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Abstract

This thesis aims to develop copper-mediated radiosynthesis to incorporate fluorine-18 and
iodine-123 into FDA-approved poly(ADP-ribose) polymerase (PARP) inhibitors for cancer
diagnosis and treatment, consisting the development of *8F-radiolabelled rucaparib for positron
emission tomography (PET) application in cancer diagnosis and development of 1%|-
radiolabelled rucaparib and olaparib analogues as potential theragnostic agents for Auger
therapy.

Chapter | presents a general introduction of DNA damage, PARP and PARP inhibitors.
Chapter |1 starts with a brief overview of PET, and *®F-fluorination of (hetero)arenes, and
discusses two copper-mediated radiosynthesis approaches of ‘®F-radiolabelled rucaparib from
pinacol boronic ester precursors. Full radiosynthesis of the most successful approach is
demonstrated. In vitro data, in vivo dynamic PET imaging and ex vivo biodistribution of
[*®F]rucaparib are presented subsequently.

Chapter 111 provides a summary of Auger therapy and current methodologies to access *23|-
radiolabelled (hetero)arenes. Development of ?3l-rucaparib analogue and %3l-olaparib
analogue via copper-mediated ?*l-iodination from pinacol boronic ester precursors are
discussed separately.

Chapter IV provides experimental data for compounds and procedures of radiosynthesis

discussed in this thesis.
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Chapter 1. Introduction to PARP and PARP Inhibitors



1.1 DNA Damage

Tens of thousands of DNA lesions occur in human cells every day.!? The causes of DNA
damage are divided into two categories, endogenous and exogenous.® Endogenous DNA
damage is due to replication stress, lack of nucleotides during replication, and genotoxic
products generated during spontaneous DNA metabolism and normal cellular process, such as
DNA depurination, hydrolytic cytosine deamination, cytotoxic alkylation induced by S-
adenosylmethionine (SAM) and reactive oxygen species (ROS) generated during cell
metabolism.*® Such spontaneous pathway is accountable for most of the DNA lesions in
human cells, estimated to happen 10° times per cell per day.* Exogenous DNA damage is
induced by external sources including ultraviolet (UV) radiation from sunlight, ionising

radiation (IR) in radiotherapy and chemicals agents used in chemotherapy.®

Table 1.1: Common DNA damaging agents, induced lesions and most relevant repair pathways. UV:

Damaging Agents Sites/Types of Lesions Repair Pathways
X-rays Uracil
Oxygen radicals A-basic site Base-excision renair
Alkylating agents 8-Oxoguanine P
Spontaneous reactions Single-strand break
UV light (6-4)PP
Polycyclic aromatic Bulky adduct Nucleotide-excision repair
hydrocarbons CPD
Anti-tlj<rr_12)a3/rsagents Interstrand cross-link Recombinational repair
(cis-Pt, MMC) Double-strand break (HR, NHEJ)
A-G mismatch
Replication errors T-C m'Sf“a‘Ch Mismatch repair
Insertion
Deletion

ultraviolet; cis-Pt: cisplatin; MMC: Mitomycin C; (6-4)PP: pyrimidine-6-4-pyrimidone photoproducts;
CPD: cyclobutane pyrimidine dimers; A-G: adenine-guanine; T-C: thymine-cytocine; HR: homologous
recombination; NHEJ: non-homologous end joining.

Among the different types of damage, DNA single-strand breaks (SSBs) and double-strand
breaks (DBSs) are paramount, the former being the most common type of lesion and the latter

being the most cytotoxic lesions. Other types of DNA lesions caused by common DNA



damaging agents are listed in Table 1.1.%8 Accumulated DNA damage is closely linked to

genomic instability, which is a key feature of cancer and tumour development.?&1!

1.2 DNA Damage Response

To maintain genomic stability, in other words, to keep a faithful transmission of genetic
information, the cells have developed a series of DNA damage response (DDR) events that
sense, signal and repair DNA lesions. Four main, partially overlapping, pathways are
responsible for repairing DNA damages in mammals: base-excision repair (BER), nucleotide-
excision repair (NER), homologous recombination (HR) and non-homologous end joining
(NHEJ).2 Both BER and NER repair DNA lesions in one of the DNA strands; whereas HR and

NHEJ pathways are responsible for the more problematic DSBs (Table 1.1).

1.2.1 SSB Repair Pathway (BER)

BER pathway is responsible for most of endogenous DNA damage, encompassing SSBs,
apurinic/apyrimidinic (AP) sites, and bases derived from deamination, alkylation and
oxidation.'? Despite variations in the detailed mechanism, BER shares five common steps,
referred as the short-patch BER. The repairing process starts with DNA glycosylase detection
and removal of the damaged base to create an AP site. Next, apurinic/apyrimidinic
endonuclease incises the DNA strand at the a-basic site. DNA polymerase beta (Polp) then
removes the baseless sugar residue and subsequently performs a one-nucleotide gap-filling
reaction. Lastly, the DNA repair protein, X-ray repair cross-complementing protein 1 (XRCC1),
complexed with DNA ligase | or 11l (Lig1/Lig3), seals the remaining nick (Scheme 1.1).8%2
The other minor repair pathway, referred as the long-patch BER, differs from the short-patch
BER mainly in the gap-filling stage. Instead of a one-nucleotide gap-filling, the long-patch
BER incorporates 2 to 12 nucleotides and recruits more proteins, including Pol3, Pold, Pole

and proliferating cell nuclear antigen (PCNA).1314 SSB repair is considered as a sub-pathway



under BER. Both poly(ADPribose) polymerase 1 (PARP1) and 2 (PARP2) recognise SSBs and
are recruited at the DNA damaged sites. Upon binding with DNA, PARP1/2 takes NAD* as a
substrate, and enzymatically catalyses conversion of NAD into PAR (poly(ADP ribose)).
PARP1/2 PARylates itself and other proteins around, including histones H1 and H2B. These
elements altogether form a platform for DNA repair.® PARP1 and the scaffold protein XRCC1

are both responsible for stabilisation of DNA strand breaks until the repair and ligation

steps.6:17
( DNA glycosylase
5!
3! :
1) Removal of damaged base 4'06‘ l
5’ 7
" 4
3 1
2) Strand incision Sugar residu l
5’ g PARP- RCC
I I Pol
3 1
3) Removal of sugar residue C;AIR) l
5’ PARP-1 [ XRCC1 e
| 1 |
3 l
4) Gap-fillin :
: ? Ligay; 3¢
5 93 XRCC1
3/
5) Sealing of the nick l
5!
3!

Scheme 1.1: Simplified scheme of the short-patch base-excision repair (BER). APEL: apurinic/
apyrimidinic endonuclease 1; XRCC1: X-ray repair cross-complementing protein 1; Polp: DNA
polymerase beta; PAR: Poly(ADP-ribose); Ligl: DNA ligase I; Lig3: DNA ligase Ill;

1.2.2 DSB Repair Pathway (HR and NHEJ)
DSBs are induced by various sources, including ionising radiation, such as X-rays and UV,
anti-tumour agents and during replication of SSB. When a DSB is detected, at least three

independent repair pathways can be induced, including HR, NHEJ, and alternative-NHEJ (alt-



NHEJ). These three pathways differ mainly by the DNA end processing.'® DNA end resection
is not required by NHEJ, limited for alt-NHEJ and to a greater extent for HR.

NHEJ encompasses direct ligation of DNA ends without the need for a template (Scheme 1.2).
Ku hetero-dimer (Ku70-Ku80) binds with the DNA ends to initiate NHEJ by recruiting the
DNA-protein dependent kinase, catalytic subunit (DNA-PKcs).® DNA-PKcs stabilises and
protects DSB ends followed by access of end processing enzymes, such as Artemis and
Aprataxin-and-PNK-Like Factor (APLF).2%2! The XRCC4/DNA ligase IV (Lig4) complexes

are recruited, with the assistance of XRCC4-like factor (XLF), altogether promoting the

5’ f
3/

ligation of the broken DNA ends.??

1) Synapsis r KU70-KU80
. 8
3’ 8
. -
2) End processing Artemis-DNA-PKcs
5!
3!
) . XRCC4-Lig4
3) Ligation l XLF
5!
3!
NHEJ

(error-prone)
Scheme 1.2: Simplified scheme of the non-homologous end joining NHEJ. Ku70-Ku80: Ku hetero-
dimer; DNA-PKcs: DNA-protein dependent kinase, catalytic subunit; XRCC4: X-ray repair cross-
complementing protein; Lig4: DNA ligase IV; XLF: XRCC4-like factor.
NHEJ is an error-prone mechanism, resulting in loss of nucleotides, and thus have a greater
probability of mutations.?® On the other hand, HR is an error-free mechanism, but restricted to

S and G2 phases, because it requires a sister chromatid as a template for accurate repair

(Scheme 1.3).



5!
3/

. MRN
1) DSB detection RPA k complex
. gl 3
3!
2) Recruitment of RAD52 l/
recombinases 5 o
3!
5!
3!
3) Homologous search Intact double-strand copy
4) Strand invasion
5) DNA synthesis l ()=
6) Ligation
5’ I 23
3 L1
s \/
| N
3 -
7) HJ resolution l HJ resolvases
5!
3!
5!
3!

HR
(error-free)

Scheme 1.3: Simplified scheme of the homologous recombination (HR). RPA: Replication protein A,
MRN: MRE11-RAD50-NBS1 complex; RAD51: RAD51 recombinase; HJ: Holiday conjunction.

MRE11-RAD50-NBS1 (MRN) complex detects DSBs and binds to both 3' ends, which recruits
the ataxia-telangiectasia mutated (ATM) kinase to initiate the HR pathway.?*?® Replication
protein A (RPA) stabilises the DSB and facilitates formation of RAD51 nucleoprotein
filaments, which is accelerated by RAD52.2" RAD5L1 is structurally related to E. coli RecA
protein, possessing a recombinase activity.?® RAD51 binds to the single-stranded DNA and
catches an intact double-stranded copy for a homologous search. Upon finding the homologous

sequence, the RAD51 filaments mediate strand exchange,?®3! promoted by breast cancer type



1 and 2 susceptibility proteins (BRCAL and BRCAZ2).28% Finally, the resultant key DNA
intermediate, so-called Holliday junctions (HJs) are resolved into two DNA duplexes by HJ
resolvases. 3334

In a comparative study of HR and NHEJ, Gorbunova et al. reported a general 3:1 ratio between
NHEJ and HR in mammalian cells. NHEJ was also kinetically faster than HR. For cell samples
that could be repaired via NHEJ within 30 minutes, the time course of completion for HR was
7 hours.®® Balance between these two pathways is essential for maintaining genomic stability.
Choice of the pathways might be governed by the intrinsic genomic composition.®® The
genomes in mammalian cells consist of a substantial amount of repetitive DNA. Unlike HR,
which is limited to late S phase and G2 phase where a sister chromatin template is physically
positioned, NHEJ is viable throughout the whole cell cycle. Homology partners for NHEJ in
the repetitive regions could be chosen from any of the chromosomes. In evolution, mammalian
cells might avoid overly efficient HR which might lead to deleterious genomic rearrangements
in the presence of large amount of repetitive DNA. As a trade-off, error-prone NHEJ might

accumulate small mutations that contribute to aging and carcinogenesis.

1.2.3 Roles of BRCAL and BRCA2 in DSB Repair

Inappropriate DSB repair can lead to increased likelihood of cancer development. Targeting at
mutations in genes involved in DNA damage repair has drawn increasing attention in cancer
research. BRCA1 and BRCA2 were identified as two of the most prominent tumour suppressor

genes in 1994 and 1995 respectively.3”%

. . Risk for Malignancy
Cancer Type General Population Risk BRCAL BRCAZ
Breast 12% 46%-87% 38%-84%
Ovarian 1%-2% 39%-63% 16.5%-27%
Prostate 6% by age 69 8.6% by age 65 15% by age 65
Pancreatic 0.5% 1%-3% 2%-7%

Table 1.2: Risk of malignancy in individuals with BRCA1 or BRCA2 pathogenic variants.



Inheritance of defects in either of the two genes predisposes individuals to familial forms of
breast and ovarian cancers. Individuals with BRCA1 or BRCA2 pathogenic variants are
associated with increased risk of breast, ovarian cancers and to a lesser extent in other cancers,
including prostate and pancreatic cancers (Table 1.2).%° Roles of BRCA1/2 in DSB repair are
explained in this section.

The product of human BRCAL gene, the BRCAL protein comprises 1863 amino acids and is
characterised by the BRCT domain, an amino-acid sequence motif at the C-terminus for
protein-protein interaction, a serine-glutamine (SQ) cluster region in the middle for
phosphorylation, and the ring domain at the N-terminus for protein-protein interaction. BRCA1
is critical to the DSB pathway choice. Chromatin recruitment of 53BP1 mediated NHEJ
pathway. BRCA1 antagonises 53BP1 by forming a complex with phosphorylated DDR protein
CtIP and MRN, which displaces 53BP1 in the S/G2 phases.”° This BRCA1-CtIP-MRN
complex also facilitates DSB resection to generate single-stranded DNA which is essential for

initiating the HR pathway (Figure 1.1). 4

CtiP

BRCA1

BRCT

Figure 1.1: Proposed structure of the BRCA1-CtIP-MRN complex based on immunoprecipitation and
Western blot analysis.** CtIP bridges the interaction of MRN with BRCA1. CtIP interacts with the
BRCT domain at the C terminus of BRCA1, MRN interacts with BRCAL at the N terminus of BRCAL.

The BRCAZ2 protein contains 3418 amino acids, including eight conserved BRC peptide motifs
and a single-strand DNA binding domain at the C-terminus. The BRC repeat is a unique
structural motif of approximate 35 residues, that has not been observed in other proteins to
date.*2*3 BRCAZ2 plays a key role in the HR pathway by directly interacting with RAD51

recombinase at the BRC repeat, and promoting the formation of the RAD51 nucleoprotein

8



filament to initiate the homologous DNA repair. Two classes of BRC repeats in BRCA2 have
been identified to promote the RAD51 nucleoprotein filament function. 34 Electrophoretic
mobility-shift assays revealed BRC1, -2, -3, and -4 stimulated the binding of RAD51 to single-
stranded DNA (ssDNA), whereas BRC5 to 8 bind to the RAD51-ssDNA filament rather than
to free RAD51.** 3D models reconstructed from high resolution cryo-electron microscopy
further brought insights into the role of BRCA2 in driving RAD51 filament formation (Figure
1.2).%> Zhang and co-workers proposed that ssDNA binds across the BRCA2 dimer (Figure
1.2e). Two sets of RAD51 bind to BRCA2, but only one set is productive in sSDNA binding
due to the inherent polarity of this ssSDNA (Figure 1.2f). The RAD51 elongates in the 3'-5'
direction. BRCAZ2 dissociates during the filament growth and can be subsequently used to
initiate another filament formation.

a) BRCA2 dimer - Top view b) BRCA2 dimer - Side view
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Figure 1.2: Figures adapted from the work of X. Zhang et al.45 a,b) 3D reconstruction of the BRCA2
dimer. Two monomers are coloured in yellow and cyan, although the exact boundary is unknown. c,d)
Antibody labelling against the C-terminal (blue) and BRC repeats (magenta) of the BRCA2 dimer. e)
Numbers 1-4 represent four DNA-binding domains of BRCAZ2, such that SSDNA could simultaneously
bind to both BRCA2 monomers. Two sets of RAD51 (red crescents) bind to the BRCA2 dimer in
opposite direction. f) Mechanism of action of the BRCA2 protein (pink) in RAD51 (red crescents)
filament formation and elongation. A BRCA2 dimer binds to two sets of RAD51 molecules. Only one
set is productive in ssDNA binding due to the inherent polarity of the bound ssDNA. The RAD51
elongates in the 3'-5' direction, due to its molecular architecture.

To summarise, BRCAL and BRCA2 proteins are essential to HR pathway for DNA double-

strand break repair. Mutations in BRCAL1 or BRCA2 gene impair DSB repair and can lead to



increased risk of cancer development. In the next section, a protein that acts as a DNA damage

sensor and has equally important roles in DNA damage repair is introduced.

1.3 The PARP Family

Poly(ADP-ribose) (PAR) was not discovered until 1963 in the pioneering work “Nicotinamide
mononucleotide activation of new DNA-dependent polyadenylic acid synthesising nuclear
enzyme” by Mandel and co-workers.*® Poly(ADP-ribosyl)ation (PARylation) is now
universally endorsed as an important post-translational modification of proteins involved in
multiple cellular activities including DNA repair, apoptosis, carcinogenesis. The enzymes that
catalyse this process are called Poly(ADP-ribose) polymerases or PARPs. PARPs form a
superfamily of 17 known members in human cells, based on their sequence homology with the
founding member PARP1. Among them, PARP1, PARP2, PARP5a (also known as tankyrase
1 or TNKS1) and PARP5Db (tankyrase 2 or TNKS2) have poly(ADP-ribosyl)ation activity,
transferring ADP-ribose sequentially from nicotinamide adenine dinucleotide (NAD™) to
acceptor protein residues, including glutamate, aspartate and lysine, but not limited to these, to
synthesise PAR chains that are essential for efficient SSB repair.**® Other catalytically active
PARPs transfer only one ADP-ribose unit from NAD*. PARP1, PARP2, and PARP3 are DNA-
dependent enzymes.*® PARP1 is the largest among the three and is approximately 116 kDa.
Being the most extensively studied PARP enzyme, PARP 1 is responsible for 90% of
PARYylation.>®%! In the absence of PARP1, despite having lower activity, PARP2 can take up

to 25% of the normal DNA damage-induced PAR synthesis.>

1.3.1 PARP1

PARP1 consists multiple domains joined by a “beads-on-a-string” assembly, including an N-
terminal DNA-binding domain, a BRCA1 C-terminus (BRCT) domain, a tryptophan-glycine-

arginine-rich (WGR) domain and a C-terminal catalytic (CAT) domain (Figure 1.3).
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Figure 1.3: Domain structure of PARP1.

The N-terminal domain contains three zinc fingers. Zinc fingers are a large family of
metalloproteins, where a zinc ion (Zn?*) coordinates with protein residues, including cysteine
and histidine. Zinc fingers 1 and 2 (ZnF1 and ZnF2) do not bind to specific DNA sequence but
are capable of recognising unique DNA structures.>® Oliver et al. demonstrated that ZnF1 and
ZnF2 domains act together as a functional unit that binds specifically at a single strand-double
strand transition of a DNA break (Figure 1.4). Further DNA binding studies revealed that the

major contribution of this binding interaction arises from the phosphate backbone grip of both

ZnF1 and ZnF2.%
a) b)
Leu151
Ser20 PA - 3
Lys22
Y A — TG Lys148
Arg34 G Seri6 % Thr124
Arg18 G~—C<@ -
Lys15——@ > Arg138
)3>T A
(- )
G—C

(G Arg122
T

Figure 1.4: Figures from the work of A. W. Oliver et al.® a) Crystal structure of ZnF1 and ZnF2
domains bound to the end of a DNA duplex with a 5" overhang. b) Schematic interaction of the zinc
finger domains with the DNA duplex within the dashed box in a). Orange lines indicate interactions
with phosphates (circled P), deoxyriboses (pentagons) or bases (letters).

X-ray crystallography of the ZnF3 domain conducted by Pascal et al. disclosed a novel zinc-
ribbon fold and a homodimeric structure of ZnF3. These two structural features serve two

distinct roles. The zinc-ribbon fold facilitates interdomain contact of the DNA-activated
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PARP1 and contributes to the PAR synthesis activity (Figure 1.5a). The dimer interface of

ZnF3 is crucial to the chromatin compaction activity of PARP1 (Figure 1.5b).%

a) 359 b) ZnF3 dimerinterface = = = =
225 helical / C ) /\)
n region __ o n Coa) \
Y £ © C-terminal tail S / Fc,
‘@L \-j‘f C > {\\\/ \"\; ‘.\ ‘ " P
# - & . ?Eﬁa‘(-\.r‘még\l' 3 ’.7\/
: ¥ . I A JCA
ribbon Vs Aavi - D
fod 457 = % n
extended
> loop .

Figure 1.5: Figures adapted from the work of J. M. Pascal et al.>>® Crystal structures of the ZnF3 domain,
featuring a) a zinc-ribbon fold and b) a homodimeric structure.

The BRCT domain has a weight of 11.67 kDa and mediates protein-protein interactions. Upon
activation, PARP1 auto-(ADP-ribosyl)ates its BRCT domain forming interaction site for the
scaffold protein XRCC1, required for SSB repair.®® The WGR domain interacts with ZnF1,
ZnF3, the CAT domain and the DNA (Figure 1.6). It transfers activation signals between them

and is important for DNA-dependent activity of the catalytic domain.>"®

Figure 1.6: Figures adapted from the work of J. M. Pascal et al.>® Model crystal structure of the PARP1-
DNA complex, including ZnF1, ZnF2, ZnF3, WGR and CAT domains. The DNA duplex bears an SSB.
ART and HD domains are subdomains of the catalytic domain. HD: helical domain; ART: ADP-
ribosyltransferase domain.
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The catalytic domain is most conserved across the PARP family and consists of two
subdomains.>* One is an autoinhibitory region, namely the helical domain (HD) and the other
contains the active site that binds to NAD*, called the ADP-ribosyltransferase (ART) domain.*®
The helical domain adopts a folded conformation that blocks productive NAD* binding to the
active site when PARP1 is inactivated.

Upon encountering an DNA break, PARP1 zinc fingers induces PARP1 self-assembly. Inter-
domain communications, including BRCT and WGR domains reduces the conformational
space of the system. A series of interdomain contacts are formed with the helical domain,
destabilising its folded conformation. The helical domain rapidly unfolds and relieves
autoinhibition. Thus NAD" is allowed to bind with the ART domain in a productive

conformation, leading to efficient PAR synthesis (Scheme 1.4).58

PARP1 activation

b

(binding to DNA damage)

local unfolding
Folded HD blocks NAD" binding Local HD unfolding allows NAD* binding

Scheme 1.4: Simplified illustration showing relief of autoinhibitory activity in the helical domain upon
PARP1 activation. HD: helical domain; ART: ADP-ribosyltransferase domain; N: N-terminal of
PARP1.

The ART domain contains the catalytic core of PARP and is crucial to PAR synthesis. It
consists of a donor site that positions NAD™ in the nicotinamide-binding pocket for the
transferase reaction, and an acceptor site that binds to the PARylation target. The nicotinamide-
binding pocket features a His-Tyr-Glu (H-Y-E) triad, the so-called “ART signature”, that is

required for NAD" positioning and is conserved across PARPs1-6 (Figure 1.7).
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Figure 1.7: Figures adapted from the work of I. Ahel et al.*® a) The crystal structure of essential domains
in PARP1 bind to a DNA double-strand break. b) The triad residues, His(H)862, Tyr(Y)896, and
Glu(E)988 in the ART domain are illustrated as atom colored sticks.

His862 forms a hydrogen bond with the 2'-OH of the adenine-ribose. Tyr896 forms n-n

interaction with the nicotinamide ring. Apart from NAD" positioning, Glu988 binds to the 2'-
OH of the nicotinamide ribose that positions NAD* for nucleophilic attack by the acceptor
substrate. Besides the binding pocket, the donor site is formed by a phosphate-binding site and
an adenine-ribose-binding site (Scheme 1.5).54°

The ART domain catalyses three distinct enzymatic reactions in PAR synthesis: initiation,
elongation and branching. The initiation reaction is the attachment of an ADP-ribose monomer
to a glutamate residue in the acceptor site. Multiple amino acid acceptors can be PARylated,
including Lys, Arg, Glu, Asp, Cys, Ser, Thr, His and Tyr residues. The elongation reaction, as
depicted in Figure 1.5, involves a 2'-1" ribose-ribose glycosidic bond formation and the
branching reaction takes place at the branching point to form a 2"-1" ribose-ribose glycosidic
bond (Scheme 1.6).

As a result of the PARylation, the PAR chain serves as a platform for recruitment of DNA
repair factors, including XRCC1, Polf and Lig3 in SSB repair and MRN complex, Ku, and

DNA-PK in DSB repair (Figure 1.8).%!
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PARP1 (Donor subunit of PARP1 dimer)
NAD* binding centre

Phosphate
binding site

Y986

PARP1 (Acceptor subunit of PARP1 dimer)

Scheme 1.5: Mechanism of elongation in PAR synthesis. H-Y-E triad are labelled in yellow. Key amino
acid residues for the acceptor site, Met(M)890 and Tyr(Y)896 are labelled in purple and green,
respectively. A glutamate residue (E988) in the acceptor site of PARP1 catalytic domain facilitates the
release of nicotinamide from NAD", followed by transferring of the ADP-ribose motif to the acceptor
subunit at the PARP1 catalytic domain.

PARP1 (Donor subunit of PARP1 dimer)
NAD* binding centre

Phosphate
binding site

Y986

PARP1 (Acceptor subunit of PARP1 dimer)

Scheme 1.6: Mechanism of branching in PAR synthesis. H-Y-E triad are labelled in yellow. Key amino
acid residues, Met(M)890 and Tyr(Y)896 are labelled in purple and green, respectively.
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Figure 1.8: Structure of poly(ADP-ribosyl)ated protein.

1.4 PARP Inhibitors
1.4.1 Design of PARP inhibitors

Understanding the roles of DDR could potentially facilitate targeting a broader range of cancers.
One or more DDRs have loss or impaired capabilities through cancer development. Targeted
DDR inhibitors can be employed as a potential strategy to maximise DNA damage and
selectively kill cancer cells. In this section, a novel class of cancer drugs that target at PARP

proteins will be introduced.

NH,
(NfN Nicotinamide O
N N/) N NH,
(0]

O O |
oo W
0 O O 52 )‘\
OH OH OH OH )
Sn1-like
1.1, NAD* Attachment of PARP1
0] (0] (0]
= | NH, dNHZ NH,
NS
N
NH,
1.2 1.3 1.4
Nicotinamide Benzamide 3-Aminobenzamide
IC59 =210 uM IC59 = 13.7 uM IC59 = 19.1 uM

Figure 1.9: Structures of NAD* and nicotinamide based PARP inhibitors.

Since the PARP enzymes play crucial roles in the DNA damage response, especially PARP1

(and PARP2), substantial efforts have been driven to develop small molecules that inhibit
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PARP1/2. The journey toward the development of the PARP inhibitors started in the 1970s
when nicotinamide was found to have modest inhibitory activity toward PARP1.%° The
underlying concept of this potential anticancer activity was to compete with NAD* at the
catalytically active site of PARP1 (Figure 1.9).

Due to its relatively low potency (1.2, ICso = 210 uM) and variety of cellular functions, a more
specific PARP1 inhibitor based on this fruitful lead 1.2 was needed.5! The next candidates that
drew attention were benzamide (1.3, ICso = 13.7 uM) and 3-aminobenzamide (1.4, ICso = 19.1
UM).%285 Since then, intensive studies were conducted to design and optimise the
pharmacophore of PARP inhibitors. In 1998, the first co-crystal structure of some first
generation PARP inhibitors and chicken PARP was generated, bringing insights to the
inhibitor-PARP1 binding interaction at its active site (Figure 1.10a).%¢ The emergency of more

PARRP inhibitors further refined the pharmacophore (Figure 1.10b).

a) b)

_Jﬁa. 769

—\._/ Prosst
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903 \>\GI 863
y

A|6898ﬁ: " 0 Arg878
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Figure 1.10: a) Co-crystal structure of a first generation PARP inhibitor, 4ANI, and PARP1 derived

from chicken. ® b) A quinazolinone-based PARP inhibitor binds to the active site of the human
PARP1.%
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Figure 1.11: The pharmacophore of PARP inhibitors
So far, it is widely recognised that an effective PARP-1 inhibitor includes the following
moieties: 1) an aryl amide (Figure 1.11 in black) in which the amide is hydrogen bonded with
Ser904 and Gly863 and (multicyclic) aryl moiety is n-n interacted with Tyr896 and Tyr907 in
human PARP1 to improve binding and potency, 2) heteroatoms opposite to the amide, usually
nitrogen or oxygen atoms as hydrogen bond donors and/or acceptors to interact with Glu988
(Figure 1.11 in orange), 3) small substituents adjacent to the amide which just sits inside the
tight pocket formed by Ala898 and Lys903 (Figure 1.11 in blue), and 4) large hydrophobic
groups to fill the adenine-ribose binding site next to the nicotinamide (Figure 1.11 in pink) for

improving cellular potency, solubility and oral bioavailability.5°

1.4.2 Synthetic Lethality

PARP inhibitors have gained increasing attraction in therapeutic cancer research mainly in two
areas. They are used as part of combination therapies, or used in monotherapy by employing
synthetic lethality.” The genetic concept of synthetic lethality was first introduced by Calvin
Bridges in 1922.” He described that certain mutations conferred lethality in Drosophila
melanogaster (a species in fruit fly), if and only if these genes were perturbed simultaneously.
This phenomenon was not named until 1946 by his colleague Theodore Dobzhansky who noted

the same effect in Drosophila pseudoobscura (another species in fruit fly).”? The classical
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synthetic lethality defines a situation where simultaneous alteration of two genes or proteins
leads to cell death, yet altering either of them individually is not lethal. Now this terminology
can also applied to cases in which a combination of a gene mutation and the action of a cancer
drug leads to lethality, whereas the presence of either alone is non-lethal.

PARRP inhibitors are the first class of clinically approved drugs that exploit synthetic lethality.
As explained in previous sections, PARP1 functions as an DNA damage sensors and is
essential for SSB repair (Scheme 1.7). Upon recognising SSBs, PARPs are recruited at the
damaged sites, which will be activated and start PARylation to initiate SSB repairing, and

eventually lead to cell survival.

PARP1 recruitment PARYylation of PARP1
Damaged DNA at SSB site and histones near SSB SSB repaired
— — — Cell
> / - / i - survival
S @0 - °
PARP1 PARP1-dependent [ )
DNA damage PARP1 anld repair
repair proteins complefxes (Ii:;i‘s;)matlon
rom

Scheme 1.7: Simplified scheme of DNA damage detection and SSB repair promoted by PARPL.

In the presence of PARP inhibitors, normal cells and BRCA1/2-mutated cancer cells respond
differently. PARPs are either catalytically inhibited by PARP inhibitors or directly trapped onto
DNA. Thus, SSBs cannot be repaired. This PARP-PARP inhibitor complex further causes

collapse of replication fork (RF) during DNA replication and lead to DSBs (Scheme 1.8).

PARP inhibition and \
trapping on DNA \

PARP inhibitor RF stalling during DSB formation
DNA replication

Scheme 1.8: Simplified scheme of DSB formation caused by PARP inhibition.

In normal cells, where BRCAL/2 proteins have intact functions, DSBs can be repaired via the
HR pathway. Subsequently, the replication fork can be installed and leads to cell survival. In

cancer cells, where BRCAL1/2 are mutated, the HR repair pathway is impaired. DSBs are either
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accumulated or repaired by the error-prone NHEJ pathway and eventually cause cell death

(Scheme 1.9).”

SSB
Repairing
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—_—

NORMAL cells Cell
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BRCA1/2-mutated

Cell
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Scheme 1.9: Simplified scheme of PARP inhibition and synthetic lethality using PARP inhibitors.

1.4.3 Overview of PARP Inhibitors in the Clinic

Four PARP inhibitors, olaparib (Lynparza, AstraZeneca), rucaparib (Rubraca, Clovis

Oncology), niraparib (Zejula, Tesaro, Inc.), and talazoparib (Talzenna, Pfizer), have obtained

approval from US Food and Drug Administration (FDA) and/or European Medicines Agency

(EMA) for various clinical uses. A further PARP inhibitor, veliparib (ABT-888) is currently

undergoing phase Il1 clinical trials for treatment of BRCA-mutant breast cancer and ovarian

cancer.”%™" Recently, five more candidates, stenoparib (2X-121), pamiparib (BGB-290),

fluzoparib (SHR-3162), amelparib (JP1-289), and AZD-5305 have entered clinical trials (Table

1_3)_76-79
Name PARPL Structure Comments?
ICso
0
HN FDA Approved
N O (First Approved in
Olaparib N 0 2014)
1nM ;
(Lynparza) N Ovarian, Breast,
O O Pancreatic, and
F N Prostate Cancer
o]
o H FDA Approved
. (First Approved in
Rucaparib 1nM 2016
(Rubraca) n N\ . )
O Ovarian and
F N HN— Prostate Cancer
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O

Table 1.3: PARP inhibitors in clinics or under clinical trials. ®Treatments with PARP inhibitors either
as monotherapy or as part of combination are not specified.

