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Abstract—Herpes Simplex Virus (HSV) infections are among the most common human diseases. In this work, we assess the struc-
tural features and electronic properties of a series of ten 1-hydroxyacridone derivatives (1a–j) recently described as a new class of
non-nucleoside inhibitors of Herpes Simplex Virus-1 (HSV-1). Based on these molecules, we applied rigid analogue and isosteric
replacement approaches to design and synthesize nine new 3H-benzo[b]pyrazolo[3,4-h]-1,6-naphthyridine derivatives (2a–i). The
biological and computational results of these new molecules were compared with 1-hydroxyacridones. An inhibitory profile was
observed in 10-Cl substituted 3H-benzo[b]pyrazolo[3,4-h]-1,6-naphthyridine derivative (2f), which presents the same substituent
at the analogous position of 1-hydroxyacridone derivative (1b). The structure–activity relationship (SAR) studies pointed out the
10-position next to nitrogen atom as important for the anti-HSV-1 profile in the pyrazolo-naphthyridine derivatives tested, which
reinforced the promising profile for further experimental investigation. The most potent acridone and pyrazolo-naphthridine deriv-
atives were also submitted to an in silico ADMET screening in order to determine their overall drug-score, which confirmed their
potential antiviral profile.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Herpes Simplex Virus (HSV) infections are among the
most common human diseases.1 Currently, there are
two HSV serotypes (HSV-1 and HSV-2) that may cause
oral disease, keratoconjutivitis, encephalitis, and genital
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infections.2 Symptomatic or asymptomatic recurrent
infections are common and maternal transmission of
HSV-2 to the fetus or neonate may result in herpes infec-
tions, which are rare but severe and potentially fatal.1–3

Most of clinical anti-herpes virus compounds are nucle-
oside analogues, such as acyclovir (ACV), which is the
most common drug used on treatment of HSV infec-
tions.3,4 However, during long ACV-based treatment,
drug-resistant HSV strains frequently emerge. In addi-
tion, these strains often show cross-resistance with other
anti-HSV agents, such as pencyclovir and gancyclovir.5,6

In order to manage ACV-resistant strains, other non-
nucleoside analogue, such as foscarnet, have been used.7

mailto:alicerolim@globo.com
mailto:gqolice@vm.uff. br
mailto:gqolice@vm.uff. br
mailto:hcastrorangel@vm.uff. br
mailto:hcastrorangel@yahoo.com.br
mailto:rangel @pharma.ufrj.br
mailto:rangel @pharma.ufrj.br


N

HR

OH

N

N

H

N

N

Ph

R1

R2

314 A. M. R. Bernardino et al. / Bioorg. Med. Chem. 16 (2008) 313–321
Nonetheless, resistance to foscarnet is also emerging,
which demands new antiviral agents for HSV
treatment.6,7

Natural and synthetic acridone derivatives have been
identified as new heterocyclic systems with anti-HSV
activity.20–25 In 1989, Yamamoto and co-workers8 re-
ported a new acridone alkaloid, citrusinine-I (Fig. 1),
which exhibited potent activity against HSV-1 and
HSV-2.8 More recently, Lowden and Bastow reported a
new synthetic series of 1-hydroxyacridones with two
1,3-dihydroxyacridone derivatives showing potent
HSV-1 inhibitory activity, namely, 5-methoxy-1,3-dihydr-
oxyacridone (1a, ED50 = 2.2 lM) and 5-chloro-1,3-
dihydroxyacridone (1b, ED50 = 4 ± 1 lM) (Fig. 1) .10–12

In this work, we used a molecular modeling approach
for developing structure–activity relationship (SAR)
studies on ten of these acridones (Table 1) thus we iden-
tified molecular properties important to the anti-HSV-1
activity, which may be used for designing new antiviral
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Figure 1. Structures of some acridone derivatives with anti-herpes

virus activity: citrusinine-I, a natural acridone alkaloid, and two

synthetic acridone derivatives 1a (5-methoxy-1,3-dihydroxyacridone)

and 1b (5-chloro-1,3-dihydroxyacridone).

