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ABSTRACT
Positron emission tomography (PET) is an imaging technique that can be used to follow
various biological processes, such as receptor function, in a living body. PET utilises
radiopharmaceuticals, tracers containing short-lived positron-emitting radioisotopes.
The aim of this thesis was to develop labelling methods using fluorine-18 and
18
F-labelled tracers in order to translate 18F-labelling methods to clinical
radiopharmaceutical production.
Traditionally, 18F-fluorination has been divided into electrophilic and nucleophilic
fluorination with “[18F]F+” and [18F]fluoride ([18F]F-), respectively. This thesis used the
recently developed approach of transition metal-mediated 18F-fluorination with copper
and ruthenium. In transition metal-mediated fluorination chemistry, the reactivity of
electrophilic fluorination and high molar activity of nucleophilic fluorination can be
combined.
The conditions for copper-mediated 18F-fluorination, including [18F]fluoride
activation, were optimised and the method utilised for production of the norepinephrine
transporter tracer [18F]NS12137 and the dopamine transporter tracer [18F]CFT. To
evaluate the usefulness of the new methodology compared to traditional electrophilic
18
F-fluorination, [18F]CFT was also produced via the electrophilic pathway.
Ruthenium-mediated 18F-fluorination was applied successfully to the production of a
new cannabinoid subtype 1 receptor tracer (CB1R), [18F]FPATPP. The tracer was
evaluated in mice and [18F]FPATPP found to be specific for CB1R with high uptake in
the CB1R-rich areas in the brain. These studies showed the suitability of transition
metal-mediated 18F-fluorination in the development of PET tracers. Another CB1R
tracer, [18F]FMPEP-d2, was translated to clinical production according to good
manufacturing practices (GMP) utilising an in-house built synthesis device. The
production was followed for 5 years.
KEYWORDS: fluorine-18, radiochemistry, radiofluorination, transition metal
mediated fluorination, PET, copper-mediated, ruthenium-mediated, GMP
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TIIVISTELMÄ
Positroniemissiotomografia (PET) on kuvantamistekniikka, jolla voidaan seurata
biologisia prosesseja, kuten reseptorien toimintaa, elävässä kohteessa. PETkuvantamisessa käytetään lyhytikäisillä positronisäteilevillä radionuklideilla leimattuja
radiolääkkeitä, merkkiaineita. Väitöskirjatutkimuksen tavoitteena oli kehittää 18F-leimausmenetelmiä ja 18F-leimattuja merkkiaineita sekä siirtää menetelmät kliiniseen
radiolääketuotantoon.
18
F-fluorileimausreaktiot jaetaan elektrofiiliseen fluoraukseen ”[18F]F+”:lla ja
nukleofiiliseen fluoraukseen [18F]fluoridilla ([18F]F-). Tässä väitöskirjatutkimuksessa
sovellettiin uutta siirtymämetallivälitteistä 18F-leimausta käyttäen hyväksi kuparia ja
ruteniumia. Siirtymämetallivälitteisessä 18F-leimauskemiassa yhdistetään elektrofiilisen fluorileimauksen reaktiivisuus ja nukleofiilisella fluorileimauksella saavutettava
korkea molaarinen aktiivisuus.
Työssä optimoitiin kuparivälitteisen 18F-leimauksen reaktio-olosuhteet ja [18F]F-:n
aktivointiolosuhteet. Menetelmää käytettiin noradrenaliinin kuljettajaproteiinimerkkiaineen [18F]NS12137:n ja dopamiinin kuljettajaproteiinimerkkiaineen [18F]CFT:n
leimaussynteeseissä. Uuden kuparivälitteisen leimausmenetelmän käytettävyyttä
arvioitiin vertaamalla menetelmää elektrofiiliseen 18F-leimaukseen valmistamalla
[18F]CFT:tä myös elektrofiilisesti. Ruteniumvälitteistä leimausmenetelmää käytettiin
onnistuneesti uuden kannabinoidireseptori 1 (CB1R) -merkkiaineen, [18F]FPATPP:n,
valmistuksessa. [18F]FPATPP:n toimivuus CB1R-merkkiaineena testattiin terveillä
hiirillä. Merkkiaine osoittautui spesifiseksi CB1R:lle, kertyen aivoalueille, joissa on
runsaasti CB1R:ta. Osatyöt osoittavat siirtymämetallivälitteisen 18F-leimauskemian
sopivan uusien PET-merkkiaineiden synteesikehitykseen. Toinen CB1R-merkkiaine,
[18F]FMPEP-d2, siirrettiin kliiniseen tuotantoon Hyvät tuotantotavat (Good
Manufacturing Practices, GMP) -ohjeistuksien mukaisesti. Merkkiaineen tuotannossa
käytettiin itserakennettua synteesilaitetta, ja tuotantoa seurattiin 5 vuoden ajan.
ASIASANAT: fluori-18, radiokemia, radiofluoraus, siirtymämetallivälitteinen
fluoraus, PET, kuparivälitteinen, ruteniumvälitteinen, GMP
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Introduction

Fluorine is the 13th most common chemical in the Earth’s crust, and the first fluoridecontaining mineral, fluorspar, also known as fluorite or calcium difluoride, was first
found in the 14th century by Georgius Agricola. In 1810, André-Marie Ampére
proposed fluorine was an element (Ampére 1816). However, elemental fluorine, F2, is
not naturally occurring and, due to its extreme reactivity, it was years before the
element was isolated. In 1886, Henri Moissan was the first chemist to successfully
isolate the elemental fluorine by temperature-controlled electrolysis (Moissan 1886),
for which he received the Nobel Prize in Chemistry in 1906:
“The whole world has admired the great experimental skill with which you have
studied that savage beast among the elements.” (Professor P. Klason in the Nobel
ceremony speech, December 10, 1906)

In 2020, the beast has been tamed for more than a century and our everyday life is full
of fluorine-containing molecules, including polymers, pesticides, pharmaceuticals, and
radiopharmaceuticals.
Positron emission tomography (PET) is a non-invasive imaging technique that
utilises radiopharmaceuticals to follow biological processes in a living body, such as
blood flow, glucose metabolism, and receptor density. PET is based on the use of shortlived positron-emitting radionuclides in combination with biologically relevant
molecules. For example, these molecules can mimic neurotransmitters in brain imaging
or glucose when glucose metabolism is followed. The molecule of interest is labelled
with a positron-emitting radionuclide to produce a radiopharmaceutical, also known as
a radiotracer. The radiotracer is then administered to the subject and accumulation of
the tracer followed by a PET scanner.
Since the development of PET, glucose metabolism has been the most studied field
due to the increased glucose uptake in tumours. The glucose analogue tracer, 2-deoxy2-[18F]fluoro-D-glucose ([18F]FDG), is the most commonly used radiotracer among
PET tracers. However, [18F]FDG does not provide all the answers, and the development
of new radiopharmaceuticals is necessary. In the brain, PET allows the imaging of
delicate processes, including neurotransmission and neuroinflammation, which are
associated in neuropsychiatric and neurodegenerative diseases, such as schizophrenia,
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depression, Alzheimer’s disease (AD), and Parkinson’s disease (PD). AD is the most
common type of dementia in Western countries but its cause and prevention are still
unknown. Therefore, the development of new radiotracers would allow us to
understand these diseases we are facing. Furthermore, existing labelling methods need
to be improved and new labelling methods developed.
This thesis consists of four individual studies (Figure 1) concerning the
development and improvement of 18F-labelling methods and the production of
18
F-radiotracers for brain imaging. Studies I – III encompass transition metal-mediated
18
F-fluorination reactions with copper and ruthenium to produce tracers for
norepinephrine and dopamine transporter imaging and cannabinoid receptor imaging.
Study IV covers process validation of a cannabinoid tracer [18F]FMPEP-d2 for clinical
use and experience with its long-term production.

Figure 1. The relationship between studies I – IV.
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2.1

Fluorine-18 in positron emission tomography

2.1.1

PET radionuclides

In positron (ß+) emission, a positron released from the nucleus of the radionuclide
eventually meets an electron. In this collision, also known as annihilation, two 511 keV
gamma rays (γ) are formed. These photons leave in opposite directions and are detected
by a PET scanner. The radionuclides used in PET need to have specific properties to
generate good images: the type of the decay, the half-life, and the energy of the positron
emitted. PET radionuclides that are typically used are fluorine-18, carbon-11,
nitrogen-13, oxygen-15, gallium-68, copper-64, and zirconium-89.
All PET radionuclides are positron emitters, but the decay process does not always
consist only of ß+-decay. Nevertheless, a high proportion of positron decay is desired
because the PET scanners recognize only the γ photons formed in the annihilation
process. For example, the decay of fluorine-18 consists of 96.7% ß+-decay and 3.3%
electron capture (EC), whereas the decay of copper-64 is only 17.5% ß+-decay.
Another important property of a PET radionuclide is the energy of the positron.
Positron energy determines the distance a positron can travel in the medium before
annihilation. The lower the energy, the shorter the range; the higher the energy, the
longer the range. PET scanners can localize only the place of annihilation, so low
positron energy is desired to obtain high-resolution images. High resolution is required
especially in imaging rodents and other small animals, but also in humans when
imaging small targets in the brain. The maximum positron energy for fluorine-18 is
634 keV and for gallium-68 1899 keV.
Finally, the most crucial parameter from a radiochemist’s point of view is the halflife of the radionuclide. The half-lives of the most common PET radionuclides vary
from 2 minutes (oxygen-15) to 78 hours (zirconium-89) and define what kind of
manipulations can be performed after the production of the radionuclide. The half-life
needs to be long enough to enable all of the handling, including synthesis, purification,
quality control (QC), and possible transportation, but short enough to enable decay in
a reasonable manner and minimise the radioactivity dose. The properties of commonly
used PET radionuclides are outlined in Table 1.
14
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Table 1. Properties of common PET radionuclides (Conti & Eriksson 2016, Laboratoire National Henri
Becquerel 2020).

T½

Decay mode
[%]

Emax(ß+)
[keV]

Maximal ß+-range
in water [mm]

O

2.04 min

ß+ 99.9
EC 0.1

1735

8.4

15

N

13

N

9.97 min

ß+ 99.8
EC 0.2

1198

5.5

13

C

11

C

20.4 min

ß+ 99.8
EC 0.2

961

4.2

11

Ga

67.8 min

ß+ 88.9
EC 11.1

1899

9.2

F

109.8 min

ß+ 96.7
EC 3.3

634

2.4

12.7 h

ß+ 17.5
EC 44.0
ß- 38.5

653

2.5

ß 22.8
EC 77.2

902

15

68

18

64

Cu

89

Zr

2.1.2

78.4 h

+

ß+-decay
product

68

3.8

Zn

18

64
64

B

O

Ni

Zn

89

Y

Advantages of fluorine

Fluorine-18 has good properties for PET imaging and, as such, is among the most
commonly used PET radionuclides worldwide. The clean decay process via positron
emission and low ß+ energy allows high-resolution imaging among commonly used
PET radionuclides. High resolution enables imaging of the central nervous system
(CNS) and brain. The chemistry of fluorine is not always straightforward, but the halflife of 2 hours allows multistep synthesis and complex purification processes.
Nevertheless, the radiochemical properties of fluorine-18 are not the only benefits of
using fluorine in radiotracers.
Naturally occurring organofluorine compounds are extremely rare and introduction
of fluorine can affect pharmacological activity of the compound. From the
pharmacological point of view, the use of fluorine-18 is not as straightforward as the
use of carbon-11 for example. However, fluorine is widely used in pharmaceuticals and
radiopharmaceuticals (Böhm et al. 2004, Purser et al. 2008, Gillis et al. 2015). The size
of the fluorine atom is between that of oxygen and hydrogen (van der Waals radius
H: 1.20 Å; F: 1.47 Å; O: 1.52 Å; Bondi 1964). Due to its small size, fluorine has often
been used to replace hydrogen. Fluorine is the most electronegative element in the
periodic table, and the C-F bond is highly polarized compared to the C-H bond (Pauling
15
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electronegativity F: 4.0; H: 2.1; C: 2.5). Overall, fluorine substitution can have a
positive effect on metabolic stability, basicity as fluorine can decrease the pKa of the
compound, thus improving the membrane permeability, and binding affinity (Böhm et
al. 2004).

2.1.3

Production of fluorine-18

Fluorine-18 is not a naturally occurring isotope of fluorine and is produced in a
cyclotron. Various different nuclear reactions have been utilised for its production
(Nickles et al. 1986); both elemental fluorine ([18F]F2) and ionic [18F]fluoride can be
produced in a cyclotron as presented in Table 2. For the in-target production of [18F]F2,
a gaseous target material is needed, whereas for [18F]fluoride production, a water target
is typically used. Handling and transfer of the gaseous target material and the gaseous
18
F-labelling reagent is challenging. Thus, liquid targets are preferred and the most
common nuclear reaction for fluorine-18 production is 18O(p,n)18F with 18O-enriched
water as the target material. In addition, cyclotron-produced [18F]fluoride can be used
in the production of [18F]F2 using a post-target production method (Bergman & Solin
1997). The original post-target production method consists of two steps: 1) synthesis
of [18F]fluoromethane from cyclotron-produced [18F]fluoride, and 2) reforming the
[18F]fluoromethane to [18F]F2 with high-voltage discharge in the presence of F2 in Ne
in a discharge chamber. The post-target method has been developed further using SF6
gas instead of F2 (Krzyczmonik et al. 2017b) and by utilising a vacuum ultraviolet laser
instead of electrical discharge (Krzyczmonik et al. 2017a).
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Table 2. In-target and post-target production of fluorine-18.
In-target
Nuclear reaction

18

20

Target material

Product

Molar activity
[GBq/µmol]

[18O]H2O

[18F]F-

Up to
43000

0.1 – 0.2% F2 in [18O]O2

[18F]F2

0.1 – 0.2% F2 in Ne

[18F]F2

O(p,n)18F

Ne(d,α)18F

1.3

Ref
(Solin et al.
1988, Füchtner
et al. 2008)
(Nickles et al.
1984, Chirakal
et al. 1995)

0.13

(Blessing et al.
1986)

Post-target
Nuclear reaction
and target
material

O(p,n)18F
With [18O]H2O
18

2.2

Post-target method

Product

Molar activity
[GBq/µmol]

Ref

Electrical discharge with
0.5% F2 in Ne

[18F]F2

55

(Bergman &
Solin 1997)

Electrical discharge with
1% SF6 in Xe

[18F]F2

1

(Krzyczmonik et
al. 2017b)

Vacuum ultraviolet laser
with 0.5% F2 in Ne

[18F]F2

10

(Krzyczmonik et
al. 2017a)

Molar activity

Molar activity (Am) is an important property in radiochemistry, as it represents the
amount of radioactivity in relation to the molar amount of the compound. Depending
on the situation, high or low Am may be desired. High Am is crucial when imaging lowdensity receptors because occupying the receptors with non-radioactive tracer is not
desired. In contrast, high Am is not necessary when imaging glucose metabolism,
enzyme activity, or comparable non-easily saturable functions. With bioactive or toxic
chemicals, a high Am is again crucial to avoid pharmacological or toxic effects. The
maximum theoretical Am for a radionuclide can be calculated from Equation (1), where
NA is Avogadro’s constant and T½ is half-life.
𝐴𝐴𝑚𝑚 (𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) =

𝑁𝑁𝐴𝐴 × 𝑙𝑙𝑙𝑙2
𝑇𝑇½

(1)

The maximum theoretical Am of fluorine-18 is 63 TBq/µmol. This is far from the Am
achieved in radiopharmaceutical chemistry laboratories. Typically, radiotracers are
obtained with 0.1 GBq/µmol to 1 TBq/µmol Am. Large differences in the theoretical
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and achieved Am values are due to the dilution of fluorine-18 with stable fluorine-19
during synthesis. To prevent the dilution of fluorine-18 with non-radioactive fluorine,
use of fluorine-rich reagents and materials including fluorine-18 transfer lines should
be avoided (Savisto et al. 2018). This is in contrast to the production of [18F]F2, which
utilises non-radioactive F2 (as presented in Table 2). Addition of F2 significantly limits
the achievable Am, and 18F-fluorination with in-target produced [18F]F2 ends up with an
Am typically under 1 GBq/µmol. With post-target produced [18F]F2, an Am of
55 GBq/µmol has been achieved (Bergman & Solin 1997).
Traditionally, 18F-fluorination reactions have been divided into two categories:
electrophilic 18F-fluorination with [18F]F2 and nucleophilic 18F-fluorination with
[18F]fluoride. From the perspective of Am, [18F]fluoride seems to be overwhelmingly
superior to [18F]F2. However, the chemistry with the relatively unreactive [18F]fluoride
is far more complex than the chemistry with the extremely reactive [18F]F2. These
18
F-labelling approaches are discussed in the following chapters.

