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Abbreviations

* marks the position of the 11C label in structural formulae 
5-HT serotonin (5-hydroxytryptamine) 
AIBN , ´-azoisobutyronitrile 
BDE bond dissociation enthalpy 
BuLi butyllithium 
CNS central nervous system 
DMAP 4-dimethylaminopyridine 
DMF N,N-dimethylformamide 
DMI 1,3-dimethylimidazolidin-2-one 
DMSO dimethylsulfoxide 
GC gas chromatography 
HPLC high performance liquid chromatography 
IPA isopropyl alcohol 
LC liquid chromatography 
LiHDMS lithium hexamethyldisilazane 
MS mass spectrometry 
NMP N-methyl-2-pyrrolidone 
NMR nuclear magnetic resonance 
PET positron emission tomography 
THF tetrahydrofuran 
TBAOH tetrabutylammonium hydroxide 
TMS trimethylsilyl 
UV ultraviolet 
WAY-100635 serotonin-1A subtype receptor ligand 



Glossary

Carrier gas: chemically inert gas employed to transport a reactant used in 
small amounts, e.g. [11C]carbon monoxide. 

Conversion of [11C]carbon monoxide: the fraction of [11C]carbon monoxide 
that has undergone chemical transformation to yield labelled products. 

Isotopic carrier: a carrier that differs only in isotopic composition from the 
tracer it has to carry. 

Specific radioactivity: the radioactivity of a compound divided by the 
amount of the compound (expressed in Bq/ mol in this thesis). 

Isotopic dilution: dilution of a given nuclide with one or more of its isotopes. 

Nomenclature of labelled compounds:  

O

O *

ethyl [carbonyl-11C]acetate 
or CH3[11C]O2C2H5
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Introduction

This thesis deals with the development of methods and techniques for the 
synthesis of organic compounds labelled with 11C. Carbon-11 is a radioac-
tive nuclide with a half-life of 20.4 min that decays by positron emission. In 
a dense media, an emitted positron travels a short distance (ca. 0.5 mm) and 
annihilates after encountering an electron. This annihilation gives rise to a 
pair of penetrative gamma rays (511 keV) travelling in opposite directions. 
Detection of the rays enables the location of the radiation source to be de-
termined at a distance. The possibility of remote detection of compounds 
containing 11C makes these compounds useful in tracing the progression of 
chemical and biochemical processes. For example, the distribution of a drug 
in a human body may be established by administering the drug, some mole-
cules of which contain radioactive 11C instead of stable 12C, and then detect-
ing the emitted radiation. The obtained information may be valuable for the 
development of efficient and safe medications. 

A technique capable of translating the detected radiation into images de-
picting the spatial and temporal distribution of the tracer is positron emission 
tomography (PET). PET has become an important tool of nuclear medicine. 
In particular, PET is used in medical diagnostics for various purposes, in-
cluding the early detection of tumours, assessing heart function, and identi-
fying nervous system diseases.1 Data from PET scans can be used in deter-
mining what kind of therapy is likely to be beneficial and in evaluating the 
effects of therapy. PET has found growing use in drug development2 and in 
cancer research.3

Apart from its medical applications, PET and related imaging techniques 
have been used for studying catalytic reactions under actual process condi-
tions.4 Compounds labelled with 11C have also found use in analytical chem-
istry,5 physical organic chemistry,6 and agricultural research.7

Among the radionuclides used in PET (13N, 15O, 18F, etc.), 11C occupies a 
unique position, in view of the diversity of carbon chemistry. Virtually any 
organic compound can potentially be isotopically labelled with 11C, without 
altering the biochemical properties of the compound. However, like 11C it-
self, 11C-labelled compounds have short half-lives, so the labelled com-
pounds have to be synthesized anew each time before using them. Thus, 
advances in 11C chemistry and technological improvements are important 
factors in fulfilling the potential that PET offers. 
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Labelling chemistry with short-lived radionuclides 
Established organic synthetic procedures cannot be directly applied in pre-
paring 11C-labelled compounds due to the short half-life and high radioactiv-
ity of 11C, and to the small amounts of labelling material available.  

To obtain a useful radiochemical yield in a labelling reaction, the conver-
sion rate for the reaction must be compatible with the rate of radiodecay. As 
a rule 11C-labelled compounds should be prepared in a ready-to-use form 
within two three half-lives of the radionuclide.8,5 Reaction conditions are 
optimized so as to achieve the highest conversion of labelling precursor in a 
short time. Workup and purification procedures should also be rapid. A short 
synthesis time is important in maintaining the high specific radioactivity of 
the product. Hence, the incorporation of the short-lived label should prefera-
bly be the last step in any synthetic process. 

Specific radioactivity is an important parameter in some biomedical ap-
plications of 11C-labelled compounds. High specific radioactivity is required, 
for example, for investigating biological targets occurring at low concentra-
tions. Isotopic dilution, which may occur at all stages starting from nuclide 
production, is detrimental to specific radioactivity.i

Syntheses with 11C-labelled reactants are performed on a microscale.9
Other reactants may be used in stoichiometric quantities and in up to 1000-
fold excess without compromising the purification. This flexibility is an 
additional tool in speeding up the conversion. In some cases, the small 
amount of labelling precursor used may itself present a difficulty.10

Due to the small scale of the labelling synthesis and the correspondingly 
small amounts of obtained products, such powerful technique as NMR can-
not be employed directly for the identification and characterization of 11C-
labeled compounds. The labelled compounds are routinely identified using 
chromatographs equipped with radiodetectors. GC and LC MS have high 
sensitivity and are used for establishing the molecular mass. 

Time constraints and high radioactivity affect the mode of handling la-
belled compounds. Common organic laboratory techniques and tools are 
often not applicable in microscale labelling synthesis. To minimize radiation 
exposure, labelling is performed in shielded hot cells using remotely oper-
ated systems. These factors motivate the development of miniature auto-
mated synthesis equipment.11

i Labelling synthesis is one of the stages at which isotopic dilution may take place. An exam-
ple is the reaction of a Grignard reagent with [11C]carbon dioxide. The Grignard reagent will 
also react with atmospheric carbon dioxide during its preparation, storage, and handling. This 
will reduce the specific radioactivity of the labelled product. 
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[11C]Carbon monoxide 
Submicromolar amounts of 11C are produced by nuclear reactions using par-
ticle accelerators. Due to the method of production, 11C is available for label-
ling synthesis in a few simple chemical forms, such as [11C]methane and 
[11C]carbon dioxide.12 The latter may be used in labelling synthesis directly 
as a reactant or converted into other labelling precursors, such as [11C]methyl 
iodide, [11C]carbon monoxide, [11C]phosgene and [11C]methanol. The possi-
bility of labelling a compound, especially at a specific position, depends on 
the availability of the required [11C]precursor and the feasibility of the re-
quired chemical transformation. 

All labelling syntheses described in this thesis start from [11C]carbon
monoxide, which can be obtained by the reduction of [11C]carbon dioxide.13

The value of carbon monoxide as a reagent in macroscale synthesis has long 
been recognized. Carbonylation, “the synthesis of a carbonyl compound 
especially by a reaction involving carbon monoxide”,14 has found wide ap-
plication in organic synthesis, both for laboratory- and industrial-scale 
preparations.15 However, until recently, [11C]carbon monoxide was used for 
labelling only occasionally.16 The main reason for the delayed application of 
[11C]carbon monoxide in labeling was its relatively low solubility compared 
to that of other 11C-labelling precursors (e.g. [11C]methyl iodide and 
[11C]carbon dioxide).17

After the technology that allowed microscale handling of [11C]carbon 
monoxide was developed,18 [11C]carbon monoxide became an increasingly 
used labelling precursor19 providing a range of [11C]compounds readily ac-
cessible. An especially valuable labelling method, in terms of radiochemical 
yield and versatility, was found to be the palladium-mediated carbonyla-
tion.20 The palladium-mediated carbonylation of aryl halides and triflates has 
been used, in particular, to synthesize [carbonyl-11C] amides, esters, and 
carboxylic acids. Transition metal mediated reactions, however, could not be 
used with alkyl halides for the labelling of fatty acids or their derivatives, 
amides and esters. The problem was competing -elimination21 from inter-
mediate metal alkyl species.  

