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Summary

The radiochemical synthesis of (+/-)-ex0-2-(2-[!8F]fluoro-5-pyridyl)-7-
azabicyclo[2.2.1]heptane ([18F]1) was accomplished by Kryptofix® 222
assisted nucleophilic no-carrier-added [!8F]fluorination of (+/-)-exo-2-
(2-bromo-5-pyridyl)-7-azabicyclo[2.2.1] heptane (3a). The average
radiochemical yield of the final product was 10% and the average
specific activity was greater than >2000 mCi/imol, calculated at end-of-
synthesis. The stable fluorine ligand ([1F]1) was prepared by
Kryptofix® 222 assisted nucleophilic fluorination of (+/-)-exo-2-(2-
bromo-5-pyridyl) - 7- methoxycarbonyl - 7 - azabicyclo[2.2.1]heptane
(3h) followed by acid deprotection.
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Introduction

The nicotinic acetylcholine receptor (nAChR) bears recognition sites for
acetylcholine and alkaloids, such as nicotine, and its activation mediates a variety of
physiological functions and pharmacological effects (1). Postmortem studies have
revealed losses of nAChRs in brains from patients with Alzheimer’s disease (2-7),
suggesting that imaging of nAChRs might be useful in the study of this disorder.

Various radioligands, such as [3H]nicotine (5,8-11), [3H]Jacetylcholine (12),
[3H]methylcarbamylcholine (13,14), and [3H]cytisine (15) have been used to study
central nAChRs in vitro; whereas, in vivo studies of nAChRs have been more
limited. In mice, intravenously injected [3H]nicotine bound specifically, with an
anatomical distribution reflecting that of nAChRs assayed in vitro; however, the
level of nonspecific binding was high, and the tracer was cleared rapidly from the
brain (16). [3H]Cytisine displayed longer retention and lower nonspecific binding in
the mouse brain than [3H]nicotine, but its nonspecific binding was still substantial,
and there was a relatively low uptake of the tracer in brain (17).

Studies of nAChRs by positron emission tomography (PET) have been
performed only with [!!C-methyl]nicotine. The radiochemical synthesis of racemic
[*C-methyl]nicotine was first described in 1979 (18), and syntheses of the resolved
enantiomers of [!!C-methyl]nicotine were subsequently reported (19-21).
['!C-methyl]Nicotine has been used in studies of Rhesus monkeys and human
research volunteers without neurological disease (22), and patients with Alzheimer’s
disease (23). The rapid clearance of [!!C-methyl}nicotine from the brain and its
considerable nonspecific binding have been obstacles to more widespread use of the
tracer to study nAChRs (24). In addition to isotopically labeled nicotine,
radiofluorinated (25) and radioiodinated nicotine analogs (26) have been synthesized
and have been considered for use in in vivo studies.

Recent findings have indicated that epibatidine ((+)-exo0-2-(6-chloro-3-
pyridyl)-7-azabicyclo[2.2.1]heptane, 2a), an extract of frog skin, is an extremely
promising parent structure on which to base future radiotracer development related
to the nAChR. The alkaloid is a potent antinoceptive agent that possesses extremely
high potency for nAChRs in vitro (27). In vivo studies with [3H]epibatidine in mice
showed high uptake of the tracer, a regional distribution consistent with that of
nAChRs, a slow clearance from brain, and low estimates of nonspecific binding
(28). Epibatidine analogs with hydrogen, iodine, or methyl substitutions in place of
the chlorine at position 2 of the pyridine ring have been prepared, and each showed
high selectivity and affinity for nAChR in vitro (27,29). The in vivo biodistribution
of the [3H]norchloro analog was similar to that of the parent compound (30). In this
paper, the radiochemical synthesis of the fluoro analog of epibatidine, (+/-)-exo-2-
(2-['8F]fluoro-5-pyridyl)-7-azabicyclo[2.2.1] heptane ([!8F]1), is reported.
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Results and Discussion

The chemical structure of (+/-)-ex0-2-(2-fluoro-5-pyridyl)-7-
azabicyclo[2.2.1]heptane (1) is shown in Figure 1. Since naturally occurring (+)-
epibatidine and its synthetic (-)-enantiomer are reported to have similar receptor
binding profiles (27), in the present study, we report our work with the racemate.

