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Abstract: Incorporation of [18F]fluorine into PET radiotracer structure has traditionally been accom-
plished via nucleophilic pathways. The [18F]fluoride is generated in an aqueous solution via proton
irradiation of oxygen-18 enriched water and must to be introduced into water-free organic solutions
in order to generate reactive species. Thus nucleophilic 18F-fluorination traditionally included steps
for [18F]fluoride concentration on the anion exchange resin, followed by removal of residual water via
azeotropic distillation with MeCN, a time-consuming process associated with radioactivity losses and
difficult automation. To circumvent this, several adsorption/elution protocols were developed based
on the minimization of water content in traditional kryptofix-based [18F]fluoride eluents. The use
of pre-dried KOH/kryptofix solutions, tertiary alcohols, and strong organic bases was found to be
effective. Advances in transition metal-mediated SNAr approaches for radiolabeling of non-activated
aromatic substrates have prompted development of alternative techniques for reactive [18F]fluoride
species generation, such as organic solutions of non-basic alkyl ammonium and pyridinium sul-
fonates, etc. For radiofluorinations of iodonium salts precursors, a “minimalist” approach was
introduced, avoiding the majority of pitfalls common to more complex methods. These innovations
allowed the development of new time-efficient and convenient work-up procedures that are easily
implementable in modern automated synthesizers. They will be the subject of this review.

Keywords: [18F]fluoride; nucleophilc fluorinations; phase transfer catalysts; tetraalkylammonium
salts; copper-mediated fluorination; synthesis automation

1. Introduction

Positron Emission Tomography (PET) is an important molecular imaging modality
that has long been used for clinical diagnostics, particularly in the field of oncology. It
allows quantification of physiological and pathological processes in living subjects on a
molecular level through detection of radiotracer—biologically active or drug-like molecule
labeled with positron-emitting radionuclides—biodistribution. Among cyclotron-produced
radionuclides, 11C, 13N, and 15O, the 18F possesses the longest half-life (109.8 min) and
favorable physicochemical and nuclear properties. Low positron energy of 0.635 MeV
allows for highest theoretical spatial resolution due to the shortest maximum range of
positrons in tissue (2.4 mm in water). Over 300 GBq per batch of the radionuclide can
be easily produced in a low-to-medium energy cyclotron via the 18O(p,n)18F reaction
occurring during proton irradiation of 18O-enriched water in a high pressure target [1].
With this production approach, starting [18F]fluoride and corresponding labeled tracers
are available in high molar activity (Am) allowing for microdosing approach in receptors-
binding studies. Ca. 2-h half-life permits complex synthetic approaches, providing access
to a large variety of 18F-labeled radiopharmaceuticals (RPs) and also allows shipping of
multiple clinical doses from a centralized production site to hospitals without access to
cyclotron and radiochemistry/radiopharmacy facilities.

[18F]fluoride is currently the most practical and generally available source of this
radionuclide, and in this form, it is used in the vast majority of the 18F-labeling procedures.
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Nucleophilic substitution of an appropriate leaving group in a precursor molecule with
[18F]fluoride is the most prominent method for the production of a variety of clinically
relevant radiotracers [2–5]. [18F]fluoride generated in a water target as strongly hydrated
anion is generally unreactive in nucleophilic substitution scenarios. Therefore, the pre-
processing steps are required to isolate [18F]F− from an aqueous environment and transform
it into a reactive nucleophile species.

Early work on the nucleophilic 18F-fluorinations included the removal of the bulk
target water (1–3 mL volumes) by thermal distillation in the presence of K2CO3, added to
prevent the formation of gaseous [18F]HF. Following it up with azeotropic distillation with
acetonitrile allowed for complete removal of residual water, however, the whole procedure
was lengthy and generally impractical. Alternatively, separation of the [18F]fluoride from
[18O]H2O (allowing for recycling of enriched water) on a strong anion-exchange cartridge
(AEC) was introduced [6] and was found to be ideally suited for processing 18F− with
implementation in the commercial automated synthesizers following shortly [7–9]. The
recovery process is composed of two steps: the trapping of radionuclide on the resin
and elution of adsorbed radioactivity with an organic–aqueous solution containing a
base and a phase-transfer catalyst (PTC), most commonly the combination of K2CO3 and
a cryptand (Kryptofix, K2.2.2, Sigma-Aldrich, St. Louis, Missouri, United States). The
addition of cryptand enables solubilization of the [18F]fluoride in a polar aprotic solvent
and enhances nucleophilicity of the fluoride ion. The first application of K2.2.2. as cryptand
in a 18F-radiolabeling was reported in 1986 for aliphatic nucleophilic synthesis of a fatty
acid [10]; soon after, it was employed in the synthesis of 2-deoxy-2-[18F]fluoro-D-glucose
([18F]FDG) [11], the most commonly used fluorine-18 radiotracer. Following this formative
work, a radiolabeling method using azeotropically dried [18F]KF/K2.2.2./K2CO3 was used
in the preparation of a great variety of radiotracers for clinical and research applications in
both aliphatic and aromatic nucleophilic substitution scenarios [2–5,12]. As an alternative to
K2.2.2./K2CO3(KHCO3), tetrabutyl ammonium bicarbonate (Bu4NHCO3) was introduced
at about the same time [13] for solubilization of [18F]fluoride, and, due to its lower basicity,
was found to be effective in a number of nucleophilic fluorinations.

Since the presence of water severely reduces the reactivity of the fluoride ion in
nucleophilic substitution reactions, trace water from the eluent mixture need to be carefully
removed. Customarily this is achieved through a multi-step azeotropic drying process with
the addition of several aliquots of acetonitrile. Although this procedure was implemented
in most of the currently available commercial synthesis modules, the efficiency of drying
depends on the reactor vessel design, heat transfer, vacuum/drying gas flow, and time.
Incomplete drying strongly (and negatively) affects the reactivity of the [18F]fluoride,
drastically reducing yields. As a whole, the azeotropic drying step is time-consuming
(6–15 min) and is usually associated with significant losses of radioactivity due to decay
and absorption of the radionuclide on the inner surfaces of the reaction vessel.

Another limitation of this approach is the use of the substantial amounts of the base
to facilitate elution of [18F]fluoride retained on the standard large-size anion exchange
cartridges (Sep-Pak Plus QMA Light, PSHCO3). A typical kryptofix-based eluent contains
2.0–3.5 mg (15–25 µmol) of K2CO3, which is an unacceptably large amount when dealing
with base-sensitive precursors. Resulting basic reaction conditions often lead to the for-
mation of undesired radiolabeled by-products and the generation of chemical impurities
resulting from the decomposition of the precursor.

In order to address these issues, considerable efforts have been expended to develop
shortened [18F]F− adsorbtion/elution protocols omitting the azeotropic drying procedure
and, more importantly, providing less basic and milder 18F-fluorination conditions for base-
sensitive precursors. A number of innovative methods and techniques were introduced by
different groups through optimization of the base and phase-transfer agent used, eluting
solvent composition, cartridge conditioning solvent (anion), and other parameters. As a
result, a number of fine-tuned protocols for the preparation of particular radiotracers have
been developed and published.
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In this review, our focus is on the improvement of “classical” methods for the activa-
tion of [18F]fluoride facilitating their implementation into the routine automated production
of radiotracers, as well as emerging methodologies and techniques. One needs to acknowl-
edge that in recent years a number of microfluidic and microscale approaches have been
introduced for small-scale production. However, they, as well as electrochemical methods
used for reprocessing of [18F]fluoride, lie outside of the scope of the current review.

