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Definitions and conventions

The following definitions and conventions are used throughout this thesis.
The term labelled compound refers to a mixture of an isotopically
unmodified compound with one or more analogous isotopically substituted
compound(s).
Radiochemical purity is defined as the percentage of the total radioactivity
present in the specified chemical form.
Yields noted as analytical radiochemical yields are based on the initial
amount of radioactivity at the start of the synthesis, the final amount of
radioactivity in the crude reaction mixture and the radiochemical purity of
the product. The yields are decay-corrected.
Yields noted as radiochemical yields are based on the initial amount of
radioactivity at the start of the synthesis, the radioactivity of the isolated
product and the radiochemical purity. The yields are decay-corrected.
The term specific radioactivity, expressed in Bq/mol, is defined as the
radioactivity of a labelled compound divided by the molar amount of the
compound.
Nomenclature of the labelled compounds:
O
* O

11C-label =

*

methyl [carbonyl-11C]acetate
11
or methyl [1- C]acetate

Abbreviations

AC

Alternating current

CT

Computerized tomography

DMF

N,N-Dimethylformamide

DNPH

2,4-Dinitrophenylhydrazine

eV

Electron volt

FDG

Fluoro-2-deoxy-D-glucose

HPLC

High-performance liquid chromatography

MeV

Mega electron volt

MPa

Mega Pascal

NMR

Nuclear magnetic resonance

Pd2(dba)3

Tris(dibenzylideneacetone)dipalladium(0)

PET

Positron emission tomography

p-TsOH

p-Toluenesulfonic acid

RCY

Radiochemical yield

RCP

Radiochemical purity

SUV

Standardized Uptake Value

THF

Tetrahydrofuran

p

Proton

D

Alpha-particle

Introduction

In this thesis two synthetic methods have been utilized for the synthesis of
11
C-labelled alkyl iodides. The aim was to develop reliable synthetic
methods to provide the labelled compounds with high radiochemical yield
and specific radioactivity. [11C]Methyl iodide was synthesized using plasma
chemistry (Paper I). Palladium-mediated carbonylation was used in the
synthesis of [1-11C]ethyl iodide (Paper II), [1-11C]propyl iodide and [111
C]butyl iodide (Paper III). The alkyl iodides can be used as alkylating
agents in the production of tracers for use in positron emission tomography
(PET). Palladium-mediated carbonylation was also used in the synthesis of
[carbonyl-11C]acrylamides (Paper IV). [1-11C]Ethyl iodide and propyl iodide
were applied in the synthesis of potential NK1-receptor ligands used in initial
PET-imaging (Paper V).

Positron emission tomography
PET is a non-invasive in vivo molecular imaging technique based on the use
of compounds labelled with short-lived positron-emitting radionuclides. The
labelled compounds, called tracers, are administered in man or animal to
study biochemical or physiological processes. Most endogenous substances
and other biologically active compounds contain a carbon atom in a position
suitable for isotopic labelling. As a consequence, 11C with a half-life of 20.4
min has become a universally used radionuclide in PET-studies. The 11Cradionuclide decays by the transformation of a proton into a neutron and
with the emission of a positron and a neutrino, Figure 1.

Figure 1. Radioactive decay of 11C.
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When the positron encounters an electron, the two particles are annihilated
and converted into two photons (511 keV) travelling in opposite directions.
A PET-camera detects the photons in coincidence and the collected data may
be used to construct time-resolved three-dimensional images showing the
distribution and concentration of the radionuclides in the subject under
study. Other commonly used radionuclides in addition to 11C are 15O (t1/2 = 2
min), 13N (t1/2 = 10 min), 68Ga (t1/2 = 68 min) and 18F (t1/2 = 110 min). PET is
increasingly used in combination with computerized tomography (CT), a
technique that provides excellent anatomical information.
PET has proved to be a useful clinical tool in oncology and neurology for
the study of cancer,1-3 epilepsy,4 stroke, Alzheimer's5 and Parkinson's6
disease. In cardiology it is used for example in the evaluation of myocardial
blood flow and metabolism in patients with coronary artery disease.7
PET is also becoming a useful tool in the development of new
pharmaceutical drugs, since it can supply essential data related to
pharmacokinetics and pharmacodynamics.8 The technology can for example
be used to assess whether a drug reaches the target organ at an effective
concentration or to study drug interactions with enzymes and receptors. The
high sensitivity of PET enables trace amounts of the labelled drug to be
administered. This means that the biological system can be studied with
minimal perturbation and the risks associated with toxicity compared to
therapeutic doses are reduced. Hence PET may be used in an effective drug
discovery process that allows rapid development from in vitro and in vivo
animal studies to human investigations.9, 10

Strategies in 11C-labelling of PET-tracers
The short half-life of the radionuclide is a factor to consider when
developing methods for labelling with 11C. As a rule of thumb, the labelling
synthesis and purification of an 11C-labelled PET-tracer should not take
longer than three half-lives, i.e. about 60 min, otherwise the radioactivity and
the specific radioactivityI of the tracer may be too low for a PET-study.
Consequently, it is desirable to incorporate the radionuclide as late as
possible in the synthetic sequence. The reaction time should be as short as
possible, hence a sufficiently high rate of product formation is required so as
to not compromise the radiochemical yield.11
The specific radioactivity is of importance for example in receptor
imaging, where the tracer should only occupy small fractions of the available
receptor binding sites and yet the administered radioactivity must be
sufficient to complete the PET-scan with good statistical data. All sources of
isotopic dilution should be minimized in order to maximize the specific
I

For definition refer to the Definitions paragraph.
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radioactivity. Isotopic dilution may occur during the radionuclide production
due to impurities in the target gas and the release of isotopically unmodified
carbon from the target holder. Further isotopic dilution could occur later in
the synthetic sequence, as for example in the synthesis of carboxylic acids
from Grignard reagents and [11C]carbon dioxide, where atmospheric carbon
dioxide may participate in the reaction. Ambient atmospheric components
such as carbon dioxide can to some extent be prevented from entering the
reaction by using closed reaction systems. If an impurity contained in a
chemical reagent contributes to the isotopic dilution, an increase in the
specific radioactivity can be achieved by reducing the amount of the reagent.
However, the most important factor for achieving high specific radioactivity
is the choice of synthetic strategy. For example, methods that utilize 11Clabelled precursors that are less common in the environment than carbon
dioxide, e.g. carbon monoxide, cyanide or methane, usually give products
with higher specific radioactivity than methods that utilize labelled carbon
dioxide. Technical solutions may open up new labelling opportunities and
allow for downscaling of the reaction volumes. An automated system would
reduce the exposure of radiation to the user and potentially increase the
reproducibility of the syntheses.

Production of 11C and low molecular weight precursors
The most frequently used nuclear reaction for the production of 11C is
14
N(p,D)11C.12, 13 A particle accelerator, e.g. a cyclotron, is used for the
irradiation of nitrogen gas. The 11C-species formed is highly reactive and by
mixing small amounts of oxygen (0.05-1.0%) in the nitrogen, [11C]carbon
dioxide is obtained as the main labelled product, Scheme 1.14
14N(p,D )11C

O2

11CO
2

H2

Ni

11

CH4

,H2
0 °C
36

Zn
400°C

11CO

Scheme 1. [11C]Methane and [11C]carbon monoxide are accessible from [11C]carbon
dioxide via on-line processes.