The cytotoxicity of PARP inhibitors in monotherapy does not correlate with their ability to
inhibit PARylation, but their potency to trap PARP.8%8L All PARP inhibitors in the clinic are
catalytic inhibitors, but their ability to trap PARP onto DNA differs enormously in the
following decreasing order: talazoparib, niraparib, olaparib, rucaparib, veliparib.88283

One major complication in PARP inhibitors as single agents is the acquired resistance in
tumours, mainly due to four reasons: the restored HR pathway, the increased drug efflux, the
restoration of RF stability, and the down-regulation of poly(ADP-ribose) glycohydrolase
(PARG) protein expression.”®8 This expands the application of PARP inhibitors to
combination treatments. Combination treatments are notable for minimising dosage
requirement, increasing drug efficacy and slow down DNA damage repair. Effective
combinations with PARP inhibitors include alkylating agents, metal complexes, radiation, and
immunotherapy.’285-8 Overall, PARP inhibitors are showing promising results both in

monotherapy and in combination treatments.*

1.4.4 Rucaparib

In the late 1990, a collaboration searching for new PARP inhibitors was initiated between the
Northern Institute for Cancer Research (Newcastle) and Agouron Pharmaceuticals (Pfizer).%1%?
Based on the structure of benzimidazole carboxamide 1.5 (Ki = 95 nM against PARP1), the
two groups designed the novel tricyclic indole scaffold 1.6 (AG014344, K; = 5.6 nM)

mimicking the intramolecular hydrogen bonding in 1.5 (Figure 1.12).
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Figure 1.12: Selected PARP inhibitors designed by Newcastle/Agouron.

With further optimisation, rucaparib phosphate 1.7 (AG014699 phosphate, Ki = 1.4 nM) stood
out from a list of tricyclic indole lactams. The co-crystal structure refined the interaction
between rucaparib and PARP1 catalytic domain (Figure 1.13).9%%* Besides the conventional
triad hydrogen bonding network (lactam/Gly863/Ser904) and n-x interaction (indole/Tyr907),
the additional indole C-2 aryl side chain allows z-stacking with Tyr889, pseudo-edge-to-face
interaction with Tyr896, and hydrogen bonding between p-(N-methylamino)methyl group and

Asp766.
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Figure 1.13: a) Co-crystal structure of Rucaprib (grass green) and the CAT domain of human PARP1.
b) Rucaparib binding mode in PARP1 catalytic domain.

The Clovis Oncology group licensed rucaparib from Pfizer after phase Il clinical trial in 2011
and took over further global development. The active ingredient found in a rucaparib tablet
(Rubraca) in the current market is rucaparib camsylate. Among all the counter anions

investigated, including chloride, phosphate and maleate, camsylate was the least hygroscopic,
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“making it particularly suitable in the preparation of solid dosage forms”.®> Rucaparib was
granted FDA accelerated approval for advanced ovarian cancer in 2016, FDA approval for
treatment of recurrent ovarian cancer in 2018, and accelerated approval for treatment of
BRCA1/2-mutant, metastatic castration-resistant prostate cancer (NCRPC) in 2020.%:97

1.4.5 Olaparib
Olaparib is the first FDA approved PARP inhibitor, developed by Kudos Pharmaceuticals and

Mayhbridge from the early 2000s.%® Benzyl phthalazinone 1.8 (PARP1 ICso = 770 nM) stood
out from a high throughput screening. Further modification on the benzyl substituents resulted
in a 100-fold improvement of potency with the homopiperazine analogue 1.9 (PARP1 ICs =
7 nM). However, this analogue was limited by low oral bioavailability, mainly due to the high
pKa (calculated value of 9.87) of the homopiperazine motif. The limitation of oral
administration was alleviated when olaparib 1.10 (PARP1 ICso = 5 nM) was synthesised with
a cyclopropyl amide installed at the distant end of piperazine. Shortly after olaparib entered
clinical trials, it was acquired by AstraZeneca who purchased KuDOS pharmaceutical in 2005,
and underwent further clinical development by AstraZeneca and Merck & Co. Olaparib was
granted FDA approval for treatment of germline BRCA-mutated (JBRCAm) advanced ovarian
cancer in 2014, gBRCAm metastatic breast cancer in 2018, gBRCAm metastatic pancreatic
cancer in 2019, homologous recombination repair (HRR) gene-mutated mCRPC in 2020, and
first-line treatment with bevacizumab for homologous recombination defictive (HRD)

advanced ovarian cancer in 2020.%%-10
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Figure 1.6: Selected PARP inhibitors designed by Kudos/Maybridge.
1.5 Conclusions and Thesis Outline

This chapter introduced DNA damage, the corresponding DNA damage response and the
fundamental role of PARPs in DNA repairing. PARP inhibitors, emerged as a novel class of
cancer drugs that could selectively block PARPs during DNA repairing and selectively target
cancer cells by employing synthetic lethality.

To date, PARP inhibitors have reached the first milestone of exhibiting prominent anti-cancer
activity. However, questions still remain. Firstly, the mechanism of action of PARP inhibitors
in cancer therapy is not fully understood. PARP1 is a multifunctional protein and is associated
with a range of cellular activities. Various cellular responses are triggered by DNA damage
depending on the type of damage and the stage of cell cycle. All these processes could be
affected by PARP inhibitors and thus influence the outcome of cancer treatment. Secondly,
apart from the extensively studied PARP1 (and PARP2 to 5 from this century), functions of
other members from the PARP family are less well-understood. To what extent PARP
inhibitors could interact with other proteins in the PARP family remain in question. Thirdly,
expansion of potential targets of PARP inhibitors are still under investigation. Whether PARP
inhibitors can be used for treatment of other cancers draws increasing attention. Development
a more selective PARP inhibitor is ongoing. Lastly, poor patients’ responses with PARP

treatment draws the need to establish a method for more accurate patient selection and fast
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therapy evaluation. This project aims to employ a radiolabelling strategy to facilitate the
understanding of these unsolved questions from both diagnostic and therapeutic aspects.

In Chapter 2, Positron emission tomography (PET) will be introduced as a useful imaging
technique to visualise metabolism and other biological processes. Fluorine-18 incorporated
PARP inhibitors can function as diagnostic radiotracers to estimate PARP expression levels,
PARP inhibitor accumulation in tissues and may benefit for patients with PARP inhibitor
treatment. Beyond this, these tracers may also bring insights to the mechanism and binding
interaction of PARP inhibitors with PARP proteins or other cellular components. Methods of
fluorine-18 production and incorporation will be discussed. An *®F-isotopologue of an FDA-
approved PARP inhibitor, rucaparib is access via Cu(I1)-mediated *®F-fluorodeboronation from
two boronic ester precursors. Full radiosynthesis of the most successful route toward
[*®F]rucaparib is demonstrated. In vitro data, in vivo dynamic PET imaging and ex vivo
biodistribution of [*®F]rucaparib are presented subsequently. Biological results reveal the
potential of [*F]rucaparib as a potential diagnostic radiotracer for BRCA-mutated pancreatic
cancer. The future aim of this project includes establishing [*®F]rucaparib as a commercial
radiotracer through clinical trials for patient stratification.

In Chapter 3, Auger therapy will be introduced as a new emerged treatment for cancer. lodine-
123 incorporated PARP inhibitors are potential radiopharmaceutical therapy agents. A %|-
olaparib analogue and a 'I-rucaparib analogue will be fully radiosynthesised via Cu(ll)-
mediated ?%I-iododeboronation, demonstrating a divergent radiohalogenation approach to
access 8F- and ‘%l-incorporation from common boronic ester precursors. Future aim of this
project will be a full biological evaluation of these radiolabelled target as potential Auger

therapy agents for cancer treatment.
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Chapter 2. Development of ['®F]Rucaparib as a Potential Diagnostic

Radiotracer
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2.1 Positron Emission Tomography

Medical imaging plays a crucial rule in diagnosis and therapeutic treatment of diseases.
Techniques such as magnetic resonance imaging (MRI), computed tomography (CT), X-ray
and ultrasound, focus on anatomical imaging. In contrast, positron emission tomography (PET)
provides valuable information to study metabolism and visualise biological processes.'* The
development of PET can be traced back to the late 1920s, with the discovery of the positron by
Carl David Anderson at the California Institute of Technology, and the invention of the
cyclotron by Ernest Orlando Lawrence at the University of California, Berkeley. In the mid-
1950s, the first cyclotron was installed in a medical centre at Hammersmith Hospital in London
(1955) and oxygen-15 was used in biochemical studies. In the mid-1970s, the prototype of
modern PET system was developed and the now common PET probe, 2-[*®F]fluoro-2-deoxy-
D-glucose ([*®F]FDG) [*8F]2.1 was made available at the Brookhaven National Laboratory in
1976 (Figure 2.1).>" PET imaging with radiolabelled probes has acquired increased attention,
especially in cancer research and clinical applications. Furthermore, combined imaging
techniques, such as PET/CT, renders both anatomic and molecular information, thereby

improving disease management.®

OH

0}
HO
HO

"°F on
['®F]2.1
Figure 2.1: Structure of 2-[*®F]fluoro-2-deoxy-D-glucose ([8F]FDG).

2.1.1 Principles of PET

PET requires the injection, or sometimes inhalation of a biologically-active molecule labelled
with a positron-emitting radionuclide. Frequently used non-metal radionuclides including
carbon-11, nitrogen-13, oxygen-15, fluorine-18, are mostly, but not exclusively, generated in

a cyclotron (Table 2.1). Charged particles, e.g. protons, are accelerated along a spiral path
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under a constant magnetic field and a high frequency alternating voltage to create
bombardment towards stable nuclide targets, generating radioactive nuclides in the process.®
A compact notation of these nuclear reactions are denoted in Table 2.1. The symbols p, «, d, n
represent proton, alpha particle, deuteron and neutron, respectively. In the notation *¥O(p,n)8F,
oxygen-18 represents the target nucleus bombarded by a beam of protons. The neutron is
generated as the side product and the radionuclide fluoride-18 is produced in this process. Other
examples of radionuclides for human PET imaging studies, including gallium-68 and
rubidium-82, are produced by a generator, although gallium-68 can also be produced with a
cyclotron from zinc-68 (%3Zn(p,n)%®Ga). Radionuclide generators are devices which produce
short-lived radionuclide (referred to as the “daughter”) from a relatively long-lived
radionuclide (referred to as the “parent”).’? In a %8Ge/®®Ga (parent/daughter) radionuclide
generator, the parent radionuclide germanium-68 is produced from the nuclear reaction
9Ga(p,2n)%8Ge, which spontaneously decays to gallium-68 via an electron capture reaction.
Gallium-68 is eluted with dilute hydrochloric acid and separated from germanium-68 through
a solid-phase column packed with inorganic oxides, such as TiO2, SnO2 and ZrO2, which

selectively absorb the parent germanium-68.

Radio-  Main method Half-life Target Product Maximum B*  Decay
nuclide  of production  ti»/ (min) energy (MeV) product
uc “N(p,a)C 20.2 N2(+0O2) [1*C]CO; 0.97 1B

N2(+H2) [11C]CH4
BN 1%0(p,a)*N 9.97 H.O [**NINO« 1.20 13C
H,O+EtOH  [*N]NH;
50 15N(d,n)150 2.04 N2(+0O2) [150]02 1.74 PN
18 2Ne(d, o) BF 110 Ne(+F,) [8F]F. 0.64 180
180(p’n)18|: [180]H20 18|:—

Table 2.1: Physical properties of common radionuclides used in PET imaging.
PET radionuclides undergo decay by emitting a positron (%), which is not detected directly,
but travels a short distance and dissipates its kinetic energy through multiple collisions with
electrons in the neighbouring tissues. Upon almost loss of its energy, the positron combines

with an electron to form a positronium (Figure 2.2).1! This short-lived composition eventually
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annihilates and emits simultaneously two gamma (y) quanta of 511 keV that travel at 180° to
each other which will then be detected by surrounding detectors. The approximate location of
the annihilation event can be deducted, which localises along the line between two parallel
opposite detectors. A cross-sectional 2D image of the radiotracer distribution under region of
interest can then be reconstructed into a 3D image.*?

,7 v photon

’ 511 keV
Electron
o Positronium
Positron .

v
O O@# (@0 1BF — 180 + B+ v

Annihilation
Fluorine-18 atom Oxygen-18 atom
511 keV

hoton
Yp p

Figure 2.2: Decay profile of a positron emitting radionuclide.

2.1.2 Fundamental Limit of Spatial Resolution in PET Imaging

The spatial resolution of PET imaging is limited by multiple factors, including detector size,
positron range, and non-collinearity (Figure 2.3).1314

Detector size

The detector elements are usually made of scintillator crystals. The limitation caused by the
detector size originates from the fact that the position of detection within the detector element
is not determined. The coincidence rate of an opposite detection pair reaches maximum when
the positron source is at half way of their widths.

Positron range

The positron emitted from the nucleus travels a short distance before it captures an electron to
form a positronium and subsequently decays into a pair of photons. Fluorine-18, for example,
has the lowest endpoint energy of 0.64 MeV among common PET radionuclides and its

positron travels about 2.4 mm in water.'® This distance between the annihilation event and the
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position of its parent nucleus creates image blurring, ranging from 0.54 mm full width at half
maximum (FWHM) for fluorine-18, and 6.14 mm FWHM for rubidium-86.

Non-collinearity

The kinetic energy of the short-lived positronium doesn’t fall to zero when it annihilates, so
the direction of the photon pairs is slightly tilted from 180°. The mean angle of this deviation

is 0.2° FWHM and results in a blurring effect proportional to the radius of the detector ring.

Detector ring

Annihilation
| event
1

Radionuclide/
source !

, Positional
inaccuracy

Figure 2.3: Positional inaccuracy caused by positron range, non-collinearity, and detector diameter.

The overall spatial resolution is a convolution of all the components.. Methods have been
developed to ameliorate the underlying physical limitations posed by different factors. Positron
range blurring can be alleviated by Fourier deconvolution. This method uses a previously
obtained positron range spread function to retain the information in higher spatial frequency
and improves the estimation of positron activity in each region of quantitation.® Better detector
design with light-sharing properties using small cross-section crystals also improves spatial
resolution.’” Another essential factor is the choice of radionuclide. The positron that emits from

fluorine-18 typically travels a range of 2—3 mm in the tissue. The positional inaccuracy is the
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lowest among the PET radionuclides, and hence PET imaging with fluorine-18 incorporated

probes tends to have the highest spatial resolution, if other variables are assumed constant.

2.2 Fluorine-18

Positron energy is not the only criterion that dominates the design and selection of
radiopharmaceuticals and fluorine-18 has advantages in several other aspects. Fluorine-18 has
a half-life of 109.77 minutes, enabling radiosynthesis of complex molecules (up to 6 hours, i.e.
3 x t1p, being considered acceptable),'® distribution of radiotracers to remote sites and longer
in vitro and in vivo experiments.®?° The clean decay profile (97% positron decay and 3%
electron capture) of fluorine-18 also contributes to its high demand in nuclear medicine
(Equation 2.1 and 2.2).
B 5180 +B8"+v  (97%) (2.1)

BE+e »1B80+y  (3%) 2.2)

2.2.1 Fluorine in Medicinal Chemistry

Fluorine plays a significant role in medicinal chemistry. In the last two decades, approximately
25% of registered synthetic marketed drugs contain at least one fluorine atom?*?2 and the
number has increased to 40-50% from 2018 onwards.?® Fluorine is the most electronegative

element and C-F is one of the strongest single bonds (Table 2.2).24

Element | Van der Waals radius [A] C-X bond length [A] C-X BDE [kJ:mol?]
H 1.20 1.09 4212 466°
F 1.47 141 4672 532°
®) 1.52 1.43 3918 471°

Table 2.2: Properties of H, O, and F substituents.?*? ®Bond dissociation energies of C,Hs-H, CoHs-F
and C,Hs-OH. "Bond dissociation energies of CsHs-H, CsHs-F and CsHs-OH.

Bioisosterism is a key concept in medicinal chemistry. It refers to the capacity of interchanging
substituents with similar chemical and physical properties, without significantly altering the

biological properties of the drug molecule, such as binding affinity. Fluorine is often used to
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replace an H atom, but their radii and stereoelectronic effects are quite different.?>?® C-C single
bonds adjacent to F are strengthened and C=C double bonds with allylic fluoro-substituents are
weakened. Such substitution could lead to change in conformational preference. Instead, due
to the similarities in atomic radii and bond lengths, C-F is a good bioisostere of C-OH, C=0
and in some cases C-OMe groups.?"?8

Fluorine atoms are also introduced to improve metabolic stability. One notable example is the
cytochrome P450 enzymes (P450s), which are involved in the metabolism of most
pharmaceutical compounds, including hydroxylation, dealkylation and epoxidation.?® Impact
of P450s metabolism is profound and sometimes may result in deactivation of the drug to
increase its clearance from the body.*® Installing a fluorine substituent at the metabolically
labile site may block this catalytic pathway without significantly altering binding affinity.
Another major challenge in drug development is the balance between oral bioavailability and
binding affinity. Strongly basic amine groups are sometimes required for binding but may
result in low bioavailability due to poor ability to pass through membranes. Introducing a
fluorine atom close to the amine reduces its basicity and impacts membrane permeability,
thereby improving bioavailability.

The significance of fluorine-19 in the pharmaceutical industry and fluorine-18 in PET imaging
applications accentuates the need for the development of simple and efficient procedures for
fluorine-18 production and ®F-radiosynthesis. A recent study shows that the most prevalent

motif by far in fluorinated pharmaceuticals is (hetero)aryl fluoride (Cspz-F, 45.3%).%2:33

2.2.2 Production of Fluorine-18

Fluorine-18 is produced with cyclotrons either as [*®F]F2 for electrophilic and/or radical
fluorination, or as nucleophilic [*®F]F (Table 2.3). Two prevalent methods have been

developed for the production of [*F]F.. In the first approach, [‘F]F: is produced by the nuclear

47



reaction #O(p,n)’8F using a “two-bombardment” method.?* A passivated nickel target is
charged with [*30]0; and irradiated with 10-16 MeV protons to give ®F affixed to the target
wall. The target is then emptied and refilled with an inert gas (neon or krypton) carrying 1%
F2 (in micromoles), and irradiated again to induce isotopic exchange between 8F absorbed on
the wall and the molecule F>. Nickel was later replaced by aluminium as the target body to
achieve consistent activity yields of up to 34 GBq, with molar activities (Am) in the range of
350—600 MBg/umol.**38 In the second approach, [*8F]F. was obtained from 2°Ne(d,a)*8F by
deuteron irradiation of neon-20 gas carrying 0.1-2% of F (in micromoles).3*4 In the 1980s,
there was a high demand of fluorine-18 labelled fluorine gas for electrophilic radiosynthesis of
important radiopharmaceuticals, including [*®F]JFDG. [‘®F]F: is a highly reactive reagent,
which leads to poor regioselectivity and mixtures of undesired products which are usually
difficult to separate.*! In addition, carrier-added [‘®F]F., generally results in low An (100—-600
MBg/umol), which is an important limitation for PET tracers and their applications in

biological systems.

Nuclear Reaction Target Energy Range (MeV) Product
**O(p,n)*°F [**0]0: 18-4 [F]F,
Ne(d,0)'®F Ne, then Ne +0.1% F, 15-0 [®F]F,
**0(p,n)"°F [18O]H,0 184 [8F]F-
SLi(n,a)*H, O(H,n)eF H,0 15-1 [F]F
160(3H,n) eNe: 1°F H,0 40-15 [8F]F-
80 (a,np)*eF H20 40-20 [SF]F
1%0(a,2n)"®Ne: 8F Hz0 52-10 [F]F
Ne(*H,ap)'°F Ne 40-10 [8F]F-
**Ne(p,2pn)*°F Ne 40-30 [eF]F-

Table 2.3: Nuclear reactions used for the cyclotron production of fluorine-18.
In the 1960s, [*®F]fluoride was produced from nuclear reactions ®Li(n,z)*H and *O(®H,n)'8F
by irradiating Li.COs powder with the neutron flux from a nuclear reactor.*? The earliest

cyclotron produced [*8F]fluoride was obtained by bombardment of large-volume (10 mL)
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water targets with a 30 MeV a-particle beam from the nuclear reaction *0(a,np)*®F.*® The
protocol used at present for clinical PET studies is from the nuclear reaction 30(p,n)*F by
4—-18MeV proton irradiation of small-volume (< 3 mL) [8O]water targets to yield oxygen-18
enriched aqueous solutions of [*®F]fluoride.***’ Nucleophilic [*®F]fluoride is produced in much
higher molar activity, in the range of 10> GBg/umol. Although the general procedure has not
been changed significantly since first reported, improvement was achieved by optimising the
production equipment. Optimising the material of the target body and the foil reduced ionic
impurities.*®4® A high target current of 160 uA was achieved by adopting desired target
properties, such as target body thickness, foil composition and beam profile. Production of 1
TBq of [®F]F was reported.’® By replacing fluorine-containing components such as
polytetrafluoroethylene (PTFE) with polypropylene (PP) or polyether ether ketone (PEEK) in

tubing led to increased Am up to 2-6 TBg/umol.>*>3

2.3 ®F-Fluorination of (Hetero)arenes

2.3.1 Electrophilic 8F-Fluorination of (Hetero)arenes

Before the advent of small-volume [*0]H.0 target, the nuclear reaction 2°Ne(d,«)'®F was
more often used to produce carrier-added [*®F]F.. [*8F]Fluoroarenes were accessed from this
fluorine-18 source via electrophilic aromatic substitution (SeAr) reactions.

(0] (0]

1BF

X OH

(0] 18p e) | P |
HO N N N
OH Hii.
TR g
HO 18F 2 NH2 H2N\\‘ H

F

['®F]2.2 ['®F]2.3 ['®F]2.5

Figure 2.4: Structures of [18F]FDOPA, 2-.-[*®F]fluorophenylalanine, and [*®F] Trovafloxacin.
Classic  fluorine-18  labelled  radiopharmaceuticals includes  6-L-[*®F]fluoro-3,4-

dihydroxyphenylalanine ([*F]JFDOPA) [*®F]2.2 via electrophilic 8F-fluorodemetallation in
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the research of dopamine metabolism,>**® 2- -[*F]fluorophenylalanine [*¥F]2.3 via
electrophilic fluorination with acetyl [*®F]hypofluorite ([*®F]AcOF) [*8F]2.4 to study neutral
amino acid transport,®®°” and [*F]Trovafloxacin [8F]2.5 via electrophilic isotopic exchange
between fluorine-18 and fluorine-19 used for understanding antibiotic pharmacokinetics
(Figure 2.4).%8

Whilst electrophilic *8F-fluorination facilitates ®F-incorporation into sites that are difficult to
functionalize via nucleophilic reactions, [®F]F. is too reactive to achieve high chemo- and/or
regioselectivity. A widely applied solution is to convert the vigorous [*®F]F; into less reactive
but more selective electrophiles. One example was [*®F]AcOF developed in 1980, a reagent
prepared by passing [*®F]F2 through a CH3COONa-3H,0 column. [*®F]AcOF was bubbled into
a mixture containing the precursor and acid (TFA) to induce radiofluorination.®® Since then,
additional ®F-electrophiles were developed and applied in the synthesis of radio-
pharmaceuticals,®® including [*®F]XeF. ['8F]2.6, O-!8F-fluorination reagents, and more
recently a series of N-8F-fluorination reagents. [*®F]XeF. ['8F]2.6 was accessed via [*®F]F.
reacting with excess of xenon in a high pressure nickel vessel at 390 °C for 40 minutes.5
Another method of production is the isotopic exchange between XeF2 and [*®F]HF, [*®F]SiFa,
and [*®F]AsFs.%2 Classic O-'®F-fluorination reagents include [*®F]AcOF ['8F]2.4,
trifluoromethyl [*®F]hypofluorite [*8F]2.7,% and perchloryl [*®F]fluoride ['8F]2.8.5465 N-18F-
fluorination reagents include N-[*®F]fluoro-N-alkylsulfonamide [*8F]2.9,%6 1-[*8F]fluoro-2-
pyridone ['8F]2.10,%” N-[*®F]fluoropyridinium triflate ['8F]2.11,%® 1-chloromethyl-4-
[*®F]fluoro-1,4-diazoniabicyclo[2.2.2]octane  bis(triflate)  ([*®F]Selectfluor  bis(triflate))
[8F]2.12,% and N-[*®F]fluorobenzenesulfonimide ([**F]NFSI) [*®F]2.13 (Scheme 2.1).7°
[*8FINFSI [*8F]2.13 was first introduced in 2007, prepared from sodium dibenzenesulfonimide.
Selectfluor® is commercially available and reacts via either a two-electron pathway as an

electrophilic fluoride source or a single-electron pathway in radical fluorination processes.
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[‘8F]Selectfluor bis(triflate)) was ®F-radiolabelled from triethylenediamine (TEDA) and
[*®F]F2 in 2010. It is noteworthy that [*®F]Selectfluor bis(triflate) was selected instead of
[‘8F]Selectfluor bis(tetrafluoroborate), to avoid undesired 8F/*°F isotopic exchange, that would
result in low Am. O-'8F-Fluorination reagents are very reactive, and are less safe and less stable.
The new emerged N-8F-fluorinated reagents are generally safer, easier to handle, and more

selective as electrophilic and radical fluoride sources.”
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Scheme 2.1: Examples of electrophilic *8F-fluorination reagents derived from [*®F]F..
Early attempts of direct electrophilic radiofluorination of (-DOPA with reagents such as
[*8F]XeF2,"2 and [*®F]AcOF,% 7375 resulted in poor regioselectivity and low RCYs. The desired
6-[**FJFDOPA was afforded as the minor product, whilst 2- and 5-regioisomers were

predominantly formed (Scheme 2.2).
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HO NH, 2-:5 6 HO o N2

67: 7:
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['8F]FDOPA
Scheme 2.2: Direct electrophilic *®F-fluorination towards [*®F]FDOPA.

BE-Fluorodemetallation is an effective strategy to allow for regioselectivity. Two 8F-

Fluorodemetallation methodologies were developed to achieve regioselective radiolabelling of
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[*®F]FDOPA. In the first approach, a protected mercury derivative 2.17 was subjected to 8F-
fluorodemercuration with [*®F]AcOF, followed by deprotection in hydroiodic acid (Scheme
2.2a).’%"" [18FJFDOPA was obtained in high radiochemical purity (RCP) (> 99%), with a
radiochemical yield (RCY) of 12% (decay corrected). In the second approach, [*®F]FDOPA
was prepared in a fully automated fashion, with a RCP > 99% and a RCY of 33% * 4% via
BE-fluorodestannylation of the fully protected stannylated precursor 2.19, namely 4,5-di-[(1,1-
dimethylethoxycarbonyl)oxy]-N-formyl-2-trimethylstannyl-_-phenylalanine  ethyl  ester
precursor with [*®F]F,, followed by deprotection in excess of aqueous hydrobromic acid
(Scheme 2.2b).”® Knowing the versatility of Selectfluor in electrophilic fluorination with aryl
stannane and arylboronic esters in the presence of silver,”*® Gouverneur and co-workers
subjected a protected arylboronic ester precursor 2.21 to a Ag(l)-mediated electrophilic *8F-
fluorination with [*®F]Selectfluor bis(triflate) in Am of 3.4 = 0.1 GBg/umol from [*8F]F,.8!
Deprotection in hydroiodic acid led to the final [*®F]JFDOPA, with an RCY of 19% + 12% and
Anm of 2.6 + 0.3 GBg/umol (Scheme 2.2¢).%2

Early [*8F]F2 production relying on isotopic exchange leads to limited Am. To overcome this
limitation, Bergman and Solin reported a “post-target” method that produces [*®F]F2 with Am
up to 55 GBg/umol, by use of a fluoromethane electrical discharge chamber.” [*8F]F produced
from nuclear reaction *¥O(p,n)!8F was azeotropically dried and reacted with CHsl to form
[8F]CHsF purified by gas chromatography, which was then transferred to a quartz chamber
and mixed with 0.5% F2 (~ 1 umol) in neon to induce F/*°F isotopic exchange, promoted by
high-voltage electrical discharge.!#3

Despite all the improvements, [*8F]F- is now used less commonly, mainly due to the inherently
halved RCY, use of F as carrier, low selectivity and the innovation of modern nucleophilic

BE_fluorination methods.
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Scheme 2.2: Regioselective electrophilic *®F-fluorination toward [*®F]FDOPA.

2.3.2 Nucleophilic 8F-Fluorination of (Hetero)arenes
Classic SNAr Methodologies in Last Century

For nucleophilic aromatic substitution (SnAr), classical approaches subject activated arene
precursors, such as (hetero)aryl halides,? nitroarenes,® and trimethylammonium salts 8 to 8F-
fluorination with cyclotron produced [®F]F. (Scheme 2.3a). These reactions are usually
limited to electron-deficient aryl precursors which bear electron withdrawing groups at ortho
and/or para position relative to the group to be displaced. Halide precursors usually has slower
rate than nitro and trimethylammonium groups in terms of displacement by [*F]F .8 In
addition, it is impractical to use aryl fluoride precursors, since the ®F-labelled products are
inseparable from their precursors. Two other less commonly adopted methodologies are the
Balz-Schiemann and the Wallach reactions, which are limited by harsh conditions and narrow

substrate scopes (Scheme 2.3b and c). The original Balz-Schiemann approach suffered from
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maximum theoretical RCY of 25% and low molar activity due to competing *8F-incorporation
of the unlabelled fluoride in the monolabelled [*®F]tetrafluoroborate.®® The alternative
counterion BCls was introduced to solve the problem. However, undesired gaseous [®F]BFCI;
led to drastic loss of RCY up to 75%.%°%° Similar to the concept of thermal 8F-
fluorodediazonation in the Balz-Schiemann reaction, the Wallach reaction forms a
aryldiazonium salt in situ from its triazene precursor in the presence of strong acids, such as
trifluoromethanesulfonic acid.®>% Although triazenes are relatively more stable than
diazonium salts, both methods are becoming less common, especially since the 21% century,
when the development of novel nucleophilic aromatic radiofluorination methodologies with

wider scope, more stable precursors, and milder conditions have surfaced.
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Scheme 2.3: Classic SyAr methodologies of [*8F]arenes synthesis in the 20" century.

New Leaving Groups Developed in This Century
Several new leaving groups were introduced to SnAr, expanding the scope outside electron-
deficient (hetero)arenes, such as triarylsulfonium salts,®® N-arylsydnones,® and hypervalent

iodines including iodonium salts, *>° iodonium ylides,®” and oxidised iodoarenes (OlAs).%®
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Triarylsulfonium triflate bearing electron-deficient or electron-neutral arenes underwent SNAr

with [*®F]KF in the presence of 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane

(Kryptofix® 222) to afford corresponding [*®F]fluoroarenes. Density functional theory (DFT)

calculations revealed that attack of the fluoride at Cipso Of the substituted ring favours the

electron poor ring system. Consistent with the calculations, the observed experimental data

showed that nucleophilic attack by [‘®F]fluoride occurred at the most electron-deficient arene

as predicted from Hammett op constants (Scheme 2.4a). Installing electron-donating ancillary

arenes on triarylsulfonium triflate expanded the substrate scope to nonactivated aromatics

(Scheme 2.4b).%
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Scheme 2.4: Nucleophilic synthesis of [*®F]arenes from triarylsulfonium triflates.
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7
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17 examples
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Scheme 2.5: Synthesis and radiofluorination of N-arylsydnones.
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N-Arylsydnones are bench-stable heterocycles that can be accessed in two steps from their
corresponding anilines. On the formation of N-arylglycine 2.34, a one-pot N-nitrosation and
cyclodehydration afforded the N-arylsdynones 2.35 (Scheme 2.5a). ‘®F-fluorination enabled
formation of corresponding [*8F]fluoroarenes, with a diverse substrate scope, including ester,
nitro, amino, sulfone and sulfonamide. Heteroarenes are also tolerated, including thiophene,
benzofuran and pyridine (Scheme 2.5b).

Diaryliodonium salts emerged as alternative precursors in 1990s. Both electron-rich and
electron-poor arenes can be ®F-labelled. For unsymmetric substrates, the more electron-
deficient arene undergoes selective *F-fluorination (Scheme 2.6a).

Heteroarene-bearing iodonium salts allow ®F-incorporation into electron-rich aromatics for
asymmetric arene extrusion. Thiophene is more electron-rich than para-methoxybenzene and
thereby [!8F]2.38 was afforded as the single product (Scheme 2.6b).%°

Sanford and Scott reported a Cu-mediated radiofluorination to access a diverse range of
[‘®F]fluoroarenes from electron-deficient to electron-rich  (mesityl)(aryl)iodonium
tetrafluoroborate salts (Scheme 2.6¢).1%° The high regioselectivity was achieved by strong
steric bias for the small aryl group on the iodine and was found to be insensitive to the
electronic nature of the arene.

Computational studies revealed this sterically biased selectivity of unsymmetric
diaryliodonium salts arises from the so-called “ortho-effect” (Scheme 2.7). [®F]Fluoride
displaces the axial counterion in the diaryliodonium salt, forming a trigonal bipyramidal
complex. Subsequently, ipso attack of the nucleophilic [*®F]fluoride at the equatorial arene
results in formation of [*®F]fluoride-aryl bond. For unsymmetric diaryliodonium salts, arenes
bearing sterically bulky ortho-substituent occupy the equatorial position to minimise the steric

repulsion, leading to the corresponding [*8F]fluoroarenes.
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18F 18F
a) 9 oTf ["8FIKF/Kg2,
[ j [ :L MeCN, 85 °C
OMe RCY = 96%
product radio 1:0 OMe
237 ['8F12.31  ['®F]2.38
1 : 0
b @
) S I@ Br ["®FIKF/Kyzo
\ DMF, 130 °C
OMe
239 ['8F]2.38

RCY =29% = 3%

©
BF Me
c) N ["®F]KF/18-crown-6/K,CO5 @fF
R
R©/ (CH3CN),CuOTf
Me Me DMF, 85 °C, 20 min

2.40 ['8F]2.41

10 examples
electron-deficient/neutral/rich
RCY =14% - 79%

Scheme 2.6: a) Regioselective F-incorportion of diaryliodonium salt. b) Access of electron-rich
[*8F]arene from diaryliodonium salt. ¢) Cu-mediated radiofluorination of diaryliodonium salt.