Table 1. Anti-HSV-1 activities (ED50, lM) and the calculated HOMO

(EHOMO, Ev) and LUMO (ELUMO, Ev) energies and molecular dipole

moments (l, Debye) of ten 1-hydroxyacridones
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Compound R R3 ED50
a EHOMO ELUMO l

1a 5-OMe OH 2.2 �7.75 2.24 6.69

1b 5-Cl OH 4 ± 1 �8.16 1.86 4.49

1c 5-Me OH 8 ± 1 �7.89 2.19 6.53

1d 6-Cl OH 10 ± 1 �8.22 1.88 5.84

1e 8-Cl OH 10 ± 2 �8.06 1.95 7.56

1f 7-Cl OH 16 ± 4 �8.06 1.86 7.62

1g H OH 45 �7.98 2.14 6.30

1h 5-Cl OMe >50(6) �8.08 1.90 4.95

1i 5-Cl Me NA �7.97 1.82 4.27

1j b b NA �7.39 1.13 2.80

NA, not active.
a ED50 values were taken from Lowden & Bastow [22]. Parenthetical

value = % inhibition at stated concentration.
b Structure shown above.
compounds. By using traditional medicinal chemistry
principles, such as isosteric replacement and rigid ana-
logue approaches, we designed a new potential antiviral
heterocycle scaffold, namely 3H-benzo[b]pyrazolo[3,4-
h]-1,6-naphthyridine (Scheme 1), based on two heterocy-
cle systems, 1H-pyrazolo[3,4-b]pyridine-5-carboxylic
acid, presenting a diverse antiviral profile,13–15 and the
former synthetic acridone derivatives. To investigate
the impact of the isosteric aromatic ring replacement
and the influence of the restricted flexibility imposed
by the new naphthyridine system on the antiviral activ-
ity, nine derivatives (2a–i) from this new series (Table 2)
were synthesized, tested for anti-HSV-1 effects, and eval-
uated in SAR studies where they were compared with
O OH HO2C
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Scheme 1. Isosteric replacement and rigid analogue approaches

applied into the design of the 3H-benzo[b]pyrazolo[3,4-h]-1,6-naph-

thyridine derivatives.

Table 2. Anti-HSV-1 activities (HSV-1 % inhibition at 50 lM;

mean ± SEM) and the calculated HOMO (EHOMO, Ev) and LUMO

(ELUMO, Ev) energies and molecular dipole moments (l, Debye) of

nine 3H-benzo[b]pyrazolo[3,4-h]-1,6-naphthyridines
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Compound R1 R2 HSV-1 EHOMO ELUMO l

2a H H 74 ± 2 �8.15 1.52 5.60

2b H 8-Me 92 ± 4 �8.20 1.63 5.39

2c H 8-Me 82 ± 1.3 �7.83 0.06 5.26

2d H 8-OMe 68 ± 2 �7.69 0.01 5.45

2e Me H 70 ± 6 �7.84 0.04 4.85

2f Me 10-Cl 100 ± 1.1 �7.91 �0.21 5.37

2g Me 8-Cl 39 ± 3.1 �7.93 �0.19 2.47

2h Me 10-Me 66 ± 0.8 �7.81 0.07 4.60

2i Me 8-Me NA �7.75 0.08 5.44

NA, not active.
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those from the 1-hydroxyacridone derivatives. More-
over, the most potent acridone and 2a–i were submitted
to an in silico ADMET screening in order to identify
their promising biological potential.
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Scheme 2. Synthetic approach used to obtain the 3H-benzo[b]pyraz-

olo[3,4-h]-1,6-naphthyridine derivatives.
2. Computational and experimental methods

2.1. Molecular modeling, SAR studies, and in silico
ADMET screening

The molecular modeling study was performed using
SPARTAN’04 software package (Wavefunction Inc., Ir-
vine, CA, 2000). The minimum energy conformation of
ten acridone derivatives and 2a–i compounds was
obtained by the AM1 semiempirical Hamiltonian. In
order to better evaluate the electronic properties of the
AM1 minimum energy conformations, they were sub-
mitted to a single-point energy ab initio calculation at
the 6-311G* level.

In order to perform structure–activity relationship
(SAR) studies, some electronic properties, such as
HOMO (Highest Occupied Molecular Orbital) and
LUMO (Lowest Unoccupied Molecular Orbital) en-
ergy values, HOMO and LUMO orbital coefficients
distribution, molecular dipole moment (l), and molec-
ular electrostatic potential (MEP), were calculated.
MEP isoenergy surface maps were generated in the
range from �25.0 (deepest red color) to +30.0 (deep-
est blue color) kcal/mol and superimposed onto a
molecular surface of constant electron density of
0.002 e/au3. Each point of the three-dimensional
molecular surface map expresses the electrostatic inter-
action energy value evaluated with a probe atom of
positive unitary charge providing an indication of
the overall molecular size and location of attractive
(negative) or repulsive (positive) electrostatic
potentials. The most potent acridone and the new
derivatives (2a–i) also were submitted to an in silico
ADMET screening available in http://www.acteliion.
com/ or http://www.organic-chemistry.org/ to deter-
mine their overall drug-score.

