
New Serotonin 5-HT2A, 5-HT2B, and 5-HT2C Receptor Antagonists: Synthesis,
Pharmacology, 3D-QSAR, and Molecular Modeling of (Aminoalkyl)benzo and
Heterocycloalkanones
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A series of 52 conformationally constrained butyrophenones have been synthesized and
pharmacologically tested as antagonists at 5-HT2A, 5-HT2B, and 5-HT2C serotonin receptors,
useful for dissecting the role of each 5-HT2 subtype in pathophysiology. These compounds were
also a consistent set for the identification of structural features relevant to receptor recognition
and subtype discrimination. Six compounds were found highly active (pKi > 8.76) and selective
at the 5-HT2A receptor vs 5-HT2B and/or 5-HT2C receptors. Piperidine fragments confer high
affinity at the 5-HT2A receptor subtype, with benzofuranone- and thiotetralonepiperidine as
the most selective derivatives over 5-HT2C and 5-HT2B receptors, respectively; Ki 2A/2C and/or
KB 2A/2B ratios greater than 100 were obtained. Compounds showing a more pronounced
selectivity at 5-HT2A/5-HT2C than at 5-HT2A/5-HT2B bear 6-fluorobenzisoxazolyl- and p-
fluorobenzoylpiperidine moieties containing one methylene bridging the basic piperidine to
the alkanone moiety. An ethylene bridge between the alkanone and the amino moieties led to
ligands with higher affinities for the 5-HT2B receptor. Significant selectivity at the 5-HT2B
receptor vs 5-HT2C was observed with 1-1[(1-oxo-1,2,3,4-tetrahydro-3-naphthyl)methyl]-4-[3-
(p-fluorobenzoyl)propyl]piperazine (more than 100-fold higher). Although piperidine fragments
also confer higher affinity at 5-HT2C receptors, only piperazine-containing ligands were selective
over 5-HT2A. Moderate selectivity was observed at 5-HT2C vs 5-HT2B (10-fold) with some
compounds bearing a 4-[3-(6-fluorobenzisoxazolyl)]piperidine moiety in its structure. Molecular
determinants for antagonists acting at 5-HT2A receptors were identified by 3D-QSAR (GRID-
GOLPE) studies. Docking simulations at 5-HT2A and 5-HT2C receptors suggest a binding site
for the studied type of antagonists (between transmembrane helices 2, 3, and 7) different to
that of the natural agonist serotonin (between 3, 5, and 6).

Introduction
Serotonin (5-HT), a major neurotransmitter found in

the central nervous system (CNS), is also present in
many peripheral tissues.1-3 Its numerous biological
functions are mediated by a variety of serotonin recep-
tors.3,4 The interaction with these different serotonin
receptors constitutes the mechanism of action of many
drugs. In particular, type 2 serotonin receptors (5-HT2)
mediate the actions of several drugs used in treating
diseases such as schizophrenia, feeding disorders, per-
ception, depression, migraines (prophylactically), hy-
pertension, anxiety, hallucinations, and gastrointestinal
dysfunctions.5,6

Three 5-HT2 receptor subtypes (5-HT2A, 5-HT2B, and
5-HT2C) show considerable homology at genetic, struc-
tural, and functional levels.3,6,7 All are G-protein coupled
receptors (GPCRs) and have been initially associated
with activation of phospholipase C via Gq-protein. In
addition, a variety of other G-protein coupling and
effector mechanisms has been described for 5-HT2

receptor subtypes: 5-HT2A receptors can activate phos-
pholipase A2 via G11-protein,8 and they can also mediate
decreased cGMP levels, enhancing neurotransmitter
release from glutamate terminals;9 5-HT2B can bind
G11

10,11 and increase nitric oxide synthase activity via
PDZ-dependent activation;12 5-HT2C receptors can medi-
ate increased cGMP levels, when coupled to Go and/or
G11 via phospholipase A2.13

5-HT2A receptors have been found at high density in
the cerebral cortex,14 mostly in pyramidal cells, and also
in interneuronal regions.14-16 They are also present, at
lower density, in the hippocampus, striatum, and other
cerebral regions,14,15 in platelets, and in vascular and
uterine smooth muscles.3,7,17,18
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5-HT2C receptors, first described by Pazos et al.19 in
the choroid plexus, are distributed with varying density
in several areas of the brain, including the cortex, basal
ganglia, hippocampus, and hypothalamus.20,21 They
have not been found in peripheral tissues.

5-HT2B receptors were originally described as
5-HT1-like

22 and 5-HT2F
23 and were found to be opera-

tionally and functionally similar to 5-HT2A and 5-HT2C.
Subsequent studies showed that in contrast with 5-HT2A,
5-HT2B is blocked only weakly by ketanserin, and
operational and structural differences with the 5-HT2C
subtype have been described.3,24 Cloning23,25 allowed
their confident classification as a new subtype of 5-HT2
receptors, 5-HT2B.26 5-HT2B mRNA is widely distributed
in peripheral tissues, having been found in heart,
skeletal, and vascular muscles, adipose tissue, the
intestine, ovary, uterus, testis, liver, kidney, lung,
pancreas, trachea, spleen, thymus, thyroid, and in
prostate and salivary glands of mammals.6,18,27-29 In the
CNS, they have been found in the retina and spinal cord
and at lower levels in a variety of brain areas.6,29

Immunochemical studies also suggested their presence
in the CNS,30 although their real presence, distribution,
and functions in the brain are still controversial.

Clozapine and other “atypical antipsychotics” have
been shown to be effective against the negative symp-
toms of schizophrenia. The blockade of 5-HT2 receptors
has been pointed to as the origin of the distinctive
pharmacological profile of these drugs, causing an inci-
dence of tardive diskinaesia and other extrapyramidal
side effects that are lower than those found with

classical antipsychotics.31 Clozapine, as well as other
atypical antipsychotics, binds not only to 5-HT2 recep-
tors (5-HT2A, 5-HT2B, and 5-HT2C)32,33 but also, to a
different extent, to a number of other GPCRs, including
5-HT1A, 5-HT6, 5-HT7, D1, D2, D4, H1, R1, R2, M1, M2,
and M4.2,34-41 Despite this lack of specificity, the in-
volvement of 5-HT2 receptors in the pharmacological
profile of atypical antipsychotics is supported by many
biological, pharmacological, and clinical studies.42,43

Initially, the 5-HT2 subtype indicated as relevant in
schizophrenia by most studies has been 5-HT2A.44-51

However, now it seems possible that some of the effects
of atypical antipsychotics that have been attributed to
their blocking of 5-HT2A may instead be due to the
blockade of 5-HT2B and/or 5-HT2C. In particular, affinity
for 5-HT2C is an important feature in discriminating
classical from atypical antipsychotics.52 Clozapine, olan-
zapine, seroquel, and other atypical antipsychotics have
indeed greater affinity for 5-HT2C (and in addition for
5-HT2A) than for D2 receptors.53 The blockade of 5-HT2C
has been indicated as responsible for relatively mild
extrapyramidal side effects observed for atypical anti-
psychotics, because 5-HT2C rather than 5-HT2A blockade,
can prevent the extrapyramidal side effects induced by
haloperidol.54 On the other hand, 5-HT2C antagonists,
by enhancing dopamine release in the cortex, would
efficiently counteract the hypofrontality that contributes
to the deficit symptoms of schizophrenia.55,56

A deeper understanding of the roles of 5-HT2A,
5-HT2B, and 5-HT2C receptors in schizophrenia and in
the pharmacology of antipsychotics, as in other CNS and

Chart 1
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peripheral disorders (anxiety, depression, hypertension,
etc.), has been hampered by a scarcity of truly selective
ligands able to distinguish sharply among these receptor
subtypes, especially as regards to differentiation be-
tween 5-HT2B and 5-HT2C receptors.

The comparative physiological and pharmacological
behaviors of 5-HT2 receptors depend on their structural
features. All of the GPCRs share a transmembrane
bundle of seven R-helices57 that in the case of the
serotonin and other aminergic receptors, includes the
binding site.58 Structural information on a single GPCR,
bovine rhodopsin, is now available. This information

was first obtained at low resolution59 and recently at
higher resolution.57 On the basis of the rhodopsin
structural information57,59 and of additional data coming
from molecular biology experiments,60-63 increasingly
accurate models of GPCRs are being produced.60,61,63-65

These models can be useful for understanding ligand
binding and receptor activation features.

Among the reported selective ligands,66 besides ket-
anserin, spiperone, MDL100907, and other 5-HT2A
selective ligands, some 5-HT2B/5-HT2C selective ligands
have also been described. A selection of them and their
pKi values at 5-HT2A/5-HT2B/5-HT2C receptors (in pa-

Table 1. Structures and Codes of Studied Compounds
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rentheses) are (Chart 1), pyridylcarbamoylindolines
SB-206553 (1) (6.3/8.5(pA2)/8.3)67 and SB-221284 (2)
(6.4/7.9/8.6);68 bisarylcarbamoylindolines SB-228357 (3)
(6.9/8.0/9.0) and SB243213 (4) (6.8/7.0/9.0);69 benzene-
sulfonamido-substituted valerophenone RS-102221
(5) (6.2/6.5/8.7);70 naphthylpyrimidine RS-127445 (6)
(6.3/9.5/6.4);71 indolonaphthyridine SDZ SER-082 (7)
(6.2/7.3/7.8);72 benzo[e]isoindolone and benzo[h]isoquino-
linone derivatives 8 and 9, respectively, both with a
pKi ) 8.0 at the 5-HT2C receptor;73 and other types of
compounds.74,75

The chemical heterogeneity of the aforementioned
selective ligands, their different affinities for other
GPCRs, and their different pharmacokinetic profile
prevent an unequivocal attribution of their biological
effects at the CNS (especially those related with an
antipsychotic profile) to a likely selective interaction
with a certain 5-HT2 receptor subtype.

In previous papers,64,76-84 we have reported different
compounds potentially useful to study the structural
and pharmacological features of the three 5-HT2 recep-
tor subtypes within a single chemical family, those of
the butyrophenones.

The present paper reports the study of a great number
of butyrophenones with a large molecular diversity in
their alkanone and/or amino moieties (Table 1). To
properly explore structure-activity relationships (SAR)
and structure-selectivity relationships (SSR), typical
N1-aryl (heteroaryl) substituents, as well as the longer
N1-p-fluorobenzoylpropyl and p-fluorobenzoyl-butyl sub-
stituents, were chosen for the piperazine moiety, whereas
N-substitution at the piperidine ring was limited to the
benzoyl, p-fluorobenzoyl, and 6-fluorobenzisoxazol-3-yl
substituents.

In particular, the synthesis and pharmacological
profile of the novel butyrophenones are reported here
along with new pharmacological data obtained for
compounds previously reported by us. Moreover, three-
dimensional 3D-QSAR (GRID/GOLPE) models obtained
from the study of structural and biological data of the
extended set of compounds as well as molecular models
arising from docking simulations of selected ligands on
5-HT2A and 5-HT2C receptors are presented and dis-
cussed in this paper.

Results and Discussion

A large series of conformationally constrained buty-
rophenones have been synthesized and pharmacologi-
cally tested as antagonists of the 5-HT2A, 5-HT2B, and
5-HT2C serotonin receptors as useful tools for dissecting
the pathophysiological role of each 5-HT2 subtype and
for identifying structural features relevant to receptor
recognition and subtype discrimination. A partial study
of a limited number (28) of these compounds was
reported in our preceding paper, which included the
determination of 5-HT2A and 5-HT2C activities for 28 and
17 compounds, respectively.64 Now, the set of com-
pounds has been enlarged by studying 24 new com-
pounds. The pharmacological activities (affinity and
antagonistic activity) of the resulting 52 compounds
were determined for both 5-HT2A and 5-HT2C receptors.
Moreover, the affinity at the 5-HT2B receptor was
measured for 43 ligands. The whole set of compounds
studied is reported in Table 1, and their affinities are

presented in Table 2. All of the compounds of the series
have been designed on the basis of the union of two
fragments that share an amino group (see Table 1). The
amino moieties a, b, c, and d were selected in order to
explore slight electronic variations in the phenyl-piper-
azine structure. Structures e and f were considered to
evaluate the elongation of the corresponding ketanserin
moiety (g), with the additional difference of considering
piperazine instead of piperidine; g and h were consid-
ered because they were the corresponding fragments of
ketanserin and risperidone, respectively.

