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Starting from a previously studied muscarinic ligand, characterized by a 1,3-oxathiolane nucleus, a new
series of muscarinic antagonists were designed by increasing the stereochemical complexity of the molecules.
A small library of enantiomeric and diastereomeric 2,2-diphenyl- and 2-cyclohexyl-2-phenyl substituted
compounds was thus obtained. All the tested compounds show a high affinity toward cloned human muscarinic
hm1-hm5 receptors expressed in CHO cells and a good antagonistic activity on functional assays, with a
modest selectivity on rabbit vas deferens.

Introduction

Muscarinic receptors play an important role in several vital
functions such as movement control, cognition, smooth muscle
tone, and glandular secretion.1 As a consequence of this vast
array of actions, muscarinic drugs have the potential for
therapeutic use in several pathological states.2,3

Five distinct subtypes of muscarinic receptors have been
cloned (hm1-hm5), but only four have been satisfactorily
characterized from a pharmacological point of view (M1-M4).4

As a matter of fact, several ligands (mainly antagonists) do show
some subtype selectivity,2,5 but none displays high selectivity
for one subtype to the relative exclusion of all others, possibly
because of the high sequence conservation within the orthosteric
domain across all five muscarinic subtypes.6 As a consequence,
the number of muscarinic drugs that have been introduced in
therapy is relatively small2 compared to the importance of this
receptor in mammals. Currently, the development of extremely
selective muscarinic drugs, both agonists and antagonists,2,5,7

remains the main instrument for studying this class of receptors,
as the detection of the molecular structure of protein G-coupled
receptors remains a difficult task and homology models present
obvious limits.

In the past few years we have been engaged in the synthesis
and preliminary pharmacological characterization of muscarinic
agonists characterized by a 1,3-oxathiolane scaffold.8 More
recently we have designed and studied new compounds of the
same class characterized by several stereogenic centers.9-11 We
reasoned that highly chiral compounds would have the chance

to selectively interact with the fairly conserved recognition sites
of muscarinic receptor subtypes. Indeed, among the small library
of agonists synthesized, we found some interesting M2-selective
compounds.

In the present paper, we report an extension of this approach
to 1,3-oxathiolane derivatives carrying bulky substituents in
position 2, such as compound (2R,5R)-A (Chart 1), which
behave as potent, although not selective, muscarinic antago-
nists.12,13 Accordingly, applying the frozen analog strategy,14

we designed and synthesized the series of pyrrolidine derivatives
1, 2, and3 and the corresponding dimethyl pirrolidinium iodides
4, 5, and6 that carry two or three stereogenic centers; they are
reported in Chart 1.

Chemistry

The key intermediates for the synthesis of the 1,3-oxathiolane
derivatives1-6 (shown in Scheme 1) were the thiol-alcohols
(-)-7, (+)-7, (-)-8, and (+)-8 obtained from commercially
available (S)- and (R)-prolinol, according to the previously
reported procedure.9,11 The thiol derivatives were reacted with
the suitable ketone to give the cyclic 1,3-oxathiolane com-
pounds.

Ketones carrying bulky groups are known to be poorly
reactive in ketalization reactions, so it was necessary to modify
the procedures used for the synthesis of 2-monosubstituted 1,3-
oxathiolanes.9,11 After a few attempts with different catalysts
and solvent and reaction conditions,15,16 acceptable yields
(around 50% in the case of diphenyl derivatives and 60% in
the case of cyclohexylphenyl derivatives) were obtained by
reacting the thiol-alcohols with the dimethyl ketals of ben-
zophenone or cyclohexylphenyl ketone17 in a 1:2 ratio in an
anhydrous solvent withp-toluenesulfonic acid as the catalyst
and using a Dean-Stark trap. As expected, cyclization of thiol-
alcohols gave a single derivative in the case of benzophenone
and a mixture of two diastereoisomers in the case of cyclo-
hexylphenyl ketone. However, the diastereomeric thiol-alcohols
showed quite different reactivity. While (-)-7 and (+)-7 gave
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the cyclized compounds with acceptable yields, their diastere-
oisomers (-)-8 and (+)-8 afforded only very poor yields of
the thioketals (around 5% yield) under a variety of reaction
conditions. As a consequence, the following reactions were
performed only on (-)-7 and (+)-7.