2.2. Chemistry

A known synthetic approach16–18 was used for prepar-
ing the new nine 3H-benzo[b]pyrazolo[3,4-b]-1,6-naph-
thyridine derivatives (2a–i), starting from two ethyl
4-chloro-1H-pyrazolo[3,4-b]pyridine-5-carboxylates (5a–
b) as precursors (Scheme 2). Briefly, 5a–b were prepared
from 5-aminopyrazoles, through condensation with
diethyl ethoxymethylenemalonate and cyclization, fol-
lowed by reaction with anilines, hydrolys, and a key step
of ‘chlorocyclization’ using phosphorus oxychloride.18–21

5a–b act as good precursors for the synthesis of the present
ring system due to the presence of the readily reactive
4-chloro and 5-carboxylate groups.

5a–b on fusion with several anilines led to the required
ethyl 4-anilino-1H-pyrazolo[3,4-b]pyridine-5-carboxyl-
ates (4a–i) in good yields (56–80%). However, better re-
sults were obtained when hese reactions were carried out
in solvents such as N,N-dimethylformamide.22 Subse-
quently, 4a–i were hydrolyzed to the corresponding
acids (3a–i) (88–98%) and then cyclized to the corre-
sponding tetracyclic heteroaromatic system (2a–i, 60–
73%) (Scheme 2). Both ‘aniline ester’ (4a–i) and ‘aniline
acids’ (3a–i) intermediates were characterized through
infrared (IR) and 1H nuclear magnetic resonance (1H
NMR) spectroscopic methods.
3. Results and discussion

3.1. Molecular modeling and SAR studies of 1-hydroxy-
acridone derivatives

The minimum energy conformations of 1a–j derivatives,
calculated by the AM1 semiempirical Hamiltonian,
showed that, as expected, all rings of these compounds
are co-planar. Subsequently, a single-point energy ab ini-
tio calculation was performed at the 6-311G* level in or-
der to derive electronic properties, such as HOMO and
LUMO energy values, HOMO and LUMO orbital coef-
ficients distribution, molecular dipole moment (l), and
molecular electrostatic potential (MEP), which could
be related to the variation of the anti-HSV-1 activity
of these compounds. The SAR results showed that,
although the substitution pattern into the 1-hydroxyac-
ridone structures lead to different antiviral profile,
HOMO and LUMO energy values and molecular dipole
moment values did not present any direct correlation
with it, as shown in Table 1.

http://www.acteliion.com/
http://www.acteliion.com/
http://www.organic-chemistry.org/
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As receptors recognize stereo-electronic effects and not
atom per se, studies of molecular electronic properties
could be very effective in interpreting the electronic
structure in a comprehensive way.21,22 Therefore, the
MEP is a useful approach for understanding the electro-
static contribution for the receptor-ligand binding pro-
cess.21 The analysis of R3 position (Table 1) on MEPs
generated for these compounds (Fig. 3A) revealed a neg-
ative potential (red color, i.e., negative charge) at this re-
gion when hydroxyl (1a–1g) or methoxyl (1h) are the
substituents. However, differently of the methoxyl group
(1h), the hydroxyl (1a–1g) may act as both donor and
acceptor of hydrogen bond. In addition, methyl substi-
tuent (1i) or an extra aromatic ring (1j) has shown a re-
duced or absence of the negative potential in this region.
This result suggested that the 3-hydroxyl group or other
electron rich substituent is an important feature for
reaching an anti-HVS-1 leading compound. Interest-
ingly, presence of the 3-hydroxyl group but absence of
substituents in other positions (R@H, 1g) dramatically
decreased the antiviral activity. Thus, this result points
to other functional groups at C5, C6, C7, and 8 posi-
tions (R substituent, Table 1) as important for conserv-
ing a significant biological profile. Chlorine substituent
at C5 (1b), C6 (1d), C7 (1f), and C8 (1e) position is
somehow important for the biological profile (Table
1). However, the presence of methoxyl group (1a) in-
creased the electronic density of the MEP represented
by intense red color in the ring system (Fig. 3A). This
feature could be involved in the 2- to 8-fold increase
of 1a derivative antiviral activity when compared to 1b
and 1c (Fig. 3A, Table 1).

Importantly, the positive potential (blue color, i.e., posi-
tive charge) observed on MEP maps corresponding to
the C4 and N10 hydrogen atom positions decreased
for 1h–j derivatives. Therefore, the lower or loss of the
antiviral activity for 1h–1j derivatives could be probably
due to a clear reduction of the positive potential of these
hydrogen atoms (Fig. 3A). Then, based on these SAR
results and the structural features observed, we designed
the nine 3H-benzo[b]pyrazolo[3,4-h]-1,6-naphthyridine
derivatives (2a–i).

