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Abstract—In this work, we performed the design, synthesis, and the structure–activity relationship studies of 13 new derivatives of
thieno[2,3-b]pyridine. These derivatives were prepared in high yields (96–70%) and their structures were elucidated by IR, 1H, 13C
NMR, and MS. The biological results showed some derivatives as antiparasitic agents against Giardia lamblia. Computational
analysis of HOMO and LUMO energy, HOMO orbital coefficient distribution, electrostatic potential map, dipole moment, and
density HOMO was performed to gain insight into the SAR aspects. This study pointed the p-methoxy substituted derivative as
a leading compound for the development of new microbicidal medicines based on thieno[2,3-b]pyridine analogs.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The increasing world population and the inability to
keep place with the provision of adequate sanitation
and safe drinking water has led to an increased impor-
tance of waterborne zoonoses, such as giardiasis.1 Giar-
dia lamblia is an intestinal protozoan parasite infecting
humans and various other mammalian hosts.2 Contrary
to other parasitic diseases the giardial infection is
increasing its prevalence and is the main enteric parasite
in the First World countries.2,3 Giardiasis symptoms in-
clude diarrhea, malabsorption, and delayed physical and
mental development.4

Recently, our group synthesized new derivatives of ethyl
4-(phenylamino)thieno[2,3-b]pyridine-5-carboxylates (I),
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which showed inhibitory activity against Herpes simplex
virus type 1 (HSV-1). Several studies have been made in
order to investigate the structure–activity relationships
(SAR) of these compounds in comparison to the deriv-
atives 4-(phenylamino)-1H-pyrazolo[3,4-b]pyridine that
show several different biological activities, such as
anti-HIV-1 and -Vaccı́nia virus (II) and anti-Leishmania
amazonensis (III) (Fig. 1)5–9
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Figure 1. Heterocyclic systems.
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In order to identify the thienopyridine system as a prom-
ising group for the development of new antimicrobial
agents, we synthesized a new set of compounds analo-
gous of ethyl 4-(phenylamino)thieno[2,3-b]pyridine-5-
carboxylate.This structure is chemically interesting due
to the two motifs that may be easily modified (thieno-
pyridine and phenyl moieties).5

In this work, we focused on the SAR of the phenyl
moiety of ethyl 4-(phenylamino)thieno[2,3-b]pyridine-
5-carboxylates (1) in order to determine structural and
stereoelectronic features that could lead to the giardicid-
al profile (Scheme 1).

Due to our experience of working with meta and para
positions for generating antiparasites9 and aiming to
analyze the role of the meta and para positions in the
C-ring moiety of the thienopyridine derivatives, we
synthesized 13 compounds presenting substituents with
different electronic and volume properties (H, –CH3,
–OCH3, –NO2, –F, –Cl, and –Br) in meta (2–7) or para
(2a–7a) position (Scheme 1). These new derivatives were
tested for giardicidal activity (GA) and the biological
effects were compared with the theoretical parameters
(HOMO and LUMO energy, higher HOMO coefficient
orbital and density, and dipole moment) of the com-
pounds calculated by using a molecular modeling
approach.10,11
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2. Results and discussion

2.1. Design and synthesis

In this work, we replaced the carboxylate group by a
cyano group in the thienopyridine moiety, while other
substituents were added to the phenyl moiety in order
to synthesize the 13 new compounds analogous to ethyl
4-(phenylamino)thieno[2,3-b]pyridine-5-carboxylate.5

The synthetic route for preparing 4-(phenylamino)thi-
eno[2,3-b]pyridine-5-carbonitrile was developed by
Khan12–15 and Bernardino,16 based on Gould–Jacobs
method,9–12 and the sequence is outlined in Scheme 2.
The reduction of 2-nitrothiophene was effected by
means of tin and hydrochloric acid leading to bis-(2-thi-
enylammonium)hexachlorostannate. Since the ‘free’ 2-
aminothiophene rapidly polymerize,12–16 it was immedi-
ately condensed in situ with ethyl (ethoxymethylene)cya-
noacetate in pyridine at 40–50 �C over a period of 24 h
to produce ethyl a-cyano-b-(N-2-thienylammonium)-
acrylate yielded 88%. The cyclization of acrylate was
carried out by refluxing it in dowtherm (250 �C) for
40 min and isolating the 4-hydroxythieno[2,3-b]pyri-
dine-5-carbonitrile, by precipitating from petroleum
ether with yield 78%. Various attempts of the cyclization
using phosphorus oxychloride at 110 �C for 4 h, phos-
phorus oxychloride and polyphosphoric acid (PPA) at
110 �C for 4 h, and using microwaves with NaCl over
a period of 1–20 min were unsuccessful.

