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Abstract

The following presentation is based on experimental work we have already developed
and published. We investigated the nitrogen oxides in different solvents and analyzed
their reaction with (3-carotene. The electron paramagnetic resonance spectroscopy (EPR)
and ultraviolet and visible (UV-vis) spectroscopy were applied to investigate the reaction
of B-carotene with nitrogen dioxide and nitric oxide in both pure dioxane and dioxane/
water solvent. Free radicals were detected and evaluated with the EPR technique, which
is highly selective and sensitive. A reaction mechanism was proposed on the basis of
the experimental kinetic and EPR results. The validity of the mechanism was checked
by applying simulation set up conditions that reproduced the results achieved. The
radical intermediates proposed in the reaction: the [3-carotene neutral radicals and the
cyclic nitroxide neutral radicals were theoretically studied. For that purpose, the density
functional theory (DFT) level was applied, selecting the most suitable method, the unre-
stricted Becke-style 3-parameter with the Lee-Yang-Parr correlation functional (UB3LYP)
and the 6-31G(d) basis sets (d orbital functions). We developed an appropriate discussion
on the importance of carotenoids compounds and their reactions in biological media.
Also, we evaluated the role and the possible reactions of nitroxide intermediates.

Keywords: 3-carotene, EPR, neutral radicals, nitrogen dioxide, nitroxides

1. Introduction

The following presentation is based on experimental work we have already developed and
published. We investigated the behavior of nitrogen oxides in different solvents and analyzed
the reaction of nitrogen oxides with (-carotene.

The reaction of free radicals with carotenoids and the properties of the carotenoid-free radicals
formed are of widespread interest because of their potential role in biological systems. We have
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68 Carotenoids

carried out our work only with 3-carotene, an unsaturated and extensively conjugated hydro-
carbon. In vitro studies had shown the potential of carotenoids to act as free-radical scaven-
gers. Nitrogen oxides, such as nitric oxide (NO) and the nitrogen dioxide (NO,), constitute
a source of free radicals; they are species that have an unpaired electron. It is expected that
nitrogen oxides may react in some important way with carotenoids and their radical inter-
mediates. It is important to note that in our preliminary investigations, when mixtures of NO
and NO, were added to certain organic purified compounds, compounds of the type of the
nitroxides were detected using the technique of EPR [1].

Carotenoids are a family of pigmented compounds that are synthesized by plants and micro-
organisms but not animals. However, humans and primates accumulate them in several tis-
sues. Carotenoids are absorbed in the intestinal mucosa like other lipophilic components.
[-carotene molecule is geared in the lipophilic membranes interacting, through van der Waals
forces, with the hydrocarbon chains of the lipids [2-5]. Carotenoids can be traced in the cel-
lular cytoplasm where they can interact with different components, including the nitrogen
oxides. It is also important to take into account the metabolism of carotenoids; 3-carotene is
particularly hydrophobic and it is reasonable to hypothesize that it would need to be trans-
formed to more polar compounds in order to be excreted via urine [6]. As well, lutein and
[-carotene were measured in human brain tissue and related to better cognition in octogenar-
ians. The protective effect may not merely be an antioxidant effect given that a-tocopherol
was less related to cognition than carotenoids [7]. The first report of the presence of 3-carotene
in the brain was in 1976, the patient was taking a high-dose 3-carotene as a treatment and the
carotenoid was measured within whole sections of the cerebrum [8].

We understood that the research might be quite profitable. The purpose of our work was to
study and to enlighten the following problems:

(a) The behavior of nitrogen oxides: NO and NO, in some solvents (2001) [1].
(b) The interaction and reaction among nitrogen oxides and [3-carotene (2009) [9].

(c) Theoretical evaluation of the intermediates proposed: the acyclic $-carotene neutral radi-
cals, the acyclic nitrous (3-carotene neutral radicals, and the cyclic nitroxide neutral radi-
cals (2015) [10].

