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Abstract—This article describes the synthesis and inhibitory activities of a series of new 3-piperonylcoumarins, designed as inhibitors
of glycosomal glyceraldehyde-3-phosphate dehydrogenase (gGAPDH) from Trypanosoma cruzi. The design was based on the struc-
tures of previously identified natural products hits. The most active synthesized derivatives contain heterocyclic rings at position 6.
SAR studies, performed by electronic indices methodology (EIM), clustered the molecules in different groups due to the chemical
substitutions regarding the biological activity. Molecular modeling studies by docking suggested a different binding mode for the
most active derivatives, when compared to natural hit chalepin. Moreover, the coumarin ring seems to act only as a spacer group.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Protozoan parasites of the Trypanosomatidae family are
responsible for a wide variety of ailments, amongst them
sleeping sickness and the American trypanosomiasis,
also known as Chagas’ disease, which is endemic to 15
countries of Latin America, where 40 million people
are at risk and 200,000 new cases are registered each
year.! Owing to their toxicity and lack of efficacy, most
of the currently used compounds are unsatisfactory? and
therefore the design of novel classes of trypanocidal
drugs has become urgent. In fact, the medical and eco-
nomic problems caused by Chagas’ disease justify its
selection by the World Health Organization for the
development of new or more effective treatments. !

One promising approach to accomplish this task is
through the selective inhibition of enzymes that partici-
pate in the glycolitic pathway of the parasite (Trypano-
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soma cruzi). Glyceraldehyde-3-phosphate dehydro-
genase (gGAPDH), the sixth enzyme in the glycolytic
pathway, plays an essential role in the control of glyco-
lytic flux.># As intracellular amastigotes predominantly
depend on glycolisis for ATP production, the inhibition
of gGAPDH would prevent T. cruzi from being
infective.>> For this reason, it has been identified as a
suitable target for the development of inhibitors.
Additionally, it has been observed that 95% deficiency
of GAPDH in human erythrocytes does not cause any
clinical symptoms.®

In an on-going program to screen natural products
libraries in the search for new potential inhibitors of
T. cruzi gGAPDH, a series of natural coumarins and
flavonoids isolated from the Rutaceae family were identi-
fied”-® (Fig. 1). The best inhibitor, a coumarin derivative,
chalepin, was selected as a good hit and was co-crystal-
lized with gGAPDH.’ Based on the information gath-
ered from the crystallographic structure, a computer-
aided molecular design approach was undertaken, in
order to better characterize the binding site of gGAPDH
and thus understand the essential features for coumarin
binding in the 7. cruzi gGAPDH active site.!® The
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chalepin
ICs5)= 64 uM

R =R;=0Me 3',4°,5",5,7-pentamethoxyflavone

R =0OMe; R; =H 3’ ,4-methylenedioxy-5,6,7-trimethoxyflavone

3',4.5",5,7-pentamethoxyflavone
1Csy= 81 uM

Figure 1. Natural products hits and their gGAPDH inhibitory activities.”

analysis of the 3D QSAR model obtained in this study
suggests that the crucial features for binding are the
lipophilic character of the coumarin ring and the pres-
ence of focused polar regions, with low bulk groups at
the terminal ends of chalepin.'? In fact a new series of
coumarin derivatives was used to cross-validate this
model.

Herein we describe the synthetic approach to obtain a
series of 14 new 3-piperonylcoumarin derivatives, which
were proposed as potential gGAPDH inhibitors, as well
as new modeling studies that support a new binding
mode for these coumarin derivatives.

In order to better understand the behavior of these com-
pounds on the inhibition of 7. cruzi gGADPH enzyme
and to generate chemical data useful for the computer-
aided molecular design, a structure—activity relationship
(SAR) study was performed using docking procedures,
partial components analysis (PCA) and the recently pro-
posed electronic indices methodology (EIM).!! Based on
their inhibitory activities and molecular structures, evi-
dences were found that support a hypothesis of different
mechanisms of inhibition. Moreover, the proposed
binding model enlightens the structure—activity relation-
ships among the series and suggests possible new modi-
fications that might improve binding toward gGAPDH.

2. Results and discussion

The gGAPDH inhibitory activities obtained for natural
coumarins® stimulated us to propose the synthesis of
some new coumarin derivatives (Fig. 2), in which a piper-
onyl group was linked to position 3 of the coumarin ring,
by analogy to the previously identified active flavones

2a R;=NOy Ry=R3=H
2b R, =0Ac, Ry=R;=H
2 Ry~ OAc,R; =Ry =H
2d R3=0Ac.R; =R, =H
2 R ~Ry-Ry - H

3b R;=OH,Ry=R3=H
3¢ Ry~ OH.R; =R;—H
3d Ry=OH,R; =Ry =H
4 R =NHyR,=R;=H

Sa R; = (1£)-1H-pyrrol-2-ylmethylamino, Ry =R3 = H
5b R; = (1E)-2-furylmethylencamino. Ry =R; = H

Sc R, = (1E)-thien-2-ylmethylencamino, R; =Ry = H

6 Ry = (1E)-1H-indol-3-ylmethyleneamino, R, =R; = H
7 Ry = (1E)-pyridin-2-ylmethyleneamino. R, =R3 =H

Figure 2. Target compounds designed as inhibitors of gGAPDH.

1Cs mixture = 25 pg/mL

(Fig. 1).” These synthetic coumarins were proposed on
the basis of some strategies for primary structure—
activity relationship exploration, such as: (i) the appro-
priate substituent choice, as half of all existing drugs
contain substituted aromatic rings; (i) the easiness of
the organic synthesis; and (iii) the elimination of the chi-
ral centers.!?

In order to estimate whether these new compounds
would have reasonable inhibitory activity, preliminary
docking studies using energy score evaluation function
were undertaken. Compounds 5a—c¢ and 6 have shown
score values similar to the one obtained for chalepin.!?
These initial results indicate that 3-piperonylcoumarin
derivatives may be potential gGAPDH inhibitors. A
simple synthetic strategy was designed to prepare these
compounds and to test our initial hypothesis.

