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Abstract

Positron emission tomography (PET) is a molecular imaging technique which allows
visualisation and quantification of biomarkers by administering a positron-emitting
molecular probe.* The steroid hormone receptors for estrogen and progesterone are
over-expressed in hormone-dependent cancers of the breast and ovary. Endocrine
therapies targeting estrogen receptor (ER) such as Tamoxifen, a selective estrogen
receptor modulator (SERM), are among the frontline treatments for these cancers.
Currently patient stratification for ER therapy is carried out using
immunohistochemical (IHC) assays from biopsy samples; however, this invasive
technique is unsuitable for assessing metastatic lesions (multiple and difficult biopsy
sampling required). IHC assays are also prone to errors arising from discordance in
methodology for assessment of results and also the effect of tumour heterogeneity.
Progesterone receptor (PR) expression is regulated by ER and can therefore serve as a
surrogate treatment response biomarker for endocrine therapy as PR expression
reports on modulation of the ER pathway even if the receptor is saturated with
tamoxifen. The use of PET for quantitative interrogation of breast tumour response to
endocrine therapy has been reported with steroidal PR ligand, [*®F]FFNP using an in
vivo breast cancer rodent model. Correlation between PR expression and tracer uptake

has been evaluated in a clinical trial.

A focused library of non-steroidal PR imaging agents has been synthesised, based on
the benzoxazinthione core structure of tanaproget, a well-established non-steroidal PR
agonist. Novel synthetic methodology for accessing thio-carbamate Tanaproget
derivatives was developed to avoid the use of Lawesson’s reagent. This thesis reports
the first synthesis of a 1,2,3-triazole containing PR ligand which exhibited nanomolar

potency in T47D cells.

This project aimed to develop surface plasmon resonance (SPR) methodology to
assess ligand-receptor binding kinetics to aid lead candidate selection for
radiolabelling. The development of an assay to assess ligand binding between
progesterone (used as a known PR ligand) and captured PR-ligand binding domain
proved to be unsuccessful even though the receptor was able to bind anti-PR

monoclonal antibody (mADb). A reduction in temperature and introducing a chaotropic



agent to denature the receptor were unsuccessful attempts at getting the receptor to
bind to progesterone. The dependence of ligand binding on chaperone proteins like
heat shock protein-90 (HSP90) was realised and a PR-HSP90 complex receptor was
captured to try and facilitate ligand binding. These receptors proved to be
unsuccessful at facilitating ligand binding. Compound libraries were evaluated for
potency using the T47D alkaline phosphatase assay in live cells; lead candidates were

selected using this data.

Radiochemical methodology was developed to label lead candidates with fluorine-18.
Two lead candidates were selected from the potency data of cold compounds in the
breast cancer cell line T47D; these compounds were compound 26 (ECso = 4.7 nM)
and 32 (ECso = 47.6 nM). Initial steps to access compound [*®F]26 were developed by
radiolabelling dibromopyridine precursors as a prosthetic group; however, this
radiosynthesis was not completed. The radiosynthesis of [**F]32 was achieved by
one-step methodology with a fluoride incorporation of 75 — 78 % in a 15 min reaction
time. Work towards developing conditions to purify [**F]32 allowed some compound
to be isolated and specific activity determined (0.027 GBg/umol). Future work will
involve improving the purification method to [®F]32 in anticipation of isolating
compound with higher specific activity to evaluate the compound with in vitro cell

uptake studies and in vivo biodistribution in an animal model.
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Chapter 1 Introduction

1.0 - Introduction to Positron Emission Tomography Imaging.

A B
PET:?" : Detector
Positron emitting isotope AWNTHE

511 KeV
photon

Positronce:a

Electron |
511 KeV /
photon Gamma rays created

Figure 1 - Schematic of the basic principles of PET.

N
" Positron
v-’y transmutation

PET is a molecular imaging technique that allows visualisation and quantification of
biomarkers by administering a molecular probe containing a positron emitting
radionuclide.! The radionuclide decays emitting a positron which collides and
annihilates with an electron within a few millimetres depending on the positron
energy, the collision generates two equal and almost co-incident gamma rays (y-rays);
the y-rays radiate from the point of collision through the body and into an array of
detectors around the patient (Figure 1).%? Fluorine-18 is considered the ideal PET
radionuclide due to a high percentage of positron decay, medium energy positron
emission and near optimal half-life for patient management.> Tomographic
reconstruction creates three-dimensional image representing radioactivity distribution

and concentration of the radiotracer.?

There are many positron-emitting radionuclides which allows for greater synthetic
flexibility in labelling a molecule. Metal radioisotopes (**Cu, ®Zzr, **Sc, %Ga) require
chelation for labelling a molecule whereas p-block elements (**C, N, 0, *¥F) can

be incorporated into a molecular structure for interrogation of intracellular targets.
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Table 1 - Radionuclides used for PET imaging.*>®

_ Maximum Range in Water
) ) Half-life ty Decay
Radionuclide _ B+ Energy (max)
(min) product
(MeV)
e 20.40 0.96 g 4.12 mm
BN 9.97 1.19 B¢ 5.39 mm
o 2.04 1.72 N 8.20 mm
18 109.8 0.64 89 2.39 mm
®4cu 762.0 0.65 4N 2.50 mm
8zr 4704.6 0.90 8y 1.18 mm
4s5c 238.2 1.45 4ca N/A
8Ga 67.7 1.89 %7n 8.20 mm

There is a range of commonly used short-lived positron emitting radionuclides
available for use in PET (Table 1). Fluorine-18 is generated in a cyclotron either as a
liquid containing ‘®F nucleophilic fluoride ions or an electrophilic fluorine gas
[*8F]F,.* The cyclotron accelerates a beam of protons that bombard a target, creating
unstable neutron poor radionuclides. The most common target used is highly enriched
oxygen-18 water which produces fluorine-18 ions in a nuclear reaction known as
80(p,n)*®F.>* This reaction sees the addition of a proton to the nucleus of 0

subsequently followed by the ejection of a neutron to create fluorine-18.

Alternatively, a °Ne in F, gas can be used as a target (*°Ne(d,o)*®F) which requires
deuteron bombardment (typically, 11 — 25 MeV deuteron beams) to generate fluorine-
18 with very low activity (<1.0 Ci).* Proton bombardment of oxygen-18 gas, known
as the “double shoot” can be used to generate fluorine-18 which sticks to the target
walls; the oxygen-18 gas is removed and replaced with argon and stable fluorine gas
(1%).* A short irradiation follows to generate [*®F]F, gas.>*

The advent of “benchtop” cyclotrons such as the Dose-On-Demand Biomarker

Generator by ABT allows for rapid production of PET radionuclides in small

3
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facilities. The mini-cyclotron can produce fluorine-18 at a rate of 1.0 mCi/min, is self-
shielded and uses low power. The system is easy to operate with the flexibility of
adding synthesis modules to the cyclotron for on-demand tracer production; these can
be incorporated into existing radiopharmacies allowing for an easy “plug and play”

approach to synthesising novel radiotracers.’

Medical imaging is used extensively in oncology for managing patient care by
monitoring morphology, structure, metabolism and function of the disease. Different
techniques each have associated advantages and disadvantages however medical
imaging can be categorically described as real-time monitoring of human biology
without destruction of tissue over a range of size and time scales with minimal or no

invasion of the body.®

Current Future
Devemping Initial . N Genetic DNA Pre- Disease
Molecular symptoms Diseasa progression Predisposition mutation symptomatic regression
Signature therapy

Treatment & w

w Diagnosis & Treatment & 0 Monitoring
Staging Monitoring l
Specific Malecular Image guided Non-invasive
Imaging Imaging Surgery Imaging markers imaging min-invasive quantitative &
Mammography  Endoscopy Cath Lab Non specific Molecular Quantitative surgery & functional
CU|UHU_CiFé_1i_J|1‘J Cath Lab Radio, markers Diagnostics & functional localtargeted imaging
MNon specific Biopsies Thermal & (MDx) whole-body drug delivery Molecular
markers Chemo imaging Drug tracking imaging
Therapy Comp Aided Tissue analysis ~ Molecular
Diagnostics Molecular diagnostics
Diagnostics (MDx)

(MDx)

Figure 2 — Comparison between the current use of medical imaging in oncology
which uses developing molecular signatures and initial symptoms to identify and
diagnose/stage disease and future medical imaging which screens for genetic
predisposition to disease and diagnoses/stages DNA mutations before initial
symptoms show. Adapted from Fass el al. (2008).2

Medical imaging is used in oncology for screening of patients for developing
molecular signatures, diagnosis and staging of disease (Figure 2); follow up after
treatment allows reassessment of staging and disease progression. In the future, it is

thought that screening will look for genetic predisposition of disease followed by



Chapter 1 Introduction

diagnosis and staging of the DNA mutation by quantitative molecular imaging

allowing for pre-symptomatic therapy.®

An advantage of PET over traditional pathological techniques is the ability to assess
whole lesions in the body in a single minimally invasive scan.’ There are many
clinically used imaging techniques including magnetic resonance imaging (MRI),
ultrasound (US) and X-ray which all provide structural anatomical information; PET
differs from these techniques due to its sensitivity allowing quantitative tracer

studies.’®

Biology
Zeptomolar Nanosystems__Protein dynamics
Attomolar ]
Femtomolar . . Optical . Stem cell fun.ctlon
Picomolar Biochemistry Signal transduction
NM/PET Gene expression
) Receptors  Nanomolar
Physiology Metabolism
MRI fMRI MRS
Perfusion Micromolar
Ultrasound
X Ray Angio
Pump function Millimolar
MSCT

X Ray

Figure 3 — Sensitivity of imaging technologies. Adapted from Fass et al (2008).?

PET is the most sensitive imaging technique (nmol — pmol/kg) which is often
combined with computer tomography (CT) to combine the sensitivity of PET with the
spatial resolution of CT (Figure 3).2 PET is extensively used in oncology for
diagnosis, staging and assessment of therapy response with [**F]FDG." Imaging
biomarkers have the potential to be used as predictive indicators to assess the
likelihood of a patient responding to treatment. Prognostic biomarkers may predict the
aggressiveness of a patients disease and how likely it will lead to death; therapeutic
predictive markers predict if a patient is likely respond to a particular treatment
regime. Early-response markers, otherwise known as pharmacodynamic (PD) markers
are an important class of biomarkers in oncology. PD markers determine response to
treatment for example, reducing tumour growth. If a clinician is unable to see early

response to treatment then alternative treatment regimens can be sought quickly.
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Finally, surrogate endpoints provide indication of therapeutic success characterised by

disease-free survival, progression-free survival or overall survival.™

Successful imaging biomarkers are robust, reliable and well characterised. Imaging
biomarkers must be able to withstand testing and provide reliable data when assessed
in different patients in different clinics using different devices to ensure consistency
of the target. Imaging biomarkers must also correlate with pathological results, be

specific and sensitive as well as correlating with patient outcome.’

OH

HO )

OH
HO 18F

Figure 4 — [*®F]FDG Structure.

The first “imaging” with glucose mimics was conducted by Sokoloff et al (1977) who
used a beta-emitting glucose mimic [**C]deoxyglucose to image regional brain
metabolism using autoradiography and correlated this with local brain function, this
approach has been adapted for tomographic imaging using [“F]JFDG.%
[*®F]Fluorodeoxyglucose ([*°F]JFDG) is the most widely used PET imaging agent for
cancer imaging (Figure 4);® [*®F]FDG is predominantly used for diagnosis, initial
staging and re-staging of disease in oncology (Table 2). [**F]FDG is a glucose mimic
and is useful in clinical imaging as it exploits the Warburg effect which states that
most cancer cells show increased level of glycolysis compared to normal healthy
cells.** Cancer cells upregulate the expression of Glut1 and Glut 3 glucose transporter
proteins across the cell membrane to increase glucose uptake into the cell. [**F]JFDG
lacks specificity and is taken into cancer cells and all organs with a high-energy
demand such as the heart and brain and is a marker of glycolytic flux to allow the
imaging of a range of pathologies where this is elevated. Once inside the cell,
hexokinase phosphorylates [**F]JFDG into the 6-Phospho-[**F]FDG which prevents
the molecule from leaving the cell as glut transporters do not transport phosphorylated

sugars.® There are many other PET radiotracers that are being developed to image
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cancer progression processes and treatment response; these include angiogenesis,

apoptosis, blood flow and hormone analogues.

Table 2 — The clinical use of [**F]FDG for diagnosis, staging, treatment monitoring of

disease in oncology. Adapted from Fass et al (2008).?
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Indications a [= = x
Breast X X X
Cervical X
Colorectal X X X
Oesophagus X X X
Head & neck X X X
Lung, non-small X X X
Lymphoma X X X
Melanoma X X X
Solitary Pulmonary Nodule X
Thyroid X

Medical imaging can become even more powerful when linked to disease phenotypes
or gene protein signatures.”®> Radiomics is the idea of providing more detailed
quantitative information from medical scans using automated software by mining data
to build predictive models.*® The fusing together of imaging data and genetic data
allows very detailed information to be extracted from patient scans that is currently

unused.®



Chapter 1 Introduction

-

Imaging Segmentation Feature extraction Analysis

Figure 5 — Workflow of radiomics starts with imaging followed by segmentation to
define the tumour region. Features are extracted and analysed to provide prognosis,

staging or gene expression. Adapted from Lambin et al (2012).

Radiomics offers the potential to capture tumour heterogeneity by extracting more
image-based features from radiographic images; the workflow of radiomics is shown
in (Figure 5). The tumour region is defined by segmentation and features like tumour
intensity, texture and shape are extracted and analysed to provide prognostic power,

staging or gene expression.*°

1.1 - Radiochemistry.

The last decade has seen many developments in novel radiochemical methodology for
labelling molecules/biomolecules with positron-emitting radionuclides. A diverse
array of methods suitable for incorporating fluorine-18 into molecules has been
developed, driven by the need to label complex molecules, improve incorporation
efficiencies and provide high specific activities.

GBq Activity (GBq)
A (al) =

pmol) Mol (umol)

Equation 1 — Specific activity defined as an equation where A is specific activity.

Specific activity is a very important consideration when developing PET imaging
agents and relates to the amount of radioactivity per concentration of desired

molecule that contains both radioactive and non-radioactive isotopes (Equation 1).
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[ J Receptor Radiolabeled molecule . Unradiolabeled molecule]

Figure 6 — Graphical representation of why specific activity is an important parameter
in PET imaging. This example shows that after a period of time, the radiolabeled
molecule has not bound to the target receptor that is occupied by unradiolabeled

molecules.

If a tracer has a low specific activity then there is potential for competition between
both radioactive and non-radioactive molecules for the same target that would
decrease the signal to noise ratio of the image (Figure 6). This would appear as
though the molecule had minimal uptake in a biological system when in reality the
availability of receptors free to bind radio-molecules has been reduced by cold
molecule binding to the target. High specific activity is also required to not violate the
tracer principle; high concentrations of tracer could perturb the system under study
therefore high specific activities allow injected dose to be lowered. Typical receptor

densities are in the range of fmol/mg of protein.

The initial flexibility of fluorine-18 is derived from the ability to produce either
electrophilic fluorine gas [**F]F, or nucleophilic fluoride ions [**F]F . [**F]F. is the
more reactive than [**F]F ions however it suffers from poor stereoselectivity and low
specific activity due to doping with fluorine-19. Although [*®F]F ions are not as

reactive as [*°F]F, they are advantageous as specific activity remains high.
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OAc OAc OAc
18F1F J8F
AcO o [PFAF _aco 0 . AcO Q 195
A A
cO cO 18F19|: AcO
l H* 3:1 l H*
OH
OH
HO o) 18F
HO OH HO °
18F HO OH
[18F]FDG [18F]FDM

Scheme 1 — Synthesis of [**F]JFDG using elemental fluorine *8F, in an electrophilic

fluorination reaction. Adapted from Fowler et al (2002).*

The synthesis of [*|F]FDG was first carried out by Wolf et al (1976) using direct
electrophilic fluorination across the double bond of a glucose mimic precursor in low
yield (8%) after a lengthy two hour synthesis (Scheme 1); a nucleophilic method for

synthesising [*®F]JFDG has since been developed by Hamacher et al (1986).

As previously stated, [*®F]F~ for nucleophilic fluorinations is not as reactive as
[*8F]F, however specific activity remains high as there is no need to dope the
cyclotron target with fluorine-19. Nucleophilic fluorinations dominate the literature a
result of the range and variety of chemistries and strategies available for labelling.
Fluorine-18 is produced in oxygen-18 enriched water which results in high solvation
of [*®F]F by water molecules, reducing the nucleophilicity of the fluoride ion. An
important step in preparing [®F]F" for radiochemistry is drying by azeotropic
distillation with acetonitrile under a stream of nitrogen. Kryptofix 222™ and a base
such as K,COj3 both increase the nucleophilicity of [*®F]F by complexation of K* ions
to leave “naked” [*°F]F  ions but also prevents the formation of volatile HF gas which
can liberate from the vessel and reduce the activity for subsequent reactions.
Alternatively, quaternary ammonium anion exchange (QMA) Sep-Pak columns can
be used to retain [*®F]F by an ion exchange reaction and eluted using a solution of

Kryptofix 222™ and base in acetonitrile.

10
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1.2 - Advances in electrophilic fluorination.

Electrophilic fluorination is seen as unfavourable due to unspecific labelling of
compounds and low specific activity; however, the development of electrophilic
fluorination reagents has allowed the radiochemist to gain more control over the
reactivity of [*®F]F; in both reactivity and selectivity.*

O\\S”O Q0 [FIF 0.2 .0

S 5

NS = SS ¢+ Na®eF
Ph  CH,CN:H,0 Ph N 'Ph

Na+ 18F

['8FINFSi
Scheme 2 — Synthesis of [**F]NFSi.*8

Teare et al (2007) synthesised [‘®F]-N-fluorobenzenesulfonimides (NFSi) and labelled
three model substrates in good yield (Scheme 2).2* The synthesis of [“*F]NFSi
produces [**F]NaF as an unreactive salt which has been shown to not take part in
electrophilic fluorination.® The conversion of [**F]F, into [*FJacetyl hypofluorite,
[*®F]fluoropyridones, [**F]fluoro-N-sulfonimide and [*®F]xenon difluoride all appear
in the literature as methods for obtaining a useful electrophilic fluorinating reagent

which elicits more selectivity and higher specific activity than [:®F]F, gas.***%°

ﬂ ,—Ph LiOTf, CH5CN, -10 °C
[N'EJ - 4 +  ["®FILIF
- 18 N _

Scheme 3 — Radiosynthesis of [*®F]selectfluorbis(triflate).?

The electrophilic fluorodemetalation of electron-rich arylstannanes is an important
route to synthesising [*®Flarylfluorides. [*°F]labeled Selectfluor was successfully
synthesised and used as a mild, selective electrophilic fluorination reagent for
electrophilic fluorodemetalations (Scheme 3).%*
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1.3 - Nucleophilic Aliphatic Radiochemistry

SO~ PR NN
N3 > N3
K222, K,CO,

MeCN, 80 °C
15 min.

Scheme 4 — Synthesis of [*®F]fluoroethylazide by Sn2 displacement of a tosylate

leaving group.?

The fluorination of aliphatic systems by Sy2 displacement of a good leaving group is
a commonly used strategy for radiolabelling molecules (Scheme 4). The synthesis of
[*®F]fluoroethylazide is an example of labelling a small molecule with fluorine-18 by
displacement of a tosylate leaving group. [**F]Fluoroethylazide is used extensively in
radiochemistry as a “clickable” radiolabeled prosthetic group for labelling of small
molecules and peptides.

Route 1 Route 2

0.0 K\
| o)

\ 0.0 0
N,s o N:s’
° & 0
’ N N
/
0

/
0 N,
| N AN
SO 8
F TsO F
K222/ 18
18- Feo~ CuSO,
KHCO;4 N3 sodium ascorbate

o 00

o)
o) )
oS’ 0 NS
o) o O o
N H,SO, N
/ B / N
0 N, 0 \
Y or HCl | N
F4<\ \> jN F )N

F 18F
['8FJICMT-11

Scheme 5 — Synthesis of a caspase 3/7 isatin using direct and indirect labelling
approaches.?

12



Chapter 1 Introduction

Both direct and indirect labelling approaches are exemplified by the radiolabelling of
[|F]ICMT-11, an apoptosis imaging agent (Scheme 5). Route 1 shows a direct
labelling approach to access [**F]ICMT-11 which requires the synthesis of an acetal
protected precursor bearing a tosylate group. A simple Sn2 displacement of the
tosylate group for fluorine-18 followed by acid deprotection of the acetal protected
ketone results in the synthesis of [*®F]ICMT-11. Route 2 involves the synthesis of the
[*8F]fluoroethylazide prosthetic group (Scheme 4) which is reacted with an alkyne
bearing precursor using the copper-catalysed azide alkyne Husigen cycloaddition
“click” reaction (CuAAC) to access [18F] ICMT-11.

1.4 - Manganese catalysed fluorination

Liu et al (2013) describe the use of Mn-porphyrin and Mn-salen complexes to
catalyse fluorination of benzylic C-H systems using common reagents AgF or TBAF

as a source of fluoride.?®

PhIO Phi
S _
o A fgm
> D
ﬁ ) // R

e
nT :g, T
N\
=1
=
\/

Scheme 6 — General catalytic cycle for manganese porphyrin/salen-catalysed C-H

fluorination.?®

The manganese catalyst forms an oxoMn(V) intermediate which generates a radical
on the benzylic position of the substrate. A trans-difluoro manganese(1V) complex

transfers a fluorine atom to the substrate radical forming a C-F bond.?

13



Chapter 1 Introduction

Mn(salen)CI (20 mol%)
O > O
o~ PhlO, Et;N.3HF, AgF -
CH4CN, 50 °C O

55%

Scheme 7 — As a proof of concept, ibuprofen ester has been fluorinated in the
benzylic C-H position using Mn catalysis.?®

The anti-inflammatory drug, ibuprofen ester has successfully been fluorinated (55%
yield) using Mn-catalysis approach to show how applicable this methodology can be
for fluorinating non-activated C-H positions.?® This reaction has been carried out
using no carrier added [*®F]fluoride to access [*®F]ibuprofen ester in 65% RCY.** A
range of substrates have been tested and RCY ranged from 20 — 68%; functional
groups were well tolerated. The methodology was also compatible without fluoride
drying procedures; [**F]fluoride was immobilised on an anion exchange cartridge and

eluted into an organic solvent containing catalyst.*
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1.5 - Aromatic Radiochemistry

There are diverse arrays of reactions both classical and new that allow radiolabelling
of aromatic molecules with fluorine-18. A large arsenal of fluorinating reactions
benefits the radiochemist as it allows for greater synthetic flexibility to label a

substrate as late in the reaction scheme as possible (Figure 7).

[ Diaryliodonium salts ]

Copper catalysed 18- Aromatic nucleophilic
fluorination substitution

[ Palladium catalysed fluorination }

Figure 7 — Pathways for labelling aromatic compounds with fluorine-18 that are to be

further discussed in this thesis.

The use of [*®F]fluoride is advantageous over [*°F]F, as it is easily handled and
produced by most cyclotrons. The gaseous form [*®F]F, is more reactive, is difficult to
handle and can lead to low-specific activities of labelled tracer. A classic reaction for
labelling aromatic compounds is by nucleophilic aromatic substitution where systems
often require an EWG and a good leaving group; however, this can often have the
disadvantage of being unable to radiolabel a molecule at later stages of the synthetic
route due to further manipulation of the para-activating group in order to access the
desired molecule. Developments in transition metal catalysis for aromatic fluorination
are forging the way to allowing the radiochemist to label complicated structures

without the presence of activating groups at the last step of a synthetic route. This
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thesis will review both classical approaches to radiolabelling aromatic compounds

and new developments in transition metal catalysis.

1.6 - Nucleophilic Aromatic Radiochemistry

Introducing a [*®F]F anion into an already electron rich environment such as an
aromatic system presents challenges that have been overcome by developments in the
field. Electron deficient aromatic rings activated by strong electron withdrawing
groups like carbonyl, carboxyl, cyano and nitro with a good leaving group like
halides, nitro and trimethylammonium allow for nucleophilic radiolabelling using

[*®F]fluoride.®

EWG\©\ [18F]F- EWG
—_—
LG

LG = halide, nitro, trimethylammonium
EWG = carbonyl, nitro, cyano

)

18F

18F HOOC—<C:>%WF

18F

18F HOOC—<C:>%WF

Activated substrates Reactive substrates

E
Y
I
=z

HoN

z
O
16_7?
Y

Scheme 8 — Synthesis of fluorine-18 labelled aromatics by ArSy2 and conversion to
reactive substrates for further synthesis by reduction, oxidation or hydrolysis. Strong

electron withdrawing groups (EWG) are required to activate the ring.?

Labelled activated substrates can be converted to useful reactive compounds by
reduction, oxidation or hydrolysis. Although a useful synthetic route to access

[*®F]fluorinated aromatic compounds, the scope is limited by the requirement of
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strong EWG activation. Futhermore, there are two steps from labelling to reactive
substrate which means that coupling reactive substrates should ideally be the final
step. Activation of a ring system is not always necessary when labelling
heteroaromatic species like pyridine ring systems.

AN ["8FIFK-Kyp, A
—_
» w

X" °N Solvent 18F” °N
Temperature
Time

X = Cl, Br, I, NO,, N*Me;.CF3SO;"

= = . P X
XY X -y X — X — —
X( N N N N 18F N

18F 18F 18F
18F.

Scheme 9 — Radiolabelling of 2-substituted pyridines using Sn2Ar substitution of
[*®F]fluoride. Resonance stabilisation allows substitution reaction to proceed without

activation of the aromatic ring.”®

Aromatic nucleophilic substitution on heteroaromatic systems like pyridine do not
require an activating group (Scheme 9). Dolci et al (1999) describe the radiosynthesis
of 2-[*®F]fluoropyridines to determine the best solvent, temperature, reaction time and
leaving group to increase incorporation of fluoride into the pyridine ring system;
typically, the cold synthesis of 2-fluoropyridines were obtained by heating 2-
chloropyridine to 210 °C for 21 days, conditions that are far from amenable to the
constraints of the 110 min half-life of fluorine-18. The group developed optimum
reaction conditions that gave an 87 — 91% yield using a trimethylammonium leaving
group at 180 °C between 5 and 10 min reaction time.?® The nitro and bromo leaving

groups also gave excellent incorporation yields between 60 — 89 %.%
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1.7 - Diaryliodonium salts

Diaryliodonium salts offer an alternative route to accessing fluorinated aromatic
compounds without the need of EWG ring activation. There is no restriction on the

substitution pattern of the substrate.?’

X
X Arl(OAc), A = [18F]f|uor|de X
Ry —_— > R, Ry R,
! 27 + 1 1
= X = I NS n.c.a, K222 13F = I

X =H, SnR3, B(OH), and/or
o + Ry

Scheme 10 — Generic reaction scheme showing the synthesis of a diaryliodonium salt

and subsequent nucleophilic attack from [*®F]fluoride to yield [**F]arylfluorides.?®

[*®F]Fluoride attacks the diaryliodonium salt preferentially at the electron-deficient
ring so control over the formation of [**Flarylfluoride product can be achieved. A
second factor that influences the substitution position of [*®F]fluoride is sterics; ortho-
substituents showed increased fluorination due to the formation of a strained iodine-

centred intermediate.?®

0 0
0 0
y oN K[18F)/K222 o\
(1+ o > o)
S” I DMF 130 °C 18F
CF3COO_ 4-['8F]SFB

Scheme 11 — Route to synthesis of 4-[**F]SFB using a diaryliodonium precursor in

one step.”®

Carroll et al have worked extensively in the area of diaryliodonium salts as precursors
for ArSy2 incorporation of [**F]fluoride. The synthesis of 3-position substituted
pyridine ring systems has been achieved using diaryliodonium salt precursors.* The

[*|F]SFB prosthetic group commonly used for labelling biomolecules requires a
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multipot, multistep synthesis which can be reduced to one step by the use of a

diaryliodonium salt precursor (Scheme 11).%

1.8 - Palladium catalysed fluorinations

The use of palladium catalysis is helping to overcome the difficulty of synthesising
fluorinated aromatic organic compounds that have previously required specific
reagents and harsh reaction conditions. Fluoride is both strongly basic and
nucleophilic, the use of transition metal catalysis like palladium allows control of

nuclophilicity vs. basicity.*

F Ar-F
L-Pd
Ar
MX
ME L=1or3 L-Pd(0)
/X
L—Pq
Ar
Ar-X

Scheme 12 — General catalytic cycle for palladium-catalysed fluorinations. MF

metal fluoride salt.*?

Watson et al (2009) demonstrated the use of [LPd(I1)Ar(F)] complexes (where L
biaryl monophosphine) with CsF or AgF fluorine sources for the formation of aryl

fluorides from aryl triflates (Scheme 13).

{BuBrettPhos (6 mol%)

OTf |(cinnamyl)PdCl], (2 mol%) F
N, "Pd", PdL 1:1.5 (4 mol%) N
CsF + R R+
=

Toluene, 80 - 130 °C, 12 h

Scheme 13 — Fluorination of aryl triflates tolerates a range of functional groups and

proceeds in excellent yield. CsF is used as a fluorine source.
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The transformation showed a wide scope of tolerance to functional groups, allowing
for potential use for incorporating fluorine-18 into complicated molecules as a final
step. Further work is required to optimise this reaction for use with PET as shorter
reaction times require excess CsF whereas [‘°F]fluoride is the limiting factor in

radiochemistry.®

The Ritter group validated the use of transition metal mediated fluorinations as last-
stage strategy for fluorinating complex molecules that would otherwise be difficult to
access. The methodology required the synthesis of two Pd-reagents, one as an

electrophilic fluorinating reagent and the other as a Pd-aryl complex for

radiolabelling.
OMe OMe
Q ~ B(OH),
(o} 5
O JEN >R
e _ B /)R
N | — benzene/MeOH - (Pd] .
N_P|d_N\ / KoCO;
OAc 23°C, 10 h

Scheme 14 — Synthesis of palladium aryl complexes for fluorination. These
complexes are stable to air and column chromatography. This means that they could
be prepared and stored for use in a clinical setting.

The precursor, Pd-aryl complex can be prepared in large scale, stored and transported
to imaging sites meaning that handling organometallic synthesis would not have to be
handled in a clinical setting. The Pd-aryl complex is prepared from a boronic acid of
the substrate using a modified PAOAC catalyst (Scheme 14).
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Complex 1 Complex 2
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Scheme 15

[*®F]fluoride.®

Electrophilic  fluorinating reagent Pd(IV)[*®F]fluoride from

The group synthesised Pd(IV)[**F]fluoride and used it as an electrophilic fluorinating
reagent with high specific activity (Scheme 15).*3 The high oxidation state of the
Pd(IV) metal centre can act as an oxidant and lower its oxidation state by transferring
a ligand to a nucleophile. Fluorine-18 is transferred into the Pd-aryl complex which

undergoes C-F reductive elimination to result in the [**F]aryl fluoride.

18F

['8F]fluorodeoxyestrone

Scheme 16 — Radiosynthesis of [*®F]fluorodeoxyestrone using Pd-mediated

fluorination reaction with [‘®F]2 complex.

The synthetic scope of this fluorinating reagent was demonstrated with the synthesis
of [**F]fluorodeoxyestrone which was achieved in 33% RCY in two steps (Scheme
16).® The benefit of this synthesis is that complex molecules can be radiolabeled as a
last step without the need for aromatic ring activation. Lee et al (2013) have report the
use of Pd-catalysed nucleophilic fluorination with non-activated aryl bromides using
AgF.
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X AgF (2 Eq) F

KF (0.5 Eq)
R-- N > R-- h
\_~ Pd-catalyst (1 - 2%) ~

90 - 130 °C, 14h

Scheme 17 — Fluorination of aryl bromides using AgF fluorine source with Pd

catalysis.

Fluorination of various aryl bromide substrates proceeded in excellent yield (51 —
90%) and the group are looking to apply the methodology to the synthesis of fluorine-
18 containing radiotracers however the requirement of delicate palladium catalysis

requires careful handling and thus limits the application of this methodology.*

1.9 - Copper catalysed fluorinations

Ye et al (2013) described the use of Cu(OTf), to mediate the fluorination of
aryltrifluoroborates using potassium fluoride; a range of substrates were successfully
fluorinated using this methodology.>* Tredwell et al (2014) described the use of
similar copper complexes with aromatic and heteroaromatic boronic esters to label

aromatic systems in good yield using no carrier-added nucleophilic [**F]fluoride.*®®

EtO,C.__NHBoc, EtO,C._ NHBoc; EtO,C_NH,
MeO M MeO o MeO
(BFIKF/K 57% aq. HI
222 o
-0 MeO 18F 180°C MeO 18F

MeO |§ DMF, 110 °C, 20 min 10 min
© RCY =55% > 95% conv.

ee > 99%

6-[18F]Fluoro-L-DOPA

Scheme 18 - Radiosynthesis of 6-[**F]fluoro-L-DOPA using Cu-mediated

fluorination with [‘®F]fluoride.®®

The radiofluorination of 6-[*F]Fluoro-L-DOPA from fluoride using a copper
complex [Cu(OTf)a(py)4] to achieve a 55% RCY was demonstrated (Scheme 18).%
Cu-mediated fluorination has advantages over Pd-catalysis due to the lower safety
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concerns over Cu compared to Pd. Aryl boronic esters are easily synthesised and are

less toxic than arylstannanes often used in electrophilic fluorination reactions.*®

1.10 - Bioorthogonal radiochemistry.

Biomolecules can be used as targeting moieties for PET imaging due to their high
target affinity and specificity; however, there are critical barriers that need to be
addressed in order to achieve optimal biodistribution.*® Biomolecules such as
antibodies are particularly useful in targeting a radionuclide for PET imaging however
the large molecular weight results in slow clearance from the blood and non-target
tissues.*® Slow clearance requires radioisotopes with longer half-lives; however this
increases the absorbed dose to the patient. Improving antibody pharmacokinetics is
required to improve radiopharmaceutical biodistribution while lowering absorbed
dose to the patient.®* Pretargeted imaging allows the high affinity, target specific
biomolecules to be used with the advantage of small-molecule pharmacokinetics.
Bioorthogonal reactions can take place in vivo and are site-specific with no cross-
reactivity to other functional groups typically found in a biological system. The
reactions are characterised as being fast and non-toxic.*’

Step 1 . Step 2
\//
Y -
- Slow clearance Rapid clearance

(several hours/days) (minutes)
™ % "y 3¢ Blood vessel
N o7 R o S vesse
MR % S -

3 @
. ‘ i 2,
S¥ N %) 2 &) ;
O ®
N / ~ 2
D > ¢
/‘\\ ; ‘:‘

Figure 8 — General representation of a two-step targeting approach to PET imaging.
Stepl. Antibody Is allowed to accumulate in target tissue and clear from the body
over an appropriate period of time. Step2. Radiolabeled targeting moiety is injected
and rapidly accumulates and reacts in target tissue, unreacted targeting moiety clears
from the body. Patient is imaged with high signal-to-noise while radiation exposure

has been reduced.®
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A modified antibody containing a bioorthogonal reactive handle is administered to the
patient and allowed to accumulate in the target tissue; unbound antibody is cleared
from the body. A radiolabeled species that compliments the reactive handle present on
the antibody is administered to the patient and allowed to accumulate at the target site,
unreacted radiolabeled species clears from the body.** The most commonly used
bioorthogonal reactions include Strain-promoted azide-alkyne cycloadditions
(SPAAC), inverse electron-demand Diels-Alder (IED-DA) and Staudinger ligation.

SPAAC between an azide and a strained cyclooctyne proceed to form a triazole
linkage without a metal catalyst with a rate constant of 10" — 10° M™s™.3*® Some
cyclooctynes are susceptible to thiol attack leading to undesired side products with
cysteine residues. IED-DA between a strained alkene and tetrazene moiety proceeds
extremely fast with a rate constant of 10° - 10° M™s™.3® IED-DA only produces N, as
a side product however the reagents are susceptible to hydrolysis in water and can
only tolerate short incubation times (minutes-to-hours). Staudinger ligation between
an azide and triarylphosphines forms stable amide linkages with a rate constant of 107

Mist,
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2.0 - Breast Cancer.

Breast cancer is the most common cancer found in women in the UK and accounts for
31% of all new diagnoses.*® The risk of developing breast cancer increases with age
with a lifetime risk of 1 in 8. Breast cancer can be characterised by the type of
molecular targets expressed in the lesion as detailed in Figure 9; this allows
appropriate treatment planning to provide the most suitable therapy for the patient.

HER2-overexpressing

Trastuzumab Triple negative
Lapatinib Platinum salts
T-DM1 PTEN 0SS i FGFR therapies
Pertuzumab Anti-PIBK} PARP inhibitors
MM-111
PI3K mutant
Anti-PI3K,
Anti-AKT, and
mTOR-targeting

therapies BRCA1 mutant
BRCA2 mutant

PARP
HR positive inhibitors
Tamoxifen
Als
Fulvestrant
Cabozantinib
MM-121

Figure 9 — Breast cancer subtypes and their overlapping molecular targets and
treatments. Adapted from Higgins et al (2009).*°

Figure 9 also shows the overlap between molecular targets in breast cancer and their
treatments. Tumours that are classed as hormone receptor (HR) positive can respond
well to endocrine therapy, treatment that targets hormone receptors to provide a
therapeutic response; approximately 70 — 80% of breast tumours are HR positive.*
Triple negative tumours are not HR positive and require chemotherapy agents like
cisplatin. Human epidermal growth factor receptor 2 (HER2) over-expression has
some overlap with HR positivity but is generally regarded as an indicator of
aggressive disease; Herceptin (Trastuzumab) is an antibody-based treatment that can

be employed to treat HER2 expressing lesions. Estrogen receptor (ER) and
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progesterone receptor (PR) are important HR involved in the progression, diagnosis

and treatment of breast cancer.

