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Abstract—FPhEP (1, (+/�)-2-exo-(2 0-fluoro-3 0-phenyl-pyridin-5 0-yl)-7-azabicyclo[2.2.1]heptane) belongs to a recently described
novel series of 3 0-phenyl analogues of epibatidine, which not only possess subnanomolar affinity and high selectivity for brain
a4b2 neuronal nicotinic acetylcholine receptors (nAChRs), but also were reported as functional antagonists of low toxicity (up
to 15 mg/kg in mice). FPhEP (1, Ki of 0.24 nM against [3H]epibatidine) as reference as well as the corresponding N-Boc-protected
chloro- and bromo derivatives (3a,b) as precursors for labelling with fluorine-18 were synthesized in eight and nine steps, respective-
ly, from commercially available N-Boc-pyrrole (overall yields = 17% for 1, 9% for 3a and 8% for 3b). FPhEP (1) was labelled with
fluorine-18 using the following two-step radiochemical process: (1) no-carrier-added nucleophilic heteroaromatic ortho-radiofluori-
nation from the corresponding N-Boc-protected chloro- or bromo derivatives (3a,b—1 mg) and the activated K[18F]F–Krypto-
fix�

222 complex in DMSO using microwave activation at 250 W for 1.5 min, followed by (2) quantitative TFA-induced removal
of the N-Boc-protective group. Radiochemically pure (>99%) [18F]FPhEP ([18F]-1, 2.22–3.33 GBq, 66–137 GBq/lmol) was obtained
after semi-preparative HPLC (Symmetry� C18, eluent aq 0.05 M NaH2PO4/CH3CN, 80:20 (v:v)) in 75–80 min starting from a
18.5 GBq aliquot of a cyclotron-produced [18F]fluoride production batch (10–20% nondecay-corrected overall yield). In vitro bind-
ing studies on rat whole-brain membranes demonstrated a subnanomolar affinity (KD 660 pM) of [18F]FPhEP ([18F]-1) for nAChRs.
In vitro autoradiographic studies also showed a good contrast between nAChR-rich and -poor regions with a low non-specific bind-
ing. Comparison of in vivo Positron Emission Tomography (PET) kinetics of [18F]FPhEP ([18F]-1) and [18F]F-A-85380 in baboons
demonstrated faster brain kinetics of the former compound (with a peak uptake at 20 min post injection only). Taken together, the
preliminary data obtained confirm that [18F]FPhEP ([18F]-1) has potential for in vivo imaging nAChRs in the brain with PET.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

There is considerable evidence that a variety of func-
tions and disorders of the central nervous system
(CNS), including Alzheimer’s and Parkinson’s diseases,
pain, schizophrenia, anxiety, depression, Tourette’s
syndrome and tobacco dependence, are linked to the
neuronal nicotinic acetylcholine receptors (nAChRs).1

nAChRs are ligand-gated ion channels and most of
them are heteromeric pentamers. Several subunits (a2–
a10, b2–b4) have been identified so far and different
combinations of these subunits define nAChR subtypes.
One of the two most abundant subtypes of nAChRs in
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mammalian brain is the receptor containing a4 and b2
subunits.1 Positron Emission Tomography (PET) is a
radiotracer-based non-invasive medical imaging tech-
nique using positron emitters. It is currently the most
advanced technology available for studying molecular
interactions in vivo and could play a key role in elucidat-
ing the involvement of these receptors in various CNS
disorders.2 With the aim of finding a useful PET imag-
ing tool for the study of the nature of these disorders,
for their diagnosis or for the monitoring of the effective-
ness of their treatment, several a4b2-subtype selective
fluorine-containing ligands have been radiolabelled with
fluorine-18 (half-life: 109.8 min), one of the most attrac-
tive positron-emitting radioisotopes for radiopharma-
ceutical chemistry.3–6 These radioligands can be divided
into three distinct groups. The first group (Fig. 1) consists
of analogues of A-85380 (3-[(S)-2-azetidinylmethoxy]-
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Figure 1. Azetidinyl-, pyrrolidinyl-, (�)-cytisine- and epibatidine-based existing fluorine-18-labelled ligands for nAChR PET imaging including the

target tracer of the present work [18F]FPhEP ([18F]-1).
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pyridine), the lead compound of a series of 3-pyridyl
ethers developed by Abbott laboratories.7–9 They include
azetidine-based derivatives, 2-[18F]F-A-85380,10–29 6-
[18F]F-A-85380,30–35 5-iodo-6-[18F]fluoro-A-85380,36

the more lipophilic [18F]NIDA-52158,37 [18F]NIDA-
52189,37 [18F]NIDA-52213138 and [18F]NIDA-5228939,
and pyrrolidine-based [18F]Nifrolidine40 and [18F]Nic-
FP.41 A second group includes [18F]FPhCYT42,43 and
[18F]FPyCYT,44 two derivatives of (�)-cytisine, a natural
chiral quinolizidine alkaloid.45–48 The third group con-
sists of analogues of the alkaloid (�)-epibatidine, a natu-
ral product isolated from a South American frog
(Epipedobates tricolor) and discovered in the 1990s as a
non-opioid analgesic agent with a potency in mice 200-
fold greater than that of morphine.49 It was later shown
to exert its antinociceptive action via an nAChR medi-
ated mechanism.50,51 [18F]FEP, a compound in which
the chlorine atom of epibatidine has been replaced by a
[18F]fluorine-atom,52–55 showed a brain distribution and
in vivo pharmacological characteristics in non-human
primates that were exceptionally promising.56–61 Although
the mass of this fluoro-analogue of epibatidine implied in
an imaging protocol is far below pharmacologically active
doses, its toxicity prohibited its use in humans.62 Other
analogues such as its N-methyl derivative ([18F]Me-
FEP)60 and an 8-azabicyclo[3.2.1]octane derivative
([18F]FhEP63–65) have also been developed. Among all
these fluorine-18-labelled derivatives, the agonist
2-[18F]F-A-85380 is the only PET probe for the a4b2
nAChR subtype currently used in humans. It shows high
affinity and selectivity for this subtype10,12,16,26 and has
been extensively validated in non-human primate stud-
ies.15,17,21,23,28 It also displays a safe profile—low toxici-
ty,19,26 no mutagenicity,19,26 and acceptable effective
dose equivalent to the patient in dosimetric stud-
ies20,22,26—for its use as a PET probe in humans.27,29