2.3

Electrophilic 18F-fluorination

2.3.1

[18F]F2 gas

Elemental fluorine, F2 reacts efficiently, even violently with different electron-rich
structures, such as aromatic or heteroaromatic ring structures and alkenes via
electrophilic substitution or addition. F2 is a strong oxidant, and reactions are often
highly exothermic. Thus, F2 has typically been diluted (0.1 to 5% F2) with inert gases,
such as N2, or noble gases and reactions conducted at low temperatures. Despite these
actions, multiple side products or polyfluorinated products are often formed when
labelling with [18F]F2, leading to complex purification processes. Various leaving
groups have been used to control the 18F-fluorination, including trimethylsilanes,
stannanes, and germanes (Coenen & Moerlein 1987). Good examples of improved
regioselectivity is the production of 6-[18F]F-L-DOPA using trimethylsilyl precursor
(Diksic & Farrokhzad 1985) or trimethylstannyl precursor (Namavari et al. 1992)
instead of the non-activated precursor (Firnau et al. 1984).
The most common PET radiopharmaceutical, [18F]FDG, was originally produced
via electrophilic fluorination starting from [18F]F2 gas (Ido et al. 1978). Thus,
electrophilic 18F-fluorination has been key to the progress in positron imaging as a field
of interest. Although the handling of [18F]F2 requires extremely dedicated facilities and
skilled operators, some radiopharmaceuticals, such as [18F]EF5 (2-(2-nitro-1[H]imidazol-1-yl)-N-(2,2,3,3,3-[18F]pentafluoropropyl)-acetamide) (Dolbier et al. 2001)
and [18F]FBPA (4-borono-2-[18F]fluoro-D,L-phenylalanine) (Ishiwata et al. 1991) are
still produced via [18F]F2.
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2.3.2

[18F]F2 derivatives

To dilute the extreme reactivity of [18F]F2 gas, less reactive electrophilic labelling
reagents have been developed, such as derivatives of [18F]F2 (Figure 2) (Preshlock et
al. 2016). Examples include [18F]XeF2 (Schrobilgen et al. 1981, Chirakal et al. 1984),
[18F]ClF (Lambrecht et al. 1978, Kirjavainen et al. 2013), and various [18F]O-F
compounds, such as trifluoromethyl [18F]hypofluorite (Neirinckx et al. 1978), acetyl
[18F]hypofluorite (Fowler et al. 1982), and perchloryl [18F]fluoride (Ehrenkaufer &
MacGregor 1982, 1983), which were developed in the late 1970s and early 1980s.
Shortly thereafter, 18F-labelled [18F]N-F reagents were developed, including
N-[18F]fluoropyridinium triflate (Oberdorfer et al. 1988a), 1-[18F]fluoro-2-pyridone
(Oberdorfer et al. 1988b), and N-[18F]fluoro-N-alkylsulphonamides (Satyamurthy et al.
1990). The newest electrophilic labelling reagents are in the family of [18F]N-F
reagents: [18F]N-fluorobenzenesulfonimide ([18F]NFSi) (Teare et al. 2007) and
1-chloromethyl-4-[18F]fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(triflate)
([18F]Selectfluor bis(triflate)) (Teare et al. 2010).

Figure 2. Electrophilic 18F-labelling reagents derived from [18F]F2.

[18F]O-F reagents and older [18F]N-F reagents were previously utilised in
fluorodemetallation reactions with mercury compounds (Visser et al. 1984), aryllithium
compounds (Ehrenkaufer & MacGregor 1983), and Grignard reagents (Satyamurthy et
al. 1990), but these labelling reagents have not been popular since the 1990s. The newer
[18F]N-F reagents [18F]NFSi and [18F]Selectfluor bis(triflate) have been used in various
18
F-fluorodemetallation reactions starting from arylstannane and arylboronate
compounds as presented in the following chapters.
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[18F]NFSi
In 2007, the Gouverneur group developed an 18F-labelled version of a common
fluorination reagent, NFSi (Teare et al. 2007). NFSi has been used in the electrophilic
fluorination of various aromatic structures since its development in 1991 (Differding
& Ofner 1991, Rostami 2007). In addition, NFSi is a strong oxidant and been used in
organometallic chemistry to promote reductive elimination with transition metals
(Bizet 2012). The 18F-labelled version of NFSi has proven to be a useful electrophilic
18
F-fluorination reagent (Figure 3). [18F]NFSi has been used in the 18F-fluorination of
allylic [18F]fluorides and 2-[18F]fluoroketones starting from silyl precursors (Teare et
al. 2007). [18F]NFSi has also been used in the organo-mediated enantioselective
18
F-fluorination of aldehydes to produce α-[18F]fluoroaldehydes (Buckingham et al.
2015) and photoactivated decatungstate catalysed 18F-fluorination of deactivated C-H
bonds to produce 18F-labelled amino acids (Nodwell et al. 2017, 2019) and peptides
(Yuan et al. 2018, 2019).

Figure 3. Synthesis of [18F]NFSi and its applications.
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[18F]Selectfluor bis(triflate)
Another example of a [18F]F2 derivative is [18F]Selectfluor bis(triflate), an analogue of
a common fluorination reagent, Selectfluor™ (1-chloromethyl-4-fluoro-1,4diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate)). Selectfluor™ was originally
developed by Banks et al. (1992) and has been widely used in selective electrophilic
fluorination of electron-rich and electron-poor structures, aromatic compounds,
alkenes, and steroids (Nyffeler et al. 2005). [18F]Selectfluor bis(triflate) was developed
in 2008 by Gouverneur and Solin’s groups and has been applied in 18F-fluorination
reactions (Figure 4), such as the production of allylic [18F]fluorides,
2-[18F]fluoroketones from silyl precursors (Teare et al. 2010), and 6-[18F]fluoro-LDOPA from stannane precursors with AgOTf present (Teare et al. 2010, Stenhagen et
al. 2013). In addition, [18F]Selectfluor bis(triflate) has been used to produce 18F-labelled
di- and tri-fluoromethylarenes via a fluorodecarboxylation reaction with AgOTf
present (Mizuta et al. 2013). [18F]Selectfluor bis(triflate) has also been used in
Pd-mediated 18F-fluorination to produce [18F]fluorosydnones, which have subsequently
been used in click chemistry (Liu et al. 2016). The main limitation of Selectfluor™ is
its restricted solubility (Banks et al. 1996), which has also been noted in the
enantioselective 18F-fluorination of aldehydes (Buckingham et al. 2015).

Figure 4. Synthesis of [18F]Selectfluor bis(triflate) and its applications.
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Despite the broad reactivity range of [18F]Selectfluor bis(triflate), the low Am is an
issue. Although an F2-free method has been utilised in the post-target production of
[18F]F2 which is used in the subsequent production of [18F]Selectfluor bis(triflate)
(Krzyczmonik et al. 2017b), further improvements are still needed to increase the
achievable Am. In addition to the low Am with [18F]Selectfluor bis(triflate) and other
similar electrophilic 18F-labelling reagents, the major issue is the need for [18F]F2 in the
production of these derivatives. Complex facilities are needed for handling [18F]F2;
thus, nucleophilic 18F-fluorination with [18F]fluoride is a more popular approach.

2.4

Nucleophilic 18F-fluorination

In PET, [18F]fluoride is a desirable labelling precursor due to easy access with a
cyclotron and the high Am, which is typically achieved by traditional no-carrier-added
nucleophilic 18F-fluorination with [18F]fluoride. Nucleophilic fluorination reactions are
typically SN2 type in aliphatic positions and SNAr type in aromatic positions in which
fluoride acts as a nucleophile. Fluoride is a good nucleophile; however, aqueous
[18F]fluoride (Figure 5) obtained from a cyclotron is rather inert due to the hydrated
form. Thus, [18F]fluoride needs to be activated prior to the 18F-labelling reactions. A
typical activation method is azeotropic distillation with acetonitrile (MeCN) (Coenen
2007).

Figure 5. Inert [18F]fluoride and nucleophilic [18F]fluorides with PTCs cryptand and tetraalkyl
ammonium salt.

Inorganic fluorides [18F]KF, [18F]CsF, and [18F]RbF have been used in nucleophilic
18
F-fluorination reactions, but yields have been rather low due to poor solubility of
these labelling reagents in organic solvents. Eventually, the solubility of [18F]KF has
been improved with phase transfer catalysts (PTCs, Figure 5), such as polyethers
kryptofix-2.2.2 (K222) (Coenen et al. 1985, Hamacher et al. 1986) and 18-crown-6 ether
(18-cr-6) (Liotta & Harris 1974, Irie et al. 1982, 1984), and tetraalkyl ammonium salts
(R4N+) (Gatley & Shaughnessy 1982). The reactivity of these different PTCs in
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F-fluorination reactions has been shown to be similar (Liotta & Starks 1978, Korguth
et al. 1988). For example, PTCs have been used successfully in the production of
[18F]FDG (Hamacher et al. 1986, Brodack et al. 1988). Tetraalkyl ammonium
[18F]fluorides exhibit better solubility, whereas [18F]fluorocryptands are limited to polar
aprotic solvents, such as MeCN, dimethyl sulfoxide (DMSO), and dimethylformamide
(DMF), to avoid hydrogen bonding (Kilbourn & Huizenga 1990). [18F]Fluoride is prone
to sticking to the glass walls during processing (Block et al. 1986, Brodack et al. 1986,
Nickles et al. 1986); thus, a lot of effort has been made to develop an azeotropic
distillation-free method for [18F]fluoride activation. Solid phase extraction (SPE)
methods for [18F]fluoride activation have been introduced that utilise
4-aminopyridinium resins (Mulholland et al. 1989, Toorongian et al. 1990), and
cryptands (Aerts et al. 2008, Wessmann et al. 2012), tetraalkyl ammonium salts (Aerts
et al. 2010), or strong bases as eluting agents (Lemaire et al. 2010).
Many review articles and books have dealt extensively with nucleophilic
18
F-fluorination reactions (Kilbourn & Huizenga 1990, Coenen 2007, Cai et al. 2008,
Tredwell & Gouverneur 2012, Cole et al. 2014, Jacobson et al. 2015, Preshlock et al.
2016, Deng et al. 2019). SN2 type reactions typically utilise halogens and sulfonic
esters, such as 4-methylbenzenesulfonate (tosylate) and trifluoromethanesulfonate
(triflate), as leaving groups. The reactivity order of these precursors is halogens
< tosylate < triflate. SNAr type reactions typically utilise various halogens, a nitro
group, or trimethylammonium salts as leaving groups. In addition to a carefully selected
leaving group, nucleophilic aromatic substitution reactions typically require electrondeficient aryl precursors and harsh reaction conditions. Electron deficiency is achieved
with electron withdrawing groups (EWGs) in the ortho and para positions to the
leaving group. To avoid harsh reaction conditions, various 18F-labelled prosthetic
groups have been utilised in labelling sensitive structures, such as peptides (Liu et al.
2011, Richter & Wuest 2014).
To broaden the reactivity range of [18F]fluoride, various new precursor types have
been introduced, including aryl iodonium salts and ylides and aryl sulphonium salts.
These fluorination reactions are discussed below.
18

Iodonium salts, iodonium ylides, and sulfonium salts
Electron-rich [18F]fluoroarenes were achieved originally by starting from [18F]fluoride
with a Balz–Schiemann reaction, utilising aryldiazonium [18F]fluoroborate (Nozaki &
Tanaka 1967). However, one major drawback of the method is the low maximal
theoretical radiochemical yield (RCY) of only 25% and low Am. Thereafter, a method
utilising diaryliodoniumsalts and [18F]fluoride was developed (Pike & Aigbirhio 1995,
Shah et al. 1998). The method can be used to label various functionalized arenes (Chun
& Pike 2013). However, the downside of using unsymmetrical diaryliodonium salts is
the 18F-radiofluorination of more sterically hindered (ortho-substituted) and more
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electron-deficient arenes (Chun et al. 2010). By using (aryl)(thienyl)iodonium salts,
more electron-rich [18F]arenes have been obtained (Ross et al. 2007), but the stability
of thienyl precursors has been questioned (Ichiishi et al. 2014). One advantage of
diaryliodonium salts is that they can be used for [18F]fluoride activation instead of
cryptands or additional bases (Richarz et al. 2014).
The use of iodonium ylides (Satyamurthy & Barrio 2010) and spirocyclic iodonium
ylides (Rotstein et al. 2014) has broadened the substrate scope of nucleophilic
radiofluorination. Aryldimethyl sulfonium salts (Maeda et al. 1987), triarylsulfonium
salts (Mu et al. 2012, Sander et al. 2015), and diarylsulfoxides (Chun et al. 2013) have
been used in nucleophilic 18F-radiolabelling, but the substrate scope has been limited
to electron-deficient arenes. 18F-Labelling reactions with iodonium and sulfonium salts
and iodonium ylides are shown in Figure 6.

Figure 6. Nucleophilic 18F-fluorination of iodonium salts, sulfonium salts, and iodonium ylides and the
proposed intermediate with diaryliodonium salts. X– = –OTf, –OTs, Br–, Cl– or TFA ion.

As noted previously, nucleophilic 18F-fluorination strategies typically require multistep synthesis, high temperature, high pressure, or other inconvenient steps, including
precursor synthesis. Thus, new late stage 18F-labelling strategies utilising transition
metals have been developed as described in the following chapters.
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2.5

Transition metal-mediated 18F-fluorination

Transition metals have been used in C-F bond-forming reactions as catalysts or
mediators (Watson et al. 2009, Campbell & Ritter 2015, Sather & Buchwald 2016,
Boursalian & Ritter 2017). Many of the transition metal-mediated approaches have a
limited substrate scope, and electron-rich aryl compounds have typically not been
tolerated (Sather & Buchwald 2016). Another limitation has been the use of an
electrophilic fluorine source (Campbell & Ritter 2015). Electrophilic 18F-labelling
reactions are constrained to low Am and nucleophilic reactions to [18F]fluoride’s low
reactivity, whereas high Am and diverse reactivity have been obtained with new
transition metal-mediated 18F-fluorination pathways.

2.5.1

Palladium-mediated 18F-fluorination

Electrophilic palladium-mediated 18F-labelling reactions were introduced in 2011 by
the Ritter group (Lee et al. 2011). These two-step reactions utilise two different
palladium complexes, a [18F]fluoride-PdIV complex and an aryl-PdII complex (Figure
7). The electrophilic [18F]fluoride-PdIV complex is synthesised from conventionally
processed no-carrier-added [18F]fluoride with high Am (Lee et al. 2011). In a high
oxidation state, palladium can act as an oxidant and transfer [18F]fluoride to the
nucleophile, i.e., the aryl-PdII complex, whereas the palladium in the [18F]fluoride-PdIV
complex reduces to the lower PdII oxidation state. Reductive elimination of PdIV
complexes to form aryl-fluoride compounds is challenging due to undesired
nucleophilic attacks on the transition metal. In the Pd-mediated 18F-fluorination
described by Lee et al. (2011), this effect is avoided by using octahedral PdIV complex
and multidentate ligands.

Figure 7. Palladium-mediated 18F-fluorination (Lee et al. 2011).
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Pd-mediated 18F-fluorination reactions have shown a broad substrate scope (Lee et al.
2011), and the method has been proven to be suitable for labelling clinically interesting
structures, such as [18F]paroxetine, a selective serotonin reuptake inhibitor (Kamlet et
al. 2013). However, a limitation is intolerability towards nucleophilic and basic
functional groups, such as tertiary amines (Lee et al. 2011, Kamlet et al. 2013). The
scope has been further broadened to sterically hindered aryl fluorides and alkyl
fluorides using aryl silver compounds or compounds containing an activated double
bond as nucleophiles instead of aryl-PdII compounds (Brandt et al. 2014).
Although the [18F]fluoride-PdIV complex tolerates water, the precursor for the
18
F-labelling reagent is rather insensitive towards water (Lee et al. 2011). Boronic ester
precursors are common precursors in radiochemistry applications and relatively easily
available. However, the overall Pd-mediated 18F-chemistry is complex and lacks
robustness (Kamlet et al. 2013). In addition, the need for azeotropic drying of
[18F]fluoride in addition to two-step labelling synthesis makes palladium-mediated
fluorination an unfavourable approach to clinical radiopharmaceutical production (Lee
et al. 2012).

