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ABSTRACT 

In the present article, a theoretical and computational study was carried out on the reactivity and antioxidant capacity of a series of nitrone 
derivatives (hBNn) in the presence of the OH∙ radical. For the antioxidant characterization of these compounds, tools such as global and 
local reactivity indices were used, as well as thermodynamic aspects to obtain the most energetically stable product. In addition, the NBO 
analysis, which described the SOMO generated by the electron radical of the spin adduct hBNn-OH. The results obtained show that the 
nitrone derivatives studied present the antioxidant capacity of radical trapping, forming energetically stable spin adducts. In turn, the 
reactivity of the systems (nitrone and radical) shows their nucleophilic and electrophilic tendencies, allowing us to propose a reaction 
mechanism for these radical traps. 
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1. INTRODUCTION 

Free radicals are a type of chemical species (atom or molecule) that 
are highly reactive and have a short half-life due to the presence of 
unpaired electrons, which can cause damage at the cellular level 
and even DNA [1]. Among the best known pathologies produced 
by the action of free radicals (oxidative stress) are neuro-
degenerative disorders such as Alzheimer's [2,3] and Parkinson's 
[4,5,6], and somatic disorders such as cancer [7,8], hypertension 
[9], diabetes [10,11], and even aging. 

Among the best known radicals are reactive oxygen species (ROS) 
(O2, OH, RO2∙1) [12] and reactive nitrogen species (RNS) (∙NO, 
∙NO2) [13], which are generated by various metabolic mechanisms 
in cells such as mitochondrial oxidative phosphorylation (in the
case of ROS) [14] and conversion of L - arginine to L - citrulline 
and nitric oxide (in the case of RNS) [15]. One of the most reactive 
ROS is OH∙ which greatly promotes lipid peroxidation of cell 
membranes [16]. 
The generation of this radical is possible through the transfer of an 
electron, which can be contributed by cations, mainly transition
metals such as Fe2+, Cu+ or Mn+2. The best-known reaction is the 
Fenton mechanism [17], which from the oxidetion of Fe2+(or Cu+) 
promoted by H2O2 produces the OH∙ radical.
Eq. 1: 

Fe2+ + H2O2 ⟶  Fe3+ + OH− + OH ∙ 
Cu+ + H2O2  ⟶  Cu2+ + OH− + OH ∙

To combat free radicals, cells present endogenous protection 
mechanisms, mainly of the enzymatic type, such as superoxide 
dismutase (SOD), glutathione peroxidase (GSH-Px) and catalase 
(CAT) [18,19,20]. But to complement the antioxidant activity, 
there are exogenous antioxidants, such as vitamins (vitamin A and 
E), carotenoids (lycopene and β-carotene), flavones and poly-
phenols, which can be supplied by the diet [21]. These chemical 
compounds exhibit antioxidant activity through different me-
chanisms, as it depends on the structural nature of the molecule and 
the type of radical. Mainly, antioxidant mechanisms can be 
classified into HAT (Hydrogen Atom Transfer), SET (Single 
Electron Transfer) or SPLET (Sequential Proton Loss Electron 
Transfer) [22,23]. However, there are molecules with antioxidant 
property of the "radical trapping" type, which when interacting 
with free radicals, form spin adducts, which are less reactive and 
harmless radical species [24,25]. 

One of the nitro compounds that exhibit radical trapping activity 
are nitrones, specifically α-phenyl-N-tert-butylnitrone (PBN) 
[26,27], which thanks to this property have been shown to have 
neuroprotective activity [28]. 

Figure 1. Nitrone PBN and its derivatives Bisnitrones. 

Diez et al. [27] carried out an experimental study on a new series 
of PBN nitrone derivatives (Figure 1) and their antioxidant pro-
perties, so that, by way of completeness, the present article aims to 
describe from the theoretical point of view the antioxidant 
mechanism as radical scavengers with the OH∙ radical. This 
description was carried out from the local reactivity indices such as 
Fukui functions (f(r)) [29] and Dual Descriptor (f (2)) [30] and global 
reactivity indices, while the radical electron distribution of the spin 
adduct can be modeled from the NBO (Natural Bond Orbital) 
model [31]. 