[11C]Methane is produced by proton irradiation on nitrogen gas containing
hydrogen or via the catalytic hydrogenation of [11C]carbon dioxide.15
[11C]Carbon monoxide is accessible from [11C]carbon dioxide, via reduction
over zinc at 400ºC.15
10

Common methods for the synthesis of [11C]alkyl iodides
There are two frequently used production methods for [11C]methyl iodide,
one is based on the reduction of [11C]carbon dioxide with lithium aluminium
hydride and subsequent conversion to [11C]methyl iodide with hydriodic
acid.16, 17 The obtained radiochemical yield is high, while the specific
radioactivity suffers from isotopic dilution derived from the reaction of
isotopically unmodified carbon dioxide and lithium aluminium hydride. This
method has been modified for example by applying the lithium aluminium
hydride suspension as a film on the inner surface of a tubing.18 The other
method, the gas-phase method, utilizes [11C]methane and iodine in a reaction
initiated at 720°C.19, 20 The relatively low conversion yield of [11C]methane
in a single pass through the heated reactor can be increased to 60 ± 20% by
trapping the formed [11C]methyl iodide while recirculating the unreacted
[11C]methane.21, 22 Commercially available gas-phase methyl iodide
apparatus require about 12 min for a synthesis.23 Two single pass gas-phase
systems have been reported to give [11C]methyl iodide in 44% and 50%
radiochemical yield and with specific radioactivities of 440 GBq/µmol and
4700 GBq/µmol, respectively.24, 25
O
RMgX + [ 11C]O2

Scheme 2. Synthesis of
Grignard reagent.

R * O - +MgX

1. Reduction
2. Halogenation
R

*

X
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C-labelled alkyl halides from [11C]carbon dioxide and a

Higher alkyl halides such as [11C]ethyl iodide, [11C]propyl iodide,
[11C]isopropyl iodide and [11C]butyl iodide have been synthesized using
[11C]carbon dioxide and a Grignard reagent as shown in Scheme 2.16, 26-34
Isotopic dilution originating from carbon dioxide in the environment is a
potential drawback of the Grignard method. Careful preparation and
handling of the Grignard reagent is required in order to maximize the
specific radioactivity.

11

PET-tracer synthesis using 11C-alkylating agents
[11C]Methyl iodide is predominantly used for incorporating 11C via the
alkylation of compounds containing oxygen, sulphur and nitrogen
nucleophiles.11, 35-38 Formation of carbon-carbon bonds using [11C]methyl
iodide is accomplished with metal-mediated reactions.3 9 , 4 0 [11C]Methyl
triflate, a methylating agent with a higher reactivity, is accessible from
[11C]methyl iodide via treatment with silver triflate.41, 42 The higher labelled
alkyl iodides have also been used in alkylation reactions although not as
frequently as [11C]methyl iodide.16, 26, 28-32
The alkylation of primary amines using 11C-labelled alkyl halides
typically proceeds without the formation of tertiary amines or quaternary
ammonium salts. The labelled alkyl halides are obtained in minute amounts,
usually under 100 nmol. Hence, by using amine in large excess, e.g. 1001000 times, mono alkylation can be achieved. The use of reagents in large
excess, compared to the labelled precursor, can also speed up the reaction
and increase the yield.
A library of 11C-labelled alkyl iodides, e.g. methyl, ethyl, propyl,
isopropyl, butyl iodide, can be utilized in alkylation reactions to label a
series of analogues, each representing an incremental change in physical
properties. The labelled alkyl halides can thus be used for tuning the
properties of a tracer, for example the brain penetration may be increased by
changing the lipophilicity of the tracer molecule.34, 43, 44 The passage through
the cell membrane that separates the brain from the vascular space, the
blood-brain barrier, can occur via diffusion or via carrier-mediated and
receptor-mediated transport.45 Consequently, the alkyl chain length of
analogous compounds can influence the brain penetration due to a change in
diffusion rate. The octanol-water partition coefficient (log Poct), is a
measurement of the lipophilicity and may be used as a rough prediction
whether a compound is able to diffuse through the lipophilic blood-brain
barrier. In some cases it may also predict the relative biological activity for
homologous compounds which structurally only differ in alkyl chain
lengths.46
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Synthesis of [11C]methyl iodide

A method for the preparation of [11C]methyl iodide from [11C]methane and
iodine via electron impact using non-thermal plasma was developed based
on the chemistry presented in Scheme 3.
[11C]O 2 + H2

[11C]H4
Ni, 360°C

I2

[11C]H 3I

Plasma

Scheme 3. [11C]Methyl iodide was prepared from [11C]carbon dioxide via nickel
catalyzed reduction and iodination initiated by electron impact.

Non-thermal plasma
Progress has been made in developing methods for the conversion of
methane to low molecular weight hydrocarbons via electron impact using
non-thermal plasma.47-49
Non-thermal plasma has non-equilibrium properties. While the gas
temperature in the plasma may be close to room temperature, the free
electrons can reach energies up to 10 eV.50 The electrons are accelerated in
an electric field and collisions with molecules initiate chemical reactions. To
reach the same electron energy with plasma in equilibrium (thermal plasma),
the temperature of the gas needs to be high. In thermal plasma the energy is
divided equally between electrons, ions and neutral particles. This may lead
to a breakdown of thermally unstable reactants or products. Although the gas
temperature is low in non-thermal plasma, a mixture of radicals, excited
species and ions are formed, often resulting in low product selectivity. This
problem may be overcome by selecting appropriate reagents and reaction
conditions.
Okumoto et al. demonstrated that methane in the presence of iodine was
converted to methyl iodide with 95% selectivity in a single pass through a
dielectric barrier discharge plasma reactor.51 These findings inspired us to
explore the possibility to convert [11C]methane to [11C]methyl iodide by use
of non-thermal plasma in search for a method that would give higher yield
and specific radioactivity than the current gas-phase methods. There are
examples in the literature of non-thermal plasma being used specifically in
13

labelling reactions with 11C, however, the full potential of the technique in
this context has not yet been explored.52, 53

Figure 2. Glow discharge plasma reactor (mm). The electrodes were made of
tungsten and the reactor body from quarts glass.

In our experiments glow discharge plasma was utilized. This type of nonthermal plasma is generated by applying a high voltage to electrodes in a gas
at low pressure.50 The plasma was sustained with 400 V AC and the power
consumption was lower than 6 W. The reduced pressure enables
homogenous excitation of the gas volume in the reactor, which then emits
light. The reactor, depicted in Figure 2, generated small amounts of heat and
the plasma could instantly be turned on or off.

[11C]Methyl iodide
Hydrogen and nickel were used in the catalytic hydrogenation of [11C]carbon
dioxide, the conversion yield was approximately 90%. The formed
[11C]methane was converted to [11C]methyl iodide in the system by a single
pass through the non-thermal plasma reactor (Paper I). The set-up used in the
experiments consisted of two reactors see Figure 3. [11C]Carbon dioxide was
trapped in the reduction reactor (A1) containing molecular sieves (4Å 60/80)
and nickel powder. The reactor was flushed with hydrogen gas before it was
closed and heated to 360ºC to facilitate the reduction of [11C]carbon dioxide
to [11C]methane.19 Unreacted [11C]carbon dioxide was removed by an
Ascarite trap (A2) and residual hydrogen was removed using palladium on
aluminium oxide (A3). Water from the reaction of oxygen and palladiumhydride was removed on a column containing phosphorous pentoxide (A4).
The [11C]methane was transferred in a carrier gas to the plasma reactor (A7)
by passing through the iodine feed (A6), thus mixing with the iodine before
entering the plasma reactor. The produced [11C]methyl iodide was collected
in the CH3I-Trap (A8) before being transferred to the reaction vial (A10).
The high energy electrons in the plasma initiated the reaction which
converted [11C]methane to [11C]methyl iodide, the mechanism of this
reaction has not yet been studied. However, we assumed that free radicals of
iodine were formed in the plasma which subsequently reacted with
14

[11C]methane. It was not clear if the electron energy was high enough to
directly ionize methane.

Figure 3. The experimental set-up used in the study.

