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Heteroaromatic carboxylic esters of (nor)tropine were synthesized. Tropine esters displaced [ H]strych-
nine binding to glycine receptors of rat spinal cord with low Hill slopes. Two-site displacement resulted
in nanomolar IC50,1 and micromolar IC50,2 values, and IC50,2/IC50,1 ratios up to 615 depending on the het-
eroaromatic rings and N-methyl substitution. Nortropeines displayed high affinity and low heterogeneity.
IC50,1 and IC50,2 values of tropeines did not correlate suggesting different binding modes/sites. Glycine
potentiated only the nanomolar displacement reflecting positive allosteric interactions and potentiation
of ionophore function. Affinities of three (nor)tropeines were different for glycine receptors but identical
for 5-HT3 receptors.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Glycine receptors (GlyRs) belong to the pentameric (‘Cys-loop’)
family of ligand-gated ion channels. Five GlyR subunits out of a1–
a3 and b form channels selective for chloride ions. They mediate
inhibitory neurotransmission in mammalian spinal cord. GlyRs
have primary roles in processing motor and sensory signals, while
GlyRs containing a3 subunits participate in inflammatory pain
sensitization.1 Therefore GlyRs might be targets of muscle relaxant,
sedative, and analgesic agents. There is an increasing consensus
that selective and positive allosteric modulation of GlyRs might
be exploited pharmacologically,1,2 similar to the facilitation of
A-type c-aminobutyric acid (GABAA) receptors by benzodiaze-
pines, barbiturates, and neurosteroids. Unfortunately however, no
drugs exist which target GlyRs, while some GlyR subunit-selective
agents affect other receptors as well. For example, some cannabi-
noids exert differential modulation of GlyR subunits a1–a3.3 Due
to structural similarities of GlyRs with other pentameric receptors
of neurotransmitters (e.g., GABAA, nicotinic acetylcholine, and
5-HT3-type serotonin), their ligand selectivities overlap. For exam-
ple, tropisetron and other ‘setron’-type antagonists of 5-HT3 recep-
tors potentiate and inhibit the ionophore function of GlyRs in
nano- and micromolar concentrations, respectively.4

Tropane alkaloids, occurring as esters of carboxylic acids and
tropine or w-tropine are commonly found in plants of different
families, such as in Solanaceae, Erythroxylaceae, and Convolvula-
ll rights reserved.
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ceae. Because of their valuable pharmacological properties, a large
number of tropine esters (tropeines) have been synthesized. It is
promising that the bidirectional modulating effects of tropeines
have been found to be GlyR subunit-dependent.5 Consensus struc-
ture of the pharmacologically desirable high-affinity potentiation
has been associated with aromatic esters of tropine.6 Selectivity
has been shifted from 5-HT3 receptors towards GlyRs via benzoic
esters of tropine.7 A substituted benzoic ester of nortropine,
nor-O-zatosetron has displayed nanomolar affinity and preference
for point-mutated recombinant human a1 GlyRs leading to hyper-
ekplexia, an inherited neurological disease.8 Tropisetron has de-
served utmost interest because it potentiated a1 GlyR function in
femtomolar concentrations.9 This allosteric modulator might have
the highest affinity identified for pentameric receptors but this is
overshadowed by its sub-nanomolar antagonism on 5-HT3 recep-
tors. Also remarkably, the presence of the agonist glycine
(10 lM) has led to heterogeneous (nanomolar and micromolar)
displacement by tropisetron for [3H]strychnine binding to spinal
GlyRs with high heterogeneity (IC50,2/IC50,1 >100) versus homoge-
neous, micromolar displacement without glycine.6 Here, we
revealed displacing heterogeneity of tropeines which was intrinsic,
in the absence of glycine. Since glycine potentiated only the high-
affinity phase of displacement, this can be associated with the
advantageous potentiation of GlyR function by tropeines. In con-
trast, micromolar displacement can be attributed to GlyR antago-
nism which blocks the chloride channels. These opposite
potentiating and inhibitory effects can be separated and hopefully
lead to GlyR-selective potentiating agents which lack the high
affinity of ‘setrons’ (tropisetron, bemesetron) to 5-HT3 receptors.

http://dx.doi.org/10.1016/j.bmc.2009.08.029
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We explored the IC50,2/IC50,1 ratios of binding heterogeneity with
the replacement of the indole ring of tropisetron by other hetero-
aromatic rings in order to find the structural requirements of
increasing heterogeneity and selective potentiation of GlyRs.

2. Results and discussion

2.1. Chemistry

The esterification of tropine with substituted benzoic acid
derivatives can be carried out, applying the usual acylation pro-
cesses, in acceptable yields.10–12 Preparation of the new heteroaro-
matic tropine esters however, was much more difficult. We tried
several acylation methods but they gave the desired products gen-
erally in poor yields. To achieve better results, finally we chose the
trans-esterification method for the synthesis of 1– 3.13,14 On the
other hand, 4–7 were prepared using the acid chlorides, prepared
from the sodium salts of the corresponding acids with oxalyl chlo-
ride (Scheme 1).