18F 18'.:
RS fast Rt
K, —— N
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[8F12.42 ['8F]2.46
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18F | 18F |
['8F]2.44 2.45 ['8F]2.48 2.49
Major product Minor product

Scheme 2.7: Mechanistic insights of the selectivity of unsymmetric diaryliodonium salts.
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Electron-rich iodonium salts are prone to decomposition.®* Spirocyclic iodonium ylides, in the
form of crystalline solids, are promising alternatives to iodonium salts and are more stable.1%2
Successful ®F-incorporation of radiopharmaceuticals from spirocyclic iodonium precursors
includes [*®F]fluoroestrone ['8F]2.52, 5-[*®F]fluorouracil [*®F]2.53, and a N,O-protected 4-
[‘8F]fluorophenylalanine [*8F]2.54 with RCYs of 23%, 11%, and 55%, respectively (Scheme

2.8).

o)
18 18
NG ['8F]EL,NF _ F
R DMF, 120 °C R
o~ 0 10 min

2.50 ['®F]2.51
RCY (%)

o) o)
18F
| NH OMe
N/&O 18p NHCO,Et
H
['®F]2.52 ['®F]2.53 ['®F]2.54
RCY =23% + 6% RCY = 11% + 4% RCY =55% + 4%

Scheme 2.8: examples of *8F-radiopharmaceuticals accessed from spirocyclic iodonium ylides.

Radiofluorination of Phenols via Concerted SnAr

In the classic SnAr approach, *F-incorporation occurs via a negatively charged Meisenheimer
complex intermediate, which is sufficiently stabilised for arenes bearing electron-withdrawing
substituents, and hence limits the scope of SnAr. Ritter and co-workers have reported a direct
radiofluorination of phenols using 1,3-bis(2,6-diisopropylphenyl)-2-chloro-2,3-dihydro-1H-
imidazolium chloride 2.56.1% Role of the chloride 2.56 is to activate the phenol to prepare an
uronium intermediate, which could be directly *8F-labelled by elution of 18F-fluoride from the
anion exchange cartridge. The mechanism was proposed to proceed via an unusual concerted
SnAr (CSnATr) through the m-orbital framework, making nucleophilic displacement feasible

even on electron-rich arenes (Scheme 2.9).
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P N OH 1) Ag,CO;, 2.56, CHCI3, 60 °C 18 iPr = Pr
S g R{ N__N
= 2) ['®F]F", base, butanone-EtOH Q/ \(G)\@

2.55 130 °C, 20 min ['8F]2.57 ipr Cl ipr
22 examples C|®
RCY = 13% - 99% 2.56
Nu”
b) 5 %
L
LG N e Nu. LG Nu
2.58 2.59 2.60 2.61

Scheme 2.9: a) Radiofluorination of phenols using 1,3-bis(2,6-diisopropylphenyl)-2-chloro-2,3-
dihydro-1H-imidazolium chloride. b) Proposed CSnAr pathway through n-framework.

Late Stage Transition-Metal-Mediated Aromatic Radiofluorination Using [*®F]Fluoride
Palladium has been widely used in ligand-directed functionalisations.’®* In 2011, Ritter,
Hooker and co-workers reported a novel electrophilic [*8F]fluorination of palladium aryl
complexes to afford aryl [*®F]fluorides. The nucleophilic [*®F]fluoride was transformed into an
electrophilic [*®F]Pd(IV)-F complex, which could in turn react with the aryl palladium(ll)

precursor to generate the desired 8F-labelled product (Scheme 2.10).1%

N™ o BE M _\ ©
O ‘ /m 2 OTf ['®F]KF/18-crown-6 O ‘ /Nrr} o
P

SeavanTy T e L ey
S N ‘ B/N Acetone, rt, 10min L \ B/N
[N NRZAN . ‘N/ \N—N
= M
['8F]2.63

Acetone, 85 °C, 10 min

['8F]2.65
3 examples
RCY =10% - 33%

Scheme 2.10: Aromatic *8F-fluorination via an electrophilic Pd(IV) intermediate using [*®F]fluoride.
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A year later, in 2012, the Ritter group established a procedure for direct oxidative 8F-
fluorination of aryl nickel(I11) complexes using nucleophilic [*8F]F", mediated by hypervalent

iodine oxidant in one step (Scheme 2.11),106-108

0 ['8F]F/18-crown-6

N\

s
Yo NO, MeCN, 23 °C, < 1 min X

= lN— i-—-N\ /> __ 2®
X Meo@N—|—NC/>—OMe © ['’F12.68
/ —/ 1N 2 OTf
LIFSY Ph

12 examples
NP RCY = 13% - 58%

2.67
2.66

zZ—2ZZ
Y
Pyl
7|

Scheme 2.11: F-Fluorination of aryl nickel(11) complex.

In 2011, Ribas disclosed the first Cu(l)-mediated fluorination of aryl halide substrates, using
nucleophilic fluoride sources, including KF and AgF. Stoichiometric C-F bond was formed at

room temperature in acetonitrile under nitrogen (Scheme 2.12).1%°
Cu(MeCN),OTf (10 mol%)
AgF (2 equiv)
MeN_ X _NMe MeN F NMe
\L J/ MeCN/acetone \L J/
N Ny, rt, 12-24 h N
Me Me

2.69 2.70
X =Cl, Br Yield = 97% - 98% ('H NMR)

Scheme 2.12: Cu(l)-mediated fluorination of aryl halides.

The proposed mechanism was via a Cu'/Cu'' catalytic cycle. Aryl-X (X = Cl, Br) was
oxidatively added to Cu', followed by halide exchange to form the key complex aryl-Cu'"'-F
2.71, which undergoes reductive elimination to regenerate Cu' and release the desired aryl
fluoride 2.70 (Scheme 2.13).

In 2012, Wang and co-workers isolated a fluorinated Cu(l11) complex derived from Cu(ClOa)2-
mediated aerobic C—H activation of the macrocyclic host (Scheme 2.14).11° This Cu(lll)-F

complex underwent reductive elimination to form an aryl-F bond.
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MeN F  NMe | MeN X  NMe
N C
N \/4 u SN
Me
2.70 2.69
Reductive Elimination Oxidative Addition
F X
) )
MeN—Cu"-NMe MeN—Cu"-NMe
Me Me
2.72 2.71
AgX AgF

Halide Exchange

Scheme 2.13: Proposed catalytic cycle of Cu(l)-mediated aryl halide exchange.

©
2 ClO,

Me CU C|O4 6H20 MeN

NMe
CHCI3/CH30OH —
— N----Cul-n
air, rt, 1h ) X —

]
99% MeN._ _N_ _NMe

| N
/ =
2.73 2.74
MeN ; NMe
KF (2 equiv) — F 7\
> \ /N N
MeCN, rt, 1h —
56% MeN N\ NMe
| =
2.75

Scheme 2.14: Fluorination of isolated macrocyclic aryl Cu(l1l) complex.

Subsequent to these mechanistic studies, the Hartwig group reported a Cu(l)-mediated direct
formation of aryl fluorides from arylboronic esters, and electrophilic F* sources, tolerating a
range of functional groups such as esters, amides, halides, protected indoles. (Scheme 2.15).11
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Although an excess of Cu(l) was needed, the proposed mechanism is suggested to proceed

through a similar Ar-Cu(l11)-F reductive elimination pathway to afford fluoroarenes.

(t-BuCN),CuOTf (2 equiv)

Bpin [Me3pyF]PFg¢ (3 equiv) F
1 £
AgF (2 equiv)
THF, 50 °C, 18 h
2.76 2.77

25 examples
Yields = 29% - 77% ('°F NMR)

Scheme 2.15: Copper(l)-mediated fluorination of arylboronic esters.

A breakthrough in the field came in 2013 when Sanford and co-workers revealed that
aryltrifluoroborates and arylboronic esters could undergo carbon-fluorine bond formation with

a nucleophilic F~ source, 4 equiv of KF and 4 equiv of Cu(OTf), (Scheme 2.16).112

KF (4 equiv)
BF3;K Cu(OTf), (4 equiv) F
7 351
MeCN
60 °C, 20 h
2,78 2.79

11 examples (isolated)
yield = 36% - 68%

5 examples ('°F NMR)
yield = 21% - 71%

Scheme 2.16: Cu(ll)-mediated fluorination of aryltrifluoroborates.
Whilst aryltrifluoroborates 2.82 were shown to be the most reactive towards this type of
fluorination, the pinacol boronic ester 2.83 was also reactive. The MIDA borate 2.84 and the

boronic acid 2.85 led to the desired aryl fluoride 2.81 in much lower yields (Scheme 2.17).

KF (4 equiv)
BX, Cu(OTf), (4 equiv) F
60 °C,20 h
2.80 2.81
\N
BF3;K |(3') B/‘CBEO EH
~0 \O o) ~OH
F
F F F
2.82 2.83 2.84 2.85
70% 56% 9% 3%

Scheme 2.17: Cu(Il)-mediated fluorination of aryltrifluoroborates and arylboronic esters.
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A Cu(lll) intermediate 2.89 was proposed, resulting from a disproportionation reaction, in

which 1 equiv of aryl Cu(ll) intermediate 2.88 was oxidised by 1 equiv of Cu(OTf)2 (Scheme

2.18).
BF ;K
R
KF  KOTf say BROTI
CU“(OTf)2 #L» CU”(OTf)(F) M» ArCu”F
2.86 2.88
cu'(OTf),
cu'oTf

Ar-F <——— Arcu"\(F)(OTf)
2.90 2.89

Scheme 2.18: Proposed mechanism of Cu(ll)-mediated fluorination of aryltrifluoroborates.

Bridging the gap between copper-mediated '°F- and ‘8F-fluorination, the Gouverneur group
demonstrated the pre-formed Cu(l1l) complex 2.91 could be a viable intermediate for 8F-
fluorination of arenes. Non-radiolabelled TBAF-2pin was added to increase the concentration
of fluoride in a “carrier-added” manner. *8F-fluorinated ['8F]2.92 was afforded with an RCY

of 16% (Scheme 2.19).1%3

MeN NMe ["8F]KF/K52,/K,CO4 MeN NMe

— TBAF-2pin (1 equiv) — 18

< Z i/ \> 7\
S n_

\ /N (E)u N o \ /N N o

MeN N NMe DMF, 110 °C, 20 min

» »
= ZCIO4® %
2.91 ['8F]2.92

16% + 1% (n = 2)

Scheme 2.19: 8F-Fluorination of macrocyclic Cu(l11) complex.
In 2014, the Gouverneur group revealed the Cu(ll)-mediated nucleophilic *¥F-fluorination of
(hetero)aryl pinacol-derived boronic esters, upon treatment with [®F]KF/Kz2 and

commercially available Cu(OTf)2(py)a to access [*8F]fluoro(hetero)arenes (Scheme 2.20).14
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Q/ J% B\/? [Cu(OTf)2(py)4l (9 Mol%)
‘ ["8F]KF/K2,; (20 - 30 MBQ) O ‘/

2.94 DMF, 110 °C, 20 min [®F12.95  ['®F12.96

RCY =5% - 83%

Selected examples:

O H
BE 0 0
Ph MeO 18F
X
O Gl o0 TCD
18 ~
F 18 18 "F N

['®F]2.97 ['®F]2.98 ['®F]2.99 ['®F]2.100 ['®F]2.101 ['®F]2.102
74% + 5% 10% + 1% 59% + 8% 57% + 7% 1% + 2% 50% + 7%

Scheme 2.20: Cu(ll)-mediated nucleophilic *8F-fluorination of (hetero)aryl boronic esters.

This method tolerated electron-poor and electron-rich arenes and various functional groups.
Starting with 13 GBq of [*®F]fluoride at full automation, a dose of 609 MBq of [®F]JFDOPA
was prepared, with a decay-corrected RCY of 12%. Both of the radiochemical and the

enantiomeric purities exceeded 98% (Scheme 2.21).

MeO:C(\‘/COQMe [Cu(OTH(py)al MeO CO,Me
NBoc m
MeO 2 ['®F]KF (13 GBg)  MeO 18 2

B-O F
5% DMF, 110 °C, 20 min
2.103 ['®F]2.104

RCY =55% + 23% (n=2)
57% aq. HI HO;@\/YCOZH
—_—
130 °C, 10 min  HO op 12
['®F]2.2

['®F]FDOPA

> 600 MBq
ee > 99%

Scheme 2.21: Radiosynthesis of [*®F]FDOPA from [*®F]fluoride.
In 2015 and 2016, Sanford and Scott disclosed two further Cu(ll)-mediated nucleophilic 8F-

fluorination methodologies, using stoichiometric amount of Cu(OTf)2, from arylboronic acids
and arylstannanes respectively, both tolerating electron-poor and electron-rich arenes, with a

range of functional groups (Scheme 2.22).1>1®
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a) OH ["*FIKF

B~on Cu(OTH), (5 equiv) F
R pyridine (125 equiv) R
DMF, 110 °C, 20 min

2.105 ['®F]2.106

18 examples
RCY =8% -73%

b) ["®FIKF
SnRs Cu(OTH), (2 equiv) F
R’ i v K
pyridine (15 equiv)
DMA, 140 °C, 5-30 min

2.107 ['®F]2.108

R = Me, Bu 16 examples
RCY =7% - 64%

Scheme 2.22: Cu(ll)-mediated 8F-fluorination of a) arylboronic acids, and b) arylstannanes.

“Late-stage” ®F-incorporation is ideal, due to the half-life of fluorine-18, and to avoid
unproductive radioactive decay before injection in vivo for PET applications. However, such
strategy often carries risk especially for functionalised ‘®F-radiotracers containing one or more
N-heterocycles. In 2017, the Gouverneur group described a robust screening approach for the
rapid evaluation of functional group compatibility, tolerance of heterocycles and selection of
reaction conditions to determine whether *8F-fluorodeboronation as the last step in the
synthesis would be viable.**” If not possible, this screening approach could also suggest which
step(s) if any should follow 8F-fluorination. In practice, a model aryl boronic ester responding
well to ®F-labelling, such as 2-(4-cyanophenyl)-4,4,5 5-tetramethyl-1,3,2-dioxaborolane
2.109 (RCY = 34% + 15%, n = 122), was subjected to Cu-mediated *®F-fluorodeboronation in
the presence of one equivalent of heterocycle contained in the complex molecule of interest

(Scheme 2.23).

B~o ["®FIKF/Kzz2 (20 - 30 MBa) 18F
+ -~
/©/ [Cu(OTh)2(py)al (9 mol%) NG
NC DMF, 110 °C, 20 min

2.109 2.110 ['®F]2.111
1 equiv RCY =34% + 15% (n = 122)
(without heterocycles)
91 examples, RCY = 0% - 84%
(with heterocycles)

Scheme 2.23: The spiking experiments to de-risking the copper mediated ®F-fluorination.
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If the presence of this additive did not affect the RCY, a last step 8F-fluorination of the

complex target molecule may be viable (Scheme 2.24).

18F
B.
@ @) ["8F]KF/K2,2 (20 - 30 MBq) O
OR o) OR

B [Cu(OTf)2(py)al (9 mol%) 18F
2.112 ~0 DMF or DMA, 110 °C, 20 min [15F]2.114
55 examples
2.113 RCY = 6% - 80% ['®F]2.115

Scheme 2.24: The de-risking approach for Cu-mediated *®F-fluorination of heterocyclic PET tracers.

Adding 1 equiv of N-benzyl protected morpholine 2.116 or 1 equiv of quinazoline 2.117 did
affect the RCY (Scheme 2.25a). Thus, a direct final-stage *8F-fluorination was proposed to
access [®F]Gefitinib ['8F]2.97 from the boronic ester precursor 2.118. As expected

[*8F]Gefitinib [*8F]2.97 was prepared with an RCY of 22% (Scheme 2.25b)..

a) Spiking experiments

]
/@ >0 * [8FIKF/Kz22 (20 - 30 MBa) 18F
NG [CU(OTN;(py)s] (8 mol%) " L j

DMF, 110 °C, 20 min
2.109 2.110 ['®F]2.111

1 equiv RCY =34% *+ 15% (n = 122)
(without heterocycles)

(@]
) B
N ~
Bn N
2.116 2117
RCY =39% £ 13% (n = 2) RCY =25% + 3% (n=2)

b) Direct '8F-fluorination to access ['®F]Gefitinib

s
(\O /@B\O ["8F]KF /K222 (20 - 30 MBg) /@i
N\) HN Cl > (/
&o [Cu(OTH)(py)a] (1.5 equiv)

N DMA, 110 °C, 20 min )
/) MeO
MeO N
2.118 ['®F]2.119
['®F]Gefitinib
22% + 7% (n = 4)
Scheme 2.25: Direct final-stage ®F-fluorination to access [*8F]gefitinib.
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However, if the RCY was markedly decreased, or no *8F-incorporation was observed (RCY <
5%), it is necessary to identify which group or sub-motif affected detrimentally *F-
radiofluorination. One strategy is to protect the heterocycle that affected the radiolabelling. In
the case of rufinamide, spiking with amide 2.120, no *8F-incorporation was observed. With N-
trityl protected amide 2.121, the efficiency of ®F-incorporation was recovered, indicating this
protected group was no longer detrimental to the reaction. Thereby, the synthesis of
[*®F]rufinamide ['8F]2.124 required precursor 2.122 protected at the amide group. The
radiofluorination was followed by a subsequent deprotection of the triphenyl methyl group to

obtain the final product ['8F]2.124 (Scheme 2.26).

a) Spiking experiments

/©/ ©\/\N ["8F]KF/Ky0 (20 - 30 MBq) /©1/8F
\ .
N= %
NHR  [Cu(OTf)a(py)s] (9 mol%) NG

DMF, 110 °C, 20 min

2.109 RR_Z';AZ';";; [18F]2.111
TR e adding 2.120, RCY = 0 (n = 2)
1 equiv adding 2.121, RCY = 18% + 1% (n = 2)
b) "®F-Fluorination followed by deprotection
18F

0.0 ["8F]KF/Ka23 (20 - 30 MBq) o)

NN ph
[Cu(OTA)2(py)al (1.5 equiv) = Ph
M DMA, 110 °C, 20 min F NN HN'%Ph
HN/<’F>h
2.122 ['®F]2.123

68% + 7% (n = 4)

18F
1) TFA/DCE (3:1) o
80 °C, 5 min ’\\IM
2) iPr3SiH (1 equiv) E N=N NH,
80 °C, 5 min
['®F]2.124

['®F]Rufinamide
98% conversion
Scheme 2.26: The protection-deprotection strategy to access [*®F]rufinamide.
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Another common post-labelling strategy is a coupling step of the radiolabelled (hetero)arene
to afford the final radiolabelled molecule. In the case of [*®F]risperidone [‘8F]2.127, initial
spiking experiment suggested that pyrimidone 2.125 might inhibit *®F-incorporation (Scheme
2.27a). This was proved to be true when boronic ester 2.126 was subjected to the final-stage
BE-fluorination. No *8F-incorporation was observed (Scheme 2.27b). Thus, a post-labelling
coupling step was envisaged. An NBoc-protected benzo[d]isoxazole 2.128 was radiolabelled
in 42% RCY. In situ N-deprotection of [18F]2.129 with TFA was followed by alkylation with

pyrimidone 2.130 to afford the final product [*®F]Risperidone [18F]2.127 (Scheme 2.27c).

a) Spiking experiments

J% O ["®FIKF/Kz25 (20 - 30 MBq) 18F
/©/ Q)i\/ [Cu(OTf)2(py)4l (9 mol%) NC/©/

DMF, 110 °C, 20 min

2.109 2.125 ['8F12.111
1 equiv RCY =2% £ 1% (n = 2)

b) Unsuccessful final-stage '8F-fluorination

['8F]KF/Ky22 (20 - 30 MBq) O/\@\
)H/i\/ A\ﬁ [Cu(OTHa(pY)al (1.5 equiv) Q)i\/

DMA, 110 °C, 20 min

2.126 ['®F]2.127
['®F]Risperidone

RCY =0% (n=2)
c) '®F-Fluorination then deprotection, follow by coupling

N-O
O/\Q ["®FIKF/Kz22 (20 - 30 MBq) I
Cu(OTf), 1.5 equiv 18
BocN A\f [ (Py)al ( quiv) BocN E

DMA, 110 °C, 20 min

2.128 ['8F]2.129

42% £ 7% (n=4)

1) TFA, 110 °C, 10 min O/\Q

2.130 (2 equiv) ['®F12.127

K,COj3 (2 equiv), KI (2 equiv) ['®F]Risperidone
DMF, 110 °C, 20 min

69% conversion

Scheme 2.27: The coupling strategy to access [*8F]risperidone.

Photoredox-Catalysed 8F-Fluorination
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In 2019, Nicewicz and co-workers reported a direct C-H ®F-fluorination via photoredox

catalysis (Scheme 2.28a).1!8 The Nicewicz lab developed an acridinium-based single-electron

photooxidant 2.132 to catalytically generate arene radical cations as reactive intermediates.

The photooxidant 2.132 and 2,2,6,6-tetramethyl-1-piperidine-1-oxyl (TEMPQ) as a redox co-

mediator were subjected to direct C-H to C-'®F bond conversion under aerobic conditions,

without the need for pre-functionalisation of arenes. In the following year, the Nicewicz group

applied the same photocatalyst in *F-deoxyfluorination via cation-radical-accelerated SnAT,

enabling access to electron-rich [‘F]fluoroarenes (Scheme 2.28b).°

a)
)
2131
b)
OR
€Y
2134

e

2.136

['*FITBAF
2.132 (1-5 mol%)
TEMPO (0.5 equiv)

MeCN/t-BuOH
450 nm laser (3.5 W)
0,, 0 °C, 30 min

['*FITBAF
2.132 (1.5 mg)
TBAHCO; (25 L)

DCE/MeCN/t-BuOH
450 nm laser (3.5 W)
air/N,, 0 °C, 30 min

OR

['8F]2.137

18F
€Y

['8F]2.133

> 30 examples
RCY =3% - 50%

18F
€Y

[8F]2.135

52 examples
RCY =20% - 95%

]
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©)
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Me' Me
S
o N/ t-Bu
t-Bu ®
Ph
2.132
Me
o
O clo,
Me Me
S
N/‘ t-Bu
t-Bu N®
Ph
2.132

Scheme 2.28: a) Direct C-H 8F-fluorination and b) *8F-deoxyfluorination via photoredox catalysis.
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2.4 Radiosynthesis of [*8F]Rucaparib

A review of the recent development in the nucleophilic aromatic *8F-fluorination was delivered
in the previous section. In this section, a Cu(ll)-mediated *8F-fluorination will be demonstrated
to access a novel potential radiotracer, [*®F]rucaparib.

2.4.1 Labelled PARP Inhibitors and Analogues

For BRCA1/2-mutated cancer treatment with PARP inhibitors, poor response for some patients
is observed, which may be caused by a lack of drug accumulation in the tumour, active drug
efflux, or other resistance mechanisms, as explained in Chapter 1. A method that estimates
PARP expression levels, PARP inhibitor accumulation in tumour tissue, and target occupancy
of PARP enzyme binding pockets, will allow more accurate selection and fast therapy
evaluation of patients who may benefit from PARP inhibitor treatment. An optimal PET
radiotracer should have high selectivity toward the targeted receptor and low nonspecific
binding. In this context, *8F-radiolabelled PARP inhibitors for PET imaging stand out for
clinical standard of care.

In 2019, the Gouverneur and Cornelissen groups reported a radiosynthesis of the first ‘8F-
isotopogue of PARP inhibitor, [*8F]olaparib [*8F]2.139 from a pinacol boronic ester precursor.
This radiotracer was taken up in PARP-1 expressing cell lines and tumour cells in a mouse

xenograft model, with increased uptake upon tumour irradiation (Scheme 2.29).120121

(0] (0]
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N o Cu(impy)a(OTH), O NH
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|

o7€< o 0

['®F]2.139

2.138 ['®F]Olaparib
Manual: AY =17% £ 5% (n = 15),
Ap, up to 34.6 GBg/umol
Automated: AY = 6% = 5% (n = 3),
Ap, up to 319 GBg/pmol

Gouverneur & Cornelissen (2019)

Scheme 2.29: Radiosynthesis of [F]olaparib.
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In 2021, Maurer and Xu disclosed independently the radiosynthesis of [F]talazoparib

[*8F]2.141 from a pinacol boronic ester precursor and a trimethylammonium precursor

respectively (Scheme 2.27).12212 The Maurer group demonstrated that [‘®F]talazoparib was

taken up in breast cancer cell lines and showed an excellent tumour-to-blood ratio in xenograft-

bearing mice. The Xu group revealed that [*8F]talazoparib had a good level of tumour uptake

in the murine prostate cancer (PC-3) tumour model.
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Scheme 2.30: Radiosynthesis [‘®F]talazoparib.
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In 2018, Domchek and co-workers reported promising efficacy of rucaparib treatment with an
acceptable safety profile for patients with advanced pancreatic cancer.>* However, not all
patients receive the same benefit from rucaparib-maintenance therapy. We envisaged that an
18F.isotopologue of rucaparib might act as a predictive biomarker to help with patient selection
for rucaparib treatment and predict clinical benefit. The aim of this work is to develop the first

radiosynthesis of [*®F]rucaparib [*F]2.147 (Figure 2.5).

N
o

0
18F N HN—

H

['®F]2.147
['®F]Rucaparib
This work

Figure 2.5: Structure of [*®F]rucaparib.

Radiolabelled analogues of rucaparib have been prepared by Mach and co-workers. The
radiotracer [*®FJWC-DZ-F ['®F]2.113 was applied for the preliminary evaluation of PARP
expression in prostate cancer,'?® and [*®F]FluorThanatrace [8F]2.114 developed by Mach et
al. is being evaluated as a PET imaging agent for clinical use.'?® The structurally related

analogue Z1/*%|-radiolabelled KX-1 [12%125]]2.115, will be discussed in Chapter 3 (Figure

26) 127
H H H H
) i we o) )
F
N N N N
O G0 GO oo
7 7 7 7
N N N N
['®F]2.148 ['®F]2.149 [2%112.150 ['25112.150
['®F]wC-DZ-F ['®F]FluorThanatrace ['2311KX-1 ['2511KX-1

Figure 2.6: Radiolabelled analogues of rucaparib.
Using structurally identical ‘8F-isotopologues of PARP inhibitors presents several advantages
as these allow direct visualization of PARP expression in patients with PET imaging, as well

as enable quantification of PARP inhibitor biodistribution, tumour delivery and target
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engagement; as such stratification of patients becomes possible and response to DNA
damaging cancer treatment can be monitored.*?® [*H]rucaparib and [**C]rucaparib were

prepared to study their metabolism using ex vivo autoradiography and radio-HPLC (Figure

2_7)'129,130
H H
N N
(0] A\
o 14CH2
CL-Onnd 000
F N HN—-T F N HN—
T H
[*H]2.147 ['4C]2.147
[*H]Rucaparib ['“C]Rucaparib

Figure 2.7: Labelled isotopologues of rucaparib.

2.4.2 Project Overview

To access [‘®F]rucaparib, the Cu(ll)-mediated !8F-fluorination was selected for multiple
reasons. Firstly, the boronic ester precursor is readily accessible and bench stable. Secondly,
the procedure is amenable for automation. Thirdly, the reaction is generally high in Am, activity
yield (AY), RCP and chemical purity as reviewed in Section 2.3.2. Following the recently
reported radiosynthesis of [*8F]olaparib,}21?! this work focused on the development of a
method to access [*®F]rucaparib, applying the key step, the Cu(Il)-mediated radiofluorination

of an aryl boronic ester with cyclotron-produced nucleophilic [*®F]fluoride (Scheme 2.31).

H N
N 0]
O Cu(ll)-Mediated

18 P
{ F-Fluorination O A\ O
o \ O L oo O-g N HN—
F H AN [PFIKF K22 3 H
[Cu(OTf)2(py)4l

DMI, 120 °C, 20 min

2.151
Boronic ester precursor

['8F]2.147
Scheme 2.31: Retro-radiosynthesis for [*®F]rucaparib.

2.4.3 Screening Experiments for [*®F]Rucaparib

The de-risking strategy for the Cu(ll)-mediated radiofluorination developed by the Gouverneur

group was reviewed in Section 2.3.2. We applied the same approach to this project with initial
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screening experiments, investigating the compatibility of rucaparib and its sub-motifs towards
Cu-mediated ‘®F-fluorination. To prepare the additive 2.158 for screening, the synthesis started
with the reaction of commercially available methyl 4-indolecarboxylate 2.152 with 2-
nitroethylacetate 2.153, made available by esterification of nitroethanol, to afford (2-
nitroethyl)indole 2.154 which was required for ring closure (Scheme 2.32).

AcO
C \/\N02
2.153 (1.2 equiv)

NO
CO,;Me 4-tert-butylcatechol (1 mol%) CO,Me 2 HCI (2 M), Zn (24 equiv)  ©
p-xylene (0.8 M) MeOH (0.07 M)
A\ A\ N\
N 145°C,3.5h N 100 °C,0.5h

ZT

H 162 mg, 62% H 67 mg, 70% N
2.152 2.154 2.155
p-formylphenylboronic acid
H (1.0 equiv) H
Pyr.HBr3 (1.1 equiv) O Na,COj3 (2.0 equiv) le) N
DCM-THF (1:1) Pd(PPh3)s (20 mol%)
e
0
0°Ctort, 1h N—pgr Dioxane-H,0 (0.08 M) O N O /
306 mg, 76% N 85°C, 16 h N
H 133 mg, 73% H
2.156 2.157
H
1) MeNH, (3.0 equiv) oN

MeOH (0.1 M), rt, 2 h

2) NaBH, (2 equiv) O N O
N HN—
H

MeOH-THF (0.067 M)
0°Ctort,2h
94 mg, 78% 2.158

19% over 5 steps

Scheme 2.32: Synthesis of non-fluorinated rucaparib analogue 2.158.
Upon reduction with zinc in methanolic hydrochloric acid, lactonization led to the tricyclic
indole 2.155 in 70% yield. Regioselective bromination at the C2-indole with pyridinium
tribromide took place within an hour and led to the bromide 2.156 in 76% yield. Superimposing
the *H NMR spectra of the starting material 2.155 and the brominated product 2.156 confirmed
that the bromination was regioselective at C-2 (Figure 2.8). The peak corresponds to the proton
(He) at C-2 in 2.155 (highlighted in grey) disappeared after bromination. *H-tH Correlation
Spectroscopy (COSY) showed the expected coupling between 3 protons at C-5, C-6 and C-7
of bromide 2.156 (Figure 2.9). Proton Hy at C-6 couples with both Ha at C-5 and Hc at C-7.
Suzuki-Miyaura coupling between 2.157 and p-formylphenyl boronic acid followed by a
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reductive amination led to the final non-fluorinated rucaparib analogue 2.158 with an overall
yield of 19% (chemical purity > 95%) from commercially available indole 2.152 (Scheme

232) _131,132
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Figure 2.8: *H NMR spectra of 2.155 (indigo) and 2.156 (maroon).
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Figure 2.9: *H-'H COSY of bromide 2.156.

Subsequently the non-fluorinated analogue of rucaparib 2.158, the tricyclic indole 2.155, the
aldehydic analogue of rucaparib 2.157 and an NBoc protected non-fluorinated analogue 2.159
were added as additives to the robustness screening experiments (Scheme 2.33). As expected,

the model aryl boronic ester 2.109 responded well to Cu(ll)-mediated *8F-fluorination (RCY =
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39% + 2%, n = 4). “+/-” refers to standard deviation. However, when 1 equivalent of non-
fluorinated rucaparib 2.158 was added, only trace amount of [*3F]4-fluorobenzonitrile
['8F]2.111 (RCY < 5%) was observed. This result discouraged ‘®F-incorporation as the last
step. We assumed that the secondary amine of non-fluorinated rucaparib 2.158 might prevent
BE-fluorination. This assumption was confirmed upon spiking with the tricyclic indole 2.155.
The RCY of the benchmark reaction was not affected (~ 43%). Knowing the secondary amine
is detrimental to *8F-incorporation, we spiked the model reaction with two other analogues
bearing an NBoc protecting group and an aldehyde, respectively. Adding the NBoc protected
non-fluorinated analogue 2.159 (preparation of 2.159 see Chapter 4) did not hamper the
efficiency of *®F-incorporation (RCY = 34% + 5%, n = 2), suggesting that a post-labelling
deprotection strategy might be viable. Spiking the model reaction with aldehyde 2.157 did not
affect the RCY of 4-[*®F]fluorobenzonitrile (RCY = 42% + 8%, n = 2). Thus we considered a
second strategy, which is a reductive amination. It has been used as a potential post-labelling

step with ample examples to support its feasibility. 13313

N ["8F]KF/K g, (20-30 MBq)
/©/ Cu(OTf)a(py)s (1.0 equiv) //N
>§r6 additive (1.0 equiv) 1o

DMF (300 mL), 110 °C, 20 min

2.109 ['®F12.111

0.01 mmol without additive:
RCY =39% £ 2% (n=4)

N N N N
(0} (0} O O
(0]
HN N N BocN N
H H H

N
N
H
2.158 2.155 2.159 2.157
RCY < 5% RCY =43% + 3% RCY = 34% + 5% RCY =42% + 8%
(n=2) (n=2) (n=2) (n=2)

Scheme 2.33: Screening experiments informing suitable radiosynthetic routes towards [*®F]rucaparib.