The compound 4-hydroxythieno[2,3-b]pyridine-5-carbo-
nitrile was easily chlorinated in refluxing phosphorus
oxychloride at 110 �C over a period of 6 h, affording
4-chlorothieno[2,3-b]pyridine-5-carbonitrile with yield
76%. For producing the target compounds an equimolar
mixture of anilines and 4-chlorothieno[2,3-b]pyridine-5-
carbonitrile, without solvents, was refluxed for 4 h at
140 �C producing the new compounds, 4-(phenylami-
no)thieno[2,3-b]pyridine-5-carbonitrile (1–7 and 2a–
7a), the compounds were isolated in good yields (96–
70%). The structures of the compounds were elucidated
by IR, 1H, 13C NMR, and mass spectrometry.

2.2. Biological evaluation

In order to identify a new biological activity for the
thienopyridine system, we tested the set of new related
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compounds against G. lamblia. Overall, after 72 h incu-
bation, most of the synthesized compounds presented
significant giardicidal activity (GA > 50%) (Fig. 2 and
Table 1). It is interesting that the compound without
any substituent in the phenyl ring (1) already presented
a significant antiparasite effect (GA = 63%) (Table 1).
Therefore, this result pointed to thieno[2,3-b]pyridine
as a potential heterocyclic system for presenting anti-
Giardia effect.
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Figure 2. Effects of thieno[2,3-b]pyridine derivatives on Giardia lamblia

in vitro proliferation. Parasites (2.0 · 105 cells/mL) were seeded in

TYI-S-33 medium as described in Section 4 .

Table 1. Comparison of antiparasite activity (GA) and the molecular

electronic properties (EHomo, ELumo, and dipole moment) of

thieno[2,3-b]pyridine derivatives

Compound R GAa

(%)

EHOMO

(Ev)

ELUMO

(Ev)

Dipole

(debye)

1 H 63 �8.43 2.01 5.66

2 m-CH3 29 �8.38 2.04 5.67

3 m-OCH3 52 �8.40 2.09 5.85

4 m-NO2 50 �8.76 0.95 8.39

5 m-F 2 �8.59 1.87 6.15

6 m-Cl 5 �8.59 1.87 6.14

7 m-Br, 47 �8.57 1.87 6.01

2a p-CH3 46 �8.27 2.06 5.63

3a p-OCH3 88 �8.19 2.09 5.99

4a p-NO2 1 �8.89 0.95 8.04

5a p-F 20 �8.51 1.90 5.89

6a p-Cl 7 �8.54 1.85 5.91

7a p-Br 26 �8.48 1.87 5.81

a Giardicidal activity (GA) of the compound at 72 h incubation, when

the parasites are at the exponential growth phase, calculated and

expressed in percentage by using One-Way ANOVA on Microcal

Origin program. At the 0.05 level, the means are significantly

different (p = 1.11022E-16).
Most of the derivatives containing F, Cl, and Br pre-
sented a lower activity (GA < 30%) both in meta or
para positions compared to the non-substituted com-
pound (1), except for 7 (GA = 47%). Interestingly, the
meta-substituents were among the most active com-
pounds including 3, 4, and 7 derivatives, with 52, 50,
and 47%, respectively (Fig. 2 and Table 1). Significant
change in the antiparasite profile involving the substi-
tuent position in phenyl ring is observed mainly for 2
and 2a (m-and p-CH3, 29% and 46%), 3 and 3a (m-
and p-OCH3, 52% and 88%), 4 and 4a (m-and p-
NO2, 50% and 1%); and 7 and 7a (m- and p-Br, 26%
and 47%) (Table 1).

Importantly, our results pointed out 3a derivative con-
taining the methoxy in para position acts as a potential
leading compound for the development of new antipar-
asite against giardiasis (GA = 88%) similar to the metro-
nidazole, a known antiparasite drug (GA = 100%).

2.3. Molecular modeling and SAR studies

Structural and electronic properties (HOMO, highest
occupied molecular orbital and LUMO, lowest unoc-
cupied molecular orbital energy, higher HOMO coef-
ficient orbital and density, and dipole moment) of
the compounds were evaluated to gain insight into
their role in modulating the thieno[2,3-b]pyridine
antiparasite profile. The overall analysis of the di-
pole moments of all thieno[2,3-b]pyridine derivatives
revealed that it widely varied from 5.63 to 8.39 De-
bye, without any clear or direct correlation with
antiparasite activity (Table 1). The p-methoxy deriv-
ative (3a) presented the higher HOMO and LUMO
value.

