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ABSTRACT 

Positron emission tomography (PET) is a non-invasive in vivo imaging technique used for 

translational biomedical research and clinical diagnosis. A fundamental pre-condition for PET 

is the radiolabelled tracer molecule used in the emission measurement, and there is a pressing 

need to accelerate the development of novel PET tracers to meet an increasing demand from 

the healthcare system, academia and drug industry. A cornerstone in this effort is access to 

methodologies for late-stage isotopic labelling of small molecules with the positron-emitting 

radionuclide carbon-11 (11C, half-life 20.4 min).  

The carbonyl group is one of the most abundant motifs in biologically important molecules and 

therefore a good target for isotopic labelling. The aim of this thesis was to develop 11C-

carbonylation reactions that made use of [11C]carbon dioxide ([11C]CO2), a synthon obtained 

directly from medical cyclotrons. The incorporation of this radiolabelled synthon, first into 

model compounds and later into biologically relevant molecules, was accomplished in 

automated radiochemistry systems and analysed using liquid chromatography.  

Papers I and II describe the development of two different methods for the synthesis of 11C-

labelled cyclic ureas. In Paper I, the noteworthy concept of CO2 fixation with strong, organic 

bases was applied. A set of [11C]benzimidazolones was thus radiolabelled with high 

radiochemical yields under mild conditions. In Paper II, the task was approached by using a 

click chemistry-inspired Staudinger/aza-Wittig cascade reaction. A wide selection of five and 

six-membered cyclic ureas was radiolabelled using this simple one-pot reaction. As a proof of 

concept, the β-adrenergic radioligand, (S)-[11C]CGP12177, was eventually produced using 

both methods. 

Paper III showcased a novel 12C/11C isotopic exchange reaction for labelling of phenylacetic 

acids. The method is based on heat-induced decarboxylation of the substrate molecule, 

followed by introduction of isotope-labelled [11C]CO2, without need for any additional 

reagents. Three small molecules, including two anti-inflammatory drugs, were labelled to 

prove suitability of the method for a low-concentration carbon-11 source. 

In Paper IV, the CO2 fixation concept was applied to the preparation of 11C-labelled 

oxazolidinones and other cyclic urethanes, starting from corresponding anilines, benzylamines 

and dibromoalkanes. Five and six-membered cyclic urethanes, as well as both phenylic and 

benzylic compounds, were labelled with moderate to excellent radiochemical yields. 

In conclusion, a set of new methodologies was developed for the 11C-labelling of carbonyl 

groups. Each of the novel methodologies utilised [11C]CO2 obtained directly from a medical 

cyclotron without further chemical manipulation, and were successfully used in the preparation 

of cyclic ureas, benzoxazolone and benzothiazolone compounds, phenylacetic acids, N-

aryloxazolidinones, N-aryloxazinanones and N-benzyloxazinanones. Given the useful 

radiochemical yields and operational simplicity of these methods, there is a reason to be 

optimistic about their adoption in future PET tracer development.  



 

LIST OF SCIENTIFIC PAPERS 

I. Horkka, K.; Dahl, K.; Bergare, J.; Elmore, C. S.; Halldin, C.; Schou, M. Rapid 

and efficient synthesis of 11C‐labeled benzimidazolones using [11C]carbon 

dioxide. ChemistrySelect, 2019, 4, 1846-1849. 

II. Del Vecchio, A.; Caillé, F.; Chevalier, A.; Loreau, O.; Horkka, K.; Halldin, 

C.; Schou, M.; Camus, N.; Kessler, P.; Kuhnast, B.; Taran, F.; Audisio, D. Late-

stage isotopic carbon labeling of pharmaceutically relevant cyclic ureas directly 

from CO2. Angewandte Chemie, 2018, 130, 9892-9896; Angewandte Chemie 

International Edition, 2018, 57, 9744-9748. 

III. Destro, G.; Horkka, K.; Loreau, O.; Buisson, D.-A.; Kingston, L.; Del 

Vecchio, A.; Schou, M.; Elmore, C. S.; Taran, F.; Cantat, T.; Audisio, D. 

Transition‐metal‐free carbon isotope exchange of phenyl acetic acids. 

Angewandte Chemie; Angewandte Chemie International Edition. 

doi:10.1002/anie.202002341. 

IV. Horkka, K.; Mannisto, J. K.; Repo, T.; Schou, M. Late-stage radiolabeling of 

N-aryl oxazolidinones and other cyclic urethanes starting from [11C]carbon 

dioxide. Manuscript. 



 

 

CONTENTS 

List of abbreviations ............................................................................................................. 4 

1 Introduction ...................................................................................................................... 7 

1.1 Principles of PET ................................................................................................... 7 

1.1.1 PET methodology...................................................................................... 7 

1.1.2 Positron-emitting radionuclides ................................................................ 7 

1.1.3 Applications of PET .................................................................................. 8 

1.2 PET radiochemistry ............................................................................................. 10 

1.2.1 Fluorine-18 .............................................................................................. 10 

1.2.2 Carbon-11 ................................................................................................ 10 

1.2.2.1 11C-Labelling using [11C]carbon dioxide ............................................ 11 

Aims of the thesis ................................................................................................................ 16 

2 Materials and methods .................................................................................................. 17 

2.1 Preparation and handling of [11C]carbon dioxide ............................................... 17 

2.2 Product identification and yield determination .................................................. 18 

2.3 Molar activity....................................................................................................... 18 

3 Results and discussion ................................................................................................... 19 

3.1 11C-labelling of cyclic ureas (Papers I and II) .................................................... 19 

3.1.1 11C-labelling of benzimidazolones using CO2 fixation chemistry ......... 19 

3.1.2 11C-Labelling of cyclic ureas using click chemistry .............................. 23 

3.2 12C/11C Isotopic exchange in phenylacetic acids (Paper III) .............................. 24 

3.3 11C-Labelling of oxazolidinones and other cyclic urethanes (Paper IV) ........... 26 

4 Concluding remarks ...................................................................................................... 31 

5 Future considerations .................................................................................................... 33 

Acknowledgements ............................................................................................................. 35 

References ............................................................................................................................ 37 

 

  



 

LIST OF ABBREVIATIONS 

(+)-[11C]PHNO 

 

[11C]CURB 

 

[11C]PIB 

[11C]S14506 

 

[11C]SL25.1188 

 

[18F]FDG 

2-tBuTMG 

5HT1A 

Am 

BBB 

BEMP 

 

[Carbonyl-11C]WAY-

100635 

CEA 

CT 

DBAD 

DBU 

DMF 

DMSO 

EOB 

GMP 

HPLC 

IE 

LiHMDS 

LG 

MAO-A 

MAO-B 

MeCN 

MRI 

OTf 

PET 

(+)-4-[11C]Propyl-3,4,4a,5,6,10b-hexahydro-2H-naphtho[1,2-

b][1,4]oxazin-9-ol 

[11C-Carbonyl]-6-hydroxy-[1,1′-biphenyl]-3-yl 

cyclohexylcarbamate 

2-(4-N-[11C]Methylaminophenyl)-6-hydroxybenzothiazole 

[O-Methyl-11C]-1-[2-(4-fluorobenzoylamino)ethyl]-4-(7-

methoxynaphthyl)piperazine 

(S)-5-Methoxymethyl-3-[6-(4,4,4-trifluorobutoxy) 

benzo[d]isoxazol-3-yl]oxazolidin-2-[11C]one 

2-Deoxy-2-[18F]fluoro-D-glucose 

2-Tert-butyltetramethylguanidine 

Serotonin receptor subtype 1A 

Molar activity 

Blood-brain barrier 

(2-Tert-butylimino-2-diethylamino-1,3-dimethylperhydro-

1,3,2-diazaphosphorine) 

[Carbonyl-11C]N-(2-(1-(4-(2-methoxyphenyl)-

piperazinyl)ethyl)-N-pyridinyl) cyclohexanecarboxamide 

French Alternative Energies and Atomic Energy Commission 

Computer tomography 

Di-tert-butyl azodicarboxylate 

(1,8-Diazabicyclo[5.4.0]undec-7-ene) 

N,N-Dimethylformamide 

Dimethyl sulfoxide 

End of bombardment 

Good manufacturing practice 

High-performance liquid chromatography 

Isotopic enrichment 

Lithium hexamethyldisilazide 

Leaving group 

Monoamine oxidase A 

Monoamine oxidase B 

Acetonitrile 

Magnetic resonance imaging 

Triflate, trifluoromethanesulfonate 

Positron emission tomography 



 

 

PTC 

RCP 

RCY 

RT 

Phase-transfer catalyst 

Radiochemical purity 

Radiochemical yield 

Room temperature 

RXR 

(S)-[11C]CGP12177 

 

SAW 

t1/2 

TBD 

TE 

THF 

TMG 

Retinoid X receptor 

(S)-4-(3-(Tert-butylamino)-2-hydroxypropoxy)-2H-

benzimidazol-2[11C]-one) 

Staudinger/aza-Wittig reaction 

Half-life 

Triazabicyclodecene 

Trapping efficiency 

Tetrahydrofuran 

Tetramethylguanidine 

UV Ultraviolet 

 

  

 





 

 7 

1 INTRODUCTION 

1.1 Principles of PET 

1.1.1 PET methodology 

Positron emission tomography (PET) is a sensitive, non-invasive biomedical imaging 

technique that enables localisation of radioactive molecular tracers in living human subjects 

and experimental animals.1, 2 The tracers used in PET are labelled with unstable radioisotopes 

that emit a positron (e+), which travels a short distance in the surrounding tissue until it collides 

with an electron (e-). The energy of the positron is proportional to the travel distance of the 

radionuclide. The resulting annihilation event produces two 511 keV γ-rays which are emitted 

in nearly opposite directions. When a pair of γ-rays is coincidently detected in the scintillation 

crystals of the ring-shaped detector system around the subject, a signal is registered. A PET 

measurement consists of numbers of such coincidence events that are finally transformed into 

spatial information of the tracer and thus, an image. The resolution for modern pre-clinical PET 

is 0.8 mm3 and for clinical PET 1.5 mm4 full width at half maximum. Although the resolution 

of a PET measurement is inferior to that observed with magnetic resonance imaging (MRI), it 

provides an important opportunity for functional real-time imaging of metabolic or biochemical 

events that are very difficult to observe by other means.5 A dual PET/MR or PET/CT (computer 

tomography) measurement is normally conducted to combine the biochemical information 

from PET with anatomical images. Importantly, time-activity curves can be generated from the 

PET data, which allows for quantification of tracer distribution in tissue.  

1.1.2 Positron-emitting radionuclides 

The most commonly used radionuclides in PET are fluorine-18, carbon-11, oxygen-15 and 

nitrogen-13, which share a notably short half-life (2-110 minutes).6 Though the nuclides with 

short half-life are inconvenient from a radiochemistry perspective, they reduce the radiation 

burden for the subject and allow for multiple PET measurements in the same subject during a 

short time interval. PET radionuclides are commonly produced in medical cyclotrons, which 

are circular particle accelerators that typically have several reaction vessels (targets) in which 

the nuclear reactions take place. These cyclotrons are typically placed in an infrastructure 

together with a radiochemistry laboratory, which in turn is located at proximity of a nuclear 

medicine department or imaging research centre. However, not all imaging infrastructures have 

access to locally-produced radionuclides or PET tracers, and thus rely on external production 

facilities for PET tracer supply. This setup is almost exclusively adopted for 18F-labelled PET 

tracer synthesis due to its convenient 110 minutes half-life. Furthermore, not all radionuclides 

require a cyclotron for their production, but can be generated locally from an unstable “mother” 

radionuclide that is supplied in a radionuclide generator. Gallium-68 and copper-62 are 

examples of generator-produced metal nuclides that have gained popularity in the past years. 

