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A number of 3-heteroaryl-substituted quinuclidin-3-01 and quinuclidin-2-ene derivatives have 
been prepared and evaluated for muscarinic and antimuscarinic properties. The affinities of 
the new compounds (13, 14, 16-32, and 36-52a,b) were tested in homogenates of cerebral 
cortex, heart, parotid gland, and urinary bladder from guinea pigs using (-)-[3Hl-3-quinuclidinyl 
benzilate [(-)-[3HlQNBl as the radioligand and in a functional assay using isolated guinea pig 
urinary bladder. The present compounds behaved as competitive muscarinic antagonists in 
the urinary bladder. The highest receptor binding affinity, Ki (cortex) = 9.6 nM, was observed 
for 3-(2-benzofuranyl)quinuclidin-2-ene (31). The corresponding 3-benzofuranyl (36) and 
3-benzothienyl (37) homologues had about 3.5-fold lower affinity for cortical muscarinic 
receptors. All quinuclidin-3-01 derivatives (14 and 16-25) had lower binding affinities for the 
different muscarinic receptor subtypes than the corresponding quinuclidin-2-ene analogues 
when examined in the various tissue homogenates. In general, the new compounds showed 
low subtype selectivity. The structure-affinity relationships are discussed in terms of 
differences in proton basicity of the azabicyclic nitrogen and differences in geometric, 
conformational, and/or electronic properties of the compounds. The cortical antimuscarinic 
potency is also related to the complementarity of the compounds to  the putative binding site 
of the muscarinic m l  receptor. 

Introduction 

Several series of muscarinic agonists with five- or six- 
membered heteroaromatic rings connected to a mono- 
or bicyclic ring system such as 1,2,5,6-tetrahydropyi- 
dine, quinuclidine, or 1-azanorbornane have been de- 
scribed.lr2 The major objective of these investigations 
was to identify new muscarinic agonists with potential 
utility in the treatment of senile dementia of the 
Alzheimer type.' 1,2,4-Oxadiazole,' 1,2,44hiadia~ole,~ 
te t ra~ole ,~  and pyrazine5 moieties were found to be 
suitable stable bioisosteres for the ester group in the 
muscarinic agonists methyl quinuclidine-3-carboxylate 
(1)6 and arecoline (5). The 1,2,4-oxadiazole derivatives 
6 and 7 were among the most potenC and efficacious 
compounds in these series.la High affinity and efficacy 
required two hydrogen bond acceptor sites in exact 
locations of the heteroaromatic ring.' In addition, 
binding to the high-affinity state (the agonist binding 
site) of the receptor correlated with the magnitude of 
the negative electrostatic potential adjacent to these two 
1ocations.l Thus, a systematic removal of the hetero- 
atoms in the 1,2,4-oxadiazole moiety of 7, to give the 
oxazole (8) and furan (9) analogues, resulted in dimin- 
ished affinity and efficacy at the muscarinic receptor.la 

Introduction of substituents larger than methyl in the 
3-position of the oxadiazole ring of 7 produced com- 
pounds with weak partial agonist (ethyl) or antagonist 
(benzyl) profiles.la Similarly, addition of a methylene 
group to the ester group of 1, to give ethyl ester 2, 
changed the activity from agonism to competitive an- 
tagonism at  ileal muscarinic receptox6 In the oxadia- 
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zole series, the QNB (3-quinuclidinyl benzilate; 10) 
analogue 11 proved to be a very potent muscarinic 
antagonist, displaying about 8-fold higher affinity to 
cortical muscarinic receptors than atropine.la 

It is noteworthy that introduction of a double bond 
between C2 and C3 in the quinuclidine ring of 7, 
affording 12, was detrimental to efficacy and affinity, 
since the binding to the high-affinity and low-affinity 
(the antagonist binding site) states of the receptor was 
lowered 444-fold and 34-fold, respective1y.la,' Additional 
muscarinic quinuclidin-2-ene derivatives have been 
reported in a patent application.* 
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Hydrogen-bonding interactions between the musca- 
rinic receptor and the heteroaromatic ring of the ligand 
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Reagents: (a) 2,4,6-triisopropylbenzenesulfonyl hydrazide, 
ether; (b) n-BuLi (2 equiv), THF, 0 "C; (c) HCOOH, 100 "C. 

Scheme 3" 
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44 2s 45a, b 

a Reagents: (a) Hz, 10% Pd/C, THF; (b) Hz, 5% Rh on alumina, 
THF. 

seem to be of minor importance, and instead size and 
lipophilicity appear to be major determinants for bind- 
ing to the low-affinity state.la Therefore, we have 
prepared some heterocyclic 3-substituted quinuclidin- 
3-01 and quinuclidin-2-ene derivatives to further inves- 
tigate the structure-affinity relationships for quinucli- 
dine-based muscarinic  antagonist^.^ The compounds 
were investigated for their ability to displace (-)-[3Hl- 
3-quinuclidinyl benzilate [( -)-[3H]QNB] from muscar- 
inic receptors in cerebral cortex, heart, parotid gland, 
and urinary bladder from guinea pigs. In addition, the 
antimuscarinic potencies were evaluated in a functional 
assay on the isolated guinea pig urinary bladder. 

Chemistry 
The syntheses of the compounds are outlined in 

Schemes 1-4. Physical data of intermediate 15 and the 
test compounds (13, 14, 16-32, and 36-52a,b) are 
presented in Table 1. The syntheses of 16,1° 23,11 
24,11b 25,12 26,1a 40,11 41,11b and 4212 have been de- 
scribed previously. However, no pharmacological data 
on muscarinic properties were reported for any of these 
compounds. 

Scheme 4" 
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a Reagents: (a) Hz, 10% PaC, THF; (b) Hz, 10% Pd/C, HOAc; 

CH3 52r,b 

(c) MeI, acetone or ether. 

3-Aryl-3-hydroxyquinuclidines 13-25 (Scheme 1) were 
synthesized by addition of quinuclidin-3-one to the 
appropriate aryllithium compound in THF or ether. 
Direct metalation (method IaY3 or metal-halogen ex- 
change (method Ib)14 was used to generate the aryl- 
lithium compounds. Dehydration of 13-19,22, and 25 
to the corresponding quinuclidin-2-ene analogues (26- 
32, 37, and 42) was readily accomplished by heating a 
solution of the hydroxy compound in concentrated formic 
acid (method IIa). However, benzoxazole 20, benzothia- 
zole 21, and the pyridine derivatives 23 and 24 were 
resistant to dehydration using formic acid. Instead, 
these derivatives were dehydrated under harsher condi- 
tions; treatment with methanesulfonic acid at 180-200 
"C (method IIb) produced the corresponding quinuclidin- 
2-ene analogues 38-41. 
An alternative t o  the above approach was sought for 

the preparation of 3-(3-benzofuranyl)quinuclidin-2-ene 
(361, since generation of 3-benzofuranyllithium and 
subsequent reactions with different electrophiles have 
most frequently resulted in low yields of the expected 
addition products due to  competitive ring opening of 
3-benzofurany11ithi~m.l~ The synthetic strategy de- 
scribed in Scheme 2 was chosen for the preparation of 
36. Thus, treatment of the ((triisopropylpheny1)sulfon- 
yllhydrazone 33 with 2 equiv of n-BuLi (the Shapiro 
reaction)16 generated 3-lithioquinuclidin-2-ene (34),17 
which upon reaction with the commercially available 
2,3-dihydrobenzofuran-3-one gave 35. Dehydration of 
35 to 36 was accomplished by heating a solution of 35 
in formic acid. 
3-(2-Hydroxyphenyl)quinuclidin-2-ene (43) could not 

readily be obtained by demethylation of methoxy de- 
rivative 42 by use of 47% aqueous hydrogen bromide 
under reflux since several byproducts were formed 
(TLC).18 Instead, 2-bromophenol was treated with 2 
equiv of n-BuLilg and subsequently with quinuclidin- 
%one. The crude product formed was directly dehy- 
drated by use of formic acid to provide a low overall yield 
(4%) of 43. 