2. [18F]Fluoride Activation for Aliphatic Nucleophilic SN2 Substitution

Aliphatic nucleophilic SN2 substitution in the presence of K2.2.2./K2CO3 or Bu4NHCO3
is currently the most prominent method for the production of the majority of clinically
relevant radiotracers, including [18F]FDG, 3-deoxy-3-[18F]fluorothymidine ([18F]FLT),
[18F]fluoromisonidazole (1-[18F]fluoro-3-(2-nitroimidazol-1-yl)-propan-2-ol; [18F]FMISO),
O-(2′-[18F]fluoroethyl-L-tyrosine ([18F]FET), 16α-[18F]fluoroestradiol ([18F]FES) (Figure 1),
and others [2,5–12].
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Figure 1. The structures of the commonly used tumor seeking agents prepared by conventional
aliphatic radiofluorination.

Typical one-vessel two-step synthesis of a radiotracer is achieved by nucleophilic dis-
placement of an appropriate leaving group in the precursor with activated [18F]F− in polar
aprotic solvents (MeCN, DMF, DMSO, etc.) at 80–130 ◦C followed by (if necessary) removal
of the protective groups. This methodology was also adapted to the labeling of a number
of 18F-labeled bioactive and drug-like molecules prepared via direct radiofluorination, as
well as for the preparation of the most common 18F-fluoroalkylating agents [14] and pros-
thetic groups [15] for indirect radiolabeling approaches. Despite the fact that conventional
azeotropic-drying methodologies are well established in the aliphatic fluorinations and are
implemented in the majority of automated synthesizers, the drying-free approaches have
shown distinct advantages such simplicity of the automation and shorter production time.

Traditionally the methods to circumvent the drying process relied upon the variation
of the composition of kryptofix-based AEC eluent containing either K2CO3 or less basic
KHCO3, K2C2O4, and reduction of water fraction in the organic/water mixture. For base-
sensitive precursors encouraging results were achieved using chemically inert quaternary
ammonium salts such as Bu4NOTs, Bu4NOTf, and Et4NOTf that have been introduced
recently in lieu of “classical” Bu4NHCO3.
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2.1. Azeotropic Drying Free Methods for Kryptofix-Mediated Radiofluorinations

In the majority of protocols for kryptofix-mediated fluorinations the AEC resin-bound
[18F]F− is eluted from the cartridge with a solution of K2.2.2./K2CO3 dissolved in a mixture
of organic solvent and water.

The type of anion-exchange cartridge and the amount of packing material substantially
influence the efficacy of [18F]F− elution as well as the subsequent radiolabeling. Currently,
the capture-and-release process is usually accomplished using standard AccellTM Plus
QMA light Sep-Pak cartridge (filled with 130 mg of quaternary ammonium chloride poly-
mer) or less common Chromafix® PS-HCO3 (filled with 46 mg of quaternary ammonium
bicarbonate polymer). Before use, the QMA*Cl− cartridge is conditioned with aqueous
K2CO3 or KHCO3 and water, while the PSHCO3 cartridge is just wetted with water. The
QMA resin is also available in a carbonate form, the Sep-Pak Light (46 mg) AccelTM Plus
QMA Carbonate cartridge that can be used as is, without any conditioning. These cartridges
are used in all types of automated synthesizers as components of pre-assembled dispos-
able cassettes (GE FASTlab) or the appropriate reagents kits (IBA Synthera). Barrel-type
cartridges such as Vac QMA 1 cc (100 mg), Oasis WAX 1 cc Vac Cartridge (30 mg), StrataTM-
XL-A polymeric strong anion, 100 mg/3 mL, and others are commonly encountered in
research and development situations but are less common in routine applications.

Choosing the right eluent solvent mixture can significantly reduce drying time later
on. A 100% aqueous eluent employed in the first published methods provided 100% elu-
tion efficiency (EE). However, the azeotropic drying time was too long for the method
to be of significant practical use. In the current practice, the acetonitrile-water mixtures
with different percentages of water are employed to shorten the drying procedure. Using
eluent that contains only 4% of water and 96% of acetonitrile allowed for the dried reactive
[K/K2.2.2.]+[18F]− complex to be obtained without further addition of acetonitrile. Ac-
cording to this protocol, the radionuclide is trapped on a standard strong anion-exchange
cartridge AccellTM Plus QMA light Sep-Pak (130 mg) pre-conditioned with 10 mL of 0.5 M
K2CO3 solution and water, each. Trapped [18F]fluoride is eluted with 2 mL of MeCN/H2O
(96/4 v/v) mixture containing 9.8 mg (25 µmol) of K2.2.2. and 1.8 mg (12 µmol) of K2CO3,
with EE >98%. Evaporation of solvents at 110 ◦C under a stream of nitrogen (with no
vacuum) produces reactive [18F]fluoride directly. The general applicability of this method-
ology, originally developed by our group for automated synthesis of [18F]FDG [16,17],
was confirmed by applying it to the routine preparations of the tumor imaging agents
[18F]FMeChol [18], [18F]FES [19], [18F]FEDBT [20]. Numerous other examples of this
method’s application to production of other radiotracers were reported in the literature:
[18F]Flumazenil [21], [18F]FEPE2I [22], [18F]FP-06684511 [23], [18F]MCL524 [24], and others
[Figure 2].

Pascali and co-authors [25,26] have reported an azeotropic-drying free method using
QMA eluent containing 12% of water in acetonitrile with less basic KHCO3. The [18F]F−

retained on the cartridge (QMA, 130 mg) was eluted with 1 mL of K2.2.2./KHCO3 solution;
with vacuum-assisted evaporation to dryness at 72 ◦C under a nitrogen flow following,
affording reactive [18F]fluoride species. Using this protocol, two highly-sought radiotracers,
[18F]FET [25] and [18F]FMISO [26] were synthesized. The latter one was obtained in greater
radiochemical yield (RCY) (54% against reported 30–40% for conventional methods), with
only 30 min total synthesis time.

However, even as techniques described [16–26] avoid azeotropic drying procedure, the
eluting solvent must still be removed by distillation to be replaced with the reaction solvent.
There has been a recent focus on developing methodologies with the aim of completely
excluding the need for solvent replacement prior to radiofluorination step.
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Wester and co-workers [27] described an approach using highly concentrated K2.2.2./KOH
solution in anhydrous MeCN, allowing for quantitative elution of [18F]F− under water-
free conditions. No solvent evaporation was required to obtain reactive [18F]fluoride
species. The applicability of this methodology to the preparation of several well-known
radiotracers ([18F]FDG, [18F]FET, [18F]FLT, [18F]FAZA, and [18F]fallypride) was confirmed
when radiolabeling was carried out using small aliquots of the eluate. An example of
application of this so-called “Munich method” in a full-batch production is the synthesis of
18F-rhPSMA-7 [28], a novel hybrid PSMA radiloligand that contains either 18F or 68Ga in
the same structure. In a manual synthesis [28] [18F]F− was eluted from the QMA cartridge
(46 mg) with a mixture of K2.2.2. (110 µmol) and KOH (100 µmol) in 0.5 mL of MeCN; the
eluent was freshly prepared from the lyophilized kit. The eluate was collected directly
into a reaction vessel containing labeling precursor (50–150 nmol) and an oxalic acid (to
provide less basic conditions [29]) in 150 µL DMSO/30 µL MeCN mixture. Isotopic 19F/18F
exchange reaction was completed in 5 min at r.t. providing an RCY of over 55% after
cartridge-based purification. Despite the distinct advantages of this time-saving and easy-
to-automate protocol, it has not yet been implemented into routine 18F-radiochemistry,
possibly due to the need for high amounts of base and subsequently relatively large amount
of precursors required.