2. Development: (a), (b), and (c): conclusions and perspective

2.1. (a) The behavior of the nitrogen oxides NO and NO, in some solvents

Luckily, we had started the research developing a detailed study of solutions of nitrogen
oxides in several solvents [1]. Those solutions were monitored with the following spectro-
scopic techniques: ultraviolet and visible (UV-vis) and electron paramagnetic resonance
(EPR). The research allowed us to know what solvents can be used because they do not react
with nitrogen oxides. We learned how to develop a careful control of the solvents. The knowl-
edge acquired in this first work allowed us to follow, understand, and manage to clear up the
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results later finally achieved from the 3-carotene assays. Therefore, the solvent dioxane and
other later used in our research were adequately tested. It was also verified that they did not
react with the nitrogen oxides, NO, and NO, even after prolonged times of observation in EPR
(unlike what happened with hexane) [9].

NO, solutions were very carefully followed. In this chapter, we show only highlights from
the developed research. Our first manuscript on nitrogen oxides, carried out in 2001, showed
experimental and technical research in detail. Figure 1 displays a set of EPR spectral records
of the radical NO, at environmental temperature. Solutions of NO, were prepared in different

2500 3000 3500 4000 4500
Magnetic Field, Gauss

Figure 1. EPR spectra of NO,, at 290 K, in: (1) gas-phase; (2) hexane; (3) carbon tetrachloride; and (4) acetone. General
instrumental settings: microwave power, 18,000 mW; attenuation, 9 dB; modulator frequency, 100 kHz; modulation
amplitude, 2.5 G; time constant or response time, 0.2 s; scan rate, 200 s. The recipient was previously flushed with argon.
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70 Carotenoids

media: hexane, benzene, carbon tetrachloride, acetone, and water. You can see that each
spectrum do not differ considerably from the others. The signal is not resolved, due to the
movement of the free radical and to the collisions that usually take place at the working tem-
perature. Noticed that our research was always carried out under argon atmosphere [1, 9].

In Table 1, we can see the values of g, the spectroscopic factor and of AB, the total spectrum line
width. Those data were extracted or calculated from Figure 1. We can also observe that the val-
ues in non-polar media are near the result measured in the gaseous phase. The general instru-
mental settings were microwave power, 18.000 mW; attenuation, 9 dB; modulator frequency,
100 kHz; modulation amplitude, 2.5 G; time constant or response time, 0.2 s; scan rate, 200 s.

We also prepared NO solutions. The preparation and handling of solutions of NO were per-
formed under strict inert atmosphere. Even though precautions were employed to exclude
oxygen from the system, a fingerprint UV-vis spectrum assigned to the presence of NO,/N,O,/
HNO, as impurity was sometimes observed. UV-vis spectra of solutions of NO/NO, in different
solvents were analyzed. Those Spectra shown splits in some solvents. Some authors had inter-
preted them as the spectrum of NO [11]. However, it was confirmed that those UV-vis spectra
were obtained in polar solvents and could be attributed to the formation of HNO, [1, 12].

Usually, one has to control nitrogen dioxide samples, recording the UV-vis spectrum and the
corresponding EPR spectrum. The EPR spectrum of NO, is looked for in the following field
interval: 1000-2000 Gauss, as you can observe in Figure 1. If we want to search for nitroxides,
we must work in the following scan range: 50-200 Gauss. The EPR spectrum of NO was not
detected in our field interval work.

When NO was dissolved in hexane, nitroxide intermediates were detected after 20 minutes or
more, the radical was persistent. Probably no reaction took place when pure NO was present,
but a trace amount of NO, initiated the reaction [13, 14].

In 2003, we carried out the measurement of the N, O, dissociation constant (N,O,/2 NO,) in
some solvents [15]. The N, O, dissociation constant measured in hexane, carbon tetrachloride,

Medium g? AB, Gauss
Gas phase 1.999 1190 + 58
Hexane 1.981 1194 + 40
Benzene 1.985 563 £ 20
Carbon tetrachloride 1.978 897 + 34
Acetone 2.185 499 + 23
Water 2.176 502 £20

*Results obtained in the present work. Instrumental settings are shown in Figure 1.

g values were determined with reference to a diphenylpicrylhydrazyl standard, g = 2.0036. The absolute errors are
0.002-0.004.

