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Abstract
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This work deals with radiochemistry and new approaches to develop novel PET tracers labelled
with the radionuclide "'C.

Two methods for the synthesis of ''C-labelled acrylamides have been explored. First, [1-""C]-
acrylic acid was obtained from a palladium(0)-mediated "C-carboxylation of acetylene with
[''C]carbon monoxide; this could be converted to the corresponding acyl chloride and then
combined with benzylamine to form N-benzyl[carbonyl-""Clacrylamide. In the second method,
the palladium(0)-mediated carbonylation of vinyl halides with ["'C]carbon monoxide was
explored. This latter method, yielded labelled acrylamides in a single step with retention of
configuration at the C=C double bond, and required less amine compared to the acetylene
method.

The vinyl halide method was used to synthesize a library of "'C-labelled EGFr-inhibitors
in 7-61% decay corrected radiochemical yield via a combinatorial approach. The compounds
were designed to target either the active or the inactive form of EGFr, following computational
docking studies.

The rhodium(I)-mediated carbonylative cross-coupling of an azide and an amine was shown
to be a very general reaction and was used to synthesize a library of dual VEGFr-2/PDGFrf3
inhibitors that were ''C-labelled at the urea position in 38-78% dc rcy.

The angiotensin I AT, receptor antagonist eprosartan was ''C-labelled at one of the carboxyl
groups in one step using a palladium(0)-mediated carboxylation. Autoradiography shows
specific binding in rat kidney, lung and adrenal cortex, and organ distribution shows a high
accumulation in the intestines, kidneys and liver. Specific binding in frozen sections of human
adrenal incidentalomas warrants further investigations of this tracer.

Three angiotensin II AT, ligands were ""C-labelled at the amide group in a palladium(0)-
mediated aminocarbonylation in 16-36% dc rcy. One of the compounds was evaluated using in
vitro using autoradiography, and in vivo using organ distribution and animal PET. The compound
was metabolized fast and excreted via urine. High radioactivity was also found in the liver,
meaning that more metabolically stable compounds are desirable for future development.
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Definitions

The following definitions are used throughout this thesis.

Analytical radiochemical yield: The conversion of [''C]O multiplied by the
radiochemical purity. The analytical radiochemical yields are decay-
corrected.

Conversion of [''C]O: The decay-corrected fraction of [''C]carbon monox-
ide converted to non-volatile products (also known as trapping efficiency,
TE).

Decay-corrected: The yield of a product obtained at a specific time 4, can be
decay-corrected to the time point, 4y, using the following formulas:

;-2

_ —Axt
A =A4,%Xe where 1),

t

Labelled compound or product: A mixture of an isotopically unmodified
compound with the analogous singly and specifically isotopically modified
compound.

Radiochemical purity: The proportion of the total radioactivity that is in the
chemical form stated (assessed by decay-corrected analytical radio-HPLC).

Radiochemical yield: The yield based on the initial amount of radioactivity
as [''C]carbon monoxide at the start of synthesis and the radioactivity of the
isolated compound. All the radiochemical yields are decay-corrected.

Specific activity: The radioactivity of the labelled compound divided by the
molar amount of the compound, here expressed in GBq-umol™ and at a spe-
cific time point from EOB.



Abbreviations

3D-QSAR
ACE
AIBN
AMF
ATP
BBB

CT

dc

DMF
EGFr
EOB
EOS

ESI
["*FIDG
HPLC
GBq

GC
GPCR
LC-MS
LC-MS/MS
MBq
MRI
NMR
PET
RAS
RCY or rcy
SPE
SUvV

TE

TEA
THF

uv
VEGFr-2

*

3-Dimensional quantitative structure activity relationship
Angiotensin converting enzyme
a,0’-Azoisobutyronitrile

Ammonium formate

Adenosine 5°-triphosphate

Blood-brain barrier

Computed tomography

Decay-corrected

Dimethylformamide

Epidermal growth factor receptor

End of bombardment

End of synthesis

Electron spray ionization
['*F]fluorodeoxyglucose

High performance liquid chromatography
Giga Becquerel

Gas chromatography

G-protein coupled receptor

Liquid chromatography-mass spectrometry
Liquid chromatography-mass spectrometry-mass spectrometry
Mega Becquerel

Magnetic resonance imaging

Nuclear magnetic resonance

Positron emission tomography
Renin-Angiotensin System

Radiochemical yield

Solid-phase extraction

Standardized uptake value

Trapping efficiency

Triethylamine

Tetrahydrofuran

Ultraviolet

Vascular endothelial growth factor receptor 2
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Introduction

Radiochemistry, radio-chem-is-try, /re1 di oU'kem o stri/

“That part of chemistry which deals with radioactive materials. It includes the
production of radionuclides and their compounds by processing irradiated
materials or naturally occurring radioactive materials, the application of
chemical techniques to nuclear studies, and the application of radioactivity to
the investigation of chemical, biochemical or biomedical problems.” (IUPAC
Gold Book, 2009)

Modern technologies have made it possible to track and quantify the spatial
distribution patterns and dynamics of radioactivity in a living organism over
time. One of the most powerful technologies for this purpose is positron
emission tomography (PET), which utilizes positron-emitting nuclides as the
radioactive source. The applications of PET are very diverse. For example, it
can be used to follow changes in the biochemistry of a system, such as al-
tered metabolism in cancer or the progress of neurodegenerative diseases
such as Alzheimer’s. It is also widely used in drug development to study the
distribution and receptor occupancy of a candidate drug. Many endogenous
compounds have been radiolabelled to study their functions in the human
body.

Today, 30 years after PET’s first clinical implementation, ['*F]DG is still
the tracer used in the vast majority of all PET scans performed. This is due
partly to the difficulties associated with the development and clinical valida-
tion of new radiotracers. This thesis deals with radiochemistry and new ap-
proaches to developing novel PET tracers, in particular using [''C]carbon
monoxide.

PET Technology

PET has been widely used to visualize and quantify different biochemical
processes, such as metabolic processes, and receptor densities in vivo. The
tracer molecule, labelled with a short-lived positron-emitting radionuclide
such as ''C (#1, = 20.4 min), O (= 2.04 min), N (#;, = 9.97 min), "°F
(t12,= 110 min), or %Ga (ti2 = 67.8 min), can be synthesized with high spe-
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cific activity. As a consequence, very small amounts can be administered,
which allows biochemical processes to be studied in vivo over time without
perturbing the system. The short half-life of ''C enables a sufficient amount
of statistical data to be collected during the PET scan while keeping the ra-
diation dose to a minimum. Another advantage is that the use of ''C permits
repeated studies in the same subject on the same day.

As a rule of thumb, labelling and purification should be accomplished
within three half-lives from EOB, i.e. around 60 min. Therefore, the ra-
dionuclide is incorporated as late as possible in the synthetic route.

Positron-emitting radionuclides are neutron-deficient and decay by the
conversion of a proton into a neutron with concomitant emission of a posi-
tron (B") and a neutrino (v.). ''C has a short half-life and positron emission
accounts for 99% of its decay.

2 Neutrino

e

Radioactive decay o

<

"c Positron g+ "B

6 protons 5 protons

5 neutrons 5 neutrons

/ Y
@ Photon 511 keV
, /
Photon 511 keV Anninilation @ Electron
180°+0.25

Figure 1. Schematic picture of the radioactive decay of ''C to ''B upon emission of
a neutrino (v,) and a positron (B").

The positron (B) travels up to a few millimetres in wet tissue before encoun-
tering its antiparticle, an electron (e'), causing an annihilation that generates
two high-energy (511 keV) gamma ray photons, which are emitted in essen-
tially opposite directions (Figure 1). The photons are detected in coincidence
as they reach the scintillators, creating a burst of light that in turn is ampli-
fied by photomultipliers, giving rise to an electrical signal that can be further
processed. Only signals that are detected in pairs within a few nanoseconds
are considered to originate from the same radioactive decay; the single-
photon detections that result from scattering are ignored. The detectors in the
PET camera are arranged in a ring around the object under study, allowing
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the location of the decay to be determined. The data points collected are used
to reconstruct a series of 3-D images with a resolution as low as 3-4 mm in a
whole body scanner and even better in a small-animal PET scanner. The
lower resolution limit is ultimately set by the distance the positron travels in
the tissue before encountering an electron, which is dependent on its kinetic
energy. In modern facilities, PET is used together with CT to produce both
biochemical and anatomical images.' The most fashionable technique is the
PET-MRI, which enables simultaneous PET and MRIL.? In contrast to CT,
MRI requires no additional radiation dose and can be used with a range of
endogenous as well as exogenous contrasts.’

PET-Tracer Development

The development of a new radiotracer is complex and multidisciplinary. A
successful radiotracer gives a sufficient signal-to-noise ratio for a validated
and pathology-specific target and allows radioactivity to be quantified within
the timeframe of the radionuclide used. There are many similarities between
drug development and PET-tracer development, but there are also important
differences. In drug development, candidate drugs fail for many reasons;
poor oral bioavailability, high toxicity, lack of efficacy and inappropriate
therapeutic window are the most common. These parameters rarely play a
role in PET-tracer development because PET tracers are injected intrave-
nously and in very low amounts, making toxicity and unwanted pharmacol-
ogical effects rare. Thus failed candidate drugs may well serve as lead com-
pounds for PET-tracer development. A PET tracer with appropriate imaging
characteristics must find its way to the target in very low concentration and
in a relatively short time, so increasing the availability of the tracer by in-
creasing its concentration is not an option, nor is time a parameter that can
be compromised.*

There are many parameters determining the likeliness of success of a can-
didate tracer and all parameters are directly related to its chemical structure.
The most important factors are briefly discussed below.

Affinity

Affinity can be expressed as the inverse equilibrium dissociation constant Ky
= kos'kon. The affinity required for a tracer to be successful depends on the
concentration of binding sites in the region of interest. Typically, the most
successful tracers have subnanomolar or low nanomolar affinity to the target
of interest in vitro. Less is known about the influence of the absolute values
of ko, and kegrin PET applications, but they have recently gained interest in
drug discovery.™® A low concentration of binding sites means that the affin-
ity must be high, and because these are easier to saturate the specific activity
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also needs to be sufficiently high (see next paragraph). For a reversibly bind-
ing tracer, increased affinity is associated with a slower approach to equilib-
rium following a single bolus injection; equilibrium is the time point when
quantification is most easy performed. Quantification of a reversibly-binding
ligand is generally preferable over an irreversible one. " A well-known ex-
ception is ["*F]DG, which is trapped irreversibly inside the cell.'’

Specific Activity

High specific activity allows a very small amount of the tracer to be admini-
stration and thus decreases the risk of perturbing or saturating the biological
system under study. It has been suggested that the tracer should occupy <5%
of the available sites in order to fulfil the linearity requirements of most ana-
lytical methods of quantification. A low injected mass is also associated with
a lower risk of toxic side effects.”” It should be noted that for labelled en-
dogenous compounds already present in high concentrations (such as
[''Clacetate), high specific activity is not important.