Very recently [30] use of water-free eluent containing KHCO3 (1.6 mg) and K2.2.2.
(6.0 mg) in MeOH (0.4 mL) for the recovery of [18F]fluoride from the QMA cartridge (46 mg,
carbonate form) followed by direct use of the eluate in labeling reaction has been reported.
This methodology was previously developed [30] for microscale 18F-radiolabeling with
minimization of the amounts of base and cryptand. Synthesis of a 18F-labeled stilbene [30]
for β-amyloid imaging was achieved using 2 mg of precursor in 0.2 mL of DMSO. When
employing conventional azeotropic drying methodology for the same synthesis, a substan-
tial amount of the unlabeled impurities in the reaction mixture was observed. The authors
speculate that heating acetonitrile in the presence of K2CO3 and K2.2.2. promoted dimeriza-
tion of acetonitrile, leading to the formation of butyronitrile. The latter then reacted with
the sulfonyl leaving group of the precursor producing unlabeled impurities. In contrast,
no impurities were observed using the water-free methanolic solution in the elution stage
with no need for azeotropic drying. Still, in this approach, the eluting solvent needs to be
removed before fluorination. Noteworthy, this is the first report pointing out the possi-
bility of MeCN dimerization under azeotropic drying conditions. Small volumes of the
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solvents employed in the method [31] might be a limitation of this approach’s amenability
to automation due to possible losses of the radioactivity in the transfer lines.

A relatively straightforward method [32] avoiding the need to remove the water is a
kryptofix-mediated radiofluorination in a mixed organic solvent system containing only a
small amount of water. Good tolerance to the presence of trace water was demonstrated
in the preparation of three radiotracers, [18F]PSS232, [18F]MISO, and [18F]fallypride when
using [18F]F− eluent containing K2.2.2. (7.2 mg, 19 µmol) and K2CO3 (1.3 mg, 9.6 µmol) in
600 µL of MeCN-H2O (49:1 v/v). [18F]Fluoride was recovered from 46 mg QMA cartridge
(EE 86%) directly into a solution of the precursor in DMA; fluorination was carried out
in DMA/MeCN (70/30) mixture containing 97 µL of water. This operationally simple
methodology was easily implemented on a GE TRACERlab FX FN platform (GE Healthcare,
Madison, WI, USA) exemplified by the automated production of [18F]fallypride, a clinically
useful D2/D3 antagonist radioligand with a moderate RCY of 25%.

In another report [33], eluate containing a certain amount of water (4850 ppm, eluted
volume 1 mL) was used directly in the radiolabeling of several aliphatic and aromatic
precursors, including mannose triflate ([18F]FDG precursor). To trap cyclotron-produced
[18F]fluoride a custom-prepared water-wettable macroporous co-polymer loaded with a
long alkyl chain quaternary ammonium salt was used instead of the conventional QMA
cartridge. Limitations of this methodology are the need for high precursor amounts
(15–40 mg) and the necessity to add the additional PTCs, either K2CO3/K2.2.2. (7 mg/22 mg)
or Et4NHCO3 (50 mg) to increase the fluorination efficiency. Noteworthy, since only an
aliquot of the eluate was used in the radiofluorinations, the reaction conditions were
effectively anhydrous. Due to the exclusion of the evaporation steps, this approach appears
to be attractive for deployment in microfluidic systems, which was one of the goals of
this study.

A successful aliphatic substitution reaction with [18F]fluoride in the presence of 2–
3% of water (12.000–20.000 ppm) was demonstrated by Kniess and co-workers [34] in
the azeotropic-drying free synthesis of 2-[18F]fluoroethyl tosylate, a frequently used 18F-
fluorialkylating agent. With this so-called “hydrous fluoroethylation” protocol, [18F]F−

loaded onto the QMA cartridge was eluted with 0.7 mL of solution containing 21 µmol
K2CO3 and 42 µmol K2.2.2.; the collected eluate was used directly in reaction with 1,2-
ethylene glycol-bistosylate (7 mg, 19 µmol) with further one-pot 18F-fluoroalkylation re-
action promoted by Cs2CO3 as a base. Avoiding any solvent removal steps has resulted
in five-fold increase in the isolated RCY of three model COX-2 inhibitors not only due to
shortened synthesis procedure but also due to minimal losses of the radioactivity on the
inner walls of the reaction vessel.

2.2. Tetraalkylammonium Salts (Bu4N+, Et4N+) as the PTCs

Tetraalkylammonium salts together with basic, non-nucleophilic anions (e.g., CO3
2−

or HCO3
−) have been used for the years [13,34] with Bu4NHCO3 as less basic alternatives to

K2.2.2./K2CO3. They are characterized by counter-ion exchanging ability with [18F]fluoride
and good solubility in most organic solvents. From this group of the PTCs, Bu4NHCO3
has been the most widely used, demonstrating higher [35,36] or similar [37] RCYs when
compared to conventional kryptofix-mediated fluorinations. The [18F]F− is quantitatively
recovered from the AEC with the eluent composed of MeCN (2 mL) and Bu4NHCO3
(0.075 mL, 20% aq., pH 8) [38,39] followed by conventional azeotropic drying. Quite
recently [38], an elution protocol using ethanolic solution of the PTC (0.075 M Bu4NHCO3
in 0.5 mL of EtOH) was described. The reactive [18F]fluoride species thus produced was
further used for the synthesis of [18F]FES immediately after simple solvent evaporation
without the need for azeotropic drying. For this radiotracer similar RCYs of around 50%
(decay-corrected) were obtained regardless of the choice of the PTC—K2.2.2./K2CO3 or
Bu4NHCO3.

Similar to Bu4NHCO3, tetraethylammonium salts were found to be effective in en-
hancing [18F]fluoride reactivity in both aliphatic and aromatic nucleophilic substitution
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scenarios. Brichard and Aigbirhio [39] demonstrated that Et4NHCO3 (15 mg) dissolved in
a polar aprotic solvent (MeCN, DMF, DMSO) containing up to 5% of water could be used
to elute QMA-loaded [18F]F− with elution performed in the reverse (opposite to loading)
direction. The obtained eluate can be used directly in further fluorinations eliminating
solvents evaporation steps. The feasibility of this approach was confirmed for a wide range
of the aliphatic substrates ([18F]FDG, [18F]fallypride, [18F]FEDAA1106) and model aromatic
compound demonstrating similar or increased RCY when compared with conventional
kryptofix-mediated procedures. However, it is worth noting that all the labeling reactions
were performed using small aliquots of the eluate (50–100 µL). Thus, the applicability of this
methodology for full-batch production needs to be evaluated further, which reduces both
the amount of base and the amount of water in the reaction mixture. Thus the applicability
of this methodology for full-batch production needs to be evaluated further.

