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Abstract—The high-pressure Diels—Alder reaction of N-carbomethoxypyrroles and phenyl vinyl sulfone affords versa-
tile intermediates for the palladium-catalyzed preparation of new epibatidine analogues. Structure—activity relation-
ships of new epibatidine analogues are presented. High affinities of K;=0.81 and 2.6 nM for the [’H]-cytisine rat brain
nicotinic acetylcholine binding sites were found for the 5-pyrimidinyl and the 5-(2-amino)-pyrimidinyl epibatidine
analogues, respectively. © 1998 Elsevier Science Ltd. All rights reserved.

Introduction

Epibatidine 1, exo-2-(6-chloro-3-pyridyl)-7-azabicyclo-
[2.2.1]heptane, an alkaloid isolated from the skin of the
Ecuadorian poison frog, Epipedobates tricolor, was
recently reported as a novel, highly potent, nonopioid
analgesic agent and a specific agonist of central nicotinic
acetylcholine receptors (nAChRs).! Neuronal nAChRs
occur as different subtypes and are widely distributed in
the brain. It might be hypothesized that each subtype is
involved in mediating specific functions/behaviors with
a defined pharmacology that might be selectively tar-
geted. In vitro studies have shown 1 to be a very potent
activator of the nAChRs mediating cation flux, current
activation, and neurotransmitter release. In vivo studies
have provided converging evidence that the potent
analgesic activity of this agent is accompanied by a
spectrum of nAChR-mediated nonanalgesic liabilities,
including motoric, thermoregulatory, and cardiovascular
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effects.?>d Despite the fact that 1 is too toxic for clinical
applications, active synthetic analogues have the poten-
tial for improved pharmacological profiles. This may
open applications based on their nicotinic activity, such
as the treatment of Parkinson’s and Alzheimer’s disease,
schizophrenia, Tourette’s syndrome, ulcerative colitis,
cognitive disorders, and tobacco dependence.” Struc-
ture—activity studies of epibatidine 1 and analogues, as
reported in the literature, have shown that the chloro
substituent of the pyridyl ring of epibatidine is not cri-
tical to nAChR affinity, since the deschloro analogue
has slightly greater affinity than epibatidine.> Very
recently, Daly et al.® reported that replacement of the
chloropyridyl ring by an isoxazole ring gives epiboxidine
2, a compound that is less toxic than epibatidine but has
similar nAChR binding affinity (Fig. 1).

These data suggest that various heteroaryl groups, other
than chloropyridyl, are allowed. From quantitative
structure—affinity relationship (QSAR) studies of nico-
tinic ligands by Glennon et al.?® it was stated that the
distance between the pyrrolidine and pyridine nitrogen
atoms in epibatidine, nicotine, and its analogues is an
important parameter for high binding affinity to the
nicotinic receptor. Because epibatidine binds with higher
affinity at nicotinic receptors than nicotine and the
internitrogen distance is longer in epibatidine than in
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nicotine the introduction of aminoaryl groups becomes
an interesting issue. Therefore, we decided to explore
new epibatidine derivatives with variations in the het-
erocyclic system and the N-N distance.

Several approaches to the preparation of the 7-azabicy-
clo[2.2.1]heptane system and the total synthesis of 1 and
analogues have been reported.*> The Diels—Alder reac-
tion of N-protected pyrroles with activated dienophiles
is a straightforward route to prepare this ring system.
Subsequent  exo-stereoselective  palladium-catalyzed
hydroarylation reaction of N-protected 7-azabicyclo-
[2.2.1]-hept-2-ene cycloadducts with aryl halides has
proven to be an attractive, short, and efficient synthetic

:
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approach to 1. In this article we report: 1) an efficient
synthesis of the intermediate N-carbomethoxy 7-azabi-
cyclo[2.2.1]hept-2-ene (4) applying the high-pressure
Diels—Alder reaction of N-carbomethoxypyrrole to
phenyl vinyl sulfone (Scheme 1); 2) the synthesis of new
epibatidine analogues with variations in the aryl ring via
palladium catalyzed hydroarylation reactions of 4
(Scheme 2); and 3) structure—activity data of these pro-
ducts through receptor binding studies to nAChRs in
rat brain preparations.