ERs are found predominantly in reproductive tissues (uterus and mammary glands)
but are expressed in other physiological systems such as the central nervous system,
brain and liver.*? Estrogen and progesterone are steroid hormones that regulate
growth and differentiation of normal breast epithelium however they also play a role
in the development of breast cancer. Estrogen binds to ER and progesterone binds to
PR; these receptors belong to the family of ligand activated transcription factors
known as steroid hormone receptors (SHR). Estrogen receptors (ER) are essential for

mammary gland development and in healthy breast tissue ER expression is low. 3

<15% [ 80% | 55% hPR

565 629 685 933

[ <15% EE 20% [ ] hERa
183 247 313 553 595

[ 30% | 96% [ | 60% [] hERf
149 215 304 500 530
N-Terminal Domain DBD Ligand Binding Domain
AF 1 AF 2

Hinge region

Figure 10 - For both ER isoforms, their structure starts with an activation function 1
(AF-1) N-Terminal domain that is responsible for ligand-independent transcriptional
activating functions. The DNA binding domain (DBD) is centrally located with two
zinc finger motifs. A hinge region follows, containing signal elements for nuclear
localisation and coregulatory binding. A large AF-2 C-Terminal ligand binding
domain is responsible for ligand-dependent transcriptional activation. A small domain

for dimerization, nuclear localisation and co-factor binding terminates the structure.**

The ER exists as two forms which are unevenly distributed throughout the body, ERa
which is responsible for proliferation in breast cancer and ER[ for which the role in
breast cancer is unclear (Figure 10);** ERa. is over-expressed in 50 — 80% of breast
cancer cases and acts as an important biomarker for patient prognosis; ERp is
prevalent in healthy tissue but downregulated in cancerous tissue however its role in

cancer has not been extensively researched.*® Figure 10 shows the structure of the ER
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isoforms and the high degree of homology between ERa and ERf, ERp being 96%

homologous to ERa; less homology is seen in the AF-1 and AF-2 domains.*

ERs regulate the expression of genes by targeting estrogen response elements (ERES)
in the nucleus and transcribing DNA to synthesise proteins.*® Estrogen can passively
diffuse through the membrane of all cells but is only retained in cells expressing the
ER.

Nuclear Models Plasma Membrane/Nuclear Models
Steroid-Dependent Receptor Steroid-Dependent Receptor Steroid-Independent Receptor
Activation Activation Activation
A Estradiol B Estradiol C Estradiol D Growth

me:fnbrane j I:ave\o\a Y
W < e O @)
o
m:::l!l?: :le

/

e 1 @% e (QCTee (OCTe®

| _ERe | TARGET GENE | | _ERe | TARGET GENE |
ERE-Dependent ERE-Independent Nuclear as Well as Extranuclear
Delayed Actions Rapid and Delayed Actions

Figure 11 — Transcription of genes can be induced by A & B) ligand binding to the
ER by passive diffusion through the cell membrane into the nucleus, activating the
receptor to transcribe DNA. C) Estrogen binding to membrane bound ER which
activates transcription in the nucleus through response pathways. D) Estrogen
independent mechanism involving growth factors which activate the ER to transcribe
DNA. Adapted from Allred et al (2009).*

The model in Figure 11 shows estrogen is able to diffuse through the target cell
membrane and nuclear membrane to bind ER which is associated with co-proteins
and ERE on specific genes (A); an ERE-independent pathway is also possible where
ER is interacting with activating protein-1 (AP-1) for gene transcription (B). Plasma-
membrane associated ER is able to bind estrogen and activate response through other
pathways (C). Estrogen independent pathways can also be present where ER are
activated by growth factors (D).*°
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Figure 12 — ER conformational changes are ligand-induced. Agonist/antagonist
binding profiles are a result of ligand inducing a receptor conformation that can
recruit coactivators which recruits transcriptional apparatus (agonist) or corepressors
which prevent the recruitment of transcriptional apparatus (antagonist). SERMs show
tissue dependent biological profiles due to the flexibility of the ERs conformation.
Adapted from Deroo et al (2006). “°

The conformation of the ER is flexible depending on the type of ligand binding,
giving variable topology to the receptor surface for agonist and antagonist ligand-
receptor complexes (Figure 12).* This has given rise to the term SERM which show
tissue dependant agonist/antagonist activity.** The ER conformation obtained as a
result of ligand binding regulates which co-regulatory proteins are recruited to
provide the final transcriptional complex.*® Estrogen binding to the ER to form a
functional complex drives transcription of PR and is used as a surrogate biomarker in
breast cancer prognosis to provide indication of an intact estrogen-response

pathway.*’

PR is a ligand-dependant transcription factor which is controlled through the binding
of progesterone (P4) — an ovarian steroid.*® Ligand binding to PR is involved in cell
differentiation of the endometrium (inner membrane of the uterus), maintenance of

pregnancy and development of mammary gland ductal side branches through
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puberty.”® The PR has three isoforms, PR-A (94 kDa) is responsible for uterine
development and reproductive function, PR-B (116 kDa) needed for the normal
development of mammary glands and PR-C (60 kDa) is not a ligand-dependant
transcription factor, but instead inhibits PR-B during labour.*

TRANSCRIPTION

RIBOSOME ’&)nmons

\ PROTEASOME
‘ CO-CHAPERONES

Figure 13 — PR (REC) recruiting HSP40 (40), HSP70 (70), Hop, HSP90 (90), P23
(23) and TRP to produce a functioning complex that is able to bind ligand and

translocate to the nucleus for transcription of DNA. Adapted from Smith et al
(2008).%°

The PR structure consists of a heterodimer of two steroid binding proteins bound to
several heat-shock proteins (HSPs), HSP90, HSP70, HSP40, Hop and p23; HSP90
may be considered the most important chaperone to PR as HSP90 inhibition
diminishes the ability for PR to bind ligand; however co-chaperones are required to
facilitate the recruitment of HSP90 and P23 to stabilise its conformation, resulting in
a complex that allows ligand binding (Figure 13).“**° HSP90 is required for hormone
dependant gene activation in vitro, motility and receptor nuclear translocation.
Unchaperoned PR is unable to bind ligand between the temperatures of 25 — 37 °C
which is in contrast to ERa which is able to form stable ligand-receptor complexes
without the need of HSP90.%
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Treatment for breast cancer can include surgery, radiotherapy, endocrine therapy or
chemotherapy. Endocrine therapy can have efficacy as a neoadjuvant systemic
treatment to reduce tumour size before surgery and also as an adjuvant treatment after
surgery to increase the probability of relapse-free survival. As a result, breast cancer
is classified by its clinical and pathological features that report on prognostic markers
and allow clinicians to predict which patients will benefit from adjuvant hormonal or
chemotherapy. Patients who have ER-negative breast tumour will not benefit from
hormonal endocrine therapy and may proceed onto chemotherapy in an attempt to

prolong disease-free survival.

N
Breast Cancer
ER+ or PR+ ER- and PR-
p N—
V S
I N
ER-/PR+ ER+/PR-
. S
ER+/PR+
S’
\ )
1
Classification Occurrence Response
ER-/PR+ 3.2% 45%
ER+/PR+ 62.7% 78%
ER+/PR- 12.3% 34%

Figure 14 — Classification of breast cancer subtypes according to IHC markers.
Discriminating responders and non-responders from the ER+ or PR+ subgroup allows
for more appropriate treatment options to be sought for non-responding patients.
Adapted from Yang et al (2011), Keen et al (2003) and Allred et al (2009).%>44°

Breast cancer is dichotomised into luminal tumours that express ER and/or PR and

nonluminal tumours that do not (Figure 14); further subdivision can be made
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according to HER2 status giving rise to four subtypes.>* Luminal tumours where ER
and PR expression is upregulated are assigned a positive status and are predictive
biomarkers for the presence of a functioning estrogen-response pathway that is
essential for effective endocrine therapy.>® For patients with luminal tumours that
receive endocrine therapy, 50 - 75 % will respond.>* The use of tamoxifen with ER+
metastatic breast cancer has proved to be effective in around 50% of cases.*
Endocrine therapy in nonluminal, basal-like tumours with no ER and PR upregulation
are given a negative status;> Tamoxifen adjuvant therapy is avoided as a treatment
for nonluminal tumours as ER- tumours do not respond to endocrine therapy due to
lacking a functioning estrogen-response pathway.>® Breast cancers expressing HER-2
are more likely to be resistant to endocrine therapy than HER-2 negative breast
tumours as an overexpression in HER-2 has been shown to increase ER activation by

phosphorylation.®°

Discrimination between ER and PR subgroups is thought to be of predictive value in
determining response to endocrine therapy and may also potentially allow non-
responders to be identified soon after initial treatment and put on suitable therapies.>
For example, ER-/PR+ tumours only occur in 3.2% of cases however 45% of these
tumours are likely to respond to endocrine therapy; a PET imaging agent that can be
used with patients that have shown HR positivity to determine response to treatment

allows the discrimination between responders and non-responders.

Most breast cancers show an upregulation of ER expression because they are estrogen
dependent. Approximately 70 — 80% of breast tumours are ER+ which is associated
with slightly better prognosis than ER- tumours which grow faster.** Tumours with
ER+ expression may be suitable for endocrine therapy that blocks the receptor to
prevent natural estrogens from binding and proliferating the disease. Increased and
sustained estrogen concentration in breast tissue results in cell proliferation and
therefore increased probability of proliferating DNA mutations which can lead to
tumorigenesis; however, lifestyle, environmental and hereditary factors can also play
a role.®® Tumorigenesis may also occur by a DNA damage pathway due to genotoxic
by-products from estrogen metabolism.*®

Bogina et al (2011) show that differences in HR status between primary tumour and

relapse could have an impact on clinical management of patients and that PR loss
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associated with therapy correlated with a more aggressive tumour.>” PR loss in
recurrence showed a significant drop in metastasis free survival compared to other
patients. PR-positive tumours showed metastasis free survival of 112 months,
whereas PR-negative tumours showed metastasis free survival of 24 months
(P=0.005).>" Accurate determination of PR expression during hormonal therapy
would be advantageous as a prognostic biomarker to determine response to treatment,

allowing clinicians to make informed decisions about the appropriateness of

‘ﬁ\o/\/’\l ‘E(:/\O/\/N

Tamoxifen Endoxifen

treatment.

Figure 15 — Tamoxifen, a SERM used in endocrine therapy to block the ER,

preventing natural estrogen binding. Endoxifen, the active metabolite of Tamoxifen.

Endocrine therapy is an effective treatment for estrogen-dependent breast tumours and
there are a variety of endocrine agents working by different mechanisms suitable for
both premenopausal and postmenopausal patients. Tamoxifen, a selective estrogen
receptor modulator (SERM) (Figure 15) is metabolised into endoxifen, an active
metabolite that behaves as an antagonist in breast cancer tissue to block proliferative
signals by preventing conformational changes in estrogen receptors (ER), suppressing
full estrogen activity.”® Aromatase inhibitors (Al) can be used in endocrine therapy
for breast cancer; Als are not SERMs that block the ER, they lower the estrogen
concentration in the body locally by disturbing the conversion of androstenedione to
estradiol. The ovaries are responsible for estrogen production in premenopausal
patients however in postmenopausal patients, the ovaries are no longer producing
estrogen; instead Al are used to inhibit estrogen production from the adrenal gland.
Al endocrine therapy would not be suitable for a premenopausal patient due to the

production of estrogen from the ovaries rather than the adrenal gland.
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Some patients develop resistance to Tamoxifen endocrine therapy even with high
levels of ER expression in the tumour. The mechanism behind acquired resistance is
unclear although it is hypothesised that de novo synthesis of co-proteins recruited by
ER switch antagonist binding of Tamoxifen to agonist binding and stimulate tumour
growth.>® As PR positivity reports of a functioning estrogen response pathway,
essentially agonist binding of ligand to ER, there may be merit in assessing PR

expression to determine if and when Tamoxifen resistance is acquired.
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2.1 - Histopathological assessment of ER/PR expression.

ER, PR and HER2 status serve as diagnostic biomarkers to stratify patients into
potential responders/non-responders of endocrine therapy. ER expression has an
important therapeutic predictive value in determining the likelihood of response to
endocrine therapy. The PR is an early-response biomarker that has been used to
determine patient response to treatment. Howel et al (1987) report that best prognostic
indication of the effectiveness of endocrine therapy can be obtained by taking a
second biopsy to asses PR expression, 1 to 2 weeks after treatment.®® The American
Society of Clinical Oncology (ASCO) recommends routine measurement of ER and
PR status in cases of primary invasive breast cancer and metastatic lesions as the
result influences treatment planning.®* There is little evidence to suggest that routine
measurement of SHR status for patients with DCIS provides sufficient data for
therapy recommendations.®® IHC assays require core-needle biopsy (CNB) of the
breast to obtain tissue.®> Non-functional ER can also result in the administration of
inappropriate treatment if the ER appears present but is not functional. The ER-
negative status may arise due to expression levels being below the detectability of the
assay, or the inability of the ER to bind the monoclonal antibody, in these cases the
PR shows that an ER-agonist response pathway is functioning.®

ER and PR status is dichotomized into positive or negative status based on a threshold
percentage cut off point.>® Standardisation of ER and PR IHC assays remains
problematic; reproducibility and accuracy are an important priority yet the failings of
standardisation arise from pre-analytical variables, positivity thresholds and data
interpretation.®®? Data published by ASCO reveal that up to 20% of IHC assays to
determine ER/PR status may be inaccurate with false positive/negative results.®* Cut-
off ranges for determining ER/PR positivity vary from 1% - 10% of ER/PR positive
cells in the tumour, in different laboratories.*® ASCO developed a guideline for
improving the accuracy of IHC assays of ER and PR in breast tumours by producing a
comprehensive literature review, developing optimal IHC assay conditions. It was
hoped that providing guidelines for clinics to follow would ultimately achieve
standardisation among healthcare professionals, regulatory agencies and across clinics

worldwide.%
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Solid tumours are heterogeneous at all levels from genes, proteins, cells,
microenvironment, tissues and organs therefore taking a biopsy sample of a solid
tumour to predict treatment outcome is fallible.® Guidelines do not state that the
determination of SHR status of metastatic lesions is mandatory, leaving the decisions
on how effectively metastatic tumours will respond to hormonal therapy to be based
upon the receptor status of the primary tumour.®® The receptor status of metastatic
lesions cannot easily be determined due to the impracticalities of obtaining biopsy
samples, it is known that tumour characteristics change over time resulting in possible
discordance between ER/PR status in primary and metastatic tumours.>® There have
been reports on discordance in SHR status between primary and metastatic lesions in
15 — 40% of patients, potentially resulting in inappropriate treatment.>® The caveats to
IHC assays have prompted the development of nuclear receptor imaging agents in
order to remove error surrounding standardisation of IHC and the inherent difficulties
with determining receptor status of metastatic lesions. Intratumour heterogeneity can
lead to false SHR status being assigned due to bias portrayal of the tumour genomic
landscape from a single CNB.?® Intratumour heterogeneity could result in
misassignment of SHR status and therefore inappropriate therapy administered, this
technique is unsuitable for supporting the drive towards personalised medicine.
Where biopsy of solid lesions fails, molecular imaging has potential to succeed by
embracing the heterogeneous tumour environment by whole lesion imaging using a

minimally invasive technique.

2.2 - Imaging Biomarkers in Breast Cancer.

The use of PET imaging for both predictive and prognostic applications in breast
cancer may overcome problems associated with IHC assays. Non-invasive, whole
tumour and whole body imaging may be useful in speeding up the process of

assessing tumour response, more accurately by accounting for tumour heterogeneity.

Utilising the PR as a predictive biomarker for determining response to treatment is
likely to ensure patients receive appropriate treatment for their disease phenotype.
Early prediction of endocrine therapy responsiveness is crucial for treatment planning
as patients with non-responding tumours can be quickly identified and transferred to

other treatment options.

35



Chapter 1 Introduction

RECIST (Response Evaluation in Solid Tumours) guidelines are used for determining
response to therapeutics in clinical trials by measuring anatomically the shrinkage of
tumour lesions.®” The tumour is then categorised into one of four overall responses,
complete response, partial response, stable disease or progressive disease.®” There are
flaws in the design of these guidelines which mean that lack of tumor progression
may be associated with improvement in outcome in the absence of tumour shrinkage;
this is associated with treatments which are cytostatic rather than cytocidal.®® There
may be advantages to using PET imaging to provide more prognostic information
with PERCIST guidelines (PET Response Criteria in Solid Tumors) which form the

starting point for use in clinical trials and structured quantitative clinical reporting.®®

The requirements for a molecule to be a successful pharmaceutical are different from
the requirements for a molecule to be a successful receptor-imaging agent;
radiolabelling ideal drug molecules may not necessarily yield appropriate receptor

imaging agents (Table 3).%

Table 3 — General requirements for the development of PET radiotracers.”

PET radiotracer requirements.

e High affinity

e Selective for target

e Lack of troublesome metabolities

e Low non-specific binding

e Suitable pharmacokinetics in relation to isotope half-life
¢ Radiolabelable with high specific activity.

e Safe for administration at low tracer dose.

Drug molecules are selected to bind to a receptor with a high affinity and low ligand-
receptor dissociation rate (Ko ) to elicit or inhibit a biological response. Eckelman
(2006) states that radioligands with high affinity may not dissociate from the target
receptor during the scan and therefore cannot report on receptor density. Low receptor
concentration and high affinity ligand leads to low capacity for ligand-receptor
binding, ultimately resulting in a low concentration of radiotracer at the target to give

a signal.
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Non-specific interaction with other receptors can hinder the translation of tracer
molecules as quantification becomes difficult if the signal can be attributed to
interactions with other receptors. Non-specific binding which is non-saturable must
also be avoided. Suitable pharmacokinetics are required to avoid rapid clearance of

the tracer from the body before it has reached the target tissue.

2.3 - Steroidal Radioligands

There have been successful developments of steroidal radioligands for imaging ER
and PR expression in breast tumours. Work associated with developing these
compounds have allowed a list of important criteria to be created for the successful
design of steroid-based imaging agents; the list of requirements elaborates further on
the requirements of PET radiotracers in general and highlights some important

interactions that are limited to steroid-based ligands (Table 4).”""

Table 4 — Requirements for steroidal ligands suitable for PET imaging of steroid
hormone receptors. Adapted from Mankoff et al (2008) and Kilbourne et al (1985).

Steroidal radioligand requirements for PET imaging.

e High affinity (low nM)

e High specific activity (at least 37 GBg/umol)

e Ligands with a target to non-target ratio similar to natural hormones preferred
e Suitable in vivo metabolism and clearance

e Low non-specific binding

e Suitable pharmacokinetics in relation to isotope half-life

¢ Radiolabelable with high specific activity

e Safe for administration at low tracer dose.

e High affinity for sex hormone binding globulin (SHBG)

High binding affinity is necessary but equally important is high target to non-target
selectivity. The ratio of receptor binding affinity to non-specific binding has been

shown to be important in predicting in vivo uptake efficiency and selectively for the
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radioligand. High specific activity of at least 37 GBg/umol is necessary for imaging

steroid hormone receptors because of a limited uptake capacity.”"

Steroidal compounds can bind to sex hormone binding globulin (SHBG), a
glycoprotein that transports steroid hormones into receptor positive cells and can also
provide protection against metabolism.” It was thought that SHBG could potentiate
the ER-mediated uptake of [*®F]JFES by protecting against metabolism and
preferentially absorbing the compound into receptor positive cells.”® However, a study
by Peterson et al (2011) showed that higher levels of SHBG correlated with lower
uptake of steroidal imaging agent [*F]FES and that SHBG levels should be measured
before imaging the patient.” This has an effect on the forward translation of steroidal
compounds to imaging agents as the SHBG binding levels are an important factor in

the availability of free tracer able to bind receptor.

2.4 - Imaging ER expression

HO

Figure 16 — [*®F]FES radiotracer (16a-[**F]-Fluoro-17p-estradiol).

The requirements for tumour receptor imaging are exemplified by [**F]FES, a
radiolabeled derivative of estradiol (16a-[18F]-FIuoro-l?B-estradioI) used to image ER
expression in breast cancer (Figure 16).”* The ER is an important target for tumour
imaging due to the advantages that PET could offer over tissue based assays,
including inter- and intra-tumour heterogeneity and technical difficulty associated

with acquiring biopsy samples from metastatic disease.

[*8F]FES has been validated as a suitable radioligand for assessing ER expression in
breast tumours and is able to predict response to endocrine therapy.” An ER+ tumour
status, determined by [*®F]FES uptake, indicates that the tumour may respond to

endocrine therapy or aromatase inhibitors (Al) to diminish estrogen production.’®
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Although ER+ status is indicative of an estrogen response pathway associated with
progression of the disease, it does not determine if the estrogen response pathway is
functional — a requirement for endocrine therapy to be successful; therefore a decrease
in [**F]FES uptake after treatment cannot be associated with tumour response to
endocrine therapy and [*|F]JFES negativity is a stronger prognostic indicator than
positivity.”*® Decrease in [**F]JFES uptake after treatment cannot be attributed to
tumour response to endocrine therapy. A similar problem occurs if [“*F]FES is
produced with low specific activity, the ratio of radioactive to non-radioactive
molecules; the receptor may become saturated as ER concentration is low (3 — 100

fmol mg™ of protein) and therefore tracer uptake is markedly reduced.®

The first in-patient study of [**F]FES PET showed promising results as uptake was
seen in primary lesions and went on to be tested in patients with metastatic disease. In
57 metastatic lesions, increased uptake was seen in 53 (93%) including only 2 false
positives.® A later study of 21 patients with metastasis imaged with [**F]FES showed
agreement of 88% between PET and in vitro assay. Importantly, [**F]FES PET aimed
to improve assessment of ER expression by delineating whole tumours to overcome
problems in quantification due to tumour heterogeneity.®® Studies into tumour
heterogeneity with [**F]FES showed that 24 % of patients with metastatic breast
cancer showed discordance in [*®F]FES uptake in lesions within the patient. Patients
with ER expressing primary tumours were found to have lesions which showed no
uptake of [*®F]FES.%

[|F]FDG PET has been used to predict endocrine responsiveness by identifying
“metabolic flare”, a period of transient disease progression after administration of
endocrine therapy associated with tumour response.”* " Clinically, flare is
characterised by pain over sites of tumour however this clinical observation is only
seen in 5% of patients therefore is of limited use in predicting hormone
responsiveness. [*®F]FDG PET was used to assess subclinical metabolic flare with a
success rate of 91% in 20 of 22 patients who showed clinical response to
Tamoxifen.” Changes in [**F]JFDG PET uptake cannot be confidently associated to
classical estrogen-ER binding driving DNA transcription leading to tumour
proliferation; Avril et al (2009) report a metastudy of the prediction of
histopathological response of primary breast cancers by relative changes in [**F]FDG
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uptake and show that accuracy varies between 64 — 91 %.”" [**F]JFDG response to new
endocrine therapy agents like aromatase inhibitors is not yet known.”” Alternative
tracers are required to provide clearer evidence of disease progression and regression
as a result of endocrine therapy.

2.5 - Imaging PR expression

The PR has the potential to become a therapeutic predictive imaging biomarker to
predict tumour response to endocrine therapy. Currently, two steroidal PR ligands
have been radiolabelled with fluorine-18 in anticipation of becoming predictive
imaging agents targeted to the PR for quantitative analysis of receptor expression in

tumours.’®

Figure 17 - [*®F]FENP - [*®F]fluoro-160.-ethyl-norprogesterone

[*®F]Fluoro-16a-ethyl-norprogesterone ([*®F]JFENP), a steroidal progestin showed
excellent selectivity and uptake for PRs in estrogen-primed rats (Figure 17). This
compound was unsuccessful at translating to the clinic as it was unforeseen that 20-
hydroxysteroid dehydrogenase (20-HSD) present in human blood but absent from
rodents, metabolised [*®*F]JFENP into an inactive 20-hydroxy analogue.’®

18F
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Figure 18 — [*®*F]JFFNP — [°F]fluoro-furanyl-norprogesterone (~0.2 nM).
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["|F]FFNP (Figure 18) was evaluated as a PR imaging agent due to high affinity
(RBA 190%; ~0.2 nM) for the target and resistance to facile metabolism by 20-HDS.
Steroidal compounds are lipophilic and therefore problems may arise due to cross-
reactivity to other steroid hormone receptors; non-specificity can lead to problems in

quantifying expression.’

Dehdashti et al (2012), reported the first-in-human study for PR imaging using
["|F]FFNP concluding that PR status can be determined using PET which was
correlated against receptor status obtained by immunohistochemical assay.®
[*|F]JFFNP has high affinity and selectivity for PR as well as being stable against

defluorination and low bone uptake.

A N B /

Figure 19 — [*®F]JFFNP images of a patient with PR+ breast cancer (A) and a patient

with PR— breast cancer (B). An arrow highlights the tumour location.®

Figure 20 ~Whole body scan showing accumulation in the liver, intestines, uterus and
bladder, 1h (A) and 2h (B) after injection of 370 MBq of [**F]FFNP.%
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Figure 21 — Time-activity distribution in liver, tumour, normal breast and blood (from
ventricular chamber) for a ER+/PR+ patient. Uptake of [*®F]JFFNP in the tumour is

twice as great as uptake in normal breast tissue.®

[*|F]FFNP PET was a safe method of assessing PR status in breast cancer patients;
there was significant positive correlation for the uptake of [*®F]FFNP between T/N
(tumour to normal breast cancer activity ratio) and PR status (P=0.001) (Figure 19,
Figure 20).° Figure 21 shows the time-activity distribution of [*|F]JFFNP
administered to a ER+/PR+ patient. [**F]JFFNP uptake in the tumour is double the
concentration compared to the concentration of tracer in normal tissue of the
contralateral breast tissue, suggesting specific uptake. There is a large uptake in the
liver that can be attributed to hepatobillary elimination of the radiotracer; this is a
common route to metabolise lipophilic compounds and does not express PR. Tumour
uptake was rapid within 2-3 minutes and the accumulated radioligand concentration
plateaued for at least 60 minutes which suggests irreversible binding.%® Irreversible
binding of a radioligand to a receptor may have confounding effects on receptor

imaging receptor density.

Fowler et al (2012) reported the use of [**F]JFFNP, [*®F]FDG and [*®F]fluoroestradiol
([*®F]FES) in a small-animal preclinical study to predict tumour response to endocrine
therapy.>® Fowler et al used tumours derived from STAT-1 mutated female mice that

spontaneously develop lesions similar to human luminal breast cancer.”® Three
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independent primary tumour cell lines (SSM1, SSM2 and SSM3) were derived from
this model and subcutaneously injected into the right thoracic mammary fat pad. All
three tumours were found to be ER+/PR+ through initial PET imaging and IHC
assays.

SSM3 showed a reduction in tumour diameter, decrease in [**F]JFFNP uptake as well
as a decrease in [*®F]FES uptake. SSM2 showed an increase in tumour size
comparable to the control, [**F]FFNP uptake stayed constant and [**F]FES uptake
was decreased. [*®F]JFFNP was able to distinguish between responders to endocrine
therapy (SSM3) and non-responders to endocrine therapy (SSM2), whereas [**F]FES
was unable to distinguish between responders and non-responders. It was also noted
that a single assessment of PR expression alone has no predictive value distinguishing
between responders and non-responders to endocrine therapy, however pre-treatment
and early post-treatment assessment provides the best predictive value.” Steroidal PR
ligands display cross-reactivity to other SHRs, particularly the glucorticoid receptor
(GR); the high lipophilicity of steroidal molecule increases non-specific binding.”
These characteristics are undesirable for an imaging agent as high specificity for PR
and minimal promiscuity towards other SHR and lipophilic non-specific binding
(NSB) is needed to provide quantitative data to accurately assign the patients PR
status. This has prompted interest in Tanaproget and fluoro-Tanaproget derivatives as

potential PR imaging agents as they are non-steroidal in structure.

There is scope to use an effective PR imaging agent in conjunction with the [*®F]FES
imaging agent to personalise medicine for breast cancer treatment. Imaging of ER
expression using [*®F]FES could stratify patients into ER+ and ER— tumors. The PR
could be used as a therapy response biomarker by imaging expression before
administering endocrine therapy followed by re-assessment post endocrine therapy to
evaluate response to treatment. Importantly, ER—/PR— patients can receive fast and
appropriate medical attention for their disease to increase the chances of survival of
these aggressive hormone-resistant tumours. Dehdashti et al (2012) showed that
[*|F]FFNP was able to correlate T/N ratio to PR status in a clinical study but SHR
cross-reactivity may prove problematic in larger patient studies.”> " Fowler et al
(2012) showed that the assessment of PR positive status alone was not indicative of
tumour response to endocrine therapy; pre-treatment assessment followed by early
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post-treatment assessment gives the best predictive value for tumour response and
therefore could provide a potentially viable clinical method of determining PR
expression. The success of these studies highlights the potential for non-steroidal PR
ligands, which exhibit less cross-reactivity than steroidal ligands as reported by Zhang
et al (2002).

2.6 - Non-Steroidal PR ligands.

Non-steroidal PR ligands can be classified by their main pharmacophore and have
been extensively derivatised in order to increase potency as orally bioavailable
contraceptives.*® The SAR data for these pharmacophores can therefore be used to
select the most appropriate class of compounds for potential use as non-steroidal

imaging agents for use in PET.
R
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Figure 22 — Generic structure of 6-benzimidazolones (Y = O, S) and 6-

benzothiazolones respectively.

The class of ligand known as the 6-benzimidazolones and 6-benzothiazolones can
exhibit good potency towards PR (Figure 22).% The SAR of these compounds is
particularly interesting as it is reported that a lipophilic group or steric bulk in the Ry
position of 6-benzimidazolones improves the potency of the compound with benzyl
exhibiting around a ten-fold increase in potency when compared to methyl.
Substitution in the R, position is very unfavourable causing a drop off in potency (<
10,000 nM).®* The 6-benzothiazolones exhibit a sulphur atom in position-1 which
results in similar potency as the N-benzyl moiety in the benzimidazolone series; this is

likely to be a result of increased lipophilicity of the sulphur atom.®

Although these compounds exhibit some interesting SAR and include potential

regions to radiolabel with fluorine-18, the potency of these compounds can be varied.
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There is an obvious trend that increasing lipophilicity in position-1 results in higher
potency, however increased lipophilicity may also result in non-specific interactions;
these interactions could potentially increase the background signal in a PET scan and
make receptor quantification difficult. A more suitable class of non-steroidal PR

ligand would be the benzoxazinones and benzoxazinthiones.

Ne— |
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Figure 23 — Molecular structure of Tanaproget, a potent non-steroidal PR ligand (ECsg

=0.15nM in T47D alkaline phosphatase assay).

Compounds exhibiting a benzoxazin(thi)one pharmacophore have been shown to be
much more potent than benzimidazolone and benzothiazolone compounds. A leading
compound in the class is Tanaproget (Figure 23), a high affinity non-steroidal PR
ligand developed by Wyeth. Tanaproget exhibits high specificity and affinity towards
PR; derivatives of this structure may provide potential PR imaging agents that are
improved compared to steroidal compounds such as [**F]JFFNP. The non-steroidal
progestin exhibits binding affinities for the PR in sub-nanomolar concentrations (ECs
=0.15 nM in T47D alkaline phosphatase assay).2
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Figure 24 - Structure of fluoropropyl-tanaproget (FPTP).
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As well as high binding affinity, tanaproget exhibits low cross-reactivity to other
SHRs. A tanaproget derivative, fluoropropyl-tanaproget (Figure 24) has an affinity of
less than 0.04% to the androgen receptor (AR) when compared to potent androgen
R1881 and less than 0.9% for the GR when compared to potent glucorticoid,

dexamethasone.®

Tanaproget derivatives have been synthesized based on the benzoxazinone
pharmacophore by changing the 6-aryl functionality to result in a variety of
compounds exhibiting a range of binding affinities for PR. "3#28%83 Modification of
the pharmacophore can switch the molecules mode of action between antagonism and
agonism; in the case of Tanaproget, changing the 2-carbonyl group into a 2-
thiocarbony! flips the molecule from being an antagonist into an agonist.*® There are
many structural changes that can be made to the molecule which have this “flip”
effect between the two biological modes. When the benzoxazinone pharmacophore is
substituted with a pyrrole-2-carbonitrile moiety, both the position of the nitrile on the
pyrrole moiety and the position of the pyrrole moiety on the pharmacophore
determine the functional activity of the molecule. The pyrrole-2-carbonitrile
configuration of the moiety is the only structural arrangement that gives PR agonist

properties.*

Imaging PR using PET renders the biological profile of the molecule (agonist /
antagonist behaviour) irrelevant as tracer principle states that the probe should not
perturb the system under study. This reduces the toxicity, biological action and side-
effects of administered tracers.® The European Agency of the Evaluation of Medicinal
Products (EMEA) stated that a dose one hundredth of a pharmacological dose is

considered a microdose.®

46



Chapter 1 Introduction

Asn719 Asn719

(S

GIn725 <

s

GIn725 <
\(, Arg766 \(I Arg766

Figure 25 — Red: fluoropropyl Tanaproget, Blue: fluoroethyl Tanaproget, Cyan:
fluoromethyl Tanaproget; Substitution at the C4 position, and orientation in the PR

binding pocket. A: R-enantiomer, B: S-enantiomer.
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Figure 26 — Two easily accessible substitution positions on Tanaproget.

Computational simulations have been carried out to determine how fluoroalkylated
analogues of Tanaproget orientate in the PR binding pocket (Figure 25). Substitution
of fluoroalkyl groups at the C4 position on the dihydrobenzoxazin-2-thione core
generates a chiral centre in the molecule (Figure 26). Binding affinity data has been
collected for racemic mixtures of these molecules; therefore computational studies
were executed to elucidate which enantiomer would give better binding affinities. The
S-enantiomer shows a more energetically favourable dihedral angle at the pyrrole-
benzoxazinone bond compared to the R-enantiomer, which forces the fluoroalkyl to

adopt a high energy conformation compared to the S-enantiomer.®?
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Table 5 — Comparing RBA of different substitution patterns at R; and R, of
Tanaproget using competitive radiometric binding assays with [°H]R5020 as a

tracer.® RBA = relative binding affinity.

C4 Substitution (Rz)  N-Pyrrole Substitution (R;) RBA

Tanaproget CHs CHjs 151
1 CH3 CH,CH,F 18.5

2 CH3 CH,CH,CH,F 0.99

3 CH,CH,F CH3 151

4 CH,CH,F H 198

5 CH,CH,CH,F CH3 90.9

6 CH,CH,CH,F H 189

Table 5 shows that substitution at the C4 position is tolerated well due to the
lipophilicity of the PR binding pocket.®? Substitution of alkyl groups at the N-pyrrole
position deteriorates binding affinity very quickly with groups larger than methyl, this
is due to important hydrogen bonding contacts being destroyed between the pyrrole
moiety and Asn719, GIn725 and Arg766 residues, required for tight binding.®?

Zhou et al have extensively researched and developed non-steroidal PR ligands; they
expressed their binding affinities to the PR using relative binding affinities (RBA)
which are standardized with high affinity progestin, R5020 in a competitive
radiometric binding assay using [*H]JR5020 as a tracer.?? The R5020 progestin was
given an arbitrary value of 100, a variety of C4 and N-pyrrole Tanaproget analogues

were compared to this.

There is interplay between C4 and N-pyrrole substitution; larger substituents at the C4
position lead to higher binding affinities when N-pyrrole is substituted with a small
group such as hydrogen. For the same C4 substitution of fluoropropyl, methylation of
the pyrrole moiety (N-Me) gives RBA = 90.9 whereas N-H substitution gives RBA =
189.%2 There is no model to describe this interplay as the majority of interactions in
the binding pocket (with exception of the important hydrogen bonds with GIn725,
Arg766 and Asn719 residues) are van der Waals interactions due to the lipophilic

nature of the binding pocket, which are difficult to calculate.®
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Figure 27 — S-linked glucuronidation of Tanaproget.

Tanaproget is metabolised through S-linked glucuronidation as a major metabolite
(>10%) (Figure 27).2* Glucuronidation is the transfer of glucuronic acid to a substrate
by UDP-glucuronosyl transferases (UGTSs) in the liver and aids in creating water-
soluble metabolites to improve excretion from the body. The radiosynthesis of
[*®F]fluoropropyl-tanaproget ([**F]JFPTP) is currently the only development in the
literature towards a radiolabelled non-steroidal PR ligand. Biodistribution studies of
[*|F]FPTP showed that the compound is excreted through the liver however showed
favourable tissue distribution in an estrogen-primed immature rat model, uterine
uptake was efficient, selective and persistent.”® This evidence suggests that
metabolism of these compounds through S-linked glucuronidation may not have a

confounding effect on Tanaproget-derivatives use as imaging agents.
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3.0 - Surface Plasmon Resonance.

Evaluating the binding kinetics of a ligand for a receptor can give useful information
to aid candidate selection that is not available from affinity data alone. It is desirable
for a radioligand to bind to a receptor site (Kj;) for a time frame long enough for the
patient to be imaged but not bound for any longer than a few hours so that the ligand
can dissociate (Kq) from the binding site after imaging and be excreted from the body;
equilibrium should be reached in the time-course of a PET scan to ensure receptor
density can be imaged, understanding of ligand-receptor kinetics may help predict

suitable PET imaging agents.>

A competitive binding assay involves the comparison of a ligand of unknown affinity
for a given receptor with a known high affinity binding agent. Competitive binding
assays are used to calculate the relative affinity of two molecules for one target; one
of these binding interactions is a desired, the other is an interaction of a competitor
molecule towards the same target. Traditional competitive binding assays require
radio- or fluorescent labelling of the molecule providing desired binding interactions;
however competitive binding assays can be conducted in the SPR BlAcore therefore
eliminating the need for labelling.