In general, in routine clinical application use of Et4NHCO3 is not as common as
Bu4NHCO3. In one of the recent protocols [40] that has been implemented into GMP
production of [18F]DPA-714, preparation of reactive Et4N+[18F]F− still incorporated steps
for “traditional” solvent removal. Automated synthesis on a Trasis AllinOne (AIO) cassette-
based module involved elution of the [18F]fluoride from the QMA cartridge with a solution
of Et4NHCO3 in water/acetonitrile (85/15 v/v), followed by azeotropic distillation. Fluori-
nation of the corresponding tosyl precursor in MeCN provided significantly higher RCY
(55–71%) if compared with earlier kryptofix-based methods. The authors speculate that
Et4NHCO3 could be a better enhancer of [18F]fluoride nucleophilicity than K2.2.2./K2CO3 or
K2.2.2./KHCO3, probably due to better stabilization of the precursor-fluoride intermediate
during the reaction.

Apart from developments concerning the elimination of the azeotropic drying step
and improvements in automation, considerable efforts have been directed at the control
of the basicity of the reaction medium, with aim to reduce amount of precursors used in
the reaction. Aliphatic radiofluorination of base-sensitive precursors has received much
attention in particular. A recent review [41] summarises various new developments in this
field. In particular, success [42–44] has been achieved by exploiting tetraalkylammonium
salts in conjunctions with less basic anions such as mesylate, tosylate, and triflate. The
first application of these quaternary ammonium salts (Bu4NOMs and Bu4NOTf) dates
back to 2011 [45]. It was shown that the solution of Bu4NOMs in methanol (0.6 mL, 10 mg
(30 µmol)) could release over 90% of the radioactivity from the AEC (Chromafix® PS-
HCO3) and provide over 90% RCC in the radiofluorination of model aliphatic substrates
when carried out in tertiary alcohols. The effects induced by conditioning anion replacing
bicarbonate ion in the PSHCO3 resin with other anionic bases such as Na2CO3, K2HPO4,
and K3PO4 was also examined in that study. It turned out that conditioning the cartridge
with phosphate-based anions (KHPO4

− and K2PO4
−) did not only provide the highest

RCC in radiofluorination of aliphatic substrates but contributed significantly to creating a
mild reaction environment with unreacted precursor remaining almost intact.

Although that study demonstrated distinct advantages of Bu4NOMs as a neutral
PTC, results obtained in fluorination of model compounds were not extended further to
the preparation of clinically relevant radiopharmaceuticals. Thus with the aim of wider
implementation of this concept our group has recently [42] suggested a general protocol
where the use of the corresponding tosylate salt, Bu4NOTs, was adapted to the routine
automated synthesis of a series of 18F-labeled radiotracers [18F]FDG, [18F]FLT, [18F]FMISO,
[18F]FET, [18F]FES as well as common radiolabeling synthon, 2-[18F]fluoroethyl tosylate
([18F]FEOTs). The radionuclide initially retained on a QMA cartridge (conditioned with
an aq. KHCO3) was recovered in a solution of Bu4NOTs (1 mg, 2.5 µmol) in MeOH or
EtOH. Following solvent removal, reactive [18F]fluoride was reconstituted in 1 mL of
MeCN. In order to achieve release of [18F]F− from conventional 130 mg QMA cartridge
while using such a low amount of the PTC, a reversed loading/elution procedure was
employed of the type that has been demonstrated in radiofluorination of electron-rich
arenes [46]. However, in conjunction with a smaller QMA Light carbonate cartridge (46 mg)
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a straightforward eluting protocol was found to be just as effective in providing high EE
using the same amount of Bu4NOTs dissolved in 2 mL of EtOH. The radiofluorinations
were carried out in MeCN, a solvent commonly employed for the aliphatic fluorinations,
under typical reaction conditions (100 ◦C, 10 min). High RCCs (70–95%) were achieved
using significantly reduced amounts (0.2–1.2 mg/0.5–1.2 µmol) (Table 1) of precursors
compared to traditional approaches. In addition, by reducing the precursor amounts,
the sources of chemical impurities in the final preparations are minimized, allowing for
simplification of the purification procedures. The practical utility of the method (standard
elution protocol, 46 mg QMA cartridge) was demonstrated in automated synthesis of
[18F]FET [47], [18F]FES [48], and [18F]FDG [42] on the GE TRACERlab FX N Pro module,
one of most common 18F-labeling platform.

Table 1. The synthesis of radiotracers [42] via radiofluorination in the presence of Bu4NOTs (1 mg,
2.5 µmol in 2 mL of EtOH, QMA carb, 46 mg); MeCN, 100 ◦C, 10 min; RCY—radiochemical yields,
non-decay corrected.

Radiotracer
or Synthon

Precursor Amount,
mg/µmol

RCC, %
by TLC (n = 3)

RCY (%)/
Synthesis Time, Min

[18F]FETs 0.2/0.5 96 ± 2 -
[18F]FDG 1.2/1.2 91 ± 1 60/25 [42]

[18F]FMISO 0.2/0.5 74 ± 1 -

[18F]FET
0.4/0.6 * 83 ± 1 -
2/0.3 ** 93 ± 4 40/35 [47]

[18F]FLT 1/1.1 65 ± 4 -
[18F]FES 0.2/0.5 94 ± 1 33/32 [48]

* TET precursor, ABX [35], ** chiral nickel (II) complex [36].

To further explore the potential of tetraalkylammonium salts in respect to reaction
basicity and resolubilization of the [18F]fluoride, effects of three different salts Bu4NOMs,
Bu4NOTf, and Bu4NH2PO4 were recently investigated by Bratteby and co-workers [43]. In
model experiments, the key parameters evaluated were trapping of [18F]fluoride on the
standard QMA cartridge, its subsequent elution, and the effects of different conditioning
regiments, which led to the identification of a number of relevant factors affecting RCC
of the 18F−fluorination of base-sensitive precursors. Through testing of a great variety of
combinations for conditioning and elution anions, suitable general protocols applicable to
the synthesis of currently used radiotracers were developed.

In the following publication by the same group [49], the radiolabeling protocol for
[18F]FEE2I, a well-established dopamine transporter radioligand, was developed and
implemented in a cassette-based Synthera® + HPLC (IBA) synthesizer. Despite the fact
that a previous study [43] revealed the highest RCC (72.5 ± 13.1%) for [18F]FEE2I was
achieved in the presence of Bu4NOMs, due to the potential toxicity of mesylate ions, the
Bu4NH2PO4 was chosen for the clinical production implementation. For elution procedure,
20 µmol of this PTC in MeCN/H2O (50:50) was applied to the standard QMA cartridge
pre-conditioned with CO3

2−. The 18F− eluate was then concentrated to dryness via three
short cycles of combined application of N2 flow and vacuum, resulting in the complete
removal of the eluting solvent. Using DMSO as the reaction solvent, the product was
obtained with the isolated RCY of 33 ± 2% (n = 3) from the 45 GBq starting activity. Due to
radiolysis, the synthesis with higher starting activities (up to 140 GBq) proceeded with the
decrease in RCY even under optimal conditions.

