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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 18F-radiolabelled rucaparib for positron 

emission tomography (PET) application in cancer diagnosis and development of  123I-

radiolabelled rucaparib and olaparib analogues as potential theragnostic agents for Auger 

therapy. 

Chapter I presents a general introduction of DNA damage, PARP and PARP inhibitors. 

Chapter II  starts with a brief overview of PET, and 18F-fluorination of (hetero)arenes, and 

discusses two copper-mediated radiosynthesis approaches of 18F-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 

[18F]rucaparib are presented subsequently. 

Chapter III provides a summary of Auger therapy and current methodologies to access 123I-

radiolabelled (hetero)arenes. Development of 123I-rucaparib analogue and 123I-olaparib 

analogue via copper-mediated 123I-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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1.1 DNA Damage 

Tens of thousands of DNA lesions occur in human cells every day.1,2 The causes of DNA 

damage are divided into two categories, endogenous and exogenous.3 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.4-6 Such spontaneous pathway is accountable for most of the DNA lesions in 

human cells, estimated to happen 105 times per cell per day.4 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.3  

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

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 Sites/Types of Lesions Repair Pathways 

X-rays 

Oxygen radicals 

Alkylating agents 

Spontaneous reactions 

Uracil 

A-basic site 

8-Oxoguanine 

Single-strand break 

Base-excision repair 

UV light 

Polycyclic aromatic 

hydrocarbons 

(6-4)PP 

Bulky adduct 

CPD 

Nucleotide-excision repair 

X-rays 

Anti-tumour agents 

(cis-Pt, MMC) 

Interstrand cross-link 

Double-strand break 

Recombinational repair 

(HR, NHEJ) 

Replication errors 

A-G mismatch 

T-C mismatch 

Insertion 

Deletion 

Mismatch repair 
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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.2,8-11 

 

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).8 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.12 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 (Polɓ) 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 I or III (Lig1/Lig3), seals the remaining nick (Scheme 1.1).8,12 

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 Polɓ, Polŭ, PolŮ 

and proliferating cell nuclear antigen (PCNA).13,14 SSB repair is considered as a sub-pathway 
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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.15 PARP1 and the scaffold protein XRCC1 

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

steps.16,17 

 

Scheme 1.1: Simplified scheme of the short-patch base-excision repair (BER). APE1: apurinic/ 

apyrimidinic endonuclease 1; XRCC1: X-ray repair cross-complementing protein 1; Polɓ: DNA 

polymerase beta; PAR: Poly(ADP-ribose); Lig1: DNA ligase I; Lig3: DNA ligase III; 

 

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-
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NHEJ). These three pathways differ mainly by the DNA end processing.18 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).
19 DNA-PKCS stabilises and 

protects DSB ends followed by access of end processing enzymes, such as Artemis and 

Aprataxin-and-PNK-Like Factor (APLF).20,21 The XRCC4/DNA ligase IV (Lig4) complexes 

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

ligation of the broken DNA ends.22  

 

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.23 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).  
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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.24-26 Replication 

protein A (RPA) stabilises the DSB and facilitates formation of RAD51 nucleoprotein 

filaments, which is accelerated by RAD52.27 RAD51 is structurally related to E. coli RecA 

protein, possessing a recombinase activity.28 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,29-31 promoted by breast cancer type 
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1 and 2 susceptibility proteins (BRCA1 and BRCA2).28,32 Finally, the resultant key DNA 

intermediate, so-called Holliday junctions (HJs) are resolved into two DNA duplexes by HJ 

resolvases.33,34 

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.35  Balance between these two pathways is essential for maintaining genomic stability. 

Choice of the pathways might be governed by the intrinsic genomic composition.36 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 BRCA1 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.37,38  

Cancer Type General Population Risk 
Risk for Malignancy 

BRCA1 BRCA2 

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. 
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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).39 Roles of BRCA1/2 in DSB repair are 

explained in this section. 

The product of human BRCA1 gene, the BRCA1 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.40 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). 41 

 

Figure 1.1: Proposed structure of the BRCA1-CtIP-MRN complex based on immunoprecipitation and 

Western blot analysis.41 CtIP bridges the interaction of MRN with BRCA1. CtIP interacts with the 

BRCT domain at the C terminus of BRCA1, MRN interacts with BRCA1 at the N terminus of BRCA1. 

The BRCA2 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.42,43 BRCA2 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 
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filament to initiate the homologous DNA repair. Two classes of BRC repeats in BRCA2 have 

been identified to promote the RAD51 nucleoprotein filament function. 43,44 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 RAD51.44 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).45 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 ssDNA (Figure 1.2f). The RAD51 elongates in the 3'-5' 

direction. BRCA2 dissociates during the filament growth and can be subsequently used to 

initiate another filament formation. 

 

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 BRCA2, 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, BRCA1 and BRCA2 proteins are essential to HR pathway for DNA double-

strand break repair. Mutations in BRCA1 or BRCA2 gene impair DSB repair and can lead to 
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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 ñNicotinamide 

mononucleotide activation of new DNA-dependent polyadenylic acid synthesising nuclear 

enzymeò by Mandel and co-workers.46 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 PARP5b (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.47,48 Other catalytically active 

PARPs transfer only one ADP-ribose unit from NAD+. PARP1, PARP2, and PARP3 are DNA-

dependent enzymes.49 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 

PARylation.50,51 In the absence of PARP1, despite having lower activity, PARP2 can take up 

to 25% of the normal DNA damage-induced PAR synthesis.52  

 

1.3.1 PARP1 

PARP1 consists multiple domains joined by a ñbeads-on-a-stringò 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 (Zn2+) 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.53 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 ZnF2.54 

 

Figure 1.4: Figures from the work of A. W. Oliver et al.53 a) Crystal structure of ZnF1 and ZnF2 

domains bound to the end of a DNA duplex with a 5ǋ 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).55 

 

Figure 1.5: Figures adapted from the work of J. M. Pascal et al.55a 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.56 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.57,58  

 

Figure 1.6: Figures adapted from the work of J. M. Pascal et al.58 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.54 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.59  

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  

 

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 ñART signatureò, 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.49 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 ́ -  ́

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).54b  

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, Polɓ and Lig3 in SSB repair and MRN complex, Ku, and 

DNA-PK in DSB repair (Figure 1.8).51 
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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. 

 

 
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. 

 

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 PARP1.60 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, IC50 = 210 µM) and variety of cellular functions, a more 

specific PARP1 inhibitor based on this fruitful lead 1.2 was needed.61 The next candidates that 

drew attention were benzamide (1.3, IC50 = 13.7 µM) and 3-aminobenzamide (1.4, IC50 = 19.1 

µM).62-65 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).66 The emergency of more 

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

 

Figure 1.10: a) Co-crystal structure of a first generation PARP inhibitor, 4ANI, and PARP1 derived 

from chicken. 66 b) A quinazolinone-based PARP inhibitor binds to the active site of the human 

PARP1.92 
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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 -́ˊ interacted with Tyr896 and Tyr907 in 

human PARP1 to improve binding and potency,68 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.69 

 

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.70 The genetic concept of synthetic lethality was first introduced by Calvin 

Bridges in 1922.71 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).72 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. 