Table 1 shows some PET nuclides and their physical properties.7 
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Table 1. Summary of decay characteristics and common production routes of some commonly used radionuclides 

in PET. 

Radionuclide Half-life Energy of 

positrons (MeV) 

Type of reaction Portion of positron 

decay 

15O 2.0 min 1.72 14N(d,n)15O 100% 

13N 10.0 min 1.19 16O(p,α)13N 100% 

11C 20.4 min 0.96 14N(p,α)11C 100% 

18F 109.7 min 0.64 18O(p,n)18F 97% 

68Ga 68.1 min 1.90 68Ge → 68Ga + β- 90% 

64Cu 12.7 h 0.65 64Ni(p,n)64Cu 18% 

89Zr 78.4 h 0.90 89Y(p,n)89Zr 22% 

 

A PET tracer can be a radiolabelled drug molecule, biomolecule, receptor ligand or a simple 

gas. The biological half-lives vary significantly between these chemical species, it is thus 

important to select a radionuclide with a long enough half-life for its intended use. For example, 

small molecules such as pharmaceutical drugs, receptor ligands and peptides are ideally 

labelled using carbon-11, gallium-68 and fluorine-18. Larger biomolecules call for longer lived 

radionuclides, such as copper-64 and zirconium-89, whereas simple gasses like ammonia or 

water are labelled using nitrogen-13 and oxygen-15. To preserve the biological properties of a 

PET tracer, the radionuclide should ideally be introduced in a manner that does not alter its 

physicochemical or pharmacological properties. Nearly all biologically important molecules 

contain carbon and most of them contain nitrogen and/or oxygen atoms for such isotopic 

substitution. In contrast, fluorine, copper, gallium and zirconium atoms are scarcely observed 

in biomolecules and thus require structural modification to allow for their introduction. Of 

these, the introduction of fluorine-18 is the least perturbating whereas the labelling with metal 

radionuclides (68Ga, 64Cu and 89Zr) requires a relatively large chelating moiety in the target 

molecule, which makes these more suitable for peptides, nucleotides, nanoparticles and 

antibodies.8 

1.1.3 Applications of PET 

Today, PET is an established tool in clinical oncology, where it is used for diagnosis, to 

distinguish malignant tumours from benign, to track metastases and to follow the efficacy of 

treatments. The most widely used PET radiotracer is 2-deoxy-2-[18F]fluoro-D-glucose 

([18F]FDG), a fluorinated glucose analogue that is taken up into cells with high glucose 



 

 9 

consumption, such as cancer cells.9 Following cellular uptake, [18F]FDG is phosphorylated but 

cannot be metabolised further, resulting in intracellular accumulation. In addition to [18F]FDG, 

PET imaging in oncology also takes advantage of a variety of other type of radiotracers, both 

routinely and as promising new methodologies. These include targeting cell proliferation with 

labelled thymidine analogues,10, 11 studying tumour blood flow with 15O-labelled water,12 

targeting tumour receptors with labelled antibodies13 and aptamers,14 and finally, following 

efficacy of gene therapy.15 

The risks associated with invasive brain research have led to the emergence of PET as an 

important tool in translational neuroscience research. In addition to the use of [18F]FDG to 

identify altered states of cerebral glucose metabolism (for example in Alzheimer’s disease16), 

there is an increasing arsenal of tracers available for imaging in neuroscience.17 Radiotracers 

targeting the brain must efficiently penetrate the blood-brain barrier (BBB), which sets specific 

requirements for the size and chemical structure of the potential tracer molecule. Successful 

tracers enter the brain via passive diffusion or active transport and are not substrates for efflux 

transporters located at the BBB that otherwise limit their brain exposure.18 Among the many 

radiotracers developed during the past decades, the most widely used tracers target the 

dopaminergic, serotonergic, cholinergic and glutamatergic neurotransmission systems. These 

tracers contribute to diagnosis and increased understanding of several neurological and 

psychiatric disorders such as depression, addiction, schizophrenia, Parkinson’s and 

Alzheimer’s disease. However, it is important to note that most receptors are still lacking a 

selective radiotracer and that there is still a great deal of work to be done in tracer 

development.19 PET is also routinely used in clinical cardiology, and examples of common 

tracers are [13N]ammonia, [11C]acetate, [11C]palmitate and [18F]FDG.2, 20 

PET radiotracers are often obtained at a high ratio between radioactivity and molar amount, or 

at a high “molar activity” (Am). A high Am is important in order to avoid saturation of target 

proteins in ligand binding studies, and it is typically recommended that less than 5-10% of 

target sites are occupied by the tracer during the PET measurement. However, it is also 

important to note that not all studies require high Am. Measurements of high capacity systems 

and drug biodistribution are examples of such studies.21 

A fundamental pre-requisite for conducting imaging studies in human subjects is that the tracer 

production complies with good manufacturing practice (GMP).6 To comply with GMP, a 

radiosynthesis should ideally be automated and carried out in an aseptic environment to exclude 

the introduction of microorganisms in the process. A number of quality requirements are 

typically imposed on GMP manufacturing procedures as well as on the end product. Among 

these, strict specifications are typically set to assure chemical and radiochemical purity and 

identity, molar activity, as well as sterility and apyrogenicity of the injection solution. However, 

due to short half-lives of the radionuclides, not all the quality control can be conducted before 

administration of the radiopharmaceutical. Strictly validated methods are thus used in 

radiotracer production. 
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1.2 PET radiochemistry 

1.2.1 Fluorine-18 

Fluorine-18 is the most widely used radionuclide in PET radiochemistry.22-24 Its convenient 

half-life permits both centralised production and transportation to radiochemistry facilities that 

lack an on-site cyclotron, as well as use in multistep radiosynthesis. In a similar manner as in 

organofluorine chemistry, the radiochemistry of fluorine-18 can be divided into electrophilic 

and nucleophilic methodologies. Despite the great scope associated with electrophilic 

fluorinations, this methodology is far less utilised in fluorine-18 radiochemistry due to practical 

issues associated with [18F]fluorine production, as well as the lower molar activity observed 

for the radiolabelled products. An exception to this is the relatively high molar activity obtained 

when utilising the electric discharge method, in which fluoromethane (produced from non-

carrier-added [18F]fluoride) is reacted with a low amount of fluorine gas25 which, however, 

requires careful control over reaction conditions. Most often a nucleophilic labelling approach 

is sought to simplify radiofluorinations from a practical perspective. Because of its high 

solvation energy, nucleophilic 18F-fluorinations rely on dried [18F]fluoride and the use of phase-

transfer catalysts (PTC) to increase its concentration in organic solvents. The dried 

[18F]fluoride-PTC complex can subsequently be used in both aliphatic23 and aromatic26 

radiofluorination reactions. Common leaving groups (LG) in nucleophilic aliphatic substitution 

include sulfonates (for example methyl and p-toluenesulfonate) and halides, whereas the 

corresponding LGs in aromatic fluorinations include nitro or trimethylammonium salts. 

However, not all compounds are optimally suited for nucleophilic aromatic fluorinations 

because they lack electron-withdrawing groups in ortho or para positions relative to the LG. 

Such compounds may be labelled using Cu-mediated reaction,27 Pd-mediated electrophilic 18F-

fluorination28 and aryl iodonium salts29. 

1.2.2 Carbon-11 

Carbon-11 is most often produced using the 14N(p,α)11C nuclear reaction by bombardment of 

nitrogen gas with protons. By adding a small amount of oxygen or hydrogen to the target gas, 

the labelling precursors [11C]carbon dioxide ([11C]CO2) and [11C]methane ([11C]CH4) can be 

obtained, respectively (Scheme 1). Of these, [11C]CO2 is the more versatile precursor and, in 

addition to direct use, can be converted to secondary labelling precursors, like [11C]methyl 

iodide ([11C]CH3I)
30, 31 and [11C]carbon monoxide ([11C]CO)32, 33. These can in turn be 

converted into other useful radioactive synthons, such as [11C]phosgene ([11C]COCl2)
34-36, 

[11C]methyl triflate ([11C]CH3OTf)37, 38, [11C]formaldehyde ([11C]CH2O)39 and [11C]carbon 

disulfide ([11C]CS2)
40. Of these, [11C]CH3I and [11C]CH3OTf are the most frequently used in 

11C-radiochemistry, whereas the other radiolabelled precursors are more seldom used owing to 

difficulties associated with their production. In general, high effectiveness and reactivity is 

often counterbalanced by time-consuming preparation, maintenance of the equipment and low 

reproducibility.22 [11C]CH4 does not permit direct labelling, but can be converted into 

[11C]hydrogen cyanide ([11C]HCN)41 or [11C]CH3I. An advantage with [11C]CH3I derived from 

in-target produced [11C]CH4 is its higher molar activity that can be obtained due to the low 
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concentrations of methane in the atmosphere.42 However, a drawback is the lower yields 

typically observed for in-target produced [11C]CH4 compared to [11C]CO2. 

 

 

Scheme 1. Primary and secondary 11C-precursors. Highlighted are [11C]CO2 (red), the most common primary 11C-

precursor, and [11C]CH3I and [11C]CH3OTf (grey), the most used 11C-labelling synthons.  

1.2.2.1 11C-Labelling using [11C]carbon dioxide  

Considering its 20-minute half-life, overall synthesis times with carbon-11 should be kept as 

short as possible. Being the most common 11C-labelled precursor obtained from the cyclotron, 

[11C]CO2 is a compelling option to be used directly, without chemical modifications. Many of 

the features sought in method development for carbon-11 radiochemistry are shared with those 

desired for novel methods for organic chemistry. Any new method would thus be optimised to 

achieve the highest possible yield of the product, under the mildest possible conditions and at 

the highest possible chemo and/or stereoselectivity. Challenges associated with [11C]CO2 

radiochemistry include low partial pressure of [11C]CO2 in inert gas, its relatively low reactivity 

and solubility. In addition, strict precautions need to be taken to avoid unnecessary dilution of 

the reaction mixture with atmospheric CO2, since this results in poor molar activity of the 

desired radiolabelled product. In synthetic organic chemistry, the incorporation of unlabelled 

CO2 often requires high partial pressure of the gas, high temperatures and catalysts. Since 

[11C]CO2 is obtained in minute quantities from the cyclotron, it is difficult to directly apply 

such methods to PET radiochemistry. Thus, only a handful of methods is available for direct 

or semi-direct incorporation of [11C]CO2. 

