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Abstract

This project aimed to design and synthesise a number of fluorescent chemical probes to
develop a greater understanding the behaviour of antibiotic resistance, providing
essential information that will be critical in the future research to prepare new
antibacterial agents. In particular, the antibiotic interaction and function with

peptidoglycan at the molecular level was called for special concern.

The work described in the thesis was mainly focused on the preparation of the fluorescent
probes of thiazolidinone and quinazolinone and the synthesis of cyclic phosphonates
which were supposed to show antibiotic activity. The small molecular transglycosylase
inhibitor thiazolidinone showed good inhibitory effect against S. aureus with MIC of 16
pg/mL. The MIC of PBP inhibitor quinazolinone is 2 pg/mL against S. aureus. A series
of chemical probes based on thiazolidinone and quinazolinone were successfully
synthesised. However, the bioactivities of the prepared thiazolidinone and quinazolinone
probes against S. aureus were limited and not qualified for labelling study, which required
the development of new chemical probes. Cyclic phosphonates were supposed to inhibit
nucleophilic serine and zinc-dependent f-lactamases as well as PBPs. Chemistry
reactions were developed to prepare novel phosphonates, such as Kabachnik-Fields

reaction, providing a great opportunity to discover new antibiotics.
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Chapter 1 Introduction

Antibiotics were introduced into the area of medicine and enjoyed a high reputation in
the 1940s. Especially, A. Fleming’s discovery, penicillin, was purified and first clinically
used by H. Florey and E. Chain to treat bacterial infections. It was later praised as the
miracle drug.! During the Second World War, the large-scale generation of penicillin by
a British-American collaboration treated most battlefield infections and saved millions
of lives. With penicillin, the mortality of pneumonia in the American army decreased to

less than 1% in World War II, much lower than the approximate 18% in World War 1.2

However, the remarkable capacity of bacteria to regenerate in approximate 30 minutes
makes it possible for them to mutate and adapt to new hosts and environments.* Since
ancient times, naturally occurring antibiotics spawned the resistance genes by placing a
selective pressure on bacteria and favouring the fittest and more adapted strains. The use,
overuse and misuse of modern prescription antibiotics has driven further the evolution of
antibiotic resistance.* > The golden era of antibiotic discovery ended in the 1960s and the
rapid emergence of resistant bacteria occurs globally. The antibiotic resistance crisis and
the lack of new antibacterial development make bacterial infections become a serious

health threat again.®’

Therefore, it is urgent to investigate the behaviour of antimicrobial resistance and
conduct further studies to prepare new antibacterial agents. The development of chemical

tools enables imaging, manipulating and tracking the biological processes of the living



world. Chemical probes not only provide the valuable insight into the complex biological
systems, but also inspire new ideas and methods leading to new scientific discoveries on

human health and medicine. ®

1.1 Mode of Action of Antibiotics

Antibiotics are medicines to target bacterial infections, either destroying (bactericidal) or
slowing down (bacteriostatic) the growth of bacteria.” The mechanism of antibiotic action
can mainly be divided into four categories on the basis of their intracellular targets: cell
wall synthesis inhibition, cell membrane disruption, protein synthesis inhibition and
nucleic acid synthesis inhibition (Figure 1).!% !!

Cell Wall Synthesis Nucleic Acid Synthesis

Folate synthesis
Sulfonamides

Beta Lactams Trimethoprim DNA Gyrase

Penicillins Quinolones

Cephalosporins

Carbapenems RNA Polymerase
Monobactams Rifampin
Vancomycin
Bacitracin
50S subunit
Macrolides
Clindamycin
Linezolid
Chloramphenicol
Cell Membrane 30S subunit Streptogramins
Polymyxins Tetracyclines

Aminoglycosides Protein Synthesis

Figure 1. Mechanism of action of antibiotics. Adapted with permission from Royal Society of Chemistry.'°



Inhibition of cell wall synthesis is the most common mechanism, e.g. penicillin,

cephalosporins, carbapenems and vancomycin. f-Lactam antibiotics, such as penicillin,
containing a core structure of a f-lactam ring, inhibit the transpeptidase (also known as
penicillin-binding protein) during the cell wall synthesis.!? The structure of penicillin is
similar to D-Ala-D-Ala, which the transpeptidase normally binds to (Figure 2). As a
mimic of D-Ala-D-Ala, penicillin binds to transpeptidase and occupies the active site,

inhibiting the formation of the peptidoglycan cross-links. Therefore, the cell wall is

weakened the osmotic damage leads to bursting or lysing the cells.!? 13
HHE R R
RN = 'S i
bl N N—/
° 5 \)< S y
oM §/OH
Penicillin D-Ala-D-Ala

Figure 2. Structural comparison of penicillin (left) and D-Ala-D-Ala (right).

Another target of antibiotics is the outer membrane of gram-negative bacteria, such as
polymyxins.'? Polycationic peptide antibiotics (e.g. polymyxin B and polymyxin E) can
destabilise the lipopolysaccharide of the outer membrane. The permeability of the
bacterial membrane is then increased and the cytoplasmic content leaks, finally resulting

in the death of cells.'*

Nucleic acid synthesis can be interfered by antibiotics from different levels, such as
Inhibition of nucleotide synthesis or interconversion. In addition, the template function
of DNA can be impaired, and the replication and transcription of DNA can be prevented

by interfering with the polymerases involved in the process.!> For example, rifamycins
3



inhibit DNA-directed RNA polymerase by binding strongly to its f subunit. The
conformation of the RNA polymerase is thereby distorted, and it cannot initiate RNA

synthesis.'®

Inhibition of protein synthesis is the second largest class of mechanism. The bacterial
protein synthesis is mainly blocked by antibiotics at the 30S subunit or 50S subunit of
the 708 bacterial ribosome.!” !® Take tetracyclines as an example, they are bacteriostatic
agents and bind reversibly to the acceptor site of the 30S ribosomal subunit. While the
aminoacyl tRNA attempts to bind to the acceptor site of the ribosome, it is blocked by
tetracyclines.!” Therefore, the binding of the aminoacyl tRNA is prevented and the

protein biosynthesis is ultimately terminated.

1.2 Bacterial Cell Wall

Bacteria are classified as prokaryotes that do not have membrane-bound structures and
the most noteworthy is the lack of well-defined nucleus. They come in a variety of shapes,
from spheres, rods, spirals to branched filaments, and other more complicated forms.?°
They differ from cells of higher organisms, as bacteria are usually in the face of dilute,
inhospitable and unpredictable environments.>! The osmotic pressure within the cell is
much higher than the outside environment because of the high concentration of dissolved
solute inside the cell cytoplasm. In order to survive and grow, the bacterial cell wall has

evolved as a rigid, porous, protective layer enclosing the bacterium to maintain the cell

4



shape and osmotic stability.?* 23

The cell wall composition varies between bacterial species but mainly consists of
peptidoglycan, also called murein. Peptidoglycan is a unique and essential polymer of
long, linear glycan strands cross-linked by short peptides.?> > Its thickness and mesh-
like structure make it possible to divide bacteria into two large groups (gram-positive and
gram-negative) by a staining and washing technique developed by Hans Christian Gram
in 1884 and this eponymous stain is still widely used nowadays.?! Gram-positive bacteria
are able to remain dark blue or violet after Gram staining because their thick cell wall
(20-80 nm) traps the dye. In contrast, the cell wall of gram-negative bacteria is relatively
thin (7-8 nm) and releases the dye readily when washed with an alcohol or acetone
solution. After washing, a counter stain (commonly safranin or fuchsine) will be added
and gram-negative bacteria will be stained pink. Gram-positive bacteria also pick up the
counter stain but it is indiscernible because the primary crystal violet stain is much

darker.?

The cell wall of gram-negative bacteria only consists of a single layer of peptidoglycan
in the periplasmic space between the inner and outer lipid membranes. The outer
membrane invariably contains lipopolysaccharides on its outer leaflet which are toxic
and classified as an endotoxin that elicits a strong immune response when infecting
animals. It is relatively permeable and assists non-vesicle-mediated transport through
channels such as porins or specialized transporters (Figure 3a). Though gram-positive

bacteria lack the outer membrane, there are several layers of peptidoglycan framing the



cell wall. A group of teichoic acids are perpendicular to the peptidoglycan sheets which
is unique to the gram-positive cell wall. They are essential to viability and the teichoic
acid polymers anchored to the lipid membrane are referred to as lipoteichoic acids,
activating the immune system of infected hosts and promoting inflammation. (Figure

3b).26

a. Gram-negative bacteria b. Gram-positive bacteria

Lipopolysaccharide Teichoic acid
Porin ‘ ¥ Lipoteichoic acid g
Outer —%5, ) ) ) . e
membrane § wwi W&WW . 3 )
L OO y X 000 : 2

Periplasmic
space

Peptidoglycan

Periplasmic
space

Cell

membrane

R A Cell
IR IR ORI

membrane

Figure 3. The cell wall structures of gram-negative bacteria (a) and gram-positive bacteria (b). Adapted

with permission from Springer nature.?®

1.3 Biosynthesis of Peptidoglycan

The biosynthesis of peptidoglycan can be divided into three overall stages. The first stage
occurs in the cytoplasm. UDP-N-acetylmuramyl pentapeptide (UDP-MurNAc
pentapeptide) is synthesised through a series of reactions starting from UDP-N-
acetylglucosamine (UDP-GIcNAc), catalysed by UDP-N-acetylglucosamine enolpyruvyl

transferase (MurA), UDP-N-acetylenolpyruvylglucosamine reductase (MurB), UDP-N-



acetylmuramoyl-L-alanine synthetase (MurC), UDP-N-acetylmuramoyl-L-alanine: D-
glutamate ligase (MurD), UDP-N-acetylmuramoyl-L-alanyl-D-glutamate: meso-2,6-
diaminopimelate ligase (MurE) and UDP-N-acetylmuramoyl-tripeptide-D-alanyl-D-
alanine ligase (MurF).?”- 2 On the other hand, the combination of two molecules of (Cs)
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) leads to (Cis)
isoprenoid farnesyl diphosphate (FPP), which is catalysed by farnesyl diphosphate
synthase (FPPS).?° The synthesised FPP combines with another eight IPPs to form (Css)
isoprenoid undecaprenyl diphosphate (UPP) in presence of undecaprenyl diphosphate
synthase (UPPS).? After that, the cleavage of a phosphate group from UPP leads to
undecaprenyl monophosphate (UP), assisted by undecaprenyl diphosphate phosphatase

(UPPP) (Figure 4).3!-%3

7-»““‘(; Lipid IT

upp UPPY _ ypp 7»‘““" Lipid I
2 & UDP—@ UDP
[-N
= - ‘
FPP
=
i
DMAPP + 2 IPP

Figure 4. The simplified pathway for biosynthesis of peptidoglycan. Adapted with permission from
Public Library of Science.®
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In the second stage, phospho-MurNAc-pentapeptide translocase (MraY) catalyses the
reaction of UP and UDP-N-acetylmuramyl pentapeptide at the inner leaflet of the inner
membrane to form MurNAc-(pentapeptide)-pyrophosphoryl-undecaprenol (ligid I).>*
The addition of GIcNAc from UDP-GIcNAc to ligid I, catalysed by UDP-N-
acetylglucosamine-N-acetylmuramoyl-(pentapeptide) pyrophosphoryl undecaprenol N-
acetylglucosamine transferase (MurG), yields GlcNAc-5-(1,4)-MurNAc-(pentapeptide)-
pyrophosphoryl-undecaprenol (ligid II), the substrate of polymerisation in the final step

Figure 5).%2

MurNAc

lipid Il

Figure 5. The chemical structure of lipid II (Staphylococcus aureus).

The final stage of the biosynthesis of peptidoglycan proceeds in two steps: the
polymerization of the disaccharide phospholipid lipid II to form the glycan chains of
alternating N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc)

(transglycosylation) and the cross-linking between glycan chains (transpeptidation),
8



which take place at the outer side of the cytoplasmic membrane.>

During transglycosylation, the pyrophosphate bond between the undecaprenyl group and
MurNAc is split by a transglycosylase and the reducing end of MurNAc is likely to
transfer to the hydroxyl group at C-4 carbon of GlcNAc to form a glycosidic bond (Figure
6).3¢ The released undecaprenyl pyrophosphate is dephosphorylated and ready to join in
a new round of synthesis.”? The exact mechanism of transglycosylation process is still

not known.

@S ECe D S G S T oW

L-/Ala L—/Ala L-Ala
transglycosylase /

/ / /
L/—Lys— (Gly)s L/-LYS_ (Gly)s L/'LYS_ (Gly)s

/ / /

Figure 6. Transglycosylation involved in the biosynthesis of bacterial peptidoglycan (Staphylococcus

aureus).

In the transpeptidation step, the transpeptidase/PBP binds to the donor peptide strand
and allows the serine attack and the cleavage of D-Ala-D-Ala bond of peptide stem,
releasing the terminal D-Ala.” The resulting enzyme-substrate intermediate is then
transferred to an accepter peptide, which varies between different bacteria, and
releases the PBP enzyme.>® In the case of Staphylococcus aureus, D-Ala of the donor
peptide is transferred to the last amino acid of the pentaglycine cross bridge of the

)‘22

accepter to form a new peptide bond (Figure 7). Many antibiotics kill bacteria by



inhibiting transpeptidation such as f-lactams.

L-Ala L-Ala
/ /

/ /

L/-Lys —(Gly)s f’ L/—Lys — (Gly)s
/
Cx

/
o © /0
./ HN o /
PBP-Ser-OH / /

L-/Ala
PBP-Ser-OH
/ /
Gly)s— L-Lys
(Gly)s 5 )
— — L
(Gly)s— LiLys
/
L-Ala

Figure 7. Details of transpeptidation involved in the biosynthesis of bacterial peptidoglycan

(Staphylococcus aureus).
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1.4 Penicillin-Binding Proteins

1.4.1 Function

Penicillin-binding proteins (PBPs) are membrane-associated macromolecules and play
key roles in the cell wall synthesis process. In the final stage of the extracellular
biosynthesis of peptidoglycan, PBPs catalyze the polymerization of the glycan strand of
the disaccharide phospholipid lipid II (transglycosylation) and the cross-linking between

glycan chains (transpeptidation).>% 4°

In addition, some PBPs take part in DD-carboxypeptidation, hydrolysing the last D-
alanine (D-Ala) of stem pentapeptides. Some PBPs take part in endopeptidation to
hydrolyse the peptide bond connecting two glycan strands, the reverse activity of
transpeptidation.*!* ** For instance, PBP5 is a DD-carboxypeptidase that removes the
terminal D-Ala from pentapeptide side chains; PBP4 and PBP7 are endopeptidases that

cleave cross-linked side chains of tetrapeptide subunits (Figure 8).4> %’
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L—/Ala PBP5 L-ﬁla
y—l?-GIu Carboxypeptidation 7-D-Glu
'-/-LYS L-Lys

D Ala D-Ala
D-Ala
(b)
(a)

PBP4

PBP7 Endopeptidation

Transpeptidation

L-Ala
/
v-D-Glu
D-Ala
L-L
A -
D-Ala D-Ala
/ D-AIa}//H /
L-Lys > Llys
/ ¢} /
v-D-Glu ;x—l?—GIu
L-Ala L-Ala

(©
Figure 8. Activities of different PBPs on peptidoglycan subunits. The acyl-enzyme (a) has two possible
routes: carboxypeptidation, releasing the shortened peptidoglycan strand (b), or cross-link formation with
an acceptor strand from a neighboring peptidoglycan polymer (c) which provides the amino group for

transpeptidation. Endopeptidases cleave cross-linked side chains (d) during peptidoglycan synthesis.

1.4.2 Classification

The PBP family is divided in three classes A, B and C (Table 1). Class A and B are high-
molecular mass PBPs which are multimodular PBPs responsible for peptidoglycan
polymerization and insertion into pre-existing cell wall.** Class A PBPs are bifunctional
enzymes with transglycosylase and transpeptidase activities such as PBP1a and PBP1b
from Streptococcus pneumoniae.*® The N-terminal domains of class B PBPs act only as

transpeptidases such as PBP2a from Staphylococcus aureus.*® Class C PBPs are low-

12



molecular mass PBPs and generally act as DD-carboxypeptidases and endopeptidases,

such as PBP4, PBPS5 from Escherichia coli and PBP7 from Mycobacterium tuberculosis

mentioned above.!3 447

Table 1. Classification of PBPs

high-molecular mass
Class A bifunctional enzymes:
transglycosylases and transpeptidases

PBP1la and PBP1b
(Streptococcus pneumoniae)

high-molecular mass

Class B .
transpeptidases

PBP2a (Staphylococcus aureus)

low-molecular mass PBP4 and PBP5 (Escherichia coli)

Class C . .
ass DD-carboxypeptidases and endopeptidases =~ PBP7 (Mycobacterium tuberculosis)

1.5 Staphylococcus aureus

Staphylococcus aureus (S. aureus) is a gram-positive bacterium, which can cause many
diseases, ranging from the most common skin infections to life-threatening systemic and
chronic infections, such as septicemia, endocarditis, pneumonia and osteomyelitis.*® 4’
Of greater concern is methicillin-resistant S. aureus (MRSA) which was first reported in

a British hospital but rapidly spread all over the world.’® Further, because of the

resistance to multiple antibiotics, there are limiting treatment options for MRSA.>!
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Typical first-line treatment of severe MRSA infection includes vancomycin or linezolid

).>2 However, these antibiotics have limitations. Reduced susceptibility or

(Figure 9
microbial resistance to vancomycin has emerged in some common pathogenic organisms,
such as vancomycin-intermediate S. aureus (VISA), hetero-resistant vancomycin-
intermediate S. aureus (hVISA) and vancomycin-resistant S. aureus (VRSA).>> These
resistant strains are associated with increased morbidity and mortality, even higher than

).3* Despite linezolid

that caused by methicillin-sensitive Staphylococcus aureus (MSSA
being effective against MRSA, it is bacteriostatic and its long-term use potentially leads

to the development of peripheral neuropathy, thrombocytopenia and myelosuppression.>

- NH,
HO - 0]
o L

R

F N/[<O o
CoH \\<\ -
OH

HO NH

Vancomycin Linezolid

o0 cl
0 0
Z CL| 0 OH
, 0
o H o) NH N
(0] 10) N
HoN

Figure 9. The structure of vancomycin (left) and linezolid (right).

Four PBPs are located in S. aureus: PBP1, PBP2, PBP3 and PBP4. Only PBP2 is Class
A bifunctional enzyme with both transglycosylase and transpeptidase activities, which
located at the septum.’® PBP1 and PBP3 are Class B monofunctional enzymes with high-

molecular weight, that take part in transpeptidation. PBP4 is only low-molecular mass
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PBP (Class C).>” Both PBP1 and PBP2 are essential for S. aureus growth which means
PBP3 and PBP4 are non-essential. Receiving the most attention, PBP2a is specific for
MRSA, which confers resistance to f-lactam antibiotics by allosteric gating of its active

site.>®

1.6 Molecular Imaging Probes

In spite of remarkable advances in chemistry and biology, small molecule drug discovery
remains a slow, costly and low-yielding activity, and productivity has fallen in recent
years.> Molecular imaging, defined as the in vivo visualization, characterization and
measurement of biological processes at the cellular and molecular level, takes advantage
of traditional diagnostic imaging techniques, so that can reduce the workload and
enhance the efficiency of the drug development.®®®' As a key component of molecular
imaging, the molecular imaging probe is expected to proceed clinical translation, which
must be able to specifically reach the target of interest in vivo and remain long enough to

be detected.®?

A molecular imaging probe typically consist of a targeting moiety, a signal agent and a
linker to connect them (Figure 10). The targeting moiety is broadly considered as any
target ligand including small molecules, proteins and nanoparticles, which can interact

with the specific targets or biomarkers during the biological process. The signal agents
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usually produce the signals for imaging purpose, such as the positron-emitting
radionuclides (e.g. '*F, 1*'T and °°Y) in the positron emission tomography (PET) imaging
probe and the fluorescent molecules (e.g. fluorescein and BODIPY) in the optical
imaging.®% The middle linker effectively minimize the interaction between the
targeting moiety and the signal agent. It possesses a more significant function to modify
the pharmacokinetics of the imaging probe mainly by altering the length, flexibility,

hydrophilicity or charges.5% ¢’

[ NN Targeting
Ligand

Figure 10. The model of the molecular imaging probe.

1.6.1 Fluorescent Derivative of Moenomycin A

New antibiotics, such as f-lactam antibiotics and vancomycin, have been developed
which are focused on targets involved in the cell wall synthesis and remodelling.'3: 8
However, most of these antibiotics work as inhibitors of peptidoglycan transpeptidation,
and the direct inhibition of transglycosylation activity has so far not been exploited.®’
Moenomycin A is known to bind to the active site of bacterial peptidoglycan
glycosyltransferases and inhibits cell wall biosynthesis.” It is potentially useful to study

the mechanism of the transglycosylation reaction and discover other structural classes of

molecules that target the same active site.
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To reach this point, Cheng et al. developed a chemical probe by attaching a fluorophore
to a derivative of moenomycin A (Figure 11) which did not dramatically reduce binding

and antibacterial activities.’!

Me NH2

o=

0] H \?M\ ?ﬁNHZ
0]

AcHN N /O 0
/ \
o}
H
HO
O
OH g HN 0 Me. Me Me Me
=
N AN = Me
Linker NH Me

a7
28

HO  Fluorescent dye

Figure 11. The structure of the fluorescent derivative of moenomycin A.

However, moenomycin A is a low-nanomolar inhibitor of transglycosylation, therefore
it cannot be displaced by low-affinity binders which are found in typical compound or
fragment collections.”” In order to solve the issue, Christian M. Gampe et al. designed a
truncated analogue of moenomycin based on the minimal pharmacophore. This
fluorescent probe showed optimized enzyme binding properties to identify low-
micromolar inhibitors that bind to the active site of the peptidoglycan

glycosyltransferases (Figure 12).
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Figure 12. The structure of the truncated fluorescent analogue of moenomycin.

1.6.2 Fluorescent Beta-lactone Probes

S-Lactam antibiotics are commonly regarded as a class of the most clinically effective
antibiotics to inhibit PBP transpeptidation which leads to cell lysis and treatment of
bacterial infections.”® The fluorophore-labelled penicillin (Figure 13) has been used in a
standard strategy to study the catalytic activity of the PBPs. However, penicillin-based

compounds label all PBPs, so the discrete characterization of individual PBP homologues

is still difficult to achieve.”* 7>

Figure 13. The structure of fluorophore-labelled penicillin.
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To overcome this difficulty, S. Sharifzadeh et al. identified a comparatively simple -
lactone scaffold that can be applied to develop PBP-selective imaging reagents.”® These
new lactone probes were examined for the bioactivity of inhibiting the functions of PBPs
in S. pneumoniae, an ovoid-shaped gram-positive bacteria that causes serious diseases

such as pneumonia, bacteremia and meningitis.”

Among these identified f-lactone antibiotics, the fluorescein-functionalised probe 1
labelled PBP1b and PBP2x in S. pneumoniae. Remarkably, the probe 2 only labelled
PBP2x in S. pneumoniae and the derivative 3 could labelled PBP1b, PBP2x, and PBP2b.
With the linker and dye, the MICs of probes 2 and 3 were tested to be 80 pg/mL against
S. pneumoniae, much lower than the MIC of the parent natural S-lactone antibiotic SQ

26,517, which is 500 pg/mL (Figure 14).7476,

(0] (0]
b @
COy
N
0 o 0
(0]

2

0] $Q 26,517

Figure 14. The structures of fluorescent S-lactone probes and SQ 26,517
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These fluorescent S-lactone probes provided an effective way to monitor PBP2x and
PBP2b activity in live S. pneumoniae. Using these probes, it was found that PBP2b and
PBP2x colocalize as a single ring in early division. During the middle to late division,
PBP2x stay at the central septal site while PBP2b remains at the outer division ring.”*

The research finding highlights the importance of the developing PBP-selective probes.
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1.7 Project Aims

The rapid emergence and worldwide spread of infections caused by antibiotic resistant
bacteria represents a serious health threat. The identification and development of new
and efficient antibiotic classes is scarce. New chemical tools for imaging and tracking
biological systems is critical to our future understanding of the bacteria world, which

affect medicine and human health.

The purpose of this project is to develop fluorescent chemical probes which are used to
study the behaviour of antibiotic resistance. Specifically, this work studies the antibiotic
interaction and function with peptidoglycan at the molecular level. This is achieved by
preparing novel antibiotics and fluorescent chemical probes, and investigating the
activity with superbug methicillin-resistant staphylococcus aureus. The chemical probes
will be designed based on transglycosylase inhibitor thiazolidinone 4 and PBP inhibitor
quinazolinone 5, and MICs will be tested to confirm their antibiotic activity. In addition,
this project will also try to design and synthesise new cyclic phosphonates 6 which are
supposed to inhibit nucleophilic serine and zinc-dependent S-lactamases as well as PBPs

(Figure 15).

HO7/P\O
O

CN 0~ OH

i PG
O5N R.__O
HO S\\<N N/l
O \Q
4

Figure 15. The structures of thiazolidinone 4, quinazolinone 5 and cyclic phosphonates 6.
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Chapter 2 Thiazolidinone Synthesis and Analysis
2.1 Moenomycins and Thiazolidinone in the Literature

2.1.1 Moenomycins

Although the mechanism of the transpeptidation reaction is reasonably well understood,
the active site of the transglycosylase is still unknown, and the mechanism of the
transglycosylation step is largely unexplored.”” Moenomycins are the only known group
of antibiotics that directly inhibit bacterial peptidoglycan glycosytransferases. They are
classified as phosphoglycolipid natural products based on the chemical structure,
containing 3-phosphoglyceric acid, a unique structural element among bacterial
secondary metabolites.”® The majority of known moenomycin-type natural products were
discovered by the end of the 1970s but exact structures have been determined only for

2. Moenomycin A, the founding member of the

some members of the family.
moenomycin family, was first described in 1965. Its structure has been determined,

consisting of a highly functionalized pentasaccharide attached via a unique

phosphoglycerate linkage to an isoprenoid chain (Figure 16).7>78

:<Me NH,
o ]
NH o Me

Figure 16. Structure of moenomycin A
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The moenomycins are potent antibiotics. For instance, the minimal inhibitory
concentration (MIC) of moenomycin A against various gram-positive bacteria ranges
from 1 ng/mL to 100 ng/mL, which is over 10-1000 times more effective than
vancomycin.”! Despite impressive antibiotic activity, their clinical use in humans is
prevented because of suboptimal pharmacology.’® The 25-carbon lipid tail is suggested
to make moenomycins very stable detergent-like molecules that tend to aggregate in
aqueous solutions and partition into membranes. The amphiphilic nature results in
moenomycins having a long half-life in the bloodstream, and ultimate hemolytic activity

and poor oral bioavailablity.”

Nevertheless, moenomycins were successfully commercialized as animal growth

1.9 Concerns have

promoters, under the trade names Flavomycin and Flavophospholipo
been raised of the wide use of antibiotics in animal nutrition might put these compounds
into natural habits where antibiotic resistance was primarily evolved, and eventually
narrow down the options for treating human diseases.®! As a result, in 1985, all animal
feed antibiotic additives were banned in Sweden and in 2006, this ban came into effect
in the entire territory of the European Union.®?> However, during the long-term use, there
was no report of animal microflora that showed significant resistance to moenomycins.

Flavomycin is still approved as an animal growth promoter in the USA and many other

countries for cattle, swine and poultry.**
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2.1.2 Thiazolidinone

With the truncated moenomycin derivative probe (described in section 1.6.1), Gampe
group was able to identify low-micromolar inhibitors of peptidoglycan transglycosylase
enzymes. Compared with moenomycin A, the affinity of the simplified probe to
transglycosylases was attenuated, but the binding was tight enough to discover

transglycosylase inhibitors in the displacement assay.?*

110,000 Compounds of the ICCB library collection at Harvard Medical School were
screened to test the binding affinity to S. aureus SgtB. Thiazolidinone 4 was discovered
to bind to the active sites of transglycosylases, not only S. aureus SgtB, but also other
transglycosylases used in the study including S. aureus PBP2, E. faecalis PBP2a and E.
coli PBP1b. The antibiotic activity of thiazolidinone 4 was confirmed by MIC tests. It
inhibits both MSSA and MRSA at the concentration of 16 ng/mL and the MIC against

B. anthracis is 4 pg/mL (Table 2).%

Table 2. Structure and MIC Results of Thiazolidinone 4

? S B MICGemD)
O,N

o NH
S\\< S. aureus ATCC 29213 (MSSA) 16
N

O
g S. aureus USA 300 (MRSA) 16
B. anthracis ANR-1 4
4

HO
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The discovery of transglycosylase inhibitor, thiazolidinone 4, provides the idea to
develop fluorescent chemical probes based on this small molecule, investigating the

mechanism of peptidoglycan transglycosylation.

2.2 Synthesis and MIC Testing of Thiazolidinone

The project to prepare thiazolidinone probes started with the synthesis of 2-[(3,5-
dimethylphenyl)amino]-5-[(4-hydroxy-3-methoxy-5-nitrophenyl)methylene]-4(5 H)-

thiazolone 4. When thiazolidinone 4 was made successfully and tested to confirm the
bioactivity, the appropriate linker and fluorescent agent could be added subsequently to

develop new chemical probes.

The first step in the synthesis of thiazolidinone 4 was to couple 3,5-dimethylaniline 7
with ammonium thiocyanate in 1M HCI (Scheme 1). A precipitate of thiourea 8 was
obtained in 38% yield. This was then reacted with ethyl chloroacetate giving rise to
thiazolone 9, followed by the condensation with S-nitrovanillin to give the target

compound 4 in 55% yield.
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j’\ 0 %NH
NH, NH,SCN HIN" NH, EtO)J\/ cl SJ%N
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38% reflux, quan.
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Scheme 1. Synthetic route to 2-[(3,5-dimethylphenyl)amino]-5-[(4-hydroxy-3-methoxy-5-nitrophenyl)
methylene]-4(5H)-thiazolone 4.

From Tan and Thenmozhiyal’s studies about phenylmethylenehydantoins, the 'H NMR
chemical shift of the olefinic proton of Z isomer (6.40 — 7.40 ppm) is higher than that of
E isomer (5.80 — 6.30 ppm).®> 3¢ The experimental data from the 'H NMR spectra of
thiazolidinone 4 showed the diagnostic olefinic proton was at 7.20 ppm which was in the
range of the Z form. Therefore, the geometrical isomerism of thiazolidinone 4 was more

likely to be Z form, which was confirmed by X-ray crystallography (Figure 17).

