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HIGHLIGHTS GRAPHICAL ABSTRACT

The inclusion complexes of new nitrooxoisoaporphine with B-cyclodextrin, hydroxypropyl-p-cyclodex-
trin and dimethyl-B-cyclodextrin, have been investigated using cyclic voltammetry, '"H NMR, 2D NMR,
ESR and molecular modeling studies.

» A new nitrooxoisoaporphine
derivative was synthesized.

» Electrochemical mechanisms were
elucidated by cyclic voltammetry.

» Hyperfine splitting patterns were
established by ESR spectroscopy.

» Nitrooxoisoaporphine-B-cyclodextrin
inclusion complex was formed.

» Inclusion geometries were revealed
by 2D-NMR and molecular modeling.
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ABSTRACT

A new nitrooxoisoaporphine derivative was synthetized and characterized by cyclic voltammetry and
electron spin resonance. Its aqueous solubility was improved by complexes formation with B-cyclodex-
trin, heptakis(2,6-di-O-methyl)-B-cyclodextrin and (2-hydroxypropyl)-B-cyclodextrin. In order to assess
the inclusion degree reached by nitrooxoisoaporphine in cyclodextris cavity, the stability constants of
formation of the complexes were determined by phase-solubility measurements obtaining in all cases
a type-A; diagram. Moreover, electrochemical studies were carried out, where the observed change in
the EPC value indicated a lower feasibility of the nitro group reduction. Additionally, a detailed spatial
configuration is proposed for inclusion of derivate within the cyclodextrins cavity by 2D NMR techniques.
Finally, these results are further interpreted by means of molecular modeling studies. Thus, theoretical
results are in complete agreement with the experimental data.
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Introduction

Cyclodextrins (CDs) are a family of cyclic oligosaccharides com-
posed of a~(1,4) linked glucopyranose subunits. Cyclodextrins are
useful molecular chelating agents. CDs possess a cage-like supra-
molecular structure, which let carry out chemical reactions that in-
volve intramolecular interactions where covalent bonds are not
formed between interacting molecules, ions or radicals [1]. In these
complexes, a guest molecule is held within the lipophilic cavity of a
cyclodextrin host molecule. The cyclodextrin cavity has an apolar
character similar to an 80% dioxane/water solution and provides
a slightly alkaline environment, because it is surrounded by glyco-
sidic ethers. The main driving force of the complexation is the re-
lease of enthalpy-rich water molecules from the cavity [2-7].
Replacement of water molecules by more hydrophobic guest mol-
ecules present in the solution results in formation of an inclusion
complex between the host and the guest [8]. This special ability
to increase solubility, reduce bitterness, enhancing stability, and
decreasing tissue irritation upon dosing. One of the most common
applications of cyclodextrins cited in the pharmaceutical literature
is the enhancement of bioavailability [9].

On the other hand, oxoisoaporphines are a family of isoquinoline
alkaloids that have been isolated from the Menispermaceae and
Sciadotenia toxifera families as the sole known natural sources
present from Guatemala to Bolivia regions [10,11]. At the present,
the chemical scaffold of oxoisoaporphine or 1-azabenzanthrone
has been an interesting target due to pharmacological properties
such as the inhibition of the human monoamino oxidase A
(hMAO-A) and acetylcholinesterase (AChE) [12,13], antifungal
activity [14] against human parasite [15], cytotoxicity against dif-
ferent tumor cell lines [16,17] and photo-electrochemical proper-
ties [18]. Since various years ago, our research group has
developed extensive investigations about the nitro-compounds.
The importance of nitro-heterocycle derivatives is focused in the
existence of the withdrawing group able to obtain radicals species
(ROS) affording oxidative stress, which is connected with some
chemotherapies against Trypanosoma cruzi [19-23] in which syn-
thetic drugs with nitro-containing heterocycles such as Nifurti-
mox® (Nfx) and Benznidazole® (Bnz) are used in clinic therapy.
However, the chemotherapy is still inadequate due to its undesir-
able side effects, including cardiac and/or renal toxicity. Thus, these
reasons justify the constant need for discovering and investigating
new and effective agents against Trypanosoma cruzi(T. cruzi) [24]. In
previous works [25,26] we verified that the incorporation of nitro-
compounds in cyclodextrins improving its solubility and bioavail-
ability. Furthermore, Maximiano et al. developed an effervescent
tablets containing benznidazole complexed with cyclodextrin
[27]. In this work, we give details about the synthesis, electrochem-
ical characterization, spectroscopic and molecular modeling studies
of a new nitro-oxoisoporphine derivative (ND). In the present study,
we proposed the electrochemical mechanism and the inclusion
model with B-cyclodextrin (BCD), hydroxypropyl-B-cyclodextrin
(HPBCD) and 2,6-dimethyl-B-cyclodextrin (DMBCD) in order to in-
crease the solubility of ND in aqueous medium and the modification
of the its physico-chemistry properties for effects of the inclusion.