Figure 28 — Schematic representation of a competitive binding assay where YX

binding is assessed using A as a competitor molecule to inhibit YX binding. X and A

do not interact together.
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Traditionally, the concentration of competitor molecule [A] is plotted as a function of
the desired bound fraction [YX]/[Y]roa to give a competitive binding curve. The
point at which the fraction bound [YX]/[Y]tow IS equal to half the maximal YX
fraction, corresponds to the concentration of inhibitor required to inhibit Y X binding
by 50%. This value is known as 1Csq , the concentration of inhibitor required to inhibit
desired binding by half.®> The schematic diagram (Figure 28) shows the YX and YA

binding interactions.

Surface plasmon resonance (SPR) is a label-free analytical microfluidic technique to
directly measure the binding interactions of an analyte flowed over a surface-bound
ligand. SPR is capable of measuring real-time binding interactions of very low
molecular weight compounds (=100 Da) at low concentrations (nM) at the surface-
bound ligand. The sensogram plots the interactions as curves on a sensogram showing
response units (RU) as a function of time (s). High-throughput screening of drug
candidates, real-time kinetic analysis using a non-invasive label free technique has
resulted in increased use of SPR in research laboratories both in industry and
academia. In SPR terminology, the ligand refers to the immobilized entity bound to
the chip and the analyte is the compound/protein in solution to be injected and flowed
over the surface. The binding interactions are calculated by fitting a mathematical
model to the sensogram to determine k, and kg, on/off rates.

Incident Reflected
light X light

3 sPRangle

Glass slide~,

Sensor chip{

Gold layer ~ / v \
Flow cell /: \

Figure 29 — Diagram of a sensor chip surface during an SPR experiment.®
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The instrument works by an incident beam of light (lo) reflecting off a metal surface
causing a reflected beam of light (I); the angle of incidence of Iy is changed and the
intensity of I passes through a minimum intensity of reflected light (Figure 29). At an
angle of Iy, which gives minimum intensity, the light is able to excite surface
plasmons in the metal, causing them to resonate and produce an effervescent wave.
The resonating surface plasmons cause a dip in the intensity of I, this angle of Iy is
known as the SPR angle. As the reflective characteristics of the metal in the system
remain constant throughout experimentation, the only variable is the change in
refractive index due to mass accumulation on the metal plate. The SPR conditions
change due to absorption/desorption of mass onto the metal, therefore the SPR angle
is altered — allowing detailed information to be obtained about binding kinetics and

characteristics.®’
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Figure 30 — Schematic sensogram showing SPR angle as a function of time when a
sample is injected. [1] Association of analyte binding to immobilised ligand. [2]
Dissociation of analyte from immobilised ligand. [3] Regeneration wash to remove all

analyte from immobilised ligand and return response to baseline.

The schematic sensograms (Figure 30) shows how the SPR angle (recorded as

response units) changes with time as a sample is injected into the instrument. The
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injected sample (analyte) is interacting with the ligand bound to the metal surface,

changing its refractive index and therefore the SPR angle.

When trying to establish binding kinetics of most small-molecules it is necessary to
dissolve the compounds in a small percentage (3 — 5 %) of DMSO to keep them
solubilised. It is necessary to run a solvent correction cycle to eliminate variation in
bulk refractive index between samples arising from fluctuations in DMSO
concentration. The high bulk response from DMSO (1% DMSO gives 1200 RU)
gives large fluctuations in bulk response and therefore a variation between samples.
Solvent correction involves making a serial dilution of 8 samples of two percentages
of DMSO above and below the desired concentration in the running buffer. The
instrument will then correct for small fluctuations in DMSO concentration and

successfully eliminate these from the assay.

3.1 - Current advances in SHR assays using SPR

Currently there has been little research into developing methodology to determine
ligand-receptor kinetics of progesterone ligands to the PR; however, there has been

work towards determining kinetics between estrogens and ER.

Usami et al (2002) looked at ER inhibition binding assays of test chemicals using
SPR; a simple assay for evaluating ER binding capacity without the need for
radiolabelled or fluorescence labelled compounds was developed.®® ER binding has
previously been analysed by displacement competitive binding assays, which involve
the competition of radiolabelled estrogen and ligand in question competing for the
binding at the ER. However, radiolabelling is costly and potentially hazardous. This
introduces undesirable factors such as difficult chemistry, dangerous radioisotope
exposure and the costs and danger associated with disposing of long half-life

radioisotopes.®
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Fow cell

Sample
soiution

Test chemsca
(analyte)

‘ Estrogen receplor
(hrERa, hmw interactant)

% Estradiol
(E2-17PeNH, kgand)

Figure 31 — Schematic of the SPR flow cell. Estradiol is immobilised onto the surface
of a sensor chip and ER and test analyte is flowed over the surface to form a

competition binding assay.®®

For this experiment the estradiol ligand is immobilized to a carboxymethylated
dextran coating on a gold sensorchip. The ER is injected into the instrument with the
test chemical (Figure 31).2® The principle of this experiment was to measure the
competitive binding between the free estrogen receptor, the surface-bound estradiol
and the test chemical of interest. If a small response is recorded on the sensogram,
then the estrogen receptor has a stronger binding affinity towards the test chemical; if
a large response is recorded then the ER was exhibiting a stronger binding interaction
to the estradiol immobilised on the chip surface. The experiment determines the

amount of ER remaining unbound to test chemical under continuous flow.%

Using this method it is possible to calculate the Ky of the test chemicals but not
possible to calculate the inhibitory concentration of 50% (ICsp) or RBA. Ky is
valuable as it is not dependent on the concentration of ER used in the assay, whereas
the ICso is dependant. A similar principle used in this ER binding assay could be
applied to construct a PR binding assay to determine the binding kinetics of PR

imaging agents to aid in candidate selection for radiolabelling.
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An alternative methodology was developed by Rich et al (2002) who also assessed
ligand-binding kinetics at the ER using a different approach. The surface of a
sensorchip was functionalised with His;mAb by peptide coupling of lysine residues
on the antibody to the carboxymethylated dextran coating. A His-tagged and modified
ER was captured by the antibody and ligand-receptor kinetics were evaluated using

the captured receptor construct.

40 -

1

17p-Estradiol
Estriol

Estrone
4-hydroxytamoxifen
Tamoxifen
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Figure 32 — Sensogram showing a screen of compounds against the ER.

The method was suitable for quick drug-screening applications and in-depth kinetic

evaluation of ER ligands.

4.0 - Literature Conclusion.

PET is a minimally invasive imaging modality which allows the visualisation of
positron emitting radiotracers administered to a patient. PET is a functional imaging
modality which allows the visualisation and quantification of targets and processes
within the body, opposed to anatomical imaging alone. The sensitivity of PET lends
itself to imaging receptor expression as seen with imaging steroid hormone receptors
ER and PR with [*®F]FES and [*®F]FFNP respectively.

The development of non-steroidal PR imaging agents for use in determining response
to endocrine therapy could lead to clinicians being able to determine if a patient is
responding shortly after first administration of the treatment. Imaging the PR would
provide many advantages over the current IHC assays and provide ways to overcome
the limitations of standardisation, intratumour heterogeneity, difficulties in assessing

receptor status of metastatic lesions as well as discordance between receptor status in
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primary tumours and metastatic lesions; All of these discrepancies provide
inaccuracies in assessing patient hormone receptor status. Imaging the PR could in

theory provide information on whether the estrogen response pathway is functional.

These inaccuracies in patient stratification may lead to missed opportunities for
treatment and therefore increased mortality. Dehdasti et al (2012) have provided a
step forwards for this technique as their clinical study proved that it is possible to
correlate radiolabelled PR ligand uptake to a patients PR status.®® Similarly, Fowler et
al (2012) has shown the potential for radiolabelled PR ligands in the early prediction

of the success of endocrine therapy to reduce mean tumour diameter.

Work by Zhou and Fensome give detailed information on the SAR of Tanaproget
derivatives which provides useful guidance in developing fluorine-containing non-
steroidal PR imaging agents. There is extensive work into the development of new
radiolabelling methodologies for fluorine-18 of which only a few have been
highlighted in this literature review. The extensive work of radiochemistry research
groups that develop labelling methodologies have provided a rich field of publications
for which labelling strategies can be adapted for non-steroidal PR imaging agents. In
this project, a direct labelling approach via tosylate exchange with [‘®F]fluoride
shown in the synthesis of [“®F]JICMT-11 (Scheme 5) has been adapted for
radiolabelling of a PR ligand. Prosthetic group strategy has also been adopted and
utilised by radiolabeling a bromopyridine prosthetic group via ArSy2 methodology

and Suzuki coupling to a PR ligand substrate.

Surface plasmon resonance is a useful biophysical technique that allows the collection
of kinetic and affinity data for small-molecule interactions with receptors. Current
methodology for the development of ER kinetic assays provides groundwork for the
development and translation of these approaches to the PR. The requirement for
equilibrium between free and bound receptor PET imaging agents in vivo may be
translatable onto an SPR system; this could potentially mean that lead candidate
selection of PET imaging agents for receptor imaging may be better selected based on

kinetic profile rather than affinity/potency data alone.
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5.0 - Research aims.

This project aims to develop non-steroidal imaging agents that target PR for use in
evaluating PR down regulation in PR+ lesions as an indication of response to
endocrine therapy. Fowler et al (2012) showed that imaging using [**F]FES and
["|F]FFNP both pre and post-treatment may give the best predictive value on
determining the response to endocrine therapy. This project hypothesised that non-
steroidal PR imaging agents may improve quantification of PR because of non-
steroidal ligands exhibiting increased receptor specificity compared to lipophilic
steroidal structures. A graphical representation to show the direction of this project is

shown in Figure 33.

Development of SPR
methodology for
biological evaluation.

Y

Tanaproget-derivatives in Synthesis of focused Biological evaluation of
the literature including .| library of non-steroidal PR focused library to select
SAR information by Zhou | ligands. lead candidate(s)

and Fensome et al.

A 4

Y

Radiochemistry method
development for lead
candidate(s).

A 4

Testing in appropriate
breast cancer model.

Figure 33 — Graphical representation of research aims to result in a fully characterised

PR imaging agent.
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This project aims to achieve the following goals:

e Synthesis of a focused library of non-steroidal PR ligands based on derivatives
of Tanaproget using SAR data determined by Zhou et al (2010) to guide the
synthesis of high affinity compounds containing fluorine atoms for

radiolabelling strategy.

e The development of novel SPR methodology to assess ligand binding kinetics
of small molecules to the PR with the thought that identifying lead candidates
based on kinetic profile may be more appropriate for lead candidate selection
than affinity or potency assays alone.

e Biological evaluation of the compound library using commercially available
enzyme fragmentation complementation assays, cell based alkaline
phosphatase assays and SPR to select suitable lead candidate(s) for

radiolabelling.

e Development of radiochemical methodology to label lead candidate(s).
Methodology will be developed using fluorine-18 although the development
of precursors for carbon-11 radiolabelling will be investigated. Carbon-11
radiolabeled PR ligands could allow for greater clinical flexibility for imaging

a patient with two radiotracers in the same day.

e Evaluate radiolabeled compounds further by studying serum stability and
metabolism including in vitro cell uptake studies to confirm specific uptake in

PR+ cell lines when compared to PR— cell lines.
e Test lead candidate(s) in a suitable animal model to assess the ability of the

non-steroidal candidate to predict response to treatment in an estrogen-

challenge assay.
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Chapter 2
Synthesis Results.
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6.0 - Introduction to Synthesis

Region 2
—

ne— Ra e
N O
\\Rq\/ ﬂ/gs

Region 1

Figure 34 — Potential fluorine-substituted derivatives of Tanaproget proposed by Zhou
et al (2010).% R; & R, = fluoroalkyl substituents.

Tanaproget, developed by Wyeth, is a non-steroidal PR ligand exhibiting sub-
nanomolar affinity (ECsp = 0.15 nM) and has since been derivatised to make
fluorinated compounds suitable for PET radiochemistry. Zhou et al (2010) was first to
demonstrate the synthesis of fluorinated derivatives by functionalising “R;” or “R,” of

Tanaproget as shown in Figure 34.

Affinity studies using competitive radiometric binding assay using steroidal
compound [*H]R5020 as a standard set to have 100% binding were conducted on
“R1” and “R2” fluoro-substituted compounds; “Region 2” compounds were tested as
racemates. Tanaproget, bearing an N-methyl substituent is well tolerated in the LBD
of PR (RBA = 151 + 39) however tolerance is poor for larger fluoroalkyl groups;
fluoroethyl and fluoropropyl showed RBA of 18.5 £ 5.2 and 0.99 + 0.28 respectively.
The PR LBD was more tolerant to bulky fluoro-substitution in “Region 2” and
showed equivalent or higher binding affinity than Tanaproget. Zhou et al (2010) used
in silico molecular modelling to show that methyl, fluoroethyl and fluoropropyl R and
S enantiomers in the C4 position resulted in variable dihedral angles; the S-
enantiomers gave downward rotation of the bulky group and resulted in a more

energetically favourable dihedral angle.®

Clinical and biological studies were taken forward by Dehdashti et al (2012) and
Fowler et al (2012), with steroidal PR imaging agent [**F]JFFNP and proved that PET
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could assess PR expression and provide early indication to the success of endocrine
therapy in a small-animal breast cancer model.>> ® The steroidal structure of FFNP is
highly lipophilic therefore shows less specific binding to PR and promiscuity to other
SHRs, particularly GR.% Tanaproget is non-steroidal and is highly specific to PR
showing almost no affinity to other members of the SHR family. It is for this reason
that Tanaproget derivatives were synthesised as potential PR ligands for PET imaging

of PR expression.

6.1 - SAR & Design goal rationale.

This project aims to develop and synthesise Tanaproget derivatives for PET imaging
of PR expression in breast tumours with the goal of being able to use this data for
stratified therapy without the need for core needle biopsy (CNB). The previously
discussed fluoro-substituted derivatives of Tanaproget have problems with their

design in both cases of “Region 1” and “Region 2” derivatives.

“Region 2” derivatives involve generating an unfavourable chiral centre on C4.
Although affinity of the compound remains as high as or better than the R5020
standard in radiometric binding affinity assays, only racemic mixtures have been
tested. Enantiomers may have different affinities, metabolism or toxicological effects
therefore generating chiral centres was avoided in this project. Although “Region 1”
does not contain any chiral centres, binding affinity is quickly lost as substituting

functional groups larger than a methyl group is not accommodated by the LBD.
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Substitution of aryl group at R4 Possible to radiolabel
gives varying affinity of PR here but then chirality
therefore is an attractive is introduced into the
position to functionalise. molecule.
Structural moiety at R4 can p 2\ N
be used to change compound
g p R3 R2

properties such as lipophilicity.

R4

It has been shown that substitution at R,
dramatically reduces affinity as it destroys
an important hydrogen bond formed with
Asn719 residue in the PR LBD.

Figure 35 — Graphical representation of design goals of PR ligands in this project.
Adapted from Zhou et al (2010).%?

A focused library of compounds was synthesised by varying aryl functionality at the
C6 position of the 4,4’-dimethylbenzoxazin-2-one core (Figure 35). This allowed the
incorporation of moieties into the compound that could be easily radiolabelled
without compromising the known affinity of the compound, established through
biological evaluation (Chapter 3). Varying the moiety at C6 allowed manipulation of
lipophilicity and hydrogen bonding ability giving a diverse range of compounds with
different physical properties to be evaluated to select lead candidate(s) for PR
imaging agents. Functionalising the C6 position also avoided generating unfavourable
chiral centres. Fensome et al (2005) reported on SAR of Tanaproget derivatives
which showed that binding affinity was drastically hindered by substituting the N1
position of Tanaproget even with a substituent as small as a methyl group. This is due
to the N1 amine forming an important hydrogen bond with Asn719 in the PR-LBD.

Substitution of the N1 position was therefore avoided in this project.

Compounds bearing oxo-carbonyl and thio-carbonyl in the 2-position were
synthesised as Fensome et al (2005) found that conversion from oxo-carbonyl to thio-

carbonyl switched compounds from potent PR antagonists to highly potent PR
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agonists respectively; we found the same phenomena between compounds 10 and 12
which were oxo-carbonyl containing PR agonists that switch to antagonists as thio-
carbonyl compounds (25 and 26). PET uses radiotracer doses below the level required
to trigger a biological response; lead candidate(s) could be agonist/antagonist and
therefore selected depending upon potential characteristics of the compound to
behave as a good PR imaging agent; these include kinetics of association/dissociation

with the receptor, strength of binding and speed of nuclear transport.

Substitution of aryl group at R4 Carbonyl in 4-position
gives varying affinity of PR may form favourable hydrogen
therefore is an attractive bonds with protein residues that

position to functionalise Tanaproget currently does not utilise.
’ A

Structural moiety at R4 can
be used to change compound
properties such as lipophilicity.

Route for
radiolabeling with
fluoroalky! or
fluorophenyl

moiety using

a radiolabeled
isothiocyanate as a
prosthetic group.
Tollerence of 4-position
to bulky groups may
extend to 3-position.

It has been shown that substitution at R
dramatically reduces affinity as it destroys
an important hydrogen bond formed with
Asn719 residue in the PR LBD.

Figure 36 — Graphical representation of the rationale for novel dihydroquinazolinone

compounds.

A novel PR ligand core, dihydroquinazolinone (Figure 36), has been synthesised and
functionalised with a variety of moieties to optimise PR binding affinity. This
structure has never appeared previously in the literature as a PR ligand. It is
speculated that it may be possible for C4 carbonyl to form hydrogen bonds with
previously untapped protein residues in the PR LBD and lead to an increase in
affinity. The rationale behind substitution at R, was to allow for easy radiolabelling

via an isothiocyanate prosthetic group in a position that could tolerate steric bulk.
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6.2 - Grignard reaction.

The first step towards the synthesis of the 4,4’-dimethylbenzoxazin-2-one core
structure of Tanaproget requires a Grignard reaction with methylmagnesium bromide.
MeMgBr is used in large excess (6 eq) as a nucleophile to convert the carboxylic acid
functionality of 2-amino-5-bromobenzoic acid into a tertiary-alcohol. The reaction
proceeds via an Sy2 methyl carbanion substitution to the carbonyl; the excess
MeMgBr minimises the leftover intermediate compound, 1-(2-amino-5-
bromophenyl)ethanone upon quenching the reaction with HCI (Scheme 19). As well
as being nucleophilic, Grignard reagents behave as strong bases which usually
prevent nucleophilic substitution with carboxylic acids in favor of protonating the
Grignard reagent, resulting in the formation of a carboxylate. It is postulated that
using a large excess of Grignard reagent with a long reaction time allows nucleophilic
substitution of the carboxylate, accounting for a yield of just 30 % for compounds 1a

& 1b.

MeMgBr (3.0 M in ether)
o Dry THF, -78 °C

X
NH, o) NH

Intermediate Ketone
1-(2-amino-5-bromophenyl)ethanone

\

Scheme 19 — Grignard Reaction.

The synthesis of (1a & 1b) was important as it allows for the subsequent cyclisation
reaction to assemble the 4,4’-dihydrobenzoxazin-2-one core. It is possible to use any
Grignard reagent to form the tertiary alcohol, resulting in the possibility of including
additional functionality to the molecule beyond the methyl groups in the present case.
782, 89.78. 80 7 satisfy the research aims, only gem-dimethyl groups where added to the
C4 position in order to avoid introducing chirality to the molecule. A racemic mixture
of molecules would have to be separated into pure enantiomers for toxicological
testing; as a result it was unlikely that radiolabelling would involve the C4 position of
these compounds. Increasing substituent size would likely increase the lipophilicity of

the compound and potentially increase non-specific binding to the receptor.
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6.3 - Cyclisation.

X X
NH N/gO

2 50°C, Dry THF
1 Ny, 16 h. 2

Scheme 20 — Cyclisation reaction using 1,1’-carbonyldiimidazole.

Compound 2 was synthesised using 1,1’-carbonyldiimidazole (CDI) to form a cyclic
carbamate with the primary amine and tertiary alcohol as shown in Scheme 20. CDI is
a solid compound with relatively low toxicity that allowed synthesis of compound 2
in excellent yield of 95 %; the same reaction could have been performed with
phosgene, however the toxicity of this compound and challenges associated with
handling a gas makes it unfavourable to work with when milder alternatives are

available.

65



Chapter 2 Synthesis Results

6.4 - Synthesis of Tanaproget & analogues.

Tanaproget was synthesised using a method published by Zhou et al (2010) to provide
reference compound for affinity assays.®? The reaction pathway for the synthesis of

oxo-Tanaproget is shown in Scheme 21.

Boc

!
N /] 1) CSI, Dry THF, NG 7\
Br\d(O UB(OHb N o -78 °C, 90 min N o)
! Boc /g
Boc
N/go Pd(PPhs)s ﬁ/go 2) DMF, RT N ©
9a M K,COj3, EtOH, 3 4
H,0, Toluene,
0,
80 °C, 16 h. N,
160 °C
NC /| NC /|
;\j e} Mel [\] e}
NAO Dry DMF, : N/go
H K,COg, RT H
6 5

Scheme 21 - Route to synthesis of oxo-Tanaproget (6) as reported by Wyeth.

Compound 3 was synthesised in an acceptable yield of 47% from compound 2a with
(1-(tert-butoxycarbonyl)- 1 H-pyrrol-2-yl)boronic acid under standard Suzuki coupling
conditions. The addition of a nitrile moiety to compound 3 was achieved by using
chlorosulfonyl isocyanate (CSI), synthesising compound 4 in an excellent yield of
83%. CSI preferentially reacts via electrophilic aromatic substitution with the 5-
position of the aromatic ring. The driving force of this regioselectivity is as a result of
the carbocation stabilisation through three resonance intermediates; the 3-position and
4-position of pyrrole only allow carbocation stabilisation through two resonance
intermediates. The complete reaction mechanism is unknown, however it is
understood that the nitrile functionality is instated initially by formation of a carbon-
carbon bonded intermediate structure. The addition of DMF forms DMF.HCI and
DMF.SO3; complexes to prevent release of HCI and SO3 gas. The pyrrole amine of
compound 4 was deprotected thermally under vigorous flow of nitrogen, obtaining
compound 5 with a yield of 37%. Although low yielding, starting material could be
recovered by column chromatography for further deprotection. The synthesis of
compound 6 was achieved in an excellent yield of 72%. This step was problematic

due to the lack of regiocontrol of the methylation; using 0.9 eq of iodomethane
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allowed for preferential methylation of the pyrrole amine opposed to dimethylation
which included methylation of the carbamate amine. Initially, inaccuracies in
measuring the iodomethane resulted in mono-methylated pyrrole product yielding just
19% whereas the di-methylated pyrrole compound was obtained in a 41% vyield.
Repeating the procedure with more care allowed for compound 6 to be obtained in
much greater yield (72%). Compound 5 was also methylated using
fluorobromomethane (2M in acetonitrile) highlighting a potential route to
radiolabelling the compound,; this reaction proceeded with a poor yield of 19%. The
three pyrrole-containing compounds are shown in Table 6. Compound 7 was included
in the compound library although it was suspected that methylation of the carbamate
amine would dramatically reduce its binding affinity as it is known that alkylation of
this moiety prevents important hydrogen bonding in ligand receptor binding.

Table 6 - Table of structures synthesised by modification of the pyrrole moiety.

Compound Structure Yield %
ne— |
6 N i 19
N° 0
H
ne— \ \
7 ] i 41
ll\l 0]
ne— \ \
(0]
8 19
r N/go
H
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6.5 - Suzuki-Miyaura coupling reactions.

Suzuki-Miyaura reactions are a versatile and well-established method for further
elaboration of chemical building blocks by carbon-carbon bond formation between
aryl halide/triflate and boronic acid, facilitated by metal catalysts (typically palladium
based) and an inorganic base. The catalytic cycle for Suzuki coupling reactions is
shown in Scheme 22.

R—R'

R—X
PdL,

(1) - oxidative addition

(3) - reductive
elimination

R—PdL,

(2) - transmetallation

?I
R—PdL, R'—Eli(OH)z
+
B(OH),CO, TK2CO3
R'—B(OH),

Scheme 22 — Catalytic cycle for Suzuki coupling reactions between an aryl halide and
boronic acid, using potassium carbonate as a base to facilitate the reaction. The first
step (1) is oxidative addition of the aryl halide / triflate into the Pd(0) catalyst,
generating a Pd(11) complex. Next (2), the boronic acid transmetallates resulting in the
formation of a metal halide and both organic R-substituents complexed with the
Pd(Il) catalyst. The addition of base into the reaction is important for this step as it
generates the more reactive borate complex. The final step (3) is reductive elimination

which regenerates the Pd(0) catalyst and eliminates the coupled organic product.
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Y

Br\©f<o Aryl Boronic Acid AF\CE<O
/&O Pd(PPhs), *o

2a H K,CO3, 80 °C
EtOH, H50, Toluene _
Ar = aryl group
N, 16 h.

Scheme 23 — Suzuki coupling reaction with Bromo-4,4’-dihydrobenzoxazin-2-one
core, used to generate a library of PR ligands.

A generic summary of the synthesis strategy (Scheme 23) used to develop a library of
novel PR ligands shows Suzuki coupling of compound 2a with aryl boronic acids.
The PR ligands were synthesised by using a variety of boronic acids to functionalise
the 6-position of compound 2a. Functionalisation of compound 2a with aryl moieties
that can easily be radiolabeled while providing suitable PR binding characteristics that
avoid introducing chirality into the molecule, satisfy the design rationale required for
the synthesis of potential PR imaging candidates. By varying the moiety at the C6
position structural diversity was obtained in the focused library of compounds
synthesised in this project.

Aromatic structures that would introduce lipophilicity into the molecule, such as 4-
methylphenyl boronic acid and 2,4,6-trimethylphenyl boronic acid, were chosen to
see what effect lipophilicity had on SAR and kinetics of the PR ligand. A selection of
halogenated, particularly fluorinated boronic acids were selected to give compounds
that differed in polarity, hydrogen bonding ability and potential for fluorine-18
radiolabelling. Some regioisomers of these compounds were used to determine if the
substitution pattern had an effect on SAR of the compound. Fluoro-pyridyl boronic
acids were used to see how polarity changed the SAR of the compound. Table 7
shows the final PR ligands synthesised, characterised by 'H NMR, *C NMR and
HRMS. Some of the compounds were particularly low yielding however no reaction
optimisation was carried out as only small quantities (typically less than 20 mg) were

required for biological evaluation.
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Table 7 - Structures synthesised by Suzuki coupling of a boronic acid with the

Bromo-4,4’-dihydrobenzoxazin-2-one core.

Compound Structure Yield %

9 13
10 29
11 36
12 5
13 28
14 41
15 18
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6.6 - Benzoxazinthione compounds.

Zhang et al (2003) reported that Tanaproget switched from antagonists to agonists by
changing the 2-oxo functional group to 2-thione.®® The concentration of PR ligand
required to be used for PET imaging is so small (pM to nM range) that even potent
agonist compounds are unlikely to induce a biological response. Therefore, it was
necessary to synthesise both oxo- and thio- analogues for SPR and affinity evaluation
to determine if there were any differences in the biophysical properties between oxo-

and thio- analogues.

9 Lawessons Reagent decomposes

upon heating to form two reactive

ylides. These reactive ylides then

react with carbonyls to convert into

Decomposition of Lawessons Reagent to form two reactive ylides.

thiocarbonyls.
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Scheme 24 — Reaction mechanism for the synthesis of tanaproget using Lawesson’s

Reagent.

Lawesson’s reagent is a phosphorous and sulfur-containing molecule that undergoes
ring opening when heated to form two ylide species; the ylides are responsible for the
conversion of a carbonyl to a thione (Scheme 24). The driving force of Lawesson’s
reagent is the formation of stable P-O bonds (600 KJmol™) in exchange for the less
stable P-S bonds (444 KJmol™) by exchanging the oxygen atom of a carbonyl with

the sulphur atom of the reactive Lawesson’s ylide species. The reagent has an
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unpleasant odor, and depending on the electron density of the receiving carbonyl

group, may have slow reaction kinetics and low vyields.

' Ar
Ar\CE( o lawesson's Reagent \CE<O
[0}
NAO Toluene, 100 °C, N, N/&S
H

H

Scheme 25 - General scheme and reaction conditions for converting 2-oxo into 2-

thione compound using Lawesson’s Reagent.

The published method for synthesising Tanaproget used Lawesson’s reagent to
convert the carbonyl of the cyclic carbamate into a thiocarbamate (Scheme 25).%°
Fensome et al (2005) reported the use of Lawesson’s Reagent on oxo-Tanaproget
(compound 6) in the synthesis of tanaproget to give a yield of 31%. The low yield of
this reaction and difficulty with purification prompted alternative synthetic pathways

to a library of benzoxazinthione compounds to be explored.

Although unfavourable the Lawesson’s reaction was necessary to synthesise
Tanaproget quickly; biological assays required tanaproget as a reference compound
and therefore the synthesis was scaled up to successfully produce tanaproget

(compound 16) via Lawesson’s reaction in reasonable yield.

Table 8 - Tanaproget synthesised using Lawesson’s reagent.

Compound Structure Yield %

16 N i 42
NS
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6.7 - Acyclic precursors to benzoxazinthiones.

The synthesis of a library of benzoxazinthione compounds would require scaling up
the synthesis of benzoxazinone compounds in Table 7, this would have been
inherently time-consuming. The synthesis of 6-bromobenzoxazinthione followed by a
Suzuki coupling reaction would not be a viable reaction as it was hypothesized that
the nucleophilicity of the thione would result in coordination with the palladium
catalyst and prevent reaction progress. Alternative routes to a library of
benzoxazinthione compounds via acyclic precursors were explored. Interest in the
possibility of carbon-11 radiolabelling of the carbamate of Tanaproget derivatives
further prompted the synthesis of acyclic precursors for radiochemistry.

MeMgBr
Br. COOH 3M in ether Br. Aryl Boronic Acid
RO - - O
NH, -78°C, 48 h. NH Pd(PPh3),Cl, NH

2 2

Dry THF. 1a K,CO3
MeCN:H,O TCDI
150 °C, 10 min Dry THF
microwave. 50 °C, 16h.

Ang(

(0]

A
H

Scheme 26 - Route to synthesis of 2-thione compounds to avoid using Lawesson’s
Reagent. The synthesis involves pre-cyclisation Suzuki coupling of the aryl moiety,

followed by cyclisation with 1,1’-thiocarbonyldiimidazole.

Methods were developed to incorporate the thiocarbamate into the molecule as a part
of the synthesis, rather than conversion of a carbonyl (Scheme 26). Suzuki coupling
was experimented with using compound 1a with the 4-methylphenylboronic acid, this
reaction did not yield product and it was speculated that the aniline group was
coordinating with the palladium catalyst in a similar way to the thione of 6-
bromobenzoxazinthione. The literature showed that it was possible to do Suzuki
coupling reactions in the presence of sensitive groups such as amines that are likely to

coordinate with catalytic metal centers, by employing alternative catalysts.
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Tao et al (2004) reported the synthesis of a palladium catalyst (DAPCy) from
Pd(OAc), that was able to couple aryl bromides with boronic acids in high yields,
with mild reaction conditions, in the presence of weak nucleophiles such as anilines.”
Coupling could be performed in aerobic conditions and provided yields between 80 —
99 %. The DAPCy catalyst is composed of two acetate and two dicyclohexylamine

a0
Sroeol
SHe

Figure 37 - DAPCy catalyst structure.

ligands (Figure 37).

The literature stated that coupling between boronic acids and electron poor aryl
bromides in EtOH would proceed at low temperatures, whereas electron rich aryl
bromides required elevated temperatures of ~80 °C to couple in good yields (80 — 95
%); * The DAPCy catalyst was considered because it had been shown to facilitate
Suzuki coupling reactions in the presence of aniline which may coordinate to
palladium metal centers, a reaction that was unlikely to proceed with Pd(PPhs)s. Use
of this catalyst was expected to allow the realization of the proposed route to the

synthesis of benzoxazinthione compounds.

Br oH p-Tolylboronic acid O TCDI O
oee, CL™ e LR
DAPCy 0
NH, NH, Dry THF, 50 °C N s

K3PO4 N, 18 H

1
a EtOH, 70 °C 17

Scheme 27 - Synthesis of 4,4-dimethyl-6-(p-tolyl)-1H-benzo[d][1,3]oxazine-2(4H)-
thione by DAPCy catalysed Suzuki coupling with 4-Methylphenylboronic acid,

followed by cyclisation with 1,1’-Thiocarbonyldiimidazole.

The DAPCy catalyst allowed successful Suzuki coupling between compound 1a and

p-tolylboronic acid to produce compound 17 in a good yield of 63 %. The coupled
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product was isolated and cyclised with TCDI to provide compound 18 (Scheme 27).
DAPCy catalyst was successful in cross-coupling this simple boronic acid with

compound 1a but it failed to couple more functionalised and sterically demanding

boronic acids (Table 9).

Table 9 — Scope of Suzuki coupling of aniline 1la using DAPCy catalyst and aryl

boronic acids.

Substitution position of phenyl ring Coupled Product (YES/NO)
R; Ry Re
H Me H YES
Me Me Me NO
Cl F H NO

Reaction conditions: 2-(2-Amino-5-bromophenyl)propan-2-ol (2.17 mmol), boronic
acid (2.60 mmol), KsPO,4 (4.34 mmol), DAPCy (0.04 mmol), EtOH, 70 °C, 4 min.

It remains unknown why coupling products were not synthesised for 2,4,6-
trimethylphenylboronic acid and 2-chloro-4-fluorophenylboronic acid. Tao et al
(2004) used relatively simple boronic acids to prove the effectiveness of the catalyst,
it is likely that the DAPCy catalyst was unable to tolerate the extra steric hindrance
exhibited by the substitution of the 2-position with methyl- or chloro- functionalities.
The DAPCy catalyst was unable to couple 6-bromo-benzoxazinthione directly to the
4-methylphenylboronic acid, possibly due to coordination of the thione to the catalyst.
The limited success and potential of the DAPCy catalyst prompted further
investigation into alternative catalysts to facilitate useful cross-coupling reactions to
allow the synthesis of thio-PR ligands.

Gong et al (2002) reported the successful Suzuki coupling of 4-bromophenylalanine
with ortho-substituted aryl halides using microwave (MW) irradiation with

Pd(PPh3),Cl, catalyst.”* This prompted interest in using this pathway for the synthesis
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of a library of PR ligands. There has been debate in the scientific community
regarding the high efficiency of organic chemistry reactions performed in microwave
reactors. Reaction efficiency is improved by rapid heating and high bulk reaction
temperatures, however some believe that non-thermal microwave or “specific effects”
are responsible.”? Kappe et al (2013) review claims made about the “special effects”
and conclude that non-thermal microwave effects do not exist and that most agree that
microwave photons do not have enough energy to cleave molecular bonds.”” The
microwave reactor has been used extensively in this project; it effectively heats bulk
solvent of a reaction at a controlled temperature, time and above the boiling point of
the solvent. The microwave is useful for small-scale reactions to speed up otherwise
lengthy synthetic procedures. Small-scale reactions were carried out to determine if
the coupling reaction was successful. Compounds were not isolated; product

determination was obtained by "H NMR (Table 10).

Table 10 — Scope of Suzuki coupling of aniline 1a using Pd(PPhs).Cl, catalyst and

aryl boronic acids.

Substitution position of phenyl ring Coupled Product (YES/NO)
2 4 6
H Me H YES
Me Me Me YES
Cl F H YES

Reaction conditions: 2-(2-Amino-5-bromophenyl)propan-2-ol (0.4 mmol), boronic acid
(0.4 mmol), Na,COj3 (0.8 mmol), Pd(PPhs),Cl, (5 mol %), AcCN : H,O (1:1), 150 °C, 5
min.

After proving that the Pd(PPhs3),Cl, catalyst was capable of effecting Suzuki coupling

in the presence of sensitive groups and sterically/electronically diverse boronic acids,

reactions were scaled up to a size to allow for the synthesis of final benzoxazinthione

76



Chapter 2

Synthesis Results

compounds (Table 11). The final compounds were obtained through Suzuki coupling

with 2-(2-amino-5-bromophenyl)propan-2-ol and functionalised boronic acids to gain

acyclic bi-aryl compounds in good yield (61 — 67%). These acyclic compounds were

then cyclised with 1,1’-thiocarbonyldiimidazole (TCDI) to result in the final

compound library (Table 11).

Table 11 - Table of structures synthesised by DAPCy or Pd(PPh3)Cl, methods. It

should be noted that Compound 18 was synthesised using the DAPCy catalyst,

although an experimental microwave reaction showed that the product could also be

formed using the Pd(PPh3),Cl, catalyst.

Compound Structure Yield %
) “\x :
N s
H
b
23 Cl O 0 30
N/gs
H
O
24 O 0 21
cl N)*s
H
Fe |
25 Ns 0 19
N/&S
H
]
N
26 O 22
F N/gs
H
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6.8 - Alternative synthesis of Tanaproget.

/
LT

9] MeMgBr
Br\@kaH _— > Br\@(% / \
-78°C, 48 h, Pd(PPh3).Cl> N OH
NH,  Dry THF, N, NHz  KoCOs /
1a MeCN:H,O NH;
150 °C, 15 min
microwave TCDI
Dry THF,
50 °C,
16 h
NC /N \ CSI, DMF /Y
] )& N o
N“Xg  Dry THF,-78°C / P
H N“Ss

Scheme 28 - Attempted synthetic route to tanaproget to avoid forming di-methylated

product.