Compounds 2a—e were synthesized by the Perkin—Ogl-
ialoro reaction of 3,4-(methylenedioxy)phenylacetic acid
with salicylaldehyde derivatives, in Ac,O and CH;CO,K
(Scheme 1).'%!5 Electron-attracting groups on the sali-
cylaldehyde ring increase the efficiency of the reaction,
as observed for compound 2a.'® The deacetylation of
compounds 2b-d were carried out using HCI 2N in
MeOH, affording compounds 3b-d in good yields.
Reduction of nitro-group in 2a to afford 4 was efficiently
achieved with SnCl,-2H,O in EtOH.!” Compounds 5a—
¢, 6, and 7 were synthesized in good yields by the reac-
tion of compound 4 with appropriate aromatic alde-
hydes, using molecular sieves as dehydration agents
(Scheme 2).'8

Structures of synthesized coumarins were established on
the basis of 'H and '*C NMR spectra (see Experimen-
tal). The HMQC and HMBC experiments allowed us
to completely attribute proton and carbon chemical
shifts for compounds 5a—¢, 6, and 7 (Table 1). NOE diff-
erence experiment for these coumarins showed NOEs
between H-8' and H-5/H-7, which confirm the stereo-
chemistry E of imine bonds.

All  coumarins synthesized were tested against
¢GAPDH, and the most significant results are shown
in Table 2. Other coumarins were inactive in these con-
centrations. Coumarins 5a, 5b, and 6 showed the best
inhibitory activities.
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Scheme 1. Reagents: (i) 3,4-(methylenedioxy)phenylacetic acid, CH;CO,K, Ac,O, reflux; (i) HCl 2N, MeOH.

carboxaldehyde, molecular sieves, benzene, reflux; (iv) 2-pyridinecarboxaldehyde, molecular sieves, benzene, reflux.
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Scheme 2. Reagents: (i) SnCl,2H,O, EtOH, reflux; (ii) hetero-5-ring-2-carboxaldehydes, molecular sieves, benzene, reflux; (iii) indole-3-

Table 1. '"H NMR data for coumarins 5a—c, 6, 7 (DMSO-d;, 400 MHz)
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H 5a 5b 5c 6 7

4 8.26's 8.19s 8.25s 8.22s 8.23s

5 7.60 d (2.3) 7.63 d (2.5) 771 d (2.3) 7.59 d (2.3) 7.76 d (2.5)

7 7.51 dd (8.8; 2.3) 7.54 dd (8.8; 2.5) 7.61 dd (8.8; 2.3) 7.51 dd (8.8; 2.3) 7.66 dd (8.8; 2.5)

8 7.48 d (8.8) 7.46 d (8.8) 7.52.d (8.8) 7.45d (8.8) 7.51d (8.8)

2 7.36 d (1.8) 7.31d (1.8) 7.36 d (1.8) 7.32d (1.8) 7.32.d (1.8)

5/ 7.08 d (8.1) 7.03 d (8.1) 7.09d (8.1) 7.03d (8.1) 7.04d (8.1)

6 7.33 dd (8.1; 1.8) 7.27 dd (8.1; 1.8) 7.32.dd (8.1; 1.8) 7.28 dd (8.1; 1.8) 7.28 dd (8.1; 1.8)

7 6.14 s 6.09 s 6.16 s 6.10 s 6.10 s

8 8.43s 8.52s 8.93 d (1.0) 8.78 s 8.70 s

10’ 6.81 m 7.21 dd (3.5; 0.8) 7.79 dd (3.5; 1.0) 8.06 s 8.20 dt (7.6; 1.0; 1.0)
1 6.29 m 6.74 dd (3.3; 1.8) 7.31dd (5.1; 3.5) — 8.00 dt (7.6; 7.6; 1.8)
12/ 7.12m 7.98 d (1.8) 7.92 dt (5.1; 1.0; 1.0) 8.39 ddd (7.6; 1.5; 0.8) 7.57 ddd (7.6; 4.8; 1.0)
13’ — — — 7.20 dt (7.6; 7.6; 1.5)* 8.75 ddd (4.8; 1.8; 1.0)
14/ — — — 7.24 dt (7.6; 7.6; 1.8)°

15' — — — 7.50 m —

-NH 11.90 s — — 11.84 brs —

2> May be interchangeable.

It was not possible to estimate the ICs, values for all
compounds by means of nonlinear fitting of untrans-
formed data to the Michaelis—Menten equation. Most
of the compounds precipitate due to low solubility in

higher concentrations in reaction media. Therefore, bio-
active compounds were considered the ones whose
inhibitory concentrations were equal or lower than nat-
ural hit chalepin (ICsy 64puM).®8
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Table 2. Inhibitory activities of gGAPDH (%)

Coumarin Concentration (uM)

10 25 35 45 60
2b nt 0 nt 29.6 30.0
3b nt 0 nt 23.1 40.8
3c nt 8.0 nt 222 29.1
5a 15.8 39.0 59.3 56.8 68.0
5b 16.0 22.0 37.0 46.0 nt
5¢ 18.5 19.4 24.7 28.7 35.0
6 17.1 323 37.3 48.3 60.8
7 4.0 43 15.0 14.5 12.9

nt—not tested.

2.1. SAR studies by electronic indices methodology (EIM)
and CODESSA

The EIM is a new tool for SAR. It is a very efficient
way to generate descriptors highly correlated to the
biological activity at low computational cost, from
quantum semi-empirical methods, using the local den-
sity of states (LDOS). LDOS is defined as the density
of states (DOS) calculated over a specific region of the
molecule using the coefficients from the linear combina-
tion of atomic orbitals (LCAQO). This methodology has
been successfully applied in other biological systems
and has proven to improve the quality of SAR studies.'!
In this article, it was used for the first time together with
the descriptors calculated with the CODESSA pro-
gram.!® This program generates several different types
of descriptors automatically, from constitutional, topo-
logical and geometrical ones to electrostatical and quan-
tum mechanical. It allows for the development of
quantitative models of prediction for physical-chemical
properties and biological activities.? In this paper, these
two tools were used together to assay the inhibitory
activity of coumarin analogs. The amount of informa-
tion that can be obtained from quantum chemical calcu-
lations from single molecules combined with statistical
exploratory techniques, such as cluster analysis, allows
pinpointing the subtle causes of the observed variation
in biological activity in some series of compounds. In
addition, it can also help to understand the role of chem-
ical groups when interacting with biological receptors.