Figure 17. Crystal structure of thiazolidinone 4 along with a water molecule.
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The antibiotic activities of thiazolone 9 and thiazolidinone 4 were tested by determining
the MIC of each. If the intermediate thiazolone 9 had shown significant antibiotic activity,
this relatively simple molecule would have been chosen to develop thiazolone probes.
However, it did not inhibit the growth of MSSA (methicillin-sensitive Staphylococcus
aureus) SH1000 at the concentration up to 120 pg/mL, and the ODsoo values were over
2.5 at the concentration equal or lesser than 120 pg/mL. The activity of thiazolidinone 4
was observed to be 8 pg/mL against Bacillus subtilis (Table 3, Figure 18). The new
chemical probes in the project were prepared in small scales, therefore their antimicrobial
susceptibility was tested by broth microdilution in 96-well microplates instead of 5 mL
tubes. For consistency, the activity of thiazolidinone 4 against Staphylococcus aureus
SH1000 was tested in 96-well microplates and the MIC was established to be 16 pg/mL

(Table 4).

Table 3. ODsoo Results of Thiazolidinone 4 against Bacillus subtilis

Con. 0% 0.5 1 2 4 8 16 32 32 pg/mL | Nutrient
Entry pg/mL | pg/mL | pg/mL| pg/mL| pg/mL| pg/mL| pg/mL | (no bacteria) | Broth**
4 2.160 | 2.253 | 2.277 | 2.307 | 2.287 | 0.346 | 0.074 | 0.160 0.121 0.000

*There were bacteria and nutrient broth in the tube. No thiazolidinone 4 was added. ** There was only

nutrient broth in the tube. No bacteria and thiazolidinone 4 were added.
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. (a) There was only nutrient broth in the
tube. (b) The concentration of thiazolidinone 4 was 0.5 pg/mL. (c) The concentration of thiazolidinone 4

was 1 pg/mL. (d) The concentration of thiazolidinone 4 was 2 pg/mL. (e) The concentration of

Figure 18. MIC result of thiazolidinone 4 against Bacillus subtilis

thiazolidinone 4 was 4 pg/mL. (f) The concentration of thiazolidinone 4 was 8 pug/mL. (g) The
concentration of thiazolidinone 4 was 16 pg/mL. (h) The concentration of thiazolidinone 4 was 32 pg/mL.
(i) There were thiazolidinone 4 and nutrient broth in the tube. No bacteria were added. (j) There were

bacteria and nutrient broth in the tube. No thiazolidinone 4 was added.

Table 4. ODsoo Results of Thiazolidinone 4 against Staphylococcus aureus SH1000

0.943 | 0.928 | 0.918 | 0.923 | 0.892 | 0.642 | 0.260 | 0.083 | 0.092 | 0.128 | 0.100 | 0.000

*There were bacteria and TSB in the microplates. No thiazolidinone 4 was added. ** There was only TSB

in the microplates. No bacteria and thiazolidinone 4 were added.

2.3 Synthesis and MIC Testing of Thiazolidinone Probe I

Since the small molecule thiazolidinone 4 showed good antibiotic activity, the next step
was to design and synthesise corresponding thiazolidinone probes by addition of an azido
polyethylene glycol (PEG) linker, where the fluorescent dye could be attached later by
click chemistry. The synthesis of thiazolidinone probe I started from commercial 4-
aminophenol 10. A regioselective protection was conducted in a solution of THF by slow
addition of the readily available di-fert-butyl dicarbonate. Thin layer chromatography
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(TLC) indicated consumption of the starting material and a single product 11 was
obtained in 94% yield (Scheme 2). The Boc protected aminophenol 11 was reacted with
2-[2-(2-chloroethoxy)ethoxy]ethanol to give polyether 12 followed by reaction with p-
toluenesulfonyl chloride catalysed by 4-dimethylaminopyridine leading to tosylate 13 in
good yield (76%). This tosylate 13 was converted into an azide 14 by nucleophilic
substitution reaction with sodium azide (98% yield). Finally the Boc group was removed

with trifluoroacetic acid to give amine 15 in 60% yield.

With the aniline 15 bearing the azido PEG linker in place, a similar strategy as described
in section 2.2 was used for the synthesis of the thiazolidinone probe I 18 (Scheme 2).
Ammonium thiocyanate was reacted with the aniline 15 to give the thiourea 16 (43%
yield) in 1,4-dioxane instead of 1M HCI. In the presence of aq. HCI, no product was
obtained which is possibly due to the poor water solubility of the materials. The thiourea
16 was cyclised with ethyl chloroacetate to form the cyclised product 17 in high yield
(96%), that was converted to the target thiazolidinone 18 by Knoevenagel condensation
with S-nitrovanillin. The isolation of the thiazolidinone probe I 18 was completed by
HPLC separation to give pure probe 18 in 48% yield. The 'H NMR value of olefinic
proton of thiazolidinone 18 was in the range of 7.15 - 7.26 ppm, located in the range of

Z form (6.40 — 7.40 ppm),®> 3¢ 5o the configuration was speculated to be Z isomer.
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Scheme 2. Synthetic route to 2-[[4-[2-(2-azidoethoxy)ethoxy]phenyl]imino]-5-(4-hydroxy-3-methoxy-5-

nitrobenzylidene)thiazolidin-4-one 18.

The thiazolidinone probe I 18 was tested for antibiotic activity but did not display
antibacterial activity at concentrations up to 128 pug/mL for S. aureus SH1000 (Table 5).
Compared with the results in Table 4, although the small molecule thiazolidinone 4
showed good antibiotic activity to inhibit the growth of S. aureus at 16 pg/mL, without
two methyl groups and with the PEG linker at the aromatic ring II, the bioactivity of the

thiazolidinone probe I 18 decreased dramatically.
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Table 5. ODgoo Results of Thiazolidinone Probe I 18 against
Staphylococcus aureus SH1000

Con. 0% 0.25 0.5 1 2 4 8 16 32 64 128 TSB**
Entry pg/mL | pg/mL | pg/mL | pg/mL | pg/mL | pg/mL | pg/mL | pg/mL | pg/mL | pg/mL

18 0.935 |1 0.909 | 0.896 | 0.878 | 0.906 | 0.821 | 0.802 | 0.834 | 0.469 | 0.438 | 0.157 | 0.000

*There were bacteria and TSB in the microplates. No thiazolidinone 18 was added. ** There was only TSB

in the microplates. No bacteria and thiazolidinone 18 were added.

2.4 Structure-Activity Relationship of Thiazolidinones

The antibacterial activity result of the thiazolidinone probe I 18 indicated that the addition
of the PEG linker at the aromatic ring II without the two methyl groups was not very
successful. There is no report published about the relationship between the structure of
the thiazolidinone and activity to help design active probes. Therefore, this was first

studied before the design of new thiazolidinone probes.

A series of small molecule thiazolidinone derivatives were prepared for the study. 5-(4-
Hydroxy-3-methoxy-5-nitrobenzylidene)-2-(phenylimino)thiazolidin-4-one 22 was first
chosen since it lacked the two methyl groups on the aromatic ring II compared with the
original thiazolidinone 4, starting from aniline 19 (Scheme 3). Concentrated HCI was
added to aniline 19 followed by ammonium thiocyanate in water, leading to thiourea 20
in 20% yield. The next step was the cyclisation of thiourea 20 and ethyl chloroacetate

leading to thiazolone 21 in 64% yield. Finally, the condensation of thiazolone 21 with 5-
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nitrovanillin gave thiazolidinone 22 in 62% yield. The 'H NMR spectra of thiazolidinone
22 showed olefinic proton was in the range of 7.48 — 7.86 ppm, which indicated that the

configuration was more likely to be Z isomer (6.40 — 7.40 ppm) than £ isomer (5.80 —

6.30 ppm).5> 86

0]

j‘\ o) HNJS
NH

2 NH,SCN HN™ “NH, EtOJ\/ c N%S
conc. HCI, Hy0, NaOAc, EtOH
reflux, 20% reflux, 64%
19 20 21

(0} (e}
02N OZN
H T ONH
HO HO S\\<N
NaOAc, AcOH

reflux, 62%
22

Scheme 3. Synthetic route to 5-(4-hydroxy-3-methoxy-5-nitrobenzylidene)-2-(phenylimino)thiazolidin-4-

one 22.

Compared with thiazolidinone 4, thiazolidinone 22 displayed a limited inhibitory effect
against S. aureus SH1000 at the concentration of 64 pug/mL, which reduced the ODsoo
from 0.808 to 0.283 but could not inhibit the growth of all bacteria (Table 6). The MIC
could not be tested at a higher concentration because of the low solubility in the liquid
broth required for bacterial growth, and therefore the compound may have more potent

activity but this could not be confirmed.
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Table 6. The ODsoo results of thiazolidinones against S. aureus SH1000

o 0 ON ?
ON N ON N 2 W
s NH S NH S\<
HO %\N HO %\N HO N

N HO ~o S\\<
< TG g
28 30 33
Con. 0* 0.5 1 2 4 8 16 32 64 TSB**
Entry pg/mL | pg/mL | pg/mL | pg/mL | ug/mL | pg/mL | pg/mL | ug/mL
4 0.808 | 0.897 | 0.820 | 0.858 | 0.790 | 0.418 | 0.060 | 0.043 | 0.055 | 0.000
22 0.808 | 0.866 | 0.782 | 0.819 | 0.763 | 0.777 | 0.428 | 0.359 | 0.286 | 0.000
26 0.783 | 0915 | 0.769 | 0.835 | 0.813 | 0.754 | 0.640 | 0.666 | 0.589 | 0.000
28 0.790 | 0973 | 0.876 | 0.902 | 1.011 | 0.982 | 0.956 | 0.952 | 0.920 | 0.000
30 0.837 | 0.884 | 0.814 | 0.826 | 0.668 | 0.664 | 0.605 | 0.409 | 0.271 | 0.000
33 0.779 | 0.850 | 0.724 | 0.774 | 0.719 | 0.700 | 0.677 | 0.861 | 0.663 | 0.000

*No thiazolidinone compounds were added. **No bacteria and thiazolidinone compounds were added.

Another thiazolidinone derivate, 5-(4-hydroxy-3-methoxy-5-nitrobenzylidene)-2-((4-

methoxyphenyl)imino)thiazolidin-4-one 26, was prepared, which replaced the two

methyl groups with a single para-methoxy group. The synthetic route started from the

reaction of p-anisidine 23 with ammonium thiocyanate in 1M HCI resulting in thiourea

24 in 35% yield (Scheme 4). Secondly, the cyclisation of thiourea 24 and ethyl

chloroacetate gave rise to thiazolone 25 in 93% yield, followed by Knoevenagel

condensation with 5-nitrovanillin to give the target compound 26 in 89% yield. Similar

to thiazolidinones 4 and 22, the '"H NMR value of olefinic proton of thiazolidinone 26
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was at a high chemical shift (7.32 — 7.80 ppm), so the configuration was speculated to be

Z isomer (6.40 — 7.40 ppm), rather than E isomer (5.80 — 6.30 ppm).5> 8¢

(0}
X i Cy
NH
2 NH,SCN HN™ “NH, EtOJ\/ cl SN
1M HCI, reflux NaOAc, EtOH
35% reflux, 93%

0 _0 _0

23 24 25

c o

0 | O ]
NaOAc, AcOH [ Q E
reflux, 89% ' |

26

Scheme 4. Synthetic route to 5-(4-hydroxy-3-methoxy-5-nitrobenzylidene)-2-[(4-

methoxyphenyl)imino]thiazolidin-4-one 26.

The antibacterial activity of thiazolidinone 26 against S. aureus SH1000 was also tested
(Table 6). Unfortunately, it was not as effective as thiazolidinone 4 and 22 in the
inhibition of the growth of S. aureus SH1000. The electronegative oxygen attached to the
aromatic ring II might reduce the inhibitory effect of compound 26. These results
demonstrated that without two methyl groups on the aromatic ring, the thiazolidinone
probe I 18 was less active than thiazolidinone 4 and the addition of the PEG linker

resulted in inactivity.

The substitutions on the aromatic ring I were also investigated. Thiazolidinone 29 lacks

the methoxy group compared with thiazolidinone 4. The synthesis built upon the pre-
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prepared thiazolone 9. Condensation of 4-hydroxy-3-nitrobenzaldehyde 27 with
thiazolone 9 led to thiazolidinone 28 in 57% yield (Scheme 5). The '"H NMR value of
olefinic proton of thiazolidinone 28 was 7.34 ppm, located in the range of Z form (6.40

— 7.40 ppm),3> 86 50 the configuration was speculated to be Z isomer.

OzND)J\H STN reflux, 57% HO
+
"o /@\

27 9 28

o]
Q O,N N
0 2\\NH NaOA NH
/K aOAc, AcOH S\\<N

Scheme 5. Synthetic route to 2-((3,5-dimethylphenyl)imino)-5-(4-hydroxy-3-

nitrobenzylidene)thiazolidin-4-one 28.

However, without the methoxy group on the aromatic ring I, thiazolidinone 28 did not
show any antibacterial activity against S. aureus SH1000 (Table 6). When 64 pg/mL
thiazolidinone 28 was added, the density of the bacteria did not decrease (ODsoo was
0.920), compared with the culture without thiazolidinone 28 (ODsoo was 0.790). The

result indicated the importance of methoxy group for an inhibitory effect.

The 1mpact of the nitro group was also investigated afterwards. 2-[(3,5-
Dimethylphenyl)imino]-5-(4-hydroxy-3-methoxybenzylidene)thiazolidin-4-one 30 was
prepared by condensation of vanillin 29 and thiazolone 9, achieved in 71% yield (Scheme
6). The '"H NMR chemical shift of the olefinic proton of thiazolidinone 30 was in the
range of 6.95 - 7.10 ppm, so thiazolidinone 30 was supposed to be Z isomer (6.40 - 7.40

ppm), rather than E isomer (5.80 - 6.30 ppm).3> %
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Scheme 6. Synthetic route to 2-[(3,5-dimethylphenyl)imino]-5-(4-hydroxy-3-

methoxybenzylidene)thiazolidin-4-one 32.

Thiazolidinone 30 without the nitro group is more soluble in tryptic soy broth (TSB) than
other thiazolidinones. Lack of nitro group did not affect the antibacterial activity as much
as lack of the methoxy group. Thiazolidinone 30 showed an inhibitory effect against S.
aureus SH1000 but the MIC was higher than 64 pg/mL (Table 6). When 64 pg/mL
thiazolidinone 30 was added, the ODsoo value was 0.270, higher than 0.100, indicating

that some bacteria still grew.

Since methoxy and nitro groups were necessary for antibacterial activity, the linker for
the chemical probe was proposed to be added to the hydroxy group of thiazolidinone 4.
5-(3,4-Dimethoxy-5-nitrobenzylidene)-2-((3,5-dimethylphenyl)imino)thiazolidin-4-one
33 was prepared for testing the effect on antibacterial activity through methylation of the
hydroxy group. The synthesis started from methylation of 5-nitrovanillin 31 in presence
of iodomethane (50% yield). Methylated 3,4-dimethoxy-5-nitrobenzaldehyde 32 was
reacted with thiazolone 9 to form thiazolidinone 33 in 67% yield (Scheme 7). The 'H
NMR value of olefinic proton of thiazolidinone 33 was 7.34 ppm, located in the range of

Z form (6.40 - 7.40 ppm),®> 8 so the configuration was speculated to be Z isomer.
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Scheme 7. Synthetic route to 5-(3,4-dimethoxy-5-nitrobenzylidene)-2-[(3,5-
dimethylphenyl)imino]thiazolidin-4-one 33.

Thiazolidinone 33 did not display great antibacterial activity against S. aureus SH1000
(Table 6). Thus, it was not a good idea to use the hydroxy group for installation of the

linker for the chemical probe.

2.5 Synthesis and MIC Testing of Thiazolidinone Probe II

Based on the study of relationship between structure and activity, it is difficult to improve
the antibacterial activity by changing the structure of thiazolidine 4. Therefore, the linker

was proposed to be added to the methoxy group to minimize the change of structure.

The linker for the second thiazolidinone probe was prepared from commercial 2-[2-(2-
chloroethoxy)ethoxy]ethanol 34. The first step of synthesis was azidation of alcohol 34
by sodium azide, catalysed by potassium iodide. The product 2-[2-(2-
azidoethoxy)ethoxy]ethanol 35 was obtained in a high yield (91%). Subsequently, a tosyl

group was introduced by reacting azidated alcohol 35 with 4-toluenesulfonyl chloride
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under alkaline conditions, leading to 2-[2-(2-azidoethoxy)ethoxy]ethyl-4-

methylbenzenesulfonate 36 in 91% yield (Scheme 8).

/\/(0\4 Kl, NaN3, H,O /\éo\/% TsCl, KOH, DCM /\j(o\/%
cl M T lefiux, 91% N OH T oecHRT 91% N3 0™
34 35 36

Scheme 8. Synthetic route to 2-[2-(2-Azidoethoxy)ethoxy]ethyl-4-methylbenzenesulfonate 36.

Before adding the tosylate 36 to the aldehyde, the 5-nitrovanillin 31 was demethylated in
presence of hydrobromic acid and acetic acid to form 3,4-dihydroxy-5-
nitrobenzaldehyde 37 in quantitative yield. Coupling of the demethylated aldehyde 37
with the tosylate 36, facilitated by sodium hydride, gave rise to the product 38 in 79%

yield (Scheme 9).

OyN A /\/é O,N
O,N O\/>\ B
:Q/\O HBr, AcOH 2 :@Ao Ng 0Ts 36 :Q/\O
—_—_—
HO HO
reflux, quan. 0 o,
o HO NaH, DMF, 0 °C to RT, 79% N, o
-~ OH (0] 5
38

3 37

Scheme 9. Synthetic route to 3-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]-4-hydroxy-5-nitrobenzaldehyde 38.

The proton of meta-hydroxy group of the demethylated aldehyde 37 is more acidic than
the proton of para-hydroxy group, so the linker 36 is more likely to be added to the meta-
hydroxy group to form the desired product 38. Experimental 1D 'H and '3C NMR spectra
of the product could only confirm that the linker 36 was coupled with one of the hydroxy

groups but the position on the aromatic ring I could not be determined. In addition, the
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broadness of one of the aromatic proton signals really made it difficult to characterise

and no useful correlations were found from 2D 'H and '3C NMR spectra.

The product 38 was further functionalised to identify the structure. It was methylated in
presence of iodomethane, potassium carbonate and tetrabutylammonium iodide. The
starting material 38 was not totally consumed, and the methylated product 39 was isolated

in 23% yield, which was enough for characterisation (Scheme 10).

O,N o O,N

Mel, K,CO3, TBAI, DMF

HO ™
Na\/\6 o/\to RT, 24h, 23% N3\/\60 /O\’to
38 39

~o

Scheme 10. Methylation of 3-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]-4-hydroxy-5-nitrobenzaldehyde 38.

NOE spectra of the methylated product 39 showed that one of the aromatic CH groups
not only gave a NOE correlation to the aldehyde proton (9.91 ppm) but also gave a
through-space NOE correlation to the first CH» group (4.31 ppm) on the linker (Figure
19). In other words, the linker was meta to the aldehyde group, rather than para, which

confirmed the isolation of the desired product.
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Figure 19. NOE correlations of the aromatic CH group of 39 to the aldehyde proton and the first CH, group

on the linker.

With the linker installed in aldehyde 38, thiazolidinone 40 was synthesised by
Knoevenagel condensation of aldehyde 38 with thiazolone 9 in 70% yield (Scheme 11).
Similar to the thiazolidinones without the linker, the "H NMR value of the olefinic proton
of thiazolidinones 40 was 7.29 ppm, so the configuration was speculated to be Z isomer

(6.40 - 7.40 ppm), rather than E isomer (5.80 - 6.30 ppm).*> %

O,N S/k ON AN

NaOAc, AcOH, reflux, 70%
38 40

Scheme 11. Synthetic route to 5-[3-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]-4-hydroxy-5-nitrobenzylidene]-
2-[(3,5-dimethylphenyl)imino]thiazolidin-4-one 40.
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When testing the antibacterial activity of thiazolidinone 40, it was first dissolved in
DMSO at the concentration of 1 mg/mL. Then the organic solution was diluted in the
aqueous TSB. Again, thiazolidinone 40 encountered the solubility problem in the
aqueous TSB and precipitated at a concentration of 8 pg/mL. Thiazolidinone 40 was
unable to inhibit the growth of S. aureus SH1000 at the concentration lower than 8 pg/mL,

and more concentrated solutions could not be tested because of the low solubility.

A charged and water soluble BODIPY dye 41 was considered to be installed on the
thiazolidinone 40 to improve the solubility in TSB. Thiazolidinone probe II 42 was
prepared by click reaction of thiazolidinone 40 and BODIPY dye 41, catalysed by copper
sulphate and ascorbic acid. Purification though HPLC separation gave the final product
42 in 93% yield (Scheme 12). Owing to the small amount of sample prepared,

thiazolidinone probe II 42 was characterised by mass spectrometry and HPLC.
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Scheme 12. Synthetic route to thiazolidinone probe II 42.
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With the charged BODIPY dye, thiazolidinone probe II 42 dissolved well in TSB.
However, it did not display an inhibitory effect against S. aureus SH1000 at
concentrations of up to 128 pug/mL (Table 7). Addition of the linker and the dye largely

reduced the affinity of thiazolidinone to the transglycosylases of S. aureus SH1000.

Table 7. ODsoo Results of Thiazolidinone Probe II 42 against
Staphylococcus aureus SH1000

Con| | 025 | 05 | 1 2 4 8 16 | 32 | 64 | 128 | o,
Entry pg/mL | pg/mL | pg/mL | ug/mL | pg/mL | pg/mL | pg/mL | pug/mL | pg/mL | pg/mL

42 10.835] 0.694 | 0.700 | 0.688 | 0.712 | 0.721 | 0.672 | 0.724 | 0.643 | 0.680 | 0.503 | 0.000

*There were bacteria and TSB in the microplates. No thiazolidinone 42 was added. ** There was only TSB

in the microplates. No bacteria and thiazolidinone 42 were added.

Neither thiazolidinone probe I 18 or probe II 42 were active for further imaging study,
but they provided the base for investigating the activity of thiazolidinones. The
thiazolidinone project ended here because it was too difficult to design an effective probe
based on a thiazolidinone framework. Any changes of the substitutions on the aromatic
ring [ of thiazolidinone 4 resulted decreasing the antibacterial activity. The
electronegative oxygen on the PEG linker attached to the bottom aromatic ring also
reduced the inhibitory effect of thiazolidinone. Although replacing the PEG linker with
electron-donating carbon linker on the aromatic ring Il might be helpful to increase the
activity, the solubility in aqueous broth would become even lower, which was also

unacceptable for bioactivity testing.
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Chapter 3 Quinazolinone Synthesis and Analysis

3.1 Quinazolinones in the Literature

Quinazolinones are non-f-lactam antibacterials that target inhibiting PBPs, so they can
circumvent the known mechanisms of resistance to f-lactam antibiotics and hold great
promise in recourse against MRSA infections.®” Recently, some 4-quinazolinone
derivatives have been identified by R. Bouley et al. from in silico screening of the PBP2a
active site utilizing the ZINC database containing 1.2 million drug-like compounds.®”- 88
High-ranking compounds were screened for antibacterial activity against the ESKAPE
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa and Enterobacter species) panel, which led to the
discovery of compound 43 (Figure 20).%> *® This compound displayed good activity
against S. aureus ATCC 29213 with a MIC of 2 ug/mL and modest activity against F.

Sfaecium (MIC of 16 pg/mL), but did not have activity against gram-negative bacteria of

the panel.’’

NO, CN
43 5

Figure 20. The structures of quinazolinone derivatives 43 and 5.

43



Quinazolinone 5 was subsequently identified as a lead compound when synthesising a
focused library of analogues. It displayed potent activity against S. aureus, including
MRSA, and showed good oral bioavailability.®”> 38 This compound inhibits the
biosynthesis of the cell wall in S. aureus by binding to DD-transpeptidases involved in
cross-linking of peptidoglycan. This mechanism is consistent with the action of f-lactams
which often inhibit more than one PBP.** For example, quinazolinone 5 works by
inhibiting PBP1 and PBP2a in MRSA. This compound also binds to the allosteric site of

PBP2a.”!

To study the structure-activity relationship, more than 70 4(3H)-quinazolinones were
synthesised by Bouley group, with potent activity against MRSA strains. For example,
quinazolinones 44 and 45 exhibit excellent antibacterial activity against S. aureus ATCC

29213 with MICs of 0.003 pg/mL and 0.004 pg/mL, respectively (Figure 21).%8

sooa e aa s
e — H
" "

\\ CN

MIC = 0.003 mg/mL MIC = 0.004 pg/mL

44 45

Figure 21. The structures of quinazolinones 44, 45 and MICs against S. aureus ATCC 29213.
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3.2 Synthesis and MIC Testing of Small Molecule Quinazolinones

Since the antibiotic activity of quinazolinone 5 inhibited PBP1 and PBP2a in MRSA, a
labelled version of this was selected as potential tool to probe cell wall biology. The small
molecule quinazolinone 5 was prepared first and the antibiotic activity was confirmed by
MIC testing. Secondly, the PEG linker ending with an alkyne or azide group was added

followed by the click reaction with dye ATTO 488 or BODIPY.

Quinazolinone 5 was synthesised following a reported three-step synthetic route,®’ by
cyclisation of anthranilic acid 46 and triethyl orthoacetate at 160 °C giving rise to 2-
methylbenzoxazinone 47 in 76% yield. 3-Aminobenzoic acid was added to 2-
methylbenzoxazinone 47 in acetic acid leading to ring-opening and ring-closing
amination affording 2-methylquinazolinone 48 with a yield of 73%. In order to obtain
the target quinazolinone 5, an aldol-type condensation of the intermediate quinazolinone
48 and 4-formylbenzonitrile was carried out at 130 °C to give the E-product 5 in 92%
yield (Scheme 13). The coupling constant of the alkene protons 5 in the 'H NMR

spectrum is 15.5 Hz which is indicative of an E alkene.
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Scheme 13. Synthetic route to (E)-3-(3-carboxyphenyl)-2-(4-cyanostyryl)quinazolin-4(3 H)-one 5.

The sodium salt of quinazolinone 49 was prepared afterwards in two different ways.
Method A followed the reported synthetic route! to react quinazolinone 5 and sodium 2-
ethylhexanoate in ethanol. The product 49 was achieved as a precipitate in 96% yield.
Method B was to add NaOH to a quinazolinone 5 solution in THF which produced the
sodium salt 49 in quantitative yield (Scheme 14). The second approach resulted in a

slightly higher yield and was easier to conduct.

. Q. 2 QL
@\)LN CO,H ©\)J\N CO,Na
N/ Method A N/

| Method B

CN CN

Scheme 14. Two synthetic routes to sodium (£)-3-(3-carboxyphenyl)-2-(4-cyanostyryl)quinazolin-4(3H)-
one 49. Conditions: method A: sodium 2-ethylhexanoate, EtOH, 0 °C, 96%; method B: NaOH, THF, RT,

quantitative.

Both quinazolinone § and the sodium salt 49 showed an antibacterial effect against S.

aureus SH1000 tested by an agar disk-diffusion method (Figure 22). This method
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provides qualitative results and is commonly used for antimicrobial susceptibility testing.
However, it is not appropriate for quantitatively determining MICs. Therefore, the MICs
were tested afterwards by a broth dilution method, with the results indicating that the
compounds were unable to inhibit the growth of S. aureus SH1000 in the TSB at a
concentration up to 128 pg/mL (Table 8). Based on the agar disk diffusion testing,
quinazolinone 5 and the sodium salt 49 showed bioactivity, however they were not very
effective and could not kill S. aureus SH1000 in the broth at a concentration of 128

pg/mL.

Figure 22. Ampicillin was used as a positive control to inhibit the growth of S. aureus SH1000 on TSA
(tryptic soy agar). Water and DMSO were used as negative controls which were unable to inhibit the growth
of S. aureus SH1000. Both quinazolinone 5 and the sodium salt 49 displayed antibacterial effect against S.
aureus SH1000 on TSA disks.

Table 8. ODsoo Results of Quinazolinones 5 and 49 against S. aureus SH1000¢

0.707| 0.556 | 0.559 | 0.558 | 0.422 | 0.353 | 0.219 | 0.187 | 0.121 | 0.258 | 0.000

0.672| 0.497 | 0.437 | 0.358 | 0.384 | 0.299 | 0.277 | 0.231 | 0.256 | 0.270 | 0.000

*NO quinazolinone compounds were added. **No bacteria and quinazolinone compounds were added.

?Alternative wild-type MSSA with 11bp rsbU+ deletion replaced to restore a functional sigB.
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Compared with the MIC testing method used by Bouley et al. for quinazolinones,®’ the
broth and S. aureus strains are different from what were used in these experiments.
Bouley et al. used Mueller-Hinton II broth to grow bacteria, so TSB was replaced by
Mueller-Hinton II to grow S. aureus. Another common intermediate, nutrient broth, was
also tried to check the influence of different broths. However, no change was observed.
Bouley et al. tried nine different S. aureus strains to test antibiotic activities of
quinazolinone 5 (Table 9).%7 However, these strains were unavailable, and so other
different MSSA (Newman, NewHG) and MRSA (COL, JE2) strains were used. This time,
quinazolinone 5 and sodium salt 49 displayed inhibitory effect against all selected MSSA
(Newman, NewHG) and MRSA (COL, JE2) strains with the same MIC of 2 pg/mL
(Table 10). They also showed a significant antibacterial effect against S. aureus Newman,
NewHG, COL and JE2 strains on agar disks (Figure 23). The resulting bioactivities are
different between SH1000 and other selected S. aureus strains (Newman, NewHG, COL
and JE2) may because of the different genome sequences.”””* However, the precise
mechanism of quinazolinone 5 inhibiting different S. aureus strains remains to be

discovered.
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Table 9. MIC Results of Quinazolinone 5 against a Panel of Staphylococcal Strains

Strains MIC (png/mL)
S. aureus ATCC 29213 2
MSSA

S. aureus NRS128? 4

S. aureus NRS70¢ 2

S. aureus NRS123¢ 2

S. aureus NRS100¢ 16

MRSA S. aureus NRS119/ 8
S. aureus NRS120/ 8
S. aureus VRS1# 16

S. aureus VRS2" 2

“Quality control methicillin-sensitive S. aureus (MSSA) strain.

bmssa strain, mecA negative, resistant to erythromycin, clindamycin and penicillin.

