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1. Introduction 
 

The first part of this thesis includes some essential characteristics of positron emission 

tomography (PET) and a basic overview of radionuclides in use or nuclides with promising 

properties for prospective future use in PET. Emphasis is put on fluorine-18 and carbon-11. 

  

1.1. Positron Emission Tomography  
 

Positron emission tomography is a non-invasive, highly sensitive imaging technology 

which provides a unique window to the physiology and function of living organisms. The 

technique was introduced by Ter-Pogossian et al. in the mid 1970´s [1,2,3], after the first system 

design by Rankowitz and Robertson from 1962.[4]  

PET allows scientists to trace a treatment’s path by imaging “reporter” molecules 

(probes, radiotracers) that bear a short-living, positron emitting radioactive isotope. As these 

isotopes decay, they set off radiation, generating a series of events that a PET scanner uses to 

create an image. PET can detect radiotracers in picomolar concentrations (10-9 - 10-12 

mol/dm3)[5], which means that the amount of radioactive particles administrated to a human 

(or other living organisms) is vanishingly small.  

Other imaging technologies that physicians rely on, such as X-ray, ultrasound or 

magnetic resonance imaging (MRI) can provide topological maps of a tissue (e.g. brain), but 

they do not give information about the biochemistry that is occurring.[6] Another possibility 

for so called functional tomography is the use of gamma emitters (mostly 99mTc, 123I, 131I, 
201Tl, 111In, 67Ga)[7] in single photon emission tomography (SPECT) which is typically used 

for bone and brain imaging, myocardial and renal perfusion, white cell scan and tumour 

imaging.  

However, there are some differences between PET and SPECT. Besides the use of different 

types of emitters, PET is more sensitive because of different collimation and scan technique. 

PET detectors do not contain lead collimators which absorb most of emitted photons, and 

collimation is realized electronically which leads to a much higher efficiency of a method. In 

SPECT, the head (or 2 - 3 heads) of a camera moves around the scanned object (patient) but a 

PET camera is static (which leads to better temporal resolution because motions of both 

camera and patient are suppressed) and the data are collected simultaneously from the whole 

examined object[8], which also leads to a higher spatial resolution of PET (~mm) in 
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comparison to SPECT (~cm). When we consider the whole body PET scan where the patient 

passes through the ring of a camera the situation is a bit different by means of motion. Higher 

sensitivity and lower detection level means also lower radiation dose to a patient. On the other 

hand, lower costs and the use of medical kits make SPECT a more easily attainable method. 

PET has had a particularly important role in neuroscience and central nervous system drug 

discovery. PET is used heavily in clinical oncology (medical imaging of tumours and the 

search for metastases), and for clinical diagnosis of certain diffuse brain diseases such as 

those causing various types of dementias. 

Phenomenon of 2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG) as alpha and omega of 

radiomedicine and most widely used radiopharmaceutical in PET (oncology, cardiology, brain 

imaging) is absolutely out of this scope and separate literature retrieval could be dedicated to 

it. This compound behaves in a similar manner to glucose in vivo: it is transported from 

plasma to a tissue by the glucose transporter and then phosphorylated in the tissue by 

hexokinase enzyme to give [18F]FDG-6-phosphate that is not further metabolised because 

oxygen atom is replaced by fluorine, thus preventing from subsequent degradative enzymatic 

pathway. This results in an accumulation of [18F]FDG-6-phosphate in cells, which reflects 

blood-tissue transport and hexokinase activity, and thus provides regional imaging of energy 

metabolism. Labelling an exact copy of glucose molecule (e.g. with carbon-11 or oxygen-15) 

would result in its progression through Krebs cycle to produce many different radiolabelled 

metabolites that would be difficult to differentiate in the PET scan.[151]  

Preparation of [18F]FDG was optimized and utilized to give high activity and yields (routinely 

more than 50 %) in automated procedures (Scheme 1.1). 

O
AcO

AcO

TfO

OAc

OAc

O
HO

HO
18F

OH

OH

1. K[2.2.2.]/18F
2. NaOH

Scheme 1.1: NCA nucleophilic 18F-fluorination and subsequent hydrolysis of acetylated 

mannose triflate leading to [18F]FDG.[9]      

 

In the last decade the number of not only newly prepared 18F and 11C-labelled 

radiopharmaceuticals but also those in clinical trial has astronomically increased. In short 

overview given in Table 1.1 there are some representative radiopharmaceuticals chosen and 

their clinical utility is also mentioned.   
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Table 1.1: Representative 18F and 11C-labelled radiopharmaceuticals[10,57]  

Radiopharmaceutical Formula Clinical utility Ref. 

6-[18F]Fluoro-DOPA 
 
 
 

HO

HO

18F

H2N COOH

H

 

dopamine metabolism, 
Parkinson disease, 

schizophrenia, 
neurodegenerative 

desease 
 

[11,12] 
 
 
 

[18F]Fluoro-α-
methyltyrosine 

 

COOH

NH2

H

O18F
 

tumour imaging 
 
 

[13,10] 
 
 

 
[18F]Lomefloxacin 

 
 
 

HN

N N

F

18F

O

OH

O

 

antibiotic 
pharmacokinetics 

 
 
 

[14,15] 
 
 
 

[18F]FP-CIT 
 
 
 

N

I

18F O

OCH3

 

dopamine 
transport 

 
 

[16,17] 
 
 
 

[18F]Fluoro-fallypride 
 
 
 
 
 

18F

H3CO
OCH3 O

N
H

N

 

post-synaptic 
D2/D3 receptors 

 
 
 
 

[18,19] 
 
 
 
 
 

[18F]Setoperone 
 
 
 

N

N

S

O

N

O

18F

 

serotoninergic 
receptors (5HT2) 

 
 

[20,57] 
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[11C]Methionine 
 

H3
11C

S COOH

NH2

H

 

protein synthesis, 
metabolic 

abnormalities 
[21,57] 

 

[11C]Palmitic acid 
 H3

11C COOH12  

myocardial 
metabolism 

of fatty acids [22,23] 

[11C]Flumazenil 
 
 
 

N

N

N

F

O
11CH3

COOEt

 

benzodiazepine 
receptors 

 
 

[24,10] 
 
 
 

[11C]Raclopride 
 
 Cl

Cl

OH

O

O

N
H

H

N

11CH3  

dopamine 
receptors D2 

 
 

 
[25,26] 

 
 

[11C]WAY-100635 
 
 
 

N N
N

N

O
O11CH3

 

serotonin 
receptors 5HT1A 

 

 
 

[27,28] 
 
 
 

 

 

PET is also an important research tool to map normal human brain and heart function. 

PET can be combined with computed tomography (CT) or MRI to obtain both metabolic and 

anatomic information. Modern PET scanners are now available with integrated high-end 

multi-detector-row CT scanners in so called hybrid systems. Because the two scans can be 

performed in immediate sequence during the same session with the patient not changing the 

position between the two types of scans, the two sets of images are more precisely registered, 

so that areas of abnormality on the PET imaging can be more perfectly correlated with 

anatomy on the CT images.[29]  

 

1.1.1. Principle of PET 

 

Positron emission tomography uses short-lived beta emitters. A beta radioactive 

nuclide emits positrons that immediately annihilate with electrons present everywhere in 

ambient medium (water, tissue) giving rise to two gamma photons, each with energy 511 keV. 
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These photons are emitted in exactly opposite directions. Each couple of photons is detected 

by two detectors in coincidence. Data are then collected over range of many angles up to 360° 

around the body axis of a patient and then used to reconstruct the image of the radioactivity 

distribution in the slice of interest (Figure 1.1).  

The detectors are made mainly of bismuth germanate (BGO), NaI(Tl) or BaF2. BGO is 

most commonly used in the PET systems. After detection, the scintillation is multiplied by 

photomultiplier tubes and processed in a processing unit. PET usually uses multiple detectors 

distributed in two to eight circular, hexagonal or octagonal circumferential rings around the 

patient. Two opposite detectors are connected by a coincidence circuit and all coincident 

counts from different slices over 360° angles around the patient are acquired simultaneously 

in 64 x 64, 128 x 128 or higher matrix in computer. The data are then processed to obtain a 

desired image of a tissue with resolution built-up of so called voxels. Voxel is a volume 

element representing a value on a regular grid in three dimensional space.[30]  

If the recovery time of the detectors is in the picosecond range rather than the 10's of 

nanosecond range, the signal-to-noise ratio of the image will improve, requiring fewer events 

to achieve the same image quality. This technology has not been in common yet, but it is 

available on some new systems.[31] 
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Figure 1.1: The physical basis of PET. An example of PET imaging of mGluR5 receptors in 

human brain with [18F]SP203.[32] Decay of 18F atom emits a positron, which loses its kinetic 

energy and collides with an electron that leads to annihilation accompanied with rise of two 

opposite 511 keV γ-rays. PET camera detects and records the coincident arrival of all γ-ray 

pairs as the basis for reconstruction of PET scan image.[33]  

 

1.1.2. Properties and availability of beta emitters  

 

The first step for choosing an appropriate radionuclide for labelling is taking in 

account its physical properties and availability. There are two ways to obtain beta emitters - 

the most widespread cyclotron production or radionuclide generator. Generators are of 

interest recently mainly because of the ease of use especially in combination with chemical 

kits. Furthermore, the availability of radionuclide in any time it is needed, the life-time of the 

generator and in not the last place the relatively low cost for purchase and maintenance make 

generators very useful. Cyclotron is not available wide of the mark in every PET centre and 

department, on the other hand in praxis it is usual to transport the compounds from place to 

place. Costs for purchase and maintenance of a cyclotron are very high. Also the availability 

of cyclotron in a hospital is limiting for use of very short half-life radionuclides. The most 

common cyclotron produced radionuclides are: 11C, 13N, 15O and 18F. Also 64Cu as 

radionuclide of interest is cyclotron produced. Generators are nowadays used mainly for 

gamma emitters. Approximately 80 % of generator-produced radionuclides belongs to 99mTc 

production using 99Mo/99mTc generator[34,35], for beta emitters the most interest is of 68Ge/68Ga 

generator, others available are e.g. 82Sr/82Rb and 62Zn/62Cu.  

There are also different attitudes to metallic and non-metallic radionuclides. Non-

metallic nuclides like 18F, 11C and others are used for labelling a tracer molecule (e.g. 

substitution reactions) where a new covalent bond between radionuclide and the tracer is 

created – this has advantage in labelling molecules that are by themselves biologically active 

(FDG) and then can be also specifically accumulated in a tissue or bound to receptors of 

interest.  

Labelling with non-metallic radionuclides is typical for small molecules (Mr < 500). 

Behaviour of small molecules by means of receptor specific binding and passing through 

membranes is then not or only slightly influenced – attaching a metal bearing bulky chelate 

may change the behaviour of a molecule to the extent that no receptor-specific binding could 

be observed.    
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In contrast, labelling with radiometals is valuable especially for macromolecules 

(Mr > 500) which might suffer from strong labelling conditions but can be easily coupled with 

chelating agent which may not have any influence on biological activity of macromolecule 

itself. Metallic radioisotopes as for example gallium-68 are very toxic as free ions and then it 

is needed to trap them in an appropriate coordinating compound. Coordination bound that is 

created in this case must be thermodynamically and kinetically stable (besides the criteria 

mentioned later in the text). To reach the desired target in organism there is needed to add a 

vector via linker to a chelator[36] – these compounds are called bifunctional ligands 

(Figure 1.2).  

N

NN

N

tBuO

O

OH

O

tBuO

O

tBuO

O

Mn+

HN---- protein

 
Figure 1.2: Bifunctional ligand – monoreactive prochelator (tBu)3DOTA. An example of a 

synthon ready to coupling with N-terminus of protein and to chelate metal cation after 

deprotection.   

 

Physical properties of radionuclides include mainly specific activity obtained after 

irradiation of a target (alternatively after “milking” the generator, depends also on production 

reaction), decay modes, half-life, maximal β+ energy and particle range in tissue. Some 

characteristics of radionuclides[37,38,39,40] of interest are earmarked for the Table 1.2. 
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Table 1.2: Physical properties of the most important PET radionuclides 

Radionuclide t1/2 Decay mode Max β+ energy β+ range in tissue Decay product 

 (min)  (MeV) (mm)  
11C 20.38 99.8 % β+ 0.96 0.96 11B 

  0.2 % EC    
13N 9.96 99.8 % β+ 1.19 1.26 13C 

  0.2 % EC    
15O 2.04 99.9 % β+ 1.72 1.87 15N 

  0.1 % EC    
18F 109.70 96.9 % β+ 0.63 0.54 18O 

  3.1 % EC    
64Cu 762.00 18 % β+ 0.65 0.73 64Ni 

  43 % β-    

  39 % EC    
68Ga 67.60 89 % β+ 1.90 2.12 68Zn 

  11 % EC    

 

 

1.1.3. Common criteria for PET radiopharmaceuticals 

 

PET chemistry includes the selection, preparation and preclinical evaluation of 

radiolabelled compounds. A crucial aspect is the availability of a radiolabelled compound and 

physical properties of positron emitters (discussed above). The selection of suitable 

radiopharmaceutical is dependent on many factors as receptor binding, metabolism, transport 

across the cell membranes and binding to different types of molecules e.g. [41]
 Some common 

criteria, not dependent on PET application of the radiotracer, are: [42]  

a) Selected molecule must be amenable to radiolabelling. Reaction must provide 

sufficient radiochemical yield, specific activity and must proceed in appropriate time, that 

means maximally 4, ideally less than 3 half-lives of radioisotope - also depends on half-life 
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itself. Reaction must proceed under reasonable conditions because of automation of procedure 

in the case of clinical production. Procedure including yield must be reliable and reproducible.  

b) Biodistribution of a radiopharmaceutical must be related to the physiological 

response to enable measuring functionality of biochemical process under investigation.[43]   

c) High affinity to the target leading to high contrast of a PET image. Interaction 

between radiopharmaceutical and biomolecules in target tissue must be the major mechanism. 

Also high specificity for target molecule is essential because interaction with similar targets 

leads to interference with desired radioactive signal detected by a PET camera. 
d) The lipophilicity (defined as usual partition coefficient between n-octanol and 

water - log P) that determines ability to cross cell membranes. Optimal passage of lipid 

bilayers requires log P ~ 1.5 - 2. Higher log P values result in nonspecific binding caused by 

hydrophobic interactions with lipids and proteins. 

e) Certain properties as passage across the cell membrane or other barriers like 

blood brain barrier (BBB). Besides mentioned lipophilicity, also active transport of 

compounds must be taken in account, e.g. dopamine[44], serotonin[45] and amino acids[46,47].     

f) In general, a low affinity to P-glycoprotein (P-gp) is a desirable property for most 

radiopharmaceuticals. P-gp is an ATP-dependent efflux pump naturally expressed in BBB. It 

can be over-expressed in tumours. P-gp transports compounds that have high affinity for the 

pump out of the cell and then radiotracers that have high affinity for P-gp show little 

accumulation in tissues like brain and tumour[48,49]. 

g) Metabolism of a radiopharmaceutical is a very important point. Rapid metabolism 

is generally undesirable. Metabolites can then bind to other molecules or take part in other 

metabolic processes and result in non-specific accumulation of radioactivity. It is preferable to 

have the radioisotope in the part of molecule which reaches the target at first and after that is 

further metabolised. In some cases, metabolism of radiotracer is the mechanism underlying 

the accumulation of radioactivity in tissue – typical for compounds like FDG[50,51], FLT[52] or 

FHGP[53,54] that enter the cell and are phosphorylated by kinases, the corresponding 

monophosphates are then trapped in the cytoplasm and radioactivity uptake reflects enzyme 

activity, which is the rate limiting step of the biochemical process of interest.    

h) Clearance of non-specifically bound radioactivity by the time of measurement 

PET must be discriminated. This is relevant mainly for labelled macromolecules that slowly 

diffuse into cells and only small portion is bound to the target of interest. The unbound 

radiolabelled molecules must leave the cells again and be cleared from the circulation.   
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i) Mutagenicity and toxicity, despite the radiophramaceutical is prepared under non-

carrier added (NCA) conditions and small mass is administrated to the patient, must be tested. 

