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Four different 5-nitroindazole derivatives (1-4) and its inclusion with Heptakis(2,6-di-O-methyl)-B-
cyclodextrin (DMBCD) were investigated. The stoichiometric ratios and stability constants describing
the extent of formation of the complexes were determined by phase-solubility measurements obtaining
in all cases a type-A; diagram. Also electrochemical studies were carried out, where the observed change
in the Epc value indicated a lower feasibility of the nitro group reduction. The same behavior was
observed in the ESR studies. The detailed spatial configuration is proposed based on 2D NMR methods.
These results are further interpreted using molecular modeling studies. The latter results are in good
agreement with the experimental data.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The American trypanozomiasis is a disease that according to
data from WHO, over 24 million people are infected or at least
serologically positive for Trypanosoma cruzi.' The importance of
the investigations of nitroheterocycles derivatives lie in the exis-
tence of the group electroacceptor capable of generate radicals spe-
cies (ROS) that act against the parasite producing oxidative stress.
Since 2005 there began the study of a family of 5-nitroindazole (NI)
derivatives in order to verify their anti-trypanocidal activity. A
recent study has shown the in vitro and in vivo anti-trypanosoma-
tide activity,? besides, the mode of action of the NI against T. cruzi
has being reported by the first time.? Recently, the electrochemical
study and the generation of the nitro anion radical of 5-nitroindaz-
ole derivative was done.? Unfortunately many of these compounds
showed low water solubility, which is a problem for its possible
use as antichagasic drugs.

Cyclodextrins (cyclic oligosaccharides composed of p-glucose
units) (Scheme 1) are known for their ability to bind non-cova-
lently and forming inclusion complexes with wide variety organic
compounds.® In these complexes, a guest molecule is held within
the lipophilic cavity of a cyclodextrin host molecule. The cyclodex-
trin cavity has an apolar character similar to an 80% dioxane/water
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solution and provides a slightly alkaline environment, because it is
surrounded by glycosidic ethers.® The main driving force of the
complexation is the release of enthalpy-rich water molecules from
the cavity.””!! Replacement of water molecules by more hydropho-
bic guest molecules present in the solution results in formation of
an inclusion complex between the host and the guest.'?

In a previous work!® we verified that the incorporation of NI
derivatives in cyclodextrins improved their solubility. In this sense,
encapsulating the drug in the hydrophobic cavity of cyclodextrin
seems to be a good approximation in order to increase the bioavail-
ability and biological activity.

In this work, inclusion complex of four 5-nitroindazole deriva-
tives in Heptakis(2,6-di-O-methyl)-B-cyclodextrin molecule were
prepared in order to improve the aqueous solubility of the drugs.
The inclusion complexes were analyzed by UV-vis, NMR spectros-
copy, Differential pulse polarography, ESR and molecular modeling
techniques. The structural information obtained and the geometry
of the complexes, are necessary to clarify the complexation mech-
anism and the importance of the substituent groups on the inda-
zole ring.

2. Results and discussion

The stoichiometric ratios and stability constants were derived
from the changes in the solubility of the substrates 1-4 (Scheme
1) in the presence of increasing amounts of DMBCD, measured by


mailto:cjullian@uchile.cl
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc

[1]/M

[3]/M

F. Pérez-Cruz et al./Bioorg. Med. Chem. 17 (2009) 4604-4611

1
1.6x107

COMPOUND Ry R>
R 4 5
—R2
0 /T \
4 1 _CH3
O,N N, [e]
N
13 N/ /45
&
b .
7 2 —N 6 _CH3
5-nitroindazole 1 R S
1
4 5 47 5"
o
3 N o 6
. 5
5 . 4
n 2
4 94 —CH, 6’
_ 6
DMBCD n=7 R, Rg=CHzandR,=H NG
Scheme 1.
25x10° 1 2.7x10° 4
L] 3
2.0x10° 2.6x107 7
2.6x10°
1.5x10° u X
| = ]
-~ 3 ( ]
Loio® = 2.5x107 1
.Ox 1 -
1 2.4x10°
5.0x10"* - |
1 = 23x10°4
0.0 T T T T T T T T 1 k T T T T T T 1
0.0 4.0x10° 8.0x10° 1.2x10° 1.6x10° 0.0 4.0x10° 8.0x10° 1.2x10°
[CD]/M [CD]/M
A_
4.0x10 6.00x10" -
3.2x10% 1
| 4.50x10™
2.4x10* 1
=
1 " =, 3.00x10" 4
4 ? .
1.6x10" — |
1.50x10™ -
8.0x10°
oo " 0.00 1
T T T T T T 1 T T T T T T T
0.0 4.0x10° 8.0x10° 1.2x107 0.0 4.0x10° 8.0x10° 1.2x10%
[CD]/M [CD]/M