Cyclization with benzophenone dimethyl ketal afforded
compounds (-)-9 and (+)-9, which were then reduced with
LiAlH 4, yielding the methylated compounds (-)-1 and (+)-1,
respectively.

When the cyclohexylphenyl dimethyl ketal was used, each
thiol-alcohol afforded a diastereoisomeric mixture of two
isomers, both from (-)-7 and from (+)-7. The mixtures were
not separated at this step, but rather reduced with LiAlH4 to
give compounds2 and 3, which were conveniently separated
by column chromatography to give (+)-2 and (-)-3 from (-)-7
and the corresponding enantiomers (-)-2 and (+)-3 from (+)-
7, in both cases, in a 88:12 ratio. TheN-methyl derivatives1,
2, and3 were then transformed into the corresponding dimethyl
pirrolidinium iodides4-6 with CH3I.

The absolute configuration of diphenyl derivatives (-)-1 and
(+)-1, which presented only two stereocenters, is the same as
the parent compounds (-)-7 and (+)-7, whose structure was
already known.

In the case of 2-cyclohexylphenyl compounds, the relative
configuration of the new stereocenter in position 2 was suggested
by comparison of the properties of the two diastereomeric
couples2 and3 with those of the parent diastereomeric couple
A, whose stereochemistry was already known.13 As found for
(2R*,5R*)-A (Chart 1), the less-abundant diastereoisomer3
was eluted, in this case too, as second in the chromatographic
separation and represented only 15% of the diastereomeric
mixture; moreover, analysis of its 1D and 2D1H and13C NMR
spectra showed that the peaks relative to H5 (0.3 ppm) and C5
(3 ppm) were deshielded with respect to the corresponding
signals of the2 diastereoisomer, suggesting that, as happens in
(2R*,5R*)-A, the phenyl ring of3 is trans to the proton in5.
On these bases, knowing the absolute configuration of the other
stereocenters, it was possible to hypothesize the absolute
configuration of the four optical isomers, as shown in Scheme
1. This attribution was eventually confirmed by the X-ray
crystallography of (-)-2 oxalate, which, as shown in Figure 1,
is indeed 2R,2′S,5′R.

Pharmacology

Muscarinic receptor affinity was evaluated in CHO cells
expressing the five human muscarinic subtypes (hm1-hm5).
Functional activity was evaluated in vitro on classical prepara-
tions, rabbit stimulated vas deferens (putative M1), guinea pig
stimulated left atria (M2), guinea pig ileum (M3), and guinea
pig lung strips (putative M4), following the protocols reported
previously.18 In this respect, it is necessary to point out that,
for a long time, the contraction of rabbit vas deferens was

considered an effect mediated by M1-receptor subtypes, whereas
more recent studies attribute the same effect to an M4-
activation.4,19Analogously, the validity of guinea pig lung strips
as a M4 model20 has been questioned.21 For this reason, in the
present work, these two preparations are indicated as putative
M1 and M4 receptor models. Carbachol, arecaidine propargyl
ester and 4-Cl-McN-A-343 were used as agonists. Results are
expressed as pKi values (affinity) and as pKb values calculated
from the equation pKb ) log(DR-1)- log[B], where DR is the
ratio of ED50 values of agonist after and before treatment with
one or two antagonist concentrations [B].22 In selected cases,
antagonist potency is expressed in terms of pA2, estimated by
Schild plots constrained to slope-1.0, as required by the
theory.23 Results are shown in Table 1, where the data of
N-methylscopolamine and compound (2R,5R)-A (Chart 1) are
reported for comparison.

