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A series of 26 derivatives of the novel muscarinic antagonist 3-(2-benzofuranyl)quinuclidin-2-
ene (1) has been synthesized and evaluated for muscarinic and antimuscarinic properties. The
affinity of the compounds was determined by competition experiments in homogenates of
cerebral cortex, heart, parotid gland, and urinary bladder from guinea pigs using (-)-[3H]-3-
quinuclidinyl benzilate as the radioligand, and the antimuscarinic potency was determined in
a functional assay on isolated guinea pig urinary bladder using carbachol as the agonist. The
5-fluorobenzofuranyl derivative was slightly more potent than 1. The 7-bromo-substituted 8
displayed a 14-fold tissue selectivity ratio for muscarinic receptors in the cortex versus the
parotid gland. Comparative molecular field analysis and quantitative structure-activity
relationship models were developed for this series of substituted benzofuranyl derivatives.

Introduction

Considerable research efforts have been devoted to
the development of centrally active muscarinic agonists
as a potential remedy for Alzheimer’s disease.1 At-
tempts have also been made to develop novel subtype-
selective muscarinic antagonists; M2 receptor-selective
drugs might be beneficial in the treatment of heart
disorders2 and possibly also in the therapy of Alzhei-
mer’s disease by acting as antagonists at autoreceptors
in the central nervous system (CNS).3 Furthermore, the
use of antagonists with selectivity for M1 and M3
receptors in the trachea has been suggested in the
treatment of lung disorders,4 and antagonists with
selectivity for muscarinic receptors in the bladder would
be useful in the treatment of incontinence.5 However,
fairly few receptor subtype-selective muscarinic antago-
nists have been reported, and, in addition, their selec-
tivity is moderate.6 Therefore, novel muscarinic an-
tagonists with increased subtype selectivity are of
interest. We have previously reported7 a number of
achiral muscarinic antagonists with structures related
to previously published chiral quinuclidine-derived ago-
nists.8 The most potent compound was 3-(2-benzofu-
ranyl)quinuclidin-2-ene (1).

We now present a series of 3-, 5-, and 7-substituted
derivatives of 1. The compounds were investigated for
their ability to displace (-)-[3H]-3-quinuclidinyl benzi-
late [(-)-[3H]QNB] from muscarinic receptors in cere-
bral 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
Synthesis. The syntheses of the derivatives of 1 are

outlined in Schemes 1-5. Physical data of intermedi-
ates and test compounds are presented in Table 1. 3-(2-
Benzofuranyl)quinuclidin-3-ol derivatives 2-5 (Schemes
1 and 2) were synthesized by using the Stephens-
Castro reaction (or Castro cyclization).9-11 This proce-
dure provides an efficient method for substituted ben-
zofuran derivatives from readily available starting
materials. Thus, 3-ethynylquinuclidin-3-ol12 and the
appropriate ortho-halogenated phenol were heated with
Cu2O in pyridine (method I).13 Dehydration of 2-4 to
the corresponding quinuclidin-2-ene derivatives 6-8
was accomplished by heating in concentrated formic acid
(method II).14 However, furo[3,2-b]pyridinyl derivative
5, which was prepared from 3-hydroxy-2-iodopyridine,
could not be dehydrated under these conditions and was
instead heated in concentrated methanesulfonic acid at
200 °C to produce 9 (Scheme 2).7,15 Compounds 10-14
were prepared without isolation of the intermediate
alcohol (method III).
The 3-bromobenzofuran derivative 16 was prepared

by a conceptually different route (Scheme 3) since it was
inaccessible by the Stephens-Castro procedure. 3-Bro-
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Scheme 1a

a Reagents: (a) Cu2O, pyridine; (b) HCOOH, 100 °C.
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mo-2-lithiobenzofuran,16 formed by treatment of 3-bro-
mobenzofuran with lithium diisopropylamide, was
quenched with 3-quinuclidinone. The resulting alcohol
15 was dehydrated in concentrated formic acid (method
II) to afford 16.

The substituted 3-(2-benzofuranyl)quinuclidin-2-ene
derivatives were converted into additional compounds
by use of a number of functional group transformations.
Dehalogenation of the aromatic iodides 11-14 to the
corresponding protium analogues 17-20 was accom-
plished by palladium-catalyzed reduction using sodium
formate as proton donor (method IV; Scheme 4).17 The
formyl-substituted compounds 6, 12, 14, 18, and 20were
reduced by treatment with NaBH4 in MeOH to give 21-
25, respectively (method V; Scheme 5). Methyl and
phenyl substituents were introduced in the 3-, 5-, and
7-positions of the benzofuran ring by submitting the
bromo-substituted derivatives 16, 7, and 8 to palladium-
catalyzed Stille18 and Suzuki19 type coupling reactions,
with tetramethyltin and phenylboronic acid, respec-
tively (methods VI and VII; Scheme 6). This procedure
produced the methyl-substituted derivatives 26 and 28
and phenyl-substituted derivatives 29-31. The 5-meth-
yl-substituted benzofuran derivative 27 was prepared

Table 1. Yields and Physical Data of Intermediates and Compounds Tested

compd
general
structure R3 R5 R7

prepn
methoda yield, % mp, °C

recrystn
solventsb formula

2 A H CHO OMe I 84 227-228 A C17H19NO4
3 A H Br H I 63 244-245 B C15H16BrNO2
4 A H H Br I 54 210-211 C C15H16BrNO2
5 B H H H I 53 203-204 A C14H16N2O2
6 C H CHO OMe II 86 220 dec D C17H17NO3‚(COOH)2
7 C H Br H II 96 168-169 D C15H14BrNO‚(COOH)2‚0.25H2O
8 C H H Br II 93 237-239 D C15H14BrNO‚HCl
9 D H H H a 58 212 dec D C14H14N2O‚(HCl)2
10 C H F H III 6 238-240 D C15H14FNO‚HCl
11 C H NO2 I III 47 255 dec D C15H15IN2O3‚HCl
12 C H CHO I III 64 270 dec E C16H14INO2‚HCl
13 C H CN I III 18 255 dec D C16H13IN2O‚HCl‚0.67H2O
14 C H I CHO III 54 210 dec F C16H14INO2‚(COOH)2
15 A Br H H a 91 157-159 G C15H16BrNO2
16 C Br H H II 82 dec F C15H14BrNO‚HCl
17 C H NO2 H IV 65 237 dec F C15H14N2O3‚HCl
18 C H CHO H IV 87 270 dec F C16H15NO2‚HCl
19 C H CN H IV 75 255 dec F C16H14N2O‚HCl
20 C H H CHO IV 79 255 dec F C16H15NO2‚HCl‚0.33H2O
21 C H CH2OH OMe V 99 203-204 D C17H19NO3‚(COOH)2
22 C H CH2OH I V 99 245 dec D C16H16INO2‚HCl
23 C H I CH2OH V 82 233-235 D C16H16INO2‚0.5(COOH)2
24 C H CH2OH H V 98 230 dec F C16H17NO2‚HCl
25 C H H CH2OH V 91 235 dec F C16H17NO2‚HCl
26 C CH3 H H VI 75 246 dec F C16H17NO‚HCl
27 C H CH3 H a 53 241-243 F C16H17NO‚HCl
28 C H H CH3 VI 83 209-210 H C16H17NO‚HCl
29 C Ph H H VII 65 241-243 F C21H19NO‚HCl
30 C H Ph H VII 99 242-244 F C21H19NO‚HCl
31 C H H Ph VII 99 240-242 F C21H19NO‚HCl
32 C H NH2 H a 73 280 dec I C15H16N2O‚(HCl)2‚0.33H2O
a See the Experimental Section. b A, ethyl acetate; B, chloroform; C, ethyl acetate-MeOH; D, MeOH-ether; E, acetonitrile-MeOH-

ether; F, acetonitrile; G, ethyl acetate-light petroleum; H, acetonitrile-ether; I, acetonitrile-MeOH.

