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Comp.  
No Code Name 

1 (1) 4,5-Dihydroxy-2-[18F]fluoro-L-phenylalanine ([18F]FDOPA) 
2 (2a) 6-Nitroveratraldehyde 
3 (2b) Veratraldehyde-6-trimethylammoniumtriflate 
4 (2c) 6-Fluoroveratraldehyde 
5 (2d) 6-Bromoveratraldehyde 
6 (2e) 6-Chloroveratraldehyde 
7 (3) 6-[18F]Fluoroveratraldehyde 
8 (4) Vanillin (4-hydroxy-3-methoxybenzaldehyde) 
9 (5) 4-Acetoxy-3-methoxybenzaldehyde (vanillin acetate) 
10 (6) 4-Acetoxy-2-Bromo-5-methoxybenzaldehyde 
11 (7) 2-Bromo-4-hydroxy-5-methoxybenzaldehyde 
12 (8a) 4-Benzoyloxy-2-bromo-5-methoxybenzaldehyde 
13 (8b) 2-Bromo-5-methoxybenzaldehyde-4-benzenesulfonate 
14 (8c) 3-Bromo-4,5-dimethoxybenzaldehyd 
15 (8d) 4-Benzoyloxy-3-bromo-5-methoxybenzaldehyde 
16 (9a) 6-Nitropiperonal 
17 (9b) 6-Bromopiperonal 
18 (9c) 6-Chloropiperonal 
19 (10) 6-[18F]Fluoropiperonal 
20 (11) o-Vanillin (2-hydroxy-3-methoxybenzaldehyde) 
21 (12) 2-Acetoxy-3-methoxybenzaldehyde 
22 (13) 2-Acetoxy-6-bromo-3-methoxybenzaldehyde 
23 (14) 6-Bromo-2-hydroxy-3-methoxybenzaldehyde 
24 (15a) 2-Benzoyloxy-6-bromo-3-methoxybenzaldehyde 
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33 (20) 2-Hydroxy-3-methoxy-4-nitrobenzaldehyde 
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35 (22) 2,3-Dimethoxybenzaldehyde 
36 (23a) 6-Bromo-2,3-dimethoxybenzaldehyd 
37 (23b) 6-Chloro-2,3-Dimethoxybenzaldehyd 
38 (24a) 5-Bromo-2,3-Dimethoxybenzaldehyd 
39 (24b) 2,3-Dimethoxy-5-nitrobenzaldehyd 
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63 (42a) Phenyl benzenesulfonate 
64 (42b) Benzaldehyde-2-benzenesulfonate 
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74 (46) 2-Bromo-3,4,5-trimethoxybenzaldehyde 
75 (47) 2,3,4-Trimethoxybenzaldehyde 
76 (48) 2,3,4-Trimethoxy-6-nitrobenzaldehyde 
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opposite detector but also with a greater number of detectors on the other side of the ring, 

forming a fan-shaped area of coincidence (Fig. 2). The visual field of the tomographic system 

is defined by the central area covered by all fan-shaped areas of coincidence. The body of the 

patient is placed in this visual field. 

 

If compounds labelled with positron emitting isotopes are accumulated in certain regions of 

the body, from the detected annihilation events an imaging of this region can be reconstructed 

to tomographic slices. Thus, the use of the PET technique is always combined with 

compounds labelled with PET radioisotopes (PET tracers). The most famous and most 

applied compound is 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG). This molecule is 

transported and phosphorylated like glucose, however, it does not take part in the succeeding 

metabolic processes. Therefore, [18F]FDG accumulates in glucose demanding tissues. Active 

cancer tissue can thus be detected because of its elevated glucose metabolism. On the other 

hand, success of cancer chemotherapy results in the death of the cancer cells and, 

consequently, in low or no accumulation of [18F]FDG. Another application is the investigation 

of the biodistribution of drugs in the body or the detection of receptors for certain 

biomolecules. 

 

 

Fig. 2.  Annihilation coincidence detection in PET[2]. 
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1.1.2 Radionuclides in PET 

To perform any type of PET investigations, compounds labelled with positrons are essential. 

The short-lived positron emitting radionuclides that have the greatest importance in PET are 

carbon-11, nitrogen-13, oxygen-15 and fluorine-18. This is to be understood in view of the 

fact that the first three of these isotopes belong to the elements of life and can be substituted 

for their stable counterparts without influencing the bioactivity of the molecule. While 

fluorine-18 is not a significant element in living system, its half-life and properties make its 

use in labelling of considerable value. Most importantly, it is applied in the concept of 

“blocked metabolism” as explained in case of [18F]FDG. Tab. 1 lists the physical properties of 

these radionuclides[3]. 

