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Abstract
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Methods for the ''C-labeling of carbonyl compounds applicable in the preparation of
radiotracers for Positron Emission Tomography (PET) are described. To this end [''C]carbon
monoxide at low concentration was used in transition metal- mediated reactions.

Stille couplings were employed in the synthesis of [carbonyl-''CJketones from methyl and
aryl halides with [''C]carbon monoxide. The synthesized [carbonyl-""C]ketones were obtained
from the corresponding organostannanes with analytical radiochemical yields up to 98%.

A number of synthetic routes were designed using [''C]carbon monoxide and rhodium
complexes. Nitrene intermediates were generated from azides and reacted via a
rhodium-mediated  carbonylation reaction as a general synthetic route to
[carbonyl-''Clisocyanates, versatile precursors. [carbonyl-''Cllsocyanate reacted via
nucleophilic attack of an amine to form N,N’-diphenyl[''Clurea in 82% analytical
radiochemical yield, ethyl phenyl[''C]carbamate was synthesized by the same route, using
ethanol as the nucleophile, in 70% radiochemical yield. [''C]Isocyanate was also able to react
in a [2+3] cycloaddition with ethylene oxide to form 3-phenyl[carbonyl-"'Cloxazolidin-2-one
in over 80% analytical radiochemical yield. This method was applied to the synthesis of a
potential efflux system tracer [''CJhydroxyurea in 38% isolated radiochemical yield and the
derivative 1-hydroxy-3-phenyl[''Clurea in 35% isolated radiochemical yield. Carbene
intermediates, generated from diazo compounds, were reacted with [''C]carbon monoxide in
the rhodium-mediated synthesis of [carbonyl-'"Clketenes. [carbonyl-''C]Ketene intermediates
were utilised in the synthesis of diethyl[carbonyl-''Clmalonate, from ethyl diazoacetate and
ethanol. The product was obtained with a 20% isolated radiochemical yield. Alkylation of
diethyl[carbonyl-'"'Clmalonate, with ethyliodide and tetrabutylammonium fluoride, was
successfully accomplished and diethyl diethyl[carbonyl-""C]malonate was synthesized in 50%
analytical radiochemical yield. Several (carbonyl-"C)compounds were also synthesized using
the described methods as a way of characterizing the position of the label using "C-NMR.
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1 Introduction

This thesis is focusing on the development of new synthetic methods for
introducing ''C into target compounds via a metal-mediated carbonylation
reaction, and applying such reactions for tracer applications using Positron
Emission Tomography (PET).

1.1 Positron Emission Tomography — A molecular
imaging technology

Molecular imaging combines new molecular agents with traditional imaging
tools to capture pictures of specific molecular pathways or events in the
body, particularly those that are targets in disease processes. Molecular im-
aging holds the unique potential of simultaneously being able to find and
diagnose disease in vivo, as well as the ability to depict how well a particular
treatment is working.

PET is a non-invasive molecular imaging in vivo technique permitting ex-
ternal monitoring of specific radioactive tracers labeled with a positron (3"
particle) emitting radionuclide'. Positron emitting radionuclides are neutron
deficient and decay by conversion of a proton into a neutron with the emis-
sion of a positron. The positron is annihilated by a collision with an electron
in tissue, this process generates two high-energy photons (511 keV) that
travel in opposite directions. These photons can be detected in coincidence
by detectors on opposite sides of the PET-camera. In a PET-scan, a tracer
labeled with a f"-emitting radionuclide is introduced into a living organism.
Several such decay events occur, and the recorded data can be reconstructed
to give three-dimension digital images. This technique allows thus detection
of the temporal and spatial distribution of positron emitting tracers in the
human body. The tracer may allow the studies of a certain biochemical proc-
ess in a sufficient low amount to not disturb the studied process, with a very
low radiation dose for the human patient.



Some common radionuclides used for PET are presented in Table 1:

Table 1: Some common radionuclides used in PET-imaging.

Radio- Half-life Nuclear Re- | Positron | Theoritical Specific
nuclide action Energy Radioactivity
(MeV) (GBg/umol)
" 203min | "“N(p,a)''C 1.0 3.4x10°
0 207min | "N(d,n)"0 1.7 3.4x10°
F 109.7 min | "*O(p,n)"°F 0.6 6.3x10*
%Ga 67.8min | ®Ge — ®Ga 1.9 1x10°
"Br 16 h "°Se(p,n) °Br 3.4 7.2x10°

Over the past decades, advances in synthetic chemistry and PET instrumen-
tation have merged to make PET a powerful scientific tool for studying bio-
chemical transformations and a pharmacokinetics tool”* during the develop-
ment of tracers for distribution studies of lead compounds in the human
brain as well as other organs in the body’. PET has found numerous applica-
tions in medical diagnosis, investigating ways to image cancer”, neurological
pathologies and disorders such as Alzheimer’s disease’, epilepsy® and Park-
inson’s disease’. PET has also found some applications in drug development,
PET investigations of a drug labeled with £ -emitting radionuclide provides
information on the drug distribution and concentration in vivo in subpharma-
cological doses.®

1.2 Synthetic aspects
1.2.1 Synthetic Strategies

Time is an important parameter in the synthesis of compounds labeled with
short-lived radionuclides. While the formation of the product is governed by
the kinetics or thermodynamics of the chemical reaction, the competing de-
cay of the radionuclide has to be considered. The total radiochemical yield is
a compromise between these two parameters’ (Figure 1). It is usually not the
chemical yield that is critical but rather the amount of radioactivity obtained
at the end of the synthesis. A rule of thumb is that the total synthesis time
including purification should not exceed three half-lives of the radionuclide.
In this thesis, a standard reaction time of 5 min was chosen for simplicity.
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Figure 1: Relationship between chemical yield, radioactive decay, and radiochemical
yield for a theoretical ''C-labeling reaction.

Practically, the radiochemical yield isdetermined by measuring
the radioactivity at the start of the synthesis and the radioactivity of the puri-
fied product. The yield is corrected for the radioactive decay and presented
in this thesis as the isolated radiochemical yield. The analytical radiochemi-
cal yield or conversion yield is based on a sample withdrawn from the reac-
tion mixture and determined by LC. The trapping efficiency is defined as the
amount of radioactivity trapped to the reaction mixture. This factor is par-
ticularly important so as to quantify the reliability of a reaction when work-
ing with volatile reagents such as [''C]carbon monoxide. It is dependant on
several parameters such as reaction conditions (including temperature, con-
centration of reagents or nature of the solvent) and experimental and techni-
cal apparatus. The trapping efficiency is determined by measuring the
amount of radioactivity present before and after flushing the reaction mix-
ture with nitrogen gas. In this thesis, the analytical radiochemical yields in
Papers I & II were based on a sample withdrawn from the reaction mixture.
In Papers III-V, the analytical radiochemical yields were decay-corrected
and calculated from the total amount of radioactivity present in the reaction
mixture at the start of the synthesis.

Some experimental techniques can be employed to increase reaction rates,
for example microwave heating has been successfully used for accelerating
the labeling process of different organic molecules with ''C or "F."” The
building of automated synthetic devices has been a focus since it permits
both the significant reduction of synthesis time and minimization of the ra-
dioactive dose received by the operating chemist.



Syntheses with short-lived radionuclides such as ''C are performed on a
microscale. Other reagents can be used in stoichiometric quantities and up to
1000 fold excess or more. This excess of mass can be used to increase reac-
tion rates in some syntheses.