PARP 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.   

 
Scheme 1.7: Simplified scheme of DNA damage detection and SSB repair promoted by PARP1. 

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).  

 

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

In normal cells, where BRCA1/2 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 BRCA1/2 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).73 

 

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 III clinical trials for treatment of BRCA-mutant breast cancer and ovarian 

cancer.70,74,75 Recently, five more candidates, stenoparib (2X-121), pamiparib (BGB-290), 

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

1.3).76-79 

Name 
PARP1 

IC50 
Structure Commentsa 

Olaparib 

(Lynparza)  
1 nM 

 

FDA Approved 

(First Approved in 

2014) 

Ovarian, Breast, 

Pancreatic, and 

Prostate Cancer 

Rucaparib 

(Rubraca) 
1 nM 

 

FDA Approved 

(First Approved in 

2016) 

Ovarian and 

Prostate Cancer 
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Niraparib 

(Zejula) 
4 nM 

 

FDA Approved 

(First Approved in 

2017) 

Ovarian Cancer 

Talazoparib 

(Talzenna) 
0.6 nM 

 

FDA Approved 

(2018) 

Breast Cancer 

Veliparib 

(ABT-888) 
2 nM 

 

Phase I/II/III 

Breast Cancer, 

Ovarian Cancer, 

Neoplasms, and 

Other Solid 

Tumours 

Stenoparib 

(2X-121) 
1 nM 

 

Phase II 

Breast and Ovarian 

Cancer 

Pamiparib 

(BGB-290) 
0.83 nM 

 

Phase I/II 

Ovarian Cancer, 

Breast Cancer, and 

other Solid 

Tumours 

Fluzoparib 

(SHR-

3162) 

1.5 nM 

 

Phase I/II/III 

Ovarian Cancer 

Amelparib 

(JPI-289) 
18 nM 

 

Phase II 

Acute Ischemic 

Stroke 
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AZD5305 3 nM 

 

Phase I 

Ovarian, Breast, 

Pancreatic, and 

Prostate Cancer 

Table 1.3: PARP inhibitors in clinics or under clinical trials. aTreatments 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.80,81 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.80,82,83  

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.70,84 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.72,85-89 Overall, PARP inhibitors are showing promising results both in 

monotherapy and in combination treatments.90 

 

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).91,92  

Based on the structure of benzimidazole carboxamide 1.5 (K i = 95 nM against PARP1), the 

two groups designed the novel tricyclic indole scaffold 1.6 (AG014344, Ki = 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).93,94 Besides the conventional 

triad hydrogen bonding network (lactam/Gly863/Ser904) and -́ˊ interaction (indole/Tyr907), 

the additional indole C-2 aryl side chain allows ́-stacking with Tyr889, pseudo-edge-to-face 

interaction with Tyr896, and hydrogen bonding between p-(N-methylamino)methyl group and 

Asp766.  

 

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 II 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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ñmaking it particularly suitable in the preparation of solid dosage formsò.95 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 (mCRPC) in 2020.96,97 

1.4.5 Olaparib 

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

Maybridge from the early 2000s.98 Benzyl phthalazinone 1.8 (PARP1 IC50 = 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 IC50 = 

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 IC50 = 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 (gBRCAm) 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 2020.99-101 
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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 patientsô 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 18F-isotopologue of an FDA-

approved PARP inhibitor, rucaparib is access via Cu(II)-mediated 18F-fluorodeboronation from 

two boronic ester precursors. Full radiosynthesis of the most successful route toward 

[18F]rucaparib is demonstrated. In vitro data, in vivo dynamic PET imaging and ex vivo 

biodistribution of [18F]rucaparib are presented subsequently. Biological results reveal the 

potential of [18F]rucaparib as a potential diagnostic radiotracer for BRCA-mutated pancreatic 

cancer. The future aim of this project includes establishing [18F]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. Iodine-

123 incorporated PARP inhibitors are potential radiopharmaceutical therapy agents. A 123I-

olaparib analogue and a 123I-rucaparib analogue will be fully radiosynthesised via Cu(II)-

mediated 123I-iododeboronation, demonstrating a divergent radiohalogenation approach to 

access 18F- and 123I-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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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.1-4 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-[18F]fluoro-2-deoxy-

D-glucose ([18F]FDG) [18F]2.1 was made available at the Brookhaven National Laboratory in 

1976 (Figure 2.1).5-7 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.8 

 
Figure 2.1: Structure of 2-[18F]fluoro-2-deoxy-D-glucose ([18F]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.9 

A compact notation of these nuclear reactions are denoted in Table 2.1. The symbols p, Ŭ, d, n 

represent proton, alpha particle, deuteron and neutron, respectively. In the notation 18O(p,n)18F, 

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 (68Zn(p,n)68Ga). Radionuclide generators are devices which produce 

short-lived radionuclide (referred to as the ñdaughterò) from a relatively long-lived 

radionuclide (referred to as the ñparentò).10 In  a 68Ge/68Ga (parent/daughter) radionuclide 

generator, the parent radionuclide germanium-68 is produced from the nuclear reaction 

69Ga(p,2n)68Ge, 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- 

nuclide 

Main method 

of production 

Half -life 

t1/2/ (min) 
Target Product 

Maximum ɓ+ 

energy (MeV) 

Decay 

product 
11C 14N(p,Ŭ)11C 20.2 N2(+O2) [11C]CO2 0.97 11B 

   N2(+H2) [11C]CH4   

13N 16O(p,Ŭ)13N 9.97 H2O [13N]NOx 1.20 13C 
   H2O+EtOH [13N]NH3   

15O 15N(d,n)15O 2.04 N2(+O2) [15O]O2 1.74 15N 
18F 20Ne(d,Ŭ)18F 110 Ne(+F2) [18F]F2 0.64 18O 

 18O(p,n)18F  [18O]H2O 18F-   

Table 2.1: Physical properties of common radionuclides used in PET imaging.  

PET radionuclides undergo decay by emitting a positron (ɓ+), 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).11 This short-lived composition eventually 
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annihilates and emits simultaneously two gamma (ɔ) 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.12 

 

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).13,14  

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.15 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 doesnôt 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. 

 

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.16 Better detector 

design with light-sharing properties using small cross-section crystals also improves spatial 

resolution.17 Another essential factor is the choice of radionuclide. The positron that emits from 

fluorine-18 typically travels a range of 2ī3 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 × t1/2, being considered acceptable),18 distribution of radiotracers to remote sites and longer 

in vitro and in vivo experiments.19,20 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). 

