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INTRODUCTION

Free radicals are generated in biological tissues by various
cellular and molecular mechanisms [ 1]. Imbalance of free radicals
and antioxidants in human body causes cellular injury and this
radiation mediated cellular damage has been implicated in the
pathogenesis of a wide spectrum of diseases such as cancer [2],
neurodegeneration [3], cardiovascular [4] disorders efc. Spin
traps [5] are used to detect and characterize free radicals in bio-
logical systems and have been widely regarded as therapeutic
agents in biomedical research. Nitrones [6,7] are one of the
important class of spin traps to show biological activity in various
experimental models. Nitrones capture primary radicals such
as hydroxyl (OH"), methyl (CH5") and hydroperoxyl (HOO")
to form persistent nitroxide species (Scheme-I), which has
ensured its applicability for biological systems.

In 1991, Kotake and Janzen [8] reported the mechanism
for hydroxyl radical capture by N-z-butyl-a-phenyl nitrone
(PBN) in water, while the stability of PBN-hydroxyl adducts
were examined over a varied pH range [9]. Carbon atom was
obtained as the favoured site for radical attack in these studies. A
variety of cyclic nitrones such as 1-pyrroline-N-oxide (DMPO)
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Density functional theory studies were performed to analyze the reactivity and selectivity of radical capture by N-z-butyl-o-aryl nitrones. |
Biologically relevant three important radicals viz. hydroxyl, methyl and hydroperoxyl were selected for the study. Topological analysis of |
the electron localization function (ELF) allows to classity these nitrones as zwitter-ionic type three atom components (TAC). Effects of
electron withdrawing and electron donating C-aryl substituents on the electronic chemical potentials, global hardness, electrophilic and |
nucleophilic indices of nitrones were observed. Radical attack at the carbon atom was predicted by Merz-Kollman algorithm, which is in |
agreement with the experiments unlike the natural population analysis. Hydroxyl adducts were predicted to be more stable than methyl |
and hydroperoxyl adducts. cis-Adducts were more stable than the frans-, with the highest differences in stability noted for the methyl |
adducts. Relative energies of adducts was lowered in non-polar solvents and thus increase in stability was observed along the series from |
|
|
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Scheme-I: Radical capture by nitrones

[10] and 1,1,3-trimethyliso-indole-N-oxide (TMINO) [11]
were subsequently developed as spin traps. However, the
pharmacological action of PBN and its significant biological
activity has crowned its trapping efficiency in the nitrone
chemistry and several experimental studies have been devoted
to establish its utility as a spin trap of biologically relevant
free radicals. A decline of free radicals in isolated rat hearts
was demonstrated by the use of PBN [12], while a medical
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study reported by Lapchak and coworkers [13] highlighted
the therapeutic benefit of PBN for the treatment of ischemic
stroke. Polovyanenko et al. [14] studied the spin trapping of
glutathiyl radical (a major intracellular antioxidant in biological
tissues) by PBN. Marchand et al. [15] used a cocktail of spin
traps for free radicals in biological systems and PBN was one
of the major components of this cocktail. In addition to pharma-
cological properties, the potential use of PBN as a spin trap
to control reactive oxygen species (ROS) in antipollution
cosmetics has been recently reviewed [16].

Several researchers have addressed the experimental aspects
of spin trapping by PBN since the last two decades. However,
theoretical investigations are quite limited in this field in comp-
arison, namely the computational studies for spin trapping by
cyclic nitrones [17-19]. With this in mind, the present study
aims to provide a systematic DFT analysis of the electronic
structure, substituent effects, reactivity and solvent effects on
the spin trapping ability of N-z-butyl-o-phenyl nitrone (PBN)
and its o-aryl derivatives. Three biologically relevant free
radicals, hydroxyl (OH®), methyl (CH;®) and hydroperoxyl
(HOO®) have been selected for the present investigation. This
report has been divided into four sections viz. (a) topological
analysis of electron localization function [20,21] (ELF) of N-
t-butyl-o.-phenyl nitrone (PBN) and its derivatives to establish
a straightforward connection between the electronic structure
and reactivity; (b) analysis of global indices defined within
conceptual density functional theory (CDFT) [22]; (¢) compa-
rative analysis of the relative energy, enthalpy and free energy
of the adducts and (d) analysis of solvent effects on the stability
of adducts.