Lipophilicity and pK,

Lipophilicity is frequently described as the partitioning ratio of a compound
in octanol/water. Essentially there are three different methods used: the
“shake-flask” method, reverse-phase chromatographic measurements and
computational models. Calculated values of lipophilicity may differ signifi-
cantly from those measured experimentally, but can still be valuable tools in
early tracer development. The partitioning coefficient, P, is used for one
species, usually the neutral compound, whereas the distribution coefficient D
is used for the sum of all microspecies for ionisable compounds. The distri-
bution coefficient D is pH-dependent.

Z [Microspecies]
Distribution Coefficient = octanol

[Compound]water Z [MicrospeCieS]Wam

[Compound] octanol

Partition P=

For convenience the value of P or D is often reported as the logarithm, logP
or logD. Since most PET tracers are administered intravenously, it is most
relevant to determine the distribution, D, between a buffered aqueous solu-
tion at physiological pH (7.4) and octanol.

The acid dissociation constant, K,, is a measurement of the acid strength
of a compound and is usually expressed as pK,. A compound in its ionized
state is more soluble in the water phase and has low penetration through lipid
membranes and the blood-brain barrier (BBB). Passage through lipid mem-
branes can be promoted by increasing lipophilicity, but this also gives more
non-specific binding in non-target fatty tissue. High lipophilicity is also as-
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sociated with high plasma binding and a low free fraction of the tracer. In
vivo experiments reveal a parabolic relationship between BBB penetration
and lipophilicity, with the optimal logD occurring in the range 1.5-3."" Non-
specific binding cannot be predicted by lipophilicity alone, and recent work
has suggested that non-specific binding may be related to the ability of a
molecule to hydrolyze the phospholipid membrane bilayer.'*

Membranes and Active Efflux Systems

Recent findings have revealed the existence of saturable protective active
efflux systems that shuffle exogenous organic molecules in and out of cells.
These active transporters can prevent molecules to pass through the BBB
and also into other cells and tissues, but sometimes also actively help them
to pass through. These systems include the organic anion transporter 3, mul-
tidrug resistance proteins and organic anion transporting polypeptide 2, and
the breast cancer resistance protein."

Metabolism and Labelling Position

Regarding metabolism, the labelling position of the radionuclide can be very
important, because for a site-specific tracer, no radiolabelled metabolite
should possess affinity for the binding site of interest or otherwise accumu-
late in the target tissue."* Tracers that are metabolically stable within the
timeframe of investigation are preferable but not always obtainable, and a
certain degree of metabolism can be tolerated. In cases where the metabo-
lism of a tracer is being studied, metabolism is a feature that can be quanti-
fied (e.g. ['"*F]DG and [''Clacetate). By labelling a tracer in different posi-
tions, the metabolic fate of the radiolabel in vivo may be compared.

Selectivity, Specificity, and Sensitivity

The radiotracer must have good selectivity over other binding sites in the
region of interest. As a prerequisite, the biological target needs to be pathol-
ogy-specific to avoid false positives. At the same time, the tracer must be
sensitive enough to avoid false negatives. The sensitivity may be affected by
factors such as kinetics, surrounding-tissue uptake, spatial resolution, data-
handling, etc. For example ['*F]DG has a sensitivity of 84% and a specificity
of 88% in oncology the world over, so there is still room for development of
new tracers."’

Considering all of these parameters, it is obvious that the in vivo imaging
characteristics of potential radiotracers are very complex. Fast and reliable
labelling methods are needed to evaluate a large number of labelled ligands
in order to learn more about the relationships between their molecular prop-
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erties and imaging characteristics. We believe that the use of [''C]carbon
monoxide is a milestone in this development, because the carbonyl moiety is
one of the most common functional groups in biologically active com-
pounds. In addition, the three component reactions (i.e. substrate,
[''C]carbon monoxide and a nucleophile) allows labelling in a combinatorial
fashion.

Perspectives on HC and [HC]Carbon Monoxide
Production of ''C as [''C]O,

The most common method of producing ''C is by the nuclear reaction
“N(p,a)''C, using high-energy-proton bombardment of a nitrogen gas target.
Other, less convenient methods that have been explored use the ''B(p,n)''C
and '°B(d,n)"'C nuclear reactions and a solid target. In the former process, a
high-energy proton collides with a nitrogen atom, whereupon ''C and an a-
particle (a helium nucleus) are formed. The ''C is then oxidized to
[''C]carbon dioxide by the small amount of oxygen present in the target gas.
The process is not known in great detail, but may involve a number of ion-
ized, excited or radical carbon-nitrogen and carbon-oxygen species. It should
be noted that [''CJcarbon monoxide may also be produced in the target, but
this process is favoured by an increased amount of oxygen and a low beam
current, which prevents its use for PET-tracer production.'®

Online Production of [''C]Carbon Monoxide

In the setup used in this work, a cold trap at -196 °C is used to concentrate
the [''C]carbon dioxide from the target gas. The radioactivity is transferred
to a lead-shielded “hotcell” using helium as a carrier and again concentrated
on a small amount of silica at -196 °C. The [''C]carbon dioxide is released
by heating the trap and then reduced over zinc granules at 400 °C to form
[''C]carbon monoxide. This method requires precise control of the tempera-
ture because zinc melts at 420 °C. It has been claimed in the literature that
the zinc must be replaced after only a few syntheses to produce reproducible
results.'” However, our setup, in which the zinc is constantly kept under he-
lium atmosphere, worked without problems for well over 100 syntheses be-
fore the zinc was replaced. Other reduction methods including activated
charcoal at 900 °C'® and molybdenum wire at 850 °C,'” have been reported.
The [''C]carbon monoxide in carrier helium is purified from any remaining
[''Clcarbon dioxide by a small Ascarite’ column, which irreversibly traps

T Sodium hydroxide coated silica.
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[''C]carbon dioxide as carbonate, and then concentrated again on a small
plug of silica at -196 °C (Figure 2).

The [''C]Carbon Monoxide Synthesis System

Although [''C]carbon monoxide was one of the first positron-emitting trac-
ers used in medicine,' it only recently became possible to use it as a labelled
precursor for further chemical transformations, e.g. carbonylation, because
of its low solubility in most solvents and low reactivity.” An early used
technique was based on bubbling [''C]carbon monoxide through the reaction
solution, but this resulted in low conversion of [''C]carbon monoxide.*' Dif-
ferent methods have been developed to overcome this problem, i.e. a high
pressure micro-autoclave (Figure 2),”* a high pressure loop system,”* by
complexation as BHy[''C]O-complex,” and by the use of a low-pressure
reaction loop with a palladium complex on a solid support.® Miniaturization
of synthesis systems (“lab on a chip”) has evolved into an entire research
field and radiochemistry with [''C]carbon monoxide is one of its many inter-
esting applications.”’

['C]O. trap Zn oven Ascarite [''C]O trap

oo f—fovc—{ |
from cyclotron
target

Stop

HPLC

Waste  Vent Micro- Waste
autoclave

Product-vial
Reagent loop

Figure 2. A simplified schematic drawing of the experimental setup used for reduc-
tion of [''C]O, to [''C]O for further use in carbonylation reactions in the micro-
autoclave.

The key features of the high-pressure micro-autoclave system used in this
work are the pre-concentration of [''C]carbon monoxide on a small-volume
silica trap and the use of high solvent pressure in a micro-autoclave to force
the small amount [''C]carbon monoxide into solution where it can react.”>*
The pressurized system also allows reaction temperatures above the normal
boiling point of the solvent to be used; this can significantly speed up reac-
tion rates. In detail, the concentrated [''CJcarbon monoxide is released by
heating the trap, then lead into a micro-autoclave by helium overpressure.
The reagent solution is pumped in from the other end of the system by an
HPLC pump, and the desired chemical incorporation of [''C]carbon monox-
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ide takes place. The crude product mixture is collected and purified and the
product is characterized as described below (Figure 2).

The amount of [''C]carbon monoxide in the micro-autoclave (200 uL) has
been estimated as 10-100 nmol by analyzing the amount of product formed
and the radiochemical yield. The amount and partial pressure of the helium
carrier gas that enters the micro-autoclave (40 mmol, 500 kPa) are 10° times
greater than those of [''C]carbon monoxide (10 to 100 nmol, 0.12 to 1 Pa).
Even after an HPLC is used to increase the pressure to 30-40 MPa the partial
pressure of [''C]carbon monoxide in the gas mixture during the reaction is
still very low, 8 to 80 Pa. This is one of the differences between small-scale
[''C]carbon monoxide chemistry and large-scale chemistry, where carbon
monoxide pressures of 100 to 1x10° kPa are common.

Short reaction times and high reaction rates are crucial because of the
short half-life of ''C.*® By using a large stoichiometric excess of reagents
compared to [''C]carbon monoxide the reaction rate may ultimately be in-
creased to the point where the overall process is limited by the mass transfer
of gas into the liquid phase. The rate of this process depends on the partial
pressure of [''CJcarbon monoxide, the nature of the solvent, and the tem-
perature. In our system, the [''C]carbon monoxide conversion can often
reach >90% in under 5 min.

Specific Activity and Isotopic Dilution

The theoretical maximum specific activity of ''C is 3.4x10° GBq-umol™, i.e.
when all carbon atoms are ''C. However, current methods of producing ''C-
labelled molecules also give isotopic dilution with stable carbon isotopes.
The radioactive ''CO, obtained from the cyclotron target is written as
[''C]O, to indicate that the chemical entity that is specifically and singly
isotopically labelled makes up only a fraction of a percent of a sample.” In
practice, isotopic dilution of the final labelled product may be affected by all
of the materials used in the experimental setup including the foil separating
the target gas from the vacuum in the cyclotron target, the target wall mate-
rial, the gas in the target, tubing, reactor materials, reagents, reagent han-
dling equipment, solvents and purification equipment.

When dealing with [''C]O,, atmospheric carbon dioxide is a source of
isotopic dilution. Tropospheric air contains about 380 ppm carbon dioxide.
Carbon monoxide, on the other hand, is much less abundant with an overall
tropospheric concentration of 0.05-0.2 ppm,* and around 10 ppm in urban
areas.”’ Thus the strategy of using [''C]carbon monoxide as the labelled pre-
cursor allows a higher specific activity to be achieved than does the tradi-
tional use of [''C]carbon dioxide and Grignard reagents. When [''C]carbon
monoxide is used, the specific activity obtained is typically in the range of
100 to 1000 GBq-umol™ at EOS (normally within 40 min from EOB). In
other words, 0.03 to 0.3% of the molecules in the purified labelled product
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actually contain a ''C atom. Whereas the radioactivity is dependent on the
radioactivity produced and the time, the amount of [''C]carbon monoxide
remains rather stable at 20 nmol when a well-conditioned synthesis system is
used. This gas volume can be represented by a 1.0-mm diameter bubble un-
der normal pressure at r.t., thus the scale in radiochemistry is very small.