Scheme 2a

a Reagents: (a) Cu2O, pyridine; (b) methanesulfonic acid, 200
°C.

Scheme 3

Scheme 4
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from the corresponding 5-hydroxymethyl derivative 24
by treatment with trifluoroacetic acid and triethylsi-
lane.20,21 The 5-nitro substituent of 17 was reduced to
an amino group, producing 32, using SnCl2/HCl as
reducing agent.

Pharmacological Results and Discussion

Receptor binding affinities (Ki; Table 2) of the 3-(2-
benzofuranyl)quinuclidin-2-ene22 derivatives for mus-

carinic receptors in the cerebral cortex, heart, parotid
gland, and urinary bladder from guinea pigs were
indirectly determined by competition experiments with
the radioligand (-)-[3H]QNB (3-quinuclidinyl [phenyl-
4-3H]benzilate).23-26 Antimuscarinic potencies (KB; Table
2) were evaluated by functional in vitro studies on
isolated guinea pig bladder, using carbachol as the
agonist. In the presence of antagonist, the concentra-
tion-response curves to carbachol were shifted in
parallel toward higher concentrations, but the maximal
responses remained unaffected. Thus, the inhibition
seemed to be competitive since it always could be
overcome by an increase in the carbachol concentration.
None of the compounds exhibited any muscarinic ago-
nist activity in the isolated urinary bladder when tested
in concentrations of 10-1000 µM.
The following effects on the receptor affinity for

muscarinic receptors in cortex of the various substitu-
tions in 1 were apparent: Substituents in the 3-position
had a limited effect on the affinity, lowering it 2-4-fold.
Introduction of a fluoro substituent in the 5-position of
the benzofuran ring (10) increased the affinity slightly.
All other 5-substituted compounds displayed lower
affinity than the unsubstituted 1. The 5-hydroxymeth-
yl-substituted 24 had 140-fold lower affinity than 1.
Introduction of substitutents in the 7-position gener-

ally caused less reduction in affinity. A 7-methyl or
bromo substituent lowered the affinity for muscarinic
receptors about 2-3-fold, and other substituents pro-
duced a more significant reduction in affinity. Changing
the heteroaromatic ring system of 1 to furo[3,2-b]-
pyridine (9) reduced the affinity 2-fold. Since this does
not affect the size of the ring system, the affinity may
be reduced due to the increased hydrophilicity and/or
different electronic properties.
All of the 5,7-disubstituted compounds exhibited

moderate to low affinity for muscarinic receptors. In-
terestingly, when introducing a 7-iodo substituent in the

Scheme 5

Scheme 6a

a Reagents: (a) phenylboronic acid, Pd(Ph3P)4, Na2CO3, DME;
(b) (CH3)4Sn, Pd(OAc)2, tri-o-tolylphosphine, DMF.

Table 2. Affinities (Ki) for Muscarinic Receptors, Determined by Competition Experiments with (-)-[3H]QNB, and Functional in
Vitro Data (KB), Determined on Isolated Urinary Bladder Strips from Guinea Pig vs Carbachola

Ki, nM KB, nM

compd cerebral cortex heart parotid gland urinary bladder urinary bladder

1b 9.6 ( 0.1 31 ( 4 59 ( 4 67 ( 15 33 ( 5
6 1170 ( 10 2040 ( 30 7600 ( 340 3900 ( 800 ndc
7 39 ( 3 86 ( 1 109 ( 24 156 ( 1 178 ( 50
8 15 ( 2 44 ( 5 216 ( 55 97 ( 2 123 ( 18
9 21 ( 1.7 61 ( 2 110 ( 26 83 ( 22 nd
10 6.3 ( 0.4 34 ( 9 30 ( 8 37 ( 5 nd
11 >150 ≈1900 >1000 ≈1600 nd
12 221 ( 11 517 ( 29 1300 ( 260 1000 ( 300 nd
13 440 ( 150 nd nd nd nd
14 358 ( 22 314 ( 17 2300 ( 270 600 ( 130 nd
16 40 ( 0.2 106 ( 21 161 ( 38 116 ( 8 nd
17 139 ( 0.4 460 ( 41 515 ( 12 nd nd
18 364 ( 38 920 ( 154 1571 ( 14 1300 ( 270 nd
19 60 ( 0.6 160 ( 11 236 ( 0.8 nd nd
20 648 ( 0.3 1612 ( 53 3023 ( 84 1700 ( 150 nd
21 3665 ( 52 5400 ( 150 ≈20000 9400 ( 200 ≈10000
22 197 ( 2 462 ( 52 970 ( 200 802 ( 2 nd
23 480 ( 60 1100 ( 200 2700 ( 300 2460 ( 40 nd
24 1400 ( 130 1840 ( 70 10700 ( 1600 2900 ( 600 13400 ( 450
25 330 ( 6 1360 ( 60 1024 ( 6 2000 ( 30 nd
26 25.3 ( 0.8 77.8 ( 0.1 204 ( 52 nd nd
27 116 ( 1 238 ( 8 295 ( 12 364 ( 39 nd
28 25 ( 2 76 ( 15 76 ( 6 nd nd
29 20 ( 2 72 ( 7 56 ( 4 107 ( 8 148 ( 8
30 289 ( 4 376 ( 24 410 ( 61 332 ( 7 nd
31 135 ( 0.7 260 ( 27 410 ( 80 330 ( 60 nd
32 212 ( 22 837 ( 27 683 ( 8 nd nd

a Values are means ( SEM of two to three experiments performed in triplicate. b Data are taken from ref 7. c nd ) not determined.
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5-hydroxymethyl derivative 24, the affinity increased
7-fold (22), whereas when introduced in the 5-cyano
derivative 19, the affinity was reduced 7-fold (13). The
other iodo-substituted derivatives showed only marginal
change in affinity compared to the corresponding desiodo
derivative.
It is noteworthy that the 7-bromo-substituted 8

displayed 14-fold selectivity for muscarinic receptors in
cortex versus parotid gland. This selectivity ratio is
similar to that previously found for pirenzepine (8-
fold).27 None of the other benzofuran derivatives dis-
played significant tissue selectivity. Since all com-
pounds except 8 showed limited selectivity, we used only
receptor affinities for cortex in the structure-activity
relationship (SAR) analysis.
Structure-Activity Relationships. This set of

substituted benzofuran derivatives showed moderate
affinities for muscarinic receptors. In order to be able
to understand the molecular properties that affect the
affinity, we chose to use two different methods: tradi-
tional quantitative structure-activity relationship
(QSAR) and comparative molecular field analysis (CoM-
FA).28 QSAR is attractive in this case since a large
number of descriptors are available for aromatic sub-
stituents and because it is straightforward to calculate
additional descriptors. The CoMFA method appealed
to us because the compounds are conformationally
restricted, and this makes the alignment less ambigu-
ous. CoMFA has the advantage of being able to visual-
ize regions in 3D-space where substituents would
increase or decrease the affinity.
The QSAR analysis was performed on 22 of the