One of the objectives of the EIM is to derive logical condi-
tional relations based on the parameters 4 and #. These
relations have proven to be useful to separate active
from inactive compounds, one of the aims of SAR.
The parameter # is a critical value derived from the
LDOS calculated over a region of the molecule studied,
which is important for the biological activity.

With the optimized geometries, eigenvalues and eigen-
vectors obtained, the density of states calculations is
performed. The electronic density of states (DOS) is de-
fined as the number of electronic states per energy unit.
The related concept of local density of states (LDOS),
that is the DOS calculated over a specific molecular re-
gion, is introduced in order to also describe the spatial
distribution of the states over the system under consid-
eration. For the LDOS calculations, the contribution
of each atom to an electronic level is weighed by the

square of the (real) molecular orbital coefficient, that
is by the probability density corresponding to the level
in that site. The summation is carried over the selected
atomic orbitals (n; to ny), leading to the following expres-
sion (Eq. 1):!!

LDOS(E;) = 2&5 el (1)

m=n;

The factor 2 comes from the Pauli’s exclusion principle
(maximum of 2 electrons per electronic level). This is a
discrete modulation that allows a direct comparison of
DOS and LDOS calculated from any linear combination
of atomic orbital (LCAO) method. The EIM approach
is based on two major descriptors, named n and 4.
The former, #, is related to the relative difference contri-
bution between the most relevant molecular electronic
levels over the identified molecular region linked to the
biological activity (via LDOS) (Eq. 2):!!

ny
n= 2 Z(|leevell|2 - |cmleve12|2) (2)

m=n;

The second major EIM descriptor is 4 (Eq. 3). This de-
scriptor is defined as the energy separation of the molec-
ular levels from Eq. 2, leading to AH if the frontier levels
are HOMO and HOMO — 1 and to AL if the frontier
levels are LUMO and LUMO + 1. The same occurs
for the nL and nH parameters.'!

4 = Elevell - ElevelZ (3)

After an extensive search over different regions, it was
impossible to find values that could properly separate
the active compounds from the inactive ones.

Most of the molecules presented the same behavior
regarding the parameters used. The AL and AH values
correspond to the energy gap between the HOMO and
LUMO orbitals and the immediately molecular level.

The parameters nL and yH describe the different contri-
bution of these orbitals to the LDOS over the carbons
where chemical modifications took place to generate
the compound series. One other reason for this choice
was the chemical hypothesis of different influence of
the aromaticity on the inhibitory activity of the hetero-
ring substituted compounds of this series of coumarin
derivatives. The different aromatic character of the het-
ero-ring substitutions of coumarins Sa-¢, 6, 7 could
influence the nL and nH critical values on the chosen
atoms through resonance effect.

Almost all compounds show the same qualitative values,
resulting in nothing that could lead to critical values to
separate inactive from active ones. Despite this, one fact
should be noticed: a group of active compounds with
different values from most compounds. The coumarins
5a-5, 6, and 7 all containing hetero-aryl rings as substit-
uents have lower molecular level energy gaps and nega-
tive values of nL.
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Figure 3. The score graph of the first two principal components (PC1
and PC2) for the inhibitory activities at 45uM for the set of coumarin
derivatives shown in Figure 2, using the four EIM (L, nH, AH, and
AL) descriptors.
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Figure 4. The score graph of the first two principal components (PC1
and PC2) for the inhibitory activities at 45uM for the set of coumarin
derivatives shown in Figure 2, using the 210 quantum-chemical
descriptors from CODESSA and the EIM.

By combining the EIM descriptors with those generated
with CODESSA and employing the cluster analysis, it
was possible to verify that these compounds are
chemically different regarding the inhibitory activity
(Figs. 3 and 4). Over 200 different quantum-chemical
descriptors were used (Fig. 4) and despite the possible
high correlation between some of them, the inclusion
of the EIM descriptors may ensure that a great amount
of chemical information regarding reactivity and biolog-
ical activity was used to cluster coumarins 5a—c, 6, and 7
when using the inhibitory activities at 45 uM as property
to fit.

The same results were obtained with smaller sets of de-
scriptors, where an initial screening pinpointed the bet-
ter-correlated descriptors to the inhibitory activity.

Chalepin in both cases appears separated from the other
compounds. Although in both cases the PCA plot fails
to separate the active compounds from the inactive
ones, it was possible to cluster the molecules in different
groups due the chemical substitutions regarding the bio-
logical activity. One possible explanation for these re-
sults is that chemically different coumarins would bind
differently to the receptor, leading to different inhibition
mechanisms. The low solubility of these coumarin deriv-
atives in higher concentrations made it difficult to exper-
imentally assay this hypothesis; alternatively a theorical
approach was pursued as the best way to study the inhi-
bition behavior of these compounds.

Docking results, presented in the next section, are in
agreement with the ones found by the SAR assessment
of the coumarin GADPH inhibitors.

2.2. Molecular modeling studies by docking

According to ligand molecular interaction fields (MIFs),
Menezes et al.!” proposed that bulkier groups at posi-
tion 3 (analogous to 1,1-dimethyl-allyl in chalepin)
would decrease inhibitory activity against gGAPDH.
However, this study did not consider the available vol-
ume in 7. cruzi gGAPDH active site for ligand binding.
In fact, Figure 5 shows that heterocyclic derivatives (5a—
¢) would clash to protein residues, in case they interact
with the same residues or crystallographic water mole-
cules as chalepin.