This differs in different countries according to the law. Usually toxicity tests on rodent species 

and Ames test for mutagenicity are performed at dosages much higher than those applied in 

PET studies[55,56].  
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1.2. 18F chemistry 
 

Besides naturally occurring fluorine-19, there are several radioisotopes (Table 1.3) but 

for labelling the most convenient is fluorine-18 mainly because of its physical properties. 

 

Table 1.3: Half-lives and main decay modes of eight fluorine isotopes[57] 

Isotope Decay mode t1/2 
17F β+ 64.5 s 
18F β+ 109.7 min 
20F β− 11.0 s 
21F β− 4.4 s 
22F β− 4.1 s 
23F β− 2.2 s 
24F β− 0.34 s 
25F β− 59 ms 

 
18F decays by β+ decay (97 %) and also EC (3 %). Decay scheme is depicted in 

Figure 1.3.[30]   

 

F (110 min.)18
9

18
  8 O (stable)

97 % β+
3 % EC

 Figure 1.3: Decay scheme of 18F, positrons are annihilated in medium to give rise two γ rays 

emitted in opposite directions.  

 

When replacing fluorine-19[58] with an radioactive isotope, the isotopic effect is 

negligible and radiotracer has the same properties as unlabelled compound.[59] However many 

compounds labelled do not originally contain fluorine. Fluorine is introduced in a tracer 

molecule usually as replacement of hydroxyl group or hydrogen[60] but fluorine is more 

β+
e-

∗
γ (511 keV)

γ (511 keV)
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similar to oxygen - Table 1.4. It affects physical properties and biological behaviour of 

molecule[61] and also influences lipophilicity of the compound - correlations between 

lipophilicity (log P) and the ability to cross BBB has been measured.[62] For a tracer 

application, the position of labelling should be chosen to influence parental molecule’s 

behaviour as little as possible.  

 

Table 1.4: Comparison of physical properties of H, O and F 

Element Van der Waals C-X bond Electronegativity 

 radius (pm) lenght (pm) (Pauling scale) 

H 120 110 2.2 

F 147 133 4.0 

O 152 143 3.5 

 

In addition, the introduction of fluorine-18 into a tracer molecule can be used as block 

of metabolism ([18F]FDG) or to detect metabolic processes.  

 

1.2.1. Production of 18F 

 
18F is available from cyclotron by using a broad scale of reactions. The method for 18F 

production is chosen according to the chemical formula of 18F needed for further synthetic 

procedure leading to desired radiolabelled compound.  In Table 1.5 there are given most 

common and alternative procedures to obtain different forms of 18F for labelling. 

 

Table 1.5: Current methods for 18F production   

Product Target Beam energy Reaction Specific activity Ref. 

[18F]F2 0.1 % F2/20Ne 18 or 23 MeV 20Ne(d,α)18F 30 - 370 MBq/µmol [57] 

[18F]F2 0.1 % F2/18O 16 MeV 18O(p,n)18F 600 MBq/µmol [76] 

[18F]HF 15 % H2/20Ne 14 MeV 20Ne(d,α)18F 0.1 - 1 TBq/µmol [63] 

[18F]F- H2
18O 15 MeV 18O(p,n)18F 0.01 - 7 TBq/µmol [64] 

[18F]F- H2O 36 MeV 6Li(n,α)3H/16O(3H,n)18F 50 GBq/µmol [76] 

[18F]F- 2-fluoroaniline 25 MeV 19F(γ,n)18F not published [69] 
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Preparation of 18F as fluoride from the 18O(p,n)18F reaction using 18O enriched water 

(>95 %) as a target irradiated with 15 MeV proton beam is the most effective method and it is 

used in most cases[64]. Target bodies are usually made of metals as silver, titanium, niobium, 

nickel, copper or stainless steel. Targets have small cavities (0.1 - 0.3 ml) covered with metal 

foil.[65] Even with low energy and time of target irradiation around 1 hour, [18F]fluoride is 

delivered from the cyclotron with high activity. Recovery of enriched water is also possible 

after trapping fluoride ions on the ion exchange resin[66,67] but the price of enriched water does 

not force us to recover it. Nevertheless some attempts to get 18F- without need of enriched 

water were made but their use is not of such an interest mainly because of low effectiveness 

of the production, high costs or need of reactors which is in contrast to progress aiming at use 

of small medical cyclotrons easily available in many hospitals. For example the costly 3He 

irradiation of 16O is minor of importance as it is possible to proceed it in nuclear fission 

reactors in a tandem reaction 6Li(n,α)3H/16O(3H,n)18F and the specific activity of material 

produced is only approximately 50 GBq/µmol and causes 3H waste problems. But even if the 

reaction is efficient, low specific activities are obtained as from for example frozen C18O2 gas 

target[68] or irradiation of 2-fluoroaniline by 25 MeV photons [19F(γ,n)18F][69].  

For [18F]F2 as electrophilic reagent production 20Ne or 18O gas targets can be chosen. 

In the case of 20Ne as a target, deuterium beam with energy 18 or 23 MeV is used and 

obtained specific activity ranges 30 - 370 MBq/µmol. Irradiation of 18O gas with 16 MeV 

proton beam leads to obtaining higher specific activity (600 MBq/µmol).  The common 

problem with trapping of produced fluorine on the walls of a target is well known, so addition 

of F2 gas is possible at the price of lower specific activity. Addition of H2 to 20Ne target and 

irradiation with 14 MeV deuterium beam gives [18F]HF with specific activity approximately 

0.1 - 1 TBq/µmol.[70] More recent attempts lead to reduction of fluorine-19 as carrier added. 

Higher molar activities [18F]F2 were obtained via electric gaseous discharge of  18F-CH3 

previously prepared as NCA in nucleophilic substitution (Scheme 1.2). On the other hand, it 

means lower radiochemical yields based on activity of material produced and molar activity is 

still lower than needed for e.g. receptor ligands.[71]  

  

CH3I K[2.2.2.]/18F
ACN

18F-CH3 [18F]F2140 nmol F2

20 - 30 kV

 
Scheme 1.2: Preparation of [18F]F2 via electric gaseous discharge of  18F-CH3 previously 

prepared as NCA in nucleophilic substitution. 
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In CA conditions, the amount of carrier is less than 1µmol but there are still problems 

with lowered specific activity, so NCA nucleophilic substitutions are preferred. Anyway, also 

in nucleophilic substitution reactions lowered specific activity can be observed. During the 

synthesis there is always some dilution due to fluorine-19 sources as glass, teflon tubings, 

valves and o-rings and also from reagents and solvents. As an example of decreased specific 

activity during radiolabelling with 18F-fluoride via SN2, synthesis of 18F-butyrophenone 

neuroleptics (Scheme 1.3) can be shown. Before irradiation, target water contains 1 - 4 nmol 
19F per 0.5 ml. After irradiation the value goes to 6 - 24 nmol per 0.5 ml and after addition of 

Cs2CO3, 28 nmol per 0.5 ml. This value represents ratio 19F/18F 81/1 before starting the 

synthesis itself. After the final stage of the preparation of 18F-butyrophenone neuroleptics, this 

ratio can reach 1700 - 240/1.  

 

H2
18O 18F/H2

18O Cs18F
p-benzonitrile

DMSO, 140 °C, 10 min.

cyclopropyl lithium
Et2O

HCl, MeOH
110 °C, 7 min.

R´R´´NH, KI
DMF-THF, 100 °C 18F

N
R´

R´´

O

irradiation Cs2CO3

[18F]butyrophenone
 neuroleptics  

Scheme 1.3: Preparation of 18F-butyrophenone neuroleptics. 

 

1.2.2. Methods of labelling 

 

In principle, there are four possible approaches to labelling with 18F - electrophilic and 

nucleophilic substitutions, 18F-fluorination via built-up process and 18F-fluorination via 

prosthetic group. Two latter methods are indirect ones, which in turn are based on those 

former ones. Depending on the procedure of labelling, an appropriate method for production 

and isolation of desired form of fluorine is chosen. In the build-up principle and the use of a 

prosthetic group there are more steps of synthesis included. In the build-up synthesis the 

aromatic compound activated by an electron withdrawing group is usually used for 18F-

fluorination and then the activating group can be transferred to the desired electron-rich 

analogue. Some examples of reactions leading to 18F-substituted phenols[72,73,74], 

[18F]fluorobenzoylhalides[75] and benzylhydroxides, are depicted in the Scheme 1.4.[76,77,78] 
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Scheme 1.4: Possibilities of conversion of [18F]fluorobenzaldehydes as versatile synthons 

(X = Br or I). 

 

As mentioned above, another indirect method of 18F-fluorination is via prosthetic 

groups that means coupling of 18F-labelled compound with another molecule. Important 

procedures are 18F-fluoroalkylation[79],18F-fluoroacylation[80] and 18F-fluoroamidation[81]. 

Applications of these 18F-labelling pathways are widespread and applicable with almost every 

molecule bearing a protic function as thiol, amino or hydroxyl group. Important prosthetic 

groups and reactions are depicted in Schemes 1.5 and 1.6. 

OR

X
NH2

n

X
Y

n

O

X

OR

18F
NH2

n

18F
Y

n

O

18F
18F-fluoride

18F-fluoride

18F-fluoride

Z-R

18F
H
N

n

18F
Z-R

n

O

18F

R

O

R OR

O

R-Z-H

R-Z-H

 
Scheme 1.5: Prosthetic group via 18F-fluoroalkylation,18F-fluoroacylation and 18F-

fluoroamidation (X, Y = Br, I, OTs, OTf; Z = N, O, S; R = alkyl, aryl).  
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Scheme 1.6: Examples of prosthetic groups for radiofluorination of peptides and proteins via 

acylation, alkylation and amidation.[76]  

 

1.2.2.1. Electrophilic substitutions 

 

For electrophilic 18F-labelling, 18F is available directly from cyclotron as CA [18F]F2 

after reaction 20Ne(d,α)18F as mentioned above. The problem with CA [18F]F2 is lower RCY 

in electrophilic substitutions, limited to 50 %. Because of it this method of labelling is 

restricted only to radiopharmaceuticals where a high specific activity is not required. Due to 

[18F]F2 high reactivity and low selectivity, many side products appear in the reactions. 

Therefore, electrophilic fluorinations call for extensive purification procedures to meet the 

requirements of very high purity of radiopharmaceuticals.[76] Sometimes [18F]F2 is converted 

to less reactive xenon difluoride [18F]XeF2 or acetylhypofluorite [18F]CH3COOF.[82,83] These 

offer labelling of electron-rich compounds (alkenes, aromatic compounds, carbanions etc.) 

that are unavailable for nucleophilic substitutions with NCA 18F-fluoride. In order to increase 

regioselectivity in arenes demetallation of organometallic precursors can be used 

(Scheme 1.7)[84]. Suitable organometallic precursors are aryltrimethyltin, 

aryltrimethylgermanium and aryltrimethylsilicon compounds, whereas the organotin moiety 

shows the best results[85,86] 18F-Fluorodestannillations are now the preferred demetallations for 

the electrophillic route to  6-[18F]Fluoro-DOPA.[57] 

X

M(CH3)3

X

18F[18F]CH3COOF
[18F]F2

CFCl3, -78 °C
 

Scheme 1.7: Regioselective labelling via electrophilic demetallation reactions (M = Sn, Ge, 

Si; X = OCH3, CH3, H, F, CF3, NO2). 

 

Generally, substituent X influences the orientation of substitution in the arene, but the 

effect for 18F-demetallation is less strong (but still dependent on carbanionic character of the 
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metal-bearing carbon)[84] than in direct 18F-labelling reactions. Electrophilic CA fluorinations 

can be used for endogenous compounds (amino acids) which exhibit a high concentration and 

fluorinated analogues are not toxic.   

 

1.2.2.2. Nucleophilic substitutions 

 

Nucleophilic substitution based on NCA 18F-fluoride obtained as aqueous solution 

from cyclotron after irradiation of enriched H2
18O target is the most widely used method of 

labelling these days. Fluoride anion is strongly hydrated (∆Hh = 502 kJ/mol)[87] and then 

inactive as a nucleophile for reactions. In the presence of Lewis acid, anion has a strong 

tendency to form complexes and will be masked to by ions of heavy metals. The protonation 

is also very easy (EB = 565 kJ/mol)[76] forming [18F]HF which then makes it unavailable for 

further use in reactions. Therefore labelling takes places under aprotic but polar conditions 

(ACN, DMF, DMSO). However, fluoride anion is not soluble in these solvents and PTC is 

needed. The first step is the isolation of 18F-fluoride from target water by anionic exchange on 

resins[88,89] that leads to formation of inorganic salt ([18F]CsF, [18F]KF) which is then eluted 

out of the resin by PTC containing solution followed by azeotropic distillation with ACN. In 

dipolar aprotic solvents there is possible to deal with fluoride salts with a soft cation (Cs+, 

Rb+) that can be easily separated to provide “naked” 18F-fluoride of high nucleophilicity. As 

PTC, tetraalkylamonium carbonates [89,60] but mainly polyetehers (18-crown-6) and 

polyaminoethers (K[2.2.2])[90,91] (Figure 1.4) in combination with potassium carbonate or 

oxalate are used.   
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R2
X-

Tetraalkylammonium salt  
Figure 1.4: Mostly used agents for production of “naked” 18F-fluoride in PTC - K+ chelators 

and tetraalkylamonium salts. 

 

If the solubility of cryptate komplex is not exceeded, the losses by wall-adsorption are 

negligibly small[92] and the Kryptofix system is generally number one in NCA 
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radiofluorination reactions. But in some cases, tetrabutylammonium carbonate have shown 

advantages over Kryptofix system for activation of NCA 18F-fluoride[93,94] that was observed 

in connection with microwave assisted preparation of [18F]FDG.[95] Compared to conventional 

heating, Micro-wave (MW) technology has a beneficial influence on labelling procedures 

with respect to saving reaction time and also activating non-reacting precursors and avoiding 

destructive side reactions.[96,97]  

The direct nucleophilic 18F-fluorination of aliphatic compounds in dipolar aprotic 

solvents, most preferably ACN, proceeds according to SN2 mechanism. Halogens, mesylates, 

triflates and tosylates act as the best leaving groups, generally triflate precursors give the best 

results.[60,98] The reactivity in substitution reactions decreases from primary to tertiary carbon 

position. The replacement of a leaving group proceeds via Walden inversion according to the 

stereospecific SN2 mechanism involved.  

Fluoride in dipolar aprotic solvents also exhibits a strong basic character and generally 

reaction medium is basic (CO3
2-, HCO3

-), elimination reactions can compete with nucleophilic 

substitution.  

Using the methodology of fluoride activation by PTC in dipolar aprotic solvents, large 

number of aromatic and aliphatic compounds was prepared and summarized in many reviews. 