substituted benzofuran derivatives. Only the 5- and
7-substituted compounds and the unsubstituted 1 were
included in the analysis. The 3-substituted derivatives
were omitted due to their limited numbers. In addition,
9 was omitted because it contains a different hetero-
cycle, and 11 was excluded because of lack of exact
biological data. The properties of the substituents were
decribed by using π,29 σ-meta, σ-para, molar refractivity
(MR),29 and verloops steric descriptors (B1, B5, and L).30
In addition 3-21 G* ab initio calculations were per-
formed on these compounds using SPARTAN 3.1.31 The
keyword QSAR was used in the calculations to generate
a number of molecular descriptors. These included
HOMO and LUMO energies, electronegativity, hard-
ness,32 molecular volume, surface area, ovality,33 lipo-
philicity, and dipole moment. Also included were the
atom charges of the aromatic atoms in the benzofuran
ring which were based on fits to the electrostatic
potential. The matrix, containing in total 32 descrip-
tors, was evaluated in SIMCA-S using PLS.34 The cross-
validated r2 (r2cv) was used to evaluate the models. The
derived model gave a r2 of 0.56 but a r2cv of only 0.27
(one principal component). To improve the model, the
number of variables was reduced by selecting only the
variables with a VIP number35 larger than 1.0. In
addition π-5, π-7, and the SPARTAN-calculated log P
were selected since the it has been suggested that
lipophilicity is important for muscarinic antagonism.36
This procedure reduced the number of variables to 15
(π-5,37 MR-5, B1-5, B5-5, L-5, π-7, B5-7, L-7, ovality,
surface area, molecular volume, log P, electrostatic
charge at C7, LUMO energy, and electronegativity). The
resulting model gave the same r2 but showed an
increase in r2cv to 0.40 using one principal component.

By including the square of the ovality descriptor, the
model improved considerably (r2 ) 0.87 and r2cv ) 0.67,
two principal components). An interaction between the
substituents in the 5- and 7-positions is not unlikely.
Therefore we also included the cross-term between π-5
and L-7 which gave an additional slight improvement
to yield a model with r2 ) 0.88 and r2cv ) 0.71 using
two principal components (Figure 1).38 In addition, a
PLS model for only the mono-5-substituted benzofuran
derivatives using π, MR, σ-meta, σ-para, L, B1, and B5
as descriptors produced a good model (r2 ) 0.92 and r2cv
) 0.82).39

The QSAR analysis indicates that the receptor affinity
for cortex of the benzofuran analogues is positively
influenced by the lipophilicity of the substituent in both
the 5- and 7-positions but negatively influenced by the
size of the substituents in these positions as decribed
by a number of size descriptors. The electronic proper-
ties of the aromatic ring appear to be of less importance,
but the models suggest that they have some influence
on the affinity as judged from the negative influence of
LUMO, electronegativity, and charge at C7. The QSAR
model suggests that for optimum cortical muscarinic
affinity, the benzofuran ring should be substituted with
small, lipophilic substituents in the 5- and 7-positions.
The CoMFA was performed on the same set of

compounds. Also in this study 11 was omitted, but the
furopyridine derivative 9 was included in the analysis.
The compounds were aligned by fitting all heavy atoms
in the quinuclidin-2-ene ring using 1 as a template.
They were superimposed in the same energetically
favored rotameric form, the benzofuran ring being
coplanar with the double bond in the quinuclidin-2-ene
ring and the benzofuran oxygen located distant from the
quinuclidin-2-ene nitrogen.7 Semiempirical PM3 charges
and geometries were used in the study. Conformational
preferences of the substituents were taken from dihe-
dral drives using the PM3 Hamiltonian and from the
literature.40 Throughout the superpositions, the same
conformation of a substituent was used for all com-
pounds. The compounds were included in a box, and
the steric and electrostatic interactions were evaluated
at grid points in the box. The CoMFA was performed
with a grid size of 2 Å41 using a positively charged
carbon as the probe atom. The variables were scaled

Figure 1. Plot of actual versus predicted affinities derived
from the QSAR model.
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using CoMFA standard scaling which gives identical
weight to CoMFA fields and additional variables (block
scaling). No column filtering was used in the analysis.
The steric and electrostatic cutoff values were set to 30
kcal/mol. The electrostatic interaction was dropped for
each compound within the steric cutoff values. The
analysis was made with cross-validation using the
“leave one out” procedure. The r2cv, which is a measure
of the predictive power of a model, was used to evaluate
the models. This value is always lower than the
conventional r2, and a r2cv > 0.5 is considered to indicate
a good predictive ability. We also included the π-sub-
stituent values, summed between the 5- and 7-substit-
uents, in the CoMFA since it has been suggested that
lipophilic properties increase the affinity of antago-
nists.36 This gave a slightly higher r2cv (see Table 3).
The derived CoMFAmodel, which included the π-values,
gave r2cv ) 0.60 (model 2, Table 3). The steric factors
made the major contribution to the CoMFA model
(Table 4). Compound 22 was the most poorly predicted
by the model. The r2cv increased when 22 was excluded
(models 4 and 5, Table 3). This compound was the only
iodo-substituted derivative that showed a considerably
higher affinity than the corresponding monosubstituted
analogue, which may help to rationalize why this
compound is less well predicted. However, we still chose
to include it in the final model (model 2, Figure 2). To
further test the CoMFA correlation, we excluded five
compounds (10, 13, 18, 21, and 28) from the set and
generated a CoMFA model of the remaining 16 com-
pounds. This lowered the r2cv to 0.26 (r2 ) 0.80). This
model was, however, still able to predict the excluded
compounds. A correlation coefficient (r2) of 0.96 was
found for a plot of actual versus predicted affinity
(Figure 3).
The CoMFA contour values were chosen from a steric

field distribution histogram to find contour values with
sufficient data points with a location in 3D-space where
the influence of field properties on affinity is the
greatest. Figure 4 shows that increased steric bulk in
the 5- and 7-positions of the benzofuran ring leads to
decreased affinity (yellow contours). Any positive influ-
ence of steric bulk could not be seen as indicated by the
abscence of green contours even at the 0.0001 level. The
CoMFA results also suggest that an increased negative
potential in the benzofuran ring would lead to an

increased affinity (red contours). In addition, the two
blue contours indicate regions were addition of groups
providing positive electrostatic potential may increase
affinity.
In conclusion, we have evaluated the structure-

activity relationships of a series of rigid muscarinic
antagonists using two different methods, QSAR and
CoMFA. Both methods produce acceptable models, as
judged by r2cv. They predict that steric bulk in the 5-
and 7-positions of the benzofuran ring is detrimental
for affinity to muscarinic receptors in the cortex and that
increased lipophilicity increases the affinity. The mod-
els also provide information on the influence of elec-
tronic properties of the benzofuran ring on affinity, and
they suggest that higher affinity may be obtained by
making the ring system more electron rich. Our data
further suggest that the studied molecules bind to the
muscarinic receptors in a region which is lipophilic and
sterically constrained allowing little room to add more
steric bulk in the investigated regions of the molecules.

Experimental Section
Chemistry. General Comments. Melting points (uncor-

rected) were determined in open glass capillaries on a Thomas-

Table 3. Summary of CoMFA Results for Models 1-4 (See
Figure 3 for a graphical representation of model 2)

model regressors r2cv
principal

components r2

standard
error of
estimate

F-
value

1 CoMFA 0.52 2 0.72 0.40 25.8
2 CoMFA + π 0.60 3 0.84 0.31 33.4
3 CoMFAa 0.61 5 0.78 0.36 34.5
4 CoMFA + πa 0.71 4 0.92 0.23 47.9
5 CoMFA + πb 0.26 3 0.80 0.30 19.2
a Compound 22 was excluded. b Compounds 10, 13, 18, 21, and

28 were excluded.