3.2. New series: 3H-benzo[b]pyrazolo[3,4-h]-1,6-
naphthyridines

3.2.1. Design. 2a–i derivatives were designed combining
isosteric replacement and rigid analogue approaches
based on two heterocycle systems, 1H-pyrazolo[3,4-
b]pyridine-5-carboxylic acid presenting anti-HSV-1
activity among a diverse antiviral profile13,14,21 and syn-
thetic 1-hydroxyacridone derivatives with anti-HSV-1
activity. Scheme 1 shows that the acridone motif is a
classical isostere of the 3H-benzo[b]pyrazolo[3,4-h]-1,6-
naphthyridine aromatic system, while the ring closure
of the 1H-pyrazolo[3,4-b]pyridine-5-carboxylic acid sys-
tem leads to the 3H-benzo[b]pyrazolo[3,4-h]-1,6-naph-
thyridine motif corresponding to the rigid analogue
approach.

As a result, considering the unchanged scaffold of acri-
done system, the N10-H and C9-carbonyl groups of
acridone ring are maintained in derivatives 2a–b as
N11-H and C6-carbonyl groups of naphthyridinone
ring, respectively. Meanwhile for 2c–i derivatives, we
changed the hydrogen-bonding donor (N10-H of acri-
done) to an acceptor (N11 of naphthyridine) character
at the former position, and from C9-carbonyl group of
acridone ring to C6-chlorine groups of naphthyridine
ring. The C1-hydroxyl group of acridone ring has no
counterpart in the naphthyridinone (2a–b) or naphthyri-
dine (2c–i) rings, although C1-hydroxyl is close to N4 of
naphthyridine ring, allowing the same hydrogen bond-
ing acceptor capability (Scheme 1). However, according
to Lowden and Bastow, removal and/or replacement of
the C9-carbonyl and/or the C1-hydroxyl groups is a
desirable approach, since these motifs may be responsi-
ble for cell toxicity.9

Therefore, we designed 2a–i derivatives with R1 and R2
substituents (Scheme 1 and Table 2) to identify the role
of some structural features, such as the electronic prop-
erties, to the antiviral profile. The R1 position of 2a–i
derivatives has no counterpart in the acridone system,
so hydrogen or methyl group could be used as substitu-
ents. On the other hand, the R2 position corresponds to
the C5-, C6-, C7- or C8-substituent of acridone ring, and
it could be hydrogen, methyl, methoxyl, or chlorine at
C10 or C8 positions of the 2a–i derivatives.

3.2.2. Chemistry. The nine derivatives (2a–2i) were syn-
thesized in good yields (60–73%) using a brief scalable
and easy procedure (Scheme 2).22 The substitution pat-
tern is similar to that of N-phenylpyrazole and 1H-pyr-
azolo[3,4-b]pyridine and indazole. Ring system, where
the free position of the pyrazole is the condensed ring,
is reactive toward electrophilic substitution reaction.
The products 2a and 2b have been represented here in
the ‘oxo’ rather than the ‘hydroxy’ tautomer in accor-
dance to that reported for such related system.17 The
infrared spectra of the compounds obtained after cycli-
zation reaction showed a broad absorption band in the
region assigned to NH frequency of 3400 cm�1 for
2a–b and 3430 cm�1 for 2c–i derivatives due to the
N11 protonation. The carbonyl absorption was ob-
served between 1620 and 1720 cm�1, which also indi-
cated the predominance of ‘oxo’ tautomer (2a–b).
Therefore, the C9-carbonyl group of the acridone sys-
tem corresponds to the C6-carbonyl group of the 2a–b
compounds and to the C6-chlorine of the 2c–i
derivatives.

3.2.3. Antiviral and cytotoxicity assays. In order to eval-
uate the biological profile of 2a–2i derivatives, we tested
them as potential inhibitors of HSV-1 replication in cell
culture as described on Experimental section (Table 2).
Among all compounds evaluated, derivative (2f) with
chlorine atom at 10-position (R2@10-Cl, Table 2), struc-
turally analogous to acridone 1b, exhibited a high anti-
HSV-1 activity (100%). In contrast, the derivative 2i
(Fig. 3B) with methyl group at 8-position did not show
any inhibitory activity. Neither substituents in R1 (H or
CH3) nor in C6- (chlorine or carbonyl) positions com-
pletely abolished the antiviral activity, which reveals
R2 position as the most important determinant for these
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compounds’ antiviral profile (Table 2). Apparently, po-
sition in the ring (10 or 8) is one of the most important
structural features to be considered in R2 as 2f and 2h
(10-substituents) presented higher activity than its anal-
ogous 2g and 2i (8-substituents) (Table 2).