However, this relatively strong-hydrophilic derivative
displays rather slow brain kinetics, resulting in long scan-
ning times, and this could be a limitation in routine clin-
ical use. Also, its non-specific binding in regions showing
rich n-AChRs densities, such as the thalamus, remains
relatively high with 30–40% of the radioligand fixation
being nondisplacable. This phenomenon becomes even
more important in regions with intermediate and poor
n-AChRs densities, such as the cortex, the striatum and
the cerebellum.15
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Recently, a novel series of 3 0-phenyl-epibatidine and
3 0-phenyl-deschloroepibatidine derivatives was de-
scribed.66,67 These compounds not only possess sub-
nanomolar affinity66,67 and high selectivity68 for brain
a4b2-nAChRs, but also were reported as functional
antagonists of low toxicity (up to 15 mg/kg in mice).
Within this series, a 2 0-fluoro-derivative, namely
(+/�)-2-exo-(2 0-fluoro-3 0-phenyl-pyridin-5 0-yl)-7-azabi-
cyclo[2.2.1]heptane (1, FPhEP), displays a Ki of 0.24 nM
against [3H]epibatidine, and offers an opportunity for
fluorine-18-labelling by nucleophilic ortho-heteroaro-
matic substitution.69–71 We therefore selected it as a
potential candidate for imaging the nAChRs with PET.

We herein report the synthesis of FPhEP (1) as reference
compound as well as the synthesis of both the N-Boc-
protected chloro- and bromo analogues, 3a and 3b
(Scheme 1), as precursors for labelling with fluorine-
18. We also report the two-step radiosynthesis of
[18F]FPhEP ([18F]-1) by nucleophilic heteroaromatic
ortho-radiofluorination. Finally, preliminary in vitro
and in vivo pharmacological evaluation of this new
fluorine-18-labelled radioligand, including two selected
PET studies, is presented.
2. Results and discussion

2.1. Chemistry

The synthesis of the reference compound FPhEP (1) is
outlined in Scheme 1. The amino derivative 2 was syn-
thesized according to reported procedures66,67 and
obtained in seven steps and 20% overall yield from com-
mercially available N-Boc-pyrrole. It was treated with
sodium nitrite in 70% HF/pyridine at room temperature
for 45 min, followed by heating at 100 �C for 1 h giving
FPhEP (1) in 82% yield.
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The obvious radiochemical labelling strategy for the
preparation of [18F]FPhEP ([18F]-1) is nucleophilic
heteroaromatic fluorination. These reactions, like the
aliphatic nucleophilic radiofluorinations, only require a
good leaving group and there is no need for an addition-
al strong electron-withdrawing substituent for activation
of the aromatic ring such as in the homoaromatic nucle-
ophilic radiofluorinations. The preferable leaving
groups are the trimethylammonium and the nitro func-
tions.69–71 An attempted synthesis of the N-Boc-protected
trimethylammonium trifluoromethanesulfonate deriva-
tive 6 is outlined in Scheme 2. Methylation of 2 using
reductive conditions (formaldehyde and
cyanoborohydride in a mixture of acetonitrile and acetic
acid at room temperature for 24 h) gave the correspond-
ing 2 0-dimethylamino derivative 4 in 86% yield.
Treatment of 4 with 1 equiv of methyl trifluoromethane-
sulfonate in toluene at room temperature for 16 h only
gave the non-desired 1 0-methylpyridinium derivative 5
in 63% yield. The desired trimethylammonium deriva-
tive 6 could not be observed (1H NMR analysis of the
crude reaction mixture). Unfortunately, the nitro deriv-
ative (structure not shown) also could not be obtained
using known conditions (hydrogen peroxide in
concentrated sulfuric acid at low temperature)72 and
routinely used in our laboratory for the synthesis of
2-fluoropyridines.11,69,70

In view of these failures, we turned to the chloro- and
bromo derivatives 3a,b as precursors. Halogens are also
known to be reasonably efficient leaving groups in this
type of reaction.69–71 Chlorination of 2 (with concomi-
tant loss of N-Boc) with sodium nitrite in hydrochloric
acid in the presence of copper(I) chloride at 0 �C for
40 min, followed by direct treatment with Boc2O in
THF containing triethylamine at room temperature for
5 h, gave the N-Boc-protected 2 0-chloro derivative 3a
in 42% yield (Scheme 1). A similar reaction using
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hydrobromic acid and copper(I) bromide gave the
N-Boc-protected 2 0-bromo derivative, 3b in 39% yield.

2.2. Radiochemistry

The two-step radiosynthesis of [18F]FPhEP ([18F]-1) is
outlined in Scheme 3. The chloro- and the bromo deriv-
ative (3a and 3b, respectively) were both evaluated for
their effectiveness as labelling precursors for the prepa-
ration of [18F]FPhEP ([18F]-1).