The quinuclidine analogues 4420 (Scheme 3) and 47 
(Scheme 4) were obtained from the 2,3-unsaturated 26 
and 31, respectively, by hydrogenation over palladium 
on carbon in THF at atmospheric pressure (method 111). 
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Table 1. Yields and Physical Data of Compounds Tested 
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compd methoda % yield mp, "C recryst solvent? formula 
13 Ia 73 176.5-177.5 A CiiHiC"z.C4H404 

15c Ia 81d 210-212.5 C C11H15NOSe 
16 Ib 49 207-209 B CiiHi5NOz4.5C4&04 

219-220 B CiiH15NOS4.5C4H404 17 Ib 50 
18 Ia 79 203-204 B Ci5Hi7NOz4.5C4H404 
19 Ia 66e 219-220 
20 Ia 4 9  248-249 B C14H16N~OyO0.5(COOH)z 

233-235 B C14H16NzOS.HCl 21 Ia 95 
22 Ib 82d 216-218 D C15H17NOS.HC14.25HzO 
23 Ib 57d 208-215 B CizHi6NzQ2HCl 
24 Ib 46d 219-225 D CizH16NzQ2HC1 
25 Ia 53 118-119 E Ci4HigNOz.(COOH)z 
26 IIa 91 144- 145.5 B CiiHi3NWCOOH)z 
27 IIa 94 180-182 B CiiHi3NS4.5C4H404 
28 IIa 95 137-138 D CiiHi3NSdCOOH)z 
29 IIa 96 181.5-183.5 B CiiHi3NO4.5C4H404 

CiiH13NS4.5C4H404 30 IIa 96 208-210 B 
31 IIa 92 216-217 B C ~ ~ H I ~ N W . ~ C ~ H ~ O ~  
32 IIa 80 250-252 B C15H15NS*HCl 
36 g 24h 113-114 B Ci5H15NWCOOH)z.'/3HzO 
37 IIa 84 185-186 D C15H15NS.HCl 
38 IIb 56 199.5-201.5 B Ci4Hi4NzQHC1 
39 IRI 66 196.5-198.5 D C14Hi4NzS*HCl 
40 IIb 48 72-74 F CizHi4Nz 
41 IIb 49 239-245 D CizHiJ'Jz.2HCl 

C14H17NQHCl 42 IIa 96 176-177.5 D 
43 IIa 4i 169-170 B Ci3Hi5NWCOOH)z 
44 I11 74i 162-163 B CiiHi5NOGH404 
45a g 31 154-155 E CiiHigNOC4H404 
45b g 31 148.5-149.5 B CiiHigNOG&04 
46c g 92 159-161 G CizHziClzNO 
47 I11 87 172-173 B Ci5Hi7NM4&04 
48a g 70 203.5-204.5 B Ci5HigN@0.5C4&04 
48b g 56 166-167 B Ci5HigNOGH404 
49 Iv 86 200-202 H Ci6HzoIN0z 
50 I v k  63 182-183 D Ci6HiaINO 
51 r v k  52 150-152 I Ci6HzoINO 
52a Iv 96 205-207 dec J Ci6HzzINO 
52b Iv 91 244-246 J Ci6HzzINO 

14 Ia 89 208-210 B CiiH15NOW.5C4&04 

B C15H17NOS.HCl 

a Letters refer to methods of preparation in the Experimental Section. A, acetonitrile-ethanol-ether; B, acetone-methanol-ether; 
C, ethyl acetate-methanol-n-hexane; D, methanol-ether; E, acetone-ether; F, n-hexane; G, trituration with ether; H, trituration with 
acetone; I, methanol-ethyl acetate; J, methanol-acetone. Not tested. No chromatography of the free base on alumina; the crude product 
was triturated with n-hexane several times prior to formation of the salt. e 3-Bromobenzothiophene, used for generation of the corresponding 
3-lithio compound, was prepared according to ref 72. The crude product was purified by chromatography on silica using petroleum ether 
as eluant. 1H73 and l3C NMR74 data were in accordance with those previously reported. f Competitive ring opening may be a side reaction 
in the lithiation of benzoxazole, see ref 75. Overall yield from 33. Overall yield from quinuclidin-3- 
one. j The free base of 44 was purified by column chromatography on silica using ammonia-saturated chloroform followed by ammonia- 
saturated chlorofodmethanol(99: 1). k Acetone was changed into ether as the solvent. 

See the Experimental Section. 

Exchange of the catalyst in the hydrogenation of 26 for 
rhodium on alumina21 furnished 342-tetrahydrofura- 
ny1)quinuclidine as an approximate 1:l mixture of 
diastereomers (45a and 45b; Scheme 3) according to 
capillary GLC analysis. The less polar isomer (by GLC 
and TLC) is denoted 45a. The diastereomers were 
separated (de 299% for both 45a and 45b) by column 
chromatography on alumina.zz In contrast, the diaster- 
eomers of 3-(2,3-dihydrobenzofuran-2-yl)quinuclidine 
(48a and 48b; Scheme 4lzZ could not be obtained by 
hydrogenation of 31 using rhodium on alumina since 
we were only able to isolate 47 from the reaction 
mixture. However, 48a and 48b were obtained in a 1:l 
ratio (GLC) by hydrogenating 47 over palladium on 
carbon at atmospheric pressure using glacial acetic 
acidz3 as the solvent. The diastereomers were separated 
[de 299% for both 48a (shortest GLC retention time) 
and 48bl by chromatography on silica. Attempts to 
prepare 48d48b from 47 using ionic hydr~genat ion~~ 
(triethylsilane, trifluoroacetic acid, 50 "C) was less use- 
ful since only a low conversion to 48d48b (TLC) was 
achieved. 

The quaternary ammonium salts 49-52a,b were 

prepared by treatment of the corresponding tertiary 
amines 18,31, and 47-48a,b with iodomethane (method 
IV). In the 13C NMR spectra of CDBOD solutions of 50- 
52a,b, signals due to C2, C4, C6, and C7 in the 
quinuclidine ring and the N-methyl group appeared as 
triplets. This phenomenon seems to emerge from 13C, 
14N couplings [V (13C, 14N) = 3-5 Hz and 3J P3C, 14N) 
= 4-5 Hzl and has previously been observed in rigid 
tetraalkylammonium compounds such as quinuclidine 
m e t h i ~ d i d e . ~ ~  

Basicity of the Azabicyclic Nitrogen. The recep- 
tor binding assays were performed at 25 "C and pH 7.4. 
Most likely the heteroaryl-substituted quinuclidine and 
quinuclidin-2-ene derivatives interact with the musca- 
rinic receptor binding sites in the protonated state.26 
Hence, the pKa of the compound may influence the 
measured affinity by determining the fraction that is 
protonated at a certain pH. Therefore, we determined 
the pKa values of some selected compounds that dis- 
played differences in affinity: The quinuclidin-3-01 
derivatives substituted with a 2-furanyl (13) or a 
2-benzofuranyl (18) ring had pKa values of 9.06 and 
8.84, respectively. 3-(2-Furanyl)quinuclidine (44) and 
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Figure 1. The PM3-derived conformational energy curves for 
rotation about the acyclic torsional angle t (C2-C3-C3'-C2') 
in 36 (X = 0, dotted line) and 37 (X = S; solid line). 
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Figure 2. Conformational energy curves for rotation about 
the acyclic torsional angle z (C2-C3-C2'-0) in 13. The 
dihedral angle values refer to the S configuration. 

3-( 2-furanyl)quinuclidin-2-ene (26) had PKa values of 
10.03 and 8.92, respecti~ely.~' The PKa values of the 
corresponding benzo homologues 47 and 31 could not 
be determined due to the low water solubility of the 
bases. 3-(2-Benzoxazolyl)quinuclidin-2-ene (38) and its 
corresponding benzothiazole derivative 39 had pKa 
values of 7.23 and ~ 7 . 4 , ~ ~  respectively. 

Molecular Modeling. Conformational Analysis. 
Two objectives of the present study were to relate the 
differences in affinities to geometric, conformational, 
and/or electronic properties of the novel antagonists and 
to explore possible binding interactions with the mus- 
carinic receptor. Therefore, we studied the conforma- 
tional profiles of some selected compounds from the 
different structural classes; dihedral driver calculations 
were performed by exploring the acyclic torsional angle 
t (see Figures 1-3) using the semiempirical molecular 
orbital methods AMlZ9 and PM3,30 respectively, and by 
molecular mechanics calculations using the MMx-89.031 
force field (for details, see the Experimental Section). 
All calculations were done on the unprotonated amines. 
The torsional angle was rotated in 10-deg increments 
(0-360") and held constant while the remaining struc- 
ture was geometry optimized. The AM1 and PM3 
calculations performed on the 2-furanyl- (26), 2-benzo- 
fwanyl- (31)) 2-benzothienyl- (32),32 and 2-benzoxazolyl- 
substituted (38) quinuclidin-2-ene analogues, respec- 
tively, indicated that coplanar conformations (two equally 
populated rotameric forms) are favored.33 However, 
there was essentially free rotation about z since only 
low barriers t o  rotation were observed for 26, 31 and 
38 (2.7 kcal/mol, AM1; 1.8 kcal/mol, PM3).34 The 

-e...- ,- 

0 6 0  I20 I 8 0  240 300 360 
f, degrees 

Figure 3. Conformational energy curves for rotation about 
the acyclic torsional angle z (C2-C3-C2'-0) in 44. The 
dihedral angle values refer to the R configuration. 

rotational barrier for 32 was even lower (0.9 kcal/mol; 
PM3). 

