH), 2.98 (m, 3H,
CO;NHCHCH;,  NHCHHCH,CH,CH,CH), 420 (m, 2H, CO;NHCHCH,,
NHCH>CH,CH,CH,CH), 5.00 (br, s, 2H, CO,CH,CeHs), 6.87 (d, J = 8.7 Hz, 1H,
NHCHCO,H), 7.27 (m, 10H, 2x CeHs), 8.06 (d, J = 7.7 Hz, 1H, NHCHCH,CsHs), 12.60
(brs, 1H, CO2H); 33C NMR (125 MHz, DMSO-ds) 6 31.2, 32.2, 34.0, 40.4, 43.2, 54.9,
58.7,68.2,81.1,81.3,129.3,130.8, 131.1, 131.4, 132.3, 140.4, 141.3, 158.3, 159.2,

174.9, 176.6. HRMS (ESI) 550.2521 (M+Na)*; C29H39N3NaO7 requires 550.2524.
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Benzyl N[(5S5)-5-[(2S)-2-{[(tert-butoxy)carbonyl]amino}3-3-
phenylpropanamido]-5-{[(1R)-3-methyl-1-[(1S5,2S,6R,8S)-2,9,9-trimethyl-3,5-
dioxa-4-boratricyclo[6.1.1.0>%]decan-4-yl]butyl]carbamoyl}pentyl]carbamate

3.09

3.07 (70 mg, 0.132 mmol) was coupled to (R)-3-Methyl-1-((3a$,45,6S,7aR)-3a,5,5-
trimethylhexahydro-4,6-methanobenzo[d][1,3,2]dioxaborol-2-yl)butan-1-

aminium 2,2,2-trifluoroacetate (50 mg, 0.132 mmol) according to general
procedure A and the crude product purified by flash chromatography on silica
(60% EtOAc / Hexane) to afford 3.09 as a white solid (93 mg, 92%). Rr= 0.36 (60%
EtOAc / Hexane); *H NMR (500 MHz, CD30D) & 0.85 (s, 3H, bridge CHs), 0.95 (d, J =
6.5 Hz, 6H, 2x CHCH,CHa), 1.27 (s, 3H, bridge CHs), 1.35 (s, 3H, CH3CO), 1.38 (s, 9H,
C(CHs)3s), 1.39 (m, 2H, BOCCH, BOCHCHH), 1.44 (m, 4H, CHsCHCH,,
NHCH2CH,CH2CH,CH), 1.80 (m, 5H, NHCH2CH2CH2CH,CH, CH3sCHCH,), 1.95 (t, J =
5.6 Hz, 1H, BOCHCH,CHCHH), 2.13 (m, 1H, BOCHCH,CHCHH), 2.32 (m, 1H,
BOCHCHH), 2.72 (t, J = 7.4 Hz, BCH), 2.85 (m, 1H, NHCHCHHCgHs), 3.12 (m, 3H,
NHCHCHHCgHs, NHCH,CH,CH,CH,CH), 4.17 (br d, J = 8.5 Hz, BOCH), 4.31 (m, 1H,
NHCHCH,C¢Hs), 4.51 (m, 1H, NHCH>CH,CH,CH>CH), 5.07 (m, 2H, NHCO,CH,CsHs),
7.28 (m, 10 H, 2x CgHs); 13C NMR (125 MHz, CDs0D) & 24.0, 24.9, 25.1, 25.9, 28.0,

28.7,29.1, 29.8,30.0,31.1, 33.2, 38.9,40.2,40.5,42.6,42.7,43.0,43.5, 52.6, 54.8,
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58.8, 68.6, 78.7, 82.2, 85.6, 129.1, 130.1, 130.2, 130.7, 130.8, 131.6, 139.6, 159.3,
160.1, 175.8, 178.9. HRMS (ESI) 797.4639 (M+Na)*; CasHssBNsNaOsg requires

797.4631.

N-tert-Butyl((S)-1-(((S)-6-amino-1-(((R)-3-methyl-1-((3a$,4S,6S,7aR)-3a,5,5-
trimethylhexahydro-4,6-methanobenzo[d][1,3,2]dioxaborol-2-yl)butyl)amino)-

1-oxohexan-2-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate 3.11

NH,

To a solution of 3.09 (14 mg, 0.02 mmol) in MeOH (5 mL) and EtOAc (1.5 mL) was
added 10% palladium on activated carbon (4 mg, 0.004 mmol) and the resulting
mixture stirred under a hydrogen atmosphere at ambient temperature for 4 h.
The mixture was filtered through a short pad of silica and concentrated in vacuo
to afford 3.11 as a white solid (11 mg, 98%). *H NMR (500 MHz, CD30D) 6 0.86 (s,
3H, bridge CHs), 0.94 (m, 6H, 2x CH,CHCHa), 1.25 (s, 3H, CH3CO), 1.30 (m, 4H,
CHCH>CHs, NHCH>CH>CH>CH,CH), 1.38 (s, 9H, C(CHs)3), 1.46 (m, 2H, BOCCH,
BOCHCHH), 1.85 (m, 5H, NHCH2CH,CH,CH,CH, CHCH:CH3), 2.05 (m, 2H,
BOCHCH2CHCHH, BOCHCHH), 2.15 (t, J = 5.6 Hz, 1H, BOCHCH2CHCHH), 2.63 (t, J =
7.0 Hz, 1H, BCH), 2.85 (m, 3H, NHCHCHHCgHs, NHCH,CH>CH2>CH,CH), 3.10 (dd, J =
13.4, 5.1 Hz, 1H, CHHCeHs), 3.96 (d, J = 8.6 Hz, 1H, BOCH), 4.00 (m, 1H,

NHCHCH>CgHs), 4.31 (m, 1H, NHCH2CH,CH,CH2CH), 7.26 (m, 10 H, 2x CeHs); 3C
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NMR (125 MHz, DMSO-ds) 6 23.9, 25.5, 25.9, 26.8, 28.7, 29.0, 30.0, 31.0, 31.2,
31.6,33.4,38.7,40.3,41.1,42.7,42.9,43.1,47.1,54.3,62.9,78.7,81.2, 86.0, 129.3,
131.1, 132.3, 141.3, 158.3, 166.5, 176.5. HRMS (ESI) 663.4362 (M+Na)*;

C3sHs7BNsNaOe requires 663.4263.

(5)-Methyl2-((S)-2-(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-6-

((tert-butoxycarbonyl)amino)hexanoate 3.17

To a solution of N&-Boc-L-Lysine methyl ester hydrochloride (935 mg, 3.20 mmol)
and N-Z-L-Phenylalanine (1.13 g, 3.80 mmol) in dry DMF (11 mL) was added
sequentially DIPEA (2.2 mL, 12.6 mmol), hydroxybenzotriazole (851 mg, 6.30
mmol) and EDCI (906 mg, 4.70 mmol), and the resulting solution stirred at ambient
temperature under a nitrogen atmosphere for 16 h. The mixture was partitioned
between 1M aq. HCl and CHCl; and the aq. phase extracted with CH,Cl; (3x). The
organic extracts were combined, washed with sat. ag. NaHCOs (1x), brine (2x),
dried over MgSOQy, filtered, and concentrated in vacuo. The crude product purified
by flash chromatography on silica (25 — 50% EtOAc / Hexane) to afford 3.17 as a
white solid (1.56 g, 92%). Rf = 0.36 (50% EtOAc : Hexane); *H NMR (500 MHz,
CDs0D) & 1.34 (m, 2H, NHCH,CH,CH2CH2CH), 1.42 (s, 9H, C(CH3)s3), 1.47 (m, 2H,

NHCH2CH,CH,CH,CH), 1.68 (m, 1H, NHHCH,CH.CHHCH), 1.83 (m, 1H,
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NHCH2CH,CH,CHHCH), 2.85 (dd, J = 13.9, 5.4 Hz, 1H, CHCHHCsHs), 3.01 (m, 2H,
NHCH,CH,CH,CH,CH), 3.13 (dd, J = 13.9, 5.4 Hz, 1H, CHCHHCsHs), 3.69 (s, 3H,
CO,CH3), 4.42 (m, 2H, CHCH,CeHs, NHCH,CH,CH,CH,CH), 5.03 (m, 2H,
CO,CH,CHs), 7.27 (m, 10H, 2x CeHs); 13C NMR (125 MHz, CDsOD) & 25.3, 30.1, 31.6,
33.5, 40.4, 42.3, 54.0, 54.9, 58.9, 68.8, 81.1, 129.0, 129.9, 130.2, 130.7, 130.7,
131.6, 139.4, 139.7, 159.4, 159.8, 175.1, 175.5. HRMS (ESI) HRMS (ESI) 564.2672

(M+Na)*; C29H39N3NaO7 requires 564.2680.