Objective 
The aim of this project was to find a convenient method to label the fatty 
acid derivatives R([11C]O)Y, where Y = OR , NR R , R = alkyl. The prob-
lem was encountered during our studies of an amide [carbonyl-11C]WAY-
100635ii,22 (Figure 1) and related compounds. Whereas analogous structures 
that contain the aryl instead of the cyclohexyl moiety could be easily la-

ii A radiotracer for the imaging of serotonin 1A subtype receptors. 
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belled via palladium-mediated carbonylation,23 [carbonyl-11C]WAY-100635 
itself could not be synthesized using transition metal mediated reactions due 
to -elimination. Typically [carbonyl-11C]WAY-100635 has been synthe-
sized via the carboxylation of the Grignard reagent with [11C]carbon dioxide; 
the three-step synthesis was considered to be “very taxing”.24

N
N N

N
OCH3 * O

Figure 1. [carbonyl-11C]WAY-100635. 

Literature research revealed that the problem is not limited only to the syn-
thesis of [carbonyl-11C]WAY-100635. Aliphatic carboxylic ester and amide 
functional groups, which have the alkyl moiety R attached to the carbonyl 
(R(CO)Y, Y = OR , NR R , R = alkyl), often occur in the structure of com-
pounds that may be considered as PET tracers, such as receptor ligands, 
drugs, and endogenous compounds. However, the synthetic approaches used 
in 11C-labeling these compounds were not adequate. Finding a better, more 
general synthetic route promised to make a range of 11C-labelled compounds 
more readily available, thus providing new tools for biological and medical 
research. 

Previously, labelling at the aliphatic ester and amide functional groups 
was accomplished via [carbonyl-11C]acyl halides or [1-11C]ketenes, which 
both are prepared by the carboxylation of the alkyllithium or Grignard re-
agents with [11C]carbon dioxide,25 or via [11C]cyanides (Scheme 1).26

[11C]O2
RM

R
O

O R
X

O

R
Nu

O

*
*

*

* = 11C

R * O

[11C]H4
NH3

Pt

N
i, H

2

H[11C]N

HNu

R = alkyl         Nu = OR', NR'R"

R * N

M = Li, MgBr, etc.

Scheme 1. Common synthetic routes to [carbonyl-11C]carboxylic esters and amides. 

Being multistep, the methods are inadequate when dealing with short-lived 
radionuclides, and efforts are being made to improve these syntheses.27 In 
addition, the syntheses involving the Grignard or organolithium reagents are 
associated with two major issues: their high intrinsic reactivity and isotopic 
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dilution. The nucleophilic and basic properties of the organometallic re-
agents require the protection and deprotection of incompatible functional 
groups. This adds a step to the labelling synthesis, even though the process 
itself may be straightforward. To control the isotopic dilution with ubiqui-
tous atmospheric carbon dioxide, the organometallic reagents have to be 
prepared and handled with special care. 

The method that we considered as a potential solution to the problem 
stated above is catalyst-free radical carbonylation of aliphatic iodides using 
carbon monoxide and an appropriate nucleophile (Scheme 2).28 Radical car-
bonylation has been applied on the macroscale, in particular for the synthesis 
of esters,29 amides,30 and, though with limited success, of carboxylic acids.31

* = 11C

[11C]O2 [11C]O
RI, HNu

R
Nu

O

*

Zn

Nu = OH, OR, NR'R"       R = alkyl

h

Scheme 2. Proposed path for the preparation of [carbonyl-11C]carboxylic acids and 
their derivatives. 

This method was considered as suitable for time-limited labelling synthesis 
because the 11C label would be introduced into the product directly, with the 
formation of two covalent bonds in a one-step reaction. Furthermore, alkyl 
iodides are more convenient to handle than the Grignard or organolithium 
reagents. The atmospheric isotopic carrier would not contribute to isotopic 
dilution because the labelling precursors do not react with carbon monoxide 
during storage and handling. 

For practical purposes, the prime concern was testing the feasibility of the 
radical carbonylation under the limitations discussed above: if short, 5 10-
min reactions will give high radiochemical yields using submicromolar 
amounts of [11C]carbon monoxide diluted in a carrier gas. If not, how should 
the reaction conditions be adapted to attain useful radiochemical yields? The 
first task, though, was to design and build a synthesis reactor that would be 
suitable for microscale syntheses at high pressure. 

Before discussing the results, relevant issues related to radical carbonyla-
tion in macroscale chemistry are briefly summarized below. 

Radical carbonylation in macroscale synthesis 
Ryu and co-workers have developed a range of synthetic reactions based on 
free radical carbonylation.32,33 In particular, the synthesis of carboxylic es-
ters29 and amides30 is based on the favourable combination of several radical 
steps and a final ionic step.28
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RI R R OCO RI HNu
R

O

I
R

O

Nu
1 2 3 4

Scheme 3. The proposed mechanism of free radical carbonylation. 

The mechanism of the reaction (Scheme 3) consists of the following steps:28

1. Generation of an alkyl radical by the homolysis of an alkyl iodide 
2. Carbonylation – addition of the alkyl radical to carbon monoxide result-

ing in formation of an acyl radical 
3. Atom transfer and formation of an acyl iodide 
4. Trapping of the acyl iodide by a nucleophile 
The individual steps are considered below.

1. Generation of alkyl radicals 
Generally, the radical carbonylation reactions were initiated by thermal sys-
tems, such as AIBN-allyltributyltin and AIBN-(TMS)3SiH.28,30 The photo-
lytic homolysis of alkyl iodides was used in the synthesis of carboxylic es-
ters.28,29 The photoirradiation conditions were particularly useful when the 
direct reaction between an alkyl iodide and a nucleophile was fast under 
thermal conditions.30

2. Addition of carbon monoxide to alkyl radicals and decarbonylation32

Addition of carbon-centred radicals to carbon monoxide is a reversible reac-
tion.32 Apart from the pressure of carbon monoxide, the position of the equi-
librium depends on the structure of the alkyl radical; the addition becomes 
less favourable with increasing stabilization of the alkyl radical. The addition 
of primary alkyl radicals to carbon monoxide is exothermic by 42–46 
kJ/mol, with an activation energy of ca. 21 kJ/mol.32 For the phenylacetyl 
radicals, which is stabilized, the process is slightly endothermic.34 These data 
suggest that primary and secondary alkyl iodides are good substrates for 
preparative synthesis, whilst the carbonylation of tertiary iodides is likely to 
be difficult.36 The carbonylation of alkyl iodides having radical stabilizing 
functional groups, for example, carbonyl, hydroxy, cyano, and phenyl sub-
stituents at the -position, has not been reported.35,36

Acyl radicals are more polar than carbon monoxide and the parent alkyl 
radicals and thus should be stabilized in polar solvents.37 For p-substituted
phenylacetyl radicals,iii the rate decreases by a factor of three with a change 
from n-hexane to acetonitrile.34 For a number of aprotic solvents, a linear 
correlation between the empirical Dimroth–Reichardt solvent polarity pa-
rameter ET,38 and the decarbonylation activation energy has been observed.37

Polar protic solvents do not, however, follow the relationship; for example, 

iii The values for the dipole moment are: (PhCH2C(O) ) = 2.54D, (Ph ) = 0.03D, (CO) = 
0.05D.
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in alcohols the activation energy of decarbonylation is lower than might be 
expected from the corresponding ET values. Quantum mechanical calcula-
tions explain this deviation as resulting from two opposing factors: stabiliza-
tion of the transition state by hydrogen bonding to the carbonyl group, and 
stabilization of the acyl radical by non-specific solvation.39 In fact, an ex-
perimental study of carbonylation rates of a primary alkyl radical has not 
revealed any measurable solvent effect when changing from benzene to tert-
butyl alcohol.40

3. Atom transfer and 4. Trapping of acyl iodide by nucleophile  
Abstraction of the iodine atom by an acyl radical is an equilibrium process.28

The intermediate product acyl iodide has not been isolated because the chain 
propagation steps are reversible and the net reaction is endothermic.28 In 
addition, acyl iodides are photolabile.41 Therefore, the trapping of acyl io-
dide by a nucleophile, with the formation of a stable compound, is a critical 
step that shifts the equilibrium in favour of the products. With alcohols as 
nucleophiles, the addition of a base was critical to obtain the product, inor-
ganic bases being as effective as amines in this regard. When applying 
amines, triethylamine or the excess of the amine was used to trap HI.30
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Experimental

Synthesis with [11C]carbon monoxide 
[11C]Carbon dioxide was produced with a cyclotron using a nitrogen gas 
target containing 0.1% oxygen, via an 14N(p, )11C nuclear reaction. 
[11C]Carbon monoxide was obtained by the reduction of [11C]carbon dioxide 
using a zinc oven and handled with an automatic system as described in ref. 
18.