Figure 1. Phase solubility diagrams of compounds 1-4 with DMBCD in water at 30 °C.
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Table 1

Association constants for NI-DMBCD complexes

Inclusion complex Ko (M™1) r
1:DMBCD 542 +8 0.985
2:DMBCD 1411 0.985
3:DMBCD 8955+ 15 0.989
4:DMBCD 2145+ 12 0.995

UV-vis spectroscopy. For all the NI/DMBCD systems, cyclodextrin
enhance the aqueous solubility of NI derivatives, as shown in
Figure 1. The binding constant K, of the complexes was calculated
from the slopes of the linear phase-solubility plots, Table 1, accord-
ing to the methodology described in the experimental part. These
diagrams showed a linear relationship between the amount of NI
solubilized and the concentration of CD in solution.

The binding constant for the nitroindazole derivatives with
DMBCD followed the rank order 3>4>1>2, reflecting an
enhancement of binding on the different substituent’s of the nitro-
indazole derivative. We observed previously the same trend
employing BCD instead of DMBCD'* (data not shown), but with less
association constants, indicating that the complexation ability of
the B-cyclodextrin is significantly enhanced by its methylation.
Apparently, the presence of the methylated groups in the cyclodex-
trin, seems to be important for the binding of these compounds in
the cyclodextrin cavity.'>!'> These groups enlarge the cyclodextrin
cavity, making its environment more hydrophobic and favor the
adaptability of the cyclodextrin towards a guest, through an
enhanced flexibility.

Also, the enhancement of the K, values can be related to the dif-
ferent substituent groups at the positions R1 and R2 of the indazole
ring. In this regards, morpholine and benzyloxy groups have a
positive influence on the association constant and isopropyl and
methoxyl groups have a negative influence on the K, value.

On the other hand, the ratio R was plotted against the difference
of the absorbance of NI in presence and absence of DMBCD. The
results of Job’s plot are shown in Figure 2. According to the continu-
ous variation method, the maximum concentration of the complex
will be present in the sample where the molar ratio R corresponds
to the complexation stoichiometry. The maximum absorbance vari-
ation for DMBCD with the nitroindazole 1-4 derivatives was
observed for R = 0.5, which might indicate that the main stoichiom-
etry is 1:1, in agreement with the stoichiometry suggested from the
phase-solubility study.
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Figure 2. Continuous variation plot for the complexes 1, 2, 3, 4 with DMBCD from
absorbance measurements.

2.1. Differential pulse polarography (DPP) studies

Electrochemical behavior in protic media for this kind of
5-nitroindazole derivatives has been previously studied,>!* indi-
cating that NI derivatives are able to be reduced on the mercury
electrode due to the four-electron and four-proton irreversible
reduction of the nitroaromatic moiety to yield the hydroxylamine
derivative according to the following overall reaction:

R—NO, + 4e~ + 4H" — R—NHOH + H,0 (1)

Consequently to evaluate changes in the polarograms, due to addi-
tion of DMBCD into a solution of NI, we used different NI/DMBCD
mixtures in aqueous media at pH 7.4. The addition of DMBCD to a
solution of NI causes two main changes in the polarograms. Firstly,
the cathodic peak potential (Epc) shifted in a negative direction and
secondly, the cathodic peak current Ipc increased. Figures 3 and 4,
show the displacement of cathodic peak potential (Epc) for com-
pounds 3 and 4, when different concentrations of DMBCD are used.
The shift of signals 4-DMBCD and 3-DMBCD to more negative
potentials indicates that the nitro group is reduced less favorably
when the indazole ring is included in the hydrophobic cavity hin-
dering the interaction with the electrode. Complexes 3-DMBCD
and 4-DMBCD show very close reduction potentials, —0.57 V and
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Figure 3. DPP of 1 mM 4 in 0.1 M of phosphate buffer pH 7.4. Compound 4 in (a)
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10 mV s, pulse amplitude 50 mV, pulse width 50 ms.
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Table 2