COMPUTATIONAL METHODS

Geometry optimization of the stationary points was carried
out using B3LYP functional [23,24] together with the standard
6-31G(d) basis set with Berny’s analytical optimization method
[25,26]. Absence of imaginary frequency in the optimized
stationary states was ensured though frequency calculations
at the same level. Thermodynamic parameters of the adducts,
energy, enthalpy and free energies were calculated relative to
nitrone and the radicals at 298 K and 1 atm. pressure. Solvent
effects in water, DMSQO, acetone, methanol, toluene, CH,Cl,,
CCl, and heptane were taken into account by single point calcu-
lations at the gas phase optimized structures using polarized
continuum model (PCM) [27] within the framework of self
consistent reaction field (SCRF) [28,29]. CDFT indices [22],
namely the electronic chemical potential (), chemical hardness
(M), electrophilicity (®) and nucleophilicity (V) indices, Fukui
functions f*(r), f7(r) and f°(r), respectively for electrophilic,
nucleophilic and radical attack were calculated using the follow-
ing formulae [22]:

+E
2

N = ELumo — Enomo

where Exomo and Epymo are the computed HOMO and LUMO
energies of nitrone.

~ (E HOMO LUMO )

N = Enomo Nucteophiliey — Eromo (rcg)

gere, TCE denotes tetracyanoethylene, which is considered as
the neutral species showing maximum electrophilic character.

ST(@) = prai(r) — Py (r) (for nucleophilic attack)

f(r) = pxg (r) — pnar (1) (for electrophilic attack)
where py, (1), px-1 (1) and pu,, (r) are the atomic charges for
species containing N (neutral), N-1 (cationic) and N+/ (anionic)
number of electrons

O+ f(r

2
ELF topology of nitrones was calculated using Multiwfn [30]
program and the basin-attractor positions were visualized using
VMD software [31]. ELF localization domains were obtained
using UCSF Chimera software [32]. All the calculations were
performed using Gaussian 2003 program (Revision D. 01) [33].

(for radical attack)

RESULTS AND DISCUSSION

ELF topological analysis of N-t-butyl-oi-aryl nitrones:
Becke and Edgecombe [20] proposed a concept of electron
localization function (ELF) to reveal a clear picture of atomic
shell structure-core, binding and lone pair of electrons in the
molecular systems. Subsequently using ELF analysis, the
chemical bonding was classified by Silvi and Savin [21]. The
localization attractors in molecular systems can be classified
into three types viz. bonding, core and non-bonding attractors.
Bonding attractors indicate a shared electron pair interactions
and are situated between the core attractors, while non-bonding
attractors are associated with the non-bonding electron density,
such as lone-pairs or pseudoradical centers. Monosynaptic
basin, V(A) is associated with the non-bonding electron density
at atom A, while disynaptic basin V(A,B) is associated with
the bonding region between A and B.

Domingo et al. [34,35] classified the three atom components
(TACs) as pseudoradical type (pdr-type), pseudo(mono)radical
type (pmr-type), carbenoid type (ch-type) and zwitter-ionic
type (zw-type) by ELF analysis. Monosynaptic basins integ-
rating at a total electron density less than le are called pseudo-
radical centers, while monosynaptic basins integrating at a total
electron density of about 2e in neutral molecules are called
carbenoid centers. The three atom components (TACs) with
one pseudoradical centre are called pseudo(mono)radical type
(pmr-type), with two pseudoradical centres are called pseudodi-
radical type (pdr-type) and with a carbenoid centre are called
cb-type. TACs with no pseudoradical or carbenoid centers are
called zwitter-ionic type TACs, which is different from the
concept of zwitter-ionic structure generally used for chemical
structures. This classification of electronic structure has allowed
assessment of the reactivity of TACs in cycloadditions [35],
which follows the order pdr-type > pmr-type ~ cb-type > zw-
type.

Nitrone is a TAC and therefore, a topological analysis of
nitrones 1-5 was performed in this study to understand the
electronic structure and reactivity. The most significant ELF
valence basin populations of nitrones are given in Table-1,
while ELF localization domains and ELF attractors are shown
in Figs. 1 and 2. Nitrones 1-5 showed the presence of mono-
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Fig. 1. ELF localization domains [Isovalue: 0.79] of nitrones 1-5. Protonated basins are shown in blue, disynaptic basins are shown in green,
monosynaptic basins are shown in red and core basins are shown in black colours

Fig. 2. Basin attractor position of nitrones 1-5. ELF attractors are shown in yellow colour

TABLE-1
MOST SIGNIFICANT ELF VALENCE BASIN POPULATIONS OF
NITRONES 1-5. ELF VALENCE BASIN POPULATION ARE
GIVEN IN AVERAGE NUMBER OF ELECTRONS, e

Nitrone V(Ol) V(Ol)  V(N2,0l)  V(C3,N2)
1 2.86 3.01 1.38 3.80
2 2.89 3.01 1.37 3.79
3 2.85 2.97 1.40 372
4 2.85 3.02 1.38 3.68
5 2.87 3.06 1.34 3.77

synaptic V(O1) and V’(O1) basins integrating at a total popula-
tion of 5.87¢, 5.90e, 5.82¢, 5.87¢e and 5.93¢, which were asso-
ciated with the lone-pair electron density at oxygen O1. It is
also evident that an electron withdrawing nitro group in 3 decr-
eases the lone pair electron density at O1 compared to unsub-
stituted nitrone 1.