The development of novel methodology to access Tanaproget was explored to avoid
the use of Lawesson’s reagent, a notoriously unpleasant and low yielding reagent used
to convert oxocarbamates to thiocarbamates in the synthesis of benzoxazinthione
ligands. The literature synthesis of Tanaproget contains seven reaction steps, the
development of alternative synthesis routes aimed to reduce the length of synthesis. A
pre-methylated boronic acid pinacol ester was used to directly couple to compound 1a
(Scheme 28). The thiocarbamate functionality was added using TCDI, however the
attempted addition of the nitrile functionality to the pyrrole moiety was not
successful. Mass spectrometry analysis showed that the mass of the final product was
not correct for the desired product. Upon reviewing **C-NMR, the distinctive thione
peak (~180 ppm) was not found. It was hypothesised that the increased
nucleophilicity of the thione facilitated an unfavourable side reaction but it is
unknown what this reaction may be; mass spectrometry revealed that the synthesised
product was 6 mass units heavier than calculated which suggests a structural
manipulation of the starting material rather than increased addition of structural

moieties.
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Due to interest in carbon-11 radiolabelling of Tanaproget at the carbamate position,
further work to develop a suitable acyclic precursor of Tanaproget that allows for end-
stage radiolabelling of the molecule was developed. This problem was approached by
synthesising a pyrrole boronic acid that was pre-methylated and exhibited the

necessary nitrile group; this molecule could then be coupled to compound 1la.

1) LDA (2M)
Triisopropylborate

ﬂ lodomethane ﬂ -4 °C, Dry THF, 2 h. ﬂ\
NG ~ NC —  NETATTBOH),
H

/

K,CO3, DMF N |
24 h [ 2)HCI (5% Aq)
27 28
Br Pd(PPh3),Cly
OH N82CO3
NH, 150 °C, 10 min
1a Microwave
ne— |
N OH
/
NH,
29

Figure 38 — Synthesis of an acyclic tanaproget precursor.

Pyrrole-2-carbonitrile was purchased from Sigma Aldrich and methylated with
iodomethane which proceeded quantitatively to give compound 27. A boronic ester
was substituted in the 2-position by using lithium diisopropylamide (LDA) and
triisopropylborate; the boronic ester was hydrolysed upon workup with HCI to yield
the boronic acid. The reaction was monitored by TLC and showed total consumption
of compound 27. Compound 28 was used without further purification due to potential
problems associated with the stability of the boronic acid. Suzuki coupling was
successful and afforded compound 29 in an acceptable yield of 20% (Figure 38).
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6.9 - Synthesis of triazole-containing compounds.

N:N

R/N\)\©\><
(@]
N/l%o
H
R = alkyl group.

Figure 39 - Generic structure of a triazole compound PR ligand.

The synthesis of novel triazole-containing compounds was explored as interest grew
in the structural similarity of the pyrrole moiety of Tanaproget to 1,4-disubstituted-
1,2,3-triazoles, that are accessible through click chemistry, as both are nitrogen-
containing 5-membered heterocycles (Figure 39). The nitrile functionality of
Tanaproget forms important hydrogen bonds with Arg766, GIn725;% it was thought
that a fluorine substituent in a similar position to the Tanaproget nitrile could also

potentially provide important interactions with the same protein residues.

The triazole linkage is synthesised using the Copper Catalysed Azide-Alkyne Click
(CuAAC) reaction. The CUAAC reaction has been used previously to allow efficient
incorporation of a radiolabel into molecules and therefore may be useful in this
project as part of a focused library approach to designing PR imaging probes. Glaser
et al (2009) review the use of the CuAAC reaction as a successful method for
radiolabelling of PET imaging agents and state that CUAAC is a popular choice for
radiolabelling methodology as the reaction is tolerant to a wide variety of functional
groups, typically negating the requirement for a protecting group strategy. The
tolerance allows for late or end-stage radiolabelling, an ideal characteristic for

radiolabelling a PET imaging agent to maximise radiochemical yield.?%*%%

The synthesis of triazole containing PR ligands required the installation of an alkyne
onto the 6-aryl position of the benzoxazinone pharmacophore. A convenient synthesis
to achieve this was by Sonogashira coupling, a palladium catalysed cross-coupling
reaction between a terminal alkyne and an aryl halide.”’

Compound 2a was used in an attempt to couple trimethylsilylacetylene; however no
reaction was observed. It was hypothesised that the palladium catalyst was not
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inserting into the C-Br bond and therefore compound 2b bearing an iodo group was

synthesised; iodine is a facile leaving group.

Trimethylsilylacetylene ™S N

- AN
Pd(PPh3),Cl,, Cul \CE{O&
TEA, Dry DCM H o

Reflux, 4h.

Trimethylsilylacetylene TMS
' o - A
/1% Pd(PPh3),Cl,, Cul o
” TEA, Dry DCM N Ao
2b Reflux, 4h. 30 H
Scheme 29 - Sonogashira reaction to cross-couple TMS-acetylene to 6-

bromobenzoxazin-2-one was unsuccessful. Replacing the bromo- substituent for the

iodo- substituent facilitated the reaction in high yield.

Compound 2b was coupled to trimethylsilylacetylene via Sonogashira coupling to

give compound 30 in high yield (80%). The TMS-protecting group was removed with

solution of K,CO3zin MeOH (1.8 M) to give compound 31 in an excellent yield of

949%.%
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6.10 - Copper catalysed, azide-alkyne Huisgen cycloaddition (CuAAC).

—
Cu(]) catalyst
R——=— N3—R; —_— LfR1
/

N\\ N\
N R )
©
R'—=—CuLo

R' N.
\FQULH-Z /N/ R
Ns _N. ‘/ N” ®
N R

Scheme 30 - CUAAC 1,3-dipolar cycloaddition mechanism between an alkyne and an

azide to form a 1,2,3-triazole linkage.

Compounds containing a triazole linkage were synthesised using the azide-alkyne
Huisgen copper-catalysed 1,3-dipolar cycloaddition reaction or CUAAC (Scheme 30).
The copper(l) catalyst is necessary to generate a Cu-acetylide intermediate and
therefore is not technically a cycloaddition reaction.*® Cu(ll) is reduced in situ to
Cu(l) in the presence of sodium ascorbate opposed to using Cu(l) directly which is

prone to oxidise to Cu(ll) readily.

The copper(l) catalyst coordinates with the terminal position of the alkyne forming a
Cu-acetylide intermediate. The intermediate also coordinates through the copper atom
to the azide’s carbon-linked nitrogen atom to form an activated copper-azide-
acetylide complex. It is the terminal coordination of the alkyne with the copper(l)
catalyst that orientates the alkyne and azide species in the correct conformation to
form the cyclised 1,4-triazole product exclusively. The use of ruthenium(ll) catalysts
can be used to afford the 1,5-triazole product. The catalyst coordinates across the
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triple bond and to the carbon-linked nitrogen of the azide which results in the
formation of a 6-membered intermediate. The intermediate undergoes reductive

elimination to release the 1,5-triazole product.*®

NaN3
Tso~F——= NF
Dry DMF
48 h, RT.
N=N
\©E< \)\©\><
(@)

CuSO0Oy, N/go
Ascorbic Acid, H
DMF, 90 °C, Ns.

Scheme 31 - Route to synthesis of 6-(1-(2-fluoroethyl)-1H-1,2,3-triazol-4-yl)-4,4-
dimethyl-1H-benzo[d][1,3]oxazin-2(4H)-one (32).

Fluoroethylazide was synthesised from fluoroethyltosylate using sodium azide in
DMF; this compound was not isolated or purified as short chain azides are shock
sensitive. The reaction was presumed to have gone to completion after 24 h; solid
sodium azide was allowed to settle and clear supernatant was extracted by syringe and
taken straight into the click reaction. Scheme 31 shows the successful synthesis of the
compound 32 in a 19% yield. Compound 31 could be radiolabeled by generating the
[*®F]fluoroethylazide and then using CuAAC reaction conditions to ultimately
produce [*®F]32.% One compound was synthesised using this methodology (Table
12).

Table 12 - Oxo-triazole compound synthesised.

Compound Structure Yield %

N:N

.
32 /" VK@E% 19
o
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Synthesis of the thiocarbamate of compound 32 was desired however routes to
synthesis proved difficult. Initially, conversion of compound 31 from the
oxocarbamate to the thiocarbamate using Lawesson’s reagent was tried and proved to
be unsuccessful in yielding product; similarly treatment of compound 32 with

Lawesson’s reagent did not yield the thiocarbamate product.

Trimethylsilylacetylene TCDI

| _nmeyStylacelyene s ™S
OH R A
NH Pd(PPh3),Cl,, Cul OH Dry THF, 50 oc i
2 TEA, Dry DCM
Y NH 16 h. NS

1b Reflux, 4h 2

RT,3h
\©\><
(@)
NS
H

Scheme 32 — Unsuccessful synthesis of 6-alkynebenzoxazinthione using previously

K,CO3
MeOH

developed methodology for accessing acyclic compounds for subsequent cyclisation
with TCDI.

An acyclic approach was hypothesised to instate the appropriate alkyne from
compound 1b followed by cyclisation with TCDI and deprotection of the TMS group
to access the desired compound (Scheme 32). The synthesis of the acyclic alkyne
compound resulted in multiple side reactions and the desired product was not isolated
from the mixture. Due to time constraints, the synthesis of the thiocarbamate triazole

compound was abandoned.
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6.11 - Synthesis of novel PR ligands.

@)
R1\©\)J\N/R2 R1\©E<O
HAS NAS

dihydroquinazolinone benzoxazinthione
R4 = aryl
R, = aryl, alkyl

Figure 40 - Comparison between the benzoxazinthione core structure and

dihydroquinazolinone core structure.

The synthesis of a novel core structure as an alternative to benzoxazinthione
compounds, known as “dihydroquinazolinone compounds” to bind to the PR was
investigated. A small library of these compounds was synthesised by functionalizing
the 2-amino-5-bromobenzoic acid with aryl moieties and cyclizing between the
carboxylic acid and primary amine using simple isothiocyanate compounds. These
compounds represent a new class of non-steroidal PR ligands so their potential
success for selective binding to PR is unknown. These compounds are also attractive
for late-stage radiolabelling with isothiocyanate prosthetic groups bearing the
fluorine-18 radioisotope. The proposed compound structure in comparison to a

benzoxazinthione compound is shown in Figure 40.

0] o O
Br Aryl Boronic Acid -
@\AOH Aoy Boronc Akt on NS m v
Pd(PPhs),Cl, i i
W kyCo, NHe o0 51 ¥
MeCN*H,O (1:1) ;o h. H

Scheme 33 — Proposed route to synthesis of dihydroquinazolinone compounds.

The synthesis of dihydroquinazolinone compounds required Suzuki coupling between

2-amino-5-bromobenzoic acid and a boronic acid. The isolated product of the Suzuki
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coupling was then reacted with an isothiocyanate, to form the final compound
(Scheme 33). Dihydroquinazolinone compounds allow the functionalisation of the 3-
position of the molecule, which can be controlled by choosing an appropriately
functionalised isothiocyanate. It is likely that substitution can be tolerated in this
position as the same position on the benzoxazin(thi)one core structure is not involved
in forming any important hydrogen bonds in the ligand binding domain of the PR.
The initial library of compounds was prepared using methyl-, propyl- and 4-
fluorophenyl isothiocyanates.

Table 13 — Table of dihydroquinazolinone compounds synthesised as novel PR

ligands.

Compound Structure Yield %

34 O 9
NN

35 O Y 20
N S
H
SN el
36 N 35

These isothiocyanates were chosen to see if varying the length of alkyl chain (methyl-
propyl-) has an effect on binding to the PR. A bulky aromatic group (4-fluorophenyl-)
was also chosen to see if there is tolerance to this functionality in the PR binding
pocket (Table 13).

The cyclisation reaction with the isothiocyanate requires 4 — 5 hours reflux on the
bench; however, reaction time could be significantly reduced to 15 min (not
optimised) when heated by microwave irradiation. Shorter reaction times in the

microwave and the potential for late-stage radiolabelling make this class of
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compounds particularly interesting for use as PET PR ligands. Having synthesized the
compounds in Table 13, it became clear that this class of compounds are
disadvantaged due to poor solubility in most organic solvents, water and limited
solubility in DMSO. Surprisingly, increasing lipophilicity of the functionalisation at
the 3-position with propyl or 4-fluorophenyl moieties did not make the compounds
more soluble. It is apparent that changing the dimethyl group of the benzoxazinone
structure to a carbonyl and the presence of cyclic thiourea moiety has significantly
changed the physical properties of the structure. It is impossible to say which of these
changes or how these changes contribute to poor solubility without further
investigation. Due to lack of solubility, these compounds would be difficult to test in
relevant in vitro biological assays. Although untested, there are clear similarities
between the structure of this novel class of compounds and existing non-steroidal
benzoxazinthione PR ligands thus making further development into increasing the

solubility of these molecules an interesting future project.

O

R R

s

N
H

Figure 41 — Improving solubility of this novel class of compounds that may prove to
be successful PR ligands; modification of R; and R, position may increase solubility

of this class of molecules.

There are some structural modifications that may lead to increasing the solubility of
these compounds (Figure 41). Changing the aromatic substituent in position R; to a
more polar moiety than p-tolyl group could help increase the solubility of these
compounds. It would be interesting to synthesise this class of compounds bearing a N-
methylpyrrole-2-carbonitrile moiety as exhibited by tanaproget as this would increase
polarity and could aid in PR binding. Alternatively modification of R, position with a

moiety bearing a sulfonate group or polyethyleneglycol chain may also increase
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solubility of these compounds however it is unknown what effect this would have on

receptor binding.

6.12 - Synthesis Conclusions.

The syntheses of a library of benzoxazin(thi)one derivatives and
dihydroquinazolinone  compounds has been achieved. The library of
benzoxazin(thi)one compounds exhibited a range of moieties in the 6-position of
which many contain fluorine atoms as potential sites for radiolabelling. The
dihydroquinazolinone library however was poorly soluble in DMSO and therefore
cannot be taken forward for biological evaluation. Despite this, future work into
improving the solubility of this class of compounds may provide suitable PR ligands
for imaging.

The synthesis of tanaproget was achieved by following literature methodology and
yields obtained agreed with those published. Novel routes to an acyclic Tanaproget
precursor (29) have given rise to potential new synthetic pathways to the molecule by
avoiding the use of Lawesson’s reagent and the associated difficulties with using this
reagent. The synthesis of an acyclic precursor of tanaproget (29) highlights possible
routes to carbon-11 radiolabelling of the molecule at the thiocarbamate position.
Radiolabelling with short-lived isotopes such as carbon-11 could potentially allow for
greater clinical flexibility in patient imaging including multiple assessment of ER
with [*®F]FES and PR with [*'C]tanaproget on the same day with one intravenous

cannulation.

The literature procedure for the synthesis of Tanaproget was adapted to generate a
library of novel benzoxazinone compounds for biological evaluation as potential PET
PR imaging probes. The use of Lawesson’s reagent was avoided for the synthesis of
benzoxazinthione derivatives by using Pd(PPhs),Cl, catalyst which was able to
facilitate Suzuki coupling in the presence of the aniline moiety of compound l1a. The
use of DAPCy catalyst to couple p-tolylboronic acid to compound 1la was the only
reaction that this catalyst facilitated; this boronic acid was the least sterically hindered
boronic acid used and therefore it is hypothesized that steric hindrance due to

substitution at the 2-position of boronic acid is poorly tolerated by this catalyst. The
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Pd(PPh3)Cl, catalyst has a less sterically crowded metal center; oxidative addition
was therefore possible with greater ease for sterically challenged boronic acids. The
synthesis of acyclic compounds allowed for efficient cyclisation as a final step with
TCDI. The syntheses yielded few by-products and were easy to purify in comparison
to the use of Lawesson’s Reagent. Biological evaluation of these compounds will
allow for the selection of lead candidates to undergo the development of

radiochemical methodology to label with fluorine-18.
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Chapter 3
Biological Results.
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7.0 - Introduction to Biological Evaluation.

The library of non-steroidal PR ligands synthesised in Chapter 2 was subjected to
biological evaluation to select lead candidates for radiolabelling. Biological
evaluation of PR ligands should be able to determine the strength of ligand-receptor
binding interactions by either direct affinity measurements or potency in cellular
systems; evaluation of the cross-reactivity to other SHRs is also an important

consideration as PET probes should bind with high specificity to the target receptor.

Classically, radiometric binding assays have been used in the literature to determine
binding affinities of the PR ligand however readily available fluorescence assays
provide a more accessible alternative. Radiometric binding assays compete a constant
concentration of [*H]JR5020 from PR by varying the concentration of the test
compounds.?? The availability of commercial fluorescence and luminescence kit
assays means that radiometric binding assays are not routinely performed despite
being the most validated method for determining PR ligand affinity. Commercial
enzyme fragmentation complementation (EFC) assays were used to determine
compound affinities; however, in our hands these kits were unsuccessful. Library
compounds did not bind to PR in these Kits suggesting potential problems with the
assay. Lead candidates were selected based on T47D alkaline phosphatase assays
which report on the potency of compounds in live T47D breast cancer cell line and
allows the compounds to be put in rank order of potency to allow lead candidate

selection.

Steroidal PR ligands are reported to show cross-reactivity to other SHRs, particularly
the GR; non-steroidal PR ligands such as Tanaproget have been shown to be very
selective to PR with little cross-reactivity to other SHRs.®® Cross-reactivity can be
determined by GRE-luciferase reporter assays in the case of GR and ARE-luciferase
reporter assays in the case of AR binding.2’ These assays are designed to measure the
activity of receptor-induced signal transduction pathways in cultured cells by
containing a steroid-binding domain coupled to a reporter gene. Nuclear translocation
assays are commercially available and could be used to determine cross-reactivity.
This assays determines receptor translocation in cell systems induced by compound

binding.
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We aimed to develop SPR methodology to evaluate ligand-binding kinetics of the
compound library to aid in lead candidate selection. It was hypothesised that selecting
lead candidates based on kinetic profile may be more advantageous than affinity or

potency data alone.

7.1 - Evaluation of potency.

Fensome et al (2005) synthesised novel PR modulators based on Tanaproget. The
group determined ECs, data for the compounds using alkaline phosphatase activity in
human T47D breast cancer cell line. Ligand binding to PR induces de novo synthesis
of alkaline phosphatase.'® Zhou et al (2010) synthesised fluoroalkyl-substituted
analogues of Tanaproget and determined the structural activity relationship of
fluoroalkylation in either “Region 17 or “Region 2” of the core structure (previously
discussed in Chapter 2). The affinity of fluoroalkyl-substituted Tanaproget
derivatives was determined using a competitive radiometric binding assay to
determine relative affinity of compound to PR when competed against [*H]R5020;
binding of this tracer ligand was set to 100% and binds to PR with Kp of 0.4 nM.
Potency was determined for the compound library using the T47D breast carcinoma
cell line; this assay was able to rank the compound library potency for lead candidate

selection.
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Figure 42 — Western blot analysis was used to confirm that the T47D cells cultured in-
house expressed PR isoforms, PR-B (116 kDa), PR-A (81 kDa) and B-actin (loading

control).
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The T47D breast cancer cell line expresses high levels of PR, which are sensitive to
progestin binding and elicit downstream effects; this has been confirmed in the T47D
cells cultured in-house (Figure 42). Lorenzo et al (1991) most importantly recognised
that progestin’s induce de novo synthesis of an alkaline phosphatase enzyme (ALP)
and that alkaline phosphatase activity was greater than 30-fold when stimulated by
progestin.*® This is useful as ligand binding to PR is proportional to ALP induced
dephosphorylation, therefore it can be used as a downstream reporter for PR
activation. Moreover, T47D ALP activity assays can be used to determine agonist or
antagonist behaviour of a compound in this system as ALP activity is induced upon
binding of PR agonists. The de novo ALP synthesis can be quantified using
colorimetric methods when substrate p-nitrophenylphosphate is dephosphorylated
resulting in a shift in optical density (absorbance) measured by UV-Vis spectrometry.
Optical density can be plotted as a function of concentration to determine rate of
reaction from which a log dose concentration curve is plotted; the concentration at
which optical density is half maximal is the ECs,. The data shown in Table 14
summarises the potency of library compounds synthesised in this project. This data

was used to select lead candidates for radiolabelling (Raw data in appendix).
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Table 14 — Potency data from T47D alkaline phosphatase agonist assay (n =2 - 4)

Compound Structure ECso (nM)
ne—¢ |
/N ?
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As previously stated, Tanaproget (16) was synthesised as a standard to compare
potencies in this assay. Agonist behaviour with a potency of 0.5 nM agrees with

literature value (0.15 nM) giving confidence in the setup of the assay.®

The library of compounds synthesised exhibits potencies ranging from low nanomolar
to low micromolar; this range was expected due to the SAR of these compounds
being largely dominated by the aryl substituent in the 6-position. It is noteworthy that
all of the compounds bearing a thiocarbamate exhibited agonist behaviour whereas
compounds bearing oxocarbamate functionality exhibited either agonist or antagonist
behaviour. Switching between agonist and antagonist biological profiles agree with
literature observations with Tanaproget derivatives; for example, potent PR antagonist
(1C50 = 9.3 nM) bearing a 3-chlorophenyl substituent switched to potent PR agonist
(EC50 = 1.7 nM) when converted from 2-oxocarbonyl to 2-thiocarbonyl.®

The most potent novel compound (8) in the library showed an ECso 0f 3.7 nM. The
high potency of 8 is likely due to the similarity in structure to Tanaproget as it is
reported that the nitrile functionality is important in forming important hydrogen

bonds which aid in binding.
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Compound 24 was also a potent PR ligand with an ECsg value of 8.2 nM. Compound
23 differs from 24 in the position of a chloro- substituent that results in ligand with
lower potency, ECs of 432.5 nM. The reason for the change in potency is unknown
however there are two hypotheses; the chloro- substituent could be having a positive
influence on ligand binding in compound 24 where potential lipophilicity of the
substituent is favoured in this position. Alternatively the position of the chloro-
substituent in compound 23 may be having a negative effect on binding due to steric
hindrance, where substitution of the bulky chlorine atom is not tolerated in the
binding pocket of PR.

Compound 32 bearing a triazole moiety in the 6-position was a compound of interest
as no examples of these compounds have appeared in the literature. Compound 32
exhibited agonist behaviour with an ECso of 47.6 nM. It appears to be the case that the
triazole linkage and fluoroethyl chain have a favourable influence on the compounds

potency.

Fluoropyridine Tanaproget derivatives show interesting SAR in regards to both oxo-
and thio-carbamate variants, as well as fluoro- substitution position on the pyridine
moiety. Compound 26 was the most potent fluoropyridine ligand exhibiting an ECsg
of 4.7 nM. Switching from a 2-fluoro to 6-fluoro substituent (25) results in a switch in
potency from low nanomolar to low micromolar (ECso of 3.7 puM). It remains
unknown to why changing position of the fluoro- substituent results in a marked drop
in potency, particularly as other library compounds (24) containing a para-fluoro
substituent exhibit good potency. It was also discovered that compounds 10 and 12,
fluoropyridine compounds bearing a thio-carbamate moiety, exhibit little agonist
behaviour even at high concentration of ligand. Compounds 10 and 12 were assayed
for antagonist behaviour to examine if changing from thiocarbamate moiety to
oxocarbamate moiety had changed the biological profile of the molecule from agonist

to antagonist (Table 15.)
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Table 15 - Potency data from T47D alkaline phosphatase antagonist assay (n = 2).

ICso values mark the ability of the compounds to antagonise the progesterone

receptor.
Compound Structure I1Cs0 (NM)
F =
N |
10 X o} 795.0 + 0.25
N’go
H
=
N |
12 O 844.8 +0.23
F ,&O

It was discovered that compound 10 and 12 exhibited antagonist behaviour.
Compound 10 with an ICsq of 795.0 nM and compound 12 with an ICsq of 844.8 nM
exhibited potency in a similar order of magnitude. The fluoro-substitution position
does not appear to influence potency in antagonism as previously demonstrated in
agonist assays. In the interest of time some compounds were not assayed to determine
their potency in cells. These compounds were largely non-fluorine containing
compounds that could potentially be more useful in a carbon-11 radiolabelling
facility. The assay highlighted some potential lead candidates that could be labelled
with the development of fluorine-18 radiochemical methodology.

7.2 - Commercial Enzyme Fragmentation Complementation (EFC) Assay.

A commercial kit assay provided by DiscoverRX HitHunter ™ was used to screen the
library of PR ligands synthesised in this project to confirm and increase confidence in
the selection of lead candidates from the potency results derived from the T47D AP
assay; the kit was advertised as being suitable for screening progesterone analogues

and aimed to determine rank order of inhibition (ICs).
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Figure 43 — Enzyme fragment complementation (EFC) is based on the splitting of E.
coli pB-galactosidase fragments into an enzyme acceptor (EA) and enzyme donor
(ED).

This type of assay involves the complementation of two enzyme fragments known as
an enzyme acceptor (EA) and enzyme donor (ED) (Figure 43); these are inactive
components when separated but spontaneously form an active enzyme upon mixing.
The active enzyme is capable of converting a non-coloured, non-fluorescent or non-
luminescent substrate into a coloured, fluorescent or luminescent substrate that can be
read by a suitable plate reader. In the presence of PR with cytosol, the ED will bind to
the receptor preventing enzyme complementation and the formation of the EA-ED
active enzyme; in this case the substrate is not transformed and a signal is not

generated. Upon incubation of test compounds (progesterone analogues), competition
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between ED and test compounds is established for the PR. This increases the
concentration of the EA-ED active enzyme and produces a signal that is modulated by

test compounds binding to PR.
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Figure 44 — EFC assay results for progesterone P4 (ECso = 0.2 nM), Tanaproget (16),

compound 18, compound 24, compound 25 and compound 26; using a kit with

fluorescence plate reader.

The assay did not facilitate ligand binding of non-steroidal PR ligands but the kit was
successful in binding the progesterone standard provided with the kit. This result
suggested that progesterone was able to compete against the ED-PR complex to result
in the formation of active enzyme; other ligands tested with the kit were unable to
compete against the ED-PR complex and therefore active enzyme was not formed. It
is particularly unusual as to Tanaproget, a well characterised high affinity PR binder
was unable to compete against the ED-PR complex. Collaborators at Imperial College
London successfully carried out screening of non-steroidal compounds with a similar
kit successfully so the results have been sent to DiscoverRX™ as it is likely that this

kit is unsuitable for purpose.
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7.3 - Evaluation of Kinetics

One of the main advantages of SPR is the ability to measure binding interactions
between low-molecular weight compounds like drug molecules and larger target
proteins and receptors. Although SPR manufacturers claim that small-molecule
interactions are easily measured, this is very much dependent upon the target of
interest. When using low-molecular compounds in experiments, it is necessary to add
a small percentage of DMSO (1 - 5 %) to the buffer to help keep the compounds

soluble in the aqueous environment.

It is necessary to run a solvent correction cycle to eliminate variation in bulk
refractive index between samples. The high bulk response from DMSO (1% DMSO
gives 1200 RU) gives large fluctuations in bulk response and therefore a variation
between samples. Solvent correction involves making a serial dilution of 8 samples of
two percentages of DMSO above and below the desired concentration in the running
buffer. The instrument will then correct for small fluctuations in DMSO concentration
and successfully eliminate these from the assay. Conventional radiometric ligand
binding assays require measurements to be taken at equilibrium in order to determine
the dissociation constant (Ky) of a ligand-receptor complex; ligand depletion and lack
of equilibrium in a system can result from poor experimental design and therefore

lead to systematic errors in calculations of K. 10t

There are currently no reports in the literature for determining ligand-binding kinetics

between PR ligands and the PR using an SPR assay however some work towards

determining kinetics between ER ligands and ER have been reported.
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7.31 - ER kinetic assay.

P ligand
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His, mAb
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Figure 45 - Design of SPR experiment to immobilise an anti-His mAb to the surface
of a CM5 chip to capture his-tagged estrogen receptor protein. Low molecular weight

kinetic analysis on steroid hormones was performed.'%

Rich et al (2002) reported the use of SPR to measure the binding interactions of ER
ligands towards an immobilised ER ligand-binding domain (Figure 45). Kinetic rate
constants of interactions between the low-molecular weight ligands and ER were
determined in an attempt to provide information to allow for optimisation of drug
candidates. This methodology provided a basic experimental method that was adapted
to form the basis of an assay to determine the Kinetic constants of the interaction
between non-steroidal PR ligands and a PR ligand-binding domain. There was also
interest in determining receptor specificity of the PR ligands synthesised in this
project against the ER so initial attempts were made to reproduce the published
results. Repeating the experiment tested the reproducibility and robustness of the
method, however a few specifications were changed due to the availability of the

reagents and advancements in bio-sensing technology over the past 11 years.

The assay was performed by directly immobilising a His;mAb to the surface of a
CM5 Biacore chip using amine-coupling chemistry. The HissmAb was used to
capture his-tagged ER flowed over the surface of the chip. Interactions of low
molecular weight steroids with the receptor were recorded to determine binding
kinetic data to compare to known literature data to validate SPR as a suitable
approach for determining kinetic data for ligand/receptor screening.
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The SPR instrument requires chemistries to take place under flow to allow controlled
immobilisation of desired ligand. Amine-coupling reagents are provided as part of an
amine coupling kit; on-board wizard software allows the control of immobilisation
levels. Amine coupling requires the injection of an EDC/NHS mixture to convert the
carboxymethylated dextran coating of the CM5 chip into an activated N-
hydroxysuccinimide (NHS-ester) which will readily react with the primary amines of
lysine residues on the ligand. At the end of immobilisation, unused NHS-ester
functionalities are capped using ethanolamine to block the active ester surface of the

chip from reacting with test analyte..
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Scheme 34 — Amine coupling procedure. a) carboxymethylated dextran sensorchip. b)

active NHS-ester is generated. ¢) amine of ligand is reacted with active NHS-ester. d)
remaining active NHS-esters are capped with ethanolamine.

The chemistry involved in amine coupling is shown in Scheme 34 and the response

that is generated by these steps is shown on the sensogram in Figure 46.
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Rich et al (2002) obtained a ligand-binding domain of human ERa and ERp
expressed in Escherichia coli as His-tagged proteins, purified by metal-affinity
chromatography. The receptor was modified for stability however details of the
modification were not disclosed. An ER-o His-tagged protein was purchased from a
commercial supplier but lacked the modification alluded to in the paper. The paper
states that a His, mAb was purchased from Qiagen (Chatsworth, CA) to immobilize
to the chip surface for His-tag capture; this was reproduced using the His-capture kit
provided by GE Healthcare.
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Figure 46 — A representative sensogram showing immobilisation of anti-His mAb to

the surface of a CM5 sensorchip. Stages of injection are described in Scheme 34.

His-capture procedure was followed as recommended by GE Healthcare; an anti-His
surface was successfully immobilised using standard amine coupling procedures to
gain a level of antibody immobilisation of ~13,000 RU (Figure 45). This procedure
was reproduced on both the reference flow cell (Fcl) and the active flow cell (Fc2) to
create identical flow cells for reference subtraction to eliminate bulk effects.

The anti-His mAb chip could then be used to capture His-tagged proteins. The His-
tagged ER could then be used to functionalise the surface of Fc2 with receptor. After
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initial injections of receptor diluted into running buffer, capture levels reported by
Rich et al (2002) could not be reproduced.

) 500 1000 1500 2000 2500

Time (s)

Figure 47 — Manual injection of his-ERa over the surface of an anti-his mAb CM5

chip. Capture level increased with each injection of receptor.

A final attempt to reach reported levels of ~1800 RU by increasing the concentration
of receptor yielded immobilisation levels of ~1250 RU upon multiple injections of
receptor (Figure 47). An entire batch of receptor was used to achieve the capture
levels shown in Figure 47 and therefore it was deemed uneconomical to pursue

reproducing these results any further.

The low capture levels of his-ER could result from the difference in anti-his antibody
between the HissmAb used by Rich et al (2002) and the His,mAb provided in the GE
His-capture kit. The antibody used by Rich et al (2002) expresses six binding sites per
antibody compared to just two binding sites per antibody on the GE His-capture Kit.
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Figure 48 — Graph showing capture level with time; saturation of the anti-his surface

with his-ER was not reached.

There was potential for the experiment to be reproduced by increasing the
concentration of receptor injected over the capture surface as saturation level of the
chip surface was not reached (Figure 48). However, this would require a lot of
receptor which we were unable to obtain “in-house”; Purchasing the quantity of

receptor required to run one assay was not feasible.

In summary, replicating the work by Rich et al (2002) who developed a low-
molecular weight kinetic study for evaluating ER-ligand binding using a receptor
capture approach was unsuccessful. Work commenced on developing a PR-ligand
Kinetic assay.
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7.32 - Development of PR kinetic assay methodology.

A capture approach featured as the fundamental design requirement for developing
methodology suitable for assessing ligand-binding kinetics of PR ligands for the PR
using SPR. Upon capture of the receptor, known PR ligands would be used to validate
the assay setup and establishing if the assay was robust and able to provide reliable

and reproducible kinetic data for novel progestins synthesised in Chapter 2.

An alternative approach would be covalent immobilisation of test compounds to the
sensorchip using a short linker group like a PEG-chain. This approach was avoided

for multiple reasons:

1) Linker group may influence binding of test compound to PR. The linker group
may prevent favourable orientation of ligand in the receptor and therefore

result in false binding kinetic data.

2) This method would require high volumes of PR; the receptor was expensive to

buy and facilities were not available to create and purify this in-house.

3) Each ligand would have to be immobilised to one flow cell, allowing a
maximum of three compounds per sensor chip; this is expensive to test an

entire library of compounds.
4) Point of attachment of linker group to progestin may hinder important

hydrogen bonding groups and require the synthesis of a new library of

compounds to bear a moiety that could be used for linker group attachment.

106



Chapter 3 Biological Results

P L)
N T~ N T~ g W N ﬁ
S T R O I TR B O T T
CM5 Sensorchip CM5 Sensorchip CMS5 Sensorchip

A \ /
GST-tagged PR anti-GST mAb

Scheme 35 — Schematic showing the approach necessary to functionalise a CM5
sensorchip with PR; a) amine coupling chemistry to covalently immobilise anti-GST

antibody to the surface of the chip. b) capture of GST-tagged PR.

The assay proposed created a covalently immobilised anti-GST surface on a CM5
chip which would be used to capture PGR recombinant human protein, ligand-binding
domain GST-tagged (Scheme 35). This receptor is comprised of the ligand-binding
domain of PR therefore was thought to be ideal for determining the interaction non-
steroidal progesterone receptor ligands. Low molecular weight compounds were to be
flowed over the surface to determine their binding kinetics to the PR.

It was necessary to calculate the level of capture of PR-GST required to give a
theoretical Rmax for the ligand-receptor kinetic assay. Rmax can be defined as the
maximum response seen if 100% of the receptor is bound to analyte; this value is
purely theoretical and never reached experimentally due to receptor orientation with
non-regioselective attachment of protein to the sensorchip through amine coupling or

inactive receptor for regioselective capture approaches.
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Capture (RU) X Analyte (Da)

Rmax (RU) = Ligand (Da)

Capture (RU) - level of captured ligand.
Analyte (Da) - molecular weight of the analyte in the study.

Ligand (Da) - molecular weight of the ligand captured.

Equation 2 - Equation for calculating Rmax, the theoretical maximum response seen

for complete receptor occupancy.

To calculate a theoretical Rmax it was required that some assumptions were to be
made about the assay in order to use Equation 2. The level of capture was obtained by
taking the difference in response between the capture level report point and baseline
report point. The molecular weight of the analyte was estimated to be 300 Da and the
molecular weight of the ligand captured was estimated to be 60,000 Da. To get
reliable kinetic data, Rmax would ideally be greater than 10 RU. Rich et al (2002)
performed kinetic experiments with an Rmax between 10 - 40 RU, therefore an Rmax
in this range was attempted.’® It was estimated that a suitable level of capture would
be 2000 RU or greater.
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Standard amine coupling procedures were successfully used to covalently immobilise
anti-GST mAD to the surface of a CM5 chip in HBS-EP buffer. GE Healthcare states
that the anti-GST antibody that is supplied in the GST Capture Kit contains some
highly active antibody which must be deactivated with recombinant GST; this
“capping” procedure allows complete regeneration of the anti-GST surface, highly
active GST antibody is notoriously difficult to regenerate. It was found that higher
levels of GST capture of the PR-LBD was achieved when highly active anti-GST
antibody was not capped; approximately 3,000 RU of capture was possible from a
single injection. When highly reactive anti-GST antibodies were capped, GST capture
levels were in the region of 2000 RU. If the kinetics of progestin at the PR-LBD are
fast, then regeneration of the surface would not be necessary as the progestin would
dissociate from the LBD in the running buffer; this would result in the capping
procedure being omitted as a simple wash would regenerate the chip to be used again

for another compound injection.
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Figure 49 - Sensogram showing the capture of GST-PR in a anti-GST mAb surface,
approximately 2000 RU where captured.

Figure 49 shows PR-LBD GST tagged protein being captured to the anti-GST surface
prepared in flow cell 2, giving a capture level of around 2000 RU. The large and fast

increase in response and sharp decrease after injection are a result of differences in
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bulk refractive index between the running buffer and injected analyte. It is most likely
that glycerol contained in the storage buffer of the PR-LBD GST tag protein is
responsible for the difference.
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Figure 50 — Reference corrected (2-1) sensogram showing the binding of PR IgG
antibody to the PR-LBD protein.

An antibody specific to the PR, PRIgG was used to confirm PR-LBD had been
captured. The large molecular weight of this analyte (150 KDa), increased theoretical
RMax for this experiment to 5,000 RU giving an easily detectible response (Figure
50). Injected antibody reached 350 RU and equilibrium was not reached; this
sensogram was able to prove that PR-LBD was captured successfully to the chip.

It is important to note that binding shown in Figure 50 is specific to the protein
however the antibody binding is not necessarily specific binding to the PR LBD.
Therefore, this experiment can only be used to prove successful capture of PR-LBD
GST tagged protein but gives no insight regarding the conformation of the LBD and
its ability to bind LMW progestins.
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7.33 - Testing LMW PR ligands.

(1) ) 3)

Figure 51 — Progesterone (1), Mifepristone (2) and oxo-Tanaproget (3).