PM3 calculations performed on 36 revealed prefer- 
ences for the coplanar conformations with a rotational 
barrier of 2 kcdmol (Figure 1). However, the cor- 
responding 3-benzothienyl derivative 37 displays global 
minimum-energy conformations at z = 60 and 300" 
(PM3). The coplanar conformations were 2.2 kcal/mol 
(z = 0') and 0.5 kcdmol (z = 180") higher in energy 
(Figure 1). Apparently, 37 has a global energy maxi- 
mum at t = 0" whereas this conformation represents a 
global minimum-energy conformation of 36. The rota- 
mer with z = 0" is probably disfavored in 37 due to 
repulsive interactions between, in particular, the C4- 
hydrogens in both ring systems. The interatomic dis- 
tance between the interacting hydrogens in 37 is 1.64 
A whereas the corresponding distance in 36 is 1.85 A. 
This is a consequence of the different geometries of the 
five-membered heterocyclic rings. 

Molecular mechanics and semiempirical PM3 calcula- 
tions were performed on alcohol 13 (Figure 2) and its 
corresponding 3-deoxy analogue 44 (Figure 3). From 
the MMX calculations on 13 it was observed that when 
z adopts values (80-120") favoring formation of an 
intramolecular hydrogen bond between the furan oxy- 
gen and the hydroxyl proton, the energy reaches a 
maximum due to the proximity between the endo proton 
on C5 and the proton on C3 in the furan ring (at z = 
100" the interatomic distance is 2.0 A). This maximum 
was also observed in the MMX calculations of 44. On 
the other hand, the PM3 calculations performed on the 
same compounds produced conformers with highest 
energy at z about 270" (see Figures 2 and 3) due to the 
proximity between the proton (44) or oxygen atom (13) 
on C3, respectively, and the proton on C3 in the furan 
ring. 

W Spectro~copy.~~ To gain insight into the con- 
formational behavior of the quinuclidin-2-ene deriva- 
tives also in solution, we investigated W-spectral 
characteristics of selected compounds (Table 2) and 
compared the results with the corresponding molecular 
modeling data. For example, a predominance of co- 
planar conformations of 26 in solution was indicated by 
the bathochromic shift and the increase in ,Ima in going 
from 44 to 26. 

Electrostatic Potential Energy Calculations. To 
investigate the influence of electronic properties on the 
affinity, we calculated the electrostatic potential of 
quinuclidin-2-ene analogues 31, 32, 38, and 39. The 
protonated forms of both coplanar rotamers of each 
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Figure 4. Electrostatic potentials, color coded according to  magnitude and displayed on the electron density surface of (a) 31, (b) 
32, (c) 38, and (d) 39. Red represents the lowest and blue represents the highest electrostatic potential. For clarity, the range 
of the electrostatic potential is restricted to the interval 25-50 kcal/mol. 

Table 2. W Spectral Data of Some Furan (13, 26, and 44) 
and Benzofuran Analogues (18, 31, and 47)" 

compd 
13 213 (3.971, 217 (3.97) 
18 
26 268 (4.23) 
31 
44 217 (3.98) 
47 

248 (4.191, 278 (3.59), 285 (3.59) 

288 (4.40), 294 (4.40),306 (4.39) 

248 (4.24), 278 (3.64), 285 (3.63) 
a Spectra were recorded on the free base in methanol. 

compound were geometry optimized using PM3. Elec- 
trostatic properties were calculated using the 6-3 lG* 
basis set,36 color coded according to magnitude, and 
displayed on the electron density surface of the com- 
pounds. The examined compounds have an electrostatic 
potential minimum located in the benzene part of the 
heterocycle (Figure 4). In addition, 38 and, to a lesser 
degree, 39 have large electrostatic potential minima 
located near the nitrogen atom in the heteroaromatic 
ring. 

Pharmacological Results 
Receptor binding affinities (expressed as Ki values; 

Table 3) for muscarinic receptor subtypes37 in cortex 
(MI), heart (Mz), parotid gland (M3), and urinary bladder 
were determined indirectly for each compound by 
competition experiments with ( -)-[3H]QNB.38-41 The 
antimuscarinic potencies (expressed as KB values; Table 
3) were evaluated by functional in vitro studies on the 

isolated guinea pig urinary bladder, using carbachol as 
the standard agonist. In the presence of antagonist, the 
concentration-response curves to carbachol were shifted 
in parallel toward higher concentrations, but the maxi- 
mal responses remained unaffected. Thus, the inhibi- 
tion seemed to be competitive since it could always be 
overcome by an increase in the carbachol concentration. 
None of the compounds in the present study exhibited 
any muscarinic agonist activity in the isolated bladder 
when tested in concentrations of 10-1000 yM. For 
comparison, reference data for 10 (racemic QNB), the 
M1 selective antagonist piren~epine,~~ and the M2 selec- 
tive antagonist AI?-DX 11643 are included in Table 3. 

The alcohols 14 and 16-2544 invariably had lower 
affinities for all receptor subtypes studied than their 
corresponding 3-deoxyquinuclidine and quinuclidin-2- 
ene congeners (i.e., the rank order was 31 > 47 > 18). 

In general, there was a good agreement between 
receptor binding data (Ki) and functional data (KB) in 
the urinary bladder since the same rank order of 
potency was noted for all receptor subtypes; i.e., -log 
Ki for each receptor subtype was plotted versus -log 
KB for the alcohols (14 and 16-25) and the quinuclidin- 
2-enes (27, 29-32 and 37-42), respectively. This 
produced regression lines with r2 ranging from 0.79 to 
0.90. 

The most potent muscarinic antagonist in this series, 
the benzofuran analogue 31, displayed about 188-fold 
lower affinity than 10 for cortical muscarinic receptors. 
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Table 3. Amnities (Ki) for Muscarinic Receptors, Determined by Competition Experiments with (-)-L3H1QNB and Functional in Vitro 
Data (KB), Determined on Isolated Urinary Bladder Strips from Guinea Pig vs Carbachola 

dR N @JR N OR @ @rR N aR N 

I 
CHI 

A B C D E F 

I 
CH3 

I 
CH3 

A 30000 f 1000 b b b b 

A 11600 f 400 >18000 48000 f 3000 45000 f 300 40000 f 9000 

>15000 

9200 f 5 

>53000 

>la000 

>53000 >58000 

37000 f 7000 >38000 

86500 f 500 

84000 f 17000 

A 810 f 10 2700 f 500 4400 f 90 6900 f 20 710 f 40 

A 1100 f 100 4200 f 500 5400 f 500 8600 f 1100 3700 f 500 

3900 f 1000 

4200 f 7000 

1800 f 200 9200 t 1600 8400 f 1000 19000 f 1000 A 

3000 t 400 3800 t 200 A 1200 f 200 8100 f 800 

2200 f 100 2700 f 500 A 820 f 100 5400 f 900 4300 f 800 

10000 f 2000 

14900 f 200 

20000 f 1000 

27000 f 5000 

38000 f 2000 

67000 f 17000 

28000 f 6000 

42700 f 600 

28000 f 5000 

80000 f 12000 

33000 f 21000 A 7400 f 800 15900 f 100 29900 f 700 28000 t 2000 

300 t 70 

290 f 10 

390 t 60 

620 f 110 

1100 f 90 

1200 f 200 

850 f 130 

IS00 f 300 

550 f 30 

1100 f 200 

B 410 t 10 990 f 190 1100 t 200 b b 

B 

B 

1500 f 20 

710 f 20 

1700 t 100 

1700 f 60 

4900 f 40 

2600 f 20 

4300 f 900 

3700 t 700 

3400 f 100 

2010 f 200 
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Table 3. (Continued) 
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urinary 
bladdu 

B 9.6 f 0.1 31 f 4 59 f 4 67 f 15 33 f 5 

B 

B 

B 

B 

B 

B 

81 f 2 

34 f 1 

270 f 30 

99 f 14 

420 f 3 

160 f 60 

550 f 130 

120 f 10 

660 f 150 

b 

37 f 9 

100 f 6 

96 f 9 

400 f 60 

110 f 0.3 

720 f 160 

240 f 60 

580 f 80 

170 f 50 

190 f 40 

170 i 5 600 f 50 

1200 f 300 1900 f 20 

1100 f 200 

4000 f 500 

760 f 130 

3700 f 500 

810 f 80 

ieoo i 300 

2200 f 600 2800 i 30 

220 f 20 410 f 20 

5900 f 30 

140 f 20 

6100 f 300 

870 f 90 

3500 f 200 

67OC 

B 360 f 70 330 f 30 1400 f 40 920 f 240 2400 f 500 

54OC 1500 f 400 

8100 f 700 >20000 

3100 f 1300 2400 f 800 

24000 f 1000 >35000 

2700 f 100 

22000 f 5000 

2200 f 500 5000 f 1500 

57 f I 200 f 4 

13000 f 300 11000 f 1000 

240 f 30 310 f 120 

6600 f 1600 

230 f 90 

440 f 10 

59 f 11 

1500 f 300 

160 f 8 

5000 f 600 2500 f 300 

340 f 20 410 f 20 

1100 f 300 

200 f 70 

D 3800 f 700 5500 f 100 16000 f 3000 20000 f 3000 b 

E 

F 

360 f 20 

520 f 30 

460 f 20 1300 f 30 600 f 2 

1100 f 100 2200 f 200 2000 f 80 

b 

b 
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Table 3. (Continued) 

X i ,  nM K,. nn 

Ccnpd R general c e r eb r a1 parotid Winary urinary 
structure cortex (nl) heart (H2) gland (n3) b1add.r bladder 

9 1700 f 7 2600 f 30 7500 f 900 5400 f 500 b 

r 1100 f 30 1300 f 100 5700 f 700 3800 f 600 b 

(f)QU; U 0 .051  f 0.03d 0.045 t O.OJd 0.24 f 0.01' 0.20 f 0.020 

pisanepine 14 f Id 270 f 20d 110 f 10. 530 f 60. 

m-DX 116 210 f 20f 18 f sf 1500 f l O O f  150 f lof 

a Values are means & SEM of two to  three experiments performed in triplicate. Not determined. Value derived from a single 
determination. Value is from ref 40. e Value is from ref 41. fValue is from ref 76. 