Table 4. Relative Contributions of the Steric and Electrostatic
Fields and the π Values for CoMFA Models 1-4

relative contributionCoMFA
model steric electrostatic π

1 0.73 0.27
2 0.65 0.17 0.18
3 0.75 0.25
4 0.68 0.14 0.18 Figure 2. Plot of actual versus predicted affinities derived

from CoMFA model 2.

Figure 3. Plot of actual versus predicted affinities of the test
set (10, 13, 18, 21, and 28) when using a CoMFA model
including π but generated without these compounds.
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Hoover apparatus. IR spectra were recorded on a Perkin
Elmer 298 infrared spectrophotometer. 1H and 13C NMR
spectra were recorded on a JEOL FX 90Q 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, and refer-
enced to internal tetramethylsilane. All spectra were in
accordance with the assigned structures. Capillary GLC
analyses were performed on a Carlo Erba 6000 Vega instru-
ment equipped with a FID-40 flame ionization detector and a
LDC Milton Roy CI-10B integrator; GLC column: DB-5 fused
silica gel (30 m, i.d. ) 0.32 mm); carrier helium (50-80 kPa).
Thin-layer chromatography was carried out on aluminum
sheets precoated with silica gel 60 F254 (0.2 mm) or aluminum
oxide 60 F254 neutral (type E) (E. Merck). Column chroma-
tography was performed on silica gel using Kiselgel 60 (230-
400 mesh), E. Merck, or on aluminum oxide using aluminum
oxide 90, E. Merck. Chromatographic spots were visualized
by UV and/or I2 vapor. The elemental analyses were per-
formed by Mikro Kemi AB, Uppsala, Sweden, and were within
(0.4% of the calculated values.
Synthesis. Below are given representative examples of the

reactions presented in Table 1.
3-(5-Formyl-7-methoxy-2-benzofuranyl)quinuclidin-

3-ol (2). Method I. 3-Ethynylquinuclidin-3-ol12 (3 g, 19.8
mmol) was added to a suspension of 5-iodovanillin (5.52 g, 19.8
mmol) and Cu2O (1.7 g, 11.9 mmol) in dry pyridine (50 mL).
The mixture was refluxed under N2 over night. The pyridine
was evaporated under reduced pressure, and the residue was
purified by chromatography on Al2O3 using gradient elution
(CHCl3-CHCl3 + 5%MeOH) to yield 5.0 g (84%) of 2: Rf (base)
0.49 (Al2O3, CHCl3 + 5% MeOH); mp 227-228 °C; 1H NMR
(DMSO-d6) δ 10.01 (s, 1H, CHO), 7.84 (s, 1H), 7.37 (s, 1H),
7.08 (s, 1H), 5.62 (s, 1H, OH), 4.01 (s, 3H, CH3O), 3.45-3.35
(1H, partly obscured), 2.90-2.60 (m, 5H), 2.25-2.17 (m, 1H),
2.15-2.00 (m, 1H), 1.55-1.15 (m, 3H); 13C NMR δ 192.29,
164.20, 146.63, 145.30, 132.94, 129.63, 118.51, 104.60, 103.25,
68.84, 60.65, 55.78, 46.45, 45.64, 30.96, 23.09, 20.40. Anal.
(C17H19NO4) C, H, N.
3-(5-Formyl-7-methoxy-2-benzofuranyl)quinuclidin-2-

ene Oxalate (6). Method II. Compound 2 (4.18 g, 13.9
mmol) was dissolved in concentrated formic acid (60 mL). The
solution was stirred under reflux for 12 h. The mixture was
made basic with 5 M NaOH and extracted with CHCl3 (3 ×
150 mL). The combined organic layers were dried (K2CO3) and
concentrated. The residue was purified by chromatography
on Al2O3 using CHCl3 as eluent to give 3.37 g (86%) of pure 6.

A small sample was converted into the oxalate and recrystal-
lized in MeOH-ether: Rf (base) 0.65 (Al2O3, CHCl3); mp 220
°C dec; 1H NMR (DMSO-d6) δ 10.03 (s, 1H, CHO), 7.92 (s, 1H),
7.59 (s, 1H), 7.46 (s, 1H), 7.23 (s, 1H), 3.65-3.50 (m, 3H), 3.15-
3.00 (m, 2H), 2.15-2.00 (m, 2H), 1.80-1.65 (m, 2H); 13C NMR
δ 192.18, 151.08, 146.97, 145.35, 135.83, 133.53, 129.52,
126.68, 118.74, 107.28, 106.30, 56.01, 49.34 (C6 and C7), 26.76
(C4), 23.43 (C5 and C8). Anal. (C17H17NO3‚(COOH)2) C, H,
N.
3-(5-Formyl-7-iodo-2-benzofuranyl)quinuclidin-2-

ene Hydrochloride (12). Method III. 3-Ethynylquinucli-
din-3-ol (3 g, 19.8 mmol)12 was added to a suspension of 3,5-
diiodo-4-hydroxybenzaldehyde (5.52 g, 19.8 mmol) and Cu2O
(1.7 g, 11.9 mmol) in dry pyridine (50 mL). The mixture was
refluxed under N2 for 2 h. The pyridine was evaporated under
reduced pressure, and the residue was purified by chroma-
tography on Al2O3 using gradient elution (CHCl3-CHCl3 + 5%
MeOH). The product was triturated with ether to yield 6.0 g
of 3-(5-formyl-7-iodo-2-benzofuranyl)quinuclidin-3-ol. Part of
this product (3.0 g, 7.55 mmol) was taken out and dissolved
in concentrated formic acid (25 mL). The solution was refluxed
for 3 days, alkalinized with 5 M NaOH, extracted with CHCl3
(3 × 150 mL), dried (K2CO3), and concentrated under reduced
pressure to yield 2.42 g (64% overall yield) of pure 12. The
product was converted into the hydrochloride and recrystal-
lized fromMeCN-MeOH-ether: Rf (base) 0.69 (Al2O3, CHCl3);
mp 270 °C dec; 1H NMR (DMSO-d6) δ 10.01 (s, 1H, CHO), 8.29
(s, 2H), 7.79 (s, 1H), 7.18 (s, 1H, C2-H), 3.70-3.55 (m, 3H,
C4-H, C6-H, C7-H), 3.20-3.05 (m, 2H, C6-H, C7-H), 2.15-
2.00 (m, 2H, C5-H, C8-H), 1.85-1.65 (m, 2H, C5-H, C8-H);
13C NMR δ 191.32 (CdO), 157.90, 150.85, 135.47, 135.18,
134.07, 127.94, 125.55, 124.33, 108.48, 76.89 (benzofuran C7),
49.70 (C6 and C7), 26.58 (C4), 22.93 (C5 and C8). Anal.
(C16H14INO2‚HCl) C, H, N.
3-(5-Formyl-2-benzofuranyl)quinuclidin-2-ene Hydro-

chloride (18). Method IV. A mixture of 12 (0.96 g, 2.55
mmol), sodium formate (0.87 g, 12.73 mmol), and Pd(Ph3P)4
(0.088 g, 0.076 mmol, 3%) in DMF (20 mL) was heated at 120
°C for 10 min. The mixture was concentrated under reduced
pressure, and the residue was purified by chromatography on
SiO2 using CHCl3 + 15% MeOH as eluent to give 0.56 g (87%)
of pure 18. A sample was converted into the hydrochloride
and recrystallized from MeCN: Rf (base) 0.42 (Al2O3, CHCl3);
mp 270 °C dec; 1H NMR (DMSO-d6) δ 10.08 (s, 1H, CHO), 8.31
(d, J ) 1.65 Hz, 1H), 7.96 (dd, J ) 1.65, 8.58 Hz, 1H), 7.82 (d,
J ) 8.58 Hz, 1H), 7.66 (s, 1H), 7.20 (s, 1H), 3.70-3.55 (m, 3H),

