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Abstract

Cardiac diseases are the leading cause of death worldwide. To address this problem,
a better understanding of biochemical reasons underlying heart pathologies is
needed. Fatty acid oxidation (FAO) plays a significant role in cardiac energy
production and is therefore an important biomarker for heart disease. Positron
emission tomography (PET) and single photon emission computed tomography
(SPECT) are useful methods to quantify and qualify cardiac metabolic changes during
either establishment of disease or therapeutic intervention. The extent of fatty acid
oxidation can be visualised using radiolabeled thia-fatty acids. However, the uptake
of these tracers as revealed by imaging also depends on their transport into cardiac

cell mitochondria and general pharmacokinetics.

In this work, the synthesis of four types of 4-thia fatty acids, 4-thiacaprylic
acid/caprylate derivatives (TCD1), 4-thiacapric acid/caprate derivatives (TCD2), 4-
thiapalmitic acid/palmitate derivatives (TPD) and 4-thiaoleic acid/oleate derivatives

(TOD) is described.

Fluorine-18 radiolabeling for the caprate, palmitate and oleate derivatives was
optimised. The decay corrected radiochemical yields for the radiotracers, [1®F]FTC2,
[*8F]FTP and [*8F]FTO are 16.15 + 2.60%, 18 + 1.20% and 17.70 + 1.70% respectively.
[*8F]FTP, [*8F]FTO and [*8F]FTC2 were found to be stable in serum after 3h at 37°C.
PET imaging experiments in rats showed significant cardiac uptake for [*¥F]FTP and

[*8F]FTO but not for [*8F]FTC2.

A thia-fatty acid delivery method to increase cardiac cell uptake was investigated,
based on their coordination to mitochondria targeted transition metal complexes.
The cross-bridged cyclam precursor compounds were produced in good yields and
novel copper(ll) cross-bridged cyclam complexes with a triphenylphosphonium
moiety for mitochondria targeting were synthesised. Coordination of radiolabeled

thiacapric acid to the complexes was attempted.



Novel ®™Tc radiolabeled long chain thia-fatty acids (palmitic and oleic acids) were
investigated as potential new radiopharmaceuticals for use in fatty acid oxidation
imaging, which would be metabolised by B-oxidation. The intermediate derivatives
were synthesised in good yields and fully characterised to obtain the precursors for
radiolabeling and to provide reference compounds. *™Tc radiolabeled TACN —thia

palmitic and thiaoleic acid were produced.
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Chapter One: Introduction
1.1 Cardiac disease

The heart works as a pump moving blood around the body. The circulating blood
delivers oxygen and nutrients to the tissues and carries away generated carbon
dioxide and other metabolic waste products. When the heart and peripheral veins or
arteries are damaged, this system does not work properly, and it results in what is
generally called “cardiac disease”. Since the last century, cardiac diseases have
become a major public health problem and are, effectively, the greatest cause of

mortality worldwide,* resulting in a challenge for modern clinical research.

The development of sensitive and preferably non-invasive methods for an early
diagnosis of cardiac dysfunction is needed.? > Medical imaging is a generic name for
a variety of such non-invasive diagnostic techniques. Non-invasive cardiac imaging
(see Figure 1), refers to a combination of methods that can be used to obtain images

relating to the structure and function of the heart.*

Cardiac imaging methods include echocardiography, magnetic resonance imaging
(MRI), computed tomography (CT) and nuclear medicine techniques such as positron
emission tomography (PET) and single-photon emission computed tomography
(SPECT).> Echocardiography uses sound waves to provide an image of the heart in a
similar way to ultrasound imaging.b Magnetic resonance imaging (MRI) uses contrast
agents, which affect proton relaxation times in different environments. It is mainly
used to examine perfusion of heart tissue but there are technical challenges related
mainly to cardiac motion.” Computed tomography (CT) employs X-rays, which
penetrate the body and are registered by a circular array of detectors. These data
can be reconstructed into a 3D anatomical image of the heart.® Positron emission
tomography (PET) and single-photon emission computed tomography (SPECT) offer
the potential for focus on myocardial metabolism and require the use of
radiopharmaceuticals. From the different techniques mentioned, only PET can
reliably quantify the myocardial substrate metabolism.® 1° Thus, there is a clinical

need for a further development of PET radiotracers capable of imaging heart



metabolism and answering important questions concerning the initial diagnosis or a

follow-up/monitoring of effects of therapeutic intervention.
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Figure 1: Non-invasive cardiac imaging techniques a. MRI,** b. SPECT,*? c. CT,** d. PET*
and e. Echocardiography®

1.2 Cardiac disease and fatty acid metabolism

To keep up the heart’s rhythmic pumping activity, the cardiac muscle requires a lot
of energy. Therefore, it uses large quantities of adenosine triphosphate (ATP) which
is the ultimate energy source for contractile function. To assure a continuous supply
of ATP, the heart can use different carbon substrates, such as glucose, lactate, fatty

acids, ketone bodies (acetoacetate, beta-hydroxybutyrate and acetone) or even



amino acids (glutamate), as energy sources (see Figure 2). The main energy source in

both healthy or dysfunctional heart is, however, fatty acid catabolism.1®
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Figure 2: The sources of energy for the heart

The foetal heart, which functions in the environment with a low oxygen partial
pressure, is driven by lactate and glucose catabolism.!” After birth, there is a
metabolic change towards mitochondrial fatty acid oxidation, which relies on a
steady supply of both fatty acids and oxygen to the heart. Other variables, such as
the presence of other energy sources such as glucose, proficiency in fatty acid uptake,
esterification or mitochondrial transport, also play an important role in the exact
composition of energy sources.'® When there is an increase in blood glucose levels
(non-fasting condition), the heart can be temporarily shifted back to “burning”
glucose, lactate or ketone bodies (acetoacetate, beta-hydroxybutyrate and acetone).
A similar shift may also occur in a disease state when oxygen supply is compromised,
such as ischemia. Consequently, the myocardial substrate metabolism is an attractive
target for diagnosis, because there is a strong relationship between changed

myocardial metabolism and cardiac health.®



1.3 Myocardial metabolism in the healthy state

Knowledge of a healthy myocardial metabolism is critical in order to discern changes
happening in the unhealthy heart (see Figure 3). Arterial blood contains various fatty
acids. The most abundant (around 30%) is a palmitic acid, composed of saturated 16-
carbon chain. All fatty acids including palmitic acid are too lipophilic to be soluble in
blood and circulate either in free carboxylate form bound to albumin or as glycerol

esters (triglycerides), carried by very-low-density lipoproteins or chylomicrons.

In the normal adult heart under fasting conditions, the glucose and insulin levels are
low and fatty acid and catecholamine levels are high, resulting in an increased fatty
acid uptake by myocardial cells. Palmitic acid enters the cell via a cell membrane-
bound fatty acid transporter (FAT), composed of tissue-specific fatty acid transporter
protein (CD36/FAT) and fatty acid binding protein (FABP). In the cytosol, free
palmitate is conjugated with co-enzyme A (CoA) to form an activated PALM—CoA,
which then can utilise the carnitine shuttle and be transported into the mitochondria

(see Figure 3).

Carnitine palmitoyltransferase-l (CPT-l) exchanges CoA to carnitine and then the
PALM-carnitine conjugate is transported into the mitochondrial matrix. Carnitine is
released, while another carnitine palmitoyltransferase-Il (CPT-IlI) exchanges it back to
CoA. Activated PALM—-CoA feeds directly into fatty acid oxidation process and
released carnitine is transported back into cytosol allowing the shuttle process to

continue (see Figure 3).81!

When glucose and insulin levels increase after a meal, the myocardial glucose
catabolism increases several fold while fatty acid catabolism is suppressed.® Briefly,
glucose enters the cell by glucose transporters (GLUT1/4) (see Figure 3), is
phosphorylated into glucose 6-phosphate and is then converted into a key
intermediate pyruvate with a concurrent release of NADH. Pyruvate is then
transported into the mitochondrial matrix and is converted into acetyl-CoA by
pyruvate dehydrogenase (PDH). The acetyl CoA enters the TCA cycle, which releases
NADH and FADH2 and powers the ATP synthase, or is transformed by acetyl-CoA



carboxylase (ACC) into malonyl CoA which is a strong CPT-1 inhibitor, shutting down
the carnitine shuttle and reducing fatty acid oxidation by compromising

mitochondrial fatty acid supply.®-2!
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Figure 3: Myocardial metabolism under normal conditions



Each cycle of B—oxidation generates one acetyl-CoA molecule, which enters into the
tricarboxylic acid (TCA) cycle (see Figure 4). In addition, one nicotinamide adenine
dinucleotide (NADH) and one Flavin adenine dinucleotide (FADH2) molecules is also

formed, which is required for ATP-synthase to generate the ATP.??

CH3-(CH2)n-CH2-CH2-CO-SCOA =5

TCA cycle Fattt acyl CoA Dehydrogen% FADH,
T Dehydrogenase
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Dehydrogenase

8

NADH + H NAD

Figure 4: Schematic of B-oxidation of fatty acids

During intense exercise, when muscles function in the anaerobic regime, pyruvate
formed from glycolysis is converted to lactate (non-oxidative glycolysis). Lactate is an
important source of pyruvate and is used by cardiac muscle under hypoxic

conditions.?

Glucose and fatty acid catabolism are connected in the Randle or glucose/fatty acid
cycle.?* Key glucose catabolism enzyme, PDH, is inhibited by NADH and acetyl-CoA,
produced by fatty acid oxidation, and the key carnitine shuttle enzyme, CPT-1, is

inhibited by glucose catabolism side product malonyl-CoA. (see Figure 5).%°

The heart’s ability to use different substrates for energy production under different
conditions distinguishes it from other organs, such as the brain, which is powered
almost exclusively by glucose catabolism. At the same time, it makes it vulnerable to

issues caused by other tissues, i.e. skeletal muscles.?®
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Figure 5: Randle Cycle or the glucose/fatty acid cycle
1.4 Myocardial metabolism in the pathologic state

In normal conditions, the process of fatty acid oxidation is the main source of energy
for ATP synthesis. However, it consumes far more oxygen per mole of energy
released than required by carbohydrate catabolism, thus, making it less economical
regarding oxygen usage and inferior; under hypoxic conditions. This explains the shift
towards carbohydrate catabolism observed in ischemic patients. There are many
types of cardiac pathological states, i.e. ischemia, heart failure, diabetic

cardiomyopathy, etc.’® Changes in myocardial metabolism depends on the type of



disease; either fatty acid or glucose oxidation is increased. alteration in cardiac
mitochondrial energy metabolism affects contractile function and cardiac
efficiency.? However, the link between the metabolic state of the heart and different

pathological states is not completely understood.

Under ischemic conditions, a decrease in oxygen supply to the heart causes an overall
decrease of mitochondrial oxidative metabolism. This metabolic change resembles
foetal cardiac metabolism, characterised by increased glycolysis and low
mitochondrial oxidation. During a reperfusion of the heart after acute ischemic
episode, the rate of fatty acid oxidation increases. This can be due either to higher
levels of circulating fatty acids or to reduced efficiency of TCA cycle and increased
malonyl-CoA levels.’® As seen previously in the Randle cycle, a high rate of fatty acid
oxidation dampens glucose catabolism by inhibiting the activity of pyruvate
dehydrogenase (PDH). Reduced glucose catabolism may uncouple glycolysis from
glucose oxidation in TCA cycle resulting in accumulation of lactate and acidification
of cytosol, which compromises heart efficiency by diverting ATP reserves from
contractile function to maintain ionic balance. Usually, excess protons from cytosol
are removed by Na*/H* antiport pump, with the resulting increase in cytosolic Na*,
increasing Ca®* flow into the cell via the Ca%*/ Na* antiport. Ca%* is an important
cellular mediator, and its low cellular concentration is maintained by ATP powered
transporter pushing Ca®* out of the cell against the concentration gradient (see Figure

6).27

Consequently, even if increase in fatty acid oxidation after ischemia returns the heart
to the natural metabolic state, if not properly managed, it might cause issues with

longer-term cardiac health.?®
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Figure 6: Myocardial substrate metabolism in pathologic state (ischemic/reperfusion)

1.5 What is difference between fatty acids and thia-fatty
acids?

Fatty acid oxidation (FAQ) plays a vital role for all living organisms. It is implicated in
the production and storage of energy, integrated in the generation of all types of cell
membranes and the regulation of cellular signalling pathways. Therefore, any

disorder of FAO connected to various disease states such as cardiology,

10



endocrinology, neurology, and oncology.?° The most problematic of these disorders

is myocardial FAO.*

Recently, it has been found that fatty acid structural modification can be used to
modulate crucial steps in fatty acid oxidation compared with the natural compound.
This modification in fatty acid has a possibility to be useful both as a therapeutic and

as diagnostic.30-32

Thia-fatty acids are fatty acids which are modified by insertion of a sulfur atom at
specific positions in the carbon backbone, they have been found to potentially be of
use as diagnostics in FAO. The chemical properties of thia-fatty acid are similar to a
fatty acid, but, there are some important differences such as thia-fatty acid is more
acidic and polar than identical fatty acid due to the increased electronegativity of the
sulfur atom.33 The metabolism of a thia-fatty acid is different from corresponding

fatty acid, and this property can be exploited(see Figure 7).34

CH3-(CH2)n-S-CH2-CH2-COOH 4-thia fatty acid
Cytosoll Activation
CH3-(CHz)n-S-CHZ-CHz-SCOA Alkylthioacyloyl-CoA
Mitochondria matrixl Dehydrogenase
CH3-(CH2)n-S-CH=CH-SCOA 2-trans-4-thia enoyl CoA
Hydratase
CH3-(CH2)n-S-CHOH-CHz-SCOA 2-hydroxy-4-thia acyl CoA
/ \Spontaneous
Alkyithiol  CH3-(CH5),-SH CHO -CH, -SCOA  Malonic acid semialdehyde CoA
J J Hydrolysis
? CH3-SCOA + C02

Figure 7: Schematic of metabolism of 4-thia fatty acid in mitochondria

The long chain 4-thia-fatty acid is activated in the cytosol in a similar mechanism the
long-chain fatty acid, see Figure 3.3% 3> After that, the majority of 4-thia-fatty acids
are oxidised in B-oxidation in the mitochondria to alkylthioacyloyl-CoA ester which

are poor substrates for mitochondrial hydratase.3® They therefore accumulate and

11



slowly hydrolyse to 2-hydroxy-4-thiaacyl-CoA which transformed spontaneously to
(1) alkylthiol, which has an unknown metabolic fate in the mitochondrial matrix,34 37
and (2) malonic acid semialdehyde- CoA ester, which is hydrolysed and metabolised
to acyl-CoA and CO,.38 4-Thia fatty acid is of interest in the work reported here, due
to its ability to become metabolically trapped in the mitochondria, which gives it

suitable properties in radiotracer design for myocardial fatty acid oxidation.

1.6 Medical imaging

Molecular imaging is a type of medical imaging can be defined as the in vivo
visualisation, characterisation and quantification of biological or biochemical
pathways at the molecular level. The tools of molecular imaging allow imaging of
complex physiological processes in health and disease states in living subjects
without altering the system under investigation. In other words, molecular imaging
allows visualisation of how the body is functioning and measurement of its chemical

and biological processes.3% 4°

Medical imaging modalities can be generally divided in two major categories:
structural imaging and functional imaging. The structural and anatomical information
of normal or pathological processes can be produced from imaging modalities, such
as (CT), ultrasound (US) and (MRI). On the other hand, the functional imaging, which
allows the visualisation and characterisation of biochemical pathways in vivo,
requires imaging techniques such as PET, SPECT and optical imaging (Ol) (e.g.

bioluminescence and fluorescence) (see Figure 8).
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Figure 8: Classification of medical imaging modalities*

Each imaging modality has its own intrinsic advantages and disadvantages. Recently
there has been a growing trend for the combinations of multiple imaging modalities;
known as multimodality imaging. This allows the advantageous properties of multiple
imaging techniques to be paired together affording more powerful diagnostics

tools.4% 43

PET and SPECT are nuclear imaging techniques that are clinically used for diagnosis
and developing therapeutic strategies in several diseases, such as cancer, cardiology

and neurology fields.*°

1.6.1 Nuclear molecular imaging

Nuclear imaging can be defined as a medical speciality that uses radiolabeled
molecules (tracers) called radiopharmaceuticals that produce signals using

radioactive decay for diagnosis and/or therapy of several diseases.
Radiopharmaceuticals are compounds containing a radioisotope, which are used to
either observe or change the biological system. When the compounds are used as
imaging agents, they are used in tiny quantities and therefore have no
pharmacological effects with the majority of radiopharmaceuticals administered via
intravenous injection. A radiopharmaceutical can be a small organic molecule such
as ['8F]FDG, inorganic salts such as Na*3'l and Na®®F, organometallic complexes such
as P™Tc sestamibi, large molecules such as radiolabeled antibody fragments or an

inhibitors of an enzyme.***’
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To serve as a radiolabel for diagnostic medicine, a radioisotope must meet certain

conditions such as:

1. Commercial availability for use in a radiopharmacy (i.e. there is an established
supply chain for production/delivery of the isotope or a generator to produce
it)

2. Possess a physical half-life compatible with the synthesis and scanning
requirements (this should be long enough to allow synthesis, purification and
delivery of the tracer).

3. Emit radiation energetic enough to escape the body, but of low enough

energy to be stopped by detectors.*®

These conditions eliminate alpha and beta emitting radionuclides, thus,
radioisotopes used in nuclear molecular imaging are either gamma (y) or positron

(B*) emitters.

1.6.2 What nuclear imaging techniques could bring to
cardiology?

A relationship between changes in myocardial metabolism and cardiac health has
been shown, but there are still a lot of unanswered questions. For example, what are
the key factors for myocardial substrate switch? Is the dominance of one metabolic
pathway over another of predictive significance? Are the alterations in myocardial
metabolism specific to different types of heart diseases? Therefore, new tools and

strategies are needed for better understanding of cardiac pathologies.

PET and SPECT are the most notable techniques, which could be used to monitor
metabolic changes in the cardiac disease in vivo. Radiotracers capable of revealing
and quantifying metabolic switch would help to link different metabolic states to
different heart diseases/states and, in this way, could contribute to the development

of new and more scientific application of the available therapies.??
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1.6.3 Single photon emission computed tomography (SPECT)
imaging

A SPECT scan is a type of nuclear imaging technique, which depends on the
radioactive decay of a radioisotope to form gamma rays (see Figure 9). These rays
are emitted as single photons, which travels through tissues and can be detected on
the position-sensitive detector of a gamma camera and an image of the localised
radioactivity is produced. The position detection of the photons in SPECT does not
carry enough information about its origin or the direction it was travelling, making
the determination of a photon line of response impossible. To tackle this problem, a
lead collimator between the source and the detector was added to determine the

direction of the travelling photon.

-
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Figure 9: Principles of single photon emission computed tomography (SPECT)

The patient is surrounded by scintillation planar detectors with collimators which
only allow detection of y-rays falling normally onto the detectors blocks (see Figure
9). The collimator works as a filter rejecting most of the photons that are not
travelling along the defined directions. In clinical systems, the collimator typically has
parallel holes, producing no magnification; however, in pre-clinical systems the

collimator has pinholes because of small animal imaging needs higher spatial
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resolution. Spatial resolution can be increased by decreasing angle of collimation but
sensitivity will be compromised by decreasing the angle. Thus, improving the design
of the collimator leads to improvements in both sensitivity and resolution.*> >° The
images obtained are usually two-dimensional cross-section slices of the image body,

which later can be assembled into a three-dimensional image.>!

SPECT scanners are widely found in hospitals around the world with a lot of the
infrastructure already in place, making it cheaper to access than PET. However,
limited spatial resolution does not always allow for accurate location of the abnormal
tissue, to solve this problem SPECT is usually combined with CT to provide both

structural and functional information.*3

The majority of radioisotopes used in SPECT (%231, 1In, 6’Ga and °°™Tc) (see Table 1)
decay by gamma emission via the electron capture mechanism (EC) or isomer
transfer (IT). These nuclei contain too many protons but are unable to emit a positron

and instead capture an electron and decompose by emitting a gamma ray.

Radionuclide | Half-life Energy (keV) Mode of decay Method of
production

99mTc 6.02 h 149 IT Mo/’ Tc
generator

1231 13.22 h 159 EC Cyclotron
1N 2.80d 171, 245 EC Cyclotron
¥’Ga 3.26d 93, 185, 300, 394 EC Cyclotron

Table 1: Common SPECT radioisotopes, decay characteristics and methods of production?®
51,52
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1.6.3.1 Radiochemistry of technetium
1.6.3.1.1 Technetium

In 1869, technetium was predicted by Mendeleev and isolated, in 1937, by Segré and
Perrier.>® There are twenty-two isotopes of Tc and ten of them are man-made,
elements ®Tc to *3Tc have been reported, and all of them are radioactive. The most
common of these is technetium-99 which produced from the metastable state

technetium-99m.>3

Technetium-99m is the most isotope commonly used in diagnostic nuclear medicine.

The main reasons for this are:>* >°

1. The half-life of 6.02 h is optimal for diagnosis because it is long enough to allow
the radiopharmaceutical preparation, quality control, administration to the target
(animal or patient), image acquisition and examine metabolic processes and is

sufficiently short to induce low doses of radiation to the target.

2. The y radiation emission (140 keV), is sufficiently low to prevent a high dose to the
patient but sufficiently high to penetrate biological tissues and emerge from internal

organs.

3. One of the greatest advantage of *™Tc is availability from a cheap commercial
source, *Mo/*°™Tc generators (although there are ongoing concerns about the

future supply chain of ®>Mo)

4. The coordination chemistry of ®™Tc is varied. Thus, the synthesis of a wide variety

of complexes with different physiochemical and biological properties is possible.

1.6.3.1.2 Technetium-99m production and reduction

Sterile ™Tc can produced in a closed system *Mo/?°™Tc generator (e.g. Ultra-
TechneKow™ DTE Generator, shown in Figure 10 which is prepared with fission-
produced *?Mo adsorbed onto alumina column shielded by lead, tungsten, or

depleted uranium. Sterile, non-pyrogenic isotonic solutions of sodium pertechnetate
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(Na®®™Tc04) in 0.9% sodium chloride (NaCl) solution can be obtained conveniently by
periodic aseptic elution of the generator. These solutions should be clear, colourless,
and free of visible foreign material. [**™TcO4] is a radiopharmaceutical in itself, and
it may be used to radiolabel all other potential radiolabeling precursors via oxidation

processes.*> >°

—- /Vacuum vial

99mTe

Lead pi
— pig

Figure 10: A. ®Mo/**™Tc generator from Ultra-TechneKow™ DTE Generator. B. Illustration
of the contents of ®Mo/**"Tc generator

In %*Mo/?°™Tc generator *°Mo (half-life ti, = 66 h) decays to *°™Tc by B~ decay
(88.75%). *°™Tc is a nuclear isomer of °Tc present in a metastable state, which decays
to ?°Tc by emitting a y ray (11.25%) with an energy of 140 keV (see Figure 11). After
that, 9°Tc decays to *°Ru by B~ decay. The y emission can be detected using a SPECT

camera as discussed.>3

/ %Mo \
A 1

8 decay, t;/,=66 h,
88.75%

11.25%
99mTc

|

y transition, t,,, = 6.02 h

99Tc

8 decay, t;/,= 211100 y

- ——

Figure 11: Decay scheme of Mo to *Ru
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1.6.3.1.3 Coordination chemistry of technetium-99m

The design of °™Tc-radiopharmaceuticals relies on the understanding of the
coordination chemistry of *™Tc. Many factors such as stable oxidation states and
core structures are important in the design of effectively targeted °°™Tc-
radiopharmaceuticals. Technetium has several different possible oxidation states (-I
to +VII) and several coordination geometries that it can adopt. Therefore, the

chemistry exhibited by technetium is diverse.

Technetium-99m was eluted from the generator as the [*°™TcO4] anion in the highest
oxidation state (VII). Although, ®°™Tc(VIl) is the most stable form in aqueous solution
but does not bind directly to any ligand as it is an oxo-species. Thus, *™Tc(VIl) can be
reduced to a lower oxidation state such as (V) or (l) in the presence of a suitable

chelator to synthesise a **™Tc-radiopharmaceutical.>3

On reduction of ®®™T¢(VIl) in the presence of a suitable ligand, the [**™TcO4] does not
always release all of the oxygen atoms, leading to complexes with different *>™Tc oxo
species such as [*MTcOJ** or [*°™Tc0,]*.>> The [**™TcO]3** core has been extensively
explored, and further advances are possible when other lower oxidation states are
more comprehensively studied. One of the most promising and well developed
organometallic cores for radiolabeling of biomolecules (BMs) for example,
antibodies, peptides and fatty acids is the ®°™Tc(l)- and Re(l)-tricarbonyl core
[M(H20)3(CO)3]* (M = °™Tc/'8Re). The [M(H20)3(CO)s]* core was reported for the
first time by Alberto et al. as a useful precursor for the radiolabeling of BMs for
diagnostic purposes.”” The organometallic precursor [*™Tc(H,0)3(CO)3]* was
synthesised in one step by direct reduction of the [*°*™TcO4] from the oxidation state
VIl to | by using sodium boranocarbonate (Naz[H3BCOz]) as a reducing agent®®, and
has since been made commercially available in a lyophilised kit (IsoLink® Kkit,

Mallinckrodt-Covidien, Petten, The Netherlands).>3 >°

The organometallic core [M(H20)3(CO)s]* (M = 2°™Tc/'88Re) is stable, even at high
temperature.®® Complexes of [M(H20)3(CO)s]* are kinetically inert due to the metal

centre being in the low oxidation state and it forms d® low-spin electron
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configuration, octahedral complexes. The core [M(H20)3(CO)s3]* contains three tightly
coordinated carbonyl ligands and three water molecules, which are very labile and
can be readily replaced by mono-, bi- or tridentate chelators. Tridentate chelators
can form %MTc(I)-tricarbonyl complexes to give high in vivo stability, which is

essential for medical applications.>% 62

1.6.3.1.4 Design of technetium-99m labeled biomolecules

There are two general classes of *™Tc radiolabeling methods for the synthesis of
labeled biomolecule targeted radiopharmaceuticals, the direct and indirect methods.
The method selected depends on the biomolecules to be labeled.* >? The direct
radiolabeling method depends on the binding of *°™Tc to endogenous free sulfhydryl
groups, generated by reduction of disulfide bonds in a protein or antibody to provide
the binding sites (see Figure 12). It is only applicable if the molecule has disulfide
bonds. The main advantage of this method is that it is easy to carry out, but the major
disadvantage is that it requires a large amount of reducing agent; if too many

disulfide bonds are reduced then the protein properties will be affected.®?

Figure 12: Radiolabeling of BMs containing endogenous sulfhydryl groups by the direct
method

Indirect method radiolabeling methods are more generally applicable and are based
on theincorporation of a bifunctional chelator (BFC). This method is the most popular
strategy applied in the design of targeted radiopharmaceuticals, due to the higher
probability of retaining the binding affinity of the biomolecule to its target with a
careful selection of the BFC for radiolabeling. In addition, it can be applied to any

biomolecule (antibody or a smaller molecule without sulfhydryl groups).>3
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A bifunctional chelator (BFC) consists three parts: a chelator framework, a linker and
a functional group for the covalent attachment to the biomolecule.®® There are a
wide range of requirements for a BFC.** It should form a stable metal chelate complex
with the required metal ion and it should coordinate to the radionuclide in a high
yield with both high thermodynamic stability and kinetic inertness at neutral pH.
These physicochemical properties are important because they reflect the rate of
dissociation of metal ion from the BFC. Loss of the radiometal would cause
undesirable side effects by accumulating in non-target organs increasing the
background signal in the scans.®? Selection of the correct BFC is dependent on the
identity and oxidation state of a radioisotope and others specific factors, such as pH,
temperature, reaction time, may be required for the radiolabeling reaction.®*
N\
/ Chelate |
BM | | 99mTc-radiopharmaceutical

BFC 99mTe
@ Q— B
- J

Figure 13: Schematic representation of the BFC approach

1,4,7-Triazacyclononane (TACN) and its derivatives are macrocycles with three
nitrogen donor atoms which have applications as catalysts, bleaching agents, and
chelators for medical imaging. Bifunctional chelators based on TACN meet many of
the requirements with respect to chelation of *™Tc with high stability and fast
chelation. TACN allows for facile modification to provide the functional group which

is used to form covalent bond with the biomolecule (BM) via the linker.>*

1.6.3.2 Single-photon emission computed tomography (SPECT)
applied to cardiac metabolic imaging and blood flow

SPECT is used to provide an independent assessment of myocardial perfusion and
viability either in resting state or after a dynamic exercise or pharmacologically

induced stress. As SPECT radioisotopes are generally characterized by longer half-
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lives (hrs-days) compared to PET radioisotopes, this technique is well suited for
imaging during extended periods of time. However, because of the method of
detection of single photons, sensitivity and resolution are not optimal.1% %% There are
no specific SPECT radiotracers for measuring myocardial glucose metabolism.

However, it can be examined using the PET radioisotope [*¥F]FDG.?

1.6.3.2.1 SPECT tracers for assessing myocardial fatty acid metabolism

The first SPECT tracer targeted to myocardial fatty acids metabolism was 15-(p-
iodophenyl)pentadecanoic acid ([*?31]IPPA) (see Figure 14). It worked because it was
rapidly taken up in the myocardium and trapped there for a long time. However, it
was not cleared fast enough to take advantage of the rapid uptake of [*23I]IPPA. As a
result, quantitative measurement of myocardial fatty acid metabolism was
impossible, and the quality of the image was poor.®® To counter pharmacokinetic
problems, the branched chain analogue of [*?31]IPPA, which did not suffer from
extensive B-degradation, was developed.['?3]-B-methyl-p-iodophenylpentadecanoic
acid (*23I-BMIPP) offered an increased cardiac retention leading to improved image
quality. However, [*231]BMIPP did not find wide application in the clinic, because its
uptake is subject to myocardial ischemia which reduces its uptake due to the

metabolic switch from fatty acids to glucose.? ¢ ¢’

123 4©_< > 123 123 HCI:H2)12
| CH
[ ha ?Hg H?—CHTCOOH

COOH 14
COOH CHs

P-IPPA O-IPPA BMIPPA

Figure 14: Chemical structures of [*21] radiolabeled fatty acid analogues. (P-IPPA) 15-(p-
[*2%I]-iodophenyl)pentadecanoicacid. (O-IPPA) 15-(0-[*%1]-iodophenyl)pentadecanoicacid.
(BMIPP) [*21]-B-methyl-p-iodophenylpentadecanoic acid

1.6.3.2.2 SPECT tracers used to measure blood flow

PmTc-sestamibi and °°™Tc-tetrofosmin were demonstrated as useful myocardial

perfusion agents (see Figure 15) which are widely used. Generally, these tracers can
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be classified as cationic tracers.>* After intravenous administration, >°™Tc-sestamibi
shows cardiac uptake in proportion to regional mitochondrial membrane potentials
in the heart muscle. Then, it clears rapidly from the blood with a fast initial/internal
component with half-time of 4.3 min. ®™Tc- tetrofosmin is rapidly taken up by

myocardial tissue and reaches its maximum level in approximately 5 minutes.®
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I9mTc-sestamibi 9mTc-tetrofosmin

Figure 15: Chemical structure of °™Tc-sestamibi and *°™Tc-tetrofosmin
1.6.3.2.3 SPECT tracers used to assess fatty acid metabolism

Techetium-99m labeled fatty acids have been designed and evaluated with different
PMTc cores such as fac-[*"Tc(CO)s3(H20)s]*, with fac-[*"Tc(O)MAMA] and fac-
[®°™Tc(N)(PNP)]?>*. It has not yet been established whether these analogues are
recognized and metabolized in the heart via beta-oxidation despite a number of in
vivo studies. It was clearly shown that despite high initial accumulation in the heart,
the radioactivity cleared rapidly and requires further optimisation for cardiac

imaging.5>7°
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1.6.4 Positron emission tomography (PET) imaging

The radioisotopes used in PET decay by emitting a positron (B*). The emitted B*
travels a short distance (1-5 mm), gradually losing its kinetic energy until it slows
down to the point where it annihilates with an electron. The mass of the positron
and electron are converted into their energy equivalent (E = mc?) through the
emission of two 511 keV gamma photons that are emitted in almost opposite
directions. This energy is detected in coincidence by a gamma camera ring when they

strike opposing detectors simultaneously (see Figure 16).8°

Annihilation event

N

511 Kev Positron-emitting
Yton radionuclide

:9&’% ~

/ A \;B 511 Kev
(=< photon
\::/::1

Positron
511 Kev
photon Electron
511 Kev
photon
Image
reconstruction

Figure 16: Principle of positron emission tomography (PET)

PET has several intrinsic advantages over SPECT: firstly, it offers greater sensitivity
over single photon counting technique, which requires physical (lead or tungsten)
collimation. Electronic collimation is applied in PET by dual photon coincidence
counting. Secondly, positron emitting radioisotopes that can exploited include
oxygen-15, carbon-11, nitrogen-13 and fluorine-18 (see Table 2). All of these are

organic radioisotopes and therefore biologically relevant. Labeled versions of
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metabolic substrates can be synthesised, for example, [*!C]glucose, [**N]NHs,
[*°0]H20 and [*°0]CO2 without any change in the biological properties of the

radiolabeled molecule.

81-83

Radionuclide Half-life Average B* Mode of Method of
Energy (keV) decay production

50 2.03 min 1732 B* Cyclotron

18F 109.8 min 633 B* EC Cyclotron

BN 9.97 min 1198 B* Cyclotron

11c 20.4 min 960 B* Cyclotron
%3Ga 67.6 min 1899 B* EC 68Ge/%%Ga
generator

Table 2: Decay characteristics of common PET radionuclides?®

Thirdly, their short physical half-lives help to minimise radiation dose to the subject.
However, some of these radionuclides have such short physical half-lives that it
prevents their incorporation into more complex molecules and limits their usefulness
in the clinic due to the required proximity to the production site (i.e cyclotron). In

contrast, most of SPECT radioisotopes have half-lives of hours to days.?% 8

To acquire the scan, a radiotracer is injected into the subject (patient or animal).
Dependent on the tracer’s pharmacokinetic properties, it will be distributed between
the different organs. If the target (a particular receptor, metabolic process or
condition) is present, it accumulates in this particular area, with fast clearance in non-
targeted organs desirable. At the appropriate time, the subject is placed inside the
scanner and an image is acquired. An array of gamma detectors counts annihilation
gamma rays and the image of the tracer’s biological distribution is generated. PET is
highly sensitive and quantitative but does not provide anatomical data, therefore it
is often carried out in combination with an anatomical imaging technique such MRI

or CT which are fused with the PET images.®>
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1.6.4.1 Radiochemistry of fluorine-18

1.6.4.1.1 Fluorine-18

Fluorine is a unique element in chemical properties and also in the applications it has
in the pharmaceutical and chemical industries. Carbon-fluorine bond strength (bond-
dissociation energy up to 450 kJ/mol) is higher than other carbon-halogen bonds
(240-330 kJ/mol) and carbon-hydrogen bonds (410 kl/mol) and it has a very small
steric size. A typical carbon-fluorine bond length (1.35 A) is shorter than other
carbon-halogen (1.77-2.14 A) and longer than carbon-hydrogen (1.09 A) bonds.
Substitution of fluorine for hydrogen can produce significant and useful changes in
physicochemical and biological properties of organic compounds, for drug molecules
this can affect the pharmaceutical properties of these derivatives. Fluorine is
modestly more lipophilic than a hydrogen atom and significantly more lipophilic than
OH, CO, CN, or sulfoxide and sulfone substituents. These properties confer fluorine
with considerable versatility such that it has been explored as a potential bioisostere
of the hydrogen atom, carbonyl and sulfonyl functionalities, the carbinol moiety, and
the nitrile, with effective functional mimicry very much dependent upon the

biochemical context.87-%0

Fluorine-18 has almost ideal radiochemical and biochemical properties. Its
reasonably long physical half-life (109:8 min) permits transportation off-site, use in
synthesis and allows acquisition of images over several hours. It is a pure positron
emitter (97%) with a relativity low energy (maximum 0.63 MeV), resulting in a short
linear range in tissue. This permits acquisition of images with a particularly high
resolution. It is also readily available from two sources: nuclear reactor and particle

accelerators (it is mainly produced in medical cyclotrons for clinical use).

1.6.4.1.2 Production of fluorine-18

Almost all fluorine-18 is currently produced in high specific activity using a
cyclotronfrom enriched water [*20]H,0, (*30(p,n)8F), as [*®F]fluoride which can be

used in a range of fluorination reactions.? >4 9193
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1.6.4.1.3 Methods for fluorination

There are many chemical methods used to introduce the fluorine-18 isotope into
target molecules. The main synthetic methods can be classified into two distinct area:

direct fluorination and indirect fluorination.

Direct fluorination, where the fluorine-18 isotope is introduced into target molecules
in one-step directly. Indirect fluorination, which requires a multistep synthetic
approach and the addition of fluorine-18 prosthetic groups. Prosthetic groups are
small fluorine-18 labeled alkyl or aryl groups that also have a reactive functional
group. They are designed to react with biological molecules which may be not stable

enough for direct labelling with the fluorine-18 isotope.%

Direct fluorination can be subdivided into two main reaction types: nucleophilic
substitution and electrophilic substitution. Nucleophilic substitution fluorine-18
labeling reactions are more routinely used than electrophilic substitution as they
produce higher specific activity *F PET radiotracers (specific activity is defined as the

amount of radioactivity per quantity of radiotracer (GBg/umol)).