Progesterone (314.46 Da), Mifepristone (429.60 Da) and oxo-Tanaproget (282.12 Da)
(Figure 51) are LMW PR ligands known to bind to PR. These compounds were used
to test the ability of PR-LBD GST tagged protein captured on the surface of the
sensor chip to bind to LMW compounds to give a response. Buffer composition was
changed to include 3% DMSO solubilise the lipophilic compounds throughout the

experiment.
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Figure 52 — Bar chart showing increased response on the reference channel (Flow Cell

1) compared to active channel (Flow Cell 2).
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Attempts to see specific binding of Tanaproget to the flow channel containing PR-
LBD protein were unsuccessful (Figure 52). Negative sensograms were obtained due
to more binding response of Tanaproget to the reference channel (fc 1) than the active
channel (fc 2); this suggests non-specific binding to the reference flow channel
compared to desired binding on the active channel. It was hypothesised that the low
RMax achieved through the GST capture approach was because not all of the PR-
LBD GST tagged protein captured is necessarily active and able to bind to progestin.
This lead to redevelopment of the assay to increase loading of PR-LBD on the sensor

chip by direct amine coupling of PR-LBD to the CM5 sensor chip surface.

It is known in the literature that under physiological conditions, the ability of PR to
bind ligand is HSP dependent.***° It was hypothesised that the PR-LBD GST tagged
protein is behaving with the same transient nature as physiological PR therefore
efforts to facilitate ligand binding using SPR were explored. It may be argued that
changing the environment of the PR-LBD protein under SPR conditions would
perhaps yield positive results, for example the ligand is able to bind to the receptor
specifically however how physiologically relevant these results may be is
questionable. Changes to temperature and buffer conditions were investigated with
the goal of generating data to show binding of ligand to receptor.
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Figure 53 — Sensogram showing concentration series of progesterone at 4 °C
containing captured PR-LBD protein. Sensogram is 2-1 subtracted with further

reference subtraction taken from a blank injection.

The literature states that PR is able to bind ligand at 4 °C without the need for HSP90
recruitment.***® Experiments were repeated with the SPR instrument at reduced
temperature in anticipation that the ability to bind ligand would be less transient than
at 25 °C (Figure 53). Reducing the temperature of the experiment did not facilitate

progesterone binding.
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Figure 54 - Sensogram showing concentration series of progesterone with urea
concentration (1 M) in running buffer with PR-LBD protein at 25 °C. Sensogram is 2-

1 subtracted with further reference subtraction taken from blank injection.

It was hypothesised that denaturing the receptor may prevent protein aggregation and
result in less transient access of small molecules to the LBD. Chaotropic agent urea
(1M) was added to the buffers used in a kinetic experiment with six concentrations of
progesterone (Figure 54). The experiment produced a sensogram with negative, dose
dependent response suggesting that urea was involved in facilitating non-specific

interactions on the reference channel.
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A GST-tagged PR-HSP90 complex protein was purchased to establish if analyte

could bind to the LBD if the protein is held in a favourable conformation by
chaperone protein HSP90.*°

Response (RU)

Time (s)

Figure 55 — Hypothesised sensogram showing HSP90 dissociation; (a) injection of PR
ligand results in mass loss due to dissociation of HSP90 which reaches equilibrium.
(b) dissociation of PR ligand from the receptor.

This experiment was thought to provide non-standard sensogram shape however Ko, /
Ko data could still be derived from the sensograms (Figure 55). The non-standard
shape would arise from HSP90 dissociation upon analyte binding to the receptor (a)

followed by smaller dissociation of analyte (b). On and off rates could be calculated
from these curves.
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Figure 56 — Sensogram showing injection of progesterone to induce dissociation of
HSP90 dissociation.

Capture of PR-HSP90 GST-tagged protein was achieved by using the same
methodology as shown previously for PR-LBD capture. Progesterone was injected
over the surface of the sensorchip ranging from low to high (1.8 nM - 3.75 uM)
concentration and the sensorgram was monitored for HSP90 dissociation. There was
no HSP90 dissociation from the receptor complex or compound binding at any

concentration of progesterone.

The lack of HSP90 dissociation from the sensorchip was unexpected; the complex
should have been stable as purchased however it may be that the HSP90 complex was
not present upon capture. If HSP90 was dissociating from the PR-LBD during the
capture process it is likely that the capture sensogram would have shown a negative

response.
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Further investigation into the receptor complex was needed to explain why PR-HSP90
did not facilitate ligand binding. An experiment to detect the presence of HSP90 using
an anti-HSP90 mAb using SPR was conducted.
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Time (s)

Figure 57 — Sensogram showing the injection of HSP90 antibody over a captured PR-
LBD-HSP90 complex.

A HSP90 antibody was injected over the captured chip surface as a way to determine
if HSP90 could be detected as part of the captured protein complex. The large
molecular weight of antibodies (~150 kDa) should have resulted in a signal on the
active channel (Fc2). Anti-HSP90 mAb was injected over the surface of a captured
surface however there was no binding between anti-HSP90 and the captured protein
(Figure 57). The negative sensogram shape upon injection is indicative of non-
specific interactions on the reference flow channel (Fcl). This experimental data
suggests that the receptor is not present in a complex with HSP90 however further
investigation is needed to state this with confidence; the binding site of HSP90 with

the receptor may prevent binding with the anti-HSP90 mAb.
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To conclude, this project has shown how a Biacore CM5 SPR sensorchip can be
successfully functionalised with PR-LBD and PR-LBD/HSP90 complex using a
capture approach. It has also been shown that under standard conditions, the PR is
unable to facilitate small-molecule ligand binding but can still bind PR specific
antibodies. This suggests that access to the PR-LBD is transient and further work is
needed to establish a system which facilitates ligand binding under the conditions of
an SPR flow system. The PR-LBD is used in enzyme fragmentation complementation
assays however the addition of cytosolic components provides the necessary
molecular machinery to allow the PR-LBD to bind ligand; the dependence of PR on
these cellular components has been highlighted in this project. Rich et al (2002) had
greater success with developing methodology to assess ER kinetics because ER does
not depend on co-chaperone proteins, unlike the PR; the undisclosed protein

modification was also presumably to facilitate SPR analysis.

7.4 - Lead Candidate Selection

Lead candidates were selected from the T47D alkaline phosphatase assay. Selection
of candidates was based on suitability of accessing appropriate radiochemical

precursors as well as potency towards the PR.

Although compound 24 exhibited good potency (ECso 8.2 nM) accessing a suitable
radiochemical precursor to label this molecule would have been challenging within
the time scale of the project. It is for these reasons alone that compound 24 was
avoided as a compound immediately suitable for radiolabelling; compound 24 may be
reconsidered depending on the results obtained from other labelled compounds.

Scheme 36 — Defluorination of 1-fluoro-N,N-dimethylmethanamine.*®

Compound 8 (ECso 3.7 nM) would have been suitable for radiolabelling however
concern over potential defluorination prevented this molecule from being taken

further. Mistry et al (1991) reported the formation of highly reactive iminium salt
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from 1-fluoro-N,N-dimethylmethanamine which lead to concerns over defluorination

of compound 8 by a similar mechanism (Scheme 37).1%
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Scheme 37 — Hypothesised mechanism for defluorination of compound 8 by iminium

salt formation.

Facile defluorination would have resulted in fluoride uptake in the bone, driving the
defluorination reaction to further iminium salt formation; this would prevent a
suitable equilibrium between receptor bound and receptor free radiotracer in the target

tissue necessary for receptor imaging.

Figure 58 — Compound 26 and 32 were selected as lead candidates from T47D AP

assay data.

Compound 26 was selected as a lead candidate due to exhibiting nanomolar potency
in cells and the amenability of halo-substituted pyridine ring systems to undergo
ArSy2 reactions as a route for radiolabelling (Figure 58). Compound 32 was selected
as a lead candidate as it exhibited nanomolar potency in cells as well as multiple
potential routes to radiolabelling by both direct labelling and prosthetic group strategy
(Figure 58). Compound 32 is less potent in T47D cells compared to compound 26,
however in vivo potency may differ therefore both compounds are of interest to the

project.
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7.5 - Biological Evaluation Conclusions.

We were successfully able to determine a rank order of potency of binding using the
T47D AP assay; from this lead candidates were selected for radiolabelling.
Compound 26 and compound 32 were selected as lead candidates for radiolabelling.
While their potencies differ, they offer suitable routes to radiolabelling. There is no
correlation between binding affinity, potency, specificity and how suitable a
compound is to become a PET tracer; this is exemplified by the development of
[*|F]FENP, a steroidal PR ligand which exhibited excellent target tissue uptake and

selectivity but was metabolised in human blood to an inactive analogue.”

The idea that kinetic characterisation may allow a more suitable method for candidate
selection of PET tracers prompted interest in SPR. The development of SPR
methodology to identify lead candidates based upon their kinetic profile was
unsuccessful. This work has highlighted the difficulty in replicating physiological
systems in biophysical techniques. The PR is heavily dependent on chaperone
proteins to allow for ligand binding for which these complexes seem to be transient in
nature. SPR is an excellent technique for determining kinetic data and would no doubt
aid in candidate selection for PET probe development if a suitable method could be
developed and validated; the caveat to this is being able to create a stable and suitable
environment for the biological target that is physiologically relevant and allows for
ligand binding — a feat that can not only be time consuming but expensive.

We were unable to access cross-reactivity assays as part of this project however these

assays will be performed as part of ongoing future work.
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8.0 - Introduction to Fluorine-18 Radiolabelling.

Lead compounds have been selected according to several important biological and
chemical characteristics. The potency of compounds in T47D cells was important as
this gave indication of the ability of the compound to bind to the PR. Chemical
characteristics such as suitability of incorporating fluorine-18 were also examined;
suitable positions that can be easily accessed for radiolabelling were required for
compounds to become lead candidates. Potentially unstable compounds that may
result in loss of radioisotope were avoided as this could have confounding effects on
imaging. Fluorine-18 is the radionuclide of choice due to its wide availability and
potential for automated routine synthesis.® The favourable 110 min half-life of
fluorine-18 means that radiotracer molecules can be synthesised in relatively high
yield (20 — 40 %) and distributed to clinics that do not have radiotracer production
facilities; cyclotrons can produce large amounts of fluorine-18 in high specific
activity meaning that one batch of radiotracer can be produced for multiple patient

scans.’
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Table 16 — Leaving groups in aliphatic nucleophilic substitutions. Ky = relative

binding constant.%*

Leaving group Structure Krel
| i ;
Triflate F $-O 1.4 x10
F O
R s
Nosylate 02N@§—O 4.4 %10
0
- )
Tosylate —©—§—o 3.7 x10
O
9 . 4
Mesylate Me—S-0 3.0 x10
O
lodo I- 91
Bromo Br- 14
Chloro Cl- 1
Fluoro F- 9 x10°

In alkyl systems, fluorine-18 is often incorporated into a molecule by nucleophilic
substitution (Sn2) of a good leaving group (Table 16). Halogenated compounds are
often commercially available therefore are favourable in synthesising precursors for
radiochemistry; however, they can be accessed from hydroxyl groups. Halide leaving
groups are stable when stored and compatible with chromatography. By-products
from halide leaving groups include HX salts. Triflate, nosylate, tosylate and mesylate
leaving groups are accessed by reacting a hydroxyl group with the acid of its
conjugate base; these leaving groups can be sensitive to water and can degrade over
time upon storage. Elimination reactions compete against Sn2 reactions because

incoming nucleophiles can also act as a base forming an alkene sideproduct.

Homoaromatic systems can be radiolabeled if the aromatic ring is activated with an
electron withdrawing group and contains a good leaving group para to the activating
group (i.e. nitro-, cyano-). Heteroaromatic rings, including pyridine systems can also

be radiolabeled in the 2-posititon with fluoride in the presence of a good leaving
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group without the need for further activation of the ring system; the 3-position of

pyridine does not undergo ArSy2 reactions and would require a strong para-EWG or

an iodonium salt.3® 10

8.1 - Radiosynthesis of Compound [**F]26.

= = . X X
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Scheme 38— Resonance structure of nucleophilic attack to the ortho-position of

pyridine ring.

Pyridine is a heteroaromatic ring system, which is suitable for aromatic substitution
reactions (ArSy2) to replace a labile leaving group in exchange for an incoming
nucleophile. The nitrogen atom makes pyridine reactive to Sy2 chemistry as it lowers
the LUMO energy of the rings pi-system. The p-orbitals of nitrogen are involved in
maintaining aromaticity of the system and the electronegativity of the nitrogen atom
stabilises the intermediate anion that is subsequently delocalised around the ring.
Scheme 38 shows resonance stabilisation facilitated by the nitrogen upon attack of a

nucleophile.
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55 - 63% Yield
Scheme 39 — The use of diaryliodonium salts as an effective radiochemical route to

accessing 3-[*®F]fluoropyridines in good yield.*

The ability of pyridine to support Sy2 reactions has prompted the development of
radiolabelling methodology to insert fluorine-18; the 2- and 4-position as these can be
accessed from a nitro precursor without activation of the ring in 94% and 72% yields
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respectively with no reaction observed in the 3-position.?® 1% Diaryliodonium salts
have been used to access the 3-position of pyridine ring systems without the need for

a strongly electron-withdrawing group in good yield (55 — 63%).%

Table 17 — [*®*F]Fluoride incorporation into 2-substituted pyridines. Leaving group
substituent, temperature and reaction time are crucial factors in determining fluoride

incorporation efficiency.?

) Temperature Time (min)
Substituent
(°C) 5 10 20
120 0 0 0
lodo 150 0 0 1
180 2 5 19
120 0 0 0
Bromo 150 1 16 25
180 56 60 87
120 0 0 0
Chloro 150 1 3 23
180 11 28 57
120 11 76 82
Nitro 150 52 85 92
180 77 88 89
120 81 87 91
Trimethylammonium 150 89 89 90
180 88 91 92
The synthesis of 2-[*®F]fluoropyridine from Cl-, Br-, 1, NO,- and

trimethylammonium precursors using K[*®F]F-Ku, in aprotic solvent under
conventional heating and microwave heating has been reported (Table 17); good
incorporation yields of 88% were observed with the trimethylammonium precursor
after 5 min.?° The iodo-substituent proved to be the poorest leaving group with yields
in the range of 0 — 19 % which is contrary to the knowledge that iodo-substituents are
excellent leaving groups. It was this work that allowed initial reaction conditions to be
selected for labelling the pyridine moiety of compound 26 which appeared as a lead

compound from the T47D AP assay.
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8.2 - Heteroaromatic fluorination of MIDA boronates.

Figure 59 — An example of a MIDA protected boronate that could be used as a

radiochemistry precursor.

Initial investigation looked at the use of MIDA (N-methyliminodiacetic acid)
protected boronic acid starting materials as prosthetic groups for radiolabelling
(Figure 59); these compounds are cheap and commercially available, bench and
chromatography stable molecules. Gillis et al (2007) developed a simple strategy for
B-protecting haloboronic acids by using MIDA as a trivalent ligand.’® Previously,
boronic acids were protected by divalent ligation bearing electron donating groups
which reduced the sp>hybridisation on the boron atom. Gillis et al envisaged
protection of the boron centre by hybridisation of the reactive sp® centre to an
unreactive sp® centre that could easily be cleaved back to a reactive sp? species under
mild basic conditions. It is reported that conditions as mild as 1M NaOH(aq)/THF,
10 min, 23 °C or NaHCOs3(aq)/MeOH, 6 h can deprotect the MIDA boronate,
converting it from the sp* hybridised boronate back into the sp® hybridised boronic

acid for Pd-catalysed cross-coupling reactions.*®
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Scheme 40 — Strategy for the radiosynthesis of compound [*®F]26.

Scheme 40 shows the synthetic pathway utilising radiolabelled MIDA boronate
precursors to label the four pyridine-containing compounds including lead, compound
26. MIDA boronates are aqueous base sensitive so the first radiolabelling step using
K[*®F]F-Ka2 in aprotic solvent should proceed without base deprotecting the MIDA
protecting group. The aqueous basic conditions required for the Suzuki coupling
reaction could allow both deprotection of the MIDA group and Suzuki coupling of the
resulting [*®F]boronic acid to the aryl bromide substrate (compound 1a). Finally, with
methodology developed earlier in this project to avoid the use of Lawesson’s reagent,
the [*®F]biaryl acyclic structure could be cyclised with TCDI to result in the [*®F]thio-
carbonyl compound (Compound [*°F]26).

Initial experiments to radiolabel MIDA protected boronic acids with fluorine-18 were
carried out using the optimised reaction conditions developed by Dolle et al (1999)
for fluorine-18 labelling of simple 2-halopyridine compounds. Radio-TLC was used
to determine fluorine-18 incorporation into the molecule; fluoride ions stick to the
baseline on normal phase silica-TLC plates and MIDA boronic acids elute across the

plate.

Dolle et al (1999) reported that the optimised labelling conditions for 2-
bromopyridine proceeded in DMSO with K[*®F]F-Kz2, with conventional heating to

180 °C for 20 min resulting in 87% incorporation. The same conditions were used to
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label 2-bromopyridine-3-boronic acid MIDA ester; however, there was no

incorporation of [*®F]fluoride.

Further literature investigation into the stability of MIDA boronates to nucleophiles
revealed that the MIDA functionality is incompatible with hard nucleophiles such as
TBAF; it was therefore suspected that fluoride from the K[**F]F-K,2, complex was
incompatible. There was no explanation of the resulting side reaction(s) associated
with the incompatibility; however, we hypothesised that the '®F anion formed a
complex with the Lewis acid boron centre of the MIDA boronate resulting in

decomposition of the MIDA protecting group.

Attempts to modulate the nucleophilicty of the *8F anion using sterically hindered
alcohol t-BuOH were also unsuccessful.’®’ It was hypothesised that reducing the
nucleophilicity of the *®F anion may prevent unwanted side reactions with the MIDA
boronate moiety and promote halogen exchange. We concluded that compounds
bearing MIDA boronate functionalities would be unsuitable as prosthetic groups for
fluorine-18 radiochemistry to quickly access radiolabeled compound [®F]26.

Alternative routes to radiolabelling were explored.

| N K['8F]F-Kzzo @
_
Z DMSO, 180°C '\ 1ap
20 min.

(Conventional
Heating)

Scheme 41 — Labelling of 2-bromopyridine following optimised method developed by
Dolle et al (1999); 2-bromopyridine was dissolved in a DMSO solution of K[**F]F-

K222 and the resulting mixture heated conventionally to 180 °C for 20 min.

The group of Dolle has extensively studied the fluorine-18 radiolabelling of
substituted pyridine compounds. As a first step in investigating a revised route to a
radiolabelled 2-fluoropyridine the substitution of 2-bromopyridine with [*®F]fluoride
using conditions proposed by Dolle was investigated (Scheme 41).
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Fluorine-18 incorporation was measured using radio-TLC; replicating this reaction
was successful and gave confidence in the method for labelling 2-bromopyridine
compounds. Based on the success of labelling bromo- substituted pyridine ring
systems, an alternative route to accessing compound [*®F]26 was created.

N K['8F]F-Kzz2 A
| —

Br N~ >Br Aprotic Solvent Br N~ 18F
Temperature
Time

Scheme 42 — Preparation of 2-bromo-6-[*®F]fluoropyridine reported by Betts et al
(2013).

Betts and Robins (2013) reported labelling of 2,6-dibromopyridine using K[**F]F-
K22 for use with Buchwald-Hartwig amination and Suzuki coupling methodology.
This sparked interest in dibromo- substituted pyridine ring systems as prosthetic
groups for accessing pyridine-containing compounds in our compound library such as
26 (Scheme 43). The compound 2,3-dibromopyridine was thought to be a potentially
useful, commercially available prosthetic group for radiolabelling to access
compound [*®F]26. As previously described, the resonance stabilised pyridine ring
system allows favourable ArSy2 reactions to proceed at the electron poor 2-position
and 4-position particularly if substituting a good leaving group in these positions; the
electron rich 3-position should not undergo aromatic substitution with fluoride and

therefore can be used for Suzuki coupling to a boronic acid substrate.
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Scheme 43 — Strategy for synthesis of compound [**F]12 which can be converted into

compound [*®F]26 by Lawesson’s reagent.
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Scheme 43 shows how [*®F]2-fluoro-3-bromopyridine could be coupled to boronic
acid using a Suzuki coupling reaction. Conversion of the coupled compounds from
oxo-carbonyl to thio-carbonyl derivatives can be achieved using Lawesson’s reagent.
Avoiding the use of Lawesson’s reagent was desirable for the synthesis of cold
compounds; however, its use is unavoidable in the synthesis of radiolabeled

compounds without the complex synthesis of an acyclic boronic acid.
1) n-BulLi

Br\d<o triisopropylborate (HO)25\©E<O
Dry THF, -78 °C
oo : 1,

N
H
2a 2) HCI (1 M) 37

Scheme 44 — Halogen exchange of aryl-bromo moiety of compound 2a for the

synthesis of boronic acid (compound 37)

The cold synthesis of compound 26 was achieved by using a fluoropyridine boronic
acid which was coupled to a bromo-substrate using a Suzuki coupling reaction. For
radiochemistry purposes, it was necessary to synthesise the benzoxazinone substrate
(2a) as a boronic acid (37) to facilitate Suzuki coupling to the fluorine-18 labelled
pyridine ring bearing a bromo-substrate handle (Scheme 44). Compound 2a was
converted into a boronic acid using a halogen exchange reaction facilitated by n-BulLi,
quenched with triisopropylborate. The borate was hydrolysed using aqueous HCI to

give compound 37 in a 59% vyield.

NBr KI'8FIF-Kogo B
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Scheme 45 — Labelling of 2,3-dibromopyridine precursor was achieved by varying

solvent, temperature and reaction time to yield [*®F]2-fluoro-3-bromopyridine.
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Initial labelling experiments showed that fluorine-18 incorporation was possible into
the 2,3-dibromopyridine precursor in DMSO with conventional heating to 180 °C for
20 min with an incorporation yield of 89%. [*®F]Fluorination remained consistent (85
— 92 %) at 180 °C, 150 °C and 120 °C across 10 min, 15 min and 20 min time points
(Table 18).

Table 18 - Incorporation of [**F]fluoride into 2,3-dibromopyridine in DMSO (200 pL)
with varying temperatures and reaction times (n=1). Measured by taking aliquot of

reaction mixture and incorporation determined by Radio-TLC.

Temp/Time 10 min 15 min 20 min
120 °C 87 % 90 % 88 %
150 °C 89 % 91 % 91 %
180 °C 70 % 92 % 85 %
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Figure 60 — [*®F]Fluoride incorporation into 2,3-dibromopyridine using conventional
heating of DMSO, 120 °C. Incorporation determined using radio-TLC (n = 3 for 5

min and 10 min, n =5 for 2 min and 3 min).

Further investigation of reaction time was carried out at 120 °C between 2 and 10 min
time points (Figure 60). As reaction times approached 5 — 10 min, the reproducibility
of incorporation became more consistent; time points 2 — 3 min showed large
variability in fluoride incorporation, likely due to variable efficiency of heating the
solvent in the reaction vessel. The investigation shows that a 5 min reaction is likely
to be the most efficient in producing high incorporation of [*®F]fluoride (89%) into
the prosthetic group in the shortest time; although 10 min reaction yields higher
incorporation the extra reaction time only improves the incorporation by 3 %.

Unreacted [*®F]fluoride was removed from the [*|F]2-fluoro-3-bromopyridine
reaction mixture using SPE Alumina N light cartridges. Fluoride remained trapped on
the cartridge and labelled precursor was eluted with acetonitrile. It was necessary to
remove unreacted fluoride from the labelled precursor at this stage of the synthesis to
avoid the boronic acid reacting with the fluoride, hindering the Suzuki coupling
reaction. Fluoride in the presence of compound 37 would inhibit the Suzuki coupling
reaction by forming a [‘®F]trifluoroborate salt, a strong nucleophile.
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The [*®F]2-fluoro-3-bromopyridine prosthetic group was cross-coupled with
compound 37 in a palladium catalysed Suzuki coupling reaction successfully to prove
the feasibility of the proposed synthesis route shown in Scheme 43. Microwave
irradiation of [*°F]2-fluoro-3-bromopyridine in the presence of the benzoxazinone
boronic acid, catalysed by Pd(PPhs),Cl, with K,COj3 facilitated the synthesis of
compound [**F]12 the oxo-carbamate precursor to compound [*F]26 in 35% yield.
The next step of the synthesis was to convert the oxo-carbamate moiety to the thio-
carbamate moiety to access potent compound [**F]26. Due to the number of reaction
steps involved in the radiosynthesis of compound [‘®F]26 it was abandoned and time
was invested in progressing the radiosynthesis of compound [*®F]32, a potent oxo-
carbamate PR ligand that could be accessed with a one step radiosynthesis. Although
compound 26 is more potent than 32 in the T47D AP assay, this may not be reflected
in vivo. This was demonstrated by the synthesis of [**F]FES derivatives that aimed to
achieve higher binding than [**F]FES itself. Their in vitro studies showed thtey were

high affinity compounds but poor binders in vivo.'%

To conclude, the radiolabelling of a 2,3-dibromopyridine precursor to access [**F]2-
fluoro-3-bromopyridine has been developed and shown to Suzuki couple to a
bromobenzoxazinone boronic acid substrate. The groundwork has been laid for future
development of radiosynthetic methodology to access compound [*F]26; this
methodology should include improving the efficiency of the Suzuki coupling of the
boronic acid substrate to the pyridine prosthetic group. Furthermore the conversion of
the oxo-carbamate moiety to the thio-carbamate moiety to access potent compound
[*®F]26 should be explored.
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8.3 - Radiosynthesis of Compound 32.
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Figure 61 — Structure of compound 32 (47.6 nM potency in T47D cells).

Compound 32 was selected as a lead candidate for radiolabelling as it exhibited
nanomolar potency in the T47D AP assay (Figure 61). There have been reported
instances in the literature where a [*®F]fluoroethylazide prosthetic group has been
used to radiolabel compounds using the so-called “click” CuAAC reaction as an easy,

facile route to labelling alkynes by the formation of a trizole linkage.***°

The ability to automate the synthesis of compound [*®F]32 increased interest in the
lead candidate, as existing methodology on the automation of synthesising
[*®F]fluoroethylazide and subsequent “click” reactions to small-molecules exists. The
potential of developing complete automation for the radiosynthesis of compound
[*®F]16 was advantageous as this tracer could then be produced “on demand” for
biological evaluation without the need of a radiochemist manually synthesising and

purifying the compound.

Another advantage of developing radiolabelling methodology to access compound
[*®F]32 is because it is a potent oxo-carbamate compound and therefore requires no
conversion of the oxo-carbamate to the thio-carbamate moiety. This removes a
lengthy step from the radiosynthesis and avoids the need to purify the compound from

the toxic products derived from Lawesson’s reagent.
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Scheme 46 — Synthesis of tosylate precursor to compound [*®F]32 and the proposed

one-pot radiolabelling methodology.

There are two potential routes to radiolabelling compound [®F]32 (Scheme 46). The
first method is a direct approach which requires the synthesis of a tosylate precursor
of compound [*®F]32. The radiolabelling step can be achieved in a one-pot
methodology to displace a tosylate leaving group with fluorine-18 to achieve
compound [**F]32. Toluenesulphonic acid precursor (39) was synthesised as shown in
Scheme 46 in a yield of 61 %.

An alternative route to compound [*®F]32 is by an indirect approach, relying on the
synthesis of a [*®F]fluoroethylazide prosthetic group from toluenesulphonic acid-2-
azidoethyl ester. The prosthetic group can then be “clicked” to the alkyne bearing

benzoxazinone core.

The main advantage of the direct approach over the indirect approach is that labelling
can be achieved as a final step to synthesise compound [*®F]32. This allows for higher
activities of tracer to be synthesised. Disadvantages of the direct approach is the
displacement of the tosylate forms p-toluenesulphonic acid which is toxic and needs
to be removed by purification of the radiopharmaceutical prior to use. The indirect
approach requires the synthesis of [*°F]fluoroethylazide as a prosthetic group
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followed by another reaction to “click” this group onto the main alkyne bearing
benzoxazinone compound. [**F]fluoroethylazide is volatile and therefore radioactivity
may be lost from the reaction vial if not sealed tightly. The prosthetic group needs
distilling from the reaction vial after synthesis to be used in subsequent “click”
reactions; this increases the synthesis time of the tracer. The advantage of the indirect

approach is that fewer side products may be formed compared to the direct approach.

Initial radiochemistry labelling experiments using the direct approach were carried
out using DMSO as a solvent; reaction time, temperature and base were varied in an

attempt to improve [*®F]fluoride incorporation (Table 19). Despite changing these
reaction conditions, the RCY was not significantly improved. Longer reaction times

and higher temperatures appeared to reduce the level of incorporation of [**F]fluoride
into the precursor.

Table 19 — Incorporation of [*®F]fluoride into tosylate precursor 39. Precursor A: 2mg
in DMSO (200 pL), Precursor B: 2mg in DMSO (50 uL). with varying temperatures,
reaction times and base (n=1)

Time (min) Precursor ~ Temperature Base Incorporation

(A/B) (°C) (%)

10 A 100 KoCOs 17

10 A 110 K2COs3 15

10 A 180 K>CO3 0

10 A 100 KHCOs 6

30 A 100 K2COs 3

10 B 100 K>COs 7578

In an attempt to improve fluoride incorporation, reaction solvent was changed to
acetonitrile and DMF, both of which showed no improvement in fluoride
incorporation (~10%); DMSO was deemed the most suitable solvent due to achieving
highest levels of fluoride incorporation and was used for further studies. It was
speculated that the concentration of precursor might be limiting incorporation
therefore reaction volume was reduced. The incorporation data (Table 19) shows that
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a 10 min reaction in DMSO (200 uL) at 100 °C using K,CO3 as a base achieved 17%
[*®F]fluoride incorporation. Increasing the precursor concentration by reducing the
volume of DMSO showed marked increase in [**F]fluoride incorporation to 75 — 78
% (n=2) highlighting the dependence of precursor concentration on [**F]incorporation

yields.

The yields achieved were suitable to proceed onto developing semi-preparative HPLC
methodology to isolate the compound and determine specific activity of the tracer and
validate in a cell uptake study. Time constrains meant that developing suitable
methodology for purifying the tracer was limited however some strategies were
examined. Initially, removal of [*®F]fluoride from the crude reaction mixture was
achieved using alumina N SPE cartridges. [*°F]Fluoride will not elute from an
alumina cartridge and therefore can provide an ideal way to remove some unwanted
radioactive product. Low amounts of activity were eluted from the cartridge
suggesting that radioligand remained trapped on the alumina even after washing. The
removal of [*®F]fluoride was avoided and the radioligand was isolated using semi-

preparative HPLC and used to calculate specific activity.

To determine the specific activity of a radioligand, a HPLC calibration curve of
known concentrations of cold compound 32 dissolved in EtOH was created by
plotting AUC against concentration (mg/mL). Since the calibration curve was created
in this solvent it is important to reconstitute the radiolabeled compound in EtOH.
When labelled tracer was isolated the straight-line equation of the calibration curve
can be used to determine the concentration of tracer in the volume of isolated labelled
compound. The amount of activity in the volume of isolated compound was
determined using a dose calibrator. Isolated radioligand was immobilised on a C18
SPE cartridge and eluted in EtOH (500 uL). Specific activity was measured to be
0.027 GBg/umol at the end of radiosynthesis.

The measured specific activity of [**F]32 was very low; however, this is probably due

to injecting a low amount of activity for purification. Immobilisation of the compound

on a C18 SPE cartridge proved to be problematic with only a small amount of

137



Chapter 4 Radiochemistry Results

compound being retained on the cartridge. Further work into improving the efficiency

of purifying [*®F]32 is necessary before in vitro and in vivo validation of the tracer.

8.4 - Radiochemistry Conclusions.

Progress has been made towards accessing radiolabeled compound [*°F]26. Prosthetic
group strategy was employed in order to overcome the sensitivity of boronic acids to
[*®F]fluoride. The successful synthesis of the penultimate compound in the synthesis
route to [*®F]26 has been reported however further work is necessary to develop the
radiolabelling strategy of this compound further; this could be achieved through
reaction optimisation or the synthesis of a nitro-precursor suitable for end-stage

radiolabelling.

Radiosynthesis of ['®F]32 has been successful, reaction conditions have been explored
to improve the initial poor [**F]fluoride incorporation yields of 3 — 17 % to
respectable yields of 75 — 78 %. Initial steps towards purifying [**F]32 have been
taken; a small amount of compound has been purified with excellent radiochemical
purity of >99%. Specific activity for [**F]32 was determined to be 0.027 GBg/umol
which is poor; inefficiency in HPLC methodology and C18 SPE immobilisation have
resulted in only a small amount of [**F]32 being isolated and therefore specific
activity will improve upon further optimisation of the radiosynthesis method for this

radioligand.
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9.0 - Project Conclusions.

The synthesis of a library of PR ligands was attempted with the aim of selecting
suitable lead candidates for potential use as non-steroidal PR PET imaging agents.
The pharmacophore of interest was Tanaproget, a non-steroidal PR ligand currently in
clinical trial as an orally bioavailable contraceptive which exhibits high affinity and

specificity for the receptor.

Tanaproget was synthesised according to literature procedure for use as a reference
compound in biological assays (Chapter 2, Scheme 21). The synthesis was further
adapted to form a focused library of benzoxazinone compounds with structural
elaboration at the 6-position (9 — 15), followed by the synthesis of benzoxazinthione
compounds (18, 23 — 26) to compare SAR differences between oxo- and thio-
carbamates (Chapter 2, Scheme 23 & Scheme 26). Literature examples of the
synthesis of benzoxazinthione compounds adopt the use of Lawesson’s reagent to
convert an oxo-carbamate moiety into a thio-carbamate moiety (Chapter 2, Scheme
25). The extensive use of Lawesson’s reagent was avoided in this project by the
development of an acyclic approach. This route to benzoxazinthione compounds (18,
23 — 26) was more amenable to the synthesis of small quantities of PR ligand required
for biological evaluation and avoided lengthy and costly scale up synthesis of
oxocarbamate derivaties for conversion with Lawesson’s reagent. The synthesis of
acyclic PR ligands lead to the synthesis of acyclic Tanaproget (29) as a precursor for
carbon-11 radiolabelling with [*'C]CS,, an ongoing collaboration with Dr Philip
Miller (Imperial College London) (Chapter 2, Scheme 28). The development of novel
methodology to functionalise the 6-position of the benzoxazinone core with an alkyne
for further conversion into a triazole linkage was achieved in order to evaluate how

this structural moiety influences ligand binding.

Potencies of library compounds were evaluated in a T47D breast carcinoma cell line
by monitoring AP activity upon incubation with ligand (Chapter 3, Table 14 & Table
15). Compound 26 proved to be the most potent compound in the class of
fluoropyridine PR ligands and prompted the development of radiochemical
methodology to label this compound with fluorine-18. Other potent PR agonists

included compound 8, a fluoromethyl derivatives of Tanaproget. We were interesting
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in synthesising this compound as it is structurally a very close analogue to
Tanaproget; Zhou et al (2010) had synthesised similar fluoroalkyl analogues and
showed an inverse relationship between alkyl chain length and binding affinity.®* The
group had synthesised fluoropropyl and fluoroethyl Tanaproget derivatives but not
fluoromethyl which we speculated to be a high affinity compound with potential
routes to radiolabelling. It was later discovered in the literature that this compound
may undergo defluorination and was not further developed for radiolabelling due to
potential confounding effects on imaging.’®® The triazole bearing compound (32)
exhibited good potency and therefore was selected as a lead candidate for

radiolabelling.

Work towards the development of SPR methodology to assess ligand-binding kinetics
was undertaken with the aim of selecting lead candidates based on kinetic profile
rather than just affinity/potency alone; this approach may have been more suitable for
selecting PET tracers used for receptor imaging due to the requirement of establishing
equilibrium between free tracer and bound tracer in vivo to avoid imaging blood flow
alone. The biological requirements of the PR-LBD to facilitate ligand binding proved
to be too complex to simulate using SPR and the goal of characterising low molecular

weight ligands based on kinetic profile was not achieved.

Commercial enzyme complementation assays were adopted as a way to assess affinity
of the PR library (Figure 44). In our hands, this kit was unsuccessful at binding
compounds from the library of non-steroidal PR ligands synthesised in this project.
Only commercially available progesterone showed binding similar to the progesterone
standard provided in the kit. It remains unknown to why this assay failed but it is

suspected that it is not fit for purpose.

The development of radiochemical methodology to label compound 32 and 26 with
fluorine-18 has been described. The fluoropyridine compound (26) proved
challenging due to the sensitivity of boronic acids to [*®F]fluoride however this was
overcome by adopting a prosthetic group strategy. The final synthesis of compound
26 was not completed however the initial methodology of efficiently labelling 2,3-

dibromopyridine provides good basis for continuation with this compound in the
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future. The radiosynthesis of compound [*®F]32 from nucleophilic [**F]fluoride was
successfully achieved in good yields of 75 — 78 % via a tosylate exchange labelling
route. [*®F]32 was isolated by semi-preparative HPLC and a specific activity of 0.027
GBg/umol at the end of radiosynthesis was measured; further development of suitable

purification methodology is likely to improve the low specific activity of this [**F]32.

10.0 - Achievements in relation to the field.

