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Introduction

Radiofluorinated aromatic amines and amino acids are impor-
tant diagnostic tools in modern positron emission tomography

(PET) imaging (Figure 1). 6-[18F]Fluoro-3,4-l-dihydroxyphenyla-
lanine (6-[18F]FDOPA, [18F]1 a) is applied in clinical practice as

a biomarker of catecholamine synthesis, storage and metabo-

lism, and enables visualization of neuroendocrine tumors as
well as the measurement of integrity and function of the ni-

grostriatal dopaminergic system.[1] 6-[18F]Fluoro-l-m-tyrosine
(6-[18F]FMT, [18F]1 b), a close structural and functional analogue

of 6-[18F]FDOPA with improved biodistribution properties, is
also used in the clinic for the same purposes.[2]

In addition to 6-[18F]FDOPA and 6-[18F]FMT, 6-[18F]FDA

([18F]1 c) has also gained importance for the detection of neu-
roendocrine tumors such as pheochromocytomas and para-
gangliomas.[3] However, until quite recently, widespread appli-
cation of these compounds has been hampered by a paucity

of effective production routes, since incorporation of
[18F]fluoride into electron-rich aromatic systems is challenging.

Recently a novel method for the preparation of 18F-labeled

arenes via oxidative [18F]fluorination of easily accessible and
sufficiently stable nickel complexes with [18F]fluoride under ex-
ceptionally mild reaction conditions was published. The suita-

bility of this procedure for the routine preparation of clinically
relevant positron emission tomography (PET) tracers, 6-

[18F]fluorodopamine (6-[18F]FDA), 6-[18F]fluoro-l-DOPA (6-
[18F]FDOPA) and 6-[18F]fluoro-m-tyrosine (6-[18F]FMT), was eval-

uated. The originally published base-free method was inopera-
tive. However, a “low base” protocol afforded protected radio-

labeled intermediates in radiochemical conversions (RCCs) of

5–18 %. The subsequent deprotection step proceeded almost

quantitatively (>95 %). The simple one-pot two-step procedure

allowed the preparation of clinical doses of 6-[18F]FDA and 6-
[18F]FDOPA within 50 min (12 and 7 % radiochemical yield, re-
spectively). In an unilateral rat model of Parkinson’s disease, 6-

[18F]FDOPA with high specific activity (175 GBq mmol¢1) pre-
pared using the described nickel-mediated radiofluorination

was compared to 6-[18F]FDOPA with low specific activity
(30 MBq mmol¢1) produced via conventional electrophilic radio-

fluorination. Unexpectedly both tracer variants displayed very
similar in vivo properties with respect to signal-to-noise ratio

and brain distribution, and consequently, the quality of the ob-

tained PET images was almost identical.

Figure 1. Structures of 6-[18F]FDOPA ([18F]1 a), 6-[18F]FMT ([18F]1 b), and 6-
[18F]FDA ([18F]1 c).
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Electrophilic fluorodestannyla-
tion using [18F]F2 or

[18F]CH3COOF is routinely used
for the preparation of these

tracers.[4] However, this method
suffers from several disadvan-

tages. [18F]F2 gas target handling
is difficult owing to the toxicity
and corrosive character of fluo-

rine. Moreover, [19F]F2 has to be
applied as a carrier gas for 18F to
compete with surface adsorp-
tion enabling complete recovery

of radioactivity from the target.
As a consequence, specific activ-

ity (SA) of [18F]F2 does not

exceed 350–500 MBq mmol¢1.[5]

Accordingly, production of trac-

ers with high SA via electrophilic
radiofluorination is impossible.

In order to obtain radiotracers
with high SA and avoid F2 target

gas handling, radiosyntheses

should start from [18F]fluoride.
Wagner et al.[6] proposed a syn-

thesis route for 6-[18F]FDOPA via
isotopic 18/19F exchange using

a formyl-activated precursor fol-
lowed by Baeyer–Villiger oxida-

tion and final hydrolysis of the

radiolabeled intermediate. 6-[18F]FMT and several other aromat-
ic amino acids were also successfully prepared using this syn-

thetic route.[7]

Various multistep radiosyntheses of no-carrier-added (n.c.a.)