Figure 4. Stereoscopic representation of CoMFA model 2. Included within the CoMFA contours is compound 1. The contour
levels are made using actual STDEV*COEFF values. The red electrostatic contours (-0.002) indicate areas where negative groups
are beneficial for activity, i.e., where they lower the Ki value. Blue contours (0.0002) indicate areas where positive groups increase
the affinity. The absence of green contours (0.0001) indicates that there are no areas where an increase in steric bulk would
increase the activity. Yellow contours (-0.02) indicate areas where steric bulk is detrimental to the biological activity.
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3.20-3.00 (m, 2H), 2.15-2.00 (m, 2H), 1.85-1.65 (m, 2H); 13C
NMR δ 192.29 (CHO), 157.66, 150.87, 135.88, 132.52, 128.32,
126.95, 125.16, 124.85, 112.02, 107.47, 49.70 (C6 and C7),
26.61 (C4), 22.96 (C5 and C8). Anal. (C16H15NO2‚HCl) C, H,
N.
3-[7-(Hydroxymethyl)-5-iodo-2-benzofuranyl]quinucli-

din-2-ene Oxalate (23). Method V. NaBH4 (0.015 g, 0.40
mmol) was added to a solution of 14 (0.30 g, 0.79 mmol) in
MeOH (15 mL). The mixture was stirred for 2 h at room
temperture, aqueous HCl (3 mL, 1 M) was added, and the
MeOH was evaporated under reduced pressure. The residue
was alkalinized with 5 M aqueous NaOH and extracted with
CHCl3 (5 × 40 mL). The combined organic layers were dried
(K2CO3) and concentrated under reduced pressure. The
residue was purified by chromatography on Al2O3 using CHCl3
+ 5% MeOH as eluent. The product was converted into the
oxalate and recrystallized from MeOH-ether to provide 0.28
g (82%) of 23: Rf (base) 0.56 (Al2O3, CHCl3 + 5% MeOH); mp
233-235 °C; 1H NMR (DMSO-d6) δ 7.90 (s, 1H), 7.62 (s, 1H),
7.19 (s, 1H), 7.14 (s, 1H), 4.76 (s, 1H, OH), 3.40-3.20 (m, 3H),
2.87-2.70 (m, 2H), 2.00-1.85 (m, 2H), 1.70-1.50 (m, 2H); 13C
NMR δ 151.35, 151.03, 136.49, 132.99, 131.48, 130.51, 128.19,
127.99, 103.63, 87.24, 56.85, 49.15 (C6 and C7), 26.92 (C4),
25.41 (C5 and C8). Anal. (C16H16INO2‚0.5(COOH)2) C, H, N.
3-(7-Methyl-2-benzofuranyl)quinuclidin-2-ene Hydro-

chloride (28). Method VI. A mixture of 8 (0.20 g, 0.66
mmol), tetramethyltin (1.18 g, 6.6 mmol), Pd(OAc)2 (0.003 g,
0.013 mmol, 2%) and tri-o-tolylphosphine (0.016 g, 0.053 mmol,
8%) in DMF (4 mL) was heated in a small, tightly sealed round
bottom flask (5 mL) at 120 °C for 18 h. The reaction mixture
was concentrated under reduced pressure, and the residue was
purified by chromatography on SiO2 using CHCl3 + 10%
MeOH as eluent to provide 0.13 g (83%) of 28. The product
was converted into the hydrochloride and recrystallized from
MeCN-ether: Rf (base) 0.38 (SiO2, CHCl3 + 10% MeOH); mp
209-210 °C; 1H NMR (DMSO-d6) δ 7.55-7.40 (m, 2H), 7.20-
7.15 (m, 2H), 7.13 (s, 1H, C2-H), 3.7-3.5 (m, 3H), 3.15-3.00
(m, 2H), 2.49 (s, 3H), 2.15-2.00 (m, 2H), 1.80-1.65 (m, 2H);
13C NMR δ 153.49, 148.66, 136.40, 127.18, 126.81, 123.77,
123.48, 120.82, 119.15, 107.46, 49.74 (C6 and C7), 26.59 (C4),
23.00 (C5 and C8), 14.46 (CH3). Anal. (C16H17NO‚HCl) C, H,
N.
3-(7-Phenyl-2-benzofuranyl)quinuclidin-2-ene Hydro-

chloride (31). Method VII. Pd(Ph3P)4 (0.086 g, 0.074 mmol,
3%) was added to a solution of 8 (0.75 g, 2.5 mmol) in
dimethoxyethane (8 mL). The mixture was stirred for 10 min,
and phenylboronic acid (0.33 g, 2.73 mmol) and Na2CO3 (1 M,
6 mL) were added. The reaction mixture was refluxed for 2.5
h, concentrated under reduced pressure, and extracted with
CHCl3 (4 × 30 mL). The combined organic layers were dried
(K2CO3) and concentrated under reduced pressure. The
residue was purified by chromatography on first Al2O3 using
ether + 10% MeOH as eluent and then on SiO2 using CHCl3
+ 10% CHCl3 as eluent to afford 0.74 g (99%) of pure 31. The
product was converted into the hydrochloride and recrystal-
lized from MeCN: Rf (base) 0.41 (SiO2, CHCl3 + 10% MeOH);
mp 240-242 °C; 1H NMR (DMSO-d6) δ 7.92-7.86 (m, 2H),
7.73-7.52 (m, 5H), 7.49-7.37 (m, 2H), 7.07 (s, 1H, C2-H),
3.70-3.55 (m, 3H, C4-H, C6-H, C7-H), 3.20-3.00 (m, 2H, C6-
H, C7-H), 2.15-2.00 (m, 2H, C5-H, C8-H), 1.80-1.65 (m, 2H,
C5-H, C8-H); 13C NMR δ 151.55, 149.20, 136.08, 135.25,
128.78, 128.62, 128.10, 127.90, 125.21, 124.45, 124.17, 124.08,
121.08, 107.33, 49.77 (C6 and C7), 26.65 (C4), 23.00 (C5 and
C8). Anal. (C21H19NO‚HCl) C, H, N.
3-(5-Methyl-2-benzofuranyl)quinuclidin-2-ene Hydro-

chloride (27). Triethylsilane (2.73 mL, 17.1 mmol) and
trifluoroacetic acid (2.42 mL, 31.4 mmol) were added to a
solution of 24 (0.69 g, 2.7 mmol) in CHCl3 (2 mL). The mixture
was stirred for 1 h at room temperature, an additional 2 mL
of trifluoroacetic acid was added, and the temperature was
raised to 60 °C. After 5 h the reaction was quenched by
addition of 5 M aqueous NaOH. The mixture was extracted
with CHCl3, and the combined organic layers were dried (K2-
CO3) and condensed under reduced pressure. The residue was
purified by chromatography on SiO2 using CHCl3 + 10%
MeOH as eluent to provide 0.34 g (53%) of 27. The product

was converted into the hydrochloride and recrystallized from
MeCN: Rf (base) 0.62 (Al2O3, CHCl3); mp 241-243 °C; 1H NMR
(DMSO-d6) δ 7.52-7.46 (m, 2H), 7.41 (s, 1H), 7.24-7.18 (m,
1H), 7.08 (m, s, 1H), 3.7-3.5 (m, 3H), 3.15-3.00 (m, 2H), 2.40
(s, 3H, CH3), 2.15-1.95 (m, 2H), 1.80-1.60 (m, 2H); 13C NMR
δ 153.41, 149.45, 136.82, 132.90, 128.18, 127.75, 123.83,
121.71, 111.07, 107.41, 49.99 (C6 and C7), 27.03 (C4), 23.35
(C5 and C8), 21.16 (CH3). Anal. (C16H17NO‚HCl) C, H, N.
3-(5-Amino-2-benzofuranyl)quinuclidin-2-ene Hydro-

