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eDipartimento di Chimica, Università degli Studi di Modena e Reggio Emilia, Via Campi 183, 41100 Modena, Italy
fCentro Interdipartimentale di Analisi e Determinazioni Strutturali, Università di Siena, Via A. Moro, 53100 Siena, Italy
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hDipartimento di Chimica Farmaceutica, Università di Pavia, Via Taramelli 12, 27100 Pavia, Italy

Received 9 July 2001; accepted 20 September 2001

Abstract—Novel conformationally constrained derivatives of classical 5-HT3 receptor antagonists were designed and synthesized
with the aim of probing the central 5-HT3 receptor recognition site in a systematic way. The newly-synthesized compounds were
tested for their potential ability to inhibit [3H]granisetron specific binding to 5-HT3 receptor in rat cortical membranes. These
studies revealed subnanomolar affinity in some of the compounds under study. The most potent ligand in this series was found to be
quinuclidine derivative (S)-7i, which showed an affinity comparable with that of the reference ligand granisetron. The potential
5-HT3 agonist/antagonist activity of some selected compounds was assessed in vitro on the 5-HT3 receptor-dependent [14C]guani-
dinium uptake in NG 108-15 cells. Both of the tropane derivatives tested in this functional assay (7a and 9a) showed antagonist
properties, while the quinuclidine derivatives studied [the enantiomers of compounds 7i, 8g, and 9g, and compound (R)-8h] showed
a full range of intrinsic efficacies. Therefore, the functional behavior of these 5-HT3 receptor ligands appears to be affected by the
structural features of both the azabicyclo moiety and the heteroaromatic portion. In agreement with the data obtained on NG 108-
15 cells, investigations on the 5-HT3 receptor-dependent Bezold–Jarisch reflex in urethane-anaesthetized rats confirmed the 5-HT3

receptor antagonist properties of compounds 7a and (S)-7i showing for these compounds ID50 values of 2.8 and 181mg/kg,
respectively. Finally, compounds 7a, (S)-7i and 9a (at the doses of 0.01, 1.0, and 0.01 mg/kg ip, respectively) prevented scopolamine-
induced amnesia in the mouse passive avoidance test suggestive of a potential usefulness in cognitive disorders for these com-
pounds. Qualitative and quantitative structure–affinity relationship studies were carried out by means of theoretical descriptors
derived on a single structure and ad-hoc defined size and shape descriptors (indirect approach). The results showed to be useful in
capturing information relevant to ligand–receptor interaction. Additional information derived by the analysis of the energy mini-
mized 3-D structures of the ligand–receptor complexes (direct approach) suggested interesting mechanistic and methodological
considerations on the binding mode multiplicity at the 5-HT3 receptors and on the degree of tolerance allowed in the alignment of
molecules for the indirect approach, respectively. # 2002 Elsevier Science Ltd. All rights reserved.
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Introduction

Among the wide variety of serotonin (5-hydroxy-
tryptamine, 5-HT) receptors so far identified, the 5-HT3

receptor subtype stands alone. This receptor is a ligand-
gated ion channel that mediates fast depolarizing
responses and is apparently selective for the monovalent
cations Na+ and K+.1 Current evidence indicates that
the 5-HT3 receptor exhibits the pentameric structure
characteristic of the ligand-gated ion channels (LGICs)
such as nicotinic acetylcholine (nACh), glycine, and
type A g-aminobutyric acid (GABAA) receptors.2 These
receptors are constituted by assemblies of five hetero-
(nAChR, glycineR, and GABAAR) or homo-subunits
(5-HT3R) surrounding a central transbilayer pore. Each
subunit has a large N-terminal extracellular domain,
four putative transmembrane segments and an intracel-
lular domain. Composite ligand binding sites, conserved
throughout the Cys-loop receptor superfamily, are
located at the interface of two subunits formed by resi-
dues belonging to two components.1 The transition to
an open, active state of the nAChR seems to be
favoured by the occupation of two agonist binding sites,
but a ligand–receptor complex with a stoichiometry of
1:1 seems to be sufficient for the homomeric 5-HT3R
function.3

The three-dimensional (3-D) structure of 5-HT3 recep-
tor has not been resolved at the atomic level. However,
the great amount of information emerged from electron
microscopy data,4 photoaffinity labelling, and site-
directed mutagenesis studies5 on the member of this
receptor family was recently used to derive a 3-D model
of the 5-HT3 receptor extracellular domain.6

The development of selective 5-HT3 receptor antago-
nists has received a great deal of attention in recent
years and the therapeutic role of ondansetron (1), gran-
isetron (BRL 43694, 2), and tropisetron (3) as anti-
emetic drugs has been clearly established (Chart 1).
Furthermore, preclinical studies suggested that 5-HT3

receptor antagonists might be clinically useful in a
number of situations. These include depressive, cogni-
tive, and psychotic disorders, drug and alcohol abuse,
treatment of pain and irritable bowel syndrome.7

Our group has been involved for several years in the
development of 5-HT3 receptor ligands based on the
arylpiperazine structure, and we recently proposed a
pharmacophoric model for the interaction of arylpiper-
azine ligands 4 with their receptor.8 The evident analo-
gies showed by this pharmacophoric model with that
developed by Clark et al. for quinuclidine derivatives
related to 59 suggested a common binding domain for
both arylpiperazine and quinuclidine derivatives. How-
ever, the quinuclidine derivatives described by Clark can
be considered, from the structural point of view, classi-
cal 5-HT3 receptor antagonists (since they contain the
generally recognized pharmacophore, i.e., basic nitro-
gen, carbonyl group, and aromatic ring), while our
arylpiperazine ligands are somewhat atypical since a
heterocyclic nitrogen atom replaces the carbonyl group
and the interrelation between these two different classes

in the interaction with the receptor is far from
obvious.10 These observations are at the basis of the
design of a novel class of conformationally constrained
5-HT3 receptor ligands 6–9. In this paper, we report the
synthesis, the pharmacological evaluation, and the
results of extensive qualitative and quantitative struc-
ture–affinity relationship (SAFIR) studies (carried out
by means of theoretical descriptors11—indirect
approach) aimed at capturing information relevant to
ligand–receptor interaction. Furthermore, a comparison
between the results derived by the indirect approach and
those obtained from the direct approach (which con-
siders the energy minimized 3-D structures of the
ligand–receptor complexes) was carried out in order to
get further mechanistic insights into the binding mode
multiplicity of the ligand gated ion channel 5-HT3

receptors and to derive methodological considerations
on the caveats of the two approaches.

Chemistry

Most of the target compounds (6–9) containing the
endo-tropan-3-yl (endo-8-methyl-8-azabicyclo[3.2.1]oct-
3-yl) moiety were easily synthesized by reaction of an
excess of endo-8-methyl-8-azabicyclo[3.2.1]oct-3-yla-
mine12 with the suitable g-bromoester (14–17) available
by bromination (NBS/dibenzoyl peroxide) of the
appropriate ortho-methyl-substituted esters (10–13)
(Scheme 1). Target tropane derivative 7a was used as
the starting material for the synthesis of nortropane
derivative 7b as shown in Scheme 2, while 7d was the
precursor of final derivatives 7c, 7h and 18 (Scheme 3).

Chart 1.
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Among the required starting esters 10–13, naphthalene
derivative 11a was prepared according to the litera-
ture,13 while its regioisomers 12a and 13a were synthe-
sized by Stille cross-coupling14 between triflates 2315 and
24 and tetramethylstannane as the key step (Scheme 4).
Quinoline derivatives 11c–g and 29 were synthesized
from acid 2516 by means of standard methodologies, as
shown in Scheme 5. While in the case of compound 26,
the alkylation with propyl iodide in the presence of
sodium hydride led to a mixture of O-alkylated deriva-
tive 11g with N-alkylated derivative 28, a different result
was obtained when 4(1H)-quinolinone 3117 was sub-
jected to the same alkylation conditions (Scheme 6).
Quite surprisingly, O-alkylated derivative 12e only
could be isolated, and the synthesis of the correspond-
ing N-alkylated derivative 33 was achieved through the
different approach shown in Scheme 7. Finally, the
remaining starting quinoline derivatives 13b–f were pre-
pared from 2-aminoacetophenone (36) by the reaction
sequence shown in Scheme 8.

As far as the synthesis of the target quinuclidine deri-
vatives was concerned, attempts were made to apply the
simple chemistry described above for the preparation
of tropane derivatives, and the condensation between
3-aminoquinuclidine and g-chloroester 16b18 was stud-
ied as a model reaction.

Thus, commercial 3-aminoquinuclidine dihydrochloride
(38) was converted into the free base with Na2CO3 in
refluxing ethanol and was reacted with g-chloroester 16b
to give, instead of the expected quinuclidine g-lactam
8h, a water soluble compound to which the structure of

Scheme 2. Reagents: (i) a-chloroethyl chloroformate (ACE-Cl).

Scheme 3. Reagents: (i) HCl; (ii) H2 (14 psi), Pd/C, Et3N, EtOH;
(iii) H2 (50 psi), Pd/C, Et3N, EtOH.

Scheme 1. Reagents: (i) NBS, dibenzoyl peroxide, CCl4; (ii) endo-8-
methyl-8-azabicyclo[3.2.1]oct-3-ylamine, EtOH.

Scheme 4. Reagents: (i) (a) SOCl2; (b) EtOH, Et3N; (ii) (CF3SO2)2O,
C5H5N; (ii) (CH3)4Sn, LiCl, Pd(PPh3)2Cl2, DMF.

Scheme 5. Reagents: (i) (a) SOCl2; (b) EtOH, Et3N; (ii) POCl3; (iii) (a)
NaH, DMF; (b) CH3(CH2)2I; (iv) EtOH, Et3N; (v) NaH, ROH;
(vi)NBS, dibenzoyl peroxide, CCl4; (vii) H2 (14 psi), Pd/C, Et3N,
EtOH; (vii) endo-8-methyl-8-azabicyclo[3.2.1]oct-3-ylamine, EtOH.
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the inner salt 39 was tentatively assigned on the basis of
its physicochemical and spectroscopic characteristics
(Scheme 9). It appeared that between the two basic
nitrogen atoms of 3-aminoquinuclidine the tertiary one
was more reactive toward the chloromethyl moiety of
16b and the reaction could not evolve toward the
expected quinuclidine g-lactam 8h.

On the basis of these results, a new synthetic method-
ology was developed involving the protection of the
more reactive tertiary nitrogen of 3-aminoquinuclidine
with allyl bromide, the reaction with the suitable g-
haloester, and the deprotection with dipropylamine in
the presence of Pd(PPh3)2Cl2 (Scheme 10).19

It is noteworthy that this procedure could be con-
veniently applied without the isolation of quaternary
ammonium salt intermediates 40 and 41–44.20 More-
over, the palladium catalyst played a key role in the
deprotection since in its absence it could not be
obtained. Finally, the procedure developed could be

Scheme 6. Reagents: (i) POCl3; (ii) (a) NaH, DMF; (b) CH3(CH2)2I;
(iii) NaH, MeOH.

Scheme 7. Reagents: (i) CH3–CO–CH2–COOC2H5, NaH, DMA;
(ii) NBS, dibenzoyl peroxide, CCl4; (iii) endo-8-methyl-8-azabicy-
clo[3.2.1]oct-3-ylamine, EtOH; (iv) HCl.

Scheme 8. Reagents: (i) (a) ClCOCH2COOC2H5,CH2Cl2; (b) NaH,
EtOH; (ii) POCl3; (iii) (a) NaH, DMF, (b) CH3(CH2)2I; (iv) H2

(14 psi), Pd/C, Et3N, EtOH; (v) NaH, ROH.

Scheme 9. Reagents: (i) Na2CO3, EtOH.

Scheme 10. Reagents: (i) (a) Na2CO3, EtOH, (b) CH2¼CHCH2Br;
(ii) (CH3CH2CH2)2NH, Pd(PPh3)2Cl2, DMF.
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conveniently used for the synthesis of the enantiomers
of compounds 7i, 8g,h, and 9g. When such compounds
prepared from an enantiomer of 3-aminoquinuclidine
were studied by 1H NMR in the presence of a chiral
complexing agent such as 1,10-binaphthyl-2,20-diylphos-
phoric acid (BNPPA),21 the presence of a single enan-
tiomer was detected.

Computational Procedures

Geometry optimization

The protonated structures of all the compounds studied
were fully optimized by means of molecular orbital cal-
culation, using the MOPAC 6.0 (QCPE 455) program.
The three dimensional structure of ligands 7a, 9a, and
18, solved by X-ray crystallography in our laboratory,
were taken as the input for the AM1 optimization.22

The starting geometry of the other derivatives con-
sidered were constructed by means of the Cerius2 pro-
gram.23

Indirect approach

Ad-hoc modeling. The ad-hoc modeling consisted in
comparing the van der Waals volume of the minimized
structure of each ligand with the van der Waals volume
of a supermolecule chosen as a template.24 An auto-
matic procedure to facilitate this goal has recently been
published.25

In this work, two supermolecules have been considered:
the first, sup-1, is aimed at rationalizing the binding
features of compounds which are proved or assumed to
be antagonists; the second, sup-2, is aimed at the ration-
alization of the binding affinity of all the ligands under
study.

Two criteria have to be simultaneously satisfied by a
ligand in order to be part of the tentative reference
supermolecule, that is high affinity for the receptor and
representativeness of unique structural features. There-
fore, ligands 7g and (S)-7i were chosen to constitute
sup-1 and ligand (R)-8h was added to obtain sup-2. The
ligands were superimposed, by a rigid fit procedure,
minimizing the rms deviations with respect to three
dummy atom pairs: (a) a dummy atom positioned on
the NH+ vector at 3.0 Å from the protonated nitrogen
of the quinuclidine and tropane moiety; (b) a dummy
atom positioned 3 Å from the carbonyl carbon, on the
vector defined by the C¼O bond (e.g., the midpoint
between the oxygen lone pairs); (c) two dummy atoms
positioned, respectively, 1.8 Å above and below the
center of the aromatic plane of the phenyl ring located
farthest from the protonated nitrogen. The dummy
atoms represent an average position of receptor ele-
ments for potential binding interactions and tolerance in
their rms deviations have to be allowed according to the
nature of the interaction they represent (e.g., ionic >
hydrogen bonding > dispersive) and the flexibility of
the receptor side chains. All the other compounds were

satisfactorily superimposed on the supermolecule by
means of the same matching procedure, each ligand
being superimposed on the analogous compound pres-
ent in the supermolecule, or on its structurally closest
compound.

The QUANTA9826 molecular modeling software was
used for molecular comparison and computation of van
der Waals volumes. We considered the ad hoc-defined
size and shape descriptors: Vin and Vout which are,
respectively, the inner (intersection) and the outer van
der Waals volume of the ligand considered with respect
to the volume of the supermolecule (Vsup) and Vdif

which is computed according to the formula
Vdif ¼ Vin � Voutð Þ=Vsup.

