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Abstract. The aim of this study is on the evaluation of the antioxidant activities of the investigated
naphthoquinone-urazole hybrids by comparing our theoretical results with experimental results and on the
elucidation the antioxidant action mechanisms. For this purpose, quantum chemical calculations were
performed at the B3LYP/6-311++G(d,p) level for the investigated naphthoquinone-urazole hybrids and their
ionic forms in the gas phase and in water. The solvation effect of water on the antioxidant activity was
examined using the conductor—like polarizable continuum model (C-PCM) at the same level of theory. The
antioxidant action mechanisms for the investigated naphthoquinone-urazole hybrids were assessed
thermodynamically by several physicochemical parameters.
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Naftokinon-Urazol Melezlerinin Antioksidan Etki Mekanizmalari
Uzerine DFT Cahsmasi

Ozet. Bu ¢alismanin amaci, naftokinon-urazol melezlerinin antioksidan aktivitelerinin teorik ve deneysel
sonuglar karsilastirarak degerlendirilmesi ve antioksidan etki mekanizmalarinin aragtirilmasidir. Bu amagla,
incelenen naftokinon-urazol melezleri ve iyonik formlari i¢in kuantum kimyasal hesaplamalar B3LYP / 6-311
++ G (d, p) diizeyinde hem gaz hem de su fazinda yapilmstir. Antioksidan aktiviteleri lizerine suyun ¢oziicii
etkisi, ayn1 hesaplama diizeyinde C-PCM yontemi kullanilarak arastirildi. Naftokinon-urazol melezleri i¢in
antioksidan etki mekanizmalari, baz1 fizikokimyasal parametreler kullanilarak termodinamik olarak
degerlendirildi.

Anahtar Kelimeler: Antioksidan mekanizma, naftokinon-urazol melezleri, DFT, HAT, SET-PT, SPLET.

1. INTRODUCTION [1]. Anti-oxidant compounds either natural or

synthetic can protect biomolecules against

The reactive oxygen species formed during
biochemical reactions in the body are radicals
with high reactivity. Because these reactive free
radicals can attack to proteins in tissues, lipids in
cell membranes, carbohydrates, amino acids and
DNA, they are responsible for many health

problems, such as cancer, cardiovascular
disorders, atherosclerosis, asthma, arthritis,
diabetes neurodegenerative disorders:

Alzheimer’s, Parkinson's diseases and dementia
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undesired oxidative damage caused by the free
radicals and repair the damages caused by free
radicals. [2].

Naturally  occurring  quinones  such  as
dactinomycin, anthracycline antibiotics and
mitomycin-C have been clinically used for
cancer chemotherapy [3, 4]. New natural and
synthetic cytotoxic compounds of this group
have the para-quinone moiety in the structure of
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most of them and they have antioxidant
properties [5, 6]. On the other hand, urazole
moiety exhibits a myriad of biological functions
such as anticonvulsant, antifungal, herbicidal,
hypolipidemic and insecticidal activities [7-10].
Because of the thought that it can create
synergistic effects with hybridization of different
bioactive molecules, a novel series of
naphthoquinone—urazole hybrids were synthesized
and investigated experimentally for antioxidant
(DPPH radical scavenging activity) and anti-
cancer activity. Their findings suggested that the
investigated naphthoquinone—urazole  hybrids
exhibited high anti-oxidant activity [11].
Theoretically investigating the antioxidant action
mechanisms of these synthesized hybrids can be
of interest. Here, our focus is on the evaluation of
the antioxidant activities of the investigated
naphthoquinone-urazole hybrids by comparing
our theoretical results with experimental results
and on the elucidation the antioxidant action
mechanisms. These calculations may illustrate the
SAR and radical scavenging mechanism of
naphthoquinone-urazole hybrids, which may help

expand their applications in pharmaceutical
science.
The antioxidant activity can be assessed