Introduction of the cyclotron-produced fluorine-18 as
no-carrier-added naked [18F]fluoride anion was per-
formed in dimethylsulfoxide (DMSO) with the activated
K[18F]F–Kryptofix�222 complex73,74 as the radiofluori-
nating reactant (Kryptofix�222 (K222): 4,7,13,16,21,24-
hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane) by either
conventional heating or microwave activation. The
radiochemical yields of fluorine-18 incorporation were
calculated from the TLC-radiochromatogram and de-
fined as the ratio of [18F]-3c over total fluorine-18 activ-
ity. Briefly, a DMSO solution (600 lL) containing
1.0–4.0 mg of the chloro- (3a, 2.6–10.3 lmol) or bromo
(3b, 2.3–9.3 lmol) precursor for labelling was added to
30–60 mCi of the dried K[18F]F–K222 complex in a reac-
tion vial (Vacutainer� tube). The unsealed tube was then
placed in a heating block at 165 �C for 1–20 min without
stirring the contents or in a dedicated microwave oven at
250 W for 30–90 s. Using conventional heating, both
precursors (3a,b) were reactive with incorporation yields
increasing with the reaction time up to 20 min. Using
4.0 mg of the chloro precursor (3a, 10.3 lmol), yields
up to 15–20% were observed. Higher yields in much
shorter synthesis time (60–90 s only) were systematically
obtained with both precursors when microwave activa-
tion was used. In contrast to our previously reported
model studies,69–71 the incorporation yields for the bro-
mo derivative 3b were only slightly higher than those for
the chloro derivative 3a. Yields ranging from 25% to
40% were observed using 2 mg of the chloro derivative
3a and microwave activation at 250 W for 90 s. Removal
of the N-Boc-protective group was performed in 2–
5 min in a mixture of trifluoroacetic acid (TFA) and
dichloromethane (1:50 (v/v)) at room temperature,
quantitatively yielding the amine [18F]-1 (according to
radio-TLC). HPLC purification was performed on a
semi-preparative Symmetry� C18 column, using a mix-
ture of aq 0.05 M NaH2PO4 and CH3CN (80:20 (v:v))
as the eluent (HPLC A, see Section 4). This stage was
simpler when using the bromo derivative 3b due to the
better separation of [18F]-1 (tR: 13.0 min) from the
Boc-deprotected bromo derivative (tR: 17.5 min) than
from the corresponding chloro derivative 3a (tR:
16.5 min). Also, the use of a more restricted amount of
the precursor for labelling (1 mg, for example, instead
of 2–4 mg) facilitated the final HPLC purification, offe-
set however by a lower fluorine-18 incorporation.

Typically, 2.22–3.33 GBq of purified [18F]FPhEP ([18F]-
1, specific radioactivity: 66–137 GBq/lmol) was ob-
tained in 75–80 min using 1 mg of the bromo precursor
3b and microwave activation for 90 s (250 W). The start-
ing amount of [18F]fluoride was 18.5 GBq implying a
12–18% nondecay-corrected overall yield.

Formulation of [18F]FPhEP ([18F]-1) as iv injectable
solution was performed using a home-made Sep-pak�-
Plus C18 device. The HPLC-collected fraction contain-
ing the radiotracer was diluted with water and the
resulting solution was passed through a C18 Sep-pak�

cartridge. The cartridge was then washed with water,
partially dried with nitrogen and finally eluted with eth-
anol followed by physiological saline. The solution was
then sterile-filtered and diluted with physiological saline
to an ethanol concentration below 10%. The radiotracer
preparation was a clear and colourless solution with a
measured pH between 5 and 7. As demonstrated by ana-
lytical HPLC analysis (HPLC B, See Section 4), the
radiotracer preparation was found to be >95% chemi-
cally and >99% radiochemically pure and the prepara-
tion was shown to be free of non-radioactive precursor
and was radiochemically stable for at least 120 min.
Administration to animals was performed within
15 min following the end of the synthesis. These results
were in compliance with our in-house quality control/as-
surance specifications.

2.3. Preliminary in vitro pharmacological evaluation

In vitro autoradiographic studies were performed on rat
brain slices with [18F]FPhEP ([18F]-1) and showed that
the highest fixation of radioactivity was present in tha-
lamic nuclei and the lowest in the corpus callosum
(Fig. 2, image A). These data are in accordance with
the known distribution of nAChRs in the rat brain.
Non-specific binding was assessed in adjacent slices in
the presence of 300 lM of unlabelled FPhEP
(1, Fig. 2, image B) or 300 lM of (�)-nicotine (Fig. 2,
image C). The results suggest that the non-specific bind-
ing associated with this radiotracer is low (image B) and
that the specific binding is represented by the fixation to
the nAChRs (image C).
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The binding of [18F]FPhEP ([18F]-1) was quantified in vitro
at 37 �C on rat whole-brain membranes (Fig. 3). Satura-
tion studies showed that the binding of [18F]FPhEP
([18F]-1) was saturable and represented a single popula-
tion of binding sites with a Bmax of 65 ± 2 fmole/mg of
protein and an apparent dissociation constant (KD) of
660 ± 75 pM (triplicate samples, means ± SD).

Finally, competition assays were performed with 2.5 nM
of [18F]-1 and 14–16 different concentrations of selected
competitors, to evaluate the Ki of several nAChR ligands
and ligands of other receptors on the [18F]FPhEP ([18F]-
1) binding. Selectivity of [18F]FPhEP ([18F]-1) for the het-
eromeric a4b2 nAChR subtype was confirmed by the low
Ki values with cytisine and nicotine (a4b2-specific; 1.09
and 5.83 nM, respectively), whereas the Ki value of meth-
yllycaconitine (a6/7-specific) was high (1.30 lM). More-
over, the Ki of several non-AChR ligands were all very
high, indicating that [18F]FPhEP does not bind to these
types of receptors: D1 dopamine receptor (A-69024;
>1 lM), D2/3 dopamine receptor (raclopride; >1 lM),
5-HT2/5-HT1C serotoninergic receptor (ketanserine;
643 nM), 5HT1A serotonergic receptor (WAY-100135;
268 nM) and muscarinic acetylcholine receptor (3-qui-
nuclidinyl benzilate; >1 lM). Taken together, all the
data obtained clearly demonstrate that [18F]FPhEP
([18F]-1) binds to the non-a7 nAChR subtype. These
results are also in accordance with the just recently
reported binding values of this derivative.68

