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Abstract 

Hypoxia is a critical physiological marker demonstrated in a variety of cancers, imaging 

it will provide valuable insight into prognosis and treatment. However, the slow kinetics 

of [18F]FMISO(1.2) means that there is a 2 hour delay between injection and imaging for 

patients. Fluorine-18 labelled Chloroethyl sulfoxides [18F]SO101 and [18F]SO201 were 

shown to have both faster kinetics and higher contrast compared to [18F]FMISO(1.2) in 

a rat model of ischemic stroke. Perceived toxicity from the nitrogen mustard analogues 

in [18F]SO101 and [18F]SO201 lead to structural changes resulting in [18F]SO501. 

[18F]SO501 demonstrated good uptake into hypoxic SK-RC-52 tumours while also 

clearing from muscle, giving good contrast and therefore high-quality images, however 

it had a low radiochemical yield of 2.5% making it impractical for routine clinical 

application. 

Structural changes were made to the base compound [18F]SO501 in order to adapt it to 

a different method of radiolabelling in an attempt to increase the RCY while maintaining 

its selectivity for hypoxic tissue. The modifications made included the introduction of a 

propargyl group for click chemistry, variable length PEG groups and alterations to the 

ester group from an ethyl ester to an isopropyl ester and in one case doing away with it 

entirely. Six different diaryl-sulfoxide radiolabelled compounds were synthesised for this 

project [18F]2.16, [18F]2.26, [18F]2.36, [18F]2.43, [18F]2.53 and [18F]2.63 from their 

respective diaryl-sulfoxide precursors 2.15, 2.25, 2.35, 2.42, 2.52 and 2.62.  
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After in-vivo imaging in SK-RC-52 tumours xenografted onto BALB/c nude mice the most 

promising tracer [18F]2.16, which had the best tumour to muscle ratio of 1.6 at 60 

minutes and 2.1 at 110min, underwent metabolism studies involving Rat S9 liver 

fractions. 
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1  Introduction 

 

 

1.1 Hypoxia 

Hypoxia is a physiological condition that is characterised by a critically low partial 

pressure of intercellular oxygen (pO2) in tissue.2-4 There are 4 primary types of hypoxia; 

hypoxic hypoxia, anaemic hypoxia, ischemic hypoxia and histotoxic hypoxia. Hypoxic 

hypoxia is a reduction in the amount of arterial oxygen available to the body, arising 

from oxygen failing to reach the lungs through blocked airways or a lack of 

environmental oxygen, such as high altitudes or drowning. 
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Anaemic hypoxia is a failure in the proper transportation of oxygen in the blood supply, 

with causes including defects in haemoglobin or low haemoglobin levels. Histotoxic 

hypoxia is a deficiency in the cells that prevents them from utilising available oxygen, 

cyanide poisoning is one possible cause for this. Ischemic hypoxia is when inadequate 

blood supply reaches tissue with causes including tissue damage or embolic events. 2, 5 

Tissue hypoxia is a form of ischemic hypoxia; it occurs in a localised region and can 

detrimentally affect surrounding tissue and organs.3-4 It plays an important role in many 

diseases such as stroke, diabetes and cancer.6 

 

1.1.1 Hypoxia in tumours 

Hypoxia can be found in many varieties of human tumours, and are a result of tissue 

growth outstripping the development of new blood vessels, depriving the local region 

of adequate oxygen due to the reduced blood supply.6-12 

The level of oxygenation in tissue is measure in terms of partial pressure (pO2) where a 

pO2 of between 40mmHg and 60mmHg is typical for normoxic cells.4-5, 13  When a pO2 of 

less than 20mmHg is observed the tissue is considered hypoxic; tumours can have a pO2 

ranging from 2.5mmHg to 20mmHg depending on their type.5, 13-14 

Treating hypoxic tumours is significantly more difficult due to their increased resistance 

to the effects of radiotherapy and chemotherapy compared to non-hypoxic cancer cells. 

9, 11, 13, 15-16 Oxygen is believed to act as a radiosensitiser during radiotherapy, enhancing 

the cell kill rate, however since hypoxic cells have lower levels of oxygen the lethal effect 

of radiation is decreased.2, 13, 17 Oxygen’s electron affinity allows it to participate in 
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chemical reactions that would lead to DNA damage within the cell, leading to cell death, 

after the absorption of ionising radiation. 18 An example of this could be through the 

formation of superoxides, O2
-, through chemically incapable of causing damage to DNA, 

it is believed that it can participate in release of iron by damaging dehydratases. The 

increase in free iron then increases the rate of DNA damage by exogenous or 

endogenous H2O2 through the Fenton reaction. The damage caused could be directly to 

the DNA, causing strand breakage, and/or to the DNA repair mechanisms .19 

The radiation dose required for a hypoxic cell kill level is 2-3 times that of normoxic 

cells.20-21 Additionally, hypoxia can cause changes in the cell environment, which can 

negatively impact on the cell killing ability of chemotherapeutic agents.22 Highly 

aggressive tumours are often associated with high levels of tumour hypoxia leading to a 

poor prognosis.9, 23-25  Hypoxia has an important role in the malignant progression of 

solid tumours as illustrated in Figure 1-1.26 

 

Figure 1-1: The Role of hypoxia in malignant tumour progression26 

Even if standard treatment methods have lower effectiveness, hypoxia itself is an 

attractive physiological target that can be exploited for treatment using 2 different 
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strategies. The first strategy is to utilise prodrugs for chemotherapy which are activated 

by hypoxia.6, 10, 27 This means that to non-hypoxic regions the prodrug will be benign 

causing no noticeable effect but when localised into a hypoxic region they will undergo 

chemical changes causing them to become cytotoxic. The second strategy for tumour 

control is to use a hypoxia-activated radiosensitiser. Radiosensitisers are compounds 

designed to enhance the damaging effects of radiotherapy, for hypoxic radiosensitisers 

this would act in chemically similar way to oxygen.28 Additionally, several of the cytotoxic 

prodrugs have the potential to also act as radiosensitisers, although this is still subject 

to further investigation. 29-30 

Previous technologies for measuring the level of oxygenation in tissue include the 

polarographic oxygen electrode.2, 9, 14, 31-32 While the method provided a detailed 

quantitative measure of hypoxia it had several short comings.13 It is highly invasive and 

does not provide a detailed map of the tumour; a specialist is also required to perform 

the procedure and interpret the results, and therefore it was unsuitable for routine 

clinical applications.7, 9, 13, 16, 20 

A more suitable technique was therefore required to assess tumour hypoxia. Ideally this 

technique would be straight forward, non-invasive and quick. It also had to be reliable 

and to be adaptable into routine clinical settings.33-34 

1.1.2 Hypoxia and positron emission tomography (PET) 

Positron Emission Tomography (PET) is a non-invasive imaging technique that provides 

a possibility for the imaging of hypoxic tumours.2, 13 PET is routinely used in the clinical 

management of cancer patients having emerged as a powerful diagnostic tool for 

hypoxia.16, 35-36 
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Given the importance of the role hypoxia plays in tumour growth and control, assessing 

the hypoxic fraction of the tumour will play a part in properly understanding tumour 

stages. New advances in PET imaging technology also allow for the possibility of hypoxia 

targeted radiotherapy through the use of conformal radiotherapy and imaging directed 

radiotherapy. This will allow for not only the diagnosis of hypoxia in tumours but will 

also aid in the planning for proper tumour treatment. 

 

1.1.3 Application of PET 

PET is a non-invasive nuclear medicine imaging technology that utilises biologically 

relevant radiotracers, labelled with relatively short-lived positron emitting radionuclide, 

to measure and quantify physiological processes in-vivo.12, 37 PET has been used to 

measure processes including but not limited to: metabolism, blood flow, signal 

transduction, gene expression, proliferation and drug pharmacokinetics.16, 38 The use of 

a radioactive tracer which is applied either orally, intravenously or by inhalation allows 

the construction of a PET image.39 This provides the possibility of in-vivo mapping 

showing the regional locations of tumour hypoxia with a high sensitivity and at high 

resolution.35, 40 
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1.2 Basic principles of PET 

 

PET utilises short-lived radionuclides that emit positrons for in-vivo imaging using 

biologically relevant biomarker molecules and the resulting positron emission and 

annihilation event.2, 41 This is demonstrated in Figure 1-2  where a positron emitting 

radio nuclide undergoes decay resulting in the formation of a neutron with a radiated 

positron, the positron generally travels a distance of 3-5mm before colliding with an 

electron from the surrounding tissue.39, 42-43 The collision results in the annihilation of 

both particles, producing a pair of gamma rays (photons) at 511 KeV emitted in opposite 

directions. 44-45 

 

Figure 1-2: Illustration of the annihilation process involved in PET39 

 

The PET scanner uses circular detectors to observe coincidence events; if 2 gamma rays 

are detected 180° apart with a delay of less than 12ns then it is registered as a positive 

event. Detected events then lead to the localisation of the origin of the event and 

mapping these events forms the image for the PET scan. 
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1.2.1 Instrumentation in PET 

 

1.2.1.1 PET scanner 

A typical PET scanner will include a detector ring with multiple layers of detector rings; 

each detector consists of scintillator crystals coupled to a photomultiplier.42 A typical 

PET scanner will have 20,000 scintillator crystals coupled to hundreds of 

photomultipliers. 

The scintillator crystals are chosen for their ability to absorb the high energy 511 keV 

photons emitted during PET imaging. They are excited by the photons and then de-excite 

by emitting visible scintillation light that can be detected by a photomultiplier.39 

 The signals are sent from the photomultiplier to a computer where it is used to calculate 

and map coincident events with strikes to the detector rings only counting if the strikes 

are at a 180° angle and within 12ns of each other. An image can then be constructed 

from the coincidence events to map the local aggregations of the radiotracer within the 

body.39 

The PET scanners available at the Austin Health, where all imaging will be carried out for 

this thesis, are Philips Allegro PET and Philips Gemini PET/CT scanners. The combination 

of a PET system with a CT system provides a distinct advantage as it allows a correlation 

between the PET image and anatomical location generated by the CT scan.13 This aids in 

the interpretation of the PET data providing biologically relevant data.  CT can also aid 

in the reconstruction of the images allowing for quicker and more detailed PET images. 

Animal PET is used to generate similar images within small animal models. Small animal 

PET will be discussed further in chapter 4. 



8 
 

 

1.2.1.2 Cyclotron 

Cyclotrons are particle accelerators able to generate radioisotopes through the 

bombardment of stable isotopes. Austin Health has 2 cyclotrons: an IBA cyclone 10/5 

and 18/9 (Louvain-la-Neuve, Belgium). The IBA cyclone 10/5 is capable of accelerating 

H- ions to 10 MeV and D- ions to 5 MeV and the IBA cyclone 18/9 can accelerate H- ions 

to 18 MeV and D- ions to 9 MeV. Cyclotrons work by accelerating particles using a high 

frequency alternating voltage between 2 D shaped metal sheet electrodes. As the speed 

of the particle increases, they are forced to the outside until they eventually pass 

through the stripper foil, which is a thin carbon foil where they are stripped of electrons, 

resulting in the formation of the positively charged H+ or D+ ions.46 The change in the 

charge causes ions to spin in the opposite direction due to the magnetic field, directing 

them into a gap between the sheets towards the target. These charged ions then 

bombard the stable isotopes contained inside the target. 
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1.2.1.3 Targetry 

The cyclone 10/5 and cyclone 18/9 located at Austin Health have 8 targets, which are 

attached directly to the vacuum chamber surrounding the cyclotrons located inside the 

return yoke of the magnetic field. Gas pressure is utilised for the loading and unloading 

of the targets, from where the produced radioisotopes are transported to shielded hot 

cells for radiolabelling experiments. 

1.2.2 PET radioisotopes 

Commonly used PET radioisotopes include oxygen-15 (15O), nitrogen-13 (13N), carbon-

11 (11C) and fluorine-18(18F). These and a few more radioisotopes are listed on Table 

1-1.47-48  The most important feature of these radioisotopes is that their decay process 

is via positron emission (β+ decay), however not all the listed radioisotopes in Table 1-1 

undergo positron emission as their major mode of decay.16, 49 Radioisotopes with 

Figure 1-3: Diagram of Fluorine-18 production in a Cyclotron1 
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different decay types are useful for different purposes, they must be selected 

appropriately. Using the correct isotope is important as there are limits to the amount 

of radiation that can be used depending on the task. A PET scan for example requires a 

high β+ decay, using an incorrect radioisotope will have high dosimetry leading to excess 

irradiation without providing useful imagery. In the same vain, these isotopes cannot 

also be used for treatment. Lu-177 is an isotope that can be used for therapeutical 

treatments but not in a PET scan as it has no positron emission. 

Table 1-1: List of Radioisotopes, their respective half-lives and percent of decay 

types49 

Radioisotopes Half-Life % (Decay Mode) 

Oxygen-15 2.07 minutes β+ 100% 

Nitrogen-13 10.0 minutes β+ 100% 

Carbon-11 20.4 minutes β+ 100% 

Gallium-68 68 minutes β+ 87% 

  Fluorine-18 109.8 minutes β+ 97% 

Iron-52 8.3 hours β+ 57% 

Copper-64 12.7 hours β+ 19% 
β- 39% 
EC 43% 

Zirconium-89 3.3 days β+ 23% 
EC 77% 

Iodine-124 4.2 days β+ 25% 
EC 74% 

Lutetium-177 6.6 days Β- 100% 

Rubidium-84 33 days β+ 96.2% 
β- 3.8% 
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Radioisotopes such as C-11, N-13, O-15 and F-18 are useful for the evaluation of cell 

functional processes because they can be introduced into the structure of a molecule 

without altering the chemical structure radically and thereby preserving most of its 

biological properties. The radioisotopes therefore allow the tracing of the molecule 

upon its introduction to the body along with the distribution studies for the molecule’s 

metabolism.41 

 

1.2.2.1 Production of PET radioisotopes 

PET radioisotopes are generated via a nuclear reaction in a cyclotron, it involves the 

collision of a high energy particles typically either deuterons or protons with the nucleus 

of a stable atom. The result of the collision is the generation of a radioactive nucleus. 

Table 1-2 shows the production method for commonly used radionuclides.45, 47 

 

Table 1-2: Commonly used radioisotopes with their respective production methods 

and positron energy47 

Radionuclides Nuclear Reaction MeV 

Oxygen-15 14N(d,n)15O 1.70 

Nitrogen-13 16O(p,α)13N 1.19 

Carbon-11 14N(p,α)11C 0.96 

  Fluorine-18 18O(p,n)18F 0.635 
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The nuclear reactions shown have 4 vital components; the stable nucleus, the incoming 

charged particle, the particle emitted upon collision and the resulting radionuclide. 

Taking carbon-11 for example, in this case it is denoted as 14N(p,α)11C, the first chemical 

is the starting stable isotope, the particles denoted in the parenthesis are the particle 

accelerated and then the particle emitted and finally the last isotope is the radionuclide 

formed. The formation of Carbon-11 starts with inert Nitrogen-14, a proton is 

accelerated into the nitrogen nucleus. The resulting collision causes the emission of an 

alpha particle (a nucleus with 2 protons and 2 neutrons with no surrounding elections) 

resulting in Carbon-11 being formed. Once the desired radionuclide is formed in the 

cyclotron, it is then moved into a hot cell for radiolabelling the desired precursor 

molecule. 

 

1.2.3 Fluorine-18 radioisotope 

For this study Fluorine-18 was chosen as the radionuclide for labelling the compounds 

involved in PET. The reasons for choosing Fluorine-18 include its low positron energy, 

lack of side emissions and a half-life of 109.8 minutes.50-52 

Fluorine-18 has a relatively low positron energy emission of 0.635MeV when compared 

to other common radionuclides such as carbon-11 (0.96MeV) and nitrogen-13 

(1.19meV). The lower positron energy means that the positron will on average travel a 

shorter distance before losing sufficient kinetic energy so that a collision with an 

electron results in an annihilation process. This means that there will be a lower spatial 

area for the events from the source, resulting in high-resolution PET images.50 
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Fluorine-18 also has a high percentage of decay (97%) via positron emission, therefore 

making it suitable for PET imaging as no gamma rays are produced, reducing possible 

noise. The lack of side emissions also benefits the patient as they are not exposed to 

excess radiation dosage.50 

The half-life of 109.8 minutes is considerably longer than some other radioisotopes 

shown in Table 1-1 but shorter than others.53 Its relatively long half-life is ideal because 

it provides sufficient time for both the labelling process of the radiotracer and for bio-

distribution of the radiotracer in the body. Conversely the half-life is short enough to 

minimise negative effects from radiation exposure.  

Carbon-11 would be ideal for integration for radiopharmaceuticals because it can be 

added in as a methyl group, which are commonly present on pharmaceuticals and could 

therefore easily convert them into a tracer however, its short half-life and the fact it 

requires an air-sealed system make handling time extremely short, about 40minutes, 

and technically complex. It’s reaction pathways therefore need to be straight forward 

with minimal reaction times. While there is a Carbon-11 module at the Austin Health it 

is for clinical production and therefore cannot be used for research purposes. 

Despite all the advantages of Fluorine-18 there are still challenges incorporating it into 

organic molecules. A high amount of energy is required to produce Fluorine-18 in the 

cyclotron, limiting its availability for radiochemistry.50 Due to the high amount of 

radioactivity involved remote handling and transport of the Fluorine-18 is required in 

addition to the automation of the radiosynthetic processes.  
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1.2.3.1 Production of Fluorine-18 

The production of Fluorine-18 can be accomplished through several different nuclear 

processes listed in table 1-3.50 The cyclotron is able to produce Fluorine-18 radioisotopes 

as both the [18F]anion and [18F]fluorine gas.  

Table 1-3: Production methods of Fluorine-18 

Nuclear reaction 

20Ne(d,α)18F 

20Ne(p,2pn)18F 

16O(3He,p)18F 

16O(α,pn)18F 

18O(p,n)18F 

20Ne(3He,αn)18Ne, 18Ne decays to 18F 

6Li(n,α)3H, 3H reacts in a following nuclear reaction 

16O(3H,n)18F 

 

Oxygen-18 enriched water is the primary source for the [18F]anion, which can then be 

introduced into organic molecules via a nucleophilic substitution reaction.54 The 

[18F]fluorine gas is produced from Neon-20 and is introduced into organic molecules 

using electrophilic reactions.50, 52, 55 The drawback of [18F]fluorine gas is that it requires 

fluorine-19 carrier gas, therefore limiting its availability, resulting in low specific 

activity.50 The [18F]anion can be obtained with higher specific activity using a no carrier 
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added method, therefore it was chosen for radiochemistry synthesis in the work 

described in this thesis. 

The Fluorine-18 radioisotope was produced using Oxygen-18 enriched water via the 

18O(p,n)18F nuclear reaction within either the IBA cyclotron 10/5 or IBA cyclotron 18/9 

located at Austin Health. 

Formation of Fluorine-18 begins with the acceleration of H- ions which pass through the 

stripper foil, converting them into a proton beam. The enriched water containing the 

stable Oxygen-18 radioisotope is then bombarded with the high energy protons to give 

radioactive Fluorine-18.46, 56 Once sufficient activity is built up the Fluorine-18 

radioisotope is transferred into shielded hot cells for radiolabelling experiments. 
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1.3 Hypoxic tracers 

 

Radiotracers are compounds containing radioisotopes they are used in PET imaging for 

the evaluation of in-vivo processes. Combined with a radiation detection device the 

location of the radiotracer can be tracked by its decay, allowing for the study of 

metabolism, distribution and uptake of the tracer from its introduction into the body. 

Hypoxic radiotracers are biological markers that accumulate upon uptake into hypoxic 

tissue. To be considered an effective hypoxia radiotracer certain criterion must be met. 

The radiotracer should show specific uptake for tumour hypoxia and the rate of uptake 

should ideally correlate directly with the low intracellular pO2
 of the hypoxic tissue.34, 57 

To meet these criteria the hypoxic radiotracer requires certain attributes. The first of 

these is lipophilicity. The radiotracer needs to be lipophilic enough to allow quick uptake 

into hypoxic tumour cells, while retaining a fast clearance rate from the circulatory 

system and normoxic tissue.57 This will yield a high-resolution image with minimal post 

injection delay.34, 57-58 

Added to this the radiotracer needs to be metabolised in a specific way under hypoxic 

conditions, limiting it metabolism from non-hypoxic pathways. This will allow for 

selective uptake into hypoxic tissues compared to normoxic tissue.57 

Once a new radiotracer is discovered it undergoes in-vivo and in-vitro testing. 

Assessment of new radiopharmaceuticals can be undertaken by using animal models 

and a small animal PET scanner, allowing for non-invasive in-vivo imaging. This allows 

for direct correlation with in-vitro data.59   
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1.3.1 Cu-ATSM 

Diacetylbis(4-methylthiosemicarbazonato)copperII  (Cu-ATSM), shown in Figure 1-4, is a 

metal chelate that was shown to have hypoxic selectivity by Fujibayashi and co. relying 

on the Copper-64 positron emitting radionuclide [64Cu]Cu-ATSM ( 1.1) can be used for 

PET.60-61 [64Cu]Cu-ATSM enters cells entirely through passive diffusion. In normoxic cells 

no reduction happens allowing it to move freely across cell membranes. Under hypoxic 

conditions the Cu(II) is reduced to Cu(I) resulting in the degradation of the complex and 

retention of the radioisotope.62-64 While Cu-ATSM meets all the criteria for a hypoxic 

tracer being: lipophilic, small in size and having hypoxia selective bioreduction, Cu-ATSM 

is not used routinely because of the lack of facilities that produce copper-64. 