thermodynamically by several physicochemical
parameters such as bond dissociation enthalpy
(BDE), proton dissociation enthalpy (PDE),
proton affinity (PA), ionization potential (IP) and
electron transfer enthalpy (ETE). In this study, the
structural and electronic properties of the selected
naphthoquinone-urazole hybrids and their radicals
were investigated at DFT level. The solvation
effects on the antioxidant activity were taken into
account by using the conductor—like polarizable
continuum model (C-PCM) with different
dielectric constant (e= 78.39, H,0). The three
antioxidant action mechanisms, hydrogen atom
transfer (HAT), single electron transfer-proton
transfer (SET-PT) and sequential proton loss
electron transfer (SPLET) were elucidated. The
reaction enthalpies related to the steps in these
mechanisms were computed in gas phase and in
water. In addition, spin densities in free radicals
were also calculated.

2. METHOD

The three basis antioxidant mechanisms are
proposed in the literature [12, 13].

The first of these is hydrogen atom transfer
mechanism (HAT).

R"+ AH - RH+A’

In this mechanism, the free radical (R") removes a
hydrogen atom from the antioxidant (AH), and a
radical form of antioxidant appears. The reactivity
of a compound can be predicted by calculating the
A-H bond dissociation enthalpy (BDE), where the
lower the BDE value the higher the expected
activity.

The second one is single electron transfer-proton
transfer (SET—PT) mechanism. This mechanism is
a two-step reaction, where electron abstraction
from AH is followed by proton transfer.

R +AH — R + AH"
AH" — H' + A’

A numerical parameter related with this
mechanism is ionization potential (IP) for the first
step and proton dissociation enthalpy (PDE) from
the AH* cation radical for the second step.
Molecules with low IP and PDE values are
expected to have high activity.

The other mechanism consisting of a two-stage
reaction is the SPLET (Sequential proton loss
electron transfer) mechanism.

AH— A +H*
A +H" +R— A"+RH

The reaction enthalpy of the first step in this
mechanism corresponds to the proton affinity
(PA) of the anion. The reaction enthalpy of the
second step, abstraction of electron, is indicated as
electron transfer enthalpy (ETE). In the present
study BDE, IP and PA values were used as the
main molecular descriptors in an effort to
elucidate the radical scavenging activity of

735




736

Ozbakir Isin / Cumhuriyet Sci. J., Vol.39-3 (2018) 734-744

investigated compounds. From the calculated total
enthalpies at 298.15 K, these molecular
descriptors were calculated using the following
equation:

BDE = H (A’) + H(H") - H(AH)
IP = HAH*) + H(e’) — H(AH)
PDE = H (A") + H(H*) - H(AH")
PA = H(A) + H(H*) — H(AH)
ETE = H (A) + H(e) - H(A)

The molecular enthalpy at 298 K (H) consisted of
B3LYP/6-311++G(d,p) calculated energy values
and thermal contributions to enthalpy (TCE, in
which the vibrational contributions include zero-
point vibrational energy). To calculate the reaction
enthalpies, the enthalpies of hydrogen atom,
proton, and electron in the gas phase and solvents
are required. The gas phase enthalpies of
hydrogen atom, proton, and electron were -
0.49765, 0.00236 and 0.00118 hartree,
respectively [13,14]. Proton and electron solvation
enthalpies were taken from reference [15], and

a) 0

b)

HO o
H3C)3C C(CH
(H3C)s \© (CH3)3 | OH
CHj o)

BHT

hydrogen atom solvation from

references [16, 17].

enthalpies

All computations were performed using the
Gaussian 09 AMLG64L-Revision-C.01 package
[18]. The B3LYP functional was used for
geometry optimization of each compound, radical
or ionic structure by applying the 6-311++G(d,p)
basis set [19]. The geometry optimization of
anions was performed with the restricted
rB3LYP/6-311++G(d,p) method. To optimize the
radicals and cation radicals, the unrestricted
uB3LYP/6-311++G(d,p) level of theory was
carried out, because of that it gives the best results
for open-shell molecular systems. For all of the
optimized structures, the vibrational frequencies
were calculated at same level in order to
characterize the local minimum on the potential
energy surfaces. In addition, the spin density for
each atom of the radicals was computed using the
same level of theory. Since water is the major
component of all living cells, the solvation effect
of water on the antioxidant activity was taken into
account by using the conductor—like polarizable
continuum model (C-PCM) [20] at the same level
of theory.