Carbamates and ureas are relatively common structural motifs in bioactive molecules and PET 

tracers. Although these structural motifs since long have been labelled using [11C]COCl2
43 the 

preparation of phosgene is cumbersome and hence not adopted in many PET centres. In an 

early [11C]urea synthesis, lithium hexamethyldisilazide (LiHMDS) was reacted with [11C]CO2 

and the subsequent lithium complex was hydrolysed using ammonium chloride.44 

Unfortunately, only [11C]urea and [11C]uracil were prepared using this method that has not 

found widespread use in the academic community. In another early example, [11C]CO2 was 

trapped at low temperature in a mixture of a substrate amine and triethylamine.45 The 
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intermediate carbamic acid was dehydrated with phosphoryl chloride (POCl3) to obtain 11C-

labelled isocyanates and ureas. However, the approach suffered from the high reactivity of the 

intermediate [11C]isocyanate towards the precursor amine, resulting in low control over the 

products. There are also examples of ureas labelled using [11C]carbon monoxide.46, 47 

Considering the tedious preparation or narrow substrate scope for the previously presented N-
11C-carbonylation methods, a more straightforward and mild way of utilising [11C]CO2 was in 

demand. A big step forward was taken when the concept of carbon dioxide fixation for labelling 

was presented.48, 49 Strong, organic bases, so-called fixating agents, enable efficient trapping of 

[11C]CO2 into the reaction mixture and activate it towards heteroatom-[11C]carbon bond 

formation (Scheme 2). Although Coenen and co-workers already used triethylamine for 

[11C]CO2 fixation,45 these so-called superbases, such as DBU (1,8-diazabicyclo[5.4.0]undec-

7-ene) and BEMP (2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphos-

phorine), have proven to be excellent fixating agents even at room temperature and moderate 

gas flow rates. The nature of the base-CO2 intermediate remains still unclear. A zwitterionic 

intermediate has generally been proposed, but at least in case of DBU, only formation of 

bicarbonate salt has been confirmed.50, 51 

In their publications, both Hooker and Wilson used the fixation base chemistry for preparation 

of 11C-labelled carbamates (A in Scheme 2).48, 49 It was shown that the putative intermediate, 

the carbamate salt formed between the base, amine and carbon dioxide could be alkylated 

directly with reactive alkyl electrophiles. The method, which was operationally simple, 

consisted of bubbling [11C]CO2 through a solution of the fixation base (DBU or BEMP), an 

amine and a halide, tosylate or sulfate. It was later discovered that more structurally complex 

[11C]carbamates could be prepared via an active [11C]isocyanate intermediate, which could be 

formed by dehydrating the carbamate salt with POCl3 (B in Scheme 2).52 In the same report, 

Wilson and co-workers also demonstrated that the [11C]isocyanate intermediate could be 

reacted with amines to provide the corresponding [11C]ureas, although transformation was not 

very efficient for aromatic ureas. Other labelled heterocyclic compounds, such as 

[11C]oxazolidinones, were also readily available when amino and hydroxy functionalities were 

pre-installed into the substrate, as demonstrated for [11C]SL25.1188.53 This radiotracer for 

monoamine oxidase-B (MAO-B), that was originally labelled using [11C]COCl2,
54 has also 

been applied to research in human subjects.55 Furthermore, the same methodology has been 

applied to the production of the fatty acid amide hydrolase PET tracer [11C]CURB for 

application in human PET studies.56 

Mitsunobu conditions have also been applied as an efficient alternative to POCl3 treatment in 

the synthesis of [11C]isocyanates (C in Scheme 2).57 Importantly, these conditions were mild 

(often carried out at room temperature) and allowed for excellent RCYs for both symmetrical 

and unsymmetrical [11C]ureas even with aniline substrates.57, 58 It was later demonstrated that 

[11C]amides could be prepared when the Mitsunobu reaction was followed by alkylation with 

Grignard reagent.59 
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Scheme 2. Possible pathways (A-C) for [11C]carbamate and [11C]urea formation using [11C]CO2 fixation 

chemistry. 

There are several other methods reported in the literature for 11C-heteroatom bond formation 

that do not require superbases for CO2 fixation (Scheme 3). Van Tilburg and colleagues 

reported an alternative for 11C-labelling of ureas by using phosphinimine precursors obtained 

from the corresponding primary amines (Scheme 3a).60 Though high reaction selectivity was 

observed for a set of linear [11C]ureas, the methodology was hampered by relatively low 

radiochemical yield. Direct 11C-methylation of amines with [11C]CO2 has also been reported, 

instead of using traditional [11C]CH3I or [11C]CH3OTf (Scheme 3b).61 Although this Zn-

mediated method had several drawbacks (high temperature, long reaction time and moderate 

substrate scope), it was reminded that direct utilisation of [11C]CO2 would often simplify set-

ups and automation. The authors were able to apply the method to the radiosynthesis of 

[11C]PIB, a β-amyloid radiotracer, with moderate RCY but low molar activity. Finally, 

[11C]carbonates were synthesized starting from an alcohol and alkyl chloride (Scheme 3c).62 

DBU was not suitable for this method but the authors presented two possible alternative 

approaches. In the first one, using cesium carbonate (Cs2CO3) as a base, high RCYs but low 

molar activities were obtained. When using sodium hydride (NaH) instead, molar activities 

were high but RCYs only moderate. As a disadvantage, scope for the method was not 

presented. 
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Scheme 3. Miscellaneous 11C-heteroatom bond formation reactions. a) [11C]Ureas from phosphinimines. b) Direct 
11C-methylation of amines. c) [11C]Carbonates from [11C]CO2. 

Strongly basic organometallic reagents have since long been used for 11C-carboxylation 

reactions in 11C-C bond formation (Scheme 4a and b). Simple [11C]carboxylic acids (Route A 

in Scheme 4a), such as [11C]acetic and [11C]palmitic acid have thus been obtained by reacting 

the corresponding Grignard reagents with [11C]CO2.
63-65 Further functionalisation of such 11C-

carboxylated species into esters and amides has been facilitated by reaction of the intermediate 

[11C]carboxymagnesium halides with thionyl chloride, phthaloyl dichloride or oxalyl chloride 

to form the corresponding [11C]acyl halides (B in Scheme 4a).66, 67 [Carbonyl-11C]WAY-

100635, prepared via this route, is arguably the most widely used PET tracer for imaging 

serotonin 1A receptors (5HT1A) in human subjects.68-71 Additionally, [11C]amide can be 

reduced to [11C]amine, as demonstrated in the synthesis of (+)-[11C]PHNO, a dopamine D2/D3 

radioligand.72 Lasne and co-workers developed a direct reaction between the 

[11C]carboxymagnesium halide and amine to obtain a set of amides (C in Scheme 4a).73 It is 

noteworthy that [11C]amines were accessible using this route when sodium borohydride 

(NaBH4) was present in the reaction mixture (D in Scheme 4a).74 Radiochemical yields (RCY) 

for the 11C-amidation were considerably enhanced by applying microwave heating, and as a 

proof of concept, the 5HT1A agonist S14506 was 11C-labelled with 10-18% RCY.75, 76 

Organolithium compounds have also found use in 11C-carboxylation chemistry. The labelling 

synthon [11C]acetone has been successfully prepared using methyllithium (Scheme 4b).77, 78 

However, due to the high reactivity and sensitivity of organometallic reagents, several 

problems arise. If reagents are not stored under an inert atmosphere, they are prone to react 

with atmospheric CO2, leading to reduced molar activities of the 11C-labelled products. The 

syntheses often require complicated set-ups, and functional group tolerance in the target 

molecule is typically poor. A recently developed copper-mediated protocol for labelling of 

[11C]carboxylic acids and derivatives starting from the corresponding boronic acid esters 
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addressed some of these shortcomings (Scheme 4c).79 Functional group tolerance was higher 

with this method, but only aryl, vinyl and alkynylboronates were compatible as substrates. An 

oxytocin receptor ligand79 as well as the retinoid X receptor (RXR) agonist bexarotene80 were 

labelled using the method. Another way to overcome the problems arising from the use of 

organometallic reagents was presented by Borganzone and colleagues in their work that 

harnessed fluorine-activated silylated aryl precursors for carboxylation (Scheme 4d).81 

Trapping efficiency for [11C]CO2 was greatly enhanced in the presence of BEMP or DBU. 

 

Scheme 4. Synthesis of [11C]carboxylic acid derivatives using a) Grignard, b) organolithium, c) boronate ester and 

d) silane chemistry. 
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AIMS OF THE THESIS 

The overall aim of the thesis was to develop new 11C-labelling methods using [11C]carbon 

dioxide directly from the cyclotron, and thus facilitate development and discovery of novel 

radiotracers for PET. The specific aims were the following: 

• To develop methods for 11C-labelling of cyclic ureas and benzimidazolones, as well as 

to label (S)-[11C]CGP12177, a radioligand used for imaging of β-adrenergic receptors. 

• To apply dynamic isotope exchange to 11C-labelling of carboxylic acids. 

• To develop a method for 11C-labelling of N-phenyl-2-oxazolidinones and other cyclic 

urethanes. 
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2 MATERIALS AND METHODS 

A brief summary of materials and methods is presented below. For detailed synthesis 

procedures and radiochemistry methodology, the reader is referred to the full papers and 

manuscript. 

2.1 Preparation and handling of [11C]carbon dioxide 

All gases were purchased from AGA Gas AB (Sundbyberg, Sweden). Carbon-11 was produced 

with a GEMS PETtrace cyclotron (GE Uppsala, Sweden) using 16.4 MeV protons via the 
14N(p,α)11C nuclear reaction. [11C]CO2 was prepared in a 78 mL aluminium target containing 

nitrogen gas of scientific grade purity (99.9999%) and a small amount of oxygen (0.5 or 1%). 

[11C]CO2 was transferred either directly to a hot cell or via intermediate purification on 

molecular sieves inside a chemical process cabinet (GE, Uppsala, Sweden). 

Inside the hot cell, [11C]CO2 was delivered to a [11C]CO-synthesizer prototype from GEMS 

PET Systems AB (GE Healthcare, Uppsala, Sweden), where it was trapped either on a 

molecular sieve column (0.6 g packed in a ¼” stainless steel tube, 4 Å, mesh 80/100, GRACE) 

at room temperature (RT) or a stainless steel loop immersed in liquid nitrogen. The 

accumulated [11C]CO2 was released into a controlled stream (10 mL/min, Mass flow controller, 

Bronckhorst) of helium (He 6.0) upon heating. The purified [11C]CO2 was further concentrated 

on a silica gel (10 mg, 60 Å, 60-100 mesh) trap immersed in liquid nitrogen.  After heating, 

[11C]CO2 was transferred via a phosphorus pentoxide (P2O5) column into a reaction vessel 

using a controlled stream of helium.  

The reaction vessel pre-charged with the reaction mixture, was equipped with an ascarite 

(sodium hydroxide-coated silica, 8-20 or 20-30 mesh) trap to measure untrapped [11C]CO2. 

Following completed entrapment, the needles were removed, and the vessel was kept at the 

desired temperature for the specified reaction time. By comparing decay-corrected activities 

(A) in the vial and the ascarite trap, trapping efficiency 1 (TE1) could be determined using the 

following Equation 1. TE1 gives an estimation about the ability of the reaction mixture to retain 

[11C]CO2, and is subject to improvement by using CO2 trapping agents or optimising the 

conditions, such as temperature or gas flow rate. Nevertheless, part of the radioactive gas is 

naturally in the headspace of the reaction vial, thus creating uncertainty to the TE1 values. 

Equation 1: TE1 = (
A1, vial

A1, vial + A1, ascarite
) × 100% 

When the reaction was complete and quenched, the vial was flushed with N2 to release the 

[11C]CO2 that still remained unreacted, into a second ascarite trap to estimate trapping 

efficiency 2 (TE2) according to Equation 2. TE2 can be seen as a measurement of the efficacy 

of the reaction in terms of [11C]CO2 usage. 