chloride (32). A solution of SnCl2‚(H2O)2 (2.50 g, 11.1 mmol)
in concentrated HCl (37%, 10 mL) was added to a solution of
17 (1.0 g, 3.7 mmol) in concentrated acetic acid (10 mL). The
mixture was stirred at room temperature for 14 h, made basic
with 5 M NaOH, and extracted with CHCl3 (4 × 150 mL). The
combined organic layers were dried (K2CO3) and concentrated
under reduced pressure. The residue was purified by chro-
matography on SiO2 using CHCl3 + 10% MeOH as eluent to
afford 0.65 g (73%) of pure 32. The product was converted
into the hydrochloride and recrystallized from MeCN-
MeOH: Rf (base) 0.27 (Al2O3, CHCl3); mp 280 °C dec; 1H NMR
(DMSO-d6) δ 7.78-7.71 (m, 2H), 7.58 (s, 1H), 7.45-7.38 (m,
1H), 7.16 (s, 1H), 3.70-3.50 (m, 3H), 3.20-3.00 (m, 2H), 2.20-
2.00 (m, 2H), 1.80-1.60 (m, 2H); 13C NMR δ 153.35, 150.69,
136.10, 128.50, 128.05, 124.64, 121.22, 116.11, 112.28, 107.20,
49.72 (C6 and C7), 26.72 (C4), 22.99 (C5 and C8). Anal.
(C15H16N2O‚(HCl)2‚0.33H2O) C, H, N.
3-(3-Bromo-2-benzofuranyl)quinuclidin-3-ol (15). A

solution of LDA (11.7 mL, 2 M, 23.4 mmol) in THF/n-heptane
was added dropwise to a stirred solution of 3-bromobenzofuran
(4.23 g, 21.5 mmol) in dry THF (100 mL) at -78 °C. After
stirring for 2 h a solution of 3-quinuclidinone (2.44 g, 19.5
mmol) in dry THF (10 mL) was added. The mixture was
allowed to slowly reach room temperature over 10 h. The
reaction was quenched by addition of water (5 mL), and the
mixture was concentrated under reduced pressure. The
residue was purified by chromatography on Al2O3 columns,
initially with gradient elution (EtOAc f EtOAc + 10%MeOH)
and then with EtOAc + 5% MeOH as eluent to yield 5.74 g
(91%) of 15: Rf (base) 0.72 (Al2O3, CHCl3 + 5% MeOH); mp
157-159 °C; 1H NMR (CDCl3) δ 8.55 (s, 1H, OH), 7.58-7.25
(m, 4H), 4.01 (d, J ) 14.4 Hz, 1H, C2-H), 3.17 (d, J ) 14.4 Hz,
1H, C2-H), 3.10-2.95 (m, 1H), 2.90-2.60 (m, 4H), 2.40-2.25
(m, 1H), 1.70-1.35 (m, 3H); 13C NMR δ 156.24, 152.49, 128.95,
125.34, 123.45, 119.66, 111.37, 93.89, 71.34, 59.87, 46.67,
45.77, 31.27, 23.00, 20.61. Anal. (C15H16BrNO2) C, H, N.
3-(2-Furo[3,2-b]pyridinyl)quinuclidin-2-ene Hydro-

chloride (9). Compound 5 (0.30 g, 1.23 mmol) was dissolved
in concentrated methanesulfonic acid (20 mL). The solution
was heated at 200 °C for 4 h. The mixture was made basic
with NaOH and extracted with CHCl3 (3 × 150 mL). The
combined organic layers were dried (K2CO3) and concentrated
under reduced pressure. The residue was purified by column
chromatography, first on Al2O3 using CHCl3 as eluent and then
on SiO2 using CHCl3 + 5%MeOH as eluent to give 0.16 g (58%)
of pure 9. The product was converted into the hydrochloride
and recrystallized from MeOH-ether: Rf (base) 0.38 (Al2O3,
CHCl3); mp 212 °C dec; 1H NMR (DMSO-d6) δ 8.63 (d, J )
4.78 Hz, 1H), 8.20 (d, J ) 8.41 Hz, 1H), 7.76 (s, 1H), 7.52 (dd,
J ) 4.78, 8.41 Hz, 1H), 7.30 (s, 1H, C2-H), 3.75-3.55 (m, 3H,
C4-H, C6-H, C7-H), 3.20-3.00 (m, 2H, C6-H, C7-H), 2.20-
2.00 (m, 2H, C5-H, C8-H), 1.85-1.70 (m, 2H, C5-H, C8-H);
13C NMR δ 153.31, 148.28, 145.78, 145.14, 135.99, 126.07,
120.90, 120.03, 106.59, 49.58 (C6 and C7), 26.50 (C4), 22.86
(C5 and C8). Anal. (C14H14N2O‚(HCl)2) C, H, N.
Muscarinic Receptor Binding Studies. The tissue

preparations and general methods used have been described
in detail elsewhere for the parotid gland,23 urinary bladder,24
heart,25 and cerebral cortex,25 respectively. Cerebral cortex
in rat expresses a mixture of muscarinic receptor subtypes (M1

40%, M2 30%, M3 5%, and M4 20%) as found with immuno-
precipitation.42,43 The heart expresses a homogeneous popula-
tion of the M2 subtype, in rat and rabbit.44,45 Parotid gland
contains 93% of M3, determined with specific antibodies for
M1-M5, in rat.46 In the urinary bladder the predominant
subtype is M2, and a smaller population of M3 is present, in
rat, rabbit, guinea pig, and human bladder.47
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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 phenylmethanesulfonyl fluoride (PMSF; a protease inhibi-
tor). Dissected tissues were homogenized in an ice-cold
sodium-potassium phosphate buffer (50 mM, pH 7.4) contain-
ing 1 mM PMSF, using a Polytron PT-10 instrument (bladder,
heart, parotid) and a Potter-Elvehjem Teflon homogenizer
(cortex). All homogenates were diluted with ice-cold phosphate/
PMSF buffer to a final protein concentration of e0.3 mg/mL
and immediately used in the receptor binding assays. Protein
was determined by the method of Lowry et al.,48 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 (32.9 Ci/mmol) was monitored as previously described.25,26
Each sample contained 10 µL of (-)-[3H]QNB solution (final
concentration 2 nM), 10 µL of a solution of test compound, and
1.0 mL of tissue homogenate. Triplicate samples were incu-
bated under conditions of equilibrium, i.e., at 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 µM unlabeled atropine. Incubations were
terminated by centrifugations,24 and the radioactivity in the
pellets was determined by liquid scintillation spectrometry.24

IC50 values (concentration of unlabeled compound producing
50% inhibition of the receptor specific (-)-[3H]QNB binding)
were graphically determined from the experimental concentra-
tion-inhibition curves. Affinities, expressed as the inhibition
constants (Ki values), were calculated by correcting the IC50

for the radioligand-induced parallel shift and differences in
the receptor concentration, using the method of Jacobs et al.49
The binding parameters for (-)-[3H]QNB (KD and receptor
densities) used in these calculations have been determined in
separate series of experiments.23-25