(5)-2-((S)-2-(((Benzyloxy)carbonyl)amino)-3-phenylpropanamido)-6-((tert-

butoxycarbonyl)amino)hexanoic acid 3.19

To a solution of 3.17 (1.56 g, 2.88 mmol) in dioxane (18 mL) and water (9 mL) was
added 1M aqg. NaOH (2.9 mL, 2.90 mmol) and the mixture was stirred at ambient
temperature for 2 h. The resulting solution was washed with Et,0 and acidified to
pH =1 with 1M aq. HCI. The aqg. phase was extracted with EtOAc (3x), the organic
extracts combined and washed with brine (1x) dried over MgSQ, filtered, and
concentrated in vacuo to afford 3.19 as a white solid (1.42 g, 93%). *H NMR (500
MHz, DMSO-ds) 6 1.30 (m, 2H, NHCH2CH2CH2CH,CH), 1.36 (s, 9H, C(CHs)3), 1.59 (m,
3H, NHCH>CH,CH,CHHCH), 1.72 (m, 1H, NHCH,CH,CH,CHHCH), 2.71 (dd, J = 13.9,

3.9 Hz, 1H, CHCHHCeHs), 2.89 (m, 2H, NHCH2CH2CH2CH,CH), 3.00 (dd, J = 13.9, 3.9
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Hz, 1H, CHCHHCeHs), 4.16 (m, 1H, NHCH,CH2CH>CH,CH), 4.29 (m, 1H, CHCH,CgHs),
6.76 (t,J = 5.6 Hz, 1H, NHCH,CH,CH2CH,CH), 7.25 (m, 10H, 2x CeHs), 7.45 (d, J = 8.8
Hz, 1H, CO;NHCHCH,C¢Hs), 8.22 (d, J = 7.6 Hz, 1H, NHCHCO,H), 12.56 (br s, 1H,
CO;H); 3C NMR (125 MHz, DMSO-ds) 6 25.9, 31.4, 32.2, 33.9, 40.5, 55.1, 59.0, 68.3,
80.5, 82.3, 129.3, 130.6, 130.8, 131.1, 131.4, 132.3, 140.1, 141.2, 158.7, 158.9,
174.8, 176.6. HRMS (ESI) HRMS (ESI) 550.2516 (M+Na)*; CasH37N3NaO- requires

550.2524.

Benzyl N-[(1S)-1-{[(1S)-5-amino-1-{[(1R)-3-methyl-1-[(1S,2S,6R,8S)-2,9,9-
trimethyl-3,5-dioxa-4-boratricyclo[6.1.1.0%>%]decan-4-

yl]butyl]carbamoyl}pentyllcarbamoyl}-2-phenylethyl]carbamate 3.21

3.19 (263 mg, 0.499 mmol) was coupled to (R)-3-Methyl-1-((3aS,4S,6S,7aR)-
3a,5,5-trimethylhexahydro-4,6-methanobenzo[d][1,3,2]dioxaborol-2-yl)butan-1-
aminium 2,2,2-trifluoroacetate (189 mg, 0.499 mmol) according to general
procedure A and the crude product purified by flash chromatography on silica
(60 % EtOAc / Hexane) to afford 3.21 as a white crystalline solid (316 mg, 82%). Rs
=0.49 (65% EtOAc / Hexane); *H NMR (500 MHz, CDs0D) & 0.86 (s, 3H, bridge CH3),
0.94 (m, 6H, 2x CHCH,CHCH3), 1.30 (m, 10 H, bridge CH3, CH3CO, CHCH,CHCHjs,

NHCH2CH2CH,CH,CH), 1.43 (s, 9H, C(CHs)3), 1.48 (m, 2H, NHCH2CH,CH2CH2CH),
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1.78 (m, 7H, BOCCH, BOCHCHH, CHCH,CHCHs, BOCHCH,CH, BOCHCHH,
NHCH,CH,CH2CH,CH), 1.95 (t, J = 5.4 Hz, 1H, BOCHCH,CHCHH), 2.13 (m, 1H,
BOCHCH,CHCHH), 2.33 (m, 1H, BOCHCHH), 2.74 (t, J = 7.5 Hz, 1H, BCH), 2.86 (dd,
J=13.4, 4.5 Hz, 1H, CHCHHCeHs), 3.03 (m, 2H, NHCH,CH2CH,CH,CH), 3.15 (dd, J =
13.4, 4.5 Hz, 1H, CHCHHCsHs), 4.18 (br d, J = 7.1 Hz, 1H, BOCH), 4.39 (m, 1H, m,
1H, CHCH,CsHs), 4.51 (m, 1H, NHCH2CH,CH,CH,CH), 5.00 (d, J = 12.5 Hz, 1H,
NHCO,CHHC¢Hs), 5.05 (d, J = 12.5 Hz, 1H, NHCO,CHHC¢Hs), 6.55 (m, 1H,
NHCH,CH,CH>CH,CH), 7.27 (m, 10H, 2x CsHs); 13C NMR (125 MHz, CD;0D) & 23.8,
24.8,24.2,25.8,28.0,28.7,29.0,30.1, 31.0, 31.5, 33.5, 38.8, 40.2, 40.5, 42.4, 42.6,
43.0, 52.6, 54.8, 59.1, 68.9, 78.7, 85.6, 129.1, 130.0, 130.2 130.7, 130.7, 131.6,
139.3, 139.7, 159.8, 159.8, 175.5, 178.9. HRMS (ESI) 775.5507 (M+H);

Cs3He4BN4Ogrequires 775.4812.

(5)-5-((S)-2-(((Benzyloxy)carbonyl)amino)-3-phenylpropanamido)-6-(((R)-3-
methyl-1-((3as$,4S,6S,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo[d][1,3,2]dioxaborol-2-yl)butyl)Jamino)-6-oxohexan-1-aminium

2,2,2-trifluoroacetate 3.23

To a solution of 3.21 (126 mg, 0.163 mmol) in dioxane (5 mL) was added 4M HCI

in dioxane (0.24 mL, 0.960 mmol) and the reaction mixture was stirred at RT for

140



Chapter Four

18 h. The mixture was concentrated in vacuo, washed with MeOH and
concentrated in vacuo (3x) to afford a crude white solid which was purified by rp-
HPLC (10-70% aq. ACN over 15 min) to afford 3.23 as a fluffy white solid (35 mg,
33%). Re=18.3 min; *H NMR (500 MHz, CD30D) & 0.87 (s, 3H, bridge CHs), 0.94 (d,
J=6.5Hz, 6H, 2x CHCH,CHCH3), 1.28 (s, 3H, bridge CHs), 1.36 (s, 3H, CH3CO), 1.42
(m, 4H, CHCH2CHCHs, NHCH2CH,CH,CH2CH), 1.64 (m, 2H, NHCH,CH2CH2CH,CH),
1.77 (m, 3H, BOCCH, BOCHCHH, CHCH,CHCHs), 1.87 (m, 2H, BOCHCHCH,
BOCHCHH), 1.95 (t, J = 53 Hz 1H, BOCHCH,CHCHH), 2.14 (m, 1H,
BOCHCH2CHCHH), 2.34 (m, 1H, BOCHCHH), 2.75 (t, J = 7.8 Hz, 1H, BCH), 2.89 (m,
3H, CHCHHCgHs, NHCH2CH2CH2CH,CH), 3.13 (dd, J = 13.9, 4.6 Hz, 1H, CHCHHCgHs),
4.19 (br d, J = 6.9 Hz, 1H, BOCH), 4.36 (m, 1H, CHCHCsHs), 4.55 (m, 1H,
NHCH,CH,CH,CH,CH), 5.01 (d, J = 12.5 Hz, 1H, NHCO,CHHC¢Hs), 5.06 (d, J = 12.5
Hz, 1H, NHCO2CHHCsHs), 7.28 (m, 10H, 2x CeHs), 8.41 (d, J = 8.1 Hz, 1H,
NHCHCH,CH,CH,CH,NH,); 3C NMR (125 MHz, CD30D) & 23.8, 24.7, 25.8, 28.0,
28.7,29.0,29.2,31.0,33.1,38.8.39.9,40.5,41.7,42.6,42.9,52.4,54.7,59.1, 68.9,
78.8, 85.8, 129.1, 129.9, 130.3, 130.7, 130.8, 131.5, 139.3, 139.6, 159.9, 175.7,

