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AbstrAct

We studied the bis-allylic proton transfer 
reaction from 1,4-pentadiene to supero-
xide radical anion (O2

 Minima and .(־·
transition state geometries, as well as 
thermochemical parameters were com-
puted at the B3LYP/6-311+G(3df,2p) 
level of theory. The electronic wave 
functions of reactants, intermediates, 
and products were analyzed within the 
framework of the Quantum Theory of 
Atoms in Molecules. The results show 
the formation of strongly hydrogen bon-
ded complexes between the 1,4-penta-
dien-3-yl anion and the hydroperoxyl 
radical as the reaction products. These 
product complexes (PCs) are more sta-
ble than the isolated reactants and much 
more stable than the isolated products. 
This reaction occurs via pre-reactive 
complexes which are more stable than 

the PCs and the transition states. This is 
in agreement with the fact that the net 
proton transfer reaction that leads to free 
products is an endothermic and non-
spontaneous process.

Key words: superoxide radical anion, 
density functional theory, QTAIM, re-
action mechanism, proton transfer, 
1,4-pentadiene

resumen

Nosotros estudiamos la reacción de 
transferencia de protón bis-alílico del 
1,4-pentadieno al radical anión supe-
róxido (O2

-Las geometrías de los mí .(־·
nimos y de los estados de transición, así 
como también los parámetros termoquí-
micos se calcularon usando el nivel de 
teoría B3LYP/6-311+G(3df,2p). Las 
funciones de onda electrónicas de los 
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reactantes, intermedios y productos se 
analizaron dentro del marco de la teoría 
cuántica de átomos en moléculas. Nues-
tros resultados muestran la formación de 
complejos estabilizados por enlaces de 
hidrógeno entre el anión 1,4pentadien-
3-ilo y el radical hidroperoxilo como 
productos de reacción. Estos complejos 
producto (PCs) son más estables que los 
reactantes aislados y mucho más estables 
que los productos aislados. Esta reacción 
ocurre vía la formación de complejos 
pre-reactivos, los cuales son más esta-
bles que los PCs y los estados de tran-
sición. Estos resultados están de acuerdo 
con el hecho de que la reacción global de 
transferencia de protón que conduce a la 
formación de los productos libres es un 
proceso endotérmico y no espontáneo.

Palabras clave: radical anión supe-
róxido, teoría del funcional de la densi-
dad, QTAIM, mecanismos de reacción, 
transferencia de protón, 1,4-pentadieno

resumo

Estudou-se a reação de transferência do 
próton bis-alílico do 1,4-pentadieno ao 
radical ânion superóxido (O2

-As geo .(־·
metrias dos mínimos e dos estados de 
transição, bem como os parâmetros ter-
moquímicos foram calculadas utilizando 
o nível de teoria B3LYP/6-311+G(3d-
f,2p). As funções de onda eletrônica dos 
reagentes, intermediários e produtos fo-
ram analisadas no âmbito da teoria quân-
tica de átomos em moléculas. Os resul-
tados obtidos demonstram a formação de 
complexos estabilizados por ligações de 
hidrogênio entre o ânion 1,4-pentadie-
no-3-ilo e o radical hidroperoxilo como 
produtos de reação. Estes complexos 
formados como produtos (PCs) são mais 

estáveis do que os reagentes isolados e 
muito mais estáveis do que os produtos 
isolados. Esta reação ocorre por meio de 
complexos pré-reativos mais estáveis do 
que os PCs e os estados de transição. Es-
tes resultados estão de acordo com o fato 
da reação global de transferência de pró-
ton que conduz à formação dos produtos 
livres, é um processo endotérmico e não 
espontâneo.

Palavras-chave: radical ânion su-
peróxido, teoria do funcional da densi-
dade, QTAIM, mecanismos de reação, 
transferência de próton, 1,4-pentadieno

IntroductIon

The superoxide radical anion is the pro-
duct of one-electron reduction of mole-
cular oxygen and plays important roles in 
atmospheric chemistry (1-2), photoche-
mical (3) and in many biochemical pro-
cesses (4-5). The generation of the supe-
roxide radical anion is known to be a key 
process in the decomposition of ozone 
in cloud water droplets and is involved 
in the regulation of the overall oxidation 
processes of the troposphere (6). Moreo-
ver, in living cells the superoxide radical 
anion is a byproduct of the mitochondrial 
respiratory chain, where it is usually ge-
nerated in processes involving NADPH 
oxidases, (7) mitochondrial electron 
transport, (8) and cytochrome P-450 re-
actions (9). It is thought to be important 
in the radical theory of aging (10).

The established chemistry of the su-
peroxide radical anion does not define it 
as a strong biological oxidant. Neverthe-
less, it can be considered as a source of 
other reactive oxygen species (ROS i.e. 
H2O2, HO•, HO-, HOO•, 1O2) which can 
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potentially cause cell damage. Dispro-
portionation of superoxide radical anion 
by superoxide dismutase (SOD) produ-
ces hydrogen peroxide and molecular 
oxygen. Highly reactive hydroxyl radi-
cals can be produced by the decomposi-
tion of hydrogen peroxide via Fenton and 
Haber-Weiss reactions. The protonation 
of the superoxide radical anion leads to 
the formation of its conjugated acid, the 
hydroperoxyl radical, equation [1] (11).

O H HO pK 4.692 2 a+ =t :
\

+

 [1]

Although the superoxide radical 
anion is not as reactive as the other ROS, 
it has a dual nature, i.e., it is a negatively 
charged radical and it bears an unpaired 
electron. Thus, for understanding its 
reactivity it is important to consider its 
capability of inducing free radical reac-
tions, its basicity and nucleophilicity, 
and how well it acts as either a one-
electron reducing agent or an oxidant. 
Indeed, the superoxide radical anion is 
relatively unreactive in typical free ra-
dical reactions such as hydrogen atom 
abstraction or addition to double bonds 
(12). Because the effective basicity of the 
superoxide radical anion is quite high, it 
preferably acts as a Brønsted base rather 
than as a hydrogen atom acceptor in re-
actions with labile hydrogens. The C-H 
bonds with low pKa values undoubtedly 
react with superoxide radical anion via 
initial proton transfer. Thus, Stanley et 
al (13) report that cyclopentadiene (pKa 
= 16) and diethyl malonate (pKa = 
13) induce instantaneous disproportio-
nation of superoxide radical anion. Di-
benzoylmethane (pKa = 9.4 (14)) and 
1,3-cyclohexadione (pKa = 4.8 (15)) are 
also rapidly deprotonated by superoxide 

radical anion, though the resulting anions 
are stable to oxygen and superoxide radi-
cal anion (16). Similarly, the oxidations 
of benzoylacetonitrile (17) (pKa = 7.8) 
malonitrile (pKa = 11.2), benzyl cyani-
de (18) (pKa = 22) and carbonylic com-
pounds (17) (pKa ≈ 20) at the methylene 
α-position are expected to be initiated by 
proton transfer reactions, leading to the 
respective anion plus the hydroperoxyl 
radical, equation [2]:

R H O HO2 2+- t :  [2]

While hydroperoxyl radical can se-
lectively abstract bis-allylic hydrogen 
from 1,4-polyunsaturated fatty acids, 
the superoxide radical anion cannot (11). 
Due to the lack of charge the hydropero-
xyl radical is more soluble in key sites of 
oxidant reactivity such as the hydropho-
bic core of biological membranes. On the 
other hand, since the redox potential of 
O2/O2

and O2 ־·
 H2O2 are -0.7 and 1.3 V/־·

at pH = 7, the superoxide radical anion 
frequently acts as a reductant in the pre-
sence of electron acceptors and as an oxi-
dant in the presence of electron donors. 
In other words, its reactivity depends 
on the chemical nature of the substrate. 
Thus, further studies of the interactions 
and reactivity of the superoxide radical 
anion with different kinds of substrates 
are expected to improve the understan-
ding of the mechanisms as well as, in 
general, which kind of substrates would 
promote either redox, radical or proton 
transfer reactions.

