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A series of O-alkylated analogs of 5,6,7,8-tetrahydro-4H-isoxazolo[4,5-c]azepin-3-ol (THAO) were
synthesized and characterized as ligands for muscarinic acetylcholine receptors (mAChRs).
O-Methyl-THAO (4a), O-ethyl-THAO (4b), O-isopropyl-THAO (4¢), and O-propargyl-THAO (4d)
were shown to be potent inhibitors of the binding of tritiated quinuclidinyl benzilate (QNB),
pirenzepine (PZ), and oxotremorine-M (Oxo0-M) to tissue membrane preparations. In the [*H]-
Oxo0-M binding assay, receptor affinities in the low nanomolar range were measured for 4a
(ICs0 = 0.010 uM), 4b (IC50 = 0.003 uM), 4¢ (IC50 = 0.011 uM), and 4d (ICs = 0.0008 xM).
Pharmacological effects (ECs or Kj values) and intrinsic activities (per cent of maximal carbachol
responses) were determined using five recombinant human mAChRs (ml1-m5) and the
functional assay, receptor selection and amplification technology (R-SAT). Compound 4c¢
antagonized carbachol-induced responses at m1, m3, and m5. With the exception of 4b, which
was an antagonist at m5, 4a,b,d showed partial agonism at m1—m5 with very similar subtype
selectivity (m2 > m4 > m1 = m3 > m5). Agonist index values for 4a—d, which were calculated
from [*H]JQNB (brain) and [*H]Oxo0-M (brain) binding data, were shown to be predictive of
pharmacologically determined intrinsic activities at m1—mb5, the same rank order of intrinsic
activity being observed at all five mAChRs (4a > 4d > 4b > 4¢). It is concluded that within
this class of high-affinity mAChR (m1-m5) ligands, containing secondary amino groups, minor
changes of the bioisosteric ester alkyl groups have marked effects on potency and, in particular,

intrinsic activity.

Introduction

During the past decades, accumulating evidence has
supported the “cholinergic hypothesis”,! postulating that
the documented deficit in central cholinergic transmis-
sion causes the learning and memory impairments seen
in patients with Alzheimer’s disease (AD) and senile
dementia of the Alzheimer type (SDAT).2~¢ It has been
shown that basal forebrain acetylcholine neurons de-
generate in AD patients® and that the memory dysfunc-
tion can be mimicked to some extent by muscarinic
acetylcholine receptor (mAChR) antagonists!® or by
destruction of the nucleus basalis of Meynert (part of
basal forebrain).® The basal forebrain innervates the
cerebral cortex and the hippocampus by cholinergic
transmission.’ In AD patients, loss of the presynaptic
marker enzyme ChAT in the cortex and hippocampus
correlates with the severity of the disease,>” and this
finding can be mimicked by lesions in the basal fore-
brain.?

In the mapping of pathophysiological changes in the
brains of AD or SDAT patients, alterations of the
densities of pharmacologically characterized (M; and
M) and cloned (m1-m5) mAChRs have been exten-
sively studied. Thus, basal forebrain lesions in experi-
mental animals lead to loss of My receptor sites but
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unaltered densities of postsynaptic M, sites,® an obser-
vation similar to findings in AD patients.®® It still is
uncertain which subtypes of the cloned mAChRs paral-
lel the M; and Mg receptor sites, but it has been shown
by immunoprecipitation that the forebrain and the
cerebral cortex as well as the hippocampus possess a
majority of the m1 mAChR subtype.10-12

The cholinergic communication between the basal
forebrain and the cortex/hippocampus decays as the
disease progresses, and this leads to the growing
memory and cognitive problems. It is therefore believed
that a higher acetylcholine level would be beneficial for
AD patients and that reduced side effects could be
obtained by designing agonists acting at the postsyn-
aptic M; receptor,!3!* antagonists for the M, autore-
ceptor,® or, ideally, a drug combining these two phar-
macological effects.® Partial agonists have been shown
to have less predisposition to cause receptor desen-
sitization,'®”1® making partial agonist at the M; receptor
more interesting from a therapeutic point of view.