Results

The known 7-azabicyclo[2.2.1]hept-2-ene 4 is generally
prepared via a thermal Diels—Alder reaction of a N-
acylpyrrole to p-toluenesulfonylacetylene followed by
two reduction steps; i.e. regioselective hydrogenation of
a carbon—carbon double bond and subsequent reductive
desulfonylation with sodium amalgam.>®7

We found that N-carbomethoxypyrrole reacted readily
with phenyl vinyl sulfone in acetonitrile at 12kbar
pressure and 50 °C to afford after 20 h, quantitatively, a
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1:1 mixture of endo- and exo-5-phenylsulfonyl-7-meth-
oxycarbonyl 7-azabicyclo[2.2.1]hept-2-ene (3a and 3b,
respectively).” The mixture of endo-3a and exo-3b was
subsequently desulfonylated by reduction with 6%
sodium amalgam to afford the desired alkene 4 in 30%
isolated yield after chromatography.!® The high-pres-
sure promoted synthesis of 4 displays some advantages:
a shorter sequence starting from commercially available
phenyl vinyl sulfone and a higher overall yield of 4. In
order to find active synthetic epibatidine analogues, the
presence of an external hydrogen bond acceptor atom
attached to the 7-azabicycloalkane skeleton is presumed
to be a prerequisite.> Our experiments in this field were
therefore focused on the use of nitrogen-containing
(hetero)aryl halides (5-10)!! in the palladium(0) cata-
lyzed hydroarylation reaction'? with alkene 4 (Scheme
2). Three different catalytic methods have been applied:
Method A uses Jeffery—Larock conditions, i.e. 1 equiv
nBuyN*Cl~, 3equiv KOOCH, 0.05equiv Pd(OAc),;
Method B uses 2.5equiv piperidine, 3.5equiv HCOOH,
0.08 equiv Pd(PPhj),; and Method C is similar to
Method B, but applies 0.08 equiv Pd(OAc),(PPh;), as
the catalyst. The experimental conditions and the results
of the reactions of alkene 4 with aryl halides 5-10 are
summarized in Table 1. From the results in Table 1, it
follows that although aryl iodides are known to be more
reactive than aryl bromides, the bromide 5 reacts well
with alkene 4 in the presence of one equiv of tetra-
butylammonium chloride, using Method A. A major
side reaction with 8a is the palladium-catalyzed forma-
tion of isoquinoline by a reductive mechanism.'3
Replacement of halide in the ArPdL,X intermediate
(L=ligand; X =halide) by formate and decomposition
of the formed ArPdL,OCOH to arene through deinser-
tion of carbon dioxide is probably faster than its oxida-
tive addition to the double bond of alkene 4. N-
arylation of piperidine with aryl halides was another
side reaction observed when using method B to give, for
example, 1-piperidinyl-2-thiazole from 9.

The exo-stereochemistry of the products 11 was
assigned by the NMR-signal multiplicity (a doublet of
doublets) for proton H-2, which is located at the endo-
side of the molecule.* After treatment of the prepared
N-carbomethoxy exo-2-aryl-7-azabicyclo[2.2.1]heptanes
11 with trimethylsilyl iodide the new epibatidine
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analogues 12a—12f were isolated as their hydriodic acid
salts in a nearly quantitative yield (Figure 2).

Biological data

The compounds 12a—-12f were evaluated for their bind-
ing affinities to neuronal nAChRs by measuring the
displacement of [*H]-cytisine from a preparation of
whole rat brain according to the procedure described
by Anderson et al.!* The binding results of the test
compounds have been normalized to their equilibrium
dissociation constants (K;) and are presented in Table 2.
The results from Table 2 show that high binding for the
nicotinic receptor is found for epibatidine 1 and the 5-
pyrimidinyl and 2-amino-5-pyrimidinyl epibatidine
analogues, resp. 12a and 12b. Although deschloro—epi-
batidine has a slightly greater affinity than epibatidine,
the potent subnanomolar affinity of epibatidine 1 to

Table 1. Reductive Heck reactions of alkene 4 with aryl
halides 5-10

Ar-X Prep. Time (h) Temp. (°C) Product Yield
method?® (%o)P
5 A 24 60 11a 42
6 A° 16 60 11b 74
B 24 75 11b 20
7a A 20 60 11c 184
B 24 75 — —
7b A 15 60 11c 21
B 24 60 11c 75¢
8a A,B,C days 60-75 — —
8b B 17 70 11d 55
9 A 16 60 11e 15°
10 B 24 75 11f 30

2 Preparation methods: (A) lequiv aryl halide, 0.05equiv
Pd(OAc),, 3equiv KOOCH, 1equiv nBusN*CI—; (B) 2equiv
aryl halide, 0.08 equiv Pd(PPh;)4, 3.5 equiv piperidine, 2.5 equiv
HCOOH:; (C) 0.08 equiv Pd(OAc),(PPhs),, 3.5 equiv piperidine,
2.5equiv HCOOH.