[''C]Carbon Monoxide and the Library Concept

Compound libraries and combinatorial chemistry have since the early nine-
ties been extensively used for acceleration of SAR analyses and lead optimi-
zation in drug discovery.”> Though a drug may serve as a PET-tracer lead,
the criteria discussed above mean that often several analogues need to be
synthesized and screened. Three-component carbonylations (i.e. substrate,
CO and a nucleophile) have been used in large-scale syntheses of carbonyl
compounds and transition-metal catalysts have proven very useful for these
reactions.” The micro-autoclave system described above has been used in
the small-scale synthesis of an array of functional groups containing a ''C-
carbonyl group via transition-metal mediated carbonylation to form esters,”
carbamates,”® carbonates,” imides,’® amides,””* hydrazides,”® ureas,*>*!
ketones,* aldehydes* and carboxylic acids**** (Scheme 1). Substrates such
as alkyl halides that contain B-hydrogens are prone to undergo B-hydride
elimination to form a hydridometal-alkene complex in the presence of transi-
tion metals.* B-Elimination can be circumvented using photo-initiated radi-
cal carbonylation in a photoreactor.*® The broad range of labelling chemistry
available using [''C]carbon monoxide makes it an ideal labelled precursor
for synthesizing libraries of compounds in a combinatorial fashion (Figure
3). In a first selection, the candidates are tested in vitro. The most promising
candidates are then further investigated in vivo. Examination of analogues of
a lead compound make it possible in principle to fine-tune the imaging char-
acteristics of a potential PET tracer and also to gain knowledge about which
physiochemical properties are important for a tracer to fit its purpose.
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Scheme 1. The use of [''C]carbon monoxide in labelling chemistry.
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Figure 3. [''C]Carbon monoxide can be used in a three-component combinatorial
approach.

Purification, Analysis and Characterization

Purification of products labelled with short-lived radionuclides is usually
performed by semi-preparative UV-radio-HPLC and/or solid-phase extrac-
tion (SPE). The fraction containing the purified labelled product is often
concentrated via SPE during a formulation process in order to change the
solvent, e.g. from acetonitrile to the less toxic ethanol and aqueous buffer
solution before biological delivery.
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A radiochemical purity of >95% for biological examinations is desirable,
and is obtainable in most cases. The acceptable amounts of a non-radioactive
impurity depend on its properties. Such impurities may be solvent residues,
starting materials, reagents, decomposition products, etc. For primate exami-
nations, the product solution must also be sterile and free of pyrogenst. An
important factor sometimes overlooked is the chemical stability of the prod-
uct over time, and here decomposition induced by radiolysis can be of sig-
nificance.”’

The small amount of product used in PET precludes NMR analysis. In-
stead, an aliquot of the purified or crude product is generally characterized
by co-eluting with an isotopically unmodified sample using UV-radio-
HPLC.

The concentration of the purified product is usually in the range 1-10 uM,
and in most cases a UV-flow cell is sufficiently sensitive to determine the
concentration, which can be used to determine the specific activity. In sam-
ples with very low UV absorbance, LC-MS/MS can be used. This technique
is also used to identify labelled substances that lack an appropriate reference,
and is especially useful for analogues when synthesizing libraries. The label-
ling position can be verified in a scale-up experiment by the co-labelling
with both [''C]carbon monoxide and e.g. (*C)carbon monoxide. After puri-
fication, radio-decay and work-up, the ("*C)-compound may be analyzed by
NMR spectroscopy and compared to an isotopically unmodified sample as
shown in Figure 4. The intensity of the carbonyl peak is enhanced in the *C-
labelled sample, indicating the labelling position. The amount of product is
sometimes sufficient for 'H NMR as shown in Figure 5. The incorporated
B carbonyl causes 2JC,H and 3JC,H couplings as well as ch,c couplings.

13,
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Figure 4. °C NMR spectra of: Upper: *C-labelled N-benzyl(carbonyl-"C)-
acrylamide indicates the labelling position. Lower: Isotopically unmodified refer-
ence compound.

¥ Substances that induce fever, often endotoxins excreted from bacterial cell walls.
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Figure 5. "H NMR spectra of: Upper: *C-labelled N-benzyl(carbonyl-">C)-
acrylamide with additional Jc y couplings. Lower: Isotopically unmodified reference
compound.

Aim

The work presented in this thesis aims to introduce a strategy that takes ad-
vantage of [''C]carbon monoxide as the labelled precursor in combinatorial
radiochemistry for PET applications. The biological targets in this work are
the tyrosine kinases EGFr and VEGFr-2, involved in cancer, and the angio-
tensin II receptors AT; and AT, involved in the renin angiotensin system.

Specific aims:

e To develop a labelling method for acrylamides using [''C]carbon monox-
ide and use it in a combinatorial approach to synthesize a library of EGFr
tyrosine kinase inhibitors targeting either the active or inactive form of
the kinase based upon a computational strategy

e To perform the ''C-labelling of a library of dual VEGFr-2/PDGFr-p tyro-
sine kinase inhibitors

e To investigate the tolerance of different functional groups in the Rh(I)-
mediated ''C-labelling of unsymmetrical ureas and sulphonylureas

e To perform the ''C-labelling of angiotensin II AT, and AT, ligands
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Tyrosine Kinases as Targets for Molecular
Imaging

A tyrosine kinase (or phosphokinase) is a protein enzyme that transfers a
phosphate group from ATP and covalently attaches it to a tyrosine residue in
the kinase itself (in autophosphorylation), or in another protein.** This proc-
ess activates the target protein for further downstream processes. Cells con-
trol many important processes like cell growth, movement and apoptosis in
this way. Bioinformatic studies of the human genome have revealed over
500 expressed kinase genes,” and finding a selective ligand is a big chal-
lenge. Disregulated kinase activity is a frequent cause of disease, particularly
cancer, and the kinases were recognized as drug targets in the 1980s.

Since the publication of the human genome,” the term “personalized
medicine” has frequently been used. The current classification system used
in oncology is largely based on anatomical criteria (e.g. tumour shrinkage),
but as new specific kinase inhibitors are becoming more available, it will be
broadened to include individual expression patterns and the activity of cer-
tain biochemical processes, and in this development PET can be a valuable
tool.

The ErbB Recptor Family

The ErbB family of receptor kinases consists of four members; EGFr
(ErbB1), HER2/neu (ErbB2), HER3 (ErbB3) and HER4 (ErbB4). The epi-
dermal growth factor receptor (EGFr) is a single transmembrane receptor
that is intrinsically autoinhibited and is believed to exist as homo or het-
erodimers in the cell membrane. Signalling is triggered by binding of growth
factors to the extracellular domain, which induces conformational change
and phosphorylation.’'** Heterodimerization occurs with the other members
of the Her family, such as Her-2, Her-3 and Her4.>

Overexpression of the EGFr is associated with aggressive tumours and
poor survival. In 2003 the EGFr inhibitor gefitinib (Iressa, ZD1839) was
approved for the treatment of non-small cell lung cancer, but only a sub-
population (~10%) of the lung cancer patients treated responded to therapy.
Lots of resources have been allocated to find a predictive method for select-
ing responsive patients. PET technology with a selective EGFr tracer could
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be used to determine the receptor expression in tumour tissue in vivo as well
as the accessibility of a drug and thereby identify potential responders to
specific therapies.

Active and Inactive Conformations of EGFr

The X-ray structure of erlotinib-EGFr complex (1M17.pdb) displays the
protein in its active conformation,” whereas lapatinib-EGFr complex
(1XKK.pdb) shows the inactive conformation (Figure 6).>> The inactive con-
formations of kinases in general display significant diversity in and around
the ATP-binding pocket. The inactive conformations are not subject to the
chemical constraints that the active conformations must satisfy to bind ATP,
so different kinases have evolved distinct off-states.’®’ This could be an
advantage to achieve high selectivity.

HN/©\\\
JONOE
SN

/O\/\O

Erlotinib—active EGFR complex in white

N /@O\/@F
=S H
02NN cl

i \ HN
\N)
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Figure 6. A shift in the C helix opens up a back pocket making room for an extra
benzyl group.

A recent study where a number of kinase inhibitors were screened for 317
kinases showed that the irreversible EKB-569 and CI-1033, having reactive
acrylamide functionalities had lower selectivity than the reversibly binding
erlotinib and gefitinib, all targeting the active form. Lapatinib, targeting the
inactive form of EGFr, had a remarkable selectivity. The extra benzyl group
in lapatinib reaches deep into a hydrophobic pocket in the protein and allows
it to bind to the inactive conformation, and thereby may gain higher selectiv-
ity over other kinases.”’

Reversible Versus Irreversible Binding PET Tracers for EGFr

The intracellular concentration of ATP can exceed 5 mM, particularly in
tumour cells, whereas K., for ATP in most kinase active sites is in the mi-
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cromolar range, thus ensuring full-time saturation by ATP. An ATP-
competitive inhibitor would need a K; in the nanomolar range to compete
and function as a drug in this circumstance.®”°' Several studies conclude that
reversible EGFr PET tracers are rapidly washed out of tumour tissue without
giving adequate target-to-noise ratios.”**> Next-generation tracers were
based on an irreversibly binding acrylamide functionality, and were more
successful. However, their pharmacokinetic properties are not yet optimal.**
5 A not-yet-reported alternative used for PET is to target the inactive con-
formation with an irreversibly binding ligand, a design used in the com-
pound HKI-272 now in clinical trials.”’

Docking Studies on the EGFr

Computational efforts in predicting the activity of kinase inhibitors of the
EGFr in its active conformation, like 3D-QSAR, docking, molecular dynam-
ics etc has gained a lot of interest lately. In our study, both of the known
conformations of the EGFr kinase domain were used; the active conforma-
tion complexed with erlotinib (IM17.pdb) and the inactive conformation
complexed with lapatinib (1XKK.pdb) (Figure 6). The dataset used to ex-
plore the docking protocol in the software Glide consisted of 54 analogues to
lapatinib with known ICs values.®®”® The poses obtained when docking to
the inactive EGFr structure resembled that of the co-crystallized ligand and
there was no need to force the ligands into place by constraints. The hydro-
phobic back pocket is opened by a shift of the C helix when going from ac-
tive to inactive conformation and, as expected, the software was unable to
find appropriate poses for the lapatinib analogues in the active EGFr struc-
ture, suggesting that ligands with an extra hydrophobic group are specific for
the inactive conformation, or possibly induce a conformational change.