The average amount of [11C]carbon monoxide produced in one cyclotron 
run was in the range of 10–8–10–9 mol, thus it was the yield-limiting reagent. 
Because the volume of [11C]carbon monoxide is small, a carrier gas was 
used for transportation. Therefore, [11C]carbon monoxide reached the reactor 
diluted in helium ca. 1:100 000. For comparison, macroscale carbonylation 
with isotopically unmodified carbon monoxide has been performed in an 
atmosphere of pure carbon monoxide in the range of 2–8 MPa.28 To com-
pensate for the high dilution, reactions with [11C]carbon monoxide were 
performed at elevated pressures, up to 40 MPa. This gives estimated partial
pressures of [11C]carbon monoxide in the 200–500 Pa range.iv

Radical initiation 
Photo-induced homolytic cleavage of the carbon–halogen bond is one of the 
methods for producing alkyl radicals.42 It was chosen for this study in pref-
erence to other methods, because photolytic conditions were anticipated to 
be mild and advantageous for maximizing the selectivity of the reactions. 
Moreover, with photoirradiation the number of reagents is minimal, so puri-
fication is simplified. This method, however, might be not suitable if either 
reactants or the product undergo rapid photoinduced side reactions. 

iv Alkyl iodides were used at concentrations of 0.2 or 0.1 M, while nucleophiles were used at 
the same or higher concentrations. 
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High-pressure photochemical reactor (Paper VII) 
In order to perform microscale reactions under high pressure and strong UV 
irradiation, it was necessary to build a microscale photoreactor with an ap-
propriate illumination system. The photoreactor setup was designed as an 
add-on to the automated system for handling submicromolar amounts of 
[11C]carbon monoxide.18

The photoreactor setup consists of an autoclave, a UV lamp, a concave 
mirror, a magnetic stirrer, and a thermostat. All parts are mounted on a 
bench and covered with a thin metal shield protecting the operator from UV 
irradiation. The reactor is a stainless steel, vertical cylindrical vessel, fitted 
with a sapphire window on the top. Two stainless steel tubes on the bottom 
allow for the introduction of [11C]carbon monoxide and other reactants and 
for the evacuation of the reaction mixture after the reaction. The internal 
volume of the reactor is 270 L. A magnetic stirring bar inside the reactor is 
driven by an external magnetic stirrer. The reactor, UV lamp, and concave 
mirror are positioned so that maximum of the lamp’s photoirradiation 
reaches the reactor cavity. This setup was employed for the labelling of am-
ides, including compound [carbonyl-11C]WAY-100635, and – in part – in 
the initial experiments with [11C]acids and [11C]esters. 

Subsequently, the performance of the setup was analyzed and an im-
proved version was designed. The improved version uses the same high-
pressure reactor construction, but the photoirradiation is delivered through a 
light guide from a stand-alone commercial light source, which is located 
outside the hot cell. This allowed to reduce the space requirements of the 
photoreactor setup by a factor of approximately 50. Other technical advan-
tages were greater control over photoirradiation properties, higher output 
stability, less heating of the reaction mixture, increased UV radiation safety, 
and greater operational simplicity. The chemistry implications are discussed 
in the appropriate sections below. The improved setup was employed in the 
labelling of acids and esters via alternative methods. 

Identification and characterization of labelled 
compounds
After each labelling synthesis, a sample of the crude reaction mixture was 
analyzed using an HPLC apparatus equipped with both a UV and a radio 
detector. References – isotopically unmodified compounds having structures 
identical to those of the anticipated products – were added to the analytical 
samples to distinguish the desired product from other labelled products. The 
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labelled products were purified using semipreparative HPLC.v LC–MS was 
used to establish the molecular mass. For further characterization, selected 
labelling syntheses were scaled up using added (13C)carbon monoxide (ca. 
20–40 mol); the 13C-substituted product was then characterized using 13C
and 1H NMR spectroscopy (page 35). 

Conventions
All yields specified in this thesis are decay-corrected radiochemical yields 
determined by HPLC. Isolated decay-corrected radiochemical yields for 
most of the labelled compounds are specified in the papers included in this 
thesis. The terms “yield” and “radiochemical yield” are used interchangeably 
when referring to the synthesis of labelled compounds. The presented values 
of specific radioactivity are not decay corrected.  

v The mobile phases and column packing used in the analytical and the semipreparative HPLC 
were different. 
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Results and discussion 

Synthesis of [carbonyl-11C]amides (Paper I) 
The applicability of free radical carbonylation in synthesizing 11C-labelled 
compounds using [11C]carbon monoxide and alkyl iodides was investigated 
employing amines as nucleophiles.  

Initial experiments with a model reaction (Scheme 4) were carried out 
without stirring.vi,43 In hexane, radiochemical yields were low; however, the 
reactions were selective and the [11C]amide was essentially the only labelled 
product (Table 1, entry 1). In more polar solvents, such as THF, DMF, and 
DMSO, the radiochemical yields were correspondingly higher. Reactions 
performed in DMSO and DMF resulted in decreased radiochemical purity of 
the labelled product (Table 1, entries 3 and 4). 

I HN NPh N
NPh

O

+
h

[11C]O+ *

Scheme 4.

Table 1. Dependence of radiochemical yields on solvent for the reaction shown in 
Scheme 4 carried out without stirring. 

Entry Solvent Conversion of [11C]O,a % Purity,b %  Yield,c %

1 n-hexane 4 97 4 
2 THF 18 96 17 
3 DMF 31 77 24 
4 DMSO 29 82 23 

a Conversion of [11C]carbon monoxide. b The radiochemical purity of the crude product.  
c Decay-corrected radiochemical yield determined by HPLC. 

Stirring the reaction mixture brought about a significant improvement in 
yields (cf. Table 1, entry 4 and Table 2, entry 3). A set of experiments using 

vi The first version of the photoreactor setup was built without a stirring device. Stirring was 
considered unnecessary because [11C]carbon monoxide was in submicromolar amounts and 
the other reagents were in large excess. This view was reinforced by the fact that the conver-
sion of [11C]carbon monoxide in transition metal-mediated carbonylations in our laboratory 
was often almost quantitative, even without stirring. Similar observations have been reported 
by other groups, ref. 43. 



20

acetone, acetonitrile, and DMSO confirmed the initial assumption that the 
radiochemical yield of the reaction increases with solvent polarity (Table 2, 
entries 1–3). 

Table 2. Dependence of radiochemical yields on solvent polarity for the reaction 
shown in Scheme 4 carried out with stirring. 

Entry Solvent Conversion of [11C]O,a % Purity,b %  Yield,c %

1 acetone 28 91 25 
2 acetonitrile 31 93 29 
3 DMSO 85 75 64 
4 NMP 86 72 62 
5 MeCN/H2O (3:2) 86 81 70 

a Conversion of [11C]carbon monoxide. b The radiochemical purity of the crude product.  
c Decay-corrected radiochemical yield determined by HPLC. 

According to test experiments, the radiochemical yield increased with pres-
sure. The introduction of an optical filter absorbing the UV irradiation of the 
lamp obstructed the reaction. The selectivity of the reaction (Scheme 4, sol-
vent: DMSO) decreased with increasing temperature (Figure 2).
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Figure 2. Radiochemical purity of the crude product in the reaction (Scheme 4, 
solvent: DMSO) vs. temperature. 