The field of PR imaging is split into two classes of molecular structure, steroidal and
non-steroidal compounds. There have been some interesting developments in non-
steroidal PR ligands for use as PET imaging agents however the majority of research
has focused around steroidal imaging agents. Currently, the field of PR imaging is
dominated by extensive research into the development and characterisation of
steroidal imaging agent [**F]JFFNP; this compound has been successfully evaluated in
clinical trial to determine if it was able to discriminate between PR+/- tumours and an
animal model to evaluate if [**F]JFFNP could be used to determine response to
endocrine therapy.®™ ® A niche remains for the development of non-steroidal PR
imaging agents only partially filled by [**F]FPTP, a modified Tanaproget analogue
which has been evaluated in a biodistribution study and shown to have similar uterine
uptake compared to steroidal compound [*®F]FFNP."® This research project aimed to
broaden the scope of compounds that could potentially be used as non-steroidal PR
imaging agents by the synthesis of a focused library to specific design goals. We have
identified compound 26 and compound 32, which have shown good potency in T47D
AP assays. Work commenced towards radiolabelling compound 26, and compound 32
was successfully radiolabeled. Further work is necessary to optimise purification
methodology of this compound and evaluate if it is fit for purpose with in vitro and in

ViVO experiments.

As well as taking the first steps in identifying potent, novel PR ligands that have
potential to become imaging agents, the work in this thesis builds upon and
contributes to the progression of knowledge regarding the synthesis and radiolabelling
strategy of these molecules that could be applicable to other areas of chemistry; the
impact of individual findings as a result of the work completed in this thesis are
detailed here.

142



Chapter 5 Conclusions & Future Work

1) Novel Potent Structures

The field of non-steroidal fluorine containing PR ligands was limited and only
radiochemical synthesis had been shown with [*®F]JFPTP. This work shows the first
examples of fluoropyridine containing benzoxazin(thi)one compounds and the
relationship between potency and fluoro-substitution position. The ability to flip
between antagonist and agonist behaviour by converting oxocarbamate to
thiocarbamate moieties has also been shown. Secondly, methodology for
functionalising the benzoxazinone core with an alkyne in the 6-position has been
reported here. The alkyne was converted into a triazole moiety using the CUAAC
“click” reaction with fluoroethylazide and proved to be a potent PR agonist; this is the
first time a triazole moiety has been shown to be a suitable moiety in this position.
This methodology has opened up the field to further possible SAR studies by

furnishing the triazole linkage with different structures to explore the chemical space.
2) Routes to Acyclic Precursors

Current literature methodology for the synthesis of thiocarbamate Tanaproget
derivatives requires the use of Lawesson’s reagent to convert an oxocarbamate moiety
into a thiocarbamate. This reaction is often low yielding, the reagent is unpleasant to
handle and purification can be problematic. This research has developed an acyclic
approach to synthesising benzoxazinthione compounds, which allows improved
reaction conditions to instate a thiocarbamate moiety as a final reaction step rather
than by conversion from an oxocarbamate. The development of an acyclic Tanaproget
derivative provides potential for the compound to be used in carbon-11 radiosynthesis
which adds greater clinical flexibility or biodistribution studies of non-fluorine
containing PR ligands for use as pharmaceuticals. These compounds would be
impossible to access if the development of methodology to access acyclic precursors
was not achieved. As a proof of concept, collaborative work is ongoing with Imperial

College London to radiolabel Tanaproget with carbon-11.
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3) Radiolabelling Methodology

The radiosynthesis of [**F]fluoropyridines has been of interest since Dolci et al
(1999) showed routes to access 2-[**F]fluoropyridines by ArSy2 reactions with
[*®F]fluoride. Since then, 4-[*®F]fluoropyridines have been accessed followed by 3-
[*®F]fluoropyridines by diaryliodonium salts, evading the use of strong electron
withdrawing substituents to facilitate the reaction.?® ** 1% Betts et al (2013) reported
the synthesis of 2-bromo-6-[*®F]fluoropyridine and subsequent palladium-mediated
cross-coupling reactions using Buchwald-Hartwig amination and Suzuki coupling.'®
To the best of our knowledge, this thesis shows the first use of 2,3-dibromopyridine
as a radiochemical precursor to access [*®F]2-fluoro-3-bromopyridine prosthetic
groups for Suzuki coupling to boronic acid substrates. This method of radiolabelling
could be adapted for labelling other small molecule compounds bearing a biaryl
fluoropyridine moiety. This project has lead to the development of methodology for
radiolabelling novel triazole compound (32) developed and selected as a lead
candidate as part of this research; this is the first triazole containing benzoxazinone

PR ligand ever synthesised.
4) Surface Plasmon Resonance Methodology

Rich et al (2002) showed how SPR could be used to determine the binding kinetics of
ligands for the ER. This work envisaged the possibility of using SPR to determine
binding kinetics of PR ligands and using this information to select lead candidates for
radiolabelling as opposed to relying on affinity/potency data alone. Steps towards the
development of SPR methodology to assess binding kinetics of low molecular weight
PR ligands have been made in this research however the end goal of characterising
PR ligands by their kinetic profile was not achieved in this work. This research has
highlighted the complex nature of the PR LBD in regards to the recruitment of
chaperone proteins to facilitate ligand binding and mediate the transient nature of the
PR binding cleft.
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11.0 - Future Work.

In the short term, it would be of interest to synthesise compound [‘®F]32 via the
[*®F]fluoroethylazide “click” methodology to compare reaction characteristics to the
direct tosylate exchange method reported here. The direct (tosylate exchange) and
indirect (“click” methodology) may provide differences in [**F]fluoride incorporation
but also provide different reaction profiles, i.e. differences in impurities and side
reactions. It may be that one reaction methodology provides a cleaner, more easily
isolated product than the other. It would also be of interest to compare the specific
activities achieved by the two methods when optimised as this parameter could

influence preference for one route.

Further in vitro validation of radiolabeled compounds is necessary to ensure their
suitability as PR radiotracers. It has been established that both compound [**F]32 and
[*°F]26 are potent PR agonists however validation of their specificity to the receptor
is needed; Tanaproget was reported as being very specific to PR and it is speculated
that compounds synthesised in this project will be similarly specific due to sharing a
similar non-steroidal structure with Tanaproget. Continued work to access compound
[*8F]26 may be advantageous in order to compare in vivo data of compound [*®F]32.
The compounds may behave differently in physiological systems and therefore it

would be interesting to compare the compounds suitability for imaging PR.

It is also important to test the metabolic stability of lead radiotracers as the inability of
PET to distinguish between metabolite and parent radioligand would have a
confounding effect on imaging. Fast metabolism of the PR radiotracers would render
them unsuitable for purpose, as they are unlikely to reach the target tissue and
establish equilibrium between bound and free radiotracer. It is likely that these
compounds would be metabolised by glucuronidation due to the similarity in structure
to Tanaproget.®* The development of automatic radiosynthesis methodology for
radiolabelling the PR ligands would be advantageous to speed up in vivo validation of

the tracers.

After short term in vitro validation, the long-term goals of this project are to validate

the PR radiotracers in vivo. Initially, a simple biodistribution study in estrogen-primed
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sexually immature female mice to evaluate biodistribution and uterine uptake is
necessary. It is expected that there will be significant tracer uptake in endometrial
tissue compared to muscle tissue, due to the PR rich environment of the uterus
stimulated in this way.

Following this study, initial experiments would involve xenografts of estrogen-
responsive breast cancer to determine radioligand uptake. An estrogen challenge
assay in female mice could be used to determine if the PR radiotracer can predict
response to treatment. If the method of validation shown above proved to be
successful then toxicological testing of the compounds in preparation for clinical trial

IS necessary.
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Synthesis

12.0 - Methods
The NMR spectrometer used was either a JEOL-ECP 400 MHz FT-NMR or JEOL-

JNM-LA400 FT-NMR spectrometer. Spectra were referenced to residual non
deuterated solvent peaks.™° Fluorine-19 NMR was referenced to an external standard
of CFCl3 (neat) set to 6 = 0 ppm. Chemical shifts () are quoted in parts per million
(ppm) and coupling constants (J) are quoted in Hertz (Hz). Peak splitting patterns are
denoted as s (singlet), d (doublet), t (triplet) and m (multiplet). High-resolution mass
spec was performed by Karl Heaton at The Department of Chemistry, University of
York using a Bruker micrOTOF time of flight mass spectrometer connected to an
Agilent 1200 series LC system that is used to transfer sample aliquots into the ESI
source. Microwave reactions were performed in a CEM Discover SP microwave
reactor in 35 mL vials with silicon/PTFE activent caps. Buchi Rotavapor 210
evaporator equipped with diaphragm vacuum pump was used to remove bulk solvent
and trace solvents were removed on a Schlenk line with an oil pump. Compound
purity of library compounds was determined by HPLC using a Jasco system equipped
with a Jasco PU-1580 dual pump and Jasco MD-1515 detector using
acetonitrile/water (1 mL/min; gradient 1:1 MeCN:H,O to 1:9 over 10 min, 1:9 for 16
min) as a mobile phase with a Phenomenex Gemini 5p C18 (150 x 4.60 mm, 5

micron) column; compounds required to be >95% (data in appendix).

12.1 - Materials
Reagents were purchased from Sigma Aldrich (Sigma-Aldrich Company Ltd. The Old

Brickyard, New Road, Gillingham, Dorset, SP8 4XT), Frontier Scientific Inc.
(Frontier Scientific Inc. P.O. Box 31, Logan, UT 84323-0031) and Fischer Scientific
UK (Fisher Scientific UK Ltd. Bishop Meadow Road, Loughborough, LE11 5RG).
Solvents were purchased from Fischer Scientific UK. Solvents were dried over
activated 3A mol sieves purchased from Sigma Aldrich following published
procedures.™™* TLC was performed using aluminium-sheet silica gel Fass (Alugram®
from Macherey-Nagel) and column chromatography was performed with normal
phase silica gel, technical grade (60 A, 70 — 230 mesh, 63 — 200 um) purchased from

Sigma Aldrich (717177 — 25 Kg).
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2-(2-Amino-5-bromophenyl)propan-2-0l.* (1a)

B
r\©\><OH
NH,

To a dry flask was added 2-amino-5-bromobenzoic acid (6.480 g, 30 mmol). Dry
THF (150 mL) was added and stirred at reduced temperature (—78 °C) followed by
the dropwise addition (15 min) of MeMgBr solution (3.0 M) in Et,O (60 mL, 180
mmol). The reaction was stirred for 48 h under an inert atmosphere and allowed to
warm to ambient temperature. The reaction mixture was poured over cold HClq) (0.5
M, 100 mL) and neutralised with NaOH (1.0 M). EtOAc (100 mL) was added and the
aqueous fraction removed. The aqueous fraction was washed with EtOAc (3 x 100
mL). Organic fractions were combined and washed with water (100 mL), brine (100
mL) and dried over anhydrous MgSO,. Bulk solvent was removed in vacuo. A brown
coloured product (2.00 g, 30%) was isolated by column chromatography (silica,
eluent: 3:2 hexane / EtOAc) as third fraction. First fraction was 1-(2-Amino-5-
bromophenyl)ethanone, second fraction was a complex mixture of aromatic

compounds which were unidentified.

'H NMR (CDCls, 400 MHz) & 7.09 (d, 1H, J = 2.5 Hz), 7.04 (dd, 1H J = 2.5, 8.4 Hz),
6.39 (d, 1H, J = 8.4 Hz), 1.53 (s, 6H).'*C NMR (CDCl;, 100 MHz) & 29.0
(C(CH3);0H), 73.7 (C(CHs),0H), 109.2 (Ar C), 118.7 (Ar C), 128.4 (Ar C-H), 130.7
(Ar C-H), 132.4 (Ar C), 144.6 (Ar C).
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2-(2-Amino-5-iodophenyl)propan-2-ol. (1b)

|
NH,

To a dry flask was added 2-amino-5-iodobenzoic acid (2.63 g, 10 mmol). Dry THF
(150 mL) was added and stirred at —78 °C followed by the dropwise addition (15 min)
of MeMgBr solution (3.0 M) in Et,O (20 mL, 60 mmol). The reaction was stirred for
48 h while under an inert atmosphere and allowed to warm to ambient temperature.
The reaction mixture was poured over cold HClq) (0.5 M, 100 mL) and neutralised
with NaOH (1.0 M). EtOAc (100 mL) was added and the aqueous fraction removed.
The aqueous fraction was washed with EtOAc (3 x 100 mL). Organic fractions were
combined and washed with water (100 mL), brine (100 mL) and dried over anhydrous
MgSQO,. Bulk solvent was removed in vacuo. Pure product was isolated by column
chromatography (silica, eluent: 3:2 hexane / EtOAC) as a brown solid (820 mg, 30%).

'H NMR (CDCls, 400 MHz) 6 7.32 (d, 1H, J = 2.0 Hz), 7.28 (dd, 1H, J = 2.0 Hz, 8.4
Hz), 6.37 (d, 1H, J = 8.4 Hz), 1.59 (s, 6H). **C NMR (CDCl;, 100 MHz) & 29.0
(C(CH3);0H), 73.7 (C(CH3),0H), 78.6 (Ar C), 119.3 (Ar C-H), 132.9 (Ar C), 134.2
(Ar C-H), 135.7 (Ar C-H), 145.3 (Ar C).
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6-Bromo-4,4-dimethyl-1H-benzo[d][1,3]oxazin-2(4H)-one.” (2a)

1083

H

2-(2-Amino-5-bromophenyl)propan-2-ol (1a) (1.130 g, 4.9 mmol) and 1,1’-
carbonyldiimidazole (0.950 g, 5.88 mmol) were dissolved in dry THF (50 mL) under
an inert atmosphere. The reaction was stirred and heated to 50 °C for 16 h. Bulk
solvent was removed in vacuo, the residue was dissolved in EtOAc (100 mL) and
washed with HCI(aq) (100 mL, 1 M) and brine (100 mL). Organic fraction was dried
over anhydrous MgSO,. Bulk solvent was removed in vacuo to give pure product as a
pale yellow solid (1.20 g, 100%). Mp = 182 - 183 °C.

'H NMR (CDCls, 400 MHz) 57.28 (dd, 1H, J = 2.0, 8.4 Hz), 7.19 (d, 1H, J = 2.0 Hz),
6.71 (d, 1H, J = 8.4 Hz), 1.64 (s, 6H).*C NMR (CDCls, 100 MHz) & 27.9
(C(CH3),0), 82.5 (C(CH3)20), 115.9 (Ar C), 116.3 (Ar C-H), 126.3 (Ar C-H), 128.2

(Ar C), 131.8 (Ar C-H), 133.0 (Ar C), 152.9 (C=0).

HRMS: calc’d for CoHyBrNO,, 255.9968; found (ESI), 255.9964 [(M + H)']
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6-lodo-4,4-dimethyl-1H-benzo[d][1,3]oxazin-2(4H)-one. (2b)

LY
0

2-(2-Amino-5-iodophenyl)propan-2-ol  (1b) (0.821 g, 3.0 mmol) and 1,1’-
carbonyldiimidazole (0.583 g, 3.6 mmol) were dissolved in dry THF (50 mL) under
an inert atmosphere. The reaction was stirred and heated to 50 °C for 16 h. Bulk
solvent was removed in vacuo, the residue was dissolved in EtOAc and washed with
HCl g solution (100 mL, 1 M) and brine (100 mL). Organic fraction was dried over
anhydrous MgSQ,. Bulk solvent was removed in vacuo to give pure product as a pale
brown solid (294 mg, 32%). Mp =194 - 195 °C.

'H NMR (CDCls, 400 MHz) & 7.53 (dd, 1H, J = 1.8, 8.34 Hz), 7.42 (d, 1H, J = 1.6
Hz), 6.63 (d, 1H, J = 8.4 Hz), 1.70 (s, 6H). *C NMR (CDCl;, 100 MHz) & 27.9
(C(CH3);0), 82.4 (C(CH3),0), 116.7 (Ar C-H), 125.5 (Ar C), 128.5 (Ar C), 132.0 (Ar

C-H), 133.7 (Ar C), 137.7 (Ar C-H), 152.9 (C=0).

HRMS: calc’d for C1oHyINO,, 303.9829; found (ESI), 303.9824 [(M+H)*]
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tert-Butyl 2-(4,4-dimethyl-2-o0x0-2,4-dihydro-1H-benzo[d][1,3]oxazin-6-yl)-1H-
pyrrole-1-carboxylate.® (3)

7\
N (0]
[e) N/go

o
ﬁk H

6-Bromo-4,4-dimethyl-1,4-dihydro-benzo[d][1,3]oxazin-2-one (2a) (4.00 g, 15.6
mmol) and tetrakis(triphenylphosphine)palladium(0) (0.451 g, 0.39 mmol) were
stirred in toluene (100 mL) under inert atmosphere. (1-(tert-Butoxycarbonyl)-1H-
pyrrol-2-yl)boronic acid (6.427 g, 30.45 mmol) was dissolved in absolute EtOH (70
mL) and added, followed by the addition of K,COj3 (4.209 g, 30.45 mmol) dissolved
in water (70 mL). The reaction mixture was degassed under reduced pressure with
nitrogen and heated to 80 °C under an inert atmosphere for 16 h. The reaction was
allowed to cool to ambient temperature and quenched with sat. NaHCO3 (100 mL).
The organic layer was extracted with EtOAc (200 mL). The aqueous fraction was
washed with EtOAc (3 x 150 mL). Organic fractions were combined and washed with
brine (200 mL) and water (200 mL) before being dried over anhydrous MgSO,. Bulk
solvent was removed in vacuo. Pure product was precipitated from toluene to give a
grey solid product (2.51 g, 47 %).

'H NMR (CDCls, 400 MHz) §7.32 (q, 1H, J = 5.1 Hz), 7.23 (dd, 1H, J = 1.7, 8.0 Hz),
7.12 (d, 1H, J = 1.8 Hz), 6.81 (d, 1H, J = 8.2 Hz), 6.22 (t, 1H, J = 6.5 Hz), 6.17 (q,
1H, J = 1.8, 3.3 Hz), 1.73 (s, 6H), 1.40 (s, 9H). **C NMR (CDCls, 100 MHz) & 27.7
(Boc C(CHs)s), 28.0 (C(CHs);0), 82.8 (C(CH3)0), 83.7 (Boc C(CHs)s), 110.6 (Ar
C-H), 113.5 (Ar C-H), 114.5 (Ar C-H), 122.6 (Ar C-H), 124.2 (Ar C-H), 125.7 (Ar
C), 129.8 (Ar C-H), 129.9 (Ar C), 132.9 (Ar C), 134.1 (Ar C), 149.2 (Boc NHC=0),
152.2 (C=0).
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tert-Butyl 2-cyano-5-(4,4-dimethyl-2-o0x0-2,4-dihydro-1H-benzo[d][1,3]oxazin-6-
yl)-1H-pyrrole-1-carboxylate.® (4)

a

N 0o
0/&0 N/go

A H

tert-Butyl 2-(4,4-dimethyl-2-ox0-2,4-dihydro-1H-benzo[d][1,3]oxazin-6-yl)-1H-
pyrrole-1-carboxylate (3) (1.36 g, 4.0 mmol) were dissolved in dry THF (50 mL) and

N=C

temperature reduced to —78 °C under inert atmosphere. CSI (0.4 mL, 4.6 mmol) was
added and allowed to stir at reduced temperature for 90 min. DMF (6.2 mL, 80 mmol)
was added and allowed to warm to ambient temperature and stir for 16 h under inert
atmosphere. Crude reaction mixture was poured into water (100 mL) and extracted
with EtOAc (3 x 100 mL). Organic fractions were combined and washed with brine
(100 mL). Bulk solvent was removed from organic fraction in vacuo. Residue was
dissolved into Et,O (100 mL) and washed with water (400 mL) to remove residual
DMF. Organic fraction was dried over anhydrous MgSO, and bulk solvent removed
in vacuo. Product was isolated by column chromatography (silica, 70% EtOAc / 30%
hexane) as a white powder (1.23 g, 83 %).

'H NMR ((CD3),S0, 400 MHz) & 7.35 (d, 1H, J = 1.8 Hz), 7.30 (d, 1H, J = 3.7 Hz),
7.28 (dd, 1H, J = 1.8, 8.2 Hz), 6.91 (d, 1H, J = 8.4 Hz), 6.44 (d, 1H, J = 3.7 Hz), 1.60
(s, 6H), 1.35 (s, 9H). °C NMR ((CDs),SO, 100 MHz) & 26.9 (Boc C(CHs)s), 27.6
(C(CH3),0), 81.4 (C(CH3),0), 86.1 (Boc C(CHa)s), 104.2 (Ar C), 113.2 (Ar-C=N),
113.6 (Ar C-H), 114.0 (Ar C-H), 124.24 (Ar C-H), 124.9 (Ar C-H), 125.8 (Ar C),
126.4 (Ar C), 129.2 (Ar C-H), 134.9 (Ar C), 139.8 (Ar C), 146.8 (Boc NHC=0),
150.4 (C=0).
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5-(4,4-Dimethyl-2-0x0-2,4-dihydro-1H-benzo[d][1,3]oxazin-6-yl)-1H-pyrrole-2-
carbonitrile.® (5)

nzc—< |
N o
H
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tert-Butyl 2-cyano-5-(4,4-dimethyl-2-oxo0-2,4-dihydro-1H-benzo[d][1,3]oxazin-6-yl)-
1H-pyrrole-1-carboxylate (4) (0.20 g, 0.544 mmol) was added to a 25 mL flask fitted
with a nitrogen inlet and outlet. Reaction vessel was flushed with an inert atmosphere
at a vigorous flow rate and heated to 170 °C for 20 min until yellow powder is
formed. Residue was washed into a larger flask using DCM (10 mL) and EtOAc (10
mL). Bulk solvent was removed in vacuo. Product was isolated by column
chromatography (silica, 40% EtOAc / 60% hexane) as a brown solid (55 mg, 37 %).

'H NMR (CD5OD, 400 MHz) §7.54 — 7.56 (m, 2H), 6.92 (d, 1H, J = 8.8 Hz), 6.87 (d,
1H, J = 3.9 Hz), 6.56 (d, 1H, J = 3.9 Hz), 1.72 (s, 6H). *C NMR (CD30OD, 100 MHz)
8 27.7 (C(CH3),0), 81.5 (C(CH3);0), 100.0 (Ar C-H), 106.8 (Ar C-H), 114.5 (Ar C),
115.1 (Ar-C=N), 120.0 (Ar C-H), 121.0 (Ar C-H), 125.3 (Ar C-H), 125.5 (Ar C),
126.7 (Ar C), 134.2 (Ar C), 136.8 (Ar C), 150.4 (C=0).
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5-(4,4-Dimethyl-2-0x0-2,4-dihydro-1H-benzo[d][1,3]oxazin-6-yl)-1-methyl-1H-
pyrrole-2-carbonitrile.®® (6)

nzc—< |
/N 0
NS0
H

5-(4,4-Dimethyl-2-ox0-2,4-dihydro-1H-benzo[d][1,3]oxazin-6-yl)-1H-pyrrole-2-
carbonitrile (5) (0.68 g, 2.55 mmol) and K,COg3 (1.69 g, 12.22 mmol) were dissolved
in N,N-dimethylformamide (50 mL) under an inert atmosphere. lodomethane (0.142
mL, 2.291 mmol) was added and stirred at ambient temperature for 16 h. Reaction
mixture was poured into water (100 mL) and extracted with EtOAc (3 x 100 mL).
Organic fractions were combined and dried over anhydrous MgSQO,. Bulk solvent was
removed in vacuo. Product was isolated by column chromatography (silica, 10%
MeOH / 90% DCM) as a solid (113 mg, 19 %). Mp = 217 — 220 °C. R¢ = 0.40 (TLC,
50% EtOAc / 50% hexane).

'H NMR (CD3OD, 400 MHz) §7.18 (dd, 1H, J = 2.0, 8.2 Hz), 7.14 (d, 1H, J = 2.0
Hz), 6.82 (d, 1H, J = 8.2 Hz), 6.75 (d, 1H, J = 4.0 Hz), 6.12 (d, 1H, J = 4.0 Hz), 3.55
(s, 3H), 1.53 (s, 6H).2*C NMR (CDsOD, 100 MHz) §27.7 (C(CHs),0), 33.7 (N-CHs),
81.5 (C(CHs);0), 104.4 (Ar C), 109.5 (Ar C-H), 114.2 (C=N), 114.3 (Ar C-H), 119.5
(Ar C-H), 124.1 (Ar C-H), 125.0 (Ar C-H), 126.6 (Ar C), 129.2 (Ar C), 134.8 (Ar C),
139.4 (Ar C), 150.4 (C=0).

HRMS: calc’d for C1gH1sN3O,, 282.1237; found (ESI), 282.1246 [(M+H)"]
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1-Methyl-5-(1,4,4-trimethyl-2-0x0-2,4-dihydro-1H-benzo[d][1,3]oxazin-6-yl)-1H-
pyrrole-2-carbonitrile. (7)

nzc—< |
/N o]
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This compound is synthesised as a bi-product of the synthesis of 5-(4,4-dimethyl-2-
oxo0-2,4-dihydro-1H-benzo[d][1,3]oxazin-6-yl)-1-methyl-1H-pyrrole-2-carbonitrile
(6). Product was isolated by column chromatography (silica, 10% MeOH/ 90% DCM)
as a solid (310 mg, 41 %). Mp = 152 — 155 °C. R; = 0.61 (TLC, 50% EtOAc / 50%
hexane).

'H NMR ((CD3),S0, 400 MHz) & 7.43 (dd, 1H, J = 2.0, 8.4 Hz), 7.32 (d, 1H, J = 1.8
Hz), 7.12 (d, 1H, J = 8.4 Hz), 6.90 (d, 1H, J = 4.1 Hz), 6.29 (d, 1H, J = 4.1 Hz), 3.71
(s, 3H), 3.35 (s, 3H), 1.67 (s, 6H).”*C NMR (CDs0D, 100 MHz) § 27.2 (C(CH3):0),
31.1 (N-CHs), 33.8 (N-CHs), 80.2 (C(CHs),0), 104.6 (Ar C), 109.7 (Ar C-H), 114.0
(Ar C-H), 114.2 (C=N), 119.5 (Ar C-H), 123.8 (Ar C-H), 125.4 (Ar C), 128.8 (Ar C),
129.2 (Ar C-H), 136.3 (Ar C), 139.1 (Ar C), 151.0 (C=O0).

HRMS: calc’d for Ci7H1sN3O,, 296.1394: found (ESI), 296.1390 [(M+H)"]
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5-(4,4-Dimethyl-2-0x0-2,4-dihydro-1H-benzo[d][1,3]oxazin-6-yl)-1-
(fluoromethyl)-1H-pyrrole-2-carbonitrile.(8)

nzc—< |
0

N

kF ”/go
5-(4,4-Dimethyl-2-oxo0-2,4-dihydro-1H-benzo[d][1,3]oxazin-6-yl)-1H-pyrrole-2-
carbonitrile (5) (0.30 g, 1.126 mmol) and K,CO3z were dissolved in dry N,N-
dimethylformamide (30 mL) under an inert atmosphere. Fluorobromomethane (2M,
0.5 mL, 1.013 mmol) was added the reaction stirred for 16 h under an inert
atmosphere. The reaction mixture was poured into water (100 mL) and extracted with
EtOAc (3 x 100 mL). Organic fractions were combined and dried over anhydrous
MgSOQO,. Bulk solvent was removed in vacuo and product was isolated by column
chromatography (silica, 10% MeOH / 90% DCM) as a solid (66 mg, 19 %). Mp = 217
—218°C. Rf=0.47 (TLC, 50% EtOAc / 50% hexane).

'H NMR (CD;0OD, 400 MHz) & 7.40 — 7.44 (m, 2H), 7.08 (dd, 1H, J = 1.5, 4.0 Hz),
7.02 (d, 1H, J = 8.1), 6.45 (d, 1H, J = 3.9 Hz), 5.98 (d, 2H, J = 53 Hz), 1.72 (s,
6H).*C NMR (CD;OD, 100 MHz) & 28.0 (C(CH3),0), 81.2 (C(CHs),0), 82.9
(NCH,F), 98.0 (Ar C), 111.1 (Ar C-H), 112.6 (C=N), 115.0 (Ar C-H), 121.9 (Ar C-
H), 124.3 (Ar C-H), 125.1 (Ar C), 127.2 (Ar C), 129.8 (Ar C-H), 134.9 (Ar C), 140.2
(Ar C), 152.0 (C=0). **F NMR (CD30OD, 400 MHz) & -116.80.

HRMS: calc’d for C1gH1sFN3O5, 300.1143; found (ESI), 300.1135 [(M+H)']
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6-(4-Fluorophenyl)-4,4-dimethyl-1H-benzo[d][1,3]oxazin-2(4H)-one. (9)
0
o)

6-Bromo-4,4-dimethyl-1,4-dihydro-benzo[d][1,3]oxazin-2-one (2a) (0.260 g, 1
mmol) and tetrakis(triphenylphosphine)palladium(0) (0.057 g, 0.05 mmol) were
stirred in toluene (20 mL) under nitrogen. 4-Fluorophenylboronic acid (0.280 g, 1.98
mmol) was dissolved in absolute EtOH (5 mL) and added, followed by the addition of
sodium carbonate (0.200 g, 2 mmol) dissolved in water (10 mL). The reaction mixture
was degassed under reduced pressure with nitrogen and heated to 85 °C under an inert
atmosphere for 16 h. The reaction was allowed to cool to ambient temperature and
quenched with sat. NaHCO3; (10 mL). The organic layer was extracted with EtOAc
(50 mL). The aqueous fraction was washed with EtOAc (3 x 20 mL). Organic
fractions were combined and washed with brine (100 mL) and water (100 mL) before
being dried over anhydrous MgSO,. Bulk solvent was removed in vacuo. Pure
product was recrystallised from 4:1 Et,O/hexane to give white crystalline product (36
mg, 13%). Mp = 247 — 251 °C. Ry = 0.55 (TLC, 50% EtOAc / 50% hexane).

'H NMR (CDCls, 400 MHz) & 7.39 — 7.43 (m, 2H), 7.34 (dd, 1H, J = 2.0, 8.2 Hz),
7.20 (d, 1H, J = 1.8 Hz), 7.02 — 7.07 (m, 2H), 6.88 (d, 1H, J = 8.2 Hz), 1.71 (s,
6H).1*C NMR (CDCls, 100 MHz) & 28.1 (C(CH3),0), 82.9 (C(CHs),0), 114.8 (Ar C-
H), 115.6 (Ar C-H), 122.0 (Ar C-H), 127.0 (Ar C), 127.6 (Ar C-H), 128.3 (Ar C-H),
128.4 (Ar C-H), 133.1 (Ar C), 136.0 (Ar C), 152.2 (C=0), 161.2 (Ar C-F). *F NMR
(CD30D, 400 MHz) & -183.08.

HRMS: calc’d for C16H1sFNO,, 272.1081; found (ESI), 272.1078 [(M+H)']
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6-(6-Fluoropyridin-3-yl)-4,4-dimethyl-1H-benzo[d][1,3]oxazin-2(4H)-one. (10)

6-Bromo-4,4-dimethyl-1,4-dihydro-benzo[d][1,3]oxazin-2-one (2a) (50 mg, 0.19
mmol) and tetrakis(triphenylphosphine)palladium(0) (6 mg, 0.0051 mmol) were
stirred in toluene (8 mL) under nitrogen. 2-Fluoropyridine-5-boronic acid (54 mg,
0.38 mmol) was dissolved in absolute EtOH (8 mL) and added, followed by the
addition of K,CO3; (54 mg, 0.38 mmol) dissolved in water (8 mL). The reaction
mixture was degassed under reduced pressure with nitrogen and heated to 85 °C
under an inert atmosphere for 16 h. The reaction was allowed to cool to ambient
temperature and quenched with sat. NaHCO3; (10 mL). The organic layer was
extracted with EtOAc (50 mL). The aqueous fraction was washed with EtOAc (3 x 20
mL). Organic fractions were combined and washed with brine (100 mL) and water
(100 mL) before being dried over anhydrous MgSQO,. Bulk solvent was removed in
vacuo. Pure product was isolated by column chromatography (silica, 70% EtOAc /
30% hexane) as a solid (15 mg, 29%). Mp = 246 — 251 °C. R¢ = 0.40 (TLC, 50%
EtOAc / 50% hexane).

'H NMR (CDCls, 400 MHz) §8.01 — 8.03 (m, 1H), 7.82 — 7.87 (m, 1H), 7.34 — 7.36
(m, 1H), 7.31 (m, 1H), 7.20 — 7.24 (m, 1H), 6.84 (d, 1H, J = 8.1 Hz), 1.54 (s, 6H).°C
NMR (CDCls, 100 MHz) § 28.0 (C(CHs);0), 82.9 (C(CHs),0), 109.4 (Ar C), 109.6
(Ar C-H), 115.1 (Ar C-H), 122.1 (Ar C-H), 127.7 (Ar C-H), 134.0 (Ar C-H), 139.4
(Ar C), 139.5 (Ar C), 143.3 (Ar C-H), 1455 (Ar C), 145.6 (Ar C), 152.1 (C=0). *°F
NMR (CDCls, 400 MHz) & -116.77

HRMS: calc’d for C1sH1aFN,O,, 273.1034; found (ESI), 273.1025 [(M+H)']
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6-Mesityl-4,4-dimethyl-1H-benzo[d][1,3]oxazin-2(4H)-one. (11)

I )

6-Bromo-4,4-dimethyl-1,4-dihydro-benzo[d][1,3]oxazin-2-one (2a) (0.500 g, 0.19
mmol) and tetrakis(triphenylphosphine)palladium(0) (0.056 g, 0.04 mmol) were
stirred in toluene (8 mL) under nitrogen. 2,4,6-Trimethylphenyl boronic acid (0.624 g,
3.80 mmol) was dissolved in absolute EtOH (8 mL) and added, followed by the
addition of K,CO3; (54 mg, 0.38 mmol) dissolved in water (8 mL). The reaction
mixture was degassed under reduced pressure with nitrogen and heated to 85 °C
under an inert atmosphere for 16 h. The reaction was allowed to cool to ambient
temperature and quenched with sat. NaHCO3; (10 mL). The organic layer was
extracted with EtOAc (50 mL). The aqueous fraction was washed with EtOAc (3 x 20
mL). Organic fractions were combined and washed with brine (100 mL) and water
(100 mL) before being dried over anhydrous MgSQO,. Bulk solvent was removed in
vacuo. Pure product was isolated by column chromatography (silica, 40% EtOAc /
60% hexane) as a solid (210 mg, 36%). Mp = 218 — 221 °C. R; = 0.71 (TLC, 50%
EtOAc / 50% hexane).

'H NMR (CD3),S0, 400 MHz) § 7.24 (dd, 1H, J = 2.0, 8.4 Hz), 7.12 (d, 1H, J = 2.0
Hz), 6.93 (d, 1H, J = 8.6 Hz), 6.71 (d, 1H, J = 3.9 Hz), 6.09 (d, 1H, J = 2.0 Hz), 3.52
(s, 3H), 1.96 (s, 6H), 1.45 (s, 6H)."*C NMR (CDCls, 100 MHz) § 20.7 (2’ 6° Ar-CHj),
21.0 (4 Ar-CHs), 28.1 (C(CHs),0), 82.9 (C(CHs),0), 96.3 (Ar C), 114.3 (Ar C-H),
124.3 (Ar C-H), 126.6 (Ar C), 128.2 (Ar C-H), 129.7 (Ar C-H), 132.3 (Ar C), 136.1
(Ar C), 137.0 (Ar C), 137.9 (Ar C), 152.1 (C=0).

HRMS: calc’d for C19H2,NO,, 296.1645; found (ESI), 296.1637 [(M+H)+]
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6-(2-Fluoropyridin-3-yl)-4,4-dimethyl-1H-benzo[d][1,3]oxazin-2(4H)-one. (12)

6-Bromo-4,4-dimethyl-1,4-dihydro-benzo[d][1,3]oxazin-2-one (2a) (0.414 g, 1.61
mmol) and tetrakis(triphenylphosphine)palladium(0) (0.047 g, 0.04 mmol) were
stirred in toluene (8 mL) under nitrogen. 6-Fluoropyridine-5-boronic acid (0.624 g,
3.80 mmol) was dissolved in absolute EtOH (8 mL) and added, followed by the
addition of K,CO3 (0.436 ¢, 3.13 mmol) dissolved in water (8 mL). The reaction
mixture was degassed under reduced pressure with nitrogen and heated to 85 °C
under an inert atmosphere for 16 h. The reaction was allowed to cool to ambient
temperature and quenched with sat. NaHCO3; (10 mL). The organic layer was
extracted with EtOAc (50 mL). The aqueous fraction was washed with EtOAc (3 x 20
mL). Organic fractions were combined and washed with brine (100 mL) and water
(100 mL) before being dried over anhydrous MgSQO,. Bulk solvent was removed in
vacuo. Pure product was isolated by column chromatography (silica, 80% EtOAc /
20% hexane) as a solid (22 mg, 5%). Mp = 235 — 237 °C. R; = 0.34 (TLC, 50%
EtOAc / 50% hexane).

'H NMR (CDsCN, 400 MHz) 88.01 — 8.03 (m, 1H), 7.82 — 7.87 (m, 1H), 7.34 — 7.36
(m, 1H), 7.31 (s, 1H), 7.20 — 7.24 (m, 1H), 6.84 (d, 1H, J = 8.1 Hz), 1.54 (s, 6H)."*C
NMR (CDsCN, 100 MHz) & 28.1 (C(CHs),0), 83.0 (C(CH3),0), 114.8 (Ar C-H),
121.9 (Ar C-H), 123.8 (Ar C-H), 126.8 (Ar C-H), 129.2 (Ar C), 129.4 (Ar C-H),
134.1 (Ar C-H), 140.2 (Ar C), 141.0 (Ar C), 146.3 (Ar C), 146.4 (Ar C), 152.3
(C=0). *°F NMR (CD3CN, 400 MHz) & -73.30.