2.5.2

Nickel-mediated 18F-fluorination

The next approach to transition metal-mediated 18F-fluorination was the use of nickel
complexes. One-step 18F-labelling utilises aqueous [18F]fluoride and aryl-NiII precursor
in the presence of an iodineIII oxidant. The no-carrier-added method produces the
desired [18F]aryl fluorides (Figure 8) with high Am (Lee et al. 2012). Aryl-NiII precursor
and [18F]fluoride form an aryl-NiIII fluoride complex, which produces the [18F]aryl
fluoride by reductive elimination (Lee et al. 2017). Such a mechanism is enabled with
suitable multidentate ligands that stabilise the high-valent nickel complex (Lee et al.
2017).
Ni-mediated 18F-fluorination was originally performed in aqueous conditions at
room temperature (RT) starting from brominated precursors (Lee et al. 2012). Further
studies have shown a major decrease in the RCY in aqueous conditions (>1% v/v water)
due to the moisture-sensitive nature of the nickel complex and the oxidizing agent (Ren
et al. 2014, Zlatopolskiy et al. 2015b). Thus, microfluidic strategies have been used in
[18F]fluoride processing to minimise the volume of water (Hoover et al. 2016). The
presence of a base was observed to be essential for the reaction (Zlatopolskiy et al.
2015b). However, traditional radiochemistry methods used for the activation of
[18F]fluoride usually lead to too basic conditions, which subsequently afford low yields
(Ren et al. 2014). To increase the robustness, various oxidants, such as hypervalent
iodine compounds have been tested in the 18F-labelling, without any success
(Zlatopolskiy et al. 2015b).
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Figure 8. Ni-mediated 18F-fluorination with two approaches to synthesise the Ni-aryl precursor (Lee
et al. 2012, Hoover et al. 2016).

Aryl-NiII precursors have been synthesised using two different approaches (Figure 8):
oxidative addition (pathway I) (Lee et al. 2012) and transmetallation (pathway II) (Hoover
et al. 2016). In pathway I, oxidative addition of bis(cyclooctadiene)nickel0 (Ni(COD)2) to
arylbromide and subsequent addition of ligand results in stable aryl-NiII precursor in an
inert atmosphere (Lee et al. 2012). The oxidative addition pathway is commonly used in
the synthesis of aryl-NiII compounds (Semmelhack et al. 1971, Fahey & Mahan 1977, Tsou
& Kochi 1979). The use of Ni0 limits the reactivity scope due to its strong reducing activity.
An alternative method is the transmetallation pathway with organometallic precursors, such
as zinc (Kurosawa et al. 1990), lithium (Chatt & Shaw 1960), and magnesium compounds
(Tamao et al. 1972). These compounds limit the accessible aryl-Ni compounds by their
basicity and nucleophilicity. In pathway II, aryl-NiII complexes are formed by
transmetallation from arylboronic esters or arylboronic acids (Hoover et al. 2016).
Transmetallation with easy access boronic acid or boronic ester precursors enabled the
radiosynthesis of electron-rich [18F]heteroarenes (Hoover et al. 2016).
Nickel-mediated 18F-fluorination has exhibited a broad substrate scope, and various
electron-rich and electron-poor [18F]aryl fluorides have been produced successfully
(Lee et al. 2012). In addition, the method has been used in the production of clinically
interesting molecules, such as [18F]5-fluorouracil (Hoover et al. 2016) and
[18F]MDL100907 (Ren et al. 2014). As with palladium-mediated 18F-fluorination,
Ni-mediated 18F-fluorination is not a suitable method for 18F-labelling compounds
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containing highly basic functional groups (Lee et al. 2012). Overall, Ni-mediated
18
F-labelling is a simple method with a one-step approach at RT. However, synthesis
of the aryl-nickel complexes is challenging.

2.5.3

Copper-mediated 18F-fluorination

Copper-mediated radiofluorination of iodonium salts and organohalides
As presented earlier in chapter 2.4, nucleophilic 18F-fluorination of aryliodonium salts
typically results in 18F-fluorination of the sterically more hindered arenes. Catalysing
the reaction with Cu(OTf)2 has led to the 18F-fluorination of sterically less hindered
arenes (Ichiishi et al. 2013). The mechanism has been suggested to be as follows: the
CuII catalyst is reduced and undergoes ligand exchange to produce CuI-F, which is
oxidized by highly electrophilic diaryliodonium salt to CuIII-aryl complex. The
intermediate undergoes reductive elimination to CuI-π-aryl fluoride complex and
further releases aryl fluoride and CuI catalyst (Figure 9A) (Ichiishi et al. 2013).
Copper-catalysed 18F-fluorination was applied to label (mesityl)(aryl)iodonium
salts utilising [18F]KF and (MeCN)4CuOTf (Figure 9B) (Ichiishi et al. 2014). The
method has a broad substrate scope and exhibits robustness, as the synthesis can be
conducted under ambient conditions (Ichiishi et al. 2014). The method has been further
developed to avoid the need for PTCs and azeotropic distillation to activate aqueous
[18F]fluoride. The new methods utilise improved SPE elution techniques with alcohols
and diminished amounts of base (Richarz et al. 2014, Zlatopolskiy et al. 2015a,
Modemann et al. 2019). The labelling method has also been proven to be suitable for
automation (Zischler et al. 2016). However, a weakness of the method is the iodonium
precursors, the synthesis of which remains rather cumbersome (Yuan et al. 2016b).

Figure 9. A) CuI/CuIII catalytic cycle proposed by Ichiishi et al. (2013) and B) Cu-mediated
18
F-fluorination with two approaches for [18F]fluoride activation.
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In addition to iodonium salts, copper-mediated 18F-fluorination with (MeCN)4CuOTf
has been applied to label organohalides. The radiolabelling method is based on the work
done with fluorine-19. Copper-catalysed fluorination of arylhalides with excess AgF
has been proposed to proceed via the CuI/CuIII catalytic cycle using (MeCN)4CuOTf or
CuBr as the catalyst and aryl precursor with a directing group in the ortho position
(Casitas et al. 2011, Mu et al. 2014). Oxidative addition of arylhalide to the CuI complex
has been suggested to be slow (Mu et al. 2014). In the radiolabelling approach, the Nheterocyclic
carbene
(NHC)
ligated
Cu
complex
(1,3-bisI
I
(2,6-diisopropylphenyl)imidazol-2-ylidine)Cu (OTf) ((IPr)Cu (OTf)) was used as a
Cu-mediator to accelerate the oxidation step. The bulky NHC ligand also stabilises the
CuI-F complexes against dimerization and disproportionation (Sharninghausen et al.
2020). Instead of AgF, [18F]KF has been used in the radiolabelling approach, as KF has
been shown to generate (NHC)CuI(F) complex (Dang et al. 2014). Copper-mediated
18
F-labelling of organohalides has exhibited a broad scope among substrates, with a
directing group in the ortho position, and has been translated to automated production
(Sharninghausen et al. 2020).
Copper-mediated radiofluorination of organoborons and organostannanes
Cu-mediated synthesis of aryl fluorides starting from organoboron and organostannane
precursors were developed by several groups during the 2010s. Many of the developed
methods have utilised CuI-mediator and a nucleophilic or electrophilic fluorine source.
For example, the Hartwig group first developed a Cu-mediated fluorination method
starting from aryl iodide precursors with (tBuCN)2Cu(OTf) and AgF (Fier & Hartwig
2012). Soon after, the same group presented a similar method with milder conditions
starting from aryl boronic acid or aryl boronic ester precursors and a F+ source, such as
Selectfluor or NFSi (Fier et al. 2013). Simultaneously, the Sanford group used
(tBuCN)2Cu(OTf) and readily available F+ fluorinating reagents, such as N-fluoro2,4,6-trimethylpyridinium triflate (NFTPT), in the fluorination of aryl stannanes and
aryl trifluoroborates (Ye & Sanford 2013).
The Hartwig group proposed a method that proceeds via the cationic CuIII fluoride
complex to the arylboronate CuIII fluoride complex and further to the aryl CuIII fluoride
complex via rate-limiting transmetallation, and subsequent reductive elimination forms
the desired aryl fluoride (Fier et al. 2013). The formation of high-valent CuIII fluoride
complexes was suggested initially in Cu-mediated fluorination via a halide exchange
reaction (Casitas et al. 2011). The CuI/CuIII mechanism was supported by the Sanford
group (Ye & Sanford 2013). In these reactions, electrophilic F+ has worked as a fluorine
source and an oxidant (Ye & Sanford 2013). The scope of the Cu-mediated fluorination
with F+ was broad with tolerance for electron-rich and electron-deficient substrates (Ye
& Sanford 2013, Fier et al. 2013).
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To avoid requiring an electrophilic F+ source, Cu-mediated fluorination of
aryltrifluoroborates and arylborons utilising nucleophilic fluoride and Cu(OTf)2 was
developed by the Sanford group (Ye et al. 2013). This method was proposed to proceed
via CuII(OTf)(F) intermediate to aryl CuII(F) complex, which was further oxidized by
Cu(OTf)2 to aryl CuIII(OTf)(F) complex, and fast reductive elimination forms the aryl
fluoride (Figure 10A) (Ye et al. 2013). CuII-mediators have been widely used in the
Chan-Lam carbon-heteroatom bond cross-coupling reactions of arylborons (Qiao &
Lam 2011), in which aryl CuIII intermediate has also been suggested to be formed in a
disproportionation reaction with one equivalent of CuII-mediator (King et al. 2009).
The Murphy group successfully applied Cu-mediated fluorination with fluoride and
Cu(OTf)2 to arylstannane precursors, and their results supported the formation of CuII
and CuIII fluoride complexes (Gamache et al. 2016).
The Gouverneur group was the first to introduce Cu-mediated 18F-labelling of aryl
boronate esters using Cu(OTf)2(py)4 complex and [18F]KF (Tredwell et al. 2014). This
was shortly followed by Scott and Sanford’s group, who utilised Cu(OTf)2 complex in
the presence of pyridine with aryl boronic acid precursors (Mossine et al. 2015) and
aryl stannane precursors (Makaravage et al. 2016) in radiofluorination (Figure 10B).
Typical radiolabelling conditions have been 20 minutes at 110 °C in DMF or
dimethylacetamide (DMA) (Tredwell et al. 2014, Mossine et al. 2015, Makaravage et
al. 2016). Even though the Murphy group observed significant improvements in the
fluorination yields when MeCN was present (Gamache et al. 2016), no product was
observed in the radiolabelling reactions carried out in MeCN (Tredwell et al. 2014,
Mossine et al. 2015, Makaravage et al. 2016). However, pyridine was a critical ligand
for copper in 18F-radiofluorination (Tredwell et al. 2014, Mossine et al. 2015). As noted
above, pyridine can be applied to the reaction in the form of Cu(OTf)2(py)4 or as a
separate additive with Cu(OTf)2. Low cost and good stability are benefits of using
Cu(OTf)2.

Figure 10. A) Mechanism of Cu-mediated fluorination with trifluoroborate leaving group (LG) proposed
by Ye et al. (2013) and B) Cu-mediated 18F-fluorination.
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Since the development of Cu-mediated radiofluorination of organostannanes and
organoborons, the method has been studied by several groups. Originally, [18F]fluoride
was activated using traditional azeotropic distillation with additional PTC and base
(Tredwell et al. 2014, Mossine et al. 2015, Makaravage et al. 2016). However, the use
of base has been blamed for suppressing the labelling yield; thus, a low-base approach
was developed (Zlatopolskiy et al. 2015a). Similarly, when the amount of pyridine was
increased over 30 equivalents compared to the copper-mediator, the reaction yield
decreased, probably due to the increased basicity of the reaction solution (Antuganov
et al. 2017). [18F]Fluoride elution protocols have been studied to enhance the
Cu-mediated radiofluorination reactions. Some of these methods still require timeconsuming azeotropic distillation (Mossine et al. 2017). Cu-mediated 18F-labelling has
been further enhanced by developing SPE methods with different eluting agents, such
as tetraethylammonium bicarbonate (Et4NHCO3) in alcohol (Zischler et al. 2017),
pyridinium sulfonates (Antuganov et al. 2019), and dimethylaminopyridinium triflates
(DMAP) (Zhang et al. 2019b).
The Neumaier group has reported that higher alcohols, such as nBuOH and tBuOH,
have enhanced the Cu-mediated radiofluorination of aryl boronic acids and aryl boronic
esters, but not aryl stannanes (Zischler et al. 2017, Zarrad et al. 2017). Additional
alcohols have been proposed to increase [18F]fluoride solvation (i.e., decrease the
basicity) (Kim et al. 2008a, 2008b). The enhancement has been most significant with
boronic acid precursors, and alcohols have been suggested to esterify the boronic acids.
Overall, in Cu-mediated radiofluorination, alcohols have been proposed to form
hydrogen bonds to organoboron substrate, stabilising the rate-limiting transmetallation
step (Zarrad et al. 2017).
With the above-described Cu-mediated labelling methods, a wide range of aryl
[18F]fluorides have been synthesised, with yields ranging from 5 to 80%. Boronic acid
and boronic ester precursors have behaved similarly. Varying the alkyl substitution in
the tin in organostannane precursors has had a significant effect on the
radiofluorination. In prior method optimisation, -SnMe3 precursors resulted in
considerably higher yields than -SnBu3 precursors (Makaravage et al. 2016). Lower
yields with -SnBu3 precursors are considered to be caused by steric hindrance on the
tin centre, resulting in a slower transmetallation rate (Makaravage et al. 2016).
A similar effect has been observed in hydrogenolysis with different alkyltin compounds
onto metallic rhodium (Taoufik et al. 2004). After method optimisation,
18
F-fluorodestannylation reactions with -SnBu3 precursors have, in some cases, been
superior to 18F-fluorodeboronation reactions (Wright et al. 2020). With both boron and
stannane precursors, ortho-, meta-, and para-substituted arenes have been tolerated
(Tredwell et al. 2014, Mossine et al. 2015, Makaravage et al. 2016). However, orthosubstituted arenes have shown lower RCYs with organoboron precursors. This has been
speculated to be caused by steric hindrance, which affects the rate-limiting
transmetallation step (Mossine et al. 2015).
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Although the scope has proven to be wide, non-protected alcohol or amine
substituents have not been well-tolerated (Tredwell et al. 2014). This could be
explained by the competitive CuII-promoted C-O or C-N cross-coupling, Chan-Lam
coupling (Qiao & Lam 2011, Huffman et al. 2011). The Gouverneur group extensively
studied the effect of heterocycles and heterocyclic additives on Cu-mediated
18
F-labelling and noted decreased yields when the compounds contained acidic N-H
protons (Taylor et al. 2017). In addition, an increased amount of Cu-mediator is needed
in the reaction with compounds containing multiple basic nitrogen atoms (Taylor et al.
2017). Despite the limitations, Cu-mediated 18F-fluorination is a widely used labelling
method and has been adapted to production according to good manufacturing practices
(GMP) (Mossine et al. 2019, 2020).

2.5.4

Ruthenium-mediated 18F-fluorination

Certain transition metals, such as chromium, iron, osmium, manganese, and ruthenium,
can activate otherwise inactive cyclic π-hydrocarbons by functioning as an electronwithdrawing group, favouring the subsequent nucleophilic substitution reactions
(Kane-Maguire et al. 1984, Rose-Munch et al. 1998, Pike & Sweigart 1999, Pape et al.
2000, Semmelhack & Chlenov 2004). Typically, stoichiometric amounts of the
transition metal activator are needed. However, catalytic approaches have also been
presented with Ru as the catalyst in SNAr reactions of inactive arenes (Otsuka et al.
2010a, 2010b, Imazaki et al. 2012, Konovalov et al. 2015, Walton & Williams 2015).
In the ruthenium-catalysed fluorination of inactive chloro-, bromo-, and iodo-benzenes,
the method has been proposed to proceed via a Meisenheimer complex and subsequent
fluoroarene ligand exchange with the haloarene substrate (Konovalov et al. 2015).
Various Ru-activators have been used, but [RuII(cyclopentadiene)] fragment has been
suggested to speed up SNAr reactions (Walton & Williams 2015).
Ru-mediated 18F-deoxyfluorination reactions were introduced in 2017 by the Ritter
group (Figure 11). The method utilises [18F]fluoride, PhenoFluorTM reagent (N,N′-1,3bis(2,6-diisopropylphenyl)chloroimidazolium chloride), and easy access phenols as
starting materials (Beyzavi et al. 2017). Phenols are typically considered too inactive
for nucleophilic substitution reactions. In the study by the Ritter group, the aromatic
ring was activated by η6-coordination to the ruthenium complex, such as
(cyclopentadiene)Ru(COD)Cl
(Beyzavi
et
al.
2017)
or
[(cyclopentadiene)Ru(naphthalene)]BF4 (Rickmeier & Ritter 2018). PhenoFluor is
used as a reaction additive, as it is known to facilitate the deoxyfluorination reaction of
phenols (Neumann et al. 2016).
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Figure 11. Ru-mediated 18F-fluorination and the proposed reaction intermediate (Beyzavi et al. 2017).