 

[64Cu]Cu-ATSM (1.1) 

Figure 1-4: Structure of [64Cu]Cu-ATSM 
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1.3.2 FMISO 

Currently the most popular hypoxic radiotracer is [18F]fluoromisonidazole (FMISO) as 

depicted in Figure 1-5.7, 65-69 It utilises a nitroimidazole group, which had been 

scrutinised as an oxygen mimetic for increasing the cytotoxicity of ionising radiation in 

tissue with low intracellular oxygen. 21 

 

 

 

 

One nitroimidazole, misonidazole (1.3) shown in Figure 1-5, was used as a sensitizer for 

hypoxic cells, increasing the efficacy of ionising radiation on tumours. Misonidazole is 

metabolised through the bioreduction of the nitroimidazole group by several 

intracellular nitroreductase enzymes resulting in its irreversible trapping in hypoxic 

cells.17, 33, 37 It was proposed that FMISO undergoes metabolism through a similar 

pathway as misonidazole.33 Therefore [18F]FMISO depends on the sequential reduction 

of the nitro group located on the imidazole ring for its mechanism of uptake.16, 43, 67 The 

proposed stepwise reduction for the process is illustrated in Scheme 1-1.1 

[18F]FMISO (1.2)   Misonidazole (1.3) 

Figure 1-5: Structures of [18F]FMISO and Misonidazole 
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Scheme 1-1: Possible reduction process of the nitro group contained in 

nitroimidazole under hypoxic conditions1 

 The bioreduction of [18F]FMISO is initialised with the transfer of an electron to the nitro 

group, resulting in its conversion into a high energy radical anion intermediate. Under 

normoxic conditions this intermediate is re-oxidised however, under hypoxic conditions 

the radical anion accepts a second electron forming another intermediate which is 

sequentially reduced into an amino derivative upon protonation.16, 21, 33 Each of the 

subsequent steps is assisted by addition of proton to the variously charged negative 

intermediates.5, 70 The proton-coupled electron transfer could possibly occur through 

the involvement of acids in the process. The amino derivative is capable of binding to 

macromolecules in the cell, resulting in its retention within hypoxic cells; the mechanism 

of retention is demonstrated in Scheme 1-2.5, 17, 37, 41, 70 

 

Scheme 1-2: Mechanism of retention for [18F]FMISO5, 70 
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It is possible that the retention of [18F]FMISO in hypoxic cells may simply be a 

consequence of the strongly basic amino-imidazole, this can be converted to its 

positively charged conjugate acid form shown in Scheme 1-3.70 This charged species 

would be trapped in the cell as diffusion  would no longer be possible across the 

lipophilic membrane.67 

 

Scheme 1-3: Possible mechanisms of retention for [18F]FMISO in hypoxic cells 

While [18F]FMISO is a stable radiopharmaceutical that shows uptake into hypoxic 

tumours with a pO2 value of less the 10 mmhg, it has some drawbacks.5, 21, 41 [18F]FMISO 

displays slow accumulation in hypoxic tissue and slow clearance from normoxic tissue 

resulting in a low target to background ratio and therefore low contrast images.23, 71 

Additionally patients must wait 2 hours between administration of the tracer and the 

PET scan.71 These shortcomings have led to a desire for improved hypoxia imaging 

agents that would exhibit more favourable pharmacokinetics and radiopharmaceutical 

properties. 
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1.4 Research background 

Nitrogen mustard moieties have been incorporated into a range of potential 

chemotherapeutic agents for cancer chemotherapy, the characteristic bis-

(chloroethyl)amine functional groups for these nitrogen mustards is shown in Figure 

1-6.22, 72-74 

 

Figure 1-6: bis-(chloroethyl)amine functional group in the nitrogen mustards 

It’s thought that nitrogen mustards exert their cytotoxic effects though their ability to 

alkylate DNA and other biological nucleophiles. Neighbouring group participation from 

the nitrogen allows the displacement of the chloride leaving group forming the reactive 

aziridine intermediate giving the nitrogen mustards their high reactivity as alkylating 

agents.75-76 Sun Z. et al developed and tested several sulfoxide nitrogen mustards 1.4-

1.8 shown in Table 1-4.27 

 Table 1-4: Structures of Sulfoxides 1.4-1.8 

 

 

 

 

 

Sulfoxide R 

1.4 CH3 

1.5 CH3CH2CH2 

1.6 Ph 

1.7 (ClCH2CH2)2NPh 

1.8 O2NPh 
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Studies originally carried out by Sun Z. et al highlighted the potential of diaryl sulfoxides 

to act as hypoxia selective cytotoxins, as they exhibited hypoxia directed bioreduction. 

Under normal conditions these molecules are stable due to the electron withdrawing 

effects exhibited by para-sulfoxides resulting in low nitrogen reactivity. Under hypoxic 

conditions the sulfoxide is believed to undergo bioreduction, as shown in Figure 1-7, to 

the reactive thioether. The sulphide then activates the nitrogen allowing for the 

formation of the azridinium ion. Presumably the ion then undergoes reaction with 

biological nucleophiles resulting in the irreversible retention in the cell, although 

extensive research into the exact mechanism of action has not been carried out yet. 27 

 

 

 

 

 

They also reported the hypoxia selective cytotoxicity of the sulfoxides 1.4-1.8 shown in 

Table 1-5.27 A previous PhD student chose the methyl sulfoxide 1.4 and 4-nitrophenyl 

sulfoxide 1.8 as the basis of a potential imaging agent for hypoxic tissue.77  Despite the 

methyl sulfoxide 1.4 having a lower hypoxic selectivity of 3; however its relative ease of 

synthesis makes it an appealing target. The 4-nirophenyl sulfoxide 1.8 was chosen due 

to its much higher hypoxia selectivity of 20. 

Figure 1-7: Mechanism of retention for the Sulfoxide containing nitrogen mustard 1.4 
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Table 1-5: Hypoxia-selective cytotoxicity for the nitrogen mustards 1.4-1.8 

Compound IC90(µM)-aira IC90(µM)-N2
a Hypoxic 

Selectivityb 

1.4 944 370 3 

1.5 953 319 3 

1.6 2012 189 11 

1.7 3094 184 17 

1.8 3680 182 20 

aIC90: drug concentration (µM) required to reduce cell survival to 10% of controls using 

V-79 cells in the clonogenic assay. bHypoxia selectivity is expressed as a ratio of IC90 

values in air and N2 [IC90(air)/IC90(N2)] 

As nitrogen mustards have been previously covered by other members of the White 

group please refer to the theses “Synthesis and biological analysis of novel Fluorine-18 

positron emission tomography (PET) imaging agents for hypoxic tissues in tumours”1 and 

“Synthesis, Radiolabelling and Evaluation of Novel Imaging Agents for Hypoxic Tissue”55 

for more details. 

 

1.4.1 Previous Studies 

Dr Cheryl Falzon was the first member of the White group in association with Austin 

Health to prepare a new class of hypoxia selective imaging agent based on the sulfoxides 

1.4 and 1.8.55 The two resulting radiotracers [18F]SO101(1.9) and [18F]SO201(1.10) are 

presented in Figure 1-8.  



24 
 

 

[18F]SO101 (1.9)   [18F]SO201 (1.10) 

Figure 1-8: structures of the radiotracers [18F]1.9 and [18F]1.10 

 

Both radiotracers [18F]1.9 and [18F]1.10 were prepared through a halogen exchange 

Fluorine-18 radiolabelling technique from their nitrogen mustard precursors, N,N-bis-

chloroethylamino-phenylsufoxides 1.4 and 1.8 as outlined in Scheme 1.4. Both reactions 

were performed at 100oC for 15 minutes using noncarrier added F-18, they had 

radiochemical yields of 40% and 27% respectively, however it is not stated as to whether 

this is decay corrected or not. 

 

Scheme 1-4: Synthesis of the radiotracers [18F]1.9 and [18F]1.10 and their 

corresponding mechanism of retention in hypoxic cells. 

 

 The proposed mechanism for retention of the radiotracers [18F]1.9 and [18F]1.10 in 

hypoxic cells is also illustrated in Scheme 1-4. The mechanism of retention for the 
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sulfoxides [18F]1.9 and [18F]1.10 is believed to follow a similar pathway to the original 

sulfoxide moieties 1.4 and 1.8 respectively.77 Firstly, the radiotracer undergoes 

bioreduction under hypoxic conditions at the sulfoxide group reducing it to a sulfide. 

[18F]1.9 and [18F]1.10 are reduced to the sulfides [18F]1.11 and [18F]1.12 respectively. 

Sulfides [18F]1.11 and [18F]1.12 are then able to form their highly reactive azridinium ions 

[18F]1.13 and [18F]1.14, which can alkylate molecules within the hypoxic cells resulting 

in cell retention.76 

Lipophilicity studies performed in-vitro for both [18F]SO101(1.9) and [18F]SO201(1.10) 

are shown in Table 1-6 comparing their results to [18F]FMISO(1.2). The study was 

conducted with the lipophilicity defined as the partition coefficient value (logP value). 

The radiotracers [18F]SO101(1.9) and [18F]SO201(1.10) exhibit higher lipophilicity than 

[18F]FMISO(1.2) shown through their respective logP values.55 

Table 1-6: LogP values of [18F]SO101, [18F]SO201 and [18F]FMISO 

Radiotracer LogP values 

[18F]FMISO (1.1) 0.054 

[18F]SO101 (1.9) 1.210 

[18F]SO201 (1.10) 1.734 

 

Further studies performed in-vivo using a induced stroke rat model validated the in-vitro 

findings with both [18F]SO101(1.9) and [18F]SO201(1.10) displaying faster uptake in 

hypoxic tissue compared to [18F]FMISO(1.1).55 With the combination of both the animal 

and lipophilicity studies it can be assumed that the new class of sulfoxide tracers have 
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better pharmacokinetics for crossing the blood brain barrier compared to 

[18F]FMISO(1.1) due to their more favourable LogP values.  

Despite the initial potential that [18F]SO101(1.9) and [18F]SO201(1.10) exhibited as 

hypoxia imaging agents in the stroke model rats, the compounds were deemed 

unsuitable for routine use; this was due to its structural similarities to those of highly 

toxic nitrogen mustards.  Structural modifications were required for the sulfoxides to 

remove the similarities while retaining their hypoxia selectivity.1 

Dr Evelyn Laurens continued on the project synthesising several potential hypoxia 

radiotracers including a structural derivative of [18F]SO201(1.10), [18F]SO501(1.15) 

shown in Figure 1-9. The major structural change between [18F]SO501(1.15) and 

[18F]SO201(1.10)  was the addition of ester functionality through the addition of an ethyl 

acetate group replacing the chloroethyl group. 1 

 

[18F]SO501 (1.15) 

Figure 1-9: Structure of [18F]SO501 (1.15) 

 

The radiotracer [18F]SO501(1.15) is prepared from the precursor sulfoxide 2.04 via 

halogen exchange as illustrated in Scheme 1-5. The proposed mechanism of retention 

involves its introduction to a hypoxic environment where the sulfoxide is reduced to a 

sulphide; this will allow activation of the amino moiety leading to the formation of a 
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highly reactive α-lactone ion. This α-lactone has the ability to alkylate DNA or other 

intracellular molecules leading to its retention in the cell.1 
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Scheme 1-5: Synthesis of the radiotracer [18F]1.15 and its proposed mechanism of 

retention in hypoxic cells.1 

 

In-vitro studies performed on [18F]SO501(1.15) calculated that it has a LogP value of 

2.45, indicating that its lipophilicity is suitable for crossing cell membranes. It was also 

found to be stable during its metabolism study in the presence of a cytochrome p450 

assay with more than 80% intact after a 2 hour period and no defluorination.1 

[18F]SO501(1.15) showed solid results during it’s in-vivo mouse studies with SK-RC-52 

tumours, which are shown to become hypoxic when they surpass 300mm3.1  The time 

activity curves are shown in Figure 1-10, [18F]SO501(1.15) had an average tumour to 

muscle ratio of 2.27, while [18F]FMISO(1.1) has a ratio of 2.59. However, 
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[18F]SO501(1.15)  reaches a 1:1 ratio of tumour to muscle after 20minutes post injection 

compared to [18F]FMISO(1.1), where it wasn’t observed until 60 minutes post injection.1 

 

Figure 1-10: TACs for tumour and muscle for [18F]1.15 (top) and [18F]1.1 (bottom)1 

 

The advantage of the quicker uptake time of [18F]SO501(1.15) is demonstrated in Figure 

1-11 where the tumours are clearly visible at 50 minutes but imaging [18F]FMISO(1.1) at 

the same post injection time showed little  contrast between tumours and muscle. 
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Figure 1-11: Coronal positron emission tomography (PET) images of [18F]1.15 (left) 

and [18F]1.1 (right) at 50 minutes post injection 

 

Although [18F]SO501(1.15) displayed good imaging quality and favourable uptake values 

it suffered from low labelling yields with non-decay corrected yields of 1.18% (decay 

corrected radiochemical yield 2.5%) making it unlikely to ever be used in a clinical 

application.1 This was due to the method of radiolabelling which was via halogen 

exchange of the chloride; therefore a different method of radiolabelling would be 

required. 

1.5 Project aim 

The aim of this project was to create new radiolabelled tracers through new precursors 

in order to find a radiotracer with an increased radiochemical yield compared to that of 

SO501(1.15) while maintaining the sulfoxide moiety. This proposal involved replacing 

the chloride halogen in SO501(1.15) with a terminal alkyne group, therefore allowing 

the use of click chemistry as the radiolabelling method instead of halogen exchange.  
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Click chemistry was chosen due to the ease of synthesis of the fluoroethyl azide 

prosthetic group allowing for the automation of the radiosynthesis. Fluoroethyl azide is 

ideal as a prosthetic group as its synthesis starts from tosylethyl azide allowing for easy 

fluorination, distillation allows for separation from the remaining free fluoride. This can 

then be reacted with an appropriate precursor to form its respective radiotracer under 

relatively mild conditions, one of the advantages of click chemistry. 

Table 1-7: List of proposed precursors and their corresponding Fluorine-18 

radiotracers 

 

Precursor Radiotracer 

 
2.15; n = 1 
2.25; n = 2 
2.35; n = 3 

 
[18F]2.16; n = 1 
[18F]2.26; n = 2 
[18F]2.36; n = 3 

 
2.42; n = 1 
2.52; n = 2 

 
[18F]2.43; n = 1 
[18F]2.54; n = 2 

 
2.62; n = 2 

[18F]2.63, n = 2 
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In-vivo imaging utilising SK-RC-52 tumours implanted into BALB/c Nude mice was used 

to test the synthesised radiotracers in a pre-clinical small animal model. SK-RC-52 

Tumours become hypoxic after they grow to a certain size, determined  
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2 Synthesis of Precursors and Cold Standards 

2.1 Rationale of target precursor compounds. 

The lead compound [18F]SO501(1.15) showed favourable uptake in hypoxic tumour cells 

with good clearance from normoxic tissue.1 As such it provided a promising basis for 

further development. Utilising a terminal alkyne opens up the compound for click 

chemistry which potentially allows multiple prosthetic groups to be attached. This also 

allows ease of automation compared to substitution reactions streamlining production 

of the radiopharmaceutical. This investigation was focused on creating a series of 

compounds with slight structural changes to test their impact on cellular uptake and 

retention. To do this differing length PEG chains were used between the amine and the 

alkyne and in some cases the ester group was also subject to alteration with both the 

ethyl ester and isopropyl ester variants being synthesised. 

 

 

 

Table 2-1: List of precursors, cold standards and radiotracers 

Precursor Cold Standard Radiotracer 

 

2.15 2.16 

 

[18F]2.16 
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2.25 

 

2.26 

 

[18F]2.26 

 

2.35 2.36 

 

[18F]2.36 

 

2.42 2.43 

 

[18F]2.43 

 

2.52 

 

2.53 

 

[18F]2.53 

 

2.62 2.63 [18F]2.63 
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2.2 Proposed synthesis approach of targeted precursor 

compounds 

Using the synthetic route outlined from the synthesis of SO5O1(1.15) shown in Scheme 

2-1 was used as a starting point, only slight modification to incorporate the terminal 

alkyne should have been required.1  

 

Scheme 2-1: Synthesis of the SO501 precursor 

 

The first step was the synthesis of the alkylating agent 2-chloroethyl 

trifluoromethanesulfonate (2.02) through the reaction of 2-chloroethanol (2.00) and 

triflic anhydride (2.07). Parallel to this the sulphide ester was formed by an alkylation 

reaction between the sulphide backbone 4-nitro-4-amino-diphenylsulphide (2.01) and 

ethyl bromoacetate (2.08). The sulphide ester (2.13) and 2-chloroethyl 

trifluoromethanesulfonate (2.02) were then alkylated to give 2.03. This was followed by 

oxidised with sodium periodate to give the precursor to [18F]SO5O1 (2.04). 
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Scheme 2-2: Proposed synthesis of the triflate 2.12 

The synthesis varied initially from that presented in Scheme 2-1 due to the integration 

of terminal alkyne onto the PEG groups.  These groups were coupled to one of the 

hydroxyl terminal groups using a 2 step 1 pot reaction starting with the addition of KOH 

to PEG in a solvent free reaction. Propargyl bromide was added after 30 minutes to 

produce a terminal alkyne PEG. The isolated product was added to triflic anhydride to 

form the triflate.   

 

Scheme 2-3: Attempted synthesis to form a longer chain PEG triflate 

The synthesis for the ethylene glycol single chain group worked using this method to 

produce 2-(prop-2-yn-1-yloxy)ethyl trifluoromethanesulfonate, however shown in 

Scheme 2-3 when the length of the ethylene glycol chain was increased to 2 or more the 

triflation resulted in a self-cyclisation to give propargyl triflate and dioxane. This is where 

the molecule has reacted internally giving 2 side products instead of the desired one and 

where one of the products produced is a ring. 
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Scheme 2-4: Proposed synthesis of mesylates 2.22 and 2.32 

An alternate route was therefore required for longer ethylene glycol chains. This was 

accomplished using Scheme 2-4 where the methylsulfonates 2.22 and 2.32 were 

synthesised using methanesulfonyl chloride and propargyl diethylene glycol or 

propargyl triethylene glycol respectively. 

 

 

Scheme 2-5: Proposed synthesis of precursor 2.15 

Formation of the ethyl ester precursor 2.15 was produced using a similar method to that 

presented in Scheme 2-1. Scheme 2-5 shows how the synthesis began with the alkylation 

of 2-ethylbromo acetate followed by reaction with the propargyl triflate 2.12 and finally 

oxidation with sodium periodate to give precursor 2.15. 

 

Scheme 2-6: Proposed synthesis of precursors 2.25 and 2.35 
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For the PEG mesylates the order of reactions was reversed with alkylation first 

performed with the mesylates 2.22 or 2.32 followed by addition of the 2-ethylbromo 

acetate and finally oxidation with sodium periodate to give the precursors 2.24 and 2.34. 

 

 

Scheme 2-7: Proposed synthetic route for transesterification of 2.15 and 2.25 

respectively to the precursors 2.42 and 2.52 

 

A one step transesterification shown in Scheme 2-7 was performed using sodium 

isopropanoate on precursors 2.15 and 2.25 to synthesise 2.42 and 2.52 respectively. 

Upon completion of the reaction however, the isolated products were not the desired 

ones with the phenyl groups cleaved from the sulphide linker. 

 

Scheme 2-8: Revised synthesis for the production of 2.42 and 2.52 
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To overcome this, the transesterification was performed on 2.14 and 2.24 using sodium 

isopropanoate followed by the oxidation with sodium periodate to give 2.42 and 2.52 as 

shown in Scheme 2-8. 

2.2.1 Rationale of cold standard compounds. 

Cold standards must be prepared before any radiolabelling experiment as they are 

essential for the characterisation of any radiolabelled tracers. The cold standard 

compounds are identical in every aspect to the radiolabelled tracers with the exception 

of containing fluorine-19 instead of the radioactive fluorine-18 isotope. Identification of 

the radio tracer can be carried out by comparing its retention time with that of its 

respective cold standard using a HPLC system.  

As mentioned in chapter 1 the method of radiolabelling used for all compounds was click 

chemistry involving the [2+3] cycloaddition between an azide and alkyne. This will allow 

for the synthesis of the compounds 2.16, 2.26, 2.36, 2.43, 2.53 and 2.63.78-79 

2.2.2 Proposed Synthesis of cold standards 

The production of the cold standards will start with the synthesis of 2-fluoroethyl azide 

from 2-fluoroethyl tosylate shown in Scheme 2-9. Then the cold standards will be 

synthesised with 2-fluoroethyl azide in the presence of a Cu(I) catalyst system and the 

respective precursor, undergoing click chemistry to form a triazole. 
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Scheme 2-9: Synthesis of 2-fluoroethyl azide followed by the 1,3 cycloaddition to 

form the cold standards 

 

2.3 Results and Discussion 

Table 2-2: Overall yields for precursor compounds 

Precursor Overall 
Yield 

Precursor Overall 
yield 

S

O2N

N

O

O

O

O

 
 

2.15 

 
 
 

5.3% 

 
 

2.42 

 
 
 

1.3% 

 
2.25 

 
 
 

10.3% 

2.52 

 
 
 

3.8% 

 
2.35 

 
 
 
 

3.1% 

 
2.62 

 
 
 
 

11.1% 
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In total 6 precursor compounds were successfully synthesised as shown in Table 2-2. 

The precursors 2.15, 2.25 and 2.35 vary by the length of the peg chain, while 2.42 and 

2.52 are transesterifications of 2.15 and 2.25 respectively, having an isopropyl ester 

instead of the ethyl ester. The final precursor 2.62 was a side product from the synthesis 

of 2.25, a similar side product was observed during the synthesis of 2.35 however due 

to time constraints for later radiolabelling this product wasn’t examined further. 

