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The CoMFA methodology was applied to melatonin receptor ligands in order to establish
quantitative structure-affinity relationships. One hundred thirty-three compounds were
considered: they were either collected from literature or newly synthesized in order to gain
information about the less explored positions. To this end, various melatonin derivatives were
prepared and their affinity for quail optic tecta melatonin receptor was tested. Compounds
were aligned on the putative active conformation of melatonin proposed by our previously
reported pharmacophore search, and their relative affinities were calculated from the
displacement of 2-[125I]-iodomelatonin on different tissues expressing aMT receptors. Com-
pounds were grouped into three sets according to their topology. Subset A: melatonin-like
compounds; subset B: N-acyl-2-amino-8-methoxytetralins and related compounds; subset C:
N-acyl-phenylalkylamines and related compounds. CoMFA models were derived for each set,
using the steric, electrostatic, and lipophilic fields as structural descriptors; the PLS analyses
were characterized by good statistical parameters, taking into account the heterogeneity of
the binding data, obtained with different experimental protocols. From the CoMFA model for
the melatonin-like compounds, besides the well-known positive effect of 2-substitution, a low
steric tolerance for substituents in 1, 6, and 7, and a negative effect of electron-rich
4-substituents were observed; the information provided by the newly synthesized compounds
was essential for these results. Moreover, a comprehensive model for the 133 compounds,
accounting for a common alignment and a common mode of interaction at the melatonin
receptor, was derived (Q2 ) 0.769, R2 ) 0.905). This model validates our previously reported
pharmacophore search and offers a clear depiction of the structure-affinity relationships for
the melatonin receptor ligands.

Introduction
Melatonin (N-acetyl-5-methoxytryptamine, aMT, AI-

1) is the principal hormone of the vertebrate pineal
gland, and is produced mainly at night.1 Melatonin
synchronizes circadian rhythms in birds, reptiles, and
mammals,2 modulates several aspects of retinal physiol-
ogy,3 and regulates some aspects of reproduction in
seasonally breeding animals.4 aMT has been implicated
in a number of pathological states, suggesting its
therapeutic application in several disorders such as
delayed sleep-phase syndrome,5 seasonal depression,6
jet-lag,7 shift work disturbances,8 and as a hypnotic
agent.9 These effects are achieved through the binding
of aMT to high affinity G-protein coupled receptors,10

which have been classified into different subtypes

named Mel1a, Mel1b, and Mel1c.11 Recent progress in
this area has been the cloning of melatonin receptors
from Xenopus dermal melanophores12 and from ham-
ster, sheep, and human brains.13 The hormone has also
been found to have an influence on the immune system14

and to be useful as a coadjuvant in cancer therapy.15

Besides the receptor-mediated effects, aMT is a potent
radical scavenger,16 protects neurons from kainate-
induced excitotoxicity,17 and inhibits nitric oxide syn-
thase,18 suggesting that aMT or its synthetic analogues
might be considered for use as pharmacological agents
for the treatment of neurodegenerative pathologies.19

The field has recently been reviewed.20

In the past decade, the synthesis of several potent
indole and non-indole melatonin receptor ligands has
advanced our knowledge of the structural requirements
for the binding of aMT to its receptors. However, for a
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rational drug design in this area, a model capable of
quantitatively predicting the biological activity of new
compounds would be highly desirable.

Different classes of melatonin receptor ligands have
recently been reported. They have been designed on the
basis of their bioisosterism with the indole structure of
aMT, such as the naphthalene analogues21 or the new
1-(N-acyl-2-aminoethyl)indole derivatives,22 or with the
aim of verifying whether simplified structures, such as
the phenyl derivatives,21a,23 could maintain high binding
affinity. Moreover, many structurally different classes
of conformationally constrained compounds have been
developed,24 to test the possible relative spatial orienta-
tions of the groups interacting with the receptor.

From qualitative and quantitative structure-affinity
studies, the 5-methoxyaryl and the amido moieties of
aMT have been found to be essential in achieving high
affinity melatonergic ligands,24a,25 and various chemical
substituents on the 2 position of the indole ring to
enhance the binding affinity.26 To define possible
pharmacophore models for this receptor, we submitted
aMT and other conformationally restricted ligands to
the pharmacophore searching procedure DISCO;27 two
models (models A and B) were obtained, in which eight
putative pharmacophore points, originating from the
previously cited methoxyaryl and amido groups, were
considered. The putative active conformations of aMT
proposed by these models are characterized by the
methoxy group in the plane of the indole ring, with the
methyl group pointing toward the side chain, which in
turn is positioned orthogonally to the indole ring; the
two models differ in the orientation of the amido group
upon rotation of the CR-N bond.24b

Other authors have recently proposed both 3D-QSAR
and pseudoreceptor models of the putative binding site
based on limited sets of compounds. Sicsic et al.28

reported the results of a CoMFA study applied to a set
of compounds limited in number (48) and in chemical
diversity, and based on a different approach (see Results
and Discussion). These compounds were tested in a
binding assay on chicken brain membranes and aligned
on a conformationally constrained phenalene derivative
characterized by moderate affinity; the resulting phar-
macophore model is different from those proposed by
us,24b and therefore the relative alignment is also
different. Sugden,25 Grol,29a and Navajas,30 on the other
hand, proposed three different models of the putative
structure of the melatonin receptor. These models differ
from one another not only in the building approach, the
first two receptors being modeled on the known 3D
structure of bacteriorhodopsine and the last one on that
of rhodopsine, but also as to the putative binding points
of aMT and the nature and position of the amino acids
involved in the interaction. The papers by Sugden and
Navajas seem to derive a ligand-receptor interaction
scheme only on the basis of the putative interaction
points and of the protein primary sequence, as they
consider aMT in its extended form, and no conforma-
tional and/or pharmacophore search is reported. The
homology modeling study presented by Grol confirms
the results of the pharmacophore search reported by
Jansen,29b which proposed an active conformation of
aMT differing from ours24b in the orientation of the
amido group.

In the present paper we report the results of a new
3D-QSAR study performed with the aim of finding out
quantitative structure-affinity relationships between
different chemical classes of melatonergic ligands. At
the moment there are no data on the functional activity
of a large number of ligands; although the issue of
structure-efficacy relationships is not examined in this
work, we analyzed compounds with at least partial
agonism, or ligands having only minor structural dif-
ferences from known agonists (see Pharmacology and
Discussion). In our opinion, this allows the hypothesis
of a common alignment for the search of 3D-QSARs.

Despite the recent classification of Mel1 receptors in
three subtypes11 (a, b, and c), a huge amount of
literature binding data comes from tissues expressing
more than one subtype.29c Although further studies
could be able to exploit different SARs for different
receptor subtypes, this is impossible with the available
binding data. The present paper refers therefore to the
potency of the ligands in displacing 2-[125I]-iodomelato-
nin from different tissues, apparently behaving in the
same way with respect to structure-affinity profiles.
This behavior has been observed in a detailed study on
the binding of 21 ligands, representative of the struc-
tural variation considered in our work, to different
tissue preparations.29d

The CoMFA methodology31 was applied to an ex-
tended set of compounds (133) [Figure 1, Table 1], some
known from literature and others specifically synthe-
sized, to gain information about the less explored
positions. While the effect of some substituents at
position 2 of the indole nucleus has been studied in
detail,26 the effect of introducing substituents at other
positions has been poorly examined, if at all. Some new
derivatives were therefore synthesized (AI-12, -13, -15,
-35, -38, -41, -43, -44) and some known compounds (AI-
18, -19, -20, -29, -30, -31, -32, -42) were re-prepared to
be tested, to increase the information available. In
particular, the methoxy group in position 5 was substi-
tuted with halogens (AI-29, -30, -32), methyl (AI-31),
or the bulkier 2-hydroxyethyloxy group (AI-35), or
moved to other positions, 4 (AI-18), 6 (AI-19), and 7 (AI-
20), to test whether the effect on affinity of a variation
in the topology of essential attachment points could be
accounted for by a topographical 3D-QSAR model. The
effect of a halogen (Br) was evaluated in position 6 (AI-
38), and different substituents were introduced on the
indole nitrogen (AI-42, -43, -44). The simultaneous
presence of two halogen groups was evaluated in
compounds AI-12 and AI-13 while several methoxy
groups were introduced in compounds AI-15 and AI-
41. Compounds without an acetylamino or propiony-
lamino side chain were excluded from the analysis, as
we were not interested in studying the effects of the side
chain substituents, for which, in any case, attempts at
explanation have already been made.21b,23,30 For the
same reason, we did not consider the R or â substituted
derivatives on the amidoethyl side chain. The CoMFA
methodology was applied to all the 133 melatonergic
ligands, taking as a starting point our previously
proposed putative pharmacophore models.24b Several
CoMFA analyses, including molecular lipophilicity po-
tential (MLP),32 together with the steric and electro-
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static fields, were performed, grouping the melatonin
receptor ligands into three different structural classes
(see Data Set and Classification in the Experimental
Section). Subset A: melatonin-like compounds; subset
B: N-acyl-2-amino-8-methoxytetralins and related com-
pounds; subset C: N-acyl-phenylalkylamines and related
compounds (Table 1). A global model for the compounds
of the three classes and for unclassified ligands (subset
D) was built under the hypothesis of a common mode
of interaction at the melatonin receptor.