Theoretical investigations have been 
proven useful to improve the understan-
ding of reaction mechanisms. Moreover, 
theoretical methods are sometimes the 
only tool for studying unstable com-
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pounds and short-lived intermediates ge-
nerated in many chemical reactions, as 
well as reaction mechanisms. Surprising-
ly, in contrast to the wealth of earlier 
experimental studies that are available 
for superoxide radical anion, only few 
theoretical studies have been made on the 
chemical reactivity of this specie, mainly 
hydrogen atom and proton transfer pro-
cesses. For example, it has been found 
that the superoxide radical anion can in-
duce a proton transfer from H2S to form 
a very stable HS–HO2 complex which 
has been found both experimentally and 
theoretically (19). Moreover, hydrogen 
atom abstraction from quercetin by super- 
oxide radical anion has been suggested 
to follow a coupled hydrogen-electron 
transfer: first a hydrogen atom is trans-
ferred from quercetin to the superoxide 
radical anion, and then the electron is 
transferred from the superoxide radical 
anion to the quercetin, resulting in a net 
proton transfer reaction (20).

The formation of a stable hydrogen 
bond complex between hydroperoxyl ra-
dical and methanetiol anion (stabilization 
energy ~ 40 kJ/mol) has been proposed 
as the first intermediate step of the com-
plete oxidation of methanetiol by the su-
peroxide radical anion, the total proton 
transfer being a non-spontaneous reac-
tion. A similar behavior has been found 
in studies on the cysteine oxidation by 
superoxide radical anion (21).

Furthermore, Villamena et al (23-24) 
have used theoretical tools and stopped-
flow kinetics for the rational design of 
EPR spin traps for superoxide radical 
anion by studying its nucleophilic charac-
teristics upon addition to the nitronyl car-
bon atom of nitrones, a reaction which is 

very important for the understanding of 
free-radical mediated processes (25-29).

In our previous work we have made 
a detailed analysis of the C-H···O hydro-
gen bonds between 1,4-pentadiene and 
superoxide radical anion (30). In the pre-
sent study, we shed more light on the in-
teractions of the superoxide radical anion 
with 1,4-pentadiene in a proton transfer 
reaction. 1,4-pentadiene was chosen as a 
model of the bis-allylic region of a poly-
unsaturated fatty acid. Though the net 
bis-allylic proton transfer from 1,4-pen-
tadiene (pKa = 30 (31-32)) to the supero-
xide radical anion is an unfavorable pro-
cess, our results show the formation of 
a very stable hydrogen bonded complex 
between the 1,4-pentadien-3-yl anion 
and the hydroperoxyl radical, which 
is the product of the reaction. More- 
over, the distribution of the electronic 
density associated with the formation 
and breaking of bonds, as well as the 
ionic or covalent nature of the atomic 
interactions have been analyzed within 
the framework of the Quantum Theory 
of Atoms in Molecules (QTAIM).

comPutAtIonAl methods

Geometry optimization and 
thermochemical parameters

Computations of electronic energies, op-
timizations of the molecular geometries 
and calculations of vibrational frequencies 
were carried out using unrestricted densi-
ty functional theory (UDFT), employing 
the B3LYP (33-34) functional with the 
6-31+G(2d,p) and the 6-311+G(3df,2p) 
basis sets as implemented in Gaussian 03 
(35). Minima and transition states were 
characterized by having zero and one 
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imaginary vibrational frequencies, res-
pectively. Fully optimized transition state 
structures were confirmed to be connec-
ted to the desired pre-reactive and pro-
duct complexes by performing an intrin-
sic reaction coordinate (IRC) scan at the 
B3LYP/6-31+G(2d,p) level of theory.

The global standard reaction enthal-
pies (ΔH˚) and Gibbs’s standard free 
energies (ΔG˚) were obtained from the 
calculated thermal, entropic and zero-
point energy corrections using unscaled 
frequencies as shown in equation [3] - 
[4]:

[3]

[4]

where ε0 is the total electronic energy 
without the zero-point energy correction 
and Hcorr and Gcorr are defined as follows:

H E k Tintcorr B= +  [5]

G H TScorr corr tot= -  [6]

Eint is the correction to the internal 
thermal energy (including vibrational, 
translational and rotational contribu-
tions), kB is the Boltzmann’s constant, 
T is temperature (298 K) and Stot is the 
sum of total entropic contributions from 
vibrational, rotational and translational 
motion, respectively. Moreover, the 
bond dissociation energies (BDE) of the 
1,4-pentadiene bis-allylic C-H bonds and 
the electron, proton and hydrogen affi-
nities (EA, PA, HA) of the superoxide 
radical anion were also analyzed. The 
BDEs of the C-H bis-allylic 1,4-penta-
diene were computed setting the electro-
nic energy of hydrogen atom to its exact 
value of -0.5 hartree.

Relative energies (ΔE0), standard ac-
tivation free energies (Δ‡G˚), and acti-
vation enthalpies (Δ‡H˚) of pre-reactive 

complexes, transition states and product 
complexes were computed relative to the 
energies of the reactants (1,4-pentadiene 
and superoxide radical anion) at infini-
te separation. In addition the activation 
energies were also calculated relative to 
the pre-reactive complexes for compari-
son. The binding energies of the pre-re-
active and product complexes were cal-
culated according to equations [8] - [9]:

PD O PD O2 2$ : : :+ t t [8]

PD HO PD HO2 2$ : : :+ : :- -  [9]

where PD denotes1,4-pentadiene, 
PD- the 1,4-pentadien-3-yl anion and PC 
the product complex. Furthermore, the 
binding energies of the pre-reactive com-
plexes were corrected for the basis set 
superposition error (BSSE). The coun-
terpoise corrected energies (ΔECP) were 
obtained using the procedure of Boys and 
Bernardi (36). To calculate ΔECP and ΔE, 
the supermolecule (AB) was considered 
to be made up of two interacting systems 
A (1,4-pentadiene) and B (superoxide ra-
dical anion) as shown in equation [10]:

H H Hcorr corr0 0Products Reactantsf fD = + +-c ^ ^h h| |

G G Gcorr corr0 0Products Reactantsf fD = + +-c ^ ^h h| |
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[10]

where ( )X
YE Z  represents the energy 

of Z at the geometry Y calculated with 
the basis X, ΔECP(AB) denotes the terms 
in the first parentheses in equation [10] 
and BSSE

ABδ  is the counterpoise correction 
(the terms in the second parentheses in 
equation [10]).

toPologIcAl AnAlYsIs of the 
electron densItY

The proton transfer reaction between 
1,4-pentadiene and superoxide radical 
anion was analyzed within the framework 
of the Quantum Theory of Atoms in Mo-
lecules (QTAIM) (37), locating and cha-
racterizing the electron density (ρ(r)) at 
the bond critical points (BCPs). The lo-
cal properties at the bond critical points 
such as ρ(r), ∇2ρ(r) (the Laplacian of 
the electron density), its shape measured 
by the ellipticity ε, the dimensionless 
ratio |V(r)|/G(r) of the densities of the 
potential and the kinetic energies (see 
below), and the total energy density 
H(r) were used in order to describe the 
rupture and formation of bonds. ∇2ρ(r) 
indicates whether electron density is 
locally concentrated or depleted. In 
general, according to the sign of ∇2ρ(r) 
at the BCP, atomic interactions can be 
classified as closed shell (CS, ∇2ρ(r) 
> 0) or shared shell (SS, ∇2ρ(r) < 0). 
Closed shell interactions are typically 
found in interactions between ions, such 
as in NaF, but also in hydrogen bonds. 
Shared shell interactions, the other 
extreme, are found between covalently 

bound atoms, such as the two C atoms in 
ethane (38-40).

