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Anti-oxidant activity of 6-gingerol as a hydroxyl radical scavenger by
hydrogen atom transfer, radical addition and electron transfer
mechanisms
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Abstract. Mechanisms of anti-oxidant action of 6-gingerol as a hydroxyl radical scavenger have been investi-
gated using the transition state theory within the framework of density functional theory. Hydrogen abstraction
by a hydroxyl radical from the different sites of 6-gingerol and addition of the former to the different sites of
the latter were studied. Electron transfer from 6-gingerol to a hydroxyl radical was also studied. Solvent effect
in aqueous media was treated using the integral equation formalism of the polarizable continuum model (IEF-
PCM). Reaction rate constants in aqueous media were generally found to be larger than those in gas phase. The
tunneling contributions to rate constants were found to be appreciable. Our results show that 6-gingerol is an
excellent anti-oxidant and would scavenge hydroxyl radicals efficiently.
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1. Introduction

The hydroxyl radical (OH·) is highly reactive and plays
prominent roles in several reactions leading to modifi-
cations of DNA bases, sugars, proteins and lipids, etc.
present in the human body and other biological sys-
tems.1 4 It is generated due to both enzymatic and
non-enzymatic reactions and by radiolysis of water.5 7

Modifications of bio-molecules can be hazardous to
normal cell functioning and can cause several non-neu-
rodegenerative and neuro-degenerative diseases e.g.,

inflammation, mutation, aging, cancer, cardiovascular
diseases, the Alzheimer’s and Parkinson’s diseases.8 13

Formation of hydroxyl radicals can take place in bio-
logical media during cell metabolism as well as due to
reactions with external agents. Though free radicals are
also in some sense useful as they can prevent some
harmful effects of bacteria,14 they need to be scavenged
as they damage biomolecules involved in life processes.
Free radicals are eliminated or deactivated by different
mechanisms e.g., by hydrogen abstraction, addition and
electron transfer reactions.15 17 If the concentration of
antioxidants becomes inadequate to scavenge the toxic
free radicals, it can lead to a state of disease. In such
a situation, human diet needs to be supplemented with
exogenous anti-oxidants most of which come from
plants.15,17 Human beings have depended on herbal
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medicines to treat several diseases from the ancient
times.18 As several modern drugs are isolated from medi-
cinal and herbal sources, these sources fulfill the medi-
cinal needs to a large extent for a large part of the
world’s population.18 Ginger or Zingiber officinalis has
been used as a medicinal source in the Indian ayurvedic
and Chinese systems of medicine. Ginger has a strong
anti-oxidant property as a radical scavenger.19 Out of
about 400 different compounds identified in fresh ginger,
large amounts of the phenolic compounds gingerol,
shogaol and paradol are found in it. The pharmacolog-
ical activity of ginger is mainly due to gingerol and
shogaol.19 Gingerols form a group of compounds for
which nomenclature depends on the position of the
keto group and length of an unbranched carbon chain
attached to the phenolic ring. Bhattarai et al.,20 have stud-
ied the pH and temperature dependence of 6-gingerol
and concluded that dehydration of gingerols produces
the corresponding shogaols. For example, after dehydra-
tion, 6-gingerol gets converted to 6-shogaol.20 6-Gingerol
is known to have anti-oxidant, anti-inflammatory, anti-
cancer, anti-diabetic and other valuable pharmaceutical
properties.21 33

Due to the numerous useful pharmaceutical prop-
erties of 6-ginegerol mentioned above, a study of its
properties is important. We have investigated here the
anti-oxidant property of 6-gingerol, particularly as a hy-
droxyl radical scavenger using a theoretical approach.
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2. Computational details

Geometries of 6-gingerol, its reactant complexes with
an OH radical, transition states and reaction products
involved in hydrogen abstraction, radical addition and
electron transfer were optimized using the B3LYP34,35

and M06-2X36,37 functionals of density functional the-
ory (DFT) along with the 6-31G(d,p) basis set. These
calculations were usually followed by single point ener-
gy calculations using the same two density functionals
but along with the 6-311++G(d,p) basis set in gas
phase as well as aqueous media.36,37 However, for all
the systems involved in electron transfer, final results
were obtained by full geometry optimization in aqueous
media at both the B3LYP/6-311++G(d,p) and M06-
2X/6-311++G(d,p) levels of theory. The B3LYP and
M06-2X functionals were chosen for the present study
as these have been shown to be reliable to predict molec-
ular properties, the latter functional being particularly
suitable to study reaction kinetics.34 37 Rate constants
were calculated employing the transition state theory.38