This fact called our attention to another point, also
raised by Menezes et al.;'” whether or not coumarin
derivatives would bind in the same way as chalepin to
the receptor site. Aiming at investigating deeper this
question, we undertook a different approach from that
employed by Menezes et al.!° Docking algorithms that
use stochastic search methods, such as Monte Carlo or

Figure 5. Structural superposition of compounds 5a—c onto chalepin.
Compounds were superposed using FLO, which considers chalepin
crystallographic structure as the biologically active conformation and
tries to fit compounds Sa—c onto chalepin. Piperonyl moiety crashes to
gGAPDH molecular surface (colored in the figure according to its
electrostatic potential). Chalepin structure is presented in thick lines
and compounds 5a (blue), 5b (red), and 5c¢ (orange) in thin lines.
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Figure 6. (Left) Compounds Sa—c proposed interaction site. All compounds interact in the same region of gGAPDH active site with minor
displacement in the heteroaromatic rings. (Right) Interaction profile of compound 5b into gGAPDH active site. Compound Sb hydrogen bonds to
Ser!®® and Thr'®’. Compounds 5a and 5¢ have similar interaction profile to 5b, but show different hydrogen bond strength to Thr'®. Protein atoms
are presented in cartoon except for residues Ser'®®, His'*, Thr'®, and Arg®* that interact to compounds 5a—c or that are important for gGAPDH
catalytic mechanism. Compound 5b is represented in thick lines and compounds 5a (purple) and 5¢ (green) in thin lines.

Genetic algorithm, are known to produce poses (binding
modes) that are close to the observed crystallographic
positions.?!*>?> For this reason, the docking software
FLO? was used to establish reasonable binding modes
for compounds 5a—c, which additionally might clarify
the different inhibitory profile of compound 5c.

Docking studies were conducted as described in Experi-
mental section, and according to modeling results, cou-
marin derivatives 5a, S5b, and 5c¢ show similar binding
modes (Fig. 6). Modeled compounds are located in
the region of the previously described inorganic phos-
phate binding site (residues Thr'®’, Thr*?®, Arg**%)**
and stretches across the substrate active site toward the
substrate phosphate binding site (Thr'®’, Thr'®’, Arg?*).

This binding mode suggests that in compound 5b
3’-methylenedioxi-oxygen hydrogen bonds to Ser'®,
and its phenyl ring interacts to a hydrophobic pocket.
Most of coumarin ring hangs in the solvent with no evi-

dent direct interaction with the protein (Fig. 7).

This binding mode might be a consequence of poor
complementarity between the coumarin ring and
g¢GAPDH active site. Indeed, chalepin-gGAPDH crys-
tallographic structure supports this hypothesis since
two interactions between chalepin and gGAPDH are
mediated by water molecules in the crystallographic
structure.® The hetero-5-ring moieties are located in
the vicinity of Asp?'® (not shown in figure), which call
some attention since human GAPDH has a leucine res-
idue in the equivalent position, and this difference is
urged to be exploited for selective inhibition of 7. cruzi
gGAPDH.?*

Small displacement is observed among docked inhibitors
in the heterocyclic moiety at position 6 (Fig. 6). This be-
havior might be a consequence of a different requirement
for hydrogen orientation for appropriate hydrogen
bonding to Thr'®®. In fact, the lack of a hydrogen bond
between thiophene derivative (5¢) and Thr'®® affords a
reasonable explanation for its decreased activity against
T. cruzi gGAPDH, when compared with 5a and 5b.

Figure 7. Proposed interaction profile of 5b according to the gGAPDH solvent accessible surface (SAS). The figure shows two different views of
compound 5b complementarity to gGAPDH SAS. The two main interactions are: piperonyl moiety lies buried in a hydrophobic pocket (yellow),

nevertheless its oxygen is oriented to hydrogen bond to Ser'®*

region (red), where it hydrogen bonds to Thr!'®’

(not presented in the figure) and the furane ring, which lies close to a hydrogen donor
(not presented in the figure). The coumarin ring hangs in the solvent away from gGAPDH SAS.
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Figure 8. (Left) Proposed binding mode for 5b in the gGAPDH active site suggests that no clash with NAD" molecule would occur. (Right) Binding
mode of chalepin,9 which would be the same for coumarins 2a—e and 3d-d. These coumarins would clash with the co-factor molecule in the active site.

In the case of compound 7, not accounted for in mode-
ling studies, the m-deficient character of the pyridine
ring would not favor a possible charge-transfer complex
interaction with Arg®*. On the other hand, this interac-
tion would be stronger in active compounds 5a—c and 6,
with m-excessive heterocyclic rings. Moreover, com-
pound 7 would not be able to perform the hydrogen
bonding with Thr'®, leading to a lower inhibitory
activity.

Coumarins 2a-e and 3b-d showed weaker inhibitory
activities than heterocyclic derivatives, reinforcing the
role of heterocyclic rings in gGAPDH inhibition.
Moreover, the docking experiments suggest that these
two groups of coumarin derivatives should have differ-
ent binding modes in the gGAPDH active site. While
compounds 2a—e and 3b—d might interact as observed
for chalepin,” in the substrate and co-factor regions,
heterocyclic derivatives 5a—¢, 6, and 7 would interact
only in the substrate region (Fig. 8).

3. Conclusion

A tentative conclusion from the proposed binding model
would be that, for this series of compounds, coumarin
ring acts only as a spacer group that allows moieties at
position 3 and 6 to interact with gGAPDH.

This hypothesis is supported by the fact that compounds
that do not have the proper features to hydrogen bond
to Thr'®” prevent the inhibitor from being strongly at-
tached to the binding site. In this case the lack of com-
plementarity between the ligands and the gGAPDH
binding site, associated with poor interaction profile
(small number of hydrogen bonds, Van der Waals con-
tacts, etc.) would not prevail over the desolvation pen-
alty from binding, resulting at last in the absence of
inhibitory activity.

The EIM methodology was able to describe these inter-
action features, indicating differences in the quantum-
chemical profile of the coumarin derivatives presented
here with an inexpensive computational effort.

Although the statistical exploratory technique employed
was not able to qualitatively separate active compounds
from inactive ones, and it was possible to achieve the
same results as those from the docking approach, there
are different binding modes between the synthetic cou-
marins and the GAPDH enzyme. This conclusion was
achieved using only the physical-chemical properties
of the ligands and the inhibitory activities in the statisti-
cal approach, and reinforced with much more detail
through the docking analyses of the interactions be-
tween the receptor and ligands.

