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ABSTRACT: Electrochemical, spectroelectrochemical, and
theoretical studies of the reduction reactions in nor-f-
lapachone derivatives including a nitro redox center showed
that reduction of the compounds involves the formation of
several radical intermediates, including a biradical dianion
resultant from the separate reduction of the quinone and nitro
groups in the molecules. Theoretical descriptions of the
corresponding Fukui functions f;, and fj;(r) and LUMO
densities considering finite differences and frozen core
approximations for describing the changes in electron and
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spin densities of the system allowed us to confirm these results. A description of the potential relationship with the obtained
results and biological activity selectivity indexes suggests that both the formation of stable biradical dianion species and the
stability of the semiquinone intermediates during further reduction are determining factors in the description of their biological

activity.

1. INTRODUCTION

Interaction between electroactive groups is determinant in the
reactivity of molecules bearing multiple redox centers, as it has
already been described for transition-metal units, polymers,'
polyorganic compounds,*™® biological macromolecules,®
among others. This interaction is evidenced by the difference
in redox potential values for each site, which depends on the
extent of solvation and structural changes, along with the
formation of ion pairs and the degree of delocalization of the
charge in the multicharged structure.®

Electrochemical studies are typically employed for analyzing
the mutual influence of the redox groups. For this purpose,
several factors should be considered, such as position, number,
size, and shape of the involved voltammetric peaks. For
example, the removal of the first electron from a fluorene-
containing oligomer shifted to a less positive potential as the
number of fluorene unites increases.” Also, for mixed valence
complexes of ruthenium, the difference in potential values
between redox centers suggested that the degree of
delocalization is dependent on the electronic communication
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between them.® Telo and co-workers, by means of spectroelec-
trochemical experiments, proved that reduction of dinitrodi-
benzodioxin radical anions is followed by intramolecular
electron transfer, evidencing the communication between
each nitro function.” Changes in the intermolecular interactions
(e.g, hydrogen-bond ability, changes in dipolar moment, etc.)
are clearly capable of affecting the structures, reactivities,
biological activities, equilibria, reaction rate constants, and other
aspects that are of central interest to chemistry and biology."®

Multielectronic electron transfer can also be of great
importance in biological processes, in which stable reduced
intermediates from organic compounds are involved."" " For
example, nor-f-lapachone derivatives (Figure 1) bearing two
electroactive groups (quinone and nitroaromatic) have been
synthesized and studied recently.'* These compounds showed
significant cytotoxicity against tumoral cell lines' as well as
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Figure 1. Nor-f-lapachone arylamino-substituted compounds.

high activity as trypanocidal agentsls’lé (Table 1), compared
with the reference compounds (doxorubicin and benznidazole).

The selectivity of nor-f-lapachone derivatives (an o-quinone)
is high toward cancer cells. Interestingly, selectivity seems to be
dependent on the presence of a nitro group: ortho (1) and para
(2) nitro-substituted derivatives showed higher selectivity
indexes (Table 1) than doxorubicin.'® Concerning trypanocidal
activity, 1 is significantly active, compared with benznidazole,
differently from compound 2 that is inactive.'®'” These results
suggest that for this last biological mechanism of action the
position of the nitro function becomes more relevant and is
independent of the presence of the quinone moiety.
Consequently, molecular interactions between both electro-
active groups modulate the specific mechanism of biological
activity for each functional group.

Previous electrochemical and spectroelectrochemical analyses
of nor-f-lapachone derivatives evidenced the presence of
radical intermediates,'” which are related to the specific
biological mechanisms of action activity mentioned earlier.
Therefore, a molecular-based description on the chemical
nature of the electrogenerated intermediates and their stability
is desirable in order to improve our knowledge in
pharmacological aspects.