Wigner transmission coefficients giving tunneling con-
tributions to rate constants were also evaluated. As the
study has more relevance in aqueous phase than in
gas-phase, we would preferably consider rate constants
for hydrogen abstraction in aqueous media. The integral
equation formalism of the polarizable continuum model
(IEF-PCM) was used to treat solvation in aqueous
media.39,40 All the molecules, complexes and transition
states involved in hydrogen abstraction and addition reac-
tions were solvated in aqueous media at the level of sin-
gle point energy calculations. Gibbs barrier energies for
hydrogen abstraction and radical addition reactions
were calculated separately for each site of reaction with
respect to the corresponding reactant complexes (RCs)
while released energies were calculated with respect to
the corresponding transition states (TSs). Reaction kinet-
ics for various sites is affected to different extents by
stabilities of RCs which are usually different. In these

calculations, thermal energy corrections obtained at the
B3LYP/6-31G(d,p) and M06-2X/6-31G(d,p) levels in
gas phase were also considered to be valid for the cor-
responding single point energy calculations including
those in aqueous medium. Values of the spin operator
< S2 > for all the optimized geometries involving a
hydroxyl radical was found to be close to 0.76 showing
that spin contamination was negligible. Vibrational fre-
quency analysis was carried out and necessary thermal
energy corrections to total energy made in order to
obtain Gibbs barrier energies at 298.15 K in gas phase.
Genuineness of transition states was ensured by a vis-
ual inspection of vibrational modes corresponding to the
imaginary frequencies. Thus, for all the transition states,
vibrational motions corresponding to the imaginary fre-
quencies were found to connect the reactants and prod-
ucts convincingly. The Windows version of the Gaussian
G09 suite of programs (G09W) was used for all the cal-
culations while the Gauss View 5.0 program was used
for visualization of molecular structures and vibrational
modes.41,42

3. Results and discussion

The optimized structure of 6-gingerol at the M06-2X/6-
31G(d,p) level is shown in Figure 1 where the adopted
atomic numbering scheme is also shown. 6-Gingerol has
a methoxy group and a hydroxyl group attached to the
C2 and C3 positions of its ring respectively (Figure 1).
A long unbranched, 10 carbon atom chain including a
keto group and a hydroxyl group bonded to its C9 and
C11 positions, respectively, is attached to the C6 posi-
tion of the ring. Gibbs barrier and released energies hav-
ing different superscripts and subscripts presented in
Tables 1–3 would correspond to different reactions as
follows (n=variable integer): �Gn: hydrogen abstrac-
tion from the carbon site Cn, �G′′

n: addition of OH· at
the carbon site Cn and �Gn′ : abstraction of the hydrogen
atom of the OH group attached to the carbon site Cn.
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Figure 1. Optimized geometry and atomic numbering scheme for 6-gingerol
obtained at the M06-2X/6-31G(d,p) level of theory in gas phase.
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Table 1. Gibbs barrier (�Gb
n) and released (�Gr

n) (n=1-5) energies (kcal/mol) involved in hydrogen abstraction by OH
radical from the different sites of the ring of 6-gingerol obtained at different levels of theory in gas phase and aqueous media.
Results corresponding to aqueous media are given in parentheses.

Reaction sitea B3LYP/6-31G(d,p) B3LYP/6-311++G(d,p)c M06-2X/6-31G(d,p) M06-2X/6-311++G(d,p)d

�G b
1 6.72 (6.04) 7.45 (7.25) 8.72 (9.02) 9.22 (4.96)

�G r
1 −6.78 (−8.00) −8.67 (−9.95) −13.27 (−14.06) −15.24 (−11.37)

�G b
2 1.92 (0.76) 1.70 (0.17) 4.76 (2.63) 5.86 (3.39)

�G r
2 −16.65 (−17.06) −18.25 (−18.35) −24.97 (−25.08) −27.11 (−27.07)

�G b
3′ −0.56 (−0.57) −1.13 (−2.23) 0.68 (0.36) 0.50 (0.02)

�Gr
3′ −34.12 (−36.81) −36.90 (−38.69) −36.12 (−37.41) −39.21 (−35.52)

�G b
4 6.02 (5.03) 3.88 (2.98) 9.07 (8.09) 7.78 (6.55)

�G r
4 −4.37 (−5.59) −5.86 (−6.89) −10.47 (−11.46) −12.12 (−12.96)

�G b
5 3.52 (4.85) 4.68 (6.87) 5.36 (5.97) 6.21 (7.06)

�G r
5 −6.00 (−6.63) −7.26 (−7.91) −12.44 (−12.57) −13.97 (−14.06)

aSuperscripts ‘b’ and ‘r’ represent Gibbs barrier and released energies respectively. The subscripts n=(1-5) refers to the site
of hydrogen abstraction reaction.
cObtained by single point energy calculations using the B3LYP/6-31G(d,p) level optimized geometries.
dObtained by single point energy calculations using the M06-2X/6-31G(d,p) level optimized geometries.

Table 2. Gibbs barrier (�Gb
n) and released (�Gr

n) (n=7-16) energies (kcal/mol) involved in hydrogen abstraction reactions
by an OH radical from the different sites of the side chain of 6-gingerol obtained at different levels of theory in gas phase and
aqueous media. Results corresponding to aqueous media are given in parentheses.