                                                           18F Ÿ 18O + ɓ+ + ɜ     (97%)                                   (2.1) 

                                                           18F + e- Ÿ 18O + ɜ       (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 atom21,22 and the 

number has increased to 40-50% from 2018 onwards.23 Fluorine is the most electronegative 

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

Table 2.2: Properties of H, O, and F substituents.24-26 aBond dissociation energies of C2H5-H, C2H5-F 

and C2H5-OH. bBond dissociation energies of C6H5-H, C6H5-F and C6H5-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 

Element Van der Waals radius [Å] C-X bond length [Å] C-X BDE [kJĀmol-1] 

H 1.20 1.09 421a, 466b 

F 1.47 1.41 467a, 532b 

O 1.52 1.43 391a, 471b 



47 

 

replace an H atom, but their radii and stereoelectronic effects are quite different.25,26 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=O 

and in some cases C-OMe groups.27,28 

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.29 Impact 

of P450s metabolism is profound and sometimes may result in deactivation of the drug to 

increase its clearance from the body.30 Installing a fluorine substituent at the metabolically 

labile site may block this catalytic pathway without significantly altering binding affinity.31 

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 18F-radiosynthesis. A recent study shows that the most prevalent 

motif by far in fluorinated pharmaceuticals is (hetero)aryl fluoride (Csp2-F, 45.3%).32,33  

 

2.2.2 Production of Fluorine-18 

Fluorine-18 is produced with cyclotrons either as [18F]F2 for electrophilic and/or radical 

fluorination, or as nucleophilic [18F]F- (Table 2.3). Two prevalent methods have been 

developed for the production of [18F]F2. In the first approach, [18F]F2 is produced by the nuclear 
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reaction 18O(p,n)18F  using a ñtwo-bombardmentò method.34,35 A passivated nickel target is 

charged with [18O]O2 and irradiated with 10ī16 MeV protons to give 18F 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 18F absorbed on 

the wall and the molecule F2. 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 

350ī600 MBq/µmol.36-38 In the second approach, [18F]F2 was obtained from 20Ne(d,Ŭ)18F by 

deuteron irradiation of neon-20 gas carrying 0.1ī2% of F2 (in micromoles).39,40 In the 1980s, 

there was a high demand of fluorine-18 labelled fluorine gas for electrophilic radiosynthesis of 

important radiopharmaceuticals, including [18F]FDG. [18F]F2 is a highly reactive reagent, 

which leads to poor regioselectivity and mixtures of undesired products which are usually 

difficult to separate.41 In addition, carrier-added [18F]F2, generally results in low Am (100ī600 

MBq/µmol), which is an important limitation for PET tracers and their applications in 

biological systems.  

Nuclear Reaction Target Energy Range (MeV) Product 

18O(p,n)18F [18O]O2 18ī4 [18F]F2 

20Ne(d,Ŭ)18F Ne, then Ne + 0.1% F2 15ī0 [18F]F2 

18O(p,n)18F [18O]H2O 18ī4 [18F]F- 

6Li(n,Ŭ)3H, 16O(3H,n)18F H2O 15ī1 [18F]F- 

16O(3H,n)18Ne: 18F H2O 40ī15 [18F]F- 

16O(Ŭ,np)18F H2O 40ī20 [18F]F- 

16O(Ŭ,2n)18Ne: 18F H2O 52ī10 [18F]F- 

20Ne(3H,Ŭp)18F Ne 40ī10 [18F]F- 

20Ne(p,2pn)18F Ne 40ī30 [18F]F- 

Table 2.3: Nuclear reactions used for the cyclotron production of fluorine-18. 

In the 1960s, [18F]fluoride was produced from nuclear reactions 6Li (n,Ŭ)3H and 16O(3H,n)18F 

by irradiating Li2CO3 powder with the neutron flux from a nuclear reactor.42 The earliest 

cyclotron produced [18F]fluoride was obtained by bombardment of large-volume (10 mL) 
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water targets with a 30 MeV Ŭ-particle beam from the nuclear reaction 16O(Ŭ,np)18F.43 The 

protocol used at present for clinical PET studies is from the nuclear reaction 18O(p,n)18F by 

4ī18MeV proton irradiation of small-volume (< 3 mL) [18O]water targets to yield oxygen-18 

enriched aqueous solutions of [18F]fluoride.44-47 Nucleophilic [18F]fluoride is produced in much 

higher molar activity, in the range of 102 GBq/µmol. 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.48,49 A high target current of 160 µA was achieved by adopting desired target 

properties, such as target body thickness, foil composition and beam profile. Production of 1 

TBq of [18F]F- was reported.50 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 2ī6 TBq/µmol.51-53 

 

2.3 18F-Fluorination of (Hetero)arenes 

2.3.1 Electrophilic 18F-Fluorination of (Hetero)arenes  

Before the advent of small-volume [18O]H2O target, the  nuclear reaction 20Ne(d,Ŭ)18F was 

more often used to produce carrier-added [18F]F2. [
18F]Fluoroarenes were accessed from this 

fluorine-18 source via electrophilic aromatic substitution (SEAr) reactions.  

 

Figure 2.4: Structures of [18F]FDOPA, 2-L-[18F]fluorophenylalanine, and [18F]Trovafloxacin. 

Classic fluorine-18 labelled radiopharmaceuticals includes 6-L-[18F]fluoro-3,4-

dihydroxyphenylalanine ([18F]FDOPA) [18F]2.2 via electrophilic 18F-fluorodemetallation in 
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the research of dopamine metabolism,54,55 2-L-[18F]fluorophenylalanine [18F]2.3 via 

electrophilic fluorination with acetyl [18F]hypofluorite ([18F]AcOF) [18F]2.4 to study neutral 

amino acid transport,56,57 and [18F]Trovafloxacin [18F]2.5 via electrophilic isotopic exchange 

between fluorine-18 and fluorine-19 used for understanding antibiotic pharmacokinetics 

(Figure 2.4).58  

Whilst electrophilic 18F-fluorination facilitates 18F-incorporation into sites that are difficult to 

functionalize via nucleophilic reactions, [18F]F2 is too reactive to achieve high chemo- and/or 

regioselectivity. A widely applied solution is to convert the vigorous [18F]F2 into less reactive 

but more selective  electrophiles. One example was [18F]AcOF developed in 1980, a reagent 

prepared by passing [18F]F2 through a CH3COONaĀ3H2O column. [18F]AcOF was bubbled into 

a mixture containing the precursor and acid (TFA) to induce radiofluorination.59 Since then, 

additional 18F-electrophiles were developed and applied in the synthesis of radio-

pharmaceuticals,60 including [18F]XeF2 [18F]2.6, O-18F-fluorination reagents, and more 

recently a series of N-18F-fluorination reagents. [18F]XeF2 [18F]2.6 was accessed via [18F]F2 

reacting with excess of xenon in a high pressure nickel vessel at 390 °C for 40 minutes.61 