H
/

N _— x X=F(@)
/ X = Cl (epibatidine, 2a)
X\ N X = Br (33)

Figure 1

Although no less than 14 total syntheses of epibatidine have been published
during the past two years (see two recent reviews - 31,32) and epibatidine itself is
commercially available (albeit quite expensive), it was necessary to find an efficient
pathway to incorporate fluorine into the S-pyridyl-7-azabicyclo[2.2.1]heptane
structure and develop a synthesis of suitable quantities of the appropriate precursor
for radiolabeling. Our strategy was based on analysis of published methods for
synthesis of epibatidine and 2-fluoropyridine derivatives.

Nucleophilic fluorination of 2-substituted-pyridines has been previously
described (33,34). Treatment of 2-chloropyridine with KF in dimethylsulfone at
high temperature for 18 days yielded 2-fluoropyridine in poor yield (33). Halogen
exchange fluorination of 2-bromopyridine with KF in the same solvent at similar
temperature and times yielded 2-fluoropyridine in moderate yield (34). The
literature revealed only a few examples for preparation of [!8F}fluoropyridine
derivatives. Treatment of 6-chloronicotinic acid N,N-diethylamide with K!8F
afforded the corresponding [18F]-derivative with 40% yield (35).

2-Chloronicotine and 6-chloronicotine have been shown to be relatively inert
for nucleophilic fluorination (36). However, 2-bromonicotine and 6-bromonicotine
are converted to corresponding [!8F] or [!9F]fluoronicotines with cesium fluoride in
DMSO (35).

In our model experiments studied by HPLC, the fluorination of 2-
chloropyridine using KF/Kryptofix® 222 in DMSO at 200° C proceeded slowly at
best (results not presented). It was therefore not surprising that initial attempts to
use the same fluoride-chloride exchange on epibatidine itself yielded only
unidentified tar-like reaction mixtures with complete decomposition of epibatidine
after only 15 min at elevated temperature.

However, the fluorination of 2-bromopyridine under similar conditions
yielded 80% of 2-fluoropyridine (by HPLC) after only 1 hr. Based on these
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preliminary results we chose to pursue the bromo analog of epibatidine 3a as an
appropriate precursor for radiofluorination.

(+/-)-Ex0-2-(2-bromo-5-pyridyl)-7-azabicyclo[2.2.1]heptane (3a) was initially
prepared using a few milligrams of commercially available (+/-)-epibatidine (2a) by
the halogen-exchange reaction shown in Figure 2. 3a could also be prepared from
N-methoxycarbonyl epibatidine 2b using similar conditions.

/R /H
N _ KBr/ HBr N
) cl —_—— - ) Br
N\ _N 175 C, 18 h N\ _N
R=H{2a)or 3a
R = COOCHg (2b)
Figure 2

The synthesis of protected epibatidine 2b was accomplished using a
modification of a published procedure (37). However, when using the published
solvent conditions for desulfonation with sodium amalgam (methanol, -30° C), a low
yield (10%) of desulfonated intermediate product was obtained. The yield doubled
when boiling t-butyl alcohol was used in the desulfonation step.

Synthesis of 3a from N-methoxycarbonyl-7-azabicyclo[2.2.1]heptene (4) was
also accomplished via a Heck type palladium-assisted reductive coupling (Figure 3).
This reaction has been recently described for preparation of exo-aryl derivatives of

COOCH; — COOCH;
4 I Br 4
N N\ / N =
N ) Br
Vs X N
Pd(Ph3P)4/DMF

4 HCOOH/piperidine 3b
60%
HBr/CH3COOH

H
/
N

- ) Br

NN

3a

60%

Figure 3
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norbornane (38,39) and epibatidine (40). The palladium-assisted coupling was
modified by using commercially available tetrakis(triphenylphosphine)palladium(0)
as a catalyst (41). The olefin 4 could be prepared by either the literature procedure
(42) or from N-methoxycarbonyl-7-azabicyclo[2.2.1]heptadiene-2,3-dicarboxylic
acid, dimethyl ester (43) using an adaption by Regan (41) of the published
electrolytic oxidative bisdecarboxylation method (44). Using this reaction sequence
it has been possible to prepare hundreds of milligrams of 3a.

Nucleophilic fluorination of 3a with stable fluoride as KF/Kryptofix® 222 in
DMSO at 160 - 200° C afforded only a mixture of decomposition products with little
if any desired product. However, the fluorination of (+/-)-exo-7-methoxycarbonyl-
(2-bromo-5-pyridyl)-7-azabicyclo[2.2.1]heptane (3b) under the same reaction
conditions yielded the corresponding (+/-)-exo-7-methoxycarbonyl-(2-fluoro-5-
pyridyl)-7-azabicyclo[2.2.1]heptane (§) in reasonable yield (15 - 26%) (see Figure
4). Deprotection of S yielded the desired product, ['F]1, in 47% yield (Figure 4).