1.2.2 Specific radioactivity - Sensitivity

The specific radioactivity is defined as the amount of radioactivity per unit
of mole of labeled compound. Theoretically, the value of specific radioactiv-
ity for ''C is 3.4x10> GBq/umol but in practice, an isotopic dilution by natu-
ral unlabeled substance always occurs. This mainly originates from the target
material, delivery lines or chemical reagents. In fact almost everything intro-
duced into the system is a potential source of stable carbon, causing isotopic
dilution. In this thesis, the value of specific radioactivity at the end of the
synthesis for a ''C-labeled compound synthesized using [''C]carbon monox-
ide is of the order 120-700 GBg/umol, and the amount of unlabeled product
is in the range of 3-9 nmol. The requirements for high specific radioactivity
are due to the possible biological interactions of the unlabeled material such
as saturation of a limited amount of receptors or pharmacological side effect
of the substance.

1.2.3 Analysis, characterization and purification

The most common techniques used for purification of the labeled products
are semi-preparative LC and SPE. The analysis and preliminary characteri-
zation of the labeled products can be performed fast and efficiently using LC
equipped with both radioactivity- and mass-absorption (i.e. UV) detectors.
Characterization of the labeled product is performed by co-elution of the
UV-peak of an authentic cold reference sample and radioactive peak. LC-
MS can directly provide a spectrum of an isolated sample without addition
of a cold reference, and fragmentation patterns give information for the iden-
tification of the substance. The position of the ''C-labeled carbon can be
characterized by ?C-NMR analysis. For this purpose, a combined labeling
experiment with ''C and "°C is performed. The [''C]/(**C)compound is iso-
lated, and after decay the residual (**C)compound can be analyzed by “C-
NMR. The “C signal obtained is compared with that from the spectrum of
an authentic isotopically unmodified compound.

This is illustrated in Figure 2 where [''Clhydroxyurea and
(PC)hydroxyurea have been synthesized simultaneously. In these reactions
the concentration of (*C)carbon monoxide is much higher, and the reagents
concentrations and reaction time are increased subsequently.

10
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Figure 2: "C-NMR analysis of (’C)hydroxyurea (lower) and an isotopically un-
modified compound (upper). Internal standard: d°-DMSO.

1.3 Labeled precursors
1.3.1 Labeling with ''C

"C (t,,=20.3 min) is a positron emitting radionuclide commonly used in
PET investigations.'' It was discovered in 1934 by Crane and Lauritsen'?
and became the first radioactive isotope of carbon to be used for chemical
and biochemical tracer studies"’. However, the limitations imposed by the
20.3 min half-life delayed the development of ''C labeling, until the begin-
ning of the seventies.'* The most frequently used method today for produc-
ing ''C is by the "“N(p,0)''C nuclear reaction. This reaction is performed by
proton irradiation of a target filled with nitrogen gas. The formed ''C is
highly reactive and reacts with oxygen gas (0.1 %) present in the target to
produce [''C]carbon dioxide as the main radioactive product.

11
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Scheme 1: ''C-labeled precursors possibly synthesized from [''C]carbon dioxide by
simple on-line or batch procedures.

The primary precursor [''C]carbon dioxide is transferred to the laborato

ry
where it can be transformed by various routes to other ''C-labeled interme-
diates (Scheme 1), for example [''C]methanol”’, [''C]methyl iodide",
[''Clcarbon  monoxide'®, [''C]methane'é, hydrogen [''Clcyanide'®,
[''C]phosgene'’, [''Clcyanogen bromide'™, [''C]nitromethane  or
[''C]methyl triflate®® using simple on-line procedures.

1.3.2 Production and handling of [''C]carbon monoxide

[''C]Carbon monoxide was the first labeled compound applied in PET ex-
periments on humans.”’ Carbon monoxide has the great advantage of not
being naturally present in large amount in the atmosphere, thus isotopic dilu-
tion can be avoided, compared to for example [''C]carbon dioxide. How-
ever, its low solubility and reactivity had restricted its use in labeling chem-
istry. This problem has partly been solved by a semi-automated system re-
circulating the [''C]carbon monoxide and trapping it in molecular sieves® or
by reacting the [''CJcarbon monoxide with a borane-tetrahydrofurane com-
plex, making another complex ready to further react™.

The presented method is based on pre-concentrating and trapping of
[''C]carbon monoxide in a micro-autoclave. This technique has solved the
problems with low solubility and now permits an easier use* (Figure 3). The
[''C]carbon dioxide is produced and directly transferred using nitrogen (N5)
as a carrier gas from the cyclotron to the hotcell where it is trapped on silica.
After collection, the [''C]carbon dioxide is passed using a stream of helium
gas through a quartz tube filled with zinc granules heated at 400 °C reducing
it to [''C]carbon monoxide, which is then trapped and concentrated on silica.

12



The unreacted [''C]carbon dioxide is trapped using ascarite material while
the [''C]carbon monoxide is transferred to the micro-autoclave (200 uL),
followed by addition of the reagents introduced via an injection loop by an
HPLC pump and organic solvent, the reaction can proceed.

[cico,

400 °C

]: AR Zn Ascarite Checkvalve

Stop
HPLC Reactor

@ IA®

-196°C

Reagents
Product

collection

Figure 3: Schematic drawing of the experimental setup used for reactions involving
[''C]carbon monoxide.

This synthetic system concentrating [''C]carbon monoxide and the other
reagents in a small volume at high pressure has permitted increases of the
radiochemical yield and the specific radioactivity of the labeled products.

1.3.3 [''C]Carbon monoxide in carbonylation reactions

The possibilities offered by organometallic chemistry have inspired search
for applications of metal-catalyzed reactions for the synthesis of PET tracers.
For example, applications for the formation of C-C bonds using palladium-
promoted coupling reactions such as Stille”, Heck®® or Suzuki reactions’’
with [''C]methyl iodide have been described.

Carbon monoxide reacts efficiently in a palladium-catalyzed carbonylative
coupling reaction using halides™ or triflates®. The reliable access to
[''C]carbon monoxide has facilitated its use to label compounds with ''C in
the carbonyl position. A wide variety of [carbonyl-''Clcompounds have
been synthesized using this approach (Scheme 2). This strategy has allowed
the syntheses of [carbonyl-''Clamides from halides® or triflates’’, [carboxyl-
"Clacids®, [carbonyl-''Climides®, [carbonyl-"'Clesters™, [carbonyl-

13



""Claldehydes™, or [carbonyl-''Clketones using carbonylative Stille®® or
Suzuki’” couplings. The limitations related to beta-hydride eliminations can
be overcome by changing strategy and using [''CJcarbon monoxide in a
photoinitiated radical carbonylation reaction. Alkyl iodides containing an
hydrogen in a beta-position have been successfully used to synthesize ali-
phatic [carbonyl-""Clamides®, [carbonyl-"'Clesters® and [carboxyl-''C]
acids™. Transition-metal mediated processes are employed in a key-step for
the synthesis of [''Clalkyl halides labelling precursors such as [1-''Clethyl
iodide*'. The carbonylation reaction have been employed in the key-step of
this synthesis and improved the specific radioactivity compared to previous
labeling methods.

Following the method proposed by Sonoda®, selenium was successfully
applied as a mediating agent in the synthesis of ''C-labeled carbamoyl com-
pounds® such as [carbonyl-''Clureas, [carbonyl-"'C]carbamates and [car-
bonyl-""C]carbonates from amines and/or alcohols.

