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1 | INTRODUCTION

| Thomas Keller' | Johan Rajander® | Anna K. Kirjavainen®

[*®F]NS12137 (exo-3-[(6-["®F|fluoro-2-pyridyl)oxy]8-azabicyclo[3.2.1]octane) is
a highly selective norepinephrine transporter (NET) tracer. NETs are responsible
for the reuptake of norepinephrine and dopamine and are linked to several neu-
rodegenerative and neuropsychiatric disorders. The aim of this study was to
develop a copper-mediated **F-fluorination method for the production of [**F]
NS12137 with straightforward synthesis conditions and high radiochemical yield
and molar activity. [**F]NS12137 was produced in two steps. Radiofluorination
of [**F]NS12137 was performed via a copper-mediated pathway starting with a
stannane precursor and using ['®*F]F~ as the source of the fluorine-18 isotope.
Deprotection was performed via acid hydrolysis. The radiofluorination reaction
was nearly quantitative as was the deprotection based on HPLC analysis. The
radiochemical yield of the synthesis was 15.1 + 0.5%. Molar activity of ['*F]
NS12137 was up to 300 GBq/umol. The synthesis procedure is straightforward
and can easily be automated and adapted for clinical production.
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fluoro-2-pyridyl)oxy|8-azabicyclo[3.2.1]octane, [**F]3) is
a highly selective NET tracer.

Fluorine-18 is the most common radionuclide for posi-
tron emission tomography (PET) due to its clean decay
process (97% f*); its optimal positron energy (634 keV),
which ensures high image resolution; and its adequate
half-life  (109.8 min), which allows multistep
radiosynthesis and purification." Norepinephrine trans-
porters (NETs) are plasma membrane proteins located
in the presynaptic noradrenergic neurons of the central
nervous system. NETs are responsible for the reuptake
of norepinephrine and dopamine, so disturbance of the
NET system can lead to neurodegenerative and neuropsy-
chiatric disorders.** [“®F|NS12137°7 (exo-3-[(6-[**F]

Radiofluorination of arenes remains a challenge for
radiochemists. Previously, radiofluorination of many
arenes was possible only using carrier-added electrophilic
fluorination with [*®*F]F,, which resulted in low molar
activities.! Traditionally, high radiochemical yields (RCYs)
and molar activities (AS) can be achieved with nucleo-
philic labelling, but the reactivity scope is limited. Several
methods have recently been introduced to improve nucle-
ophilic '®F-labelling reactions; for example, the use of
iodonium® or sulfonium®'® salts enables '*F-labelling of
nonactivated aromatic compounds. Recently, a new path-
way, termed transition metal-mediated 8F_fluorination,
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was introduced to produce '®F-labelled arenes with high
Aps.'°  This transition metal-mediated synthesis
pathway is based on the use of cyclotron-produced
[*®F]F~. In 2011, Lee et al."* reported the use of palladium
complexes in '®F-labelling reactions, but due to the
moisture-sensitive nature of these complexes, a more
convenient labelling method was still needed.'"** Nickel-
mediated radiosynthesis followed the next year, but this
still required the preparation and proper handling of
highly complex precursor molecules, which was found to
be cumbersome when designing clinical tracers that had
to be synthetized according to good manufacturing
practices (GMPs)."*"*” In 2013, Ye and Sanford' reported
the mild copper-mediated fluorination of aryl stannanes
and aryl trifluoroborates. Soon thereafter, Tredwell
et al.'® used this method for radiofluorination with [**F]
KF starting from aryl boronic esters, and Mossine et al."
used it starting from boronic acids and Makaravage
et al.”° starting from aryl stannanes. Copper-mediated
radiofluorination shows great promise as a suitable
method for producing clinical tracers. We produced
['®F]3 starting from a stannylated precursor (exo-tert-
butyl-3-[(6-trimethylstannyl-2-pyridyl)oxy]-8-azabicyclo-
[3.2.1]octane-8-carboxylate, 1) (Figure 1).