2.4. PET imaging

PET studies of the brain distribution of [18F]FPhEP
([18F]-1) were carried out in primates (Papio anubis
baboon). Two selected single PET experiments in the
same baboon are described here to illustrate this section
and the full characterisation of [18F]FPhEP as a PET
radiotracer will be published elsewhere. Figure 4A illus-
trates the uptake of [18F]FPhEP in the baboon brain at
30–60 min, following iv injection of 163 MBq of
[18F]FPhEP ([18F]-1, 2.1 nmol). Figure 4B (-j-) shows
the corresponding time activity curve obtained in the
thalamus, known as a a4b2-nAChR-rich region. After
injection of [18F]-1, the time course of radioactivity
showed a rapid accumulation of the radiotracer, reach-
ing a maximal value of 4.86% of injected dose per
100 mL of tissue (% ID/100 mL), 20 min pi. Past
20 min, this value progressively decreased, reaching 1.7
% ID/100 mL at 180 min pi. Figure 4B (-h-) also shows
the time activity curve obtained in the same brain
region, following iv injection of 2-[18F]F-A-85380
(430 MBq, i.e., 1.2 nmol). The time course of radioactiv-
ity showed a rather slow accumulation of the radiotrac-
er, reaching a maximal value of 3.94 % ID/100mL at
80–90 min pi only. The decrease of the radioactivity in
this brain region was very slow reaching 3.75% ID/
100 mL at 180 min. Thus, [18F]FPhEP ([18F]-1)shows
faster kinetics with a peak uptake at 20 min but a lower
retention during the scanning time.
3. Conclusion

The novel a4b2-selective, nicotinic cholinergic antagonist
FPhEP (1) has been labelled with fluorine-18 in
sufficient yields to allow in vitro and in vivo pharmaco-
logical evaluation. In vitro binding studies on rat whole-
brain membranes demonstrated a subnanomolar affinity
(KD 660 pM) of [18F]FPhEP ([18F]-1) for nAChRs and
in vitro autoradiographic studies showed a good con-
trast between nAChR-rich and -poor regions with a
low non-specific binding. Comparison of in vivo PET
kinetics of [18F]FPhEP ([18F]-1) and [18F]F-A-85380 in
a baboon demonstrated the faster brain kinetics of the
former compound, with a peak uptake at 20 min post
injection. Taken together, the preliminary data obtained
confirm that [18F]FPhEP ([18F]-1) has potential for
in vivo imaging nAChRs in the brain with PET.
4. Experimental

4.1. General

4.1.1. Chemicals, flash chromatographies and TLCs.
Chemicals were purchased from Aldrich-, Fluka- or
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Sigma, France, and were used without further purifica-
tion. Flash chromatographies were conducted on silica
gel (0.63–0.200 mm, VWR) columns. TLCs were run
on pre-coated plates of silica gel 60F254 (Merck). The
compounds were localized: (1) when possible at
254 nm using a UV-lamp and/or (2) by dipping the
TLC-plates in a 1% ethanolic ninhydrin solution and
heating on a hot plate. Radioactive spots were detected
using a Berthold TraceMaster 20 automatic TLC linear
analyser.

4.1.2. HPLCs. [HPLC A]: Equipment: system equipped
with a Waters 600 Pump and Waters 600 Controller, a
Shimadzu SPD10-AVP UV-multi-wavelength spectro-
photometer and a miniature ionisation chamber probe;
column: semipreparative, Symmetry� C18, Waters
(300 · 7.8 mm); porosity: 7 lm; eluent aq 0.05 M NaH2-
PO4/CH3CN, 80:20 (v/v); flow rate: 5 mL/min; tempera-
ture: RT; absorbance detection at k = 254 nm. [HPLC
B]: Equipment: Waters binary HPLC pump 1525
equipped with a UV spectrophotometer (Photodiode
Array Detector, Waters 2996) and a Berthold LB509
radioactivity detector; column: analytical Symmetry-
M� C-18, Waters (50 · 4.6 mm); porosity: 3.5 lm; con-
ditions: isocratic elution with solvent A/solvent B:
60:40 (v/v) [solvent A: H2O containing Low-UV PIC�

B7 reagent (composition: % by weight: methanol (18–
22%), heptane sulfonic acid–sodium salts (4–6%), phos-
phate buffer solution (3–7%) and water (65–75%), pH 3,
Waters), 20 mL for 1000 mL; solvent B: H2O/CH3CN:
50:50 (v/v) containing Low-UV PIC� B7 reagent
(20 mL for 1000 mL)]; flow rate: 2.0 mL/min; tempera-
ture: 30 �C; absorbance detection at k = 280 nm.

4.1.3. Spectroscopies. NMR spectra were recorded on a
Bruker AMX (300 MHz) or a Bruker Avance
(400 MHz) apparatus, using the hydrogenated residue
of the deuterated solvents (CD2Cl2, d = 5.32 ppm;
DMSO-d6, d = 2.50 ppm) and/or TMS as internal stan-
dards for 1H NMR as well as the deuterated solvents
(CD2Cl2, d = 53.8 ppm; DMSO-d6, d = 39.5 ppm) and/
or TMS as internal standards for 13C NMR. The chem-
ical shifts are reported in ppm, downfield from TMS (s,
d, t, dd, and br for singlet, doublet, triplet, doublet of
doublet and broad, respectively). The mass spectra
(MS), DCI/NH4

+, were measured on a Quantum TCQ
Discovery spectrometer.

4.1.4. Radioisotope production. No-carrier-added aque-
ous [18F]fluoride ion was produced via the
[18O(p,n)18F] nuclear reaction by irradiation of a 2 mL
[18O]water (>97%-enriched, CortecNet, Paris, France)
target on a CGR-MeV 520 cyclotron (17 MeV proton
beam) or on an IBA Cyclone-18/9 cyclotron (18 MeV
proton beam) and was transferred to the appropriate
hot cell.