Molecular descriptors and statistical treatment of data.
The MOPAC output files were loaded into the
CODESSA program27 along with the experimental
binding affinity data and a large number of global and
fragment descriptors (topological, electrostatic, geomet-
rical and quantum-chemical) were generated for each
compound. The ad-hoc defined molecular size and
shape descriptors, described above, were added as
external descriptors.11

The search for the best correlation equation was
achieved by means of the heuristic method, which
accomplished a preselection of descriptors on the basis
of their statistical significance.27,28 Default values for
control parameters and criteria were used: minimum
squared correlation coefficient for one-parameter corre-
lation to be considered significant, Rmin=0.1; t-test
value for the descriptor to be considered significant in
one-parameter correlation, t1=1.5, t-test value for the
descriptor to be considered significant in multi-para-
meter correlation, t2=3.0; highest pair correlation coef-
ficient of two descriptors scales, rfull=0.99; significant
intercorrelation level, rsig=0.80. Evaluation of the best
correlation models was carried out by validation of the
stability of each regression model by cross-validation
techniques (i.e., the sensitivity of the model to the elim-
ination of any single datum). The QSAR models repor-
ted in this paper were selected on the basis of the best
statistical parameters and the largest diversity in the
physical information content of the descriptors
involved.

Direct approach

Docking, refinement and analysis of the complexes.
Selected ligands were manually docked in the mini-
mized average structure of the receptor previously
obtained,6 using the main criterium being the maximum
complementarity between the position and character-
istics of mutated residues putatively involved in ligand
interaction and the pharmacophoric elements derived
by the indirect approach.

In order to obtain an optimal complementarity of each
ligand and the receptor cavity, several orientations were
tested and the complexes were energy minimized by
means of the CHARMM program.29 The minimization
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procedure consisted of 50 steps of steepest descent, fol-
lowed by a conjugate gradient minimization until the
rms gradient of the potential energy was less than
0.001 kcal/mol Å. The united atom force-field para-
meters, a 12 Å nonbonded cutoff and a dielectric con-
stant e=4r were used.

The choice of the ‘best complex’ among those obtained
was performed on the basis of the following criteria: (a)
the most favorable energetic state of the complex
achieved by favorable energetic states of the indivi-
dual components (CHARMM29 energy) and (b) con-
sistency in the binding preferences among the ligand
considered.

Results

Qualitative structure–affinity relationships

The newly synthesized compounds were tested for their
potential ability to displace [3H]granisetron specifically
bound to 5-HT3 receptor in rat cortical membranes, in
comparison with reference compounds 5-HT and grani-
setron, following a well-established protocol.30 The
results of the binding studies are summarized in Table 1.

SAFIR in the subclass of tropane derivatives. The bind-
ing studies performed on the compounds belonging to
this subclass of 5-HT3 receptor ligands revealed a rela-
tively high affinity for the simplest representative 6a; a
29-fold decrease in affinity resulted from the change of
the favorable endo-stereochemistry into the exo-one, as
in the case of 6b.17

The introduction of an additional benzene ring on the
different faces of the homocyclic portion of the byciclic
system of compound 6a (benzo-fusion) enhances the
5-HT3 receptor affinity to a variable extent depending
on the position occupied by the additional ring. Indeed,
compound 7a, possessing the additional benzo ring
angularly fused in position syn with respect to the car-
bonyl moiety (syn-position), is about 2 orders of mag-
nitude more potent than 6a, while compound 8a, with
the linearly fused benzene ring (linear position), is only
2-fold more potent than 6a. Finally, compound 9a,
showing the additional benzo ring in anti-position, is
about 20-fold more potent than 6a. N-Demethylation of
the tropane moiety of compound 7a does not produce
significant effects on the 5-HT3 receptor affinity. Simi-
larly, both the transformation of the benz[e]isoindol-1-
one nucleus of 7a into the pyrrolo[3,4-c]quinolin-1-one
heterocyclic system of 7c (as a consequence of the
introduction of a heterocyclic nitrogen atom) and the
introduction of different substituents in 4-position of
the latter tricyclic system (7d–h) produce only slight
changes in the 5-HT3 receptor affinity. The sub-
nanomolar affinity shown by propyloxy derivative 7g
(the most potent representative of this subset of tropane
derivatives) suggests that lipophilic substituents are
easily accommodated into the receptor area interacting
with 4-position of the tricyclic system.

Conversely, the partial saturation of the tricyclic system
of 7c leading to compound 18 has a detrimental effect
on the 5-HT3 receptor affinity probably because of the
effect of deplanarization of tricyclic system on the elec-
tronic characteristics of the carbonyl moiety.

As has been observed in the case of compound 7a, the
introduction of a heterocyclic nitrogen atom in linearly
fused 8a has a negligible effect on the 5-HT3 receptor
affinity (c.f., 8a with 8b), while the subsequent intro-
duction of different substituents in 9-position of the
pyrrolo[3,4-b]quinoline system of compound 8b (leading
to compounds 8c–f) produced complex SAFIR. In fact,
unsubstituted derivative 8b and chloro derivative 8c
showed the same potency (Ki values of 86 and 90 nM,
respectively), while hydroxy derivative 8f and methoxy
derivative 8d were more than 2-fold less potent (Ki >
160 nM) and propyloxy derivative 8e (Ki=23 nM) was
more than 7-fold more potent than 8d. The most potent
compound in this subset of ligands is propyloxy deriva-
tive 8e which is nearly equipotent with its regioisomer
35 (Scheme 7), suggesting either some aspecific role of
the n-propyl sidechain in the interaction with the 5-HT3

receptor or the existence of multiple compensatory
effects. Similar structural modifications in anti-fused 9a
produce an even more complex SAFIR trend. In fact,
the transformation of the benz[e]isoindol-3-one nucleus
of 9a into the pyrrolo[3,4-c]quinolin-3-one heterocyclic
system of 9b is detrimental and only small substituents
(Cl, OCH3) are tolerated in the 4-position of the
tricyclic system.

SAFIR in the subclass of quinuclidine derivatives. In
analogy with the results obtained with the subclass of
the tropane derivatives, the simplest representative of
quinuclidine derivatives 6c shows a relatively high
5-HT3 receptor affinity and the benzo-fusion on the dif-
ferent faces of the homocyclic portion of the bicyclic
system of compound 6c produces significant increase in
5-HT3 receptor affinity.

However, while both the syn (7i) and the anti (9g)
benzo-fusion appear to have the same enhancing effects
(about 2 and 1 order of magnitude, respectively) as
those observed in the corresponding tropane derivatives
(7a and 9a), the linear one produces a 21-fold enhance-
ment (1 order of magnitude higher than that observed in
the linearly fused tropane derivative 8a). All together,
these results suggest a better adaptability of the quinu-
clidine derivatives in the interaction with the receptor.
Interestingly, the transformation of the benz[ f ]isoindol-
1-one nucleus of 8g into the pyrrolo[3,4-b]quinolin-1-
one heterocyclic system of 8h (as a consequence of the
introduction of a hydrogen bonding acceptor hetero-
cyclic nitrogen atom) increases the 5-HT3 receptor affi-
nity by a factor of 5. This enhancing effect does not
occur in the subclass of tropane derivatives.

The binding stereoselectivity of the most active quinu-
clidine derivatives 7i, 8g,h, and 9g appears to be modu-
lated by both the steric features of the tricyclic system and
the presence of the hydrogen bonding acceptor hetero-
cyclic nitrogen atom. The highest binding stereoselectivity
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[(R)-enantiomer about two orders of magnitude more
potent than (S)-enantiomer] is achieved by compound
8h which shows a linear heterocyclic moiety and the
presence of the hydrogen bonding acceptor. The
removal of the hydrogen bonding acceptor reduces the
binding stereoselectivity by one order of magnitude (c.f.,
8h with 8g). The syn benzo-fused derivative 7i shows
both a reduction and an inversion of the stereo-
selectivity with respect to linearly fused derivatives 8h
and 8g, while the binding of anti-fused derivative 9g
appears to be devoid of any stereoselectivity.

Indirect approach

Quantitative structure–affinity relationship analysis. The
values of global and local molecular descriptors
involved in the correlation which best model the varia-
tion in the binding affinity of these ligands are listed in
Table 2, together with the cologarithmic form of the
experimental affinity values.

The best linear correlation obtained involve the ad hoc
derived size and shape descriptors, Vdif and Vin=Vmol:

Table 1. Binding affinities for the central 5-HT3 receptor and effects on [14C]guanidinium accumulation in NG 108-15 cells of compounds 6–9, 18,

30 and 35

Compd Het X Y Z R1 R2 R3 R4 Ki (nM)
�SEMa

Intrinsic
efficacyb

EC50

(nM)
IC50

(nM)

6a endo-Tropan-3-ylc C C C H H H H 100�14
6b exo-Tropan-3-yl C C C H H H H 2900�280
6c (RS)-Quinuclidin-3-yld C C C H H H H 160�19
7a endo-Tropan-3-yl C C C H H –C4H4– 1.2�0.23 Ant 12
7b endo-Nortropan-3-yle C C C H H –C4H4– 1.3�0.47
7c endo-Tropan-3-yl C N C H –C4H4– 1.0�0.17
7d endo-Tropan-3-yl C N C Cl –C4H4– 2.3�0.10
7e endo-Tropan-3-yl C N C OCH3 –C4H4– 1.6�0.09
7f endo-Tropan-3-yl C N C OC2H5 –C4H4– 3.9�0.81
7g endo-Tropan-3-yl C N C On-C3H7 –C4H4– 0.74�0.17
7h endo-Tropan-3-yl C N C OH –C4H4– 1.1�0.36
18 > 530
30 8.1�2.7
7i (RS)-Quinuclidin-3-yl C C C H H –C4H4– 0.78�0.14
(S)-7i (S)-Quinuclidin-3-yl C C C H H –C4H4– 0.34�0.09 Ant 1.0

(R)-7i (R)-Quinuclidin-3-yl C C C H H –C4H4– 1.8�0.49 PA 0.60 10
8a endo-Tropan-3-yl C C C H –C4H4– H 52�23
8b endo-Tropan-3-yl N C C –C4H4– H 86�37
8c endo-Tropan-3-yl N C C –C4H4– Cl 90�19
8d endo-Tropan-3-yl N C C –C4H4– OCH3 > 160
8e endo-Tropan-3-yl N C C –C4H4– On-C3H7 23�0.30
8f endo-Tropan-3-yl N C C –C4H4– OH > 160
35 34�12
8g (RS)-Quinuclidin-3-yl C C C H –C4H4– H 7.7�1.1
(S)-8g (S)-Quinuclidin-3-yl C C C H –C4H4– H 31�7.9 PA 3.0 25
(R)-8g (R)-Quinuclidin-3-yl C C C H –C4H4– H 3.8�1.9 PA 0.50 50
8h (RS)-Quinuclidin-3-yl N C C –C4H4– H 1.6�0.16
(S)-8h (S)-Quinuclidin-3-yl N C C –C4H4– H 87�17
(R)-8h (R)-Quinuclidin-3-yl N C C –C4H4– H 0.83�0.30 PA 0.60 1.0
9a endo-Tropan-3-yl C C C –C4H4– H H 4.9�0.50 Ant 5.0
9b endo-Tropan-3-yl C C N –C4H4– H 1000�280
9c endo-Tropan-3-yl C C N –C4H4– Cl 280�160
9d endo-Tropan-3-yl C C N –C4H4– OCH3 410�210
9e endo-Tropan-3-yl C C N –C4H4– OC2H5 > 160
9f endo-Tropan-3-yl C C N –C4H4– On-C3H7 > 1600
(S)-9g (S)-Quinuclidin-3-yl C C C –C4H4– H H 6.0�0.80 Ant 46
(R)-9g (R)-Quinuclidin-3-yl C C C –C4H4– H H 6.6�1.5 A 0.13
2 0.35�0.06
5-HT 120�34

aEach value is the mean � SEM of three determinations and represents the concentration giving half the maximum inhibition of [3H]granisetron
specific binding to rat cortical membranes.
bA, pure agonist; PA, partial agonist; Ant, pure antagonist.
cTropan-3-yl: 8-methyl-8-azabicyclo[3.2.1]oct-3-yl.
dQuinuclidin-3-yl: 1-azabicyclo[2.2.2]oct-3-yl.
eNortropan-3-yl: 8-azabicyclo[3.2.1]oct-3-yl.
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pKi ¼ 4:367 �0:399ð Þ þ 6:165 �0:681ð ÞVdif sup� 1ð Þ

R2 ¼ 0:796; n ¼ 23; F ¼ 82:03;

s2 ¼ 0:2206; R2
cv ¼ 0:765 ð1Þ

pKi ¼ 2:382 �0:705ð Þ þ 11:003 �1:253ð ÞVdif sup� 2ð Þ

R2 ¼ 0:711; n ¼ 28; F ¼ 64:03;

s2 ¼ 0:2801; R2
cv ¼ 0:7052 ð2Þ

pKi ¼ �2:573 �1:763ð Þ þ 11:554 �1:927ð Þ

� Vin=Vmol sup� 2ð Þ

R2 ¼ 0:580; n ¼ 28; F ¼ 35:92;

s2 ¼ 0:4072; R2
cv ¼ 0:5847 ð3Þ

where R is the correlation coefficient, n is the number of
compounds, F is the value of the Fisher ratio, s is the
standard deviation, and Rcv is the cross-validated cor-
relation coefficient; the numbers in parentheses are the
95% confidence intervals of the regression coefficient
and of the intercept.

The theoretical descriptor involved in eq (1) is designed
to explain the variation in the binding affinities of the
antagonists considered in this study, while the Super-
molecule-2 possesses all the necessary information to
rationalize the binding modes of the ligands considered
without taking account their functional activities [eqs
(2)–(11)].

The linear models [eqs (1)–(3)] suggest that optimization
of the binding affinity is achieved by maximizing the
amount of bulk in one ligand in the van der Waals
volume region delimited by Vsup. Intermolecular
structural complementarity is then quantified by the
extent and the balance of dispersion forces and steric
interactions.

A significant improvement in the linear regressions is
obtained by using theoretical molecular descriptors
which represent the propensity of the ligands to give
additional intermolecular interactions.31 To this regard,
only the enantiomers characterized by the highest bind-
ing affinity are considered in the following QSAR ana-
lysis since the molecular orbital descriptors derived for
the isolated molecules cannot take into account the
chirality requirements of the receptor binding site.