Both neon and helium were utilized as carrier gases, with best results
obtained using helium with the vacuum pump operated at 20 mbar and the
mass flow through the plasma reactor regulated to 20 ml/min. When using
these conditions [11C]methyl iodide was obtained with a decay-corrected
radiochemical yield of 13 ± 3% (number of experiments, n=12) based on the
amount of [11C]carbon dioxide at start of synthesis, the radiochemical purity
was 64 ± 7% (n=5). By installing a column with phosphorous pentoxide
before the vial (A10), the radiochemical purity was increased to 88 ± 7%
(n=6). The procedure to convert [11C]carbon dioxide and transfer the formed
[11C]methyl iodide to the vial required less than 6 min. A small amount of
iodine was consumed in the system, 50 mg being sufficient for over 30
experiments.
[11C]Methyl iodide with a specific radioactivity of 412 ± 32 GBq/µmol
(n=2) was obtained from 24 GBq of [11C]carbon dioxide. 2.0 ± 0.1 GBq of
product was trapped in acetonitrile at -20ºC, the amount was 4.9 ± 0.6 nmol
as determined by analytical HPLC.
15

Synthesis of higher [11C]alkyl iodides

To overcome the limitations of Grignard reagents with respect to specific
radioactivity, palladium-mediated carbonylation was explored for the
synthesis of carboxylic acids and aldehydes followed by reduction and
iodination to give the labelled alkyl iodides as shown in Scheme 4.
CH3I

O

or

R

R * Y
or

Carbonylation

Reduction

*

OH

R

*

I

Iodination
R = methyl, ethyl or propyl
Y = H, OH or OCH3

Scheme 4. Synthesis of labelled alkyl iodides via carbonylation.

Carbonylation using palladium
Palladium complexes have been used extensively in organic chemistry for
the synthesis of carbonyl compounds via incorporation of carbon
monoxide.54, 55 Carboxylic acids, esters and amides are some of the products
accessible via palladium-catalyzed carbonylation of olefins,56, 57 alkynes58, 59
and organic halides60 using carbon monoxide at atmospheric pressure.
The catalytic cycle of palladium-catalyzed carbonylation of organohalides
consists of three steps, Scheme 5.54, 61, 62 The first step is the oxidative
addition of the organohalide to Pd0, carbon monoxide is then inserted into
the carbon-palladium bond. In the last step, the reductive elimination, the
product is cleaved off via nucleophilic attack on the carbonyl carbon.
Commonly used nucleophiles are amines, alcohols and water. Olefin
hydroxycarbonylation performed in an acidic medium starts with the
formation of a palladium-hydride complex, as shown in Scheme 6, followed
by the insertion of an alkene into the Pd-H bond.63 Migratory insertion of
carbon monoxide into the palladium-alkyl bond forms a palladium-acyl
complex that, upon nucleophilic attack, is cleaved and a carbonyl compound
is produced.

16

RX

PdLn

RPdL2(X)

O
R

Nu

+
HX

CO
NuH
O
R

PdL2(X)
NuH = ROH, H 2O or R2NH

Scheme 5. Mechanism of palladium-catalyzed carbonylation of organohalides.

Transition-metal mediated carbonylation of olefins and acetylenes using
[11C]carbon monoxide have previously not been reported. Alkynes follow a
similar mechanistic pathway in carbonylation reactions as olefins. However,
the reactivity of alkynes is usually higher while the selectivity is often lower
when compared to the olefins.
HY

PdLn

O

HPdL2

+Y

Nu
+
HY

NuH
O
PdL2

+ -

Y

L2Pd

+ -

Y

NuH = ROH, H2O or R2NH
CO

Scheme 6. Mechanism of palladium-catalyzed carbonylation of ethene.
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Hydroformylation involves the addition of carbon monoxide and
hydrogen to an alkene to form an aldehyde.64 A mechanism for the
hydroformylation of propene is shown in Scheme 7.
HY
O
+

PdLn

H

HPdL2

+-

Y

HY

O
H

+-

PdL2

L2Pd

Y
+-

Y

HY

L2Pd
CO

O
H2

PdL2

+ Y

O
H

Scheme 7. Mechanism of palladium-catalyzed hydroformylation of propene.
Carbonylation of D-olefins often yields a mixture of branched and linear products.

The use of palladium in the carbonylation of organohalides has successfully
been adopted in labelling reactions using a few nmol of [11C]carbon
monoxide.65-71 There are some central questions in carbonylation with
[11C]carbon monoxide which differ from the general scheme of transition
metal catalyzed carbonylation. In conventional carbonylation the conversion
yields of the substrates are optimized and the catalyst load is reduced to a
minimum while in labelling the conversion of [11C]carbon monoxide is
optimized. Due to the low concentration of [11C]carbon monoxide,
approximately 25 nmol, an excess of the catalyst and the substrates is always
used. The excess of palladium complex in relation to [11C]carbon monoxide
is believed to omit the possibility of repetitive turns in the catalytic cycle,
hence the process is referred to as being mediated rather than catalyzed by
the transition metal complex.
Despite the fact that carbon monoxide has been frequently used in general
organic chemistry for a long time, the use of [11C]carbon monoxide has been
limited. This can be explained by the need in 11C-labelling chemistry to use
small amounts of the labelled precursor. The low concentrations of
[11C]carbon monoxide does not only affect the stoichiometry but also has an
impact on its physical handling. Methods that bubble [11C]carbon monoxide
18

through the reaction mixture are not efficient due to the low solubility of
carbon monoxide in most solvents.72 This problem may partly be solved by
use of systems that circulate the [11C]carbon monoxide in the reaction
mixture.6 5 , 7 3 A method that has been shown to give carbonylation products
in high radiochemical yields was developed by Kihlberg et al. This method
was based on the confinement of [11C]carbon monoxide and the
carbonylation reagents in a small volume under high pressure, Figure 4.66, 74

Figure 4. Schematic drawing of the experimental set-up used in the carbonylation
reactions.

By use of the experimental set-up shown in Figure 4 [11C]carbon dioxide is
converted to [11C]carbon monoxide. The gas volume containing the
[11C]carbon monoxide is reduced to a few µl at the CO-Trap before it is
transferred to the micro-autoclave by an induced pressure difference in the
system. Liquid reagents are transferred into the micro-autoclave at a high
pressure resulting in the compression of the gas volume containing the
[11C]carbon monoxide from 200 µl to approximately 1 µl. The high pressure
improves the solubility of [11C]carbon monoxide, thus increasing the
efficiency of the carbonylation reaction. The autoclave allows the use of an
elevated reaction temperature beyond the boiling point of the reaction
medium. The carbonylation reactions described in this thesis were carried
out using this method, a detailed description of the functions of the apparatus
can be found in patent literature and in Paper III.74
19

[1-11C]Ethyl iodide
[1-11C]Ethyl iodide was synthesized via carbonylation of methyl iodide
followed by reduction with lithium aluminium hydride and iodination with
hydriodic acid (Paper II). The active palladium complex used as the catalyst
in the carbonylation reaction was generated from Pd2(dba)3 and triphenyl
phosphine. Pd2(dba)3 and triphenylphosphine was used because of excellent
shelf life and stability compared to some active Pd0-complexes, e.g.
tetrakis(triphenylphosphine)palladium(0).
PPh3
Pd2(dba)3