Sitea B3LYP/6-31G(d,p) B3LYP/6-311++G(d,p)c M06-2X/6-31G(d,p) M06-2X/6-311++G(d,p)d

�G b
7 0.96 (0.23) 0.38(−0.09) 5.11 (5.02) 3.78 (3.17)

�G r
7 −28.01 (−27.57) −29.45 (−28.40) −32.88 (−34.31) −29.72 (−29.49)

�G b
8 1.21 (2.62) 2.78 (4.81) 0.88 (1.69) 5.85 (5.42)

�G r
8 −27.44 (−28.39) −27.61 (−28.38) −34.84 (−33.65) −29.76 (−29.71)

�G b
10 2.00 (2.00) 1.25 (0.95) 3.73 (3.18) 6.63 (5.94)

�G r
10 −23.57 (−24.69) −25.77 (−26.62) −27.55 (−28.16) −26.86 (−28.27)

�G b
11 −2.08 (−1.50) −0.94 (0.80) −1.32 (−0.74) 1.44 (1.56)

�G r
11 −23.57 (−24.69) −34.12 (−25.18) −26.71 (−18.01) −28.14 (−26.52)

�G b
11′ −0.94 (−1.17) −0.26 (−0.57) 0.54 (0.67) −0.35 (−0.07)

�G r
11′ −13.91 (−13.89) −15.37 (−15.18) −17.75 (−17.63) −19.27 (−18.98)

�G b
12 −2.62 (−2.03) −1.25 (−0.95) 0.86 (0.03) −0.15 (−1.10)

�G r
12 −16.71 (−17.10) −18.43 (−18.51) −21.02 (−21.23) −23.61 (−23.43)

�G b
13 0.88 (0.33) 0.42 (−0.62) 3.87 (3.66) 3.58 (2.95)

�G r
13 −18.55 (−19.54) −20.71 (−21.46) −23.15 (−24.30) −25.30 (−26.22)

�G b
14 −0.21 (−0.99) −1.34 (−1.46) 1.95 (1.51) 0.37 (−0.60)

�G r
14 −20.13 (−19.38) −21.92 (−20.75) −17.11 (−18.09) −12.21 (−19.70)

�G b
15 0.75 (0.14) 0.16 (−0.76) −0.46 (−0.84) −1.27 (−2.01)

�G r
15 −21.35 (−21.50) −22.96 (−22.71) −24.46 (−23.70) −26.20 (−24.93)

�G b
16 1.12 (0.84) 0.93 (−2.24) −0.03 (0.07) −0.27 (−0.39)

�G r
16 −14.28 (−14.87) −16.46 (−16.84) −19.66 (−20.31) −22.26 (−22.69)

aSuperscripts ‘b’ and ‘r’ represent Gibbs barrier and released energies respectively. The subscripts n=(7-16) refers to the site
of hydrogen abstraction reaction in the side chain of 6-gingerol.
cObtained by single point energy calculations using the B3LYP/6-31G(d,p) level optimized geometries.
dObtained by single point energy calculations using the M06-2X/6-31G(d,p) level optimized geometries.
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Table 3. Gibbs barrier (�G′′ b
n ) and released (�G′′ r

n ) (n=1-6) energies (kcal/mol) involved in the formation of adducts of
an OH radical at the different sites of the ring of 6-gingerol obtained at different levels of theory in gas phase and aqueous
media. Results corresponding to aqueous media are given in parentheses.

Sitea B3LYP/6-31G(d,p) B3LYP/6-311++G(d,p)c M06-2X/6-31G(d,p) M06-2X/6-311++G(d,p)d

�G′′ b
1 1.22 (1.00) 1.32 (0.96) 7.03 (5.24) 5.69 (3.53)

�G′′ r
1 −11.90 (−11.50) −9.78 (−8.98) −17.38 (−16.92) −15.62 (−14.81)

�G′′ b
2 0.49 (0.42) 0.40 (0.33) 5.37 (3.72) 3.99 (1.86)

�G′′ r
2 −15.73 (−14.73) −12.82 (−10.97) −22.35 (−21.66) −20.20 (−18.83)

�G′′ b
3 1.64 (2.28) 1.11 (1.34) 2.24 (2.17) −1.37 (−0.60)

�G′′ r
3 −16.01 (−15.91) −12.82 (−12.13) −22.01 (−22.79) −20.39 (−20.81)

�G′′ b
4 3.19 (2.73) 3.06 (2.30) 5.90 (4.45) 1.64 (1.10)

�G′′ r
4 −13.56 (−11.95) −11.08 (−8.77) −20.71 (−18.83) −18.98 (−16.51)

�G′′ b
5 1.66 (1.18) 1.63 (1.00) 7.20 (5.57) 3.14 (2.76)

�G′′ r
5 −14.51 (−13.07) −11.80 (−9.50) −19.64 (−19.04) −17.79 (−16.66)

�G′′ b
6 5.44 (4.12) 4.31 (3.09) 7.15 (3.67) 5.32 (1.25)

�G′′ r
6 −17.91(−15.52) −12.10 (−11.67) −21.47 (−19.76) −19.72 (−17.14)

aGibbs free energies �G′′
n correspond to addition of an OH group at Cn. Superscripts ‘b’ and ‘r’ represent Gibbs barrier and

released energies, respectively.
cObtained by single point energy calculations using the B3LYP/6-31G(d,p) level optimized geometries.
dObtained by single point energy calculations using the M06-2X/6-31G(d,p) level optimized geometries.