4. Experimental

General. Mp: Fisher-Johns 12144 melting-point
apparatus. '"H and ""NMR spectra: Bruker DRX500
spectrometer at 500 and 125MHz, Bruker DRX400
spectrometer at 400 and 100MHz or Bruker
BPX300 spectrometer at 300 and 75MHz, chemical
shifts é in ppm with SiMe, as an internal standard, cou-
pling constants J in Hz. Elemental analyses were carried
in Carlo Erba EA1110-CHNS-O and Fisons EA1108-
CHNS-O instruments. Low resolution mass spectra
were recorded on a VG Platform with electrospray ion-
ization (ESI).

4.1. General synthetic procedure

4.1.1. 3-(1,3-Benzodioxol-5-yl)-6-nitro-2 H-chromen-2-one
(2a). A mixture of the 2-hydroxy-5-nitrobenzaldehyde
(1, 1.39g, 8.33mmol), anhydrous CH;CO,K (1.42g,
14.50mmol), and 3,4-(methylenedioxy)phenylacetic acid
(1.50g, 8.33mmol) in Ac,O (5.68mL) was refluxed
(140°C) with stirring for 49h. The mixture was
cooled, neutralized with NaHCO; 10%, and filtered.
The yellow solid obtained (2a) was washed with H,O,
EtOAc and dried (2.59g, 8.32mmol, 91%). Mp: 274—
275°C.

"H NMR (400 MHz, DMSO-dj): 8.73 (d, J 2.5Hz, H-5),
8.41 (dd, J 9.1, 2.5Hz, H-7), 8.37 (s, H-4), 7.66 (d, J
9.1Hz, H-8), 7.30 (d, J 1.8Hz, H-2'), 7.29 (dd, J 8.1,
1.8Hz, H-6'), 7.05 (d, J 8.1Hz, H-5"), 6.10 (s, H-7").
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13C NMR (100 MHz, DMSO-d;): 159.2 (s), 156.7 (s),
148.4 (s), 147.6 (s), 143.9 (s), 138.7 (d), 128.5 (s), 128.1
(s), 126.3 (d), 124.5 (d), 123.1 (d), 120.3 (s), 117.7 (d),
109.1 (d), 108.6 (d), 101.8 (t).

Anal. Calcd for C{¢HoNOg (311): C, 61.74; H, 2.91; N,
4.50. Found: C, 61.75; H, 3.06; N, 4.58.

4.1.2. 3-(1,3-Benzodioxol-5-yl)-2-0x0-2 H-chromen-6-yl-
acetate (2b). A mixture of the 2,5-dihydroxy-benzalde-
hyde (1b, 231mg, 1.67mmol), anhydrous CH3;CO,K
(289mg, 2.94mmol), and 3,4-(methylenedioxy)phenyl-
acetic acid (300mg, 1.67mmol) in Ac,O (1.2mL) was
refluxed (140°C) with stirring for Sh. The mixture was
cooled, neutralized with NaHCO;3; 10%, filtered, and ex-
tracted with EtOAc (2 x 20mL). The organic layers were
dried (anhydrous Na,SOy), filtered, and evaporated un-
der reduced pressure. Compound 2b was purified by re-
crystallization on EtOAc as a yellow solid (138mg,
0.43mmol, 30%). Mp: 173-174°C.

'"H NMR (400 MHz, CDCls): 7.69 (s, H-4), 7.36 (d, J
8.8Hz, H-8), 7.29 (d, J 2.8Hz, H-5), 7.26 (dd, J 8.8,
2.8Hz, H-7), 7.22 (d, J 1.8Hz, H-2'), 7.18 (dd, J 8.1,
1.8Hz, H-6), 6.88 (d, J 8.1Hz, H-5'), 6.02 (s, H-7'),
2.35 (s, OAc).

13C NMR (100 MHz, CDCls): 169.4 (s), 160.4 (s), 150.8
(s), 148.5 (s), 147.8 (s), 146.7 (s), 138.2 (d), 128.7 (s),
128.3 (s), 124.7 (d), 122.7 (d), 120.1 (s), 119.9 (d),
117.5 (d), 109.1 (d), 108.4 (d), 101.4 (t), 21.1 (q).

MS m/z 325 (M+1)".

Anal. Caled for Ci3H;,04 (324): C, 66.67; H, 3.73.
Found: C, 66.02; H, 3.81.

4.1.3. 3-(1,3-Benzodioxol-5-yl)-2-0x0-2H-chromen-7-yl-
acetate (2¢). This compound was prepared as described
for 2a, using 2,4-dihydroxy-benzaldehyde (1c, 231 mg,
1.67mmol) in 25h. After purification by recrystallization
in EtOAc, compound 2¢ was obtained as a yellow solid
(146 mg, 0.45mmol, 27%). Mp: 197-201°C.

'H NMR (400MHz, CDCly): 7.66 (s, H-4), 7.45 (d, J
8.3Hz, H-5), 7.15(d, J 1.8, H-2'), 7.11 (dd, J 8.1, 1.8 Hz,
H-6"), 7.07 (d, J 2.3Hz, H-8), 6.99 (dd, J 8.3, 2.3Hz, H-
6), 6.81 (d, J 8.1 Hz, H-5"), 5.94 (s, H-7'), 2.28 (s, OAc).

13C NMR (100 MHz, CDCl5): 168.8 (s), 160.3 (s), 153.8
(s), 152.6 (s), 148.3 (s), 147.8 (s), 138.4 (d), 128.43 (s),
128.40 (d), 127.3 (s), 122.6 (d), 118.5 (d), 117.5 (s),
110.0 (d), 109.1 (d), 108.4 (d), 101.4 (t), 21.1 (q).

MS m/z 347 (M+Na)*.

Anal. Caled for CigH;,04 (324): C, 66.67; H, 3.73.
Found: C, 66.50; H, 3.79.

4.1.4. 3-(1,3-Benzodioxol-5-yl)-2-0x0-2 H-chromen-8-yl-
acetate (2d). This compound was prepared as described
for 2a and 2b, using 2,3-dihydroxy-benzaldehyde (1d,
231 mg, 1.67mmol) in 2h. After purification by recrys-

tallization in EtOAc, compound 2d was obtained as a
yellow solid (92mg, 0.29mmol, 17%). Mp: 193-195°C.

