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The group of A%-isoxazoline derivatives 5a-c and 6a-c, struc-
turally related to epibatidine, and the simplified analogues
7a—c were synthesized by means of a 1,3-dipolar cycload-
dition-based strategy and tested at 042 and o7 neuronal
acetylcholine receptor (nAChR) subtypes. Competition bind-
ing experiments at 042 nAChR subtypes showed an overall
significant reduction in affinity for the compounds under
study in comparison to the reference radioligand [*H]-epibat-

idine. These outcomes have been rationalized by taking into
account the ligand-based pharmacophore models reported in
the literature and the recently proposed molecular model of
the a4p2 receptor subtype. Conversely, compounds 5b, 5c,
and 6b exhibited a noticeable affinity for the a7 receptors
and, in the case of 5c, also some subtype selectivity.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Neuronal nicotinic acetylcholine receptors (nAChRs)
make up a family of ligand-gated ion channels that are
widely distributed in the human brain, where they are fre-
quently associated with modulatory events and, to a lesser
extent, mediate synaptic transmission.!'! Their pentameric
molecular structure is characterized by homomeric (a7) or
heteromeric (02-0.6) combinations of homologous, geneti-
cally distinct subunits, whose differential association con-
fers specific structural and functional properties to the re-
sulting subtypes.!?! These properties include a high degree of
intrinsic Ca* permeability: heteromeric neuronal nAChRs
containing o and B subunits have a fractional Ca”* current
of 2-5%, whereas that of homomeric a7 receptors ranges
from 6% to 12%.131 The complex Ca?*-mediated responses
following activation of neuronal nAChRs amplify the infor-
mation beyond the initial receptive neuron, facilitating the
interface with intracellular processes. These mechanisms
underlie the varied neuronal activities of (S)-nicotine (1)
(Scheme 1) in the brain and account for the involvement of
neuronal nAChRs in a number of functional processes such
as cognition, learning and memory, cerebral blood flow and
metabolism, as well as in a series of pathological conditions
such as Alzheimer’s disease, Parkinson’s disease, schizo-
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phrenia, epilepsy, Tourette’s syndrome, anxiety, depression
and nicotine addiction.”**! Given the involvement of
nAChRs in a variety of pathological states, the most recent
investigations have focused on the development of new and
potentially useful therapeutic agents guided by suitable
pharmacophore models.’]1 Research efforts have mainly
concerned ligands acting on the a4B2 and a7 receptor sub-
types,[® which represent the two major nAChR subtypes in
the human brain.

Over the last decade, the discovery of epibatidine (2)
(Scheme 1), an alkaloidal toxin isolated from the skin of the
poisonous Ecuadorian frog Epipedobates tricolor! pro-
vided with an analgesic potency, roughly one hundred times
higher than morphine, has renewed the interest in targeting
nAChRs for analgesia.®! As a matter of fact, the potent
analgesic activity of epibatidine is due to its high affinity
for the a4p2 nAChR subtype which is 30 times higher than
that of nicotine.”) The main obstacle to the clinical use of
epibatidine as an analgesic drug is its very narrow thera-
peutic index, which is due to the lack of subtype selectiv-
ity.'% Nevertheless, epibatidine has become a reference
compound for studying nAChRs structure and a lead com-
pound for the design of novel, high-affinity and subtype-
selective nAChR ligands. Epibatidine-related derivatives
have been synthesized by varying the heteroaryl moiety,'!]
or functionalizing and expanding the alicyclic skeleton,!'?!
or modifying the substituent and/or the position of the ni-
trogen atom in the bicyclic compound.['3] Moreover, biva-
lent and conformationally constrained epibatidine ana-
logues have been synthesized and tested.['* The spirocyclic
compounds 3a-b and fused cyclic derivatives 4a-b
(Scheme 1) were assayed at six different nicotinic nAChR
subtypes. Interestingly, the fused compound 4a had higher
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Scheme 1. Reference and target structures of the ligands for nAChRs.

affinity for the nAChRs containing the 2 rather than the
B4 subunit, whereas its regioisomer 4b showed a reversed
selectivity.['*®l These outcomes have been rationalized by
means of conformational analysis and molecular modeling
studies,!'#*13] which revealed an overall correspondence of
the pharmacophore elements of epibatidine with those of
ligands 4a-b, although enough differences exist to account
for the inversion of their affinity profile.

In the light of the above-commented results we designed
a group of novel compounds in which the two structural
elements featuring epibatidine (i.e. the 7-azabicyclo[2.2.1]-
heptane system and the pyridine ring) were kept away by
the insertion of a A’-isoxazoline moiety, either spiro-con-
densed (derivatives 5a—c) or fused (derivatives 6a—c) with
the azanorbornane core (Scheme 1). In addition, we synthe-
sized and tested compounds 7a—c (Scheme 1), in which the
ethylene bridge of the bicyclic system of 6a—c was removed.
The aim of this study was to investigate the effect of the
variation of both the N[aza(bi)cycle]-N(pyridine) distance
and the conformational profile on the affinity/selectivity for
the nAChR subtypes. Because the chlorine atom located on
the pyridine ring makes a minor contribution to the affinity
of epibatidine,['®] we chose to synthesize the three unsubsti-
tuted pyridinyl regioisomers. Moreover, the novel chiral de-
rivatives Sa—c, and 6a—c were prepared as racemates based
on the negligible stereoselectivity observed for the epibatid-
ine enantiomers.!''®!7] This paper describes the synthesis of
compounds 5-7, the evaluation of their binding affinity at
04p2 and a7 nAChR subtypes, and an investigation of their
affinity profile by direct and indirect molecular modeling
approaches.

Results and Discussion

The synthetic routes to the desired final compounds are
outlined in Scheme 2. Intermediates 11a—¢, 13a—¢, and 15a—
¢ were prepared by a 1,3-dipolar cycloaddition involving
the appropriate pyridinenitrile oxides, generated in situ
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upon treatment of the corresponding hydroximoyl chlorides
8a—¢!!8 with triethylamine, and the dipolarophiles 10, 12,
and 14, respectively. The alkene 10 was prepared by a Wittig
methylenation reaction carried out on known tert-butyl
2-oxo-7-azabicyclo[2.2.1]heptane-7-carboxylate (9),11
whereas tert-butyl 7-azabicyclo[2.2.1]hept-2-ene-7-carboxyl-
ate (12)1''°] and tert-butyl A3-pyrroline-1-carboxylate (14)
[20] were obtained following published procedures.