Table 2-3: List of cold standards and their yields 

Cold Standard Yield Cold Standard Yield 

 
2.16 

 
 
 
 

29% 

2.43 

 
 
 
 

21% 

S

O2N

N

O

O

O

O

O

N
N

N

F

2.26 

 
 
 
 

29% 

2.53 

 
 
 
 

17% 

 
2.36 

 
 
 
 

27% 

 
2.63 

 
 
 
 

N/A 
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With the completion of the 6 precursor compounds the next step was the synthesis of 

the cold standards. The cold standards 2.16, 2.26, 2.36, 2.43 and 2.53 were synthesised 

without issue. Cold standard 2.63 was not isolated; this will be discussed further in 

chapter 2.3.2. 

Table 2-4: Summary of the retention times for the precursors and cold standards 

Precursor Retention Time (min) Cold Standard Retention Time (min) 

2.15 13.946 2.16 13.059 

2.25 13.985 2.26 13.032 

2.35 13.867 2.36 13.032 

2.42 14.337 2.43 13.357 

2.52 14.215 2.53 13.385 

2.62 13.958 2.63 13.206/13.465 

 

The retention times of both the precursor and cold standards in a HPLC system were 

recorded, all HPLCs were carried out on a reverse phase C18 column with a water to 

acetonitrile gradient (0 min, 5% ACN; 0-8min 5-90% ACN; 8-12min, 90% ACN; 12-15min: 

90-5% ACN; 15-18min: 5% ACN).  This was primarily as a reference for their respective 

radiolabelled compounds because there were no practical ways to analyse them other 

than through retention time, this is for 2 reasons; handling radioactive compounds in a 

large enough quantities to do spectroscopy would be unsafe and the length of time you 

have to work with them is limited by the half-life of the isotope used.  
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2.3.1 Synthesis of precursor compounds 

 

2.3.1.1 Preparation of precursor 2.15 

Preparation of precursor 2.15 began with the formation of 2.11 through the reaction of 

ethylene glycol with propargyl bromide. This was a solvent free reaction started with 

ground potassium hydroxide added to pure ethylene glycol at 40°C followed 30 minutes 

later by propargyl bromide at 60°C. Flash chromatography was used to separate the 

products giving a 50% yield of pure product as yellow oil. 

 

Scheme 2-10: Synthesis of 2.11 from 2.10 

The purified propargyl ethylene glycol (Propargyl-PEG-1) 2.11 was characterised by 1H 

NMR, showing a triplet at δ 2.45ppm with an integration of 1 proton and a doublet at δ 

4.20 ppm with a 2 proton integration which is indicative of the propargyl group. 

Additionally, the peaks at δ 3.65 ppm and δ 3.77 ppm are the proton signals from the 

PEG group.  The 13C NMR showed 5 unique carbon environments in accordance with the 

expected compound. 

 

Scheme 2-11: Synthesis of the triflate 2.12 

This propargyl ethylene glycol 2.11 was then added to excess triflic anhydride at 0°C 

before allowing the reaction to proceed at room temperature for an hour. After the 
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work up the propargyl-PEG-1-triflate 2.12 was obtained as a viscous pink liquid in 54% 

yield and used without further purification. 

 1H NMR showed the absence of a peak where the hydroxyl proton would be expected 

but with the expected peaks at δ 4.65ppm, δ 4.24ppm, δ 3.87ppm and δ 2.48ppm.  13C 

NMR indicated that there were now 6 carbon environments including a quartet at δ 

118.57 consistent with the expect CF3 environment.  

 

Scheme 2-12: Synthesis of 2.13 

Formation of the sulphide mono ester 2.13 began with the commercially available 4-

amino-4’-nitrodiphenyl sulphide 2.01 and ethyl bromoacetate heated at 130°C in a 

sealed tube in acetonitrile overnight. After extraction with diethyl ether, the organic 

phase was washed with sodium carbonate. Removal of the solvent gave the crude 

product as a waxy yellow solid. Flash chromatography was then used to purify the 

product giving the desired product 2.13 as yellow crystals in 90% yield. 

Characterisation of the product 2.13 showed a quartet at δ4.29 ppm and a triplet at 

δ1.32 on the 1H NMR, consistent with the expected splitting of the ethyl group. Doublets 

at δ 6.67, δ 7.09, δ 7.38 and δ 8.03 are consistent with 4 different aromatic proton 

environments and finally a broad singlet at δ 4.62 with a relative integration of 1 would 

account for the secondary amine proton. 
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Scheme 2-13: Synthesis of 2.14 

With the synthesis of 2.12 and 2.13 complete, the next step was the reaction to form 

2.14. This was accomplished using a sealed tube with acetonitrile at 130°C. Using the 

same work up as the previous step, the crude product was isolated as brown oil. 

Purification was performed using flash chromatography giving 2.14 as yellow oil in 29% 

yield. When chilled the yellow oil crystallised into sharp yellow crystals. 

The 1H NMR of 2.14 showed a few changes from that of 2.13, namely the addition of the 

alkyne triplet at δ 2.44 and the absence of the amine proton that was at δ 4.62. 

 

Scheme 2-14: Oxidation of 2.14 to form the precursor 2.15 

The final step for the formation of the precursor 2.15 was the oxidation of 2.14; this was 

accomplished by refluxing 2.14 in the presence of NaIO4. 0.8 equivalents of NaIO4 were 

used to prevent over-oxidation of the compound, given that it was more convenient to 

isolate and re-oxidise any remaining 2.14 then it would be to reduce any sulfone 

produced because of over oxidation due to the presence of the nitro group, which would 

most likely also undergo reduction. After refluxing overnight, the resultant mixture was 
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diluted with water, extracted with dichloromethane and then washed with water. After 

purification by flash chromatography the final product was yellow oil in 89% yield. 

 

Figure 2-1: 1H NMR comparing 2.14 (red) and 2.15 (blue) 

The aromatic regions ortho to the sulfoxide were characterised by downfield shifts in 

the 1H NMR spectra relative to those in the sulphide precursor. This is illustrated in 

Figure 2-1 where the change in aromatic regions is shown with peaks shifting from 

δ8.02, δ7.37, δ7.08 and δ6.70 for 2.14 to δ8.27, δ7.74, δ7.43 and δ6.64 in 2.15. 

2.3.1.2 Preparation of precursor 2.25 

The preparation of the precursor 2.25 started with the synthesis of 2.21 from the 

reaction of commercially available diethylene glycol 2.20 with propargyl bromide. This 

was accomplished in two steps by first combining 2.20 with potassium hydroxide at 40°C 

for 30 minutes followed by the addition of propargyl bromide and stirred for a further 3 
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hours at 60°C.  The crude product was brown oil which upon purification via flash 

chromatography gave light yellow oil in 48% yield. 

 

Scheme 2-15: Synthesis of the propargyl PEG-2 2.21 

Purified propargyl diethylene glycol 2.21 exhibits a similar 1H NMR spectra to 2.11. The 

characteristic alkyne triplet was shown at δ2.44 with the corresponding doublet at 

δ4.21. The main difference is the relative integration of the PEG chain protons that had 

increased to a total of 8 as expected from the previous 4.  

 

Scheme 2-16: Failed Synthesis of the triflate 2.29 

 

As explained in the chapter 2.2 the initial attempt to make precursor 2.25 was synthesis 

the triflate 2.29. This involved the reaction of propargyl 2.21 with triflic anhydride in the 

presence of polyvinyl pyridine. The resulting product was washed and the solvent 

removed to give a dark brown liquid. 
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Figure 2-2: 1H NMR of crude triflate 2.29 

NMR analysis of the product triflate 2.29 shown in Figure 2-2  has a peak around δ3.71 

which could account for the PEG group protons, however 1,4-dioxane also has a peak at 

δ3.71 in CDCl3. An important note is that this was carried to the next step because it was 

actually one of first reactions that was performed during the experimental work of this 

thesis, so there was very little operational knowledge with what the NMRs should look 

like for these compounds. Had this been carried out later, the product formed from this 

reaction would not have been carried through to the next step as it would have been 

clear that PEG groups do not show a singlet at δ3.71. 

 

S
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NH
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O

Acetonitrile,

Cs2CO3
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+ X
S
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N

O

O

O

O

2.13 2.29 2.24  

Scheme 2-17: Attempted synthesis of 2.24 

PPM 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4

SpinWorks 3:  
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The product was moved on the next step where it was reacted with the ethyl ester 2.13. 

This was performed in a sealed tube at 130°C overnight in the presence of acetonitrile. 

The product was washed and purified using flash chromatography giving yellow oil. 

 

Figure 2-3: 1H NMR from the attempted synthesis of 2.24 from 2.29 

1H NMR analysis of the product 2.24 shown in Figure 2-3 lacked the expected PEG peaks 

around δ3.70ppm. This indicates that it is unlikely that the triflate 2.29 was synthesised 

correctly. 

 

Scheme 2-18: Proposal for the actual reaction of 2.29 

The more likely products that were formed from the reaction of the propargyl 2.21 and 

triflic anhydride 2.07 would be propargyl triflate 2.28 and 1,4-dioxane. Both the 1H NMR 

and the following reaction with 2.13 support this conclusion. 
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Scheme 2-19: Synthesis of 2.27 

The product 2.27 was therefore synthesised from the reaction of 2.13 and the triflate 

2.28. Unfortunately, this product had already been tested as a precursor for 

radiolabelling by Austin Health so it was not taken any further and another route was 

required for the synthesis of precursor 2.25. 

 

Scheme 2-20: Synthesis of the PEG-2-mesylate 2.22 

Due to the initial failure of adapting the triflation method for the synthesis of 2.22 an 

alternate route was used. This utilised the less reactive methyl sulfonate leaving group. 

This reaction was performed under an inert atmosphere. The methanesulfonyl chloride 

was diluted into dichloromethane and chilled to 0°C. Compound 2.21 and 

triethylamine were combined in dichloromethane and added dropwise to the mesyl 

chloride solution, the solution was then reacted for a further hour at 25°C. Purification 

of the product was performed using a work up followed by flash chromatography to 

give brown oil in 79% yield. 

1H NMR characterisation was consistent with the expected product. The alcohol proton 

has been replaced with a singlet at δ 3.08ppm with a relative integration of 3, 

accounting for the methyl group on the methylsulfonate. 
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S
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O

O
O

S
O

O

Acetonitrile, Cs2CO3, NaI

130oC, 18h, 66% yield

2.22 2.23  

Scheme 2-21: Alkylation with 2.22 to form 2.23 

Utilising the newly formed PEG2-mesylate 2.22 an alkylation reaction was performed 

with the diphenyl sulphide starting material 2.01 in a sealed tube to form 2.23. The 

reaction was carried out in acetonitrile at 130°C overnight.  Purification of the product 

was done via extraction followed by flash chromatography to give viscous brown oil in 

66% yield. 1H NMR characterisation of 2.23 showed the typical terminal alkyne proton 

triplet at δ 2.41ppm. It is important to note that the acetonitrile used was AR grade and 

not anhydrous. This was due to the use of freshly distilled acetonitrile (anhydrous) 

resulting in only small amounts of product and starting material. A test was conducted 

to make sure that it was the acetonitrile that was the issue where the reaction was 

spiked with 0.5mL of water, the reaction proceeded normally, showing that the small 

amount of water in AR grade acetonitrile was required for the reaction to work.  

The PEG group protons integrated for 8 at δ 3.74ppm with the amine proton showing a 

broad singlet at δ 4.47 ppm. 

 

Scheme 2-22: Formation of the ethyl ester 2.24 
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 With the synthesis of 2.23 complete the next step performed was the addition of the 

ethyl ester group. The reaction was carried out at 130°C overnight in a sealed tube with 

acetonitrile as the solvent combining 2.23 with ethyl bromoacetate 2.05 in the presence 

of Cs2CO3 and NaI. After cooling to room temperature, the reaction mixture was diluted 

with diethyl ether and washed with saturated sodium bicarbonate. Purification was 

performed using flash chromatography yielding the pure product as brown oil in 75% 

yield. 

1H NMR analysis showed a loss of the NH proton from the previous compound as 

expected. The addition of the ester group was characterised by the triplet located at δ 

1.30ppm with a relative integration of 3.  

 

 

Scheme 2-23: Oxidation to form the precursor 2.25 

The final step for the preparation of precursor 2.25 was the oxidation of 2.24. This was 

performed by refluxing 2.24 in methanol in the presence of NaIO4. Only 0.8 equivalents 

of the oxidising agent were used to prevent over oxidation of the product.  Upon 

completion of the reaction the mixture was diluted with water before it was extracted 

with dichloromethane. The organic phase was then washed with water, the solvent 

removed and flash chromatography was performed on the crude product. The final pure 

product was yellow oil in 57% yield.   
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The 1H NMR shows shifts in the aromatic region consistent with the oxidation of the 

sulfide to a sulfoxide. The aromatic peaks have shifted from δ8.04ppm, δ7.38ppm, 

δ7.10ppm and δ6.71ppm to δ8.31ppm, δ7.78ppm, δ7.45ppm and δ6.66ppm. 

2.3.1.3 Preparation of precursor 2.35 

 

Scheme 2-24: Synthesis of the PEG-3 Propargyl 2.31 

Synthesis of the third precursor 2.35 began with the propargylation of triethylene glycol 

2.30 by first reacting it with potassium hydroxide for 30 minutes at 40°C followed by the 

addition of propargyl bromide with another 3 hours of stirring at 60°C. The reaction 

mixture was then diluted with water and acidified with HCl before it was extracted with 

ethyl acetate. The organic layer was then washed with further water before the solvent 

was removed and the crude product was purified via flash chromatography to give the 

pure product as light yellow oil in 55% yield. 

1H NMR showed the characteristic alkyne peaks with the triplet at δ2.42ppm and the 

doublet at δ4.22ppm. The PEG group protons all show up in the δ3.62-3.75ppm range 

as a multiplet. 
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Scheme 2-25: Formation of the PEG-3 Mesylate 2.3 

Similarly to the synthesis of the PEG-2 mesylate 2.22 the production of the PEG-3 

mesylate 2.32 involved first diluting the mesyl chloride in dichloromethane. This mixture 

was cooled to 0°C and the propargyl PEG-3 2.31 was added dropwise to the solution. 

Once the addition was complete the reaction was brought up to room temperature and 

stirred for a further hour. More dichlormethane was added to dilute the reaction before 

it was quenched in chilled water to remove any remaining mesyl chloride. After further 

washing the solvent was removed and the crude product was purified by flash 

chromatography to give yellow oil in 78% yield. 

The distinct methyl singlet at δ3.08ppm and the proparyl triplet δ2.44ppm and doublet 

δ4.20ppm indicate that the target compound was made as they occupy the terminal 

ends of the PEG-3 chain.  

 

Scheme 2-26: Synthesis of 2.33 

With the mesylate 2.32 the next step in the route was to alkylate the 4-amino-4’-

nitrodiphenyl sulphide backbone. This was performed overnight in a sealed tube at 

130°C in acetonitrile with NaI and Cs2CO3. The reaction was diluted with diethyl ether 
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and washed. After the solvent was removed and purification with flash chromatography 

the product was a viscous brown oil in 34% yield. 

Analysis of the product by 1H NMR showed a NH triplet at δ4.50ppm consistent with 

expectations. The characteristic alkyne peaks are at δ2.46ppm and δ4.20ppm and the 4 

expected aromatic peaks are at δ8.01ppm, δ7.33ppm, δ7.07ppm and δ6.67ppm. 

 

Scheme 2-27: Synthesis of 2.34 

Ethyl bromoacetate 2.05 was used in conjunction with 2.33 to form 2.34. This was 

achieved by reacting them in a sealed tube at 130° overnight. Once the reaction was 

complete the mixture was diluted with diethyl ether and washed. The solvent was then 

removed and the crude product purified with flash chromatography giving the product 

as brown oil in 43% yield. 

 1H NMR showed a loss of the NH proton that was present in 2.33 and the addition of 

the triplet peak at δ1.29ppm from the CH3 group on the end of the ester moiety.  

 

Scheme 2-28: Oxidation of 2.34 to precursor 2.35 
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The final step in the preparation of precursor 2.35 was oxidation of the sulphide to a 

sulfoxide. This was done by reacting 2.34 with 0.8 equivalents of NaIO4. Once the 

reaction was complete the solution was diluted with water and extracted with 

dichloromethane. The organic phase was then washed, the solvent removed and the 

product was purified using flash chromatography to give yellow oil in 48% yield. 

1H NMR showed the expected shifts in the aromatic region with peaks at δ8.28ppm, 

δ7.75ppm, δ7.43ppm and δ6.65ppm confirming the formation of the precursor 2.35. 

2.3.1.4 Preparation of precursor 2.42 

 

Scheme 2-29: Transesterification of 2.14 to 2.41 

Precursor 2.42 was synthesised first by the transesterification of the ethyl ester to the 

isopropyl ester. This was achieved by first reacting sodium in distilled isopropanol 

allowing the formation of sodium isopropoxide. 2.14 was then added to the solution and 

allowed to stir overnight under reflux. The isopropanol was removed and the product 

was extracted using Diethyl either was in 3 aliquots. The flask was sonicated and each 

aliquot was transferred to another flask. Once all 3 aliquots were gathered the diethyl 

ether was removed in vacuo to give the product 2.41 as yellow oil in 69% yield. 

The doublet peak at δ1.26ppm with a relative integration of 6 confirmed the 

transesterification of 2.41. 
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Scheme 2-30: Oxidation to form precursor 2.42 

With the transesterification complete the oxidation of 2.41 was carried out using 

isopropanol as the solvent instead of methanol like the previous oxidations. 2.41 and 

0.8 equivalents of NaIO4  were reacted overnight at 90°C, then the solution was diluted 

with water and extracted with dichloromethane, the organic phase was washed and 

then the solvent was removed. After purification by flash chromatography the product 

2.42 was given as yellow oil in a 26% yield. 

1H NMR analysis of 2.42 shows shifts in the aromatic region when compared to 2.41 

with peaks at δ8.30ppm, δ7.77ppm, δ7.45ppm and δ6.66ppm confirming the formation 

of the sulphoxide. 

2.3.1.5 Preparation of precursor 2.52 

 

Scheme 2-31: Transesterification of 2.24 to 2.51 

Synthesis of the precursor 2.52 began with formation of sodium isopropoxide by 

adding sodium metal to distilled isopropanol. 2.24 was then added to the solution and 

left to reflux overnight. The solvent was removed and the residue was extracted with 

diethyl ether. Isolation of the product provided yellow oil in 52% yield. 
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1H NMR showed the transesterification with a doublet at δ1.25ppm with an integration 

of 6 replacing the triplet of 2.24. 

 

Scheme 2-32: Oxidation to synthesis the precursor 2.52 

Oxidation of 2.51 was performed by combining it with 0.8 equivalents of NaIO4 in 

isopropanol and it was reacted at 90°C overnight. The mixture was diluted with water 

before it was extracted with dichloromethane. The organic phase was washed and the 

solvent removed. Flash chromatography provided the product as yellow oil in 41% yield. 

1H NMR showed shifts in the aromatic regions with peaks at δ8.28ppm, δ7.75ppm, 

δ7.43ppm and δ6.63ppm. 

2.3.1.6 Preparation of precursor 2.62 

 

Scheme 2-33: Synthesis of 2.61 

The compound 2.61 was produced as a side product for the synthesis of 2.23 however 

depending on the conditions it could be isolated in yields of up to 50% as brown oil from 

the same flash chromatography column used to purify 2.23. This is most likely due to 
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the synthesis of 2.23 using 5 equivalents of 2.22 to 1 equivalent of 2.01. The same is 

observed with the production of 2.33, which used the same ratio, however that product 

was not examined any further. The ratio was chosen just because of how easy the 

starting material was to make, just to ensure that product was made. Lowering the 

equivalents would yield less of both products 

 

Scheme 2-34: Oxidation of 2.61 to 2.62 

The synthesis of 2.62 was carried out by refluxing 2.61 in methanol with 0.8 equivalents 

of sodium periodate. After 18 hours the solution was cooled and diluted with water. 

Dichloromethane was used to perform an extraction; the solvent was removed from the 

combined organic phase and then the crude product was purified via flash 

chromatography to give 2.62 as yellow oil in 62% yield. 

2.3.2 Synthesis of the Cold standards  

 

 

Scheme 2-35: Synthesis of 2-fluoroethyl azide 2.72 

All the cold standards required 2-fluoroethyl azide 2.72 in their preparation. This was 

done by reacting 2-fluoroethyl tosylate with sodium azide in DMF overnight. The 
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product was used “as is” for the following reactions as the 2-fluoroethyl azide would be 

too dangerous to isolate so it was kept permanently in solution. 

 

The 5 cold standards 2.16, 2.26, 2.36, 2.43 and 2.53 were all synthesised following the 

same route. They were reacted with 2-fluoroethyl azide in the presence of copper 

catalyst over 3 days at room temperature. Yields varied from 15-29% and all of them 

were yellow oils. The presence of the cold standard was first confirmed with a HPLC-MS, 

providing a retention time and a low-resolution mass spectrometry. All HPLC was carried 

out using a reverse phase system with Acetonitrile(solvent A) and water with 0.1% 

formic acid(solvent B); 0 min, 5% A; 0-8min 5-90% A; 8-12min, 90% A; 12-15min: 90-5% 

A; 15-18min: 5% A. 

The retention time is important because it provides a reference for the later 

radiolabelled compounds, which cannot be identified by any other means. The 

successfully synthesised cold standards were analysed by 1H NMR and LC-MS 
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Figure 2-4: (top) graph of the total ion count of 2.15 and (top middle) the M+Z at 

13.946 minutes, (bottom middle) graph of the total ion count of 2.16 and (bottom) 

the M+Z at 13.059 minutes 
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The first part of the identification of the cold standard 2.16 was to first use the LCMS on 

the crude product to verify that the click reaction worked. Figure 2-4 shows the LCMS 

total ion current chromatography (TIC) of both the precursor 2.15 and the cold standard 

2.16; this is the summed intensity of the masses at the given point in time. The precursor 

shows up at 13.946 minutes with an M+H of 431 while the cold standard 2.16 has a 

retention time of 13.059 minutes and an M+H of 520. The cold standard retention time 

is of particular importance later as it will be used for the identification of the 

radiolabelled [18F]2.16. LCMS serves a second important function, it allowed for the 

monitoring of the cold standard synthesis, for example if no product was formed with a 

catalyst system then there would be no product in the chromatograph; so a new catalyst 

system could be added. Once the precursor had formed in sufficient quantities then the 

cold standard would be purified and characterised.  