More information about the relative 
strengths of the interatomic interactions 
can be obtained by means of the total 
energy density at the BCP, H(r) = G(r) 
+ V((r), where G(r) and V(r) are the ki-
netic and the potential energy densities at 
the corresponding BCP. Because always 
G(r) > 0 and V(r) < 0, the interactions 
for which ∇2ρ(r) < 0 are dominated by 
a local reduction of the potential energy 
and those interactions for which ∇2ρ(r) 
> 0 are accompanied by a local excess in 
kinetic energy. Negative values of H(r) 
are associated with stabilizing charge 
concentration in the internuclear region. 
Its magnitude reflects the “covalence” of 
a given interaction. Taking into account 
the values of H(r) at the BCP, the ato-
mic interactions are divided into three re-
gions: pure closed shell (region I, ∇2ρ(r) 
> 0 and H(r) > 0), transit closed shell 
(region II, ∇2ρ(r) > 0 and H(r) < 0) and 
pure shared shell (region III, ∇2ρ(r) < 0 
and H(r) < 0). The boundaries of these 
regions are defined by H(r) = 0 (i.e., 
|V(r)|/G(r) = 1) and |V(r)|/G(r) = 2. 
Inside region I, the bond degree BD = 
|V(r)|/G(r) is an index of non-covalent 
interactions, quantifying a softening 
degree (SD) per electron density unit at 
the BCP. The weaker the interaction the 
greater is the SD magnitude. In regions 
II and III, BD measures the degree 
of covalence (CD) of any pairwise 
interaction: the stronger the interaction, 
the greater the magnitude of CD (41).
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Furthermore, the change of the ato-
mic properties such as the total energy 
E(Ω), the potential energy V(Ω), the vo-
lume v(Ω), the net charge q(Ω) and the 
dipolar polarization |M(Ω)| integrated 
over the atomic basins Ω of the H, C, 
and O atoms directly involved in the 
proton transfer reaction were analyzed. 
According to Popelier’s criteria, after 
the formation of a hydrogen bond the-
re should be a loss of q(Ω), an energetic 
destabilization, a decrease of |M(Ω)|and 
a decrease of v(Ω) of the H atom (30-31). 
These five criteria were also applied to 
analyze the atomic interactions between 
the superoxide radical anion and 1,4-pen-
tadiene at the reaction site and the atomic 
contributions to the stabilization of each 
reaction intermediate.

The topological analyses of ρ(r) were 
carried out using the AIM2000 program 
(42) with all options set to their default 
values and the wave functions obtained 
at the UB3LYP/6-311+G(3df,2p) theo-
retical level.

nAturAl PoPulAtIon  
AnAlYsIs

Spin densities (ρ) and charge den-
sities (q) were obtained from a Natural 
Population Analysis (NPA) (43-44) at 
the UB3LYP/6-311+G(3df,2p) optimi-
zed geometries. The NPA was perfor-
med using the program NBO 5.0 (45). 
Partial charges and partial spin densities 
were computed for all reaction interme-
diates in the gas phase. The analysis was 
made by calculating the sum of charges 
and spin densities of each atom of the hy-
drocarbon and oxygen fragment. For the 
pre-reactive complexes, the hydrocarbon 
fragment corresponds to 1,4-pentadiene 

and the oxygen fragment to superoxide 
radical anion. For product complexes, 
the oxygen fragment is the hydroperoxyl 
radical and the hydrocarbon fragment is 
the 1,4-pentadien-3-yl anion.

results And dIscussIon

Potential energy surfaces of 1,4-pen-
tadiene, penta-1,4-dien-3-yl anion and 
penta-1,4-dien-3-yl radical

First, we characterized the potential 
energy surface of 1,4-pentadiene taking 
into account symmetry. According to 
our previous work, three minima are 
found (30). The global minimum has C2 
symmetry and the two local minima are 
of C1-envelope and CS symmetry, see  
Figure 1. This PES is relatively flat, with 
an energy difference between the highest 
and lowest points of only 11.7 kJ/mol. 
This means that the rotation around the 
two single bonds of 1,4-pentadiene is ba-
rrierless (30).

The gas phase bis-allylic proton 
transfer from 1,4-pentadiene to supero-
xide radical anion leads to the penta-1,4-
dien-3-yl anion. The PES of the 1,4-pen-
tadien-3-yl anion PES has three minima: 
a global minimum with CS symmetry and 
two local minima with C1-envelope and 
C2 symmetry, Figure 2. The energy diffe-
rences between the global minimum and 
the C1-envelope and C2 conformers are 
10.7 and 11.0 kJ/mol at the UB3LYP/6-
311+G(3df,2p) level of theory.

A 1,4-pentadien-3-yl radical is 
produced when a bis-allylic hydrogen 
atom abstraction from 1,4-pentadiene 
occurs. We found three minima on the 
1,4-pentadien-3-yl radical PES: a Cs 
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Figure 1. 1,4-pentadiene, 1,4-pentadien-3-yl radical and 1,4-pentadien-3-yl anion minima with C2, Cs and 
C1 symmetry at UB3LYP/6-311+G(3df,2p) theoretical level. Light spheres represent hydrogen atoms, 
small red spheres are bond critical points, and yellow spheres represent ring critical points.

Figure 2. Molecular graphs for the hydrogen bonded complexes of the bis-allylic proton transfer from 
1,4-pentadiene to superoxide radical anion at UB3LYP/6-311+G(3df,2p) level of theory. PRC: Pre-reacti-
ve complex, PC: product complex and TS: transition state. Light spheres represent hydrogen atoms, small 
dark spheres bond critical points. The O-O bond length of isolated superoxide radical anion is 1.341Å and 
the O-H and O-O bond lengths of the isolated hydroperoxyl radical are 0.975 and 1.324 Å.
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global minimum and two local minima 
with C1-envelope and C2 symmetry,  
Figure 1. The findings are in agree-
ment with the theoretical work of Szori 
and Viskolcz (46). The energy diffe-
rences between the global minima and 
the C1-envelope and C2 conformers are 
6.0 and 21.1 kJ/mol computed with the 
6-311+G(3df,2p) basis set. Moreo-
ver, it has been demonstrated by EPR 
spectroscopy that two planar confor-
mations of 1,4-pentadien-3-yl radicals, 
C1-envelope and Cs, are in equilibrium 
at room temperature and above (the di-
fference of the experimental enthalpy 
of formation of these conformations is 
about 4.2 kJ/mol (47)). The third pos-
sible planar isomer, the C2 conformer, 
is not significantly populated at room 
temperature (48).