As expected, pyridinenitrile oxides attack the less hin-
dered face of the bicyclic olefin 12 yielding exclusively the
exo cycloadducts 13a—c. According to the literature,?!! the
observed syn-facial selectivity is dictated by the anti pyrami-
dalization of the olefinic hydrogen atoms in the dipolaro-
phile. The structural assignment to the adducts 13a—c was
established by analyzing their '"H NMR spectra and those
of the corresponding bases 6a—c. The absence of a coupling
constant between the protons 1-H and 2-H as well as be-
tween 3-H and 4-H (Scheme 2) is a clear indication of their
exo configuration.*? By considering the outcome of reac-
tions carried out on olefins structurally related to 10,123 we
assigned the exo configuration even to the spirocyclic inter-
mediates 11a—¢, which were the only isomers isolated from
the cycloaddition step. Treatment of 11a—c, 13a—¢, and 15a—
¢ with trifluoroacetic acid provided the desired epibatidine
analogues as the free bases 5a—¢, 6a—c, and 7a—c, which
were then converted into the corresponding fumarates.

The binding affinities of the fumarates of target com-
pounds S5a-c¢, 6a—c, and 7a—c for the rat o4f2 and a7
nAChR subtypes were assessed using [*H]-epibatidine and
['?*I]-a-bungarotoxin as radioligands. The K; values were
calculated from the competition curves by means of the LI-
GAND program.”* Inspection of the data reported in
Table 1 clearly shows that the insertion of the A%-isoxazo-
line moiety between the azanorbornane system and the pyr-
idine ring greatly reduces or abolishes the binding affinity
for the a4p2 and the a7 nAChR subtypes, because the K;
values of the reference radioligands fall within the 20-40 pm
and the 0.8—-1 nM concentration ranges, respectively. When
3747
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tested at final concentrations up to 200 um, compounds 7a
and 7c¢ did not inhibit radioligand binding to either subtype,
and derivatives 6a, 6¢, and 7b did not inhibit binding to

Table 1. Binding affinities (K;, um) of 5a—¢, 6a—c, and 7a—c to 04p2
and o7 nAChR subtypes.

a4pB2; [*H]-Epibatidine;

Compound o7; ['*I]a-BgTx;

the a7 subtype. Therefore, the K; values of the above-cited (K;, um) (K;, pm)
compounds have been indicated as higher than 100 pm. 5a 922 124
Derivative 7b (K; = 72 uMm) and the fused analogues 6b  5b 104 41
(K; = 86 um) and 6¢ (K; = 68 uM), which have the pyridine 3¢ 400 22
: : i ’ ' : : : 6a 102 >100
nitrogen in position 3’ and 4’, respectively, retained a resid- 6b %6 0
ual and comparable affinity for the 04f2 nAChRs. Con- ¢, 63 =100
versely, the two spirocyclic analogues 5b (K; = 41 um) and  7a >100 >100
5¢ (K; = 22 um), which are characterized by 3’ and 4’ pyri- 7b 72 >100
dine nitrogen atoms, respectively, had the highest affinity ;C 2>9L(])0 - (110[8]
for the o7 nAChR subtype, thus they behave quite similarly ;) 7l E 4l
to the fused analogue 6b. In addition, derivative 5S¢ was 44 0.07l n.d.b!
slightly more selective for the a7 than the a4p2 receptor 4b 0.3l n.d.l!
subtypes (K; = 22 and 400 uM, respectively). Epibatidine 32 pm 0.8 nm
a-BgTx. n.d.l°! 0.9 nm

The above-discussed results on the group of novel epibat-
idine-related derivatives were examined by molecular mod-
eling investigations. Among the proposed ligand-based
models for the interaction with nicotinic receptors, initially
Beers and Reich?® suggested a distance of 5.9 A between
the center (A) of a positive charge (N*) and a hydrogen-
bond acceptor moiety (B). Later on Sheridan,®® in addition
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[a] Ref.'#?]. [b] Not determined.

to the above-cited A and B pharmacophoric elements, in-
troduced a dummy atom (C) defining the line along which
the hydrogen bond may take place. In this model, the opti-
mal distances were 4.8+0.3 A for A-B, 4.0+0.3 A for A-C,
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and 1.2+0.3 A for B-C. Subsequently, Glennon proposed a
longer A-B distance (5.5 A) based on the minimum-energy
conformation of epibatidine,?”! and Abreo et al. suggested
a higher value (6.1 A)28 for a4p2 selective nicotinic ago-
nists by considering the conformational profile of nicotine-
related derivatives which are equipotent with epibatidine.
Moreover, an overview of the most recent patents on selec-
tive nicotinic ligands®! reveals the tendency to design li-
gands whose A-B distance is longer than that of the com-
pounds included in the above-cited pharmacophore models.
In this respect, our compounds reproduce a variety of A-B
distances (Table 2), ranging from 4.7 A (6a) to 8.8 A (5c¢).
Worth noting, the novel derivatives 6b, 6¢, and 7b with the
highest residual affinity for the a4pB2 receptors display val-
ues of the A—B distance falling in the range 6-7 A (Table 2).

Table 2. Pharmacophoric distances d (N*—N,,) for compounds 3-7.

Compound d[A]
3a 5.9

3b 5.9

4al 4.9

4a2 5.0

4b1 44

4b2 5.1

5a 6.8-6.9
5b 8.1-8.2
5c 8.8

6a 47-5.2
6b 5.9-6.3
6¢ 6.7

Ta 4.8-5.4
Tb 6.0-6.5
Tc 6.8

On the other hand, compounds 6b, 5b, and 5¢, charac-
terized by a comparable high um affinity for the a7 recep-
tors, show quite dissimilar values of the A-B distance (5.9—
6.3 A, 8.1-82 A, and 8.8 A, respectively, Table 2). Thus,
within the set of compounds under study, such a pharmaco-
phoric feature plays a less predictable role in addressing the
ligands to the a7 receptor binding sites. In any case, the
appearance of a non-negligible affinity for the a7 nAChRs
deserves an additional in-depth investigation to define the
pharmacological profile of the most interesting compounds.