2. COMPUTATIONAL DETAILS

2.1 Design and Optimization of Nitrone Derivatives 

For the design and construction of the Nitronas derivatives, the 
GaussView 5.0.9 software was used, while the geometric op-
timizations were performed in Gaussian '09 revision E.01 [32], 
using the Density Functional Theory (DFT) method with the 
functional and the basic set B3LYP/6-31+G(d,p). 
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2.2. Spin Adducts and Transition State 

The spin adducts were obtained from thermodynamic analysis of 
the system (frequency) and the local reactivity indices of the 
nitrones. The optimal spin adduct was considered as the one that 
presented a lower relative energy compared to the initial 
hBNn/OH∙ system, like the procedure presented by Allodi et al. 
[33]. To obtain the transition state, the QST2 method was used, 
which uses the optimized structures of the reactants (hBNn/OH∙) 
and products (hBNn-OH), in which care must be taken with the 
enumerations of the atoms, since the calculation can collapse as 
there is not coherence in the reaction coordinates. To confirm the 
transition state, its imaginary frequency was considered [34]. 

2.3. Global and Local Reactivity Indices 

The global and local reactivity indices of nitrone derivatives 
(hBNn) and the OH∙ radical were obtained through Fukui 4.1 
Software [30,35,36] compatible with Gaussian '09. The calculation 
was performed through a singlepoint (SP) in Gaussian '09, 
considering the B3LYP/6-31G+(d,p) functional and basis set. 

The Fukui frontier molecular orbitals (FMO) approximation [29, 
37,38] was used to plot the local descriptors, which were visualized 
in Gauss View generating isosurfaces of density 0.002 u. a.  

2.4. Natural Bond Orbital (NBO) 

To describe the presence of the radical electron in the spin adducts, 
the Natural Bond Orbital (NBO) model was used, which from its 
Lewis-type analysis provides a detailed picture of how the 
molecular orbitals are composed, which can be decomposed into 
bonding, non-bonding and anti-bonding orbitals [39]. This analysis 
was performed using the NBO 6.0 software [40], which uses the 
Gaussian.47 file as input. To obtain it, a singlepoint (SP) was 
performed considering the unrestricted state (UB3LYP/6-31G+ 
(d,p)) which is useful for systems with unpaired electrons. For the 
visualization of the NBOs, Chemcraft software [41] was used. 

Figure 2. Derivatives of hBNn nitrones (Bisnitrones) optimized in 
DFT B3LYP/6-31G+(d,p). 

3. RESULT AND DISCUSSION 

3.1. Optimized hBNn Nitrone Derivatives and Spin Adducts 

The PBNn nitrone derivatives modeled and optimized from DFT 
with the B3LYP/6-31G+(d,p) functional and basis set, can be 
visualized in Figure 2 

The Spin Adduct generated between the interaction of Bisnitronas 
(hBNn) and the OH∙ radical was obtained from the thermodynamic 
parameters (relative energy, enthalpy and Gibbs free energy) and 
the local reactivity indices, the latter being in charge of describing 

the site susceptible to react with the radical. Table 1 shows the 
thermodynamic values of the spin adducts and the transition state 
(TS) obtained from the QST2 method. 

Table 1. Thermodynamic Parameters on Spin Adduct Formation 

System 
E/ 

(kcal/ 
mol) 

H/ 
(kcal/ 
mol) 

G/ 
(kcal/ 
mol) 

System 
E/ 

(kcal/ 
mol) 

H/ 
(kcal/ 
mol) 

g/ 
(kcal/ 
mol) 

hBN1
/OH ∙ -20.49 -20.46 -20.46 hBN3

/OH ∙ -20.47 -20.46 -20.46 

[hBN1
− OH ∙]‡ -20.32 -20.31 -20.32 [hBN3

− OH ∙]‡ -20.29 -20.26 -20.29 

hBN1
− OH -21.79 -21.78 -21.78 hBN3

− OH -21.02 -21.03 -21.06 

hBN2
/OH ∙ -21.87 -21.86 -21.87 hBN4

/OH ∙ -23.34 -23.33 -23.34 

[hBN2
− OH ∙]‡ -21.53 -21.52 -21.53 [hBN4

− OH ∙]‡ -22.53 -22.53 -22.54 

hBN2
− OH -21.94 -21.93 -21.93 hBN4

− OH -23.90 -23.89 -23.89 

The thermodynamic parameters on the formation of the spin adduct 
(hBNn-OH) and the transition state ([hBNn-OH∙]≠) can be seen 
graphically in Figure 3, where the energy barrier between reactants 
and transition state is relatively low. In turn, it can be observed that 
the relative energy of the reactants is considerably high compared 
to the products (spin adduct), which describes a highly stable 
system [34]. The hBN4-OH system being the most energetically 
stable. 

Figure 3. Spin adduct formation process and transition state 
between hBNn nitrone derivative and OH∙ radical. 