® Isolated yield of pure compounds after column chromato-
graphy.

¢ 0.35equiv Pd(OAc),.

4 ca. 50% conversion of 7a.

¢ When performed 24 h at 75°C, the yield drops to 60%.

fca. 50% conversion of 4, 1-piperidinyl-2-thiazole as by-product.
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Figure 2. Prepared epibatidine analogues.

brain nAChRs is still fivefold higher than 12a and 16-
fold higher than 12b. The lower basicity of the pyr-
imidinyl group in 12a and to a lesser extent in 12b can
explain this difference. In addition, the NH, substituent
in 12b probably acts as a sterically demanding group
which slightly decreases affinity. For comparison, sub-
stitution at the 5-position of the pyridine ring in nicotine
with a bromo or a ethynyl group has led to derivatives
with attractive pharmacological profiles and are eval-
uated as novel anti-Parkinson agents.!* The drop in
binding potency for 4-isoquinolyl analogue 12d further
indicates that any other substitution in the pyridyl ring
in epibatidine significantly lowers the binding, irrespec-
tive of the internitrogen distance, which is for 12a, 12b,
and 12d approximately equal to epibatidine. Novel
cholinergic channel activators (ChCAs) of neuronal
nicotinic acetylcholine receptors (nAChRs) have been
described in the literature in which a substituted iso-
xazole ring has been incorporated as a bioisosteric
replacement for the pyridine ring found in (S)-nicotine,
(R)-nornicotine and (—)-epibatidine.'¢

As compared with the recently reported high binding
potency of epiboxidine 2, an isoxazole epibatidine

Table 2. Binding affinities of epibatidine analogues for [*H]-
cytisine-labeled nicotinic acetylcholine receptors®

nAChR ligand K; (nM)®
Epibatidine 1 0.16+0.08 (3)
12a 0.81+£0.058 (3)
12b 2.6+0.78 (3)
12f 18+£1.0 (2)
12d 53+15(3)
12¢ 5,800+ 3,700 (3)
12¢ 29,500 + 3,500 (2)
Nicotine 3.6£0.11 (5)
Cytisine 0.82+0.24 (3)

2 Ref. 14.
® Mean K; values from (x) determinations.

analogue, the moderate binding potency of the 4-
pyrazole analogue 12f, is somewhat disappointing. The
presence of the N-H functionality in 4-pyrazole analo-
gue 12f, might hinder efficient hydrogen bond formation
with the receptor. The lower potencies of N,N-dime-
thylanilino analogue 12¢ and 2-thiazole analogue 12e
suggest that the position of the nitrogen atom in the
heteroaryl ring is still very important. This distance
seems to be too short in 12e and too long in 12c.

Experimental

DMF was distilled and dried on 4 A molecular sieves.
Piperidine was stored on potassium hydroxide pellets.
Dichloromethane was dried and distilled on CaH, and
stored over 4 A molecular sieves. 'H NMR spectra and
13C NMR were recorded on a Bruker AM-100
(100 MHz, FT), AM-300 (300 MHz, FT) or AM-400
(400 MHz, FT) spectrometer with TMS as internal
standard. IR spectra were run on a Perkin—Elmer 298
spectrophotometer. Mass spectra were measured with a
Varian SM1-B double focusing mass spectrometer or
with a VG 7070E mass spectrometer. Gas chromato-
graphy was performed on a Hewlett-Packard 5710A
GC instrument equipped with a capillary HP cross-
linked methyl silicone (25mx0.31mm) column. Pur-
ification of products was done by normal or flash chro-
matography on silica gel, using Merck silica gel 60 or
60H as stationary phase. The aryl halides 5, 7a, 8a, 9,
and 10 were commercially purchased. The aryl halides
5-iodo-2-aminopyrimidine 6, 4-iodo-N,N-dimethylani-
line 7b and 4-iodoisoquinoline 8b were prepared
according to literature procedures.!