In a parallel study, we utilized the model for the extra-
cellular domain of the neuronal a4p2 rat nAChR subtype,
recently optimized by Westera et al.l’% At first we consid-
ered the active conformation of (-)-epibatidine docked into
the model in accordance with the reported®? first cluster
of binding orientations (Figure 1, A), then we inserted the
energetically favoured conformation of the reference com-
pound 4a,'#?! which was superimposed to (-)-epibatidine
by a rigid overlapping of the common structural moieties,
i.e. the azabicycloheptane system and the pyridine ring
(Figure 1, B). The relevant interactions for the activation of
the 042 receptor are substantially retained in the rigidified
epibatidine analogue 4a, because the presence of the fused
cyclohexene ring does not preclude the binding of the Ny,
to the lateral chain of the Lys77 (chain A) residue. The de-
crease in affinity on passing from epibatidine to 4a can be
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Figure 1. (-)-Epibatidine (A), compounds 4a (B), and 6c¢ (C)
docked into the 042 model described in ref.*%l. Cation—r and hy-
drogen-bond interactions have been omitted for simplicity. Illustra-
tions were obtained by LIGPLOT v.4.4.2 (ref.[*1).
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tentatively attributed to the steric clash between the two
extra methylene groups of the rigidifying cyclohexene ring
of 4a and the lateral chain of Tyr 195 (chain A). We hypoth-
esize that derivatives 6 may adopt a binding topology to
the 0a4P2 receptor subtype similar to that of (—)-epibatidine.
Superimposition by the common azabicycloheptane moiety
as reported for 6¢ (Figure 1, C), the compound showing
the highest residual affinity for the a4p2 receptor, puts in
evidence a significant steric clash involving the pyridine ring
of 6¢ and the lateral chain of Phel77 (chain B).

Therefore, in the light of this investigation on the rat
04P2 receptor model, we propose an explanation for the
inadequacy of our homologation/rigidification approach
applied to epibatidine in the search for potent and selective
agonists of the 042 subtype.

Conclusions

A2-Isoxazoline derivatives 5a—¢, 6a—c, and 7a—c, structur-
ally related to epibatidine, were prepared and tested to gain
further insights into the structural requirements necessary
to impart affinity and selectivity at the neuronal nicotinic
04P2 and a7 receptors. Competition binding data demon-
strated that some of the new ligands retained residual affin-
ity for the a4B2 subtype in the high-um concentration range.
Surprisingly, a meaningful affinity for the a7 subtype
emerged for other compounds of the series and, among
them, the spirocyclic derivative 5S¢ showed a degree of a7
vs. adB2 selectivity. In conclusion, homologation of the
structure of a prototype a4p2 selective agonist led to the
appearance of an unexpected affinity for the a7 receptors, a
result which could be exploited in designing novel selective
agonists of this nAChR subtype.

Experimental Section

Chemistry

Materials and Methods: Hydroxyimoyl chlorides 8a—c,['8! fert-butyl
2-0x0-7-azabyciclo[2.2.1]heptane-7-carboxylate (9),') zert-butyl 7-
azabicyclo[2.2.1]hept-2-ene-7-carboxylate (12),[1°! and A3-pyrro-
line!?%4 were prepared according to literature procedures. The
transformation of the secondary amine of A3-pyrroline into the cor-
responding N-Boc derivative 14 was accomplished along a standard
methodology. "H NMR spectra were recorded with a Varian Mer-
cury 300 (300 MHz) spectrometer in CDCl; solutions (unless other-
wise indicated) at 20 °C. Chemical shifts (d) are expressed in ppm
and coupling constants (J) in Hz. TLC analyses were performed on
commercial silica gel 60 F,s4 aluminum sheets; spots were further
evidenced by spraying with a dilute alkaline potassium permanga-
nate solution. Melting points were determined with a model B 540
Biichi apparatus and are uncorrected. Microanalyses (C,H,N) of
new compounds agreed with the theoretical value within £0.4%.

tert-Butyl 2-Methylene-7-azabyciclo[2.2.1]heptane-7-carboxylate
(10): To an ice-cooled stirred suspension of potassium zerz-butoxide
(700 mg, 6.23 mmol) in anhydrous diethyl ether (20 mL) was added
portionwise  methyltriphenylphosphonium  bromide (2.41 g,
6.75 mmol). After heating at reflux for 1 h, the suspension was co-
oled to room temp. A solution of 91'*1 (940 mg, 4.45 mmol) in anhy-
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drous ethyl ether (10 mL) was then added dropwise. The mixture
was stirred at room temperature for about 1 h, until disappearance
of the starting material; the progress of the reaction was monitored
by TLC (10% ethyl acetate/petroleum ether). Acetone (5 mL) and
water (25 mL) were then added, the organic phase was separated
and the aqueous phase was extracted with diethyl ether (3 X 25 mL).
The combined organic extracts were dried with anhydrous sodium
sulfate, and the solvent was removed under reduced pressure. A
silica gel column chromatography of the residue (10% ethyl acetate/
petroleum ether) afforded 759 mg (82% yield) of the expected
methylene derivative. Colorless oil, b.p. 85-90 °C/1.9 mbar; R; =
0.69 (10% ethyl acetate/petroleum ether). "H NMR: § = 1.43 (s, 9
H), 1.49 (m, 2 H), 1.86 (m, 2 H), 2.05 (d, J = 15.7 Hz, 1 H), 2.43
(dd, J=4.5and 15.7Hz, 1 H), 4.26 (dd, J = 4.5 and 4.5 Hz, | H),
442 (d, J = 45Hz, 1 H), 472 (s, 1 H), 492 (s, 1 H) ppm.
C,H yNO, (209.28): caled. C 68.87, H 9.15, N 6.69; found C
68.51, H 9.37, N 7.01.