Results and Discussion

The results of binding studies for newly tested com-
pounds, reported in Table 2, gave new information on
SAR for melatonergic ligands. The positive effect of a
2-Br substitution, already observed for compound AI-5
(Table 1), was partially reversed by the introduction of
an additional Br atom in position 6 (AI-13), and fully
reversed when the second halogen was introduced in
position 4 (AI-12). Negative effects for substitution in
positions 4 and 6, ortho to the 5-methoxy group, were
also observed for compounds AI-15 and AI-38.

The absence of the 5-methoxy group gave a general
drop in affinity, as expected from previous SAR, the
known N-acetyltryptamine (AI-16 in Table 1) being

1000 times less potent than aMT. The introduction of
a halogen atom (AI-30, -32, and -29) led to a loss of
affinity, compared to aMT, which was limited for Br and
Cl, and higher for F; a methyl group (AI-30), or the
bulkier 2-hydroxyethyloxy group (AI-35), caused an
even greater loss of affinity. Moreover, the topology of
aMT resulted unique, as other methoxy tryptamine
derivatives displayed significantly less affinity, in
the order 4-OCH3 (AI-18) > 7-OCH3 (AI-20) > 6-OCH3

(AI-19). When more than one methoxy group is pre-
sent, the binding of the 5- group seems prevalent, the
5,7-dimethoxy derivative (AI-41) having a higher affin-
ity than the 7-methoxy; compound AI-41 provides
unique information on the 7 position of the indole ring.
Alkylation at the nuclear nitrogen leads to a slight
decrease in affinity with a small methyl group (AI-42),
and to a more pronounced one with bulkier groups (AI-
43, -44).

The 133 melatonin receptor ligands reported in Table
1 were aligned on the aMT conformation corresponding
to our pharmacophore model B (see Alignment Rules
in the Experimental Section) and grouped in three
subsets (A, B, and C; see Data Set and Classification)
which were submitted to CoMFA analysis; the results
of the 3D-QSAR analyses for each subset and for the

Figure 1. Schematic representation of compounds included in the analysis (see Table 1). The common substructures used in the
alignment are represented in bold.
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Table 1. Melatonin Receptor Ligands Included in CoMFA Analyses (see Figure 1 for general formulas and label definition)

compd R R1 R2 R4 R5 R6 R7 X pRAb ref
pRA

calcdc
pRA calcd
in subsetd

AI-1 CH3 H H H OCH3 H H N 0.00 -0.71 -0.47
AI-2 CH2CH3 H H H OCH3 H H N 0.33 24c -0.30 -0.18
AI-3 CH3 H C6H5 H OCH3 H H N 1.30 26 0.29 0.92
AI-4 CH2CH3 H C6H5 H OCH3 H H N 1.10 51 0.72 1.25
AI-5 CH3 H Br H OCH3 H H N 1.30 26 0.74 0.95
AI-6 CH3 H I H OCH3 H H N 1.70 26 0.95 1.12
AI-7 CH3 H Cl H OCH3 H H N 1.00 25 0.48 0.71
AI-8 CH3 H CH3 H OCH3 H H N 0.41 26 0.23 0.63
AI-9 CH3 H CH(CH2)2 H OCH3 H H N -0.59 26 0.05 0.13
AI-10 CH3 H C6H11 H OCH3 H H N -0.68 26 -0.38 -0.18
AI-11 CH3 H CH2C6H5 H OCH3 H H N -1.50 60 -1.67 -1.51
AI-12a CH3 H Br Br OCH3 H H N -1.07 -0.83 -0.80
AI-13a CH3 H Br H OCH3 Br H N 0.42 0.81 0.73
AI-14 CH3 H CH3 H OCH3 Cl Cl N 0.40 24c 0.51 0.34
AI-15a CH3 H H OCH3 OCH3 OCH3 H N -3.09 -3.43 -3.74
AI-16 CH3 H H H H H H N -3.07 52 -3.06 -3.22
AI-17 CH2CH3 H H H H H H N -2.83 52 -2.68 -2.95
AI-18a CH3 H H OCH3 H H H N -2.52 -2.35 e
AI-19a CH3 H H H H OCH3 H N -3.40 -3.22 e
AI-20a CH3 H H H H H OCH3 N -3.13 -3.13 e
AI-21 CH3 H H H H F H N -2.37 28 -2.50 -2.75
AI-22 CH3 H C6H5 H H H H N -2.23 51 -2.13 -1.87
AI-23 CH2CH3 H C6H5 H H H H N -2.07 51 -1.70 -1.57
AI-24 CH3 CH3 C6H5 H H H H N -2.03 51 -2.45 -2.16
AI-25 CH3 CH2CH3 C6H5 H H H H N -2.42 51 -3.08 -2.88
AI-26 CH3 H Br H H H H N -2.37 52 -1.70 -1.82
AI-27 CH3 H Br H H Br H N -2.32 52 -1.63 -2.03
AI-28 CH2CH3 H Br H H Br H N -1.66 52 -1.25 -1.85
AI-29a CH3 H H H F H H N -2.13 -2.65 -2.61
AI-30a CH3 H H H Br H H N -1.45 -2.25 -2.09
AI-31a CH3 H H H CH3 H H N -2.61 -2.17 -2.26
AI-32a CH3 H H H Cl H H N -1.70 -2.32 -2.22
AI-33 CH3 H H H OH H H N -3.31 25 -2.12 -2.20
AI-34 CH3 H H H OCH2C6H5 H H N -2.85 25 -2.87 -3.09
AI-35a CH3 H H H O(CH2) 2OH H H N -2.69 -2.45 -2.52
AI-36 CH3 H H H OCH3 F H N -0.18 25 -0.11 0.02
AI-37 CH3 H H H OCH3 Cl H N -0.30 26 -0.48 -0.60
AI-38a CH3 H H H OCH3 Br H N -0.70 -0.62 -0.71
AI-39 CH3 H H H OCH3 OH H N -1.42 25 -0.93 -0.79
AI-40 CH3 H H H OCH3 OCH3 H N -2.12 25 -1.99 -1.94
AI-41a CH3 H H H OCH3 H OCH3 N -2.32 -2.33 -2.49
AI-42a CH3 CH3 H H OCH3 H H N -1.04 -0.90 -0.65
AI-43a CH3 CH2C6H5 H H OCH3 H H N -2.66 -2.48 -2.34
AI-44a CH3 C6H5 H H OCH3 H H N -2.92 -2.49 -2.68
AI-45 CH3 H H OCH3 H H O -0.97 21b -1.15 -0.89
AI-46 CH3 H H OCH3 H H S -0.79 21b -0.50 -0.50
AII-1 CH2CH3 C6H5 H H -1.58 22 -1.80 -1.87
AII-2 CH3 H OCH3 H -0.74 22 -0.61 -0.62
AII-3 CH2CH3 H OCH3 H -0.51 22 -0.17 -0.32
AII-4 CH2CH3 Br OCH3 H 1.15 22 1.24 1.03
AII-5 CH2CH3 COOCH3 OCH3 H 0.42 22 1.03 0.35
AII-6 CH2CH3 C6H5 OCH3 H 1.70 22 0.74 0.97
AII-7 CH2CH3 H H OCH3 -3.39 22 -2.82 e
AII-8 CH2CH3 I H OCH3 -2.22 22 -2.38 e
AIII-1 CH3 H OCH3 H 0.09 21a 0.03 -0.04
AIII-2 CH2CH3 H OCH3 H 0.57 28 0.47 0.26
AIII-3 CH3 OCH3 OCH3 H 0.82 21a 0.98 e
AIII-4 CH2CH3 OCH3 OCH3 H 1.00 21a 1.38 e
AIII-5 CH3 H H OCH3 -2.73 21b -2.74 e
AIII-6 CH3 H H H -2.68 21a -2.44 -2.80
AIII-7 CH3 H OH H -1.65 28 -1.47 -1.75
AIV-1 A ) furan -0.93 24e -0.82 -1.02
AIV-2 A ) 4-oxo-4,5-dihydrofuran -2.18 24e -1.43 -1.39
AIV-3 A ) pyran -0.18 24e -0.23 -0.24
AIV-4 A ) 2H-3,4-dihydropyran -0.37 24e 0.08 -0.19
BI-1 CH3 OCH3 H H CH2 -1.91 24c -2.61 -2.23
BI-2 CH2CH3 OCH3 H H CH2 -1.11 24c -1.89 -1.27
BI-3 CH3 OCH2CH3 H H CH2 -2.53f 29b -2.39 -2.31
BI-4 CH3 OCH3 H Cl CH2 -2.23f 29b -2.29 -2.23
BI-5 CH3 H H H CH2 -3.07 24c -3.41 -3.15
BI-6 CH2CH3 H H H CH2 -2.41 24c -2.77 -2.23
BI-7 CH3 H OCH3 H CH2 -2.33 24c -2.53 f
BI-8 CH3 H H OCH3 CH2 -3.53 24c -3.17 f
BI-9 CH3 OCH3 H H O -4.16 24d -3.14 -3.95
BI-10 CH2CH3 OCH3 H H O -2.89 24d -2.44 -2.94
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comprehensive model are summarized in Table 3. The
best analyses were selected on the basis of their predic-
tive power.

