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We report a theoretical approach, at the M05-2x/6-311+G(d) level, to explain the affinity of indazoles for
nitric oxide synthases using a simplified model of porphyrin. The theoretical Erel = Ei stacking–Ei apical
values correlate with the experimental inhibition percents allowing to predict that 3,7-dinitro-1H-inda-
zole should be a good NOS inhibitor.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

According to literature results concerning the structures of
indazoles bound to any isoform of NOS (nitric oxide synthase: I
or neuronal, II or inducible and III or endothelial), nitroindazoles
position themselves above the heme 1 adopting two stacking
modes called O–N and N–N.1,2 These modes differ only on the
HBs of the nitroindazole forms with other residues of the protein.
In addition, Porubsky, Meneely and Scott reported the structure
of indazole coordinated through its lone pair (LP model) to the
heme iron (Scheme 1) of cytochrome P-450 2E1 in a similar way
to 4-methylpyrazole as well as histidine residues.3

Theoretical studies of stacking between different types of aro-
matic molecules have received considerable attention. These stud-
ies include benzene,4 porphyrins,5 and many other structures.6,7

Ligand coordination is a classical problem that has been theoreti-
cally approached in the case of zinc porphyrins complexes to sp3

amines.8 Computationally, Truhlar functionals like M05-2x, are
particularly well adapted to stacking calculations.9 We have re-
placed the iron of the heme by zinc also present in many important
porphyrins10,11 to simplify the calculations and besides we re-
moved all the C-substituents in 1. Ellison and Scheidt reported
the X-ray structures of Fe-octaethylporphyrins bearing on the
metal both an NO ligand and an heterocycle: the distances iron-
ll rights reserved.

+34 91 5644853.
N(heterocycle) are 1.99 Å (1-methylimidazole), 1.99 Å (pyrazole)
and 2.01 Å (indazole).12

2. Computational details

The geometry of the systems was initially optimized at the
M05-2x/6-311+G(d) computational level.9,13 This functional has
shown to provide a good description for a large variety of molecu-
lar interaction complexes.14 Frequency calculations at this compu-
tational level were performed to confirm that the structures
obtained correspond to energetic minima. All these calculations
were carried out within the Gaussian 03 package.15

3. Results and discussion

We selected the series of aromatic compounds reported in
Scheme 1.

In the last years, we made several contributions to the analogies
and differences of the benzene (3)/hexafluorobenzene (4) pair
(aromaticity, stacking, complexes with ions);16–19 thus, we start by
comparing the complexes 2�3 and 2�4. Recently, it has been reported
that naphthalene-porphyrin and azulene-porphyrin conjugates
behave very differently.20 Therefore, we decided to study the 2�6
and 2�7 complexes. 1,3,5-Trinitrobenzene (5) was selected to under-
stand the behavior of nitroindazoles.

We move then to aromatic heterocycles able to bind either by
stacking or by their lone pairs: pyridine (8), 1H-imidazole (9),

http://dx.doi.org/10.1016/j.bmc.2009.10.006
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Table 1
Geometrical (Å, �) characteristics of the complexes

Complex Type Aromatic Centroid���Zn (Å) Inclination (�) N���Zn (Å) N-Zn-ca (�)

2�3 Stacking C6H6 3.12 10.4 — —
2�4 Stacking C6F6 3.33 4.4 — —
2�5 Stacking TNB 3.46 1.2 — —
2�6 Stacking Naphthalene 3.12 0.0 — —
2�7 Stacking Azulene 3.14 0.2 — —
2�8 Stacking Pyridine 3.19 9.8 — —
2�8 LP Pyridine — — 2.19 90.0
2�9b LP Imidazole — — 2.15 90.8
2�10b LP Pyrazole — — 2.17 90.0
2�11 Stacking Indazole 3.06 3.5 — —
2�11 LP Indazole — — 2.18 90.0
2�12 Stacking 7-NO2-ind 3.31 3.0 — —
2�12 LP 7-NO2-ind — — 2.21 90.0
2�13 Stacking 3-Br-7-NO2-ind 3.35 3.0 — —
2�13 LP 3-Br-7-NO2-ind — — 2.28 90.0
2�14 Stacking 3,7-diNO2-ind 3.34 2.7 — —
2�14 LP 3,7-diNO2-ind — — 2.45 90.0

a Average value of the four N(heterocycle)-porphyrin-centroid-N(porphyrin) angles (maximum deviation 8� for 2�14), two of them being always identical.
b For complexes 2�9 and 2�10 no minimum corresponding to a stacking disposition has been found.
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Scheme 1. Zn-porphyrin (2) and aromatic ligands 3–14.
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Figure 2. Optimized geometries of 2�12, the stacking and the lone pair modes. The Zn atom is slightly above the porphyrin plane.
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Figure 1. Heme and models of interaction of indazoles.
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Table 2
Energetic values for the complexes (all values in kJ mol�1)