General Procedure for the Synthesis of Cycloadducts 11a—c, 13a—c,
and 15a—c: Reaction of hydroxyimoyl chloride 8a with alkene 10 is
described as a typical example. To a suspension of 10 (200 mg,
0.96 mmol) and 2-pyridinecarbohydroxyimoyl chloride (8a)
(186 mg, 0.96 mmol) in toluene (12 mL) was added dropwise a
solution of triethylamine (0.27 mL, 1.91 mmol) in toluene (2 mL).
While heating at reflux for 5 days, further amounts of 8a (371 g,
1.91 mmol) and triethylamine (0.53 mL, 3.83 mmol) were added
portionwise to the reaction mixture. The progress of the reaction
was monitored by TLC (ethyl acetate). Water (10 mL) was added
to the reaction mixture, the phases were separated and the aqueous
layer was extracted with ethyl acetate (6x 15 mL). After the usual
work-up, the crude residue was purified by silica gel column
chromatography (50% petroleum ether/ethyl acetate), which af-
forded 164 mg (52% yield) of cycloadduct 11a.

tert-Butyl 3'-(Pyridin-2-yl)spiro|7-azabicyclo|2.2.1]heptane-2,5'-
(4’ H)-isoxazole]-7-carboxylate (11a): Colorless prisms (from ethyl
acetate), m.p. 167-170 °C (dec); Ry = 0.42 (ethyl acetate). 'H NMR:
0=148(s,9 H), 1.54-1.72 (m, 5 H), 2.42 (dd, J = 4.2 and 10.9 Hz,
1 H), 3.39 (d, / = 19.0 Hz, 1 H), 3.61 (d, J = 19.0 Hz, 1 H), 4.25
(br. s, 1 H), 4.35 (br. s, 1 H), 7.29 (dd, J = 4.8 and 8.2 Hz, 1 H),
7.72 (dd, J = 6.4 and 8.2 Hz, 1 H), 8.01 (d, J = 6.4 Hz, 1 H), 8.60
(d, J = 4.8 Hz, 1 H) ppm. C;3H,3N305 (329.39): calcd. C 65.63, H
7.04, N 12.76; found C 65.80, H 6.78, N 12.92.

tert-Butyl 3’-(Pyridin-3-yl)spiro|7-azabicyclo|2.2.1]heptane-2,5'-
(4' H)-isoxazole]-7-carboxylate (11b): Yield: 40%, 125 mg; colorless
prisms (from ethyl acetate), m.p. 157-162 °C; Ry = 0.33 (ethyl ace-
tate). '"H NMR: § = 1.48 (s, 9 H), 1.46-1.92 (m, 5 H), 2.44 (dd, J
=52and 134Hz 1 H), 3.22 (d, J = 164 Hz, 1 H), 342 (d, J =
16.4 Hz, 1 H), 4.24 (br. s, 1 H), 4.38 (br. s, 1 H), 7.38 (m, 1 H),
8.07 (d, J = 8.1 Hz, 1 H), 8.63 (br. s, 1 H), 8.78 (br. s, 1 H) ppm.
C1gH53N305 (329.39): caled. C 65.63, H 7.04, N 12.76; found C
65.34, H 7.07, N 12.51.

tert-Butyl 3’-(Pyridin-4-yl)spiro|7-azabicyclo|2.2.1]heptane-2,5'-
(4’ H)-isoxazole]-7-carboxylate (11c¢): Yield 26%, 188 mg; colorless
prisms (from ethyl acetate), m.p. 190-197 °C (dec); Ry = 0.27 (ethyl
acetate). '"H NMR: § = 1.48 (s, 9 H), 1.54-1.91 (m, 5 H), 2.46 (dd,
J=40and 13.9Hz | H), 3.22(d, J=16.8 Hz, 1 H), 3.39 (d, J =
16.8 Hz, 1 H), 4.23 (br. s, 1 H), 4.36 (br. s, 1 H), 7.51 (d, J = 5.1 Hz,
2 H), 8.66 (d, J = 5.1 Hz, 2 H) ppm. C;gH,3N;03 (329.39): calcd.
C 65.63, H 7.04, N 12.76; found C 65.76, H 7.06, N 12.47.

Cycloadditions of hydroxyimoyl chlorides 8a—¢ (1.5 mmol) to the
dipolarophile 12 (1.5 mmol) were carried out in acetonitrile at
room temp. for 8 h using a twofold excess of triethylamine.
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tert-Butyl 5-(Pyridin-2-yl)-3-oxa-4,10-diazatricyclo[5.2.1.0>|dec-4-
ene-10-carboxylate (13a): Yield 37%, 188 mg; colorless prisms
(from acetone), m.p. 155-156 °C; Ry = 0.50 (40% ethyl acetate/pe-
troleum ether). '"H NMR: ¢ = 1.12 (m, 2 H), 1.39 (s, 9 H), 1.82 (m,
2 H), 3.95 (m, 1 H), 4.69 (m, 1 H), 4.83 (m, 1 H), 7.26 (m, 1 H),
7.70 (m, 1 H), 7.93 (m, 1 H), 8.60 (m, 1 H) ppm. C;;H;;N;03
(315.37): caled. C 64.74, H 6.71, N 13.32; found C 64.52, H 6.52,
N 13.60.

tert-Butyl 5-(Pyridin-3-yl)-3-oxa-4,10-diazatricyclo[5.2.1.0>¢|dec-4-
ene-10-carboxylate (13b): Yield 74%, 242 mg; colorless prisms
(from ethyl acetate), m.p. 157-158 °C; Ry = 0.36 (ethyl acetate). 'H
NMR: ¢ = 1.10-1.60 (m, 11 H), 1.86 (m, 2 H), 3.77 (d, Jo5 =
8.4Hz, 1 H, 2-H), 4.53 (br. s, 1 H), 4.65 (br. s, 1 H), 4.89 (d, J3,
=84Hz 1H, 3-H), 7.37 (m, 1 H), 8.09 (m, 1 H), 8.64 (m, 1 H),
8.85 (m, 1 H) ppm. C;;H, N;3O;5 (315.37): caled. C 64.74, H 6.71,
N 13.32; found C 64.87, H 6.85, N 13.10.

tert-Butyl 5-(Pyridin-4-yl)-3-oxa-4,10-diaza-tricyclo[5.2.1.0%¢|dec-4-
ene-10-carboxylate (13c): Yield 77%, 187 mg; colorless prisms
(from ethyl acetate), m.p. 152-153 °C; R, = 0.53 (ethyl acetate). 'H
NMR: ¢ = 1.05-1.65 (m, 11 H), 1.89 (m, 2 H), 3.75 (d, J,53 =
8.0 Hz, 1 H, 2-H), 4.50 (br. s, 1 H), 4.60 (br. s, 1 H), 4.99 (d, J3,
=8.0 Hz, 1 H, 3-H), 7.78 (m, 2 H), 8.73 (m, 2 H) ppm. C;;H,;N;30;
(315.37): caled. C 64.74, H 6.71, N 13.32; found C 64.51, H 6.74,
N 13.09.