In line with these studies [42,43], Inkster and co-workers [44] recently employed water-
organic solutions (up to 50% of water) of tetraethyl ammonium salts (Et4NOTs, Et4NClO4)
to recover [18F]F− that was trapped on an miniature MP-1 anion-exchange column or a
commercial QMA anion-exchange column (both in carbonate form, 10–12 mg; MedChem
Imaging, LLC, Boston, United States), commonly used in microfluidic synthesis. The
elution was performed in reverse mode; the eluate was directly used for 18F-substitution
reactions, i.e., without any evaporation steps. The low volume of the concentrated eluent
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(Et4NOTs, 23.5 mg/mL, 100 µL in 7:3 MeCN:H2O) was sufficient to release radioactivity
from the AEC. The eluate was mixed with the precursor solution in 900 µL of MeCN
with a final reaction volume equal to 1 mL with 3% water. The radiofluorinations were
carried out with microwave heating (150 ◦C, 10 min), showing high RCC in the synthesis of
[18F]fallypride, a widely used D2/D3 antagonist tracer, on a sub-hundred-MBq scale. More
recently [50] this protocol was employed in a small scale (190–225 MBq of [18F]F−) manual
synthesis of [18F]MCL-524, a D2 agonist moderately selective for the high-affinity state of
the D2 receptor. Despite the RCC of radiofluorination of the precursor being high (ca. 50%),
due to lengthy procedure of deprotection with In(OTf)3 and HPLC purification, the RCY
of 5–9% (decay corrected) was obtained (with synthesis time of 146–199 min) providing
enough [18F]MCL-524 for preclinical imaging applications.

This proof-on-concept study supports the conjecture that non-basic tetraalkylammo-
nium salts could serve as the PTCs in non-anhydrous solvent mixtures where no solvent
removal steps would be required to produce reactive [18F]F− species. However, to serve
as a useful production method, the manual protocol [49,50] developed with its use of
miniature anion-exchange columns, small eluent volumes as well as microwave heating,
needs to be adapted to commercial synthesizers with conventional heaters and employing
“normal size” AEC for scalable radionuclide processing.

2.3. PTC Free Cartridge-Based Radiofluorination of Aliphatic Substrates

In principle, immobilizing precursor on the solid-phase support to perform an online
18F-fluorination avoiding [18F]F− elution, azeotropic evaporation, and PTC additions is a
hugely attractive concept. It was successfully applied as early as 1990 [51] in the synthesis
of [18F]FDG via resin-based nucleophilic 18F-fluorination of mannose triflate, using a
quaternary 4-(N,N-dialkylamino)-pyridinium functionalized polystyrene anion-exchange
resin (“4-AP” resin) as solid support. [18F]fluoride was captured on a small resin-packed
column. The column was then dried by rinsing it with anhydrous MeCN, and the solution
of mannose triflate was slowly pushed through the column heated to 100 ◦C. Labeled
intermediate was then eluted into reaction vessel for removal of acetyl protecting groups
through acidic hydrolysis. This procedure was implemented in the first cassette-based
synthesizer (FDG Microlab, GE Medical Systems, Uppsala, Sweden) for routine productions
of [18F]FDG [52]. Due to the issues with the manually-packed “4-AP” resin columns that
had to be stored in methanol and other technical issues, the manufacture, and supply of
the cassettes and FDG Microlab modules were seized around 2005.

Alternatively, [53] the use of commercially available polymer-supported phosphazene
base PS-P2

tBu was found to be effective for resin-based 18F-fluorinations of a series of
aliphatic substrates. The phosphazene super bases such as P2

Et were earlier introduced by
Lemaire and co-workers [54] for elution of [18F]F− trapped on the QMA cartridge using
acetonitrile containing carefully controlled amounts of water (1 mL MeCN, 5–10,000 ppm
of water, 45 µmmol of base). The highly reactive [18F]fluoride was obtained without the
need of azeotropic drying procedure and effectively used in radiolabeling of the appropri-
ate labeling precursor (up to 40 mg) in a solution containing BTMG (2-tert-butyl-1,1,3,3-
tetramethylguanidine) as an additional base.

For resin-supported fluorination [53], a glass column or PTFE tube filled with 100 µmol
of PS-P2

tBu and 1200 mg of glass beads were employed for trapping [18F]F− with 98%
efficiency. Precursor solution (i.e., mannose triflate, 25 mg in 3 mL of MeCN) was then
passed through the column heated to 85 ◦C at a flow of 0.55 mL/min. The subsequent
online basis hydrolysis on conventional tC18 Sep-Pak cartridge afforded [18F]FDG in 40%
RCY in automated synthesis, with starting activity of 120 GBq. However, the success of
the method depends to a great extent on the amount of resin, reaction temperature, and
column packing efficiency, which, taken together, are considered a major limitation of this
elegant but technically demanding production method.

The aforementioned methodologies address the synthesis of radiotracers via direct
nucleophilic substitution of the appropriate leaving groups in aliphatic substrates with
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activated [18F]fluoride as the most common route to routinely used radiotracers. The
methods have been evaluated in view of possibilities for their implementation in the
automated synthesizers with the aim of production of clinically useful amounts of the
radiotracers. In recent years a number of highly innovative strategies to introduce the
18F-label into aliphatic structures have been introduced, unfortunately, few of them are
currently considered to be suitable for routine preparations of radiotracers. There have been
several in-depth reviews [3,41,55–57] that offer a good overview of the current state of the
art in aliphatic radiofluorinations, and deeper discussion of those more exotic approaches
really lies outside the scope of the current review.

3. [18F]Fluoride Activation for Conventional Aromatic Nucleophilic Substitution

Traditional nucleophilic aromatic substitution (SNAr) reactions, including those using
[18F]fluoride as the nucleophile, require arene substrates with strong electron-withdrawing
groups (EWG) such as NO2, CN, CHO, COR, COOR, and CF3 in the ortho- or para-positions
of the aromatic structure combined with an appropriate leaving group (NO2, halides,
Me3N+X−; X− = TfO−, TsO−, ClO4

−, I−). Radiofluorinations are usually performed in
polar, anhydrous aprotic solvents, such as DMSO, DMF, DMA, or sulfolane at moderate
to high temperatures (100–180 ◦C) in the presence K2.2.2./K2CO3 (KHCO3) or Bu4NHCO3.
A direct labeling strategy is an effective approach for the synthesis of 18F-labeled ben-
zaldehydes or other prosthetic groups [15] obtained through radiolabeling of substituted
nitrobenzaldehydes. When it comes to the direct introduction of [18F]F− into biologically
active molecules or drug candidates, they usually do not contain a suitably activated aryl
ring for fluorination through the addition–elimination mechanism. Notable radiotrac-
ers examples accessible via direct nucleophilic substitution include (imaging target is in
parenthesis): [18F]altanserin [58,59] (5-HT2A receptors); [18F]MPPF [60] (5-HT1A receptors);
[18F]flumazenil [21] (GABAA benzodiazepine receptors); [18F]FPEB [61] (metabotropic
glutamate 5 receptors) (Figure 3).
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Figure 3. The structures of selected brain receptors radioligands prepared via conventional kryptofix-
mediated aromatic nucleophilic radiofluorination of the appropriate nitro-precursors.

These radiotracers are usually prepared through classical kryptofix-mediated substitu-
tion of a nitro leaving group in low to moderate RCYs; microwave-assisted heating has been
used to improve yields [58]. In the case of heteroaromatic substitutions, particularly in the
pyridine series, direct SNAr fluorination on the ortho- or para-positions is feasible with no
need for activation of the heteroaromatic ring. Over the years, a number of radiotracers for
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nicotine acetylcholinic receptors [62,63] as well as for imaging β-amyloid aggregates [64]
and other targets have been prepared from the appropriate heteroaromatic precursors.