The three-dimensional coefficient isosurface of HOMO
orbital was determined to observe the atomic contribu-
tion on the frontier HOMO orbital. Interestingly, we no-
ticed that a higher HOMO is localized in the phenyl ring
for the most active compound (3a) suggesting the impor-
tance of this moiety for the antiparasite profile
(Fig. 3A).

The molecular electrostatic potential map (MEP) is an
alternative approach to understanding the electrostatic
contribution to binding between receptor and drugs.
The SAR studies involving the MEP of thieno[2,3-b]pyr-
idine derivatives suggested that the electron density con-
tinued region between phenyl ring and nitrile group is
important to its biological activity (Fig. 3B). The loss
of this continued region in general seemed to be delete-
rious to activity profile of these compounds. This can be
noticed in derivatives presenting electron-withdrawing
groups (e.g., p-nitro) and electronegative atoms such
as fluor, chlorine, and bromine as substituents (Table
1 and Fig. 3).

In Figure 3C, the HOMO is depicted as a map of the
orbital coefficient onto the van der Waals surface of
the compounds (a red to blue spectrum showing low
to high HOMO density). It showed the higher electron
density of 3a concentrated over phenyl ring compared



Figure 3. Comparison of the thieno[2,3-b]pyridine (1), meta (2–7) or para substituted (2a–7a). (A) HOMO orbital coefficient. (B) Molecular

electrostatic potential energy isosurfaces (MEP) superimposed onto total electron density of 0.002 e/au3. The color code is in the range of �65.0

(deepest red) to �23.0 (deepest blue) kcal/mol. (C) HOMO encoded onto a surface of constant electron density (0.002 e/au3) (homo density).
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to that of the non-substituted derivative (1) and similar
to its higher biological activity. Overall these results
pointed the 3a electronic features as important for dis-
playing a significant anti-Giardia activity.
3. Conclusion

In this work, we designed and synthesized a new set
of 13 compounds analogous to ethyl 4-(phenylamino)
thieno[2,3-b]pyridine-5-carboxylate to identify their
antiparasite profile and correlate it with some molec-
ular properties. This study pointed to thieno[2,3-b]-
pyridine as a new class of antiparasite compounds
against Giardia. The thieno[2,3-b]pyridine with
p-methoxy substituent (3a) showed a significant activ-
ity against the G. lamblia, while presenting some dif-
ferent electronic properties. The 3a derivative showed
the highest HOMO and LUMO energy, higher
HOMO coefficient orbital and density, which is local-
ized in the phenyl ring, in accordance with its higher
antiparasite activity compared to the whole set. Over-
all, these results suggested that 3a might become a
potential leading compound for drug development
of new antiparasites.
4. Experimental

4.1. Rationale

The 1H nuclear magnetic resonance (NMR) spectra ob-
tained from Varian model Unity Plus spectrometer
operating at 300.00 MHz, using tetramethylsilane as
internal standard. The chemical shifts (d) reported in
ppm and the coupling constants (J) in Hertz. Fourier
transform infrared (FT-IR) absorption spectra were
recorded in a Perkin-Elmer mode Spectrum One FT-
IR spectrophotometer. The solid samples were mea-
sured using potassium bromide pellets. Melting points
(mp) were determined with a Fisher-Johns apparatus.
TLC was carried out using silica gel F-254 Glass Plate
(20 · 20 cm). All other reagents and solvents used were
of analytical grade. The EIMS spectra were recorded
using a Finnigan MAT 711 A instrument. The ioniza-
tion energy was 70 eV with the source 200 �C and an
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accelerative voltage of 8 kV. Samples were introduced
by the standard direct insertion probe. High-resolution
data were obtained with the instrument using 10,000
resolution.

General procedure: 4-(Phenylamino)thieno[2,3-b]pyri-
dine-5-carbonitrile (1–7 and 2a–7a)

Equimolar (5 mmol) amounts of 4-chlorothieno[2,3-
b]pyridine-5-carbonitrile and the appropriate aniline
were heated in a silicone oil bath at 140 �C for 2 h.
The mixture was diluted with CH2Cl2 and purified by
preparative silica gel plates (Glass Backed TLC Silica
Gel, Hard Layer 250 lm, F-254), eluent CH2Cl2.