Total electron density of monosynaptic V(O1) basin in 4
is higher than that of 1, owing to the presence of electron dona-

ting OMe substituent. Disynaptic V(N2,01) integrating at 1.34-
1.40e can be associated with the underpopulated N2-O1 bond,
while disynaptic V(C3,N2) integrating at 3.68-3.80e can be
associated with the underpopulated C3-N2 double bond. Nitrones
1-5 do not showed the presence of any pseudoradical or carbenoid
centre and hence were classified as zwitter-ionic type TACs.

Analysis of CDFT indices of N-¢-butyl-oi-aryl nitrones:
Several studies [22] have been devoted to analyze the electronic
behaviour of molecular systems in terms of global indices
defined with the conceptual density functional theory (CDFT).
Global indices of nitrones 1-5 are given in Table-2. The elect-
ronic chemical potential () quantifies the propensity of a system
to exchange electron density (at its ground state) with the
environment. The chemical potential () values of nitrones 1-5
follow the order: 5>2>1>4> 3, which shows direct influence
of electron demand character of C-aryl substituent on the electron
density exchange by nitrone.

Global electrophilicity () defined by Domingo et al. [36]
at B3LYP/6-31G(d) level classifies molecular systems with
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TABLE-2
B3LYP/6-31G(d) CALCULATED ELECTRONIC
CHEMICAL POTENTIAL (), CHEMICAL HARDNESS (1)),
GLOBAL ELECTROPHILICITY (o) AND GLOBAL
NUCLEOPHILICITY (N) OF THE NITRONES 1-5

Nitrone (V) n (V) (V) N (V)
1 -3.22 422 1.23 3.78
2 -3.17 422 1.19 3.84
3 -4.31 3.56 2.61 3.02
4 -3.97 3.92 2.01 3.18
5 -2.98 4.16 1.07 4.05

®<0.80 eV as marginal electrophiles, with 0.80 eV < w < 1.50
eV as moderate electrophiles and with ® > 1.50 eV as strong
electrophiles. Global electrophilicity follows the order 3 >4 >
1> 2> 5. Nitrones 1, 2 and 5 are thus classified as moderate
electrophiles (Table-2), while nitrones 3 and 4 are classified
as strong electrophiles due to the presence of electron withdrawing
nitro and cyano C-aryl substituents. Nucleophilicity index (N)
defined by Domingo [37] for nitrones 1-5 follow the order, §

>2>1>4>3, which is just the reverse of electrophilicity
index. Thus, C-aryl substituents have appreciable influence
on the electron demand characteristics of these nitrones.

The calculated Fukui functions for radical attack f°(r) using
natural population analysis (NPA) [38] and Merz-Kollman [39]
algorithm for radical attack at oxygen O1 and carbon C3 are
listed in Table-3. Natural population analysis (NPA) calculated
Fukui function f°(r) at oxygen O1 of nitrones 1-5 showed a
higher values than that at C3 carbon. On contrary, Merz-Kollman
calculated Fukui function f°(r) at carbon C3 was higher than
that at Ol oxygen in each case. Experimental studies [8,9]
showed a radical attack at C3 carbon of the nitrones. Hence,
Merz-Kollman system performs better than the natural
population analysis (NPA) calculations for radical attack to
N-t-butyl-ai-phenyl nitrone (PBN) and its derivatives.

B3LYP/6-31G(d) optimized geometry of cis- and trans-
hydroxyl, methyl and hydroperoxyl adducts of PBN 1 are shown
in Fig. 3 and the relative energy, enthalpy and free energy
values of adducts are collected in Table-4. Some appealing
conclusions can be drawn from these relative energies.