globAl reActIon  
PArAmeters

The computed C-H bis-allylic bond dis-
sociation energies (BDEs), which cha-
racterize the hydrogen and proton do-
nating ability of 1,4-pentadiene leading 
to the formation of 1,4-pentadien-3-yl 
radical, are depicted in Table 1. Minor 
deviations from the experimental value 
(320.5 kJ/mol) (49) were found for the 
C-H bis-allylic bond dissociation ener-
gies calculated for the three minima of 
1,4-pentadiene. These values are lower 
than the BDE for the homolysis of a 
methyl C-H bond of propene (369 kJ/
mol) (50) and higher than the BDE for 
the cyclopentadiene methylene C-H bond 
(297.5 kJ/mol) (51). On the other hand, 
the formation of the 1,4-pentadien-3-yl 
anion is more endergonic than the radical 
formation, indicated by its higher proton 

affinity (1366.8 – 1355.6 kJ/mol). This 
is expected taking into account the high 
pKa value (pKa ≈ 30) (31-32) of the bis-
allylic proton and the resonance stabili-
zation of the anion.

The overall standard reaction enthal-
pies (ΔH˚), the Gibbs’s standard free 
energies (ΔG˚) and the reaction energies 
(ΔE0) for the proton transfer reaction 
calculated in the gas phase are listed in 
Table 2. According to these results, the 
gas phase proton transfer from 1,4-pen-
tadiene to superoxide radical anion is 
endergonic, endothermic, and non-spon-
taneous. Comparing these reactions to a 
hypothetical hydrogen abstraction reac-
tion from 1,4-pentadiene by superoxide 
radical anion, these parameters are simi-
lar for both kinds of reactions in the gas 
phase. Because the calculated gas phase 
proton affinity of the superoxide radical 
anion of 1497.0 kJ/mol is higher than its 
hydrogen affinity of 269.7 kJ/mol (Table 
1), the proton transfer reaction is prefe-
rred over the hydrogen abstraction. This 
is also supported by its negative electron 
affinity of -681.3 kJ/mol. The calculated 
hydrogen affinity of superoxide radical 
anion (at the UB3LYP/6-311+G(3df,2p) 
theoretical level) is in excellent agree-
ment with the experimental value (277.0 
± 3.8 kJ/mol) (52).

It is known that C-H bonds with low 
pKa values like cyclopentadiene (pKa = 
16) and diethyl malonate (pKa= 13) in-
duce instantaneous disproportionation of 
superoxide radical anion (13). Because 
the pKa of 1,4-pentadiene is almost two 
times higher (pKa ≈ 30) (31-32) than 
the pKa of cyclopentadiene and diethyl 
malonate (13) its proton transfer to supe-
roxide radical anion is non-spontaneous. 
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Table 2. Global reaction energies (ΔE0, kJ/mol), standard enthalpies and Gibbs’s free energies (ΔH˚ and 
ΔG˚ at 298 K, kJ/mol) for the hydrogen abstraction and proton transfer from 1,4-pentadiene to superoxide 
radical anion at the UB3LYP/6-311+G(3df,2p) level of theory.

Reactiona ΔE0 ΔH° ΔG° 

Hydrogen Abstraction

PD Cs + O2·
- → PD· Cs+ HO2

- 49.1 42.7 37.9

PD C1 + O2·
-→ PD·C1 + HO2

- 58.9 52.8 46.7

Proton transfer

PD Cs + O2·
- → PD- Cs+ HO2· 52.6 43.3 48.5

PD C1 + O2·
-→ PD-C1 + HO2· 62.9 54.0 47.2

aPD: 1,4-pentadiene, PD·: 1,4-pentadien-3-yl radical, PD-: 1,4-pentadien-3-yl anion, HO2
·: hydroperoxyl 

radical, HO2
-: hydroperoxyl anion and O2·

-:superoxide radical anion.

Table 1. Bond dissociation energies (BDE) of the bis-allylic C-H bonds of 1,4-pentadiene in its C2, Cs and 
C1-envelope minima. Hydrogen affinity (HA), electron affinity (EA), and proton affinity (PA) in kJ/mol 
for superoxide radical anion (O2

·-) and 1,4-pentadienyl anion (PD-) in its C1 and Cs minima, calculated at 
UB3LYP/6-311+G(3df,2p) level of theory.

Reaction BDE (kJ/mol)

PDC2 → PD· Cs + H· 326.5

PDC1 → PD· C1+ H· 334.3

PD Cs → PD· Cs + H· 324.4

Radicals/Anions HA EA PA

O2·
־ 269.7 (277.0 ± 3.8a) -681.3 1497.0

PD־C1 - - 1366.8

PD־ Cs - - 1355.6
aExperimental value Ref. (42).

This is consistent with the standard Gibbs 
energies calculated for this reaction in 
the gas phase of 37.9 and 46.7 kJ/mol.

mechAnIsm of Proton trAns-
fer from 1,4-PentAdIene to 
suPeroxIde rAdIcAl AnIon

Four reaction pathways for the bis-
allylic proton transfer from 1,4-penta-
diene to superoxide radical anion were 
found. The molecular graphs and some 

selected geometrical parameters of the 
minima and transition states obtained at 
the UB3LYP/6-311+G(3df,2p) theoreti-
cal level are shown in Figure 2, and the 
energy reaction profiles in Figure 3. The 
pre-reactive complexes, transition states 
and product complexes are designated by 
the prefixes PRC, TS and PC, respecti-
vely, followed by a number to differen-
tiate different pathways. The free reac-
tants and free products are labeled with 
the prefixes FR and FP.
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Figure 3. Reaction energy profile for the proton transfer from 1,4-pentadiene to superoxide radical anion 
reaction obtained at the UB3LYP/6-311+G(3df,2p) level of theory. FR: free reactants, FP: free products, 
PRC: pre-reactive complexes, TS: transition states and PC: product complexes.

The proton transfer reaction from 
1,4-pentadiene to superoxide radical 
anion starts with the formation of the 
pre-reactive complexes between supe-
roxide radical anion and 1,4-pentadiene 

prior to the transition states, see equation 
[11] - [12]. We assume that the pre-re-
active complexes are in equilibrium with 
the free reactants.

[11]

[12]

In our previous work, twelve hy-
drogen bonded complexes have been 
found on the PES of the superoxide 
radical anion and 1,4-pentadiene at the 
UB3LYP/6-311+G(3df,2p) level of 
theory (30). Three of them were found 
to be pre-reactive complexes (PRC-1, 
PRC-3 and PRC-4) for the proton trans-

fer reaction. The counterpoise correc-
ted binding energies of PRC-1, PRC-
2, PRC-3 and PRC-4 are -48.9, -38.0, 
-45.3 and -42.3 kJ/mol (see Table 3), 
respectively with a BSSE correction of 
less than 8%. The 1,4-pentadiene in the 
PRC-1 and PRC-2 complexes has nearly 
Cs symmetry, and in PRC-3 and PRC-
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4 it nearly has C1-envelope symmetry. 
A proton transfer pathway from the C2 
symmetric minimum of 1,4-pentadiene 
was not found.