4.1.1. (1) 4-(Phenylamino)thieno[2,3-b]pyridine-5-carbo-
nitrile. Yield: 82%, mp: 176 �C; Rf = 0.41; IR (KBr,
cm�1): (m NH 3283, m CN 2219); 1H NMR (CDCl3, d
in ppm) 7.84 (d, J = 6.0 Hz), 7.39 (d, J = 6.0 Hz), 8.56
(s), 7.56–7.50 (m); 9.69 (s); 13C NMR (CDCl3, d in
ppm) 125.6, 125.9, 121.2, 148.4, 89.2, 151.4, 164.4,
129.1, 124.4, 139.2, 120.2, 116.7; EI (70 eV) m/z (%):
M+� 251.05155 (100).

4.1.2. (2) 4-(3 0-Methylphenylamino)thieno[2,3-b]pyridine-
5-carbonitrile. Yield: 74%; mp: 185 �C; Rf = 0.42; IR
(KBr, cm�1): (m NH 3275, m CN 2221); 1H NMR
(CDCl3, d in ppm) 7.18 (d, J = 6.0 Hz); 6.42 (d,
J = 6.0 Hz); 8.48 (s); 7.30–7.05 (m); 2.35 (s); 13C NMR
(CDCl3, d in ppm) 122.1, 120.3, 119.0, 148.8, 90.5,
149.2, 166.4, 139.6, 138.6, 129.2, 127.7, 125.6, 124.1;
EI (70 eV) m/z (%): M+� 265.06760 (100).

4.1.3. (3) 4-(3 0-Methoxyphenylamino)thieno[2,3-b]pyri-
dine-5-carbonitrile. Yield: 77%; mp: 174 �C; Rf = 0.34;
IV (KBr, cm�1): (m NH 3267, m CN 2212); 1H NMR
(CDCl3, d in ppm) 7.85 (d, J = 6.0 Hz); 7.57 (d,
J = 6.0 Hz); 8.58; (s); 7.45–6.92 (m); 9.76 (s); 3.15 (s);
13C NMR (CDCl3, d in ppm) 122.0, 120.9, 117.4,
151.9, 90.3, 160.5, 165.1, 55.9, 116.9; EI (70 eV) m/z
(%): M+� 281.06251 (100).

4.1.4. (4) 4-(3 0-Nitrophenylamino)thieno[2,3-b]pyridine-5-
carbonitrile. Yield: 87%; mp: 227 �C; Rf = 0.28; IV (KBr,
cm�1): (m NH 3360, m CN 2219); 1H NMR (CDCl3, d in
ppm) 7.40 (d, J = 6.0 Hz); 6.63 (d, J = 6.0 Hz); 8.62; (s);
8.14–7.39 (m); 7.10 (s); 13C NMR (CDCl3, d in ppm)
120.2, 120.3, 146.7, 93.0, 149.2, 140.5, 117.4; EI
(70 eV) m/z (%): M+� 296.03661 (100), 249.04856 (58).

4.1.5. (5) 4-(3 0-Fluorophenylamino)thieno[2,3-b]pyridine-
5-carbonitrile. Yield: 92%; mp: 183 �C; Rf = 0.40; IV
(KBr, cm�1): (m NH 3277, m CN 2219); 1H NMR
(CDCl3, d in ppm) 7.30 (d, J = 6.0 Hz); 6.56 (d,
J = 6.0 Hz); 8.55; (s); 7.42–6.90 (m); 13C NMR (CDCl3,
d in ppm) 125.2, 120.2, 147.8, 91.7, 149.2, 166.5, 163.0
(d, 247.0), 130.7(d, 9.0), 140.6 (d, 9.7), 116.3; EI
(70 eV) m/z (%): M+� 269.04214 (100).

4.1.6. (6) 4-(3 0-Chlorophenylamino)thieno[2,3-b]pyridine-
5-carbonitrile. Yield: 74%; mp: 169 �C; Rf = 0.42; IV
(KBr, cm�1): (m NH 3275, m CN 2220); 1H NMR
(CDCl3, d in ppm) 7.09 (d, J = 6.0 Hz); 6.54 (d,
J = 6.0 Hz); 8.55; (s); 7.35–7.08 (m); 6.99 (s); 13C
NMR (CDCl3, d in ppm) 122.1, 120.1, 119.5, 147.8,
91.7, 149.2, 166.5, 135.0, 140.2, 116.7; EI (70 eV) m/z
(%): M+� 285.01268 (100), 249.04243 (29).