Replacement of the 2-benzofuranyl moiety of 31 with a 
2-benzothienyl, 2-benzoxazolyl, or a 2-benzothiazolyl 
moiety produced analogues (32,38, and 39, respectively) 
with about 8-, lo-, and 18-fold lower Mi receptor binding 
affinities. 

A shift in the position of the oxygen and sulfur atoms 
in 26 and 27, to give the 3-substituted furan (29) and 
thiophene (30) analogues, decreased the affinity at each 
of the receptor subtypes by about 6-fold (29) and 2.5- 
fold (30). Replacement of the five-membered hetero- 
cycles (i.e., 26-28) with a 2- or 3-pyridyl substituent 
(40 and 41) resulted in a drop in affinity (about 5-9- 
fold). However, the 2-methoxyphenyl- (42) and 2-hy- 
droxyphenyl-substituted (43) analogues retained similar 
affinities as 26-28 at each of the muscarinic receptor 
subtypes. 

In general, the new antimuscarinic compounds ex- 
hibited low subtype selectivity since the majority of the 
studied antagonists displayed less than 7-fold selectivity 
for any of the muscarinic receptor subtypes. A slightly 
higher selectivity was found for benzoxazole analogue 
20 and dihydrobenzofuran derivative 48a. The selectiv- 
ity ratio for these compounds, which exhibited modest 
antimuscarinic potencies, was about ll-fold in favor of 
MI receptors in the cortex versus muscarinic receptors 
in the urinary bladder. By comparison, pirenzepine 
shows approximately 38-fold higher affinity for MI 
receptors in the cortex than for muscarinic receptors in 
the urinary bladder. 

Discussion 

Molecular properties such as proton affinity and 
electronic, geometric, and conformational factors may 
affect the mode of binding and the affinity of the present 
quinuclidine and quinuclidin-2-ene derivatives to the 
muscarinic receptors. Hence, we have studied these 
properties in some detail in order to find clues to the 
observed affinities within the present series of com- 
pounds. Because of the low subtype selectivity, we have 
chosen to  use the affinity for cortical muscarinic recep- 
tors in most comparisons. 

Differences in Basicity of the Azabicyclic Nitro- 
gen. It is apparent that the observed affinity differ- 
ences between the alcohols (13,14, and 16-25) and the 
corresponding quinuclidin-2-enes (26, 27, 29-32, and 
37-42) are unrelated to their proton affinities since 13 
and 26 had similar pKa values. On the other hand, 
differences in basicity may account for part of the 10- 
fold lower affinity of benzoxazole 38 as compared to the 
benzofuran homologue 31, since their PKa values would 
appear to differ with more than one pKa unit (compare 
above); at pH 7.4, only about 40% of 38 would be 
protonated whereas 31 should be protonated to about 
90%, based on the extrapolation that the pKa value of 
31 would be about 8.5. 

Geometric, Conformational, and Electronic Fac- 
tors. The 56- and 14-fold lower affinities of alcohols 
13 and 18 compared to their 3-deoxy analogues 44 and 
47, respectively, are probably unrelated to  conforma- 
tional factors since 13, 18, 44, and 47 display similar 
conformational preferences about z according to mo- 
lecular mechanics calculations and semiempirical mo- 
lecular orbital calculations (PM3), respectively (see 
Figures 2 and 3).45 

Introduction of a double bond in 44 and 47, to give 
26 and 31, increased affinity by about 2- and 6-fold, 
respectively. This contrasts with the observation made 
in the oxadiazole series where the 2,3-dehydro analogue 
of agonist 7 (i.e., 12) had 34-fold lower affinity for the 
low-affinity state of the receptor than the parent 
compound (vide supra). This suggests that the 2,3- 
dehydro analogues included in this series bind to the 
receptor in a manner different from that of 12. 

The results from the semiempirical molecular orbital 
calculations indicate that the conformational prefer- 
ences for the quinuclidin-2-ene derivatives 26, 27, 29, 
and 30 about the acyclic torsional angle z are similar. 
The similar affinity displayed by 26-2846 on one hand 
and 29 and 30 on the other hand indicate that aromatic 
n-n interactions4' between the heteroaromatic ring and 
an aromatic side chain in the receptor may be of 
i m ~ o r t a n c e . ~ ~  Compounds 26-30 may also form a weak 
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favorably with receptor sites, e.g., in aromatic edge to 
face interactions with aromatic side chains47 or in 
hydrogen bond interactions. 

The drop in affinity when the quinuclidine nitrogen 
was quaternized by N-methylation of 18, 31, 47, and 
48a,b, to give 49-52a,b, agrees with observations made 
previously with other quinuclidines (e.g., 1,6 2: and 6Ia), 
quinuclidin-2-enes (e.g., 36 and 46), and the quaternary 
N-methyl analogue of 5.54 Thus, when a tertiary amino 
nitrogen is part of a ring, it appears that N-methylation 
sterically hinders the interaction with the receptor.55 

Interactions with a Muscarinic Receptor Model. 
To study the possible receptor-ligand interactions in 
this series of quinuclidine-based antagonists, we used 
a homology-based binding site model of the muscarinic 
m l  receptor previously described by us.56 The model 
is based on the presumed homology in three dimensional 
structure between bacteriorhodopsin and the G-protein 
coupled receptors and it rationalizes, in a qualitative 
way, the binding of a series of structurally different 
muscarinic agonists. A number of the present antago- 
nists were docked into the binding site model. The 
docking was performed manually in Sybyl so that 
attractive interactions were optimized and repulsive 
interactions were minimized. In addition, side chain 
conformations were changed manually to minimize 
overlap between ligands and receptor. Coplanar con- 
formations (PM3) of the quinuclidin-2-ene derivatives 
and conformations of the quinuclidin-3-01 derivatives 
with z = 100" (PM3; see Figure 2) were used in the 
dockings. 

A number of site-directed mutagenesis and chemical 
modification studies have been performed on the mus- 
carinic receptors. Asp105 in the third transmembrane 
region (TM3) has been demonstrated to be of importance 
for both agonist and antagonist binding.57 Chimeric 
receptors have also been constructed to study antagonist 
selectivity. These studies indicate that structurally 
different antagonists may interact in different ways 
with the receptor.58 

Structure-activity relationship studies of a number 
of heteroaromatic muscarinic agonists indicate that two 
hydrogen bond acceptor sites in the appropriate posi- 
tions on a five-membered heteroaromatic ring are of 
importance for agonist efficacy.la,c This was also sug- 
gested by our previous study of the binding site 
since hydrogen bonds could form between Thr192 and 
Am382 and the two nitrogens of a 1,2,4-oxadiazole ring 
in (3R,4R)-53.59 The present five-membered hetero- 
aromatic compounds lack at least one of these sites. 
Consequently, none of these compounds are agonists 
and, therefore, they interact differently with the recep- 
tor than the closely related quinuclidine-based agonists. 

pK1 (cortex) 

91 

34 3 s  36 31 38 
Mlalnnun Ektros4atk PotenW (kuvmd) Lo the Be- mug 

Figure 5. Relationship between receptor binding affinities 
(-log Ki, M) a t  cortical muscarinic receptors of31,32,38, and 
39 and the magnitude of the negative electrostatic potential 
in the benzene moiety. The regression line is described by pKi 
(cortex) = -0.568(minimum electrostatic potential in the 
benzene ring) + 27.745 (r2 = 0.95). 

hydrogen bond with the receptor via the heteroatom or 
the x electron system of the heteroaromatic ring.49-51 

The increase (50- and 20-fold, respectively) in affinity 
when additional steric bulk was introduced into the 
3-furanyl(29) and 3-thienyl(30) derivatives, to  give the 
almost equipotent benzo-fused homologues 36 and 37, 
respectively, suggests increased hydrophobic binding or 
additional aromatic 3t-7~ interactions between 36 and 
37 and the receptor site. On the other hand, the 
increase in affinity (24- and 4-fold, respectively) on going 
from 2-furanyl (26) and 2-thienyl (27) to their benzo 
homologues 31 and 32, respectively, resulted in a 8-fold 
higher affinity for benzofuran 31 relative to  ben- 
zothiophene 32. This may imply that the latter com- 
pounds would bind to the receptor in an orientation and/ 
or in a conformation which may be different from that 
of the almost equipotent 26 and 27.52 The PM3- 
optimized structures of 31 and 32 were compared by 
fitting the heavy atoms in the quinuclidinene ring. Due 
to the slightly different geometries in the hetero- 
aromatic ring, the benzene moieties do not overlap 
perfectly. The lower affinity of 32 compared to 31 may 
thus also be related to steric factors. 