The preparation of compound 10c was carried out
following the same synthetic strategy reported for
compounds 10a and 10g (Scheme 1).64 The 3-oxo-
indane-1-carboxylic acid64 was condensed with N-(2-
pyridyl)piperazine in the presence of 1,3-dicyclohexyl-
carbodiimide (DCC) and 1-hydroxybenzotriazole (HOBt)
to give the corresponding amide 25. The ketone group
of this compound was protected by ethylene glycol and
p-toluenesulfonic acid (p-TsOH), the amide group was
reduced to amine with LiAlH4, and the ethylene ketal
was cleaved in acidic medium to afford the amine 10c
in 65% yield from 3-oxo-indane-1-carboxylic acid.

Compound 11h was synthesized (Scheme 2) from 3-(p-
toluenesulfonyloxymethyl)-1,2,3,4-tetrahydronaphtha-
len-1-one85 via nucleophilic displacement of the tosylate
with 4-(6-fluorobenzisoxazol-3-yl)piperidine in N-meth-
yl-2-pyrrolidone (NMP) and provided, after bulb to bulb
distillation of NMP, the target compound 11h in 70%
yield.

Compound 12a was prepared according to our proce-
dure used in the synthesis of compound 10c (Scheme
3). By reaction of (1-oxo-2-indanyl)acetic acid77 with
N-(o-methoxyphenyl)piperazine, the amide 26 was ob-
tained in 85% yield. Ketalization of the carbonyl group
with ethylene glycol and p-TsOH, reduction of the amide

Scheme 1a

a Reagents: (i) N-(2-Pyridyl)piperazine, DCC/HOBt. (ii) (1)
(CH2OH)2/p-TsOH, (2) LiAlH4, (3) HCl.

Scheme 2a

a Reagents: (i) 4-(6-Fluorobenzisoxazol-3-yl)piperidine, NMP.
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group with LiAlH4, and subsequent ketone deprotection
in acidic medium produced the desired amine 12a, in
70% yield. The preparation of compound 20c was carried
out following the same route: (4-oxo-4,5,6,7-tetrahydro-
benzo[b]thiophen-5-yl)acetic acid64 was condensed with
N-(2-pyridyl)piperazine in the presence of DCC/HOBt

to give the amide 27. The ketonic group was protected
with ethylene glycol and p-TsOH, the amide group was
reduced to amine with LiAlH4, and the ethylene ketal
was cleaved in acidic medium to afford the amine 20c
in 70% yield from (4-oxo-4,5,6,7-tetrahydrobenzo[b]-
thiophen-5-yl)acetic acid.

Table 2. Binding and Functional Data of the Studied Ligands at 5-HT2 Receptors

5-HT2A 5-HT2B 5-HT2C

compd pKi pA2 pA2 pKi KB2A/KB2Ba Ki2A/Ki2Ca

10a 6.05 ( 0.21 6.21 ( 0.1 7.04 ( 0.2 6.44 ( 0.07 0.15 0.41
10c <5b ndc 6.35 ( 0.03 6.07 ( 0.03 nd 0.027
10e 7.34 ( 0.1 7.20 ( 0.2 <5 <5 501 692
10g 7.58 ( 0.14 8.13 ( 0.09 6.66 ( 0.17 5.96 ( 0.07 30 42
11a 6.29 ( 0.60 6.48 ( 0.50 nd 5.55 ( 0.36 nd 5.5
11e 7.75 ( 0.60 7.27 ( 0.70 <5 <5 589 1778

6.94 ( 0.20d <5e

11g 8.80 ( 0.80 7.86 ( 0.86 7.2 ( 0.30 6.63 ( 0.14 4.6 148
11h 8.57 ( 0.03 nd nd 6.98 ( 0.10 nd 39
12a 6.71 ( 0.14 6.8 ( 0.6 nd 6.55 ( 0.20 nd 1.5
12e 6.91 ( 0.60 7.30 ( 0.70 7.5 ( 0.25 5.21 ( 0.07 0.63 50

7.17 ( 0.15d <5e

12g 8.60 ( 0.80 8.12 ( 0.11 6.43 ( 0.23 6.78 ( 0.07 49 66
13e 7.27 ( 0.10 nd 5.14 ( 0.2 5.71 ( 0.32 nd 36
13g 8.42 ( 0.3 8.12 ( 0.75 6.12 ( 0.4 6.08 ( 0.09 100 219
14a 7.39 ( 0.70 6.72 ( 0.06 7.13 ( 0.48 6.63 ( 0.02 0.39 5.8
14e 7.14 ( 0.70 7.35 ( 0.11 6.8 ( 0.20 5.48 ( 0.14 3.6 46
14g 8.11 ( 0.80 7.47 ( 0.51 7.15 ( 0.21 6.65 ( 0.01 2.1 29
15g 7.88 ( 0.70 6.75 ( 0.60 7.40 ( 0.28 6.30 ( 0.05 0.22 38
16a 6.55 ( 0.80 nd 6.9 ( 0.3 5.44 ( 0.03 nd 13
16e 6.04 ( 0.60 nd nd 6.63 ( 0.05 nd 0.26
16g 8.06 ( 0.01 nd nd 7.45 ( 0.01 nd 4.1
16h 8.37 ( 0.80 nd nd 6.42 ( 0.02 nd 89
17a 7.04 ( 0.70 7.50 ( 0.70 nd 6.65 ( 0.04 nd 2.5
18a 5.82 ( 0.06 5.90 ( 0.01 6.78 ( 0.13 6.04 ( 0.06 0.13 0.60
18c 5.75 ( 0.5 6.40 ( 0.05 5.18 ( 0.18 <5 17 18
18e 6.97 ( 0.13 7.79 ( 0.06 5.60 ( 0.7 5.40 ( 0.12 155 37
18g 7.24 ( 0.12 7.82 ( 0.16 6.88 ( 0.35 6.03 ( 0.04 8.7 16
(-)18h 7.93 ( 0.02 nd nd 6.95 ( 0.10
(+)18h 7.94 ( 0.05 nd nd 6.84 ( 0.07
(()18h 8.33 ( 0.11 9.13 ( 0.7 6.24 ( 0.3 6.69 ( 0.12 776 44
19e 7.37 (0.15 7.63 ( 0.08 <5 <5 1349 741
19g 8.15 ( 0.13 8.92 ( 0.04 7.06 ( 0.13 6.38 ( 0.06 72 59
19h 8.76 ( 0.2 nd nd 7.06 ( 0.06 nd 50
20a 6.84 ( 0.12 6.95 ( 0.02 7.19 ( 0.16 7.09 ( 0.17 0.58 0.56
20c 6.76 ( 0.11 6.31 ( 0.50 7.01 ( 0.07 5.77 ( 0.10 0.20 9.8
20e 6.54 ( 0.13 6.83 ( 0.2 6.80 ( 0.07 6.40 ( 0.7 1.0 1.4
20g 8.84 ( 0.17 9.02 ( 0.04 6.35 ( 0.13 6.48 ( 0.06 468 229
20h 8.56 ( 0.20 9.87 ( 0.40 6.23 ( 0.29 6.90 ( 0.05 4365 46
21g 7.95 ( 0.09 nd 6.48 ( 0.1 6.45 ( 0.11 nd 31
21h 8.17 ( 0.18 nd nd 7.16 ( 0.08 nd 10
22a <5 nd 6.19 ( 0.20 <5 nd 1.0
22b 7.66 ( 0.05 nd <5 <5 nd 1445
22c 5.08 ( 0.10 nd 5.46 ( 0.03 6.64 ( 0.02 nd 0.028
22d <5 nd 6.01 ( 0.24 <5 nd 1.0
22e 6.02 ( 0.03 nd 6.36 ( 0.12 <5 nd 33
22f 5.90 ( 0.04 nd 6.23 ( 0.08 <5 nd 25
22g 7.29 ( 0.20 7.28 ( 0.07 6.71 ( 0.57 <5 3.7 616
22h 7.97 ( 0.03 7.95 ( 0.07 6.61 ( 0.38 <5 22 2951

8.26 ( 0.12d 5.40 ( 0.52e

23a 6.72 ( 0.09 6.30 ( 0.12 6.68 ( 0.23 6.24 ( 0.03 0.42 3.0
23c 6.45 ( 0.01 6.17 ( 0.06 <5 <5 47 89
23 g 7.71 ( 0.17 7.58 ( 0.20 6.63 ( 0.19 6.46 ( 0.03 8.9 18
23h 8.97 ( 0.09 9.25 ( 0.05 6.30 ( 0.01 7.16 ( 0.01 891 65

9.14 ( 0.11d 7.46 ( 0.30e

24a 6.20 ( 0.61 6.50 ( 0.20 6.80 ( 0.05 5.92 ( 0.06 0.50 1.9
24g 8.04 ( 0.80 9.20 ( 0.27 7.22 ( 0.23 6.23 ( 0.09 96 65
24h 8.80 ( 0.88 9.50 ( 0.32 6.35 ( 0.10 7.24 ( 0.06 1412 36

8.93 ( 0.15d 7.56 ( 0.26e

haloperidol 7.28 ( 0.03 5.34 ( 0.03
clozapine 8.12 ( 0.07 9.16 6.77 ( 0.2 7.80 ( 0.1
ketanserin 8.29 ( 0.04 8.87 ( 0.11 7.36 ( 0.1
risperidone 9.51 ( 0.03 7.38 ( 0.03

a Ki and KB ratios. b Values <5 were arbitrarily substituted by 4.5 to allow the calculations of Ki and KB ratios. c nd ) not determined.
d Data obtained from human 5-HT2A receptors transfected into CHO cells. e Data obtained from human 5-HT2C receptors transfected into
HeLa cells.
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The preparation of compound 18c was carried out
following the synthetic strategy shown in Scheme 4.
Methyl γ-bromo-â-(2-thienyl)butyrate64 underwent nu-
cleophilic substitution with N-(2-pyridyl)piperazine in
basic methyl isobutyl ketone to give the â-aminoester
28 in 95% yield. Finally, acid-catalyzed ring closure with
polyphosphoric acid (PPA) afforded compound 18c in
40% yield.

Compounds 23a, 23c, 23g, and 23h were prepared
by amide-linking the two moieties, protecting nonamide
carbonyls as ketals, reducing the amide carbonyl, and
deprotecting (Scheme 5). Alkylation of 4,5,6,7-tetrahy-
drobenzo[b]furan-4-one with lithium diisopropylamide
at -70 °C, followed by quenching with ethyl bromoac-
etate, gave ethyl ester that was then hydrolyzed to the
thienocycloalkanone acetic acid 30 in 50% overall yield.
The amides 30-33 were prepared in good yields by
direct acid-amine coupling, with carboxylate activation
by DCC in the presence of HOBt. Ketalization of
carbonyl groups with ethylene glycol and p-TsOH or
pyridinium tosylate in anhydrous toluene, with azeo-
tropic distillation of water in a Dean-Stark apparatus,

provided the corresponding ethylene ketals, which were
reduced with LiAlH4 without further purification. Fi-
nally, deketalization to restore carbonyl groups in acidic
medium gave the amines 23a, 23c, 23g, and 23h.