Experimental section
Reagents

The reagents B-cyclodextrin (BCD), heptakis(2,6-di-O-methyl)-
B-cyclodextrin (DMBCD), 2-hydroxypropyl-p-cyclodextrin (HPRCD)
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.
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Scheme 1. Synthesis of ND.
Synthesis

The nitrooxoisoaporphine (ND)' derivative was synthesized
according to following method (Scheme 1). To a stirred soln. of 2-
(dimethylamino)-7H-naphtho [1,2,3-de]quinolin-7-one (D) (2.64 g,
9.63 mmol) in acetic acid (HOAc) (50 ml) was added dropwise fum-
ing nitric acid (HNOs) (3 ml) at room temperature during 1 h. Then, a
yellow suspension was immediately formed. The formed precipitate
yellow was filtered off and washed in water. The residue is recrystal-
lized from acetonitrile (CH3CN) to give 2.0 g (65%) of the respective
2-(dimethylamino)-6-nitro-7H naphtho|[1,2,3-de]quinolin-7-one (ND)
as brilliant yellow needles.

Cyclic voltammetry (CV) and Differential Pulse Polarography (DPP)

The CV and DPP measures were determinated in order to postu-
late an electrochemical mechanism and to know electrochemical
response of ND in presence of -CD, DMBCD and HPBCD, respec-
tively. These experiments were performed in a Metrohm 693VA
instrument with a 694VA Stand convertor and a 693VA Processor,
under a nitrogen atmosphere at room temperature, by using a
three electrode cell. A hanging mercury drop electrode (HMDE)
was used as the working electrode, a platinum wire as the auxiliary
electrode, and saturated calomel (SCE) as the reference electrode.

The CV experiment was carried out in dimethylformamide
(DMF) with 0.1 M Tetrabutylammonium perchlorate (TBAP) as
supporting electrolyte, being the final concentration of ND 1 mM.
The DPP studies were realized in protic medium achieved in phos-
phate buffer (0.1 M ca. pH 7.4), the solutions were prepared start-
ing from a stock solution 0.1 M of ND in DMSO. The final solution
was prepared through the corresponding dilution to obtain a sam-
ple final concentration, on the voltammetric cell, of 1.0 mM. The
cyclodextrin concentration was in the 0-3 mM range in electro-
chemical cell; finally 0.1 M KCl was used as supporting electrolyte.