A recent example is the synthesis of [18F]PSMA-1007, a widely-used radioligand for
the diagnosis and non-invasive staging of PSMA-positive prostate cancer developed by
Kopka’s group [65]. The radiotracer has been synthesized in high RCY (50–70%) from its
trimethylammonium salt precursor (1–2 mg) in the presence of Bu4NHCO3 with heating to
80–90 ◦C for 10 min in DMSO. To produce reactive [18F]fluoride species, the radionuclide
was released from the QMA cartridge (130 mg) with 750 µL 0.075 M aqueous TBAHCO3
followed by an azeotropic drying procedure. In general, aryltrimethylammonium salts
tend to be more reactive than neutral leaving groups. An additional benefit is that the
charged precursor is easily separated from a neutral end-product using cartridge-based
purification procedures. Thus, the synthesis of [18F]PSMA-1007 with SPE purification can
be implemented in the majority of currently available automated synthesizers [65] allowing
for easy access to this important PSMA imaging agent.

The second strategy [65] to introduce 18F into PSMA-1007 relies on using
6-[18F]fluoronicotinic acid 2,3,5,6-tetrafluorophenyl ester ([18F]F-Py-TFP), a common pros-
thetic reagent for the indirect peptides labeling. The unique feature of [18F]F-Py-TFP
introduced in 2010 by Oberg and co-workers [66] is that the fluorination of the quaternary
ammonium salt precursor proceeds readily at 40 ◦C with RCC over 65% (10 min heating
in tBuOH:MeCN (8:2)) or even at room temperature in cartridge supported [67] radioflu-
orination approach. The later protocol included elution of the radionuclide retained on
pre-wetted Chromafix 30-PS-HCO3 with quaternary ammonium triflate precursor (5–7 mg,
in 0.5 mL 1:4 MeCN:tBuOH). The eluate was passed through Oasis MCX Plus cartridge,
from which the product was eluted with 1 mL acetonitrile. The study in question presents a
very effective use of so-called “minimalist” approach proposed by the Neumaier group [68],
based on the direct elution of [18F]F− from the AECs using solutions of the precursors bear-
ing quaternary ammonium, diaryliodonium, or triarylsulfonium functionality in alcohols,
were precursors themselves act as the PTCs and do not require the addition of base. The
“minimalist” method eliminates not only the need for a base or PTC but also azeotropic
evaporation steps, enabling efficient fluorinations of the base-sensitive precursors.

4. Copper-Mediated Late-Stage Radiofluorination of Non-Activated Arenes

In the last decade or so, significant efforts have been expended on overcoming the
general limitations of the conventional nucleophilic approach in direct introduction of 18F-
label into the non-activated aromatic ring (general structural component in a great number
of potentially useful PET radiotracers), leading to approach commonly referred to as “late-
stage radiofluorinations.” As the result of those efforts, several innovative 18F-labeling
approaches for labeling of electron-rich arenes (heteroarenes) have been introduced using,
for example, (mesytyl)(aryl)iodonium salts, spirocyclic hypervalent iodine (III) complexes,
and organoboron and stannane precursors (for recent reviews see [69–73]).

Among the methods described, Cu-catalyzed radiofluorination reactions using
commercially-available CuOTf(CH3CN)4 and Cu(OTf)2(Py)4 complexes as sources of cop-
per have been found to be a particularly useful route to a diverse range of complex ra-
diopharmaceuticals that cannot be readily accessed through conventional approaches;
numerous examples are presented in recent reviews [74,75]. However, attempts at the
application of those methods to full-batch clinical production revealed several problems,
including modest or fluctuating radiochemical yields, long synthesis times, and problem-
atic protocols with relatively large amounts of precursors and catalysts, base sensitivities,
and others. Therefore, in parallel to the development of methods for the Cu-mediated fluo-
rinations, substantial efforts were expended on designing novel protocols for reprocessing
[18F]fluoride that could be more easily implemented in automated modules.

Copper-mediated fluorination of (mesityl)(aryl)iodonium (MAI) salts promoted by
CuOTf(CH3CN)4 complex was recently introduced by the Sanford and Scott groups [76,77]
as an alternative to the use of diaryl iodonium salt precursors pioneered in 1995 by Pike’s
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group [78]. Owing to their electron-deficient nature at the iodine center and simultaneous
presence of an excellent leaving-group in the form of a Ph-I fragment, diaryl iodonium
salts are exceptionally reactive towards nucleophilic fluorination. The most common ap-
plication has been the preparation of 18F-labeled aromatic building blocks [15,79] such
as 4-[18F]fluoroiodobenzene, often employed in the radiolabeling via Pd-catalyzed cross-
coupling reactions [80]. Notable examples of the radiopharmaceuticals accessible via fluori-
nation of diaryl iodonium salts are 6-[18F]fluorodopamine [81] and 6-L-[18F]FDOPA [82].
Despite the straightforward labeling approach, the later radiotracer, with growing clinical
application in both neurology and oncology fields, was obtained from commercially avail-
able anisyl(aryl)iodonium triflate salt (Scheme 1, upper part) in relatively poor RCY of 15%
(decay-corrected) with ca. 120 min synthesis time. Using the same precursor but applying
an optimized minimalist protocol [68] under cryptand/base free conditions, RCY of 6-L-
[18F]FDOPA was increased to 27–35% (decay corrected) with ca. 70 min synthesis time [83].
The major drawbacks of these methods are the requirement for high temperatures (140 ◦C)
as well as the use of “non-conventional” solvents such as diglyme [82] or toluene [81,83]
that are not well compatible with the automated module’s components [84].
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Scheme 1. Preparation of 6-L-[18F]FDOPA [82] via 18F-fluorination of anisyl(aryl)iodonium salt
precursors (upper part) and synthesis of 3-[18F]labeled-L-phenylalanine (lower part) using minimalist
protocol [85].

In contrast, (mesityl)(aryl)iodonium (MAI) salts [77] are easily fluorinated under
moderate temperatures (typically 85 ◦C, 20 min) in the commonly used polar aprotic
solvents such as DMF. In the original method [77], 18-crown-6/K2CO3 was suggested for
the activation of the [18F]fluoride obtained in the conventional azeotropic drying procedure.
Under these conditions, high RCC values (up to 80%) were demonstrated for a series of
model substrates, however, for complex molecules, such as protected 6-L-[18F]FDOPA RCC
values in order of 20% were obtained using a tosylate counter ion, increasing up to 30%
when a tetrafluoroborate was employed in the same role.

The high fluorination efficiency (in the order of 60–90%, depending on the position
of fluorine in the aromatic ring) was achieved [85] when implementing “minimalist” pro-
tocol [68] in the direct preparation of a series of 2,3- and 4-[18F]labeled-L-phenylalanines,
starting from respective MAI precursors (Scheme 1). [18F]fluoride retained on the anion-
exchange resin was eluted with a solution of the MAI precursor in MeOH/DMF, followed
by fluorination reaction in the same combination of solvents without any drying or solvent
replacement steps, thus significantly simplifying automation. However, the utilization
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of this methodology for labeling electron-rich arenes is hampered by a relatively difficult
preparation of the iodonium salt precursors, in particular, polyfunctionalized iodonium
salts, as well as the limited shelf-life of these compounds.