Reduction potential of NI derivatives with and without DMBCD in DMSO versus SCE
Compound Epc without CD Epc with 8 mM CD AE

1 —0.54 —0.60 —0.06
2 —0.59 —0.62 —0.03
3 —0.44 —0.57 -0.13
4 —0.34 —0.59 -0.25

—0.59 V, respectively (Table 2). This result indicated that the inclu-
sion mode for both compounds will be similar and the different
values of K, will be also related with the different substituent. On
the other hand, the NI-DMBCD reduction potentials around to
—0.60V suggest that the NI complexation would not decrease the
biological activity of NI. Previous report has indicated that nitro-
compounds are reduced with reduction potentials values between
—0.33V and —0.65 V (vs SCE, in phosphate buffer pH 7).1°

The other effect, the increment of the cathodic peak current
could be explained by the autoprotonation mechanism observed
previously.'” The highly apolar medium of the cyclodextrin cavity
displace the equilibrium of the reaction 1 to the formation of the
hydroxylamine products. This is confirmed with the result for com-
pound 2, where no signal increased was detected (Fig. 5.)

2.2. Electro spin resonance (ESR) studies

In order to stabilize the nitro anion radical form of these
compound we worked using an aprotic medium (DMSO and PTBA
as supporting electrolyte) in the electrochemical reductions (elec-
trolysis to controlled potential in situ) to generate radical form. All
the studied structures produced stable paramagnetic intermedi-
ates at the first reduction step. The interpretation of the ESR spec-
tra by means of a simulation process led to the determination of
the experimental coupling constants for the observed magnetic
nuclei. The ESR spectra of the four nitroindazole derivative 1, 2, 3
and 4 have the same hyperfine pattern. The ESR spectra, Figure 6,
were analyzed and simulated in term of one triplet that is assigned
to the nitrogen atom of the nitro group (ano =11.35 G), three
doublets due to hydrogen’s 4, 6 and 7 of the indazole moiety
(apa=5.5 G, ayg=2.0 G, ay7=1.1 G) and two triplet due to the
Nitrogen’s of indazole ring (ay=0.2 G, ay = 0.45 G). The electro-
chemistry reduction of nitroindazole derivatives were generated
in presence of DMBCD, however, not ESR signal were register (data
not shown).
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Figure 6. ESR experimental spectrum of the radical-anion of compound 3 in DMSO.

2.3. Nuclear magnetic resonance (NMR) studies

NMR studies allowed us to distinguish between inclusion and
other possible external interaction processes. In fact, NMR is the
most powerful technique used to determine the inclusion of a
guest molecule into the hydrophobic CD cavity, in solution. It is
well known that the chemical shifts of the hydrogen atoms located
in the interior of the CD cavity (H-3 and H-5) become shielded and
usually show significant upfield shift in the presence of a guest
molecule, whereas the hydrogen atoms on the outer surface (H-
1, H-2 and H-4) are not affected or experience only a marginal shift
upon complexation.

Reasonably water solubility (>0.014 mM) for compounds 1-4 of
the complex at 30 °C gave feasible '"H NMR spectra performed in
D,0, thus providing further experimental evidence of the complex
formation because free NI derivatives are practically water insolu-
ble. Table 3 lists the detailed variation of the chemical shifts of com-
pounds 1, 2, 3 and 4 and internal protons of cyclodextrin before and
after forming inclusion complex. The induced shift Aé is defined as
the difference in chemical shift in the absence and presence of the
other reactants. In the present case, the induced shifts were calcu-
lated by the following equation: A = §(free) — J(complex)- IN this con-
vention, positive and negative signs show high and low frequency
shifts, respectively. In order to determine the chemical shift of the
protons that are superimposed in the CD region, an HSQC (heteronu-
clear single quantum correlation) spectrum of the complex was
performed.