 

Figure 2-5: 1H NMR of 2.16, inset shows a zoom of the region δ4.9-4.5ppm 
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Figure 2-5 shows the 1H NMR of 2.16, in it 4 triplets can be seen in the region from δ4.9-

4.5ppm; unfortunately, one of the peaks is obscured by another signal. This pattern is 

characteristic for all the cold standard 1H NMRs and is thought to be the from the ethyl 

fluoride. The peaks are actually 2 sets of doublets of triplets due to the splitting from 

having 2 neighbouring protons as well as a fluoride which with a spin state of ½ also acts 

like an adjacent proton. Another indictor from the NMR for the successful synthesis of 

the cold standard is the loss of the alkyne signal from δ2.45ppm and a new aromatic 

peak at δ7.58ppm associated with the triazole that was formed. 

 

 

Figure 2-6: TIC of crude cold standard 2.26 and its corresponding MS at 13.032 

minutes 

Similarly to 2.16 the cold standard 2.26 was synthesised and characterised. Figure 2-6 

shows the total ion current for 2.26 with a retention time of 13.032minutes and an M+H 

of 564.1. The NMR was analysed and showed the same results as that of 2.16 but with 

a higher proton integration due to the extra ethylene glycol group. 
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Figure 2-7: TIC of crude cold standard 2.36 and its corresponding MS at 13.032 

minutes 

2.36 was characterised by a retention time of 13.032 minutes, identical to that of 2.26. 

This is most likely due to the very similar structure of the two cold standards with 2.36 

having only one extra ethylene glycol chain. The MS however showed an M+H of 608.1 

indicating the presence of the desired cold standard.  
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Figure 2-8: TIC of crude cold standard 2.43 and its corresponding MS at 13.357 

minutes 

Figure 2-8 shows the first isopropyl variant cold standard 2.43. It has a later retention 

time of 13.357minutes compared to compound 2.16 which has an ethyl ester instead of 

the isopropyl ester of 2.43. This is further reflected in the M+H of 534 for 2.43, consistent 

with the structural differences being 14 mass units larger than the M+H of 2.16.  

 

 

Figure 2-9: TIC of crude cold standard 2.53 and its corresponding MS at 13.385 

minutes 

The TIC for cold standard 2.53 is shown in Figure 2-9, it has a retention time of 13.385 

minutes with an M+H of 578g/mol. It has a mass 14 units higher than its ethyl ester 

analogue 2.26. 
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Figure 2-10: TIC of precursor 2.62 with a retention time of 13.958 min and its 

corresponding MS 

Synthesis of the cold standard 2.63 began by HPLC analysis of the precursor 2.62 with 

the TIC shown in Figure 2-10, it has a retention time of 13.958 minutes with an M/Z of 

515.  

 

Figure 2-11: Synthesis of 2.63 and 2.64 from 2.62 
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Figure 2-12: TIC of cold standard 2.63 with a retention time of 13.206 min and its 

corresponding MS 

The cold standard reaction was set up as shown in Figure 2-11 with 2-fluoroethyl azide 

been added to the precursor 2.62 in the presence of the copper catalyst. After an hour 

of stirring at room temperate a sample was taken from the solution and tested on the 

HPLC system to determine if the reaction was proceeding. At 13.206 minutes a peak 

showing the desired product with an M+H of 604 is observed, but with the primary 

peak still been that of the precursor the reaction was left to react until 3 days had 

passed matching the reaction conditions of the previous cold standard reactions. 
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Figure 2-13: TIC at 3 days for the formation of cold standard 2.63. Compound 2.64 

retention time at 12.457minutes and the corresponding MS at that time 

After 3 days of reaction the peak at 13.206minutes for the cold standard 2.63 had 

disappeared with the corresponding M/z, instead a new peak is present in the TIC with 

a retention time of 12.457 minutes and a M/z of 693. This corresponded to the 

product that forms if both the alkyne groups from 2.62 undergo click chemistry to 

form the double reaction product 2.64.  

The inability to isolate the desired product meant that the quality control of [18F]2.63 

would have to rely entirely on the LCMS of the crude cold standard reaction mixture. 

This also meant that the UV trace contained all the by-products from the reaction 

mixture giving multiple peaks. The only way to isolate the desired retention time was by 

analysing the total ion count from the corresponding mass spectrum. 
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2.4 Experimental 

2.4.1 General 

All chemicals and solvents were purchased from Sigma-Aldrich or Merck and used as 

received. Analytical thin layer chromatography (TLC) was carried out using aluminium 

backed 0.2mm thick Merck Kieselgel Silica gel 60 GF254. UV active compounds were 

visualised under UV 254nm light. Purification steps were carried out using automated 

column chromatography with either the Biotage Isolera One located at Bio21 or 

Reveleris located at Austin Health using either; Reveleris 80g silica 40µm, Reveleris 40g 

silica 40µm, Reveleris 12g silica 40µm, Reveleris 4g silica 40µm, Biotage 50g Silica Snap 

40 µm, Biotage 25g Silica Snap 40 µm and Biotage 10g Silica Snap 40 µm. 2-Fluoroethyl 

4-toluenesulfonate was synthesised according to literature procedures. All X-ray crystal 

data was collected and refined by Prof. Jonathan White. 

Nuclear magnetic resonance (NMR) spectra 1H and 13C nuclei were recorded using a 

Varian Unity 500NMR operating at 500 and 125 MHz respectively. All 1H NMR were 

obtained using deuterochloroform solution (CDCl3) at 25˚C unless otherwise indicated. 

CDCl3 run spectra were internally referenced to residual chloroform at δ 7.26ppm. 1H 

NMR chemical shifts (δ) are reported in parts per million (ppm) and are followed, in 

brackets, by integration, multiplicity (s: singlet, d: doublet, t: triplet, m: multiplet, dd: 

doublet of doublets, dt: doublet of triplets), coupling constant (J) given in Hertz (Hz) and 

peak assignment. Proton decoupled 13C NMR chemical shifts were referenced on centre 

peak of CDCl3 (δ 77.0ppm) and the signals reported as chemical shifts (ppm). 
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Synthesis of 2.11 

 

Potassium hydroxide (3.7g, 61.7mmol) was ground under N2(g), and then ethylene glycol 

(9.45mL, 167mmol) was added. The reaction mixture was stirred for 30mins at 40oC. 

Propargyl bromide (6mL, 55.7mmol) was added and the solution stirred at 60oC for 

3hours. The mixture was diluted with 50mL of water and acidified to pH 1 with HCl 

(80mL, 1M). The crude product was then extracted with ethyl acetate (3x100mL) and 

washed with brine (2x100mL) and then dried with Na2SO4. The solvent was then 

removed in-vacuo to give the crude product as yellow oil. This was columned using a 0-

100% hexane to ethyl acetate gradient to give the pure product as yellow oil (2.79g, 

50%). 

1H NMR(500MHz, CDCl3): 4.20 (2H, d, –CH2C≡), 3.77 (2H, m, -OCH2C-), 3.65 (2H, m, -

CCH2O-), 2.45 (1H, t, -CCH), 2.26 (1H, s, HO-) 

13C NMR(125MHz, CDCl3):  80.79, 76.05, 72.54, 62.76, 59.62 

Synthesis of 2.12 

 

Trifluoromethanesulfonic anhydride 2.07 (5.03g, 3.00mL, 17.7mmol, 1.1eq.) was added 

to a stirred solution of 4-(polyvinyl) pyridine 2% crosslinked (3.5g, 32.2mmol) in dry DCM 

(50mL). Propargyl ethylene glycol 2.11 (1.16g, 16.1mmol) was then added dropwise at 

0oC before the solution was left to stir at room temperature for 1 hour. The 4-(polyvinyl) 

pyridine was filtered off and washed with DCM (10mL). The organic phase was washed 

with NaHCO3 (3 x 50mL), H2O (3 x 50mL) and dried with MgSO4. After removal of the 

solvent in-vacuo the crude product was given as yellow oil (2.02g, 54%). 
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1H NMR(500MHz, CDCl3): 4.65 (2H, m, -OCH2C-), 4.24 (2H, d, –CH2C≡), 3.87 (2H, m,      -

CCH2O-), 2.48 (1H, t, -CCH) 

13C NMR(125MHz, CDCl3):  118.57(q, CF3), 78.39, 75.43, 75.03, 66.56, 58.43 

Synthesis of 2.13 

 

Ethyl bromoacetate 2.08 (0.85g, 0.6mL, 5.29mmol, 1.3 eq.) and anhydrous caesium 

carbonate (3.91g, 12.0mmol) were added to a solution of 4-nitro-4’-aminodiphenyl 

sulphide 2.01 (1.00g, 4.06mmol) in Acetonitrile (5mL). The reaction was left to stir 

overnight at 130oC. After cooling to room temperature the solution was diluted with 

diethyl ether (90mL) and washed with NaHCO3 (3 x 50mL), H2O (3 x 50mL) and dried with 

MgSO4. Removal of the solvent in-vacuo gave the crude product as a yellow solid (1.33g, 

99%). The product was purified via flash chromatography to give yellow crystals (1.21g, 

90%). 

1H NMR(500MHz, CDCl3): 8.03 (2H, d, ArCH), 7.38(2H, d, ArCH),  7.09(2H, d, ArCH),  

6.67(2H, d, ArCH),  4.62 (1H, br s, NH), 4.29 (2H, q, CCH2CH3), 3.95 (2H, br s, -NCH2C-) 

1.32 (3H, t, -CH2CH3) 

13C NMR(125MHz, CDCl3):  170.50, 151.07, 148.47, 144.67, 137.15, 125.10, 123.80, 

115.66, 113.96, 61.56, 45.20, 14.15 
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Synthesis of 2.14 

 

To a solution of 2.06 ( 0.332g, 1.0 mmol) in acetonitrile (5mL) in a sealed tube, 2.11 

(1.63g, 7.0mmol) and anhydrous potassium carbonate (0.414g, 3.0mmol) were added. 

This was heated to 130oC and left to stir overnight. After cooling to room temperature 

the solution was diluted with diethyl ether (90mL) and washed with NaHCO3 (3 x 50mL), 

H2O (3 x 50mL) and dried with MgSO4. The crude product was purified via flash 

chromatography to give yellow crystals (0.120g, 29%). 

1H NMR(500MHz, CDCl3): 8.02 (2H, d, ArCH), 7.37(2H, d, ArCH),  7.08(2H, d, ArCH),  

6.70(2H, d, ArCH), 4.22 (2H, q, CCH2CH3), 4.17 (4H, m),3.78 (2H, t, -NCH2CH2-), 3.69 (2H, 

t, -CH2CH2O-), 2.44 (1H, t, -CCH) 1.32 (3H, t, -CH2CH3) 

13C NMR(125MHz, CDCl3): 189.89, 170.56, 168.77, 164.24, 156.53, 144.69, 143.32, 

134.41, 132.63, 98.89, 94.24, 87.42, 80.67, 78.03, 72.37, 70.95, 33.72 

 

Synthesis of 2.15 

 

To a solution of 2.14 (0.100g, 0.24mmol) in methanol (20mL), NaIO4 (0.043g, 0.20mmol) 

dissolved in H2O (1mL) was added. This was reacted at 80°C under N2(g) overnight. The 

reaction was cooled to room temperature, diluted with water (30mL) and extracted with 
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DCM (3 x 30mL). The organic phase was the washed with water (50mL) and dried with 

MgSO4. The solvent was removed in-vacuo to give a yellow residue which was purified 

via flash chromatography. The final product was a yellow oil(0.076g, 89%)  

1H NMR(500MHz, CDCl3): 8.27 (2H, d, ArCH), 7.74(2H, d, ArCH),  7.43(2H, d, ArCH),  

6.64(2H, d, ArCH), 4.16 (2H, q, CCH2CH3), 4.12 (2H, s, -NCH2C-), 4.10(2H, d, –CH2C≡), 3.78 

(2H, t, -NCH2CH2-), 3.69 (2H, t, -CH2CH2O-), 2.44 (1H, t, -CCH) 1.32 (3H, t, -CH2CH3) 

13C NMR(125MHz, CDCl3): 170.5, 153.66, 151.09, 148.99, 130.63, 128.14, 125.46, 

124.20, 112.40, 79.34, 74.89, 67.81, 61.38, 58.61, 52.97, 51.57, 14.27 

Synthesis of 2.21 

 

Potassium hydroxide (3.7g, 61.7mmol) was ground under N2(g), then diethylene glycol 

(15.8mL, 167mmol) was added. The reaction mixture was stirred for 30mins at 40oC. 

Propargyl bromide (6mL, 55.7mmol) was added and the solution stirred at 60oC for 

3hours. The mixture was diluted with 50mL of water and acidified to pH 1 with HCl 

(80mL, 1M). The crude product was then extracted with ethyl acetate (3x100mL) and 

washed with brine (2x100mL) and then dried with Na2SO4. The solvent was then 

removed in-vacuo to give the crude product as yellow oil. This was columned using a 0-

100% hexane to ethyl acetate gradient to give the pure product as yellow oil (3.85g, 

48%). 

1H NMR(400MHz, CDCl3): 4.21(2H, d, –CH2C≡), 3.73(6H, m, HOCH2CH2OCH2CH2O), 

3.61(2H, m, HOCH2C), 2.44(1H, t, -CCH) 
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Synthesis of 2.22 

 

A solution of 2.14 (1.0g, 6.94mmol) and triethylamine (1.54g, 2.12mL, 15.3mmol) in dry 

DCM (15mL) was added drop wise to a solution of methanesulfonyl chloride (1.59g, 

1.08mL, 13.9mmol) in dry DCM (35mL) at 0oC. The mixture was left to stir at room 

temperature for 1 hour before been diluted with DCM (50mL) and then quenched in 

chilled water (200mL). The organic layer was washed with water (2 x 50mL) and dried 

with MgSO4 before the solvent was removed in-vacuo. The product was purified via flash 

chromatography to give a yellow oil (1.18g, 76%) 

1H NMR(500MHz, CDCl3): 4.38 (2H, m, -SOCH2C-), 4.19 (2H, d, –CH2C≡), 3.77 (2H, m,      -

SOCH2CH2O-), 3.70 (4H, s, -OCH2CH2O-), 3.08 (3H, s, CH3S-), 2.44 (1H, t, -CCH) 

13C NMR(125MHz, CDCl3): 79.74, 75.00, 70.74, 69.54, 69.31, 58.67, 38.02 

Synthesis of 2.23 

 

To a solution of 4-nitro-4’-aminodiphenyl sulphide 2.01 (0.30g, 1.22mmol) in 

Acetonitrile (15mL) in a sealed tube, 2.22 (1.35g, 6.08mmol, 5eq.), anhydrous caesium 

carbonate (0.91g, 2.80mmol) and sodium iodide (0.792g, 5.28mmol) were added. The 

reaction was left to stir overnight at 130oC. After cooling to room temperature the 

solution was diluted with diethyl ether (90mL) and washed with NaHCO3 (3 x 50mL), H2O 

(3 x 50mL) and dried with MgSO4. Removal of the solvent in-vacuo gave the crude 
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product as a brown oil. The product was purified via flash chromatography to give 

viscous brown oil (0.30g, 66%). 

1H NMR(500MHz, CDCl3): 8.02 (2H, d, ArCH), 7.34(2H, d, ArCH),  7.08(2H, d, ArCH),  

6.68(2H, d, ArCH), 4.47 (1H, br s, NH), 4.17 (2H, d, –CH2C≡), 3.74 (8H, m, -

NCH2CH2OCH2CH2O-), 2.46 (1H, t, -CCH) 

Synthesis of 2.24 

 

To a solution of 2.23 (0.30g, 0.81mmol) in Acetonitrile (15mL) in a sealed tube, ethyl 

bromoacetate 2.08 (1.34g, 0.9mL, 8.02mmol, 10eq.), anhydrous caesium carbonate 

(1.3g, 4.00mmol) and sodium iodide (0.60g, 4.00mmol) were added. The reaction was 

left to stir overnight at 130oC. After cooling to room temperature the solution was 

diluted with diethyl ether (90mL) and washed with NaHCO3 (3 x 50mL), H2O (3 x 50mL) 

and dried with MgSO4. Removal of the solvent in-vacuo gave the crude product as a 

brown oil. The product was purified via flash chromatography to give viscous brown oil 

(0.27g, 75%). 

1H NMR(500MHz, CDCl3): 8.04 (2H, d, ArCH), 7.38(2H, d, ArCH),  7.10(2H, d, ArCH),  

6.71(2H, d, ArCH), 4.22 (6H, m), 3.72 (8H, m, -NCH2CH2OCH2CH2O-), 2.45 (1H, t, -CCH), 

1.30 (3H, t, -CH2CH3) 

13C NMR(125MHz, CDCl3): 170.46, 151.08, 149.27, 144.72, 136.99, 125.15, 123.80, 

114.74, 113.02, 79.48, 74.60, 70.52, 69.07, 69.04, 61.12, 58.39, 52.91, 51.50, 14.20 
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Synthesis of 2.25 

 

To a solution of 2.24 (0.200g, 0.44mmol) in methanol (20mL), NaIO4 (0.075g, 0.35mmol) 

dissolved in H2O (1mL) was added. This was reacted at 80°C under N2(g) overnight. The 

reaction was cooled to room temperature, diluted with water (30mL) and extracted with 

DCM (3 x 30mL). The organic phase was the washed with water (50mL) and dried with 

MgSO4. The solvent was removed in-vacuo to give a yellow residue which was purified 

via flash chromatography. The final product was a yellow oil(0.117g, 57%).  

1H NMR(500MHz, CDCl3): 8.31 (2H, d, ArCH), 7.78(2H, d, ArCH),  7.45 (2H, d, ArCH),  

6.66(2H, d, ArCH), 4.18 (6H, m), 3.66 (8H, m, -NCH2CH2OCH2CH2O-), 2.44 (1H, t, -CCH), 

1.27 (3H, t, -CH2CH3) 

Synthesis of 2.31 

 

Potassium hydroxide (3.7g, 61.7mmol) was ground under N2(g), and then triethylene 

glycol (22.3mL, 167mmol) was added. The reaction mixture was stirred for 30mins at 

40oC. Propargyl bromide (6mL, 55.7mmol) was added and the solution stirred at 60oC 

for 3hours. The mixture was diluted with 50mL of water and acidified to pH 1 with HCl 

(80mL, 1M). The crude product was then extracted with ethyl acetate (3x100mL) and 

washed with brine (2x100mL) and then dried with Na2SO4. The solvent was then 

removed in-vacuo to give the crude product as yellow oil. This was purified via flash 

chromatography to give the pure product as yellow oil (5.77g, 55%). 
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1H NMR(500MHz, CDCl3): 4.22 (2H, d, –CH2C≡), 3.75 (10H, m, –OCH2CH2O-), 3.62 (2H, m, 

–OCH2CH2OCH2CCH), 2.42 (1H, t, –CCH) 

 13C NMR(125MHz, CDCl3): 79.5, 74.7, 72.5, 70.5, 70.19, 70.16, 68.9, 61.4, 58.2 

Synthesis of 2.32 

 

A solution of 2.31 (1.0g, 5.3mmol) and triethylamine (1.17g, 1.6mL, 11.7mmol) in dry 

DCM (15mL) was added drop wise to a solution of methanesulfonyl chloride (1.2g, 

0.82mL, 10.6mmol) in dry DCM (35mL) at 0oC. The mixture was left to stir at room 

temperature for 1 hour before been diluted with DCM (50mL) and then quenched in 

chilled water (200mL). The organic layer was washed with water (2 x 50mL) and dried 

with MgSO4 before the solvent was removed in-vacuo. The product was purified via flash 

chromatography to give a yellow oil (1.1g, 78%) 

1H NMR(500MHz, CDCl3): 4.38 (2H, m, -SOCH2C-), 4.20 (2H, d, –CH2C≡), 3.77 (2H, m,      -

SOCH2CH2O-), 3.70 (8H, s, -OCH2CH2O-), 3.08 (3H, s, CH3S-), 2.44 (1H, t, -CCH) 

13C NMR(125MHz, CDCl3): 79.46, 74.52, 70.42, 70.35, 70.20, 69.22, 68.91, 68.84, 58.19, 

37.56 

Synthesis of 2.33 

 

To a solution of 4-nitro-4’-aminodiphenyl sulphide 2.01 (0.30g, 1.22mmol) in 

Acetonitrile (15mL) in a sealed tube, 2.32 (1.6g, 6.08mmol, 5eq.), anhydrous caesium 
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carbonate (0.91g, 2.80mmol) and sodium iodide (0.792g, 5.28mmol) were added. The 

reaction was left to stir overnight at 130oC. After cooling to room temperature the 

solution was diluted with diethyl ether (90mL) and washed with NaHCO3 (3 x 50mL), H2O 

(3 x 50mL) and dried with MgSO4. Removal of the solvent in-vacuo gave the crude 

product as a brown oil. The product was purified via flash chromatography to give 

viscous brown oil (0.174g, 34%). 