Target hardware: CGR-MeV 520 cyclotron: home-
made, large volume, three-port, keyhole-shaped stain-
less steel/silver target holder (A complete description
of this target hardware and -operation can be found in
Ref. 55); IBA Cyclone-18/9 cyclotron: commercial, large
volume, two-port, stainless steel target holder equipped
with a domed-end niobium cylinder insert.

Target to hot cell liquid-transfer system: 60 m PTFE line
(0.8 mm internal diameter ; 1/16 in external diameter),
2.0 bar helium drive pressure, transfer time 3–6 min.
Typical production of [18F]fluoride at the end of bom-
bardment for a 20 lA, 30 min (10 lA.h) irradiation:
CGR-MeV 520 cyclotron: 20.3–24.0 GBq and IBA
Cyclone-18/9 cyclotron: 27.7–29.6 GBq.

4.1.5. Miscellaneous. Radiosyntheses using fluorine-18,
including the HPLC purifications, were performed in a
7.5-cm-lead shielded cell using a computer-assisted Zy-
mate robot system (Zymark corporation, USA). Micro-
wave activation was performed with a MicroWell 10
oven (2.45 GHz), Labwell AB, Sweden.

4.2. Chemistry

4.2.1. (+/�)-7-tert-Butoxycarbonyl-2-exo-(2 0-amino-3 0-
phenylpyridin-5 0-yl)-7-azabicyclo[2.2.1]heptane (2). Syn-
thesized according to already reported procedures66,67

and obtained in seven steps and 20% overall yield from
commercially available N-Boc-pyrrole. Rf: 0.4 (CH2Cl2/
MeOH, 95:05 the latter containing 0.5% of aq 28%
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ammonia). 1H NMR: (CD2Cl2, 298 K): d: 7.88 (d, J:
1.8 Hz, 1H); 7.47–7.36 (br, 5H); 7.35 (d, J: 1.8 Hz,
1H); 4.68 (br, 2H); 4.29 (br s, 1H); 4.12 (br s, 1H);
2.79 (dd, J: 9.2 & 4.9 Hz, 1H); 1.93 (dd, J: 12.2 &
9.2 Hz, 1H); 1.85–1.38 (br, 5H); 1.36 (s, 9H). 13C
NMR: (CD2Cl2, 298 K): 155.2 [C]; 154.9 [C]; 145.8
[CH]; 138.8 [C]; 137.1 [CH]; 132.2 [C]; 129.3 [2 CH];
129.0 [2 CH]; 127.9 [CH]; 121.9 [C]; 79.5 [C]; 62.7
[CH]; 56.2 [CH]; 45.2 [CH]; 40.5 [CH2]; 30.0 [CH2];
29.0 [CH2]; 28.4 [3 CH3]. MS C22H27N3O2: 366 [M+H+].

4.2.2. (+/�)-2-exo-(2 0-Fluoro-3 0-phenylpyridin-5 0-yl)-7-
azabicyclo[2.2.1]heptane (1, FPhEP). A solution of 2
(183 mg, 0.5 mmol, MW: 365.47) in concentrated 70%
hydrofluoric acid/pyridine (1.2 mL) was prepared. Sodi-
um nitrite (138 mg, 2 mmol, 4 equiv, MW: 69.00) in
water (0.5 mL) was added at 0 �C and the reaction mix-
ture was stirred for 45 min at room temperature fol-
lowed by heating at 100 �C for 1 h. The mixture was
filtered and the filtrate was poured into 50 mL of aq
14% ammonia and extracted with ethyl acetate. The
combined organic extracts were dried with magnesium
sulfate and concentrated. The residue was chromato-
graphed on silica gel using CH2Cl2/MeOH, the latter
containing 0.5% of aq 28% ammonia (98:02–95:05), as
eluent to provide 1 (110 mg, 82%) as a yellow oil. Rf:
0.3 (CH2Cl2/MeOH, 95:05, the latter containing 0.5%
of aq 28% ammonia). tR (HPLC A): 13.0 min. tR (HPLC
B): 2.28 min. 1H NMR: (CD2Cl2, 298 K): d: 8.07 (d, J:
1.8 Hz, 1H); 8.01 (dd, J: 9.8 & 2.4 Hz, 1H); 7.60–7.50
(br, 2H); 7.50–7.36 (br, 3H); 3.79 (br t, 1H); 3.60 (br s,
1H); 2.85 (dd, J: 9.2 & 4.9 Hz, 1H); 1.90 (dd, J: 12.2
& 9.2 Hz, 1H); 1.69–1.50 (br, 5H). 13C NMR: (CD2Cl2,
298 K): 159.4 [d, J: 236 Hz, C]; 145.2 [d, J: 15 Hz, CH];
141.5 [d, J: 5 Hz, C]; 140.4 [CH]; 134.9 [C]; 129.1 [2 CH];
128.9 [2 CH]; 128.5 [CH]; 123.2 [d, J: 29 Hz, C]; 63.4
[CH]; 56.8 [CH]; 44.8 [CH]; 40.9 [CH2]; 31.8 [CH2];
30.7 [CH2]. MS C17H17FN2: 269 [M+H+].