High pressure Diels—Alder reaction of methyl
pyrrole-1-carboxylate and phenyl vinyl sulfone

A mixture of methyl pyrrole-1-carboxylate® (7.5g,
60mmol) and 1.1equiv phenyl vinyl sulfone (9.9¢g,
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58.9mmol) is dissolved in acetonitrile and kept at
12 kbar high pressure overnight at 50°C. The pyrrole 2
is completely converted and the formed product appears
to consist of an equimolar mixture of endo- and exo-5-
phenylsulfonyl-N-carbomethoxy-7-azabicyclo[2.2.1]hept-
2-ene (3a and 3b, respectively) which can be separated
by chromatography using ethyl acetate/n-hexane mix-
tures and are isolated in almost quantitative yield.

endo-5-Phenylsulfonyl-N-carbomethoxy-7-azabicyclo-
[2.2.1]hept-2-ene (3a). 'H NMR (400 MHz, CDCl;) &
1.71 (1H, m, H-6a), 2.32 (1H, ddd, /=4.3, 9.1, and 12.4,
H-6b), 3.62 (3H, s, OCH3), 3.74 (1H, ddd, appears as
quintet, J=4.3 and 8.6, H-5), 4.83 (1H, br s, H-4), 4.86
(1H, br s, H-1), 6.46 (1H, m, H-2), 6.54 (1H, m, H-3),
7.59 (2H, t, ArH), 7.68 (1H, t, ArH), 7.86 (2H, d, ArH);
EIMS 293 (rel intensity) 168 (18), 141 (3), 125 (100);
Anal. calcd for Ci4HsNO4S (Mass=293.343): C, 57.32;
H, 5.15; N, 4.77; S, 10.93. Found: C, 57.13; H, 5.01; N,
4.85; S, 10.69.

exo-5-Phenylsulfonyl-N-carbomethoxy-7-azabicyclo|[2.2.1]-
hept-2-ene (3b). Solid; mp 127°C; '"H NMR (400 MHz,
315 K, CDCl;) 1.61 (1H, dd, J=8.4 and 11.9, H-6), 2.32
(1H, br d, J=12.1, H-6), 3.03 (1H, dd, /=4.3 and 8.4,
H-5), 3.60 (3H, s, OCHs;), 4.79 (1H, br s, H-4), 5.07 (1H,
brs, H-1), 6.32 (1H, d, J=4.6, H-2), 6.43 (1H, d, J=4.6,
H-3), 7.55 (2H, t, ArH), 7.64 (1H, t, ArH), 7.92 (2H, d,
ArH); EIMS 293 (rel, int.) 168 (20), 141 (4), 125 (100);
Anal. calcd for Ci4HsNO4S (Mass=293.343): C, 57.32;
H, 5.15; N, 4.77; S, 10.93. Found: C, 57.20; H, 5.02; N,
4.87; S, 10.83.

Reduction of 3a/3b with 6% sodium amalgam. Preparation
of 7-carbomethoxy-7-azabicyclo[2.2.1]hept-2-ene (4).”
The crude cycloadduct 3a/3b (11.05g, 37.5mmol) is
treated with 6% sodium amalgam according to litera-
ture.® After column chromatography on silica gel with
ethylacetate/n-hexane (1/8), the product was isolated
and characterized as 7-carbomethoxy-7-azabicyclo-
[2.2.1]heptene 4 (oil, 1.72 g, 30%). All physical data of 4
were identical’ as reported. 'H NMR (300 MHz,
CDCl;) 6 1.12 (2H, m, H-5, H-6), 1.86 (2H, m, H-5, H-
6), 3.63 (3H, s, OCH3), 4.73 (2H, br s, H-1, H-4), 6.23
(2H, br s, H-2, H-3); '*C NMR (75MHz, CDCl;) §
23.1, 24.1, 53.0, 59.2, 134.0, 134.9, 156.0; GC-MS (%
rel intensity, ion): caled for CgH;;NO,, 153; found, 153
(M*, 3), 125 (100), 80 (50).