“Clinical MRSA strain isolated in Japan, mecA positive, resistant to erythromycin, clindamycin, oxacillin
and penicillin.

dCommunity-acquired MRSA strain, mecA positive, resistant to methicillin, oxacillin, penicillin and
tetracycline.

°MRSA strain, mecA positive, resistant to oxacillin, penicillin and tetracycline.

/Clinical MRSA strain, mecA positive, resistant to linezolid, ciprofloxacin, gentamicin, oxacillin, penicillin
and trimethoprim/sulfamethoxazole.

£Clinical MRSA isolate from Michigan, mecAd positive, vand positive, resistant to vancomycin,
ciprofloxacin, clindamycin, erythromycin, gentamicin, oxacillin and penicillin.

"Clinical MRSA isolate from Pennsylvania, mecA positive, vanA positive, resistant to vancomycin,

ciprofloxacin, clindamycin, erythromycin, gentamicin, oxacillin and penicillin.
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Table 10. ODgoo Results of Quinazolinones 5 and 49 against Staphylococcal Strains

0.633

0.246

0.174

0.080

0.021 | 0.011 | 0.009

0.012

0.013

0.018

0.000

0.515

0.338

0.214

0.025

0.014 | 0.015 | 0.013

0.016

0.014

0.013

0.000

*NO quinazolinone compounds were added.

**No bacteria and quinazolinone compounds were added.

“Wild-type MSSA strain isolated from a human infection in 1952.

PMSSA strain, Newman derivative in which the gene encoding regulator Sae$S has been repaired.

“Wild-type MRSA strain isolated from a human infection in the early 1960s.

MRSA, parental strain of Nebraska Mutant Library, also known as USA300 strain.
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S. aureus COL S. aureus JE2

Figure 23. Agar disk-diffusion testing of quinazolinone 5 and the sodium salt 49 against MSSA (Newman,
NewHG) and MRS A (COL, JE2) strains. Ampicillin was used as a positive control to inhibit the growth of
Staphylococcal Strains on TSA. Water and DMSO were used as negative controls.

3.3 Design of Quinazolinone Probes

The crystal structure for the complex of quinazolinone 5 and S. aureus PBP2a reveals
that quinazolinone 5 binds to the allosteric site of S. aureus PBP2a by salt-bridge
interactions of the carboxylic acid group on the aromatic rings I (Figure 24).! Additionally,
the aromatic rings I and III are unblocked by S. aureus PBP2a which provides space to
add the linker and dye on the ring II or III for quinazolinone probes meanwhile avoid

affecting the interactions with S. aureus PBP2a.

51



Figure 24. (a) Crystal structure of PBP2a from MRSA in complex with quinazolinone 5 (PDB code 4CJN).
(b) Structures of quinazolinone 5. Aromatic rings I, II, and III are highlighted by red boxes.

In consideration of the following click reaction to connect the linker and dye, a linker
ending with an alkyne or azide group was needed to added to the on the aromatic ring Il
or III of quinazolinone 5, so that a dye with an azide or alkyne group can couple with the

linker by azide-alkyne cycloaddition.

3.4 Synthesis and MIC Testing of Quinazolinone Probe I

3.4.1 Attempted Synthesis of Quinazolinone Probe I with an Alkyne-PEG Linker

According to the crystal structure, quinazolinone probe I was designed by coupling PEG
linker to the aromatic rings II of quinazolinone 5. A linker ending with an alkyne group
was attempted firstly to add to ring II, prepared from triethylene glycol 50. By reacting
with 1 equivalent propargyl bromide 51 in the presence of 1 equivalent sodium hydride,
2 equivalent triethylene glycol 50 was converted to mono-alkyne-PEG 52 (29%) and bis-

alkyne by-product 53 (28%) (Scheme 15).
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Scheme 15. Synthesis of 2-[2-[2-(2-propyn-1-yloxy)ethoxy]ethoxy]ethanol 52 and triethylene glycol
dipropargyl ether 53.

To improve the yield of mono-alkyne-PEG 52, the reaction condition was optimised.
Sodium hydride was replaced by the relatively weaker base potassium fert-butoxide,
resulting in mono-alkyne-PEG 52 in a higher yield (76%). After that, p-tolulenesulphonyl
chloride and sodium hydroxide solution were used to introduce a tosyl group to mono-
alkyne-PEG 52, leading to tosylate 54 in good yield (93%), using sodium hydroxide

solution (Scheme 16).
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Z 51 OH p-TsCl, aq. NaOH,THF Te
y 0/\,),3 O/\)Go s
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\\>

Scheme 16. Synthesis of 2-[2-[2-(prop-2-yn-1-yloxy)ethoxy]ethoxy]ethyl 4-methylbenzenesulfonate 54.

Before adding the PEG linker 54, the carboxyl group of 5-hydroxyanthranilic acid 55
was protected by methylation catalysed by concentrated sulfuric acid to give methyl 2-
amino-5-hydroxybenzoate 56 in 71% yield. The amino group was protected subsequently
by di-fert-butyl dicarbonate in ethanol to afford fers-butyl carbamate 57 in 79% yield.
Next, the prepared PEG linker 54 was installed on the carbamate 57 in DMF, facilitated
by potassium carbonate, giving rise to polyether 58 in 91% yield. Hydrolysis of the ester
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58 was followed by dissolving in 1M NaOH and methanol. The pH of the aqueous phase
was adjusted to 4 with 1M HCI to prepare carboxylic acid 59 in 95% yield. After that,
TFA was used for Boc-deprotection of tert-butyl carbamate 59 to form TFA salt 60 in
quantitative yield. The TFA salt 60 was neutralised with triethylamine and cyclised with
triethyl orthoacetate at 80 °C to afford benzoxainone 61 in 33% yield. However,
attempted formation of 2-methylquinazolinone 62 by reacting benzoxainone 61 and 3-
aminobenzoic acid in acetic acid at 130 °C failed, and returned starting materials.

(Scheme 17).

HO CO,H HO CO,Me
C[ " _oote. 5S04 MeOH C[ M Boc0, EIOH _ Hoj@[“’zme
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0] CO,Me 0 CO-H
Y ooy A

NHBoc
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H O
91 DCM-TFA /{O/\%O\©:002 _)J\’<F CH3C(OEt)3, EtsN
+ O
NH; LF
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0 HoN CO,H 0 /@\
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Scheme 17. Attempted synthesis of quinazolinone 62 with an alkyne-PEG linker.
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3.4.2 Synthesis of Quinazolinone Probe I with an Azide-PEG Linker

The azide-PEG linker 36 was also synthesised to prepare quinazolinone probes. With the
azide-PEG linker 36 in hand (Scheme 8), it was installed to fert-butyl carbamate 57 in
DMF, facilitated by potassium carbonate, giving rise to polyether 63 in 95% yield.
Similar to preparation of quinazolinone with an alkyne-PEG linker, the deprotection of
the carboxylic acid and amine groups were carried out sequentially. Hydrolysis of the
ester 63 with 10% NaOH aqueous solution, and adjustment of the pH of the aqueous
phase to 4 with 1M HCI, afforded carboxylic acid 64 in quantitative yield. TFA salt 65
was prepared in quantitative yield by Boc-deprotection of tert-butyl carbamate 64.
Cyclisation of TFA salt 65 and triethyl orthoacetate was carried out in acetonitrile at 90
°C to afford benzoxainone 66 in 96% yield. Formation of 2-methylquinazolinone 67 with
an azide-PEG linker was attempted by amination of benzoxainone 66 with 3-
aminobenzoic acid under different conditions, but unfortunately, the starting materials,

benzoxainone 66 and 3-aminobenzoic acid, returned unchanged (Scheme 18).

N OoT:
CO,Me o0
36

X
NHBoc

N3\/~§0/\>;o\@[002w|e 10% NaOH, MeOH

K,CO3, DMF, 95% NHBoc RT, quan.
57 .
o COH
Na\/\éo/\)fzo\©:co2 _91DCMTFA _ \/‘éo/\} \[I 2 &
NHBoc RT quan. NH3

64

CH,C(OEt)3, MeCN Wo/\%oj@\)k
90 °C, 96% A

Scheme 18. Attempted synthesis of quinazolinone 67 with an azide-PEG linker.
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Given the problems with these approaches, a new synthetic route was designed to prepare
2-methylquinazolinone before installing the linker. Quinazolinone probe I 73 was
prepared by reaction of triethyl orthoacetate with 5-hydroxyanthranilic acid 55 with no
solvent leading to the cyclised product 68 in a high yield (94%). Ring-opening and ring-
closing amination was followed by reacting oxazinone 73 with 3-aminobenzoic acid in
acetic acid giving quinazolinone 69 in 82% yield. The carboxy group of quinazolinone
69 was protected by methylation in presence of concentrated sulfuric acid and methanol.
Without the protection of the carboxy group, the linker 36 would have been added to both
the hydroxy group and the carboxy group of quinazolinone 69 in the next step. After
methylation, the prepared tosylate 36 was installed on the methylated quinazolinone 70
in acetonitrile, facilitated by potassium carbonate, giving rise to polyether 71 in
quantitative yield. Subsequently, the condensation of polyether 71 and 4-
formylbenzonitrile in acetic acid led to quinazolinone 72 in 20% yield. Finally, the
methylated quinazolinone 72 was deprotected with sodium hydroxide in water and
methanol at room temperature, forming quinazolinone probe I 73 in 73% yield (Scheme
20). The coupling constant of the alkene protons of both 72 and 73 in the 'H NMR spectra

is 15.5 Hz which indicates that they are £ alkenes.
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Scheme 19. Synthesis route to quinazolinone probe I 73.

3.4.3 MIC Testing of Quinazolinone Probe I

Quinazolinone probe 1 73 was tested for antibacterial effect, however, it only inhibited
the growth of S. aureus COL at a concentration of 128 pug/mL, and had no effect on other

MSSA or MRSA strains (SH1000, Newman, NewHG and JE2) (Table 11).
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Table 11. ODsoo Results of Quinazolinone Probe I 73 against Staphylococcal Strains

0.643| 0.597 | 0.573 | 0.582 | 0.610 | 0.581 | 0.566 | 0.540 | 0.465 | 0.278 | 0.000

*NO quinazolinone 73 was added. **No bacteria and quinazolinone 73 were added.

This may be a result of the substitution on the aromatic ring II of quinazolinone.
Previously reported compounds with different substitutions (-CO2H, -NO>, -NH>) on ring
II, quinazolinones 74 (MIC = 64 ug/mL), 75 (MIC = 128 ng/mL) and 76 (MIC =
32 pg/mL) were less active than quinazolinone 5 (MIC = 2 pg/mL) without substitution
on the ring II against S. aureus ATCC 29213 (Figure 25).%® A similar trend was observed

with substituted quinazolinone probe I 73.

5, R=H, MIC = 2 ug/mL
74, R = CO,H, MIC = 64 pg/mL
75, R = NO,, MIC = 128 pg/mL
76, R = NH,, MIC = 32 pg/mL

CN
Figure 25. The MICs of quinazolinones 5, 74, 75 and 76, determined for S. aureus ATCC 29213.
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3.5 Synthesis and MIC Testing of Quinazolinone Probe II

3.5.1 Synthesis of Small Molecule Quinazolinone

Installation of the linker on the aromatic ring II of quinazolinone had detrimental effect
on antibacterial activity, therefore, the linker of quinazolinone probe II was designed on
the aromatic ring III. Additionally, with a loss of nitrile group on ring III, the synthesis

of quinazolinone probe Il became easier.

A simplified quinazolinone 79 was prepared first in order to test the feasibility of
quinazolinone probe II. The first step was methylation of salicylaldehyde 77 in presence
of iodomethane, sodium carbonate, methanol and THF, resulting in 2-
methoxybenzaldehude 78 in 18% yield. The condensation of aldehyde 78 and prepared
quinazolinone 48 in acetic acid led to quinazolinone 79 in 34% yield (Scheme 20). The
coupling constant of the alkene protons in the 'H NMR spectrum is 15.6 Hz which is

indicative of an E alkene.

2 2L
@\)‘\N COLH ©\)L/ N COH
H OHC _
OHC Mel, Na,CO3, THF, MeOH N)\ NC
- 48
HO reflux, 18% 0
AcOH, reflux, 34% ~

77 78 79

Scheme 20. Synthesis route to small molecule quinazolinone 79.
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3.5.2 Attempted Synthesis of Quinazolinone Probe II with an Alkyne-PEG Linker

After the successful synthesis of quinazolinone 79, the quinazolinone probe 81 with an
alkyne-PEG linker on the aromatic ring III was attempted. The prepared alkyne-PEG
linker 54 was added to the hydroxy group of 2-hydroxybenzaldehyde 77 in the presence
of potassium carbonate and acetonitrile, resulting in the intermediate aldehyde 80 in 87%
yield. Next, aldehyde 80 was attempted to react with 2-methylquinazolinone 48 to
prepare quinazolinone probe 81 and a mixture of £ (J 15.5 Hz) 81 and Z (J 12.4 Hz) 82
isomers of the final product was recognised from 'H NMR spectrum (Scheme 21).
However, the isolation of the major isomer 81 (£) using column chromatography failed
twice due to isomerisation from £ to Z. The ratio of £ isomer 81 to Z isomer 82 was
around 2:1. Further purification did not carried out because of the successful preparation
of the single isomer, quinazolinone probe II with an azide-PEG linker, which was

relatively more stable (described in the following section 3.5.3).

OHC:© AONOTS OHC:© ©\)L /©\COZH

\éo\/j\o
K>CO3, MeCN, reflux, 87%

77 80

AcOH, reflux, 58%

Scheme 21. Attempted synthesis of quinazolinones 81, 82 with an alkyne-PEG linker.
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3.5.3 Synthesis of Quinazolinone Probe II with an Azide-PEG Linker

The prepared azide-PEG linker 36 was used to prepare quinazolinone probe I1 84. First,
coupling of salicylaldehyde 77 and azide-PEG linker 36 in acetonitrile, facilitated by
potassium carbonate, gave rise to aldehyde 83 in quantitative yield. Secondly,
condensation with aldehyde 83 and 2-methylquinazolinone 48 in acetic acid led to

quinazolinone probe I1 84 in 30% yield (Scheme 22).

2,
0
0 2 pz
N \/7\20Ts oHC N "
36 48

OHCD I j
O
HO KiCOs MeCN, quan, . N&™O~"Fo 0
,CO3 q 3 ) ACOH, reflux, 30% N > \/\)20

7 83 84

Scheme 22. Synthesis route to quinazolinone probe 11 84 with an azide-PEG linker.

Quinazolinone probe II 84 was isolated as an £ isomer after the condensation reaction
with a coupling constant of the alkene protons in the "H NMR spectrum shown as 15.6
Hz. However, it was not very stable when stored at ambient temperature. The £ isomer
84 slowly transferred to the corresponding Z isomer 85 with a coupling constant of the
alkene protons in the 'H NMR spectrum shown as 12.4 Hz over a two month period with
the final ratio of £ isomer 84 (14%) to Z isomer 85 (86%) was around 1:6. In a study of
influencing factors of transformation, the £ isomer 84 solution in MeOD was heated at
40 °C, which did not speed up the transformation. However, when the E isomer 84
solution in MeOD was exposed to a lamp with a 23W power regular light source, it
isomerised to Z isomer 85 quickly and the E:Z ratio turned 1:6 in just 3 hours (Scheme

23). Therefore, quinazolinone probe II 84 is sensitive to light not temperature.
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Scheme 23. Transformation of quinazolinone probe II £ isomer 84 to Z isomer 85.

3.5.4 MIC Testing of Quinazolinone Probe 11

The MIC of both £ and Z isomers of quinazolinone probe II were tested. Quinazolinone
(E 1somer) 84 was unable to inhibit the growth of S. aureus SH1000 at a concentration
up to 128 ug/mL, but it showed inhibitory effect at the concentration of 32 ug/mL against
other MSSA (Newman, NewHG) and MRSA (COL, JE2) strains (Table 11).
Unfortunately, quinazolinone (Z isomer) 85 was not as effective as quinazolinone (£
isomer) 84, and only had inhibitory effect on S. aureus COL at a concentration of
128 pug/mL, but not on other S. aureus strains (SH1000, Newman, NewHG and JE2)

(Table 12).

62



Table 12. ODeoo Results of Quinazolinone E isomer 84 and Z isomer 85 against

Staphylococcal Strains

0.701

0.663 0.600 | 0.611 | 0.604 | 0.583 | 0.525 | 0.436 | 0.340 | 0.194 | 0.000

0.631 0.568 | 0.542 | 0.442 | 0.371 | 0.264 | 0.072 | 0.024 | 0.029 | 0.000

0.576 0.566 | 0.590 | 0.574 | 0.518 | 0.487 | 0.405 | 0.308 | 0.102 | 0.000

0.673 0.659 | 0.573 | 0.548 | 0.350 | 0.227 | 0.068 | 0.018 | 0.019 | 0.000

0.758 0.747 1 0.718 | 0.707 | 0.637 | 0.635 | 0.482 | 0.328 | 0.101 | 0.000

0.631 0.498 | 0.498 | 0.518 | 0.383 | 0.378 | 0.095 | 0.039 | 0.033 | 0.000

0.663 0.724 | 0.729 | 0.685 | 0.656 | 0.631 | 0.546 | 0.295 | 0.013 | 0.000

0.650 0.615 | 0.616 | 0.525 | 0.317 | 0.240 | 0.129 | 0.073 | 0.012 | 0.020 | 0.000

0.601 | 0.657 | 0.698 | 0.725 | 0.740 | 0.641 | 0.494 | 0.441 | 0.223 | 0.107 | 0.000

*NO quinazolinone compounds were added. **No bacteria and quinazolinone compounds were added.

3.6 Labelling of Quinazolinone Probe I1

Two different methods were used to label PBPs with quinazolinone probe II 84 and dye.
During post-click labelling, fixed cells were prepared by treatment of bacteria with
quinazolinone 84. Then the appropriate dye was added and ligated by a click reaction to

make them visible under the microscope. Conversely, for pre-click labelling, a click
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reaction of fluorescent dye and quinazolinone antibiotic 84 was conducted and followed

by purification, prior to treatment of bacteria.

3.6.1 Post-click labelling

Quinazolinone (E isomer) 84 displayed great antibiotic activity and effectively inhibited
the growth of S. aureus (Newman, NewHG, COL, JE2) at a concentration of 32 mg/mL,
so it was used to label S. aureus cells. S. aureus SH1000 in TSB liquid media was
incubated at 37 °C to reach an ODgoo of ~ 0.3. Quinazolinone (£ isomer) 84 was added
at a concentration of 80 mg/mL and the culture was continued to be incubated at 37 °C
for 20 min. ImL Sample was centrifugated and the resulting pellet was fixed with

paraformaldehyde in PBS prior to click reaction.

The labelled sample by quinazolinone (£ isomer) 84 was clicked with the dye ATTO 488
alkyne in presence of click buffer, additive and CuSO4 solution, in order to visualise the
PBP localisation. The resulting microscopy image showed that some cell walls were well
labelled, such as the cells marked with the red frame in the Figure 26. However, some
celled are unclearly labelled. The targeting PBPs are involved in the biosynthesis of
peptidoglycan which is incorporated within the inner cell wall surface; therefore, the size
of the dye and cell wall surface charges may make it difficult to permeate the cell wall

and reach the target quinazolinone probes and PBPs.
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Figure 26. (a) Staphylococcus aureus (SH1000) cells labelled with quinazolinone (E isomer) 84. (b) The
structure of the dye ATTO 488 alkyne.

3.6.2 Pre-click labelling

According to the result of post-click labelling, a smaller and less charged dye BODIPY
FL alkyne was chosen for further labelling. At the beginning of the pre-click labelling,
quinazolinone (£ isomer) 84 was clicked to BODIPY FL alkyne in presence of ascorbic
acid, copper sulphate solution and DMSO to prepare the fluorescent quinazolinone 86 in

quantitative yield (Scheme 24).

86

Scheme 24. Click chemistry to prepare fluorescent quinazolinone 86.
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After the click chemistry, the fluorescent product (£ isomer) 86 was more unstable than
the starting material 84, and quickly isomerised to the corresponding Z isomer 87
(Scheme 25). The isomerisation of the staring material, quinazolinone (£ isomer) 84, to
the corresponding Z isomer 85 could be observed over a period of several days. However,
the fluorescent product (£ isomer) 86 started to isomerise to the corresponding Z isomer
87 in just few minutes. Therefore, the fluorescent £ isomer 86 was isolated very carefully

and protected from the light using aluminium foil.

N=N
\/g\/ll\l\/\o/\/o\/\o
86
fast
L QL
N CO,H
N/
|
N=N_ HN
l}
O/\/O\/\O/\/N\/)\/

87

Scheme 25. Transformation of fluorescent quinazolinone E isomer 86 to Z isomer 87.

Fluorescent quinazolinone (Z isomer) 87 can also be prepared by click reaction of the
relatively stable quinazolinone (Z isomer) 85 and dye BODIPY FL alkyne. The Z isomer

product 87 was obtained in 96% yield after purification by HPLC (Scheme 26).
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Scheme 26. Click chemistry to prepare fluorescent quinazolinone (Z isomer) 87.

Both clicked products (£ 86 and Z 87 isomers) were used to treat bacteria. However, they
did not display much inhibition of the growth of S. aureus. The MIC of both against S.
aureus COL 1s 128 ug/mL, and were also unable to inhibit other S. aureus strains
(SH1000, Newman, NewHG and JE2) at this concentration (Table 13). The fluorescent
E isomer 86 might have similar biological activity as Z isomer 87, or it might transfer
quickly to Z isomer during the testing even though the samples were protected carefully

from the light.
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Table 13. ODeoo Results of Fluorescent Quinazolinone £ isomer 86 and Z isomer 87
against Staphylococcal Strains

0.623| 0.638 | 0.604 | 0.609 | 0.606 | 0.586 | 0.557 | 0.523 | 0.447 | 0.325 | 0.000

0.639| 0.620 | 0.616 | 0.653 | 0.638 | 0.647 | 0.584 | 0.533 | 0.443 | 0.314 | 0.000

*NO quinazolinone compounds were added. **No bacteria and quinazolinone compounds were added.

The MIC results of fluorescent quinazolinones (£ and Z isomers) 86 and 87 displayed
that they did not inhibit S. aureus strains (SH1000, Newman, NewHG and JE2).
Although they show the inhibition of the growth of S. aureus COL at 128 pg/mL, the
concentration is too high for PBP labelling. The further pre-click labelling will not be
carried out until quinazolinone probes can be applied at a lower concentration, such as

synergism with other antibiotics or prepareing new more active quinazolinone probes.
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6.7 Synergism of Quinazolinones with Beta-lactam Antibiotic

Recently, quinazolinone 5 was reported to show bactericidal synergy combined with
commercial piperacillin-tazobactam against MSSA and MRSA strains.”> Quinazolinone
5 inhibits the function of PBP1 and PBP2a, and PBP2a is unique to MRSA strains such
as COL and JE2. Beta-lactam antibiotics kill Staphylococcus aureus bacteria by
inhibiting the function of cell-wall PBP1 and PBP3 but they are ineffective against
PBP2a.”® Therefore, a synergism study of quinazolinones with the beta-lactam antibiotic,
ampicillin, was performed. With ampicillin targeting PBP1, quinazolinones were
supposed to inhibit the function of PBP2a and the growth of MRSA at a lower

concentration.

3.7.1 MIC Testing of Ampicillin

Ampicillin was tested first against all Staphylococcal strains which were used for
quinazolinones. As is well-known, ampicillin effectively kills MSSA bacteria and the
MICs against SH1000, Newman and NewHG are lower than 0.5 ug/mL (Table 14).
However, ampicillin cannot kill MRSA bacteria as effectively as MSSA. The MICs

against COL and JE2 are 64 png/mL and 32 pug/mL respectively.
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Table 14. ODgoo Results of Ampicillin against Staphylococcal Strains

0.614| 0.370 | 0.330 | 0.279 | 0.254 | 0.189 | 0.139 | -0.001 | -0.002 | -0.004 | 0.000

*No ampicillin was added. **No bacteria and ampicillin were added.

3.7.2 Synergism of Quinazolinones with Ampicillin

The prepared quinazolinones were used to treat MRSA combined with ampicillin at a
fixed concentration (2 pg/mL). At 2 pg/mL, ampicillin is able to inhibit the function of
PBP1 but unable to kill MRSA bacteria. With ampicillin addition, the MICs of

quinazolinone 5 decrease from 2 pg/mL to 1 pg/mL against COL, from 2 pg/mL to 0.125

pg/mL against JE2 (Table 15).
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Table 15. ODe¢oo Results of Quinazolinone 5 with 2 pg/mL Ampcillin
against MRSA Strains

0.631 | 0.550 | 0.512 | 0.438 | 0.264 | 0.061 | 0.057 | 0.019 | 0.012 | 0.008 | 0.008 | 0.000

0.635 | 0.152 | 0.068 | 0.023 | 0.015 | 0.003 | 0.004 | 0.007 | 0.004 | 0.002 | 0.002 | 0.000

*No quinazolinone 5 was added. **No bacteria and quinazolinone 5 were added.

When 2 pg/mL ampicillin added, quinazolinone 73 inhibits COL at the concentration of
128 pg/mL, but it is unable to inhibit the growth of the JE2 at this concentration, which
is the same as without ampicillin (Table 16). The MIC of quinazolinone 84 (E) against
COL is 32 pg/mL, either by itself or with 2 pg/mL ampicillin. But when 2 pg/mL
ampicillin is added, its MIC decrease from 32 pg/mL to 4 pg/mL against JE2. With
ampicillin addition, quinazolinone 85 (Z) is unable to inhibit COL bacteria at the
concentration up to 128 pg/mL, but it inhibits JE2 bacteria at 32 pg/mL, lower than

without 2 pg/mL ampicillin (Table 16).

The addition of 2 pg/mL ampicillin made no difference to fluorescent quinazolinones 86
(E) and 87 (Z). The MICs of these compounds against COL bacteria remain 128 pg/mL
and they are unable to inhibit JE2 bacteria at this concentration even with 2 pug/mL

ampicillin (Table 16).
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Table 16. ODgoo Results of Quinazolinones with 2 pg/mL Ampcillin
against MRSA Strains

*No quinazolinone compounds were added. **No bacteria and quinazolinone compounds were added.
. ODsoo 0of 2 pg/mL ampicillin and COL bacteria in TSB is 0.586
. ODgoo 0of 2 pg/mL ampicillin and JE2 bacteria in TSB is 0.265

Making a comparison of the MIC results of quinazolinones used in the synergism study
(Figure 27), quinazolinone 5 synergized with ampicillin against both MRSA strains COL
and JE2 (Table 17). The combination of quinazolinone 84 or 85 with ampicillin showed
bactericidal synergy against JE2, but not COL. Addition of ampicillin to quinazolinone
73, 86 or 87 was not helpful to inhibit the growth of MRSA strains COL and JE2, which

was unsuitable for labelling.
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Figure 27. The structures of quinazolinones used in the synergism study with ampicillin.
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Table 17. Comparison of MIC Results of Quinazolinones without/with 2 pg/mL
Ampcillin against MRS A Strains

- Unable to inhibit the growth of bacteria at the concentration up to 128 pg/mL

According to the experimental results achieved so far, although the antibiotic,
quinazolinone 5, displayed good antibiotic activity against S. aureus, the addition of the
PEG linker and the fluorescent dye decreased bioactivity. For further labelling study,
more active chemical probes are required. The substitutions on the aromatic ring II of
quinazolinone are negative to the bioactivity against S. aureus (Section 3.4.3), so it is not
ideal to adding the linker to the aromatic ring II. To simplify the chemical synthesis, the
nitrile group was neglected when the PEG linker was added to the aromatic ring III of
quinazolinone. However, the addition of the linker and the dye resulted in the

isomerisation of quinazolinones and decreasing the antibiotic activity. When thinking of
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new probes with higher bioactivity, other more active quinazolinones, such as 44 and 45

(Section 3.1), can also be used to develop probes.
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Chapter 4 Cyclic Phosphonate Synthesis and Analysis
4.1 Cyclic Phosph(on)ates and Cyclic Boronates in the literature

4.1.1 Cyclic Phosph(on)ates

Development of f-lactamase inhibitors is viable to prevent antibiotic resistance and save
the effectiveness of f-lactam antibiotics in antimicrobial therapy.’”> *® The mono- and
bicyclic acyl phosph(on)ates studied by K. Kaur ef al. have shown to inhibit class A and
class C p-lactamases. Notably, the current f-lactamase inhibitors used in medicine shows
high activity against class A enzymes, but they are not so effective against class C
enzymes.” The cyclic phosph(on)ates 88 and 89 are reversible covalent inhibitors of

Enterobacter cloacae P99 p-lactamase (class C) (Scheme 27).77 %

0 _ 0
0]
(,3 Enz-O
Enz-OH + O=p_ = 0=pP
_d X =7 \X
o]
88, X=0
89, X =CHj,

Scheme 27. The mode of action of cyclic phosph(on)ates 88 and 89.

The cyclic phosphates 90 and 91 were prepared subsequently, where the substituents
owned more degree of freedom for rotation (Figure 28). They were designed to be less
likely to recyclise after the ring-opening reaction with the enzyme. Satisfyingly, both of
them irreversibly inhibited Enterobacter cloacae P99 p-lactamase (class C), and cyclic

phosphate 90 irreversibly inhibited TEM-2 S-lactamase (class A) as well.”
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Figure 28. The structure of cyclic phosphates 90 and 91.

4.1.2 Cyclic Boronates

The interactions of boronic acid inhibitors with serine proteases have been reported a
number of years ago, which provided the basis for the study of similar interactions with
p-lactamases.!% For example, cyclic boronic acid RPX7009 92 can inhibit many class A,
class C and some class D p-lactamases. The combination of RPX7009 92 with
carbapenem antibiotic biapenem 93 for phase 1 clinical trials is successful and the

combination of RPX7009 92 with carbapenem antibiotic meropenem 94 is in phase 3

) 100, 101

clinical trials to evaluate the safety efficacy and tolerability (Figure 29

N
ST Y 0
B.
OHO (0] OH
RPX7009 92 biapenem 93 meropenem 94

Figure 29. The structures of RPX7009 92 and carbapenem antibiotics biapenem 93 and meropenem 94.