Tropeines 1–6 were subjected to demethylation to obtain nor
derivatives. Demethylation methods described in the literature
for the synthesis of nortropane derivatives15,16 are well developed
processes. By use of ethyl chloroformate, demethylation takes
place readily under the formation of methyl chloride and N-eth-
oxycarbonyl derivatives. However, the hydrolysis of the ethoxycar-
bonyl group requires vigorous reaction conditions and the ester
group is also cleaved. To avoid the cleavage of the ester function
2,2,2-trichloroethyl chloroformate can be applied, because the re-
moval of the trichloroethoxycarbonyl group from the nitrogen
atom can be achieved with zinc in acetic acid solution. Demethyl-
ation and subsequent cleavage of the carbamate can be performed
in one pot using a-chloroethyl chloroformate in refluxing chloro-
form in the presence of NaHCO3, resulting in the heteroaromatic
nortropine esters.17 The mild reaction conditions and good yields
prompted us to use this simple reaction for the synthesis of the
nor derivatives 1n, 2n, 3n, 4n, 5n, and 6n (Scheme 1). It should
be mentioned that no demethylation of the pyrrole nitrogen atom
of 2 could be observed. Preparation of the demethylated derivative
7n was unsuccessful in pure form, due to low conversions and for-
mation of several byproducts. Compounds 8 and 8n were prepared
as described.18
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Scheme 1. Synthesis of tropine and nortropine esters. Reagents and conditions: (i) Metho
OCOCl, NaHCO3, CHCl3 reflux.
2.2. Receptor binding

All compounds exhibited concentration-dependent, full dis-
placement of specific [3H]strychnine binding to spinal GlyRs (Figs.
1 and 2). Table 1 summarizes the parameters of fitting to the dis-
placement data. Nortropeines (1n, 3n, 4n, 5n, 6n, and 8n) exerted
homogenous displacement; their Hill slope values were not signif-
icantly different from unity (Table 1). In contrast, sigmoidal fitting
for tropine esters resulted in Hill slopes significantly lower than
unity. These displacements with shallow Hill slopes were fitted
with two sites significantly better than with one site. Figure 1 illus-
trates this with 3 (continuous vs dotted lines). Figure 1 also dem-
onstrates that displacement by nortropeine 3n did not show a
low-affinity phase while that of its N-methylated analogue 3 did.
On the other hand, the high-affinity IC50,1 values of 3 and 3n were
similar (Fig. 1). Moreover, the IC50,1 values of tropeines were not
significantly different from the IC50 of the respective nor analogues
(1–1n, 2–2n, 3–3n, 4–4n, 5–5n, and 6–6n pairs in Table 1). For
most compounds in Table 1, the minor contribution of the high-
affinity fraction (fraction1) resulted in greater SEM values of the
corresponding lg IC50,1 values. In view of the distinct binding het-
erogeneity of heteroaromatic tropeines versus nortropeines ob-
served here, we have re-evaluated now the displacement data for
the 3a-(30-pyridinecarbonyloxy)-(nor)tropane pair 8–8n synthe-
sized and evaluated earlier according to an allosteric model.18 Ta-
ble 1 shows that they fit in the general trend: nortropeine 8n
displayed homogeneous displacement while tropeine 8 with its
shallow displacement was fitted with two sites significantly better.
Overall, tropeines bind to different populations of GlyR sites in dis-
tinctive manner: with high-affinity (nanomolar) IC50,1 and low-
affinity (micromolar) IC50,2 while nortropeines have almost identi-
cal, nanomolar affinities to these populations of binding sites,
without distinction.

Native GlyRs of rat spinal cord have heterooligomeric a1b sub-
unit composition.2 Point-mutation of amino acid N102 in the ago-
nist-binding interface cavity of recombinant a1(b) GlyRs has
abolished inhibition but not potentiation by tropisetron suggest-
ing the existence of discrete binding sites for femtomolar poten-
tiation and micromolar inhibition.9 This is strongly supported by
distinct patterns of point mutations at the agonist-binding cavity
of recombinant human a1 GlyRs expressed in Xenopus oocytes
which abolished either nanomolar potentiation or micromolar
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Figure 1. Concentration-dependent displacement of [3H]strychnine binding to
striatal GlyRs by a representative pair, tropeine 3 and nortropeine 3n. Specific
[3H]strychnine binding in the presence (B) versus absence (control, Bo) of displacing
tropeines. Data are mean ± SEM of four experiments. Displacement by 3n (s) can be
fitted with one site while that of the corresponding 3 (d) can be fitted to two sites
(continuous curve) significantly better than to one site with Hill slopes of one
(dotted curve). The dashed arrow shows that N-methylation of 3n shifts the IC50,2
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Figure 2. Displacement of [3H]strychnine binding by 2n in the absence (�) and
presence (s) of 10 lM glycine. Data are mean ± SEM of three to six experiments.
The data can be fitted to two sites (continuous curve) significantly better than to
one site (dotted curve). Glycine displaced the control [3H]strychnine binding to
�53% and selectively shifted the high-affinity fraction to the left.
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inhibition of glycine-elicited chloride currents by 3a-(30-meth-
oxy-benzoyloxy)-nortropane.19 Tropisetron appeared to have
different binding orientations in a/a versus a/b subunit interfaces
of GlyRs.9 Coexpression of the major subunit a1 with b has re-
sulted in potentiation of agonist-elicited GlyR function by the het-
eroaromatic tropisetron two orders of magnitude stronger than
inhibition.5 Here, heteroaromatic tropeines displayed similarly
heterogeneous displacing potencies on native a1b GlyR binding.
Glycine potentiated selectively the high-affinity IC50,1 of tropeines
for [3H]strychnine binding. All these findings support that posi-
tive cooperativity between tropeine binding of nanomolar affinity
and agonist binding can be associated with potentiation of GlyR
function. On the other hand, micromolar tropeine concentrations
prevent agonist binding and lead to closed GlyR channels. IC50,1

and IC50,2 values of the tropeines did not correlate with each
other (r2 = 0.02, plot not shown). This supports the existence of
different modes/sites of high- and low-affinity tropeine bindings.
Thus, we postulate that tropeine binding with nanomolar affinity
can be associated with the advantageous potentiation while
micromolar binding elsewhere corresponds to inhibition of GlyRs.
This is why we were interested in heterogeneous binding and
selective potentiation.

