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Abstract Noninvasive imaging in living subjects with
positron emission tomography (PET) provides early detec-
tion of diseases in humans. For this application, it is
necessary to prepare specific molecular imaging probes
labeled with positron-emitting radioisotopes such as
fluorine-18 for obtaining high-quality PET imaging. In this
review, we describe recent trends in the F-18 radiolabeling
method for the introduction of no-carrier-added fluorine-18,
which was obtained from an '"*O(p,n)'®F reaction, into a
specific molecular site, which in turn is intended to serve as
an imaging agent for PET study. These labeling protocols
are based on ionic liquid media '®F radiofluorination in the
presence of some water, enzymatic '°F fluorination using
fluorinase in water solution, non-polar protic alcohol media
'8F radiofluorination and its mechanism, and nucleophilic
'8E fluorination of an aromatic iodonium salt precursor.
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Introduction

Positron emission tomography (PET) has been widely used
in the medical imaging of molecular and biological
processes, and provides promising opportunities to monitor
metabolism and detect diseases in humans [1]. It is
necessary to prepare specific molecular imaging probes
labeled with positron-emitting radioisotopes for obtaining
high-quality PET imaging [1, 2]. For this application, in
particular fluorine-18 has many desirable characteristics:
'®F_Radiolabeled biologically active compounds, such as
peptides, neuro-transmitter ligands, and enzyme inhibitor
analogues, can be used to trace biochemical processes while
maintaining favorable interaction with the target since
fluorine-18 can afford minimal steric interference; its
relatively long half-life (¢,,=110 min) can allow ['*F]-
labeled radiopharmaceuticals to be produced regionally and
shipped for imaging studies to nearby hospitals that are not
equipped with cyclotrons for radionuclide production; the
["®F]fluorine atom can form stable bonding to carbon at the
molecular level; finally, fluorine-18 can be produced easily
from cyclotron via irradiation of ['*0] water targets with
proton beams [3].

However, despite the many desirable characteristics of
fluorine-18, only a few ['®F]-radiolabeling processes are
currently available for introducing fluorine-18 to biolog-
ically active compounds rapidly, efficiently, and conve-
niently [4]. In particular, in case of the preparation of
receptor-binding PET radiopharmaceuticals, these pro-
cesses require highly specific activity [5]. The typical
method for introducing a single fluorine-18 at a specific
molecular site is the nucleophilic displacement of the
corresponding sulfonates and halides by the ['*F]fluoride
ion at the no-carrier-added level [4—6]. While ['*F]fluoride
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in ['®*0OJH,O generated from a cyclotron has been used
traditionally for this purpose, its limited solubility in
organic solvents and generally low nucleophilicity mean
that vigorous reaction conditions are required for this sort
of ['®F]-radiolabeling reaction. To facilitate the nucleo-
philic ['®F]-radiolabeling process, various “naked” highly
nucleophilic ['®*F]fluoride anion systems have been devel-
oped. The solubility and nucleophilicity of ['*F]fluoride
anions were improved by the use of bulky counter cations,
which often have been generated by phase-transfer-type
protocols, such as quaternary ammonium ['®F]fluoride
derivatives and alkali metal ['®F]fluoride/crown-ether
complexation. In addition, because ['*F]fluoride anions
are tightly hydrated and become chemically inert in water,
although they are potent nucleophiles in their desolvated
state, the azeotropic drying step of the aqueous solution
(["*F]F/['®0]H,0) is also required to remove water from
["®F]fluoride anion reagents [7].