178.5. HRMS (ESI) 675.4311 (M+H)*; C3gHssBN4O7 requires 675.4198.

141



Chapter Four

(S)-Methyl 2-((S)-2-(((benzyloxy)carbonyl)amino)-3-(4-

hydroxyphenyl)propanamido)-6-((tert-butoxycarbonyl)amino)hexanoate 3.18

N-Z-L-Tyrosine (286 mg, 0.908 mmol) was coupled to Né-Boc-L-Lysine methyl ester
hydrochloride (270 mg, 0.908 mmol) according to general procedure A and the
residue purified by flash chromatography on silica (55% EtOAc / Hexane) to afford
3.18 as a white solid (304 mg, 60%). Rf= 0.36 (60% EtOAc / Hexane); *H NMR (500
MHz, CDCl3) 6 1.40 (m, 4H, NHCH,CH,CH,CH,CH, NHCH,CH,CH,CH,CH), 1.46 (s, 9H,
C(CHs)3), 1.62 (m, 1H, NHH2CH,CH2CHHCH), 1.79 (m, 1H, NHCH>CH,CH>CHHCH),
281 (m,2H, CO;NHCHCHH, NHCHHCHCH,CH,CH), 3.08 (m, 1H,
NHCHHCH2CH2CH2CH), 3.34 (m, 1H, CO2NHCHCHH), 3.69 (s, 3H, CO2CHs), 4.50 (m,
1H, CO2NHCHCH2CgHa), 4.54 (m, 1H, NHCH2CH2CH2CH2CH), 4.84 (br s, 1H, OH),
5.13 (m, 2H, CO2CHCeHs), 5.27 (m, 1H, NHCHCH,CeHs), 6.52 (m, 1H,
NHCH,CH,CH,CH,CH>), 7.80 (d, J = 7.8 Hz, 2H, 2x CHCHOH), 7.01 (d, J = 7.8 Hz, 2H,
2x CHCHOH), 7.35 (m, 5H, CsHs); 13CNMR (125 MHz, CDCl3) 6§ 24.4,31.1,32.9, 34.2,
39.7, 41.3, 43.3, 54.8, 55.1, 58.5, 70.5, 118.5, 129.1, 130.8, 130.9, 131.2, 133.2,
138.7, 158.6, 158.9, 159.2, 173.2, 174.6. HRMS (ESI) 580.2628 (M+Na)*;

C2a9H39N3NaOg requires 580.2629.
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(S)-2-((S)-2-(((Benzyloxy)carbonyl)amino)-3-(4-hydroxyphenyl)propanamido)-6-

((tert-butoxycarbonyl)amino)hexanoic acid 3.20

CszN\)J\N OH

:oH g

o
3.18 (250 mg, 0.490 mmol) was hydrolysed according to general procedure B to
afford 3.20 as a white solid (239 mg, 98%). 'H NMR (500 MHz, DMSO-ds) 6 1.29
(m, 2H, NHCH2CH,CH,CHCH), 1.36 (s, 9H, C(CHas)3), 1.38 (m, 2H,
NHCH,CH,CH,CH,CH), 1.60 (m, 1H, NHCH>CH,CH,CHHCH), 1.71 (m, 1H,
NHCH,CH,CH,CHHCH), 2.60 (m, 1H, NHCHHCH,CH,CH,CH), 2.89 (m, 3H,
NHCHCH2CsHs, NHCHHCH.CH2CH:CH), 4.19 (m, 2H, NHCHCH2CsHg,
NHCH2CH2CH2CH2CH), 4.94 (m, 2H, NHCO2CHCsHs), 6.64 (d, J = 8.0 Hz, 2H, 2x
CHCHOH), 6.75 (t, J = 5.3 Hz, 1H, NHCH2CH2CH,CH.CH), 7.08 (d, J = 8.0 Hz, 2H, 2x
CHCHOH), 7.28 (m, 5H, C¢Hs), 8.16 (d, J = 7.6 Hz, 1H, NHCHCO2H), 9.16 (br s, 1H,
OH), 12.60 (brs, 1H, COzH); 3C NMR (125 MHz, DMSO-ds) 6 25.9, 31.4, 32.3, 33.9,
39.8, 55.0, 59.4, 68.3, 80.5, 82.3, 117.9, 129.9, 130.7, 131.2, 131.4, 133.2, 140.2,
158.7, 158.9, 158.9, 174.9, 176.6. HRMS (ESI) 566.2470 (M+Na)*; CgH37N3NaOsg

requires 566.2473.
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Benzyl N-[(1S)-1-{[(1S)-5-{[(tert-butoxy)carbonyllamino}-1-{[(1R)-3-methyl-1-
[(1S,2S,8S)-2,9,9-trimethyl-3,5-dioxa-4-boratricyclo[6.1.1.0%%]decan-4
yllbutyl]carbamoyl}pentyl]carbamoyl}-2-(4-hydroxyphenyl)ethyl]carbamate

3.22

3.20 (72 mg, 0.132 mmol) was coupled to (R)-3-Methyl-1-((3aS,4S,6S,7aR)-3a,5,5-
trimethylhexahydro-4,6-methanobenzo[d][1,3,2]dioxaborol-2-yl)butan-1-

aminium 2,2,2-trifluoroacetate (50 mg, 0.132 mmol) according to general
procedure A and the crude product purified by flash chromatography on silica
(60 % EtOAc / Hexane) to afford 3.22 as a white solid (70 mg, 67%). Rf= 0.38 (60 %
EtOAc / Hexane); *H NMR (500 MHz, CD30D) & 0.86 (s, 3H, bridge CHs), 0.94 (d, J
= 6.5 Hz, 6H, 2x CHCH,CHCH3), 1.32 (m, 10H, bridge CHs, CH3CO, BOCCH,
BOCHCHH, CHCH,CHCHs), 1.46 (m, 11H, C(CHs)3, NHCH,CH2CH,CH,CH), 1.78 (m,
5H, NHCH>CH,CH,CH,CH, CHCH,CHCH3), 1.95 (t, J = 5.3 Hz, 1H, BOCHCH,CHCHH),
2.13 (m, 1H, BOCHCH,CHCHH), 2.33 (m, 1H, BOCHCHH), 2.73 (t, J/ = 7.4 Hz, BCH),
2.80 (m, 1H, CHCHHCgH4), 3.03 (m, 3H, CHCHHCsH4, NHCH2CH2CH2CH,CH), 4.18
(br d, J = 8.5 Hz, 1H, BOCH), 4.32 (m, 1H, NHCHCH,CeHs), 4.51 (m, 1H,
NHCH>CH,CH>CH,CH), 5.00 (d, J = 12.5 Hz, 1H, NHCO,CHHC¢Hs), 5.08 (d, J = 12.5
Hz, 1H, NHCO,CHHCgHs), 6.55 (br's, 1H, OH), 6.71 (d, J = 8.4 Hz, 2H, 2x CHCHOH),

7.07 (d, J = 8.4 Hz, 2H, 2x CHCHOH), 7.30 (m, 4H, CeHa); 3C NMR (125 MHz, CDs0D)
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6 23.8, 24.8, 25.2, 25.8, 28.0, 28.7, 29.0, 30.1, 31.0, 31.6, 33.4, 38.8, 40.2, 40.5,
42.4,42.6,43.0,43.6, 52.6, 54.8, 59.4, 68.9, 78.6, 81.2, 85.6, 117.6, 129.9, 130.2,
130.2,130.7, 130.7, 132.6, 139.3, 158.6, 159.9, 175.7, 178.9. HRMS (ESI) 813.4583

(M+Na)*; CazHe3BNaNaOg requires 813.4580.