Although steric hindrance largely governs molecular reactions 
[42], it can be observed that, in this particular case, structures (spin 
adducts) are formed in which the radical attack is on the carbon 
atoms neighboring bulky groups (tert-butyl and benzyl), forming 
energetically stable products. 
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3.2. Global and Local Reactivity Indices 

The reactivity of a chemical species can be described globally and 
locally [29], the global reactivity indices being mainly the 
chemical potential (μ), chemical hardness (η) and elec-
trophilicity (ω+) [43,44], while the local reactivity indices are the 
Fukui functions [29] and the dual descriptor [30]. All reactivity 
indices present in Table 2 were calculated from the following 
equations: 
Eq. 2: 

𝜇𝜇 = �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

�
𝜈𝜈(𝑟𝑟)

 ;     𝜂𝜂 = �
𝜕𝜕𝜇𝜇
𝜕𝜕𝜕𝜕

�
𝜈𝜈(𝑟𝑟)

 ;     𝜔𝜔+ =
𝜇𝜇2

2𝜂𝜂
Eq. 3: 

𝑓𝑓(𝑟𝑟)
+ = �

𝜕𝜕𝜌𝜌(𝑟𝑟)

𝜕𝜕𝜕𝜕
�
𝜈𝜈(𝑟𝑟)

+

≈ �𝜓𝜓(𝑟𝑟) LUMO�
2

= 𝜌𝜌(𝑟𝑟) LUMO

Eq. 4: 

𝑓𝑓(𝑟𝑟)
− = �

𝜕𝜕𝜌𝜌(𝑟𝑟)

𝜕𝜕𝜕𝜕
�
𝜈𝜈(𝑟𝑟)

−

≈ �𝜓𝜓(𝑟𝑟) HOMO�
2

= 𝜌𝜌(𝑟𝑟) HOMO

Eq. 5: 

𝑓𝑓(𝑟𝑟)
(2) = �

𝜕𝜕𝑓𝑓(𝑟𝑟)

𝜕𝜕𝜕𝜕
�
𝜈𝜈(𝑟𝑟)

≈ 𝑓𝑓(𝑟𝑟)
+ − 𝑓𝑓(𝑟𝑟)

− = 𝜌𝜌(𝑟𝑟) LUMO − 𝜌𝜌(𝑟𝑟) HOMO

The global reactivity indices (mainly the chemical potential, μ) 
allow describing the tendency of electron density acceptor and 
donor, i.e., those species that behave as nucleophiles and 
electrophiles. In general, the electron density tends to move from 
the species presenting a higher chemical potential value (less 
negative) towards the one presenting a lower chemical potential 
[45]. In this particular case, it can be observed that it is the Nitrone 
derivative that "attacks" the OH∙ radical, a phenomenon contrary 
to that presented in the literature, in which it is the OH∙ radical that 
acts on the chemical species, as described in the Hydrogen 
abstraction phenomenon [46,47,48].  

The low reactivity of the OH∙ radical can be similarly evidenced 
with the chemical hardness (η), which is higher compared to 
nitrone derivatives, which is consistent with the principle of 
maximum hardness (PMH), which describes that more reactive 
systems exhibit lower hardness [49]. 

Table 2. Global and local reactivity indices of the nitrone groups 
of hBNn derivatives. 

Specie  Atom  𝒇𝒇(𝒓𝒓)
−  𝒇𝒇(𝒓𝒓)

+  𝒇𝒇(𝒓𝒓)
(𝟐𝟐) 𝝁𝝁 / 𝐞𝐞𝐞𝐞 𝜼𝜼 / 𝐞𝐞𝐞𝐞 𝝎𝝎+ / 𝐞𝐞𝐞𝐞 

𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡 1 C 0.0788 0.0823 0.0035 -4.0076 3.2128 2.4994 
2 C 0.0235 0.0373 0.0139 
3 C 0.0298 0.0321 0.0023 
4 C 0.0724 0.0863 0.0139 
5 C 0.0320 0.0426 0.0107 
6 C 0.0270 0.0511 0.0241 

11 C 0.0844 0.0722 -0.0122 
12 C 0.0515 0.1096 0.0588 
13 N 0.0462 0.1106 0.0644 
14 N 0.1084 0.0521 -0.0560 
15 O 0.2360 0.1171 -0.1188 
16 C 0.0026 0.0077 0.0051 
20 O 0.2631 0.1031 -0.1600 
21 C 0.0022 0.0023 0.0001 
22 C 0.0017 0.0043 0.0029 
26 C 0.0008 0.0000 -0.0008 
30 C 0.0012 0.0038 0.0026 