3.1 Hydrogen abstraction reactions

There are 26 hydrogen atoms in 6-gingerol each of which
can be abstracted by a hydroxyl radical. However, out of
the two hydrogen atoms attached to each of the sites C7,
C8, C10, C12-C15, and also out of the three hydrogen
atoms of each of the two methyl groups, abstraction of
only one was considered, since their abstraction barrier
energies are not expected to be significantly different.
Abstraction of a hydrogen atom Hn from a carbon site
Cn of 6-gingerol (6-G(Hn)) by a hydroxyl radical may
be represented by the following general scheme.

6 − G(Hn) + OH· → 6 − G(Hn)

− OH· �G b
n→ [TS]n

�G r
n→ 6 − G · + Hn − OH

where 6-G(Hn)-OH· is the reactant complex (RC)
formed from the free reactants 6-G(Hn) and OH·, �Gb

n

is the Gibb’s barrier energy corresponding to the tran-
sition state [TS]n and �Gr

n is the Gibbs released energy
following the reaction. A 6-gingerol radical (6-G·)
along with a water molecule (Hn-OH) constitute the
product complex (PC). The calculated Gibbs barrier
and released energies for abstraction of hydrogen atoms
from the various ring sites of 6-gingerol by a hydroxyl
radical are given in Table 1 while the corresponding
barrier energies for hydrogen atom abstraction from the
different chain sites are given in Table 2. The barrier and
released energies involved in reactions at the different

sites are appreciably different (Tables 1, 2). These ener-
gies would mainly depend on reorganization of electron
density due to the reactions which would depend on
valencies of the reacting centers and local reaction envi-
ronments. Smaller barrier energies would reveal that the
reactions under consideration would occur more easily
while larger released energies would imply thermody-
namically more stable products and vice versa. Neg-
ative barrier energies would imply that the reactions
under consideration are barrierless. The structures of
the different TSs, some important interatomic distances
at these TSs and the imaginary vibrational frequencies
corresponding to the hydrogen abstraction reactions for
which barrier energies are presented in Tables 1 and 2
are shown in Figures 2 and 3. Optimized geometries
of the reactant and product complexes corresponding to
each transition state are shown in Figures S1–S4 (Sup-
porting Information). There was a single common reac-
tant complex for hydrogen abstraction from the sites
C13 and C14 of the side chain. Both the forward and
reverse barrier energies are informative as while the
former shows the ease with which the reaction would
occur, the latter reveals how stable would be the product
formed consequent to the reaction. The reverse barrier
energies would be obtained by reversing the sign of the
released energies given in Tables 1 and 2.

Hereafter, the forward barrier energies would simply
be referred to as barrier energies. The barrier heights for
hydrogen abstraction from the phenolic OH group (O3′
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Figure 2. Optimized transition state structures involved in hydrogen abstraction by an OH radical from
the ring sites of 6-gingerol and the OCH3 and OH groups attached to the same along with the corresponding
imaginary vibrational frequencies (cm−1) and some important bond lengths (Å) obtained at the M06-2X/6-
31G(d,p) level of theory in gas phase.

site) (Figure 1) obtained at the B3LYP/6-31G(d,p) and
B3LYP/6-311++G(d,p) levels of theory in gas phase
as well as aqueous media are small and negative. How-
ever, the corresponding barrier energies obtained at the
M06-2X/6-31G(d,p) and M06-2X/6-311++G(d,p) lev-
els of theory in both gas phase and aqueous media
are small and positive. The C2′ site (Figure 1) is the
next site from where hydrogen abstraction would occur
efficiently. In this case, the calculated barrier energies
using the B3LYP functional and both the basis sets are
smaller than those obtained using the M06-2X func-
tional and the corresponding basis set in gas phase as
well as aqueous media. The barrier energies, excepting
those corresponding to the C2′ and O3′ sites, in both
gas phase and aqueous media obtained using the B3LYP
functional lie in the range ∼3-7.5 kcal/mol while those
obtained using the M06-2X functional lie in the range
∼5-9 kcal/mol.

The released energies for hydrogen abstraction reac-
tions from the C2′ and O3′ sites (Figure 1) are much
larger than the corresponding barrier energies. In other
words, these reactions are highly exothermic. However,
the differences between the barrier and released barrier
energies for the hydrogen abstraction reactions at the
other sites are much smaller than those at the C2′ and
O3′ sites (Table 1). It shows that the reactions at the other
sites than the C2′ and O3′ would be mildly exothermic,
and would not lead to as stable products as those
involving the C2′ and O3′ sites.