Subset A includes those melatonin receptor ligands
identical from a topological point of view to the natural
ligand. The best model is a four latent variable (LV)
steric and electrostatic one, whose graphical representa-
tion is shown in Figure 2 (top). The most important
positive steric regions (green) are situated near aMT

position 2, where a substituent is considered to be able
to enhance the binding affinity, and around the CH3 of
the 5-methoxy group. The latter allows us to distin-
guish between the majority of methoxy derivatives and
those having the methyl group perpendicular to the
aromatic ring (because of the presence of 4-substitu-
ents), which are generally less potent. The negative
steric region (red) corresponding to position 6, 7 of aMT,
shows that affinity is not favored by the presence of

Table 1. continued

compd R R1 R2 R4 R5 R6 R7 X pRAb ref
pRA

calcdc
pRA calcd
in subsetd

BII-1 CH3 OCH3 H -1.71 28 -1.66 -1.78
BII-2 CH2CH3 OCH3 H -1.12 24f -0.95 -0.84
BII-3 CH3 OCH3 OH -1.84 24f -1.26 -1.82
BII-4 CH3 OCH3 OCH3 -0.18 24f -1.09 -0.17
BII-5 CH3 H H -2.63 24f -2.86 -2.84
BIII-1 H -2.74 24b -2.10 -2.54
BIII-2 Br -1.52 24b -1.21 -1.62
BIV-1 A ) benzo -2.77 24f -3.20 -2.82
BIV-2 B ) benzo -2.56 24f -2.83 -2.66
CI-1 CH3 OCH3 H H H 2 -2.99 23 -2.90 -2.73
CI-2 CH2CH3 OCH3 H H H 2 -2.36 23 -2.20 -1.94
CI-3 CH3 OCH3 H H OCH3 2 -2.02 21a -2.03 -2.19
CI-4 CH2CH3 OCH3 H H OCH3 2 -1.42 21a -1.33 -1.40
CI-5 CH3 OCH3 H H Br 2 -1.80 21a -2.45 -1.97
CI-6 CH2CH3 OCH3 H H Br 2 -1.08 21a -1.74 -1.18
CI-7 CH3 OCH3 H H CH3 2 -2.46 21a -2.51 -2.63
CI-8 CH2CH3 OCH3 H H CH3 2 -1.98 28 -1.80 -1.83
CI-9 CH3 OCH3 H H CH2CH3 2 -2.51 21a -2.16 -2.39
CI-10 CH3 OCH3 H H C6H5 2 -2.63 28 -3.42 -2.68
CI-11 CH3 H OCH3 H H 2 -3.21 23 -2.56 -2.68
CI-12 CH2CH3 H OCH3 H H 2 -2.02 23 -2.05 -2.06
CI-13 CH3 H OCH3 OCH3 H 2 -3.17 23 -3.42 -3.12
CI-14 CH2CH3 H OCH3 OCH3 H 2 -2.34 23 -2.91 -2.51
CI-15 CH3 OCH3 H H H 3 -3.38 23 -3.32 -3.41
CI-16 CH2CH3 OCH3 H H H 3 -2.80 23 -2.96 -3.07
CI-17 CH3 H OCH3 H H 3 -2.03 23 -1.57 -1.85
CI-18 CH2CH3 H OCH3 H H 3 -0.98 23 -1.07 -1.21
CI-19 CH3 H F H H 3 -3.51 23 -3.62 -3.57
CI-20 CH2CH3 H F H H 3 -3.10 23 -3.11 -2.93
CI-21 CH3 H Cl H H 3 -3.03 23 -3.29 -3.32
CI-22 CH3 H Br H H 3 -3.16 23 -3.20 -3.28
CI-23 CH2CH3 H Br H H 3 -2.73 23 -2.69 -2.64
CI-24 CH2CH3 OCH3 H H H 4 -2.76 23 -2.42 -2.55
CI-25 CH2CH3 H OCH3 H H 4 -2.30 23 -1.99 -2.38
CII-1 CH3 OCH3 H -0.60 21a -0.76 -0.98
CII-2 CH2CH3 OCH3 H 0.00 21a -0.23 -0.35
CII-3 CH3 OCH2CH3 H -0.72 28 -0.61 -0.66
CII-4 CH2CH3 OCH2CH3 H -0.20 28 -0.08 -0.02
CII-5 CH2CH3 OCH3 OCH3 -1.25 28 -1.06 -0.91
CIII-1 -2.77 24b -2.06 -2.86
DI-1 H -1.12 24b -1.07
DI-2 C6H5 0.19 24b 0.12
DII-1 H -0.65 24b -1.35
DII-2 COOCH2CH3 0.11 24b -0.22
DIII-1 CH3 OCH3 A ) benzo -1.80 24b -1.62
DIII-2 CH3 H A ) benzo -2.91 24b -3.16
DIII-3 CH3 OCH3 A ) tetrahydrobenzo -2.57 24a -2.15
DIII-4 CH2CH3 OCH3 A ) tetrahydrobenzo -1.84 24a -1.85
DIII-5 CH3 H A ) tetrahydrobenzo -3.96 24a -3.57
DIII-6 CH2CH3 H A ) tetrahydrobenzo -2.87 24a -3.23
DIV-1 CH3 OCH3 -0.21 24a -0.43
DIV-2 CH3 H -2.59 24a -2.85
DIV-3 CH2CH3 OCH3 -0.39 24a -0.06
DIV-4 CH2CH3 H -2.54 24a -2.46
DV-1 CH3 1 -2.12 24g -2.10
DV-2 CH2CH3 1 -1.22 24g -1.40
DV-3 CH2CH3 0 -2.83g 24g -2.79
DVI-1 -1.76 24g -1.84

a Compounds newly synthesized or tested. b Negative logarithm of relative affinity of compounds, compared to that of aMT in the same
experiment, and used as the dependent variable in the CoMFA analyses. c pRA calculated by the comprehensive model. d pRA calculated
by the best CoMFA analysis for each subset. e Excluded by the partial model as topologically different from aMT. f Excluded by the partial
model as topologically different from the other N-acyl-2-amino-8-methoxytetralins. g Negative logarithm of the harmonic mean calculated
from the values of the enantiomers (see details in the Experimental Section).
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substituents in this area. Another negative steric region
is observed between positions 1 and 2 of aMT, above
the indole plane; this is essentially due to the presence
in this region of the two benzyl groups of compounds
AI-11 and AI-43, both less potent than aMT. The
electrostatic field contributes to a lesser extent (25.6%
vs 74.4%) to the explanation of the variation in affinity.
Two magenta regions (negative electrostatic potential
favorable) are observed close to the aMT methoxy group.
The one to the left of the oxygen atom indicates that
this atom probably binds to the active site through some
electrostatic interaction or hydrogen bond. The second
magenta region, inscribed into the green (steric) one, is
due to the 5-halogen-substituted derivatives and to
those compounds having the 5-methoxy group out of the
indole plane, which are more potent than the 5-hydrogen-
substituted compounds. In fact, when 5-halo-deriva-
tives are excluded from the analysis, this region becomes
less pronounced, but it is still present. Another elec-
trostatic region (positive potential favorable, black) is
positioned near the indole NH group of aMT and is due
to the benzofuran and benzothiophene derivatives AI-
45 and AI-46. The PLS analysis obtained for subset A,
despite a residual standard error of 0.41 log units,
accounts for 92.1% of the affinity variation. The het-

erogeneity of the binding data, obtained with different
experimental protocols, prevents further improvement
of the statistics of the model; this is not the case for
subsets B and C, where more homogeneous values were
available.

The N-acyl-2-amino-8-methoxytetralins and related
compounds in subset B are all less potent than aMT.
This is probably due to the constrained spatial disposi-
tion of the melatonin-like amidoethyl side chain and/or
to the methoxy group orientation out of the plane of the
ring, which could make interaction with the receptor
more difficult. The presence of a third phenyl ring,
condensed with the tetralin structure, seems to improve
potency, as can be seen in the tetrahydrophenalene
derivatives BII. The best model obtained for subset B
was a three latent variable PLS analysis in which the
lipophilic, steric, and electrostatic fields were correlated
with the affinity for the melatonin receptor. The
graphical representation (Figure 2, center) shows a
magenta region near the methoxy oxygen, where the
presence of negative electrostatic potential can enhance
affinity. Positive steric (green) and lipophilic (yellow)
regions are present near positions 4 and 5 of the
tetralins, surrounding the third ring of the BII com-
pounds cited. The black region inscribed therein is due

Table 2. Binding Affinitya of Newly Tested Melatonin Analogues for the Melatonin Receptor

compd R1 R2 R4 R5 R6 R7 IC50 Ki RAb

aMT (AI-1) 2.2 0.61 1
AI-12 H Br Br OCH3 H H 23.3 5.75 11.2
AI-13 H Br H OCH3 Br H 0.654 0.176 0.38
AI-15 H H OCH3 OCH3 OCH3 H 2460 617 1234
AI-18 H H OCH3 H H H 772 190 332
AI-19 H H H H OCH3 H 4800 1180 2517
AI-20 H H H H H OCH3 2620 647 1360
AI-29 H H H F H H 295 72.8 136
AI-30 H H H Br H H 33.6 8.91 28
AI-31 H H H CH3 H H 719 180 405
AI-32 H H H Cl H H 126 30 50
AI-35 H H H O(CH2)2OH H H 1020 289 492
AI-38 H H H OCH3 Br H 12.8 2.98 5
AI-41 H H H OCH3 H OCH3 491 121 211
AI-42 CH3 H H OCH3 H H 25.5 6.72 11
AI-43 CH2C6H5 H H OCH3 H H 1090 287 456
AI-44 C6H5 H H OCH3 H H 1470 380 828
a IC50 and Ki values are expressed in nM and are the means of at least three independent determinations performed in duplicate,

derived from nonlinear fitting strategies. The SEM values were below 15% of the mean. b Relative affinity ) [(IC50 compd.)/(IC50 aMT)]
determined in parallel, in the same experiment.