The IC50,2/IC50,1 ratios of binding heterogeneity varied between
1 (that is, no apparent distinction for most nortropeines) and 615
(Table 1). We did observe slight heterogeneity of displacement
for only one nortropeine, 2n as illustrated in Figure 2. Fitting to
two sites (continuous line) revealed small but statistically signifi-
cant heterogeneity as compared to fitting to one site (dotted line).
It resulted in a high-affinity fraction of about 54% and IC50,2/
IC50,1 = 11 for 2n (Table 1). We also examined displacement by
2n in the presence of a partially displacing concentration, 10 lM
of the GlyR agonist glycine to confirm the involvement of GlyRs.
Figure 2 shows that displacing heterogeneity was more substantial
in the presence of glycine due to a leftward shift of only the high-
affinity phase. This represents strong, selective potentiation of the
high affinity resulting in IC50,1 �1 nM (Fig. 2) while the low affinity
was not affected (Table 1). Glycine increased the IC50,2/IC50,1 ratio
of 2n from 11 to 124 (Table 1). It should be noted that not only
tropisetron but also other 5-HT3 receptor antagonists, bemesetron
and zatosetron which are substituted benzoyloxy-tropanes, re-
sulted in heterogeneous displacement of [3H]strychnine binding
in the presence of 10 lM glycine with the appearance of a high-
affinity phase.5 Therefore displacement data for several substituted
benzoyloxy-(nor)tropanes studied previously5,7 were re-evaluated.
All these nortropeines and most tropeines displayed apparently
homogeneous displacement with Hill slopes around unity. How-
ever, displacement by bemesetron, 3a-(30,50-dichlorobenzoyloxy)-
tropane was fitted to two sites significantly better than to one site
(data not shown). Moreover, 10 lM glycine selectively shifted the
high-affinity phase to the left. Glycine increased the displacing het-
erogeneity from 18 to 292 but it did not affect the IC50,2 value sig-
nificantly (data not shown). Glycine also potentiated the
displacement by 3a-(30-indolecarbonyloxy)-nortropane (nortrop-
isetron).18 However, even though 10 lM glycine decreased the Hill
slope of displacement by nortropisetron, two phases could not be
significantly separated.18 Since the 10-methylated indole derivative
2 bound with high heterogeneity and tropeine 4 with a 20-pyrrole
ring displayed the greatest heterogeneity (Table 1), we merged
them and synthesized the 10-methylated pyrrole derivative 7.
Although the Hill slope of displacement by 7 was below unity (Ta-
ble 1), two phases could not be significantly separated. If the high-
affinity fraction is small, it might be undetectable. Thus, the IC50,2/
IC50,1 ratio might be higher but it cannot be determined (see the ar-
row at 7 in Fig. 3). These previous and present findings can be
interpreted now that glycine reveals/increases the heterogeneity
of (nor)tropeine binding to GlyRs. The selective potentiating effects
of glycine on the high-affinity fraction of displacement by
(nor)tropeines indicate positive allosteric interactions with glycine
binding. This interaction in vitro and the high binding affinity of
about 1 nM for 2n might be exploited pharmacologically in posi-
tive modulation of glycinergic neurotransmission.

Binding heterogeneity varied within three orders of magnitude
depending on the structures of heteroaromatic rings and N-methyl
substitution (Table 1). Heterogeneity was increased in two ways
(see the arrows in the Graphical abstract): (1) Glycine further
potentiated the high binding affinity without affecting the low-
affinity component. (2) N-Methylation attenuated the low-affinity
tropeine binding while it did not significantly affect the high affin-
ity ones.



Table 1
Displacing potencies of (nor)tropeines for [3H]strychnine binding to GlyRs of rat spinal cord and for [3H]granisetron binding to 5-HT3-type serotonin receptors of rat forebrain

(Nor)tropeines GlyR 5HT3R

One site Two sites IC50 nM

�lg IC50 �nH Fraction1 �lg IC50,1 �lg IC50,2
IC50;2
IC50;1

1 3a-(20-Indolecarbonyloxy)-tropane 5.33 ± 0.11 0.76 ± 0.06a 0.13 ± 0.05 7.22 ± 0.60 5.10 ± 0.09 133
1n 3a-(20-Indolecarbonyloxy)-nortropane 6.63 ± 0.08 0.92 ± 0.10 �1c 32 ± 7
2 3a-(10-Methyl-20-Indolecarbonyloxy)-tropane 5.80 ± 0.05 0.68 ± 0.08a 0.15 ± 0.03 7.99 ± 0.41 5.62 ± 0.05 240 18 ± 1
2n 3a-(10-Methyl-20-Indolecarbonyloxy)-nortropane 7.47 ± 0.05 0.82 ± 0.05a 0.54 ± 0.23 7.94 ± 0.24 6.90 ± 0.29 11 25 ± 5
2n —00— + 10 lM Gly 7.15 ± 0.07 0.73 ± 0.11a 0.22 ± 0.07b 8.97 ± 0.46 6.87 ± 0.12 124
3 3a-(30-Quinolinecarbonyloxy)-tropane 5.72 ± 0.11 0.61 ± 0.05a 0.32 ± 0.10 7.14 ± 0.37 5.26 ± 0.16 76
3n 3a-(30-Quinolinecarbonyloxy)-nortropane 6.78 ± 0.07 0.94 ± 0.07 �1c

4 3a-(20-Pyrrolecarbonyloxy)-tropane 4.95 ± 0.05 0.63 ± 0.09a 0.16 ± 0.03 7.47 ± 0.34 4.68 ± 0.07 615
4n 3a-(20-Pyrrolecarbonyloxy)-nortropane 6.89 ± 0.04 0.91 ± 0.13 �1c