Table 3
Difference in chemical shift of NI-DMBCD complexes in D,0

Ad = Ofree — Obound

H 1 2 3 4

4 0.17 0.09 0.08 0.13
6 0.13 0.07 0.03 0.01
7 0.02 —0.03 —0.05 0.03
1 0.06 0.03 0.04 0.03
2 nd 0.05 0.13 0.00
& —0.03 0.03 —0.41 0.04
5 —0.02 0.00 0.87 0.03
6' - 0.00 = 0.03
2! —0.03 —0.03 0.00 —0.01
4 - - 0.05 0.09
5/ - - 0.05 —0.04
6" = = 0.02 0.04
DMBCD

H-3 0.12 0.28 0.05 0.17
H-5 0.07 0.09 0.04 0.14
H-6 0.00 0.00 0.01 0.03
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Figure 7. Partial contour plot of two-dimensional ROESY spectrum of 3-DMBCD inclusion complex.

All the 1, 2, 3 and 4 protons showed frequency changes in the
presence of DMBCD (Table 3). The signals of H-4 and H-6 displayed
upfield frequency changes in more extent for 1, than the other
nitroindazole derivative. The movements of these proton signals
suggested that the penetration of the substrate involves insertion
of the nitroindazole ring portion inside the cavity. This interpreta-
tion is supported by the strong displacement of the H-3 and H-5
protons of the annular interior of DMBCD. This displacement is
due to the anisotropic magnetic effect induced by the presence of
the aromatic group of the guest molecule. Since the signal due to
H-6, which is located at the narrow end of the cyclodextrin, is
not significantly shielded by the guest molecule, it is likely that
the NI molecules enters from the wider end of the cyclodextrin
where the secondary hydroxyls are located.

Further information about the inclusion mode of NI derivative in
the cyclodextrin cavity can be derived from the evidence of spatial
proximities between protons of CD and NI. Two-dimensional (2D)
NMR is a powerful tool for investigating inter- and intra-molecular
interaction. The presence of NOE cross-peaks between protons from
two species indicates spatial contacts within 0.4 nm. To gain more
conformational information, we used 2D-ROESY to study the inclu-
sion complexes and the effects were only qualitatively used. These
studies were carried out only for compounds 3 and 4 due to the
low solubility of the complexes 1-DMBCD and 2-DMBCD.

The presence of cross-peak between nitroindazole and cyclo-
dextrin hydrogen as detected in the 2D-ROESY experiments, could
only arise if a 3-DMBCD complex has been formed. The cross-peaks
between H-4 of 3 with H-3, H-5 hydrogen of DMBCD in Figure 7
suggests a geometry of complexation where the aromatic part of
the nitroindazole ring is inserted in the cyclodextrin cavity by
the wide side. The aliphatic chain with morpholine (R1) is folded
over the aromatic moiety due to the intramolecular interaction
observed between H7 and H-1' which is in accordance with the
geometry obtained by the ROESY spectrum of 3 in solution (data

not shown) and with the large shift changes observed for the
morpholine protons due to the anisotropic effect of the nitroindaz-
ole ring (Table 3). On the other hand, the cross-peaks observed
between the benzyloxy protons and H-6/H-5 of the cyclodextrin
indicate that this group is near the primary rim.

Figure 8 depicts the ROESY spectrum for 4-DMBCD, where the
interaction between H-4 of the nitroindazole ring and the hydro-
gens of the benzyl group with the hydrogen H-5/H-6 of the DMBCD
revealed that the nitroindazole moiety is in the DMBCD. Whereas
the aliphatic chain, R1, is also inserted in the cyclodextrin cavity
due to the interaction observed between the isopropyl hydrogen
with H-5 of the cyclodextrin (data not shown), this means that
the insertion of compound 4 in the cyclodextrin cavity is deeper
than compound 3, which is in accordance to our DPP results.