 

Tab. 1. Physical properties of some positron emitter radionuclides[3]. 

Isotope Half-life 
(min) 

Specific Activitya 
(GBq/mmol) 

Maximum 
Energy (MeV)

Range (mm) 
in Waterb 

Decay 
Product 

Fluorine-18 110 63.3 x 106 0.635 2.4 Oxygen-18 

Carbon-11 20.4 341.1 x 106 0.96 4.1 Boron-11 

Nitrogen-13 10 69.9 x 107 1.19 5.4 Carbon-13 

Oxygen-15 2.1 336.0 x 107 1.72 8.2 Nitrogen-15 
 
a) Theoretical maximal specific activity; in practice, specific activities are typically 5000 
times lower because of unavoidable dilution with the non radioactive isotope. 
b) Maximal linear range. 
 
 
 
The development of any radiotracer begins with the selection of an appropriate radionuclide. 

This depends on several factors. The first is whether the physical half-life of the radioisotope 

matches the biological half-life of the process under investigation. The precursor’s achievable 
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specific activity (sec. 1.2.2) is also very important. In addition, the time necessary to prepare 

the precursor, and manipulate it through the subsequent synthetic pathways, and/or 

purifications are important for the decision. Finally, the kind of information needed from the 

PET measurement is also important in the selection of the radioisotope. Finally, the spatial 

distribution and regional concentrations of a target substance or neurotransmitter binding or 

uptake site are also very important. Tab. 2 gives a list of some  radiotracers and their 

applications[3]. 
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Tab. 2. Some important radiotracers and their applications[3,4]. 

Tracer Chemical name Use 

[15O] Tracers 

[15O]H2O [15O]water Blood flow 
[15O]CO [15O]carbon monoxide Blood volume 
[15O]O2 [15O]oxygen Oxygen consumption 

[11C] Tracers 

[11C]Carfentanil [methyl-11C]-4-[(1-oxypropyl)phenyl-amino]-1-(2-
phenylethyl)-4-piperidinecarboxylic acid methyl ester 

Opiate receptors in brain 

[11C]CFT [N-methyl-11C]-2-β-carbomethoxy-3-β-(4-
fluorophenyl)-tropane 

Dopamine re-uptake sites in brain 

[11C]Choline [N-methyl-11C](2-hydroxyethyl) trimethylammonium Choline metabolism, tumours 
[11C]CIT [N-methyl-11C]-2-β-carbomethoxy-3-β-(4-

iodophenyl)-tropane 
Dopamine re-uptake sites in brain 

[11C]FLB 457 [2-O-methyl-11C]-(S)-N-(1-ethyl-2-pyrrolidinyl)-5-
bromo-2,3-dimethoxybenzamide 

Extrastriatal dopamine D2 receptors in  
Brain 

[11C]Flumazenil 8-Fluoro-5,6-dihydro-5-methyl-6-oxo-4H-
imidazo[1,5-a][1,4]benzodiazipine-3-carboxylic acid 
ester 

Benzodiazepine receptors in brain 

[11C]MeAIB α-[11C]methylamino-isobutyric acid System A amino acid transport  
[11C]Methionine (S)-2-amino-4-([11C]methylsulfanyl)- 

butanoic acid 
Amino acid transport, tumours 

[11C]Metomidate O-[methyl-11C]-(R)-1-(1-phenethyl)-1H-imidazole-5-
carboxylic acid methyl ester 

11β-hydroxylase activity in adrernal  
cortical tissue 

[11C]MP4A N-[11C]-methylpiperidine-4-yl acetate Acetylcholine esterase activity in brain 

[11C]NMSP N-[11C]-methylspiperone Dopamine D2 and serotonin  
5HT2 receptors in brain 

[11C]NNC 756 [methyl-11C]-(S)-(+)-8-chloro-5-(2,3-dihydro-
benzofuran-7-yl)-7-hydroxy-3-methyl-2,3,4,5-
tetrahydro-1H-3-benzazepine 

Dopamine D1 receptors in brain 

[11C]Raclopride [6-O-methyl-11C]-(S)-N-(1-ethyl-2-pyrrolidinyl)-3,5-
dichloro-2-hydroxybenzamide 

striatal dopamine D2 receptors in brain 

[11C]SCH 23390 [methyl-11C]-(R)-(+)-8-chloro-5-2,3,4,5-tetrahydro-3-
methyl-5-phenyl-1H-3-benzazepin-7-ol 

