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We present in this study an optimization of a preliminary pharmacophore model for 5-HT7R
antagonism, with the incorporation of recently reported ligands and using an efficient procedure
with the CATALYST program. The model consists of five features: a positive ionizable atom
(PI), a H-bonding acceptor group (HBA), and three hydrophobic regions (HYD). This model
has been supported by the design, synthesis, and biological evaluation of new naphtholactam
and naphthosultam derivatives of general structure I (39-72). A systematic structure-affinity
relationship (SAFIR) study on these analogues has allowed us to confirm that the model
incorporates the essential structural features for 5-HT7R antagonism. In addition, computational
simulation of the complex between compound 56 and a rhodopsin-based 3D model of the 5-HT7R
transmembrane domain has permitted us to define the molecular details of the ligand-receptor
interaction and gives additional support to the proposed pharmacophore model for 5-HT7R
antagonism: (i) the HBA feature of the pharmacophore model binds Ser5.42 and Thr5.43, (ii) the
HYD1 feature interacts with Phe6.52, (iii) the PI feature forms an ionic interaction with Asp3.32,
and (iv) the HYD3 (AR) feature interacts with a set of aromatic residues (Phe3.28, Tyr7.43). These
results provide the tools for the design and synthesis of new ligands with predetermined
affinities and pharmacological properties.

Introduction

Serotonin (5-hydroxytryptamine, 5-HT) is an impor-
tant neurotransmitter discovered over 50 years ago and,
at present, it continues to generate interest as one of
the most attractive targets for medicinal chemists. Mo-
lecular cloning and gene expression techniques have led
to the characterization of 14 serotonin receptor sub-
types, which can be classified in seven subfamilies (5-
HT1-7)1-4 based on pharmacological properties, second
messenger coupling, and sequence data. These receptors
belong to the seven transmembrane G protein-coupled
receptor superfamily (GPCRs),5,6 except the 5-HT3 re-
ceptor, which is a ligand-gated ion channel. 5-HT7 is the
most recent addition to the burgeoning family of 5-HT
receptors that was identified from cloning studies before
the corresponding endogenous receptor was found.7,8

This receptor is positively coupled to adenylyl cyclase
through Gs when expressed in cell lines.9 The 5-HT7
receptor (5-HT7R) has been cloned from mouse,10 rat,11,12

guinea pig,13 and human14 and exhibits a low sequence
homology with other 5-HT receptors. The binding profile
appears consistent across species and between cloned
and native 5-HT7Rs. Splice variants have been iden-
tified15-17 in rat and human that display similar tissue

distribution and pharmacological and functional char-
acteristics. Although the biological functions of the
5-HT7R have not been fully clarified, early pharmaco-
logical data suggest that this subtype may be involved
in disturbance of circadian rhythms,18,19 such as jet lag
and delayed sleep-phase syndrome. Therefore, a 5-HT7R
antagonist might be a useful therapeutic agent for the
treatment of sleep disorders. It is also believed that a
deregulated circadian rhythm could lead to mental
fatigue and depression. Thus, one of the consequent
mechanisms of antidepressant treatment could be the
modulation of a possible dysrhythmic circadian function
in depression, in which the 5-HT7R might be one of the
key players.20 The fact that antipsychotic agents exhibit
a high affinity for the 5-HT7R leads to the speculation
that this receptor might provide a target for the treat-
ment of psychotic disorders.21-24 In the periphery, the
5-HT7R plays a role in smooth muscle relaxation in a
variety of tissues25-30 and so it might be involved in dis-
eases such as irritable bowel syndrome31 or migraine.32

Nevertheless, the therapeutic utility of 5-HT7R agents
awaits the development of selective ligands. Despite
intense research efforts in this area, very few com-
pounds with significant 5-HT7R antagonist activity have
been reported and, to date, only five selective antago-
nists belonging to two structural classes of compounds
(SB-258719,33 DR4004,34 SB-269970,35 DR4365,36 and
DR448537) have been discovered by high-throughput
screening. Information on the structural properties of
the 5-HT7R agents remains unknown and its determi-

* To whom correspondence should be addressed. Phone: 34-91-
3944239. Fax: 34-91-3944103. E-mail: mluzlr@quim.ucm.es.

† Departamento de Quı́mica Orgánica I, Facultad de Ciencias
Quı́micas, Universidad Complutense.

‡ Universidad Nacional de Educación a Distancia.
§ Departamento de Bioquı́mica y Biologı́a Molecular III, Facultad

de Medicina, Universidad Complutense.
| Universitat Autònoma de Barcelona.
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nation represents a critical step for developing specific
compounds.

In this context it is important to derive putative 3D
pharmacophore models, and we have recently postu-
lated a pharmacophore model for 5-HT7R antagonism,38

as an initial step in the course of an extensive program
targeted at the discovery of new serotonin 5-HT7R
ligands.

In the present work, with the aim of gaining insight
into the pharmacophoric patterns responsible for 5-HT7R
affinity, we have carried out an optimization of this
preliminary hypothesis with the incorporation of re-
cently reported antagonists and using a systematic and
efficient procedure with the CATALYST program.39

Subsequently, the identified 3D pharmacophore was
used to search flexible 3D databases to discover novel
chemical entities that could provide knowledge for the
design of new lead compounds. On the basis of these
results and in order to give support to our model, new
designed analogues of general structure I (39-72) were
synthesized and evaluated for affinity at the 5-HT7R.
The analysis of the influence of some structural varia-
tions of the different pharmacophoric elements on the
affinity for the 5-HT7R of this class of compounds led
us to confirm the essential requirements postulated for
5-HT7R antagonism. Moreover, computational simula-
tions of the complex between compound 56 and a 3D
model of the transmembrane domain of the receptor
have permitted the identification of the molecular deter-
minants of recognition of these ligands by the 5-HT7R.

Computational Methods

Pharmacophore Model for 5-HT7R Antagonists.
Compounds 1-38 were built de novo using standard
options within the 2D/3D editor sketcher of the CATA-
LYST 4.539 program. In cases where the chirality of the
active form is not known, all possible stereoisomers were
generated and considered. Each compound is treated as
a collection of conformers covering the accessible con-
formational space within an energy range.40,41 The
BEST conformational analysis procedure was applied.
The number of conformers was limited to a maximum
of 250 and with 25 kcal/mol energy threshold above the
calculated global minimum as estimated with the
CHARMm-like force field.40,42,43

CATALYST 4.539 software supports the HypoGen
algorithm, which is able to generate pharmacophoric
hypotheses from a set of compounds known to be active
at a specific target, by means of identification of common
features present in the active but absent in the inactive
molecules of the training set. Previously reported models
developed by HypoGen have been successfully used to
suggest new directions in lead discovery44-49 and for
searching databases to identify new structural classes
of potential lead candidates.50 The following values were
chosen: spacing (1.00-2.95 Å), weight variation (1.0),
tolerance variation (1.0), mapping coefficient (0), and
activity uncertainty (3). Hypothesis selection is done by
a cost analysis procedure. The cost function consists on
three terms: the weight cost, which increases in a
Gaussian form as the feature weight in a model deviates
from an idealized value of 2.0; the error cost, which
penalizes the deviation between the estimated activities
of the training set and their experimentally determined

values; and the configuration cost, which penalizes the
complexity of the hypothesis. Of these three, the error
cost contributes the most in determining the overall cost
of a hypothesis. The 10 lowest energy cost hypotheses
are extracted and analyzed. Moreover, the cost of two
theoretical hypotheses [the ideal hypothesis, which is
the simplest possible hypothesis that fits the data with
minimal cost (fixed cost), and the null hypothesis, where
the error cost is high (null cost)] are computed. These
fixed and null cost values represent the minimum and
maximum energy cost values, respectively. The greater
their difference, the higher the probability of finding
predictive models (>60 bits, >90%; 40-60 bits, 75-90%;
<40 bits, <75%).

3D-Database Searching. A database search has
been performed using the “best flexible search” method
provided by CATALYST 4.5.39 The defined pharma-
cophore model was built into a 3D query, which included
pharmacophoric features (HBA, PI, HYD1, HYD2, and
HYD3) and distance ranges between the crucial com-
ponents of the pharmacophore. The conformational
models stored in the databases are allowed to flex in
order to map the 3D query. The NCI (National Cancer
Institute), Maybridge, MiniBioByte, and Sample data-
bases (provided with CATALYST 4.5), containing a total
of approximately 178 600 compounds, were searched.