To verify the cytotoxicity profile of this naphthyridine
series, we also performed cytotoxicity assays using Vero
cells. Our results showed that active and inactive deriv-
atives present a cytotoxic concentration higher
(CC50 = 640–4258 lM) than acyclovir (CC50 = 126 lM)
(Fig. 2). Thus these data indicated the low cytotoxicity
profile of this naphthyridine series whereas reinforced
their antiviral activity.

3.2.4. Molecular modeling and SAR studies of 2a–i
derivatives. The same molecular modeling procedure
used for acridones was applied for the nine 3H-
benzo[b]pyrazolo[3,4-h]-1,6-naphthyridine derivatives.
The minimum energy conformation for all compounds
shows that the N3-phenyl ring is co-planar to the pyraz-
olo-naphthyridine system probably due to the electro-
static attraction between the ortho-hydrogen atoms of
N3-phenyl ring and the N2 and N4 nitrogen atoms of
the pyrazolo-naphthyridine system (Scheme 1, Table 2,
and Fig. 3B). The overall analysis of naphthyridines’
calculated electronic properties, such as HOMO and
LUMO energies and molecular dipole moment values,
showed no clear or direct correlation with anti-HSV-1
activity, similar to that observed for acridones (Table 2).

Analysis of the MEP maps of 2a–i derivatives (Fig. 3A)
showed significant changes in C6-position of naphthyri-
dine moiety in 2a and 2b compounds (carbonyl group)
in contrast with compounds 2c–i (chlorine substituent).
However, since there are compounds with almost equiv-
alent activity with carbonyl (2b, 100%) or chlorine (2f,
92%) at C6-position (Table 2), the electrostatic potential
is not the determinant factor for the activity at this posi-
tion, which is related to the C9-carbonyl group in acri-
done derivatives. This result suggested that this region
Acyclov 2a 2b 2c 2d 2g 2h
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Figure 2. Comparison of the cytotoxicity concentration (CC50) of

active and inactive naphthyridine compounds and acyclovir (Acyclov).
might be important for the activity observed due to its
hydrophobic character rather than its ability as a hydro-
gen-bonding acceptor. Moreover, since Lowden and
Bastow have proposed the removal and/or replacement
of the C9-carbonyl and/or the C1-hydroxyl groups of
acridone system in order to decrease cell toxicity,9 we
designed a new series that does not contain these motifs
simultaneously.

The comparison of the theoretical results of (2f) and (2g)
derivatives revealed that electronic density significantly
decreases in the last compound when chlorine atom is
in 8-position (Table 2, Fig. 3A). Probably loss of this
negative region may be deleterious for 2g binding to
receptor/target of the virus, in contrast to 2f (10-substi-
tuted derivative) as observed in the biological assays.

The comparison of the MEP energy isosurface maps of
the acridone (1a–g) and naphthyridine (2a–i) derivatives
(Fig. 3A) showed the highest negative electrostatic
potentials close to R3@OH substituent in acridone ana-
logues and to the N2 in naphthyridine derivatives. In
fact, the three-dimensional MEP maps in both com-
pound series reveal that the center of the most negative
region (darkest red) lies near to these substituents. The
structural alignment of the most active (2f) and the inac-
tive (2i) compounds with acridone 1b infers a restrictive
role for the positions analyzed (Fig. 3B).

Despite the interesting results, it is important to consider
the limitation of ligand-based SAR design when using
cell-based assay data, especially when the target/mecha-
nism of action are unknown. In case of acridone series
(1), it is known that the mechanism of two regioisomers
(1f and 1h) is different, which suggests they act on differ-
ent targets.22 This may partially explain the absence of
direct correlation between some calculated electronic
parameters and molecular dipole moments, and the bio-
logical activity (Table 1). Thus the fact that the target/
mechanism of the naphthyridine compounds studied
herein is also not fully understood limits the interpreta-
tion of the computational approach used and this
should be considered.