Table 1. EPR spectroscopic data of NO, radical at 290 K: spectroscopic factor, g, and total line width, AB".
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and chloroform compares approximately with the values calculated by some previous
authors [16-18]. The techniques usually applied were colorimetric and spectrophotometric
ones. As the absorption along the appropriate wavelength range was small, the errors in mea-
surements at low concentrations were considerably large. The EPR technique has also quan-
tification errors; however, the method is more reliable and the radical is directly detected.
As far as we were aware, this was the first attempt to measure this equilibrium with the EPR
technique.

2.2. (b) The interaction and reaction among nitrogen oxides and p-carotene: kinetic
analysis and the corresponding modeling work

2.2.1. UV-vis measurements

-Carotene, a non-polar molecule, is insoluble in polar solvents like water. We desired
to investigate the reaction of 3-carotene with the nitrogen oxides generated in situ from
aqueous solutions of sodium nitrite and sulfuric acid. In order to achieve our purpose,
we prepared solutions of B-carotene in pure and adequately checked dioxane solvent,
under argon atmosphere and constant temperature. The dioxane-water mixtures remained
homogeneous and so the UV-vis spectroscopy studies could be applied. Other aprotic sol-
vents easily cause cloudiness when water is added, then UV-vis measurements cannot be
carried out.

2.2.2. EPR measurements

EPR measurements were carried out with the (3-carotene solution in pure dioxane plus an
aliquot of NO and NQO, in pure dioxane. The solutions in dioxane had low concentration of the
persistent radical, besides the triplet-type signal was recorded during 5 days. In pure dioxane,
we only developed a qualitative approach. On the other hand, we could design a quantitative
study carried out with 3-carotene solution in pure dioxane plus an aliquot of the dioxane/
water solution with the nitrogen oxides formed in situ from sodium nitrite in an acid medium.
Also the formation and decay of the persistent intermediates was monitored and shown in
Figure 2. Dioxane solvent was tested, and no EPR signal was detected even after prolonged
times of observation.

2.2.3. Kinetic measurements

Kinetic measurements were developed in dioxane/water solvent at 298 K. All the measure-
ments were successfully simulated with the software for chemical kinetics, following the reac-
tion path proposed in Figure 3. In Table 2, each reaction was described and the corresponding
kinetic constant assigned. Unfortunately, in our 2009 manuscript, the sixth equation had one
mistake, we must write P, instead of P, [9]. In the 2015 manuscript, the rate constants k, (i=1to 7)
were not written above the arrows [10].

In Figure 3 and Table 2, we observed that whenever both NO and NO, were present, abstrac-
tion took place and nitroxides formed. Furthermore, it has already been shown that NO is less
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Fomation and decay of the paramagnetic interme diate

1.6%10°
[ EE

1.2¢10° n
c = i
2 n
g ] ]
L B.0x10" o [ )
=
=) [ |
0 |
-
@
[=]
= 4.0%1 0"

Ij'D;:'I'I'I'I'I'.-"I'I'I'
0 &0 100 150 200 250 2000 4000 G000 GOOOD

t (minutes)

Figure 2. Formation and decay of a persistent type radical generated from a solution of 3-carotene, 1 x 10”2M, and nitrite
anion, 1 x 10"M in dioxane:water (x, = 0.65) and in the presence of an acid medium, pH =2 at 298 K. The gray curve
and symbols represent the values obtained from the kinetic simulation process; the black square symbols represent our
experimental values. After 20 days, we were still able to measure a radical concentration of 3.5 x 10> M, not shown in the
graph. The reactions were carried out under argon atmosphere.

NO,H

+NO,

-carotene

]_')

2 -
- 'NL)Z

NO,H

P4 (nitroxide)

Figure 3. General reaction pathway proposed. The figure shows, in first place, the abstraction reactions of allylic
hydrogens from B-carotene by nitrogen dioxide radicals and the formation of the products P,. P, represents different
possible (3-carotene neutral radicals. P, represents the nitrous [3-carotene formed with nitric oxide radicals. P, represents
the products formed with nitrogen dioxide radicals, not studied in this work. P, represents the neutral radicals that are
formed after the reaction of P, with nitrogen dioxide radicals, another abstraction reaction of allylic hydrogens has taken

place. Finally, when P, generates an internal ring, a radical P, , .., comes up.
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Kinetic analysis in acid medium?