In order to rationalize our experimental results described above,
we carried out molecular modeling studies of the complexes. These
studies revealed a preferred final orientation for all the complexes
studied, in spite of the different initial configuration arbitrarily
imposed.

The conformation obtained by molecular modeling was in
agreement with the ROESY results. The 3-DMBCD complex has
the nitroindazol derivative inserted in the cyclodextrin cavity with
the morpholine group folded over the indazole ring closer the sec-
ondary rim, while the benzyloxy ring remain oriented to the pri-
mary rim. For instance, H-4 of the compound 3 is nearby to H-3
and H-5 of DMBCD which display distances lower than 2.0 A,
Figure 9, this is in agreement with the observed cross-peak of
the 2D-ROESY spectrum of 3-DMBCD, Figure 7.

For the other complexes 1, 2 and 4 the same form of inclusion is
observed. Concerning R2 group is oriented to the primary rim and
R1 is oriented to the secondary rim. This is in agreement with our
previous work!?® where for the same cyclodextrin the methyl group
(R2) is oriented to the narrow end and the dimethyl amine (R1) is
orientated toward secondary rim.
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Figure 8. Partial contour plot of two-dimensional ROESY spectrum of 4-DMBCD inclusion complex.

3. Conclusion

The aqueous solubility of the four nitroindazole derivatives
studied has been improved in neutral aqueous solution through
complexation with DMBCD. These results indicated interaction
between NI and DMBCD in water forming 1:1 inclusion complex.
The binding constant followed the rank order 3 >4 > 1 > 2, reflect-
ing an enhancement of binding on the different substituent’s of the
nitroindazole derivative.

The effect of DMBCD on the polarographic behavior of nitroin-
dazole derivative can be summarized in a negative shift in the
cathodic peak potential for compounds 1, 3 and 4 and with a less
extend compound 2, and an enhancement of the cathodic peak
current probably due to an autoprotonation mechanism product
of the inclusion of the nitroindazole in the cyclodextrin cavity.

Figure 9. Molecular modeling for the complex 3-DMBCD.

The NMR and molecular modeling studies reveal that the inclu-
sion of nitroindazole is by the wide side of the cyclodextrin cavity
and the R2 group is oriented to the primary rim and R1 is oriented
to the secondary rim.

4. Experimental
4.1. Reagents

The 5-NI derivatives 1-4, Scheme 1 were synthesized according
to methods described earlier.!® Compound 1: 3-methoxy-1-(2-
morpholineethyl)-1H-indazole, compound 2: N-isopropyl-N-(2-
(3-methoxy-1H-indazol-1-yl)ethyl)propan-2-amine, compound 3:
3-(benzyloxy)-1-(2-morpholinoethyl)-1H-indazole, compound 4:
N-(2-(3-(benzyloxy)-1H-indazol-1-yl)ethyl)-N-isopropylpropan-2-
amine.

The reagents B-cyclodextrin (BCD), heptakis(2,6-di-O-methyl)-B-
cyclodextrin (DMBCD), and deuterated water (D,0) were purchased
from Sigma-Aldrich, Inc., St. Louis, MO. Other reagents were all
analytical grade and double distilled water was used throughout.

4.2. Phase-solubility measurements

Phase-solubility measurements were carried out according to
the method of Higuchi and Connors'® excess amount of NI (5 mg)
was added to 5mL of deionized water containing increasing
amounts of DMBCD (ranging from O to 0.014 M). The resulting
mixture was equilibrated in a Julabo thermostatic shaking water
bath for 24 h at 30 °C after which the equilibrium was reached.
The suspensions were filtered through 0.45 pum cellulose acetate
membrane filter to remove undissolved solid. An aliquot from each
vial was adequately diluted and spectrophotometrically analyzed
at 362 nm. The presence of DMBCD did not interfere in the spectro-
photometric assay of NI-DMBCD.

The apparent stability constant (K,) of the complexes was
calculated from the phase-solubility diagrams according to the
following equation:
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slope

K= So(1 —slope)

(2)
where S, is the solubility of NI at 30 °C in the absence of cyclodex-
trin and slope means the corresponding slope of the phase-solubil-
ity diagrams, that is, the slope of the drug molar concentration
versus CDs molar concentration graph.