4.2.3. (+/�)-7-tert-Butoxycarbonyl-2-exo-(2 0-chloro-3 0-
phenylpyridin-5 0-yl)-7-azabicyclo[2.2.1] heptane (3a). To
a solution of 2 (597 mg, 1.6 mmol, MW: 365.47) in con-
centrated hydrochloric acid (4 mL) at 0 �C was added
sodium nitrite (2.25 g, 32 mmol, 20 equiv, MW: 69.00)
in water (2 mL). After 10 min, copper(I) chloride
(2.26 g, 22.9 mmol, 14 equiv, MW: 98.99) in hydrochlo-
ric acid (2 mL) was added. After 30 min at 0 �C, the mix-
ture was poured into aq 14% ammonia and extracted
three times with ethyl acetate. The combined organic
layers were dried with magnesium sulfate and concen-
trated. The residue was treated with di-tert-butyldicar-
bonate (428 mg, 1.96 mmol, 1.2 equiv, MW: 218.25)
and NEt3 (0.27 mL, 1.96 mmol, 1.2 equiv, d: 0.726,
MW: 101.19) in THF (4 mL). After 5 h, the solvent
was evaporated and the oily residue was chromato-
graphed on silica gel using heptane/EtOAc (90:10–
80:20) as eluent to provide 3a (260 mg, 42%) as a pale
yellow solid. Rf: 0.7 (heptane/EtOAc, 50:50). 1H
NMR: (CD2Cl2, 298 K): d: 8.26 (d, J: 2.4 Hz, 1H);
7.66 (d, J: 2.4 Hz, 1H); 7.48–7.38 (br, 5H); 4.33 (br t,
1H); 4.21 (br d, 1H); 2.93 (dd, J: 9.2 & 4.9 Hz, 1H);
2.01 (dd, J: 12.2 & 8.5 Hz, 1H); 1.90–1.46 (br, 5H);
1.37 (s, 9H). 13C NMR: (CD2Cl2, 298 K): 155.1 [C];
147.7 [CH]; 147.5 [C]; 141.2 [C]; 138.7 [CH]; 138.2 [C];
136.7 [C]; 129.7 [2 CH]; 128.6 [2 CH]; 128.5 [CH]; 79.7
[C]; 62.4 [CH]; 56.4 [CH]; 45.2 [CH]; 40.6 [CH2]; 30.0
[CH2]; 29.1 [CH2]; 28.4 [3 CH3]. MS C22H25ClN2O2:
387 [M+H+]; 385 [M+H+].

4.2.4. (+/�)-7-tert-Butoxycarbonyl-2-exo-(2 0-bromo-3 0-
phenylpyridin-5 0-yl)-7-azabicyclo[2.2.1]heptane (3b). To
a solution of 2 (130 mg, 0.36 mmol, MW: 365.47) in con-
centrated hydrobromic acid (2 mL) at 0 �C was added
sodium nitrite (490 mg, 7.1 mmol, 20 equiv, MW:
69.00) in water (1 mL). After 10 min copper(I) bromide
(492 mg, 5 mmol, 14 equiv, MW: 98.99) in hydrobromic
acid (1 mL) was added. After 30 min at 0 �C, the mix-
ture was poured into aq 14% ammonia and extracted
three times with ethyl acetate. The combined organic
layers were dried with magnesium sulfate and concen-
trated. The residue was treated with di-tert-butyldicar-
bonate (93 mg, 0.43 mmol, 1.2 equiv, MW: 218.25) and
NEt3 (60 lL, 0.43 mmol, 1.2 equiv, d: 0.726, MW:
101.19) in THF (2 mL). After 5 h, the solvent was evap-
orated and the oily residue was chromatographed on sil-
ica gel using heptane/EtOAc (90:10–80:20) as eluent to
provide 3b (60 mg, 39%) as a brown oil. Rf: 0.7 (hep-
tane/EtOAc, 50:50). 1H NMR: (CD2Cl2, 298 K): d:
8.23 (d, J: 2.4 Hz, 1H); 7.60 (d, J: 2.4 Hz, 1H); 7.46–
7.40 (br, 5H); 4.33 (br t, 1H); 4.20 (br s, 1H); 2.91 (dd,
J: 8.5 & 4.8 Hz, 1H); 2.01 (dd, J: 12.2 & 9.1 Hz, 1H);
1.90–1.49 (br, 5H); 1.36 (s, 9H). 13C NMR: (CD2Cl2,
298 K): d: 155.1 [C]; 148.1 [CH]; 141.4 [C]; 139.9 [C];
139.6 [C]; 138.2 [CH]; 129.7 [C]; 128.6 [2 CH]; 128.6 [2
CH]; 128.6 [CH]; 79.8 [C]; 62.3 [CH]; 56.3 [CH]; 45.2
[CH]; 40.6 [CH2]; 30.0 [CH2]; 29.1 [CH2]; 28.3 [3 CH3].
MS C22H25BrN2O2 : 429 [M+H+]; 431 [M+H+].

4.2.5. (+/�)-7-tert-Butoxycarbonyl-2-exo-(2 0-dimethyl-
amino-3 0-phenylpyridin-5 0-yl)-7-azabicyclo[2.2.1]heptane
(4). A mixture of 2 (297 mg, 0.81 mmol, MW: 365.47),
acetonitrile (22 mL), 37% aq formaldehyde (2.9 mL)
and NaBH3CN (918 mg, 14.6 mmol, 18 equiv, MW:
62.84) was stirred for 3 h at room temperature. Glacial
acetic acid was added and stirring was continued. After
24 h, the reaction mixture was decanted into aq 14%
ammonia and extracted three times with chloroform.
The combined organic extracts were dried with magne-
sium sulfate and concentrated. The residue was chro-
matographed on silica gel using heptane/EtOAc (60:40–
30:70) as eluent to provide 4 (275 mg, 86%) as a colourless
oil. Rf: 0.6 (heptane/EtOAc, 50:50). 1H NMR: (CD2Cl2,
298 K): d: 8.09 (d, J: 2.4 Hz, 1H); 7.53–7.28 (br, 6H);
4.37 (br s, 1H); 4.20 (br s, 1H); 2.85 (dd, J: 8.5 & 4.8 Hz,
1H); 2.73 (s, 6H); 1.97 (dd, J: 12.8 & 9.2 Hz, 1H); 1.90–
1.51 (br, 5H); 1.41 (s, 9H). 13C NMR: (CD2Cl2, 298 K):
158.8 [C]; 155.3 [C]; 144.3 [CH]; 141.2 [C]; 139.1 [CH];
129.4 [C]; 129.3 [C]; 128.8 [2 CH]; 128.4 [2 CH]; 127.2
[CH]; 79.5 [C]; 62.5 [CH]; 56.3 [CH]; 45.1 [CH]; 41.6 [2
CH3]; 40.4 [CH2]; 30.0 [CH2]; 29.4 [CH2]; 28.3 [3 CH3].
MS C24H31N3O2: 394 [M+H+].