1H NMR(500MHz, CDCl3): 8.01 (2H, d, ArCH), 7.33(2H, d, ArCH),  7.07(2H, d, ArCH),  

6.67(2H, d, ArCH), 4.50 (1H, t, NH), 4.20 (2H, d, –CH2C≡), 3.70 (12H, m, -

NCH2CH2OCH2CH2O-), 2.46 (1H, t, -CCH) 

13C NMR(125MHz, CDCl3): 151.43, 149.80, 144.72, 137.16, 125.09, 123.83, 114.66, 

113.97, 79.56, 74.60, 70.58, 70.45, 70.30, 69.26, 69.10, 58.41, 43.10 

Synthesis of 2.34 

 

To a solution of 2.33 (0.15g, 0.36mmol) in Acetonitrile (15mL) in a sealed tube, ethyl 

bromoacetate 2.08 (0.60g, 0.4mL, 3.6mmol, 10eq.), anhydrous caesium carbonate (.59g, 

1.8mmol) and sodium iodide (0.27g, 1.8mmol) were added. The reaction was left to stir 

overnight at 130oC. After cooling to room temperature the solution was diluted with 

diethyl ether (90mL) and washed with NaHCO3 (3 x 50mL), H2O (3 x 50mL) and dried with 

MgSO4. Removal of the solvent in-vacuo gave the crude product as a brown oil. The 

product was purified via flash chromatography to give viscous brown oil (0.90g, 43%). 
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1H NMR(500MHz, CDCl3): 8.03 (2H, d, ArCH), 7.37(2H, d, ArCH),  7.09(2H, d, ArCH),  

6.69(2H, d, ArCH), 4.21 (6H, m), 3.69 (12H, m, -NCH2CH2(OCH2CH2)2O-), 2.43 (1H, t, -

CCH), 1.29 (3H, t, -CH2CH3) 

13C NMR(125MHz, CDCl3): 170.53, 151.14, 149.34, 144.75, 137.03, 125.19, 123.84, 

114.71, 113.07, 79.61, 74.61, 70.71, 70.63, 70.44, 69.08, 69.06, 61.16, 58.38, 52.91, 

51.54, 14.24 

Synthesis of 2.35 

 

To a solution of 2.34 (0.08g, 0.16mmol) in methanol (20mL), NaIO4 (0.026g, 0.12mmol) 

dissolved in H2O (1mL) was added. This was reacted at 80°C under N2(g) overnight. The 

reaction was cooled to room temperature, diluted with water (30mL) and extracted with 

DCM (3 x 30mL). The organic phase was the washed with water (50mL) and dried with 

MgSO4. The solvent was removed in-vacuo to give a yellow residue which was purified 

via flash chromatography. The final product was a yellow oil(0.040g, 48%).  

1H NMR(500MHz, CDCl3): 8.28 (2H, d, ArCH), 7.75(2H, d, ArCH),  7.43(2H, d, ArCH),  

6.65(2H, d, ArCH), 4.16 (6H, m), 3.63 (12H, m, -NCH2CH2(OCH2CH2)2O-), 2.43 (1H, t, -

CCH), 1.24 (3H, t, -CH2CH3) 

13C NMR(125MHz, CDCl3): 170.08, 153.59, 151.08, 148.9, 130.36, 128.08, 125.39, 

124.12, 112.25, 79.58, 74.60, 70.70, 70.58, 70.41, 69.05, 68.87, 61.26, 58.37, 52.92, 

51.58, 14.19 
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Synthesis of 2.41 

 

2.14 (0.100g, 0.24mmol) was dissolved in dry isopropanol (15mL) to this a solution of 

Sodium Isopropoxide in isopropanol was added (10%, 2mL), this was left to reflux 

overnight under N2. The reaction was cooled then the solvent was removed in-vacuo 

leaving a yellow residue. Diethyl ether (3x20mL) was added and the mixture was 

sonicated and then filtered between each addition. The filtrates were combined and the 

solvent was removed to give the pure product as yellow oil (0.072g, 69%) 

1H NMR(500MHz, CDCl3): 8.02 (2H, d, ArCH), 7.38(2H, d, ArCH),  7.08(2H, d, ArCH),  

6.69(2H, d, ArCH), 5.08 (1H, m, -CH(CH3)2), 4.18(2H, d, -OCH2CCH), 4.14(2H, s, -NCH2OO-

), 3.79 (2H, t, -NCH2CH2O-), 3.70(2H, t, -NCH2CH2O-), 2.44 (1H, t, -CCH), 1.26 (6H, d, -

CH(CH3)2) 

13C NMR(125MHz, CDCl3): 169.90, 151.08, 149.29, 144.74, 137.00, 125.17, 123.81, 

114.88, 113.09, 79.362, 74.72,68.87, 67.86, 58.54, 53.15, 51.51, 21.79 

Synthesis of 2.42 

 

To a solution of 2.41(0.070g, 0.16mmol) in dry isopropanol (20mL), NaIO4 (0.028g, 

0.13mmol) was added. This was reacted at 90°C under N2(g) overnight. The reaction was 

cooled to room temperature, diluted with water (30mL) and extracted with DCM (3 x 
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30mL). The organic phase was the washed with water (50mL) and dried with MgSO4. The 

solvent was removed in-vacuo to give a yellow residue which was purified via flash 

chromatography. The final product was a yellow oil(0.019g, 26%).  

1H NMR(500MHz, CDCl3): 8.30 (2H, d, ArCH), 7.77(2H, d, ArCH),  7.45(2H, d, ArCH),  

6.66(2H, d, ArCH), 5.05 (1H, m, -CH(CH3)2), 4.14(2H, d, OCH2CCH), 4.10(2H, s, -NCH2OO-

), 3.73 (2H, t, -NCH2CH2O-), 3.65 (2H, t, -NCH2CH2O-), 2.43 (1H, t, -CCH), 1.23 (6H, d, -

CH(CH3)2) 

13C NMR(125MHz, CDCl3): 169.44, 153.56, 151.03, 148.88, 130.49, 128.03, 125.35, 

124.08, 112.26, 79.21, 74.77, 69.04, 67.65, 58.52, 53.13, 51.52, 21.74  

Synthesis of 2.51 

 

2.24 (0.076g, 0.16mmol) was dissolved in dry isopropanol (15mL) to this a solution of 

Sodium Isopropoxide in isopropanol was added (10%, 2mL), this was left to reflux 

overnight under N2. The reaction was cooled then the solvent was removed in-vacuo 

leaving a yellow residue. Diethyl ether (3x20mL) was added and the mixture was 

sonicated and then filtered between each addition. The filtrates were combined and the 

solvent was removed to give the pure product as yellow oil (0.042g, 52%) 

1H NMR(500MHz, CDCl3): 8.02 (2H, d, ArCH), 7.37(2H, d, ArCH),  7.08(2H, d, ArCH),  

6.68(2H, d, ArCH), 5.08 (1H, m, -CH(CH3)2), 4.20 (2H, d, OCH2CCH), 4.14(2H,s, -NCH2OO-

), 3.69(8H, m), 2.43 (1H, t, -CCH), 1.25 (6H, d, -CH(CH3)2) 
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13C NMR(125MHz, CDCl3): 169.97, 151.11, 149.32, 144.72, 136.98, 125.14, 123.80, 

114.69, 113.00, 79.46, 74.59, 70.53, 69.04, 69.01, 68.83, 58.39, 53.19, 51.58, 21.78 

Synthesis of 2.52 

 

To a solution of 2.51 (0.085g, 0.18mmol) in dry isopropanol (20mL), NaIO4 (0.031g, 

0.14mmol) was added. This was reacted at 90°C under N2(g) overnight. The reaction was 

cooled to room temperature, diluted with water (30mL) and extracted with DCM (3 x 

30mL). The organic phase was the washed with water (50mL) and dried with MgSO4. The 

solvent was removed in-vacuo to give a yellow residue which was purified via flash 

chromatography. The final product was a yellow oil (0.036g, 41%).  

1H NMR(500MHz, CDCl3): 8.28(2H, d, ArCH), 7.75(2H, d, ArCH),  7.43(2H, d, ArCH),  

6.63(2H, d, ArCH), 5.03 (1H, m, -CH(CH3)2), 4.15(2H, d, OCH2CCH), 4.09(2H,s, -NCH2OO-

), 3.64(8H, m), 2.42(1H, t, -CCH), 1.21(6H, d, -CH(CH3)2) 

13C NMR(125MHz, CDCl3): 169.52, 153.56, 151.08, 148.87, 130.30, 128.04, 125.35, 

124.07, 112.20, 79.42, 74.63, 70.52, 69.01, 68.83, 58.37, 53.18, 51.61 21.75 

Synthesis of 2.61 
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To a solution of 4-nitro-4’-aminodiphenyl sulphide 2.04 (0.30g, 1.22mmol) in 

Acetonitrile (15mL) in a sealed tube, 2.17 (1.35g, 6.08mmol, 5eq.), anhydrous caesium 

carbonate (0.91g, 2.80mmol), water (0.5mL) and sodium iodide (0.792g, 5.28mmol) 

were added. The reaction was left to stir overnight at 130oC. After cooling to room 

temperature the solution was diluted with diethyl ether (90mL) and washed with 

NaHCO3 (3 x 50mL), H2O (3 x 50mL) and dried with MgSO4. Removal of the solvent in-

vacuo gave the crude product as brown oil. The product was purified via flash 

chromatography to give 2.61 as a viscous brown oil (0.298g, 49%). 

Synthesis of 2.62 

 

To a solution of 2.61 (0.10g, 0.2mmol) in methanol (20mL), NaIO4 (0.g, 0.mmol) dissolved 

in H2O (1mL) was added. This was refluxed under N2(g) overnight. The reaction was 

cooled to room temperature, diluted with water (30mL) and extracted with DCM (3 x 

30mL). The organic phase was the washed with water (50mL) and dried with MgSO4. The 

solvent was removed in-vacuo to give a yellow residue which was purified via flash 

chromatography. The final product was a yellow oil(0.063g, 62%)  
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2-[19F]Fluoroethyl Azide  2.72 

 

Sodium azide (65mg, 1 mmol) was added to a solution of 2-fluoroethyl-4-

toluenesulfonate (218mg, 1mmol) in 10mL of anhydrous DMF. The mixture was stirred 

at room temperature for 24hours to give the crude product which was used without 

further purification. 

 

Preparation of the copper catalyst for click chemistry 

H2O (250µL) was added to CuI (2.5mg, 0.013mmol) and sodium ascorbate (22.9mg, 

0.13mmol). To this mixture diisopropylethylamine (25µL, 0.14mmol), DMF (250µL) and 

acetonitrile (250µL) were added. This mixture was used in it’s entirety to catalyse each 

click reaction. 

 

Synthesis of 2.16 

 

To a stirred solution of 2.15 (20mg, 0.046mmol) in acetonitrile, the prepared copper 

catalyst mixture was added. 2-[19F]fluoroethyl azide solution (2.72) (3eq.) was then 

added and the reaction left to stir for 72 hours at room temperature. The majority of 

the solvent was removed in-vacuo and the remaining was diluted with water (3mL) 
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before it was extracted with Ethyl acetate (3x 10mL). The organic phase was diluted with 

ethyl acetate (30mL) and dried with MgSO4. The crude product was dried in-vacuo and 

purified via flash chromatography to afford a yellow residue (7mg, 29%). 

1H NMR(500MHz, CDCl3): 8.27 (2H, d, ArCH), 7.77(2H, d, ArCH), 7.57(1H, s, ArCH),  

7.44(2H, d, ArCH),  6.65(2H, d, ArCH), 4.82(2H, dt, -CH2CH2F), 4.73(2H, dt, -CH2CH2F),   

4.62(2H, s, OCH2Ar), 4.17 (2H, q, CCH2CH3), 4.12(2H, s, -NCH2C-), 3.74(2H, t, -NCH2CH2-), 

3.64 (2H, t, -CH2CH2O-), 1.25 (3H, t, -CH2CH3) 

Synthesis of 2.26 

 

To a stirred solution of 2.25 (22.1mg, 0.046mmol) in acetonitrile, the prepared copper 

catalyst mixture was added. 2-[19F]fluoroethyl azide solution (2.72) (3eq.) was then 

added and the reaction left to stir for 72 hours at room temperature. The majority of 

the solvent was removed in-vacuo and the remaining was diluted with water (3mL) 

before it was extracted with Ethyl acetate (3x 10mL). The organic phase was diluted with 

ethyl acetate (30mL) and dried with MgSO4. The crude product was dried in-vacuo and 

purified via flash chromatography to afford a yellow residue (7.7mg, 29%). 

1H NMR(500MHz, CDCl3): 8.29 (2H, d, ArCH), 7.76(2H, d, ArCH), 7.65(1H, s, ArCH),  

7.43(2H, d, ArCH),  6.65(2H, d, ArCH), 4.84(2H, dt, -CH2CH2F), 4.75(2H, dt, -CH2CH2F),   

4.66(2H, s, OCH2Ar), 4.18 (2H, q, CCH2CH3), 4.13(2H, s, -NCH2C-), 3.64(8H, m, -

NCH2CH2OCH2CH2O-),  1.25 (3H, t, -CH2CH3) 



85 
 

Synthesis of 2.36 
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To a stirred solution of 2.35 (25.4mg, 0.049mmol) in acetonitrile, the prepared copper 

catalyst mixture was added. 2-[19F]fluoroethyl azide solution (2.72) (3eq.) was then 

added and the reaction left to stir for 72 hours at room temperature. The majority of 

the solvent was removed in-vacuo and the remaining was diluted with water (3mL) 

before it was extracted with Ethyl acetate (3x 10mL). The organic phase was diluted with 

ethyl acetate (30mL) and dried with MgSO4. The crude product was dried in-vacuo and 

purified via flash chromatography to afford a yellow residue (8.1mg, 27%). 

1H NMR(500MHz, CDCl3): 8.30(2H, d, ArCH), 7.77(2H, d, ArCH), 7.69(1H, s, ArCH),  

7.44(2H, d, ArCH),  6.65(2H, d, ArCH), 4.84(2H, dt, -CH2CH2F), 4.75(2H, dt, -CH2CH2F),   

4.68(2H, s, OCH2Ar), 4.18(2H, q, CCH2CH3), 4.14(2H, s, -NCH2C-), 3.65(12H, m, -

NCH2CH2(OCH2CH2)2O-),  1.25 (3H, t, -CH2CH3) 

Synthesis of 2.43 

 

To a stirred solution of 2.42 (23.7mg, 0.053mmol) in acetonitrile, the prepared copper 

catalyst mixture was added. 2-[19F]fluoroethyl azide solution (2.72) (3eq.) was then 

added and the reaction left to stir for 72 hours at room temperature. The majority of 
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the solvent was removed in-vacuo and the remaining was diluted with water (3mL) 

before it was extracted with Ethyl acetate (3x 10mL). The organic phase was diluted with 

ethyl acetate (30mL) and dried with MgSO4. The crude product was dried in-vacuo and 

purified via flash chromatography to afford a yellow residue (6.3mg, 21%). 

1H NMR(500MHz, CDCl3): 8.29(2H, d, ArCH), 7.76(2H, d, ArCH), 7.57(1H, s, ArCH),  

7.43(2H, d, ArCH),  6.63(2H, d, ArCH), 5.02(1H, septet, CCH(CH3)2), 4.81(2H, dt, -CH-

2CH2F), 4.73(2H, dt, -CH2CH2F),   4.63(2H, s, OCH2Ar), 4.06(2H, s, -NCH2C-), 3.73(2H, t, -

NCH2CH2-), 3.63 (2H, t, -CH2CH2O-), 1.20 (6H, d, -CH(CH3)2) 

Synthesis of 2.53 

 

To a stirred solution of 2.52 (28.2mg, 0.058mmol) in acetonitrile, the prepared copper 

catalyst mixture was added. 2-[19F]fluoroethyl azide solution (2.15) (3eq.) was then 

added and the reaction left to stir for 72 hours at room temperature. The majority of 

the solvent was removed in-vacuo and the remaining was diluted with water (3mL) 

before it was extracted with Ethyl acetate (3x 10mL). The organic phase was diluted with 

ethyl acetate (30mL) and dried with MgSO4. The crude product was dried in-vacuo and 

purified via flash chromatography to afford a yellow residue (5.6mg, 17%) 

1H NMR(500MHz, CDCl3): 8.29(2H, d, ArCH), 7.76(2H, d, ArCH), 7.66(1H, s, ArCH),  

7.43(2H, d, ArCH),  6.64(2H, d, ArCH), 5.03(2H, septet, CCH(CH3)2), 4.84(2H, dt, -CH-
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2CH2F), 4.75(2H, dt, -CH2CH2F),   4.67(2H, s, OCH2Ar), 4.09(2H, s, -NCH2C-), 3.65(8H, m, -

NCH2CH2OCH2CH2O-) , 1.25 (6H, d, -CH(CH3)2) 

 

Synthesis of 2.63 

 

To a stirred solution of 2.62 (32.5mg, 0.063mmol) in acetonitrile, the prepared copper 

catalyst mixture was added. 2-[19F]fluoroethyl azide solution (2.15) (3eq.) was then 

added and the reaction left to stir for 72 hours at room temperature. The product could 

not be isolated as the reaction had passed completion to form an unwanted by-product. 

 

 

 

 

 

 

 

 



88 
 

3  Radiosynthesis of Fluorine-18 Radiotracers 

3.1 Introduction 

With the synthesis of the precursors and their cold standards completed the next step 

was to utilise the precursors in radiolabelling experiments, to test the potential of the 

new imaging agents. 

Radiolabelling experiments were carried out using the Fluorine-18 isotope produced 

from either the 18/18 or 10/5 cyclotron at Austin Health. 

3.1.1 Production of Fluorine-18 radioisotopes 

The [18F]fluoride radioisotope was produced via the 18O(p,n)18F nuclear reaction using 

either a 18MeV or 10 MeV proton beam, generated by the IBA cyclone 18/18 cyclotron 

or 10/5 cyclotron respectively, in a titanium target using [18O]H2O.52, 80 Irradiation 

typically took about 10 minutes on the 18/18 cyclotron and 30 minutes on the 10/5 

cyclotron. The irradiation cycles typically produced around 200-300mCi (5.4-8.1 GBq) of 

[18F]fluoride.80 The [18F]fluoride is transferred from the target in the cyclotron to the 

synthesis module using He gas. No Fluorine-19 is added during the production making it 

“no-carrier-added”; this helps with the specific activity as there is no competition 

between the fluorine isotopes that would be associated with [18F]F2 gas.50 

[18F]Fluoride is produced in the form of [18F]HF in [18O]H2O, leaving it initially unsuitable 

for nucleophilic substitutions. [18F]Fluoride must be isolated so that there is no 

competition with water during the labelling process; it must also be treated with base.50, 

81-82 
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Isolation of [18F]F- from the [18O]H2O is achieved by trapping it onto a QMA ion exchange 

column.50 The activated QMA column had previously been conditioned using a 0.1M 

potassium carbonate solution and 10mL of deionised water. The trapped [18F]F- is eluted 

off the QMA column using a solution containing 3.5mg of potassium carbonate in 0.2mL 

of water and 20mg of kryptofix 2.2.2 in 0.4mL of acetonitrile. Krytopfix 2.2.2 acts as a 

chelating agent, forming the K+/kryptofix complex as illustrated in Scheme 3-1: Kryptofix 

acting as a chelating agent for Fluorine-18 radiolabelling allowing the 18F- to be eluted in 

a organic solvent making it for radiolabelling.50, 54, 83 

 

 

Scheme 3-1: Kryptofix acting as a chelating agent for Fluorine-18 radiolabelling 

 

Once the Fluorine is extracted from the QMA by the eluent solution the water is 

removed by azeotropic distillation with acetonitrile. Repeated cycles of evaporative 

drying ensured that the fluoride ion was anhydrous for the following labelling 

experiments.50-51, 80 
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3.1.2 Radiolabelling methods 

There are 2 methods of synthesis available for use at the Austin hospital for the 

incorporation of a fluorine-18 into the precursors; either a simple halogen exchange or 

via click chemistry. For the purposes of this project only click chemistry was used. 

Radiolabelling experiments ideally have to be as short a time as possible with a 

maximum length of 120-150minutes including time for purification and reformulation, 

due to the constant decay of the Fluorine-18. Reactions were therefore optimised to in 

order to determine the most suitable conditions to maximise the yield of radiotracer. 

3.1.3 Click Chemistry Radiolabelling 

Many research groups have used click chemistry as a method of radiochemical 

synthesis.79-80, 84-85  It offers several advantages over some conventional radiolabelling 

procedures including; compatibility with many functional groups, no deprotection steps, 

simple reaction conditions and less by-products formed.79, 86 

There are several forms for click chemistry utilised for the introduction of [18F]Fluoride 

into small molecules and biomolecules. The first type of click chemistry is the Copper(I)-

catalysed azide-alkyne cycloaddition, this utilises a copper catalyst to overcome the 

activation barrier to allow the alkyne and azide to react under mild conditions for form 

a triazole. This allows for small molecules and biomolecules to be incorporated with one 

of the reactive groups followed by labelling with a prosthetic group containing the 

opposite moiety and the radioactive [18F]Fluoride.87 This is the type of click chemistry 

used in this thesis and will be explained in more detail later. 
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Another type of click chemistry is a strain-promoted azide-alkyne cycloaddition. This 

reaction relies on the reaction of a strained triple bond on a cyclooctyne with the azide 

without the copper catalyst of the previous type, an example of this is demonstrated in 

Scheme 3-2. 

 

Scheme 3-2: An example of a strain-promoted azide-alkyne cycloaddition 

 

Further types of click chemistry used in radiosynthesis include the Staudinger ligation 

and Tetrazine ligation. Staudinger ligations don’t rely on metal catalysts and instead the 

reactions are carried out between an azide and phosphine via a iminophosphorane. The 

iminophosporane is stable in organic solvents, but in an aqueous solution it is rapidly 

hydrolysed to give the primary amine and phosphine oxide.87 The 18F labelled amide is 

easily separated from the phosphine oxide by-product. 