The fluoride ion [*8F]F from the target is trapped on an ion exchange column, then
eluted from the column using base in water/acetonitrile solution. This purifies the
radioisotope feedstock from contaminants and can allow recovery of the [*80]H,0 if
desired. Nucleophilic substitution reactions with fluoride can be subdivided into two
general categories of chemical reaction: (1) Aliphatic nucleophilic substitution (Sn2)
and (2) Aromatic nucleophilic substitution (SnAr) (see Figure 17). In Sy2 reactions, the
18F- attacks and binds to carbon atom of the precursor on the opposite side of the
carbon to a leaving group, which is a weak base such as iodide, bromide and tosylate.
In SNAr reactions, the BF is incorporated directly onto the aromatic ring of the
molecule to be labeled with the leaving group such as iodide, nitrate and RsN,
activated by the electron withdrawing groups in the ortho or para positions, such as

CHO, CN, NO; or COOR.?
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Aliphatic Nucleophilic Substitution (Sy2)
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Aromatic Nucleophilic Substitution (SyAr)

['eFIF" +YOA ~ 18F QA + Y

Y = Leaving group such as halide, NO, or R3N
A = Electron withdrawing group such as CHO, COR, COOR, CN or NO,
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Aliphatic Electrophilic Fluorination using ['®F]acetyl hypofluorite

Aromatic Electrophilic Fluorination

Y = Leaving group such as H, SnR;, HgR or SiR;
A = Electron donating group such as OH, OCH3, NH,, CN or SR

Figure 17: Nucleophilic and electrophilic fluorination reactions

Electrophilic fluorine-18 labeling reactions have problems with specific activity as

[*8F]F2 (or secondary compounds) are usually generated from 8F with the addition

of the stable fluorine-19 isotope. ['8F]F; is highly reactive and so attempts have been

made to decrease the reactivity of ['8F]F, by conversion to a second reagent such as

[*8F]acetyl hypofluorite or xenon difluoride.1% >% 9> % Electrophilic reactions can be
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subdivided into two general categories of chemical reaction (see Figure 17): (1)
Aliphatic electrophilic fluorination and (2) Aromatic electrophilic fluorination. In an
example of an aliphatic electrophilic fluorination reaction, the fluorine gas can be
added to an alkene. This was the original method used to synthesise [®F]FDG. In
aromatic electrophilic fluorination reaction [*F]F. or [‘F]acetyl hypofluorite can be
added to solutions of aromatic compounds resulting in addition/elimination

reactions to produce [*®F]aryl compounds.>*

1.6.4.2 Positron emission tomography (PET) applied to cardiac
metabolic imaging

Cyclotron produced PET radioactive isotopes are short-lived (min-hrs), thus, this
technique is well suited for a studying rapid biochemical processes (see Figure 18).
High sensitivity and resolution, together with an accurate quantification, makes PET
ideal for myocardial substrate metabolism (sugar or fatty acid) and storage
(myocardial uptake) studies in vivo. With a suitable tracer, PET can be used to
quantify the myocardial blood flow (MBF) and oxygen consumption, parameters that
might be relevant and of interest in different clinical situations.®’*° The downside of
PET technology is the high cost of the infrastructure associated with radiotracer
production, synthesis and validation, along with the dose of ionising radiation that is
delivered to the patient during the scan.® However, the unique quality of the data

that can be provided by PET scanning justifies this cost and risk in many cases.
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Figure 18: Cardiomyocyte substrate metabolism. [*3F]FHTA - [*8F]-18-fluoro-6-
thiaheptadecanoic acid, [*®F]FTP - [*8F]-16-fluoro-4-thiapalmitic acid, [*®F]FTO - [*8F]-18-
fluoro-4-thiaoleic acid, [*?*I]BMIPP - beta-methyl-p-[*?3I]-iodophenyl-pentadecanoic acid,
[*8F]FDG - fluorodeoxyglucose

1.6.4.3 PET tracers used to assess glucose metabolism

1.6.4.3.1 [*8F]-Fluorodeoxyglucose ([*®F]FDG)

[*®F]FDG is a fluorinated glucose analogue that can be used to quantify the
myocardial glucose metabolism. Similar to glucose, it is up taken in cells via glucose
transporters, but then gets trapped in the cytosol in [8F]-FDG-6-phosphate form. It
is assumed that myocardial uptake of [*8F]-FDG reflects the overall anaerobic and
aerobic myocardial glycolytic flux. Due to ['F]-FDG-6-phosphate can no longer be
transformed, ['®F]FDG cannot be used to study further steps of glucose

metabolism.19°

1.6.4.3.2 [*1C]Glucose

Myocardial glucose metabolism can be quantified by [*'C]glucose, which is identical
to natural glucose with the 1-carbon atom replaced by the radioactive *'C isotope.
[*1C]glucose has different applications to ['8F]FDG, particularly in cardiac imaging,
because it can be fully metabolised and provide information concerning its metabolic

fate.?®> The main shortcomings of [*'C]glucose are the short radiochemical half-life
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(20 min) and complex synthesis, thus, both, radiolabel and tracer itself need to be

produced in proximity to the patient.?*

1.6.4.3.3 [*!C]Lactate

Lactate is one of the heart energy sources in particular during an intensity exercise.
Herrero et al. developed a compartmental model for non-invasive measurements of
myocardial lactate use and oxidation using [*!C]-lactate, which suffers from similar
problems as [*1C]glucose.®! The options for quantitative measurement of myocardial

lactate metabolism are limited because of the lack of better radiotracers.®

1.6.4.4 PET tracers used to measure blood flow

1.6.4.4.1 [*>O]Water

Myocardial perfusion images obtained with [*>O]water are of high quality because it
is metabolically inert and can diffuse across cell membranes resulting in an excellent
first-pass extraction fraction. However, the short physical half-life of [*>O]water (2

min) could demand multiple flow measurement at short intervals.!0?

1.6.4.4.2 [**N]NH3

[*3N]NH3zis a more practical perfusion tracer.19% 1% |t is has a longer physical half-life
(9:8 min) compared to [°O]water, which leads to preferential distribution and
prolonged retention in the myocardium and ultimately to better quality images.
However, quantification using [**N]NHs is poor because its myocardial uptake
depends not only on perfusion but also on integrity of cellular membranes,

myocardial cells viability and metabolic conditions.°>

1.6.4.4.3 [®Rb]RbCl

The very short physical half-life of 8Rb (76 s), together with acquisition times of 25-
30 min, minimizes the patient’s radiation exposure from cardiac imaging.1%®
[82Rb]RbCl has the lowest myocardial extraction fraction when compared with other
PET perfusion tracers. Moreover, it is extracted in a nonlinear fashion which, at

higher flow, results in underestimation myocardial perfusion. Because of short
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physical half-life and high activities injected, oversaturation might occur at the

beginning of the acquisition.”

1.6.4.5 PET tracers used to measure oxygen consumption

1.6.4.5.1 [*°*0]Oxygen

[*°OJoxygen has been used to estimate myocardial oxygen consumption (MVO3)
based on the fact that oxygen is the final electron acceptor in all pathways of aerobic
myocardial metabolism. In one PET scan, myocardial blood flow is measured, and the
arterial oxygen content is assessed. Due to a very short radiochemical half-life
(2 min), [*>O]oxygen is suitable for studies requiring repetitive assessments, such as
those assessing effects of acute pharmacological interventions. If measures of
myocardial blood flow and blood volume are required, a second tracer usually is used

adding complexity to data processing.?” 28

1.6.4.5.2 [*1C]Acetate

Acetic acid and acetate are direct substrates of tricarboxylic acid cycle there they are
converted into acetyl-CoA. [*!C]Acetate has been used to measure myocardial
oxygen consumption. Obtained data was analysed using an exponential curve fitting
or compartmental modelling. The exponential curve fitting method is easier to use
and gives better results when cardiac output is low because the input function
involves dispersion, whereas, compartmental modelling is more complex and

requires correction of blood radioactivity for [*1C]CO,.108

1.6.4.6 PET tracers used to assess fatty acid metabolism

1.6.4.6.1 [1C]Palmitate

Myocardial fatty acid metabolism could be measured using [*!C]palmitate, which is
identical to a natural fatty acid. As with its non-radiolabeled analogue, [*'C]palmitate
is transported into the mitochondria by the carnitine shuttle and is subject to B-
oxidation. However, because the ['1C] label is introduced at the C-1 position, it is lost

after the first round of 3-oxidation and is released, after passage through TCA cycle,
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in [*1C]CO; form. This short metabolic half-life explains the lack of specificity and poor

image quality.*

1.6.4.6.2 [*¥F]-Thia-fatty acids

Over the past three decades, development of tracers targeted to fatty acid
metabolism moved away from using natural fatty acids as pharmacological moieties
to sulfur atom containing thia-fatty acids. The introduction of the sulfur atom at 4t
or 6% position blocks B-oxidation process, thus allowing the radiolabeled w-terminus
to remain trapped inside the cell. Multiple thia-fatty acids have been radiolabeled

with fluorine-18.33-109

1.7 Proposed metabolism for thia-fatty acids in the
cardiomyocytes

Using FTO as an example, Pandey et al. proposed a mechanism for how long chain
fatty acids are up taken and metabolically trapped in the myocardium (see Figure

19).110

Figure 19: Proposed cardiomyocyte FTO metabolism
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FTO enters into the cardiomyocyte via a fatty acid transporter (CD36 /FATP) (fatty
acid trans- porter protein). In the cytosol, FTO is esterified to FTO-CoA by fatty acyl-
CoA synthase. The CoA activating group is exchanged to carnitine by CPT-I and the
acyl carnitine is then shuttled across the inner mitochondrial membrane where it gets
converted back to FTO-CoA by CPT-Il. In the mitochondrial matrix, FTO-CoA
undergoes two rounds of B-oxidation forming the 3-hydroxy acyl-CoA moiety and a
long-chain thiol, [*®F]-14-fluoro-tetradecane-1-thiol, which then binds to various
mitochondrial proteins. This theory is supported by the fact that, after administration
to the rat, a predominant amount of radioactivity was retained in the mitochondrial
fraction. Evidence of non-specific protein binding was presented by gel
electrophoresis of heart extracts, which showed that the ['8F] radioactivity was
associated with a broad spectrum of molecular weights. Thus, the accumulation of
protein-bound [*8F] radioactivity in tissue is taken as a direct readout of the extent of
fatty acid oxidation. Due to their high lipophilicity, thia-fatty acid tracers are cleared
very slowly. Two likely mechanisms of clearance are the slow release of carnitine

esters and B-oxidation metabolites.

1.8 Summary

Cardiac diseases are the leading cause of death worldwide, thus, an early detection
and better understanding of different pathologies is needed. PET and SPECT are non-
invasive medical imaging techniques capable of detecting metabolic changes during
or preceding the establishment of a pathology. The rationale for developing fluorine-
18 and technetium-99m radiolabeled thia-fatty acids as PET and SPECT probes of
fatty acid oxidation for their potential used in cardiac imaging can be summarised as
follows: 1. There is a strong clinical need to know the metabolic state of healthy and
dysfunctional heart. 2. Fatty acids are the main source of energy in cardiac tissue. 3.
Tissue trapping of thia-fatty acids is metabolism-dependent, which makes them ideal
probes of natural fatty acid oxidation. 4. Knowledge of metabolic state could help to
determine myocardial viability and provide information for better understanding and

detection of ischemic heart disease and coronary artery disease (CAD).
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1.9 Research Aims

The aims of this work are to synthesise and radiolabel in high radiochemical yields
novel thia-fatty acids tracers for imaging cardiac metabolism to obtain new

radiopharmaceuticals which might give more insight into cardiac metabolism.

To achieve these objectives, firstly, thia-fatty acids and their derivatives with various
chain lengths including medium chain thia-fatty acids and long chain thia-fatty acids
have been synthesised following novel and modified synthetic routes. Secondly,
fluorine-18 radiolabeling of thia-fatty acid precursors have been developed and the

cardiac uptake in vivo by PET in the different animal models have been investigated.

The third aim of this work is the development of a coordination chemistry delivery
mechanism to F-thiacapric acid tracers for imaging cardiac metabolism by PET. To
achieve this aim: an investigation of the coordination characteristics of thia-fatty
acids with transition metal macrocyclic complexes known to coordinate carboxylates,
using a fluorinated medium chain carboxylic acid as a model was attempted.
Functionalisation of the macrocyclic transition metal complex with a triphenyl
phosphinonium moiety was carried out in order to confer it mitochondrial targeting

properties.

The fourth aim of the thesis is the development of novel *™Tc labeled long chain
thia-fatty acids (palmitic acid (C-16) and oleic acid (C-18)) for their potential use in
cardiac metabolic imaging by SPECT. Synthesis and characterization of a BFC (TACN)
chelating unit, which was conjugated to thia- palmitic and oleic acids, was carried out.
In addition, synthesis and characterization of the analogous Re(l) complexes which
are important for the characterisation of the ®*™Tc(l) tracers was investigated. ®°™Tc

radiolabeling of both TACN-thiapalmitic acid and TACN-thiaoleic acid was attempted.
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Chapter Two: Synthesis of thia-fatty acid derivatives

2.1 Aims and objectives

Fatty acids that have alkyl chain lengths of sixteen carbons and longer, have to be
transported inside the mitochondria via the carnitine shuttle. Shorter chain length
fatty acids can access the site of metabolic degradation via passive diffusion.tl 112
However, the utility of this or other alternative transport methods to the carnitine
shuttle have not been investigated. Thus, synthesis of w-fluorinated medium chain
eight and ten carbon chain length thia-fatty acids are proposed, in which cardiac
uptake and retention could be compared with that of known fluorinated thiapalmitic
acid (FTP, sixteen carbon chain) and an improved unsaturated fluorinated thia-oleic
acid (FTO, eighteen carbon chain). To achieve this objective, the intermediate

compounds, radiolabeling precursors and “cold” fluorine-19 containing reference

compounds were investigated and synthetic results are reported in this chapter (see

Figure 20).
o o
Br\/V\S/\)'Lo/ F\/\/\S/\).LOH
Radiolabeling precursor and standard "cold" reference-TCD1
X/V\/\/SWO\ F/W\/SWOH
o o]
X=Brorl
Radiolabeling precursor and standard "cold" reference-TCD2
o o
X\/\/\/\/\/\/\s/\)ko/ F\/\/\/\/\/\/\s/\)kOH

X=Brorl
Radiolabeling precursor and standard "cold" reference-TPD
o] o]

= s/\)ko/ F = S/\)kOH

X = Br, | or tosyl

Radiolabeling precursor and standard "cold" reference-TOD

Figure 20: Chemical structures of target compounds
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2.2 Previously reported synthetic methodologies to produce
18F |abeled fatty acid precursors

In the last 30 years, considerable attention has been paid to the development of
fluorine-18 radiolabeled thia-substituted fatty acid analogues as metabolically
trapped PET probes for myocardial fatty acid metabolism imaging. Metabolic
trapping is the ideal method for imaging fatty acid metabolism i.e. that the fatty acid
probe fluxes through at least the initial step(s) of B-oxidation then becomes
metabolically trapped. The fatty acid probe should be specific to oxidation and should
not undergo esterification as this will alter the accumulation pattern. To obtain high
target cardiac uptake and retention, ['8F]-labeled fatty acid tracers can contain
heteroatoms (primarily sulfur) at the fourth or sixth position, which causes nearly
exclusive fatty acid B-oxidation. Figure 21 shows the thia-fatty acid tracers that have

been previously developed as PET probes for fatty acid oxidation.1®

o}
['8F114-FTHA WW\/\S/\/\)J\OH
18F
o]
['8F]17-FTHA 18 WJ\
\/\/\/\/\/\S OH
18 9
FIFTP 18
[oF] P e s o
o
['®FIFTO _
18 s/\)J\OH
o
['®FIFTS
18 S/\)J\OH
o
['8F]F-6-TS

18F/\/\/\/\/\/\/\s/\/\)J\OH

Figure 21: Chemical structure of thia-substituted fatty acids: [*¥F]-14-fluoro-6-
thiaoctadecanoic acid [*®F]14-FTHA; [*®F]-17-fluoro-6-thiaoctadecanoic acid [*®F]17-FTHA;
[*8F]-16-fluoro-4-thiapalmitic acid [*®F]FTP; [*®F]-18-fluoro-4-thiaoleic acid [*¥F]FTO; [*F]-

18-fluoro-4-thiastearic acid [*®F]FTS; [*®F]-18-fluoro-6-thiastearic acid [*®F]F-6-TS
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Various synthetic routes have been developed previously to synthesise the
precursors and “cold” reference standard compounds for these tracers. Some
radiolabeling precursors are commercially available. Both the reference for ['8F]-14-
fluoro-6-thiaheptadecanoic acid (['8F]FTHA) and the radiolabeling precursor with a

tosylate leaving group can be purchased (see Figure 22).113 114

Figure 22: Chemical structure for benzyl 14(R,S)-tosyloxy-6-thiaheptadecanoate!!?

For the synthesis of [*®F]-17-fluoro-6-thiaheptadecanoic acid (['®F]17-FTHA), 11-
bromo-1-undecanol was converted to thiol 11-mercapto-undecanol by thiourea,
then, methyl 5-bromopentanoate was added to insert the sulfur atom in position 6
in the carbon backbone and to extend the chain length. The resulting methyl 17-
hydroxy-6-thiaheptadecanoate was tosylated to produce the target compound,

methyl 17-tosyloxy-6-thiaheptadecanoate (see Scheme 1).11°

(0]

O
BryyOH _Thiourea_ HSy,OH Br/\/\)ko/ HO*:)TS/\/\)kO/
DMSO
Tosyl chloride J pyridine

1 -~

RT, 20 h o

i \Q
. o
o
F’H\S/\/\)ko/ TBAF 1M in THF NP
o s o

Methyl 17-tosyloxy-6-thiaheptadecanoate
Standard "cold" reference Radolabeling precursor

Scheme 1: Synthetic route to prepare [F]-17-fluoro-6-thiaoctadecanoic acid [*®F]17-FTHA
precursor and standard reference!?®

Belanger et al. and DeGrado et al. have reported two different synthetic routes to
prepare [BF]FTP precursors?> 116 (see Scheme 2). The alkylation method that
Belanger et al. used depends on alkylation of bromo-4-thiapalmitate with 1,12-
dibromododecane.!?® DeGrado et al. synthesised a similar compound using a diiodo

derivative to give an iodide precursor for radiolabeling.!®
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Methyl 3-mercaptopropionate

Bru, S 0
Br Br Y ~
~; NaH, THF, 0°C, RT, 4 h 12 \/7)(

Bromo-4-thia-palmitate
Radiolabeling precursor

Methyl 3-mercaptopropionate

I%I

IWS\/I(O\

lodo-4-thia-palmitate
Radiolabeling precursor

K,CO3, ACN, RT, 20 h

Scheme 2: Synthetic routes to prepare [*®F]-16-fluoro-4-palmitic acid [F]FTP
precursors!t> 116

Formation of non-radioactive fluorine-19 reference standards using the Belanger et
al. and DeGrado et al. routes was performed by fluorination of the bromo and iodo
terminating protected fatty acids with tetra-n-butylammonium fluoride (TBAF).11> 116

The resulting fluoro-ester was hydrolysed with base (see Scheme 3).

Br S (0] 75,
YOS T,
e} n The

KOH, EtOH

F. S (0] F. S OH
A G
| S (0] o ’ 0}
\MJZW h ?\'VQ'Q‘(\
(0]

Standard "cold" reference

Scheme 3: Synthetic routes to prepare [®F]-16-fluoro-4-thiapalmitic acid [*¥F]FTP “cold”
reference standard!!> ¢

There are two published methods for the synthesis of [18F]FTO precursors. In the first
report, by DeGrado et al. the bromo precursor was prepared in nine steps. The non-
radioactive reference compound19-fluoro-4-thiaoleic acid (FTO) was produced by a
nucleophilic substitution reaction between the precursor tetra-n-butylammonium

fluoride (TBAF), and hydrolysed with base!!’ (see Scheme 4).
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Scheme 4: Synthetic routes to prepare [*¥F]-18-fluoro-4-thiaoleic acid [*®F]FTO precursor

and “cold” reference standard!'’

In a report by Cai et al., the radiolabeling precursor and non-radioactive reference

compound were synthesised based on the corresponding clicked oleate analogue in

five steps'!® (see Scheme 5). This research group also optimised the synthetic route

to FTO to require only three steps from commercially available materials (see Scheme

o]
o) o]
\\\/\/\/\) /\H/E/H\ /\)k -
Br/HS\Br Br'Ph3P*H5\S/\)ko/ * & 5 +'s 0

PPhj, 90°C, 5 h
NaOMe, THF
A 0
BrenPT e e s VN
p— ~
o & 5 +s o
NaS’\)J\o/ N
o Cul, DIEA, CHCI; | Ts0” >3
Br'Ph3P*H5\s/\)ko/ OTs
A S i
NaOMe, THF, RT| Br”" 8CHO N,Nj/\(v)/\:/(’i\s/\)ko/
N 5
N
0 S\/\/\:A
~ m/\/ e Br
o

18¢Zclicked-FTO,

Radiolabeling precursor
Radiolabeling precursor

\ KOH, MeOH

o
NE/H“\S/\)LOH

Cul, DIEA, CHCI3 \ pNs

F

{ o
N:\NWS/\AO/
N

F-clicked-FTO, Standard
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Scheme 5: Synthetic routes to prepare of, [*®F]FTO, *F-clicked-FTO precursor and the cold

standard, F-clicked-FTO!8
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The synthesis of ['8F]-18-fluoro-4-thiastearic acid ([*®F]FTS) precursors has been
reported.* 1,14-Tetradecadioic acid was converted to 1,14-tetradecane diol in two
steps: esterification followed by reduction. The obtained diol was heated with HBr to
yield 1,14-dibromotetradecane which on subsequent reaction with methyl 3-
mercaptopropanoate in the presence of sodium hydride yielded bromostearate as
precursor for radiofluorination. The bromostearate was treated with tetra-n-
butylammonium fluoride (TBAF) followed by ester hydrolysis to obtain the non-

radioactive reference standard (see Scheme 6).

HOOC COOH 1. MeOH, H,S0, HO OH 48% HBr Br Br
s g MO A8RHBr By

2. LAH, THF
NaH, THF | Methyl 3-mercaptopropionate

1. TBAF, CH3CN

Fu-S OH : , Bray S 0
N L TEAR CHON — Brgy ~
WY 2. KOH, EtOH 14 vr

Standard "cold" reference Radiolabeling precursor

Scheme 6: Schematic synthetic routes to prepare [*8F]-18-fluoro-4-thiastearic acid [*®F]FTS
precursor and “cold” reference standard*

To synthesise [*8F]-18-fluoro-6-thiastreaic acid ([*®F]F-6-TS), the precursor has been
prepared from methyl 5-bromopentanoate and thiourea followed by treatment and
subsequent esterification with methanol. The product was treated with 1,12-
dibromododecane in the presence of sodium hydride, forming the bromo stearate as
the precursor for radiofluorination. To obtain the non-radioactive reference
compound, the bromo stearate was treated with tetra-n-butylammonium fluoride

(TBAF) followed by ester hydrolysis (see Scheme 7).

0]

O
S G 7 N G UL
e NaOH EtOH OH 4 O

Conc H,SO,4

HO. , OH 48%HBr Br Br | NaH, THF
AT o Ny

_ >

Fu LS OH  1.TBAF, CHsCN  Bry,.S o
MY T T Y

o) 2. KOH, EtOH o)
Standard "cold" reference Radiolabeling precursor

Scheme 7: Synthetic routes to prepare [*®F]-18-fluoro-6-thiastearic acid [®F]F-6-TS
precursor and “cold” reference standard*
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2.3 Synthesis of methyl 4-thiapalmitic acid/palmitate
derivatives (TPD)

Palmitate, a long chain fatty acid (sixteen carbon atoms), is one of the most prevalent
in human blood. It is used to produce energy in the normoxic myocardium and it is
rapidly metabolised by B-oxidation and easily passes through the mitochondrial
membrane.'*? Thus, the 4-thiapalmitic acid tracer was developed for use as a
metabolically trapped PET probe for myocardial fatty acid oxidation imaging.'
However, the myocardial accumulation of ['8F]-16-fluoro-4-thiapalmitic acid
([*8F]FTP) is suboptimal in hypoxic tissues.''> Overall, [*®F]FTP is validated as a
radiopharmaceutical for heart imaging and offers a well characterised control for

radiolabeling and imaging experiments in this work.

2.3.1 Synthesis of 16-iodo or bromo-4-thiapalmitate (2 and 3)

Two palmitate radiolabeling precursors, with iodo and bromo leaving groups, were
synthesised. In order to facilitate a further nucleophilic attack by thiol of methyl 3-
mercaptopropionate, commercially available 1,12-dibromododecane was iodinated
with sodium iodide at refluxing in acetone to yield the diiodo product 1 in 57% yield
(see Scheme 8). The approach was chosen based on the work by Sheibani and
Warnmark!!® who synthesised 1,12-diiodododecane in quantitative yield from 1,12-
dibromododecane and methyl 3-mercaptopropionate following a modified
procedure published by DeGrado et al.''> and Pandey et al.* providing the expected
iodinated thiapalmitate 2 in a 24% yield in an almost 1:1 mixture with the symmetric
bis-substituted derivative. Although iodine is a better leaving group, bromide
derivatives are also of interest. Therefore, bromate thiapalmitate 3 was prepared

using sodium hydride activation in a 41% yield (see Scheme 8).
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Scheme 8: Synthesis of methyl 16-iodo or bromo-4-thiapalmitate 2, 3 respectively
2.3.2 Synthesis of 16-fluoro-4-thiapalmitic acid (FTP) 6

To obtain 16-fluoro-4-thiapalmitic acid (FTP) 6 as a standard for HPLC, fluorination of
1,12-dibromododecane was first carried out using KF/18-crown-6 complex in
anhydrous acetonitrile (see Scheme 9). The fluorinated product 4 was reacted
without isolation with methyl 3-mercaptopropionate using sodium hydride to form
5 in a yield of 13%.% 16-Fluoro-4-thiapalmitic acid 6 can then be formed via basic
hydrolysis with LiOH in 60% ethanol/water solution in a 71% yield. The formation of
compound 6 was observed in the 'H NMR (disappearance of a singlet at § 3.70 ppm,
characteristic of methyl ester). As 6 was only required in small quantities for HPLC
analysis, further optimisation to increase reaction yields was not attempted.

18-crown-6

Br/\/\/\/\/\/\/Br
KF

AN NN NN Br
F
4

139 methyl 3-mercaptopropionate,
® | NaH,THF
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s~y
6

Scheme 9: Synthesis of 16-fluoro-4-thiapalmitic acid (FTP) 6
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2.3.3 HPLC analysis of methyl 16-fluoro-4-thiapalmitate 5 and
16-fluoro-4-thiapalmitic acid (FTP) 6

Cold (non-radioactive) standard compounds are essential to allow method
development via HPLC, allowing for radiotracer identification, reaction monitoring

and purification.

In preparation for radiolabeling experiments, an HPLC method was developed and
retention times for fluorinated ester intermediate 5 and 16-fluoro-4-thiapalmitic acid
6 were determined. The products eluted, respectively, at retention times (R:) of 14:20

min and 12:28 min (HPLC gradient-method 3, See Experimental, section 5.3.6.1) (see

Figure 23).
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Figure 23: HPLC traces of fluorinated ester intermediate 5 and 16-fluoro-4-thiapalmitic acid

(FTP) 6
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2.4 Novel synthetic routes for 4-thiacaprylic acid/caprylate
derivatives (TCD1)

Medium chain thia-fatty acids may be interesting to compare with long chain thia-
fatty acid tracers (C-16 to C-18) in regard to in vivo cardiac uptake. As noted in section
2.2, medium and short chain thia-fatty acid don’t engage with the carnitine shuttle
and appear to enter the mitochondria via a carnitine-independent process that is not

yet fully characterised (likely to be passive diffusion).t1?, 112,120

2.4.1 Synthesis of methyl 8-tosyl or bromo-4-thiacaprylate (13
and 18)

The most successful processes to synthesise high specific activity fluorine-18
radiotracers are based on aliphatic nucleophilic substitution reactions (Sn2).2 This
reaction requires a good leaving group, such as halides (I, Br or Cl) or sulfonate
(tosylate, nosylate, mesylate or triflate).??% 122 In SN2 reactions, the fluoride ion F
attacks and links to the primary carbon atom of the methyl 8-tosyl or bromo-4-
thiacaprylate 13 and 18 respectively, on the opposite side to a leaving group, which

is the weak base (see Scheme 10).

Transition State

Y = Leaving group

1
e
“Ae~Aon - &
Scheme 10: Aliphatic nucleophilic substitution reaction (Sn2)

However, the main limitation of this method is the need to protect any potentially

competing sites of nucleophilic attack in the molecule such as alcohol, acid or amine
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groups.’® As a result, additional synthesis and purification steps are required,

increasing complexity and synthesis times.

The general synthesis of different thiacaprylate derivatives and protected

intermediates to produce the radiolabeling precursors is shown in Scheme 11.

(0] R. S (0]
ﬂ» HO/\/\/BI' N R\O/\/\/Br [ O/\/\/ W ~

33% 7 o
R=Protecting group HO/\/\/SWO\
O

Scheme 11: Synthesis of methyl 4-thiacaprylate derivatives in general

4-Bromo-1-butanol 7 was prepared by acid hydrolysis of tetrahydrofuran by
hydrobromic acid (HBr) following literature methods (see Scheme 11),'% HBr is a
strongly acidic reagent used for generating bromohydroxy compounds via ether
cleavage.’® 7 was prepared to to react with methyl 3-mercapto propionate.
However, its hydroxyl group is a potential nucleophile and should be protected
beforehand. Two protecting groups, tetrahydropyranyl (THP) and dimethyl-tert-
butylsilyl (TBDMS) were explored.

The protecting group is introduced under mild acidic conditions and is stable to
strongly basic reaction conditions, organometallics, hydrides, acylating reagents and
alkylation reagents. One of the disadvantages of using THP protecting group is that it
introduces an additional stereocentre that may lead to diastereomeric mixtures of
the alcohol.'?> This was not a problem in our case due to the simplicity of the
structure. The approach chosen in this work is based on the modified method by
Grieco and Larsen (see Scheme 12).126 The reaction was monitored by TLC until the
starting material was consumed (24 h) rather than following the described reaction
time (1 h). The formation of compound 8 was confirmed by the appearance of a
characteristic triplet peak at 6 4.60 ppm corresponding to O-CH-O proton. After flash
chromatography purification, product 8 was isolated as a colourless oil in a 70% yield,
lower than reported in literature (96%), although this was used without

purification.126
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An alternate protection strategy utilising dimethyl-tert-butylsilyl (TBDMS) group was
also explored. Silyl protecting groups have the advantage of chemo-selective
cleavage by fluoride ions which might be of interest if the protected compound
contained other acid sensitive groups.'® In this work, 9 was synthesised based on
the method by Touh and Fallis.*?” TBDMS is introduced using tetrabutyldimetylsiyl
chloride (TBDMSCI). Chloride is a poor leaving group and can be activated in situ by
addition of imidazole. The group is introduced under mildly basic conditions. Acid-
basic aqueous treatment gave the silyl ether 9 as a colourless oil in 96% vyield, an
improvement of the yield obtained in the literature (80%).1?7 It was directly used in

the next step without purification (see Scheme 12).

Ho/\/\/Br
7
THP, p-toluenesulfonic acid, etw/o 96% BE?AMSCL imidazole, 4 -(dimethylamino)pyridine,
GHs
/\/\/Br _Si. /\/\/Br
o~ "o HsC™ O
8 9
methyl 3-mercapto methyl 3-mercapto
propionate propionate
1. K,CO3 ACN 50% 1. K,COj3, ACN 66%
2. NaH, THF 57% 2. NaH, THF 75%
>LCH3
s o Si s o
0 0 TN W ~ H3C” 0T W ~
10 o 11 ©
MeOH, TsOHxH,0 51% /’BAF 1M in THF
o
HO
\/\/\S/\)ko/

12

Scheme 12: Synthesis of methyl 4-thiacaprylate intermediate derivatives

To obtain novel thiacaprylate derivatives, the THP protected compound 8 or TBDMS
protected compound 9 is modified by insertion of a sulfur atom at specific positions
in the chain backbone.?3 The thia fatty acids generally include a sulfur atom at the C-
4 position, to facilitate metabolic trapping.? It is introduced by reacting a Cy.4 bromide
derivative (in this case, protected bromobutanol) with methyl 3-

mercaptopropionate. Two different procedures can be considered, heterogeneous
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basic catalysis as described by Pandey et al.,* or activation of thiol by a strong base
NaH as described by DeGrado et al.''> (see Scheme 12). Both approaches were
attempted and use an equimolar or slight excess of thiol to bromide derivative.
However, the K,CO3 method takes much longer (3 days) to achieve similar reaction
yields as the NaH (50-60% vs. 57-75% respectively); hence, the NaH method is
preferred. The formation of 10 and 11 was confirmed by the appearance of protons
belonging to hydroxyl protective groups and a characteristic singlet at 6 3.70 ppm of

methyl ester in *H NMR.

The THP protecting group was removed with an equimolar amount of p-
toluenesulfonic acid, following literature methods.??> The novel compound 12 was
purified by flash chromatography and isolated as a colourless oil in 51% yield (see
Scheme 12). The reaction can be followed by thin layer chromatography (TLC) or by

H NMR, monitoring the disappearance of characteristic O-CH-O proton at & 4.60

ppm.

The TBDMS protecting group should be labile in the presence of fluoride ions. The
de-protection of TBDMS is based on the work of Corey and Venkateswarlu.1?®
However, the use of 2-3 fold excess of tetra-n-butyl ammonium fluoride in THF for 8
h at room temperature did not give the de-protected product (see Scheme 12). The
mercapto group may compromise the stability of compound 11 or reactivity of
fluoride, however, as the THP protecting strategy worked well, this has not been

further investigated.

Tosylation of alcohols using p-toluenesulfonyl (tosyl) chloride is a typical
transformation used to convert alcohols (a poor leaving group hydroxy) into tosyl (a
good leaving group p-toluenesulfonyl or tosylate group) alkylating agents.'*® Many
methods are available and were tested before identifying conditions suitable for the

starting materials in this work.

The general method for tosylation of an alcohol involves a tosyl chloride and a base,

reacted in a polar solvent. To synthesise the previously unreported methyl 8-tosyl-4-
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thiacaprylate 13, three modified methods based on reports in the literature were
attempted3® 131 (Scheme 13). Using diisopropylethylamine (DIPEA) in dry
dichloromethane (DCM) or K,COs3 in dry DCM did not provide any tosylated product,
as evidenced by the absence of aromatic protons in 'H NMR of crude reactions.
Attempts to activate the tosyl chloride into a pyridinium derivative using pyridine and
4-(dimethylamino)pyridine as a base in dry DCM using trimethylammonium
derivative with triethylamine (TEA) as a base and trimethylamine hydrochloride as a

catalyst were also not successful.

2 Tosyl chloride \©\S//O
HO\/\/\S/\)'LO/

OSYT SO e g s 0
/ N ~
base, solvent o © vij

12 13

Radiolabeling precursor

Scheme 13: Attempting of synthesis methyl 8-tosyl-4-thiacaprylate 13, four methods:
Method 1- DIPEA, DCM; Method 2- K;CO3, DCM; Method 3- EtsN, ACN; Method 4- pyridine,
DCM

As these methods were proven to work with alcohols without sulfur atoms,
protection of the mercapto derivatives was carried out by oxidation to a sulfinyl
group using sodium perborate (NaBOs) in biphasic water/ethyl acetate solution
acidified with a catalytic amount of glacial acetic acid, based on a method reported
by Funakoshi et al.13? Both TBDMS protected 11 and THP protected 10 (see Scheme
14) derivatives were prepared in 99% and 60% vyield, respectively. Tetra-n-
butylammonium fluoride de-protection of TBDMS to form 15 did not give the
deprotected product compound 15. Subsequently, a different method involving
cerium(lll) chloride (CeCls) oxidation was used,®* which gave a complex mixture in the
H NMR spectrum. TLC analysis of the reaction also indicated significant impurities
which would require challenging purification. As the THP protection chemistry
worked well, the TBDMS protection route was not investigated further (see Scheme

14).
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Scheme 14: Synthesis of methyl 8-alcohol-4-sulfinylcaprylate 15

The THP derivative 10 was deprotected by stirring the protected sulfinyl-ester with
an equimolar amount of p-toluenesulfonic acid in methanol to provide the sulfinyl
alcohol 15 in a non-optimised yield of 35%. The sulfinyl alcohol 15 was tosylated using
tosyl chloride, MesN, HCl and Et3N to give 17 (see Scheme 15).23° Multiple attempts
at chromatographic purification failed because compound 17 hydrolysed to its

precursor alcohol 15.
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Scheme 15: Synthesis of methyl 8-tosyl-4-sulfinylcaprylate 17

The tosylate derivative 13 was synthesised using a standard method, which was used

to prepared tosylate derivative 17 (see Scheme 16).

0] Tosyl chloride, EtsN, DCM o
HO\/\/\/S\)'L - S” s o)
o 72% g e i \/ﬁo( ~

12 13

Scheme 16: Synthesis of methyl 8-tosyl-4-thaicaprylate 13
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Problems were again encountered with the instability of this compound, which may be due
to hydrolysis or potentially the cyclisation to form a sulfonium species, which was consistent
with the fragment [M-tosylate]* observed in the mass spectrum (see Scheme 17). This

reactive species could subsequently be hydrolysed.

% ) N
\©(\)’,§?§a\/\/$\/\m°\ ~— (\ N

s_ O
I /\/\/S\/\g/o\ - @

[13] MS (ESI) m/z: 175 [M-tosylate]*  MS (ESI) m/z: 175

Scheme 17: Suggestion mechanism for compound 13

Bromide is also a good leaving group, thus could replace the tosyl group in an
alternative radiolabeling precursor. The tosylate compound 13 was treated
immediately after tosylation with lithium bromide in dimethylformamide (DMF)
using a modified literature method (see Scheme 18).133 After column
chromatography purification, product 18 was isolated as a colourless oil in 4% vyield,
the low yield may be because of the instability of 13. Other methods were attempted
to prepare 18, see Scheme 18, but the desired product was not isolated. Further
optimisation is needed to increase the yield of the precursor but sufficient product

has been isolated to proceed.

AOV; i
g WO B"\/\/\S/\Ao/

g N ~_ Method 1: LiBr, DMF, 4%
0] Method 2: CBr,, PPh, DCM X
13 18
Radiolabeling precursors

methyl 3-mercapto propionate )’( K,CO3, ACN

Br\/\/\Br

Scheme 18: Synthesis of methyl 8-bromo-4-thiacaprylate 18
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2.4.2 Synthesis of methyl 8-fluoro-4-thiacaprylic acid (FTC1) 21

Synthesis of fluorine-19 containing 8-fluoro-4-thiacaprylate 20 was attempted by a
nucleophilic substitution reaction between the radiolabeling precursor 18 and the
fluoride ion carrier, followed by ester hydrolysis (see Scheme 19). Even though
macroscale reaction conditions do not usually match radiolabeling conditions, the
“cold” reaction might offer some insight. Two sources of fluoride, KF (activated with
18-crown-6) and tetra-n-butylammonium fluoride, were used. However, in both
cases, complex mixtures of products were produced with the expected fluorinated
derivative detected by mass spectrometry but not present in a recoverable quantity.
Direct fluorination of alcohol 12 with diethylaminosulfur trifluoride (DAST), following
literature methods,*3* was equally unsuccessful and was abandoned without further

investigation.

Oy

o
d
N U 2N

g0 VE( KF.18-0romn 4

13
F/\/\/S O\

_x °
HO/\/\/S\/YO\ DAST 20
(0]

12

Scheme 19: Attempting of synthesis 8-fluoro-4-thiacaprylate 20

Therefore, the novel compound 20 was prepared by a different route to that used
for the radiochemistry. Compound 20 was synthesised directly from commercially
available 1-bromo-4-fluorobutane (see Scheme 20) and methyl 3-mercapto-
propionate by using NaH as base, in an 82% yield. Its identity was confirmed by 'H
NMR (disappearance of § 3.47 ppm triplet, characteristic of CH,-Br, and appearance
of a singlet at & 3.70 ppm, characteristic of methyl ester and a doublet of triplets at
6 4.46, characteristic of CH,-F). The novel reference “cold” standard 8-fluoro-4-
thiacaprylic acid (FTC1) 21 was obtained from fluorinated ester precursor 20 by LiOH
catalysed hydrolysis, carried out at room temperature in 60% ethanol/water solution

in an 88% vyield, following a modified literature method.'® The identity was
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confirmed by 'H NMR (disappearance of a singlet at 6 3.70 ppm, characteristic of

methyl ester) and °F NMR.