However, the clinically useful inhibitors of class B zinc-dependent metallo-f-lactamases
had never been reported before Brem group’s study in 2016. Many bacteria have acquired

resistance to both serine-fB-lactamases (class A) and metallo-S-lactamases (class B),
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therefore, Brem et al. planed to identify dual action inhibitors against both serine-f-
lactamases and metallo-f-lactamases.!”’ Various boronic acids were screened and three
cyclic boronates 95, 96 and 97 were found from the patent literature. Using these cyclic
boronates as models, two more cyclic boronates 98 and 99 were designed and synthesised

by Brem group for bioactivity testing (Figure 30).!%

NS Y
RI—:’\TO HN t{Q\f; /\©\§
@ el O\f Hsz\ v

O~ OH .—;

97 98 99
Figure 30. Structures of cyclic boronates 95, 96, 97, 98 and 99.

All these compounds 95, 96, 97, 98 and 99 were tested to show potent inhibition against
both serine-f-lactamases and metallo-f-lactamases by a mechanism involving
mimicking of the tetrahedral intermediate of S-lactamase catalysis.!?? Since serine-f-
lactamases and PBPs targeting f-lactams are evolutionarily and mechanistically related,
the serine-f-lactamase inhibitor 97 was also tested for inhibition against PBPs.'%
Surprisingly, cyclic boronate 97 potently inhibited the non-essential PBP5 from
Escherichia coli with 1Cso value at 1.7 nM. Similar to the mechanism inhibiting /-

lactamases, to inhibit PBPS5, cyclic boronate 97 acts as a mimic of the tetrahedral

intermediate 1 produced by nucleophilic attack during the PBP catalysis (Figure 31).1%
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Penicillin-binding protein catalysis
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Figure 31. (a) Mode of action of PBP. (b) The binding mode of compound 97.

Since cyclic boronates are able to effectively inhibit f-lactamases and PBPS, it is
reasonable for us to attempt on phosphonates compounds which are particularly
interested in and studied in Jones group. This project tried to design and synthesise some
cyclic phosphonates which show the analogous transition state to cyclic boronates, /-

lactamases and PBPs (Figure 32).
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Figure 32. The speculative binding mode of cyclic phosphonate target 6.
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4.2 Retrosynthetic Analysis

Since there is no synthetic route reported to this class of cyclic phosphonate 6, an
independent synthesis is necessary. Consecutive disconnections of the six-membered
heterocycle at the phosphorus-oxygen single bond and phosphorus-carbon single bond
gives benzoate 101 and phosphite 102. Benzoate 101 could be prepared from aldehyde
103, itself prepared from alkene 104, which in turn come from allyloxybenzoate 105 by
Claisen rearrangement. Allyloxybenzoate 105 can be prepared from commercially

available salicylic acid 106 (Scheme 28).

R'_O

RLfo
HN HN
R?0. /
o’ o/ OR
O~ "OH 0~ "OR? OR“
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100

HO \/j? D e— \10\/?
0~ "OR* 0~ "OR* OR? 0% OR*
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Scheme 28. Retrosynthetic analysis of cyclic phosphonate 6

4.3 Synthesis of zert-Butyl Protected Benzoates

Based on the retrosynthetic analysis described in section 4.2, the carboxyl group of

salicylic acid 107 needs to be protected before the consequent reactions. The large tert-
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butyl group was a good choice because tert-butyl ester will not be hydrogenated or
hydrolysed under alkaline conditions. First of all, N,N'-dicyclohexylcarbodiimide (DCC)
and N-hydroxysuccinimide (NHS) were employed to promote the installation of the tert-
butyl ester of salicylic acid 107 in DCM. The desired tert-butyl protected product 108
was achieved in 74% yield. This was followed by O-allylation, carried out using allyl
bromide and potassium carbonate in DCM, to yield allyloxybenzoate 109 in 82%. After
that, the 3,3-sigmatropic Claisen rearrangement was carried out by heating
allyloxybenzoate 109 in 1,2-dichlorobenzene at 150 °C to yield ortho-rearranged product
110 in 30% yield (Scheme 29). However, the fert-butyl group had been cleaved from
allyloxybenzoate 109 which was likely due to the high reaction temperature. Ozonolysis
of the alkene 110 was followed to prepare aldehyde 111 by bubbling ozone in DCM and
methanol at -78 °C and work-up with PPh; or Me>S. Unfortunately, the starting material

110 decomposed and the desired aldehyde 111 was not obtained.

(

_tBuOH,DCC__

HO 0
NHS, DCM, 74% J< KoCO3, DCM, 82%

0O~ OH (0] (0]
107 109
x Os
1,2-dichlorobenzene a) O3, DCM, MeOH, -78 °C
i z Ho o
150 °C, 30% b) PPh; or Me,S
0~ OH 0~ “OH

110 111
Scheme 29. Synthetic route to 3-allyl-2-hydroxybenzoic acid 110.
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4.4 Synthesis of Methyl Protected Benzoates

Owing to the failed synthesis of aldehyde 111, a different protecting group was
considered. The 3,3-sigmatropic Claisen rearrangement was successfully carried out by
Patel et al. to prepare methyl benzoate 113 in a high yield (Scheme 30).!%* Therefore,

methyl benzoate 113 was the next target for synthesis following Patel’s method.

( )
0,
/9 neat 160 C 2h \:C:?
87%
0 o O/

113

Scheme 30. Patel’s method to prepare methyl benzoate 113.

The starting material, salicylic acid 107, was methylated by methanol under the acidic
condition, affording the corresponding methyl ester 114 in 84% yield. Subsequently, O-
allylation was carried out using allyl bromide and potassium carbonate in DMF and the
resulting methyl 2-(allyloxy)benzoate 112 was obtained in 99% yield. Finally, Patel’s
method was followed to prepare the corresponding ortho-rearranged product 113. When
starting material 112 was used in a small scale (183 mg) at 150 °C, all materials
evaporated probably as the boiling point of the reactant, methyl 2-(allyloxy)benzoate 112,
is 147-151 °C.!% The heating temperature was decreased but the reaction did not occur.
The reaction succeeded by increasing the amount of starting material 112 to 3 g. Most
reactant still evaporated when heating at 150 °C, but some heated at reflux, resulting in

the desired product 113 in 46% yield (Scheme 31). Although the ortho-rearranged
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product 113 was obtained, the substantial waste of the starting material 112 was not ideal.

= AN
HO@ conc. H280:, MeOH HO? - Ci\D/MT — (0/9 neat, 15:0 °Cc \:()\/9
84% _ 20Us, ) 0 oo 46% o o
112 113

O~ "OH o~ 0
107 114

Scheme 31. Synthetic route to methyl protected benzoates.

4.5 Simplified Target and Retrosynthetic Analysis

The large loss of starting material 112 during the Claisen rearrangement reaction led to
the relatively low yield of the product 113. Additionally, the next step, ozonolysis was
also challenging. Therefore, a simplified target, cyclic phosphonate 122, was taken into
consideration for the reasons outlined below, which was easier for preparation (Figure

33).

Figure 33. The simplification of target cyclic phosphonate.

The target cyclic phosphonate was supposed to inhibit f-lactamases and PBPs by
mimicking the tetrahedral intermediate, it is important to keep the tetrahedral core (in red

boxes in Figure 33). The carbonyl group might be ignored since it was not responsible
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for antibiotic activity. The simplification made the target 115 easier to achieve and less
synthetic steps were needed to provide proof of concept for the required Kabachnik-

Fields reaction (Scheme 32).

R'_O
R'_O R!
A © NH, 0w
_PY — 201" — HO
HoY o RO°P 1o R0 H
07 )r2 O/:I?l 19
OR3
15 116

118

Scheme 32. Retrosynthetic analysis of simplified cyclic phosphonate 115

4.6 Two Synthetic Routes towards Benzeneacetaldehyde

The starting material of Kabachnik-Fields reaction, the aryl acetaldehyde 126, was
prepared in two different ways, which both started from 2-hydroxybenzeneacetic acid

120 (Scheme 33).
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Scheme 33. Synthetic routes to aryl acetaldehyde 126.

In method A, the methylation of 2-hydroxybenzeneacetic acid 120 led to methyl ester
121 in quantitative yield, by heating at reflux in methanol with concentrated sulphuric
acid. Secondly, fert-butyldimethylsilyl chloride was used as a silylation agent to protect
the hydroxy group of phenol 121 in presence of imidazole and THF, and the resulting
tert-butyldimethylsilyl ether 122 was obtained in 75% yield. After that, the carboxylic
ester 122 was reduced to the corresponding alcohol 123 by lithium aluminium hydride at
0 °C (69% yield). The direct silylation of the starting material 2-hydroxybenzeneacetic
acid 120, without the methylation of the carboxyl group, was also attempted using tert-
butyldimethylsilyl chloride in presence of imidazole and THF. The resulting tert-
butyldimethylsilyl ether 127 was isolated in 51% yield (Scheme 34). However, fert-

butyldimethylsilyl ether 127 was not as stable as the one with methyl protection 122. The
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tert-butyldimethylsilyl group was found to be very labile and it returned to the starting
material 120 quickly, which was proved by 'H NMR spectroscopy. The low temperature

storage avoiding light was necessary to store tert-butyldimethylsilyl ether 127.

HO
- 0
TBDMSCI, imidazole O
0 Q7
HO THF, 51% /Si \6

120 127

Scheme 34. Synthetic route to tert-butyldimethylsilyl ether 127.

In method B, 2-hydroxybenzeneacetic acid 120 was reduced by lithium aluminium
hydride in THF, affording the corresponding diol 124 in 89% yield. Then, fert-
butyldimethylsilyl chloride was used to protect the two hydroxy groups of diol 124 in
presence of imidazole and DMF (83% yield), followed by the selective deprotection of
tert-butyldimethylsilyl ether 125 using pyridinium p-toluenesulfonate in ethanol at 50 °C,

affording the compound 123 in 93% yield (Scheme 33).

Finally, the prepared alcohol 123 from methods A and B was oxidised by Dess—Martin
periodinane in ethanol to afford the target aryl acetaldehyde 126 in 76% yield (Scheme

33).
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4.7 Kabachnik-Fields Reaction

Diethylamine 129 and aniline 131 as active nucleophiles are able to take part
in Kabachnik-Fields reactions to form a-amino phosphonates by reaction with aryl
acetaldehyde 126 and diethyl phosphite 128. The three-component coupling of
diethylamine 129, benzeneacetaldehyde 126 and diethyl phosphite 128 in THF at 50 °C

afforded the corresponding amino phosphonate 130 in 18% yield (Scheme 35).

Ox (o] ~N
|1
\//tI::j + O~p-H + \j _IEELgZEL, O;E/tI::j
0 f NH 010

/

(0] ~ o,
\ / 18 %
S [ 0

126 128 129 130

Scheme 35. Kabachnik-Fields reaction to form a-amino phosphonate 130.

When aniline 131 was used in the Kabachnik-Fields reaction in reaction with
benzeneacetaldehyde 126 and diethyl phosphite 128, although 10 mol% iron (III)
chloride was added to facilitate the synthesis, the amino phosphonate 132 was obtained
in a low yield (13%) (Scheme 36). The fert-butyldimethylsilyl group was removed from

the product possibly during the work-up to remove iron(III) chloride after the reaction.

H
O 0 NH ®/N
O e o s OO0
O O 0, 0, O/'
g 60 °C, 13% HO
s [ ° [
/
126 128 131 132

Scheme 36. Kabachnik-Fields reaction to form a-amino phosphonate 132.
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Whilst the successful preparation of phosphonates 130 and 132, future research will focus
on the optimization of reactions to improve the yields. Other different amines will also
be applied in the Kabachnik-Fields reaction, such as ammonia gas (Scheme 37). The
product 133 of Kabachnik-Fields reaction using ammonia is able to form different amides

134 by reacting with acyl chlorides.

o]

Os O~p-H H,N HN
IO EN S ol 1
o //o iy RCOCI //o 59
Si ( Si Si

/ NH; (g), 60 °C 4 f %

126 133 134

Scheme 37. Kabachnik-Fields reaction using ammania gas followed by the formation of amides.

The success of Kabachnik-Fields reactions to prepare phosphonates makes it possible for
cyclisation after the deprotection of tert-butyldimethylsilyl group, and the cyclised

products 136 are expected to be f-lactamase or PBP inhibitors (Scheme 38).

N . o
P P —  oh
o L0 THF 0] 'HO S
o (0]
[ ( /&% [ ( s
134 135 136

Scheme 38. Possible synthetic route to cyclic phosphonate targets 136.
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Chapter 5 Conclusion and Future Work

5.1 Thiazolidinones

The transglycosylase inhibitor thiazolidinone 4 and thiazolidinone probe I 18 with the
PEG linker were successfully synthesised (Figure 34). Based on the MIC test results,
thiazolidinone 4 inhibited the growth of S. aureus SH1000 at the concentration of 16
png/mL. However, thiazolidinone probe I 18 did not display antibacterial activity at the
concentrations of up to 128 pug/mL for S. aureus SH1000, which was not active enough

to label bacteria.

-------------- 02N
O,N
\s N HOQMO
HO \\< S _NH
N -0 \(

_____________

I OAQ I
o 5
: : Naw_~ /\40\/% /©/
: ! (@) 2O
1

8

Figure 34. The structures of 2-[(3,5-dimethylphenyl)amino]-5-[(4-hydroxy-3-methoxy-5-nitrophenyl)
methylene]-4(5H)-thiazolone 4 and 2-[[4-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]phenyl]imino]-5-(4-
hydroxy-3-methoxy-5-nitrobenzylidene)thiazolidin-4-one 18.

In order to design new thiazolidinone probes with better antibiotic activity, a series of
small molecule thiazolidinone derivatives were synthesised to investigate the structure-
activity relationship of thiazolidinones (Figure 35). By comparing the activity of
thiazolidinone 4 with the derivatives 22 and 28, it was found that the two methyl groups
on the ring II was important, and the PEG linker was not suitable to be added to the ring
II. The MIC results of thiazolidinone derivatives 28, 30 and 33 indicated that the nitro,

hydroxy and methyl groups on the aromatic ring I were also necessary. To minimise the
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influence of addition of the link, the PEG linker was added to the methyl group instead

of replacing it.
02N N j@/\H(
HO 5

Figure 35. The structures of small molecule thiazolidinone derivatives.

According to the study of the structure-activity relationship, thiazolidinone probe I1 42
with PEG linker and BODIPY dye was prepared (Figure 36). Unfortunately, it was still

unable to inhibit the growth of S. aureus SH1000 at the concentration up to 128 pg/mL.

0
O,N
NONH
HO S%\N

\\(/\’,\‘/\/O\/\O/\/O
N=N

42
Figure 36. The structures of thiazolidinone probe II 42.

Although the chemistry was successful to prepare thiazolidinone probes, they did not

show good bioactivity qualified for further cell labelling. The structure-activity
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relationship study highlights the difficulty for high activity against S. aureus when
altering the structure of thiazolidinone 4. In addition, the low solution in aqueous broth
is also a problem for biological application. Due to the importance of investigating
unknown mechanism of transglycosylation, new transglycosylase inhibitors will be

screened and developed for chemical probes.

5.2 Quinazilinones

PBP1 and PBP2a inhibitor, quinazilinone 5§ was synthesised and tested to show its
antibiotic activity against S. aureus (Firure 37). Notably, it displayed good inhibitory
effect against MSSA (Newman, NewHG) and MRSA (COL, JE2) strains with MIC of 2
pg/mL, but it did not inhibit the growth of S. aureus SH1000 at the concentration up to

128 pg/mL.

| 8 1
~CO5H
Fhor O
\ N

CN
73

Figure 37. The structures of (E)-3-(3-carboxyphenyl)-2-(4-cyanostyryl)quinazolin-4(3H)-one 5 and

quinazolinone probe I 73.

It was reported that quinazolinone S inhibited S. aureus PBP2a by binding to the

allosteric site of S. aureus PBP2a through salt-bridge interactions of the carboxylic acid
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group on the aromatic rings 1. Therefore, it was not a good idea to attach the linker to the
aromatic ring I and the new quinazolinone probes were designed by adding the PEG

linker to the aromatic ring II or III.

Quinazolinone probe I 73 was prepared by attaching the PEG linker to the aromatic ring
IT (Figure 37). It only inhibited the growth of S. aureus COL at a concentration of
128 pg/mL and had no effect on other MSSA or MRSA strains (SH1000, Newman,

NewHG and JE2).

Quinazolinone (£ isomer) 84 was synthesised which showed inhibitory effect at the
concentration of 32 mg/mL against MSSA (Newman, NewHG) and MRSA (COL, JE2)
strains. E isomer 84 was sensitive to the light and isomerised to quinazolinone (Z isomer)
85 which only had inhibitory effect on S. aureus COL at a concentration of 128 pg/mL,

but not on other S. aureus strains (SH1000, Newman, NewHG and JE2) (Figure 38).

N O~ o oft™>O% N,

84 85

Figure 38. The structures of of quinazolinone £ isomer 84 and Z isomer 85.

After click reaction with BODIPY dye, quinazolinone probe II was isolated as £ isomer

86 and Z isomer 87 (Figure 39). Both of them had inhibitory effect on S. aureus COL at
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a concentration of 128 pug/mL, but not on other S. aureus strains (SH1000, Newman,

NewHG and JE2).

|
N\
%N \/\0/\/0\/\0
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87

Figure 39. The structures of of quinazolinone probe II £ isomer 86 to Z isomer 87.

With limited antibiotic activity again S. aureus, quinazolinone probes 86 and 87 are hard
to be used in the further labelling study. Preparing new chemical probes based on more

active quinazolinones will be the better choice for future work.

5.3 Cyclic phosphonates

The possible synthetic routes were designed to prepare the cyclic phosphonate 6 and the
simplified target 115, which were potential nucleophilic serine, metallo f-lactamase and

PBP inhibitors (Figure 40).
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Figure 40. The structures of cyclic phosphonate 6 and the simplified target 115.

The key intermediates, a-amino phosphonates 130 and 132, were successfully
synthesised by Kabachnik-Fields reaction (Figure 41). More amines will be attempted in

Kabachnik-Fields reaction to prepare novel a-amino phosphonates.

H

) N
e S
//( /Si\é //(

130 132

Figure 41. The structures of of a-amino phosphonates 130 and 132.
The prepared a-amino phosphonates, including 130 and 132, will be cyclised to generate

the target cyclic phosphonates followed by the biological assays to test the antibiotic

activity.
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Chapter 6 Experimental Procedures

6.1 Biological Experimental

6.1.1 Growth Media

All bacterial growth media were prepared in distilled water and sterilised by autoclaving

at 121 °C for 20 min, 103 kilopascals.

6.1.2 Staphylococcus Aureus Strains

The strains were taken from glycerol stocks in Microbank storage beads (Pro-lab
diagnostics) and streaked for single colonies onto TSB agar plates with or without
antibiotics. Plates were incubated at 37 °C overnight and subsequently stored at 4 °C for
up to two weeks. Liquid cultures were generally inoculated with a single colony into a

culture and grown overnight at 37 °C with shaking at 250 rpm.

6.1.3 Measurement by Optical Density

To quantify the bacterial yield of a liquid culture, spectrophotometric measurements were
conducted at the wavelength of 600 nm (ODeoo). Measurements were taken using a
Biochrom WPA Biowave DNA Life Science spectrophotometer. While sterile culture
media was used as the blank, necessary culture samples were diluted (1:10) to provide
readings within the optimum accuracy range.
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6.1.4 Determination of MIC by Microdilution method

100 puL of TSB broth was dispensed into all wells of the 96 well microtitre plate. The test
antibiotic solution was diluted in TSB at the double of the top concentration desired.
Subsequently, 100 uL of diluted antibiotic solution was pipetted into the wells of the first
column of the plate. The antibiotics was mixed thoroughly by pipetting up and down
without introducing bubbles. 100 pL of antibiotic-media mixture was withdrew from the
first column and added to the second followed by thorough mixing with pipette. Similarly,
the mixture was transferred to the third column and the procedure was repeated to the
last desired column (column 10). Finallly, 100 uL of mixture was discarded from column

10.

An overnight culture was diluted to an ODsoo of ~0.01 using fresh culture media. 100 uL.
of bacteria was inoculated into wells in columns 1 to 11 and column 11 was used as
positive control for visible growth. Column 12 was not inoculated and another 100 uL of
TSB was added as it was sterility control and blank for reading plates. The plates were
incubated at 37 °C, 250 rpm overnight. For quinazolinones, aluminium foil was used to

avoid light. The readings were measured with a Perkin VICTOR x3 2030 plate reader.

6.1.5 Labelling Peptidoglycan Synthesis

An SH1000 overnight culture was used to inoculate 50 mL TSB at ODeoo of 0.05 and

grown at 37 °C, 250 rpm for 90 min to an ODsoo of ~0.3-0.5. 1 ml Aliquots were taken
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and quinazolinone added at a concentration of 100 pg/mL. Samples were then incubated

at 37 °C on a rotary shaker for mixing for 20 min.

Cells were then pelleted by centrifugation and the collected cell pellets were re-
suspended in 0.5 mL distilled water and 0.5 ml fixative [0.5mL 16% (w/v)
paraformaldehyde in 2 mL PBS] for 20 min at room temperature on a rotator for mixing.
Fixed cells were then washed in distilled water and the pellet collected by centrifugation.
The click reaction was carried out afterwards. The fixed cells were incubated with 0.5
mL Click-iT reaction buffer mix and 5 pg ATTO 488 dye (1 mg/mL) for 20 mins at room

temperature.

6.1.5.1 16% (w/v) Praformaldehyde

Paraformaldehyde 8g

100 mM sodium phosphate buffer (pH 7.0) 50 mL
Praformaldehyde (8 g) was added to 100 mM sodium phosphate buffer (pH 7.0, 40 mL).
The solution was heated to 60 °C with vigorous mixing. While heating and mixing the
solution, > 5 M NaOH solution was added dropwise until the solution cleared. The

solution was stored at 4 °C for up to 3 months.
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6.1.5.2 Phosphate Buffered Saline (PBS)

NaCl 8 g/LL

Na;HPO4 1.4 g/L
KCI 0.2 g/L
KH2PO4 0.2 g/L

The pH was adjusted to 7.4 with NaOH.

6.1.5.3 Click-iT® Reaction Buffer Mix

All buffer components were made up as per instructions from Molecular Probes.

Click-1T® cell reaction buffer 440 pL
Copper (II) sulphate (100 mM) 10 uL
Click-1T® cell buffer additive 50 uL

6.1.6 Fluorescence Microscopy

DeltaVision deconvolution microscope (Applied Precision, GE Healthcare) was used to
acquire fluorescence images. All the images obtained were deconvolved using SoftWoRx

v.3.5.1 software and processed using Fiji processing package.
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6.2 Chemical Experimental

6.2.1 Solvents and Reagents

Anhydrous solvents were obtained from the University of Sheffield Department of
Chemistry Grubbs solvent system and stored under a positive pressure of argon with 4A
molecular sieves. All starting materials were purchased from Sigma Aldrich, Alfa Aesar,
Fisher Scientific, Fluorochem, Lancaster or Lumiprobe, and used as purchased except where
noted. Air sensitive reactions were conducted in flame-dried glassware under an

atmosphere of nitrogen or argon unless otherwise stated.

6.2.2 Chromatography

Reactions were monitored using thin layer chromatography (TLC) on precoated
aluminium-backed plates (Merck silica gel 60A F2s4). Materials were visualized by 254
nm ultraviolet light followed by staining with potassium permanganate dip. Purification
of products was performed by flash column chromatography using normal phase silica

gel 40-63 um 60A.

6.2.3 Melting point

All melting points were determined using a Gallenkamp melting point apparatus

equipped with a thermometer.
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6.2.4 IR spectroscopy

Infrared spectra were recorded using a Diamond ATR (attenuated total reflection)

accessory on a Perkin-Elmer Spectrum 65 or 100 FT-IR spectrometer.

6.2.5 NMR spectroscopy

'H, *C and *'P NMR spectra were recorded in CDCl3, MeOD or DMSO-ds on Bruker
Avance 400 or Bruker Avance III HD 500 spectrometer at 298 K. Chemical shifts () are
reported in parts per million (ppm) relative to the internal reference and coupling constant
(J) values are given in Hertz (Hz). (s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet, br s = broad singlet, br d = broad doublet, app d = apparent doublet, app t =

apparent triplet, dd = doublet of doublets, td = triplet of doublets.)

6.2.6 Mass spectroscopy

Mass spectra (m/z) were recorded using electron ionisation (EI), electrospray ionisation
(ES) or direct infusion using either a Micromass LCT mass spectrometer or a Walter I[ITC

Premier XE instrument.
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6.2.7 Chemical Synthesis
(3,5-Dimethylphenyl)thiourea 8

HN" “NH;,

Ammonium thiocyanate (6.13 g, 80.53 mmol) was dissolved in hydrochloric acid (1 M,
75 mL) and 3,5-dimethylaniline 7 (10 mL, 80.53 mmol) added. The reaction mixture was
heated at reflux overnight. The reaction mixture was cooled to room temperature and
refrigerated for 1.5 h to aid precipitation. The product was filtered under vacuum and
washed with water (10 mL) and diethyl ether (20 mL). It was dried under high vacuum
to afford the title compound as a light brown solid (5.56 g, 38%); m.p. 179 - 181 °C [lit.!%
m.p. 174 - 176 °C]. vmax(ATR)/cm! 3406, 3170, 3050, 1619, 1609, 1542; 5 (400 MHz,
DMSO-ds) 2.24 (6H, s, 2 x CH3), 6.77 (1H, s, ArH), 6.95 (2H, s, ArH), 9.58 (1H, s, NH);

m/z (ES") 181 (M+H"). The data agree with those reported in the literature.!*

2-[(3,5-Dimethylphenyl)amino]-4(5H)-thiazolone 9

O

NH
s™Sn

(3,5-Dimethylphenyl)thiourea 8 (2.10 g, 11.65 mmol) and sodium acetate (1.33 g, 16.21
mmol) were dissolved in ethanol (20 mL). Ethyl chloroacetate (1.73 mL, 16.21 mmol)
was added and the reaction was heated at 90 °C overnight. The reaction mixture was

cooled to room temperature and a precipitate formed that was filtered and dried under
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vacuum to afford the title compound as a light yellow solid in a quantitative yield (2.98 g).
m.p. 222 - 224 °C; vmax(ATR)/cm™ 3165 (NH), 2912, 2730, 1692 (CO), 1618, 1578; 8u
(400 MHz, CDCl3) 2.35 (6H, s, 2 x CH3), 3.89 (2H, s, CH>), 6.92 (1H, s, ArH), 6.94 (2H,
s, ArH); dc (126 MHz, CDCL) 21.3 (2 x CHj3), 36.7 (CHz), 120.5 (2 x ArCH), 128.3
(ArCH), 139.4 (2 x ArCMe), 140.7 (ArCN), 171.5 (NCNH), 180.3 (CO); m/z (ES")

221.0742 (100%, M+H". C11H13N20S requires 221.0743).