Solvent /@E
accessible
/) N
7 N H “o- H > . .
O\\,z '\" |1 : Thr790 "Gatekeeper
Asp800

N 0 '.* H-0
N— —
Cys797 N
Thr854 Cys775
Met793

Figure 7. Schematic representation of a ligand docked into the active site of the
inactive form of the EGFr kinase domain.
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Many irreversible inhibitors that target the active form of the EGFr possess a
linear acrylamide functionality.”""”> At the time of the investigation (2005)
there were only three crystal structures available of the kinase domain of
EGFr and no co-crystallized irreversible binding had yet been published.**>
Therefore, we wanted to investigate (for the inactive conformation) the spa-
tial distance between the B-carbon in a number of hypothetical acrylamide-
derivatives and Cys797 to predict whether a covalent bonding was possible.
The extra hydrophobic group that is required to target the inactive conforma-
tion will also increase lipophilicity, which may lead to non-specific binding.
To compensate for the increased lipophilicity, hydrophilic and solubilizing
functional groups were added at the y-position of the acrylamide that aims at
the solvent interface of the active site. The poses found in the docking had
binding modes similar to lapatinib. The N1 hydrogen bound to the backbone
of Met793 and N3 was bridged to Thr854 via a water molecule held in the
active site. The y substituent of the acrylamide faced the solvent interface
and may therefore serve as a solubilizing group without affecting the binding
mode. The distance from the -acrylamide carbon to the nucleophilic sulphur
atom in Cys797 was found to be in the range 3.5-4.5 A. Assuming a certain
degree of rotational freedom in the molecule and the protein, this distance is
close enough to promote C-S bond formation (~1.8 A), possibly via the 5-
membered transition state depicted in Figure 7.

Today, there are over thirty crystal structures available of EGFr kinase
domain. Recently, a close analogue, HKI-272, which features a nitrile moi-
ety in the 3 position instead of the bridging water molecule, was co-
crystallized with the kinase domain of EGFr, confirming our docking results
that revealed covalent binding to the inactive conformation.”
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Carbonyl-"'C-Acrylamide Labelling (Paper I)

Benzyl[carbonyl-''Clacrylamide from Acetylene

The results from the computational docking studies gave us an incentive to
develop methods for labelling acrylamides with high specific activity using
[''C]carbon monoxide. The feasibility of using acetylene in palladium-
mediated aminocarbonylation was investigated first. Mixing Pd,(dba);, PPh;,
p-TsOH'H,0 and a nucleophile such as benzylamine resulted in precipitation
of the amine salt, which was a practical hindrance to continuing this one-pot
reaction path. In the absence of the amine nucleophile, we noticed that [1-
"Clacrylic acid 1 was formed in approximately 60% analytical radiochemi-
cal yield (Scheme 2). The acid 1 could subsequently be converted to ben-
zyl[carbonyl-""Clacrylamide 2 via the acyl chloride in 51 + 4% (n = 2) ana-
lytical radiochemical yield based on [''C]carbon monoxide (Scheme 2). Un-
fortunately, a high concentration (400 mM) of the amine was needed to give
satisfactory yields. Moreover, with time and automation in mind, a one-step
synthesis it is always desirable.

PPh,
p-TsOH o i) socl, 0
Pd,(dba), i) Bn-NH >
% + ["'C]O+ H,O ——— > \/q\OH _)2 ©/\HJ’{\/
THF THF

* = [11C]
1 2

Scheme 2. N-Benzyl[carbonyl-"'Clacrylamide via hydroxycarbonylation of acety-
lene.

There is no consensus on the mechanism of hydroxycarbonylation of acety-
lenes and different paths have been suggested: the “metal-
hydroxycarbonyl”,”*” the “metal-hydride”’®”” and the “metallo-cyclic””™
mechanism.

[Carbonyl-"'C]Acrylamides from Vinyl Iodide

As the carbonylation of higher acetylenes often results in a mixture of linear
and branched products,”** we explored the feasibility of using vinyl halides
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as substrates for aminocarbonylation as outlined in Scheme 4.*' The configu-
ration of the double bond formed from £ and Z vinyl halides was also inves-
tigated.

!
or PPh, 0
R Pd,(dba
/\/Br + [1C]JO + HN 2 )3 R'.N"\/U\N»R
R THF R

or
K/Br 2-14

Scheme 3. One-step synthesis of [carbonyl-''Clacrylamides from [''C]carbon mon-
oxide.

The general catalytic cycle of the palladium-catalyzed carbonylation of or-
ganohalides is described in Scheme 4. Before oxidatively adding an organo-
halide, a coordinatively saturated palladium complex a [e.g. 18-electron
Pd(PPh;),4] must be converted to an unsaturated complex by dissociation of
ligands to form b [16-electron Pd(PPhs); and even 14-electron Pd(PPhs;),].
Irrespective of the exact mechanism, the oxidative addition of the organohal-
ide to form RPd"(PPh;),X ¢ requires two of the four ligands to dissociate so
that the palladium complex effectively acts as a 14-electron species.” The
next step is the coordination of carbon monoxide. It occurs via displacement
of a ligand (L) by CO (d). Commonly the anionic organo ligand then mi-
grates and attacks the electrophilic CO to form the acyl-Pd(II)L,X complex
e. A concerted mechanism has been proposed for this step.”’ The acyl ligand
formed is not as good a donor, but overall the metal has replaced an electron-
withdrawing CO ligand with a better donating phosphine, so the equilibrium
usually lies towards the acyl-Pd(I)L,X-complex. The next step is the nu-
cleophilic displacement in which the product f is formed. The mechanistic
path is reaction-system dependent and several paths have been suggested. In
one, reductive elimination forms the free acyl halide, which then reacts with
the nucleophile. In another path the nucleophile may displace one of the
ligands to provide the acyl-Pd-NuL, complex before reductive elimination
occurs. In some reaction systems the nucleophile attacks the carbonyl of the
coordinated acyl group directly.*

It should be noted that, in the labelling reactions, about 1-2 pmol of Pd
complex was used, whereas the amount of [''C]carbon monoxide was about
25 nmol. As a consequence of this stoichiometry, the palladium complex is
believed to participate in only one catalytic cycle; thus the labelling reaction
can be described as metal-mediated rather than metal-catalyzed.

Tetrakis(triphenylphosphane)palladium(0) [Pd(PPh;),] was generated in
situ from Pdy(dba); and triphenylphosphine in THF.*> When a vinyl halide
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was added to the Pd(PPh;), solution, the solution changed colour from yel-
low to pale yellow. This suggests that a reaction, likely the oxidative addi-
tion, occurred. When using vinyl iodide the colour change occurred instantly
at r.t. whereas the use of the bromopropenes required heating. Amine was
subsequently added and the resulting solution was transferred to a micro-
autoclave that had been pre-charged with [''C]carbon monoxide. The re-
agents were kept in the micro-autoclave for 4 min at 110 °C. For the model
reaction using vinyl iodide and benzylamine (Figure 8, Product 2), tempera-
tures <110 °C produced lower yields whereas temperatures >110 °C gave
comparable yields (data not shown). This method allowed the amine concen-
tration to be decreased from 400 mM (used in the acetylene method) to 20
mM. After purification using semipreparative HPLC, the products were
characterized by co-eluting with an isotopically unmodified reference sam-
ple.

o PdL, o
a _
ey HRaNHX
f
PdL,,
R,N b
NuH R.'o
L
L=Pd-X R-Pd—X
L L
e c
co
L co
R-Pd-X
L
q L Nu=RO, OH or RN-

Scheme 4. Generalized catalytic cycle of the palladium-catalyzed carbonylation of
organohalides.

A range of different amine nucleophiles were used in the aminocarbonyla-
tion of vinyl iodide to form the acrylamides shown in Figure 8. The concen-
tration of amine was 20 mM for all reactions except with the weakly deacti-
vated and sterically hindered o-chloroaniline, which gave 6a in moderate
yield using 95 mM amine. The outcome of the reactions correlated well with
the nucleophilicity of the amines. The highest yield was achieved with ben-
zylamine, whereas sterically hindered anilines such as 2,6-dimethylaniline
gave lower yields. With sterically non-hindered nucleophiles the reaction
proceeded even at r.t. (e.g. p-chloroaniline), albeit in lower yields. In the
case of sterically hindered and strongly deactivated o-nitroaniline, the de-
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sired product 7 was not formed even when the temperature and the concen-
tration of the nucleophile were increased.
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Figure 8. Isolated radiochemical yields of products obtained from aminocarbonyla-
tion of vinyl iodide. Numbers in parentheses are the number of experiments. Stan-
dard conditions were helium-carrier-added [''C]carbon monoxide (0.05 to 0.5 mM)
in a 200-uL autoclave pressurized to 35 MPa with a solution of amine (20 mM),
vinyl iodide (10 mM), Pd,(dba); (2 mM) and PPh; (17 mM) in THF, 4 min, 110 °C.
“95 mM amine and 145 °C were used. ” 25 °C gave 49% rcy.

Configuration of the Carbon-Carbon Double Bond

Many of the EGFr inhibitors proposed in the computational docking studies
were substituted at the B-carbon of the acrylamide moiety. We therefore
wanted to determine whether reaction proceeded with retention of the C=C
double bond configuration. Using the same reaction conditions as above, the
aminocarbonylations of E- and Z-bromopropene were performed to give the
products 12-14 (Figure 9). The configuration was preserved during the reac-
tion. Benzylamine was used to give both E£-12 and Z-12 in good yields.
When a weak nucleophile such as m-chloroaniline was used, leading to E-
and Z-14, the yields were significantly lower.

To confirm the labelling position as well as the configuration around the
double bond, larger-scale syntheses of 2, E-12 and Z-12 were performed
using (°C)-carrier-addded [''C]carbon monoxide. Z-14 was synthesized
using '*CO-carrier-added [''C]carbon monoxide. The products were subse-
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quently analysed by NMR spectroscopy. The same amounts of palladium
and triphenylphosphane used for the labelling experiments were used for the
larger-scale syntheses, but the amounts of vinylhalide, amine and carbon
monoxide were increased, thus the palladium complex is acting as an actual
catalyst here because the amount product of formed exceeds the amount of
catalyst.

Qupn O O
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E-12 E-13 “ E-14
72% 67% 41%
H
©\/H : Nm
Ni/ﬁ ©/ e}
O cl

z12 z-14 *=[1C]
67% 16% x=(BC)

Figure 9 Isolated radiochemical yields of products obtained from aminocarbonyla-
tion of Z- and E-bromopropene.