Another method of production is the isotopic exchange between XeF2 and [18F]HF, [18F]SiF4, 

and [18F]AsF5.
62 Classic O-18F-fluorination reagents include [18F]AcOF [18F]2.4, 

trifluoromethyl [18F]hypofluorite [18F]2.7,63 and perchloryl [18F]fluoride [18F]2.8.64,65 N-18F-

fluorination reagents include N-[18F]fluoro-N-alkylsulfonamide [18F]2.9,66 1-[18F]fluoro-2-

pyridone [18F]2.10,67 N-[18F]fluoropyridinium triflate [18F]2.11,68 1-chloromethyl-4-

[18F]fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(triflate) ([18F]Selectfluor bis(triflate)) 

[18F]2.12,69 and  N-[18F]fluorobenzenesulfonimide ([18F]NFSI) [18F]2.13 (Scheme 2.1).70 

[18F]NFSI [18F]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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[18F]Selectfluor bis(triflate)) was 18F-radiolabelled from triethylenediamine (TEDA) and 

[18F]F2 in 2010. It is noteworthy that [18F]Selectfluor bis(triflate) was selected instead of 

[18F]Selectfluor bis(tetrafluoroborate), to avoid undesired 18F/19F isotopic exchange, that would 

result in low Am. O-18F-Fluorination reagents are very reactive, and are less safe and less stable. 

The new emerged N-18F-fluorinated reagents are generally safer, easier to handle, and more 

selective as electrophilic and radical fluoride sources.71 

 

Scheme 2.1: Examples of electrophilic 18F-fluorination reagents derived from [18F]F2. 

Early attempts of direct electrophilic radiofluorination of L-DOPA with reagents such as 

[18F]XeF2,
72 and [18F]AcOF,56,73-75 resulted in poor regioselectivity and low RCYs. The desired 

6-[18F]FDOPA was afforded as the minor product, whilst 2- and 5-regioisomers were 

predominantly formed (Scheme 2.2). 

 
Scheme 2.2: Direct electrophilic 18F-fluorination towards [18F]FDOPA. 

18F-Fluorodemetallation is an effective strategy to allow for regioselectivity. Two 18F-

Fluorodemetallation methodologies were developed to achieve regioselective radiolabelling of 
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[18F]FDOPA. In the first approach, a protected mercury derivative 2.17 was subjected to 18F-

fluorodemercuration with [18F]AcOF, followed by deprotection in hydroiodic acid (Scheme 

2.2a).76,77 [18F]FDOPA was obtained in high radiochemical purity (RCP) (> 99%), with a 

radiochemical yield (RCY) of 12% (decay corrected). In the second approach, [18F]FDOPA 

was prepared in a fully automated fashion, with a RCP > 99% and a RCY of 33% ± 4% via 

18F-fluorodestannylation of the fully protected stannylated precursor 2.19, namely 4,5-di-[(1,1-

dimethylethoxycarbonyl)oxy]-N-formyl-2-trimethylstannyl-L-phenylalanine ethyl ester 

precursor with [18F]F2, followed by deprotection in excess of aqueous hydrobromic acid 

(Scheme 2.2b).78 Knowing the versatility of Selectfluor in electrophilic fluorination with  aryl 

stannane and arylboronic esters in the presence of silver,79.80 Gouverneur and co-workers 

subjected a protected arylboronic ester precursor 2.21 to a Ag(I)-mediated electrophilic 18F-

fluorination with [18F]Selectfluor bis(triflate) in Am of 3.4 ± 0.1 GBq/µmol from [18F]F2.
81 

Deprotection in hydroiodic acid led to the final [18F]FDOPA, with an RCY of 19% ± 12% and 

Am of 2.6 ± 0.3 GBq/µmol (Scheme 2.2c).82 

Early [18F]F2 production relying on isotopic exchange leads to limited Am. To overcome this 

limitation, Bergman and Solin reported a ñpost-targetò method that produces [18F]F2 with Am 

up to 55 GBq/µmol, by use of a fluoromethane electrical discharge chamber.73 [18F]F- produced 

from nuclear reaction 18O(p,n)18F was azeotropically dried and reacted with CH3I to form 

[18F]CH3F purified by gas chromatography, which was then transferred to a quartz chamber 

and mixed with 0.5% F2 (~ 1 µmol) in neon to induce 18F/19F isotopic exchange, promoted by 

high-voltage electrical discharge.81,83 

Despite all the improvements, [18F]F2 is now used less commonly, mainly due to the inherently 

halved RCY, use of F2 as carrier, low selectivity and the innovation of modern nucleophilic 

18F-fluorination methods. 
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Scheme 2.2: Regioselective electrophilic 18F-fluorination toward [18F]FDOPA. 

 

2.3.2 Nucleophilic 18F-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,84 nitroarenes,85 and trimethylammonium salts 86 to 18F-

fluorination with cyclotron produced [18F]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 [18F]F-.87 In 

addition, it is impractical to use aryl fluoride precursors, since the 18F-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 18F-incorporation 

of the unlabelled fluoride in the monolabelled [18F]tetrafluoroborate.88 The alternative 

counterion BCl4
- was introduced to solve the problem. However, undesired gaseous [18F]BFCl2 

led to drastic loss of RCY up to 75%.89,90 Similar to the concept of thermal 18F-

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.91,92 Although triazenes are relatively more stable than 

diazonium salts, both methods are becoming less common, especially since the 21st century, 

when the development of novel nucleophilic aromatic radiofluorination methodologies with 

wider scope, more stable precursors, and milder conditions have surfaced. 

 
Scheme 2.3: Classic SNAr methodologies of [18F]arenes synthesis in the 20th 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,93 N-arylsydnones,94 and hypervalent 

iodines including iodonium salts, 95,96 iodonium ylides,97 and oxidised iodoarenes (OIAs).98 
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Triarylsulfonium triflate bearing electron-deficient or electron-neutral arenes underwent SNAr 

with [18F]KF in the presence of 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane 

(Kryptofix® 222) to afford corresponding [18F]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 [18F]fluoride occurred at the most electron-deficient arene  

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

arenes on triarylsulfonium triflate expanded the substrate scope to nonactivated aromatics 

(Scheme 2.4b).93 

 

Scheme 2.4: Nucleophilic synthesis of [18F]arenes from triarylsulfonium triflates. 

 

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). 18F-fluorination enabled 

formation of corresponding [18F]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 18F-labelled. For unsymmetric substrates, the more electron-

deficient arene undergoes selective 18F-fluorination (Scheme 2.6a).  