The proton transfer reaction paths 
through the PRC-1, PRC-2, PRC-3 and 
PRC-4 pre-reactive complexes are con-
nected to the transition states TS-1, TS-
2, TS-3 and TS-4, respectively. In Table 
3, the activation energies (ΔE0), standard 
enthalpies (ΔH˚) and the Gibbs’s stan-
dard free activation energies (ΔG˚) for 

these transition states are shown. All 
transition states have negative activation 
energies, activation enthalpies and low 
Gibbs’s activation free energies. Never-
theless, the formation of these transition 
states from the pre-reactive complexes 
requires 24.4, 14.7, 23.7 and 25.5 kJ/
mol, respectively, see Table 3. These 
transition states are all more stable than 
the isolated reactants and energetically 
less stable than the pre-reactive comple-
xes. The imaginary frequencies which 
characterize each transition state are also 

Table 3. Energies (ΔE0, kJ/mol), standard enthalpies and Gibbs’s free energies (ΔH˚ and ΔG˚ at 298 K, 
kJ/mol) of the pre-reactive complexes (PRC), transition states (TS), and product complexes (PC) of the 
bis-allylic proton transfer from 1,4-pentadiene to superoxide radical anion computed at the UB3LYP/6-
311+G(3df,2p) level of theory. Unless otherwise noted, all values are differences relative to the isolated 
reactants.

Reactiona ΔE0 ΔH° ΔG°

Proton transfer pathways

PD Cs + O2
·- → PRC-1 -53.2 (-48.9b) -51.9 -19.9

PD Cs + O2
·- → PRC-2 -41.8 (-38.0b) -42.1 -16.5

PD C1 + O2
·- → PRC-3 -49.4 (-45.3b) -48.4 -19.2

PD C1 + O2
·- → PRC-4 -46.5 (-42.3b) -45.5 -16.5

PD Cs + O2
·- → TS-1 -24.4 (24.5c) -39.4 -2.1

PD Cs + O2
·- → TS-2 -23.3 (14.7c) -38.6 -2.6

PD C1 + O2
·- → TS-3 -21.6 (23.7c) -36.2 -1.5

PD C1 + O2
·- → TS-4 -16.8 (25.5c) -31.5 4.2

PD Cs + O2
·- → PC-1 -28.9 -33.0 -1.8

PD Cs + O2
·- → PC-2 -29.1 -33.8 -2.5

PD C1 + O2
·- → PC-3 -23.1 -30.2 1.8

PD C1 + O2
·- → PC-4 -20.2 -24.2 3.5

Stabilization energies of product complexesd

PD- Cs + HO2
· → PC-1 -81.6 -76.3 -42.0

PD- Cs + HO2
· → PC-2 -81.7 -77.0 -42.7

PD- C1 + HO2
· → PC-3 -86.1 -84.2 -45.5

PD- C1 + HO2
· → PC-4 -83.1 -78.1 -43.7

aPD: 1,4-pentadiene, PD-:1,4-pentadien-3-yl anion, HO2
·: hydroperoxyl radical and O2

·-: superoxide radical 
anion. bBSSE corrected binding energies (ΔECP). cActivation energies calculated relative to the PRCs and 
dActivation energies calculated relative to the isolated products. 
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listed in Figure 2. These imaginary fre-
quencies correspond almost exclusively 
to the bis-allylic C-H bond breaking.

As the Hammond postulate states, 
when a transition state leading to an un-
stable reaction intermediate (or product) 
has nearly the same energy as that in-
termediate, the two intermediates could 
be interconverted with only a small re-
organization of their molecular structure 
(53). This means that the transition state 
bears the larger geometrical resemblance 
to the less stable species (product or re-
action intermediate). Taking into account 
the endothermic global reaction enthal-
pies for the proton transfer to superoxide 
radical anion and the negative activation 
energies, the transition state resembles 
the products and is called a “late” tran-
sition state. This is reflected in the sig-
nificant increase of the C-H bond length 
(34-35%) and the shortening of the O-H 
bond (21-22%), i.e., the transition states 
are late due to their long C-H and short 
O-H bond lengths.

It follows that strongly hydrogen 
bonded complexes between the pro-
ducts, the 1.4-pentadien-3-yl anion and 
the hydroperoxyl radical, have to be 
considered as the final products of the 
bis-allylic proton transfer from 1,4-pen-
tadiene to superoxide radical anion, see 
equation [12]. These product complexes 
PC-1, PC-2, PC-3 and PC-4 have a re-
lative energy of -24.4, -23.3, -21.6 and 
-16.8 kJ/mol, considering the energy di-
fference between them and the isolated 
reactants (1,4-pentadiene and superoxi-
de radical anion). In all cases the product 
complexes are less stable than the pre-
reactive complexes by 23.3, 11.5, 25.3 
and 25.0 kJ/mol and the energy differen-

ce between the product complexes and 
the transition states is very small (4.5, 
5.8, 1.5 and 3.4 kJ/mol). This means 
that the reverse reaction to the pre-re-
active complexes would be expected to 
compete with the direct reaction. Never-
theless, the strong binding energies of 
the product complexes (-81.6 and -86.1 
kJ/mol, equation [9]) are considerably 
higher than the binding energies of the 
pre-reactive complexes (-53.2 and -49.4 
kJ/mol), Table 1. According to these 
results, once the product complexes are 
formed, the backward reaction that may 
lead to the pre-reactive complexes and 
the release of the free products would 
not be possible, equation [13].

PD HO PD HO2 2

Free Products

$: : : +: :- -

1 2 344444 44444  [13]

nPA chArges And sPIn  
densItIes

In Table 4 we show the charges (q) 
and spin densities (ρ) calculated at the 
hydrocarbon and oxygen containing frag-
ments for the pre-reactive complexes, 
transition states and product complexes. 
The charges and spin densities calcula-
ted for each fragment of the pre-reactive 
complexes confirm that those complexes 
are composed of a superoxide radical 
anion (q ≈ -0.9 and ρ ≈ 1) and 1,4-pen-
tadiene (q ≈ -0.1 and ρ ≈ 0). Further-
more, the hydrocarbon and oxygen frag-
ments at the transition states TS-1, TS-2, 
TS-3 and TS-4 are both negatively char-
ged and the spin densities are almost zero 
for the hydrocarbon fragment and ≈ 1 
for the oxygen fragment. The transferred 
proton is nearly half positively charged 
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at the transition states (≈ 0.4 a.u.) and 
has a spin density of almost zero.

Finally, spin densities calculated at 
the oxygen fragment of the product com-
plexes PC-1, PC-2, PC-3 and PC-4 are 
almost 1 a.u. and the charges at the hy-
drocarbon fragment are in the range of 
-0.87 and -0.79 a.u. These results con-
firm the proton transfer character of the 
reaction between the superoxide radical 
anion and the 1,4-pentadiene and that 
these product complexes are composed 
of the 1,4-pentadien-3-yl anion and the 
hydroperoxyl radical.

toPologIcAl AnAlYsIs of the 
electron densItY of the  
hYdrogen bonded  
comPlexes

The electron density ρ(r), the Lapla-
cian of the electron density ∇2ρ(r), the 
ellipticity ε, total energy density H(r) 
and the |V(r)|/G(r) ratio calculated at 
the bond critical points (3,-1) of the 
1,4-pentadiene-superoxide radical anion 
hydrogen bonded complexes and their 
equilibrium distances (Re(Å)) are shown 
in Table 5. Furthermore, the changes of 
the properties integrated over the ato-
mic basins (Ω) of the atoms involved in 
the proton transfer reaction are also re-
ported in Table 6. In the course of the 

Table 4. NPA charges (q) and spin densities (ρ) in a.u. for pre-reactive complexes (PRC), product com-
plexes (PC) and transition states (TS) of the bis-allylic proton transfer to superoxide radical anion from 
1,4-pentadiene obtained at the UB3LYP/6-311+G(3df,2p) level of theory.