1. X:-H
2.X:-Cl

3. X: -NO,
4.X:-CN
5.X:-CH,
6. X: -OCH;

O

2-HNQ 4-PU

Figure 1. Molecular structures of a) the studied naphthoquinone-urazole hybrids and b) reference compound, butylated

hydroxyl toluene (BHT) was used as a reference.
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3. RESULTS AND DICUSSION

The density functional theory (DFT) method have
been  successfully used to  calculated
physiochemical descriptors of polyphenolic
compounds and to investigate the structure-
activity  relationship  (SAR) for  phenolic
antioxidants [21-23]. The investigated
naphthoquinone-urazole hybrids (Fig.1) and their
corresponding radical and ionic species, the most
stable conformers were optimized without
symmetry restrictions by the B3LYP/6-311++G
(d,p) level in the gas phase and in water.

Table 1. B3LYP/6-311++G(d,p) BDE,

As can be seen in Figure 1, in the select hybrid
structures there are three positions (It is enclosed
in the circle) where hydrogen can be removed. All
possible radicals and ions were evaluated, and the
physiochemical descriptors calculated in the gas
phase and in water for each site were given in
table 1 and table2, respectively. It was also
presented the natural bond orbital (NBO)
distribution for the radicals formed after H
removal on each site in Figure 2.

IP, PDE, PA and ETE values of the studied naphthoquinone-urazole hybrids and

reference compounds in gas phase. (All values are in kcal energy unit).

Compounds BDE IP PDE PA ETE
O-H 91.74 231.33 307.74 98.52
1 N-H 77.48 174.92 217.06 326.83 65.15
C-H 75.43 215.01 328.89 61.04
O-H 91.69 229.59 307.25 98.94
2 N-H 77.44 176.60 215.34 324.31 67.63
C-H 75.18 213.09 325.74 63.95
O-H 90.61 222.59 303.16 101.95
3 N-H 7777 182.51 209.75 320.32 71.95
C-H 75.80 207.79 316.27 74.04
O-H 92.48 225.74 303.98 103.00
4 N-H 77.67 181.24 210.93 321.10 71.075
C-H 75.71 208.97 319.64 70.57
O-H 91.25 232.72 308.22 97.53
5 N-H 77.40 173.04 218.86 327.47 64.43
C-H 74.11 215.58 329.59 59.02
O-H 89.85 232.34 307.91 96.44
6 N-H 77.08 172.00 219.58 327.44 64.14
C-H 73.27 215.77 329.61 58.17
BHT 74.46 169.58 219.38 338.36 50.60
2-HNQ 94.34 208.62 198.74 327.14 81.70
4-PU 79.56 201,21 192.85 331.32 62.74
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Figure 2. Spin density distribution of the radicals formed from the studied naphthoquinone-urazole hybrids computed at the
B3LYP/6-311++G(p,d) level of theory in the gas phase. (Values less than 0.001 was not taken into account).
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In this study, BDEs for O-H, N-H and C-H bonds
give important information related with the HAT
mechanism, because a low BDE value means the
faster reaction rate and high antioxidant activity.
When the calculated BDE values in the gas phase
and in water are examined, it is seen that the C-H
bonds have the lowest BDE values in all the
studied compounds. The BDEs for 1-6 decline in
order O-H > N-H > C-H in the gas phase. The
same sequence was obtained for BDEs in water.
The BDE values of O-H and N-H bonds in all
compounds are lower than those of 2-HNQ and 4-
PU. This result indicates that the hybridization
increases the antioxidant capacity. In addition,

Table 2. B3LYP/6-311++G(d,p) BDE,

comparing the BDEs of BHT and C-H bonds in 1-
6 compounds, it is seen that BDEs in 5 and 6
compounds are especially lower than that of BHT.
The largest deviation between the BDEs in others
(1-4) and BHT is only 1.34 kcal/mol in the gas
phase. These results are consistent with the
conclusions reported by Pooja et al. [11].