Tetrazine ligations are based on an inverse electron demand Diels-Alder reaction of s-

tetrazine and trans-cyclooctene moieties as a biorthogonal cycloaddition. Tetrazine 

ligations are characterised by a rapid reaction meaning they do not require a metal 

catalyst, can be effectively performed at low concentrations and are not dependant on 

the type of solvent allowing them to be carried out in water, cell media, cell lysates or 

organic solvents without comprising yields.87 

For this project all the click chemistry involved the use of [18F]fluoroethyl azide([18F]2.72) 

for the introduction of fluoroine-18 into the structure of the compound.79 This was 

achieved through the 1,3 Huisgen cycloaddition of the [18F]fluoroethyl azide([18F]2.72) 

and the terminal alkyne of the precursor.78 
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To ensure the correct product was formed a catalyst was used to promote the click 

reaction. The type of catalyst used will influence the yielded product.88-90 In this case the 

use of Cu(I) catalyst resulted in the formation of 1,4 adducts while other catalysts or 

thermal promotion of the reaction would form the 1,5 adduct.88, 91-92 This project solely 

focused on the 1,4 adduct so Cu(I) was used as the catalyst. 

 

Figure 3-1: Iphase Flexlab for the automated synthesis of radiolabelled compounds 

Radiolabelling for the click chemistry reactions is performed in an automated synthesis 

module Iphase Flexlab shown in Figure 3-1 . The Flexlab is contained in a lead lined hot 

cell designed to shield the operators from radiation, allowing for the safe handling of 

Fluorine-18 labelled compounds. 

The Iphase Flexlab module contains 2 reaction vials, 2 heating apparatus and multiple 

vials for the holding of solvents or additional reactants, it also has 2 integrated HPLC 

loop loading systems, 2 HPLC columns and the ability to reformulate the product after 
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purification. It uses both vacuum and pressurisation with inert gasses to move reagents 

and solvents. 

 

Figure 3-2: Schematic of the Iphase Flexlab 

The synthesis module is controlled by a laptop which uses a recipe to determine what 

steps to take. Figure 3-2 shows the graphical user interface; from this screen the 

automated process can be interrupted with input from the operator if modifications to 

the synthesis are required. The only manual step usually required of the operator is the 

selection of the radioactive peak on the HPLC column for the output of the tracers being 

synthesised. 

 

Scheme 3-3: Synthesis of tosylethyl azide 

2-tosylethyl azide was prepared by Dr. Rachel Goh at the Austin Health using the method 

presented in Scheme 3-3. Starting with 2-bromoethanol reacted with sodium azide for 

24hours at room temperate the 2-azido ethanol was formed. This is then reacted with 

tosylchloride forming 2-tosylethyl azide. 
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Scheme 3-4: Formation of [18F]fluoroethyl azide 

The prepared 2-tosylethyl azide was stored at -18°C until it was required. 2-tosylethyl 

azide was added into the reaction vessel containing the dried fluorine-18 forming 

[18F]fluoroethyl azide ([18F]2.72).79 This was then distilled across to the second reaction 

flask removing it from any leftover free 18-fluoride. Although yield calculations were not 

carried out for this step in this thesis, the same reaction has been carried out with the 

method and module with a reported radiochemical yield of 87±5.3%.93 

 

Scheme 3-5: Radiolabelling of a precursor in the presence of a copper catalyst 

The alkyne precursor dissolved in DMF was present in the flask the [18F]2.72 was distilled 

to. To this a freshly made Cu(I) catalyst is added to instigate the click chemistry 

radiolabelling experiment.  The catalyst has to be made immediately prior to the start 

of the synthesis to ensure that the copper does not degrade due to its susceptibility to 

oxidation. The conditions for radiolabelling for a 1,3 Huisgen cycloaddition had 

previously been optimised by Dr Evelyn Laurens showing an ideal reaction time of 20 

minutes at 70°C.1, 80 
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3.1.4 Proposed approach for radiolabelling the precursor compounds  

The precursors 2.15, 2.25, 2.35, 2.42, 2.52 and 2.62 will all be labelled using Click 

chemistry following the synthesis proposed in 

  

Figure 3-3. 

  

Figure 3-3: Summary of radiolabelling performed in this project 

After the radiolabelling reactions were completed the  fluorine-18 labelled radiotracer 

were isolated by semi-preparative HPLC and reformulated into a 10% EtOH/saline 

solution. The EtOH concentration could be adjusted through the addition of extra saline. 

HPLC verification would then be required to ensure the proper radiotracer was formed 

using the fluorine-19 cold standards. 



96 
 

3.1.5 Radiotracer cold standards 

The cold standards that were synthesised in chapter 2 play a significant role in the 

validation of their radiolabelled isomers. The validation of a radiotracer is achieved by 

comparing its retention time with that of the corresponding cold standard. In this case 

it would be the radio-HLPC trace of the radiotracer to the UV HPLC trace of the cold 

standard using the same instrument, method, mobile phase and HPLC column. The 

characterisation must be performed by comparison because it would not be feasible to 

isolate the radiotracers due to their half-lives of 2 hours and the inherent dangers of 

working with radiation emitters. The tracers were injected separately from the cold 

standards and a comparison was made between the standards UV peak retention to the 

radio peak of the tracer to verify the identity of the later.  

After the fluorine-18 labelled tracers are validated, they can then be used for further in-

vitro and in-vivo studies 

3.2 Results and Discussion 

Table 3-1 lists the precursors and the successfully synthesised radiotracers together 

with their radio chemical yields (RCY). 

The yields are calculated off the product/K[18F]F. K[18F]F is the recovery rate of F-18 

from the QMA into the reaction vial before the synthesis of [18F]fluoroethyl azide. 

All yields are given as non-decay corrected unless otherwise specified. 
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Table 3-1: List of precursors and radiotracers with the corresponding RCY-Non decay 

corrected 

Precursor Radiotracer RCY (non 

decay 

corrected) 

  

 

2.15: n =1, 

R1 = CH2COOCH2CH3 

R2 = p-NO2C6H4 

[18F]2.16: n =1, 

R1 = CH2COOCH2CH3 

R2 = p-NO2C6H4 

 

11% 

2.25: n =2, 

R1 = CH2COOCH2CH3 

R2 = p-NO2C6H4 

[18F]2.26: n =2, 

R1 = CH2COOCH2CH3 

R2 = p-NO2C6H4 

 

10% 

2.35: n =3, 

R1 = CH2COOCH2CH3 

R2 = p-NO2C6H4 

[18F]2.36: n =3, 

R1 = CH2COOCH2CH3 

R2 = p-NO2C6H4 

 

25% 

2.42: n =1, 

R1 = CH2COOCH(CH3)2 

R2 = p-NO2C6H4 

[18F]2.43: n =1, 

R1 = CH2COOCH(CH3)2 

R2 = p-NO2C6H4 

 

5% 

2.52: n =2, 

R1 = CH2COOCH(CH3)2 

R2 = p-NO2C6H4 

[18F]2.53: n =2, 

R1 = CH2COOCH(CH3)2 

R2 = p-NO2C6H4 

 

4% 

2.62: n =2, 

R1 = CH2CH2OCH2CH2OC2CCH 

R2 = p-NO2C6H4 

[18F]2.63: n =2, 

R1 = CH2CH2OCH2CH2OC2CCH 

R2 = p-NO2C6H4 

 

4% 
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Radiotracer Reaction Conditions 

 

[18F]2.16 

 

 

20mins at 70°C 

 

[18F]2.26 

 

 

20mins at 70°C 

 

[18F]2.36 

 

 

20mins at 70°C 

 

[18F]2.43 

 

 

20mins at 70°C 

 

[18F]2.53 

 

 

20mins at 70°C 



99 
 

 

[18F]2.63 

 

 

 

20mins at 70°C 

 

 

3.2.1 Radiolabelling of [18F]2.16 

[18F]2.16 was prepared by incorporating Fluorine-18 into the precursor 2.15 through 

click chemistry by using freshly distilled 2-[18F]Fluoroethyl azide, [18F]2.72. 

The precursor 2.15 and the cold standard 2.16 were characterised in chapter 2 and were 

used for the validation of the radiotracer [18F]2.16. HPLC tracers were obtained through 

reverse phase HPLC chromatography using acetonitrile (solvent A) and water with 0.1% 

formic acid(solvent B). 0 min, 5% A; 0-8min 5-90% A; 8-12min, 90% A; 12-15min: 90-5% 

A; 15-18min: 5% A. 

Figure 3-4: UV spectrum of the cold standard 2.16 with a retention time of 13.059 

minutes illustrates the UV HPLC trace of the cold standard 2.16, having a single peak 

with a retention time of 13.059 minutes. As mention in chapter 2 the respective 

precursor 2.15 had a retention time of 13.946 minutes 
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Figure 3-4: UV spectrum of the cold standard 2.16 with a retention time of 13.059 

minutes 

 

3.2.1.1 Radiochemistry 

Click chemistry radiolabelling of [18F]2.16 comprised of a 2-step reaction. Firstly the 2-

[18F]fluoroethyl azide [18F]2.72 is prepared followed by its reaction with the precursor 

2.15 to give the radiotracer [18F]2.16. 

The 2-[18F]fluoroethyl azide [18F]2.72 was synthesised through the reaction of dried 

K[18F]F Kryptofix complex and 2-azidoethyl 4-toulenesulfonate at 90°in dry acetonitrile. 

2-[18F]fluoroethyl azide [18F]2.72 was co-distilled with acetonitrile at 100°C to a second 

reaction vial containing 1.5mg of precursor 2.15 in 200µL of DMF. Once the distillation 

was completed a freshly made copper catalyst comprised of Cu(CH3CN)4PF6 and  TBTA in 

dry DMF (300µL). The reaction mixture was heated to 70°C for 20min. Scheme 3-6 

illustrates the 2-step radiolabelling of [18F]2.16. 
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Scheme 3-6: Radiosynthesis of [18F]2.16 

 

The radiolabelling was monitored using radiation detectors positioned throughout the 

module. Figure 3-5 demonstrates the movement of radioactivity through the iPhase 

Flexlab module. Starting with the transfer of activity from the Cyclotron, this is then 

trapped into a QMA ion exchange column. The activity is eluted from the QMA and 

transferred into the reactor 1 where 2-[18F]fluoroethyl azide [18F]2.72 is produced. The 

distillation from reactor 1 to reactor 2 is shown by the rapid decline in intensity of the 

yellow trace followed by the increase for teal. Once the reaction was complete the 

contents of reactor 2 is transferred onto the HLPC where the radioisotope is isolated 

before been trapped onto seppak D. The final product is then eluted from seppak D to 

the product-out vial. 
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Figure 3-5: Radioactivity distribution in the Flexlab during the synthesis of [18F]2.16 

 

3.2.1.2 HPLC purification and reformulation 

The radiotracer [18F]2.16 was purified from the precursor 2.15 and any by-products 

using a semi-preparative HPLC. It had a retention time of 15.6 minutes as shown in 

Figure 3-6. 
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Figure 3-6: Radioactivity spectrum from the HPLC purification of [18F]2.16 

The purified [18F]2.16 was then reformulated into 10% ethanol/saline, closely following 

the C-18 seppak method. Total synthesis time including HPLC purification and 

reformulation was 90 minutes with a non-decay corrected yield of 12% based on K[18F]F.  

 

3.2.1.3 Quality Control 

Quality control of radiotracer [18F]2.16 was performed on a Shimadzu LCMS system in 

ACPI mode using an analytical reverse phase C-18 column and a H2O/CH3CN gradient 

solvent system as mobile phase 

The radiotracer was validated by correlating the retention time of the radiotracer peak 

[18F]2.16 with the retention time of the cold standard HPLC peak 2.16. Figure 3-4 shows 

the retention time for the cold standard HPLC at 13.059 minutes, which is comparable 

with the retention time of the radiotracer [18F]2.16 shown in Figure 3-7 that had a 

retention time of 13.068 minutes. 

 



104 
 

 

Figure 3-7: Radio Peak for [18F]2.16 with a retention time of 13.068minutes 
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3.2.2 Radiolabelling of [18F]2.26 

[18F]2.26 was prepared through a 2-step radiolabelling beginning with the formation of 

2-[18F]fluoroethyl azide [18F]2.72 followed by a click reaction with precursor compound 

2.25. 

The precursor 2.25 and cold standard 2.26 used for the validation of radiotracer 

[18F]2.26 are fully characterised in Chapter 2. HPLC tracers were obtained through 

reverse phase HPLC chromatography using acetonitrile (solvent A) and water with 0.1% 

formic acid(solvent B). 0 min, 5% A; 0-8min 5-90% A; 8-12min, 90% A; 12-15min: 90-5% 

A; 15-18min: 5% A. 

Figure 3-8 shows the TIC spectrum from the LCMS of precursor 2.25 which reveals a 

primary peak at 13.928minutes with the [M+H]+ ion (m/z= 475.1). 

 

Figure 3-8: Total ion count LCMS for 2.25 with a retention time of 13.928mins 
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Figure 3-9 shows the UV HPLC tracer of cold standard 2.26 which displays a peak at 

13.032 minutes. As shown in chapter 2, this was monitored by MS with the [M+H]+ ion 

(m/z= 564.1).  

 

 

Figure 3-9:UV spectrum of the cold standard 2.26 with a retention time of 13.032 

minutes 

 

3.2.2.1 Radiochemistry 

The click chemistry radiolabelling of [18F]2.26 was performed using the same method as 

the click labelling of [18F]2.16. 2-[18F]fluoroethyl azide [18F]2.72 was made and distilled 

into precursor 2.25. The reaction was initiated by adding freshy prepared Cu(CH3CN)4PF6  

and TBTA catalyst. It was reacted for 20 minutes at 70°C. 

Scheme 3-7 demonstrates the 2-step radiolabelling method used for the synthesis of 

radiotracer [18F]2.26 
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Scheme 3-7: Radiosynthesis of [18F]2.26 

 

The reaction was monitored by radiation detectors placed throughout the cell as shown 

by Figure 3-10 . Following the same method used for the production of [18F]2.16 activity 

was first transferred to the target vial from the cyclotron, it was then trapped onto the 

QMA. The activity was eluted from the QMA into reactor 1 where 2-[18F]fluoroethyl 

azide [18F]2.72 was synthesised. 2-[18F]fluoroethyl azide [18F]2.72 was then distilled from 

reactor 1 into reactor 2 which contained 1.5mg of precursor 2.25. The catalyst was 

added and the reaction left to stir for 20minutes. It was transferred onto the semi-

preparative Gemini column for purification. 
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Figure 3-10: Radioactivity distribution in the Flexlab during the synthesis of [18F]2.26 

 

3.2.2.2 HPLC purification and reformulation 

[18F]2.26 was isolated from the precursor and any by-products using a semi-preparative 

HPLC system. It had a retention time of 15.7 minutes as shown in Figure 3-11. 
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Figure 3-11: Purification of [18F]2.26 via HPLC 

 

The purified [18F]2.26 was reformulated into 10% ethanol/saline, closely following the 

C-18 seppak method. Total synthesis time including HPLC purification and reformulation 

was 90 minutes with a non-decay corrected yield of 10% based on K[18F]F.  

 

3.2.2.3 Quality Control 

Quality control of radiotracer [18F]2.26 was performed on a Shimadzu LCMS system in 

ACPI mode using an analytical reverse phase C-18 column and a H2O/CH3CN gradient 

solvent system as mobile phase 

The radiotracer was validated by correlating the retention time of the radiotracer peak 

[18F]2.26 with the retention time of the cold standard HPLC peak 2.26. Figure 3-9shows 

the retention time for the cold standard HPLC at 13.032 minutes, which is comparable 

with the retention time of the radiotracer [18F]2.26 shown in Figure 3-12 that had a 

retention time of 13.014 minutes. 
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Figure 3-12: Radio Peak for [18F]2.26 with a retention time of 13.014minutes 

 

 

 

3.2.3 Radiolabelling of [18F]2.36 

[18F]2.36 was synthesised through the same 2-step radiolabelling as the previous 2 

compounds. Firstly 2-[18F]fluoroethyl azide [18F]2.72 was made followed by a click 

reaction with precursor compound 2.35. 

The precursor 2.35 and cold standard 2.36 used for the validation of radiotracer 

[18F]2.36 are fully characterised in Chapter 2. HPLC tracers were obtained through 

reverse phase HPLC chromatography using acetonitrile (solvent A) and water with 0.1% 
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formic acid(solvent B). 0 min, 5% A; 0-8min 5-90% A; 8-12min, 90% A; 12-15min: 90-5% 

A; 15-18min: 5% A. 

Figure 3-13 shows the TIC spectrum from the LCMS of precursor 2.35 which reveals a 

primary peak at 13.873minutes with the [M+H]+ ion (m/z= 518.1). 

 

Figure 3-13: Total ion count LCMS for 2.35 with a retention time of 13.873mins 

 

Figure 3-14 shows the UV HPLC tracer of cold standard 2.36 which displayed a peak at 

13.032 minutes. As shown in chapter 2, this was monitored by MS with the [M+H]+ ion 

(m/z= 608.1).  
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Figure 3-14: UV spectrum of the cold standard 2.36 with a retention time of 13.032 

minutes 

 

3.2.3.1 Radiochemistry 

The click chemistry radiolabelling of [18F]2.36 was performed using the same method as 

the click labelling of [18F]2.16. 2-[18F]fluoroethyl azide [18F]2.72 was made and distilled 

into precursor 2.35. The reaction was initiated by adding freshy prepared Cu(CH3CN)4PF6  

and TBTA catalyst. It was reacted for 20 minutes at 70°C. 

 

Scheme 3-8 demonstrates the 2-step radiolabelling method used for the synthesis of 

radiotracer [18F]2.36 
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Scheme 3-8: Radiosynthesis of [18F]2.36 

 

The reaction was monitored by radiation detectors placed throughout the cell as shown 

by Figure 3-15. Following the same method used for the production of [18F]2.16 activity 

was first transferred to the target vial from the cyclotron, it is then trapped onto the 

QMA. The activity is eluted from the QMA into reactor 1 where 2-[18F]fluoroethyl azide 

[18F]2.72 is synthesised. The 2-[18F]fluoroethyl azide [18F]2.72 is then distilled from 

reactor 1 into reactor 2 which contained 1.5mg of precursor 2.36. The catalyst was 

added and the reaction left to stir for 20minutes. It was then transferred onto the semi 

preparative Gemini column for purification. 
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Figure 3-15: Radioactivity distribution in the Flexlab during the synthesis of [18F]2.36 

 

3.2.3.2 HPLC purification and reformulation 

[18F]2.36 was isolated from the precursor and any by-products using a semi-preparative 

HPLC system. It had a retention time of 15.5 minutes as shown in Figure 3-16 

 

Figure 3-16: Purification of [18F]2.36 via HPLC 
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The purified [18F]2.36 was reformulated into 10% ethanol/saline, closely following the 

C-18 seppak method. Total synthesis time including HPLC purification and reformulation 

was 90 minutes with a non-decay corrected yield of 25% based on K[18F]F. 

3.2.3.3 Quality Control 

Quality control of radiotracer [18F]2.36 was performed on a Shimadzu LCMS system in 

ACPI mode using an analytical reverse phase C-18 column and a H2O/CH3CN gradient 

solvent system as mobile phase 

The radiotracer was validated by correlating the retention time of the radiotracer peak 

[18F]2.36 with the retention time of the cold standard HPLC peak 2.36. Figure 3-14 shows 

the retention time for the cold standard HPLC at 13.032 minutes, which is comparable 

with the retention time of the radiotracer [18F]2.36 shown in Figure 3-17, which had a 

retention time of 13.041 minutes. 

 

 

Figure 3-17:Radio Peak for [18F]2.36 with a retention time of 13.041minutes 
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3.2.4 Radiolabelling of [18F]2.43 

[18F]2.43 was synthesised through the same 2-step radiolabelling as the previous 3 

compounds. Firstly 2-[18F]fluoroethyl azide [18F]2.72 was made followed by a click 

reaction with precursor compound 2.42. 

The precursor 2.42 and cold standard 2.43 used for the validation of radiotracer 

[18F]2.43 are fully characterised in Chapter 2. HPLC tracers were obtained through 

reverse phase HPLC chromatography using acetonitrile (solvent A) and water with 0.1% 

formic acid(solvent B). 0 min, 5% A; 0-8min 5-90% A; 8-12min, 90% A; 12-15min: 90-5% 

A; 15-18min: 5% A. 

Figure 3-18 shows the TIC spectrum from the LCMS of precursor 2.42 which reveals a 

primary peak at 14.308minutes with the [M+H]+ ion (m/z= 445.0). 

 

Figure 3-18: Total ion count LCMS for 2.42 with a retention time of 14.038mins 
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Figure 3-19 shows the UV HPLC tracer of cold standard 2.43 which displays a peak at 

13.357 minutes. As shown in chapter 2, this was monitored by MS with the [M+H]+ ion 

(m/z=534.0).  

 

Figure 3-19: UV spectrum of the cold standard 2.43 with a retention time of 13.357 

minutes 

 

3.2.4.1 Radiochemistry 

The click chemistry radiolabelling of [18F]2.43 was performed using the same method as 

the click labelling of [18F]2.16. 2-[18F]fluoroethyl azide [18F]2.72 was made and distilled 

into precursor 2.42. The reaction was initiated by adding freshy prepared Cu(CH3CN)4PF6  

and TBTA catalyst. It was reacted for 20 minutes at 70°C. 

 

Scheme 3-8 demonstrates the 2-step radiolabelling method used for the synthesis of 

radiotracer [18F]2.43 
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Scheme 3-9: Radiosynthesis of [18F]2.43 

The formation of [18F]2.43 was monitored by radiation detectors placed throughout the 

cell as shown by Figure 3-20. Following the same method used for the production of 

[18F]2.16 activity was first transferred to the target vial from the cyclotron, it is then 

trapped onto the QMA. The activity is eluted from the QMA into reactor 1 where 2-

[18F]fluoroethyl azide [18F]2.72 is synthesised. The 2-[18F]fluoroethyl azide [18F]2.72 is 

then distilled from reactor 1 into reactor 2 which contained 1.5mg of precursor 2.42. 