Figure 1 shows binding competition experiments
carried out with [3H]-ketanserin and [3H]-mesulergine
in rat cortex and bovine choroids plexus (5-HT2A and
5-HT2C, respectively), for ligand 24g. All of the active
compounds showed competition concentration-response
curves of specific radioligand binding against increasing

Scheme 3a

a Reagents: (i) N-(2-Pyridyl)piperazine, DCC/HOBt. (ii) (1) (CH2OH)2/p-TsOH, (2) LiAlH4, (3) HCl.

Scheme 4a

a Reagents: (i) N-(2-Pyridyl)piperazine, KI, Na2CO3. (ii) PPA.

Scheme 5a

a Reagents: (i) (1) BrCH2CO2Et/LDA, (2) KOH. (ii) HNRR, DCC/
HOBt. (iii) (1) (CH2OH)2/p-TsOH, (2) LiAlH4, (3) HCl.

Figure 1. Binding competition experiments; a representative
experiment is shown with compound 24g at (A) 5-HT2A binding
sites in rat frontal cortex, the radioligand used was [3H]-
ketanserin (b), nonspecific binding was measured with 10-6

M metisergide (9), and the assay was performed with triplicate
points and (B) 5-HT2C binding sites in bovine choroid plexus,
the radioligand used was [3H]mesulergine (b), nonspecific
binding was measured with 10-6 M mianserine (9), and the
assay was performed with duplicate points. A total of three
experiments was carried out in each case.
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concentrations of ligands, the slopes not being signifi-
cantly different from unity at the 5% level of statistical
significance.

Figure 2 shows 5-HT concentration-response curves
in rat aorta (5-HT2A receptor) and rat stomach fundus
(5-HT2B receptor) for compound 13g. All of the active
compounds concentration dependently displaced these
curves to the right in a parallel way without depression
of their maximum, which is the typical behavior of
competitive antagonists.

The numerous compounds, as well as the good spread
of the biological data obtained from the present data
set, permit a detailed and robust SAR analysis for the
three serotonin 5-HT2 receptors, also at the 3D quan-
titative level. To avoid the loss of meaningful informa-
tion from the SSR analysis, affinity values <5 were
arbitrarily fixed at 4.50 and these arbitrary values
were used to calculate the Ki and KB ratios reported in
Table 2.

Data in Table 2 show widely distributed 5-HT2A pKi
values (4.47 log units, if 4.5 is arbitrarily assigned to
values <5, n ) 52) and less spread 5-HT2C pKi values
(2.95 log units, if 4.5 is assigned to values <5, n ) 52).
The 5-HT2B pA2 values are also moderately spread (3.00
log units, if again 4.5 is assigned to values <5, n ) 43).

A preliminary data analysis shows no significant
pairwise correlations among the activities at the three
receptors subtypes, suggesting different binding modes
and/or different binding sites. The antagonist activities
toward 5-HT2A expressed as pA2 were generally even
higher than the corresponding binding affinities (pKi),
indicative of an efficient transductor-effector amplifica-
tion of the signal in functional assays, making these
compounds of potential pharmacological interest. There
is a good correlation between pKi and pA2 data (r2 )
0.723) for the 5-HT2A receptor. This result suggests a
notable similarity between binding and functional re-
sponse in central and peripheral 5-HT2A receptors.

The highest 5-HT2A affinities were observed for cy-
cloalkanones bearing piperidine fragments (19 com-
pounds: 23h, 20g, 11g, 24h, 19h, 12g, 11h, 20h, 13g,
16h, 18h, 21h, 19g, 14g, 16g, 24g, 22h, 21g, and 15g,
all with pKi > 7.8), with 23h as the most potent
compound (pKi ) 8.97), whereas most of the lowest
affinities corresponded to piperazine derivatives (13
compounds: 23c, 11a, 24a, 10a, 16e, 22e, 22f, 18a, 18c,
22c, 10c, 22a, and 22d, all with pKi < 6.5).

As far as the binding to 5-HT2C receptor subtype is
concerned, highest affinities were generally obtained for
piperidine derivatives (16g, 24h, 21h, 23h, 20a, 19h,
11h, and 20h, pKi g 6.9), with 16g as the most potent
compound (pKi ) 7.45), whereas lowest affinities cor-
responded to piperazine derivatives (14e, 16a, 18e, 12e,
22g, 22h, 22e, 22f, 22a, 22d, 18c, 11e, 22b, 19e, 10e,
and 23c, pKi < 5.5). Ligands carrying the aminometh-
ylbenzofuranone moiety showed pKi values lower than
5 (22g, 22h, 22e, 22f, 22a, 22d, and 22b) with the
exception of the 2-pyridyl-4-piperazine derivative 22c
(pKi ) 6.64).

For 5-HT2B receptor ligands, a less clear picture came
from the analysis of their pA2 values, since they
represent activities involving indirect measures, and
consequently, transducer-effector coupling can induce
some interferences, especially when there are no com-
pounds with really high potency. Indeed, the highest
and lowest pA2 values were displayed by compounds 12e
(pA2 ) 7.50) and 11e (pA2 ) 4.50), respectively, both
sharing the same piperazine fragment and having
relatively similar cycloalkanone moieties. Another strong
and unexpected effect was the dramatic drop in activity,
from 7.50 to 5.14, resulting from the introduction of a
fluorine atom in the cycloalkanone moiety (13e) in
comparison with the highest affinity ligand 12e. Inter-
estingly, eight of the top 10 high affinity ligands bear
an aminoethylcycloalkanone moiety, whereas four out
of five bottom low affinity ligands present an amino-
methyl moiety.

Compounds with high selectivity for the 5-HT2A
receptor subtype (vs 5-HT2B and 5-HT2C) were ob-
tained: compounds 22h, 11e, 22b, 19e, 10e, 22g, 20g,
13g, and 11g all displayed 5-HT2A/5-HT2C Ki ratios
higher than 100, the most selective compound being the
benzofuranone-piperidine derivative 22h that shows a

Figure 2. Functional assays; an example is shown with
compound 13g at (A) 5-HT2A receptors in smooth muscle of
rat thoracic aorta, cumulative concentration-response curves
to 5-HT in the absence (b) and in the presence (9) of 10-7 M
13g and (B) 5-HT2B receptors in rat stomach fundus, cumula-
tive concentration-response curves to 5-HT in the absence (b)
and in the presence (9) of 10-5 M 13g. Points are the mean of
four experiments in each case, vertical bars show sem.
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pKi ) 7.97 at the 5-HT2A receptor and a Ki 2A/2C ratio of
2951. 5-HT2A/5-HT2B selectivity was studied based on
antagonistic potency (pA2), because this was the only
pharmacological parameter that was determined for
both receptors. Good selectivity (higher than 100) for
5-HT2A over 5-HT2B was found for compounds 20h, 24h,
19e, 23h, 18h, 11e, 10e, 20g, 18e, and 13g, and the
highest selectivity (KB ratio ) 4365) was associated to
the thiotetralone-piperidine ligand 20h that also pos-
sesses an outstanding affinity for the 5-HT2A receptor
subtype (pA2 ) 9.87). A comparative analysis of the
5-HT2A/5-HT2C (Ki) vs 5-HT2A/5-HT2B (KB) activity ratios
indicates that compounds 11e, 19e, 10e, 20g, 13g, and
12g exhibit a high selectivity for the 5-HT2A receptor
vs both the 5-HT2B and the 5-HT2C receptors. In
contrast, three compounds show 5-HT2A/5-HT2C selec-
tivities that are more pronounced than those of 5-HT2A/
5-HT2B: 22h (2951 vs 22), 22g (616 vs 3.7), and 11g
(148 vs 4.6). These three compounds are 6-fluorobenz-
isoxazol-3-yl and p-fluorobenzoylpiperidine derivatives
with one methylene bridging the basic piperidine to the
alkanone moiety. These structural features may be
useful in designing high affinity 5-HT2A ligands with
higher selectivity vs 5-HT2C than 5-HT2B. 5-HT2A/5-HT2B
selectivities greater than 5-HT2A/5-HT2C resulted for
compounds 20h (4365 vs 46), 24h (1412 vs 36), and 23h
(891 vs 65), all bearing 6-fluorobenzisoxazol-3-yl piper-
idine moieties but linked through different bridges to
varying alkanones.

It is worth noting that all of the 5-HT2C selective
ligands bear a substituted piperazine as the basic
moiety. 5-HT2C/5-HT2A selectivity was observed only for
very few compounds (18a, 20a, 10a, 16e, 22c, and 10c),
the last two presenting the lowest 5-HT2A/5-HT2C Ki
ratios (0.028 and 0.027), corresponding to 5-HT2C af-
finities (37- and 36-fold higher than 5-HT2A, respec-
tively). Unfortunately, this selectivity is associated to
a relatively low affinity for the 5-HT2C receptor subtype
(6.64 and 6.07, respectively). Moderate selectivity for
5-HT2C receptor vs 5-HT2B (10-fold) was observed in
some fluorobenzisoxazo-3-yl-piperidine ligands.

Only a few ligands, 20c, 10a, and 18a, elicited a small
but significant selectivity for 5-HT2B over 5-HT2A recep-
tor, with 7.6-, 6.7-, and 5.01-fold preference, respectively.
All of these ligands showed relatively good affinities and
carry a substituted piperazine moiety. Important selec-
tivity at the 5-HT2B receptor over 5-HT2C was observed
for compound 12e, which is a p-fluoro-benzoyl-propyl-
piperazine derivative.

The salient results emerging from the previous SAR
and SSR analyses may be summarized as follows: (i)
Compounds containing a piperidine fragment exhibit
high affinity for the 5-HT2A receptor, while those having
benzofuranone or thiotetralone-piperidine moieties are
the most selective derivatives for 5-HT2A in comparison
to 5-HT2C and 5-HT2B, respectively. (ii) Although the
piperidine fragment is associated with higher affinities
for the 5HT2C receptors than the piperazine one, only
piperazine-containing ligands were selective for 5-HT2C
in comparison to 5-HT2A. (iii) An ethylene bridge be-
tween the alkanone and the amino moieties led to
ligands with the highest affinities for the 5-HT2B recep-
tor. (iv) Compounds showing a 5-HT2A/5-HT2C selectivity
greater than the 5-HT2A/5-HT2B one bear 6-fluorobenz-

isoxazol-3-yl or p-fluorobenzoyl-piperidine moieties as
well as a single methylene bridging the basic piperidine
and the alkanone moiety.

To gain more insight into the main interactions
underlying selective binding of the studied series of
compounds to the three receptor subtypes, also at a
quantitative and 3D level, the same data set found in
Table 2 was analyzed by means of 3D-QSAR and
docking studies. Affinity and activity data (pKi and pA2)
lower than 5 were not used in the 3D-QSAR studies.

3D-QSAR approaches rely on advanced statistical
methods to correlate the dependent variable (usually the
biological activity) with 3D chemical descriptors, such
as molecular interaction potentials, which are interac-
tion energies of the considered molecules with proper
molecular probes. In the past, the majority of such
studies have been carried out by means of comparative
molecular field analysis (CoMFA) developed by Cramer
more than 10 years ago.86 In the past few years, the
so-called GRID/GOLPE87 approach has also been used
as a successful improvement over CoMFA. Although
CoMFA and GRID/GOLPE rely on the same principles
and similar statistical algorithms, GRID offers an
excellent set of molecular probes for the computation
of interaction potentials, and GOLPE provides, besides
a classical PLS method,88 different useful tools for data
pretreatment, variable selection, and results interpreta-
tion. This often leads to more meaningful results and
limits the risk of deriving over fitted models.

In our previous study of a subset of the present series
of compounds,64 we performed a CoMFA analysis lead-
ing to the identification, at the 3D level, of the main
molecular determinants for a high 5-HT2A receptor
binding affinity, within the limited considered series.
In that study, we found that the steric, lipophilic, and
electrostatic properties of the ligands play an essential
role in the binding to the 5-HT2A receptor.