𝐡𝐡𝐡𝐡𝐡𝐡𝟐𝟐 1 C 0.0774 0.0892 0.0118 -4.1541 3.2605 2.6463 
2 C 0.0260 0.0364 0.0103 
3 C 0.0262 0.0373 0.0111 
4 C 0.0800 0.0831 0.0031 
5 C 0.0280 0.0485 0.0206 
6 C 0.0280 0.0482 0.0202 

11 C 0.0912 0.0586 -0.0325 
12 C 0.1035 0.0556 -0.0479 
13 N  0.0445 0.1036 0.0590 
14 N  0.0487 0.1083 0.0596 
15 O 0.2549 0.1056 -0.1493 
16 C 0.0008 0.0067 0.0059 
20 O 0.2512 0.1031 -0.1481 
22 C 0.0250 0.0105 -0.0145 

hBN3 1 C 0.0787 0.0845 0.0058 -4.1446 3.4684 2.4763 
2 C 0.0690 0.0883 0.0193 
3 C 0.0080 0.0301 0.0222 
4 C 0.0592 0.0629 0.0036 
5 C 0.0110 0.0182 0.0072 
6 C 0.0573 0.0827 0.0254 

11 C 0.0714 0.0685 -0.0029 
12 C 0.0610 0.1248 0.0639 
13 N 0.0411 0.1170 0.0759 
14 N 0.0426 0.0957 0.0531 
15 C 0.0021 0.0082 0.0060 
19 O 0.2280 0.1137 -0.1143 
20 O 0.2576 0.0764 -0.1812 
21 C 0.0052 0.0012 -0.0040 

hBN4 1 C 0.0690 0.0933 0.0243 -4.0201 3.4942 2.3125 
2 C 0.0758 0.0911 0.0164 
3 C 0.0168 0.0202 0.0035 
4 C 0.0479 0.0804 0.0325 
5 C 0.0045 0.0264 0.0220 
6 C 0.0660 0.0716 0.0056 

11 C 0.0875 0.0821 -0.0054 
12 C 0.1024 0.0483 -0.0541 
13 N 0.0487 0.1115 0.0628 
14 N 0.0378 0.1014 0.0636 
15 C 0.0033 0.0008 -0.0025 
16 O 0.2724 0.0930 -0.1794 
17 O 0.2073 0.0911 -0.1162 
18 C 0.0007 0.0058 0.0051 

OH ∙ -6.045 7.9443 2.3772

On the other hand, the Fukui and Dual Descriptor indices allow 
describing the localized reacting sites. In this particular case, it can 
be observed graphically (Figure 4) that the OH∙ radical presents 
electrophilic tendencies by presenting a purple color, while the 
double bond of the nitrone presents nucleophilic characteristics. 
From Table 2 it can be evidenced the different local reactivities 
presented by the nitrones functional groups, which describes the 
attack tendency towards the OH∙ radical and the subsequent 
formation of a spin adduct. 

mailto:jose.munoz.e@ug.uchile.cl


J. Chil. Chem. Soc., 68, N°3 (2023) 

5937 

 

Figure 4. Indices of local reactivity of nitrone derivatives and OH∙ 
radical. The purple lobes represent electrophilic features, whereas 
the green lobes represent local nucleophilic tendencies. 

Compounds hBN1 and hBN3 exhibit higher nucleophilic reactivity 
on the 11 C atom (more sterically hindered carbon), whereas the 
nucleophilic reactivity of compounds hBN2 and hBN4 is centered 
on the 12 C atom (less sterically hindered carbon). Therefore, the 
mechanism of OH∙ radical trapping by the hBNn derivatives 
is given by the electronic transfer of the N+ = C double bond, to 
give way to a spin adduct with lower reactivity (Figure 5). 

Figure 5. Mechanism of OH∙ radical trapping of hBNn nitrone 
derivatives. 

3.3. Natural Bond Orbital (NBO) 

To describe and visualize the presence of delocalizations, non-
bonding electronic pairs or Singly Occupied Molecular Orbital 
(SOMO) [50], the NBO method can be used, which are an 
intermediate electronic state between atomic orbitals (AO) and 
molecular orbitals (MO) [31]. 

Natural bonding orbitals (NBO) correspond to localized few-center 
bonds (one or two centers) that are formed by hybrid atomic 
orbitals (NHO), which allow describing the pattern of a molecular 
bond as a "Lewis diagram", i.e., it describes the bonding and non-
bonding electron pairs of a molecule. Mathematically, a Natural 
Bond Orbital is described as the linear combination of Hybrid 
Atomic Orbitals (NHO) located between two atoms A and B. 