HRMS: calc’d for C15H1aFN,O,, 273.1034; found (ESI), 273.1025 [(M+H)']
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6-(4-(methoxymethyl)phenyl)-4,4-dimethyl-1H-benzo[d][1,3]oxazin-2(4H)-one.
(13)

e
0

6-Bromo-4,4-dimethyl-1,4-dihydro-benzo[d][1,3]oxazin-2-one (2a) (0.300 g, 1.17
mmol) and tetrakis(triphenylphosphine)palladium(0) (0.034 g, 0.025 mmol) were
stirred in toluene (8 mL) under nitrogen. (4-(Methoxymethyl)phenyl)boronic acid
(0.379 g, 2.28 mmol) was dissolved in absolute EtOH (8 mL) and added, followed by
the addition of K,COj3 (0.316 g, 2.28 mmol) dissolved in water (8 mL). The reaction
mixture was degassed under reduced pressure with nitrogen and heated to 85 °C
under an inert atmosphere for 16 h. The reaction was allowed to cool to ambient
temperature and quenched with sat. NaHCO3; (10 mL). The organic layer was
extracted with EtOAc (50 mL). The aqueous fraction was washed with EtOAc (3 x 20
mL). Organic fractions were combined and washed with brine (100 mL) and water
(100 mL) before being dried over anhydrous MgSQO,. Bulk solvent was removed in
vacuo. Pure product was isolated by column chromatography (silica, 70% EtOAc /
30% hexane) as a solid (100 mg, 28 %). Mp = 161 — 162 °C. R; = 0.46 (TLC, 50%
EtOAc / 50% hexane).

'H NMR (CD3),S0O, 400 MHz) & 7.68 (d, 2H, J = 8.4 Hz), 7.58 — 7.60 (m, 2H), 7.42
(d, 2H, J = 8.4 Hz), 6.99 (d, 1H, J = 8.8 Hz), 4.48 (s, 2H), 3.34 (s, 3H), 1.70 (s, 6H).
3¢ NMR (CD3),S0, 100 MHz) & 27.7 (C(CHj3),0), 57.3 (O-CHs), 73.3 (O-CH,-Ar),
81.7 (C(CH3);0), 114.5 (Ar C-H), 121.8 (Ar C-H), 126.2 (Ar C-H), 126.8 (Ar C-H),
126.9 (Ar C), 128.1 (Ar C-H), 134.1 (Ar C), 134.4 (Ar C), 136.6 (Ar C), 137.1 (Ar
C), 138.8 (Ar C) 150.4 (C=0).

HRMS: calc’d for C1gH20NO3, 298.1438; found (ESI), 298.1425 [(M+H)+]
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6-(3-Chloro-4-fluorophenyl)-4,4-dimethyl-1H-benzo[d][1,3]oxazin-2(4H)-one. (14)
e
Cl o)

6-Bromo-4,4-dimethyl-1,4-dihydro-benzo[d][1,3]oxazin-2-one (2a) (0.300 g, 1.17
mmol) and tetrakis(triphenylphosphine)palladium(0) (0.034 g, 0.029 mmol) were
stirred in toluene (8 mL) under nitrogen. (3-Chloro-4-fluorophenyl)boronic acid
(0.379 g, 2.28 mmol) was dissolved in absolute EtOH (8 mL) and added, followed by
the addition of K,COj3 (0.316 g, 2.28 mmol) dissolved in water (8 mL). The reaction
mixture was degassed under reduced pressure with nitrogen and heated to 85 °C
under an inert atmosphere for 16 h. The reaction was allowed to cool to ambient
temperature and quenched with sat. NaHCO3; (10 mL). The organic layer was
extracted with EtOAc (50 mL). The aqueous fraction was washed with EtOAc (3 x 20
mL). Organic fractions were combined and washed with water (100 mL) and brine
(100 mL) before being dried over anhydrous MgSQO,. Bulk solvent was removed in
vacuo. Pure product was isolated by column chromatography (silica, 80% EtOAc /
20% hexane) as a solid (0.148 g, 41 %). Mp = 199 — 203 °C. Rf = 0.55 (TLC, 50%
EtOAc / 50% hexane).

'H NMR ((CD3),S0, 400 MHz) & 7.76 (dd, 1H, J = 2.2, 7.1 Hz), 7.55 — 7.59 (m, 1H),
7.50 (dd, 1H, J = 2.0, 8.3 Hz), 7.46 (d, 1H, J = 2.0 Hz), 7.31 (t, 1H, J = 8.6 Hz), 6.95
(d, 1H, J = 8.2 Hz), 1.70 (s, 6H).*C NMR ((CD3),S0100 MHz) & 27.7 (C(CHs),0),
81.7 (C(CH3),0), 114.6 (Ar C-H), 116.3 (Ar C), 117.3 (Ar C), 122.1 (Ar C-H), 126.9
(Ar C-H), 127.1 (Ar C-H), 128.3 (Ar C-H), 132.2 (Ar C), 134.6 (Ar C), 135.0 (Ar C),
136.2 (Ar C-H), 137.5 (Ar C), 150.5 (C=0). °F NMR (CDsCN, 400 MHz) & -119.15.

HRMS: cale’d for C16H1CIFNO,, 306.0692; found (ESI), 306.0692 [(M+H)*].
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4,4-Dimethyl-6-(p-tolyl)-1H-benzo[d][1,3]oxazin-2(4H)-one. (15)

I )

6-Bromo-4,4-dimethyl-1,4-dihydro-benzo[d][1,3]oxazin-2-one (2a) (1.62 ¢, 6.32
mmol) and tetrakis(triphenylphosphine)palladium(0) (0.18 g, 0.158 mmol) were
stirred in toluene (130 mL) under nitrogen. p-Tolylboronic acid (1.67 g, 12.32 mmol)
was dissolved in absolute EtOH (20 mL) and added, followed by the addition of
K,CO3 (1.70 g, 12.32 mmol) dissolved in water (20 mL). The reaction mixture was
degassed under reduced pressure with nitrogen and heated to 85 °C under an inert
atmosphere for 16 h. The reaction was allowed to cool to ambient temperature and
guenched with sat. NaHCOj3 (100 mL). The organic layer was extracted with EtOAc
(100 mL). The aqueous fraction was washed with EtOAc (3 x 20 mL). Organic
fractions were combined and washed with brine (100 mL) and water (100 mL) before
being dried over anhydrous MgSO,. Bulk solvent was removed in vacuo. Pure
product was precipitated from toluene and filtered as a solid yellow powder (300 mg,
18 %). Mp =192 — 193 °C. R; = 0.67 (TLC, 50% EtOAc / 50% hexane).

'H NMR (CDCl3, 400 MHz) & 7.45 — 7.50 (m, 4H), 7.24 (d, 2H, J = 8.0 Hz), 6.94 (d,
1H, J = 8.2 Hz), 2.36 (s, 3H), 1.73 (s, 6H).23C NMR (CDCls, 100 MHz) § 21.1 (Ar-
CHs), 28.1 (C(CHs);0), 83.1 (C(CH3),0), 115.0 (Ar C-H), 121.8 (Ar C-H), 126.6 (Ar
C-H), 127.4 (Ar C-H), 130.0 (Ar C-H), 132.9 (Ar C), 136.8 (Ar C), 137.1 (Ar C),
137.5 (Ar C), 153.0 (C=0).

HRMS: cale’d for Ci7H1sNO,, 268.1332; found (ESI), 269.1324 [(M+H)']
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5-(4,4-dimethyl-2-thioxo-2,4-dihydro-1H-benzo[d][1,3]oxazin-6-yl)-1-methyl-1H-
pyrrole-2-carbonitrile.®® (16)

nzc—< |
/N 0
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5-(4,4-Dimethyl-2-oxo0-2,4-dihydro-1H-benzo[d][1,3]oxazin-6-yl)-1-methyl-1H-
pyrrole-2-carbonitrile (6) (345 mg, 1.22 mmol) and Lawesson’s Reagent (1.48 g, 3.66
mmol) were dissolved in dry toluene under N, and heated to 130 °C for 4 h. Reaction
was allowed to cool and poured into brine (50 mL) and extracted with EtOAc (3 x
100 mL). Organic fraction was washed with water (100 mL) and dried over
anhydrous MgSQO,. Bulk solvent was removed in vacuo. Product was isolated by
column chromatography (silica, 10% EtOAc / 90% hexane) as a solid and was
purified further by precipitation from 70% EtOAc / 30% hexane as a slightly yellow
solid. The solid was further purified using column chromatography (silica, 5% MeOH
/ 95% DCM). Product was isolated as a pale yellow solid (155 mg, 42 %). Mp = 220
—223°C. R¢=0.70 (TLC, 50% EtOAc / 50% hexane).

'H NMR (CDCls, 400 MHz) & 7.30 (dd, 1H, J = 1.4, 8.2 Hz), 7.16 (d, 1H, J = 1.4 Hz),
6.99 (d, 1H, J = 8.2 Hz), 6.85 (d, 1H, J = 3.9 Hz), 6.20 (d, 1H, J = 4.1 Hz), 3.71 (s,
3H), 1.78 (s, 6H). *C NMR (CDCls, 100 MHz)  27.6 (C(CH3),0), 30.9 (N-CHz),
84.4 (C(CHj3),0), 106.0 (Ar C), 109.9 (Ar C-H), 114.0 (C=N), 114.3 (Ar C-H), 119.6
(Ar C-H), 124.1 (Ar C-H), 127.3 (Ar C), 128.2 (Ar C), 129.6 (Ar C-H), 131.5 (Ar C),
138.9 (Ar C), 182.1 (C=95).

HRMS: calc’d for C16H1sNs0S, 298.1009; found (ESI), 298.1019 [(M+H)*]
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2-(4-Amino-4'-methyl-[1,1'-biphenyl]-3-yl)propan-2-ol. (17)

O O OH
NH,

2-(2-Amino-5-bromophenyl)propan-2-ol ~ (1a) (0.5 g, 2.17 mmol), 4-
Methylphenylboronic acid (0.353 g, 2.60 mmol), K,PO4 (0.921 g, 4.34 mmol) and
DAPCy (0.023 g, 0.04 mmol) were dissolved in EtOH (40 mL) and refluxed at 70 °C
for 5 h. Reaction mixture was poured into water and extracted with EtOAc (3 x 50
mL). Organic layers were combined and dried over anhydrous MgSO,. Bulk solvent
was removed in vacuo and the product was isolated by column chromatography
(silica, eluent: 40% EtOAc / 60% hexane) to give product as a brown oil (330 mg, 63
%).

'H NMR (CD5OD, 400 MHz) & 7.54 (dd, 1H, J = 2.0, 8.2 Hz), 7.50 - 7.51 (m, 1H),
7.48 (m, 2H), 7.25 (d, 2H, J = 8.0 Hz), 7.01 (d, 1H, J = 8.0 Hz), 2.37 (s, 3H), 1.75 (s,
6H). °C NMR (CDCls, 100 MHz) & 20.9 (Ar-CHs) 29.2 (C(CH3),0H), 74.0
(C(CH3),0H), 117.8 (Ar C-H), 124.3 (Ar C-H), 126.3 (Ar C-H), 126.6 (Ar C-H),
129.3 (Ar C-H), 130.7 (Ar C), 130.9 (Ar C), 135.7 (Ar C), 138.5 (Ar C), 144.6 (Ar
C).

HRMS: calc’d for C16H20NO, 242.1539; found (ESI), 242.1536 [(M+H)"].
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4,4-Dimethyl-6-(p-tolyl)-1H-benzo[d][1,3]oxazine-2(4H)-thione. (18)

l 0

2-(4-Amino-4'-methyl-[1,1'-biphenyl]-3-yl)propan-2-ol (17) (0.330 g, 1.36 mmol) and
1,1’-thiocarbonyldiimidazole (0.292 g, 1.64 mmol) were dissolved in dry THF (40
mL) and stirred at 50 °C under an inert atmosphere, for 16 h. Bulk solvent was
removed in vacuo, dissolved in EtOAc and washed with aqueous hydrochloric acid
(1M). Organic layer was dried over anhydrous MgSO,. Bulk solvent was removed in
vacuo. Pure compound was precipitated from toluene as a yellow powder (35 mg, 9
%). Mp = 205 - 208 °C. Ry = 0.70 (TLC, 50% EtOAc / 50% hexane).

'H NMR (CDCls, 400 MHz) § 7.48 (dd, 1H, J = 2.0, 8.2 Hz), 7.42 (d, 2H, J = 8.2 Hz),
7.32 (d, 1H, J = 1.8 Hz), 7.24 — 7.26 (d, 2H, J = 7.6 Hz), 6.91 (d, 1H, J = 8.4 Hz),
2.39 (s, 3H), 1.80 (s, 6H).*C NMR (CDCls, 100 MHz) & 21.1 (Ar-CHy), 27.7
(C(CH3):0), 84.9 (C(CH3),0), 114.3 (Ar C-H), 121.8 (Ar C-H), 126.7 (Ar C-H),
127.1 (Ar C), 127.6 (Ar C-H), 129.7 (Ar C-H), 130.2 (Ar C), 137.0 (Ar C), 137.6 (Ar
C), 138.7 (Ar C), 184.0 (C=S).

HRMS: calc’d for C17H1sNOS, 284.1104; found (ESI), 284.1100 [(M+H)']
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2-(4-Amino-3'-chloro-4'-fluoro-[1,1'-biphenyl]-3-yl)propan-2-ol. (19)

)
cl O OH
NH,

2-(2-Amino-5-bromophenyl)propan-2-ol (1a) (0.18 g, 0.78 mmol), (3-chloro-4-
fluorophenyl)boronic acid (0.163 g, 0.94 mmol), Na,COs (0.165 g, 1.56 mmol) and
bis(triphenylphosphine)palladium(l1l) dichloride (0.028 g, 0.04 mmol) were added to a
microwave tube and dissolved in degassed acetonitrile : water (1:1). Reaction was
heated at 150 °C (200 W) for 6 min. Reaction mixture was poured into water (30 mL)
and extracted with EtOAc (3 % 50 mL). Organic fractions were combined and dried
over anhydrous MgSQO,. Bulk solvent was removed in vacuo and pure product was
isolated by column chromatography (silica, eluent: 40% EtOAc/ 60% hexane) to give

product as a brown oil (147 mg, 67 %).

'H NMR (CDCls, 400 MHz) & 7.50 (dd, 1H, J = 2.5, 7.0 Hz), 7.31 — 7.35 (m, 1H),
7.25 — 7.26 (m, 1H), 7.23 (dd, 1H, J = 2.0, 8.2 Hz), 7.15 (t, 1H, J = 8.5 Hz), 6.70 —
6.70 (d, 1H, J = 8.2 Hz), 1.73 (s, 6H). *C NMR (CDCls;, 100 MHz) & 29.3
(C(CHs),0H), 74.1 (C(CHs),0H), 116.4 (Ar C-H), 117.7 (Ar C-H), 124.3 (Ar C-H),
125.7 (Ar C), 136.7 (Ar C-H), 128.2 (Ar C-H), 130.8 (Ar C), 138.7 (Ar C), 145.4 (Ar
C-H), 155.59 (Ar C), 158.1 (Ar C), 171.2 (Ar C). ®F NMR (CDCl; 400 MHz) &
199.77.

HRMS: calc’d for C1sH1sCIFNO, 280.0899; found (ESI), 280.0898 [(M+H)*]
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2-(4-Amino-2'-chloro-4'-fluoro-[1,1'-biphenyl]-3-yl)propan-2-ol. (20)

F O
OH
Cl O N

2-(2-Amino-5-bromophenyl)propan-2-ol (1a) (0.18 g, 0.78 mmol), (2-chloro-4-
fluorophenyl)boronic acid (0.163 g, 0.94 mmol), Na,COs (0.165 g, 1.56 mmol) and
bis(triphenylphosphine)palladium(l1l) dichloride (0.028 g, 0.04 mmol) were added to a
microwave tube and dissolved in degassed acetonitrile : water (1:1). Reaction was
heated at 150 °C (200 W) for 6 min. Reaction mixture was poured into water (30 mL)
and extracted with EtOAc (3 % 50 mL). Organic fractions were combined and dried
over anhydrous MgSO,. Bulk solvent was removed in vacuo and pure product was
isolated by column chromatography (silica, eluent: 40% EtOAc/ 60% hexane) to give

product as a brown oil (147 mg, 67 %).

'H NMR (CDCls, 400 MHz) § 7.24 — 7.27 (m, 1H), 7.18 (d, 1H, J = 2.7 Hz), 7.16 (d,
1H, J = 1.6 Hz), 7.10 (dd, 1H, J = 2.7, 8.2 Hz), 6.96 — 7.01 (m, 1H), 6.67 (d, 1H, J =
8.2 Hz), 1.68 (s, 6H). *C NMR (CDCl;, 100 MHz) & 29.1 (C(CHs),0OH), 73.9
(C(CH3),0H), 115.4 (Ar C-H), 116.8 (Ar C-H), 126.9 (Ar C-H), 127.3 (Ar C-H),
129.0 (Ar C-H), 130.1 (Ar C), 131.9 (Ar C), 132.9 (Ar C), 136.8 (Ar C), 145.1 (Ar C-
H), 159.8 (Ar C), 162.3 (Ar C). **F NMR (CD;0OD 400 MHz) & 114.03

HRMS: cale’d for C1sH1sCIFNO, 280.0899; found (ESI), 280.0896 [(M+H)*].
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2-(2-Amino-5-(6-fluoropyridin-3-yl)phenyl)propan-2-ol. (21)

OH
NH,

2-(2-Amino-5-bromophenyl)propan-2-ol (1a) (0.20 g, 0.869 mmol), (6-fluoropyridin-
3-yl)boronic acid (0.147 g, 1.042 mmol), Na,CO; (0.184 g, 1.738 mmol) and
bis(triphenylphosphine)palladium(l1l) dichloride (0.03 g, 0.043 mmol) were added to a
microwave tube and dissolved in degassed acetonitrile : water (1:1). Reaction was
heated at 150 °C (200 W) for 6 min. Reaction mixture was poured into water (30 mL)
and extracted with EtOAc (3 % 50 mL). Organic fractions were combined and dried
over anhydrous MgSO,. Bulk solvent was removed in vacuo and pure product
isolated by column chromatography (silica, eluent: 40% EtOAc/ 60% hexane) to give
product as a brown solid (131 mg, 61%).

'H NMR (CDCls, 400 MHz) & 8.31 (d, 1H, J = 2.5 Hz), 7.85 — 7.90 (m, 1H), 7.28 (d,
1H,J = 2.2 Hz), 7.23 (d, 1H, J =2.2 Hz), 6.95 (dd, 1H, J = 3.1, 8.6 Hz), 6.74 (d, 1H, J
= 8.2 Hz), 1.73 (s, 6H). *C NMR (CDCls, 100 MHz) & 29.1 (C(CHs),0H), 73.7
(C(CH3);0H), 109.0 (Ar C-H), 117.5 (Ar C-H), 125.1 (Ar C-H), 125.2 (Ar C), 127.9
(Ar C), 131.2 (Ar C-H), 135.1 (Ar C), 143.0 (Ar C-H), 145.9 (Ar C-H), 160.9 (Ar C),
163.3 (Ar C). **F NMR (CDCl; 400 MHz) & 72.64.

HRMS: calc’d for CraH1FN,0, 247.1241; found (ESI), 247.1235 [(M+H)'].
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2-(2-Amino-5-(2-Fluoropyridin-3-yl)phenyl)propan-2-ol. (22)

7
N
N OH
F
NH,

2-(2-Amino-5-bromophenyl)propan-2-ol (1a) (0.20 g, 0.869 mmol), (6-fluoropyridin-
3-yl)boronic acid (0.147 g, 1.042 mmol), Na,CO; (0.184 g, 1.738 mmol) and
bis(triphenylphosphine)palladium(1l) dichloride (0.03 g, 0.043 mmol) were added to a
microwave tube and dissolved in degassed acetonitrile : water (1:1). Reaction was
heated at 150 °C (200 W) for 6 min. Reaction mixture was poured into water (30 mL)
and extracted with EtOAc (3 % 50 mL). Organic fractions were combined and dried
over anhydrous MgSO,. Bulk solvent was removed in vacuo and pure product was
isolated by column chromatography (silica, eluent: 40% EtOAc / 60% hexane) to give
product as a brown solid (131 mg, 61%).

'H NMR (CDCls, 400 MHz) & 8.10 — 8.11 (m, 1H), 7.80 — 7.83 (m, 1H), 7.36 (m,
1H), 7.31 (m, 1H), 7.21 — 7.24 (m, 1H), 6.72 (d, 1H, J = 8.4 Hz), 1.72 (s, 6H). 1°C
NMR (CDCls, 100 MHz) § 29.2 (C(CHs),0H), 74.1 (C(CH3),0H), 117.3 (Ar C-H),
121.7 (Ar C-H), 123.3 (Ar C), 126.3 (Ar C-H), 128.5 (Ar C-H), 130.4 (Ar C), 139.78
(Ar C-H), 144.6 (Ar C-H), 146.2 (Ar C-H), 159.1 (Ar C), 161.5 (Ar C). *°F NMR
(CDCl5 400 MHz) & 71.25.

HRMS: calc’d for C1aH16FN,O, 247.1241; found (ESI), 247.1239 [(M+H)"].
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6-(3-Chloro-4-fluorophenyl)-4,4-dimethyl-1H-benzo[d][1,3]oxazine-2(4H)-thione.
(23)

b
Cl 0

2-(4-Amino-3'-chloro-4'-fluoro-[1,1'-biphenyl]-3-yl)propan-2-ol (19) (0.147 g, 0.523
mmol) and 1,1°-thiocarbonyldiimidazole (0.112 g, 0.628 mmol) were stirred at 50 °C
in dry THF (50 mL) under an inert atmosphere for 16 h. Bulk solvent was removed in
vacuo and crude product was dissolved in EtOAc and washed with aqueous
hydrochloric acid (1M). Organic fraction was dried over anhydrous MgSO,. Bulk
solvent was removed in vacuo and the product was isolated by column
chromatography (silica, eluent: 40% EtOAc / 60% hexane) followed by further
purification of 30 mg of product by reverse phase column chromatography (silica
C18-reversed phase, eluent: 70% MeCN / 30% water) to give pure product as a solid
(9 mg, 30 %). Mp =200 - 201 °C. R; = 0.60 (TLC, 50% EtOAc / 50% hexane).

'H NMR (CDCls, 400 MHz) & 7.48 (dd, 1H, J = 2.2, 6.9 Hz), 7.37 (dd, 1H, J = 1.8,
8.2 Hz), 7.29 — 7.33 (m, 1H), 7.20 (d, 1H, J = 1.8 Hz), 7.14 (t, 1H, J = 8.6 Hz), 6.91
(d, 1H, J = 8.2 Hz), 1.75 (s, 6H)."*C NMR (CDCls, 100 MHz) & 27.7 (C(CHs),0),
84.8 (C(CHs),0), 114.5 (Ar C-H), 117.0 (Ar C-H), 117.2 (Ar C-H), 121.9 (Ar C-H),
126.5 (Ar C), 126.6 (Ar C), 127.4 (Ar C), 127.8 (Ar C-H), 129.0 (Ar C-H), 130.9 (Ar
C), 136.4 (Ar C), 137.2 (Ar C), 184.0 (C=S). °F NMR (CDCls, 400 MHz) & -117.0.

HRMS: cale’d for C16H1CIFNOS, 322.0463; found (ESI), 322.0459 [(M+H)']
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6-(2-Chloro-4-fluorophenyl)-4,4-dimethyl-1H-benzo[d][1,3]oxazine-2(4H)-thione.

(24)
F O
O X
Cl N&S

2-(4-Amino-2'-chloro-4'-fluoro-[1,1'-biphenyl]-3-yl)propan-2-ol (20) (230 mg, 0.819
mmol) and 1,1’°-thiocarbonyldiimidazole (175 mg, 0.983 mmol) were stirred at 50 °C
in dry THF (50 mL) under an inert atmosphere for 16 h. Bulk solvent was removed in
vacuo and crude product was dissolved in EtOAc and washed with aqueous HCI
(1M). Organic layer was dried over anhydrous MgSO,. Bulk solvent was removed in
vacuo and the product was isolated by column chromatography (silica, eluent: 40%
EtOAc / 60% hexane) followed by precipitation from ether to give product as a solid
(56 mg, 21 %). Mp =208 - 211 °C. R; = 0.69 (TLC, 50% EtOAc / 50% hexane).

'H NMR (CDCls, 400 MHz) & 7.32 (dd, 1H, J = 1.8, 8.2 Hz), 7.27 — 7.30 (m, 1H),
7.23 (dd, 1H, J = 2.5, 8.5 Hz), 7.21 (d, 1H, J = 1.8 Hz), 7.03 — 7.08 (m, 1H), 6.99 (d,
1H, J = 8.2 Hz), 1.79 (s, 6H)."*C NMR (CDCls, 100 MHz) 527.7 (C(CHs);0), 84.8
(C(CH3);0), 113.9, 114.4, 117.4, 124.6, 126.5, 130.2, 130.7, 132.1, 133.2, 1354,
135.6, 160.7, 163.1, 184.1 (C=S). **F NMR (CDCls, 400 MHz) & -112.2.

HRMS: cale’d for C1gH1,CIFNOS, 322.0463; found (ESI), 322.0450 [(M+H)']
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6-(6-Fluoropyridin-3-yl)-4,4-dimethyl-1H-benzo[d][1,3]oxazine-2(4H)-thione. (25)

2-(2-Amino-5-(4-fluoropyridin-3-yl)phenyl)propan-2-ol (21) (240 mg, 0.975 mmol)
and 1,1’-thiocarbonyldiimidazole (208 mg, 1.17 mmol) were stirred at 50 °C in dry
THF (50 mL) under an inert atmosphere for 16 h. Bulk solvent was removed in vacuo
and crude product was dissolved in EtOAc and washed with aqueous HCI (1M).
Organic layer was dried over anhydrous MgSQO,. Bulk solvent was removed in vacuo
product was isolated by column chromatography (silica, eluent: 40% EtOAc / 60%
hexane) followed by precipitation from ether to give product as a solid (54 mg, 19 %).
Mp =207 - 209 °C. Ry = 0.54 (TLC, 50% EtOAc / 50% hexane).

'H NMR (CDCls, 400 MHz) & 8.40 (d, 1H, J = 2.7 Hz), 7.91 — 7.96 (m, 1H), 7.47 (dd,
1H, J = 1.8, 2.0, 8.3 Hz), 7.30 (d, 1H, J = 1.8 Hz), 7.05 (d, 1H, J = 8.2 Hz), 7.01 -
7.04 (m, 1H), 1.82 (s, 6H). *C NMR (CDCls, 100 MHz) & 27.7 (C(CHs),0), 84.7
(C(CH3),0), 109.7 (Ar C-H), 114.8 (Ar C-H), 122.0 (Ar C-H), 125.5 (Ar C), 127.8
(Ar C-H), 131.3 (Ar C), 133.9 (Ar C), 139.5 (Ar C-H), 145.6 (Ar C-H), 162.0 (Ar C),
164.4 (Ar C), 184.1 (C=S). *°F NMR (CDCl;, 400 MHz) & -69.51.

HRMS: calc’d for C15H14FN,OS, 289.0805; found (ESI), 289.0815 [(M+H)]
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6-(2-Fluoropyridin-3-yl)-4,4-dimethyl-1H-benzo[d][1,3]oxazine-2(4H)-thione. (26)

-
N 0
F ,&S

2-(2-Amino-5-(2-Fluoropyridin-3-yl)phenyl)propan-2-ol (22) (250 mg, 1.02 mmol)
and 1,1’-thiocarbonyldiimidazole (217 mg, 1.22 mmol) were stirred at 50 °C in dry
THF (50 mL) under an inert atmosphere for 16 h. Bulk solvent was removed in vacuo
and crude product was dissolved in EtOAc and washed with aqueous hydrochloric
acid (1M). Organic layer was dried over anhydrous MgSO.. Bulk solvent was
removed in vacuo and the product was isolated by column chromatography (silica,
eluent: 40% EtOAc/ hexane) followed by precipitation from ether to give product as a
solid (65 mg, 22 %). Mp = 211 - 213 °C. R; = 0.46 (TLC, 50% EtOAc / 50% hexane).

'"H NMR (CDCls, 400 MHz) & 8.15 (d, 1H, J = 4.7 Hz), 7.76 — 7.80 (m, 1H), 7.42 —
7.44 (m, 1H), 7.30 (m, 1H), 7.22 — 7.26 (m, 1H), 6.90 (d, 1H, J = 8.2 Hz), 1.73 (s,
6H).*C NMR (CDCl;, 100 MHz) 827.7, 84.8, 114.3, 121.9, 123.9, 127.1, 129.6,
131.0, 131.4, 140.3, 140.3, 146.6, 146.7, 184.1 *°F NMR (CDCl;, 400 MHz) 5 -70.9.

HRMS: calc’d for C1sH1FN,0S, 289.0805; found (ESI), 289.0800 [(M+H)']
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1-Methyl-1H-pyrrole-2-carbonitrile. (27)

N
!

To a solution of K,COj3 (3.88 g, 28.13 mmol) in DMF (10 mL) was added 1-H-
pyrrole-2-carbonitrile (0.5 mL, 5.86 mmol) and iodomethane (0.36 mL, 5.86 mmol).
Solution was stirred for 24 h. Bulk solvent was removed in vacuo and residue
dissolved in EtOAc (30 mL). Organic layer was washed with brine solution (3 x 20
mL), aqueous layer was washed with EtOAc (3 x 20 mL). Organic layer was dried
over anhydrous MgSQ, and solvent was removed in vacuo to yield product as a dark
brown liquid (0.6 g, 96 %).

'H NMR (CDCls, 400 MHz) § 6.78 — 6.79 (m, 1H), 6.74 (dd, 1H, J = 1.6, 4.2 Hz),
6.13 (dd, 1H, J = 2.7, 4.1 Hz), 3.75 (s, 3H). *C NMR (CDCls, 100 MHz) & 35.1 (N-

CHs), 104.2 (Ar C), 109.3 (Ar C-H), 113.6 (C=N), 119.7 (Ar C-H), 127.4 (Ar C-H).

HRMS: calc’d for CgH7N,, 107.0604; found (ESI), 107.0601 [(M+H)*].
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5-(4-Amino-3-(2-hydroxypropan-2-yl)phenyl)-1-methyl-1H-pyrrole-2-carbonitrile
(29)

NH,

To a solution of 1-methyl-1H-pyrrole-2-carbonitrile (27) (0.131 g, 1.23 mmol) in dry
THF (4 mL) was added triisopropylborate (0.250 mL, 1.08 mmol). The solution was
cooled to —4 °C in a salt ice bath. LDA (2M, 0.600 mL, 1.20 mmol) was added
dropwise, bath was removed and reaction was allowed to warm to 13 °C within 2 h.
Reaction was further cooled to 0 °C and quenched with HCI (5% Ag, 10 mL).
Reaction mixture was extracted with EtOAc (3 x 20 mL) and washed with water (2 x
20 mL). Combined organic fractions were dried over anhydrous MgSO, and solvent
removed in vacuo to yield an orange oil that solidified upon standing. TLC showed
formation of new product and consumption of starting material (3:2 Hexane/EtOAC).
Crude boronic acid product (142 mg, 0.95 mmol) was added to 2-(2-amino-5-
bromophenyl)propan-2-ol (200 mg, 0.86 mmol), Na,CO3 (182 mg, 1.72 mmol) and
Pd(PPh3),Cl; (30 mg, 0.043 mmol) in a 10 mL microwave tube. MeCN:H,0 (1:1, 8
mL) was degassed and added to the microwave tube before microwave irradiation at
150 °C (200 W) for 10 min. Reaction mixture was poured into water (5 mL) and
extracted with EtOAc (2 x 20 mL). Combined organic fractions were further washed
with brine solution (2 x 10 mL). Organic layer was dried over anhydrous MgSO, and
solvent was removed in vacuo. Compound was isolated by column chromatography
(silica, eluent: 40% EtOAc / 60% hexane) to give product as a brown oil (44 mg, 20
%).

'H NMR (CDCls, 400 MHz) & 7.04 (d, 1H, J = 2.0 Hz), 6.99 (dd, 1H, J = 2.0, 7.1
Hz), 6.75 (d, 1H, J = 3.9 Hz), 6.62 (d, 1H, J = 8.0 Hz), 6.04 (d, 1H, J = 4.1 Hz), 3.62
(s, 3H), 1.62 (s, 6H). **C NMR (CDCls, 100 MHz) & 29.1 (C(CHj3),0), 33.6 (N-CHj),
74.2 (C(CH3),0), 104.4 (Ar C), 108.8 (Ar C), 114.6 (C=N), 117.0 (Ar C-H), 119.5
(Ar C-H), 120.0, 126.8 (Ar C-H), 128.9 (Ar C-H), 130.2 (Ar C), 140.9 (Ar C), 146.2
(Ar C).

HRMS: calc’d for CisH1gN3Oy, 256.1444; found (ESI), 256.1447 [(M-H)']
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4,4-Dimethyl-6-((trimethylsilyl)ethynyl)-1H-benzo[d][1,3]oxazin-2(4H)-one. (30)

\d{

0

N’go
H

To a dry three neck flask was added 6-iodo-4,4-dimethyl-1H-benzo[d][1,3]oxazin-
2(4H)-one (2b) (0.10 g, 0.33 mmol), bis(triphenylphosphine)palladium(Il) dichloride
(23 mg, 0.033 mmol), Cul (1 mg, 0.005 mmol) dissolved in dry DCM (10 mL) and

triethylamine (2 mL) under an inert atmosphere. Trimethylsilylacetylene (1 mL, 0.5

<
e

Si

mmol) was added and reaction mixture refluxed in the dark for 4 h. Solution was
allowed to cool to ambient temperature and filtered. Solvent was removed in vacuum

to yield product as a solid. (90 mg, 100%).

'H NMR (CDCls, 400 MHz) & 7.19 (dd, 1H, J = 1.8, 8.0), 7.10 (d, 1H, J = 1.6), 6.89
(d, 1H, J = 8.2 Hz), 1.55 (s, 6H), 0.12 (s, 9H)."*C NMR (CDCls, 100 MHz) 5 0.0 (Si-
(CHa)s, 28.0 (C(CH3),0), 82.6 (C(CHs);0), 93.8 (Ar-C=C-Si), 104.5 (Ar-C=C-Si),
114.9 (Ar C-H), 118.0 (Ar C), 126.3 (Ar C), 126.9 (Ar C-H), 132.7 (Ar C-H), 134.4
(Ar C), 152.5 (C=0).
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6-Ethynyl-4,4-dimethyl-1H-benzo[d][1,3]oxazin-2(4H)-one. (31)
\\\d
o)
N’go
H

To a flask  was added 4,4-dimethyl-6-((trimethylsilyl)ethynyl)-1H-
benzo[d][1,3]oxazin-2(4H)-one (30) (3.47 g, 12.70 mmol) and K,COj3 (5.00 g, 36
mmol) in MeOH (20 mL). The mixture was allowed to stir for 2 hours. Bulk solvent
was removed in vacuo and residue was dissolved in EtOAc. The organic layer was
washed with water (3 x 100 mL) and dried over anhydrous MgSQ,, Bulk solvent was
removed in vacuo to yield a brown solid (2.40 g, 94 % yield). Mp = 165 - 167 °C.

'H NMR (CDCls, 400 MHz) & 7.38 (dd, 1H, J = 1.7, 8.3 Hz), 7.28 (d, 1H, J = 1.6 Hz),
6.79 (d, 1H, J = 8.2 Hz), 3.06 (s, 1H), 1.72 (s, 6H).2*C NMR (CDCls, 100 MHz) &
28.0 (C(CHs),0), 60.1 (Ar-C=C-H), 82.8 (C(CHs),0), 82.9 (Ar-C=C-H), 114.7 (Ar
C-H), 117.2 (Ar C), 126.4 (Ar C), 127.2 (Ar C-H), 132.9 (Ar C-H), 134.2 (Ar C),
152.7 (C=0).

HRMS: calc’d for C1oH1,NO,, 202.0863; found (ESI), 202.0856 [(M+H)'].
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6-(1-(2-Fluoroethyl)-1H-1,2,3-triazol-4-yl)-4,4-dimethyl-1H-benzo[d][1,3]oxazin-

2(4H)-one. (32)
N=
O
N/&O
H

To a clean dry flask was added 2-fluoroethyltosylate (436 mg, 2 mmol) and sodium
azide (390 mg, 6 mmol) in dry DMF (10 mL) and allowed to stir at ambient
temperature for 24 h. Product is not isolated and assumed to have reacted to 100%
completion, giving a fluoroethylazide reagent (0.2 M). To a clean dry flask was added
6-ethynyl-4,4-dimethyl-1H-benzo[d][1,3]oxazin-2(4H)-one (31) (235 mg, 1.17
mmol), copper (I1) sulphate (14 mg, 0.06 mmol), ascorbic acid (20 mg, 0.12 mmol),
air evacuated and flushed with an inert atmosphere. Dry DMF (30 mL) was added,
followed by the addition of fluoroethylazide solution (7 mL, 1.40 mmol). The reaction
was heated to 90 °C and stirred for 48 h. Reaction was allowed to cool to ambient
temperature, poured into NH4CI (10%, aqueous solution) and extracted with DCM
and washed with water. Organic layer was dried over anhydrous MgSO,. Bulk solvent
was removed in vacuo and pure product was isolated by column chromatography
(silica, eluent: 1:9 MeOH / DCM) to give an orange coloured solid (51 mg, 15 %).
Mp =197 - 200 °C. Rf = 0.10 (TLC, 50% EtOAc / 50% hexane).

'H NMR (CD;0D 400 MHz) & 8.37 (s, 1H), 7.76 (d, 1H, J = 1.8 Hz), 7.73 (dd, 1H, J
= 1.8, 8.2 Hz), 6.97 (d, 1H, J = 8.2 Hz), 4.90 — 4.93 (m, 1H), 4.79 — 4.83 (m, 2H),
473 — 4.76 (m, 1H), 1.74 (s, 6H)."*C NMR (CD30D,100 MHz) & 28.2 (C(CH3),0),
52.5 (NCH,CH,F), 82.0 (C(CHs),0), 83.7 (NCH,CH,F), 116.0 (Ar C-H), 121.9 (Ar
C-H), 1225 (Ar C-H), 127.1 (Ar C), 127.4 (Ar C-H), 128.5 (Ar C), 131.5 (Ar C),
136.0 (Ar C), 148.5 (C=0). °F NMR (CD30D 400 MHz) & -178.09.