We selected the GRID/GOLPE approach for our new
3D-QSAR studies because its aforementioned objective
advantages in comparison with the classical CoMFA
approach. Indeed, the atom probes available in GRID89

for the calculation of the molecular interaction fields
are much more numerous than those implemented in
CoMFA and most of them better resemble the functional
groups of amino acids constituting the putative binding
site of enzymes and receptors. For the present study,
we chose four probes (hydroxyl, Csp3, N+

sp3, DRY),
according to the nature of the amino acids forming the
antagonist binding site of the 5-HT2 receptors as it is
discussed in the docking simulation section. Another
advantage of GRID/GOLPE is that it includes advanced
mathematical tools such as variable pretreatment,
D-Optimal, and FFD variable selection methods as well
as smart region definition (SRD).90 This allows one to
obtain more robust and easily interpretable 3D-QSAR
models.

The results of the GRID/GOLPE analyses of the three
different binding data sets (5-HT2A pKi, 5-HT2B pA2, and
5-HT2C pKi), carried out using the four selected probes,
are summarized in Table 3. Models with high statistical
coefficients were obtained only in the analysis of the
5-HT2A binding data whereas the analysis of the 5-HT2B
and 5-HT2C data yielded poorer models. It is noteworthy
that for 5-HT2A, the four different probes gave PLS
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models with similar statistical figures (see Table 3).
These findings support the hypothesis that the binding
process of our ligands to the 5-HT2A receptor is influ-
enced by a combination of steric, electrostatic, hydro-
phobic, and hydrogen bonding interactions as assessed
by Csp3, N+

sp3, DRY, and hydroxyl probes, respectively.
Moreover, it is rather interesting to observe that the

present statistical results are highly comparable with
those found in our previous 3D-QSAR study conducted
with CoMFA on a reduced set of ligands.64 The impor-
tance of the steric, electrostatic, and lipophilic effects
in the modulation of the binding process was clearly
highlighted in both studies. As an important comple-
ment to previous CoMFA results, GRID/GOLPE allowed
us to elucidate the role of hydrogen bonding in the
receptor binding of our ligands, by using the hydroxyl
probe provided by GRID.

From site-directed mutagenesis studies, it has been
postulated that hydroxyl groups of some serine residues
present in the third transmembrane R-helix region of
the serotoninergic receptor family may form important
hydrogen bonds with the ligands.61 This hypothesis was
fully supported by our GRID/GOLPE results. As can be
seen from the graphical representations of the PLS
coefficients in Figure 3, there are regions around the
ligands where the different substituents of our deriva-
tives could generate favorable (green) or unfavorable
(red) interactions with the hydroxyl probe. Green poly-
hedra appear in the region surrounding the fluoro atoms
of the highly active compounds 20g and 20h, suggesting
a possible favorable hydrogen bond interaction for both

derivatives. Red polyhedra represent zones where the
receptor poorly tolerates the presence of even small
groups, such as the methoxy group of the low activity
compound 18a. On the other hand, a small but signifi-
cant green polyhedron appears close to the carbonyl
oxygen and the sulfur atom of the hetero-fused cycloal-
kanone moiety of the highly active ligands 20g and 20h,
indicating a favorable zone for hydrogen bonding or
dipole-dipole interaction. The other probes, Csp3, N+

sp3,
and DRY, gave PLS coefficient contour maps fully
compatible with that previously developed with CoMFA
by using steric, electrostatic, and lipophilic (MLP91

calculations) fields. One strong outlier (compound 22b)
was omitted from the analysis. Its elimination can be
justified, at least in part, considering its unique chemi-
cal structure; it is the only ligand bearing an unsubsti-
tuted phenyl ring attached to the piperazine ring.

The lack of significant PLS models for the 5-HT2B
receptor subtype could be partially ascribed to the
nature of the biological data, which are functional and
not binding experiments. In other words, the functional
response is inherently a very complex event, most likely
unrelated to the classical physicochemical properties
commonly used to describe receptor-ligand interactions.
Moreover, the spread and distribution of affinity data
for the 5-HT2B receptor subtype were not as good as for
5-HT2A. Because of these intrinsic limitations, no fur-
ther effort was made to improve the statistics of the
PLS models for the 5-HT2B receptor subtype shown in
Table 3.

Also, in the modeling of 5-HT2C binding affinity, we
obtained PLS models with modest fitting and quite
unsatisfactory predictive power (r2 e 0.87; q2 e 0.34)
(see Table 3). A possible reason for this lack of predictive
power could be ascribed to the small variability of the
5-HT2C data in comparison with that of the 5-HT2A. On
the other hand, it has to be pointed out that the same
ligand alignment was used for all of the GRID/GOLPE
analyses (see the Experimental Section). This could be
a source of inaccuracy of the models obtained for two of
the receptors, since the comparative docking simulations
described below show significantly different binding
geometries of the two considered ligands in the models
of 5-HT2A and 5-HT2C receptors. In any case, poorer
statistics were obtained by testing alternative ligand
superpositions (data not shown).

To gain insight on the molecular features governing
the binding process of the studied series of antagonists,
we performed computational simulations of the docking
of two of the studied compounds (20c and 20h) into
models of the rat 5-HT2A and human 5-HT2C receptors
(the species were selected in agreement with the bio-
logical data). Compounds 20c and 20h were selected
because despite having the structural differences con-
centrated in a single molecular fragment (the amino
moiety), they exhibit completely different pharmacologi-
cal profiles. Thus, while compound 20h shows one of
the highest 5-HT2A affinities (the highest pA2 in func-
tional assays) and a relatively high 5-HT2C affinity,
compound 20c has a relatively low 5-HT2A affinity and
an even worse 5-HT2C one. A second important argu-
ment for the selection of compounds 20c and 20h was
their relatively low number of conformational degrees
of freedom.

Table 3. Statistical Results of the GRID/GOLPE Analyses on
5-HT2A-C Ligands

receptor probeb nc vard ONC q2 e r2 f

5-HT2A hydroxyl (O1) 49a 1695 4 0.815 0.883
N+ sp3 (N3+) 49a 1696 4 0.828 0.887
C sp3 (C3) 49a 1536 4 0.830 0.891
DRY 49a 1893 4 0.842 0.932

5-HT2B hydroxyl (O1) 38 2075 3 0.136 0.529
N+ sp3 (N3+) 38 2000 3 0.177 0.517
C sp3 (C3) 38 1273 1 0.247 0.403
DRY 38 1637 1 0.371 0.541

5-HT2C hydroxyl (O1) 41 963 1 0.378 0.489
N+ sp3 (N3+) 41 1013 1 0.399 0.519
C sp3 (C3) 41 1441 1 0.353 0.481
DRY 41 1983 4 0.341 0.866

a Compound 22b was excluded from the analysis. b The letters
in parentheses refer to the GRID probe code. c n ) number of data
points. d var ) number of variables remaining after pretreatment.
e q2 ) squared cross-validated correlation coefficient. f r2 ) squared
correlation coefficient.

Figure 3. GRID/GOLPE PLS coefficient contour map for
5-HT2A receptor ligands (O1 probe; contour levels: 0.005 green
and -0.005 red; for color code, see text). Compounds 20g
(QF0601B), 20h (QF0610B), and 18a (QF0607B) are displayed
to aid interpretation.
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The models of the receptors were built following the
protocol indicated in the corresponding experimental
section, and they were successfully assessed in different
ways: (a) We did not find significant contradictions
between our models and the topology of the recently
published crystal structure of rhodopsin57 (for instance,
both have the same relative positions of the highly
conserved residues, including the network of hydrogen
bonds between transmembrane helices 1, 2, and 7
(TMH1, TMH2, and TMH7), which involves the highly
conserved Asn of TMH1). (b) A quality assessment
performed using the Procheck software92 resulted in

excellent quality parameters and plots. (c) Molecular
dynamics simulations using AMBER 4.1, during 1 ns
at 310 K, did not produce any significant distortion in
the model. (d) An automatic exploration of the docking
of the natural agonist, serotonin, carried out with the
QXP program93 placed this agonist in a pocket between
TMH3, TMH5, and TMH6, yielding experimentally
known interactions with Asp15563 and Ser15961 in both
receptors and with Ser239 in 5-HT2A and Ser219 in
5-HT2C.94-96

The docking of the two antagonists in the models of
the two receptors (rat 5-HT2A and human 5-HT2C) was

Figure 4. Models of the docking of 20h (QF0610B) (top) and 20c (QF0604B) (bottom) into the 5-HT2A (left) and 5-HT2C (right)
receptors.
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automatically explored by means of 300 runs of the
MCDOCK module of the QXP program. Figure 4 shows
the lowest energy docking complexes (one per molecule
and per receptor) found along the docking simulations.
It has to be pointed out that in all of the docking
complexes obtained, the antagonists were always au-
tomatically located between helices TMH2, TMH3, and
TMH7, exhibiting an extended conformation approxi-
mately parallel to the axes of the helices. Hydrogen bond
interactions with three residues in TMH3 (Cys148,
Asp155, and Ser159) were obtained in all of the cases.
Hydrophobic interactions with residues in TMH2 and
TMH7 also stabilized the complexes. The performed
docking simulations performed were unable to explain
the pKi differences between the considered ligands and
the receptors being considered. This limitation could be
caused by imperfections in the models of the receptors
or in the QXP docking software. It has to be pointed
out that even slight inexactnesses in geometric param-
eters provoke notable changes in the energy values
resulting from molecular modeling computations.

The resulting docking positions of the antagonists
studied are totally different from those previously
described for the natural agonist 5-HT, and they are
similar to those obtained by other authors when simu-
lating the docking of different 5-HT2C antagonists in the
corresponding receptor model.66 It has to be pointed out
that even initially placing the antagonists in the binding
pocket between TMH3, TMH5, and TMH6, with the
amino group of the ligand in front of Asp155 of TMH3,
QXP explorations yield docking positions in the pocket
between TMH2, TMH3, and TMH7, as those shown in
Figure 4. An opposite experiment that consisted in
placing an agonist (5-HT) between TMH2, TMH3, and
TMH7 and carrying out a QXP exploration yielded the
above-described docking position of serotonin between
TMH3, TMH5, and TMH6. Figure 5 illustrates the
different binding positions of an agonist (5-HT) and an
antagonist (20c) obtained when simulating their dock-
ing into the 5-HT2A receptor. There are experimental
indications (mutations of the serines in TMH5) that
antagonists structurally related to the present series
(i.e., ketanserin) do not directly interact with TMH5.61,94

On the other hand, the packing of the extracellular loops
described in the recent experimental structure of rho-
dopsin57 shows two entrances into the transmembrane

bundle in agreement with the two aforementioned
binding positions. The dimensions of such entrances and
the space between the helices make more feasible
binding positions parallel to the helices for long and
relatively rigid molecules as ketanserin and the present
ones, in agreement with the positions found in our
docking experiments. The different binding modes of
agonists and antagonists obtained in the present simu-
lations could explain, at least in part, their divergent
pharmacological behaviors.

In conclusion, structural modification of conforma-
tionally constrained butyrophenones generated ligands
that exhibit high affinity and selectivity for the different
5-HT2 receptors. Among such compounds, 11e, 19e, 10e,
20g, 13g, and 12g emerged as 5HT2A selective ligands,
while 22c turned out to be a selective 5HT2C ligand, and
10a and 18a were identified as slightly selective 5-HT2B
ligands. These compounds may constitute interesting
pharmacological tools for a deeper understanding of the
role played by each 5-HT2 receptor subtype in schizo-
phrenia and other CNS disorders.

As far as the molecular modeling is concerned, the
3D-QSAR analysis allowed the identification of the main
molecular determinants for a high affinity binding at
the 5-HT2A and, to a lesser extent, at the 5-HT2C
receptors.