The Gibbs barrier and released energies involved in
hydrogen abstraction reactions by a hydroxyl radical
from the different sites of the side chain of 6-gingerol
obtained using the B3LYP and M06-2X functional
s along with the 6-31G(d,p) and 6-311++G(d,p) basis
sets in gas phase and aqueous media are presented in
Table 2. It is noted that the Gibbs barrier energies ob-
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Figure 3. Optimized transition state structures involved in hydrogen abstraction by an OH radical from
the side chain of 6-gingerol along with the corresponding imaginary vibrational frequencies (cm−1) and
some important bond lengths (Å) obtained at the M06-2X/6-31G(d,p) level of theory in gas phase.

tained at the B3LYP/6-311++G(d,p) level are mostly
small, positive or negative in both gas phase and aque-
ous media. However, at the M06-2X/6-311++G(d,p)

level of theory, for hydrogen abstraction from five sites
of the side chain, the Gibbs barrier energies are small
and negative in both gas phase and aqueous media while
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for the corresponding reactions from the other sites, the
barrier energies are positive in both the media, the maxi-
mum value in aqueous media being ∼6 kcal/mol (Table 2).
The Gibbs released energies are much larger in magni-
tude than the corresponding Gibbs barrier energies in all
the cases (Table 2). Therefore, all the reactions would
be appreciably exothermic.

Zingerone and 6-gingerol are both found in ginger
and act as anti-oxidants. Both the molecules have a phe-
nolic ring, each having methoxy and hydroxyl groups
attached to its C2 and C3 positions, respectively.43 Fur-
ther, both the molecules consist of a long unbranched
carbon chain having 5 and 10 carbon atoms attached
to the C6 site of the ring. There is no hydroxyl group
attached to the side chain of zingerone while such a
group is present in 6-ginerol attached to the C11 site of
the corresponding chain.43 The number of sites in zin-
gerone that contribute to hydrogen abstraction by an
OH radical where the calculated barrier energies at the
B3LYP/6-31G(d,p) level are 2, 3 and 4 kcal/mol or
less are 5, 6 and 7 while the corresponding numbers
in 6-gingerol are 12, 12 and 13, respectively. Thus, for
operation through the hydrogen abstraction mechanism,
6-gingerol appears to be a better OH radical scavenger
than zingerone.43

We could not perform the CCSD(T)/6-31G(d,p) level
of calculation for the reaction channels associated with
the 6-gingerol molecule. This is because of our limited
computational resource. Nevertheless, in order to test
relative accuracies available with the B3LYP and M06-
2X functionals, we performed single point CCSD(T)/6-
31G(d,p) calculations for the CH3COCH2CH(OH)CH3

segment of the side chain obtained by replacing C7 and
C13 atoms by a H atom each in gas phase. Further,
abstraction of only two hydrogen atoms i.e., H11 and
H11′ (Figure 1) by an OH radical was considered in
these calculations. In these calculations, the geometries
optimized at both the B3LYP/6-31G(d,p) and M06-2X/
6-31G(d,p) levels were used. Gibbs barrier and released
energies were calculated at the B3LYP/6-31G(d,p) and
M06-2X/6-31G(d,p) levels employing the necessary
thermal energy corrections obtained after vibrational
frequency analyses. However, vibrational frequency ana-
lysis was not performed at the CCSD(T)/6-31G(d,p)
level but barrier and released energies were calculated
at this level with and without consideration of the cor-
responding thermal energy corrections obtained at the
B3LYP/6-31G(d,p) and M06-2X/6-31G(d,p) levels. The
barrier and released energies obtained for abstraction of
the two hydrogen atoms are given in Table S1 (Sup-
porting Information). The results presented in this table
reveal that the barrier energies obtained at the M06-
2X/6-31G(d,p) level are closer to those obtained at the

CCSD(T)/6-31G(d,p) level than those obtained at the
B3LYP/6-31G(d,p) level.

It is seen from Table S1 (Supporting Information)
that the barrier energies for hydrogen abstraction from
the CH and OH sites of the above mentioned segment of
the side chain of 6-gingerol obtained at the CCSD(T)/6-
31G(d,p) level of theory are appreciably larger than
those obtained at the M06-2X/6-31G(d,p) level. Con-
sidering both the hydrogen abstraction and addition
reactions involving an OH radical and different sites of
6-gingerol (Tables 2, 3), we find that many barrier ener-
gies predicted at M06-2X/6-31G(d,p) level are small
positive or negative which indicate that these reactions
would be nearly barrierless or barrierless. If we assume
similar relative accuracies in barrier energies obtained
at the CCSD(T)/6-31G(d,p) and M06-2X/6-31G(d,p)
levels of theories for the various reactions involving
the different sites of 6-gingerol (Tables 2, 3) as that
found for hydrogen abstraction from the CH and OH
sites of the selected segment of the side chain of the
molecule, the barrier energies would be expected to be
significantly increased in a CCSD(T)/6-31G(d,p) calcu-
lation. In that situation, several nearly barrierless or bar-
rierless reactions mentioned above would be expected
to be associated with small positive barriers. It shows
that, broadly speaking, our conclusions based on the
M06-2X/6-31G(d,p) level calculations are valid.