General procedures for reductive Heck-reaction with
alkene 4

Method A. The alkene 4 (153 mg, 1 mmol) was weighed
into a 10 mL vial, containing a magnetic stirrer and aryl
halide 5-10 (1 mmol). Subsequently, nBusN*Cl~
(278 mg, 1 mmol), DMF (2mL), KOOCH (252.4mg,

3mmol), and Pd(OAc), (11.8mg, 0.05mmol) were
added. The vial was then sealed and placed in an oil
bath of 60°C and left stirring for 16 h. The crude pro-
duct was washed with SmL water and extracted three
times with 25mL ethyl acetate. After drying with
sodium sulfate and evaporation of the solvent, the resi-
due was subjected to silica gel chromatography using
ethyl acetate/n-hexane mixtures as the eluent. Carba-
mates 11a—11f were isolated as pure compounds and
were analyzed and characterized by MS and NMR.

Method B. The alkene 4 (153 mg, 1 mmol) was weighed
into a 10 mL vial, containing a magnetic stirrer and aryl
halide 5-10 (1-3mmol). Subsequently, DMF (2mL),
piperidine (2.5mmol), Pd(PPh3), (0.08 mmol) and for-
mic acid (3.5mmol) were added. The vial was then
sealed and placed in an oil bath of 70 °C and left stirring
overnight for at least 16h. The crude product was
worked up as described in Method A.

Method C is essentially the same as Method B except for
the fact that 8 mol% (Ph;P),Pd(OAc), was used as cat-
alyst instead of Pd(PPhj),.

General procedure for deprotection of carbamates
11a-11f with trimethylsilyl iodide

Carbamates 11 were dissolved in chloroform or acet-
onitrile (ca. 100 mg/25 mL solvent). Trimethylsilyliodide
(2mL) is added via a syringe and the mixture is refluxed
for 3h. After cooling, methanol (50 mL) is added to the
brown solution and the mixture is refluxed again for 2 h.
Evaporation of the solvent in vacuo gave a brown oily
residue which was treated with methanol/diisopropyl-
ether mixtures (ca. 1/5-1/20). A white precipitate was
formed which was subsequently filtered over a glass fil-
ter, washed with small amounts of diisopropylether and
dried to give the epibatidine analogues 12 as their
hydriodic acid salts.

ex0-2-(Pyrimidin-5-yl)-7-carbomethoxy-7-azabicyclo|2.2.1]-
heptane (11a). The reductive Heck reaction was per-
formed according to method A, starting from 153 mg
(1.0mmol) alkene 4 and 159 mg (1.0 mmol) 5-bromo-
pyrimidine 5. After 24 h at 60°C, the reaction mixture
was separated by silica gel chromatography using ethyl
acetate/n-hexane (1/3) as the eluent to give 98 mg 11a
(42% isolated yield, R,=0.1) as an oil: 'H NMR
(300 MHz, CDCl3) & 1.56-1.69 (2H, m, H-5, H-6),
1.86-1.93 (3H, m, exo H-3, H-5, H-6), 2.06 (1H, dd,
JH3endo.H2endo = 8.9 and J=12.5Hz, endo H-3), 2.89 (1H,
dd, J=4.7 and JHQ(,,,(10,H3C,1,10: 8.9 HZ, H-2), 3.68 (3H, S,
OCH3), 4.28 (1H, br s, H-4), 4.49 (1H, br s, H-1), 8.66
(2H, s, ArH), 9.08 (1H, s, ArH); '3C NMR (75MHz,
CDCl;) 6 28.8, 29.5, 39.8, 43.7, 52.5, 56.1, 56.2, 61.7,
138.2, 155.5, 157.0, 213.0; Mass caled. Ci,H;5sN30,
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M =233; found GC/MS (CI, Mass, rel int.) 233 (M ™,
10), 201 (M* —OMe, 16), 159 (6), 127 (100).

exo-2-(Pyrimidin-5-yl)-7-azabicyclo[2.2.1]heptane,
(12a-2HI). Mp 215-220°C uncor; '"H NMR (300 MHz,
CD;O0D/CDCl3, & 1.78-2.16 (5H, m, 2xH-5, 2xH-6,
exo H-3), 2.59 (1H, m, endo H-3), 3.73 (1H, m, H-2),
4.32 (1H, br s, H-4), 4.47 (1H, br s, H-1), 9.16 (2H, s,
ArH), 9.30 (1H, s, ArH); *C NMR (75MHz, CDCl;) §
31.3, 34.6, 39.9, 40.9, 58.4, 61.3, 148.8, 152.7, 155.5;
Anal. caled for C;oH[3N3-2HI (Mass=431.058): C,
27.86; H, 3.51; N, 9.75. Found: C, 27.86; H, 3.48; N,
9.69.