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
the thermostatically controlled (37 °C) organ baths (5 mL). One
of the hooks was adjustable and connected to a force trans-
ducer (FT 03, Grass Instrument). The Krebs-Henseleit
solution was continuously bubbled with carbogen gas (93.5%
O2/6.5% CO2) 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 washed several times
during the stabilization. The urinary bladder strips were used
for evaluation of antimuscarinic and muscarinic activity (see
Pharmacological Results and Discussion). Carbachol (car-
bamoylcholine chloride) was used as the agonist. Concentra-
tion-response curves to carbachol were generated by cumu-
lative dose-response technique.
In studies of antagonism, a control concentration-response

curve to carbachol was generated by cumulative addition of
carbachol to the bladder strip (i.e., a 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 (antagonist) to the organ bath. After 60
min of incubation with antagonist, a second cumulative
concentration-response curve to carbachol was generated.
Responses were expressed as percent of the maximal response
to carbachol. EC50 values for carbachol in the absence (control)
and presence of antagonist were graphically derived, and dose
ratios (r) were calculated. Dissociation constants, KB, for the
antagonists were then calculated by KB ) [A]/r - 1, where [A]
is the concentration of the test compound.50

Computational Methods. The PLS analyses were per-
formed in Simca-S for Windows version 5.1.51 PM3 and ab
initio calculations were performed in SPARTAN 3.1.31
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Substitutions. Scope and Mechanism of Cuprous Acetylide
Substitutions. J. Am. Chem. Soc. 1969, 91, 6464-6470. For
reviews describing the Stephens-Castro reaction, see also:
Posner, G. H. Substitution Reactions Using Organocopper
Reagents. Org. React. 1975, 22, 253-400. Haglund, O. Copper-
Mediated Vicarious Nucleophilic Substitution. Thesis, University
of Gothenburg, 1993.

(10) For examples of the Stephens-Castro reaction in the synthesis
of biologically active compounds, see: (a) Schreiber, F. G.;
Stevenson, R. Synthesis of Benzofuran Styrax Extractives. J.
Chem. Soc. Perkin Trans. I 1976, 1514-1518. (b) Schneiders,
G. E.; Stevenson, R. Synthesis of (()-Machicendiol. J. Org. Chem.
1979, 44, 4710-4711. (c) Yang, Z.; Hon, P. M.; Chui, K. Y.; Xu,
Z. L.; Chang, H. M.; Lee, C. M.; Cui, Y. X.; Wong, H. N. C.; Poon,
C. D.; Fung, B. M. Naturally Occurring Benzofuran - Isolation,

3276 Journal of Medicinal Chemistry, 1996, Vol. 39, No. 17 Nordvall et al.



Structure Elucidation and Total Synthesis of 5-(3-Hydroxypro-
pyl)-7-Methoxy-2-(3′-Methoxy-4′-Hydroxyphenyl)-3-Benzo[b]Furan-
carbaldehyde, a Novel Adenosine-A1 Receptor Ligand Isolated
from Salvia-Militorrhiza Bunge (Danshen). Tetrahedron Lett.
1991, 32, 2061-2064. (d) Wong, H. N. C.; Niu, C. R.; Yang, Z.;
Hon, P. M.; Chang, H. M.; Lee, C. M. Regiospecific Introduction
of Carbon-3 Formyl Group to 2,5-Dialkyl-7-methoxybenzo[b]-
furans: Synthesis of Potential Ligands for Adenosine A1 Recep-
tors. Tetrahedron 1992, 48, 10339-10344. (e) Yang, Z.; Liu, H.
B.; Lee, C. M.; Chang, H. M.; Wong, H. N. C. Regioselective
Introduction of Carbon-3 Substituents to 5-Alkyl-7-methoxy-2-
phenylbenzo[b]furans - Synthesis of a Novel Adenosine-A1
Receptor Ligand and Its Derivatives. J. Org. Chem. 1992, 57,
7248-7257. (f) Zubia, E.; Luis, F. R.; Massanet, G. M.; Collado,
I. G. An Efficient Synthesis of Furanocoumarins. Tetrahedron
1992, 48, 4239-4246.

(11) Several groups have used palladium catalysis to perform similar
types of reactions; see, for example: (a) Villemin, D.; Goussu,
D. PalladiumHomogeneous and Supported Catalysis: Synthesis
of Functional Acetylenics and Cyclisation to heterocycles. Het-
erocycles 1989, 29, 1255-1261. (b) Candiani, I.; DeBernadinis,
S.; Cabri, W.; Marchi, M.; Bedeschi, A.; Penco, S. A Facile One-
Pot Synthesis of Polyfunctionalized 2-Unsubstituted Benzo[b]-
furans. Syn. Lett. 1993, 269-270.

(12) (a) Clemo, G. R.; Hoggarth, E. 81. 5-Ethinylruban-5-ol and
Related Compounds. J. Chem. Soc. 1941, 476-477. (b) Ernest,
J. Collect. Czech. Chem. Commun. 1950, 15, 322-334.

(13) Doad, G. J. S.; Barltrop, J. A.; Petty, C. M.; Owen, T. C. A
Versatile and Convenient Synthesis of Benzofurans. Tetrahedron
Lett. 1989, 30, 1597-1598.

(14) Attempts to synthesize quinuclidin-2-ene derivatives directly
from 3-ethynylquinuclidin-2-ene and an ortho-halogenated phe-
nol were unsuccessful.

(15) For the preparation of 2-phenylfuro[3,2-b]pyridine using the
Steven-Castro reaction, see: Owsley, D. C.; Castro, C. E.
Substitution of Aryl Halides with Copper(I) Acetylides: 2-phen-
ylfuro[3,2-b]pyridine. Org. Synth. 1972, 52, 128-131.

(16) Eggler, J. F.; Holland, G. F.; Johnson, M. R.; Volkmann, R. A.
International Patent No. WO 86/07056, 1986; Chem. Abstr. 1987,
107:39794q.

(17) Helquist, P. PalladiumHydrides in Organic Synthesis. Reduction
of Aryl Bromides by Sodium Formate Catalyzed by Tetrakis-
(triphenylphosphine)palladium. Tetrahedron Lett. 1978, 1913-
1914.

(18) Davies, S. G.; Pyatt, D. Synthesis of 1-Substituted Derivatives
of Codeine from 1-Bromocodeine via Palladium Catalysed Cou-
pling Reactions. Heterocycles 1989, 28, 163-166.

(19) Peters, D.; Hörnfeldt, A.-B.; Gronowitz, S.; Johansson N.-G.
Synthesis of various 5-substituted 2′-deoxy-3′,5′-di-O-acetylu-
ridines. J. Heterocycl. Chem. 1991, 28, 529-531.

(20) See, for example: Kursanov, D. N.; Parnes, Z. N.; Loim, N. M.
Applications of Ionic Hydrogenation to Organic Synthesis.
Synthesis 1974, 633-651 and references cited therein.

(21) The corresponding reaction with 25 produced a mixture of
products with 28 present only in small amounts according to
TLC.

(22) The quinuclidin-3-ol derivatives were not tested since they were
expected to show significantly lower affinity than the corre-
sponding quinuclidin-2-ene congeners; compare ref 7.

(23) Nilvebrant, L.; Sparf, B. Muscarinic Receptor Binding in the
Parotid Gland. Different Affinities of Some Anticholinergic Drugs
between the Parotid Gland and Ileum. Scand. J. Gastroenterol.
1982, 17 (Suppl. 72), 69-77.

(24) Nilvebrant, L.; Sparf, B. Muscarinic Receptor Binding in the
Guinea Pig Urinary Bladder. Acta Pharmacol. Toxicol. 1983, 52,
30-38.

(25) Nilvebrant, L.; Sparf, B. Dicyclomine, Benzhexol and Oxybutynin
Distinguish Between Sub-Classes of Muscarinic Binding-sites.
Eur. J. Pharmacol. 1986, 123, 133-143.