In order to define mAChR agonist pharmacophore(s)
relevant to AD/SDAT and to design mAChR ligands of
therapeutic interest in these diseases, we have previ-
ously described a different series of bicyclic muscarinic
agonists and partial agonists bioisosterically derived
from norarecoline (1) or arecoline as exemplified by
3-methoxy-5-methyl-6,7-dihydro-4H-thiopyrano[3,4-dlis-
oxazol-5-ium (0,5-dimethyl-DHTO, 2)!¢ and 3-methoxy-
4,5,6,7-tetrahydroisoxazolo[4,5-c]pyridinium (O-methyl-
THPO, 3)%-22 halides (Scheme 1). In this paper we
report the synthesis and pharmacological characteriza-
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Table 1. Receptor Binding Data of Muscarinic Ligands Using Rat Heart and Brain Tissues

receptor binding, ICso [uM]

[*HIQNB [*HIQNB [HIPZ [*H]Ox0-M M2/M1 agonist
ligand (brain) (heart) (brain) (brain) index index

arecoline 28 1.7 2.1 0.016 0.10 280
oxotremorine 2.3 0.084 0.093 0.0012 0.11 310
O-methyl-THAO (4a)* 6.4 0.35 0.39 0.010 0.11 104
O-ethyl-THAO (4b)® 0.53 0.14 0.018 0.0034 0.97 25
O-propargyl-THAO (4d) 0.48 0.082 0.023 0.00075 0.45 104
O-isopropyl-THAO (4¢) 0.37 0.36 0.013 0.011 3.5 5.4

@ From ref 37. Data represent the mean of three independent experiments, and SEMs were less than 10%.

Table 2. Pharmacological Parameters of Muscarinic Agonists and Antagonists at the Five Cloned Human Muscarinic Receptor

Subtypes Determined by Receptor Selection and Amplification Technology (R-SAT)

ECso [uM] (% of maximal carbachol response)

ligand/receptor ml m2 m3 m4 mb ECs50(m2)YECs0(m1)

carbachol 46+0.1 0.074 £ 0.005 1.8+0.6 0.075+0.011  0.36 £0.04 0.016
(100%) (100%) (100%) (100%) (100%)

arecoline® 3.2+£07 0.025 £ 0.001 0.34 £ 0.11 0.13 £ 0.05 0.60 £ 0.05 0.078
(86 £+ 3%) (105 £ 0%) (66 + 9%) (70 + 3%) (77 £ 2%)

oxotremorine® 0.39 £ 0.13 0.019 £ 0.010 0.21 £ 0.06 0.033 £ 0.014 0.055 £ 0.001 0.049
(75 £ 10%) (105 £+ 6%) (66 £ 5%) (102 £ 3%) (74 £ 2%)

O-methyl-THAO (4a) 0.46 £ 0.22 0.043 + 0.005 0.62 + 024 0.24 + 0.06 4.7+0.8 0.094
(74 + 5%) (97 £ 9%) (72 + 3%) (110 + 8%) (60 + 3%)

O-ethyl-THAO (4b) 0.095 +0.018 0.041 £ 0.014 0.50 £ 0.16 0.067 £0.014 2.1+0.9 0.43
(42 +2%) (85 + 6%) (34 £ 6%) (89 £ 5%)

O-propargyl- THAO (4d)  0.14 + 0.02 0.0067 £ 0.0028  0.13 +0.02 0.030 £ 0.006 0.95+0.40 0.048
(59 + 9%) (86 £ 2%) (70 + 8%) (105 + 4%) (36 + 5%)

O-isopropyl-THAO (4¢) 0.17 + 0.02¢ nd 0.14 £ 0.04¢ nd 0.11 + 0.01¢

@ From ref 27. ® 4b was an antagonist at m5. Full inhibition of 1 4uM carbachol obtainable. K; value calculated for ICsq by the Cheng—
Prusoff equation.*4748 ¢ 4¢ was an antagonist at m1 and m5. Full inhibition of carbachol not obtainable. K; values calculated from
Schild analysis.?® Slope not significantly different from 1 (p < 0.05). ¢ 4¢ was an apparent noncompetitive antagonist at m3. Full inhibition
of carbachol not obtainable. Schild analysis shows signs of insurmountable antagonism (depression of maximal response at higher
antagonist doses). K values calculated as described by Kenakin.*® nd, not determined. Data represent the mean (=SEM) of three or

four experiments.
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tion of a series of structurally related O-alkyl analogs
(4a—d) of 5,6,7,8-tetrahydro-4H-isoxazolo[4,5-c]azepin-
3-0l (THAO) in order to further elucidate the influence
of the bioisosteric ester alkyl groups on the pharmaco-
logical profile of this class of mAChR ligands. The
pharmacology of these compounds was studied in tissue
binding experiments and on the five cloned human
mAChRs using the functional assay, receptor selection
and amplification technology (R-SAT).