Based on the screening results, we envisaged two retrosynthesis routes for [*8F]rucaparib. In
the first route, [*®F]rucaparib [18F]2.147 could be afforded from deprotection of NBoc protected
[®F]rucaparib [*8F]2.160 which might be accessed from the NBoc protected boronic ester
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precursor 2.161 via Cu(ll)-mediated *®F-fluorination (Scheme 2.34, left route). In the second
route, a reductive amination would be applied as the post-labelling step from aldehyde
[‘®F]2.162 and the corresponding precursor is an aldehydic boronic ester 2.163 (Scheme 2.34,

right route).
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NBoc Deprotection/ \ Reductive Amination
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18 H BocN— 18 H
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18F_Fluorination 8F_Fluorination
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Scheme 2.34: Two possible retro-radiosynthesis routes for [*®F]rucaparib.

Cu(ll)-Mediated “ “ Cu(ll)-Mediated

2.4.4 Retrosynthesis approaches to Boronic Ester Precursors

Having identified two potential borylated rucaparib precursors 2.161 and 2.163, initial
investigation focused on their synthesis, applying a method that would enable selective

functionalisation at C-2 and C-6 indole (Scheme 2.35).
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Scheme 2.35: C-2 and C-6 of tricyclic indole to be selectively functionalised.

Two retrosynthesis approaches of the NBoc protected boronic ester precursor 2.161 were
envisaged. The first approach aimed to access the bis-borylated tricyclic indole 2.162 (Scheme
2.36). Baran and co-workers reported an iridium catalysed regioselective C-H borylation at C-
6 indole (Scheme 2.37).1%" A bulky protecting group, such as triisopropylsilyl (TIPS)
effectively blocked C-2 and C-7 which are known to react preferentially. The regioselectivity

of the Suzuki-Miyaura coupling could be a potential limitation of this approach.

H
N

Suzuki-
© Miyaura C-H ©
coupling borylation
O = | =, D
O-g N BocN— N O~ N
0 o
2.161 2.162 2.163

H
TIPS Regioselective (e} N TIPS
deprotectlon C-H borylatlon protectlon
5
N 2
O‘B 6 S~ N
7 S|’Pr3 SiPPry
2.164 2.165 2.155

Scheme 2.36: Retrosynthesis analysis for the synthesis of boronic ester precursor 2.161, featuring a
bis-borylated tricyclic indole as the key intermediate.
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CO,Me [Ir(cod)OMe], (5%mol) CO,Me CO,Me
HBpin (25%mol), (6]

NHBoc B,pin, (4.0 equiv) lB NHBoc ISIHBO
5 N, 0 g \ \
1,10-phenanthroline (0.1 equiv) O-
6 N hexane (0.17 M) N B76 N
7 SiPry 80 °C, 24h, yield 77% SiPry o Si'Pry
C5:C6 1:8
2.166 2167 2.168
1 : 8

Scheme 2.37: Iridium catalysed regioselective C-H borylation developed by Baran and co-workers.

The second approach featured a last-step Miyaura borylation. A bis-halogenated tricyclic
indole 2.170 was proposed as the key intermediate for a chemoselective Suzuki-Miyaura
coupling to access 2.169 (Scheme 2.38). Since C-3 position of the tricyclic indole 2.171 is
inhibited, electrophilic iodination with 2.171 should undergo regioselectively at C-2 indole to

afford the bis-halogenated substrate 2.170.

H
o N H Suzuki- H
Miyaura N Miyaura oN
borylation coupling
O A\ O p— f— 3
o LT Co-O)
! N BocN— N
a/o Br H Br H
2.161 2.169 2170
N
Regioselective (¢} CO,Me
iodination 3
_ N\ — A\
2 — Br N
Br N H
H
2171 2172

Scheme 2.38: Retrosynthesis analysis for the synthesis of boronic ester precursor 2.161, featuring a
bis-halogenated tricyclic indole as the key intermediate.

2.4.5 Synthesis of Boronic Ester Precursors for 8F-Fluorination

In the first approach to access the NBoc protected boronic ester precursor 2.161, a TIPS-
protected tricyclic indole 2.165 was subjected to iridium-catalysed C-H borylation. Boronic
ester 2.164 functionalised at C-6 indole was afforded as the single product. C-2 and C-7 are
sterically hindered by the TIPS protecting group as expected. The C-5 borylated regioisomer
was not observed, possibly due to the steric hindrance impaired by the lactam at C-4.The

regioselectivity at C-6 indole was confirmed by *H-H COSY (Scheme 2.39 and Figure 2.10).
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Scheme 2.39: Synthesis of boronic ester precursor 2.161 via bis-borylated intermediate 2.162.
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Figure 2.10: *H-tH COSY of boronic ester 2.164.
All three proton signals at the aromatic region exhibited as singlets. The lack of vicinal proton-
proton coupling (*Jun) suggested that no proton is adjacent to each other on the indole motif,
leaving the C-6 position the only possibility to be borylated. Boronic ester 2.164 was then
deprotected in TBAF under room temperature for 8 hours. The C-H borylation and the

deprotection could be done as a one-pot procedure in 70% yield. The resulting boronic ester
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2.163 was subjected to a second iridium-catalysed C-H borylation. Without steric hindrance,
C-2 indole was functionalised regioselectively due to the inherent reactivity of the pyrrole ring.
Protodeboronation at C-2 indole was observed during isolation of boronic ester 2.162 via
silicon gel column chromatography, indicating the lability of the boronic ester at this position.
When bis-borylated tricyclic indole 2.162 was subjected to Suzuki-Miyaura reaction with
bromide 2.173, the desired boronic ester 2.161 was obtained as the single product. This bold
move was based on the assumption that the C-2 position in the pyrrole-like ring is inherently
more reactive and thus more prone to transmetallation in the Suzuki-Miyaura coupling.t® The
overall yield of the precursor 2.161 was 4% from methyl 4-indolecarboxylate 2.155 (Scheme
2.39).

In the second approach to access the same NBoc protected boronic ester precursor 2.161, the
bis-halogenated tricyclic indole 1.170 was prepared by modifying the sequence disclosed in
the literature.*-132 Similar to the synthesis of non-fluorinated rucaparib, this synthesis started
with the reaction of commercially available methyl 6-bromo-4-indolecarboxylate 2.172 with
2-nitroethylacetate 2.153, to afford (2-nitroethyl)indole 2.174. Upon reduction with zinc in
methanolic hydrochloric acid, lactonization led to the tricyclic indole 2.171 in 71% yield
(Scheme 2.40).

lodination with PIFA/l> (PIFA = [bis(trifluoroacetoxy)iodo]benzene) led to the bis-
halogenated 2.170 in a yield of 46%. Subjecting to a Suzuki-Miyaura reaction, the C2-indole
was selectively coupled with the N-protected boronic ester fragment 2.175 to yield bromide
2.169 as a single product, leaving the C6-indole bromide intact for further functionalization.
Isolation of bromide 2.169 was challenging. The crude mixture was immediately subjected to
Miyaura borylation to afford the desired boronic ester 2.161 as the best yield. After preparative
HPLC purification, 2.161 required for 8F-incorporation was obtained with an overall yield of

8% (chemical purity > 95%) from commercially available indole 2.172.
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Scheme 2.40: Synthesis of NBoc protected boronic ester precursor 2.161.
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Scheme 2.41: Synthesis of aldehydic boronic ester precursor 2.163.

82



The aldehydic boronic ester precursor 2.163 was also accessed via this strategy. Coupling
between the bis-halogenated 2.170 and p-formylphenyl boronic acid afforded aldehyde 2.177
which was not isolated for the same reason as for 2.169. The crude mixture was directly
subjected to a borylative coupling leading to the aldehydic boronic ester 2.163 with an overall

yield of 7% (chemical purity > 95%) from commercially available indole 2.172 (Scheme 2.41).

2.4.6 Synthesis of °F-Rucaparib as Verification for Radiolabelling

In radiochemistry, the ‘8F-radiolabelled product is usually yielded in nanomolar or picomolar
scale. Due to its limited quantity and safety in handling radioactivity, the identity of the 8F-
radiolabelled product is confirmed by comparing the retention time of the peak with its
corresponding °F-reference via HPLC. To prepare the fluorinated references for the
precursors, we expected the reactivity of each step in the synthetic sequence would be similar

to the non-fluorinated and brominated analogues.
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Scheme 2.42: Synthesis of rucaparib as standard reference.
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With the synthesis routes to access the boronic ester precursors in hand, the similar approach
was applied to prepare rucaparib 2.147 subsequently, starting from the commercially available

methyl 6-fluoro-4-indolecarboxylate 2.178, with an overall yield of 26% (Scheme 2.42) .

2.4.7 Optimisation Study for ‘8F-Fluorination of Boronic Ester Precursors

Next, both NBoc and aldehydic precursors 2.161 and 2.163 were subjected to radiofluorination
subsequently. Upon delivery of [*8F]fluoride to the radiolab, [*®F]Fluoride (3.0-4.0 GBq) was
trapped onto a quaternary methylammonium (QMA) cartridge and separated from the 8O-
enriched-water. It was then released with a solution of Kaz/ K2C204/K2CO3 in MeCN/H-0.
We applied the same elution method as in the radiosynthesis of [1®F]olaparib which was proved
to be the most efficient elution method (~ 80%).'?° The solution was azeotropically dried with
MeCN under constant N flow at 105 °C. The dried [*®F]KF/K22. residue was redissolved in
anhydrous MeCN. A solution of [®F]KF/Kz2, in MeCN (20 - 30 MBgq, 10-50 pL) was
dispensed into a V-vial. A solution containing Cu(OTf)2(py)s and the NBoc protected precursor
2.161 was added to the vial, followed by injection of air via a syringe to maintain aerobic
condition. The sealed vial was heated at 120 °C for 20 min. An aliquot was removed for

analysis by radio-HPLC to calculate the RCY and to confirm the product identity.

H ["8FIKF/Kp2,
N H
O (20-30 MBq) N
Cu(Il) complex

O ) O ]
solvent (300 pL
O-g N BocN— o0 oc(zo r:in) O > O

(’) ’ 18F H BocN—

2.161 ['®F]2.160
0.01 mmol, 5 mg

Entry Solvent Cu(OTf)2(py)4 RCY (n=2)?
1 DMI 1 equiv 42% + 5%
2 DMI 2 equiv 39% + 1%
3 DMI 3 equiv 2504 + 3%
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4 DMA 2 equiv 290 + 2%

5 DMF 2 equiv 7% + 0%

Table 2.4: Optimization study for the '®F-radiolabeling of the N-protected boronic ester precursor
2.126. ®RCY = radiochemical yield, determined by analytical HPLC. K =4,7,13,16,21,24-hexaoxa-
1,10-diazabicyclo[8.8.8]hexacosane or Kryptofix 222. DMI = 1,3-dimethyl-2-imidazolidinone. DMF =
N,N-dimethylformamide.

The labelling of the NBoc protected precursor 2.161 with 1 equivalent of Cu(OTf)2(py)a in
DMI afforded [*8F]2.160 in 42% RCY (Table 1, entry 1). Slight modification of these labelling
conditions did not improve the RCY, including changing the solvent and adding more Cu(ll)
(Table 2.4, entry 2-5). Deprotection of [*®F]2.160 with TFA at 120 °C for 20 minutes was
quantitative (Scheme 2.43).

H N

o o)
TFA (300 pL)

120 °C, 20 min
O > O | O ) O
18 N BocN > 99% 18 N N
F oC E H

18
['®F]2.161 ['®F]2.147
['®F]Rucaparib

Scheme 2.43: Quantitative deprotection to access [*®F]rucaparib.
When the aldehydic precursor 2.163 was subjected to the reaction condition found optimal for
2.161, the RCY of [*®F]2.162 was significantly higher (73% RCY, Table 2.5, entry 1). Further
optimization by modifying the stoichiometry of the copper complex with respect to the boronic
ester precursor and the solvent indicated that the best result was obtained by increasing the
Cu(OTf)2(py)s:2.163 ratio from 1:1 to 2:1. These ®F-labeling conditions gave [*®F]2.162 in
80% RCY (Table 2.5, entries 2-5).
H ["8F]KF/K20,

o (20-30 MBq) §
Cu(ll) complex

0
A\ 7 o)
O- N solvent (300 pL) AN /
B H 120 °C,20 min
F N
o H

2.163 ['®F12.162
0.01 mmol, 4 mg

Entry Solvent Cu(OTf)2(py)4 RCY (n=2)?
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1 DMI 1 equiv 73% = 7%
2 DMI 2 equiv 80% + 3%
3 DMI 3 equiv 56% + 1%
4 DMA 2 equiv 50% + 5%
5 DMF 2 equiv 13% + 3%

Table 2.5: Optimization study for the ‘®F-radiolabeling of the N-protected boronic ester precursor
2.128. ®RCY = radiochemical yield, determined by analytical HPLC. K =4,7,13,16,21,24-hexaoxa-
1,10-diazabicyclo[8.8.8]hexacosane or Kryptofix 222. DMI = 1,3-dimethyl-2-imidazolidinone. DMF =
N,N-dimethylformamide.

Aldehyde ['8F]2.162 was then subjected to the reductive amination, in excess of methylamine
and NaBH3zCN in EtOH for 20 minutes at 120 °C. The conversion was quantitative and the

identity of the product [*®F]rucaparib was confirmed by analytical radio-HPLC (Scheme 2.44).

N N
N
0 MeNH, (200 pL in EtOH) 0
NaBH5CN (0.16 mmol)

0]
-0 ===t (-0
18 N > 99% 18 N HN—
H F H

['8F]2.162 [8F]2.147
['®F]Rucaparib

Scheme 2.44: Quantitative conversion of reductive amination to access [*®F]rucaparib.

The aldehydic boronic ester precursor 2.163 was selected for radiosynthesis and isolation of

[*®F]rucaparib.

2.4.8 Large Scale Radiosynthesis and Isolation of [*3F]Rucaparib

The aldehydic precursor 2.163 was subjected to the optimised condition for radiofluorination,
starting from 2 to 3 GBq of [*®F]fluoride. The crude mixture after reductive amination was
loaded onto a semi-preparative HPLC in reverse phase for separation. The [*®F]rucaparib
[*8F]2.147 was collected from the HPLC and trapped onto a C18 cartridge. It was then released
with 3 mL of EtOH. After drying, [*®F]Jrucaparib was reformulated in 10% DMSO/PBS
solution with a non-decay corrected AY of 11% * 3% (n = 3), a radiochemical purity (RCP)
superior to 95%, and Am up to 30 GBg/umol (n = 3); the total synthesis time was 2.5 h (Scheme

2.45 and Figure 2.8).
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H 1) ["®FIKF /K202 H
0 N Cu(py)4(OTf), (0.02 mmol) o N
DMI (300 pL), 120 °C, 20 min

o)
O A\ O 7 2) MeNH, (200 plL in EtOH) O A\ O
O\B N NaBH3CN (0.16 mmol) 18 N HN—
T H 120 °C, 20 min H
o)
2.163 ['8F]2.147

0.01 mmol ['®F]Rucaparib
AY =11% + 3% (n = 3)
Apy: up to 30 GBg/umol (n = 3)
Synthesis time: 2.5 h

Scheme 2.45: Radiosynthesis and isolation of [*®F]rucaparib.
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Figure 2.8: Radiochromatogram obtained during the HPLC analysis of [*®F]rucaparib (red) overlayed
with UV chromatogram of non-radiolabelled reference standard rucaparib (A = 220 nm, black).

2.5 In vitro and In Vivo Evaluations of [*®F]Rucaparib?

Pancreatic cancer is one of the hard-to-treat diseases and is associated with germline (5%) or
somatic (12%) mutations in BRCA1/2.1%® BRCA1/2 mutations are also the most common
causes of familial pancreatic cancer, which makes PARP inhibition a promising strategy to
treat pancreatic cancer.!*® Recent clinical studies showed promising therapeutic efficacy of
rucaparib as monotherapy in the treatment of advanced pancreatic cancer patients with
BRCA1/2 mutation,**! as well as in the maintenance therapy for patients with advanced

pancreatic cancer and BRCA1/2 pathogenic variant, expanding the patient scope that may

2The following work was carried out by Dr. Chung Ying Chan (Department of Oncology, University of Oxford).



benefit from treatment with PARP inhibitors. Two human pancreatic adenocarcinoma (PDAC)
models: AsPC1 and PSN1 were used for biological evaluations of [“®F]Jrucaparib.
[*®F]Rucaparib was delivered as a solution in 10% DMSO in PBS at pH 7.4, with a dilution ~

600 MBqg/mL. All biological data were obtained at least in triplicate.

2.5.1 In Vitro [*F]Rucaparib Uptake in PDAC Cell Lines

In vitro [®F]rucaparib uptake was evaluated in pancreatic cancer models: AsPC1 and PSN1
cell lines. PSN1 was previously reported to inherently express higher PARP1 level than AsPC1
cells.}*? Upon treatment with [*8F]rucaparib for 30 min, the uptake of [*®F]Jrucaparib in AsPC1
and PSN1 cells was observed, and the amount of overall [*F+'°F]rucaparib uptake was
calculated based on the radioactivity signal (cpm) (Equation 2.1). PSN1 cells retained rucaparib
more effectively than AsPC1, indicating the correlation between rucaparib uptake and PARP1

expression in these cells.

% [*8F+19F]rucaparib
(pmol/well)

Overall [*8F+19F]rucaparib

pmol/cell =

Radioactivity from lysate (cpm) Total amount of
2.1)

Radioactivity from 100 kBq (cpm)

Number of cells/well

= 200+ *

[}]

8 I
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Figure 2.1: Rucaparib uptake in AsPC1 and PSN1 cells. Asterisks indicate levels of significance: *, P
< 0.05. n = 3; error bars represent standard deviation.

The binding selectivity of [*®F]rucaparib was assessed by blocking studies using non-

radiolabelled PARP inhibitors, olaparib and rucaparib. Their binding specificity has been
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investigated by Reiner and co-workers; both inhibitors showed similar inhibitory profile across

12 PARP enzymes and at 100 nM, > 90% of PARP1 and PARP2 was inhibited (Figure 2.2).143
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Figure 2.2: Enzymatic activity screening of olaparib and rucaparib against 12 PARP enzymes.®

Exposure of excessive unlabelled olaparib or rucaparib (100 uM, >1000 fold) could reduce the
uptake of [*®F]rucaparib (> 50%) in PSN1 cells (Figure 2.3), showing the binding selectivity
of [*®F]rucaparib towards PARP enzymes, especially PARP1 and 2, where the PARP inhibitors
bound to the catalytic binding site of PARP enzymes and blocked the binding of the
[*®F]rucaparib to PARP enzymes.
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Figure 2.3: Blocking of [*®F]rucaparib uptake in PSN1 cells by addition of an excess of non-labelled olaparib or
rucaparib. Asterisks indicate levels of significance: **, P < 0.01; and ****, P < 0.0001. n = 3; error bars
represent standard deviation.

2.5.2 In vivo imaging of [*®F]Rucaparib in PSN1 Xenograft-Bearing Mice

In vivo, 1 h dynamic PET imaging was obtained of PSN1 xenograft-bearing mice injected
intravenously with [*®F]rucaparib (0.87-11.38 MBq in 100 pL of PBS, Am = 1.5-30.9
GBq/umol), revealing that [*®F]rucaparib was clear through hepatobiliary and renal pathways

with high uptake in liver, small and large intestines (Figure 2.4a). Region of interest (ROI) with
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standardised uptake value (SUV) from PET images 1 h post injection showed rapid blood
clearance with half-life of 3.8 £ 1.3, and a tumour-to-muscle ratio of 1.48, indicating
[®F]rucaparib avidity in PSN1 tumours (Figure 2.4b). Ex vivo biodistribution at 1 h post-
intravenous injection showed PSN1 tumour xenograft uptake with a tumour-to-blood ratio of
1.53, which was verified the image-based quantification results, and 2 h post-injection with a
tumour-to-blood ratio of 3.4, showing better tumour-to-background ratio (Figure 2.4c).

In vivo blocking studies, the PSN1 xenograft-bearing mice were co-injected with therapeutic
amount (0.5 mg) of non-radiolabelled olaparib or rucaparib showed significant reduction of
[*®F]rucaparib uptake at 2 h post-injection in tumour and those high PARP expressing organs,
demonstrating the binding selectivity of [*F]rucaparib (Figure 2.5).
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Figure 2.4: a) Representative dynamic PET images after intravenous injection of [*®F]rucaparib (2.38
MBq, 30.9 GBg/umol). Invivo dynamic PET imaging of PSN1 xenograft-bearing mice. L = lung; H =
heart; LI = large intestine; SI = small intestine. b) Representative MIP images of PSN1 xenograft-
bearing mice, 1 h post injection of [*®F]rucaparib. c) Biodistribution of [*®F]rucaparib in selected tissues
in PSN1 xenograft-bearing mice, 1 or 2 h after intravenous administration of [*8F]rucaparib ((0.87-
11.38 MBq, 1.5-30.9 GBg/umol).); error bars represent standard deviation.
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Figure 2.5: a) Biodistribution in selected tissues in PSN1 xenograft-bearing mice 2 h after intravenous
injection of [*®F]rucaparib (0.87-2.47 MBq, An = 5.5 GBq/umol) (n=3/group), with or without an excess
of cold, unlabeled olaparib or rucaparib (0.5 mg). b) Autoradiography of PSN1 tumour sections showing
8F Jocalisation and the PARP1 occupancy by unlabelled PARP inhibitors (olaparib and rucaparib).
Asterisks indicate levels of significance: *, P < 0.05; error bars represent standard deviation.

2.6 Conclusion and Future Work

This work demonstrated the development of a viable radiotracer, [*®F]rucaparib, using Cu(l1)-
mediated ‘8F-fluorination of aryl boronic ester precursors. Two radiosynthesis precursors were
compared and the aldehydic precursor with higher RCY was selected for further
semiautomated radiosynthesis.

Both in vitro and in vivo evaluations confirmed the correlation between PARP1 expression and
uptake of [*®F]rucaparib, boding well for the potential use of [*®F]rucaparib as a PARP-
targeting diagnostic radiotracer for cancer imaging, and for treatment monitoring of patients
with pancreatic cancer.

Future aims of this project are: 1) to translate the radiosynthesis of [*®F]rucaparib to a fully-
automated platform under GMP conditions and 2) to pursue [*®F]rucaparib through clinical

trials, eventually developed as a commercial radiotracer for patient stratification.
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Chapter 3. Radiosynthesis of *23I-Olaparib and '%I-Rucaparib
Analogues for Potential Application in Auger Therapy
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3.1 Auger Electrons for Cancer Therapy
3.1.1 The Auger Effect

Auger electrons (AEs) are very low energy electrons that are emitted due to an incident X-ray
or during the decay of radionuclides, including gallium-67, technetium-99m, indium-111,
iodine-123, iodine-125, platinum-191 and thallium-201. The two main decay modes are the
electron capture (EC) and the internal conversion (IC).

b)

X-ray Auger electron

Coster-Kronig electron

c)

IC electron
Q

Figure 3.1: a) EC: emission of X-ray due to difference in orbital binding energy. b) EC: emission of an
Auger electron: two electron vacancies in the same shell. ¢) EC: emission of a Coster-Kronig electron:
two electron vacancies in different shells. d) IC: emission of an IC electron due to energy transfer during
de-excitation of nuclide.

Electron capture occurs when a proton-rich nucleus captures an inner orbital (K) electron to
form a neutron, leaving a primary vacancy, which is filled by the downward transition of a
higher energy electron from an outer orbital (L).2 The energy released due to the difference in
binding energies between the K and L orbitals results in two possible fates. The first possibility
is the emission of an X-ray photon with an energy equal to (EL — Ex) (Figure 3.1a). The other
route is the transfer of energy to another electron with lower binding energy. Upon gaining this

energy, the electron will be ejected from the atom. If this ejected electron is from the same
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shell (L), it is referred to an Auger Electron (Figure 3.1b). If it originates from an outer shell
(M), however, then it is called an Coster-Kronig electron (Figure 3.1c).2 The resultant outer
shell vacancy may trigger further fill-in and ejection of electrons as a cascade process.* If this
outer vacancy is filled by an electron from the same primary shell and an electron from the
same shell is subsequently ejected, the ejected electron is referred to as a Super Coster-Kronig
electron.’> Auger, Coster-Kronig and Super Coster-Kronig electrons are collectively called
Auger electrons.

Inner shell vacancies could also be generated from IC where de-excitation of an unstable
nuclide transfers sufficient energy to an electron, resulting in its ejection with high kinetic
energy from the atom, as a so-called IC electron (Figure 3.1d).% The left vacancy may induce
a further propagative process.

This whole process, in which elements with high atomic number eject a series of low energy
electrons, is referred to as the Auger effect, first described independently by Lise Meitner in
1922 and Pierre Auger in 1923.78

The majority of AEs (emitted in cascade) have energy lower than 25 keV and travel extremely
short distances in tissue (nanometres to micrometres), resulting in high linear energy transfer
(LET). This highly localised energy deposition in extremely small volumes, places sensitive
cellular targets, such as DNA and cell membranes in immediate vicinity to the decaying
radionuclide, thereby providing huge radiotherapeutic potential for the treatment of cancer.
Overall, as the short-range of most AEs leads to very potent clustered damage, efforts have
been made to deliver the AE-emitting radionuclide directly to the nucleus, DNA or cell
membrane to maximise the cytotoxicity of AEs.

3.1.2 Modes of Cell Death Caused by AES

DNA is considered the main target of radiation therapy for cancer.® AEs can damage DNA

both directly and indirectly. The high linear energy transfer radiation delivered by AEs can
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directly cause DSBs in DNA or interact with water to generate ROS through radiolysis,
inducing DNA damage. The local cross-dose effect of AEs also leads to cell damage. The
cross-dose effect is a phenomenon for longer-range particles (up to several millimetres), such
as PB-particles, where cells distant from the radionuclide may be irradiated. Localised cross-
dose effect is observed with AEs. This distant irradiation is mediated by some higher energy
AEs and IC electrons.’® The bystander effect is another common phenomenon in radiation
therapy and has been described in various ways, including “indirect effects”, “abscopal effects”,
“clastogenic effects” and more recently “the secretosome”.!! As its name implies, the irradiated
cell may release mediators that cause the death of distant non-irradiated cells. It is now known
to be communicated in three ways, either by gap-junction intercellular communication,*?
extracellular solubility factors,*3 or through physical signals (i.e., UV photons) from irradiated
cells.* Lastly, the cell membrane is also an effective target for cytotoxicity from AEs.*® Pouget
and co-workers showed the cytotoxicity of ?°I-radiolabelled monoclonal antibodies (*?°I-
mADbs), which target cancer cells, was mainly due to radiation-induced nontargeted effects.'®

lodine-123 is a radionuclide that emits AEs and has potential to be incorporated into
radiopharmaceuticals for cancer treatment. In the next section, we focus on why iodine-123 is
favoured, the production of iodine-123 and radioiodination methods to access

radiopharmaceuticals.

3.2 lodine-123
3.2.1 Radioisotopes of lodine

There are 37 known isotopes of iodine, from iodine-108 to iodine-144; among them iodine-
127 is the only stable isotope. Four radioisotopes (iodine-123, iodine-124, iodine-125 and
iodine-131) are widely used for medical applications, either for imaging or therapy (Table 3.1).
This project focuses on iodine-123, due to its theragnostic application in both SPECT imaging

and Auger therapy. Its half-life (t12 = 13.2 hours) allows for flexible radiosynthesis, delivery
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of the radiopharmaceutical from the production facility to the medical facility and also enables
the monitoring of longer biological processes. lodine-123 gradually replaced iodine-131 (ty2 =
8.02 days) for imaging applications, due to its shorter half-life and lower y-ray energy of 159
keV, which means that patients receive a much lower radiation dose. Although iodine-125 may
be “superior” to iodine-123 in the Auger therapy due to its almost double Auger yield (~ 20
electrons) and shorter AE range,'’ the biggest obstacles of iodine-125 is its extremely long
half-life of 54.9 days, which renders it unsuitable for clinical exposure and normal tissue dose.
In addition, for diagnostic applications, the y emission for iodine-125 is only 35.5 keV, which

is too low for clinical SPECT use.

Radio- Nuclear Half-life Type of Energy Imaging | Therapeutic
isotope reaction decay (keV) application | application
Gamma 159 Auger
_ 124 123
1-123 Xe(p,pn)*=I 13.2h EC/Auger <5 SPECT electrons
Positron 819 p+
1-124 | **Te(p,n)*?*l | 4.2days @ Annihilation (mean) PET /
radiation 511y
Gamma 35.5 Preclinical Auger
_ 124 125
I-125 Xe(ny)™l | 54.9 days EC/Auger <5 SPECT electrons
1131 ™Te(ny)B = 80days = Lomma 364 SPECT | B-particles

B-partical 192 (mean)
Table 3.1: Radioisotopes of iodine used for medical applications.

3.2.1 Production of lodine-123

lodine-123, a cyclotron produced radionuclide, is most commonly generated by proton
bombardment of enriched xenon-124 (> 99.8%). The intermediate is a short-lived cesium-123
(tz2 = 5.9 minutes) which decays to the next short-lived radionuclide, xenon-123 (t12 = 2.1
hours), before finally generates iodine-123 (*2Xe(p,2n)!%Cs:12Xe:*2|). The isolation of
iodine-123 is achieved by the facile extraction of the very unreactive xenon-123 from the target
matrix, which is then allowed to decay to iodine-123 in a separate vessel. lodine-123 is
prepared as iodide, most commonly sodium iodide in solutions of sodium hydroxide (0.01-0.1

M).®® lodine-123 has been widely incorporated into radiopharmaceuticals, including o-
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iodohippurate for renal function imaging, N-isopropyl-p-iodoamphetamine for cerebral blood-
flow imaging, iododeoxyuridine for cancer imaging, and p-iodophenylalanine for glioma
imaging and therapy.*®

The iodine-123 incorporated radiopharmaceuticals have been increasingly demanded. Thereby,

novel methods have been developed for efficient radioiodination since the early 1980s.

3.2 Radioiodination of (Hetero)arenes

3.2.1 Nucleophilic Aromatic Substitution

Radioiodination via Isotopic/Halogen Exchange

Since all radioiodine isotopes are produced as nucleophilic iodide, nucleophilic substitution of
aryl halides was first explored, but under harsh conditions. For instance, meta-
[1%1]iodobenzylguanidine ([**°I]MIBG) was prepared via solid state isotopic exchange at high

temperature in 1982 (Scheme 3.1).%°

NH [125I]Nal, (NH4)2804 125 NH
| ! M
N NH, N NH,
H 120-160 °C, 1-4 h H
solid state synthesis
3.1 ['25113.1
MIBG ['>°IMIBG

RCY = 90% ~ 98%
A, =8.1~20.4 MBg/umol

Scheme 3.1: Radiosynthesis of [**1]MIBG via isotopic exchange.

The radiolabelled product could not be separated from the unlabelled precursor and therefore,
isotopic exchange could not reach Am in the range of GBg/pmol. In 2014, Brownell reported a
halogen exchange (Br/*%1) in the presence of CuSO4 and SnSQs4, that drastically improved the

Am t0 182.8 GBg/ umol (Scheme 3.2).%
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Z 123]1Nal, CuSO =
N [ , 4
A CN N CN
Gentisic Acid 3.3
Citric acid 3.4
By SnS0,, EtOH/H,0 123
135 °C, 1h
123
3.2 COOH o0 ['2%]3.5
OH 123
HOOCWCOOH ['2IPEB
HO OH RCY = 45% + 6%
3.3 3.4 A, = 182.8 GBg/umol

Scheme 3.2: Radiosynthesis of [***IJMIBG via halogen exchange.

Other Leaving Groups

Other common leaving groups that are suitable for SxAr and enable the incorporation of
radiolabelled iodine include triazene derivatives,?? diazonium salts (which are generally more
reactive than their corresponding triazene analogues), as well as iodonium salts.?>?°

In 2017, Sutherland and co-workers reported a one-pot *?°I-iodination of aryl amines, using
polymer-supported nitrite to access stable diazonium salts, followed by Sandmeyer reaction
under mild conditions.? [*2*I]lomazenil [*2°1]3.8 was synthesised in good RCY and Am via this

method (Scheme 3.3).