6-[18F]FDOPA using nucleophilic [18F]fluoride have been report-
ed. All these procedures start with the preparation of a suitably
protected 6-[18F]fluoro-3,4-dihydroxybenzaldehyde (usually, 6-

[18F]fluoroveratraldehyde).[8] The latter is converted into the
corresponding benzyl bromide or iodide, which is subsequent-
ly used for the alkylation of the chiral glycine equivalent or
achiral glycine derivative with or without a chiral phase trans-

fer catalyst.[9] Finally, acidolytic cleavage of protecting groups
(typically under harsh reaction conditions) followed by HPLC or

if necessary chiral HPLC purification is carried out. 6-[18F]FDOPA
is obtained in moderate radiochemical yields (RCYs), with SA
>37 GBq mmol¢1 and high enantiomeric purity. Several proce-

dures for the preparation of 6-[18F]FDA from [18F]fluoride have
also been reported.[4, 10] Unfortunately, similarly to those for 6-

[18F]FDOPA and 6-[18F]FMT, the majority of these syntheses con-
sist of numerous laborious reaction and operation steps, and

are therefore difficult to implement in routine radiopharma-

ceutical production. Accordingly, convenient preparation pro-
cedures for the preparation of [18F]1 a–c via operationally

simple nucleophilic 18F-labeling of electron-rich arenes are
highly sought after.

Recently Lee et al. reported a radiofluorination procedure
using a palladium-based fluoride-derived electrophilic radio-

fluorination reagent for the synthesis of 18F-labeled aromatic
compounds (Scheme 1 A).[11a] It comprises the reaction of a radi-

ofluorinated PdIV complex prepared in advance with an appro-
priate arylpalladium(II) complex yielding, after reductive elimi-

nation, the corresponding 18F-labeled arene. A further develop-
ment of this method involves radiolabeling of an arylnickel(II)
complex with a radiofluorination agent generated in situ from

a hypervalent iodine oxidant [bis(onio)-substituted aryliodi-
ne(III), 2] and [18F]fluoride (Scheme 1 B).[11b] According to the

latter procedure, radiolabeling was carried out in the presence
of only 1 mg of the corresponding nickel complex at room

temperature under ambient atmosphere within less than 1 min
to yield radiolabeled arenes with >37 GBq mmol¢1 SA in fair to

moderate radiochemical conversions (RCCs).[12] According to
this publication, neither base nor azeotropic drying were nec-
essary. This method was applied to prepare protected 6-

[18F]FDOPA ([18F]3 a) from the corresponding nickel complex
(4 a) in 15 % RCC (Scheme 1 B). The exceptional operational

simplicity, very mild reaction conditions and short reaction
time prompted us to study the applicability of this method for

the preparation of clinically relevant doses of [18F]1 a–c. Finally,

high and low SA preparations of 6-[18F]FDOPA obtained via
nickel-mediated and conventional electrophilic radiofluorina-

tion, respectively, were compared in a rat model of hemi-Par-
kinson’s disease.

Scheme 1. Palladium- and nickel-mediated preparation of [18F]fluoroarenes according to Lee et al. (A and B, re-
spectively).[11] Reagents and conditions : a) acetone, 85 8C, 10 min; b) aq [18F]fluoride, 18-crown-6, MeCN, RT,
<1 min; c) aq [18F]fluoride, 18-crown-6, MeCN, RT, <1 min, RCC = 15�7 %; RCC = radiochemical conversion.[12]
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Results and Discussion

At the outset, we tried to prepare protected 6-[18F]FDA
([18F]1 c) from corresponding nickel complex 4 c (Scheme 2).

Unexpectedly, under base-free conditions originally reported

by Lee et al. ,[11b] no product formation was observed; only
[18F]F¢ was detected in the reaction mixture. Similarly, if azeo-

tropically dried [18F]KF/18-crown-6 prepared according to the

conventional nucleophilic radiofluorination protocol[11b] using
potassium carbonate (2.5–3.2 mg) was applied, no 18F-incorpo-

ration took place. We assumed that oxidant 2 is prone to de-
composition under strongly basic conditions. Consequently,

the applicability of our “low base” protocol initially developed
for copper-mediated radiofluorination was tested.[13]

18F¢ was trapped on an anion-exchange resin and then

eluted with a methanolic solution of potassium carbonate into
a reaction vial containing 18-crown-6. A small amount of po-

tassium carbonate (0.16 mg) was sufficient to recover 18F¢

quantitatively (>98 %). Since low-boiling methanol could be

completely removed at 70–80 8C within 2–3 min, the time of
drying of [18F]KF/18-crown-6 complex was significantly de-
creased. The residue was taken up in acetonitrile and added to

nickel complex 4 c and oxidant 2. The resulting mixture was
stirred at ambient temperature under inert conditions. Applica-
tion of 4 c (1 mg) according to the literature[11b] afforded 18F-la-
beled protected 6-FDA [18F]3 c in only 1–4 % RCC after 1 min.
In contrast, if a greater amount of nickel complex 4 c (5–
10 mg) was utilized, [18F]3 c was formed in 12�4 % RCC within