['®F]3 was produced previously via an electrophilic
pathway® and, most recently, via a nucleophilic path-
way.” As expected, the electrophilic production of ['*F]3
was achieved with relatively low RCY and A,,,.® Nucleo-
philic production of ['®*F]3 was achieved with good RCY
and A,, but the reaction conditions were extreme.’
Using no-carrier-added copper-mediated synthesis, our
goal was to overcome the limits of electrophilic and
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FIGURE 1 Reaction scheme for copper-mediated synthesis of
[**FINS12137 ([**F]3)

nucleophilic radiofluorination and to produce [**F]3 with
a RCY and an A,, that was suitable for clinical use.

2 | EXPERIMENTAL

The precursor 1 and the reference compounds 2 (exo-
tert-butyl-3-[(6-fluoro-2-pyridyl)oxy]-8-azabicyclo-[3.2.1]
octane-8-carboxylate) and 3 were obtained from
DanPET AB, Malmo, Sweden (for characterization,
see the Supporting Information). All other reagents
and solvents were used as received from commercial
suppliers without further purification. Radiolabelling
reactions were performed in hot cells with a remote-
controlled synthesis device built in-house.

Semi-preprative HPLC purification of [**F]3 was car-
ried out as previously reported.® A Gemini C18 column
(5 pm, 10 X 250 mm; Phenomenex, Milford, Massachu-
setts, USA) was used. The mobile phases were as follows:
(A) 7mM KH,PO, and (B) CH;CN. The semi-preparative
C18 column was eluted for the first 5 minutes with 100%
A, which was the decreased to 92% A for 0.1 minute
followed by 36 minutes of 92% A. The flow rate was
5.0 mL/min.

Analytical radio-HPLC was carried out with a VWR
Hitachi L-2130 HPLC pump (VWR Hitachi, VWR Inter-
national GmbH, Darmstadt, Germany) equipped with a
VWR Hitachi L-2400 UV absorption detector
(A = 230 nm) and a 2 X 2-in Nal radioactivity detector.
A Luna C5 column (5 um, 4.6 X 150 mm; Phenomenex,
Milford, Massachusetts) was used for analytical analysis
of compound ['®F]2. The mobile phases were as follows:
(A) 0.1% TFA in H,O and (B) 0.1% TFA in CH;CN. The
analytical column was eluted for the first 3 minutes with
20% B, which was then increased to 60% B for 0.1 minute
followed by 12 minutes of 60% B (analytical HPLC
method 1). The flow rate was 1.5 mL/min. For compound
[*®F]3, a Gemini C18 column (5 um, 4.6 X 250 mm,
Phenomenex) was used. The mobile phases were as
follows: (A) 7mM KH,PO, and (B) CH;CN. The C18
column was eluted for the first 8 minutes with 100%
A, which was then increased to 50% B for 4 minutes
followed by 8 minutes of 50% B (analytical HPLC method
2). The flow rate was 1.5 mL/min.

All RCYs and A,;s are decay-corrected to the start of the
synthesis. The radiochemical purities (RCPs) are based on
the amount of overall radioactivity eluted from the HPLC
column. The product fraction was collected in a separate
vial. We determined that there was no leftover radioactiv-
ity in the injector or in the HPLC column after the analyt-
ical HPLC run. RCY and RCP values are expressed as
means + standard deviations. The A, of compounds
['®F]2 and ['®F]3 was determined by comparing the UV
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areas of the sample and a known concentration of the ref-
erence compound. The limit of detection (LOD; 0.1 ug/mL)
of 3 was determined with the authentic reference com-
pound and was used to determine the A,, of [**F]3.

Levels of copper and tin in the final preparation
were analyzed with inductively coupled plasma mass
spectrometry (ICP-MS; PerkinElmer, Elan DRC Plus).
Commercial multielement standards were used for
instrument calibration.

2.1 | Radiochemistry

The radiofluorination reaction was optimized by varying
the following: the amount of Cu(OTf),(py), and the base
(K,CO3), the reaction solvent (MeCN or DMA), how
the reaction solution was mixed (bubbling with air or
helium), the reaction temperature, and the amount of
precursor 1 (Table 1).