HRMS: calc’d for CraH1sFN4O5, 291.1252; found (ESI), 291.1247 [(M+H)']
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4-amino-4'-methyl-[1,1'-biphenyl]-3-carboxylic acid. (33)

SUU:
O OH
NH,

2-Amino-5-bromobenzoic acid (0.500 g, 2.3mmol), p-tolylboronic acid (0.312 g, 2.3
mmol), K,CO; (0.636 g, 4.6 mmol) and bis(triphenylphosphine)palladium(Il)
dichloride (0.080 g, 0.115 mmol) were added to a microwave tube and dissolved in
degassed acetonitrile : water (1:1, 10 mL). Reaction was heated at 150 °C for 10 min.
Reaction mixture was poured into aqueous NaHCO; (50 mL) and extracted with
EtOAc (3 x 100 mL). Organic fractions were combined and dried with anhydrous
MgSO,. Bulk solvent was removed in vacuo and pure product was isolated by column
chromatography (silica, eluent: 100% EtOACc) to give product as a solid (300 mg, 57
%).

'"H NMR (CDCls, 400 MHz) 6 8.17 (d, 1H, J = 2.2 Hz), 7.58 (dd, 1H, J = 2.2, 8.6 Hz),
7.46 (d, 2H, J = 8.2 Hz), 7.3 (d, 2H, J = 8.0), 6.76 (d, 1H, J = 8.6 Hz), 2.39 (s, 3H).
3C NMR (CDCls3, 100 MHz) & 20.9 (Ar-CHs), 110.9 (Ar C), 117.1 (Ar C-H), 126.0
(Ar C-H), 129.3 (Ar C-H), 129.8 (Ar C-H), 132.8 (Ar C-H), 134.1 (Ar C), 136.0 (Ar
C), 137.4 (Ar C), 149.6 (Ar C), 170.5 (COOH).
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3-methyl-2-thioxo-6-(p-tolyl)-2,3-dihydroquinazolin-4(1H)-one. (34)

4-Amino-4'-methyl-[1,1'-biphenyl]-3-carboxylic acid (33) (0.30 g, 1.32 mmol) and
methylisothiocyanate (0.289 g, 3.96 mmol) were dissolved in glacial acetic acid (50
mL) and refluxed at 120 °C (200 W) for 5 h. Bulk solvent was removed in vacuo and
residue washed with Et,O (40 mL). Pure product was precipitated from DCM (30
mL) to yield a white powder (33 mg, 9 %). Mp > 300 °C (Decomp.). R; = 0.61 (TLC,
50% EtOAc / 50% hexane).

'H NMR ((CD5),SO, 400 MHz) & 8.14 (d, 1H, J = 2.0 Hz), 8.06 (dd, 1H, J = 1.8, 8.5
Hz), 7.61 (d, 2H, J = 8.0 Hz), 7.46 (d, 1H, J = 8.6), 7.30 (d, 2H, J = 8.2 Hz), 3.68 (s,
3H), 2.35 (s, 3H). 3C NMR ((CDs),SO, 100 MHz) & 20.7 (Ar-CHs), 33.4 (N-CHa),
115.7 (Ar C), 116.4 (Ar C-H), 124.1 (Ar C-H), 126.3 (Ar C-H), 129.7 (Ar C-H),
133.6 (Ar C-H), 1355 (Ar C), 136.0 (Ar C), 137.3 (Ar C), 138.1 (Ar C), 159.6
(C=0), 175.0 (C=S).

HRMS: calc’d for CigH1sN20S, 283.0900; found (ESI), 283.0904 [(M+H)']
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3-Propyl-2-thioxo-6-(p-tolyl)-2,3-dihydroquinazolin-4(1H)-one. (35)

4-Amino-4'-methyl-[1,1'-biphenyl]-3-carboxylic acid (33) (0.10 g, 0.44 mmol) and
propylisothiocyanate (0.13 mL, 1.32 mmol) were dissolved in glacial acetic acid (4
mL) in a microwave tube and heated at 160 °C (200 W) for 15 min in a microwave
reactor. Bulk solvent was removed in vacuo and residue washed with Et,O (40 mL)
and filtered to yield a yellow powder (28 mg, 20 %). Mp = 270 - 273 °C. R; = 0.79
(TLC, 50% EtOAc / 50% hexane).

'H NMR ((CD3),S0, 400 MHz) §8.13 (d, 1H, J = 2.0 Hz), 8.06 (dd, 1H, J = 10.4, 5.2
Hz), 7.61 (d, 2H, J = 8.2 Hz), 7.45 (d, 1H, J = 8.8 Hz), 7.30 (d, 2H, J = 8.0 Hz), 4.37
(m, 2H), 2.45 (s, 3H), 1.71 (m, 2H), 0.91 (t, 3H).**C NMR ((CD3),SO, 100 MHz)
811.2 (NCH,CH,CHs), 19.7 (NCH,CH,CHg), 20.7 (Ar-CHs), 47.2 (NCH,CH,CHs),
116.0 (Ar C), 116.4 (Ar C-H), 124.1 (Ar C-H), 126.3 (Ar C-H), 129.8 (Ar C-H),
133.7 (Ar C-H), 135.7 (Ar C), 136.2 (Ar C), 137.3 (Ar C), 138.1 (Ar C), 159.3
(C=0), 174.7 (C=5).

HRMS: calc’d for C1gH1sN,0S, 311.1213; found (ESI), 311.1227 [(M+H)']
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3-(4-Fluorophenyl)-2-thioxo-6-(p-tolyl)-2,3-dihydroquinazolin-4(1H)-one. (36)

4-Amino-4'-methyl-[1,1'-biphenyl]-3-carboxylic acid (33) (0.11 g, 0.50 mmol) and 4-
Fluorophenyl isothiocyanate (0.230 g, 1.50 mmol) were dissolved in glacial acetic
acid (4 mL) in a microwave tube and heated at 160 °C (200 W) for 15 min in a
microwave reactor. Precipitate was filtered and washed with Et,O (40 mL) to yield
white crystals (63 mg, 35 %). Mp >300 °C (Decomp.). Rs = 0.73 (TLC, 50% EtOAc /
50% hexane).

'H NMR ((CD3),S0, 400 MHz) & 8.11 (m, 2H), 7.61 (d, 2H, J = 8.2 Hz), 7.51 (d, 1H,
J=9.4 Hz), 7.29 - 7.38 (m, 6H), 2.35 (s, 3H). *C NMR ((CD3),S0O, 100 MHz)  20.7
(Ar-CHs), 115.7 (Ar C-H), 115.9 (Ar C-H), 116.5 (Ar C), 116.7 (Ar C), 124.2 (Ar C-
H), 126.3 (Ar C-H), 129.8 (Ar C-H), 131.1 (Ar C), 131.2 (Ar C-H), 133.8 (Ar C-H),
135.5 (Ar C), 136.0 (Ar C), 137.3 (Ar C), 138.7 (Ar C), 159.9 (C-F), 160.3 (C=0),
175.8 (C=S).”*F NMR ((CD3),SO, 400 MHz) & -113.98.

HRMS: calc’d for Co1H1sFN;0S, 363.0962; found (ESI), 363.0967 [(M+H)*]
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(4,4-dimethyl-2-0x0-2,4-dihydro-1H-benzo[d][1,3]oxazin-6-yl)boronic acid (37)

<H0)ZB©\><O
o

N
H

To a solution of 6-bromo-4,4-dimethyl-1,4-dihydro-benzo[d][1,3]oxazin-2-one (2a)
(2.00 g, 3.9 mmol) in dry THF was added n-butyllithium (7.3 mL, 11.7 mmol) at —78
°C under argon. After stirring at —78 °C for 30 min, a slurry was obtained and treated
with triisopropyl borate (3.25 mL, 14.1 mmol) and allowed to warm to ambient
temperature. Reaction was quenched with aqueous HCI (1M, 100 mL). Ethyl acetate
(100 mL) was added and organic layer was separated. Aqueous layer was extracted
with EtOAc (3 x 50 mL). The combined organic layers were washed with brine and
dried with anhydrous MgSO,. The solvent was removed in vacuo and EtOAc (50 mL)
was added to precipitate product as a white powder (500 mg, 59%). Mp = 255 - 258
°C.

'H NMR ((CD3),S0, 400 MHz) & 10.22 (s, 1H), 7.57 — 7.63 (m, 2H), 6.78 (d, 1H, J =
7.7 Hz), 1.55 (s, 6H). °C NMR ((CD3),;SO, 100 MHz) & 27.8 (C(CHs),0), 81.6
(C(CH3);0), 113.1 (Ar C-H), 125.2 (Ar C), 129.3 (Ar C-H), 134.8 (Ar C-H), 136.3
(Ar C), 150.7 (Ar C), 150.8 (C=0).

HRMS: calc’d for CoH1:BNO,, 220.0787; found (ESI), 220.0786 [(M-H)]
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Toluenesulphonic acid-2-azidoethyl ester.''? (38)

T~ Na

Bromoethanol (5.0 g, 40 mmol), water (100 mL) and sodium azide (3.12 g, 48 mmol)
was added to a flask and refluxed for 16 h. The solution was cooled, saturated with
magnesium sulfate and extracted with dichloromethane (2 x 100 mL). The combined
organic layers were dried over anhydrous MgSQO, and transferred into a flask. To the
mixture was added triethylamine (7.8 mL, 56 mmol) and toluenesulfonyl chloride (7.6
g, 40 mmol) and stirred for 4 h. Glycine (0.6 g, 8 mmol) was added and stirred for 2
h. The organic layer was washed with sodium hydroxide (1M) and dried over
anhydrous MgSQO, and solvent removed in vacuo to yield compound as an oil (4.3 g,
44%).

'H NMR (CDCls, 400 MHz) 6 7.79 (d, 2H, J = 8.2 Hz), 7.35 (d, 2H, J = 8.0 Hz), 4.09
—4.22 (m, 2H), 3.43 — 3.52 (m, 2H), 2.43 (s, 3H). **C NMR (CDCls, 100 MHz) § 21.7
(CHa), 49.4 (CH,), 68.7 (CHy), 126.9 (Ar C), 127.8 (Ar C-H), 129.9 (Ar C-H), 130.1

(Ar C).

HRMS: cale’d for CoH1sN4O5S, 259.0859; found (ESI), 259.0856 [(M+NH.)*]
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2-(4-(4,4-dimethyl-2-ox0-2,4-dihydro-1H-benzo[d][1,3]oxazin-6-yl)-1H-1,2,3-
triazol-1-yl)ethyl 4-methylbenzenesulfonate. (39)

N=N

TsO /\/NI i
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H

6-Eth21.3ynyl-4,4-dimethyl-1H-benzo[d][1,3]oxazin-2(4H)-one (31) (100 mg, 0.49
mmol), toluenesulphonic acid-2-azidoethyl ester (119 mg, 0.49 mmol), CuSO4 (5 mg,
0.03 mmol) and sodium ascorbate (5 mg, 0.03 mmol) were added to a microwave tube
(10 mL) and dissolved with H,O:THF (1:1, 8 mL). The tube was irradiated with
microwaves at 60 °C (200 W) for 30 min. Solvent was removed in vacuo with the aid
of EtOH. Compound was isolated by column chromatography (silica, eluent: 10%
MeOH / 90% DCM) to give product as a yellow solid (133 mg, 61%). Mp = 211 - 216
°C. Ry =0.42 (TLC, 10% EtOAcC).

'H NMR (CDCls, 400 MHz) & 7.80 (s, 1H), 7.59 — 7.61 (m, 3H), 7.50 — 7.52 (m, 1H),
7.20 (d, 2H, J = 8.0 Hz), 6.86 (d, 1H, J = 8.2 Hz), 4.63 (t, 2H, J = 4.7 Hz), 4.30 (t, 2H,
J = 4.7 Hz), 2.30 (s, 3H), 1.70 (s, 6H). *C NMR (CDCl3, 100 MHz) & 21.6 (Ar-CHs),
28.1 (C(CHs),0), 49.3 (CH,CH,F), 67.8 (CH,CH,F), 81.3 (C(CH5),0), 100.0 (Ar C),
114.8 (Ar C-H), 120.2 (Ar C-H), 120.8 (Ar C-H), 125.0 (Ar C), 125.9 (Ar C), 126.3
(Ar C), 127.2 (Ar C), 127.8 (Ar C-H), 130.1 (Ar C-H), 131.8 (Ar C), 133.9 (Ar C),
147.2 (C=0).

HRMS: calc’d for Cp1H2305N4S, 443.1384; found (ESI), 443.1380 [(M+H)']
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Surface Plasmon Resonance

13.0 - Methods

The SPR instrument used in this project was a GE Healthcare Biacore T200 Optical
Biosensor. The instrument was regularly maintained using the GE Healthcare
maintenance kit and received regular services. After use, the instrument was desorbed

using GE Healthcare BlAcore maintenance Kit.

13.1 - Materials

All reagents used for His-Capture (28-9950-56), GST-Capture (BR-1002-23) and
direct amine coupling were purchased from GE Healthcare for specific use with
Biacore instruments. Plastic tubes and containers were provided by GE Healthcare
and were made from polypropylene to prevent small molecules sticking to the surface.
All experiments were conducted on Biacore CM5 sensor chips (BR-1005-30). Once
seal is broken, used chips were stored in running buffer to preserve dextran coating.
Molecular biology grade DMSO was purchased from Sigma Aldrich (Gillingham,
United Kingdom). High purity HPLC gradient water was purchased from Fischer
Scientific. Progesterone was purchased from Sigma Aldrich. Stock buffer solutions
(10x) were purchased from GE Healthcare (Uppsala, Sweden). HBS-EP+ buffer (1X)
(0.01 M Hepes, 150 mM NaCl, 3 mM EDTA, 0.05% P20 surfactant, pH 7.4) was
prepared by diluting a stock (10X, BR-1006-69) (0.1 M Hepes, 1.5 M NaCl, 30 mM
EDTA, 0.5% (v/v) P20 surfactant;) with HPLC grade water. Recombinant ER-alpha
protein was purchased from Abcam and expressed as a His-fusion protein.
Recombinant PR-LBD protein (amino acids 675-933) was purchased from Invitrogen
(P2899) and expressed as a GST fusion protein. Recombinant PR-LBD in complex
with HSP90 was purchased from AB Vector (SP90). PR antibody (1gG) was
purchased from Santa Cruz Biotechnology (sc-538). HSP90 antibody was purchased
from Abcam (ab13492).
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Preparation of anti-His capture chip.

His mADb surfaces were prepared using instructions provided by GE Healthcare in the
His-Capture Kit. Anti-histidine antibody (5 pL) was diluted into immobilization
buffer (95 pL) to create a 50 pug/mL solution. The system was primed with PBS
buffer and CM5 chip docked into the instrument and further primed with buffer.
Immobilization wizard was used to automate the immobilization process.
Immobilization was performed at 25 °C at a flow rate of 10 pL/min. Surface was
activated with EDC/NHS (7 min) followed by injection of anti-histidine antibody (7
min) and a final injection for deactivation with ethanolamine (7 min). Immobilization
was repeated for both active and reference flow cell and resulted in the
immobilization of ~13,000 RU.
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Capture of His-tagged ER to anti-His capture chip.

A PBS running buffer (1x) was prepared from GE Healthcare PBS (10x) stock by a
1:10 dilution. An anti-His capture chip was prepared using the previously described
method. Capture was carried out in PBS buffer (1x) throughout the experiment. His-
tagged ER (5 pL) was diluted into running buffer (95 pL) and gently mixed. Stable
baseline was obtained, followed by injection of His-tagged ER at flow rate of 10

pL/min until all his-tagged ER had been consumed, resulting in capture of ~1100 RU.
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Preparation of anti-GST capture chip.

GST mAb surfaces were prepared using instructions provided by GE Healthcare in
the GST-Capture Kit. Anti-GST antibody (5 pL) was diluted into immobilization
buffer (95 uL) to create a 30 pg/mL solution. The system was primed with HBS-EP+
buffer and CM5 chip docked into the instrument and further primed with buffer.
Immobilization wizard was used to automate the immobilization process.
Immobilization was performed at 25 °C at a flow rate of 10 pL/min. Surface was
activated  with  1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide ~ and  N-
hydroxysuccinimide (EDC/NHS) (7 min) followed by injection of anti-GST antibody
(5 min) and a final injection for deactivation with ethanolamine (7 min).
Immobilization was repeated for both active and reference flow cell and resulted in
the immobilization of ~10,000 RU. High activity antibody sites were blocked on both
reference and active channels using recombinant GST (2.5 pL into 97.5 pL of running
buffer) and injected (3 min) at 10 puL/min followed by injection of regeneration
solution (120 s).
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Capture of PR-LBD GST tagged protein to anti-GST capture chip.

Running buffer was prepared from GE Healthcare HBS-EP+ (10x) stock by dilution.
An anti-GST capture chip was prepared using the previously described method. PR-
LBD GST tagged protein (2 pL) was added to running buffer (98 pL) and gently
mixed. Ligand capture was performed using manual injection onto active channel
only. Stable baseline was obtained, followed by injection of PR-LBD GST Tagged
protein (400 s) at 10 pL/min resulting in capture of ~2500 RU.
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Confirmation of PR-LBD capture

Procedure for capturing PR-LBD by GST-tag approach was followed as previously
described. PR (c-19) rabbit polyclonal IgG antibody was diluted into HBS-EP+
running buffer (1:10) to give a 20 pg/mL solution. Antibody solution was injected (60
s) using manual injection at flow rate of 30 pL/min and resulted in ~65 RU.
Characteristic sensogram for antibody binding was obtained on active channel and
confirmed immobilisation of PR-LBD GST tagged protein.
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Injections of Tanaproget to test LMW binding.

Procedure for capturing PR-LBD by GST-tag approach was followed as previously
described. Running buffer was changed to HBS-EP+ (1x) containing DMSO (3%).

Blank injection of running buffer (120 s) was followed by a 60 s dissociation time.

Tanaproget (30 uM) was injected (120 s) and dissociated (60 s) from the chip. The

resulting sensogram shows greater response on each of the flow cells of the chip.
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PR Assay at reduced temperature.

Procedure for capturing PR-LBD by GST-tag approach was followed as previously
described and temperature of the SPR instrument was reduced to 4 °C until stable.
Running buffer was changed to HBS-EP+ (1x) containing DMSO (3%). A
progesterone concentration series (30 UM to 0.029 uM) of 11 concentrations was
created by serial dilution (1:2) of the 30 uM stock solution into buffer containing 3%
DMSO. Samples were injected for 100 s before dissociation for 300 s. Blank samples
containing running buffer were injected for blank subtraction. Solvent correction was

run as part of the assay and included 8 concentrations ranging from 2.5 % to 3.5 %

DMSO.
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PR Assay using denaturing conditions.

Procedure for capturing PR-LBD by GST-tag approach was followed as previously
described. Running buffer was changed to HBS-EP+ (1x) containing DMSO (3%)
and urea (1M) throughout the experiment. A progesterone concentration series (30
MM to 0.937 uM) of 6 concentrations was created by serial dilution (1:2) of the 30
MM stock solution into buffer containing 3% DMSO. Blank samples containing
running buffer were injected along with a duplicate of progesterone (3.75 UM)
sample. Solvent correction was run as part of the assay and included 8 concentrations
ranging from 2.5 % to 3.5 % DMSO.
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GST-Tag capture of PR-HSP90 receptor.

An anti-GST capture chip was prepared using the previously described method. HBS-
EP+ (1x) running buffer was used throughout PR-HSP90 capture. PR-HSP90 GST
tagged protein (1 pL) was diluted with 99 puL of running buffer to result in a 200 nM
solution of receptor. Ligand capture was performed using manual injection onto
active channel only. Stable baseline was obtained, followed by injection of PR-HSP90
GST Tagged protein (850 s) at 5 pL/min resulting in capture of ~1300 RU. Running
buffer was flowed over the surface at 30 pL/min to determine stability of GST capture

over time.

1700 -
1500 -

1300 -

1100 -

900 -

700 -

Response (RU)

500 -

300 -

100 -

-100 OPI 1000 2000 3000 4000 5000
Time (s)

198



Chapter 6 Experimental

HSP90 dissociation experiment.

A PR-HSP90 chip surface was prepared using previously described method. HBS-
EP+ (1x) running buffer containing 3% DMSO was used throughout the experiment.
Concentrations of progesterone ranging from 3.75 puM — 1.80 nM in buffer containing
3% DMSO were made. The concentrations of progesterone were injected in order of
lowest concentration to highest concentration with a blank injection of running buffer
using manual run; each concentration was injected as a new cycle. The flow rate of

the experiment was set to 30 pL/min with a 60 s association.
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Testing surface with Anti-HSP90 antibody

A PR-HSP90 chip surface was prepared using previously described method. HSP90
antibody was diluted into HBS-EP+ running buffer in a ratio of 1:10. Antibody
solution was injected (25 s) using manual injection at flow rate of 30 uL/min. The 2-1

sensogram is shown below.
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EFC Assay.

14.0 - Materials

The enzyme fragment complementation assay used was a HitHunter™ Progesterone
Receptor Assay purchased from DiscoveRx™ (90-0018-01). DMSO for compound
solubilisation was purchased from Alfa Aesar. Black 96-well plates were used in the
assay. Plates were read using a Tecan fluorescence plate reader (M100, Tecan, UK).
Reagents were thawed prior to preparation and equilibrated to room temperature prior
to use. Progesterone standard (240 puM, 100% DMSO) was diluted and used to
prepare 14 standards by 1:3 dilution. Progesterone receptor cytosol was diluted into
PR Assay Buffer according to the dilution factor provided (lot specific). Cytosol and
EA Reagent were gently mixed in the ratio of 1.5:1. FL substrate reagent was mixed
with FL dilution buffer in the ratio of 1:4. ED reagent and diluted substrate were
mixed in the ratio of 1:1. Test compounds were dissolved in 100% DMSO and diluted
in serial 1:3 dilutions into 100% DMSO.

14.1 - Methods

A 96-well plate was portioned to include background wells, progesterone standard
wells and test compound wells. To background wells was added assay buffer (2 L),
to the progesterone standard wells was added the concentration series of progesterone
in DMSO (2 pL) and to the compound wells were added test compound concentration
series in DMSO (2 uL). To all 96-wells was added Cytosol/EA mix (50 pL) and
allowed to incubate at room temperature for 1 hour. To the background wells was
added assay buffer/substrate mix (40 uL) and to the progesterone standard and test
compound concentration series was added ED/substrate mix (40 uL). Plate was
incubated in the dark for 1 hour. Plate was read on a fluorescence intensity reader
(Ex: 530 nm, Em: 620 nm).
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T47D AP assay.

15.0 - Materials

T47D cells (ATCC) were grown in RPMI medium (Lonza) supplemented with 10%
foetal calf serum (Sigma).

15.1 - Method

The T74D AP assay was conducted by Cecilia S Miranda using the following method.
Compounds were dissolved in DMSO (100%) and diluted into treatment medium to a
final concentration of DMSO (v/v) of 0.1%

Cells were plated in 96-well plates at 50,000 cells/well in RPMI medium
supplemented with 10% FBS. After overnight culture the medium was changed to
RPMI phenol red free containing 2% charcoal-stripped FBS (Sigma Aldrich). After
24 hours the cells were treated with progesterone as a positive control and the test
compounds. To determine antagonist activity, progesterone (3 nM) was incubated
with the test compound.

After 48 h of incubation, treatment was ended by washing plates twice with PBS and
cells were lysed by 2 rounds of freeze-thaw cycle (-80 °C). Cellular AP activity was
determined by adding 200 pL of Femto ELISA-AP substrate. Optical density
measurements were taken at 5/10 min intervals at a wavelength of 405 nm. Data was
interpreted using Prism using model: dose-response simulation/inhibition.

Log(agonist/inhibitor) vs. response — variable slope (four parameters).

202



Chapter 6 Experimental

Radiochemistry Experimental

16.0 - Methods

[*®F]Fluoride was produced by Goncalo dos santos Clemente, PET Research Facility,
The University of Hull via the **0(p,n)'®F reaction and delivered as [**F]fluoride in
[*®O]water with a typical activity of 370 MBq; the cyclotron used was an ABT BG-75
mini cyclotron which under normal production with a beam current of 4.2 pA and
beam energy of ~6.9 MeV produced *°F yields of 22 — 30 MBg/min with a specific
activity of 133 GBg/umol.** The target volume of the ABT BG-75 was >300 pL.**®
Target solution is added to Kryptofix 222 (5 mg) and K,COj3 (0.1 M, 200 uL) in 300
uL of acetonitrile. Water was removed by azeotropic distillation under a stream of
compressed air at 100 — 110 °C, the resulting complex was dried an additional three
times with acetonitrile (300 pL) under a stream of compressed air. The dry complex
K'®F/Kryptofix 222™ was dissolved into anhydrous solvent containing precursor
molecule for radiolabelling. Specific activity was measured by isolating radioligand
using semi-prep HPLC, immobilising the radioligand on a C18 SPE cartridge and
eluting with EtOH (500 pL). Activity of the sample was determined using a dose
calibrator and injected onto analytical HPLC to determine the AUC of the radioligand
UV peak. Dissolving cold compound in EtOH created a series of calibration standards
and AUC of the UV peak was measured using analytical HPLC; from this data, a
calibration curve was plotted (appendix). The straight-line equation of the calibration
curve was used to determine the mass of the isolated radioligand. The mass and

activity of the sample were used to calculate the specific activity of the isolated tracer.

16.1 - Materials

Pre-assembled Sep-Pak Alumina N SPE cartridges (Waters, Milford, MA) were used
in purification of tracer molecules. Acetonitrile and DMSO was dried over anhydrous
activated 3A mol sieves purchased from Sigma Aldrich following published
procedures.”* Radio-TLC was performed using Scan-RAM Radio TLC detector.
Radio-HPLC was performed using Agilent 1100/1200 series HPLC system and a
Phenomenex Gemini 5p C18 (150 x 4.60 mm, 5 micron) column using HPLC grade
acetonitrile and gradient water (25% MeCN:H,0); (Fischer Scientific).
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Chapter 6 Experimental

[*®F]3-bromo-2-fluoropyridine.

2,3-Dibromopyridine (3 mg) dissolved in DMSO (0.3 mL) was added to
K 8F/Kryptofix® 222 (75 MBq) in a 1 mL HPLC vial. The vial was heated at 120 °C
for various lengths of time (2 — 10 min). After cooling to room temperature, 0.1 mL of
reaction mixture was diluted in acetonitrile (0.3 mL) for analysis by radio-TLC.
Radiochemical incorporation from [*®F]fluoride was assessed by normal phase thin-
layer chromatography (5% MeOH / 95% DCM) to result in Trace 1 (89%).
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w
o
o

N
o
o

Counts (cps)
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0 ,./M\_

0 20 40 60 80 100
Distance (mm)

Trace 1 — Radio-TLC chromatogram of reaction mixture containing [*°F]3-bromo-2-

fluoropyridine.
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Chapter 6 Experimental

[*®F]6-(2-Fluoropyridin-3-yl)-4,4-dimethyl-1H-benzo[d][1,3]oxazin-2(4H)-one.

([**P)12)
]
N o
18 /g
N (@]
H

To a microwave tube was added (4,4-dimethyl-2-0xo0-2,4-dihydro-1H-
benzo[d][1,3]oxazin-6-yl)boronic acid (5 mg), Pd(PPh3),Cl, (1 mg), K,CO3 (5 mg)
and degassed MeCN:H,O (1:1, 1 mL). [*F]3-bromo-2-fluoropyridine was
synthesised and unreacted fluoride was removed by alumina N Sep Pak cartridge,
product was eluted with acetonitrile (500 pL) into the microwave tube. Reaction
vessel was heated by irradiation with microwaves for 15 min at 150 °C (200 W).
Reaction vessel was cooled under a stream of compressed air. Reaction mixture was
analysed by analytical HPLC to give as a representative example with a coupling
yield of 35% (C18, MeCN/H,0 2:3, 1 mL/min, UV 254 nm, tg 3.07 min).
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Trace 2 — HPLC chromatogram of reaction mixture containing compound
[*®F]12 (blue) with known reference material (red).
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[*®F]6-(1-(2-fluoroethyl)-1H-1,2,3-triazol-4-yl)-4,4-dimethyl-1H-
benzo[d][1,3]oxazin-2(4H)-one. ([**F]32)

18 N:
F/\/N /N
(0]
H

To a vial containing K*®F/Kryptofix® 222 (75 MBq) was added a solution of 2-(4-
(4,4-dimethyl-2-ox0-2,4-dihydro-1H-benzo[d][1,3]oxazin-6-yl)-1H-1,2,3-triazol-1-
ylethyl 4-methylbenzenesulfonate (4 mg) in dry DMSO (100 plL). The vial was
heated for 15 min at 100 °C. After cooling to room temperature, sample was diluted
in acetonitrile (500 uL) and analysed by analytical HPLC to give Trace 3 as a
representative example with a RCY of 78%. (C18, MeCN/H,0O 1:4, 1 mL/min, 12
min. MeCN/H,0 1:1, 8 min, UV 254 nm, tgr 7.04 min). Specific activity: 0.027
GBg/umol.
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Trace 3 — HPLC chromatogram of reaction mixture containing compound
[*®F]32 (blue) with known reference material (red).
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T47D Raw Data
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14
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Compound Purity

Compound purity was determined by reverse-phase HPLC; purity >95% was

achieved with all library compounds that were biologically evaluated.

Compound Purity (%) HPLC Trace
6 >99 Trace 4
8 98 Trace 5
9 98 Trace 6
10 98 Trace 7
11 >99 Trace 8
12 96 Trace 9
13 98 Trace 10
14 98 Trace 11
15 >99 Trace 12
16 >99 Trace 13
18 95 Trace 14
23 95 Trace 15
24 95 Trace 16
25 >99 Trace 17
26 97 Trace 18
32 >99 Trace 19
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Chromatogram
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Trace 4 — HPLC trace for compound 6. (t.=5.09 min, >99%)
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Trace 5 - HPLC trace for compound 8. (t; = 5.55 min, 98%)
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Chromatogram
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Trace 6 - HPLC trace for compound 9. (t;= 6.31 min, 98%)
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Trace 7 - HPLC trace for compound 10. (t; = 3.87 min, 98%)
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Chromatogram
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Trace 8 - HPLC trace for compound 11. (t,= 9.51 min, >99%)
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Trace 9 - HPLC trace for compound 12. (t, = 3.63 min, 96%)
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Chromatogram
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Trace 10 - HPLC trace for compound 13. (t;= 6.11 min, 98%)
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Trace 11 - HPLC trace for compound 14. (t,= 7.79 min, 98%)
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Chromatogram
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Trace 12 - HPLC trace for compound 15. (t,= 7.99 min, >99%)
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Trace 13 - HPLC trace for compound 16. (t; = 6.64 min, >99%)
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Chromatogram
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Trace 14 - HPLC trace for compound 18. (t; = 9.05 min, 95%)
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Trace 15 - HPLC trace for compound 23. (t;= 10.52 min, 95%)
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Chromatogram
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Trace 16 - HPLC trace for compound 24. (t;= 9.03 min, 95%)
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Trace 17 - HPLC trace for compound 25. (t, = 5.69 min, >99%)
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Chromatogram
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Trace 18 - HPLC trace for compound 26. (t;= 5.56 min, 97%)
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Trace 19 - HPLC trace for compound 32. (t, = 2.63 min, >99%)
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Radiochemistry

Radiochemistry conditions and HPLC traces for reactions described in this thesis are

shown in Table 20.

Precursor: (A) 2-bromopyridine-3-MIDA boronate, (B) 2,3-dibromopyridine.
Product: (4°) [**F]2-fluoropyridine-3-MIDA boronate, (B’) [**F]3-bromo-2-

fluoropyridine.

Table 20 — radiochemistry conditions used for synthesis of compounds in this project.

S B < 2 (S
a > @ & E & 5 8
e % -
A A’ 3mg K, CO; 20 180 O NA
MeCN 3mg K,CO; 10 80 0 NA
MeCN 3mg K,CO; 15 80 0 NA
MeCN 3mg K,CO; 20 80 0 NA
DMSO 3mg K,CO; 10 120 87 T%CG
DMSO 3mg K(CO; 15 120 90  'oF
DMSO 3mg K(CO; 20 120 88  'o°°
B B’ DMSO 3mg K,CO; 10 150 89 Trza;e
DMSO 3mg K,CO; 15 150 91 Tr;fe
DMSO 3mg K,CO; 20 150 91 Trzage
DMSO 3mg K,CO; 10 180 70 Trzaé’e
DMSO 3mg K,CO; 15 180 92 Tr;?"e
DMSO 3mg KCO; 20 180 85 ' oof
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DMSO 2mg  K,CO; 10 100 17 Trz"gce

DMSO 2mg K,COs 10 110 15 Tga(;:e

DMSO 2mg  K,COs 10 180 0 T;alce

[¥F]32 DMSO 2mg  K,COs 30 100 3 T;azce

DMSO 2mg KHCO; 10 100 6 T;a:fe

DMF  2mg K. COs 20 90 3 T;ife

DMF 2mg K, CO; 20 110 5 T;f;ce
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Trace 20 - Radio-TLC chromatogram of [®F]3-bromo-2-fluoropyridine. Conditions:
K,CO3z, 120 °C for 10 min, 3 mg precursor 2,3-dibromopyridine in DMSO (100 uL).
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Trace 21 — Radio-TLC chromatogram of [*®F]3-bromo-2-fluoropyridine. Conditions:

K>COs3, 120 °C for 15 min, 3 mg precursor 2,3-dibromopyridine in DMSO (100 uL).
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Trace 22 — Radio-TLC chromatogram of [*®F]3-bromo-2-fluoropyridine. Conditions:

K,CO3z, 120 °C for 20 min, 3 mg precursor 2,3-dibromopyridine in DMSO (100 uL).

300 -~

250 -

Counts (cps)
B RN
o (6} o
o o o

a1
o
I

ol ot A0 A

1 L

0 20 40 60 80 100
Distance (mm)

o
!

Trace 23 — Radio-TLC chromatogram of [**F]3-bromo-2-fluoropyridine. Conditions:

K2CO3, 150 °C for 10 min, 3 mg precursor 2,3-dibromopyridine in DMSO (100 uL).
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Trace 24 — Radio-TLC chromatogram of [*®F]3-bromo-2-fluoropyridine. Conditions:
K,COgz, 150 °C for 15 min, 3 mg precursor 2,3-dibromopyridine in DMSO (100 uL).
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Trace 25 — Radio-TLC chromatogram of [*®F]3-bromo-2-fluoropyridine. Conditions:
K2CO3, 150 °C for 20 min, 3 mg precursor 2,3-dibromopyridine in DMSO (100 uL).
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Trace 26 — Radio-TLC chromatogram of [*®F]3-bromo-2-fluoropyridine. Conditions:
K>COs3, 180 °C for 10 min, 3 mg precursor 2,3-dibromopyridine in DMSO (100 uL).
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Trace 27 — Radio-TLC chromatogram of [*®F]3-bromo-2-fluoropyridine. Conditions:
K,CO3z, 180 °C for 15 min, 3 mg precursor 2,3-dibromopyridine in DMSO (100 uL).
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Trace 28 — Radio-TLC chromatogram of [*®F]3-bromo-2-fluoropyridine. Conditions:
K2CO3, 180 °C for 20 min, 3 mg precursor 2,3-dibromopyridine in DMSO (100 uL).
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Trace 29 — Radio-HPLC trace for synthesis of [**F]32. Conditions: K,COs, 100 °C for
10 min, 2 mg precursor 39 in DMSO (200 uL).
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Trace 30 - Radio-HPLC trace for synthesis of [*®F]32. Conditions: K,COs, 110 °C for
10 min, 2 mg precursor 39 in DMSO (200 uL).
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Trace 31 - Radio-HPLC trace for synthesis of [*®F]32. Conditions: K,COjs, 180 °C for
10 min, 2 mg precursor 39 in DMSO (200 uL).
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Trace 32 - Radio-HPLC trace for synthesis of [*®F]32. Conditions: K,COjs, 100 °C for
30 min, 2 mg precursor 39 in DMSO (200 uL).
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Trace 33 - Radio-HPLC trace for synthesis of [**F]32. Conditions: KHCO3, 100 °C
for 10 min, 2 mg precursor 39 in DMSO (200 uL).

600
500
400

300

Counts (cps)

200

100 M‘NNJ

0
00:00 02:00 04:00 06:00 08:00 10:00

Time (min)

237



Appendix

Trace 34 - Radio-HPLC trace for synthesis of [*®F]32. Conditions: K,COs, 90 °C for
10 min, 2 mg precursor 39 in DMF (200 uL).
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Trace 35 - Radio-HPLC trace for synthesis of [*®F]32. Conditions: K,COs, 110 °C for
10 min, 2 mg precursor 39 in DMF (200 uL).

Specific activity calibration data
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Figure 62 — HPLC calibration curve for determining concentration (mg/mL) of an

unknown amount of tracer.
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AREA UNDER CURVE
Concentration

(mg/ml) n=1 n=2 n=3 Average
1 45379 44065 45783 45075.7
0.5 23965 20930 23516 22803.7
0.25 12112 11853 12081 12015.3
0.1 4286 4198 4290 4258.0
0.05 1938 2079 1988 2001.7
0.01 298 356 281 311.7
0.001 61.3 51.5 43.7 52.2
0 6 6.2 1.8 4.7

Figure 63 — Raw data for HPLC calibration curve.
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Trace 36 — Radio-HPLC showing purified [*®F]32 isolated in EtOH. Tracer isolated in
>99% radiochemical purity.
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