Model of the Complex between Compound 56
and the 5-HT7R. The construction of the 3D model of
the transmembrane domain of the 5-HT7R was per-
formed in a manner similar to the recently described
model of the 5-HT4R.51 This computer model maintains
the position of the transmembrane helices (TMHs) as
in rhodopsin52 with the exception of TMH 3. TMH 3 is
slightly bent toward TMH 5, at position 3.37 (receptor-
numbering scheme of Ballesteros and Weinstein53), to
facilitate the experimentally derived interactions be-
tween the ligand and the conserved Asp3.32, in TMH 3,
and a series of conserved Ser/Thr residues (5.42 and
5.43), in TMH 5. This structural effect is due to the
gauche-conformation of the Thr3.37 side chain.54 We have
recently provided experimental evidence for this struc-
tural difference of TMH 3 in rhodopsin and the serotonin
family by designing and testing ligands that contain
comparable functional groups but at different inter-
atomic distances.55

The mode of recognition of the naphtholactam moiety
of the ligand was first determined by ab initio geometry
optimization with the ONIOM procedure.56 The model
system consisted of Val3.33, Ile4.56, Ser5.42, Thr5.43, and
Phe6.52 (only the CR atom of the backbone is included)
of the 5-HT7R and the ligand 56 [the -(CH2)5- chain
plus the piperazine and phenyl rings were replaced by
a methyl group]. All free valences were capped with
hydrogen atoms. The CR atoms of the residues were kept
fixed at the positions obtained in the 5-HT7R model. The
ONIOM procedure allows the molecular system to be
divided into three layers that are treated at different
levels of theory: ligand 56 and Phe6.52 at the MP2/
6-31G* level of theory, which is capable of describing
the proposed C-H‚‚‚π interactions;57 Ser5.42 and Thr5.43

at the B3LYP/6-31G level of theory; and Val3.33 and
Ile4.56 at the semiempirical AM-1 level of theory.

This optimized reduced model of the ligand-receptor
complex was used to position compound 56 inside the
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entire transmembrane domain of the 5-HT7R. Subse-
quently, the ligand-receptor complex was placed in a
rectangular box (∼76 Å × 77 Å × 64 Å in size)
containing methane molecules (7312 molecules in ad-
dition to the transmembrane domain) to mimic the
hydrophobic environment of the transmembrane helices.
It has been shown that this procedure reproduces
several structural characteristics of membrane-embed-
ded proteins.58 Finally, the complete system was energy-
minimized using the particle mesh Ewald method to
evaluate electrostatic interactions and a 13 Å cutoff for
nonbonded interactions. Parameters for the system were
obtained from the Cornell et al. force field59 and the
“general Amber force field” using RESP point charges.60

Quantum mechanical calculations were performed
with the GAUSSIAN-98 system of programs.61 Energy
minimizations were run with the Sander module of
AMBER7.62

Results and Discussion
Conformational Analysis with Catalyst. A total

of 38 reported compounds were selected10-12,14,33-35,63-65

as a training set in the generation of a pharmacophoric
model for 5-HT7R antagonists. Their 2D chemical
structure and binding affinities are represented in
Tables 1-5 and Chart 1. The structural diversity and
wide range of affinities, spanning 5 orders of magnitude,
from 1.3 nM to 100 µM, are necessary to obtain
meaningful results. A conformational analysis was

performed, as described in the Computational Methods
section, for the compounds in the training set. In our
case, an almost balanced distribution of axial and
equatorial substituents on the piperazine ring (repre-
senting the most favorable conformations) was high-
lighted. In addition, twisted or even orthogonal confor-
mations of the piperazine with respect to the phenyl ring
of the arylpiperazine moiety of the ligands were also
found. These results were compared with Molecular
Dynamics and Monte Carlo conformational searches
carried out on these piperazine derivatives.

The library of the chemical descriptors in the pro-
gram66 was used to map the chemical functionalities of
each molecule. The following kinds of surface-accessible
functions were considered for pharmacophore genera-
tion: hydrogen bond acceptor (HBA), hydrophobic group
(HYD), positively ionizable center (PI), and aromatic
ring (AR). The obtained conformations of each compound
were used to align these chemically important func-
tional groups, and pharmacophoric models were then
generated from the aligned structures.

As an initial approach, a training set of 38 compounds
from different chemical series, described in the litera-
ture as selective and nonselective 5-HT7R antagonists,
were used to generate pharmacophore models with
CATALYST. The best hypothesis obtained (hypothesis
1 in Table 6), with one hydrogen-bond acceptor (HBA),
two hydrophobic (HYD) features, one positive ionizable
(PI) group, and one aromatic ring (AR) feature, pre-
sented a low correlation coefficient (0.7396). Thus, to
improve this poor statistic, we removed the nonselective
compounds (25-38) from the training set, with the aim
of identifying a statistically significant 3D arrangement
of chemical functions that explains the selective affinity
for the 5-HT7R. It is important to note that attempts to
obtain a pharmacophore model using the nonselective
set (25-38) leads to models with a low predictive power
(the difference between null and fixed cost is lower than
35; results not shown).

Pharmacophore Model for Selective 5-HT7R An-
tagonists. Sets of 10 hypotheses were generated with
compounds 1-24. Table 6 shows the best hypotheses
obtained, listed as 2-6, with different cost values,
correlation coefficients, and pharmacophore features.
Hypotheses 2 and 3 have five chemical features in a
similar spatial location, their only difference being the
replacement of one of the hydrophobic features found

Table 1. Training Set Used in the Generation of the
Pharmacophore for Selective 5-HT7R Antagonists

pKi

no. n R expl.a est.

1 2 4-phenylpiperazin-1-yl 7.0 7.7
2 3 4-phenylpiperazin-1-yl 8.3 7.4
3 4 4-phenylpiperazin-1-yl 8.5 8.0
4 4 4-(2-methoxyphenyl)piperazin-1-yl 8.3 8.4
5 4 4-(2-cyanophenyl)piperazin-1-yl 8.4 8.1
6 4 4-(2-pyridyl)piperazin-1-yl 8.7 8.4
7 (DR4004) 4 4-phenyl-1,2,3,6-tetrahydropyridyl 8.7 8.7
8 4 4-cyclohexylpiperazin-1-yl 4 5.2

a Values reported in ref 34.

Table 2. Training Set Used in the Generation of the Pharmacophore for Selective 5-HT7R Antagonists

stereochemistry pKi

no. Ar R R a b expla est.

9 1-naphthyl H Me R R 6.9 6.8
10 1-naphthyl H Me R S 6.2 6.5
11 1-naphthyl H Me S R 5.8 6.1
12 1-naphthyl H Me S S 4 6.0
13 (SB-258719) 3-methylphenyl Me H R 7.5 7.7
14 1-naphthyl Me H R 7.5 6.6
15 3,4-dichlorophenyl Me H R 7.5 7.4
16 3,4-dibromophenyl Me H R 7.7 7.7
17 4,5-dibromo-2-thienyl Me H R 7.8 7.2

a Values reported in ref 33.
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in hypothesis 2 with a more specific aromatic ring in
hypothesis 3 (Figure 1a,b). On the basis of the very
similar composition of the two hypotheses, hypothesis
2, characterized by the best statistical parameters
(Table 6), has been chosen to represent the best candi-
date as a pharmacophore for 5-HT7R selective com-
pounds, which consist of a basic nitrogen atom (PI), a
H-bonding acceptor group (HBA), and three hydrophobic
regions (HYD) at the distances represented in Figure
1a. The HYD (blue) and PI (red) features are drawn as
globes, whereas HBA (green) and AR (orange) features
are shown as two globes due to the directional nature
of these chemical functions.

The total cost of hypothesis 2 was 154.15. With a cost
difference between fixed and null hypotheses of 48.95
bits, the probability that a true correlation exists in the
data is high. On this hypothesis, all the compounds
mapped the PI feature and at least one of the three HYD

features, while the HBA was fitted by 62.5% of com-
pounds. In Figure 2, the good predictive power of this
model is indicated by the high correlation coefficient
between experimental and estimated affinity values (r
) 0.9123). As shown in Tables 1-3, for all the molecules
in the training set this model is able to predict the
affinity of compounds with reasonable precision. In this
case a predicted pKi value within 1 log unit of the
experimental pKi value was considered to be a valid
prediction of fit. From these data in Tables 1-3 we can
see that out of 10 highly active compounds (pKi > 8),
nine were accurately predicted as highly active and only
one (compound 2) was predicted as moderately active.
Out of nine moderately active compounds (8 e pKi e
7), one compound (23) was predicted as highly active
and another one (14) was predicted as poorly active (pKi
< 7). Those compounds with low 5-HT7R affinity (pKi
< 7) were correctly predicted.

Figure 1c,d shows DR4004 (7) and SB-269970 (24),
the most active and selective compounds in the training
set, placed into the pharmacophore model for selective
5-HT7R antagonists. In detail, SB-269970 (24) fulfills
HYD features through aliphatic regions, the HBA with
the sulfonamide group, and the PI feature through the
protonated nitrogen of the piperidine ring.

3D-Database Searching and Design. We have
selected hypothesis 2 for selective 5-HT7R antagonists
as a better pharmacophore model (Figure 1a) to design
and synthesize new 5-HT7R ligands as a test set in order
to evaluate the predictive power of the model. This

Table 3. Training Set Used in the Generation of the
Pharmacophore for Selective 5-HT7R Antagonists

pKi

no. Ar n expla est.