The specific activity of N-benzyl[carbonyl-''Clacrylamide 2 was assessed
from 10-uAh cyclotron bombardments, resulting in 10 + 0.5 GBq of
[''C]carbon monoxide (n = 2). After 20 min, the product was isolated with a
radioactivity of 4.2 + 0.3 GBq. The total amount of product was 22 + 1 nmol
as determined by LC-MS/MS standard addition analysis; this corresponds to
a specific activity of 190 = 4 GBq-umol.
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Carbonyl-"'C-Acrylamide Labelling of EGFr
Inhibitors (Paper II)

A combinatorial approach has been utilized to synthesize a small library of
potential tracers for the EGFr. The structures based on the 6-amino-4-
anilino-quinazoline scaffold and were designed to target either the active (20
and 21) or the inactive (22) form of EGFr. With an acrylamide moiety at the
6-position, these compounds are known to have inhibitory effects in isolated
enzyme as well as in cell-based assays (Scheme 6).”' Previously, related
structures labelled with either with ''C or '*F have shown uptake in tumour
tissue. However, the imaging characteristics and kinetic properties of these
compounds are not yet optimal. (See refs 84 and 85 for reviews). Using
combinatorial labelling chemistry, a large number of labelled compounds
may be synthesized using similar labelling conditions.

The 6-amino-quinazolines 19a-¢ were synthesized starting from antralinic
acid according to literature procedures. The vinyl iodide substrates 18a-c
were synthesized starting from propargyl alcohol (Scheme 5). Treating
propargyl alcohol with tri-n-butyltin hydride gave a mixture of the three
possible addition products. The desired syn-addition product 15 was the ma-
jor product when tri-n-butyltin hydride was used in excess.*® Iodination with
molecular iodine was performed to form the vinyl iodide 16. The hydroxyl
group was converted to a bromide using carbon tetrabromide and triphenyl-
phosphane to give 17.

_ @ HO N g™ S b -
HO” T w ————> HO
15 (44%) 16 (86%)
c d \
Br NN - RN
17 (75%) 18 (37-58 %)

Scheme 5. a) Bu;SnH, AIBN, 80 °C, 2 h. b) I,, dichloromethane, r.t., 2 h. ¢) CBry,
Ph;P, dichloromethane, 0 °C, 10 min. d) Secondary amine.
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With access to the intermediate 17, it was possible to synthesize the vinyl
iodide building blocks 18a-c in a parallel fashion by the reaction with differ-
ent amine nucleophiles. These attached groups serve as solubilizers and
point towards the solvent interface of the kinase ATP-binding site (Figure 7).
As neighbouring groups, they may also affect the reactivity of the acryla-
mide Michael acceptor. This may play an important role for the metabolism
of the tracer as well as its rate of covalent binding to Cys797. The pK, of the
amines may affect their passage through the cell membrane to reach the
binding site.

R\~ + HN H
N
N 0o 7

19a-c 20 a-d R"=BrR"=H
21a-dR"=CIR"=F
22 a-d R" = CI R"™ = OCH,(3-F-Ph)

Scheme 6. a) [''C]O, Pd,(dba)s;, PPh; in THF, 110 °C, 5 min.

*=[MCI1

Table 1. ''C-Labelled acrylamide derivatives targeting the EGFr.
cLogD,4* Calc.”  [''C]O conv. Isolated

Product R K, of R’ (%) RCY (%)
20a -H 4.2 - 84+ 11 (4) 47+15
21a -H 4.2 - 89 +7(6) 48+9
22a -H 5.8 - 95+5(4) 61+13
20b -CH,piperidine 3.7 8.6 92 +1(3) 37+2
21b -CH,piperidine 3.6 8.6 86+4(3) 31+6
22b -CH,piperidine 52 8.6 93+3(2) 25+9
20c¢ -CH,morpholine 3.8 6.3 89+9(2) 39+0
21c -CH,morpholine 3.8 6.3 94 +£2 (3) 35+0
22¢ -CH,morpholine 53 6.3 92+0(2) 362
20d -CH,thiomorpholine 4.0 7.6 90 31
21d -CH,thiomorpholine 4.0 7.6 90 7
22d -CH,thiomorpholine 5.6 7.6 90 32

Standard conditions were: helium-carrier-added ['C]carbon monoxide (0.05 to 0.5 mM) in a
200-pL autoclave pressurized to 35 MPa with a solution of Pdy(dba); (2 mM), PPh; (17 mM),
vinyl iodide (10 mM) and amine (21 mM) in THF, 5 min, 110 °C. “ Calculations were made
using Chemaxon Marwin online software.

Twelve inhibitors were ''C-labelled in the carbonyl position using the ear-
lier-developed method using [''C]carbon monoxide. The products were iso-
lated in 7 to 61% decay-corrected radiochemical yield calculated from
[''C]carbon monoxide, usually within 30 min of EOB. Product 21a was ob-
tained in 48% rcy with a specific activity of 60 GBq-umol" (EOS) as com-
parged to 12% and 10 GBq-umol” (EOS) by a published method (Scheme
6).Y
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Synthesis of a Library of Potential Angiogenic
Probes (Paper III)

Angiogenesis is the process by which new capillaries are formed by out-
growth from existing blood vessels. This is an essential part of many physio-
logical processes, such as wound repair. On the other hand, angiogenesis is
also associated with the progression of tumour growth and metastasis, as
tumours cannot grow larger than a few millimetres without new blood ves-
sels being formed to supply them with nutrients. A non-invasive method for
monitoring angiogenesis-related events would be a valuable tool in the clinic
as well as in research.

The vascular endothelial growth factor receptor 2 (VEGFr-2/KDR/flk-1),
plays a key role in angiogenic processes and overexpression of both the
VEGFr-2 protein and mRNA has been found in tumour-associated endothe-
lial cells, but not in the vasculature that surrounds normal tissues. This
makes VEGFr-2 a possible biomarker for angiogenesis that could be targeted
with PET.**"

In a parallel study the '*F-labelling of the dual VEGFr-2/PDGFrp inhibi-
tor 25 was reported.” Its urea moiety is suitable for ''C-labelling via the
rhodium-mediated carbonylative coupling of the corresponding azide and
aniline, which also opens up the possibility to synthesize a library of ana-
logues.** Both synthetic paths (A and B) to [''C]25 were explored (Scheme
7). Initially path A was followed using the conditions earlier reported for the
labelling of N,N -diphenyl[''C]urea, but the solubility of the amine nucleo-
phile 24 in THF was limited to around 50 mM, as compared to the 350 mM
used in the published method.** This resulted in only 3% rcy. Varying the
concentrations of the other reagents did not significantly affect the yield (0
to 7%). Instead, path B was tried and increased the yield from 7% to 27%
using otherwise identical conditions. This effect is associated with the higher
nucleophilicity and smaller steric bulk of the amine. The metal-coordination
of azide 23 was insensitive to the greater steric hindrance of that component.
The concentrations of rthodium complex and azide could both be decreased
by a factor of approx. 20 as compared to the initial conditions tried. The
concentration of nucleophile was found to be the most important parameter,
and rather high concentrations (>180 mM) were needed in order to obtain
high yields. The readily soluble 4-fluoroaniline could be used at a concentra-
tion of 371 mM, giving an analytical rcy over 90% in a very clean reaction.
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Scheme 7. Paths A and B to [''C]4.

Table 2. Optimization of reaction conditions in the synthesis of [''C]25.

Entry  Azide 4-F- Rh(I)- Ligand T [''C]O conv.  Anal.
23 aniline complex (mM) °O) (%) RCY
(mM)  (mM) (mM) (%)
1 37 371 0.39 dppe, 0.39 140 71 70
2 37 371 0.39 PPh;, 0.78 140 83+ 0(2) 8143
3 37 371 0.39 dppe, 0.78 110 79 67
4 37 371 0.39 PPhs, 0.78 110 84 71
5 19 186 0.19 dppe, 0.39 110 81 69
6 37 74 0.39 PPhs, 0.78 110 74+5(2) 6148
7 48 37 0.39 PPhs, 0.78 110 46+5(2) 41£9
8 37 371 0.39 dppe, 0.78 80 84 77
9 37 371 0.39 PPh;, 0.78 80 95+1(2) 9141
10 19 371 0.19 PPh;, 0.39 80 95+4(2) 90+6
11 19 186 0.19 PPhs, 0.39 80 92 87
12 9.4 371 0.10 PPhs, 020 80 90+1(2) 8643
13 47 371 0.05 PPhs, 0.10 80 77+10(2) 71£10
14° 9.4 74 0.19 PPh;, 039 80 96 32

Standard conditions were helium-carrier-added [''C]carbon monoxide (0.05 to 0.5 mM) in a
200-pL autoclave pressurized to 35 MPa with a solution of [Rh(cod)Cl],, phosphane ligand,
and azide 23 in THF. “ n-BuLi (0.9 eq relative to aniline) was added.
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Table 3. Potential angiogenic probes synthesized via Path B in Scheme 7.

Product Aniline cLogD; .4 ICso (nM)® Isolated

substituent(s) RCY

0,
PDGF1p VEGFr-2 %)

[''cp2s 4-F 4.7 2-5 8-20 78 +£1(2)
[''c126 2-F 4.1 2-5 4-10 38
["'cpz27 2,4-diF 42 2-5 n.d. 48
['cies 4-Cl 5.2 n.d. n.d. 70
[''C129 2-OMe 4.4 n.d. n.d. 77
[''cizo 4-OMe 4.4 n.d. n.d. 50
[''c131 2-Me 4.4 n.d. n.d. 74
[''c132 4-Me 5.1 n.d. n.d. 76

Standard conditions were helium-carrier-added ["'C]carbon monoxide (0.05 to 0.5 mM) in a
200-pL autoclave and a solution of [Rh(cod)Cl], (0.19 mM), PPh; (0.39 mM), azide 23 (19
mM) and an aniline (371 mM) in THF, pressurized to 35 MPa. “ Caclulated with Chemaxon
Marwin online software. ? Values from ref 91. VEGFr-2 phosphorylation assay, PAE/KDR-
cells incubated with inhibitor for 1 h. PDGFrf phosphorylation assay, NIH/PDGFr cells,
incubated with inhibitor for 1 h.

The conditions used in Table 2, Entry 10 were used to label a library of 7
analogues of [''C]25. The identities of the radiolabelled compounds were
established by co-eluting (Table 3, Products 25 to 27) or LC-MS/MS (Table
3, Products 28 to 32).

During the optimization of the labelling reaction, the amount of
[''C]carbon monoxide was estimated after each synthesis. It was observed
that [''C]carbon dioxide is trapped on the zinc surface at r.t. and can be read-
ily released at temperatures >330 °C. This correlates well with the observa-
tion of high isotopic dilution directly after system service, when the old zinc
granules were replaced with fresh ones (stored in air at r.t.). Up to 150 nmol
[''C]carbon monoxide was observed in the first experiment directly after a
service, an amount that was gradually decreasing in the following experi-
ments. Conditioning the zinc for 3 h at 400 °C under a flow of helium (20
mL-min") removed the absorbed carbon dioxide and gave normal levels of
[''C]carbon monoxide around 20 nmol. In a well-conditioned system, start-
ing with 10.7 GBq of [''C]carbon monoxide, [''C]25 was isolated with a
specific activity of 92 + 4 GBg-umol™, 45 min from EOB.
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Synthesis of Asymmetric [''C]Ureas and
[''C]Sulphonylureas by Rh(I)-Mediated (Paper
IV)

The urea is a common functional group in biologically active compounds,
and labelling is commonly performed by the use of [''C]phosgene.”*”* The
drawbacks of these methods include low reproducibility and low specific
activity. To demonstrate the versatility of the Rh(I)-mediated carbonylative
cross-coupling of an azide and an amine to form asymmetric [''CJureas, we
have explored its tolerance of a number of functional groups present in the
nucleophile (Scheme 8).