As shown in Fig. 1, “naked” highly nucleophilic ['*F]
fluoride anions, such as tetrabutylammonium ['*F]fluoride
(["®F]TBAF) and the ['®F]KF/Kryptofix[2.2.2] complex,
are known to be representative reagents for [ *F]-radiolabeling
synthesis: ['"*F]TBAF is generated from tetrabutylammonium
hydroxide (TBAOH) or tetrabutylammonium bicarbonate
with ["®F]F" produced from ['*0]H,O; the ['®*F]KF/
Kryptofix[2.2.2] complex is generated from K,CO;3 with
['"®F]F" in H,O. However, while the enhanced nucleophi-
licity of these “naked” ['®F]fluoride anions generally
accelerates the rate of ['®F]-radiolabeling reactions [6],
these reaction systems are generally strongly basic, which
restricts their ['®F]-radiolabeling utility because, in case of
the use of base-sensitive precursor molecules, it engenders
various side reactions, such as eliminations, cycloalkylation,
etc. [7]. In addition, because it is difficult to get a naked ['°F]
fluoride anion that is completely anhydrous, naked hydrox-

(a)

(CH3CH20H20H2)4N+ X +

ide, which is generated from reaction media, leads to
hydroxylations that form alcohols as a byproduct [7].
Therefore, many research groups have shown interest in the
alternative ['®F]-radiolabeling reaction method for mild
conditions but the chemo-selective introduction of ['°F]
fluorine into biologically active compounds for PET imaging
[7, 8].

Tonic Liquid Media ['*F] Radiofluorination
in the Presence of Some Water

Tonic liquid media [9—11] nucleophilic ['*F] radiofluorination
using ["®F]fluoride ions and Cs,COj in the presence of some
water was reported as a new method for fluorine-18 labeling
in 2003 [12, 13]. In this method, the ['*F] ﬂuorination of
mesyloxyalkanes using Cs,COs to generate Cs['*F]F in ionic
liquid, 1-butyl-3-methylimidazolium triflate ([bmim][OTf]),
afforded the corresponding ['®F] fluoroproduct in 93%
radiochemical yield (RCY) after reaction at 120°C for 5-
10 min (Fig. 2a). The reaction system was not capped for
azeotropic removal of water to proceed simultaneously with
the reaction at this reaction temperature, reducing the overall
reaction time considerably. This means that ['*F]fluoride in
water, as obtained from the production target in the
cyclotron, can be added directly to the ['*F]-radiofluorination
reaction media without a dehydration process, which was
typically a time-consuming step required in other previous
methods. Moreover, even though the RCY dropped slightly,
the ['*F]-radiofluorination reaction also proceeded efficiently
in the presence of larger amounts of water (250 ul) than the
optimized amounts of water (50 pl) as shown in Fig. 2b [12].
Jeong et al. [14] reported a successful application in the
improved preparation of ['*F]JFDG, which is the most
popular radiopharmaceutical for PET imaging, using this

nc.a®F inHy' 0 ——————— (CH3CH,CH,CH,),N*' 8F

azeotropic

X = OH, HCO;

KoCO3/ Kryptofix[2.2.2] + n.c.a '®F inH,'®0
(b)

TBA'®F or K'8F/Kryptofix[2.2.2]
R X

removal of H,'80
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removal of H,'80

TBA'SF

(\

K'8F/Kryptofix[2. 0
2.2]
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R/\/F + R/\/OH +

aprotic solvent (CH3CN, DMF or DMSO)

X =0Ms, OTs, OTf, Cl, Br, |
Fig. 1 This figure shows the preparation of TBA'SF as well as K'®F/

Kryptofix[2.2.2] as a “naked” fluoride-18 source (a), and nucleophilic
'8F fluorination using the conventional method affords a desirable
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Fig. 2 This figure shows nucleophilc '®F fluorination in ionic liquid
[bmim][OTH], the structure of [bmim][OTf] (a), and the influence on
the amount of water in the F-18 labeling reaction (b)

ionic liquid media ['*F]-radiofluorination method. However,
this ['®F]-labeling method could have problems when the
['®F]radiopharmaceutical was polar and contained many
heteroatoms, because it became difficult to extract it from
the ionic liquid phase [15]. To overcome this drawback of
ionic liquids, there are some reports about a polymer-
supported ionic liquid that can be used for nucleophilic
non-radioactive fluorination as a catalyst [15, 16]. However,
the application of these catalysts to ['®F]-radiofluorination
labeling reactions of radiopharmaceuticals has not been
reported up to now.