For comparison purposes, eqs (4) and (5) show the per-
formance of the ad hoc molecular descriptors on the
subset of 24 ligands:

pKi ¼ 2:285 �0:671ð Þ þ 10:177 �1:186ð ÞVdif sup� 2ð Þ

R2 ¼ 0:770; n ¼ 24; F ¼ 73:62;

s2 ¼ 0:246; R2
cv ¼ 0:7052 ð4Þ

pKi ¼ �3:140 �1:677ð Þ þ 12:25 �1:843ð Þ

� Vin=Vmol sup� 2ð Þ

R2 ¼ 0:668; n ¼ 24; F ¼ 44:19;

s2 ¼ 0:3556; R2
cv ¼ 0:5847 ð5Þ

Table 2. 5-HT3 binding affinities and theoretical descriptors of the protonated form of selected ligands from Table 1

Compd pKi Vdif

(sup-1)
Vin

(sup-2) (Å3)
Vin/Vmol

(sup-2)
Vout

(sup-2) (Å3)
Vdif

(sup-2)
P (N) (O)-WCPSA

(Å2)
EHOMO

(eV�1)
faa0-SAS

(Å2)
fa-FNSA-2 f-CIC

6a 7.00 0.5095 223.25 0.9038 23.250 0.4806 0.9242 0.0158 �11.336 123.826 �0.0901 2.00
6c 6.80 0.3419 195.63 0.9174 17.620 0.4288 0.9045 0.0235 �12.194 142.876 �0.0901 2.00
7a 8.92 0.7208 280.88 0.9554 13.120 0.6450 0.9244 0.0198 �11.069 113.404 �0.0661 6.75
7b 8.89 0.6675 262.25 0.9541 12.63 0.6013 0.9075 0.0171 �10.867 111.027 �0.0655 6.75
7c 9.00 0.7225 278.00 0.9632 10.630 0.6441 0.9238 0.0169 �11.127 105.031 �0.0677 2.00
7d 8.64 0.7340 288.13 0.9455 16.620 0.6540 0.9236 0.0241 �12.038 142.906 �0.065 2.00
7e 8.80 0.7706 297.88 0.9559 13.75 0.6844 0.9242 0.0141 �10.984 86.477 �0.0597 2.00
7f 8.41 0.6556 284.50 0.8724 41.630 0.5850 0.9244 0.0150 �10.803 107.159 �0.0551 2.00
7g 9.13 0.8155 310.38 1.0000 0.000 0.7052 0.9244 0.0202 �11.315 143.033 �0.0559 2.00
7h 8.96 0.734 281.75 0.9649 10.25 0.6540 0.9234 0.0168 �11.322 98.697 �0.0695 2.00
30 8.09 0.6340 289.25 0.8510 50.630 0.5748 0.9240 0.0147 �10.963 71.815 �0.0613 4.00
(S)-7i 9.47 0.7075 254.00 1.0000 0.000 0.6119 0.9045 0.0171 �10.953 112.213 �0.0651 6.75
(R)-7i 8.75 — 243.00 0.9567 11.000 0.5589 0.9045 0.0171 �10.953 112.213 �0.0651 6.75
8a 7.28 0.5501 264.13 0.8969 30.370 0.5631 0.9245 0.0177 �10.833 111.402 �0.0829 6.00
8b 7.07 0.5407 257.63 0.8965 29.750 0.5489 0.9241 0.0154 �11.019 88.325 �0.0806 0.00
8c 7.05 0.5247 255.00 0.8858 32.880 0.5351 0.9240 0.0173 �11.213 114.168 �0.0678 0.00
8e 7.64 0.5000 271.25 0.8242 73.000 0.4776 0.9247 0.0083 �11.220 83.208 �0.0408 0.00
35 7.47 0.5442 283.88 0.8402 54.000 0.5538 0.9244 0.0162 �10.866 120.240 �0.0687 2.00
(S)-8g 7.51 — 242.38 0.9472 13.500 0.5513 0.9041 0.0204 �11.946 115.474 �0.0832 6.00
(R)-8g 8.42 — 251.75 0.9965 0.880 0.6043 0.9041 0.0204 �10.946 115.474 �0.0832 6.00
(S)-8h 7.06 0.7075 238.38 0.9469 13.370 0.5420 0.9053 0.0198 �11.436 118.758 �0.0817 2.00
(R)-8h 9.08 — 248.25 1.0000 0.000 0.5980 0.9053 0.0198 �11.436 118.758 �0.0817 2.00
9a 8.31 0.4899 256.75 0.8774 35.880 0.5321 0.9243 0.0210 �10.946 112.512 �0.0762 6.75
9b 6.00 0.3092 223.38 0.7879 60.120 0.3933 0.9239 0.0215 �11.407 137.343 �0.0809 0.00
9c 6.55 0.3656 240.00 0.7980 60.750 0.4318 0.9237 0.0164 �11.434 119.839 �0.0696 0.00
9d 6.39 0.3635 236.50 0.7956 60.750 0.4234 0.9243 0.0172 �11.101 107.075 �0.0617 0.00
(S)-9g 8.22 0.4613 233.75 0.9064 24.130 0.5050 0.9045 0.0209 �11.074 108.902 �0.0757 6.75
(R)-9g 8.18 — 233.75 0.9047 24.63 0.5037 0.9045 0.0209 �11.074 108.902 �0.0757 6.75
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In the models obtained, specific and non-specific polar
interactions are codified by surface area descriptors or
charged contact surface area descriptors31 computed on
ligand fragments:

pKi ¼ �1:249 �0:123ð Þ þ 12:98

� �1:297ð ÞVin=Vmol sup� 2ð Þ � 36:439

� �7:441ð Þfa � FNSA

R2 ¼ 0:845; n ¼ 24; F ¼ 57:17;

s2 ¼ 0:1739; R2
cv ¼ 0:802 ð6Þ

pKi ¼ �0:684 �0:102ð Þ þ 10:891

� �1:363ð ÞVin=Vmol sup� 2ð Þ � 0:023

� �0:005ð Þfaa0 � SAS

R2 ¼ 0:835; n ¼ 24; F ¼ 52:99;

s2 ¼ 0:1853; R2
cv ¼ 0:778 ð7Þ

The involvement of the solvent accessible surface area
of the fractional negative partial surface area (fa-FNSA)
of the pyrrolidone moiety and of the heterocyclic
nucleus ( faa0-SAS) leads to a significant improvement in
the statistics and predictivity of eq (5).

These indices may be assumed to rationalize the elec-
trostatic component of the binding adjustments mod-
ulating the binding affinity once the main docking has
been accomplished and helps to overcome the main
drawback of the Vin=Vmol descriptor which considers
equally active, irrespective of their size, all the ligands
whose Vin coincides with Vmol.

Moreover, the contribution of two key structural ele-
ments for receptor binding is taken into account in the
following equations:

pKi ¼ �1:804 �0:133ð Þ þ 13:006

� ð�1:437ÞVin=Vmol sup� 2ð Þ � 123:51

� �28:51ð Þ Oð Þ-WCPSA

R2 ¼ 0:811; n ¼ 24; F ¼ 44:93;

s2 ¼ 0:2123; R2
cv ¼ 0:759 ð8Þ

pKi ¼ 35:12 �9:07ð Þ þ 10:239 �0:952ð ÞVdif sup� 2ð Þ

� 35:754 �10:61ð ÞP Nð Þ

R2 ¼ 0:858; n ¼ 24; F ¼ 63:70;

s2 ¼ 0:1586; R2
cv ¼ 0:822 ð9Þ

(O)-WCPSA is the weighed charged partial surface area
of the carbonyl oxygen, and, being reflected by the
negative value of the regression coefficient, it indicates
the importance of hydrogen bonding capability of this
moiety.

The addition of the valency-related bond order descrip-
tor for the nitrogen atom [P(N)] as a second parameter
in eq. (9) adjusts the model in order to describe the dif-
ferent reactivity characteristics of the quinuclidine and
tropane protonated nitrogen atoms toward the establish-
ment of hydrogen bond interactions with the receptor.

Improvement of eq (5) can also be achieved by con-
sidering the energy of the highest occupied molecular
orbital (EHOMO), which, being localized on the conjugate
heteroaromatic moieties, describes the availability of the
p-orbitals for receptor interactions.

pKi ¼ 10:859 �3:227ð Þ þ 11:670

� �1:327ð ÞVin=Vmol sup� 2ð Þ þ 1:204

� �0:258ð ÞEHOMO

R2 ¼ 0:837; n ¼ 24; F ¼ 53:95;

s2 ¼ 0:1826; R2
cv ¼ 0:802 ð10Þ

Finally, the predictivity of eq (7) is improved by con-
sidering the complementary information content of the
quinuclidine and tropane moieties ( f-CIC)32 that
explains the portion of the biological response elicited
by non-specific interactions (dispersion forces).

pKi ¼ 0:232 �0:012ð Þ þ 11:211

� �1:206ð ÞVin=Vmol sup� 2ð Þ þ 38:957

� �6:220ð Þfa � FNSA� 2 þ 0:098

� �0:032ð Þf� CIC

R2 ¼ 0:898; n ¼ 24; F ¼ 58:90;

s2 ¼ 0:1196; R2
cv ¼ 0:851 ð11Þ

The comparison between the experimental binding affi-
nities and those calculated by eq (11) is shown in Fig. 1.
On the basis of its statistical indices and predictive
power, the latter equation can be considered the best
QSAR equation to describe the variation in the 5-HT3

receptor binding affinity within the set of the ligands
considered.

Direct approach

3-D models of the ligand–receptor complexes. Selected
ligands were docked in the putative binding site in order
to test, on a quantitative ground, the hypothesis that,
though sharing the same binding site, different binding
modalities might exist for agonists and antagonists.6

The binding site was individuated and proposed on the
basis of previously derived pharmacophoric hypotheses,
and of an extensive analysis of the experimental results
on point mutation effects obtained for all the members
of the receptor family. Table 3 lists the energy con-
tribution of the most important binding site residues to
the total interaction energy of the ligands considered.
Moreover, the degree of conservation of these residues
among different species (human, ferret, guinea pig, rat
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and mouse) and among the members of the Cys loop
family of LGIC receptor family (nACh, GABAA, Gly,
and 5-HT3 receptors) is also reported in Table 3. The
binding paradigm, derived on the basis of pharmaco-
phoric hypotheses previously reported and supported by
the SAFIR and QSAR analysis described in this study,
is fully satisfied by considering the establishing of (a) a
charge-assisted hydrogen bonding interaction between
the positively charged head of the ligands and the
negatively charged carboxylic tail of E171 (first receptor
subunit), for the antagonists, or of E84 (second receptor
subunit) for the agonists; (b) a hydrogen bonding inter-
action between the ligand nitrogen or oxygen acceptor
atom and Y169 (first receptor subunit) for the antago-
nists, or H80 (second receptor subunit) for the agonists;
(c) specific (p–p) interactions between the ligand aro-
matic moiety and F104 and/or F158; and finally (d)
short-range dispersion interactions between ligand sub-
stituents and I55, L99 and/or L119. These key interac-
tions are enhanced by several other aminoacid
interactions, which are listed in the table.

A decomposition of the interaction energy of the ligands
into the van der Waals, electrostatic and hydrogen
bonding contributors revealed that, in the model pre-
sented here, the agonists and antagonists achieved a
good (��3.8 kcal/mol) hydrogen bonding interaction
with E84 and E171, respectively. However, all the
ligands considered are able to establish electrostatic and
van der Waals interactions with both the acidic residues.
It is interesting to note that both these acidic residues
are strictly conserved among the 5-HT3 receptors of
different species, while they are not conserved among
other members of the receptor family. They are, there-
fore, both good candidates for ligand recognition.
Moreover, the residue corresponding to E171 (Y167 in
nAChR a subunit) has been suggested to interact
directly with ammonium in the nAChR,33 while E84 is
located in a b-strand constituted by aminoacids that
have been shown to regulate the receptor conforma-
tional equilibrium, together with P90, the cardinal resi-
due for receptor function.34

Functional activity

The measurement of [14C]guanidinium uptake in the
presence of substance P (SP) appears to be a rapid and
reliable method to assess the functional properties of 5-
HT3 agents in NG108-15 hybridoma cells.35 Owing to
the similarities existing between 5-HT3 receptors present
in NG108-15 cells and those of rat cerebral cortex,36

relevant inferences can be drawn from this pharmaco-
logical model about the functional properties of the
ligands at central 5-HT3 receptors. Accordingly, the
potential 5-HT3 agonist/antagonist activity of some
selected compounds was assessed in vitro on the 5-HT3

receptor-dependent [14C]guanidinium uptake in NG
108-15 cells. The results of these functional studies are
summarized in Table 1.

In the presence of substance P (10 mM) quinuclidine
derivative (R)-9g increased in a concentration-depen-
dent manner the uptake of [14C]guanidinium into NG

108-15 cells with an EC50 value of about 0.13 nM,
showing itself to act as a very potent 5-HT3 agonist. The
maximum uptake increase was similar to that of 5-HT and
was antagonized by ondansetron (1). Moreover, this com-
pound was unable to inhibit the effects of 5-HT (1mM).

On the other hand, quinuclidine derivative (S)-8g
appeared to act as a partial agonist with an EC50 value
of 3.0 nM since it stimulated [14C]guanidinium uptake
up to a maximal level equal to about 2/3 of that reached
with a saturating concentration of 5-HT (1 mM). Fur-
thermore, in agreement with its partial agonist proper-
ties, (S)-8g reduced, in a concentration-dependent
manner (IC50=25 nM), [14C]guanidinium uptake due to
1 mM 5-HT plus 10 mM SP, down to the level reached in
the presence of (S)-8g alone at a saturating concentra-
tion (0.1–1.0 mM). Similarly, the closely related com-
pounds (R)-7i, (R)-8g, and (R)-8h behaved as partial
agonists.

Finally, compounds 7a, (S)-7i, 9a, and (S)-9g showed
clear-cut antagonist properties with IC50 values ranging
from 1.0 to 46 nM.

It is noteworthy that both tropane derivatives tested in
this functional assay (7a and 9a) showed clear-cut
antagonist properties, while the studied quinuclidine
derivatives [the enantiomers of compounds 7i, 8g, and
9g, and compound (R)-8h] showed the full range of
5-HT3 receptor intrinsic efficacies (full agonist, partial
agonist and antagonist). In particular, the behavior of
these quinuclidine derivatives in the 5-HT3 receptor-
dependent [14C]guanidinium uptake in NG 108-15 cells
appeared to be affected by the chirality of the attach-
ment of quinuclidine moiety to the tricyclic hetero-
aromatic system. In fact, the enantiomers of compounds
7i and 9g possessing S configuration showed antagonist
properties, while the corresponding (R)-enantiomers
were partial agonist and full agonist, respectively.
However, the comparison of the intrinsic efficacies of
compounds 7i, 8g, and 9g suggests a possible role of the
steric features of the heteroaromatic portion in
determining the intrinsic efficacy of these quinuclidine
derivatives.