ESR spectroscopy

ESR spectra were recorded in the X band (9.7 GHz) by 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 by using
DMSO as solvent and TBAP as supporting electrolyte. All experi-
ments were carried out at room temperature and under nitrogen
atmosphere. The concentration of ND used was 1 mM. The ESR

1 Data of ND. M.p. > 300° (decomp.). IR (KBr): 1658 (C=0), 1384 (NO,). 'H NMR
(400 MHz, tfa) & 3.72 (s, 3H), 7.94 (t, J = 2.0 Hz, 1H), 8.03 (t, J = 2.0 Hz, 1H), 8.09 (t,
J=2.0Hz, 1H), 8.19 (s, 1H), 8.24 (d, J= 1.0 Hz, 1H), 8.52 (d, J = 1.0 Hz, 1H), 8.61 (d,
J=1.0Hz, 1H). 13C NMR (400 MHz, tfa) § 106.8, 110.1, 112.8, 115.7, 118.4, 123.8,
124.5, 127.3, 128.0, 129.0, 131.1, 131.4, 133.2, 133.4, 135.4, 141.6, 152.2, 185.0 CI-
MS: 319 (M), 274 (MH*). HR-CI-MS (MH—NO;): 275.1184 (C;gH;5N,0; calc.
275.1106).
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spectra were simulated by using the program WINEPR Simphonia
1.25 version.

Phase-solubility measurements

Phase-solubility measurements were carried out according to the
method of Higuchi and Connors [28], excess amount of ND (5 mg)
was added to 5ml of deionized water containing increasing
amounts of BCD, HPBCD and DMBCD (ranging from 0 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 pm cellu-
lose acetate membrane filter to remove undissolved solid. An aliquot
from each vial was adequately diluted and spectrophotometrically
analyzed at 358 nm (enp=9721M~'*cm™!). The presence of
B-cyclodextrin and their derivatives did not interfere in the
spectrophotometric assay of ND-cyclodextrin complexes.

The apparent stability constant (Ka) of the complexes was cal-
culated from the phase-solubility diagrams according to the fol-
lowing equation:

Ka = Slope/So (1 — Slope) (1)

where So is the solubility of ND 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.

NMR spectroscopy

One-dimensional 'H NMR spectra were recorded at a probe
temperature of 300 K on a Bruker DRX-500 operating at a proton
NMR frequency of 500.13 MHz in unbuffered D,O solutions. Acqui-
sition parameters consisted of a spectral width of 5482 Hz, an
acquisition time of 2.67 s and a relaxation delay of 1s. 128 scans
were recorded. FIDs were Fourier transformed with LB =2.0 Hz
and GB=0. The resonance at 4.7 ppm due to residual solvent
(HOD) was used as an internal reference.

Rotating-frame Overhauser effect spectroscopy (ROESY) spectra
were acquired in the phase sensitive mode by using the same spec-
trometer and Bruker standard parameters. Each spectrum con-
sisted of a matrix of 16 K (F2) by 8 K (F1) points covering a
spectral width of 5482 Hz. Spectra were obtained from the samples
solutions prepared for the 'H NMR studies, by using a spin-lock
mixing time of 400 ms, relaxation delay 2s, and 32 scans were
recorded.

Theoretical calculations

Full geometry optimizations of ND derivative as carried out
with a conformational search by molecular mechanics (MMFF).
Then, the most stable conformer was optimized by Becke’s three
parameter exact exchange functional, B3 [29] combined with gra-
dient corrected correlation functional of Lee-Yang-Parr (LYP) [30]
of the DFT method non-restricted basis using the 6-31G(d,p),
which has proven to give acceptable results for organic radicals
[31]. These calculations were followed by single-point runs on
the optimized structures using UB3LYP/6-31*G. All calculations
were performed with Gaussian 09 using DMSO as a solvent for
the condensed phase under conductor-like polarizable continuum
model (C-PCM) [32].

Molecular modeling
In silico build-up of DMBCD was carried out through the Builder

module of the Insight II program [33] by adding to BCD 14 methyl
in position 2 and 6 (DMBCD). The obtained models were subjected

to optimization by using a protocol of 300 steps of conjugate gra-
dients to avoid steric hindrance and clashes that can appear in
the building process.