The catalyst was added and the reaction left to stir for 20minutes. It was then 

transferred onto the semi preparative Gemini column for purification. 
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Figure 3-20: Radioactivity distribution in the Flexlab during the synthesis of [18F]2.43 

 

3.2.4.2 HPLC purification and reformulation 

[18F]2.43 was isolated from the precursor and any by-products using a semi-preparative 

HPLC system. It had a retention time of 16.2 minutes as shown in Figure 3-21. 

 

Figure 3-21: Purification of [18F]2.43 via HPLC 
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The purified [18F]2.43 was reformulated into 10% ethanol/saline, closely following the 

C-18 seppak method. Total synthesis time including HPLC purification and reformulation 

was 90 minutes with a non-decay corrected yield of 5% based on K[18F]F. 

3.2.4.3 Quality Control 

Quality control of radiotracer [18F]2.43 was performed on a Shimadzu LCMS system in 

ACPI mode using an analytical reverse phase C-18 column and a H2O/CH3CN gradient 

solvent system as mobile phase. 

The radiotracer was validated by correlating the retention time of the radiotracer peak 

[18F]2.43 with the retention time of the cold standard HPLC peak 2.43. Figure 3-19 shows 

the retention time for the cold standard HPLC at 13.357 minutes, which is comparable 

with the retention time of the radiotracer [18F]2.43 shown in Figure 3-22, which had a 

retention time of 13.370 minutes. 
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Figure 3-22:Radio Peak for [18F]2.43 with a retention time of 13.370minutes 

 

3.2.5 Radiolabelling of [18F]2.53 

[18F]2.53 was synthesised through the same 2-step radiolabelling as the previous 4 

compounds. Firstly 2-[18F]fluoroethyl azide [18F]2.72 was synthesised followed by a click 

reaction with precursor compound 2.52. 

The precursor 2.52 and cold standard 2.53 used for the validation of radiotracer 

[18F]2.53 are fully characterised in Chapter 2. HPLC tracers were obtained through 

reverse phase HPLC chromatography using acetonitrile (solvent A) and water with 0.1% 
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formic acid(solvent B). 0 min, 5% A; 0-8min 5-90% A; 8-12min, 90% A; 12-15min: 90-5% 

A; 15-18min: 5% A. 

Figure 3-23 shows the TIC spectrum from the LCMS of precursor 2.52 which reveals a 

primary peak at 14.281 minutes with the [M+H]+ ion (m/z= 488.1). 

 

Figure 3-23: Total ion count LCMS for 2.52 with a retention time of 14.281mins 

 

Figure 3-24 shows the UV HPLC tracer of cold standard 2.53 which displays a peak at 

13.385 minutes. As shown in chapter 2, this was monitored by MS with the [M+H]+ ion 

(m/z=578.1).  
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Figure 3-24: UV spectrum of the cold standard 2.53 with a retention time of 13.385 

minutes 

3.2.5.1 Radiochemistry 

The click chemistry radiolabelling of [18F]2.53 was performed using the same method as 

the click labelling of [18F]2.16. 2-[18F]fluoroethyl azide [18F]2.72 was made and distilled 

into precursor 2.52. The reaction was initiated by adding freshy prepared Cu(CH3CN)4PF6  

and TBTA catalyst. It was reacted for 20 minutes at 70°C. 

 

Scheme 3-10 demonstrates the 2-step radiolabelling method used for the synthesis of 

radiotracer [18F]2.53 
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Scheme 3-10: Radiosynthesis of [18F]2.53 

 

The formation of [18F]2.53 was monitored by radiation detectors placed throughout the 

cell as shown by Figure 3-25. Following the same method used for the production of 

[18F]2.16 activity was first transferred to the target vial from the cyclotron, it was then 

trapped onto the QMA. The activity was eluted from the QMA into reactor 1 where 2-

[18F]fluoroethyl azide [18F]2.72 was synthesised. The 2-[18F]fluoroethyl azide [18F]2.72 

was then distilled from reactor 1 into reactor 2 which contained 1.5mg of precursor 2.52. 

The catalyst was added and the reaction left to stir for 20minutes. It was then 

transferred onto the semi preparative Gemini column for purification. 
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Figure 3-25: Radioactivity distribution in the Flexlab during the synthesis of [18F]2.53 

 

3.2.5.2 HPLC purification and reformulation 

[18F]2.53 was isolated from the precursor and any by-products using a semi-preparative 

HPLC system. It had a retention time of 16.2 minutes as shown Figure 3-26 

 

Figure 3-26: Purification of [18F]2.53 via HPLC 
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The purified [18F]2.53 was reformulated into 10% ethanol/saline, closely following the 

C-18 seppak method. Total synthesis time including HPLC purification and reformulation 

was 90 minutes with a non-decay corrected yield of 4% based on K[18F]F. 

 

3.2.5.3 Quality Control 

Quality control of radiotracer [18F]2.53 was performed on a Shimadzu LCMS system in 

ACPI mode using an analytical reverse phase C-18 column and a H2O/CH3CN gradient 

solvent system as mobile phase 

The radiotracer was validated by correlating the retention time of the radiotracer peak 

[18F]2.53 with the retention time of the cold standard HPLC peak 2.53. Figure 3-24 shows 

the retention time for the cold standard 2.53 at 13.385 minutes, which is comparable 

with the retention time of the radiotracer [18F]2.53 shown in Figure 3-27, which had a 

retention time of 13.397 minutes. 
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Figure 3-27:Radio Peak for [18F]2.53 with a retention time of 13.397minutes 

 

 

3.2.6 Radiolabelling of [18F]2.63 

[18F]2.63 was synthesised through the same 2-step radiolabelling as the previous 5 

compounds. Firstly 2-[18F]fluoroethyl azide [18F]2.72 was synthesised followed by a click 

reaction with precursor compound 2.62. 

The precursor 2.62 and cold standard 2.63 used for the validation of radiotracer 

[18F]2.53 are characterised in Chapter 2 . HPLC tracers were obtained through reverse 

phase HPLC chromatography using acetonitrile (solvent A) and water with 0.1% formic 
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acid(solvent B). 0 min, 5% A; 0-8min 5-90% A; 8-12min, 90% A; 12-15min: 90-5% A; 15-

18min: 5% A. 

Figure 3-28 shows the TIC spectrum from the LCMS of precursor 2.62 which reveals a 

primary peak at 14.003 minutes with the [M+H]+ ion (m/z= 155.0). 

 

Figure 3-28: Total ion count LCMS for 2.62 with a retention time of 14.003mins 

 

Figure 3-29 shows the UV HPLC tracer of cold standard 2.63 which displays a peak at 

13.163 minutes. As shown in chapter 2, this was monitored by MS with the [M+H]+ ion 

(m/z=604.0).  The primary peak was unreacted cold standard showing the same mass as 

the precursor with the same retention time at 14.003minutes. An earlier peak in the 

spectrum at 12.437 minutes with an [M+H]+ ion (m/z=693.0) relates to the doubly 

reacted compound 2.64, this value lines up with data presented in chapter 2 where 

Figure 2-13 shows the doubly reacted precursor at 12.457 minutes. 
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Figure 3-29: UV spectrum of the cold standard 2.63 with a retention time of 13.163 

minutes 

3.2.6.1 Radiochemistry 

The click chemistry radiolabelling of [18F]2.63 was performed using the same method as 

the click labelling of [18F]2.16. 2-[18F]fluoroethyl azide [18F]2.72 was made and distilled 

into precursor 2.62. The reaction was initiated by adding freshy prepared Cu(CH3CN)4PF6  

and TBTA catalyst. It was reacted for 20 minutes at 70°C. 

 

 

Scheme 3-11: Radiosynthesis of [18F]2.63 

 

Scheme 3-11 demonstrates the 2-step radiolabelling method used for the synthesis of 

radiotracer [18F]2.63. The formation of [18F]2.63 was monitored by radiation detectors 
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placed throughout the cell as shown by Figure 3-30. Following the same method used 

for the production of [18F]2.16 activity was first transferred to the target vial from the 

cyclotron, it is then trapped onto the QMA. The activity is eluted from the QMA into 

reactor 1 where 2-[18F]fluoroethyl azide [18F]2.72 is synthesised. The 2-[18F]fluoroethyl 

azide [18F]2.72 is then distilled from reactor 1 into reactor 2 which contained 1.5mg of 

precursor 2.62. The catalyst was added and the reaction left to stir for 20minutes. It was 

then transferred onto the semi preparative Gemini column for purification. 

 

 

Figure 3-30: Radioactivity distribution in the Flexlab during the synthesis of [18F]2.63 

 

3.2.6.2 HPLC purification and reformulation 

[18F]2.63 was isolated from the precursor and any by-products using a semi-preparative 

HPLC system. It had a retention time of 15.5 minutes as shown Figure 3-31. 
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Figure 3-31: Purification of [18F]2.63 via HPLC 

 

 

The purified [18F]2.63 was reformulated into 10% ethanol/saline, closely following the 

C-18 seppak method. Total synthesis time including HPLC purification and reformulation 

was 90 minutes with a non-decay corrected yield of 4% based on K[18F]F. 

 

3.2.6.3 Quality Control 

Quality control of radiotracer [18F]2.63 was performed on a Shimadzu LCMS system in 

ACPI mode using an analytical reverse phase C-18 column and a H2O/CH3CN gradient 

solvent system as mobile phase. 

The radiotracer was validated by correlating the retention time of the radiotracer peak 

[18F]2.63 with the retention time of the cold standard HPLC peak 2.63. shows the 

retention time for the cold standard 2.63 at 13.163 minutes, which is comparable with 
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the retention time of the radiotracer [18F]2.63 shown in Figure 3-32, which had a 

retention time of 13.185 minutes. 

 

 

 

Figure 3-32:Radio Peak for [18F]2.63 with a retention time of 13.397minutes 

3.3 Conclusion 

 

The synthesis of the fluorine labelled radiotracers [18F]2.16, [18F]2.26, [18F]2.36, 

[18F]2.43, [18F]2.53 and [18F]2.63 from their respective precursors 2.15, 2.25, 2.35, 2.42, 

2.52 and 2.62 was successfully achieved.  Table 3-2 shows both the decay corrected and 

non-decay corrected RCYs for each radiotracer. While some radiotracers show good 

yields others still require some work. However, for preliminary biological studies the 

yields were sufficient. The suitability of these compounds as hypoxia imaging agents will 

be examined further in chapter 4 and 5 using in-vivo and in-vitro studies. 
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Table 3-2: List of radiotracers and their non-decay and decay corrected RCYs 

Radiotracer Non-decay corrected RCY Decay corrected RCY 

[18F]2.16 11% 19% 

[18F]2.26 10% 18% 

[18F]2.36 25% 44% 

[18F]2.43 5% 9% 

[18F]2.53 4% 7% 

[18F]2.63 4% 7% 

 

There were substantial loses of radioactivity during the production of the radiotracers, 

possible areas of loss include F-18 that is not distilled across from the first step, F-18 

lost during the azeotropic drying and from side products that are formed but purified 

out during the HPLC purification of the final product. Product can also be lost due to 

getting stuck in the lines and during the HPLC collection step. 

 

 

3.4 Experimental 

3.4.1 Materials and methods 

No-carrier added [18F]fluoride was generated  by the IBA cyclone 10/5 using a 10MeV 

proton beam and a titanium target containing [18O]H2O, utilising the 18O(p,n)18F nuclear 

reaction. Typical irradiation parameters involved running the cyclotron at 20µA for 45-

60 minutes to generate 300-400mCi (11.1MBq to 14.8MBq) of [18F]fluoride. These yields 

are only around 25% of the theoretical yield, which can be partially explained by the use 

of recycled [18O]H2O,  previously used [18O]H2O that has been redistilled after use with 

an unknown isotopic enrichment. Isolation of [18F]fluoride was achieved by trapping an 
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QMA ion exchange column separating it from the [18O]H2O . The   column was eluted 

with a solution containing 3.45mg of anhydrous K2CO3 (0.025 mmol) and 20mg of 

Kryptofix 2.2.2 (0.53mmol) in 0.4mL of acetonitrile  and 0.2mL of water. In the reactor 

vial the solvent was removed azeotropically with dry acetonitrile (750µL) to give the 

anhydrous [18F]fluoride complex that was used in the labelling experiments. 

Solvents were purchased Merck and used as received. Reagents were purchased from 

sigma Aldrich and used without further purification. 2-Azidoethyl 4-toluenesulfonate 

was synthesised following literature procedures. 

Quality control was carried out on a Shimadzu 2010 LCMS system with a 5µL injection 

loop, SPD-20A UV-Vis detector and two LC-20AD solvent pumps for the mixing of the 

mobile phase system that was used. A Phenomenex Gemini C-18, 5µ RP column, 150 x 

4.6mm acted as the stationary phase, while the mobile phase was acetonitrile (A) and 

0.1%formic acid in water (B). The flow rate used was 0.5mL/min with a range of gradient 

elution technique used for analysis. A Bioscan FC-4000 dual BGO PET metabolite 

coincidence detector was used for the detection of radioactive compounds. 

 

3.4.2 Procedure for radiolabelling 

Preparation of the copper catalyst. 

The copper catalyst was prepared by combining TBTA(4mg, 7.5µmol) and   

tetrakis(acetonitrile)copper(I) hexafluorophosphate (6mg, 16µmol) in DMF(500µL) 
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2-[18F]Fluoroethyl azide ([18F]2.72) 

 

2-azodoethyl 4-toluenesulfonate (4µL, 12mg, 0.05mmol) in 750µL of acetonitrile was 

added to the dried [18F]KF/Kryptofix complex. The reaction mixture was heated at 95°C 

for 15minutes. Acetonitrile (1mL) was added and the temperature was increased to 

100°C. The 2-[18F]Fluoroethyl azide ([18F]2.72) was then distilled into a second reactor 

vial. 

General method for click chemistry 

The second reactor vial contained a solution of precursor compound (1mg) in 200µL of 

DMF. Once the transfer of 2-[18F]fluoroethyl azide ([18F]2.72) was complete the copper 

catalyst (500µL) was  added to the second reactor vial. The reaction mixture was heated 

at 70°C for 20 minutes before it was transferred to the semi-preparative HPLC system 

for purification. HPLC was performed using a Phenomenex Gemini C-18, 5µ RP column, 

150 x 4.6mm with a gradient technique; Solvent A : Acetonitrile, Solvent B: 0.1M 

Ammonium Formate in distilled water; 0min: 20% A; 0-10min: 20-80% A; 10min-

Collection: 80% A; Collection-End: 90% A, with a flow rate of 4mL/min . The collected 

radio peak was reformulated using the seppak method to give the desired radiotracer.
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4 n-vivo Studies of radiolabelled tracers 

4.1 Introduction 

4.1.1 Developing novel hypoxia radiotracers 

Hypoxic tissue plays an important role in many diseases including cancer, diabetes and 

stroke. Hypoxic tumours are often more resistant to radiotherapy and chemotherapy 

compared to non-hypoxic cancer cells.94-95 High levels of tumour hypoxia are often 

connected with biologically aggressive tumours resulting in poor prognosis for the 

patients.24-25 Hypoxia is therefore an important factor in determining local tumour 

control for radiotherapy and due to its prevalence in certain varieties of tumours it also 

provides a basis for tumour selectivity.30, 48, 70 

Despite increased resistance to conventional therapies, hypoxia also provides an 

attractive target to chemotherapy by use of so-called hypoxia activated prodrugs. These 

prodrugs are designed to form cytotoxins after they are activated via metabolic 

reduction under hypoxic conditions.6, 10, 27 Radiotherapy also has the possibility of being 

hypoxia directed with both conformal radiotherapy and intensity modulated 

radiotherapy.5 To properly plan for the treatment of these cancers, it is therefore 

important to be able to measure the hypoxic fraction of these tumours.33, 48 

Positron Emission Tomography (PET) is a nuclear imaging technique that allows non-

invasive measurement and quantification of physiological processes in-vivo. As 

discussed in Chapter 1 [18F]FMISO (1.2) is the most commonly used organic 

radiotracer.65-68 However, the slow kinetics exhibited by [18F]FMISO(1.2) results in 

relatively poor image quality prompted the development of several different hypoxia 
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selective tracers by Dr Cheryl Falzon in our research group.55, 71 Compounds [18F]SO101 

(1.9) and [18F]SO201 (1.10) both exhibited faster pharmacokinetics and higher contrast 

compared to [18F]FMISO (1.2) in rat models for ischemic stroke. Despite this the nitrogen 

mustard analogues were deemed unsuitable for routine production and use in human 

patients due to the perceived toxicity. Later modifications by Dr Evelyn Laurens led to 

the tracer [18F]SO501 (1.15).1 This tracer displayed good uptake into hypoxic tumours 

during small animal imaging, however substitution-based radiolabelling does not 

provide consistent yields during the radiosynthesis. 

In Chapters 2 and 3, syntheses and radiolabellings were reported for 6 radiotracers 

based of the structure of [18F]SO501 (1.15). These 6 tracers were [18F]2.16, [18F]2.26, 

[18F]2.36, [18F]2.43, [18F]2.53 and [18F]2.63. This chapter will investigate the in-vivo 

properties of these radiotracers in order to evaluate their potential for binding to 

hypoxic tissue. Animal models play an important role in biomedical research for the 

study of disease and physiological processes. Imaging of animal models was utilised to 

access the uptake of radiotracers in experimental tumour models. 

4.1.2 PET and Small animal PET 

PET can provide spatial and temporal measurements for the distribution of radiotracers 

within living systems due to its dynamic imaging capabilities.96-97 Direct correlations can 

be drawn between animal models and human studies by utilising small animal PET.96, 98-

99 Due to the small size of animal models like mice, animal PET requires higher spatial 

resolution and sensitivity in order to achieve the same level of accuracy and detail as 

those for current human PET studies.100-102 As such small animal PET scanners have been 

optimised to yield higher spatial resolution than human scanners.100 In turn this 

improves the resolution of sensitivity of images.103 Small animal PET can therefore 
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provide dynamic imaging, allowing for the kinetics of the tracer to be monitored over 

time providing radiotracer time activity curves (TACs) from a single animal.53 

The utilisation of small animal PET also reduces the number of animals required for the 

experiments as each animal subject can be used for the entire course of repeated 

studies for the tracers.53, 59, 103-104  

For this research project BALB/c nude mice xenografted with SK-RC-52 (renal tumours) 

were used to study the uptake of the synthesised radiotracers [18F]2.16, [18F]2.26, 

[18F]2.36, [18F]2.43 and [18F]2.53. Each tracer had a TAC acquired by using a 2h PET 

dynamic scanning. 

4.2 Materials and Methods 

All animal experiments were approved by the Austin Health animal ethics committee 

and carried out within the outlines for the ethics submission of this project. Animal 

handling and imaging were performed by Dr. Angela Rigopoulos from the Oliver Newton 

John Cancer Research Centre. 

4.2.1 Transplants  

SK-RC-52 tumours were first grown by subcutaneously injecting BALB/c nude mice in the 

flank with a suspension of 6x106 SK-RC-52 cells. Once the tumours had grown to a size 

of 300mm3 they were cut into 40mm3 pieces and transplanted into the shoulder of other 

BALB/c nude mice. When the tumours grew to at least 180mm imaging was started, 

when the studies were concluded the BALB/c nude mice were euthanised. 
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4.2.2 Imaging 

Mice imaging studies were performed using the Mediso small animal PET/MRI system . 

Animals were injected with 9.25MBq (0.26mCi) of radiotracer in 100µL of the final 

formulation. Before the study animals were anaesthetised using isoflurane delivered by 

the Minerva Biovet system, the system also provides a temperature stable environment 

for the animals during uptake and imaging stages. The 2h dynamic imaging was 

performed by acquiring 12x10 min frames from the start of injection. A 10 minute static 

frame was acquired at the end of each study 2h post injection. Images were 

reconstructed using the RAMLA3D algorithm. The MRI was acquired at the same time as 

the PET scan. MRI and PET images were imported into the PMOD analysis software 

allowing for the spatial alignment of the animals and subsequent Volume of interest 

analysis. All imaging studies were performed at the Austin Animal House by qualified 

animal technicians.  

Oxygen tension measurements previously been carried out by Dr. Evelyn Laurens and 

showed good correlation between tumour size and pO2 mmHg. Table 4-1 shows the 

direct correlation between tumour sizes and the partial pressure of oxygen.1 

Table 4-1: Partial pressure of oxygen for given tumour sizes 

Tumour size Volume pO2 (mmHg) 

Small <300mm3 >14 

Medium 300-500mm3 8 

Large >500mm3 4-5 
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4.3 Results and discussions 

In-vivo testing of the compounds were tested using transplanted SK-RC-52 tumours. The 

tumours were xenografted on to the right shoulder of BABL/c nude mice, tumour sizes 

were measured using callipers.  Animals were tested when the tumour growth had 

exceeded 400mm3. Animals were imaged for 2 hours post tracer administration to 

obtain time activity curves.  

Radiotracer Retained Number of Studies 

[18F]2.16 Yes 6 

[18F]2.26 No 4 

[18F]2.36 No 6 

[18F]2.43 No 4 

[18F]2.53 No 6 
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4.3.1 Imaging results for [18F]2.16 

Initial imaging studies of the radiotracer [18F]2.16 were carried out in smaller tumours. 

At 2 hours post injection the tumour to muscle ratio was 0.9 for the small tumour. This 

is reflected in the dynamic study over 2 hours as shown by the TAC in Figure 4-1 where 

the clearance rates for the tracer is similar for both the tumour and normoxic tissue. 

There is little to no retention of the radiotracer [18F]2.16 in small tumours.  