2-[(3,5-Dimethylphenyl)amino]-5-[(4-hydroxy-3-methoxy-5-

nitrophenyl)methylene]-4(5H)-thiazolone 4

o)
O,N
\S NH
HO %\N

0 \Q
2-[(3,5-Dimethylphenyl)amino]-4(5H)-thiazolone 9 (303 mg, 1.38 mmol) was dissolved
in glacial acetic acid (15 mL). 5-Nitrovanillin (272 mg, 1.38 mmol) and sodium acetate
(226 mg, 2.75 mmol) were added and the reaction was heated at 130 °C overnight. The
reaction mixture was cooled to room temperature and the precipitate formed. The product
was filtered and stirred in diethyl ether (30 mL) overnight and then filtered again, dried
under vacuum to afford the title compound as an orange solid (305 mg, 55%). m.p. 244
- 246 °C; vmax(ATR)/cm! 3365 (OH), 2917, 1696 (CO), 1631, 1603, 1586, 1534 (NO);
ou (400 MHz, CDCl3) 2.38 (6H, s, 2 X CH3), 3.98 (3H, s, OCH3), 6.82 (2H, s, 2 x ArH),
6.95 (1H, s, ArH), 7.20 (1H, s, Ar-CH), 7.67 (1H, s, ArH), 7.85 (1H, s, ArH); oc (126
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MHz, CDCls) 21.4 (2 x CHs), 56.9 (OCH3), 117.2 (ArCH), 118.2 (ArCH), 119.7 (2 x
ArCH), 124.6 (ArC), 125.3 (ArC), 128.2 (ArCH), 129.2 (Ar-CH), 134.0 (CCO), 139.5
(2 x ArCMe), 143.5 (ArC), 147.3 (ArC), 150.5 (ArC), 156.7 (NCNH), 174.9 (CO); m/z

(ES™) 400.0967 (100%, M+H". C1oH1sN30sS requires 400.0962).

tert-Butyl N-(4-hydroxyphenyl)carbonate 11

e
ISR
HO
4-Aminophenol 10 (8.3 g, 76.0 mmol) was solubilized in THF (150 mL) at room
temperature. A solution of di-zert-butyl dicarbonate (16.8 g, 76.0 mmol) in THF (50 mL)
was added dropwise to the reaction. The reaction mixture was vigorously stirred at 40 °C
for 3 days which was then concentrated in a rotary evaporator under reduced pressure.
This was washed with petroleum ether (50 mL), filtered and dried under vacuum to afford
the title compound as a white solid (14.9 g, 94%). m.p. 132 - 134 °C [lit.!"” m.p. 142 -
143 °C]; vmax(ATR)/cm™ 3359 (OH), 1696 (CO), 1512; du (400 MHz, DMSO-d) 1.45
(9H, s, 3 x CH3), 6.64 [2H, (AX)2, ArH], 7.21 (2H, brd, J 8.0, ArH), 9.00 (1H, br s, OH),
9.05 (1H, s, NH); m/z (ES") 208 [(M-H)]. The data are in broad agreement with those

reported in the literature.'%”- 198
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tert-Butyl N-[4-[2-[2-(2-hydroxyethoxy)ethoxy]ethoxy]phenyl]carbamate 12

HO/\(’O\/tO/@ °

tert-Butyl N-(4-hydroxyphenyl)carbamate 11 (4.0 g, 19.1 mmol) was dissolved in
acetonitrile (20 mL). 2-[2-(2-Chloroethoxy)ethoxy]Jethanol (2.3 mL, 15.9 mmol),
potassium carbonate (6.6 g, 47.7 mmol) and sodium iodide (238 mg, 1.6 mmol) were
added to this solution at room temperature. The reaction mixture was vigorously stirred
at 90 °C for 3 days. After cooling to room temperature, the solvent was removed using a
rotary evaporator under reduced pressure and water (50 mL) was added to the crude
residue. The mixture was extracted with ethyl acetate (3 x 50 mL). The combined organic
phases were washed with brine (50 mL), dried over anhydrous MgSOs, filtered and the
filtrate was evaporated under reduced pressure. The crude residue was purified by dry
flash chromatography on silica gel, eluting petroleum ether/EtOAc, EtOAc: 50-100% to
afford the title compound as a light yellow oil (5.4 g, 70%). Vmax(ATR)/cm™! 3316 (OH),
2873, 1700 (CO), 1600, 1512; du (400 MHz, CDCls) 1.51 (9H, s, 3 x CH3), 3.61 (2H,
app t, J 4.5, CH>), 3.65-3.77 (6H, m, 3 x CH>), 3.84 (2H, app t, J 4.7, CH>), 4.09 (2H,
app t, J 4.7, CH>), 6.57 (1H, br s, NH), 6.85 (2H, d, J 8.9, ArH), 7.26 (2H, br d, J 7.9,
ArH); m/z (ES") 380 (15%, M+K"), 364 (100, M+Na"), 308 (10). The data agree with

those reported in the literature.!%
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2-[2-[2-[4-(tert-Butoxycarbonylamino)phenoxy]ethoxy]ethoxy]ethyl-4-

methylbenzenesulfonate 13

TsO/\’éo\/i\OQ/ °

tert-Butyl N-[4-[2-[2-(2-hydroxyethoxy)ethoxy]ethoxy]phenyl]carbamate 12 (3.18 g,
9.30 mmol) was dissloved in dry DCM (20 mL). p-Toluene sulfonyl chloride (3.55 g,
18.6 mmol), 4-dimethylaminopyridine (228 mg, 1.90 mmol) and triethylamine (3.90 mL,
27.9 mmol) were added to the solution and the reaction mixture was stirred at the room
temperature under N> overnight. The reaction was washed with 1M HCI (15 mL), brine
(15 mL), dried over anhydrous MgSOs, filtered and the filtrate was evaporated under
reduced pressure. The residue was purified by dry flash chromatography (petroleum
ether/EtOAc, EtOAc: 30%) to afford the title compound as a viscous yellow oil (3.5 g,
76%). vmax(ATR)/cm™ 3338 (NH), 2874, 1717 (CO), 1598, 1513; &1 (400 MHz, MeOD)
1.53 (9H, s, 3 x CH3), 2.45 (3H, s, CH3), 3.55-3.70 (6H, m, 3 x CHz), 3.79 [2H, (AX),
CH>), 4.08 [2H, (AX)2, CH>], 4.16 [2H, (AX)2, CH>], 6.86 [2H, (AX)2, ArH], 7.29 (2H,
brd, J 8.8, ArH), 7.44 (2H, d, J 8.0, ArH), 7.80 [2H, (AX)2, ArH]; m/z (ES") 518 (55%,
M+Na"), 496 (25, M+H"), 440 (100), 396 (35). The data agree with those reported in the

literature.'%®
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tert-Butyl [4-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]phenyl]carbamate 14

o AT
2-[2-[2-[4~(tert-Butoxycarbonylamino)phenoxy|ethoxy]ethoxy]ethyl-4-
methylbenzenesulfonate 13 (3.36 g, 6.78 mmol) was dissolved in dry DMF (20 mL)
under N». Sodium azide (0.53 g, 8.14 mmol) was added to the solution and the reaction
mixture was stirred at 50 °C under N> overnight. The solvent was evaporated in a rotary
evaporator under reduced pressure. Ethyl acetate (50 mL) and water (30 mL) were added,
and the organic layer separated, washed with brine (5 x 30 mL), dried over anhydrous
MgSOs, filtered and concentrated under reduced pressure to afford the title compound
that did not require any further purification as a yellow oil (2.43 g, 98%). vmax(ATR)/cm”
13332 (NH), 2976, 2871, 2097 (N3), 1718 (CO), 1599, 1512; 81 (400 MHz, MeOD) 1.52
(9H, s, 3 x CH3), 3.37 (2H, br t, J 4.9, CH>), 3.65-3.75 (6H, m, 3 x CH), 3.84 (2H, app
t,J 4.7, CH2), 4.09 (2H, app t, J 4.7, CH>), 6.87 [2H, (AX)2, ArH], 7.29 (2H, d, J 8.6,
ArH); 8¢ (101 MHz, MeOD) 27.4 (3 x CH3), 50.4 (CCH3), 67.5 (CHz), 69.6 (CH2), 69.8
(CHz), 70.2 (CH2), 70.4 (CH), 114.4 (2 xArCH), 120.3 (2 xArCH), 132.3 (ArCN), 154.3
(ArCO), 154.7 (C=0); m/z (ES") 384.2241 (55%, M+NH4". Ci7H30NsOs requires

384.2241).
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4-12-[2-(2-Azidoethoxy)ethoxy]ethoxy]aniline 15

NH;
Ng/\% O\/to/@
tert-Butyl [4-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]phenyl]carbamate 14 (2.25 g, 6.14
mmol) was dissolved in DCM (20 mL). Trifluoroacetic acid (10 mL) was added to the
solution and the reaction mixture was stirred at the room temperature overnight. The
solvent was removed by co-evaporation with DCM (20 mL) in a rotary evaporator under
reduced pressure. The crude product in ethyl acetate (30 mL) was washed with sat.
NaHCOs (2 x 20 mL). The aqueous phase was back-extracted with ethyl acetate (20 mL).
The combined organic phase were washed with brine (30 mL), dried over anhydrous
MgSOsy, filtered and concentrated on a rotary evaporator under reduced pressure to afford
the title compound as a brown oil (982 mg, 60%) that did not require any further
purification. vmax(ATR)/cm™! 3358 (NH), 2918, 2871, 2096 (N3), 1627, 1508; &u (400
MHz, CDCls) 3.41 (2H, t,J 5.1, CH»), 3.68-3.78 (6H, m, 3 x CH>), 3.85 (2H, app t, J 4.9,
CH>), 4.08 (2H, app t, J 4.9, CH>), 6.65 [2H, (AX)2, ArH], 6.78 [2H, (AX)2, ArH]; m/z
(ES™) 305 (30%, M+K™), 289 (100%, M+Na"), 267 (35%, M+H"). The data agree with

those reported in the literature.!%
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1-[4-[2-[2-(2-Azidoethoxy)ethoxy]ethoxy]|phenyl]thiourea 16
S NH
T\,/H 2
N3Movto©/
4-[2-[2-(2-Azidoethoxy)ethoxy]ethoxy]aniline 15 (613 mg, 2.30 mmol) was dissolved in
1,4-dioxane (3 mL). Ammonium thiocyanate (176 mg, 2.30 mmol) was added and the
reaction mixture was stirred at 110 °C for 2 days. After cooling to room temperature, the
solvent was removed using a rotary evaporator under reduced pressure and the residue
was purified by flash chromatography on silica gel, eluting with petroleum ether/EtOAc
(EtOAc: 50-80%) to afford the title compound as an orange oil (320 mg, 43%).
vmax(ATR)/cm™ 2868, 2094 (N3), 1507; &u (400 MHz, CDCl3) 3.41 (2H, app. t, J 5.0,
CH>), 3.67-3.79 (6H, m, 3 x CH>), 3.90 (2H, app t, J 4.8, CH>), 4.16 (2H, app t, J 4.8,
CH>), 6.99 [2H, (AX)2, ArH], 7.18 [2H, (AX)2, ArH], 7.77 (1H, br s, NH); 6c (101 MHz,
CDCl3) 50.7 (CHz), 67.8 (CHz), 69.7 (CH), 70.1 (CH2), 70.8 (CH2), 70.9 (CH>), 116.0
(2 x ArCH), 127.3 (2 x ArCH), 128.9 (ArC), 158.5 (ArC), 182.2 (CS); m/z (ES")

326.1282 (100%, M+H". C13H20N503S requires 326.1281).

2-[[4-]2-]2-(2-Azidoethoxy)ethoxy]ethoxy]|phenyl]imino]thiazolidin-4-one 17
0

S.__NH

e
jop
N{%o\/to
1-[4-[2-[2-(2-Azidoethoxy)ethoxy]ethoxy]phenyl]thiourea 16 (230 mg, 0.71 mmol) and

sodium acetate (85 mg, 1.06 mmol) were dissolved in ethanol (2 mL). Ethyl chloroacetate
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(0.12 mL, 1.06 mmol) was added and the reaction was heated at 90 °C overnight. The
reaction mixture was cooled to room temperature and the solvent was removed using a
rotary evaporator under reduced pressure. The crude product in ethyl acetate (20 mL)
was washed with water (10 mL), followed by brine (10 mL). The organic phase was dried
over anhydrous MgSOy, filtered and concentrated on a rotary evaporator under reduced
pressure to afford the title compound as a viscous brown oil (252 mg, 97%).
vmax(ATR)/cm™ 2869, 2098 (N3), 1607, 1505; &u (400 MHz, CDCl3) 3.41 (2H, app. t, J
5.1, CH>), 3.68-3.80 (6H, m, 3 x CH>), 3.87 (2H, s, SCH>), 3.90 (2H, app t, J 4.8, CH>),
4.17 (2H, appt,J4.8, CH2), 6.97 [2H, (AX)2, ArH], 7.27 [2H, (AX)2, ArH]; 6c (101 MHz,
CDCl) 37.2 (SCH2), 50.7 (CH2), 67.7 (CHz), 69.8 (CH>), 70.1 (CH>), 70.8 (CH>), 70.9
(CHz), 115.4 (2 x ArCH), 124.9 (2 x ArCH), 132.6 (ArC), 157.7 (ArC), 175.4 (NCNH),

182.0 (NCO); m/z (ES*) 366.1 (100%, M+H*. C15H20Ns04S requires 366.1).

2-[[4-[2-[2-(2-Azidoethoxy)ethoxy]ethoxy]phenyl]imino]-5-(4-hydroxy-3-methoxy-

S-nitrobenzylidene)thiazolidin-4-one 18

O.N
HO<C>/\\_(O
_d S._NH

e
N
N3\/\O/\/O\/\O/©/

2-[[4-[2-[2-(2-Azidoethoxy)ethoxy|ethoxy]phenyl]imino]thiazolidin-4-one 17 (80 mg,
0.22 mmol) was dissolved in glacial acetic acid (3 mL). 5-Nitrovanillin (43 mg, 0.22

mmol) and sodium acetate (36 mg, 0.44 mmol) were added and the reaction was heated
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at 130 °C for 24h. The reaction mixture was cooled to room temperature and the solvent
was removed using a rotary evaporator under reduced pressure. The mixture was purified
via preparative HPLC using an “Waters Xbridge C 18 4.6 x 250 mm” column [40 to 95%
MeCN in aqueous TFA (0.1%) over 20 mins, 240 nm] to afford the title compound as an
orange solid (58 mg, 48%). m.p. 136 - 138 °C; vmax(ATR)/cm! 3206 (OH), 2928, 2870,
2100 (N3), 1673 (CO), 1611, 1507 (NO); ou (400 MHz, CDCls) 3.43 (2H, app t, J 4.2,
CH>), 3.65-3.85 (6H, m, 3 x CH>), 3.93 (2H, app t, J 4.0, CH>), 3.98 (3H, s, CH3), 4.20
(2H, app t, J 4.0, CH>), 7.00-7.10 (2H, m, 2 x ArH), 7.15-7.26 (3H, m, 2 x ArH, Ar-CH)),
7.73 (1H, s, ArH), 7.83 (1H, s, ArH); &¢c (126 MHz, CDCl3) 50.7 (CH»), 57.0 (CH3), 67.8
(CH2), 69.8 (CH2), 70.1 (CHz), 70.8 (CH2), 70.9 (CHy), 115.6 (2 x ArCH), 117.2 (ArCH),
118.1 (ArCH), 123.6 (2 x ArCH), 124.7 (ArC), 125.3 (ArC), 129.0 (Ar-CH), 134.0
(CCO), 139.3 (Ar(), 147.2 (ArC), 150.5 (ArC), 157.3 (ArC), 157.4 (NCNH), 175.8 (CO);

m/z (ES") 545.1458 (100%, M+H". C23H,sNsOsS requires 545.1449),

N-Phenylthiourea 20

HN” “NH,

Concentrated hydrochloric acid (4.60 mL, 55.28 mmol) was added dropwise to aniline
19 (5.00 mL, 55.3 mL) with continuous stirring. After 30 min, the solution appeared
turbid and a saturated solution of ammonium thiocyanate (5.00 g, 65.68 mmol) in water

(10 mL) was added slowly. The reaction mixture was heated at reflux for 1 h until the
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solution appeared turbid again. The turbid solution was poured in ice cold water. The
separated precipitate was filtered and recrystallised from water giving the title compound
as a white solid (1.70 g, 20%); m.p. 146 - 148 °C [1it.!% m.p. 148.3 °C]; &u (400 MHz,
DMSO-ds) 7.03-7.15 (1H, m, p-ArH), 7.28-7.35 (2H, m, o-ArH), 7.36-7.43 (2H, m, m-

ArH), 9,70 (1H, s, NH); m/z (ES") 151 [20%, (M-HY7], 117 (10), 114 (100). The data

agree with those reported in the literature.'®- 11
2-(Phenylamino)-4(5H)-thiazolone 21
0
HN//S
NS

Ethyl chloroacetate (0.50 mL, 4.00 mmol) was added to a magnetically stirred suspension
of N-phenylthiourea 20 (302 mg, 2.00 mmol) and anhydrous sodium acetate (820 mg,
10.00 mmol) in absolute ethanol (7 mL). The reaction was heated at 90 °C overnight.
After cooling to room temperature, a precipitate formed which was cooled in the fridge
for 1h for further precipitation. The precipitate was filtered, washed with water (50 mL)
and diethyl ether (50 mL), dried under vacuum to afford the title compound as an off-
white solid (246 mg, 64%). m.p. 174 - 176 °C [lit."!"! m.p. 172 - 174 °C]; &u (400 MHz,
DMSO-ds) 3.92 - 4.08 (2H, m, CH>), 6.93 -7.04 (1H, m, ArH), 7.11 - 7.21 (1H, m, ArH),
7.30 - 7.45 (2H, m, 2 x ArH), 7.65 - 7.75 (1H, m, ArH), 10.80 - 12.10 (1H, m, NH); m/z

(ES’) 191 [100%, (M-H)]. The data agree with those reported in the literature.!!! !'?
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5-[(4-Hydroxy-3-methoxy-5-nitrophenyl)methylene]-2-(phenylamino)-4(5H)-

thiazolone 22

o
S ONH
o

0 @
Glacial acetic acid (5 mL) was added to 2-(phenylamino)-4(5H)-thiazolone 21 (100 mg,
0.52 mmol), 5-nitrovanillin (103 mg, 0.52 mmol) and sodium acetate (85 mg, 1.04 mmol).
The reaction mixture was stirred and heated at 120 °C overnight. The reaction mixture
was cooled to room temperature and the precipitate formed. The crude was filtered and
washed with diethyl ether (30 mL), dried under vacuum to afford the title compound as
an orange solid (119 mg, 62%). m.p. 280 - 284 °C; vmax(ATR)/cm™ 3238 (OH), 2766,
1707 (CO), 1678, 1647, 1595, 1574, 1543; 6u (400 MHz, DMSO-de) 3.82 —4.00 (3H, m,
OCHs), 7.08 (1H, d, J 7.1, ArH), 7.22 (1H, t, J 7.1, AtH), 7.43 (2H, q, J 8.0, 2 x ArH),
7.48 —7.86 (4H, m, 3 x ArH, Ar-CH), 11.65 (1H, s, OH); &c (126 MHz, DMSO-d¢) 57.2
(OCHa3), 117.4 (2 x ArCH), 120.9 (2 x ArCH), 124.9 (ArC), 125.7 (ArCH), 127.2 (ArC),
128.5 (Ar-CH), 129.7 (ArCH), 130.0 (ArCH), 137.6 (CCO), 138.8 (ArC), 144.5 (ArC),
150.4 (ArC), 170.7 (NCNH), 180.8 (NCO); m/z (ES") 372.0656 (100%, M+H".

C17H14N30:5S requires 372.0649).
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N-(4-Methoxyphenyl)thiourea 24

HN" “NH,

_0

Hydrochloric acid (1M, 50 mL) was added to p-anisidine 23 (5.00 g, 40.6 mmol) and
ammonium thiocyanate (3.09 g, 40.6 mmol). The reaction mixture was stirred and heated
at 110 °C overnight. After cooling to room temperature, the reaction mixture was
refrigerated for 1.5 h to aid precipitation. The product was filtered under vacuum and
washed with water (30 mL) and diethyl ether (30 mL). It was dried under high vacuum
to afford the title compound as a purple solid (2.59 g, 35%). m.p. 208 - 210 °C [lit.!!3
m.p. 209 - 210 °C]; du (400 MHz, DMSO-d¢) 3.73 (3H, s, CH3), 6.90 [2H, (AX)2, 2 X
ArH], 7.22 (2H, d, J 8.6, 2 x ArH), 9.49 (1H, s, NH); m/z (ES") 183 (100%, MH"). The

data agree with those reported in the literature,!%% 113114

2-[(4-Methoxyphenyl)amino|-4(5H)-thiazolone 25

O

oy

N-(4-Methoxyphenyl)thiourea 24 (1.00 g, 5.49 mmol) and sodium acetate (613 g, 7.47
mmol) were dissolved in ethanol (8 mL). Ethyl chloroacetate (0.80 mL, 7.47 mmol) was
added and the reaction was heated at 80 °C overnight. The reaction mixture was cooled

to room temperature and refrigerated for 1.5 h to aid precipitation. The precipitate formed
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was filtered and dried under vacuum to afford the title compound as a brown crystal
(1.14 g, 93%). m.p. 178 - 180 °C [lit.""> m.p. 178.1 — 178.2 °C]; vmax(ATR)/cm 3006
(NH), 1669 (C=0), 1636, 1612, 1575; du (400 MHz, DMSO-ds) 3.75 (3H, s, CH3), 3.94
(1H, s, CHH), 3.99 (1H, s, CHH), 6.90 — 7.05 (3H, m, 3 x ArH), 7.60 (1H, d J 9.0, ArH),
10.70 — 11.95 (1H, m, NH); m/z (ES") 223 (100%, MH"). The data agree with those

reported in the literature.!!> 116

5-[(4-Hydroxy-3-methoxy-5-nitrophenyl)methylene]-2-[(4-methoxyphenyl)amino]-

4(SH)-thiazolone 26

0
O,N
\S NH
HO %\N
0 S
—0

Glacial acetic acid (20 mL) was added 2-[(4-methoxyphenyl)amino]-4(5H)-thiazolone
25 (500 mg, 2.25 mmol), 5-nitrovanillin (443 mg, 2.25 mmol) and sodium acetate (369
mg, 4.50 mmol). The reaction mixture was stirred and heated at 120 °C overnight. The
reaction mixture was cooled to room temperature and the precipitate formed. The crude
was filtered and washed with diethyl ether (50 mL), dried under vacuum to afford the
title compound as an orange solid (823 mg, 91%). m.p. 240 - 242 °C; vmax(ATR)/cm’!
3395 (OH), 2796, 1695 (CO), 1603, 1532, 1511; 6u (400 MHz, DMSO-d¢) 3.70 — 3.95
(6H, m, 2 x OCH3), 6.90 — 7.11 (3H, m, 3 X ArH), 7.32 - 7.80 (4H, m, 3 X ArH, Ar-CH),
11.53 (1H, s, OH), 12.00 (1H, br s, NH); dc (126 MHz, DMSO-d¢) 55.8 (OCH3), 56.9
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(OCHs), 114.7 (2 x ArCH), 116.6 (ArCH), 118.2 (ArCH), 122.2 (ArC), 122.4 (2 x ArCH),
126.0 (ArC), 127.6 (ArC), 129.5 (Ar-CH), 132.1 (ArC), 137.3 (CCO), 139.5 (ArC), 151.3
(ArC), 157.0 (NCNH), 172.7 (NCO); m/z (ES*) 402.0765 (100%, M+H". C1sH16N306S

requires 402.0754).

2-[(3,5-Dimethylphenyl)amino]-5-[(4-hydroxy-3-nitrophenyl)methylene|-4(5H)-

thiazolone 28
0
O,N
2 D/\H(NH
HO S\\<N

Glacial acetic acid (10 mL) was added to 2-[(3,5-dimethylphenyl)amino]-4(5H)-
thiazolone 9 (300 mg, 1.36 mmol), 4-hydroxy-3-nitrobenzaldehyde 27 (228 mg, 1.36
mmol) and sodium acetate (123 mg, 2.72 mmol). The reaction mixture was stirred and
heated at 120 °C overnight. The reaction mixture was cooled to room temperature and
the precipitate formed. The crude was filtered and washed with diethyl ether (30 mL),
dried under vacuum to afford the title compound as a yellow solid (284 mg, 57%). m.p.
294 - 296 °C; vmax(ATR)/cm™! 3314 (OH), 2780, 1718 (CO), 1644, 1622, 1592, 1538; o
(500 MHz, DMSO-ds) 2.17 - 2.23 (6H, m, 2 x CH3), 6.57 (1H, s, ArH), 6.77 (1H, s, ArH),
7.10-7.25 (1H, m, ArH), 7.34 (1H, s, Ar-CH), 7.47—7.75 (2H, m, 2 X ArH), 7.93 —8.10
(1H, m, ArH), 11.56 (1H, s, OH), 12.18 (1H, br s, NH); &c (126 MHz, DMSO-ds) 21.4
(CH3), 21.5 (CH3), 118.6 (ArCH), 120.8 (ArCH), 125.2 (ArC), 127.2 (ArCH), 128.1
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(ArCH), 128.9 (Ar-CH), 135.6 (ArCH), 136.6 (ArCH), 137.6 (CCO), 137.8 (ArC), 138.8
(2 x ArCMe), 139.2 (ArC), 148.0 (ArC), 170.5 (NCNH), 180.9 (NCO); m/z (ES")

370.0867 (100%, M+H". C1gH16N304S requires 370.0856).

2-[(3,5-Dimethylphenyl)amino]-5-[(4-hydroxy-3-methoxyphenyl)methylene]-

4(SH)-thiazolone 30

Glacial acetic acid (10 mL) was added to 2-[(3,5-dimethylphenyl)amino]-4(5H)-
thiazolone 9 (150 mg, 0.68 mmol), vanillin 29 (207 mg, 1.36 mmol) and sodium acetate
(112 mg, 1.36 mmol). The reaction mixture was stirred and heated at 120 °C overnight.
The reaction mixture was cooled to room temperature and the solvent was removed using
a rotary evaporator under reduced pressure. The crude mixture in ethyl acetate (30 mL)
was washed with water (30 mL), then brine (30 mL), dried over anhydrous MgSQOu,
filtered and concentrated. The crude product was purified via preparative HPLC using an
“Waters Xbridge C 18 4.6 x 250 mm” column (40% THF in water over 15 mins, 254 nm)
to afford the title compound as a yellow solid (171 mg, 71%). m.p. 166 - 168 °C;
vmax(ATR)/em! 2918, 1694 (CO), 1629, 1589, 1513; du (400 MHz, CDCl3) 2.36 (6H, s,
2 x CH3), 3.92 (3H, s, OCH3), 6.80 (2H, s, 2 x ArH), 6.90 (1H, s, ArH), 6.95 - 7.10 (3H,
m, 2 x ArH, Ar-CH), 7.69 (1H, s, ArH); dc (126 MHz, CDCl3) 21.4 (2 x CHs), 56.0

116



(OCH3), 112.7 (ArCH), 115.1 (2 x ArCH), 119.6 (ArCH), 123.9 (ArC), 126.2 (ArC),
127.5 (ArCH), 129.7 (Ar-CH), 132.0 (CCO), 139.3 (2 x ArCMe), 146.8 (ArC), 147.7
(ArC), 150.5 (ArC), 155.1 (NCNH), 169.4 (CO); m/z (ES") 355.1129 (100%, M+H".

Ci19H19N205S requires 355.1111).

3,4-Dimethoxy-5-nitrobenzaldehyde 32

Mel (1.58 mL, 25.4 mmol) was added dropwise to the mixture of 5-nitrovanillin (1.00 g,
5.07 mmol), KoCOs3 (1.40 g, 10.1 mmol) and TBAI (188 mg, 0.51 mmol) in DMF (50
mL). The resulting suspension was stirred vigorously under N> for 24h. The solvent was
removed with a rotary evaporator under reduced pressure. The crude product in diethyl
ether (50 mL) was washed with 1M NaOH (2 x 40 mL) to remove unreacted phenol and
Mel. The organic layer was further washed with brine (30 mL), dried over anhydrous
MgSOs, filtered and concentrated with a rotary evaporator. The solid residue was
recrystallised from an acetone/water mixture giving the title compound as a light yellow
solid (533 mg, 50%); m.p. 78 - 80 °C [lit. m.p. 62 °C,'"7 88 - 89 °C!'8]; &y (400 MHz,
CDCl) 4.03 (3H, s, CH3), 4.11 (3H, s, CH3), 7.65 (1H, d, ArH, J 1.8), 7.86 (1H, d, ArH,
J 1.8), 9.94 (1H, s, CHO); m/z (ES") 213 (100%, M+2H"), 210 [20%, (M-H)']. The data

are in broad agreement with those reported in the literature.'!”-!1?
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2-[(3,5-Dimethylphenyl)amino]-5-[(3,4-dimethoxy-5-nitrophenyl)methylene]-

4(SH)-thiazolone 33

0
O,N
\s NH
~o \\<N

Glacial acetic acid (10 mL) was added to 2-[(3,5-dimethylphenyl)amino]-4(5H)-
thiazolone 9 (150 mg, 0.68 mmol), 3,4-dimethoxy-5-nitrobenzaldehyde 32 (144 mg, 0.68
mmol) and sodium acetate (112 mg, 1.36 mmol). The reaction mixture was stirred and
heated at 120 °C overnight. The reaction mixture was cooled to room temperature and
the precipitate formed. The crude was filtered and washed with diethyl ether (30 mL),
dried under vacuum to afford the title compound as a light yellow solid (189 mg, 67%).
m.p. 266 - 268 °C; vmax(ATR)/cm™! 2775, 1722 (CO), 1670, 1630, 1593, 1540; du (400
MHz, DMSO-d¢) 2.22 - 2.31 (6H, m, 2 X CH3), 3.84 - 4.01 (6H, m, 2 x OCH3), 6.62 (1H,
s, ArH), 6.74 - 6.84 (1H, m, ArH), 7.34 (1H, s, Ar-CH), 7.42 — 7.72 (3H, m, 3 x ArH),
12.04 (1H, br s, NH); 6c (101 MHz, DMSO-ds) 21.6 (CH3), 26.3 (CH3), 57.1 (OCH3),
62.2(OCH3), 115.9 (ArCH), 117.9 (ArCH), 118.4 (ArCH), 119.8 (ArCH), 120.0 (ArCH),
126.1 (ArCH), 131.8 (CCO), 138.2 (Ar(C), 138.5 (Ar(), 142.1 (ArC), 145.0 (ArC), 154.0
(ArC), 154.2 (ArC), 172.5 (NCNH), 180.6 (NCO); m/z (ES") 414.1126 (100%, M+H".

C20H20N305S requires 414.1118).
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2-[2-(2-Azidoethoxy)ethoxy]ethanol 35
oA

Sodium azide (2.68 g, 41.24 mmol) was added to the solution of 2-[2-(2-
chloroethoxy)ethoxy]ethanol 34 (5 mL, 34.37 mmol) and potassium iodide (1.14 g, 6.874
mmol) in water (50 mL). The reaction mixture was stirred at 100 °C for 48 h. When
cooling to the ambient temperature, the reaction mixture was extracted with DCM (3 %
50 mL), and the organic layer was washed with brine (50 mL) and then dried over
anhydrous MgSOs. After filtration, the solvent was evaporated and the product was dried
under vacuum. Dry flash chromatography on silica gel (petroleum ether/EtOAc, 1:4) was
used to purify the title compound as a slight yellow oil (5.45 g, 91 %); 6u (400 MHz,
CDCHh) 3.41(2H, t, J 5.0, CH>), 3.59-3.64 (2H, m, CH>), 3.65-3.71 (6H, m, 3 x CH>),
3.71-3.76 (2H, m, CH>); m/z (ES") 198 (MNa", 100%), 176 (MH", 85%). The data agree

with those reported in the literature.'?°

2-[2-(2-Azidoethoxy)ethoxy]ethyl-4-methylbenzenesulfonate 36

N3/\<’ O\/tOTs
4-Toluenesulfonyl chloride (6.84 g, 35.9 mmol) was added to a solution of 2-[2-(2-
azidoethoxy)ethoxy]ethanol 35 (5.25 g, 29.9 mmol) in DCM (50 mL) at 0 °C with an ice-
water bath. Then KOH (3.36 g, 59.8 mL) was added portion-wise and the reaction was
allowed to warm to room temperature and stir overnight. Ice (50 g) and 1M HCI (50 mL)

were added to the reaction which was extracted with DCM (3 x 50 mL). The combined
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organic layers were washed with brine (50 mL) and then dried over anhydrous MgSOa.
After filtration, the solvent was evaporated and the product was dried under vacuum. Dry
flash chromatography on silica gel (petroleum ether/EtOAc, 3:1) was used to purify the
title compound as a mobile colourless oil (8.97 g, 91%); Vmax(ATR)/cm™ 2871, 2099
(N=N=N), 1598; 6u (400 MHz, CDCI3) 2.47 (3H, s, CH3), 3.39 (2H, t, J 4.9, CH>), 3.59-
3.63 (4H, m, 2 x CH>), 3.63-3.68 (2H, m, CH>), 3.69-3.74 (2H, m, CH>), 4.14-4.21 (2H,
m, CH>), 7.36 (2H, d, J 8.0, 2 x ArH), 7.81 (2H, d, J 8.0, 2 x ArH); m/z (ES") 352 (100%,

M+Na"), 302 (28). The data agree with those reported in the literature.'?!