The activation of a leaving group by electron withdrawing substituents in ortho- or para- 

position appears to be indispensable (Scheme 1.8). 

o, p-R

X

o, p-R

18F
NCA [18F]fluoride

PTC

 
Scheme 1.8: Nucleophilic aromatic 18F-fluorination with activated aromatic rings:[76] X = Br, 

Cl, I, NO2, N(CH3)3 (counter anions: TfO-, TsO-, ClO4
-, I-); R = NO2, CN, CHO, RCO, 

COOR, Cl, Br, I; PTC = (K[2.2.2])2CO3, (K[2.2.2])2C2O4/CO3, R4N+, Cs+, Rb+.  

 

Strongly reactive arenes as para-dinitrobenzene 18F-substitution succeeds with the 

addition of only Rb2CO3 or Cs2CO3 for activation,[99] with less reactive arenes PTC is 

indispensable. If the basicity of the reaction solution is a problem by means of stability of 

reagents and products (e.g. some butyrophenone neuroleptics)[76], labelling can proceed 

directly only under buffering with (K[2.2.2])2C2O4/CO3 buffer system used. In cases of less 

activating aryl substituents, e.g. iodine or bromine[100] to good leaving group as 
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trimethylamonium salts, an aliphatic substitution on -N(CH3)3 competes resulting in formation 

of 18F-fluoromethane and RCY then decreases to generally 12 - 15 %.[101,102] 
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1.3. 68Ga – an alternative to 18F-radiopharmaceuticals? 
 

As mentioned above, the chemistry of beta emitting metals and their compounds is far 

different from 18F and 11C chemistry. But it is necessary to mention that on one hand 18F is 

nearly the ideal radioisotope for PET on the other one, today’s available radiometals do not 

have any optimal concurrent with the same qualities. They suffer from less than optimal half-

lives (86Y - 14.7 h, 64Cu - 12.7 h), low β+-percentage branching (86Y - 33 %, 64Cu - 18 %), 

high β+-energy (86Y - 1.3 MeV, 68Ga - 1.9 MeV) as well as co-emission of substantial amount 

of γ-radiation (64Cu also 37 % of β-) all of which increase the radiation dose to the patient. 

Radiometals in general are possibly useful as alternative emitters for biomolecules labelling, 

using bifunctional chelators.[76]  

Gallium has two stable isotopes: 69Ga and 71Ga with abundance 60.1 % and 39.9 % 

respectively. Radioactive isotopes 66Ga (β+ with t1/2 = 9.5 h) and 67Ga (γ with t1/2 = 78 h) are 

not of interest. Gallium-68 has physical half-life of 67.6 min which is compatible with 

pharmacokinetics of most radiopharmaceuticals of moderate molecular weight such as 

antibody fragments, peptides, aptamers, oligonucleotides and others. It is nearly pure beta 

emitter with 89 % β+ and 11 % EC resulting in 68Zn. A big disadvantage is a high positron 

energy (1.899 MeV) accompanied with higher penetration in tissues and then lowered 

resolution.[76]  

Gallium-68 became of interest with the development[103,104] and commercial 

availability of 68Ge/68Ga generator. It allows for the development of a range of cold, freeze-

dried kits which can be reconstituted, labelled and requested at any time, moreover allows 

clinical studies without an on-site cyclotron. Generators usually contain long-lived parental 

radionuclide decaying to a short-lived daughter radionuclide. The long half-life of 68Ge (270.8 

days) gives the possibility to use the generator with appropriate activity of eluted 68Ga for two 

years.[108] Germanium-68 is high current accelerator produced[105] by reaction 69Ga(p,2n)68Ge 

followed by decay of  68Ge through 68Ge(EC)68Ga. Generators with organic[106] or 

inorganic[107] matrices were developed. Nowadays approximately 25 centres in Europe use 

TiO2-based generator (Cyclotron Co, Obninsk Russia) which provides Ga3+ in 0.1 M HCl 

solution. The optimization of elutions and purification procedures as column pretreatment, 

sample treatment – preconcentration, and regular use of the generator has led to minimal loss 

of 68Ge (0.001% per elution compared to decay if two elutions of 6 ml a day), fast and 
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efficient elution of 68Ga (more than 90 % in 200±20 µl of deionised water).[108] The whole 

process to obtain 68Ga3+ is depicted in Scheme 1.9. 

69Ga 68Ga 68Ga3+68Ge(p,2n) EC elution with 
3.8 M HCl

chromatography
deionised water

GENERATOR
TiO2 matrix  

Scheme 1.9: From accelerator to 68Ga3+. 

 

Ga3+ ion is stable only under very acidic conditions. Between pH 3 - 7 and molar 

concentration higher than 1 nM creates insoluble Ga(OH)3, at pH 7.4 solubility is high due to 

[Ga(OH)4]- species.[109] The coordination chemistry of Ga3+ is similar to the high spin Fe3+ ion 

(ionic radii 62 and 65 pm respectively) with the same charge, preferred coordination number 6 

and affinity to trasferrin. In order to be used as a suitable radiopharmaceutical, Ga3+ ion then 

needs to be chelated to avoid hydrolysis under physiological pH. The chelate must be 

thermodynamically and kinetically stable to avoid release or transmetallation in presence of 

serum cations (Ca2+, Mg2+, Zn2+) over pH range of 4 - 8 during the whole period of clinical 

use. Ga3+ ion is classified as a hard Lewis acid, forming thermodynamically stable complexes 

with ligands that are hard Lewis bases. Thus ligands bearing nitrogen, oxygen or sulfur atoms 

(carboxylates, phosphinates, phosphonates, thiolates, hydroxyamates and amines) are the first 

of choice. Macrocyclic effect also supports both types of stability demanded. Mono- or bi- 

functional ligands (mainly hexadentate) are of interest - Figures 1.5 and 1.6. 
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Figure 1.5: Chelators suitable for Ga3+ complexation.[76,110] 
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N

NN
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P P

receptor
 

Figure 1.6: Principle of bifunctional ligands of interest (P = phosphonic or phosphinic acid 

derivative). 

 

Bifunctional ligands provide the possibility to connect an emitter to a biomolecule that 

takes it then to the place of interest to be specifically bound (receptor studies). This enables 

otherwise hydrophilic complex to reach lipophilic sites in the body. When linked to the 

macromolecule it should chelate the radiometal rapidly and sufficiently.[111] Neutral 

complexes are less sensitive to acid-promoted decomposition. A renaissance of 68Ga 

radiopharmacy came with development of small peptides with tumour affinity, most notably 

those targeting somatostatin receptors. A first conjugate was developed using the high affinity 

to Ga3+ and Fe3+ chelator desferrioxamine-B (Figure 1.5) which was coupled via a succinyl 

spacer to octreotide. Despite preclinical data showing high binding activity to rat brain cortex 

membrane and high specific tumour uptake in a rat bearing pancreatic islet cell tumour, 

clinical studies showed slow blood clearance due to strong protein binding in human 

plasma.[112] The breakthrough and seminal to the development of 68Ga-chemistry was [68Ga-

DOTA, Tyr3]octreotide (68Ga-DOTA-TOC) (Figure 1.7) which was studied in many 

somatostatin receptor positive tumour entities.[113,114,115,116] It also exhibits better sensitivity in 

neuroendocryne tumours compared to OctreoScan.[117,118] In addition, in 94 % of patients the 

final diagnosis and visualization of all lesions was possible 10 minutes post-injection of the 

tracer. Duration of scan, optimal pharmacokinetics and final diagnosis in 1 hour are beneficial 

for daily practice, additionally there is much lower radiation dose. Other 68Ga tracers in 

clinical trial are [68Ga-DOTA, 1-Nal3]octreotide (68Ga-DOTA-NOC)[119,120] and [68Ga-DOTA-

2-Nal, Tyr3, ThrNH2
8]octreotide (DOTA-lanreotide) - several subtypes of somatostatin 

receptors, [68Ga-DOTA]bombesin - gastrointestinal tumours and prostate cancer and [68Ga-

DOTA-D-Glu]gastrin - medullary thyroid cancer patients. 
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Figure 1.7: DOTA-TOC. 
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1.4. 11C chemistry 
 

In labelling of tracers 11C has a pivotal role since most biologically active molecules 

are organic molecules. Besides naturally occurring 12C and NMR active core 13C, two carbon 

radionuclides are of interest. 14C with half life 5730 ± 40 years and natural abundance 1 ppt 

plays key role in age-determination of  rocks and archaeological discoveries (limited by 10 

half-lives) and short-living 11C (t1/2 = 20.38 min) is of PET chemistry interest. In comparison 

to 18F it has short half-life (but it still allows multi-step syntheses) that provides the possibility 

to perform repeated PET studies. Moreover, isotopic labelling through substitution to stable 

carbon atom with 11C makes the corresponding labelled radiotracer indistinguishable from its 

counterpart in the biological system.[76,121]   

 

1.4.1. Production of 11C 

 

Among nuclear reaction leading lo 11C,[122,123] 14N(p,α)11C on a nitrogen target gas is 

by far the  most convenient and most commonly used method of 11C production. With the 

addition of oxygen (up to 2%) or hydrogen (5 - 10%)[124,125] to the nitrogen target either 

[11C]CO2 or [11C]CH4, respectively, is produced as the primary precursor. [11C]CH4 can be 

also produced by reduction of [11C]CO2 on Ni catalyst.[134,135] Advantage of 11CH4 is that 

theoretically a higher specific activity can be achieved than for [11C]CO2 because of the 

natural abundance (and then the amount and probability of contamination of produced 

labelled gas) of these two gases. The natural abundance of carbon dioxide in the air is 

330 ppm whereas that of methane is 1.6 ppm.[41] Anyway [11C]CO2 is the most important and 

the most versatile primary labelling precursor - it is obtained directly from cyclotron after 
14N(p,α)11C reaction in presence of oxygen without any need of modification and it is also 

well soluble in organic solvents used as reaction medium for radiolabelling. Cyclotron 

produced [11C]CO2 is commonly used directly for labelling of organic molecules including 

primary amines to give [11C]ureas and [11C]isocyanates,[126] and reaction with organolithium 

and organomagnesium compounds, e.g. preparation of [11C]acetate[127]. Starting from 

[11C]CO2 a broad spectrum of different 11C-labelled synthetic intermediates (Scheme 1.10) as 

useful secondary precursors can be prepared.[128]   
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Scheme 1.10: Selection of 11C-labelled secondary precursors derived from [11C]CO2.  

 

 The majority of preparations uses [11C]methyl iodide[129] and [11C]methyl triflate[130]. 

The major reason is the simplicity of labelling many biologically active molecules and high 

yields. There are two ways to produce [11C]methyl iodide, but because of the issue of specific 

activity, PET centres prefer usually the way using [11C]CH4 as starting material. 

The “wet” method from 1970s[131,132] starts with trapping of [11C]CO2 in a solution of 

LiAlH4 in THF. Preparation of the solution must be very precise to avoid presence of non-

radioactive carbon dioxide from atmosphere. Also the absolute amount of LiAlH4
[133] and 

volume of solution play an important role. There is a balance between [11C]CO2-trapping 

efficiency and specific activity. Depending on synthesis module, optimal setup conditions 

should be determined. The trapped [11C]CO2 is reduced to [11C]methanol as lithium salt. THF 

is evaporated and HI (57%) is slowly added to the precipitate (Scheme 1.11). [11C]methyl 

iodide formed is distilled via a tubing containing an ascarite (removal of HI)/phosphorus 

pentoxide (removal of traces of water) trap into the solution containing the precursor. 

Removal of acid and water is necessary for good methylation yield.  
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11CO2
11CH3OH 11CH3IHI or P2I4 or PPh3I2LiAlH4

 
Scheme 1.11: Synthesis of [11C]methyl iodide via “wet” method. 

 

An alternative so called “gas phase” method was developed in late 1990s 

(Scheme 1.12).[134,135] Conversion of [11C]CH4 to [11C]methyl iodide is made as gas-phase 

iodination using circulation process. Radical reaction of methane in iodine vapour leads to 

formation of [11C]methyl iodide. It is continuously removed from the circle by Porapak trap 

which is in the end heated to release [11C]methyl iodide. An alternative is gas phase 

bromination of [11C]CH4 to [11C]methyl bromide.[136] 

 

11CO2
11CH4

11CH3INi/H2 I2
 

Scheme 1.12: “Gas phase” method of production of [11C]methyl iodide. 

 

In heteroatom methylation, reactivity of [11C]methyl iodide is not always sufficient 

and leads to moderate or low yields. Thus reactivity of [11C]methyl iodide can be increased by 

conversion into more reactive [11C]methyl triflate (Scheme 1.13).[130]  

 
11CH3I

11CH3Br

AgOTf, ∆ 11CH3OTf

 
Scheme 1.13: Synthesis of [11C]methyl triflate.[76] 

 

1.4.2. Methods of labelling 

 

There are two main approaches to labelling with 11C. Direct alkylation with 

[11C]methyl iodide or triflate and catalysed formation of 11C-C bonds using [11C]CO and 

[11C]CO2.  

 

1.4.2.1. 11C-methylations 

 

Large number of radiopharmaceuticals is prepared by substitution of N, O or S atoms 

attached to the tracer by methylation with [11C]methyl iodide or [11C]methyl triflate. Typical 
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is the preparation of [11C]raclopride for dopamine receptor type 2 studies, and 

[11C]methionine for studies of protein synthesis and metabolic abnormalities (Scheme 

1.14).[41] Methylations are proceeded basically in two possible ways: in solution or on solid 

phase support.  
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Scheme 1.14: Preparation of [11C]methionine and [11C]raclopride.  

 

In solution means, that the precursor is dissolved in the appropriate solvent in the 

presence of a base. 11C-methylating agent is the bubbled through the solution. Sufficient 

trapping occurs at low temperatures e.g. 0 °C. Generally, solvents as DMSO, DMF, ACN or 

acetone are used. Potassium or sodium carbonate, sodium hydride, sodium hydroxide or tert-

butylalcohol act as common bases. The vial with trapped methylating agent is sealed and 

heated for a few minutes. For methylation via triflate, temperatures 20 - 60 °C and reaction 

around 1 minute are usual, via iodide values are 80 - 130 °C and 2 - 10 minutes.[41] 

 Solid phase support is very convenient for automation purposes.[137,138] It provides 

advantages such as simple operation, no significant loss of radioactivity and rapid process. 

The precursor is coated on a solid support such as HPLC loop or solid phase extraction 

cartridge, and then 11C-methylating agent is passed through, whereas trapping efficiency of 

methyl triflate is higher than of methyl iodide. After reaction, the 11C-methylated product is 

eluted from the solid phase with an appropriate solvent.  

 [11C]methyl iodide is also employed in 11C-C bond formation reactions. Common is 

palladium mediated Stille-type coupling using stannanes - this reaction has huge benefits as 

functional group tolerance and low polarity which makes it rapidly chromatographically 
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separable from vast excess of starting unlabelled material. One caveat is toxicity of stannanes 

which may pose problems for the production of labelled compounds for in vivo use. Under 

optimized reaction conditions reactions can be carried out in 5 minutes at 60 °C thus making 

the reaction (Scheme 1.15 A) suitable for synthesis of PET markers. The palladium source 

and phosphine ligand used for catalyst in Stille cross-coupling reactions has been shown to 

have a marked effect on the RCY of the obtained products.[139] The palladium mediated Stille 

reaction of  [11C]methyl iodide has been exploited for the synthesis of biological molecules as 

[11C]prostaglandins,[140,141] and the serotonin selective transporter (5-HTT) ligand N,N-

dimethyl-2-(2-amino-[11C]4-methylphenylthio)benzylamine ([11C]MADAM).[142] Alternative 

to Stille reaction is Suzuki coupling of [11C]methyl iodide to arylboronic acids or esters 

(Scheme 1.15 B).   
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Scheme 1.15: Palladium-mediated Stille (A) and Suzuki (B) coupling[143] leading to [11C]M-

MTEB - radioligand for imaging metabotropic glutamate receptors mGluR5. 