In vivo activity. In addition to the 5-HT3 receptor-
dependent accumulation of [14C]guanidinium uptake in
NG 108-15 cells, the potential agonist/antagonist activ-
ity of two selected compounds, as representative of the
two subclasses, was assessed on the 5-HT3 receptor-
dependent Bezold–Jarisch reflex in urethane-anesthe-
tized rats. Indeed, none of these compounds mimicked
the effects of 5-HT in this test (up to the dose of 120 mg/
kg iv). In agreement with the data obtained on NG 108-
15 cells, investigations on urethane-anesthetized rats
confirmed the 5-HT3 receptor antagonist properties of
compounds 7a and (S)-7i. Dose–response curves indi-
cated that half-maximal blockade of the reflex brady-
cardia elicited by a bolus iv injection of 5-HT (30 mg/kg)
was obtained with 2.8 mg/kg of 7a, or 181 mg/kg of (S)-7i
(iv) (means of three determinations) injected 5 min
before indoleamine administration. Significant reduc-
tion of the 5-HT-evoked bradycardia was still observed
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15 min after the iv injection of 7a (ID50=5.9 mg/kg).
Studies of the effects of classical 5-HT3 receptor
antagonists in the same test indicated that half maximal
blockade of the reflex bradycardia due to 30 mg/kg iv of
5-HT was obtained with 0.45 mg/kg iv of zacopride,
3.0 mg/kg iv of tropisetron or 3.6 mg/kg iv of ondanse-
tron (means of three determinations) injected 5 min
before indoleamine administration.37

Furthermore in a preliminary study, compounds 7a,
(S)-7i and 9a (at the doses of 0.01, 1.0, and 0.01 mg/kg
ip, respectively) prevented scopolamine-induced amne-
sia in the mouse passive avoidance test38 reaching
entrance latency values comparable to those produced
by saline-treated mice. At 10-fold lower doses, all com-
pounds proved to be completely ineffective (Fig. 2). At
active doses, 7a, (S)-7i and 9a did not enhance the
entrance latency in unamnestic mice with respect to the

control group (data not shown). No differences were
observed in the various entrance latencies of every
group in the training session of the passive avoidance
test (Fig. 2). The behavior of animals treated with active
doses of compounds 7a, (S)-7i and 9a was undis-
tinguishable from that of controls, with no modification in
motor coordination, spontaneous motility or inspection
activity as revealed by rota-rod, Animex, and hole-board
test, respectively (data not shown).

Discussion

The interactions at the central 5-HT3 receptor

The work we performed on the arylpiperazine ligands
led to the development of an initial three-component
model for the interaction of quipazine derivatives with
central 5-HT3 receptor, which was updated as the work
progressed.8 Thus, the final model involves: (1) a
charge-assisted hydrogen bond between a protonated
nitrogen atom and a negatively charged carboxylic
amino acid residue in the receptor, (2) a hydrogen
bonding interaction between a ligand acceptor atom
and a suitable H-bond donor in the receptor, (3) a spe-
cific interaction between an aromatic ring and a suitable
amino acid residue in the receptor, and (4) a zone in
which short range (e.g., van der Waals) interactions take
place.

The interaction model proposed8 shows evident analo-
gies with that developed by Clark for quinuclidine deri-
vatives related to 5,9 and therefore a common binding
domain for both arylpiperazine and quinuclidine
derivatives may be assumed.

Interestingly, most of the qualitative and quantitative
SAFIR trends observed in the classes of 5-HT3 receptor
ligands considered in this work are consistent with
the above-described model. In fact, the molecular

Figure 1. Calculated versus experimental 5-HT3 binding affinities
according to eq (11).

Table 3. Energy contributions of the most important binding site residues to the total interaction energy of selected ligands, and degree of con-

servation of the residues among different species (human, ferret, guinea pig, rat and mouse) and among the members of the cys loop family of LGIC

receptor family (nACh, GABAA, Gly, and 5-HT3)

Residue Specie specificity Family specificity 7g (Kcal/mol) 7i (Kcal/mol) 4a (Kcal/mol) 9g (Kcal/mol)

First subunit (analogous to subunit a1, in the nAChR)
E171 ca nca �15.80 �10.93 �14.31 �5.74
Y169 c c (nc in nACh) �10.54 �9.91 �8.72 �3.24
F104 c c �3.79 �1.58 �3.12 �1.34
F158 c nc �3.12 �2.68 �4.91 �2.63
I55 c Conservative mutation �2.23 �2.32 �3.74 �2.39
L61 c Conservative mutations �3.52 �2.75 �2.50 �2.26
I62 c Conservative mutations �1.98 �2.37 �0.8 �1.62
L99 c nc �3.25 �2.13 �2.16 �1.10
S117 c c �7.33 �1.22 �0.85 �2.75
L119 c nc �2.50 �2.10 �1.33 �2.36

Second subunit (analogous to subunit g, in the nAChR)
W25 c Conservative mutations �2.04 �2.45 �1.81 �1.61
Q82 Conservative mutations nc �6.63 �5.51 �0.84 �2.83
H80 Conservative mutations nc �0.69 �2.06 �1.01 �3.26
E84 c nc �7.58 �5.08 �6.60 �13.66
V79 c Conservative mutation �5.69 �3.12 �4.45 �3.57

ac, conserved; nc, not conserved.
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descriptors involved in the QSAR models obtained for
these classes of ligands highlight the same pharmaco-
phoric points. For example, the long-range interaction
component is explicitly considered in eq (9) by the
valency-related bond order descriptor P(N) which takes
into account the attitude of the protonated nitrogen to
act as a proton donor (quinuclidine> tropane) and/or
form charge reinforced hydrogen-bonding interactions
(pharmacophoric point 1). The modulation in the bind-
ing affinity data values, which is assumed to be due to a
hydrogen-bonding interaction between the carbonyl
oxygen atom and a suitable H-bond donor of the
receptor (pharmacophoric point 2) is accounted for by
the partial negative surface area of the heteroaryl moi-
ety pyridine ring (fa-FNSA) [eq (7)] and by the weighed
charged partial surface area descriptor (O)-WCPSA [eq
(8)] which rationalizes the electrostatic component of
this H-bonding interaction. Moreover, potential p–p
drug–receptor interactions (pharmacophoric point 3)
are parameterized by the descriptors involved in eqs (5)
and (9). In fact, faa0-SAS and EHOMO describe the reac-
tivity of the conjugate heteroaromatic moieties from a
geometric and energetic point of view. However, most
of the variation in the binding affinity of this set of
ligands is captured by molecular descriptors which
encode the potential for dispersion-type interactions
[Vdif(sup-1, sup-2), Vin/Vmol(sup-2), and f-CIC] (phar-
macophoric point 4), therefore strength and specificity
might both arise from the cumulating and interplay of
many weak forces between the ligand and its target
receptor.

Thus, the results obtained by indirect approaches
applied to several series of 5-HT3 receptor ligands show
that structurally different ligands share the same phar-
macophoric characteristics,39 and this usually leads to the
assumption that a common binding domain might exist.

However, the results obtained by energy minimization
of the complexes (direct approach) regarding selected
structurally different 5-HT3R ligands confirmed, on a
quantitative ground, the hypothesis recently advanced6

that, though sharing the same pharmacophoric features
and the same binding site, different binding modalities
might exist for agonists and antagonists. This is shown
in Figure 3, where details of agonist (Fig. 3a) and
antagonist (Fig. 3b) binding sites are reported. Agonist
(R)-9g and antagonist (S)-7i have been used to empha-
size that the main difference in the binding mode rests in
the aminoacids which acts as counterion for the proto-
nated nitrogen, and those implicated in the hydrogen
bonding. However, alternative hypotheses might be
suggested by the analysis of the 3-D models and have to
be verified by a comparative molecular dynamics ana-
lysis of a wide series of ligands, with full range of
intrinsic affinities. In particular, the mutual positions of
the two negatively charged residues involved in electro-
static interactions with the agonists and the antagonists,
and the topography of the interface crevice suggest that,
in a dynamic view, the cationic head of the ligands
might give rise to a sort of transiently concomitant
resonant interaction with the two glutamate residues,
with a preference for E84 for the agonists and for E171

Figure 2. Effect of compounds 7a, (S)-7i and 9a on amnesia induced by scopolamine (1.5 mg/kg ip) in the mouse passive avoidance test. All the
compounds were administered ip 20 min before the training session, while scopolamine was injected immediately after. Vertical lines give SE of the
mean. The number of mice treated is reported inside the columns. * p < 0.01 in comparison with scopolamine-treated mice.
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for the antagonists. Moreover, other molecular determi-
nants might be responsible for the activation/inactivation
of the receptor.

A comparison between the binding hypotheses derived
by the indirect and the direct approaches for the
antagonists is reported in Figure 3c and d, respectively.
In fact, in Figure 3c, the arylpiperazine derivative 4a has
been superimposed to the supermolecule sup-1 com-
posed of quinuclidine derivative (S)-7i, and tropane
derivative 7g. It is noteworthy that the alignment of the
dummy atoms (which represent the average position of
the receptor elements for potential binding interactions)
is quite strict for those receptor features which may
establish dispersive (short range) and/or hydrogen
bonding (short/medium range) interactions, while a
large tolerance is allowed for the interaction involving
the protonated nitrogen. The importance of this struc-
tural feature, which was highlighted by several
authors,9,10b implies that the presence of a basic nitro-
gen in the structure of the ligands is necessary in a pre-
liminary step of receptor recognition (long-range
interaction); then an ionic and/or charge reinforced
hydrogen bonding interaction can be established during
the docking process, depending on the nature of the
ligand. Evidence from the affinity of quaternary salts
reported in the literature8a,10b supports this hypothesis
and further investigations are in progress in order to
clarify the role of the N–H+ moiety in the different

classes of ligands. However, the superimposition of the
same ligands docked in the 5-HT3 binding site, as
derived by the energy minimized complexes, reveals that
the alignment criteria applied for the aromatic moieties
in the indirect approach are much more severe than
necessary; in fact, the binding site crevice is pretty
tolerant in this region.

Moreover, the hypothesis that different binding modes
could be operative for the 5-HT3 receptor is sub-
stantiated by the differences observed in the binding
stereoselectivity of quinuclidine derivatives 7i, 8g,h, and
9g. The enantiomer of compound 7i with S configura-
tion is about one order of magnitude more potent than
the (R) enantiomer in analogy with the results described
for zacopride (45),40 and can be very easily accom-
modated into the above-described model (Fig. 3). On
the other hand, compound 8h shows both an enhance-
ment and an inversion in the stereoselectivity, the (R)-
enantiomer being about two orders of magnitude more
potent than the (S)-enantiomer in analogy with the
results described for 46.40 Interestingly, compound 46,
which represents the 3-oxo derivative of 7i, shows an 18-
fold lower affinity and contains two potential H-bond
acceptors in its structure as compared with compound
8h (Chart 2).

The literature on this subject reveals that besides 46,
quinuclidine derivatives 47,40 and 4841 also possess both

Figure 3. Details of agonists (3a) and antagonists (3b) binding sites as derived by the energy minimized complexes of the 5-HT3 receptor with ligand
(R)-9g and (S)-7i, respectively. Aminoacids belonging to the first receptor subunit (analogue to the a1 subunit in the nAChR) are reported in violet,
those belonging to the second subunit (analogue to the g subunit in the nAChR) in pink. A comparison of the binding hypotheses derived for the
antagonists by indirect (c ) and direct (d) approaches is also reported.
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high binding stereoselectivity of (R)-type and two
potential H-bond acceptors in their structures. Taken
together, these observations strongly suggest the exis-
tence of a peculiar binding mode for quinuclidine deri-

vatives showing a binding stereoselectivity of (R)-type
which could be determined by the interaction of the
additional H-bond acceptor with a suitable donor in the
receptor binding site, as confirmed by the analysis of the
complexes between compounds (R)-8h, (R)-46, (R)-47,
and (R)-48 and the 5HT3 receptor. Figure 4 shows that
a possible binding mode of these compounds involves
residues E84 (second subunit) for the main interaction
with the protonated nitrogen, as in the case of agonist
binding, S117 (first subunit) for the hydrogen bonding
interaction with the oxygen atom of the carbonyl moi-
ety, while Y169 (first subunit), characteristic of the
antagonist hydrogen bonding interaction, is invoked
here for the interaction with the second hydrogen
bonding acceptor site. However, these issues appear to
be complicated by the observation that the preferential
recognition of (R)-enantiomer of 8g is not accompanied
by the presence of two H-bond acceptors.

Conclusions

A novel class of conformationally constrained deriva-
tives of the classical 5-HT3 receptor antagonists was
developed with the aim of probing the central 5-HT3

receptor recognition site in a systematic way. Several
representatives of this class revealed to be potent 5-HT3

receptor ligands with affinities in the low nanomolar
range. The most potent ligand was quinuclidine deriva-
tive (S)-7i, which showed a subnanomolar affinity
comparable with that of the reference ligand granisetron.

The selected tropane derivatives tested in vitro on the
5-HT3 receptor-dependent [14C]guanidinium uptake in
NG 108-15 cells (7a and 9a) were found to behave as
potent antagonists, while the quinuclidine derivatives
studied showed a whole range of intrinsic efficacies.
Thus, the functional behavior of these 5-HT3 receptor
ligands appears to be affected by the structural features
of both the azabicyclo moiety and the heteroaromatic
portion. In agreement with the data obtained on NG
108-15 cells, investigations on the 5-HT3 receptor-
dependent Bezold–Jarisch reflex in urethane-anesthe-
tized rats confirmed the 5-HT3 receptor antagonist
properties of compounds 7a and (S)-7i. Moreover,
compounds 7a, (S)-7i and 9a prevented scopolamine-
induced amnesia in the mouse passive avoidance test,
suggesting a potential usefulness in cognitive disorders
for these compounds. Finally, qualitative and quantita-
tive structure-affinity relationship studies derived by an
indirect approach were found to be useful in the cap-
turing of information relevant to ligand–receptor inter-
actions. The models obtained corroborate the previous
pharmacophoric hypotheses for arylpiperazine8 and
quinuclidine9 ligands and extended them to the tropane
derivatives. However, in spite of the main differences in
the binding modes of stereoselective ligands are taken
into account in the supermolecule considered (sup-2),
the intrinsic limits of the indirect approach, that is the
assumption that the ligands considered obey to the same
binding paradigm, prevent the rationalization of the
binding stereoselectivity. Furthermore, the comparison
of the results obtained from the indirect and direct

Figure 4. Superposition of quinuclidine 5-HT3 receptor ligands show-
ing preferential recognition of (R) enantiomer: (R)-8h, (R)-46, (R)-47,
and (R)-48. They are represented in interaction with the receptor site,
as derived by energy minimization of the complexes. Dummy atoms
(d) are used to highlight the hydrogen bonding interactions; they are in

fact positioned at 3 Å from the oxygen atom on the lone pair bisector
line, and at 3 Å from the nitrogen on the lone pair direction.

Chart 2.
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approaches shows that the alignment criteria normally
used in the indirect approach involving a supermolecule
as a negative binding site volume are very severe with
respect to those imposed by the receptor framework.