3.2 Radical addition reactions

Addition reactions between a hydroxyl radical and a
site Cn of 6-gingerol can be expressed by the following
general scheme.

Cn + OH· → Cn − OH· �G′′ b
n→ [TS]n

�G′′ r
n→ CnOH·

Where, Cn-OH· is the RC between 6-gingerol and OH·,
the latter being positioned near the Cn site of the for-
mer. After the necessary Gibb’s energy to overcome the
barrier energy (�G′′ b

n ) has become available, the tran-
sition state [TS]n is formed from the RC. Subsequently,
after releasing the Gibbs energy (�G′′ r

n ), the product
complex i.e., the adduct (CnOH·) is formed from the
transition state. The calculated Gibb’s barrier (�G′′ b

n )

and released (�G′′ r
n ) energies at 298.15 K for addition

at the different carbon sites of the ring of 6-gingerol are
presented in Table 3.

The optimized geometries of the transition states
along with the barrier and released energies, certain
inter-atomic distances and the imaginary vibrational
frequencies at the TSs involved in the addition reac-
tions are shown in Figure 4 while the geometries of
the corresponding reactant and product complexes are
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Figure 4. Optimized transition state structures involved in the formation of adducts of an OH radical at
the different sites of the ring of 6-gingerol along with the corresponding imaginary vibrational frequencies
(cm−1) and some important bond lengths (Å) obtained at the M06-2X/6-31G(d,p) level of theory in gas
phase.

shown in Figures S5 and S6 (Supporting Information).
Though there was a common reactant complex for the
hydroxyl radical addition reactions at the C2 and C3
sites, the corresponding barrier energies are noticeably
different (1.86 and −0.6 kcal/mol in aqueous media
at the M06-2X/6-311++G(d,p) level) (Table 3). Thus,
reaction kinetics at two sites can be appreciably differ-
ent even if the stabilities of the corresponding RCs are
similar or the same.

At the M06-2X/6-31G(d,p) level, in the different re-
actant complexes, the interatomic distances between
the corresponding carbon atom and the oxygen atom
of the hydroxyl radical lie in the range 2.3-2.4 Å while
at the different transition states, the corresponding inter-
atomic distances lie in the range 2.0 – 2.07 Å (Figure 4).
Thus, we find that there is substantial decrease of
interatomic distance between the corresponding carbon

atom and the oxygen atom of the hydroxyl radical in
going from RCs to TSs.

At the M06-2X/6-311++G(d,p) level of theory, the
calculated Gibbs barrier energies (�G′′ b

n ) for addition
reactions at the different carbon sites of the ring of
6-gingerol in aqueous media lie in the order C3 < C4
< C6 < C2 < C5 < C1, the smallest and largest barrier
energies being −0.6 and 3.53 kcal/mol (Table 3). Thus,
the addition reaction would occur most and least effi-
ciently at the ring position C3 and C1, respectively. The
results obtained using the B3LYP functional are sig-
nificantly different from the obtained at the M06-2X
functional (Table 3). In this situation, we would con-
sider the results obtained using the M06-2X functional
as more reliable in view of the previous reports.36,37

The released energy at any of the reaction steps is
appreciably larger in magnitude than the corresponding
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barrier energy (Table 3). Thus, all these reaction steps
are appreciably exothermic (Table 3).

A graphical comparison of Gibbs barrier energies
obtained at the M06-2X/6-311++G(d.p) level of theory
in aqueous media involved in hydrogen abstraction by
a hydroxyl radical from the different sites of the ring of
6-gingerol or from the groups attached to the same is
made in Figure 5a while those involved in hydrogen
abstraction by a hydroxyl radical from the various sites
of the side chain of 6-gingerol in aqueous media is made
in Figure 5b. Figure 5a reveals that hydrogen abstrac-
tion by a hydroxyl radical from the C1, C4 and C5
sites of the ring of 6-gingerol would be much less likely
than from the C2′ and O3′ sites while Figure 5b shows
that the reaction would take place most rapidly at the
O11′, C12, C14, C15 and C16 sites of the side chain of
6-gingerol. Further, Figure 5b shows that the reaction
would occur much less efficiently at the C8 and C10
sites while it would occur with intermediate efficiencies
at the remaining sites. A graphical comparison of Gibbs
barrier energies in aqueous media involved in the addi-
tion of a hydroxyl radical at the different sites of the ring

of 6-gingerol obtained at the M06-2X/6-311++G(d,p)
level of theory is made in Figure 5c. This figure clearly
reveals that the addition reactions would occur most
rapidly at the ring site C3.