Heteroarene-bearing iodonium salts allow 18F-incorporation into electron-rich aromatics for 

asymmetric arene extrusion. Thiophene is more electron-rich than para-methoxybenzene and 

thereby [18F]2.38 was afforded as the single product (Scheme 2.6b).99  

Sanford and Scott reported a Cu-mediated radiofluorination to access a diverse range of 

[18F]fluoroarenes from electron-deficient to electron-rich (mesityl)(aryl)iodonium 

tetrafluoroborate salts (Scheme 2.6c).100 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 ñortho-effectò (Scheme 2.7). [18F]Fluoride 

displaces the axial counterion in the diaryliodonium salt, forming a trigonal bipyramidal 

complex. Subsequently, ipso attack of the nucleophilic [18F]fluoride at the equatorial arene 

results in formation of [18F]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 [18F]fluoroarenes. 
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Scheme 2.6: a) Regioselective 18F-incorportion of diaryliodonium salt. b) Access of electron-rich 

[18F]arene from diaryliodonium salt. c) Cu-mediated radiofluorination of diaryliodonium salt.  

 

Scheme 2.7: Mechanistic insights of the selectivity of unsymmetric diaryliodonium salts. 
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Electron-rich iodonium salts are prone to decomposition.101 Spirocyclic iodonium ylides, in the 

form of crystalline solids, are promising alternatives to iodonium salts and are more stable.102 

Successful 18F-incorporation of radiopharmaceuticals from spirocyclic iodonium precursors 

includes [18F]fluoroestrone [18F]2.52, 5-[18F]fluorouracil [18F]2.53, and a N,O-protected 4-

[18F]fluorophenylalanine [18F]2.54 with RCYs of 23%, 11%, and 55%, respectively (Scheme 

2.8).  

 
Scheme 2.8: examples of 18F-radiopharmaceuticals accessed from spirocyclic iodonium ylides. 

 

Radiofluorination of Phenols via Concerted SNAr  

In the classic SNAr approach, 18F-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 2.56.103 Role of the chloride 2.56 is to activate the phenol to prepare an 

uronium intermediate, which could be directly 18F-labelled by elution of 18F-fluoride from the 

anion exchange cartridge. The mechanism was proposed to proceed via an unusual concerted 

SNAr (CSNAr) through the ́ -orbital framework, making nucleophilic displacement feasible 

even on electron-rich arenes (Scheme 2.9).  
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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 ́-framework. 

Late Stage Transition-Metal-Mediated Aromatic Radiofluorination  Using [18F]Fluoride 

Palladium has been widely used in ligand-directed functionalisations.104 In 2011, Ritter, 

Hooker and co-workers reported a novel electrophilic [18F]fluorination of palladium aryl 

complexes to afford aryl [18F]fluorides. The nucleophilic [18F]fluoride was transformed into an 

electrophilic [18F]Pd(IV)-F complex, which could in turn react with the aryl palladium(II) 

precursor to generate the desired 18F-labelled product (Scheme 2.10).105  

 

Scheme 2.10: Aromatic 18F-fluorination via an electrophilic Pd(IV) intermediate using [18F]fluoride. 
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A year later, in 2012, the Ritter group established a procedure for direct oxidative 18F-

fluorination of aryl nickel(II) complexes using nucleophilic [18F]F-, mediated by hypervalent 

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

 

Scheme 2.11: 18F-Fluorination of aryl nickel(II) complex. 

In 2011, Ribas disclosed the first Cu(I)-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).109 

 

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

The proposed mechanism was via a CuI/CuIII  catalytic cycle. Aryl-X (X = Cl, Br) was 

oxidatively added to CuI, followed by halide exchange to form the key complex aryl-CuIII -F 

2.71, which undergoes reductive elimination to regenerate CuI and release the desired aryl 

fluoride 2.70 (Scheme 2.13).  

In 2012, Wang and co-workers isolated a fluorinated Cu(III) complex derived from Cu(ClO4)2-

mediated aerobic CïH activation of the macrocyclic host (Scheme 2.14).110 This Cu(III)-F 

complex underwent reductive elimination to form an aryl-F bond. 
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Scheme 2.13: Proposed catalytic cycle of Cu(I)-mediated aryl halide exchange. 

 

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

Subsequent to these mechanistic studies, the Hartwig group reported a Cu(I)-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).111 
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Although an excess of Cu(I) was needed, the proposed mechanism is suggested to proceed 

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

 

Scheme 2.15: Copper(I)-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)2 (Scheme 2.16).112  

 

Scheme 2.16: Cu(II)-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).  

 

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

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

2.18). 

 

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

Bridging the gap between copper-mediated 19F- and 18F-fluorination, the Gouverneur group 

demonstrated the pre-formed Cu(III) complex 2.91 could be a viable intermediate for 18F-

fluorination of arenes. Non-radiolabelled TBAFĀ2pin was added to increase the concentration 

of fluoride in a ñcarrier-addedò manner. 18F-fluorinated [18F]2.92 was afforded with an RCY 

of 16% (Scheme 2.19).113  

 

Scheme 2.19: 18F-Fluorination of macrocyclic Cu(III) complex. 

In 2014, the Gouverneur group revealed the Cu(II)-mediated nucleophilic 18F-fluorination of 

(hetero)aryl pinacol-derived boronic esters, upon treatment with [18F]KF/K222 and 

commercially available Cu(OTf)2(py)4 to access [18F]fluoro(hetero)arenes (Scheme 2.20).114  



64 

 

 

Scheme 2.20: Cu(II)-mediated nucleophilic 18F-fluorination of (hetero)aryl boronic esters. 

This method tolerated electron-poor and electron-rich arenes and various functional groups. 

Starting with 13 GBq of [18F]fluoride at full automation, a dose of 609 MBq of  [18F]FDOPA 

was prepared, with a decay-corrected RCY of 12%. Both of the radiochemical and the 

enantiomeric purities exceeded 98%  (Scheme 2.21). 

 
Scheme 2.21: Radiosynthesis of [18F]FDOPA from [18F]fluoride. 

In 2015 and 2016, Sanford and Scott disclosed two further Cu(II)-mediated nucleophilic 18F-

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).115,116 
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Scheme 2.22: Cu(II)-mediated 18F-fluorination of a) arylboronic acids, and b) arylstannanes. 

ñLate-stageò 18F-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 18F-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 18F-fluorodeboronation as the last step in the 

synthesis would be viable.117 If not possible, this screening approach could also suggest which 

step(s) if any should follow 18F-fluorination. In practice, a model aryl boronic ester responding 

well to 18F-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 18F-fluorodeboronation in 

the presence of one equivalent of heterocycle contained in the complex molecule of interest 

(Scheme 2.23). 

 

Scheme 2.23: The spiking experiments to de-risking the copper mediated 18F-fluorination. 
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If the presence of this additive did not affect the RCY, a last step 18F-fluorination of the 

complex target molecule may be viable (Scheme 2.24). 

 

Scheme 2.24: The de-risking approach for Cu-mediated 18F-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 18F-fluorination was proposed to 

access [18F]Gefitinib [18F]2.97 from the boronic ester precursor 2.118. As expected 

[18F]Gefitinib [18F]2.97 was prepared with an RCY of 22% (Scheme 2.25b).. 