Q \/“\/ i
)k/R Ureas F\

\ , / Carbamates
Amides R )k
R
\
e °
/ R
Ketones
H o R)k” =
Aldehydes
Imides
* o

Carboxylic adids

Sche]:lme 2: Some examples of target molecules obtained from [''C]carbon monoxide.
*="0C.
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1.4 Objectives

The work presented in this thesis is aimed at further exploring the synthetic
possibilities of [''C]carbon monoxide, focusing on the following transition
metal-mediated reactions (Scheme 3):

- Palladium in C-C bond formation reaction. A synthetic methodology
for [carbonyl-"'Clketones was designed.

- Rhodium was used for reactions with the intermediates nitrenes and
carbenes. Synthetic pathways involving the versatile ''C-labeled pre-
cursors [carbonyl-''Clisocyanate and [carbonyl-''Clketene was de-
signed and proof of concept obtained.

Both of these strategies are intending to expand the field of compounds la-
beled with ''C with a high specific radioactivity and thus open new routes
for the synthesis of potential PET-tracers.

[Pd] [RA]

Scheme 3: Synthetic strategies in this thesis. * =''C.
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2 Palladium-mediated synthesis of [carbonyl-
HC)ketones from [''C]carbon monoxide
(Paper II)

The value of palladium in catalytic carbonylation reactions from halides or
triflates and carbon monoxide at high concentration is well known,* and a
wide variety of carbonyl compounds can be obtained by reaction of different
nucleophiles. Ketones are obtained by the addition of a transmetallation re-
agent and in the Stille coupling, organostannanes are used.* In this report,
the [''C]carbon monoxide is used in very low concentration and is intro-
duced in the carbonyl position via a palladium-mediated reaction from the
corresponding iodide.

2.1 Stille coupling using [''C]carbon monoxide

The large concentration excess of other reagents compared with [''C]carbon
monoxide should not allow the description of the reaction mechanism as a
catalytic cycle as originally reported*®. Under the low [''C]carbon monoxide
concentration conditions used, the palladium catalyst may not be regenerated
(Scheme 4) and can be considered as a stoichiometric reagent’’. Four basic
steps are proposed to be involved in this mechanism:

1) Oxidative addition: The halide or triflate, RX reacts with the palla-
dium(0) species, and the carbon-halide bond breaks to form two -
bonds with the palladium atom. The palladium is oxidized to palla-
dium(II) in this process.

2) Insertion of [''C]carbon monoxide.

3) Transmetallation. Alkyl or aryl groups (R’) are transferred from the
organostannane to the palladium.

4) Reductive elimination. The alkyl or aryl (R’) group migrates from
the palladium-acyl complex to the carbonyl group.

16
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Scheme 4: Mechanistic steps of the palladium-mediated synthesis of [''C-
carbonyl]]ketones: (1). Oxidative addition. (2) Insertion of [''C]O. (3) Transmetalla-
tion. (4) Reductive elimination. * = ''C.

This method is limited to organic halides or triflates without hydrogens on
sp> carbons in SA-positions to avoid unwanted Bhydride elimination (Scheme
5). This side reaction competes with the insertion of carbon monoxide into
the palladium-alkyl complex and is a barrier to the full completion of the
carbonylation reaction.

Pd(0) - HX
R R AT

Scheme 5: f-hydride elimination of a c-alkyl palladium(IT) complex.

In a few cases, the competition between S-hydride elimination and
[''C]carbon monoxide insertion has been studied, and the desired compound
1-(2-phenyl-[carbonyl-"'C]propanoyl)pyrrolidine was obtained as the main
product.*®

Several palladium-mediated syntheses of [carbonyl-''Clketones have been
reported. Carbonylative Stille coupling was used in one method based on
bubbling [''C]carbon monoxide into the reaction mixture®® and gave a trap-
ping efficiency lower than 10 %. Another method in which [''C]carbon
monoxide is bubbled into a reaction mixture was a palladium(Il)-mediated
reaction starting from diaryl-iodonium salts coupled with organostannanes.*’
The radiochemical yields were determined up to 98% but with extremely
low trapping efficiency. The same procedure starting from iodides was still
not successful.’® This problem was partially solved by recirculating the
[''C]carbon monoxide in the reaction mixture.*” This technique was em-

17



ployed for a palladium-mediated carbonylation of ''C-labeled aromatic ke-
tones and trapping efficiencies over 95 % were obtained.

An alternative was to use the Suzuki coupling’’, giving [carbonyl-
"'Clbenzophenone in 69% radiochemical yield®”*>. The micro-autoclave
system using aryl triflates gave radiochemical yields up to 68% and specific
radioactivities up to 642 GBg/umol>. This synthetic method could be further
exploited in the reductive amination of the synthesized [carbonyl-
"Clketones™.

2.2 Synthesis of aryl[carbonyl-''C]ketones (Paper II)

The synthesis of [carbonyl-''Clacetophenone was chosen as a model reac-
tion. Phenyl iodide and SnMe, were chosen as starting materials together
with [''CJcarbon monoxide (Scheme 6).

o)
["'clo, SnMe, *
_—

[Pd]

Scheme 6: Synthesis of [carbonyl-''CJacetophenone. * = ''C.

In all syntheses, the major labeled by-product was the corresponding car-
boxylic acid, which can be explained by the competing nucleophilic attack
of water on the palladium-acyl complex, thus anhydrous conditions are re-
quired.

18



Table 2: The impact of various ligands and palladium complexes on the radiochemi-
cal yields in the synthesis of [carbonyl-''C]acetophenone.

Entry | Palladium complex Ratio Solvent TE (%) | RCY',%,
[Pd]: L (n)* (n)*
1 PdCl,(dppe), - THF /NMP | 85+3(2) | 5+2(2)
2 Pd(PPh;), - THF 91+2M&) | 7£2(4)
3 PdCl1,P(o-tol), - THF / NMP 92 6
4 Pdy(dba); : AsPhs 1:4 THF 95+£2(12) | 50+£3(2)
5 Pd,(dba); : dppf 1:1 THF 92 40
6 Pd,(dba); : P(o-tol); 1:4 DMF 90 8
7 Pd,(dba); : P(o-tol); 1:4 DMSO 95+1(12) | 49+£1(2)
8 Pd,(dba); : P(o-tol); 1: 12 DMSO 98+1 (N | 72+£3(7)

* The radiochemical analytical yield is based on a sample withdrawn from the reac-
tion mixture. * The figure in brackets is the number of runs.

Several parameters were systematically evaluated to find the reliable proce-
dure. In the synthesis of [carbonyl-''Clacetophenone (Table 2), the most
efficient palladium complex was found to be the complex formed by the in
situ mixture of Pd,(dba); and P(o-Tol); (entry 8) with DMSO as the solvent,
giving an analytical radiochemical yield of 72% with a variation of + 3%. A
key detail in the efficiency of this synthesis was the dependence of the radio-
chemical yield of having a large excess of the ligand P(o-Tol); to the palla-
dium(0) source Pd,(dba);. This fact can be explained by the need of a stable
saturated palladium(0) complex to conduct the reaction under optimal condi-
tions. The choice of P(o-tol); was justified by its lower electron-donating
character, compared to PPh;, which may enhance the transmetallation rate.
The bulkiness of P(o-tolyl); (cone angle: 194 °) is presumed to improve the
reactivity of the palladium complex.

Optimal results were obtained with temperatures around 100-125 °C. At
reduced temperatures, the insertion of carbon monoxide into the palladium
complex and transmetallation does not occur cleanly and at higher tempera-
tures, the formation of unwanted carboxylic acids was increased.