' k,=1.76 x 10 M's"!
2NO,H =5 NO +NO, + H,0

ki k., =3.01x10° M5!
NO+NO, +H,0 %% 2NO,H

k, o k,=1.54 x10°M"'s™!
2NO +H,0 —NO,H+NO +H
ks k,=4.7 x10° M's™!
p — carotene+ NO, — P + NO,H
k. k,=1.0x10°Ms!
P +NO—P,
ks k,=1.0x10° M's™
P +NO,—P
1 3
k k=76 M's™
P2+NO2—6>P4+NOZH

k, k,=25x10"M"s™
P4 + P4(nitroxide ) — recombination; desproportionation

T = 298K. k,, k_, and k, were already known. The rate constants k, and k, were considered diffusion controlled. The
rate constants k,, k,, and k, were deduced from our modeling work. The kinetic simulation reproduced successfully the
experimental kinetics results [9].

P, represents a possible allylic-type radical. P, represents the possible isomers molecules of nitrous carotene. P, represents
the possible allylic-type radicals obtained from P,. When a radical P, cycles internally a radical P,(nitroxide) is formed. P,

represents the products formed with nitrogen dioxide, not studied in this work.

Table 2. Reaction of B-carotene and nitrite in dioxane/water solution.

reactive and less efficient in the abstraction of a hydrogen atom than NO, [9]. We can compare
the following bond dissociation energies (BDE) values at 298 K:

e BDE (H-NO) = 195.35 + 0.25 kJ.mol"!
e BDE (H-NO, or H-ONO) = 327.6 + 2.1 k].mol"!

We proposed the formation of (3-carotene neutral radicals that in the presence of nitrogen
oxides, originated persistent radical intermediates. The reactions were carried out under
argon atmosphere because of the reactivity of triplet oxygen; otherwise oxygenated com-
pounds would be formed with the carotenoid neutral radicals.

We followed and measured the difficult kinetic of the mechanism proposed. The kinetic of the
reaction depended on 3-carotene, nitrite, and acid concentrations. We experimentally verified
that the B-carotene followed a first-order decay and we measured the corresponding pseudo-
first-order-constant [9].

In Table 2, a set of reactions represents the mechanism of the reaction. It is assumed that the
system always behaves as if it has reached the acid-base balance.

P, was considered as P (nitroxide). We ran a non-commercial simulation program of chemi-
cal kinetics. The validity of the proposed mechanism was therefore tested by numerical
integration.



74  Carotenoids

The values of k,, k_,, and k, were extracted from the literature. The rate constant k, was adjusted
following the UV-vis decay of 3-carotene. The rate constants k, and k, were involved in the
formation of the persistent radicals and were adjusted to the EPR results. The rate con-
stants k, and k, were the recombination reactions between P, radicals and nitrogen diox-
ide and nitric oxide radicals. We calculated the following values: k, = 1.4x10"M's™ and k;
= 1.1x10""M's™, by applying the equations of Smoluchoski, Stokes, and Einstein [19]. The
calculations were developed taking into account the viscosity of the mixture dioxane-water,
Nysc = 1.42 x 107 Pa.s and the molecular size of the NO, NO, and B-carotene neutral radi-
cals [20]. Actually, these constants were smaller because the nitrogen oxides reacted at some
selected regions of the B-carotene neutral radicals. It was confirmed that changes of k, and k,
in the order of 107 to 10" had no significant effect upon the simulation results, which match
very well with our experimental results. So the value of 1.0 x 10° M's™ was selected and
shown for k, and k, in Table 2. P, represents the products formed with nitrogen dioxide, not
studied in this work.

We considered that the nitrous acid was proportional to the nitrite anion through the acid-
base equilibrium [9]. The simulation results at 298 K reproduced quite well the experimental
decay of B-carotene in the range near the half-life at pH = 5.3. The formation and the decay of
the persistent radical intermediate at pH = 2.2 were also very well reproduced. For example,
we showed Case (2) and Case (b) through which we tested the experiments carried out.

Case (a) Initial concentrations: -carotene, 8.0 x 10°M; nitrite anion, 9.3 x 10°M; pH, 5.3

The simulation program showed that the system achieved approximately the following
steady state order of concentrations: [NO,] = 10 to 10°M [NO] = 10° to 10"M [P ] = 10"°M
[P,]=10°M

The pH achieved in the simulation run remained almost constant: 5.30 + 0.02.