18 1-naphthyl 2 7.8 7.5
19 1-naphthyl 1 8.0 7.7
20 3,4-dichlorophenyl 1 8.4 8.7
21 3-bromophenyl 1 8.7 8.2
22 (SB-258741) 3-methylphenyl 1 8.5 8.0
23 3-methoxyphenyl 1 8.0 8.3
24 (SB-269970) 3-hydroxyphenyl 1 8.9 8.6

a Values reported in ref 35.

Table 4. Training Set Used in the Generation of the
Pharmacophore for Nonselective 5-HT7R Antagonists

no. R R pKi(5-HT7)a

25 OMe OMe 7.9
26 CN Me 8.4
27 OH Me 7.6

a Values reported in ref 63.

Table 5. Training Set Used in the Generation of the
Pharmacophore for Nonselective 5-HT7R Antagonists

no. compd pKi(5-HT7) refs

28 metergoline 8.2 12, 14, 64
29 mesulergine 8.1 12
30 2-Br-LSD 8.0 10
31 methylsergide 7.9 12
32 clozapine 7.9 12
33 (S)-methiothepine 9.0 12
34 cyproheptadine 7.3 12
35 mianserin 7.2 11
36 (+)-butaclamol 7.2a 10, 11
37 ritanserin 7.8 12
38 spiperone 7.7 11, 65
a This value represents the mean of different pKi values reported

in refs 10 and 11.

Chart 1. 2D Chemical Structures of the Molecules of
the Nonselective Training Set (28-38)
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pharmacophore model was used as a 3D query to
perform a database search to find other structural
motifs that fulfill the functional and spatial constraints
imposed by the model itself. Several databases (see
Computational Methods), containing approximately
178 600 compounds, were searched.

On the basis of the analysis of these results, a new
series of derivatives of general structure I with synthetic
accessibility were designed as test set (Figure 3a).
Conformational analysis reveals that compounds with
an optimum length of four or five methylene units for
the spacer map fit in an efficient way the hypothesis 2.
For example, in compound 51 (X ) CO, n ) 4, Y ) N, R
) phenyl) an aromatic ring of the naphtholactam system
fits within HYD1, the carbonyl group acts as HBA, the
basic nitrogen atom fits within the PI, the piperazine
ring fits within HYD2, and the phenyl ring is HYD3
(Figure 3b). Thus, we have considered the synthesis,
biological evaluation, and initial SAR investigations of
compounds 39-72 (Table 7) with the aim of giving
support to the proposed pharmacophore model and
confirming the optimum spacer length.

Chemistry. The synthetic routes used in the prepa-
ration of 39-72 are outlined in Scheme 1. Compounds
39 and 40 (n ) 1) were obtained by Mannich reaction
of benzo[cd]indol-2(1H)-one (naphtholactam) with form-
aldehyde and the appropriate arylpiperazines (method
A). Treatment of 1-aryl-4-(3-chloropropyl)piperazines
73 and 74 with naphtholactam, in the presence of
sodium hydride and N,N-dimethylformamide (DMF),
gave 41 and 42 (method B). Desired compounds 43-71
(n ) 4-6) were obtained by reaction of intermediates
75-80 with the appropriate amines in the presence of
triethylamine in acetonitrile as solvent (method C).

Preparation of compound 72 was performed by reac-
tion of 75 with 1-methyl-1H-imidazole-2-thiol in the
presence of sodium methoxide and methanol as sol-
vent (method D). Treatment of 1-arylpiperazines with
1-bromo-3-chloropropane, in the presence of potassium
carbonate and DMF, gave the corresponding intermedi-
ates 73 and 74. The key derivatives 75-80 were pre-
pared by reaction of naphtholactam or naphthosultam
with the appropriate dibromoalkane in the presence of
sodium hydride and DMF. Amines 81-83 were obtained
by catalytic hydrogenation of corresponding pyridines.
Respective hydrochloride salts were prepared as samples
for biological assays. All new compounds were charac-
terized by IR and 1H and 13C NMR spectroscopy and
gave satisfactory combustion analyses (C, H, N).

Biochemistry. The 5-HT7R binding affinity of syn-
thesized compounds 39-72 was determined by mea-
surement of the displacement of [3H]-5-CT binding in
rat hypothalamus membranes.68 All the compounds
were used in form of hydrochloride salts and were
methanol-soluble. The inhibition constant Ki was cal-
culated from the IC50 by the Cheng-Prusoff equation.69

The results of these assays are illustrated in Table 7.
Additionally, compound 56 was evaluated in a previ-
ously described functional model of 5-HT7 receptor
activation,70 blocking 5-carboxamidotryptamine (5-CT)-
stimulated adenylyl cyclase activity, indicating its
antagonist profile.

Structure-Affinity Relationship Studies. One of
the most important facts observed in the analysis of the
results presented in Table 7 is that all the synthesized
compounds that possess a significant affinity for the
5-HT7R share all the chemical features of our pharma-
cophore model [e.g., pKi(52) ) 7.2, pKi(56) ) 7.1, and

Table 6. Summary of All the Most Important Generated Hypotheses

cost
hypothesis training seta

features in the
hypothesisb fixed total (correl) null compd mappings

HBA, 11 HBA;
1 A ) 38 2xHYD, 166.906 215.294 227.741 14 HYD1;

compds PI, (0.7396) 29 HYD2;
AR 36 PI;

38 AR
15 HBA;
24 HYD1;

B ) 24 HBA, 154.15 14 HYD2;
2 selective 3xHYD, 122.888 (0.9123) 171.836 24 HYD3;

compds PI 24 PI
19HBA;

HBA, 23 HYD1;
B ) 24 2xHYD, 122.888 162.003 171.836 24 HYD2;

3 selective PI, (0.8617) 24 PI;
compds AR 6 AR

18HBA;
B ) 24 HBA, 164.424 24 HYD1;

4 selective 2xHYD, 122.888 (0.8857) 171.836 23 HYD2;
compds PI, 23 PI;

AR 7 AR
15 HBA;

B ) 24 HBA, 24 HYD1;
5 selective 3xHYD, 123.158 154.788 171.836 13 HYD2;

compds PI (0.9043) 23 HYD3;
24 PI

HBA, 16 HBA;
B ) 24 2xHYD, 123.158 162.537 171.836 24 HYD1;

6 selective PI, (0.8539) 24 HYD2;
compds AR 24 PI;

7 AR
a 38 compds ) whole set of compounds selective + nonselective. b HBA, hydrogen bond acceptor; HYD, hydrophobic; PI, positive ionizable;

AR, aromatic ring.
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pKi(57) ) 7.0]. In contrast, derivatives that lack any of
the pharmacophoric features required for 5-HT7R an-
tagonism are inactive; for instance, inactive compounds
39-42 lack the appropriate distance of 5.6-6.6 Å
between HBA and PI. In this series the hydrophobic
region (HYD3) situated at a distance of 5.4-6.4 Å from
the nitrogen atom (PI) should be a more specific
aromatic ring. Thus compounds with a nonaromatic
moiety fitting within HYD3 are inactive [e.g. compounds
49 and 62 (R ) methyl) and 50 and 55 (R ) cyclohexyl)].

Study of the relationship between the structure and
affinity of this class of compounds has given support to
the pharmacophoric requirements postulated and has
led to the following conclusions: (i) It can be observed
that the optimum spacer length is four or five methylene
units, since compounds with n ) 1 or 3 are inactive [e.g.
analogues 39 (n ) 1) and 41 (n ) 3): pKi < 5]. An

exception is represented by derivative 42 with a 3-car-
bon chain in the spacer (pKi(42) ) 6.4), but this
compound has less affinity than 52 (n ) 4, pKi(52) )
7.2). An increase in the size of the alkyl chain to n ) 6
causes a retention or moderate decrease in the binding
affinity [e.g., pKi(64) ) 6.7 vs pKi(71) ) 6.7]. These
results are in agreement with our pharmacophore
model, which defines the optimum distance between the
HBA and the basic center as 5.6-6.6 Å. Analogues with
a shorter spacer than 5.6 Å (n ) 1, 3) are inactive. The
length of the spacer of derivatives bearing a 6-carbon
chain may allow them to adopt a folded conformation
with the appropriate distance to interact with the
receptor. (ii) On the other hand, an examination of the
binding data shows that naphtholactam derivatives are
more potent at 5-HT7R sites than naphthosultam ana-
logues [e.g., pKi(52) ) 7.2 vs pKi(64) ) 6.7; pKi(57) )