Reactivity indexes regarding electron-transfer processes
obtained from electronic structure calculations have demon-

strated their utility in identifying the sites of the molecule prone
to electron acceptance.zo_24 From density functional theory, a
particular index, named the Fukui function (f*(r)),* is defined
as

0y _ [9(1)
£ —( L )M

(1)
This function represents the change in electron density
(p(r)) when the number of electrons (N) in the system
changes at a constant external potential (v(r)). The
corresponding sign is related to cases where an electron is
gained (positive), or lost (negative), from the structure. In the
case of an electron transfer, it should be noticed that, besides
the change in the number of electrons in the system, the
difference in @, and f3, electron populations is also affected; this
effect leads also to changes in the spin of the system, resulting
in different situations, based on the changes in spin between the
reactant and product molecules.”® Even though the Fukui
function is a widely employed descriptor, it has been scarcely
used for systems having multiple redox centers,””?® and for
these kind of compounds it would provide a description on the
sites associated with each successive electron-transfer step.

In this work, an electrochemical, ESR-spectroelectrochem-
ical, and theoretical analysis of o- and p-nitro nor-f-lapachone
compounds (1 and 2, respectively) (Figure 1) is presented. The
use of spin dependent local reactivity descriptors based on the
Fukui functions is highlighted in order to provide information
on the changes of both charge and spin states, which have
relevant implications for the understanding of the reduction
mechanisms of these compounds.

2. RESULTS AND DISCUSSION

2.1. Electrochemical Characterization of the studied
compounds. Cyclic voltammograms for 1 X 107> mol L™
solutions of 1 and 2 were obtained in the potential region
between the open circuit potential, —0.26 V and —2.7 V vs Fc/
Fc* (Figure 2).

Both compounds present three main reversible one-electron
signals (Ic/Ia, IIc/IIa, and Illc/IIIa), followed by an irreversible
reduction peak IVc (Figure 2). It should be noted that the
difference in potential values between reversible systems IIc/Ila
and Illc/IIa is larger in compound 2 than in 1, and in this last
compound, the system Ilc/Ila is observed as a voltammetric
shoulder. Half-wave potential values (E,,) for the correspond-

Table 1. Reported Cytotoxic (#M) and Trypanocidal Activities Concerning Compounds 1 and 2, and Their Precursors,
Together with Selectivity Index (SI), Where SI = Cytotoxicity (uM) against Peripheral Blood Mononuclear Cells (PBMC)/

Cytotoxicity (#M) against Cancer Cell Lines”

compd HL-60 MDAMB- 435 SF-295
11618 1.18 0.74 1.59
SI 10.18 20.48 5.76
21718 0.96 0.19 0.76
SI 523 2642 6.12
nor-f-lapachone'® 175 0.31 1.36
SI >12 >20 >16
doxorubicin 0.03 0.88 0.06
SI 14 0.48 7
benznidazole'®

HCT- 8 PC-3 PBMC TA vs TC?
1.78 0.66 12.02 55.6 + 4.6
8.07 >18
0.82 0.51 5.02 857.3 + 96.4
6.60 9.84
1.58 1.98 >21.9 >4800

>14 >11
0.41 0.42
1.02

103.6 + 0.6

“HL-60: leukemia, IM; MDA-MB-435: melanoma, IM; SF-295: central nervous system, IM; HCT-8: colon, IM; PC-3: prostate; PBMC: peripheral
blood mononuclear cells, TA: Trypanocidal activity against T. cruzi. bICSO/ 24 h (uM).
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Figure 2. Cyclic voltammograms of 1 X 107 mol L™ solutions of (A)
1 and (B) 2 in CH;CN/0.1 mol L™" n-Bu,NPF,. Voltammograms at
different inversion potential conditions are shown [scan rate (v) = 100
mV s7'; glassy carbon (GC) working electrode, area = 0.07 cm?].

ing peak couples, along with cathodic peak potential of signal
IV are shown in Table 2.

Table 2. Potential Values for Compounds 1 and 2 vs E, /,
(Fc/Ect)/V

Ep
compd I I III Eprve
1 —1.20 —1.61 -1.73 —2.45
2 —-1.20 —1.60 —-1.90 -2.50

Due to the presence of both quinone and nitroaromatic
moieties in nor-f-derivatives, it is not possible to directly assign
the observed signals to a given reaction in the third process,
since two possible electrogenerated radicals can be formed from
the original structure (represented by [Q]-¢-NO,): [Q*"]-¢-
NO, or [Q]-¢-NO,*". In order to discriminate between both
possibilities, ESR-electrochemical experiments were carried out.
In the case of compound 2, due to the large separation of the
waves, this would be of fundamental importance.