F/\/\/Br HS

/\)CL
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~
(0]
—_ > F\/\/\S/\)ko/
NaH, THF 82%
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Standard "cold" reference

LiOHtzoi 88%

(0]

F\/\/\S/\)kOH

21

Scheme 20: Synthesis of 8-fluoro-4-thiacaprylic acid (FTC1) 21

2.4.3 HPLC identification of 8-fluoro-4-thiacaprylic acid (FTC1)

21

In preparation for radiolabeling experiments, an HPLC method was developed and

retention times for fluorinated ester intermediate 20 and 8-fluoro-4-thiacaprylic acid

(FTC1) (reference standard) 21 (see Figure 24), were determined. Products eluted,

respectively, at a retention time (Rt) 18:00 min and 15:22 min.
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Figure 24: HPLC traces of fluorinated ester intermediate 20 and 8-fluoro-4-thiacaprylic acid
(FTC1) 21
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2.5 Synthesis of 4-thiacapric acid/ methyl-4-thiacaprate
derivatives (TCD2)

Capric acid, which has ten carbon atoms, is another medium chain thia-fatty acid,

which was also investigated.

2.5.1 Synthesis of methyl-10-iodo- or methyl-10-bromo-4-
thiacaprate (22 and 23)

Similar to the previously described work, to obtain [*8F]-10-fluoro-4-thiacapric acid,
a precursor which has a good leaving group should be synthesised. Bromo and iodo
precursors, 22 and 23 respectively, were synthesised (see Scheme 21) by reaction of
methyl 3- mercaptopropionate with 1,6-dibromo or iodohexane in acetonitrile in the
presence of K,COs. The synthesis of 22 is a modified version of a procedure reported
by DeGrado et al.*'> 3¢ The number of molar equivalents used by DeGrado (1:1,
methyl 3-mercaptopropionate: 1,6-dibromohexane) only gave symmetric bis-
substituted product when followed. To tackle this problem, multiple experiments
were attempted, to give optimised conditions (0.5:1, methyl 3-mercaptopropionate:
1,6-dibromohexane with the reaction time is increased to 3 days) 22 was purified by
column chromatography and isolated as a colourless oil in 28% vyield (lower than
reported by DeGrado, 35%). The formation of compound 22 was characterised by the
presence of two triplet peaks in the *H NMR spectrum, one at § 3.40 ppm for two

protons (CH»-Br) and another at 6 2.73 ppm for two protons (CH,-S).

/\i
- S (e}
HS O NN ~
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P N —»HS/\AO/ '/\/\/\/SVYO\
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23

Rdiolabeling precursors

Scheme 21: Synthesis of methyl 8-bromo or iodo-4-thiacaprate 22, 23

The novel methyl 10-iodo-4-thiacaprate 23 was synthesised by applying the same

conditions used to prepare the bromo precursor 22 and was prepared in 31% yield.
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The structure of compound 23 was confirmed by the appearance of two
characteristic triplets peaks one at 6 3.19 ppm for two protons (CH,-l) and another

at 6 2.78 ppm for two protons (CHz-S) in the *H NMR spectrum.

2.5.2 Synthesis of 10-fluoro-4-thiacapric acid (FTC2) 26

To synthesise 26 (see Scheme 22), 1,6-dibromohexane was first fluorinated by the
addition of TBAF at room temperature for 72 h. The resulting fluoro-bromo crude
compound 24 was purified by distillation and isolated as a colourless oil in 10% yield.
The low vyield in this reaction is not a major issue as the starting material is
commercially available and inexpensive (see Scheme 29). 1-Bromo-6-fluorohexane
24 was subsequently alkylated by the addition of methyl-3-mercaptopropionate to
form 25 in a 58% yield. The identity has been confirmed by °F NMR and *H NMR with
the disappearance of 6 3.40 ppm triplet, characteristic of CH,-Br, and appearance of
a singlet at 6 3.70 ppm, characteristic of methyl ester and a doublet of triplets at 6
4,53, characteristic of CHz-F. The novel reference “cold” standard 8-fluoro-4-
thiacaprylic acid (FTC2) 26 was obtained from fluorinated ester precursor 25 by LiOH
catalysed hydrolysis, carried out at room temperature in 60% ethanol/water solution
in an 96% vyield, following a modified literature method.'* The identity was
confirmed by 'H NMR (disappearance of a singlet at & 3.70 ppm, characteristic of
methyl ester) and °F NMR.

Br TBAF 1M in THF Br
Br/\/\/\/ —>100/ F/\/\/\/
° 24

o
0,
NaH, THF, 58% ‘ HS/\)kO/

F/\/\/\/SWO\
25 0

LiOHxH,0, 96% \

F/\/\/\/SWOH

26 o

Scheme 22: Synthesis of 10-fluoro-4-thiacapric acid (FTC2) 26
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2.5.3 HPLC identification of methyl-10-fluoro-4-thiacaprate 25
and 10-fluoro-4-thiacapric acid (FTC2) 26

A HPLC method was developed for the fluorinated ester 25 and 10-fluoro-4-

thiacapric acid (FTC2) 26 (see Figure 25). The products eluted, respectively, with
retention times of (Rt) 19:08 min and 14:14 min.
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Figure 25: HPLC traces of fluorinated ester intermediate 25 and 10-fluoro-4-thiacapric acid

(FTC2) 26
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2.6 Novel synthesis of 4-thiaoleic acid/methyl-4-thiaoleate
derivatives

Oleate is a long chain fatty acid (18 carbon atoms), longer than palmitate by two
carbon atoms and contains a double bond. As with palmitate, it has ideal properties
for development as radiopharmaceutical agent!'’ because of the chain length and
degree of unsaturation.* Therefore, ['8F]-18-fluoro-4-thiaoleic acid ([*F]FTO) is a
potential optimised metabolically trapped fatty acid oxidation tracer. It has shown
increased higher myocardial accumulate and excellent myocardial imaging compared

to ['8F]-16-fluoro-4-thiapalmitic acid ([8F]FTP).

As mentioned before in section 2.1, 118 two different synthetic route have
previously been used to synthesise ['®F]-4-thiaoleic acid radiolabeling precursors
(bromo and tosyl). In this work, new synthetic routes were investigated to reduce the
number of synthetic steps. Also, three different precursors (tosylate, iodo and
bromide) were prepared to compare the precursor yield, number of synthetic steps
and radiolabeling yield. The reference compound 18-fluoro-4-thiaoleic acid (FTO),

was also synthesised.

2.6.1 Synthesis of methyl-18-tosyl-, methyl-18-bromo- or
methyl-18-iodo-4-thiaoleate 32, 33 and 34

Tetrahydropyranyl (THP) was added to a solution of acetylenic alcohol and
pyridinium p-toluenesulfonate (PPTS). PPTS is used as a weakly acidic catalyst in such
reaction when a substrate is unstable to stronger acid catalysts. Protected dec-9-yn-
1-ol 27 was produced as a colourless oil in 100% vyield, consistent with that achieved
by Goerger & Hudson'¥’ (see Scheme 23). The 'H NMR spectrum showed the

appearance of a characteristic triplet at 6 4.57 ppm corresponding to O-CH-O proton.

To extend the fatty acid chain, a novel synthetic route was developed, inspired by
analogous functional group chemistry.'3® The acetylenic hydrogen atom can be easily
removed by strong bases, such as n-Buli, to give the acetylide anion. The protected

dec-9-yn-1-ol 27 was deprotonated by addition of n-BuLi and then alkylated with
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diiodobutane at room temperature overnight. After column chromatography
purification the novel protected alkyne iodiate 28 was isolated as a colourless oil in
61% vyield (see Scheme 23). The 'H NMR showed disappearance of the triplet at &
1.93 ppm characteristic of terminal alkyne and the appearance of a peak at 6 2.21-

2.13 ppm for four protons H,C=CH,.

H
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DHP, PPTS
HO 100% o~ "0

27

I/\/\/I

61% | n-BuLiin hexane

|
Q /\/\/\/\/\/\/
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28

methyl 3-mercaptopropionate,
K,CO3, ACN

methyl 3-mercaptopropionate,
NaH, THF

s o
(@) (@) o
29

31%

73%

Scheme 23: Synthesis of methyl 4-thiaoleate intermediate derivatives 27, 28 and 29

To synthesise novel methyl-4-thiaoleate derivatives (see Scheme 23), the compound
28 must be modified by insertion of a sulfur atom at position four in the alkyl chain.
An alkylation reaction of 28 with methyl-3-mercaptopropionate gave the protected
long chain 4-thiaoleate 29 in a 31% vyield. Modification of the procedure to use
sodium hydride increased the vyield to 73%. The 'H NMR spectrum showed
disappearance of a triplet at 6 3.21 ppm, characteristic of CH,-l, and appearance of a

singlet at 6 3.71 ppm, characteristic of the methyl ester.

Hydrogenation of alkyne 29 was performed using the Lindlar catalyst (5% Pd/CaCO:s)
to give the cis alkene 30 (see Scheme 24).13° The addition of quinoline to the reaction
mixture is necessary to prevent alkane formation. After column chromatography
purification, the novel compound 30 was isolated as a colourless oil in 79% yield. The
formation of 30 was characterised by the presence of a multiplet peak in the *H NMR

spectrum at 6 5.29 ppm for the two alkene protons (HC=CH).
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Scheme 24: Synthesis of methyl-18-tosyl-, methyl-18-bromo- or methyl-18-iodo-4-
thiaoleate 32, 33 and 34

The THP protecting group was removed using p-toluenesulfonic acid.’>® The
compound 31 (see Scheme 24) was purified by flash chromatography and isolated as
a colourless oil in 89% vyield. The reaction can be followed by TLC or by *H NMR
(monitoring the disappearance of characteristic O-CH-O proton at 6 4.57 ppm) (see

Scheme 24).

Tosylation of methyl-18-hydroxy-4-thiaoleate 31 was carried out and, after column
chromatography purification, 32 was isolated as a colourless oil in 70% yield. The H
NMR spectrum showed the appearance of two characteristic multiplet peaks (one at
6 7.82 ppm for two protons (Ar-H) and another at 6 7.34 ppm for two protons (Ar-H).
The tosylate compound 32 was used to form the bromo and iodo derivatives (see

Scheme 24).

The bromo precursor 33 was synthesised by reacting methyl-18-tosyl-4-thiaoleate
with LiBr, the crude product was purified by column chromatography, and 33 was
isolated as a colourless oil in 75% yield (see Scheme 24). The product has been
synthesised previously using a different synthetic route.!'” The formation of 33 was
characterised by the presence of a triplet peak in the 'H NMR spectrum at § 3.42 ppm
(CH-Br).
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Synthesis of a novel methyl-18-iodo-4-thiaoleate (34) was achieved by adding of Nal
to the methyl-18-tosyl-4-thiaoleate.'> After column chromatography purification, 34

was isolated as a colourless oil in 80% yield (see Scheme 24).

2.6.2 Synthesis of 18-fluoro-4-thiaoleic acid (FTO) 36

The synthesis of the HPLC reference for radiochemistry, was carried out using a
nucleophilic substitution reaction. The methyl-18-hydroxy-4-thiaoleate 31 was
fluorinated directly by adding of diethylaminosulfur trifluoride (DAST). The
fluorinated compound 35 was purified by column chromatography and isolated as a
colourless oil in 45% vyield (see Scheme 25). The formation of the product was
confirmed by 'H NMR with the appearance of a doublet of triplets at 6§ 4.43 ppm
(CHz-F).

18-Fluoro-4-thiaoleate was hydrolysed with LiOH to give 36 in 60% yield, as shown in
the 'H NMR with the disappearance of the singlet at & 3.70 ppm, characteristic of the

methyl ester.

o} o)
DAST, DCM
45%
31 35
60% | LiOHxH,O
o}
. - Aoy

36

Standard "cold" reference

Scheme 25: Synthesis of 18-fluoro-4-thiaoleic acid (FTP) 36
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2.6.3 HPLC identification of methyl 18-fluoro-4-thiaoleate 35

and 18-fluoro-4-thiaoleic acid (FTO) 36

HPLC conditions for the reference compounds 35 and 36 were developed (see Figure

26). Products eluted, respectively, with a retention time (Rt) 22:28 min and 18:45

min.
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Figure 26: HPLC traces of fluorinated ester intermediate 33 and 18-fluoro-4-thiaoleic acid
(FTO) 34
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2.7 Conclusions

This chapter details the synthesis of radiolabeling precursors and fluorinated
reference compounds for two types of thia-fatty acids; medium chain thia-fatty acids
(thiacaprylic acid FTC1, 8 carbon atoms and thiacapric acid FTC2, 10 carbon atoms)
and long-chain thia-fatty acids (thiapalmitic acid FTP, 16 carbon atoms and thiaoleic

acid FTO, 18 carbon atoms).

Novel synthetic strategies were investigated and protocols were optimised in order
to improve vyields or to facilitate purification. Novel radiolabeling precursor 18 and
“cold” reference standard 21 for 4-thiacaprylic acid (FTC1) were prepared. New
synthesis routes to produce radiolabeling precursors (tosyl 32, bromo 33 and iodo 34)
and “cold” reference standard 36 for thiaoleic acid (FTO) were developed.
Thiapalmitic acid (FTP) and thiacapric acid (FTC2) were produced together with iodo
and bromo methyl ester precursors (2, 3 and 22, 23) respectively. “Cold” reference
standards have also been successfully synthesised using modifications of the
published methods (see Table 3). Tetrahydropyranyl (THP) and dimethyl-tert-
butylsilyl (TBDMS) groups were investigated as protecting groups for the terminal
alcohol group with THP preferred. Two alkylation protocols were explored to access

to 4-thia-fatty acid derivatives.

HPLC methods were developed and retention times determined for the fluorinated
ester intermediate and “cold” reference standard for all of the synthesised thia-fatty

acid compounds.
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Tracers

Radiolabeling precursors

Syntheti
c steps
No.

Overall Ref.
yield %

['F]FTO

[8F]FTP

[*8F]FTC2

['8F]FTC1

(0}

I — S/\)J\o/

34

Br
33

70

32

I\/\/\/\/\/\/\
s o~

Bf\/\/\/\/\/\/\s/\)ko/

|/\/\/\/s\/\n/o\

23

Br/\/\/\/s\/\n/o\

22

(6]
Br\/\/\s/\)J\O/
18

(0]
S/\)’LO/

Six steps

o)
— S/\)J\O/ Six steps

Five
steps

Two
steps

One step

One step

One step

Six steps

18% Novel
compound

Novel
synthetic
16% route to
known
compound
Novel
synthetic
22% route to
known
compound
Standard
synthetic
14% route to
known
compound?!®
Standard
synthetic
41% route to
known
compound*

Novel
31% compound

28% Novel
synthetic
route to
known
compound?36

0.19% Novel
compound

Table 3: Molecular structures and yields for radiolabeling precursors
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Chapter Three: Radiosynthesis and preclinical PET/CT
imaging of '8F-thia-fatty acids

3.1 Introduction

The first thia-fatty acid tracer developed was [*®F]-14-fluoro-6-thiaheptadecanoic
acid ['®F]FTHA, a 17 carbon fatty acid analogue. DeGrado et al.}*® showed
accumulation of [*®F]FTHA in the mouse heart, where it is metabolised to a protein-
bound species which is a metabolic by-product from B-oxidation. [*8F]FTHA was then
approved for clinical use and has been applied in various studies to assess the long
chain fatty acid B—oxidation rate. One such clinical study, showed an increase in

uptake of [*®F]FTHA in patients with heart failure (see Figure 27).3!

Figure 27: Representation of cardiac uptake of [*®F]JFTHA in patients®!

However, ['8F]FTHA uptake and metabolic trapping are not hypoxia-sensitive which
disagrees with the expectation that a lower level of oxygen should result in reduced
B-oxidation.'*! This may be due to the myocardial retention of the radiotracer
resulting in accumulation despite a reduction of B-oxidation.!*> 41 Analysis has
shown that the metabolites of [*®F]FTHA predominantly accumulated in liver and
skeletal muscle tissues in lipid pools which limits its application as a general

mitochondrial fatty acid oxidation probe.?

This has led to the development of new thia-fatty acid analogue compounds. The
second radiotracer developed was [*®F]-16-fluoro-4-thiapalmitic acid ([*3F]FTP).

[*8F]FTP has increased specificity for myocardial fatty acid oxidation, correlating with
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fatty acid oxidation rates of natural fatty acids in the hypoxic state.'*? Unfortunately,
it showed poor myocardial retention as “trapped metabolite” in rat myocardium over
a 2 h period. Also, the uptake of ['®F]FTP was not sensitive to carnitine

palmitoyltransferase | (CPT-1) inhibition as would be expected (see Figure 28).1%> 142

As a result, ['®F]-18-fluoro-4-thiaoleic acid (['®F]FTO) was developed. [*3F]FTO
showed increased cardiac uptake and myocardial retention in rat myocardium (see
Figure 28), and the myocardial uptake of [*8F]FTO was decreased on treatment with
a CPT-l inhibitor, showing excellent sensitivity to alterations in myocardial fatty acid
oxidation.'*> 17 pandey et al.* believed that increase the cardiac uptake and
retention in myocardium is due to the presence of a double bond and the longer
chain length. In the other words, the alterations in structure for ['8F]FTO are

responsible for its favourable cardiac uptake properties.

As the structure of the thia-fatty acid analogue is of key importance, properties may
be further optimised by further structural modifications of the thia-fatty acids.* ['8F]-
18-fluoro-4-thiastearic acid ([*3F]FTS) and [*®F]-18-fluoro-6-thiastearic acid ([*8F]F-6-
TS) were synthesised and examined in comparison with [¥F]FTP and [*®F]FTO. The
results showed that the chain length has an effect on cardiac uptake ([*8F]FTP vs.
[*8F]FTS), as does the sulfur atom position ([*8F]F-6-TS vs. [*8F]FTS), and the presence

of a double bond ([*8F]FTO vs. [*8F]F-6-TS) (see Figure 28).*

18F_FTP 18E_FTO 18F_F-6-TS 18F_FTS
4-thia 4-thia 6-thia 4-thia

Figure 28: Representative micro-PET images of thia-fatty acid tracers at 55-115 min*
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3.2 Aims and objectives

The main aim of the research reported in this chapter is the radio-fluorination of
precursors synthesised in chapter two to produce 10-[*8F]-fluoro-4-thiacapric acid
([*8F]FTC2), ['8F]-16-fluoro-4-thiapalmitic acid ([*F]FTP) and [*¥F]-18-fluoro-4-
thiaoleic acid ([*8F]FTO) (see Figure 29). The stability of these radiotracers was tested
in serum and uptake/retention in the myocardium investigated in vivo using PET/CT

in rat or mouse models to provide a basis for rational design of PET imaging probes

U

['®FIFTO

for FAO.

(@)
18F\/\/\/\/\/\/\S/\)ko|.|

['8F]FTP
18F/W\/SWOH
0
['®FIFTC2

Figure 29: Molecular structures of target compounds
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3.3 General radiolabeling method for fatty acid probe
precursors

Fluorine-18 is by far the most frequently utilised PET-isotope in nuclear medicine.
Fluorine-18 nucleophilic substitution reactions with [®F]fluoride are routinely used
to produce the commonly used 8F PET radiotracers.®’ A preclinical PET/CT study
requires labeling of biological active compounds such as fatty acid or glucose with a

positron imaging radionuclide such as fluorine-18 (see Figure 30).

18F_thia-fatty acid
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.oPET,
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|
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Figure 30: 8F-thia-fatty acid is administered to a rat to generate a PET/CT image of fatty
acid metabolism

Figure 31 shows the steps in the preparation of a radiotracer that need to be carried
out (and tested in advance) with focus on production methods for a thia-fatty acid
tracer. Radiotracers are typically administered intravenously for in vivo studies and
so the radiotracer should not only be radiochemically pure but also sterile and free

from pyrogens.43 144

The development of a rapid and efficient radiosynthesis is often highly dependent on
the availability of suitably radiolabeling precursor (in this case a thia-fatty acid
precursor compound) and suitable HPLC conditions from “cold” reference standard

compounds.
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Synthesis of thia-fatty acid radiolabeling precursor and
standard "cold" reference

J

Production of radionuclide *8F by cyclotron

J

Nucleophilic radiolabeling of thia-fatty acid precursor
and hydrolysis

<

Purification (semi-preparative HPLC)

J

Formulation of the 8F-thia-fatty acid tracer for the PET

U

Filtration of the 18F-thia-fatty acid tracer by sterile

0.22 pm membrane

L

Quality control before injection (HPLC,TLC)

U

Ready for use in PET imaging

Figure 31: Schematic summary of the major steps in developing a routine preparation of a

[*8F]thia-fatty acid tracers

Production of [*8F] fluoride in a cyclotron via a reaction 80(p,n)*8F nuclear reactions
is the first step in the use of fluorine-18 and an acceptable amount of radioactivity
must be allocated (0.7-2.2 GBq is appropriate) for these reactions.!*> Syntheses of
[*8F]thia-fatty acid tracers typically involve two purification steps to separate the
desired labeled product from radiochemical impurities. Firstly, semi-preparative
high-performance liquid chromatography (HPLC), and, secondly, solid-phase

extraction (SPE) methods. The SPE cartridges are made of materials such as octadecyl
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bonded silica gel (C-18) or ion exchange resins, and are used for purification and
formulation of the final product.#® It is vital to carry out radiochemical quality control
(QC) of the radiotracers before administration. QC is typically performed out using
chromatographic techniques that have high sensitivity and chemical resolution, such

as radio-HPLC or radio-TLC.

3.3.1 Radiosynthesis of ['8F]fluoro-4-thia-fatty acids ([*8F]FTC2,
[8F]FTP and ['8F]FTO)

The radiosynthetic procedures to produce ['8F]16-fluoro-4-thiapalmitic acid
([*8F]FTP), [*8F]10-fluoro-4-thiacapric acid ([*®F]FTC2) and ['8F]18-fluoro-4-thiaoleic
acid ([*8F]FTO) were developed by modifying procedures from the work of DeGrado
et al.''7 and Li and Conti.'® First of all, to avoid contamination of the reaction and to
remove the bulk [180]H,0, the ['8F]fluoride must be isolated. It is strongly solvated in
water due to strong hydrogen bonding and, therefore, is inactive as a nucleophile.*4”
148 Thus, [*F]fluoride was trapped on a pre-activated weak anion exchange cartridge
(QMA Light) by addition of the aqueous solution containing the radioisotope, the
cartridge was then air-dried and the ['8F]fluoride eluted with a solution of K,COs in

acetonitrile/ aqueous solution (see Figure 32).

18-

Cations Hz(;;/allvsliCN
[*0IH.O0 "\ |- N
18F- 18F
w - 1 1
. 18F-/Base
QMA = quaternary methyl ammonium H,0/MeCN

Figure 32: Isolation of the ['8F]fluoride
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The [*8F]fluoride ion forms a strong interaction with the positively charged ion (K*),
hence it is important to weaken this interaction (and improve the reactivity of the
fluoride) by coordination of the metal ion by the cryptand Kryptofix (K222) (see
Scheme 26).2 K22 (one eq. to K*) was added, dissolved in acetonitrile, to the
[*8F]fluoride/ potassium carbonate solution and the mixture was dried with heating
under a stream of argon. To ensure removal of water acetonitrile was added and the
azeotropic drying procedure was repeated twice (overall this takes 15-20 min). The
three thia-fatty acid compounds, [*8F]FTP, [*8F]FTC2 and ['8F]FTO, can be prepared in
two steps from their respective precursors. In the first step, the leaving group on the
precursor is replaced by [*8F]fluoride and, in the second step, ester is hydrolysed to
give the carboxylic acid. The iodo, bromo or tosyl precursors were dissolved in
anhydrous acetonitrile and added to the dried [*8F]KF/K222 complex and the reaction
mixture was heated in a closed vial at 90°C for 10 min. The fluorination reactions
were analysed by radio-TLC and analytical HPLC to monitor reaction progress. Then,
the reaction vial was cooled down to room temperature, and 0.2 M KOH was added
to hydrolyse the ester, and the reaction mixture was heated at 90°C for 5 min. The
reaction was quenched by addition of 0.5 M NaH;PO4 and the crude mixture was

purified by semi-preparative HPLC using a gradient elution (see Scheme 26).

/ TN o \
Azeotropic drying

H,'80 / '8F- + K,CO @ j
2 2¥™3  ACN, 90 °C, 0.5 bar N,, 15 min, + X o

K322

, Br or tosyl

X=1
n=6,12 or 14

90 °C, 10 min | Radiolabeling

(0} (0}
A~ Hydrolysis S~ M
18 LS
FEA S OH 1.0.25 mL 0.2 M KOH P s o
2.0.25mL 0.5 M NaH,PO,

Scheme 26: Radiosynthesis of [*8F](10, 16 or 18)-fluoro-4-thia(capric, palmitic or oleic) acid
([**FIFTC2, [**FIFTP or [*¥F]FTO)
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The fluorinated ester and acid compounds are lipophilic and do not move on a C18
stationary phase until the eluent has 70-80% acetonitrile content. High water content
(80-90%) is used at the start of the HPLC run to elute any unreacted fluoride, followed
by an increase in acetonitrile percentage to subsequently elute the thia-fatty acid
derivatives. The same gradient was used for both, analytical and semi-preparative
HPLC. The radiotracer is eluted in a large volume of a solvent containing acetonitrile
which is not biocompatible. Thus, for in vivo administration, the [*®F]thia-fatty acid
containing fraction was trapped on a solid phase extraction cartridge and the
acetonitrile was replaced by ethanol (or another biocompatible solvent). To achieve
this, the radiotracer containing fraction was with water and loaded on the C18
cartridge. Then, the cartridge was washed with water and dried with compressed air
prior to elution of the product. The solution containing the radiolabeled product was
evaporated under a stream of argon at RT and it was then re-suspended in a 3%
albumin solution in isotonic saline and filtered through a syringe filter into an
Eppendorf tube for administration. For quality control, 10 pL of the formulated tracer
was mixed with 0.5 mL of acetonitrile (to precipitate the albumin), centrifuged and

the supernatant analysed by radio-HPLC.

3.3.2 Stability in Serum

High radiotracer stability to defluorination is crucial for a compound to be useful as
an imaging agent. The stability of radiotracer in serum can give an indication of the
properties in vivo. If released, [*8F]fluoride is taken up by bone due to the high affinity
for hydroxyapatite in bone. The stability of [*8F]thia-fatty acid in human serum was
determined in vitro, the approach chosen in this work is based on modification of the
method reported by Al Jammaz et al.'*° The [*8F]thia-fatty acid was incubated with
human serum at 37°C for up to 3 hours with analysis by radio-HPLC at a number of

time points.
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3.4 [*8F]-16-fluoro-4-thiapalmitic acid ([*8F]FTP)

3.4.1 Radiosynthesis of ['8F]-16-fluoro-4-thiapalmitic acid
([*8F]FTP) ['8F]6

As [*8F]-16-fluoro-4-thiapalmitic acid ([*®F]FTP) has been previously reported,*!® it
was selected as the first molecule to radiolabel. The iodo precursor 16-iodo-4-
thiapalmitate 2 was radiolabeled (['®F]5) and hydrolysed to produce [*¥F]6 in a 120

min total synthesis time (see Scheme 27).

(o} (o}
Radiolabeli
I\/\/\/\/\/\/\S/\AO/ —»adlo abeling 18F\/\/\/\/\/\/\S/\Ao/

2 ['®F]15

Hydrolysis

Scheme 27: Radiosynthesis of [*®F]FTP/[*¥F]6 from the iodo precursor (methyl 16-iodo-4-
thiapalmitate 2)

Radiolabeling efficiency was studied at 75°C and 90°C, assessing fluorine-18 and
[*8F]5 ratios at different time points by radio-TLC. At 75°C, the yield of ['8F]5 steadily
increases from 6% (5 min) to 19% (30 min). At 90°C, the yield of [*8F]-FTP-OMe [8F]5
is steady at around 60% for the first few measurements and then declines to 37% at
30 min time point, indicating thermal decomposition of the fluorinated ester (see
Figure 33). Based on these findings, the radiolabeling reaction was carried at 90°C for
10 min. Apart from temperature and reaction time, the amount of activity used also
influences the fluorine-18 incorporation efficacy. The amount of activity used in this

work varied from 678 MBq to 1180 MBq, to give fluorine-18 incorporation of 63+8%.
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Figure 33: Study of radiolabeling efficiency to form [*¥F]5 at 75°C and 90°C, n=1

Studies on the hydrolysis step have been carried out by sampling reaction mixture
every minute for the first 5 min and then every 3 min until 15 min by quenching the
aliguots with NaH;POa. buffer solution. However, the results from the TLC and HPLC
analyses were not consistent. Moreover, the quenching was not efficient and
hydrolysis continued even after the addition of the buffer (data not shown).
Therefore, the hydrolysis step was run at 90°C for 5 min, ensuring complete
hydrolysis without noticeable degradation. Before proceeding to the hydrolysis step,
removal of unreacted ['8F]fluoride was carried out by passing the reaction mixture
through a Silica Lite cartridge. Figure 34 and Figure 35 are present distribution of
radioactive products as revealed by radio-TLC and radio-HPLC, respectively. Figure 34

shows that the unreacted fluorine-18 was decreased from 40% to 18.9% according

to radio-TLC
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Figure 34: Radio-TLC traces of[*¥F]5 A: without using Silica Lite cartridge; B: with using Silica
Lite cartridge
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However, Figure 35 shows that the unreacted fluorine-18 was decreased from 40%

to 9% according to radio-HPLC. Also, radio-HPLC suggests that some hydrolysis takes

place during fluorination step, with a peak for [*®F]6 at 12:57 min. Therefore, the

overall yield may be reduced by using silica cartridge purification, as it could remove

some of the deprotected acid as well as the unreacted ['8F]fluoride.
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Figure 35: Radio-HPLC traces of [*®F]5 A: without cartridge purification; B: using Silica Lite

cartridge

It was founds that radio-TLC analysis with acetonitrile as eluent is less accurate than

radio-HPLC for reaction monitoring after hydrolysis step (if unreacted [*®F]fluoride

had not been removed beforehand) because it is not capable of separating free

fluoride from fluorinated acid or some by-products of fluorination (see Figure 36).
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Figure 36: Radio-TLC trace of [*8F]6 with using Silica Lite cartridge, mobile phase pure

acetonitrile
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Other mobile phases were tested to find conditions (DCM: MeOH (9: 1)) that
separated ['8F]6 from unreacted [*®F]fluoride (see Figure 37).
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Figure 37: Radio-TLC trace of [*®F]6 with using Silica Lite cartridge, mobile phase DCM:
MeOH (9: 1)
Radio-TLC is useful as it can be carried out more rapidly that radio-HPLC. The radio-
HPLC chromatogram after hydrolysis (see Figure 38) shows a change in retention time
to 12:57 min and the disappearance of the peak for ['8F]5, inidicating that the

hydrolysis step is complete.
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Figure 38: Radio-HPLC trace of [*®F]6 using a Silica Lite cartridge

Radiolabeled ['8F]fluorothiapalmitic acid crude was purified by semi-preparative
HPLC (see Figure 39) with ['8F]6 eluting from 10:50 to 12:22 min. All fractions were

collected and the activity contained in each fraction measured.
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Figure 39: Radio-HPLC trace of semi-preparative purification of ['®F]6

[*8F]FTP is eluted in a large volume of a solvent containing acetonitrile, which is not
biocompatible. Thus, for in vivo administration, [*F]FTP containing fraction was
prepared as discussed in section 3.3.1, using an Oasis C18 cartridge without a
noticeable loss of activity (< 3%). The literature report on this compound!’ describes
a formulation containing ethanol and bovine serum albumin (BSA). However, using
ethanol with [*8F]FTP was shown to result in ester formation (see Figure 40). To avoid
this and to speed up the evaporation of the collected fraction, ethanol was replaced
by diethyl ether which showed a similar elution efficiency (71%, 2 mL). After efficient
evaporation of the ether solution, [®F]FTP was prepared into an injectable
formulation with 3% BSA in isotonic saline. This reduced reformulation time from 20

min down to 5 min.
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Figure 40: Radio-HPLC traces of [*®F]FTP-OH [*®F]6 eluted from Oasis C18 cartridge A: with
ethanol; B: with diethyl ether

[*8F]FTP (50-100 MBq/500 pL in the formulated solution) has been prepared in a

sufficiently high activity for in vivo administration with an overall decay corrected
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yield of 18+1.2 %. HPLC analysis of the final formulation showed radiochemical purity

> 95% (see Figure 41).
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Figure 41: Radio-HPLC trace of ['8F]6 analysis of the final formulation

The degradation of the [*8F]16-fluoro-4-thiapalmitic acid ([*8F]FTP) was investigated
in human serum in vitro by HPLC analysis showing that it was stable (> 95%) during

incubation at 37°C at up to 3 hours.

3.4.2 Preliminary preclinical evaluation of ['®F]16-fluoro-4-
thiapalmitic acid ([®F]FTP) [*8F]6

All PET /CT imaging studies were carried out under the project licence of Dr Anne
Marie Seymour and supervised by Dr Chris Cawthorne. The imaging studies and data
processing were carried out by Rob Atkinson, Faisal Nuhu and Shubhanchi Nigam.
PET/CT imaging of [*8F]FTP ['8F]6 was carried out in nude mice (n = 2). [*8F]FTP (5.61
MBq) was injected into the tail vein and data were acquired for 90 minutes in the
preclinical scanner. Following reconstruction, the region of interest (ROI) analysis of
the heart was were performed. Interestingly, no significant cardiac uptake or
accumulation of [*8F]FTP was observed. The main organs of uptake were liver, kidney,

brown fat and, in the later time points, paraspinal muscle (see Figure 42).
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Figure 42: A. Sagittal PET-CT image of [*¥F]FTP accumulation in nude mouse at different
time points, B. [*®F]FTP liver and cardiac accumulation profile

Previous reports in the literature® 110 117, 142,150 \whjch study the cardiac uptake of
[*8F]FTP, [BF]FTO, [*8F]FTS and [*®F]F-6-TS in vivo by PET used rats as the animal
model. Cai et al.1*® used mice to study the cardiac uptake of ['8F]FTO, which showed
sufficient uptake for visualisation of the myocardium in mice, although the
preliminary metabolism data suggests that only a fraction of the uptake was due to
fatty acid B-oxidation. The cardiac uptake for [*F]JFTHA was also studied in mice and
humans, The results indicate metabolic trapping of [*|F]FTHA in myocardium

subsequent to its entry into the mitochondria.3% 140

Cicone et al.*>! confirmed that key differences could be observed between different
rodent animal models. Rats are more commonly used than mice for cardiac imaging.
Mice have small heart dimensions and the heart rate is fast, this is challenging to

image and also the energy demand will be increased.

Based on the low cardiac uptake observed in this work in mouse models, other animal
models were utilised to study the accumulation of tracer as PET probes of fatty acid
oxidation (FAO). Cardiac uptake for [*®F]FTP was determined in vivo in a male
Sprague—Dawley rat (n=3). Rats was anaesthetized with isoflurane and [*8F]FTP
(12.29 MBq) was injected into the tail vein and data were acquired for 90 minutes in
the PET/CT scanner. Following data acquisition, and reconstruction, the region of
interests (ROI) were analysed for the heart. Figure 43 shows an image of the cardiac

uptake of the tracer (or [*8F]metabolite) after intravenous administration of [*8F]FTP
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at 80-90 minutes after injection. The highest uptake was seen in liver, followed by

the heart (see Figure 43).

Time (min)

A B

Figure 43: A: Coronal maximum intensity projection images acquired 80-90 min post iv
administration of [8F]FTP. B: Time activity curves showing uptake of the tracer in indicated
organs

The dynamic quantification of [*®F]FTP uptake in the heart (see Figure 43) was
analysed (left side of the heart). The mean standard uptake value (SUV Mean) at 10
min was compared with previously published work by Degrado et al.*'” and showed
consistency. In both rat imaging studies, the long chain tracer [*¥F]FTP shows

significant cardiac uptake.

3.5 [*8F]10-fluoro-4-thiacapric acid ([*®F]FTC2) [*8F]26

3.5.1 Radiosynthesis of ['®F]-10-fluoro-4-thiacapric acid
([8F]FTC2) [*8F]26

Once a potential radiolabeling precursor and a suitable labeling method have been
developed, radiosynthesis procedures can be evaluated for the synthesis of [*8F]FTC2
following the same method as discussed for ['8F]6. The precursor methyl 10-iodo-4-
thiacaprate 23 was radiolabeled ([*8F]25) and hydrolysed to produce ['®F]26 (Scheme
28).

81



0] ; ; 0]
Radiolabeling
NG /\)k o PR A~~~ /\)k ~
S O S O
23 ['®F]25
Hydrolysis
o
PR~
NN

['®F126

Scheme 28: Radiosynthesis of iodo precursor methyl 10-iodo-4-thiacaprate 23

Radiolabeling efficiency at 90°C was studied in a test reaction by radio-TLC at
different time points up to 40 min (see Figure 44). At 10 min, production of [*8F]25
reaches 47%, and then starts to decline indicating thermal decomposition of the
fluorinated ester as was observed for ['8F]6. Therefore, 10 min is an ideal time for

the radiolabeling reaction.
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Figure 44: Study of radiolabeling efficiency to form [*8F]25 at different time points, n=1

Radiolabeling of the iodo precursor 23 proceeded efficiently on a larger scale, with
47 + 4 % (fluoride incorporation yield analysed by radio-TLC, see Figure 45).
Hydrolysis of the ['8F]-10-4-thiacaprate ester, [18F]25 was achieved in a quantitative

yield by the addition of KOH and heating (see Figure 45).
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Figure 45: Radio-TLC trace of the radiolabeling reaction to form [*¥F]25

[*8F]25 was hydrolysed to produce [*8F]FTC2/[*8F]26, (see Figure 47) which was then
purified by using semi-preparative HPLC. The chromatogram shows elution of
unreacted [*®F]fluoride with the solvent front and then [*8F]26 eluting from 13:27 to
14:59 min followed by some unidentified radiolabeled compounds. All fractions were

collected and the activity measured for each fraction (see Figure 47)
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Figure 46: Radio-HPLC trace of [*®F]FTC2/ [*®F]26
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Figure 47: Radio-HPLC trace of semi-preparative HPLC purification of ['®F]26

Preparation of [*F]FTC2 (50-100 MBq) produces enough activity for in vivo
administration in an overall decay corrected yield 16.15 + 2.6 %. HPLC analysis of the

final formulated radiotracer showed radiochemical purity >98% (see Figure 48).
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Figure 48: Radio-HPLC of [*®F]FTC2/ [*8F]26 analysis of the final formulated radiotracer

The stability of [®F]10-fluoro-4-thiacapric acid ([*®F]FTC2) in human serum was

studied by radio-HPLC analysis to show no degradation (> 98%) during incubation at
37°C at timepoints up to 3 hours.