Figure 1. Pharmacophore models for selective 5-HT7R antagonists: (a) hypothesis 2 and (b) hypothesis 3. Most active compounds
in the selective training set, mapped onto hypothesis 2: (c) DR4004 (7) and (d) SB-269970 (24).
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7.0 vs pKi(68) ) 6.6)]. (iii) In general, replacement of
the piperazine with a piperidine or tetrahydropyridine
ring causes a dramatic loss in affinity. Thus, compound
51 (Y ) N) shows 5-HT7R affinity (pKi ) 6.2), while
analogues 47 (Y ) CH) and 48 (Y ) C) are inactive (pKi
< 6). These findings clearly suggest that the nitrogen
in position 4 of the piperazine ring plays an important
role on 5-HT7R affinity, in this kind of ligand. (iv) Our
data indicate that the hydrophobic region HYD3 must
be aromatic, since only compounds of general structure
I with this hydrophobic-aromatic region show affinity
for the 5-HT7R. Thus, substitution of the phenyl moiety
by a methyl or cyclohexyl group, as in compounds 51
vs 49 and 50, led to a loss of affinity at the 5-HT7R
[pKi(51) ) 6.2 vs pKi(49) < 5 and pKi(50) < 5]. The only
exception to this trend is analogue 45 (R ) isopropyl),
which is moderately active at the 5-HT7R [pKi(45) )
6.7]. (v) The isosteric change of basic piperazine moiety
for an imidazole seems to have a negative influence on
the 5-HT7R affinity [e.g. pKi(56) ) 7.1 vs pKi(72) < 5).
These data might suggest that the interaction between
the protonated nitrogen of the piperazine and the
receptor is electrostatic, and it is not due to prototropic
equilibrium.

These findings have allowed us to conclude that the
resulting model provides significant correlation between
the chemical structures of the synthesized compounds
and their biological data, and confirms that the proposed

pharmacophore model for 5-HT7R antagonism incorpo-
rates the essential structural features. Further synthe-
sis and biological evaluation of new derivatives are
currently in progress.

Model of the Complex between Compound 56
and the 5-HT7R. Mutagenesis experiments on several
GPCRs that bind biogenic amines have identified a
series of conserved Ser/Thr residues (5.42 and 5.43), in
TMH 5, which act as hydrogen-bonding sites for the
hydroxyl groups present in the chemical structure of
many neurotransmitters.71,72 Thus, it seems reasonable
to assume that the carbonyl group (X ) CO) of the
naphtholactam moiety of compound 56 interacts with
the side chain of these Ser/Thr residues. Figure 4a
shows the energy-minimized structure of the complex
between this naphtholactam moiety and the side chains
of Val3.33, Ile4.56, Ser5.42, Thr5.43, and Phe6.52 that are
forming its binding site in the 3D model of the trans-
membrane domain of the 5-HT7R (see Computational

Figure 2. Correlation line displaying the experimental vs
estimated affinity values by using the statistical most signifi-
cant hypothesis of the selective training set (hypothesis 2), r
) 0.9123.

Figure 3. (a) Designed compounds of general structure I. (b)
Compound 51 mapped on the pharmacophore model generated
for selective 5-HT7R antagonists (hypothesis 2).

Table 7. Binding Affinity of Synthesized Compounds at
5-HT7Rs

a pKi ) -log Ki. Ki (M) values are means of two to four assays,
performed in triplicate. Inhibition curves were analyzed by a
computer-assisted-curve-fitting program (Prism GraphPad). b Data
from ref 67 (in rat hypothalamus).
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Methods for details). The carbonylic oxygen of the ligand
is interacting with the hydroxyl groups of Ser5.42 and
Thr5.43. It is important to note that the interaction of
the ligand with these Ser/Thr residues would benefit
from a less bulky aromatic ring. However, this extensive
naphtholactam ring favors the π-σ aromatic-aromatic
interaction with the side chain of Phe6.52 in the face-to-
edge orientation (T-shaped). TMH 6 possesses the
conserved Pro6.50-Phe-Phe motif in both the adrenergic
and serotoninergic subfamilies of GPCRs. It has been
suggested that Phe6.52 stabilizes the interaction of the
aromatic catechol-containing ring with the â2-adrenergic
receptor73 and the interaction with certain 5-HT2AR
ligands.74 Near this recognition cavity are located two
bulky residues: Val3.33 and Ile4.56. These residues are
oriented toward the aromatic ring and thus limit the
size of the recognition site. Thus, an interaction between
the electron-rich clouds of the aromatic ring and the
electron-poor hydrogens of the carbon atoms of Val3.33

and Ile4.56 is suggested. This type of C-H‚‚‚π interaction
plays a significant role in stabilizing local 3D structures
of proteins.75

This optimized reduced model was used to position
compound 56 inside the transmembrane domain of the
5-HT7R (see Figure 4b). In addition to the described
interactions, the NH group of the protonated piperazine
ring of the ligand forms the frequently proposed ionic
interaction with the Oδ atom of Asp3.32 in the gauche+
side chain rotamer conformation (see Figure 4c). It is

important to remark that this gauche+ conformation
differs from the trans conformation observed in our
previous model of the 5-HT1AR complexed with a pip-
erazine derivative containing four methylene units as
a spacer.55 Thus, it seems reasonable to conclude that
while the larger compound 56, with five methylene units
(n ) 5), optimally interacts with Asp3.32 pointing toward
TMH 7 (gauche+), the shorter compound 51, with four
methylene units (n ) 4), would optimally interact with
Asp3.32 pointing toward TMH 5 (trans). This finding
provides a molecular explanation for the previous
conclusion that the optimum spacer length is four or
five methylene units. Finally, the phenyl ring attached
to the piperazine ring expands between TMHs 3 and 7
and interacts with the aromatic side chains of Phe3.28

and Tyr7.43 (see Figure 4c).
Remarkably, the independent generation of a phar-

macophore model and a 3D model of the transmembrane

Scheme 1a

a Reagents: (a) EtOH; (b) NaH, DMF anh.; (c) Et3N, CH3CN;
(d) MeONa, MeOH.

Figure 4. (a) Ab initio geometry optimization, with the
ONIOM procedure, of compound 56 (the -(CH2)5- chain plus
the piperazine and phenyl rings were replaced by a methyl
group) inside the side chains of Val3.33, Ile4.56, Ser5.42, Thr5.43,
and Phe6.52. Only polar hydrogens are depicted to offer a better
view. (b) Molecular model of the complex between compound
56 and the transmembrane helix bundle of the 5-HT7R
constructed from the crystal structure of bovine rhodopsin, in
a view parallel to the membrane. (c) Detailed view of the
transmembrane helix bundle of the 5-HT7R complexed with
compound 56. The carbonylic oxygen of the ligand is interact-
ing with the hydroxyl groups of Ser5.42 and Thr5.43, the
naphtholactam ring with Phe6.52, the protonated piperazine
ring with Asp3.32, and the phenyl ring with Phe3.28 and Tyr7.43.
Figures were created using MolScript v2.1.176 and Raster3D
v2.5.77
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domain of the 5-HT7R complexed with ligand 56 have
provided similar conclusions: (i) the HBA feature of the
pharmacophore model binds Ser5.42 and Thr5.43; (ii) the
HYD1 feature interacts with Phe6.52; (iii) the PI feature
forms an ionic interaction with Asp3.32; and (iv) the
HYD3 feature interacts with a set of aromatic residues
(Phe3.28, Tyr7.43).

Conclusion

We present here an optimization of our postulated
pharmacophore model for 5-HT7R antagonism, by ana-
lyzing a variety of recently reported 5-HT7R antagonists
with the CATALYST program. The pharmacophore
model consists of five features: a positive ionizable atom
(PI), a H-bonding acceptor group (HBA), and three
hydrophobic regions (HYD). To give support to the
model, a series of new naphtholactam and naphthosul-
tam derivatives of general structure I (39-72) were
designed to interact with any or all pharmacophoric
features simultaneously. This pharmacophore model
was able to rationalize the relationships between the
chemical features of synthesized compounds and their
5-HT7R binding affinity data and confirmed that it
incorporates the essential structural features for 5-HT7R
antagonism, thereby illustrating how the model can be
used in the discovery of new classes of 5-HT7R ligands.
In addition, the independent generation of a 3D model
of the transmembrane domain of the 5-HT7R complexed
with ligand 56 have provided similar conclusions: (i)
the HBA feature of the pharmacophore model binds
Ser5.42 and Thr5.43; (ii) the HYD1 feature interacts with
Phe6.52; (iii) the PI feature forms an ionic interaction
with Asp3.32; and (iv) the HYD3 (AR) feature interacts
with a set of aromatic residues (Phe3.28, Tyr7.43). These
results provide the tools for the design and synthesis of
new ligands with predetermined affinities and phar-
macological properties. Further synthesis and biological
evaluation of new derivatives are currently in progress,
and the results will be reported in due course.