 

 

1.4.2.2. 11C-carbonylation reactions 

 

The drive to label with [11C]CO has two main reasons: The wide variety of organic 

molecules in organism bears carbonyl group and then they are of interest by means of 

labelling followed by biological activity, and as the second reason - the readily available route 
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to the [11C]CO through the reduction of freshly produced [11C]CO2 over zinc[144] or 

molybdenum[145]. The mostly applied method is palladium-mediated carbonylation reaction 

that has been used for labelling a range of tracers including amides, imides, ketones and 

acrylamides.[146,147,148] Generally the rate of reaction can be limited by the CO insertion step in 

catalytic cycle because of poor reactivity of CO as result of low solubility in organic solvents 

at low CO pressure. This problem is even more serious in [11C]CO labelling when high 

isotopic dilution is responsible for extremely low partial pressure of [11C]CO. Suzuki-type 
11C-carbonylation reactions were studied for the synthesis of 11CO-ketones under lower 

pressures[145] and using micro-autoclave reactor system[149,150]. RCY is improved by addition 

of base as TBAF, t-BuO- or TEA. Some [11C]CO reactions are selected in Scheme 1.16. 
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Scheme 1.16: Selected palladium-mediated 11C-carbonylation reactions[151] (X = I, Br or 

triflate, * indicates labelled position). 
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1.4.2.3. Syntheses with [11C]CO2  

 

[11C]CO2 can be treated with organometallic Grignard reagents to form 

[11C]carboxymagnesium halides which are then transformed to [11C]carboxylic acids. These 

can be converted to more reactive acid chloride species and treated in following reactions. 

Reaction with amides is used for preparation of 11C labelled 5HT1 receptor ligand 

WAY100635 (Scheme 1.17).[152,153]  
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Scheme 1.17: One-pot synthesis of [11C-carbonyl] WAY100635. 

 

The synthesis of [11C-carbonyl]amides has been achieved directly from 

[11C]carboxymagnesium halides[154,155] and enhanced further by using MW heating[156] 

(Scheme 1.18). 
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R NR´R´´

O11CO2

* *

1. R´R´´NH, THF,

 MW, 2 - 10 min.
2. H2SO4, H2O  

Scheme 1.18: Synthesis of [11C-carbonyl]amides from [11C]carboxymagnesium halides with 

amines using MW heating.  
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1.5. PET in summary 
 

Positron emission tomography has made a big progress in last decades. Development 

of new technical appliances and broadening of medical knowledge rapidly increases demand 

for highly selective probes for molecular imaging and pushes the development of new PET 

tracers and PET chemistry ahead. PET is a powerful instrument for revelation of biochemical 

processes and the fight against cancer. PET chemistry integrates scientific aspects of organic-, 

inorganic-, nuclear- and biochemistry. Work with short lived beta emitters is fight against 

time demanding new approaches and techniques leading to shortened synthesis, purification 

and analysis time. Development of new techniques and new radiopharmaceuticals as specific 

as possible has been needed. PET chemistry is a prospective branch of chemistry and long-

distance run. Notwithstanding that the ideal radiopharmaceutical on principle can not exist, 

effort towards approach to that ideal as close as possible is an ageless challenge for all PET 

chemists. The energy put into progress on this field of science will be surely given back by 

means of rising percentage of people helped in various diseases.  
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2. Aim of study 
 

2.1. Project 1: 18F - background 
 

2.1.1. Non-conventional conditions for SN2 radiofluorination reactions 

 

As mentioned in 1.2.2.2., for nucleophilic substitutions with fluoride anion, dipolar 

aprotic solvents are commonly used worldwide. The nucleophilic displacement of various 

sulphonates and halides is typically used for introduction of fluorine at a specific aliphatic 

position in a molecule. Inorganic fluorides have limited solubility in organic solvents and 

different techniques and conditions for this sort of reactions are then required. Fluoride anion 

itself is a strong and potent nucleophile but in the presence of water becomes chemically 

“inert” for substitutions (Figure 2.1). For nucleophilic substitutions, various systems with 

“naked” fluoride (Figure 2.1) have been developed. Those systems are usually strongly basic 

which restricts their synthetic utility because it engenders various side reactions[157], anyway 

reaction rate is accelerated[158,159]. Moreover it is difficult to have completely anhydrous 

systems and naked hydroxides usually compete with fluoride anions in nucleophilic 

substitutions leading to alcohols.[157]  
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Figure 2.1: “Naked” (left) and “inert” (right) fluoride anions (hydrogen bondings are showed 

as dashed lines).    

 

Despite all those facts, recently published articles reported nucleophilic substitutions 

with fluorine in set of new conditions leading to high yields and simplifying reactions. The 

use of ionic liquids[160,161,162] and polymer supported ionic liquids[163,164,165] for nucleophilic 

fluorinations showed also tolerance for water and no need of PTC[166] during fluorinations. 

Kim et al. reported enhanced reactivity and improved selectivity in fluorinations using, for 

fluorinations non-conventional, polar protic solvents as tert-butanol and tert-amylalcohol.[167] 



 38

Promising results were shown also by Lee et al. in high RCY automated synthesis of 

[18F]fluorothymidine in tertiary alcohols.[168]  Their results were supported by results from 

radiofluorinations of commonly synthesized diagnostic molecules.[169] In mechanistic study, 

Kim et al. showed influencing factors and introduced the term “flexible” fluoride (Figure 2.2). 

F-OH HO

H

H
O

O

 
Figure 2.2: “Flexible” fluoride. 

 

These solvated “flexible” fluoride anions are presumed to be more selective and 

without elimination reactions. Using alkali metal fluoride (CsF) and in aliphatic position 

mesylated precursors they suggested and described some factors influencing the reactions 

(Scheme 2.1). 
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Scheme 2.1: Proposed reactivity and selectivity-enhancing effects of a tert-alcohols (here t-

BuOH) in nucleophilic aliphatic fluorination reactions.[167] Tertiary alcohol comes to fluorine 

salt and creates hydrogen bonding between H and F atoms leading to dissolving salt and 

formation of solvated “flexible” fluoride. Hydrogen bondings in surrounding of precursor 
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give a preferential treatment to leaving group (here -OSO2R´´) to be attacked and by its 

atmosphere protect the opposite side of molecule from elimination reactions leading to 

creation of by-products.  

 

Also recently published quantum chemical analysis of fluorinations in protic solvents 

and role of counter cation (Young-Ho Oh et al.) supported use of bulky protic solvents as 

extremely good for SN2.[170] 

 

2.1.2. Aim of the project 1 

 

Despite results reported by Kim et al., the mechanisms and reliability are not fully 

understood and the results are “striking”.[171] Our aim is to study this new class of solvents for 

nucleophilic substitutions with fluorine-18 systematically. We will compare the results to the 

results obtained with the same precursors in conventionally used solvents to see the influence 

of polar protic solvents by means of radiochemical yield, by-products and reproducibility of 

obtained values.   

  Also radiolabelling in aromatic position is of interest, since it has not been reported 

yet. In addition, reported reversed reactivity of halides as leaving group will be examined.  

Experiments with radiolabelling in aromatic position with iodine as a leaving group 

are also aimed at suggestion reported by Willis et al.[172] who labelled AM694 (CB1 

cannabinoid receptor ligand) with fluorine-18. They suppose the by-product as a molecule 

labelled in the aromatic position previously bearing iodine atom (Scheme 2.2)  that is not in 

accordance with usual behaviour in that type of substitution under given conditions. Our 

experiment should show whether their suggestion is reliable or the creation of suggested by-

product is not probable.  
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I
O

18F N

18F
O
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K18F, K[2.2.2.]
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125°C, 15 min.

AM1289 [18F]AM694 by-product

+

 
Scheme 2.2:  Labelling of AM1289 leading to [18F]AM694.[172]  
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Beside this, an improved approach to counting radiochemical yield including activity 

trapped on the reaction vial walls is to be examined and obtained values will be compared to 

so call incorporation yield to see the differences in different approach to determination of 

radiochemical yield and its importance and liability. As a reference compound to be labelled, 

precursor with both aliphatic and aromatic position for radiolabelling with 18F was chosen. 

Different leaving groups, different solvents and different temperatures were chosen to give us 

the opportunity to compare the results in the most reasonable structure. The procedure itself is 

generally depicted in Scheme 2.3. 

O

O
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O
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O
Y

+
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tert-amylalcohol
dimethylformamide

acetonitrile

∆T = 80, 120, 160°C

X = I/NO2

Y = Cl/OH/OMs

X

X

18F

 
Scheme 2.3: Reaction and conditions for our study in general. 

 

 

2.2. Project 2: 11C – background 
 

2.2.1. Evaluation of syntheses with [11C]CO and [11C]CO2   

 

In the theoretical part there were considered some aspects of radiolabelling with 

[11C]CO and [11C]CO2. [11C]CO is usually of interest for carbonylation reactions in practice, 

mainly because of higher specific activity of starting material. [11C]CO has been used 

successfully for labelling of small model compounds, on the other hand, only few examples of 

successful [11C]CO labelling reactions leading to radiopharmaceuticals with high and 

reproducible yields are known.[173,174] In comparison to [11C]CO2, [11C]CO has lower 

solubility in organic solvents commonly used for labelling reactions, also some loss of 

radioactivity accompanies the extra [11C]CO2 to [11C]CO reduction step (efficiency around 
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80 %) and with this short-lived radioisotope 11C (t1/2 = 20.38 min) every extra minute for 

synthesis is important.  

[11C]CO2 is primary labelling precursor obtained immediately from cyclotron after 

irradiation and it is well soluble in organic solvents.  

Reactions using [11C]CO are connected to transition metal catalysed reactions 

including metal-coordinated species meanwhile [11C]CO2 as a labelling agent is connected to 

organometallic chemistry. [11C]CO2 is generally introduced as NCA to solution containing 

Grignard reagent leading to [11C]carboxymagnesium species which are coupled with primary 

amines in the next reaction step. In the case of [11C]CO, Stille or Suzuki reactions using 

transition metal in one of reaction steps are of choice.  

Stille investigated the carbonylative cross-coupling reaction of organotin compounds 

with organic halides.[175] Organotin compounds containing a variety of functional groups may 

be prepared by a number of routes and are readily available. [11C]ketone derivatives including 

symmetrical and unsymmetrical diaryl ketones labelled in the carbonyl position without 

applying pressure during the procedure can be succesfully prepared.[176,177] But it is necessary 

not to forget that Stille reaction has one big disadvantage - high toxicity of Sn species that are 

not easily and quantitatively separated from labelled compound that is in case of 

pharmaceutical administrated into living organism disputable.   

According to Suzuki the similar carbonylative cross-coupling reaction of organoboron 

reagents with organic halides proceeds under mild conditions, it is largely unaffected by the 

presence of water and tolerates a broad range of functionality.[178,179,180,181] The Suzuki 

reaction is usually induced by a suitable base. Suzuki, or so called Suzuki-Miyaura cross-

coupling works in slightly different ways by means of use of [11C]CO or [11C]CO2. In the case 

of [11C]CO insertion of carbon monoxide between alkyl-Pd coordination bound occurs and 

then heterocoupling proceeds. [11C]CO2 usually reacts with Grignard reagent in first step. 

Obtained alkyl-carbonylmagnesium salt is then changed into an alkyl-carbonyl halide which 

comes into Suzuki-Miyaura reaction as it coordinates to Pd catalyst in an oxidative addition 

step. Then organoboron species coordinate to this oxidative addition product to continue with 

heterocoupling giving final carbonylated compound. As a catalyst, broad scale of differently 

substituted Pd species is in use according to the sterical and kinetic aspects of desired 

reactions. The simplest and mostly used catalyst for this type of reactions is Pd(PPh3)4.  

An example of Suzuki reaction leading to a radiopharmaceutical can be the synthesis 

of [carbonyl-11C]2-(2-benzoylphenoxy)-N-phenylacetamide (Scheme 2.4), radiolabelled 
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inhibitor of human immunodeficiency virus type 1 (HIV 1) reverse transcriptase. The general 

scheme of Suzuki cross-coupling reaction is shown in Scheme 2.5. 
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Scheme 2.4: The synthesis of [carbonyl-11C]2-(2-benzoylphenoxy)-N-phenylacetamide via 

Suzuki cross-coupling. The star shows radiolabelled position.[176]  
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Scheme 2.5: Proposed catalytic cycle for Suzuki-Miyaura carbonylative cross-coupling 

reaction. From the cycle is visible that the reaction with carbon monoxide is complicated by 

side reactions even in non-radioactive conditions where excess and high pressure of CO can 

be used.[179]   
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2.2.2. Aim of the project 2 
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Scheme 2.6: Synthetic procedure using [11C]CO2 as a starting material that reacts with 

Grignard reagent. Intermediate is then converted into reacting halide that enters the Suzuki-

Miyaura cross-coupling leading to carbon-11 labelled benzophenone.   

 

The aim of this project is to synthesize carbon-11 labelled benzophenone in keto position 

using [11C]CO2 as a starting material (Scheme 2.6). Reaction of [11C]CO2 with Grignard 

reagent followed by Pd-mediated catalysis leading to Suzuki cross-coupled product is of our 

interest because: 

1. The use of [11C]CO2 as labelling agent in reactions leading to labelled ketones is rare 

and potential of this agent is very high because of easy handling and no need of any 

additional steps prolonging the reaction time and then loss of activity. 

2. Suzuki-Miyaura coupling is efficient method how to obtain symmetrical or 

unsymmetrical ketones and it does not suffer from toxic species. Moreover coupling 

proceeds under relatively mild conditions. 

3. Ketoaryl is a motive contained in many pharmaceuticals as for example in non 

steroidal anti-inflammatory drugs (NSAID)[182]. Most NSAIDs act as non-selective 

inhibitors of the enzyme cyclooxygenase, inhibiting both COX 1 and COX 2 

isoenzymes.[183] Benzophenone itself is contained for example in NSAID 

ketoprofen[184] (Figure 2.3), inhibitor of HIV 1 reverse transcryptase [carbonyl-11C]2-

(2-benzoylphenoxy)-N-phenylacetamide[176] (Scheme 2.4) or anti-

hyperlipoproteinemic drug fenofibrate[185](Figure 2.3).  

4. This synthetic procedure can be the way how to prepare many of ketoaryl containing 

drugs’ radiolabelled analogues.  
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O
OH

CH3

O

O

Cl COOC3H7  
Figure 2.3: Ketoprofen (left) and fenofibrate (right). 