84



3.5.2 Preliminary preclinical imaging evaluation of [*8F]10-
fluoro-4-thiacapric acid (['®F]FTC2)/ ['8F]26

PET scanning of the novel medium alkyl chain length tracer [8F]FTC2/ [‘F]26 was
carried out in vivo in male Sprague—Dawley rats (n=3) anaesthetised with isoflurane.
8F-FTC2 (12.01 MBq) was injected into the tail vein and data were acquired for 90
minutes using the preclinical PET/CT scanner. After reconstruction, the image was
produced, Figure 49, that shows the cardiac uptake of fluorine-18 radioactivity after
intravenous administration of [*®F]FTC2 at 80-90 minutes after injection and ROI

analysis of the heart could be performed at different time points.

[*8F]FTC2/[*®F]26 did not show significant cardiac uptake and the highest uptake was
seen in liver. The dynamic quantification of [*8F]FTC2 uptake in the heart (see Figure
49) was compared with an area of the liver by the mean standard uptake value (SUV
Mean) at 3 minute intervals (for the early timepoints). These results indicated that
the medium alkyl chain tracer [*®F]FTC2 does not utilise the carnitine shuttle to into

the mitochondria (only passive diffusion) as discussed in section 2.4,111, 112,120
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Figure 49: A: Coronal maximum intensity projection images acquired 80-90 min post iv
administration of [*®F]FTC2. B: Time activity curves showing uptake of the tracer in
indicated organs
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3.6 Synthesis and imaging of [*®F]18-fluoro-4-thiaoleic acid
([*F]FTO) [12F]36

3.6.1 Radiosynthesis of [!8F]-18-fluoro-4-thiaoleic acid
([8F]FTO) [*8F]36

Three radiolabeling precursors, methyl 18-tosyl-4-thiaoleate 32, methyl 18-bromo-4-
thiaoleate 33 and methyl 18-iodo-4-thiaoleate 34 had been synthesized and were

used to provide a comparison for the radiolabeling yields with [*8F]fluoride (see

Scheme 29).
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Scheme 29: Radiosynthesis of [*®F]36 from 18-tosyl, bromo or iodo-4-thiaoleate precursors
(32,33 and 34)

Theoretically, iodo group is the best leaving group, followed by bromo then tosyl (I >
Br > OTs), however this does not account for competing reactions. The experimental
results show that, as expected, the tosyl precursor 32 is not reactive enough to give
high fluoride radiolabeling yields (50 + 5 % (n=4)). However, the iodo precursor 34
gave a similar 50 + 2 % yield and the HPLC trace shown in Figure 50 shows that other
products are formed. The bromo precursor 33 shows the best radiolabeling yield of
72 + 1 % (see Figure 50). Hence the bromo precursor was selected for the

radiolabeling reactions to produce radiotracer for in vivo imaging.
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Figure 50: Radio-TLC of [*®F]35 from 18-tosyl, bromo or iodo-4-thiaoleate precursor 32, 33
and 34 (mobile phase DCM: MeOH 9:1)

[*8F]35 was hydrolysed quantitatively by the same method used for [*8F]5 and ['8F]25
with the addition of KOH (see Figure 51).
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Figure 51: Radio-HPLC trace of [*®F]FTO/ [*8F]36 after hydrolysis

After hydrolysis, purification of the crude [*®F]FTO/[*8F]36 was carried out via semi-
preparative HPLC. The chromatogram shows some unidentified radiolabeled
products eluting at less than 15 min and [*®F]FTO/['8F]36 eluting from 17:14 to 18:24

min. All fractions were collected and the amount of radioactivity measured for each

(see Figure 52).
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Figure 52: Radio-HPLC trace of semi-preparative purification of ®F-FTO/ [*®F]36

[*8F]FTO/[*®F]36 (50-75 MBq) was prepared in a sufficient amount for in vivo imaging
experiments and formulated as described previously. The radiochemical yield (decay
corrected) was 17.75 + 1.70 %. HPLC analysis of the final formulated radiotracer

showed radiochemical purity >96% (see Figure 53).
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Figure 53: Radio-HPLC trace of F-FTO/ [*®F]36 radiotracer in the final formulation

As with the previous tracers, the serum stability of [*®F]FTO/ [*®F]36 was determined

in human serum in vitro. HPLC analysis revealed that the [®F]FTO was sufficiently

stable (> 90%) during incubation at 37°C up to 3 hours.
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3.6.2 Preliminary preclinical PET/CT imaging evaluation of [*F]-
18-fluoro-4-thiaoleic acid ([*8F]FTO)/ [*8F]36

PET/CT scanning of long alkyl chain tracer [*®F]FTO/ [*8F]36 was carried out in male
Sprague—Dawley rats (n=3). As previously described, the rats were anaesthetized
with isoflurane and [*¥F]FTO (12.01 MBq) was injected into the tail vein and data were
acquired in for 90 minutes in the preclinical PET/CT scanner. Following
reconstruction, an image showing the cardiac uptake of the tracer (or metabolite) of
[*8F]FTO at 80-90 minutes after intravenous administration was produced, see Figure
54. This shows significant cardiac uptake with the highest uptake was seen in liver.
The dynamic quantification of [*8F]FTO uptake in the heart was again carried out by
mean standard uptake value (SUV Mean) at initial 3 min intervals (see Figure 54).

Previous reports on this radiotracer also show significant cardiac uptake.*!’
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Figure 54: A: Coronal maximum intensity projection images acquired 80-90 min post iv
administration of [*8F]FTO. B: Time activity curves showing uptake of the tracer in indicated
organs

3.6.3 Evaluation of in vivo stability of ['8F]-18-fluoro-4-thiaoleic
acid ([*8F]FTO)/['®F]36

To evaluate the in vivo stability of the fatty acid analogues to fatty acid oxidation FAOQ,
[*8F]FTO was analysed in the isolated urine and blood from a male Sprague—Dawley
rat (n=1) sampled two hours after administration of the tracer. This was analysed by

mixing the biological fluid (urine or blood) with five equivalents by volume of ice cold
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MeOH, followed by vortex and centrifugation. The supernatant was then analysed by

radio-HPLC.

The results show that no tracer was present in the blood, although this may be due
to the extraction procedure for [*8F]FTO from blood if it has remained protein bound.
However, the urine fraction the shows two different peaks with retention times of
1:0 and 4:32 min while the [*®F]FTO reference appears at 5:21 min with this gradient
method (see Figure 55). The results indicated that the [*®F]FTO was metabolised and

some of the metabolites were detected in the urine.
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Figure 55: Comparison of HPLC trace of [*F]FTO and urine fraction

3.7 Cardiac uptake comparison between [*8F]FTP, [*8F]FTC2
and [8F]FTO

In this study, a preliminarily evaluation of the PET imaging properties of [*3F]FTP,
[*8F]FTC2 and [*3F]FTO in rats as probes for myocardial fatty acid oxidation (FAO)
showed that the cardiac uptake of [*8F]FTP is greater than ['8F]FTO. According to a

117 greater uptake was observed for [8F]FTO than

study reported in the literature
[*8F]FTP. This was thought to be due to the presence of monounsaturated linker
along with improved retention in the myocardium that can be attributed to the

longer chain length.* 117

The variability in the observed results between this work and that of Degrado et al.**®
work may be linked with the animal models used or some other aspect of the imaging
experiment. Palmitic acid is the most abundant fatty acid in arterial blood, comprising
25% to 30% of plasma fatty acids and the high levels of this compound may influence

the uptake mechanism,12-156
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The results of the preliminary evaluation of the novel tracer [¥F]FTC2 in rats
appeared as expected with no significant cardiac uptake. This is likely due, as
mentioned before in this chapter (section 3.3.2) and chapter two (section 4.2) to the

fact that medium-chain fatty acids carnitine-shuttle independent.1? 120

3.8 Conclusion

In this chapter, several long alkyl chain, thia-fatty acid analogues were radiolabeled
and preliminarily evaluation of the imaging properties carried out in rats as PET
probes for myocardial fatty acid oxidation (FAQ). All of the radiotracers in the current
study were radiolabeled with ‘8F at the terminal (w) position, a site known to undergo

metabolic defluorination in liver.

Radiosynthesis of several long thia-fatty acids; [*®F]16-fluoro-4-thiapalmitic acid
([*8F]FTP) / [*8F]6, a novel ['®F]10-fluoro-4-thiacapric acid (['®F]FTC2)/ [*®F]26 and
[*8F]-18-fluoro-4-thiaoleic acid ([*®F]FTO)/ [*®F]36 were achieved in good yields. The
decay corrected vyields for these tracers are 18.0 + 1.2%, 16.15 + 2.6% and 17.7 *

1.7%, respectively.

Radiolabeling of these tracers was carried out from different precursors. [8F]FTP/
[*8F]6 and a ['®F]FTC2/ [*®F]26 were produced from bromo and iodo precursors.
However, [®F]FTO/[*8F]36 was produced from all of the bromo, iodo and tosyl
precursors. This showed that the highest and most consistent yields could be
achieved with the bromo precursor. [*8F]FTP/ ['8F]6, [*8F]FTC2/ [*8F]26 and [*8F]FTO/

[*8F]36 were shown stable in serum for the timescale of the PET scan.

Significant cardiac uptake was shown for [*8F]FTP and [*®F]FTO in this work, with
[*8F]FTP > [*8F]FTO (although some variability was observed). However, Pandey et al.
have previously reported that the greater uptake was observed for [8F]FTO over
[*8F]FTP. This may be due to variability in the parameters of the imaging experiments.

A novel tracer, [*8F]FTC2 shows no significant cardiac uptake, as was expected.
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The type of animal model plays an important role in testing of the tracer in vivo.
Imaging experiments in nude mice rather than rats with [8F]FTP showed no
significant cardiac uptake or accumulation of tracer. Therefore, the cardiac uptake of

all of the tracers was studied in rat models.

These results confirm that cardiac retention of thia-fatty acids is liekly to reflect the
extent of fatty acid metabolism. Long alkyl chain thia-fatty acids, [*®F]FTP [*®F]6 and
[*8F]FTO [*®F]36 are actively taken up by myocytes, but show poor blood solubility
and fast liver-based elimination due to their high lipophilicity. There is no active
transport of medium length alkyl chain thia-fatty acids which may result in more
favourable pharmacokinetics/ clearance as their lipophilicity is lower than the long
alkyl chain thia-fatty acids. This may be important if delivery mechanisms can be

developed to accumulate medium chain length fatty acid tracers in cardiac tissues.
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Chapter Four: Fluorothiacapric acid complexes with
copper(ll) cross bridged cyclam derivatives

4.1 Introduction to azamacrocycles and mitochondrial
targeting

4.1.1 Challenges with medium alkyl chain length thia-fatty acid
probes

As discussed in the introduction, section 1.3, long-chain fatty acid metabolism is a
major pathway of energy production in the normal perfused myocardium with
uptake via the carnitine shuttle. Under hypoxic conditions, production of the
messenger-RNA encoding muscle carnitine palmitoyltransferase | (the key enzyme in
the carnitine shuttle) may be blocked.’>” Fatty acids can still access the site of
metabolic change via passive diffusion.'? 120 Therefore, cardiac retention of long
chain thia-fatty acids is expected to reflect the extent of fatty acid metabolism under
conditions where active uptake by the heart occurs. Mechanisms to accumulate
radiolabeled fatty acid derivatives of short, medium and long alkyl chain lengths are
of interest. One potential area to exploit is the coordination interaction with a metal
centre to influence the biodistribution. Building on previous work in the Archibald
group macrocyclic metal complexes that are known to have high affinity for
carboxylate ligands can be combined with mitochondrial targeting groups in an

attempt to deliver the fatty acid payload to the cardiac (or tumour) tissue.

4.1.2 Macrocyclic chelators

Chelating ligands, such as macrocycles, are generally utilised to form
thermodynamically and kinetically stable metal ion complexes. They can also be used
to modify the physical and chemical properties of the metal ion(s), such as reactivity,
lipophilicity, stabilisation of specific oxidation states and inertness to donor
atom/ligand substitution. The chelate effect exploits the entropic energy gain to give
enhanced thermodynamic stability for metal complexes with polydentate/chelating
ligands compared with monodendate ligands.'>® >° Polydentate chelators can be

divided into macrocyclic chelators (such as cyclam and DOTA) and acyclic chelators
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(such as ethylenediaminetetraacetic acid, EDTA). Macrocyclic chelators can benefit
from additional thermodynamic stability due to the macrocyclic effect (an extension
of the chelate effect) and often form more kinetically inert complexes than acyclic
chelators. However, complex formation can require longer reaction times and

increased temperatures.t®?

Macrocyclic chelators can be defined as having a ring structure with at least nine
atoms including at least three donor atoms oriented to bind to a central metal ion.6°
The ring size of macrocyclic chelators and the type of donor atoms play a significant
role in the chelator properties.'® 162 |f appropriately designed, macrocycles can also
be good hosts for anions, neutral molecules and organic cation guests. Macrocycles
with nitrogen donors, such as TACN, cyclam and cyclen, have been used in many
different applications including catalysis, medical imaging and functional
materials.'®3 In some cases, these macrocycles contain rings that have a large enough
central cavity for first row transition metal ions to fit into the plane of the macrocycle.
Azamacrocycles, such as cyclam and cyclen, form stable complexes with transition
metals such as zinc(ll) and copper(ll).16* These tetraazamacrocycles can be arranged
in different conformations to encapsulate the metal ion, and can be functionalised
with additional donor atoms with pendant arms on the ring nitrogens.®> 166 |n some
cases, additional ligands are also bound to complete the coordination sphere (e.g.

solvent or coordinating anions).

4.1.3 Mitochondria structure and potential for targeting

Mitochondria structure can be divided into four main parts: the outer membrane,
the inner membrane, the intermembrane space and the mitochondrial matrix. The
main mitochondrial functions are as follows: (1) to produce energy in the form of
adenosine triphosphate (ATP) by oxidation of fatty acids and carbohydrates; (2) Ca?*
homeostasis, which acts as a metabolic regulator; (3) the regulation of heme
metabolism, cell cycle regulation, redox homeostasis, thermogenesis and to regulate
the levels of reactive oxygen species (ROS). These functions are interconnected

through the bioenergetics of the proton electrochemical gradient across the inner
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membrane.'®7-18° Mitochondria play a multifunctional role in cell survival and death
processes and a key parameter is the mitochondrial membrane potential (AW). It
provides an indicator of cellular viability by reporting on the capacity of the electron
transport chain to pump protons across the inner membrane for fatty acid oxidation
and ATP generation.”! Thus, AW is an important characteristic of both tumours and

in cardiac diseases as an indicator of mitochondrial dysfunction.79-173

A survey of the literature shows that many agents have been investigated to deliver
a drug or biochemically active compound into the mitochondria, as it represents an
attractive target for disease diagnosis or treatment. The administered compound can
be taken up into the mitochondria through various pathways. While the outer
mitochondrial membrane is relatively permeable due to the abundance of the
voltage-dependent anion channel (VDAC) protein, the inner mitochondrial
membrane is highly impermeable and acts as a rigid barrier to the passive diffusion
of many molecules. It is also rich in the unusual phospholipid CL and maintains a
strong negative internal potential.’®® Murphy and Smith!’4 reviewed this topic and
showed that exploitation of this biophysical property has been a widely used strategy
for targeting mitochondria. Cationic molecules are attracted to and accumulate
preferentially within the negatively charged mitochondrial matrix if they have
appropriate lipophilicity properties. Hoye et al.'’> based an alternate targeting
strategy on the affinity of an agent to mitochondrial membrane components, such as
the phospholipid CL, which is only found in the inner mitochondrial membrane. As
mentioned, appropriate lipophilicity is also required to achieve significant

accumulation in the mitochondria.

Many approaches have been used for selective delivery of bioactive cargo molecule

into mitochondria (see Figure 56)'7¢ including:

(1) Specific peptide sequences with appropriate physicochemical properties can be
used.!’’ Peptides can infiltrate the mitochondria of mammalian cells and trigger
apoptosis. Thus, they are attractive as targeted anticancer agents because they can

be conjugated to tissue- or tumour-specific peptides or antibodies.'’® Recently, the
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mitochondrial localisation and membrane-disrupting activity of the widely used

cationic and amphipathic a-helical peptide d-(KLAKLAK)2 has been investigated.'”®

O@%???gp
Intermembrane Inner membrane Outer membrane o f;:é
O
/ & X 3
s
© Vesicle-based
G Spacer FP*@ :'_f_'ff_'_ transporter
rret h
\t_- R ¥ /
+ -+
+- -+ : :
= 4 Mito K Fusion with outer
. 'ATP
Cationic agent +- - Matrix ATP membrane
+ 4 -
+ o+ +

S
Membrane NBls N
disruption NR,
D-(KLAKLAK), peptides Sulfonylureas

Figure 56: Schematic representation of a mitochondrion and the mode of action of
representative targeted compounds

(2) Non-peptide mitochondria-targeted agents are also well characterised.
Triphenylphosphonium (TPP) compounds can be used to exploit the substantial
negative electrochemical potential maintained across the inner mitochondrial
membrane. This class of delocalized lipophilic cations is particularly effective at
crossing the hydrophobic membranes and, hence, preferentially accumulate within
the mitochondrial matrix by passive diffusion.t’4 180 181 Tpp derivatives have been
developed for molecular imaging. Over the past 20-30 years, many research groups
have investigated fluorine-18 radiolabeled TPP cations as PET radiotracers for both
tumour and cardiac imaging.182-1% Therefore, TPP functionalised metal complexes
which accumulate in mitochondria could be used to deliver medium alkyl chain

length fatty acids across the mitochondria membranes.

(3) An alternative to targeted agents, it is possible to encapsulate compounds or
tracers in a cationic liposome transporter system which undergoes cellular

internalisation and subsequent fusion with the outer mitochondrial membrane.%?
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This approach is suitable for the uptake of large molecules that would normally not

permeate the mitochondria.l’®

(4) Sulfonylureas and related compounds bind to high affinity sulfonylurea receptors
(SURs) in the plasma membrane of various cell including cardiac cells. Also, these
compounds were observed to both activate and inhibit mitochondrial potassium
ATP-regulated ion channels (mitoKarp). The mitoKare channel that is linked to the
SURs was detected in the inner membrane of mitochondria and identified as the
target of sulfonylurea compounds, although the exact mechanism of action and

specificity have not been determined.'”>
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4.2 Aims and objectives

The aim of this work is the development of a thiacapric acid delivery vehicle, which
is retained in cardiac cells. The molecular design is based on the coordination
interaction with a transition metal complex functionalised with TPP to target the
mitochondria. [*®F]Fluorothiacapric acid (precursors synthesised and radiolabeling
discussed in Chapters 2 and 3) can coordinate with transition metals. Ethylene cross-
bridged macrocyclic complexes (copper(ll) and zinc(ll)) were selected as they have a
free coordination site and a particularly high affinity for carboxylates.?®?
[*8F]Fluorothiacapric acid and the non-radioactive fluorine-19 derivatives were
reacted with the metal macrocycle complex that has been functionalised with TPP to

guide fatty acid tracer to the mitochondria (see Figure 57).

18|:_
medium + ma“cnritca Icle Triphenyl
chain-thia Y phosphonium
fatty acid complex
18F. ,
thiacapric Carrier Targeting
acid el

l
R

-N

(:uz
oo EE

\z/w

s

Figure 57: Molecular design of mitochondrial targeting fatty acid metal complex

18

To confirm whether the behaviour of the compounds is due to the TPP group, a
control compound is needed, and this could be produced by using one of the
macrocycle precursors to form the complex with the fluorthiacapric acid with no TPP
present. This compound, which requires fewer steps to produce, could also be useful
in the development of the protocols for complex formation with the radiolabeled

fatty acid and HPLC separation. Non-radioactive “cold” reference standards are also
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needed for both the non-targeted and mitochondria targeted compounds to develop

the HPLC methods to follow the radiosynthesis and to purify the final product (see

Figure 58).
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Figure 58: Molecular structures of the target compounds in this work
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4.3 Synthesis of cross-bridged cyclam chelators

The carnitine shuttle independent targeting approach based on the coordination of
the fatty acid (e.g. [*®F]fluorothiacapric acid) with a mitochondria targeted metal
complex requires the design of a suitable chelator to form the metal complex
component. To fully understand any biological results, a non-targeted metal complex

equivalent should also be synthesised.

Cyclam was selected as the macrocycle component, and has the following

properties:®3

1. Cyclam is a fourteen-membered, Na-donor macrocyclic ring, which can be
functionalised through carbon or nitrogen atoms. A wide variety of available
pendant arms can be used to produce a range of related but structurally
different macrocyclic ligands.

2. The carbon skeleton is rigid enough to provide strong metal binding sites and
orient functional groups stereoselectively. However, they are flexible enough
to provide the structural changes needed to interact with biological targets.

3. The addition of pendant arm(s) can increase the number of donor atoms for
coordination to a metal centre or can be used to provide additional
functionality to the compound/ conjugate to other molecules.

4. The conformation or configuration can be restricted by linking the ring
nitrogens with two or three carbon linkers, which can increase the compound
stability and optimise the available coordination site for selective binding (e.g.

to carboxylates).

Ethylene cross-bridged (CB) cyclam derivatives have been used in the development
of radiopharmaceuticals as copper radioisotope chelators for tumour targeting
applications. The increased kinetic stability of such complexes due to the
configurational restriction is a key feature.®* However, there are issues with the
cross-bridged as harsh conditions are required to form the complex with the metal
ion in the macrocycle cavity.'> %6 Many research groups'®’-?® have worked on a

variety of synthetic routes to produce a wide range of cross bridge cyclam chelators
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and protein binding compounds based on this component. Cyclam is the precursor
used to synthesis the functionalised CB cyclam compounds in this work (see Scheme
30). The addition of a pendant arm, methylation and reduction of the macrocyclic

ligand is performed by following previously reported procedures.
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Scheme 30: Synthetic route to produce the CB cyclam compounds

Glyoixal is used to bridge the cyclam and form the bisaminal 37 in a 95% yield.?*!
During the addition of the glyoxal the temperature of the reaction mixture must be
kept below —10°C to prevent polymerisation and then 37 is extracted into diethyl
ether to separate it from any polymeric material formed. The identity of 37 was
confirmed by the *H NMR spectrum with the presence of a singlet at 3.07 ppm
assigned to the aminal CH protons. A pendant arm is required to provide the site for
functionalisation with TPP. Costamagna et al.?°> have shown the use of pendant arms
on macrocycles to provides functional groups for conjugation to other molecules,
such as fluorescent dyes or radiolabeled groups. The rigid cis arrangement of the

bisaminal means that only two of the nitrogen lone pairs are correctly oriented to be
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reactive. Also, to control the reactivity to a single substitution product, an
appropriate solvent can be selected to precipitate the mono-quaternised product.
Although in this case the reaction to form 38 proceeded in acetonitrile with a good
yield and pure product (see Scheme 30).1%6 1% 4-(Bromomethyl)benzonitrile was
used as a pendant arm (with a cyano group in the para-position) to give 38 in 92%.
The *H NMR spectrum containns two aromatic proton signals at 7.96 and 7.70 ppm
respectively and the 13C NMR has a peak for Ar-CH; at 61.54 ppm. The alkylation step
was followed by methylation with methyl iodide to give 39 in 86% yield. Subsequent
reduction of 39 with excess sodium borohydride (37 molar equiv.) in ethanol to
cleave the quaternary nitrogen to carbon bonds afforded the cross-bridged product
40 in 86% vyield, with the disappearance of the aminal proton signals in the *H NMR

spectrum.

The cyanobenzyl group was reduced with LiAlHato give the (amino)xylyl group on 41
in 77% vyield, following previously reported protocols literature.2%® Analysis showed
the appearance of a peak assigned to the CH2NH; protons in the *H NMR spectrum

and the disappearance of the cyano peak in the 3C NMR spectrum.
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4.4 Synthesis of the copper(ll) cross-bridged cyclam
complex with fluorothiacapric acid (non-targeted)

The cross-bridged cyclam chelators 40 and 41 can be used to form complexes with
transition metal ions such as copper(ll), nickel(ll) and zinc(Il). Previous work has
shown high stability for copper(ll) complexes that are stable to reduction and re-
oxidation, hence remain intact in biological systems.®> 294 The cross-bridged cyclam
with cyano group 40 was selected for formation of the control complex with
copper(ll). This complex can be characterised and utilised to develop the HPLC
method that is needed to follow the radiosynthesis reaction and to purify the

product.

40 was reacted with either anhydrous copper(ll) chloride or copper(ll) perchlorate
hexahydrate (see Scheme 31). The chloride and perchlorate anions were selected as
it is known for these compounds that facile replacement with a carboxylate anion is
possible especially for the non-coordinating perchlorate anion. This should allow for
subsequent to coordinate the thia fatty acid to the metal ion without affecting the
coordination to the macrocycle. Other anions, such as acetate may compete more
effectively for this coordination site at the metal centre. Cu40Cl; was purified via size
exclusion chromatography (Sephadex LH20) and Cu40(ClO4); was isolated by
filtration as the compound precipitated with sufficient purity, the yields of complexes
were 71% and 66% respectively. The presence of solvent (MeOH) was observed in

both the CHN and ICP analyses.

N7l
N, N CUC, or Cu(CIO,),.6H,0 T e
[ AN j CN Mg N

MeOH, RT, 3 d, [Cu40CI|CI 71%, ;

X
- LJ [Cud00H,](CIO,), 66%

CN
X =H,0, CI
[CudoCI[Cl

[Cu400H,](CIO,),

40

Scheme 31: Synthetic route to produce non-targeted copper(ll) cross-bridged cyclam
complexes [Cud0CI]Cl and [Cu40(OH,)](ClOa),
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These complexes can now be used to coordinate with 10-fluoro-4-thiacapric acid 26
by exchange of the water molecule or anion bound to the metal centre to give.

[Cud0(26)]* (see Scheme 32).

CN

X = H,0, CI 26 [Cu40(26)]*
[Cu40CI|CI
[Cu400H,](CIO,),

Scheme 32: Synthetic route to form 10-fluorothiacapric acid with non-targeted copper(ll)
cross-bridged cyclam complexes [Cu40(26)]*

For the fatty acid coordination reaction, a range of procedures was attempted with
changes to the solvent and/or the reaction temperature. All attempts made showed
formation of the desired compound [Cud40(26)]* after 5 min reaction time with
analysis by mass spectrometry, however peaks were also observed for the copper
complex of 40 and 10-fluoro-4-thiacapric acid 26. In order to further characterise the
formed compound, HRMS was carried out to confirm the identity of the complex and
MS/MS (see Figure 59) showed that the peaks for the copper(Il) complex of 40 and

26 appeared as fragments of the desired product [Cu40(26)]*.
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x108
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e +MS2(625.23), 5. 4min #458

1+
417.07
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300.95

160 260 360 4(30 560 660 760 mwz
Figure 59: MS/MS of [Cu40(26)]*

The HPLC analysis of [Cu40(26)]* used the same method which was applied to the
purification of 10-fluoro-4-thiacapric acid 26 with the product eluted at a retention

time (Rt) 09.66 min (see Figure 60).
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Figure 60: HPLC trace of [Cu40(26)]*
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4.5 Synthesis of the copper(ll) cross-bridged cyclam
complex with fluorothiacapric acid (mitochondria targeted)

[*8F]Fluoride radiolabeling of thiacapric acid precursors is high yielding but does not
give a tracer that is preferentially taken up into the myocardium. In order to increase
the utility of this radiolabeled molecule in PET imaging, a mechanism for delivery to
cardiac tissue is required. The aim of this part of the research is to develop a
triphenylphosponium functionalised macrocycle that forms a stable complex with
copper(ll) and has an available high affinity site for additional binding of a carboxylate
such as fluorothiacaprylate. This compound could ultimately be tested for specific
mitochondrial uptake in vitro and potentially investigated for in vivo biodistribution

and cardiac uptake.

(4-(Bromomethyl)benzyl)triphenylphosphonium bromide 43 (see Scheme 33) was
synthesized,?%> by reacting triphenylphosphine with a,a’-dibromomethyl-p-xylene.
This compound can be used to generate a triphenylphosphinonium pendant arm on
the azamacrocycle. 43 was purified by silica gel column chromatography and isolated
as a white powder in 90% yield, matching the yield reported in the literature by Wang
et al.?%> The formation of compound 43 was characterized by the presence of a singlet
peak in the *H NMR spectrum at 6 1.68 ppm for two protons (CH2-P). The product
formation and purity was further confirmed by 3P NMR (6 24.08 ppm).

The bromine in 49 is a good leaving group, thus it was expected to react effectively
with 41 (see Scheme 33) to produce 44. 0.6 equivalents of 43 were used in the
preparation of compound 44 to avoid quaternisation products and the reaction was
followed by mass spectrometry showing formation of the 44 by detection of the
molecular ion. The identity of the product was confirmed by the presence of two
singlet peaks in the *H NMR spectrum at 6 3.40 and 3.49 ppm for the two CHz-NH
groups. Compound 44 was further characterised by 3P NMR showing a single peak

(6 23.71 ppm).

107



. O 9N e
ﬁ©J ¥ P Toluene, reflux P
) @ - @
Br
Br

18 h, 90%

43

+

[1 @ I Eb]

41
Scheme 33: Synthetic route to produce a triphenylphosphonium derivatised macrocyclic
chelator 44

However, it was also clear from the analysis that the 0.4 equivalents of the
aminobenzyl cross-bridged cyclam starting material were still present in the isolated
compound. No satisfactory purification method was found and so an attempt was
made to form the metal complex with a view to purification at this stage. The metal
complexes were formed with 44 using anhydrous copper(ll) chloride and copper(ll)
perchlorate hexahydrate as previously utilized for the formation of complexes with

40 (see Scheme 34).

N—Cy2+-N
M~ )= X
NG N NH p+© CuCly or Cu(ClO4),.6H,0
[ I ] \_Q—/ DMF, reflux, overnight,
NN Br [CU44CIICI, 67%, [Cudd(OH,)](CIO,); 69%
U oy FO
X = H,0, CI @

[Cud4cCI|Cl,
[Cu44(OH,)](CIO,);

Scheme 34: Synthetic route to produce mitochondria targeted copper(ll) cross-bridged
cyclam complexes

[Cu44ClICl; and [Cud44(OH,)](ClO4)3 were both purified via size exclusion
chromatography (Sephadex LH20) to remove metal salts and give the products in
67% and 69% vyield respectively. Complexes were characterised by MS, ICP and CHN
analysis with some impurities still present. Inductively coupled plasma (ICP) analysis

also suggested that there might be impurities present in both complexes. The HPLC

108



analysis of [Cu44(OH;)](ClO4)3 was carried out and did show some peaks for other
minor by-products. The main product peak, which was confirmed to be the desired

product by MS, was eluted with a retention time (R:) of 13:78 min (see Figure 61).
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Figure 61: HPLC trace for [Cu44(OH;)](ClO4);

The next step was to test whether these complexes react with 10-fluorothiacapric
acid 26 to produce compound [Cu44(26)]*. This cation should be able to pass across
the mitochondrial membranes due to the mitochondrial transmembrane potential,

AW, which acts to concentrate lipophilic cations inside the mitochondria.
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X =H,0, C

Scheme 35: Synthetic route to form 10-fluorothiacapric acid with the mitochondria
targeted copper(ll) cross-bridged cyclam complex, [Cu44(26)]X

Different solvent mixtures were used to form the 10-fluorothiacaprate complex with
the TPP derivative based on the previous work carried out with the cyano complex.

Solvent systems used included a mixture of acetonitrile and water, or PBS and water.
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Some of challenges are associated with this reaction are with the solubilities of the
two compounds. The identity of [Cu44(26)]X was confirmed by mass spectrometry
(including HRMS) and HPLC analysis. The product eluted with a retention time (R:) of
11:20 min and, as expected some starting material was observed at 13:78 min. The
retention times suggest that the fluorocapric acid copper(ll) complex is more

lipophilic than the starting copper(ll) compound, as would be expected (see Figure

62).
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Figure 62: HPLC trace of reaction to form [Cu44(26)]X
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4.6 ['8F]-Fluorothiacapric acid complex with copper(ll)
cross-bridged cyclam (non- targeted)

The reaction with the radiolabeled 10-fluoro-4-thiacapric acid ['®F]26 was first
developed with the non-targeted metal complexes, [Cu40CI]CI and
[Cu40(OH,)](ClO4),. ['8F]26 was synthesised following the procedure reported in
chapter three, which includes [*®F]fluoride radiolabeling of precursor 22, hydrolysis,
purification (semi-prep HPLC), solid phase extraction drying and analysis. The aims
was then to form [*¥F][Cu40(26)]* (Scheme 36) by using the same protocols
developed to synthesise [Cu40(26)]*. The key difference is the concentration of the
radiolabeled thiacapric acid precursor which is much lower than the “cold”

equivalent.

N—Cu2+-N 18F /
+ \/\/\AS/\)kOH > /
X O;/Ol
)8 : CN
M’F
X = H,0, CI
[Cu40CIICI ['8F]26 ["®F][Cu40(26)]"

[Cu40(OH,)](CIO4),

Scheme 36: Synthetic route to form [*®F]10-thiacapric acid with non-targeted copper(ll)
cross-bridged cyclam complex [*8F][Cu40(26)]*

The reaction to produce [*8F][Cu40(26)]* was monitored by HPLC and radio-TLC and
was attempted under many different conditions to optimise yields (see table 18 in
section 7.4.7.8). Different mixture solvent mixtures, temperatures and reaction times
were investigated (e.g. temperature varied from RT to 50°C). Base was added in some
reactions (Cs2COs3, one equiv. to the complex) and the “cold” compound 10-
flourothiacapric acid was added to increase the effective concentration of the fatty

acid under “carrier-added” conditions.
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The results appeared to show that the reaction was successful with PBS/ water as the
solvent mixture (see table 18 in experimental section; reaction 16, 62% yield and
reaction 17, 93% vyield). However, on repeating the reaction under the same or
similar conditions the results were variable (for example, see table 18; reaction 18,

7% yield and reaction 19, 42% yield) (see Figure 63 for HPLC traces).
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Figure 63: Radio-HPLC traces showing the results from four different attempts to synthesise
[*8F][Cu40(26)]* under the same conditions (A, B, C and D). This shows the variability in the
procedure.

The peak in the HPLC trace at 9:26 min was assigned as the desired product in
comparison to the cold standard (retention time 9:66 min). Then different distance
to the detectors from the sampling module gives variation in retention time between
UV and radiation detectors and so the difference was not thought to be significant.
The HPLC mobile phase was changed to replace TFA by perchloric acid to prevent the
possibility of the fluorothiacaprate being displaces by trifluoroacetate. The peak at
9:26 min was separated by semi-prep HPLC and then reinjected into the analytical
HPLC; the chromatogram shows the same peak, indicating that the compound is
pure. To provide further evidence that the peak at 9:26 min is related to the complex,
reagents and albumin were mixed in the absence of the complex and analysed by
HPLC (i.e. solvent with [*8F]10-fluoro-4-thiacapric acid/[*3F]26 or solvent with

[*8F]fluoride) with only the peaks for the starting materials observed. This indicates
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that the peak at 9:26 min is not due to the interaction of the radiolabeled component
with the albumin in the reaction mixture. The variability and inconsistency of this
reaction is problematic and its origins were not identified in the course of these
experiments. Further optimisation of this synthesis is required before it can be
progressed to the TPP derivative. The reaction may be highly sensitive to the order
and timing of reagent addition, maintaining solubility of all of the components is

highly important and could be further investigated.

4.7 Conclusions

This research resulted in the synthesis of a series of novel compounds. A
triphenylphosphonium derivatised macrocyclic chelator 44 was produced and the
copper(ll) complex formed. The triphenylphosphonium group was added to give the
potential for mitochondrial targeting, although this was not validated in the current
work it is an established approach. However, based on previous work to design
systemically administered mitochondrial targeting agents, optimisation of the

properties such as lipophilicity may be required to influence the biodistribution.

The chelators were synthesised using previously characterised precursors and for the
TPP derivative, quaternisation of the amino nitrogen was avoided by reducing the
molar ratio of the triphenylphosphonium precursor. Copper(ll) complexes were
synthesised from chloride and perchlorate salts as these anions were to either be

non-coordinating (perchlorate) or to exchange with carboxylates (chloride).

Both a cyano derivatised and the TPP derivatised copper(ll) cross bridged cyclam
complex were reacted with 10-fluoro-4-thiacapric acid to form complexes where the
anion or solvent molecule interacting with the metal centre was displaced to give the
10-fluoro-4-thiacaprate complexes [Cu40(26)]* and [Cu44(26)]*. The complexes were
analysed by mass spectrometry and HPLC and showed formation of the desired
compounds, however some impurities that were present in 44 were carried through

to the copper(ll) complex and the final compound
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The formation of the ['®F]10-fluoro-4-thiacapric acid was investigated for the
copper(ll) complex of 40 to give ['8F][Cud40(26)]*. This compound seemed to be
formed successfully despite the significant reduction in the concentration of the fatty
acid precursor when moving to the radiolabeled compounds (due to the radioactive
nature of the compound). However, the reaction was not reproducible and the
problematic factors were not identified. Further study is required before the TPP

complex can also be investigated.
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Chapter Five

Development of *°™Tc
labeled long alkyl chain
thia-fatty acids



Chapter Five: Development of *°™Tc labeled long alkyl
chain thia-fatty acids

5.1 #™Tc labeled fatty acid imaging agents

A SPECT radiotracer for cardiac imaging requires sufficient cardiac uptake with rapid
background clearance. This has been a key issues in the development of SPECT based
fatty acid radiotracers for cardiac imaging, as the radiotracer is cleared via the liver
which can be problematic for cardiac images, as the clearance rates correlate directly

with B-oxidation.?