 
Scheme 2.25: Direct final-stage 18F-fluorination to access [18F]gefitinib. 
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However, if the RCY was markedly decreased, or no 18F-incorporation was observed (RCY < 

5%), it is necessary to identify which group or sub-motif affected detrimentally 18F-

radiofluorination. One strategy is to protect the heterocycle that affected the radiolabelling. In 

the case of rufinamide, spiking with amide 2.120, no 18F-incorporation was observed. With N-

trityl protected amide 2.121, the efficiency of 18F-incorporation was recovered, indicating this 

protected group was no longer detrimental to the reaction. Thereby, the synthesis of 

[18F]rufinamide [18F]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 [18F]2.124 (Scheme 2.26).  

 
Scheme 2.26: The protection-deprotection strategy to access [18F]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 [18F]risperidone [18F]2.127, initial 

spiking experiment suggested that pyrimidone 2.125 might inhibit 18F-incorporation (Scheme 

2.27a). This was proved to be true when boronic ester 2.126 was subjected to the final-stage 

18F-fluorination. No 18F-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 [18F]Risperidone [18F]2.127 (Scheme 2.27c). 

 

Scheme 2.27: The coupling strategy to access [18F]risperidone. 

Photoredox-Catalysed 18F-Fluorination  
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In 2019, Nicewicz and co-workers reported a direct C-H 18F-fluorination via photoredox 

catalysis (Scheme 2.28a).118 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 (TEMPO) as a redox co-

mediator were subjected to direct C-H to C-18F 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 18F-deoxyfluorination via cation-radical-accelerated SNAr, 

enabling access to electron-rich [18F]fluoroarenes (Scheme 2.28b).119 

 

Scheme 2.28: a) Direct C-H 18F-fluorination and b) 18F-deoxyfluorination via photoredox catalysis.  
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2.4 Radiosynthesis of [18F]Rucaparib 

A review of the recent development in the nucleophilic aromatic 18F-fluorination was delivered 

in the previous section. In this section,  a Cu(II)-mediated 18F-fluorination will be demonstrated 

to access a novel potential radiotracer, [18F]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, 18F-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 18F-

isotopogue of PARP inhibitor, [18F]olaparib [18F]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).120,121 

 

Scheme 2.29: Radiosynthesis of [18F]olaparib. 
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In 2021, Maurer and Xu disclosed independently the radiosynthesis of [18F]talazoparib 

[18F]2.141  from a pinacol boronic ester precursor and a trimethylammonium precursor 

respectively (Scheme 2.27).122,123 The Maurer group demonstrated that [18F]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 [18F]talazoparib had a good level of tumour uptake 

in the murine prostate cancer (PC-3) tumour model. 

 

Scheme 2.30: Radiosynthesis [18F]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.124  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 [18F]rucaparib [18F]2.147 (Figure 2.5).  

 

Figure 2.5: Structure of [18F]rucaparib. 

Radiolabelled analogues of rucaparib have been prepared by Mach and co-workers. The 

radiotracer [18F]WC-DZ-F [18F]2.113 was applied for the preliminary evaluation of PARP 

expression in prostate cancer,125 and [18F]FluorThanatrace [18F]2.114 developed by Mach et 

al. is being evaluated as a PET imaging agent for clinical use.126 The structurally related 

analogue 123I/125I-radiolabelled KX-1 [123/125I]2.115, will be discussed in Chapter 3 (Figure 

2.6).127 

 

Figure 2.6: Radiolabelled analogues of rucaparib. 

Using structurally identical 18F-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.128 [3H]rucaparib and [14C]rucaparib were 

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

2.7).129,130 

 

Figure 2.7: Labelled isotopologues of rucaparib. 

2.4.2 Project Overview 

To access [18F]rucaparib, the Cu(II)-mediated 18F-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 [18F]olaparib,120,121 this work focused on the development of a 

method to access  [18F]rucaparib, applying the key step, the Cu(II) -mediated radiofluorination 

of an aryl boronic ester with cyclotron-produced nucleophilic [18F]fluoride (Scheme 2.31). 

 

Scheme 2.31: Retro-radiosynthesis for [18F]rucaparib. 

2.4.3 Screening Experiments for [18F]Rucaparib 

The de-risking strategy for the Cu(II)-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 18F-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).  

 

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 1H 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. ¹H-¹H 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 Hb 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 

2.32).131,132 

 

Figure 2.8: 1H NMR spectra of 2.155 (indigo) and 2.156 (maroon). 

 

Figure 2.9: ¹H-¹H 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(II)-mediated 18F-fluorination (RCY = 
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39% ± 2%, n = 4). ñ+/-ò refers to standard deviation. However, when 1 equivalent of non-

fluorinated rucaparib 2.158 was added, only trace amount of [18F]4-fluorobenzonitrile 

[18F]2.111 (RCY < 5%) was observed. This result discouraged 18F-incorporation as the last 

step. We assumed that the secondary amine of non-fluorinated rucaparib 2.158 might prevent 

18F-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 18F-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 18F-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-[18F]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. 133-136 

 

Scheme 2.33: Screening experiments informing suitable radiosynthetic routes towards [18F]rucaparib. 

Based on the screening results, we envisaged two retrosynthesis routes for [18F]rucaparib. In 

the first route, [18F]rucaparib [18F]2.147 could be afforded from deprotection of NBoc protected 

[18F]rucaparib [18F]2.160 which might be accessed from the NBoc protected boronic ester 
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precursor 2.161 via Cu(II)-mediated 18F-fluorination (Scheme 2.34, left route). In the second 

route, a reductive amination would be applied as the post-labelling step from aldehyde 

[18F]2.162 and the corresponding precursor is an aldehydic boronic ester 2.163 (Scheme 2.34, 

right route). 

 

Scheme 2.34: Two possible retro-radiosynthesis routes for [18F]rucaparib. 

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).137 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.  

 

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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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. 

 

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 18F-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 1H-1H 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. 

 

Figure 2.10: ¹H-¹H COSY of boronic ester 2.164. 

All three proton signals at the aromatic region exhibited as singlets. The lack of vicinal proton-

proton coupling (3JHH) 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.138 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.131,132 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). 

Iodination with PIFA/I2 (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 18F-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. 

 

Scheme 2.41: Synthesis of aldehydic boronic ester precursor 2.163. 
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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 19F-Rucaparib as Verification for Radiolabelling 

In radiochemistry, the 18F-radiolabelled product is usually yielded in nanomolar or picomolar 

scale. Due to its limited quantity and safety in handling radioactivity, the identity of the 18F-

radiolabelled product is confirmed by comparing the retention time of the peak with its 

corresponding 19F-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.  