5 min. At elevated temperatures (>30 8C), no 18F incorporation
was observed. Use of other bases such as cesium carbonate
and potassium bicarbonate also provided [18F]3 c, but in lower

RCCs (5�2 and 7�3 %, respectively) (Figure 2).
In contrast to the literature,[11b] formation of [18F]3 c took

place only in the presence of a base. This finding prompted us
to optimize this radiolabeling procedure using nickel complex

4 c as a model substrate with respect to other reaction param-

eters such as oxidant/precursor ratio, reaction time and sol-
vent.

The oxidant/precursor ratio strongly affected the formation
of [18F]3 c (Figure 3). Application of an excess of radiolabeling

precursor 4 c afforded only traces of [18F]3 c. If equimolar
amounts of oxidizing agent 2 and nickel complex 4 c were

used, the RCC value of [18F]3 c amounted to 6�3 %. If the oxi-
dant to nickel complex molar ratio was 1.3, a maximal RCC

value of 18�10 % was obtained. Above a ratio of 1.5, a consid-

erable decrease in RCC values was observed.
Radiofluorination of 4 c was tested in different solvents

(Figure 4). The highest RCC values were achieved in anhydrous
acetonitrile. In contrast to literature reports,[11b] the presence of

a low amount of water (1 %) in the reaction mixture caused
a significant decrease in RCC values. In sulfolane, diglyme and

Scheme 2. Radiosynthesis of protected [18F]FDA ([18F]3 c). Reagents and con-
ditions : a) [18F]fluoride, base, 18-crown-6, oxidant 2, MeCN, RT, 1—20 min. Figure 2. Influence of base on radiochemical conversion (RCC) of [18F]3 c.

The appropriate [18F]fluoride salt/18-crown-6 complex (50–500 MBq) was
prepared using the corresponding base (1.16 mmol) in MeOH (200 mL).
MeOH was evaporated, and the residue taken up in MeCN (900 mL). The so-
lution was added to nickel complex 4 c (5 mmol) and 2 (1 equiv), and the re-
action mixture was stirred for 5 min at RT. Thereafter, water (5 mL) was
added, the mixture was vigorously stirred for 1 min and then analyzed by
radio-HPLC. Values represent the mean� standard deviation (SD) of at least
three experiments.

Figure 3. Radiochemical conversion (RCC) of [18F]3 c as a function of the oxi-
dant/precursor ratio. A solution of [18F]KF/18-crown-6 (50–500 MBq) in MeCN
(900 mL) was added to nickel complex 4 c (5 mmol) and 2 (0.6–2.0 equiv), and
the reaction mixture was stirred for 5 min at RT. Thereafter, water (5 mL) was
added, the mixture was vigorously stirred for 1 min and then analyzed by
radio-HPLC. Values represent the mean� standard deviation (SD) of at least
three experiments.
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dimethylformamide (DMF), formation of [18F]3 c was significant-
ly lower in comparison to that observed in acetonitrile. De-

pendency of RCC of 4 c on reaction time was also determined
(Figure 5). Under optimized conditions, reaction times of 1 and

5 min afforded [18F]3 c in RCCs of 7�3 % and 18�10 %, respec-
tively. A further extension of the reaction time did not increase

the RCC.

During our experiments, we noticed the extreme moisture
sensitivity of the oxidizing agent 2.[14] This was, for example,

the reason for the high statistical deviations of RCC values that

were observed in the optimization experiments. In an attempt
to overcome this problem, we prepared several hypervalent

iodine compounds, such as 5,[15] and iodosylarenes 6 a,b[16] as
less moisture-sensitive alternatives to 2 (Figure 6). However,

application of these compounds as oxidants did not afford in-
corporation of 18F.