CH3I + [ 11C]O + H2O

THF

O
* OH

O
+

1. LiAlH4
2. HI(aq)

* O

*

I

Scheme 8. Synthesis of [1-11C]ethyl iodide from [11C]carbon monoxide.
11

11

A mixture of [1- C]acetic acid and methyl [1- C]acetate was obtained in
the carbonylation reaction, Scheme 8. The labelled ester was assumed to
11
originate from the alkylation of [1- C]acetic acid with methyl iodide. The
[1-11C]acid derivatives were reduced to [1-11C]ethoxide by treatment with
lithium aluminium hydride and the conversion of [1-11C]ethoxide to [111
C]ethyl iodide was carried out with hydriodic acid. To achieve a good
conversion of [1-11C]ethoxide to [1-11C]ethyl iodide it was important to
thoroughly remove the tetrahydrofuran from the reaction mixture prior to the
addition of the hydriodic acid. After the reaction was completed, the labelled
ethyl iodide was carried in a stream of nitrogen to a reaction vessel where it
was trapped in DMF. The transfer separated the labelled organohalide from
non-volatile by-products. The radiochemical yield of [1-11C]ethyl iodide
trapped in DMF was 55 ± 5% based on [11C]carbon monoxide. [1-11C]Ethyl
iodide accounted for 85 ± 5% of the transferred radioactivity and the only
radiolabelled by-product detected was [11C]methyl iodide. The position of
13
13
the label was confirmed by C-labelling and C-NMR analysis.
11
The [1- C]ethanol was also utilized in the synthesis of [1-11C]ethyl
chloride by treatment with hydrochloric acid and ZnCl2. [1-11C]Ethyl
chloride and [1-14C]ethyl chloride were used for determining the kinetic
isotope effect of the ethyl chloride–cyanide ion SN2 reaction.75, 76
*

OH

+

HCl

+

ZnCl
11

*

Cl
11

Scheme 9. Synthesis of [1- C]ethyl chloride from [ C]ethanol.
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RCY [1-11C]ethyl iodide (%)
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H2

H2O

55
0

1

2

3

4

5

6

Carbonylation reaction time (min)

Figure 5. The impact on the radiochemical yield of [1-11C]ethyl iodide when using
different reaction times and either hydrogen or water in the carbonylation reaction.

Later experiments indicated that the use of hydrogen instead of water in the
carbonylation reaction increased the radiochemical yield of the final product
[1-11C]ethyl iodide, Figure 5.

[1-11C]Propyl iodide and [1-11C]butyl iodide
In order to extend the labelling methodology to include higher labelled
organoiodides than [1-11C]ethyl iodide, routes to prepare [1-11C]propyl
iodide and [1-11C]butyl iodide with high specific radioactivity from
[11C]carbon monoxide were investigated (Paper III). The first attempt to
synthesize [1-11C]propyl iodide via [1-11C]propionic acid involved a minor
modification of the carbonylation reaction described in the synthesis of [111
C]ethyl iodide. Methyl iodide was simply replaced with ethyl iodide in an
effort to obtain [1-11C]propionic acid. However, no desired product was
obtained, probably due to rapid ȕ-hydrogen elimination of the ethylpalladium complex.77 The second approach was olefin carbonylation. While
olefin carbonylation has attracted much interest in the literature owing to its
many applications,55 no such reactions have previously been reported
utilizing [11C]carbon monoxide. Olefins form alkyl-palladium complexes via
insertion into palladium-hydride bonds. While the complex formed using
ethene or propene is still susceptible for ȕ-hydrogen elimination, the
elimination only leads to regeneration of the starting material. Since the
olefin is not consumed by this side reaction it remains available for repeated
reactions until the alkyl-palladium is trapped by insertion of carbon
monoxide.
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R

+ [11C]O + H2

Pd2(dba)3
PPh3, p -TsOH·H2O
THF

1. LiAlH4
2. HI(aq)

O

+ R
* H

* OH

R = H, CH3

*
R

R

O

I

Scheme 10. Synthesis of [1-11C]propyl iodide and [1-11C]butyl iodide from
[11C]carbon monoxide.

The active palladium-hydride complex was generated in THF by
treatment of Pd2(dba)3 with triphenylphosphine and p-TsOH monohydrate.
The synthetic approach to [1-11C]propyl and [1-11C]butyl iodide is shown in
Scheme 10. Hydrogen gas was used as a hydride source in the carbonylation
reaction yielding labelled aldehyde; hence the reaction is referred to as
hydroformylation. However, labelled carboxylic acid was also obtained most
likely due to the presence of water, e.g. from the acid monohydrate.
The radiochemical yield of [1-11C]propyl iodide was 58 ± 4% based on
the amount [11C]carbon monoxide in the autoclave at the start of the
synthesis. [1-11C]Propyl iodide accounted for 93 ± 4% of the transferred
radioactivity. [1-11C]Butyl iodide was obtained in 34 ± 2% yield and with a
radiochemical purity of 79 ± 9%. The labelled propyl and butyl iodides were
synthesized and transferred to DMF within 15 min. The only labelled byproduct found was [11C]methyl iodide.
A change from p-TsOH monohydrate to methyl sulfonic acid gave similar
results. No desired product was obtained when hydrogen was used without
sulfonic acid present. Acidic conditions without the addition of hydrogen
resulted in the formation of labelled carboxylic acid but no aldehyde was
obtained. These observations indicated that the aldehyde was formed via the
insertion of the olefin into the palladium-hydride, generated by p-TsOH,
followed by the insertion of [11C]carbon monoxide into the palladium-carbon
bond and finally by the reductive elimination induced by hydrogen. No
branched product was obtained in the hydroformylation of propene, more
than 95% selectivity towards the linear product using this catalytic system
has recently been reported using high concentrations of carbon monoxide.78
The formylation reactions proceeded readily at a broad range of
temperatures from room temperature to 70ºC, 60ºC was used throughout the
experiments. The highest radiochemical yield for the formylation of ethene
was obtained with 28 µmol of the olefin while the amount of propene used in
the synthesis of [1-11C]butyl iodide was 170 µmol, an equimolar amount of
olefin and hydrogen was used. The identity of the labelled aldehydes were
confirmed with analytical HPLC after derivatization with 2,4dinitrophenylhydrazine as shown in Scheme 11.79
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+
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Scheme 11. Derivatization of the labelled aldehydes with DNPH.

The radiochemical purity of the propyl hydrazine derivative was 47% while
the butyl derivative was obtained with a purity of 28%.

By-product formation and the water-gas shift reaction
[11C]Methyl iodide was formed as a by-product in the synthesis of [111
C]ethyl iodide, [1-11C]propyl iodide and [1-11C]butyl iodide. The probable
source was [11C]carbon dioxide via the reduction with lithium aluminium
hydride and the subsequent iodination with hydriodic acid. Since an ascarite
column efficiently removed unreacted [11C]carbon dioxide after the on-line
reduction with zinc, the [11C]carbon dioxide was assumed to derive from the
reoxidation of [11C]carbon monoxide in the micro-autoclave. Oxidation of
[11C]carbon monoxide may occur in the presence of PdII via the water-gas
shift reaction, Scheme 12.80-82
[11C]O + H2O + L2X2PdII

[11C]O2 + 2 HX + L2Pd0

Scheme 12. PdII induced water-gas shift reaction.

It is also possible that [11C]carbon monoxide is oxidized to [11C]carbon
dioxide in the heterogeneous reaction with molecular oxygen on the surface
of the micro-autoclave, Scheme 13.83
[ 11C]O + ½ O2

M

[11C]O 2

Scheme 13. Catalytic oxidation of [11C]carbon monoxide at metal surface.