Equation 2: TE2 = (
A2, vial

A2, vial + A2, ascarite
) × 100% 
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2.2 Product identification and yield determination 

Analytical high-performance liquid chromatography (HPLC) system equipped with both 

radioactivity and UV detectors, was used for product identification. By co-injecting a non-

radioactive reference compound, the radioactive peak could be associated with the 

corresponding UV peak co-eluting with the desired product. Radiochemical purity (RCP) of 

the desired product in the crude mixture was evaluated by comparing the radioactivity peak 

areas in the chromatogram. Total radiochemical yield (RCY) was then calculated using the 

Equation 3: 

Equation 3: RCY = TE1 × TE2 × RCP 

2.3 Molar activity 

Molar activity (Am, GBq/µmol) was calculated by dividing the activity (GBq) of the product 

sample with the chemical amount of the tracer molecule (µmol). Analytical HPLC was used 

for determination of the concentration of carrier in the product solution. 
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3 RESULTS AND DISCUSSION 

3.1 11C-labelling of cyclic ureas (Papers I and II) 

Five and six-membered cyclic ureas, including benzimidazolones, are commonly found in 

biologically and pharmaceutically relevant molecules. These structural motifs are traditionally 

labelled using [11C]COCl2.
43 To circumvent the difficulties associated with preparation and use 

of [11C]COCl2, we directed our efforts to developing methods for direct 11C-carbonylation 

using cyclotron-produced [11C]CO2. This first subproject thus introduces two complementary 

ways to label such motifs. 

3.1.1 11C-labelling of benzimidazolones using CO2 fixation chemistry 

The aim of the first study presented in Paper I was to develop an efficient method for 

preparation of 11C-labelled benzimidazolones, including the PET tracer (S)-[11C]CGP12177 

((S)-4-(3-(tert-butylamino)-2-hydroxypropoxy)-2H-benzimidazol-2[11C]-one) (Figure 1) that 

has been used for β-adrenergic receptor imaging.82-84 The method was inspired by the fruitful 

concept of CO2 fixation that allows for utilising the minute amounts of 11C-labelled CO2 

obtained from the cyclotron target.  

 

Figure 1. Structure of (S)-[11C]CGP12177. The [11C]benzimidazolone moiety is highlighted. 

For optimisation, 11C-carbonylation of o-phenylenediamine (1a) with [11C]CO2 was selected 

as a model reaction (Table 2). DBU and BEMP were selected as fixating agents, as it has been 

shown that [11C]CO2 can be efficiently trapped in a reaction mixture by using these 

superbases.48, 49, 85 The radiolabelling procedure was started by trapping [11C]CO2 at room 

temperature in the presence of the fixating agent and o-phenylenediamine dissolved in a solvent 

of choice. Subsequently, a dehydrating agent was added and the reaction vessel was kept at a 

designated temperature for 4 min.  

Following the conditions outlined in previous methodologies,45, 52 POCl3 was first tested as a 

dehydrating agent for the intermediate [11C]isocyanate formation. Although trapping efficiency 

in the presence of BEMP was high, [11C]benzimidazolone (2a) was afforded with low RCP 

(11%, Entry 1). Alternatively, aromatic 11C-labelled ureas have previously been prepared via a 

Mitsunobu reaction approach.57, 58, 86 More specifically, a complex of a tertiary phosphine and 

dialkyl azodicarboxylate is used to activate carbamic acid formed by amine and [11C]CO2. 

Gratifyingly, by adding a mixture of di-tert-butyl azodicarboxylate (DBAD) and n-
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tributylphosphine (PBu3) after [11C]CO2 trapping, the target molecule was afforded in high 

RCP (98%, Entry 2). DBU used in Entry 2 was less efficient as a trapping agent, and later 

comparison between DBU and BEMP verified this observation. Solvent screening revealed 

that MeCN, DMF and DMSO afforded both high TEs and RCPs (Entries 4-6), while THF was 

less suitable for CO2 fixation (Entry 3). Next, a comparison of three different phosphines (PPh3, 

PMePh2 and PBu3) was conducted (Entries 7-9). Although RCYs were similar for all the 

phosphines, PBu3 was selected due to the combination of high reactivity in the solution and 

stability on the bench. It was also noticed that the reaction proceeded well at room temperature. 

Finally, in the absence of a fixating base, only moderate TE was achieved (Entry 10). 

Table 2. Optimisation of reaction conditions for the synthesis of [11C]benzimidazolone. 

 

Entrya Solvent Additive T [°C] TE [%]b RCP [%]c RCY [%]d 

1e MeCN POCl3 RT 93 11 10 

2f MeCN PBu3 50 38 98 37 

3 THF PPh3 RT 48 80 38 

4 DMSO PBu3 50 80 96 77 

5 DMF PBu3 50 92 85 78 

6 MeCN PBu3 50 96 99 95 

7 MeCN PPh3 RT 85 95 81 

8 MeCN PMePh2 RT 99 95 94 

9g MeCN PBu3 RT 92 ± 4 99 ± 1 91 ± 1 

10h MeCN PBu3 RT 51 99 50 

[a] Reaction conditions: [11C]CO2 was bubbled into a solution of o-phenyleneamine (22.9 μmol, 2.5 mg) and 

BEMP (1.4 equiv) dissolved in the designated solvent (0.5 mL) at room temperature. The solution was reacted for 

1 minute, after which a solution of DBAD (2.0 equiv) and additive (2.0 equiv) in 0.1 mL of the same solvent was 

added. The reaction mixture was kept at the designated temperature for additional 4 min. [b] Trapping efficiency, 

TE = TE1 x TE2. [c] Radiochemical purity, decay-corrected, estimated by radio-HPLC. [d] Radiochemical yield, 

RCY = TE x RCP. [e] o-Phenyleneamine (27.5 μmol), solvent 0.6 mL, BEMP 0.2 equiv, no DBAD, additive 0.08 

equiv. [f] DBU (0.044 equiv) instead of BEMP. According to Haji Dheere et al.57 [g] The mean value ± SD, n=3. 

[h] No fixating agent eg. BEMP. 
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With optimised conditions in hand, we studied the suitability of the reaction for labelling of 

benzimidazolones with different functional groups (Figure 2). High RCYs, varying from 83% 

to 99%, were achieved from o-phenylenediamines bearing both electron-withdrawing and 

donating groups (2b-f). Also, other heterocycles, namely oxazolidinone 2g and thiazolone 2h, 

were labelled with 83% and 95% RCY, respectively. N-Methylated substrate 1i was readily 

transformed to the desired product, but N,N´-dimethylated 1j required heating to afford 18% 

RCY. The lower reactivity could be resulting from steric hindrance caused by the methyl 

groups, or from the requirement for the reaction to proceed via a different mechanism. 

Isocyanate formation after dehydration of the carbamate salt can occur only for primary amines 

(Scheme 5, Route A). Hence, in the case of N,N´-dimethyl-o-phenylenediamine, formation of 

isocyanate is ruled out and a direct attack of the amino group to the activated 

carbamoyloxyphoshonium would occur instead (Route B). 

 

Figure 2. Substrate scope for the 11C-labelling of benzimidazolones. The isotope-labelled carbon-11 is marked 

with an asterisk. Percentages represent RCYs. [a] Solvent MeCN/DMF 1:1. [b] Reaction at 60 °C. 
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Scheme 5. Two possible reaction routes for the formation of benzimidazolone under Mitsunobu conditions. 

Route A (purple): Isocyanate formation followed by ring closure. Route B (blue): Direct attack to the 

carbamoyloxyphosphonium group. The isotope-labelled carbon is marked with an asterisk. 

As mentioned, the method was developed in attempt to facilitate 11C-labelling of (S)-

CGP12177. In the first labelling attempt with an unprotected hydroxy-diamine precursor, only 

8% RCP was achieved. Nevertheless, after protecting the reactive hydroxyl group, 

radiolabelling was achieved with >99% conversion (Scheme 6). In a preparative run, (S)-

[11C]CGP12177 was afforded with 23% RCY after deprotection and semi-preparative HPLC 

purification. Radiochemical purity was >99% and molar activity 14 GBq/µmol. 

 

Scheme 6. Labelling and subsequent deprotection of (S)-[11C]CGP12177. 

Labelling of [11C]CGP12177 with [11C]COCl2 has previously afforded molar activities of 4.8 

GBq/µmol for the racemic mixture83 and 252-518 GBq/µmol for the S-enantiomer87 in 25 

minutes from end of bombardment (EOB). [11C]COCl2 has been prepared from [11C]CO and 

later, from [11C]CH4.
36, 88 Despite the advantage obtained in terms of higher molar activity, 

production of [11C]COCl2 is troublesome. All preparation methods are time-consuming 

multistep syntheses, and a characteristic problem for production of [11C]COCl2 is low 

reproducibility. So far, there is no widespread production system for [11C]COCl2 and only few 

laboratories produce it routinely. In this sense, production of [11C]CGP12177 using [11C]CO2 

directly from the cyclotron using the new method presented herein, is clearly advantageous. As 

a downside, due to reactivity of the hydroxyl group, an additional protection-deprotection 

procedure is required. 
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3.1.2 11C-Labelling of cyclic ureas using click chemistry 

Another method for 11C-labelling of cyclic ureas directly from [11C]CO2 was developed in close 

collaboration with colleagues at the French Alternative Energies and Atomic Energy 

Commission (CEA) in Saclay, Paris and is presented in Paper II. This novel method relied on 

the Staudinger/aza-Wittig reaction, a “click”-type reaction that uses organic azides as substrates 

in the formation of isocyanate intermediates. An azide reacts with a phosphine (PR3) to form 

an iminophosphorane which then reacts with CO2 (Scheme 7). The resulting isocyanate reacts 

readily with the nearby amino group to close the cyclic structure. 

 

Scheme 7. Staudinger/aza-Wittig cascade reaction to form cyclic urea from an aza-amino precursor. 

The method was first developed for carbon-14 labelling at the CEA. Initial reaction 

optimisation was conducted with the cheaper alternative, [13C]CO2. o-Azidoaniline was used 

as a model substrate to select adequate phosphine, solvent, temperature and time. Using highly 

reactive PPhMe2 in DMF, the target molecule was afforded with 95% yield in only 5 minutes 

at 25 °C for both carbon-13 and carbon-14. Encouraged by the short reaction time, the 

conditions were tested for carbon-11 labelling. Gratifyingly, 79% RCP was obtained when 

trapping of [11C]CO2 at -50 °C was followed by the reaction at 25 °C. 

The optimised conditions were next applied to labelling of several cyclic ureas, of which seven 

(Figure 3), including (S)-[11C]CGP12177 were labelled at the Karolinska Institutet PET centre 

and the rest at the CEA. Excellent RCPs (85-99%) were obtained for the compounds 4b-g, 

including five and six-membered ureas. A preparative run for (S)-[11C]CGP12177 afforded the 

target molecule 4h in 34% isolated yield after HPLC purification and in a molar activity of 

32.5 GBq/µmol. Though somewhat better than that obtained with the Mitsunobu method 

presented earlier (14 GBq/µmol), the obtained Am is still not high enough for receptor 

occupancy studies. Yet, both of these molar activities are useful for tracking distribution of the 

tracer in the body. Compared to the laborious synthesis of [11C]CGP12177 using [11C]COCl2, 

for this Staudinger/aza-Wittig method, the same important advances apply: Use of [11C]CO2 

directly from cyclotron in a rapid and mild one-pot reaction affords the labelled molecule in 

one step. As a disadvantage, an azide is needed as starting material, which could possess special 

safety restrictions, and requires some synthetic efforts. The method has excellent 

chemoselectivity, as relatively complex molecules, including a peptide and (S)-

[11C]CGP12177 were labelled without any pre-protection.  