Moreover, interesting insights into the interaction
mechanism are obtained by the direct approach Differ-
ent binding modalities seem to characterize the binding
of the ligands within the binding crevice as a function of
their functional profile and stereosectivity. In particular,
the results obtained suggest that the binding of agonists
and antagonists differs mainly for the negatively
charged aminoacids they chose as counterions. In fact,
due to the topography of the interface crevice, the
cationic head of the ligands might give rise to a resonant
dynamic interaction with two glutamate residues. Com-
petitive antagonists bind preferentially to E171 in the first
subunit (corresponding to subunit a1, in the nAChR
model), while agonists interact with E84 in the second
subunit (corresponding to subunit g, in the nAChR
model) triggering the conformational equilibrium which
involves P90, and culminates in the opening of the channel.
Partial agonist (R)-8h is hypothesized to share the same
main interaction with E84, but to achieve binding stereo-
selectivity by interacting with residues of the first sub-
unit. The complexity of the binding paradigm derived is
in line with the experimental evidence provided for the
nACh receptor42 which shows that the rapid equili-
brium among several functional states of the receptor is
affected by reversibly binding ligand and different states
of the receptor are characterized by a different structure
of the binding site. Obviously alternative hypothesis can
be made, however, only additional point mutation data
will be able to provide evidence on the reliability of the
different binding paradigms proposed.

Experimental

Melting points were determined in open capillaries on a
Gallenkamp apparatus and are uncorrected. Micro-
analyses were carried out by means of a Perkin-Elmer
240C or a Perkin-Elmer Series II CHNS/O Analyzer
2400. Merck silica gel 60 (70–230 or 230–400 mesh) and
Merck aluminum oxide 90 II-III, 70–230 mesh, were
used for column chromatography. Merck TLC plates,
silica gel 60 F254, were used for TLC. 1H NMR spectra
were recorded by means of a Bruker AC 200 spectro-
meter in the indicated solvents (TMS as internal stan-
dard): the values of chemical shifts are expressed in ppm
and coupling constants (J) in Hz. Mass spectra (EI,
70 eV) were recorded either on a VG 70-250S spectro-
meter (Centro di Analisi e Determinazioni Strutturali,
Università di Siena) or a Varian Saturn 3 (Dipartimento
Farmaco Chimico Tecnologico, Università di Siena).
Optical rotations were measured on a photoelectric
Jasco DIP-1000 polarimeter (0.5 dm cell).

General procedure for the bromination of ortho-methyl-
substituted esters 10, 11a,c–g, 12a,c–e, 13a–f, 28, and 33

A mixture of the appropriate ester (1.5 mmol) in 30 mL
of CCl4 with N-bromosuccinimide (0.27 g, 1.5 mmol)

and dibenzoyl peroxide (0.03 g, 0.12 mmol) was refluxed
under argon for a suitable time, and the reaction pro-
gress was monitored by TLC. The solvent was then
removed under reduced pressure and the residue was
diluted with a small portion of the same solvent. The
insoluble succinimide was filtered-off and the solvent
was removed under reduced pressure. In most cases the
resulting residue was used without further purification,
while in some instances purification by flash chromato-
graphy was performed before the following reaction was
carried out.

Ethyl 2-(bromomethyl)benzoate (14). The title com-
pound was prepared from commercial ethyl 2-methyl-
benzoate (10) (obtained from Aldrich) (reaction time
20 h) and was used without further purification. 1H
NMR (CDCl3): 1.43 (t, J=7.3, 3H), 4.42 (q, J=7.2,
2H), 4.96 (s, 2H), 7.33–7.54 (m, 3H), 7.97 (d, J=7.7,
1H).

Ethyl 2-(bromomethyl)-1-naphthalenecarboxylate (15a).
The title compound was prepared from ethyl 2-methyl-
1-naphthalenecarboxylate (11a)13 (reaction time 2 h and
30 min) and was used without further purification. 1H
NMR (CDCl3): 1.50 (t, J=7.4, 3H), 4.58 (q, J=7.4,
2H), 4.70 (s, 2H), 7.51 (m, 3H), 7.88 (m, 3H).

Methyl 3-(bromomethyl)-2-methoxy-4-quinolinecarboxy-
late (15e). The title compound was prepared from
methyl 2-methoxy-3-methyl-4-quinolinecarboxylate
(11e) (reaction time 2 h and 30 min) and was used with-
out further purification. 1H NMR (CDCl3): 4.10 (s, 3H),
4.16 (s, 3H), 4.64 (s, 2H), 7.41 (t, J=7.1, 1H), 7.66 (m,
2H), 7.86 (d, J=8.3, 1H).

Ethyl 3-(bromomethyl)-1,2-dihydro-2-oxo-1-(n-propyl)-4-
quinolinecarboxylate (29). The title compound was pre-
pared from ethyl 1,2-dihydro-2-oxo-3-methyl-1-(n-pro-
pyl)-4-quinolinecarboxylate (28) (reaction time 2 h and
30 min) and was used without further purification. 1H
NMR (CDCl3): 1.06 (t, J=7.4, 3H), 1.49 (t, J=7.0,
3H), 1.77 (m, 2H), 4.30 (m, 2H), 4.58 (m, 4H), 7.26 (t,
J=7.3, 1H), 7.37 (d, J=8.4, 1H), 7.51–7.64 (m, 2H).

Ethyl 3-(bromomethyl)-2-naphthalenecarboxylate (16a).
The title compound was prepared from ethyl 3-methyl-
2-naphthalenecarboxylate (12a) (reaction time 2 h and
30 min) and was used without further purification. 1H
NMR (CDCl3): 1.47 (t, J=7.0, 3H), 4.47 (q, J=7.0,
2H), 5.13 (s, 2H), 7.44 (m, 2H), 7.81–7.93 (m, 3H), 8.52
(s, 1H).

Ethyl 2-(bromomethyl)-4-chloro-3-quinolinecarboxylate
(16c). The title compound was prepared from ethyl 4-
chloro-2-methyl-3-quinolinecarboxylate (12c) (reaction
time 22 h) and was purified by flash chromatography
with n-hexane–ethyl acetate (8:2) as the eluent (yield
34%). 1H NMR (CDCl3): 1.48 (t, J=7.3, 3H), 4.56 (q,
J=7.0, 2H), 4.80 (s, 2H), 7.69 (t, J=7.1, 1H), 7.83 (m,
1H), 8.08 (d, J=8.7, 1H), 8.27 (m, 1H).

Ethyl 1-(bromomethyl)-2-naphthalenecarboxylate (17a).
The title compound was prepared from ethyl 1-methyl-
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2-naphthalenecarboxylate (13a) (reaction time 2 h and
45 min) and was used without further purification. 1H
NMR (CDCl3): 1.46 (t, J=7.3, 3H), 4.46 (q, J=7.2,
2H), 5.43 (s, 2H), 7.63 (m, 2H), 7.88 (m, 3H), 8.30 (d,
J=8.6, 1H).

General procedure for the synthesis of tropane
derivatives 6a,b, 7a,c–g, 8a–e, 9a-f, 30, and 35

A mixture of the appropriate g-haloester (ca. 1.5 mmol)
in 30 mL of absolute EtOH with 0.63 g (4.5 mmol) of
endo-3-aminotropane (endo-8-methyl-8-azabicyclo
[3.2.1]oct-3-ylamine)12 (the exo-isomer was used for the
preparation of compound 6b) was refluxed under argon
for a suitable time, and the reaction progress was mon-
itored by TLC. The solvent was then removed under
reduced pressure and the residue was partitioned
between ice-cooled water and CHCl3. The organic phase
was washed with water, dried over sodium sulfate and
concentrated under reduced pressure. In most cases the
resulting residue was purified by flash chromatography
with ethyl acetate–triethylamine (8:2) as the eluent to
obtain the expected tropane derivative, while in some
instances recrystallization or washing with a suitable
solvent were found to be more appropriate.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-2,3-dihydro-
1H-isoindol-1-one (6a). This compound was prepared
from crude g-bromoester 14 (reaction time 7 h) and was
purified by flash chromatography (yield over two steps:
44%; mp 181–182 �C). 1H NMR (CDCl3): 1.44–1.71 (m,
4H), 2.13–2.23 (m, 5H), 2.36–2.54 (m, 2H), 3.28 (m,
2H), 4.32 (s, 2H), 4.60 (m, 1H), 7.39–7.54 (m, 3H), 7.82
(m, 1H). Anal. (C16H20N2O) C, H, N.

exo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-2,3-dihydro-
1H-isoindol-1-one (6b). This compound was prepared
from crude g-bromoester 14 (reaction time 8 h) and was
purified by flash chromatography with ethyl acetate–
methanol–triethylamine (6:2:2) as the eluent (yield over
two steps: 41%, mp 179 �C dec). 1H NMR (CDCl3):
1.83 (m, 2H), 2.06–2.28 (m, 4H), 2.57 (m, 5H), 3.61 (br
s, 2H), 4.48 (s, 2H), 4.76 (m, 1H), 7.40–7.59 (m, 3H),
7.83 (d, J=7.0, 1H). HR-MS: m/z calcd for
(C16H20N2O) 256.1576, found 256.1600. Anal.
(C16H20N2O) C, H, N.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-2,3-dihydro-
1H-benz[e]isoindol-1-one (7a). This compound was pre-
pared from crude g-bromoester 15a (reaction time 6 h)
and was purified by flash chromatography (yield over
two steps: 45%). An analytical sample was obtained by
recrystallization from ethyl acetate: mp 174–175 �C. 1H
NMR (CDCl3): 1.54–1.68 (m, 4H), 2.15–2.24 (m, 5H),
2.44–2.60 (m, 2H), 3.28 (m, 2H), 4.41 (s, 2H), 4.64 (m,
1H), 7.47–7.67 (m, 3H), 7.90 (d, J=7.6, 1H), 7.97 (d,
J=8.3, 1H), 9.24 (d, J=8.4, 1H). Anal. (C20H22N2O) C,
H, N.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-2,3-dihydro-
1H-pyrrolo[3,4-c]quinolin-1-one (7c). This compound
was prepared from crude g-bromoester 15c (reaction
time 5 h) and was purified by flash chromatography

(yield over two steps: 32%; mp 153–154 �C). 1H NMR
(CDCl3): 1.50–1.65 (m, 4H), 2.14–2.21 (m, 5H), 2.42–
2.59 (m, 2H), 3.28 (m, 2H), 4.46 (s, 2H), 4.61 (m, 1H),
7.61–7.79 (m, 2H), 8.15 (d, J=8.4, 1H), 9.05 (m, 2H).
MS: m/z 307 (M+, 23). Anal. (C19H21N3O.0.33 H2O) C,
H, N.

A mixture of 7d (50 mg, 0.15 mmol) in 20 mL of ethanol
with triethylamine (1.0 mL) and 20 mg of 10% Pd on
carbon was hydrogenated at atmospheric pressure for
45 min. The catalyst was filtered off, and the filtrate was
evaporated under reduced pressure. The residue was
partitioned between CH2Cl2 and a solution of 1%
NaOH. The organic layer was washed with brine, dried
over sodium sulfate and concentrated under reduced
pressure to give 23 mg (yield 50%) of 7c.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-4-chloro-
2,3-dihydro-1H-pyrrolo[3,4-c]quinolin-1-one (7d). This
compound was prepared from crude g-bromoester 15d
(reaction time 1 h) and was purified by flash chromato-
graphy (yield over two steps: 60%). An analytical sam-
ple was obtained by recrystallization from n-hexane–
ethyl acetate: mp 169–170 �C. 1H NMR (CDCl3): 1.47–
1.66 (m, 4H), 2.16–2.23 (m, 5H), 2.45–2.60 (m, 2H), 3.29
(m, 2H), 4.41 (s, 2H), 4.67 (m, 1H), 7.64–7.83 (m, 2H),
8.09 (d, J=8.3, 1H), 9.04 (d, J=8.6, 1H). MS: m/z 341
(M+, 17). Anal. (C19H20ClN3O) C, H, N.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-2,3-dihydro-
4-methoxy-1H-pyrrolo[3,4-c]quinolin-1-one (7e). This
compound was prepared from crude g-bromoester 15e
(reaction time 1 h) and was purified by flash chromato-
graphy (yield over two steps: 40%). An analytical sam-
ple was obtained by recrystallization from n-hexane–
ethyl acetate: mp 190–191 �C. 1H NMR (CDCl3): 1.48–
1.62 (m, 4H), 2.04–2.23 (m, 5H), 2.43–2.58 (m, 2H), 3.27
(m, 2H), 4.14 (s, 3H), 4.34 (s, 2H), 4.62 (m, 1H), 7.48 (t,
J=7.2, 1H), 7.66 (m, 1H), 7.91 (d, J=8.4, 1H), 8.92 (m,
1H). MS: m/z 337 (M+, 26). Anal. (C20H23N3O2) C, H,
N.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-2,3-dihydro-
4-ethoxy-1H-pyrrolo[3,4-c]quinolin-1-one (7f). This com-
pound was prepared from crude g-bromoester 15f
(reaction time 18 h) and was purified by flash chroma-
tography (yield over two steps: 37%). An analytical
sample was obtained by recrystallization from n-hex-
ane–ethyl acetate: mp 195–198 �C. 1H NMR (CDCl3):
1.43–1.72 (m, 7H), 2.14–2.22 (m, 5H), 2.42–2.57 (m,
2H), 3.26 (m, 2H), 4.32 ( s, 2H), 4.54–4.72 (m, 3H), 7.46
(t, J=7.8, 1H), 7.63 (m, 1H), 7.88 (d, J=8.4, 1H), 8.91
(d, J=7.8, 1H). MS: m/z 351 (M+, 34). Anal.
(C21H25N3O2) C, H, N.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-2,3-dihydro-
4-(n-propyloxy)-1H-pyrrolo[3,4-c]quinolin-1-one (7g).
This compound was prepared from crude g-bromoester
15g (reaction time 15 h) and was purified by flash chro-
matography (yield over two steps: 44%). An analytical
sample was obtained by recrystallization from n-hex-
ane–ethyl acetate: mp 170–171 �C. 1H NMR (CDCl3):
1.08 (t, J=7.4, 3H), 1.48–1.67 (m, 4H), 1.80–1.98 (m,
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2H), 2.19–2.23 (m, 5H), 2.43–2.58 (m, 2H), 3.28 (m,
2H), 4.33 (s, 2H), 4.50–4.73 (m, 3H), 7.48 (t, J=7.4,
1H), 7.65 (t, J=8.1, 1H), 7.90 (d, J=8.3, 1H), 8.93 (d,
J=9.0, 1H). Anal. (C22H27N3O2) C, H, N.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-2,3,4,5-tet-
rahydro-5-(n-propyl)-1H-pyrrolo[3,4-c]quinolin-1,4-dione
(30). This compound was prepared from crude g-bro-
moester 29 (reaction time 15 h) and was purified by flash
chromatography (yield over two steps: 26%). An ana-
lytical sample was obtained by washing with diethyl
ether: mp 145–148 �C. 1H NMR (CDCl3): 1.07 (t,
J=7.4, 3H), 1.45–1.65 (m, 4H), 1.71–1.90 (m, 2H),
2.16–2.23 (m, 5H), 2.42–2.57 (m, 2H), 3.26 (m, 2H), 4.32
(m, 4H), 4.61 (m, 1H), 7.27–7.43 (m, 2H), 7.61 (m, 1H),
8.96 (d, J=7.7, 1H). MS: m/z 365 (M+, 33). Anal.
(C22H27N3O2