Complex
Hydrocarbon Fragment Oxygen Fragment Transferred Proton

q Ρ q ρ q ρ

PRC-1a -0.106 -0.017 -0.894 1.017 - -

PRC-2a -0.112 -0.014 -0.888 1.014 - -

PRC-3a -0.084 -0.009 -0.916 1.009 - -

PRC-4a -0.106 -0.016 -0.894 1.016 - -

TS-1b -0.768 -0.008 -0.652 1.014 0.420 -0.006

TS-2b -0.745 -0.008 -0.666 1.013 0.411 -0.006

TS-3b -0.764 -0.006 -0.658 1.012 0.423 -0.006

TS-4b -0.768 -0.006 -0.657 1.012 0.425 -0.006

PC-1c -0.793 0.170 -0.207 0.830 - -

PC-2c -0.810 0.145 -0.190 0.855 - -

PC-3c -0.871 0.001 -0.129 0.999 - -

PC-4c -0.778 0.185 -0.222 0.815 - -

aHydrocarbon Fragment: 1,4-pentadiene, Oxygen Fragment: superoxide radical anion. bHydrocarbon Frag-
ment: negatively charged 1,4-pentadiene, Oxygen Fragment: superoxide radical anion. cHydrocarbon Frag-
ment: 1,4-pentadien-3-yl anion, Oxygen Fragment: hydroperoxyl radical



423

Fi
sic

oq
uí

m
ic

a 
e 

In
or

gá
ni

ca

Revista Colombiana de Química, Volumen 41, nro. 3 de 2012

Table 5. Properties of bond critical points (ρ(r), ∇2ρ(r) and ε in a.u.) evaluated at the C-H, H···O (bis-
allylic hydrogen bond), HA···O (allylic hydrogen bond), H-O and H···C bonds involved in the proton trans-
fer reaction from 1,4-pentadiene to superoxide radical anion calculated at the UB3LYP/6-311+G(3df,2p) 
level of theory. Labels: Re: bond lengths. PD-Cs: 1,4-pentadiene in Cs symmetry.

Structure BCP ρ(r) ∇2ρ(r) ε H(r) |V(r)|/G(r) Typea Re (Å)

PD Cs C-H 0.276 -0.959 0.005 -0.284 7.4 PSS 1.098

PRC-1 C-H 0.269 -0.934 0.006 -0.269 8.6 PSS 1.116

H...O 0.029 0.084 0.031 0.000 1.0 PCS 1.973

HA
...O 0.007 0.021 0.680 0.001 0.9 PCS 2.769

HA
...O 0.007 0.021 0.677 0.001 0.9 PCS 2.822

TS-1 C...H 0.109 -0.120 0.000 -0.061 3.0 PSS 1.475

H...O 0.197 -0.516 0.030 -0.212 3.6 PSS 1.187

PC-1 H-O 0.340 -2.519 0.026 -0.697 11.4 PSS 0.997

H…C 0.030 0.049 0.131 -0.003 1.2 TCS 2.023

aInter-atomic interactions classification: pure closed shell (PCS), pure shared shell (PSS), transit closed shell 
(TCS) and pure shared (PSS). HA: Allylic hydrogen atom.

Table 6. Changes (relative to 1,4-pentadiene and superoxide anion, respectively) of the atomic properties 
(Δv(Ω),ΔM(Ω), Δq(Ω), ΔE(Ω) and ΔV(Ω) in a.u.) of the carbon atoms and bis-allylic proton, and superoxide 
radical anion oxygen atom involved in the proton transfer. Labels: v(Ω): volume, M(Ω): dipolar polariza-
tion, q(Ω): net charge, E(Ω): total energy in a.u., V(Ω): potential energy in a.u.

Structure Δv(Ω) Δ|M(Ω)| Δq(Ω) ΔEe(Ω) ΔV(Ω)

PRC-1a -17.01 -0.03 0.17 0.07 0.15

TS-1a -33.28 -0.07 0.46 0.23 0.47

PC-1a -17.27 (10.64)d 0.03 (-0.04)d 0.42 (-0.02)d 0.20 (-0.01)d 0.77 (0.33)d

PRC-1b 0.62 0.13 -0.00 0.04 0.09

TS-1b 12.43 0.37 -0.24 -0.04 -0.06

PC-1b 20.64 -0.01 -0.18 -0.03 -0.05

PRC-1c -16.00 -0.04 0.06 -0.10 -0.21

TS-1c -36.40 -0.13 0.09 -0.21 -0.43

PC-1c -19.10 -0.10 -0.04 -0.17 -0.34

Change in the atomic properties for the: abis-allylic 1,4-pentadiene proton, bbis-allylic 1,4-pentadiene carbon 
atom, and csuperoxide radical anion oxygen atom involved in the proton transfer. dChange of the atomic 
properties of the bis-allylic H calculated relative to the hydroperoxyl radical. 
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reaction, the changes of the atomic pro-
perties are analyzed taking into account 
the difference of the atomic property in 
the complex (PRC, TS or PC) relative 
to the values of isolated 1,4-pentadiene 
and superoxide radical anion. In addi-
tion, the molecular graphs of the hydro-
gen bonded complexes involved in the 
proton transfer reaction are presented in 
Figure 2. The atomic properties which 
are considered here are the changes 
in the atomic total integrated volume 
(Δv(Ω), 0.001 a.u. isosurfaces), the first 
moments of the atomic charge distri-
bution (Δ|M(Ω)|), the atomic charges 
(Δq(Ω)), and the atomic kinetic (ΔEe(Ω)) 
and total potential energies (ΔV(Ω)).

For the sake of simplicity, we only 
discuss the topological analysis of the 
electron density at the C-H, H···O (bis-
allylic hydrogen bond), HA···O (allylic 
hydrogen bond), H-O and H···C bond 
critical points at the PRC-1, TS-1 and 
PC-1 structures, because the tendencies 
for the other pathways are the same.

locAl toPologIcAl  
ProPertIes

The superoxide radical anion can make 
hydrogen bonds with the allylic (HA) 
and bis-allylic (H) hydrogen atoms of 
1,4-pentadiene. In general the C-HA···O 
allylic hydrogen bonds are weaker than 
the C-H···O bis-allylic hydrogen bonds 
(30). PRC-1 is a cyclic complex stabili-
zed by both, allylic and bis-allylic hydro-
gen bonds. The bis-allylic H···O hydro-
gen bond length (1.973 Å) is shorter than 
the allylic HA···O hydrogen bonds (2.769 
- 2.822 Å). The HA···O ellipticities (ε) at 
the BCP are ≈ 0.68 a.u. while the bis-
allylic bond ellipticities are close to zero 

(0.031 and 0.048 a.u., respectively). 
Since it has been shown that ρ(r) is re-
lated to the bond strength, it is clear that 
the C-HA···O hydrogen bonds in these 
complexes are weaker (ρ(r) between 
0.007 and 0.008 a.u.) than the C-H···O 
bis-allylic hydrogen bonds (ρ(r) of 0.029 
and 0.030 a.u.). Furthermore, the streng-
thening of the bis-allylic H···O hydrogen 
bond driven by the shortening of the hy-
drogen bond length and the elongation of 
the bis-allylic 1,4-pentadiene C-H bond 
leads to the formation of TS-1 and PC-1.