 

24 

 

 

Figure 3. Scope for 11C-labelling of cyclic ureas using Staudinger/aza-Wittig approach. Presented are the 

compounds labelled at the KI PET centre. The isotope-labelled carbon is marked with an asterisk. The nitrogen 

originating from the azido group is marked with a grey circle. The percentages represent RCPs estimated from 

radio-HPLC. [a] Isolated RCY. 

To conclude, both of these methods presented in the Papers I and II, introduce a mild and fast 

way to label cyclic ureas with [11C]CO2. Suitability of these methods for labelling of PET 

tracers was highlighted by successful labelling of (S)-[11C]CGP12177.
 

3.2 12C/11C Isotopic exchange in phenylacetic acids (Paper III) 

Today, isotopic exchange is a well-established method in labelling of molecules, especially 

with deuterium and tritium.89-91 Unfortunately, labelling with carbon isotopes has traditionally 

required multistep syntheses. The journey towards carbon isotope exchange started by 

discovery of copper-assisted decarboxylation of aryl carboxylic acids.92 Inspired by this 

pioneering work, in 2019 Destro and co-workers at the CEA used this as the starting point for 
12C/13C and 12C/14C isotope exchange.93 The same year, Kingston and co-workers published a 

nickel-mediated decarboxylative isotopic exchange for alkyl carboxylic acids.94 Moon et al. 

discovered that phenyl carboxylic acids undergo heat-induced decarboxylation,95 and inspired 

by this, our collaborators at the CEA developed a transition metal-free procedure for carbon 

isotope exchange (Scheme 8). In collaboration with the CEA, we applied this method to 11C-

labelling, as there are no current examples of 12C/11C isotope exchange. 
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Scheme 8. Dynamic isotopic exchange for aryl carboxylic acids. Asterisk refers to 11C/13C/14C. 

In this method presented by the collaborators at the CEA, a cesium salt of phenylacetic acid is 

simply heated in presence of [13C/14C]CO2. It was hypothesized that after decarboxylation, the 

benzylic anion would react directly with labelled CO2 or it would generate a dienolate species. 

This intermediate would attack to CO2 and form a malonate that would finally lose the 

excessive carboxyl group. Nevertheless, in a recent article by Kong and co-workers,96 the 

authors 13C-labelled α-substituted carboxylates that cannot form an enolate, thus arguing that 

the route including the dienolate intermediate is not necessary for the reaction to proceed. 

The reaction conditions for the isotopic exchange were optimised by the collaborators at the 

CEA. For the model compound, cesium salt of 4-methoxyphenylacetate, in presence of 3 equiv. 

of [13C]CO2, a reaction in anhydrous DMSO at 150 °C afforded the highest isotopic enrichment 

(IE) (43%). Nevertheless, during the substrate scope studies, it was noticed that many substrates 

required a specific temperature and time for the optimal IE, ranging between 80 and 190 °C 

and from 5 minutes to 6 hours. 2-(4-Nitrophenyl)acetic acid, flurbiprofen and tolmetin 

precursors were amongst the swiftly reacting compounds, and they were selected for further 
11C-labelling tests at the KI PET centre. 

For 11C-labelling of 2-(4-nitrophenyl)acetic acid (6a), some further optimisation was 

conducted. The optimal results were achieved when [11C]CO2 was trapped at room temperature 

in the presence of 50 µmol of the cesium salt precursor 5a in 0.5 mL DMSO, followed by 

heating at 80 °C for 5 min, affording 61% TE1, 82% TE2, >99% RCP and 50% total RCP 

(Figure 4). A preparative run for 5a was conducted using the optimised conditions. After HPLC 

purification, the 11C-labelled target molecule was achieved with >99% RCP and 11% overall 

RCY. Molar activity was 0.16 GBq/µmol.   

After trials and errors, 11C-labelling of flurbiprofen (6b in Figure 4) and tolmetin (6c) were 

conducted in 10 minutes at 150 °C, affording RCYs of 7% and 3%, respectively. 
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Figure 4. Isotopic exchange with [11C]CO2. Yields refer to RCY = TE1 x TE2 x RCP. [a] Preparative run, 

isolated RCY. 

In this pioneering study for 12C/11C exchange, three substrates were radiolabelled with carbon-

11 although higher number of suitable substrates can be expected to be found by further 

screening. High reaction temperatures could be an issue affecting to general suitability of the 

method. The same concern arises with the loss of stereochemistry, which is a built-in feature 

of the method. Lastly, RCYs and molar activities for this CO2 exchange were low, though 

potentially useful. It is important to emphasise the simplicity of this method; Labelling was 

completed in one step using [11C]CO2 directly, and without need for special precursors or 

reagents. 

3.3 11C-Labelling of oxazolidinones and other cyclic urethanes (Paper IV) 

Encouraged by CO2 fixation and 11C-labelling of benzimidazolones in the 1st project, our next 

goal was to label other heterocycles, namely cyclic urethanes. Owing to their superior features 

in vivo, such as higher stability, compared to peptides, urethanes have become particularly 

important within medicinal chemistry.97 To obtain 11C-labelled oxazolidinones, one possible 

approach is to construct a β-amino alcohol precursor that undergoes intramolecular cyclisation 

in presence of either [11C]COCl2 or [11C]CO2. Two PET tracers for monoamine oxidase 

receptor imaging have been prepared using either of these methodologies: [11C]befloxatone for 

MAO-A98  and [11C]SL25.1188 for MAO-B53, 54. Additionally, selenium-mediated synthesis of 

five and six-membered cyclic urethanes with [11C]CO has been presented.47 

In synthetic chemistry with unlabelled CO2, there are various ways to construct oxazolidinones 

but few of them are suitable for late-stage carbon-11 chemistry due to requirements in starting 

material functionalisation or reaction conditions, as most often high CO2 pressure is applied. 

The Repo group at the University of Helsinki developed a simple method to construct N-aryl 

and N-benzyl oxazolidinones using moderate CO2 pressure and simple precursors.99 The 

oxazolidinone ring is formed between an aniline precursor, CO2 and 1,2-dibromoethane, and 

bigger rings are achieved using dibromoalkanes with longer alkyl chain. In collaboration with 

Repo and co-workers, our aim was to adapt the method to 11C-labelling.  
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The method development was initiated using aniline dissolved in MeCN as precursor, 1,2-

dibromoethane as alkylating reagent, [11C]CO2 as labelling agent, and with 2-tert-

butyltetramethylguanidine (2-tBuTMG) and cesium carbonate (Cs2CO3) as additives. The 

reaction was conducted in one pot by trapping [11C]CO2 into the reaction mixture at room 

temperature and keeping the vial at 60 °C for 15 minutes. Delightfully, the first reaction 

furnished the target compound with 64% TE1, 19% TE2, 95% RCP and total RCY of 11%. 

After initial screening for solvent, additives, substrate concentrations, time and temperature, 

we found out that 0.34 M of aniline, 1,2-dibromoethane and 2-tBuTMG afforded high TE1 

(82%) and RCY (66%) in 5 minutes at 90 °C (Table 2, Entry 1). Chemically, high [11C]CO2 

trapping was obtained in concert with the fixating agent and aniline but physical features arising 

from the reaction set up and vial dimensions also affected the TE1. 

Other fixating agents at the same basicity area were tested and of these, BEMP performed as 

well as 2-tBuTMG, while tetramethylguanidine (TMG) and DBU were less successful. 

Surprisingly, triazabicyclodecene (TBD) was unable to yield any product despite the similar 

pKa value. More reactive electrophiles ethylene di(p-toluenesulfonate) and 2-bromoethyl p-

toluenesulfonate were not compatible. Reducing the amount of 1,2-dibromoethane further to 

0.03 M affected TE2 negatively (Entry 2). A reaction conducted at 50 C afforded also lower 

TE2 (Entry 3). Prolongation of the reaction time up to 10 minutes enhanced RCY (Entry 4) but 

the improvement was cancelled by decay of carbon-11. Finally, the necessity of a fixating base 

was highlighted as the absence of 2-tBuTMG affected negatively to TE1 and prevented 

formation of the target compound (Entry 5). 

Table 2. Optimisation of reaction conditions for 11C-labelling of oxazolidinones. 

 

Entry Deviation from standard 

conditions 

TE1 [%] TE2 [%] RCP [%] RCY [%]a 

1 noneb 82 ± 6 91 ± 2 88 ± 1 66 ± 7 

2 0.01 mmol 1,2-dibromoethanec 84 77 85 55 

3 50 °Cc 76 64 85 41 

4 10 minc 87 94 91 74 

5 no fixating basec 40 11 0 0 

[a] RCY = TE1 x TE2 x RCP. [b] Conditions: 7a (0.10 mmol, 0.34 M), 1,2-dibromoethane (0.10 mmol, 0.34 M), 

2-tBuTMG (0.10 mmol, 0.34 M) and [11C]CO2 in DMF (250 µL) at 90 °C for 5 min. n=3. [c] n=1. 
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The optimised reaction conditions (Entry 1 in Table 2) were applied to labelling of different 

substrates. First, oxazolidinones with different functional groups were studied (Figure 5). 

Methoxy-substituted oxazolidinone was labelled with high RCY (8b, 79%), as well as 3-(3-

fluoro-4-morpholinophenyl)oxazolidinone (8e, 78%), a motif found in antibiotic Linezolid. 

Electron-withdrawing groups lowered the yields for 8c and 8d. Ring expansion to 

oxazinanones was made simply by using 1,3-dibromopropane as an electrophile, allowing for 

labelling of 8f-h. Another possible application arised from labelling of benzylic oxazinanones 

by using benzylamine as a precursor, as shown with 8i-k. By lowering the amount of fixating 

base to 0.1 equiv. the higher reactivity of benzylamine was controlled. 

 

Figure 5. RCYs for the labelled [11C]phenyleneoxazolidinones 8a-e, [11C]phenyleneoxazinanones 8f-h and 

[11C]benzyloxazinanone derivatives 8i-k using the optimised conditions, n = 2. The carbon-11 isotope is marked 

with an asterisk. 

Finally, a preparative run for 8e was conducted. After HPLC purification, the radiolabelled 

product was isolated in 63% RCY, while RCP was over 99%. The determined molar activity 

was 4.7 GBq/µmol, which would be suitable for drug distribution studies. The radiotracers 

[11C]SL25.1188 and [11C]befloxatone are the only examples of 11C-labelled oxazolidinones, 
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and any general method for labelling this structural motif starting from corresponding anilines 

and dihaloalkanes has not been published so far. The method presented herein approaches from 

a direction that utilises simple, convertible building blocks, allowing for easy construction of 

different cyclic urethanes.  

In general, several reasons can be recognised for the molar activities that do not reach high 

values during these projects. In addition to site-specific restrictions in target efficacy, dilution 

of radiolabelled [11C]CO2 by atmospheric CO2 is a feature that is difficult to eliminate. Use of 

CO2 trapping agents (Papers I and IV), such as BEMP and 2-tBuTMG, is a potential reason 

for lower Am. Additionally, the reaction mechanism of isotope exchange reaction (Paper III) 

lowers Am inevitably. 
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4 CONCLUDING REMARKS 

In this thesis, novel methodologies were developed that allowed access to 11C-labelled cyclic 

ureas, benzoxazolones and benzothiazolones, phenylacetic acids, N-aryloxazolidinones, N-aryl 

and N-benzyl oxazinanones directly from cyclotron-produced [11C]CO2 (Figure 6). The 

methods shared some important features, namely operational simplicity (one-pot procedures), 

short reaction times, and generally high radiochemical yield and selectivity of the target 

compounds. This work has contributed to availability of 11C-labelling methods for small 

molecules, which has an impact on PET tracer development. The studies presented herein have 

a possibility to add knowledge about labelling methods with other carbon isotopes, as well as 

to contribute to CO2 chemistry in general. 