The ND was build with Gaussview and then it was optimized
by using a semiempirical method such as AM1 [34,35] and
then, optimized at the B3LYP/6-31G(d,p) level as implemented in
Gaussian-09 package of programs [36]. ESP charges were obtained
employing a single point at the B3LYP/6-31G* level as methodology
of calculation [37]. Autodock 3.0.5 [38] with Lamarkian Genetic
Algorithm (LGA) was used to generate the starting complexes.
The parameters used for the global search was an initial population
of 150 individuals, with a maximal number of energy evaluations
of 15,000,000 and a maximal number of generations of 50,000 as
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, respec-
tively. From the best solutions obtained according to these param-
eters, some of them defined by the user as the best probabilities in
our case 0.06 were further refined by a local search method such as
pseudo Solis and Wets ‘PSW'.

Autodock defines the conformational space implementing grids
all over the space of the possible solutions. With the aim of testing
the ability of Autodock to converge into solutions that are inside
the DMBCD, a grid of 80 A by the side and 0.3 A spacing between
each point was setup in such a way that it covered both the exter-
nal surface and the internal cavity of the DMBCD.

The following procedure was employed on the DMBCD docking
simulations: 200 runs were done. At the end of each run, the solu-
tions were separated into clusters according to their lowest RMSD
and the best score value based on a free empiric energy function.
Cluster solutions whose average score was not over 1 kcal/mol
with respect to the best energy obtained in the respective run were
selected. Then, the solution that represents most of the complexes
obtained in the run was compared with the NMR experimental
data, assuring that this solution is able to represent it accurately.

Results and discussion
Cyclic voltammetry

Fig. 1a shows the voltammogram displayed by ND when DMSO
solution of 1 mM of ND and 100 mM TBAP is swept from —0.3 to
—2.0V. We notice clearly a quasireversible couple (Ic/la) (Ey;
2 =—0.46 V) for nitro anion radical generation from dicationic form
(E1). This indicates that the reduction could be more favorable in
the biological medium, then a self-protonation process was pro-
posed (C;). In addition, according to Nicholson & Shain criteria,
two reversible couples Ilc/lla and Ilic/Illa were detected [39,40].
The redox couple Ilc/lla (E;; = —1.10V) corresponds to the nitro
anion radical generation starting from the cationic form (E,), this
reduction potential was lower than Nifurtimox (—-0.930V) [41],
Benznidazole (—1.019 V) [42] and Metronidazole (—1.160 V) [43].
Also, a second self-protonation process C, (peak II'c) was included.
Finally, a new wave with a highest potential value (Ilic/Illa, Ej, =
—1.50V was evidenced, and can be related to the carbonyl group
reduction process Es [44].

(2H")—R—CO—NO, + e — (2H")—R—CO—NO; (E1)

(2H")—R—CO—NO; + (2H")—R—CO—NO,
— (2H")—R—CO—NO,H' + H'—R—CO—NO, (C1)

H*—R—CO—NO, + e - H"—R—CO—NO; E2
2

H*—R—CO—NOj + H'—R—CO—NO,
— H*—R—CO—NO,H' + R—CO—NO, (€2)
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Fig. 1. (a) Cyclic voltammogram for ND derivative, (b) cyclic voltammogram in
presence of NaOH, (c) diffusional control is represented by Log Ipc vs Log scan rate
for Ilc wave, and (d) graphic Ipa/Ipc vs scan rate for Ilc wave.

R—CO—NO; + e — R—CO™"—NO, (E3)

In order to check the self-protonation mechanisms, the electro-
chemical experiments were carried out by applying increasing
amounts of NaOH (0.1 M). Thus, the redox couples Ic and II'c were

not evidenced, which confirm the presence of acid proton in the
structure of ND and, therefore, the proposed self-protonation pro-
cesses in this mechanism is confirmed. Thus, Fig. 1b shows the vol-
tammetric response obtained for ND in neutral form, being
observed only two redox couples corresponding to both the nitro
and carbonyl group reduction, respectively.

In this conditions, we measure to different scan rate (100-
2000 mV/s range) that allow corroborate the reversibility of the re-
dox couple II as well the diffusional control of this reduction
(Fig. 1c and d).