Several other amides were labelled in DMSO (Table 3, entries 1b, 2b, and 
5b) until it was noticed that in this solvent the amount of 11C-labelled by-
products may be high. Hence, in some cases DMSO was not a suitable sol-
vent (Table 3, entry 3b). Therefore, other polar aprotic solvents were used: 
N-methyl-2-pyrrolidone (NMP) (Table 2, entry 4; Table 3) and 1,3-
dimethylimidazolidin-2-one (DMI) (Table 3). Radiochemical yields of 
[11C]amides obtained using NMP and DMI as solvents were similar or better 
than those using DMSO (Table 3). Later it was found that the reaction may 
be carried out in a water–acetonitrile mixture, similar in composition to the 
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mobile phase of the preparative HPLC used for purification (Table 2, entry 
5).

Table 3. Radiochemical yields of labelled amides. 
 Labelled compound Solvent Convn.  11CO,a % Yield,b % N c 

1a NMP 81  12 75  11 4 

1b DMSO 89  9 60  5 5 

1c

N
NPh

O

*

DMI 85  4 69  5 3 

2a NMP 89  3 79  1 3 

2b
N
H

O

*
DMSO 88 84 1 

3a NMP 76  18 44 3 3 

3b

HN

O
*

DMSO 89 < 1 1 

4a NMP 46  11 3  1 3 

4b
N

HN

O
*

DMI 51 3 1 

5a NMP 64  11 59  11 3 
5b

N NPh
O

* DMSO 47  19 27  6 4 
6a NMP 10  11 2  1 3 
6b acetonitrile 2 1 1 
6c THF 11 10 1 
6d n-hexane 27 21 1 
6e

N NPh
O

*

ethanol 37  7 27  9 3 

7 N
H

OH
O

* NMP 46  13 36  11 3 

8 N NPh
O

* NMP 23  2 20  2 3 

9 N NPh
O

*HO NMP 76  2 52  1 3 

10 N
NPh

O

* NMP 10  3 4  1 4 

11 N
NPh

O

* DMI 27  7 15  7 3 

*Asterisk indicates the label position. a Conversion of [11C]carbon monoxide. b Decay-
corrected radiochemical yield determined by HPLC. c Number of runs. 
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The radiochemical yields were highest with primary and secondary iodides. 
The carbonylation of tert-butyl iodide was more difficult. The tert-butyl 
radical is relatively stable, compared to primary and secondary radicals, 
therefore the carbonylation equilibrium is less favourable. Another reason 
for the differing results might be side reactions. Polar solvents favour ther-
mal (elimination and substitution) and photoinduced44 (electron transfer) side 
reactions, which may lead to the consumption of the reactants and reduce the 
concentration of free radicals correspondingly. The tert-butyl cation is sig-
nificantly more stable than primary and secondary carbocations, so tert-butyl 
iodide is more susceptible to the side reactions that proceed via carbocations: 
ionization and electron transfer within the radical pair initially formed by 
photolysis.45 Subsequently, the tert-butyl carbocation may undergo elimina-
tion (yielding isobutene) or other reactions, for example, with a nucleophile.  

Another tertiary iodide, iodoadamantane, gave a much higher (77%) ra-
diochemical yield in the reaction with 1-phenylpiperazine than did tert-butyl 
iodide under the same reaction conditions. This was despite the fact that the 
decarbonylation rate of the 1-adamantanecarbonyl radical is twice that of the 
pivaloyl radical.46 The difference in the yields is possibly related to the high 
strain of the bridgehead adamantyl carbocation.47 Unlike the tert-butyl car-
bocation, tertiary adamantyl carbocation is significantly less stable because 
its bridgehead structure does not allow it to achieve planarity. Possibly, the 
synthesis with adamantyl iodide was less affected by side reactions proceed-
ing via carbocations, e.g. elimination,48 than the synthesis with tert-butyl 
iodide was. 

Two alkyl iodides that produce stabilized radicals were tested: benzyl io-
dide and iodoacetamide. As expected, in both cases carbonylation could not 
be achieved. 

Methyl iodide and iodobenzene are more appropriate substrates for palla-
dium-mediated carbonylation than for the radical-mediated reaction. How-
ever, they were interesting substrates with which to explore the limitations of 
radical carbonylation. The carbonylation–decarbonylation equilibrium for 
benzoyl radicals should be shifted toward an acyl radical. However, the ra-
diochemical yield with phenyl iodide was modest (Table 3, entry 10). This 
may be attributed to the higher rate of hydrogen abstraction by the phenyl 
radical than by the alkyl radicals.  

The low radiochemical yield of the acetamide in NMP (Table 3, entry 6a) 
could be the result of a rapid nucleophilic substitution reaction between 
methyl iodide and the amine. The radiochemical yield was improved by util-
izing solvent effects. When conducted in the less polar solvents, THF and n-
hexane, the reactions gave improved radiochemical yields (entries 6c, 6d). 
The highest yield was obtained when the reaction was carried out in ethanol 
(entry 6e). Probably, hydrogen bonding to the nitrogen atom of the amine 
favourably reduced its reactivity.
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Aminoethanol, which is an ambident nucleophile, was acylated on the ni-
trogen with high selectivity (Table 3, entry 7). Radiochemical yields in the 
reaction were moderate. In the reaction using the same iodide, (2-
iodoethyl)benzene, but changing the nucleophile to 1-phenylpiperazine, the 
yield was similar to that obtained with aminoethanol (Table 3, entry 11). The 
main non-radioactive by-product of both reactions was styrene. The low 
yields thus could be related to facile elimination from (2-iodoethyl)benzene. 

Contrasting results were obtained using the structurally similar aniline 
and 2-aminopyridine as nucleophiles (Table 3, entries 3a and 4a). In spite of 
the lower nucleophilicity of aniline than of aliphatic amines, the yield of the 
[11C]anilide was high (44%) when NMP was used as a solvent. 2-
Aminopyridine, however, provided a low yield (3%) of the corresponding 
labelled amide.  

Subsequently, the influence of the UV irradiation conditions was studied 
in more detail. The mercury lamp serving as the UV source has a strong 
emission line at 254 nm, coinciding with the maximum of the absorption 
band of alkyl iodides. At this wavelength, the photochemistry of alkyl io-
dides is associated not only with alkyl radicals but also with carbocations.45

The formation of carbocations via electron transfer in solvent-caged radical 
pairs may become predominant upon photolysis. To obtain a high conversion 
rate in the radical reaction, formation of carbocations should be suppressed. 
To resolve these issues, a different photoreactor setup was designed that 
allowed better control of the photoirradiation parameters (page 17). The 
setup was first tested in the synthesis involving tert-butyl iodide.vii When 
using the new setup with an optical filter transparent between 300–400 nm, 
the radiochemical yield of [11C]amide was almost three times higher than 
had been obtained before (Table 3, entry 8). Experimental results presented 
in the following sections were obtained using the improved version of the 
photoreactor setup. 

Synthesis of [carboxyl-11C]acids (Paper II) 
Fatty acids are involved in a number of biological processes and have poten-
tial for use as PET tracers. For example, [1-11C]acetic and [1-11C]palmitic 
acids are already established tracers for PET imaging.49 These tracers have 
been produced via the carboxylation of the Grignard and organolithium re-
agents with [11C]carbon dioxide. However, the scope of synthetically acces-
sible [1-11C]acids is limited, because the organometallic reagents are incom-
patible with many functional groups. The synthesis of functionalized acids 
via radical carbonylation may be an attractive alternative synthetic route.  

vii This synthesis was fairly sensitive to slight changes in reaction conditions and to the quality 
of solvents. 
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When using water as a nucleophile, one of the problems was the prepara-
tion of homogenous reaction mixtures, especially when using longer-chain 
non-polar alkyl iodides.viii Of several water-miscible solvents, THF showed 
the best solubilizing properties. Acetonitrile was an appropriate option for 
shorter-chain iodides. 

The data concerning the amide labelling (Table 2, entry 5) suggested that 
water is much less reactive than aliphatic amines. The photolysis of simple 
unfunctionalized alkyl iodides in water–organic solvent mixtures confirmed 
this: radiochemical yields were around 5–7% due to the low conversion of 
[11C]carbon monoxide. 