Results

Chemistry. A mixture of the isomeric §-o0xo esters
6 and 7 (Scheme 2) was synthesized by treatment of the
piperidone ring of 5 with ethyl diazoacetate and boron
trifluoride etherate as previously described.? Attempts
to simplify a very time-consuming procedure for the
separation of 6 and 7, involving selective copper chelate
formation of 7 and multiple chromatographic proce-
dures,?? failed. Consequently, the mixture of 6 and 7

was converted into a mixture of the 3-hydroxyisoxazoles,
9 and 10, and the 2-isoxazolin-5-ones, 8 and 11, using
a published general method.2* These two pairs of
compounds were easily separated by flash chromatog-
raphy, and subsequently, 925 and 10?5 were separated
chromatographically. The 3-hydroxyisoxazole unit is
isosteric with the carboxyl group,? and accordingly,
alkylations of 10 gave chromatographically separable
mixtures of the isomeric N-alkylated (12a—c) and
O-alkylated (13a—c) products. Deprotection of 13a—c
gave 4a—c containing hydrolysis-resistant 3-alkoxy-
isoxazole bioisosteric ester groups (Scheme 2). Depro-
tection of 10 gave 14 (THAO), which was reprotected
to the BOC derivative, 15. Alkylation of 15 by 2-pro-
pynyl bromide gave a separable mixture of 16 and 17,
the latter of which was deprotected to give the target
compound, 4d.

In Vitro Pharmacology. The compounds 4a-—d
were studied in receptor binding assays using rat brain
and rat heart membranes and tritiated quinuclidinyl
benzilate ([(HIQNB), pirenzepine ([*H]PZ), and ox-
otremorine-M ([3H]Oxo0-M) as ligands. On the basis of
these binding studies, MyM; index?? and agonist in-
dex2%:22 yalues, predictive of M; selectivity and relative
efficacy, respectively,2226 were calculated (Table 1).
From these calculations, the compounds under study
were predicted to exhibit a rank order of M; selectivity
of 4c > 4b > 4d > 4a whereas the predicted order of
relative efficacy turned out to be the reverse, namely
4a > 4d > 4b > 4c¢. The agonist index values for 4a,
4b, and 4d were consistent with partial agonism,
whereas that of 4c indicated antagonism.
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The pharmacological effects of 4a—d were studied
using five cloned human mAChRs (m1-mb5) and the
functional assay, R-SAT.2"-2® R-SAT is based on the
observation that phosphatidylinositol-coupled muscar-
inic receptors (m1, m3, and m5) induce agonist-depend-
ent focus formation in NIH 3T3 cells. In fact, the
dose—response relationships of focus formation and
phospholipase C stimulation are identical. Unfortu-
nately, the focus assay is labor-intensive and difficult
to quantitate. In R-SAT we co-express a convenient
marker enzyme (3-galactosidase) with a phosphatidyli-
nositol-coupled receptor. Ligands stimulate prolifera-
tion of the cells that express the receptor (and thus the
marker enzyme), and thus, ligand-induced effects are
read by assay of the marker enzyme (3-galactosidase
hydrolysis of o-nitropheny! 8-D-galactopyranoside).27-29
Muscarinic receptors coupled to adenyl cyclase inhibi-
tion (m2 and m4) do not induce foci in NTH 3T3 cells
when exposed to agonists and thus cannot be measured
directly in R-SAT. In stead, we co-express the chimeric

G-protein Gq-i5 with the receptor and marker enzyme.
This chimeric G-protein allows receptors coupled to
adenyl cyclase inhibition to couple to the phosphatidyli-
nositol pathway. In this way m2 and m4 can mediate
R-SAT responses.27-29

All four compounds were very potent muscarinic
ligands, showing ECsp or K values.in the low nanomolar
range (Figure 1 and Table 2). At all five receptors, the
order of intrinsic activity of the compounds (4a > 4d >
4b > 4c¢) was identical with that predicted on the basis
of agonist index values derived from binding studies
(Table 1), and it was confirmed that 4a, 4b, and 4d were
partial agonists and 4¢ an antagonist. The only excep-
tion was 4b, which turned out to be a partial agonist at
ml—m4 but an antagonist at m5 (Figure 1). The three
partial agonists, 4a, 4b, and 4d, all showed higher
intrinsic activity at m2 and m4 than at m1, m3, and
mb5. This peculiarity of m2 and m4 effects is, at least
partially, an inherent result of the R-SAT assay system,
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Figure 1. Pharmacological profile of O-methyl-THAO (4a), O-ethyl-THAO (4b), and O-propargyl-THAO (4d) using the cloned
human mAChR’s as determined by Receptor Selection and Amplification Technology (R-SAT): (A) m1, (B) m2, (C) m3, (D) m4,
and (E, F) m5. % response indicates responses relative to maximal responses by the full agonist, carbachol. Each datapoint is
the mean value + SEM of a representative experiment performed in triplicate (m1, m3, and m5) or quadruplicate (m2 and m4).