Unlike the fluorination with stable fluoride, no-carrier-added
radiofluorination of (+/-)-exo0-2-(2-bromo-5-pyridyl)-7-azabicyclo[2.2.1]heptane
(3a) gave a reasonable yield of [18F]1 (approximately 10% calculated at end-of-the-
synthesis) with an average time of synthesis of 50 min. The average specific of
[8F]1 was greater 2000 mCi/imol calculated at end-of-the-synthesis. [18F]1
prepared by the method described was shown to be radiochemically pure (> 99% by
radioHPLC), chemically pure (> 95%), and coeluted with the authentic standard
prepared as part of this research.

/COOCH;‘ /COOCH;,
N N
NN DMSO, 165° C NN
3b 5
HBrCH3COOH HBI/CH3COOH
H
IH N,
N — x
— > Br K18F/K222 M
NN DMSO, 190° C N
3a X = 18F (['8F]1a)

X = 19F ([19F]1b)
Figure 4
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In summary, a simple, one-step radiosynthesis of a high specific activity
radiofluorinated ligand for studying nAChRs has been developed. The synthesis is
rapid and yields sufficient quantities of radioligand for future studies of these
receptors using PET.

Experimental

All reagents used were ACS or HPLC grade. 'H-NMR spectra were recorded
on a Bruker AM 300 (300 MHz); chemical shifts (§) were recorded in parts per
million (ppm) downfield from TMS. High resolution mass-spectra was recorded on
an AEI MS-30 (University of Minnesota Mass Spectra Laboratory). High
performance liquid chromatographic analysis and purification were performed with
two Waters SO90EF HPLC pumps, an in-line fixed wavelength (254 nm) detector, and
a single two inch Nal crystal radioactive detector. HPLC chromatograms were
recorded by a Rainin Dynamax dual channel control/interface module connected to a
Macintosh computer with appropriate program software (Dynamax - version 1.3).
HPLC semipreparative purifications were completed on a Waters PrepPak
puBondapak C18 HPLC cartridge. All HPLC analyses were performed on Alltech
Econosil C18 column. A dose calibrator (Capintec CRC-12R) was used for all
radioactivity measurements.

(+/-) - 2- - (2 - chloro - 5 - pyridyl) - 7 - methoxycarbonyl - 7-
azabicyclof2.2.1]heptane (2b). This compound was prepared in 28% yield by
separation of mixture of endo- and exo-isomers of (+/-)-2-(2-chloro-5-pyridyl)-7-
methoxycarbonyl-7-azabicyclo[2.2.1]heptane by semipreparative HPLC wusing a
Waters PrepPak cartridge (25 mm x 100 mm, pPorasil, 10 p) eluted with
hexane:2-propanol (95:5) at a flow rate of 15 ml/min. The retention times of the
endo and exo were 7 and 8 min, respectively. The starting endo/exo mixture was
prepared using minor modifications to the published procedure (36).

MS (EI), m/z (rel. intensity), [M+] 266.0817 (18%); calculated for
C13H15N2C102 : M 266.0821.

'H-NMR, CDCl3, & (ppm), (multiplicity, J (H2)): 8.24 (1H, d, 2.1, Hy), 7.61
(1H, dd, 8.2, 2.1, Hy), 7.25 (1H, d, 8.8, Hy), 4.45 (1H,s), 422 (1H,s), 3.67 (3H,
b.s), 2.90 (1H, dd, 9.0, 4.8), 2.01 (1H, m), 1.90-1.52 (SH, m)

(+/-)-ex0-2-(2-bromo-5-pyridyl)-7-azabicyclo[2.2.1]heptane (3a).
(+/-)-Epibatidine dihydrochloride (2a, 7.5 mg, 27 pmol, obtained from Research
Biochemicals Incorporated, Natick, MA), NaBr (0.22 g), and 48% HBr (1.5 ml)

were heated in a sealed vial for 18 hrs at 180° C. The reaction mixture made basic
with a combination of NaOH and NaHCO; and extracted with CH,Cl,. The organic
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extract was evaporated and the residue was redissolved in 2-propanol. The product
was purified by semipreparative HPLC using a Waters PrepPak cartridge (8 mm x
100 mm, pPorasil, 10 ) eluted with hexane:2-propanol:triethylamine (84:16:0.2) at
a flow rate of 7.5 ml/min. Using these conditions, the product eluted with a
retention time of 3 min. The HPLC solvent containing the product was evaporated
under reduced pressure to yield 3a (7 mg, 83%) as a transparent oil.