Experiments were carried out to probe whether [11C]carbon dioxide could
be generated from [11C]carbon monoxide in the micro-autoclave. A solution
of THF and [11C]carbon monoxide was heated in the micro-autoclave. This
solution was then transferred to a vial containing an aqueous solution of
sodium hydroxide to convert [11C]carbon dioxide, if present, to carbonate.
The radioactivity was measured and the solution was degassed to remove
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[11C]carbon monoxide. The amount of trapped radioactivity was then
measured again. The solution was finally acidified to convert the
[11C]carbonate back to [11C]carbon dioxide. After degassing the radioactivity
was measured to confirm that the radioactivity was removed. With only THF
and [11C]carbon monoxide transferred to the micro-autoclave, the amount of
trapped radioactivity in the hydroxide solution was 5-10%. Saturation of the
THF with oxygen increased the amount of radioactivity trapped in the
hydroxide solution to approximately 95%, experiments where PdII and water
was added gave 70% trapping. These results support the hypothesis that
[11C]carbon monoxide may be oxidized to [11C]carbon dioxide in the microautoclave, which then explains why [11C]methyl iodide is formed as a byproduct in the synthesis of the higher labelled alkyl halides.
Zudin et al. reported inhibition of the water-gas shift reaction at acidic
conditions by the addition of hydrogen.84 Accordingly, when water was used
instead of hydrogen in the synthesis of [1-11C]propyl iodide, as shown in
Scheme 14, the radiochemical purity was significantly decreased from 93%
to 75%. The radiochemical yield of [1-11C]propyl iodide decreased
moderately from 58% to 52% while the radiochemical yield of [11C]methyl
iodide increased from 4% to 13%.

+ [11C]O

+

Pd2(dba)3
PPh3, p -TsOH
H2O
THF

O
* OH

1. LiAlH4
2. HI(aq)

*

I

Scheme 14. Synthesis of [1-11C]propyl iodide from [11C]carbon monoxide, ethene
and water.

Contrary to when hydrogen was used, there was a strong temperature
dependence with a maximum radiochemical yield of [1-11C]propyl iodide at
70°C. The fact that the reaction did not occur readily at room temperature
suggested a kinetically less favourable reductive elimination step. While an
increase in the temperature was thought to favour the reductive elimination
step, an increase in temperature was also likely to favour the ȕ-hydrogen
elimination of the palladium-ethyl complex. Only a small quantity of water
was used in the experiments since the amount of lithium aluminium hydride
used in the next reaction step needed to be increased proportionally.
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Alkylation reactions

N

O

N
O
F
O

N
CH3
*
1

Figure 6. [N-methyl-11C]Flumazenil

Flumazenil is a benzodiazepine antagonist and of interest as a PET-tracer for
the study of epilepsy.85, 86 [N-methyl-11C]Flumazenil (1) was synthesized via
methylation of N-desmethyl flumazenil utilizing [11C]methyl iodide
produced from [11C]methane and iodide in the non-thermal plasma reactor.
After preparative HPLC-purification, [11C]flumazenil was obtained in 12%
radiochemical yield based on [11C]carbon dioxide.

N
N

H O
O

R

2. R = [ 11C]H2CH3
3. R = [ 11C]H2CH2CH3
4. R = [ 11C]H2CH2CH2CH3

Figure 7. (R)-[O-ethyl-1-11C]etomidate (2) and analogues.

Etomidate is a short acting intravenous anaesthetic agent used for the
induction of general anaesthesia. It is of interest as a PET-tracer due to its
selective interaction with the enzyme 11ȕ-hydroxylase mainly found in the
adrenal glands.26 [1-11C]Ethyl iodide, [1-11C]propyl iodide and [1-11C]butyl
iodide were used in the labelling of etomidate and two analogues, Figure 7.
Purified (R)-[O-ethyl-1-11C]etomidate (2) was obtained within 40 min with a
radiochemical yield of 45% from 2.5 GBq of [11C]carbon monoxide. When
starting with 10 GBq of [11C]carbon monoxide, labelled etomidate was
obtained with a specific radioactivity of 36 GBq/µmol. The propyl and butyl
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analogues, (3) and (4) were isolated within 30 min with radiochemical yields
of 37% and 27% respectively.

*

O

N

N
H
5

Figure 8. [N-ethyl-1-11C]Lidocaine.

Lidocaine is used as an antiarrhythmic drug and as a local anaesthetic. [Nethyl-1-11C]Lidocaine16 (5) was synthesized and isolated within 40 min with
a radiochemical yield of 25% based on [11C]carbon monoxide.
O
O

R

6. R = [ 11C]H2CH2CH3
7. R = [ 11C]H2CH2CH2CH3

Figure 9. [1-11C]Propyl benzoate and [1-11C]butyl benzoate

Isolated [O-propyl-1-11C]propyl benzoate (6) was obtained within 30 min
with a radiochemical yield of 52% based on [11C]carbon monoxide. When
starting with 12 GBq of [11C]carbon monoxide, [O-propyl-1-11C]propyl
benzoate was isolated with a specific radioactivity of 162 GBq/µmol.
Starting from 8 GBq of [11C]carbon monoxide, [O-butyl-1-11C]butyl
benzoate (7) was isolated with a specific radioactivity of 88 GBq/µmol
within 30 min, the radiochemical yield was 26% based on [11C]carbon
monoxide.
H
N
CF3

N
N

HN

N
O
R

GR205171. R = CH3
8. R = [ 11C]H2CH3
9. R = [ 11C]H2CH2CH3

Figure 10. Labelled analogues of the NK1-receptor antagonist GR205171.
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Analogues of the NK1-receptor antagonist GR205171 were synthesized
via alkylation of desmethyl GR205171 with [1-11C]ethyl iodide and [111
C]propyl iodide,87 caesium carbonate was used as base.88 The reaction was
carried out without protective groups on the secondary amines. The
selectivity for O-alkylation over N-alkylation was 1:7 for both compounds,
hence the radiochemical yield was poor, 5.1 ± 0.6% (8) and 4.7 ± 0.8% (9)
based on [11C]carbon monoxide. However, the amount of radioactivity
obtained was sufficient for PET-scans in rhesus monkey, see Paper V. The
use of tetrabutylammonium hydroxide as base resulted in a lower
radiochemical yield due to hydrolysis of the labelled alkyl halides and
reduced selectivity for O-alkylation.
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Synthesis of [11C]/(13C)acrylamides

The successful synthesis of labelled alkyl iodides from olefins gave the
incentive to explore the use of acetylene in the production of [1-11C]allyl
iodide. [1-11C]Acrylic acid was obtained in approximately 60% analytical
radiochemical yield via carbonylation of acetylene. However, the conversion
to [1-11C]allyl iodide was not successful. Instead, effort was concentrated on
the synthesis of [carbonyl-11C]acrylamides according to the route shown in
Scheme 15 (Paper IV). The acrylamide functionality is found in several
biomedically interesting compounds.89-93

+ [11C]O

+ H2O

PPh3
p-TsOH
Pd2(dba)3

O
* OH

THF

O

1. SOCl2
2. Bn-amine

N *
H

THF

1

2

Scheme 15. N-Benzyl[carbonyl-11C]acrylamide via hydroxycarbonylation of
acetylene.

The [1-11C]acrylic acid (1) was converted to its acid chloride using
thionylchloride, treatment with benzylamine (82 µmol) gave Nbenzyl[carbonyl-11C]acrylamide (2) in 51 ± 4% analytical radiochemical
yield based on [11C]carbon monoxide (n=2). A second approach to
synthesize 11C-labelled acrylamides from vinyl halides and amines was
explored according to Scheme 16.
I
or
Br

+ *CO +

R'
HN
R''

or

O

Pd2(dba)3, PPh3
THF

R'''

* N
R''

R'

2-14

Br
Position of the label:

11C

=*

13C

=×

Scheme 16. One-pot synthesis of [carbonyl-11C]acrylamides from [11C]carbon
monoxide.
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The active palladium catalyst complex was generated from palladium
Pd2(dba)3 and triphenylphosphine in THF. Amine was added and the
resulting solution was transferred to the micro-autoclave containing
[11C]carbon monoxide. The reagents were kept in the micro-autoclave at
110ºC for 4 min.
A significantly higher radiochemical yield of N-benzyl[carbonyl11
C]acrylamide was achieved compared to the results obtained with the first
approach using acetylene. At the same time the amine concentration was
decreased to 1/20.
O
N *
H ×
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H
N *

HB
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O

2
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H
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O
CH3
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11
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Figure 11. Products obtained from the aminocarbonylation of vinyl iodide.