Some interesting structural features, determining
5-HT2 subtype selectivity, were also found. In particular,
piperidine-containing derivatives showed a higher se-
lectivity toward 5-HT2A and 5-HT2C receptors as com-
pared to the corresponding piperazine derivatives. Some
of the latter derivatives displayed some selectivity for
5-HT2C and, although at a lower level, for the 5-HT2B
receptor subtype. Moreover, the highest affinity ligands
at the 5-HT2B receptor were characterized by the pres-
ence of a two-carbon ethylene bridge between the amino
and the alkanone moieties.

Finally, a docking simulation study of some ligands
at 5-HT2A and 5-HT2C receptor models, provided results
consistent with 3D-QSAR findings and suggested an
interesting hypothesis for the antagonist binding mode.

Experimental Section
Chemistry. Melting points were determined using a Kofler

hot stage instrument or a Gallenkamp capillary melting point
apparatus and are uncorrected. Infrared spectra were recorded
by means of a Perkin-Elmer 1600 Fourier transform infrared
spectrophotometer; the main absorption bands are given in
cm-1. 1H spectra were recorded with a Bruker WM AMX (300
MHz); chemical shifts are recorded in parts per million (δ)
downfield from tetramethylsilane. Mass spectra were per-
formed on Kratos MS-50 or Varian Mat-711 mass spectrom-
eters in fast atom bombardment (FAB) mode (with 2-hydroxy-
ethyl disulfide as matrix) or by electron impact (EI). Flash
column chromatography was performed using Kieselgel 60
(60-200 mesh, E. Merck AG, Darmstadt, Germany). Reactions
were monitored by thin-layer chromatography on Merck 60
GF254 chromatogram sheets using iodine vapor and/or UV light
for detection; unless otherwise stated, each purified compound
showed a single spot. Elemental combustion analyses were
performed on a Perkin-Elmer 240B apparatus at the Micro-
analysis Service of the Universidad de Santiago de Compos-
tela; unless otherwise stated, all reported values are within
(0.4% of the theoretical compositions. Solvents were purified
as per Vogel97 by distillation over the drying agent under an
argon atmosphere and were used immediately. Unless other-
wise stated, hydrochlorides were prepared by dropwise addi-
tion, with cooling, of a saturated solution of HCl in anhydrous

Figure 5. Comparison of the docking positions in the 5-HT2A

receptor obtained for an agonist (serotonin) and an antagonist
(20c (QF0604B)).
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ether to a solution of the amine in anhydrous ether or absolute
ethanol/ether.

4-Oxo-4,5,6,7-tetrahydrobenzo[b]furan-5-ylacetic Acid
(29). To a stirred mixture of diisopropylamine (2.98 mL, 0.021
mol) in dry tetrahydrofuran (THF, 200 mL) at -20 °C, a 2.5
M solution of n-BuLi in hexane (8.53 mL, 0.021 mol) was
added. The mixture was stirred for 30 min at -20 °C and for
another 30 min at -70 °C. After this time, a solution of 4,5,6,7-
tetrahydrobenzo[b]furan-4-one (2.86 g, 0.021 mol) in dry THF
(60 mL) was added dropwise. After the solution was stirred
for 1 h at -70 °C, ethyl bromoacetate (2.0 mL, 0.021 mol) was
added, and the mixture was stirred for 30 min at -70 °C and
then for 18 h at room temperature. The solvent was removed
in vacuo, and the residue was dissolved in AcOEt and washed
with water, 5% NaHCO3, and 5% HCl. The organic extracts
were dried (Na2SO4) and concentrated to give a residue that
was purified by column chromatography (CH2Cl2) to yield ethyl
4-oxo-4,5,6,7-tetrahydrobenzo[b]furan-5-yl acetate (3.22 g, 69%)
as a pale yellow oil. To a solution of this ester (2.0 g, 9 mmol)
in methanol (10 mL), a 10% solution of NaOH in methanol
(10.8 mL, 27 mmol) was added. The mixture was stirred at
reflux temperature for 2 h. After this time, the solvent was
removed under reduced pressure; the residue was dissolved
in water, washed with CH2Cl2, and acidified with concentrated
HCl. The solid precipitate was collected by filtration and
crystallized from H2O to give the acid 29 (1.31 g, 75%) as white
crystals of mp 103-104 °C. IR: 3100, 1732, 1641, 1582. 1H
NMR (DMSO-d6): δ 1.97 (dq, 1H, J ) 5.7, 1.3, 1H6); 2.18-
2.20 (m, 1H, 1H6); 2.34 (dd, 1H, J ) 16.5, 6.6, -HCH-COOH);
2.66 (dd, 1H, J ) 16.5, 5.4 Hz, -HCH-COOH); 2.74-2.93 (m,
3H, H5, 2H7); 6.64 (d, 1H, J ) 2, H3); 7.66 (d, 1H, J ) 1.8, H2);
12.12 (s, 1H, -OH). MS (EI, m/z): 194 (M+). Anal. (C10H10O4)
C, H.

General Procedure for Synthesis of Ketoamides 25-
27 and 30-33. A solution of the amine (10 mmol), HOBt (1.35
g, 10 mmol), and the corresponding carboxylic acid (10 mmol)
in anhydrous CH2Cl2 (25 mL) was stirred under argon at room
temperature for 15 min and then cooled to 0 °C. At this
temperature, DCC (2.06 g, 10 mmol) was added and the
reaction mixture was kept at 0-5 °C for 1 h and then allowed
to reach room temperature and left overnight. The precipitated
1,3-dicyclohexylurea was filtered off, and the filtrate was
washed several times with 5% NaHCO3 and water, dried (Na2-
SO4), and condensed to dryness. The oily residue was purified
by flash chromatography (AcOEt/hexane) to give the amide
as a white crystalline solid. The synthesis of each particular
amide is described below.

1-[(1-Oxo-indan-3-yl)carbonyl]-4-(2-pyridyl)pipera-
zine (25). Compound 25 was prepared from 3-oxo-indane-1-
carboxylic acid, yield 87%, mp 175-177 °C (i-PrOH). IR: 1714,
1644. 1H NMR (CDCl3): δ 2.87 (dd, 1H, J ) 18.5, 7.5, H2

indanone); 2.98 (dd, 1H, J ) 18.5, 4.1, H2 indanone); 3.55-
3.91 (m, 8H, piperazine); 4.59 (dd, 1H, J ) 7.4, 4.2, H3

indanone); 6.64-6.71 (m, 2H, H3 and H5 pyridine); 7.28 (t, 1H,
J ) 7.3, H6 indanone); 7.39-7.42 (m, 1H, H4 pyridine); 7.50-
7.61 (m, 2H, H4 and H5 indanone); 7.71 (t, 1H, J ) 8.3, H7

indanone); 8.16 (dd, 1H, J ) 4.9, 1.5, H6 pyridine). MS (FAB,
m/z): 322 (MH+). Anal. (C19H19N3O2) C, H, N.

1-[(1-Oxoindan-2-yl)acetyl]-4-(o-methoxyphenyl)piper-
azine (26). Compound 26 was prepared from (1-oxo-2-indan-
yl)acetic acid, yield 85%, mp 138-139 °C (EtOH). IR: 1702,
1644, 1600. 1H NMR (CDCl3): δ 2.69 (dd, 1H, J ) 17.2, 9.2,
HCH-CONRR); 2.95 (dd, 1H, J ) 17.0, 4.2, H3 indanone);
3.03-3.14 (m, 2H, H2 indanone, HCH-CONRR); 3.18-3.28
(m, 4H, -CON(CH2-CH2)2N-); 3.53 (dd, 1H, J ) 17.0, 7.4,
H3 indanone); 3.76-3.87 (m, 4H, -CON(CH2-CH2)2N-); 3.91
(s, 3H, -OCH3); 6.92-7.18 (m, 4H, Ph); 7.38 (d, 1H, J ) 7.4,
H6 indanone); 7.47 (d, 1H, J ) 7.3, H4 indanone); 7.60 (dt, 1H,
J ) 7.4, 1.1, H5 indanone); 7.78 (d, 1H, J ) 7.6, H7 indanone).
MS (FAB, m/z): 365 (MH+). Anal. (C22H24N2O3) C, H, N.

1-[(4-Oxo-4,5,6,7-tetrahydrobenzo[b]thiophen-5-yl)ac-
etyl]-4-(2-pyridyl)piperazine (27). Compound 27 was pre-
pared from (4-oxo-4,5,6,7-tetrahydrobenzo[b]thiophen-5-yl)-
acetic acid, yield 85%, mp 135-137 °C (MeOH-ether). IR:

1669, 1635, 1592. 1H NMR (CDCl3): δ 1.97-2.08 (m, 1H, H6

benzothiophene); 2.28-2.43 (m, 1H, H6 benzothiophene); 2.34
(dd, 1H, J ) 17.3, 7.5, HCH-CONRR); 3.07-3.22 (m, 4H, 2H7

and H5 benzothiophene, -HCH-CONRR); 3.50-3.83 (m, 8H,
piperazine); 6.61-6.65 (m, 2H, H3 and H5 pyridine); 7.03 (d,
1H, J ) 5.2, H2 benzothiophene); 7.34 (d, 1H, J ) 5.2, H3

benzothiophene); 7.45-7.50 (m, 1H, H4 pyridine); 8.16 (dd, 1H,
J ) 4.9, 1.6, H6 pyridine). MS (FAB, m/z): 356 (MH+). Anal.
(C19H21N3O2S) C, H, N.

1-[(4-Oxo-4,5,6,7-tetrahydrobenzo[b]furan-5-yl)acetyl]-
4-(o-methoxyphenyl)piperazine (30). Compound 30 was
prepared from (4-oxo-4,5,6,7-tetrahydrobenzo[b]furan-5-yl)-
acetic acid using dimethylformamide (DMF) as solvent, yield
85%, mp 121-122 °C (cyclohexane). IR: 2927, 1661, 1645. 1H
NMR (CDCl3): δ 1.94-2.02 (m, 1H, 1H6 benzofuran); 2.26-
2.34 (dd, 1H, J ) 16.2, 8.3, -HCH-CONRR); 2.40-2.47 (m,
1H, 1H6 benzofuran); 2.93-3.02 (m, 3H, 2H7 and H5 benzofu-
ran); 3.03-3.09 (m, 4H, -CON(CH2-CH2)2N-); 3.22 (dd, 1H,
J ) 16.2, 3.6, -HCH-CONRR); 3.71-3.74 (m, 4H, -CON-
(CH2-CH2)2N-); 3.88 (s, 3H, -OCH3); 6.66 (d, 1H, J ) 2, H3

benzofuran); 6.87-7.01 (m, 4H, Ph); 7.32 (d, 1H, J ) 1.9, H3

benzofuran). MS (EI, m/z): 368 (M+). Anal. (C21H24N2O4) C,
H, N.

1-[(4-Oxo-4,5,6,7-tetrahydrobenzo[b]furan-5-yl)acetyl]-
4-(2-pyridyl)piperazine (31). Compound 31 was prepared
from (4-oxo-4,5,6,7-tetrahydrobenzo[b]furan-5-yl)acetic acid
using DMF as solvent, yield 90%, mp 122-123 °C (cyclohex-
ane). IR: 2920, 1678, 1623, 1595. 1H NMR (CDCl3): δ 1.91-
2.05 (m, 1H, 1H6 benzofuran); 2.31 (dd, 1H, J ) 16.1, 7.9,
-HCH-CONRR); 2.35-2.44 (m, 1H, 1H6 benzofuran); 2.93-
3.23 (m, 4H, H5 and 2H7 benzofuran, -HCH-CONRR); 3.50-
3.81 (m, 8H, piperazine); 6.66 (d, 1H, J ) 1.9, H3 benzofuran);
6.64-6.68 (m, 2H, H3 and H5 pyridine); 7.31 (d, 1H, J ) 1.9,
H2 benzofuran); 7.47-7.53 (m, 1H, H4 pyridine); 8.18-8.20
(m, 1H, H6 pyridine). MS (FAB, m/z): 340 (MH+). Anal. (C19-
H21N3O3) C, H, N.