"H NMR (400 MHz, CDCls): 7.74 (s, H-4), 7.40 (m, H-
6), 7.27 (m, H-5/H-7), 7.21 (d, J 2.0Hz, H-2"), 7.17 (dd, J
8.1, 2.0Hz, H-6), 6.88 (d, J 8.1Hz, H-5'), 6.02 (s, H-7'),
2.43 (s, OAc).

13C NMR (125MHz, CDCl5): 168.6 (s), 159.4 (s), 148.5
(s), 147.8 (s), 145.1 (s), 138.5 (d), 137.6 (s), 128.6 (s),
128.4 (s), 125.2 (d), 124.7 (d), 124.2 (d), 122.6 (d),
121.1 (s), 109.1 (d), 108.4 (d), 101.4 (t), 20.7 (q).

MS m/z 325 (M+1); 347 (M+Na)".

Anal. Calcd for C;gH,04 (324): C, 66.67, H, 3.73.
Found: C, 67.22; H, 3.97.

4.1.5. 3-(1,3-Benzodioxol-5-yl)-2 H-chromen-2-one (2e).
A mixture of the 2-hydroxy-benzaldehyde 1e (0.21mL,
2.0mmol), CH5;CO,K (345mg, 3.52mmol), and 3,4-
(methylenedioxy)phenylacetic acid (360mg, 2.0 mmol)
in AcyO (1.4mL) was refluxed (140°C) with stirring
for 5h. The mixture was cooled, neutralized with NaH-
CO; 10%, filtered, and extracted with EtOAc
(2 x20mL). The organic layers were dried (Na,SOy,), fil-
tered, and evaporated under reduced pressure. The
product was purified by recrystallization in EtOH, yield-
ing compound 2e as a yellow solid (131 mg, 0.49 mmol,
25%). Mp: 169-171°C.

'H NMR (400MHz, CDCly): 7.76 (s, H-4), 7.53 (d, J
7.6Hz, H-8), 7.52 (dt, J 7.6, 7.6, 1.0Hz, H-7), 7.36 (br
d, J 7.6Hz, H-5), 7.29 (dt, J 7.6, 7.6, 1.0Hz, H-6),
7.24 (d, J 1.8Hz, H-2"), 7.19 (dd, J 8.1, 1.8Hz, H-6"),
6.88 (d, J 8.1 Hz, H-5"), 6.00 (s, H-7").

13C NMR (100 MHz, CDCl5): 160.7 (s), 153.3 (s), 148.3
(s), 147.7 (s), 139.0 (d), 131.3 (d), 128.6 (s), 127.9 (s),
127.8 (d), 124.5 (d), 122.5 (d), 119.7 (s), 116.4 (d),
109.1 (d), 108.4 (d), 101.4 (t).

MS m/z 267 (M+H)*.

Anal. Calcd for C;gH;004 (266): C, 72.18; H, 3.79.
Found: C, 72.66; H, 3.94.

4.1.6. 3-(1,3-Benzodioxol-5-yl)-6-hydroxy-2 H-chromen-
2-one (3b). A mixture of coumarin 2b (80 mg, 0.25 mmol)
and aqueous solution of HCl 2N (10mL) in MeOH
(3mL) was refluxed for 2h (100 °C). Product 3b was ob-
tained as a solid, which was filtered from the reaction
mixture and washed in cooled water. After drying it
was obtained 36.4mg (0.13mmol) of coumarin 3b
(53%). Mp: 234-238°C.

'H NMR (400 MHz, CD;OD): 7.82 (s, H-4), 7.14-7.10
(m, H-8), 7.13 (dd, J 1.8, 0.5Hz, H-2'), 7.12 (dd, J 8.1,
1.8Hz, H-6'), 6.96-6.92 (m, H-5 and H-7), 6.79 (dd, J
8.1, 0.5Hz, H-5), 5.90 (s, H-7').

3C NMR (125MHz, CD;0D): 162.9 (s), 155.5 (s),
149.5 (s), 149.0 (s), 148.2 (s), 141.1 (d), 130.2 (s), 128.6



A. A. de Marchi et al. | Bioorg. Med. Chem. 12 (2004) 4823-4833 4831

(s), 123.7 (d), 121.7 (s), 120.8 (d), 117.9 (d), 113.5 (d),
110.1 (d), 109.1 (d), 102.7 (v).

MS mi/z 283 (M+H)".

Anal. Caled for CisH;9O5 (282): C, 68.09; H, 3.57.
Found: C, 68.14; H, 3.99.

4.1.7. 3-(1,3-Benzodioxol-5-yl)-7-hydroxy-2 H-chromen-
2-one (3c). A mixture of coumarin 2¢ (100mg,
0.31mmol) and aqueous solution of HCI 2N (10mL)
in MeOH (3mL) was refluxed for 4h (100°C). Product
3¢ was obtained as a solid, which was filtered from the
reaction mixture and washed in cooled water. After
drying it was obtained 78 mg (0.27mmol) of coumarin
3c (90%). Mp: 240-243°C.

'H NMR (400 MHz, CD;0D): 7.95 (s, H-4), 7.53 (d, J
8.6Hz, H-5), 7.23 (d, J 1.8Hz, H-2'), 7.20 (dd, J 8.1,
1.8Hz, H-6'), 6.89 (d, J 8.1Hz, H-5), 6.82 (dd, J 8.6,
2.3Hz, H-6), 6.75 (d, J 2.3Hz, H-8), 6.00 (s, H-7").

13C NMR (100MHz, CD;0OD): 162.9 (s), 156.5 (s),
150.2 (s), 149.5 (s), 149.1 (s), 141.8 (d), 130.8 (d), 130.6
(s), 124.2 (s), 123.4 (d), 114.8 (d), 113.9 (s), 110.0 (d),
109.1 (d), 103.0 (d), 102.7 (t).

MS m/z 305 (M+Na)".

Anal. Caled for CigH;9Os5 (282): C, 68.09; H, 3.57.
Found: C, 68.06; H, 3.90.