3.3 Electron transfer reaction

The Marcus theory of electron transfer44 46 considers
electron jump from an electron donor to an electron
acceptor. The electron jump between the donor and
acceptor involves the barrier energy (�Gb

ET) which can
be obtained in terms of the Gibbs free energy of reaction
(�Gr

ET) and reorganization energy (λ) as follows.47,48

�Gb
ET = λ

4

(
1 + �Gr

ET

λ

)2

(1)

where �Gr
ET is the difference between the sums of

Gibbs free energies of products and reactants. The reor-
ganization energy (λ) is the amount of energy involved
in structural reorganization of the electron donor and
the acceptor. If electron transfer occurs from a species
A to another species B producing a cation of A and
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Figure 5. Graphical comparison of Gibbs barrier energies (kcal/mol) obtained at the M06-2X/6-
311++G(d,p) levels of theory in aqueous media involved in, (a) hydrogen abstraction by a hydroxyl
radical from the different sites of the ring of 6-gingerol or groups attached to the same, (b) hydrogen
abstraction from different sites of the side chain of 6-gingerol, and (c) addition reactions at different
sites of the ring of 6-gingerol.
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an anion of B, according to the Nelsen’s four point
scheme,47,48 the reorganization energy involved in this
process would be the sum of Gibbs free energy differ-
ences between the vertical and relaxed cation of A and
the vertical and relaxed anion of B. Thus, we can obtain
the following equation

λ = �Gv
ET − �Gr

ET (2)

where the first term on the r.h.s. is the vertical Gibbs
free energy difference between the cation, anion pair
while the second term is the Gibbs free energy dif-
ference for the relaxed pair. The rate constant can be
obtained using the equation given in Section 3.4.

Gibbs barrier energy (�Gb
ET) and reorganization ener-

gy (λ) for single electron transfer (SET) from 6-gingerol
to an OH radical obtained by full geometry optimization
at the B3LYP/6-31G(d,p), B3LYP/6-311++G(d,p),
M06-2X/6-31G(d,p) and M06-2X/6-311++G(d,p) lev-
els of theory in gas phase and aqueous media are present-
ed in Table 4. It is noted that the Gibbs barrier energy
(�Gb

ET) is very sensitive to the level of theory used, the
medium in which the electron transfer process takes
place and whether geometrical relaxation in the med-
ium under consideration is allowed or not. The reorga-
nization energy (λ) is also sensitive to these factors but
to much smaller extents. The Gibbs barrier energies in
gas phase are very large due to which electron transfer
cannot occur in this phase. The Gibbs barrier energies in
aqueous media obtained at the B3LYP/6-311++G(d,p)
and M06-2X/6-311++G(d,p) levels of theory are 2.45
and 6.85 kcal/mol. Due to a greater accuracy available
with the M06-2X functional, as also discussed later, the
latter value should be considered more reliable. Thus,
we find that SET barrier energies in aqueous media
become comparable to those of many hydrogen abstrac-
tion and addition reactions.

Another possible mechanism for electron transfer
reaction is the proton coupled electron transfer (PCET)
mechanism.49,50 The calculated reaction barrier energy
for PCET for the C3 site of the ring was calculated
and found to be 0.28 kcal/mol in aqueous media at the
M06-2X/6-311++G(d,p) level of theory. As this bar-
rier energy is much smaller than the SET barrier energy
(6.9 kcal/mol) (Table 4), the PCET mechanism would

be much more favored than the SET mechanism. We
chose the C3 site for this reaction since the hydrogen
atom of the phenolic OH group attached to this site is
expected to involve lowest barrier energy.

3.4 Rate constants

The rate constant k for a reaction is given by the follow-
ing general expression according to the transition state
theory.38

k = �(T)(kBT/h) exp(−�Gb/RT) (3)

where �(T) is the quantum mechanical tunneling fac-
tor, kB is the Boltzmann constant, T is the temperature
on the absolute scale (room temperature = 298.15 K),
h is the Planck’s constant, R is the gas constant and
�Gb is the Gibbs barrier energy involved in the reac-
tion under consideration. �(T) can be obtained as the
Wigner transmission coefficient given by,51,52

�(T) = 1 + (1/24)[hωTS/kBT]2 (4)

where ω is the imaginary frequency (in cycles/sec.) at
the transition state under consideration. The imaginary
frequency can also be expressed in cm−1 and represen-
ted by ν. The calculated values of �(T) for the various
imaginary frequencies ν (cm−1) at the different transi-
tion states are given in Tables S2–S4 (Supporting Infor-
mation). It is noted that the calculated values of �(T)
range between 1.01 and 4.24 (Tables S2–S4). There-
fore, �(T) cannot be ignored and must be evaluated to
obtain the overall rate constant k (equation 3) reliably.
The calculated rate constants k including Wigner trans-
mission coefficients �(T) for hydrogen abstraction by
an OH radical from the different ring sites of 6-gingerol
at the various levels of theory in gas phase and aqueous
media are presented in Table 5 while those correspond-
ing to hydrogen abstraction from the side chain and
addition of an OH radical at the different sites of the
ring of 6-gingerol are presented in Tables S5 and S6
(Supporting Information), respectively. As negative bar-
rier energies imply barrierless reactions, barrier energies
in such cases were taken to be zero for calculating rate
constants. It is noted that rate constants for different
steps of the above mentioned reactions in gas phase and

Table 4. Gibbs barrier energy (�Gb
ET) and reorganization energy (λ) (kcal/mol) for SET from 6-gingerol to an OH radical

obtained at different levels of theory in gas phase and aqueous media.