MS (EI), m/z (rel. intensity), [M*] 252.0255/254.0247 (9.6%/9.9%);
calculated for C;;H;3N,Br / C;;H;3N,81Br : M 252.0268/254.0248

'H-NMR, CDCl, 8 (ppm), (multiplicity, J (Hz)): 8.26 (1H, d, 2.5, Hy), 7.68
(1H, dd, 8.3, 2.5, Hg), 7.38 (1H, d, 8.3, Hy), 3.82(1H, t, 3.7), 3.58 (1H, d, 1.8),
2.76 (1H, dd, 8.79, 5.04, H,), 2.0-1.49 (6H, m, overlapping).

An alternative synthesis of 33 was to stir a mixture of 3b (128 mg, 0.4 mmol)
and 45% HBr in acetic acid (2 mL) for 24 hrs at room temperature. The reaction
mixture was partly neutralized with 6 N NaOH (3 mL) and initially purified using
semipreparative HPLC (Waters PrepPak pBondapak C18 HPLC cartridge (25 x 100
mm); eluent CH3CN:H>0:CF;COOH (15:85:0.15) at a flow rate of 10 mL/min. The
product eluted with a retention time of 10 to 14 min. Following evaporation of the
HPLC solvent, the residue was redissolved in 2-propanol and further purified using
the semipreparative conditions described above. After semipreparative
chromatography, the deprotected derivative 3a was obtained in 60% yield (60 mg).

(+/-)<exo0-2-(2-bromo-5-pyridyl)-7-methoxycarbonyl-7-azabicyclo
[2.2.1]heptane (3b). A mixture of 7-methoxycarbonyl-7-azabicyclo[2.2.1]
heptene (4, 0.5 g, 3.26 mmol), 2-bromo-5-iodopyridine (1.5 g, 5.28 mmol) (45),
tetrakis(triphenylphosphine)palladium(0) (200 mg, 0.17 mmol), piperidine (1 mL),
96% formic acid (0.38 mL), and DMF (1.5 mL) was stirred in a sealed vial under
argon at 70° C for 12 hrs. The reaction mixture was diluted with water and
extracted with CH,Cl,. The extract was washed with water (3 x 25 mL) and dried
over NaySO4. The solvent was evaporated and CH3CN (4 mlL) was added to
redissolve the residue. The reaction product 3b was purified by preparative HPLC
(Waters PrepPak pBondapak C18 HPLC cartridge (25 mm x 100 mm) (eluent
CH3CN:H;0 45:55; flow rate 10 mL/min). Under these conditions, the product
eluted with a retention time of 12 to 13 min. The product solution in mobile phase
was partially evaporated on rotary-evaporator, saturated with NaCl, and extracted
with CHCl; (3 x 50 mL). The organic phase was dried over anhydrous Na;SOg,
filtered, and evaporated to yield 3b as transparent oil (588 mg, 58%).

MS (EI), m/z (rel. intensity), [M+] 310.0304/312.0294 (8%/9%); calculated
for Cy3H,sN,7BrO, / C,3H,5N,81BrO,: M 310.0316/312.0296.
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tH-NMR, CDCl;, 6 (ppm), (multiplicity, J (Hz)): 8.22 (1H, d, 2.1, Hg), 7.50
(1H, dd, 8.4, 1.9, Hy), 7.39 (1H, d, 8.25, Hj), 445 (1H, s), 4.22 (1H, s), 3.68 (3H,
s), 2.87(1H, dd, 8.88, 4.6, H,), 2.02(1H, dd, 12.3, 9.1), 1.83-1.47 (5H, m,
overlapping).

(+/-)-ex0-2-(2-fluoro-5-pyridyl)-7-methoxycarbonyl-7-azabicyclo
[2.2.1] heptane (3). A mixture of (+/-)-ex0-2-(2-bromo-5-pyridyl)-7-
methoxycarbonyl-7-azabicyclo[2.2.1]heptane (3b, 100 mg, 0.32 mmol), KF (900
mg, 15.7 mmol), Kryptofix® 222 (120 mg, 0.32 mmol), and anhydrous DMSO (4
mL) was stirred in a sealed vial at 160 - 170° C for 20 hrs. The product was
isolated by semipreparative HPLC using Waters PrepPak pBondapak C18 cartridge
(25 mm x 100 mm) eluted with CH;CN:H,O (45:55) at a flow rate of 12 mL/min;
the retention time of the product was 8 min. The HPLC solvent containing the
product was reduced in volume, saturated with Na,SOys, and extracted with CH,Cl,.
The resulting CH,Cl, solution was dried over NaSOy4 and evaporated to yield 6
(21.2 mg, 26.6%) as transparent oil.