Results and Discussion

The results of binding studies and the functional activities of
compounds1-6 are reported in Table 1 and compared with
N-methylscopolamine as a general reference and with compound
(2R,5R)-A, which was the most interesting among the previously
studied parent compounds.12,13 Its pharmacological profile has
been evaluated anew, using the same protocols of the new series.

From Table 1, it can be observed that all compounds bind
with very high affinity to the five human muscarinic receptors.
Affinity is consistently highest for the quaternary salts (4-6),
but is rather good also for the tertiary bases (1-3). Accordingly,
the amines are potent antagonists also in functional models, even
if their potency is lower than that of the corresponding methyl
iodides. From the same table it can be seen that the agreement
between affinity and functional activity is good for the well
characterized M2 (guinea pig atrium) and M3 (guinea pig ileum)
models. Functional activity on rabbit vas deferens preparation
(a putative M1 model) agrees with both hm1 and hm4 binding,
which leaves open the problem of the subtype present in this
model. On the contrary, there is no correlation between func-
tional activity on guinea pig lung preparation (a putative M4

model)20 and the binding data on hm4 as well as on the other
human cloned subtypes; as shown in Table 1, this is also for
the reference compoundN-methylscopolamine and the parent
compound (2R,5R)-A. The great difference between activity on
guinea pig lung preparation and affinity on the five cloned
human muscarinic subtypes (up to 3 orders of magnitude) is
difficult to explain and casts doubts on the validity of the model,
supporting the point of view of Roffel et al.21

Contrary to our expectations, the new compounds lack any
appreciable selectivity in binding to human cloned muscarinic
subtypes. In functional studies, however, some selectivity is
observed, although less than 1 order of magnitude, concerning
the rabbit vas deferens receptor model for 2,2-cyclohexylphenyl
compounds (2, 3, 5, and6).

The role played by stereochemistry in affinity appears to be
complex and may possibly be clarified using molecular model-
ing and eudismic analysis24 approaches, which will be performed
soon after the present series of 1,3-oxathiolane agonists and
antagonists are completed with the synthesis of diphenyl and
cyclohexylphenyl 3-sulfoxides. In the meantime, some interest-
ing preliminary observations can be made. The first regards
enantioselectivity, which is modest overall (in general eudismic
ratio values, ERe 10), as was the case for the parent
compounds;13 the highest enantioselectivity being that presented
by compound5, both in binding (ER) 8 for hm1; ER) 14
for hm3; and ER) 30 for hm5) and functional studies (ER)

Chart 1. a

a Lead and newly designed compounds.
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30 for rabbit vas deferens; ER) 7 for M3; and ER) 28 for
guinea pig lung). In general, in functional tests, enantioselectivity
is greater on the rabbit vas deferens (1, ER ) 5; 2, ER ) 56;
4, ER ) 12). In this respect, a very interesting observation is
that, both in binding hm1 and in rabbit vas deferens functional
studies, theN-methyl compound (+)-1, having a 2R,5′R

stereochemistry, is the eutomer, whereas, in the case of the
corresponding dimethyl pirrolidinium iodide, the eutomer (-)-4
shows the opposite 2S,5′Sstereochemistry. The same situation
can be observed in the enantiomeric couple2 with respect to
the methyl iodide5 and, as far as binding is concerned, for3
with respect to6. Identification of the eutomers in the functional
activity of 6 is not straightforward, suggesting that the free bases
(1, 2, and 3) and the corresponding dimethyl pirrolidinium
derivatives (4, 5, and6) have different binding modes in the
recognition site of the receptors, a fact that deserves further
study.

In conclusion, the new series of synthesized antagonists shows
very high affinity for all human cloned muscarinic receptors
but, despite the presence of two or three stereogenic centers,
subtype selectivity remains poor, with no major improvement
with respect to the parent compound. It will be interesting to
see what happens after the introduction of an additional
stereogenic center (studies which are currently in progress).