The scope of the Ru-mediated 18F-fluorination reaction has proven to be broad,
including arenes containing very electron-rich substrates and ortho-substitutions
(Beyzavi et al. 2017), as well as small peptides (Rickmeier & Ritter 2018). The method
has been used in radiotracer production for preclinical use (Strebl et al. 2017). In
addition, the Ru-mediated 18F-fluorination method has been successfully converted to
GMP production (Celen et al. 2020).
Notably, the Ru-mediated method does not proceed via high-valent complexes and
redox chemistry, unlike Cu-mediated, Ni-mediated, or Pd-mediated 18F-fluorination
reactions. Another advantage of the method is that Ru complexes tolerate air and
moisture (Beyzavi et al. 2017). However, as the aryl fluoride Ru-complexes are rather
stable, decomplexation is the rate-limiting step and requires high temperature (Beyzavi
et al. 2017).

2.5.5

Other transition metal-mediated
18
F-fluorinations/approaches

Pd-, Ni-, Cu-, and Ru-mediated 18F-fluorination reactions have garnered a relatively
large amount of attention. Nevertheless, other transition metal-mediated
18
F-fluorination strategies have been introduced and will be covered in the following
chapters. These methods have been utilised to, for example, achieve enantioselective
18
F-fluorination.
Rhenium
Rhenium(I) has been applied in the 18F-fluorination reactions of bipyridine and other
pyridine-containing substrates, allowing bidentate ligation to Re (Figure 12) (Klenner
et al. 2017, 2020). The method utilises nucleophilic tetraethylammonium [18F]fluoride,
and the reaction has been shown to tolerate water (Klenner et al. 2017). The electronwithdrawing effect of the ReI centre has been suggested to facilitate the
radiofluorination of rather inactive halogen precursors (Klenner et al. 2020).
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Figure 12. Re-mediated 18F-fluorination (Klenner et al. 2017, 2020).

Manganese
ManganeseIII porphyrins were originally used by the Groves group as catalysts in the
oxidative fluorination of aliphatic C−H bonds with excess AgF (Liu et al. 2012). The
reaction was shown to proceed via trans-difluoromanganeseIV complex (Liu et al.
2012). Hooker and Groves’ group translated the method to 18F-fluorination of benzylic
C−H bonds using Mn(salen)OTs (N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2cyclohexanediaminomanganeseIII tosylate) and [18F]fluoride (Figure 13) (Huang et al.
2014). In 18F-fluorination, the amount of [18F]fluoride is very low, and the formation of
trans-difluoromanganeseIV complex is highly unlikely. Thus, the reaction was
suggested to proceed via 18F−MnIV−OH intermediate, which then reacts with benzyl
radical (Huang et al. 2014). The method has a broad scope, and various functional
groups are tolerated. However, higher RCYs were achieved with substrates containing
electron-donating groups (Huang et al. 2014).

Figure 13. Mn-mediated 18F-fluorination (Huang et al. 2014).

The Mn-mediated method has also been applied to direct aliphatic 18F-fluorination of
inactivated C-H bonds using a manganeseIII pentafluorophenyl porphyrin tosylate (Liu
et al. 2018). The method exhibits good tolerance for various functional groups
containing esters and amides, and the labelling is site-selective towards the least
sterically hindered position (Liu et al. 2018). Compared to the traditional nucleophilic
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F-labelling reactions with [18F]fluoride, Mn porphyrin-mediated labelling reactions
do not need high temperatures or long reaction times, as 10 min reactions at 50 °C
provide up to 80% RCY (Huang et al. 2014, Liu et al. 2018).

18

Cobalt
CoIII(salen) complex has been used as a catalyst in the enantioselective fluorination of
epoxides via a ring opening reaction (Kalow & Doyle 2010). The method has been
translated to 18F-fluorination by the Doyle group (Figure 14) (Graham et al. 2014).
Although the original Co-mediated fluorination was executed using benzoyl fluoride
as the source of fluorine (Kalow & Doyle 2010), 18F-labelling was performed
successfully with [18F]fluoride; thus, synthesis of a separate 18F-fluorination reagent
was avoided (Graham et al. 2014). The method has been suggested to proceed via
18
F−Co(salen) complex (Graham et al. 2014). Similar to Mn porphyrin-mediated
18
F-labelling reactions (Huang et al. 2014, Liu et al. 2018), separate drying procedures
are not needed and the reaction conditions are mild: 20 min at 50 °C (Graham et al.
2014). The original 18F-labelling method did not tolerate N-containing compounds.
However, using a dimeric Co-catalyst allowed 18F-labelling of such structures (Graham
et al. 2014).

Figure 14. Co-mediated 18F-fluorination (Graham et al. 2014).

Rhodium
The Szabó group utilised rhodiumII catalysts in the oxyfluorination and
oxytrifluoromethylation reactions (Yuan et al. 2016a) to form biologically relevant
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α-fluoro ether and α-trifluoromethyl ether motifs (Leroux et al. 2005). The method
utilises electrophilic fluorination reagents, such as hypervalent iodine reagent
fluorobenziodoxole (Yuan et al. 2016a). Other electrophilic fluorinating reagents, such
as N-F compounds, result in lower yields (Yuan et al. 2016a). In addition, the reaction
mechanism with hypervalent iodine reagents and N-F reagents has been shown to be
different (Mai et al. 2018).
The same group translated the method to 18F-oxyfluorination and utilised rhodiumII
acetate (Rh2(OAc)4) and rhodium pivalate (Rh2(OPiv)4) as catalysts to form
α-[18F]fluoro ethers (Figure 15) (Cortés González et al. 2019). The two-step
radiofluorination process includes synthesis of the electrophilic 18F-fluorination reagent
[18F]fluorobenziodoxole from tetrabutylammonium [18F]fluoride (Cortés González et
al. 2018) and subsequent 18F-oxyfluorination. The method tolerates various
heterocyclic diazoketones, and electron-withdrawing and electron-donating
substituents in the aromatic ring of the diazoketone (Cortés González et al. 2019).
Although the method utilises electrophilic 18F-fluorinating reagent, the achieved Ams
have been >200 GBq/µmol (Cortés González et al. 2019).

Figure 15. Rh-mediated 18F-fluorination (Cortés González et al. 2019).

Silver
SilverI triflate has been used in the regiospecific electrophilic fluorination of aryl
boronic acids, aryl boronic esters (Furuya & Ritter 2009), and aryl stannanes (Furuya
et al. 2009). With aryl boronates, the synthesis has been proposed to proceed via
transmetallation and subsequent fluorination (Furuya & Ritter 2009). With aryl
stannanes, the transmetallation product was observed to be the bimetallic
(ArAg)·(AgOTf) complex, which then releases the corresponding aryl fluoride through
oxidation and subsequent reductive elimination (Furuya et al. 2009).
AgOTf-mediated 18F-fluorination method has been developed using
18
[ F]Selectfluor bis(triflate) as presented in chapter 2.3.2. The 18F-labelling method has
been further developed to avoid the need for electrophilic labelling reagents. Thus,
[18F]arylOCHF2, [18F]arylOCF3, [18F]arylSCF3, [18F]arylCF3, and [18F]arylCHF2

36

Review of the literature

compounds have been produced by halogen exchange reaction with [18F]fluoride in the
presence of a AgI source (Khotavivattana et al. 2015, Verhoog et al. 2016). Despite the
method development, a downside of silver-mediated 18F-fluorination has been the low
Am. With electrophilic approach, the obvious reason for low Am is the use of F2 in the
production of the labelling reagents, and with the nucleophilic approach the reason is
the use of fluorinated precursors (Teare et al. 2010, Khotavivattana et al. 2015, Verhoog
et al. 2016).

2.6

CNS bound radiopharmaceuticals

PET radiopharmaceuticals have been used to study the human peripheral nervous
system (PNS) and CNS. To be a suitable tracer for CNS imaging, certain prerequisites
need to be fulfilled, including 1) selectivity and affinity for the receptor, 2) Am,
3) metabolism, 4) blood-brain barrier (BBB) permeability, 5) non-specific binding, and
6) clearance rate (Ametamey et al. 2008, Waterhouse & Collier 2020).
Many receptors have low concentration in the brain; thus, one of the most important
qualities of the CNS bound tracers is binding affinity. The bound-to-free in vitro
binding ratio can be estimated by the equilibrium binding expression described by
Scatchard, which can be simplified as presented below with high Am tracers
(Equation (2)) (Eckelman 1998, Gibson et al. 2000). Equation (2) and the in vitro
binding potential (Bmax/Kd) is not directly applicable to in vivo binding, as the nonspecific binding is higher in vivo than in vitro (Kung & Kung 2005, Eckelman et al.
2006). B is the concentration of the bound tracer, F is the concentration of the free
tracer, Bmax is the concentration of binding sites, and Kd is the equilibrium dissociation
constant.
𝐵𝐵
𝐹𝐹

=

𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚
𝐾𝐾𝑑𝑑

𝐵𝐵

− 𝐾𝐾 ≈
𝑑𝑑

𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚
𝐾𝐾𝑑𝑑

(2)

The second important quality of a brain imaging tracer is high Am (see chapter 2.2)
because low Am can lead to saturation of the binding site (Ametamey et al. 2008).
Similarly, an important factor is the position of the radiolabel to avoid fast metabolism.
PET cameras detect the radioactivity and do not recognize the source of radiation. Thus,
radioactive metabolites interfere with PET imaging.
Without BBB permeability, a tracer cannot be used to image the CNS. A few
important factors need to be taken into account when estimating the tracer’s ability to
cross the BBB: the molecular weight of the tracer, the tracer’s ability to form hydrogen
bonds, and lipophilicity. As a rule of thumb, the molecular weight should be <500 Da
(Banks 2009). The higher the lipophilicity, the higher the BBB permeation. However,
higher lipophilicity typically increases non-specific binding of the tracer and, thus, very
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lipophilic molecules are typically not good radiopharmaceuticals (Gibson et al. 2000).
Lastly, the tracer clearance from the blood should be relatively fast to enable imaging
with short-lived tracers.
CNS PET has been widely utilised to image inflammation, neuropsychiatric
disorders, and neurodegenerative disorders, especially AD (Frank & Hargreaves 2003,
Seeman & Madras 2013, George et al. 2015, McCluskey et al. 2020). With AD,
common targets have been amyloid plaques and tau proteins. Alternatively, the disease
can be followed by imaging metabolic activity. A typical target for neuroinflammation
imaging is the 18 kD translocator protein. Neurodegenerative and neuropsychiatric
diseases are typically associated with a dysfunction of the neurotransmission systems.
These systems can be followed by imaging with specific tracers. In the following
chapters, the focus will be on 18F-labelled norepinephrine transporter (NET) or
dopamine transporter (DAT) tracers and cannabinoid receptor tracers.

2.6.1

Imaging of NET and DAT in the CNS

NET and DAT are plasma membrane proteins located on the presynaptic nerve
terminals in the CNS and PNS. They belong to the family of Na+/Cl--dependent
neurotransmitter transporters (Zahniser & Doolen 2001). DATs control the re-uptake
of dopamine, and NETs the re-uptake of both norepinephrine and dopamine, from the
synaptic cleft (Morón et al. 2002). Dysfunctions in the NET and DAT have been
associated with various neurodegenerative diseases, including AD and PD, and
neuropsychiatric diseases, such as depression (Torres et al. 2003).
NETs play a crucial role in depression; therefore, the NET is a prominent target for
antidepressants, such as reboxetine. Reboxetine is a selective and specific
norepinephrine reuptake inhibitor (Wong et al. 2000) that has been used as a starting
point for CNS NET tracer development. Various noradrenergic 11C- and 18F-labelled
reboxetine analogue tracers have been published (Ding et al. 2005, 2006, Zeng et al.
2009, Chen et al. 2020). Most of the NET tracers that have been developed have
exhibited high non-specific binding, and only a few have proven to be suitable for in
vivo imaging. The most promising CNS NET tracers have been [18F]FMeNER-d2
(Schou et al. 2004) and (S,S)-[11C]MeNER ([11C]MRB) (Wilson et al. 2003). In human
studies, [18F]FMeNER-d2 has proven to be the better NET imaging tracer of the two
(Moriguchi et al. 2017). PNS NET tracers typically do not penetrate the BBB. Recent
developments have utilised separate chemical delivery systems to transport a PNS NET
tracer, meta-iodobenzylguanidine, to the brain (Gourand et al. 2019). However, further
evaluation is needed to prove the usefulness of this type of tracer in imaging the CNS.
In rats, a novel CNS NET tracer, [18F]NS12137 (Kirjavainen et al. 2018), has presented
superior imaging properties, good brain uptake, fast clearance, and high specificity
compared to [18F]FMeNER-d2 (López-Picón et al. 2019).
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Similar to NET, dysregulation of DAT has been associated with various
neurodegenerative diseases, and DAT-targeted tracers have been used for imaging in
PD in particular (Vaughan & Foster 2013). Various PET tracers have been used to
image DATs since the 1980s (Elsinga et al. 2006, Stehouwer & Goodman 2009). The
main target of cocaine is the DAT; therefore, various cocaine analogue tracers have
been developed to image DAT. These analogues are based on the phenyltropane
structure. DAT-selective tracers include 11C- and 18F-labelled CFT (Dannals et al. 1993,
Bergman et al. 1996, Haaparanta et al. 1996) and [18F]FE-PE2I (Schou et al. 2009).
Structures of the above-mentioned NET and DAT tracers are shown in Figure 16.

Figure 16. Examples of 11C- and 18F-labelled tracers for NET and DAT imaging in the CNS.