ESR Spectroscopy

The electrochemical reduction (in situ) of ND free radical in
DMSO was carried out by applying the potential corresponding
to the first wave from cyclic voltammetry experiments (Fig. 2).
The interpretation of the ESR spectrum was done in terms of their
experimental hyperfine coupling constants for each magnetic cen-
ter. The ESR simulated spectrum which reached the best agree-
ment with the experimental one (Fig. 2) suggests a hyperfine
splitting pattern composed by one triplet corresponding to N(from
NO, group, aN = 3.805 Gauss) and five doublets (aH, = 3.730 Gauss,
aH,, =2.660 Gaus, aHy=1.549 Gauss, aHy=1440 Gauss,
aH, = 0.658 Gauss). On the other hand, theoretical calculations
confirm the observed experimental patterns allowing us to confirm
the triplet of N(from NO; group, aN¢peoretical = 3.153 Gauss) but also
assign the doublets corresponding to the hydrogens H-4, -1,
-N(CH3),, -10 and -5 with theoretical hyperfine constants around
aHy-y.4= 3.220 Gauss, aHy-py.1 = 3.174 Gaus, aHX=N(CH3)2 =1.555
Gauss, aHy-y.10=1.174 Gauss and aH,-y.s = 1.113 Gauss respec-
tively. Thus, theoretical calculations have shown a good theoreti-
cal/experimental agreement besides a high accuracy and
suitability for this kind of estimation. Moreover, these findings
indicate that the unpaired electron is located over the entire mol-
ecule as a whole, even reaching the R-N(CHs), group likely due to
resonance effects as shown in Fig. 3. Consequently, a highly delo-
calized system is reached by ND free radical, where, even when
the ND free radical generation takes place over the NO, group as
reduction center, the high delocalization throughout the molecule
produces an ESR spectrum comparable to that observed for

LA DL DL DL LA L DL DL
3400 3410 3420 3430 3440 3450 3460 3470 3480
Magnetic Field/Gauss

Fig. 2. Experimental (black) and simulated (red) ESR spectra for ND free radical.
Spectrometer conditions: Microwave frequency, 9.68 GHz; microwave power,
20 mW; amplitude modulation, 0.20 G; time constant, 81.92 mS. Linewidth:
0.744; gyawe, 2.011Gauss. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Single occupied molecular orbital (SOMO) for ND free radical. Optimization
geometries procedures converge in a structure for ND with the NO, group out of the
molecule plane. This particular geometry does not allow that the unpaired electron
is located just over the B ring (likely because the moiety lacks of a significant
resonance between NO, group and B ring) when the reduction process takes place.
However, the resonant phenomena’s between A, B and C rings produce that the
unpaired electron is mainly placed over the CO group but highly delocalized
throughout the molecule, in agree with the ESR spectrum for ND, similar to that
expected for a CO group instead of a NO,.

carbonyl derivatives as described earlier for 5-nitroindazoles
|45,46] or Naphtoquinones [47,48] derivatives instead of showing
the typical ESR spectrum exhibited by NO, derivatives.

Phase-solubility measurements

These experiments were realized in order to improve aqueous
solubility of ND by ND-B-CDs complexes formation. Fig. 4a shows
an absorption spectra for ND-DMBCD complex, where an incre-
ment in absorbance units is observed when cyclodextrin is added
to the system, being this behavior evidenced for all complexes
formed.