Experimental Section

Chemistry. All melting points were taken on a Bu¨chi apparatus
and are uncorrected. Infrared spectra were recorded with a Perkin-
Elmer spectrum RX I FT-IR spectrophotometer in Nujol mull for
solids and neat for liquids. NMR spectra were recorded on a Bruker
Avance 400 spectrometer (400 MHz for1H NMR, 100 MHz for
13C), and chromatographic separations were performed on a silica
gel column by gravity chromatography (Kieselgel 40, 0.063-0.200

Scheme 1a

a Reagents: (a) benzophenone dimethyl ketal, anhydrous toluene,p-toluenesulfonic acid; (b) cyclohexylphenyl ketone dimethyl ketal, anhydrous toluene,
p-toluenesulfonic acid; (c) anhydrous Et2O, LiAlH 4; (d) chromatographic separation; (e) anhydrous Et2O, CH3I. The corresponding 2R-enantiomers were
obtained from (R)-prolinol using the same pathways.

Figure 1. Thermal ellipsoid plot (50% ellipsoids) of compound (-)-2
oxalate.
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mm; Merck) or flash chromatography (Kieselgel 40, 0.040-0.063
mm; Merck). Although the IR spectra data are not included, they
were obtained for all compounds reported and are consistent with
the assigned structures. Yields are given after purification, unless
otherwise stated. Where analyses are indicated by symbols, the
analytical results are within( 0.4% of the theoretical values. Optical
rotation was measured at a concentration of 1 g/100 mL (c ) 1),
with a Perkin-Elmer polarimeter (accuracy( 0.002°). Oxalates were
obtained from the corresponding amine by treatment with oxalic
acid (1 equiv) in ethyl acetate. When reactions were performed in
anhydrous conditions, the mixtures were maintained under nitrogen.
Compounds were named following IUPAC rules, as applied by
Beilstein-Institut AutoNom (version 2.1), a software for systematic
names in organic chemistry.

(2S,5′S)-1-Methyl 2-(2,2-Diphenyl-1,3-oxathiolan-5-yl)pirro-
lidine (2S,5′S)-(-)-1. A solution of (-)-711 (0.53 g, 1.88 mmol),
benzophenone dimethyl ketal (0.86 g, 3.76 mmol), andp-toluene-
sulfonic acid monohydrate (0.10 g, 0.52 mmol) in anhydrous and
degassed toluene was heated to reflux for 13 h with a Dean-Stark
trap. The solvent was distilled off, and the residue was dissolved
in CH2Cl2 (previously treated with Na2CO3 to eliminate traces of
acidity), washed with a saturated solution of NaHCO3, and dried.
After evaporation of the solvent, the residue was chromatographed
(eluent: CHCl3/hexane 3:7), yielding 0.41 g (0.92 mmol) of
compound (-)-9 (yield 48.9%). Its characterization is reported in
Table 2 (Supporting Information). To a solution of 0.30 g (0.67
mmol) of (-)-9 dissolved in the minimum amount of anhydrous
diethyl ether and maintained at-18 °C, 76.4 mg (2.01 mmol) of
LiAlH 4 was added in portions. The mixture was allowed to reach
rt and, after 4 h, was treated with brine and extracted with diethyl
ether. The organic layer was dried over Na2SO4 and concentrated
in vacuo. Purification by flash chromatography (eluent: CH2Cl2/
MeOH 98:2) yielded 0.19 g (0.58 mmol) of (-)-1; yield 86.6%.

Starting from (+)-7,11 in the same way,(2R,5′R)-1-methyl
2-(2,2-diphenyl-1,3-oxathiolan-5-yl)pirrolidine (2R,5′R)-(+)-1
was obtained.

The chemical and physical characteristics of the enantiomers and
their 1H and 13C NMR spectra are reported in Tables 3 and 4
(Supporting Information).