[*®*F]Fluoride was produced as reported previously.?*
The initial amount of [**F]F~ used was 6.4 + 2.5 GBq in
the radiochemistry studies and 16.4 + 1.5 GBq for A,
determinations. The ["*F]KF solution was dried using

TABLE 1 Optimization results of the synthesis of ['*F]2*

Equivalent Amount of

Wi LEY_Radiopharmaceuticals

azeotropic distillation with MeCN and Kryptofix K,,,
(15.5-16.5 pumol) at 120°C with helium flow to form the
dry ["®F]KF/K,,, complex. The reaction vessel was
allowed to cool for 1 minute, and Cu(OTf),(py), (23.5-
24.5 umol, optimized amount) was added in MeCN
(1 mL) or dimethylacetamide (DMA; 0.5 mL). Helium
or air was bubbled through the solution for 10 seconds
to 20 minutes. When Cu(OTf),(py), was added in MeCN,
the solvent was evaporated with a helium flow at 80°C to
120°C for 2 minutes. Compound 1 (7.5-8.5 umol, opti-
mized amount) was dissolved in DMA (0.5 mL) and
added to the reaction vessel. The reaction solution was
mixed by bubbling helium or air through the solution
for 10 to 60 seconds and then heated at 70°C, 80°C,
100°C, or 120°C or kept at room temperature (RT) for 1
to 40 minutes. Samples (20 uL diluted in 200 uL CH3;CN)
were collected during the reaction (at 1, 5, 15, and
40 min) and were analyzed using HPLC method 1.

A previously described method” was followed for
deprotection of product [**F]2. The reaction solvent was
changed from DMA to tetrahydrofuran (THF) (1 mL)
using a tC18 solid-phase extraction (SPE) cartridge
(Waters Corporation, Milford, Massachusetts). THF was

Cu, Compared with Cu and F~ Premixing Temperature, Reaction Reaction RCP,

Entry Precursor 1, eq" Premixing Time, min °C Mixing Time, min %
1¢ 2 Air 10 85 - 30 0.5
2 2 Air 10 120 - 5 89¢
3 3 He 10 120 - 1 85
4 3 (8 mg) Air 10 120 - 5 944
5 3 (5 mg) Air 10 120 - 6 77
6 3 Air 10 120 - 1 76
7 3 (1 mg) He 10 120 - 1 8

8 3 Air 10 RT - 20 8¢
9 3 Air 10 70 - 5 19
10 3 He 10 80 = 5 58
11 3 He 2 100 - 5 75
12 3 He 2 120 - 1 83
13¢ 3 He 2 120 He 2 88
14° 3 Air 0.2 120 Air 5 64

Abbreviations: DMA, dimethylacetamide; RCP, radiochemical purity.

2Cu(OTi),(py)s was premixed in MeCN, and the reaction solvent was DMA unless otherwise stated. Until entry 7, extra base was added to the reaction solution.

After entry 7, no extra base was added.
"Three milligrams of precursor 1 unless stated otherwise.

“Reaction solvent MeCN.

9Based solely on the HPLC analysis of the crude product, no radioactivity was collected.

°Cu mixing done in DMA.
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evaporated to dryness with helium flow at 80°C.
Deprotection of the compound ['®F]2 was carried out in
48% HBr (1 mL) by heating the mixture at 80°C for
5 minutes. The compound ['®*F]3 was analyzed using
HPLC method 2.

3 | RESULTS AND DISCUSSION

[*®F]3 was synthesized in two steps starting with the
stannane precursor 1. The first step was copper-mediated
'8F radiofluorination, and the subsequent step was
deprotection by hydrolysis. The intermediate ['*F]2 was
produced with a maximum RCP of 89.2 + 1.3% and up
to 400 GBg/umol of A, (based on the HPLC analysis of
the reaction solution) after 2-minute reaction at 120°C
in DMA. After SPE, the RCP of ['®F]2 was 98.2 + 0.5%.
Incorporation of the radiofluorination was 23.7 + 2.2%
according to the SPE. After hydrolysis, the RCP of the
final product [**F]3 was 97.5 + 0.5% (analyzed from
the reaction solution). After semi-preparative HPLC
purification, the radioactivity yield of the synthesis was
1.4 + 0.2 GBq (n = 3, non-decay-corrected; starting activ-
ity 16.4 + 1.5 GBq at the end of bombardment). Thus, the
overall decay-corrected RCY of ['*F]3 was 15.1 + 0.5%
(n = 3, based on the initial amount of [**F]fluoride). A,
of purified ['®*F]3 was up to 300 GBq/umol. The total syn-
thesis time was 100 + 11 minutes. According to the ICP-
MS analysis, the amount of copper was less than 0.25 pg
(Cu-63 residue, n = 3) and the amount of tin less than
0.25 pg (Sn-118 residue, n = 3) in the final product frac-
tion. These amounts are low, well under the limits con-
sidered toxic.”>** This demonstrates that the relatively
simple chromatographic methods can effectively remove
copper and tin from the final product. Based on the used
metal amounts, the purification factor is more than 6100
for copper and 3800 for tin.