which shows the same tendency for standard compounds
(see Table 2).27

Generally, the three partial agonists 4a, 4b, and 4d
showed the same order of potency at all five receptor

subtypes, 4d being the most potent and 4a the least
potent compound. The only exception was 4b, which
showed higher potency at the m1 receptor than 4d.
Furthermore, 4a, 4b, and 4d showed the same order of
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Figure 2. Pharmacological profile of O-isopropyl-THAO (4¢)
on the cloned human mAChR’s as determined by receptor
selection and amplification technology (R-SAT): (A) m1, (B)
m3, and (C) m5. At higher doses of O-isopropyl-THAO (4¢),
there was a statistically significant (p < 0.05) suppression of
the maximal response at m3. % response indicates responses
relative to maximal responses by the full agonist, carbachol.
Each datapoint is the mean value + SEM of a representative
experiment performed in triplicate.

subtype selectivity: m2 > m4 > m1 = m3 > m5 (Table
2). The standard compounds, carbachol, arecoline, and

Brduner-Osborne et al.

oxotremorine, also were more potent at m2 and m4 than
at m1, m3, and m5. Within the series of O-alkyl-THAO
analogs, 4b showed the highest degree of m1 selectivity
(0.43) (Table 2) as predicted from the binding experi-
ments, where 4b showed the highest My/M; index value
(0.97) (Table 1).

A striking aspect of the pharmacology of 4a, 4b, and
4d, as compared with standard compounds, is their lack
of selectivity at m5. Thus, all other compounds that we
have tested so far have been more potent at m5 than at
m1,27 whereas 4a, 4b, and 4d were 10-, 22-, and 7-fold,
respectively, more potent at m1 than at m5. Further-
more, 4b was shown to be a partial agonist at m1 but
an antagonist at m5 (Figure 1 and Table 2).

O-Isopropyl-THAO (4¢) was devoid of agonist effect
at m1, m3, or m5 (data not shown). Schild analysis3®
of data from studies of effects of 4¢ at m1 and m5 were
consistent with 4¢ acting as a competitive antagonist,
i.e., no suppression of maximal carbachol response and
a slope not significantly different from unity (Figure 2).
A similar analysis of data from studies using m3
receptors gave a statistically significant suppression of
carbachol responses at higher concentrations of 4¢ (i.e.,
maximal response = 76 + 2% at 2.2 uM 4e, n = 3), thus
indicating insurmountable antagonism of 4¢ at m3
(Figure 2). As seen in Table 2, 4¢ is equipotent at the
ml, m3, and m5 receptors.

Discussion

The muscarinic agonist, arecoline, has been shown to
improve significantly cognition when administered in-
travenously to AD patients®! and to enhance learning
in normal young humans and aged nonhuman pri-
mates.323% The pharmacological effects of arecoline are
short-lived, probably due to hydrolysis of the ester
group,? and in attempts to develop muscarinic agonists
more suitable for pharmacological studies, we have
previously described the synthesis and pharmacology
of annulated bicyclic analogs of arecoline containing the
THPQ20-22 and the DHTO!? ring systems and the
hydrolysis-resistant 3-alkoxyisoxazole unit.353¢ In order
to further elucidate the structure—activity relationships
for this particular class of arecoline ester bioisosteres,
we have now synthesized and characterized pharmaco-
logically a series of O-alkyl analogs of THAO (4a—d),
which are ring homologs of the O-alkyl-THPO analogs
(Scheme 1). To get a detailed insight into the molecular
pharmacology of these latter compounds, they have been
tested in receptor binding assays and in functional test
systems using five cloned mAChRs (m1—m5) and using
the newly developed R-SAT system 2729

In agreement with the results of earlier conventional
pharmacological studies on O-alkyl-THPO?2! and O-
alkyl-DHTO!® analogs, the relative intrinsic activities
of 4a—d were strictly dependent on the structure of the
alkyl groups. Thus, compounds containing O-methyl,
O-propargyl, O-ethyl, and O-isopropyl groups generally
showed a decreasing order of intrinsic activity. Quite
surprisingly, however, the potency of the compounds
containing the THAO skeleton were typically 1 order
of magnitude more potent that the respective analogs
containing the THPO or DHTO ring systems. It is
possible that the higher lipophilicity and increased level
of molecular flexibility of the analogs of THAO are
factors of major importance in this regard.3” In general
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agreement with previous studies on THPO and DHTO
analogs, O-methyl-THAO (4a) as well as O-propargyl-
THAO (4d) were partial agonists at m1—mb5, the latter
being the most potent compound at all five receptor
subtypes.