2.6.2

Imaging of cannabinoid receptors in the CNS

Cannabinoid receptors are cell membrane receptors belonging to the G protein-coupled
receptor (GPCR) family, which are also known as seven-transmembrane domain
receptors. Cannabinoid receptors are divided into two subclasses, cannabinoid
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receptor 1 (CB1R) and cannabinoid receptor 2 (CB2R). Originally, CB1Rs were
thought to be purely localized in the brain and CB2Rs in the periphery and immune
system. Currently, CB1Rs are also known to be found to a lesser extent in peripheral
organs, such as the lungs and liver (Howlett et al. 2002, Mechoulam & Parker 2013),
and CB2Rs to a much lesser extent also in the brain (Yu et al. 2015, Jordan & Xi 2019).
High levels of CB1Rs are found in the sensory, cognition, and motor regions in the
brain and play a crucial role in various physiological and pathological conditions,
including brain development, memory, motivation, and inflammation (Howlett et al.
2002, Mechoulam & Parker 2013). Thus, dysfunction of CB1Rs is involved in various
neuropsychiatric and neurodegenerative conditions, such as schizophrenia and AD
(Fattore 2015, Sloan et al. 2019).
Different 11C- and 18F-labelled tracers have been used to selectively image CB1Rs
(Horti & Laere 2008, Ahamed et al. 2013) and CB2Rs (Slavik et al. 2014, Ni et al.
2019) in vertebrate species, including humans. This thesis focusses on CB1R tracers,
and examples are shown in Figure 17. The development of CB1R tracers started from
(−)[5′-18F]Δ8-tetrahydrocannabinol (THC) (Charalambous et al. 1991), an analogue of
∆9-THC, the major psychoactive compound in cannabis. SR141716A, also known as
rimonabant, is a common CB1R antagonist (Rinaldi-Carmona et al. 1994). Various
rimonabant analogues have been studied (Lan et al. 1999, Katoch-Rouse et al. 2003),
and a few have been successfully radiolabelled with carbon-11 (Mathews et al. 2002)
or fluorine-18, such as [18F]SR144385 (Mathews et al. 1999) and [18F]AM5144 (Li et
al. 2005). However, these tracers have shown poor imaging properties. So-called
second generation CB1R radiotracers have improved affinity and reduced lipophilicity
(Horti & Laere 2008). These tracers include [11C]JHU75528, also known as
[11C]OMAR (Fan et al. 2006, Horti et al. 2006), [18F]MK-9470 (Burns et al. 2007),
[11C]MePPEP (Yasuno et al. 2008), [18F]FMPEP, [18F]FMPEP-d2 (Donohue et al.
2008a), and [11C]SD5024 (Donohue et al. 2008b). Recent developments include
[18F]HU-210F, which, however, is not selective for CB1R (Zanato et al. 2017).
All of the second generation CB1R radiotracers have been used in clinical PET
imaging (Hirvonen 2015). From the 11C-labelled tracers, [11C]SD5024 has proven to be
the most promising (Tsujikawa et al. 2014). From the 1,5-diphenylpyrrolidin-2-onebased CB1R tracers, [18F]FMPEP-d2 has proven to be superior in stability and imaging
properties compared to [18F]FMPEP and [11C]MePPEP (Terry et al. 2010).
Furthermore, deuteration of the [18F]fluoromethoxy tail improves stability (Donohue et
al. 2008a).
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Figure 17. Examples of 11C- and 18F-labelled tracers for CB1R imaging in the CNS.
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2.7

Clinical radiopharmaceutical production

One part of tracer and method development is translation of the method to clinical
production according to GMP guidelines and national and regional regulations and
guidelines. PET radiopharmaceuticals are defined as medicinal products and, thus, are
legislated in directive 2001/83/EC (European Parliament and Council of the European
Union 2001) in the European Union and in the Federal Food, Drug, and Cosmetic Act
(Office of the Law Revision Counsel of the U.S. House of Representatives 2020) in the
USA. “The rules governing medicinal products in the European Union”, EudraLex
volume 4, contains the guidelines for GMP production of medicinal products for human
and veterinary use (European Commission 1991), whereas Annex 3 contains the
guidelines for radiopharmaceutical production (European Commission 2008) and
Annex 15 the guidelines for validation and qualification (European Commission 2015).
In addition to regional and national regulators, various organizations have separate
GMP guidelines, including European Association of Nuclear Medicine (EANM),
European Medicines Agency (EMA), International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human Use (ICH), Pharmaceutical
Inspection Convention and Pharmaceutical Inspection Co-operation Scheme (PIC/S),
and the World Health Organization (WHO). The web of regulations for
radiopharmaceutical production is broad, but Lange et al. (2015) published an overview
of the European regulations and guidelines. In addition to clinical safety,
radiopharmaceuticals are radioactive substances and, as such, are regulated in the
radiation safety legislation and guidelines. All of these regulations set a starting point
for production facilities, storage systems, and personnel.
Translation of a production method to clinical radiopharmaceutical production
requires a validated synthesis procedure and validated analytical methods using
qualified synthesis and analytical devices. Before synthesis procedure validation, in
addition to the radiochemical synthesis procedure, the purification method and the
formulation method that allows the intravenous administration of the
radiopharmaceutical in humans need to be developed. Before analytical methods
validation, the analytical methods need to be developed. EANM has published practiceoriented guidelines for radiopharmaceutical production, such as Good Radiopharmacy
Practice (GRPP) guidelines (Elsinga et al. 2010, Aerts et al. 2014) and validation and
qualification guidelines (Todde et al. 2017). Guidelines for validation of analytical
procedures have been published by the ICH (International Council for Harmonisation
of Technical Requirements for Pharmaceuticals for Human Use 2005), and practiceoriented guidelines by EANM (Gillings et al. 2020).
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3

Aims of the study

The aim of this thesis work was to explore and develop 18F-fluorination methods
utilising transition metal-mediated 18F-fluorination with copper and ruthenium and
nucleophilic 18F-fluoroalkylation.
The following aims were set:
I – II

To investigate and improve copper-mediated 18F-fluorination using two
different [18F]fluoride drying approaches:
I

Azeotropic distillation with subsequent synthesis of [18F]NS12137
and [18F]CFT.

II

Solid phase extraction with subsequent synthesis of certain model
molecules, as well as [18F]NS12137 and [18F]CFT.

III

To utilise ruthenium-mediated 18F-fluorination in the production of a new
CB1 receptor imaging agent, [18F]FPATPP, and evaluate its utility as a PET
imaging agent in mice.

IV

To develop an automated synthesis procedure for the production of
[18F]FMPEP-d2 according to GMP and follow the long-term GMP production
of the tracer.
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4

Materials and Methods

4.1

General

All of the specific details concerning the reagents and chemicals, materials, and
instrumentation used in the production of radiotracers, as well as specific synthesis
details and preclinical evaluation details, are described in the original papers (I – IV).

4.2

Production and activation of [18F]fluoride (I – IV)

4.2.1

Production of [18F]fluoride (I – IV)

[18F]Fluoride was produced with a CC-18/9 cyclotron (Efremov Institute of
Electrophysical Apparatuses, St. Petersburg, Russia; studies I, III, and IV) or a TR-19
cyclotron (Advanced Cyclotron Systems, Inc., Richmond, British Columbia, Canada;
studies I – IV).
With the CC-18/9 cyclotron, oxygen-18-enriched water (2.2 mL, 98%, Rotem
Industries Ltd, Medical Imaging, Dimona, Israel) was irradiated with 17 MeV protons
and 40 µA beam current in an in-house constructed niobium target equipped with a
25-µm-thick stainless steel window (AISI 321, Goodfellow Cambridge Ltd.,
Huntingdon, England). The irradiated target water was trapped in a carbonated QMA
cartridge preconditioned with 10 mL of ultrapure (18 MΩ) water. [18F]Fluoride was
eluted from the cartridge with potassium carbonate solution (1.5 mL, 3 mg/mL) and
transferred to the synthesis device via polyether ether ketone (PEEK) tubing (studies I,
III, IV). The line was flushed three times with MeCN (1 mL/portion).
With the TR-19 cyclotron, oxygen-18-enriched water (3.7 mL) was irradiated with
17 MeV protons and 40 µA beam current in an niobium target equipped with a 25-µmthick Havar foil (Advanced Cyclotron Systems Inc.). Aqueous [18F]fluoride was
transferred straight to the synthesis device via polypropylene/polyethylene tubing
(studies II and III) or first trapped in a QMA cartridge and eluted as [18F]KF solution
and transferred to the synthesis device via PEEK tubing (studies I, III, and IV).
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4.2.2

[18F]Fluoride activation (I – IV)

Two different [18F]fluoride activation approaches were utilised: 1) azeotropic
distillation with MeCN and 2) solid phase extraction. Azeotropic distillation was
utilised in studies I, III, and IV and the SPE method in studies II and III.
Azeotropic distillation (I, III, IV)
In the azeotropic distillation method, K222 was added to the aqueous [18F]KF solution
and the solution dried by azeotropic distillation with MeCN at 120 °C under He flow
and reduced pressure. Two additional portions of MeCN (1 mL/portion) were added
and the solvent evaporated to dryness to form dry K222/[18F]KF complex.
Solid phase extraction (II, III)
In the SPE approach, the aqueous [18F]fluoride was trapped in a pre-activated SPE
cartridge. The cartridge was washed with suitable organic solvent prior to [18F]fluoride
elution with appropriate eluting agent. [18F]Fluoride recovery was maximized by
loading and washing the cartridges from the female Luer side and eluting from the male
Luer side (Figure 18).

Figure 18. Technical diagram of the solid phase extraction device used for [18F]fluoride activation and
solvent exchange.

In study II, the elution conditions were optimised and we evaluated 10 mg QMA
(Waters Corporation, Milford, MA, USA), 130 mg QMA (Waters Corp.), 46 mg
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carbonated QMA (Waters Corp.), and 45 mg PS-HCO3 (Synthra, Hamburg, Germany)
cartridges. The cartridges were preconditioned with 1) water, 2) 0.5 M LiOTf and
water, or 3) Na2SO4 and water. After trapping [18F]fluoride, the cartridge was washed
with DMA and [18F]fluoride subsequently eluted into the reaction vessel with copper
complex (Cu(OTf)2(py)4 or Cu(OTf)2) and an additional eluting agent (LiOTf). The
amount of copper complex varied from 12 to 96 µmol. As a control, elution was
performed using only LiOTf as an eluting agent. Elution speed varied from slow
(approx. 0.5 mL/min) to fast (approx. 5 mL/min).
In study III, aqueous [18F]fluoride was trapped in a PS-HCO3 cartridge (Synthra)
pre-conditioned with potassium oxalate (10 mg/mL) and water. The cartridge was
washed with MeCN, and [18F]fluoride was eluted with a mixture containing the
precursor, Ru-complex, and imidazolium chloride. The cartridge was then rinsed with
DMSO and MeCN. In the base-added SPE method, K2CO3 (2 eq.) was added to the
DMSO used for cartridge rinsing.
The terms elution efficiency and [18F]fluoride recovery are used when discussing
the capability of the cartridge to trap [18F]fluoride and the eluting agent to elute
[18F]fluoride; elution efficiency discloses the efficiency of the eluting agent to elute
[18F]fluoride from the cartridge, and [18F]fluoride recovery provides information about
the ability of the cartridge to trap [18F]fluoride and the eluting agent’s ability to elute it.
Elution efficiency is calculated by dividing the eluted radioactivity by the radioactivity
of the cartridge before elution (eluted radioactivity + leftover radioactivity in the
cartridge). [18F]Fluoride recovery is calculated by dividing the eluted radioactivity by
the radioactivity loaded into the cartridge (eluted radioactivity + leftover radioactivity
in the cartridge + radioactivity in the waste after loading and washing the cartridge).

4.3

Chromatographic methods (I – IV)

4.3.1

HPLC methods (I – IV)

Synthesised radiotracers were purified and analysed by radioHPLC. The HPLC
methods used in studies I – IV are specified in Table 3. Semi-preparative radioHPLC
purifications were performed using a Jasco PU-2089 HPLC pump (Jasco, Inc., Easton,
Maryland, USA) or a Merck-Hitachi L-6200 HPLC pump (Merck AG, Darmstadt,
Germany). Purification was followed with a miniature Geiger-Müller tube placed at the
column outlet. Analytical radioHPLC runs were performed with VWR Hitachi L-2000
series HPLC pumps (VWR Hitachi, VWR International GmbH, Darmstadt, Germany)
and followed with a VWR Hitachi L-2400 UV-absorption detector and a 2×2-inch NaI
radioactivity detector.
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Table 3. Semi-preparative and analytical HPLC methods.
Column

Method

Flow
[ml/min]

λ
[nm]

Luna C5, 5 µm,
4.6 × 150 mm

A: 0.1% TFA
B: 0.1% TFA in MeCN
0-3 min 80% A
3-3.1 min 80-40% A
3.1-15 min 40% A

1.5

230

[18F]NS12137
(preparative)

Gemini C18, 5 µm,
10 × 250 mm

A: 7 mM KH2PO4
B: MeCN
0-5 min 100% A
5-5.1 min 100-92% A
5.1-36 min 92% A

5.0

-

I, II

[18F]NS12137
(analytical)

Gemini C18,
110 Å, 5 µm
4.6 × 250 mm

A: 7 mM KH2PO4
B: MeCN
0-5 min 100% A
5-5.1 min 100-92% A
5.1-20 min 92% A

1.5

230

II

[18F]CFT
(preparative)

Gemini NX C18
110 Å, 5 µm
10 × 250 mm

A: 7 mM KH2PO4
B: MeCN
0-5 min 100% A
5-20 min 100 to 20% A

5.0

-

II

[18F]CFT
(analytical)

Gemini C18
110 Å, 5 µm
4.6 × 250 mm

A: 7 mM KH2PO4
B: MeCN
0-8 min 100% A
8-16 min 100-50% A
16-22 min 50% A

1.5

215

III, IV

[18F]FPATPP
[ F]FMPEP-d2
(preparative)

Luna C18(2), 10 µm
10 × 250 mm

57/43 1% TFA/MeCN +
ascorbic acid (500 mg/L)

8.0

-

III

[18F]FPATPP
(analytical)

Luna C5, 5 µm
4.6 × 150 mm

55/45 0.1% TFA/MeCN

0.95

254

IV

[18F]FMPEP-d2
(analytical)

Luna C18(2), 3 µm,
4.6 × 100 mm

55/45 0.1% TFA/MeCN

0.95

254

Study

Compound

I, II

[18F]NS12137
intermediate
(analytical)

I, II

4.3.2

18

GC methods (IV)

Semi-preparative gas chromatography (GC) was used for the purification of
[18F]bromofluoromethane-d2 in study IV. The GC system was an integral part of the
[18F]FMPEP-d2 synthesis device. An on-line installed GC column was conditioned at
170 °C prior to the synthesis and maintained at 90 °C during the separation. Helium
was used as a carrier gas. The GC column was in-house-filled with Haysep Q or
Porapak Q polymer adsorbent (Supelco, Inc., Bellefonte, PA, USA).
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An Agilent 7820A gas chromatograph equipped with a flame ionization detector
(Agilent Technologies, Santa Clara, CA, USA) was used for residual solvent analysis
in [18F]FMPEP-d2 QC with Agilent standard parameters according to USP method 467
(United States Pharmacopoeia 2020).

4.3.3

ICP-MS (I – III)

Inductively coupled plasma mass spectrometry (ICP-MS, Elan DRC Plus; PerkinElmer
Inc., Waltham, MA, USA) was used to analyse the residual Cu, Sn, and Ru from the
end-product fractions. The instrument was calibrated with commercial multi-element
standards.

4.3.4

SPE methods (I – IV)

In addition to the activation of [18F]fluoride, SPE was used for solvent exchange during
tracer production. The cartridges were loaded and washed from the female Luer side
and eluted from the male Luer side as presented in Figure 18.
In studies I and II, a tC18 Sep-Pak cartridge (Waters Corp.) was used for the solvent
exchange from DMA to THF. The cartridge was preconditioned with ethanol (5 mL)
and water (10 mL). Tracer was eluted with THF (1 mL). Here, incorporation of
[18F]fluoride was calculated as [18F]fluoride recovery as presented in section 4.2.2.
In studies III and IV, a C18 Plus Light Sep-Pak cartridge (Waters Corp.) was used
for formulation of the tracer for injection. The cartridge was preconditioned with
ethanol (7 mL) and water (10 mL) and, after loading, was washed with water (20 mL,
study III) or 100 mg/mL ascorbic acid (20 mL, study IV). In study III, the tracer was
eluted with ethanol (300 µL), followed by 9 mg/mL NaCl (2.7 mL); in study IV, the
tracer was eluted with ethanol (1 mL).

4.4

Copper-mediated 18F-labelling (I, II)

4.4.1

Synthesis of model molecules (II)

As a proof of concept, the following model molecules were produced with [18F]fluoride
activated using the SPE approach: 1-[18F]fluoro-4-iodobenzene, 4-[18F]fluorobiphenyl,
4-[18F]fluorophenol, [18F]fluorobenzene, 4-[18F]fluorobenzonitrile, 1-[18F]fluoro2-[18F]fluoronaphthalene,
and
4-nitrobenzene,
3-[18F]fluoropyridine,
18
18
4-[ F]fluoroindole. [ F]Fluoride was eluted from the anion exchange cartridge with
copper complex using optimised conditions straight into the reaction vial containing
the boronic acid or boronic ester precursor. Reactions were heated at 120 °C for
5 – 15 minutes. The radiolabelling reactions were followed by radioHPLC.
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4.4.2

[18F]NS12137 (I, II)

Two approaches were used in the copper-mediated 18F-labelling of [18F]NS12137 as
presented in Figure 19. With the azeotropic distillation approach (study I),
Cu(OTf)2(py)4 in MeCN or DMA was added to the reaction vessel containing the dry
K222/[18F]KF complex. The reaction was mixed at RT prior to addition of the NS12137
stannyl precursor. The reaction was heated at 70 – 120 °C for up to 20 min and followed
by radioHPLC. During the radiofluorination optimisation study, the
tert-butoxycarbonyl protection was not removed.