Table 3. Statistics of the CoMFA Models

data set N fields LVs R2 s Q2 a SDEP a,b

subset A: melatonin-like compounds 57 S, E 4 0.921 0.408 0.745 0.701 %S 74.4
%E 25.6

subset B: N-acyl-2-amino-8-methoxytetralins 17 S, L, E 3 0.965 0.189 0.692 0.495 %S 46.6
%L 36.9
%E 16.5

subset C: N-acylphenylalkylamines 31 S, E 3 0.948 0.232 0.785 0.440 %S 67.9
%E 32.1

global set 133 S, E 5 0.905 0.421 0.769 0.639 %S 68.4
%E 31.6

a With leave one out procedure; with four cross-validation groups and the reported number of latent variables: Q2 ) 0.742 (subset A),
0.619 (subset B), 0.810 (subset C), 0.736 (global set). b Calculated as [Σ(y-yPRED)2/N]1/2 (ref 61).
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to the chromane derivatives BI-9, -10, whose electrone-
gative oxygen atom exerts a deep negative effect on
affinity.

Subset C is composed of 31 compounds characterized
by an N-acylaminoalkyl side chain and a methoxy group
(when present) bound to the same phenyl ring. It was
not possible to obtain a very close alignment for subset
C, as these compounds have ethylamido, propylamido,
or butylamido chains, and the methoxy group positioned
in ortho or meta to the side chain. In addition some
naphthalene and indole derivatives were included (CII
and CIII), topologically similar to other compounds in
this group. We obtained a three latent variable PLS
model in which the steric contribution is greater than
the electrostatic one (67.9% and 32.1%, respectively).

As can be seen in Figure 2 (bottom), the most important
regions are positive steric (green), which correspond to
the methoxy group, the condensed ring in naphthalene
and indole derivatives, and the acylamino chain. The
electrostatic contribution, visible only at lower coef-
ficient levels, is mainly due to the methoxy group, whose
presence seems to exert considerable influence on af-
finity for the melatonin receptor also in this subset.
However, the effect of the negative charge on the oxygen
atom is not observed because of the presence, in this
region, of electron-rich groups only. The positive partial
charges on the methyl group cause scattered black
regions accounting for the lower affinities of the halogen-
substituted compounds (CI-19-CI-23). At the low
coefficient level applied to the electrostatic field, a

Figure 2. CoMFA stdev*coeff. contour plots for subset A (top, contour level: 0.006 for steric and 0.004 for electrostatic fields),
subset B (center, contour levels: 0.006 for steric and lipophilic, 0.002 for electrostatic fields), and subset C (bottom, contour
levels: 0.006 for steric and 0.002 for electrostatic fields), according to the PLS models described in Table 3. Color codes - green:
steric positive; red: steric negative; black: electrostatic positive; magenta: electrostatic negative; yellow: lipophilic positive;
cyan: lipophilic negative.
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magenta region (negative electrostatic potential favor-
able) also appears to the right of the phenyl ring; this
is mainly due to the positive effect on affinity caused
by the Br substituents in compounds CI-5 and CI-6.

The three models described so far give an accurate
explanation of the 3D quantitative structure-affinity
relationships for each subset of melatonin receptor
ligands. We also derived a comprehensive model in-
cluding compounds from subsets A, B, and C, and all
those compounds which were excluded (subset D, Table
1), some of which were quite potent (e.g. compounds DI-
2, DII-2, DIV-1, DIV-3). The best model built by PLS
analysis with the global set was a five latent variable
steric and electrostatic model (Table 3, fourth row). The
affinity values calculated using this model are reported
in Table 1, as well as the values obtained with the best
analysis for each subset. Figure 3 depicts the most
important regions of space associated with the variation
in potency at the melatonin receptor for the global set
of ligands. As for the steric potential, it is possible to
notice a positive effect in the region corresponding to
2-substitution of aMT (green), while substituents in
position 6 and 7 cause a decrease in affinity (red region);
apart from this raw information, no further differentia-
tion on 2-substituents was possible: a well-spread set
of derivatives tested in the same experimental condi-
tions is needed for this. The 5-methoxy group is
characterized by a steric positive interaction and by an
electrostatic interaction due to the oxygen atom (green
and magenta regions, respectively), as discussed before.
The green positive steric region near the N-acyl group
of the side chain is present in the comprehensive model,
as well as in those obtained for subsets A, B and C; since
we considered only propionyl- or acetyl-substituted
compounds, the former derivatives generally being more
active than the latter, this is only a confirmation of the
well-known acyl chain length effect.21b,30

The comprehensive model was able to explain the
rank order of affinity of the topologically different aMT
analogues (AI-18: 4-methoxy-N-acetyltryptamine, AI-
19: 6-methoxy-, AI-20: 7-methoxy-), provided that they

were aligned in a topographical way, fitting the hypo-
thetical attachment points (see Experimental Section).
Some problems of ambiguity in the alignment were also
resolved by this model: two naphthalene compounds
(AIII-3 and AIII-4) having two methoxy groups (in 2
and 7 positions) could be aligned as in subset A, with
the 7-OCH3 on the 5-OCH3 of aMT, or as belonging to
subset C, having the 2-OCH3 on the same ring as the
side chain; they were therefore excluded during the
building of partial models. The prediction of their
affinity by the comprehensive model gave good results
when they were aligned in the first way (pRA obsd:
AIII-3 ) 0.82, AIII-4 ) 1.00; pRA pred ) 0.62 and 1.03,
respectively), but not in the other case (pRA pred )
-0.86 and -0.29).

Moreover, this model supports a hypothesis of inter-
action with the receptor at the same attachment points
for all these known ligands; while within each subset
the structure-affinity profiles are quite similar (see
Figure 2), the differences among classes are accounted
for by differences in the superposition space and align-
ment, as illustrated by the scattered red (negative steric)
regions around the side chain in Figure 3 and by the
methoxy orientation discussed above. This is a proof
of the consistency of our previous pharmacophore model
(model B24b), as all the ligands endowed with a certain
potency at the melatonin receptor could be aligned on
the putative aMT active conformation.

As for the choice of the amido group orientation (Câ-
CR-N-C3 ) τ3 was ≈180° in our pharmacophore model
B, as opposed to ≈90° in model A24b), the unexpected
low affinity reported for the condensed hydroxydihy-
drofuran derivative represented in Figure 4 (Ki 1.30 ×
10-7 M24e), compared to the good affinity of other furan
and pyran derivatives (AIV), suggested to us that model
B was preferable for the extensive CoMFA study. In
fact, in this compound a hydrogen bond is possible
between the amido CO and the OH on the furan ring.
The resulting conformation, corresponding to the ori-
entation of CONH as in model A, had a minimum
energy at MOPAC calculation (ver. 6.0 implemented in
SYBYL,33 PM3 Hamiltonian with geometry optimization
and MMOK, PRECISE keywords), with an OH‚‚‚OdC
distance of 1.81 Å. As this hydrogen bond should
stabilize the conformation represented in model A, we
attributed the low affinity observed for this compound
to a bad fit of this conformation at the receptor site,
rather than to other unexplained effects of the OH
group. A CoMFA model of the global set of 133 ligands
aligned on the aMT conformation of model A (τ3 ≈ 90°)
gave the same qualitative results (CoMFA regions) with
slightly worse statistics (for a five latent variable steric
and electrostatic model: Q2 ) 0.731, SDEP ) 0.690, R2

) 0.872, s ) 0.487).

Figure 3. Comprehensive CoMFA model for the global set of
133 compounds: steric and electrostatic stdev*coeff. contour
plots (contour level 0.006) surrounding aMT in capped sticks.
Color codes - green: steric positive; red: steric negative;
gray: electrostatic positive; magenta: electrostatic negative.