3,4-Dihydroxy-5-nitrobenzaldehyde 37

OZN \O

HO

OH

A solution of 5-nitrovanillin 31 (500 mg, 2.54 mmol) in hydrobromic acid (48 wt% in
H>0, 10 mL) and acetic acid (5 mL) was stirred at 110 °C for 36 h. The reaction mixture
was diluted with H,O (20 mL) and extracted 5 times with DCM (5 x 30 mL). The
combined organic phases were washed with brine (50 mL), dried over anhydrous MgSOs,
filtered and concentrated under vaccum to afford the title compound as a yellow solid
(467 mg, quan.). m.p. 126 - 128 °C [lit.'"?> m.p. 134 - 139 °C]; 8 (400 MHz, DMSO-ds)
7.46 (1H, d, J 1.8, ArH), 7.99 (1H, d, J 1.8, ArH), 9.82 (1H, s, CHO), 10.94 (1H, br s,
OH); m/z (ES") 182 [100%, (M-H)]; The data are in broad agreement with those reported

in the literature.'?> 13
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3-[2-[2-(2-Azidoethoxy)ethoxy]ethoxy]-4-hydroxy-5-nitrobenzaldehyde 38

O,N ~o

HO
Ng\/\6 o /\to

Sodium hydride (87 mg, 2.18 mmol, 60% w/w in mineral oil) was washed three times
with petroleum ether (3 x 10 mL) and suspended in dry DMF (2 mL) at 0 °C with an ice-
water bath under Ny. 3,4-Dihydroxy-5-nitrobenzaldehyde 37 (200 mg, 1.09 mmol) in dry
DMF (2 mL) was added dropwise to sodium hydride and the reaction mixture was stirred
at 0 °C for 30 min. Subsequently, 2-[2-(2-azidoethoxy)ethoxy]ethyl-4-
methylbenzenesulfonate 36 (360 mg, 1.09 mmol) in dry DMF (2 mL) was added
dropwise to the reaction. The ice-water bath was removed and the reaction was stirred at
room temperature overnight. Methanol (10 mL) was added to quench sodium hydride
and the solvent was eliminated in a rotary evaporator under reduced pressure. The residue
was dissolved in DCM (15 mL) and acidified to pH = 2 with 1M HCI. The aqueous layer
was separated and extracted with DCM (3 x 20 mL). The combined organic layers were
washed with brine (30 mL), dried over anhydrous MgSOQu, filtered and the filtrate was
eliminated in a rotary evaporator under reduced pressure. The crude residue was purified
by flash column chromatography on silica gel, eluting DCM/MeOH, MeOH: 0-10% to
afford the title compound as a yellow solid (294 mg, 79%). m.p. 56 - 58 °C;
vmax(ATR)/em™ 3191, 3088, 2910, 2109, 1686 (CO), 1613, 1550; du (400 MHz, CDCl;)
3.40 (2H,t,J 5.0, CH>), 3.61 - 3.86 (6H, m, 3 x CH>), 4.00 (2H, t, J 4.8, CH>), 4.32 (2H,
t,J 4.8, CH»), 7.63 (1H, s, ArH), 8.25 (1H, d, J 1.8, ArH), 9.85 (1H, s, CHO); 6c (101
MHz, CDCl3) 50.7 (CH2), 69.4 (CH>), 69.7 (CH2), 70.1 (CH2), 70.7 (CH2), 70.0 (CH>),
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115.4 (ArCH), 116.5 (ArC), 121.8 (ArCH), 125.1 (ArC), 142.9 (ArC), 144.8 (ArC), 188.9

(CHO); m/z (ES") 363.1 (100%, M+Na". Ci3H16N4O7Na requires 363.1).

3-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)-4-methoxy-5-nitrobenzaldehyde 39
O,N o
~o

Ng\/\é O/\to

Iodomethane (0.05 mL, 0.73 mmol) was added dropwise to the mixture of 3-[2-[2-(2-

azidoethoxy)ethoxy]ethoxy]-4-hydroxy-5-nitrobenzaldehyde 38 (50 mg, 0.15 mmol),

K2COs3 (40 mg, 0.29 mmol) and TBAI (6 mg, 0.02 mmol) in dry DMF (2 mL). The

resulting suspension was stirred under N> at room temperature for 24h. The solvent was

removed with a rotary evaporator under reduced pressure. The residue was dissolved in

EtOAc (10 mL) and 1M NaOH (10 mL) was added to remove unreacted phenol 38 and

iodomethane. The organic layer was separated and washed with brine (10 mL), dried

over anhydrous MgSQOy, filtered and concentrated. The aqueous layer was neutralised to
pH = 7 with IM HCI and extracted with EtOAc (2 x 15 mL). The combined organic
layers were washed with brine (15 mL), dried over anhydrous MgSOs, filtered and the
filtrate was eliminated in a rotary evaporator under reduced pressure. The crude residue
was purified by flash column chromatography on silica gel, eluting petroleum

ether/EtOAc, EtOAc: 50% to afford the title compound as a yellow oil (12 mg, 23%).

vmax(ATR)/em™! 2870, 2100, 1698 (CHO), 1604, 1536; du (400 MHz, CDCls) 3.40 (2H,

t,J 5.0, CH>), 3.66 - 3.80 (6H, m, 3 x CH>), 3.97 (2H, t, J 4.8, CH>), 4.14 (3H, s, OCH}3),
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433 (2H, t, J 4.8, CH>), 7.68 (1H, d, J 1.8, ArH), 7.86 (1H, d, J 1.8, ArH), 9.93 (1H, s,
CHO); ¢ (101 MHz, CDCl3) 50.7 (CHa), 62.3 (OCH3), 69.3 (CHa), 69.5 (CHz), 70.2
(CHa), 70.8 (CHa), 70.9 (CHa), 114.9 (ArCH), 115.6 (ArC), 119.7 (ArCH), 123.3 (ArC),
125.1 (ArC), 140.4 (ArC), 188.9 (CHO); m/z (ES') 377.1085 (100%, M+Na".

C14H1sN4O7Na requires 377.1068).

5-13-[2-[2-(2-Azidoethoxy)ethoxy]ethoxy]-4-hydroxy-5-nitrobenzylidene]-2-[(3,5-
dimethylphenyl)imino]thiazolidin-4-one 40

O,N

oY,
HO

N3\/~6 O/\io \Q
2-[(3,5-Dimethylphenyl)amino]-4(5H)-thiazolone 9 (65 mg, 0.29 mmol), 3-[2-[2-(2-
azidoethoxy)ethoxy]ethoxy]-4-hydroxy-5-nitrobenzaldehyde 38 (100 mg, 0.29 mmol)
and sodium acetate (48 mg, 0.59 mmol) were dissolved in glacial acetic acid (4 mL). The
reaction was heated at 110 °C for 24h. The reaction mixture was cooled to room
temperature and the solvent was removed using a rotary evaporator under reduced
pressure. The residue was dissolved in DCM (15 mL) and water (10 mL). The aqueous
layer was separated and extracted with DCM (3 x 20 mL). The combined organic layers
were washed with brine (30 mL), dried over anhydrous MgSQs, filtered and the filtrate
was eliminated in a rotary evaporator under reduced pressure. The crude mixture was

purified via preparative HPLC using an “Waters Xbridge C 18 4.6 x 250 mm” column
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[40% MeCN in aqueous TFA (0.1%) over 25 mins, 354 nm] to afford the title compound
as an orange solid (110 mg, 70%). m.p. 210 - 212 °C; vmax(ATR)/cm! 2922, 2853, 2111
(N3), 1651, 1632, 1595, 1545; 6u (500 MHz, CDCI3) 2.37 (6H, s, 2 x CH3), 3.35 — 3.47
(2H, m, CH>), 3.64 - 3.82 (6H, m, 3 x CH>), 3.90 — 4.01 (2H, m, CH>), 4.24 — 4.35 (2H,
m, CH>), 6.81 (2H, s, 2 x ArH), 6.93 (1H, s, ArH), 7.29 (1H, s, Ar-CH), 7.63 (1H, s, ArH),
7.85 (1H, s, ArH); o6c (126 MHz, CDCl3) 21.4 (2 x CH3), 50.7 (CH2), 69.6 (CHz), 70.0
(CH2), 70.1 (CH2), 70.8 (CH2), 71.0 (CH2), 117.9 (ArC), 119.7 (2 x ArC), 120.8 (ArC),
124.6 (ArC), 125.1 (ArC), 128.1 (ArC), 129.0 (ArC), 134.3 (CCO), 139.5 (2 x ArO),
144.0 (ArC), 147.6 (ArC), 149.8 (ArC), 155.5 (NCNH), 169.5 (CO); m/z (ES") 543.1646

(100%, M+H". C24H27N6O7S requires 543.1656).

BODIPY-PEGs3-thiazolidinone 42

5-[3-[2-[2-(2-Azidoethoxy)ethoxy]ethoxy]-4-hydroxy-5-nitrobenzylidene]-2-[(3,5-

dimethylphenyl)imino]thiazolidin-4-one (1.0 mg, 1.84 x 10 mmol) 40 and alkyne-
BODIPY-FL 41 (0.6 mg, 1.84 x 10 mmol) were dissolved in DMSO (100 pL). L-
Ascorbic acid (6.5 mg) was dissolved in DMSO (2 mL) and portion of this (100 puL, 1.84
x 107 mmol) was added to the reaction. CuSO4 (7.37 mg) was dissolved in water (1 mL)

and portion of this (20 pL, 9.22 x 10 mmol) was added to the reaction. The reaction
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mixture was stirred at room temperature overnight. The crude mixture was directly
purified via preparative HPLC using an “Waters Xbridge C 18 4.6 x 250 mm” column
[40% MeCN in aqueous TFA (0.1%) over 25 mins, 350 nm, retention time: 17.7 min] to
afford the title compound as a brick-red solid (1.0 mg, 63%). m/z (ES") 872 (100%,

M+H").

2-Methyl-4H-3,1-benzoxazin-4-one 47

o}
L

N/)\
Anthranilic acid 46 (5.08 g, 37.04 mmol) was dissolved in triethyl orthoacetate (11 mL,
60.14 mmol) and heated at reflux for 2.5 h. The reaction mixture was cooled to ambient
temperature overnight and the resulting crystals were filtered and washed with hexane to
give the title compound as a light brown solid (4.51 g, 76%). m.p. 76 - 80 °C [lit.!** m.p.
77 - 80 °C]; vmax(ATR)/cm™! 1742 (CO), 1692, 1644, 1606, 1508; &1 (400 MHz, CDCl;)
249 3H, s, CH5), 7.52 (1H, t, J 7.8, ArH), 7.56 (1H, d, J 8.1, ArH), 7.81 (1H, td, J 7.8,
1.5, ArH), 8.20 (1H, dd, J 7.8, 1.5, AtH); m/z (ES") 162 (100%, M+H"). The data agree

with those reported in the literature.®’- 124
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3-(2-Methyl-4-0x0-3(4H)-quinazolinyl)benzoic acid 48

2-Methyl-4H-3,1-benzoxazin-4-one 47 (2.03 g, 12.60 mmol) and 3-aminobenzoic acid
(1.74 g, 12.60 mmol) were dissolved in glacial acetic acid (8 mL) and heated to reflux at
130 °C overnight. The reaction mixture was cooled to room temperature and water (5
mL) was added. The resulting precipitate was filtered and washed with water (10 mL),
followed by cold ethanol (10 mL) and hexane (10 mL) to give the title compound as a
white solid (2.58 g, 73%). m.p. 278 - 282 °C; vmax(ATR)/cm™! 2463 (OH), 1869, 1685
(CO), 1611, 1571; 6u (400 MHz, DMSO-de) 2.13 (3H, s, CH3), 7.52 (1H, t, J 7.5, AtH),
7.64 - 7.78 (3H, m, ArH), 7.85 (1H, td, J 7.6, 1.2, ArH), 8.02 (1H, s, ArH), 8.10 (2H, t, J

7.3, ArH); m/z (ES") 281 (M+H"). The data agree with those reported in the literature.®’

(E)-3-(3-Carboxyphenyl)-2-(4-cyanostyryl)quinazolin-4(3H)-one 5

CN

3-(2-Methyl-4-0x0-3(4H)-quinazolinyl)benzoic acid 48 (1.02 g, 3.64 mmol) and 4-
formylbenzonitrile (0.59 g, 4.50 mmol) were dissolved in glacial acetic acid (5 mL) and
heated at 130 °C overnight. The reaction mixture was cooled to room temperature and

water (5 mL) was added. The resulting precipitate was filtered and washed with water

(10 mL), followed by cold ethanol (10 mL) and hexane (10 mL) to give the title
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compound as a yellow solid (1.31 g, 92%). m.p. 276 - 278 °C; vmax(ATR)/cm™' 2813 (OH),
2224 (CN), 2113, 1681 (CO), 1603, 1573, 1551; 6u (400 MHz, DMSO-d¢) 6.49 (1H, d,
J15.5, CHCHArCN), 7.53 - 7.64 (3H, m, ArH), 7.71 - 7.77 (2H, m, ArH), 7.80 (3H, d, J
8.4, ArH),7.87-7.96 (2H, m, ArH), 8.05 (1H, s, ArH), 8.11-8.18 (2H, m, ArH, CHArCN),
13.32 (1H, br s, CO2H); m/z (ESI") 394 (100%, M+H"). The data agree with those

reported in the literature.®’

Sodium (E)-3-(3-Carboxyphenyl)-2-(4-cyanostyryl)quinazolin-4(3H)-one 49

CN

Method A: (E)-3-(3-Carboxyphenyl)-2-(4-cyanostyryl)quinazolin-4(3H)-one 5 (150 mg,
0.38 mmol) was suspended in hot ethanol (5 mL). Sodium 2-ethylhexanoate (100 mg,
0.60 mmol) was added and the reaction mixture was stirred at 0°C for 2 h. The precipitate

was filtered and washed with cold ethanol (15 mL) to give the title compound as a light

yellow solid (152 mg, 96%).

Method B: (E)-3-(3-Carboxyphenyl)-2-(4-cyanostyryl)quinazolin-4(3H)-one 5 (100 mg,
0.25 mmol) was dissolved in THF (5 mL). NaOH (10 mg, 0.25 mmol) was added and the
reaction mixture was stirred at room temperature overnight. The solvent was eliminated

in a rotary evaporator under reduced pressure to give the title compound as a light yellow

solid (114 mg, quantitative). m.p. > 300 °C; vmax(ATR)/cm™ 3069, 2226 (CN), 1682 (CO),
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1603, 1572, 1550; 81 (400 MHz, DMSO-de) 6.48 (1H, d, J 15.6, CHCHAICN), 7.40 -
7.47 (1H, m, ArH), 7.50 - 7.61 (4H, m, 4 x AtH), 7.77 - 7.86 (4H, m, 4 x ArH), 7.87 -
7.96 (2H, m, ArH, CHArCN), 8.01 - 8.08 (1H, m, ArH), 8.13 - 8.20 (1H, m, ArH); m/z

(ES’) 392 [100%, (M-Na)']. The data agree with those reported in the literature.®’

2-[2-[2-(2-Propyn-1-yloxy)ethoxy]ethoxy]ethanol 52
///\O/\/o\/\ o~ OH

Potassium tert-butoxide (2.00 g, 17.8 mmol) was added to triethylene glycol 50 (4.8 mL,
35.6 mmol) in dry THF (40 mL) under N,. The mixture was stirred for 30 min at room
temperature. A solution of propargyl bromide 51 (2.0 mL, 17.8 mmol, 80% in toluene)
diluted in dry THF (10 mL) was added dropwise. The final suspension was continuously
stirred for 24 h at room temperature, filtered over Celite Hyflo Supercel (20 g) and
washed with DCM (50 mL). The solvent was removed and the resulting residue was
purified by flash column chromatography on silica gel, eluting petroleum ether/EtOAc,
EtOAc: 50-60% to afford the title compound as a colourless oil (2.54 g, 76%).
Vmax(ATR)/cm™ 3418, 2874, 2115, 1717; 81 (400 MHz, CDCl3) 2.44 (1H, t, J 2.4, CH),
2.82 (1H, br s, OH), 3.56 — 3.61 (2H, m, CH>OH), 3.63-3.72 (10H, m, 5 x CH>), 4.18
(2H, d, J 2.4, OCH>CCH); m/z (ES™) 435 (50), 211 (100%, M+Na"). The data agree with

those reported in the literature.!?
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Triethylene glycol dipropargyl ether 53
/\O/\/O\/\O/\/O\/

NaH (300 mg, 7.49 mmol, 60% w/w in mineral oil) was washed with petroleum ether (3
x 30 mL). Triethylene glycol 50 (2.00 mL, 14.99 mmol) was added dropwise to the
solution of NaH in dry THF (30 mL) at 0 °C with an ice-water bath under N». After
stirring for 15 min, propargyl bromide (0.85 mL, 7.49 mmol, 80wt% in toluene) was
added slowly and the ice-water bath was removed. The reaction was stirred at the room
temperature for 2 h and the solvent was eliminated in a rotary evaporator under reduced
pressure. The mixture was extracted between ethyl acetate (30 mL) and water (30 mL)
and the aqueous layer was back-extracted with ethyl acetate (30 mL). The combined
organic phase was washed with brine (30 mL), dried over anhydrous MgSQOu, filtered and
the filtrate was eliminated in a rotary evaporator under reduced pressure. The crude
residue was purified by flash column chromatography (petroleum ether/EtOAc, EtOAc:
60%) to afford 2-[2-[2-(2-propyn-1-yloxy)ethoxy]ethoxy]ethanol 52 (412 mg, 29%) and
the title compound 53 as a colourless oil (479 mg, 28%). Vmax(ATR)/cm! 3425, 2920,
2118, 1716; du (400 MHz, CDCl3) 2.42 (2H, t, J 2.4, 2 x CH), 3.62 - 3.70 (12H, m, 6 x
CHa), 4.17 (4H, d, J 2.4, 2 x OCH>CCH). m/z (ES") 435 (80), 281 (50), 249 (100%,

M+Na"). The data agree with those reported in the literature.!2°
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2-[2-[2-(Prop-2-yn-1-yloxy)ethoxy|ethoxy|ethyl 4-methylbenzenesulfonate 54
e S

2-[2-[2-(2-Propyn-1-yloxy)ethoxy|ethoxy]ethanol 52 (1.00 g, 5.31 mmol) was dissolved
in THF (5 mL). A solution of NaOH (0.64 g, 15.93 mmol) in water (5 mL) was added at
0 °C with an ice-water bath. 4-Toluenesulfonyl chloride (1.32 g, 6.90 mmol) was
dissolved in THF (4 mL) and the solution was added to the reaction dropwise. The
mixture was stirred at 0 °C and allowed to reach room temperature for 24 h. The solvent
was removed and the crude was diluted with water (15 mL) and extracted with diethyl
ether (3 X 20 mL). The combined organic phase was dried over anhydrous MgSOs,
filtered and the filtrate was eliminated in a rotary evaporator under reduced pressure. The
crude residue was purified by flash column chromatography eluting with petroleum
ether/EtOAc (EtOAc: 30%) to afford the title compound as a colourless oil (1.69 g, 93%).
vmax(ATR)/em™! 3279, 2875, 2117, 1717, 1598; 8u (400 MHz, CDCl3) 2.44 (1H, t, J 2.4,
CH), 2.46 (3H, s, CH3), 3.60 (4H, s, 2 x CH>), 3.63 - 3.67 (2H, m, CH>), 3.68 - 3.72 (4H,
m, 2 x CH), 4.15 — 4.19 (2H, m, CH>), 4.20 (2H, d, J 2.4, OCH,CCH), 7.36 (2H, d, J
8.2, 2 x ArH), 7.81 (2H, d, J 8.2, 2 x ArH). m/z (ES") 365 (100%, M+Na"), 343 (40,

M+H"). The data agree with those reported in the literature.'?’
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Methyl 2-amino-5-hydroxybenzoate 56
HO CO,Me
\©:NH2

A solution of 2-amino-5-hydroxybenzoic acid 55 (1.0 g, 6.53 mmol) in methanol (20 mL)
and concentrated sulfuric acid (1 mL) were stirred and heated at 90 °C for 72 h. The
solution was cooled and concentrated under reduced pressure, providing a brown solid,
that was re-dissolved in deionized water (15 mL). The dark brown solution was
neutralized to pH 7-8 with sat. KoCOs; (10 mL). The resultant brown precipitate was
filtered, rinsed with ice cold water and dried thoroughly under high vacuum to give the
title compound as a brown solid (770 g, 71%). m.p. 148-150 °C [lit.!?® m.p. 154-155 °C];
ou (400 MHz, DMSO-d¢) 3.77 (3H, s, CH3), 6.07 (2H, s, NH>), 6.65 (1H, d, J 8.8, ArH),
6.81 (1H, dd, J 8.8, 2.9, ArH), 7.11 (1H, J 2.9, ArH), 8.66 (1H, s, OH); m/z (ES") 168

(100%, M+H"). The data agree with those reported in the literature.'?% %

Methyl 5-hydroxy-2-(zert-butoxycarbonylamino)benzoate 57
HO\@[CO2M6
NHBoc
A solution of di-tert-butyl decarbonate (2.00 g, 9.16 mmol) in ethanol (10 mL) was added
to a suspension of methyl 2-amino-5-hydroxybenzoate 56 (1.00 g, 5.98 mmol) in ethanol
(10 mL). The reaction was stirred at 30 °C for 24 h, after which a dark brown solution
had formed. The solvent was removed in a rotary evaporator under reduced pressure, and
the crude material was purified immediately by flash column chromatography on silica

gel (petroleum ether/EtOAc 4:1) to give the title compound as a white solid (1.50 g, 94%);
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m.p. 162 - 164 °C; vmax(ATR)/cm™! 3408 (OH), 3316 (NH), 2977, 1721 (CO), 1682 (CO),
1527; du (400 MHz, DMSO-de) 1.46 (9H, s, 3 x CH3), 3.82 (3H, s, CH3), 7.00 (1H, dd,
J9.0, 3.0, ArH), 7.28 (1H, d, J 3.0, ArH), 7.87 (1H, J 9.0, ArH), 9.56 (1H, s, OH), 9.66
(1H, s, NH); m/z (ES") 290 (20%, M+Na"), 168 (100), 136 (40). The data agree with

those reported in the literature.'?

Methyl 2-[(tert-butoxycarbonyl)amino]-5-[2-[2-[2-(prop-2-yn-1-
yloxy)ethoxy]ethoxy]ethoxy]benzoate 58

% O/\%O\C[COZMe

NHBoc

Methyl 5-hydroxy-2-(tert-butoxycarbonylamino)benzoate 57 (1.11 g, 4.16 mmol) was
dissolved in DMF (20 mL). 2-(2-(2-(Prop-2-yn-1-yloxy)ethoxy)ethoxy)ethyl 4-
methylbenzenesulfonate 54 (1.71 g, 4.99 mmol) and potassium carbonate (0.86 g, 6.24
mmol) were added to this solution at room temperature. The reaction mixture was stirred
at 80 °C for 24 h. After cooling to room temperature, the solvent was removed using a
rotary evaporator under reduced pressure. The crude residue was diluted with ethyl
acetate (35 mL) and washed with sat. NaHCOs (25 mL), water (25 mL) and brine (25
mL). The organic phase was dried over anhydrous MgSOQu, filtered and the filtrate was
evaporated under reduced pressure. The crude was purified by dry flash chromatography
on silica gel, eluting petroleum ether/EtOAc, EtOAc: 30% to afford the title compound
as a colourless o0il (1.67 g, 91%). vmax(ATR)/cm! 3303, 2872, 1724, 1694 (C=0); &1 (400
MHz, CDCl) 1.54 (9H, s, 3 x CH3), 2.44 (1H, t, J 2.4, CH), 3.69 — 3.78 (8H, m, 4 x
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CH,), 3.87 (2H, t, J 4.8, CH>), 3.93 (3H, s, CH5), 4.14 (2H, t, J 4.8, CHy), 4.23 (2H, d, J
2.4, CHy), 7.15 (1H, dd, J 9.2, 3.1, ArH), 7.53 (1H, d, J 3.1, ArH), 8.36 (1H, d, J 9.2,
ArH), 10.00 (1H, s, NH); ¢ (101 MHz, CDCls) 28.4 (3 x CHs), 52.3 (CHs), 58.4
(CH,CCH), 68.0 (CHa), 69.1 (CHa), 69.7 (CHa), 70.5 (CHa), 70.7 (CHz), 70.9 (CHo),
74.7 (CCH), 77.2 (CH), 80.3 (CCH3), 113.0 (ArC), 115.4 (ArCH), 120.4 (ArCH), 122.1
(ArCH), 136.1 (ArC), 152.7 (ArC), 153.1 (NCO), 167.8 CO.CHs); m/z (ES') 455.2387

(100%, M+NH4". C22H3sN2Og requires 455.2388).

2-[(tert-Butoxycarbonyl)amino]-5-[2-[2-[2-(prop-2-yn-1-
yloxy)ethoxy]ethoxy]ethoxy]benzoic acid 59
/é O/\);O\C[COZH
NHBoc

Methyl 2-[(tert-butoxycarbonyl)amino]-5-[2-[2-[2-(prop-2-yn-1-
yloxy)ethoxy]ethoxy]ethoxy]benzoate 58 (1.61 g, 3.66 mmol) was dissolved in methanol
(25 mL). 10% NaOH solution (5 mL) was added and the resulting mixture was stirred at
room temperature overnight. The solvent was removed using a rotary evaporator under
reduced pressure. The residue was re-suspended in water (40 mL) and acidified to pH =
4 with IM HCI. The mixture was extracted with ethyl acetate (3 x 40 mL). The combined
organic layer was washed with brine (50 mL), dried over anhydrous MgSO4 and filtered.
The filtrate was eliminated in a rotary evaporator under reduced pressure to afford the
title compound that did not require any further purification as a yellowish-brown viscous

oil (1.48 g, 95%). vma(ATR)/cm! 3288, 2876, 1723 (CO), 1692 (CO); Sy (400 MHz,
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CDCls) 1.55 (9H, s, 3 x CHs), 2.45 (1H, t, J 2.4, CH), 3.70 — 3.81 (8H, m, 4 x CH>), 3.90
(2H, t, J 4.8, CH»), 4.16 (2H, t, J 4.8, CH>), 4.23 (2H, d, J 2.4, CH»), 7.17 (1H, dd, J 9.2,
3.1, ArH), 7.62 (1H, d, J 3.1, ArH), 8.36 (1H, d, J 9.2, ArH), 9.88 (1H, s, NH); 5¢ (101
MHz, CDCl3) 28.4 (3 x CHs), 58.4 (CH,CCH), 67.8 (CHa), 69.1 (CHa), 69.8 (CH,), 70.4
(CHa), 70.6 (CHa), 70.8 (CH,), 74.7 (CCH), 77.2 (CH), 80.5 (CCH3), 114.3 (ArC), 116.0
(ArCH), 120.4 (ArCH), 122.8 (ArCH), 136.7 (ArC), 152.7 (ArC), 153.0 (NCO), 171.1

(CO2H); m/z (ES™) 446.1806 (100%, M+Na". C21H20NOsNa requires 446.1785).

TFA salt of 2-amino-5-[2-[2-[2-(prop-2-yn-1-yloxy)ethoxy]ethoxy]ethoxy]benzoic

acid 60
0 Co,H ©
P O A
+
NH; g F

2-[(tert-Butoxycarbonyl)amino]-5-[2-[2-[2-(prop-2-yn-1-

yloxy)ethoxy]ethoxy]ethoxy]benzoic acid 59 (520 mg, 1.23 mmol) was dissolved in
DCM (9 mL) and TFA (1 mL). The solution was stirred at room temperature for 2 h. The
solvent was removed using compressed air and the residual TFA was co-evaporated with
DCM (10 mL) using a rotary evaporator under reduced pressure to afford the title
compound as a brown viscous oil in a quantitative yield (553 mg). vmax(ATR)/cm! 2875,
1690 (CO); du (400 MHz, MeOD) 2.84 (1H, t,J 2.4, CH), 3.66 —3.76 (8H, m, 4 X CH>),
3.88 (2H, m, CHz), 4.16 — 4.22 (4H, m, 2 x CH»), 7.26 (1H, dd, J 8.8, 3.0, ArH), 7.36
(1H, d, J 8.8, ArH), 7.66 (1H, d, J 3.0, ArH); dc (101 MHz, MeOD) 57.6 (CH.CCH),

68.0 (CHz), 68.7 (CHa), 69.4 (CH,), 70.0 (CHy), 70.1 (CHa), 70.3 (CHa), 74.5 (CCH),
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79.1 (CH), 113.7 (ArC), 116.1 (ArCH), 121.6 (ArCH), 121.7 (ArCH), 134.6 (ArC), 147.5
(ArC), 168.3 (CO.H); m/z (ES) 346.1260 (30, M+Na"), 324.1443 (100%, M+H",

C16H22NOgs requires 324.1442).