1-[(4-Oxo-4,5,6,7-tetrahydrobenzo[b]furan-5-yl)acetyl]-
4-(p-fluorobenzoyl)piperidine (32). Compound 32 was
prepared from (4-oxo-4,5,6,7-tetrahydrobenzo[b]furan-5-yl)-
acetic acid using DMF as solvent, yield 80%, mp 124-125 °C
(cyclohexane). IR: 2920, 1671, 1636, 1595. 1H NMR (CDCl3):
δ 1.66-1.86 (m, 4H, -N(CH2-CH2)2CH-); 1.89-1.98 (m, 2H,
2H6 benzofuran); 2.24 (dd, 1H, J ) 16.1, 8.1, -HCH-CO-
NRR); 2.29-2.44 (m, 1H, -N(HCH-CH2)2CH-); 2.85-3.00 (m,
3H, 2H7 and H5 benzofuran); 3.09-3.26 (m, 2H, -HCH-CO-
NRR, -N(HCH-CH2)2CH-); 3.44-3.49 (m, 1H, RRCH-CO-
Ph); 4.01-4.06 (m, 1H, -N(HCH-CH2)2CH-); 4.54-4.61 (m,
1H, -N(HCH-CH2)2CH-); 6.65 (d, 1H, J ) 1.8, H3 benzofu-
ran); 7.15 (t, 2H, J ) 8.5, H3 and H5 Ph); 7.31 (d, 1H, J ) 1.9,
H2 benzofuran); 7.97 (dd, 2H, J ) 8.6, 5.4, H2 and H6 Ph). MS
(FAB, m/z): 384 (MH+). Anal. (C22H22FNO4) C, H, N.

1-[(4-Oxo-4,5,6,7-tetrahydrobenzo[b]furan-5-yl)acetyl]-
4-(6-fluorobenzisoxazol-3-yl)piperidine (33). Compound
33 was prepared from (4-oxo-4,5,6,7-tetrahydrobenzo[b]furan-
5-yl)acetic acid using DMF as solvent, yield 80%, mp 141-
143 °C (cyclohexane). IR: 2921, 1670, 1641, 1517. 1H NMR
(CDCl3): δ 1.93-2.16 (m, 5H, 1H6 benzofuran, -N(CH2-CH2)2-
CH-); 2.32 (dd, 1H, J ) 16.1, 7.8, -HCH-CONRR); 2.39-
2.93 (m, 2H, 1H6 benzofuran, -N(HCH-CH2)2CH-); 2.94-
3.38 (m, 6H, H5, 2H7, -HCH-CONRR, -N(HCH-CH2)2CH-,
-N(CH2-CH2)2CH-); 4.11 (m, 1H, -N(HCH-CH2)2CH-);
4.60-4.73 (m, 1H, -N(HCH-CH2)2CH-); 6.66 (d, 1H, J ) 1.9,
H3 benzofuran); 7.05-7.11 (m, 1H, H5 benzisoxazole); 7.26 (dd,
1H, J ) 5.1, 2.1, H7 benzisoxazole); 7.31 (d, 1H, J ) 1.9, H2

benzofuran); 7.70 (dd, 1H, J ) 8.7, 5.1, H4 benzisoxazole). MS
(FAB, m/z): 397 (MH+). Anal. (C22H21FN2O4) C, H, N.

General Procedure for Synthesis of Aminoketones
10c, 12a, 20c, 23a, 23c, 23g, and 23h. A stirred solution of
the amide (8.2 mmol), ethylene glycol (45 mL, 0.82 mol), and
p-TsOH (50 mg) in anhydrous toluene (75 mL) was refluxed
in a Dean-Stark apparatus for 4 days with azeotropic distil-
lation of water. After the solution was cooled, the toluene
solution was washed several times with 10% Na2CO3 and
water and dried (Na2SO4), and the solvent was removed under
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reduced pressure. The resulting crude ethylene ketal was
dissolved in anhydrous ether (30 mL) and added dropwise
under argon to a stirred suspension of LiAlH4 (1.18 g, 31 mmol)
in anhydrous ether (60 mL). The reaction mixture was heated
under reflux for 8 h, cooled to 0 °C in an ice-bath, and then
quenched by sequential dropwise addition of H2O (1.5 mL),
NaOH 10% (3 mL), and H2O (4 mL). The coarse precipitate
formed was filtered out and thoroughly washed with ether.
The combined filtrates were treated with 10% HCl and heated
under reflux for 1-2 h. On cooling, the aqueous phase was
made alkaline with 10% NaOH and extracted with CH2Cl2

three times, the combined organic extracts were dried (Na2-
SO4), and the solvent was removed in vacuo. The residue was
dissolved in anhydrous ether, and ether-saturated HCl gas was
cautiously added to the resulting solution. The white precipi-
tate formed was recovered and kept overnight in a vacuum
desiccator. Each particular aminoketone is described below.

1-[(1-Oxoindan-3-yl)methyl]-4-(2-pyridyl)piperazine
(10c). Yield, 85%, mp 175-177 °C (AcOEt). IR: 2945, 2825,
1717. 1H NMR (CDCl3): δ 2.50 (dd, 1H, J ) 12.4, 8.5, HCH-
NRR); 2.60 (dd, 1H, J ) 19.2, 3.0, H2 indanone); 2.59-2.67
(m, 4H, -CH2-N(CH2CH2)2-N-); 2.72 (dd, 1H, J ) 12.4, 6.7,
-HCH-NRR); 2.85 (dd, 1H, J ) 19.3, 7.5, H2 indanone); 3.51-
3.61 (m, 4H, -N(CH2CH2)2-N-); 3.60-3.64 (m, 1H, H3

indanone); 6.62-6.69 (m, 2H, H3 and H5 pyridine); 7.38 (t, 1H,
J ) 7.3, H6 indanone); 7.45-7.51 (m, 1H, H4 pyridine); 7.60
(t, 1H, J ) 7.4, H5 indanone); 7.67 (d, 1H, J ) 7.6, H4

indanone); 7.75 (d, 1H, J ) 7.6, H7 indanone); 8.19 (dd, 1H,
J ) 4.8, 1.5, H6 pyridine). MS (FAB, m/z): 308 (MH+). Anal.
(C19H21N3O) C, H, N. Hydrochloride: mp 230-232 °C (i-PrOH).

1-[(1-Oxoindan-2-yl)ethyl]-4-(o-methoxyphenyl)piper-
azine (12a). Yield, 70%. IR: 2938, 1715, 1608. 1H NMR
(CDCl3): δ 1.80-1.86 (m, 1H, HCH-CH2-NRR); 2.18-2.23
(m, 1H, HCH-CH2-NRR); 2.61 (t, 2H, J ) 7.4, -CH2-NRR);
2.69-2.80 (m, 5H, H2 indanone, -CH2-N(CH2-CH2)2N-);
2.88 (dd, 1H, J ) 17.1, 4.0, H3 indanone); 3.03-3.14 (m, 4H,
-CH2-N(CH2-CH2)2N-); 3.37 (dd, 1H, J ) 17.0, 8.0, H3

indanone); 3.87 (s, 3H, -OCH3); 6.84-7.02 (m, 4H, Ph); 7.36
(t, 1H, J ) 7.4, H6 indanone); 7.47 (d, 1H, J ) 7.5, H4

indanone); 7.58 (t, 1H, J ) 7.7, H5 indanone); 7.76 (d, 1H, J )
7.6, H7 indanone). MS (FAB, m/z): 351 (MH+). Hydrochlo-
ride: mp 215-216 °C (MeOH-ether). Anal. (C22H26N2O2‚2HCl)
C, H, N.

1-[2-(4-Oxo-4,5,6,7-tetrahydrobenzo[b]thiophen-5-yl)-
ethyl]-4-(2-pyridyl)piperazine (20c). Yield, 82%. IR: 2822,
1667, 1593. 1H NMR (CDCl3): δ 1.62-1.73 (m, 1H, -HCH-
CH2-N<); 1.98-2.09 (m, 1H, H6 benzothiophene); 2.17-2.38
(m, 2H, H6 benzothiophene, -HCH-CH2-N<); 2.53 (t, 2H,
J ) 7.8, -CH2-N<); 2.51-2.55 (m, 1H, H5 benzothiophene);
2.59 (t, 4H, J ) 5.1, -N(CH2-CH2)2N-Ar); 2.99-3.16 (m, 2H,
H7 benzothiophene); 3.53 (t, 4H, J ) 5.1, N(CH2-CH2)2N-
Ar); 6.59-6.65 (m, 2H, H3 and H5 pyridine); 7.05 (d, 1H, J )
5.3, H2 benzothiophene); 7.37 (d, 1H, J ) 5.3, H3 ben-
zothiophene); 7.43-7.49 (m, 1H, H4 pyridine); 8.17 (dd, 1H,
J ) 4.8, 1.3, H6 pyridine). MS (FAB, m/z): 342 (MH+).
Hydrochloride: mp 275-277 °C (MeOH-ether). Anal. (C19H23-
N3OS‚3HCl) C, H, N.

1-[(4-Oxo-4,5,6,7-tetrahydrobenzo[b]furan-5-yl)ethyl]-
4-(o-methoxyphenyl)piperazine (23a). Yield, 89%, mp 124-
125 °C (i-PrOH). IR: 2935, 1674, 1596. 1H NMR (CDCl3): δ
1.62-1.65 (m, 1H, -HCH-CH2NRR); 2.01 2.22 (m, 1H, HCH-
CH2NRR); 2.22-2.45 (m, 2H, 2H6 benzofuran); 2.47-2.61 (m,
2H; -CH2-NRR); 2.63-2.71 (m, 4H, -N(CH2-CH2)2N-);
2.88-2.93 (m, 3H, 2H7 and H5 benzofuran); 3.10-3.19 (m, 4H,
-N(CH2-CH2)2N-); 3.85 (s, 3H, -OCH3); 6.65 (d, 1H, J ) 2
Hz, H3 benzofuran); 6.83-7.01 (m, 4H, Ph); 7.31 (d, 1H, J ) 2
Hz, H2 benzofuran). MS (FAB, m/z): 355 (MH+). Hydrochlo-
ride: mp 223-224 °C (MeOH). Anal. (C21H26N2O3‚2HCl)
C, H, N.

1-[(4-Oxo-4,5,6,7-tetrahydrobenzo[b]furan-5-yl)ethyl]-
4-(2-pyridyl)piperazine (23c). Yield, 80%, mp 72-73 °C (i-
PrOH). IR: 2953, 2830, 1672, 1592. 1H NMR (CDCl3): δ 1.55-
1.62 (m, 1H, -HCH-CH2-NRR); 1.90-1.98 (m, 1H, H6

benzofuran); 2.13-2.20 (m, 1H, -HCH-CH2-NRR); 2.23-

2.28 (m, 1H, H6 benzofuran); 2.43-2.51 (m, 3H, H5 benzofuran,
-CH2-NRR), 2.52-2.58 (m, 4H, -N(CH2-CH2)2N-); 2.81-
2.93 (m, 2H, H7 benzofuran); 3.49 (t, 4H, J ) 5.1, -N(CH2-
CH2)2N-); 6.56-6.60 (m, 2H, H3 and H5 pyridine); 6.62 (d, 1H,
J ) 1.9, H3 benzofuran); 7.27 (d, 1H, J ) 1.8, H2 benzofuran);
7.42-7.48 (m, 1H, H4 pyridine); 8.16 (d, 1H, J ) 8.0, H6

pyridine). MS (FAB, m/z): 326 (MH+). Anal. (C19H23N3O2) C,
H, N. Hydrochloride: mp 197-198 °C (i-PrOH).