TABLE-3
B3LYP/6-31G(d) CALCULATED FUKUI FUNCTIONS OF O1 AND C3 SITES OF NITRONES

Nitrone MK a0 @ ° () NPA (@) @ o @)
. ol 0.145 0.218 0.182 ol 0.171 0.275 0.223
c3 0.280 0.120 0.200 C3 0.140 0.159 0.150

5 ol 0.152 0.220 0.186 ol 0.090 0.300 0.195
c3 0.322 0.119 0.221 c3 0.182 0.080 0.131

3 ol 0.120 0.232 0.176 ol 0.098 0.278 0.188
c3 0.186 0.226 0.206 C3 0.039 0.177 0.108

4 ol 0.142 0.223 0.183 ol 0.112 0.265 0.188
c3 0.308 0.204 0.256 C3 0.076 0.156 0.116

s ol 0.155 0.206 0.181 ol 0.121 0.244 0.182
c3 0.346 0.105 0.225 c3 0.139 0.105 0.122

Analysis of thermodynamic stability of hydroxyl, methyl and hydroperoxyl adducts

1-OH (cis)

1-Me (trans)

g

1-OH (trans)

1-OOH (cis)

1-OOH (trans)

Fig. 3. B3LYP/6-31G(d) optimized geometry of cis and trans hydroxyl, methyl and hydroperoxyl adducts of PBN 1
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TABLE-4
B3LYP/6-31G(d) OPTIMIZED RELATIVE ENERGIES (kJ mol") OF HYDROXYL, METHYL AND HYDROPEROXYL. ADDUCTS
X =0H X =Me X =00H
AE AG AH AE AG AH AE AG AH

1-X (cis) -222.7 -162.8 -209.3 -186.3 -116.0 -165.8 -84.6 -20.5 -75.8

1-X (trans) -210.1 -150.7 -196.7 -164.5 -91.7 -144.8 -83.3 -23.9 -74.9

2-X (cis) -214.7 -159.1 -201.3 -177.5 -114.0 -159.1 -77.9 -23.0 -69.5

2-X (trans) -201.8 -150.3 -188.8 -156.1 -85.4 -139.8 -74.5 -21.3 -66.1

3-X (cis) -210.1 -155.3 -197.2 -175.4 -111.0 -157.0 -70.7 -13.4 -62.4

3-X (trans) -200.1 -145.7 -187.1 -152.8 -86.7 -134.8 -68.7 -16.3 -60.7

4-X (cis) -210.6 -156.1 -197.6 -175.8 -111.0 -157.4 -66.1 -10.0 -60.7

4-X (trans) -198.8 -145.7 -185.9 -153.2 -86.2 -134.4 -69.5 -12.2 -62.0

5-X (cis) -212.6 -158.6 -199.3 -175.0 -111.0 -156.6 -75.8 -17.2 -67.4

5-X (trans) -200.1 -145.3 -186.7 -154.0 -87.5 -135.2 -712.4 -19.7 -64.5

(a) Formation of hydroxyl, methyl and hydroperoxyl radical -185 .
adducts was highly exothermic in each case (Table-4), which ——1-OH(cis)
justifies the spin trapping efficiency of PBN derivatives. 1951 __: ;8: (tr‘ans)
(b) Hydroxyl adducts were more stable than methyl and v 2-0H Etcrlasis)
-205
hydroperoxyl adducts. Hydroperoxyl adducts were the least ——3-0H (cis)
stable adducts along the series. Relative energy of hydroxyl 215 —e—3-OH (trans)
adducts were stabilized than methyl adducts by 34.7 to 47.3 ——4-OH (cis)
kJ mol™. Differences in relative enthalpy and free energies of 295 ——4-OH (trans)
hydroxyl and methyl adducts are 40.2-52.3 and 44.3-64.9 kJ O S @ N @& 5 @ @ 5-OH (cis)
mol'. Relative energy of hydroxyl adducts were stabilized than & W & q‘,\°(\ Y \oe'(\ & & ——s0H (trans)
(O NN «<Q AN

hydroperoxyl adducts by 126.8 to 144.5 kJ mol™. The corres- N < Ic4

ponding differences in enthalpy and free energy of hydroxyl
and hydroperoxyl adducts were 121.8 —-136.9 and 125.6-146.1
kJ mol™.

(c) For hydroxyl radical, the cis-adducts were more stable
than the frans-adducts in each case by energy difference of
10.0 to 12.9 kJ mol”, enthalpy difference of 10.1 to 12.6 kJ
mol™” and free energy difference of 8.8 to 13.3 kJ mol. For
methyl radical, the cis-adducts were also more stable than trans-
adducts, but with a higher energy difference compared to that
in hydroxyl adducts. The cis- and trans-methyl adducts differ
by the energy difference of 21.0 to 22.6 kJ mol”, enthalpy
difference of 19.3 to 22.2 kJ mol™ and free energy difference
0f 23.5 t0 28.6 kJ mol™. For hydroperoxyl radical, cis- and trans-
adduct stabilities were comparable and differed minimally with
the energy difference of 1.3 to 3.4 kJ mol ™, enthalpy difference
0f 0.9 to 3.4 kJ mol™ and a free energy difference of 1.7 to 2.5
kJ mol™.