Compounds 15a—c were prepared by reacting hydroxyimoyl chlo-
rides 8a—c (6 mmol), dipolarophile 14 (3 mmol) and triethylamine
(12 mmol) in refluxing acetonitrile for 5 days.

tert-Butyl  3-(Pyridin-2-yl)-3a,4,6,6a-tetrahydropyrrolo|3,4-dlisox-
azole-5-carboxylate (15a): Yield 49 %, 432 mg; viscous pale yellow
oil; Ry = 0.54 (5% methanol/dichloromethane). '"H NMR: § = 1.39
(s, 9 H), 3.64 (m, 2 H), 4.00 (m, 2 H), 4.24 (m, 1 H), 5.27 (m, 1
H), 7.28 (dd, J =4.2 and 5.8 Hz, 1 H), 7.72 (dd, J = 5.8 and 7.1 Hz,
1 H), 8.02 (d, J = 7.1 Hz, | H), 8.62 (d, J = 42Hz, | H) ppm.
Cy5H9N305 (289.33): caled. C 62.27, H 6.62, N 14.52; found C
61.95, H 6.84, N 14.70.

tert-Butyl  3-(Pyridin-3-yl)-3a,4,6,6a-tetrahydropyrrolo|3,4-d]isox-
azole-5-carboxylate (15b): Yield 31%, 266 mg; viscous pale yellow
oil; Ry = 0.47 (5% methanol/dichloromethane). 'H NMR: § = 1.42
(s, 9 H), 3.55-3.90 (m, 3 H), 4.01 (m, 1 H), 4.26 (m, 1 H), 5.36 (m,
1 H), 7.38 (dd, / = 4.3 and 7.9 Hz, 1 H), 8.06 (d, / = 7.9 Hz, | H),
8.66 (d, /=4.3Hz, 1 H), 8.79 (s, 1 H) ppm. C;5sH9N505 (289.33):
caled. C 62.27, H 6.62, N 14.52; found C 62.48, H 6.60, N 14.27.

tert-Butyl  3-(Pyridin-4-yl)-3a,4,6,6a-tetrahydropyrrolo|3,4-dlisox-
azole-5-carboxylate (15¢): Yield 26%, 183 mg; viscous pale yellow
oil; Ry = 0.33 (ethyl acetate). '"H NMR: § = 1.39 (s, 9 H), 3.50-3.80
(m, 3 H), 4.00 (m, 1 H) 4.18 (m, 1 H), 5.37 (dd, J = 5.7 and 9.5 Hz,
1 H), 7.50 (d, J = 5.4 Hz, 2 H), 8.68 (d, / = 5.4 Hz, 2 H) ppm.
Cy5H9N305 (289.33): caled. C 62.27, H 6.62, N 14.52; found C
62.30, H 6.47, N 14.37.

General Procedure for the Synthesis of Derivatives Sa—c, 6a—c, 7a—c
and Their Fumarates: Reaction of compound 11a is described as a
typical example. To a stirred solution of 11a (146 mg, 0.45 mmol)
in dichloromethane (0.81 mL) was added dropwise trifluoroacetic
acid (0.35mL, 4.5 mmol), and the mixture was stirred at room
temp. for 12 h. The progress of the reaction was monitored by TLC
(10% methanol/dichloromethane). After concentration at reduced
pressure, the residue was dissolved in water (2 mL) and treated with
diethyl ether (3% 3 mL). The residual aqueous phase was made al-
kaline by portionwise addition of solid Na,COj3 and extracted with
ethyl acetate (6 X3 mL). The combined organic extracts were dried
with anhydrous sodium sulfate, and the solvent was evaporated un-
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der vacuum to afford 92 mg (89% yield) of the desired free base
Sa.

3'-(Pyridin-2-yl)spiro|7-azabicyclo|2.2.1]heptane-2,5' (4’ H)-isoxazole]
(5a): Yellow oil; Ry = 0.45 (10% methanol/dichloromethane). 'H
NMR: ¢ = 1.31 (m, 2 H), 1.48 (m, 1 H), 1.69 (m, 2 H), 2.22 (dd,
J=155and 14.1Hz, 1 H), 3.44 (d, J = 179 Hz, 1 H), 3.57 (br. s,
1 H),3.59(d, J=179Hz, 1 H), 3.73 (br. s, 1 H), 7.29 (dd, / = 4.8
and 8.2 Hz, 1 H), 7.72 (dd, J = 6.4 and 8.2 Hz, 1 H), 8.01 (d, J =
6.4 Hz, 1 H), 8.60 (d, J = 4.8 Hz, 1 H) ppm.

To a solution of 5a (59 mg, 0.26 mmol) in methanol (1.5 mL) was
added a solution of fumaric acid (33 mg, 0.29 mmol) in methanol
(1.5 mL). After stirring at room temp. for 12 h, the reaction mixture
was concentrated under reduced pressure affording quantitatively
the corresponding fumarate, which was crystallized from methanol.

5a-:C4H4O04: Colorless prisms, m.p. 141-144 °C; Ry = 0.48 (20%
methanol/dichloromethane). '"H NMR (CD;0D): 6 = 1.82 (m, 1
H), 2.00 (m, 3 H), 2.23 (d, J/ = 14.3 Hz, 1 H), 2.49 (dd, J = 4.3 and
143 Hz, 1 H), 3.61 (d, J = 18.0Hz, 1 H), 3.83 (d, J = 18.0Hz, 1
H), 4.18 (br. s, 1 H), 4.27 (br. s, 1 H), 6.68 (s, 2 H), 7.44 (dd, J =
5.0 and 8.0 Hz, 1 H), 7.86 (dd, J = 7.6 and 8.0 Hz, 1 H), 7.96 (d,
J =7.6Hz, 1 H), 8.61 (d, / = 5.0Hz, 1 H) ppm. C;;H9N;O05
(345.35): caled. C 59.12, H 5.55, N 12.17; found C 58.96, H 5.78,
N 12.08.