Path A Path B

a H , H a I
+ amine —_— R'N\H/N“R' ~<—— amine +

33a
or
0
S 34-43 33b
(0]

Scheme 8. a) [''C]O, [Rh(cod)Cl],, PPhs, in THF, 80 °C, 5 min.

In general, when azide 33a was used as the substrate, high yields were ob-
tained in very clean reactions using strong nucleophiles (Figure 10, Path A,
Products 34, 39-41). Aromatic iodides are known to be good substrates for
oxidative addition to transitions metal complexes. When 33b was used as the
substrate (Scheme 8, Path B), two major products accounted for over 95% of
the converted [''C]carbon monoxide, and the desired urea 36 was the minor
product of the two. When instead substrate 33a and (Path A) was used lead-
ing to urea 36, only one major product was obtained. Thus, an aromatic io-
dide in the substrate is more problematic than an iodide in the nucleophile,
despite that there is five times as much nucleophile present. A plausible ex-
planation is that the azide 33a reacts with the metal-complex, possibly via
formation of a nitrene or by coordiation,” and thereby occupies the available
sites and hinders oxidative addition of the 2-iodo aniline. Electron withdraw-
ing groups and steric hindrance in the nucleophile results in lower yields
(Figure 10, Products 36-38). The sulphonylazide 33¢ was used as a substrate
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in the synthesis of the cytotoxic compound LY-181984 43, which was iso-
lated in 66% yield (calculated from [''CJcarbon monoxide).

H H H H,H
OO TED ST
HO © HOOC © Io
34 35 36

PathA  PathB
913 (2) 52+3(2) 76+9(2)
6 +4 (2) 36+0(2) 26+13(2)

[''C]O-conv. (%): 89+1(2)
Anal. dc. rcy. (%): 88+ 1(2)

U0 LT

[""'C]O-conv. (%): 717 (4) 27
Anal. dc. rcy. (%): 247 (4) 14

. o, o . K
©/N "O ©/N\g,N\) @NINW

a1,

I+ I+
- A

—~—
N N
——

39 40 4
["'C]O-conv. (%): 84 +0(2) 96 £1(2) 84+0(2)
Anal. dc. rcy. (%): 62 +2(2) 96 +1(2) 62+2(2)

sy Y S! *=["C]
0 o}

o %o I \Q
0]
Cl
42 (Tolbutamide) 43 (LY-181984)
[""C]O-conv. (%): 90 3 (2) 93a 920
Anal. dc. rey. (%): 83+ 1(2) 79 78

Figure 10. Urea derivatives labelled with ''C at the carbonyl position. Standard
conditions were helium-carrier-added [''C]carbon monoxide (0.05 to 0.5 mM) in a
200-pL autoclave pressurized to 35 MPa with a solution of [Rh(cod)Cl], (0.40 mM),
triphenylphosphane (0.80 mM), phenyl azide (20 mM) or p-toluene sulphonyl azide
and an amine (100 mM) in THF at 80 °C for 5 min. “Azide (16 mM), amine (370

mM). "Azide (16 mM), amine (185 mM), [Rh(cod)Cl], (0.20 mM), triphenylphos-
phane (0.40 mM).

The readily available starting materials,” generality and mild conditions of
this method make it an interesting alternative to [''C]phosgene and other
methods, especially for the synthesis of asymmetric [''Clureas and
[''C]sulphonylureas.
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Targeting the Angiotensin II Receptors

The Renin-Angiotensin System

The most active component of the renin-angiotensin system (RAS) is the
octapeptide angiotensin II (Ang II). In the endocrine RAS, angiotensinogen
is released from the liver and cleaved in the circulatory system by renin (re-
leased from the kidney) to form the decapeptide angiotensin (Ang I). Angio-
tensin-converting enzyme (ACE) then cleaves off two residues to form Ang
II. Ang II acts mainly on AT, and AT, receptors (Scheme 9). Several bio-
logically active truncated peptides, such as Ang III, Ang (1-7) and Ang IV,
derived from angiotensin have been characterized separately from Ang I1.°

Angiotensinogen
452 amino acids long
Renin

Angiotensin |
Asp-Arg-Val-Tyr-lle-His-Pro-Phe-His-Leu

iACE

Angiotensin Il
Asp-Arg-Val-Tyr-lle-His-Pro-Phe

AT.R AT.R
Expressed in Actions: Expressed in Actions:
healthy adult Vasocontriction healthy adult Vasodilatation
human: Salt/water retention human: Antiproliferation
Heart Aldosterone release Adrenals Apoptosis
Kidney Proliferation Uterus Differentiation
Adrenals Renal functions Ovary Regeneration
Liver Vasculature
Brain Brain
Lung Heart
Endometrium Kidney
Vasculature Lung
Skin Myometrium
Colon Pancreas
Prostate Retina

Skin

Scheme 9. Synthesis and actions of angiotensin II.
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In addition to the circulating RAS, local RAS have been documented in a
number of human tissues such as brain, adrenals, etc. These local systems
are not isolated entities but can interact with the circulating RAS.”

The AT, receptor (AT R)

The AT|R is a seven-transmembrane receptor with 395 amino acids and
belongs to the GPCR superfamily. Upon binding angiotensin II, the receptor
undergoes a conformational change that promotes its interaction with the G-
protein(s). The AT, receptor is expressed in the heart, kidneys, adrenals,
liver, brain, lung, endometrium, vasculature, skin, colon and prostate. The
classical actions of AT R are vasoconstriction, salt/water retention, aldoster-
one release, proliferation and renal functions.” Overactivity of the RAS has
been implicated in the development of cardiovascular diseases such as hy-
pertension and renal insufficiency. Factors such as angiotensin, all-trans
retinoic acid and oestrogen have been reported to down-regulate the AT|R,
whereas up-regulation is mediated by low-density protein cholesterol, insu-
lin, insulin-like growth factor, nitric oxide and EGF.”

The AT, receptor (AT,R)

The AT,R is about 30% homologous to AT;R. Its physiological role is not
yet fully understood. Many of the effects it mediates oppose those of the
AT|R, such as vasodilatation and anti-proliferation. The AT,R is widely
expressed in foetal tissue and is rapidly down-regulated after birth. In
healthy adults the AT,R is localized to the heart, kidney, adrenal, brain, lung,
uterus, pancreas, ovary, myometrium, retina, and both the endothelial and
vascular smooth muscle cells of the vasculature. AT,R down-regulation is
induced by oestrogen, aldosterone, and basic fibroblast growth factor, while
stimulating factors include insulin, insulin-like growth factor, interferon
regulatory factors 1 and 2, interleukin-1p, PDGF, and glucocorticoids.”

The Ang IT Receptors as Imaging Targets

The regulation of the human AT|R and AT,R expression is not understood in
great detail, but it has been shown that the expression pattern is altered in a
range of settings, e.g. cancer and inflammation.'” Since the AT,R and AT,R
often exert opposing biological actions, it has been hypothesized that both
the receptor densities and the ratio between the two receptors is important.
This makes both the Ang II receptors interesting as imaging targets in a mul-
titracer concept.'”’

Up-regulation of AT;R has been reported in infarcted hearts and in a
number of cancers such as breast, pancreas, kidney, squamous-cell carci-
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noma, keratoacanthanoma, larynx, and lung.'” Benign prostatic hyperplasia
has been associated with down-regulation of AT,R.'” Altered expression is
reported in aldosterone-producing adenomas.'” The AT, receptor has previ-
ously been examined in rats, dogs and baboons using PET.'"*

The AT,R is up-regulated in heart failure, cardiac fibrosis, stroke, renal
disease, diabetes, atherosclerosis, and cutaneous wounds as well as in certain
brain areas during Alzheimer’s disease.'*>"'"’

Strategy in Choice of Ligands

Selective antagonists of the AT|R, i.e. the sartan compounds, are used clini-
cally for lowering blood pressure. The labelling of a marketed drug has the
advantage that the substance has already been subjected to extensive toxi-
cology testing, and the tracer can therefore be brought faster into clinical
trials.

0]

HOt

A2
0]
/\/\(N NtN
Rl / A tOH @ K/N\H/NO
S :
L/ NN Ho N0 O
Eprosartan L-159,686
I1Cs (NM) . K, (nM) 1C5, (NM)
AT, 1.4-9.2 (antagonist) AT, >10,000 AT, >10,000
AT, >10,000 AT, 3.0 (agonist) AT, 1.5 (antagonist)

Candesartan 45 PD123319

K; (nM) K; (nM) I1C5, (NM) 1
AT, 0.1 (antagonist) AT, >10,000 AT, >10,000

AT, >10,000 AT, 17 AT, 34 (antagonist)

Figure 11. Small-molecule antagonists and agonists of the AT R and AT,R. The
arrows indicate potential labelling positions with ''C.
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Two approved selective AT|R antagonists from the sartan family, eprosartan
and candesartan, were chosen for labelling on the basis of their different
binding modes, metabolic stabilities, and synthetic routes (Figure 11). Ep-
rosartan is classed as a competitive antagonist and competes individually
with angiotensin II for receptor binding; it is also very metabolically sta-
ble.'” Candesartan, on the other hand, has a higher relative affinity than
eprosartan for the receptor and displays insurmountable® binding caused by a
very slow dissociation rate.'”''? Such differences could be important for the
ability of the molecules to function as PET tracers. Eprosartan could poten-
tially be labelled in either of the two carboxyl positions. Candesartan could
potentially be labelled in the tetrazoyl, ethyl or carboxyl position.

Only a few classes of potent and selective small-molecule AT,R antago-
nists are known in literature; these include L-159,686 and PD123319 (Figure
11)."315 L-159,686 could potentially be labelled in the carbonyl position,
but this would require the availability of [''C]phosgene. PD123319 has
slightly lower affinity but could potentially be labelled using readily avail-
able [''C]methyl iodide. Recently several potent, selective and drug-like AT,
receptor agonists (44) possessing two possible labelling sites, the amide and
the sulphoncarbamate, have been reported (Figure 11)."""'"® Three potent
AT, agonists were chosen for labelling in the amide position using
[''C]carbon monoxide.