Upon reduction of 1 X 107> mol L™ solutions of both
compounds, at a constant potential between peaks Ic and Ilc
(Figure 2), ESR patterns for stable radicals were detected

(Figure 3).
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Figure 3. ESR spectra obtained upon reduction of a 1 X 107 mol L™"
solution of (A) 1 and (B) 2 in CH;CN/0.1 mol L™ #n-Bu,NPF; at E =
—1.35Vvs E, (Fc/Fc*). Spectra in black represent experimental data
while those in red indicate simulated hyperfine structures. Isosurfaces
of the spin density of the anion radical structures at 0.004 A~ are also
represented.

ESR spectra consists of hyperfine splitting related to the
interaction between the nuclear spin of H atoms with the
unpaired electron of the corresponding radical anion; the
assignment of the experimental hyperfine coupling constants
(HFCC) was performed when comparing experimental values
to theoretical HFCC data acquired from the electronic
structure calculations (Table 3), leading to the estimation of
S HFCC values, which are in accordance with the formation of
a semiquinone-type radical. Spin density in this semiquinone
extends toward the substituent at position C-3, as validated
from theoretical calculations (Figure 3).

Upon continuing the potential scan toward more negative
values than —1.5 V vs Fc/Fc, the formation of a secondary
signal from a new radical species (Figure 4) was observed in
both compounds. This last signal was stable (Figure S) during
application of the potential step and was followed by a slow
consumption of the former radical (Figure 3).

At potential values more negative than peak Illc (—1.8 vs
E,), (Fc/Fc*), Figure 2, the secondary signal prevailed while
the one related to the semiquinone disappeared. The resulting
spectra are presented in Figure 5.

The second radical anion observed is consistent with
coupling with the N nuclei from the —NO, group at C-2" or
C-4', and the remaining signals are associated with coupling
with the H atoms in the structure (Table 3). It is worth
mentioning that in the case of the para compound 2, two
additional sets of HFCC values were considered: the first one
involves interaction between the spin and the hydrogen atoms
at positions C-3 and of the NH group. Also, an extra triplet
structure from interaction with an atom of S = 1 was considered
in the simulation, suggesting that for this radical species,
coupling with the N atom of the NH group is possible,
differently for the corresponding radical anion in compound 1.
During the analysis of the calculated spin densities between
both compounds, HFCC for the N atom for compound 1 is
significantly lower (0.04 G), compared with the one obtained
for the same N atom in compound 2 (0.25 G, Table 2),
validating the proposed coupling. The observed diminishment
of the signal from the electrogenerated semiquinone (Figure S)
indicates that the semiquinone electrogenerated at peak Ic is
being consumed at peak IIlc to generate the corresponding
dianion. The remaining radical from the nitro group is
consumed at peak IVc (Figure 2).
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Table 3. Hyperfine Coupling Constants and Linewidths for the Electrogenerated Radical Anion Structures for Compounds 1
and 2°

radical

structures a, (G) a, (G) ay (G) a, (G) as (G) I (G)

first radical 143 [1.92] (H-3) 1.15 [1.59] (H-8) 1.01 [1.02] (H-6) 0.89 [0.86] (H-7) 0.6 [0.18] (H-9) 0.20
anion (1)

second radical  11.90 [6.11] (N-2’)  3.33 [2.98, 2.70] (H-3/, H-5") 1.59 [1.54] (H-4") 1.10 [1.01] (H-6") 0.68 [0.42] (NH) 0.18
anion (1)°

first radical 1.54 [1.95] (H-3) 1.47 [1.60] (H-8) 0.93 [0.87] (H-6) 0.59 [0.52] (H-7) 0.45 [0.19] (H9) 020
anion (Z)b

second radical  11.78 [6.13] (N-4’)  3.71 [2.83, 2.56] (H-3/, H-5") 1.15 [1.57, 1.62] (H-2/, H-6') 0.44 [0.02, 0.71] (NH, H-3) 0.38 [0.25] (N-3) 0.20
anion (2)°¢