Figure 19. Cu-mediated synthesis of [18F]NS12137.

Using the SPE approach (study II), [18F]fluoride was eluted with copper complex
straight into the reaction vial containing the precursor and the reaction heated at 120 °C
for 5 to 15 minutes. The radiolabelling reactions were followed by radioHPLC. With
both approaches, solvent was exchanged and subsequently evaporated to dryness prior
to deprotection with HBr at RT or 80 °C. After deprotection, the reaction mixture was
diluted and purified by semi-preparative HPLC.

4.4.3

Synthesis of [18F]CFT (II, unpublished)

Three approaches were utilised for the production of [18F]CFT (Figure 20). With the
azeotropic distillation approach (unpublished), Cu(OTf)2(py)4 in DMA was added to
the reaction vessel containing the dry K222/[18F]KF complex. The reaction was mixed
at RT. Stannyl precursor was added and the mixture heated at 120 – 160 °C for up to
40 min.
In the SPE approach (study II), [18F]fluoride was eluted with copper complex
straight into the reaction vial containing the precursor and the reaction heated at 120 °C
for up to 15 minutes. Reactions were followed by radioHPLC. After the reaction, the
reaction mixture was diluted and purified by semi-preparative HPLC.
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In the third approach, [18F]CFT was produced with [18F]Selectfluor bis(triflate) at
RT or by heating at 40 – 80 °C for up to 40 min (unpublished). [18F]Selectfluor
bis(triflate) was produced from post-target-produced [18F]F2 as previously reported
(Teare et al. 2010).

Figure 20. Synthesis of [18F]CFT using Cu-mediated or AgOTf-mediated pathways.

4.5

Ruthenium-mediated 18F-labelling (III)

4.5.1

Synthesis of reference standard for [18F]FPATPP

Reference standard (3R,5R)-5-(3-fluorophenyl)-3-[(R)-1-phenylethylamino]-1-(4-trifluoromethylphenyl)-pyrrolidin-2-one was synthesised following the original precursor
synthesis of FMPEP (Donohue et al. 2008a).

4.5.2

Synthesis of [18F]FPATPP

A previously published Ru-mediated 18F-labelling protocol was followed and further
optimised in the synthesis of [18F]FPATPP (Figure 21) (Beyzavi et al. 2017, Rickmeier
& Ritter 2018). Before the radiosynthesis, phenol precursor and ruthenium complex
(3.5 eq) were mixed at 80 °C for 30 minutes. 1,3-Bis(2,6-diisopropylphenyl)imidazolium chloride was added to the mixture to produce the precursor mixture.
In the azeotropic distillation pathway, the reaction vessel containing dry
K222/[18F]KF complex was allowed to cool before adding the precursor mixture. In the
SPE pathway, [18F]fluoride was eluted into the reaction vessel with the precursor
mixture. The reaction mixture was heated at 100 °C, 130 °C, or 160 °C for 30 min. The
reaction was followed by radioHPLC. For preclinical evaluation, [18F]FPATPP was
purified by semi-preparative HPLC and formulated for injection.
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Figure 21. Ru-mediated synthesis of [18F]FPATPP.

4.5.3

Preclinical evaluation of [18F]FPATPP and
[18F]FMPEP-d2 (III, unpublished)

Healthy wild-type (WT) mice were used for preclinical evaluation of [18F]FPATPP and
[18F]FMPEP-d2 as specified in Table 4. The experiments were conducted under the
guidelines of the International Council of Laboratory Animal Science, and the study
was approved by the Finnish National Animal Experiment Board.
Table 4. Animals used for preclinical evaluation of [18F]FPATPP and [18F]FMPEP-d2 in study III.
Tracer

[18F]FPATPP

n

Age
[mo]

12

Gender

Weight
[g]

Study

Time points [min]

25 ± 1

Ex vivo
autoradiography,
biodistribution and
metabolite analysis
Blocking

30 (n=4)
60 (n=2)
120 (n=6, 1 bl*)

120

2

m

32 ± 4

In vivo PET
Ex vivo autoradiography
and biodistribution
Blocking (n=3, 1 f)

33 ± 5

Ex vivo biodistribution

30 (n=3)
60 (n=4)

27 ± 7

Ex vivo biodistribution

120 (n=12)

[18F]FPATPP

6

4–5

4m
2f

[18F]FMPEP-d2

7

3–4

m

[18F]FMPEP-d2

12

1.5 – 6 7 m, 5 f

*unpublished; bl, blocking
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In vivo brain imaging (III)
In vivo experiments were performed using an Inveon Multimodality PET/CT
(computed tomography) scanner (Siemens Medical Solutions USA, Knoxville, TN) for
anaesthetized (2.5% isoflurane/oxygen) mice. The 120-min dynamic PET scans were
initiated simultaneously with tracer injection into the mouse tail vein (injected dose 4.0
± 0.4 MBq; injected mass 56 ± 25 ng). CT data were used for attenuation correction of
the PET images. PET images were co-registered to their corresponding CT images
aligned with the average mouse CT template or MRI template. Volumes of interest
(VOIs) were the whole brain, neocortex, and hippocampus, and the standardized uptake
values (SUVs) were obtained from the VOIs.
Ex vivo brain autoradiography and biodistribution (III)
[18F]FPATPP (injected dose 7.0 ± 3.0 MBq; injected mass 160 ± 60 ng) was used for
ex vivo brain autoradiography and biodistribution studies. [18F]FMPEP-d2 (injected
dose 2.1 ± 1.0 MBq; injected mass 2.5 ± 1.3 ng) was used for the ex vivo biodistribution
study. Mice were sacrificed 30, 60, or 120 min post-injection (p.i.) by cardiac puncture
in deep anaesthesia.
For biodistribution, organs of interest were dissected and measured using a 2480
Wizard Gamma Counter (Wallac PerkinElmer, Turku, Finland). For autoradiography,
frozen brain slices (20 µm) were exposed on an imaging plate for 2 half-lives. The
plates were scanned by a Fuji BAS5000 phosphoimager (FUJIFILM Life Science,
Stamford, Connecticut, USA). The Aida 4 program (Raytest Isotopenmessgeräte
GmbH, Straubenhardt, Germany) was used to analyse the images. Regions of interest
(ROIs) were drawn in the parietotemporal cortex, striatum, frontal cortex,
hippocampus, cerebellar grey matter, globus pallidus, and thalamus. The thalamus was
used as a reference region when quantifying the autoradiography.
Specificity study (III)
A blocking study with rimonabant was conducted to demonstrate the specificity of
[18F]FPATPP for CB1Rs. Rimonabant is a CB1R antagonist. Mice (n=3) were given
rimonabant (2 mg/kg in 10% EtOH in Kleptose β-cyclodextrin) in the tail vein 10 min
prior to the tracer injection. Control mice (n=3) were given vehicle (10% EtOH in
Kleptose β-cyclodextrin).
Metabolite analysis (III, unpublished)
Extracted brain and plasma samples were applied to HPTLC silica gel 60 RP-18 plates
and the plates developed in 40/60 1% TFA/MeCN. The TLC plates were exposed on
imaging plates for 2 half-lives and the imaging plates scanned using the Fuji BAS5000
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phosphoimager (FUJIFILM Life Science). Images were analysed using Aida 4 (Raytest
Isotopenmessgeräte GmbH).

4.6

GMP production of [18F]FMPEP-d2 (IV)

4.6.1

[18F]FMPEP-d2 synthesis

[18F]FMPEP-d2 was synthesised in two steps (Figure 22) using a fully automated inhouse-built synthesis device. The device consists of PEEK tubing, pneumatic and
electric multi-port valves, a Teflon membrane pump, heaters, a GC column, an injector
for HPLC, and a semi-preparative HPLC column. A separate sterile filtration unit was
attached to the synthesis device. These devices were controlled by an in-house-built
control system. The synthesis procedure was adapted from the original publication by
Donohue et al. (2008a). Compared to the original process, the reaction conditions and
purification processes were optimised. The step-by-step synthesis procedure is
included in paper IV.

Figure 22. Nucleophilic synthesis of [18F]FMPEP-d2.

Aqueous [18F]fluoride was activated by azeotropic distillation with MeCN. Deuterated
dibromomethane in MeCN was added to dry K222/[18F]KF complex. The reaction
mixture was heated at 90 °C for 5 min and the resulting [18F]bromofluoromethane-d2
purified by online GC. Subsequent nucleophilic 18F-fluoroalkylation reaction was
carried out at 80 or 110 °C for 5 or 10 min. [18F]FMPEP-d2 was diluted and purified by
semi-preparative HPLC prior to formulation for injection.

4.6.2

[18F]FMPEP-d2 quality control

QC tests were performed for [18F]FMPEP-d2 following the EudraLex GMP guidelines
and are specified in Table 10. Details for HPLC are in section 4.3.1 and details for GC
analysis are in section 4.3.2. Bacterial endotoxins and sterility were analysed by a
contract research organization (CRO).
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Test

Test
method

Acceptance criteria

QC

Clinical

Quality control tests for [18F]FMPEP-d2 and the batch category in which each test is
performed.
Validation

Table 5.

Appearance

Visual
check

A clear and colourless solution, free of
particles

x

x

x

Radiochemical
identity

HPLC

Rt([18F]FMPEP-d2) = Rt(FMPEP) ± 0.5 min

x

x

x

Radioactivity

Dose
calibrator

The injection contains ≥90.0% and ≤110.0% of
the declared fluorine-18 radioactivity at the
date and time stated on the delivery sheet

x

x

x

Radiochemical
purity (RCP)

HPLC

The fluorine-18 radioactivity in the form
[18F]FMPEP-d2 is ≥95.0%

x

x

x

Radionuclidic
identity

Dose
calibrator

Half-life of 105–115 min

x

Radionuclidic
purity

HPGe
detector

≥99.9% of the radioactivity corresponds to
fluorine-18

x

Chemical
purity (CP)

HPLC

The combined mass of FMPEP-d2 and any
relevant organic (UV-absorbing) impurities are
≤10.0 μg/max injected dose (max VINJ)

x

x

x

Residual
solvents

GC

MeCN ≤410 ppm*
DMF ≤880 ppm*

x

Content of
ethanol

GC

The end product contains ≤10%*

x
x

pH

pH strip

4.0 – 7.5

x

x

Bacterial
endotoxins

Ph. Eur.

<17.5 IU/mL

x

x

Sterility

Ph. Eur.

Sterile

x

x

Shelf life

CP, RCP
and pH

-

x

Sterile filter
Pressure
Relative pressure decrease (RPD) <10%
x
x
x
integrity
hold test
*International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human
Use (2016)
Validation refers to process validation batches, QC refers to separate batches for quality control, and
clinical refers to batches for clinical use.

4.6.3

Validation of the analytical methods

The analytical HPLC method and analytical GC method were validated in accordance
with the guidelines of Turku PET Centre and the International Council for
Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH
Q2(R1) 2005). The HPLC method was used for identity, radiochemical purity (RCP),
and chemical purity (CP) determination, and the GC method for residual solvent
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analysis. Radiochemical identity was determined by the external reference standard.
Validated parameters for RCP determination were specificity and limit of detection.
Validated parameters for CP determination were specificity, linearity, repeatability,
accuracy, range, and robustness. For the GC method, the specificity and limit of
detection were validated.

4.6.4

Validation of the synthesis procedure

Process validation was conducted to confirm the reliability and reproductivity of the
[18F]FMPEP-d2 synthesis process. Validation was executed according to the Turku PET
Centre Validation Master Plan and EudraLex GMP guidelines (European Commission
2008, 2015). Three consecutive batches of [18F]FMPEP-d2 were produced according to
the approved synthesis method and the batches analysed using the validated analytical
methods. QC tests (see section 4.6.2) were performed for the end product at the end of
synthesis (EOS). For shelf-life determination, radioHPLC analysis and pH
measurements were performed at EOS + 60 min, EOS + 120 min, and EOS + 180 min.
In addition to the three consecutive batches, a batch of [18F]FMPEP-d2 was
produced without sterile filtration for bioburden verification. Sterility and endotoxins
were tested from process validation batches by a CRO.

4.7

Statistical analyses (I – IV)

In studies I – IV, all values were expressed as mean ± standard deviation (SD) when
n ≥ 2. Statistical analyses were performed using GraphPad Prism 6.0 (GraphPad
Software, San Diego, CA USA). Differences were considered to be significant when
p<0.05. In study III, statistical analyses of the ex vivo brain autoradiography were
performed using the Mann-Whitney U test.
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5

Results

5.1

Copper-mediated 18F-labelling (I, II)

5.1.1

Activation of [18F]fluoride with copper (II)

Activation of aqueous [18F]fluoride was effective with various SPE cartridges.
[18F]Fluoride was satisfactorily eluted from these cartridges using Cu(OTf)2 or
Cu(OTf)2(py)4 and additional LiOTf as the eluting agent. Results from the [18F]fluoride
elution study are shown in Figure 23. As seen in Figure 23A, addition of LiOTf to the
preconditioning and elution steps had a prominent effect on [18F]fluoride recovery
when using Cu(OTf)2(py)4 as the eluting agent. Addition of LiOTf enhanced the
[18F]fluoride recovery from 40.1 ± 0.0% to 60.3 ± 2.7% with 130 mg QMA cartridges
and from 25.3 ± 5.3% to 42.7 ± 4.4% with 46 mg carbonated QMA cartridges. When
Na2SO4 was used as the preconditioning agent instead of LiOTf, [18F]fluoride recovery
decreased drastically from 41.8 ± 5.2% to 0.6 ± 0.1% with the 46 mg carbonated QMA
cartridge. Using only LiOTf as eluting agent did not elute [18F]fluoride from the
cartridge.

Figure 23. A) Effect of LiOTf and B) the amount of copper complex on [18F]fluoride recovery.
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Varying the amount of eluting agent, Cu(OTf)2(py)4 or Cu(OTf)2, resulted in notable
differences in the [18F]fluoride recovery (Figure 23B). The highest [18F]fluoride
recovery, 65.8 ± 7.9%, was obtained with the 130 mg QMA cartridge using 96 µmol of
Cu(OTf)2, and the lowest, 24.2 ± 6.8%, with the PS-HCO3 cartridge with 12 µmol of
Cu(OTf)2(py)4. The 130 mg QMA cartridge with LiOTf preconditioning and Cu(OTf)2
(48 µmol) elution was determined to be optimal and used in the subsequent
18
F-labelling tests.

5.1.2

Synthesis of model molecules (II)

Results from the 18F-labelling reactions of model molecules when [18F]fluoride was
activated using the optimised SPE approach are shown in Table 6.
Table 6.

Results from Cu-mediated 18F-labelling of the model molecules (n=3).
Leaving
group on the
precursor

RCY* after a 5 min
reaction [%]

RCY* after a 15 min
reaction [%]

1-[18F]fluoro-4-iodobenzene

boronic acid

33.0 ± 7.6

45.7 ± 8.5

4-[ F]fluorobiphenyl

boronic acid

51.1 ± 6.7

59.4 ± 6.7

4-[ F]fluorophenol

boronic acid

20.0 ± 3.8

36.6 ± 15

[18F]fluorobenzene

boronic acid

58.0 ± 8.1

63.5 ± 8.4

4-[18F]fluorobenzonitrile

boronic acid

80.9 ± 4.0

86.5 ± 3.3

1-[ F]fluoro-4-nitrobenzene

boronic acid

60.9 ± 12

76.5 ± 14

3-[ F]fluoropyridine,

boronic acid

<15 (n=2)

-

2-[ F]fluoronaphthalene

boronic acid

80.6 ± 10

82.4 ± 1.7

4-[ F]fluoroindole

boronic ester

90.5 ± 2.1

91.6 ± 0.5

18

18

18

18

18

18

*Based on the HPLC analysis of the crude reaction mixture.

