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Chapter 1 

Perspectives in 11C and 18F radiochemistry 
The state-of-the-art of carbon-11 and fluorine-18 radiochemistry for positron emission tomography 

(PET) is presented. From the latest developments in labelling methodology, a picture of future 

challenges is drawn. The exploration of novel reactivity to allow 11C-labelling, alongside with a 

particular focus in making such reaction compatible for clinical production, is presented to be key in 
11C-tracer discovery. 18F is envisioned to be at the heart of further development in PET. Broadening 

imaging strategies towards pre-targeting approaches, together with the use of modified antibodies 

or peptides, constantly challenges the field of radiofluorination for new and efficient labelling 

methods applicable to complexes molecules. Translation of biorthogonal reactions into radiolabelling 

methods appears as a valuable option to address these issues and is expected to be a significant 

advance in upcoming 18F-tracer developments. 
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1.1 Introduction 

Positron emission tomography (PET) is an imaging technique that provides physio-pathological 

information non-invasively. Because of its high sensitivity, PET became an essential tool for patient 

diagnosis for various pathologies, with widespread applications in oncology, brain disease and the 

evaluation of cardiac function, amongst others.1 PET is also employed to follow-up and evaluate 

treatment efficacy and plays an important role in drug development. To fulfil its functional imaging 

purpose, PET relies on the use of radiotracers, containing  β+ emitting radionuclides, allowing for 

detection of the gamma photons produced upon positron/electron annihilation. Clinically used 

radionuclides include the β+ emitters 11C, 13N, 18F and 68Ga. Radiometals, such as 64Cu and 89Zr, are 

also employed, despite their mixed radioactive decay, which only partially occurs by the productive 

β+ emission. The physical properties of each radionuclide2 and its available production and labelling 

methods (Table 1.1) determine the opportunities and limitations of their clinical applications. The 

extremely short half-life (t1/2 = 10 min) of 13N restricts labelling procedures to enzymatic methods that 

yield 13N-labelled amino acids.3 13N is mostly used in its simplest form, as [13N]NH3, for the imaging of 

myocardial perfusion to diagnose coronal artery disease. The radiometal 68Ga has an advantageous 

half-life of 67.8 min, but suffers from high energy β+ decay, which results in long-range penetrating 

positrons (Rmean = 3.5 mm and up to Rmax = 9.0 mm), ultimately resulting in lower spatial resolution of 

the acquired images. In addition, labelling with 68Ga or other radiometals requires the presence of a 

chelator in the structure of the tracer, thus presenting a strong limitation for tracer design. 11C and 
18F present advantageous physical properties due to their  half-life, allowing for synthetic 

modifications, and low positron energy ranges that ensure a good spatial resolution for PET. 

Considering these factors, it is not surprising to notice the prevalent use of 11C and 18F in clinical 

practice.4 However, labelling procedures for 11C- and 18F-radiotracers need improvements regarding 

reaction time and robustness, as these methods are often considered to be complex and require 

highly specialized operators and infrastructure (specific lab equipment, cyclotron, etc.). 

Table 1.1 Physical properties of the main PET-radionuclides 

Radionuclide Half-life t1/2 Emean (MeV) Rmean (mm) Prevalent labelling method 

11C 20.4 min 0.386 1.2 SN2, carbonylation 
13N 10.0 min 0.492 1.8 Enzymatic 

18F 109.8 min 0.250 0.6 SN2, SNAr, “click” chemistry 
68Ga (89% β+) 67.8 min 0.836 3.5 Chelation 
64Cu (18% β+) 12.7 h 0.278 0.7 Chelation 
89Zr (23% β+) 78.4 h 0.396 1.3 Chelation 

 

The choice of the molecular structure of the radiotracer is crucial in PET and it should fulfil several 

criteria, which include the easy and reproducible production of the PET-tracer, high specificity and 

affinity, high molar activity of the tracer (particularly in case of low target expression), lipophilicity 

that ensures the efficient reaching of the target, and low rate of metabolism. The structures likely to 
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become PET-tracers are too often restricted by the limited number of labelling methods available for 

a given radionuclide and the characteristics of the radionuclide, in particular half-life, regarding the 

scope of applicable transformations. To overcome these limitations, the development of novel 

methodologies is necessary to enable more (late-stage) transformations, ultimately broadening the 

scope of accessible PET-tracers. Such methodology would ideally be fast, enable the introduction of 

radionuclides in metabolically stable positions, and be robust, with special focus on including 

automated syntheses, thereby providing new opportunities in PET-tracer synthesis (extended scope, 

diverse targets, multimodal imaging, etc.) to expect an impact on future developments in PET-

imaging.5 

1.2 11C - Expanding the toolbox  

Carbon is an element present in almost every biologically active molecule, rendering 11C is a valuable 

radionuclide. On the one hand, the half-life of 11C (t1/2 = 20.4 min) offers great opportunities when it 

comes to drug development and the possibility of performing repeated studies during one single day. 