Looking for means to improve the synthesis, the effects of temperature, 
photoirradiation intensity and wavelength, organic and inorganic bases were 
studied. Raising temperature from 35 C to 90 C increased the radiochemical 
yield to 27%. Removing the optical filter (300–400 nm) and irradiating with 
the full spectrum of the UV source increased the yield to 11–18%. Addition 
of amine bases (triethylamine, N-methylmorpholine, and DMAP) was not 
useful. Significant improvements were achieved by adding 0.3–0.4 equiv. of 
tetrabutylammonium hydroxide (TBAOH) or potassium hydroxide (Table 
4). Under these conditions, the reaction was not particularly sensitive to 
temperature. The dependence of the radiochemical yield on the intensity of 
the photoirradiation is illustrated in Figure 3.
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Figure 3. The impact of the intensity of the photoirradiation on the radiochemical 
yield. 

viii In fact, comparable yields could be obtained from two-phase liquid systems; however, 
repeatability was low in such systems, probably due to the way the reagents were delivered 
into the reactor. 

+ TBAOH
THF / H2O (4:1)

[11C]O
h 300-400 nm)

+

0,1 mmol 0,03 mmol

I
OH
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30°C, 6 min
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The radiochemical yields of the [carboxyl-11C]acids, obtained using the im-
proved conditions, are presented in Table 4. High yields were obtained in the 
carboxylation of primary and secondary alkyl iodides. For tertiary iodides 
the results were varied (Table 4, entries 6 and 10a c), possibly due to the 
susceptibility of the iodides to undergo side reactions under the experimental 
conditions (as discussed above, page 22).50

Table 4. Radiochemical yields of labelled acids.

 Labelled compound Solvent Additive 
(mmol) 

Convn.a
11CO, % 

Yield,b
% Nc

1
O

OH*
THF/H2O

(4:1)
TBAOH

(0.03) 82  2 80  2 3 

2
O

OH*
ACN/H2O

(3:2)
KOH
(0.04) 84  1 81  1 3 

3
O

OH*
THF/H2O

(4:1)
TBAOH

(0.03) 81  3 74  2 3 

4a THF/H2O
(4:1)

KOH
(0.04) 79 68 1 

4b O

OH*

THF/H2O
(4:1) - 73  5 62  5 3 

5 O

OH

HO

*
THF/H2O - < 0.2 - 3 

6
O

OH* various various  3 < 1 9 

7 *
O OH THF/H2O

(4:1)
TBAOH

(0.03) 82  2 73  2 4 

8a THF/H2O
(9:1)

TBAOH
(0.03) 82 68 1 

8b

O OH
*

THF/acetone/ 
H2O (3:1:1) - 91  4 82  4 3 

9 O OH
O

OH

*
THF/H2O

(4:1)
TBAOH

(0.13) 87 76 1 

10a ACN/H2O
(4:1)

KOH
(0.1) 81  6 77  5 3 

10b ACN/H2O
(9:1)

TBAOH
(0.2) 94 56 1 

10c
O

OH
*

THF/H2O
(9:1)

TBAOH
(0.15) 90 64 1 

*Asterisk indicates the label position. a Conversion of [11C]carbon monoxide. b Decay-
corrected radiochemical yield determined by HPLC. c Number of runs. 

When exploring the free radical carboxylation of alkyl iodides, two points 
attracted our attention. While generally a base was required to improve the 
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radiochemical yields of the labelled fatty acids, in some cases similar or even 
higher yields could be obtained under pH-neutral conditions. The first exam-
ple is the extraordinarily high yields of [1-11C]4-phenylbutyric acid (Table 4, 
entry 4b) obtained without using a base in a THF–water system. The second 
is the high yields of [1-11C]heptadecanoic acid obtained using a THF–
acetone–water system (Table 4, entry 8b). We related these observations to 
photochemical effects and investigated them in more detail later (page 28). 

The reaction time aspect was studied with several reactions. Since it was 
technically difficult to monitor the progress of the reaction during synthesis, 
several reactions of varying durations were run. One of the plots of radio-
chemical yield vs. time is shown in Figure 4.
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Figure 4. The effect of reaction time on the decay-uncorrected radiochemical yield 
of [1-11C]4-phenylbutyric acid. 

Based on these data, the optimum reaction time is 5–6 min; however, this 
result is relevant only to the specified reaction and cannot be extrapolated to 
others. This is because variations in reaction conditions or in the structure of 
the labelling precursor may significantly change the relative rates of individ-
ual steps in the reaction mechanism, as well as side reactions, eventually 
altering the conversion rate of [11C]carbon monoxide. 

Synthesis of [carbonyl-11C]esters (Paper III) 
Several alcohols (Figure 5) were investigated to examine their range of ap-
plicability in the labelling of carboxylic esters. 
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OH
OH

OH
OH

CH3OH

OH
OH

Figure 5. Alcohols used in the labelling of [carbonyl-11C]esters.

As with the synthesis of [11C]acids, the radiochemical yields of [11C]esters 
were below 5% without the use of bases. Addition of tertiary amines brought 
about no improvement. As expected, the addition of stronger bases helped to 
increase the radiochemical yields (Table 5). 
Table 5. Radiochemical yields of labelled esters. 

 Labelled compound Solvent Additive 
(mmol) 

Conv.a
11CO, % 

Yield,b
% Nc

1
O

O*
THF LiHMDS

(0.1) 84  1 79  3 3 

2
O

O*
THF/allyl 

alcohol (4:1) 
BuLi
(0.07) 67  5 53  5 3 

3
O

O*
MeOH - 1 73 1 64 10 

4
O

O*
THF BuLi (0.1) 80  2 58  3 4 

5a THF/H2O (4:1) KOH (0.1) 89 50 1 

5b O

O*

THF BuLi (0.1) 73  4 63  5 3 

6a THF/CH3OH
(4:1)

KOH
(0.05) 78  11 62  6 2 

6b
Cl

O

O*

THF/CH3OH
(5:2)

BuLi
(0.07) 82  5 65  3 3 

7 *
O O THF/CH3OH

(5:1)
LiHMDS

(0.02) 75  4 65  4 3 

8 O O
O

OH

* CH3OH KOH (0.1) 86  3 68  5 3 

9
O

O
* THF/C2H5OH

(4:1)
LiHMDS

(0.05) 84  1 78  2 3 

*Asterisk indicates the label position. a Conversion of [11C]carbon monoxide. b Decay-
corrected radiochemical yield determined by HPLC. c Number of runs. 
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Lower alcohols may often be used as both reactants and solvents, concur-
rently (Table 5, entries 3 and 8). If an alcohol is a solid or has a high molecu-
lar weight, it may be more appropriate to use it in a stoichiometric amount 
with respect to the iodide, employing an inert solvent (Table 5, entries 1 and 
5).

The reaction conditions were suitable for all studied alcohols and phenol 
(Table 5). In addition, it was possible to label the phenol ester in good radio-
chemical yield using THF–water as the reaction solvent (Table 5, entry 5a). 
The selectivity of the reaction was high, the yield of the corresponding acid 
by-product being less than 4%. 

As in the labelling of acids, the bases were not necessary to obtain high 
radiochemical yields of esters when reactions were performed in acetone. 

Use of photosensitizers to accelerate carbonylation with 
[11C]carbon monoxide (Paper IV) 
While the synthesis of amides gave good radiochemical yields in brief, 5–7 
min reactions, the addition of strong bases was necessary to promote the 
synthesis of acids and esters, due to the lower reactivity of oxygen nucleo-
philes. However, reactions carried out in acetone provided high radiochemi-
cal yields of acids and esters, even without bases. This observation prompted 
a further study aimed at the development of a milder procedure for the label-
ling of acids and esters. 