Experimental Section
Chemistry. Melting points (uncorrected) were determined

on a Gallenkamp electrothermal apparatus. Infrared (IR)
spectra were obtained on a Perkin-Elmer 781 infrared spec-
trophotometer. 1H and 13C NMR spectra were recorded on a
Varian VXR-300S, Bruker Avance 300, or Bruker AC-200
instrument. Chemical shifts (δ) are expressed in parts per
million relative to internal tetramethylsilane; coupling con-
stants (J) are in hertz. The following abbreviations are used
to describe peak patterns when appropriate: s (singlet), d
(doublet), t (triplet), q (quartet), qt (quintet), m (multiplet), br
(broad). Elemental analyses (C, H, N) were determined at the
UCM’s analysis services and were within ((0.4% of the theo-
retical values. Analytical thin-layer chromatography (TLC)
was run on Merck silica gel 60 F-254 plates with detection by
UV light, iodine, acidic vanillin solution, or 10% phosphomo-
lybdic acid solution in ethanol. For normal pressure and flash
chromatography, Merck silica gel type 60 (size 70-230 and
230-400 mesh, respectively) was used. Unless stated other-
wise, starting materials and reagents used were high-grade
commercial products purchased from Aldrich, Fluka, or Merck.
All solvents were distilled prior to use. Dry DMF was obtained
by stirring with CaH2 followed by distillation under argon. All
final compounds (39-72) were prepared as hydrochloride salts
for biological assays, and spectral data refer to free bases.

The following intermediates were synthesized according to
described procedures: 1-(3-chloropropyl)-4-phenylpiperazine
(73),78 1-(3-chloropropyl)-4-(2-methoxyphenyl)piperazine (74),78

4-isopropylpiperidine (81),79 4-cyclohexylpiperidine (82),80 and
4-phenylpiperidine (83).81 Spectral data of all described com-
pounds were consistent with the proposed structures for series
75-80 and 39-72; here we include the data of compounds 75,
78, 39, 42, 45, 48, 50, 56, 58, 63 and 72.

Synthesis of 1-(ω-Bromoalkyl)benzo[cd]indol-2(1H)-
ones and 2-(ω-Bromoalkyl)-2H-naphtho[1,8-cd]isothia-
zole 1,1-Dioxides 75-80. General Procedure. To a solution
of benzo[cd]indol-2(1H)-one or 2H-naphtho[1,8-cd]isothiazole
1,1-dioxide (26 mmol) in anhydrous DMF (30 mL) was added
NaH 60% (1.0 g, 26 mmol). After stirring for 1 h at 60 °C under
an argon atmosphere, a solution of the corresponding dibro-
moalkyl derivative (52 mmol) in anhydrous DMF (25 mL) was
added. The mixture was refluxed under argon at 110 °C for 3
h (TLC). Then, the solvent was evaporated under reduced
pressure, and the residue was resuspended in water (50 mL)
and extracted with dichloromethane (3 × 50 mL). The com-
bined organic layers were washed with water and dried over
anhydrous MgSO4. After evaporation of the solvent, the crude
oil was purified by column chromatography to afford the
desired derivatives 75-80 as pure compounds (eluents, hex-
ane/ethyl acetate; relative proportions depending upon the
compound). In all cases, small amounts of the dialkylated
compound (25-35%) and starting material (5-10%) were
observed in the 1H NMR spectra of the reaction crudes.

1-(4-Bromobutyl)benzo[cd]indol-2(1H)-one (75): yield
5.2 g (65%); chromatography hexane/ethyl acetate, from 13:1
to 1:1; mp 80-82 °C (chloroform/ hexane); 1H NMR (CDCl3) δ
1.96 (qt, J ) 7.2, 4H), 3.46 (t, J ) 6.6, 2H), 3.96 (t, J ) 6.2,
2H), 6.92 (d, J ) 6.8, 1H), 7.46 (dd, J ) 8.4, 6.9, 1H), 7.53 (d,
J ) 8.4, 1H), 7.70 (dd, J ) 8.1, 6.9, 1H), 8.00 (d, J ) 8.2, 1H),
8.05 (d, J ) 6.9, 1H); 13C NMR (CDCl3) δ 27.4, 29.9, 33.9, 39.3,
105.1, 120.5, 124.4, 125.2, 126.6, 128.6, 128.8, 129.2, 130.9,
139.3, 168.2.

1-(5-Bromopentyl)benzo[cd]indol-2(1H)-one (76): yield
4.4 g (53%); chromatography hexane/ethyl acetate, from 13:1
to 1:1; bp 289-292 °C/0.06 mmHg.

1-(6-Bromohexyl)benzo[cd]indol-2(1H)-one (77): yield
4.4 g (50%); chromatography hexane/ethyl acetate, from 13:1
to 1:1; bp 177-180 °C/0.06 mmHg.

2-(4-Bromobutyl)-2H-naphtho[1,8-cd]isothiazole 1,1-
dioxide (78): yield 5.4 g (61%); chromatography hexane/ethyl
acetate, 8.5:1.5; mp 67-69 °C (chloroform/hexane); 1H NMR
(CDCl3) δ 2.06-2.12 (m, 4H), 3.49 (t, J ) 7.6, 2H), 3.88 (t, J )
6.8, 2H), 6.76 (dd, J ) 7.1, 1.0, 1H), 7.46 (dd, J ) 8.5, 1.0,
1H), 7.55 (dd, J ) 8.5, 7.1, 1H), 7.75 (dd, J ) 8.1, 7.3, 1H),
7.97 (dd, J ) 7.3, 0.7, 1H), 8.07 (dd, J ) 8.1, 0.7, 1H); 13C NMR
(CDCl3) δ 26.6, 29.7, 32.9, 41.1, 102.8, 118.1, 119.1, 119.7,
128.0, 129.2, 130.1, 130.6, 131.1, 136.3.

2-(5-Bromopentyl)-2H-naphtho[1,8-cd]isothiazole 1,1-
dioxide (79): yield 5.3 g (58%); chromatography hexane/ethyl
acetate, 9:1; mp 62-64 °C (chloroform/hexane).

2-(6-Bromohexyl)-2H-naphtho[1,8-cd]isothiazole 1,1-
dioxide (80): yield 4.2 g (44%); chromatography hexane/ethyl
acetate, from 9:1 to 8:2; mp 67-69 °C (chloroform/hexane).

General Method A. Preparation of Derivatives 39, 40.
To a suspension of benzo[cd]indol-2(1H)-one (0.5 g, 3 mmol)
and 0.23 mL (3 mmol) of 35% formaldehyde in 7 mL of ethanol
was added the corresponding 1-arylpiperazine (3 mmol) and
was refluxed for 1-4 h (TLC). The reaction mixture was
allowed to cool, then the solvent was evaporated under reduced
pressure, and the residue was resuspended in water (20 mL)
and extracted with chloroform (3 × 20 mL). The combined
organic layers were dried over anhydrous Na2SO4. After
evaporation of the solvent, the crude oil was purified by column
chromatography (eluent, hexane/ethyl acetate; relative propor-
tions depending upon the compound).

1-[(4-Phenylpiperazin-1-yl)methyl]benzo[cd]indol-
2(1H)-one (39): yield 0.7 g (69%); chromatography hexane/
ethyl acetate, from 8:2 to 1:1; mp 153-155 °C (chloroform/
hexane); 1H NMR (CDCl3) δ 2.88 (t, J ) 5.1, 4H), 3.18 (t, J )
5.1, 4H), 4.79 (s, 2H), 6.80 (t, J ) 7.2, 1H), 6.86 (d, J ) 7.8,
2H), 7.07 (d, J ) 6.9, 1H), 7.18-7.26 (m, 2H), 7.46 (dd, J )
8.4, 6.9, 1H), 7.55 (d, J ) 8.4, 1H), 7.72 (dd, J ) 8.7, 7.2, 1H),
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8.03 (d, J ) 7.8, 1H), 8.08 (d, J ) 6.9, 1H); 13C NMR (CDCl3)
δ 49.0, 50.6, 61.9, 106.0, 116.1, 119.6, 120.2, 124.6, 125.1, 126.1,
128.3, 128.5, 128.9, 129.0, 130.9, 139.9, 151.1, 168.7. Anal.
(C22H21N3O‚2HCl‚3/2H2O) C, H, N.

1-{[4-(2-Methoxyphenyl)piperazin-1-yl]methyl}benzo-
[cd]indol-2(1H)-one (40): yield 1.0 g (88%); chromatography
hexane/ethyl acetate, 1:1; mp 160-163 °C (chloroform/hexane).
Anal. (C23H23N3O2‚2HCl‚3H2O) C, H, N.