The stability of the radical formed by the removal
of the hydrogen atom can explain the differences
in BDE values. The more delocalized spin density
in the radical leads to easier formation of radical
and thus lower value of BDE [24]. As can be seen
from Figure 2, the unpaired electron of the Cr.

IP, PDE, PA and ETE values of the studied naphthoguinone-urazole hybrids and

reference compounds in water. (All values are in kcal energy unit).

Compounds BDE 1P PDE PA ETE
O-H 91.26 0.88 14.76 106,35
1 N-H 79.15 120.24 -11.23 27,75 81,25
C-H 75.54 -14.85 14,76 70,11
O-H 92.12 0.12 16,12 105,36
2 N-H 79.29 121.86 1271 27,95 81,19
C-H 75.60 -16.40 34,42 71,03
O-H 88.82 -4.60 14,85 103,82
3 N-H 78.63 123.27 -14.79 26,73 81,75
C-H 74.94 -18.48 27,09 77,70
O-H 92.34 -0,09 15,61 106,58
4 N-H 79.50 122.17 112,82 26,91 82,44
C-H 76.20 -16,12 32,02 74,03
O-H 90.76 1,10 15,56 105,06
5  N-H 78.53 119.52 11,14 28,12 80,26
C-H 74.77 -14.90 35,68 68.94
O-H 89.13 0,78 14,63 104,36
6 N-H 78.32 118.20 -10.03 28,06 80.11
C-H 73.26 -21.36 35.44 67.67
BHT 73.33 107.44 -4.27 35.80 67.38
2-HNQ 90.80 140.10 -19.44 19.70 100.95
4-PU 79.06 126.41 -17.50 25.82 83.09

radicals in each structure is delocalized over all
three rings. Also, low BDE values can attribute to
m-electron  delocalization between unpaired
electron in Cr radicals and adjacent -COCH=CH-
moiety in naphthoquinone ring. This can be
understood from spin densities on C=0 and C-OH
carbons in the naphthoquinone ring (see Fig 2).
When the C-H BDE value is considered, it is seen

that the lowest BDE value belongs to 6C-H with
73.27 kcal / mol and the highest BDE value
belongs to 3C-H with 75.8 kcal. The spin densities
in the 3Cr and 6Cr radicals are 0.416 and 0.141,
respectively. It is seen that the electron attractive -
NO, group has  decreased  m-electron
delocalization of the unpaired electron on C-atom
with the adjacent -COCH = CH- moiety.
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The calculated IP and PDE parameters for the
studied compounds and their radicals are
presented in Table 1 and 2. As seen from Tablel
and 2, the lowest value of IP is always found for 6
in both environments. It is found that the tendency
for IP values is same to that for BDE values. The
aqueous medium caused a significant increase in
IP values. For example, the IP value of 6 changes
from 172.00 to 118.2 kcal/mol in going from the
gas phase to the water medium. The reason of this
is that the cation radicals are charged, making
them susceptible to the polar solvent environment.
That is, it can be said that the electron donation is
easier in water.

In comparison with 2-HNQ and 4-PU, IPs of 1-6
are significantly lower than those of 2-HNQ and
4-PU in both environments. This means that the
electron donation ability of 1-6 is stronger than
that of 2-HNQ and 4-PU. However, IPs of 1-6 are
higher than that of BHT in the gas phase and in
water. In the gas phase, difference between IP
values 6 and BHT is 3 kcal/mol. These trends of
PDEs for 1-6 in the both environments are similar
with those for BDEs, because the second step of
the SET-PT mechanism results in the radical
formation, as well. In comparison with the
reference compound BHT, the lowest gas phase
PDEs (207.79- 215.77 kcal/mol) are lower than
those of BHT (219.38 kcal/mol). This indicates
that proton dissociation ability of the studied 1-6
compounds is stronger than BHT.