(S)-5-((S)-2-(((Benzyloxy)carbonyl)amino)-3-(4-hydroxyphenyl)propanamido)-6-
(((R)-3-methyl-1-((3as$,4S,6S,7aR)-3a,5,5-trimethylhexahydro-4,6
methanobenzo[d][1,3,2]dioxaborol-2-yl)butyl)amino)-6-oxohexan-1-aminium

2,2,2-trifluoroacetate 3.24

NH,eTFA

O H \\\<g>
CszN\_)]\N N_ B.g"
:oH 5 ¢
\©\OH

To a solution of 3.22 (16 mg, 0.02 mmol) in CH,Cl> (2 mL) was added TFA (0.01 mL,

e}

0.10 mmol) and the reaction mixture was stirred at ambient temperature for 2 h.
The mixture was concentrated in vacuo and washed with MeOH (3x),
concentrating in vacuo following each wash to afford 3.24 (15.3 mg, 95%) as a
white solid. *H NMR (500 MHz, CD30D): & 0.86 (s, 3H, bridge CHs), 0.96 (m, 6H, 2x
CHCH,CHCHs3), 1.27 (s, 3H, bridge CHs), 1.44 (m, 9H, bridge CHs3, CH3CO, BOCCH,
BOCHCHH, CHCHHCHCHs), 1.64 (m, 4H, CHCHHCHCHs, NHCH>CH,CH,CH,CH,
NHCH2CHHCH2CH,CH), 1.87 (2H, NHCH2CHHCH,CH2CH, CHCHHCHCH3), 1.95 (t, J =
5.3 Hz, 1H, BOCHCH,;CHCHH), 2.17 (m, 1H, BOCHCH,CHCHH), 2.41 (m, 1H,

BOCHCHH), 2.86 (m, 4H, BCH, NHCHHCgH4, NHCH,CH,CH,CH2CH), 3.01 (dd, J = 13.9,
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6.4 Hz, 1H, CHHCeHa), 3.97 (m, 1H, BOCH), 4.31 (m, 2H, NHCHCH,CsHs,
NHCH,CH,CH2CH,CH), 5.02 (d, J = 12.5 Hz, 1H, NHCO2CHHCeHs), 5.09 (d, J = 12.5
Hz, 1H, NHCO,CHHCsHs), 6.72 (d, J = 8.2 Hz, 2H, 2x CHCHOH), 7.08 (d, J = 8.2 Hz,
2H, 2x CHCHOH), 7.32 (m, 4H, CeHa); 13C NMR (125 MHz, CDsOD) & 23.8, 24.8, 25.6,
25.8,28.4,28.8,28.9,30.4,31.3,33.5, 38.0, 39.2, 40.0, 42.1, 42.5, 43.1, 44.6, 53.3,
55.1,59.6, 68.7, 79.5, 79.7, 117.6, 129.9, 130.1, 130.2, 130.7, 132.6, 132.6, 139.4,
158.6, 159.7, 175.7. HRMS (ESI) 843.3743 (M+K)*; CaoHseBF3NzKOg requires

843.3724.

Benzyl tert-butyl ((S)-6-(((R)-3-methyl-1-((3aS$,4S,6S,7aR)-3a,5,5-
trimethylhexahydro-4,6-methanobenzo[d][1,3,2]dioxaborol-2-yl)butyl)amino)-

6-oxohexane-1,5-diyl)dicarbamate 3.30

NHBoc

\\‘<
Mg
CbzHN ~ 0

T
N®-Z-Né-Boc-L-Lysine (262 mg, 0.689 mmol) was coupled to (R)-3-Methyl-1-
((3aS,4S,6S,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo[d][1,3,2]dioxaborol-2-yl)butan-1-aminium 2,2,2-trifluoroacetate
(262 mg, 0.689 mmol) according to general procedure A and the crude product
purified by flash chromatography on silica (50% EtOAc / Hexane) to afford
dipeptide 3.30 as a crystalline white solid (397 mg, 92%). Rr = 0.30 (50% EtOAc /
Hexane); 'H NMR (500 MHz, CDs0D) & 0.88 (s, 3H, bridge CHs), 0.93 (d, J = 6.3 Hz,
6H, 2x CHCH,CHCH3s), 1.29 (s, 3H, bridge CHs), 1.37 (m, 3H, CHsCO), 1.43 (s, 9H,
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C(CHs)3), 1.49 (m, 5H, BOCCH, BOCHCHH, CHCH,CHCHs, NHCH,CH2CHHCH,CH),
1.75 (m, 5H, NHCHCHHCHHCH,CH, CHCH,CHCHs), 1.86 (m, 1H,
NHCH,CHHCH,CH2CH), 1.96 (t, J = 5.5 Hz, 1H, BOCHCH,CHCHH), 2.13 (m, 1H,
BOCHCH,CHCHH), 2.34 (m, 1H, BOCHCHH), 2.71 (t, J = 7.8 Hz, 1H, BCH), 3.02 (t, J
= 6.6 Hz, 2H, NHCH,CH2CH,CH,CH), 4.18 (br d, J = 8.6 Hz, 1H, BOCH), 4.30 (m, 1H,
NHCH,CH,CH2CH,CH), 5.09 (m, 2H, NHCO2CH,CsHs), 7.33 (m, 5H, CsHs); 13C NMR
(125 MHz, CDsOD) 6 23.9, 24.7, 25.1, 25.9, 28.0, 28.7, 29.0, 30.1, 31.0, 31.6, 33.7,
39.9,40.5,42.2, 42.7,43.0, 54.4, 54.8, 69.1, 78.5, 81.2, 85.4, 130.2, 130.3, 130.7,
139.3, 159.5,159.9, 179.8. HRMS (ESI) 650.4587 (M+Na)*; CasHs4BN3NaOy requires

650.3897.

(9H-Fluoren-9-yl)methyl N-[(15)-1-{[(15)-5-{[(tert-butoxy)carbonyl]amino}-1-
{[(1R)-3-methyl-1-[(15,25,85)-2,9,9-trimethyl-3,5-dioxa-4-
boratricyclo[6.1.1.0%%]decan-4-
yl]butyl]carbamoyl}pentyl]lcarbamoyl}-2-(4-hydroxyphenyl)ethyl]carbamate

3.34

To a solution of 3.30 (353 mg, 0.563 mmol) in MeOH (120 mL) and EtOAc (40 mL)
was added 10% palladium on activated carbon (120 mg, 1.12 mmol) and the

resulting mixture stirred under a hydrogen atmosphere at ambient temperature

147



Chapter Four

for 3 h. The mixture was filtered through a short pad of silica and concentrated in
vacuo to afford 3.32 as a white solid which was used without further purification

(277 mg, 100%).