“Assignments for each hyperfine coupling constant with the corresponding hydrogen atom are indicated for each signal (see Figure 1 for
numbering). Numbers in brackets corresponds to calculated HFCC from BHandHLYP/6-311G++(d,p) considering the solvent effect by the Cramer
and Truhlar model. YRadical obtained upon reduction at E = —1.35 V vs Fc/Fc". “Radical obtained upon reduction at E = —1.80 V vs Fc/Fc*. NA:

not applicable.
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Figure 4. ESR spectra obtained upon reduction of a 1 X 10~ mol L™!

solution of (A) 1 and (B) 2 in CH;CN/0.1 mol L™* #-Bu,NPF at E =
—1.60 V (A) and —1.75 V (B) vs E,;, (Fc/Fc").
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Figure 5. ESR spectra obtained upon reduction of a 1 X 107 mol L™
solution of (A) 1 and (B) 2 in CH;CN/0.1 mol L™" n-Bu,NPF at E =
—1.8 V vs Ey/, (Fc/Fc*). Spectra in black represent experimental data
while those in red indicate simulated hyperfine structures. Isosurfaces
of the spin density of anion radical structures at 0.004 A~ are also
represented.

The description of the reduction processes can be explained
using the following chemical equations. For peak Ic, the
reaction occurring is

[Ql-¢-NO, + ¢~ 2 [Q"7]-¢-NO, (2)

This last product is being reduced at peak IIc for both
compounds to form the corresponding biradical dianion species
[Q*7]-¢-NO*~, following the reaction

[Q77]-¢-NO, + ¢” 2 [Q"7]-¢-NO,*” ()

During voltammetric peak Illc, the semiquinone is being
consumed to form the quinone dianion, keeping the nitro
radical anion unaltered:

[Q)-¢-NO,”™ + ™ 2 [Q7]-4-NO,™” )

The stability of this latter intermediate ([Q*™]-¢-NO,"")
depends on the relative position of the nitro group and can be
quantitatively analyzed considering the differences for E,,
values between systems Ic/Ia and IIlc/IIla: the corresponding
values are 0.53 V for 1, which is higher than 0.70 V for 2. With
the purpose of explaining on a molecular basis the observed
experimental differences, theoretical calculations for the
electrogenerated intermediates were performed.

2.2. Employment of Fukui Functions and LUMO
Densities for Describing Electron Acceptance Sites. In
order to analyze the formation of the experimentally detected
intermediates, analysis of the Fukui function was performed. As
commented above, in an electron transfer process where the
system gains electrons, the space dependent electron density,
p(r), and the spin density, pg(r), are also modified; thus, a
description based on the Fukui function (eq 1)** requires
consideration of both changes. Two general approaches have
been proposed to deal with this situation: the frozen core and
the finite differences approximations (FCA and FDA).*® In
terms of the spin-a and spin-f§ populations, p(r) and pg(r) are
defined as

p(r) = p,(r) + py(r) (5a)

Ar) = p,(r) = p,(r) (5b)

In the case of a reduction process, where the electron uptake
occurs from the original structure [Q]-¢-NO,, the number of a
electrons is increasing and the total electron density becomes”’

ap (r p,(r)
Ap(r) = %) +| == AN,
ON, ON,
Ny,o(r) Ny,(r)

a

(6)

Employing the definition of the Fukui function, the terms in
the right side of the equation are defined as

ap,(r)
o -(9)
N )

e v [9)
fﬁa(”)—[ ON ]N )

)

a

(8)

The positive sign indicates that the system is gaining
electrons. In a closed-shell system, this process involves only

dx.doi.org/10.1021/jo500787q | J. Org. Chem. 2014, 79, 5201-5208
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Figure 6. Isosurfaces obtained for 1. (A—C) LUMO density for the neutral, radical anion and biradical dianion species, respectively, (D) f5, for the
neutral species, (E) f} for the radical anion species. Isosurfaces for LUMO densities are plotted as 0.04 A~ while Fukui functions isosurfaces are

plotted at 0.001 A=,

changes in the electron population a orbitals and so the
changes in spin-f density are not significant. Within the FDA
approximation, the f, Fukui function is defined by

f(;l—(x ~ p:nion(r) _ p:eutral(r) (9)

In the FCA, the difference presented in eq 9 is approximately
related to the density of the lowest @ unoccupied molecular
orbital (LUMO, @), and f;, can be calculated alternatively as