4.3. Stoichiometry determination by the continuous variation
method (Job’s plot)

The stoichiometry of inclusion was determined by the method
developed by Job.?° Equimolar solutions of NI and CD were mixed
to a standard volume varying the molar ratio but keeping the total
concentration of the species constant. After stirring for 24 h, the
absorbance at 362 nm was measured for all solutions and
AA=A — A,, the difference in absorbance in the presence and in
the absence of CDs, was plotted against R; R = [NI]/([NI] + [CD]).

4.4. DPP

This technique was used to study the variation of reduction
potential of NI for effect of inclusion of NI in cyclodextrins. In protic
media, the solutions were prepared starting from a stock solution
0.1 M of sample, NI, in DMSO. The final solution was prepared
through the corresponding dilution to obtain a sample final
concentration, on the voltammetric cell, of 1.0 mM. DPP experi-
ments were carried out using a Metrohm 693VA instrument with
a 694VA Stand convertor and a 693VA Processor, keeping the
concentration 1.0 mM of NI in phosphate buffer (0.1 M pH 7.4)
constant while varying the concentrations of CDs (0-10 mM),
under a nitrogen atmosphere at room temperature, using a three
electrode cell. A hanging mercury drop electrode was used as the
working electrode, a platinum wire as the auxiliary electrode,
and saturated calomel as the reference electrode, 0.1 M KCl used
as supporting electrolyte for PPD experiments.

4.5. NMR spectroscopy

One-dimensional 'H NMR spectra were recorded at 300 K on a
Bruker Avance DRX operating at a proton NMR frequency of
300.13 MHz in unbuffered D,0 solutions. Acquisition parameters
consisted of a spectral width of 3000 Hz, an acquisition time of
2.67 s and a relaxation delay of 1 s. 128 scans were recorded. FIDs
were Fourier transformed with LB = 0.3 Hz and GB = 0. The reso-
nance at 4.7 ppm due to residual solvent (HOD) was used as inter-
nal reference.

Rotating-frame Overhauser Effect SpectroscopY (ROESY) spectra
were acquired in the phase sensitive mode using the same spec-
trometer and Bruker standard parameters (pulse program roes-
ygpph19). Each spectrum consisted of a matrix of 16 K (F2) by
8 K (F1) points covering a spectral width of 3000 Hz. Spectra were
obtained from the samples solutions prepared for the 'H NMR
studies, using a spin-lock mixing time of 400 ms, relaxation delay
2 s, and 32 scans were recorded.

4.6. ESR spectroscopy

ESR spectra were recorded in the X band (9.7 GHz) using a
Bruker ECS 106 spectrometer with a rectangular cavity and
50 kHz field modulation. The hyperfine splitting constants were
estimated to be accurate within 0.05 G. The anion radicals were
generated by electrolysis to controlled potential in situ using
DMSO as solvent and PTBA as supporting electrolyte. All experi-
ments were carried out at room temperature and under nitrogen
atmosphere. The concentration of NI used corresponds to

0.001 M. The ESR spectra were simulated using the program
WINEPR Simphonia 1.25 version.

4.7. Molecular modeling

In silico build-up of DMBCD was carried out using the Builder
module of the msicutll program?! by adding to BCD 14 methyl in
positions 2 and 6. The obtained model was subjected to optimiza-
tion using a protocol of 300 steps of conjugate gradients to avoid
steric hindrance and clashes that can appear in the building pro-
cess. The 5-NI derivatives were built using GaussView 3.0 and then
they were optimized using a semiempirical method such as AM1 as
implemented in caussiaN' 03 package of programs.2? ESP chgrge
were obtained employing a single point with B3LYP/6-31G as
methodology of calculation, implemented in the spartan 02’ pro-
gram.?>24 The autopock 04’2 parameters used for the global search
was an initial population of 150 individuals, with a maximal num-
ber of energy evaluations of 15,000,000 and a maximal number of
generations of 100,000 as an end criterion. An elitism value of 1
was used, and a probability of mutation and crossing-over of
0.02 and 0.08 was used, respectively.
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