Moreover, as a result of the short half-life, the use of 11C results in lower radiation dose for the patient 

compared with other radionuclides used in nuclear medicine.6 On the other hand, the development 

of synthetic procedures leading from 11C production to tracers for PET-imaging, that would be 

compatible with such a short half-life, represents an important challenge. 11C is produced in a 

cyclotron, by the 14N(p,α)11C nuclear reaction. Addition to the N2-target gas of small amounts 

(typically 5 to 10%) of H2 or O2, results in the production of [11C]CH4 or [11C]CO2 , respectively; these 

simple molecules constitute the two key precursors of 11C-chemistry. In practice, in-target production 

of [11C]CO2 is higher yielding and therefore preferred, with the opportunity of reduction into [11C]CH4 

post-production. Over the past decades, many other building blocks, derived from [11C]CH4 or 

[11C]CO2, have been synthesized and used in labelling procedures (Scheme 1.1). 

Scheme 1.1 Main building blocks available to perform 11C-Chemistry 
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Considering the variety of electrophiles and nucleophiles that can serve as 11C building blocks, it is 

striking to notice the major dominance of labelling procedures by SN2 reactions, with either [11C]CH3I 

or [11C]CH3OTf as electrophile,7 for the synthesis of PET-tracers used in the clinic (Figure 1.1). SN2 

reactions, with [11C]CH3I or [11C]CH3OTf, allow for the formation of heteroatom-11CH3 functionalities, 

known to be prone to metabolic degradation, thereby enabling the access to only a few privileged 

structures via such strategy. Carbonylation reactions, using [11C]CO or [11C]CO2 are less commonly 

used, but have also found applications in the clinical tracer production.8-10 Carbonylation reactions 

have a prominent role to play in 11C-labelling as they provide access to carbonyl functionalities, an 

abundant motif in biologically active molecules. A large part of methylation opportunities remains 

poorly addressed by current labelling methods, including (hetero-)aromatic and aliphatic 

methylations. Thus, it is desirable to drastically expand the labelling toolbox for 11C, giving access to 

the largest possible range of structures to be radiolabelled, in a fast and robust manner, bringing to 

the clinic the best possible PET-tracer for a specific target. 

Figure 1.1 Labelling method used for clinical production of 11C-PET tracers 

 

Data extracted from the NIH, CNS radiotracer table, https://www.nimh.nih.gov/research/research-funded-by-

nimh/therapeutics/cns-radiotracer-table.shtml, Feb 2021. 

Nearly 80% of drugs feature at least one aromatic ring in their molecular structure,11 this sets the 

potential for methylation of (hetero-)aromatic moieties to become an important 11C-labelling 

method. Despite the apparent opportunities, so far, cross-coupling reactions lack of clinical relevance. 

Pioneered by the work of Kumada, Heck and Negishi in the 1970’s, cross-couplings reactions reshaped 

approaches in synthesis by enabling C-C bond formation. With the recent developments in the field 

of cross-coupling reactions, it is now a key transformation in modern organic chemistry with 

widespread applications in medicinal chemistry.12,13 Hence, cross-coupling reactions using building 

blocks accessible for the radiochemist, such as methyl iodide or organometallics accessible from 

methyl iodide, appear as valuable transformations for labelling. While a variety of PET tracers labelled 

via Stille cross-coupling have been reported in the literature, only scarce examples of Sonogashira, 

Heck, or Suzuki couplings can be found.14,15 Recent studies explore the labelling possibilities, using 

more reactive organometallic reagents in Negishi16 or organolithium17 cross-couplings, as well as 

exploiting recent advances in photoredox chemistry.18 Identifying and addressing the limitations that 

often prevented these reactions to successfully make a breakthrough into clinical practice is key for 
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further developments. So far, the lack of “easy-to-use” and reliable protocols has been particularly 

restricting, hence moving towards flow systems or reactions allowing to pre-load reagents on 

cartridges seems promising. Another aspect to consider is that the use of Schlenk techniques or other 

methods that ensure a strictly anhydrous and controlled environment essential for the handling of 

highly sensitive reagents is not common practice in most hospitals. Hence, for all these methods to 

be used in clinical settings, the ability to perform radiolabelling under strict inert conditions by using 

appropriate automated modules or develop fast coupling reactions under aqueous conditions would 

represent significant improvements. Likely, the combined efforts of organic chemists and 

radiochemists together will establish cross-coupling procedures as another standard strategy to 

introduce 11C, broadening labelling opportunities as much as it refined synthetic approaches almost 

50 years ago.  