The maximum radical concentration reached was: [P, + P "
our EPR results.

=~ -11 . .
nitroxide] = 107"M, in agreement with

The persistent radicals were not detected; evidently, our equipment had not enough sensibility.
Case (b) Initial concentrations: 3-Carotene, 1.0 x 10M; nitrite anion, 1.0 x 10'M; pH, 2.2.

The system achieved approximately the following steady state concentrations order:
[NO,]=10"M [NO] =10>M [P,] =0M [P ] = 10°M.

The pH achieved in the simulation run remained almost constant: 2.20 + 0.03.
The maximum radical concentration reached was: [P + P (nitroxide)]=1.5x10*M.
In agreement with our EPR results, 1.4 x 10™M, see Figure 2.

After 20 days, the kinetics simulation delivered a radical concentration of 3.5 x 10°M in per-
fect agreement with our experimental results.

We can observe that the examples have quite different experimental conditions; however,
they both work with the same set of rate constants.
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In Figure 2, the experimental measurement of the formation and decay of the radical interme-
diates was represented with black square symbols and the results from the kinetic simulation
process were represented with gray symbols. Figure 4 presents the recorded EPR spectrum of
the radical intermediates. Although the spectrum may fit with a nitroxide-type radical show-
ing a hyperfine coupling constant, a, = 12.7 G, the spectrum exhibits an increment in the cen-
tral line. This central increment could be attributed to the contribution of a related allylic-type
radical superimposed or to a set of related allylic-type radicals. However, the kinetic analysis
generated poor concentrations for P,, which represented the allylic radical intermediates. In
addition, finally, with the aid of the computational methods, the hypothesis of the formation
of cyclic nitroxides was favored [10].

2.3. (c) Theoretical evaluation of the intermediates proposed: the acyclic p-carotene
neutral radicals, the acyclic nitrous B-carotene neutral radicals, and the cyclic nitroxide
neutral radicals

The purpose of the following research was to unravel the structures of the related persistent
intermediate or intermediates, we called them P, (nitroxide) or cyclic nitroxide neutral radical
or radicals.

[radicall=9x10° M

T : T : T : T : T )
3470 3480 3480 3500 3510

Magnetic field (G)

T
3460

Figure 4. The figure shows a first-derivative X-band EPR spectrum of the intermediate called P, . ..., one or more type of
persistent intermediate formed in the reaction of 3-carotene with nitrite anion in acid medium (dioxane/water) at 298 K,
under argon atmosphere. Spectrometer settings: microwave frequency, 9.92 GHz; modulation frequency, 100 kHz;
microwave power, 11.3 mW; attenuation, 10 dB; field modulation, 0.125 G; receiver gain, 2x10% time constant, 0.05 s;
scan range, 50 G; scan time, 5 s. The peak-to-peak value is of 12.7 Gauss and g = 1.994 [9].
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On the basis of the kinetic studies, it was reasonable to propose intermediates of the nitroxide
type. In a biological medium, one can expect that species react with each other. Or hope that
radicals from (3-carotene react with neighboring molecules of nitrous carotenes generating acy-
clic nitroxides. However, in the dilute solutions of (3-carotene, where the reactions with the nitro-
gen oxides were carried out, the radicals kept away and intra-radical reactions would preferably
take place. Thus, on that account, we considered it suitable to propose the formation of the rings.

We looked for the help of the computational and theoretical methods in order to study and
compare the characteristics of the proposed structures and found out that the density func-
tional theory (DFT) met the best conditions, given that it included the effects of electron
correlation. DFT used very suitable approaches for energy exchange and for the correlation.
The main conclusion was that for neutral radicals we could obtain good results with the
approximate method Unrestricted Becke-style 3-parameter density functional theory using
the Lee-Yang-Parr correlation functional (UB3LYP), both for the calculation of the energy of
the system and for the calculation of the hyperfine coupling constants (hfccs). The selected
basis sets, that used d orbital functions, allowed a good resolution, with an adequate cost of
time, with a personal computer. The software used allowed to obtain the values of energy
of each structure, which permitted to evaluate the relative stability of the radicals. Also, the
software provided us the isotropic hfccs of each nucleus of the radical intermediates pro-
posed [10].