General Method B. Preparation of Derivatives 41, 42.
To a solution of benzo[cd]indol-2(1H)-one (1.0 g, 6 mmol) in
anhydrous DMF (3.3 mL) was added slowly 60% NaH (0.25 g,
6 mmol), and the mixture was warmed at 60 °C for 1 h under
an argon atmosphere. Then, a solution of the corresponding
1-aryl-4-(3-chloropropyl)piperazine 73, 74 (6 mmol) in anhy-
drous DMF (3.3 mL) was added dropwise and the mixture was
refluxed at 110 °C under argon for 1-3 h (TLC). The solvent
was evaporated under reduced pressure, the residue was
resuspended in water (50 mL) and extracted with dichlo-
romethane (3 × 50 mL). The combined organic layers were
dried over anhydrous Na2SO4. After evaporation of the solvent,
the crude oil was purified by column chromatography (eluent,
hexane/ethyl acetate; relative proportions depending upon the
compound).

1-[3-(4-Phenylpiperazin-1-yl)propyl]benzo[cd]indol-
2(1H)-one (41): yield 1.4 g (64%); chromatography hexane/
ethyl acetate, 2:8; mp 192-195 °C (chloroform/diethyl ether).
Anal. (C24H25N3O‚2HCl‚5/2H2O) C, H, N.

1-{3-[4-(2-Methoxyphenyl)piperazin-1-yl]propyl}benzo-
[cd]indol-2(1H)-one (42): yield 1.7 g (72%); chromatography
hexane/ethyl acetate, 7:3; mp 200-202 °C (chloroform/diethyl
ether); 1H NMR (CDCl3) δ 1.26 (qt, J ) 7.1, 2H), 2.52 (t, J )
7.1, 2H), 2.62 (br s, 4H), 3.05 (br s, 4H), 3.85 (s, 3H), 4.02 (t,
J ) 6.8, 2H), 6.83-7.05 (m, 5H), 7.44 (dd, J ) 8.5, 6.6, 1H),
7.55 (dd, J ) 8.5, 1.0, 1H), 7.71 (dd, J ) 8.4, 6.8, 1H), 8.00 (d,
J ) 8.0, 1H), 8.04 (d, J ) 6.8, 1H); 13C NMR (CDCl3) δ 25.9,
38.4, 50.6, 53.3, 55.3, 55.5, 105.1, 111.2, 118.0, 120.1, 120.9,
122.8, 124.1, 125.9, 126.7, 128.4, 128.6, 129.1, 130.7, 139.7,
141.3, 152.2, 168.9. Anal. (C25H27N3O2‚2HCl‚7/2H2O) C, H, N.

General Method C. Preparation of Derivatives 43-71.
To a suspension of the corresponding derivatives 75-80 (9
mmol) and the appropriate amine (15 mmol) in acetonitrile
(19 mL) was added 2.0 mL of triethylamine (1.5 g, 15
mmol), and the mixture was stirred at 60 °C for 18-24 h
(TLC). Then, the solvent was evaporated under reduced
pressure and the residue was resuspended in water and
extracted with dichloromethane (3 × 100 mL). The combined
organic layers were dried over anhydrous Na2SO4. After
evaporation of the solvent, the crude oil was purified by column
chromatography (eluent, hexane/ethyl acetate, ethyl acetate/
ethanol, or chloroform/methanol; relative proportions depend-
ing upon the compound).

1-(4-Piperidinobutyl)benzo[cd]indol-2(1H)-one(43): yield
2.5 g (89%); chromatography chloroform/methanol, 9:1; mp
198-200 °C (chloroform/hexane). Anal. (C20H24N2O‚HCl‚2H2O)
C, H, N.

1-[4-(4-Methylpiperidino)butyl]benzo[cd]indol-2(1H)-
one (44): yield 1.7 g (60%); chromatography ethyl acetate/
ethanol, 7:3; mp 204-207 °C (chloroform/hexane). Anal.
(C21H26N2O‚HCl‚2H2O) C, H, N.

1-[4-(4-Isopropylpiperidino)butyl]benzo[cd]indol-2(1H)-
one (45): yield 2.7 g (84%); chromatography ethyl acetate/
ethanol, 8:2; mp 173-175 °C (chloroform/diethyl ether); 1H
NMR (CDCl3) δ 0.79 (d, J ) 6.7, 6H), 0.85-1.00 (m, 1H), 1.12-
1.45 (m, 3H), 1.51-1.91 (m, 8H), 2.34 (t, J ) 7.5, 2H), 2.91 (d,
J ) 11.4, 2H), 3.88 (t, J ) 7.1, 2H), 6.86 (d, J ) 6.6, 1H), 7.39
(dd, J ) 8.5, 6.6, 1H), 7.47 (d, J ) 8.4, 1H), 7.64 (dd, J ) 8.1,
7.1, 1H), 7.95 (d, J ) 8.5, 1H), 7.98 (d, J ) 7.2, 1H); 13C NMR
(CDCl3) δ 19.8, 24.1, 26.8, 29.0, 32.4, 40.0, 42.3, 54.3, 58.3,
105.1, 120.2, 124.2, 125.4, 126.9, 128.5, 128.6, 129.2, 130.8,
139.5, 168.2. Anal. (C23H30N2O‚HCl‚1/2H2O) C, H, N.

1-[4-(4-Cyclohexylpiperidino)butyl]benzo[cd]indol-
2(1H)-one (46): yield 2.7 g (78%); chromatography ethyl
acetate/ethanol, 9:1; mp 217-219 °C (chloroform/hexane).
Anal. (C26H34N2O‚HCl‚1/2H2O) C, H, N.

1-[4-(4-Phenylpiperidino)butyl]benzo[cd]indol-2(1H)-
one (47): yield 2.3 g (66%); chromatography hexane/ethyl
acetate, from 1:1 to ethyl acetate; mp 215-217 °C (chloroform/
diethyl ether). Anal. (C26H28N2O‚HCl‚2H2O) C, H, N.

1-[4-(4-Phenyl-3,6-dihydropyridin-1(2H)-yl)butyl]ben-
zo[cd]indol-2(1H)-one (48): yield 1.6 g (54%); chromatog-
raphy hexane/ethyl acetate, from 3:7 to ethyl acetate; mp 222-
224 °C (dec) (chloroform/hexane); 1H NMR (CDCl3) δ 1.68 (qt,
J ) 8.4, 2H), 1.86 (qt, J ) 7.5, 2H), 2.46-2.54 (m, 4H), 2.67 (t,
J ) 7.5, 2H), 3.12 (d, J ) 3.3, 2H), 3.97 (t, J ) 7.2, 2H), 6.03
(t, J ) 1.8, 1H), 6.93 (d, J ) 6.9, 1H), 7.21-7.34 (m, 5H), 7.46
(td, J ) 8.4, 1.8, 1H), 7.52 (d, J ) 8.1, 1H), 7.70 (ddd, J ) 8.1,
6.9, 1.8, 1H), 8.00 (d, J ) 8.1, 1H), 8.04 (d, J ) 6.9, 1H); 13C
NMR (CDCl3) δ 24.5, 26.8, 28.1, 40.1, 50.4, 53.3, 57.8, 105.1,
120.3, 121.8, 124.3, 125.0, 125.3, 126.8, 127.0, 128.3, 128.5,
128.7, 129.6, 130.8, 135.0, 139.5, 140.9, 168.2. Anal. (C26H26N2O‚
HCl‚1/2H2O) C, H, N.

1-[4-(4-Methylpiperazin-1-yl)butyl]benzo[cd]indol-
2(1H)-one (49): yield 2.2 g (76%); chromatography chloroform/
methanol, 6:4; mp 268-270 °C (dec) (chloroform/hexane). Anal.
(C20H25N3O‚2HCl‚1/2H2O) C, H, N.

1-[4-(4-Cyclohexylpiperazin-1-yl)butyl]benzo[cd]indol-
2(1H)-one (50): yield 3.2 g (90%); chromatography ethyl
acetate; mp 290-292 °C (dec) (chloroform/diethyl ether); 1H
NMR (CDCl3) δ 1.00-1.27 (m, 5H), 1.55-1.62 (m, 3H), 1.75-
1.83 (m, 4H), 1.90-1.92 (m, 2H), 2.30-2.41 (m, 3H), 2.54 (br
s, 4H), 2.66 (br s, 4H), 3.91 (t, J ) 6.9, 2H), 6.88 (d, J ) 6.9,
1H), 7.42 (dd, J ) 8.4, 6.9, 1H), 7.50 (d, J ) 8.4, 1H), 7.67 (dd,
J ) 8.1, 7.2, 1H), 7.98 (d, J ) 8.4, 1H), 8.02 (d, J ) 6.9, 1H);
13C NMR (CDCl3) δ 24.3, 26.0, 26.3, 26.9, 28.9, 40.2, 48.9, 53.3,
58.1, 63.9, 105.2, 120.3, 124.4, 125.3, 126.9, 128.6, 128.8, 129.3,
130.9, 139.6, 168.2. Anal. (C25H33N3O‚2HCl‚5/2H2O) C, H, N.