4.1.7. (7) 4-(3 0-Bromophenylamino)thieno[2,3-b]pyridine-
5-carbonitrile. Yield: 81%; mp: 162 �C; Rf = 0.43; IV
(KBr, cm�1): (m NH 3271, m CN 2213); 1H NMR
(CDCl3, d in ppm) 7.30 (d, J = 6.0 Hz); 6.55 (d,
J = 6.0 Hz); 8.55; (s); 7.46–7.12 (m); 7.04 (s); 13C
NMR (CDCl3, d in ppm) 122.1, 119.8, 119.2, 147.5,
91.3, 148.8, 166.1, 122.4, 140.0, 116.0; EI (70 eV) m/z
(%): M+� 330.96160 (100), 249.05335 (69).

4.1.8. (2a) 4-(4 0-Methylphenylamino)thieno[2,3-b]pyri-
dine-5-carbonitrile. Yield: 92%, mp: 215 �C; Rf = 0.47;
IR (KBr, cm�1): (m NH 3303, m CN 2209); 1H NMR
(CDCl3, d in ppm) 7.84 (d, J = 6.0 Hz); 7.54 (d,
J = 6.0 Hz); 8.53 (s); 7.34 (d, J = 8.9 Hz); 7.28 (d,
J = 8.9 Hz); 9.70 (s); 2.45 (s); 13C NMR (CDCl3, d in
ppm) 130.1, 125.5, 118.7, 149.3, 90.2, 149.2, 166.5,
124.0, 120.5, 137.3, 136.0, 21.0, 116.7; EI (70 eV) m/z
(%): M+� 265.06671 (100).

4.1.9. (3a) 4-(4 0-Methoxyphenylamino)thieno[2,3-b]pyri-
dine-5-carbonitrile. Yield: 73%, mp: 164 �C; Rf = 0.34;
IR (KBr, cm�1): (m NH 3296, m CN 2210); 1H NMR
(CDCl3, d in ppm) 7.15 (d, J = 6.0 Hz); 6.30 (d,
J = 6.0 Hz); 8.45 (s); 7.21 (d, J = 8.9 Hz); 6.96 (d,
J = 8.9 Hz); 3.87 (s); 13C NMR (CDCl3, d in ppm)
123.9, 120.3, 118.3, 149.1, 89.5, 149.9, 166.4, 127.9,
114.7, 131.2, 158.9, 55.4, 116.7; EI (70 eV) m/z (%):
M+� 281.068282 (5), 265.05807 (100), 237.06463 (23).

4.1.10. (4a) 4-(4 0-Nitrophenylamino)thieno[2,3-b]pyri-
dine-5-carbonitrile. Yield: 70%, mp: 104 �C; Rf = 0.27;
IR (KBr, cm�1): (m NH 3249, m CN 2218); 1H NMR
(CDCl3, d in ppm) 8.11 (d, J = 6.0 Hz); 7.82 (d,
J = 6.0 Hz); 8.86 (s); 8.28–7.93 (m); 13C NMR (CDCl3,
d in ppm) 129.9, 128.2, 122.2, 147.8, 90.8, 150.5, 164.1,
140.7, 146.9, 116.1; EI (70 eV) m/z (%): M+� 296.03720
(100), 249.01103 (27).

4.1.11. (5a) 4-(4 0-Fluorophenylamino)thieno[2,3-b]pyri-
dine-5-carbonitrile. Yield: 72%; mp: 209 �C; Rf = 0.42;
IV (KBr, cm�1): (m NH 3332, m CN 2214); 1H NMR
(CDCl3, d in ppm) 7.22 (d, J = 6.0 Hz); 6.35 (d,
J = 6.0 Hz); 8.50; (s); 7.23 (dd, J = 9.0, 4.5 Hz); 7.16
(dd, J = 9.0, 8.1 Hz); 13C NMR (CDCl3, d in ppm)
124.4, 119.7, 118.4, 148.8, 90.1, 148.9, 166.3, 127.3
(d, 8.6), 116.3 (d, 22.9), 134.4 (d, 3.0), 161.1 (d,
246.0), 116.3; EI (70 eV) m/z (%): M+� 268.06669
(100).