𝜙𝜙𝐴𝐴𝐴𝐴𝑁𝑁𝐴𝐴𝑁𝑁 = 𝑐𝑐𝐴𝐴𝜓𝜓𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑐𝑐𝐴𝐴𝜓𝜓𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁

Being    𝜙𝜙𝐴𝐴𝐴𝐴𝑁𝑁𝐴𝐴𝑁𝑁   the NBO orbital located between atoms A and B, 
𝑐𝑐𝑐𝑐 and 𝑐𝑐𝑐𝑐 normalization constants (which are known as 
"polarization coefficients") indicating the nature of the bond, 
which can vary from covalent character   𝑐𝑐𝐴𝐴 = 𝑐𝑐𝐴𝐴  to ionic character 
𝑐𝑐𝐴𝐴 ≫ 𝑐𝑐𝐴𝐴 and 𝜓𝜓𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁, 𝜓𝜓𝐴𝐴

𝑁𝑁𝑁𝑁𝑁𝑁 Hybrid Natural Orbitals. And in the 
same way as in molecular orbitals, for each bonding molecular 
orbital there is its respective anti-bonding orbital�𝜙𝜙𝐴𝐴𝐴𝐴𝑁𝑁𝐴𝐴𝑁𝑁

∗� 

𝜙𝜙𝐴𝐴𝐴𝐴𝑁𝑁𝐴𝐴𝑁𝑁
∗ = 𝑐𝑐𝐴𝐴𝜓𝜓𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑐𝑐𝐴𝐴𝜓𝜓𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁

NBOs are localized orbitals that describe a Lewis-type structure, 
so in the context of NBOs the bonding orbitals  �𝜙𝜙𝐴𝐴𝐴𝐴𝑁𝑁𝐴𝐴𝑁𝑁� are 
referred to as "Lewis orbitals", on the contrary, the anti-bonding 
orbitals �𝜙𝜙𝐴𝐴𝐴𝐴𝑁𝑁𝐴𝐴𝑁𝑁

∗� are referred to as "non-Lewis orbitals". 

The location of the radical electron corresponds to a non-bonding 
(n) NBO orbital, which is called SOMO, which could be studied
and described in the literature [51]. The main contribution of this 
orbital corresponds to the Nitrone group, specifically to the N-O 
bond, where the radical electron is located, as can be seen in Fig. 
5. Table 3 shows the non-bonding orbital contribution of each 
Nitrone group of the hBNn derivatives. 

Table 3. Non-bonding character (n) of the SOMO of the spin 
adducts (notation: n: non-bonding, oc: occupied). 

Specie 𝐡𝐡𝐡𝐡𝐍𝐍 (𝒏𝒏) Contribution Specie 𝐡𝐡𝐡𝐡𝐍𝐍 (𝒏𝒏) Contribution 

hBN1 67 (oc) 44.7% (N14) hBN3 67 (oc) 43.5% (N14) 
38.6% (O20) 37.5% (O20) 

83.3% (𝑛𝑛) 81% (𝑛𝑛) 
hBN2 75 (oc) 44.2% (N13) hBN4 87 (oc) 43.8% (N13) 

40% (O15) 37.9% (O16) 
84.2% (𝑛𝑛) 81.7% (𝑛𝑛) 

From Table 3 it can be seen that the radical electron localization 
presents a non-bonding character (SOMO) over 80% in each of the 
spin adducts, with the nitrogen atom of the Nitrone group 
contributing the most (>40%), while oxygen contributes the least 
(≤40%). The above can be visualized in Figure 6.  

Figure 6 graphically depicts the SOMO generated by the hBNn-
OH spin adduct after trapping of the OH∙radical by the hBNn 
nitrone derivative.  
In it, it can be seen how the electron radical is preferentially located 
on the N-O bond of the adduct, with a higher proportion on the 
nitrogen atom, as numerically described in Table 3. 
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Figure 6. NBO SOMO description of hBNn-OH spin adducts. 

4. CONCLUSION 

According to the results presented, it can be concluded that hBNn 
nitrone derivatives (PBN) show antioxidant OH∙ radical trapping 
capacity, forming thermodynamically stable spin adducts. From 
the global and local reactivity point of view, it could be observed 
that the reaction mechanism takes place between the OH∙ radical, 
which behaves as an electrophile, while the nitrones (specifically 
their double bond) behave as nucleophiles.  

From the NBO analysis it was possible to characterize the SOMO 
of the spin adduct, locating the electron radical mainly between the 
nitrogen and oxygen atoms of the nitrone. 
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