Figure 4. Representation of the MOPAC minimum-energy
conformation of a hydroxydihydrofuran derivative of aMT
endowed with low affinity (see ref 24e), indicating the in-
tramolecular hydrogen bond.
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There is a third minimum energy orientation of the
torsion angle τ3 (≈-90°), which corresponds to one of
the putative aMT active conformations proposed by
Jansen.29b We tested the reliability of this conformation
by aligning on it the compounds used for our model; for
subsets A, B, and C, and for the global set, we obtained
CoMFA models that, although worse than ours from a
statistical point of view, could not allow us to reject this
conformation as the putative active one (for a 5 LV steric
and electrostatic model, Q2 ) 0.741, SDEP ) 0.677, R2

) 0.866, s ) 0.499).
Besides the orientation of the amido group, the

chirality of the model remains uncertain, owing to the
lack of information about the enantioselectivity of chiral
compounds.

Our model can be compared to the CoMFA models
presented by Sicsic et al.,28 which are based on a
different approach. These were built, however, from a
limited set of 48 compounds, most of which differ only
in the nature of the N-acyl substituent; they were tested
on the same assay and superposed onto a tetrahydro-
phenalene derivative (BII-1), both in its axial and
equatorial conformation, with no subset classification.
Our models were obtained from an extensive set ideally
containing all the information available in the literature
and from some additional information provided by the
newly tested compounds. Moreover, as it is our opinion
that statistical results of CoMFA models (both in fitting
and in leave-one-out cross-validation) are too prone to
chance correlation, to allow the choice among alternative
models in the absence of clear-cut differences, our
models were based on a pharmacophore hypothesis
previously derived from several constrained analogues
of aMT.24b The results of the two approaches are
different as to both the position of the putative attach-
ment groups and the nature and shape of the regions
of interest.

The correlation between structure and functional
activity is beyond the scope of our work; some of the 3D
properties discussed here could be important for recep-
tor activation, but sufficient data for exploiting struc-
ture-efficacy relationships are not available at the
moment. The receptor subtypes may show different
SAR profiles, but these cannot be recognized from
binding data on native tissues.29d However, the align-
ment that is proposed accounts for differences in affin-
ity, and it could be useful for the exploration of 3D-
QSAR on different receptor-subtypes, or of structure-
activation relationships, as sufficient data become
available.

Conclusions

The CoMFA methodology was applied to a wide set
of structurally different melatonin receptor ligands in
order to derive 3D-QSAR models correlating the differ-
ences in affinity with the variation of the 3D fields. The
compounds were aligned on the putative active confor-
mation of aMT obtained from our previous pharma-
cophore search. For each class with topological homo-
geneity (subsets A, B, and C) in which the melatonin
receptor ligands were grouped, a 3D-QSAR model with
good predictive and descriptive power was obtained. In
addition, a comprehensive model suggesting a common
alignment and binding interaction mode for all the

known melatonin receptor ligands is proposed. This
model provides useful information about the structure-
affinity relationships of the whole set of compounds and
offers an indirect validation of our pharmacophore
model.

Experimental Section
Chemical Methods. Melting points were determined on

a Büchi SMP-510 capillary melting point apparatus and are
uncorrected. 1H NMR spectra were recorded on a Bruker AC
200 spectrometer; chemical shifts (δ scale) are reported in parts
per million (ppm) relative to the central peak of the solvent.
EI-MS spectra (70 eV) were taken on a Fisons Trio 1000. Only
molecular ions (M+) and base peaks are given. Infrared
spectra were obtained on a Bruker FT-48 spectrometer;
absorbances are reported in ν (cm-1). Elemental analyses for
C, H, and N were performed on a Carlo Erba analyzer.

Chemistry. Compounds AI-15, -19, -20, -31, -32, -35, and
-38 were obtained by acetylation (Ac2O/TEA/THF/room tem-
perature) of the corresponding tryptamines which were com-
mercially available (6-methoxytryptamine) or synthesized by
classical methods. aMT analogues AI-18, -29, -30, and -41
were prepared by the synthetic route shown in Scheme 1 in
accordance with the method previously reported by us26 for
the synthesis of compounds AI-3, -8, -9, and -10. Briefly,
tryptamines were prepared by LiAlH4 reduction of the (E)-3-
(2-nitroethenyl)indole derivatives obtained by coupling of the
suitable indoles with 1-(dimethylamino)-2-nitroethylene or
through Knoevenagel condensation of the corresponding formyl
derivatives with nitromethane.

2,6-Dibromomelatonin (AI-13) and 2,4-dibromomelatonin
(AI-12) were prepared by direct bromination of 6-bromome-
latonin (AI-38) and melatonin (AI-1) respectively, with 1 or 2
equiv of N-bromosuccinimide. 2-Bromomelatonin (AI-5) was
prepared as previously described.34 Compounds AI-42 and AI-
43 were prepared by N-alkylation of AI-1 with sodium hydride
and MeI or benzyl chloride, respectively, in DMF (Scheme 2).
The Ullmann reaction (iodobenzene, CuI, K2CO3, ZnO, NMP
155 °C, 6 h) was utilized for the synthesis of AI-44 (Scheme
2).

Synthesis of 3-(2-Nitroethenyl)-1H-indole Deriva-
tives: Typical Procedures. (E)-5-Bromo-3-(2-nitroethe-
nyl)-1H-indole. 5-Bromoindole (0.98 g, 5 mmol) was added
to a stirred ice-cooled solution of 1-(dimethylamino)-2-nitro-
ethylene (0.58 g, 5 mmol) in trifluoroacetic acid (5 mL).
The mixture was stirred at room temperature under N2 for
0.5 h and then poured onto ice-water. The aqueous solution
was extracted with ethyl acetate, and the combined organic
layers were washed with a saturated NaHCO3 solution and

Scheme 1a

a Reagents: (a) 1-(dimethylamino)-2-nitroethylene, TFA, 0 °C,
0.5 h; (b) POCl3, DMF, (CH2Cl)2, reflux, 0.5 h; (c) CH3NO2,
AcONH4, reflux, 1.5 h; (d) LiAlH4, THF, room temperature, 5 h;
(e) Ac2O, THF, TEA, room temperature, 6 h.
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water. After drying over Na2SO4, the solvent was evaporated
under reduced pressure to give a crude product which was
purified by chromatography (silica gel; dichloromethane as
eluent) followed by crystallization from dichloromethane-
hexane. Yield (0.67 g, 50%). Chemical physical data were
identical to those reported in the literature.35

5-Fluoro-1H-indole-3-carboxaldehyde. POCl3 (1.8 mL,
19 mmol) was added dropwise under nitrogen to a solution of
dry DMF (2.4 mL), and the mixture was stirred at room
temperature for 15 min. Dry 1,2-dichloroethane (15 mL) was
then added and the solution cooled to -10 °C. 5-Fluoroindole
(1.16 g, 8.5 mmol) was added in small portions at such a rate
that the temperature did not rise above 5 °C. Finally, 3.3 g of
finely divided calcium carbonate was added and the cooling
terminated. The mixture was rapidly heated to reflux, with
mechanical stirring, and maintained at this temperature for
30 min. The reaction mixture was cooled and poured into a
cooled solution of sodium acetate (12.5 g) in water (20 mL)
and stirred at room temperature for 2 h. After filtering, the
layers were separated and the aqueous phase was extracted
(2×) with CH2Cl2; the organic layers were washed with brine,
dried (Na2SO4), and concentrated at reduced pressure to give
a crude residue which was filtered on silica gel (ethyl acetate/
cyclohexane, 1:1, as eluent) to give a crude product (1.08 g,
78%); EIMS: m/z 163 (M+, 100) which was not further purified,
but condensed directly with nitromethane as described below.

(E)-5-Fluoro-3-(2-nitroethenyl)-1H-indole. A solution of
5-fluoroindole-3-carboxaldehyde (0.56 g, 3.42 mmol) and am-
monium acetate (0.12 g) in nitromethane (4.8 mL) was heated
at reflux for 1.5 h under nitrogen. After cooling to room
temperature, ethyl acetate was added, and the organic phase
washed twice with water and dried (Na2SO4). The solvent was
evaporated in vacuo, and the residue was purified by flash
column chromatography (silica gel, dichloromethane as eluent)
to give 0.42 g (60% yield) of the desired product as a yellow
amorphous solid. 1H NMR (DMSO) δ 7.06-7.12 (ddd, 1H),
7.58-7.55 (q, 1H), 7.82-7.89 (dd, 1H), 8.06 (d, 1H, J ) 13.45
Hz), 8.29 (s, 1H), 8.39 (d, 1H, J ) 13.45 Hz), 12.31 (br s, 1H);
EIMS: m/z 206 (M+), 133 (100).

Tryptamine Derivatives: General Procedure. The
suitable 3-(2-nitroethenyl)-1H-indole (1 mmol) was added
portionwise to a stirred, ice-cooled suspension of LiAlH4 (0.23
g, 6 mmol) in dry THF (15 mL) under nitrogen, and the
mixture was stirred at room temperature for 5 h. After cooling
to 0 °C, water was added dropwise to destroy the excess
hydride, the mixture was filtered on Celite, and the filtrate
was concentrated in vacuo and partitioned between water and
ethyl acetate. The organic layer was washed with brine, dried
(Na2SO4), and concentrated under reduced pressure to give a
crude oily amine which was then used without further
purification. Chemical-physical data of these tryptamines

were found to be in accordance with the assigned structures
and, when available, with those reported in the literature.