(2S,2′R,5′S)-1-Methyl-2-(2-cyclohexyl-2-phenyl-1,3-oxathiolan-
5-yl)pirrolidine (2 S,2′R,5′S)-(+)-2 and (2S,2′S,5′S)-1-Methyl-2-
(2-cyclohexyl-2-phenyl-1,3-oxathiolan-5-yl)pirrolidine (2S,2′S,5′S)-
(-)-3. According to the procedure described for (-)-1 and using
0.73 g (2.59 mmol) of (-)-7,11 1.21 g (5.17 mmol) of cyclohexy-
lphenyl dimethyl ketal,17 and 0.15 g ofp-toluenesulfonic acid
monohydrate,10as a mixture of two diastereoisomers was obtained,
which was purified from the other byproducts by flash chroma-
tography (eluent: CHCl3/hexane 3:7; yield 59.8%, 0.70 g, 1.55

mmol). Its characterization is reported in Table 2 (Supporting
Information). By subsequent reduction of10 with LiAlH 4, the title
diastereoisomers were obtained. The flash chromatographic separa-
tion (eluent: CHCl3/abs EtOH/NH3 99:1:0.1) afforded 0.34 g (0.96
mmol, 61.9% yield) of isomer (+)-2 and 46 mg (0.13 mmol, 8.4%
yield) of isomer (-)-3.

Starting from (+)-7,11 in the same way,(2R,2′S,5′R)-1-methyl-
2-(2-cyclohexyl-2-phenyl-1,3-oxathiolan-5-yl)pirrolidine(2R,2′S,5′R)-
(-)-2 and (2R,2′R,5′R)-1-methyl-2-(2-cyclohexyl-2-phenyl-1,3-
oxathiolan-5-yl)pirrolidine (2 R,2′R,5′R)-(+)-3 were obtained.

The chemical and physical characteristics of the four isomers
and their1H and13C NMR spectra are reported in Tables 3 and 4
(Supporting Information).

General Procedure for the Synthesis of Dimethyl Pirroli-
dinium Iodides 4-6. An anhydrous diethyl ether solution of the
suitableN-methyl amine1-3 was treated with an excess of methyl
iodide and kept overnight at rt in the dark. The obtained solid was
filtered, dried under vacuum, and recrystallized from absolute
ethanol/diethyl ether. Compounds (-)-4, (+)-4, (+)-5, (-)-5, (+)-
6, and (-)-6 were prepared by this procedure. The chemical and
physical characteristics of the compounds and their1H NMR spectra
are reported in Tables 5 and 6 (Supporting Information).

Crystal Structure Determination and Refinement Collection
of (-)-2 Oxalate. C22H30NO5S, M ) 420.53, monoclinic, space
groupP21, a ) 8.341(0),b ) 9.535(4),c ) 14.037(6) Å, beta)
91.36(9)V ) 1116.141 Å,3 Z ) 2, Dc ) 1.253 g/cm3, µ ) 0.177
mm-1, F(000) ) 450. Details are reported in the Supporting
Information. Crystallographic data have been deposited with the
Cambridge Crystallographic Data Centre with number CCDC
297250.

Pharmacology. Binding Studies.All equilibrium radioligand
binding experiments were conducted using a protocol based on
previously described procedures.10 Details of the procedures are
reported in the Supporting Information.

Functional Studies. All in vitro experiments were conducted
using a protocol based on previously described procedures,18 slightly
modified with regard to the guinea pig ileum preparation. Details
of the procedures are reported in the Supporting Information.
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Supporting Information Available: Chemical and physical
characteristics, spectral data, and elemental analysis for all the new
compounds; experimental details for the determination of biological
activities; and experimental details for crystal structure determi-
nation of (-)-2 oxalate and its crystallographic data. This material
is available free of charge via the Internet at http://pubs.acs.org.