+ A 2

oo Z 101000, (D)) (10)

Forthcoming reduction processes involve the uptake of
electrons by an open-shell system ([Q*7]-¢-NO,), leading to
calculate, due to the expected differences between a and p
densities, two additional Fukui functions:

9p,(r)
fi) =
N ) ot (11)
p)
0 = [ 2
B N,,v(r) (12)

The change in spin-$ population is referred as the most
significant in the description of the electron transfer process.
Within the FDA, the corresponding Fukui function for
analyzing the changes in spin-f population becomes

5205

£ = 500 = ) -
In the FCA, this function is defined as

+ A 2
fﬁﬁ = l(pLUMO,ﬂ(r)l (14)

With these definitions, it is possible to analyze the spatial
contributions of the corresponding Fukui functions (obtained
by the FDA) for identifying the sites prone to electron
acceptance and they can be compared with the LUMO density,
which is the equivalent factor within the FCA. Figures 6 and 7
show plots of f,, of the neutral species, fs; for the radical
anions, and the corresponding LUMO density isosurfaces for
the studied compounds.

The isosurfaces obtained are in accord with the experimental
results. For example, the first reduction process occurs in the
quinone moiety, which presents the highest LUMO density and
fiar Upcoming electron uptake takes place in the nitro function,
since it presents the highest contribution to the LUMO density
and also for fgs. It should be noted that, even though it has been
considered that the FCA approach cannot be considered as a
general use approximation, the obtained results coincide for the
analyzed molecules: LUMO densities are a fairly valid
descriptors of the sites for electron uptake in the second
redox group. Employing this approximation, the LUMO values
for the corresponding biradical dianion is mainly located at the
reduced quinone group, in agreement with the experimental
results which indicate that the consumption of the quinone
radical anion intermediate, at peak Illc (Figures 3 and ).

dx.doi.org/10.1021/jo500787q | J. Org. Chem. 2014, 79, 5201-5208
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Figure 7. Isosurfaces obtained for 2. (A—C) LUMO density for the neutral, radical anion and biradical dianion species respectively, (D) f, for the
neutral species, (E) fj; for the radical-anion species. Isosurfaces for LUMO densities are plotted as 0.04 A=, while Fukui functions isosurfaces are

plotted at 0.001 A=,

Experimentally, it is noteworthy that the reduction of the
corresponding semiquinone intermediate for the ortho
compound (1) takes place at a less negative reduction potential
than for the para isomer (2). This effect can be explained
considering that for the ortho derivative, a possible interaction
via ion-pairing between the semiquinone species and the
corresponding cation of the supporting electrolyte takes
place.® This interaction would be favored by the proximity
between the negative charges at both redox centers, which are
not close in the para compound (see the Supporting
Information). Also, Sasaki and colleagues have commented
that solvent effects strongly determine the potential value for
the reduction of semiquinone species.

The above presented results can be used for understanding
the differences in biological activities referred in Table 1: The
higher selectivity indexes observed for compounds 1 and 2
suggest that the formation of stable radical dianions is a
prerequisite for increasing these values (Table 1). In the case of
trypanocidal activities, the ortho compound 1, which is
significantly active (when compared with benznidazole),
presents a less stable semiquinone intermediate, reduced at
less negative potential values than the corresponding
intermediate for the para compound (in turn less active):
—1.73 for ortho vs —1.90 for para, Table 2. Further analysis
employing condensed values of the Fukui functions will be used
for other nor-f-lapachone and nor-a-lapachone derivatives.

5206

3. CONCLUSIONS

In this work, electrochemical, spectroelectrochemical, and
theoretical analyses of the reduction process in nor-f§-
lapachones derivatives including a nitro redox center are
presented. In general, the reduction of the compounds involves,
in the first step, the formation of a quinone radical anion,
followed by the formation of a biradical dianion structure where
both unpaired electrons are located on the quinone nucleus and
the nitro group. The third reduction process is associated with
the consumption of the first electrogenerated radical anion of
the quinone forming the corresponding dianion. Theoretical
descriptions of the corresponding Fukui functions f, and f;ﬁ(r)
and LUMO densities considering both a finite differences and
frozen core approximations for describing the changes in
electron and spin densities of the system allowed the
confirmation of these results. A description of the potential
relationship of the results with the experimental selectivity
indexes and trypanocidal activities suggest that in the former
case, anticancer activities are related to the formation of stable
dianion biradical species, whereas in the latter, stability of the
semiquinone intermediates might be the determining factor.