4.1.12. (6a) 4-(4 0-Chlorophenylamino)thieno[2,3-b]pyri-
dine-5-carbonitrile. Yield: 96%, mp: 236 �C; Rf = 0.48;
IR (KBr, cm�1): (m NH 3295, m CN 2211); 1H NMR
(CDCl3, d in ppm) 7.27 (d, J = 6.0 Hz); 6.47 (d,
J = 6.0 Hz); 8.53 (s); 7.40 (d, J = 8.7 Hz); 7.16 (d,
J = 8.7 Hz); 6.99 (s); 13C NMR (CDCl3, d in ppm)
125.4, 120.6, 119.5, 148.7, 91.7, 149.6, 126.3, 130.1,
132.7, 137.9, 116.9; EI (70 eV) m/z (%): M+� 285.01119
(100), 249.04793 (22).
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4.1.13. (7a) 4-(4 0-Bromophenylamino)thieno[2,3-b]pyri-
dine-5-carbonitrile. Yield: 74%, mp: 235 �C; Rf = 0.48;
IR (KBr, cm�1): (m NH 3302, m CN 2209); 1H NMR
(CDCl3, d in ppm) 7.27 (d, J = 6.0 Hz); 6.49 (d,
J = 6.0 Hz); 8.53 (s); 7.54 (dd, J = 8.7, 2.1 Hz); 7.09
(dd, J = 8.7, 2.1 Hz); 6.95 (s); 13C NMR (CDCl3, d in
ppm) 125.3, 120.4, 119.4, 148.3, 91.7, 149.4, 152.0,
126.2, 132.4, 120.1, 138.2, 116.7; EI (70 eV) m/z (%):
M+� 330.96029 (100), 250.03321 (53).

4.2. Biology

4.2.1. Drugs. All 4-(phenylamino)thieno[2,3-b]pyridine-
5-carbonitrile derivatives (1–7 and 2a–7a) were added
in cultures as a dimethylsulfoxide (DMSO) solution
(50 lM). The final DMSO concentrations never exceed-
ed 1% (v/v) and had no effect on the proliferation or
morphology of parasites.

4.2.2. Parasites. Trophozoites of G. lamblia (WB strain-
clone C6) were cultivated in TYI-S-33 medium supple-
mented with 10% heat-inactivated bovine serum and
0.1% bovine bile at 37 �C. Cell density was determined
by direct counting in a Neubauer chamber.

4.2.3. Antiparasite assay. 2.0 · 105 cells/mL inoculum
were grown for 24 h and thieno[2,3-b]pyridine deriva-
tives (1–7 and 2a–7a) (50 lM) were added to the cul-
tures. Untreated controls were performed, with and
without DMSO at the same final concentration used
in assays. Cells were harvested daily on ice, centri-
fuged, and resuspended in 4% paraformaldehyde in
PBS (pH 7.2) for counting on Neubauer chamber.
Derivatives’ effects were evaluated after 24, 48, 76,
and 96 h. GA of the compound at 72 h incubation,
when the parasites are at the exponential growth phase,
was calculated and expressed in percentage by using
One-Way ANOVA on Microcal Origin program. Met-
ronidazole (50 lM) was used as a positive control lead-
ing to 100% inhibitory effect.

4.3. Molecular modeling and SAR studies

All computations were performed using SPAR-
TAN’04 (wavefunction Inc. Irvine, CA, 2000). Several
studies have shown that both semiempirical and
ab initio approaches showed an excellent agreement
with the experimental results.17–19 By this way, we
can use AM1 without spending on computational
costs. Thus, structures were minimized and the equi-
librium geometry was obtained in vacuum using semi-
empirical AM1 module. In order to evaluate the elec-
tronic properties of the AM1 minimal energy confor-
mations, they were submitted to a single-point
ab initio calculation with a 3-21G basis set of the
SPARTAN’04 package. Three-dimensional isosurfaces
of the molecular electrostatic potential maps (MEPs)
at the van der Waals contact surface represented elec-
trostatic potentials superimposed onto a surface of
constant electron density (0.002 e/au3). They were
generated in a range from �25.0 to +30.0 kcal/mol.
These color-coded isosurface values provide an
indication of the overall molecular size and location
of negative (red) or positive (blue) electrostatic poten-
tials. The electronic properties (HOMO, highest occu-
pied molecular orbital and LUMO, lowest
unoccupied molecular orbital energy, higher HOMO
coefficient orbital and density, and dipole moment)
were calculated for all compounds.10,11
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12. Khan, M. A.; Guarçoni, A. E. J. Heterocycl. Chem. 1977,
14, 807.

13. Khan, M. A.; Rolim, A. M. C.; Guarçoni, A. E.
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