3.2.5. In silico ADMET screening. Currently, there are
many approaches to assess drug-likeness and/or lead-
likeness of drug candidates.23,24 One of such approaches
is the Actelion Property Explorer (http://www.acteli-
ion.com/ or http://www.organic-chemistry.org/), a web-
based system named Osiris, which is able to calculate
indices and/or properties such as toxicity risk assess-
ment, logP prediction, solubility (logs) prediction,
molecular weight, fragment-based drug-likeness predic-
tion, and overall drug-score. The overall drug-score
combines drug-likeness, cLogP, clogs, molecular weight,
and toxicity risk indices in one single value, where the
occurrence frequency of each fragment is determined
within the collection of traded drugs and within the sup-
posedly non-drug like collection of Fluka compounds.

In this work, we used the Osiris Property Explorer for
calculating the overall drug-score of the most active
acridone (1a and 1b) and 2b, 2c, and 2f compounds

http://www.acteliion.com/
http://www.acteliion.com/
http://www.organic-chemistry.org/


Figure 3. Theoretical studies of acridones and naphthyridines. (A) Comparison of the Molecular Electrostatic Potential (MEP) energy isosurfaces of

1-hydroxyacridones (up) and 3H-benzo[b]pyrazolo[3,4-h]-1,6-naphthyridines (down) superimposed onto total electron density of 0.002 e/a.u.3. The

color code is in the range of �25 (deepest red) to +30 (deepest blue) kcal/mol. (B) Structural alignment of 5-chloro-1,3-dihydroxyacridone (carbon

atoms are in orange color) (1b) with the most active (2f) and the inactive (2i) 3H-benzo[b]pyrazolo[3,4-h]-1,6-naphthyridine derivatives (carbon atoms

are in gray color). (C) Calculated side effects (i.e., reproductive, irritant, and tumorigenic theoretical toxicity risks) and (D) calculated DrugScore

values for the most potent compounds (1a, 2b–c, and 2f) and acyclovir (ACV) using Osiris program (http://www.organic-chemistry.org/prog/peo/

druglikeness.html).
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using acyclovir (ACV) as positive control as described
elsewhere.23,24 Potential toxicity risks including repro-
ductive, irritant, and tumorigenic effects are shown in
Figure 3C while the overall drug-score is shown in
Figure 3D. Interestingly, 2b, 2c, and 2f derivatives
presented a drug-score similar to acyclovir, while the
acridone compounds presented a greater drug-score
(Fig. 3D). Importantly, only 2b presented the worst pre-
diction of one of these toxicity risks (Fig. 3C). The pre-
dicted irritant profile of 2b is a direct indication of its
non-potential drug-score. The low theoretical reproduc-
tive, irritant, and tumorigenic effects of the other com-
pounds (1a, 1b, 2c, and 2f) indicated a low risk drug
like profile; similar to acyclovir that in the analyzed as-
pects was also safe. It is important to notice that the tox-
icity predicted herein neither is a fully reliable toxicity
prediction, nor guarantee that these compounds are
completely free of any toxic effect. However it reinforced
the promising profile of these compounds for further
experimental investigation.

http://www.organic-chemistry.org/prog/peo/druglikeness.html
http://www.organic-chemistry.org/prog/peo/druglikeness.html
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4. Conclusions

Overall in both acridones and 2a–i compounds, the po-
sition of functional groups has impact on the activity as
observed in the SAR study. The structure activity-rela-
tionship of acridone derivatives shows that the 5-chloro
position is interesting for displaying an anti-HSV-1 ro-
file. Similar feature was observed in 2a–i compounds,
in which the highest inhibitory activity is noticed when
the chloride atom is in the 10-position next to nitrogen
atom of central ring.

Our results with acridones and 2a–i compounds pointed
their electrostatic features and other electronic proper-
ties as important in the antiviral profile. Although the
Osiris risk alerts are not a fully reliable toxicity predic-
tion, the theoretical low-toxicity profile of these com-
pounds reinforces the significant activity of 2c and 2f.
This theoretical result is reinforced by the experimental
cytotoxicity assay, which confirmed these compounds’
low toxicity profile. Therefore, the analyses of other
molecular properties could be useful for designing new
anti-HSV-1 drugs using some of these derivatives such
as 2f as a leading compound.
5. Experimental

5.1. Chemistry

All reagents and solvents used were of analytical grade.
TLC was carried out using silica gel F-254 Glass Plate
(20 · 20 cm). The solid samples were measured using
potassium bromide pellets. Melting points (mp) were
determined with a Fisher–Johns apparatus. The 1H Nu-
clear agnetic Resonance (1H NMR) spectra were ob-
tained from Varian model Unity Plus spectrometer
operating at 300.00 MHz, using tetramethylsilane as
internal standard. The chemical shifts (d) are reported
in ppm and the coupling constants (J) in Hertz. Fourier
transform infrared (FT-IR) absorption spectra were re-
corded in a Perkin-Elmer model Spectrum One FT-IR
spectrophotometer.