Consequently, the synthesis of radiofluorinated arenes labeled in inactivated positions
using arylboronic acid pinacol esters (ArylBPin) as precursors and Cu(OTf)2(Py)4 as a
catalyst has been recognized as a versatile route to a number of innovative 18F-radiotracers
and clinically significant radiopharmaceuticals [73–75]. This approach is based on copper-
promoted Chan-Lam C-F cross-coupling reaction and was brought to 18F-fluorine radio-
chemistry in 2014 by the Gouverneur’s group [86] followed cold chemistry researches
by the Sanford’s group [87]. In the follow-up studies, Cu-mediated radiofluorination of
organoborons [88] and (hetero)aryl organostannanes [89] were developed as well, however,
the applications compared to ArylBPin precursors are more limited. As with most new
approaches, this methodology was initially developed through small-scale experiments
based on the use of small aliquots of aqueous [18F]F– and subsequent scale-up to production
quantities required for generating clinical doses revealed numerous issues.

In the first application of the method [86], a conventional K2.2.2./K2CO3 protocol
with azeotropic drying was used to obtain reactive [18F]fluoride for the reaction catalyzed
by Cu(OTf)2Py4 in the presence of O2 (or atmospheric air). Due to the sensitivity of
the Cu-mediated process to basic conditions the “low-base” [18F]F− reprocessing proto-
col [46] (substantially reducing both base and kryptofix amounts) or the use of less basic
cryptand/base combinations [90] was suggested. Results by Gouverneur’s group [86] in
collaboration with other laboratories [90] demonstrated the applicability of the method to
the synthesis of eight widely used radiotracers: [18F]FMTEB, [18F]FPEB, [18F]flumazenil,
[18F]DAA1106, [18F]MFBG, 6-L-[18F]FDOPA, [18F]FMT, and [18F]FDA (Figure 4).
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using Cu(OTf)2(Py)4 as a copper source [90].

The methodology was shown to be adaptable to different automation platforms where
conventional ACEs (QMA, 46 mg, or PSHCO3) were used for trapping and elution of the
radionuclide. Depending on the particular radiotracer, different kryptofix-based eluents
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were employed with the replacement of “standard” K2CO3 with less basic K2C2O4 or
KH2PO4. For example, in the preparation of 6-L-[18F]FDOPA on Synthra automated
module following eluent composition was used: K2.2.2. (6.3 mg), K2C2O4 (1 mg) and K2CO3
(0.1 mg) in 1 mL of MeCN/H2O, 4:1. To the azeotropically dried [18F]fluoride 20 µmol
Cu(OTf)2(Py)4 and 20 µmol of di-Boc precursor in anhydrous DMF (400 µL) were added
and the reaction mixture heated to 120 ◦C for 20 min, followed by acid hydrolysis (57% HI,
150 ◦C for 10 min). 6-L-[18F]FDOPA was isolated in the RCY of 9% (non-decay corrected)
after ca. 150 min synthesis time [90].

Further improvements of the methodology came with the employment of the weakly
or non-basic organic salts in suitable aprotic or protic solvents such as Et4NHCO3 [91]
and Bu4NOTf [92] with good solubility in organic solvents. In addition to improved
radiofluorination efficiency, using solutions of these PTCs in alcohols for elution of [18F]F−

from conventional AECs gives additional benefits for automation through the possibility to
avoid time-consuming azeotropic drying and solvent replacement steps.

In addition to the aforementioned commercially available PTCs, pyridinium sulfonate
salts in organic solutions [93] have been found to be efficient for recovery of radionu-
clide from WAX column (1 cc, 30 mg) with about 80% EE. Following such procedure
Cu-mediated radiofluorination of ArylBPin precursors using Cu(OTf)2(Py)4 catalyst can
be performed directly in the same solvent bypassing any solvent replacement. Using
4-dimethylaminopyridinium triflate (DMAP.OTf) in DMA (110 ◦C, 20 min, commonly used
conditions for fluorination of ArylBPin [86,90]) the RCCs of 80–90% were reported for seven
model boronates and ArylBPin precursor for protected 4-[18F]fluoro-D,L-phenylalanine.
In the following study [94] DMAP.OTf was used in combination with Cu(OTf)2. The
RCCs values obtained for various model substrates in this case varied from 23 to 87%;
[18F]FMZ, GABAA receptors radioligand, was obtained on a preparative scale in 47%
isolated RCY with an average synthesis time of 60 min. The general utility of Cu(OTf)2
in conjunction with pyridine as an alternative to Cu(OTf)2(Py)4 complex was previously
demonstrated by Scott’s group in high-yield examples of radiofluorinations of organoboron
compounds, including ArylBPin precurors, arylboronic acids [88], and arylstannanes [89]
using K [18F]F−/KOTf/K2CO3 as the source of nucleophilic [18F]fluoride. A more recent
publication of Scott’s group [95] on the customized [18F]F− elution techniques reports
the enhancement of copper (II) triflate mediated radiofluorination of arylBPin substrates
when using an aqueous solution of a weak non-ionic base such as 4-DMPA. However,
using an aqueous solution necessitates the inclusion of azeotropic drying steps, making
this procedure less attractive for automation. As for organic solutions of pyridinium sul-
fonate salts [93,94], despite of their distinctive features allowing for operationally simple
[18F]fluoride processing protocol, their application in routine productions is quite limited:
for clinical use commercially available materials (catalysts) is preferable.

In current practice, the procedure for alcohol-enhanced Cu-mediated radiofluorina-
tion [91], which consists of the direct elution of the radionuclide with tetraalkylammonium
salt in nBuOH into a solution of the precursor and Cu(OTf)2(Py)4 in DMA followed by
heating of resulting mixture under air has found broad application using various substrates.
The presence of alcohol as co-solvent in Cu-mediated process has a beneficial effect on the
radiofluorination efficiency leading to substantial increases in the radiochemical yield of
various arylBPin substrates [91,96–102]. The limitation of this approach in the original ver-
sion [91] suggested by Neumaier’s group is the need for a high amount of the reactants (up
to 60 µmol of precursor and 30 µmol of Cu-catalyst). Therefore, in the follow-up studies of
the same group possibility of reduction in the amount of Et4NHCO3 was investigated using
less viscous and more polar MeOH as an eluting solvent. Correspondingly, the quantities of
precursor/copper catalyst could be reduced to 10–15 and 5–10 µmol, respectively [96–99].

The notable feature of the “alcohol enhanced” method is the use of reverse load-
ing/elution protocol (Figure 5) that starts with loading radionuclide onto an AEC (QMA
cartridge) from the male side followed by rinsing of the resin with MeOH (2 mL) and
drying with air from the same side. Then [18F]F− is eluted from the female side using a
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solution of Et4NHCO3 (2 mg, 10 µmol) in MeOH (0.5 mL). MeOH is evaporated using a
flow of air at 80 ◦C within 10 min. A solution of ArylBPin precursor (16 µmol, 1 eq) and
Cu(OTf)2Py4 (20 µmol, 1.25 eq) in DMA/nBuOH 2:1 (750 µL) was added to [18F]Et4NF, and
the resulting solution was heated at 110 ◦C for 10–20 min under air or argon. This typical
protocol has been shown to be robust, displaying broad substrate scope. However, it still
required the evaporation of the solvent (MeOH) from the eluent before fluorination.
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Figure 5. The schematic presentation of reverse loading-elution (back-flushed) protocol [92]. Step
1: [18F]fluoride is loaded onto QMA cartridge (130 mg) from the male side; Step 2: the cartridge is
flushed from the male side by nitrogen gas for 2–3 min; Step 3: the cartridge is rinsed with 2 mL of
iPrOH following drying with nitrogen from the male side; Step 4: [18F]fluoride is eluted from the
female side using a solution of Bu4NOTf (5 mg, 12.5 µmol) in iPrOH (0.8 mL).