® O
O/\NMe3 NO,
125|

AN
NH //
- Eeaicoa
PTSA.H,O
N
AN
IO

['251]Nal, MeCN

20-60 °C, 24 h
3.6 3.7

['251]3.8
['?51]lomazenil

RCY =75% + 10%
A, =16.2 £ 1.22 GBg/umol

Scheme 3.3: One-pot *#I-iodination of aryl amines.

3.2.2 Electrophilic Aromatic Substitution

Electrophilic aromatic substitution is a popular strategy but requires generation of electrophilic
radioactive “I"” species. It is typically prepared from radiolabelled Nal and strong oxidants,

such as hydrogen peroxide and halogenated succinimides.
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Direct SEAr
Direct SeAr is a common strategy for radioiodination but generally exhibits poor
regioselectivity. Nevertheless, with careful choice of starting material, radiopharmaceuticals

can be accessible in high RCY and Am, e.g., [*?°]5-HT4R ligand, a serotonin receptor ligand

(Scheme 3.3).%'
0] 0]
125|
N N
H,N o) H,N o)
2 /\F ACOH/H,0 2 /\F
rt, 30 min
3.9 ['2%113.10

[2%1]5-HT,R ligand

RCY =61%
A, > 200 GBg/umol

Scheme 3.4: Radiosynthesis of [*?°1]5-HT4R ligand by direct SgAr.
Ipso-SeAr
To overcome the limitation in regioselectivity, silylated,?® stannylated,?® and boronated
precursors have been developed.®® [*31JMIBG could be accessed via iododesilylation, with N-
chlorosuccinimide (NCS) as the oxidant (Scheme 3.4).22 Compared to the low Am obtained

from isotopic exchange, Am via this method was much improved, surpassing 37 GBg/umol

(1000 Ci/mmaol).
NH NH
| Py ["*"1]Nal, TFA, NCS 125 PS
N~ “NH, _ > N” “NH,
H 70 °C, 5-30 min H
3.1 ['313.1
MIBG ["*'pMmIBG

RCY =60% *+ 3%
Ap, > 37 GBg/umol

Scheme 3.5: Radiosynthesis of [***I]MIBG via iododesilylation.
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3.2.3 Transition-Metal-Mediated Methodologies
Nickel(0)-Mediated Halogen Exchange

One of the main advantages of metal-mediated methodologies is the efficient removal of
inorganic metal complexes during purification compared to methods that use stannylated
precursors, which present potential toxicity concerns for clinical applications. In 2013,
Sutherland et al. reported a nickel(0)-mediated halogen exchange approach to incorporate
[*2¥125]]iodide into (hetero)arenes (Scheme 3.6).%

The electron-rich Ni(cod). underwent oxidative addition with aryl bromide resulting in an Ar-
Ni(I1)-Br intermediate, followed by a halogen exchange in the presence of ['?*1?|]Nal.
Reductive elimination yielded the desired radioiodinated products, including [*?1]Iniparib, the
non-radioactive isotopologue of which was believed to act as a PARP inhibitor.3?33
Radioiodination followed by TFA deprotection was performed to deliver isolated 5-[*?*I]iodo-
A-85380, a radioligand used for in vivo imaging of neuronal nicotinic acetylcholine receptors,

with an AY of 46% and An of 37.0 GBg/umol.3*
[123/125|]Na|
B . 123/125)
r [Ni(cod),] (1.8 umol)
NMP, 180 °C, 1 h
3.1 ['25113.12

10 examples
RCY = 88% -97%

125|

|
O,N CONH, N

['2%1]3.13 ['2°1]3.14
['251]Iniparib 5-['?*I]lodo-A-85380°
RCY = 93% AY =46% + 8%

A, =37.0+ 7.0 GBg/umol

a. Obtained after TFA deprotection of
the NBoc derivative

Scheme 3.6: Ni(0)-mediated radioiodination via halogen exchange.
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Copper(l1)-Mediated lododeboronation

In 2016, the Gouverneur group reported the first copper(ll)-mediated nucleophilic

radioiodination of aryl boronic esters and acids, suggested to proceed via a Chan-Lam

mechanism. In the presence of catalytic amount of 1,10-phenanthroline and Cu(OCOCF3),

iodine-123 was incorporated efficiently with a wide range of substrates, including electron-

deficient and electron-rich (hetero)arenes (Scheme 3.7).%°

['?%INal (3-7 MBq)
Cu(OCOCF3); (2-5 mol%)
23
I

1,10-phenanthroline (2-5 mol%) 1
MeOH-H,0 (4:1) ©/

3.15 or QH
B oH 80 °C, 20 min
['23113.17
3.16 14 examples

RCY =13% - 94%

123|

['2%113.1
['*)MIBG?
RCY = 37%

A, = 19.8 GBg/umol

a. Obtained after TFA deprotection
of the NBoc derivative

Scheme 3.7: Cu(ll)-mediated ?*I-iododeboronation of (hetero)arenes.

MIBG was successfully radiolabelled with an RCY of 37% and Am of 19.8 GBg/umol. Aligned

with the previous work on the Cu(ll)-mediated radiofluorination discussed in Chapter 2, this

facile transformation demonstrated that diverse radionuclides could be incorporated using the

same bench-stable boronic ester precursors and Cu(ll) complexes.

Similar approaches were developed by Zhang et al. in 2016 and Mach et al. in 2018. In the

presence of a Cu(l) catalyst, Cu20 and 1-131 the Zhang group demonstrated that the reaction

proceeded smoothly at room temperature (Scheme 3.8),*’

B(OH),
X5

3.18

["*"1Nal
Cu,0 (20 mol%)

1,10-phenanthroline
(40 mol%)
MeCN, 25 °C, 1 h

-

[12%1]3.19

125|

18 examples

RCY =87% - 99%

Scheme 3.8: Copper-mediated %1-iododeboronation by Zhang et al.
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The Mach group successfully incorporated iodine-125 into two analogues of PARP inhibitors

using Cu(OTf)2(py)a as the catalyst (Scheme 3.9).3®

['2%INal
Cu(OCOCF3), (2-5 mol%)
125
|

Bpin  1,10-phenanthroline (2-5 mol%)
=5 i
MeOH-H,0 (4:1)

80 °C, 20 min
3.20 [125113.21

15 examples
RCY =89% - 100%

N
1)
N
s
N

['2%1]3.22 [1251]3.23
1251_Olaparib analogue 251K X-1
RCY = 69%* RCY = 99%*

*3,4,7,8-Tetramethyl-1,10-phenanthroline (5 mol %) was added to the reaction.

Scheme 3.9: Copper-mediated ‘#I-iododeboronation by Mach et al.
Gold(l)-Mediated lododeboronation
In 2018, Sutherland and Lee reported the first gold-catalysed iododeboronation reaction, with
the olaparib analogue 3.22 and MIBG 3.1 successfully radiolabelled in 41% RCY and 28% AY
respectively (Scheme 3.10).%° This reaction was performed with the gold(l) catalyst and an
electrophilic species of iodine-125, generateed from [*®I]Nal and the oxidant N-
chlorosuccinimide.
Palladium(l1)-Mediated C-H Radioiodination
Transition-metal catalysed C-H activation has emerged in the early 2000s, allowing site-
selective functionalisation of aromatic C(sp?)-H bonds in the presence of a directing group.*%4!
In 2018, the Cailly group applied this concept to the field of radioiodination, using N-

acylsulfonamide as the directing group. The palladacycle 3.27 was formed from stoichiometric
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amount of palladium acetate, followed by mixing with N-[*?*IJiodosuccinimide ([***I]NIS)
preformed from [*?°I]Nal and NCS, in the presence of TFA (Scheme 3.11).*? The
pharmaceutical N-acylsulfonamide, LY 32262 was radiolabelled with an RCY of 42% and Am

of 32.9 GBg/umol.

['?5I]Nal, NCS

B(OH), PPh;AuNTf, (0.5 equiv) 125,
R = R
{j/ DMC ‘©/

80-90 °C, 10-30 min
3.24 ['2%1]3.25

7 examples
RCY =92% - 100%

0]

NH
R NH
= o 125 L
125 N" NH;
O N7 H
F

W

@]
[125113.22 ['25113.1
1251.0laparib analogue ['2°]MIBG?
RCY = 41%" AY = 28%
*Reaction was performed at 100 °C for 40 min. Am > 2.73 GBg/pmol

a. Obtained after HCI deprotection of
the NBoc derivative

Scheme 3.10: Au(l)-mediated *?’I-iododeboronation of arenes.

(0] ] Cl O 0.0
N7
i /S\
NHTs 1) Pd(OAc)2 (1.05 equiv), 24 h NHTs N Ph
R 125 i R H
2) ["*’I]NIS, TFA, 15 min
125 Cl 125|
RT, MeOH
3.26 ['25113.28 ['25113.29
Q /, 12 examples 1251.LY32262 analogue
pd -OAc A = 32.9 GBg/umol
AcO
3.27

Scheme 3.11: Pd(ll)-mediated site-selective C-H radioiodination.
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3.3 Synthesis of *?|-Radiolabelled PARP Inhibitors

3.3.1 Radiolabelled PARP Inhibitors for Radionuclide Therapy
PARP inhibitors is a novel class of cancer drugs that bind to PARP enzymes. Roles of PARP

enzymes in DNA repair and mechanisms of PARP inhibitors were reviewed in Chapter 1.
PARP inhibitors stand out not only as effective treatments for BRCA1/2-mutated cancers, but
also as potential delivery tools for therapeutic radionuclides which emit high energy particles,
including iodine-123 (AEs),*** iodine-125 (AEs),* iodine-131 (B-particles),* and astatine-
131 (a-particles).*®

Upregulation of PARP1 expression was observed after exposure of PARP inhibitors,
suggesting treatment of PARP inhibitors may alter or upregulate DNA damage repair proteins,
such as PARP1, thereby increasing uptake of PARP inhibitors.5? Thus, PARP inhibitor-derived
theragnostics may be more selective towards tumour cells. To date, several analogues of the
PARP inhibitor-derived therapeutic agents, olaparib and rucaparib, have been radiolabelled,
showing efficacy towards brain,**# ovarian,* lung,*” and colon cancer models,*® and

neuroblastoma models,*® with little off-site toxicity (Figure 3.2).

a) Radiolabelled olaparib analogues as radionuclide therapy agents:
o} O

oy oy
~N 0 123 =N 0 131)

[12%1]3.30 [13'113.30
1231 MAPi 131.PARPI

b) Radiolabelled rucaparib analogues as radionuclide therapy agents:

N N N
o) w o) W o) W
N N N
N N N
['2%1]3.23 ['251]3.23 2" At]3.31
['211KX-1 ['2511KX-1 2" AtIMM4

Figure 3.2: Radiolabelled a) olaparib and b) rucaparib analogues in radionuclide therapy.
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In particular, iodine-123-containing theragnostic agents, *2I-MAPi and [1%1]JKX-1 have shown
to be promising in the “two-hit” strategy, showing both anti-tumour effects and potential
application in PARP1 diagnosis. Given that small structure variations may lead to differences
in the ICso of PARP, trapping ability and selective tissue uptake, this project aims to explore
the theragnostic potential of two *?*I-labelled PARP inhibitors, [1231]3.31 and [*231]3.33 derived
from olaparib and rucaparib respectively (Scheme 3.12). The iodinated olaparib analogue 3.33
showed similar 1Cso values toward PARP1 and PARP2 compared to olaparib 3.32 (Table 3.2).
This might provide positive evidence of *2|-olaparib analogue [1231]3.33 acting as a potential

theragnostic agent.

0 (0]
CCr CLr
N N
N O N
F K/ \HA 123|K/ \HA
o) 0]
3.32 ['231]3.33
Olaparib 123].0laparib analogue
This work
H H
o o
() )
N HN— 123 N —
F N I N HN
3.34 ['2%113.35
Rucaparib 123|.Rucaparib analogue
This work

Scheme 3.12: Structures of olaparib and rucaparib and their 12I-labelled analogues in this work.

Compound PARP1 ICso [nM] | PARP2 ICso [NnM] | PARP3 ICs [nM]
Olaparib 3.32 2.0 0.5 6.0
I-Olaparib analogue 3.33 2.9 0.6 67.8

Table 3.2: 1Cso values of olaparib and I-olaparib analogue toward PARP1-3. Experiments were
performed with the BPS Bioscience PARP Chemiluminescent Assay Kit 80551-3 (PARP-mediated
polyADP-ribosylation of histone). n = 3. Data were provided by Dr Florian Guibbal and Dr. Chung
Ying Chan (Department of Oncology, University of Oxford).
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3.3.2 Project Overview

The Gouverneur group has demonstrated the chemodivergent radiohalogenation of a common
aryl boronic ester precursor with either [*®F]fluoride or [1%1]iodide.3>3® After developing the
radiosynthesis of [®F]olaparib,*® and [*8F]rucaparib in our group,* this project aims to employ
the same boronic ester precursors to access both iodine-123 labelled olaparib and rucaparib

analogues as potential Auger theragnostic agents (Scheme 3.13 and 3.14).

0
0
O NH NH
N |
7 o} O _N o
N N
18 I\/N\”A O I\/)“
F o 123|
['®F]3.32 0
[2%1]3.33

['®F]Olaparib
Gouverneur & Cornelissen (2019)

This work
1) [18F]KF, cu(lly 1) [123I]Nal Cu(ll)
2) TFA deprotection 2) TFA deprotection
-

1231.0laparib analogue

3.36
Scheme 3.13: Retro-radiosynthesis of [®F]olaparib and ?I-olaparib analogue [*#1]3.33.

H H
o N o N
ORaW, L0
18 N HN— 123 N HN—
['8F13.34 ['113.35
['®F]Rucaparib 123].Rucaparib analogue
Gouverneur & Cornelissen (2021) This work
1) ['*FIKF, CU(N 1) ['"#*1Nal, Cu(ll)
2) Reductive amination H 2) Reductive amination
o N

:‘B N

3.37

Scheme 3.14: Retro-radiosynthesis of [*®F]rucaparib and *2I-rucaparib analogue [*?%1]3.35.
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3.3.3 Screening Experiments for *231-Olaparib Analogue

The unprotected phthalazinone was reported to be problematic when subjected to additive
screening experiments of 8F-fluorination with the model aryl boronic ester 3.38 by the

Gouverneur group (Scheme 3.15).%!

(IDJ% ["8FIKF/Ky2 (20 - 30 MBq) 18F
By . /©/
/©/ [CU(OTf)a(py)a] (0.0053 mmol) NC

NC Additive (0.06 mmol)

3.38 DMF, 110 °C, 20 min 3.39
: RCY = 34% + 15% (no additive)
(0.06 mmol) (n=122)
0 0 ) |
sil
,\IIH l}l/\/ l}l/\o/\/ I
N _N _N
3.40 3.41 3.42
RCY = 0% (n = 2) RCY =20% + 1% (n=2) RCY =22% £ 1% (n=2)

Scheme 3.15: Additive screening experiments of ®F-fluorination for [*®F]olaparib.
The unsuccessful F-incorporation in the presence of phthalazinone may be due to its role as
a potential nucleophile or a ligand that binds with the copper complex. Whilst a free N-H in
acyl hydrazide was detrimental, the allyl-protected 3.41 and 2-(trimethylsilyl)ethoxymethyl
acetal (SEM)-protected 3.42 were tolerated.
Given that various examples have demonstrated the effective cleavage of the SEM group under
acidic conditions, aryl boronic ester 3.36 was chosen and synthesised as the precursor for 8F-

fluorination followed by a TFA deprotection to access [*8F]olaparib (Scheme 3.16).%°

Q |

& 1. ["8F]KF/K 0, 0
P
O N 07N Cu(impy)4(OTf), (1.5 equiv) NH
_N DMI (300 pL), 120 °C O !
Q 20 mins N o)

N

O ™ 2. TFA (350 pL), 120 °C N
K/N 20 mins K/
/B_O 18F N

3.32

['®F]Olaparib
AY =18% + 3% (n =5)

A up to 25.7 GBg/umol
Synthesis time: 135 min

3.36

Scheme 3.16: Synthesis of [®F]olaparib from N-silanyl-protected boronic pinacol ester precursor.
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Additive screening experiments were performed for Cu(ll)-mediated ‘%l-iodination with a
model substrate, 2-(4-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3.43 (Scheme
3.17).%° The benchmarking reaction proceeded efficiently via Cu(ll)-mediation, with almost
quantitive *?3I-incorporation (RCY > 95%). The RCY values of ['231]3.44 were not affected
upon spiking with 1 equivalent of phthalazinone 3.40 (RCY = 89% = 0%), alkylated
phthalazinone 3.41 (RCY = 92% + 2%) or silylated phthalazinone 3.42 (RCY > 95%),
contrasting with the results of *8F-fluorination. The tolerance of the free N-H phthalazinone
toward radioiodination might due to multiple reasons. Firstly, [*23I]Nal is much more soluble
in MeOH/H20 compared with [*®F]KF/K222/K2CO3 in DMF. Secondly, [*#I]iodide is a more
competent nucleophile in this specific solvent system. Thirdly, the binding between the copper
complex and phthalazinone might affect the reactivity. However, the strength of binding would
be expected to depend on the copper oxidation state. The exact mechanism of this

transformation is so far unknown with Cu(l), Cu(ll) and Cu(lll) all possibly involved.

['2%Nal (1-4 MBq)
0 Cu(OCOCF3), (1.8 pmol)
/@/B\o 1,10-phenanthroline (1.8 umol) 123
MeOH/H,0 (200 L), /©/
MeO 80 °C, 20 mins MeO
3.43 [12%1]3.44
(0.01 mmol) RCY > 95% (n = 2)
0 0 0] |
si”
I}IH ,}l/\/ ,\Il/\o/\/ ~
N _N _N
3.40 3.4 3.42
RCY =89%+0% (n=2) RCY =92% +2% (n=2) RCY >95% (n=2)

Scheme 3.17: Additive screening experiments informing direct *2*I-iodination of unprotected
olaparib-motif may be viable.

The success of *2%|-iodination with phthalazinone as an additive boded well for a direct *23I-
iodination of the olaparib motif 3.45 without the necessity of a post-labelling N-deprotection
step (Scheme 3.18).
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123 K/N\H/A B-0 8
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['2%1]3.33 3.45
123|.0laparib analogue

Scheme 3.18: Proposed retro-radiosynthesis for *2I-olaparib analogue.

3.3.4 Synthesis of the Boronic Ester Precursor for 12%|-Olaparib Analogue

The synthesis of the boronic ester precursor 3.53 was adapted from a robust protocol developed
by the Gouverneur group, starting with a lithium-halogen exchange of commercially available
2-amino-5-bromobenzonitrile 3.46 with n-BuLi, quenched by DMF to access the aldehyde
3.47.%° A conventional Sandmeyer reaction afforded the bromide 3.48 in 56%, which was then
coupled with the commercially available phosphonate 3.49 under Horner-Wadsworth-Emmons
conditions, yielding quantitively the alkene 3.50 in an isomeric ratio of 10:1 (E:Z). Hydrolysis
under basic conditions converted the pendant nitrile to a carboxylic acid, which was directly
reacted with hydrazine in situ to furnish phthalazinone 3.51. The carboxylic acid group in
phthalazinone 3.51 was activated by HBTU, followed by coupling with commercially available
piperazine 3.52 to afford bromide 3.53. Miyaura borylation led to the desired boronic ester
precursor 3.45 in under 50% due to steric hindrance of the ortho-amide. After preparative
HPLC purification, 3.45 required for 12l-iodination was obtained with an overall yield of 10%
(chemical purity > 95%) over 6 steps from commercially available bromide 3.46 (Scheme

3.19).
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1) HCIIH,S0, (6 M)

_N n-BuLi (2.2 equiv) 0 N NaNO, (2.1 equiv)
Br\@\// o s l Z 0°C, 30 min
NH, THF, -78°C, 2 h 2) CUBI'2 (1 4 equw
76% NH; HBr (48%)
3.46 3.47 0°Ctort,1.5h
o 61%
O
: ’:,,O
pP<
-0 0\
Phosphonate 3.49 (1 equiv) 1) 9M NaOH (4.5 equiv)
EtsN (1.2 equiv), rt, 48 h H,0, 90 °C, 24 h
Mixture E:Z 10:1 2) (NH5),H,0 (13 equiv)
94% 140 °C, 48 h
85%

3.51

Pd(dppf),Cl, (3 mol%) O /N

B,Pin, (2.2 equiv)

Amine 3.52 (1.5 equiv)
HBTU (1 5 equiv)

DIPEA (1.5 equiv)
DCM, rt, 16 h

72%

KOACc (3 equiv)
DMF, 80°C, 16 h

L_N_o
38%
(after prep-HPLC)

3.53 3.45

(10% over 6 steps from 3.46)
Scheme 3.19: Synthesis of olaparib precursor for *2I-iodination precursor.

The non-radiolabelled iodo-olaparib analogue 3.33 was accessed via Cu(ll)-mediated
iododeboronation with stoichiometric amount of Nal in 87% yield (see Section 2.4.4). This
compound was subsequently used as a reference for the radiolabelling experiments (Scheme

3.20).

Nal (2.2 equiv) NH
Cu(OCOCF3), (0.1 equiv) O I
1,10-phenanthroline (0.2 equiv) =N 10

MeOH-H,O (4:1, 0.1 M)
80 °C, 20 min

O/% o) 87%., after prep-HPLC I

3.45 3.33

Scheme 3.20: Synthesis of olaparib reference 3.33 via Cu(ll)-mediated iododeboronation.
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3.3.5 Radiosynthesis of 1?%I-Olaparib Analogue

Boronic ester precursor 3.45 was next subjected to radioiodination. [*2I]Nal in 0.05 M NaOH
dissolved in a solution of copper(ll) trifluoroacetate and 1,10-phenanthroline in MeOH/H>O
was added to the precursor 3.45. The reaction was performed at 80 °C for 25 minutes affording
[1%113.33 with almost quantitative '2%I-incorporation (RCY > 95%).
Without further optimisation, starting from approximately 100 MBq of [1%1]Nal, the desired
1231 olaparib analogue was isolated and reformulated in 10% DMSO/PBS solution within 1.5
hours with a non-decay corrected AY of 67% + 10% (n = 4), an RCP above 95%, and Am up
to 342 GBg/umol (Scheme 3.21, and Figure 3.3).
NH [123I]Na (40 MBq)
O _N Cu(OCOCFs), (1.8 ymol) O NH

Q 1,10-phenanthroline (1.8 umol) =N 10

O N MeOH/H,O (200 L) N
5-0 N 80 °C, 25 mins O K/N

; 5 RCY > 95% (n = 3) 123

© o

3.45 ['2%113.33
(0.01 mmol)

123].0laparib analogue

AY =67% £ 10% (n = 4)
Ap, up to 342 GBg/umol
Synthesis time: 90 min

Scheme 3.21: Radiosynthesis of '%I-olaparib analogue [*?*1]3.33.

1330 — lodo-Olaparib Analogue UV 900
1130 — 123|-Olaparib Analogue 700
% 930
T 730 00
5 [
2 530
§ 300
S 330
100
130 A
704 5 10 15 100

Time/minutes
Figure 3.3: Radiochromatogram obtained during the HPLC analysis of '%l-olaparib analogue (red)

overlayed with UV chromatogram of non-radiolabelled reference standard iodo-olaparib analogue 3.33
(A =220 nm, black).
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3.3.6 Radiosynthesis of *?%I-Rucaparib Analogue from Aldehydic Precursor 3.37

With the successful labelling of %l-olaparib in hand, we next turned our attention to the
radiosynthesis of the 1%1-rucaparib analogue. A iodo-rucaparib analogue reference compound
3.54 was synthesised in a two-step sequence, via Cu(ll)-mediated iododeboronation, followed
by reductive amination (Scheme 3.22). lododeboronation proceeded smoothly in 86% yield.
When aldehyde 3.54 was subjected to reductive amination, poor solubility of reactants was
observed when using MeOH as solvent. The mixture was solubilised by addition of DMI as

co-solvent. The iodinated rucaparib analogue 3.35 was isolated as a single product.

0 Nal (2.2 equiv) H
Cu(OCOCF3), (0.1 equiv) oN

O 1,10-phenanthroline (0.2 equiv)
<) P
O N MeOH-H,0 (4:1, 0.1 M) O N O 7
Cl) H 80 °C, 30 min | N
86% H

H
N

1) MeNH, (3.0 equiv) o
MeOH (0.1 M), rt, 2 h

2) NaBH, (2.0 equiv) O N O
MeOH-DMI (0.067 M) | N HN—

t, 3 h H
73% after prep-HPLC 3.35

Scheme 3.22: Synthesis of iodo-rucaparib analogue reference 3.35.
Subsequently, with the precursor 3.37 in hand (see Chapter 2 for synthesis), Cu(ll)-mediated
radioiodination was performed with the same protocol described for ?I-olaparib analogue in
Section 3.3.5 with an RCY of 81% £ 10%. The identity of this radiolabelled aldehyde
intermediate [*2%1]3.54 was confirmed by radio-HPLC (Scheme 3.23 and Figure 3.4).

H ['%31]Nal (100 MBq)
0 Cu(OCOCFs3), (1.8 umol) §
1,10-phenanthroline (1.8 umol) 0o

0
(<) 0
0.4 N MeOH/H,0 (200 uL) O \ O /
123
I

>§/ , H 80 °C, 30 mins N
o H
3.37 ['2%113.54
(0.01 mmol) RCY = 81% + 10% (n = 2)

Scheme 3.23: Radiosynthesis of 12|-aldehyde [*2*1]3.54.

132



490
— Reference 3.52 UV 365
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Figure 3.4: Radiochromatogram obtained during the HPLC analysis of !21-Aldehyde [*21]3.54 (red)
overlayed with UV chromatogram of non-radiolabelled reference aldehyde 3.54 (A = 220 nm, black).

The Cu(lIl) complex was then removed via a C-18 cartridge purification to prevent potential
coupling reactivity between iodide and the secondary amine formed from reductive amination.
Initial attempts of a one-pot reductive amination using methylamine and sodium
cyanoborohydride did not yield radiolabelled product [*221]3.35 (Scheme 3.24). The conversion
was quantitative with its corresponding fluorinated analogue. By increasing temperature and
reaction time, aldehyde [*221]3.54 underwent proto-deiodination and formation of [*2%I]iodide
was observed by radio-HPLC (Figure 3.5). Varying the reaction sequence, temperature, adding
a DMI co-solvent or the use of alternative reductants, such as silane, borane and Hantzsch ester
did not provide a solution, either the imine did not react, or underwent deiodination. These
observations alluded not only to the different reactivity of Csp?>-F and Cs?-1, but also the sub-

stoichoimetric quantities of radionuclide present in these reactions.

N N
o Reductive Amination 0
0]

A\ Y A\

Conditions Attempted: (both one-pot and stepwise) 123 N
123 N 1) MeNH,, NaBH3CN, MeOH, rt to 80 °C I N HN—
2) MeNH,, NaBH5;CN, MeOH/DMI 120 °C
[123|]3_54 MeNH,, NaBH,4, MeOH, rt to 80 °C [123|]3.35

)
3)
4) MeNH,, TFA, Et3SiH, EtOH, 80 °C
5) MeNH,, TFA, pic-BH3, EtOH, 80 °C
6) MeNH,, Hantzsch ester, thiourea, EtOH, 80 °C

Scheme 3.24: Attempted reductive amination of aldehyde [*231]3.54.

123].Rucaparib analogue
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Figure 3.5: Radiochromatogram obtained after reductive amination radio-HPLC trace (red) and UV
chromatogram of non-radiolabelled reference aldehyde 3.54 (A = 220 nm, black). Aldehyde [%1]3.54
underwent protodeboronation and formation of [*?*l]iodide (red) was observed.

3.3.7 Radiosynthesis of '?I-Rucaparib Analogue from NBoc-Protected Precursor 3.55

We then investigated an alternative approach to the *?*I-rucaparib analogue using an NBoc-
protected boronic ester 3.55. [1?°1]3.56 was afforded in over 95% RCY, which was then directly
subjected to a post-labelling deprotection with TFA in quantitative conversion to generate the
desired ?%l-rucaparib analogue. Attempts to reformulate in 10% DMSO/PBS were
unsuccessful and the Zl-rucaparib analogue was insoluble in this solvent system. Upon
heating in 100 pL of 1 M HCI prior to reformulation, an ammonium salt of %I-rucaparib
analogue, [12%1]3.35-HCI was obtained (Scheme 3.25).

H ['2%1]Nal (20-30 MBq) H
o Cu(OCOCF3), (1.8 pmol) oN
1,10-phenanthroline (1.8 pmol)

‘oW,
O O N BooN— MeOH/H,0 (4:1. 400 uL) O N O
H 123

>§/é 80 °C, 25 mins N BocN—
3.55 ['2%113.56
(0.01 mmol) RCY > 95% (n=3)
H
TFA (300 L) 0 HCI (1M, 100 uL), N cl
— ——— OO
80 °C, 30 min O N O 80 °C, 10 mins 123 H HzNg
Quant. 123) H HAN—
[2%1]3.35¢HCI
[2%]3.35 123].Rucaparib analogue *HCI

123|.Rucaparib analogue AY = 45% + 8% (n = 4)
A up to 85 GBg/umol
Synthesis time: 150 min

Scheme 3.23: Radiosynthesis of 12*I-rucaparib analogue [*%1]3.35
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The NBoc boronic ester precursor 3.55 was subjected to radioiodination, starting from 100-150
MBq of [*%1]Nal. The crude mixture after deprotection was loaded onto a semi-preparative
HPLC in reverse phase for separation. The '%l-rucaparib analogue [*2°1]3.35 was collected
from the HPLC and trapped onto a C18 cartridge. It was then released with 3 mL of EtOH and
reformulated as an ammonium salt with a non-decay corrected AY of 45% + 8% (n = 4), a
radiochemical purity (RCP) higher than 95%, and Am up to 85 GBqg/umol, in a total synthesis

time of 2.5 hours (Figure 3.6).

— lodo-Rucaparib Analogue UV 260
650
— '23]-Rucaparib Analogue
550 210
?t 450 DMSO 160
£
S 350 /
g 110 -_-E,
S 250
2 60
2 150 k
50 - 10
50 o 2 4 6 8 10 -40

Time/minutes

Figure 3.6: Radiochromatogram obtained during the HPLC analysis of *#I-rucaparib analogue (red)
overlayed with UV chromatogram of non-radiolabelled reference standard iodo-rucaparib analogue
3.33 (A =220 nm, black).

3.4 Conclusion and Future Work

This work demonstrated the radiosynthesis of both *23I-olaparib and 1%1-rucaparib analogues,
using Cu(ll)-mediated Zl-iodination of the identical or slightly modified aryl boronic ester
precursors for [*®FJolaparib and [*®F]rucaparib, exemplifying the divergence of
radiohalogenation.

In vitro and in vivo evaluations of both radiotracers are ongoing. Specificity of cell uptake of
both 2%|-labelled radiopharmaceuticals will be evaluated by addition of non-radiolabelled

PARP inhibitors. Their ability to reduce clonogenic survival will be determined with human
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pancreatic adenocarcinoma and glioblastoma cells. Ex vivo biodistribution will be performed
in PSN1 xenograft-bearing mice.

Future aims of this project are: 1) to explore the potential of both tracers as theragnostic agents
and 2) to translate the radiosynthesis of both %I-olaparib and ?%I-rucaparib analogues to a
fully-automated platform under GMP conditions.