Dopamine D1 receptors in brain 

[11C]SCH 39166 [11C]Ecopipam Dopamine D1 receptors in brain 

[18F] Tracers 
[18F]CFT 2β-carbomethoxy-3β-(4-[18F]fluorophenyl)tropane Dopamine re-uptake sites in brain 
[18F]FBPA 4-dihydroxyboryl-2-[18F]fluoro-L-phenylalanine Amino acid transport, boron carrier for 

BNCT 
[18F]FDG 2-[18F]fluoro-2-deoxy-D-glucose Glucose metabolism 
[18F]FDOPA 4,5-dihydroxy-2-[18F]fluoro-L-phenylalanine Pre-synaptic dopaminergic function in 

brain 
[18F]FETNIM 4-[18F]fluoro-2,3-dihydroxy-1-(2-nitroimidazole-1-yl)-

butanol 
Tissue hypoxia 

[18F]Fluorodop 
amine 

2-(4,5-dihydroxy-2-[18F]fluorophenyl)ethylamine Adrenergic innervation and tone in  
Heart 

[18F]Fluorometar 
aminol 

(1R,2S)-2-amino-1-(4-[18F]fluoro-3-hydroxyphenyl)-
1-propanol 

Adrenergic innervation in heart 
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1.1.3 Applications of PET 

The PET method is a highly sensitive method for the investigation of biochemical reactions in 

the body with sensitivity reaching below 10-12 g. This enables scanning of the body without 

affecting at all biochemical reactions or introducing toxicity. Thus distribution and 

metabolism of drugs and necessary life compounds can be monitored. In many cases PET 

added valuable information to the existing methods of investigation and the whole case of 

study and therapy were changed. An example is the following case[5]. 

 

Fig. 3. [18F]FDG PET scan of a patient with metastatic melanoma[5] 
 

As Fig. 3 shows, a PET image of a 71 year old male with metastatic melanoma. The CT scan 

of the patient demonstrated a tumour of the distal femur and adjacent soft tissue with negative 

findings in the abdomen. A bone scan showed an abnormal femur and four spine lesions. 

Using the PET method, a whole-body [18F]FDG PET scan demonstrated numerous lesions 
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throughout the body (Fig. 3). The patient was originally scheduled for an amputation based on 

CT and bone scan results.  After the PET scan found multiple lesions, treatment was changed. 

The surgery was cancelled, avoiding both the cost and the trauma of an operation that would 

not have been effective.  

 
 
1.2 Fluorine-18 

 
1.2.1 Production of Fluorine-18 

 
Fluorine-18 can be produced in a nucleophilic as well as an electrophilic form using various 

types of nuclear reactions. Tab. 3 shows the most important ones. Many labelling 

methods, based on both chemical forms of fluorine-18 (see 1.3), have been published in the 

last decade. 

Tab. 3. Important production methods for fluorine-18[3]. 

Reaction Target Beam energy (MeV) Product Production 
Rate (MBq/µAh) 

18O(p,n) H2
18O 11 

15 
[18F-] 
[18F-] 

1500 
2200 

16O(3H,p) H2O 22 [18F-] 200-400 
16O(α, d) H2O 30 [18F-] 40 

20Ne(d, α) F2/Ne 11 [18F]F2 400 
20Ne(d, α) H2/Ne 11 H[18F] 400 

 

Nowadays, mainly two target-systems are used to produce fluorine-18, the neon-20 target 

(Tab. 3, line 5 and 6) and the 18O enriched water target (line 1). The use of an [18O]water 

target is widely applied due to its reliability and the high yield of the nuclear reaction. In 

a neon target, fluorine-18 can be produced as an electrophilic 18F reagent directly as [18F]F2 or 

in a chemically different form such as [18F]acetylhypofluorite. 
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The use of a 1 % fluorine/neon gas mixture in the target leads to the formation of [18F]F2. The 

[18F]F2 that is formed in the target is highly reactive and interacts strongly with the target 

wall. The target has to be treated in advance with F2 in order to coat the target wall with F2: 

the target is “passivated”. The fluorine acts as a kind of “carrier gas” by facilitating the 

transport of the radioactivity from the target to the laboratory. The addition of non-radioactive 

fluorine to the target results in a lower specific activity of the produced fluorine-18, so this 

production method is not applicable for the synthesis of receptor binding ligands which 

require a high specific activity. [18F]F2 can not be prepared as a no-carrier-added (nca) 

reagent. 

The addition of hydrogen gas to the neon target leads to the in-situ formation of H[18F]. The 

[18F]fluoride can be isolated from the target as anhydrous H[18F] by a stream of hydrogen gas 

or as aqueous [18F]fluoride by rinsing the target with a small volume of water. 