 

Figure 6. Summary of the 11C-carbonylations and carboxylations presented in this thesis. 

The key conclusions from Papers I-IV are the following: 

• The work in Paper I presented a new simple method to label benzimidazolones using 

[11C]CO2 fixation and Mitsunobu reaction. In Paper II, a complementary way to label 

cyclic ureas using a Staudinger/aza-Wittig reaction was presented. The yields of both 

reactions were high, and the utility was showcased in each case by labelling of the PET 

tracer (S)-[11C]CGP12177. 

• In Paper III, a novel dynamic isotopic exchange reaction was presented. To the best 

of our knowledge, this is the first time that isotope exchange was used in carbon-11 

chemistry. The utility of the methodology was demonstrated in the labelling of three 

phenylacetic acid compounds, including two anti-inflammatory drugs in useful 

radiochemical yields for imaging studies. 
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• In Paper IV, a novel method for 11C-labelling of aryl oxazolidinones and other cyclic 

urethanes was presented. In this general method, aniline and dihaloalkane building 

blocks were used to construct 11C-labelled phenylic and benzyl oxazolidinones as well 

as oxazinanones. The reaction provided the target products in moderate to excellent 

radiochemical yields. 
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5 FUTURE CONSIDERATIONS 

PET imaging is a well-established tool in diagnosis, research and development. Nevertheless, 

the number of radiotracers available is still limited compared to possible imaging targets. On 

one hand, development of radiochemistry methods for late-stage labelling is important in order 

to achieve goals in radioligand discovery. Despite the recent advancements, there is still plenty 

of space and demand for new 11C-labelling methods that are general and preferably compatible 

for clinical use.  

Ease of automation is an important feature of a good labelling method, and this would be a 

plausible next step for some of the methods presented in this thesis. The exciting isotope 

exchange reaction that was debuting with carbon-11, will require more attention in terms of 

generality, substrate scope and molar activity. Molar activity has been a challenge for all of the 

presented methods, and solutions could be assessed when possible. 

  





 

 35 

ACKNOWLEDGEMENTS 

This thesis was made possible by the European Union’s Horizon 2020 programme within the 

ISOTOPICS project. I am grateful to everyone who has contributed during this journey. In 

particular, I would like to thank: 

My main supervisor Magnus Schou. Thanks for teaching me everything. I could not imagine 

anyone better. 

Christer Halldin, my co-supervisor, for accepting me as a PhD student and for all the support.  

Kenneth Dahl and Sangram Nag, my co-supervisors, for encouragement and valuable advises. 

Peter Johnström, for kindly reviewing this thesis. 

Excellent collaborators in interesting projects: Davide Audisio, Gianluca Destro and Antonio 

Del Vecchio. Timo Repo and Jere Mannisto. Ruben Martín and Andreu Tortajada. Chad 

Elmore, Jonas Bergare and other group members at the Isotope Chemistry Lab at AstraZeneca 

for the heartfelt assistance during my stay. All the other co-authors for their contribution. 

The people I had the pleasure to spend my time at our PET Chemistry basement: Youssef El-

Khoury, Mélodie Ferrat, Arsalan Amir, Guennadi Jogolev, Maria Johansson, Kenneth Dahl, 

Peter Johnström, Magnus Schou, Zhisheng Jia, Vladimir Stepanov, Johan Ulin, Prodip Datta, 

Mikhail Kondrashov, Patricia Miranda Azpiazu, Dinahlee Saturnino Guarino, Mathangi 

Palanivel, Åsa Södergren, Siv Eriksson, Ana Vazquez Romero, Arindam Das, Mahabuba 

Jahan, Anton Lindberg, Jessica Bridoux, Raisa Krasikova, Miguel Cortés Gonzalez, Hemantha 

Mallapura, Sangram Nag, Yaser Khani, Ali Ekhtiari and Reza Mohammadi.  

Patricia, for lasting, unconditional friendship. Zsolt, for always asking meaningful questions. 

Mélodie and Mike, for keeping the office festive. Youssef, for your eternal patience and 

bottomless toolbox. The “Real Psychiatry Group” for the 800 photos in my Messenger. 

All the other members of the KI PET group for creating a warm working environment.  

The members of the ISOTOPICS consortium. Especially the ISOTOPOPOPICS group 

members: Mélodie, Agostinho, Laura, Gianluca, Antonio, Alberto, Viktor, Alexandra, 

Mateusz, Anna Chiara, Francesco, Donia, Malvika and Mégane for all the adventures and peer 

support. 

My friends in Stockholm. Especially the “Stockholm Chicas” Elza and Antje, for the early 

bonding and for walking this whole path together. My friends in Finland. Especially Karo and 

Sonja, for never disappearing. Erik, for being special. 

Importantly, Storstockholms Lokaltrafik (SL), for taking me there. 

Finally, I want to thank my godparents and the whole supporting family in Finland. Kiitti äiti, 

kiitti iskä, kiitti Pestu.  





 

 37 

REFERENCES 

 

1. Halldin, C.; Gulyás, B.; Langer, O.; Farde, L., Brain radioligands — state of the art and 

new trends. The Quaterly Journal of Nuclear Medicine 2001, 45 (2), 139-152. 

2. Paans, A. M. J.; van Waarde, A.; Elsinga, P. H.; Willemsen, A. T. M.; Vaalburg, W., 

Positron emission tomography: the conceptual idea using a multidisciplinary approach. 

Methods 2002, 27 (3), 195-207. 

3. Nagy, K.; Tóth, M.; Major, P.; Patay, G.; Egri, G.; Häggkvist, J.; Varrone, A.; Farde, L.; 

Halldin, C.; Gulyás, B., Performance evaluation of the small-animal nanoScan PET/MRI 

system. Journal of Nuclear Medicine 2013, 54 (10), 1825-1832. 

4. Varrone, A.; Sjöholm, N.; Eriksson, L.; Gulyás, B.; Halldin, C.; Farde, L., Advancement 

in PET quantification using 3D-OP-OSEM point spread function reconstruction with the 

HRRT. European Journal of Nuclear Medicine and Molecular Imaging 2009, 36 (10), 

1639-1650. 

5. Willmann, J. K.; van Bruggen, N.; Dinkelborg, L. M.; Gambhir, S. S., Molecular imaging 

in drug development. Nature Reviews Drug Discovery 2008, 7, 591-607. 

6. Saha, G. B., Basics of PET Imaging: Physics, Chemistry, and Regulations. Springer New 

York: New York, NY, 2010. 

7. National Nuclear Data Center; Laboratory, B. N., www.nndc.bnl.gov/nudat2. Visited 

8/9/2019. 

8. Boros, E.; Packard, A. B., Radioactive Transition Metals for Imaging and Therapy. 

Chemical Reviews 2019, 119 (2), 870-901. 

9. Gambhir, S. S., Molecular imaging of cancer with positron emission tomography. Nature 

Reviews Cancer 2002, 2 (9), 683-693. 

10. Shields, A. F.; Grierson, J. R.; Kozawa, S. M.; Zheng, M., Development of labeled 

thymidine analogs for imaging tumor proliferation. Nuclear Medicine and Biology 1996, 

23 (1), 17-22. 

11. Mankoff, D. A.; Shields, A. F.; Krohn, K. A., PET imaging of cellular proliferation. 

Radiologic Clinics of North America 2005, 43 (1), 153-167. 

12. Bacharach, S. L.; Libutti, S. K.; Carrasquillo, J. A., Measuring tumor blood flow with 

H2
15O: practical considerations. Nuclear Medicine and Biology 2000, 27 (7), 671-676. 

13. Carroll, L.; Yahioglu, G.; Aboagye, E. O.; Miller, P. W.; Fu, R., Antibody Fragment and 

Affibody ImmunoPET Imaging Agents: Radiolabelling Strategies and Applications. 

ChemMedChem. 2018, 13 (23), 2466-2478. 



 

38 

14. Hassanzadeh, L.; Chen, S.; Veedu, R. N., Radiolabeling of Nucleic Acid Aptamers for 

Highly Sensitive Disease-Specific Molecular Imaging. Pharmaceuticals 2018, 11 (4), 

106. 

15. Collins, S., A.; Hiraoka, K.; Inagaki, A.; Kasahara, N.; Tangney, M., PET Imaging for 

Gene & Cell Therapy. Current Gene Therapy 2012, 12 (1), 20-32. 

16. Nasrallah, I.; Dubroff, J., An Overview of PET Neuroimaging. Seminars in Nuclear 

Medicine 2013, 43 (6), 449-461. 

17. Ametamey, S. M.; Honer, M.; Schubiger, P. A., Molecular Imaging with PET. Chemical 

Reviews 2008, 108 (5), 1501-1516. 

18. Schou, M.; Varnäs, K.; Lundquist, S.; Nakao, R.; Amini, N.; Takano, A.; Finnema, S. J.; 

Halldin, C.; Farde, L., Large Variation in Brain Exposure of Reference CNS Drugs: a 

PET Study in Nonhuman Primates. The International Journal of 

Neuropsychopharmacology 2015, 18 (10), pyv036. 

19. Mach, R. H.; Luedtke, R. R., Challenges in the development of dopamine D2- and D3-

selective radiotracers for PET imaging studies. Journal of Labelled Compounds and 

Radiopharmaceuticals 2018, 61 (3), 291-298. 

20. Davidson, C. Q.; Phenix, C. P.; Tai, T. C.; Khaper, N.; Lees, S. J., Searching for novel 

PET radiotracers: imaging cardiac perfusion, metabolism and inflammation. American 

Journal of Nuclear Medicine and Molecular Imaging 2018, 8 (3), 200-227. 

21. Lee, C.-M.; Farde, L., Using positron emission tomography to facilitate CNS drug 

development. Trends in Pharmacological Sciences 2006, 27 (6), 310-316. 

22. Miller, P. W.; Long, N. J.; Vilar, R.; Gee, A. D., Synthesis of 11C,18F, 15O, and 13N 

Radiolabels for Positron Emission Tomography. Angewandte Chemie 2008, 120, 9136-

9172; Angewandte Chemie International Edition 2008, 47, 8998-9033. 

23. Cai, L.; Lu, S.; Pike, V. W., Chemistry with [18F]Fluoride Ion. European Journal of 

Organic Chemistry 2008, 2008 (17), 2853-2873. 

24. Littich, R.; Scott, P. J. H., Novel Strategies for Fluorine‐18 Radiochemistry. Angewandte 

Chemie 2011, 124 (5), 1132-1135; Angewandte Chemie International Edition 2012, 51 

(5), 1106-1109. 

25. Bergman, J.; Solin, O., Fluorine-18-labeled fluorine gas for synthesis of tracer molecules. 

Nuclear Medicine and Biology 1997, 24 (7), 677-683. 

26. Preshlock, S.; Tredwell, M.; Gouverneur, V., 18F-labeling of arenes and heteroarenes for 

applications in positron emission tomography. Chemical Reviews 2016, 116 (2), 719-

766. 



 

 39 

27. Tredwell, M.; Preshlock, S. M.; Taylor, N. J.; Gruber, S.; Huiban, M.; Passchier, J.; 

Mercier, J.; Génicot, C.; Gouverneur, V., A general copper-mediated nucleophilic 18F 

fluorination of arenes. Angewandte Chemie 2014, 126 (30), 7885-7889; Angewandte 

Chemie International Edition 2014, 53 (30), 7751-7755. 