An alternative synthetic route was tested using iodomethane and tributyl-
phenyltin under the same conditions (Scheme 7) resulting in an improved
radiochemical yield and trapping efficiency of 91% and 98% respectively,
which is probably due to a higher relative transfer rate of aryl to alkyl groups
from tin to palladium®”.
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[''C]O, PhSnBu; *
CHl S
Pd,dbaz P(o-tol);

Scheme 7: Alternative route for the synthesis of [carbonyl-''Clacetophenone.
*=1c,

This synthetic methodology was successfully applied to the synthesis of
twenty different [carbonyl-''Clketones. In the synthesis of these [carbonyl-
"'Clketones many different parameters were investigated:

- Different organostannanes were tested with phenyl iodide.

- Different organostannanes were tested with methyl iodide.

- Phenyl iodides with different substituent in para position were tested

with SnMej.
- Different heterocyclic and alkyl iodides were tested with SnMe,.

1. Reactivity of phenyl iodide with different organostannanes.

Several alkyl-donor organostannanes were reacted with phenyl iodide
(Scheme 8).

[''ClO, RSnR'; * SR
—_—
Pd,dbag, P(o-tol);

(1) R = CH,
(2) R = CH,-CH

(3) R=(CH,),-CHj3
(4) R =(CH,);-CHj3

Scheme 8: Synthesis of [carbonyl-''CJketones from phenyl iodide. * =''C.

Trapping efficiency of [''C]carbon monoxide was in all cases almost quanti-
tative. 1-Phenyl-[carbonyl-"'C]propan-1-one (2) was synthesized in 60%
RCY and 98% TE under the same conditions, but in the cases of 1-
phenyl[carbonyl-""C]butan-1-one (3) and 1-phenyl[carbonyl-''C]pentan-1-
one (4), an increase in temperature to 150 °C was required.
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Table 3: Reaction conditions and RCY for the synthesized [carbonyl-"'Clketones.

Entry | Product T (°C) TE (%) (n)° RCY?* (%) (n)°
1 1 100 98 +1(7) 72 +3 (7)
2 2 100 98 +1(3) 60+1(3)
3 3 150 97+ 1 (3) 65+2(3)
4 4 150 97+ 1 (3) 37+1(3)

* RCY: radiochemical analytical yield, based on a sample withdrawn from the reac-
tion mixture. ° Numbers in brackets show the number of runs.

2. Reactivity of para-substituated phenyl iodides with tetramethylstannane

Eight substituted aryl halides were tested with the present method in order to
observe the influence of functional groups on reactivity (Scheme 9).

o

["'ClO, Me,Sn * “Me
—_—

Pd,dba, P(o-tol);
R

(5 R=0CH; (9)R=OH
(6)R=NH,  (10) R=COOH
(HR=Cl (1) R=CN
@®R=CH; (12 R=NO,

Scheme 9: Synthesis of para-substituted phenyl[carbonyl-''Clketones. * = ''C

The corresponding methyl [carbonyl-''Clketones were synthesized (Table
4), giving improved radiochemical yields in the range of 49 to 75%. The
synthesis of 4’-hydroxy[''C-carbonyl]acetophenone (9) gave best results
when starting from the protonated 4-iodophenol generated from HCL. The
reverse phenomenon was observed for the synthesis of 4-acetyl[carboxyl-
"C]benzoic acid (10) where the protonated 4-iodobenzoic acid decreased the
radiochemical yield.
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Table 4: Radiochemical yields for the synthesized [carbonyl-"'Clketones.

Entry | Product | T (°C) TE(%) (n)" RCY* (%) (n)°
1 5 100 96 + 2 (3) 68 +2 (3)
2 6 100 96 + 1 (3) 75+ 1 (3)°
3 7 100 98 + 1 (3) 62+ 5 (3)
4 8 100 95 +2 (3) 73 +2 (3)
5 94 100 91 +3(3) 75+ 4 (3)
6 10 100 94 + 1 (3) 56+ 1(3)
7 11 100 88 £ 1(2) 49+ 1 (2)
8 12 80 92+ 1 (2) 49+ 1(2)

* RCY: radiochemical analytical yield, based on a sample withdrawn from the reac-
tion mixture. ® Numbers in brackets show the number of runs. ¢ The isolated RCY
was determined at 69%. ¢ Reaction made using HCl salt of the halide 4-iodophenol.

The effects of temperature and reaction time were explored for the synthesis
of 1-(4-nitrophenyl)[carbonyl-"'Clethanone (12) (Table 5). Increasing the
temperature only had a moderate influence on the RCY and decreasing tem-
perature slightly affected the trapping efficiency (Table 5, entries 4-7). How-
ever, by increasing the reaction time it was possible to partly overcome this
problem (Table 5, entry 6).

Table 5: Effects of temperature and reaction time in the synthesis of 1-(4-
nitrophenyl)[carbonyl-''C]ethanone (12).

Entry Product T (°C) TE(%) (n)" RCY* (%) (n)°
1 12 140 82 40
2 12 100 87 41
3 12 80 92+1(2) 49+1(2)
4 12 60 88+ 1(2) 41+4(2)
5 12 30 66 40
6° 12 30 76+ 4 (2) 28+ 1(2)
7 12 r.t. 41 65

* RCY: radiochemical analytical yield, based on a sample withdrawn from the reac-
tion mixture.” Numbers in brackets show the number of runs. ¢ Reaction time: 8 min.
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3. Reactivity of heterocyclic iodides with tetramethylstannane

0
["'ClO, Me,Sn )k
RI E——
Pd,dbag, P(o-tol); R™ *
[VaVaUaVal
N
D
G
N
as)
1e)

\

a7n 1)
Scheme 10: Synthesized heterocyclic [carbonyl-'"'Clketones. * =''C
Several heterocyclic [carbonyl-"'Clketones were successfully synthesized
(Scheme 10) starting from the corresponding heterocyclic iodides. The lower
RCY of 1-(pyrazin-2-yl)[carbonyl-'"'Clethanone (17) (Table 6, entry 3)

could be explained by the lower purity of the precursor 2-iodopyrazine, and
higher temperatures could favour competitive side-reactions.

Table 6: Radiochemical yields for the synthesized [carbonyl-''Clketones.

Entry | Product | T (°C) TE(%) (n)° RCY* (%) (n)°
1 13 100 91 +3 (4) 61 +1(4)
2 16 150 92+1(2) 63+2(2)
3 17 50 68 3 (5) 46 + 10 (5)
4 18 100 98 + 1 (3) 71+1@3)

* RCY: radiochemical analytical yield, based on a sample withdrawn from the reac-

tion mixture. ° Numbers in brackets show the number of runs.
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4. Reactivity of methyl iodide with different organostannanes.

The synthetic use of methyl iodide was investigated (Scheme 11). As previ-
ously mentioned, methyl iodide can be considered as an alternative starting
material when the rate of the alkyl transfer from tin to palladium is insuffi-

cient.
O
[11C]O, RSNnR'; @*R
CHjl e
szdba3, P(O—t0|)3
D)R= (3)R= X LLLL
=
N

(20) R=CH,
Scheme 11: Synthesis of [carbonyl-''C]ketones from methyl iodide. * = ''C.

Using this strategy [carbonyl-"'Clacetophenone (1), [carbonyl-"'C]3-acetyl
pyridine (13), [carbonyl-''C]2-acetylthiophene (18) and [carbonyl-''C]2-
acetylfuran (19) can be obtained almost quantitatively, starting with methyl
iodide and the corresponding organostannanes (Table 7). [carbonyl-
""C]Acetone (20) was also synthesized (entry 5, Table 7) from the readily
available precursors methyl iodide and SnMe,. This result is reproducible
which makes possible further exploitation of this versatile compound.
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Table 7: Radiochemical yields for the synthesized [carbonyl-"'Clketones.