2-Methyl-6-[2-[2-[2-(prop-2-yn-1-yloxy)ethoxy]ethoxy]ethoxy]-4 H-

benzo[1,3]oxazin-4-one 61

Ly

TFA salt of 2-amino-5-[2-[2-[2-(prop-2-yn-1-yloxy)ethoxy]ethoxy]ethoxy]benzoic acid
60 (292 mg, 0.76 mmol) and triethylamine (0.11 mL, 0.76 mmol) were added to triethyl
orthoacetate (2 mL). The reaction mixture was heated and stirred at 80 °C overnight.
After cooling to room temperature, the crude mixture was directly purified via flash
column chromatography eluting with petroleum ether/EtOAc, EtOAc: 0 - 40%) to afford
the title compound as a yellowish-brown viscous oil (77 g, 33%). Vmax(ATR)/cm™! 2923,
1683 (CO); 6u (400 MHz, CDCl3) 2.24 (3H, s, CH3), 2.44 (1H, t,J 2.4, CH), 3.71 — 3.82
(8H, m, 4 x CH2), 3.91 (2H, t, J 4.7, CH>), 4.17 (2H, t, J 4.7, CH>), 4.22 (2H, d, J 2.4,
CH), 7.16 (1H, dd, J 9.2, 3.1, ArH), 7.64 (1H, d, J 3.1, ArH), 8.63 (1H, d, J 9.2, ArH);
dc (101 MHz, CDCl;) 25.3 (CH3), 58.4 (CH2CCH), 67.8 (CHz), 69.1 (CH»), 69.8 (CH>),
70.4 (CH2), 70.7 (CHz2), 70.8 (CH>), 74.7 (CCH), 77.2 (CH), 115.5 (ArC), 116.3 (ArCH),
121.8 (ArCH), 121.9 (ArCH), 136.8 (ArC), 153.6 (ArC), 169.0 (CCH3), 170.2 (CO2C);

m/z (ES") 348.1427 (100%, M+H". C1sH2,NOg requires 348.1442).
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Methyl 5-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]-2-[(tert-

butoxycarbonyl)amino]benzoate 63

Ng\/g O/\);o\C[cone

NHBoc

Methyl 5-hydroxy-2-(tert-butoxycarbonylamino)benzoate 57 (240 mg, 0.90 mmol) was
dissolved in DMF (5 mL). 2-[2-(2-Azidoethoxy)ethoxy]|ethyl-4-methylbenzenesulfonate
36 (377 g, 1.14 mmol) and potassium carbonate (187 g, 1.35 mmol) were added to this
solution at room temperature. The reaction mixture was stirred at 90 °C overnight. After
cooling to room temperature, the solvent was removed using a rotary evaporator under
reduced pressure. The crude residue was diluted with ethyl acetate (35 mL) and washed
with sat. NaHCO3 (25 mL), water (25 mL) and brine (25 mL). The organic phase was
dried over anhydrous MgSQOs, filtered and the filtrate was evaporated under reduced
pressure. The crude was purified by flash column chromatography on silica gel, eluting
petroleum ether/EtOAc, 4:1 to afford the title compound as a colourless oil (363 g, 95%).
vmax(ATR)/em™ 3324, 2872, 2101 (N=N=N), 1725 (C=0), 1694 (C=0), 1591; &u (400
MHz, CDCl3) 1.51 (9H, s, 3 x CH3), 3.39 (2H, t, J 4.8, CH>), 3.64 — 3.76 (6H, m, 3 x
CH>), 3.85 (2H, t,J 4.8, CH>), 3.90 (3H, s, CH3), 4.12 (2H, t, J 4.8, CH>), 7.12 (1H, dd,
J9.3,3.0,ArH), 7.51 (1H, d, J 3.0, ArH), 8.33 (1H, d, J 9.3, ArH), 9.99 (1H, s, NH); 6c
(101 MHz, CDCls) 28.4 (3 x CH3), 50.7 (CH2), 52.3 (CH3), 67.9 (CH2), 69.8 (CH2), 70.1
(CHz), 70.8 (CHz), 70.9 (CHy), 80.3 (CCH3), 115.1 (ArC), 115.3 (ArCH), 120.4 (ArCH),
122.1 (ArCH), 136.2 (ArC), 152.7 (ArC), 153.1 (NCO), 168.2 (CO.CHz3); m/z (ES")

447.1840 (100%, M+Na", C19H23N4O7Na requires 447.1850).
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5-12-[2-(2-Azidoethoxy)ethoxy]ethoxy]-2-[(tert-butoxycarbonyl)amino]benzoic acid

64
Na\/‘éo/\}O\CECOQH
2
NHBoc
Methyl 5-[2-[2-(2-azidoethoxy)ethoxy]|ethoxy]-2-[(tert-

butoxycarbonyl)amino]benzoate 63 (345 g, 0.81 mmol) was dissolved in methanol (10
mL). 10% NaOH solution (2 mL) was added and the resulting mixture was stirred at
room temperature overnight. The solvent was removed using a rotary evaporator under
reduced pressure. The residue was re-suspended in water (10 mL) and acidified to pH =
4 with 1M HCI. The mixture was extracted with DCM (2 x 25 mL). The combined
organic layer was washed with brine (30 mL), dried over anhydrous MgSO4 and filtered.
The filtrate was removed in a rotary evaporator under reduced pressure to afford the title
compound as a light yellow oil in a quantitative yield (337 mg). vmax(ATR)/cm™! 2924,
2103 (N=N=N), 1725 (C=0), 1693 (C=0), 1592; 81 (400 MHz, CDCl3) 1.55 (9H, s, 3 x
CHs), 3.42 (2H, t, J 4.9, CH>), 3.68 — 3.82 (6H, m, 3 x CH>), 3.91 (2H, t, J 4.9, CH>),
4.17 (2H,t,J4.9,CH>),7.19 (1H, dd, J9.3,3.1, ArH), 7.62 (1H, d, J 3.1, ArH), 8.38 (1H,
d, J 9.3, ArH), 9.85 (1H, s, NH); &c (101 MHz, CDCl;s) 28.4 (3 x CH3), 50.7 (CH2), 67.9
(CH2), 69.9 (CH2), 70.1 (CH2), 70.7 (CH2), 70.9 (CH2), 80.6 (CCH3), 114.1 (ArC), 116.0
(ArCH), 120.5 (ArCH), 123.0 (ArCH), 136.8 (ArC), 152.7 (ArC), 153.0 (NCO), 171.4

(CO-H); m/z (ESY) 433.1710 (100%, M+Na*. C1sH26Ns07Na requires 433.1694).
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TFA salt of 2-amino-5-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]benzoic acid 65
N3\/~€O/\>;O\©[C?2H c—)j\|<F
NH; g F
5-[2-[2-(2-Azidoethoxy)ethoxy]ethoxy]-2-[(tert-butoxycarbonyl)amino]benzoic acid 64
(300 mg, 0.73 mmol) was dissolved in DCM (9 mL) and TFA (1 mL). The solution was
stirred at room temperature for 2 h. The solvent was removed using compressed air and
the residual TFA was co-evaporated with DCM (10 mL) using a rotary evaporator under
reduced pressure to afford the title compound as a brown viscous oil (379 mg, 95%).
Vmax(ATR)/cm™ 2924, 2108 (N=N=N), 1677 (C=0), 1504; 3y (400 MHz, CDCls) 3.43
(2H, t,J 4.8, CH>), 3.66 —3.84 (6H, m, 3 x CH>), 3.89 - 3.98 (2H, m, CH>), 4.10 — 4.18
(2H, m, CH»), 7.13 (1H, dd, J 8.8, 2.7, ArH), 7.43 (1H, d, J 8.8, ArH), 7.50 (1H, d, J 2.7,
ArH); 8¢ (101 MHz, CDCls) 50.6 (CH»), 67.9 (CH>), 69.6 (CH2), 70.0 (CH>), 70.5 (CH>),
70.7 (CHz), 117.1 (ArCH), 121.2 (ArCH), 122.3 (ArC), 125.3 (ArCH), 127.1 (ArC),
157.6 (ArC), 169.5 (COzH); 8¢ (377 MHz, CDCls) -75.8; m/z (ES") 333.1174 (20,

M+Na'). 311.1351 (100%, M+H", C13H1sN4Os requires 311.1350).

6-[2-[2-(2-Azidoethoxy)ethoxy]ethoxy]-2-methyl-4 H-benzo[1,3]oxazin-4-one 66

L,

TFA salt of 2-amino-5-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]benzoic acid 65 (90 mg,
0.21 mmol) was dissolved in acetonitrile (2 mL). Triethyl orthoacetate (0.06 mL, 0.32

mmol) was added and the reaction mixture was stirred and heated at 90 °C overnight.
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After cooling to room temperature, the solvent was removed and the crude mixture was
directly purified via flash column chromatography eluting with petroleum
ether/EtOAc/AcOH, 33:66:1) to afford the title compound as a light yellow oil (67 mg,
96%). vmax(ATR)/cm™! 2924, 2872, 2101 (N=N=N), 1687 (C=0), 1596, 1518; &u (400
MHz, CDCI3) 2.26 (3H, s, CH3), 3.42 (2H, t, J 4.8, CH>), 3.66 — 3.84 (6H, m, 3 x CH>),
3.92(2H,t,J 4.8, CH>),4.17 (2H,t,J 4.8, CH>), 7.16 (1H, dd, J 9.2, 2.8, ArH), 7.63 (1H,
d, J 2.8, ArH), 8.61 (1H, d, J 9.2, ArH); éc (101 MHz, CDCl;) 25.3 (CH3), 50.7 (CH»),
67.7 (CHz2), 69.9 (CH2), 70.1 (CH), 70.7 (CHz), 70.8 (CH>), 115.8 (ArC), 116.3 (ArCH),
121.4 (ArCH), 122.0 (ArCH), 135.5 (ArC), 153.7 (ArC), 169.9 (CCH3), 170.7 (CO2C);

m/z (ES") 335.1365 (100%, M+H". C15H19N4Os requires 335.1350).

6-Hydroxy-2-methyl-4H-3,1-benzoxazin-4-one 68

0
HO\©\)J\O

N/)\
5-Hydroxyanthranilic acid 55 (2.00 g, 13.06 mmol) was dissolved in triethyl orthoacetate
(3.58 mL, 19.59 mmol) and heated at reflux for 3 h. The reaction mixture was cooled to
room temperature and refrigerated for 1 h to aid precipitation. The product was filtered
under vacuum and washed with cold hexane (25 mL) to give the title compound as a
brown solid (2.16 g, 94%). m.p. 234 - 236 °C; vmax(ATR)/cm™! 2926, 2706, 1764, 1746
(CO), 1637, 1613; 6u (400 MHz, DMSO-ds) 2.35 (3H, s, CH3), 7.31 (1H, dd, J 8.7, 2.8,
ArH),7.36 (1H,d,J 2.8, ArH), 7.44 (1H, d, J 8.7, ArH), 10.34 (1H, s, OH); dc (101 MHz,

DMSO-ds) 25.1 (CH3), 116.8 (ArCH), 119.1 (ArC), 121.2 (ArCH), 122.8 (ArCH), 133.0
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(ArC), 152.9 (ArC), 168.4 (CCHs), 169.5 (OCO); m/z (ES*) 178.0502 (100%, M+H".

CoHgNOs requires 178.0499).

3-(6-Hydroxy-2-methyl-4-oxoquinazolin-3(4H)-yl)benzoic acid 69

O /@\
HO
\d\N CO,H
N/)\

6-Hydroxy-2-methyl-4H-3,1-benzoxazin-4-one 68 (1.00 g, 5.64 mmol) and 3-
aminobenzoic acid (774 mg, 5.64 mmol) were added to glacial acetic acid (15 mL) and
heated at 120 °C for 5 h. The reaction mixture was cooled to room temperature and water
(10 mL) was added. The resulting precipitate was filtered and washed with water (20
mL), followed by cold ethanol (20 mL) and hexane (20 mL) to give the title compound
as a pale grey solid (1.37 g, 82%). m.p. >300 °C; vmax(ATR)/cm™! 3302, 1669 (CO), 1610,
1583, 1503; du (400 MHz, DMSO-ds) 2.08 (3H, s, CH3), 7.30 (1H, dd, J 8.8, 2.8, ArH),
7.40 (1H, d, J 2.8, ArH), 7.55 (1H, d, J 8.8, ArH), 7.66 — 7.74 (2H, m, 2 x ArH), 7.96
(1H, s, ArH), 8.04 — 8.11 (1H, m, ArH), 10.05 (1H, s, OH), 13.22 (1H, s, CO2H); dc (101
MHz, DMSO-de) 24.2 (CH3), 109.6 (ArCH), 121.7 (ArC), 124.5 (ArCH), 128.8 (ArCH),
129.9 (ArCH), 130.2 (ArCH), 130.5 (ArCH), 132.8 (ArC), 133.6 (ArCH), 138.8 (ArC),
141.0 (ArC), 151.2 (CCH3), 156.4 (ArCOH), 161.7 (NCO), 167.0 (CO:H); m/z (ES")

297.0884 (100%, M+H". C16H13N204 requires 297.0870).
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Methyl 3-(6-hydroxy-2-methyl-4-oxoquinazolin-3(4H)-yl)benzoate 70

2 Q.
HO N COgMe
N/)\

3-[6-Hydroxy-2-methyl-4-oxoquinazolin-3(4H)-yl]benzoic acid 69 (300 mg, 1.01 mmol)
was suspended in methanol (5 mL). Concentrated sulphuric acid (0.2 mL) was added
dropwise and the reaction mixture was stirred and heated at reflux overnight. The mixture
was cooled and neutralized to pH = 6 - 7 with sat. NaHCOs. The resultant pale brown
precipitate was filtered, rinsed with ice cold water (8 mL) and dried thoroughly under
high vacuum to give the title compound as a pale grey solid (298 g, 95%). m.p. 120 -
122 °C; vmax(ATR)/cm™ 3570, 3063, 1734 (CO), 1675 (CO); &1 (500 MHz, DMSO-ds)
2.08 (3H, s, CH3), 3.89 (3H, s, CH3), 7.30 (1H, dd, J 8.8, 2.8, ArH), 7.40 (1H, d, J 2.8,
ArH), 7.54 (1H, d, J 8.8, ArH), 7.69 — 7.78 (2H, m, 2 x ArH), 8.01 (1H, d, J 1.7, ArH),
8.09 (1H, dt,J 7.1, 1.7, ArH), 10.03 (1H, s, OH); 6c (126 MHz, DMSO-ds) 24.2 (CH3),
52.9 (CHs), 109.6 (ArCH), 121.8 (ArC), 124.5 (ArCH), 128.8 (ArCH), 129.9 (ArCH),
130.0 (ArCH), 130.6 (ArCH), 131.6 (ArC), 134.0 (ArCH), 139.0 (ArC), 141.1 (ArO),
151.0 (CCH3), 156.4 (ArCOH), 161.7 (NCO), 166.0 (CO:Me); m/z (ES") 311.1039

(100%, M+H*. C17H;5N204 requires 311.1026).
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Methyl 3-[6-[2-]2-(2-azidoethoxy)ethoxy]ethoxy]-2-methyl-4-oxoquinazolin-3(4H)-

yl]benzoate 71

Ng\/f‘o/\ioj@\)oj\g\cozlvle

Potassium carbonate (66 mg, 0.48 mmol) was added to methyl 3-(6-hydroxy-2-methyl-
4-oxoquinazolin-3(4H)-yl)benzoate 70 (100 mg, 0.32 mmol) and 2-[2-(2-
azidoethoxy)ethoxy]ethyl-4-methylbenzenesulfonate 36 (125 mg, 0.38 mmol) in
acetonitrile (5 mL). The reaction mixture was stirred and heated at reflux overnight. After
cooling to room temperature, the solvent was removed using a rotary evaporator under
reduced pressure. The crude residue was diluted with water (10 mL) and ethyl acetate
(10 mL). The product was extracted with ethyl acetate (3 < 20 mL), washed with brine
(30 mL). The organic phase was dried over anhydrous MgSOs, filtered and the filtrate
was evaporated under reduced pressure. The crude was purified by flash column
chromatography on silica gel, eluting petroleum ether/EtOAc, 1:2 to afford the title
compound as a white solid in a quantitative yield (166 mg). m.p. 80 - 82 °C;
Vmax(ATR)/cm™ 2894, 2091 (N3), 1718 (CO), 1681 (CO); 81 (400 MHz, CDCls) 2.24 (3H,
s, CH3),3.41 (2H,t,J5.1, CH»), 3.68 — 3.80 (6H, m, 3 x CH>), 3.94 (2H, t, J 4.7, CH>),
3.96 (3H, s, CH3),4.26 (2H, t,J 4.7, CH>), 7.44 (1H, dd, J 8.9, 2.9, ArH), 7.50 (1H, ddd,
J79,2.1,1.1,ArH), 7.61 —7.72 (3H, m, 3 x ArH), 7.99 (1H, t, J 1.8, ArH), 8.22 (1H, dt,
J7.9,1.3,ArH); 6c (101 MHz, CDCls) 24.3 (CH3), 50.7 (CH»), 52.5 (CHs), 67.9 (CH>),
69.7 (CHz), 70.1 (CH2), 70.7 (CHz), 70.9 (CH>), 107.3 (ArCH), 121.3 (ArC), 125.3
(ArCH), 128.5 (ArCH), 129.4 (ArCH), 130.2 (ArCH), 130.5 (ArCH), 132.2 (ArC), 132.6

(ArCH), 138.1 (ArC), 142.1 (ArC), 151.4 (CCHs), 157.5 (ArC), 162.1 (NCO), 165.8
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(CO:Me); m/z (ESY) 490.1712 (50, M+Na*), 468.1895 (100%, M+H'. Ca3HasNsOs

requires 468.1878).

Methyl (E)-3-16-]2-[2-(2-azidoethoxy)ethoxy]ethoxy]-2-(4-cyanostyryl)-4-

oxoquinazolin-3(4H)-yl|benzoate 72

2
N3\/\60/\/)20\©\)LN CO,Me
N

b

CN

Methyl  3-[6-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]-2-methyl-4-oxoquinazolin-3(4H)-
yl]benzoate 71 (50 mg, 0.11 mmol) and 4-formylbenzonitrile (17 mg, 0.13 mmol) were
dissolved in glacial acetic acid (1 mL) and heated at reflux for 48 h. The reaction mixture
was cooled to room temperature and the solvent was removed. The crude was purified
by flash column chromatography on silica gel, eluting petroleum ether/EtOAc 1:1 to
afford the title compound as a bright yellow solid (13 mg, 20%). m.p. 142 - 146 °C;
Vmax(ATR)/cm™ 2923, 2107 (N3), 1731 (CO), 1680 (CO); 8 (400 MHz, CDCls) 3.42 (2H,
t,J 5.0, CH2), 3.67 —3.83 (6H, m, 3 x CH2), 3.91 —4.00 (5H, m, CH>2, CH3), 4.29 (2H, t,
J4.5,CH), 6.41 (1H, d, J 15.5, CHCHArCN), 7.39 (2H, d, J 8.1, 2 x ArH), 7.49 (1H,
dd, /9.0, 2.9, ArH), 7.54 (1H, d, J 7.8, ArH), 7.60 (2H, d, J 8.1, 2 x ArH), 7.66 — 7.81
(3H, m, 3 x ArH), 7.93 (1H, d, J 15.5, CHArCN), 8.05 (1H, s, ArH), 8.29 (1H, d, J 7.9,
ArH); 8¢ (101 MHz, CDCls3) 50.7 (CH»), 52.6 (CH3), 68.1 (CH2), 69.7 (CH>), 70.2 (CHy),
70.8 (CHz), 71.0 (CH2), 107.5 (CHCHATCN), 112.6 (ArC), 118.5 (ArC), 120.9 (ArO),

121.7 (ArC), 122.9 (ArCH), 125.6 (ArCH), 128.0 (2 x ArCH), 129.3 (ArCH), 130.0
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(ArCH), 130.2 (ArCH), 130.7 (ArCH), 132.3 (ArC), 132.6 (2 x ArCH), 133.1 (ArCH),
137.0 (ArCH), 137.2 (ArC), 139.6 (ArC), 142.1 (ArC), 158.1 (NCN), 161.8 (NCO),

165.8 (CO:Me); m/z (ESY) 603.1950 (100 %, M+Na*. C31H2sNsOsNa requires 603.1963).

(E)-3-16-]2-[2-(2-Azidoethoxy)ethoxy]ethoxy]-2-(4-cyanostyryl)-4-oxoquinazolin-

3(4H)-yl|benzoic acid 73

8
N3\/‘éo/\t0\©\)J\N COH
N

/

CN

Methyl (E)-3-[6-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]-2-(4-cyanostyryl)-4-
oxoquinazolin-3(4H)-yl]benzoate 72 (10 mg, 0.017 mmol) was suspended in methanol
(1 mL). 10% NaOH aqueous solution (0.1 mL) was added and the reaction mixture was
stirred at room temperature for 48 h. The solvent was removed in a rotary evaporator
under reduced pressure and the residue was re-suspended in water (10 mL) and acidified
to pH = 4 with 1M HCI. The aqueous layer was extracted with DCM (3 x 15 mL). The
combined organic layers were washed with brine (20 mL), dried over anhydrous MgSOs,
filtered and the filtrate was eliminated in a rotary evaporator under reduced pressure. The
crude residue was purified via preparative HPLC using an “Waters Xbridge C 18 4.6 x
250 mm” column [45% MeCN in aqueous TFA (0.1%) over 25 mins, 277 nm, retention
time: 17.3 min] to afford the title compound as a yellow solid (7 mg, 73%). m.p. 92 -
94 °C; vmax(ATR)/em™ 2922, 2107 (N3), 1720 (CO), 1678 (CO); du (400 MHz, CDCl;)

3.42 (2H,t,J5.0,CH>), 3.67 -3.82 (6H, m, 3 x CH>»), 3.96 (2H, t, J 4.6, CH>»), 4.30 (2H,
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t,J 4.6, CHb), 6.42 (1H, d, J 15.5, CHCHAICN), 7.40 (2H, d, J 8.3, 2 x ArH), 7.50 (1H,
dd, J 8.9, 2.9, ArH), 7.58 — 7.63 (3H, m, 3 x ArH), 7.70 (H, d, J 2.9, AtH), 7.73 — 7.80
(2H, m, 2 x ArH), 7.94 (1H, d, J 15.5, CHArCN), 8.08 (1H, s, ArH), 8.32 (1H, d, J 8.0,
ArH); 8¢ (101 MHz, DMSO-ds) 50.5 (CH,), 68.4 (CHz), 69.3 (CHz), 69.8 (CHa), 70.2
(CHa), 70.5 (CH), 107.9 (CHCHAICN), 111.9 (ArC), 119.1 (ArC), 122.1 (ArC), 124.0
(ArCH), 125.2 (ArCH), 128.6 (2 x ArCH), 129.7 (ArCH), 130.2 (ArCH), 130.4 (ArCH),
130.5 (ArCH), 132.7 (ArC), 133.3 (2 x ArCH), 133.8 (ArCH), 136.5 (ArCH), 137.6
(ArC), 139.9 (ArC), 142.2 (ArC), 149.2 (ArC), 157.9 (NCN), 161.4 (NCO), 167.0

(CO-H); m/z (ESY) 567.2000 (100%, M+H*. C30H27NeOs requires 567.1987).

2-Methoxybenzaldehyde 78

OHCD

~o
Salicylaldehyde 77 (0.5 mL, 4.69 mmol), sodium carbonate (600 mg, 5.66 mmol), THF
(20 mL) and methanol (5 mL) were mixed in a two-neck round-bottom flask equipped
with a reflux condenser. lodomethane (1.0 mL, 16.06 mmol) was added dropwise and
the resulting suspension was stirred and heated at 70 °C for 48 h. Water (60 mL) was
added and the crude mixture was extracted with DCM three times (3 x 30 mL). The
combined organic phases were washed with brine (50 mL), dried over anhydrous MgSOs,
filtered and the filtrate was eliminated in a rotary evaporator under reduced pressure. The
crude residue was purified by flash column chromatography on silica gel, eluting

petroleum ether/EtOAc, EtOAc: 2% to afford the title compound as an off-white solid
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(115 mg, 18%). m.p. 36 - 38 °C [1it."** m.p. 36 - 38 °C]; vmax(ATR /e 2865, 1682 (CO),
1664, 1596: 81 (400 MHz, CDCl3) 3.93 (3H, s, CH3), 7.02 (1H, d, J 8.4, ArH), 7.06 (1H,
t,J7.5, ArH), 7.58 (1H, td, J 7.8, 1.8, ArH), 7.85 (1H, dd, J 7.7, 1.8, ArH), 10.50 (1H, s,
CHO); m/z (ES") 137 (100%, M+H"). The data agree with those reported in the

literature.'3°

(E)-3-]2-(2-methoxystyryl)-4-oxoquinazolin-3(4H)-yl|benzoic acid 79

3-[2-Methyl-4-0x0-3(4H)-quinazolinyl]benzoic acid 48 (178 mg, 0.63 mmol) and 2-
methoxybenzaldehyde 78 (72 mg, 0.53 mmol) were dissolved in glacial acetic acid (4
mL) and heated at 130 °C overnight. After cooling to room temperature, the solvent was
removed and the residue was co-evaporated with cyclohexane (3 x 10 mL). The crude
was washed with water (10 mL), followed by cold ethanol (10 mL) and hexane (10 mL).
The crude residue was purified by flash column chromatography on silica gel, eluting
EtOAc/MeOH, MeOH: 0 - 5% to afford the title compound as a yellow solid (72 mg,
34%). m.p. 258 - 260 °C; vmax(ATR)/cm™! 2936, 1678 (CO), 1546; du (400 MHz, DMSO-
de) 3.67 (3H, s, CHs), 6.56 (1H, d, J 15.6, CHCHAr), 6.93 (1H, t, J 7.4, ArH), 7.02 (1H,
d, J 8.2, ArH), 7.25 — 7.38 (2H, m, 2 x ArH), 7.54 (1H, t, J 7.1, ArH), 7.72 — 7.82 (3H,
m, 3 x ArH), 7.89 (1H, t, J 7.6, ArH), 7.97 — 8.06 (2H, m, 2 x ArH), 8.11-8.18 (2H, m,

ArH, CHAr), 13.27 (1H, br s, CO2H); dc (101 MHz, DMSO-ds) 55.6 (CH3), 112.2
146



(CHCHAr), 121.0 (ArC), 121.3 (ArCH), 121.6 (ArCH), 123.7 (ArC), 126.8 (ArCH),
126.9 (ArCH), 127.7 (ArCH), 130.2 (ArCH), 130.3 (ArCH), 130.4 (ArCH), 130.5
(ArCH), 131.6 (ArCH), 132.9 (ArC), 134.0 (ArCH), 135.3 (ArCH), 135.5 (ArCH), 138.1
(ArC), 148.0 (ArC), 152.2 (ArC), 158.4 (NCN), 161.9 (NCO), 167.0 (CO-H); m/z (ES")

399.1353 (100%, M+H". C24H19N204 requires 399.1339).

2-[2-[2-[2-(Prop-2-yn-1-yloxy)ethoxy]ethoxy]ethoxy|benzaldehyde 80
OHC
\/(O\/ZO:Q

Salicylaldehyde 77 (0.03 mL, 0.29 mmol) and 2-[2-[2-(prop-2-yn-1-
yloxy)ethoxy]ethoxy]Jethyl 4-methylbenzenesulfonate 54 (120 mg, 0.35 mmol) were
dissolved in acetonitrile (2 mL) and potassium carbonate (61 mg, 0.44 mmol) was added.
The reaction mixture was stirred and heated at 90 °C for 48 h. After cooling to room
temperature, the solvent was removed using a rotary evaporator under reduced pressure.
Water (15 mL) was added and the crude mixture was extracted with ethyl acetate three
times (3 x 20 mL). The combined organic phase was washed with brine (40 mL), dried
over anhydrous MgSQOs, filtered and the filtrate was eliminated in a rotary evaporator
under reduced pressure. The crude residue was purified by flash column chromatography
on silica gel, eluting petroleum ether/EtOAc, EtOAc: 30 - 50% to afford the title
compound as a yellow oil (74 mg, 87%). vmax(ATR)/cm™! 3258, 2869, 1684 (C=0), 1598;
dn (400 MHz, CDCl3) 2.45 (1H, t,J 2.4, CH), 3.68 —3.78 (8H, m, 4 x CH>), 3.93 (2H, t,

J4.7,CH),4.21 (2H, d, J 2.4, CH»), 4.27 (2H, t,J 4.7, CH>), 7.01 (1H, d, J 8.4, ArH),
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7.05 (1H, t, J 7.5, ArH), 7.55 (1H, td, J 7.7, 1.8, ArH), 7.85 (1H, dd, J 7.7, 1.8, ArH),
10.53 (1H, s, CHO); 8¢ (101 MHz, CDCl3) 58.4 (CH2CCH), 68.2 (CHa), 69.1 (CHa), 69.5
(CHa), 70.5 (CHz), 70.7 (CHa), 71.0 (CHa), 74.6 (CCH), 79.6 (CH), 112.8 (ArCH), 121.0
(ArCH), 125.1 (ArC), 128.3 (ArCH), 135.9 (ArCH), 161.3 (ArC), 190.0 (CHO); m/z (ES")

293.1397 (100%, M+H". C16H210s requires 293.1384).

2-[2-[2-(2-Azidoethoxy)ethoxy]ethoxy]|benzaldehyde 83

OHC
NaMOwtoj@
Salicylaldehyde 77 (0.5 mL, 4.69 mmol) and 2-[2-(2-azidoethoxy)ethoxy]ethyl-4-
methylbenzenesulfonate 36 (1.85 g, 5.63 mmol) were dissolved in acetonitrile (10 mL)
and potassium carbonate (973 mg, 7.04 mmol) was added. The reaction mixture was
stirred and heated at 90 °C overnight. After cooling to room temperature, the solvent was
removed using a rotary evaporator under reduced pressure. Water (20 mL) was added
and the crude mixture was extracted with ethyl acetate three times (3 x 30 mL). The
combined organic phases were washed with brine (40 mL), dried over anhydrous MgSOs,
filtered and the filtrate was eliminated in a rotary evaporator under reduced pressure. The
crude residue was purified by flash column chromatography on silica gel, eluting
petroleum ether/EtOAc 4:1 to afford the title compound as a colourless oil in a
quantitative yield (1.42 g). vmax(ATR)/cm™ 2869, 2098 (N3), 1685 (C=0), 1598; 5u (400
MHz, CDCl3) 3.41 (2H, t, J 5.1, CH>), 3.68 — 3.80 (6H, m, 3 x CH»), 3.95 (2H, t, J 4.7,

CHy), 4.28 (2H, t, J 4.7, CHy), 7.02 (1H, d, J 8.4, ArH), 7.06 (1H, t, J 7.5, ArH), 7.55
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(1H, td, J 7.7, 1.8, AtH), 7.86 (1H, dd, J 7.7, 1.8, ArH), 10.55 (1H, s, CHO); ¢ (101
MHz, CDCls) 50.7 (CHa), 68.3 (CHo), 69.6 (CHa), 70.2 (CH,), 70.8 (CHa), 71.0 (CHa),
112.7 (ArCH), 121.0 (ArCH), 125.1 (ArC), 128.3 (ArCH), 135.9 (ArCH), 161.3 (ArC),

190.0 (CHO); m/z (ES*) 280.1280 (100%, M+H". C13H N304 requires 280.1292).