3H-Benzo[b]pyrazolo[3,4-h]-1,6-naphthyridines and the
intermediate ‘aniline esters’ and ‘aniline acids’ were pre-
pared as follows.

5.1.1. Ethyl 4-chloro-1-phenyl-1H-pyrazolo[3,4-b]-pyri-
dine-5-carboxylate (5a) and Ethyl 4-chloro-3-methyl-1-
phenyl-1H-pyrazolo[3,4-b]pyridine-5-carboxylate (5b).
These were prepared according to literature method:
(5a), mp 98 �C (mp 97 �C); (5b), mp 110 �C (mp
110 �C). 16

5.1.2. Ethyl 4-anilino-1-phenyl-1H-pyrazolo[3,4-b]-pyri-
dine-5-carboxylate (4a–i). Method A: An equimolar mix-
ture of 5a or 5b and an aniline (5 mmoles) in 10 ml N,N-
dimethylformamide was heated under reflux for 4 h. The
reaction mixture, after cooling, was poured into 50 ml of
ice cold water. The precipitated ‘aniline esters’ were fil-
tered, dried, and recrystallized from a mixture of ethanol
and water.
5.1.3. 4-Anilino-1-phenyl-1H-pyrazolo[3,4-b]-pyridine-5-
carboxylic acids (3a–i). A mixture of 3 mmoles of the es-
ter (4a–i), 10 ml of 20% sodium hydroxide solution, and
10 ml of ethanol was heated under reflux for 1–3 h. On
cooling mixture was acidified with diluted hydrochloric
acid (1:3), and the precipitated acids were filtered and
recrystallized from a mixture of DMF and water.

5.1.4. 3-Phenyl-3H-benzo[b]pyrazolo[3,4-h]-1,6-naphthyri-
dines (2a–i). A mixture of the ‘aniline acids’ (3a–i) and
phosphorus oxychloride (5 mL) was heated under reflux
for 3 h. The reaction mixture was inverted over crushed
ice. In some cases the excess of phosphorus oxychloride
was removed under reduced pressure before inverting
over crushed ice and neutralized with water. The result-
ing precipitate was collected and purified by flash col-
umn chromatography (FC, silica gel).

(2a) 3-Phenyl-3H-benzo[b]pyrazolo[3,4-h]-1,6-naphthyri-
din- 6(11H)one. Yield: 70%; mp 258 �C; IR (KBr, cm�1):
(mNH3400, mC@O 1650–1640); 1H NMR: 6.01(s); 8.94(s);
7.84–7.47(m).

(2b) 3-Phenyl-8-methyl-3H-benzo[b]pyrazolo[3,4-h]-1,6-
naphthyridin-6(11H)one. Yield: 69%; mp >300 �C; IR
(KBr, cm�1): (mNH3400, mC@O 1650–1640); 1H NMR:
6.22(s); 9.08(s); 7.51–7.28(m).

(2c) 6-Chloro-3-phenyl-8-methyl-3H-benzo[b]pyrazolo-
[3,4-h]-1,6-naphthyridine. Yield: 68%; mp 231 �C; IR
(KBr, cm�1): (mNH3430, mC@C 1593, mC@N 1502); 1H
NMR: 6.22(s); 9.19(s); 7.77(s); 7.45(dd. 7.8; 7.8); 8.11(d.
7.5); 8.33(d. 7.8); 7.28(d. 7.2); 7.02(d, 7.5); 2.51(s).

(2d) 6-Chloro-3-phenyl-8-methyl-3H-benzo[b]pyrazol-
o[3,4-h]-1,6-naphthyridine. Yield: 70%; mp 245 �C; IR
(KBr, cm�1): (mNH3430, mC@C 1593, mC@N 1502); 1H
NMR: 6.70(s); 9.62(s); 7.59–7.50(m); 8.12(d, 9.3);
8.22(d, 7.8); 7.37(d, 7.5); 4.01(s).

(2e) 6-Chloro-3-phenyl-1-methyl-3H-benzo[b]pyrazolo-
[3,4-h]-1,6-naphthyridine. Yield: 60% mp 195–96 �C; IR
(KBr, cm�1): (mNH3430, mC@C 1596, mC@N 1502); 1H
NMR: 9.58(s); 8.20(d, 9.0); 7.88–7.52(m); 8.17(d, 9.0).