 

Previously published syntheses[186] giving high yields of [11C]benzophenone seemed to 

be very promising. [11C]Benzophenone was repeatedly obtained in 80 ± 20 % decay-corrected 

radiochemical yield (RCY). Chromatogram from successful synthesis is shown in Figure 2.4: 

 
Figure 2.4: Chromatogram of reaction mixture containing unreacted [11C]benzoyl chloride, 

[11C]benzophenone and small amount of [11C]by-products. [11C]benzophenone was detected 

and compared to the standard at UV-detection site.[186] 

  

From some unknown reason the reaction stopped being that efficient in RCY after 

some time. Despite repetition of the same procedure as before it was not possible to obtain 

[11C]benzophenone in high RCY again.  
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The reaction is very sensitive and optimization of reaction conditions to the tiniest 

possible detail is needed. In this work both non-radioactive and radioactive conditions will be 

explored to evaluate the best conditions for radiolabelling via Suzuki-Miyaura palladium 

mediated cross-coupling reaction of phenylboronic acid and [11C]benzoyl chloride giving 

reliable and reproducible yields of [11C]benzophenone. 
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3. Experimental part 
 

3.1. Materials and methods 
• All reagents and solvents used for syntheses were commercially available and 

purchased from Sigma-Aldrich.  

• NMR spectra of synthesized compounds were measured using Varian 300-MR 

300 MHz NMR spectrometer.  

• TLC analyses were performed on Merck TLC silica gel 60 F254 plates, UV detection at 

254 nm was made using  UV lamp - MINERALIGHT® LAMP, model UVGL-58, 

254/365 nm. 

• Radioisotopes were prepared in cyclotron Cyclone 10/5 from IBA (Louvain-la-Neuve, 

Belgium). 

• Syntheses were performed in remote-controlled semi-automated synthesis module 

(DM Automation, Stockholm, Sweden). [11C]CO2 was used immediately from 

cyclotron, 18F- was obtained after flushing target and separation on Waters Sep-Pak 

Light QMA cartridge.  

• Borosilicate-glass Alltech Mini-Vials (W.R. Grace & Co., Columbia, USA) with 

PTFE septa were used as reaction glassware. 

• Activities during syntheses and analyses were measured using Veenstra Dosemeter 

model VDC - 405 (Netherlands). 

• Autoradiography was made after exposure of FUJIFILM (Tokyo, Japan) Imaging 

Plate BAS-TR2025 with samples on TLC plate, imaging plate was performed in 

FUJIFILM, FLA-5100 Imaging system operated by Fujifilm Image Reader Software. 

Data were analysed using AIDA 2.0 Image Analyser.  

• HPLC analyses were made using WATERS (Milford, USA) HPLC system – degasser 

DEGASSEXTM Model DG 4400, WATERS 600E controller, WATERS 515 pump,  

UV detection - WATERS 996 Photodiode Array Detector, radioactivity detection - 

ORTEC Model 401 A using NaI scintillation crystal, software - Millenium32 Version 

3.05.01, 1998. HPLC column WATERS µBondapakTM, C18, 125 Å, 10 µm, 3.9 x 

300 mm was used.  

 
 



 47

18F-/H2O was produced in a 18O(p,n)18F reaction on the IBA Cyclone 10/5 cyclotron 

with 10 MeV proton irradiation on a 
18

O-enriched water target. Irradiated target containing 
18F-/H2O was flushed with He and the solution was passed through a light QMA cartridge 

(cartridge was preconditioned for 18F- trapping eluted with 2 x 5 ml of 0.5 M K2CO3 and 3 x 

5 ml of deionised H2O in advance). Trapped 18F- was eluting with solution containing 9.5 mg 

K[2.2.2.], 1.7 mg K2CO3, 1.92 ml ACN and 0.08 ml H2O.  
 

[11C]CO2 was produced in a 14N(p,α)11C reaction on the IBA Cyclone 10/5 cyclotron 

with 10 MeV proton irradiation on 99 % N2 gas target containing 1 % O2 (instrument quality 

mixture from Oy Aga Ab, Espoo, Finland). Produced [11C]CO2 gas was trapped in a stainless-

steel loop cooled with liquid nitrogen and released into the reaction mixture by gently 

warming the loop at first taking out of liquid nitrogen and the with a stream of hot air.  
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3.2. Synthesis of precursors for radiolabelling with fluorine-18 
 

Precursors for syntheses with 18F were synthesised at University of Helsinki in 

laboratory of organic chemistry. 4-hydroxymethylbenzyl 4-iodobenzoate, 4-

methylsulfonyloxymethylbenzyl 4-iodobenzoate and 4-hydroxymethylbenzyl 4-nitrobenzoate 

were synthesised according to previously published methods[187]. 4-chloromethylbenzyl 4-

iodobenzoate and reference compounds were synthesised by Teija Koivula, MSc.  

Compounds were characterised by 1H NMR and TLC. The synthesised precursors are listed in 

Table 3.1. 

 
4-hydroxymethylbenzyl 4-iodobenzoate (B) 
 

O

O
OH

O

Cl

OH
OH

+
reflux, 3 h

DCM, THFI I
TEA  

Scheme 3.1: Synthesis of 4-hydroxymethylbenzyl 4-iodobenzoate. 

 

TEA (0.740 g, 7.3 mmol) and DCM (2.5 ml) were added to 1,4-dimethanolbenzene 

(0.785 g, 5.7 mmol). 4-iodo-benzoylchloride (0.5 g, 1.9 mmol) was added to the solution. The 

heterogeneous mixture was stirred for 1 hour, then heated to 40 °C and THF (2 ml) was 

added. Solution was stirred for 2 hours. Water (20 ml) was added and organic components 

were extracted to 5 x 15 ml of CHCl3. Chloroform fraction was dried over Na2SO4 which was 

after 10 minutes filtered off through a piece of cotton. Solvent was evaporated under lowered 

pressure. Yellowish crude product was insoluble in chosen mobile phase CHCl3 : EtOAc 2 : 1 

so it was dissolved in acetone, decanted from the solid residue, mixed with two spoons of 

silica gel (200 - 400 mesh) and let get dry overnight. Then the powder was put onto ready 

chromatography column with silica gel and CHCl3 : EtOAc 2 : 1. Chromatography was 

controlled with TLC on silica gel plates, UV detection (254 nm). (Rf: by product - 0.95, 4-

hydroxymethylbenzyl 4-iodobenzoate - 0.5, unreacted dimethanolbenzene - 0.15). TLC pure 

fractions were mixed. Crude white product was obtained after evaporation of the residual 

solvent under high vacuum.  

Yield: 196 mg, 0.6 mmol (29 %) 
1H NMR (300 MHz, CDCl3):  δ 7.7 - 7.8 (m, 4H); H-ar, 7.4 - 7.5 (m, 4H); H-ar, 5.3 (s, 2H)  

-OCH2C-, 4.7 (d, J = 5.4 Hz, 2H); -CH2OH, 1.7 (t, J = 5.4 Hz, 1H); -OH   
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4-methylsulfonyloxymethylbenzyl 4-iodobenzoate (C) 

O

O
OMsS

O

O

O
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O
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O
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I IDCM, TEA
-20 °C  

Scheme 3.2: Synthesis of 4-methylsulfonyloxymethylbenzyl 4-iodobenzoate.  

 

Oven dried glassware was blowed with argon and kept under inert atmosphere during 

the whole procedure. 4-hydroxymethylbenzyl 4-iodobenzoate (0.13 g, 0.4 mmol) and 

methanesulfonic anhydride (0.28 g, 1.6 mmol) were put into a beaker under Ar atmosphere 

and in an approximately -20 °C bath (dry ice/ethanol), TEA (2.81 g, 27.7 mmol) was added 

dropwise and then DCM (5 ml). Slightly yellow solution was stirred for 10 minutes, then 

quenched by addition of water (10 ml, 4 °C) and extracted to 3 x 20 ml of CHCl3. Organic 

phase was evaporated under lowered pressure, yellowish crude product was dissolved in few 

drops of CHCl3 : EtOAc 4 : 1 and purified by column chromatography on silica gel (200 - 400 

mesh) with mobile phase CHCl3 : EtOAc 4 : 1. Chromatography was controlled with TLC on 

silica gel plates, UV detection (254 nm). (Rf: by product - 0.95, 4-

methylsulfonyloxymethylbenzyl 4-iodobenzoate - 0.74) TLC pure fractions were mixed. 

Crude white product was obtained after evaporation of the residual solvent under high 

vacuum.  

Yield: 47 mg, 0.1 mmol (30 %) 
1H NMR (300 MHz, CDCl3): δ 7.7 - 7.8 (m, 4H); H-ar, 7.4 - 7.5 (m, 4H); H-ar, 5.3 (s, 2H)  

-OCH2C-, 5.2 (s, 2H); -CH2OMs, 2.9 (s, 3H); -SO3CH3   

 

4-hydroxymethylbenzyl 4-nitrobenzoate (D) 

 
O

O
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Cl
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+
 1 h

DCM, TEAO2N O2N
Scheme 3.3: Synthesis of 4-hydroxymethylbenzyl 4-nitrobenzoate. 
 

4-nitro-benzoylchloride (0.60 g, 3.2 mmol) and dimethanolbenzene (0.66 g, 4.8 mmol) 

were mixed with DCM (5 ml), TEA (0.74 g, 7.3 mmol) was added, reaction was slightly 
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exothermic, heterogeneous mixture turned yellow. After 1 hour, water (30 ml, 4 °C) was 

added, organic components were extracted to 3 x 20 ml of CHCl3. Organic phase was 

evaporated under lowered pressure. Yellowish crude product was insoluble in chosen mobile 

phase CHCl3 : EtOAc 2 : 1 so it was dissolved in acetone, decanted from the solid residue, 

mixed with two spoons of silica gel (200 - 400 mesh) and let get dry overnight. Then the 

powder was put onto ready chromatography column with silica gel and CHCl3 : EtOAc 2 : 1. 

Chromatography was controlled with TLC on silica gel plates, UV detection (254 nm). (Rf: 

by product - 0.95, 4-hydroxymethylbenzyl 4-nitrobenzoate - 0.5, unreacted 

dimethanolbenzene - 0.15). TLC pure fractions were mixed. Crude white product was 

obtained after evaporation of the residual solvent under high vacuum.  

Yield: 276 mg, 1.0 mmol (32 %) 
1H NMR (300 MHz, CDCl3): δ 8.2 (d, J = 6.3 Hz, 4H); H-ar, 7.4 (d, J = 5.1 Hz, 4H); H-ar, 

5.4 (s, 2H) -OCH2C-, 4.7 (s, 2H); -CH2OH, 2.1 (s, 1H); -OH   
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3.3. Labelling with fluorine-18 
  

General procedure for radiolabelling with 18F is depicted in Scheme 3.4. 
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X
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Scheme 3.4: Reaction scheme for radiolabelling with 18F using 4-chloromethylbenzyl 4-

iodobenzoate, 4-hydroxymethylbenzyl 4-iodobenzoate, 4-methylsulfonyloxymethylbenzyl 4-

iodobenzoate and 4-hydroxymethylbenzyl 4-nitrobenzoate as precursors. Reactions were 

performed in t-BuOH, t-amylalcohol, ACN and DMF. Reaction mixtures were heated to 

80 °C, 120 °C and 160 °C for 15 minutes.  

 

Table 3.1: Precursors for radiolabelling with 18F and their amounts 

Name 
 

Symbol 
 

Formula 
 

Mr 

 

Weight 
[mg] 

n 
[µmol] 

4-chloromethylbenzyl 
4-iodobenzoate 

 

 
A 
 

O

O
Cl

I  
369.61 

 
5.5 

 
14.9 

 

4-hyroxymethylbenzyl 
4-iodobenzoate 

 
B 
 

O

O
OH

I  
351.17 

 
5.5 

 
15.7 

 

4-methylsulfonyloxymethyl- 
benzyl 4-iodobenzoate 

 
C 
 

O

O
OMs

I  
429.23 

 
5.5 

 
12.8 

 

4-hyroxymethylbenzyl 
4-nitrobenzoate 

 
D 
 

O

O
OH

O2N  
270.27 

 
5.5 

 
20.4 
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Each of precursors A-D (5.5 mg) (Table 3.1) was dissolved in 2 ml of certain solvent 

mixture (0.7 ml of ACN and 1.3 ml of t-BuOH, t-amylalcohol, ACN or DMF) and divided 

into 9 different reaction vials (200 µl of solution in each) with Teflon septa. Solution 

containing 18F-/H2O was evaporated to dryness at 120 °C with N2 flow (40 ml/min in the 

beginning and 70 ml/min in the end) above the liquid level. Activities of vial with crude 

product and then empty vial were measured. Crude product was dissolved in 1 ml of certain 

solvent (t-BuOH, t-amylalcohol, ACN or DMF) and 100 µl of solution were added to each 

reaction vial 1 - 9 and activity of each of them was measured. Vials 1 - 3, 4 - 6, 7 - 9 were 

heated in oil bath for 15 minutes at 80 °C, 120 °C, 160 °C respectively. After 15 minutes, 

reaction mixtures were cooled to room temperature in water bath and then the activities of all 

the samples were measured. The sample from each vial was transferred (transfer 1) into the 

second set of vials (a-line = 1a - 9a), activities of both empty (residual activity 1) and a-line 

vials were measured. Each empty vial was flushed with 250 µl of deionised water and the 

solution was transferred (transfer 2) into other 9 vials (b-line = 1b - 9b). Activities of both 

empty (residual activity 2) and b-line vials were measured. Two TLC silica gel plates were 

prepared, first one with samples 1a - 9a, second one with 1b - 9b samples. Mobile phase 

hexane : DCM 1 : 2 was used for mixtures with precursors A and C (Rf of product: 0.4), 

EtOAc : CHCl3 1 : 2 for B and D (Rf of product: 0.5). After thin layer chromatography, TLC 

plates were placed into the developing cassette, the image plate was irradiated for 5 minutes 

and then placed into the FLA-5100 scanner. The samples from all 9 a-line vials were analyzed 

using HPLC (HPLC column WATERS µBondapakTM, C18, 125 Å, 10 µm, 3.9 x 300 mm, 

mobile phase - water : ACN 55 : 45, flow 2.5 - 3.0 ml/min.)  Measured spectra were analyzed 

thereafter. Incorporation and radiochemical yields were determined. 

 

3.3.1. Methods used to determine ICY and RCY 

 

All the calculations are based on activity A0 of the reaction mixture after heating 

(t = 0) that was taken as an initial activity. Activities used for the calculations are decay 

corrected to t = 0 using equation 3.1 and input in MBq:   

A0 =
A

e-ln2 t/t1/2               (3.1) 

where A - activity at time t, A0 - initial (decay corrected) activity at t = 0, t1/2 - half-life of a 

radionuclide (for calculations with 18F value 109.8 minutes was used).  



 53

 Activities used for calculation of incorporation yield (ICY) and radiochemical yield 

(RCY) were activities calculated based on residual activities after transfers 1 and 2 using 

equations 3.2 and 3.3: 

Atr1 = A - Ar1           (3.2) 

Atr2 = Ar1 - Ar2           (3.3) 

where Atr1 - activity of sample from transfer 1, Atr2 - activity of sample from transfer 2, Ar1 - 

measured residual activity of reaction vial after transfer 1, Ar2 - measured residual activity of 

reaction vial after transfer 2.  

Incorporation yields were determined according to TLC chromatography and 

autoradiography (Figures 3.1, 3.2 and 3.3). ICY of radiolabelled product is equal to its 

analysed peak area (in percent) from transfer 1 samples without correction to residual 

activities. 

 

 
Figure 3.1: Scan of TLC plate after chromatography. Transfer 1 (left) and 2 (right) after 

labelling of precursor C in ACN. Unreacted fluoride is detected at the start line, radiolabelled 

product is visible as the line of the most intensive spots and between these two species there 

are by-products detected. On the right side of the plate there is a visible amount of fluoride, 

which was trapped on the reaction vial walls. This is the factor mostly affecting lower value 

of the real RCY when compared to ICY obtained only from analysis of transfer 1 without any 

following corrections.  
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Figure 3.2: Analysis of TLC plate after labelling of precursor C in ACN. 