(E)-3-[2-]2-]2-[2-(2-Azidoethoxy)ethoxy]ethoxy]styryl]-4-oxoquinazolin-3(4H)-

yl]benzoic acid 84

w0
3-(2-Methyl-4-0x0-3(4H)-quinazolinyl)benzoic acid 48 (480 mg, 1.71 mmol) and 2-[2-
[2-(2-azidoethoxy)ethoxy]ethoxy]benzaldehyde 83 (600 mg, 2.15 mmol) were
suspended in glacial acetic acid (15 mL) and heated at 120 °C overnight. The reaction
mixture was cooled to room temperature and the solvent was removed using a rotary
evaporator under reduced pressure. The crude residue was purified by flash column
chromatography on silica gel, eluting DCM/MeOH, MeOH: 0 — 5% to afford the title
compound as a yellow solid (422 mg, 46%). m.p. 66 - 68 °C; vmax(ATR)/cm™! 2872, 2099
(N3), 1680 (CO), 1544; 61 (400 MHz, MeOD) 3.28 (2H, t, J 5.0, CH>), 3.58 — 3.74 (8H,
m, 4 x CH>),4.09-4.17 (2H, m, CH.), 6.69 (1H, d, J 15.6, CHCHAr), 6.92 (1H, t,J 7.5,
ArH), 7.01 (H, d, J 8.2, ArH), 7.25 — 7.34 (2H, m, 2 x ArH), 7.56 (1H, t, J 7.5, AtH),
7.67 (1H,d, J 7.9, ArH), 7.75 - 7.93 (3H, m, 3 x ArH), 8.05 — 8.10 (1H, m, ArH), 8.15
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(1H, d, J 15.6, CHAT), 8.26 (2H, dd, J 7.9, 1.3, ArH); 5c (101 MHz, MeOD) 50.3 (CHa),
67.6 (CHy), 69.1 (CHa), 69.8 (CHy), 70.2 (CH,), 70.5 (CH), 112.3 (CHCHA')), 120.2
(ArC), 120.5 (ArCH), 120.7 (ArCH), 123.9 (ArC), 126.4 (ArCH), 126.5 (ArCH), 126.9
(ArCH), 129.7 (ArCH), 129.9 (ArCH), 130.0 (ArCH), 130.3 (ArCH), 130.8 (ArCH),
132.7 (ArC), 133.2 (ArCH), 134.8 (ArCH), 136.6 (ArCH), 137.5 (ArC), 147.8 (ArC),
152.8 (ArC), 157.7 (NCN), 162.7 (NCO), 167.1 (CO:H); m/z (ES") 542.2044 (100%,

M+H". C29H28N50¢ requires 542.2034).

(2)-3-12-[2-[2-[2-(2-Azidoethoxy)ethoxy]ethoxy]styryl]-4-oxoquinazolin-3(4 H)-

yl]benzoic acid 85

o>k,
A solution of (E)-3-[2-[2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]styryl]-4-oxoquinazolin-
3(4H)-yl]benzoic acid 84 (50 mg, 0.092 mmol) in MeOD (3 mL) was exposed to a lamp
with a regular light (23 W) for 3 h. The solvent was removed using a rotary evaporator
under reduced pressure. The crude residue was purified via preparative HPLC using an
“Waters Xbridge C 18 4.6 x 250 mm” column [50% MeCN in aqueous TFA (0.1%) over
20 mins, 280 nm, retention time: 8.2 min] to afford the title compound as a yellow solid
(41 mg, 82%). m.p. 62 - 64 °C; vmax(ATR)/cm™! 2925, 2102 (N3), 1684 (CO), 1547; 8u
(400 MHz, MeOD) 3.25 (2H, t, J 5.0, CH>), 3.57 - 3.74 (8H, m, 4 x CH>), 4.00 (2H, t, J
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477, CH,), 6.19 (1H, d, J 12.4, CHCHAr), 6.78 — 6.97 (3H, m, 3 x ArH), 7.20 (1H, dd, J
7.9, 1.0, ArH), 7.29 (1H, td, J 7.7, 1.5, AtH), 7.37 (1H, dd, J 7.9, 1.0, ArH), 7.52 — 7.66
(3H, m, 2 x ArH, CHAr), 7.69 — 7.73 (1H, m, ArH), 7.89 (1H, td, J 7.7, 1.5, AtH), 8.11
(1H, d, J 7.9, ArH), 8.27 (1H, dd, J 7.9, 1.0, ArH); 8¢ (101 MHz, MeOD) 50.3 (CH),
67.5 (CHz), 69.2 (CHa), 69.8 (CHa), 70.1 (CH,), 70.4 (CHz), 111.8 (CHCHATr)), 120.1
(ArCH), 120.5 (ArC), 120.7 (ArCH), 124.4 (ArC), 126.2 (ArCH), 126.6 (ArCH), 127.3
(ArCH), 128.9 (ArCH), 129.3 (ArCH), 129.6 (ArCH), 129.8 (ArCH), 130.2 (ArCH),
131.7 (ArC), 132.4 (ArCH), 133.0 (ArCH), 135.0 (ArCH), 136.9 (ArC), 146.7 (ArC),
153.6 (ArC), 156.5 (NCN), 162.1 (NCO), 167.1 (CO>H); m/z (ES") 542.2031 (100%,

M+H". C29H28N50¢ requires 542.2034).

(E)-BODIPY-PEG3-quinazolinone 86

F NH N=l\ll
o \—/Q\/N\/\O/\/O\/\O

(E)-3-[2-[2-[2-[2-(2-Azidoethoxy)ethoxy]ethoxy]styryl]-4-oxoquinazolin-3(4 H)-

yl]benzoic acid 84 (2.5 mg, 4.56 x 10> mmol) and alkyne-BODIPY-FL 41 (1.0 mg, 3.04
x 107 mmol) were dissolved in DMSO (100 pL). L-Ascorbic acid (10.7 mg) was
dissolved in DMSO (1 mL) and portion of this (100 uL, 6.08 x 10~ mmol) was added to
the reaction. CuSO4 (24 mg) was dissolved in water (1 mL) and portion of this (20 pL,

3.04 x 10 mmol) was added to the reaction. The reaction mixture was covered with
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aluminium foil and stirred at room temperature overnight. The crude mixture was directly
purified via preparative HPLC using an “Waters Xbridge C 18 4.6 x 250 mm” column
[50% MeCN in aqueous TFA (0.1%) over 15 mins, 500 nm, retention time: 11.7 min] to
afford the title compound as an orange-red solid (2.6 mg, 100%). m/z (ES") 871.3557

(100%, M+H". C46H4sBF2N3gO7 requires 871.3545).

(2)-BODIPY-PEG:3-quinazolinone 87

I
—

(£)-3-[2-[2-[2-[2-(2-Azidoethoxy)ethoxy|ethoxy]styryl]-4-oxoquinazolin-3(4H)-
yl]benzoic acid 85 (2.5 mg, 4.56 x 10~ mmol) and alkyne-BODIPY-FL 41 (1.0 mg, 3.04
x 107 mmol) were dissolved in DMSO (100 pL). L-Ascorbic acid (10.7 mg) was
dissolved in DMSO (1 mL) and portion of this (100 uL, 6.08 x 10~ mmol) was added to
the reaction. CuSO4 (24 mg) was dissolved in water (1 mL) and portion of this (20 pL,
3.04 x 10 mmol) was added to the reaction. The reaction mixture was covered with
aluminium foil and stirred at room temperature overnight. The crude mixture was directly
purified via preparative HPLC using an “Waters Xbridge C 18 4.6 x 250 mm” column
[45% MeCN in aqueous TFA (0.1%) over 15 mins, 500 nm, retention time: 6.9 min] to
afford the title compound as vermilion solid (2.5 mg, 96%). m/z (ES") 871.3533 (100%,
M+H". C46Hs6BF2NsO7 requires 871.3545).

152



tert-Butyl 2-hydroxybenzoate 108

AP

Salicylic acid 107 (1.00 g, 7.24 mmol), N-hydroxysuccinimide (35 mg, 0.30 mmol) and
tert-butyl alcohol (6 mL) were dissolved in dry DCM (6 mL) under argon. A solution of
N,N'-dicyclohexylcarbodiimide in dry DCM (5 mL) was added dropwise. The reaction
mixture was stirred at room temperature under argon for 24 h, followed by filtration. The
filtrate was washed with sat. NaHCO3 (30 mL) and brine (30 mL). The organic phase
was dried over anhydrous MgSOs, filtered and the filtrate was evaporated under reduced
pressure. The crude was purified by flash column chromatography on silica gel, eluting
petroleum ether/EtOAc, EtOAc: 2 — 3% to afford the title compound as a colourless
mobile 0il (1.05 g, 74%). Vmax(ATR)/cm™! 2979, 1668 (C=0), 1614; 5n (400 MHz, CDCl5)
1.64 (9H, s, 3 x CH3), 6.87 (1H, td, J 7.5, 1.0, ArH), 6.98 (1H, dd, J 8.4, 0.9, ArH), 7.44
(1H,td, J 7.7, 1.7, ArH), 7.80 (1H, dd, J 8.0, 1.7, ArH), 11.08 (1H, s, OH); m/z (EI") 194

(30%, M*), 121 (100), 92 (80). The data agree with those reported in the literature.'>!

tert-Butyl 2-(allyloxy)benzoate 109

P

tert-Butyl 2-hydroxybenzoate 108 (854 mg, 4.37 mmol) and potassium carbonate (907
mg, 6.56 mmol) were suspended in DMF (10 mL). A solution of allyl bromide (0.57 mL,

6.56 mmol) was added dropwise. The reaction mixture was stirred at room temperature
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overnight. Ice (30 g) was poured into the reaction mixture with constant stirring. The
emulsified content was extracted with diethyl ether (3 x 50 mL). The combined organic
phases were dried over anhydrous MgSOu, filtered and the filtrate was evaporated under
reduced pressure. The crude was purified by flash column chromatography on silica gel,
eluting petroleum ether/EtOAc, EtOAc: 5% to afford the title compound as a colourless
0il (966 mg, 94%). vmax(ATR)/cm™ 2979, 1701 (C=0), 1601; 8 (400 MHz, CDCl3) 1.61
(9H, s, 3 x CH3), 4.63 (2H, dt, J 5.0, 1.5, CH>), 5.31 (1H, dq, J 10.6, 1.4, CHH), 5.50
(1H, dq, J 17.3, 1.6, CHH), 6.09 (H, ddt, J 17.2, 10.6, 5.1 CH), 6.90 — 7.01 (2H, m, 2 x
ArH), 7.40 (1H, ddd, J 8.3, 7.5, 1.8, ArH), 7.72 (1H, dd, J 7.7, 1.8, ArH); éc (101 MHz,
CDCls) 28.3 (3 x CH3), 69.5 (CH»), 81.0 (CCH3), 113.5 (ArCH), 117.5 (C=CH>), 120.3
(ArCH), 122.8 (ArC), 131.2 (ArCH), 132.6 (ArCH), 133.0 (CH), 157.7 (ArCO), 165.9

(OCO); m/z (ES) 257.1157 (100%, M+Na'. C14Hi303Na requires 257.1143).

3-Allyl-2-hydroxybenzoic acid 110

A
.
07 oH
tert-Butyl 2-(allyloxy)benzoate (384 mg, 1.64 mmol) 109 was dissolved in 1,2-
dichlorobenzene (2 mL) and heated at 150 °C for 2 days. The resulting brownish oil was
purified via flash column chromatography on silica gel, eluting petroleum ether/EtOAc,
EtOAc: 3% to afford the title compound as a brown oil (137 mg, 47%). 6u (400 MHz,

CDCl3) 3.47 (2H, d, J 6.5, CHb), 5.06 — 5.16 (2H, m, CH>), 5.97 — 6.11 (1H, m, CH),

691 (1H, t,J 7.7, AtH), 7.42 (1H, d, J 7.3, AtH), 7.84 (1H, dd, J 7.9, 1.3, ArH), 10.74
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(1H, s, OH); m/z (EI") 178 (100%, M"). The data agree with those reported in the

literature. 32

Methyl 2-hydroxybenzoate 114

HO i
~

o~ 0O

Salicylic acid 107 (5.00 g, 36.2 mmol) was dissolved in methanol (60 mL). Concentrated
sulphuric acid (2 mL) was added dropwise to the solution. The reaction mixture was
stirred and heated at reflux for 18 h. After cooling to room temperature, the solvent was
removed using a rotary evaporator under reduced pressure. The pH of the residue was
adjusted to 6 with sat. aq. NaHCO3. The aqueous solution was extracted with DCM (3 %
30 mL). The combined organic phases were washed with brine (50 mL), dried over
anhydrous Na;SOys, filtered and the filtrate was evaporated under reduced pressure to
afford the title compound as a colourless oil (4.61 g, 84%). 6u (400 MHz, CDCl3) 3.97
(3H, s, CH3), 6.90 (1H, t, J 7.5, ArH), 7.00 (1H, d, J 8.2, ArH), 7.48 (1H, td, J 7.7, 1.8,
ArH), 7.86 (1H, dd, J 8.0, 1.8, ArH), 10.80 (1H, s, OH); m/z (ES") 191 (100%, M+K").

The data agree with those reported in the literature.'%*
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Methyl 2-(allyloxy)benzoate 112

e

Potassium carbonate (4.99 g, 36.12 mmol) and allyl bromide (3.13 mL, 36.12 mmol)
were added to a solution of methyl 2-hydroxybenzoate 114 (4.58 g, 30.10 mmol) in DMF
(10 mL). The reaction mixture was stirred at room temperature for 18 h. Water (50 mL)
was poured into the reaction mixture with constant stirring. The emulsified content was
extracted with diethyl ether (3 x 50 mL). The combined organic phases were washed
with brine (60 mL), dried over anhydrous MgSOs, filtered and the filtrate was evaporated
under reduced pressure to afford the title compound as a light-yellow oil (5.71 g, 99%).
dn (400 MHz, CDCls) 3.92 (3H, s, CH3), 4.65 (2H, dt, J 4.8, 1.7, CH>), 5.32 (1H, dq, J
10.6, 1.6, CHH), 5.53 (1H, dq, J 17.2, 1.7, CHH), 6.09 (1H, ddt, J 17.2, 10.6, 4.8, CH),
6.95 —-7.04 (2H, m, 2 x ArH), 7.46 (1H, ddd, J 8.4, 7.4, 1.8, ArH), 7.82 (1H, dd, J 7.7,
1.8, ArH); m/z (ES") 215 (100%, M+Na"), 193 (80, M+H"). The data agree with those

reported in the literature.!*

Methyl 3-allyl-2-hydroxybenzoate 113

AN
o
0”0”7
Methyl 2-(allyloxy)benzoate 112 (3.00 g, 15.6 mmol) was neatly heated at 150 °C for 2
days. The resulting brownish oil was purified via flash column chromatography on silica

gel, eluting petroleum ether/EtOAc, EtOAc: 0 — 5% to afford the title compound as a
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colourless oil (1.47 g, 49%). 31 (400 MHz, CDCls) 3.46 (2H, d, J 6.5, CH>), 3.97 (3H, s,
CH3), 5.07 — 5.15 (2H, m, CHb), 5.96 — 6.11 (1H, m, CH), 6.85 (1H, t, J 7.7, ArH), 7.36
(1H, d, J 7.4, AtH), 7.75 (1H, dd, J 8.0, 1.6, ArH), 11.09 (1H, s, OH); m/z (EI*) 192 (50%,

M"), 160 (70), 131 (100). The data agree with those reported in the literature.!*

Methyl 2-(2-hydroxyphenyl)acetate 121

MeO

L

2-Hydroxybenzeneactic acid 120 (2.00 g, 13.14 mmol) was dissolved in methanol (40
mL). Concentrated sulphuric acid (0.4 mL) was added dropwise to the solution. The
reaction yellow solution was stirred and heated at reflux for overnight. After cooling to
room temperature, the solvent was removed using a rotary evaporator under reduced
pressure. The pH of the residue was adjusted to 6 with sat. aq. NaHCOs. The aqueous
solution was extracted with DCM (3 x 20 mL). The combined organic phases were
washed with brine (30 mL), dried over anhydrous MgSOQu, filtered and the filtrate was
removed under reduced pressure to afford the title compound as a pale yellow solid in a
quantitative yield (2.23 g). m.p. 70 - 72 °C [lit.!33 m.p. 70 - 71 °C]; &u (400 MHz, CDCl5)
3.71 2H, s, CH»), 3.78 (3H, s, CH3), 6.91 (1H, td, J 7.5, 0.9, ArH), 6.97 (1H, d, J 7.5,
ArH),7.12 (1H,d, J 7.5, ArH), 7.23 (1H, td, J 8.0, 1.6, ArH), 7.36 (1H, s, OH); m/z (ES")
189 (70, M+Na"), 167 (100%, M+H"). The data agree with those reported in the

literature.'33 134
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Methyl 2-[2-[(tert-butyldimethylsilyl)oxy|phenyl]acetate 122
MeO\H/j@
o) /O\S i/\é

Methyl 2-(2-hydroxyphenyl)acetate 121 (1.00 g, 6.02 mmol) and imidazole (492 mg,
7.22 mmol) were dissolved in dry THF (20 mL) at 0 °C with an ice bath. A solution of
tert-butyldimethylsilyl chloride (1.09 g, 7.22 mmol) in dry THF (10 mL) was added
dropwise. The flask was removed from the ice bath and stirred at room temperature under
N> for 2 days. Brine (30 mL) was added and the mixture was extracted with diethyl ether
(3 x 30 mL). The combined organic phases were dried over anhydrous MgSOQu, filtered
and the filtrate was removed in a rotary evaporator under reduced pressure. The crude
residue was purified by flash column chromatography on silica gel, eluting with
hexane/EtOAc 9:1 to afford the title compound as a colourless oil (1.42 g, 84%).
vmax(ATR)/em™ 2953, 2931, 2859, 1740 (CO); du (400 MHz, CDCI3) 0.26 (6H, s, 2 x
CHs), 1.02 (9H, s, 3 x CH3), 3.65 (2H, s, CH>), 3.70 (3H, s, CH3), 6.85 (1H, d, J 8.0,
ArH), 6.94 (1H, td, J 7.4, 1.0, AtH), 7.15 — 7.24 (2H, m, 2 x ArH); m/z (ES") 281.1579
(100%, M+H". C15H2503Si requires 281.1567). The data agree with those reported in the

literature.'?>
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2-[2-[(tert-Butyldimethylsilyl)oxy]|phenyl]ethan-1-o0l 123

Method A:

Anhydrous THF (1 mL) was added to lithium aluminium hydride (8.1 mg, 0.21 mmol)
with  an ice bath under N;. A solution of methyl 2-[2-[(tert-
butyldimethylsilyl)oxy]phenyl]acetate 122 (50 mg, 0.18 mmol) in THF (I mL) was
added dropwise. The mixture was stirred at 0 °C for 3 h. Water (0.1 mL) was added
slowly, and sat. NH4Cl solution (10 mL) was added in sequence. The aqueous phase was
extracted with diethyl ether (3 x 10 mL). The combined organic phases were washed
with brine (15 mL), dried over anhydrous MgSOs, filtered and the filtrate was evaporated
under reduced pressure. The crude residue was purified by flash column chromatography
on silica gel, eluting hexane/EtOAc 9:1 to afford the title compound as a colourless oil

(31 mg, 69%).

Method B:

tert-Butyl[2-[2-[(tert-butyldimethylsilyl)oxy]ethyl]phenoxy]dimethylsilane 125 (1.00 g,
2.73 mmol) was dissolved in EtOH (10 mL). Pyridinium p-toluenesulfonate (69 mg, 0.27
mmol) was added and the reaction solution was heated at 50 °C for 1 h. The solvent was
removed under reduced pressure and the crude residue was purified by flash column
chromatography on silica gel, eluting hexane/EtOAc 9:1 to afford the title compound as

a colourless oil (639 mg, 93%). du (400 MHz, CDCI3) 0.27 (6H, s, 2 x CH3), 1.04 (9H,
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s,3 x CHs), 1.58 (1H, t,J 5.8, CH,OH), 2.91 (2H, t, J 6.5, CH>), 3.86 (2H, q, J 6.5, CHb),
6.84 (1H, d, J 8.0, ArH), 6.93 (1H, td, J 7.4, 3.7, ArH), 7.14 (1H, td, J 7.8, 1.7, ArH),
7.19 (1H, dd, J 7.4, 1.5, ArH); m/z (ESY) 275 (20, M+Na*), 253 (100%, M+H"). The data

agree with those reported in the literature.!*

2-(2-Hydroxyethyl)phenol 124
HO
jhe

Anhydrous THF (25 mL) was added to lithium aluminium hydride (600 mg, 15.81 mmol)
with an ice bath under N». A solution of 2- hydroxybenzeneactic acid 120 (2.00 g, 13.14
mmol) in THF (10 mL) was added dropwise. The mixture was stirred at room
temperature for 30 min and heated at reflux overnight. After it was cooled to room
temperature, water (0.6 mL) was added slowly, and then 15% NaOH solution (0.6 mL)
and water (1.8 mL) were added in sequence. After stirring for 30 min, the mixture was
filtered, dried over anhydrous MgSOQs, filtered and the filtrate was removed under
reduced pressure. The crude residue was purified by flash column chromatography on
silica gel, eluting hexane/EtOAc, EtOAc: 0 - 10% to afford the title compound as a
colourless oil (1.62 g, 89%). du (400 MHz, CDCI3) 2.59 (1H, s, CH,OH), 2.92 (2H, t, J
5.3,CH»),4.00 (2H, t,J 5.3, CH>), 6.88 (1H, td, J 7.4, 1.1, ArH), 6.93 (1H, dd, J 8.0, 0.8,
ArH), 7.09 (1H, dd, J 7.4, 1.5, ArH), 7.18 (1H, td, J 8.0, 1.7, ArH), 7.92 (1H, s, ArOH);
m/z (EI') 138 (50%, M"), 107 (100). The data agree with those reported in the
literature. '’
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tert-Butyl[2-[2-[(tert-butyldimethylsilyl)oxy]ethyl|phenoxy]dimethylsilane 125

S0
0
/Si\é

Imidazole (1.48 g, 21.72 mmol) was added to a solution of 2-(2-hydroxyethyl)phenol 124
(1.00 g, 7.24 mmol) in dry DMF (20 mL) at 0 °C with an ice bath under N>. A solution
of tert-butyldimethylsilyl chloride (3.27 g, 21.72 mmol) in dry DMF (10 mL) was added
dropwise. The flask was removed from the ice bath and the colourless solution was stirred
at room temperature under N for 2 days. Water (20 mL) was added and the mixture was
extracted with diethyl ether (3 x 30 mL). The combined organic phases were washed
with brine (30 mL), dried over anhydrous MgSQOu, filtered and the filtrate was removed
in a rotary evaporator under reduced pressure. The crude residue was purified by flash
column chromatography on silica gel, eluting with hexane/EtOAc, EtOAc: 2% to afford
the title compound as a colourless 0il (2.21 g, 83%). Vmax(ATR)/cm! 2956, 2929, 2858;
du (400 MHz, CDCls) 0.01 (6H, s, 2 x CHs), 0.26 (6H, s, 2 x CH3), 0.89 (9H, s, 3 X CH3),
1.04 (9H, s, 3 x CHs), 2.86 (2H, t, J 7.2, CH»), 3.80 (2H, t, J 7.2, CH>), 6.80 (1H, d, J
8.0, ArH), 6.89 (1H, td, J 7.4, 1.0, ArH), 7.10 (1H, td, J 7.8, 1.7, ArH), 7.19 (1H, dd, J
7.4, 1.7, AtH); m/z (ES") 389 (30%, M+Na"), 235 (100). The data agree with those

reported in the literature. '
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2-[2-[(tert-Butyldimethylsilyl)oxy]|phenyl]acetaldehyde 126
ov\/©
y

2-[2-[(tert-Butyldimethylsilyl)oxy]phenyl]ethan-1-ol 123 (28 mg, 0.11 mmol) was
dissolved in DCM (1 mL) at 0 °C. Dess—Martin periodinane (94 mg, 0.22 mmol) was
added and the reaction mixture was stirred at 0 °C for 1 h. The mixture was warmed to
room temperature and stirred for additional 1 h. After that, the mixture was diluted with
DCM (10 mL) and washed with sat. aq. NaHCO3 (8 mL), dried over anhydrous MgSQO4,
filtered and the filtrate was evaporated under reduced pressure. The crude residue was
purified by flash column chromatography on silica gel, eluting hexane/EtOAc 19:1 to
afford the title compound as a colourless oil (21 mg, 76%). vmax(ATR)/cm’! 2956, 2931,
2859, 1726 (CO); ou (400 MHz, CDCIl3) 0.27 (6H, s, 2 x CH3), 1.01 (9H, s, 3 x CH3),
3.66 (2H,d, J 1.9, CH»), 6.89 (1H, d, J 8.0, ArH), 6.97 (1H, t,J 7.4, ArH), 7.17 (1H, d, J

7.5, ArH), 7.22 (1H, td, J 7.5, 1.5, ArH), 9.72 (1H, t, J 2.1, CHO); m/z (ES") 273 (100%,

M+Na"), 251 (80, M+H"). The data agree with those reported in the literature.'3®

2-[2-[(tert-Butyldimethylsilyl)oxy]phenyl]acetic acid 127

RS
© (0]

4

/Si\é
2-Hydroxybenzeneactic acid 120 (1.00 g, 6.57 mmol) and imidazole (536 mg, 7.88 mmol)

were dissolved in dry THF (20 mL) at 0 °C with an ice bath. A solution of tert-
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butyldimethylsilyl chloride (1.19 g, 7.88 mmol) in dry THF (10 mL) was added dropwise.
The flask was removed from the ice bath and stirred at room temperature under N for 2
days. Brine (30 mL) was added and the mixture was extracted with diethyl ether (3 x 30
mL). The combined organic phases were dried over anhydrous MgSQOys, filtered and the
filtrate was removed in a rotary evaporator under reduced pressure. The crude residue
was purified by flash column chromatography on silica gel, eluting with hexane/EtOAc
4:1 to afford the title compound as a yellow solid (887 mg, 51%). m.p. 62 - 64 °C;
Vmax(ATR)/cm™ 2953, 2930, 2860, 1703 (CO); du (400 MHz, CDCl3) 0.26 (6H, s, 2 X
CHs), 1.01 (9H, s, 3 x CHs), 3.67 (2H, s, CH>), 6.86 (1H, d, J 8.0, ArH), 6.95 (1H, td, J
7.5, 0.9, ArH), 7.16 — 7.24 (2H, m, 2 x ArH), 10.81 (1H, br s, CO2H); &c (101 MHz,
CDCl;) -4.2 (2 x CH3), 18.2 (CCHs), 25.7 (3 x CH3), 36.0 (CH»), 118.2 (ArCH), 121.1
(ArCH), 124.5 (ArC), 128.6 (ArCH), 131.3 (ArCH), 153.9 (ArC), 177.6 (CO:H); m/z

(ES") 289.1243 (100%, M+Na". C14H2203SiNa requires 289.1230).

Diethyl [2-[2-[(fert-butyldimethylsilyl)oxy]phenyl]-1-

(diethylamino)ethyl]phosphonate 130

N

~_N
oo
[ (o /\Si/\é
A mixture of 2-[2-[(tert-Butyldimethylsilyl)oxy]phenyl]acetaldehyde 126 (100 mg, 0.40

mmol), diethylamine 129 (41 pL, 0.40 mmol), diethyl phosphite 128 (52 uL, 0.40 mmol)

in THF (1 mL) was stirred and heated at 50 °C overnight. After cooling down, the solvent
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was removed and the crude residue was purified by flash column chromatography on
silica gel, eluting hexane/EtOAc 3:2 to afford the title compound as a colourless oil (32
mg, 18%). vmax(ATR)/cm™ 2930, 2859, 1600; du (400 MHz, CDCls) 0.27 (6H, s, 2 x
CH3), 0.89 (6H, t, J 7.1, 2 x CH3), 1.04 (9H, s, 3 x CH3), 1.31 (6H, dt, J 12.8, 7.1, 2 x
CHs), 2.52 — 2.64 (2H, m, CH>), 2.70 — 2.82 (2H, m, CH>), 2.93 — 3.11 (2H, m, CH>),
3.59-3.70 (1H, m, CH), 4.02 — 4.23 (4H, m, 2 x CH»), 6.77 (1H, dd, J 8.1, 0.9, ArH),
6.86 (1H,td,J7.4,1.0,ArH), 7.08 (1H,td,J 7.8, 1.7, ArH), 7.22 (1H, dd, J 7.5, 1.6, ArH);
dc (101 MHz, CDCls3) -4.0 (2 x CH3), 14.6 (2 x CH3), 16.6 (CH), 18.4 (CCH3), 25.9 (3
x CHz), 28.8 (CH2), 44.9 (2 x CH>), 56.2 (CH3s), 57.6 (CHz3), 60.6 (CH»), 62.1 (CH>),
118.3 (ArCH), 120.6 (ArCH), 127.1 (ArCH), 129.8 (ArC), 132.0 (ArCH), 154.0 (COH);
dp (162 MHz, CDCl3) 27.9; m/z (ES") 444.2707 (100%, M+H". C2:H43NO4PSi requires

444.2693).

Diethyl [2-(2-hydroxyphenyl)-1-(phenylamino)ethyl]phosphonate 132

QH
9.
//O 4 HO

[
A mixture of 2-[2-[(fert-butyldimethylsilyl)oxy]phenyl]acetaldehyde 126 (50 mg, 0.20
mmol), aniline 131 (18 pL, 0.20 mmol), diethyl phosphite 128 (26 puL, 0.20 mmol) and
FeCls (3 mg, 0.02 mmol) in EtOH (1 mL) was stirred at 60 °C overnight. The solvent
was removed and the residue was diluted with ethyl acetate (10 mL). The mixture was

washed with water (10 mL), brine (10mL), dried over anhydrous MgSQyg, filtered and the
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filtrate was evaporated under reduced pressure. The crude residue was purified by flash
column chromatography on silica gel, eluting hexane/EtOAc 3:2 to afford the title
compound as a light yellow oil (9 mg, 13%). vmax(ATR)/cm™! 2925, 1602, 1503; 51 (400
MHz, CDCl3) 1.26 (6H, q,J 7.1, 2 x CH3), 3.92 —4.20 (4H, m, 2 x CH>), 4.68 (1H, t, J
7.4,CHH), 4.92 (1H, dd, J22.6, 6.2, CHH), 6.70 (2H, dd, J 8.6, 0.9, 2 x ArH), 6.80 (1H,
t,J 7.4, ArH), 691 (1H, t,J 7.5, ArH), 6.99 (1H, d, J 7.6, AtH), 7.13 — 7.27 (4H, m, 4 x
ArH), 7.28 (1H, s, NH), 8.79 (1H, s, OH); 6c (101 MHz, CDCl;) 16.3 (2 x CH3), 26.0
(CH), 55.1 (CHy), 63.7 (CH»), 64.4 (CHz), 114.6 (2 x ArCH), 119.4 (ArCH), 119.7
(ArCH), 121.1 (ArCH), 121.7 (ArC), 129.1 (ArCH), 129.3 (2 x ArCH), 129.6 (ArCH),

146.3 (ArC), 155.7 (COH); 8p (162 MHz, CDCls) 24.3.
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