4.2.6. (+/�)-50-(7-tert-Butoxycarbonyl-7-azabicyclo[2.2.1]-
hept-2-exo-yl)-20-dimethylamino-10-methyl-30-phenylpyridi-
nium trifluoromethanesulfonate (5). To 4 (76 mg,
0.19 mmol, MW: 393.52) in toluene (1 mL) was added
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methyl trifluoromethanesulfonate (24 lL, 0.21 mmol,
1.1 equiv, MW: 164.10, d: 1.450). The mixture was stir-
red at room temperature during 16 h and then concen-
trated to dryness. 1H NMR analysis clearly showed
the presence of 5 as the major component (>85%). The
residue was chromatographed on silica gel using
CH2Cl2/MeOH, the latter containing 0.5% of aq 28%
ammonia (98:02–95:05), as eluent to provide 5 (64 mg)
as a colourless oil. 1H NMR: (CD2Cl2, 298 K): d: 8.52
(s, 1H); 8.09 (s, 1H); 7.52 (br, 3H); 7.28 (br, 2H); 4.36
(br t, 1H); 4.24 (br s, 1H); 4.23 (s, 3H); 3.14 (dd, J:
8.5 & 4.8 Hz, 1H); 2.74 (s, 6H); 2.10 (dd, J: 12.2 &
8.5 Hz, 1H); 1.92–1.50 (br, 5H); 1.39 (s, 9H).

4.3. Radiochemistry

4.3.1. Preparation of the K[18F]F–K222-complex. In order
to recover and recycle the [18O]water target, the 2 mL of
aqueous [18F]fluoride from the target holder was passed
through an anion exchange resin Sep-pak� Light Waters
AccellTM Plus QMA cartridge (initially in the chloride
form, then washed with aq 1 M NaHCO3 (2 mL) and
rinsed with water (20 mL) and CH3CN (10 mL)) by heli-
um pressure (1.5–2.0 bar). Helium was blown through
the column to maximally extract the last traces of
[18O]water. See Ref. 55 for more practical details. The
[18F]fluoride ion was then eluted from the resin, using
an aq K2CO3 solution (1.0 mL of a 4.5 mg/mL solution),
into a Vacutainer� tube containing Kryptofix�222
(K222: 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]-
hexacosane, 12.0–15.0 mg). The resulting solution
was then gently concentrated to dryness at 145–150 �C
under a nitrogen stream for 10 min to give no-carrier-
added K[18F]F–K222 complex as a white semi-solid
residue.

4.4. Preparation of (+/�)-2-exo-(2 0-[18F]Fluoro-3 0-phe-
nylpyridin-5 0-yl)-7-azabicyclo[2.2.1]heptane ([18F]-1,
[18F]FPhEP)

4.4.1. Incorporation studies with K[18F]F–K222-complex.
(A) General procedure using conventional heating.
DMSO (600 lL) containing the appropriate halogeno
derivative 3a,b as precursor for labelling (1.0–4.0 mg)
was directly added into the Vacutainer� tube containing
the dried K[18F]F–K222 complex. The tube (not sealed)
was thoroughly vortexed (15 s) and then placed in a
heating block (at 165 �C, for 1–20 min) without stirring
the contents. The reaction vessel was then cooled using
an ice-water bath and the remaining radioactivity was
measured, which was 90–95% of the initial radioactivity.
The resulting, often dark-coloured reaction mixture was
then analyzed by radio-TLC. The reaction yield was cal-
culated from the TLC-radiochromatogram and defined
as the ratio of radioactivity area of the presumed
2-[18F]fluoropyridine [18F]-3c over total fluorine-18
radioactivity area (SiO2-TLC: eluent: EtOAc/heptane,
50:50, Rf: [18F]-3c: 0.7 and Rf: [18F]fluoride ion: 0.0).

(B) General procedure using microwave activation.
Same as part A, but instead of the heating block a ded-
icated microwave oven (at 250 W, for 0.5–1.5 min) was
used.
4.4.2. Optimized conditions using (+/�)-7-tert-butoxy-
carbonyl-2-exo-(2 0-bromo-3 0-phenylpyridin-5 0-yl)-7-aza-
bicyclo[2.2.1]heptane (3b) as precursor for labelling.
DMSO (600 lL) containing the bromo derivative 3b
(1.0 mg, 2.3 lmoles) as precursor for labelling was
directly added into the Vacutainer� tube containing
the dried K[18F]F–K222 complex. The tube (not sealed)
was thoroughly vortexed (15 s) and then placed in a ded-
icated microwave oven (at 250 W, for 1.5 min) without
stirring the contents. The resulting, dark-coloured reac-
tion mixture was diluted with water (1 mL) and trans-
ferred onto a C18 Sep-Pak cartridge (PrepSepTM R-
C18, Fisher Scientific, activated beforehand with EtOH
(2 mL) and then rinsed with water (10 mL)). The tube
was rinsed twice with water (1 mL), which was also
transferred and added to the diluted reaction mixture
on top of the cartridge (3–5% of the total radioactivity
amount engaged in the fluorination process was lost in
the initial tube). The whole was then passed through
the cartridge, which was then washed with water
(3 mL) and partially dried for 0.5 min by applying a
nitrogen stream. [18F]-3c was eluted from the cartridge
with CH2Cl2 (3 mL) into a 5 mL reaction vial containing
TFA (0.1 mL). Twice 1 mL of CH2Cl2 was used to wash
the cartridge for maximal transfer of [18F]-3c (5–10% of
the total radioactivity amount engaged in the fluorina-
tion process was left on the cartridge). The incorpora-
tion yield was also estimated after the C18 Sep-pak
cartridge elution by the CH2Cl2-over total eluted radio-
activity (DMSO/H2O + CH2Cl2) ratio. The resulting
CH2Cl2/TFA solution (50:1, v/v) was concentrated to dry-
ness (at 65–75 �C under a gentle nitrogen stream for 4–
6 min). The reaction yield (N-Boc deprotection) was cal-
culated from the TLC-radiochromatogram (SiO2-TLC,
(A) eluent: EtOAc/heptane, 50:50, Rf: [18F]-3c: 0.7 and
Rf: [18F]-1: 0.0 ; (B) eluent: CH2Cl2/MeOH, 95:05, the lat-
ter containing 0.5% of aq 28% ammonia, Rf: [18F]-3c: 0.9
and Rf: [18F]-1: 0.3). The residue was redissolved in
CH2Cl2 (2 mL) and concentrated again to dryness to min-
imize TFA presence (at 65–75 �C under a gentle nitrogen
stream for 2–3 min). Finally, the above residue was redis-
solved in the HPLC solvent used for purification (1.0 mL)
and the crude was injected onto HPLC (HPLC A). Iso-
cratic elution gave pure [18F]-1 (tR: 12.5–13.5 min), well
separated from the unlabelled N-Boc-deprotected precur-
sor for labelling (BrPhEP: tR: 17.5 min).