Enzymatic ['*F] Radiofluorination Using Fluorinase
Enzyme in Water Solution

Since fluorides are tightly hydrated and become “inert”
fluorides (Fig. 3), water as a reaction medium cannot be
used for nucleophilic fluorination [17]. Perhaps the sole
exception to this is enzymatic fluorination in water
catalyzed by a fluorinase enzyme, but here, specific
hydrogen bonding of the enzyme with the fluoride and the
substrate appears to facilitate the formation of C-F bonds
[17, 18]. This finding that a fluorination enzyme as a
biocatalyst (isolated from the bacterium Streptomyces
cattleya) can provide C-F bond formation has opened up
some prospects for such an ['®F]-radiolabeling method in

27
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"inert" fluoride in water: isolated form

Fig. 3 This figure illustrates a hydrated fluoride in water: “inert”
(isolated) fluoride; no nucleophilic activity

this area. In 2003, Martarello et al. tried to perform enzymatic
['®F] radiofluorination of (S)-adenosyl-L-methionine (SAM)
as both a precursor and fluorinase substrate to 5'-['®F]fluoro-
5'-deoxyadenosine (["*F]-5'-FDA) using wild-type fluorinase
and ['®F]fluoride/['®O]water directly supplied from the
cyclotron in Tris-HCI buffer solution, but they found that
the process afforded ['®F]-5'-FDA in only 1% of the overall
radiochemical yield [19]. Although this enzymatic approach
was technically inapplicable, it showed the possibility of the
enzymatic ['®F]-radiofluorination method. In a recent report
by the same research group, the radiochemical yields for
['®F]-5"-FDA production from ['®F]fluoride had improved
dramatically (up to 95%) by the use of recombinant
fluorinase and L-amino acid oxidase (L-AAO) in the same
enzymatic ['*F]radiofluorination. L-amino acid oxidase acted
as a scavenger to remove L-methionine for preventing a
reverse reaction in the reaction, consequently increasing the
reaction rate and RCY (Fig. 4) [20]. More recently, ['*F]-
radiolabeled nucleoside derivatives were extensively studied
as potential radiopharmaceuticals for PET tumor imaging by
Winkler et al. [21]. They reported one-pot ['*F] radio-
fluorination/base-swap biotransformations of (S)-adenosyl-L-
methionine to ['®F]-5’-deoxy-5'-fluorouridines (via the
formation of ['®F]-5-FDA) with four enzymes, fluorinase,
L-AAO, purine nucleoside phosphorylase (PNP), and thymi-
dine phosphorylase (TP), in the presence of uracil, potassium
phosphate, and ['*F]fluoride (Fig. 5). These results demon-
strated a new application of enzymatic ['*F] radiofluorination
for the synthesis of various ['®F]-radiolabeled nucleosides.
However, the limitation of the precursor as a fluorinase
substrate and the relatively long reaction time could be
drawbacks in terms of the application of various types of
compounds and the generation of large amounts of radioac-
tive radiopharmaceuticals.

Non-polar Protic Alcohol Media ['®F] Radiofluorination
and its Mechanism

It is well known that protic solvents such as water and
alcohols are not appropriate for most nucleophilic ['*F]-
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Fig. 4 This figure illustrates the enzymatic ['*F]-fluorination using fluorinase in water solution