The results of the optimization studies are presented in
Table 1. In the preliminary labelling test, three equiva-
lents of Cu(OTf),(py), and one equivalent of precursor 1
was found to be optimal. Lowering the equivalent
amount of Cu(OTf),(py), decreased the RCP. The amount
of base (K,CO;) did not affect the RCP. Notably,
premixing the Cu(OTf),(py); in MeCN or DMA, or
mixing the reaction solution by bubbling helium or air
through the solution, had no effect on the RCP. Changing
the reaction solvent from MeCN to DMA before the addi-
tion of 1 resulted in a drastic increase in the RCP from
0.5% to 89% (Table 1, entries 1 and 2).

The amount of precursor 1 (Table 1, entries 4-7), and
the time and temperature (Table 1, entries 8-12) of the
radiofluorination reaction, substantially affected the
RCP. The results of the reaction temperature and time

optimization experiments are presented in Figure 2. The
reaction occurred even at RT (Table 1, entry 8), but the
RCP at RT was less than 6% (n = 2) after a 20-minute
reaction. Of the conditions tested, the optimal tempera-
ture and reaction time were 120°C for 2 minutes (n > 5)
(Table 1, entries 12 and 13). Generally, increasing the
reaction temperature resulted in exponential growth of
the reaction rate (Figure 2B). It is also notable that a lon-
ger reaction time (>5 min) at a high temperature resulted
in slightly lower RCP and increased the number of side
products. This suggests that the product [**F]3 starts to
slowly decompose at high temperatures. The amount of
precursor 1 was varied between 1 and 8.5 mg (Table 1,
entries 4-7). The lowest RCPs were observed when less
than 3 mg of precursor 1 was used. With 1 mg of the pre-
cursor (Table 1, entry 7), the RCP was less than 10%
(n = 1). The optimal amount of precursor was 3.5 mg,
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FIGURE 2 A, Radiochemical purity of the intermediate [**F]2 as
a function of time at the indicated temperatures. B, The reaction
rate of the **F-radiofluorination reaction as a function of reaction
temperature
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which resulted in an RCP over 80% after a 1-minute reac-
tion (n > 5).

In previous studies, nucleophilic ‘*F-fluorination of
[**F]3 with [*®F]F~ was shown to be superior to electro-
philic '®F-fluorination with ['*F]F, or ['*F]Selectfluor
bis(triflate).®” Here, we showed that ['®F]3 can be
produced with similar RCY and A, with copper-mediated
8F-fluorination as with traditional nucleophilic '*F-fluo-
rination.” Compared with the traditional nucleophilic
synthesis route of ['*F]3, the copper-mediated method
has two main advantages, namely, shorter synthesis time
and lower reaction temperature. The procedure intro-
duced here is simpler and therefore easier to automate
than previously published methods. Future work will
focus on further shortening the synthesis time by replacing
azeotropic drying of the ['*F|F~ with an SPE procedure.

4 | CONCLUSIONS

Here, we described the successful production of a NET
tracer, ['®F|3, using no-carrier-added copper-mediated
!8F.]abelling. The intermediate [**F]2 was produced with
high RCP (>89%, based on the HPLC analysis of the
reaction solution) and A, (up to 400 GBq/umol) after a
2-minute reaction at 120°C. After hydrolysis, ['*F|3 was
achieved with high RCP (>97%). The overall RCY of
[**F]3 was moderate (approx 15%) and the A, good (up
to 300 GBq/umol). The procedure can be automated in
its present form and adapted for clinical GMP production.
Our results show that copper-mediated '*F-fluorination
can be adapted to synthesize radiotracers of clinical inter-
est, such as ['®F]3, and we aim to expand the scope
further in the future.
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