5 3a-(20-Thiophenecarbonyloxy)-tropane 5.72 ± 0.07 0.71 ± 0.04a 0.23 ± 0.07 7.05 ± 0.31 5.37 ± 0.09 47
5n 3a-(20-Thiophenecarbonyloxy)-nortropane 7.38 ± 0.08 0.89 ± 0.11 �1c

6 3a-(20-Furanecarbonyloxy)-tropane 5.25 ± 0.07 0.73 ± 0.05a 0.14 ± 0.03 7.30 ± 0.35 5.00 ± 0.06 200
6n 3a-(20-Furanecarbonyloxy)-nortropane 7.10 ± 0.04 1.07 ± 0.19 �1c

7 3a-(10-Methyl-20-Pyrrolecarbonyloxy)-tropane 5.12 ± 0.08 0.86 ± 0.09a P1c

8 3a-(30-Pyridinecarbonyloxy)-tropaned 5.37 ± 0.05 0.74 ± 0.07a 0.19 ± 0.03 7.23 ± 0.26 4.64 ± 0.07 390
8n 3a-(30-Pyridinecarbonyloxy)-nortropaned 7.00 ± 0.03 1.20 ± 0.03 �1c

Fitting parameters are mean ± SEM of four experiments for sigmoidal fitting to one site, while fitting with two-site displacement was performed for the pooled data of four to
six experiments.

a Significantly lower than unity in Student’s t test (P <0.05) indicating binding heterogeneity. For these compounds fitting with two sites was significantly better (P <0.001)
than with one site according to the F test.

b Ten-micromolar glycine reduced the binding to 0.54 ± 0.02. Fraction1 = 0.22 corresponds to 40.7% of that.
c Significant heterogeneity of displacement was not observed.
d Binding data were taken from Ref. 18 and refitted.
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Beside the distinctive effects of N-methylation of the nortro-
pane ring, structure–activity relationships of systematically mod-
ified (hetero)aromatic rings can be also evaluated. Figure 3 shows
that the binding properties can be affected significantly by the
different position and stereo-electronic properties of the hetero-
aromatic N atom and its different interactions with GlyR moie-
ties. This is supported by the following findings. (1) A shift of
the carbonyloxy attachment between the aromatic and tropane
rings from position 30 to 20 of the indole ring significantly affects
the shape of the tropeine molecule. Consequently, the binding
affinity of the 20-derivative 1n was much lower than that of
the isomeric 30-derivative nortropisetron with IC50 = 17 nM.18

(2) Binding heterogeneities of 2 with a 10-methyl-20-indole ring
and of 4 with a 20-pyrrole ring were great (Fig. 3), while no het-
erogeneity could be detected for 7 with a 10-methyl-20-pyrrole
ring. This discrepancy indicates a crucial role of the N heteroatom
in high-affinity binding, thus in heterogeneity. (3) N-methylation
of the indole rings of 1 and 1n increased the high affinity and
binding heterogeneity of 2 and 2n (Fig. 3). (4) Ring enlargement
of 30-indole into 30-quinoline derivatives decreased the binding
affinity of nortropeine 3n while the binding of the 30-quinoline
tropeine 3 was much more heterogeneous. (5) The absence of
the phenyl ring of 20-indole derivative 1 also led to more potent
and heterogeneous binding for the 20-pyrrole derivative 4 (Fig. 3).
On the other hand, the phenyl group in 30-quinoline derivatives 3
and 3n had no apparent effects in comparison with 30-pyridine
derivatives 8 and 8n. The presence of the pyridine N atom in 8
did not affect the high binding affinity either, in comparison with
the corresponding benzoyloxy-tropane,7 but it introduced great
heterogeneity in GlyR binding. The rank order of displacing
potencies for the heteroatoms in (nor)tropeines was N > O > S.
Overall, heteroatoms in the aromatic (thiophene, furane, pyridine,
and pyrrole) rings resulted in great binding heterogeneity (4, 6,
and 8).

Structure–activity relationships of binding to GlyRs versus 5-
HT3 type serotonin receptors show substantial differences. This is
demonstrated in Table 1 for compounds 1n, 2, and 2n closely re-
lated to tropisetron. Their composite IC50 values in the first data
column of Table 1 varied within two orders of magnitude for GlyRs
while their affinities to 5-HT3 receptors were almost identical (last
column). This means that (nor)tropeine binding to 5-HT3 receptors
is insensitive for N-methyl substituents of both indole and tropane
rings. In contrast, N-methylation of 1n 0created0 binding heteroge-
neity for GlyRs differentially: in the nortropane ring via attenuat-
ing a low-affinity component for 1, while in the indole ring via
potentiating the high-affinity component for 2n. Remarkably, the
Gly-potentiated IC50,1 �1 nM of 2n was more potent than its
IC50 = 25 nM for 5-HT3 receptors therefore it might lead to agents
with promising selectivity for GlyRs.
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3. Conclusions

Heteroaromatic esters of tropine discriminated between high-
and low-affinity tropeine binding modes/sites on GlyRs. The ratios
of high versus low binding affinities were increased (1) by glycine
via further potentiating the high affinity and (2) by N-methylation
of nortropeines via attenuating the low affinity. High-affinity
(nanomolar) tropeine binding potentiated by glycine can serve as
a lead to develop GlyR subunit-selective, positive allosteric modu-
lators. It is promising that (i) binding heterogeneities up to 615
were observed depending on heteroaromatic (indole, quinoline,
pyridine, pyrrole, furane, and thiophene) rings and N-methyl sub-
stitution; and (ii) structure–activity relationships of (nor)tropeines
were different for GlyRs versus 5-HT3 receptors. Consequently, 2n
displayed nanomolar affinity and preference for GlyRs versus 5-
HT3 receptors.
4. Experimental

4.1. Chemistry

The structures of the final products as free bases were con-
firmed by 1H and 13C NMR. Spectra were recorded on a Varian
Unity 300 (300 MHz) spectrometer, in CDCl3 solutions. Chemical
shifts (d) are expressed in ppm relative to the internal standard
TMS. Infrared spectra were obtained with a Perkin–Elmer 1605
FT-IR spectrometer. The purity of the compounds was controlled
with microanalysis which was carried out on a Heraeus Micro Ra-
pid CHN. Melting points were determined on a Büchi SMP 20 appa-
ratus. Hydrochlorides or fumarates were prepared for receptor
binding studies.