These results allow to afford a [ND] vs [CD] plot (Fig. 4b), and
through a linear fitting treatment (from Eq. (1)), The shape of all
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c
©
2
o
38
<

0.1 /\\

0.0 T T T T T T T 1

300 350 400 450 500
A/nm

(b) 1.8x10°]

F. Pérez-Cruz et al./Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 102 (2013) 226-234

the solubility diagrams followed an A -type system [28], where a
linear increase of ND solubility was observed as function of CDs
concentration, over the entire concentration. This linear host-
guest correlation spectroscopy with slope of less than 1 suggested
the formation of first order soluble complexes with respect to CD
concentration [49]. Association constant values (Ka) for all the
complexes ND-CD were obtained. Complex ND-BCD evidenced a
Ka value of 125+6 M~'. On the contrary, ND-DMBCD and ND-
HPBCD complexes, these showed an increment in the Ka values
of 202116 M~! and 4154 + 12 M~! respectively. The higher Ka
values for ND-DMBCD and ND-HPBCD indicate the different abili-
ties to form inclusion complexes between ND with B-CD and its
derivatives. The derivatization of B-cyclodextrin cavity, increase
mainly the size allowing a better complexation process for this
kind of alkaloids. The fact implies that the cavity of modified CD
provides a better protective microenvironment. This is probably
because the hydroxypropyl substitutions that enlarge the opening
of native B-CD and destroy the strong intramolecular hydrogen
bond network, which lets guest molecules access into the HP-CD
cavity easily and give a higher stability constant [50].

Differential Pulse Polarography (DPP)

DPP was used in order to assess the effect of the reduction po-
tential and cathodic current by complexes formation between ND
and B-cyclodextrin, 2,6-dymethyl-B-cyclodextrin, and 2-hydroxy-
propyl-B-cyclodextrin. Fig. 5 shows the different electrochemical
behaviors of ND at different concentrations of cyclodextrin in the
system, which are dependent of Ka values.

Thus, a decreasing of the cathodic current is observed when CD
is added to the system (with respect to the free ND), which reveals a
modification in the transport phenomena from the solution toward
the interface electrode-solution governed by diffusional processes.
This low effect is produced by the complexes formation. Also, the
reduction potential is displaced toward longer potential depending
of Ka values. For ND-BCD this variation is not observed
(Ka=125%6 M1).In the case of ND-DMBCD (Ka = (2021 + 16 M ')
and ND-HPBCD (Ka = 4254 + 12 M~!) a shift to higher reduction po-
tential is observed, presumably when the nitro group is incorpo-
rated inside the cyclodextrin cavity, which is corroborated by 2D
NMR techniques.

NMR spectroscopy

The inclusion geometry of ND-DMBCD complex was determi-
nated by using NMR experiments. The protons of ND showed fre-

O ND-DMBCD -
O ND-HPBCD :
A ND-BCD
paa|
1.2x10° //D
= P
a 7
= A .
6.0x10° e
=g e
e ”,.,@-”’
g ey - [ S— A N— A
0.0 g::----.g------- A\
I ' ' T T T
0.0 4.0x10° 8.0x10°
[CD]/M

Fig. 4. (a) Absorption spectra for ND-DMBCD complex and (b) graphic [ND] vs [CD].
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Table 1
'H NMR shifts (5) multiplicity (m) for 2 in the absence and presence of DMBCD
(A6 = sfree- bound) in D,0.

m Sfree Sbound A
ND proton
H-1 s 6.80 6.89 —0.09
H-4 m 7.67 7.67 0
H-5 m 7.69 7.68 0.01
H-8 m 7.40 7.58 -0.18
H-9 m 7.43 7.59 -0.16
H-10 m 7.46 7.60 -0.14
H-11 m 7.67 7.87 -0.20
CD proton
H-3 3.85 3.81 0.04
H-5 3.77 3.74 0.03
H-6 3.61 3.62 —-0.01
H-4 3.50 3.50 0
H-2 3.23 3.27 —0.04

quency changes in presence of DMBCD (Table 1). The induced shift
A is defined as the difference in chemical shift in the absence and
presence of the other reactants.

Thus, the induced shifts were calculated by the following equa-
tion: A = défree — sbound. In this sense, the negative and positive
signs show low and high frequency shifts, respectively. Downfield
shifts are observed for the aromatic protons in D ring. However, the
major induced deshielding is observed from H-8 to H-11, being this
last one the most affected. The movements of these proton signals
suggested that the penetration of this compound involves insertion
of the D ring portion inside the cavity. This interpretation is sup-
ported by upfield displacement mainly of the H-3 proton, and in
minor intensity of the H-5 proton of the annular interior of DMBCD.
This displacement is due to the anisotropic magnetic effect in-
duced by the presence of the aromatic group of the guest molecule.