28. Lee, E.; Kamlet, A. S.; Powers, D. C.; Neumann, C. N.; Boursalian, G. B.; Furuya, T.; 

Choi, D. C.; Hooker, J. M.; Ritter, T., A fluoride-derived electrophilic late-stage 

fluorination reagent for PET imaging. Science 2011, 334 (6056), 639-642. 

29. Pike, V. W.; Aigbirhio, F. I., Reactions of cyclotron-produced [18F]fluoride with 

diaryliodonium salts—a novel single-step route to no-carrier-added [18F]fluoroarenes. 

Chemical Communications 1995, (21), 2215-2216. 

30. Långström, B.; Antoni, G.; Gullberg, P.; Halldin, C.; Malmborg, P.; Någren, K.; 

Rimland, A.; Svärd, H., Synthesis of L- and D-[methyl-11C]methionine. Journal of 

Nuclear Medicine 1987, 28 (6), 1037-1040. 

31. Larsen, P.; Ulin, J.; Dahlstrøm, K.; Jensen, M., Synthesis of [11C]iodomethane by 

iodination of [11C]methane. Applied Radiation and Isotopes 1997, 48 (2), 153-157. 

32. Långström, B.; Itsenko, O.; Rahman, O., [11C]Carbon monoxide, a versatile and useful 

precursor in labelling chemistry for PET‐ligand development. Journal of Labelled 

Compounds and Radiopharmaceuticals 2007, 50, 794-810. 

33. Rahman, O., [11C]Carbon monoxide in labeling chemistry and positron emission 

tomography tracer development: scope and limitations. Journal of Labelled Compounds 

and Radiopharmaceuticals 2015, 58 (3), 86-98. 

34. Landais, P.; Crouzel, C., A new synthesis of carbon-11 labelled phosgene. International 

Journal of Radiation Applications and Instrumentation. Part A. Applied Radiation and 

Isotopes 1987, 38 (4), 297-300. 

35. Roeda, D.; Dollé, F., [11C]Phosgene: A Versatile Reagent for Radioactive Carbonyl 

Insertion Into Medicinal Radiotracers for Positron Emission Tomography. Current 

Topics in Medicinal Chemistry 2010, 10 (16), 1680-1700. 

36. Nishijima, K.; Kuge, Y.; Seki, K.; Ohkura, K.; Motoki, N.; Nagatsu, K.; Tanaka, A.; 

Tsukamoto, E.; Tamaki, N., A simplified and improved synthesis of [11C]phosgene with 

iron and iron (III) oxide. Nuclear Medicine and Biology 2002, 29 (3), 345-350. 

37. Jewett, D. M., A simple synthesis of [11C]methyl triflate. International Journal of 

Radiation Applications and Instrumentation. Part A. Applied Radiation and Isotopes 

1992, 43 (11), 1383-1385. 

38. Någren, K.; Müller, L.; Halldin, C.; Swahn, C.-G.; Lehikoinen, P., Improved synthesis 

of some commonly used PET radioligands by the use of [11C]methyl triflate. Nuclear 

Medicine and Biology 1995, 22 (2), 235-239. 



 

40 

39. Marazano, C.; Maziere, M.; Berger, G.; Comar, D., Synthesis of methyl iodide-11C and 

formaldehyde-11C. International Journal of Applied Radiation and Isotopes 1977, 28 (1-

2), 49-52. 

40. Miller, P. W.; Bender, D., [11C]Carbon Disulfide: A Versatile Reagent for PET 

Radiolabelling. Chemistry – A European Journal 2012, 18 (2), 433-436. 

41. Iwata, R.; Ido, T.; Takahashi, T.; Nakanishi, H.; Iida, S., Optimization of [11C]HCN 

production and no-carrier-added [1-11C]amino acid synthesis. International Journal of 

Radiation Applications and Instrumentation. Part A. Applied Radiation and Isotopes 

1987, 38 (2), 97-102. 

42. Andersson, J.; Truong, P.; Halldin, C., In-target produced [11C]methane: Increased 

specific radioactivity. Applied Radiation and Isotopes 2009, 67 (1), 106-110. 

43. Lemoucheux, L.; Rouden, J.; Ibazizene, M.; Sobrio, F.; Lasne, M.-C., Debenzylation of 

Tertiary Amines Using Phosgene or Triphosgene:  An Efficient and Rapid Procedure for 

the Preparation of Carbamoyl Chlorides and Unsymmetrical Ureas. Application in 

Carbon-11 Chemistry. The Journal of Organic Chemistry 2003, 68 (19), 7289-7297. 

44. Chakraborty, P. K.; Mangner, T. J.; Chugani, H. T., The synthesis of no-carrier-added 

[11C]urea from [11C]carbon dioxide and application to [11C]uracil synthesis. Applied 

Radiation and Isotopes 1997, 48 (5), 619-621. 

45. Schirbel, A.; Holschbach, M. H.; Coenen, H. H., N.C.A. [11C]CO2 as a safe substitute for 

phosgene in the carbonylation of primary amines. Journal of Labelled Compounds and 

Radiopharmaceuticals 1999, 42 (6), 537-551. 

46. Åberg, O.; Långström, B., Synthesis of substituted [11C]ureas and [11C]sulphonylureas 

by Rh(I)-mediated carbonylation. Journal of Labelled Compounds and 

Radiopharmaceuticals 2011, 54 (1), 38-42. 

47. Kihlberg, T.; Karimi, F.; Långström, B., [11C]Carbon Monoxide in Selenium-Mediated 

Synthesis of 11C-Carbamoyl Compounds. The Journal of Organic Chemistry 2002, 67 

(11), 3687-3692. 

48. Hooker, J. M.; Reibel, A. T.; Hill, S. M.; Schueller, M. J.; Fowler, J. S., One-pot, Direct 

Incorporation of [11C]CO2 into Carbamates. Angewandte Chemie 2009, 121 (19), 3534-

3537; Angewandte Chemie International Edition 2009, 48 (19), 3482-3485. 

49. Wilson, A. A.; Garcia, A.; Houle, S.; Vasdev, N., Direct fixation of [11C]CO2 by amines: 

formation of [11C-carbonyl]-methylcarbamates. Organic and Biomolecular Chemistry 

2010, 8 (2), 428-432. 

50. Pérez, E. R.; Santos, R. H.; Gambardella, M. T.; de Macedo, L. G.; Rodrigues-Filho, U. 

P.; Launay, J. C.; Franco, D. W., Activation of carbon dioxide by bicyclic amidines. The 

Journal of Organic Chemistry 2004, 69 (23), 8005-8011. 



 

 41 

51. Heldebrant, D. J.; Jessop, P. G.; Thomas, C. A.; Eckert, C. A.; Liotta, C. L., The Reaction 

of 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) with Carbon Dioxide. The Journal of 

Organic Chemistry 2005, 70 (13), 5335-5338. 

52. Wilson, A. A.; Garcia, A.; Houle, S.; Sadovski, O.; Vasdev, N., Synthesis and application 

of isocyanates radiolabeled with carbon-11. Chemistry - A European Journal 2011, 17 

(1), 259-264. 

53. Vasdev, N.; Sadovski, O.; Garcia, A.; Dollé, F.; Meyer, J. H.; Houle, S.; Wilson, A. A., 

Radiosynthesis of [11C]SL25.1188 via [11C]CO2 fixation for imaging monoamine 

oxidase B. Journal of Labelled Compounds and Radiopharmaceuticals 2011, 54 (10), 

678-680. 

54. Bramoullé, Y.; Puech, F.; Saba, W.; Valette, H.; Bottlaender, M.; George, P.; Dollé, F., 

Radiosynthesis of (S)-5-methoxymethyl-3-[6-(4,4,4-trifluorobutoxy)benzo[d]isoxazol-

3-yl] oxazolidin-2-[11C]one ([11C]SL25.1188), a novel radioligand for imaging 

monoamine oxidase-B with PET. Journal of Labelled Compounds and 

Radiopharmaceuticals 2008, 51 (3), 153-158. 

55. Moriguchi, S.; Wilson, A. A.; Miler, L.; Rusjan, P. M.; Vasdev, N.; Kish, S. J.; 

Rajkowska, G.; Wang, J.; Bagby, M.; Mizrahi, R.; Varughese, B.; Houle, S.; Meyer, J. 

H., Monoamine Oxidase B Total Distribution Volume in the Prefrontal Cortex of Major 

Depressive Disorder: An [11C]SL25.1188 Positron Emission Tomography Study. JAMA 

Psychiatry 2019, 76 (6), 634-641. 

56. Wilson, A. A.; Garcia, A.; Parkes, J.; Houle, S.; Tong, J.; Vasdev, N., [11C]CURB: 

Evaluation of a novel radiotracer for imaging fatty acid amide hydrolase by positron 

emission tomography. Nuclear Medicine and Biology 2011, 38 (2), 247-253. 

57. Haji Dheere, A. K.; Yusuf, N.; Gee, A., Rapid and efficient synthesis of [11C]ureas via 

the incorporation of [11C]CO2 into aliphatic and aromatic amines. Chemical 

Communications 2013, 49 (74), 8193-8195. 

58. Haji Dheere, A.; Bongarzone, S.; Taddei, C.; Yan, R.; Gee, A., Synthesis of 11C-Labelled 

Symmetrical Ureas via the Rapid Incorporation of [11C]CO2 into Aliphatic and Aromatic 

Amines. Synlett 2015, 26 (16), 2257-2260. 

59. Bongarzone, S.; Runser, A.; Taddei, C.; Haji Dheere, A. K.; Gee, A. D., From [11C]CO2 

to [11C]amides: a rapid one-pot synthesis via the Mitsunobu reaction. Chemical 

Communications 2017, 53 (38), 5334-5337. 

60. Van Tilburg, E. W.; Windhorst, A. D.; Van Der Mey, M.; Herscheid, J. D. M., One‐pot 

synthesis of [11C]ureas via triphenylphosphinimines. Journal of Labelled Compounds 

and Radiopharmaceuticals 2006, 49 (4), 321-330. 



 

42 

61. Liger, F.; Eijsbouts, T.; Cadarossanesaib, F.; Tourvieille, C.; Le Bars, D.; Billard, T., 

Direct [11C]Methylation of Amines from [11C]CO2 for the Synthesis of PET 

Radiotracers. European Journal of Organic Chemistry 2015, 2015 (29), 6434-6438. 

62. Haji Dheere, A. K.; Bongarzone, S.; Shakir, D.; Gee, A., Direct Incorporation of 

[11C]CO2 into Asymmetric [11C]Carbonates. Journal of Chemistry 2018, 2018, 4. 

63. Pike, V. W.; Eakins, M. N.; Allan, R. M.; Selwyn, A. P., Preparation of carbon-11 

labelled acetate and palmitic acid for the study of myocardial metabolism by emission-

computerised axial tomography. Journal of Radioanalytical Chemistry 1981, 64 (1), 291-

297. 

64. Tang, X.; Tang, G.; Nie, D., Fully automated synthesis of 11C-acetate as tumor PET tracer 

by simple modified solid-phase extraction purification. Applied Radiation and Isotopes 

2013, 82, 81-86. 

65. Amor-Coarasa, A.; Kelly, J. M.; Babich, J. W., Synthesis of [11C]palmitic acid for PET 

imaging using a single molecular sieve 13X cartridge for reagent trapping, radiolabeling 

and selective purification. Nuclear Medicine and Biology 2015, 42 (8), 685-690. 