As discussed previously, long alkyl chain fatty acids (C-13 to C-21) have been
identified as the most important source of energy in cardiac cells.?>3 206, 207 Single
photon gamma emitting isotopes, such as *°™Tc and 23|, have been used to radiolabel
long alkyl chain fatty acids to give radiopharmaceuticals for the assessment of
myocardial fatty acid metabolism and diagnoses of cardiac disease.”? 73 7> 208,209 Ag
mentioned in introduction, 123|-IPPA (15-(p-[**3I]iodophenyl)pentadecanoic acid) and
1231.BMIPP (15-(p-[*?*l]liodophenyl)-3-(R,S)-methylpentadecanoic acid) were widely
used SPECT radiotracers which demonstrated rapid accumulation in the cardiac
tissue and were clinically successful in detecting heart disease.®” However, facile loss
of the radioiodine in vivo is a key problem in application of these tracers. In addition,
1231 js high cost with limited availability. Hence, technetium-99m is attractive for
radiolabeling fatty acids, due to its well-developed of coordination chemistry,
widespread availability from a cost effective source (**Mo/**™Tc generator) and

suitable decay characteristics with a 6.02 hours half-life.210 211

A number of technetium-99m labeled long alkyl chain fatty acids have been
investigated for their potential use in metabolic cardiac imaging.®® 7> 212 213 Some of
these radiotracers showed relativity poor extraction and/or rapid washout from the
heart in rat models. Some radiotracers showed higher initial cardiac uptake (see
Figure 64): °>"Tc-MAMA-HDA’®> was a key advance as it was shown that the fatty acid
was metabolised to **™Tc-MAMA-butyric acid via B-oxidation. *™Tc¢(CO)s-15-[N-

(acetyloxy)-2-picolylamino]pentadecanoic acid?!4, ®*™Tc-CpTT-16-PA”® and *°™Tc-
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CpTT-16-ox0-HDA?'> were initially metabolised to 2°™Tc(CO)s-[N-acetyloxy-2-
picolylamino]pentanoic acid, ™ Tc-CpTT-propionic acid and *°™Tc-CpTT-4-butyric
acid, respectively, via B-oxidation in myocardium. Based on these prior
investigations, technetium-99 fatty acid tracers for cardiac imaging need to be
modified to increase their retention time of in the heart. Also, the ®®™Tc core must

maintain a relatively small molecular size and high stability.?*3

s s oc” | _co
co
99mTc.MAMA-HDA 99mMTc.CpTT-16-0x0-HDA
0 0
OC\\ o)g WOH
OC- e N~ A~~~ OH e
oc N A oc~ °>~co
‘ = co
=
99mT¢(CO0);-15-[N-acetyloxy-2-picolylamino]pentadecanoic acid 99mTc.CpTT-PA
R R
\l"H H 10, 11
n=10,
AN CONH(CH),COOH R=CH,CH,CH,OEt
oom C‘\*s R'=CH,CH,OEt
PH
71
RR

[**™TcN(PNP)]-fatty acid complexes

Figure 64: Representative ™ Tc-labeled fatty acids compounds that have been reported
previously and showed high initial cardiac uptake

In vivo biodistribution of the [*®™TcN(PNP)]-fatty acid complexes?'® showed rapid
clearance from the myocardium up to 10 min post-injection followed by retention in
the myocardium up to 30 min but the amount of activity retained in the myocardium
was low. Thus, the development of **™Tc-labeled fatty acid tracers metabolised by B-
oxidation in the myocardium with suitable uptake and retention is an unsolved

challenge.

The design of a BFC for radiolabeling of the fatty acid should allow it to be easily
linked and it should not unduly influence the biochemical properties of the fatty acid.
Thus, development of a synthetic pathway for appropriate structural modification is

a key step. A balance between taking part in the fatty acid metabolism and
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accumulating in the tissues is required. Ideally the **™Tc complex used in the
radiolabeling should not be bioactive i.e. interact with proteins or be involved in
metabolic pathways.?7-219 A bifunctional chelator (BFC) that strongly coordinates the
metal ion (**™Tc), through appropriate donor atoms, and can easily be covalently
attached to the biomolecule (a thia-fatty acid in the case of this work) without

disrupting the biological properties, is required.

The type of BFC selected depends on the identity of the metal ion and its oxidation
state. A spacer/linker between the metal and the biomolecule may be included, to
modulate either the pharmacokinetics of the compound and/or its biological
activity.??% In this case, the amine nitrogen donor chelator 1,4,7-triazacyclononane
(TACN) was selected. It forms a highly stable coordination complex with the
[M(CO)3]* core (M=2°"Tc and Re) where the N-M-N bond angles are close to 90°. The
chelator binds as a facial tridentate ligand to complete the octahedral geometry
around the technetium(l) metal ion.??! It has been shown that this complex is stable
for up to 6 hours when incubated in saline at room temperature and in mouse serum
at 37°C.222 These characteristics make TACN attractive candidate to coordinate
strongly with technetium(l) to develop a novel *™Tc radiolabeled long alkyl chain
thia-fatty acid as a novel tracer to potentially increase initial cardiac uptake and

extend the retention time in the heart (see Figure 65).

P e e e ol
HN Y

(0)

[N
NH HN
J

Figure 65: Molecular structure of the TACN chelator attached to thiapalmitic acid
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5.2 Aims and objectives

The aims of the work reported in this chapter were to synthesise precursors and
radiolabel long alkyl chain thia-fatty acids (C-16 palmitic acid and C-18 oleic acid) with
PmMTc to form tracers (see Figure 66) for use in cardiac imaging that are metabolised
by B-oxidation but retained in the tissues. The initial steps in this process are the
synthesis of a precursor for radiolabeling, with the chelator component and to
synthesise a “cold” reference standard. TACN was selected as the chelator for *°MTc
radiolabeling. This required functionalisation of a bis-BOC protected TACN with a
cyanobenzyl arm followed by reduction to give a primary amine group that is suitable
for reaction with bromo- or iodo-thiapalmitate ester (or thiaoleate ester derivatives).
Deprotection steps to remove both the BOC and the ester groups could then be

carried out.
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Figure 66: Molecular structures of target compounds

“Cold” standard reference compounds cannot be synthesized with technetium as
there are no stable isotopes. The most closely related element is the third row
congener of technetium, rhenium. Hence the rhenium(l) complex can be synthesised

and used to develop HPLC analysis and separation methods (see Figure 66).
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5.3 Synthesis of *™Tc TACN-thiafatty acid radiolabeling
precursors

The *™Tc radiolabeling precursor was synthesised from TACN which was initially
functionalisation on one of the ring nitrogens with a cyanobenzyl arm. TACN has
three secondary amine groups, therefore, to achieve selective reaction, protection
of two of the amine groups is required. The BOC-ON group ((2-(t-
butoxycarbonyloxyimino)-2-phenylacetonitrile)) was used to add BOC protecting
groups to the secondary amines.??> 22% Di-tert-butyl 1,4,7-triazanonane-1,4-
dicarboxylate 47 was prepared by protecting the TACN with BOC-ON following
previously reported protocols (see Scheme 37).22° The ratio of TACN to BOC-ON used
was 1: 2 to ensure that only two of the three secondary amine nitrogens were

protected.
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Scheme 37: Synthetic route to protect two of the amine nitrogens on TACN (47), to add

cyano pendant arm (48) and to reduce the cyano group to an amino group (49).

47 was obtained in a 92% yield as a colourless oil, in line with the literature reports.??°
Di-tert-butyl  7-(4-(cyanomethyl)benzyl)-1,4,7, triazonane-1,4-dicarboxylate 48 was

synthesised via modification of the method reported by Ortiz et a/.??® which was used to
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synthesise a related compound (4,4',4”-((1,4,7-triazonane-1,4,7-triyl)tris(methylene))-
tribenzonitrile). The conditions were modified to increase the reaction time to 48 h and
decrease the temperature to 60°C. 48 was then purified by silica gel column chromatography

and isolated as white crystalline solid in a 76% yield.

Nitriles are a versatile synthon for amines and can be prepared by a variety of
methods.??’” To conjugate the thia-fatty acid ester with the bis-protected TACN the
nitrile group needs to be converted to the amino group (see Scheme 37). Reduction
of nitriled in the presence of Boc-protected amino groups was carried out using
Raney-nickel following a literature procedure used to prepare the related compound

N, N°-di(tert-butyloxycarbonyl)-N?,N°-di(3-aminopropyl)-1,9-nonanediamine.??’

The primary amine product 49 was formed within 24 h at 50°C by using Raney nickel
and 10% palladium on carbon as catalysts in 1,4-dioxane/water (4: 1) with LiOH as
base under an H; atmosphere. 1,4-Dioxane was chosen as an inert solvent to repress
the formation of N-alkylated by-products. The presence of water was required for
the reaction to proceed. Neither Raney-nickel nor palladium on carbon alone
affected any reaction under a range of conditions. After column chromatography

purification, 49 was isolated as a white crystalline compound in 81% yield.

To produce a novel radiolabeling precursor 52, three further steps were required.
Firstly, reaction of methyl 16-iodo-4-thiapalmitate 2 with the bis-protected TACN
benzyl amine 49 to produce compound 50. Secondly, to remove the BOC-groups to

give 51 and finally, to hydrolyse the ester group to give 52 (see Scheme 38).
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Scheme 38: Synthetic route to produce TACN-thiapalmitic acid 52

The alkylation reaction was carried out under basic conditions using triethylamine
(TEA) as base with dimethylformamide (DMF) as solvent at 50°C for five days to give
50 as a yellow oil in a 75% yield (see Scheme 38). The BOC deprotection was carried
out by stirring in a solution of 3 N hydrochloric acid (HCl)/MeOH at room temperature
for 24 hours to give the product as a yellow solid in an 88% yield. The hydrolysis of
the ester group was carried out using lithium hydroxide monohydrate (LiOH.H,0) in
60% EtOH at room temperature for 5 hours. This reaction proceeds via a nucleophilic
acyl substitution mechanism whereby the hydroxide ion from lithium hydroxide
attacks the carbonyl carbon to form a four coordinate, tetrahedral intermediate. This
intermediate then collapses to reform the C=0 in an acyl-oxygen cleavage resulting
in the loss of an alkoxide to form the carboxylic acid. The base, in this case lithium
hydroxide, then deprotonates the carboxylic acid group to form a lithiated salt. This
salt is converted back into this carboxylic acid during the work up. After 5 hours,
HCI (0.1 N) was added dropwise until the pH of the solution reached around 7. The
ethanol was removed in vacuo, to leave an aqueous fraction which was extracted

with DCM. Upon extraction, it was evident that the product had been retained in the
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aqueous phase as it had been protonated by the addition of the acid. The aqueous
phase also contained lithium chloride and so further separation was required. A solid
phase extraction was used with a reverse phase Waters C18 Sep-pak cartridge. After
the salts had been washed through, the C18 column was washed with ethanol to

elute the product 52, which was isolated as a brown solid in 35% yield.

The thiaoleic acid derivative 55 was synthesised following the same procedure used

to produce 52 (see Scheme 39). The intermediate compounds were isolated with
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Scheme 39: Synthetic route to produce TACN-thiaoleic acid 55

lower purity. The radiolabeling precursor, which was obtained in a 23% yield as a
viscous oil, was shown to be of lower purity by elemental analysis (outside the
required 0.4% limits) which is likely due to the challenges of analysing an oil as well

as potential salt impurities.
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5.4 Synthesis of rhenium(l) complexes with TACN-
thiapalmitic acid/Re(C0O)352 and TACN-thiaoleic
acid/Re(C0O)355

Radiochemistry experiments are challenging to implement without having the HPLC
conditions for a non-radioactive “cold” reference compound or standard. In general,
radiochemistry is carried out with a very low amount/ concentration of the
radioactive isotope. All technetium isotopes are radioactive, thus, the best
alternative is to form the reference compound using a metal ion with similar
properties to use in the investigation of complex formation reactions and HPLC

analysis method development.

Rhenium is the third row congener to technetium in group seven of the transition
series. The ionic radii of rhenium is very similar to technetium due to the lanthanide
contraction (Tc 1.36 A; Re 1.37 A) and so it forms structurally analogous complexes.
Technetium and rhenium complexes can have the metal in oxidation states up to +VII
(d°). Rhenium has been used previously as a non-radioactive replacement ion in
order to characterise **™Tc radiopharmaceuticals. In spite of the similarities, there
are some variations that should be taken into consideration in the preparation of Tc
and Re complexes, the most relevant being the easier oxidation of rhenium

complexes and their higher kinetic inertness.>® 221, 228-230

The rhenium(l) tricarbonyl complex was formed by addition of TACN-thiapalmitic
acid 52 or TACN-thiaoelic acid 55 in DMF to a stirred solution of
[EtsN]2[Re(CO)3(Br)s]** and then, heating to 50°C for 18 hours (see Scheme 40).
[EtaN]2[Re(CO)s(Br)s]** was prepared by a member of the Archibald group and

supplied for us in this project (Mrs. Rebecca Hargreaves).

The rhenium(l) tricarbonyl unit coordinates with the TACN moiety which acts as a
tridentate face-capping ligand, with the three nitrogens acting as donor atoms, to
give an octahedral geometry. Therefore, this complex is positively charged and the

carboxylic acid can be deprotonated to balance the charge. [Re(CO)s]* complexes are

124



low spin d® configuration, with no unpaired electrons, rendering the rhenium(l) metal

inert to ligand substitution and consequently increasing its stability in vivo.??!
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Scheme 40: Synthetic route to produce standard reference compounds Re(C0)352 and
Re(CO)s55

The rhenium(l) TACN-thiaoleic acid complex Re(C0O)355 and TACN-thia palmitic acid
complex Re(CO);52 were isolated as yellow/brown oils in yields of 31% and 25%
respectively. The low yields may be due to the small scale and washing step required
to remove salts formed in the reaction. The formation of the desired products was
confirmed by mass spectrometry. HPLC method development for Re(CO)352 and

Re(CO)s55 gave retention times (see Figure 67), respectively, at 17:17 min and

19:27 min.
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Figure 67: HPLC traces of standard reference compounds Re(CO);52 and Re(CO)3s55
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5.5 %MTc radiolabeling of TACN-thiapalmitic
acid/*™Tc(CO)s352

As mentioned in the introduction, the favourable properties of the isotope including
the half-life, gamma emission energy, generator production and flexible coordination
chemistry/ oxidation states make it a good choice for SPECT imaging applications.
[®°*™TcOa4]", which is eluted from the generator is as anion with technetium in the
highest oxidation state (+VIl) and is used as the precursor in the synthesis of all *°™Tc-
based complexes for imaging applications. However, in order to form complexes with
chelating ligands, [**™TcO4]~ must be reduced from Tc(VII) to a lower oxidation state,
then the *MTc-radiopharmaceutical can be synthesised.>” 231 232 |n this work, *°™Tc
was eluted from the *Mo/?°™Tc generator as [*°™TcO4]" and reduced to give 56
[*°MTc(OH,)3(CO)s]* (see Scheme 41).°8 Sodium boranocarbonate (Naz[H3BCO,]) is as

a reducing agent and is also an in situ source of carbon monoxide (CO).

HOn, | OH,
~ (Nay[H3BCO,]) 99m-|-c-"'
(704l 90°C, 20 min OC/I \CO
Cco
56

Scheme 41: Synthesis of the organometallic precursor [*™Tc(OH,)s(CO)s]* 56

56 was analysed by HPLC and the retention times of *°™TcO4~and [**™Tc(OH2)3(CO)s]*

were found to be 5:50 min and 13:35 min respectively (see Figure 68).
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Figure 68: HPLC traces of [*™TcO4]  and [**"Tc(OH,)s(C0O)s]* 56
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5.5.1 *°™Tc¢(l) radiolabeling of thiafatty acid derivatives

9mTc(1) radiolabeling of the novel TACN-thiapalmitic acid 52 was carried out through
the exchange of the Ilabile water ligands on the precursor complex

[*°*MTc(OH,)3(CO)s]* 56 (see Scheme 42).

o] o
HN sy
HN
+ S/\)kOH o
OH,
H,0.,, WOH, + .
Sodium acetate PH 11 N
99mTe N ﬁi\/:\/ﬁ
90°C, 30 min N,y
oc co NH HN el
co v/ oc” i “co
¢o
58 52 99mTc(CO) 452

Scheme 42: Reaction pathway to ®™Tc radiolabeling of novel precursor 52

The radiolabeling method to produce °*™Tc(C0O)352 was optimised by fixing the
conditions with the exception of one variable. The parameters explored were

temperature, pH, reaction time and concentration of the starting material.

5.5.2 Radiolabeling of the precursor 52 at different pH values

A solution of [**™Tc(OH,)3(C0)s]* 56 was added to precursor 52 (3.22 mmol) dissolved
in sodium acetate buffer (pH 7 and 11) or water (pH 7 and 11) (see Table 4). The total
volume of reaction mixture was 200 plL and it was shaken at 90°C for 30 min before

analysis by HPLC.

Buffer and pH Radiolabeling yield %
Sodium acetate pH 7 95.0
Sodium acetate pH 11 96.5
Water pH 7 95.0
Water pH 11 94.0

Table 4: Solvent/ pH used for ®°™Tc radiolabeling and yield obtained (90°C, 30 min, n=1)

Labeling yields were determined by radio-HPLC showing one major radioactive peak
eluting at 17:36 min (see Figure 69). The formation of *™Tc¢(CO)352 has been

confirmed comparison with the HPLC data for the rhenium(l) complex, Re(C0O)352, Rt
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= 17:17 min. All conditions tested showed high radiolabeling yields with sodium

acetate at pH 11 selected for the subsequent studies.
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Figure 69: Radio-HPLC trace of ®™T¢(CO)s52
5.5.2 Radiolabeling of the precursor 52 at a range of concentrations
A solution of [*°™Tc(OH,)3(CO)s]* 56 was added to different concentrations of 52 in
sodium acetate buffer at pH 11. The total volume of reaction mixture used was 200
pL with the reaction mixture shaken at 90°C for 30 min and the analysed by HPLC.

Figure 70 shows the yields over the concentration range, indicating that 3.22 mmol

is the lowest concentration to give a reasonable radiolabeling yield.
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Figure 70: The effect of varying the concentration of 52 on radiolabeling efficiency, n=1
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5.5.3 Radiolabeling of the precursor 52 at various temperatures

A solution of [*°™Tc¢(OH2)3(C0O)3]* 56 was added to precursor 52 (3.22 mmol) in sodium
acetate at pH 11. The total volume of the reaction mixture was 200 uL and it was
shaken at different temperatures (RT, 50°C and 90°C) for 30 min (see Table 5), and
analysed by HPLC. Carrying out the reaction at 90°C gives the highest yield but
reasonable yields are also achieved at 50°C and RT. Based on this work the %™Tc
radiolabeling reaction of 52 was carried out at 90°C for 30 min in sodium acetate at

pH 11 using 3.22 mmol of the precursor.

Temperature °C Radiolabeling yield %
90 96
50 88
RT 80

Table 5: The effect of temperature on *™Tc radiolabeling yield of 52, n=1

5.5.4 Purification and isolation of the *°™T¢(CO);52

The crude radiolabeled compound, ?°™Tc(C0)352, was synthesised on a larger scale
and was purified using semi-preparative HPLC. The results are slightly different to
those observed by analytical HPLC with the lower amounts of activity. Figure 71
shows a typical chromatogram with unreacted °°™Tc(l) tricarbonyl compound,
PmTc(VII) and some unidentified radiolabeled products eluted prior to the
9MTc(CO)352 at 17:40 to 17:88 min. All fractions were collected and activity in each
was measured. 73 MBq of the radioactive crude compound was injected and the
amounts of the identified fractions collected were: **™Tc¢(VII) 0.13 MBgq, *°™Tc(l) 1.4
MBq and *°"Tc-TACN-thiapalmitic acid 30 MBq.

129



600000 1 100 MMOL - 95.0% 95.09
=
~
-
-
-
99mTc-TACN-thia-palmitic acid -
-
40000.0 1 \ .
1
e
-
= -
o
=
20000.0 P
—~
-
-
P |
Acetonitrile - 5.0% i h |'| i ". 5.0%
- \ |I | j—— Al J"J'l'r'\_,' RVALY )
P | |V Y N R e s
0.0 —
: : — : —
0:00 110200 20:00 30:00

Figure 71: Radio-HPLC trace of semi-preparative separation of *™Tc(C0)s52

PMTc(CO)352 is eluted in acetonitrile/ sodium acetate buffer which is not
biocompatible. Thus, for in vivo administration of the °™T¢(C0)352, the acetonitrile
needs to be replaced by ethanol or another suitable solvent to ensure
biocompatibilty. A solid phase extraction is preferred to evaporation and this was

carried out using an Oasis C18 cartridge.

The #MT¢(CO)352 containing fraction was diluted three-fold with water and loaded
onto the C18 cartridge. The retention varied from 85% to almost quantitative. Then,
the cartridge was washed with water without a noticeable loss of activity (< 3%) and
dried by passing argon through it. 29 Mbq of *°™Tc(C0)352 was trapped on the
cartridge which could be eluted using EtOH to release 17 MBq (leaving 12 MBq stuck

in the cartridge). Analysis of this fraction by HPLC showed that another peak was

present (R =
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15:34 min) as well as the peak for the desired product (see Figure 72).
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Figure 72: Radio-HPLC traces of *™T¢(C0)352; A: after C18 cartridge; B: after formulation

10800

Time (min)

20000

130

Time (min)




The ethanol fraction was dried and dissolved in 3% bovine serum albumin (BSA) in
isotonic saline. It was then analysed again with HPLC (after precipitation of the BSA
by addition of acetonitrile and centrifugation) by sampling the supernatant solution.
This gave the same HPLC chromatogram observed before formulation (see Figure
72). The identity of the new peak is unknown but, as it appears on the addition of
ethanol, potentially a solvent molecule could be replacing one of the carbonyl (CO)
groups. Further investigation is required. In an attempt to clarify what had occurred,
alternative solvents to ethanol (acetonitrile, ether and THF) were investigated for
elution of the ™T¢(C0)352 from the C18 cartridge. All of these solvents failed to
elute the activity. In a further experiment, the crude *°™T¢(CO)352 (prior to semi-
preparative HPLC purification) was diluted three times with water and loaded on the
C18 cartridge, following the same process including the ethanol elution as with the
purified compound. HPLC analysis showed that the same unidentified peak was
present in the chromatogram. This indicates that it is the ethanol that is reacting or
causing reaction of %*™Tc-°™T¢(C0)352, and that this is occurring in the solid phase
extraction step not on the semi-prep HPLC. Stability of the crude *°™Tc¢(C0)352 was
investigated in serum. HPLC analysis revealed that the °™T¢(C0)352 was sufficiently

stable during incubation at 37°C up to 3 hours in serum (see Figure 73).
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Figure 73: Radio-HPLC traces of ®™T¢(C0)s52 in serum over 3 hours (0, 1, 2 and 3 hours)
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The stability of ®™T¢(C0)352 in phosphate buffer solution (PBS) was also studied,

again showing that the compound was stable according to HPLC analysis (see Figure

74).
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Figure 74: Radio-HPLC trace of ®™T¢(CO);52 in PBS after 3 hours

5.6 MTc radiolabeling of TACN-thiaoleic
acid/*°™Tc(CO)355

PMTc(CO)355 was studied using similar conditions to those used for °™Tc
radiolabeling of ®®™T¢(C0)352 (sodium acetate buffer at pH 11, heated at 90°C for

30 min). One variation in the conditions was a slightly higher amount of the precursor

at 4.58 mmol (see Scheme 43).

o] — S/\)J\o.
N HN
H,O,,. wOH,
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oc/ \co N - : N(H\/\/I\E
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co NHHN miTel
- oc” co
58 55 co 99MT¢(CO)455

Scheme 43: Reaction pathway to ®™Tc radiolabeling of novel precursor 55

One main radioactive peak was observed in the radio-HPLC trace, eluting at 19:55
min (see Figure 75). This was identified as **™Tc(CO)355 by comparison with the UV
detector HPLC trace of the Re(CO)355, which eluted at 19:27 min.
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Figure 75: Radio-HPLC trace of *™Tc(CO)s:55

9MTc(CO)355 was purified by semi-preparative HPLC. Then, the same procedure was
followed to isolate the potential radiotracer into a more appropriate solvent system
(the collected fraction was diluted 3 fold with water and loaded on the C18 cartridge).
The cartridge was washed and dried as previously and the trapped activity was eluted

using ethanol. On analysis of the purified compound by HPLC, again an unidentified

peak had appeared (Rt = 17:40 min).
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Figure 76: Radio-HPLC trace *™T¢(CO)s55 after C18 cartridge purification and elution with
different solvents

In this case it was possible to use different solvents to elute the product from the C18
cartridge with THF effective in releasing the product (see Figure 76). When THF was
used as the elution solvent the unidentified peak was no longer present. This

supports the idea that one of the carbonyl (CO) groups was replaced by a

coordinating ethanol moiety (see Figure 77).
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Figure 77: Proposed structure where a carbonyl (CO) group has been replaced by an
ethanol moiety

5.7 Conclusions

The synthesis of novel TACN-thiapalmitic and TACN-thiaoleic acid compounds has
been achieved to give compounds suitable for radiolabeling with a *°™T¢(CO)s* unit.
The protected macrocycle 47 was synthesised and functionalised with a cyano-benzyl
arm to give 48 followed by reduction of the cyano group to a primary amine (49).
Following purification by silica gel column chromatography, this compound was
reacted with bromothiapalmitate or iodothiaoleate followed by deprotection of the
BOC groups and hydrolyss of the ester to give TACN-thiapalmitic acid 52 and TACN-
thiaoleic acid 55. The “cold” reference standard compounds with rhenium(l)
tricarbonyl were successfully synthesized (Re(CO)352 and Re(CO)355) and an HPLC
separation method was developed. The conditions for ™ Tc radiolabeling of TACN-
thiapalmitic acid and TACN-thiaoleic acid were investigated (with optimal conditions
from those tested; sodium acetate buffer at pH 11, heated to 90°C for 30 min to label
3.22-4.58 mmol of the precursor). Issues were encountered on formulation following
purification by semi-preparative HPLC with an impurity appearing when the solid
phase extraction cartridge was eluted with ethanol. Where it was possible to elute

with an alternative solvent (THF), this could be avoided.
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Chapter Six

Conclusions and Future
work
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Chapter Six: Conclusions and Future work
6.1 Conclusions
6.1.1 Overview

The importance of cardiac imaging agents as drug development and clinical research
tools drives the development of tracers capable of quantifying the extent of cardiac
fatty acid metabolism. Existing thia-fatty acid tracers present suboptimal myocardial

retention and suffer from nonspecific uptake and slow elimination.

New, more specific cardiac PET tracers with improved pharmacokinetic profiles,
would be a useful tool for finding better diagnostic and therapeutic strategies in the

battle against the cardiac disease.

6.1.2 Main achievements

The synthesis of a four different chain length (8 atoms (caprylic), 10 atoms (capric),
16 atoms (palmitic) and 18 atoms (oleic)) thiafatty acid derivatives is described in this
work. Three of the 'F target compounds have been synthesised previously. Novel
synthetic strategies to give target compounds were developed and protocols

optimized in order to improve yields or to facilitate purification (see Table 6).

A novel radiolabeling precursor 18 and “cold” reference standard 21 for thiacaprylic
acid (FTC1) were prepared. A modified synthetic route was used to prepare known
thiapalmitic acid radiolabeling precursors (iodo derivative 2 and bromo derivative 3)
and the “cold” reference standard 6. The radiolabeling precursors (bromo 22 and
iodo 23 (novel)) and “cold” reference standard 26 for thiacapric acid (FTC2) were

prepared by a modified synthetic route.

The completion of a novel multi-step synthetic route (six steps) to obtain the labeling
precursors 32, 33 and 34 and “cold” reference standard 36 for thia-oleic acid have
been outlined. In particular, tetrahydropyranyl (THP) and dimethyl-tert-butylsilyl
(TBDMS) groups were investigated for temporary protection of terminal alcohol

group, with selection of the former.
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Two alkylation methods giving access to 4-thia fatty acid derivatives were explored.
Early problems with tosylation of sulfur containing derivatives were solved, and the
synthesis of tosylated-thiafatty acid was optimised. The fluorination reaction was
successful and the HPLC methods for analysis of the “cold” reference standards were

developed.
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Thia fatty Radiolabeling precursors Ref. “cold” reference standards Ref. Novelty
acid
0 : 0 :
This This Novel compounds
TCD1 Br\/\/\s“)Lo/ work F\/\/\S/\)J\OH work
18 21
Br/\/\/\/SV\n/O\ 130 16 and 17 modified
o s OH synthesis from
22 NS
\/\[Or 130 literature and 14
TCD2 NN SWO\ 26 novel precursor
23 o This
work
| O 22 and 23 modified
SN NN A
g o~ 109 o) 4, synthetic from
2 F\/\/\/\/\/\/\S/\)J\OH 109 | literature and 26 new
TPD .
(o) 6 synthetic routes
Brae e A
S o
3 4
S0 - S o~
o 111 32 and 33 modified
32
% synthetic from
TOD _ 9 _ F - S/\)J\OH 1111 Jiterature and 36 new
Br S © 111 36 synthetic routes
33
o This
[ o s o~ work
34

Table 6: The chemical structure for compounds synthesised and reported in Chapter Two
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Radiolabeling methods for preparation of w-fluorinated thia-fatty acids, [*2F]FTP,

[*8F]FTC2 and [*F]FTO were developed to give the target compounds in good yields

(see Table 7).

Precursors Radiotracers Fluorine Decay Activity for in
incorporat | corrected vivo
-ion yield yield administration
lodo
precursor 2 o
18 63+8% | 18.00+1.2 | 50-100 MBq/
F\/\/\/\/\/\/\S/\)I\OH ? q
[‘8F16 % 500 pL
lodo
ANSS OH
precursor 22 1oF ~TNr 47+4% | 16.15% | 50-100 MBg/
[18F]26 ©
2.6% 500 pL
Bromo _ Aj’\ 72+1% 17.75 50-75 MBgq/
precursor33 | * S o .
[8F136 +1.7% 500 pL

Table 7: Summary of radiosynthesis results for [*¥F]FTP, [*8F]FTC2 and [*®F]FTO
(Chapter Three)

The comparison study between radiolabeling of the 18-tosyl-, 18-iodo- or 18-bromo-

4-thiaoleate 32, 33 and 34 precursors show that radiolabeling of the bromo precursor

provides the highest fluorine incorporation yield (see Table 8).

Precursors Fluorine incorporation yield
Tosyl precursor 32 50+5%
Bromo precursor 33 502 %
lodo precursor 34 72+1%

Table 8: Comparison study between radiolabeling of the 18-tosyl-, 18-iodo or 18-bromo-4-
thiaoleate 32, 33 and 34 precursors (Chapter Three)

Cardiac uptake of [*8F]FTP and [*3F]FTO in vivo using a rat model was confirmed by

PET/CT imaging. In the same model, [*¥F]FTC2 did not show significant cardiac

accumulation. These results confirmed that cardiac retention of thia-fatty acids is

expected to reflect the extent of fatty acid metabolism. Long alkyl chain thia-fatty
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acids are actively taken up by myocytes, but show poor blood solubility and fast liver-
based elimination due to their high lipophilicity. There is no active transport of
medium fatty acids, which may result in more favourable pharmacokinetics. [*8F]FTP,
[*8F]FTC2 and [*8F]FTO are all stable in serum. PET imaging studies did not reveal any
significant cardiac uptake or accumulation of [*8F]FTP in nude mice. Thus, the animal

model selected plays in an important role in the in vivo imaging study.

The successful synthesis of novel copper(ll) cross-bridged cyclam complexes
functionalised with a triphenylphosphonium group to target the mitochondria was
carried out. A multi-step synthetic route to obtain the cross-bridged cyclam ligands
was designed and completed. All relevant compounds (37, 38, 39, 40 and 41) were

produced in good yields and fully characterised.

A cross-bridged cyclam chelator bearing a benzylcyano pendant arm was
synthesised, along with the copper(ll) complexes with different anion (chloride and
perchlorate). The exchange of bound solvent or anion for 10-fluoro-4-thiacapric acid
to form a complex with the bound fatty acid [Cu40(26)]* and also the fluorine-18
labelled equivalent ['8F][Cu40(26)]* was investigated and HPLC analysis conditions
developed (see Table 9). The formation of the ['8F]10-fluoro-4-thiacaprate complex
with copper(ll) cross-bridged cyclam compound requires further optimisation before

the process can be applied to the phosphonium derivative.
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Ligands

work

Complexes

X = H,0, CI
[Cu44CIICl,
[Cu440H,](CIO,);

Non-targeted and targeted
mitochondria

F [Cud4(26)]X
X = 2Cl, 2CI0,

This
work

Novelty

Novel compounds

Table 9: The molecular structure for selected macrocyclic compounds synthesised (Chapter Four)
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The synthesis of novel intermediates and *°™Tc radiolabeled TACN-thiapalmitic and

thiaoleic acid was carried out (see Table 10).

Intermediate derivatives Yield% Ref. Novelty

N

H

@ NN 0\/{/ 92% 219 Known
_/

Yoy
47

compound
NC
N 76% This work Novel
N N compound
Ty i
48

n 81% This work Novel

[NNX compound

Table 10: The molecular structures of key compounds produced for macrocycle attachment
(Chapter Five)

The synthesis of novel TACN-thiapalmitic and thiaoleic acid compounds that
incorporate a macrocyclic chelator suitable for radiolabeling with a *™T¢(CO)s* core
was achieved. The precursor compounds 52 and 55 were radiolabelled. The “cold”
reference standards, containing rhenium were synthesized for both precursors,
Re(CO)352 and Re(CO)s355, and the HPLC analysis method was developed. The
conditions for ®®™Tc radiolabeling of TACN-thiapalmitic acid and TACN-thiaoleic acid

were developed to give ®°™Tc(C0)352 *°™Tc(CO)355 respectively (see Table 11).
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Radiolabeling precursor Ref. | “cold” reference standard | Ref. 99mTc-tracers Ref. Novelty

Novel
\ compounds
N NHC | NH
NHHN N oc o0 0 Re(copss OC__??’E‘ch__CO

¢o
99MTc(CO)455

Table 11: The molecular structures for key rhenium and technetium compounds synthesised (Chapter Five)
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6.2 Future work

This section describes future work, including potential short term and long term goals

to extend the scope of this study.

6.2.1 Short term goals

To optimise the synthesis of radiolabeling precursor 12 to improve the low
overall yield.

To compare in vivo blocking of cardiac uptake of ['8F]FTP, [*®F]FTO and
[*8F]FTC2. This could be achieved by treating the rat to be imaged with
mitochondrial enzyme CPT-I inhibitor “Etomoxir”.

To optimise the formation of the [*8F]10-fluoro-thiacapric acid complex with
copper(ll) cross-bridged cyclam compound [Cu40(OH,)]X>

To optimise the **™Tc radiolabeling and purification of TACN-thiapalmitic acid

52 and TACN-thiaoleic acid 55 derivatives.

6.2.2 Long-term goals

A key aim would be to extend the formation of the ['8F]10-fluoro-4-thiacapric acid to

potentially mitochondria targeted copper cross-bridged cyclam complexes and to

validate their targeting properties. Key aspects include:

Investigating cellular uptake and in vivo pharmacokinetic properties of the
copper(ll) macrocycle-thiacaprylic acid complexes.

Comparison of cardiac uptake of mitochondria-targeted radiolabelled
thiacaprylic acid complexes with cardiac uptake of the free medium chain acid
tracer and free long-chain/ oleic fatty acid tracers (which would show active

uptake via the carnitine shuttle).

It would be of high interest to study radiotracer °™Tc(C0)352 and **™Tc¢(CO)352 in

vivo.

An initial study of in vivo cardiac uptake in a healthy rat (control)

144



e Followed by a study with in vivo blocking of cardiac uptake (where the rat is

treated with mitochondrial enzyme CPT-I inhibitor “Etomoxir”).

It would be interesting to radiolabel the long and medium chain thiafatty acids with
another radionuclide such as ®8Ga, for which a similar strategy as that used for

technetium-99m labelling could be adopted utilising a different chelator (see Scheme

44).

HOOC‘\/COOIBU
/O\[(\/S NH, [N/x
N

N

[—
COOtBu COOtBu

o s )K(coomu
-
N
W/\/ N
o] [N
N N
/0
l COOtBu COOtBu
o
HO s COOH
N N
o] [N
N N

Ho s o

Scheme 44: Suggested synthetic route to produce gallium-68 radiolabeled thiapalmitic acid
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Chapter Seven

Experimental
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Chapter Seven: Experimental

7.1 Materials

All chemicals and solvents were purchased from Sigma-Aldrich (Dorset, UK) and Alfa
Aesar (Heysham, Lancashire, UK), Fisher Scientific Ltd (Loughborough, UK), VWR
International S.A.S (EC) or Fisher Scientific Ltd (Loughborough, UK) and were either
laboratory or analytical grade. Deuterated solvents were purchased from Cambridge
Isotopes Laboratories Ltd (London, UK) or Goss Chemicals (Crewe, Cheshire, UK).
Anion exchange cartridge QMA, Oasis C18 Plus and Silica Lite are all manufactured
by Waters (Milford, MA). Filter (Millex-GS, Millipore, Bedford, MA, U.S.). “Cold”
reference standard compounds and radiolabeling precursors were synthesized as

described below.

7.2 General methodologies

All reactions were performed at room temperature and under an inert
(argon/nitrogen) atmosphere unless otherwise stated. Solvents were used as
received or, if necessary, dried over 3 A molecular sieves (dried at 200°C, 14 h)
following a literature method?3® and handled under an inert (argon/nitrogen)

atmosphere.

Solvents were removed under reduced pressure using a rotary evaporation on a
Buchi RE 111 evaporator equipped with a diaphragm vacuum pump. Further drying

before analysis was carried out using a Schlenk line and vacuum pump.

TLC analyses were performed on silica gel 60 f254 plates (Merck, New Jersey, USA).
When UV active chromatophore was present in the analysed structure/mixtures,
they were developed under UV light (A= 254 nm); otherwise, they were stained with
iodine or basic potassium permanganate solution, prepared by the reported
method.?3* Synthetic intermediates and final products were purified by flash
chromatography on silica gel (60 A (35-75 pum), Fluorochem, Hadfield, Derbyshire,

UK) using an appropriate mixture of solvents as eluent. Cartridge pre-activated: QMA
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by flushing with 5 mL of NaHCOs (8.4%), air, 10 mL of water, and air, Silica Lite
cartridge by flushing 5 mL of ACN, followed by air, Oasis C18 Plus cartridge by flushing

with 10 mL Ethanol, 20 mL of water, and dried with air.

7.3 Instrumentation
7.3.1 NMR spectroscopy

H, 13C, °F and 3P NMR results were recorded on a JEOL JNM-LA400 spectrometer
at 400 MHz, 100 MHz, 376 MHz and 162 MHz, respectively. All NMR spectra were
referenced to a deuterated solvents , namely, *H NMR (CDCl3) 6 7.26 ppm; 3C NMR
(CDCl3) 6 77.0 ppm, *H NMR (D20) 6 4.79 ppm and *H NMR (CDs0D) & 3.31 ppm; 13C
NMR (CD30OD) & 49.00 ppm. Spectra were processed using MestReNova software
(Mestrelab Research, version 6.0.2-5475). Chemical shifts (8§) were recorded in parts
per million (ppm). for TH NMR and 3C NMR spectra and coupling constants, (J),
reported in Hertz, Hz. Splitting patterns were denoted by s (singlet), d (doublet), t
(triplet), m (multiplet), g (quartet), quin (quintet), td (triple doublet) and br (broad

signal).

7.3.2 Mass spectrometry (MS) and gas chromatography mass
spectrometry (GC-MS)

Low-resolution MS data were recorded using a Varian 500 ion trap a Finnegan MAT
900 XLT mass spectrometer and Advion, expression Compact Mass Spectrometer.

GC-MS spectral data were obtained from the Agilent 5973 GC-MS system.

7.3.3 CHN

CHN analysis (Elemental analysis) was performed using a CHN analyser EA1108 (Carlo
Erba). Most compounds were within the limit of 0.4% of the expected ratios
(exceptions are [Cu44CI]Cl, [Cu44(OH;)]ClO4 and 55). Issues may be due to products
being viscous oils which make elemental analysis challenging, higher solvent

retention or impurities causing the larger deviation from the predicted values.
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7.3.31CP

ICP analysis (Inductively Coupled Plasma combine with mass spectrometry) was

performed using by using ICP-OES Perkin Elmer (Optima 5300 DV).