Complex Mode Erel Ei Ei + BSSE

2�3 Stacking — �45.9 �35.2
2�4 Stacking — �54.6 �33.8
2�5 Stacking — �83.7 �57.7
2�6 Stacking — �53.3 �36.6
2�7 Stacking — �52.4 �36.7
2�8 Stacking 37.2 �44.1 �33.5
2�8 Apical 0.0 �81.3 �72.1
2�9a Apical — �83.9 �75.7
2�10a Apical — �81.4 �72.5
2�11 Stacking 25.4 �52.8 �36.7
2�11 Apical 0.0 �78.2 �68.5
2�12 Stacking 7.7 �63.1 �41.1
2�12 Apical 0.0 �70.8 �60.0
2�13 Stacking 0.0 �68.5 �44.9
2�13 Apical 0.5 �68.0 �55.7
2�14 Stacking 0.0 �80.8 �54.4
2�14 Apical 22.6 �58.2 �43.5

a For complexes 2�9 and 2�10 no minimum corresponding to a stacking disposi-
tion has been found.
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1H-pyrazole (10) and finally to 1H-indazoles 11, 12, 13 and 14. The
binding energies of pyridines and a calixarene-capped Zn-porphy-
rin have been measured.21 Nitroindazoles 12 and 13 are amongst
the strongest ligands of NOS,1,2 while the 3,7-dinitro derivative
14, although a known compound22 has never been tested against
any NOS isoform.

The geometries of the different complexes were optimized at
the M05-2x/6-311+G(d) level. In Table 1 are some relevant geo-
metrical parameters and in Figure 2 the optimized geometries cor-
responding to 7-nitroindazole 2�12 complex (in the Supplementary
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Figure 4. A plot with the trendlines of the BSSE correction.

Table 3
Ei and Erel (Ei stacking–Ei apical) M05-2x/6-311+G(d) calculations including BSSE (in kJ mol�1)

Ligand Stacking Apical Erel PA NISTa pKa

8 Pyridine �33.5 �72.1 38.6 927.8 930.0 5.17b

9 1H-Imidazole Not stable �75.7 — 945.5 942.8 6.99c

10 1H-Pyrazole Not stable �72.5 — 891.4 894.1 2.48c

11 1H-Indazole �36.7 �68.5 31.8 898.7 900.8 1.04c

12 7-Nitro-1H-indazole �41.1 �60.0 18.9 860.2 — �0.99c

13 3-Br-7-nitro-1H-indazole �44.9 �55.7 10.8 843.3 — �3.81d

14 3,7-Dinitro-1H-indazole �54.4 �43.5 �10.9 793.7 — —

a NIST.26

b Pyridine.27

c Azoles.28

d Estimated additively from the pKas of 11, 12 and that of 3-bromo-indazole (�1.78).28



-20

0

20

40

60

80

100

120

%
 in

hi
bi

tio
n

-15 -10 -5 0 5 10 15 20 25 30 35

Erel (kJ/mol)

[14]
% inhibition experimental

% inhibition model Indazole 11

7-Nitroindazole 12

3-Bromo-7-nitroindazole 13

3,7-dinitroindazole 14

Figure 5. % of inhibition versus Erel. The points were calculated with a fitted
exponential model: % inhibition = 104.0–2.21 * e(Erel/8.54).

8030 J. Elguero et al. / Bioorg. Med. Chem. 17 (2009) 8027–8031
data are views of all the complexes as well as the corresponding
interaction energies).

The N���Zn(II) distances we have found in the optimized geom-
etries lie between 2.15 and 2.28 Å. In the case of pyridine-(Zn)por-
phyrins, Anderson et al. reported values of 2.15–2.20 Å.23 A search
in the CSD affords 167 hits with an average value of 2.17 Å ranging
from 1.99 to 2.49 Å.24 Note that N���Zn(II) distances are only a little
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longer than the N(heterocycle)���Fe(porphyrins) distances (about
2.0 Å).12 The lone pair (LP) complex of Figure 1 shows a N2(inda-
zole)���Fe distance of 2.19 Å.3

The geometries of the indazole/heme structures reported in the
PDB,25 differ from those here calculated in the fact that the iron is
on the opposite side of the porphyrin ring instead of being on the
same side as the indazole in the zinc complexes (Fig. 3).