4.1.1. General procedure for the preparation of tropine esters
Method A: The ethyl ester of the carboxylic acid (1.52 g,

10 mmol), tropine (1.55 g, 11 mmol), and sodium (0.05 g
1.15 mmol) were heated at 120 �C for 24 h at 15 mm in vacuum,
whereby ethanol produced was distilled off. Methanol was added
to the mixture and it was stirred for 10 min. The solvent was then
removed, water was added to the residue, and it was extracted
with diethyl ether. The ethereal solution was dried over Na2SO4

and evaporated to give a thick, oily substance which was purified
by column chromatography on silica gel using diethyl ether–iso-
propyl amine as eluent.

Method B: The potassium salt of the carboxylic acid (4.74 mmol)
was suspended in CH2Cl2 (5 mL) and oxalyl chloride (0.62 mL,
7.1 mmol) was added dropwise to the mixture in an ice bath. After
30 min the reaction was refluxed for 3 h. Excess oxalyl chloride
was removed under reduced pressure and the crude acid chloride
was added to a solution of tropine (0.73 g, 5.21 mmol) and K2CO3

(1.31 g, 9.48 mmol) in acetonitrile (15 mL) at 0 �C. The mixture
was stirred for 12 h at 0 �C. The solvent was removed in vacuo ,
the residue was quenched with water (10 mL) and then extracted
with diethyl ether (2 � 8 mL). The organic layer was washed with
saturated NaCl solution and dried (MgSO4). The solvent was re-
moved under reduced pressure to give a yellow oil, which was
purified by column chromatography on silica gel using diethyl
ether–isopropyl amine as eluent.

4.1.1.1. 3a (20-Indolecarbonyloxy)-tropane (1). Method A: White
crystalline substance (1.28 g, 45%) mp >250 �C (HCl salt). 1H NMR
(CDCl3) d (ppm): 9.35 (br s, 1H, N–H), 7.71 (d, J = 8.1 Hz, 1H, H-
70), 7.44 (d, J = 8.3 Hz, 1H, H-40), 7.33 (dd, J = 8.1 Hz, 7.1 Hz, 1H,
H-60), 7.19 (dd, J = 8.3 Hz, 7.1 Hz, 1H, H-50), 7.05 (s, 1H, H-30),
5.30 (t, J = 5.0 Hz, 1H, H-3), 3.22 (br s, 2H, H-1 and H-5), 2.34 (s,
3H, N–CH3), 2.23–1.78 (m, 8H); 13C NMR d (ppm): 161.95 (C@O),
137.40 (C-80), 128.30 (C-90), 127.85 (C-20), 125.75, (C-60), 122.91
(C-40), 121.24 (C-50), 112.35 (C-70), 108.57 (C-30), 68.65 (C-3),
60.33 (C-1 and C-5), 40.79 (N–CH3), 36.99 (C-2 and C-4), 26.16
(C-6 and C-7). Anal. Calcd for C17H20N2O2: C, 71.81; H, 7.09; N,
9.85. Found: C, 71.69; H, 6.95; N, 9.82.

4.1.1.2. 3a-(10-Methyl-20-indolecarbonyloxy)-tropane (2).
Method A: White crystalline substance (1.22 g, 41%) mp >250 �C

(HCl salt). 1H NMR (CDCl3) d (ppm): 7.70 (d, J = 8.0 Hz, 1H, H-70),
7.41–7.33 (m, 2H, H-40and H-60), 7.25 (s, 1H, H-30), 7.16 (dd,
J = 8.2 Hz, 6.5 Hz, 1H, H-50), 5.28 (t, J = = 5.1 Hz, 1H, H-3), 4.09 (s,
3H, N–CH3-10), 3.21 (br s, 2H, H-1 and H-5), 2.35 (s, 3H, N–CH3),
2.23–1.84 (m, 8H); 13C NMR d (ppm): 161.91 (C@O), 140.09 (C-
80), 128.60 (C-90), 126.21 (C-20), 125.37, (C-60), 122.88 (C-40),
121.01 (C-50), 110.64 (C-70), 110.03 (C-30), 67.81 (C-3), 60.33 (C-1
and C-5), 40.79 (N–CH3), 36.99 (C-2 and C-4), 31.96 (N–CH3-10),
26.17 (C-6 and C-7). Anal. Calcd for C18H22N2O2: C, 72.46; H,
7.43; N, 9.39. Found: C, 72.55; H, 7.39; N, 9.08.