Synthesis of the AT|R Antagonist [ Carboxy!-
11C]Eprosartan (Paper V)

Precursor synthesis

The synthesis of the iodide precursor of the AT;R antagonist eprosartan was
performed as outlined in Scheme 10 and 11.""” The sequence of a Knoevena-
gel reaction, reduction and ester hydrolysis gave the ester/carboxylic acid 47
in 69% overall yield starting from 2-thiophenecarboxaldehyde. The aldehyde
50 was prepared from 2-butyl-4(5)-(hydroxymethyl)-imidazole in 4 steps in
57% yield. The position of the 4-iodobenzyl group in alcohol 49 was con-
firmed by NOE NMR spectroscopy by selective irradiation of the CH,
groups. A Knoevenagel-like condensation between the acid 47 and the alde-
hyde 50 and subsequent elimination of CO, formed the intermediate ester
51."%° The acid 47 was added in excess due to a competing decarboxylation
of the acid (Scheme 12). Using refluxing toluene as a solvent resulted in a
tarry mixture and only 3% yield. When the reaction was instead performed

¥ Insurmountable antagonism means that an agonist cannot reach its maximal effect in the
presence of the antagonist, irrespective of the agonist concentration.
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using a solvent mixture with a lower boiling point (cyclohexane with a small
amount of toluene), the product 51 was obtained in 73% yield.

/\ O/\ /\ O/\ /\
S
\ /

45 (87%) 46 (89%) 47 (89%)

Scheme 10. a) Diethyl malonate, piperidine, benzoic acid in cyclohexane, reflux 20
h. b) NaBH, in EtOH, 40 min. ¢) KOH 1.0 eq in EtOH, r.t., 48 h.
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Scheme 11. a) Acetic anhydride. b) (4-Iodo-phenyl)methanol, triflic anhydride,
DIPEA in DCM. ¢) K,COj; in MeOH. d) Activated MnO, in DCM. e) Piperidine and
47 in cyclohexane and toluene. f) NaOH, EtOH.

The E geometry of the double bond was confirmed by measuring the *Jy.c
coupling constants of the vinyl proton by means of an HMBC experiment.
The cis coupling to the carbonyl carbon was 7.4 Hz and the trans coupling to
the CH, carbon was 11.2 Hz. The precursor 52 was finally obtained by basic
hydrolysis of the ester.
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Scheme 12. Decarboxylation side-reaction.

Labelling reaction

The ''C-carboxylation of 52 was performed according to a reported method,
using a palladium-mediated carboxylation of the aryl iodide with
[''C]carbon monoxide in the presence of a quaternary ammonium hydroxide
in a micro-autoclave (Scheme 13).*

0]
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o o}
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/\/\(kl / N OH — > /\/\«N/ N oH
N

S S
|/ | /
* = [11C]
52 [Carboxyl-"'C]Eprosartan 54

Scheme 13. a) [''C]Carbon monoxide, Pd(PPh;),, tetra-n-butylammonium hydrox-
ide 30 hydrate, THF, 150 °C, 5 min. Additives were H,O and DMSO.

Different temperatures were tested using constant reagent concentrations.
Temperatures below 120 °C gave high conversion of [''C]carbon monoxide,
but this was 61-77% in [''C]carbonate and only 11-31% radiochemical yield
of [carboxyl-"'Cleprosartan 54 (Figure 12). The side-reaction that trapped
the radioactivity as [''C]carbonate probably occurs via the water-gas shift
reaction (Scheme 14) and subsequent reaction of [''C]carbon dioxide with
OH'.

['CIO+H,0 =——= [''C]O, + H,

Scheme 14. The water-gas shift reaction.
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Figure 12. B=["'C]O Conversion. [] = [''C]Carbonate. [ = [Carboxyl-

"'C]Eprosartan 54. Bl = ''C-labelled lipophilic compounds. Reaction conditions were
[''C]carbon monoxide (0.05 to 0.5 mM), and 200 uL solution of 52 (17 mM), Pd(0) (5
mM), n-butyl ammonium hydroxide (25 mM), H,O (2.5 M), DMSO (0.7 M) in THF.

When the amounts of base, water and DMSO were decreased and the tem-
perature was raised from r.t. to around 140 °C over 5 min, the reaction was
cleaner and formed less [''C]carbonate (Table 4, Entry 1). However, 51%
conversion of [''C]carbon monoxide was not satisfactory, so the amount of
Pd complex was increased in order to favour the insertion that forms the Pd-
[''Clacyl complex. This gave 90% [''C]O conversion in a very clean reac-
tion that produced radiochemically pure product (Table 4, Entry 2). The
presence of DMSO as a co-solvent had no effect on the radiochemical yields
but helped to prevent precipitation while diluting the nitrogen-purged crude
product for HPLC injection (Table 4, Entries 3 and 4). When base, water and
DMSO were omitted, the reaction resulted in an unidentified compound
(47%) along with the product (33%) (Table 4, Entry 5).

[Carboxyl-""C]Eprosartan was purified using semipreparative HPLC and
formulated in a phosphate buffer solution with pH = 7.2. The decay-
corrected radiochemical yield was 37-54% (n = 5), within 35 min from end
of bombardment. The specific activities up to 360 GBq-umol”' were
achieved. The labelled product was characterized with LC-MS and by co-
eluting with a sample of isotopically unmodified eprosartan.

Eprosartan has been reported to undergo photolytic cis/trans isomeriza-
tion to yield the Z isomer.'® Radiation can initiate decomposition via direct
or indirect radiolysis that gives rise to reactive radical and ionic species. In
general, the risk of radiolysis increases with specific activity and concentra-
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tion.*” [Carboxyl-''C]Eprosartan 54 was analysed up to 90 min after formu-
lation and showed no signs of radiolabelled decomposition products.

Table 4. Synthesis of [carboxyl-''Cleprosartan 54.

Entry Pd(0) Q-OH H,0 DMSO T [''cjo Anal.
mM)  (mM) (M) (M) (°C) conv. RCY
(%) (%)
1 5 25 0.75 - 25t0 140 51£6(2)  41+2(2)
2 14 6.8 090 035 25 to 140 91 91
3 14 6.8 020 035 25to 140 86 82
4 14 6.8 0.20 - 25 to 140 89 79
5 14 - - . 25 to 140 81 33

Standard conditions were helium-carrier-added ['C]carbon monoxide (0.05 to 0.5 mM) in a
200-pL autoclave pressurized to 35 MPa with a solution of Pd(PPhs),, tetra-n-
butylammonium hydroxide (Q-OH), H,O and DMSO.

Synthesis of the Aryl lodide Precursor of [Carboxy!-
'C]Candesartan (Appendix I)

Synthesis of the aryl iodide precursor 61a of [carboxyl-''C]candesartan was
carried out as outlined in Scheme 15. A synthetic-strategy question was
where in the sequence to introduce the biphenyl moiety in order to give suf-
ficient yield of the desired regioisomer. Rasmussen et a/ have shown that
both the substituents at the benzoimidazole and the properties of the leaving
group on the electrophile influence the ratio.'”'"'* N-Alkylation of the ben-
zoimidazole was attempted at different stages in the synthetic route; N-
alkylation of the 7-nitro compound 57 gave a 2:1 ratio ("H NMR) of the 4-
nitro:7-nitro products, but the following diazotization became problematic.
When instead the diazotization was performed on the aniline 58, the result-
ing tetrafluoroborate salt was simply filtered off and was stable for several
months at 4 °C. The ethoxy group was unstable under aqueous acidic condi-
tions, so diazotization was performed using nitrosonium tetrafluoroborate in
DCM. To favour iodination over elimination in the next step, a solvent mix-
ture of methyl iodide and DMF was used.'** Alkylation of the 7-iodo com-
pound 59 gave a less favourable 5:1 mixture of the regioisomers. Sodium
hydride and potassium carbonate were tried as bases, and both gave the same
product ratio.

Tetrazole formation using trimethyltin azide was not compatible with the
aromatic iodide and resulted in iodide elimination, so the biphenyl tetrazole
had to be synthesized separately and subsequently protected and brominated
and combined with 59. Finally, deprotection using dilute HCI produced the
desired precursor 61b. However, the overall yield was less than 0.25% over
8 steps and insufficient to optimize ''C-labelling and subsequent biological
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evaluation. To continue with radiolabelling of this precursor, a more effi-
cient synthetic route is desirable.

o
N02 a (;NH2 b N=<O
> —_— —\
NH, NH, NH2
NO, NO,
55 (65%) 56 (97%)
N
c f N
o ©: \>_O ©: e \>—O/_
N
NO, |
57 (80%) 58 (89%) 59 (9%)
/CH (Ph), 4 N;_
j Y—0
O N 2
g
5 N — . ‘
I4 3 N. CH(Ph)3
60a 4-lodo (53%) 60b 7-lodo (16%)

e
g

o]
~—
[ oN,
61a 4-lodo (72%) 61b 7-lodo (41%)

Scheme 15. a) SnCl,-2H,0, HCI/EtOH. b) (EtO)4C, AcOH in THF. ¢) AcOH, M.W.
heating at 140 °C. d) H, (1 atm), Pd/C in THF. e) NOBF, in DCM f) Me;Sil in Mel
and DMF. g) NaH, 5-(4'-bromomethyl-biphenyl-2-yl)-1-trityl-1 H-tetrazole in DMF.
h) HCl in MeOH, 0 °C.
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"'C-Labelling of a Series of Angiotensin I AT,
Agonists (Paper VII)

The aryl iodide precursor 63a, Pd(PPh;), and diethylamine were used in the
optimization of reaction conditions. The parameters that were varied were
the ratios between aryl iodide and palladium complex, the amount of amine
and the reaction temperature (Table 5, Entries 1 to 10). The best conditions
were a 1:1 ratio of aryl halide:palladium complex, temperatures between 90
and 120 °C and large amount of amine; these gave comparable yields from
38 to 44% (Table 5, Entries 6-8).

e

62aR=H b {; 62b NuH = D?ethylam?ne, R=H

63a R = COOnBu 63b NuH = Diethylamine, R = COOnBu
63c NuH = Isopropylamine, R = COOnBu
63d NuH = Benzylamine, R = COOnBu

Scheme 16. a) [''C]O, Pd(PPh;),, NuH, THF, A, 5 min. b) Base, n-butyl chlorofor-
mate.

In an attempt to avoid the formation of an unidentified, more polar byprod-
uct, we briefly explored the possibility of a two-step route to 63b starting
from the aryl iodide 62a (Scheme 16). In contrast to reactions using 63a as
substrate, no significant increase in radiochemical yield was observed when
62a was used with a large amount of amine (Table 5, Entries 11 and 12). In
both cases, most of the radioactivity was bound to very lipophilic com-
pounds, possibly products arising from the sulphonamide itself acting as the
nucleophile. All conditions tested gave poor yields (2 to 10%, Table 5 , En-
tries 11, 12 and 13) of the intermediate 62b, so the two-step route was aban-
doned.

The reaction conditions used in Table 5, Entry 6 were used to synthesize
the isopropylamide and benzylamide analogues labelled with ''C (Table 6).
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Table 5. Synthesis of [''C]63b and [''C]62b labelled at the carbonyl position via
Pd(0)-mediated aminocarbonylation.