Acylation of Tryptamine Derivatives: General Pro-
cedure. TEA (1.1 equiv) and Ac2O (1.1 equiv) were added to
a cold solution of the suitable primary tryptamine (1 mmol)
in THF (4 mL), and the resulting reaction mixture was left
stirring at room temperature for 6 h. The solvent was
evaporated under reduced pressure, and the residue was taken
up in ethyl acetate and washed with a saturated aqueous
solution of NaHCO3 and then with brine. After drying over
Na2SO4, the solvent was evaporated under reduced pressure
to give a crude product, which was purified by chromatography
(silica gel; ethyl acetate/cyclohexane, 7:3, as eluent) and/or
crystallization.

N-Acetyl-5-fluorotryptamine (AI-29) was obtained ac-
cording to the procedure described above: 39% yield from 3-(2-
nitroethenyl)-5-fluoroindole; mp 125-126 °C (EtOAc), lit.36

colorless gum; EIMS: m/z 220 (M+), 161 (100); 1H NMR
(CDCl3): δ 1.95 (s, 3H), 2.93 (t, 2H), 3.59 (q, 2H), 5.54 (br s,
1H), 6.91-7.01 (ddd, 1H, J ) 2.53 Hz), 7.21 (d, 1H, J ) 2.36
Hz), 7.29 (m, 2H), 8.14 (br s, 1H); IR (cm-1, Nujol): 3269, 1635.

N-Acetyl-5-bromotryptamine (AI-30) was obtained ac-
cording to the procedure described above starting from 3-(2-
nitroethenyl)-5-bromoindole: 59% yield; mp 153-154 °C (dichlo-
romethane/hexane), lit.37 mp 153 °C. 1H NMR (acetone-d6):
δ 1.85 (s, 3H), 2.88 (t, 2H), 3.45 (q, 2H), 7.15 (br s, 1H), 7.20
(dd, 1H, J ) 1.8 Hz and J ) 8.6 Hz), 7.22 (d, 1H, J ) 2.04
Hz), 7.35 (d, 1H, J ) 8.6 Hz), 7.76 (d, 1H, J ) 1.78 Hz), 10.24
(br s, 1H); EIMS: m/z 280, 282 (M+), 221, 223 (100); IR (cm-1,
Nujol): 3296, 3211, 1616.

N-Acetyl-4,5,6-trimethoxytryptamine (AI-15). From
4,5,6-trimethoxytryptamine:38 78% yield, oil; EIMS: m/z 292
(M+), 233 (100); 1H NMR (CDCl3): δ 1.89 (s, 3H), 2.99 (t, 2H),
3.53 (q, 2H), 3.87 (s, 6H), 4.04 (s, 3H), 6.37 (br s, 1H), 6.64 (s,
1H), 6.81 (d, 1H, J ) 2.22 Hz), 8.34 (br s, 1H); IR (cm-1, neat):
3323, 2934, 1628. Anal. (C15H20N2O4‚H2O) C, H, N.

N-Acetyl-4-methoxytryptamine (AI-18). From 4-meth-
oxytryptamine:39 yield, and chemical-physical data were
identical with those reported in the literature.39

N-Acetyl-7-methoxytryptamine (AI-20). From 7-meth-
oxytryptamine:39 yield and chemical-physical data were iden-
tical with those reported in the literature.39

N-[2-(5,7-Dimethoxy-1H-indol-3-yl)ethyl]acetamide (AI-
41). From 5,7-dimethoxytryptamine:40 79% yield, mp 167 °C
(dichloromethane/ether); EIMS: m/z 262 (M+), 190 (100); 1H
NMR (CDCl3): δ 1.93 (s, 3H), 2.93 (t, 2H), 3.59 (q, 2H), 3.86
(s, 3H), 3.93 (s, 3H), 5.53 (br s, 1H), 6.37 (d, 1H, J ) 1.71 Hz),
6.62 (d, 1H, J ) 1.71 Hz), 6.99 (d, 1H, J ) 2.14 Hz), 8.13 (br
s, 1H); IR (cm-1, Nujol): 3393, 3280, 3102, 1621.

N-Acetyl-5-Methyltryptamine (AI-31). From 5-methyl-
tryptamine:41 73% yield, yellow oil; 1H NMR (CDCl3): δ 1.96
(s, 3H), 2.47 (s, 3H), 2.96 (t, 2H), 3.60 (q, 2H), 5.52 (br s, 1H),
7.02 (d, 1H, J ) 2.44 Hz), 7.05 (dd, 1H J ) 2.0 and 7.8 Hz),
7.29 (d, 1H), 7.39 (s, 1H), 7.99 (br s, 1H); IR (cm-1, neat): 3400,
3292, 1652.

N-Acetyl-5-chlorotryptamine (AI-32). From 5-chlorot-
ryptamine:41 82% yield, mp 151 °C (EtOAc); lit30 mp 128-130;
EIMS: m/z 236 (M+), 177 (100); 1H NMR (CDCl3): δ 1.95 (s,
3H), 2.93 (t, 2H), 3.57 (q, 2H), 5.59 (br s, 1H), 7.06 (d, 1H, J )
2.44 Hz), 7.15 (dd, 1H, J ) 1.95 Hz and J ) 8.79 Hz), 7.30 (d,
1H, J ) 8.79 Hz), 7.55 (d, 1H, J ) 1.95 Hz), 8.36 (br s, 1H); IR
(cm-1, Nujol): 3297, 3209, 1618.

N-[2-[5-(2-Hydroxyethyloxy)-1H-indol-3-yl]ethyl]aceta-
mide (AI-35). From 5-(hydroxyethyloxy)tryptamine:42 70%
yield, mp 118 °C (dichloromethane); EIMS: m/z 262 (M+), 203
(100); 1H NMR (acetone-d6): δ 1.86 (s, 3H), 2.87 (t, 2H), 3.46
(q, 2H), 3.89 (m, 2H), 4.08 (t, 2H), 6.75 (dd, 1H, J ) 2.2 Hz
and J ) 8.79), 7.12 (d, 1H, J ) 2.2 Hz), 7.14 (d, 1H, J ) 2.2
Hz), 7.26 (d, 1H, J ) 8.79), 8.13 (br s, 1H); IR (cm-1, Nujol):
3256, 3114, 1629. Anal. (C14H18N2O3) C, H, N.

N-Acetyl-6-bromo-5-methoxytryptamine (AI-38). From
6-bromo-5-methoxytryptamine:43 73% yield, mp 147-148 °C
(CHCl3/hexane); EIMS: m/z 310, 312 (M+), 251, 253 (100); 1H

Scheme 2a

a Reagents: (a) NBS, AcOH, room temperature, 4 h; (b) NaH,
DMF, MeI or PhCH2Cl, room temperature, 16 h; (c) PhI, CuI, ZnO,
K2CO3, NMP 155 °C, 6 h.
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NMR (acetone-d6): δ 1.85 (s, 3H), 2.87 (t, 2H), 3.46 (q, 2H),
3.83 (s, 3H), 6.99 (d, 1H, J ) 2.44 Hz), 7.17 (d, 1H, J ) 1.95
Hz), 7.22 (d, 1H, J ) 2.44), 10.03 (br s, 1H); IR (cm-1, Nujol):
3411, 3317, 1674. Anal. (C13H15BrN2O2‚0.02 CHCl3) C, H, N.

N-Acetyl-6-methoxytryptamine (AI-19). From 6-meth-
oxytryptamine: 86% yield, mp 137 °C (EtOAc/hexane), lit.44

mp 136 °C; 1H NMR (CDCl3): δ 1.93 (s, 3H), 2.94 (t, 2H), 3.59
(q, 2H), 3.86 (s, 3H), 5.52 (br s, 1H), 6.81 (dd, 1H, J ) 8.6 Hz
and J ) 2.22 Hz), 6.88 (d, 1H, J ) 2.07 Hz), 6.94 (d, 1H, J )
1.92 Hz), 7.47 (d, 1H, J ) 8.6 Hz), 7.95 (br s, 1H); EIMS: m/z
232 (M+), 173 (100).

2,6-Dibromomelatonin (AI-13). N-Bromosuccinimide (0.18
g, 1 mmol) was added portionwise to a solution of AI-38 (0.31
g, 1 mmol) in acetic acid (4 mL). The reaction mixture was
stirred under nitrogen at room temperature for 4 h and then
cooled at 0 °C, neutralized with a 50% solution of NaOH, and
extracted with ethyl acetate. The combined organic layers
were washed with brine, dried (Na2SO4), and concentrated at
reduced pressure to give a crude residue which was purified
by flash chromatography (silica gel; ethyl acetate/cyclohexane,
1:1, as eluent) and crystallization from CHCl3. Yield (0.098
g, 25%); mp 139-140 °C (CHCl3); EIMS: m/z 388, 390, 392
(M+), 331 (100); 1H NMR (acetone-d6): δ 1.85 (s, 3H), 2.87 (t,
2H), 3.39 (q, 2H), 3.9 (s, 3H), 7.18 (br s, 1H), 7.30 (s, 1H), 7.54
(s, 1H), 8.02 (br s, 1H); IR (cm-1, Nujol): 3259, 3113, 1629.
Anal. (C13H14Br2N2O2) C, H, N.