H-8/H-9/H-10

H-4/H-5

P

H-11

e,
—
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Due to the H-6 proton of the CD is not affected by the aromatic
ring, we can concluded that the insertion of the compound is
through the wider rim, affording a complex where the other aro-
matic rings are not involved (Fig. 6).

Molecular modeling

In order to rationalize the experimental NMR results, molecular
modeling studies on the ND-DMBCD complex were done. The the-
oretical interaction mode for ND-DMBCD inclusion complex is
shown in Fig. 7. It is noteworthy to note that though no fixed dis-
tances were imposed during the docking calculations, the results
are in agreement with that obtained by the 2D ROESY spectra.

Molecular modeling results suggest a preferred final relative
orientation for this complex, where the heterocycle is inserted in
the DMBCD cavity with the nitro and dimethylamine groups ori-
ented to the secondary rim. However, the nitro group is partially
positioned within the cavity whilst the dimethylamine group is ex-
posed to the outside (Fig. 7a).

Conformationally, the heterocycle is sited in a slight inclination
regarding the glycosidic oxygen plane. This orientation makes the
D-ring interacts with H-3’ and H-5', which confirms the peaks cor-
responding to H-8/H-9/H-10. In addition, as shown in Fig. 7b, the
heterocycle is positioned in such way that H-11 is near to H-3’
but far from H-5, which is confirmed by the 2D ROESY spectrum.
As mentioned, the B-ring is partially exposed to the outside. How-
ever, the relative inclination of the ring allows the interaction be-
tween H-4 and H-5 with H-3'. Finally, H-1(from A-ring) interacts
strongly with the 2-methyl group from DMBCD likely due to the
partial exposition of the A ring.

Thus, molecular modeling results give us a three-dimensional
space perspective about the inclusion complex of ND with DMBCD,
in complete agreement with 2D NMR ROESY experiments. In this

f1 (ppm)

8.00 7.90 7.80 7.70

7.60 7.50 7.40 7.30 7.20 7.10 7.00

f2 (ppm)

Fig. 6. Partial contour plot of the two-dimensional ROESY spectrum of ND in the presence of DMBCD in D,0.
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(a)

Fig. 7. Interaction mode for ND-DMBCD obtained from molecular docking studies. The C- and D-rings are almost completely inserted on the interior of the CD, whilst the A
and -B -rings are partially exposed to the outside. Interacting H-3’, H-5' and 2-CH3 (from DMBCD) are denoted by the yellow, green and brown colors respectivly from (a)
frontal and (b) secundary rim perspective. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

sense, the partial protection of the nitro group by the DMBCD cav-
ity has also been confirmed, which also in agreement by our elec-
trochemical results.

Conclusions

The aqueous solubility of ND has been improved in neutral
aqueous solutions through complexation with B-cyclodextrins.
These results indicated the interaction between ND and cyclodex-
trin derivatives in water forming 1:1 inclusion complex. The stabil-
ity constant of the inclusion complex is measured as 125 M,
4154 M1, 2021 M~! for CD, HPBCD and DMBCD, respectively.

The effect of BCDs on the polarographic behavior of ND can be
summarized in a negative shift in the cathodic peak potential for
HPBCD and DMBCD in addition a peak current decrease. However,
in the complex ND-BCD only a small change in the IPC can be ob-
served. From these changes we can assume that the nitroaromatic
group in the DMBCD and HPBCD is more hindered.

By means of experimental and theoretical methods, the present
work unambiguously determined the geometrical inclusion
parameters of ND-DMBCD, showing that the 2D ROESY experi-
ments confirm the inclusion of ND in DMBCD. These results were
corroborated by molecular modeling calculations, as well.
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