Crude 3.32 (197 mg) was coupled to Fmoc-L-Tyrosine (161 mg, 0.399 mmol)
according to general procedure A with the modification of stirring for 4h and the
crude product purified by flash chromatography on silica (50 — 60 % EtOAc /
Hexane) to afford 3.34 as a white solid (200 mg, 58%). Rf = 0.22 (60% EtOAc /
Hexane); 'H NMR (500 MHz, Acetone-ds) 6 0.83 (s, 3H, bridge CHs), 0.89 (m, 6H,
2x CH3CH), 1.25 (s, 3H, bridge CHs), 1.32 (m, 5H, CH3CO, NHCH,CH2CH,CH,CH),
1.39 (s, 9H, C(CHs)3), 1.45 (m, 4H, BOCCH, BOCHCHH, CHCH,CHCH3), 1.75 (m, 5H,
NHCH,CH,CH,CH,CH, CHCH,CHCH3), 1.94 (t, J = 5.3 Hz, 1H, BOCHCH,CHCHH), 2.13
(m, 2.10, BOCHCH,CHCHH), 2.29 (m, 1H, BOCHCHH), 2.92 (m, 2H, CHCHHCsHsa,
NHCHHCH,CH,CH,CH), 3.02 (t, J = 6.6 Hz, 1H, BCH), 3.07 (m, 2H, CHCHHCsHa,
NHCHHCH,CH,CH,CH), 4.22 (m, 3H, NHCHCH,CgH4, BOCH, NHCO,CHHCH), 4.36 (m,
1H, NHCO,CHHCH), 4.46 (m, 2H, NHCO,CHHCH, NHCH,CH>CH>CH»CH), 6.00 (m, 1H,
NHCHCH2C6H4 ), 6.67 (d, J = 7.6 Hz, 1H, NHCH2CH2CH,CH2CHNH), 6.77 (d, J = 8.3
Hz, 2H, 2x CHCHOH), 7.13 (d, J = 8.3 Hz, 2H, 2x CHCHOH), 7.34 (t, J = 7.4 Hz, 2H, 2x
CHCCHCH), 7.42 (t, J = 7.4 Hz, 2H, 2x CHCCHCHCH), 7.54 (d, J = 8.4 Hz, 1H,
NHCH,CH,CH2CH,CH), 7.66 (d, J = 7.4 Hz, 2H, 2x CHCCHCHCH), 7.82 (br s, 1H, OH),
7.86(d,J=7.4 Hz, 2H, 2x CHCCHCHCHCH); 13C NMR (125 MHz, Acetone-ds) § 24.3,
25.1,25.3,26.1,27.8,28.7,29.4,30.5,31.1, 33.1, 34.4, 38.5, 39.5,40.6,42.4,42.7,

42.9,49.7,54.1, 54.5,59.4, 69.1, 69.8, 72.9, 79.5, 80.3, 86.9, 117.9, 122.6, 122.6,
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127.9, 128.0, 129.8, 130.3, 130.7, 133.0, 143.8, 146.7, 146.7, 158.9, 158.9, 174.0,

175.7. HRMS (ESI) 462.2343 (M+2Na)?*; C3aHs4BN3Na207/2 requires 462.2393.

(S)-5-((S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(4-
hydroxyphenyl)propanamido)-6-(((R)-1-borono-3-methylbutyl)amino)-6-

oxohexan-1-aminium 2,2,2-trifluoroacetate 3.36

NH,eTFA

0 ., OH
FmocHN. I AN _BL,,
:oH ] Y

i “OH

To a solution of 3.34 (92 mg, 0.105 mmol) in THF (2 mL) and dioxane (1.5 mL) was
added 4M HCl in dioxane (0.16 mL, 0.630 mmol) and the reaction mixture was
stirred at ambient temperature for 18 h. The mixture was concentrated in vacuo
and washed with MeOH (3x), concentrating in vacuo following each wash to afford
a crude pale yellow solid which was purified by rp-HPLC (10-90% aq. ACN over 15
min) to afford 3.36 as a fluffy pale yellow solid (37 mg, 47 %). Rt= 16.5 min; H
NMR (500 MHz, CD30D) & 0.90 (d, J = 6.5 Hz, 6H, 2x CHCH,CHCH3s), 1.35 (m, 4H,
CHCH2CHCHs, NHCH,CH,CH>CH,CH), 1.63 (m, 3H, NHCH>CH,CH>CH,CH,
CH3CHCHz), 1.78 (m, 1H, NHCH:CH2CH.CHHCH), 1.86 (m, 1H,
NHCH,CH,CH,CHHCH), 2.71 (t, J = 7.6 Hz, 1H, BCH), 2.85 (m, 3H, CHCHHCsHa,
NHCH2CH,CH2CH,CH), 3.00 (dd, J = 14.1, 5.9 Hz, 1H, CHCHHCgH4), 4.20 (m, 2H,
CHCH2CgHs, NHCO.CHHCH), 4.27 (m, 1H, NHCO,CHHCH), 4.40 (m, 1H,

NHCO,CHHCH), 4.50 (m, 1H, NHCH2CH,CH,CH,CH), 6.73 (d, J = 8.3 Hz, 2H, 2x
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CHCHOH), 7.09 (d, J = 8.3 Hz, 2H, 2x CHCHOH), 7.30 (m, 2H, 2x CHCCHCH), 7.40
(dt, J = 7.4, 3.1 Hz, 2H, 2x CHCCHCHCH), 7.60 (dd, J = 14.6, 7.4 Hz, 2H, 2x
CHCCHCHCH), 7.80 (d, J = 7.4 Hz, 2H, 2x CHCCHCHCHCH); 13C NMR (125 MHz,
CDsOD) 6 23.7, 23.9, 24.8, 25.0, 25.2, 28.2, 31.5, 33.2, 39.2, 42.2,49.5, 52.2, 59.5,
69.4, 117.6, 117.6, 122.2, 127.4, 127.5, 129.4, 130.0, 130.1, 132.6, 143.8, 143.8,
146.4, 158.6, 159.8, 173.5, 175.8. HRMS (ESI) 667.3454 (M+Na)*; CasHasBNaNaO;

requires 667.3272.

tert-Butyl ((1 S/R, 2S)-1-(benzo[d]thiazol-2-yl)-1-hydroxy-4-methylpentan-2-

yl)carbamate 3.40

A solution of n-butyllithium in hexanes (2.5 M, 2.34 mL, 5.85 mmol) was added
dropwise to a stirred solution of benzothiazole (0.65 mL, 5.85 mmol) in THF freshly
distilled from sodium (10 mL) over 0.25 h at -78°C under an argon atmosphere,
and the solution was left to stir for an additional 0.5 h at -78°C. A solution of Boc-
L-leucine N,O-dimethylhydroxamide (162 mg, 0.585 mmol) in THF freshly distilled
from sodium (5 mL) was added dropwise over 0.5 h at -78°C, and the solution was
left to stir for an additional 1.75 h at -78°C. The reaction was quenched by addition
of sat. ag. NH4Cl (10 mL) and the mixture allowed to warm to ambient
temperature. The resulting mixture was concentrated in vacuo and partitioned
between EtOAc and water. The aqg. phase was extracted with EtOAc (3x), the

organic extracts were combined, washed with brine (1x), dried over MgSQa,
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filtered, and concentrated in vacuo to afford an oily yellow solid which was used

without further purification.

To a stirred solution of crude oily solid (147 mg) in dry CH2Cl; (20 mL) and dry
MeOH (5 mL) at -25°C was added sodium borohydride (70 mg, 1.85 mmol) and the
solution stirred for 0.5 h at -25°C under a nitrogen atmosphere. The reaction was
qguenched by addition of acetone (5 mL) and the mixture allowed to warm to
ambient temperature. The resulting mixture was concentrated in vacuo and
partitioned between EtOAc and water. The aq. phase was extracted with EtOAc
(3x), the organic extracts combined, washed with brine (1x), dried over MgSOa,
filtered, and concentrated in vacuo to afford an oily yellow solid which was
purified by flash chromatography on silica (15% EtOAc / CH.Cl,) to afford 3.40 as
a pale-yellow oil as a 3:1 mixture of diastereomers (90 mg, 44% over 2 steps).

HRMS (ESI) 373.1563 (M+Na)*; C18H26N2NaOsS requires 373.1556.