 

 
Figure 3.3: Profiles for determination of ICY of labelled product, unreacted fluoride and by-

products. Result for labelling of precursor C in ACN at 160 °C.  
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Radiochemical yield (RCY) was determined by using following equations 3.4 - 3.6:  

A1 = ICY1 * Atr1 / 100         (3.4) 

A2 = ICY2 * Atr2 / 100          (3.5) 

RCY = (A1 + A2) / A0 * 100         (3.6) 

where A1 - activity of product in transfer 1, A2 - activity of product in transfer 2, ICY1 - 

incorporation yield in transfer 1 in percent, ICY2 - incorporation yield in transfer 2 in percent, 

RCY - radiochemical yield in percent.  

 Radiochemical yield of by-products was determined as a difference between total 

activity in the reaction mixture and the activity of both unreacted fluoride and labelled 

product. ICY of unreacted fluoride was determined analogously to ICY of desired product 

(equations 3.7 - 3.9). 

ABP1 = (100 - ICY1 - ICY1F )* Atr1 / 100       (3.7) 

ABP2 = (100 - ICY2 - ICY2F )* Atr1 / 100       (3.8) 

RCYBP = (ABP1 + ABP2) / A0 * 100        (3.9) 

where ABP1 - activity of by-products in transfer 1, ICY1F - incorporation yield of fluoride in 

transfer 1 in percent, ABP2 - activity of by-products in transfer 2, ICY2F - incorporation yield 

of fluoride in transfer 2 in percent, RCYBP - radiochemical yield of by-products in percent.    
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3.4. Pd-mediated Suzuki-Miyaura reaction in non-radioactive synthesis 
 

Reactions with non-radioactive starting materials were carried out in laboratory of 

organic chemistry. 

All reactions (Scheme 3.5) were performed in oven-dried glassware. All compounds in  

solid form were weighed in the reaction vial and added in the order catalyst-PPh3-base-

alkylboronic acid unless otherwise mentioned and homogenized before addition of a solvent. 

Benzoyl chloride was added in 0.2 ml of toluene as one portion. Reaction mixtures were 

qualitatively analyzed by TLC on silica gel TLC plates with mobile phase hexane : EtOAc 

5 : 1. Spots were detected under UV lamp, λ = 254 nm. Retention factors for biphenyl, PPh3, 

benzophenone, BzCl and phenylboronic acid were then 0.79, 0.73, 0.56, 0.43 and 0 

respectively. Reaction mixtures were compared to pure standards prepared in advance, 

material detected by TLC as benzophenone was isolated and confirmed as benzophenone by 
1H NMR. 

 
O

Cl
Pd(0)

PhB(OH)2

O

+
 

Scheme 3.5: Suzuki-Miyaura coupling reaction of benzoylchloride and phenylboronic acid 

leading to benzophenone as cross-coupled product and biphenyl as a product of homo-

coupling reaction.  
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3.5. Labelling with carbon-11 

 

THF
MgBr

O

OMgBr

O

O

Cl

Cl

O
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PhB(OH)2

O

*

O

OH
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*
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Scheme 3.6: The synthesis of [11C]benzophenone. 
 

Anhydrous inhibitor-free THF (0.4 ml) and 1.0 M phenylmagnesium bromide in dry 

THF (0.2 ml, 0.2 mmol) were added to a pre-dried vial and purged with nitrogen gas. 

[11C]CO2 in target gas was bubbled into the reaction vessel. Excess of phenylmagnesium 

bromide was neutralized with 1.0 M HCl in diethylether (0.2 ml, 0.2 mmol). The product was 

chlorinated by addition of 2.0 M oxalyl dichloride in DCM (0.1 ml, 0.2 mmol). All needles 

were withdrawn from the vial and it was heated at 50 °C for 1.5 minutes. Excess of oxalyl 

dichloride, hydrochloric acid and solvents were removed by evaporation at 50 °C with N2 

flow set to 45 ml/min. The yellow crude residue was dissolved in 0.6 ml of anhydrous 

toluene. In the second vial, K3PO4·H2O (22 mg, 100 μmol), Pd(II)acetate (2.5 mg, 10 μmol), 

phenylboronic acid (4.5 mg, 40 μmol), and triphenylphosphine (6 mg, 22 μmol) were 

weighed. [11C]benzoyl chloride solution was divided into reaction vials with homogenized 

powders, the reaction mixture was shaken and then heated at 120 °C for 5 minutes. The 

procedure is depicted in Scheme 3.6. The Reaction mixture was cooled to room temperature 

and then analyzed with HPLC (HPLC column WATERS µBondapakTM, C18, 125 Å, 10 µm, 

3.9 x 300 mm - mobile phase 0.01 M H3PO4 : ACN 70 : 30 at 2.75 mL/min, after 8 minutes 

changed to 0.01 M H3PO4 : ACN 30 : 70 for flushing out the lipophilic compounds).[188] 

Retentions times – benzoyl chloride/benzoic acid (2 min.), benzophenone (8 min.), lipophilic 

by-products (13 min.). RCYs were determined according to peak areas from HPLC 

radioactive-site chromatogram after decay correction of all the signals to zero time on the 

chromatogram.  

 General procedure described above was modified in further syntheses according to the 

results from non-radioactive syntheses. 
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3.6. Results and discussion 
 

3.6.1. Radiofluorinations 

 

3.6.1.1. Reactions and yields 

 
A: 4-[18F]fluoromethylbenzyl 4-iodobenzoate - labelling of precursor A 
 

18F-

solvent, ∆T

O

O
Cl

I

O

O

18F

I  
Scheme 3.7: Synthesis of 4-[18F]fluoromethylbenzyl 4-iodobenzoate. 
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Figure 3.4: ICY of 4-[18F]fluoromethylbenzyl 4-iodobenzoate starting from precursor A. 
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Figure 3.5: RCY of 4-[18F]fluoromethylbenzyl 4-iodobenzoate starting from precursor A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: HPLC chromatogram of reaction mixture containing 4-[18F]fluoromethylbenzyl 
4-iodobenzoate. 
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B: 4-[18F]fluoromethylbenzyl 4-iodobenzoate - labelling of precursor B 
 

18F-

solvent, ∆T

O

O
OH

I

O

O

18F

I
Scheme 3.8: Synthesis of 4-[18F]fluoromethylbenzyl 4-iodobenzoate starting from precursor 

B. 

 

No radiolabelled product was observed.  

 

C: 4-[18F]fluoromethylbenzyl 4-iodobenzoate - labelling of precursor C 
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Scheme 3.9: Synthesis of 4-[18F]fluoromethylbenzyl 4-iodobenzoate starting from precursor 

C. 
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Figure 3.7: ICY of 4-[18F]fluoromethylbenzyl 4-iodobenzoate starting from precursor C. 
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Figure 3.8: RCY of 4-[18F]fluoromethylbenzyl 4-iodobenzoate starting from precursor C. 

 

 

D: 4-hydroxymethylbenzyl 4-[18F]fluorobenzoate - labelling of precursor D 
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Scheme 3.10: Synthesis of 4-hydroxymethylbenzyl 4-[18F]fluorobenzoate starting from 

precursor D. 
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Figure 3.9: ICY of 4-hydroxymethylbenzyl 4-[18F]fluorobenzoate starting from precursor D. 
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Figure 3.10: RCY of 4-hydroxymethylbenzyl 4-[18F]fluorobenzoate starting from precursor 

D. 
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Figure 3.11: HPLC chromatogram of reaction mixture containing 4-hydroxymethylbenzyl 4-

[18F]fluorobenzoate. 

 

Precursors mentioned in Table 3.1 were labelled with fluorine-18 using the set of 

solvents with different characteristics. Nonpolar protic solvents tert-butanol (bp. 82 °C) and 

tert-amylalcohol (bp. 102 °C) were chosen as representatives of solvents recently classified as 

remarkably affecting SN2 reactions towards high yields and selectivity. Acetonitrile 

(bp. 82 °C) and dimethylformamide (bp. 153 °C) as representatives of commonly used polar 

aprotic solvents were chosen for comparison. Results for radiolabelling of 4-

chloromethylbenzyl 4-iodobenzoate, 4-methylsulfonyloxymethylbenzyl 4-iodobenzoate and 

4-hydroxymethylbenzyl 4-nitrobenzoate are given in Figures 3.4 - 3.11. Labelling of 4-

hydroxymethylbenzyl 4-iodobenzoate did not lead to any radiolabelled product.  

 Substitution with 18F- in aliphatic position showed a big difference in different solvents 

for labelling of 4-chloromethylbenzyl 4-iodobenzoate (Figures 3.4 and 3.5). The highest RCY 

was observed in ANC across all the examined temperatures. 72 % at 120 °C was the highest 

obtained yield in set of labelling of 4-chloromethylbenzyl 4-iodobenzoate. In DMF, yields 

were by 25 %, 35 % and 10 % lower at 80°C, 120 °C and 160 °C respectively. It shows more 
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efficient use of DMF at higher temperatures. The improvement in yield in DMF was 

approximately linear with the temperature. Linear trend was also observed in the case of tert-

amylalcohol which gave generally much lower RCY 2 %, 17 % and 35 % at 80°C, 120 °C and 

160 °C respectively. The lowest yields were reached with tert-butanol. They were comparable 

to tert-amylalcohol at 80 °C and 120 °C, but RCY 12 % at 160 °C was even slightly lower 

than at 120 °C. A big difference between ICY and RCY was observed mainly in tert-

amylalcohol at 160 °C from ICY 59 % to RCY 34 % which means more fluoride trapped on 

the reaction vial walls in the case of this solvent compared to other solvents for which the 

difference was maximally around 10 % and in most of cases even much lower.  

 Starting with 4-methylsulfonyloxymethylbenzyl 4-iodobenzoate bearing -OMs as a 

leaving group turned all the yields up by 10 - 70 % (Figures 3.7 and 3.8). Substitution of -

OMs with fluorine-18 leads to high RCYs in protic solvents at 120 °C meanwhile in the case 

of -Cl as LG, RCYs are much lower in tertiary alcohols. Protic solvents showed themselves to 

be better in competition with DMF, nevertheless ACN still gave the best yield. ICYs at 

120 °C were nearly equal in ACN and in both of tertiary alcohols. Tert-amylalcohol as a 

solvent led to higher yields at 80 °C compared to tert-butanol which gave higher yields at 

higher temperatures. The biggest influence in comparison of RCY and ICY was observed in 

tert-butanol at 120 °C and 160 °C with difference 13 % and 9 % respectively (Figures 3.7 and 

3.8).    

 Neither aliphatic nor aromatic substitution was observed in any solvent in the case of  

4-hydroxymethylbenzyl 4-iodobenzoate as a precursor. Generally, hydroxyl is very poor 

leaving group by means of aliphatic substitutions (-OH < -F < -Cl < -Br < -I < -NO2 < -OMs 

< -OTs < -OTf) as well as iodide is very poor leaving group in aromatic substitutions (F > 

(NMe3)+ ≈ NO2 > Cl > Br > I ). Since lability of halogens as LG is reported to be reversed in 

tertiary alcohols[169] we expected possibility to observe radiolabelling when more easily 

attainable aliphatic position is occupied by a poor leaving group or lability of hydroxyl as LG 

could be also possibly enhanced. However, presence of nonpolar protic solvent did not help to 

obtain any radiolabelled product. The statement published by P.G. Willis[172] considering 

detected by-product as compound with substituted iodide in aromatic position (Scheme 2.2) 

seems to be very improbable after all the results from our syntheses. Our results also support 

the result by J. Jalomäki[187] who even did not detect the by-product suggested by Willis. 

 Precursor 4-hydroxymethylbenzyl 4-nitrobenzoate bearing nitro group in carbonyl 

activated para-position was chosen to examine radiolabelling of aromatic position in tertiary 

alcohols. Attempts clearly showed that radiolabelling of aromatic position in medium as 
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nonpolar protic solvents does not take a place. Low RCYs in ACN and DMF are in 

accordance with demand for high temperature practically possible in DMSO with boiling 

point 189 °C. Anyway 0 % RCY at 80 °C and low RCYs at 120 °C - 2.5 % and 15 % in ACN 

and DMF respectively and at 160 % - 6 % and 20 % in ACN and DMF respectively are well 

comparable to 0 % RCY along all three temperatures when using tertiary alcohols as solvents 

(Figure 3.9 and 3.10).       

 

 

3.6.1.2. Incorporation versus radiochemical yield 
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Scheme 3.11: Radiolabelling of precursor C bearing mesylate as a leaving group. 
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Figure 3.12: Comparison of average ICY and RCY of 4-[18F]fluoromethylbenzyl 4-

iodobenzoate in ACN starting from precursor C. 
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Figure 3.13: Comparison of average ICY and RCY of 4-[18F]fluoromethylbenzyl 4-

iodobenzoate in DMF starting from precursor C. 
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Figure 3.14: Comparison of average ICY and RCY of 4-[18F]fluoromethylbenzyl 4-

iodobenzoate in t-BuOH starting from precursor C. 
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Average yields in t-AA
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Figure 3.15: Comparison of average ICY and RCY of 4-[18F]fluoromethylbenzyl 4-

iodobenzoate in tert-amylalcohol starting from precursor C.  

 

To determine radiochemical yield many techniques can be used. Published values may 

then differ according to the procedure used despite common name “radiochemical yield” is 

finally used. The way the published RCY has been determined should be well described not to 

confuse other scientists with incredibly high yields. Here we tried to compare two values 

obtained. 

The term “radiochemical yield” means in our case the real yield obtained after taking 

in account all the material loss during transport in needles and syringes and also fluorine-18 

trapped on the reaction vial walls either in form of unreacted 18F- or as a part of radiolabelled 

product. The procedure for obtaining the most exact value of RCY was described earlier in 

3.3.1. 

For the yield obtained from analyses of sample directly taken from the reaction 

mixture we establish the term “incorporation yield”. This value talks about composition of 

reaction mixture itself but does not say anything about the radioactivity lost on the walls of 

certain reaction vial. This method may give higher, misleading information about the yield. 

Publishing this value as RCY means confusion for a reader.  

 Results from radiolabelling of 4-methylsulfonyloxymethylbenzyl 4-iodobenzoate with 

fluorine-18 were chosen as representative to compare two approaches how to obtain the yield 

(Figures 3.12 - 3.15). On the first sight we can observe perspicuous difference. In commonly 

used aprotic solvents ACN and DMF and protic tert-amylalcohol we can see the constant 
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difference between ICY and RCY approximately 5 % along all the temperatures chosen. In 

the case of tert-butanol, the difference is notably broader, mainly at 120 °C with ICY 87 % 

versus RCY 74 %.  

In contrast, in the case of radiolabelling of 4-chloromethylbenzyl 4-iodobenzoate 

(Figure 3.4 and 3.5), the difference between ICY and RCY in tert-butanol was negligible at 

80 °C and 120 °C, at 160 °C the difference was only 7 % and so then comparable to 

differences using ACN and DMF in radiolabelling of 4-methylsulfonyloxymethylbenzyl 4-

iodobenzoate. A notable difference was observed in tert-amylalcohol - 11 % and 25 % at 

120 °C and 160 °C respectively.  