7.3.4 Cyclotron

No-carrier-added fluorine-18 was produced from 80-enriched water by a table top
cyclotron BG75 (ABT Molecular Imaging Ltd) located in the PET Research Centre,
University of Hull. After 1-2 h of bombardment, 0.7-2.2 GBq of fluorine-18 contained
in 0.2-0.3 mL of target [*®0]H,0 was delivered and used in the next step. (Produced

by David P Roberts, technician).

7.3.5 Hot cell

All radiochemical work was carried out in a lead shielded hot cell equipped with
compressed gases (air, nitrogen, helium and argon), a camera and a Capintec CRC-
55tPET dose calibrator (Capintec, New Jersey, USA). The dose calibrator is
indispensable for measuring amounts of radioactivity present in a given volume of

radioactive materials.

7.3.6 Elution for ®®Mo/**™Tc generator

Technetium-99m was produced from an UltraTechnekow FM generator
(Mallinckrodt Medical Cat. No. DRN 4329). The generator contains the parent isotope
molybdenum-99 absorbed to an aluminium oxide column. Instructions proved by the
manufacturer were followed with sterile saline used to elute sodium pertechnetate

(Na[*°™Tc04)).

7.3.6 Radio-TLC scanner

Radiochemical reactions were monitored by thin layer radio chromatography.
Samples were eluted on silica gel 60 F254 chromatographic plates (Merck, USA) and
read by LablLogic Scan-Ram scanner running Lablogic Laura (version 4.1.7.70)

software.
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7.3.7 High-Performance Liquid Chromatography HPLC and
Radio- HPLC

HPLC chromatograms for cold chemistry were recorded on Agilent Technologies
1200 series HPLC. Analytical analyses were performed on an ACE5 C18 4.6x250 mm

5 A column using detection at 220 nm.

Radiochemical reactions were monitored, and final products were purified by HPLC
(Agilent Technologies 1200 series) equipped with UV and gamma radiation detector
(Bioscan) running LabLogic Laura (version 4.1.7.70) software. The analysis was done
on ACE5 C18 4.6x250 mm 5 A column, and final products were purified on ACES C18

10x250 mm 5 A semi-preparative column, purchased from Hichrom Limited.

7.3.7.1 Standard HPLC methods

These methods were used to identify the “cold” reference standard and hot

chemistry for radiolabeling precursors.

Method 1: HPLC gradient for 4-thiacaprylic acid/caprylate derivatives (TCD1) and
[*8F]-8-fluoro-4-thiacaprlyic acid ([*8F]FTC1) (see Table 12).

Time (mm:ss) Acetonitrile + Water + 0.1%
0.1% TFA (%) TFA (%)
10.00 90.00
5 10.00 90.00
20 95.00 05.00
25 95.00 05.00
30 10.00 90.00

Table 12: HPLC gradient-method 1
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10-fluoro-4-thiacapric acid ([*8F]FTC2) (see Table 13).

Method 2: HPLC gradient for 4-thiacapric acid/caprate derivatives (TCD2) and [*8F]-

Time (mm:ss)

Acetonitrile +

Water + 0.1%

0.1% TFA (%) TFA (%)
0 20.00 80.00
5 20.00 80.00
5.1 40.00 60.00
15 60.00 40.00
20 95.00 05.00
21 20.00 80.00
30 20.00 80.00

Table 13: HPLC gradient-method 2

Method 3: HPLC gradient for 4-thiapalmitic acid/palmitate derivatives (TPD) and
[*8F]-16-fluoro-4-thiapalmtic acid ([*8F]FTP) (see Table 14).

Time (mm:ss)

Acetonitrile +

Water + 0.1%

0.1% TFA (%) TFA (%)
0 20.00 80.00
5 20.00 80.00
5.1 90.00 10.00
20 90.00 10.00
20.1 20.00 80.00
30 20.00 80.00

Table 14: HPLC gradient-method 3
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Method 4: HPLC gradient for 4-thiaoleic acid/oleate derivatives (TOD) and [8F]-8-
fluoro-4-thiaoleic acid ([*F]FTO) (see Table 15).

Time (mm:ss) Acetonitrile + Water + 0.1%
0.1% TFA (%) TFA (%)

10.00 90.00

5 10.00 90.00

5.1 60.00 40.00

20 95.00 05.00

20.1 95.00 05.00

23 95.00 05.00

24 10.00 90.00

30 10.00 90.00

Table 15: HPLC gradient-method 4

Method 5: HPLC gradient for evaluation of in vivo stability of [*8F]-18-fluoro-4-
thiaoleic acid ([*3F]FTO) (see Table 16)

Time (mm:ss) Acetonitrile + Water + 0.1%
0.1% TFA (%) TFA (%)
0 10.00 90.00
3 10.00 90.00
3 95.00 05.00
9 95.00 05.00
10 10.00 90.00
13 10.00 90.00

Table 16: HPLC gradient-method 5
Method 6: HPLC gradient for ®°™TC radiolabeling of (TACN-thiapalmitic acid)
9MTc(CO)352 and (TACN-thiaoleic acid) *°™Tc(C0)355 and their standard “cold” form
rhenium complexes Re(CO)352 and Re(CO)355 (see Table 17).

Time (mm:ss) Acetonitrile Sodium acetate
pH 5, 100 mmol

0 05.00 95.00

30 95.00 05.00

Table 17: HPLC gradient-method 6
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7.3.8 PET/CT animal scanning

Dynamic whole body PET and CT images were acquired on the Sedecal SuperArgus
2R PET scanner (Sedecal, Spain). Rats were induced with 5% isoflurane/oxygen (v/v)
anaesthesia before maintenance at 2%, using a flow rate of 1 L/min. Rats were
cannulated in the tail vein using a bespoke catheter before being placed into an

imaging cell where temperature and respiration were monitored (Minerve, France).

All PET /CT imaging studies were carried out under the project licence of Dr Anne
Marie Seymour and supervised by Dr Chris Cawthorne. The imaging studies and data
processing were carried out by Chris Cawthorne, Rob Atkinson, Faisal Nuhu and

Shubhanchi Nigam.
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7.4 Experimental procedures

7.4.1 Synthesis of 4-thiapalmitic acid/palmitate derivatives
(TPD)

7.4.1.1 1,12-Diiodododecane (1)**°

O N N P\ e l
|

1

The synthetic procedure was completed following literature methods.!'® To a
solution of 1,12-dibromododecane (3.00 g, 9 mmol) in acetone (40 mL) was added
Nal (5.36 g, 36 mmol) and reaction mixture was heated at reflux under nitrogen
blanket for 24 h. Then, solvent was evaporated under vacuum and crude product
suspended in water (20 mL). The aqueous phase was extracted with dichloromethane
(3 x 20 mL), dried over (MgS0a4) and concentrated under vacuum. The crude product
was crystallized from acetone yielding expected product as white crystals 1 (1.68 g,

57%).

'H NMR (400 MHz, CDCls) & 3.19 (t, J12 = 7.0, 4H, 2(CHa- 1), 1.93 — 1.68 (m, 4H, CH,-
CHa-1), 1.43 = 1.12 (m, 16H, 8(CH2)).
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7.4.1.2 Methyl 16-iodo-4-thiapalmitate (2)'*°

(0]
I\/\/\/\/\/\/\S/\)J\O/

2

The synthetic procedure was completed following literature methods.'*> Bromo or
iodo ester compound was dissolved in anhydrous acetonitrile. Methyl 3-
mercaptopropionate and anhydrous K,COs were added, and the reaction mixture
was stirred at room temperature for 72 h. Then, the reaction mixture was acidified
with ice-diluted 1N HCl and extracted with diethyl ether (3 x 20 mL). The combined
ether fractions were washed successively with 5% NaHCOs, water and brine, dried

over MgSOs and evaporated under reduced pressure.

Amounts: 1, 12-diiodododecane 1 (1.33 g, 3.15 mmol), anhydrous acetonitrile (10
mL), methyl 3-mercaptopropionate (0.38 mL, 3.15 mmol), anhydrous K,COs (0.55 g,
3.98 mmol), 1IN HCI, diethyl ether (3 x 20 mL), 5% NaHCO3 (3 x 20 mL), water (3 x 20
mL), brine (1 x 50 mL) and amount of anhydrous MgS0O4 (approximate). Following by
chromatographic purification of the crude on silica gel eluted with n-hexane:ethyl
acetate 97.5: 2.5 mixture and crystallisation from methanol, gave the expected

iodinated thiapalmitate 2 with a (0.16 g, 24%) yield.

1H NMR (400 MHz, CDCl3) 6 3.71 (s, 3H, O-CHs), 3.20 (t, J12 = 7.1, 2H, CH-1), 2.79 (t,
J12=7.3, 2H, CH2-S), 2.62 (t, J12 = 7.4, 2H, CH2-S), 2.52 (m, 2H, CH2-CH,-S), 1.82 (t, J1
=14.6,J,=7.2, 2H, CH2), 1.27 (s, 18H, 9(CH2)).
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7.4.1.3 Methyl 16-bromo-4-thiapalmitate (3)*

O
Br\/\/\/\/\/\/\s/\)J\o/
3

The synthetic procedure was completed following literature methods.* Sodium
hydride was added to a stirred solution of methyl 3-mercaptopropanoate in dry THF.
The reaction mixture was cooled to 0°C under nitrogen. The reaction mixture was
stirred at 0°C for 15 min before THF solution of bromo or iodo protected compound
was added drop wise. The reaction was stirred at 0°C for 30 min and at room
temperature for 3 h. Then, it was quenched with water and extracted with the
dichloromethane. The combined organic fractions were dried over Na;SOs and

concentrated under vacuum.

Amounts: NaH (60% in oil, 0.30 g, 12.7 mmol), methyl 3-mercaptopropanoate (1.52 g,
12.7 mmol), dry THF (300 mL), THF (30 mL) of 1, 12-dibromododecane (3.74 g,
11.3 mmol), water (50 mL), dichloromethane (3 x 100 mL) and amount of anhydrous
Na,SOs (approximate). Following by chromatographic purification of the crude on
silica gel eluted with n-hexane: ethyl acetate 95: 5 mixture, gave the expected

brominated thiapalmitate 3 as a white solid with a (1.9 g, 41%) yield.

1H NMR (400 MHz, CDCls) & 3.70 (s, 3H, OCHs), 3.40 (t, J12 = 6.9, 2H, CH,-Br), 2.77 (t,
J12=7.4, 2H, CH-S), 2.60 (t, J1 = 11.1, J, = 3.9, 2H, CH,- S), 2.54 — 2.44 (m, 2H CHo-
CH2-S), 1.84 (m, 2H, CHa), 1.64 — 1.50 (m, 2H, CH,), 1.49 — 1.14 (m, 16H, 8(CH2)).13C
NMR (150.81 MHz, CDCls) & ppm: 172.59 (COO-CHs), 51.88 (O-CHs), 34.82,34.1, 32.9,
30.4,29.6 -29.4, 29.3, 29.2 6(CH), 28.25, 28.1, 27.06 ; MS (ESI) m/z: 368 [M+H]".

156



7.4.1.4 1-Bromo-12-fluorododecane (4)

/\/\/\/\/\/\/Br
F
4

18-Crown-6 was dissolved in anhydrous acetonitrile was mixed with KF dissolved in
water, and the KF/18-crown-6 complex was azeotropically dried. Then, tosylate or
halogen compound dissolved in anhydrous acetonitrile was added to the flask and
the reaction mixture was refluxed under nitrogen blanket overnight. The solvent was
evaporated and the residue redissolved indichloromethane; the organic phase was

washed with water, dried over Na;SO4 and evaporated under vacuum.

Amounts: 18-crown-6 (0.80 g, 3.04 mmol), anhydrous acetonitrile (10 mL), KF (0.17 g,
3.04 mmol), water, 1, 12-dibromododecane (1 g, 3.04 mmol), anhydrous acetonitrile,
dichloromethane, water (3 x 10 mlL), and amount of anhydrous Na;SOs

(approximate).

Providing crude mixture containing 87% of expected product as quantified GC-MS

and identified by °F NMR, used directly in the next step.
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7.4.1.5 Methyl 16-fluoro-4-thiapalmitate (5)

O
P S S S/\)J\o/
5

The product has been synthesised previously using a different synthetic route.
Sodium hydride was added to a stirred solution of methyl 3-mercaptopropanoate in
dry THF. The reaction mixture was cooled to 0°C under a nitrogen blanket. The
reaction mixture was stirred at 0°C for 15 min before THF solution of bromo or iodo
protected compound was added dropwise. The reaction was stirred at 0°C for 30 min
and at room temperature for 3 h. Then, it was quenched with water and extracted
with the dichloromethane. The combined organic fractions were dried over Na;S04

and concentrated under vacuum.

Amounts: NaH (60% in oil, 0.12 g, 5.22 mmol), methyl 3-mercaptopropanoate (062
g, 5.22 mmol), dry THF (150 mL), THF (10 mL), 1-bromo-12-fluorododecane 4 (0.7 g,
2.61 mmol), water (50 mL), dichloromethane (3 x 100 mL) and amount of anhydrous
Na,SO4 (approximate). Following by chromatographic purification of the crude on
silica gel eluted with n-hexane: ethyl acetate 95:5 mixture, gave the expected

fluorinated thiapalmitate 5 as a colourless oil with a (0.12 g, 13 %) yield.

1H NMR (400 MHz, CDCls) & 4.53 — 4.37 (dt, 2H, J1= 47.3, J>= 6.2, CH»-F), 3.72 (s, 3H,
0-CHs), 2.79—2.74 (m, 2H, CH»-S), 2.59 (t, J1 = 11.1, J, = 4.1, 2H, CH,-S), 2.50 (m, CH»-
CH,-S), 1.65 (t, J1=17.0,J2=7.8, 4H, 2(CH,)), 1.40 — 1.24 (m, 16H, 8(CH.)); °F NMR
(376 MHz, CDCl3) & 149.11; GC-MS: 306; MS (ESI) m/z: 307 [M+H]*. HPLC: Method 3

— retention time = 14:20 min.
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7.4.3.6 16-Fluoro-4-thiapalmitic acid (FTP) (6)

F\/\/\/\/\/\/\S/\)J\OH

The product has been synthesised previously using a different synthetic route.’*> To
ester compound was added LiOH x H,0 dissolved in 60% EtOH and reaction mixture
was stirred at room temperature for 1 h. Then, solvent was evaporated and the
residue redissolved indichloromethane and organic phase was washed with1l N HCI,

dried over Na;SO4 and concentrated under vacuum.

Amounts: methyl 16-fluoro-4-thiapalmitate 5 (0.03 g, 0.09 mmol), LiOH x H,0 (0.012
g, 0.29 mmol), 60% EtOH (5 mL), dichloromethane (50 mL), 1 N HCl (50 mL) and
amount of anhydrous Na,SOs (approximate). 10-fluoro-4-thiacapric acid 6 as

colourless oil with a (20 mg, 71%) yield.

14 NMR (400 MHz, CDCls) & 4.43 (dt, J; = 47.4, J1 = 6.2, 2H, CH,-F), 2.81 = 2.75 (m, 2H,
CH2-S), 2.70 — 2.62 (m, 2H, CH»-S), 2.53 (t, J1= 9.8, J, = 5.1, 2H, CH,-CH»-S), 1.74 — 1.55
(m, 2H, 2(CH2)), 1.42 — 1.23 (m, 16H, 8(CH,)), 0.88 (s, 1H, OH); °F NMR (376 MHz,
CDCl3) 6 149.11; MS (ESI) m/z: 331 [M+K]*. HPLC: Method 3 — retention time = 12:28

min.
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7.4.2 Synthesis of 4-thiacaprylic acid/caprylate derivatives
(TCD1)

7.4.2.1 4-Bromo-1-butanol (7)**

HO/\/\/Br

7

The synthetic procedure was completed following literature methods.?®* To
tetrahydrofuran (THF) (67.5 mL, 832.2 mmol) cooled to 0°C was drop wise added HBr
(48% w/v in water, 31 mL, 274 mmol) and the yellow reaction mixture was stirred at
reflux for 2 h. After cooling to room temperature, the reaction was diluted with water
(100 mL) and carefully neutralized with solid NaHCOs. The bromoalcohol product 7
was extracted with Et,0 (3x100 mL), the organic fractions were combined, dried
(NazS0a4) and the solvent was removed under a vacuum, providing expected product

as a yellow oil (13.7 g, 33% yield).

H NMR (400 MHz, CDCl3) § 3.67 (t, J12 = 6.4, 2H, CH»-0), 3.46 (t, J12 = 6.7, 2H, CH»-
Br), 2.44 (s, 1H, OH), 2.00 — 1.91 (m, 2H, CH3), 1.79 — 1.62 (m, 2H, CH2); MS (ESI) m/z:
152 [M+H]*.
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7.4.2.2 2-(4-Bromobutyloxy)tetrahydro-2H-pyran (8)*2°

QO/\/\/Br

8

The synthetic procedure was completed following modified literature methods.!?®
The alcohol precursor 7 was dissolved in anhydrous diethyl ether, and resulting
solution was cooled to 0°C. A catalytic amount of p-toluenesulfonic acid and 3, 4-
dihydro-2H-pyran were added, and the reaction was stirred at room temperature for
24 h. Then, the reaction mixture was washed with saturated sodium bicarbonate
solution and brine. The organic layer was dried over anhydrous K,COs and solvent

removed under vacuum.

Amounts: 4-bromo-1-butanol 7 (13 g, 84.9 mmol), anhydrous diethyl ether (85 mL),
p-toluenesulfonic acid (29.3 mg, 154 mmol), 3, 4-dihydro-2H-pyran (9.4 mlL,
111.7 mmol), saturated sodium bicarbonate solution (2 x 60 mL), brine (1 x 40 mL)
and amount of anhydrous K,COs (approximate). THP protected bromoalcohol 8 was
purified on a silica gel column eluted with a n-hexane : ethyl acetate 95: 5 mixture

and was isolated a colourless oil (14 g, 70%).

'H NMR (400 MHz, CDCl3) 6 4.60 (t, J1,2 = 3.5, 1H, O-CH-0), 3.94 — 3.75 (m, 2H, CH»-
Br), 3.57—3.39 (m, 4H, 2(CH»-0)), 2.04—1.92 (m, 2H, CH,), 1.89 — 1.68 (m, 4H, 2(CH>)),
1.57 (m, 4H, 2(CH)); GC-MS: 8:45 min, 237 (M"*).
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7.4.2.3 4-Bromo-1-(tert-butyldimethylsilyloxy)butane (9)'%’

The synthetic procedure was completed following literature methods.?” To an
anhydrous solution of dichloromethane containing alcohol compound 7, imidazole
and 4-(dimethylamino)pyridine maintained at 0°C was added tert-butyldimethylsilyl
chloride (TBDMSCI) and the reaction mixture was stirred at room temperature
overnight. Then, the reaction was quenched with a saturated aqueous NH4Cl
solution, and the aqueous phase was extracted with diethyl ether. The combined
organic extracts were washed with brine, dried over MgS0O4 and concentrated under

vacuum.

Amounts: anhydrous dichloromethane (300 mL), 4-bromo-1-butanol 7 (6.0 g,
39.21 mmol), imidazole (5.34 g, 78.4 mmol), 4-(dimethylamino)pyridine (2.4 g,
19.64 mmol), NH4Cl solution (50 mL) diethyl ether (3 x 100 mL), brine (3 x 40 mL) and
amount of anhydrous MgSQO4 (approximate). Providing the silyl ether 9 as a colorless

oil (10 g, 96%).

'H NMR (400 MHz, CDCl3) 6 3.63 (t, J12= 6.1, 2H, CH-0), 3.43 (t, J12 = 6.8, 2H, CH»-
Br), 1.92 (t, J12=12.4, 2H, CH,), 1.68 — 1.60 (m, 2H, CH;), 0.90 — 0.85 (m, 9H, 3(CH3)),
0.03 (d, J=1.8, 6H, 2(CH3)); GC-MS: 12:22 min, 267 (M"*).

162



7.4.2.4 Methyl 8-(tetrahydro-2H-pyran-2-yl)-4-thiacaprylate (10)

Bt
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Method 1

Bromo or iodo protected compound was dissolved in anhydrous acetonitrile. Methyl
3-mercaptopropionate and anhydrous K,COs were added, and the reaction mixture
was stirred at room temperature for 72 h. Then, the reaction mixture was acidified
with ice-diluted 1N HCl and extracted with diethyl ether (3 x 20 mL). The combined
ether fractions were washed successively with 5% NaHCOs, water and brine, dried

over MgSOs and evaporated under reduced pressure.

Amounts: 4-Bromobutyl tetrahydropyranyl ether 2 (1.49 g, 6.3 mmol), anhydrous
acetonitrile (20 mL), methyl 3-mercaptopropionate (0.69 mL, 6.3 mmol), anhydrous
K2CO3(1.10 g, 8 mmol), 1IN HCI, diethyl ether (3 x 20 mL), 5% NaHCOs (3 x 50 mL),
water (3 x 50 mL), brine (1 x 50 mL) and amount of anhydrous MgS0O4 (approximate).
Product 10 was purified by column chromatography on silica gel eluted with n-

hexane: ethyl acetate 9: 1 mixture, and was isolated as colourless oil (0.75 g, 50%).

1H NMR (400 MHz, CDCl3) 6 4.58 (t, J1,2 = 4.4, 1H, O-CH-0), 3.86 (t, J1,, = 11.2, 2H, CH,-
0), 3.80 —3.72 (m, 2H, CH2-0), 3.71 (s, 3H, O-CHs), 3.56 — 3.48 (m, 2H, CH,-S), 3.45 —
3.38 (M, 2H, CH-S), 2.79 (t, J1,,= 7.5, 2H, CH2-CH,-S), 2.65 — 2.53 (m, 2H, CH), 1.91 —
1.67 (m, 2H, 2(CH2)), 1.67 — 1.45 (m, 2H, 2(CH,)); MS (ESI) m/z: 277 [M+H]*.
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Method 2

Sodium hydride was added to a stirred solution of methyl 3-mercaptopropanoate in
dry THF. The reaction mixture was cooled to 0°C under a nitrogen blanket. The
reaction mixture was stirred at 0°C for 15 min before THF solution of bromo or iodo
protected compound was added drop wise. The reaction was stirred at 0°C for 30
min and at room temperature for 3 h. Then, it was quenched with water and
extracted with the dichloromethane. The combined organic fractions were dried over

Na,SO4 and concentrated under vacuum.

Amounts: NaH (60% in oil, 1.29 g, 53.9 mmol), methyl 3-mercaptopropanoate (6.47 g,
53.9 mmol), dry THF (1000 mL), THF (100 mL), 4-bromobutyl tetrahydropyranyl ether
2 (11.37 g, 47.94 mmol), water (50 mL), dichloromethane (3 x 100 mL) and amount
of anhydrous Na;SOs4 (approximate). Product 10 was purified by column
chromatography on silica gel eluted with n-hexane: ethyl acetate 9:1 mixture and

was isolated as colourless oil (7.42 g, 57%).

'H NMR (400 MHz, CDCl3) 6 4.58 (t, J1,> = 4.4, 1H, O-CH-0), 3.86 (t, J1,2 = 11.2, 2H, CH,-
0), 3.80 —3.72 (m, 2H, CH»-0), 3.71 (s, 3H, O-CH3), 3.56 — 3.48 (m, 2H, CH>-S), 3.45 —
3.38 (m, 2H, CH»-S), 2.79 (t, J1,2= 7.5, 2H, CH,-CH,-S), 2.65 — 2.53 (m, 2H, CH,), 1.91 —
1.67 (m, 2H, 2(CH,)), 1.67 — 1.45 (m, 2H, 2(CH,)); MS (ESI) m/z: 277 [M+H]".
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7.4.2.5 Methyl 8-(tert-butyldimethylsilyl)-4-thiacaprylate (11)

Method 1

Bromo or iodo protected compound was dissolved in anhydrous acetonitrile. Methyl
3-mercaptopropionate and anhydrous K,COs3 were added, and the reaction mixture
was stirred at room temperature for 72 h. Then, the reaction mixture was acidified
with ice-diluted 1 N HCl and extracted with diethyl ether (3 x 20 mL). The combined
ether fractions were washed successively with 5% NaHCOs, water and brine, dried

over MgS04 and evaporated under reduced pressure.

Amounts: 4-Bromo-1-(tert-butyldimethylsilyloxy)butane 9 (1.21 g, 4.48 mmol),
anhydrous acetonitrile (20 mL), methyl 3-mercaptopropionate (0.53 mL, 4.48 mmol)
and anhydrous K>COs (0.78 g, 5.68 mmol), 1IN HCI, diethyl ether (3 x 20 mL), 5%
NaHCOs (3 x 50 mL), water (3 x 50 mL), brine (1 x 50 mL) and amount of anhydrous
MgSO4 (approximate). Product 11 was purified by column chromatography on silica
gel eluted with n-hexane: ethyl acetate 9:1 mixture, and was isolated as colourless

oil (0.91 g, 66%).

1H NMR (400 MHz, CDCl3) & 3.69 (s, 3H, O-CHs), 3.61 (t, J12 = 6.0, 2H, CH,0), 2.81 —
2.74 (m, 2H, CH2.S), 2.63 — 2.50 (m, 4H, CH2-CH,-S), 1.69 — 1.57 (m, 4H, 2(CH>)), 0.90
—0.85 (m, 9H, 3(CHs)), 0.04 (s, 6H, 2(CHs)); MS (ESI) m/z: 329 [M+Na]".
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Method 2

Sodium hydride was added to a stirred solution of methyl 3-mercaptopropanoate in
dry THF. The reaction mixture was cooled to 0°C under a nitrogen blanket. The
reaction mixture was stirred at 0°C for 15 min before THF solution of bromo or iodo
protected compound was added drop wise. The reaction was stirred at 0°C for 30 min
and at room temperature for 3 h. Then, it was quenched with water and extracted
with the dichloromethane. The combined organic fractions were dried over Na;SO4

and concentrated under vacuum.

Amounts: NaH (60% in oil, 0.10 g, 4.20 mmol), methyl 3-mercaptopropanoate (0.50 g,
420 mmol), dry THF (100 mL), THF (10 mL), 4-bromo-1-(tert-
butyldimethylsilyloxy)butane 9 (1 g, 3.74 mmol), water (50 mL), dichloromethane
(3 x 100 mL) and amount of anhydrous Na>SO4 (approximate). To yield Product 11 as
colourless oil (0.85 g, 75%).

1H NMR (400 MHz, CDCls) & 3.69 (s, 3H, O-CHs), 3.61 (t, J12= 6.0, 2H, CH.0), 2.81 —
2.74 (m, 2H, CH2.S), 2.63 = 2.50 (m, 4H, CH2-CH2-S), 1.69 — 1.57 (m, 4H, 2(CH.)), 0.90
—0.85 (m, 9H, 3(CHs)), 0.04 (s, 6H, 2(CHs)); MS (ESI) m/z: 329 [M+Nal".
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7.4.2.6 Methyl 8-hyroxy-4-thiacaprylate (12)

(0]
HO\/\/\S/\)J\O/
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Method 1-preferred route

To a solution of THP protected compound dissolved in MeOH was added p-toluene
sulfonic acid monohydrate (TsOH x H,0) and the reaction was stirred at room
temperature for 5 h. The methanol was evaporated and the residue redissolved
inDCM, and the organic phase was washed successively with 10% NaHCO3 solution,

water and brine, dried over MgSO4 and evaporated under reduced pressure.

Amounts: methyl 8-(tetrahydro-2H-pyran-2-yl)-4-thiacaprylate 9 (0.32 g, 1.15 mmol),
MeOH (25 mL), TsOH x H,0 (222 mg, 1.15 mmol), DCM (50 mL), 10% NaHCOs solution
(3 x 50 mL), water (3 x 50 mL), brine (1 x 50 mL) and amount of anhydrous Na,SO4
(approximate). Product 12 was purified by column chromatography on silica gel
eluted with n-hexane: ethyl acetate 7:3 mixture and was isolated as a colourless oil

(0.11 g, 51%).

1H NMR (400 MHz, CDCl3) 6 4.10 (s, 1H, OH), 3.69 (s, 3H, O-CHs), 3.67 — 3.64 (m, 2H,
CH»-0), 2.81—2.74 (m, 2H, CH-S), 2.64 —2.51 (m, 4H, CH2-CH2-S), 1.67 (m, 4H, 2(CH,));
MS (ESI) m/z: 193 [M+H]".
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Method 2- Attempted synthesis

To a solution of TBDMS protected compound dissolved in THF was added TBAF (1 M
in THF, 9 mL, 9.0 mmol) and the reaction mixture was stirred at room temperature
for 8h. Then, THF was evaporated and replaced by ethyl acetate, and the organic

phase was washed with water, dried over MgSO4 and evaporated under vacuum.

Amounts: tert-butyldimethyl derivative 11 (0.9 g, 3.0 mmol), THF (5 mL) and tetra-n-
butylammonium fluoride in tetrahydrofuran (TBAF) (1 M in THF, 9 mL, 9.0 mmol),
ethyl acetate (25 mL), water (3 x 50 mL) and amount of anhydrous Na;SOs
(approximate). According to *H NMR, the obtained crude contained mainly still

protected starting material.
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7.4.2.7 Methyl 8-tosyl-4-thiacaprylate (13)
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Method 1- Attempted synthesis

To a solution of alcohol 12 (0.38 g, 1.97 mmol) in anhydrous dichloromethane (70 mL)
maintained at 0°C was added diisopropylethylene amine (0.46 mL, 2.93 mmol)
followed by tosyl chloride (0.43 g, 2.34 mmol) and the reaction mixture was stirred
at room temperature for 24 h. Then, the reaction was diluted with dichloromethane
(70 mL), the organic phase was washed successively with 10% citric acid, 10%
NaHCOs, water, dried over Na SOs and evaporated under vacuum. TLC analysis
showed a complex mixture of products. *H NMR analysis indicated that only traces
of starting alcohol remained, however, no expected product was isolated after liquid

chromatography purification on silica gel.

Method 2- Attempted synthesis

To a stirred solution of an alcohol 12 (0.5 g, 2.60 mmol), K2CO3 (0.5 g, 2.62 mmol) and
MesNxHCI (4.06 g, 42.58 mmol) in anhydrous dichloromethane (108 mL) maintained
at 0°C was added tosyl chloride (0.49 g, 2.60 mmol) and the reaction mixture was
stirred at room temperature for 72 h. Then, the solvent was evaporated and the
residue redissolved inethanol, the resulting solution filtered through celite and
concentrated under vacuum. According to *H NMR, only traces of product 11 were

formed.
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Method 3- Attempted synthesis

To a solution of alcohol 12 (0.1 g, 0.5 mmol), EtsN (16.3 mg, 0.16 mmol) and MesN.HCI
(0.9 mg, 0.01 mmol) in anhydrous acetonitrile (60 mL) maintained at -6°C was added
tosyl chloride (19 mg, 0.1 mmol) in one portion. The reaction mixture was stirred at
-10°C for 40 min warmed to room temperature, quenched with water (60 mL),
extracted with ethyl acetate (3x100 mL). The combined organic fractions were
washed with half-saturated aqueous NH4Cl and brine, dried over Na;SOs and
concentrated under vacuum. According to 'H NMR, only traces of product 11 were

formed.

Method 4- Attempted synthesis

To a solution of alcohol 12 (0.1 g, 0.5 mmol) in anhydrous dichloromethane (7.7 mL)
maintained at 0°C was added 4-(dimethyl amino)pyridine (2 mg, 0.5 mmol) followed
by tosyl chloride (0.095 g, 0.5 mmol). The reaction mixture was stirred at room
temperature for 18 h. Then, it was quenched with 1N aqueous HCl (10mL), and the
aqueous phase was extracted with dichloromethane (3x5 mL). The combined organic
fractions were dried over Na;SOs and evaporated under vacuum. TLC analysis
showed a complex mixture of products. *H NMR analysis indicated that only traces
of starting alcohol remained, however, no expected product was isolated after liquid

chromatography purification on silica gel.

Method 5-preferred route

To a solution of alcohol compound in anhydrous acetonitrile containing triethylamine
(EtsN) and trimethylamine hydrochloride (MesN x HCl) maintained at -5°C was added
tosyl chloride dissolved in anhydrous acetonitrile. The reaction mixture was stirred
at room temperature for 2 h. Acetonitrile was evaporated and the residue
redissolved inethyl acetate, washed with water and brine, dried over Na,SOs and

evaporated under vacuum.
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Amounts: compound 12 (0.1 g, 0.52 mmol), anhydrous acetonitrile (3 mL), EtsN
(0.13 mL, 1.04 mmol), MesNxHCl (49 mg, 0.052 mmol), tosyl chloride (0.14 g,
0.78 mmol), anhydrous acetonitrile (3 mL), ethyl acetate (10 mL), water (3 x 10 mL),
brine (1 x 10 mL) and amount of anhydrous Na;SO. (approximate). Providing pure

expected product as white crystals (0.13 g, 72%).

1H NMR (400 MHz, CDCls) 6 7.93 (d, J = 8.4, 2H, Ar-H), 7.41 (dd, J1 = 8.6, J> = 0.6, 2H,
Ar-H), 3.73 —3.68 (m, 3H, O-CHs), 3.72 = 3.65 (m, 2H, CH»-0), 2.84 — 2.74 (m, 2H, CH,-
S), 2.65 — 2.56 (m, 4H, CH2-CH,-S), 2.47 (d, J = 15.7, 3H, Ar-CHs), 1.68 (d, J = 6.6, 4H,
2(CH2)); MS (ESI) m/z: 175 [M-tosylate]*.
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7.4.2.8 Methyl 8-(tert-butyldimethylsilyl)-4-sulfinylcaprylate (14)

Protected compound dissolved in ethyl acetate was added NaBOs x 4H,0 dissolved
in water followed by glacial acetic acid. The reaction mixture was stirred at room
temperature overnight. Then, the organic phase was separated, and the aqueous
phase was extracted with ethyl acetate. The combined organic fractions were
washed with water and brine, dried over Na;SOs and evaporated under reduced

pressure.

Amounts: TBDMS protected thia-ester 11 (0.85 g, 2.77 mmol), ethyl acetate (20 mL),
NaBOs x 4H,0 (0.42g, 2.77 mmol), water (5 mL) and glacial acetic acid (3 mL,
49.9 mmol), ethyl acetate (3 x 30 mL), water (3 x 30 mL), brine (1 x 30 mL) and
amount of anhydrous NaSOs (approximate). Providing expected product as a

colorless oil (0.88 g, 99%).

1H NMR (400 MHz, CDCls) & 3.69 (s, 3H, O-CHs), 3.61 (t, J12 = 6.0, 2H, CH,-0), 2.81 —
2.74 (m, 4H, CH2-CH2-S), 2.63 — 2.50 (m, 2H, CH2-S), 1.69 — 1.57 (m, 4H, 4(CH,)), 0.90
—0.85 (M, 9H, 3(CHs)), 0.04 (s, 6H, 2(CHs)); MS (ESI) m/z: 323 [M+H]".
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7.4.2.9 Methyl 8-(tetrahydro-2H-pyran-2- yl)-4- sulfinylcaprylate
(16)

Protected compound dissolved in ethyl acetate was added NaBOs x 4H,0 dissolved
in water followed by glacial acetic acid. The reaction mixture was stirred at room
temperature overnight. Then, the organic phase was separated, and the aqueous
phase was extracted with ethyl acetate. The combined organic fractions were
washed with water and brine, dried over Na,SO4 and evaporated under reduced

pressure.

Amounts: THP protected thiaester 9 (0.5 g, 1.8 mmol), ethyl acetate (40 mL), NaBO3
x 4H,0 (0.27 g, 1.8 mmol), water (5 mL), glacial acetic acid (3 mL, 49.9 mmol), ethyl
acetate (3 x 30 mL), water (3 x 30 mL), brine (1 x 30 mL) and amount of anhydrous
Na,SO4 (approximate). Product 16 was purified by liquid chromatography on silica gel
eluted with hexane: ethyl acetate 97.5:2.5 mixture to give expected product as a

colourless oil (0.3 g, 60%).

1H NMR (400 MHz, CDCls) 6 4.57 (t, J12 = 4.1, 1H, O-CH-0), 3.93 — 3.78 (m, 2H, CH,-
0), 3.75 (s, 3H, O-CHs), 3.56 — 3.34 (m, 2H, CH,-0), 2.97 — 2.68 (m, 4H, CH2-CH,-S),
2.66 — 2.48 (m, 2H, CH2-S), 1.85 — 1.63 (m, 6H, 3(CH2)), 1.60 — 1.43 (m, 4H, 2(CH,));
MS (ESI) m/z: 315 [M+Na]".
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7.4.2.10 Methyl 8-hydroxy-4-sulfinylcaprylate (15)
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SYNTHESISED FROM 14

To a solution of TBDMS protected compound dissolved in THF was added TBAF (1 M
in THF, 9 mL, 9.0 mmol) and the reaction mixture was stirred at room temperature
for 8 h. Then, THF was evaporated and replaced by ethyl acetate, and the organic

phase was washed with water, dried over MgSO4 and evaporated under vacuum.

Method 1- Attempted synthesis

Amounts: TBDMS derivative 14 (0.1g, 0.3 mmol), anhydrous THF (3 mL), TBAF (1 M
in THF, 0.3 mL, 0.3 mmol), ethyl acetate (20 mL), water (3 x 20 mL) and amount of
anhydrous Na;SO4 (approximate). According to *H NMR, the obtained crude mainly
contained protected starting material 14 with GC-MS showing 9% of expected de-

protected alcohol 7.

Method 2- Attempted synthesis

To TBDMS derivative 14 (0.16 mg, 0.5 mmol) dissolved in acetonitrile (15 mL) was
added CeClz x 6H,0 (0.35 g, 1 mmol) followed by a few drops of glacial acetic acid.
The reaction mixture was heated at reflux for 8 h. Then, acetonitrile was evaporated
and the residue redissolved in ethyl acetate, and the organic layer was washed with
brine, dried over Na,SO4 and evaporated under vacuum to give a complex mixture of
products containing de-protected sulfinyl alcohol as identified by MS (ESI) m/z: 209
[M+H]*.
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SYNTHESISED FROM 16

To a solution of THP protected compound dissolved in MeOH was added p-toluene
sulfonic acid monohydrate (TsOH x H,0) and the reaction was stirred at room
temperature for 5 h. The methanol was evaporated and the residue redissolved in
DCM, and the organic phase was washed successively with 10% NaHCO3 solution,

water and brine, dried over MgS0O4 and evaporated under reduced pressure.

Amounts: THP derivative 16 (3.3 g, 11.35 mmol), MeOH (130 mL) and TsOH x H,0
(2.15g, 11.33 mmol), DCM (100 mL), 10% NaHCOs solution (3 x 100 mL), water (3 x
100 mL), brine (1 x 100 mL) and amount of anhydrous Na;SO4 (approximate). The
expected product was isolated by column chromatography on silica gel eluted with

hexane: ethyl acetate 65:35 mixture (0.83 g, 35%).