Finally, the hfccs of the nuclei of hydrogen (‘H) and nitrogen (**N) obtained with the theo-
retical methods allowed us to develop the simulation of the spectra that were experimentally
recorded, like that shown in Figure 4.

Different possible rings with 3, 5, 6, 7, or 8 atoms were built and tested. However, only with
some of them the corresponding geometric optimizations were achieved. The radicals with
cycles of five atoms were found to be the most favored and those of lower energy.

In the General Reaction Pathway proposed in Figure 3, the following intermediates were
appreciated:

e Allylic-type radicals, P,
* Nitrous allylic radicals, P,

* Cyclic nitroxides formed by internal cyclization of the nitrous allylic radicals, P,

nitroxide)

With the aim of avoiding confusion in the interpretations described, the process of formation
of the radical intermediates follows.

e Allylic-type radicals, P,

Figure 5 helps to visualize the possible allylic hydrogens of [-carotene (the characteristic
atomic symbols (C, H) are usually not shown in this type of molecular representation). The
set of neutral allylic radicals from (3-carotene is symbolized by P, in Figures 3 and 6.

The molecule of (3-carotene has allylic hydrogens, which are hydrogen atoms of the methyl
groups at positions 5 and 5';9 and 9'; 13 and 13'. Allylic-type radicals are obtained by the loss,
by abstraction, of those hydrogen atoms:
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? CHj
| allylic hydrogens

H H

A VY e H vmylic hydrogens

H H H H

Figure 5. The molecule of B-carotene has allylic hydrogens, that are hydrogen atoms of the methyl groups at positions
5and 5,9 and 9'; 13 and 13'". Vinylic hydrogen atoms are attached to the polyene chain at carbons: 7,8,10,11,12,14,15,15',
14',12',11',10'8', and 7'. Methyl groups with primary hydrogens, but not allylic type are represented with only a line or
a bar in positions 1 and 1".

Py o 5 The allylic-type radical is formed by the loss of a hydrogen atom of the methyl
attached to carbon 5 or 5’
Py o o The allylic-type radical is formed by the loss of a hydrogen atom of the methyl

attached to carbon 9 or 9.

p : The allylic-type radical is formed by the loss of a hydrogen atom of the methyl

10(13 or 13)"
attached to carbon 13 or 13".

The molecule of 3-carotene has also methyl groups (represented by a line or a bar) at posi-
tions 1 and 1'; they are primary hydrogen atoms. Those primary hydrogen atoms are not
abstracted, they have higher bond energy than the allylic ones. In Figure 5, you can also
appreciate the vinylic hydrogen atoms in the polyene chain. Those vinylic hydrogen atoms
are attached to carbons: 7,8,10,11,12,14,15,15',14',12',11',10',8', and 7'; they have even higher
bond energy than the primary hydrogen atoms. Observe that the radicals formed by the loss
of allylic hydrogens are indeed stabilized by resonance.

In Figure 6, we followed the formation of the neutral carotenoid allylic radicals described
below:

P50 5y: The B-carotene loses an allylic hydrogen atom from the methyl group attached to

position 5 or 5'. The conjugation effect formed a contributing resonance structure, an allylic

tertiary radical on carbon 6 (see Figure 5), itis P, .

P\ o 5: It is another contributing resonance structure with the unpaired electron in carbon

13,
P ) and P

OGS , are contributing resonance structures of the same resonance hybrid.
(50r5’) 11(50r5

12(50r5")
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R W R R R R R R
FProgors)

P T N N g R Tl VN Pl
11{5ar 5

Pi2650r5) .

NN i Ry R

Pioworey

Piiwors

PE.? {9 ard’

Prasaisy

Figure 6. Several radicals of the allylic type are shown, P,. There are three possibilities of allylic hydrogens: P, . ..;
P, ©oroy and P, 130r13) The second subscript indicates different contributing resonance structures, for example, P ; Gors)
and P, . . .. The radical formed by the loss of a methyl hydrogen atom in position 9 or 9"is P, , .., Observe that the
electronic movements are shown in three related structures. P, . ., is the radical formed by the loss of a methyl

hydrogen atom in position 13 or 13'. For this last case, only one possible structure is designed.