5.1.3

Synthesis of [18F]NS12137 (I, II)

[18F]NS12137 radiofluorination conditions were optimised in study I. Varying the
reaction solvent, the molar amount of precursor and copper complex, or temperature
had a significant effect on the reaction yield. However, varying the amount of base or
changing the pre-reaction mixing times and solvents did not have a significant effect
on the RCY.
Almost no reaction occurred when the reaction was carried out in MeCN. Changing
the reaction solvent from MeCN to DMA increased the RCY (based on HPLC) from
0.5% to >85%. Increasing the amount of precursor from 2 µmol to 8 µmol while
maintaining the amount of Cu complex at 3 equivalents increased the RCY (based on
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HPLC) from 8% to 76%. Further increasing the molar amount of reagent did not have
a significant effect on the reaction yield. Increasing the temperature from RT to 70 °C,
and further to 120 °C, increased the RCY (based on HPLC) after 5 min of reaction from
2.9 ± 0.1% to 18.2 ± 1.6%, and then to 90.7 ± 3.3%, respectively. At 120 °C with
8 µmol of precursor (optimised conditions), 90% RCY was achieved after 1 min of
reaction in DMA, and a longer reaction time (>5 min) increased the formation of side
products according to radioHPLC (Figure 24A).
The optimised radiofluorination reaction conditions were used to produce
18
[ F]NS12137 with deprotection and semi-preparative HPLC purification steps. These
results are shown in Table 7. The radioHPLC chromatograms of the reaction mixture
after the radiofluorination reaction, the reaction mixture after deprotection, and the
purified product are presented in Figure 24B.
Table 7.

Results from the production of [18F]NS12137.
Azeotropic distillation
approach (I)

SPE approach
(II)

Reaction time [min]

2

5

RCY of the [18F]NS12137 intermediate
(based on HPLC) [%]

89.2 ± 1.3

96.3 ± 2.0

Incorporation of [18F]fluoride according to
SPE* [%]

23.7 ± 2.2

38 (n=1)

RCY [%]

15.1 ± 0.5

16.5 (n=1)

RCP [%]

97.5 ± 0.5

100 (n=1)

Am [GBq/µmol]

300

-

Activity yield [GBq]

1.4 ± 0.2

0.3 (n=1)

Synthesis time [min]

100 ± 11

98 (n=1)

Amount of residual copper according to the
ICP-MS analysis [µg]

< 0.25

3.9 (n=1)

*Radioactivity of the reaction vial before SPE was compared to the radioactivity eluted from the SPE
cartridge
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Figure 24. A) HPLC chromatograms of reaction solution after a 1-min, 5-min and 15-min reaction at
120 °C (approach I) and B) reaction solution after the 18F-fluorination reaction (approach
I), reaction solution after HBr deprotection, and purified product.

5.1.4

Synthesis of [18F]CFT (II, unpublished)

Results from [18F]CFT synthesis with Cu-mediated 18F-labelling using the azeotropic
distillation and SPE approaches, and electrophilic 18F-labelling with [18F]Selectfluor
bis(triflate) are shown in Table 8.
Table 8.

Results from the synthesis of [18F]CFT.
Azeotropic distillation
approach (unpublished)

SPE approach
(II)

Electrophilic approach
(unpublished)

Reaction time [min]

5

15

20

Reaction solvent

DMA

DMA

acetone-d6

MeCN

Reaction temperature
[°C]

120

140

120

r.t.

40

80

RCY (based on HPLC)
[%]

19

33

6.9

8

10

<1

RCY [%]

-

5.3

-

RCP [%]

-

98.1

-

Am [GBq/µmol]

600*

-

16

Activity yield [GBq]

-

0.2

-

Synthesis time [min]

-

64

-

Amount of residual
copper according to
the ICP-MS analysis
[µg]

-

46.0

-

*calculation was based on the amount of radioactivity eluted from the analytical HPLC column and the
limit of detection value of the CFT reference (0.1 µg/mL)
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5.2

Ruthenium-mediated 18F-labelling (III)

5.2.1

Synthesis of [18F]FPATPP

[18F]FPATPP was successfully synthesised starting from a commercial phenol
precursor using the SPE method or azeotropic distillation for the activation of aqueous
[18F]fluoride. The effect of the [18F]fluoride activation method, reaction temperature,
and the presence of base on the RCY were studied and the results shown in Figure 25.

Figure 25. Results from the optimisation of [18F]FPATPP reaction conditions.

With the SPE method, the elution efficiency was 93 ± 5% (III) and [18F]fluoride
recovery 80 ± 9% (unpublished). The reaction temperature significantly affected the
RCY; no reaction occurred at 100 °C, and increasing the temperature from 130 to
160 °C increased the RCY (based on HPLC) after a 30-min reaction from 20.9 ± 0.3%
to 47.4 ± 3.5%. At 100 °C and 130 °C, the main radioactive impurity was most likely
[18F]F-aryl ruthenium complex (Figure 26A-B). With the azeotropic distillation
method, the RCY (based on HPLC) after 10 min at 160 °C was 36.3 ± 5.6%, which is
considerably higher than the RCY with the SPE method after a 10-min reaction.
With the base-added SPE method, the RCY (based on HPLC) was 17.9 ± 5.5%
after a 10-min reaction and 61.8 ± 4.9% (n=3) after a 30-min reaction at 160 °C. When
[18F]fluoride was activated via azeotropic distillation with MeCN or with the baseadded SPE method, the formation of the proposed [18F]F-aryl ruthenium complex was
not observed (Figure 26C-D). For preclinical studies, [18F]FPATPP was produced
under the optimised conditions (30 min at 160 °C), and the results from these syntheses
are shown in Table 9.
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Figure 26. A) HPLC chromatograms of the radiofluorination reaction solutions A) after a 30-min
reaction at 100 °C, 130 °C, and 160 °C; B) after a 10-min, 20-min, and 30-min reaction at
130 °C; C) after a 10-min, 20-min, and 30-min reaction at 160 °C after azeotropic
distillation; and D) after a 10-min, 20-min, and 30-min reaction at 160 °C after using the
SPE method with additional base.

Table 9.

Results from the [18F]FPATPP production for preclinical studies.
Starting activity

10.7 ± 3.3 GBq

Elution efficiency

93 ± 2%

[18F]fluoride recovery (unpublished)

51 ± 6%

RCY (decay-corrected to EOB)

16.7 ± 5.7%

RCP at EOS

99.9 ± 0.1%

RCP at EOS + 5h (unpublished)

98.8 ± 0.6% (n=2)

Am (decay-corrected to EOS)

>95 GBq/µmol (n=1)

Activity yield

1.0 ± 0.4 GBq

Synthesis time

87 ± 5 min

Amount of residual ruthenium

7.8 ± 1.8 µg/mL

End product volume

3 mL
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5.2.2

Preclinical evaluation of [18F]FPATPP

In vivo brain imaging
Maximal [18F]FPATPP uptake was reached 30 min p.i., followed by clear washout
(Figure 27). From 30 min to 120 min, the whole brain SUV decreased from 1.9 to 1.3.
Blocking with rimonabant reduced the binding of [18F]FPATPP by 58% for the whole
brain.

Figure 27. Left, PET/CT images (90 – 120 min) of [18F]FPATPP in an adult mouse brain with vehicle
or 2 mg/kg rimonabant overlaid with the MRI template. Right, time-activity curve for the
whole brain at baseline or with rimonabant blocking and their percentage difference
120 min post-injection.

Ex vivo brain autoradiography
[18F]FPATPP exhibited specific binding to the parietotemporal cortex, striatum, frontal
cortex, hippocampus, cortex and cerebellar grey matter, and globus pallidus (Figure
28); region-to-thalamus ratios were 2.3, 2.8, 2.5, 2.6, 3.7, and 4.9, respectively
(p < 0.001). Blocking with 2 mg/kg rimonabant significantly reduced the binding of
[18F]FPATPP and reduced the region-to-thalamus ratios close to 1.
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Figure 28. Representative ex vivo brain autoradiographic images of [18F]FPATPP binding at 120 min
post-injection. Images on the right are from a mouse pre-treated with 2 mg/kg rimonabant.

Ex vivo biodistribution
In the ex vivo biodistribution study, [18F]FPATPP presented high accumulation in the
whole brain 30 min p.i. with fast washout (Figure 29). Whole brain uptake was 9.8 ±
3.2%ID/g 30 min p.i. and 4.9 ± 0.9%ID/g 120 min p.i. Rimonabant pre-treatment
reduced the brain uptake to 1.6 ± 0.1%ID/g 120 min p.i. Accumulation in the bone was
low, only 0.4 ± 0.1%ID/g 120 min p.i. In the collateral ex vivo biodistribution study
with [18F]FMPEP-d2, the whole brain uptake was lower and no clear washout was
observed. In addition, bone uptake was 2.7 ± 0.5%ID/g 120 min p.i.
Metabolite analysis (III, unpublished)
Metabolism of [18F]FPATPP was slow. Two polar radioactive metabolites were
observed in the plasma and one in the cortex 120 min p.i. The amount of [18F]FPATPP
120 min p.i. was 21.3 ± 3.5% in the plasma and 75.0 ± 4.3% in the cortex. Rimonabant
blocking reduced [18F]FPATPP binding in the cortex to 25.4% 120 min p.i. (n=1,
unpublished).
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Figure 29. Ex vivo biodistribution of [18F]FPATPP and [18F]FMPEP-d2 in the brain and parietal bone.

5.3

GMP production of [18F]FMPEP-d2 (IV)

5.3.1

[18F]FMPEP-d2 synthesis and quality control

The original [18F]FMPEP-d2 synthesis procedure by Donohue et al. (2008a) was
followed with small modifications to the reaction and purification conditions.
[18F]Bromofluoromethane-d2 was produced successfully in a 5-min reaction at 90 °C
and purified by GC at 90 °C. The GC purification method proved to be robust and
reproducible when the GC column was preconditioned before tracer production at
170 °C. The subsequent nucleophilic 18F-fluoroalkylation reaction was carried out at
80 to 110 °C in 5 to 10 min. [18F]FMPEP-d2 was purified by semi-preparative HPLC
in 15 min. The total synthesis time was 83 ± 7 minutes. Between 2013 and 2018, 223
batches of [18F]FMPEP-d2 were produced with a 91% success rate, 16 ± 6% decaycorrected RCY, and 600 ± 300 GBq/µmol Am at the EOS. Yearly results are given in
Table 10. The shelf-life of [18F]FMPEP-d2 was originally determined to be 180 min
(validation result: RCP 97.9 ± 1.1% at EOS + 180 min, n=3), but after a short period
of time, the shelf-life was decreased to 120 min (results after the original validation
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process: RCP 96.3 ± 1.8% at EOS + 180 min, RCP 96.8 ± 1.2% at EOS + 120 min,
n=3) at RT.
Table 10. Summary of [18F]FMPEP-d2 production during 2013-2018.
Year

Total /
for clinical use /
rejected

Success
rate [%]

RCP [%]

Radioactivity at
EOS [GBq]

Am at EOS
[GBq/μmol]

2013

46 / 6 / 0

100

99.1 ± 0.7

0.8 ± 0.4

430 ± 260

2014

38 / 27 / 5

87

98.5 ± 0.8

0.8 ± 0.4

410 ± 250

2015

35 / 28 / 3

91

98.2 ± 1.0

1.1 ± 0.4

730 ± 290

2016

37 / 34 / 2

95

97.9 ± 0.8

1.2 ± 0.3

790 ± 220

2017

27 / 21 / 6

78

98.1 ± 1.0

0.9 ± 0.3

540 ± 190

2018

40 / 33 / 3

93

98.5 ± 0.8

1.1 ± 0.3

660 ± 350

Total

223 / 149 / 19

91

98.3 ± 0.9

1.1 ± 0.4

600 ± 300

RCP, radioactivity, and Am values were calculated from the batches produced for clinical use; thus, the
rejected batches are not included in the calculations.

In the production of [18F]FMPEP-d2, both occasional and continuous problems have
been encountered. Occasional problems include radiolysis when the radioactivity
concentration (RAC) is >150 MBq/mL (Figure 30A). When the RAC increases, the
RCP decreases; whereas the Am increases with increasing RAC (Figure 30B). Ascorbic
acid was added to the HPLC eluent and HPLC fraction dilution solutions to prevent
radiolytic dissociation. In addition, the amount of starting activity was decreased to
avoid radiolytic dissociation.

Figure 30. A) Radiochemical purity (RCP) as a function of radioactivity concentration (RAC) at EOS
and B) molar activity as a function of RAC at EOS. Average RCP and Am values are marked
by a red dot in both graphs.
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Continuous problems include the lipophilicity of FMPEP. The use of a hydrophilic
polyethersulfone membrane filter for sterile filtration and two-component
polypropylene or polyethylene syringes for radiopharmaceutical administration
diminished the adherence of [18F]FMPEP-d2 to the filter and syringe materials
compared to different membranes and three-component syringes.
As seen in Table 10, in 2017 there was an unusually high number of rejections, as
more than 20% of all syntheses were rejected. Originally, the cause was thought to be
a non-functional heating unit that resulted in incomplete radiofluorination. The
radiofluorination reaction temperature was increased (80 °C to 110 °C) and time
prolonged (5 to 10 min) and the synthesis device modified to solve the problem.
However, these changes did not improve the RCY or RCP. Eventually, the cause was
found to be invalid DMF. The use of old DMF had a detrimental effect on the
radiofluorination yield and RCP.

5.3.2

Method validation

Qualification of the synthesis device and validation of the synthesis process, as well as
validation of the analytical HPLC and GC methods, were successful. Successful
validation confirmed that the synthesis process and analytical methods were
appropriate for [18F]FMPEP-d2 production and QC. After validation, three major
controlled changes were made to the synthesis process: 1) decreasing the shelf-life from
180 min to 120 min to fulfil the specifications until the end of shelf-life, 2) changing
the GC column stationary phase, and 3) changing the heating unit from an electric
heater to oil bath and simultaneously changing the reaction temperature and time.
Changes were carried out and documented according to GMP guidelines.
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When working with short-living fluorine-18, late-stage fluorination is the preferred
approach to minimise the time needed for the radiosynthesis and to avoid purification
steps between multiple reactions. One of the most novel approaches to late-stage
18
F-fluorination is transition metal-mediated 18F-labelling. These reactions have been
gaining in popularity since the first publications in the beginning of the 2010s. Coppermediated 18F-labelling reactions have been widely investigated, and studies I and II are
continuing the trend. Although ruthenium-mediated 18F-labelling is still a relatively
unfamiliar 18F-labelling approach, it has been shown to be a robust and reproducible
method for tracer production. Regardless of the 18F-labelling method, activation of
[18F]fluoride is a key step in all 18F-fluorination processes.

6.1

Copper-mediated 18F-labelling (I, II)

6.1.1

[18F]Fluoride processing

Azeotropic distillation and SPE are both suitable [18F]fluoride activation methods for
subsequent copper-mediated 18F-labelling of [18F]NS12137 and [18F]CFT. With the
azeotropic distillation method, extra attention should be given to the distillation
conditions to avoid the adherence of [18F]fluoride in the glass vial. Although the RCY
(based on HPLC) was approximately 90% with [18F]NS12137 using the azeotropic
distillation method, [18F]fluoride incorporation was only up to 25%. Incorporation was
1.5-times higher with the SPE activation method. Even with the SPE activation method,
[18F]fluoride was adsorbed onto the glass vial walls during the 18F-fluorination reaction.
The high difference in the RCY (based on HPLC) and [18F]fluoride incorporation is
explained by the use of water to dilute the reaction mixture prior to SPE, which
dissolves the [18F]fluoride from the reaction vessel walls.
Azeotropic distillation is typically considered to be a more time-consuming method
than [18F]fluoride activation with SPE. However, the synthesis times observed in the
[18F]NS12137 production in studies I and II were similar, approximately 100 min. The
synthesis procedure with the SPE activation method could be improved and made faster
by automating the device.
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Another disadvantage of the azeotropic distillation method is the use of
Kryptofix2.2.2, which is considered toxic. To avoid the use of K222, tetraalkyl
ammonium compounds have been used in [18F]fluoride activation, achieving high
RCYs (Zhang et al. 2019a). The basic conditions achieved with azeotropic distillation
have been criticised, as some reactions are base-sensitive. Azeotropic distillation-free
copper-mediated 18F-labelling methods have been developed, but most of these still
utilise additional evaporation steps, as in the alcohol-enhanced copper-mediated
radiofluorination described by Zischler et al. (2017), or unnecessary or even toxic
chemicals, such as pyridinium sulphonates (Antuganov et al. 2019) or
4-dimethylaminopyridinium triflate (Zhang et al. 2019b). The advantage of the SPE
activation method developed in study II is the lack of extra evaporation steps or toxic
chemicals excluding the copper complex, which is necessary for the subsequent
18
F-labelling process. However, an advantage of azeotropic distillation is the elevated
reaction vial temperature at the start of the reaction. Especially in the copper-mediated
18
F-labelling reactions, the reaction times are relatively short, and elevating the starting
temperature of the reaction vial promotes the subsequent 18F-labelling reaction.
Both Cu(OTf)2 and Cu(OTf)2(py)4 were used successfully in the activation of
[18F]fluoride with SPE. With most cartridges, Cu(OTf)2 was a more efficient eluting
agent than Cu(OTf)2(py)4. In study II, we suggested that pyridine coordination to
copper causes steric hindrance in [18F]fluoride coordination. Using large amounts of
copper complex diminished the difference between the two different complexes. In
addition, [18F]fluoride recovery increased with an increased amount of copper complex
(12 µmol < 24 µmol < 48 µmol < 96 µmol). However, the highest amount of copper
was not considered to be optimal due to high cost and to avoid possible purification
problems.
Our results support the reaction mechanism previously proposed by Zarrad et al.
(2017) in which [18F]fluoride is eluted from the anion exchange cartridge as a
Cu(OTf)[18F]F or Cu(OTf)[18F]F(py)4 complex (Figure 31). Using aqueous LiOTf to
precondition the cartridge and adding LiOTf to the elution solution enhances the anion
exchange in the cartridge.