Different relative locations in steric bulk presented 
by the benzene part of 31 and 32 on one hand and 36 
and 37 on the other hand seem to be well-accommodated 
by the receptor since no gross differences in affinity were 
observed between these two pairs of compounds. 

Assuming that the benzofuran oxygen in 31 partici- 
pates in a stabilizing hydrogen bond interaction with 
the receptor, it is tempting to suggest that a switch in 
hydrogen bond acceptor site occurs from oxygen to 
nitrogen in the benzoxazole analogue 38 since the 
nitrogen atom has better hydrogen bond accepting 
potential than the oxygen at0m.5~ Nevertheless, a 10- 
fold drop in affinity was observed for 38 relative to 31. 
Therefore, the presence of a hydrogen bond to the 
heteroatom is less plausible. The affinity difference 
between 31 and 38 is probably unrelated to conforma- 
tional factors since 31 and 38 have similar conforma- 
tional preferences about t (AM1 and PM3). 

There appears to be a good correlation (r2 = 0.95) 
between the affinity of 31,32,38, and 39 t o  muscarinic 
receptors in cortex (MI) and the magnitude of the 
negative electrostatic potential in the benzene moiety 
(Figure 5). This area of negative potential may interact 

2, 

(3R  4R)-53 

In the docking of the benzofuran derivative 31 to the 
binding site model of the m l  receptor, the protonated 
nitrogen forms a hydrogen bond reinforced ionic inter- 
action60 with AsplO5. The quinuclidinene ring is lo- 
cated in an area of the receptor defined by Va1102, 
Ala160, and Va1385. This part of the receptor cavity is 
also occupied by the azabicyclic ring system of the potent 
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Figure 6. Stereorepresentation of the docking of 31 (top) and (S)-18 (bottom) (ligands shown in red) into the muscarinic m l  
receptor model. The benzofuran derivative 31 forms a reinforced ionic interaction with Asp105 and has an aromatic-aromatic 
interaction with Trp400. The low affinity of (S)-18 is explained by a steric interaction between the ligand and the receptor. The 
van der Waals overlap between the hydroxyl group of (S)-18 and the binding site is displayed in yellow. 

agonist (3R,4R)-53.56 The aromatic ring of the antago- 
nist is, however, directed away from the agonist binding 
site. Thus, the benzofuran ring of 31 appears to  bind 
to  an area of the receptor model defined by TrplOl 
(TM3), Leu102 (TM3), Trp164 (TM4), and Trp400 
(TM7). The indole ring of Trp400 forms an edge to face 
aromatic interaction with the benzenoid ring of 31 
(Figure 6). This interaction would occur in the area of 
negative electrostatic potential identified by ab initio 
calculations. 

The furan analogue 26, which is significantly less 
potent than 31, does not appear to bind optimally to the 
aromatic cavity due to its smaller size. The alcohol 
derivatives 13, 14, and 16-25 also show a significantly 
lower affinity than the corresponding quinuclidin-2-ene 
derivatives. Docking of both (R)- and (S)-18 into the 
receptor model indicates that the lower affinity is 
related to steric interactions between the ligand and the 
receptor; the hydroxyl group of (S)-18 interacts unfavor- 

ably with Leu102 (Figure 6) and that of (R)-18 with 
Va1385. 

Conclusions. In the present series of muscarinic 
antagonists, a benzo-fused five-membered hetero- 
aromatic ring with one heteroatom attached to quinu- 
clidin-2-ene in the 3-position (Le., 31, 32, 36, and 37) 
provides the highest affinity. Thus, as seen from 
previous studies, muscarinic antagonists should have 
nonpolar moieties, such as phenyl groups, which are 
able to participate in hydrophobic binding. 

The affinity difference between the quinuclidin-2-ene 
derivatives and the corresponding quinuclidin-3-01 ana- 
logues was tentatively rationalized in terms of a previ- 
ously described m l  receptor model. In addition, the 
magnitude of the electrostatic potential minimum in the 
benzene part of the benzo-fused 2-heteroaryl analogues 
(i.e., 31, 32, 38, and 39) appears to correlate with M1 
receptor affinity. Therefore, further studies on substi- 
tuted furans and benzofurans attached to quinuclidin- 
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2-ene could help in the design of new muscarinic 
antagonists with optimal binding to the muscarinic m l  
receptor. 

Experimental Section 
Chemistry. General Comments. Reactions were carried 

out under nitrogen. Melting points were determined in open 
glass capillaries on a Thomas-Hoover apparatus. W spectra 
were recorded on a Cecil 3000 spectrometer. IR spectra were 
recorded on a Perkin-Elmer 298 infrared spectrophotometer. 
'H and 13C NMRG1 spectra were recorded on a JEOL FX 9OQ 
spectrometer at 89.55 and 22.5 MHz, respectively, or on a 
JEOL JNM-EX 270 spectrometer at 270.2 and 67.9 MHz, 
respectively. lH and 13C NMR spectra were referenced to 
internal tetramethylsilane. Dioxane (3.60 and 68.0 ppm, 
respectively) was used as internal reference for 'H and 13C 
NMR spectra recorded in DzO. All spectra were in accordance 
with the assigned structures. Capillary GLC analyses were 
performed on a Carlo Erba 6000 Vega instrument equipped 
with a FID-40 flame ionization detector and a LDC Milton Roy 
CI-1OB integrator; GLC column: DB-5 fused silica (30 m, i.d. 
= 0.32 mm); carrier Helium (50-80 kPa). Thin-layer chro- 
matography was carried out on aluminum sheets precoated 
with silica gel 60 F264 (0.2 mm) or aluminum oxide 60 F254 
neutral (type E) (E. Merck). Column chromatography was 
performed on silica using Kieselgel 60 (230-400 mesh), E. 
Merck, or on alumina using Aluminum oxide 90, E. Merck. 
Chromatographic spots were visualized by W and/or I2 vapor. 
The elemental analyses were performed by Mikro Kemi AB, 
Uppsala, Sweden, or Analytische Laboratorien, Gummersbach, 
Germany, and were within f0.4% of the calculated values. 

General Method Ia. 3-(2-Benzothiazolyl)quinuclidin- 
3-01 Hydrochloride (21). A solution of benzothiazole (3.68 
g, 27.2 mmol) in ether (60 mL) was added dropwise to a stirred 
solution of n-butyllithium in hexane (1.3 M; 17 mL, 22.1 mmol) 
at -78 "C. After 10 min a solution of quinuclidin-3-one [2.63 
g, 21.0 mmol; generated from the corresponding commercially 
available hydrochloride by alkalization (5 M aqueous sodium 
hydroxide), extraction with CHC13, drying (KzCO~), filtration, 
and concentration of the organic layer in vacuo] in ether (25 
mL) was added. The external cooling was interrupted and the 
reaction mixture was stirred at room temperature for 64 h. A 
saturated aqueous ammonium chloride solution (20 mL) was 
added dropwise, and the mixture was diluted with 2.5 M 
aqueous hydrochloric acid (40 mL) and washed with ether (2 
x 50 mL). The aqueous layer was alkalinized (pH - 13) with 
5 M aqueous sodium hydroxide. Product that precipitated 
from the alkaline mixture was collected after being triturated 
with ether. The aqueous layer was extracted with ether (6 x 
200 mL). The combined organic layers were dried (KzCO~), 
filtered, and concentrated in vacuo. Column chromatography 
of the crude product on alumina using CHC13 followed by 
CHClfleOH (955) as eluents yielded 5.18 g (95%) of the pure 
base which was converted into its hydrochloride salt and 
recrystallized. 21: TLC Rf (free base on alumina) = 0.32 
[CHClmeOH (95513; lH NMR (89.55 MHz, DzO) 6 7.92-7.74 
(m, 2 ArHs), 7.51-7.20 (m, 2 ArH's), 4.23 (app. d, J = 14.0 
Hz, 2-CH), 3.49-3.00 (m, 2-CH, 6-CH2, and T-CHz), 2.46-2.10 
and 2.07-1.51 (each m, 2 H and 3 H, respectively, 4-CH, 
S-CHz, and 8-CHz); 13C NMR (22.5 MHz, DzO) 6 177.70 
(benzothiazole C2), 153.02 (benzothiazole C3a), 136.53 
(benzothiazole C ~ U ) ,  128.13,127.48, 123.99,123.81,74.05 (C3), 
59.29 (C2), 47.86 and 47.15 (C6 and C7), 33.94 ((241, 19.98 and 
19.24 (C5 and (28). Anal. (CI~H~~NZOS.HC~) C, H, N. 