Table 1. Binding Parameters and Functional Activities of 1,3-Oxathiolane Derivatives

compounds binding affinitiesa (pKi(SE) functional activitiesb (pKb(SE)

cmpd stereochem. hm1 hm2 hm3 hm4 hm5
rabbit vas
deferens

guinea pig
atrium (M2)

guinea pig
ileum (M3)

guinea pig
lung

(-)-1 2S,5′S 8.46( 0.085 8.31( 0.08 8.28( 0.08 8.48( 0.08 8.25( 0.07 7.93( 0.09 7.58( 0.19 8.05( 0.05 6.41( 0.11
(+)-1 2R,5′R 9.12( 0.055 8.56( 0.08 8.61( 0.10 8.70( 0.10 8.49( 0.07 8.66( 0.06 7.97( 0.17 8.44( 0.14 6.06( 0.10
(+)-2 2S,2′R,5′S 8.86( 0.06 8.56( 0.09 9.05( 0.11 8.63( 0.12 8.87( 0.09 7.41( 0.02 8.82( 0.14 8.92( 0.34 6.22( 0.17
(-)-2 2R,2′S,5′R 9.46( 0.06 8.97( 0.10 8.66( 0.11 9.00( 0.075 8.70( 0.08 9.16( 0.04 8.07( 0.20 8.55( 0.17 6.03( 0.16
(-)-3 2S,2′S,5′S 8.83( 0.06 8.37( 0.10 8.77( 0.08 8.92( 0.10 8.70( 0.08 8.32( 0.10 6.91( 0.09 7.70( 0.11 5.92( 0.27
(+)-3 2R,2′R,5′R 9.04( 0.06 8.35( 0.085 8.84( 0.07 8.90( 0.06 8.92( 0.06 7.95( 0.14 7.13( 0.11 7.65( 0.06 5.98( 0.11
(-)-4 2S,5′S 9.53( 0.08 9.33( 0.09 9.13( 0.10 9.33( 0.10 9.39( 0.07 9.56( 0.17 8.78( 0.15 9.16( 0.11 7.79( 0.07
(+)-4 2R,5′R 8.63( 0.05 8.47( 0.08 8.30( 0.10 8.46( 0.09 8.46( 0.06 8.49( 0.11 7.76( 0.05 8.26( 0.16 6.52( 0.18
(+)-5 2S,2′R,5′S 9.93( 0.07 9.02( 0.11 9.47( 0.11 9.06( 0.12 9.97( 0.09 9.97( 0.05 9.00( 0.08* 9.66( 0.23 7.99( 0.12
(-)-5 2R,2′S,5′R 9.02( 0.045 8.83( 0.09 8.31( 0.07 8.74( 0.07 8.49( 0.06 8.49( 0.12 8.54( 0.17 8.84( 0.11 6.55( 0.15
(-)-6 2S,2′S,5′S 9.60( 0.05 9.11( 0.13 9.23( 0.09 9.06( 0.13 9.70( 0.11 9.52( 0.02 8.37( 0.03* 8.50( 0.02 7.47( 0.01
(+)-6 2R,2′R,5′R 9.30( 0.065 9.08( 0.10 9.04( 0.085 9.15( 0.08 9.11( 0.10 9.53( 0.08 8.60( 0.21 8.79( 0.11 6.47( 0.07
A 2R,5R 8.96( 0.07 8.12( 0.09 8.75( 0.10 8.21( 0.07 8.55( 0.08 8.81( 0.20 8.47( 0.13c 8.79( 0.09c 6.24( 0.21
NMSd 9.49( 0.06 9.75( 0.10 9.87( 0.10 9.85( 0.07 9.68( 0.05 n.t.e 9.33( 0.03* 9.21( 0.07* 8.19( 0.06*

a Binding parameters of muscarinic antagonists at five human muscarinic receptor subtypes. The affinity estimates (as pKi) were derived from both
[3H]-NMS homologous and heterologous competition curves and represent the mean (( SEM) of at least three experiments.b pKb values in functional tests
( SEM; n ) 3. The results labeled with a star (*) represent pA2 values.c See reference 13.d N-Methylscopolamine.e n.t. ) not tested.
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