Data for major isomer from mixture: Rf= 0.41 (15% EtOAc / CH,Cl,); *H NMR (500
MHz, CDCls) § 0.90 (m, 6H, 2x CHCH,CHCH3), and 1.43 (s, 9H, C(CHs)3), 1.60 (m, 1H,
CHCHHCHCH3), 1.69 (m, 2H, CHCHHCHCHs CHCH,CHCHs), 4.21 (m, 1H,
CHCH2CHCHs), 4.86 (d, J = 8.0 Hz, 1H, NH), 5.18 (br s, 1H, OH), 5.39 (m, 1H, CHOH),
7.38 (m, 1H, NCCHCH), 7.46 (m, 1H, SCCHCH), 7.89 (m, 1H, NCCHCH), 7.99 (m, 1H,
SCCHCH); 13C NMR (CDCls, 125 MHz) & 24.3, 26.0, 27.4, 31.0, 41.2, 57.5, 78.6, 83.0,

124.4,125.6, 127.5, 128.6, 137.6, 155.7, 160.0, 176.7.

Selected data for minor isomer from mixture: Rf= 0.41 (15% EtOAc / CH,Cly); *H
NMR (500 MHz, CDCls) 60.94 (d, J = 6.6 Hz, 2H, 2x CHCH,CHCH3), 1.35 (s, 9H,

C(CHs)3), 4.09 (m, 1H, CHCH,CHCH3), 5.12 (m, 1H, NH); 3C NMR (CDCls, 125 MHz)
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6 24.6, 25.9, 27.6, 30.9, 42.2, 57.0, 77.2, 82.5, 124.4, 125.5, 137.6, 155.6, 159.3,

177.9.

tert-Butyl N-[(55)-5-{[(1S/R,25)-1-(1,3-benzothiazol-2-yl)-1-hydroxy-4-
methylpentan-2-yl]carbamoyl}-5-[(25)-2-{[(benzyloxy)carbonyl]amino}-3-

phenylpropanamido]pentyl]lcarbamate 3.42

NHBoc
0 . OH
cozin I N\/f\(s
: : \
_ T Hj Oj/_ N@

To a stirred solution of 3.40 (83 mg, 0.237 mmol) in dry CH,Cl; (6 mL) was added
TFA (1.5 mL, 19.6 mmol) and the solution stirred for 2 h at ambient temperature
under a nitrogen atmosphere. The mixture was concentrated in vacuo and the
resulting residue washed with methanol and concentrated in vacuo (5x) to afford

3.41 as a yellow oil (85 mg, 100%) which was used without further purification.

Crude 3.41 (85 mg) was coupled to 3.19 (136 mg, 0.258 mmol) per general
procedure A and the crude product was purified by flash chromatography on silica
(70% EtOAc / Hexane) to afford 3.42 as an off-white solid (127 mg, 71%). HRMS

(ESI) 782.3588 (M+Na)*; Ca1Hs3NsNaO7S requires 782.3556.

Data for major isomer from mixture: Rr= 0.49 (80% EtOAc / Hexane); *H NMR (500
MHz, CDs0OD) & 0.84 (d, J = 6.3 Hz, 3H, CHCH,CHCH3), 0.88 (d, J = 6.3 Hz, 3H,
CHCH2CHCH3), 1.28 (m, 5H, CHCH,CHCHs, NHCH;CH>CH,CH,CH,

NHCH2CHHCH,CH2CH), 1.42 (s, 9H, C(CHs)s), 1.60 (m, 4H, CHCH.CHCH;,
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NHCH2CHHCHCH2CH, NHCH>CH>CH2CH2CH), 2.83 (m, 1H, CHCHHCgHs), 2.94 (m,
2H, NHCH,CH,CH,CH,CH), 3.12 (m, 1H CHCHHCgHs), 4.32 (m, 1H, CHCH,CHCH),
4.43 (m, 1H, CHCH,CsHs), 4.57 (m, 1H, CHCHOH), 4.99 (m, 3H, NHCO,CH.CsH,
CHCHOH), 7.23 (m, 10H, 2x CeHs), 7.38 (m, 1H, NCCHCH), 7.47 (m, 1H, SCCHCH),
7.95 (m, 2H, NCCH, SCCH); 3C NMR (CDsOD, 125 MHz) & 23.2, 25.1, 27.0, 30.1,
31.8,34.3,40.3,42.4,55.0, 55.1, 55.9, 59.0, 68.9, 76.7, 124.3, 124.9, 127.5, 128.5,
129.0, 130.0, 130.2, 130.7, 131.7, 137.3, 139.3, 139.7, 155.7, 159.5, 159.7, 175.0,

175.2,178.7, 179.8.

Selected data for minor isomer from mixture: Rf= 0.49 (80% EtOAc / Hexane); 'H
NMR (500 MHz, CDs0D) & 0.96 (d, J = 6.3 Hz, 3H, CHCH,CHCH3); 13C NMR (CD30D,
125 MHz) 6 23.9, 24.9, 27.2, 31.6, 40.7, 42.9, 55.0, 55.7, 58.9, 75.4, 124.3, 124.8,

127.3,129.9, 130.7, 137.2, 139.8, 155.7, 159.6, 174.6, 175.1, 179.8.

(S)-6-(((S)-1-(Benzo[d]thiazol-2-yl)-4-methyl-1-oxopentan-2-yl)Jamino)-5-((S)-2
(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-6-oxohexan-1-aminium

2,2,2-trifluoroacetate 3.44

NH,sTFA
0 e
cozin I N\)J\(s
: : \
Oy o

3.42 (37 mg, 0.05 mmol) was oxidised according to general procedure C with the

modification of using distilled water instead of sodium bicarbonate in the aqueous
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workup to afford 3.43 as a crude white solid (34 mg) which was used without

further purification.

Crude 3.43 (26 mg, 0.03 mmol) was dissolved in dry CH,Cl, (1 mL), added TFA (0.02
mL, 0.240 mmol), and the solution left to stir at ambient temperature for 1.5 h
under a nitrogen atmosphere. The mixture was concentrated in vacuo, the
resulting residue was dissolved in MeOH, concentrated in vacuo (3x) and
triturated with Et,0 (2x) to afford a crude pale brown solid which was purified by
rp-HPLC (10-80% aqg. ACN over 15 min) to afford 3.44 as a fluffy white solid (12.1
mg, 46%). Re: 10.1 min; 'H NMR (500 MHz, CDs0D) & 1.01 (d, J = 5.6 Hz, 3H,
CHCH,CHCHs), 1.09 (d, J = 5.6 Hz, 3H, CHCH,CHCHs), 1.38 (m, 2H,
NHCH2CH2CH2CH2CH), 1.67 (m, 3H, NHCH.CHHCH2CH,CH, NHCH,CH>CH2CHHCH,
CHCHHCHCHz), 1.86 (m, 4H, NHCH,CHHCH,CH,CH, NHCH,CH>CH,CHHCH,
CHCHHCHCH3, CHCH,CHCHs), 2.88 (m, 3H, NHCH,CH,CH,CH,CH, CHCHHCgHs),
3.12 (dd, J = 13.8 Hz, 5.1 Hz, 1H, CHCHHCeHs), 4.38 (m, 1H, CHCH,CsHs), 4.48 (m,
1H, NHCH,CH2CH2CH,CH), 5.03 (m, 2H, NHCO,CH,CeHs), 5.76 (m, 1H,
CHCH,CHCH3), 7.27 (m, 10H, 2x C¢Hs), 7.64 (m, 2H, SCCHCHCH), 8.13 (d, J = 7.9 Hz,
1H, NCCH), 8.23 (d, J = 7.9 Hz, 1H, SCCH); 3C NMR (125 MHz, CDs0D) & 23.1, 24.6,
24.9,27.8,29.1,34.0,40.1,41.8,42.4,55.1, 56.8, 59.1, 68.8, 125.0, 127.8, 129.0,
129.8, 129.8, 130.2, 130.6, 130.7, 131.6, 139.6, 139.6, 156.1, 166.8, 175.0, 175.3,