B-Carotene and Free Radical Reactions with Nitrogen Oxides
http://dx.doi.org/10.5772/67683

In the case of P]O(9 ooy the resonance or electronic movements are also shown. For Pm(

only one structure is designed.

13 or 13'Y

* Nitrous allylic radicals, P,
The P, radicals were also investigated with the theoretical methods:
o Some of them could not reach a geometric optimization presenting convergence failure.

o Other P, radicals failed to reach the geometric optimization, expelling the NO group and
regenerating the (3-carotene molecule.

o In others, a radical was optimized geometrically but turned out to be a P (nitroxide).

o Cyclic nitroxides formed by internal cyclization of the nitrous allylic radicals, P

4 (nitroxide)

In Figure 7, we appreciate that P
ing P

1250r 5, 18 the intermediate that react with nitric oxide generat-

,»» the nitrous allylic compound, see Figure 3.

P, loses by abstraction an allylic hydrogen atom from the methyl in position 9 generating P,,,

the corresponding nitrous allylic radical and finally the formation of P, . .-

(Figure 6 in our work of 2015 has an error; the nitroxide displayed is not generated from
the listed precursors. The precursors designed would actually lead to another nitroxide not
shown. The optimization of that nitroxide was completed on the basis of negligible forces.
The stationary point was found but the convergence criteria were reached by only three
of the required four cases [10]. In the present work, we have the opportunity of showing
and solving the mistake. In Figure 7, we appreciate the precursors that actually lead to
P (nitroxide).)

Pi2 (Sors’) S
20
T NG N N N N VN
P22 .
P42
P42

(nitroxide) S

Figure 7. Formation of the cyclic P (nitroxide) from the allylic precursor. The tertiary allylic radical P
contributing resonance structure of high weight.

REos 152
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In Figure 8, the optimized structure of P
number.

is displayed. Each atom is labeled with a

42 (nitroxide)

In order to carry out the simulation, three selected nitroxides were chosen, those of lower
energy and those that best met the requirements for optimization. We selected two rings of

five atoms (P ) and one of eight atoms (P

41 (nitroxide)” P42 (nitroxide) 43 (nitroxide))'

We simulated quite satisfactorily the experimental recorded EPR spectrum in Figure 4, by
adding the theoretical spectra of P, . .. from P, . . and P, , from P, o 5, both
cyclic nitroxides of five atoms. Also we built another simulation by adding P
and P, ,from P, acyclic nitroxide of eight atoms [10].

nitroxide
AP 1]
42(nitroxide)’ = 41 (nitroxide)

nitroxide 9or9

Figure 9 shows the theoretical spectra and simulation of the persistent EPR recorded spec-
trum of Figure 4. In part (a), we may appreciate the theoretical EPR spectra of the nitroxides
P, (nitroxide), P (nitroxide), and P (nitroxide). In order to simulate the experimental recorded
spectra, one must add up the spectra of nitroxides, multiplying the values of P, (nitroxide) by
the factor 1 and P, (nitroxide) by the factor 0.4 and multiply the values of P, (nitroxide) by the
factor 0.2. Part (b) shows the sum that simulates quite well the experimental spectrum shown
in Figure 4.

Simulations were also carried out considering the contribution of the (3-carotene neutral radi-
cals or allylic neutral radicals. It was observed that with less than 0.1 order factors, there were
no appreciable changes, as is expected due to the result of the kinetic modeling. Although
the B-carotene neutral radicals could be persistent, the nitroxide-type signal obtained would
not be modified.

The theoretical spectra were built from the calculated isotropic hyperfine coupling constants.
The hfccs values larger than 0.4 Gauss are shown in Table 3.