4.1.8. 3-(1,3-Benzodioxol-5-yl)-8-hydroxy-2H-chromen-
2-one (3d). A mixture of coumarin 2d (60 mg, 0.19 mmol)
and aqueous solution of HCI 2N (10mL) in MeOH
(3mL) was refluxed for 2h (100°C). Product 3d was ob-
tained as a solid, which was filtered from the reaction
mixture and washed in cooled water. After drying, it
was obtained 46.5mg (0.17mmol) of coumarin 3d
(89%). Mp: 242-245°C.

'H NMR (400 MHz, CD;OD): 7.89 (s, H-4), 7.16 (dd, J
1.8,0.5Hz, H-2), 7.14 (dd, J 8.1, 2.0 Hz, H-6'), 7.07 (dd,
J 7.8, 7.3Hz, H-6), 7.04 (dd, J 7.8, 2.3Hz, H-5), 6.97
(dd, J 7.3, 2.3Hz, H-7), 6.80 (dd, J 8.1, 0.5Hz, H-5),
5.90 (s, H-7").

3C NMR (125MHz, CD;0D): 161.3 (s), 153.2 (s),
148.5 (s), 148.1 (s), 144.7 (s), 140.6 (d), 129.2 (s), 127.4
(s), 124.9 (d), 122.7 (d), 121.0 (s), 118.9 (d), 118.1 (d),
109.1 (d), 108.1 (d), 101.4 (t).

MS ml/z 283 (M+H)".

Anal. Calcd for C;gH;oOs5 (282): C, 68.09; H, 3.57.
Found: C, 68.01; H, 3.70.

4.1.9. 6-Amino-3-(1,3-benzodioxol-5-yl)-2 H-chromen-2-
one (4). A mixture of coumarin 2a (3.20g, 10.3mmol)
and SnCl,2H,0 (11.59g, 51.5mmol) in EtOH (20mL)
was refluxed (80°C) with stirring for 9h, under N,
atmosphere. The mixture was cooled, neutralized with
NaHCO; 10%, filtered, and extracted with EtOAc

(8 x 20mL). The organic layers were dried (Na,SO,), fil-
tered, and evaporated under reduced pressure, affording
coumarin 4 (yellow solid) as a pure compound (1.79¢g,
6.37mmol, 62%). Mp: 202-204°C.

'H NMR (400 MHz, DMSO-dq): 8.10 (s, H-4), 7.35 (d, J
1.8Hz, H-2'), 7.30 (dd, J 8.1, 1.8Hz, H-6'), 7.18 (d, J
8.8Hz, H-8), 7.05 (d, J 8.1, H-5"), 6.91 (dd, J 8.8,
2.8Hz, H-7), 6.85 (d, J 2.8Hz, H-5), 6.10 (s, H-7'),
5.32 (br s, NH,).

13C NMR (100 MHz, DMSO-dy): 160.5 (s), 147.7 (s),
147.4 (s), 146.0 (s), 144.9 (s), 140.3 (d), 129.2 (s), 126.1
(s), 122.9 (d), 120.2 (s), 118.9 (d), 116.4 (d), 110.5 (d),
109.3 (d), 108.4 (d), 101.6 (t).

MS ml/z 282 (M+H)".

Anal. Calcd for C¢H;NO,4 (281): C, 68.32; H, 3.94; N,
4.98. Found: C, 67.78; H, 4.24; N, 5.46.

4.2. General procedure for the preparation of heteroaro-
matic coumarins (5a—c, 6, 7)

The solutions containing 3-(3,4-methylenedioxyphenyl)-
6-aminocoumarin (4) (0.25mmol), appropriated hetero-
aromatic aldehydes (0.375 mmol), and 790 mg of molecu-
lar sieves in 6mL of anhydrous benzene were refluxed
under N, at 80°C for 29h. The mixtures obtained were
filtered through Celite, which was washed with hot
CHCIl;. Resulting solutions were concentrated to give
crude products, which were recrystallized in the solvents
indicated bellow to afford the heteroaromatic coumarins.

4.2.1. 3-(1,3-Benzodioxol-5-yl)-6-{[(1 E)-1 H-pyrrol-2-yl-
methylene]amino}-2 H-chromen-2-one (5a). Recrystallized
in EtOH (62% yield), mp 212-214°C; 'H NMR
(400 MHz): Table 1.

13C NMR (100 MHz, DMSO-d): 160.0 (C-2), 151.2 (C-
8), 150.5 (C-8a), 148.7 (C-6), 147.8 (C-4'), 147.4 (C-3'),
139.8 (C-4), 130.6 (C-9'), 128.7 (C-1"), 126.8 (C-3), 124.6
(C-7), 124.4 (C-12'), 122.8 (C-6'), 120.2 (C-4a), 119.6 (C-
5), 117.1 (C-10"), 116.8 (C-8), 110.1 (C-11"), 109.0 (C-2'),
108.3 (C-5"), 101.5 (C-7").

MS m/z 359 (M+H)*.

Anal. Calcd for C,;H4 N,O4 (358): C, 70.39; H, 3.94;
N, 7.82. Found: C, 69.82; H, 4.03; N, 7.58.

4.2.2. 3-(1,3-Benzodioxol-5-yl)-6-{[(1E)-2-furylmethyl-
ene]amino}-2H-chromen-2-one (5b). Recrystallized in
EtOH (76% yield, mp 199-202°C; 'H NMR
(400 MHz): Table 1.

13C NMR (100 MHz, DMSO-dy): 159.7 (C-2), 151.7 (C-
9'), 151.0 (C-8a), 148.8 (C-8'), 147.6 (C-3'), 147.3 (C-4"),
147.1 (C-6), 146.7 (C-12'), 139.4 (C-4), 128.4 (C-1'),
126.8 (C-3), 124.3 (C-7), 122.6 (C-6), 120.1 (C-5),
120.0 (C-4a), 117.5 (C-10"), 116.7 (C-8), 112.6 (C-11"),
108.8 (C-2'), 108.1 (C-5'), 101.3 (C-7").
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MS miz 360 (M+H)".

Anal. Calcd for C,;H13NO5 (359): C, 70.19; H, 3.65; N,
3.90. Found: C, 69.70; H, 3.66; N, 4.29.