0O-Ethyl-THAO (4b) was shown to be a partial agonist
at m1-m4 but an antagonist at m5 (Figure 1). Fur-
thermore, 4b is among the most m1-selective muscarinic
compound that we have tested so far,2” making 4b an
interesting lead for further design of partial muscarinic
agonists of therapeutic interest in AD or SDAT. In
accordance with the finding of O-isopropyl-THPO, which
is an antagonist in conventional pharmacological test
systems,1922 O-isopropyl-THAO (4c¢) proved to be an
antagonist in binding studies and R-SAT. 4c¢ was
equipotent at ml, m3, and m5 but showed signs of
insurmountable antagonism only at the m3 receptor. We
find this behavior interesting and are currently studying
it in further detail.

The present molecular pharmacological studies have
emphasized that even minor structural modifications of
muscarinic receptor ligands can have dramatic effects
on potency and pharmacological profile at mAChR
subtypes. Further studies along these lines using
potent and conformationally restricted ligands may lead
to the development of detailed pharmacophore models
for each of the m1-mb5 receptors. Hopefully, such
studies may shed further light on the mode of interac-
tion between the mAChRs and muscarinic agonists,
antagonist structurally related to agonists, and the more
bulky classical antagonists. The ultimate goal of such
systematic studies is to develop principles for rational
design of muscarinic receptor ligands.

Experimental Section

Chemistry. Melting points were determined in capillary
tubes and are uncorrected. Column chromatography (CC) was
performed on silica gel 60 (70—230 mesh, ASTM, Merck). 'H
NMR spectra were recorded on a Varian EM-360 spectrometer.
Chemical shifts are in parts per million with respect to TMS.
The pH-stat consisted of a Radiometer PHM 82 pH-meter
equipped with a TTT80 titrator. Elemental analyses were
performed by Mr. G. Cornali, Microanalytical Laboratory, Leo
Pharmaceutical Products, Denmark, and were within £0.4%
of the calculated values. Evaporations were performed under
vacuum on a rotary evaporator at 15 mmHg. Compounds
containing the 3-hydroxyisoxazole unit were visualized on TLC
plates using UV light and a FeCl; spraying reagent. Com-
pounds containing amino groups were visualized using a
ninhydrin spraying reagent.

Ethyl (RS)-1-(Methoxycarbonyl)-3-oxoperhydroazepine-
4-carboxylate (6) and Ethy! (RS)-1-(Methoxycarbony!)-
4-oxoperhydroazepine-3-carboxylate (7). A mixture of 6
and 7 was prepared as described earlier,2® but the compounds
were not separated.

Methy! 3-Hydroxy-5,6,7,8-tetrahydro-4H-isoxazolo[4,5-
clazepine-5-carboxylate (10). A solution of hydroxylam-
monium chloride (1.14 g, 16.4 mmol) in 1 M NaOH (10 mL)
was cooled to 0 °C, and the pH was adjusted to 10 by addition
of 1 M NaOH. The solution was vigorously stirred while a
mixture of 6 and 7 (4.0 g, 16.4 mmol) was added during 30
min, keeping the pH at 10 + 0.2 by means of a pH-state loaded
with 1 M NaOH. Stirring was continued for 30 min, and the
mixture was poured into ice-cooled concentrated HC1 (80 mL).
The mixture was stirred overnight and evaporated. The
residue was extracted with EtOAc (3 x 75 mL), and the
combined extracts were evaporated. The oily residue was
shown by TLC [eluent: toluene—EtOAc (1:1) containing 1%
HOAC], spraying with FeCl; (9 and 10 yellow dots; 8 and 11
brown dots), and using reference compounds?? to be a mixture
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of 8—11. The mixture was purified by CC [eluent: toluene
containing EtOAc (0—25%) and HOAc (1%)]. The first com-
pound eluted was 9 followed by 10, 8, and 11, respectively.
Only fractions containing 10 were collected and evaporated.
Crude 10 was recrystallized from toluene—petroleum ether to
give 10 (1.08 g, 31%): mp 144.5—145.5 °C. The IR and 'H
NMR spectra were identical with those of compound 10
prepared by the earlier published route.?