General Method Ib. 3-(3-Thienyl)quinuclidin-3-01 Fu- 
marate (17). A solution of n-butyllithium in hexane (1.45 M; 
14.9 mL, 21.6 mmol) was added over 5 min to a stirred solution 
of 3-bromothiophene (4.01 g, 24.6 mmol) in ether (40 mL) at  
-75 "C. After 10 min, a solution of quinuclidin-3-one (2.69 g, 
21.5 mmol) in ether (30 mL) was added, and the mixture was 
stirred at -70 "C for 5 h. A solution of saturated ammonium 
chloride (15 mL) was added dropwise at -45 "C. The mixture 
was poured into 2.5 M aqueous hydrochloric acid (40 mL) and 
was washed with ether (3 x 125 mL). The aqueous layer was 
alkalinized (pH - 13) with 5 M aqueous sodium hydroxide. 
Extraction with ether (10 x 150 mL), drying (KzC03) of the 

Journal of Medicinal Chemistry, 1995, Vol. 38, No. 3 403 

combined organic layers, filtration, and concentration in vacuo 
gave the crude product. Column chromatography on alumina 
using CHClfieOH (955) as eluent yielded 2.26 g (50%) of 
the pure base, which was converted into its fumarate salt and 
recrystallized, 17: TLC Rf (free base on alumina) = 0.18 
[CHClmeOH (95:5)1; lH NMR (89.55 MHz, DzO) 6 7.43-7.31 
(m, thiophene 2-CH and 5-CH), 7.09 (dd, J = 2.1 and 4.7 Hz, 
thiophene 4-CH), 6.35 (s, 1 H, fumarate CH=CH), 3.88-3.03 
(m, 2-CHz, 6-CH2, and 7-CHz), 2.52-1.29 (m, 4-CH, 5-CHz, and 

(thiophene C3), 136.78 (fumarate CH=CH), 129.00, 127.17, 
123.56, 71.27 (C3), 60.50 (C2), 47.77 and 47.12 (C6 and C7), 
32.58 (C4), 20.87 and 19.30 (C5 and (28). Anal. (C11H16- 

General Method IIa. 3-(3-Thienyl)quinuclidin-2-ene 
Fumarate (30). The free base of 17 (800 mg, 3.82 mmol) was 
dissolved in concentrated formic acid (10 mL). The solution 
was stirred under reflux for 2.5 h. The solution was made 
basic with 5 M aqueous sodium hydroxide and extracted with 
ether (5 x 150 mL). The combined organic layers were dried 
(KzCO3), filtered, and concentrated in vacuo to yield 700 mg 
(96%) of the pure base. The product was converted into its 
fumarate salt and recrystallized. 30: TLC Rf (free base on 
alumina) = 0.62 [CHClfleOH (95:5)1; lH NMR (89.55 MHz, 
CD30D) 6 7.72 (dd, J = 1.3 and 3.2 Hz, thiophene 2-CH), 7.71 
(dd, J = 2.7 and 5.1 Hz, thiophene 5-CH), 7.35 (dd, J = 1.3 
and 5.0 Hz, thiophene 4-CH), 6.98 (d, J = 1.4 Hz, 2-CH), 6.70 
(s, 1 H, fumarate CH=CH), 3.68-2.90 (m, 4-CH, 6-CH2, and 
7-CHz),2.27-1.53 (m,5-CHz and ~ -CHZ) ; '~C  NMR(22.5 MHz, 
CD30D) 6 174.06 (C-0), 144.07 (thiophene C3), 136.94 
(fumarate CH-CH), 136.20 (C3), 128.41, 125.51, 125.05, 
124.59, 51.24 (C6 and C7), 30.27 (C4), 25.02 (C5 and C8). 
Anal. (CllH13NS-O.5C4H404) C, H, N. 
3-(3-Benzofuranyl)quinuclidin-2-ene Oxalate (36). A 

solution of 2,3-dihydrobenzofuran-3-one (4.45 g, 33 mmol) in 
THF (30 mL) was added to a stirred solution of 3-lithioqui- 
nuclidin-2-ene (34) [generated from quinuclidin-3-one ((2,4,6- 
triisopropylpheny1)sulfonyl)hydrazone (33; 6.0 g, 14.8 mmol) 
in THF (150 mL)]l' a t  0 "C. The reaction was quenched after 
1 h with water (3 mL). The crude mixture was concentrated 
in vacuo, and the residue was dissolved in concentrated formic 
acid (20 mL). The mixture was stirred for 1 h at 100 "C, made 
basic with 5 M aqueous sodium hydroxide, and extracted with 
CHC13 (3 x 100 mL). The combined organic layers were dried 
(KzCO~), filtered, and concentrated in vacuo. The residue was 
purified by repetitive column chromatography, first on alumina 
using CHCl3 as eluent and then on silica using CHClJ 
methanol (9O:lO) as eluent, to yield 800 mg (24%) of pure base. 
The product was converted into its oxalate salt and recrystal- 
lized. 36: TLC Rf(free base on silica) = 0.35 (CHClJmethanol 
(9O:lO)); lH NMR (270 MHz, DMs0-d~)  6 8.56 (s, benzofuran 
2-CH), 7.90-7.84 (m, 1 ArH), 7.69 (m, 1 ArH), 7.47-7.36 (m, 
2 ArHs), 7.28 (br s, 2-CH), 3.63-3.47 and 3.17-3.02 (each m, 
6-CH2, 7-CH2, and 4-CH), 2.11-1.98 and 1.85-1.69 (each m, 
5-CHz and 8-CHz); 13C NMR (67.9 MHz, DMSO-ds) 6 163.34 
(C=O), 155.27 (benzofuran C7a), 145.75, 138.27, 125.37, 
123.86, 123.72, 123.66, 121.08, 115.00, 111.88, 49.65 (C6 and 

8-CH2); I3C NMR (22.5 MHz, DzO) 6 175.94 (C=O), 145.27 

NOS.0.5C4H404) C, H, N. 

c7), 28.19 (c4), 23.11 ( c5  and C8). Anal. (Ci~HiijN0'- 
(COOH)z*'/3HzO) C, H, N. 

General Method IIb. 3-(2-Benzothiazolyl)quinuclidin- 
2-ene Hydrochloride (39). A stirred mixture 21 (0.55 g of 
the free base, 2.11 mmol) and methanesulfonic acid (20 mL) 
was heated at  200 "C for 4 h. Crushed ice (-100 g) followed 
by 5 M aqueous sodium hydroxide (until pH 10 was reached) 
was carefully added to the reaction mixture. Extraction with 
ether (4 x 150 mL), drying (KzCO3) of the combined organic 
layers, filtration, and concentration in vacuo gave the crude 
product as a pale yellow solid. This material was purified by 
column chromatography on alumina using ether as eluent to 
yield 0.34 g (66%) of the base as a white solid which was 
converted into its hydrochloride salt and recrystallized. 39: 
TLC Rf (free base on alumina) = 0.42 (ether); 'H NMR (89.55 
MHz, CD30D) 6 8.11-7.98 (m, 2 ArH's), 7.68-7.39 (m, 2-CH 
and 2 ArHs), 4.14-3.60 and 3.52-3.13 (each m, 3 H and 2 H, 
respectively, 4-CH, 6-CH2, and 7-CHz), 2.44-1.69 (m, 5-CHz 
and 8-CHz); 13C NhTR (22.5 MHz, CD30D) 6 161.71 (benzothia- 
zole C2), 154.51 (benzothiazole C3a), 143.42 (C3), 136.13 
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(benzothiazole C7a), 130.24, 128.11, 127.86, 124.62, 123.19, 
51.85 (C6 and C7), 29.49 ((241, 24.18 (C5 and C8). Anal. 
(C14Hi4NzS.HCl) C, H, N. 