According to the SPLET  mechanism,
deprotonation of O-H, N-H and C-H sites and
electron transfer tendencies are examined by
calculated PA and ETE values in the gas phase
and in water. PAs for 1, 2,5 and 6 in the both
environments decline in order C-H> N-H> O-H,
whereas PAs for 3 and 4 decline in order N-H> C-
H> O-H. The reason of this, the anions formed
from 3C-H and 4C-H are more stable by the
electron attracting groups (-NO-, -CN) attached to
the ring. In additional to, according to these
sequences, O-H sites in all studied compounds
have the lowest PA values.

As in PDEs, the PA values in water are
significantly lower than those in the gas phase,
because of the high solvation enthalpies of proton
and anions. This means that the polar medium
seem to facilitate the deprotonation process.
Moreover, the lowest PAs in the gas phase and in
water are lower than those of BHT, 2-HNQ and 4-
PU. Thus, deprotonation of O-H for 1-6 is easier
than BHT, 2-HNQ and 4-PU. In water, all the
studied compounds have stronger proton donation
ability than the reference compounds.

As can be seen from ETEs in Table 1 and 2,
similar to IP s, the lowest ETE in all studied
compounds is always found 6 in the gas phase and
in water. Also, in general, C-H sites of all studied
compounds have the lowest ETEs in both
environments. In water, ETEs are higher than the
corresponding gas phase values. The differences
between ETEs in the gas phase and in water are at
3.46- 16.10 kcal/mol intervals. Comparing to
ETEs and IPs, computed ETEs are significantly
lower than IPs in both environments. That is,
electron transfer from the anions is more plausible
than that from the neutral compound, which in
agreement with the results obtained from the
literature [25, 26]. Moreover, all ETEs in water
are higher than PAs while in the gas phase all
ETEs are lower than PAs.

Table 1 and 2 clearly show that the calculated IPs
and PAs of the studied compounds are
significantly higher than BDEs. Thus, HAT is
thermodynamically the most probable process in
the gas phase. PAs in water are remarkably lower
than BDEs and IPs. Thus, SPLET represents the
most  probable  reaction pathway  from
thermodynamic point of view in water.

4. CONCLUSION
The main results from this study are:

1. The BDEs for 1-6 decline in order O-H >
N-H > C-H in the gas phase. The same
sequence was obtained for BDEs in water.
The BDE values of O-H and N-H bonds in
all compounds are lower than those of 2-
HNQ and 4-PU. This result indicates that
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the hybridization increases the antioxidant
capacity. In addition, comparing the BDEs
of BHT and C-H bonds in 1-6 compounds,
it is seen that BDEs in 5 and 6 compounds
are especially lower than that of BHT.
These results are consistent with the
conclusions reported by Pooja et al. [11].
The lowest value of IP is always found for
6 in both environments. It is found that the
tendency for IP values is same to that for
BDE values. The aqueous medium caused a
significant increase in IP values. The reason
of this is that the cation radicals are
charged, making them susceptible to the
polar solvent environment. That is, it can be
said that the electron donation is easier in
water.

PAs for 1, 25 and 6 in the both
environments decline in order C-H> N-H>
O-H, whereas PAs for 3 and 4 decline in
order N-H> C-H> O-H. The reason of this,
the anions formed from 3C-H and 4C-H are
more stable by the electron attracting
groups (-NO-, -CN) attached to the ring. In
additional to, according to these sequences,
O-H sites in all studied compounds have the
lowest PA values.

Similar to IP s, the lowest ETE in all
studied compounds is always found 6 in the
gas phase and in water. Also, in general, C-
H sites of all studied compounds have the
lowest ETEs in both environments. In
water, ETEs are higher than the
corresponding gas phase values. Comparing
to ETEs and IPs, computed ETEs are
significantly lower than IPs in both
environments. That is, electron transfer
from the anions is more plausible than that
from the neutral compound, which in
agreement with the results obtained from
the literature [25, 26].

Table 1 and 2 clearly show that the
calculated IPs and PAs of the studied
compounds are significantly higher than
BDEs. Thus, HAT is thermodynamically
the most probable process in the gas phase.
PAs in water are remarkably lower than
BDEs and IPs. Thus, SPLET represents the

most probable reaction pathway from
thermodynamic point of view in water.
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