To overcome this problem, further improvements of the methodology were introduced
by our group [92] via the employment of Bu4NOTf as non-basic PTC and low-boiling
iPrOH for eluting [18F]fluoride. Using reverse loading/elution protocol in conjunction
with QMA cartridge of 130 mg the EE > 90% was achieved using a solution of Bu4NOTf
(5 mg, 12.5 µmol) in iPrOH (0.8 mL). Notably, the following Cu-mediated radiofluori-
nation reaction can be performed directly with alcohol as co-solvent with DMA [92] or
MeCN [92], offering significant practical benefits through elimination of not only azeotropic
drying but any solvent removal steps preceding radiofluorination. Radiofluorination in
DMA/iPrOH was fully compatible with various model substrates and ArylBPin precursors
for two aromatic amino acids. Radiofuorination in neat iPrOH was substrate-dependent,
being particularly effective for the preparation of 6-L-[18F]FDOPA (reaction conditions
are shown under Scheme 2). More recently100, this approach was employed in the au-
tomated synthesis of 6-L-[18F]FMT, the radiotracer representing a valuable alternative
to 6-L-[18F]FDOPA in the diagnosis and staging of Parkinson’s disease with simplified
kinetic modeling. Using Bpin-substituted chiral Ni(II) complex as a labeling precursor [99],
Cu-mediated radiofluorination was performed in highly boiling iPrOH/MeCN mixture
in the presence of Bu4NOTf as the PTC affording the target radiotracer in ca.20% activity
yield (non-decay corrected) within 70 min. The radiofluorination proceeds under nitrogen
instead of air, usually applied for Cu-mediated 18F-fluorination of boronates. This could
be advantageous if the module is also used for the production of other PET tracers, which
require inert conditions.

The use of Bu4NOTf as a replacement for KOTf and K2CO3 was suggested by Scott’s
group [103] for the automated synthesis of 6-L-[18F]FDOPA (Scheme 2). An aqueous
eluent consisting of 15 mg/mL Bu4NOTf and 0.2 mg/mL Cs2CO3 (0.5 mL), respectively,
gave good recovery of [18F]F− from the QMA cartridge and provided over 50% RCC in
radiofluorination in DMF with addition of pyridine. However, the performance of this
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protocol necessitated a conventional azeotropic drying step resulting in a longer synthesis
time (Scheme 2).
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Scheme 2. Cu-mediated synthesis of 6-L-[18F]FDOPA using various precursors (1–3) and differ-
ent protocols. Precursor 1 [86]: elution—K2.2.2./K2C2O4/K2CO3 in 4:1 MeCN:H2O, azeotropic
drying; fluorination—1 (20 µmol), Cu-complex (20 µmol), DMA, 120 ◦C, 20 min, under air;
hydrolysis: 57% HI, 150 ◦C 15 min; RCY 9%, 146 min synthesis; Precursor 2 [91]: elution—
Et4NHCO3/nBuOH, no azeotropic drying or solvent removal; fluorination—2 (60 µmol), Cu-complex
(53 µmol), DMA/nBuOH, 110 ◦C, 20 min, under air; hydrolysis: 12 M HCl, 130 ◦C, 5 min; RCY 40%
(decay corrected), synthesis time not reported; Precursor 3 [103]: elution—Bu4NOTf/Cs2CO3/H2O,
azeotropic drying; fluorination—3 (4 µmol), Cu-complex (20 µmol), pyridine 500 µL, DMF, inert
atmosphere; hydrolysis: 12 M HCl, 0.25M ascorbic acid, 130 ◦C, 5 min; RCY 6% (not decay corrected),
110 min synthesis; Precursor 3 [92]: elution—Bu4NOTf/iPrOH, no azeotropic drying or solvent
removal; fluorination—3 (10 µmol), Cu-complex (16 µmol), iPrOH, 90 ◦C, 20 min, inert atmosphere;
hydrolysis: 6 M HCl, MeOH, 0.25M ascorbic acid, 110 ◦C, 5 min; RCY 14% (not decay corrected),
70 min synthesis.

To this end, various protocols (Scheme 2) for activating [18F]F− for Cu-mediated fluori-
nations of arylBPin substrates have been introduced by different groups [86,91,92,103] to be
implemented onto automated production of 6-L-[18F]FDOPA, including GMP compliant
synthesis using commercially available precursor 3. Due to easy-to-cleave MOM protect-
ing groups on the catechol moiety and tert-butyl ester group protecting the amino acid
fragment in the structure of 3, hydrolysis/deprotection step can be performed using less
aggressive (to compare with 57% HI [86]) aqueous HCl solutions. Despite the reported Cu-
mediated fluorinations of arylBPin precursors allowing the generation of multiple clinical
doses using high initial radionuclide activity, they still require significant improvement in
terms of activity yields.

5. Conclusions

[18F]fluoride as a first step in the route to various classes of radiopharmaceuticals
through SN2 and SNAr nucleophilic substitution reactions has been explored extensively
over several decades and continues to remain an important area of research when it comes
to the development of new PET radiotracers. In parallel with the appearance of new
radiolabeling approaches, substantial efforts are focused on the preceding reprocessing
steps aimed to enhance the reactivity of the radionuclide that traditionally arrives from
cyclotrons as an aqueous [18F]fluoride ion. Usually, the [18F]fluoride is trapped on an anion-
exchange resin, eluted with a mixture of MeCN and water containing complex of inorganic
base and cryptand (typically kryptofix-K2.2.2./K2CO3), and dried by repeated azeotropic
distillation using MeCN. However, the time-consuming azeotropic drying is associated
with radioactivity losses due to decay of the isotope, adsorption on the walls of the reactor
vessel, and often is difficult to automate. Another limitation of this approach is the use of
the substantial amounts of base to facilitate the elution of [18F]fluoride from standard anion
exchange cartridges commonly used. Basic reaction conditions resulting often lead to the
formation of undesired radiolabeled by-products and the generation of chemical impurities
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from the decomposition of base-sensitive precursors. In order to resolve these issues
considerable efforts were expended to develop novel [18F]fluoride adsorbtion/elution
protocols omitting azeotropic drying procedure and, more importantly, providing milder
fluorination conditions for base-sensitive precursors. It must be stressed that the basicity
of the reaction environment is one of the critical aspects that influence the yield of SN2
and SNAr radioflurinations, evermore so in the case of base-sensitive precursor being used.
Moving away from kryptofix to tetraalkylammonium salts as PTCs often allows not only
to increase the yield but can also lead to substantial simplification of overall synthetic
procedure. Higher yields, lower levels of by-products, smaller amounts of precursor used,
and fewer impurities formed in several cases have allowed replacing HPLC purification
procedure with a cartridge-based one altogether—an immense benefit for any clinical
production protocol. In this mini-review, we focused on both well-established [18F]fluoride
processing protocols already used in routine clinical productions as well as new and
innovative methods and techniques in regards to possibilities of their implementation
in modern automated synthesizers. By providing a comprehensive introduction and
analysis of distinctive features and pitfalls of various approaches followed by a detailed
description of optimized protocols for the preparation of most important radiotracers,
we hope to facilitate the implementation of the new techniques described into future
clinical-production scale 18F-fluorination.
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