In general, it can be seen that ρ(r) 
at the C-H bond diminishes when going 
from PRC-1 to PC-1 (0.269, 0.109 and 
0.030 a.u.). The sign of ∇2ρ(r) changes 
from negative values at PRC-1 and TS-1 
(-0.934, -0.120 a.u.) to positive values at 
PC-1 (0.049 a.u.). The low value of ρ(r) 
(0.030 a.u.) and the positive Laplacian 
∇2ρ(r) (0.049 a.u.) at the C···H BCP of 
PC-1 is an indication of a depletion of 
the charge density along the bond path, 
which is characteristic of a closed shell 
interaction and an evidence of the rup-
ture of the covalent 1,4-pentadiene C-H 
bond. On the other hand, the bis-allylic 
O···H BCP undergoes a transition from 
a hydrogen bond in the PRC-1 to a cova-
lent O-H bond in the PC-1. This situation 
is reflected by the change of the sign of 
∇2ρ(r) being positive at PRC-1 (0.084 
a.u.) and negative at the TS-1 and PC-1 
(-0.516 and -2.519 a.u). Moreover, an 
increase of ρ(r) at the O···H BCP from 
0.029 a.u. at the PRC-1 to 0.340 a.u. at 
the PC-1 is observed.

The shape of the electron density dis-
tribution in a plane through a BCP and 
perpendicular to the bond is measured by 
its ellipticity ε. It is defined in terms of 
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the negative eigenvalues (or curvatures) 
of the Hessian of ρ(r), λ1 and λ2, as ε = 
(λ1/λ2) = 1 and also is a measure of the 
extent to which electron density is accu-
mulated in a given plane. The ellipticities 
at the C-H BCPs change from a circu-
larly symmetrical distribution (≈ 0 a.u.) 
of ρ(r) at the PRC-1 and TS-1 to 0.131 
a.u. at the PC-1. Additionally, the values 
of ellipticities remain nearly constant (in 
the range of 0.026 - 0.031 a.u.) at the 
O···H BCPs.

At the TS-1, simultaneously a new 
covalent bond between the O and H 
atoms appears and the 1,4-pentadiene 
C-H bond becomes weaker. The nature 
of the C···H and O···H BCPs bonds at 
the TS-1 structure is interesting because 
the proton becomes dicoordinated as is 
shown by the negative values of ∇2ρ(r) 
(-0.120 and -0.516 a.u.) and of ρ(r) 
between 0.1 and 0.2 a.u., respectively. 
Nevertheless, at this point of the reaction 
path the C···H bond is weaker. This is 
evidenced by the values of ∇2ρ(r), which 
are less negative than for the H···O BCP, 
which is also in agreement with a “late” 
transition state as it is common for en-
dothermic reactions. These topological 
properties calculated at the C···H and 
H···O BCPs show that these interactions 
are not purely electrostatic and that a co-
valent character should be attributed to 
these bonds.

In closed shell atomic interactions, 
the electronic charge is concentrated se-
parately in each atomic basin in shell-like 
regions, similar to those found in an iso-
lated atom or ion. In contrast, in shared 
shell interactions, the electronic charge 
is concentrated in the neighborhood of 
the interatomic surface and extended 

over both atomic basins which exerts the 
attractive forces on the nuclei. In such 
atomic interactions, ∇2ρ(r) is negative, 
the contraction along the bond trajectory 
will show a local gain in the potential 
energy, |V(r)|, due to the increase in 
the density which is shared by both 
atoms. This trend is found for the ener-
gy densities calculated at the O-H BCPs: 
the kinetic energy density values, G(r), 
smoothly increase (from 0.021 at PRC-
1, 0.083 at TS-1 to 0.067 a.u. at PC-1) 
and |V(r)| drastically increases going 
from the PRC-1 to the PC-1 (from 0.021 
at PRC-1, 0.295 at TS-1 to 0.764 a.u. at 
PC-1). Furthermore, an opposite trend 
is observed for the values of G(r) and 
|V(r)| calculated at the C-H BCPs: it 
is found that G(r) is slightly lowered at 
the TS-1 and is nearly 50% lower at the 
PC-1 (0.035 at PRC-1, 0.031 at TS-1 
and 0.015 a.u. at PC-1). Notwithstan-
ding, |V(r)| at the TS-1 and PC-1 C-H 
BCP is remarkably reduced (0.304 at 
PRC-1, 0.091 at TS-1 and 0.018 a.u. 
at PC-1). This decrease of |V(r)| at 
the C-H BCP allows us to explain the 
weakening of the C-H bond at the TS-1 
and the change of nature from a shared 
shell C-H bond interaction at the PRC-1 
to a closed shell hydrogen bond interac-
tion at the PC-1. As a consequence of 
these trends, important changes of the 
|V(r)|/G(r) relationship are found. At 
the PRC-1, the H···O BCP |V(r)|/G(r) 
= 1 and the C-H BCP |V(r)|/G(r) is 8.6, 
which indicates closed shell and pure 
shared shell interactions, respectively 
The |V(r)|/G(r) ratios larger than 2 (3.0 
and 3.6) which are obtained at the TS-1 
at the C···H and O···H BCPs, and also 
the negative values of H(r) (-0.061 and 
-0.212 a.u.) are further indications of 
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the covalent pure shared shell nature of 
these bonds.

toPologIcAl AtomIc  
ProPertIes

In order to achieve a deeper understan-
ding of the atomic interactions between 
fragments in the reaction sites, the indi-
vidual atomic contributions to the chan-
ges (Δ) of v(Ω), M(Ω), q(Ω), Ee(Ω) and 
V(Ω) were analyzed, see Table 6. Based 
on the topology of ρ(r), the QTAIM 
theory defines an atom as a bounded por-
tion of real space, known as atomic basin 
denoted by Ω. All information about a 
particular atom is contained in its finite 
volume and the properties can be ob-
tained by integrating the corresponding 
property over Ω.

In the bis-allylic C, a significant in-
crease of Δv(Ω) is observed from PRC-1 
(0.62 a.u.) to the PC-1 by 20.60 a.u., 
an indication of the redistribution of 
the electronic density shown by a more 
negatively charged carbon atom at the 
PC-1 (Δq(Ω) = -0.18 a.u.). At the TS-
1, Δv(Ω) has an intermediate value of 
12.43 a.u., and Δ|M(Ω)| has the largest 
increase (0.37 a.u.). In the course of the 
reaction a minor stabilization of this C 
atom is found at the TS-1 and PC-1.

The situation changes for the pro-
perties of the bis-allylic H and O atoms. 
At the PRC-1, the H and O atoms ex-
perience a decrease of v(Ω) (of -17.01 
and -19.10 a.u.) due to the formation of 
a C-H···O hydrogen bond between the 
1,4-pentadiene and the superoxide radi-
cal anion. The formation of TS-1 leads 
to a ≈2-fold decrease of v(Ω) (-33.28 
and -36.40 a.u. respectively), and at the 

PC-1 the v(Ω) of the H and O atoms in-
creases, becoming similar to that of the 
PRC-1.