.0.5 H2O) C, H, N.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-2,3-dihydro-
1H-benz[f]isoindol-1-one (8a). This compound was pre-
pared from crude g-bromoester 16a (reaction time 20 h)
and was purified by flash chromatography (yield over
two steps: 30%). An analytical sample was obtained by
recrystallization from ethyl acetate: mp 217–218 �C. 1H
NMR (CDCl3): 1.48–1.66 (m, 4H), 2.15–2.24 (m, 5H),
2.42–2.58 (m, 2H), 3.27 (m, 2H), 4.47 (s, 2H), 4.68 (m,
1H), 7.47–7.59 (m, 2H), 7.84–7.90 (m, 2H), 7.96–8.01
(m, 1H), 8.32 (s, 1H). MS: m/z 306 (M+, 18). Anal.
(C20H22N2O.0.25 H2O) C, H, N.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-2,3-dihydro-
1H-pyrrolo[3,4-b]quinolin-1-one (8b). This compound
was prepared from ethyl 2-chloromethyl-3-quinoline-
carboxylate (16b)18 (reaction time 25 h) and was purified
by flash chromatography (yield 51%). An analytical
sample was obtained by recrystallization from ethyl
acetate: mp 203–204 �C. 1H NMR (CDCl3): 1.47–1.66
(m, 4H), 2.13–2.24 (m, 5H), 2.45–2.60 (m, 2H), 3.28 (m,
2H), 4.52 (s, 2H), 4.75 (m, 1H), 7.61 (t, J=7.4, 1H), 7.82
(m, 1H), 7.98 (d, J=9.0, 1H), 8.13 (d, J=8.5, 1H), 8.57
(s, 1H). Anal. (C19H21N3O) C, H, N.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-9-chloro-
2,3-dihydro-1H-pyrrolo[3,4-b]quinolin-1-one (8c). This
compound was prepared from g-bromoester 16c (reac-
tion time 2 h) and was purified by flash chromatography
(yield 10%; mp 192–193 �C). 1H NMR (CDCl3): 1.56–
1.68 (m, 4H), 2.15–2.23 (m, 5H), 2.44–2.59 (m, 2H), 3.27
(m, 2H), 4.47 (s, 2H), 4.62 (m, 1H), 7.69 (t, J=7.3, 1H),
7.85 (m, 1H), 8.11 (d, J=8.3, 1H), 8.44 (d, J=8.9, 1H).
MS: m/z 341 (M+, 10). Anal. (C19H20ClN3O.0.2 H2O)
C, H, N.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-2,3-dihy-
dro-9-methoxy-1H-pyrrolo[3,4-b]quinolin-1-one (8d). This
compound was prepared from crude g-bromoester 16d
(reaction time 3 h) and was purified by flash chromato-
graphy (yield over two steps: 22%; mp 160–161 �C). 1H
NMR (CDCl3): 1.43–1.64 (m, 4H), 2.14–2.23 (m, 5H),
2.42–2.58 (m, 2H), 3.25 (m, 2H), 4.44 (s, 2H), 4.60–4.78
(m, 4H), 7.51 (t, J=7.2, 1H), 7.75 (m, 1H), 7.97 (d,
J=8.4, 1H), 8.35 (d, J=8.8, 1H). MS: m/z 337 (M+,
32). Anal. (C20H23N3O2

.0.25 H2O) C, H, N.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-2,3-dihydro-
9-(n-propyloxy)-1H-pyrrolo[3,4-b]quinolin-1-one (8e).
This compound was prepared from g-bromoester 16e
(reaction time 8 h) and was purified by flash chromato-
graphy (yield 16%; mp 125–126 �C). 1H NMR (CDCl3):
1.09 (t, J=7.4, 3H), 1.46–1.66 (m, 4H), 1.82–1.99 (m,
2H), 2.07–2.23 (m, 5H), 2.42–2.57 (m, 2H), 3.25 (m,
2H), 4.43 (s, 2H), 4.71 (m, 1H), 4.95 (t, J=6.9, 2H), 7.51
(t, J=7.2, 1H), 7.75 (m, 1H), 7.97 (d, J=8.4, 1H), 8.39
(m, 1H). MS: m/z 365 (M+, 24). Anal.
(C22H27N3O2

.0.33 H2O) C, H, N.

endo-2-[8-Methyl-8-azabicyclo[3.2.1]oct-3-yl]-2,3-dihydro-
4-(n-propyl)-pyrrolo[3,4-b]quinolin-1,9(1H,4H)-dione (35).
This compound was prepared from g-bromoester 34
(reaction time 22 h) and was purified by washing with
diethyl ether (yield 27%). An analytical sample was
obtained by recrystallization from ethanol–ethyl ace-
tate: mp 198 �C dec. 1H NMR (CDCl3): 1.08 (t, J=7.4,
3H) 1.60–1.80 (m, 4H), 1.84–2.03 (m, 2H), 2.16–2.28 (m,
5H), 2.41–2.56 (m, 2H), 3.32 (m, 2H), 4.02 (t, J=7.8,
2H), 4.29 (s, 2H), 4.46 (m, 1H), 7.34–7.43 (m, 2H), 7.60–
7.69 (m, 1H), 8.49–8.54 (m, 1H). MS (FAB): m/z 366
(M+1, 100). Anal. (C22H27N3O2) C, H, N.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-1,2-dihydro-
3H-benz[e]isoindol-3-one (9a). This compound was pre-
pared from crude g-bromoester 17a (reaction time 17 h)
and was purified by flash chromatography (yield over
two steps: 52%). An analytical sample was obtained by
recrystallization from ethyl acetate: mp 139–140 �C. 1H
NMR (CDCl3): 1.52–1.69 (m, 4H), 2.16–2.24 (m, 5H),
2.44–2.60 (m, 2H), 3.29 (m, 2H), 4.58–4.75 (m, 3H),
7.54–7.62 (m, 2H), 7.80–7.99 (m, 4H). MS: m/z 306
(M+, 9). Anal. (C20H22N2O) C, H, N.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-1,2-dihydro-
3H-pyrrolo[3,4-c]quinolin-3-one (9b). This compound
was prepared from crude g-bromoester 17b (reaction
time 15 h) and was purified by washing with diethyl
ether (yield over two steps: 45%; mp 195–196 �C). 1H
NMR (CDCl3): 1.49–1.68 (m, 4H), 2.18–2.24 (m, 5H),
2.45–2.60 (m, 2H), 3.30 (m, 2H), 4.59–4.73 (m, 3H), 7.65
(t, J=7.3, 1H), 7.78–7.91 (m, 2H), 8.23 (d, J=8.4, 1H),
9.27 (s, 1H). MS: m/z 307 (M+, 10). Anal.
(C19H21N3O.0.25 H2O) C, H, N.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-4-chloro-
1,2-dihydro-3H-pyrrolo[3,4-c]quinolin-3-one (9c). This
compound was prepared from crude g-bromoester 17c
(reaction time 5 h) and was purified by washing with
diethyl ether (yield over two steps: 73%; mp 229–
231 �C. 1H NMR (CDCl3): 1.58–1.70 (m, 4H), 2.16–2.23
(m, 5H), 2.43–2.58 (m, 2H), 3.29 (m, 2H), 4.55 (m, 1H),
4.65 (s, 2H), 7.65 (t, J=7.7, 1H), 7.79–7.88 (m, 2H),
8.12 (d, J=8.6, 1H). MS: m/z 341 (M+, 35). Anal.
(C19H20ClN3O.0.25 H2O) C, H, N.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-1,2-dihydro-
4-methoxy-3H-pyrrolo[3,4-c]quinolin-3-one (9d). This
compound was prepared from crude g-bromoester 17d
(reaction time 2 h) and was purified by recrystallization
from ethyl acetate (yield over two steps: 48%; mp 179–
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180 �C). 1H NMR (CDCl3): 1.55–1.68 (m, 4H), 2.14–
2.22 (m, 5H), 2.40–2.55 (m, 2H), 3.26 (m, 2H), 4.18 (s,
3H), 4.50 (m, 1H), 4.59 (s, 2H), 7.43 (t, J=7.4, 1H),
7.65–7.76 (m, 2H), 7.91 (d, J=8.3, 1H). MS: m/z 337
(M+, 36). Anal. (C20H23N3O2

.0.66 H2O) C, H, N.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-1,2-dihydro-
4-ethoxy-3H-pyrrolo[3,4-c]quinolin-3-one (9e). This com-
pound was prepared from crude g-bromoester 17e
(reaction time 2 h) and was purified by flash chromato-
graphy (yield over two steps: 27%). An analytical sam-
ple was obtained by washing with diethyl ether: mp
169–170 �C. 1H NMR (CDCl3): 1.48–1.68 (m, 7H),
2.13–2.22 (m, 5H), 2.39–2.55 (m, 2H), 3.26 (m, 2H), 4.48
(m, 1H), 4.59 (s, 2H), 4.67 (q, J=7.0, 2H), 7.42 (t,
J=7.8, 1H), 7.63–7.75 (m, 2H), 7.88 (d, J=8.4, 1H).
MS: m/z 351 (M+, 31). Anal. (C21H25N3O2

.0.2 H2O) C,
H, N.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-1,2-dihydro-
4-(n-propyloxy)-3H-pyrrolo[3,4-c]quinolin-3-one (9f). This
compound was prepared from crude g-bromoester 17f
(reaction time 3 h) and was purified by flash chroma-
tography (yield over two steps: 19%; mp 153–155 �C.
1H NMR (CDCl3): 1.08 (t, J=7.4, 3H), 1.56–1.68 (m,
4H), 1.85–2.03 (m, 2H), 2.14–2.23 (m, 5H), 2.40–2.55
(m, 2H), 3.26 (m, 2H), 4.43–4.59 (m, 5H), 7.41 (t,
J=7.3, 1H), 7.64–7.75 (m, 2H), 7.88 (d, J=8.4, 1H).
MS: m/z 365 (M+, 32). Anal. (C22H27N3O2

.0.25 H2O)
C, H, N.

endo-2-(8-Azabicyclo[3.2.1]oct-3-yl)-2,3-dihydro-1H-benz
[e]isoindol-1-one (7b). A mixture of 7a (0.11 g,
0.36 mmol) in 1 mL (9.3 mmol) of a-chloroethyl chlor-
oformate (ACE-Cl)43 was heated for 3 h at 100 �C under
argon. Excess ACE-Cl was then removed under reduced
pressure, and methanol was added to the residue. The
resulting mixture was heated at reflux for 20 min and
concentrated to dryness. The residue obtained was
washed with ethyl acetate–methanol and partitioned
between CH2Cl2 and a solution of 1% NaOH. The
organic layer was washed with brine, dried over sodium
sulfate and concentrated under reduced pressure to give
pure 7b (72 mg, yield 68%, mp 142–143 �C). 1H NMR
(CDCl3): 1.46–1.91 (m, 7H), 2.35–2.46 (m, 2H), 3.68 (m,
2H), 4.38 (s, 2H), 4.58 (m, 1H), 7.46–7.67 (m, 3H), 7.89
(d, J=7.8, 1H), 7.96 (d, J=8.4, 1H), 9.22 (d, J=8.2,
1H). MS: m/z 292 (M+, 13). Anal. (C19H20N2O.0.2
H2O) C, H, N.

endo-2-(8-Methyl-8-azabyciclo[3.2.1]oct-3-yl]-2,3-dihydro-
4-hydroxy-1H-pyrrolo[3,4-c]quinolin-1-one (7h). A solu-
tion of 7d (85 mg, 0.25 mmol) in 15 mL of 1 N HCl was
heated for 4 h at 80 �C. The resulting reaction mixture
was cooled at 0–5 �C, made alkaline (pH 9) with 3 N
NaOH and extracted with chloroform. The combined
organic extracts were dried over sodium sulfate and
concentrated under reduced pressure to give 71 mg of 7h
(yield 88%). An analytical sample was obtained by
recrystallization from ethyl acetate; mp 246 �C dec. 1H
NMR (CDCl3): 1.46–1.61 (m, 4H), 2.16–2.23 (m, 5H),
2.43–2.58 (m, 2H), 3.27 (m, 2H), 4.35 (s, 2H), 4.61 (m,
1H), 7.28–7.36 (m, 2H), 7.55 (m, 1H), 8.84 (d, J=8.2,

1H), 10.63 (br s, 1H). MS: m/z 323 (M+, 28). Anal.
(C19H21N3O2

.0.33 H2O) C, H, N.

endo,cis-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-2,3,3a,4,
5,9b-hexahydro-1H-pyrrolo[3,4-c]quinolin-1-one (18). A
mixture of 7d (0.10 g, 0.29 mmol) in 30 mL of ethanol
with triethylamine (1.5 mL) and 45 mg of 10% Pd on
carbon was hydrogenated at 50 psi for 1 h and 15 min.
The catalyst was filtered off, and the filtrate was evapo-
rated under reduced pressure. The residue was parti-
tioned between CH2Cl2 and a solution of 1% NaOH.
The organic layer was washed with brine, dried over
sodium sulfate and concentrated under reduced pres-
sure. Recrystallization of the residue from n-hexane–
ethyl acetate gave 21 mg (yield 23%) of 18 as colorless
prisms melting at 191–192 �C. 1H NMR (CDCl3): 1.25–
1.57 (m, 4H), 2.06–2.39 (m, 7H), 2.77–2.95 (m, 2H),
3.08–3.28 (m, 4H), 3.51 (m, 2H), 3.76 (br s, 1H), 4.24
(m, 1H), 6.54 (d, J=7.9, 1H), 6.76 (t, J=7.4, 1H), 7.02
(t, J=7.8, 1H), 7.50 (d, J=7.6, 1H). MS: m/z 311 (M+,
27). Anal. (C19H25N3O) C, H, N.

endo-2-(8-Methyl-8-azabicyclo[3.2.1]oct-3-yl)-2,3-dihydro-
9-hydroxy-1H-pyrrolo[3,4-b]quinolin-1-one (8f). A solu-
tion of 8c (63 mg, 0.18 mmol) in 15 mL of 1 N HCl was
heated for 23 h at 80 �C, then cooled at 0–5 �C, and
made alkaline (pH 9) with 3 N NaOH. The precipitate
was collected by filtration, dried and purified by recrys-
tallization from ethyl acetate–ethanol to give 25 mg of
8f (yield 43%; mp 228 �C dec). 1H NMR (CD3OD):
1.85–2.24 (m, 6H), 2.35–2.48 (m, 5H), 3.52 (m, 2H), 4.32
(m, 1H), 4.48 (s, 2H), 7.36 (m, 1H), 7.69 (m, 2H), 8.36
(d, J=8.0, 1H). MS(FAB): m/z 324 (M+1, 7). Anal.
(C19H21N3O2

.7 H2O) C, H, N.