3'-(Pyridin-3-yl)spiro|7-azabicyclo|2.2.1]heptane-2,5' (4’ H)-isoxazole]
(5b): Yield: 86%, 90 mg; pale yellow oil; Ry = 0.39 (10% methanol/
dichloromethane). 'H NMR: § = 1.32-1.78 (m, 5 H), 2.18 (dd, J =
4.3 and 14.7 Hz, 1 H), 3.65 (d, J = 16.1 Hz, 1 H), 3.57 (br. s, 1 H),
3.95(d, J =16.1 Hz, 1 H), 3.73 (br. s, 1 H), 7.34 (dd, J = 4.3 and
6.4Hz, 1 H), 8.02 (d, J = 6.4 Hz, 1 H), 8.61 (d, J = 4.3 Hz, 1 H),
8.78 (s, 1 H) ppm.

5b-C4H404: Colorless powder, m.p. 170-182 °C (dec); Ry = 0.30
(20% methanol/dichloromethane). 'H NMR (CD;0D): 6§ = 1.81
(m, 1 H), 2.00 (m, 3 H), 2.21 (d, J = 14.3 Hz, 1 H), 2.47 (dd, J =
4.0 and 14.3Hz, 1 H), 3.59 (d, / = 179Hz, 1 H), 3.81 (d, J =
17.9 Hz, 1 H), 4.18 (br. s, 1 H), 4.28 (br. s, 1 H), 6.68 (s, 2 H), 7.53
(dd, J=4.4and 7.0Hz, 1 H), 8.16 (d, J = 7.0 Hz, 1 H), 8.61 (d, J
=4.4Hz 1 H), 8.84 (s, 1 H) ppm. C;;H;9N305 (345.35): calcd. C
59.12, H 5.55, N 12.17; found C 59.33, H 5.38, N 11.85.

3'-(Pyridin-4-yl)spiro|7-azabicyclo|2.2.1]heptane-2,5' (4’ H)-isoxazole]
(5¢): Yield: 91%, 89 mg; yellow oil; Ry = 0.40 (15% methanol/
dichloromethane). "H NMR: 6 = 1.20-1.50 (m, 3 H), 1.60-1.78 (m,
2 H), 2.19 (dd, J = 5.4 and 13.9 Hz, 1 H), 3.24 (d, / = 15.0 Hz, 1
H), 3.38 (d, / = 15.0 Hz, 1 H), 3.54 (m, 1 H), 3.73 (m, 1 H), 7.47
(d, J = 5.4 Hz, 2 H), 8.63 (d, J = 5.4 Hz, 2 H) ppm.

5¢:312C4H40y4: Colorless powder, m.p. 176-182 °C; Ry = 0.30 (25%
methanol/dichloromethane). '"H NMR (CD;0D): 6 = 1.84 (m, 1
H), 2.01 (m, 3 H), 2.23 (d, J = 143 Hz, 1 H), 2.49 (dd, J = 5.1 and
143 Hz, 1 H), 3.58 (d, J = 17.9Hz, 1 H), 3.79 (d, J = 17.9 Hz, 1
H), 4.21 (br. s, 1 H), 4.30 (br. s, 1 H), 6.71 (s, 3 H), 7.69 (d, J =
6.2 Hz, 2 H), 8.63 (d, J = 6.2 Hz, 2 H) ppm. C;3H;5N;0-3/
2C4H404 (403.39): caled. C 56.57, H 5.25, N 10.42; found C 56.88,
H 5.02, N 10.69.

5-(Pyridin-2-yl)-3-oxa-4,10-diazatricyclo[5.2.1.0%%|dec-4-ene (6a):
Yield: 89%, 83 mg; yellow oil; Ry = 0.47 (10% methanol/dichloro-
methane). '"H NMR: ¢ = 1.27 (m, 2 H), 1.53 (m, 1 H), 1.71 (m, 1
H), 3.87 (m, 3 H), 4.83 (d, J = 7.7 Hz, 1 H), 7.29 (dd, J = 4.8 and
5.5Hz, 1 H), 7.70 (dd, J = 5.5 and 8.1 Hz, 1 H), 797 (d, J =
8.1 Hz, 1 H), 8.61 (d, / = 4.8 Hz, 1 H) ppm.

6a-C4H404: Colorless prisms, m.p. 182-183 °C; Ry = 0.44 (20%
methanol/dichloromethane). 'H NMR (CD;0OD): § = 1.70 (m, 1
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H), 1.90 (m, 3 H), 4.21 (d, J,3 = 8.5Hz, | H, 2-H), 4.34 (br. s, |
H), 4.45 (br. s, 1 H), 5.04 (d, J5, = 8.5Hz, 1 H, 3-H), 6.69 (s, 2
H), 7.44 (dd, J = 4.5 and 5.2 Hz, 1 H), 7.86 (dd, J = 5.2 and 7.7 Hz,
1 H),8.01(d,J=7.7Hz, 1 H), 8.64 (d, J =4.5Hz, 1 H).
C¢H17N305 (331.32): caled. C 58.00, H 5.17, N 12.68; found C
58.29, H 4.86, N 12.88.

5-(Pyridin-3-yl)-3-oxa-4,10-diazatricyclo[5.2.1.0%%|dec-4-ene (6b):
Yield: 92%, 77 mg; colorless oil; Ry = 0.31 (10% methanol/dichlo-
romethane). '"H NMR: § = 1.29 (m, 2 H), 1.48 (m, 1 H), 1.73 (m,
1 H), 3.70 (d, J,5 = 8.0 Hz, 1 H, 2-H), 3.79 (m, 1 H), 3.91 (m, |
H), 4.89 (d, J5, = 8.0 Hz, 1 H, 3-H), 7.35 (dd, / = 3.4 and 7.3 Hz,
1 H), 8.08 (d, /= 7.3 Hz, 1 H), 8.64 (d, J = 3.4 Hz, 1 H), 8.87 (s,
1 H) ppm.

6b-3/2C4H404: Colorless prisms, m.p. 192-194 °C; Ry 0.49 (20%
methanol/dichloromethane). 'H NMR (CD;0OD): § = 1.70 (m, 1
H), 1.91 (m, 3 H), 425 (d, J,5 = 8.4 Hz, 1 H, 2-H), 4.30 (m, 2 H),
5.07 (d, J5, = 8.4Hz, | H, 3-H), 6.69 (s, 3 H), 7.54 (dd, J = 4.4
and 7.7 Hz, 1 H), 8.22 (d, J = 7.7Hz, 1 H), 8.63 (d, J = 4.4 Hz, 1
H), 8.94 (s, 1 H) ppm. C;,H;3N;0-3/2C4H,0, (389.36): calcd. C
55.52, H 4.92, N 10.79; found C 55.31, H 4.95, N 11.07.