Acetone is a known photosensitizer51 and therefore was assumed to have a 
favourable effect on the first step – the photochemical generation of alkyl 
radicals. The radical carbonylation of alkyl iodides under photoinitiation 
conditions has been reported by Ryu and co-workers.28 A xenon lamp with a 
Pyrex glass filter was used, thus the long-wavelength edge of the absorption 
band was irradiated. The authors suggested that the role of photoirradiation 
was to generate alkyl radicals in a small quantity, mentioning that there was 
no need to employ sensitizers.29,ix Notably, without the use of the Pyrex filter 
no product was obtained, a behaviour that may be related to the photochemi-
cal properties of alkyl iodides.53

Alkyl iodides of different chain lengths have a similar, wide structureless 
absorption band in the 200–320 nm range54 (  380–735 in methanol), which 
is attributed to the n– * transition.55 The maximum of the absorption is lo-
cated near the 254-nm emission line of mercury lamps. At these wave-

ix Indeed, the excessive concentration of alkyl radicals would lead to an increased probability 
of their coupling. The coupling is less problematic from the perspective of labelling chemis-
try, when [11C]carbon monoxide is the yield-limiting reagent and other reactants are used in 
excess. In addition, when [11C]carbon monoxide is employed, the time constraint becomes a 
major factor due to the short half-life of 11C. 
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lengths, the energy of the photoirradiation exceeds the carbon–iodine BDE,45

but the quantum yields for the generation of carbon free radicals in the solu-
tion are low.x

The primary product of the photolysis is considered to be a solvent-caged 
radical pair (Scheme 5).45 This radical pair may recombine or dissociate to 
produce free radicals. The third path, electron transfer within the radical pair, 
may convert it into an iodide carbocation ion pair.56,xi Consequently, the 
partitioning between these three pathways will affect the product distribution 
in subsequent reactions.57, 58

R-I

R I R I

electron 
transfer

escape from cage

R I R I ionic processesradical processes

solv

(caged intermediates)

+ +

h

(free intermediates)

Scheme 5. Processes accompanying the photolysis of alkyl iodides.

It is reasonable to expect that the partitioning may be influenced by the exci-
tation wavelength. The abovementioned broad absorption band consists of 
three overlaid bands,59 and, consequently, different excited states will be 
populated by varying the excitation wavelength. Another method is to use 
photosensitizers. The mechanisms of energy delivery to the substrate using 
sensitizers may be different from that achieved by direct photoirradiation; as 
a result, excited states may become accessible that cannot be reached 
through the direct absorption of light. 

To investigate these suppositions, twelve sensitizers, representing differ-
ent classes of compounds and having different photophysical properties, 
were studied in a model reaction (Scheme 6). 

sensitizer

h
+ [11C]O +I CH3OH O

O

*

Scheme 6.  

Test experiments confirmed that the radiochemical yield of the reaction 
without sensitizers was low (Table 6, entry 1). Moreover, the yield did not 
significantly rise with increased photoirradiation intensity, due to the inclu-

x Reported quantum yields for the disappearance of alkyl iodides are in the range of approxi-
mately 0.1–0.3, refs. 45 and 53. 
xi In fact, ionic pathways are predominant in solution, and the photolysis of alkyl iodides is 
used for the generation of carbocations. 
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sion of the lower-wavelength emission of the UV source that resulted after 
removing the optical filter (Table 6, entry 2).  

Apart from acetone a variety of ketones, representing a range of triplet 
excited state energies,60 were investigated. Benzophenone gave the largest 
improvement compared to other ketones. The ketones having lower energy 
of the triplet state did not generally influence radiochemical yields; the ex-
ception was benzyl, a ketone that provided a 25% radiochemical yield. 

Table 6. Effect of additives on radiochemical yield of methyl [carbonyl-
11C]hexanoate. 

 Additive, 0.005 mmol,h
280 400 nm 

ES,a
kJ/mol

ET,b,g

kJ/mol
Convn.
11CO,c % 

Yield,d
% Ne

1 no additive   3  2 2  1 3 
2 no additivef  4  1 3  1 2 
3 p-xylene 435 337 5 4 1 
4 acetone 372 332 4 4 1 
5 xanthone 324 310 55  7 44  4 3 
6 dibenzofuran 398 293 7  3 6  3 3 
7 triphenylamine 362 291 27  1 23  1 3 
8 benzophenone 311 289 68  3 55  4 3 
9 fluorene 397 284 3  1 2  1 2 
10 triphenylene 352 280 3  1 3  1 3 
11 2-acetylnaphthalene 325 249 1  1 2 
12 biacetyl 267 236 1 1 1 
13 benzil 247 227 36  1 25  5 3 
14 fluorenone 266 211 4 2 1 

a Lowest singlet exited state energy. b Lowest triplet excited state energy. c Conversion of
[11C]carbon monoxide. d Decay-corrected radiochemical yield determined by HPLC. e Number
of runs. f Without optical filter. g Excited state energy values are ordered by triplet state ener-
gies, are taken from ref. 60. h This corresponds to 0,05 equiv. with respect to the iodide. 

Several photosensitizers that are not ketones, but which have photophysical 
properties comparable to those of benzophenone, were examined (Table 6, 
entries 6, 7, 9, and 10). Of these, only triphenylamine demonstrated notable 
enhancing properties. As mentioned above (pages 24 and 27), a number of 
other amines that were explored as bases and acylation catalysts (triethyl-
amine, DMAP, and pyridine) did not have such an effect. This difference 
may be explained by the dissimilar roles of the amines. In polar solvents, 
triethylamine is believed to be an electron donor in the exiplex with the ex-
ited-state iodide.53,61 On the other hand, photo-excited triphenylamine may 
act as an energy donor to the ground-state iodide.xii,62 Adding a combination 
of triethylamine and benzophenone proved to be inferior to adding only ben-
zophenone.

xii Triphenylamine has greater absorbance than iodopentane between 280 and 400 nm. 
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In another reaction (Scheme 7), the influence of three of the studied sensi-
tizers, benzophenone, fluorene, and triphenylene, was found to be similar to 
that in the first reaction (Scheme 6). 

sensitizer

h
+ [11C]O +I CH3OH

O

O

*

Scheme 7. 

When studying the labelling of acids it was found that the reaction employ-
ing 1-iodo-3-phenylpropane (Scheme 8) gave higher yields (page 25, Table 
4, entry 4b) of labelled acids compared to unfunctionalized iodoalkanes un-
der non-basic conditions.xiii Therefore, this reaction was selected for use in a 
quenching study. Under appropriate photoirradiation conditions (Table 7, 
entry 2), both enhancement by benzophenone and quenching by biphenyl 
were observed (Table 7, entries 3 and 4 correspondingly).  

sensitizer

h
+ [11C]O +

I
H2O

OH

O

*

Scheme 8. 

Table 7. Effect of additives on the radiochemical yield of [1-11C]4-phenylbutyric 
acid. 

Irradiation output, 
% of maximum Additive, mmol Convn. 11CO,a % Yield,b % Nc

1 100 no additive 72  3 62  3 2 
2 50 no additive 34  1 28  2 2 
3 50 benzophenone, 0.0035 69  1 54  1 2 
4 50 biphenyl,d 0.005 5  1 4  1 2 

a Conversion of [11C]carbon monoxide. b Decay-corrected radiochemical yield determined by 
HPLC c Number of runs.  d Lowest excited-state energies: singlet 391 and triplet 274 kJ/mol. 

Assuming that the accepted reaction mechanism of the radical carbonylation 
(page 14, Scheme 3) is operative under these conditions, the effect of the 
sensitizers may be rationalized as follows. The low quantum yield of the 
photolysis of alkyl iodides has been explained as a result of the in-cage re-
combination of the radical pair (Scheme 5).53 Energy transfer from the triplet 
state of ketones63 would create a triplet radical pair after the C–I bond rup-
ture.58,64 The recombination of the triplet radical pair is spin forbidden,64,65

therefore the probability of its dissociation is higher than that of a singlet 
pair. For the same reason, the efficiency of electron transfer within a triplet 
radical pair may also be decreased, diminishing the proportion of ionic side 

xiii This is perhaps due to the influence of the phenyl chromophore. 
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reactions. Thus, sensitizers may increase the concentration of the free alkyl 
radicals, accordingly increasing the rate of conversion of [11C]carbon mon-
oxide.

Though a rigorous mechanistic explanation would require additional in-
vestigation, the effect was turned to practical use to accelerate free radical 
carbonylation involving weak oxygen nucleophiles. Several examples are 
given in Table 8.  

Table 8. Radiochemical yields of labelled compounds.