Ethyl 3-methyl-2-naphthalenecarboxylate (12a). A mix-
ture of 2315 (1.0 g, 2.9 mmol) in 20 mL of anhydrous
DMF with LiCl (0.61 g, 14.4 mmol) and Me4Sn
(0.40 mL, 2.9 mmol) was stirred at room temperature
under argon for 15 min and was added Pd(PPh3)2Cl2
(0.1 g, 0.14 mmol). The resulting mixture was heated at
120–130 �C under argon while 1.0 mL (7.2 mmol) of
Me4Sn was added in 15 min. After the addition was
completed, the heating was continued for additional
30 min. The solvent was then removed under reduced
pressure, and the residue was partitioned between
CH2Cl2 and water. The organic layer was dried over
sodium sulfate, and concentrated under reduced pres-
sure. Purification of the residue by flash chromato-
graphy with CH2Cl2 as the eluent gave 0.56 g of 12a
(yield 90%) as a white crystalline solid: mp 47–48 �C
(lit.44 mp 45–46 �C).1H NMR (CDCl3): 1.44 (t, J=7.3,
3H), 2.73 (s, 3H), 4.42 (q, J=7.2, 2H), 7.49 (m, 2H),
7.66 (s, 1H), 7.76 (d, J=8.0, 1H), 7.87 (d, J=7.9, 1H),
8.47 (s, 1H). MS: m/z 214 (M+, 100).

Ethyl 1-methyl-2-naphthalenecarboxylate (13a). This
compound was prepared in 91% yield from 24 by means
of the same procedure described for 12a.1H NMR
(CDCl3): 1.43 (t, J=7.2, 3H), 2.92 (s, 3H), 4.42 (q,
J=7.0, 2H), 7.56 (m, 2H), 7.68–7.86 (m, 3H), 8.18 (m,
1H) (in agreement with that described by Maeyama et
al.45). MS: m/z 214 (M+, 100).
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2-Chloro-3-methyl-4-quinolinecarboxylic acid chloride
(27). A mixture of acid 2516 (1.3 g, 6.4 mmol) in POCl3
(10 mL) was refluxed for 45 min under argon. Then, the
cooled reaction mixture was poured into ice-water and
the precipitate was extracted with CHCl3. The com-
bined extracts were dried over sodium sulfate and evap-
orated under reduced pressure. The residue was purified
by flash chromatography with n-hexane–ethyl acetate
(8:2) as the eluent to give 1.4 g of 27 as colorless crystals
(yield 91%; mp 51–52 �C; lit.46 mp 52 �C). 1H NMR
(CDCl3): 2.60 (s, 3H), 7.68 (m, 1H), 7.74–7.80 (m, 2H),
8.06 (m, 1H). MS: m/z 239 (M+, 24). Anal.
(C11H7Cl2NO) C, H, N.

Ethyl 3-methyl-2-(n-propyloxy)-4-quinolinecarboxylate
(11g). To a solution of 26 (0.70 g, 3.0 mmol) in 15 mL
of anhydrous DMF was added NaH (84 mg, 3.5 mmol)
and the resulting mixture was stirred at room tempera-
ture for 20 min under argon. Then, propyl iodide
(0.35 mL, 3.5 mmol) was added dropwise and the reac-
tion mixture was stirred at room temperature for 2 h
and 30 min. After the reaction was completed, the mix-
ture was poured into ice-water and extracted with
CH2Cl2. The combined extracts were washed with
water, dried over sodium sulfate and evaporated under
reduced pressure. Purification of the residue by flash
chromatography with n-hexane–ethyl acetate (8:2) as
the eluent gave 0.16 g of 11g as the less polar fraction
(yield 19%). 1H NMR (CDCl3): 1.07 (t, J=7.4, 3H),
1.46 (t, J=7.4, 3H), 1.87 (m, 2H), 2.32 (s, 3H), 4.42–
4.59 (m, 4H), 7.36 (t, J=7.3, 1H), 7.58 (m, 2H), 7.80 (d,
J=8.3, 1H).

Ethyl 1,2-dihydro-3-methyl-2-oxo-1-(n-propyl)-4-quinoline-
carboxylate (28). The title compound was separated as
the more polar fraction during the purification by
chromatography of compound 11g. Compound 28
(0.42 g, yield 51%) was obtained as a white solid melting
at 81–83 �C. 1H NMR (CDCl3): 1.05 (t, J=7.4, 3H), 1.45
(t, J=7.4, 3H), 1.78 (m, 2H), 2.24 (s, 3H), 4.28 (m, 2H),
4.52 (q, J=7.0, 2H), 7.19 (m, 1H), 7.33–7.57 (m, 3H).

General procedure for the synthesis of alkoxyquinoline
derivatives 11e,f, 12d, and 13d,e

To a solution of the appropriate chloroderivative (27,
12c, or 13c) (2.1 mmol) in 20 mL of anhydrous methanol
(or ethanol) cooled at 0–5 �C was added portionwise
NaH (0.15 g, 6.2 mmol). The resulting mixture was stir-
red at room temperature for 1 h under argon and
refluxed for 4–16 h. Then, the solvent was removed
under reduced pressure and the residue was partitioned
between ice-cooled water and CHCl3. The organic layer
was dried over sodium sulfate, and concentrated under
reduced pressure. Purification of the residue by flash
chromatography with n-hexane–ethyl acetate (8:2) as
the eluent gave the expected alkoxyquinoline derivative.

Methyl 2-methoxy-3-methyl-4-quinolinecarboxylate (11e).
Title compound was obtained from 27 (yield 91%) as a
colorless oil which crystallized on standing: mp 59–
61 �C. 1H NMR (CDCl3): 2.30 (s, 3H), 4.04 (s, 3H), 4.10
(s, 3H), 7.36 (m, 1H), 7.57 (m, 2H), 7.84 (d, J=8.2, 1H).

Ethyl 2-ethoxy-3-methyl-4-quinolinecarboxylate (11f).
This compound was prepared from 27 (yield 79%) as a
pale yellow oil. 1H NMR (CDCl3): 1.45 (t, J=7.0, 6H),
2.30 (s, 3H), 4.48–4.59 (m, 4H), 7.36 (m, 1H), 7.58 (m,
2H), 7.80 (d, J=8.4, 1H).

Ethyl 2-chloro-3-methyl-4-quinolinecarboxylate (11d). A
mixture of 27 (0.24 g, 1.0 mmol) in 25 mL of absolute
ethanol and 0.28 mL (2.0 mmol) of triethylamine was
refluxed for 40 min, concentrated under reduced pres-
sure and partitioned between CH2Cl2 and water. The
organic layer was dried over sodium sulfate, and con-
centrated under reduced pressure. Purification of the
residue by flash chromatography with n-hexane–ethyl
acetate (8:2) as the eluent gave 0.23 g of 11d as a white
crystalline solid (yield 92%, mp 53–54 �C). 1H NMR
(CDCl3): 1.46 (t, J=7.0, 3H), 2.51 (s, 3H), 4.57 (q,
J=7.1, 2H), 7.55 (m, 1H), 7.69 (m, 2H), 7.99 (d, J=8.3,
1H). MS: m/z 249 (M+, 38).

Ethyl 3-Methyl-4-quinolinecarboxylate (11c). A mixture
of 11d (0.29 g, 1.2 mmol) in 20 mL of ethanol with tri-
ethylamine (0.5 mL) and 0.15 g of 10% Pd on carbon was
hydrogenated for 35 min at atmospheric pressure and
room temperature. The catalyst was filtered off, and the
filtrate was evaporated under reduced pressure. The
residue was partitioned between CH2Cl2 and water. The
organic layer was washed with brine, dried over sodium
sulfate and concentrated under reduced pressure. Puri-
fication of the residue by flash chromatography with
n-hexane–ethyl acetate (8:2) as the eluent gave 0.22 g of
11c as a colorless oil (yield 85%). 1H NMR (CDCl3):
1.46 (t, J=7.0, 3H), 2.51 (s, 3H), 4.55 (d, J=7.0, 2H),
7.52–7.72 (m, 2H), 7.81 (d, J=7.6, 1H), 8.08 (d, J=8.3,
1H), 8.80 (s, 1H). MS: m/z 215 (M+, 78).

Ethyl 4-chloro-2-methyl-3-quinolinecarboxylate (12c).
This compound was prepared in 92% yield from 3117

by the same procedure described for 27 with the differ-
ence that 12c was extracted at pH 8–9. 1H NMR
(CDCl3): 1.44 (t, J=7.2, 3H), 2.72 (s, 3H), 4.51 (q,
J=7.2, 2H), 7.61 (t, J=7.2, 1H), 7.77 (m, 1H), 8.02 (d,
J=8.4, 1H), 8.20 (d, J=7.7, 1H).

Ethyl 2-methyl-4-(n-propyloxy)-3-quinolinecarboxylate
(12e). This compound was prepared from 1.5 g
(6.5 mmol) of ethyl 1,4-dihydro-2-methyl-4-oxo-3-qui-
nolinecarboxylate (31)17 employing the same procedure
described for 11g with the exception that the reaction time
was 24 h. Compound 12e was purified by flash chromato-
graphy with CH2Cl2–ethyl acetate (8:2) as the eluent
(0.95 g, yield 53%). 1H NMR (CDCl3): 1.08 (t, J=7.4,
3H), 1.43 (t, J=7.2, 3H), 1.89 (m, 2H), 2.68 (s, 3H), 4.17 (t,
J=6.4, 2H), 4.46 (q, J=7.0, 2H), 7.48 (t, J=8.0, 1H), 7.69
(m, 1H), 7.97 (d, J=8.4, 1H), 8.11 (d, J=7.9, 1H).

Ethyl 1,4-dihydro-2-methyl-4-oxo-1-(n-propyl)-3-quinoline-
carboxylate (33). NaH (0.24 g, 10 mmol) was added
portionwise to a solution of ethyl acetoacetate (1.3 mL,
10 mmol) in 20 mL of N,N-dimethylacetamide under
stirring at room temperature. To the resulting mixture
was added N-propylisatoic anhydride (32)47 (2.4 g,
12 mmol) followed by stirring for 10 min at 120 �C. The
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solvent was removed under reduced pressure, the resi-
due was treated with ice-water, and extracted with
CHCl3. The combined extracts were washed with water,
dried over sodium sulfate and evaporated under
reduced pressure. Purification of the residue by flash
chromatography with CH2Cl2–ethyl acetate (1:1) as the
eluent gave 1.9 g of 33 (yield 69%). 1H NMR (CDCl3):
1.08 (t, J=7.5, 3H), 1.39 (t, J=6.9, 3H), 1.85 (m, 2H),
2.51 (s, 3H), 4.09 (m, 2H), 4.42 (q, J=7.2, 2H), 7.32–
7.45 (m, 2H), 7.64 (m, 1H), 8.45 (m, 1H).

Ethyl 4-methyl-2-(n-propyloxy)-3-quinolinecarboxylate
(13f). This compound was prepared from 1.0 g
(4.3 mmol) of 3748 by the same procedure described for
11g. Compound 13f was purified by flash chromato-
graphy with n-hexane–ethyl acetate (8:2) as the eluent
(0.21 g, yield 18%). 1H NMR (CDCl3): 1.02 (t, J=7.4,
3H), 1.41 (t, J=7.3, 3H), 1.81 (m, 2H), 2.59 (s, 3H), 4.45
(m, 4H), 7.40 (t, J=8.0, 1H), 7.63 (m, 1H), 7.80 (d,
J=8.7, 1H), 7.89 (d, J=8.5, 1H).

Ethyl 2-chloro-4-methyl-3-quinolinecarboxylate (13c).
This compound was prepared from 3748 (2.0 g,
8.6 mmol) by the same procedure described for 27 with
the difference that 13c was purified by recrystallization
from methanol (1.8 g, yield 84%, mp 109–110 �C). 1H
NMR (CDCl3): 1.44 (t, J=7.3, 3H), 2.68 (s, 3H), 4.50
(q, J=7.1, 2H), 7.61 (m, 1H), 7.76 (m, 1H), 8.01 (m,
2H). MS: m/z 249 (M+, 38).

Ethyl 4-methyl-3-quinolinecarboxylate (13b). This com-
pound was prepared in 79% yield from 13c by the same
procedure described for 11c with the difference that the
reaction time for 13b was 4 h. 1H NMR (CDCl3): 1.44
(t, J=7.0, 3H), 2.98 (s, 3H), 4.45 (d, J=7.0, 2H), 7.61 (t,
J=7.3, 1H), 7.77 (m, 1H), 8.15 (m, 2H), 9.23 (s, 1H).
MS: m/z 215 (M+, 70).

Inner salt 39. A mixture of 3-aminoquinuclidine dihy-
drochloride (38) (Aldrich) (0.20 g, 1.0 mmol) in absolute
ethanol (30 mL) with anhydrous Na2CO3 (0.45 g
4.2 mmol) was refluxed for 1 h under argon. A solution
of ethyl 2-chloromethyl-3-quinolinecarboxylate (16b)18

(0.25 g, 1.0 mmol) in absolute ethanol (20 mL) was then
added to the reaction mixture and the reflux was con-
tinued for additional 26 h. The solid material was fil-
tered off and the solvent was removed under reduced
pressure to give inner salt 39 as a thick oil (0.30 g, yield
96%) soluble in water and insoluble in apolar solvents.
1H NMR (CD3OD): 1.87–2.26 (m, 5H), 3.25 (m, 1H),
3.39 (m, 1H), 3.68 (m, 4H), 3.99 (m, 1H), 5.14 (q,
J=12.8, 2H), 7.65 (t, J=7.4, 1H), 7.81 (m, 1H), 7.99 (d,
J=8.0, 1H), 8.08 (d, J=8.3, 1H), 8.73 (s, 1H). MS
(FAB): m/z 312 (M+1, 100).

General procedure for the synthesis of quinuclidine
derivatives 6c, 7i, 8g,h, and 9g

A mixture of 3-aminoquinuclidine dihydrochloride (38)
[(RS), (S), or (R) available from Aldrich] (0.51 g,
2.56 mmol) in absolute ethanol (30 mL) with anhydrous
Na2CO3 (1.1 g, 10.4 mmol) was refluxed for 1 h under
argon, then cooled at 0–5 �C and 0.21 mL (2.42 mmol)

of allyl bromide was added. The resulting reaction mix-
ture was stirred for 15 min at 0–5 �C, for 30 min at room
temperature, and heated to reflux for 30 min. A solution
of the appropriate g-haloester (2.52 mmol) in the suit-
able amount of absolute ethanol (typically 10–20 mL)
was then added to the reaction mixture and the reflux
was continued until the g-haloester was transformed as
seen by TLC monitorization. The solvent was removed
under reduced pressure and the residue was washed with
hot anhydrous DMF (3 	 15 mL). The organic phase
was treated with dipropylamine (2.0 mL, 14.6 mmol)
and Pd(PPh3)2Cl2 (0.050 g, 0.071 mmol) and heated at
95–100 �C for 1 h under argon. The reaction mixture
was then concentrated under reduced pressure and the
residue was partitioned between diethyl ether and 3 N
HCl. The aqueous solution was made alkaline with 50%
NaOH solution and the precipitate was collected by fil-
tration or extracted with ethyl acetate. The combined
extracts were washed with brine, dried over sodium sul-
fate, and concentrated under reduced pressure. Puri-
fication of the residue by washing or recrystallization
with the appropriate solvent gave the expected
quinuclidine derivative.