4.1.1.3. 3a-(30-Quinolinecarbonyloxy)-tropane (3). Method A:
White crystalline substance (1.51 g, 51%) mp >250 �C (HCl salt).
1H NMR (CDCl3) d (ppm): 9.46 (d, J = 1.7 Hz, 1H, H-20), 8.84 (d,
J = 1.7 Hz, 1H, H-40), 8.18 (d, J = 8.5 Hz, 1H, H-80), 7.97 (d,
J = 8.2 Hz, 1H, H-50), 7.86 (dd, J = 8.5 Hz, 6.9 Hz, 1H, H-70), 7.65
(dd, J = = 8.2 Hz, 6.9 Hz, 1H, H-60), 5.37 (t, J = 5.2 Hz, 1H, H-3),
3.21 (br s, 2H, H-1 and H-5), 2.33 (s, 3H, N–CH3), 2.29–1.89 (m,
8H); 13C NMR d (ppm): 165.05 (C@O), 150.23 (C-20), 150.15 (C-
90), 139.10 (C-40), 132.25 (C-70), 129.82, (C-80), 129.51 (C-100),
127.86 (C-60), 127.27 (C-50), 124.02 (C-30), 69.33 (C-3), 60.15 (C-1
and C-5), 40.88 (N–CH3), 37.16 (C-2 and C-4), 26.24 (C-6 and C-
7). Anal. Calcd for C18H20N2O2: C, 72.95; H, 6.80; N, 9.45. Found:
C, 73.14; H, 6.70; N, 9.33.

4.1.1.4. 3a-(20-Pyrrolecarbonyloxy)-tropane (4). Method B:
White crystalline substance (0.54 g, 49%) mp >250 �C (fumarate
salt). 1H NMR (CDCl3) d (ppm): 9.56 (br s, 1H, N–H) 6.97 (dd,
J = 2.5 Hz, 1.3 Hz, 1H, H-50), 6.88 (dd, J = 3.6 Hz, 1.3 Hz, 1H, H-30),
6.26 (dd, J = 3.6 Hz, 2.5 Hz, 1H, H-40), 5.19 (t, J = 5.0 Hz, 1H, H-3),
3.14 (br s, 2H, H-1 and H-5), 2.30 (s, 3H, N–CH3), 2.24–1.78 (m,
8H); 13C NMR d (ppm): 160.91, (C@O), 123.73 (C-50), 123.13 (C-
20), 114.99 (C-30), 110.51 (C-40), 67.65 (C-3), 60.06 (C-1 and C-5),
40.63 (N–CH3), 36.91 (C-2 and C-4), 25.97 (C-6 and C-7). Anal.
Calcd for C13H18N2O2: C, 66.64; H, 7.74; N, 11.96. Found: C,
66.44; H, 7.72; N, 12.21.

4.1.1.5. 3a-(20-Thiophenecarbonyloxy)-tropane (5). Method B:
White crystalline substance (0.65 g, 55%) mp >250 �C (HCl salt).
1H NMR (CDCl3) d (ppm): 7.77 (dd, J = 3.7 Hz, 1.2 Hz, 1H, H-30),
7.53 (dd, J = 5.0 Hz, 1.2 Hz, 1H, H-50), 7.12–7.07 (m, 1H, H-40),
5.19 (t, J = 5.2 Hz, 1H, H-3), 3.12 (br s, 2H, H-1 and H-5), 2.28 (s,
3H, N–CH3), 2.23–1.78 (m, 8H); 13C NMR d (ppm): 161.60 (C@O),
134.82 (C-20), 133.28 (C-30), 132.32 (C-50), 128.00, (C-40), 68.64
(C-3), 60.01 (C-1 and C-5), 40.67 (N–CH3), 36.88 (C-2 and C-4),
25.97 (C-6 and C-7). Anal. Calcd for C13H17NO2S: C, 62.12; H,
6.82; N, 5.57. Found: C, 62.00; H, 6.95; N, 5.60.

4.1.1.6. 3a-(20-Furanecarbonyloxy)-tropane (6). Method B:
White crystalline substance (0.58 g, 52%) mp >250 �C (HCl salt).
1H NMR (CDCl3) d (ppm): 7.55 (dd, J = 1.7 Hz, 0.8 Hz, 1H, H-50),
7.09 (dd, J = 3.5 Hz, 0.8 Hz, 1H, H-30), 6.47 (dd, J = 3.5 Hz, 1.7 Hz,
1H, H-40), 5.19 (t, J = 5.2 Hz, 1H, H-3), 3.10 (br s, 2H, H-1 and H-
5), 2.26 (s, 3H, N–CH3), 2.22–1.78 (m, 8H); 13C NMR d (ppm):
158.24, (C@O), 146.49 (C-50), 145.47 (C-20), 117.54 (C-30), 111.92
(C-40), 68.43 (C-3), 60.36 (C-1 and C-5), 40.64 (N–CH3), 36.82 (C-
2 and C-4), 26.86 (C-6 and C-7). Anal. Calcd for C13H17NO3: C,
66.36; H, 7.28; N, 5.95. Found: C, 66.05; H, 7.39; N, 6.08.
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4.1.1.7. 3a-(10-Methyl-20-pyrrolecarbonyloxy)-tropane (7).
Method B: White crystalline substance (0.49 g, 42%) mp >250 �C

(fumarate salt). 1H NMR (CDCl3) d (ppm): 6.85 (dd, J = 2.7 Hz,
1.4 Hz, 1H, H-50), 6.73 (dd, J = 3.6 Hz, 1.4 Hz, 1H, H-30), 6.07 (dd,
J = 3.6 Hz, 2.7 Hz, 1H, H-40), 5.23 (t, J = 4.7 Hz, 1H, H-3), 3.87 (s,
3H, CH3-10) 3.20 (br s, 2H, H-1 and H-5), 2.35 (s, 3H, N–CH3),
2.22–1.80 (m, 8H); 13C NMR d (ppm): 160.08, (C@O), 130.26 (C-
50), 122.30 (C-20), 117.53 (C-30), 108.19 (C-40), 64.41 (C-3), 60.94
(C-1 and C-5), 40.79 (N–CH3), 39.96 (N–CH3-10), 36.93 (C-2 and
C-4), 25.10 (C-6 and C-7). Anal. Calcd for C14H20N2O2: C, 67.71;
H, 8.12; N, 11.28. Found: C, 67.52; H, 8.02; N, 11.31.