(Note: Tumour size was not provided) 

 

Figure 4-1: Time activity curve for [18F]2.16 for a small tumour 
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This is further reflected in the reconstructed image shown in Figure 4-2. The image has 

3 rows representing the MRI, PET image and then the combined image with the PET 

image overlayed onto the MRI. The MRI provides an anatomical reference for the PET 

reconstruction. In Figure 4-2 the tumour on the right shoulder has a low uptake of 

[18F]2.16, possibly indicating that the tumour is not yet hypoxic. 

 

Figure 4-2: Compound image of [18F]2.16 in a small SK-RC-52 tumour in a BALB/c 

Mouse, tumour located on right shoulder 
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For larger tumours the dynamic imaging of radiotracer [18F]2.16 shows retention in 

tumour tissue while maintaining the clearance rate for normoxic tissue. Figure 4-3 is the 

TAC for [18F]2.16 in a 904mm3 tumour, the clearance from normoxic tissue is similar to 

that of Figure 4-1 but the tumour tissue is different showing very little initial uptake but 

over time the radioactivity is steady eventually reaching a tumour to muscle ratio of 

2.06.  It has an equilibrium time of 30 minutes where the average activity in the tumour 

and muscle are the same before reaching a maximum activity level at 80 minutes. 

 

Figure 4-3: Time activity curve for [18F]2.16 for a 904mm3 tumour 

The 626mm3 tumour TAC shown in Figure 4-4 exbibits a similar retention pattern with 

fast clearance from normoxic tissue and uptake into the tumour, ending with a muscle 

to tumour ration of 2.34. The equilibrium time was similar to the larger 904mm3 tumour 

at 33 minutes but reaching a maximum activity level at 70minutes. 
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Figure 4-4: Time activity curve for [18F]2.16 for a 626mm3 tumour 

 

PET/MRI imaging of the larger 904mm3 tumour shows more favourable results 

compared to that of the small tumour. The tumour is more clearly visible in Figure 4-5 

with it clearly visible on the right shoulder. The radiation is also lower in the urinary 

system compared to Figure 4-2. 
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Figure 4-5:  Compound image of [18F]2.16 in a 904mm3 SK-RC-52 tumour in a BALB/c 

Mouse, tumour located on right shoulder 
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4.3.2 Imaging results for [18F]2.26 

With quick clearance from small tumours for radiotracer [18F]2.16 the other tracers on 

this list were instead imaged directly into large tumours. [18F]2.26 was tested on larger 

tumours ranging from 881mm3-1008mm3.  Results for [18F]2.26 showed fast clearance 

initially in both tumour and muscle with an end tumour to muscle ratio of 1.8.  Figure 

4-6 demonstrates the fast clearance in the TAC of [18F]2.26 showing no real uptake into 

hypoxic tissue with the levels of activity plateauing for both regions examined. 

 

Figure 4-6: Time activity curve for [18F]2.26 for an 881mm3 tumour 

Images for [18F]2.26 in the 881mm3 tumour also show a lack of uptake into the tumour 

with the majority of the activity accumulated into the bladder to the BALB/c mouse. This 

is illustrated in Figure 4-7 where the tumour in the right shoulder is barely visible in the 

PET image despite the large growth clearly visible in the MRI.  
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Figure 4-7: Compound image of [18F]2.26 in a 881mm3 SK-RC-52 tumour in a BALB/c 

Mouse, tumour located on right shoulder 
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4.3.3 Imaging results for [18F]2.36 

Imaging studies performed with radiotracer [18F]2.36 showed quick initial clearance 

from tumour and muscle in a 1551mm3, shown in Figure 4-8, until the 40-minute mark 

where the rate of clearance slows. The activity of the hypoxic tissue starts to plateau 

while in normoxic tissue it still has a higher clearance rate. The final tumour to muscle 

ratio after 120 minutes was 1.35.  

 

Figure 4-8: Time activity curve for [18F]2.36 for a 1551mm3 tumour 

PET imaging could provide some insight for the low retention and uptake of the tracer 

in the large tumour. In Figure 4-9 the caudal to cranial view in the middle left image 

shows the tumour off the right shoulder of the BALB/c mouse, the centre of the tumour 

is dark indicating that the radiotracer [18F]2.36 has failed to penetrate into the tumour 

tissue suggesting that the tissue may have become necrotic. Other studies performed 

using [18F]2.36 exhibited similar results to those shown despite not being necrotic. 
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Figure 4-9: Compound image of [18F]2.36 in a 1551mm3 SK-RC-52 tumour in a 

BALB/c Mouse, tumour located on right shoulder 
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4.3.4 Imaging results for [18F]2.43 

Radiotracer [18F]2.43 had no uptake in either hypoxic or normoxic tissue. Figure 4-10 

demonstrates the quick clearance from both the muscle and tumour before the activity 

plateaus with no real difference between the activity levels. The final Tumour to muscle 

ratio reflects this with a value of 0.96. 

 

Figure 4-10: Time activity curve for [18F]2.43 in a large tumour, exact size unknown 

 

The tumour in Figure 4-11 showed signs of necrotic damage similar to Figure 4-9. It is 

visible in the caudal to cranial view as well as the lateral view, with the dark area 

indicating the absence of any [18F]2.43 radiotracer in those areas.  
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Figure 4-11: Compound image of [18F]2.43 in a SK-RC-52 tumour in a BALB/c Mouse, 

tumour located on right shoulder 
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4.3.5 Imaging results for [18F]2.53 

Imaging of the radiotracer [18F]2.53 shows a TAC profile similar [18F]2.26 with high 

initial clearance from both muscle and tumour tissue which slows down after 

40minutes where the rate of clearance drops. Figure 4-12 shows a maximal difference 

between activity in the muscle and tumour at 70 minutes. The final tumour to muscle 

ratio at 120minutes of 2.47. 

 

Figure 4-12: Time activity curve for [18F]2.53 

Figure 4-13 displays a clear tumour on the right shoulder of the BALB/c nude mouse, 

despite the high clearance of the radiotracer [18F]2.53. 
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Figure 4-13: Compound image of [18F]2.53 in a SK-RC-52 tumour in a BALB/c Mouse, 

tumour located on right shoulder 
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4.4 Conclusion 

The radiotracers [18F]2.16, [18F]2.26, [18F]2.36, [18F]2.43 and [18F]2.53 were successfully 

imaged in BALB/c mice with SK_RC-52 tumours. Tracers [18F]2.16 and [18F]2.53 had the 

clearest PET images with the highest tumour to muscle ratios at 120minutes with a 

tumour to muscle ration of 2.34 and 2.47 respectively. Only the TAC of [18F]2.16 in a 

626mm3 tumour exhibited retention in the tumour over time, while all the other tracers 

displayed clearance from muscle and tumours at a similar rate. 

From a structural perspective [18F]2.16 is the closest structurally to 1.15 with the 

shortest PEG chain. It would therefore have the least rotational variation and also it has 

the lowest molecular weight. Radiotracers [18F]2.26 and [18F]2.36 have longer PEG 

chains, while [18F]2.43 and [18F]2.53 are entirely different due to the presence of the iso-

propyl ester. The changes to the structure reflect the results of the study with the higher 

the variation of the compound the quicker it cleared from the tumours. 
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5 In-vitro studies of radiolabelled tracers 

5.1 Introduction 

The synthesis and in-vivo imaging of the radiotracers [18F]2.16, [18F]2.26, [18F]2.36, 

[18F]2.43 and [18F]2.53 have been described over chapter 2, 3 and 4, however since they 

are novel compounds little is known about their biological or pharmacokinetic 

properties.  

Due to the results of the previous chapters compound [18F]2.16 underwent a stability 

study using S9 liver fractions as a model of liver metabolism. Additionally, the 

lipophilicity of the tracers [18F]2.16, [18F]2.26, [18F]2.36, [18F]2.43 and [18F]2.53 was 

calculated. 

5.1.1  Lipophilicity studies 

Lipophilicity of radiotracer has an impact on its ability to cross membranes, directly 

effecting the ability to diffuse into tissues and cells. The lipophilicity is therefore 

important to the uptake of the radiotracer into tumours, clearance from the blood and 

non-specific binding. 

The lipophilicity of a molecule is the logarithm of the octanol-water partition coefficient 

and is denoted as logP. High logP values indicate that a molecule will be highly lipophilic 

indicating that it will have poor water solubility and a low logP value will usually mean 

that the molecule is hydrophilic.105 For a molecule to be able to diffuse through a cell 

membrane it must have a suitably high logP value, however a logP value that is too high 

may lead to undesirable qualities. These qualities could include: fast clearance from 

blood, accumulation in metabolic tissue and high non-specific binding in tumours.105 
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Based on previous studies the typical logP value that is desired for a molecule is between 

1.5 to 3.55, 105-106 To determine the logP value of the radiotracers in this study a modified 

octanol/water method was utilised.1, 80, 85 

5.1.2 Metabolism Studies 

Pharmacokinetic characterisation of a novel radiotracer is important to study the 

distribution of that radiotracer. The metabolism study of compound [18F]2.16 was 

conducted as a means to explore its stability in cells and as a method to predict its 

metabolism. In this case due to being a hypoxic tracer the ideal quality of [18F]2.16 would 

be stability to non-hypoxia dependant metabolism with the ability to be metabolised 

under hypoxic conditions in-vivo. Imaging quality could be affected by non-hypoxia 

dependent metabolism as it may lead to non-specific uptake of the radiotracer. 

In-vivo metabolism studies of radiotracers would prove too costly as it would involve 

handling higher dosages of the radiotracer raising the costs associated with the handling 

of animal experiments.107 In-vitro methods provide an alternative in order to elucidate 

the metabolic pathways of radiotracers more efficiently.107 Many metabolic enzymes, 

including the cytochrome P450 enzymes, are located in the endoplasmic reticulum of 

liver cells and are directly responsible for the majority of drug metabolism.108-109 The 

metabolic stability assay will utilise liver fractions extracted from the livers of animals. 

The metabolic stability of [18F]2.16 was explored by subjecting it to phase 1 aerobic in-

vitro metabolism. The metabolic stability of radiotracers refers to the percentage of the 

parent compound lost overtime while in the presence of a metabolically active test 

system.80 For this study S9 liver fractions from rats were used due to their availability, 

cost and ease of storage. 
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In addition to the liver fraction, the metabolic system will also require a cofactor, NADPH 

generating system to allow reduction processes to occur.110 The metabolic stability of 

the radiotracer [18F]2.16 was determined by analysing the supernatant of the 

metabolism system using radio-HPLC within a 2h time period. Analysis of the derived 

metabolites was not possible by LCMS due to the low levels of radioactivity during the 

study.  

5.2 Results and discussions 

5.2.1 Partition coefficients of radiolabelled tracers 

The lipophilicity of the radiotracers [18F]2.16, [18F]2.26, [18F]2.36, [18F]2.43 and 

[18F]2.53 were measured by using the octanol/saline partition co-efficient. Using the 

respective cold standards 2.16, 2.26, 2.36, 2.43 and 2.53 in a 1mg/mL solution the area 

under the curve was taken for each partition to give a formula: logP = log (area of 

octanol/area of water). This method was used to reduce the time critical nature 

associated with radioisotopes and to reduce exposure to radiation.  LogP values of 

2.16, 2.26, 2.36, 2.43 and 2.53 are presented in Table 5-1. 

Table 5-1: LogP values of prepared standards 

Cold Standard LogP Value 

2.16 0.95 

2.26 1.77 

2.36 1.90 

2.43 1.66 

2.53 0.89 
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The octanol/water coefficient was measured and the logP was calculated to be 0.95, 

1.77 and 1.90 for 2.16, 2.26 and 2.36 respectively. This was expected as the primary 

difference between these three compounds is the increasing length of the PEG chain 

between the triazole and the diphenyl backbone. The logP increases as the length of the 

PEG chain increases. Compounds 2.43 and 2.53 exhibited the opposite effect where the 

shorter chain 2.43 had a logP of 1.66 while the longer chain 2.53 had a coefficient of 

0.89. 

While the three standards 2.26, 2.36 and 2.43 all had coefficients within the ideal range 

of 1.5-3.0 they were the tracers that showed clearance from both hypoxic and normoxic 

tissue. The standards 2.16 and 2.53 showed the best results in-vivo but both have logP 

values below the typical ideal range. 

This clearly demonstrates while the LogP may have an ideal value of between 1.5 and 3 

for crossing membranes that is not always strictly true and there are definitely other 

factors to consider, also the experimental method can also cause variations to calculated 

logP values making them even less reliable as a measure. 111 

5.2.2 Metabolism Study of Radiotracer [18F]2.16 

The metabolic stability of the radiotracer [18F]2.16 was determined by subjecting it to a 

phase 1 metabolism assay, in this case the S9 liver fraction from Sprague Dawley rats 

was used.  

The phase 1 metabolism assay consisted of the following components: the radiotracer, 

phosphate buffer, S9 liver fraction and an NADPH generating system. The NADPH 

generating system was formed using magnesium chloride, glucose 6-phisohate, NADP 
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and glucose 6-phosphate dehydrogenase. Besides the metabolism assays an additional 

control assay was made, which included all the components except for the S9 liver 

fraction. All assays were incubated at 37°C in a thermo shaker were then quenched with 

methanol at designated time points (30, 60, 90 and 120 minutes). The resulting solutions 

were centrifuged to separate out the deactivated enzymes; the supernatants were 

analysed by radio-HPLC using a Shimadzu HPLC system with a UV detector(254nm) and 

BGO PET metabolite coincidence detector. The control assay was tested at 0 and 

150minutes to ensure that any metabolism was a result of phase 1 metabolism and not 

due to other factors. 

Analysis of the metabolism assays of [18F]2.16 revealed that it underwent phase 1 

metabolism. Metabolites of [18F]2.16 started to form at 30 minutes, with at least 4 

metabolites forming. At 60 minutes post incubation the metabolites continued to grow, 

however the changing ratio of the peak heights indicate that one of the metabolites 

could be due to secondary metabolism of one of the other metabolite products. For the 

30minute time point the primary metabolite peak had a retention time of 7.9 minutes 

with a second large peak at 9.1 minutes, however at 60minutes the peak heights had 

been swapped. Following on at 90 and 120 minutes the peaks of the metabolites shift 

until almost all the metabolite peak area is under the peak at 9.1 minutes. Figure 5-1 

displays the results of the metabolism and also shows the 2 control samples at 0 and 

150minutes. From the control samples we can determine that all the metabolites are 

due to interactions with the enzymes in the S9 liver fraction and not a result of chemical 

instability. 
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Figure 5-1: UV tracers from the HPLC, top left: 0 minutes, top right: 30 minutes, 

middle left: 60minutes, middle right: 90 minutes, bottom left: 120 minutes, bottom 

right: control at 150 minutes 

The total peak area was taken and compared to the peak area of the parent compound 

[18F]2.16 to give Peak Area % = (area of [18F]2.16/total area of peaks) x 100. Table 5-2 

summarises the results for the study. 
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Table 5-2: [18F]2.16 peak area left vs total area under peaks 

Time [18F]2.16 Peak Area % 

0 100 

30 77.25 

60 72.465 

90 61.8 

120 57.465 

 

Using excel the data was plotted to generate a graph of intact parent compound as a 

percentage of [18F]2.16 vs time in minutes since the start of the experiment resulting in 

Figure 5-2. The data of this single exponential was found to have an R2 value of 0.919. 

The half-life of [18F]2.16 in the S9 liver metabolism assay exceeded the 2-hour incubation 

period, giving it an estimated metabolic half-life of 148minutes. 

 

Figure 5-2: Percentage of intact parent compound [18F]2.16 vs time in rat S9 liver 
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Given the structure of the molecule and that there is a 2-stage metabolism that is 

seemingly exhibited it suggests at least 1 metabolism pathway most likely through a 

reduction of the nitro group to an amine via a hydroxylamine. This is demonstrated in 

Scheme 5-1 and would likely be facilitated through nitro reductase enzymes.  

 

Scheme 5-1: Possible reduction pathway of [18F]2.16 

 

5.3 Experimental 

5.3.1 Materials and methods 

Solvents were purchased from MERCK and used as received. Reagents were purchased 

from Sigma-Aldrich and used without further purification. 

For metabolism studies the rat S9 liver fractions were bought from Sigma-Aldrich and 

were stored at -78°C. For the analysis a Shimadzu HPLC with a 20µL injection loop was 

used. The UV was measured using a SPD-20A UV-Vis detector set at 254nm and the 

radioactivity was detected using a Bioscan FC-4000 dual BGO PET metabolite 

coincidence detector. Two LC-20AD solvent pumps were used for high pressure mixing 

of the mobile phase. The stationary phase was a Phenomenex Gemini NX C-18, 5µ RP 

column, 150x4.6mm. The mobile phases used were acetonitrile (A) and water (B) with 

0.1% formic acid. The flow rate was 0.5mL/min with a gradient elution technique used 
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for analysis:   0 min, 5% A; 0-8min 5-90% A; 8-12min, 90% A; 12-15min: 90-5% A; 15-

18min: 5% A. 

5.3.2 Lipophilicity studies 

LogP values were measure by mixing 1mg of cold standard into 1 gram each of water 

and octanol in a test tube. The test tube was vortexed for 3 minutes at room 

temperature before they were centrifuged for 5 minutes at 10,000 rpm. A 5µL aliquot 

from each layer was injected onto the HPLC system and the partition coefficient was 

calculated from the ratio of the peak areas from the octanol compared to that of the 

water. 

5.3.3 Metabolism studies in S9 liver fractions 

Four time points (30, 60, 90 and 120 minutes) were used to measure the tracer stability 

in the assay. For each time point a solution of 300µL was used, consisting of the S9 liver 

fraction, an NADPH generating system and the reformulated radiotracer was incubated 

at 37°C in an eppendorf tube. Once the required incubation time was reached the 

reaction was quenched using methanol, the solution was centrifuged and analysed by 

metabolite HPLC. Experiments were performed in duplicate. 

The NADPH generating system was produced by dissolving of glucose 6-phosphate 

(37.2mg, 0.132mmol), NADP (39.8mg, 0.052mmol) and 11.5U of glucose 6 phosphate 

dehydrogenase in potassium phosphate (4mL, 100mM, pH 7.4). Magnesium chloride 

hexahydrate (26.8mg, 0.132mmol) in water (1mL) was added to this solution and the 

mixture was stored on ice. 

The 300µL solution used for the time point consisted of 15µL of rat S9 liver fraction 

(20mg/mL), 40µL of the NADPH generating system, 15µL of the reformulated 
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radiotracer and 230µL of 100mM potassium phosphate buffer at pH 7.4. To neutralise 

quench the reaction after incubation 300µL of Methanol was added. The sample was 

then centrifuged for 10min at 11, 000rpm and 20µLof the supernatant was injected 

into the metabolite HPLC system. 

 

 

 

6 Conclusion 

The structural modification made to the lead compound SO501 (1.15) developed by 

Dr. Evelyn Laurens including the incorporation of propargyl groups, PEG chains and 

different ester groups was successfully complete. The modifications allowed the 

compounds to be click chemistry radiolabelled. The radiotracers [18F]2.16, [18F]2.26, 

[18F]2.36, [18F]2.43, [18F]2.53 and [18F]2.63 were successfully prepared from their 

respective precursors 2.15, 2.25, 2.35, 2.42, 2.52 and 2.62. The cold standards were 

also prepared from the same precursors allowing for the identification of the 

radiotracers. 

The radiolabelling experiments utilised click chemistry with the compound [18F]2.72 

and a copper catalyst to form the radiotracers [18F]2.16, [18F]2.26, [18F]2.36, [18F]2.43, 

[18F]2.53 and [18F]2.63 from the precursors 2.15, 2.25, 2.35, 2.42, 2.52 and 2.62 with 

yields of 11%, 10%, 25%, 5%, 4% and 4%. 
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In-vivo studies using SK-RC-52 tumours implanted into BALB/c nude mice showed that 

only the radiotracer [18F]2.16 had retention over time in large tumours, with the other 

4 tracers [18F]2.26, [18F]2.36, [18F]2.43 and [18F]2.53 exhibiting fast clearance. [18F]2.16 

and [18F]2.53 were the only radiotracers to have an ending tumour to muscle ratio 

over 2 during the 120minutes PET imaging studies.  

Partition coefficient studies revealed that the radiotracers [18F]2.16, [18F]2.26, 

[18F]2.36, [18F]2.43 and [18F]2.53 had logP values of 0.95, 1.77, 1.90, 1.66 and 0.89. The 

three tracers [18F]2.26, [18F]2.36 and [18F]2.43 had logP values between the ideal range 

of 1.5 to 3 however, it was the 2 tracers [18F]2.16 and [18F]2.53 that exhibited the best 

performance in-vivo. 

A metabolism study performed on [18F]2.16 showed that it underwent phase 1 

metabolism in the presence of S9 rat liver fractions and an NADPH generating system, 

with metabolic half-life of 148minutes. 

6.1 Comparison to [18F]SO501 (1.15) 

The aim of the project was to improve upon the radiolabelling reliability of [18F]1.15 by 

changing its radiolabelling method from substitution-based radiochemistry to click 

chemistry. This aim was achieved with yields that were up to 25% non-decay corrected 

compared to 2.5% for [18F]1.15. 

Despite the improvement in radiolabelling yields the in-vivo imaging did not maintain 

the same results compared to those of [18F]1.15. [18F]1.15 had a maximum tumour to 

muscle ratio of 3.3 compared to [18F]2.16 and [18F]2.53 with ratios of 2.06 and 2.34 
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respectively. [18F]2.16 was the only radiotracer that showed uptake in its TACs 

however the rate of uptake was lower than [18F]1.15. 

This project therefore achieved one of it’s aims of increasing the radiochemical yields 

of the lead compound [18F]1.15, however it failed to achieve the second aim of 

maintaining imaging quality and radiotracer uptake. This is most likely due to the 

triazole group utilised in click chemistry which has had a negative impact on the uptake 

of the radiotracers into hypoxic tissue. 
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