1.3 18F - Towards enhanced bioorthogonality 

Combining a half-life favourable for synthesis (t1/2 = 109.8 min), emission of a low energy positrons 

(Emean = 0.250 MeV ; Rmean = 0.6 mm) and being a small atom easy to incorporate, 18F became the 

radionuclide of choice for many PET-tracers. While the radiation dose for the patient is often higher 

compared to for 11C-tracers, it is largely compensated by the opportunities offered by its longer half-

life. Indeed, the half-life of 18F allows to use tracers with slower pharmacokinetic distribution, and it 

also greatly enhances the practicality of tracer-production, with the opportunity of producing 

multiple doses at once, that can be shipped to different hospitals or used later during the day. 18F is 

produced in large amounts (>100 GBq) from enriched [18O]H2O, in a cyclotron, using the nuclear 

reaction 18O(p,n)18F to afford aqueous [18F]fluoride. Alternatively, [18F]F2 can be produced, but it lacks 

safe and efficient labelling procedures to be widely used as a primary building block. Hence, the vast 

majority of radiolabelling methods start from aqueous [18F]fluoride. This represents a major 

difference compared with standard 19F-fluorinations that typically rely on anhydrous electrophilic 

fluorine sources. Nonetheless, chemists and radiochemists developed a myriad of labelling 

approaches, starting from the single 18F- source and enabling nucleophilic as well as electrophilic 

fluorinations.19 These advances enabled the 18F-fluorination of (hetero-)aryl20 and alkyl21 structures, 

direct 19F-18F fluorine exchange,22 and introduction of a variety of 18F-fluorinated groups, such as –

OCF3, -SCF3, and -CHF2 (figure 1.2a). Notably, these transformations do not only rely on a single type 

of reactivity, which would limit their application, but generally encompass complementary methods. 

By using nucleophilic aromatic substitution, fluorination via iodonium or sulfonium salts, 

deoxyfluorination reactions, or metal catalysed fluorinations, 18F-fluorination of aryls is a good 

example of the diversity of labelling strategies currently available.23 Another illustration of the 

versatility of 18F-fluorination methods are the numerous labelling possibilities available on a single 

scaffold. In the example depicted in figure 1.2b, the celecoxib scaffold has been modified to introduce 
18F in various position, providing tracers that differed in metabolic stability, hydrophilicity, and target 

binding, overall enabling to find the optimal 18F-labelled celecoxib structure suitable for 

cyclooxygenase-2 (COX-2) imaging. Although improvements towards more automated, kit-type 
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labelling, or high molar activity electrophilic fluorination would further expand the applicability of 18F-

fluorination in clinical settings,24 the state-of-the-art in fluorination chemistry appear far more 

advanced than the one of 11C chemistry. 

Figure 1.2 Illustration of the variety of 18F-fluorinations methods 

 
 a} Examples of 18F-labelled motifs accessible via direct fluorination b) Celecoxib derivatives 18F-labelled at multiple 

labelling positions.25-32 

Nonetheless, important challenges in the field remain. The relatively long half-life of 18F (t1/2 = 109.8 

min) allows for the labelling of larger molecules, from small peptides to nanobodies, that are essential 

for the development of immunoPET and innovative pre-targeted strategies.33 The presence of 

numerous functional groups within these larger molecules often requires a high level of functional 

group compatibility and orthogonality in the labelling procedure employed. The direct 18F-fluorination 

of complex molecules is not a trivial transformation, particularly as methodologies are needed that 

do not require protecting groups, perform under mild conditions and at low temperature to ensure 

stability of the substrate.34 To circumvent these limitations, indirect fluorination by chelation of 

Al[18F]F,35 or by using 18F-labelled prosthetic groups has been developed.36 These two-steps labelling 

procedures are based on well-established bioorthogonal reactions (Scheme 1.2) such as multi-

components reactions,37,38 copper catalysed39-42 and strain promoted43,44 azide-alkyne cycloadditions, 

tetrazine trans-cyclooctene cycloadditions,45-47 and photoinduced reactions.48 The recent 

developments in the field of bioorthogonal labelling renders these reactions more and more 

attractive to radiochemists, with impressively high reaction kinetics (up to ~ 106 M-1s-1) they can 

remain extremely fast even at the low concentration used in radiochemistry. Moreover, these 

transformations are often characterized by their selectivity and their robustness as they can often be 

performed in various solvents, in the presence of water, and at different pH, which are all key criteria 

when seeking for a reliable and widely usable labelling methodology. Although, these labelling 

strategies are still to be applied in clinical setting, they greatly contribute to the introduction  of 

innovative imaging techniques with the potential of having a real impact in future PET-developments. 
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Scheme 1.2 Bioorthogonal reactions applied in PET-tracer synthesis 

 

1.4 Outlook 

Arguably, 11C and 18F have played a crucial role in the development of PET-imaging over the last 

decades, and because of their physical properties, the two radionuclides stand out for the future of 