4.1.2. General procedure for the demethylation of tropeines
To a stirred mixture of the tropine ester (2 mmol) and NaHCO3

(2.70 g, 32 mmol) in anhydrous CHCl3 (25 mL), a-chloroethyl chlo-
roformate (1.14 g, 0.86 mL, 8 mmol) was slowly added in nitrogen
atmosphere at 40 �C. The temperature was then increased to 60 �C
and the mixture stirred for 3 h. After cooling down the solvent was
evaporated under reduced pressure. Methanol (5 mL) was added to
the residue and refluxed for 2 h. The solution was then evaporated,
saturated K2CO3 solution (10 mL) was added, and it was extracted
with CH2Cl2 (3 � 5 mL). The solution was dried over Na2SO4 and
evaporated to give a yellow oil, which was purified by column
chromatography on silica gel using diethyl ether–isopropyl amine
as eluent.

4.1.2.1. 3a-(20-Indolecarbonyloxy)-nortropane (1n). White
crystalline substance (0.39 g, 72%) mp >250 �C (HCl salt). 1H NMR
(CDCl3) d (ppm): 9.39 (br s, 1H, H-10), 7.63 (d, J = 8.0 Hz, 1H, H-70),
7.36 (d, J = 8.3 Hz, 1H, H-40), 7.25 (dd, J = 8.0 Hz, 7.0 Hz, 1H, H-60),
7.11 (s, 1H, H-30), 7.06 (dd, J = 8.3 Hz, 7.0 Hz, 1H, H-50), 5.28 (t, J =
= 4.7 Hz, 1H, H-3), 3.53 (br s, 2H, H-1 and H-5), 2.26–1.81 (m, 8H);
13C NMR d (ppm): 162.00 (C@O), 137.40 (C-80), 128.33 (C-90),
127.84 (C-20), 125.70, (C-60), 122.90 (C-40), 121.20 (C-50), 112.32
(C-70), 108.58 (C-30), 69.46 (C-3), 53.73 (C-1 and C-5), 37.90 (C-2
and C-4), 29.89 (C-6 and C-7). Anal. Calcd for C16H18N2O2: C, 71.09;
H, 6.71; N, 10.36. Found: C, 70.87; H, 6.56; N, 10.02.

4.1.2.2. 3a-(10-Methyl-20-indolecarbonyloxy)-nortropane
(2n). White crystalline substance (0.36 g, 63%) mp >250 �C (HCl
salt). 1H NMR (CDCl3) d (ppm): 7.70 (d, J = 8.0 Hz, 1H, H-70), 7.41–
7.32 (m, 2H, H-40and H-60), 7.26 (s, 1H, H-30), 7.16 (dd, J = 8.3 Hz,
6.5 Hz, 1H, H-50), 5.31 (t, J = 5.1 Hz, 1H, H-3), 4.09 (s, 3H, N–CH3-
10), 3.58 (br s, 2H, H-1 and H-5), 2.27–1.88 (m, 8H); 13C NMR d
(ppm): 161.94 (C@O), 140.06 (C-80), 128.59 (C-90), 126.21 (C-20),
125.35, (C-60), 122.87 (C-40), 121.00 (C-50), 110.61 (C-70), 110.05 (C-
30), 67.61 (C-3), 53.74 (C-1 and C-5), 37.90 (C-2 and C-4), 31.93 (N–
CH3-10), 29.83 (C-6 and C-7). Anal. Calcd for C17H20N2O2: C, 71.81;
H, 7.09; N, 9.85. Found: C, 72.00; H, 6.89; N, 9.88.

4.1.2.3. 3a-(30-Quinolinecarbonyloxy)-nortropane (3n). White
crystalline substance (0.42 g, 75%) mp >250 �C (HCl salt). 1H NMR
(CDCl3) d (ppm): 9.47 (d, J = 1.7 Hz, 1H, H-20), 8.84 (d, J = 1.7 Hz,
1H, H-40), 8.18 (d, J = 8.5 Hz, 1H, H-80), 7.97 (d, J = 8.1 Hz, 1H, H-
50), 7.86 (dd, J = 8.5 Hz, 6.9 Hz, 1H, H-70), 7.66 (dd, J = 8.1 Hz,
6.9 Hz, 1H, H-60), 5.43 (t, J = 4.7 Hz, 1H, H-3), 3.61 (br s, 2H, H-1
and H-5), 2.25–1.90 (m, 8H); 13C NMR d (ppm): 165.05 (C@O),
150.23 (C-20), 150.20 (C-90), 139.10 (C-40), 132.27 (C-70), 129.86,
(C-80), 129.53 (C-100), 127.89 (C-60), 127.28 (C-50), 124.01 (C-30),
70.04 (C-3), 53.73 (C-1 and C-5), 37.97 (C-2 and C-4), 29.96 (C-6
and C-7). Anal. Calcd for C17H18N2O2: C, 72.32; H, 6.43; N, 9.92.
Found: C, 72.08; H, 6.55; N, 9.98.

4.1.2.4. 3a-(20-Pyrrolecarbonyloxy)-nortropane (4n). White
crystalline substance (0.37 g, 85%) mp >250 �C (fumarate salt). 1H
NMR (CDCl3) d (ppm): 9.54 (br s, 1H, H-10) 6.95 (dd, J = 2.4 Hz,
1.3 Hz, 1H, H-50), 6.89 (dd, J = 3.5 Hz, 1.3 Hz, 1H, H-30), 6.22 (dd,
J = 3.5 Hz, 2.4 Hz, 1H, H-40), 5.25 (t, J = 5.1 Hz, 1H, H-3), 3.56 (br s,
2H, H-1 and H-5), 2.20–1.83 (m, 8H); 13C NMR d (ppm): 160.96,
(C@O), 123.65 (C-50), 123.24 (C-20), 115.05 (C-30), 110.54 (C-40),
68.29 (C-3), 53.59 (C-1 and C-5), 37.67 (C-2 and C-4), 25.53 (C-6
and C-7). Anal. Calcd for C12H16N2O2: C, 65.43; H, 7.32; N, 12.72.
Found: C, 65.21; H, 7.08; N, 12.99.