4.2.3. 3-(1,3-Benzodioxol-5-yl)-6-{[(1 E)-thien-2-ylmethyl-
ene]amino}-2 H-chromen-2-one (5¢). Recrystallized in
EtOH (77% yield, mp 214-216°C; 'H NMR
(400 MHz): Table 1.

13C NMR (100 MHz, DMSO-dy): 160.0 (C-2), 154.8 (C-
8'), 151.3 (C-8a), 148.0 (C-4'), 147.4 (C-3'), 147.3 (C-6),
142.5 (C-9'), 139.7 (C-4), 134.3 (C-10"), 131.8 (C-12),
128.7 (C-1'), 127.1 (C-11"), 124.6 (C-7), 122.9 (C-6'),
120.7 (C-5), 120.3 (C-4a), 117.0 (C-8), 109.1 (C-2'),
108.4 (C-5"), 101.6 (C-7").

EIMS m/z 376 (M+H)*.

Anal. Calcd for C,1H3NO4S (375): C, 67.19; H, 3.49; N,
3.73; S, 8.54. Found: C, 67.15; H, 3.54; N, 3.36; S, 8.59.

4.2.4. 3-(1,3-Benzodioxol-5-yl)-6-{[(1E)-1 H-indol-3-yl-
methylene]amino}-2 H-chromen-2-one (6). Recrystallized
in EtOAc (37% yield), mp 248-250°C; 'H NMR
(400 MHz): Table 1.

13C NMR (100 MHz, DMSO-d): 160.2 (C-2), 156.4 (C-
8), 150.5 (C-8a), 150.0 (C-6), 147.5 (C-4'), 140.1 (C-4),
137.6 (C-16"), 134.3 (C-10'), 128.9 (C-1'), 126.9 (C-3),
125.1 (C-11"), 124.9 (C-7), 123.3 (C-6"), 123.0 (C-12'),
122.1 (C-13’), 121.4 (C-14"), 119.7 (C-5), 118.4 (C-4a),
116.8 (C-8), 115.3 (C-9), 112.4 (C-15"), 109.2 (C-2'),
108.5 (C-5'), 101.7 (C-7").

MS m/z 409 (M+H)".

Anal. Calcd for C,sH ¢N»Oy4 (408): C, 73.52; H, 3.95; N,
6.86. Found: C, 72.95; H, 4.23; N, 6.83.

4.2.5. 3-(1,3-Benzodioxol-5-yl)-6-{[(1 E)-pyridin-2-yl-
methylene]amino}-2 H-chromen-2-one (7). Recrystallized
in EtOH (34% yield), mp 256-259°C; 'H NMR
(400 MHz): Table 1.

13C NMR (100MHz, DMSO-dg): 159.9 (C-2), 156.1
(C-8"), 152.6 (C-6), 150.3 (C-8a), 147.4 (C-4'), 147.1
(C-3"), 145.6 (C-9'), 144.6 (C-13’), 140.0 (C-4), 137.8
(C-117), 128.9 (C-17), 128.5 (C-12'), 126.9 (C-3), 126.1
(C-7), 122.6 (C-6'), 121.8 (C-10), 119.7 (C-5), 118.6
(C-4a), 116.1 (C-8), 108.9 (C-2'), 108.1 (C-5), 101.3
(C-7").

MS m/z 409 (M+K)*.

Anal. Calcd for C»,H4N,O4 (370): C, 71.35; H, 3.81; N,
7.56. Found: C, 71.68; H, 3.87; N, 7.60.

4.3. Biochemical assays

The gGAPDH used in the assays is a recombinant
enzyme obtained in an Escherichia coli expression
system. The preparation and purification of the
gGAPDH followed the procedure previously

described.?” The assays were performed as described,®
using 1.5pg protein in each experiment. All couma-
rins synthesized were tested in four or five concentra-
tions: 2a: 10, 20, 25, 30, 40 uM; 2b—e, 3b-d: 25, 45, 60,
80, 100 uM; 4: 10, 25, 45, 60, 80 uM; 5a, 5c¢, 6, 7: 10, 25,
35, 45, 60 uM; 5b: 10, 25, 35, 45uM. Coumarins 2a, 4,
S5a-c, 6, 7 precipitate in higher concentrations
than those tested. All the measurements were run in
triplicate. A negative control with 10% DMSO was
used.

4.4. General docking strategy

Modeling studies can be divided in the following sequen-
tial steps: Compounds Sa-c¢ and 6 were built and
had their potentials assigned in FLO,?* manual potential
correction was applied when necessary. 7. cruzi
gGAPDH coordinates from chalepin-gGAPDH com-
plex (PDB code 1K3T) was selected for docking studies
and its polar hydrogen atoms were added and potentials
assigned automatically. Searches were carried out using
a modified Monte Carlo energy minimization method,
which according to Bohacek & Martin produce near na-
tive conformations for the inhibitor in the active site.?3
Visual-analysis of the 20 best solutions was performed
and the best binding modes were selected for further en-
ergy minimization inside the active site of gGAPDH.
This new protocol employs a superposition force field
that automatically assigns short-range attractive forces
to similar atoms in different molecules and therefore im-
proves inhibitor-receptor complementarity. Compound
5b best solution was selected as a framework upon
which all other inhibitors were built and energy mini-
mized into gGAPDH’s active site. This procedure, which
afforded a reasonable binding mode that despite low
complementarity, explains qualitatively the structure-
activity relationship among coumarins Sa—c. Just for a
matter of cross-validation, all ligands were subject to a
full Monte Carlo search with subsequent energy minimi-
zation. The final docking scores and binding mode are
not significantly different from the previous results.

4.5. SAR studies and EIM methodology

In order to compare the descriptors generated for differ-
ent molecules, all molecular geometries were optimized
until the gradient of the hypersurface of energy reaches
0.01 kJ/mol with the semi-empirical PM32° method with-
in MopPAC 6.0 program.?” An exhaustive conformational
search was performed and the geometries found were
compared with the ones obtained from molecular
mechanics methods. The EIM parameters were calcu-
lated with the cHEM2PAC program.?®

The parameters of the PCA calculations, used to per-

form the cluster analysis, discussed elsewhere, were the
default options on CODESSA.
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