1-[(4-Oxo-4,5,6,7-tetrahydrobenzo[b]furan-5-yl)ethyl]-
4-(p-fluorobenzoyl)piperidine (23g). Yield, 85%, mp 112-
113 °C (i-PrOH). IR: 2953, 1683, 159. 1H NMR (CDCl3): δ
1.52-1.64 (m, 1H, -HCH-CH2-NRR); 1.84-1.97 (m, 5H,
-N(CH2-CH2)2CH-, -HCH-CH2-NRR); 1.97-2.41 (m, 4H,
-N(HCH-CH2)2CH-, 2H6 benzofuran); 2.46-2.49 (m, 3H,
-CH2-NRR, H5 benzofuran); 2.89-3.01 (m, 4H, -N(HCH-
CH2)2CH-, 2H7 benzofuran); 3.14-3.20 (m, 1H, -N(HCH-
CH2)2CH-); 6.65 (d, 1H, J ) 1.9, H3 benzofuran); 7.12 (t, 2H,
J ) 8.6, H3 and H5 Ph); 7.30 (d, 1H, J ) 1.9, H2 benzofuran);
7.93 (dd, 2H, J ) 8.7, 5.6, H2 and H6 Ph). MS (FAB, m/z): 370
(MH+). Anal. (C22H24FNO3) C, H, N. Hydrochloride: mp 275-
276 °C (i-PrOH). Anal. (C22H24FNO3‚HCl) C, H, N.

1-[(4-Oxo-4,5,6,7-tetrahydrobenzo[b]furan-5-yl)ethyl]-
4-(6-fluorobenzisoxazol-3-yl)piperidine (23h). Yield, 85%,
mp 124-125 °C (i-PrOH). IR: 2920, 1676, 1610. 1H NMR
(CDCl3): δ 1.57-1.70 (m, 1H, -HCH-CH2-NRR); 1.94-2.48
(m, 9H, -N(HCH-CH2)2CH-, -HCH-CH2-NRR, 2H6 ben-
zofuran); 2.50-2.66 (m, 3H, -CH2-NRR, H5 benzofuran);
2.83-2.98 (m, 4H, 2H7 benzofuran, -N(HCH-CH2)2CH-);
3.03-3.12 (m, 1H, -N(HCH-CH2)2CH-); 6.65 (d, 1H, J ) 1.9,
H3 benzofuran); 7.04 (dt, 1H, J ) 8.8, 2.1, H5 benzisoxazole);
7.07-7.27 (m, 1H, H7 benzisoxazole); 7.31 (d, 1H, J ) 1.9, H2

benzofuran); 7.69 (dd, 1H, J ) 8.7, 5.0, H4 benzisoxazole). MS
(FAB, m/z): 383 (MH+). Anal. (C22H23FN2O3) C, H, N. Hydro-
chloride: mp 257-258 °C (i-PrOH).

1-[(1-Oxo-1,2,3,4-tetrahydro-3-naphthyl)methyl]-4-(6-
fluorobenzisoxazol-3-yl)piperidine (11h). A solution of
3-(p-toluenesulfonyloxymethyl)-1,2,3,4-tetrahydronaphthalen-
1-one85 (0.24 g, 0.7 mmol) and 4-(6-fluorobenzisoxazol-3-yl)-
piperidine (0.55 g, 1.4 mmol) in 1-methyl-2-pyrrolidone (NMP,
7 mL) was stirred at 85 °C for 24 h. The solvent was
evaporated under reduced pressure, and the residue was
dissolved in CH2Cl2 and washed with water. The organic layer
was dried (Na2SO4), filtered, and concentrated under vacuo
to give an oil, which was purified by chromatography (silica
gel, EtOAc/hexane 1:1) to give the amine 11h (0.14 g, 51%) as
a yellowish oil. IR: 2941, 1684, 1616. 1H NMR (CDCl3): δ
2.04-2.26 (m, 6H, -CH2-N(CH2-CH2)2CH-); 2.33-2.50 (m,
4H, -CH2-N(CH2-CH2)2CH-); 2.74-2.90 (m, 2H, H3 and H4

tetralone); 3.00-3.20 (m, 4H, 2H2 and H4 tetralone, -N(CH2-
CH2)2CH-); 7.07 (dt, 1H, J ) 8.9, 2.1, H5 benzisoxazole); 7.25
(dd, 1H, J ) 8.7, 2.1, H7 benzisoxazole); 7.29-7.34 (m, 2H, H5

and H7 tetralone); 7.49 (dt, 1H, J ) 7.4, 1.4, H6 tetralone);
7.60-7.73 (m, 1H, H4 benzisoxazole); 8.03 (d, 1H, J ) 7.8, H8

tetralone). MS (EI, m/z): 378 (M+). Hydrochloride: mp 248-
250 °C (i-PrOH). Anal. (C23H23FN2O2‚HCl‚0.75H2O) C, H, N.

Methyl γ-[4-(2-Pyridyl)piperazin-1-yl]-â-(2-thenyl)bu-
tyrate (28). To a solution of N-(2-pyridyl)piperazine (0.82 g,
5 mmol) and methyl γ-bromo-â-thenylbutyrate (1.38 g, 5 mmol)
in MIK (35 mL) were added K2CO3 (2.5 g) and KI (0.045 g).
This mixture was refluxed for 12 h. Inorganic salts were then
filtered out, and the solvent was removed under reduced
pressure. The resulting oil was dissolved in CH2Cl2, washed
several times with water, and dried (Na2SO4). The CH2Cl2 was
removed under reduced pressure, and the residue was purified
by column chromatography (AcOEt/hexane, 1:1) to afford the
desired aminomethyl ester 28 (1.7 g, 95%) as an oil. IR: 1733,
1593. 1H NMR (CDCl3): δ 2.21-2.36 (m, 4H, -CH2-N(HCH-
CH2)2N-Ar); 2.44-2.61 (m, 5H, -CH2-COO, >CH-CH2-
N(HCH-CH2)2N-Ar); 2.87-2.93 (m, 2H, thiophene-CH2-);
3.49 (t, 4H, J ) 4.6, N(CH2-CH2)2N-Ar); 3.64 (s, 3H, -CO2-
CH3); 6.58-6.64 (m, 2H, H3 and H5 pyridine); 6.79 (d, 1H, J )
2.9, H3 thiophene); 6.92 (dd, 1H, J ) 5.1, 3.4, H4 thiophene);
7.14 (dd, 1H, J ) 5.2, 1.0, H5 thiophene); 7.46 (dd, 1H, J )
8.6, 5.2, H4 pyridine); 8.17 (dd, 1H, J ) 4.8, 1.7, H6 pyridine).
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MS (EI, m/z): 359 (M+). Hydrochloride: mp 137-139 °C
(MeOH-ether). Anal. (C19H25N3O2S‚3HCl) C, H, N.

1-[(4-Oxo-4,5,6,7-tetrahydrobenzo[b]thiophen-6-yl)-
methyl]-4-(2-pyridyl)piperazine (18c). To 34 g of PPA
(Fluka), stirring under argon at 90 °C, was slowly added crude
methyl γ-[4-(2-pyridyl)piperazin-1-yl]-â-(2-thenyl)butyrate 28
(1 g, 2.8 mmol), after which the temperature was increased to
130 °C. After 5 h, the reaction mixture was poured into ice-
water, made alkaline with 5 N NaOH, and extracted with CH2-
Cl2. The organic phase was washed several times with water
to neutral pH and dried (Na2SO4), and the CH2Cl2 was
removed in vacuo to afford the amine 18c (0.36 g, 40%) as an
oil. IR: 2927, 1669, 1594. 1H NMR (CDCl3): δ 2.32 (dd, 1H,
J ) 16.1, 11.1, H5 benzothiophene); 2.25-2.75 (m, 7H, H6

benzothiophene, -CH2-N(CH2-CH2)2N-Ar); 2.74 (dd, 1H,
J ) 17.0, 5.4, H7 benzothiophene); 2.75 (dd, 1H, J ) 16.1, 15.1,
H5 benzothiophene); 3.28 (dd, 1H, J ) 16.5, 3.9, H7 ben-
zothiophene); 3.53 (t, 4H, J ) 5.1, N(CH2-CH2)2N-Ar); 6.59-
6.65 (m, 2H, H3 and H5 pyridine); 7.07 (d, 1H, J ) 5.3, H2

benzothiophene); 7.38 (d, 1H, J ) 5.3, H3 benzothiophene);
7.47 (dd, 1H, J ) 8.6, 5.1, H4 pyridine); 8.18 (dd, 1H, J ) 4.9,
1.2, H6 pyridine). MS (FAB, m/z): 328 (MH+). Hydrochloride:
mp 144-146 °C (MeOH-ether). Anal. (C18H21N3OS‚3HCl)
C, H, N.

Pharmacology. Binding and functional assays were carried
out for most of the compounds prepared and plotted as shown
in Figures 1 and 2.

Rat 5-HT2A Binding Site Assays. Male 200-250 g
Sprague-Dawley rats were anaesthetized with CO2 and killed
by decapitation. The frontal cortex, containing 5-HT2A recep-
tors,22,15 was dissected free on ice, frozen on dry ice, and stored
at -70 °C until use (generally less than 1 week later).
Membrane preparation procedures were carried out at 4 °C.
The tissue was thawed on ice and homogenized with 10
volumes of 0.32 M sucrose in a Polytron homogenizer (Brink-
mann Instruments, Westbury, NY). The homogenate was
centrifuged twice at 4 °C (900g for 10 min followed by 40 000g
for 30 min). The supernatant was discarded, and the pellet
was resuspended in Tris-HCl buffer (pH 8.07) in a Teflon/glass
homogenizer (10 strokes by hand). The homogenate was
incubated at 37 °C for 15 min to remove endogenous 5-HT and
centrifuged for 30 min at 40 000g. The final pellet was
resuspended in Tris-HCl buffer of pH 8.07 containing 4 mM
CaCl2 and 0.1% ascorbic acid. Competition at [3H]ketanserin
binding sites was assayed in triplicate in assay mixtures
consisting of 750 µL of membrane homogenate, 50 µL of [3H]-
ketanserin, 50 µL of either the buffer or the compound under
test, 50 µL of nonspecific masking ligand solution (1 µM
methysergide) when required, and buffer to a final volume of
1 mL. Mixtures were incubated for 30 min at 37 °C. The assay
was terminated by rapid filtration through Whatman GF/C
filter strips (presoaked in 3% polyethylenimine) in a Brandel
cell harvester (Gaithersburg, MD) followed by washing with
ice-cold Tris-HCl buffer (pH 6.6) to remove unbound radioli-
gand. The radioactivity retained on filters was determined 3
h later, by liquid scintillation counting in a beta counter
(Beckman, LS-6000LL).

The nonlinear curve-fitting program Kaleidagraph (Synergy
Software, Reading, PA) was used to fit the equation E )
Emax - [Emax - Emin/(1 + (IC50/C)n)], where Emax and Emin are
dpm at the beginning and the end of the competition experi-
ment, respectively; IC50 is the drug concentration required to
inhibit binding by 50%; C is the concentration of the inhibitor;
and n is the slope of the sigmoidal decay. Nonspecific binding
was determined independently in the presence of unlabeled 1
µM methysergide. Ki values were calculated from the Cheng-
Prusoff equation:98 Ki ) IC50/(1 + D/Kd), where D is the
concentration and Kd is the apparent dissociation constant of
the ligand.