radiofluorination reactions since protic solvents reduce the
nucleophilicity of ['*F]fluoride by extensive hydrogen bond-
ing and interaction with the partial positive charge of these
solvents. Therefore, polar aprotic solvents, such as acetoni-
trile, NV,N-dimethylformamide (DMF), and dimethyl sulfoxide
(DMSO), have been widely used as a solvent for these ['*F]-
radiolabeling reactions. The nucleophilicity of ['*F]fluoride in
polar aprotic solvents usually is enhanced through the
selective solvation of its counter cations by the negative end
of the polar aprotic solvent dipole and the lack of a proton for
hydrogen bonding, which leave the ['®F]fluoride free or
“naked” [22]. However, recently, a highly efficient aliphatic
nucleophilic fluorination and ['®F]-radiofluorination method
with alkali metal fluorides or ['*F]fluoride using nonpolar
protic fert alcohols as a reaction medium has been reported
(Table 1) [23]. In this method, the fert-alcohol media, such as
tert-butyl alcohol and fert-amyl alcohol, greatly enhanced the
reactivity of alkali metal fluorides. In particular, the use of fert
alcohols could reduce the formation of typical byproducts
(namely, alkenes, alcohols, or ethers) dramatically in the
nucleophilic fluorination of base-sensitive compounds, such
as 1-(2-mesylethyl)naphthalene and N-5-bromopentanoyl-
3,4-dimethoxyaniline (Table 1, entries 2 and 3, respectively)
compared with the use of conventional polar aprotic solvents
[23-25].

The attributes of this fluorination method play an
important role in the efficient automatic preparation of
['®F] radiopharmaceuticals for PET molecular imaging

NH,

/N XN
(0]

OH OH

*HaN St fluorinase, '®F
Y\_/ 8F-in H,0
Coo —

L-AAO

N N/)

<
o

OH OH

studies. Although ['®*F]JFP-CIT is known to be an important
radiopharmaceutical for PET imaging of dopamine trans-
porters, it is impossible to use it routinely because it has only
been obtained in 1% yield. However, using the fert-alcohol
media ['*F]-fluorination method, ['*F]FP-CIT was produced
in approximately 36% yield at 100°C for 20 min in one step
(entry 4) [26]. This mass production of ['*F]FP-CIT could be
used clinically and commercially. This report demonstrated
that this new ['®F]-radiolabeling method also provided the
syntheses of other ['*F] radiopharmaceuticals—['*F]FLT
(65.5%) [27], ['*FIFMISO (69.6%) [28], and ['*F]FDG
(85.4%)—in high radiochemical yield and purity, and in
shorter times compared to conventional syntheses.

Because this finding was in marked contrast with the
expectations from the conventional ['*F]-radiofluorination
mechanism; recently, the mechanism of the nucleophilic
fluorination reaction in fert-alcohol solvent has been
reported. As shown in Fig. 6, the authors suggested the
mechanism: limited solvation of ['®F]fluoride coordinated
with bulky fert alcohols (named “flexible” fluoride) could
make the fluoride an especially good nucleophile in this
medium; leaving group reactivity could be enhanced by
hydrogen bonding between the fert-alcohol solvent with
oxygen atoms of a sulfonate leaving group; side reactions,
such as eliminations, hydroxylations, and intramolecular
alkylations, could be suppressed by the protic environment,
particularly when using base-sensitive precursors [24, 25].
In a more recent paper, it was proven that “flexible” fluoride

NH, o

C
i) purine nucleoside phosphorylase, 18F

PO, _ 0

ii) thymidi hosphoryl
i) thymidine phosphorylase OH OH

Fig. 5 This figure shows the fluorinase-coupled base swaps after enzymatic radiolabeling for the synthesis of ['*F]-5'-deoxy-5'-fluorouridines
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Table 1 Nucleophilic fluorination and synthesis of '*F-fluorine-labeled PET radiopharmaceuticals using the tert-alcohol solvent system
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Fig. 7 This figure shows the reactivity of TBAF(+~BuOH), and TBAF in a nucleophilic fluorination reaction (a) and X-ray crystal structure of

“flexible” fluoride—TBAF(+-BuOH), (b)

could be formed in the tert-alcohol media fluorination
processing as a result of the preparation of tetrabutylam-
monium tetra #-butanol coordinated fluoride, TBAF(z-
BuOH),, from commercially available TBAF in #BuOH.
This TBAF(+~-BuOH), also showed good performance in
the nucleophilic fluorination because of its ideal favorable
properties as a fluoride source, such as the dehydrated state
for anhydrous reaction conditions, low hygroscopicity,
good solubility in organic solvents, and good nucleophilic-
ity with low basicity (Fig. 7) [29-31].