In Figure 11 the labelled acrylamides are shown, the amines used in the
aminocarbonylation ranged from activated and deactivated anilines to highly
nucleophilic amines. The nucleophilicity of the amines corresponded well
with the outcome of the reactions. The steric hindrance of o-substituents
lowered the yield compared to m- and p-substituted anilines as illustrated in
the synthesis of the mono- and disubstituted N-(methylphenyl)-acrylamides
(5a) – (5c), Table 1.
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Table 1. Synthesis of [carbonyl-11C]acrylamides via carbonylation of vinyl iodide.
Product

Nucleophile

µmol

T
( °C)

[11C]O
conversiona,b
(%)

Anal.
RCYb,c
(%)

RCYb,d,e
(%)

2

Benzylamine

4.3

110

94 ± 2 (7)

87 ± 9 (5)

81 ± 3 (4)

3

Aniline

4.3

110

91 ± 5 (2)

84 ± 6 (2)

74 ± 6 (2)

4a

2-Methoxyaniline

4.3

110

-

-

71 ± 4 (2)

4b

4-Methoxyaniline

4.3

110

95 ± 2 (2)

86 ± 3 (2)

72 ± 2 (2)

5a

2-Methylaniline

4.3

110

94 ± 2 (2)

81 ± 2 (2)

65 ± 4 (2)

5b

4-Methylaniline

4.3

110

94 ± 1 (2)

89 ± 1 (2)

72 ± 2 (2)

5c

2,6-Dimethylaniline

4.3

110

92 ± 1 (3)

62 ± 4 (3)

52 ± 2 (2)

6a

2-Chloroaniline

4.3

110

81

21

-

6a

2-Chloroaniline

4.3

145

90

26

19

6a

2-Chloroaniline

19

145

85 ± 1 (2)

58 ± 4 (2)

51 ± 1 (2)

6b

3-Chloroaniline

4.3

110

95 ± 1 (3)

79 ± 6 (3)

63 ± 1 (3)

6c

4-Chloroaniline

4.3

25

88

55

49

6c

4-Chloroaniline

4.3

110

96 ± 3 (3)

82 ± 2 (3)

73 ± 1 (2)

7

2-Nitroaniline

4.3

110

90

0

0

7

2-Nitroaniline

22

150

81

0

0

5.3

110

94 ± 3 (2)

77 ± 5 (2)

66 ± 4 (2)

4.3

110

92 ± 1 (2)

83 ± 1 (2)

75 ± 1 (2)

8
9

1,2,3,4-Tetrahydroquinoline
N,N-Benzylethylamine

10

Piperidine

4.3

110

90 ± 1 (2)

86 ± 1 (2)

76 ± 1 (2)

11a

2-Aminopyridine

4.3

110

86 ± 4 (3)

48 ± 3 (3)

46 ± 2 (2)

11b

3-Aminopyridine

4.3

110

94 ± 1 (3)

74 ± 1 (3)

70 ± 1 (2)

a

Decay-corrected conversion yield of [11C]carbon monoxide to non-volatile products remaining in the
reaction mixture after removal of solvent. b The number in brackets is the number of experiments. c
Decay-corrected analytical radiochemical yield determined from the conversion yield and the
radiochemical purity assessed with analytical HPLC. d Decay-corrected radiochemical yield based on the
initial amount of radioactivity at the start of the synthesis and the radioactivity of the isolated product.
The radioactivity of the crude product was measured after transfer from the micro-autoclave to an
evacuated vial. The radioactive residues left in the micro-autoclave were estimated to be less than 1%.
Hence, the amount of initial radioactivity could be determined. e Radiochemical purity was >97% in all
experiments.
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For all entries the amount of amine used was 4.3 µmol except for the
weakly deactivated and sterically hindered o-chloroaniline, which gave 6a in
moderate yield using 19 µmol. It was noted that the reaction of pchloroaniline proceeded even at room temperature although with lower
radiochemical yield. The aminocarbonylation of o-nitroaniline did not give
the desired product even though the temperature and concentration of the
nucleophile was increased. The reaction with 2-aminopyridine gave a
significantly lower yield than the less deactivated 3-aminopyridine in the
synthesis of (11a) and (11b) respectively. [1-11C]Acrylic acid was formed in
the competing hydroxycarbonylation of vinyl iodide when the less reactive
amines were used, probably due to minute amounts of water.
The aminocarbonylation of (E)-bromopropene and (Z)-bromopropene
gave the compounds in Figure 12. The radiochemical yields are listed in
Table 2. The same reaction time and temperature were used as for the
aminocarbonylation of vinyl iodide.
O
N *×
H

HB

H
N *

H
N *×
O

O

13a (E)

14a (E)

HA

12a (E)

Cl

O
N *
H ×
12b (Z)

H
N *
HB

O

HA
11

C=*

13

C=×

Cl

14b (Z)

Figure 12. Products obtained via aminocarbonylation of (Z) and (E)-bromopropene.

The formation of products (12) – (14) proceeded with retention of
configuration of the C=C double bond.94 When reacted with a strong
nucleophile such as benzylamine, both (E)-bromopropene and (Z)bromopropene gave products in good radiochemical yields. When reacted
with the less activated 3-chloroaniline the yields were lower although (14a)
was obtained in significantly higher amounts compared to (14b).
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Table 2. Synthesis of [carbonyl-11C]acrylamides via aminocarbonylation of (E)- and
(Z)-bromopropene.
Product

12a (E)
12b (Z)

Substrate

Br
Br

Nucleophile

µmol

T
(°C)

[11C]O
conversiona
(%)

Anal.
RCYa
(%)

RCYa
(%)

Benzylamine

4.3

110

82 ± 5 (2)

76 ± 5 (2)

72 ± 5 (2)

Benzylamine

4.3

110

84 ± 2 (2)

73 ± 1 (2)

67 ± 1 (2)

13a (E)

Br

4-Methylaniline

4.3

110

88 ± 3 (2)

81 ± 4 (2)

67 ± 3 (2)

14a (E)

Br

3-Chloroaniline

4.3

110

85 ± 4 (2)

56 ± 6 (2)

41 ± 5 (2)

3-Chloroaniline

4.3

110

76 ± 1 (2)

18 ± 2 (2)

16 ± 2 (2)

14b (Z)
a

Br

For explanations see Table 1.

The compounds (2), (12a), (12b) and (13a) were co-labelled with 11C and
C. By adding (13C)carbon monoxide the total amount of carbon monoxide
was scaled up from approximately 25 nmol to 44 µmol. Consequently, the
reaction time was prolonged and the amount of vinyl halide and benzylamine
was increased. The co-labelling enabled confirmation of the labelled position
by 13C-NMR analysis, Figure 13.
13

O
N
H

Figure 13. 13C-NMR. Above: Isotopically unmodified reference compound. Below:
N-benzyl(carbonyl-13C)acrylamide (2) with a strong carbonyl signal and signal
splitting of the carbon adjacent to the carbonyl carbon.

Compound (14b) was synthesized from the moderately basic 3chloroaniline using carrier added [11C]carbon monoxide. Triethylamine was
needed in order to obtain enough amount of product for the characterization
by 1H-NMR analysis. The introduction of base reduced the number of radiolabelled products to a single product.
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O
N
H

Figure 14. 1H-NMR. Above: Isotopically unmodified reference compound. Below:
N-benzyl(carbonyl-13C)acrylamide (2) with additional 2JC,H, 3JC,H and 4JC,H
couplings.