In an [18O]water target, [18F]fluoride is produced efficiently in high yields and in short time 

and so it is used widely nowadays in most PET centres. 

 

1.2.2 Specific Activity 

The extent to which a compound labelled with a radionuclide is diluted with the non 

radioactive isotopic compound is referred as the specific activity. The specific activity is 

calculated from the ratio of the amount of radioactivity (Becquerel, Bq or Curie, Ci) and the 

molar concentration of the compound (mol) and is usually expressed in GBq/µmol or 

Ci/mmol[6]. The maximum theoretical specific activity of fluorine-18, with a half-life of 110 

min, is 63,000 GBq/µmol (1.7 x 106 Ci/mmol). In practice much lower specific activities are 

obtained due to the unavoidable dilution with the non-radioactive stable element. The specific 

activity of a product is of importance, because many applications of PET (such as studying 

receptors in brain) require the administration of only a very small molar concentration of the 
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labelled biomolecule to the patient, hence a high specific activity is required which means 

also the no-carrier-added (nca) form. 

 

1.2.3 Properties of Fluorine-18 

Fluorine, as an element, is in many ways unique, both in chemical characteristics and 

usefulness in the pharmaceutical and chemical industries. Fluorine has a very small steric size 

and its bond with carbon exhibits very high bond energy. As fluorine is extremely 

electronegative, it can often produce significant and useful changes in physiochemical and 

biological properties of organic compounds[7]. In some cases, substitution with fluorine 

produces a derivative with improved pharmacological properties. Although sometimes 

considered as an isosteric replacement for hydrogen, the differences in electronegativity and 

hydrogen binding capability of fluorine make it more alike substituent for a hydroxyl group. 

Fluorine-18 (discovered as early as 1937) decays for 96.9 % by the emission of a positron (β+) 

and a neutrino. This emission is the result of a transformation of a proton into a neutron in the 

nucleus. The nuclide which is formed in this process is oxygen-18. The remaining 3.1 % of 

fluorine-18 decays by electron capture. 

 

18F  →   18O  +   β+  +  v 
 
 
 

The moderate length half-life of 110 minutes allows enough time in the synthesis of 

radiopharmaceuticals. Usually, a synthesis time of no more than three half lives of 

a radionuclide is applied. In case of 18F this means about 5.5 h. In practice lengthy procedures 

are rarely used. The relatively long half-life of fluorine-18 (in comparison, for example to 

carbon-11, oxygen-15 and nitrogen-13) permits large scale production of [18F]fluorine 

labelled radiopharmaceuticals and distribution to distant locations (the satellite concept)[3]. In 
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case of carbon-11, and because of the short half-life, the distribution is mainly limited 

applications on site (in-house production). 

 

1.2.4 Reactivity and Recovery of Fluorine-18 

Fluorine is the most electronegative element of the periodic table and it is one of the three 

elements (N, O and F) which can act as a H-bond acceptor. The fluoride ion is therefore 

strongly solvated in protic solvents such as water or methanol. The use of protic solvents or 

even the presence of water in the reaction mixture leads to a serious decrease in the reactivity 

of [18F]fluoride. Therefore, it is necessary to manipulate [18F]fluoride in such a way that it is 

obtained in an unsolvated form and reactions must be performed in aprotic solvents, such as 

DMSO or DMF. Methods for the recovery of [18O]water and the isolation of [18F]fluoride 

include simple distillation techniques or other methods such as electrolysis and the use of 

ion-exchange resins[3]. However, one of the main problems in the recovery of fluorine-18, like 

any other radioactivity, is the adherence to vessels used. In this case, a percentage of fluorine-

18 radioactivity is lost, depending on the type of material used for making a particular vessel. 

For [18F]fluoride, washing with water as a solvent can recover most of radioactivity. 

 

1.3 Electrophilic and Nucleophilic Aromatic Fluorination Reactions 

1.3.1 Fluorination Reactions 

Fluorine can be introduced into organic compounds using a variety of methods, such as the 

direct addition of fluorine, fluorine containing reagents to multiple bonds, or the substitution 

of a leaving group by electrophilic or nucleophilic fluorine or fluorine-containing reagents[7]. 