Analysis of solvent effects: Relative energies of optimized
hydroxyl, methyl and hydroperoxyl adducts in different solvents
are shown in Figs. 4-6. Eight solvents viz. water, methanol,
DMSO, acetone, dichloromethane, toluene, CCl, and heptane
were selected for the study, allowing a progressive decrease
in polarity from water to heptane. Relative energies of hydroxyl
adducts were in the range -185 to -225 kJ mol™', methyl adducts
were -150 to -190 kJ mol™ and hydroperoxyl adducts were -
85 to -50 kJ mol™. Stability order of adducts, hydroxyl > methyl
> hydroperoxyl was observed in each solvent for both cis- and
trans-adducts. Stability of adducts increases from water to
heptane and finally, gas phase adducts attain the highest stability
in each series. Appreciable decrease in relative energy was obser-
ved from dichloromethane to toluene (Fig. 4). For cis-hydroxyl
adduct, relative energies in dichloromethane and toluene solvents
differed by 10.5, 9.4, 8.8, 8.0 and 9.9 kJ mol”, respectively
for nitrones 1-5. The corresponding differences in case of trans-

Fig. 4. B3LYP/6-31G(d) calculated relative energies (kJ mol™) of cis and
trans hydroxyl adducts of nitrones 1-5 in different solvents

150 % ——1-Me (cis)
- 1-Me (trans)
-160 .;&.g.'—-.\ .
—i—2-Me (Cis)
170 . =—=2-Me (trans)
m —«—3-Me (cis)
180 ———* + > —o—3-Me (trans)
\_'ﬂ\, ——4-Me (cis)
-190 ——4-Me (trans)
P &L O F 5-Me (cis)
\$6\ Q\éb é({b(\ \?S,?}O Oo«o\\)@ © ef‘?(b (gﬁ(\ ® —+—5-Me (trans)
o
Fig. 5. B3LYP/6-31G(d) calculated relative energies (kJ mol™") of cis and

trans methyl adducts of nitrones 1-5 in different solvents

—+—1-OO0H (cis)
—&—1-OOH (trans)
== 2-O0H (cis)
= 2-O0H (trans)
—#—3-O0H (cis)
—o— 3-OO0H (trans)
== 4-O0H (cis)
= 4-O0H (trans)
5-O0H (cis)
—+—5-O0H (trans)

-90

& O
¥ o
NP

Fig. 6. B3LYP/6-31G(d) calculated relative energies (kJ mol™) of cis and
trans hydroperoxyl adducts of nitrones 1-5 in different solvents

hydroxyl adducts were 6.3, 6.1, 4.8, 4.7 and 5.3 kJ mol™. On
the other hand, cis-methyl adducts in dichloromethane were
destabilized than toluene by 2.8, 2.9, 1.9, 1.6 and 2.5 kJ mol’',
respectively for nitrones 1-5 and this difference was 0.7-2.9
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kJ mol ™ for trans-methyl adducts. Difference in relative energies
of cis-hydroperoxyl adducts in dichloromethane and toluene
was 8.7-4.7 kJ mol™ and for trans-hydroperoxyl adducts was
5.8-7.1kJ mol™. Thus, the stability of hydroxyl adducts showed
a higher dependence on solvent polarity compared to methyl
and hydroperoxyl adducts. Stability of cis-adducts relative to
the trans-adducts was highest for methyl radical, while for
hydroperoxyl radical, comparable energies of cis- and trans-
adducts was observed in some cases.

Conclusion

Radical capture by N-t-butyl-oi-aryl nitrones was analyzed
by using DFT calculations. The studied nitrones 1-5 did not
contain any pseudoradical or carbenoid centre and therefore
classified as zwitter-ionic type three atom components by the
topological analysis of electron localization function (ELF).
Global CDFT indices of nitrones were influenced considerably
by the electron demand character of the C-aryl substituents.
Merz-Kollman algorithm provides correct site selectivity for
radical attack at carbon atom unlike the natural population
analysis. Stability of adducts follows the order: hydroxyl >
methyl > hydroperoxyl. cis-Adducts were more stable than
trans-adducts in case of hydroxyl and methyl radicals, while
their relative energies for hydroperoxyl radical capture were
comparable. Stability of adducts decreased with increase in
polarity of the solvent in each case.
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