(26) Nilvebrant, L.; Sparf, B. Differences Between Binding Affinities
of Some Antimuscarinic Drugs in the Parotid Gland and those
in the Urinary Bladder and Ileum. Acta Pharmacol. Toxicol.
1983, 53, 304-313.

(27) (a) Nilvebrant, L.; Sparf, B. Differences Between Binding
Affinities of Some Antimuscarinic Drugs in the Parotid Gland
and those in the Urinary Bladder and Ileum. Acta Pharmacol.
Toxicol. 1983, 53, 304-313. (b) Nilvebrant, L.; Sparf, B. Dicy-
clomine, Benzhexol and Oxybutynin Distinguish Between Sub-
Classes of Muscarinic Binding-sites. Eur. J. Pharmacol. 1986,
123, 133-143.

(28) (a) Cramer, R. D., III; Patterson, D. E.; Bunce, J. D. Comparative
Molecular Field Analysis (CoMFA). 1. Effect of Shape on Binding
of Steroids to Carrier Proteins. J. Am. Chem. Soc. 1988, 110,
5959-5967. (b) Cramer, R. D., III; Depriest, S. A.; Patterson,
D. E.; Hecht, P. The Developing Practice of Comparative
Molecular Field Analysis. In 3D QSAR in Drug Design: Theory,
Methods and Applications; Kubinyi, H., Ed.; ESCOM: Leiden,

1993; pp 443-485. (c) Van Steen, B. J.; Van Wijngaarden, I.;
Tulp, M. T.; Soudijn, W. Structure-affinity relationship studies
on 5-HT1A receptor ligands. 2. Heterobicyclic phenylpiperazines
with N4-aralkyl substituents. J. Med. Chem. 1994, 37, 2761-
2773.

(29) For a recent compilation of π and MR values, see: Hansch, C.;
Leo, A.; Hoekman, D. Exploring QSAR. Hydrophobic, Electronic,
and Steric Constants; American Chemical Society: Washington,
DC, 1995.

(30) Verloop A. The STERIMOL Approach to Drug Design; Decker:
New York, 1987.

(31) Wavefuncion, Inc., 18401 Von Karman Ave., #370, Irvine, CA
92715.

(32) The SPARTAN-calculated hardness is one-half of the difference
between the HOMO and LUMO energies.

(33) The ovality is calculated by SPARTAN in the following way:
ovality ) surface area/4π(3*mol vol/4π)**2/3, where π )
3.141 592 6.

(34) Wold, S.; Albano, C.; Dunn, W. J., III; Edlund, U.; Esbensen,
K.; Geladi, P.; Hellberg, S.; Johansson, E.; Lindberg, W.; Sjös-
tröm, M. In Chemometrics - Mathematics and Statistics in
Chemistry; Kowalski, B. R., Ed.; Reidel: Dordrecht, 1984; pp
17-95.

(35) SIMCA-S computes the influence on Y of every X in the model,
called VIP (variable importance in the projection). The variables
with the highest VIP score have the highest influence on the
model.

(36) See, for example, ref 8a.
(37) This indicates the π value for the substituent in the 5-position

of the benzofuran ring. Similarly, a suffix of -7 indicates the
7-position.

(38) The PLS equation for the model generated is pKi(cortex) ) 9.59
+ 0.20*π-5 - 0.07*MR-5 - 0.11*L-5 - 0.10*B1-5 - 0.19*B5-5
+ 0.16*π-7 - 0.07*L-7 - 0.16*B5-7 - 0.15*LUMO + 0.02*Elneg
- 0.11*mol vol - 0.13*surface area - 0.16*ovality + 0.17*log P
- 0.14*(charge at C7) + 0.29*(ovality)2 - 0.13*π-5*L-7.

(39) The PLS equation for the model generated for the mono-5-
substituted derivatives is pKi(cortex) ) 9.76 + 0.54433*π-5 -
0.13082*MR-5 + 0.26787*σ(meta)-5 + 0.11137*σ(para)-5 -
0.16527*L-5 - 0.13734*B1-5 - 0.62835*B5-5.

(40) Bastiansen, O.; Samdal, S. Structure and Barrier of internal
Rotation of Biphenyl Derivatives in the Gaseous State. J. Mol.
Struct. 1985, 128, 115-125.

(41) A grid size of 1 Å reduced the cross-validated r2 as noted
previously; see, e.g., ref 28b.

(42) Wolfe, B. B.; Yasuda, R. P. Development of Selective Antisera
for Muscarinic Cholinergic Receptor Subtypes. Ann. N. Y. Acad.
Sci. 1995, 151, 186-193.

(43) Levey, A. I.; Kitt, C. H.; Simonds, W. F.; Price, D. L.; Brann, M.
R. Identification and Localisation of Muscarinic Acetylcholine
Receptor Proteins with Subtype-specific Antibodies. J. Neurosci.
1991, 11, 3218-3226.

(44) Peralta, E. G.; Ashkenazi, A.; Winslow, J. W.; Smith, D. H.;
Ramachandran, J.; Capon, D. J. Distinct Primary Structure,
Ligand-Binding Properties and Tissue-Specific Expression of
Four Human Muscarinic Acetylcholine Receptors. EMBO J.
1987, 6, 3923-3929.

(45) Dorje, F.; Levey, A. I.; Brann, M. R. Immunological Detection of
Muscarinic Receptor Subtype Proteins (m1-M5) in Rabbit Pe-
ripheral Tissues. Mol. Pharmacol. 1991, 40, 459-462.

(46) Dai, Y.; Ambudkar, I. S.; Horn, V. J.; Yeh, C.-K.; Kousvelari, E.
E.; Wall, S. E.; Li, M.; Yasuda, R. P.; Wolfe, B. B.; Baum, B. J.
Evidence that M3 Muscarinic Receptors in Rat Parotid Gland
Couple to Two Second Messenger Systems. Am. J. Physiol. 1991,
261, c1063-c1073.

(47) Wang, P.; Luthin, G. R.; Ruggieri, M. R. Muscarinic Acetylcholine
Receptor Subtypes Mediating Urinary Bladder Contractility and
Coupling to GTP Binding Proteins. J. Pharmacol. Exp. Ther.
1995, 273, 959-966.

(48) Lowry, O. H.; Rosebrough, N. J.; Far, A. L.; Randall, R. J. Protein
Mesurements with the Folin Phenol Reagent. J. Biol. Chem.
1951, 193, 265-275.

(49) Jacobs, S.; Chang, K.-J.; Cuatrecasas, P. Estimation of Hormone
Receptor Affinity by Competitive Displacement of Labelled
Ligand. Effects of Concentration of Receptor and Labelled
Ligand. Biochem. Biophys. Res. Commun. 1975, 66, 687-692.

(50) Schild, H. I. pAx and Competitive Drug Antagonism. Br. J.
Pharmacol. Chemother. 1949, 4, 277-280.

(51) Umetri AB, Box 1456, S-901 24 Umeå, Sweden.
(52) (a) Shiotani, S.; Morita, H. Furopyridines. XI [1].13C NMR

Spectra of 2- or 3-Substituted Furo[2,3-b]-, Furo[3,2-b]-, Furo-
[2,3-c]- and Furo[3,2-c]pyridine. J. Heterocycl. Chem. 1991, 28,
1469-1480. (b) Hesse, M.; Meier, H.; Zeeh, B. Spectroskopische
Methoden in der Organischen Chemie, 2nd ed.; Georg Thieme
Verlag: Stuttgart, 1984.

JM950455C

Benzofuranylquinuclidinenes as Muscarinic Antagonists Journal of Medicinal Chemistry, 1996, Vol. 39, No. 17 3277