Entry | Product | T (°C) TE(%) (n)" RCY* (%) (n)°
1 1 100 98 + 1 (3) 91 +1(3)
2 13 100 97 + 1 (3) 93 +2 (3)
3 18 100 95 + 1 (4) 98 + 1 (4)
4 19 100 96 + 1 (4) 95+ 1 (4)
5 20 100 95+ 1(2) 97+ 1(2)

* RCY: radiochemical analytical yield, based on a sample withdrawn from the reac-
tion mixture. > Numbers in brackets show the number of runs.

In general, the radiochemical yields obtained are dependant on the relative
transfer rate for the different groups from tin to palladium™® alkynyl > al-
kenyl > aryl > benzyl > alkyl.
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3 Rhodium-mediated synthesis of 11C-labeled
carbonyl compounds (Paper I, I11-V)

Isocyanates’® and ketenes®’ are well known intermediates in organic synthe-
sis. Rhodium has been used in carbonylation reactions involving [''C]carbon
monoxide to design a synthetic methodology from [carbonyl-''Clisocyanate
and [carbonyl-"'Clketene and both model compounds and biologically active
compounds were successfully.

3.1 Synthesis of ''C-labeled compounds via isocyanate
(Paper I, IIL,V)

3.1.1 Properties of isocyanates

Aliphatic and aromatic isocyanates are widely used as building blocks for
more complicated molecules and are considered as versatile precursors in
organic synthetic chemistry. Many are produced using Isocyanates interme-
diates are involved in the industrial production of polymers and agricultural
or pharmaceutical compounds™. There are methods for synthesizing isocy-
anates but the syntheses from sodium azides and acyl chloride compounds™,
or from phosgene and amines® have been of a great importance.

Some synthetic functional groups obtained from isocyanates are presented
in Scheme 13. Isocyanates readily undergo nucleophilic addition yielding
products almost quantitatively. The reactivity of an isocyanate to nucleo-
philic attack can be explained by understanding the electronic structure of
the isocyanate group (Scheme 12), the charge density is greatest on the oxy-
gen and lowest on the carbon.

R—N—/ 9— (@) R R—N—/—C—/—0 B S R— [:]— 9: (@)

Scheme 12: Resonance form of the isocyanate group.
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Scheme 13: Potential compounds obtained from isocyanate groups.

The isocyanate electron z-system allows several types of cycloaddition reac-
tions to occur such as [2+2], [2+3] and [2+4] in the synthesis of heterocyc-
lics.

3.1.2 Rhodium-mediated synthesis of isocyanates

Nitrene intermediates can complex with transition metals to form metal
complexes of molecular nitrogen.®' In contrast to the well-defined reactivity
of diazo compounds with transition-metal complexes, activation of azide
derivatives to produce nitrene metal species is not as common®, although
both reactions involve the loss of nitrogen. However, recent studies have
shown the feasibility of preparing imido complexes from organic azides and
manganese complexes™. Metal nitrene complexes have found synthetic ap-
plications in both aziridination reactions®* and C-H amination insertion reac-
tions.**

Collman has reported a synthesis of isocyanate from azides and carbon
monoxide in the presence of iridium complexes®. Collman stated®®: “in the
absence of a metal complex, CO and organic azides do not react at a measur-
able rate”. However in 1968, Bennett and Hardy published a synthesis of
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phenyl isocyanate, based on the formation of nitrene from an azide com-
pound, which reacted together with carbon monoxide®” at high temperature
(160-180°C) and high pressure (200-300 atm). Phenyl azide has also been
shown to undergo a carbonylation reaction by a catalytic process involving
the action of rhodium complexes and carbon monoxide at high pressure
(150-300 atm) and high temperature (160-180°C) resulting in the corre-
sponding isocyanate®®.

The presented method deals with the characteristics of rhodium com-
plexes when reacting with carbon monoxide in the presence of a nitrogen
atom. In order to form the ''C-isocyanate we assumed that the nitrene, as a
reaction intermediate produced from an azide, would react with [''C]carbon
monoxide in the presence of a transition metal complex such as the rhodium
complex to yield the [carbonyl-'"'Clisocyanate (Scheme 14).

[1 1 C]O
Rh complex
R—N; - R—N=—C=—0 + N2

Transformation

Applications
Scheme 14: Plan for the synthesis of [carbonyl-''Clisocyanate. T=1c,

The [carbonyl-"'Clisocyanate could then be utilized as a synthetic interme-
diate which may undergo several transformations via different processes.

3.1.3 Synthesis of N,N -diphenyl[''CJurea and ethyl
phenyl[''C]carbamate (Paper I)

The synthesis of N,N’-diphenyl[''CJurea was chosen as a model reaction.
The formation of the phenyl isocyanate intermediate occurred by the reac-
tion of phenyl azide in the presence of a rhodium complex, and [''C]carbon
monoxide. The final product was formed by the nucleophilic attack of ani-
line (Scheme 15).
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[1 1C]O
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PhNH,
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Scheme 15: Synthesis of N, N -diphenyl[''Clurea. * =

A one-pot synthesis of N,N’-diphenyl[''Clurea was developed, in which
aniline was directly placed with the other reagents in the micro-autoclave.
The first observation was that the reaction proceeded without the addition of
a transition metal complex (Table 8, entry 1). These results are in agreement
with Bennett and Hardy’s conclusions. The character of the rhodium com-
plex which allows the coordination of [''CJcarbon monoxide and controls
the reactivity of the nitrene was explored, the results are shown in Table 8.
The first complex tested was rhodium(II) acetate which did not give the an-
ticipated results, despite confirming that the reaction could proceed at a
lower temperatures. Rhodium(I) complexes were then tested, starting with
Wilkinson’s catalyst RhCI(PPhs);. An important observation at this stage
was the yield dependence on the amount of rthodium complex. A catalytic
amount (0.01 equiv.), with respect azide, of rhodium complex was found to
be necessary. This fact can be explained by the formation of a stable ''CO-
coordinated rhodium complex. Interestingly, this system also proceeded at
60°C. After extensive studies, the best conditions were obtained by using a
coordinatively unsaturated rhodium(I) complex formed in situ by mixing
[RhCl(cod)], and two equivalents of dppe. This system gave the N,N'-
diphenyl[''CJurea in 85% RCY (entry 10, Table 8).
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Table 8: Radiochemical yields and trapping efficiency of the synthesized N,N’-
diphenyl[''CJurea.

Entry Rh Complex Ratio T TE (%) RCY (%)*
azide:Rh | (°C) (n)° (n)°
1 - - 190 33 67
2 [Rh(OCOCH3;),], 1:0.2 120 30 71
3 RhCI(PPhs); 1:0.1 | 120 60 74
4 RhCI(PPhs); 1:001 | 120 | 63=1(2) | 89%1(2)
5 RhCl(cod),/ 4 P(o-tolyl); 1:0.01 80 50 70
6 [RhCl(cod)],/ 4 PPh, 1:0.01 | 120 80 74
7 [RhCl(cod)]y/ 4 AsPh, 1:0.01 | 120 24 80
8 [RhCl(cod)],/ 2 dppp 1:0.01 120 69 70
9 [RhCl(cod)],/ 2 dppf 1:0.01 | 120 | 69£3(3) | 79<6(3)
10 [RhCl(cod)],/ 2 dppe 1:0.01 120 | 85+6(6) | 85+4(6)

*RCY: radiochemical analytical yield, based on a sample withdrawn from the reac-
tion mixture. ° Numbers in brackets show the number of runs.