5-(Pyridin-4-yl)-3-oxa-4,10-diazatricyclo|5.2.1.0>°|dec-4-ene (6¢):
Yield: 90%, 84 mg; pale yellow leaflets (from 40% ethyl acetate/
hexane), m.p. 129-130 °C; Ry = 0.25 (10% methanol/dichlorometh-
ane). '"H NMR: 6 = 1.29 (m, 2 H), 1.50 (m, 1 H), 1.74 (m, 1 H),
3.69 (d, J,3=7.7Hz, 1 H, 2-H), 3.75 (m, 1 H), 3.90 (m, 1 H), 4.92
(d, J3, =7.7Hz, 1 H, 3-H), 7.56 (d, J = 5.8 Hz, 2 H), 8.68 (d, J =
5.8 Hz, 2 H) ppm.

6¢-312C4H40y4: Colorless prisms, m.p. 200-211 °C (dec); Ry = 0.28
(15% methanol/dichloromethane). 'H NMR (CD;0D): § = 1.68
(m, 1 H), 1.91 (m, 3 H), 422 (d, J,3 = 8.5Hz, | H, 2-H), 4.34 (br.
s, 1 H), 4.38 (br. s, 1 H), 5.12 (d, J5, = 8.5Hz, 1 H, 1 H, 3-H),
6.69 (s, 3 H), 7.71 (d, J = 5.7 Hz, 2 H), 8.61 (d, J = 5.7Hz, 1 H)
ppm. C,H,3N;0-:3/2C,H,0, (389.36): calcd. C 55.52, H 4.92, N
10.79; found C 55.80, H 4.71, N 10.55.

3-(Pyridin-2-yl)-4,5,6,6a-tetrahydro-3a H-pyrrolo|3,4-d]isoxazole
(7a): Yield: 62%, 173 mg; yellow oil; Ry = 0.56 (20% methanol/
dichloromethane). '"H NMR: 6 = 2.91 (dd, J = 3.1 and 14.6 Hz, 1
H), 3.11 (dd, J = 7.3 and 14.6 Hz, 1 H), 3.48 (m, 2 H), 4.35 (m, 1
H), 5.36 (dd, /= 3.1 and 7.3 Hz, 1 H), 7.28 (dd, J = 4.5 and 6.3 Hz,
1 H), 7.69 (dd, J = 6.3 and 7.3 Hz, 1 H), 8.02 (d, / = 7.3 Hz, 1 H),
8.62 (d, J = 4.5Hz, 1 H) ppm.

7a-3/14C4H,O4: Colorless powder, m.p. 158-162 °C (dec); Ry = 0.21
(20% methanol/dichloromethane). '"H NMR (CD;0OD): § = 3.27
(dd, J =4.4 and 12.7 Hz), 3.38 (dd, J/ = 9.2 and 12.7 Hz, 1 H), 3.62
(m, 2 H), 4.57 (m, 1 H), 5.45 (dd, J = 4.4 and 9.2 Hz, 1 H), 6.67
(s, 1.5H), 7.42 (dd, /= 4.8 and 6.1 Hz, 1 H), 7.85 (dd, J = 6.1 and
8.1 Hz, 1 H), 8.01 (d, J = 8.1 Hz, 1 H), 8.61 (d, J = 4.8 Hz, 1 H)
ppm. C;oH;N;0-3/4C,H,0, (276.27): caled. C 56.52, H 5.11, N
15.21; found C 56.73, H 4.82, N 15.50.

3-(Pyridin-3-yl)-4,5,6,6a-tetrahydro-3a H-pyrrolo[3,4-d]isoxazole
(7b): Yield: 86%, 132 mg; yellow oil; Ry = 0.48 (20% methanol/
dichloromethane). '"H NMR: 6 = 2.93 (dd, J = 3.7 and 13.6 Hz, 1
H), 3.10 (dd, J = 7.7 and 12.5Hz, 1 H), 3.30 (d, J = 12.5Hz, 1
H), 3.52(d, J=13.6 Hz, 1 H), 4.17 (dd, J = 7.7 and 8.4 Hz, 1 H),
5.39 (dd, /= 3.7 and 8.4 Hz, 1 H), 7.36 (dd, J = 4.8 and 8.1 Hz, 1
H), 8.07 (d, J = 8.1 Hz, 1 H), 8.64 (d, / = 4.8 Hz, 1 H), 8.84 (s, 1
H) ppm.

7b-312C4H,O4: Colorless prisms, m.p. 182-185 °C (dec); Ry = 0.23
(20% methanol/dichloromethane). '"H NMR (CD;0D): § = 3.45-
3.55 (m, 3 H), 3.76 (d, J = 13.2 Hz, 1 H), 4.70 (m, 1 H), 5.52 (dd,
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J=44and 9.2 Hz, 1 H), 6.71 (s, 3 H), 7.54 (dd, J = 4.8 and 8.1 Hz,
1 H), 8.19 (d, J = 8.1 Hz, 1 H), 8.62 (d, J = 4.8 Hz, 1 H), 8.89 (s,
1 H) ppm. CoH,N;0-3/2C,H,0, (363.33): caled. C 52.89, H 4.72,
N 11.56; found C 53.11, H 4.95, N 11.39.

3-(Pyridin-4-yl)-4,5,6,6a-tetrahydro-3a H-pyrrolo|3,4-d]isoxazole
(7¢): Yield: 78 %, 125 mg; pale yellow oil; R = 0.56 (20% methanol/
dichloromethane). '"H NMR: § = 2.92 (dd, J = 3.7 and 13.6 Hz, 1
H), 3.08 (dd, J = 7.7 and 12.5Hz, 1 H), 3.26 (d, J = 12.5Hz, |
H), 3.52(d, J = 13.6 Hz, 1 H), 4.12 (dd, / = 7.7 and 8.4 Hz, 1 H),
5.41 (dd, J = 3.7 and 8.4 Hz, 1 H), 7.53 (d, J = 5.3 Hz, 2 H), 8.67
(d, J = 5.3 Hz, 2 H) ppm.