MS, m/z (rel. intensity), [M+] 250.1127 (100%); calculated for C;3H;sN,FO; :
M 250.1117.

I'H-NMR, CDCl3 8 (ppm), (multiplicity, J (Hz)): 8.05 (1H, d, 2.1, Hg), 7.75
(1H, dt, Tpeps 912, Tua-F 5.7, Jnawns 2.5; Ha), 6.86 (1H, dd, 8.5, 3.0, Hy), 4.45

(1H, s), 4.22 (1H, s), 3.67 (3H, b.s.), 2.8 (1H, m), 1.4-2.0 (5H, m).

(+/-)-ex0-2-(2-fluoro-5-pyridyl)-7-azabicyclo{2.2.1]heptane
([PF]1). A mixture of (+/-)-exo0-2-(2-fluoro-5-pyridyl)-7-methoxycarbonyl-7-
azabicyclo[2.2.1] heptane, § (40 mg, 0.16 mmol) and 1 mL of 48% HBr in acetic
acid was stirred for 12 hrs at room temperature. The reaction mixture was chilled
in a dry ice/acetone bath and partly neutralized with 6 N NaOH (1.6 mL). The
solution was injected onto a Waters PrepPak puBondapak C18 HPLC cartridge (25
mm X 100 mm) eluted with CH3CN:H,0:CH3;COOH (15:85:0.2) at a flow rate of 10
mL/min. The peak with a retention time of 6 min was collected, the HPLC solvent
partially evaporated on rotary-evaporator (bath temperature < 60° C), 100 mL of
CH3;CN was added and solvent was evaporated to dryness. Carbon tetrachloride (25
mL) was added to the same flask and evaporated to dryness yielded 19 mg of
deprotected [19F]1 (47%). The product contained 1 equivalent of acetic acid.

MS, m/z (rel. intensity), [(M+1)*] 193.1136 (%); calculated for C,;H;N,F:
M+1 193.1141

TH-NMR, CDCl;, 8 (ppm), (multiplicity, J (Hz)): 8.15 (1H, d, 1.9, Hg), 7.95
(1H, dt, 12.2, 8.1, 2.6, Hy), 6.88 (1H, dd, 8.5, 3.0, Hj), 3.96 (1H, t, 3.9), 3.73 (1H,
d, 3.2), 3.09 (3H, s, acetate), 2.8 (1H, m), 2.0-1.5 (5H, m)
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(+/-)-ex0-2-(2-[18F [fluoro-5-pyridyl)-7-azabicyclo[2.2.1]heptane
([18F]1). In a 10 mL Reactivial, an aqueous solution of the 18F- (prepared by 16
MeV proton irradiation of 98% enriched H3!80), 20 mg of Kryptofix® 222, and 6
mg K,CO; was heated under a stream of argon in an oil bath at 120° C while water
was azeotropically evaporated using repeated additions of dry CH3CN. A solution of
(+/-)-ex0-2-(2-bromo-5-pyridyl)-7-azabicyclo{2.2.1Jheptane (3a, 5 mg) in
anhydrous DMSO (0.5 mL) was added into the reaction vessel. The reaction vessel
was sealed and heated at 190° C for 15 min. The reaction mixture was cooled and
diluted with 0.5 mL of preparative HPLC mobile phase and injected onto the Waters
PrepPak pBondapak C18 HPLC cartridge (25 mm x 100 mm) eluted with
CH;CN:H,0:CF3COOQOH (15:85:0.15) at a flow rate of 12 mL/min. The radioactive
peak with a retention time of 7 - 8 min corresponding to authentic 1 was collected

and the solvent was removed on rotary-evaporator. The product was redissolved in
saline (5 mL) and NaHCOj3 (0.5 mL, 8.4%) was added.

An aliquot of the final solution of known volume and radioactivity was
applied to an analytical reverse-phase HPLC column (Alltech Econosil C18 10p 250
mm x 4.6 mm). A mobile phase of CH;CN:H,0:CF;COOH (12.5:87.5:0.15) at a
flow rate of 3 mL/min was used to elute the radioligand, which had a retention time
of 4 min. The area of the UV absorbance peak measured at 254 nm corresponding
to carrier product was measured and compared to a standard curve relating mass to
UV absorbance. The radiochemical product also coeluted with a sample of authentic

[19FL.
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