Methy! 3-Methoxy-5,6,7,8-tetrahydro-4H-isoxazolo[4,5-
clazepine-5-carboxylate (13a). To a solution of 10 (490 mg,
2.31 mmol) in ether (20 mL) was added an excess of diaz-
omethane. The mixture was stirred at room temperature for
1 h, and the excess of diazomethane was destroyed by addition
of HOAc. The mixture containing 12a and 13a was evaporated
and the residue purified by CC (eluent: toluene—EtOAc
containing 1% of HOAc). Only fractions containing 13a were
collected and evaporated. The resulting oil was crystallized
from toluene—petroleum ether to give 270 mg (52%) of 13a:
mp 68—70 °C; 1H NMR (CDCl;) 6 1.90 (2 H, m), 2.85 (2 H, t),
3.55 (2 H, m), 3.65 (3 H, 8), 3.95 (3 H, s), 4.25 (2 H, 8). Anal.
(C10H14N204) C, H, N.

Methy! 3-Ethoxy-5,6,7,8-tetrahydro-4H-1soxazolo[4,5-
clazepine-5-carboxylate (13b). To a solution of 10 (3.1 g,
14.6 mmol) in acetone (150 mL) was added K,COj3 (5.02 g, 36.5
mmol). The suspension was stirred at 50 °C for 1 h, and ethyl
bromide (3.3 mL, 43.8 mmol) was added. The mixture was
refluxed for 16 h and filtered. The filtrate was evaporated,
and water (75 mL) was added. After stirring, the crystalline
compound formed was collected and recrystallized from ether—
petroleum ether to give 2.28 g of 13b (65%): mp 52—53 °C;
!H NMR (CDCl;) 6 1.35 (3 H, t), 1.90 (2 H, m), 2.85 (2 H, t),
3.60(2H,m),3.65(3H,s),420(2H,s),430(2H, q). Anal.
(C11H16N204) C) H) N.

Methy! 3-Isopropoxy-5,6,7,8-tetrahydro-4H-isoxazolo-
[4,5-clazepine-5-carboxylate (13¢). The compound was
prepared from 10 and isopropyl bromide using a procedure
analogous with that described for the synthesis of 13b.
Compound 13c was isolated as an oil in 57% yield: 'H NMR
(CDCl3) 6 1.35(6 H, d),1.95 (2H, m), 2.80 (2 H, m), 3.65 (2 H,
m), 3.70 (3 H, s), 4.25 (2 H, s), 485 (1 H, m). Anal
(C12H1sN204) C, H, N.

General Procedure for the Syntheses of 3-Alkoxy-
5,6,7,8-tetrahydro-4H-1soxazolo[4,5-clazepinium Chlo-
rides 4a—c. To a solution of NaOH (20 mmol) in MeOH (5
mL) and water (1 mL) was added 13a, 13b, or 13¢ (2 mmol),
and the mixture was refluxed for 24 h. The reaction mixture
was evaporated and the residue dissolved in water (10 mL).
Extraction with CH;Cls (3 x 20 mL), drying, and evaporation
of the organic phase gave an oil. The oil was dissolved in
EtOH, and an excess of 4 M HCl was added. The mixture
was evaporated and the residue recrystallized.

3-Methoxy-5,6,7,8-tetrahydro-4H-isoxazolo[4,5-c]aze-
pinium chloride (4a): from MeOH—ether; yield 32%; mp
215-217 °C; 1H NMR (D;0) é 2.05 (2 H, m), 2.95 (2 H, m),
3.55(2H, m),3.95 3 H, s),4.05(2 H, s). Anal. (CsH;2N:0-HCD
C,H, N, CL

3-Ethoxy-5,6,7,8-tetrahydro-4H-isoxazolo[4,5-c]azepin-
ium chloride (4b): from acetonitrile; yield 84%: mp 202—
203 °C; 'H NMR (D;0) 6 1.35 (3 H, t), 2.15 (2 H, m), 3.00 (2 H,
m), 3.50 (2 H, m), 410 (2 H, s), 430 (2 H, ¢). Anal
(CoH14N202HCD C, H, N, CL