 

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 18F-Fluorination of Boronic Ester Precursors 

Next, both NBoc and aldehydic precursors 2.161 and 2.163 were subjected to radiofluorination 

subsequently. Upon delivery of [18F]fluoride to the radiolab,  [18F]Fluoride (3.0-4.0 GBq) was 

trapped onto a quaternary methylammonium (QMA) cartridge and separated from the 18O-

enriched-water. It was then released with a solution of K222/ K2C2O4/K2CO3 in MeCN/H2O. 

We applied the same elution method as in the radiosynthesis of [18F]olaparib which was proved 

to be the most efficient elution method (~ 80%).120 The solution was azeotropically dried with 

MeCN under constant N2 flow at 105 °C. The dried [18F]KF/K222 residue was redissolved in 

anhydrous MeCN. A solution of [18F]KF/K222 in MeCN (20 - 30 MBq, 10-50 µL) was 

dispensed into a V-vial. A solution containing Cu(OTf)2(py)4 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.  

 
 

Entry Solvent Cu(OTf)2(py)4 RCY (n = 2)a 

1 DMI  1 equiv 42% ± 5% 

2 DMI 2 equiv 39% ± 1% 

3 DMI 3 equiv 25% ± 3% 
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Table 2.4: Optimization study for the 18F-radiolabeling of the N-protected boronic ester precursor 

2.126. aRCY = radiochemical yield, determined by analytical HPLC.  K222 = 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)4 in 

DMI afforded [18F]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(II) 

(Table 2.4, entry 2-5). Deprotection of [18F]2.160 with TFA at 120 °C for 20 minutes was 

quantitative (Scheme 2.43).  

 

Scheme 2.43: Quantitative deprotection to access [18F]rucaparib. 

When the aldehydic precursor 2.163 was subjected to the reaction condition found optimal for 

2.161, the RCY of [18F]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)4:2.163 ratio from 1:1 to 2:1. These 18F-labeling conditions gave [18F]2.162 in 

80% RCY (Table 2.5, entries 2ï5).  

 
 

 

4 DMA 2 equiv 29% ± 2% 

5 DMF 2 equiv 7% ± 0% 

Entry Solvent Cu(OTf)2(py)4 RCY (n = 2)a 
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Table 2.5: Optimization study for the 18F-radiolabeling of the N-protected boronic ester precursor 

2.128. aRCY = radiochemical yield, determined by analytical HPLC.  K222 = 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 [18F]2.162 was then subjected to the reductive amination, in excess of methylamine 

and NaBH3CN in EtOH for 20 minutes at 120 °C. The conversion was quantitative and the 

identity of the product [18F]rucaparib was confirmed by analytical radio-HPLC (Scheme 2.44). 

 

Scheme 2.44: Quantitative conversion of reductive amination to access [18F]rucaparib. 

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

[18F]rucaparib. 

 

2.4.8 Large Scale Radiosynthesis and Isolation of [18F]Rucaparib 

The aldehydic precursor 2.163 was subjected to the optimised condition for radiofluorination, 

starting from 2 to 3 GBq of [18F]fluoride. The crude mixture after reductive amination was 

loaded onto a semi-preparative HPLC in reverse phase for separation. The [18F]rucaparib 

[18F]2.147 was collected from the HPLC and trapped onto a C18 cartridge. It was then released 

with 3 mL of EtOH. After  drying, [18F]rucaparib 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 GBq/ɛmol (n = 3); the total synthesis time was 2.5 h  (Scheme 

2.45 and Figure 2.8). 

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% 
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Scheme 2.45: Radiosynthesis and isolation of [18F]rucaparib. 

 

 

Figure 2.8: Radiochromatogram obtained during the HPLC analysis of [18F]rucaparib (red) overlayed 

with UV chromatogram of non-radiolabelled reference standard rucaparib (l = 220 nm, black). 

 

2.5 In vitro and In Vivo Evaluations of [18F]Rucapariba 

Pancreatic cancer is one of the hard-to-treat diseases and is associated with germline (5%) or 

somatic (12%) mutations in BRCA1/2.138 BRCA1/2 mutations are also the most common 

causes of familial pancreatic cancer, which makes PARP inhibition a promising strategy to 

treat pancreatic cancer.140 Recent clinical studies showed promising therapeutic efficacy of 

rucaparib as monotherapy in the treatment of advanced pancreatic cancer patients with 

BRCA1/2 mutation,141 as well as in the maintenance therapy for patients with advanced 

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

a The following work was carried out by Dr. Chung Ying Chan (Department of Oncology, University of Oxford). 
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benefit from treatment with PARP inhibitors. Two human pancreatic adenocarcinoma (PDAC) 

models: AsPC1 and PSN1 were used for biological evaluations of [18F]rucaparib. 

[18F]Rucaparib was delivered as a solution in 10% DMSO in PBS at pH 7.4, with a dilution ~ 

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

 

2.5.1 In Vitro [18F]Rucaparib Uptake in PDAC Cell Lines 

In vitro [18F]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.142 Upon treatment with [18F]rucaparib for 30 min, the uptake of [18F]rucaparib in AsPC1 

and PSN1 cells was observed, and the amount of overall [18F+19F]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. 

 

 (2.1) 

    

 

  

 
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 [18F]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 

 
Figure 2.2: Enzymatic activity screening of olaparib and rucaparib against 12 PARP enzymes.5 

Exposure of excessive unlabelled olaparib or rucaparib (100 ɛM, >1000 fold) could reduce the 

uptake of [18F]rucaparib (> 50%) in PSN1 cells (Figure 2.3), showing the binding selectivity 

of [18F]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 

[18F]rucaparib to PARP enzymes.   

 
Figure 2.3: Blocking of [18F]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 [18F]Rucaparib in PSN1 Xenograft-Bearing Mice 

In vivo, 1 h dynamic PET imaging was obtained of PSN1 xenograft-bearing mice injected 

intravenously with [18F]rucaparib (0.87-11.38 MBq in 100 ɛL of PBS, Am = 1.5-30.9 

GBq/ɛmol), revealing that [18F]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 

[18F]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 

[18F]rucaparib uptake at 2 h post-injection in tumour and those high PARP expressing organs, 

demonstrating the binding selectivity of [18F]rucaparib (Figure 2.5).  