The difference between ICY and RCY is observed in all the cases examined. On the 

other hand, from practical point of view, lowered RCY compared to ICY in the case of 

tertiary alcohols can be caused more by higher viscosity of these solvents compared to ACN 

and DMF, because during transfer in a syringe, besides activity trapped on the reaction vial 

walls there is also visibly bigger non-transferred drop of reaction mixture containing certain 

amount of activity left on the bottom of a vial - then punctuality of “exact” RCY is disputable. 

This idea is supported by smaller and constant differences when ACN as a solvent is used.  
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3.6.1.3. By-products, influence of solvent and leaving group 

4-[18F]fluoromethylbenzyl 4-iodobenzoate synthesis - by-products, -OMs as LG
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Figure 3.16: Comparison of amount of by-products in different solvents when good LG is 

substituted. 
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4-[18F]fluoromethylbenzyl 4-iodobenzoate synthesis - by-products, -Cl as LG
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Figure 3.17: Comparison of amount of by-products in different solvents when average LG is 

substituted. 

  

Because of reported higher selectivity of fluorinations in tertiary alcohols (described in 

2.1.1.) comparison of selectivity takes a place in this work as well. By-products were 

determined as described in 3.3.1. - their amount was determined according to the difference 

between total activity and activity of unreacted fluoride and radiolabelled product. Despite 

high selectivity is reported as one of the advantages of using tertiary alcohols as medium for 

SN2, our result are in opposition to that statement. Independently on lability of a leaving group 

and temperature, reactions in ACN proceed in less than 1 % of by-products, RCY of by-

products in DMF is 0.6 - 2 %.  

In the case of -OMs as a very good LG (Figure 3.16), RCYs in ACN, DMF and tert-

butanol are comparable and less than 2 % along all the temperatures chosen. In tert-

amylalcohol at 160 °C appeared 21 % RCY of by-products, but with high standard deviation 
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of analyzed values, at 80 °C and 120 °C RCY of by-products is slightly higher but 

comparable to all other used solvents.  

In the case of -Cl as an average LG (Figure 3.17), RCYs in ACN, DMF are 

approximately comparable giving RCY of by-products less than 2 %. Results with tert-

amylalcohol at 80 °C and 120 °C are comparable, at 160 °C the amount of by-products is 

slightly enhanced to 6 %. Tert-butanol gives rise to by-products to RCY 39 % at 160 °C.  

The use of tertiary alcohols as medium for radiofluorinations shows higher formation 

of by-products which is in contrast to published statements.[165] Higher formation of by-

products is observed when LG with lower lability is to be substituted. Simply said, there is 

more space and time for by-products formation compared to mesylate as a LG that reacts very 

well. Then it seems to be more important which leaving group is chosen to be substituted than 

which type of solvent do we use. Comparison of radiochemical yields according to LG is 

given in Figure 3.18:   
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Figure 3.18: Comparison of radiochemical yields in different solvents at 120 °C according to 

leaving group.  
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Figure 3.18 shows that high yield in tertiary alcohols is observed when very good 

leaving group as mesylate is incorporated in precursor, in the case of average LG as for 

example chloride, much lower yield compared to ACN is observed. No aromatic substitution 

is reached with new class of solvents for SN2 reactions.  

 

 

3.6.2. Suzuki-Miyaura reaction in non-radioactive conditions 

 

Amounts of reagents, base, catalyst and type of atmosphere used in reactions 1 - 8 are 

collected in Table 3.2.  

 Reactions 1 and 3 were made in presence of air, the other reactions under Ar 

atmosphere. Reaction 1 was refluxed under cooler. Reactions 2 - 8 were performed in 

hermetically enclosed reaction vial.  Benzoyl chloride was added in 0.2 ml toluene as one 

portion. Reaction 8 was carried out at 90 °C for 30 minutes, the other reactions at 120 °C for 

5 minutes. Reaction 4 was different in the first step since BzCl in 0.1 ml THF was added 

10 minutes in advance before addition of phenylboronic acid in 0.1 ml THF. Reaction mixture 

6 contained triethylamine (15.0 mg, 148 mmol) instead of K3PO4.H2O. 

 

Table 3.2: Composition of reaction mixtures 1 - 8  

A) Influence of reaction atmosphere to formation of biphenyl and benzophenone 
Reagent 1 2 3 4 

 [mg] (µmol) 
PPh3 6.0 (23) 6.4 (24) 6.0 (23) 7.1 (27) 

Pd(OAc)2 2.8 (12) 2.4 (11) 2.5 (11) 2.4 (11) 
PhB(OH)2 4.8 (39) 4.4 (36) 4.8 (39) 4.3 (35) 

K3PO4.H2O 22.4 (97) 21.5 (93) 22 (96) 21.6 (94) 
BzCl X X 0.05 (0.36) 0.05 (0.36) 

toluene 0.7 ml 0.2 ml 0.2 ml 0.2 ml 
atmosphere Air Ar Air Ar 

benzophenone - - - + 
biphenyl + + + + 
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B) Influence of BzCl molarity to formation of benzophenone, influence of organic base 
Reagent 5 6 7 8 

  [mg] (µmol) 
PPh3 5.9 (22) 6.0 (23) 6.2 (24) 6.5 (25) 

Pd(OAc)2 2.4 (11) 2.6 (12) 2.4 (11) 2.5 (11) 
PhB(OH)2 4.3 (35) 5.0 (41) 4.3 (35) 5.2 (43) 

K3PO4.H2O 21.2 (92) Xa) 22.0 (96) 21.4 (93) 
BzCl 0.05 (0.36) 0.05 (0.36) 0.5 (3.6) 5.2 (37) 

toluene 0.2 ml 0.2 ml 0.2 ml 0.2 ml 
atmosphere Ar Ar Ar Ar 

benzophenone + - + + 
biphenyl + - + + 

a) TEA as a base instead of K3PO4.H2O 
 

As we expected, conditions in reaction 1 without any BzCl added led to quantitative 

formation of biphenyl accompanied by fade-away of phenylboronic acid. The same behaviour 

was observed also under inert atmosphere (reaction 2) without presence of oxygen. It means 

that biphenyl formation is not sensitive to air. Reactions 4, 5, 7 and 8 led to formation of 

benzophenone quantitatively in comparison to benzoyl chloride. Also biphenyl was present in 

reaction mixtures 1 - 5, 7 and 8 but not in reaction mixture 6. Reactions 3 and 6 did not lead to 

formation of benzophenone.  

 

Amounts of reagents, base, catalyst and type of atmosphere used in reactions 9 - 11 are 

collected in Table 3.3.  

Reactions 9 - 11 were carried out at 120 °C for 5 minutes under Ar atmosphere. 

Approximately the same molar ratios of all reagents were used to see the ability of 

phenylboronic acid, p-tolylboronic acid and phenylboronic acid pinacol ester to undergo 

Suzuki-Miyaura cross-coupling.  
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Table 3.3: Composition of reaction mixtures 9 - 11 - different boronic acids and their forms 

Reagent 9 10 11 
 [mg] (µmol) 

PPh3 6.5 (25) 5.9 (22) 6.2 (24) 
Pd(OAc)2 2.3 (10) 2.5 (11) 2.4 (11) 
PhB(OH)2 4.4 (36) X X 
TolB(OH)2 X 4.8 (35) X 

PhB(pinacol ester) X X 7.6 (37) 
K3PO4.H2O 21.4 (93) 22.2 (96) 22.8 (99) 

BzCl 0.5 (3.6) 0.5 (3.6) 0.5 (3.6) 
toluene 0.2 ml 0.2 ml 0.2 ml 

atmosphere Ar Ar Ar 
benzophenone + +a) - 

biphenyl + +a) + 
a) 4-methylbenzophenone and 4,4´-dimethylbiphenyl were obtained 
  

Reactions 9 and 10 led to formation of cross-coupled product quantitatively in 

comparison to benzoyl chloride. The analysis of reaction mixture 11 showed unreacted 

benzoyl chloride and visibly higher concentration of homo-coupled product compared to 9 

and 10.  

 

In radiosynthesis of [11C]benzophenone,  [11C]benzoylchloride is synthesised via 

Grignard reaction. In order to simulate those conditions and to see the possible influence of 

salts and other residues of reactants from the synthesis leading to benzoyl chloride, BzCl was 

synthesised following the procedure described in Scheme 3.12. No commercially available 

BzCl was added in this experimental procedure.  

 

CO2 (s)
THF

MgBr
O

OMgBr

O

O

Cl

Cl

O

Cl

O

OH

HCl/Et2O

 
Scheme 3.12: Synthesis of benzoyl chloride using the same synthetic route as in 
radiolabelling. 
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The cube of dry ice was put into dry reaction vial enclosed with septa, argon was 

blowed through. 1 M phenylmagnesium bromide in THF (0.1 ml, 0.1 mmol) in other THF 

(0.4 ml) was added dropwise onto the dry ice cube. 10 minutes after CO2(g) bubbling stopped, 

1 M HCl in diethylether (0.1 ml, 0.1 mmol) was added to quench the reaction and destroy 

unreacted Grignard reagent. 2 M oxalyl dichloride in CH2Cl2 (0.05 ml, 0.1 mmol) was added 

to convert obtained benzoic acid into benzoyl chloride. Reaction vial was dipped into 50 °C 

oil bath and let to evaporate the solvents. Reaction mixture was qualitatively analyzed by TLC 

on silica gel TLC plates with mobile phase hexane : EtOAc 5 : 1. Rf(BzCl): 0.43.  

Obtained yellow crude product was dissolved in anhydrous toluene and added to each 

ready-made reaction mixture (Table 3.4). 

Reactions 12 - 18 were carried out at 120 °C for 5 minutes under Ar atmosphere. 

Reaction 15 contained KOH (11.0 mg, 196 µmol) as a base instead of K3PO4.H2O. 

Tolylboronic acid (5.0 mg, 37 µmol) instead of phenylboronic acid was used in reaction 18.  

 For reactions 16 - 18, BzCl was purified from salts and other residues using silica gel 

cartridge flushed with dry toluene (3 ml) in advance. BzCl as a crude product in the mixture 

was dissolved in dry toluene (400 µl) and flushed through the cartridge which was then 

flushed again with dry toluene (1.6 ml) and fractions were analyzed by TLC on silica gel TLC 

plates with mobile phase hexane : EtOAc 5 : 1. Rf(BzCl): 0.43. Also some unspecified 

impurities along the whole plate were detected. Approximately 0.9 ml of BzCl containing 

toluene solution from collected fractions was divided into three parts and added to the 

powders in reaction vials under Ar atmosphere. Then the procedure was the same as in the 

other cases.  

 

Table 3.4: Composition of reaction mixtures 12 - 18 - in situ synthesised BzCl 

Reagent 12 13 14 15 16 17 18 
 [mg] (µmol) 

PPh3 6.0 (23) 6.5 (25) 7.3 (28) 6.0 (23) 6.2 (24) 6.0 (23) 6.1 (23) 
Pd(OAc)2 2.7 (12) 2.4 (11) 2.3 (10) 2.6 (12) 2.8 (12) 2.7 (12) 2.7 (12) 
PhB(OH)2 4.8 (39) 4.5 (37) 4.3 (35) 5.0 (41) 5.0 (41) 4.9 (40) Xa) 

K3PO4.H2O 21.8 (95) 51.5 (224) 50.9 (220) Xb) 32.2 (140) 33.2 (144) 30.7 (133) 
BzCl unspecified, everywhere approximately the same amount 

toluene 0.2 ml 0.2 ml 0.2 ml 0.2 ml 0.3 ml 0.3 ml 0.3 ml 
atmosphere Ar Ar Ar Ar N2 Ar Ar 

benzophenone + + + + - - -c) 
biphenyl + + + + + + +d) 
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a) p-tolylboronic acid (5.0 g, 37 µmol), b) KOH (11.0 mg, 196 µmol), c) no 4-methylbenzophenone was formed, 
d) 4,4´-dimethylbiphenyl was obtained 
 

Reactions 12 - 15 led to formation of benzophenone quantitatively in comparison to 

benzoyl chloride meanwhile reactions 16 - 18 including purification step resulted in formation 

of only homo-coupled products and unreacted benzoylchloride was detected.  

 

Reactions 19 and 20 (Table 3.5) were carried out at 120 °C for 5 minutes under Ar 

atmosphere. Commercially available BzCl in toluene was used for reaction 19 and the same 

amount as a starting material was passed through a silica gel cartridge as previously 

mentioned for reactions 16 - 18 and then used for reaction 20. 

  
Table 3.5: Composition of reaction mixtures 19 and 20 - simulated purification 

Reagent 19 20 
 [mg] (µmol) 

PPh3 7.5 (29) 7.2 (27) 
Pd(OAc)2 2.7 (12) 2.7 (12) 
PhB(OH)2 5.3 (43) 5.4 (44) 

K3PO4.H2O 28.5 (124) 27 (117) 
BzCl 5.3 (38) unspecified 

toluene 0.2 ml 0.4 ml 
atmosphere Ar Ar 

benzophenone + + 
biphenyl + + 

 
Both reactions 19 and 20 gave the same result - formation of benzophenone 

quantitatively in comparison to benzoyl chloride. Also biphenyl was present.  
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Scheme 3.13: Catalytic cycle for Suzuki-Miyarua palladium mediated homo-[190] and cross-
coupling of alkylboronic acid.  
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After evaluation of published schemes[189] and results from non-radioactive syntheses 

using palladium catalyst for Suzuki-Miyaura reaction, and combination with published 

mechanistic study[190], Scheme 3.13 was suggested. In comparison with the results from 

radioactive syntheses we can see that reaction is very sensitive to few different aspects which 

influence reaction pathway by means of formation of homo-/cross-coupling product. 

 Reaction with presence of air gives only biphenyl as homo-coupled product and no 

benzophenone. Even in enclosed vial that is not flushed with inert gas which means only very 

small amount of air present, no benzophenone was obtained. In contrast, after flushing the 

reaction vial containing starting materials with argon, benzophenone is obtained quantitatively 

compared to starting amount of benzoyl chloride but also biphenyl was always present. 

Formation of biphenyl is much easier and occurs in presence of air and at lower temperatures 

which are not efficient for the formation of benzophenone. 

 Opinion on function of a base in catalytic cycle is also not much clear and differs in 

different studies. Presence of organic base does not lead to any coupling product. On the other 

hand presence of mineral base is needed. The type of base itself is probably not that 

important. The same results were obtained using KOH and K3PO4.H2O. These bases are 

insoluble in organic solvents and it seems to be that catalytic effect takes a place on the 

surface of a base.  Therefore it is important to have a base as pulverized as possible, also 

because of distribution in the whole volume during radiosynthesis when there is just boiling 

solvent and no additional stirring. In 5 minutes long reaction was not possible to observe 

differences by means of promoted reaction rate due to water in the hydrated basic salt. Small 

amount of water in Suzuki reaction is considered as responsible for higher yield of cross-

coupled product but we obtained benzophenone quantitatively compared to starting benzoyl 

chloride using both KOH and K3PO4.H2O. Large excess of mineral base is probably helping 

to promote cross-coupling reaction but anyway the amount of base should be considered also 

compared to size of reaction vial for radiolabelling where the size parameters are limited.  

 Different forms of boronic acid were used as a starting component. Phenylboronic and 

p-tolylboronic acids show the same ability to undergo Suzuki-Miyaura cross-coupling 

reaction. Using phenylboronic acid pinacol ester does not lead to formation of benzophenone. 

Reaction rate of cross-coupling reaction starting from pinacol ester is probably too low to 

compete with fast homocoupling reaction and only biphenyl is formed.  