IH NMR (400 MHz, CDCls) & 3.69 (s, 3H, O-CHs), 3.72 — 3.59 (m, 2H, CH-0), 2.87 —
2.70 (m, 2H, CH2-S), 2.58 (t, J12 = 16.3, 2H, CH2-S) 2.59 (t, J12 =7.1, 2H, CH2-CH,-S),
1.83—1.55 (m, 4H, 2(CH,)), 1.42 (s, 1H, OH). 3C NMR (100 MHz, CDCls) 172.58, 62.47,
51.92, 34.77, 32.82, 31.00, 26.98, 25.85, MS (ESI) m/z: 209 [M+H]".
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7.4.2.11 Methyl 8-tosyl-4- sulfinylcaprylate (17)

17

To a solution of alcohol compound in anhydrous acetonitrile containing triethylamine
(EtsN) and trimethylamine hydrochloride (MesN x HCl) maintained at -5°C was added
tosyl chloride dissolved in anhydrous acetonitrile. The reaction mixture was stirred
at room temperature for 2 h. Acetonitrile was evaporated and the residue
redissolved in ethyl acetate, washed with water and brine, dried over Na;SO4 and

evaporated under vacuum.

Amounts: compound 15 (0.1 g, 0.48 mmol), anhydrous acetonitrile (5 mL), EtsN
(0.097 mL, 0.96 mmol), MesN x HCI (45 mg, 0.048 mmol), tosyl chloride (0.13 g,
0.72 mmol), anhydrous acetonitrile (5 mL), water (3 x 10 mL), brine (1 x 10 mL) and
amount of anhydrous Na;S04 (approximate). Providing a crude mixture containing
mainly expected compound 17 (*H NMR, TLC). However, chromatographic
purification on silica gel yielded only de-protected alcohol intermediate 7. Crude

compound 17 was identified by *H NMR.

1H NMR (400 MHz, CDCl3) 6 7.79 (d, J = 8.3, 2H, Ar-H), 7.35 (d, J = 7.9, 2H, Ar-H), 3.71
(s, 3H, O-CHs), 2.59 (t, J12= 7.3, 2H, CH2-S), 2.51 — 2.30 (m, 4H, CH2-CH-S), 2.17 (s,
3H, Ar-CHs), 1.94 — 1.54 (m, 4H, 2(CH.)).
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7.4.2.12 Methyl 8-bromo-4-thiacaprylate (18)

O
Br\/\/\s/\)J\O/
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Method 1-preferred route

To a solution of tosylated precursor 13 (0.66 g, 1.90 mmol) in 10 mL of anhydrous
dimethylformamide was added lithium bromide (1.32 g, 5.2 mmol) and reaction
mixture was stirred at room temperature overnight. Then, solvent was evaporated
and the residue redissolved in ethyl acetate (50 mL) and organic phase was washed
with 5% NaHCOs3 (2 x 50 mL), water (2 x 50 mL) and brine (2 x 50 mL) respectively,
dried over MgS0O4 and concentrated under vacuum. Following by chromatographic
purification of the crude on silica gel eluted with n-hexane: ethyl acetate 90: 10

mixture, gave the expected product 18 as colorless oil with a (20 mg, 4%) yield.

14 NMR (400 MHz, CDCl3) 6 3.70 (s, 3H, O-CHs), 3.55 (t, J12 = 6.5, 2H, CH»-Br), 2.79 (t,
J12=11.0, 3.8, 2H, CH2-S), 2.65 — 2.53 (m, 4H, CH,-CH2-S), 1.87 (d, J = 8.6, 2H, CH2),
1.76 (d, J = 7.2, 2H, CHa).

Method 2- Attempted synthesis

To a solution of tosylated precursor 7 (0.72 g, 2.08 mmol) in (10 mL) of anhydrous
DCM was added CBrs (0.85 g, 2.59 mmol) and reaction mixture was cooled to 0°C.
Then, PPhs3 (0.97 g, 3.72 mmol) was added to the reaction mixture. The reaction

mixture was stirred at room temperature for 18 h.
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Method 3- Attempted synthesis

Bromo or iodo protected compound was dissolved in anhydrous acetonitrile. Methyl
3-mercaptopropionate and anhydrous K,CO3 were added, and the reaction mixture
was stirred at room temperature for 72 h. Then, the reaction mixture was acidified
with ice-diluted 1 N HCl and extracted with diethyl ether (3 x 20 mL). The combined
ether fractions were washed successively with 5% NaHCOs, water and brine, dried

over MgS04 and evaporated under reduced pressure.

Amounts: 1, 4-dibromobutane (1 g, 4.63 mmol), anhydrous acetonitrile (10 mL),
methyl 3-mercaptopropionate (0.27 mL, 2 mmol) and anhydrous K,COs (1.10 g, 8
mmol), IN HCl, diethyl ether (3 x 20 mL), 5% NaHCOs3 (3 x 50 mL), water (3 x 50 mL),
brine (1 x 50 mL) and amount of anhydrous MgSO4 (approximate). The method failed
to deliver expected compound 18. Instead, bis-substituted product 13 was isolated
as confirmed by 'H NMR (400 MHz, CDCls) & 3.61 (s, 6H, 2(0-CHs)), 2.70 — 2.66 (m,
4H, 2(CH2-S)), 2.52 (m, 4H, 2(CH»-S)), 2.48 — 2.39 (m, 2H, CH2), 1.64 — 1.57 (m, 2H,
CHy), 1.18 (t, J1,2= 5.1, 2H, CH), 0.79 (t, J1,2= 8.5, 2H, CH,).

Method 4- Attempted synthesis

Sodium hydride was added to a stirred solution of methyl 3-mercaptopropanoate in
dry THF. The reaction mixture was cooled to 0°C under a nitrogen blanket. The
reaction mixture was stirred at 0°C for 15 min before THF solution of bromo or iodo
protected compound was added drop wise. The reaction was stirred at 0°C for 30
min and at room temperature for 3 h. Then, it was quenched with water and
extracted with the dichloromethane. The combined organic fractions were dried over

Na,S04 and concentrated under vacuum.

Amounts: NaH (60% in oil, 0.62 g, 25.9 mmol), methyl 3-mercaptopropanoate (3.1 g,
25.9 mmol), dry THF (500 mL), THF (50 mL), 1, 4-dibromobutane (5 g, 23.15 mmol)
water (50 mL), dichloromethane (3 x 100 mL) and amount of anhydrous Na;S04
(approximate). The method failed to deliver expected compound 18. Instead, bis-

substituted product 19 was isolated as confirmed by *H NMR spectroscopy.
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H NMR (400 MHz, CDCl3) 6 3.61 (s, 6H, 2(0-CHs)), 2.70 — 2.66 (m, 4H, 2(CH>-S)), 2.52
(m, 4H, 2(CH,-S)), 2.48 — 2.39 (m, 2H, CH;), 1.64 —1.57 (m, 2H, CH3), 1.18 (t, J12=5.1,
2H, CH3), 0.79 (t, J1,2 = 8.5, 2H, CH3).

O
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7.4.2.13 Methyl 8-fluoro-4-thiacaprylate (20)
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Method 1-preferred route

Sodium hydride was added to a stirred solution of methyl 3-mercaptopropanoate in
dry THF. The reaction mixture was cooled to 0°C under a nitrogen blanket. The
reaction mixture was stirred at 0°C for 15 min before THF solution of bromo or iodo
protected compound was added drop wise. The reaction was stirred at 0°C for 30 min
and at room temperature for 3 h. Then, it was quenched with water and extracted
with the dichloromethane. The combined organic fractions were dried over Na;S04

and concentrated under vacuum.

Amounts: NaH (60% in oil, 0.174 g, 7.25 mmol), methyl 3-mercaptopropanoate
(0.78 g, 7.25 mmol), dry THF (175 mL), THF (10 mL), 1-bromo-4-fluorobutane (1 g,
6.45 mmol), water (50 mL), dichloromethane (3 x 100 mL) and amount of anhydrous
Na,SO4 (approximate). Product 20 was purified by column chromatography on silica
gel eluted with n-hexane: ethyl acetate 95:5 mixture and was isolated as a colourless

oil (0.69 g, 54%).

'H NMR (400 MHz, CDCl3) 6 4.46 (dt, J; = 47.1, J> = 5.7, 2H, CHx-F), 3.70 (s, 3H, O-
CHs), 2.82 —2.74 (m, 2H, CH>-S), 2.65 — 2.56 (m, 4H, CH2-CH>-S), 1.89 — 1.68 (m, 4H,
2(CH2)). 1F NMR (376 MHz, CDCl3) 6 149.11. GC-MS: 194; MS (ESI) m/z: 195 [M+H]*.

HPLC: Method 1 — retention time = 18 min.
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Method 2- Attempted synthesis

18-crown-6 dissolved in anhydrous acetonitrile was mixed with KF dissolved in water,
and the KF/18-crown-6 complex was azeotropically dried. Then, tosylate or hyalogen
compound dissolved in anhydrous acetonitrile was added to the flask and the
reaction mixture was refluxed under nitrogen blanket overnight. The solvent was
evaporated and the residue redissolved in dichloromethane; the organic phase was

washed with water, dried over Na;SO4 and evaporated under vacuum.

Amounts: 18-crown-6 (0.05 g, 0.19 mmol), anhydrous acetonitrile (5 mL), KF (0.011 g,
0.19 mmol), water, tosylate precursor 13, anhydrous acetonitrile, dichloromethane,
water (3 x 10 mL), and amount of anhydrous Na;SO4 (approximate). According the

IH & 1°F NMR the reaction didn’t successful.

Method 3- Attempted synthesis

To tosylated or hyalogen compound dissolved in anhydrous acetonitrile was added
tetra-n-butylammonium fluoride TBAF (1 M THF solution) and reaction was stirred
under nitrogen blanket at room temperature for 72 h. at 24 and 48 h, additional
doses of TBAF were added. At the end of 72 h period, reaction mixture was
concentrated under vacuum and resulting crude retaken in dichloromethane.
Organic phase was washed with water, dried over Na;SOs and evaporated under

vacuum.

Tosylated precursor 13 (80 mg, 0.20 mmol), anhydrous acetonitrile (3 mL), TBAF (1 M
THF solution, 3 mL, 3.0 mmol), TBAF (0.5 mL, 0.5 mmol), TBAF (0.5 mL, 0.5 mmol),
dichloromethane (100 mL), and amount of anhydrous Na;SO4 (approximate). The *H

and °F NMR spectra indicated that the desired product had not been formed.
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Method 4- Attempted synthesis

Alcohol compound 12 (0.1 g, 0.5 mmol) was dissolved in anhydrous dichloromethane
(14 mL). Reaction mixture was cooled to -40°C, diethylaminosulfur trifluoride (DAST)
(0.17 g, 1.06 mmol) was carefully added and reaction stirred under nitrogen blanket
at -40°C for 2 h. Then dichloromethane was evaporated and the residue redissolved
in ethyl acetate, organic phase was washed with water, dried over MgS04 and
concentrated under vacuum. *H NMR, °F NMR and GC-MS analytical data showed

that the expected fluorinated product 17 was not formed.

182



7.4.2.14 8-Fluoro-4-thiacaprylic acid (21)

FV\/\S/\)J\OH

21

To ester compound was added LiOH x H;0 dissolved in 60% EtOH and reaction
mixture was stirred at room temperature for 1 h. Then, solvent was evaporated and
the residue redissolved in dichloromethane and organic phase was washed withl N

HCI, dried over Na,SO4 and concentrated under vacuum.

Amounts: Methyl 3-(4-fluorobutylthio)propanoate 17 (0.03 g, 0.15 mmol), LiOH x
H,0 (0.01g, 0.45 mmol), 60% EtOH (5 mL), dichloromethane (50 mL), 1 N HCI (50 mL)

and amount of anhydrous Na;SO4 (approximate).

1H NMR (400 MHz, CDCls) 6 4.46 (dt, J; = 47.1, J> = 5.7 Hz, 2H, CHa-F), 2.79 (t, J12
=11.1, 2H, CH2-S), 2.68 — 2.57 (m, 4H, CH2-CH»-S), 1.87 — 1.68 (m, 4H, 2(CH,)), 1.25 (s,
1H, OH); 1°F NMR (376 MHz, CDCl3) & 149.11; MS (ESI) m/z: 203 [M-H]". HPLC: Method

1 — retention time = 15:00 min.
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7.4.2 Synthesis of 4-thiacapric acid/caprate derivatives

7.4.3.1 Methyl 10-bromo-4-thiacaprate (22)

B S-S o<
f Y
22

The synthetic procedure was completed following modified literature methods.!3¢

Bromo or iodo protected compound was dissolved in anhydrous acetonitrile. Methyl
3-mercaptopropionate and anhydrous K,COs were added, and the reaction mixture
was stirred at room temperature for 72 h. Then, the reaction mixture was acidified
with ice-diluted 1N HCl and extracted with diethyl ether (3 x 20 mL). The combined
ether fractions were washed successively with 5% NaHCOs, water and brine, dried

over MgS0s and evaporated under reduced pressure.

Amounts: 1, 6-dibromohexane (1 g, 4.09 mmol), anhydrous acetonitrile (20 mL),
methyl 3-mercaptopropionate (0.24 mL, 2 mmol), anhydrous K.CO3 (0.27 g, 2 mmol),
1IN HCI, diethyl ether (3 x 20 mL), 5% NaHCOs (3 x 50 mL), water (3 x 50 mL), brine
(1x 50 mL) and amount of anhydrous MgSOs (approximate). Following by
chromatographic purification of the crude on silica gel eluted with n-hexane: ethyl
acetate 97: 3 mixture, gave the expected brominated thia-caprate 22 as colourless

oil with a (0.32 g, 28%) yield.

1H NMR (400 MHz, CDCl3) & 3.70 (s, 3H, O-CHs), 3.40 (t, J1,,= 6.8 Hz, 2H, CH,-Br), 2.80
—2.73 (m, 2H, CH»-S), 2.63 — 2.50 (m, 4H, CH,-CH,-S), 1.90 — 1.81 (m, 2H, CH,), 1.64 —
1.57 (m, 2H, CH,), 1.48 — 1.37 (m, 4H, 2(CHy)). 3C NMR (100 MHz, CDCls) (172.55,
C=0), (51.91, CHs), (34.78, 33.39, CH2-CH-S), (32.69, CH-S), (30.11, CH,), (29.37, CHa),
(28.01, CH,), (27.95, CHa), (27.06, CH2-Br). MS (ESI) m/z: 322 [M+K]*.
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7.4.3.2 Methyl 10-iodo-4-thiacaprate (23)

NSNS Ol
\/\g/
23

Bromo or iodo protected compound was dissolved in anhydrous acetonitrile. Methyl
3-mercaptopropionate and anhydrous K,CO3 were added, and the reaction mixture
was stirred at room temperature for 72 h. Then, the reaction mixture was acidified
with ice-diluted 1N HCI and extracted with diethyl ether (3 x 20 mL). The combined
ether fractions were washed successively with 5% NaHCOs, water and brine, dried

over MgS0Q4 and evaporated under reduced pressure.

Amounts: 1, 6-diiodohexane (1 g, 2.95 mmol), anhydrous acetonitrile (20 mL), methyl
3-mercaptopropionate (0.12 mL, 1 mmol), anhydrous K,COs3 (0.13 g, 1 mmol), 1N HCl,
diethyl ether (3 x 20 mL), 5% NaHCOs (3 x 50 mL), water (3 x 50 mL), brine (1 x 50 mL)
and amount of anhydrous MgSOs (approximate). Following by chromatographic
purification of the crude on silica gel eluted with n-hexane: ethyl acetate 97:3 mixture,

gave the expected iodo thia-ester 23 as colourless oil with a (0.24 g, 31%) yield.

1H NMR (400 MHz, CDCl3) & 3.70 (s, 3H, O-CHs), 3.19 (t, J12 = 7.0, 2H, CH-1), 2.78 (t,
J12= 7.3, 2H, CHy-S), 2.65 — 2.46 (m, 4H, CH-CH,-S), 1.89 — 1.74 (m, 2H, CHy),
1.67 - 1.50 (m, 2H, CH,), 1.47 — 1.33 (m, 4H, 2(CH,)). 3C NMR (100 MHz, CDCls)
(172.52, C=0), (62.47, CHs), (51.89, 34.79, CH,-CH,-S), (33.39, CH-S), (32.12, CHa),
(30.13, CH,), (29.10, CHa), (27.99, CH2), (27.08, CHa-1). MS (ESI) m/z: 331 [M+H]*.
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7.4.3.3 1-Bromo-6-fluorohexane (24)

Ao~ F
Br

24

Method 1-preferred route

To tosylated or halogen compound dissolved in anhydrous acetonitrile was added
tetra-n-butylammonium fluoride TBAF (1 M THF solution) and reaction was stirred
under nitrogen blanket at room temperature for 72 h, with additional amounts of
TBAF added at 24 h and 48 h. At the end of 72 h period, reaction mixture was
concentrated under vacuum and resulting crude retaken in dichloromethane.
Organic phase was washed with water, dried over Na SO and evaporated under

vacuum.

Amounts: 1, 6-dibromohexane (9.67 g, 40 mmol), anhydrous acetonitrile (80 mL),
TBAF (1 M THF solution, 20 mL, 20 mmol), TBAF (3 mL, 3 mmol), TBAF (3 mL, 3 mmol),
dichloromethane (100 mL), and amount of anhydrous Na;SOa. Following by simple
distillation of the crude, gave the expected 1-bromo-6-fluorohexane 24 as colourless

oil with a (0.76 g, 10%) yield.

1H NMR (400 MHz, CDCls) & 4.45 (dt, J1 = 47.3, J> = 6.1, 2H, CH»-F), 3.41 (t, J12 = 6.8,
2H, CH,-Br), 1.87 (m, 2H, CH,), 1.46 (m, 4H, 2(CH2)); °F NMR (376 MHz, CDCl3) &
149.11.
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Method 2- Attempted synthesis

18-Crown-6 dissolved in anhydrous acetonitrile was mixed with KF dissolved in water,
and the KF/18-crown-6 complex was azeotropically dried. Then, tosylate or hyalogen
compound dissolved in anhydrous acetonitrile was added to the flask and the
reaction mixture was refluxed under nitrogen blanket overnight. The solvent was
evaporated and the residue redissolved in dichloromethane; the organic phase was

washed with water, dried over Na;SO4 and evaporated under vacuum.

Amounts: 18-crown-6 (0.93 g, 3.55 mmol), anhydrous acetonitrile (10 mL), KF (0.17 g,
2.96 mmol), water, 1, 6-diiodohexane, anhydrous acetonitrile, dichloromethane,
water (3 x 20 mL), and amount of anhydrous Na;SO4 (approximate). Analysis of the

'H and °F NMR spectra indicated that the desired product was not formed.
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7.4.3.4 Methyl 10-fluoro-4-thiacaprate (25)

o)
F\/\/\/\S&)J\O/
25

The product has been synthesised previously using a different synthetic route.
Sodium hydride was added to a stirred solution of methyl 3-mercaptopropanoate in
dry THF. The reaction mixture was cooled to 0°C under a nitrogen blanket. The
reaction mixture was stirred at 0°C for 15 min before THF solution of Bromo or iodo
protected compound was added drop wise. The reaction was stirred at 0°C for 30 min
and at room temperature for 3 h. Then, it was quenched with water and extracted
with the dichloromethane. The combined organic fractions were dried over Na;S04

and concentrated under vacuum.1>

Amounts: NaH (60% in oil, 0.19 g, 8.30 mmol), methyl 3-mercaptopropanoate (0.99 g,
8.30 mmol), dry THF (150 mL), THF (10 mL), 1-bromo-6-fluorohexane 18 (0.76 g,
4.15 mmol), water (50 mL), dichloromethane (3 x 100 mL) and amount of anhydrous
Na,SO4 (approximate). Following by chromatographic purification of the crude on
silica gel eluted with n-hexane: ethyl acetate 95:5 mixture. Providing the expected

product 19 as colourless oil with a (0.53 g, 58%) yield.

1H NMR (400 MHz, CDCls) § 4.53 (dt, J1 = 47.3, J2= 6.1, 2H, CH,-F), 3.70 (s, 3H, O-CH3),
2.78 (t, J12= 7.4, 2H, CH2-S), 2.60 (t, J1, = 7.4, 2H, CH-S), 2.56 — 2.51 (m, 2H, CHa-
CH>-S), 1.77-1.60 (t, J1,, = 7.4, 4H, 2(CH,)), 1.43 (t, J1,2 = 3.7, 4H, 2(CH>); 13C NMR (100
MHz, CDCls) 6 84.86, 83.23, 62.96, 33.82, 32.70, 30.41, 30.21, 27.86, 24.57, 24.52.*°F
NMR (376 MHz, CDCl3) 6 149.11. HPLC: Method 2 — retention time = 19:08 min.
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7.4.3.5 10-Fluoro-4-thiacapric acid (26)

F\/\/\/\S/\)J\OH
26

The product has been synthesised previously using a different synthetic route.!*> To
ester compound 25 was added LiOH.xH>O dissolved in 60% EtOH and reaction
mixture was stirred at room temperature for 1 h. Then, solvent was evaporated and
the residue redissolved in dichloromethane and organic phase was washed with1l N

HCI, dried over Na,SO4 and concentrated under vacuum.

Amounts: methyl 3-((6-fluorohexyl)thio)propanoate 25 (0.3 g, 1.34 mmol), LiOH x
H.O (0.09 g, 2.23 mmol), 60% EtOH (50 mL), dichloromethane (50 mL), 1 N HCI
(50 mL) and amount of anhydrous Na;SO4 (approximate). 10-fluoro-4-thiacapric acid

26 as colourless oil with a 96% yield.

'H NMR (400 MHz, CDCls) 6 4.44 (dt, J; = 47.3, J2 = 6.1, 2H, CHy-F), 2.77 (t, )12 = 7.2,
2H, CH»-S), 2.65 (t, J1,2= 1.2, 2H, CH3-S), 2.54 (t, J1,2 = 6.7, 2H, CH;-CH>-S), 1.66 (t, J12
=21.6,4H, 2(CH2)), 1.42 (t, J1,2=7.1, 4H, 2(CH3)). *°F NMR (376 MHz, CDCl3) 6 149.11.

HPLC: Method 2 — retention time = 14:14 min.
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7.4.4 Synthesis of 4-thiaoleic acid/oleate derivatives (TOD)
7.4.4.1 2-(Dec-9-yn-1-yloxy)tetrahydro-2H-pyran (27)**’

H
/\/\/\/\/
o O
27

The synthetic procedure was completed following literature methods.'*” To dec-9-yn-1-
ol (2.20 g, 14.2 mmol) dissolved in anhydrous dichloromethane (5 mL) was added
pyridinium p-toluenesulfonate (PPTS) (0.35g, 1.42 mmol) followed by 3,4-dihydro-
2H-pyran (1.43 g, 17.1 mmol) and reaction mixture was stirred at room temperature
for 4 h. Then, reaction mixture was washed with 5% NaHCOs (2 x 10 mL) and brine
(10 mL), dried over anhydrous K203 and concentrated under vacuum. Short path silica
gel plug purification (n-hexane : ethyl acetate 9 : 1) gave 27 as a colourless oil in

guantitative yield (3.52 g, 100%).

IH NMR (400 MHz, CDCl3) & 4.57 (t, J12 = 4.4, 1H, O-CH-0), 3.87 (t, J12 = 11.2, 2H,
CH,-0), 3.73 (t, J12 = 9.6, 2H, CH2-0), 2.29 — 2.05 (m, 2H, H2C=CH), 1.93 (t, J12= 2.6,
1H, H,C=CH), 1.82 (t, J12 = 11.6, 2H, CH), 1.72 (t, J12 = 11.8, 2H, CH,), 1.64 — 1.44 (m,
8H, 4(CHy)), 1.44 — 1.24 (m, 6H, 3(CH,)). 3C NMR (100 MHz, CDCls): 98.94 (O-CH- 0),
84.85 (H,C=CH), 68.14 (H,C=CH), 67.74, 62.45 (CH,-0), 30.87, 29.81, 29.41, 29.12,
28.77, 28.54, 26.26, 25.58, 19.79, 18.47 9(CH,); GC-MS: 10:00 min, 239 [M+H*]*.
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7.4.4.2 2-(14-lodotetradec-9-yn-1-yl)oxytetrahydro-2H-pyran (28)

QOW\/\/\N |

28

To THF (50 mL) solution of 27 (2.84 g, 11.91 mmol) cooled to -78°C was added n-Buli
(1.6 M in hexane, 9.3 mL, 15 mmol) and reaction was allowed to warm to room
temperature before 1, 4-diiodobutane (11.07 g, 35.84 mmol) was added. The
reaction mixture was stirred at room temperature for 2 hours and then heated at
reflux for further 24 h. Then, it was quenched with water (50 mL), evaporated to
dryness under vacuum and redissolved in diethyl ether. Organic phase was washed
with 10% citric acid solution, water, dried over MgSO4 and concentrated under
vacuum. Chromatographic purification on silica gel eluted with hexane: ethyl acetate

97:3 mixture gave the expected product 28 as a colourless oil (3.03 g, 61%).

1H NMR (400 MHz, CDCl3) 6 4.57 (t, J12 = 4.4, 1H, O-CH-O), 3.86 (t, J12 = 7.3, 2H, CH,-
0), 3.73 (t, J1, = 9.6, 2H, CH2-0), 3.21 (t, J12 = 7.0, 2H, CHy-1), 2.21-2.13 (m, 4H,
H2C=CH,), 1.96-1.91 (m, 2H, CHy), 1.88 — 1.78 (m, 2H, CHy), 1.72 (t, J1,2 = 11.7, 2H,
CH,), 1.65 — 1.48 (m, 10H,5(CH,)), 1.44 — 1.27 (m, 6H, 3(CH,)). 3C NMR (100 MHz,
CDCl3): 100.71 (O-CH-0), 98.95, 81.12 (H2C=CH,), 79.22 (CH), 67.77, 67.47 (CH-0),
32.57,30.88, 29.82, 29.47, 29.14, 28.90, 26.29, 25.58, 19.80, 18.79, 17.82, 8.56, 6.52
13(CH,). GC-MS: 12:47 min, 421 [M+H*]*.
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7.4.4.3 Methyl 18-(tetrahydro-2H-pyran-2-yl)-4-thiaoleate (29)

29
Method 1

Bromo or iodo protected compound was dissolved in anhydrous acetonitrile. Methyl
3-mercaptopropionate and anhydrous K,COs3 were added, and the reaction mixture
was stirred at room temperature for 72 h. Then, the reaction mixture was acidified
with ice-diluted 1N HCl and extracted with diethyl ether (3 x 20 mL). The combined
ether fractions were washed successively with 5% NaHCOs, water and brine, dried

over MgS04 and evaporated under reduced pressure.

Amounts: 2-(14-lodotetradec-9-yn-1-yl)oxytetrahydro-2H-pyran 28 (3.44 g,
8.21 mmol), anhydrous acetonitrile (30 mL), methyl 3-mercaptopropionate (0.98 mL,
8.21 mmol), anhydrous K,CO3(1.34 g, 10.42 mmol), 1N HCI, diethyl ether (3 x 20 mL),
5% NaHCOs3(3 x 50 mL), water (3 x 50 mL), brine (1 x 50 mL) and amount of anhydrous
MgSOa (approximate). Chromatographic purification on silica gel eluted with hexane:
ethyl acetate 9: 1 mixture gave the expected product 29 as a colourless oil (1.05 g,

31%).

1H NMR (400 MHz, CDCls): & 4.57 (t, J12 = 3.5, 1H, O-CH-0), 3.95 — 3.80 (m, 2H, CH,-
0), 3.78 —3.71 (m, 2H, CH2-0), 3.72 — 3.63 (s, 3H, O-CHs), 2.78 (t, J12 = 7.5, 2H, CH,-
S), 2.68 — 2.48 (m, 4H, CH,-CH,-S), 2.14 (m, 4H, H2C=CH,), 1.83 (m, 2H, CH,), 1.76 —
1.64 (m, 2H,CH,), 1.76 — 1.63 (m, 2H, CH,), 1.64 — 1.40 (m, 6H, 3(CH)), 1.31 (m,10H,
5(CH,)). 3C NMR (100 MHz, CDCls): 172.53 (COOCHs), 98.95 (O-CH-O), 81.86
(H2C=CH,), 79.53, 67.76, 62.46 (CH,-0), 51.88 (O-CHs), 49.02, 34.77 (CH,-S), 31. 00,
30.88, 29.83, 29.47, 29.19, 28.93, 28.61, 28.18, 27.00, 26.11, 25.59, 19.80, 18. 81,
18.60 14(CH,). GC-MS: 15:45 min, 412 (M*).
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Method 2

Sodium hydride was added to a stirred solution of methyl 3-mercaptopropanoate in
dry THF. The reaction mixture was cooled to 0°C under a nitrogen blanket. The
reaction mixture was stirred at 0°C for 15 min before THF solution of bromo or iodo
protected compound was added drop wise. The reaction was stirred at 0°C for 30 min
and at room temperature for 3 h. Then, it was quenched with water and extracted
with the dichloromethane. The combined organic fractions were dried over Na;SO4

and concentrated under vacuum.

Amounts: NaH (60% in oil, 0.51 g, 21.46 mmol), methyl 3-mercaptopropanoate
(2.58 g, 21.46 mmol), dry THF (1000 mL), THF (100 mL), 2-(14-lodotetradec-9-yn-1-
yl)oxytetrahydro-2H-pyran 25 (4.53 g, 10.77 mmol), water (50 mL), dichloromethane
(3 x 100 mL) and amount of anhydrous Na;SOs (approximate). Product 30 was
purified by column chromatography on silica gel eluted with n-hexane: ethyl acetate

9:1 mixture and was isolated as colourless oil (3.24 g, 73%).

1H NMR (400 MHz, CDCl3): & 4.57 (t, J12 = 3.5, 1H, O-CH-0), 3.95 — 3.80 (m, 2H, CH,-
0), 3.78 — 3.71 (m, 2H, CH2-0), 3.72 — 3.63 (s, 3H, O-CHs), 2.78 (t, J12 = 7.5, 2H, CH,-
S), 2.68 — 2.48 (m, 4H, CH,-CH,-S), 2.14 (m, 4H, H2C=CH,), 1.83 (m, 2H, CH,), 1.76 —
1.64 (m, 2H,CH,), 1.76 — 1.63 (m, 2H, CH,), 1.64 — 1.40 (m, 6H, 3(CH2)), 1.31 (m ,10H,
5(CHz)). 13C NMR (100 MHz, CDCls): 172.53 (COOCHs), 98.95 (O-CH-O), 81.86
(H2C=CH3), 79.53, 67.76, 62.46 (CH,-0), 51.88 (O-CHs), 49.02, 34.77 (CH,-S), 31. 00,
30.88, 29.83, 29.47, 29.19, 28.93, 28.61, 28.18, 27.00, 26.11, 25.59, 19.80, 18. 81,
18.60 14(CH,). GC-MS: 15:45 min, 412 (M*).
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7.4.4.4 Methyl (2)-18-(2-tetrahydropyranyloxy)-4-thia-octadec-9-
enoate (30)

L g

o O

30

The reaction flask of a low-pressure hydrogenation apparatus is charged with (2.38 g,
5.77 mmol) of compound 29 (2.38 g) of the palladium catalyst, (6.8 mL, 57.76 mmol)
of quinoline, and 50 mL of hexane. The apparatus is evacuated, and hydrogen is
admitted to a pressure slightly above 1 bar stirring or shaking is started, causing rapid
absorption of hydrogen. The hydrogen pressure is kept close to 1 bar overnight. The
reaction was then filtered through celite, the hexane evaporated and the residue
redissolved in ethyl acetate (200 mL), washed with (3 x 100 mL) 10% citric acid, water
(3 x 100 mL), brine (100 mL) and dried over Na;SO4 and then concentrated under
vacuum. Product 30 was purified by column chromatography on silica gel eluted with
n-hexane: ethyl acetate 95:5 mixture and was isolated as a colourless oil (1.89 g, 79%)

yield.

1H NMR (400 MHz, CDCl3) & 5.41 — 5.29 (m, 2H, HC=CH), 4.57 (t, J12 = 4.4, 1H, O-CH-
0), 3.91 - 3.82 (m, 2H, CH,-0), 3.74 (t, J1,, = 8.2, 2H, CH,-0), 3.70 (s, 3H, O-CHs), 2.78
(t, J12 = 11.0, 2H, CH,-S), 2.66 — 2.46 (m, 4H, CH,-CH,-S), 2.02 (dd, J1 = 13.9, /2 = 6.7,
4H, HoCHC=CHCH,), 1.71 (m, 2H, CHy), 1.62 — 1.51 (m, 12H, 6(CHy)), 1.41 (m, 6H,
3(CH,)). 13C NMR (100 MHz, CDCls): 172.56 (C=0), 130.52 (C=C), 98.94 (0-C-0), 67.78
(CH2-0), 62.45 (0-C), 51.87 (O-CHs), 34.80 (C-C=0), 32.15 (CH2-S), 30.88, 29.87,
29.56, 29.40, 29.25, 28.97, 27.40, 27.05, 26.88, 26.32, 25.59, 19.80 12(CH.).
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7.4.4.5 Methyl (Z)-18-hydroxy-4-thiaoctadec-9-enoate (31)'%

0]

HO - st\o/

31

The synthetic procedure was completed following literature methods.'?®> To a
solution of THP protected compound dissolved in MeOH was added p-toluene
sulfonic acid monohydrate (TsOH x H,O) and the reaction was stirred at room
temperature for 5 h. The methanol was evaporated and the residue taken up into
DCM, and the organic phase was washed successively with 10% NaHCO3 solution,

water and brine, dried over MgSO4 and evaporated under reduced pressure.

Amounts: THP derivative 30 (1.71 g, 4.12 mmol), MeOH (80 mL) and TsOH x H,0
(0.78 g, 4.12 mmol), DCM (100 mL), 10% NaHCO3s solution (3 x 100 mL), water (3 x
100 mL), brine (1 x 100 mL) and amount of anhydrous Na;SO4 (approximate). The
expected product was isolated by column chromatography on silica gel eluted with

hexane: ethyl acetate 9: 1 mixture (1.21 g, 89%).

'H NMR (400 MHz, CDCls) & 5.44 — 5.27 (m, 2H, HC=CH), 3.70 (s, 3H, O-CH3), 2.63 —
2.51(m, 2H, CH2-S), 2.06 — 1.97 (m, 4H, CH2-CH2-S), 1.62 — 1.52 (m, 4H, H,CHC=CHCH,),
1.58 (m, 14H, 7(CH>)), 1.46 — 1.28 (m, 6H, 3(CH.)). 3C NMR (100 MHz, CDCls): 172.56
(C=0), 130.05, 129.25 (C=C), 63.16 (CH,-OH), 51.89 (O-CHs), 34.81 (C-C=0), 32.88
(CH»-S), 32.15, 29.88, 29.47, 28.88, 28.56, 27.41, 27.05, 26.97, 25.81- 9(CH,).
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7.4.4.6 Methyl (2)-18-(tosyloxy)-4-thia-octadec-9-enoate (32)

\©\o o)
o) S O

32

The product has been synthesised previously using a different synthetic route.'*’ To
a solution of alcohol compound in anhydrous acetonitrile containing triethylamine
(EtsN) and trimethylamine hydrochloride (MesN.HCl) maintained at -5°C was added
tosyl chloride dissolved in anhydrous acetonitrile. The reaction mixture was stirred
at room temperature for 2 h. Acetonitrile was evaporated and the residue
redissolved in ethyl acetate, washed with water and brine, dried over Na;SO4 and

evaporated under vacuum.

Amounts: compound 31 (0.3 g, 0.90 mmol), anhydrous acetonitrile (5 mL), EtsN
(0.097 mL, 0.96 mmol), MesN x HCl (86 mg, 0.09 mmol), tosyl chloride (0.25 g,
1.35 mmol), anhydrous acetonitrile (5 mL), water (3 x 10 mL), brine (1 x 10 mL) and
amount of anhydrous NaSO4 (approximate). Purifying by column chromatography
on silica gel eluted with n-hexane: ethyl acetate 95:5 mixture and was isolated as a

colourless oil (0.3 g, 70%) yield.

1H NMR (400 MHz, CDCls) § 7.80 — 7.77 (m, 2H, Ar-H), 7.34 (d, J1 = 8.5, 2H, Ar-H), 5.33
(m, 2H, HC=CH), 4.01 (t, J1., = 6.5, 2H, CH,.0), 3.69 (s, 3H, O-CH3), 2.74 (t, J1,= 7.5, 2H,
CH2-S), 2.55 — 2.50 (m, 4H, CH2-CH,-S), 2.44 (m, 4H, H,CHC=CHCH3), 2.06 — 1.95 (m,
3H, CHs-Ar), 1.61 (t, J12 = 14.7, 2H, CH2), 1.39 (m, 2H, CH,), 1.36 — 1.22 (m, 10H,
5(CHa)). 13C NMR (100 MHz, CDCls): 172.56 (C=0), 144.70 (Ar-C-S), 133.31 (Ar-C-CHs),
130.41-129.88 (2 Ar-C, C=C), 129.60-127.97 (2 Ar-C), 70.78 (CH,-0), 51.88 (O-CHs),
34.80 (C-C=0), 32.15 (CH-S), 29.97, 29.47, 29.21, 29.00, 27.10, 27.05, 26.97, 25.81,
25.41 (CHy), 21.73 (Ar-CHs).
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7.4.4.7 Methyl (Z)-18-bromo-4-thia-octadec-9-enoate (33)*/

O

Br — S/\)J\O/

33

The product has been synthesised previously using a different synthetic route.'!’
Compound 32 (0.2 g, 0.41 mmol) and lithium bromide (0.17 g, 2.05 mmol) were
dissolved in dry acetone (10 mL) and stirred at RT for 5 h under nitrogen. After that
the solvent was evaporated under vacuum to give product 33 which was purified by
column chromatography on silica gel eluted with n-hexane: ethyl acetate 98:2

mixture and was isolated as a colourless oil (0.12 g, 75%).

1H NMR (400 MHz, CDCl3) & 5.34 (m, 2H, HC=CH), 3.70 (s, 3H, O-CHs), 3.42 (t, J12=
6.9, 2H, CH2-Br), 2.78 (t, J12= 7.5, 2H, CH2-S), 2.63 — 2.50 (m, 4H, CH2-CH,-S), 2.03 (m,
4H, HoCHC=CHCH2), 1.85 (t, J12= 7.2, 2H, CHa), 1.57 — 1.24 (m, 14H, 7(CH,)). HPLC:

Method 4 — retention time = 24.38 min.
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7.4.4.8 Methyl (Z2)-18-iodo-4-thia-octadec-9-enoate (34)

0]

| — S/\)J\O/

34

Compound 32 (0.45 g, 0.92 mmol) and sodium iodide (0.68 g, 4.6 mmol) were
dissolved in dry acetone (10 mL) and stirred at RT for 5 h under nitrogen. After that
the solvent was evaporated under vacuum to give product 34 which was purified by
column chromatography on silica gel eluted with n-hexane: ethyl acetate 90:10

mixture and was isolated as a colourless oil (0.3 g, 75%).