3-Isopropoxy-5,6,7,8-tetrahydro-4H-isoxazolo[4,5-c]aze-
pinium chloride (4¢): from acetonitrile; yield 37%: mp 218—
220 °C; 'H NMR (D;0) 6 1.35 (6 H, d), 2.10 (2 H, m), 2.95 (2
H, m), 3.55 (2 H, m), 4.10 (2 H, s), 4.80 (1 H, m). Anal.
(CmHlsNQOQ'HCI) C, H, N, Cl

tert-Buty! 3-Hydroxy-5,6,7,8-tetrahydro-4H-1soxazolo-
[4,6-clazepine-5-carboxylate (15). To a solution of 142
(1.38 g, 5.87 mmol) and K2CO; (1.62 g, 11.7 mmol) in water
(20 mL) was added a solution of di-tert-buty! dicarbonate (1.54
g, 7.06 mmol) in THF (20 mL), and the mixture was stirred at
room temperature for 3 h. The reaction mixture was evapo-
rated and the residue dissolved in water (20 mL). EtOAc (100
mL) was added, and the mixture was cooled in an ice bath.
The mixture was acidified with 2 M HCl to pH 6 and
subsequently to pH 3 with KHSO,. The phases were sepa-
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rated, and the aqueous phase was extracted with EtOAc (2 x
50 mL). The combined extracts were dried (MgSO4) and
evaporated. The residue was recrystallized from toluene—
petroleum ether to give 887 mg of 15 (61%): mp 170—171 °C.
Anal. (C12H13N204) C, H, N.

tert-Buty! 3-(2-Propynyloxy)-5,6,7,8-tetrahydro-4H-
isoxazolo[4,5-c]azepine-5-carboxylate (17). The compound
was synthesized from 15 and 2-propyny! bromide using a
procedure analogous with that described for the synthesis of
13b. The reaction mixture containing 16 and 17 was sepa-
rated using CC [eluent: toluene—EtOAc (3:1)]. Only fractions
containing 17 were collected. Compound 17 was isolated as
an oil in a yield of 58%: 'H NMR (CDCl;) 6 1.40 (9 H, s), 1.85
(2 H, m), 2.55 (1 H, t), 2.85 (2 H, t), 3.60 (2 H, m), 4.20 (2 H,
br s), 4.85 (2 H, d). Anal. (C15H20N204) C, H, N.

3-(2-Propynyloxy)-5,6,7,8-tetrahydro-4H-1soxazolo[4,5-
clazepinium Chloride (4d). To a solution of 17 (530 mg,
1.81 mmol) in EtOAc (10 mL) was added a 1 M solution of
HCl in EtOAc (10 mL). The mixture was stirred at room
temperature for 48 h. The precipitate was collected and
recrystallized from acetonitrile—ether to give 267 mg (64%)
of4d: mp 173—-175 °C; 1H NMR (D:0) 6 2.15 (2 H, m), 3.05 (3
H, m), 3.60 (2 H, m), 4.15 (2 H, s), 4.95 (2 H, d). Anal
(C10H12N:02HCD C, H, N, CL

Inhibition of Muscarinic Receptor Ligand Binding.
[*(HIQNB binding to muscarinic receptor sites in rat cortical
membranes was performed essentially as described by Watson
et al.®® Briefly, rat cortical membranes were homogenized in
100 vol (w/v) of ice-cold 10 mM sodium potassium phosphate
buffer (pH 7.4) and diluted 1:10 with the same buffer. Aliquots
(0.5 mg of tissue) were incubated with 0.12 nM [*HIQNB
(Amersham) alone or in the presence of test compounds in a
total volume of 2.7 mL for 30 min at 37 °C. The reaction was
stopped by adding ice-cold buffer and filtration through 0.1%
poly(ethylenimine) presoaked Whatman GF/B filters by using
a Brandel cell harvester. Each compound was tested in three
different concentrations in triplicate in two independent
experiments. Nonspecific binding was determined in the
presence of 20 uM atropine.

The procedure for determinations of inhibition of [FHIQNB
binding to rat heart tissue was the same as that described
above with the exception that the tissue was homogenized in
an Ultraturax homogenizer followed by filtration through
cheesecloth and that 4 mg of tissue was used per assay.

The inhibition of [*HIPZ binding to rat cortical membranes
was determined by a procedure analogous to that described
above for [*HIQNB binding to such membrane fractions: 3 mg
of tissue were incubated with 1.0 nM [*H]PZ (DuPont NEN)
at 25 °C for 60 min in a total volume of 1.5 mL. Nonspecific
binding was estimated in the presence of 10 4M atropine.