Entry Product Ar-1 Pd(0) Amine T ''cjo- Anal.
(mM) (mM) (mM) (°C) conv. RCY
(%) (%)
63a
1 [''C163b 14 12 100 25-140 91 3
2 [''C163b 14 5 100 130 87
3 [''C163b 9 9 1000 120 93 34
4 [''C163b 9 9 500 120 93 34
5 [''C163b 6.9 9 500 110 89 16
6 [''C163b 9 9 500 110 92+1(2)  44+£1(2)
7 [''C163b 9 9 500 100 93+1(2)  38+1(2)
8 [''C163b 9 9 500 90 95 44
9 [''C163b 9 9 500 80 91 35
10 [''C163b 18 9 43 70 93 10
62a
11 [''C162b 18 9 43 90 89 6
12 [''Cl62b 9 9 500 110 91 10
13 [''C162b 45 9 500 110 78 2

Standard conditions were helium-carrier-added [''C]carbon monoxide (0.05 to 0.5 mM) in a
200-pL autoclave pressurized to 35 MPa with a solution of aryl halide, Pd(PPh;),, and di-
ethylamine in THF for 5 min.

Table 6. Synthesis of a small library of [''C-carbonyl]-AT,R ligands via Pd-
mediated aminocarbonylation.

. K, b (M Anal. Isol.
Product /(ernnli/rll)e cLogP“ cLogD;," (M) RCY RCY
AT, AT, ) %)
['C163b - 5.94 500  3.0+03 >10000 44+1(2) 16
N
[''C163¢ ({n v 5.77 484  2.6+02 >10000 49 29
[''Cl63d “V© 6.73 579  1.0+0.08 >10000 58 36
({N

Reaction conditions were as for Table 5, entry 6. “ Calculated using Marwin online software
by Chemaxon. ” Data from reference 117. Binding assay relying on displacement of ['*I]Ang
II from pig uterus myometrium (AT,) and rat liver membranes (AT)).
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Biological Evaluation

In vitro autoradiography of frozen organ sections from rat, [carboxyl-
"'Cleprosartan 54 showed specific binding in lung, adrenal and kidney and to
some degree also in spleen and liver (left panel Figure 13). /n vivo organ
distribution of [carboxyl-''Cleprosartan in rat showed high accumulation in
kidney, liver and intestinal wall. Quantitative analysis of binding in pig ad-
renal followed by saturation analysis revealed that the binding was saturable,
with a K4-value of approx. 10 nM and the binding was most concentrated to
the outer layer of the cortex. Autoradiography of a limited number of human
adrenals showed an increased uptake in aldosterone producing adenomas
compared to controls, which encourages further investigation of this tracer
(Paper V).

[Carboxyl—”C]Eprosartan 54 (AT,-selective) [”C]63c (AT,-selective)

Total Nonspecific Total Nonspecific
binding binding binding binding

Rat Heart Rat heart

Rat Lung

Rat pancreas “' ¥

Rat Liver

Rat liver
Rat Spleen

Pig Adrenal 44 Pig adrenal

Rat Kidney Rat kidney
Rat
Striatum

Rat brain
Rat

Cerebellum

Figure 13. Autoradiography of selected tissue sections (25 pm). The non-specific
binding was affected by simultaneous incubation with unlabelled eprosartan (10
uM) and 63¢ (3.5 uM), respectively.

Autoradiography of the AT, selective ligand [''C]63¢ revealed specific bind-
ing in pancreas and kidney cortex of rat, and to some degree in pig adrenals
and rat brain (Figure 13, right panel). In vivo organ distribution in rat at 40
min post injection showed very high accumulation of radioactivity in the
liver. Substantial radioactivity was also found in the intestine, kidney and
adrenal. All other organs measured had SUVs lower than blood.
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Figure 14. Small animal PET scan of a female rat injected with 12.2 MBq of
[''C]63c¢. The whole body view shows accumulation of radioactivity in liver, urinary
bladder and kidneys.

A series of dynamic animal PET scans showed rapid elimination of radioac-
tivity from the kidneys and high accumulation and retention in the liver and
urinary bladder (Figure 14). The rapid urinary excretion and the high accu-
mulation in the liver limit the information that can be gained about AT,-
receptors in vivo with this tracer. Therefore, more metabolically stable com-
pounds are desirable for future development.
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Conclusions

Based upon this work, we concluded that:
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It is likely that lapatinib analogues possessing a y-substituted acrylamide
functionality in the 6 position can bind irreversibly to the inactive form of
the EGFr kinase domain. This was concluded by computational docking
studies.

A range of acrylamides that are ''C-labelled at the carbonyl position can
be synthesized from acetylene as well as from vinyl halides using a palla-
dium(0)-mediated carbonylation. The vinyl halide method is superior and
the conformation of the carbon-carbon double bond is preserved in the re-
action.

Inhibitors designed to bind irreversibly to the EGFr kinase domain can be
labelled at the ''C-carbonyl position in useful yields using the acrylamide
method. This can be performed in a facile manner using a combinatorial
approach to synthesize libraries of labelled analogues.

A library of dual VEGFr-2/PDGFrf inhibitors as potential PET tracers for
angiogenesis could be ''C-labelled at the urea position in useful yields us-
ing a rhodium(I)-mediated carbonylation. The more nucleophilic of the
two nitrogens forming the urea should be used as nucleophile in the reac-
tion to obtain high yields.

The rhodium(I)-mediated ''C-urea labelling method is compatible with a
range of common functional groups and is therefore a useful alternative to
the [''C]phosgene method.

The AT, tracer [carboxyl-''Cleprosartan could be synthesized in useful
yields with high specific activity in a one-step reaction from [''C]carbon
monoxide. The tracer shows low but saturable binding to pig adrenals and
higher uptake in human adrenocortical adenomas than in controls in
autoradiography. This makes this tracer interesting for further evaluation.
A small series of AT,-ligands could be ''C-labelled at the amide position.
One ligand showed specific binding in some rat organs using autoradio-
graphy, and very fast metabolism was shown by small animal PET. For
future development, ligands that are more metabolically stable are de-
sired.



Populédrvetenskaplig sammanfattning pé
svenska

Denna avhandling handlar om &mnet radiokemi och dess tillimpningar inom
molekylir avbildning. Den kortlivade radioaktiva isotopen ''C kan framstil-
las i relativt sm& men dock praktiskt tillrdickliga miangder i en partikelaccele-
rator, en sk cyklotron, dir en protonstrile bombarderar en behallare med
kvivgas. De bildade ''C-atomerna sonderfaller till ''B och samtidigt bildas
en positron. Positronen &r elektronens antipartikel och nir dessa tva kollide-
rar bildas det tva fotoner som ror sig i motsatt riktning. Dessa fotoner kan
fdngas upp av en ring av detektorer och denna princip anvinds i positron-
emissions-tomografi (PET) och dr en mycket anvdndbar metod for att avbil-
da och studera biologiska forlopp i levande vivnad. PET anvénds inom bl a
cancerdiagnostik, forskning inom Alzheimer, samt inom testning och ut-
veckling av nya likemedel. For att kunna gora detta behover ''C-atomen
inkorporeras med kemiska metoder i en for dndamalet intressant molekyl,
dvs kemisk syntes av en ''C-mirkt molekyl. Denna avhandling fokuserar
speciellt pa anvindandet av det radioaktiva startmaterialet [''C]kolmonoxid
for att syntetisera bibliotek av nirbesliktade ''C-mirkta substanser for att
senare kunna jamfora vilken paverkan skillnaderna i molekylerna har for hur
de kan fungera som sparmolekyler.

I synteserna anvénds olika typer av 6vergdngsmetall-medierad karbonyle-
ring med [''Clkolmonoxid. Anvindandet av [''Clkolmonoxid har fordelar
mot tidigare kiinda metoder som istillet anviinder [''C]koldioxid. D4 halten
kolmonoxid &r mycket ldgre an koldioxid i var omgivning kan man undvika
isotoputspddning och ddrmed uppné hogre specifik aktivitet som dr viktig for
att inte oavsiktligt stora det biologiska system man vill studera.

Att blockera utvalda enzymer kallade receptorbundna tyrosinkinaser &r ett
relativt nytt sétt att angripa cancer. Har beskrivs designen, metodutveckling-
en och syntesen av ett bibliotek av sparmolekyler som &r tédnkta att binda
irreversibelt till kinasdelen av receptorn EGFr. Den irreversibla bindningen
dr tiankt att bildas mellan en reaktiv funktionell grupp i sparmolekylen kallad
akrylamid och aminosyran cystein i bindningsfickan i kinaset som annars
binder ATP. EGFr &veruttrycks in vissa cancerformer och &r associerad med
aggressiva tumorer och dalig prognos, och att kunna identifiera och mingd-
bestdmma uttrycket av denna receptor med hjilp av PET 1 ett tidigt stadium
skulle vara av stort diagnostiskt virde. P& liknande vis har molekylbibliotek
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syntetiserats som har for avsikt att avbilda receptorn VEGFr-2 som é&r in-
blandad i blodforsorjningen av tumoérer, sk angiogenes.

Nista del av avhandlingen handlar om syntes och biologisk utvérdering
av ''C-mirkta molekyler som binder till angiotensin II receptorer. Angioten-
sin II &r en peptid som dr involverad i regleringen av blodtrycket och re-
gleringen av uttrycket av dess receptorer AT, och AT, tros vara stord i
manga sjukdomstillstdind inom det kardiovaskuldra omradet.

For AT, receptorn mirktes likemedlet eprosartan med ''C i karboxylposi-
tion i en palladium-medierad hydroxykarbonylering med [''C]kolmonoxid.
Dess formaga att avbilda AT, receptorer i frysta organsnitt studerades med
autoradiografi och dess distribution i olika organ studerades i ratta. [ Carbox-
yI-"'"C]Eprosartan visade ett relativt hdgt upptag i binjurebarken fran patolo-
giska prover fran adrenokortikala adenom jamfort med frisk binjurebark,
men &dven ett hogt upptag i tarmar, njure och lever. D& dessa organ ligger
relativt nira binjurarna dr det inte optimalt ur avbildningssynpunkt.

For AT, receptorn ''C-mirktes ett litet bibliotek av nyligen publicerade
molekyler som binder effektivt till AT,-receptorn. Autoradiografi pa en av
molekylerna visade specifik bindning till bukspottkorteln och njurbarken.
PET pa ratta visade att sparmolekylen vildigt snabbt eliminerades via nju-
rarna till urinen medan en viss del fastnade i levern. Ett hogt upptag i levern
bekriftades d&ven genom organdistribution. For att béttre kunna avbilda AT,-
receptorer med hjdlp av PET i framtiden &r det 6nskvért att mer metaboliskt
stabila molekyler anvénds.
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