PET. Thereby, progress in the field of PET-imaging is tightly linked to the advances in labelling with 

each of these radionuclides. In both cases, key challenges for future developments and 

implementation of novel radiolabelling protocols can be clearly identified: 

1) Accelerating reactions: In order to expand the scope of methodologies available for labelling, the 

development of organic synthesis methods plays an important role. Indeed, by gathering more 

insights into reaction mechanisms and reaction kinetics, as well as building on recent advances in 

catalysis and emerging fields such as photoredox chemistry,49 novel and fast transformations are 

developed with potential relevance for radiolabelling. Strong collaboration with radiochemists is then 

necessary to fully realize this potential. Procedures that are considered fast (e.g. from minutes to a 

couple of hours), should be more systematically optimized to meet the requirements of radiolabelling 

procedures and reach reaction times from seconds to few minutes. 

2) Easy-to-use protocols: Labelling procedures need to be simple, robust and reliable. Ideally, one-pot 

procedures are preferred, where the radioactive building blocks can be added as the final reagent, to 

limit the exposure for the radiochemist. Kit-type approaches, for example enabling radiosyntheses to 

be fully performed inside cartridges, pre-loaded with all necessary reagents, offer such simplicity and 

should be prioritized in development.16,50 Similarly, synthetic procedures based on the principle of 

flow chemistry42,51-53 or reaction performed in droplets54,55 showed potential for reaction acceleration 
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as well as improved molar activities, making them very attractive for PET-tracer synthesis56 (Figure 

1.3). Finally, demonstrating the feasibility of a labelling protocol on a commercially available synthesis 

module is as an essential step in method development.  

Figure 1.3 Examples of cartridge-based and microfluidic setups for PET-tracer synthesis 

 

a) Negishi cross-coupling of [11C]CH3I on a pre-loaded cartridge.16 b) Representation of a droplet reactor.54 c) [18F]FDG 

synthesis in flow reactors.52 

3) Biocompatibility: To achieve late-stage labelling of challenging, multifunctional substrates, 

including unprotected peptides or antibodies, it is essential to look for labelling strategies with high 

functional group tolerance and bioorthogonality. Suitable biorthogonal reactions should enable 

labelling of a wide range of substrates, under mild reaction conditions and without the need of toxic 

reagents or metals. The generalization of these biorthogonal protocols to PET-tracer synthesis are 

considered particularly important in the development of multimodal imaging probes or immunoPET 

imaging. 

By combining efforts in fundamental organic chemistry, seeking for ultrafast reactions, and 

investigating their translation into easy-to-use radiochemical procedures, including fully automated 

syntheses, and a focus on biorthogonal reactions, we should be able to accompany innovative imaging 

strategies in the clinical development and expand the scope of accessible structures for PET-imaging. 

1.5 Thesis outline 

In this thesis we aim to tackle some of the above mentioned challenges in 11C and 18F radiochemistry. 

Our contribution to develop new methodologies in 11C chemistry will focus on the cross-coupling of 

[11C]methyllithium with aryl bromides as described in chapter 2. In chapter 3, we will be using this 
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same methyllithium cross-coupling methodology to enable the synthesis and radiolabelling of a 

potential 11C-tracer for vesicular acetylcholine transporter. Chapters 4, 5 and 6 will look at 

fundamental advances in organolithium chemistry and demonstrate their versatility in organic 

synthesis. In chapter 4, we will be applying organolithium cross-coupling to enable the synthesis of 

substituted benzaldehydes as well as demonstrate the feasibility of this protocol with 

[11C]methyllithium. In chapter 5, a synthesis route towards functionalized ketones via nucleophilic 

addition of an organolithium reagent followed by Buchwald-Hartwig amination, as a one-pot strategy, 

will be presented. Looking at pushing the boundaries of organolithium cross-coupling reactions, in 

chapter 6 we investigated the cross-coupling of lithium acetylides with aryl bromides and presented 

a suitable method, alternative to the Sonogashira coupling, to efficiently access (hetero-)aryl alkynes. 

In chapter 7, we will investigate new labelling routes to potentially access [11C]hydroxymethyl 

ketones, a prominent amongst biologically active molecules such as prednisolone and dexamethason. 

The last parts of the thesis will focus on 18F radiochemistry, and particularly on biorthogonal synthesis 

of 18F-PET tracers. In chapter 8, we present the transformation of a photoclick reaction into an 

ultrafast indirect labelling method, performed in flow, capable of yielding valuable 18F-PET probes, 

imcluding potential tracers for prostate cancer and bacterial infections. In chapter 9, we will use 

copper catalysed click chemistry to access a fluorescein-based 18F-tracer that enables immunoPET 

imaging by pretargeting strategy when used in combination with bispecfic antibodies.  
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