66. Luthra, S. K.; Pike, V. W.; Brady, F., The preparation of carbon-11 labelled 

diprenorphine: a new radioligand for the study of the opiate receptor system in vivo. 

Chemical Communications 1985, (20), 1423-1425. 

67. Mäding, P.; Zessin, J.; Pleiß, U.; Füchtner, F.; Wüst, F., Synthesis of a 11C-labelled 

taxane derivative by [1-11C]acetylation. Journal of Labelled Compounds and 

Radiopharmaceuticals 2006, 49 (4), 357-365. 

68. Rami-Mark, C.; Ungersboeck, J.; Haeusler, D.; Nics, L.; Philippe, C.; Mitterhauser, M.; 

Willeit, M.; Lanzenberger, R.; Karanikas, G.; Wadsak, W., Reliable set-up for in-loop 
11C-carboxylations using Grignard reactions for the preparation of [carbonyl-11C]WAY-

100635 and [11C]-(+)-PHNO. Applied Radiation and Isotopes 2013, 82, 75-80. 

69. Hwang, D. R.; Simpson, N. R.; Montoya, J.; Man, J. J.; Laruelle, M., An improved one-

pot procedure for the preparation of [11C-carbonyl]-WAY100635. Nuclear Medicine and 

Biology 1999, 26 (7), 815-819. 

70. McCarron, J. A.; Turton, D. R.; Pike, V. W.; Poole, K. G., Remotely-controlled 

production of the 5-HT1A receptor radioligand, [carbonyl-11C]WAY-100635, via 11C-

carboxylation of an immobilized Grignard reagent. Journal of Labelled Compounds and 

Radiopharmaceuticals 1996, 38 (10), 941-953. 

71. Krasikova, R. N.; Andersson, J.; Truong, P.; Nag, S.; Shchukin, E. V.; Halldin, C., A 

fully automated one-pot synthesis of [carbonyl-11C]WAY-100635 for clinical PET 

applications. Applied Radiation and Isotopes 2009, 67 (1), 73-78. 



 

 43 

72. Rami-Mark, C.; Ungersboeck, J.; Haeusler, D.; Nics, L.; Philippe, C.; Mitterhauser, M.; 

Willeit, M.; Lanzenberger, R.; Karanikas, G.; Wadsak, W., Reliable set-up for in-loop 

¹¹C-carboxylations using Grignard reactions for the preparation of [carbonyl-¹¹C]WAY-

100635 and [¹¹C]-(+)-PHNO. Applied Radiation and Isotopes 2013, 82, 75-80. 

73. Aubert, C.; Huard-Perrio, C.; Lasne, M.-C., Rapid synthesis of aliphatic amides by 

reaction of carboxylic acids, Grignard reagent and amines: application to the preparation 

of [11C]amides. Perkin Transactions 1 1997, (19), 2837-2842. 

74. Perrio-Huard, C.; Aubert, C.; Lasne, M.-C., Reductive amination of carboxylic acids and 

[11C]magnesium halide carboxylates. Perkin Transactions 1 2000, (3), 311-316. 

75. Lu, S.-Y.; Hong, J.; Pike, V. W., Synthesis of NCA [carbonyl-11C]amides by direct 

reaction of in situ generated [11C]carboxymagnesium halides with amines under 

microwave-enhanced conditions. Journal of Labelled Compounds and 

Radiopharmaceuticals 2003, 46 (13), 1249-1259. 

76. Lu, S.-Y.; Hong, J.; Musachio, J. L.; Chin, F. T.; Vermeulen, E. S.; Wikström, H. V.; 

Pike, V. W., Alternative methods for labeling the 5-HT1A receptor agonist, 1-[2-(4-

fluorobenzoylamino)ethyl]-4-(7-methoxynaphthyl)piperazine (S14506), with carbon-11 

or fluorine-18. Journal of Labelled Compounds and Radiopharmaceuticals 2005, 48 

(13), 971-981. 

77. van der Meij, M.; Carruthers, N. I.; Herscheid, J. D. M.; Jablonowski, J. A.; Leysen, J. 

E.; Windhorst, A. D., Reductive N-alkylation of secondary amines with [2-11C]acetone. 

Journal of Labelled Compounds and Radiopharmaceuticals 2003, 46 (11), 1075-1085. 

78. Rotstein, B. H.; Liang, S. H.; Holland, J. P.; Collier, T. L.; Hooker, J. M.; Wilson, A. A.; 

Vasdev, N., 11CO2 fixation: a renaissance in PET radiochemistry. Chemical 

Communications 2013, 49 (50), 5621-5629. 

79. Riss, P. J.; Lu, S.; Telu, S.; Aigbirhio, F. I.; Pike, V. W., CuI-Catalyzed 11C Carboxylation 

of Boronic Acid Esters: A Rapid and Convenient Entry to 11C-Labeled Carboxylic Acids, 

Esters, and Amides. Angewandte Chemie 2012, 124 (11), 2752-2756; Angewandte 

Chemie International Edition 2012, 51 (11), 2698-2702. 

80. Rotstein, B. H.; Hooker, J. M.; Woo, J.; Collier, T. L.; Brady, T. J.; Liang, S. H.; Vasdev, 

N., Synthesis of [11C]Bexarotene by Cu-Mediated [11C]Carbon Dioxide Fixation and 

Preliminary PET Imaging. ACS Medicinal Chemistry Letters 2014, 5 (6), 668-672. 

81. Bongarzone, S.; Raucci, N.; Fontana, I. C.; Luzi, F.; Gee, A. D., Carbon-11 carboxylation 

of trialkoxysilane and trimethylsilane derivatives using [11C]CO2. Chemical 

Communications 2020, 56 (34), 4668-4671. 

82. Ueki, J.; Rhodes, C. G.; Hughes, J. M.; De Silva, R.; Lefroy, D. C.; Ind, P. W.; Qing, F.;  

Brady, F.; Luthra, S. K.; Steel, C. J.; Waters, S. L.; Lammertsma, A. A.; Camici, P. G.; 



 

44 

Jones, T., In vivo quantification of pulmonary beta-adrenoceptor density in humans with 

(S)-[11C]CGP-12177 and PET. Journal of Applied Physiology 1993, 75 (2), 559-565. 

83. Boullais, C.; Crouzel, C.; Syrota, A., Synthesis of 4-(3-t-butylamino-2-

hydroxypropoxy)-benzimidazol-2(11C)-one (CGP 12177). Journal of Labelled 

Compounds and Radiopharmaceuticals 1986, 23 (5), 565-567. 

84. Delforge, J.; Syrota, A.; Lançon, J. P.; Nakajima, K.; Loc'h, C.; Janier, M.; Vallois, J. 

M.; Cayla, J.; Crouzel, C., Cardiac beta-adrenergic receptor density measured in vivo 

using PET, CGP 12177, and a new graphical method. Journal of Nuclear Medicine 1991, 

32 (4), 739-748. 

85. Pérez, E. R.; da Silva, M. O.; Costa, V. C.; Rodrigues-Filho, U. P.; Franco, D. W., 

Efficient and clean synthesis of N-alkyl carbamates by transcarboxylation and O-

alkylation coupled reactions using a DBU–CO2 zwitterionic carbamic complex in aprotic 

polar media. Tetrahedron Letters 2002, 43 (22), 4091-4093. 

86. Downey, J.; Bongarzone, S.; Hader, S.; Gee, A. D., In-loop flow [11C]CO2 fixation and 

radiosynthesis of N,N'-[11C]dibenzylurea. Journal of Labelled Compounds and 

Radiopharmaceuticals 2018, 61 (3), 263-271. 

87. Nishijima, K.; Kuge, Y.; Seki, K.; Ohkura, K.; Morita, K.; Nakada, K.; Tamaki, N., 

Preparation and pharmaceutical evaluation for clinical application of high specific 

activity S-(−)[11C]CGP-12177, a radioligand for β-adrenoreceptors. Nuclear Medicine 

Communications 2004, 25 (8), 845-849. 

88. Roeda, D.; Dolle, F., [11C]Phosgene: A Versatile Reagent for Radioactive Carbonyl 

Insertion Into Medicinal Radiotracers for Positron Emission Tomography. Current 

Topics in Medicinal Chemistry 2010, 10 (16), 1680-1700. 

89. Valero, M.; Derdau, V., Highlights of aliphatic C(sp3)-H hydrogen isotope exchange 

reactions. Journal of Labelled Compounds and Radiopharmaceuticals 2020, 63 (6), 266-

280. 

90. Hesk, D., Highlights of C (sp2)–H hydrogen isotope exchange reactions. Journal of 

Labelled Compounds and Radiopharmaceuticals 2020, 63 (6), 247-265. 

91. Loh, Y. Y.; Nagao, K.; Hoover, A. J.; Hesk, D.; Rivera, N. R.; Colletti, S. L.; Davies, I. 

W.; MacMillan, D. W. C., Photoredox-catalyzed deuteration and tritiation of 

pharmaceutical compounds. Science 2017, 358 (6367), 1182-1187. 

92. Goossen, L. J.; Deng, G.; Levy, L. M., Synthesis of biaryls via catalytic decarboxylative 

coupling. Science 2006, 313 (5787), 662-664. 

93. Destro, G.; Loreau, O.; Marcon, E.; Taran, F.; Cantat, T.; Audisio, D., Dynamic Carbon 

Isotope Exchange of Pharmaceuticals with Labeled CO2. Journal of the American 

Chemical Society 2019, 141 (2), 780-784. 



 

 45 

94. Kingston, C.; Wallace, M. A.; Allentoff, A. J.; deGruyter, J. N.; Chen, J. S.; Gong, S. X.; 

Bonacorsi, S.; Baran, P. S., Direct Carbon Isotope Exchange through Decarboxylative 

Carboxylation. Journal of the American Chemical Society 2019, 141 (2), 774-779. 

95. Moon, P. J.; Fahandej-Sadi, A.; Qian, W.; Lundgren, R. J., Decarboxylative Benzylation 

of Aryl and Alkenyl Boronic Esters. Angewandte Chemie 2018, 130 (17), 4702-4706; 

Angewandte Chemie International Edition 2018, 57 (17), 4612-4616. 

96. Kong, D.; Moon, P. J.; Lui, E. K. J.; Bsharat, O.; Lundgren, R. J., Direct reversible 

decarboxylation from stable organic acids in dimethylformamide solution. Science 2020, 

eabb4129. 

97. Ghosh, A. K.; Brindisi, M., Organic Carbamates in Drug Design and Medicinal 

Chemistry. Journal of Medicinal Chemistry 2015, 58 (7), 2895-2940. 

98. Dollé, F.; Valette, H.; Bramoullé, Y.; Guenther, I.; Fuseau, C.; Coulon, C.; Lartizien, C.; 

Jegham, S.; George, P.; Curet, O.; Pinquier, J. L.; Bottlaender, M., Synthesis and in vivo 

imaging properties of [11C]befloxatone: a novel highly potent positron emission 

tomography ligand for mono-amine oxidase-A. Bioorganic and Medicinal Chemistry 

Letters 2003, 13 (10), 1771-1775. 

99. Niemi, T.; Perea-Buceta, J. E.; Fernández, I.; Hiltunen, O. M.; Salo, V.; Rautiainen, S.; 

Räisänen, M. T.; Repo, T., A One-Pot Synthesis of N-Aryl-2-Oxazolidinones and Cyclic 

Urethanes by the Lewis Base Catalyzed Fixation of Carbon Dioxide into Anilines and 

Bromoalkanes. Chemistry - A European Journal 2016, 22 (30), 10355-10359. 

 