ex0-2-(2-Aminopyrimidin-5-yl)-7-carbomethoxy-7-aza-
bicyclo[2.2.1]heptane (11b). The reductive Heck reaction
was performed according to method A, starting from
153 mg (1.0 mmol) 4 and 221 mg (1.0 mmol) 2-amino-5-
iodopyrimidine 12 and using 0.35 equiv Pd(OAc),. After
16h at 60°C, the reaction mixture was separated with
silica gel chromatography using dichloromethane/
methanol/ammonia (80/20/1) as eluent to give 184 mg of
21c (74% isolated yield, R,=0.45) as an oil. '"H NMR
(300 MHz, CDCl3) 1.43-1.83 (5H, m, 2xH-5, 2xH-6,
H-3 exo0), 197 (1H, dd, Jusendo.nzendo=38.9 and
J=12.5Hz, endo H-3), 2.73 (1H, dd, J=4.8 and
JH2endo.H3endo = 8-9 Hz, H-2), 3.66 (3H, s, OCH3), 4.16
(1H, br s, H-4), 4.44 (1H, br s, H-1), 5.49 (2H, br s,
NH,), 8.19 (2H, s, ArH); '3C NMR (75 MHz, CDCls)
28.8,29.5, 39.9, 43.2, 52.6, 56.3, 59.3, 62.5, 128.6, 157.7,
162.9, 213.5; Mass calcd for C,H,,N4O,, 248; found
GC/MS (CI, Mass, rel intensity) 248 (M ™, 22), 216
(M*—OMe, 9), 146 (8), 127 (100).

ex0-2-(2-Aminopyrimidin-5-yl)-7-azabicyclo[2.2.1]heptane
(12b.2.2HI). Mp 215-220°C uncor; 'H NMR
(300 MHz, CD;0D/CDCl3) 6 1.91-2.17 (SH, m, 2xH-5,
2xH-6, H-3 exo), 2.44 (1H, m, endo H-3), 3.46 (1H, m,
H-2), 4.38 (1H, br s, H-4), 4.58 (1H, br s, H-1), 4.87
(2H, br s, NH»), 8.63 (2H, s, ArH); Anal. calcd for
CoH14N42.2 HI (Mass=471.66): C, 25.47; H, 3.46; N,
11.88. Found: C, 25.47; H, 3.48; N, 11.80.

ex0-2-(4-N,N-Dimethylanilino)-7-carbomethoxy-7-aza-
bicyclo[2.2.1]heptane (11c). The reductive Heck reaction
of 4 (223 mg, 1.46 mmol) with 7b (2 equiv) was catalyzed
by 8mol% Pd(PPh;), in the presence of 3.5equiv
piperidine and 2.5equiv formic acid at 60°C in 2mL
DMF. After 24h, the hydroarylated product 1lec
(300mg, 75%) was isolated as an oil by chromato-
graphy using ethyl acetate/n-hexane as (1/4) eluent:
R/=0.16; "H NMR (300 MHz, CDCl;) 8 1.47-1.97 (6H,
m, 2xH-3, 2xH-5, 2xH-6), 2.80 (1H, dd, J=6.0 and
7.9, H-2), 2.90 (6H, s, N(CH3),), 3.64 (3H, s, OCHj;),
4.20 (1H, br s, H-4), 4.41 (1H, br s, H-1), 6.68 (2H, d,
J=8., 2xArH), 7.11 (2H, d, J=8.7, 2xArH); 3C

NMR (75MHz, CDCls) & 28.5, 29.6, 40.0, 40.5, 47.0,
62.1, 51.9, 55.7, 112.5, 127.3, 133.5, 148.9, 212.9; Mass
caled for C1sH2,N,0,, 274; found: GC-MS (CI, Mass,
rel intensity) 274 (M ™, 20), 199 (64), 172 (100), 157 (26).