When assessing the specific radioactivity, cyclotron bombardments of 10
µAh were made resulting in 10 ± 0.5 GBq of [11C]carbon monoxide (n=2).
After 20 min N-benzyl[carbonyl-11C]acrylamide (2) was isolated with a
radioactivity of 4.2 ± 0.3 GBq. The amount of product was 22 ± 1 nmol and
the specific radioactivity was 330 ± 4 GBq/µmol at end of synthesis.
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Specific radioactivity

Specific Radioactivity of the isolated product
(GBq/ȝmol)

High specific radioactivity of the labelled compound is desirable in PETapplications to avoid perturbation of the biological system under study.
Aside from the time factor, which obviously is important for the specific
radioactivity, the amount of radioactive material produced using the
cyclotron influences the specific radioactivity of the final product. As shown
in Figure 15, the specific radioactivity of (R)-[O-ethyl-1-11C]etomidate was
approximately proportional to the initial radioactivity used in the [111
C]ethyl iodide synthesis. However, this linearity breaks down when the
radionuclide production approaches steady-state.
40
35
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11

Initial radioactivity [ C]carbon monoxide (GBq)

Figure 15. Specific radioactivity of isolated (R)-[O-ethyl-1-11C]etomidate 40 min
after start of synthesis plotted against the initial radioactivity of [11C]carbon
monoxide.

The specific radioactivities of the labelled alkyl iodides are listed in Table
3. These values are decay-corrected to the time when the alkyl iodides had
been transferred to the reaction vial and were ready to be used in the
alkylation reaction. When comparing the specific radioactivity obtained for
[1-11C]ethyl iodide, [1-11C]propyl iodide and [1-11C]butyl iodide, the values
differ quite significantly from each other. The low value for [1-11C]ethyl
iodide can be explained by the fact that commercially available solutions of
THF may contain up to 10 ppm acetic acid, resulting in up to 25 nmol of
isotopically unmodified ethyl iodide. The higher specific radioactivity of [111
C]propyl iodide compared to [1-11C]butyl iodide may be explained by ring
opening of THF supported by the following observation; the temperature
34

Table 3. Specific radioactivity.
Alkyl iodide

Initial
Radioactivity
(GBq)

[11C]Methyl iodide
[1-11C]Etyl iodide
[1-11C]Propyl iodideb
11

b

11

c

[1- C]Butyl iodide

[1- C]Butyl iodide

N-benzyl[carbonyl-11C]
acrylamide

Synthesis
time
(min)

RCY
(%)

Specific
Radioactivity
(GBq/µmol)

24

6

13 ± 3

412 ± 32 (3)

I

10

15

55 ± 5

87 ± 3a (2)

II

12.2

15

58 ± 4

270 ± 33a (3)

III

8.1

15

34 ± 2

146 ± 20a (3)

III

a

Paper

4.6

15

29 ± 2

43 ± 18 (3)

III

10 ± 0.5

4

81 ± 3

330 ± 4 (2)

IV

a
Value that was obtained from the analysis of the corresponding alkylated compound. b Evaporation of
THF at 60qC prior to the addition of the hydriodic acid. c Evaporation of THF at 120qC prior to the
addition of the hydriodic acid.

used in the evaporation of the THF prior to the addition of hydriodic acid
influenced the specific radioactivity for [1-11C]butyl iodide but not for [111
C]propyl iodide, Table 3. Heating the vial at 120qC rather than 60qC
during the evaporation resulted in a significant increase of the amount of
butyl iodide while there was a small change in the radiochemical yield, there
is no clear explanation for this. However, it may indicate that excessive
heating of minute amounts of THF in the presence of the lithium/aluminium
salt may have resulted in ring opening of THF and formation of butoxide.
The treatment of the alkoxide with hydriodic acid would then give butyl
iodide. Conventional ether cleavage of THF by hydriodic acid may be a less
likely source of the isotopic dilution since it should have resulted in the
formation of 1,4-diiodobutane.95
Another factor that may affect the specific radioactivity of the higher
alkyl iodides is the radiochemical yield of the reactions. However, this is
true only if the isotopically modified product and the isotopically
unmodified product originate from different chemical routes. For example in
the case of [1-11C]ethyl iodide; the radiochemical yield of the carbonylation
reaction will influence the specific radioactivity if the isotopic dilution
mainly originates from the isotopically unmodified acetic acid present as an
impurity in the THF.
The specific radioactivity obtained for [1-11C]ethyl iodide synthesized
via carbonylation using [11C]carbon monoxide was similar to the results
reported using highly optimized Grignard methods; alkylated compounds
synthesized using [1-11C]ethyl iodide have been reported with specific
radioactivities of up to 41 GB/µmol.28, 33, 34, 96 The specific radioactivities of
[1-11C]propyl and [1-11C]butyl iodide are significantly improved compared
to previously reported results for higher alkyl iodides. Products obtained via
alkylation with [1-11C]propyl iodide or [2-11C]isopropyl iodide have been
reported with values up to 66 GBq/µmol.33, 34
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The use of [11C]alkyl iodides in the preparation
of PET-tracers

The following examples demonstrate the use of 11C-labelled alkyl iodides as
building blocks in the synthesis of PET-tracers. Methyl-, ethyl- and propyl
analogues were synthesized and used in PET-imaging in guinea pig,
cynomolgus- and rhesus monkey.

Potential NK1-receptor radioligands
There is a growing interest in the development of drugs for the Neurokinin-1
(NK1) receptor system. The possible therapeutic areas of NK1-receptor
antagonists are not fully defined yet, but their potential as drugs is explored
in a range of disorders, including emesis, pain, inflammation, depression and
other psychiatric diseases.87, 97-99 Previous studies has shown that the PETradioligands [O-methyl-11C]GR205171 and [18F]SPA-RQ bind selectively to
NK1-receptors.100-102 These two compounds are based on the same
pharmacophore and display a very high affinity for the NK1-receptor, hence
they can be used for visualisation of the receptor system. However, due to
slow dissociation from the receptor the compounds can not be used for
detecting changes in Substance P levels. The latter is required when a new
drug candidate’s ability to enhance endogenous Substance P levels are
investigated. It has been demonstrated that small changes in the structure of
a receptor ligand can lead to changes in affinity and also in the ability to
penetrate the blood-brain barrier.3 4 , 4 3 Thus, the aim of the study was to
synthesize ethyl- and propyl analogues of [O-methyl-11C]GR205171, Figure
10, and to compare the binding characteristics in guinea pig and rhesus
monkey (Paper V).
The uptake of [O-methyl-1-11C]GR205171 and the two analogues in
guinea pig striatum was low. The maximum SUV-values in striatum were
less than 1 at the end of the study. PET images obtained from the studies in
two rhesus monkeys are shown in Figure 16. [O-methyl-11C]GR205171 and
the two analogues were transported into the brain in a much higher extent
than in the guinea pigs. The SUV values for [O-methyl-11C]GR205171 did
not decline during the 90 min scan indicating that the binding was
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irreversible during the investigation time. This was in accordance with
earlier reported results.100

Figure 16. PET-images over the transaxial rhesus monkey brain at the level of
striatum. A. [O-methyl-11C]GR205171, B. Ethyl-analogue, C. Ethyl-analogue after
predosing with GR205171, D. [O-methyl-11C]GR205171, E. Propyl-analogue, F.
Propyl-analogue after predosing with GR205171.

The ethyl-analogue showed binding in the striatum with a maximum SUV
value of 2.7 at 5 min after administration, but the ratio between specific and
unspecific binding was smaller than with [O-methyl-11C]GR205171. The
SUV value decreased during the rest of the scan with a half-life around 60
min. The striatum could not be visualised with the ethyl analogue after
predosing with GR205171 (0.5 mg/kg). With the more lipophilic propylanalogue the striatum could not be distinguished in the images either with or
without predosing. The conclusion was that the propyl-analogue could not be
used for detecting changes in NK1-ligand levels, while further studies are
needed for the ethyl-analogue.