PPh;, dppp and dppf were also proved to be relatively effective ligands for
this reaction (entries 6, 8 and 9, Table 8). However, the use of an excess of
phosphine ligands, based on the associative mechanism of rhodium chemis-
try, was found to be totally ineffective.

This methodology was applied to the synthesis of ''C-labeled carbamates,
choosing ethyl phenyl[''C]carbamate as the model (Scheme 16).

[''clo Q
[RhCl(cod)]»/dppe )L
Ny ——— N~ * “OEt
EtOH H

Scheme 16: Synthesis of ethyl phenyl[''C]carbamate. * = ''C.

The same procedure was used as the synthesis of N, N -diphenyl[''CJurea but
using ethanol instead of aniline as the nucleophilic reagent. This reaction
gave the desired ethyl phenyl[''C]carbamate with 70% trapping efficiency
and 22% radiochemical yield (Table 9, entry 2). This result can be explained
by the weaker nucleophilicity of ethanol compared to aniline. However,
small improvements in trapping efficiency and radiochemical yield were
observed when using 3eq. of dppe to [RhCl(cod)],. Increasing of tempera-
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ture to 150 °C improved the RCY (70%) (entry 3, Table 9). The addition of
lithium salts, focusing on the enhancement of the reactivity of ethanol on
[carbonyl-"'Clisocyanate, did not give satisfying results and was abandoned.
The direct addition of alkali metal ethoxides increased the RCY and the
trapping efficiency. Among the different ethoxides tested, lithium ethoxide
was the most efficient and gave the best RCY (Table 9, entry 6).

Table 9: Radiochemical yields for ethyl phenyl[''C]carbamate

Entry Rh Complex Additive | TE (%) (n)° | RCY (%)" (n)°
1 RhCI(PPh;); - 27 34
2 [RhCl(cod)],/ 2dppe — 70£2(2) 22 +3(2)
3* | [RhCl(cod)],/ 3dppe - 70+2 (2) 70+ 3 (2)

[RhCl(cod)],/ 4dppe — 50 50

[RhCl(cod)],/ 3dppe EtOLi 90+2(4) 74 £4 (4)

4
5 | [RhCl(cod)]/ 3dppe | LiBr | 76+5(2) 35+5(2)
6
7

[RhCl(cod)],/ 3dppe | EtONa 90 54

8 [ [RhCl(cod)],/ 3dppe | EtOK 94 60

“The reaction was conducted at 150°C. ® RCY: radiochemical analytical yield, based
on a sample withdrawn from the reaction mixture. © Numbers in brackets show the
number of runs.

3.1.4 Proposed reaction mechanism

Since the isocyanate functional group (1 in Scheme 17) normally undergoes
nucleophilic attack by ethanol to give ethyl phenylcarbamate formation®,
this may indicate that the ''C-isocyanate-coordinated rhodium complex (2 in
Scheme 17) is the main intermediate present in the reaction mixture in ex-
cess compared to [carbonyl-''Clisocyanatobenzene.”’ The reaction might
also be concerted’" and so the presence of a stronger nucleophile is required.
Since isocyanates can complex with transition metal to give isocyanate-
metal complexes, an equilibrium between the two species could occur” and
slow down the reaction process.
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[''CICO, Rh(1)

Ph—N, N—> Ph—N---Rh()L,~~C=0
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/N - Rh(IL,
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C *
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(e}
Nucleophile
Nucleophile
Final Product

Scheme 17: proposed mechanism for the synthesis and reactivity of [carbonyi-
"Clisocyanate. * = ''C.

This may be the explanation of the data indicating that the nucleophilicity of
aniline is sufficient in the previous N,N’-diphenyl[''Clurea synthesis, but
that ethanol is inadequate to produce the ethyl phenyl[''C]carbamate prop-
erly under similar conditions.

3.1.5 Synthesis of [''CJhydroxyurea (Paper III)

[''C]Hydroxyurea was the first biologically active compound synthesized
with this method. Hydroxyurea is a commonly used anti-cancer drug’>. Hy-
droxyurea has previously been labeled with [''C]carbon in the carbonyl posi-
tion using [''C]cyanate and hydroxylamine hydrochloride” in 72% radio-
chemical yield, but it was impossible to obtain a pure fraction The penetra-
tion of hydroxyurea into the brain through the Blood Brain Barrier (BBB)
has not been studied with PET yet.

A two-pot synthesis of [''Clhydroxyurea was designed, starting from the
commercially available compounds azidotrimethylsilane, [Rh(cod)Cl)],, the
ligand dppe, o-(trimethylsilyl) hydroxylamine as the nucleophile and
[''C]carbon monoxide (Scheme 18).
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NH, [Rh(cod)Cl],/dppe )L
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| | 2) EtOH/H,0O H

Scheme 18: Synthesis of [''C]hydroxyurea.* = ''C.

The same procedure developed for the synthesis of N,N’-diphenyl[''Clurea
was used, deprotection of the trimethylsilyl groups was done using ethanol.
After purification and formulation, the desired product was obtained in 38 £
3% decay-corrected radiochemical yield. The radiochemical purity was
measured to be higher than 99%. The compound was identified by a labeling
experiment with both ''C and "C in order to analyze the obtained
(®C)hydroxyurea by C-NMR and to compare it with a cold reference hy-
droxyurea. The results agreed with previous published NMR analysis’*.

The very high polarity of this compound was an obstacle to obtain sufficient
retention on a HPLC column.” The low molecular weight of this compound
is another problem to perform clear analysis and identification by LC-MS.
However, a derivative of hydroxyurea, 1-hydroxy-3-phenyl[''Clurea was
synthesized using a similar procedure starting from phenylazide (Scheme 19)
in 35 £ 4% isolated radiochemical yield and identified by LC-MS.

| 1) ["'clo

NH, [Rh(ood)CI]Q/dppe )L
Ny + —S—0 /
| 2) EtOH/H,O

Scheme 19: Synthesis of 1-Hydroxy-3-phenyl[''Clurea. * ="'C.

The availability of [''Clhydroxyurea would allow PET studies on the organ
distribution and kinetics of hydroxyurea, especially with respect to access to
tumors and normal organs, including transport over the BBB.”® Furthermore
there is an interest in the evaluation of possible pharmacokinetic interactions
by other pharmacological agents, e.g. acting on the efflux systems.
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3.1.6 Synthesis of 3-phenyl[carbonyl-''Cloxazolidin-2-one
(Paper V)

The reactivity of [carbonyl-"'Clisocyanate in [2+3] cycloadditions with ep-
oxides was also explored. This reaction affords five-membered heterocycles,
generally the [2+3] cycloaddition reaction occurs across the CN double bond
to give 2-oxazolidinones’’ and is catalyzed by lithium salt phosphine ad-
ducts, aluminum trichloride and calcium ethoxide. The reaction proceeds via
interception of thermally generated 1,3-dipolar intermediates and it has been
shown that the reaction does not take place unless the catalysts initiate the
ring opening of the epoxides’ (Scheme 20).

v o _O/—' ﬂ, /——\NR

(O]
Scheme 20: Mechanism for the [2+3]cycloadditions of epoxides with isocyanates.