The recent introduction of many biologically-targeted therapies for cancer such as PARP
enzyme provides opportunities to design novel auger electron emitting agents for theragnostic
use. If in vitro and in vivo experiments demonstrate promising results, Both ‘?l-olaparib and

123]-rucaparib analogues will be tested in clinical trials, as a novel tool for cancer treatment.
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Chapter 4. Experimental
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4.1 General Information

All reagents were purchased from commercial suppliers (Sigma-Aldrich, Alfa Aesar,
Fluorochem and Apollo Scientific) and used without further purification. Moisture sensitive
reactions were carried out using solvents obtained from the MBRAUN-SPS solvent
purification system (CH2Cl,, THF, DMF, Et,O). Reactions were monitored by thin layer
chromatography (TLC) on silica gel pre-coated aluminium sheets (Merck Kieselgel 60 Fas4
plates). Visualization was accomplished by irradiation with UV light at 254 nm. Flash column
chromatography (FCC) was performed on Merck silica gel (60, particle size 0.040-0.063 mm).
All NMR spectra were recorded on Bruker AVIIIHD 400, AVIIIHD 500 or V11 500. *H and
13C NMR spectral data are reported as chemical shifts (8) in parts per million (ppm) relative to
the solvent peak using the Bruker internal referencing procedure (edlock). F NMR spectra
are referenced relative to CFCls. Data are reported as follows: chemical shift, multiplicity (s =
singlet, d = doublet, t= triplet, q = quartet, pent = pentet, sept = septet, br = broad, m =
multiplet), coupling constants (Hz) and integration. NMR spectra were processed with
MestReNova 11.0 or higher. High resolution mass spectra (HRMS, m/z) were recorded on a
Thermo Exactive mass spectrometer (Thermo Exactive High-Resolution Orbitrap FTMS)
equipped with Waters Acquity liquid chromatography system using the heated electrospray
(HESI-II) probe for positive electrospray ionization (ESI+). Infrared spectra were recorded as
the neat compound or in solution using a Bruker tensor 27 FT-IR spectrometer. Absorptions
are reported in wavenumber (cm™). Melting points of solids were measured on a Griffin
apparatus and were uncorrected. Some isolated compounds might contain trace amount of

impurities, which didn’t affect the sequential steps and were labeled in the NMR spectra.
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4.2 Preparation and Characterisation Data for Chapter 11
2-Nitroethyl acetate (2.153)

0
02N V\O)J\

2-nitroethanol (1.27 g, 13.9 mmol), pyridine (1.12 mL, 13.9 mmol) and acetic anhydride (1.31
mL, 13.9 mmol) were dissolved in CH2Cl> (80 mL) in a round-bottom flask. The mixture was
stirred at room temperature in the dark for 7 hours. 1N HCI was added upon completion. The
organic solvent was removed under reduced pressure. The aqueous phase was extracted with
Et2O (3 x 80 mL). The organic phases were combined, dried over Na>SO4 and concentrated in
vacuo to afford 2-nitroethylacetate as yellow oil (1.40 g, 10.5 mmol, 76%). Data is in
accordance with known literature.! 'H NMR (400 MHz, CDCls) § 4.65 — 4.52 (m, 4H), 2.04

(s, 3H); 3C NMR (101 MHz, CDCls) § 170.4, 73.7, 59.5, 20.5.

Methyl 6-bromo-3-(2-nitroethyl)-1H-indole-4-carboxylate (2.174)

|
oo 0 NO,

A\

Br H
Methyl 6-bromo-1H-indole-4-carboxylate (2.00 g, 7.87 mmol) and 4-tert-butylcatechol (13.1
mg, 0.08 mmol) were dissolved in p-xylene (10 mL). 2-nitroethyl acetate (1.26 g, 9.44 mmol)
was added, and the mixture was heated at 145 °C in an oil bath for 3.5 hours. After cooled
down to room temperature, the solvent was removed under reduced pressure. The crude was purified
by flash column chromatography (20% EtOAc in pentane, Rf: 0.30) to yield methyl 6-bromo-
3-(2-nitroethyl)-1H-indole-4-carboxylate (1.88 g, 5.74 mmol, 73%) as a pale-yellow solid. *H

NMR (400 MHz, CDCls) & 8.35 (s, 1H), 7.91 (d, J = 1.8 Hz, 1H), 7.68 (d, J = 1.8 Hz, 1H),

147



7.16 (d, J = 2.5 Hz, 1H), 4.70 (t, J = 6.5 Hz, 2H), 3.95 (s, 3H), 3.63 (t, J = 6.6 Hz, 2H); 13C
NMR (101 MHz, CDCls) & 167.10, 138.60, 127.30, 126.83, 124.27, 123.53, 118.70, 114.41,

111.47, 77.36, 52.38, 26.00; IR (cm'l): 3412, 1708, 1556, 1537, 1254, 1224, 1063,
1934, 785, 622; HRMS (ESI+) m/z: [M+Na]* Calcd for C12H1104N2BriNa; 348.9794 ;

Found 348.9794; M.P. 128-130 °C.

8-Bromo-2,3,4,6-tetrahydro-1H-azepinol[5,4,3-cd]indol-1-one (2.171)

N
o

A\
Methyl 6-bromo-3-(2-nitroethyl)-1H-indole-4-carboxylate (1.69 g, 5.16 mmol) was dissolved
in MeOH (80 mL). 2M HCI (80 mL) was added, followed by addition of zinc dust (7.96 g, 122
mmol) portion wise. The mixture was heated under reflux in an oil bath for 30 minutes and
filtered directly. The filtrate was basified with 2M NaOH (100 mL) and the resultant mixture
was filtered through a Bilichner funnel. The filter cake was washed with MeOH (2 x 100 mL).
MeOH was removed under reduced pressure. The aqueous phase was extracted with EtOAc (3
x 100 mL). The organic phases were combined, dried over Na,SO4 and concentrated in vacuo.
The crude was purified by flash column chromatography (4% MeOH in CH2Cl,, Rf: 0.25) to
yield 8-bromo-2,3,4,6-tetrahydro-1H-azepinol[5,4,3-cd]indol-1-one (974 mg, 3.67 mmol, 71%)
as a white solid. *H NMR (400 MHz, DMSO) 6 11.27 (s, 1H), 8.16 (t, J = 5.8 Hz, 1H), 7.74 —
7.68 (m, 2H), 7.33 — 7.28 (m, 1H), 3.44 — 3.37 (m, 2H), 2.94 — 2.87 (m, 2H); 3C NMR (101

MHz, bMSO) 6 168.4, 137.6, 126.0, 124.4, 124.1, 123.9, 116.9, 114.7, 113.3, 42.1, 27.9; IR
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(cm): 3190, 1655, 1608, 1458, 1316, 1127, 1068, 782, 642; HRMS (ESI+) m/z: [M+H]*
Calcd for C11H100:N2Br1 264.9971; Found 264.9973; M.P. 186-188 °C.

2d. 8-Bromo-5-iodo-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (2.170)

N
o

N
8-Bromo-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (640 mg, 2.41 mmol) was
dissolved in 58 mL of THF/CH.Cl, (1:1) and cooled to 0 °C in an ice bath.
Bis(trifluoroacetoxy)iodobenzene (1.25 g, 2.90 mmol) and iodine (359 mg, 2.41 mmol) were
added. The reaction mixture was stirred at 0 °C for 30 minutes followed by another 30 minute
stirring at room temperature. The reaction was quenched by a mixture of saturated sodium
sulfite (40 mL) and saturated sodium thiosulfate (40 mL). The aqueous phase was extracted
with EtOAc (3 x 80 mL). The organic phases were combined, dried over Na;SOs and
concentrated in vacuo. The crude was purified by flash column chromatography (4% MeOH
in CH2Cl., Rf: 0.25) to yield 8-bromo-5-iodo-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-1-
one (437 mg, 1.12 mmol, 46% ) as an off-white solid. *H NMR (500 MHz, bmMs0) & 11.98 (s,
1H), 8.22 (t, J = 5.8 Hz, 1H), 7.70 (d, J = 1.8 Hz, 1H), 7.61 (d, J = 1.8 Hz, 1H), 3.47 — 3.38 (m,
2H), 2.80 — 2.73 (m, 2H); 13C NMR (126 MHz, DMs0) & 167.9, 140.0, 124.6, 124.4, 123.8,
120.3, 115.9, 113.8, 84.0, 41.3, 29.8; IR (cm™): 3590, 3176, 1630, 1601, 1423, 1350, 1312,
1086, 995, 859, 780, 645; HRMS (ESI+) m/z: [M+H]" Calcd for C11HsO1N2Br1l1 390.8937;

Found 390.8940; M.P. 228-230 °C.
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4-(1-Ox0-8-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3,4,6-tetrahydro-1H-

azepino[5,4,3-cd]indol-5-yl)benzaldehyde (2.163)

H
o N
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|
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A two-necked round bottom flask, purged with nitrogen gas, was charged 8-bromo-5-iodo-
2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (260 mg, 0.67 mmol). 4-
Formylphenylboronic acid (99.7 mg, 0.67 mmol), Na2COs (141 mg, 1.33 mmol) and Pd(PPhs)4
(154 mg, 0.13 mmol) was added. The flask was flushed with nitrogen three times. Degassed
1,4-dioxane (7.2 mL) and water (1.8 mL) were added. The mixture was stirred at 85 °C in an
oil bath for 16 hours and cooled to room temperature. The mixture was diluted with H.O (10
mL) and extracted with EtOAc (3 x 10 mL). The combined organic phases were dried over
Na>SO4 and concentrated in vacuo. The crude material was used for the consecutive step
without  further purification. Isolation of 4-(8-bromo-1-oxo0-2,3,4,6-tetrahydro-1H-
azepinol[5,4,3-cd]indol-5-yl)benzaldehyde was proved to be challenging. The best result was
obtained by directly using this crude intermediate in the next step. To a two-necked round
bottom flask under nitrogen atmosphere, the crude material, Bis(pinacolato)diboron (169 mg,
0.67 mmol), Pd(dppf)Cl. (15.0 mg ,0.02 mmol) and potassium acetate (196 mg, 2.00 mmol)
were added. The reaction flask was then backfilled with nitrogen and degassed DMF (3.3 mL)
was added. The reaction was heated to 80 °C in an oil bath and stirred for 16 hours. Upon
completion, the reaction mixture was cooled to room temperature, passed through a plug of
Celite and concentrated in vacuo. The crude was isolated by column chromatography (4%

MeOH in DCM, Rf: 0.35) before purification by reverse phase HPLC to afford 4-(1-oxo0-8-
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(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3,4,6-tetrahydro-1H-azepinol[5,4,3-cd]indol-

5-yl)benzaldehyde as a bright yellow solid (80 mg, 0.192 mmol, 29%). *H NMR (500 MHz,
DMS0) & 11.86 (s, 1H), 10.07 (s, 1H), 8.13 (t, J = 5.8 Hz, 1H), 8.10 — 8.02 (m, 3H), 7.92 — 7.87
(m, 3H), 3.40 (t, J = 6.3 Hz, 2H), 3.11 (t, J = 4.6 Hz, 2H), 1.33 (s, 12H); **C NMR (126 MHz,
DMSO) & 192.6, 169.5, 137.3, 136.5, 135.0, 134.8, 129.9, 128.8, 128.5, 128.4, 127.9, 124.5,
120.9, 114.4, 83.6, 41.8, 29.1, 24.8; IR (cm™): 3207, 2883, 1691, 1639, 1604, 1370, 1326,
1214, 1142, 965, 831, 789, 669; HRMS (ESI+) m/z: [M+H]* Calcd for C24H260sN2B:

417.1982; Found 417.1980; M.P. 275-277 °C.

Tert-butyl (4-bromobenzyl)(methyl)carbamate

4-Bromobenzaldehyde (1.85 g, 10.0 mmol) was dissolved in MeOH (50 mL). Methylamine
(33% wt. in EtOH, 3.74 mL, 30.0 mmol) was added. The mixture was stirred at room
temperature for 3 hours and cooled to 0 °C in an ice bath. NaBH4 (1.13 g, 30.0 mmol) was
added in one portion. The mixture was stirred at 0 °C in an ice bath for 3 hours and quenched
with 1 M HCI (50 mL) slowly at 0 °C. NaHCO3 (50 mL) and NaOH (50 mL) was added and
the aqueous phase was extracted with Et20 (3 x 150 mL). The combined organic phases were
dried over Na>,SO4 and the solvent was removed under reduced pressure. The crude was
dissolved in anhydrous THF (33 mL) and cooled to 0 °C in an ice bath. DMAP (1.47 g, 12.0
mmol) was added to the solution, followed by addition of Boc.O (2.62 g, 12.0 mmol). The
mixture was stirred for 30 minutes and warmed to room temperature. After stirred for 15 hours,
the solvent was removed under reduced pressure. The crude was purified by column

chromatography (4% EtOAc in pentane, Rf: 0.30) to vyield tert-butyl (4-
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bromobenzyl)(methyl)carbamate as a light yellow oil (2.81 g, 9.36 mmol, 94 %) over two steps.
Data is in accordance with known literature.* tH NMR (400 MHz, DMSO) § 7.54 (d, J = 8.1
Hz, 2H), 7.17 (d, J = 8.2 Hz, 2H), 4.33 (s, 2H), 2.75 (s, 3H), 1.39 (s, 9H); 3C NMR (101 MHz,

DMSO) & 154.9, 137.6, 131.3, 129.4, 120.1, 78.9, 50.8, 33.8, 28.0.

Tert-butyl methyl(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)carbamate (2.175)

(@)
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A two-necked round bottom flask, purged with nitrogen gas, was charged with tert-butyl (4-
iodobenzyl)(methyl)carbamate (3.06 g, 8.80 mmol). B2pin2 (2.24 g, 8.80 mmol), KOAc (2.59
g, 26.4 mmol) and Pd(dppf)Cl2 (193 mg, 0.264 mmol) was added to the flask under nitrogen
atmosphere. Degassed and anhydrous 1,4-dioxane (35 mL) was added and the mixture was
heated to 80 °C in an oil bath under nitrogen atmosphere. After stirred for 14 hours, the mixture
was cooled to room temperature and flushed through a Celite plug with DCM. Solvent was
removed under reduced pressure. The crude was purified by column chromatography (8 %
EtOAc in pentane, Rf: 0.55) to vyield tert-butyl methyl(4-(4,4,55-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzyl)carbamate as a white solid (2.87 g, 8.26 mmol, 94 %). Data is in
accordance with known literature.> H NMR (400 MHz, CDCls) & 7.77 (d, J = 8.0 Hz, 2H),
7.22 (d, J = 7.4 Hz, 2H), 4.43 (s, 2H), 2.98— 2.61 (m, 3H), 1.46 (s, 9H), 1.34 (s, 12H); °C

NMR (101 MHz, CDClzs) 6 156.0, 141.4, 135.1, 134.8, 126.8, 83.8, 79.7,52.5, 34.1, 28.5, 24.9.
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Tert-butyl methyl(4-(1-oxo-8-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3,4,6-

tetrahydro-1H-azepino[5,4,3-cd]indol-5-yl)benzyl)carbamate (2.161)

ZT
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A two-necked round bottom flask, purged with nitrogen gas, was charged 8-bromo-5-iodo-
2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (196 mg, 0.50 mmol). Tert-butyl
methyl(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)carbamate (174 mg, 0.50
mmol), Na.COz (106 mg, 1.00 mmol) and Pd(PPhs)4 (116 mg, 0.1 mmol) was added. The flask
was flushed with nitrogen three times. Degassed 1,4-dioxane (5.0 mL) and water (1.3 mL) were
added. The mixture was stirred at 85 °C in an oil bath for 16 hours and cooled to room
temperature. The mixture was diluted with H.O (10 mL) and extracted with EtOAc (3 x 10
mL). The combined organic phases were dried over Na>2SO4 and concentrated in vacuo. The
crude material was used for the consecutive step without further purification. Isolation of tert-
butyl (4-(8-bromo-1-ox0-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-5-
yl)benzyl)(methyl)carbamate was proved to be challenging. The best result was obtained by
directly using this crude intermediate in the next step. To a two-necked round bottom flask
under nitrogen atmosphere, the crude material, Bis(pinacolato)diboron (127 mg, 0.50 mmol),
Pd(dppf)Cl. (18.3 mg ,0.03 mmol) and potassium acetate (147 mg, 1.50 mmol) were added.
The reaction flask was then backfilled with nitrogen and degassed DMF (2.5 mL) was added.
The reaction was heated to 80 °C in an oil bath and stirred for 16 hours. Upon completion, the
reaction mixture was cooled to room temperature, passed through a plug of Celite and
concentrated in vacuo. The crude was isolated by column chromatography (4% MeOH in

DCM, Rf: 0.32) before purification by reverse phase HPLC to afford 4-(1-oxo-8-(4,4,5,5-
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tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-5-

yl)benzaldehyde as a light yellow solid (93 mg, 0.175 mmol, 35%). 'H NMR (500 MHz,
MeOD) & 8.24 (s, 1H), 8.01 (s, 1H), 7.62 (d, J = 7.8 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 4.48 (s,
2H), 3.56 — 3.51 (M, 2H), 3.14 (t, J = 4.9 Hz, 2H), 2.86 (s, 3H), 1.49* (s, br, 9H), 1.37 (s, 12H);
13C NMR BC NMR (126 MHz, MeOD) & 174.1, 158.0, 139.2, 138.2, 137.9, 132.5, 130.4,
130.0, 129.6, 129.1, 124.1, 122.7, 122.0, 113.4, 85.0, 81.4, 53.3 (52.5%*), 43.9, 34.6, 30.2, 28.7,
25.3; IR (cm™):2980, 1673, 1632, 1601, 1468, 1392, 1365, 1303, 1252, 1143, 870, 784; HRMS
(ESI+) m/z: [M+H]" Calcd for C3oH3sN30sB 532.2981; Found 532.2979. M.P. 243-244 °C.
Peaks in *H-NMR spectrum broad and split due to the presence of N-Boc rotamers (labelled
with asterisks). Peaks in *C-NMR spectrum broad and split due to the presence of N-Boc

rotamers (labelled with asterisks).

Methyl 6-fluoro-3-(2-nitroethyl)-1H-indole-4-carboxylate (2.179)

|
oo 0 NO,

N
Methy! 6-fluoro-1H-indole-4-carboxylate (200 mg, 1.04 mmol) and 4-tert-butylcatechol (1.7
mg, 0.01 mmol) were dissolved in p-xylene (1.3 mL). 2-nitroethyl acetate (165 mg, 1.24 mmol)
was added, and the mixture was heated at 145 °C in an oil bath for 3.5 hours. After cooled
down to room temperature, the solvent was removed under reduced pressure. The crude was
purified by flash column chromatography (20% EtOAc in pentane, Rf: 0.25) to yield methyl
6-fluoro-3-(2-nitroethyl)-1H-indole-4-carboxylate (154 mg, 0.58 mmol, 56%) as a pale-yellow
solid. Data is in accordance with known literature.? H NMR (400 MHz, DMSO) & 11.48 (s,
1H), 7.48 — 7.36 (m, 3H), 4.74 (t, J = 7.0 Hz, 2H), 3.89 (s, 3H); 13C NMR (126 MHz, DMSO)

8 167.0 (d, Jer = 3.1 Hz), 157.0 (d, Jer = 235.3 Hz), 137.9 (d, Jcr = 12.1 Hz), 128.3 (d, Jcr =
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3.3 Hz), 123.2 (d, Jcr = 8.9 Hz), 120.8, 110.0 (d, Jcr = 26.2 Hz), 109.3, 102.3 (d, Jcr = 24.8

Hz), 76.7, 52.3, 25.2; ®F NMR (377 MHz, DMSO) $ -122.57 (dd, J = 10.2, 9.2 Hz).

8-Fluoro-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (2.180)

N
0

A\
Methyl 6-fluoro-3-(2-nitroethyl)-1H-indole-4-carboxylate (150 mg, 0.56 mmol) was dissolved
in MeOH (8.7 mL). 2M HCI (8.7 mL) was added, followed by addition of zinc dust (870 mg,
13.3 mmol) portionwise. The mixture was heated under reflux in an oil bath for 30 minutes and
filtered directly. The filtrate was basified with 2M NaOH (10.5 mL) and the resultant mixture
was filtered through a Buchner funnel. The filter cake was washed with MeOH (2 x 15 mL).
MeOH was removed under reduced pressure. The aqueous phase was extracted with EtOAc (3
x 15 mL). The organic phases were combined, dried over Na2SO4 and concentrated in vacuo.
The crude was purified by flash column chromatography (4% MeOH in CH2Cl, Rf: 0.25) to
yield 8-fluoro-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (107 mg, 0.52 mmol, 93%)
as an white solid. Data is in accordance with known literature.® 'H NMR (500 MHz, DMSO)
5 11.19 (s, 1H), 8.17 (t, J = 5.8 Hz, 1H), 7.40 (dd, J = 11.0, 2.4 Hz, 1H), 7.33 (dd, J = 9.4, 2.4
Hz, 1H), 7.29 — 7.25 (m, 1H), 3.43 — 3.36 (M, 2H), 2.93 — 2.88 (M, 2H); 3C NMR (126 MHz,
DMSO0) § 168.5 (d, Jcr = 2.7 Hz), 158.3 (d, Jor = 233.8 Hz), 136.8 (d, Jcr = 12.2 Hz), 125.5
(d, Jcr = 9.0 Hz), 123.8 (d, Jcr = 3.2 Hz), 121.9, 114.5, 109.2 (d, Jcr = 25.9 Hz), 100.9 (d, Jcr

=26.1 Hz), 42.1, 28.0; ®F NMR (470 MHz, DMSO) 5 -122.20 (dd, J = 11.0, 9.4 Hz).
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5-Bromo-8-fluoro-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (2.181)

N
o

'n
Iz _

8-Fluoro-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (312 mg, 1.53 mmol) was
dissolved in THF-DCM (1:1, 22 mL) and cooled to 0 °C in an ice bath. Pyridinium tribromide
(538 mg, 1.68 mmol) was added in one portion. The mixture was stirred at 0 °C for 10 minutes
and warmed to room temperature. After stirred at room temperature for 1 hour, the reaction
was quenched with NaHCO3 (20 mL) and extracted with EtOAc (3 x 20 mL). The combined
organic phases were dried over Na>SO4 and the solvent was removed under reduced pressure.
The crude was purified by column chromatography (3% MeOH in DCM, Rf: 0.28) to yield 5-
bromo-8-fluoro-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-1-one as a off-white solid (373
mg, 1.32 mmol, 86 %). Data is in accordance with known literature.®> *H NMR (500 MHz,
DMSO) & 12.13 (s, 1H), 8.25 (d, J = 5.7 Hz, 1H), 7.42 (dd, J = 11.0, 2.4 Hz, 1H), 7.29 (dd, J
=9.1,2.6 Hz, 1H), 3.41 (d, J = 4.1 Hz, 2H), 2.81 — 2.76 (m, 2H); 13C NMR (126 MHz, DMSO)
0 168.0d, Jcr = 2.4 Hz, 158.4 (d, Jcr = 236.0 Hz), 136.6 (d, Jcr = 12.4 Hz), 124.9 (d, Jcr = 8.7
Hz), 121.9, 114.10, 109.9 (d, Jcr = 25.6 Hz), 109.2 (d, Jcr = 2.6 Hz) 100.6 (d, Jcr = 26.25 Hz),

41.3, 27.8; °F NMR (377 MHz, DMSO) 5 -120.91 (dd, J = 11.0, 9.1 Hz).

4-(8-Fluoro-1-oxo0-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-5-yl)benzaldehyde (2.162)

H
o N

-0
N
F H
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A two-necked round bottom flask, purged with nitrogen gas, was charged 5-bromo-8-fluoro-
2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (357 mg, 126 mmol). 4-
Formylphenylboronic acid (439 mg, 1.89 mmol), Na.CO3 (267 mg, 2.52 mmol) and Pd(PPhs)4
(291 mg, 0.25 mmol) was added. The flask was flushed with nitrogen for three time. Degassed
1,4-dioxane (14 mL) and water (3.5 mL) were added. The mixture was stirred at 85 °C in an
oil bath for 16 hours and cooled to room temperature. The organic solvent was removed in
vacuo. The resultant mixture was diluted with H2O (10 mL) and extracted with EtOAc (3 x 15
mL). The combined organic phases were dried over Na>SO4 and concentrated in vacuo. The
crude was isolated by column chromatography (4% MeOH in DCM, Rf: 0.30) to afford 4-(8-
fluoro-1-oxo0-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-5-yl)benzaldehyde as a bright
yellow solid (314 mg, 1.02 mmol, 81%). Data is in accordance with known literature.® *H
NMR (400 MHz, DMSO) & 11.90 (s, 1H), 10.06 (s, 1H), 8.30 (t, J = 5.8 Hz, 1H), 8.09 — 8.01
(m, 2H), 7.90 — 7.82 (m, 2H), 7.46 (dd, J = 11.0, 2.4 Hz, 1H), 7.37 (dd, J = 9.1, 2.4 Hz, 1H) ,
3.44 —3.39 (m, 2H), 3.10 (bt, J = 3.5 Hz, 2H); 13C NMR (101 MHz, DMSO) & 192.6, 168.1,
158.9 (d, J cF = 236.1 Hz), 137.2, 134.8, 133.9 (d, Jcr = 3.5 Hz), 129.9, 128.7 (d, Jcr = 11.9
Hz), 128.2, 126.6 (d, Jcr = 8.7 Hz), 123.0, 114.3, 110.2 (d, Jcr = 25.8 Hz), 100.8 (d, Jcr = 25.7

Hz), 41.7, 28.9; 1°F NMR (377 MHz, DMSO0) 6 -119.85 (dd, J = 11.0, 9.1 Hz).

8-Fluoro-5-(4-((methylamino)methyl)phenyl)-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-
1-one (2.147)

H
o N

H
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4-(8-Fluoro-1-0xo0-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-5-yl)benzaldehyde (50.0
mg, 0.162 mmol) was suspended in MeOH (0.8 mL), followed by addition of methylamine
(0.24 mL, 2M in THF). The mixture was stirred at room temperature for 2 hours and cooled to
0 °C in an ice bath. Sodium borohydride (30.6 mg, 0.810 mmol) was added slowly. The
reaction was stirred at 0 °C for 1 hour. After gradually warmed to room temperature, the
mixture was stirred for another hour. Upon completion, 1 M HCI was added to quench the
reaction, which was then basified with 1 M NaOH. Organic solvent was removed in vacuo.
The aqueous phase was extracted with EtOAc (3 x 10 mL). The combined organic phases were
dried over NaxSOs4 and concentrated in vacuo. The crude was isolated by column
chromatography  (NHs/MeOH/DCM  1/4/95, Rf: 0.15) to afford 8-fluoro-5-(4-
((methylamino)methyl)phenyl)-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-1-one as a light
yellow solid (38.2 mg, 0.12 mmol, 73 %). Data is in accordance with known literature.® *H
NMR (400 MHz, DMSO) 5 11.66 (s, 1H), 8.24 (t, J = 5.8 Hz, 1H), 7.58 (d, J = 8.4, 2H), 7.46
(d, J=8.1Hz, 2H), 7.42 (d, J = 11.0, 2.4 Hz, 1H), 7.32 (dd, J = 9.2, 2.4 Hz, 1H), 3.70 (s, 2H),
3.43 - 3.35 (m, 2H), 3.07 — 3.00 (m, 2H), 2.29 (s, 3H); 13C NMR (101 MHz, DMSO) § 168.4
(d, Jcr = 2.3 Hz), 158.3 (d, Jcr = 234.5 Hz), 140.5, 136.7 (d, Jcr = 12.2 Hz), 135.4 (d, Jcr =
3.3 Hz), 129.9, 128.3, 127.6, 125.8 (d, Jcr = 8.8 Hz), 123.2, 111.5, 109.5 (d, Jcr = 25.5 Hz),
100.5 (d, Jcr = 25.9 Hz), 54.7 (d, Jcr = 5.3 Hz), 41.9, 35.6, 28.8; 1°F NMR (376 MHz, DMSO)

0-121.39 (dd, J = 11.0, 9.2 Hz).
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Tert-butyl (4-(8-fluoro-1-oxo-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-5-

ylbenzyl)(methyl)carbamate (2.160)
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A two-necked round bottom flask, purged with nitrogen gas, was charged 5-bromo-8-fluoro-
2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (142 mg, 0.50 mmol). Tert-butyl
methyl(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)carbamate (174 mg, 0.50
mmol), Na,COz (106 mg, 1.00 mmol) and Pd(PPhs)4 (116 mg, 0.1 mmol) was added. The flask
was flushed with nitrogen for three time. Degassed 1,4-dioxane (14 mL) and water (3.5 mL)
were added. The mixture was stirred at 85 °C in an oil bath for 16 hours and cooled to room
temperature. The organic solvent was removed in vacuo. The resultant mixture was diluted
with H2O (10 mL) and extracted with EtOAc (3 x 15 mL). The combined organic phases were
dried over Na;SOs4 and concentrated in vacuo. The crude was isolated by column
chromatography (4% MeOH in DCM, Rf: 0.30) to afford tert-butyl (4-(8-fluoro-1-oxo0-2,3,4,6-
tetrahydro-1H-azepino[5,4,3-cd]indol-5-yl)benzyl)(methyl)carbamate as a light yellow solid
(154 mg, 0.36 mmol, 73%). *H NMR (500 MHz, MeOD) & 7.60 (d, J = 7.9 Hz, 2H), 7.52 (dd,
J=10.8, 2.4 Hz, 1H), 7.38 (d, J = 7.9 Hz, 2H), 7.30 (dd, J = 9.0, 2.4 Hz, 1H), 4.50 (s, 2H),
3.56 — 3.52 (M, 2H), 3.17 — 3.12 (m, 2H), 2.88 (s, 3H), 1.50* (s, br, 9H); 3C NMR (126 MHz,
DMSO) & 168.4 (d, J = 2.4 Hz), 158.4 (d, J = 234.6 Hz), 155.3 (154.8%), 137.8, 136.8 (d, J =
12.2 Hz), 135.1 (d, J = 3.4 Hz), 130.6, 128.0, 127.6, 125.9 (d, J = 8.6 Hz), 123.2, 111.8, 109.6
(d, J = 25.6 Hz), 100.6 (d, J = 25.8 Hz), 78.9, 51.6 (50.9%), 41.9, 34.0, 28.8, 28.1; 1°F NMR
(470 MHz, MeOD) § -123.33 (dd, J = 9.9, 9.9 Hz); IR (cm™):3258, 1650, 1618, 1453, 1408,
1366, 1319, 1155, 1127, 881, 815; HRMS (ESI+) m/z: [M+H]" Calcd for CasHoN3OsF

424.2031; Found 424.2030; M.P. 242-243 °C. Peaks in *H-NMR spectrum broad and split due
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to the presence of N-Boc rotamers (labelled with asterisks). Peaks in **C-NMR spectrum broad

and split due to the presence of N-Boc rotamers (labelled with asterisks).

Methyl 3-(2-nitroethyl)-1H-indole-4-carboxylate (2.154)

|
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Methyl 1H-indole-4-carboxylate (182 mg, 1.04 mmol) and 4-tert-butylcatechol (1.7 mg, 0.01
mmol) were dissolved in p-xylene (1.3 mL). 2-nitroethyl acetate (165 mg, 1.24 mmol) was
added, and the mixture was heated at 145 °C in an oil bath for 3.5 hours. After cooled down to
room temperature, the solvent was removed under reduced pressure. The crude was purified
by flash column chromatography (20% EtOAc in pentane, Rf: 0.30) to yield methyl methyl 3-
(2-nitroethyl)-1H-indole-4-carboxylate (160 mg, 0.64 mmol, 62%) as a pale-yellow solid. Data
is in accordance with known literature.® 'H NMR (400 MHz, DMSO) & 11.43 (s, 1H), 7.63
(dd, J=8.1, 1.1 Hz, 1H), 7.59 (dd, J = 7.4, 1.1 Hz, 1H), 7.38 (d, J = 2.6 Hz, 1H), 7.17 (dd, J =
8.1, 7.4 Hz, 1H), 4.74 (t, J = 7.0 Hz, 2H), 3.88 (s, 3H), 3.49 (d, J = 6.9 Hz, 2H); 13C NMR (101

MHz, DMSO) & 168.1, 137.8, 127.6, 123.6, 122.4, 122.4, 120.2, 116.5, 109.1, 76.9, 51.9, 25 4.

2,3,4,6-Tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (2.155)
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Methyl 3-(2-nitroethyl)-1H-indole-4-carboxylate (140 mg, 0.56 mmol) was dissolved in
MeOH (8.7 mL). 2M HCI (8.7 mL) was added, followed by addition of zinc dust (870 mg, 13.3
mmol) portionwise. The mixture was heated under reflux in an oil bath for 30 minutes and
filtered directly. The filtrate was basified with 2M NaOH (10.5 mL) and the resultant mixture
was filtered through a Buchner funnel. The filter cake was washed with MeOH (2 x 15 mL).
MeOH was removed under reduced pressure. The aqueous phase was extracted with EtOAc (3
x 15 mL). The organic phases were combined, dried over Na>SO4 and concentrated in vacuo.
The crude was purified by flash column chromatography (4% MeOH in CH2Cl, Rf: 0.28) to
yield 2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (70 mg, 0.38 mmol, 67%) as an
white solid. Data is in accordance with known literature.® 'H NMR (400 MHz, DMSO) § 11.11
(s, 1H), 7.99 (t, J = 5.8 Hz, 1H), 7.66 (dd, J = 7.5, 1.0 Hz, 1H), 7.52 (dd, J = 8.0, 1.0 Hz, 1H),
7.27 — 7.24 (m, 1H), 7.17 (t, J = 7.7 Hz, 1H), 3.44 — 3.36 (m, 2H), 2.96 — 2.86 (m, 1H); 3C
NMR (101 MHz, DMSO) 6 169.8, 136.6, 124.8, 124.5,123.1, 121.9, 120.6, 114.7,114.3,42.2,

28.3.

6-(triisopropylsilyl)-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (2.165)

N
o
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2,3,4,6-Tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (0.350 g, 1.88 mmol) was dissolved in
anhydrous THF (9.5 mL) and cooled to -78 °C. LIHMDS (1 M in THF, 2.26 mL, 2.26 mmol)
was added dropwise. The mixture was stirred at -78 °C for 1 hour. TIPSCI (0.402 mL, 1.88
mmol) was added dropwise. After stirred for 1 hour at -78 °C, the mixture was warm to room
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temperature. The reaction was quenched with water (10 mL) and extracted with EtOAc (3 x 10
mL). The combined organic phases were dried over Na>SO4 and the solvent was removed under
reduced pressure. The crude was purified by column chromatography (4 % MeOH in DCM,
Rf: 0.40) to yield 6-(triisopropylsilyl)-2,3,4,6-tetranydro-1H-azepino[5,4,3-cd]indol-1-one as
a white solid (0.490 g, 1.43 mmol, 76.1 %).