General Method 111. 3-(2-Benzofuranyl)quinuclidine 
Fumarate (47). The free base of 3-(2-benzofuranyl)quinucli- 
din-2-ene (31; 770 mg, 3.42 mmol) was dissolved in THF (50 
mL) and hydrogenated over 10% P d C  (-0.5 g) at  atmospheric 
pressure during 7.5 h. Filtration through Celite and concen- 
tration in vacuo afforded the crude product. This material was 
chromatographed on an alumina column using etherlmethanol 
(955) as eluent. The pure base (0.68 g, 87%) was obtained as 
a solid which was converted into its fumarate salt and 
recrystallized. 47: TLC Rf (free base on alumina) = 0.35 
[ether/methanol(95:5)1; 'H NMR (270 MHz, CD3OD) 6 7.58- 
7.54, 7.47-7.43 and 7.30-7.18 (each m, 1 H, 1 H and 2 H, 
respectively, ArHs), 6.81 (m, benzofuran 3-CH), 6.69 (s, 2 H, 
fumarate CH=CH), 3.81-3.60 (m, 2-CHz and 3-CH), 3.50- 
3.26 (m, obscured in part by solvent peaks, 6-CHz and Y-CHz), 
2.53-2.48 (m, 4-CH), 2.20-1.81 (m, 5-CHz and 8-CHz); 13C 
NMR (22.5 MHz, CD30D) 6 171.47 (C=O), 158.06 and 156.33 
(benzofuran C2 and C7a), 136.20 (fumarate CH=CH), 129.53 
(benzofuran C3a), 125.26, 124.03,121.93,111.80, 104.45,50.28 
(C2), 47.47 (two coinciding peaks, C6 and C7),62 34.90 (C3), 
26.19, 24.24, and 19.89 (C4, C5, and C8). Anal. (ClSH17- 

3-(2-Tetrahydrofuranyl)quinuclidine Fumarate (45a 
and 45b). The free base of 3-(2-furanyl)quinuclidin-2-ene (26 
1.04 g, 5.94 mmol) was dissolved in THF (55 mL) and 
hydrogenated over rhodium (5%) on alumina (-0.5 g) at  
atmospheric pressure during 27 h. The crude reaction mix- 
ture, which consisted of a 1: l  mixture of diastereomers 
together with minor impurities (-9%; GLC), was concentrated 
in vacuo. The diastereomers (45a and 45b) were separated 
by repetitive column chromatography on alumina (column 
size: 23 x 4 cm) using ammonia-saturated CHCldn-hexane 
(7:3)63 as eluent. The separated diastereomers [?99% de; GLC 
(temperature: 130 "C (oven)/300 "C (injector), carrier: 50 kPa) 
with retention times of 11.9 (45a) and 12.5 min (45b)l were 
further purified by two recrystallizations of the fumarate salts. 
This afforded 270 mg (31%) of 45a and 45b, respectively. 
45a: TLC Rf (free base on alumina) = 0.58 [ammonia- 
saturated CHCldn-hexane (3:l)I; lH NMR (89.55 MHz, CD3- 
OD) 6 6.67 (s, 2 H, fumarate CH=CH), 4.0-3.5 (m, 4H), 3.50- 
3.10 (m, 5 H), 3.02-2.70 (m, 1 H), 2.38-1.70 (m, 8 H), 1.70- 
1.32 (m, 1 H); 13C NMR (22.5 MHz, CD30D) 6 171.41 (C=O), 
136.20 (fumarate CH=CH), 79.65 (tetrahydrofuran C2), 68.93 
(tetrahydrofuran C5), 49.85,47.62, and 47.22 ((22, C6, and C7), 
40.12 (C3), 30.39, 26.47, 24.89, 22.64, and 19.27 (C4, C5, C8, 
and tetrahydrofuran ,L? C's). Anal. ( C ~ ~ H I ~ N O - C ~ H ~ O ~ )  C, H, 
N. 

45b: TLC Rf (free base on alumina) = 0.36 [ammonia 
saturated CHCldn-hexane (3:1)]; IH NMR (89.55 MHz, CD3- 
OD) 6 6.67 (s, 2 H, fumarate CH=CH), 4.02-3.50 (m, 4 H), 
3.50-3.06 (m, 6 H), 2.30-1.36 (m, 9 H); 13C NMR (22.5 MHz, 
CD30D) 6 171.40 (C=O), 136.20 (fumarate CH=CH), 81.75 
(tetrahydrofuran C2),68.99 (tetrahydrofuran C5), 50.96 (C2), 
47.65 and 47.10 (C6 and C7), 39.87 (C3), 31.25, 26.46, 25.48, 
24.46, and 19.98 (C4, C5, C8, and tetrahydrofuran ,?J C's). 
Anal. (CllH19NOC4H404) C, H, N. 
N-(Chloromethyl)-3-(2-tetrahydrofuranyl~quinuclid- 

inium Chloride (46). The fumarate salt of 45b (134 mg, 0.45 
mmol) was converted into the free base by alkalization 
(aqueous K&o3), extraction with CHCl3, drying (KzC03) of the 
organic layer, filtration, and concentration in vacuo. The 
resulting oil was dissolved in CHzClz (9 mL) and stirred for 
20 h a t  room temperature. Concentration in vacuo gave an 
oily residue which was triturated with ether to  remove traces 
of starting material. This afforded pure (TLC) but hygroscopic 
46 as a white powder. Drying under vacuum gave 110 mg 
(92%) of 46: lH NMR (270 MHz, CDCl3 6 5.88 (narrow m, CHZ- 
Cl), 4.20-3.50 (m, 9 H), 2.44 (s, 1 H), 2.40-1.80 (m, 8 H), 1.57- 
1.35 (m, 1 H); 13C NMR (67.9 MHz, CDC13) 6 79.80 (tetra- 
hydrofuran C2), 77.41 (CHZCl), 68.39 (tetrahydrofuran C5), 
55.90, 53.67, and 53.40 (C2, C6, and C7), 39.14 (C3), 30.46, 
25.39,25.28,24.24, and 20.14 (C4, C5, C8, and tetrahydrofuran 
,B C's). Anal: (C12HzIClzNO) C, H, N. 
3-(2,3-Dihydrobenzofuran-2-yl)quinuclidin Fumarate 

NOGH404) C, H, N. 
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(48a and 48b). The free base of 47 (6.87 g, 30.4 mmol) was 
dissolved in glacial acetic acid (200 mL) and hydrogenated over 
10% P d C  (-1 g) at  atmospheric pressure during 50 h. The 
reaction mixture was filtered through Celite, alkalinized with 
aqueous 5 M sodium hydroxide, and extracted with ether (5 
x 200 mL). The combined organic layers were dried (KzCO~), 
filtered, and concentrated in vacuo. This afforded the crude 
product (5.7 g, 81%) as a solid which consisted of a 1:l mixture 
of diastereomers 48a and 48b [GLC analysis; temperature, 
160 "C (oven)/280 "C (injector); carrier, 80 kPa) with retention 
times of 17.9 (48a) and 18.7 min (48b)l. A portion of the 
diastereomeric mixture (2.01 g) was separated by repetitive 
flash chromatography on silica gel (column size: 23 x 4 cm) 
using a gradient of ammonia-saturated ether/methanol(95:5 - 93:7) as eluent. This afforded 750 mg (75%) of 48a [>99% 
de (by GLC)] and 590 mg (59%) of 48b [>99% de (by GLC)]. 
The bases were converted into their fumarate salts and 
recrystallized. 48a: TLC Rf (free base on silica) = 0.33 
[ammonia-saturated ethedmethanol (92:8)1; 'H NMR (270 
MHz, DMSO&) 6 7.20, 7.07, 6.81 (each m, each 1 ArH), 6.73 
(app d, J = 7.9 Hz, 1 ArH), 6.42 (s, 1 H, fumarate CH=CH), 
4.80 (ddd, J = 8.8, 9.2 and 9.2 Hz, dihydrobenzofuran 2-CH), 
3.30 (dd, J = 8.7 and 15.7 Hz, dihydrobenzofuran 3-CH), 3.18 
(dd, J = 11.5 and 13.8 Hz, 2-CHI, 3.03-2.84 (m, 6-CHz and 
7-CHz), 2.80 (dd, J = 7.7 and 15.7 Hz, dihydrobenzofuran 
3-CH), 2.56 (ddd, J = 1.5,6.6, and 13.0 Hz, 2-CH), 2.14-1.98, 
1.98-1.80, and 1.78-1.46 (each m, 2 H, 1 H and 3 H, 
respectively, 3-CH, 4-CH, S-CHz, and 8-CHz); 13C NMR (22.5 
MHz, CD30D) 6 172.92 (C=O), 160.26 (dihydrobenzofuran 
C ~ U ) ,  136.60 (fumarate CH=CH), 129.09, 127.27 (dihydro- 
benzofuran C3a), 126.16, 121.81, 110.16, 82.86 (dihydroben- 
zofuran C2), 49.23, 47.50, and 47.13 (C2, C6, and C7), 40.03 
(C3), 34.31 (dihydrobenzofuran C3), 24.80, 22.33, and 19.33 
(C4, C5, and C8). Anal. ( C I ~ H I ~ N O * O . ~ C ~ H ~ O ~ )  C, H, N. 