Potential tracers for imaging of the adrenal cortex
[O-methyl-11C]Metomidate and [O-ethyl-1-11C]etomidate were used in
whole-body PET-imaging of cynomolgus monkeys. The compounds were
synthesized via alkylation with [11C]methyl iodide and [1-11C]ethyl iodide,
respectively. The [1-11C]ethyl iodide was obtained using the carbonylation
method and gave [O-ethyl-1-11C]etomidate with a specific radioactivity of 38
GBq/µmol.
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Figure 17. PET/CT imaging of cynomolgus monkey after administration of
(A) [O-methyl-11C]metomidate and (B) [O-ethyl-1-11C ]etomidate.

To be able to differentiate between the liver and the adrenal a high uptake in
the adrenal and lower uptake in the liver was desired. This was observed
with [O-ethyl-1-11C]etomidate, see Figure 17 and Table 4. The adrenal-toliver ratio for [O-methyl-11C]metomidate and [O-ethyl-1-11C]etomidate was
2.0 and 4.5, respectively. The data was obtained using [O-ethyl-111
C]etomidate with six times higher specific radioactivity than a previous
study by Bergström et al.26 The previous study reported adrenal-to-liver
ratios of 1.3 and 1.8 in rhesus for the respective compound.
Table 4. SUV 1 hour post injection in cynomolgus monkey.
Organ

[11C]metomidate

[11C]etomidate

Adrenal
Liver
Gall Bladder
Urine

10.7
5.4
5.0
25

13.7
3.0
6.6
16
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Conclusions

A series of 11C-labelled alkyl iodides ranging from [11C]methyl iodide to [111
C]butyl iodide were synthesized using novel methods.
It was demonstrated that [11C]methyl iodide could be synthesized from
11
[ C]methane and iodine by use of non-thermal plasma. A minute amount of
iodine was needed for the reaction hence the iodine contamination in the
reactor system was negligible. The reactor generated small amounts of heat
and the plasma could instantly be turned on or off. The single pass procedure
was reliable and fast. While the radiochemical yield was lower compared to
other more developed methods, the results are encouraging and may also
illustrate some of the potential of using non-thermal plasma methods in 11Clabelling chemistry.
Carbonylation methods were used in the synthesis of labelled alkyl
iodides from [11C]carbon monoxide. [1-11C]Ethyl iodide, [1-11C]propyl
iodide and [1-11C]butyl iodide were synthesized with very competitive levels
of specific radioactivity. [1-11C]Propyl iodide was obtained with the highest
specific radioactivity (270 ± 33 GBq/µmol), followed by [1-11C]butyl
iodide(146 ± 20 GBq/µmol) and [1-11C]ethyl iodide (87 ± 3 GBq/µmol).
The labelled alkyl iodides were useful alkylating agents in the synthesis
of esters, amines and ethers. In addition to the utility of the alkyl halides, the
experiments proved olefins to be viable substrates in palladium-mediated
carbonylation using [11C]carbon monoxide. Hydroformylation was shown to
give better results than hydroxycarbonylation.
Successful carbonylation of acetylene further expanded the scope of
palladium-mediated carbonylation in 11C-labelling. Originally the work with
acetylene was aimed at the synthesis of [1-11C]allyl iodide. However, when
the conversion of [1-11C]acrylic acid failed, the interest turned to the
synthesis of amides with vinylic functionality. N-Benzyl[carbonyl11
C]acrylamide was synthesized in good yield from [1-11C]acrylic acid via
the conversion to its acid chloride and subsequent treatment with
benzylamine. Significant improvements were achieved when the [carbonyl11
C]acrylamide was synthesized via the Pd0-mediated aminocarbonylation of
vinyl iodide. Several 11C-labelled acrylamides were synthesized using vinyl
iodide, (E)- and (Z)-bromopropene and various amines. The one-pot
synthesis gave products with high radiochemical yields and high specific
radioactivity.
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Svensk populärvetenskaplig sammanfattning

I denna avhandling presenteras nya syntesmetoder för 11C-märkning av
spårsubstanser för användning i positronemissiontomografi (PET).
En PET-spårsubstans innehåller en positronemitterande radionuklid. De mest
använda radionukliderna vid PET-undersökningar är 11C, 18F, 15O och 68Ga,
samtliga positronstrålare med kort halveringstid. Särskilt intressant är 11C,
med med en halveringstid på 20,4 min, eftersom kol är vanligt
förekommande i kroppsegna substanser och läkemedel. Vid en PETundersökning administreras vanligen spårmolekylen intravenöst till
patienten. Spårmolekylens utbredning och koncentration i kroppen kan
bestämmas genom att radioaktiviteten registreras med en s.k. PET-kamera.
Detta resulterar i data som sedan kan sammanställas till en serie tidsupplösta
bilder. Olika biologiska skeenden kan avbildas beroende på vilken PETspårsubstans som valts, t.ex. metabolism i cancertumörer och interaktioner
med olika proteiner t.ex. receptorer eller enzymer. Genom att använda sig av
skräddarsydda spårsubstanser för användning inom t.ex. kardiologi,
neurologi och onkologi kan information erhållas som underlättar diagnos och
val av behandling. PET används också allt mer inom läkemedelsforskningen.
Det är därför viktigt att utveckla nya syntesmetoder för att kunna öka antalet
möjliga PET-spårsubstanser.
Ett effektivt sätt att möjliggöra 11C-märkning av ett stort antal substanser
är att syntetisera radioaktiva molekylära ”byggstenar” inmärkta med 11C.
PET-spårsubstansen syntetiseras därefter genom att koppla ihop den
radioaktiva byggstenen med ett strukturelement som innehåller en lämplig
funktionell grupp, t.ex. amin, alkohol eller karboxylsyra. Genom att använda
olika radioaktiva byggstenar till samma strukturelement och vice versa ges
möjlighet att modifiera PET-spårsubstansens biologiska funktion. I
avhandlingen presenteras metoder för syntes av 11C-märkta byggstenar med
varierande längd på kolkedjan.
När 11C används vid PET-undersökningar är mängden radioaktivitet som
erhålls vid syntesen av spårsubstansen viktig. Om för lite radioaktivitet
administreras vid undersökningen så fås PET-bilder av dålig kvalitet. Högt
radiokemiskt utbyte är därför önskvärt. För att få bästa upplösning och
känslighet med PET-kameran krävs även att spårsubstansen har hög specifik
radioaktivitet. Detta innebär att mängden radioaktiv substans ska vara så hög
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som möjligt samtidigt som mängden substans som saknar radioaktiv atom
minimeras. Detta kan bland annat uppnås genom att välja kemikalier vilka
inte bidrar till en isotoputspädning, genom att utföra syntesen i mycket liten
skala och att minimera syntestiden.
Kolmonoxid och metan märkt med 11C kan användas som radioaktivt
startmaterial. Det minskar betydligt risken för isotoputspädning jämfört med
de gängse metoderna som använder 11C-koldioxid som till skillnad mot
kolmonoxid och metan finns i hög koncentration i atmosfären. Kolmonoxid
märkt med 11C inkorporeras i strukturelement genom palladiumkatalyserad
karbonylering. Genom vidare kemiska modifikationer kan märkta
alkyljodider erhållas och dessa kan användas som byggstenar vid syntesen
av PET-spårsubstanser. En ny metod för syntes av metyljodid märkt med 11C
presenteras också. [11C]Metyljodid är i dag den mest använda byggsten för
syntes av PET-spårsubstanser märkta med 11C. Vidare presenteras en metod
för att syntetisera akrylamider märkta med 11C i karbonylpositionen.
In vivo studier med PET har genomförts med fokus på avbildning av
binjure samt neurokinin-1-(NK1)-receptorn.
Utveckling av teknisk apparatur har varit en del av arbetet som en
konsekvens av att 11C är radioaktiv. Synteserna kräver en hög grad av
automatisering pga strålskyddsbehov och hanteringen av små mängderna
reagens, både gasformiga och i lösning.
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