 Labelled compound Solvents Additive, 
(mmol) 

Convn.a
11CO, % 

Yield,b
% Nc

1
O

OH* acetone/H2O
(4:1) – 91  3 73  3 3 

2
O

O* acetone/ 
CH3OH (4:1) – 86  1 85  1 3 

3 O OH
O

OH

*
acetone/H2O

(4:1) – 86  4 73  5 3 

4a THF/IPAd

(1:1) Ph3N (0.1)e 47  3 79  1 2 

4b THF/IPA 
(1:1) Ph2CO (0.1)e 85 71 1 

4c
O

O
*

acetone/IPA
(1:1) – 85  2 80  3 2 

*Asterisk indicates the label position. a Conversion of [11C]carbon monoxide. b Decay-
corrected radiochemical yield determined by HPLC. c Number of runs. d Isopropyl alcohol.
eOne equivalent with respect to the alkyl iodide. 

Though acetone was not effective at low concentrations (Table 6, entry 4), it 
did bring about a significant improvement when it was employed as a sol-
vent (Table 8, entries 1, 2, 3, and 4c). To obtain a high radiochemical yield 
in reactions using acetone (as in Table 8, entry 4c), it was necessary to have 
a high concentration of the nucleophile. For example, in a reaction such as 
that of Table 8, entry 4c, with lower amounts of the alcohol (3.3, 0.2, and 0.1 
equiv. to cyclohexyl iodide) the radiochemical yields were correspondingly 
lowered (66, 27, and 10%, respectively). The sensitizers with superior pho-
tophysical properties may be used in equimolar or much lower amounts with 
respect to iodides (Table 8, entries 4a and 4b; Table 7, entry 3; Table 6, en-
tries 5 and 8). 

Photosensitizing conditions were also used for the preparation of a 13C-
substituted 1,10-decanedicarboxylic acid using [13C]carbon monoxide; the 
isolated yield of the acid after one hour of reaction was 48%. 
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Sulfoxides as oxygen nucleophiles in the synthesis of 
[carboxyl-11C]acids (Paper V) 
The studies of photo-initiated 11C-carbonylation using various nucleophiles 
showed that radiochemical yields depend on the reactivity of the nucleo-
phile. Whereas the reaction with unhindered primary and secondary amines 
proceeds smoothly, the reaction with water is much slower. The latter reac-
tion may be improved by the addition of either a strong base or a sensitizer. 
However, both bases and sensitizers may cause undesirable side reactions, 
such as elimination and isomerization. 

After closer examination of the reactivity of DMSO in radical carbonyla-
tion using [11C]carbon monoxide, a new method of free radical carboxylation 
was found. The major products of the reactions that were carried out in 
DMSO, using weakly reactive nucleophiles, such as alcohols, were identi-
fied as [11C]carboxylic acids.  

The nucleophilic properties of sulfoxides are known: DMSO and other 
sulfoxides react rapidly with acyl halides to yield acids.66 At the same time 
these compounds are essentially inert towards alkyl halides. This orthogonal 
reactivity is precisely what is required for radical carbonylation reactions. 
Sulfoxides act as oxygen nucleophiles, providing [11C]carboxylic acids un-
der mild conditions. Neither water as a source of the hydroxyl group, strong 
bases, nor sensitizers are required. The reaction proceeds rapidly at ambient 
temperature, providing a high conversion of [11C]carbon monoxide and high 
radiochemical yields (Paper V). 

The method (Paper V) may be particularly suitable for 13C-labelling,
which is performed on a larger scale. In contrast to 11C-labelling, 13C-
labelling, when performed under basic conditions, is more susceptible to side 
reactions. Using sulfoxides eliminates the need for water, thus suppressing 
the side reactions. 

This method is expected to be useful for the preparation of acids on the 
macroscale, using stable- and radioactive-carbon-isotope carbon monoxide.  

One-step synthesis of [carbonyl- 11C]WAY-100365
(Paper VI) 
Serotonin (5-hydroxytryptamine or 5-HT) 1A subtype receptors have been 
extensively studied67 because they have been implicated in several neuro-
logical and psychiatric diseases.68 Positron emission tomography (PET) of-
fers the possibility of studying the role of 5-HT1A receptors non-invasively in
vivo.69 Amide WAY-100635 (Scheme 9) labelled with 11C at the carbonyl 
position has been recognized as a tracer of choice for imaging 5-HT1A recep-
tors in the human brain.70 However, the labelling of [carbonyl-11C]WAY-
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100635, typically performed via multistep Grignard synthesis from 
[11C]carbon dioxide,71 is difficult.72

Free radical carbonylation was investigated as a potential solution to the 
problem. Although this method worked fairly well for various aliphatic 
amines (page 21, Table 3), the isolated decay-corrected radiochemical yield 
employing 2-aminopyridine as a nucleophile was only 3% (Table 3, entries 
4a and 4b). A similar result was obtained with the amine WAY-100364 
(Scheme 9), which is a 2-aminopyridine derivative.  

To increase the reactivity of the amine WAY-100634, it was treated with 
a strong base (LiHDMS, BuLi) before reaction with cyclohexyl iodide and 
[11C]carbon monoxide (Scheme 9). After adjusting the reaction conditions, 
[carbonyl-11C]WAY-100635 was obtained in 58% decay-corrected radio-
chemical yield with a 91% conversion of [11C]carbon monoxide. 

N
N N

NH
OCH3

N
N N

N
OCH3 * O

[11C]O,

h

base

I

WAY-100634 WAY-100635

Scheme 9. The labelling of WAY-100635.

This method was used to label two other WAY-100635 analogues: the corre-
sponding pivaloyl and n-nonanoyl derivatives (Paper VI).  

Thermally initiated carbonylation  
The photolysis of alkyl iodides has thus far proved to be a quite suitable 
method for the generation of alkyl radicals, including when the labelled 
product is photolabile (page 27, Table 5, entries 5a and 5b). In certain cases, 
however, photoirradiation was possibly accountable for the low radiochemi-
cal yields (Table 3, entries 7 and 11; Table 4, entry 6). A simple way of 
probing whether a particular reactivity pattern originates from photochemi-
cal or ground-state effects would be to perform test experiments using ther-
mal radical initiators.  

Tris(trimethylsilyl)silane73 in combination with AIBN was used to estab-
lish reaction conditions for the thermal initiation of alkyl radicals. The label-
ling syntheses were performed in a microautoclave similar in construction to 
that used for the photoinitiated reactions, except that it had no window. 
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Table 9. Radiochemical yields of labelled compounds obtained using thermally 
initiated carbonylation reactions. 

 Labelled compound Solvent Convn. 11CO,a % Yield,b % Nc

1
O

H
N* THF 30 19 1 

2
O

OH* THF/water 
(4:1) 48 28 1 

3
O

O* THF/CH3OH
(1:1) 39 26 1 

*Asterisk indicates the label position. a Conversion of [11C]carbon monoxide. b Decay-
corrected radiochemical yield determined by HPLC. c Number of runs. 

The reactions were run at 40 MPa for 6 min without stirring (for technical 
reasons). With a temperature gradient of 30–60 C, in 6 min the conversion 
of [11C]carbon monoxide was low, therefore the temperature gradient was 
changed to 30 100 C in 6 min. The results are presented in Table 9. Appar-
ently, under the employed thermal initiation conditions the reactivity of nu-
cleophiles was more uniform than that observed under photoinitiation condi-
tions.

The presented results are preliminary and have good prospects for im-
provement. Thermally initiated free radical carbonylation should be useful if 
photoirradiation causes isomerizaton or rapid side reactions. Another advan-
tage is the simpler design of the synthesis apparatus.  

Use of 1H NMR for indirect characterization of labelled 
compounds
Typically, the labelling position in 11C-labelled compounds is identified us-
ing 13C NMR spectroscopy.20 For this purpose, a combined [11C]/(13C) syn-
thesis is performed by adding (13C)carbon monoxide. The [11C]/(13C)product 
is isolated using radioactivity measurements. After radiodecay, the residual 
(13C)compound is analyzed by NMR spectroscopy, comparing the position 
of the (strongest) 13C signal in the spectrum of the analytical sample with 
that in the spectrum of the authentic, isotopically unmodified compound.  