exo-2-(4-N,N-Dimethylanilino)-7-azabicyclo[2.2.1]heptane
(12¢-:2HI). From 200mg carbamate 1lc¢ is prepared
334 mg (97%) of 12¢ as its hydriodic acid salt following
the standard procedure: Mp 210-215°C dec; 'H NMR
(300 MHz, CD;0D/CDCl3) 8 1.9-2.5 (6H, m, H-3, H-5
en H-6), 3.31 (6H, br s, 2xN(CHs),), 3.48 (1H, m, H-
2a), 4.39 (1H, br s, H-4), 4.52 (1H, br s, H-1), 7.60-7.73
(4H, m, Ar-H); '3C NMR (CD;0OD/CDCl;) § 25.1
(CH,, C-5), 27.1 (CH,, C-6), 35.9 (C-2 en C-3), 43.9 (N-
CHs;), 45.9 (N-CH3), 58.5 (C-4), 62.5 (C-1), 120.3 (C-4)),
128.6 (C-3’ en C-5'); Anal. caled for C;4HN,-2HI
(Mass=472.15): C, 35.61; H, 4.70; N, 5.93. Found: C,
35.25; H, 4.67; N, 5.84.

exo-2-(4-Isoquinolyl)-7-carbomethoxy-7-azabicyclo[2.2.1]-
heptane (11d). The reductive Heck reaction was per-
formed according to method B, starting from 153 mg
(1.0mmol) 4 and 638 mg (2.5mmol) 8b. After 17h at
70°C analysis by GC showed that the alkene was com-
pletely converted and the reaction products were sepa-
rated by silica gel chromatography using ethyl acetate/n-
hexane (1/2) as the eluent, to yield 155mg of 11d (55%
isolated yield) as an oil: R,=0.14; Mass caled for
C7H3N,0,, 282; found, GC/MS (CI) (Mass, rel inten-
sity) 282 (M ™, 28), 180 (20), 156 (100), 127 (91).

exo-2-(4-Isoquinolyl)-7-azabicyclo|2.2.1]heptane (12d.2HI).
Mp 220-225°C uncor; 'H NMR (300 MHz, CDCl5) 8
0.89-1.13 (5H, m, 2xH-5, 2xH-6, H-3), 1.73 (1H, dd,
J=9.7 and 11.8, H-3), 3.15 (1H, dd, J=6.0 and 9.7, H-
2), 3.29 (1H, br s, H-1), 3.84 (1H, br s, H-4), 6.96 (1H, t,
J=173, ArH), 7.19 (1H, t, J=17.3, ArH), 7.34 (1H, d,
J=8.4, ArH), 7.44 (1H, d, /=8.4, ArH), 7.61 (1H, s,
ArH), 8.66 (1H, s, ArH); Anal. caled for C;sH{¢N>-2HI
(Mass =480.130): C, 37.52; H, 3.78; N, 5.84. Found: C,
37.50; H, 3.73; N, 5.90.

ex0-2-(2-Thiazolyl)-7-carbomethoxy-7-azabicyclo|2.2.1]-
heptane (11e). The reductive Heck reaction was per-
formed according to method A, starting from 153 mg
(1.0mmol) 4 and 164mg (1.0mmol) 9. After 16h at
60 °C, analysis by GC showed that the 9 was completely
converted, but ca. 50% of 4 was still present. Silica gel
chromatography using ethyl acetate/n-hexane (1/1) as
the eluent gave 36 mg of 11e (15% isolated yield, 30%
based on converted alkene): R,=0.20; 'H NMR
(300 MHz, CDCl3) & 1.52-1.69 (2H, m, H-5 and H-
6), 1.87 (2H, m, H-5 and H-6), 2.05 (1H, dd,
JH3endo.H2endo = 8.8 and J=12.6 Hz, endo H-3), 2.19 (1H,
m, exo H-3), 343 (lH, dd, J=4.6 and JHzendg’HS‘)ndo
=8.8 Hz, H-2), 3.63 (3H, s, OCH;), 4.40-4.47 (2H, m,
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H-1 and H-4), 7.21 (1H, d, J=3.3, ArH), 7.65 (1H, d,
J=3.3, ArH); 3C NMR (75 MHz, CDCl;) § 28.8, 39.2,
46.9, 52.3, 55.9, 62.5, 118.5, 141.6, 156.0, 174.4, 213.8;
Calculated mass for C;;H4N>0,S, 238; found by GC/
MS (Mass, rel intensity) 238 (M ™", 2), 207 (5), 136 (11),
127 (34), 112 (100).