 Purification of reaction mixture containing benzoyl chloride previously prepared from 

phenylmagnesium bromide as described above on silica gel cartridge with toluene as a mobile 
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phase causes contamination with unidentified decomposition products. This causes not 

working Suzuki cross-coupling instead of better yield of benzophenone. After reaction itself 

biphenyl and unreacted benzoyl chloride were detected.    

 Evaluating previously mentioned results, the best conditions for Suzuki-Miyaura 

cross-coupling of benzoyl chloride and alkylboronic acids are strictly non-air atmosphere, 

huge excess of mineral base and free alkylboronic acid as a reactant. Magnesium salts and 

other contaminants from synthesis of benzoyl chloride have no influence on reaction itself. 

Crucial step is the addition of solvent to the reaction mixture - benzoyl chloride must be 

added in the solvent used as one portion, pure solvent should not be added to ready palladium 

acetate, triphenylphosphine, base and phenylboronic acid because of easy formation of homo-

coupled product.  

 

3.6.3. Radiolabelling with [11C]CO2 

 

Synthetic procedure described in 3.5. was modified. The differences are mentioned in 

following points:  

 

1.  Addition of 50 µl of water into reaction mixture led to formation of 

[11C]benzophenone with RCY 27.55 % meanwhile addition of 10 µl of water or no added 

water resulted in no radiolabelled benzophenone.  

2. Reaction of p-tolylboronic acid as a starting material gave 4.47 % yield of 4-methyl-

[11C]benzophenone, addition of 10 µl of water improved the yield to 14.98 %.   

3. Reaction under argon atmosphere using 25.3 mg (102 µmol) of K3PO4.H2O led to 

formation of [11C]benzophenone with yield 2.18 %, using 53.6 mg (232 µmol) of base 

improved yield to 5.49 %.  

4. Using 50 mg (217 µmol) of base, argon atmosphere and prolonging the reaction 

time from 5 to 10 and 15 minutes did not improve RCY; RCYs were 3.26 %, 1.03 % and 

2.03 % respectively. 

5. Incubation of reaction mixtures before heating for 5,10 and 20 minutes did not lead 

to formation of [11C]benzophenone. The same result was obtained when phenylboronic acid 

was added after addition of [11C]benzoyl chloride. No product was observed when 

[11C]benzoyl chloride containing reaction mixture was “purified” through silica gel Sep-pak 
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cartridge before Suzuki-Miyaura reaction. All the syntheses using phenylboronic acid pinacol 

ester were unsuccessful.   

Modifications, which led to low yields of [11C]benzophenone, suffered mainly from 

formation of non-specified lipophilic species as shown in chromatogram depicted in 

Figure 3.19: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19: HPLC chromatogram of reaction mixture containing unreacted [11C]benzoyl 

chloride, small amount of [11C]benzophenone and notable amount of non-specified 

[11C]radiolabelled lipophilic by-products. Chromatogram was obtained after synthesis using 

50 mg (217 µmol) of K3PO4.H2O, argon atmosphere and reaction time 15 minutes giving 

decay-corrected RCY 2.03 %.  

  

 As visible from HPLC chromatogram in Figure 3.19, there is significnat amount of 

lipophilic by-product eluting at 13 minutes. Since this peak appears in radioactive site, there 

are species different from biphenyl or triphenylphosphine that are detected in UV site at 13 

minutes as by-product and starting Pd-non-bounded material respectively. This “lipophilic” 

peak may include differently coordinated Pd(0) species including benzoyl as at least one 
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coordinated ligand. This possible trapping of starting radioactive material without following 

release leading to cross-coupling reaction can be a result of:  

- Too fast formation of biphenyl as preferred homo-coupled product (lipophilic 

compounds detected at UV site of HPLC chromatogram) leading to the lack of other 

phenyl obtained from phenylboronic acid to be cross-coupled with coordinated 

[11C]benzoyl. 

- Too high amount of Pd catalyst and then equilibrium not preferring formation of 

[11C]benzophenone after coordination of entering components to Pd catalyst. This can 

be a problem in so called metal mediated reactions where the initial function of metal 

as a catalyst has changed its role rightly because of “excess of a catalyst” compared to 

the other reactants.  

 

 According to the results, presence of added water is probably one of the most crucial 

aspects. In the case of synthesis of [11C]benzophenone, addition of 50 µl of water resulted in 

27.55 % compared to 0 % with 10 µl or no water added. In the case of synthesis of   

 4-methyl-[11C]benzophenone from p-tolylboronic acid, the yield was improved by 10 % by 

addition of 10 µl of water compared to the reaction mixture containing only crystal water 

accompanying the base. Water seems to play key role in promoting Suzuki-Miyaura cross-

coupling reaction. According to Urawa et al. crystal water is responsible for improved 

yields.[180] In our case, the yield was improved after addition of extra water to the base 

monohydrate. On the other hand, the right amount of added water should be investigated 

because in our results there is no clear trend between yield and amount of water. That is also 

possibly reason for using hydrates where the amount of water is well defined in connection to 

amount of a base. In the case of correlation between higher yield and higher amount of added 

water the higher hydrates could be helpful. 

 Using twice more K3PO4.H2O improved the RCY 2.5 times. Improvement could be 

observed from two reasons. Higher amount of base was accompanied by higher amount of 

crystal water whose efficiency was discussed in previous paragraph. According to the reaction 

mechanism and probability of catalytic process on the surface of in toluene insoluble 

inorganic base, larger surface might have caused promoted efficiency of cross-coupling 

reaction. From suggested catalytic cycle previously depicted in Scheme 3.13 we can see that 

the presence of a base is influencing only cross-coupling process that can be then more 

favoured when compared to easier reaction pathway leading to homo-coupled product. 
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Competition between those two reaction pathways was discussed in non-radioactive syntheses 

experiments in 3.6.2.  

 Prolonging reaction time is not helping to improve RCY and in the case of 

radioisotope with half-life 20.38 minutes it means also a big loss of radioactivity. 

  

 

3.6.3.1. Suggestions based on both non-radioactive and radioactive experiments  

 

Working under argon atmosphere is appropriate for efficient yields. Higher molar 

excess of an inorganic base hydrate should be used. Also more experiments with different 

amount of added water should be done. Employing other inorganic bases seems not to be 

important according to many published syntheses using potassium phosphate. Important is 

homogenizing of base powder and proper mixing all the powders in reaction vial before 

addition of a solvent. No solvent should be added before addition of [11C]benzoyl chloride. 

[11C]Benzoyl chloride must be added in one portion in toluene to previously prepared 

powders of all the other reagents. Considering easier homo-coupling in lower temperatures 

and then loss of phenylboronic acid converted to biphenyl before the temperature reaches the 

threshold value for cross-coupling reaction, reaction vial should be put into the 120 °C pre-

heated system instead of slow heating up to 120 °C - it also saves time which is very 

important in work with carbon-11. It could be efficient to heat separately benzoyl chloride in 

toluene to 120 °C and then add it to the preheated powders in other reaction vial - transfer 

must be technically well done because of general safety criterion. Commonly used 

phenylboronic acid pinacol ester does not react quickly enough to compete with homo-

coupling reaction. Possibly different type of catalyst could be used. According to radioactive 

syntheses results by means of lipophilic by-product detected on radioactive side in HPLC 

analysis, it could be interesting to try to keep the amount of catalyst as low as possible, 

meanwhile amount of entering phenylboronic acid should stay the same or be even higher.       
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3.7. Conclusions 
 

Work on this master thesis included four steps: 

 

1. Preparation of 4-methylsulfonyloxymethylbenzyl 4-iodobenzoate, 4-

hydroxymethylbenzyl 4-nitrobenzoate and 4-hydroxymethylbenzyl 4-iodobenzoate as 

precursors for radiolabelling with fluorine-18.  

 

2. Radiolabelling of prepared precursors and 4-chloromethylbenzyl 4-iodobenzoate in 

acetonitrile, dimethylformamide, tert-amylalcohol and tert-butanol with fluorine-18 as a part 

of systematic study examining relations between radiochemical yields, by-products and the 

type of solvent. Main aim was to show difference between commonly used solvents and 

tertiary alcohols as a new class of solvents reported as suitable for SN2 reactions.  

 

3. Examination of different conditions for Suzuki-Miyaura palladium mediated 

reaction leading to cross-coupling of phenylboronic acid with benzoyl chloride giving 

benzophenone, and elimination of side-reactions. Analysis and evaluation of obtained results 

towards application in synthesis with [11C]benzoyl chloride obtained from [11C]CO2 as a 

starting material.  

 

4. Application of information obtained from non-radioactive Suzuki-Miyaura 

palladium mediated reactions in radioactive conditions, aiming at the improvement of RCY 

and reproducibility of the results in preparation of [11C]benzophenone using new approaches 

in radiolabelling.  

 

3.7.1. Radiolabelling with fluorine-18 

 

Acetonitrile and dimethylformamide as commonly used solvents and tert-amylalcohol 

and tert-butanol as representatives of a new class of solvents for SN2 reactions were examined 

in radiolabelling with fluorine-18 with following conclusions: 
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Tertiary alcohols showed themselves as suitable solvents for SN2 reactions. However, 

RCY in tertiary alcohols is lower than RCY in ACN, this relation is not definite compared to 

DMF. In labelling of a molecule with labile leaving group (-OMs) in aliphatic position, the 

yields are still slightly lower but comparable to ACN at 120 °C as an optimum. One of the 

reasons for lower RCY is higher amount of fluoride trapped on the reaction vial’s walls 

mainly at higher temperatures in the case of tertiary alcohols when compared to ACN. Using 

tertiary alcohols as a reaction medium in our case gave rise to formation of by-products, 

mainly at higher temperatures, which is in conflict with reported selectivity by Kim et al. 

Iodide in aromatic position is not substituted either in aprotic or protic solvents even when 

aliphatic position is also unlabelled due to poor leaving group, which is in conflict with P.G. 

Willis et al. and in agreement with J. Jalomäki by means of labelling of AM1289 with 

fluorine-18. Aromatic nucleophilic substitution was not observed in tertiary alcohols even 

when activated -NO2 was chosen as a good leaving group to be substituted. 

Despite previously said, tert-butanol is not optimal solvent for practical use in 

automated synthesis units mainly because of difficult handling caused by its high viscosity 

and melting point close to laboratory temperature.   

 

3.7.2. Radiolabelling with carbon-11 

 

Results which were obtained from non-radioactive Suzuki-Miyaura palladium 

mediated reactions were used in radiosyntheses with following conclusions: 

Despite the new approach in radiolabelling using [11C]CO2 as a primary labeling agent 

for obtaining symmetrically and unsymmetrically substituted ketones via Suzuki-Miyaura 

palladium mediated reaction is powerful and promising method, the reaction is tricky and the 

main agent influencing the reaction mechanism towards cross-coupled product has not been 

determined yet. More investigation of reaction mechanism in radioactive conditions with 

molar deficiency of [11C]benzoyl chloride should be done.  

Radiolabelling with carbon-11 was successful, according to the expectations and 

suggestions, nevertheless radiochemical yields obtained were very low and formation of 

lipophilic by-products, which are the main reason for low radiochemical yield, was not 

suppressed. 

The key role in reaction mechanism towards cross-coupled product play presence of 

water as hydrate or added as liquid, absence of air and presence of large molar excess of well-

homogenized mineral base. 
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Phenylboronic acid or p-tolylboronic acid are suitable for cross-coupling reaction 

meanwhile phenylboronic acid in the form of pinacol ester leads to formation of only 

biphenyl as a homo-coupled product. 

4. Abbreviations  
 

[11C]MADAM  - N,N-dimethyl-2-(2-amino-[11C]4-methylphenylthio)benzylamine 

[11C]M-MTEB  - ([11C]3-methyl-5-[(2-methyl-1,3-thiazol-4-yl)ethynyl]benzonitrile 

[11C]WAY-100635  - N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-N-(2-     

   pyridinyl)cyclohexane [11C] carboxamide 

[18F]AM694   - [1-(5-[18F]fluoropentyl)-1H-indol-3-yl]-(2-iodophenyl)methanone 

[18F]FDG   - 2-[18F]fluoro-2-deoxy-D-glucose 

[18F]FHPG   - 9-[(1-hydroxy-3-[18F]fluoro-2-propoxy)methyl]guanine 

[18F]FLT   - 3-[18F]fluoro-3-deoxy-L-thymidine 

[18F]FP-CIT   - [18F]fluoropropylcarbomethoxyiodophenylnortropane 

[18F]SP203   - (3-fluoro-5-(2-(2-[18F](fluoromethyl)-thiazol-4-yl)ethynyl)benzonitrile 

5-HTT   - 5-Hydroxytryptamine transporter 

5-HT1    - 5-hydroxytryptamine (serotonin) receptor 1 

6-[18F]Fluoro-DOPA - L-3,4-dihydroxy-6-[18F]fluorophenylalanine 

A    - Activity 

ACN    - Acetonitrile 

AM1289   - [1-(5-tosylpentyl)-1H-indol-3-yl]-(2-iodophenyl)methanone 

ATP    - Adenosine triphosphate  

BGO    - Bismuth germanate 

bp   - Boiling point  

BzCl    - Benzoyl chloride 

CA    - Carrier added 

COX    - Cyclooxygenase 

CT    - Computed tomography 

dba    - Dibenzylidenediacetone 

DCM    - Dichloromethane 

DMF    - Dimethylformamide 

DMSO   - Dimethylsulfoxide 

DOTA   - Tetraazacyclododecanetetraacetic acid 
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DOTA-TOC   - DOTA-Phe(1)-Tyr(3)-octreotide 

dppf    - 1,1´-bis(diphenylphosphino)ferrocene  

EB   - Binding energy 

EC    - Electron capture 

EOB    - End of bombardment 

EtOAC   - Ethylacetate 

Hh    - Hydration enthalpy 

HIV    - Human immunodeficiency virus 

ICY    - Incorporation yield 

K[2.2.2.]   - Kryptofix 2.2.2. 

LAH    - Lithium aluminium hydride 

MRI    - Magnetic resonance imaging 

MW    - Micro wave 

NCA    - No carrier added 

NODASA   - Triazacyclononane-1-succinic acid-4,7-diacetic acid 

NOTA   - Triazacyclononanetriacetic acid 

NSAID   - Non steroidal anti inflammatory drug 

OMs    - Mesylate 

OTf    - Triflate 

OTs    - Tosylate 

PET    - Positron emission tomography 

P-gp    - P-glycoprotein 

Ph   - Phenyl 

pH   - Potential of hydrogen 

ppm    - Parts per million 

ppt    - Parts per trillion  

PTC    - Phase transfer catalyst, phase transfer catalysis 

RCY    - Radiochemical yield 

Rf    - Retention factor 

RT    - Room temperature 

SN2    - Bimolecular nucleophilic substitution 

SPECT   - Single photon emission tomography 

T   - Temperature 

t   - Time 
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t1/2    - Half-life 

t-AA    - tert-amylalcohol 

TACN   - 1,4,7-triazacyclononane 

TACN-TM   - 1,4,7-tris(mercaptoethyl)-1,4,7-triazacyclononane 

TBAF   - tert-butylammonium fluoride 

t-BuOH   - tert-butanol 

TEA    - Triethylamine 

THF    - Tetrahydrofurane 

TLC    - Thin-layer chromatography 

TMS   -  

TOC    - Tyr3-octreotide 

Tol    - Tolyl 

UV   - Ultra violet 

WAY100634  - N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-N-(2-   

   pyridinyl)amine  
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