 
Figure 2.4: a) Representative dynamic PET images after intravenous injection of [18F]rucaparib (2.38 

MBq, 30.9 GBq/ɛmol).  In vivo 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 [18F]rucaparib. c) Biodistribution of [18F]rucaparib in selected tissues 

in PSN1 xenograft-bearing mice, 1 or 2 h after intravenous administration of [18F]rucaparib ((0.87-

11.38 MBq, 1.5-30.9 GBq/ɛmol).); 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 [18F]rucaparib (0.87-2.47 MBq, Am = 5.5 GBq/ɛmol) (n=3/group), with or without an excess 

of cold, unlabeled olaparib or rucaparib (0.5 mg). b) Autoradiography of PSN1 tumour sections showing 
18F localisation 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, [18F]rucaparib, using Cu(II)-

mediated 18F-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 [18F]rucaparib, boding well for the potential use of [18F]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 [18F]rucaparib to a fully-

automated platform under GMP conditions and 2) to pursue [18F]rucaparib through clinical 

trials, eventually developed as a commercial radiotracer for patient stratification. 
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Chapter 3. Radiosynthesis of 123I-Olaparib and 123I-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).1  

 

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. c) 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 ï EK) (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).3 The resultant outer 

shell vacancy may trigger further fill-in and ejection of electrons as a cascade process.4 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.5 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).6 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 1923.7,8 

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.9 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 ɓ-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.10 The bystander effect is another common phenomenon in radiation 

therapy and has been described in various ways, including ñindirect effectsò, ñabscopal effectsò, 

ñclastogenic effectsò and more recently ñthe secretosomeò.11 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,12 

extracellular solubility factors,13 or through physical signals (i.e., UV photons) from irradiated 

cells.14 Lastly, the cell membrane is also an effective target for cytotoxicity from AEs.15 Pouget 

and co-workers showed the cytotoxicity of 125I-radiolabelled monoclonal antibodies (125I-

mAbs), which target cancer cells, was mainly due to radiation-induced nontargeted effects.16 

Iodine-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 Iodine-123 

3.2.1 Radioisotopes of Iodine 

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 (t1/2 = 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. Iodine-123 gradually replaced iodine-131 (t1/2 = 

8.02 days) for imaging applications, due to its shorter half-life and lower ɔ-ray energy of 159 

keV, which means that patients receive a much lower radiation dose. Although iodine-125 may 

be ñsuperiorò to iodine-123 in the Auger therapy due to its almost double Auger yield (~ 20 

electrons)  and shorter AE range,17 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 ɔ emission for iodine-125 is only 35.5 keV, which 

is too low for clinical SPECT use. 

Radio-

isotope 

Nuclear 

reaction 
Half -life 

Type of 

decay 

Energy 

(keV) 

Imaging 

application 

Therapeutic 

application 

I-123 124Xe(p,pn)123I 13.2 h 
Gamma 

EC/Auger 

159 

<5 
SPECT 

Auger 

electrons 

I-124 124Te(p,n)124I 4.2 days 

Positron 

Annihilation 

radiation 

819 ɓ+ 

(mean) 

511 ɔ 

PET / 

I-125 124Xe(n,ɔ)125I 54.9 days 
Gamma 

EC/Auger 

35.5 

<5 

Preclinical 

SPECT 

Auger 

electrons 

I-131 130Te(n,ɔ)131I 8.0 days 
Gamma 

ɓ-partical 

364 

192 (mean) 
SPECT ɓ-particles 

Table 3.1: Radioisotopes of iodine used for medical applications. 

 

3.2.1 Production of Iodine-123 

Iodine-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 

(t1/2 = 5.9 minutes) which decays to the next short-lived radionuclide, xenon-123 (t1/2 = 2.1 

hours), before finally generates iodine-123 (124Xe(p,2n)123Cs:123Xe:123I). 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. Iodine-123 is 

prepared as iodide, most commonly sodium iodide in solutions of sodium hydroxide (0.01ï0.1 

M).18 Iodine-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.19 

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-

[125I] iodobenzylguanidine ([125I]MIBG) was prepared via solid state isotopic exchange at high 

temperature in 1982 (Scheme 3.1).20  

 

Scheme 3.1: Radiosynthesis of [125I]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 GBq/µmol. In 2014, Brownell reported a 

halogen exchange (Br/123I) in the presence of CuSO4 and SnSO4, that drastically improved the 

Am to 182.8 GBq/ µmol (Scheme 3.2).21  
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Scheme 3.2: Radiosynthesis of [125I]MIBG via halogen exchange. 

Other Leaving Groups 

Other common leaving groups that are suitable for SNAr and enable the incorporation of 

radiolabelled iodine include triazene derivatives,22 diazonium salts (which are generally more 

reactive than their corresponding triazene analogues), as well as iodonium salts.23-25 

In 2017, Sutherland and co-workers reported a one-pot 125I-iodination of aryl amines, using 

polymer-supported nitrite to access stable diazonium salts, followed by Sandmeyer reaction 

under mild conditions.26 [125I]Iomazenil [125I]3.8 was synthesised in good RCY and Am via this 

method (Scheme 3.3). 

 
Scheme 3.3: One-pot 125I-iodination of aryl amines. 

3.2.2 Electrophilic Aromatic Substitution 

Electrophilic aromatic substitution is a popular strategy but requires generation of electrophilic 

radioactive ñI+ò species. It is typically prepared from radiolabelled NaI 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., [125I]5-HT4R ligand, a serotonin receptor ligand 

(Scheme 3.3).27 

 

Scheme 3.4: Radiosynthesis of [125I]5-HT4R ligand by direct SEAr. 

Ipso-SEAr  

To overcome the limitation in regioselectivity, silylated,28 stannylated,29 and boronated 

precursors have been developed.30 [131I]MIBG could be accessed via iododesilylation, with N-

chlorosuccinimide (NCS) as the oxidant (Scheme 3.4).28 Compared to the low Am obtained 

from isotopic exchange, Am via this method was much improved, surpassing 37 GBq/µmol 

(1000 Ci/mmol). 

 

Scheme 3.5: Radiosynthesis of [131I]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 

[123/125I]iodide into (hetero)arenes (Scheme 3.6).31  

The electron-rich Ni(cod)2 underwent oxidative addition with aryl bromide resulting in an Ar-

Ni(II) -Br intermediate, followed by a halogen exchange in the presence of [123/125I]NaI. 

Reductive elimination yielded the desired radioiodinated products, including [125I]Iniparib, the 

non-radioactive isotopologue of which was believed to act as a PARP inhibitor.32,33 

Radioiodination followed by TFA deprotection was performed to deliver isolated 5-[123I]iodo-

A-85380, a radioligand used for in vivo imaging of neuronal nicotinic acetylcholine receptors, 

with an AY of 46% and Am of 37.0 GBq/µmol.34 

 

Scheme 3.6: Ni(0)-mediated radioiodination via halogen exchange. 



121 

 

Copper(II) -Mediated Iododeboronation 

In 2016, the Gouverneur group reported the first copper(II)-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)2, 

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

deficient and electron-rich (hetero)arenes (Scheme 3.7).35  

 

Scheme 3.7: Cu(II)-mediated 123I-iododeboronation of (hetero)arenes. 

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

with the previous work on the Cu(II)-mediated radiofluorination discussed in Chapter 2,36 this 

facile transformation demonstrated that diverse radionuclides could be incorporated using the 

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

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

presence of a Cu(I) catalyst, Cu2O and I-131 the Zhang group demonstrated that the reaction 

proceeded smoothly at room temperature (Scheme 3.8),37  

 

Scheme 3.8: Copper-mediated 123I-iododeboronation by Zhang et al. 

 






























































































































