It has also been demonstrated that Bu;Snl-Ph;PO causes the complete reac-
tion of aryl isocyanates with epoxides to give 2-oxazolidinones in good
yields.” Unsymmetrically substituted 1,2-epoxides give mixtures of iso-
meric oxazolidinones.®” These cycloaddition reactions usually proceed
across the CN double bond of the isocyanate, but examples of addition
across the CO double bond are also known."

The synthesis of 3-phenyl[carbonyl-''Cloxazolidin-2-one was chosen as a
model reaction, starting from [''C]carbon monoxide, the rhodium complex
[Rh(cod)Cl)],, the ligand dppe, phenyl azide and ethylene oxide (Scheme

21).
Ns ['clo
[RhCl(OOd)]z/dppe

Ethylene oxide

Scheme 21: Synthesis of 3-phenyl[carbonyl-"'Cloxazolidin-2-one. * = l]C.

For the first test reaction, the same conditions as previously described were
used, with ethylene oxide and THF as the solvent. Althought the radio-
chemical yield was low (Table 10, entry 1), the results obtained under these
conditions showed that the reaction was possible. Inorganic salts were intro-
duced into the reaction media in order to perform the epoxide ring opening
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under mild conditions. Tetrabutylammonium iodide (represented as QI in
Table 10) coupled with the change of solvent to dioxane and an increase of
temperature to 190°C, improved the radiochemical yield to 49%. The addi-
tion of a second solvent DMF to help the solubility of tetrabutylammonium
iodide was able to improve the radiochemical yield up to over 80 %. How-
ever, the reproducibility of these results is highly related to anhydrous condi-
tions, the reaction was found to be highly sensitive to moisture, the 1,3-
dipolar intermediate shown in Scheme 20 was found to be very sensitive to
attack by water.

Table 10: Radiochemical yields for 3-phenyl[carbonyl-''Cloxazolidin-2-one.

Entry Solvent T(CC) Additives RCY (%)* TE (%)
1 THF 120 - 25+£1(12) | 80£2(2)
2 Dioxane 190 QI 49 50
3 Dioxane 190 QI in DMF >80 >90
4 THF 160 LiBr 60+5(4) | 90+5(4)

* RCY: decay-corrected analytical radiochemical yields, calculated from the total
amount of radioactivity present in the reaction mixture at the start of the synthesis. °
Numbers in brackets show the number of runs.

2-lodoethanol was used instead of ethylene oxide but gave no product. 3-
Phenyl[carbonyl-''CJoxazolidin-2-one could only be synthesized in a 30%
RCY by the addition of a mild base, PMP. A key step for good reproducibil-
ity appears to be the oxazolidinone ring closure, more than the ethylene ox-
ide ring opening.
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3.2 Synthesis of ''C-labeled compounds via ketene
(Paper 1V)

The results obtained on the synthesis of [carbonyl-"'Clisocyanate from azide
compounds and [''C]carbon monoxide suggested the possibility of obtaining
[carbonyl-""C]ketene using the same strategy. The starting diazo compounds
would complex with rhodium to form a rhodium-carbenoid complex.

3.2.1 Properties of ketenes

The first ketene synthesis reported was made in 1905 by Staudinger when
synthesizing diphenylketene. * This preparation involved the reaction of a-
chlorodiphenylacetyl chloride with zinc. The chemical utility of ketenes was
recognized quickly and these species became a popular topic of investiga-
tion. For many years, the hydration of ketene was a major industrial process
in the preparation of acetic acid. **
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Scheme 22: Potential compounds obtained from ketene groups
Ketenes have been also of major importance in organic synthesis, for exam-
ple in the formation of p-lactams leading to penicillins® by
[2+2]cycloadditions with imines, the formation of prostanglandin precur-

sors®, and syntheses of quinones™. Some potential target compounds™ ob-
tained from ketenes are shown in Scheme 22.
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3.2.2 Rhodium mediated synthesis of ketenes

Diazo compounds are an important class of reagents in organometallic
chemistry especially regarding formation of metallocarbene complexes®’.
The reactivity of these complexes has found interests in cyclopropanation of
olefins® and C-H bond activation®. Divalent rhodium such as
[Rh(OCOCHj;),], are among the most efficient catalysts for the formation of
disubstituted cyclopropanes from ethene and diazoalkanes derivatives™.
Synthesis and isolation of carbene-rhodium(I) complexes prepared from
diazoalkanes have also been described”’ (Scheme 23).

L
[RCiLl, S _R
CRN, — > O—Rh—
e R

L
Scheme 23: Typical formation of carbene-rhodium(I) complex from diazoalkane.

Concerning the carbonylation of carbenes, Riichardt and Schrauzer have
examined the reactivity of some diazo compounds with tetracarbonyl-
nickel’””, finding that the final product was the corresponding ketene. The
initial step of the reaction possibly involves an attack on Ni(CO), by the
basic carbon of the diazoalkane, leading to carbonyl substitution. Elimina-
tion of nitrogen yielded a highly unstable metallacarbene complex, which
decomposes to a ketene compound via insertion of carbon monoxide into the
carbene-metal bond. Insertion of free carbon monoxide into a carbene-
rhodium bond has also been reported, in the isolation of a n'-ketenyl rho-
dium complex. ”

R [1 1 C]O R\
Rh complex c—c—0 " N,
C:N2 —_— — «
R
R
Transformations
Applications

Scheme 24: Plan for the synthesis of [carbonyl-''C]ketene. * = "'C.

This information pointed towards the possibility to synthesize a carbene-
rhodium complex from a given diazo compound and rhodium where
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[''C]carbon monoxide could insert into the rhodium-carbon bond and yield
the desired [carbonyl -''Clketene (Scheme 24), indicating that [carbonyl -
"Clketene might be a versatile precursor for further applications.

3.2.3 Synthesis of diethyl[carbonyl-''Clmalonate (Paper IV)

Diethyl malonate is a natural compound, found in grapes and strawberries
with an apple-like odor. The malonic esters have also widely been used in
organic synthesis as a two-carbon nucleophilic synthon®*. The synthetic util-
ity of this class of compounds is shown in Scheme 25. The electron with-
drawing effect of the two esters groups make the methylene proton easy to
remove under basic conditions. Alkylation reactions can occur via an elec-
trophilic attack, for example with an alkyl halide.

O (0] o) o)
1 1
—_— J J
RO OR RO - OR
S)
R'X l
O (@)
ROMOR
R

Scheme 25: Reactivity of malonic esters towards alkylation reactions.

Several malonic esters have been labeled with [''C]H;I using this alkylation
strategy, althought the radiochemical yields were satisfying, this synthesis is
limited to compounds containing the ''C-label on an alkyl group”.

Labeling with [''C]carbon monoxide could solve this problem and a more
general methods for labeling malonic esters in the carbonyl position is possi-
ble. The availablity of [carbonyl-"'Clketene as an intermediate was explored
for the synthesis of diethyl[carbonyl-''C]malonate (1) in Scheme 26. The
starting material was the commercially available ethyl diazoacetate (Scheme
26) and ethanol was used as the nucleophilic agent.
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Scheme 26: Synthesis of diethyl[carbonyl-'""C]malonate via [carbonyl-''Clketene
intermediate. * = "'C.

Rhodium(II) acetate was the first complex tested in this reaction (Table 11,
entry 1) yielding the wanted product in 25% radiochemical yield. The results
were improved by using the complex made in situ by mixing [RhCl(cod)],
and dppe giving diethyl[carbonyl-"'C]malonate in 44% radiochemical yield
(Table 11, entry 2). The late addition of ethanol in the reaction mixture per-
mitted an improvement of the radiochemical yield to 75% (Table 11, entry
3), probably due to the decomposition of ethyl diazoacetate in the presence
of ethanol. *°

Table 11: Different experiment conditions and RCY for the synthesis of diethyl[1-
"'Cmalonate.