However, the data obtained via 1H NMR spectroscopy is perhaps more 
relevant than that obtained via 13C NMR. Though the isomerization of free 
radical intermediates is not common,74 alkyl iodides may isomerize via in-
termediate carbocations under photolytic conditions.53 To check for the oc-
currence of isomerized radiolabelled products, the 1H NMR spectra were 
recorded for synthesized 13C-substituted compounds. The splitting of the 
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proton signals caused by 13C–1H couplings (Figure 6) were used to assess 
the label position. The 1H NMR spectra have not showed occurrence of 
isomerization. 

1H NMR experiments required less time and, at least for the 
(13C)compounds described in this thesis, the obtained data was easy to inter-
pret and more convincing than that obtained using 13C NMR. 

ppm2.62.83.03.23.43.63.84.04.2

ppm2.62.83.03.23.43.63.84.04.2

Figure 6. Parts of 1H NMR spectra of an isotopically unmodified ester and the corre-
sponding (carbonyl-13C)compound, showing the splitting of 1H signals due to cou-
pling with the carbonyl 13C.

O

O

13C
O

O
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Conclusions

The research problem has been solved. The applicability of photo-induced 
free radical carbonylation for the rapid labelling of aliphatic carboxylic ac-
ids, esters and amides with 11C at the carbonyl position has been demon-
strated. In addition, a reactor for performing microscale photoinduced car-
bonylation at high pressure has been designed and built. The findings and 
results of the present study are summarized below. 

The radiochemical yields of the labelled compounds depended signifi-
cantly on the reactivity of the nucleophiles. The observed order of reactivity 
of nucleophiles was as follows: aliphatic amines > aniline  DMSO > water 

 alcohols. The reactivity may be adjusted by selecting appropriate solvents 
or by adding bases. 

[carbonyl-11C]Amides were synthesized in high yields using amines as 
nucleophiles. On the other hand, to obtain high radiochemical yields of [car-
boxyl-11C]acids and [carbonyl-11C]esters, correspondingly using water and 
alcohols as nucleophiles, the addition of strong bases was necessary. 

The enhancing effect of several photosensitizers has been discovered and 
studied. With the use of photosensitizers, high radiochemical yields of 
[11C]acids and [11C]esters were obtained without using bases. Apparently the 
sensitizers favourably affect the photoinitiation step. 

A novel procedure for the 11C-labelling of compounds at the carboxyl po-
sition has been developed. In this method DMSO acts as an oxygen nucleo-
phile. The procedure is mild and should be useful for the macroscale 
synthesis of carboxylic acids. 

The practical utility of radical carbonylation was illustrated by developing 
a one-step procedure for labelling an extensively used PET tracer [carbonyl-
11C]WAY-100635. 

In addition, several (13C)compounds were synthesised using the described 
methods.

Free radical carbonylation with [11C]carbon monoxide may be used for 
the carbonylation of alkyl iodides, when transition metal carbonylation is not 
applicable due to -elimination. Thus, the two carbonylation methods are 
complementary with respect to the scope of synthetic targets. 
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Svensk populärvetenskaplig sammanfattning 

Avsikten med denna avhandling är att lägga fram nya metoder för radioaktiv 
inmärkning av organiska molekyler med 11C (kol-11). Halveringstiden hos 
denna nuklid ligger på ungefär 20 minuter vilket innebär att ämnesmängden 
minskar till hälften under denna tid. Varför skulle man ha nytta av ämnen 
som ej kan förvaras under en längre tid? 11C inmärkta substanser finner bred 
tillämpning i till exempel cancerforskning eftersom de med fördel kan ut-
nyttjas som spårmolekyler. 11C är den lätta radioaktiva isotopen av den stabi-
la kol-12 som ingår i alla organiska molekyler. Byter man ut en vanlig 
kolatom i en läkemedelsmolkylmolekyl mot kol-11, kommer dess biologisk 
verkan att förbli oförändrad. Dock kommer substansen kunna spåras i krop-
pen med hjälp av en speciell teknik. Detta tillåter iaktta fördelningen av lä-
kemedlets koncentration samt dess verkan i en levande patient. Sådan kun-
skap är ytterst viktig vid utveckling av nya effektiva  läkemedel. 

Tekniken som utnyttjas för att spåra ämnet i kroppen är positronemis-
sionstomografi (PET). Den sistnämnda har på senare tid slagit igenom som 
en kraftfull teknik inom den moderna medicinska forskningen. Den har med 
fördel använts för att diagnostisera cancer, hjärn- och hjärtsjukdomar. PET 
kan användas vid valet av den mest lämpliga behandlingen samt för utvärde-
ring av de sistnämnda. PET undersökningen kräver ytterst små mängder av 
spårämnet på grund av teknikens stora känsligheten. 

Det visar sig vara otrivialt att introducera kol-11 i en organisk molekyl på 
grund av den korta halveringstiden. Nya metoder behöver utvecklas för att 
kunna genomföra reaktionerna innan kolet hinner sönderfalla. Utveckling av 
sådana metoder kommer att innebära att nya klasser av substanser kommer 
att bli tillgängliga för biologisk och medicinsk forskning. 

Det här projektet härstammar från ett praktiskt problem. Substansen 
WAY-100635 är av ytterst stort intresse för medicinsk forskning. Kol-11 
inmärkt WAY-100635 används vid t. ex. utveckling av behandlingsmetoder 
av Alzheimer, depression, dementia, etc. Dock är metoderna för inmärkning 
av WAY-100635 med kol-11 yttest mödosamma. Detta kan även sägas om 
de metoderna som används för radioaktiv inmärkning av liknande substan-
ser. Typiskt krävs tre reaktionssteg steg för inmärkningen. För att åtgärda 
problemet försökte vi med nya organiska reaktioner, nämligen radikalreak-
tioner, initierade med hjälp av ljuset. Karbonylerings-radikalreaktioner visar 
sig vara mer effektiv eftersom två kemiska bindningar skapas i ett steg. Ut-
nyttjandet av denna teknik för radioaktiv inmärkning i mikroskala visade sig 
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vara tekniskt besvärligt och därför behövde en ny apparat utvecklas för ge-
nomförandet av sådana reaktioner. En sådan byggdes och utnyttjades för 
inmärkning av en rad organiska molekyler med kol-11.  

Radikalreaktioner har använts vid inmärkning av alifatiska amider, estrar 
samt karboxylsyror. För att maximera radiokemiska utbytet testades en rad 
olika experimentella förhållanden, nämligen olika lösningsmedel, temperatu-
rer, belysning samt inverkan av olika tillsatser. 

Radikala reaktionerna möjliggjorde kol-11 inmärkning av nya organiska 
föreningar med hjälp av kol-11 inmärkt kolmonoxid. Radiokemiska utbytet 
av amider, estrar och karboxylsyror på så mycket som 74 % kunde uppnås. 

Det ursprungliga problemet löstes: kol-11 inmärkt WAY-100635 fram-
ställdes i ett steg med hjälp av karbonyleringreaktion med högt utbyte. 

Dessutom har forskningen möjliggjort upptäckten av nya metoder som 
kan användas för att snabba upp radikalkarbonyleringsreaktioner Detta gjor-
des med hjälp av de s. k. fotosensibilisatorer. 

Slutligen upptäcktes en ny metod för framställning av karboxylsyror. Me-
toden utnyttjar milda förhållanden och kan användas för radioaktiv inmärk-
ning i mikroskala så väl som för vanliga laboratoriepreparationer. 

Det finns en hel rad olika reaktionsmekanismer som kan förklara de ny-
upptäckta effekterna. En mer detaljerad analys krävs för att rationalisera 
dessa resultat. 

Sammanfattningsvis kan sägas att den mest konventionella organiska ke-
min inte var kapabel att tillfredsställa behovet av kol-11 inmärkta organiska 
substanser. De nyutvecklade, dock mindre bekanta, teknikerna inom CO-
kemin har fram tills nyligen inte utnyttjats för dessa ändamål. Avsikten med 
detta arbete är att introducera dessa tekniker vid inmärkning av biologiskt 
intressanta molekyler samt utveckla ny apparatur som möjliggör detta. Re-
sultaten är optimistiska: utbytet visade sig ofta vara högt och vi hoppas att 
vår teknik hittar bred tillämpning inom den moderna PET radiokemin. 
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