2-(1-Azabicyclo[2.2.2]oct-3-yl)-2,3-dihydro-1H-isoindol-
1-one hydrochloride (6c). This compound was prepared
from crude g-bromoester 14 (reaction time 16 h) and
was purified as a HCl salt by washing with acetone
(yield over two steps: 38%; mp 217–220 �C). 1H NMR
(CDCl3): 1.92–2.33 (m, 4H), 2.52 (m, 1H), 3.37 (m, 3H),
3.78 (m, 2H), 3.99 (m, 1H), 4.49–4.72 (m, 3H), 7.47–7.62
(m, 3H), 7.84 (m, 1H), 12.35 (br s, 1H). HR-MS: m/z
calcd for (C15H18N2O) 242.1419, found 242.1418. Anal.
(C15H18N2O.HCl.2 H2O) C, H, N.

2-(1-Azabicyclo[2.2.2]oct-3-yl)-2,3-dihydro-1H-benz[e]iso-
indol-1-one (7i). This compound was prepared from
crude g-bromoester 15a (reaction time 17 h) and was
purified as a free base by washing with diethyl ether
(yield over two steps: 31%; mp 138–141 �C). 1H NMR
(CDCl3): 1.59–1.96 (m, 4H), 2.20 (m, 1H), 2.89–3.18 (m,
5H), 3.41 (m, 1H), 4.48 (t, J=8.3, 1H), 4.64 (q, J=17.7,
2H), 7.49–7.68 (m, 3H), 7.90 (d, J=8.1, 1H), 7.98 (d,
J=8.4, 1H), 9.20 (d, J=8.3, 1H). Anal.
(C19H20N2O.0.75 H2O) C, H, N.

Compound (S)-7i: yield 32%; mp 152–154 �C; �½ �24
D

�42.1� (c 1.5, methanol). Anal. (C19H20N2O.0.33 H2O)
C, H, N.

Compound (R)-7i: yield 29%; mp 155–157 �C. �½ �24
D

+40.0� (c 0.5, methanol). Anal. (C19H20N2O) C, H, N.

2-(1-Azabicyclo[2.2.2]oct-3-yl)-2,3-dihydro-1H-benz[ f ]iso-
indol-1-one (8g). This compound was prepared from
crude g-bromoester 16a (reaction time 6 h) and was
purified as a free base by washing with diethyl ether
(yield over two steps: 42%; mp 208–210 �C). 1H NMR
(CDCl3): 1.59–1.96 (m, 4H), 2.18 (m, 1H), 2.87–3.15 (m,
5H), 3.39 (m, 1H), 4.50 (t, J=8.2, 1H), 4.74 (q, J=15.9,
2H), 7.50–7.61 (m, 2H), 7.88–7.93 (m, 2H), 8.01 (m,
1H), 8.37 (s, 1H). MS: m/z 292 (M+, 27). Anal.
(C19H20N2O.0.25 H2O) C, H, N.
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Compound (S)-8g: yield 37%; mp 220–222 �C; �½ �24
D �39.5�

(c 0.4, methanol). Anal. (C19H20N2O.2.5 H2O) C, H, N.

Compound (R)-8g: yield 42%; mp 220–222 �C. �½ �24
D +36.7�

(c 0.4, methanol). Anal. (C19H20N2O.H2O) C, H, N.

2-(1-azabicyclo[2.2.2]oct-3-yl)-2,3-dihydro-1H-pyrrolo[3,4-
b]quinolin-1-one (8h). This compound was prepared
from g-chloroester 16b18 (reaction time 21 h) and was
purified as a free base by recrystallization from ethyl
acetate (yield: 35%; mp 207–208 �C). 1H NMR
(CDCl3): 1.57–1.96 (m, 4H), 2.20 (m, 1H), 2.88–3.15 (m,
5H), 3.42 (m, 1H), 4.54 (t, J=8.2, 1H), 4.79 (q, J=16.8,
2H), 7.63 (t, J=7.4, 1H), 7.85 (m, 1H), 8.01 (d, J=8.5,
1H), 8.15 (d, J=8.5, 1H), 8.62 (s, 1H). MS: m/z 293
(M+, 38). Anal. (C18H19N3O) C, H, N.

Compound (S)-8h: yield 51%; mp 207–208 �C; �½ �24
D �41.2�

(c 0.3, methanol). Anal. (C18H19N3O.1.5 H2O) C, H, N.

Compound (R)-8h: yield 43%; mp 207–208 �C. �½ �24
D

+36.1� (c 0.3, methanol). Anal. (C18H19N3O.0.25 H2O)
C, H, N.

(R)-2-(1-Azabicyclo[2.2.2]oct-3-yl)-1,2-dihydro-3H-benz
[e]isoindol-3-one [(R)-9g]. This compound was prepared
from crude g-bromoester 17a (reaction time 4 h) and
was purified as a free base by washing with diethyl ether
(yield over two steps: 31%; mp 152–154 �C); �½ �24

D
+48.2� (c 0.3, methanol); �½ �24

D +44.6� (c 1.0, metha-
nol–diethylamine 9:1). 1H NMR (CDCl3): 1.59–1.97 (m,
4H), 2.20 (m, 1H), 2.87–3.18 (m, 5H), 3.40 (m, 1H), 4.47
(t, J=8.2, 1H), 4.90 (q, J=17.3, 2H), 7.58–7.62 (m, 2H),
7.83–8.00 (m, 4H). MS: m/z 292 (M+, 48). Anal.
(C19H20N2O.0.33 H2O) C, H, N.

Compound (S)-9g was purified as a HCl salt by recrys-
tallization from methanol–ethyl acetate (yield over two
steps: 27%; mp 294–295 �C dec.); �½ �24

D +12.0� (c 0.5,

methanol); �½ �24
D �42.6� (c 0.2, methanol–diethylamine

9:1). MS: m/z 292 (M+, 43). Anal.
(C19H20N2O.HCl.H2O) C, H, N.

X-ray crystallography

Single crystals of 7a, 9a, and 18 were submitted to X-ray
data collection on a Siemens P4 four-circle dif-
fractometer with graphite monochromated Mo-Ka

radiation (l=0.71069 Å). The o/2y scan technique was
used. The structures were solved by direct methods and
the refinements were carried out by full-matrix aniso-
tropic least-squares of F2 against all reflections. The
hydrogen atoms were located on Fourier difference
maps and included in the structure-factor calculations
with a common isotropic temperature factor. Atomic
scattering factors including f 0 and f 00 were taken from ref
49. Structure solution and refinement were carried out by
using the SHELX-97 package49 while molecular gra-
phics were performed by the SHELXTL PC program.50

7a. C20H22N2O (Mr 306.4), a single crystal, colorless
needle, dimensions 0.6 	 0.2 	 0.2 mm, was used for

data collection; monoclinic; space group P21/c (no. 14);
a=10.785 (2), b=13.315 (2), c=23.045 (3) Å,
ß=98.18(1), V=3275.6 (9) Å3, Z=8, Dc=1.24 g/cm3. A
total of 5758 unique reflections (Rint=0.027) was col-
lected at 22 �C. The final refinement converged to
R=0.056 and wR2=0.099 for F2 > 2s(I). Minimum
and maximum heights in last &r map were �0.19 and
0.17 eÅ�3.

9a. C20H22N2O (Mr 306.4), a single crystal, colorless
prism, dimensions 0.4 	 0.4 	 0.2 mm, was used for
data collection; monoclinic; space group P21/c (no. 14);
a=14.433 (2), b=12.476 (2), c=9.673 (1) Å, ß=107.77
(1)�, V=1658.7 (4) Å3, Z=4, Dc=1.23 g/cm3. A total of
2930 unique reflections (Rint=0.048) were collected at
22 �C. The final refinement converged to R=0.050 and
wR2=0.096 for F2 > 2s(I). Minimum and maximum
heights in last &r map were �0.17 and 0.15 eÅ�3.

18. C19H25N3O (Mr 311.4), a single crystal, colorless
prism, dimensions 0.3 	 0.3 	 0.2 mm, was used for
data collection; monoclinic; space group P21/c (no. 14);

a=12.009 (1), b=9.400 (1), c=14.788 (1) Å, ß=94.37
(1)�, V=1664.5 (3) Å3, Z=4, Dc=1.24 g/cm3. A total of
3818 unique reflections (Rint=0.025) was collected at
22 �C. The final refinement converged to R=0.052 and
wR2=0.109 for F2 > 2s(I). Minimum and maximum
heights in last &r map were �0.20 and 0.16 eÅ�3.

Full crystallographic details will be given elsewhere.

Pharmacology

All experiments were carried out according to the Guide
for the Care and Use of Laboratory Animals as adopted
and promulgated by the US National Institutes of
Health.

In vitro binding assays

Binding assays were performed as described in ref 30.
Male Wistar rats (Charles River, Calco, Italy) were kil-
led by decapitation, their brains were rapidly removed
at 4 �C, and cortex and hippocampus were dissected out.
Tissues were homogenized (Polytron PTA 10TS) in ice-
cold Hepes buffer 50 mM, pH 7.4, and centrifuged
according to the procedures indicated in the above-cited
reference. The pellet obtained was finally suspended in
Hepes buffer 50 mM, pH 7.4, just before the binding
assay was performed. [3H]Granisetron (s.a. 81 Ci/mmol;
NEN Life Science Products) binding were assayed in
final incubation volumes of 1 mL. Tissue and [3H]ligand
final concentration were 20 mg of tissue/sample and
0.5 nM, respectively. The specific binding of the tritiated
ligand was defined as the difference between the binding
in the absence (total binding) and in the presence of
100 mM unlabelled 5-HT (non-specific binding). It
represented in an average 70% of the total binding.

Incubation was interrupted by rapid filtration under
vacuum through Whatman GF/B glass fiber filters pre-
soaked in Hepes buffer 50 mM, pH 7.4, containing 0.1%
polyethyleneimine. Filters were immediately rinsed with
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12 mL (3 	 4 mL) of ice-cold buffer by means of a
Brandel M-24R cell harvester, dried and immersed into
vials containing 8 mL of Ultima Gold MV (Packard
Biosciences) for the measurement of trapped radio-
activity with a TRI-CARB 1900TR (Packard Bio-
sciences) liquid scintillation spectrometer, at a counting
efficiency of about 60%. Competition experiments were
analyzed by the ‘Allfit’ program51 to obtain the con-
centration of unlabelled drug that caused 50% inhibi-
tion of [3H]granisetron specific binding (IC50). Apparent
affinity constants (Ki) were derived from the IC50 values
according to the Cheng and Prusoff equation.52 The Kd

value for [3H]granisetron specific binding calculated
from saturation isotherms was found to be 0.6 nM.

Measurement of [14C]guanidinium uptake in NG 108-15
cells

This procedure has been described by Emerit et al.35

Briefly, mouse neuroblastoma 	 rat glioma hybrid cells
of the NG 108-15 clone were grown for 2 days in Dul-
becco modified Eagle’s medium supplemented with the
appropriate nutrients.35 The cell layer in each culture
dish (35 mm) was then washed twice with 1.5 mL of
buffer A (145 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2,
1.0 mM MgCl2, 2.0 mM Na2HPO4, 20 mM glucose,
20 mM Hepes, pH adjusted to 7.4 with NaOH), and
covered with 1 mL of buffer B (same composition as
buffer A except that [NaCl] was reduced to 135 mM and
10 mM guanidinium were added) containing 0.20–
0.25 mCi of [14C]guanidinium (s.a. 59 mCi/mmol, Ser-
vice des Molécules Marquées at CEA, 91191 Gif-sur-
Yvette, France), and, where indicated, 1 mM 5-HT,
10 mM substance P and/or eight different concentrations
of each of the drugs to be tested. After 10 min at 37 �C,
the assay was stopped by aspiration of the medium, and
the cell layer was washed three times with 1.5 mL of ice-
cold buffer C (same composition as buffer A except that
NaCl was replaced by choline chloride). The cells were
then dissolved into 0.5 mL of 0.4 M NaOH and the
resulting extracts were transferred to scintillation vials.
The culture dishes were further rinsed with 0.5 mL of
1 M HCl then 0.5 mL of 0.4 M NaOH, which were
added to the vials. Each mixture (1.5 mL) was supple-
mented with 10 mL of the scintillation fluid Aquasol
(New England Nuclear, Les Ulis, France) for radio-
activity counting at 50% efficiency. All assays were
performed in triplicate.

Under these conditions, [14C]guanidinium accumulation
in NG 108-15 cells was 2.5–3.5 times higher in the pres-
ence of both 1 mM 5-HT and 10 mM substance P than in
their absence (basal uptake). 5-HT3 receptor antagonists
(zacopride, ondansetron, granisetron, tropisetron, etc.)
completely prevented the stimulatory effect of 5-HT
(with substance P) (see ref 35 for details).

Bezold–Jarisch reflex

The stimulation of cardiac 5-HT3 receptors, in ure-
thane-anaesthetized rats, is known to trigger a transient
bradycardia known as the Bezold–Jarisch reflex. The
ability of drugs to either induce or prevent this reflex

has been used to further assess the 5-HT3 receptor ago-
nist or antagonist properties of the newly synthesized
compounds. Briefly, adult male Sprague–Dawley rats
(250–300 g body weight, Charles River, Calco, Italy)
were anaesthetized with urethane (1.4 g/kg ip), and a
tracheotomy was performed to insert an endotracheal
tube. Blood pressure was recorded from carotid artery
via a saline/heparin-filled pressure transducer, from
which the heart rate was continuously monitored.
Drugs were administered via the jugular vein. The
Bezold–Jarisch reflex (which consists of a 50% drop in
heart rate within 10–15 s following the injection of
30 mg/kg iv of serotonin) was assessed 5 and 15 min after
the iv administration of various doses of each of the test
compounds. Under these conditions, 10 mg/kg iv of
either zacopride, ondansetron or tropisetron injected
5 min before 5-HT completely prevented the bradycardia
normally evoked by the indoleamine.37

Nootropic activity

Nootropic activity was evaluated in mice by means of
the passive avoidance test according to the method
described by Jarvik and Kopp.38 Briefly, the apparatus
consisted of a two-compartment acrylic box with a
lighted compartment connected to a darkened one by a
guillotine door. On entering the dark compartment, the
mice received a punishing electrical shock (0.5 mA, 1 s).
The latency times for entering the dark compartment
were measured in the training test and after 24 h in the
retention test. Animals were injected with scopolamine
to obtain memory disruption. The maximum entry
latency allowed in the training session was 30 s, whereas
in the retention session the entrance latency allowed was
120 s. The memory degree of received punishment was
expressed as latencies recorded in the retention and
training sessions.
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