48b: TLC Rf(free base on silica) = 0.40 [ammonia-saturated 
ether/methanol(92:8)1; 'H NMR (270 MHz, DMSO-ds) 6 7.20, 
7.08, 6.82 (each m, each 1 ArH), 6.76 (app d, J = 7.9 Hz, 1 
ArH), 6.46 (s, 2 H, fumarate CH=CH), 4.89 (ddd, S s  = 9.0 
Hz, dihydrobenzofuran 3.32 (m, 2-CH),65 3.27 (dd, J 
= 9.0 and 15.7 Hz, dihydrobenzofuran 3-CH),66 3.14-2.98 (m, 
2-CH, 6-CH2, and V-CHz), 2.91 (dd, J = 7.9 and 15.7 Hz, 
dihydrobenzofuran 3-CH), 2.14 (m, 3-CH), 1.98-1.84, 1.82- 
1.70, and 1.70-1.56 (each m, 2 H, 2 H, and 1 H, respectively, 
4-CH, 5-CH2, and 8-CHz); 13C NMR (22.5 MHz, CD3OD) 6 
171.47 (C=O), 160.35 (dihydrobenzofuran C7a), 136.20 
(fumarate CH=CH), 129.09,127.55 (dihydrobenzofuran C3a), 
126.10, 121.81, 110.26, 85.27 (dihydrobenzofuran C2), 50.80, 
47.65, and 47.10 (C2, C6, and C7), 40.24 ((231, 35.11 (dihy- 
drobenzofuran C3), 25.32, 23.53, and 19.80 (C4, C5, and C8). 
Anal. ( C ~ ~ H I ~ N O - C ~ H ~ O ~ )  C, H, N. 

General Method N. 3-(2-Benzofuranyl)quinuclidin- 
3-01 Methiodide (49). An excess of iodomethane (3.40 g, 24 
mmol) was added to  a stirred solution of 3-(2-benzofuranyl)- 
quinuclidin-3-01 (18; 584 mg of the free base, 2.4 mmol) in 
acetone at room temperature. This solution was stirred for 6 
h. The resulting quaternary ammonium salt was collected by 
filtration and triturated with acetone. This gave 798 mg (86%) 
of 49: lH NMR (270 MHz, CD30D) 6 7.62, 7.51 and 7.35- 
7.22 (each m, 1 H, 1 H and 2 H, respectively, ArH's), 7.03 (d, 
J~.H,~.H = 0.9 Hz, benzofuran 3-CH), 4.22 (dd, J =  2.5 and 13.3 
Hz, 2-CH), 3.70-3.40 (m, 2-CH, 6-CH2, and 7-CHz), 3.16 (s, 
CH3), 2.73-2.68, 2.62-2.52, and 2.15-1.83 (each m, 1 H, 1 
H, and 3 H, respectively, 4-CH, 5-CHz, and 8-CHz); 13C NMR 
(67.9 MHz, DMSO-&) 6 158.00 and 154.08 (benzofuran C2 and 
C7a), 127.36, 124.65, 123.03, 121.31,111.10, 103.66,68.46 and 
66.34 (C2 and C3), 55.59 and 54.77 (C6 and C7), 50.87 (CH3), 
29.48 (C4), 20.69 and 18.83 (C5 and C8). Anal. (C16HzoIN02) 
C, H, N. 

Determination of Ionization Constants.66 pK,'s were 
determined by potentiometric titration using a calibrated 
(buffers pH 7 and 10, Titrisol, Merck) glass pH electrode with 
an internal reference electrode (Mettler DG 111-SC) and an 
automatic titrator (Mettler DL25). The hydrochloride salt was 
dissolved in 50 mL of 0.1 M potassium chloride in carbonate- 
free water, giving a concentration of 0.005-0.01 M. The 
titration was performed with 0.1 M sodium hydroxide (Titrisol, 
Merck) by constant volume addition of 0.05 mL at 25 f 1 "C. 
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the preparations were washed several times during the 
stabilization, The urinary bladder strips were used for evalu- 
ation of antimuscarinic activity (see Pharmacological Results). 
Carbachol (carbamylcholine chloride) was used as the agonist. 
Concentration-response curves to carbachol were generated 
by cumultative dose-response technique. 

A control concentration-response curve to carbachol was 
generated by cumulative addition of carbachol to the bladder 
strip (i.e., stepwise increase of the agonist concentration until 
the maximal contractile response was reached), followed by 
washing out and a resting period of at least 15 min prior to  
addition of a fixed concentration of the test compound to the 
organ bath. After 60 min of incubation, a second cumulative 
concentration-response curve to carbachol was generated. 
Responses were expressed as percent of the maximal response 
to carbachol. ECso values for carbachol in the absence (control) 
and presence of antagonist were graphically derived and dose 
ratios (r) were calculated. Concentrations of test compound 
producing at least a 4-fold increase of the EC50 value for 
carbachol were used when calculating the dissociation con- 
stant, KB, for the antagonists; KB = [AY(r - l), where [AI is 
the concentration of the test compound.I1 
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Quinuclidine hydrochloride was used as a reference substance; 
observed pKa = 11.29 (lit.27a pK. = 11.29). Obtained pKa values 
are mean values of two or more independent measurements. 

Molecular Modeling. The semiempirical methods AM1 
and PM3 were used as implemented in the MOPAC package 
(version 5.0). The convergence criterion PRECISE was used. 
The structures were built, manipulated, and displayed in 
SYBYL 6.067 on an Evans and Sutherland ESV workstation 
(Evans and Sutherland Computer Corporation). Molecular 
mechanics calculations were performed using the MMX-89.0 
force field as included in the PCMODEL program. The 
dihedral facility in MMX was used. For alcohol 13 the H-BND 
option was activated during the dihedral driver process in 
order to  take into account intramolecular hydrogen bonding. 
All calculations of electrostatic potentials were performed in 
SPARTAN 3.0.68 Electron density surfaces were displayed at 
0.002 elau3. 

Pharmacology. Muscarinic Receptor Binding Stud- 
ies. The tissue preparations and the general methods used 
have been described in detail elsewhere for the parotid 
urinary bladder,39 heart,40 and cerebral cortex,40 respectively. 
Male guinea pigs (250-400 g of body weight) were killed by a 
blow on the neck and exsanguinated. The brain was placed 
on ice for dissection of the cerebral cortex (gray matter only). 
Urinary bladders, hearts, and parotid glands were dissected 
in a Krebs-Henseleit buffer (pH 7.4) containing 1 mM 
a-toluenesulfonyl fluoride (PMSF Sigma), a protease inhibitor. 
The Krebs-Henseleit buffer was composed of the following 
(mM): NaCl 118.0, KC1 5.36, CaCl2 2.52, MgSO4 0.57, and 
NaH2P04 1.17, NaHC03 25.0, and glucose 11.1. Dissected 
tissues were homogenized in an ice-cold sodium-potassium 
phosphate buffer (50 mM, pH 7.4) containing 1 mM PMSF, 
using a Polytron PT-10 instrument (bladder, heart, parotid) 
and a Potter-Elvehjem Teflon glass homogenizer (cortex). All 
homogenates were diluted with ice-cold phosphatePMSF 
buffer to a final protein concentration of 10.3 mg/mL and were 
immediately used in the receptor-binding assays. Protein was 
determined by the method of Lowry et  al.,69 using bovine 
serum albumin as the standard. 

The muscarinic receptor affinities of the unlabeled com- 
pounds were derived from competition experiments in which 
the ability to inhibit the receptor specific binding of (-)-[3H]- 
QNB (3-quinuclidinyl [phenyl-4-3Hlbenzilate, 32.9-45.4 Ci/ 
mmol) was monitored as previously d e s ~ r i b e d . ~ ~ ? ~ ~  Each 
sample contained 10 p L  of (-)-[3H]QNB solution (final con- 
centration 2 nM), 10 pL of a solution of test compound, and 
1.0 mL of tissue homogenate. Triplicate samples were mixed 
and incubated under conditions of equilibrium, i.e., a t  25 "C 
for 60 (urinary bladder), 80 (heart and cerebral cortex), or 210 
(parotid gland) min. Nonspecific binding was determined in 
the presence of 10 pM unlabeled atropine. Incubations were 
terminated by cent r i f~ga t ion ,~~ and the radioactivity in the 
pellets was determined by liquid scintillation spe~ t romet ry .~~  
IC50 values (concentration of unlabeled compound producing 
50% inhibition of the receptor specific (-)-L3HIQNB binding) 
were graphically determined from the experimental concentra- 
tion-inhibition curves. Affinities, expressed as the inhibition 
constants, Ki, were calculated by correcting the IC50 for the 
radioligand-induced parallel shift and differences in receptor 
concentration, using the method of Jacobs et aL70 The binding 
parameters for ( -)-[3H]QNB (KD and receptor densities) used 
in these calculations have been determined in a separate series 
of  experiment^.^^-^^ 

Functional in Vitro Studies. Male guinea pigs, weighing 
about 300 g, were killed by a blow on the neck and exsan- 
guinated. Smooth muscle strips of the urinary bladder were 
dissected in a Krebs-Henseleit solution (pH 7.4). The strip 
preparations were vertically mounted between two hooks in 
thermostatically controlled (37 "C) organ baths (5 mL). One 
of the hooks was adjustable and connected to a force trans- 
ducer (FT 03, Grass Instruments). The Krebs-Henseleit 
solution was continuously bubbled with carbogen gas (93.5% 
Od6.5% C02) to maintain the pH at 7.4. Isometric tension 
was recorded by a Grass Polygraph (Model 79D). A resting 
tension of approximately 5 mN was initially applied on each 
muscle strip, and the preparations were allowed to stabilize 
for a t  least 45 min. The resting tension was adjusted, and 
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