196.2. HRMS (ESI) 680.2905 (M+Na)*; C3sHazNsNaOsS requires 680.2877.
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tert-Butyl N-[(5S)-5-[(2S)-2-{[(benzyloxy)carbonyl]amino}-3-
phenylpropanamido]-5- {[(2S)-1-hydroxy-4-methylpentan-2-

yllcarbamoyl}pentyl]carbamate 3.46

3.19 (350 mg, 0.664 mmol) was coupled to L-Leucinol (0.09 mL, 0.730 mmol)
according to general procedure A and the crude product purified by flash
chromatography on silica on silica (90% EtOAc / Hexane) to afford 3.46 as a white
solid (249 mg, 60%). Rr= 0.50 (EtOAc); *H NMR (500 MHz, CDCl3) 6 0.92 (m, 6H, 2x
CHsCH), 1.31 (m, 4H, NHCH2CH,CH,CH>CH, CHCH2CHCHs), 1.42 (m, 1H,
NHCH2CHHCH2CH2CH), 1.44 (s, 9H, C(CHs)3), 1.60 (m, 2H, NHCH2CHHCH2CHCH,
CHCH2CHCHs), 1.84 (m, 2H, NHCH2CH2CHCH.CH), 3.06 (m, 4H,
NHCH2CH2CH2CH2CH, CHCH2CgHs), 3.22 (br s, 1H, OH), 3.51 (dd, J = 11.2, 5.4 Hz,
1H, CHHOH), 3.69 (dd, J=11.2, 5.4 Hz, 1H, CHHOH), 4.03 (m, 1H, CHCH,0H), 4.35
(m, 1H, CHCH,CeéHs), 4.47 (m, 1H, NHCH2CH,CH.CH.CH), 4.79 (m, 1H,
NHCHCH,CH,CH,CH,), 5.07 (m, 2H, NHCO,CH;C¢Hs), 5.54 (m, 1H,
NHCHCH2CH2CH2CH2NH), 6.50 (m, 1H, NHCHCH20H), 6.80 (NHCHCH:C¢Hs), 7.27
(m, 10H, 2x CeHs); 13C NMR (125 MHz, CDCl3) & 24.9, 25.2, 27.5, 31.1, 32.1, 32.4,
34.5,40.8,42.5,42.7,52.7, 56.3, 59.0, 68.0, 69.9, 82.0, 129.8, 130.7, 130.9, 131.2,
131.4, 131.9, 138.6, 138.7, 158.9, 159.0, 173.9, 173.9. HRMS (ESI) 627.3758
(M+H)*; C34H51N4O7 requires 627.3752.
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Benzyl N-[(1S)-1-{[(1S)-1-{[(2S)-1,1-dimethoxy-4-methylpentan-2-

yllcarbamoyl}-5-(2,2,2-

trifluoroacetamido)pentyl]carbamoyl}-2-phenylethyl]Jcarbamate 3.49

3.46 (200 mg, 0.319 mmol) was oxidised according to general procedure C to

afford a crude white solid which was used without further purification.

Crude 3.46 (53 mg) was dissolved in dry CH,Cl> (2 mL), added TFA (0.04 mL, 0.523
mmol), and the solution left to stir at ambient temperature for 1.5 h under a
nitrogen atmosphere. The mixture was concentrated in vacuo, washed with
MeOH, concentrated in vacuo (3x), and triturated with Et,0 (2x) to afford a crude
residue which was purified by rp-HPLC (10-70% aq. ACN over 25 min) to afford
3.49 as a fluffy white solid (13 mg, 29%). Rt = 11.4 min; *H NMR (600 MHz, CDs0D)
60.87 (d, J=6.5 Hz, 3H, CHCH,CHs), 0.91 (d, J = 6.5 Hz, 3H, CHCH2CHCH3), 1.34 (m,
1H, CHCHHCHCH3), 1.40 (m, 3H, CHCHHCHCH3, NHCH,CH,CH,CH,CH), 1.63 (m, 4H,
CHCH2CHCHs3, NHCH>CH,CH,CH>CH, NHCH,CH,CH,CHHCH), 1.82 (m, 1H,
NHCH2CH2CH2CHHCH), 2.86 (m, 3H, NHCH,CH2CH,CH>CH, CHCHHCsHs), 3.09 (dd,
J=14.0, 5.0 Hz, 1H, CHCHHCsHs), 3.38 (s, 3H, OCHs), 3.39 (s, 3H, OCHs), 4.10 (m,
1H, CHCHOCHs), 4.16 (d, J = 4.6 Hz, 1H, CHCHOCH3), 4.34 (m, 2H, CHCHCsHs,

NHCH2CH2CH2CH2CH), 4.98 (d, J = 12.6 Hz, 1H, NHCO2CHHC¢Hs), 5.03 (d, J = 12.6
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Hz, 1H, NHCO2CHHGCsHs), 7.25 (m, 10H, 2x CeHs); 3C NMR (150 MHz, CDsOD) &
23.3,24.7,25.3,26.9, 29.3,33.9, 40.0, 40.8, 41.8, 50.8, 55.6, 56.6, 57.1, 59.1, 68.8,
108.7, 129.0, 129.8, 130.2, 130.7, 131.5, 139.3, 139.6, 159.6, 174.6, 175.3. HRMS

(ESI) 571.3485 (M+H)*; C31H47N4O¢ requires 571.3489.

tert-Butyl ((1 S/R, 25)-1-cyano-1-hydroxy-4-methylpentan-2-yl)carbamate 3.52

OH
BooHN._A

To a solution of L-leucinol (1.51 g, 12.9 mmol) in dry CHxCl, (16 mL) was added Boc
anhydride (2.81 g, 12.9 mmol) over 5 min and the solution was left to stir at
ambient temperature for 18 h. The resulting solution was concentrated in vacuo
to afford 3.50 (3.00 g) as a crude yellow oil which was used without further

purification.

To a solution of crude 3.50 (2.91 g) in DMSO (27 mL) was added sequentially sulfur
trioxide pyridine complex (6.39 g, 40.2 mmol) in DMSO (22 mL) and triethylamine
(5.6 mL, 40.2 mmol), and the solution stirred at 10 °C for 1 h under a nitrogen
atmosphere. The solution was poured onto water and extracted with EtOAc (5x),
washed with 10% ag. citric acid solution (1x), brine (4x), dried over MgSQa, filtered,
and concentrated in vacuo to afford 3.51 (2.51 g) as a crude viscous yellow oil

which was used without further purification.

To a solution of crude 3.51 (1.83 g) in dry MeOH (9 mL) was added sequentially
acetone cyanohydrin (0.94 mL, 10.3 mmol) and potassium carbonate (0.23 g, 1.66

mmol) and the solution stirred at ambient temperature for 1 h under a nitrogen
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atmosphere. The resulting solution was concentrated in vacuo, poured onto water
and extracted with EtOAc (3x). The combined organics were washed with brine
(1x), dried over MgSQs, filtered, and concentrated in vacuo to afford a crude
residue which was purified by flash chromatography on silica (25 % EtOAc /
Hexane) to afford 3.52 as a viscous yellow oil as a 1:1 mixture of diastereomers

(969 mg, 78% over 3 steps). Experimental data as per literature.3¢

Data for isomer 1 from mixture: Rf= 0.29 (25% EtOAc / Hexane); *H NMR (500
MHz, CDCl3) § 0.96 (m, 6H, 2x CHCH,CHCH3), 1.37 (m, 1H, CHCHHCHCH3), 1.48 (s,
9H, C(CHa)s), 1.55 (s, 1H, CHCHHCHCHs), 1.72 (m, 1H, CHCH2CHCHs), 3.77 (m, 1H,
CHCH,CHCHs), 4.34 (m, 1H, OH), 4.54 (m, 1H, CHCHOH), 4.79 (m, 1H, NH); 3C NMR

(125 MHz, CDCls) & 24.2, 27.3, 30.9, 40.5, 55.2, 68.2, 84.2, 120.5, 156.8.