68

Discussion

Figure 31. Proposed mechanism for [18F]fluoride activation using the SPE method.

6.1.2

18

F-Radiolabelling

Model
molecules
1-[18F]fluoro-4-iodobenzene,
4-[18F]fluorobiphenyl,
18
18
18
4-[ F]fluorophenol, [ F]fluorobenzene, 4-[ F]fluorobenzonitrile, 1-[18F]fluoro4-nitrobenzene, 2-[18F]fluoronaphthalene, and 4-[18F]fluoroindole, and the tracer
molecules [18F]NS12137 and [18F]CFT were successfully produced by coppermediated fluorination with moderate to excellent yields. 3-[18F]Fluoropyridine was
produced with less than 15% RCY. The low yield is probably due to the coordination
of nitrogen in the precursor molecule to copper instead of pyridine. Low yield may be
avoided by changing the order in which reagents are added. In this study, [18F]fluoride
was eluted with Cu(OTf)2 complex into the vessel containing the precursor and
pyridine. Pyridine may stabilise the Cu intermediate as MeCN does with fluorine-19
(Gamache et al. 2016) and, as such, may be crucial to producing the Cu(py)4(OTf)(F)
intermediate before addition of the precursor. An alternative reason for the low yield
with 3-[18F]fluoropyridine could be the stability of the boronic acid precursor,
3-pyridinylboronic acid, as some heteroaromatic boronic acids are unstable under
aerobic conditions (Hall 2005). However, the mechanism of Cu-mediated 18F-labelling
should be studied further.
Copper-mediated 18F-labelling reactions have generally been carried out in 20 min.
However, in studies I and II, 5-min reaction times were found to be sufficient. In most
cases, increasing the reaction time from 5 to 15 min had only a minor effect on the
RCY. In addition, in the synthesis of [18F]NS12137 in study I, longer reaction times
were observed to slightly decrease the RCY and increase the amount of side products,
which suggests that [18F]NS12137 starts to slowly decompose at high temperatures.
Regardless of the [18F]fluoride activation method used and the amount of copper in
the [18F]fluoride elution step, the copper was efficiently removed in the purification
steps with both [18F]NS12137 and [18F]CFT. According to ICH guidelines, the daily
parenteral administration limit for copper is 340 µg (International Council for
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Harmonisation of Technical Requirements for Pharmaceuticals for Human Use 2019),
and both [18F]NS12137 and [18F]CFT were well under the limit.
To compare the effectiveness of copper-mediated radiofluorination to traditional
electrophilic fluorination, [18F]CFT was produced via electrophilic 18F-fluorination
with [18F]Selectfluor bis(triflate). Although the yield was comparable to the yield
achieved with the SPE approach, the Am was considerably lower with the electrophilic
approach, as expected. Similarly, [18F]NS12137 has been produced via electrophilic
18
F-fluorination with considerably lower Am (Kirjavainen et al. 2018) than via coppermediated 18F-fluorination.

6.2

Ruthenium-mediated 18F-labelling (III)

6.2.1

18

F-radiolabelling

Production of [18F]FPATPP was successful via ruthenium-mediated labelling with both
[18F]fluoride activation methods, azeotropic distillation and SPE. During optimisation
of the SPE method, the elution efficiency and [18F]fluoride recovery were at similar
levels (93% vs. 80%), but when [18F]FPATPP was produced for preclinical use, these
values were very different (93% vs. 51%). Preclinical batches were made with high
starting activities (>7 GBq). Extending irradiation times increases the formation of
cationic impurities from the metallic target foil and the target chamber material. Poor
[18F]fluoride recovery with larger starting activities could be caused by these cationic
impurities.
With SPE, RCY (based on HPLC) was acceptable after a 30-min reaction, whereas
activation of [18F]fluoride via azeotropic distillation led to a good RCY (based on
HPLC) after a 10-min reaction. The differences in the RCY between these two methods
were no longer present after 30 minutes. Although, base-free 18F-fluorination
approaches are sometimes desired due to the use of base-sensitive precursors, the
addition of base enhanced the reaction in Ru-mediated labelling. In addition, as seen in
Figure 26A-D, the proposed [18F]F-aryl ruthenium complex is not observed when
K2CO3 is present in the radiofluorination reaction mixture.
Ruthenium-mediated radiofluorination has been proven a robust and reproducible
method although the conditions are extreme. As such, ruthenium-mediated production
of [18F]FPATPP is not ready for translation to clinical production due to the high
ruthenium content in the purified product (7.8 ± 1.8 µg/mL). According to the European
pharmacopoeia and ICH Q3D(R1) guidelines, the maximum daily exposure of
parenteral ruthenium is 10 µg/day (European Pharmacopoeia 2013, International
Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human
Use 2019).
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6.2.2

Preclinical evaluation

[18F]FPATPP is an analogue of a known CB1R imaging tracer, [18F]FMPEP-d2. The
binding properties of [18F]FPATPP were compared to a mouse study with
[18F]FMPEP-d2 (Donohue et al. 2008a) and a rat study with [18F]MK-9470 (Casteels et
al. 2012). According to the in vivo study, [18F]FPATPP uptake was similar to
[18F]FMPEP-d2 and considerably faster than [18F]MK-9470. Thus, unlike with
[18F]FMPEP-d2 and [18F]MK-9470, the washout began immediately after the peak
uptake.
Ex vivo autoradiography showed [18F]FPATPP binding to CB1R-rich areas in the
mouse brain. An exceptional property of [18F]FPATPP is the ability to distinguish
different hippocampal and cortical layers. Similar resolution has not been detected with
[18F]FMPEP-d2 or [18F]MK-9470. [18F]FPATPP binding was quantified by comparing
the CB1R-rich areas to the thalamus; we observed significant binding (P<0.001).
According to the low bone accumulation observed in the ex vivo biodistribution study,
[18F]FPATPP does not seem to be prone to undergoing defluorination, unlike
[18F]FMPEP-d2. Although [18F]FMPEP-d2 exhibited higher metabolic stability in the
brain (86% vs. 75% of unchanged tracer) (Takkinen et al. 2018), the higher brain uptake
and lower defluorination with [18F]FPATPP are advantages for imaging.
Specificity study
The specificity of [18F]FPATPP for CB1Rs was studied with rimonabant blocking.
Rimonabant has been shown to be specific and selective for CB1Rs over CB2R
(Rinaldi-Carmona et al. 1994). In addition, CB2R expression in the CNS is very low
(Howlett et al. 2002), so rimonabant is suitable for demonstrating the specificity for
CB1R. In vivo PET imaging, ex vivo autoradiography and biodistribution studies, and
metabolism studies showed blocking of [18F]FPATPP binding. In previous in vitro
studies, [18F]FMPEP-d2, the close analogue of [18F]FPATPP, was specific and selective
for CB1Rs over CB2R (Donohue et al. 2008a). Thus, [18F]FPATPP is specific and
selective for CB1R.

6.2.3

Comparison of cannabinoid tracers [18F]FPATPP and
[18F]FMPEP-d2 (III, IV)

As already described in chapter 6.2.2, [18F]FPATPP exhibited improved uptake and
washout kinetics compared to [18F]FMPEP-d2; thus, [18F]FPATPP could be a superior
tracer in clinical imaging. In addition, unlike [18F]FPATPP, [18F]FMPEP-d2 is prone to
defluorination and [18F]fluoride accumulation in parietal bone (Figure 29). The RCP,
shelf-life, and radioactivity concentration for both of these tracers are provided in
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Table 11. With [18F]FMPEP-d2, RCP decreases as a function of the RAC (Figure 30).
[18F]FPATPP exhibited better stability towards radiolysis.
Table 11. Radiochemical data for [18F]FPATPP and [18F]FMPEP-d2.
[18F]FPATPP

[18F]FMPEP-d2

RCP at EOS [%]

99.9 ± 0.1
(range 99.8 – 100.0, n=5)

98.3 ± 1.0
(range 94.3 – 100.0, n=149)

RAC [MBq/mL]

200 – 450

20 – 200

Shelf-life [min]

300

120

RCP at the end of shelf-life [%]

98.8 ± 0.6%
(n=2)

96.8 ± 1.2
(range 95.4 – 97.8, n=3)

6.3

Future aspects with transition metal-mediated
18
F-labelling (I – III)

Discussion concerning the toxicity of chemicals used in the radiosynthesis of clinical
tracers has been going on for years. Tin-containing compounds have traditionally been
used as precursors in electrophilic 18F-labelling reactions. However, the use of tin has
been criticised as one more weakness of the electrophilic 18F-labelling approach. As
demonstrated in study I, the tin residue in the purified product fraction is minimal
compared to the maximal parenteral dose according to the ICH guidelines (Table 12).
Similarly, copper can be removed from the product fraction via traditional
chromatographic methods with excellent purification factor. For palladium, nickel, and
ruthenium, the maximal parenteral doses per day are considerably lower than for copper
or tin (International Council for Harmonisation of Technical Requirements for
Pharmaceuticals for Human Use 2019). In study III with [18F]FPATPP, a high amount
of ruthenium was observed in the end product fraction although the product was
purified with HPLC and passed through an SPE cartridge during formulation. Celen et
al. (2020) reported successful removal of ruthenium from the product fraction with
similar chromatographic methods: two SPE cartridges, HPLC, and sterile filter.
Similarly, palladium and nickel have successfully been removed from the product
fractions by HPLC and typically multiple SPE cartridges (Lee et al. 2011, Hoover et al.
2016).
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Table 12. Metal residues in the products achieved with transition metal-mediated 18F-fluorination.

Metal

Maximal
parenteral
dose
according to
ICH* [µg/day]

Metal residue
[µg/mL]

Tracers

Purification
method

Reference

Palladium

10

0.005

[18F]fluorodeoxyestrone

Filtration and
HPLC

(Lee et al.
2011)

Nickel

22

< 0.1

[18F]5-fluorouracil

HPLC and SPE

(Hoover et
al. 2016)

Copper

340

< 0.25 – 3.9 µg**
46 µg**

[18F]NS12137
[18F]CFT

SPE and HPLC
HPLC

Study I – II
Study II

Tin

640

< 0.25 µg**

[18F]NS12137

HPLC

Study I

< 0.015

[18F]EKZ-001

HPLC and SPE

(Celen et
al. 2020)

< 10

[18F]FPATPP

HPLC and SPE

Study III

Ruthenium

10

*ICH Q3D(R1) 2019
** 5 – 10 mL volume

As discussed above, copper can be removed sufficiently by simple chromatographic
methods. The copper-mediated 18F-fluorination method is a simple labelling approach
with wide substrate scope, mild reaction conditions, and readily available chemicals.
Thus, the method would easily be translated to clinical production. For example, in the
production of [18F]NS12137, considerably milder reaction conditions are needed for
the copper-mediated approach (5 min, 120 °C, studies I – II) than for the nucleophilic
approach (15 min, 185 °C, López-Picón et al. 2019).
Radiofluorination processes utilising ruthenium, palladium, and nickel require a
more careful design of the purification system, but metal residues can be minimised
with multiple SPE systems. As palladium and nickel-mediated labelling reactions have
turned out to be unsuitable for clinical production due to complex precursor synthesis
(Lee et al. 2011, 2012, Hoover et al. 2016), ruthenium-mediated 18F-fluorination is a
desirable method with easy access phenol precursors. Ru-mediated 18F-labelling proved
to be a robust 18F-fluorination method, but the reaction conditions are extreme. Unlike
in the original studies with ruthenium (Beyzavi et al. 2017), study III demonstrated that
130 °C is not hot enough of a reaction temperature for the decomplexation and 160 °C
was needed. Despite the robustness, the harshness of the reaction conditions in
Ru-mediated 18F-labelling are close to traditional nucleophilic reaction conditions. In
addition, premixing of the precursor and Ru complex is needed, which is an extra step
compared to the copper-mediated 18F-labelling chemistry. Thus, from the current
developments in transition metal-mediated 18F-fluorination, copper-mediated
18
F-labelling is the most obvious labelling method to choose when proceeding to
clinical radiopharmaceutical production with aromatic structures.
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6.4

GMP production of [18F]FMPEP-d2 (IV)

Modifications to the original synthesis process by Donohue et al. (2008a) shortened the
synthesis time significantly. One major improvement was purification of
[18F]dibromomethane-d2 via GC instead of SPE cartridges. The GC method is robust
and reproducible when the GC column is appropriately preconditioned before every
synthesis. Overall, the production of [18F]FMPEP-d2 has been robust and reproducible
with a 91% success rate. The greatest cause for rejection has been resolved and the
validity of DMF is monitored.
[18F]FMPEP-d2 is prone to undergoing defluorination via radiolytic dissociation.
Previous studies have shown that changing the [18F]fluoromethoxy tail to deuterated
[18F]fluoromethoxy makes the structure more stable (Donohue et al. 2008a, Terry et al.
2010). Radiolytic dissociation has been successfully reduced by adding ascorbic acid
to critical steps in the synthesis process. A RAC of 50 MBq/mL was considered a limit
when radiolysis is observed, but issues with too low RCP have started with an RAC of
150 MBq/mL. To avoid high RACs and subsequent radiolysis, the amount of starting
activity was decreased. However, as the real reason for incomplete radiofluorination
reactions was invalid DMF, whether invalid DMF enhanced the radiolysis and
complicated the semi-preparative purification, causing low RCP of the final product,
can be discussed.
Lipophilicity of [18F]FMPEP-d2 has been a problem, especially with syringes used
for radiopharmaceutical administration; therefore, these syringes have been switched
to lubricant-free syringes. In addition, sterile filters were changed to filters with
hydrophilic membranes. Both of these actions diminished the tracer adherence to
consumable materials. Despite the high lipophilicity of [18F]FMPEP-d2, it did not get
stuck in the device to a significant degree.
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Conclusions

In studies I and II, copper-mediated 18F-fluorination was found to be suitable for the
production of various model molecules, [18F]NS12137, and [18F]CFT with moderate to
good yields. Both [18F]fluoride activation methods, azeotropic distillation and SPE,
work with subsequent copper-mediated 18F-fluorination starting from boronic acid
precursors, boronic ester precursors, or stannylated precursors. Reaction conditions
were optimised and 5 min reactions found to be satisfactory for most of the studied
compounds. Using the SPE approach, [18F]NS12137 was produced with up to 16%
RCY and [18F]CFT with up to 5% RCY. Copper-mediated labelling via SPE was
simple, straightforward, and more effective than using azeotropic distillation and, thus,
is a more reasonable choice for translation to clinical production in the future.
In study III, ruthenium-mediated 18F-labelling was successfully implemented into
the production of [18F]FPATPP, a new imaging agent for CB1R imaging. Rutheniummediated 18F-labelling proved to be a robust and reproducible radiofluorination method.
However, the high amount of ruthenium in the purified product is a disadvantage.
Preclinical evaluation with [18F]FPATPP showed specific binding to CB1Rs, high brain
uptake, fast washout, and low defluorination.
In study IV, the synthesis device for [18F]FMPEP-d2 was built and the device and
analytical methods validated successfully for clinical radiopharmaceutical production.
Clinical production was followed for 5 years and [18F]FMPEP-d2 produced with 16%
RCY and Am of 600 GBq/µmol. With more than 220 syntheses over the 5-year period,
the success rate was 91%.
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