4.1.2.5. 3a-(20-Thiophenecarbonyloxy)-nortropane (5n). White
crystalline substance (0.37 g, 79%) mp >250 �C (HCl salt). 1H NMR
(CDCl3) d (ppm): 7.79 (dd, J = 3.8 Hz, 1.2 Hz, 1H, H-30), 7.55 (dd,
J = 4.9 Hz, 1.2 Hz, 1H, H-50), 7.14–7.07 (m, 1H, H-40), 5.27 (t,
J = 4.9 Hz, 1H, H-3), 3.54 (br s, 2H, H-1 and H-5), 2.23–1.70 (m, 8H).
13C NMR d (ppm): 159.99 (C@O), 133.12 (C-20), 131.66 (C-30),
130.69 (C-50), 126.35 (C-40), 67.69 (C-3), 51.90 (C-1 and C-5), 36.12
(C-2 and C-4), 28.01 (C-6 and C-7). Anal. Calcd for C12H15NO2S: C,
60.73; H, 6.37; N, 5.90. Found: C, 60.64; H, 6.06; N, 5.99.

4.1.2.6. 3a-(20-Furanecarbonyloxy)-nortropane (6n). White
crystalline substance (0.36 g, 81%) mp >250 �C (HCl salt). 1H NMR
(CDCl3) d (ppm): 7.59 (dd, J= 1.6 Hz, J = 0.7, 1H, H-50), 7.13 (dd,
J = 3.5, J = 0.7 Hz, 1H, H-30), 6.51 (dd, J = 3.5 Hz, 1.6 Hz, 1H, H-40),
5.29 (t, J = 4.7 Hz, 1H, H-3), 3.55 (br s, 2H, H-1 and H-5), 2.26–
1.85 (m, 8H). 13C NMR d (ppm):158.28 (C@O), 146.51 (C-50),
145.50 (C-20), 117.57 (C-30), 111.93 (C-40), 69.14 (C-3), 53.61 (C-1
and C-5), 37.70 (C-2 and C-4), 29.56 (C-6 and C-7). Anal. Calcd
for C12H15NO3: C, 65.14; H, 6.83; N, 6.33. Found: C, 64.92; H,
6.89; N, 6.02.

Bemesetron (MDL-72,222) (10) was purchased from RBI (Na-
tick, MA).

4.2. Biology: membrane preparation and binding studies

4.2.1. GlyRs
Crude synaptic membranes were prepared from spinal cords of

male Wistar rats as described.20 The binding assay was performed
in one ml membrane suspensions in 50 mM Tris citrate (pH 7.4)
plus 200 mM KSCN with 2 nM [3H]strychnine (10 lCi/mmol, Du-
pont-NEN). Samples were incubated at 0 �C for 40 min. Duplicate
aliquots were filtered on Whatman GF/B filters under vacuum
and washed by 3 � 3-mL ice cold buffer. Radioactivity of the filters
was measured by scintillation spectrometry. Nonspecific binding
was determined in the presence of 2 mM glycine. Nonlinear regres-
sion (GraphPad Prism Version 2.0, San Diego, CA) and sigmoidal fit-
ting were used to determine the (nor)tropeine concentration to
elicit 50% displacement (IC50) of specific [3H]strychnine binding
and the Hill slopes of displacement (nH) according to Eq. 1:

B=Bo ¼ 1=ð1þ 10 exp½ðX � lg IC50ÞnH�Þ ð1Þ

where X is the logarithm of (nor)tropeine concentration, while B
and Bo are specific binding of [3H]strychnine in the presence and ab-
sence of displacers, respectively. Fitting to two phases of displace-
ment was also performed to determine IC50,1 and IC50,2 values
according to Eq. 2:

B=Bo ¼ fraction1=ð1þ 10 expðX � lg IC50;1ÞÞ
þ ð1� fraction1Þ=ð1þ 10 expðX � lg IC50;2ÞÞ ð2Þ

where fraction1 is the high-affinity phase. Another constant fraction
represented displacement by 10 lM glycine in Eq. 2. Fitting to Eq. 2
was disregarded when it was not significantly better than sigmoidal
fitting via Eq. 1 according to the F test.

4.2.2. 5-HT3 type serotonin receptors
Crude membranes were prepared from forebrains (cerebral cor-

tex + hippocampus) of male Wistar rats as described.21 Briefly,
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forebrains were homogenized in 10 mM HEPES containing 140 mM
NaCl (pH 7.5), centrifuged at 30,000g for 20 min, washed by
homogenization and centrifugation and frozen. Before the binding
assay, the suspensions were thawed and centrifuged at 10,000g for
10 min. For 5-HT3 receptor binding, membrane suspensions in
10 mM HEPES buffer containing 140 mM NaCl (pH 7.5) were incu-
bated with 0.2 nM [3H]granisetron (82 Ci/mmol, Du Pont-NEN) at
0 �C for 2.5 h. Nonspecific binding was determined in the presence
of 10 lM granisetron. Duplicate aliquots were filtered on What-
man GF/B filters pre-soaked in 0.25% polyethyleneimine under vac-
uum. Fitting to Eq. 1 where nH = 1 was used to determine the IC50

values of tropeines.
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