(2f) 6,10-Dichloro-3-phenyl-1-methyl-3H-benzo[b]pyr-
azolo[3,4-h]-1,6-naphthyridine. Yield: 71%; mp 224 �C;
IR (KBr, cm�1): (mNH3430, mC@C 1596, mC@N 1502);
1H NMR: 9.06(s); 7.81–7.48(m); 8.35(d, 8.1); 7.73(d,
8.1); 7.53(d, 7.2); 1.39(s).

(2g) 6,8-Dichloro-3-phenyl-1-methyl-3H-benzo[b]pyraz-
olo[3,4-h]-1,6-naphthyridine. Yield: 68%; mp 243 �C;
IR (KBr, cm�1): (mNH3430, mC@C 1596, mC@N 1502);
1H NMR:9.43(s); 7.93(s); 7.85(d, 7.8); 8.05(d, 7.8);
8.36(d, 7.5); 7.74(d, 7.8); 7.52(d, 7.8); 1.38(s).

(2h) 6-Chloro-3-phenyl-1,10-dimethyl-3H-benzo[b]pyr-
azolo[3,4-h]-1,6-naphthyridine. Yield: 67%; mp >300 �C;
IR (KBr, cm�1): (mNH3430, mC@C 1596, mC@N 1502);
1H NMR: 9.18(s); 7.76(s); 8.11(d, 8.0); 7.45(dd, 8.0);
8.33(d, 7.8); 7.52(dd, 7.5; 7.5); 7.28(dd, 7.5; 7.5); 2.51(s);
1.37(s).
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(2i) 6-Chloro-3-phenyl-1,8-dimethyl-3H-benzo[b]pyraz-
olo[3,4-h]-1,6-naphthyridine. Yield: 73%; mp 201 �C; IR
(KBr, cm�1): (mNH3430, mC@C 1592, mC@N 1503); 1H
NMR: 9.54(s); 8.05(d, 4.5); 7.63(dd, 9.0); 8.03(d, 9.0);
8.20(d, 7.5); 7.55(d, 7.8); 7.36(d, 7.5); 3.07(s); 1.30(s).

5.2. Antiviral assay

African green monkey kidney cells (Vero) were cul-
tured in Dulbecco’s modified Eagle’s medium
(DMEM; GIBCO/BRL) supplemented with 5% fetal
calf serum (FCS), 100 U/mL penicillin, 100 lg/mL
streptomycin, and 250 lg/mL amphotericin-b. The cells
were incubated at 37 �C in a 5% CO2 atmosphere. As
the cells became confluent, they were washed with
PBS-EDTA, dissociated with trypsin 0.25%, and then
resuspended in culture medium. Monolayers in
25 cm2 bottles were infected by acyclovir-resistant
strain of HSV-1 (AR-29) at 0.1 multiplicity of infection
(m.o.i.). Next, cells were lysed 24 h after infection by
three cycles of freezing and thawing, centrifuged at
3000 rpm at 4 �C for 20 min, and the supernatant
was stored at �70 �C for use.

The antiviral activities of the 3H-benzo[b]pyrazolo-
[3,4-h]-1,6-naphthyridine derivatives (50 lM) were
investigated according to Reed and Munch 50% end
point method.25 Acyclovir was used as positive con-
trol at 50 lM (HSV = 100%). Briefly, Vero cells grown
to confluence in 96-well plate were infected with HSV-
1 at various m.o.i. (1, 0.1, 0.01, 0.001) for 1 h at 37 �C.
After that, infected cells were washed with PBS to re-
move residual viruses and complete culture medium,
containing or not the derivatives, was added. At
72 h after infection virus titer of each sample was
determined in terms of the 50% tissue culture dose
(TCID 50/mL) by end point dilution. In addition we
also used Mock-treated HSV1-infected cells as posi-
tive control. All experiments were performed in dupli-
cate at least three times. Thus we presented the
compounds results by using the formula y = (100.T/
M) � 100 where y is the inhibition (%), T is the titer
of the HSV-1-infected cells treated with the naph-
thyridine compound, and M is the titer of the
Mock-treated HSV1-infected cells.

5.3. Cytotoxicity assay

Vero cells were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 5% fetal
bovine serum (FBS; HyClone, Logan, Utah), 100 U/
mL penicillin, and 100 lg/mL streptomycin, at 37 �C
in 5% CO2. Monolayers of about 104 Vero cells in
96-multiwell plates were treated with several concen-
trations of the compounds for 72 h. Then, 50 ll of a
1 mg/mL solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT; Sigma) was
added to evaluate cell viability according to proce-
dures described elsewhere.26 The 50% cytotoxic con-
centration (CC50) was calculated by linear
regression analysis of the dose-response curves. All
experiments were performed in duplicate at least three
times.
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