The procedure for determination of inhibition of [2H]Oxo-
M binding to rat cortical membranes was analogous to that
described above for [PHIQNB binding to such membrane
fractions: 5 mg of tissue were incubated with 0.2 nM [*H]Oxo-
M (DuPont NEN) at 30 °C for 40 min in a total volume of 1.5
mL of buffer. Nonspecific binding was determined in the
presence of 10 uM atropine.

Receptor Selection and Amplification Technology.
R-SAT was performed as described earlier.2’-2° NIH 3T3 cells
(ATCC no. CRL 1658) were grown in a 37 °C humidified CO,
atmosphere in Dulbecco’s Modified Eagle’s Media supple-
mented with 4500 mg/L glucose, 862 mg/L L-alanyl-L-glutamine,
50 units/mL penicillin G, 50 units/mL streptomycin (Gibco,
Paisley, Scotland), and 10% calf serum (HyClone, UT).

One day prior to transfection, cells were plated in a density
of 2 x 108 cells per 15 c¢m of tissue culture dish.

Cells were transfected by calcium phosphate—DNA precipi-
tation as described by Wigler et al.?® using 10 ug of receptor
DNA,*4! 10 ug of p-SV-B-galactosidase DNA (Promega, WI),
and 40 ug of salmon sperm DNA (Sigma, MO). Cells trans-
fected with m2 or m4 receptor DNA were further cotransfected
with 10 ug of the chimeric G-protein, Gq-i5.4?

Media was exchanged the day after transfection. Two days
after transfection, cells were split into two 96-well plates, and
ligands were added into a total volume of 200 uL/well.

Brauner-Osborne et al.

After four (m1, m3, and m5) or five (m2 and m4) days of
ligand incubation, the rate of 3-galactosidase induction was
measured as described by Lim and Chae.*®* Each well was
incubated in 200 uL of PBS containing 3.5 mM o-nitropheny!
B-D-galactopyranoside and 0.5% nonidet P-40 (both Sigma,
MO). After 16—24 h the plates were read at 420 nm on a plate
reader (Molecular Devices).

Data Analysis. In binding experiments the inhibitory
constants (Ki's) were calculated from the Cheng—Prusoff
equation.*

_ IC50
(1 + (P*Hlligand/K,))

where the ICs values were determined by conventional
methods and K; values were derived from Scatchard analyses
follosvging procedures analogous with those determined ear-
lier.

In analogy with a published method for estimation of
muscarinic agonist efficacy,?® the ratio between the K; values
of the compounds determined in [*(HIQNB (brain) and [*H]Oxo-
M (brain) binding experiments was used as a muscarinic
agonist index of the compounds. According to Freedman et
al.,” values of this index above 4000 predict full agonism,
values below 10 predict antagonism, and values in between
predict partial agonism of muscarinic compounds:

K(QNB, brain) _ IC;,(QNB, brain)
K(Oxo-M, brain) _ IC,,(Oxo-M, brain) -
0.162

The ratio between K; values of a compound determined in
QNB (heart) and PZ (brain) binding experiments was used as
an index of M; selectivity (Ms/M; index), higher values of this
index indicating higher degrees of M, selectivity.??

K(QNB, heart) IC;(QNB, heart)
K(PZ,brain)  IC,(PZ, brain)

i

agonist index =

M,/M, index =

0.125

Agonist data from R-SAT experiments were fitted to the four
parameter equation:*5:4

D+(A-D)
R=————-
1+ (x/e)?

For agonists: A = minimum response, D = maximum re-
sponse, and ¢ = ECs. For antagonists: A = maximum re-
sponse, D = minimum response, and ¢ = ICsq (R = response,
x = ligand concentration, and b = slope at ECsg or ICs0). The
b value was set to unity.

K; values were calculated from ICso values by the method
of Cheng and Prusoff* as described by McKinney et al.4” and
Craig.®®

Antagonists that were unable to fully inhibit a carbachol
response were subjected to Schild analysis.?® Schild analysis
is invalid if the maximal agonist response is suppressed by
the addition of antagonist, which is a sign of noncompetitive
antagonism. Noncompetitive antagonists were analyzed as
described by Kenakin.*®

Curves were generated by nonweighted least-squares fits
using the program KaleidaGraph 2.1 (Abelbeck Software) for
the Macintosh computer. Statistical significance was evalu-
ated by t-test using the program StatView 1.0 (Abacus
Concepts) for the Macintosh computer. p < 0.05 was consid-
ered statistical significant.
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