4. EXPERIMENTAL AND THEORETICAL SECTION

4.1. Chemicals. Electrochemical studies were carried out using
solutions of 2,2-dimethyl-3-(2-nitrophenylamino)-2,3-dihydro-
naphtho[1,2-b]furan-4,5-dione (1) and 2,2-dimethyl-3-(4-nitropheny-
lamino)-2,3-dihydronaphtho[1,2-b]furan-4,5-dione (2), which were
synthesized according to a procedure described earlier.®’ Acetonitrile
(CH;CN) distilled from P,O5 and kept under molecular sieves was

dx.doi.org/10.1021/jo500787q | J. Org. Chem. 2014, 79, 5201-5208
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used as solvent and tetrabutylammonium hexafluorophosphate (n-
Bu,NPFy), recrystallized from hexane:ethyl acetate mixtures, dried the
night before use at 105 °C, was used as supporting electrolyte.
Solutions were maintained under an inert atmosphere by saturation
with high-purity nitrogen at room temperature (approximately 20 °C)
for 25 min before each series of experiments.

4.2. Instrumentation. Cyclic voltammetry experiments were
performed using a potentiostat interfaced with a personal computer,
applying IR drop compensation with Ru values determined from
positive feedback measurements.’** A glassy carbon disk electrode
(0.07 em?), polished with 0.05 um diamond powder (Buehler), and
rinsed with acetone before each voltammetric run, was used as the
working electrode. A commercial saturated calomel electrode (SCE),
separated from the medium with a salt bridge filled with the
supporting electrolyte solution and a platinum wire, were used as the
reference and auxiliary electrodes, respectively. The potential values
obtained are referred to the ferrocene/ferricinium (Fc/Fc*) couple as
recommended by IUPAC.** The potential for this redox couple,
determined from voltammetric studies, was 0.41 V vs SCE.

ESR spectra was recorded in the X band (9.85 GHz), using a Bruker
ELEXSYS S00 instrument with a rectangular TE102 cavity. A
commercially available spectroelectrochemical cell was used. A
platinum mesh (~0.2 cm?®) was introduced in the flat path of the
cell and used as working electrode. Another platinum wire was used as
counter electrode (2.5 cm?). Ag/0.01 mol L™' AgNO; + 0.1 mol L™
tetrabutylammonium perchlorate reference in acetonitrile was
employed as the reference electrode. Potential for the ferrocene/
ferricinium couple vs this reference electrode was 0.38 V. Potential
control was performed with a potentiostat to ensure the formation of
each electrogenerated intermediate. The employed solutions were
prepared with the same procedure as the ones used for the
electrochemical studies. PEST WinSim free software Version 0.96
(National Institute of Environmental Health Sciences) was used to
determine hyperfine coupling constant values (HFCC), in order to fit
the experimental ones. This program was also used to evaluate HFCC
values in the case when a direct measurement would be difficult under
the spectra acquisition conditions.

4.3. Electronic Structure Calculations. Geometry optimization
and frequency calculations of the neutral, radical anion and biradical
dianion structures of 1 and 2 were carried out with the program
Gaussian 09 Revision B.01,*° using the approach of the density
functional theory. The BHandHLYP* functional was employed as
defined with a 6-311++G(d,p) basis set. Frequency analyses for all the
involved structures were performed after full geometry optimizations,
revealing the absence of negative frequencies, thus indicating that the
structures are minimum energy conformers. Optimized structures were
obtained, including the solvent effect by the Marenich, Cramer, and
Truhlar model.*” Single-point calculations were also performed on the
optimized structures to determine the Fukui indexes for the neutral
and radical anion structures.

B ASSOCIATED CONTENT

© Supporting Information

Internal coordinates as Z-matrices and calculated harmonic
frequencies obtained for the minimum energy conformers for
the neutral, anion radical, and biradical dianion structures for
both structures. This material is available free of charge via the
Internet at http://pubs.acs.org.
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