2,4-Dibromomelatonin (AI-12) was obtained according to
the procedure described above starting from melatonin and
using 2 equiv of N-bromosuccinimide. 25% Yield; mp 177 °C
(acetone/hexane); EIMS: m/z 388, 390, 392 (M+), 318 (100);
1H NMR (acetone-d6): δ 1.87 (s, 3H), 3.13 (t, 2H), 3.48 (q, 2H),
3.86 (s, 3H), 6.99 (d, 1H, J ) 8.79 Hz), 7.20 (br s, 1H), 7.32 (d,
1H, J ) 8.79 Hz), 10.82 (br s, 1H); IR (cm-1, Nujol): 3299,
3177, 1610. Anal. (C13H14Br2N2O2) C, H, N.

N-[(1-Benzyl-5-methoxy-1H-indol-3-yl)ethyl]aceta-
mide (AI-43). A solution of melatonin (1 mmol) in dry DMF
(2 mL) was added dropwise to a stirred ice-cooled suspension
of sodium hydride (0.042 g of a 80% dispersion in mineral oil,
1.4 mmol) in dry DMF (3 mL) under a N2 atmosphere. After
the addition, the mixture was stirred at 0 °C for 30 min, and
then benzyl chloride (0.15 mL, 1.3 mmol) was added dropwise
and the resulting mixture was stirred at room temperature
for 16 h and then poured into ice-water (25 g) and extracted
with ethyl acetate (3 × 10 mL). The organic phase was washed
with brine, dried over sodium sulfate, and concentrated under
reduced pressure to give a residue which was purified by
crystallization from EtOAc/hexane. Yield (0.25 g, 78%); mp
115 °C; EIMS: m/z 322 (M+), 91 (100); 1H NMR (CDCl3): δ
1.92 (s, 3H), 2.95 (t, 2H), 3.58 (q, 2H), 3.86 (s, 3H), 5.25 (s,
2H), 5.54 (br s, 1H), 6.86 (dd, 1H, J ) 2.55 Hz and J ) 8.9
Hz), 6.95 (s, 1H), 7.04-7.31 (m, 8H); IR (cm-1, Nujol): 3314,
1641. Anal. (C20H22N2O2) C, H, N.

N-[(5-Methoxy-1-methyl-1H-indol-3-yl)ethyl]aceta-
mide (AI-42) was obtained according to the procedure de-
scribed above, starting from melatonin and using MeI as
alkylating agent: 81% yield, mp 109 °C (EtOAc); lit.45 mp 100
°C; EIMS: m/z 246 (M+), 174 (100); 1H NMR (CDCl3): δ 1.94
(s, 3H), 2.93 (t, 2H), 3.57 (q, 2H), 3.73 (s, 3H), 3.87 (s, 3H),
5.63 (br s, 1H), 6.87 (s, 1H), 6.90 (dd, 1H, J ) 2.54 Hz and J
) 8.9 Hz), 7.03 (d, 1H, J ) 2.23 Hz), 7.21 (d, 1H, J ) 8.9 Hz);
IR (cm-1, Nujol): 3444, 1669.

N-[(5-Methoxy-1-phenyl-1H-indol-3-yl)ethyl]aceta-
mide (AI-44). A mixture of melatonin (0.23 g, 1 mmol), K2-
CO3 (0.175 g, 1.27 mmol), iodobenzene (0.35 g, 1.73 mmol),
CuI (0.05 g), and ZnO (0.012 g) in 1-methyl-2-pyrrolidinone
(NMP) (2 mL) was heated at 155 °C for 6 h. After cooling to
0 °C, the salts were filtered, and the filtrate was partitioned
between Et2O and 2 N NH4OH. The organic phase was
washed with brine, dried over sodium sulfate, and concen-
trated under reduced pressure to give a residue which was
purified by crystallization from ethyl acetate: yield (0.23 g,
74.6%); mp 119 °C; EIMS: m/z 308 (M+), 236 (100); 1H NMR
(CDCl3): δ 1.97 (s, 3H), 3.0 (t, 2H), 3.64 (q, 2H), 3.90 (s, 3H),
5.65 (br s, 1H), 6.91 (dd, 1H, J ) 2.44 Hz and J ) 8.78 Hz),

7.09 (d, 1H, J ) 2.44 Hz), 7.19 (s, 1H), 7.33-7.49 (m, 6H); IR
(cm-1, Nujol): 3252, 1635. Anal. (C19H20N2O2) C, H, N.

Pharmacology. 2-[125I]-Iodomelatonin Binding Stud-
ies and Literature Affinity Data. The affinity of the newly
synthesized aMT analogues for the melatonin receptor isolated
from quail optic tecta was determined in competition binding
analyses using 2-[125I]-iodomelatonin as a labeled ligand (100
pM). The IC50 values were determined and Ki values calcu-
lated by nonlinear fitting (Table 2). The source of the animals,
the characterization of the melatonin receptor, and the isola-
tion of the crude membrane preparations have been described
in detail elsewhere.46,47 The affinity of compounds AI-3, -5,
-8, -9, -10, AII, BIII, CIII-1, DI, DII, and DIII, previously
synthesized by us, was also evaluated by displacing 2-[125I]-
iodomelatonin from quail brain membranes.

The affinity values of the other compounds examined in this
study were collected from literature (Table 1). To overcome
the problem of heterogeneity of binding data from different
laboratories, values were expressed as relative affinity (RA)
of the compounds tested compared to that of aMT in the same
experiment, and its negative logarithm (pRA) was used in the
PLS analyses as the dependent variable. When more binding
constants were reported in the literature, we used the Ki values
obtained from chicken brain membranes, because they are the
most commonly used and because of the resemblance of chick
and quail brain melatonin receptors.46 The biological assays
on chicken brain membranes have been conducted with two
different experimental protocols, as reported by Sugden and
Chong48 or by Langlois et al.;21a we chose the data from the
former authors, since these are more numerous. The only
exception was made for N-acyl-2-amino-8-methoxytetralin (BI-
1), whose Ki value measured on chicken retina24c was used
instead of that on chicken brain membranes, to maintain the
same biological substrate as for the other tetralin derivatives.

For compounds BI-1, DIV-1, and DVI-1 the Ki values for
the two separated enantiomers have been reported, but we
decided to use the data referring to the racemic mixture, as
nothing is known about the absolute stereochemistry of DIV-1
and DVI-1. For BI-1 it is known that the most active
enantiomer is S(-),49 and for BI-3, BI-4, and DV-3 only the
affinity values for the separate enantiomers were available.
Since for other chiral compounds only the affinity of the
racemate was known, we derived the Ki values for the racemic
mixture as the harmonic mean of those of the enantiomers,
according to the method of Schaper.50

Not all the compounds included have been tested for
functional activity; among those tested, most were full agonists
at the melatonin receptor. Some of them have been reported
to show partial agonism on some pharmacological tests, but
the efficacy of these compounds strongly depends on tissue
preparations. Among the compounds reported in Table 1,
2-phenyl-aMT (AI-3) is a partial agonist on rabbit parietal
cortex model,26 but it is a full agonist on pigment aggregation
in Xenopus laevis dermal melanophores.51 N-Acetyltryptamine
(AI-16) and its 2,6-dibromo derivative (AI-27) are partial
agonists on Xenopus melanophores.52 N-Acetyl-5-OH-tryp-
tamine (AI-33) showed no agonist activity on Xenopus
melanophores,29d but its naphthyl analogue (AIII-7) was an
agonist on ovine pars tuberalis;21b similarly, N-propionyl-o-
methoxyphenylethylamine had no agonist activity on dopam-
ine release in rabbit retina, while its N-acetyl analogue is
reported to be an agonist.24c Other compounds endowed with
partial agonism were AII-7,22 AII-8,22 BI-10,24d BIII-1,24b CI-
15,29d DI-2,24b DIII-6.24a

Data Set and Classification. One hundred thirty-three
compounds were taken into account: they share a common
N-acetylamino or N-propionylamino group in the side chain,
but differ as to both the nature of the aryl moiety and the
length of the side chain. Despite this structural heterogeneity,
it was possible to identify three different groups which share
common characteristics.

Subset A: melatonin-like compounds (AI-1-AI-17, AI-21-
AI-46, AII-1-AII-6, AIII-1, -2, -6, -7, AIV). These compounds,
identical from a topological point of view to aMT, have an
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N-acylaminoethyl side chain bound to an aromatic nucleus,
i.e., an indole or a naphthalene. The indole derivatives can
have the amidoethyl side chain either in position 3, as in the
natural ligand, or in position 1, as in the recently reported
derivatives (AII).22 Compounds lacking the topological equiva-
lence (relative position of methoxy group and side chain) with
aMT for the methoxy position (AI-18-AI-20, AII-7, AII-8,
AIII-5) were excluded from subset A and included in the global
set. Compounds AIII-3 and AIII-4 had two possible align-
ments which are discussed in the text.