IH NMR (400 MHz, CDCl3) & 7.99 (dd, J = 7.6, 0.8 Hz, 1H), 7.62 (dd, J = 8.3, 0.9 Hz, 1H),
7.40 (t, J = 6.0 Hz, 1H), 7.24 (t, J = 8.1 Hz, 1H), 7.08 (s, 1H), 3.66 — 3.56 (m, 2H), 3.10 — 3.03
(m, 2H), 1.68 (hept, J = 7.5 Hz, 3H), 1.13 (d, J = 7.5 Hz, 18H); 3C NMR (101 MHz, CDCl3)
6 171.9, 141.6, 128.9, 124.6, 123.7, 121.4, 117.7, 117.5, 43.1, 28.7, 18.2 (6C), 12.9 (3C);
HRMS (ESI+) m/z: [M+H]" Calcd for C20H31N20Si 343.2200; Found 343.2201; M.P.: 192 —

194 °C

8-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-6-(triisopropylsilyl)-2,3,4,6-tetrahydro-1H-

azepinol[5,4,3-cd]indol-1-one (2.164)

H
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A flame-dried pressure tube under nitrogen was charged with 6-(triisopropylsilyl)-2,3,4,6-
tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (343 mg, 1.00 mmol), [Ir(cod)OMe]. (33.1 mg,
0.050 mmol), 1,10-phenanthroline (18.0 mg, 0.100 mmol) and B2pinz (1.02 g, 4.00 mmol). The
tube was purged with nitrogen gas. Hexane (6 mL) was added followed by immediate addition
of HBpin (0.036 mL, 0.250 mmol). The cap was screwed tightly and the mixture was heated

at 80 °C for 24 hours. The mixture was then allowed to cool to room temperature. The reaction
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was quenched with NaHCOs3 (10 mL) and extracted with EtOAc (3 x 10 mL). The combined
organic phases were dried over Na,SO4 and the solvent was removed under reduced pressure.
The crude was purified by column chromatography (4 % MeOH in CHCIs, Rf: 0.40) to yield
8-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-6-(triisopropylsilyl)-2,3,4,6-tetrahydro-1H-
azepinol[5,4,3-cd]indol-1-one as a white solid (302 mg, 0.644 mmol, 64.4 %).

IH NMR (400 MHz, CDCl3) 6 8.42 (d, J = 0.7 Hz, 1H), 8.03 (d, J = 0.8 Hz, 1H), 7.14 (s, 1H),
6.45 (t, J = 6.0 Hz, 1H), 3.63 — 3.53 (m, 2H), 3.12 — 2.98 (m, 2H), 1.69 (hept, J = 7.5 Hz, 3H),
1.33 (s, 12H), 1.14 (d, J = 7.5 Hz, 18H); 3C NMR (101 MHz, CDCls) 6 171.7, 141.4, 130.8,
130.3, 130.2, 124.0, 123.7, 117.7, 83.7, 43.2, 28.8, 25.1, 18.3, 13.0; HRMS (ESI+) m/z:

[M+H]* Calcd for C26H42BN203Si 469.3052; Found 469.3054.

8-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3,4,6-tetrahydro-1H-azepino[5,4,3-

cd]indol-1-one (2.163)

One-pot procedure:

A flame-dried pressure tube under nitrogen was charged with 6-(triisopropylsilyl)-2,3,4,6-
tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (343 mg, 1.00 mmol), [Ir(cod)OMe]2 (33.1 mg,
0.050 mmol), 1,10-phenanthroline (18.0 mg, 0.100 mmol) and B2pinz (1.02 g, 4.00 mmol). The
tube was purged with nitrogen gas. Hexane (6 mL) was added followed by immediate addition
of HBpin (0.036 mL, 0.250 mmol). The cap was screwed tightly and the mixture was heated
at 80 °C for 24 hours. The mixture was then allowed to cool to room temperature. THF (6 mL)

was added, followed by TBAF (2.8 mL, 1 M in THF, 2.8 mmol). The mixture was stirred at
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room temperature for 8 hours. The reaction was quenched with NaHCO3 (10 mL) and extracted
with EtOAc (3 x 10 mL). The combined organic phases were dried over Na2SO4 and the solvent
was removed under reduced pressure. The crude was purified by column chromatography (4
% MeOH in DCM, Rf: 0.35) to yield 8-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3,4,6-
tetrahydro-1H-azepino[5,4,3-cd]indol-1-one as a yellow solid (312 mg, 0.700 mmol, 70.0 %).
IH NMR (400 MHz, CDCl3) 6 8.45 (d, J = 0.9 Hz, 1H), 8.22 (s, 1H), 7.99 (d, J = 0.9 Hz, 1H),
7.13 (dt, J = 2.3, 1.1 Hz, 1H), 6.38 (t, J = 5.8 Hz, 1H), 3.65 — 3.56 (m, 2H), 3.10 — 3.03 (m,
2H), 1.35 (s, 12H); IR (cm™): 2977, 2930, 1636, 1607, 1507, 1473, 1455, 1372, 1342, 1321,
1253, 1143, 1166, 995, 852, 693; HRMS (ESI+) m/z: [M+H]* Calcd for C17H22N.03'°B

313.1718; Found 313.1718.

5,8-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3,4,6-tetrahydro-1H-azepino[5,4,3-

H
o N
o)
o s
~ N O
é/'? H
o)

A flame-dried pressure tube under nitrogen was charged with 8-(4,4,5,5-tetramethyl-1,3,2-

cd]indol-1-one (2.162)

dioxaborolan-2-yl)-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (156 mg, 0.35 mmol),
[Ir(cod)OMe]2 (12.0 mg, 0.018 mmol), 1,10-phenanthroline (6.3 mg, 0.035 mmol) and B2pin;
(357 mg, 1.40 mmol). The tube was purged with nitrogen gas. Hexane-THF (2:1, 3 mL) was
added. The cap was screwed tightly and the mixture was heated at 80 °C for 24 hours. The
mixture was then allowed to cool to room temperature. Solvent was removed under nitrogen

flow. The crude was purified by column chromatography (4 % MeOH in DCM, Rf: 0.38) to
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yield 5,8-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3,4,6-tetrahydro-1H-
azepinol[5,4,3-cd]indol-1-one as a yellow solid (58.2 mg, 0.133 mmol, 38.1 %) and the
unreacted starting material was recovered.

IH NMR (400 MHz, CDCl3) 6 8.94 (s, 1H), 8.37 (d, 1H), 7.95 (d, J = 0.8 Hz, 1H), 6.97 (t, J =
5.9 Hz, 1H), 3.61 — 3.52 (m, 2H), 3.27 (s, 2H), 1.33 (s, 12H), 1.33 (s, 12H); 3C NMR (101
MHz, CDCls) 6 173.4, 140.4, 128.8, 127.9, 127.0, 123.7, 122.9, 117.9, 83.7, 85.2 43.2, 28.8,
19.3 16.2; IR (cm™): 2978, 1634, 1506, 1474, 1372, 1327, 1142, 1009, 981, 951, 851, 673;

HRMS (ESI+) m/z: [M+H]" Calcd for C23H3sN20sB2 439.2574; Found 439.2572.

5-Bromo-2,3,4,6-tetrahydro-1H-azepinol[5,4,3-cd]indol-1-one (2.156)

N
o

IZ/

2,3,4,6-Tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (285 mg, 1.53 mmol) was dissolved in
THF-DCM (1:1, 22 mL) and cooled to 0 °C in an ice bath. Pyridinium tribromide (538 mg,
1.68 mmol) was added in one portion. The mixture was stirred at 0 °C for 10 minutes and
warmed to room temperature. After stirred at room temperature for 1 hour, the reaction was
quenched with NaHCO3 (20 mL) and extracted with EtOAc (3 x 20 mL). The combined organic
phases were dried over Na,SO4 and the solvent was removed under reduced pressure. The
crude was purified by column chromatography (3% MeOH in DCM, Rf: 0.28) to yield 5-
bromo-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-1-one as a off-white solid (306 mg, 1.16
mmol, 76%). Data is in accordance with known literature.® *H NMR (400 MHz, DMSO) §

12.00 (s, 1H), 8.10 (t, J = 5.7 Hz, 1H), 7.70 (dd, J = 7.6, 1.0 Hz, 1H), 7.48 (dd, J = 8.1, 1.0 Hz,

165



1H), 7.20 (t, J = 7.8 Hz, 1H), 3.47 — 3.33 (m, 2H), 2.86 — 2.74 (m, 2H); 3C NMR (101 MHz,

DMSO) & 169.3, 136.5, 124.7, 123.7, 122.6, 121.2, 114.1, 113.9, 109.2, 41.4, 28.1.

4-(1-0Ox0-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-5-yl)benzaldehyde (2.157)

H
o N

(O
N
A two-necked round bottom flask, purged with nitrogen gas, was charged 5-bromo-2,3,4,6-
tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (167 mg, 0.63 mmol). 4-Formylphenylboronic
acid (220 mg, 0.95 mmol), Na,COz (134 mg, 1.26 mmol) and Pd(PPhsz)4 (146 mg, 0.13 mmol)
was added. The flask was flushed with nitrogen for three time. Degassed 1,4-dioxane (7 mL)
and water (1.8 mL) were added. The mixture was stirred at 85 °C in an oil bath for 16 hours
and cooled to room temperature. The organic solvent was removed in vacuo. The resultant
mixture was diluted with H2O (10 mL) and extracted with EtOAc (3 x 15 mL). The combined
organic phases were dried over Na.SO4 and concentrated in vacuo. The crude was isolated by
column chromatography (4% MeOH in DCM, Rf: 0.32) to afford 4-(1-oxo-2,3,4,6-tetrahydro-
1H-azepino[5,4,3-cd]indol-5-yl)benzaldehyde as a bright yellow solid (133 mg, 0.46 mmol,
73%). Data is in accordance with known literature.2 tH NMR (400 MHz, MeOD) & 10.03 (s,
1H), 8.04 (d, J = 8.5, 2H), 7.87 — 7.79 (m, 3H), 7.64 (dd, J = 8.1, 1.0 Hz, 1H), 7.30 (dd, J =
7.8, 7.8 Hz, 1H), 3.62 — 3.53 (m, 2H), 3.28 — 3.13 (m, 2H); 3C NMR (101 MHz, MeOD) &

193.6,173.8, 139.5, 138.7,136.7, 135.3, 131.1, 129.6, 128.9, 125.4, 124 .4, 123.4, 116.6, 115.3,

43.8, 30.4.
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Tert-butyl methyl(4-(1-oxo-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-5-

ylbenzyl)carbamate (2.159)

H
o N

\ 0
-0
N
A two-necked round bottom flask, purged with nitrogen gas, was charged 5-bromo-2,3,4,6-
tetrahydro-1H-azepino[5,4,3-cd]indol-1-one (66.3 mg, 0.25 mmol). Tert-butyl methyl(4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)carbamate (87.2 mg, 0.25 mmol),
Na>COs3 (53.0 mg, 1.00 mmol) and Pd(PPhz)4 (57.8 mg, 0.05 mmol) was added. The flask was
flushed with nitrogen for three time. Degassed 1,4-dioxane (7 mL) and water (1.8 mL) were
added. The mixture was stirred at 85 °C in an oil bath for 16 hours and cooled to room
temperature. The organic solvent was removed in vacuo. The resultant mixture was diluted
with H2O (10 mL) and extracted with EtOAc (3 x 10 mL). The combined organic phases were
dried over Na;SOs4 and concentrated in vacuo. The crude was isolated by column
chromatography (4% MeOH in DCM, Rf: 0.33) to afford tert-butyl (4-(1-oxo0-2,3,4,6-
tetrahydro-1H-azepino[5,4,3-cd]indol-5-yl)benzyl)(methyl)carbamate as a light yellow solid
(85.0 mg, 0.21 mmol, 84%). *H NMR (500 MHz, MeOD) & 7.79 (dd, J = 7.5, 1.0 Hz, 1H),
7.65—7.57 (m, 3H), 7.38 (d, J = 8.1 Hz, 2H), 7.25 (dd, J = 7.8, 7.8 Hz, 1H), 4.50 (s, 2H), 3.57
—3.52 (m, 2H), 3.16 (t, J = 4.9 Hz, 2H), 2.87 (s, 3H), 1.49* (s, br, 9H); 3C NMR (126 MHz,
MeOD) ¢ 174.2, 157.6, 139.0, 138.2, 136.6, 132.7, 129.5, 128.8, 128.0, 124.7, 124.0, 122.4,
116.3, 113.0, 81.4, 53.4 (52.5%), 44.0, 34.6, 30.2, 28.7; IR (cm™):3262, 2978, 1666, 1643,
1461, 1406, 1366, 1256, 1151, 881, 817, 747; HRMS (ESI+) m/z: [M+H]" Calcd for
C24H28N303 406.2125; Found 406.2121; M.P. 244-245 °C. Peaks in *H-NMR spectrum broad
and split due to the presence of N-Boc rotamers (labelled with asterisks). Peaks in *C-NMR

spectrum broad and split due to the presence of N-Boc rotamers (labelled with asterisks).

167



4.3 Radiochemistry for Chapter 11
4.3.1 General Information
[*®F]Fluoride was produced by Alliance Medical (UK) via the ¥O(p,n)'®F reaction and

delivered as [*®F]fluoride in [*®O]water. Radiosynthesis and azeotropic drying were performed
on a NanoTek® automated microfluidic device (Advion). HPLC analysis was performed with
a Dionex Ultimate 3000 dual channel HPLC system equipped with shared autosampler, parallel
UV-detectors and LabLogic Nal/PMT-radiodetectors with Flowram analog output. Due to the
separation of the modules the radio-signal is offset by 0.1-0.3 min from the UV signal.

All F-radiolabelled compounds were characterized by comparing the radio-HPLC trace with
the HPLC UV-trace of an authentic reference sample, which was synthesized as described in
Sections 2. Radiochemical yields (RCY) were calculated by comparing the integration of the
product radio-HPLC peak with the integration of all radio-HPLC peaks. Activity yield (AY)
was determined by dividing the isolated activity by the activity of dry [*®F]Fluoride after
elution from the QMA cartridge and azeotropic drying. All reported AYs are non-decay

corrected.

4.3.2 Procedure for preparation of a solution of [*8F]KF/Kz22 in MeCN:
A solution of Kryptofix 222 (6.3 mg), K2C204 (1.0 mg) and K>COsz (0.1 mg) in 1 mL of

MeCN/Hz0, 4:1 was freshly prepared. [*8F]Fluoride (3.0-4.0 GBq) was separated from 8O-
enriched-water using a Sep-Pak Accell Plus QMA Carbonate Plus Light Cartridge (46 mg;
quaternary methyl ammonium; Waters, cat. no. 186004540) and subsequently released with
900 pL (in 6 x 150 pL portions) of the K222/ K2C204/K2CO3 solution into a 5 mL V-vial
containing a magnetic stir bar in the concentrator. The solution was dried with five cycles of
azeotropic drying with MeCN (5 x 200 ul) under a flow of N2 at 105°C. The dried [*8F]KF/Kz222

residue was redissolved in anhydrous MeCN (500 - 1000 pL).
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This elution method was optimized in the work of radiosynthesis of [*®F]Jolaparib, both manual

and automated.®’

4.3.3 General procedure for small scale screening experiments with 4-(4,4,5,5-
tetramethyl1,3,2-dioxaborolan-2-yl)benzonitrile:
A solution of [*F]KF/Kz22 in MeCN (20 - 30 MBq, 10-50 pL) was dispensed into a V-vial

containing a magnetic stirrer bar. A solution containing Cu(OTf)2(py)4 (0.01 mmol), 4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile (2.3 mg, 0.01 mmol) and the tricyclic indole
additive (0.01 mmol) in DMF (300 pL) was added via syringe. Air (20 mL) was flushed
through the reaction vial using a syringe. The sealed vial was heated at 110 °C for 20 min. An
aliquot was removed for analysis by radio-HPLC for radiochemical conversion and product
identity. Analysis was performed using a Synergi 4 um HydroRP 80A column, 150 x 4.6 mm,
eluted with MeCN/H0 at a flow rate 1 mL/min, monitoring with UV (220 nm) and radioactive

traces.

HPLC gradient for analysis of small scale screening experiments:
MeCN/H20, 1 mL/min, Synergi 4 pm HydroRP 80 A column, 150 x 4.6 mm, 0 - 1 min (5%
MeCN) isocratic, 1 - 10 min (5% MeCN to 95% MeCN) linear increase, 10 - 13 min (95%

MeCN) isocratic, 13 - 15 min (5% MeCN) isocratic.
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N ['8FIKF /Koy, (20-30 MBQ)
/©/ Cu(OTf)x(py)s (1.0 equiv) N
O\ /©/
B
18F

1 additive 1, 2, 3 or 4 (1.0 equiv)
0 DMF (300 pL), 110 °C, 20 min
RCY = 39% + 2%
0.01 mmol (no additive)
(n=4)
N N N
o) o) o)
0
O > O
N RN— N N
H H H
additive 1 R = H, RCY < 5% additive 2 additive 4
additive 3 R = Boc, RCY = 34% = 5%  RCY=43%=* 3% RCY =42% + 8%
(n=2) (n=2) (n=2)

Supplementary Scheme 1. Small scale screening experiments with 4-(4,4,5,5-
tetramethyl1,3,2-dioxaborolan-2-yl)benzonitrile

4.3.4 General procedure for small scale optimizing synthesis of ['8F] tert-butyl (4-(8-
fluoro-1-oxo-2,3,4,6-tetrahydro-1H-azepinol[5,4,3-cd]indol-5-
yDbenzyl)(methyl)carbamate:

A solution of [*8F]KF/Kz22 in MeCN (20 - 30 MBq, 10-50 pL) was dispensed into a V-vial

containing a magnetic stirrer bar. A solution containing Cu(ll) catalyst, tert-butyl methyl(4-(1-
0x0-8-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3,4,6-tetrahydro-1H-azepino[5,4,3-

cd]indol-5-yl)benzyl)carbamate (5.3 mg, 0.01 mmol) in solvent (300 pL) was added via
syringe. Air (20 mL) was flushed through the reaction vial using a syringe. The sealed vial was
heated at 120 °C for 20 min. An aliquot was removed for analysis by radio-HPLC for
radiochemical conversion and product identity. Analysis was performed using a Gemini LC
column, 150 x 4.6 mm, eluted with MeCN/H2O buffer at a flow rate 1 mL/min, monitoring
with UV (220 nm) and radioactive traces. TFA (300 pL) was added via syringe to the mixture.
The sealed vial was heated at 120 °C for 20 min. Analysis was performed using a Gemini LC
column, 150 x 4.6 mm, eluted with MeCN/H20 buffer at a flow rate 1 mL/min, monitoring

with UV (220 nm) and radioactive traces.
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HPLC gradient for analysis of small scale screening experiments:

Preparation of H.O (buffer) for analytical radio-HPLC: 25 mM aqueous NH4sHCO; (pH 9.2
adjusted with 35% aqueous ammonia, 10 mL/L )

MeCN/H20, 1 mL/min, Gemini LC column, 150 x 4.6 mm, 0 - 12 min (5-95% MeCN) gradient,

12 - 20 min (95% MeCN) isocratic, 20 - 22 min (5% MeCN) isocratic.

H
o N N
["®F]KF/K2,2 (20-30 MBq) 0 N

O Cu(OTf)2(py)s (x €q)
NBoG Solveont (300 HL) O A O
/ / 120 °C, 20 min 18p N NBoc
o H /

TFA (300 pL)
5.3 mg, 10 pmol 120 °C, 20 min

O

/

v 9]
Iz __

['®F]Rucaparib

Entry Solvent Cu(OTf)2(py)4 RCY (n=2)2
1 DMI 1 equiv 42% + 5%
2 DMI 2 equiv 39% + 1%
3 DMI 3 equiv 25% * 3%
4 DMA 2 equiv 29% + 2%
5 DMF 2 equiv 7% £ 0%
6 DMI 2 equiv® 1% + 0%

Supplementary Table 1. Small scale optimizing synthesis of [18F] tert-butyl (4-(8-fluoro-1-
0x0-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-5-yl)benzyl)(methyl)carbamate. a) RCY =
radiochemical yield, determined by integration of the radio-HPLC trace, b) Reaction performed
with the copper complex Cu(OTf)2(impy)s; (impy = imidazo[1,2-b]pyridazine). Kz =
4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (Kryptofix 222). DMI = 1,3-
Dimethyl-2-imidazolidinone. DMA = N,N-Dimethylacetamide. =DMF = N,N-
dimethylformamide.

4.3.5 General procedure for small scale optimizing synthesis of [*®F]4-(8-fluoro-1-oxo-
2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-5-yl)benzaldehyde:
A solution of [*8F]KF/K222 in MeCN (20 - 30 MBq, 10-50 pL) was dispensed into a V-vial

containing a magnetic stirrer bar. A solution containing Cu(ll) catalyst, 4-(1-oxo-8-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3,4,6-tetrahydro-1H-azepinol[5,4,3-cd]indol-5-
yl)benzaldehyde (4.2 mg, 0.01 mmol) in solvent (300 uL) was added via syringe. Air (20 mL)
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was flushed through the reaction vial using a syringe. The sealed vial was heated at 120 °C for
20 min. An aliquot was removed for analysis by radio-HPLC for radiochemical conversion and
product identity. Analysis was performed using a Phenomenex Synergi 4pum Hydro-RP 80 A
LC column, 150 x 4.6 mm, eluted with MeCN/H0 at a flow rate 1 mL/min, monitoring with

UV (220 nm) and radioactive traces.

HPLC gradient for analysis of small scale screening experiments:
MeCN/H20, 1 mL/min, Phenomenex Synergi 4um Hydro-RP 80 A LC column, 150 x 4.6 mm,
0 - 16 min (34% MeCN) isocratic, 16 - 22 min (95% MeCN) isocratic, 22 - 24 min (34%

MeCN) isocratic.

H
["8F]KF/K 25 (20-30 MBQ) N

(e}
0 Cu(OTf)2(py)s (x €q)
) p
O-g N Solvent (300 L) O O /
H 18F

A\
é/é 120 °C, 20 min N
4.2 mg, 10 pmol
Entry Solvent Cu(OTf)2(py)4 RCY (n=2)?
1 DMI 1 equiv 73% + 7%
2 DMI 2 equiv 80% + 3%
3 DMI 3 equiv 56% + 1%
4 DMA 2 equiv 50% £ 5%
5 DMF 2 equiv 13% + 3%
6 DMI 2 equiv® 14% + 7%

Supplementary Table 2. Small scale optimizing synthesis of [‘8F]4-(8-fluoro-1-0x0-2,3,4,6-
tetrahydro-1H-azepino[5,4,3-cd]indol-5-yl)benzaldehyde. a) RCY = radiochemical yield,
determined by integration of the radio-HPLC trace, b) Reaction performed with the copper
complex Cu(OTf)2(impy)s; (impy = imidazo[1,2-b]pyridazine). Ka» = 4,7,13,16,21,24-
Hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (Kryptofix 222). DMI = 1,3-Dimethyl-2-
imidazolidinone. DMA = N,N-Dimethylacetamide. DMF = N,N-dimethylformamide.
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4.3.6 Procedure for [*®F]rucaparib manual radiosynthesis:

Reagent setup

Elution solutions for ['®F]fluoride: Prepare fresh solutions of Kryptofix 222 (6.3 mg) in
MeCN (800 pL) ina 1 mL V-Vial, and K.COs3(aqg) (1 mg/mL) and K>C204(aq) (10 mg/mL) in
two separate 10 mL vials. Add 100 pL each of the K2COz and K2C204 aqueous solutions to the

previous 1 mL V-Vial.

Buffer for semi-preparative radio-HPLC: Buffer is 71% (vol/vol) 25 mM aqueous
NH4HCO: (pH 9.2 adjusted with 35% aqueous ammonia, 10 mL/L ) in MeCN. Dissolve 1.12
g of NH4HCO- and 7 mL of 35% aqueous ammonia in 703 mL of H>O and add 290 mL of

MeCN.

Equipment setup

QMA Sep-Pak cartridge (Sep Pak Accell Plus QMA Carbonate Plus Light Cartridge, 46 mg
Sorbent per Cartridge, 40 um particle size, Waters) preconditioning: Use a 10 mL syringe to
slowly pass 10 mL of H»O through the cartridge to ensure a dropwise elution.

C18 Plus cartridge preconditioning: Use a 2 mL syringe to slowly pass 2 mL of EtOH through
the cartridge, and then use a 10-mL syringe to pass 10 mL of H2O through the cartridge to
ensure a dropwise elution.

Preparation of vials

e Drying and reaction vial. Place a small stir bar inside a 5-mL V-Vial, seal it with a cap
holding a PTFE/silicone septum (silicone layer side facing inside the vial) and install a vent

needle.
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e Crude mixture filtration vial. Place a small stir bar inside a 5-mL V-Vial, seal it with a cap
holding a PTFE/silicone septum (silicone layer side facing inside the vial) and install a vent
needle.

e Collection vial for semi-preparative radio-HPLC. Add H>O (15 mL) to a 35 mL glass vial,
seal with a cap holding a PTFE/silicone septum (silicone layer side facing inside the vial) and
install a vent needle.

e Waste vial for transfer. Seal a 35-mL glass vial with a septum-holding cap and install a vent
needle.

® Rucaparib delivery vial. Seal a 3-mL Wheaton V-Vial with a crimp cap and install a vent

needle.

Preparation of the analytical radio-HPLC system for quality control

Condition the 150 x 4.6-mm Gemini LC column with 34% MeCN and 66% H.O (buffer)
(vol/vol), using a flow rate of 1 mL/min for 30 min. Then connect a 5-mL V-Vial to the
collection valve for peak collection and molar activity determination. Use the following radio-
HPLC method for quality control: isocratic flow of 34% MeCN-66% H>O (buffer) with a flow
rate of 1 mL/min.

H20 (buffer): 25 mM aqueous NH4sHCO: (pH 9.2 adjusted with 35% aqueous ammonia, 10

mL/L) Dissolve 1.58 g of NHsHCO: and 10 mL of 35% aqueous ammonia in 990 mL of H>O

Preparation of the semi-preparative radio-HPLC system for isolation

Install the 250 x 10-mm Gemini LC column and condition it with buffer, using a flow rate of
1 mL/min for 90 min. Then purge the collection line with the buffer and connect to the
[*8F]rucaparib collection vial containing 15 mL of H2O. Use the following radio-HPLC method

for isolation: isocratic flow of buffer with a flow rate of 4 mL/min.
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Radiosynthesis

1 Place the drying and reaction vial inside the NanoTek concentrator module and connect the
N line, as well as the two lines required for azeotropic drying (*F-elution and MeCN).

2 Trap and dry [*®F]fluoride using a NanoTek automated microfluidic device syringe pump.
Trap the [*8F]fluoride delivered in an [*¥O]H.0 solution on a Sep-Pak QMA cartridge by taking
up the solution of [*®F]fluoride and passing it through the cartridge (7 x 1 mL, 2 mL/min).

3 Rinse the [*80]H0 vial with MeCN (2 x 400 uL) and pass the contents through the cartridge
(2 mL/min).

4 Elute [*F]fluoride from the cartridge with an elution solution of Kryptofix
222/K2C204/K2C0O3 (900 pL, 6 x 150-puL portions) into a 5-mL V-Vial.

5 Rinse the cartridge with MeCN (200 pL). Dry the [*8F]fluoride azeotropically at 105 °C with
MeCN (1 mL, 5 x 200-puL portions) under a flow of N.

6 Charge a 1-mL glass vial with the rucaparib Bpin precursor (8.3 mg, 0.02 mmol) and
Cu(OTf)2(py)s (27 mg, 0.04 mmol), and add 300 pL of DMI.

7 Use a 1-mL syringe to transfer the solution from Step 6 to the 5-mL V-Vial containing dry
[*8F]KF.

8 Use a 20-mL syringe to add 20 mL of air to the reaction vial. Air should not be bubbled inside
the reaction mixture.

9 Remove the vent needle, place the vial inside the NanoTek concentrator module and stir it
for 20 min at 120 °C.

10 Place the reaction vial in a vial holder inside the hot cell, install a vent needle, add through
1-mL syringe NaBH3CN (12.6 mg, 0.2 mmol) and MeNH. methanolic (0.25 ml, 2.0 mmol, 33
wt. % in EtOH, 8 M) previously dissolved together. Place the reaction vial inside the NanoTek

concentrator module, and stir for 20 min at 120 °C.
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11 Remove the reaction vial from the NanoTek concentrator module and cool for 1 min; install
a vent needle and connect a let evaporate the remaining MeNH: in EtOH. After that, add
through a 1-mL syringe 200 uL. of DMSO and 300 uL of MeCN to solubilise all the reaction
mixture.

12 With the help of a 2-mL syringe remove all the reaction mixture and pass it through a filter
(VWR syringe filter, PP membrane, 0.45 um pore size, 25 mm diameter) in a new 5-mL-V-
Vial with a stir bar inside.

13 Use 1-mL syringe containing 1 mL of MeCN to rinse the reaction vial and pass the solution
through the filter. After that, wash the filter with 0.5 mL of MeCN. Place the reaction vial
inside the NanoTek concentrator module, and stir under a N2 flow at 105 °C (500 uL will
remain 300 uL DMI + 200 uL DMSO).

14 Using the NanoTek syringe pump, dilute the crude solution of [*®F]rucaparib with 500 pL
of buffer and inject 1 mL of the solution onto the HPLC 2 mL loading loop with a flow rate of
1 mL/min.

15 Rinse the V-Vial with 400 puL of buffer, take up 900 uL from the V-Vial (400 ul solution +
500 pl air), and transfer the solution to the HPLC loop with a flow rate of 1 mL/min.

16 Perform semi-preparative radio-HPLC purification using an isocratic flow (4 mL/min) with
buffer as described before.

17 Collect the product peak (retention time, Rt~ 20 min) into a vial containing 15 mL of H20O
18 Shake the vial containing [*®F]Jrucaparib, transfer the solution to an C18 Plus cartridge with
the NanoTek syringe pump (3 mL/min).

19 Connect the C18 Plus cartridge to the delivery vial, elute the product with 2.7 mL of EtOH.
Place the reaction vial inside the NanoTek concentrator module, and heat under a N2 flow at
105 °C. When the volume is diminished rinse the C18 cartridge with 1 mL of EtOH and drying

the remaining solvent under nitrogen at 105 °C to ensure complete dryness.
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20 Reformulate with buffer (10% DMSO in PBS (vol/vol)) to a volume suitable for in vitro or

in vivo studies.

1) ["®FIKF/Kap0

H
N Cu(py)4(OTf),
0 DMI (300 L) o
120 °C, 20 mins

o)
L~ - OO
O-g N 2) MeNH, (200 pL in EtOH) 18 N HN—
I H NaBH;CN H
o 120 °C, 20 mins

0.01 mmol ['8F]Rucaparib

H
N

aActivity yield: 11% + 3% (n = 3)
Molar activity: up to 30 GBg/pmol
bSynthesis time: 2.5 h

Supplementary Scheme 2. Radiosynthesis of [*F]rucaparib from its aldehydic boronic ester
precursor. 2Non-decay corrected activity yield calculated from dried [‘®F]fluoride. Total
activity afforded up to 330 MBq of the desired tracer. "Synthesis time calculated from loading
[*8F]fluoride onto QMA cartridges to the end of reformulation of [*®F]rucaparib.

1150 —— Rucaparib UV 900
18, i

950 —— [*®F]Rucaparib 700
2 DMSO
£ 750 /
g 500
e >
& 550 €
S 300
2 350

100
150
Rl J
~N =
-50 -100
0 5 10 15

Time/minutes

Supplementary Figure 1. Radiochromatogram obtained during the HPLC analysis of
[*®F]rucaparib (red) overlayed with UV chromatogram of non-radiolabeled reference standard
rucaparib (A = 220 nm, black).
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Rucaparib

250 - y =7,765,437.9307x
R?=0.9996

UV (mAu*min)
[EnY
U
o

0.00E+00 5.00E-06 1.00E-05 1.50E-05 2.00
mmol

E-05 2.50E-05 3.00E-O05 3.50E-05

Supplementary Figure 2. Calibration curve for molar activity of [*®F]rucaparib.

Number | Actvity M80) | T MR | ol
1 0.6 0.2319 0.2982 20.1
2 1.7 2.7481 3.5342 4.8
3 3.2 2.8067 3.6096 8.8
4 0.8 0.2013 0.2589 30.9
5 1.0 1.4144 1.8190 5.5

Supplementary Table 3. Molar activity calculations for [*3F]rucaparib.