Figure 8. Visualization of the optimized geometric structure of the intermediate radical proposed in Figure 7:
P (nitroxide).
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Figure 9. EPR theoretical spectra and simulation. In the part (a) the EPR theoretical spectra of the nitroxides are recorded:
P41(nitroxide) in gray, P, (nitroxide) in black, and P43(nitroxide) in pale gray color. The values of P41(nitroxide) are
multiplied by a factor of 1, P ,(nitroxide) are multiplied by a factor of 0.4 and the values of P43(nitroxide) by a factor of
0.2. The part (b) shows the sum of the spectra in order to simulate the experimental spectrum. The peak-to-peak value is
12.1 Gauss, (10 Gauss = 1 mT). Data from Table 3 are used.
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Nuclei P, (nitroxide) Nuclei P, (nitroxide) Nuclei P, (nitroxide)
3H 0.73171 49H 0.42705 28H 0.94710
10H 0.91335 51H 2.99147 31H 0.45231
14 H 0.56426 53 H -0.53599 53 H 2.00175
18H 0.57683 55 H -0.55714 54 H 9.42852
25H -0.53235 57N 10.95771 56 H 19.03785
27H -0.58125 60 H -0.45979 57H 2.93589
29N 11.68685 62 H -0.60386 88 N 11.40254
33H -0.57914 64 H 18.74614 92H 2.15932
34 H -0.47031 9% H 1.59845
36 H -0.42026

“The hfccs values were obtained by applying the method of calculation B3LYP/6-31G (d) to the optimized geometries.
The hfccs values larger than 0.4 Gauss are shown. Gaussian offers results in Gauss, 10 G=1 mT.

P, (nitroxide) and P (nitroxide) are rings of five atoms. P (nitroxide) corresponds to a ring of eight atoms.

Each atom is labeled with a number, as in Figure 8 for P, (nitroxide).

Table 3. Isotropic hyperfine coupling constants (hfccs), cyclic P,(nitroxides), (Gauss)®.

3. Conclusions and perspective

We have provided considerable information about the behavior of nitrogen dioxide in some
solvents. Also, we followed the action of both NO, and NO over some organic compounds.
Most relevant was the study of the reaction of both oxides with the (-carotene molecule.

It is important to highlight that two spectroscopic techniques were used: UV-vis and EPR.
UV-vis is fundamental for the tracking of reagents, and EPR is essential for the monitoring of
the radical intermediates.

Finally, we used the theoretical and computational methods that provided support to the
characteristics of the intermediates. Calculations for 3-carotene cyclic nitroxide intermedi-
ates, B-carotene allyl radicals, and nitrous p-carotene radical showed that the combination
of the 6-31G(d,p) basis set and the B3LYP exchange-correlation functional provided a quite
accurate description of the hfccs of the nuclei of hydrogen and nitrogen. The calculation of
the hfcc for nitrogen nuclei (*N, nucleus) in the case of the nitroxide persistent radicals was
particularly difficult. This problem with the nitroxides was investigated and finally deduced
that the choice of the basis sets was very important. Especially the number and nature of d
orbital functions must be taken into account [10].

[-Carotene or other carotenoids compounds would be in the lipid and anaerobic part of cells
where the investigated reactions could take place. The [3-carotene could be a convenient scav-
enger, acting as a protective agent in biological media. The cyclic persistent nitroxides may
react by disproportionation giving rise to hydroxylated carotenoid compounds and nitrones.
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Hydroxylated compounds can pass into the lymphatic system and be replaced by new mol-
ecules of (3-carotene. The nitrone is a new scavenger that will lead to a continuously replace-
ment process [10]. It is important to remember that the persistent nitroxides are still present
in solutions after 20 days with a concentration of 3.5:10° M [9].

On the other hand, the nitroxides may react differently. For example:

(a) p-Carotene may not be a good radical trapping antioxidant but the nitroxide may be [21].

(b) The combination of the carotenoids lutein or zeaxanthin and lipid-soluble nitroxides ex-
erted strong synergistic protection against singlet oxygen-induced lipid peroxidation.
The synergistic effect may be explained in terms of protection of the intact lutein or zeax-
anthin structure by effective scavenging of free radicals by nitroxides [22].

Moreover, we can see that nitric oxide is generated in different types of cells. Neuronal nitric
oxide synthase (nNOS) is constituvely expressed in specific neurons of the brain. In addi-
tion to brain tissue, nNOS has been identified in adrenal glands, in epithelial cells of various
organs. In mammalians, the largest source of nNOS in terms of tissue mass is in the skeletal
muscle [23].

It might be expected that nitrogen oxides and non-polar carotenoids compounds have together
an important biological function. Take into account that in carotenoids with a hydroxyl group,
the reaction path may be surely different.

The isolation of the cyclic nitroxides described would also be very important.
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