Subset B: N-acyl-2-amino-8-methoxytetralins and related
compounds (BI-1-BI-6, BI-9, -10, BII, BIII, BIV). In this
conformationally constrained set of compounds the melatonin-
like ethyl side chain is part of a six atom ring, with the
N-acylamino group directly bound to this cycle. Again,
compounds lacking the topological equivalence regarding the
methoxy group position (BI-7 and BI-8) were excluded.

Subset C: N-acylphenylalkylamines and related compounds
(CI, CII, CIII-1), in which the methoxy group and the
N-acylaminoalkyl side chain originate from the same ring. This
set includes not only phenyl derivatives, but also naphthyl or
indole ones, characterized by the presence of the alkoxy group
in the same benzene ring as the acylaminoalkyl chain (CII,
CIII-1). In some phenyl derivatives (CI-19-CI-23) the meth-
oxy group was replaced by a halogen atom.

Each subset was considered separately and a 3D-QSAR
model was devised for each one in order to clarify the
structure-affinity relationships for each homogeneous class
of derivatives. The remaining compounds, referred to as
subset D for the sake of clarity, could not be included in the
previously cited subsets A, B, and C because they are different
from a topological or structural point of view; they were
included in the global model obtained for the melatonin
receptor ligands.

Molecular Modeling. Methoxy Group Orientation.
The aMT methoxy group appears free to rotate, with a low
energy barrier, as confirmed by AM1 calculations (MOPAC 6.0,
implemented in SYBYL33) on 36 rotamers of 5-methoxyindole
with torsion angles around the C5-O bond differing by 10°:
two minimum energy conformations were found at 0° and 180°,
with a rotational barrier of 0.6 kcal/mol. We decided to keep
the methoxy group in the plane of the indole ring, with the
methyl group pointing toward the side chain, to reproduce the
orientation of the rather potent constrained naphthopyran and
naphthofuran derivatives (AIV). The reliability of this orien-
tation is confirmed by those compounds which cannot assume
it (AI-12, -15, BI, BII, BIII, BIV, DII, DV, DVI-1, for
example), which all exhibit less affinity than aMT. This lack
of potency could be due to a conformational effect of the
substituents on the orientation of the side chain, when free to
rotate, and/or to an unexpected disposition of the methoxy
group. For those compounds which, unlike aMT, cannot orient
the methoxy group, we decided to fix it in the nearest energy
minimum conformation, that is, with the methyl group per-
pendicular to the indole nucleus.

Alignment Rules. Compounds were initially aligned on
the putative active conformations of aMT, obtained from our
previous pharmacophore search (model A: τ1 (C3a-C3-Câ-
CR) ) 77.6°; τ2 (C3-Câ-CR-N) ) -179.8°; τ3 (Câ-CR-N-
C) ) 79.4°; model B: τ1 ) 72.1°, τ2 ) -179.8°, τ3 ) -179.2°),
which led us to propose two different pharmacophore models.24b

The atoms used for the alignment were those presumed to
interact with the receptor: referring to aMT, the methoxy
oxygen, the phenyl ring of the indole nucleus, and the amido
moiety. Some compounds showed different possibilities of
alignment. Naphthalene compounds CII lack the methoxy
group in position 7, topologically equivalent to aMT position
5, but have an alkoxy group ortho to the side chain; they were
included in subset C, as we considered the methoxy group
interaction to be more important than that occurring at
position 2 of aMT derivatives. This hypothesis of alignment
has already been proposed by Langlois et al.21a Compounds
AIII-3, -4 have two possible alignments, that of subset A or
subset C; they were considered as members of subset A, as

their values of potency are closer to those of aMT derivatives
than of N-acylphenylalkylamines. This assignment was con-
firmed by the prediction of the affinity in the two orientations
by the global 3D-QSAR model (see Results and Discussion).

Among the N-acylphenylalkylamines in subset C the es-
sential methoxy group can be in ortho or meta to the alkyl
chain. The two compounds having both an o- and m-methoxy
group (CI-3, -4) were aligned, superposing the ortho group onto
that of aMT because, from qualitative SAR, it appears that
with the acylaminoethyl chain, o-methoxy derivatives are
generally more potent than m-methoxy ones.

Energy Minimization and Conformer Selection. Mo-
lecular modeling studies were performed with the SYBYL 6.3
Software33 running on a Silicon Graphics R4400 200 MHz 64
Mb RAM Indigo2 workstation. Three-dimensional models of
all molecules were built and energy minimized using the
standard Tripos force field,53 excluding the electrostatic con-
tribution, with the Powell method54 and a convergence gradient
of 0.02 kcal/mol‚Å. For the seven constrained molecules (BI-
1, BIII-1, DI-1, DII-1, DIII-1, DIV-1, DV-1) used to derive
the pharmacophore models (see above), the minimum energy
conformations proposed by the best overlap option of DISCO
were used;24b the molecules structurally related to them were
energy minimized in the corresponding local minima. For the
N-acyl-2-amino-8-methoxytetralins and related compounds
(subset B), the spatial configurations corresponding to the
S-enantiomer of compound BI-1 (see above) were considered.
For the remaining compounds, the conformers which best
fitted the aMT spatial geometry were chosen. The molecules
were aligned by means of a rigid body fitting procedure,
superposing the methoxy oxygen (when present), the four
atoms in the amido group, and the six atoms of the aryl moiety
to those of aMT in the putative active conformations as
suggested by the pharmacophore models A and B.

CoMFA. For structure-affinity studies the QSAR CoMFA
module56 of SYBYL was used, calculating the steric and elec-
trostatic fields within a lattice with a grid resolution of 1 Å,
whose extension was at least 4 Å beyond every molecule
boundary in all directions: an sp3 carbon with a point charge
of 1.0 was taken as the probe atom. The electrostatic field
was calculated from Gasteiger-Hückel charges,55 with the
dielectric function depending on 1/r. For those points where
the steric cutoff (30 kcal/mol) was reached, the electrostatic
potential was in practice excluded from the analyses by fixing
it to the mean of all the nonexcluded electrostatic values
calculated in the same grid point.31,57 In addition, a lipophi-
licity field (MLP) was calculated using the CLIP program.32

All regression analyses were performed using the Partial Least
Squares (PLS)58 algorithms in SYBYL; different combinations
of the three field descriptors were taken into account (steric
only, lipophilic only, steric-electrostatic, steric-lipophilic,
steric-electrostatic-lipophilic) in order to verify their correla-
tion with the dependent variable and the possible presence of
intercorrelation.

The optimal number of latent variables was chosen by
means of the cross-validation technique,59 using the leave-one-
out procedure; only variables with an energy standard devia-
tion higher than 2 kcal/mol were included in the cross-
validated runs, to reduce the computation time and to minimize
the influence of noisy columns. The predictive power of the
model was also tested excluding one-fourth of the set com-
pounds, randomly chosen, in each cross-validation run (four
cross-validation groups). We observed that both the optimal
number of latent variables and Q2 values were stable with
respect to the cross-validation method employed (leave one out
or four groups). Moreover, we observed that the exclusion of
the variables with standard deviation lower than 2 kcal/mol
brought no change in the Q2 value on subset A with four cross-
validation groups (differences < 0.02 kcal/mol in models with
1-6 latent variables, data not shown). The final non-cross-
validated PLS analyses were derived, with no energy filtering
applied, for the combination of fields and the number of latent
variables giving the highest Q2 value.
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Gaudy, F.; Sicsic, S.; Dangy-Caye, A. L.; Shuren, S.; Brémont,
B.; Benatalah, Z.; Langlois, M.; Renard, P.; Delagrange, P.
Synthesis of 2-Amido-2,3-Dihydro-1H-Phenalene Derivatives as
New Conformationally Restricted Ligands for Melatonin Recep-
tor. J. Med. Chem. 1996, 39, 3089-3095. (g) Gruppen, G.; Grol,
C. J. Synthesis of New Melatonin Agonists. 10th Camerino-
Noordwijkerhout symposium: perspectives in receptor research
(Camerino, Italy, September 10-14, 1995).

(25) Sugden, D.; Chong, N. W. S.; Lewis, D. F. V. Structural
Requirements at the Melatonin Receptor. Br. J. Pharmacol.
1995, 114, 618-623.

(26) Spadoni, G.; Stankov, B.; Duranti, A.; Biella, G.; Lucini, V.;
Salvatori, A.; Fraschini, F. 2-Substituted 5-Methoxy-N-Acyl-
tryptamines: Synthesis, Binding Affinity for the Melatonin
Receptor, and Evaluation of the Biological Activity. J. Med.
Chem. 1993, 36, 4069-4074.

(27) Martin, Y. C.; Bures, M. G.; Danaher, E. A.; De Lazzer, J.; Lico,
I.; Pavlik, P. A. A Fast New Approach to Pharmacophore
Mapping and its Application to Dopaminergic and Benzodiaz-
epine Agonists. J. Comput.-Aided Mol. Des. 1993, 7, 83-102.

(28) Sicsic, S.; Serraz, I.; Andrieux, J.; Brémont, B.; Mathé-Allainmat,
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