Entry | Rhodium complex | T (°C) RCY' (%)* TE (%)*
1 Rh(OAc), 100 25 38
2 [Rh(cod)Cl],/dppe 100 44 78
3 [Rh(cod)Cl],/dppe’ 150 75+4(5) 85+5(5)

" RCY: decay-corrected analytical radiochemical yields, calculated from the total
amount of radioactivity present in the reaction mixture at the start of the synthesis. *
Numbers in brackets show the number of runs. * Late addition of EtOH.

In a pathway similar to the formation of [carbonyl-''Clisocyanate from azide
(Papers LIILV), the free [carbonyl-''CJketene might not be the reaction in-
termediate, but a ketene-rhodium complex”’ (Scheme 27). An equilibrium
between the two species can be considered since it has been shown that sta-
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ble ketene-metal complexes can be obtained by the addition of ketenes on
unsaturated organometallic complexes.”

R 0
OEt \
\C - o
cA § z
Ln---Rh(III)<*| —
C H OFt
\
o)

Diethyl[carbony!-''C}malonate
Scheme 27: Proposed reaction intermediates. * = ''C.

The ketene-rhodium complex is expected to have the same reactivity than
the ketene itself.”

An alkylation reaction on this compound was performed using ethyl io-
dide to synthesize diethyl diethyl[carbonyl-''C]malonate (2) in Scheme 28,
in order to test the availablity of diethyl[carbonyl-''C]malonate as a potential
precursor and intermediate for biologically active PET-tracers.

(e} o
N, O Mcjo
[Rh(cod)Cl]/dppe
_— C2H5O * OC2H5
EtOH %)

H OC,Hs

1) TBAF

2) Etl

o (e}
C,H50 * OC,Hs5

(2

Scheme 28: Synthesis of diethyl diethyl[carbonyl-"'C]malonate. * = ''C.
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Alkylation reaction on malonic esters usually involves the use of a strong
base such as sodium hydride in order to generate the carbanion. In this syn-
thesis, tetrabutyl ammonium fluoride was used to remove the methylene
proton under milder conditions'® to avoid interactions of a strong base with
potential substituents. Diethyl diethyl[carbonyl-''C]malonate was obtained
in 50 % radiochemical yield.
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Conclusion

The transition metals rhodium and palladium have been successfully used in
carbonylation for the rapid labeling of compounds with ''C in the carbonyl
position. Easy and reliable use of [''C]carbon monoxide at low concentration
was achieved.

Palladium was used in the design of a route for the general synthesis of
aryl [carbonyl-""Clketones. This method covers several synthetic possibili-
ties and high yields were obtained.

Rhodium has been succesfully employed in synthetic pathways involving
the precursors [carbonyl-'"Clisocyanate and [carbonyl-''Clketene. Model
compounds were synthesized in order to confirm this strategy.

The practical utility of [''Clisocyanate as a reaction intermediate was il-
lustrated by developing the synthesis of a biologically active compound.
The potential of [''Clhydroxyurea as a PET-tracer is now under investiga-
tion.

The rhodium and palladium carbonylation methods are complementary
with respect to the scope of the synthetic targets.

For all methods, high specific radioactivity was obtained. In addition,
(*C)compounds were synthesized using the described methods and position
of the label was confirmed by *C-NMR analysis.

The use of these methods are making possible labeling of several interest-
ing endogenous compounds
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Summary in swedish

Doktorsavhandlingen fokuserar p& forskning kring nya syntesmetoder for
mirkning av molekyler med kol-11 (''C) via 6vergingsmetall-medierad
karbonylering. Dessa metoder mojliggér syntes av en méngd olika sparmo-
lekyler som kan anvéndas vid positronemissionstomografi (PET). PET ér en
avbildningsteknik som maéter stralningen fran en sparmolekyl mérkt med en
positronemitterande - B’-radionuklid. Vid en PET-underskning introduceras
sparmolekylen i en levande organism och genom positronstralningen avbil-
das utbredningen och koncentrationen av sparmolekylen i vivnaden. En stor
fordel med PET ér att de mycket l&ga koncentrationerna av spdrmolekylen
mojliggdr studier av biokemiska processer utan att dessa stors fran normala
monster. Under de senaste drtiondena har framsteg inom synteskemi till-
sammans med vidareutvecklingen av utrustning for PET-unders6kningar
gjort PET till ett kraftfullt verktyg for sa vil diagnostik av sjukdomar, ut-
veckling av nya likemedel som medicinsk forskning.

"'C ér en vanligt forekommande positronemitterande radionuklid vid PET-
undersokningar. Halveringstiden for ''C &r 20 minuter vilket stiller krav pa
att méarkningen av sparmolekylen &r snabb och effektiv. Produktionen av det
radioaktiva materialet sker genom en kdrnreaktion och for det anvéinds en
cyklotron, en typ av partikelaccelerator. Det radioaktiva materialet anvénds
sedan i en kedja av av kemiska reaktioner vilka leder fram till den mérkta
sparmolekylen. Metoden som presenteras hir baseras pa [''Clkolmonoxid,
vilket i sin tur fas fran cyklotronproducerad [''Clkoldioxid.

Metallorganisk kemi tillhandahaller ett brett spektrum av syntesmetoder
vilket har givit tillimpningar for metall-katalyserade reaktioner inom manga
omréaden, bl.a. syntes av sparmolekyler for anvidndning vid PET. Arbetet
som presenteras i denna avhandling &r fokuserat pd Overgangsmetall-
medierad karbonylering och syftar till att utvidga mojligheterna att anvianda
[''C]kolmonoxid som radioaktivt startmaterial vid syntes av sparmolekyler.
Palladium har anvints tillsammans med [''C]kolmonoxid i reaktioner for
bildandet av kol-kol-bindningar. I denna metod for syntes av [karbony!-
""Clketoner anvindes Stille-koppling mellan organoiodider och organiska
tennforeningar i nirvaro av [''Clkolmonoxid. Metoden ticker flera syntes-
mojligheter och hogt utbyte erholls. Rodium anvindes i reaktioner dér in-
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termediaten nitrener och karbener erholls vilka sedan omvandlades till de tva
mangsidiga prekursorerna [karbonyl-''Clisocyanat and [karbonyl-''Clketen.

Modellféreningar syntetiserades for att konfirmera denna strategi: N,N -
Difenyl[''Clurea och etyl fenyl[''C]karbamat syntetiserades fran [karbonyl-
"Clisocyanat via nukleofil attack och 3-fenyl[karbonyl-''Cloxazolidin-2-on
via [2+3]cycloaddition med epoxider. [karbonyl-''C]Keten anvindes i synte-
sen av dietyl[karbonyl-''C]malonat via nukleofil attack.

Det praktiska anviindandet av [''CJisocyanat som reaktionsintermediat visa-
des genom att syntetisera [''Clhydroxyurea, en biologiskt intressant fore-
ning. Potentialen for [''Clhydroxyurea som sparmolekyl vid PET-
undersokningar dr nu under utredning. De bada metoderna, karbonylering
med rodium respektive palladium, kompletterar varandra och kan anvéndas
for att syntetisera ett stort antal foreningar mirkta med ''C med hog specifik
radioaktivitet. Dessa strategier ger dirmed mojlighet till att utveckla nya
sparmolekyler for anvandning vid PET-undersdkningar.
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