4.4 Biological Procedures and Characterisations for Chapter Il (Conducted by C.

Y. Chan)
Supplemental Methods:

Unless otherwise noted, all reagents were purchased from Sigma-Aldrich and used without
further purification.
Autoradiography

PSN1 xenograft tissues were harvested and immediately flash-frozen using liquid nitrogen,
and sectioned (10 um) using a Leica CM1950 cryostat. Tissue sections were thaw-mounted

onto Superfrost PLUS glass microscope slides (Menzel-Glaser, Thermo Scientific) and
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allowed to dry briefly at room temperature (RT). The slides were then fixed in 10% NBF for
10 min at RT, dried, and exposed to a storage phosphor screen (PerkinElmer, Super Resolution,
12.5 x 25.2 cm) in a standard X-ray cassette for 15 h at 4°C. The phosphor screen was then
imaged using a Cyclone® Plus Storage Phosphor System (PerkinElmer).

For tissues that were not used in autoradiography, selected tissues from mice were fixed in
10% neutral buffered formalin overnight. Tissue was then flash frozen and stored at -80°C
overnight. Frozen tissue was sectioned (10 um) using a Leica CM1950 cryostat. Tissue sections
were thaw-mounted onto Superfrost PLUS glass microscope slides (Menzel-Glaser, Thermo
Scientific). The slides were then stored at 4°C until used.

Immunohistochemical staining

For immunohistochemical staining, slides were placed at RT for 5-10 mins to thaw. Slide
incubation procedures were performed in glass Coplin type jars. The sections were dehydrated
and rehydrated by sequential immersion in ethanol at 100% (twice), 70% and 50%, for 3 min
at each concentration, with a final 1 min wash in water. The slides were then immersed in
citrate buffer (10 mM sodium citrate pH 6.0) with 0.05% tween-20, and antigen retrieval was
performed in an antigen-decloaking chamber (Biocare Medical) at 125°C for 2.5 min, then
95°C for 1 min. The slides were allowed to cool, then placed on ice.

The sections were processed using the EnVision FLEX DAB+ Substrate Chromogen
System (Dako Omnis; Agilent Stockport UK). Tissue sections were blocked in Peroxidase and
Alkaline Phosphatase Blocking Reagent (S2003) for 15 min at RT, then incubated overnight
at 4°C in tris-buffered saline buffer (TBS) with 1% bovine serum albumen (BSA) containing
the following Atlas Antibodies (Sigma Aldrich, UK) anti-human PARP rabbit polyclonal
antibodies at 1:150 dilution: anti-PARP1 antibody (HPAO045168), anti-PARP2 antibody
(HPA052003), and anti-PARP3 antibody (HPA067657). Following this incubation, the tissues

were washed five times (5 min each) in phosphate-buffered saline (PBS), incubated for 30 min
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with Envision rabbit/mouse HRP polymer (K4065), and developed for 2.5 min using 1:50
dilution of DAB+ 2-component substrate (K3467). The sections were then washed in water
twice (5 min each), and the nuclei counter-stained for 1 min in aqueous haematoxylin. This
was followed by a 3 min wash in water, and four separate incubations in 100% ethanol (30 sec
each), and two incubations in xylene (30 sec each). Coverslips were then mounted on DPX
mounting media, and the slides left to set, and stored at 4°C.

Positive PARP staining in the tissue sections appeared brown, and the nuclei were counter-
stained pink by the haematoxylin. Section images were acquired by a brightfield Aperio (Leica
biosystem ScanScope CS2, Milton Keynes UK), and image analysis performed using the Leica

Aperio ImageScope software.

Transcript Per Million AsPC1 PSN1
PARP1 109 229
PARP2 22 44
PARP3 30 27

Tankyrasel 9 2

Tankyrase?2 40 61
ALDH?2 60 41
IMPDH2 244 381

Supplementary Table 4: mMRNA expression in AsPC1 and PSN1 cells. www.ebi.ac.uk

%ID/g 1h 2h

Blood 351 | 367 | 359 | 092 | 049 | 048 | 1.57 | 051 | 0.44
Tumour 525 | 6.05 | 516 | 258 | 2.10 | 1.74 | 2.60 | 3.45 | 2.99
Heart 1327 | 16.24 | 17.47 | 2.44 | 215 | 1.73 | 1.73 | 161 | 1.27
Lung 17.76 | 25.71 | 2751 | 8.77 | 6.24 | 458 | 9.27 | 527 | 8.24
Liver 424 | 2233 [12.22] 890 | 10.25 | 12.44 | 11.01 | 11.46

Spleen 32.86 | 41.87 | 47.79 | 32.75| 20.87 | 15.30 | 23.45 | 16.14 | 14.89

Stomach 9.10 | 6.86 746 | 466 | 594 | 7.68 | 1159 | 559 | 7.44

Large intestine | 12.50 | 16.33 | 14.08 | 23.81 | 19.26 | 15.83 | 25.44 | 36.97 | 43.06

Small intestine | -- 33.79 | 46.24 | 16.44 | 950 | 19.42 | 22.39 | 10.51 | 13.44

Pancreas 19.47 | 2354 | 2322 |1399| 945 | 9.78 | 1107 | 935 | 7.70

Kidney 1724 | 30.17 | 36.00 | 728 | 656 | 554 | 741 | 470 | 413

Muscle 2.63 4.25 313 | 251 | 158 | 190 | 2.77 1.57 | 1.57

Fat 6.53 | 4.98 682 | 1.32 | 0.74 | 084 | 1.78 | 1.03 | 0.86

Bone 4.90 6.79 526 | 349 | 271 | 238 | 3.10 | 218 | 2.26

Supplementary Table 5: Ex vivo biodistribution of [*®F]Jrucaparib (%ID/g) (0.87-11.38 MBq,
Am = 1.5-30.9 GBg/umol) in PSN1 xenograft-bearing mice at 1 h and 2 h post-injection time
points.

180


http://www.ebi.ac.uk/

%ID/g Non-treated Olaparib-blocked Rucaparib-blocked

Blood 0.92 | 049 | 0.48 0.62 0.49 | 0.38 0.04 0.29 | 0.36
Tumour 258 | 210 | 1.74 2.83 136 | 1.23 0.11 1.20 | 1.12
Heart 244 | 215 | 1.73 1.07 0.82 | 0.83 0.06 0.76 | 0.51
Lung 8.77 | 6.24 | 4.58 5.83 5.49 | 6.59 0.35 4.77 | 2.50
Liver 12.22 | 8.90 |10.25| 13.15 | 9.74 | 9.86 0.62 5.66 | 7.42

Spleen 32.75120.87 1530 | 3.05 3.03 | 2.63 0.19 1.85 | 1.85

Stomach 466 | 594 | 768 | 12.09 | 9.73 | 6.47 0.53 6.53 | 4.49

Large intestine | 23.81 | 19.26 | 15.83 | 33.55 |35.89 |30.25| 3.24 |45.68 | 25.75

Small intestine | 16.44 | 9.50 | 19.42 | 8.33 9.66 | 6.32 0.56 11.02 | 5.09

Pancreas 13.99 | 9.45 | 9.78 4.67 417 | 443 0.31 3.02 | 2.76

Kidney 7.28 | 6.56 | 5.54 5.09 3.73 | 3.29 0.24 232 | 251

Muscle 251 | 158 | 1.90 1.19 1.07 | 1.10 0.10 1.36 | 0.74

Fat 1.32 | 0.74 | 0.84 0.73 0.74 | 0.75 0.04 041 | 031
Bone 349 | 271 | 2.38 1.34 117 | 113 0.10 1.21 | 0.90
Brain 0.09 | 0.06 | 0.06 0.06 0.06 | 0.04 0.00 0.06 | 0.06

Supplementary Table 6: Ex vivo biodistribution of [*F]rucaparib (%ID/g) (0.87-2.47 MBq,
Am = 5.5 GBg/umol) in PSN1 xenograft-bearing mice with or without the co-injection of
olaparib or rucaparib (0.5 mg) as blocking agent.

Supplemental data:
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Supplemental Figure 3: Mean fluorescence intensity (MFI) for the staining of PARP1, 2 and
3, Tankyrase 1/2, ALDH2 and IMPDH2 enzymes in AsPC1 and PSN1 cells assessed by flow
cytometry analysis.

181



150 7
ASPC1 | Thomreald PSN1

2007 \”| = Talazoparib

1504 1004

Count
Court

100
50

5 5
0 MR 0 10 10° 0% 0’

PARP1-AF488 fluorescence PARP1-AF488 fluorescence

Supplemental Figure 4: Representative frequency histograms probing for PARP1 expressions
in AsPC1 and PSN1 cells after exposed to PARP inhibitors (10 uM) for 3 h.
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Supplemental Figure 5: Uptake and retention (at 3 h) of [®*%F]olaparib (300 nM,
[*®F]olaparib: 400 kBq, 8.5 GBg/umol) in cells (AsPC1 and PSN1) treated with DNA
damaging reagents (MMS and TMZ). Asterisks indicate levels of significance: *, P < 0.05; **,
P <0.01.
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Supplemental Figure 6: Cell retention of [T°®'F]olaparib (left, 75.6 uM, molar activity: 2.8

GBg/pmol) and ["®'F]rucaparib (right, 77.4 uM, molar activity: 4.8 GBg/umol) in AsPC1 and
PSNL1 cells.
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Supplemental Figure 7: Representative frequency histograms probing for protein expressions
in AsPC1 cells after exposed to MMS or TMZ (100 uM) for 3 h, and mean fluorescence
intensity (MFI) for ALDH2 and IMPDH2 assessed by flow cytometry analysis. Asterisks
indicate levels of significance: *, P < 0.05.
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Supplemental Figure 8: Representative frequency histograms probing for protein expressions
in PSN1 cells after exposed to MMS or TMZ (100 uM) for 3 h, and mean fluorescence intensity

(MFI) for ALDH2 and IMPDH2 assessed by flow cytometry analysis.
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Supplemental Figure 9: [*8F]rucaparib clearance in blood and liver of mice bearing PNS1

xenografts (n=3).
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4.5 Preparation and Characterisation Data for Chapter 11|

NH,

To a flame-dried round bottom flask was added 2-amino-5-bromo-benzonitrile (6.00 g, 30.5

2-Amino-5-formylbenzonitrile (3.47)*

mmol) and THF (180 mL). The solution was cooled to -78°C before n-BuLi in THF (2.5 M,
26.4 mL, 67 mmol) was added dropwise. The reaction was left to stir at -78°C for 2 h before
quenching with DMF (6 mL, 77 mmol) and allowed to warm to room temperature. The solution
was then extracted with DCM (3 x 100 mL) and washed with NaHCO3z (300 mL). The organic
layers were collected, dried with MgSQg, and the excess solvent removed in vacuo. The crude
material was then purified via flash column chromatography (n-Pent:EtOAc 8:2, Rf = 0.29)
affording 2-amino-5-formylbenzonitrile (2.96 g, 66%) as a pale yellow solid.

IH NMR (400 MHz, CDCl3) § =9.75 (s, 1H), 7.92 (d, J = 1.8 Hz, 1H), 7.88 (dd, J = 8.6, 1.8
Hz, 1H), 6.83 (d, J = 8.6 Hz, 1H), 5.01 (bs, 2H). 3C NMR (126 MHz, CDCl3) § 188.8, 162.7,

153.9, 136.7, 134.5, 127.4, 116.4, 115.2. Data is in accordance with known literature.®

2-Bromo-5-formylbenzonitrile (3.48)*

Br
To around bottom flask containing 2-Amino-5-formylbenzonitrile (2.00 g, 13.7 mmol) at 0°C
was added 6M HCI (13 mL) and fuming H2SO4 (13 mL). After being allowed to cool, a solution

of sodium nitrite (1.98 g, 28.7 mmol) in H20 (5 mL) was added dropwise before allowing the

reaction to stir for 30 minutes. The reaction mixture was then added dropwise to a solution of

* Data provided by Dr. Florian Guibbal (Department of Chemistry, University of Oxford). 185



copper(I1) bromide (4.28 g, 19.2 mmol) in 48% HBr (13 mL) at 0°C. The reaction was then
stirred at 0°C for 60 min before being allowed to warm to room temperature and being stirred
for another hour. Upon completion, the reaction was poured into an ice/water mixture before
the organic layer was extracted with DCM (3 x 20 mL). The organic layer was then dried with
MgSO4 and the excess solvent removed in vacuo. The crude material was purified by flash
column chromatography (n-Pent:EtOAc 9:1, Rf = 0.35) to afford 2-bromo-5-
formylbenzonitrile as a pale yellow solid (2.22 g, 77%).

IH NMR (400 MHz, CDCl3) & = 10.00 (s, 1H), 8.15 (s, 1H), 7.95 (d, 8.4, 1H), 7.90 (d, J = 8.3
Hz, 1H). *C NMR (126 MHz, CDCls3) 6 189.0, 135.6, 135.3, 134.4, 133.7,132.1, 117.4, 116.2.

Data is in accordance with known literature.®

2-Bromo-5-((3-oxoisobenzofuran-1(3H)-ylidene)methyl)benzonitrile (3.50)*

0O

N
o) 7
\ Br

A solution of dimethyl-(3-ox0-1,3-dihydrobenzofuran-1-yl)phosphonate (3.10 g, 12.7 mmol)
and 2-bromo-5-formylbenzonitrile (2.22 g, 10.6 mmol) in THF (60 mL) was prepared at room
temperature. The solution was cooled to 0°C followed by the addition of EtsN (2.94 mL, 21.1
mmol). The reaction mixture was warmed to room temperature and was stirred for 48 h,
followed by concentration in vacuo to produce a white solid. The solid was suspended in water,
collected by vacuum filtration and washed with hexane (2 x 30 mL) and Et2O (3 x 30 mL)
affording 2-Bromo-5-((3-oxoisobenzofuran-1(3H)-ylidene)methyl)benzonitrile (3.32 g, 96%)
as a white solid in an mixture of e:z stereoisomers (10:1) and a purity of 90% (water present).

NMR spectra showed a 10:1 mixture of E and Z isomers.
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IH NMR (400 MHz, DMSO-dg) 6 = 8.20 — 8.07 (m, 2H, 2H*), 8.03 — 7.90 (m, 3H, 3H*), 7.84
— 7.49 (m, 2H, 2H*), 6.98 (s, 1H*), 6.97 (s, 1H) (where possible, shifts are assigned to each
respective isomer). 13C NMR (101 MHz, DMSO) & 165.9, 146.2, 135.5, 135.4, 135.0, 133.9,
133.7,131.6,131.2,125.4, 123.5,121.1, 117.1, 115.1, 103.5 (Only peaks corresponding to the
major isomers are reported). Data is in accordance with known literature.® (E isomer: B; Z

isomer: A)

T
o Y/ WLY A ) o)

N
O o Vi
"H-13C HSQC . \ O
100 Br
(6.97,103.3) b2 Hg

E isomer: B

B
— ]

A (6.98, 109.5)

f#

Z isomer: A

7 85 83 &1 79 77 15 73 71 69 67 65 63 61 59 57

2-Bromo-5-((4-oxo-3,4-dihydrophthalazin-1-yl)methyl)benzoic acid (3.51)*

)

L™
Br

2-Bromo-5-[(3’-0x0-2’- benzofuran-1’-ylidene)methyl]benzonitrile (3.30 g, 10.1 mmol) was
suspended in water (33 mL) and 9 M NaOH was added (6 mL, 90 mmol). The mixture was
heated to 90°C and stirred for 24 h, after which it was warmed to reflux (140°C), followed by
the addition of hydrazine monohydrate (6.2 mL, 200 mmol) and a further 48 h of stirring. The
mixture was then cooled to room temperature and acidified with 6 M HCI to an approximate
pH of 2. The solid precipitate was collected by vacuum filtration and washed with water (40
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mL) and EO (3 x 20 mL) affording 2-Bromo-5-((4-ox03,4-dihydrophthalazin-1-
yl)methyl)benzoic acid (3.25 g, 91%) as a light yellow powder after drying under vacuum.

IH NMR (400 MHz, DMSO-dg) 6 = 12.60 (s, 1H), 8.26 (dd, J = 7.7, 1.4 Hz, 1H), 7.98 — 7.95
(m, 1H), 7.90 (td, J = 7.9, 1.5 Hz, 1H), 7.83 (m, 1H), 7.71 (d, J = 2.3 Hz, 1H), 7.62 (d, J = 8.2
Hz, 1H), 7.36 (dd, J = 8.2, 2.3 Hz, 1H), 4.34 (s, 2H). 3C NMR (126 MHz, DMSO) & 167.3,
159.4, 144.7,138.0, 135.0, 133.9, 133.6 132.9, 131.6, 130.9, 129.8, 129.1, 127.8, 125.4, 117.9,

36.5, Data is in accordance with known literature.®

4-(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzyl)phthalazin-1(2H)-one (3.45)

O
LY
_N
0]
N
N.__O
/B‘O
xS
To a Schlenk tube charged with nitrogen, 4-(4-bromo-3-(4-(cyclopropanecarbonyl)-
piperazine-1-carbonyl)benzyl)phthalazin-1(2H)-one (166 mg, 0.266 mmol),
bis(pinacolato)diboron (149 mg, 0.585 mmol), Pd(dppf)Cl> (5.9 mg, 0.008 mmol) and
potassium acetate (78.3 mg, 0.798 mmol) were added. Degassed anhydrous DMF (1.3 mL) was
added. The reaction was heated to 85 °C and stirred for 16 hours, before cooled down and
passed through a Celite plug with EtOAc. The excess solvent was removed under reduced
pressure and the crude material was isolated by flash column chromatography (100% EtOAc,
Rf 0.2) to afford borylated 4-(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-(4,4,5,5-
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tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)phthalazin-1(2H)-one (63.4 mg, 0.117 mmol,
44%)

IH NMR (400 MHz, CDCl3) § 8.48 — 8.41 (m, 1H), 7.81 — 7.54 (m, 4H), 7.32 — 7.25 (m, 1H),
7.14 (s, 1H), 4.32 (s, 2H), 3.89 — 2.95 (m, 8H), 1.77 (s, 1H), 1.27 (s, 12H), 1.04 — 0.94 (m, 2H),
0.79 (s, 2H); 13C NMR (101 MHz, CDCls) 6 174.9, 173.4, 162.3, 147.6, 143.7, 143.3, 137.1,
134.9,132.9, 131.0, 130.0, 129.2,127.7, 127.5, 126.9, 85.5, 39.3, 25.3, 25.2, 11.8, 8.1; IR (cm"
1: 3216, 1601, 1433, 1351, 1062, 962, 855, 774; HRMS (ESI+) m/z: [M+H]" Calcd for

CaoH3sN4O5B 543.2770; Found 543.2777

4-(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-iodobenzyl)phthalazin-1(2H)-one

(3.33)

(LY
~N o
N
. QNIO
4-(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzyl)phthalazin-1(2H)-one (5.4 mg, 10 pmol), Cu(OCOCF3). (0.60
pmol), 1,10-phenanthroline (0.60 pmol) in MeOH:H20 (4:1, 200 pL). The reaction was stirred
at 80 °C for 25 minutes. The excess solvent was removed under reduced pressure and the crude
material was isolated by flash column chromatography (100% EtOAc, Rf 0.3) to afford 4-(3-
(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-iodobenzyl)phthalazin-1(2H)-one (5.0

mg, 0.9 umol, 92%)
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IH NMR (400 MHz, CDCl3) & 10.58 (s, 1H), 8.46 (dd, J = 5.7, 3.6 Hz, 1H), 7.90 — 7.70 (m,
3H), 7.66 (br, 1H), 7.12 (br, 1H), 7.04 (dd, J = 8.2, 2.2 Hz, 1H), 4.26 (s, 2H), 4.08 — 2.92 (m,
8H), 1.71 (br, 1H), 1.00 (m, 2H), 0.80 (br, 2H); 13C NMR (101 MHz, CDCI3) § 174.8, 171.5,
162.2, 147.3, 143.1, 141.7, 140.8, 140.7, 135.0, 132.9, 132.4, 130.9, 129.2, 128.7, 127.5, 126.7,
90.7,38.5, 25.0, 11.8, 8.1.; IR (cm'%): 3185, 1630, 1431, 1286, 1227, 1020, 1005, 772; HRMS

(ESI+) m/z: [M+Na]" Calcd for C24H23N403INa 565.0707; Found 565.0705.

4-(8-iodo-1-ox0-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-5-yl)benzaldehyde (3.54)

N
0

4-(1-Ox0-8-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3,4,6-tetrahydro-1H-
azepino[5,4,3-cd]indol-5-yl)benzaldehyde (8.4 mg, 20 umol), Cu(OCOCF3), (1.2 pmol), 1,10-
phenanthroline (1.2 pmol) in MeOH:H20 (4:1, 400 pL). The reaction was stirred at 80 °C for
25 minutes. The excess solvent was removed under reduced pressure and the crude material
was isolated by flash column chromatography (100% EtOAc, Rf 0.3) to afford 4-(3-(4-
(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-iodobenzyl)phthalazin-1(2H)-one (6.2 mg,
14 umol, 74%)

IH NMR (400 MHz, MeOD) & 10.05 (s, 1H), 8.05 (s, 1H), 7.86 (s, 1H), 7.70 — 7.59 (m, 2H),
7.60 —7.51 (m, 2H), 3.52 — 3.44 (m, 2H), 3.13 (m, 2H); 13C NMR (126 MHz, MeOD) § 193.1,
169.6, 136.8, 136.6, 135.8, 135.0, 131.2, 129.2, 128.2, 128.0, 127.6, 124.8, 121.3, 114.1, 83.5,

41.2,29.9, 25.4 HRMS (ESI-) m/z: [M-H] Calcd for C1sH12N2021 414.9949; Found 414.9946.
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8-i0do-5-(4-((methylamino)methyl)phenyl)-2,3,4,6-tetranydro-1H-azepino[5,4,3-cd]indol-1-
one (3.35)

N
o)

O
| N HN—
H

4-(8-i0do-1-0x0-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-5-yl)benzaldehyde (5.0 mg)
was suspended in MeOH (0.1 mL), followed by addition of methylamine (0.01 mL, 2M in
THF). The mixture was stirred at room temperature for 2 hours and cooled to 0 °C in an ice
bath. Sodium borohydride (3 mg, 0.08 mmol) was added slowly. The reaction was stirred at O
°C for 1 hour. After gradually warmed to room temperature, the mixture was stirred for another
hour. Upon completion, 1 M HCI was added to quench the reaction, which was then basified
with 1 M NaOH. Organic solvent was removed in vacuo. The aqueous phase was extracted
with EtOAc (3 x 5 mL). The combined organic phases were dried over Na,SO4 and
concentrated in vacuo. The crude was isolated by column chromatography (NHs/MeOH/DCM
1/4/95, Rf: 0.15) to afford 8-fluoro-5-(4-((methylamino)methyl)phenyl)-2,3,4,6-tetrahydro-
1H-azepino[5,4,3-cd]indol-1-one as a light yellow solid (2 mg, 5 umol, 41 %).

IH NMR (400 MHz, MeOD) & 8.51 (s, 1H), 8.06 (d, J = 1.5 Hz, 1H), 7.95 (d, J = 1.5 Hz, 1H),
7.77-7.69 (d, J = 8.3, 2H), 7.63 (d, J = 8.3 Hz, 2H), 4.23 (s, 2H), 3.54 (m, 2H), 3.15 (M, 2H),
2.74 (s, 3H); *C NMR (126 MHz, MeOD) & 172.2, 139.6, 136.4, 134.4, 132.5, 131.4, 130.0, 129.9,
127.2, 126.7, 124.7, 114.1, 85.4, 53.3, 43.7, 30.0.; IR (cm™): 3271, 1668, 1644, 1466, 1363, 1296,
1144, 881, 821; HRMS (ESI+) m/z: [M+H]" Calcd for Ci9H19N3Ol 432.0567; Found

432.0569.
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4.6 Radiochemistry for Chapter 111

4.6.1 General procedure for small scale screening experiments with 2-(4-
methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane:
To a V-vial containing a magnetic stirrer bar, 2-(4-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (10 pmol) and [*?%I]Nal (5-10 MBq, 5 pL MeOH approx.) was added
Cu(OCOCF3)2 (0.20 umol), 1,10-phenanthroline (0.20 umol) in MeOH:H20 (4:1, 200 uL)
from a stock solution. The reaction vial was then heated to 80 °C for 20 minutes. An aliquot
was removed for analysis by radio- HPLC to calculate the RCY.

HPLC gradient for analysis of small scale screening experiments:

MeCN/H20, 1 mL/min, Synergi 4 pm HydroRP 80 A column, 150 x 4.6 mm, 0 - 1 min (5%
MeCN) isocratic, 1 - 10 min (5% MeCN to 95% MeCN) linear increase, 10 - 13 min (95%

MeCN) isocratic, 13 - 15 min (5% MeCN) isocratic.

['2%Nal (1-4 MBg)
0 Cu(OCOCF3), (1.8 umol)
/©/B\O 1,10-phenanthroline (1.8 pmol) 123)
MeOH/H,0 (200 pL), /O/
MeO 80 °C, 20 mins MeO
3.43 ['2%1]3.44
(0.01 mmol) RCY > 95% (n = 2)
0 0 0] |
si”
'TIH l}l/\/ ,\Il/\o/\/ ~
N _N _N
3.40 3.4 3.42
RCY =89% 0% (n=2) RCY =92%+2% (n=2) RCY >95% (n=2)

Supplementary Scheme 3. Small scale screening experiments with 2-(4-methoxyphenyl)-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane

4.6.3 Procedure for radiosynthesis of *2%I-olaparib analogue ['%1]3.33:
[1%1]Nal was produced by GE Healthcare as none carrier added [*?*I]Nal in 0.05 M NaOH,

which was diluted in 200 pL MeOH and transferred to a V-vial containing 4-(3-(4-
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(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yDbenzyl)phthalazin-1(2H)-one (5.4 mg, 10 pmol), Cu(OCOCF3), (0.60 pmol), 1,10-
phenanthroline (0.60 pumol) in MeOH:H20 (4:1, 200 uL). The reaction was stirred at 80 °C for
25 minutes. The reaction mixture was then diluted in with 33% MeCN/ 67% 25 mM NH4sHCO:>
in H2O and loaded directly onto a 2 mL HPLC loop and injected on a semi-Prep HPLC column
(Synergi 4um Hydro-RP 250x10mm) and eluted into a collection vial with 33% MeCN/ 67%
25 mM NH4HCO:> in H20 monitoring with UV (220 nm) and radioactive traces.

The 21-olaparib was collected in 25 mL of H,0 and eluted over an Oasis HLB Plus cartridge
(preconditioned with 2 mL MeOH and 10 mL H20). The product was eluted with EtOH (2.0
mL). Ethanol was evaporated under a flow of N2 while heating at 105°C. The dry residue was
then re-dissolved in 10% DMSO/PBS (pH = 7.4).

The Molar Activity of 23l-olaparib was assessed by radio-HPLC, using an analytical Synergi
4 um Hydro-RP 80A column, 150 x 4.6 mm eluted with 40% MeCN/60% H.O (isocratic 1

mL/min), monitoring with UV (220 nm) and radioactive traces.

NH ['#*1]Na (40 MBq)
_N 5 Cu(OCOCF3), (1.8 pmol) O NH

1,10-phenanthroline (1.8 umol) =N o
O N7 MeOH/H,O (200 pL) N
B_OK/N 80 °C, 25 mins O @N
o o RCY >95% (n = 3) 123
o)
3.45 ['23113.33
(0.01 mmol) 1231.0laparib analogue

AY =67% +10% (n = 4)
Ann up to 342 GBg/umol
Synthesis time: 90 min

Supplementary Scheme 4: Radiosynthesis of *?*|-olaparib analogue [*231]3.33.
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Supplementary Figure 10: Radiochromatogram obtained during the HPLC analysis of 23I-
olaparib analogue (red) overlayed with UV chromatogram of non-radiolabelled reference

standard iodo-olaparib analogue 3.33 (A = 220 nm, black).

I-Olaparib analogue 3.33

900 +

y = 88,733,496.9770x
R?=0.9999

800 -

700 -

w1 (o2}

o o

o o
1 1

UV (mAu*min)
o
o
o
|

T T T T T 1
E-065.00E-065.00E-067.00E-068.00E-060.00E-061.00E-05

mmol

T T
0.00E+00L.00E-062.00E-063.00E-064.00

Supplementary Figure 10. Calibration curve for molar activity of 123I-olaparib analogue

[123]]3.33,
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eoion | vy (B | | M | Vil At
1 0.1 0.0348 0.03921 255.0
2 0.7 1.8979 2.13888 32.7
3 1.45 1.2740 1.43576 101.0
4 0.63 3.6671 4.13271 15.2
5 1.42 6.9961 7.88440 18.0
6 0.2 0.6630 0.747181 26.9

Supplementary Table 7. Molar activity calculations for 123I-olaparib analogue [*?%1]3.33.

4.6.3 Procedure for radiosynthesis of %I-rucaparib analogue [*?%1]3.35:

Buffer for semi-preparative radio-HPLC: Buffer is 71% (vol/vol) 25 mM aqueous
NH4HCO: (pH 9.2 adjusted with 35% aqueous ammonia, 10 mL/L ) in MeCN. Dissolve 1.12
g of NH4HCO, and 7 mL of 35% aqueous ammonia in 703 mL of H>O and add 290 mL of
MeCN.

[*?3I1Nal was produced by GE Healthcare as none carrier added [*?*I]Nal in 0.05 M NaOH,
which was diluted in 200 pL. MeOH and transferred to a V-vial containing Tert-butyl methyl(4-
(1-ox0-8-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3,4,6-tetrahydro-1H-azepino[5,4,3-
cd]indol-5-yl)benzyl)carbamate (5.2 mg, 10 umol), Cu(OCOCF3). (0.60 pmol), 1,10-
phenanthroline (0.60 pumol) in MeOH:H20 (4:1, 200 pL). The reaction was stirred at 80 °C for
25 minutes, followed by addition TFA (300 pL). The reaction mixture was stirred at 80 °C for
30 minutes. Solvent was removed at 100 °C under nitrogen flow. After drying, the crude
reaction mixture was dissolved in the pre-made buffer and loaded directly onto a 2 mL HPLC
loop and injected on a semi-Prep HPLC column (Gemini LC column, 4um, 250x10mm) and
eluted into a collection vial with 45% MeCN/ 55% 25 mM NH4HCO: in H2O/NHz monitoring

with UV (220 nm) and radioactive traces.

195



The 1231-rucaparib analogue was collected in 25 mL of H,0 and eluted over an C18 cartridge
(preconditioned with 2 mL MeOH and 10 mL H20). The product was eluted with EtOH (2.0
mL). 1 M HCI (100 pL) was added. Solvent was evaporated under a flow of N2 while heating
at 105°C. The dry residue was then re-dissolved in 10% DMSO/PBS (pH = 7.4).

The Molar Activity of *2®I-rucaparib was assessed by radio-HPLC, using a Gemini LC column,
150 x 4.6 mm, eluted with MeCN/H>O/NHj3 buffer at a flow rate 1 mL/min, monitoring with

UV (220 nm) and radioactive traces.

',;l' ['23[]Nal (20-30 MBq) H
0 Cu(OCOCF3), (1.8 umol) o N
1,10-phenanthroline (1.8 umol)

O
O-g N BocN— MeOH/H,O (4:1. 400 pL) O A\ O
é/c’) H 80 °C, 25 mins 123 N BooN—

3.55 [123113.56
(0.01 mmol) RCY > 95% (n = 3)
N
N ° o
TFA (300 ul) 0 HCI (1M, 100 pL), { cl
Pr— W,
80 °C, 30 min O A\ O 80°C, 10 mins 123 O N HzN(i
Quant. 123) H HN— H
['231]3.35¢HCI
['2%]3.35 123].Rucaparib analogue *HCI
123].Rucaparib analogue AY = 45% + 8% (n = 4)

An, up to 85 GBg/umol
Synthesis time: 150 min

Supplementary Scheme 5: Radiosynthesis of 12%|-rucaparib analogue [*2%1]3.35

196



— lodo-Rucaparib Analogue UV 260

650
— !2%|-Rucaparib Analogue

550 210
2 450 DMSO 160
£
> 350 " 1
g 02
S 250
o 60
£ 150

50 k\_ 10

50 ¢ 2 4 6 8 10 40

Time/minutes

Supplementary Figure 10:Radiochromatogram obtained during the HPLC analysis of 123|-
rucaparib analogue (red) overlayed with UV chromatogram of non-radiolabelled reference
standard iodo-rucaparib analogue 3.33 (A = 220 nm, black).

I-Rucaparib analogue 3.35
600 -
| y =21,623,764.8294x
>00 R? = 1.0000
__ 400 -
£
£
*
& 300 -
E
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Supplementary Figure 11. Calibration curve for molar activity of 123I-rucaparib analogue
[*%1]3.35.
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eoion | vy (B || M | Vil At
1 0.39 1.0305 4.76559 8.2
2 0.8 0.2047 0.94644 84.5
3 0.53 1.1857 1.43576 9.7
4 0.3 0.3216 4.13271 20.0
5 1.65 1.4204 7.88440 25.1

Supplementary Table 8. Molar activity calculations for 123I-rucaparib analogue [*?%1]3.35.
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