Calculation type B3LYP/6-31G(d,p) B3LYP/6-311++G(d,p) M06-2X/6-31G(d,p) M06-2X/6-311++G(d,p)

λ �Gb
ET λ �Gb

ET λ �Gb
ET λ �Gb

ET

Optimazation (gas) 8.4 898.3 8.8 555.8 10.8 749.2 11.2 502.6
Single point (aq) 7.8 86.4 8.9 12.3 9.8 77.0 10.0 19.1
Optimization (aq) 6.3 100.5 34.2 2.5 5.1 151.9 30.1 6.9
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Table 5. Rate constants (M−1s−1) including Wigner transmission coefficients for hydrogen abstraction by an OH radical
from the different ring carbon sites (C1-C5) of 6-gingerol in gas phase (RG

i ) and aqueous media (RA
i ) (i=1-5) obtained at

different levels of theory.

Rate constanta B3LYP/6-31G(d,p) B3LYP/6-311++G(d,p)a M06-2X/6-31G(d,p) M06-2X/6-311++G(d,p)b

�RG
1 2.33×108 6.79×107 7.94×106 3.42×106

�RA
1 7.34×108 9.51×107 4.79×106 4.56×109

�RG
2 2.71×1011 3.92×1011 3.55×109 5.54×108

�RA
2 3.05×1012 5.20×1012 1.30×1011 3.59×1010

�RG
3 6.39×1012 6.39×1012 8.35×1012 1.13×1013

�RA
3 6.39×1012 6.39×1012 1.43×1013 2.54×1013

�RG
4 7.04×108 2.61×1010 2.82×106 2.49×107

�RA
4 3.74×109 1.19×1011 1.48×107 1.99×108

�RG
5 3.76×1010 5.31×109 1.68×109 4.00×108

�RA
5 3.99×109 1.31×108 6.01×108 9.53×107

aObtained by single point energy calculations using the B3LYP/6-31G(d,p) level optimized geometries.
bObtained by single point energy calculations using the M06-2X/6-31G(d,p) level optimized geometries.

aqueous media, broadly speaking, lie in the range 106 -
1013 M−1s−1.

The rate constants including Wigner transmission
coefficients for hydrogen abstraction by an OH radical
from the various carbon sites of the side chain and those
for addition of an OH radical at the different carbon sites
of the ring of 6-gingerol obtained at the various levels
of theory and presented in Tables S5 and S6 (Suppor-
ting Information) lie approximately in the range 108 −
1013 M−1s−1. The calculated values of the rate constant
including Wigner transmission coefficient for hydrogen
abstraction from the OH group of phenol in aqueous
media were found to be 1.1×1010 and 3.7×1010 M−1s−1

at the M06-2X/6-31G(d,p) and M06-2X/6-311++G(d,p)
levels of theory, respectively, while the corresponding
experimental value53 is 1.0×1010 M−1s−1. The hydro-
gen abstraction reaction under consideration was found
at the B3LYP/6-31G(d,p) and B3LYP/6-311++G(d,p)
levels to be barrierless, the corresponding rate con-
stants including Wigner transmission coefficient being
6.21×1012 M−1s−1 each. Thus, the rate constants
obtained using the M06-2X functional appear to be
more reliable than those obtained using the B3LYP
functional. We had arrived at the same conclusion ear-
lier in sub-section 3.1 on the basis of comparison of bar-
rier energies obtained using these functionals and the
CCSD(T) method. Further, the rate constant for phenol
calculated at the M06-2X/6-311++G(d,p) level is clos-
est to the experimental value. Rate constants for elec-
tron transfer from 6-gingerol to the OH radical at the
B3LYP/6-311++G(d,p) and M06-2X/6-311++G(d,p)
levels of theory in aqueous media were found using
the barrier energies discussed earlier to be 9.9×1010

and 5.9×107 M−1s−1, respectively. In view of the above

discussion, the rate constant obtained at the M06-2X/6-
311++G(d,p) level of theory would be expected to
be more reliable than that obtained at the B3LYP/6-
311++G(d,p) level. Thus, the electron transfer process
would also contribute efficiently to scavenging of the
OH radical, and, on the whole, 6-gingerol would act as
a very efficient hydroxyl radical scavenger.

4. Conclusions

The present study leads us to the conclusion that 6-
gingerol is an excellent hydroxyl radical scavenger and
operates efficiently through hydrogen abstraction, rad-
ical addition and electron transfer mechanisms. Some
of these reactions are barrierless or are associated with
small or moderate barriers. The tunneling contributions
to rate constants are usually significant and need to be
evaluated. The different thermal reaction rate constants
lie in the range 106 -1013 M−1s−1.

Supplementary Information (SI)

The electronic supporting information can be seen at
www.ias.ac.in/chemsci.
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