exo-2-(2-Thiazolyl)-7-azabicyclo[2.2.1]heptane (12e-2HI).
Carbamate 11e (30mg, 0.13mmol) was cleaved with
trimethylsilyl iodide to give, after quenching with
methanol and precipitation in diisopropyl ether, 49 mg
12e (89%) as its hydriodic acid salt: Mp 215-220°C dec;
'"H NMR (300 MHz, CD;0D/CDCl;) § 1.9-2.2 (4H, m,
H-5 en H-6), 2.30 (1H, m, H-3p), 2.53 (1H, dd, H-3,),
3.93 (1H, dd, J243,=12.5Hz, Jo, 33=6.6 Hz, J5,,1 <1,
H-2,), 4.44 (1H, m, H-4), 4.58 (1H, m, H-1), 7.64 (1H,
d, J=4.6Hz, H-3'), 791 (1H, d, J=4.6 Hz, H-4'); 13C
NMR (CD;0D/CDCl3) 8 25.4 (CH,, C-5), 25.5 (CH,,
C-6), 35.8 (C-3), 41.5 (C-2), 58.0 (C-4), 63.2 (C-1), 119.9
(C-3), 139.8 (C-4'); Anal. caled for CoH,N,S-2HI
(Mass=436.098): C, 24.79; H, 3.24; N, 6.42; S, 7.35.
Found: C, 24.86; H, 3.17; N, 6.57; S, 7.18.

exo0-2-(4-Pyrazolyl)-7-azabicyclo[2.2.1]heptane (12f-2.25HI).
The reductive Heck reaction was performed according
to method B, starting from 153 mg (1.0mmol) 4 and
388 mg (2.0 mmol) of 10. After 24h at 75°C, the reac-
tion mixture was worked up and purification silica gel
chromatography gave 66 mg exo-2-(4-pyrazolyl)-7-car-
bomethoxy-7-azabicyclo[2.2.1] heptane 11f (30% iso-
lated yield). Deprotection of the carbamate 11f with
trimethylsilyl iodide afforded 12f as its hydriodic acid
salt: Mp 220-225°C uncor; 'H NMR (400 MHz,
CD;0D) 6 1.84 (1H, m, H-6,), 2.0-2.2 (2H, m, H-55 en
H-6p), 2.25 (1H, m, H-3p), 2.41 (1H, dd, J3,2,=9.3,
Jao3p=13.6, H-3,), 3.41 (1H, dd, Jy3,=9.3Hz,
Jza,35:5.4, JZ:x,l < 1, H-2u), 4.41 (2H, t, J4’3B%J4’5|3%
Jiepx 44, Ja3u~J124<1, H-1 en H-4), 8.11 (2H, br s,
H-3' en H-5); '3C NMR (75MHz, CD;0D) & 25.6
(CH,, C-5), 26.9 (CH,, C-6), 35.7 (C-2), 36.0 (CH,, C-
3), 58.7 (C-4), 64.3 (C-1), 122.5 (C-4'), 132.4 (C-3' en C-
5"); Anal calcd for CoH3N3-2.25HI (Mass =451.02): C,
23.97; H, 3.41; N, 9.32. Found: C, 23.97; H, 3.37; N,
9.30.

Binding assay

Briefly, binding assays have been carried out as follows:
drug solutions were prepared manually, and conse-
quently diluted by a Tecan dilution robot, which trans-
ferred the proper dilution series in triplicate in
individual incubation tubes. Those were placed in a Fil-
terprep-101 (Ismatec, Ziirich, Switzerland) which was
programmed to add [*H]-cytisine solutions and tissue
suspensions to the test tubes, and to perform the actual
binding experiment automatically. Finally, the resulting

samples were counted for [*H] in a Liquid Scintillation
Counter (Packard). Concentrations of the unlabelled
drug, causing 50% displacement of the specific binding
of a labeled compound (ICsy values), were obtained by
computerized log-probit linear regression analysis of
data obtained in experiments in which four to six dif-
ferent concentrations of the test compound were used.
Inhibition constant (K;) values were calculated using the
Cheng—Prusoff equation; K;=1Cs/(1+S/Kq) in which
S represents the concentration of the label. Mean K;
values were calculated from at least three values
obtained from independent experiments, that is, in
experiments performed on different days with different
membrane preparations. All incubations were done in
triplicate. Results are shown in Table 2.
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