There are several structures with 7-nitro-1H-indazole (12) but
only one where the indazole is not disordered (PDB Refcode: 1foj):
centroid���Fe = 3.97 Å; inclination = 6.0�. There are four structures
for 3-bromo-7-nitro-1H-indazole (13): 1d0c: centroid���Fe = 4.01 Å;
inclination = 5.0�; 1d0o: centroid���Fe = 4.15 Å; inclination = 3.9�;
1m9r: centroid���Fe = 4.18 Å; inclination = 9.5�; 1m97: cen-
troid���Fe = 4.58 Å; inclination = 18.0� (average 4.23 Å, 9.1�).

We have reported in Table 2 the calculated energies of the
complexes.

The BSSE effect is proportional to Ei but it is necessary to put
apart the stacking and apical complexes (Fig. 4). In the case of
the stacking a curvature is observed.

We have calculated the proton affinities, PA, of all these hetero-
cyclic bases that are well correlated with the experimental PAs
from NIST: Calculated PA = �(78 ± 45) + (1.08 ± 0.05) experimental
PA, n = 4, R2 = 0.996 (Table 3). There is also a good correlation with
the pKas: PA = (877 ± 4) + * (9.6 ± 1.0) pKa, n = 6, R2 = 0.96. That is,
to describe the basicity of these heterocycles one can use the
experimental PA (gas phase) and pKa (water) as well as the calcu-
lated PAs (gas phase) since the three values are linearly related.

Erel is related to PA by a quadratic expression: Erel =�(1712 ± 232)
+ (3.6 ± 0.5) * PA�(1.9 ± 0.3) * PA2/1000, n = 4, R2 = 1.000. The differ-
ence between Ei stacking and Ei apical decreases when PA decreases.

The % of inhibition (10 M) of indazole 11, 7-nitro-1H-indazole 12
and 3-bromo-7-nitro-1H-indazole 13 are 11.2, 86.6 and 96.1, respec-
tively.29 If we plot these values against Erel we obtain Figure 5. A sim-
ilar figure is obtained using the stacking energies instead of Erel.
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To obtain good indazole ligands for the NOS receptors it is nec-
essary to decrease the apical (LP) interaction decreasing the basi-
city by using electron-withdrawing substituents (NO2, F) and to
increase the stacking; for this, the nitro groups are needed. The
smaller is the difference between the ‘apical ligand’ and ‘stacking’
modes of complexation of indazoles the higher the affinity for the
NOS receptors. The equation reported in Figure 5 allows to predict
for 3,7-dinitro-1H-indazole 2�14 (Erel = �10.9 kJ mol�1) an % inhibi-
tion of 103.4%, that is, close to 100%.

To test the validity of our model, which do not distinguish be-
tween NOS-I and NOS-II, we have calculated the Erel (kJ mol�1)
for 3-methyl-4,5,6,7-tetrafluoro-1H-indazole since we reported re-
cently that its % of inhibition are 63% NOS-I and 83% NOS-II.30 For
this indazole (without nitro groups), Ei + BSSE (stack-
ing) = �45.4 kJ mol�1, Ei + BSSE (apical) = �66.6 kJ mol�1 and
Erel = 21.2 kJ mol�1. For this value of Erel, the equation given in Fig-
ure 5 predicts a % inhibition = 77.5% which is close to the average
value of both NOS inhibition data.

To decrease Ei (Fig. 6) it is necessary to increase Ei apical in
absolute value and to decrease Ei stacking in absolute value.
Although 3-methyl-4,5,6,7-tetrafluoro-1H-indazole (in red) fulfills
the first condition it lacks the ability of nitroindazoles to decrease
the stacking interaction energy.

4. Conclusions

The interest in NOS inhibition studies continues unabated.31–34

The work here presented is a first attempt to modelize the inhibi-
tory power of indazoles, a sort of QSAR. According to it, it should be
possible to obtain other nitro-1H-indazoles similar to 3-bromo-7-
nitro-1H-indazole as NOS inhibitors but not much better.
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