With optimized reaction conditions for radiolabeling of 4 c in

hand, we tested 18F-radiofluorination of nickel complexes
4 a[11b] and 4 b. Accordingly, protected derivatives of 6-

[18F]FDOPA and 6-[18F]FMT, [18F]3 a and [18F]3 b, were prepared

in 13�2 % and 9�1 % RCC, respectively. The next preparation
step should comprise the deprotection of the corresponding
18F-labeled intermediates, [18F]3 a–c, to the desired PET tracers.
Initially, trifluoroacetic acid (TFA) at 80 and 130 8C was tested

as a deprotection agent. Under these conditions, complete de-
composition of radiolabeled intermediates was observed with
18F¢ as the only detectable radioactive product. In contrast,

quantitative deprotection of [18F]3 c was accomplished using
12 m aq HCl at 130 8C after just 5 min. In the case of [18F]3 a
and [18F]3 b, cleavage of the methyl ester group required
a slightly extended deprotection time of 10 min.

Once the protocol for the radiosynthesis of [18F]3 a–c via
nickel-mediated radiofluorination had been established, we
tried to implement a scale-up synthesis procedure to obtain

the corresponding PET tracers in amounts sufficient for biologi-
cal evaluation. After accomplishment of the radiofluorination
step, acetonitrile was evaporated under a gentle stream of
argon, and the residue was redissolved in 12 m aq HCl. After

hydrolysis had been completed, the bulk of HCl was removed
by coevaporation with acetone. The crude products were puri-

fied by HPLC to give the corresponding PET tracers as ready-

to-use solutions in a 4 % ethanolic phosphate buffer. Applica-
tion of a one-pot protocol allowed us to minimize loss of radi-

oactivity due to surface adsorption and to decrease radiosyn-
thesis time significantly.

Using this procedure, [18F]1 a, [18F]1 b[17] and [18F]1 c were iso-
lated in RCYs of 7�1, 5�1 and 12�2 %, respectively, with ex-

cellent radiochemical and chemical purity (Scheme 3). Specific

activities of [18F]1 a and [18F]1 c were determined to 175 and 60
GBq mmol¢1, respectively.[18]

Finally, we studied, whether the specific activity of 6-
[18F]FDOPA affects PET imaging of dopaminergic activity in

brain. For this purpose, n.c.a. 6-[18F]FDOPA produced via nickel-
mediated radiofluorination and carried-added (c.a.) 6-

Figure 4. Radiochemical conversion (RCC) of [18F]3 c in different solvents. A
solution of [18F]KF/18-crown-6 (50–500 MBq) in the corresponding solvent
(900 mL) was added to nickel complex 4 c (5 mmol) and 2 (6.5 mmol), and the
reaction mixture stirred for 5 min at RT. Thereafter, water (5 mL) was added,
the mixture was vigorously stirred for 1 min and then analyzed by radio-
HPLC. Values represent the mean� standard deviation (SD) of at least three
experiments.

Figure 5. Dependence of radiochemical conversion (RCC) of [18F]4 c on reac-
tion time. A solution of [18F]KF/18-crown-6 (50–500 MBq) in MeCN (900 mL)
was added to nickel complex 4 c (5 mmol) and 2 (1.3 equiv), and the mixture
was stirred for the corresponding time at RT. Thereafter, water (5 mL) was
added, the mixture was vigorously stirred for 1 min and then analyzed by
radio-HPLC. Values represent the mean� standard deviation (SD) of at least
three experiments.

Figure 6. Hypervalent iodine oxidants tested as possible alternatives to 2.
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[18F]FDOPA prepared via conventional electrophilic radiofluori-

nation were compared in an unilateral rat model of hemi-Par-
kinson’s disease.[19] Accordingly, loss of dopaminergic midbrain

neurons was induced by stereotaxic injection of neurotoxic 6-
hydroxydopamine (6-OHDA) into the medial forebrain

bundle.[20] Six weeks after 6-OHDA injection, rats pretreated

with carbidopa were injected into the lateral tail vein with 56–
74 MBq of n.c.a 6-[18F]FDOPA and measured. Eight weeks after

6-OHDA injection, the same animals were measured using c.a
6-[18F]FDOPA (67–72 MBq) (Figure 7).

Specific activity of the c.a. tracer (30 MBq mmol¢1) was more
than three orders of magnitude lower than that of the n.c.a.

compound. Both tracer variants were taken up by the intact

striatum with similar kinetics (time activity curves in
Figure 7). Mean striatal standardized uptake values

(SUVs) (%ID/g) were 0.22 and 0.21 for n.c.a. and c.a.
6-[18F]FDOPA, respectively. In addition, the striatum-

to-cerebellum ratio was determined to be independ-
ent of the specific activity of the tracer. In both

cases, the dopaminergic lesion was clearly visible
with an identical ipsi-to-contralateral striatal ratio.