1-[4-(4-Phenylpiperazin-1-yl)butyl]benzo[cd]indol-
2(1H)-one (51): yield 3.0 g (86%); chromatography ethyl
acetate; mp 255-257 °C (dec) (dichloromethane/hexane). Anal.
(C25H27N3O‚2HCl‚H2O) C, H, N.

1-{4-[4-(2-Methoxyphenyl)piperazin-1-yl]butyl}benzo-
[cd]indol-2(1H)-one (52): yield 3.0 g (80%); chromatography
ethyl acetate; mp 219-221 °C (dec) (chloroform/hexane). Anal.
(C26H29N3O2‚2HCl) C, H, N.

1-[5-(4-Isopropylpiperidino)pentyl]benzo[cd]indol-
2(1H)-one (53): yield 2.7 g (83%); chromatography ethyl
acetate/ethanol, 8:2; mp 212-215 °C (acetone/ diethyl ether).
Anal. (C24H32N2O‚HCl) C, H, N.

1-[5-(4-Phenyl-3,6-dihydropyridin-1(2H)-yl)pentyl]ben-
zo[cd]indol-2(1H)-one (54): yield 1.9 g (53%); chromatog-
raphy hexane/ethyl acetate, 1:1; bp 230-232 °C/0.06 mmHg.
Anal. (C27H28N2O‚HCl‚3/2H2O) C, H, N.

1-[5-(4-Cyclohexylpiperazin-1-yl)pentyl]benzo[cd]indol-
2(1H)-one (55): yield 3.3 g (91%); chromatography ethyl
acetate; mp 259-261 °C (dec) (chloroform/diethyl ether). Anal.
(C26H35N3O‚2HCl‚3/2H2O) C, H, N.

1-[5-(4-Phenylpiperazin-1-yl)pentyl]benzo[cd]indol-
2(1H)-one (56): yield 3.3 g (93%); chromatography ethyl
acetate; mp 211-213 °C (dichloromethane/hexane); 1H NMR
(CDCl3) δ 1.43 (qt, J ) 7.2, 2H), 1.58 (qt, J ) 7.5, 2H), 1.82
(qt, J ) 7.5, 2H), 2.35 (t, J ) 7.5, 2H), 2.55 (t, J ) 5.1, 4H),
3.15 (t, J ) 5.1, 4H), 3.92 (t, J ) 7.5, 2H), 6.83 (t, J ) 7.2,
1H), 6.87-6.93 (m, 3H), 7.24 (t, J ) 6.9, 2H), 7.45 (dd, J )
8.4, 6.9, 1H), 7.52 (d, J ) 8.4, 1H), 7.69 (dd, J ) 8.1, 6.9, 1H),
7.99 (d, J ) 6.9, 1H), 8.04 (d, J ) 7.2, 1H); 13C NMR (CDCl3)
δ 24.8, 26.5, 28.6, 40.1, 49.0, 53.2, 58.4, 104.8, 115.9, 119.5,
120.1, 124.1, 125.1, 126.7, 128.4, 128.6, 129.0, 129.6, 130.6,
139.5, 151.2, 168.0. Anal. (C26H29N3O‚2HCl) C, H, N.

1-{5-[4-(2-Methoxyphenyl)piperazin-1-yl]pentyl}benzo-
[cd]indol-2(1H)-one (57): yield 2.9 g (75%); chromatography
ethyl acetate; mp 209-211 °C (chloroform/hexane). Anal.
(C27H31N3O2‚2HCl‚1/2H2O) C, H, N.

1-[6-(4-Phenylpiperazin-1-yl)hexyl]benzo[cd]indol-
2(1H)-one (58): yield 3.0 g (80%); chromatography ethyl
acetate; mp 183-185 °C (chloroform/diethyl ether); 1H NMR
(CDCl3) δ 1.30-1.61 (m, 6H), 1.81 (qt, J ) 7.1, 2H), 2.39 (t, J
) 6.8, 2H), 2.60 (t, J ) 5.1, 4H), 3.20 (t, J ) 5.1, 4H), 3.93 (t,
J ) 7.3, 2H), 6.81-6.97 (m, 4H), 7.26 (t, J ) 7.3, 2H), 7.46

New Naphtholactam and Naphthosultam Derivatives Journal of Medicinal Chemistry, 2003, Vol. 46, No. 26 5647



(dd, J ) 8.5, 6.6, 1H), 7.54 (dd, J ) 8.3, 1.0, 1H), 7.71 (dd, J )
8.3, 6.8, 1H), 8.02 (dd, J ) 8.3, 0.7, 1H), 8.06 (dd, J ) 6.8, 0.7,
1H); 13C NMR (CDCl3) δ 26.8, 27.0, 27.4, 28.9, 40.4, 49.1, 53.3,
58.7, 105.1, 116.2, 119.8, 120.3, 124.4, 125.3, 126.9, 128.6,
128.8, 129.2, 129.4, 130.9, 139.7, 151.4, 168.2. Anal. (C27H31N3O‚
2HCl‚2H2O) C, H, N.

1-{6-[4-(2-Methoxyphenyl)piperazin-1-yl]hexyl}benzo-
[cd]indol-2(1H)-one (59): yield 3.8 g (94%); chromatography
ethyl acetate; mp 188-190 °C (chloroform/hexane). Anal.
(C28H33N3O2‚HCl‚H2O) C, H, N.

2-(4-Piperidinobutyl)-2H-naphtho[1,8-cd]isothiazole 1,1-
dioxide (60): yield 2.8 g (89%); chromatography chloroform/
methanol, 9:1; mp 217-219 °C (chloroform/hexane). Anal.
(C19H24N2O2S‚HCl) C, H, N.

2-[4-(4-Methylpiperidino)butyl]-2H-naphtho[1,8-cd]-
isothiazole 1,1-dioxide (61): yield 2.8 g (87%); chromatog-
raphy chloroform/methanol, 9:1; mp 219-221 °C (dec) (chlo-
roform/hexane). Anal. (C20H26N2O2S‚HCl) C, H, N.

2-[4-(4-Methylpiperazin-1-yl)butyl]-2H-naphtho[1,8-
cd]isothiazole 1,1-dioxide (62): yield 2.6 g (81%); chroma-
tography chloroform/methanol, from 9.5:0.5 to 9:1; mp 265-
268 °C (dec) (chloroform/hexane). Anal. (C19H25N3O2S‚2HCl‚
1/2H2O) C, H, N.

2-[4-(4-Phenylpiperazin-1-yl)butyl]-2H-naphtho[1,8-
cd]isothiazole 1,1-dioxide (63): yield 3.1 g (81%); chroma-
tography hexane/ethyl acetate, from 1:1 to ethyl acetate; mp
213-215 °C (dichloromethane/hexane); 1H NMR (CDCl3) δ 1.72
(qt, J ) 7.5, 2H), 1.98 (qt, J ) 7.5, 2H), 2.47 (t, J ) 7.5, 2H),
2.59 (t, J ) 4.8, 4H), 3.18 (t, J ) 4.8, 4H), 3.86 (t, J ) 7.5,
2H), 6.75 (d, J ) 6.9, 1H), 6.83 (t, J ) 7.5, 1H), 6.90 (d, J )
7.8, 2H), 7.25 (t, J ) 7.2, 2H), 7.43 (d, J ) 8.4, 1H), 7.52 (dd,
J ) 8.4, 7.2, 1H), 7.73 (dd, J ) 8.1, 7.2, 1H), 7.94 (d, J ) 7.2,
1H), 8.05 (d, J ) 8.4, 1H); 13C NMR (CDCl3) δ 24.1, 26.1,
42.0, 49.1, 53.2, 57.8, 102.9, 116.0, 118.1, 119.3, 119.6, 119.7,
128.0, 129.0, 129.3, 130.4, 130.7, 131.1, 136.6, 151.3. Anal.
(C24H27N3O2S‚2HCl‚1/2H2O) C, H, N.

2-{4-[4-(2-Methoxyphenyl)piperazin-1-yl]butyl}-2H-
naphtho[1,8-cd]isothiazole 1,1-dioxide (64): yield 3.3 g
(82%); chromatography ethyl acetate; mp 211-213 °C (dichlo-
romethane/diethyl ether). Anal. (C25H29N3O3S‚2HCl) C, H, N.

2-[5-(4-Methylpiperidino)pentyl]-2H-naphtho[1,8-cd]-
isothiazole 1,1-dioxide (65): yield 3.3 g (98%); chromatog-
raphy chloroform/methanol, 9:1; mp 187-189 °C (chloroform).
Anal. (C21H28N2O2S‚2HCl‚5/2H2O) C, H, N.

2-[5-(4-Cyclohexylpiperidino)pentyl]-2H-naphtho[1,8-
cd]isothiazole 1,1-dioxide (66): yield 3.9 g (98%); chroma-
tography ethyl acetate/ethanol, 9:1; mp 163-165 °C (methanol/
diethyl ether). Anal. (C26H36N2O2S‚HCl‚H2O) C, H, N.