Data for isomer 2 from mixture: Rf= 0.29 (25% EtOAc / Hexane); *H NMR (500
MHz, CDClz) 6 0.96 (m, 6H, 2x CHCH,CHCHs), 1.37 (m, 1H, CHCHHCHCH3s), 1.47 (s,
9H, C(CHs)s), 1.55 (s, 1H, CHCHHCHCH3), 1.72 (m, 1H, CHCH2CHCH3), 3.98 (m, 1H,
CHCH2CHCHs), 4.34 (m, 1H, OH), 4.49 (m, 1H, CHCHOH), 4.79 (m, 1H, NH); 3C NMR

(125 MHz, CDCls) & 24.4,27.4,30.9, 42.2,56.1, 70.9, 84.2,121.2, 160.8.
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Methyl (2S/R,3S)-3-[(25)-2-[(2S)-2-{[(benzyloxy)carbonyl]amino}-3-

phenylpropanamido]-6-

{[(tert-butoxy)carbonyllamino}hexanamido]-2-hydroxy-5-methylhexanoate

3.55

To a solution of 3.52 (879 mg, 3.6 mmol) in dioxane (3 mL) was added 32% aq.
hydrochloric acid (8 mL, 81.6 mmol) and the solution stirred under reflux for 18 h.
The resulting solution was concentrated in vacuo to afford crude 3.53 as a brown

solid (925 mg) which was used without further purification.

Thionyl chloride (3.5 mL, 48.2 mmol) was added to a solution of dry MeOH (19 mL)
cooled to -40°C and the solution stirred for 10 min under a nitrogen atmosphere.
Crude 3.53 (460 mg) was dissolved in dry MeOH (4.5 mL), the solution cooled to -
10°C and added to the thionyl chloride/MeOH solution. The resulting solution was
left to stir at ambient temperature for 2.5 h under a nitrogen atmosphere. The
solution was concentrated in vacuo to afford crude 3.54 as a viscous orange oil

(381 mg) which was used without further purification.

Crude 3.54 (160 mg) was coupled to 3.19 (400 mg, 0.759 mmol) per general
procedure A and the crude product was purified by flash chromatography on silica

(50-60% EtOAc / CHyCl,) to afford 3.55 as a flaky white solid as 1:1 mixture of
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diastereomers (328 mg, 63%). HRMS (ESI) 707.3621 (M+Na)*; CssHs2N4NaOqg

requires 707.3621.

Data for isomer 1 from mixture: R¢= 0.41 (60% EtOAc / CH2Cl>); *H NMR (500 MHz,
CDCls) & 0.91 (m, 6H, 2x CHCH,CHCHs), 1.18 (m, 4H, CHCH,CHCHs,
NHCH2CH2CH2CH,CH), 1.43 (s, 10H, C(CHs)s), NHCH2CHHCH,CH,CH), 1.57 (m, 3H,
NHCH,CHHCHCHHCH, CHCH2CHCHs), 1.79 (m, 1H, NHCH2CH2CH2CHHCH), 3.79 (s,
3H, OCHs), 4.38 (m, 4H, NHCH,CH>CH,CH,CH, CHCH,CgHs, CHCH,CHCH3s, CHOH),
4.89 (m, 1H, NHCH,CH2CH,CHCH), 5.06 (m, 1H, NHCO2CH2CgHs), 5.52 (m, 1H,
NHCHCH,CgHs), 6.54 (d, J = 8.5 Hz, 1H, NHCH,CH2CH2CH,CHNH), 6.67 (m, 1H,
NHCHCH,CHCH3), 7.25 (m, 10H, 2x CeHs); 3C NMR (125 MHz, CDCls) & 24.8, 25.5,
27.4,31.1,31.9,34.4,40.5,42.6,43.3,52.7,55.3, 56.0, 59.0, 69.8, 74.7,75.8, 81.9,
129.8, 130.7, 130.9, 131.2, 131.4, 131.9, 138.7, 138.7, 158.9, 173.4, 174.1, 175.6,

176.8.

Data for isomer 2 from mixture: R¢= 0.41 (60% EtOAc / CH2Cl2); *H NMR (500 MHz,
CDCls) & 0.91 (m, 6H, 2x CHCH,CHCHs), 1.18 (m, 4H, CHCHCHCH;,
NHCH,CH>CH2CH,CH), 1.43 (s, 10H, C(CHs)s3), NHCH,CHHCH>CH,CH), 1.57 (m, 3H,
NHCH,CHHCH>CHHCH, CHCH,CHCH3), 1.79 (m, 1H, NHCH,CH2CH>CHHCH), 3.76 (s,
3H, OCHs), 4.38 (m, 4H, NHCH,CH>CH,CH,CH, CHCH,CgHs, CHCH2CHCH3, CHOH),
4.82 (m, 1H, NHCH,CH>CH,CH>CH), 5.06 (m, 2H, NHCO2CH,CgHs), 5.52 (m, 1H,
NHCHCH,CeHs), 6.48 (m, 1H, NHCH>CH,CH>CH,CHNH), 6.76 (m, 1H,
NHCHCH,CHCH3), 7.25 (m, 10H, 2x CeHs); 3C NMR (125 MHz, CDCls) & 24.2, 26.1,

27.3,31.1,31.9,34.6,40.6,42.6,43.3,53.1,55.5, 56.1, 59.0, 69.8, 74.7, 75.8, 81.9,
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129.8, 130.7, 130.9, 131.2, 131.4, 131.9, 138.7, 138.7,158.9, 173.8, 174.1, 175.6,

176.8.

Benzyl N-[(15)-1-{[(15)-1-{[(3S/R,4S)-3-hydroxy-2,3-dimethoxy-6-methylhept-1-
en-4-yllcarbamoyl}-5-(2,2,2-trifluoroacetamido)pentyl]carbamoyl}-2-

phenylethyl]lcarbamate 3.58

3.56 (60 mg, 0.09 mmol) was oxidised according to general procedure C to afford

3.57 as a crude residue (92 mg) which was used without further purification.

Crude 3.57 (68 mg) was dissolved in dry CH,Cl, (1 mL), added TFA (0.05 mL, 0.530
mmol), and the solution was left to stir at ambient temperature for 1.5 h under a
nitrogen atmosphere. The mixture was concentrated in vacuo and the resulting
residue dissolved in MeOH, concentrated in vacuo (3x), and triturated with Et,0
(2x) to afford a crude yellow/brown solid which was purified by rp-HPLC (10-90%
aqg. ACN over 20 min) to afford 3.58 as a fluffy white solid as a 2:1 mixture of
diastereomers (44 mg, 64%). HRMS (ESI) 637.3205 (M+Na)*; Cs2HasN4NaOsg

requires 637.3208.

Data for major isomer from mixture: Ri: 17.1 min; *H NMR (600 MHz, CDs0D) &
0.94 (m, 6H, 2x CHCH,CHCHs), 1.58 (m, 9H, CHCH,CHCH3, NHCH2CH2CH>CH,CH),

2.88 (m, 3H, NHCH,CH,>CH,CH,CH, CHCHHC¢Hs), 3.13 (dd, J = 13.8, 4.6 Hz, 1H,
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CHCHHCsHs), 3.75 (s, 3H, CO2CHs), 3.88 (s, 3H, OHCOCH3) 4.36 (m, 3H, CHCH,CeHs,
CHCH2CHCHs3, NHCH2CH2CH2CH2CH), 5.02 (m, 2H, CO2CH,CsHs), 7.26 (m, 10H, 2x
CeHs); 13C NMR (150 MHz, CDsOD) & 23.2, 24.7, 25.6, 26.8, 29.2, 33.9, 39.1, 39.9,
40.1. 41.8, 54.4, 54.8, 55.5, 59.0, 68.8, 101.5, 129.0, 129.9, 130.2, 130.7. 131.4,

139.3, 139.7, 159.6, 173.9, 174.6, 175.4.

Selected data for minor isomer from mixture: Ri: 17.1 min; 'H NMR (600 MHz,
CD30D) 6 3.78 (s, 3H, CO,CH3), 13C NMR (150 MHz, CD30D) 6 23.0, 24.6, 25.5, 27.0,

33.9, 39.1, 40.1, 54.4, 55.6, 59.0, 139.7, 173.2,174.9, 175.3.
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Appendix 1: Inhibition constants, K;, of Hip: inhibitors
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