This somewhat unexpected result could be ex-

plained by the high capacity and/or high competi-
tiveness of the main biochemical processes responsi-

ble for the accumulation of 6-[18F]FDOPA and its me-
tabolites in dopaminergic neurons. In this case, com-

petition between 6-[18F]FDOPA and 6-FDOPA should
be negligible compared with that between 6-

[18F]FDOPA and other competitors.

6-[18F]FDOPA metabolism in brain comprises five
main steps. Initially, the radiotracer is taken up across the

blood–brain barrier (BBB) mainly via l-type amino acid trans-
porter (LAT-1).[21] LAT-1 is also responsible for brain uptake of

proteinogenic neutral amino acids like Phe, Tyr, Val, Ile, Leu,
and Trp.[22] Therefore, the competition between 6-[18F]FDOPA

and other amino acids is significantly higher relative to that

with 6-FDOPA. In striatal neurons, 6-[18F]FDOPA is decarboxylat-
ed into 6-[18F]FDA.[23] This step is catalyzed by aromatic l-

amino acid decarboxylase (AADC) with very broad substrate
specificity and high capacity.[24] 6-[18F]FDA is transported into

the vesicles by the vesicular monoamine transporter type 2
(VMAT2).[23] Since VMAT2 is responsible for detoxification of

toxic amines like 6-FDA,[25] its transport capacity should be

high. Subsequently, stored 6-
[18F]FDA is transported to the

synaptic cleft by exocytosis and
taken up there again by dopa-

mine transporters (DAT). Finally,
cytosolic 6-[18F]FDA is metabo-

lized to 6-[18F]fluoro-3,4-dihy-

droxyphenylacetic acid (6-
[18F]FDOPAC), 6-[18F]fluoro-3-me-

thoxytyramine (6-[18F]FMTA) and
6-[18F]fluorohomovanilic acid (6-
[18F]FHVA) by monoamine ox-
idase (MAO) and catechol-O-

methyltransferase (COMT).[26]

These enzymes also exhibit
broad substrate specificity and

high capacity. The acidic metab-
olites, 6-[18F]FDOPAC and 6-

[18F]FHVA, are rapidly cleared
from brain.[27] Vesicular stored 6-

[18F]FDA as well as its cytosolic

and extracellular metabolites
are responsible for more than

90 % of the striatal PET signal
generated by 6-[18F]FDOPA in

brain at 10–90 min p.i.[26]

Scheme 3. Preparation of 6-[18F]FDOPA ([18F]1 a), 6-[18F]FMT ([18F]1 b) and 6-[18F]FDOPA
([18F]1 c) via radiofluorination of nickel complexes 4 a–c. Reagents and conditions :
a) [18F]KF/18-crown-6, oxidant 2, MeCN, RT, 5 min; b) 12 m aq HCl, 130 8C, 5–10 min.
[18F]1 a, RCY = 7 %, 220 MBq from 6.3 GBq 18F¢ , SA = 175 GBq mmol¢1; [18F]1 b, RCY = 5 %;
[18F]1 c, RCY = 12 %, 250 MBq from 4 GBq 18F¢ , SA = 60 GBq mmol¢1; RCY = radiochemical
yield;[12] SA = specific activity.

Figure 7. No-carrier-added (n.c.a.) versus carrier-added (c.a.) 6-[18F]FDOPA: magnetic resonance/positron emission
tomography (MR/PET) imaging in a rat model of Parkinson’s disease. Two transverse (left column) and two hori-
zontal images (middle column) from the same animal with left side lesion induced by the injection of 6-hydroxy-
dopamine (6-OHDA) are shown. Left and right striatum are indicated by dashed black outlines. 6-OHDA-Induced
lesion is visible as a reduction of the PET signal in the left striatum. Section levels are indicated by white dashed
lines in the insert (bottom right). The time activity curves (TAC; top right) for both images were taken from the
intact right striatum.
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Conclusions

Nickel-mediated radiofluorination under optimized “low base”
conditions enabled fast access to n.c.a. 6-[18F]FDA, 6-

[18F]FDOPA, and 6-[18F]FMT via a one-pot two-step procedure.
Owing to the simplicity, this procedure should be well suited

for automation given that a less moisture-sensitive alternative
for oxidant 2 will be found. Furthermore, it was shown that, in
a Parkinson’s rat model, biodistribution and, consequently,

imaging properties of 6-[18F]FDOPA were independent from
specific activity.[28]

Keywords: [18F]fluoride · nucleophilic aromatic substitution ·
positron emission tomography (PET) · radiopharmaceuticals ·
radiosynthesis
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