4.4.3. Formulation. Formulation of the labelled product
for iv injection was effected as follows: The HPLC-col-
lected fraction containing the radiotracer was diluted
with water (50 mL). The resulting solution was passed
through a Sep-pak�Plus C18 cartridge (Waters, washed
with 2 mL of EtOH and then rinsed with 10 mL of water
prior to use). The cartridge was washed with 10 mL of
water and partially dried by applying a nitrogen stream
for 10 s. The radiotracer was eluted with 2 mL of EtOH
(less than 10% of the total radioactivity was left on the
cartridge) followed by 8 mL of physiological saline
and filtered on a 0.22 lm GS-Millipore filter (vented).
Finally, physiological saline was added to lower the
EtOH concentration below 10%. This whole process
was performed using a remote-controlled dedicated
home-made device based on a literature procedure.75
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4.4.4. Quality control. The radiotracer preparation was
visually inspected for clarity, absence of colour and par-
ticulates. An aliquot of the preparation was removed for
determination of pH using standard pH-paper. Chemi-
cal and radiochemical purities were also assessed on this
aliquot by HPLC (HPLC B), with a sample of authentic
1 (tR: 2.28 min). Particular attention was paid to the ab-
sence of non-radioactive (N-Boc-deprotected)-precur-
sors (ClPhEP, tR: 2.77 min; BrPhEP, tR: 3.03 min).
Chemical and radiochemical stability of the entire prep-
aration was tested by HPLC (HPLC B) at regular 15-
min intervals during 120 min. Specific radioactivity of
the radiotracer was calculated from three consecutive
HPLC (HPLC B) analyses (average) and determined
as follows: The area of the UV absorbance peak corre-
sponding to the radiolabelled product was measured
(integrated) on the HPLC chromatogram and compared
to a standard curve relating mass to UV absorbance.
Administration to animals was performed within
15 min following the end of the synthesis.

4.5. In vitro pharmacological evaluation and PET imaging

4.5.1. In vitro autoradiography of rat brain slices with
[18F]FPhEP ([18F]-1). Coronal slices (20 lm thick, at
bregma—3.30 mm) from frozen brains of Sprague–
Dawley rats were thaw-mounted onto gelatin-coated
slides. Slices were incubated with 1.2 nM of [18F]FPhEP
([18F]-1) for 2 h at 25 �C in 50 mM Tris–HCl buffer (pH
7.0) containing 120 mM NaCl, 5 mM KCl, 2.5 mM
CaCl2 and 1 mM MgCl2. Adjacent slices were incubated
with 1.2 nM of [18F]FPhEP ([18F]-1) in the same buffer
together with 300 lM of unlabelled FPhEP (1) or with
300 lM of (�)-nicotine in order to evaluate the non-spe-
cific binding. Slices were apposed to 3H-Ultrafilm for 2
days at room temperature and the resulting autoradio-
grams were digitized using a video-camera-based sys-
tem. The digitized images were analyzed using the
Image-Quant� software.

4.5.2. In vitro saturation studies of [18F]FPhEP ([18F]-1)
on rat whole-brain membranes. Male Sprague–Dawley
rat brain membranes (P2 fraction, 125 lg of protein)
were incubated with 0.05–2 nM of [18F]FPhEP ([18F]-
1) for 2 h at 37 �C in a total volume of 4 mL of
50 mM Tris–HCl buffer (pH 7.0) containing 120 mM
NaCl, 5 mM KCl, 2.5 mM CaCl2 and 1 mM MgCl2.
Non-specific binding was determined in the presence of
300 lM of (�)-nicotine. The binding constants KD and
Bmax were calculated by non-linear curve fitting using
the GraphPad Prism� software. Competition studies
used the same experimental procedures (buffer,
temperature).

4.5.3. PET imaging of [18F]FPhEP ([18F]-1) in a Papio
anubis baboon. An adult baboon (14 kg, anaesthetized
with 1% isoflurane and 33%/66% O2/N2O) was iv inject-
ed with 163 MBq of [18F]FPhEP ([18F]-1, 2.1 nmol) or
430 MBq of 2-[18F]F-A-85380 (1.2 nmol) and imaged
for 180 min on an HR+ Exact Positron Tomograph
(CTI PET Systems, Knoxville, TN, USA). For data
analysis, an MRI-based region of interest (ROI) was
placed on the thalamus. The radioactivity measured in
this ROI was corrected for attenuation and fluorine-
18-decay and expressed as percent of injected dose per
100 mL of tissue (% ID/100 mL).
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19. Valette, H.; Dollé, F.; Bottlaender, M.; Marzin, D. Nucl.
Med. Biol. 2002, 29, 849.

20. Bottlaender, M.; Valette, H.; Roumenov, D.; Dollé, F.;
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J. Labelled Compd. Radiopharm. 2003, 46, 979.
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