On the other hand, the O atom is sig-
nificantly energetically stabilized (ΔEe(Ω) 
= -0.17 and ΔV(Ω) = -0.34) at the PC-
1. This result is expected taking into 
account that these changes of Ee(Ω) and 
V(Ω) are due to the formation of a more 
stable hydroperoxyl radical compared 
to the isolated superoxide radical anion 
O atom. Moreover, the O atom exhibits 
a significant reduction of its Δ|M(Ω)| 
(0.10 a.u.) and a very low increase of 
q(Ω) at the PC-1. In contrast, the pro-
ton becomes more positively charged 
(Δq(Ω) = 0.42) and experiences a minor 
increase (0.03 a.u.) of Δ|M(Ω)|at the 
TS-1. PC-1 shows an important ener-
getic destabilization compared with the 
isolated 1,4-pentadiene H atom energies 
(at the TS-1 ΔEe(Ω) = 0.23 and ΔV(Ω) 
= 0.47 and at PC-1 (ΔEe(Ω) = 0.20 and 
ΔV(Ω) = 0.77 a.u.). In other words, the 
energetic destabilization of the TS-1 and 
PC-1 is mostly due to the slight increase 
in the energy of the bis-allylic dicoordi-
nated proton at these complexes, which 
is compensated by an energetical stabi-
lization of the superoxide anion O atom.

Characterization of the O-H···C hy-
drogen bonds in the product complex

A strong O-H···C hydrogen bond ap-
pears in the PC-1, which is characteri-
zed by a stabilization energy of 81.6 kJ/
mol, as noted before. An understanding 
of the nature of this hydrogen bond can 
be achieved by inspecting the local and 
atomic properties at the hydroperoxyl 
radical proton. ρ(r) at the bond critical 
point is a key descriptor of hydrogen 
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bonds. The H···C BCP has values of ρ(r) 
and ∇2ρ(r) of 0.030 and ≈ 0.05 a.u., a 
ratio |V(r)|/G(r) = 1.2 and a slightly 
negative value of H(r). These topological 
properties of the electron density at the 
H···C BCP are typical for transit closed 
shell interactions (∇2ρ(r) > 0) (30-31). 
Furthermore, the values of |V(r)|/G(r) 
and H(r) lie at the boundary between 
a pure closed shell and a transit closed 
shell interaction. 

Furthermore, the four criteria of 
Popelier (38) for hydrogen bonding in-
volving integrated topological atomic 
properties include the following: (1) 
energetic destabilization, (2) loss of 
q(Ω), (3) reduced v(Ω), and (4) decrea-
se of |M(Ω)| of the hydrogen atom, 
compared to a non-hydrogen-bonded H 
atom reference specie. The changes in 
the atomic properties (Δ) in v(Ω), M(Ω), 
q(Ω) and Ee(Ω) calculated relative to the 
hydroperoxyl radical H atom are shown 
in parentheses in Table 6. In agreement 
with these criteria, the O-H···C hydro-
gen bond of PC-1 exhibits a large loss of 
v(Ω) of 10.64 a.u., of |M(Ω)| of 0.04, 
of q(Ω) of 0.02 and an energetic destabi-
lization of 0.01 a.u.

conclusIons

The protonation of superoxide radical 
anion by 1,4-pentadiene was investiga-
ted by means of the density functional 
theory (DFT). A number of geometrical, 
thermochemical and topological para-
meters were computed at the B3LYP/6-
311+G(3df,2p) theoretical level. Mo-
reover, the molecular wave functions of 
the intermediates as well as the effects 
of hydrogen bonding involved on the re-
action mechanism were analyzed in the 

framework of the Quantum Theory of 
Atoms in Molecules (QTAIM) approach.

We found four bis-allylic proton 
transfer reaction pathways and the forma-
tion of strong hydrogen bonded comple-
xes between the 1,4-pentadien-3-yl anion 
and the hydroperoxyl radical as the reac-
tion products. These product complexes 
(PCs) are more stable than the isolated 
reactants by -28.9 and -23.1 kJ/mol. The 
reaction proceeds via pre-reactive com-
plexes (PRCs) which are more stable 
than the PCs (11.5 - 25.3 kJ/mol) and 
the transition states (TSs) (14.4 - 25.5 
kJ/mol). Moreover, taking into account 
the very small energy difference between 
the PCs and the TSs (1.5 - 5.8 kJ/mol), 
it can be expected that the reverse reac-
tion to the PRCs competes with the direct 
reaction. Nevertheless, due to the strong 
binding energy of the PCs (-81.6 to -86.1 
kJ/mol) it is predicted that the backward 
reaction, which leads to the PRCs, and 
the forward reaction, which releases 
the free products (1,4-pentadien-3-yl 
anion and the hydroperoxyl radical), is 
not plausible. This is also in agreement 
with the fact that the net proton trans-
fer reaction leading to the free products 
is endothermic (43.3 - 54.0 kJ/mol) and 
non-spontaneous (44.2 - 48.5 kJ/mol).

A more detailed understanding of the 
mechanism of the proton transfer reac-
tion from 1,4-pentadiene to superoxide 
anion is obtained by analyzing the topo-
logical local and atomic properties of the 
electron density distribution at the bis-
allylic C-H and O-H bond critical points 
at the pre-reactive, transition states and 
product complexes. The rupture of the 
bis-allylic 1,4-pentadiene C-H bond at 
the product complexes and the appearan-
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ce of the new O-H bond is confirmed by 
the change in the electron density (ρ(r)) 
and its Laplacian (∇2ρ(r)) at each bond 
critical point (BCP). On the one hand, 
a depletion of ρ(r) at the bis-allylic C-H 
BCPs when going from the pre-reactive 
complexes to the product complexes is 
observed (0.269 to 0.030 a.u.). On the 
other hand, the newly formed O-H bond 
undergoes a transition from a C-H···O 
hydrogen bond in the pre-reactive com-
plexes to a covalent O-H bond in the 
product complexes evidenced by an in-
crease of ρ(r) from 0.029 to 0.340 a.u., 
and by the change of sign of the ∇2ρ(r) 
from positive to negative. Moreover, 
at the transition states a dicoordinated 
character of the bis-allylic proton at the 
transition states is obtained as is shown 
by negative values of ∇2ρ(r) and of the 
total energy density (H(r)) and also by 
|V(r)|/G(r) values larger than two. The 
analysis of these parameters suggests that 
the bis-allylic proton of 1,4-pentadiene is 
connected to the carbon atom and to the 
superoxide radical anion oxygen atom by 
a pure shared shell covalent interaction.

At the hydrogen bonded product 
complexes between hydroperoxyl radical 
and 1,4-pentadien-3-yl anion, a strong 
O-H···C hydrogen bond appears. It was 
found that the topological local properties 
of the electron density at the H···C bond 
critical points are typical for non-covalent 
transit closed shell interactions (∇2ρ(r) > 
0). The values of |V(r)|/G(r) and H(r) 
lie at the boundary between a pure closed 
shell and a transit closed shell interaction. 
Furthermore, energetic destabilization 
(Ee(Ω)), a loss of charge (q(Ω)), and a de-
crease of dipolar polarization (M(Ω)) and 
of volume (v(Ω)) of the hydroperoxyl ra-
dical hydrogen atom are observed.
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