+ X
N ! A 18F/K222
R | R
Pz Pz
Diaryliodonium salts
18F/K222

+X
N I S
ISRV

Heteroaromatic iodonium salts
c)
+ 0~ CHs COOMe
r N
_ O
TsO o)

Fig. 8 This figure shows the introduction of fluorine-18 into arenes
through the reactions of diaryliodonium salt (a) and heteroaromatic
iodonium salts such as aryl-(2-thienyl)iodonium salt with no-carrier-
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Nucleophilic [lsF] Fluorination of Aromatic Iodonium
Salt Precursor with No-carrier-added ['*F]fluoride

The method for the introduction of fluorine-18 at a specific
aromatic molecular site has received much attention in the
area of ['®F] radiochemistry because of the many biolog-
ically active compounds that contain various aromatic rings
[32]. Although the nucleophilic ['*F]-flurorination reactions
of aromatic target molecules with no-carrier-added ['*F]
fluoride so far have generally been limited to the introduc-

Bd s

More regioselective
['®F]fluorination

0~ CHs COOMe
4
18- N o HN
o 1
['®FIfarglitazar O

added [ISF]ﬂuoride (b). This shows that ['8F]farglitazar was synthe-
sized from the corresponding iodonium salt precursor (c)

microwave
irradiation
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tion of '®F on electron-deficient aromatic rings [33, 34],
this reaction protocol not only provides highly specific
active ['®F]fluoroarenes, but also yields high chemo-
selectively compared to the electrophilic aromatic ['*F]
flurorination using ['*F]F, or ['®F]acetylhypofluorite [35].
Recently, diaryliodonium salts have received much atten-
tion in the direct nucleophilic aromatic ['*F] fluorination of
various arenes, in particular, electron-rich arenes, because
these salts have allowed efficient nucleophilic substitution
on arenes as shown in Fig. 8 [36, 37]. Ross et al. [38]
developed heteroaromatic iodonium salts, such as aryl-(2-
thienyl)iodonium salt derivatives, as precursors for regio-
selective nucleophilic ['®F]flurorination. In this report, the
highly electron-rich heteroaromatic 2-thienyl group made
the no-carrier-added ['®F]fluoride attack the aryl group
regioselectively, and consequently only the desired ['*F]-
radiolabeled arenes could be obtained without any other
['®F]-radiolabeled byproducts (Fig. 8b). The attributes of
this method play a crucial role in the syntheses of
radiopharmaceuticals containing various aromatic rings
(via direct aromatic ['®F] labeling) for PET imaging studies.
For example, Lee et al. [39, 40] reported that ['°F]-
radiolabeled farglitazar (GI 262570) as a peroxisome
proliferator-activated receptor gamma ligand could be
synthesized through the nucleophilic ['*F] fluorination of
the corresponding iodonium salt precursor with ['*F]
fluoride (Fig. 8c). However, this ['®F]-labeling method
might often have the limitation of difficulty in preparing the
iodonium salt precursor.

Conclusion

In summary, we have described various recent nucleophilic
['®F]-radiolabeling protocols with no-carrier-added ['®F]
fluoride. The final goal of these novel fluorine-18 radio-
labeling protocols is to obtain F-18-labeled radiopharma-
ceuticals efficiently for their application as PET imaging
agents in nuclear medicine and life sciences. This is a good
example showing that, since it could become possible to
produce ['®*F]FP-CIT and ['®F]JFLT automatically and
routinely through the new alcohol media ['*F]-radiofluori-
nation method, they could be used clinically and commer-
cially in Korea. To increase the role of PET nuclear
molecular imaging in medicine and life sciences, it is
necessary to find both more reliable radiopharmaceuticals
and radiolabeling methods. Many studies on the develop-
ment of even more efficient protocols (greater selectivity,
shorter reaction time, higher radiochemical yield, etc.) for
nucleophilic radiolabeling reactions with no-carrier-added
['®F]fluoride to produce radiopharmaceuticals for in vivo
imaging using PET are in progress in many research
groups.
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