Bovine 5-HT2C Binding Site Assays. Bovine choroid
plexus containing 5-HT2C receptors19 was dissected free on ice,
frozen on dry ice, and stored at -70 °C until use (generally
less than 1 week later). Membrane preparation procedures
were carried out at 4 °C. The tissue was thawed on ice and

homogenized with 10 volumes of 0.32 M sucrose in a Polytron
homogenizer (Brinkmann Instruments, Westbury, NY). The
homogenate was centrifuged twice at 4 °C (900g for 10 min
followed by 40 000g for 30 min). The supernatant was dis-
carded, and the pellet was resuspended in Tris-HCl buffer (pH
7.5) in a Teflon/glass homogenizer (10 strokes by hand). The
homogenate was incubated at 37 °C for 15 min to remove
endogenous 5-HT and centrifuged for 30 min at 40 000g. The
final pellet was resuspended in Tris-HCl buffer of pH 7.5.
Competition at [3H]mesulergine binding sites was determined
by a protocol analogous to that described above for the 5-HT2A

binding assay, using a final [3H]mesulergine concentration of
2 nM, and 1 µM mianserine as nonspecific masking ligand.
The mixtures were incubated for 1 h at room temperature.
Membranes were harvested on Whatman GF/B filter (pre-
soaked in 3% polyethylenimine). The radioactivity retained on
filters was determined 12 h later, by liquid scintillation
counting in a beta counter (Beckman, LS-6000LL). IC50 and
Ki values were calculated as for rat 5-HT2A binding sites.

Antagonism of Serotonin at 5-HT2A Receptors from
Rat Aorta. Antagonism of serotonin at 5-HT2A receptors22,99

was assayed using denuded thoracic aorta from male (250-
350 g) Sprague-Dawley rats, anesthetized by CO2, and killed
by decapitation. The descending aorta was removed, cleaned,
stripped of endothelium, and cut into rings 4 mm in length79

that were then mounted under a tension of 2 g in an organ
bath containing 20 mL of Krebs solution of the following
composition (mM): NaCl, 119; KCl, 4.7; MgSO4‚7H2O, 1.2;
CaCl2‚2H2O, 1.5; KH2PO4, 1.2; NaHCO3, 25; glucose, 11.
Chlorpheniramine (1 µM) was added to block the uptake of
serotonin.100,101 The bath solution was maintained at 37 °C and
aerated with carbogen (95% O2, 5% CO2). Before the addition
of drugs, the tissue strips were equilibrated for 1 h under a 2
g load. Isometric contractions were recorded during cumulative
addition of serotonin using a Grass FTO3C transducer and a
Grass 7D polygraph. Following the equilibration period, the
rings were sensitized by the addition of 10 µM 5-HT for 8 min.
Equilibration periods (60 min)102 were then alternated with
the construction of cumulative 5-HT concentration-response
curves, as per Van Rossum103 (from 30 nM to 100 µM). Two
control runs giving identical curves were followed by test runs
with ketanserin or the new compounds, which were added to
the bath solution 20 min before the end of the preceding
equilibration period. 5-HT concentration-effect curves were
fitted to the following equation using the Kaleidagraph
program (Synergy Software, Reading, PA): E ) Emax[A]s/
EC50 + [A]s; where Emax, [A], and s represent the maximum
response, agonist concentration, and curve slope, respectively.
EC50 is the concentration of agonist that produces 50% of the
maximal response. Values of EC50 are given as mean ( sem
(standard error mean). Antagonist potency was measured with
a one dose method103 in terms of pA2 (-log concentration of
antagonist required to maintain a constant response when
agonist concentration is doubled), using the following equa-
tion: pA2) log((EC50′/EC50) - 1)/C; where EC50 and EC50′ are
the concentrations of the agonist whose effect is 50% of the
maximal effect, in the absence and in the presence of C
concentration of the antagonist, respectively.

Antagonism of Serotonin at 5-HT2B Receptors from
Rat Stomach Fundus. Antagonism of serotonin at 5-HT2B

receptors was assayed using rat stomach fundus from male
(250-300 g) Sprague-Dawley rats, anesthetized by CO2 and
killed by decapitation. The stomach was dissected free from
the abdomen and immersed in modified Krebs solution of the
following composition (mM): NaCl, 118; KCl, 4.7; MgSO4‚
7H2O, 1.2; CaCl2‚2H2O, 2.5; KH2PO4, 1.18; NaHCO3, 25;
glucose, 11. Strips of stomach fundus were prepared by Vane’s
method105 and mounted in organ baths containing 10 mL of
the same Krebs solution as above, maintained at 37 °C with
aeration using carbogen (95% O2, 5% CO2). Before the addition
of drugs, the tissue strips were equilibrated for 1 h under a 1
g load. Isometric contractions were recorded during cumulative
addition of serotonin using a Grass FTO3C transducer and a
Grass 7D polygraph. Then, a protocol analogous to that
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described above for 5-HT2A receptors was followed. Concentra-
tion-response curves for 5-HT were constructed as per Van
Rossum103 over the concentration range of 0.01 nM-10 µM.

Cell Culture. Chinese hamster ovary cells (CHO-FA4 cells)
that stably express the cloned human 5-HT2A serotonin recep-
tor were kindly provided by Dr. Kelly Berg and Dr. William
P. Clarke (University of Texas Health Science Center, San
Antonio, Texas). Cells were maintained in standard tissue
culture plates (150 mm diameter) in Dulbecco’s modified
Eagle’s medium (DMEM) F-12 medium (Gibco BRL, Paisley,
U.K.) supplemented with 10% fetal calf serum (FCS, Gibco
BRL, Paisley, U.K.), 1% L-glutamine (BIOSTAR, Alcorcón,
Spain), and 300 µg/mL hygromycin (Gibco BRL, Paisley, U.K.).

HeLa cells were transfected to stably express the cloned
human 5-HT2C serotonin receptors. Cells were maintained in
standard tissue culture plates (150 mm diameter) in DMEM
(BIOSTAR, Alcorcón, Spain), supplemented with 10% FCS
(BIOSTAR, Alcorcón, Spain), 1% L-glutamine (BIOSTAR,
Alcorcón, Spain), and 300 µg/mL geneticine (Gibco BRL,
Paisley, U.K.).

Human 5-HT2A Receptor Binding Assays. Prior to
harvesting, stably transfected cells were grown for 24 h in
DMEM F-12 medium supplemented with 10% dialyzed FCS
(Gibco BRL, Paisley, U.K.) to prevent regulatory effects of
5-HT, which is present in regular FCS. The culture medium
was aspirated, and cells were washed twice with ice-cold
phosphate-buffered saline (PBS), scraped off the culture plate
in PBS, and pelleted by centrifugation at 1000g for 10 min at
4 °C. Cell pellets were homogenized with a Polytron homog-
enizer in 50 mM Tris-HCl, pH 7.5, at 4 °C. The homogenate
was centrifuged at 24 000g for 30 min at 4 °C, and the
resulting pellet was resuspended in assay buffer (50 mM Tris-
HCl, pH 7.5). Competition at [3H]ketanserin binding sites was
assayed in duplicate in assay mixtures containing 750 µL of
membrane homogenate, 50 µL of [3H]ketanserin, 50 µL of
either the buffer or the compound under test, 50 µL of non-
specific masking ligand solution (1 µM methysergide) when
required, and buffer to a final volume of 1 mL. Mixtures were
incubated for 30 min at 37 °C. The assay was terminated by
rapid filtration through Whatman GF/C filter strips (presoaked
in 3% polyethylenimine) in a Brandel cell harvester (Gaith-
ersburg, MD) followed by washing with ice-cold Tris-HCl buffer
(pH 6.6) to remove unbound radioligand. The radioactivity
retained on filters was determined 3 h later, by liquid
scintillation counting in a beta counter (Beckman, LS-6000LL).
IC50 and Ki values were calculated as for rat 5-HT2A binding
sites.

Human 5-HT2C Receptor Binding Assays. Prior to
harvesting, stably transfected cells were grown for 24 h in
DMEM medium supplemented with 10% dialyzed FCS (Gibco
BRL). Cell membranes were obtained as for the human 5-HT2A

binding assay. Competition at [3H]mesulergine binding sites
was determined by a protocol analogous to that described
above for the bovine 5-HT2C binding assay.

Drugs. 5-Hydroxytryptamine‚HCl, mianserine, and methy-
sergide and all other drugs and chemicals were reagent grade
products from Sigma-R. B. I. (Alcobendas, Spain). Aqueous
solutions of all drugs as their hydrochlorides were prepared
daily using distilled water. All drug concentrations mentioned
above are final molar concentrations. [3H]Ketanserin (60.08
Ci/mmol) and [3H]mesulergine (76 Ci/mmol) were obtained
from DuPont NEN (Boston, MA) and Amersham (England),
respectively.

Molecular Modeling. GRID-GOLPE. The ligands were
built in the most extended conformations using standard bond
distances and angles as defined in SYBYL 6.5.106 The ligand
geometries were then optimized by energy minimization using
the parameter set included in the MOPAC (version 6.0)107 suite
of programs, with the PM3 Hamiltonian. The molecular
alignment was carried out with low energy conformers, fol-
lowing a protocol described in a previous publication of some
of the present authors64 and taking into account the pharma-
cophoric model developed by Höltje for 5-HT2A antagonists.108

The centroid(s) of the aromatic system(s), the oxygen atoms

of carbonyl and methoxy groups, the isoxazolyl and pyridyl
nitrogens, the charged amino group, and the carbonyl of the
cycloalkanone moiety were chosen as key fitting elements for
ligand superposition.64 The molecular interaction potentials
were calculated with GRID using four different atom probes,
namely the sp3 carbon (C1), the charged sp3 nitrogen (N3+),
the alcoholic hydroxyl (sp3 oxygen, O1), and the hydrophobic
probe (DRY) to measure steric, electrostatic, hydrogen bonding,
and hydrophobic interactions, respectively. All of the GRID
calculations were performed in a box with dimensions equal
to 30 Å × 20 Å × 25 Å using a grid spacing of 1 Å.

The resulting probe-target interaction energies for each
compound were unfolded to produce one-dimensional vector
variables for each compound, which were assembled in the so-
called X matrix. This matrix was pretreated by first using a
cutoff of 5 kcal/mol to produce a more symmetrical distribution
of energy values and then zeroing small variable values and
removing variables with small standard deviation, using
appropriate cutoffs. In addition, variables taking only two,
three, or four values and presenting a skewed distribution
were also removed. The SRD (number of seeds ) 1500, critical
distance ) 1.0 Å, collapsing cutoff ) 2.0 Å) was applied
followed by three consecutive FFD variables selection runs.
PLS cross-validated analyses were performed with the leave-
one-out procedure. In all cases, the optimal number of com-
ponent (ONC) was chosen by monitoring the changes in the
fitting (r2) and predictive (q2) ability of the model upon addition
of a new latent variable. Because in many cases models with
the highest q2 value had a relatively large number of compo-
nents, the associated risk of overfitting was avoided by
selecting, from a plot of q2 vs the number of components, the
ONC as the one at which the curve starts to flatten.

Docking. Models of the transmembrane R-helices bundle
of both receptor subtypes (5-HT2A and 5-HT2C) were built
following a procedure analogous to others previously de-
scribed.109,110 First, on the basis of the transmembrane se-
quences taken from the Swissprot database,111 each helix was
separately built with the Biopolymer module of Insight II112

using constant values of angles φ (-44°) and ι (-59°). Then,
each helix was submitted to a molecular mechanics geometrical
optimization using the AMBER 4.1 program.113 Once opti-
mized, the seven helices were packed in agreement with the
electron density maps of bovine rhodopsin.59 To place the
helices in their appropriate relative rotational position, we
considered their hydrophobicity profiles as well as experimen-
tal information on the relative position of particular residues,
for example, the known hydrogen bond between an Asp in
TMH2 and an Asn in TMH7.60 Then, the geometry of the
resulting transmembrane bundle was geometrically optimized
using again the AMBER 4.1 program.
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