However, the number of fluorination methods is relatively limited when compared to other 

halogenations. This is because most fluorinating reagents are either very toxic, corrosive to 

glass and metals or very reactive. In most cases this limits the work of fluorination to solid or 

liquid non-volatile reagents[7]. The work with fluorine-18 (with good protection from 
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radiation) is safer because it is mostly performed automatically using commercially available 

modules. The number of reagents available for 19F fluorinations is larger than that for 18F 

reactions. The reason is related to the decay in case of the radioactive 18F and the need to 

establish all of the work, including the synthesis of reagents in-situ and the fluorination 

reaction within limited time. Whereas in 19F fluorination reactions it is easy to follow up the 

reaction by the usual spectroscopic techniques (1H NMR, 13C NMR, 19F NMR, .. etc), it is 

difficult to follow up the [18F]fluorination reactions unless the standard is available for quick 

comparison in TLC and HPLC[3,4]. Normally special radiochemical methods are needed. The 

large excess of the precursor relative to the 18F label gives the nonstochiometric labelling 

process special characteristics. Many 18F labelling reactions, therefore, are successful 

although they are difficult in the cold way, i.e. with 19F. In electrophilic fluorination reactions, 

where most reagents are very highly reactive, usually several sites are susceptible for attack, 

and in this case several products are obtained. However, the regioselectivity in these reactions 

can be optimised by introducing a very good leaving group in the right place. This usually 

increases the number of steps in any synthesis. In nucleophilic fluorinations, the reagents are 

less reactive and the presence of leaving groups other than hydrogen is assumed previously, 

so the regioselectivity is very high (unless there are several different leaving groups or in case 

of the fluoride ion acting as a base instead of a nucleophile). Tab. 4 gives a summary of the 

main methods used in fluorinationreactions.
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Tab. 4. General methods used for fluorination in lab or industrial scales[8]. 

Method of fluorination Types of compounds or reactions Common reagent 

1. Polychloroalkanes 
AHF/SbCl5 (liquid phase) 
AHF/Cr-based catalysts (vapour. Phase) 
SbF3/SbCl5 (lab. scale) 

2. Gem-dihalogeno-alkanes (or-cycloalkanes) HgO/AHF or HgO2; SbF3; AgBF4 
3. Monohalogenoalkanes KF; AgF; CuF; TBAF 
4. Allylic or benzylic “activated“ positions AHF; SbF3; AHF/SbCl5;  SbF3/SbCl5;  
5. Carbonyl compounds KF; AgF; AHF/Cr-based catalysts 

A. Halogen exchange: 
 

C-X → C-F 

6. “Activated“ nuclear halogeno-aromatics KF; [18F]KF ; HF; NaF 

1. Fluorodehydroxylation AHF/pyridine/NaF; SF4; SF4/AHF 
(C2H5)2NSF3 (DAST); (C2H5)2NCF2CHFX 

2. Ester fluorolysis (Ts = 4-CH3C6H4SO2; Tf = CF3SO2) KF; CsF; TBAF; TMAF 

3. Thermal fluorodecarboxylation of halogenoformates CaF2; COFCl; KF; AHF/pyridine 
BF3O(C2H5)2; AHF/AlF3 

4. Ring-opening of epoxides AHF/pyridine; AHF/ BF3O(C2H5)2 
(i-C3H7)2NH.

3HF 

B. Oxygen replacement: 
 

C-OX       → C-F [OX= OH, OSO2R, OC(O)F,  
                                  OC (epoxide components)] 
C=O         → CF2 
C(=O)OH → CF3 5. Replacement of oxygen in aldehydes, ketones and  

     carboxylic acids SF4(+HF or BF3); DAST 

1. Deaminative fluorination of α–amino acids AHF/pyridine/NaNO2 
2. Fluorodediazonisation of aromatic diazonium salts AHF/NaNO2; HBF4 aq or  NaBF4 

C. Nitrogen replacement: 
 

C-NH2  →  C-N2
+  → C-F;    C-N-C  → CF-N-C 3. Ring-opening of azirine and aziridines AHF/pyridine 

1.Electrophilic fluorination with fluorine 
   a. Directly in aliphatic systems 
   b. Directly in aromatic systems 

F2/N2 
[18F]F2/Ne 

2. Electrophilic fluorination with “fluorine  
    carriers (prepared from F2) 

CF3OF; XeF2/HF, (C6H5SO2)2NF 
FClO3; (CF3SO2)2NF; (C6H5SO2)2NF 

D. Replacement of hydrogen: 
 

C-H → C-F 
3.Anodic fluorination of aromatic hydrocarbons  
   (Knunyants-Rozkhov ECF) TEAF; (C2H5)3N.HF 

E. Addition to C=C or C=C bonds  

AHF/pyridine; AHF/pyridine/NBA or NBS 
AHF/pyridine/ NBS then AgF/AHF/ pyridine 
HF/SbCl5; KF/H2NCONH2; IF5/I2 
BrF3/Br2; XeF2 