7¢-312C4H404: Colorless prisms, m.p. 200-202 °C (dec); Ry = 0.41
(20% methanol/dichloromethane). '"H NMR (CD;0D): 6 = 3.41
(dd, J=4.7 and 13.2 Hz, 1 H), 3.50 (m, 2 H), 3.76 (d, J = 13.2 Hz,
1 H), 4.63 (m, 1 H), 5.57 (dd, J = 4.7 and 9.7 Hz, 1 H), 6.71 (s, 3
H), 7.74 (d, J = 5.8 Hz, 2 H), 8.65 (d, J = 5.8 Hz, 2 H) ppm.
CoH [ N;30-3/2C4H,0,4 (363.33): caled. C 52.89, H 4.72, N 11.56;
found C 53.15, H 4.61, N 11.39.

Receptor Binding Assay

Membranes Binding of [*H|-Epibatidine and ['**I]-o-Bungarotoxin:
The cortex tissues were dissected, immediately frozen on dry ice
and stored at —80 °C for later use. In each experiment, the cortex
tissues from two rats were homogenized in 10 mL of a buffer solu-
tion (50 mm Na3;PO,4, 1M NaCl, 2mm EDTA, 2 mm EGTA and
2 mm PMSF, pH 7.4) using a potter homogenizer; the homogenates
were then diluted and centrifuged at 60000 g for 1.5 h. The total
membrane homogenization, dilution and centrifugation procedures
were performed twice, then the pellets were collected, rapidly rinsed
with a buffer solution (50 mm Tris-HCI, 120 mm NaCl, 5 mm KCI,
1 mm MgCl,, 2.5 mm CaCl, and 2 mm PMSF, pH 7), and resus-
pended in the same buffer containing a mixture of 20 pg/mL of
each of the following protease inhibitors: leupeptin, bestatin, pep-
statin A, and aprotinin.

[*H]-Epibatidine Binding: (+)-[*H]-Epibatidine with a specific ac-
tivity of 56-60 Ci/mmol was purchased from Perkin—Elmer (Boston
MA); the nonradioactive a-bungarotoxin, nicotine, and epibatidine
were purchased from Sigma. It has been previously reported that
[*H]-epibatidine also binds to a-bungarotoxin binding receptors
with nM affinity.['%! In order to prevent the binding of [?H]-epibati-
dine to the o-bungarotoxin binding receptors, the membrane ho-
mogenates were pre-incubated with 2 um a-bungarotoxin and then
with [*H]-epibatidine. The saturation experiments were performed
by incubating aliquots of cortex membrane homogenates with
0.01-2.5nM concentrations of (*)-[*H]-epibatidine overnight at
4 °C. Nonspecific binding was determined in parallel by means of
incubation in the presence of 100 nm unlabelled epibatidine. At the
end of the incubation, the samples were filtered through a GFC
filter soaked in 0.5% polyethylenimine and washed with 15 mL of
a buffer solution (10 mm Na;PO,, 50 mm NaCl, pH 7.4) and the
filters were counted in a 3 counter.

['?31]-0-Bungarotoxin Binding: The saturation binding experiments
were performed using aliquots of cortex membrane homogenates
incubated overnight with 0.1-10 nM concentrations of ['?°I]-a-bun-
garotoxin (specific activity 200-213 Ci/mmol, Amersham) at room
temp. Non-specific binding was determined in parallel by means of
incubation in the presence of 1 um unlabelled o-bungarotoxin. Af-
ter incubation, the samples were filtered as described above and
the bound radioactivity was directly counted in a y counter.

nACh Receptor Affinity of Derivatives 5a—c, 6a—c, and 7a—c: The
inhibition of radioligand binding by epibatidine, nicotine and the
test compounds was measured by pre-incubating cortex homoge-

Eur. J. Org. Chem. 2006, 3746-3754



Epibatidine-Related A%-Isoxazoline Derivatives and Their Binding Affinity

FULL PAPER

nates with increasing doses (10 pm — 10 mm) of the reference nico-
tinic agonists, epibatidine or nicotine, and the drug to be tested for
30 min at room temp., followed by overnight incubation with a fi-
nal concentration of 0.075 num [*H]-epibatidine or 1 nm ['2°I]-o-bun-
garotoxin at the same temperatures as those used for the saturation
experiments. These ligand concentrations were used for the compe-
tition binding experiments because they are within the range of the
Kp values of the ligands for the two different classes of nAChRs.
For each compound, the experimental data obtained from the three
saturation and three competition binding experiments were ana-
lyzed by means of a non-linear least square procedure, using the
LIGAND program as described by Munson and Rodbard.?l The
binding parameters were calculated by simultaneously fitting three
independent saturation experiments and the K; values were deter-
mined by fitting the data of three independent competition experi-
ments. The errors in the K and K; values of the simultaneous fits
were calculated using the LIGAND software, and were expressed
as percentage coefficients of variation (% CV). When final com-
pound concentrations up to 200 um did not inhibit radioligand
binding, the K; value was defined as being > 100 um based on the
Cheng and Prusoff’s equation.l3?!

Theoretical Calculations

Structures, built by GaussView03[33 and preliminarily minimized
at semiempirical-PM3 level, were submitted to a geometry optimi-
zation at B3LYP/6-31G* level by the Gaussian03 package.*3! To
avoid strong intramolecular electrostatic interactions, that would
lead to unrealistic geometries during optimizations in vacuo, the
azanorbonane nitrogen was considered not charged; such a method
provides geometries that compare satisfactorily with those of the
corresponding solvated ionized species.?¥ We fully optimized all
the starting geometries deriving from the pseudorotational path of
the five-membered carbocyclic ring and from rotation around the
exocyclic single bonds. The energies of the conformers were recal-
culated in a polarizable conductor-like continuum solvation model
(C-PCM)I* to obtain values conceivable for water solutions. Com-
pounds 4a and 6¢ were manually overlapped by simple superimpo-
sition of the azanorbornane ring shared with (-)-epibatidine, ori-
ented as in the cluster 1 of the binding orientation proposed by
Westera et al.?% The obtained dockings were evaluated and refined
by SYBYL 7.1 provided by Tripos Inc (St. Louis, USA).
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