IH NMR (400 MHz, CDCls) 6 5.35 (m, 2H, HC=CH), 3.70 (s, 3H, O-CH3), 3.19 (t, J12=7.0,
2H, CH2-1), 2.78 (t, J1,2 = 7.4, 2H, CH2-S), 2.61 (t, J1,2= 7.4, 2H, CH2-S), 2.57 — 2.50 (m,
2H, CH,-CH,-S), 2.11 - 1.97 (m, 4H, H,CHC=CHCH,), 1.86 — 1.78 (m, 2H, CH3), 1.65 —
1.57 (m, 2H, CH,), 1.48 — 1.22 (m, 12H, 6(CHy)). HPLC: Method 4 — retention time =
26.08 min.

198



7.4.4.8 Methyl 18-fluoro-4-thiaoleate (35)%°

0]

F — S/\)J\O/

35

The product has been synthesised previously using a different synthetic route.?> To
a solution of alcohol 31 (0.1 g, 0.30 mmol) in anhydrous acetonitrile (3 mL) was slowly
added diethylaminosulfur trifluoride (0.14 g, 0.9 mmol) dissolved in anhydrous
acetonitrile (10 mL) cooled to -78°C and the reaction mixture was stirred at room
temperature for 5 h. Acetonitrile was evaporated and the residue redissolved in ethyl
acetate, washed with 10% NaHCOs solution, water and brine, dried over Na;SO4 and
evaporated under vacuum. Product 35 was purified by column chromatography on
silica gel eluted with n-hexane: ethyl acetate 95: 5 mixture and was isolated as a

colourless oil (0.04 g, 45%) yield.

'H NMR (400 MHz, CDCl3) 6 5.35 (m, 2H, HC=CH), 4.43 (dt, J; = 47.4, J,=6.2, 2H, CH>-
F), 3.70 (s, 3H, O-CHs), 2.78 (t, J1,2 = 7.5, 2H, CH>-S), 2.62 — 2.50 (m, 4H, CH2-CH2-S),
2.06-1.96 (m, 4H, H,CHC=CHCH2), 1.66 (m, 4H, 2(CH,)), 1.44 — 1.27 (m, 12H, 6CH_)).
13C NMR (100 MHz, CDCl3): 172.56 (C=0), 130.00-129.28 (C=C), 85.15-86.41 (CHyF),
51.87 (O-CHs), 34.81 (C-C=0), 32.15 (CH»-S), 30.30, 30.29, 29.76, 29.56, 29.21, 29.00,
27.30, 27.05, 26.83, 25.25 10(CH3). HPLC: Method 4-retention time = 22:28 min.
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7.4.4.9 Methyl 18-fluoro-4-thiaoleic acid (36)'*

F - S/\)J\OH
36

The product has been synthesised previously using a different synthetic route.!*> To
ester compound was added LiOH x H,0 dissolved in 60% EtOH and reaction mixture
was stirred at room temperature for 1 h. Then, solvent was evaporated and the
residue redissolved in dichloromethane and organic phase was washed withl N HCI,

dried over Na;SO4 and concentrated under vacuum.

Amounts: methyl 18-fluoro-4-thiaoleate 32 (10 g, 0.03 mmol), LiOH x H,0 (2 mg,
0.05 mmol), 60% EtOH (5 mL), dichloromethane (25 mL), 1 N HCI (5 mL) and amount
of anhydrous Na;SO4 (approximate). 10-fluoro-4-thiacapric acid 36 as colourless oil

with a (5 mg, 60%) yield.

14 NMR (400 MHz, CDCls) & 5.46 — 5.27 (m, 2H, HC=CH), 4.44 (dt, J; = 47.4, J,= 6.2,
2H, CHa-F), 2.79 (t, J2.2 = 11.2, 2H, CH2-S), 2.66 (t, J12 = 7.0, 2H, CH2-CH,-S), 2.58 — 2.51
(m, 2H, CHa-CH>-S), 2.02 (m, 4H, H,CHC=CHCH,), 1.71 — 1.36 (m, 16H, 8(CH.)). HPLC:

Method 4 — retention time = 18:48 min.
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7.4.5 Radio-fluorination of thia-fatty acid tracers

General procedure A

Cyclotron-produced [*®F] fluoride was purified on weak anion exchange cartridge
(QMA Light). Water solution containing activity was loaded onto the cartridge, which
was then dried with air and activity eluted with K,COs. Kryptofix 2.2.2 dissolved in
acetonitrile was then added and the mixture was dried at 90°C under 0.5 bar current
of argon. The residue was further dried by azeotropic distillation by addition of
acetonitrile. A solution of the labeling precursor in acetonitrile was added onto the
dried K'8F/K222 complex and reaction mixture was heated in a closed vial at 90°C for
10 min. Subsequent hydrolysis of the resulting [1®F]fluoroester was performed in the
same vessel by addition of KOH solution and heating at 90°C for 5 min. Reaction was
guenched by addition NaH,PQO4. After that, crude mixture was centrifuged to set
down the insoluble and purified by semi-preparative HPLC on ACE 5 C-18, 5 um, 10
mm x 250 mm). The fraction containing [*®F]fluoro fatty acid was diluted in water
and loaded on an (Oasis C18 Sep-Pak cartridge). Cartridge was washed water, dried
with current of Argon and flushed with tiny amount of ether. The product was eluted
with more of ether, solvent was evaporated at room temperature by a current of
argon and radiolabeled product was formulated in 3% BSA in isotonic NaCl solution,

filtered through a 0.22 um filter and dispensed for animal administration.
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In general, radioactive decay is the process by which an unstable isotope emits
energy to reach a more stable state. Radioactive material decays until the only stable
substance is left and the decay of a substance is fixed and measurable. The decay
corrected radiochemical yield was determined by dividing the activity in a formulated

product ([*8F]-thia-fatty acid) by decay corrected starting activity.

Decay corrected radiochemical yield = Activity in a formulated product / decay
corrected starting activity x 100%

The radiochemical purity is the percentage of desired product in the formulated
solution, which is measured by integration of HPLC or TLC.%% 236,237

Radiochemical purity = the proportion of the total activity of a specific radionuclide
in a specific chemical or biologic form
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7.4.5.1 Radiosynthesis of [*®F]FTP/[*8F]6

(e}
18
FV\/\/\/\/\/\S/\)J\OH
['®F16

General procedure A was followed.

Amounts: methyl 16-iodo-4-thiapalmitate (4-5 mg), [*®F] fluoride (900-1200 MBq),
K2CO3 (3.6 mg in 1 mL of water), Kryptofix 2.2.2 (10 mg in 1 mL ACN), KOH (250 pL,
0.2 M), NaH2P0O4 (250 pL, 0.5 M).

Decay corrected radiochemical yield (18 + 1.2 %), purity > 95% and total synthesis

time (120 min).
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7.4.5.2 Radiosynthesis of [*®F]FTC2/[*8F]26

0
18F\/\/\/\
Ao
['®F]26

General procedure A was followed.

Amounts: methyl 10-iodo-4-thiacaprate (4-5 mg), [*®F] fluoride (900-1200 MBqg),
K2CO3 (3.6 mg in 1 mL of water), Kryptofix 2.2.2 (10 mg in 1 mL ACN), KOH (250 pL,
0.2 M), NaH2P0O4 (250 pL, 0.5 M).

Radiochemical decay corrected yield (16.15 £ 2.6 %), purity > 98% and total synthesis

time (120 min).
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7.4.5.3 Radiosynthesis of [*®F]FTO/[*®F]36

O

18F - S/\)J\OH

['8F]36

General procedure A was followed

Amounts: methyl 18-bromo-4-thiaoleate (4-5 mg), [*®F] fluoride (900-1200 MBq),
K2CO3 (3.6 mg in 1 mL of water), Kryptofix 2.2.2 (10 mg in 1 mL ACN), KOH (250 pL,
0.2 M), NaH2P0O4 (250 pL, 0.5 M).

Radiochemical decay corrected yield (17.7 + 1.7 %), purity > 96% and total synthesis

time (120 min)
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7.4.6 Stability in serum

General procedure B:

[*8F]-Fluoro-4-thia fatty acids were incubated in human serum at 37°C for 3 h. This
was followed by precipitation of the protein component using acetonitrile and
centrifugation at 5000 rpm for 2 min. The supernatant layer was then sampled and

analyzed by HPLC under the conditions described above.
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7.4.6.1 Study the stability of [**F]FTP/[*®F]6 in serum

General procedure B was followed.

Amounts: [*F]-16-fluoro-4-thiapalmitic acid ([*®F]FTP) (100 uL, 10 MBgq), human
serum (500 pL).

HPLC analysis of the serum sample revealed that the [*F]FTP remained stable (95%)

during incubation at 37°C up to 3 hours.
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7.4.6.2 Study the stability of [**F]FTC2/[*®F]26 in serum

General procedure B was followed.

Amounts: [*8F]-10-fluoro-4-thiacapric acid ([*®F]FTC2) (100 pL, 10 MBq), human
serum (500 pL).

HPLC analysis of the serum sample revealed that the [*8F]FTC2 remained stable (98%)

during incubation at 37°C up to 3 hours.
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7.4.6.2 Study the stability of [*F]FTO/[*¥F]36 in serum

General procedure B was followed.

Amounts: ['8F]-18-fluoro-4-thiaoleic acid ([*3F]FTO) (100 pL, 10 MBq), human serum
(500 pL).

HPLC analysis of the plasma sample revealed that the [*F]FTO remained stable (90%)

during incubation at 37°C up to 3 hours.
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7.4.7 Synthesis of copper-cross bridge cyclam complex which
functionalise and not functionalise with a
triphenylphosphonium

7.4.7.1 Cis-3a, 5a, 8a, 10a-tetraazaperhydropyrene (37)%*

e

The synthetic procedure was completed following literature methods.?! 1,4,8,11-
tetraazacyclotetradodecane (4.06 g, 20.3 mmol) was dissolved in MeOH (400 mL) and
cooled to —10°C. A cold (0°C) aqueous solution of glyoxal (40% w/w, 2.94 g, 50.9
mmol) was added dropwise over 90 min. The clear solution was stirred at —10 °C for
30 min, then at RT for 3 hours. The solvent was removed in vacuo and the crude solid
was re-dissolved in diethyl ether (100 mL). The filtrate was dried (MgSQa), filtered

and solvent removed in vacuo.

To yield a white solid (5.22 g, 95%).1H NMR (400 MHz, CDCls) & 3.52 (t, J12 = 10.2, 2H,
N-B-CH.), 3.07 (s, 2H, Haminal), 3.00 — 2.68 (m, 8H, 4(N-a-CH,)), 2.36 — 2.03 (m, 8H, 4(N-
a-CHz)), 1.24 — 1.18 (m, 2H, N-B-CH2). MS (ESI) m/z: 223 [M+H]".
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7.4.7.2 10a-[4-cyanobenzyl]-dodecahydro-6H-3a,5a,8a,10a-
tetraaza-pyrenium bromide (38)% 1%

O
oy M
o

The synthetic procedure was completed following literature methods.'% 1% (ijs-
3a,5a,8a,10a-tetraazaperhydropyrene 37 (3.50 g, 15.7 mmol) was dissolved in dry
MeCN (150 mL), 4-(bromomethyl)benzonitrile (7.72 g, 39.4 mmol) was added and the
solution was stirred under argon for 2 days. The resulting precipitate was filtered and

washed with diethyl ether (2 x 25 mL).

To yield a white solid (5.95 g, 92%). *H NMR (400 MHz, CDCl3) 6§ 7.96 (d, J = 8.2, 2H,
Ar H), 7.70 (d, J = 8.3, 2H, Ar H), 5.83 (d, J = 13.1, 1H, Haminal), 5.66 (d, J = 13.1, 1H,
Haminal), 4.44 — 4.26 (m, 2H, Ar CH2), 4.13 — 3.94 (m, 2H, N-a-CH,), 3.84 (d, J = 12.2,
2H, CH3), 3.63 — 3.46 (m, 2H, N-a-CH>), 2.91 (m, 8H, 4(N-a-CH2)), 2.70 — 2.40 (m, 2H,
N-a-CHa), 2.41 — 2.14 (m, 2H, N-a-CH,), 1.77 (d, J = 14.7, 2H, N-B-CH.), 1.37 (d, J =
13.7, 2H, N-B-CH,). 3C NMR (100 MHz, CDCls, §): 18.18 (N-B-CH>), 19.34 (N-B-CH>),
43.10 (N-a-CH,), 46.55 (N-a-CH,), 48.62 (N-a-CH.), 51.34 (N-a-CH,), 52.27 (N-a-CHa),
55.56 (N-a-CHz), 58.94 (N-a-CHa), 60.03 (N-a-CH), 61.54 (Ar-CHa), 70.19 (CH.), 82.56
(CH,), 113.79 (Ar-C), 117.19 (CN), 131.05 (Ar-C), 132.67 (Ar-C), 134.83 (Ar-C). MS (ESI)
m/z: 338 [M-Br]*.
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7.4.7.3 10a-[4-cyanobenzyl]-5a-[methyl]-decahydro-3a,5a,8a,10a-
tetraaza-pyrenium diiodide (39)% 1%

)
[:IN]A@LCN
U

The synthetic procedure was completed following literature methods.*®® 1° The 10a-
[4-cyanobenzyl]-dodecahydro-6H-3a,5a,8a,10a-tetraaza-pyrenium bromide 38 (1.95 g,
5.76 mmol) was suspended in anhydrous MeCN (100 mL) under nitrogen.
lodomethane (25 mL, 415.0 mmol) was added dropwise. The white suspension was
left to stir for 10 days. A second portion of iodomethane (13 mL, 208.0 mmol) was
added after 5 days. Excess iodomethane was removed by flowing nitrogen through
the suspension for 30 min. The solid was collected by filtration, washed with ether (2

x 50 mL) and dried.

To yield a white powder (3 g, 86%). *H NMR (400 MHz, D;0) 6 7.78 (d, /= 8.1, 2H, Ar-
H), 7.58 (d, J = 8.2, 2H, Ar-H), 5.14 (d, J = 13.1, 1H, Hamina!), 4.77 (M, 1H, Haminal), 4.34
(dd, J = 36.4, 4.2, 2H, Ar-CHa), 3.70 — 2.95 (m, 17H, 7(N-a-CHa), CHs), 2.70 (d, J = 3.0,
1H, CH), 2.55 (d, J = 2.7, 2H, N-a-CH2), 2.29 (d, J = 15.3, 2H, CH,), 2.15 — 1.98 (m, 2H,
CH2), 1.75 (t, J12 = 41.1, 2H, N-a-CHa). 13C NMR (100 MHz, D0, 8): 18.03 (N-B-CHa),
18.33 (N-B-CHa), 46.35 (CHs), 46.55 (N-a-CH2), 47.99 (N-a-CHa), 49.49 (N-a-CH.),
51.08 (N-a-CHa), 51.33 (N-a-CH,), 60.79 (N-a-CH>), 61.21 (N-a-CH5), 65.28 (N-a-CHa),
77. 05 (Ar-CH,), 77.42 (CH.), 114.18 (Ar-C), 118.45 (CN), 130.06 (Ar-CH), 131.10 (Ar
CH), 132.18 (Ar C). MS (ESI) m/z: 176 [M-2I]*, 480 [M+I']* and 607 [M+2I]*.
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7.4.7.4 1-[4-Cyanobenzyl]-8-[methyl]-1,4,8,11-
tetraazabicyclo[6.6.2] hexadecane (40)"* *°

)
L5,
U

40

The synthetic procedure was completed following literature methods.'® % The 10a-
[4-cyanobenzyl]-5a-[methyl]-decahydro-3a,5a,8a,10a-tetraaza-pyrenium diiodide 39
(3 g, 4.94 mmol) was dissolved in ethanol (300 mL) and sodium borohydride (6.5 g,
167.30 mmol) was added in small portions. The mixture was stirred for 14 days at RT.
Water (100 mL) was added to decompose excess sodium borohydride and the solvent
was removed in vacuo. The residue was taken up into water (100 mL) and made
strongly basic (pH 14, KOH). The basic solution was extracted with DCM (4 x 100 mL),
the combined organic extracts were dried (Na2S0a), filtered and solvent removed in

vacuo.

To yield a yellow/cream oil (1.64 g, 94%). Anal. calcd for C21H3sNs: C, 70.95; H, 9.36;
N, 19.70. Found: C, 70.58; H, 9.58; N, 19.36. *H NMR (400 MHz, CDCl3) 6 7.62 — 7.56
(m, 2H, Ar-H), 7.45 (d, J = 8.1, 2H, Ar-H), 4.09 (m, 2H, N-a-CH>), 3.81 — 3.70 (m, 2H,
Ar-CHy), 3.24 (d, J = 14.3, 2H, N-a-CH3), 3.11 — 3.00 (m, 2H, N-a-CH,), 2.85 — 2.62 (m,
3H, CHs), 2.48 — 2.21 (m, 16H, 8(N-a-CH,)), 1.53 — 1.37 (m, 4H, 2(N-B-CH.)). 3C NMR
(101 MHz, CDCls, &) 27.03 (N-B-CHz), 28.05 (N-B-CH2), 42.87 (CHs), 52.02 (N-a-CH>),
52.27 (N-a-CH3), 54.15 (N-0-CH5), 55.14 (N-a-CH,), 56.04 (N-0-CH.), 56.29 (N-a-CH>),
56.76 (N-a-CH;), 57.08 (N-a-CH.), 57.98 (N-a-CH), 59.67 (N-a-CH), 60.06 (N-a-CH,),
76.79 (Ar-C), 77.11 (N-a-CH,), 77.37 (N-a-CH>), 110.42 (N-a-CH3) 119.23 (CN), 126.39
(Ar-CH), 126.84 (Ar-CH), 129.19 (Ar-CH), 129.49 (Ar-CH), 132.0 (Ar-CH), 147.11 (Ar-
C). MS (ESI) m/z: 355 [M]".
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7.4.7.5 1-[4-Aminomethylbenzyl]-8-[methyl]-1,4,8,11-
tetraazabicyclo [6.6.2]hexadecane (41)1%6 199

Y
A Gl

/N N

41

The synthetic procedure was completed following literature methods.*%® 1%° LiAlH,4
(0.19 g, 5.0 mmol) was dissolved in anhydrous THF (20 mL). The 1-[4-cyanobenzyl]-8-
[methyl]-1,4,8,11-tetraazabicyclo[6.6.2] hexadecane (6) (1.45 g, 4.1 mmol) in
anhydrous THF (20 mL) was added dropwise under ice-cooling. After complete
addition the mixture was stirred for 30 min and then heated to reflux for 3 hours.
The reaction was cooled in an ice-bath, water (0.21 mL) was added dropwise followed
by 15% sodium hydroxide (0.21 mL) solution followed by a second portion of water
(0.62 mL). The resulting white precipitate was filtered and washed with THF (2 x 10
mL) then water (2 x 5 mL). The aqueous layer was made strongly basic (pH > 12, KOH)
and extracted with THF (5 x 25 mL). The organic phases were dried (Na;S0a), filtered

and solvents removed in vacuo.

To yield a yellow oil (1.13 g, 77%). *H NMR (400 MHz, CDCl3) 6 7.29 (s, 1H, Ar-H), 7.24
(s, 1H, Ar-H), 6.98 (s, 1H, Ar H), 3.87 — 3.72 (m, 4H, CH2NH3 + Ar-CH2), 3.25 — 2.97 (m,
2H, N-0-CH3), 2.91 — 2.81 (m, 2H, N-a-CH3), 2.77 — 2.61 (m, 2H, N-a-CHy), 2.54 — 2.39
(m, 8H, 4(N-0-CH5)), 2.29 — 2.17 (m, 6H, 3(N-a-CH,)), 1.94 — 1.80 (m, 3H, CHs), 1.46 —
1.33 (m, 6H, 2(N-B-CH2)+ N-a-CHz) 3C NMR (100 MHz, CDCI3, 68): 26.82 (N-B-CH,),
30.29 (N-B-CH), 42.96 (CHs), 52.06 (N-a-CHz), 52.27 (N-a-CHy), 53.93 (N-a-CH,),
54.84 (N-a-CH,), 55.92 (N-a-CH,), 56.25 (N-a-CH>), 56.46 (N-a-CH,), 56.52 (N-a-CHa),
57.90 (N-a-CHz), 59.15 (N-a-CHz), 59.63 (Ar-CHz), 67.95 (CH2-NHz), 125.49 (Ar-C),
126.72 (Ar-CH), 127.65 (Ar-CH), 129.07 (Ar-C). HRMS (m/z): [M + H]* calcd for
C21H38Ns, 360.3124; found, 360.3122. MS (ESI) m/z: 359 [M]*.
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7.4.7.6 1-[4-Cyanobenzyl]-8-[methyl]-1,4,8,11-tetraazabicyclo[6.6.2] hexadecane copper(ll)
chloride [Cu40ClI]CI

[cudocici  CN

The macrocycle was dissolved in MeOH (10 mL), a methanolic (5 mL) solution of the
metal salt was added dropwise. The mixture was left to stir at RT for 3 days under
argon. Solvent was concentrated in vacuo to ca. 5 mL than purified either via size

exclusion chromatography (Sephadex LH20) or filtration.

Amount: 1-[4-Cyanobenzyl]-8-[methyl]-1, 4, 8, 11-tetraazabicyclo[6.6.2] hexadecane
40 (0.1 g, 0.28 mmol), copper(ll) chloride (0.045 g, 0.336 mmol), Sephadex LH20. To
yield a blue solid (0.1 g, 71%). Anal. calcd for C21H35Cl,CuNsO.2CH30H: C, 48.67; H,
7.69; N, 12.67. Found: C, 48.29; H, 7.58; N, 12.24. ICP for C21H35Cl,CuN50.2CH30H:
11.11. Found: 10.96.MS (ESI) m/z: 453 [M?*+CI']* and 463 [M?*+ HCOO']*. HRMS
(m/z): [M?*+ HCOO']* calcd for C22H34CuNsO,*, 463.1978; found, 463.1985.
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7.4.7.7 1-[4-Cyanobenzyl]-8-[methyl]-1,4,8,11-
tetraazabicyclo[6.6.2] hexadecane  copper(ll) perchlorate
[Cu40(OH,)](ClOa).

CN
[Cu40(OH,)](CIOy),

The macrocycle was dissolved in MeOH (10 mL), a methanolic (5 mL) solution of the
metal salt was added dropwise. The mixture was stirred and left at RT for 3 days
under argon. Solvent was concentrated in vacuo to ca. 5 mL than purified either via

size exclusion chromatography (Sephadex LH20) or filtration.

Amount: 1-[4-Cyanobenzyl]-8-[methyl]-1, 4, 8, 11-tetraazabicyclo[6.6.2] hexadecane
40 (0.2 g, 0.56 mmol), copper(ll) perchlorate hexahydrate (0.25 g, 0.676 mmol),
filtration. To vyield a blue solid (0.23 g, 66%). Anal. calcd for
C21H35Cl2CuNs09.0.5CH30H.1.5H,0: C, 37.83; H, 5.68; N, 10.11. Found: C, 38.03; H,
05.94; N, 10.31. ICP for C1H35Cl2CuN509.0.5CH30H.1.5H,0: 9.36. Found: 8.96.MS
(ESI) m/z: 467 [M?*+HCOO]* and 521 [M%*+ClO4]*. HRMS (m/z): [M?*+HCOO]* calcd
for C22H34CuNsO2*, 463.1983; found, 463.1995.
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7.4.7.8 Forming of F-thiacapric acid with copper complex of 1-[4-
cyanobenzyl]-8-[methyl]-1,4,8,11-tetraazabicyclo[6.6.2]
hexadecane [Cu40(26)]"

[Cu4d0(26)]*

The metal macrocycle complex was dissolved in a solvent mixture (1 mL) was added
to (750 L) solution (same solvent mixture) of the 10-fluoro-4-thiacapric acid 26. The
mixture was shaken for 1 hour at the selected temperature. Solvent was removed in

vacuo.

Amount: 1-[4-Cyanobenzyl]-8-[methyl]-1,4,8,11-tetraazabicyclo[6.6.2] hexadecane
copper(ll) chloride [Cu40CI]CI (0.002 g, 0.0037 mmol), 1-[4-cyanobenzyl]-8-[methyl]-
1,4,8,11-tetraazabicyclo[6.6.2] hexadecane copper(ll) perchlorate
[Cu40(OH2)](ClO4);2 (0.002 g, 0.0028 mmol), 10-fluoro-4-thiacapric acid 26 (0.00058
g, 0.0028 mmol), solvent (see Table 18) MS/MS: 625 [M]*, 463 [copper complex]?*
and 300 [FTC2]*. HRMS (m/z): [M]* calcd for CsoHa9CuFNsO,S, 625.2882; found,
625.2877.
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Complex No. Tem. | Solvent mixture MS (ESI) m/z
MeCN H.0
[Cu40(OH,)](ClOa), RT 7 3 625 [M]* and 463 [M?*+ HCOO]*
[Cu40(OH,)](ClOa), RT 6 4 625 [M]* and 463 [M?*+ HCOO]*
[Cu40(OH,)](ClOa), RT 5 5 625 [M]* and 463 [M?*+ HCOO]*
[Cu40(OH,)](ClOa), RT 4 6 625 [M]* and 463 [M**+ HCOO]*
[Cu40(OH,)](ClOa), RT 3 7 625 [M]* and 463 [M**+ HCOO]*
[Cu40(OH,)](ClOa), RT 2 8 625 [M]* and 463 [M?*+ HCOO]*
[Cu40(OH,)](ClOa), RT 1 9 625 [M]* and 463 [M?*+ HCOO]*
[Cu40(0OH,)](ClO4); | 50°C 7 3 625 [M]* and 463 [M%*+ HCOO']*
[Cu40(0OH,)](ClO4); | 50°C 6 4 625 [M]* and 463 [M%*+ HCOO']*
[Cu40(0OH,)](ClO4); | 50°C 5 5 625 [M]* and 463 [M%**+ HCOO']*
[Cu40(OH,)](Cl04), | 50°C 4 6 625 [M]* and 463 [M?*+ HCOO]*
[Cu40(OH,)](Cl04), | 50°C 3 7 625 [M]* and 463 [M?*+ HCOO|*
[Cu40(OH,)](Cl04), | 50°C 2 8 625 [M]* and 463 [M?*+ HCOO]*
[cudocl]Cl & 50°C 1 9 625 [M]* and 463 [M?**+ HCOO]*
[Cu40(OH,)](ClOa),
Complex No. Temp | Solvent mixture MS (ESI) m/z
eratur | MeCN PBS
e
[Cu40(OH,)](ClOs), RT 1 9 625 [M]* and 463 [M?**+ HCOO']*
[Cu40(OH,)](Cl04), | 50°C 1 9 625 [M]* and 463 [M?*+ HCOO']*
Complex No. Temp | Solvent mixture MS (ESI) m/z
eratur 3% H.0
e BSA
[Cu40(OH,)](ClO4), RT 1 9 625 [M]* and 463 [M**+ HCOO]*
[Cud0(OH,)](Cl04), | 50°C 1 9 625 [M]* and 463 [M?*+ HCOO]*
Complex No. Temp Solvent MS (ESI) m/z
eratur H.0
e
[Cu40(OH,)](ClOa). RT 1.5mL 625 [M]* and 463 [M?*+ HCOO]*
[Cud0(OH,)](Cl04), | 50°C 1.5 mL 625 [M]* and 463 [M**+ HCOO]*
Complex No. Temp Solvent MS (ESI) m/z
eratur MeCN
e
[Cu40(OH,)](Cl0s), RT 1.5 mL 625 [M]* and 463 [M**+ HCOO']*
[Cud0(OH,)](Cl04), | 50°C 1.5 mL 625 [M]* and 463 [M**+ HCOO]*
Complex No. Temp Solvent MS (ESI) m/z
eratur DMF
e
[Cu40(OH,)](Cl0s), RT 1.5 mL 625 [M]* and 463 [M**+ HCOO]*
[Cud0(OH,)](Cl0,), | 50°C 1.5 mL 625 [M]* and 463 [M**+ HCOO]*
Table 18: Conditions, which use to synthesis compound [Cu40(26)]*
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7.4.7.9 (4-(Bromomethyl)benzyl)triphenylphosphonium
bromide (43)2%°

Swe
et

Br
43
The synthetic procedure was completed following literature methods.?%
Triphenylphosphine (2 g, 7.63 mmol) was dissolved in anhydrous toluene (25 mL) and
added dropwise to the solution of a, @’ —dibromomethyl-p-xylene (2.01 g, 7.63 mmol)
in anhydrous toluene (25 mL). The mixture was heated under reflux for 18 hours.
Then, the reaction cooled to RT, filtered and washed with (30 mL) toluene and
(30 mL) diethylether. Following by chromatographic purification of the crude on silica

gel eluted with dichloromethane: acetone 80: 20 mixture.

To yield a white powder (3.6 g, 90%). *H NMR (400 MHz, CDCl3) 6 7.82 — 7.71 (m, 9H,
Ar-H), 7.67 — 7.58 (m, 6H, Ar-H), 7.15 — 7.07 (m, 4H, Ar-H), 4.38 (s, 2H, CH»-Br), 1.68
(s, 2H, CH2-P). 3P NMR (162 MHz, CDCls) § 24.08. Anal. calcd for Ca6H23Br2P: C, 59.34;
H, 4.41. Found: C, 58.97; H, 4.54.MS (ESI) m/z: 445 [M*-Br".
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7.4.7.10 (4-(((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]
hexadecane-4-yl)methyl)benzyl)amino)methyl)benzyl)
triphenylphosphonium bromide (44)

N e fO
Ly OA
44

To a solution of 1-[4-aminomethylbenzyl]-8-[methyl]-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecane 41 (0.5 g, 1.39 mmol) in dry MeCN (20 mL) added
(4-(bromomethyl)benzyl)triphenylphosphonium bromide 43 (0.43 g, 0.83 mmol) in
dry MeCN (20 mL) and the solution was stirred under argon at RT for 24 hours. The
solvents were removed in vacuo. The residue was taken up into water (50 mL) and
made strongly basic (pH 14, KOH). The basic solution was extracted with benzene (3
x 50 mL), the combined organic extracts were dried (Na;SQa), filtered and solvent

removed in vacuo. It is likely that the excess of aminobenzyl cross bridged cyclam

starting material 41 is still present in the isolated compound.

To yield a yellow/cream oil (0.4 g, 60%). Anal. calcd for Ca7Hs9BrNsP*: C, 70.13; H,
7.39; N, 8.70. Found: C, 71.41; H, 7.65; N, 6.41 (due to presence of unreacted starting
material). *H NMR (400 MHz, CDCl3) § 7.85 — 7.52 (m, 19H, Ar- H), 7.09 (m, 4H, Ar-H),
5.43 —5.18 (m, 2H, CH2-P), 3.40 (s, 2H, CH2-NH), 3.49 (s, 2H, CH2-NH), 2.84 (t, J12 =
64.4, 8H, 4(N-a-CH,)), 2.47 — 2.21 (m, 2H, N-a-CH>), 2.14 — 1.98 (m, 9H, CHs, 3(N-a-
CH2)), 1.84 (t, J12 = 11.1, 6H, 3(N-a-CH,)), 1.41 (d, J = 2.8, 4H, N-B-CHz + N-a-CH,),
1.22 (d, J = 12.9, 2H, N-B-CH; + N-0-CH5). 31P NMR (162 MHz, CDCls) § 23.71. MS (ESI)
m/z: 363 [M*+H*]2*. HRMS (m/z): [M*+H,0] calcd for C47H61INSOP*, 742.4608;
found, 742.4592.
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7.4.7.11 (4-(((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]
hexadecane-4-yl)methyl)benzyl)amino)methyl)benzyl)
triphenylphosphonium bromide copper(ll) chloride [Cu44CI]Cl;

D
ED
N\Cuz""\j

/ CI

2CI
«y FO
[Cu44CI|[Cl,

The crude macrocycle was dissolved in dry DMF (10 mL), a DMF (10 mL) solution of
the metal salt was added dropwise. The reaction mixture refluxed overnight under
argon. Solvent was removed in vacuo and added MeOH ca. 3 mL than purified via size
exclusion chromatography (Sephadex LH20). The impurity of 41 in the starting
material is likely to carry through to formation of a copper(ll) complex impurity in the

product.

Amounts: (4-(((4-((11-Methyl-1,4,8,11-tetraazabicyclo[6.6.2] hexadecane-4-
yl)methyl)benzyl)amino)methyl)benzyl) triphenylphosphonium bromide 44 (0.04 g,
0.049 mmol), copper(ll) chloride (0.008 g, 0.059 mmol).

To yield a blue solid (0.031 g, 67%). Anal. calcd for C47Hs9ClsCuNsP: C, 63.06; H, 6.65;
N, 7.83. Found: C, 56.31; H, 6.36; N, 6.23. ICP for C47Hs9Cl3CuNsP: 7.10. Found: 9.42.
(due to presence of 41 allowing formation of another complex). MS (ESI) m/z: 452
[M3*+CI+H*+H2013*. HRMS (m/z): [M3*+ 2CI']* calcd for Ca7HssCloCuNsP*, 857.3143;
found, 857.3176.
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7.4.7.11 (4-(((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]
hexadecane-4-yl)methyl)benzyl)amino)methyl)benzyl)
triphenylphosphonium  bromide  copper(ll)  perchlorate
[Cud4(OH,)](ClO4)>

o

/N\Cuz"”\j
OH,

3CI04” NH : P+@
[Cu440H,](ClO4)3

The macrocycle was dissolved in dry DMF (10 mL), a DMF (10 mL) solution of the
metal salt was added dropwise. The reaction mixture refluxed overnight under argon.
Solvent was removed in vacuo and added MeOH “3 mL than purified via size
exclusion chromatography (Sephadex LH20). The impurity of 41 in the starting
material is likely to carry through to formation of a copper(ll) complex impurity in the

product.

Amounts:  (4- (((4-((11-Methyl-1,4,8,11-tetraazabicyclo[6.6.2] hexadecane-4-
yl)methyl)benzyl)amino)methyl)benzyl) triphenylphosphonium bromide 44 (0.1 g,
0.12 mmol), copper(ll) perchlorate hexahydrate (0.05 g, 0.14 mmol).

To yield a blue solid (0.09 g, 69%). Anal. calcd for Ca7He1Cl3CuNsO13P: C, 51.09; H, 5.57;
N, 6.34. Found: C, 49.43; H, 6.45; N, 8.48. ICP for C47Hs1Cl3sCuNsO13P: 5.75. Found:
3.49. (due to presence of 41 allowing formation of this complex as impurity).MS (ESI)
m/z: 452 [M3*+ClO041*. HRMS (m/z): [M3*+ 3ClOs + 3H>0 + 2H*]** calcd for
Ca7He9Cl3CuNsO16P %, 579.1415; found, 579.1414.
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7.4.7.12 (4-(((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]
hexadecane-4-yl)methyl)benzyl)amino)methyl)benzyl)
triphenylphosphonium bromide copper(ll) chloride and
perchlorate [Cu44(26)]X

“N—Cu2+N
/A

F [Cud4(26)]X
X =2Cl, 2CIO,
The metal macrocycle complex (known to contain an impurity) was dissolved in
mixture solvent (1 mL) was added to (750 pL) solution (same mixture solvent) of the
10-fluoro-4-thiacapric acid 26. The mixture was shaken and the reaction was
performed multiple times at a series of different temperature for 1 hour. Solvent was

removed in vacuo.
Compound [Cud4(26)]Cl;

Amounts: (4-(((4-((11-Methyl-1,4,8,11-tetraazabicyclo[6.6.2] hexadecane-4-
yl)methyl)benzyl)amino)methyl)benzyl) triphenylphosphonium bromide copper(ll)
chloride [Cu44CI]Cl, (0.001 g, 0.001 mmol) 10-fluoro-4-thiacapric acid 26 (0.0002 g,

0.001 mmol), solvent (see Table 19).
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Complex Temperature Solvent mixture MS (ESI) m/z Yield
3% BSA H:0
[Cu44cClI|Cl, RT 1 9 533 [M?*+2CI+3H*]** | Blue sold (0.53
mg, 53%)

Table 19: Conditions, which use to synthesis compound [Cu44(26)]Cl,

Compound [Cu44(26)](ClOa)2

Amounts:

4-(((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]

hexadecane-4-

yl)methyl)benzyl)amino)methyl)benzyl) triphenylphosphonium bromide copper(ll)

perchlorate [Cu44(OH,)](ClO4)3 (0.001 g, 0.0007 mmol), 10-fluoro-4-thiacapric acid

26 (0.0001 g, 0.0007 mmol), solvent (see Table 20). HRMS (m/z): [M>* + ClO4 + HCOO

+ 2H* + H,0]* calcd for Cs7HgoCICUFNsO9PS?*, 579.1606; found, 579.1607.

Complex Temperature Solvent mixture MS (ESI) m/z Yield
3% BSA 3 P10)
[Cud4(0OH,)](Cl04); RT 1 9 616 [M**+2CIO4 Blue sold (0.6
+2H*+H,0]* mg, 75%)

Table 20: Conditions, which use to synthesis compound [Cu44(26)](ClO,)2

224




7.4.7.8 Copper complexes of (4-(((4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2] hexadecane-4-yl)methyl)benzyl)amino)

methyl)benzyl) triphenylphosphonium bromide
[18F][Cud40(26)]*

181:
['8F][Cu40(26)]*
The metal macrocycle complex was dissolved in mixture solvent was added to the
[*8F]-10-4-thiacapric acid ['®F]26. The mixture was shaken and the reaction

performed multiple times at different temperatures and for different reaction times

(see Table 21). HPLC gradient-method-2-— retention time = 9:26 min.
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Reaction | Complex number Mass of Solvent used to Solvent used for 8F- Total Time Temp. HPLC Yield (HPLC or TLC)
number complex dissolve complex FTC2 vol. mobile
used phase

1 [Cu40(OH,)](ClO4), 1mg 1000 pL 1000 pL (ACN: water 8:2) | 2000pL | 3h RT TFA HPLC: 1h: 04.8, 2h: 17.9%, 3h: 49.54%
(ACN: water 8:2)

2 [Cu40(OH,)](ClO4), 1mg 1000 plL 1000 plL (ACN: water 8:2) | 2000puL | 3h RT TFA HPLC: 1h: 15.85%, 2h: 14.21%, 3h: 13.58%
(ACN: water 8:2)

3 [Cu40(OH,)](ClOx4), 1mg 100 pL 1000 plL (ACN: water 8:2) | 1100puL | 3h RT TFA HPLC: 1h: 09.1%, 2h: 13.4%, 3h: 04.3%
(ACN: water 8:2)

4 [Cu40(OH,)](ClO4), 1mg 500 plL 500 pL (ACN: water 8:2) | 1000puL | 3h RT TFA TLC: 1h: 11.11%, 2h: 13%, 3h: 3%
(ACN: water 8:2)

5 [Cu40(OH,)](ClO4), 1mg 100 pL 100 pL (ACN: water 8:2) | 200 plL 3h RT TFA HPLC: 1h: 12.1%, 2h: 3%, 3h: 10.59%
(ACN: water 8:2)

6 [Cu40(OH,)](ClO4), 1mg 100 pL 100 pL (ACN: water 8:2) | 200 pL 3h 50°C TFA HPLC: 1h: 5.30%, 