2-[5-(4-Phenylpiperazin-1-yl)pentyl]-2H-naphtho[1,8-
cd]isothiazole 1,1-dioxide (67): yield 3.7 g (94%); chro-
matography hexane/ethyl acetate, from 3:7 to 1:9; mp
216-218 °C (dichloromethane/hexane). Anal. (C25H29N3O2S‚
2HCl) C, H, N.

2-{5-[4-(2-Methoxyphenyl)piperazin-1-yl]pentyl}-2H-
naphtho[1,8-cd]isothiazole 1,1-dioxide (68): yield 3.7 g
(87%); chromatography ethyl acetate/ethanol, 8:2; mp
210-212 °C (methanol/diethyl ether). Anal. (C26H31N3O3S‚
2HCl) C, H, N.

2-[6-(4-Methylpiperidino)hexyl]-2H-naphtho[1,8-cd]-
isothiazole 1,1-dioxide (69): yield 3.2 g (93%); chromatog-
raphy ethyl acetate/ethanol, from 8.5:1.5 to 8:2; mp 168-170
°C (chloroform/hexane). Anal. (C22H30N2O2S‚HCl‚3H2O) C, H,
N.

2-[6-(4-Phenylpiperazin-1-yl)hexyl]-2H-naphtho[1,8-
cd]isothiazole 1,1-dioxide (70): yield 3.4 g (84%); chroma-
tography hexane/ethyl acetate, from 4:6 to ethyl acetate; mp
205-207 °C (chloroform/diethyl ether). Anal. (C26H31N3O2S‚
2HCl) C, H, N.

2-{6-[4-(2-Methoxyphenyl)piperazin-1-yl]hexyl}-2H-
naphtho[1,8-cd]isothiazole 1,1-dioxide (71): yield 3.5 g
(80%); chromatography ethyl acetate; mp 203-205 °C (chlo-
roform/hexane). Anal. (C27H33N3O3S‚2HCl) C, H, N.

Synthesis of 1-{4-[(1-Methyl-1H-imidazol-2-yl)thio]-
butyl}benzo[cd]indol-2(1H)-one (72). To a solution of so-

dium methoxide (0.7 g, 13 mmol) in 20 mL of methanol chilled
to 0 °C was added 1-methyl-1H-imidazole-2-thiol (1.5 g, 13
mmol). After 5 min, compound 75 (4.0 g, 13 mmol) was added
in one portion, and the mixture was stirred and allowed to
come to room temperature overnight. The solution was diluted
with 30 mL of water and extracted with diethyl ether (3 × 50
mL). The combined organic extracts were washed with 10%
NaOH, water, and brine and dried over anhydrous Na2SO4.
After evaporation of the solvent, the crude oil was purified by
column chromatography (hexane/ethyl acetate, from 1:1 to 0.5:
9.5) to afford 3.4 g (77%) of 72: mp 181-183 °C; 1H NMR
(CDCl3) δ 1.72-2.00 (m, 4H), 3.09 (t, J ) 6.8, 2H), 3.57 (s,
3H), 3.93 (t, J ) 6.8, 2H), 6.87 (d, J ) 1.5, 1H), 6.91 (dd, J )
6.6, 0.7, 1H), 7.01 (d, J ) 1.2, 1H), 7.45 (dd, J ) 8.5, 6.6, 1H),
7.53 (dd, J ) 8.5, 0.7, 1H), 7.70 (dd, J ) 8.3, 6.8, 1H), 8.01 (d,
J ) 7.6, 1H), 8.05 (d, J ) 7.1, 1H); 13C NMR (CDCl3) δ 27.3,
27.8, 33.3, 34.0, 39.8, 105.2, 120.4, 122.3, 124.4, 125.3, 126.8,
128.7, 128.8, 129.3, 129.4, 130.9, 139.5, 141.7, 168.2. Anal.
(C19H19N3OS‚HCl) C, H, N.

Radioligand Binding Assays at 5-HT7R. Male Sprague-
Dawley rats (Rattus norvegicus albinus), weighing 180-200
g, were killed by decapitation and the brains rapidly removed
and dissected. The receptor binding studies were performed
by a modification of a previously described procedure.68 The
hypothalamus was homogenized in 5 mL of ice-cold Tris buffer
(50 mM Tris-HCl, pH 7.4 at 25 °C) and centrifuged at 48 000g
for 10 min. The membrane pellet was washed by resuspension
and centrifugation, and then the resuspended pellet was
incubated at 37 °C for 10 min. Membranes were then collected
by centrifugation, and the final pellet was resuspended in 100
volumes of ice-cold 50 mM Tris-HCl, 4 mM CaCl2, 1 mg/mL
ascorbic acid, 0.01 mM pargyline, and 3 µM pindolol82 buffer
(pH 7.4 at 25 °C). Fractions of 400 µL of the final membrane
suspension were incubated at 23 °C for 120 min. with 0.5 nM
[3H]-5-CT (88 Ci/mmol), in the presence or absence of several
concentrations of the competing drug, in a final volume of 0.5
mL of assay buffer (50 mM Tris-HCl, 4 mM CaCl2, 1 mg/mL
ascorbic acid, 0.01 mM pargyline, and 3 µM pindolol buffer
(pH 7.4 at 25 °C)). Nonspecific binding was determined with
10 µM 5-HT. Competing drug, nonspecific, total, and radio-
ligand bindings were defined in triplicate. Incubation was
terminated by rapid vacuum filtration through Whatman GF/C
filters, presoaked in 0.01% poly(ethylenimine), using a Brandel
cell harvester. The filters were then washed with the assay
buffer and were placed in vials to which were added 4 mL of
a scintillation cocktail (Ecolite), and the radioactivity bound
to the filters was measured by liquid scintillation spectrometry.
The data were analyzed by an iterative curve-fitting procedure
(program Prism Graph Pad), which provided IC50, Ki, and r2

values for test compounds, Ki values being calculated from the
Cheng-Prusoff equation.69 The protein concentrations of the
rat hypothalamus were determined by the method of Lowry,83

using bovine serum albumin as the standard.
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A.; Osborne, R. H. Pharmacological Characterization of 5-Hy-
droxytryptamine-Induced Contractile Effects in the Isolated Gut
of the Lepidopteran Caterpillar Spodoptera Frugiperda. J. Insect
Physiol. 2002, 48, 43-52.

(31) De Ponti, F.; Tonini, M. Irritable Bowel Syndrome. New Agents
Targeting Serotonin Receptor Subtypes. Drugs 2001, 61, 317-
332.

(32) Terrón, J. A. Is the 5-HT7 Receptor Involved in the Pathogenesis
and Prophylactic Treatment of Migraine? Eur. J. Pharmacol.
2002, 439, 1-11.

(33) Forbes, I. T.; Dabbs, S.; Duckworth, D. M.; Jennings, A. J.; King,
F. D.; Lovell, P. J.; Brown, A. M.; Collin, L.; Hagan, J. J.;
Middlemiss, D. N.; Riley, G. J.; Thomas, D. R.; Upton, N. (R)-
3,N-Dimethyl-N-[1-methyl-3-(4-methylpiperidin-1-yl)propyl]ben-
zenesulfonamide: The First Selective 5-HT7 Receptor Antago-
nist. J. Med. Chem. 1998, 41, 655-657.

(34) Kikuchi, C.; Nagaso, H.; Hiranuma, T.; Koyama, M. Tetrahy-
drobenzindoles: Selective Antagonists of the 5-HT7 Receptor.
J. Med. Chem. 1999, 42, 533-535.

(35) Lovell, P. J.; Bromidge, S. M.; Dabbs, S.; Duckworth, D. M.;
Forbes, I. T.; Jennings, A. J.; King, F. D.; Middlemiss, D. N.;
Rahman, S. K.; Saunders: D. V.; Collin, L. L.; Hagan, J. J.; Riley,
G. J.; Thomas, D. R. A Novel, Potent, and Selective 5-HT7
Antagonist: (R)-3-(2-(2-(4-Methylpiperidin-1-yl)ethyl)pyrrolidine-
1-sulfonyl)phenol (SB-269970). J. Med. Chem. 2000, 43, 342-
345.

(36) Kikuchi, C.; Ando, T.; Watanabe, T.; Nagaso, H.; Okuno, M.;
Hiranuma, T.; Koyama, M. 2a-[4-(Tetrahydropyridoindol-2-yl)-
butyl]tetrahydrobenzoindole Derivatives: New Selective An-
tagonists of the 5-Hydroxytryptamine7 Receptor. J. Med. Chem.
2002, 45, 2197-2206.

(37) Kikuchi, C.; Suzuki, H.; Hiranuma, T.; Koyama, M. New
Tetrahydrobenzoindoles as Potent and Selective 5-HT7 Antago-
nists with Increased In Vitro Metabolic Stability. Bioorg. Med.
Chem. Lett. 2003, 13, 61-64.
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