J Mol Model (2019) 25: 103
https://doi.org/10.1007/500894-019-3969-8

ORIGINAL PAPER

®

Check for
updates

A computational study on the reaction between fisetin
and 2,2-diphenyl-1-picrylhydrazyl (DPPH)

Eduardo N. Maciel2 . luri N. Soares’ - Sebastido C. da Silva' - Gabriel L. C. de Souza'

Received: 3 December 2018 / Accepted: 8 February 2019 / Published online: 28 March 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

The strategy of investigating the antioxidant potential of flavonols through the explicit modeling of chemical reactions
(initiated to be employed in a previous work from our group) was taken further in this work. Therefore, a theoretical
investigation on the reaction between fisetin and 2,2-diphenyl-1-picrylhydrazyl (DPPH) is presented. All the computations
were performed using the density functional theory with the B3LYP functional along with the 6-31G(d,p) basis set.
Structural, energetic quantities (AG and AG'T), and reaction rates were probed in order to provide information on the
antioxidant activity and to explore the contributions of each hydroxyl group to the referred property. According to the results
obtained for the thermodynamic properties, fisetin presents antioxidant potential similar to quercetin (behavior that is also
observed experimentally). In addition, the order of contribution of each OH group to the antioxidant potential was found to
be 4’-ArOH (the most contributor, presenting AG = -5.17 kcal/mol) — 3’-ArOH (AG = -3.35 kcal/mol) — 3-ArOH (AG
= -1.64 kcal/mol) — 7-ArOH (AG = 7.72 kcal/mol). These observations are in consistent agreement with the outcomes of
other computational investigations performed using bond dissociation enthalpies (BDEs) as descriptors for the antioxidant
activity. Therefore, the methodology employed in this work can be used as an alternative for probing antioxidant potential
of compounds derived from fisetin.
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Introduction mechanisms: the single electron transfer (SET) and the
hydrogen atom transfer (HAT) [7, 8]. The SET mechanism
Flavonols are a family of organic compounds found in  can be expressed as:
several families of plants. These chemical species are
known for being excellent antioxidants [1-3] as well as
for presenting anti-inflammatory and anti-cancer actions
[4]. Hence, there is an ongoing focus on finding new
sources of flavonols and probing the antioxidant potential

of newly synthesized/isolated molecules [5, 6]. From a

ArOH + R° — ArOH" + R~ — ArO' + RH, (D

where R is the free radical. In SET, the ionization potential
(IP) of the molecule is important: the smaller the IP for
the neutral molecule of a given flavonol (ArOH), the lower

theoretical point of view, it is well established that the
antioxidant potential of a given flavonol can be probed by
the investigation of properties related with (mainly) two
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the energetic cost to abstract an electron. However, different
computational investigations on several flavonols pointed
the HAT mechanism as being energetically preferred over
SET [9-12]. In HAT, a single step occurs such as:

ArOH + R° — ArO + RH, 2)

where the bond dissociation enthalpies (BDEs) of the OH
bonds are the most important properties. In HAT, the O-H
bond from a given hydroxyl group of the flavonol is broken
in a homolytic way and the respective hydrogen atom is
directly transferred to the free radical. Therefore, the lower
the energy to break the O-H bond, the easier it will be for
the H atom to be scavenged by the free radical.
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Fig.1 Illustration of the a fisetin and b 2,2-diphenyl-1-picrylhydrazyl (DPPH) chemical structures. Atom numbering is also presented

Although intrinsically thermodynamic quantities, it has
been shown in a number of studies that the computationally
determined BDEs are strongly correlated with experimen-
tally measured antioxidant activity, being a good descriptor
for probing the antioxidant potential of polyphenols [13]. In
this scope, several studies on probing the potential antiox-
idant activity of flavonols through the determination of
their OH BDEs have been performed in the recent past
[14—17]. However, such investigations based purely on the
values of BDEs do not take into account the role played
by the free radical. With this in mind, very recently, our
group employed a different theoretical approach to evaluate
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Fig. 2 Illustrative scheme of the PES mapping in terms of hydrogen
atom transfer from an hydroxyl group (3-ArOH) of fisetin to the
nitrogen centered radical DPPH
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the antioxidant potential for flavonols [18]. In the referred
work [18], the reactions between two well-known antiox-
idant compounds (quercetin and morin) and 2,2-diphenyl-
1-picrylhydrazyl (DPPH), which is a free radical model
widely used in experimental tests [19-21], were examined
through a computational investigation using density func-
tional theory (DFT). In the present work, we took the ideas
initiated in Maciel et al. [18] further and performed a the-
oretical study on the reaction between fisetin and DPPH
(both chemical structures can be seen in Fig. 1). The out-
comes obtained here were discussed and compared with
previous investigations that utilized BDEs for probing the
HAT mechanism for fisetin. This comparison indicated that
the methodology used is able to provide results that are
in consistent agreement with the conclusions achieved by
Vaganek et al. [22] (at the B3LYP/6-311++G** level of

Table 1 Previous computational results of bond dissociation
enthalpies (BDEs) (in kcal/mol) for different OH groups and
ionization potential (IP) (in kcal/mol) of fisetin

Radicals
3-ArOr 4-ArO 3-ArO 7-ArO-
BDEs
Ref. [22]? 74.5 71.9 82.4 84.6
Ref. [23]° 75.0 72.4 82.6 85.0
Ref. [24]° — 71.0 — —
Ref. [24]4 — 70.3 — —
P
Ref. [22]? 166.1
Ref. [23]° 166.5
Ref. [24]° 178.9
Ref. [24]° 85.7

AB3LYP/6-311++G** in gas phase; "B3LYP/6-311++G(d,p) in gas
phase; “Conductor-like screening model (COSMO) PM6 in water;
dPM6 in gas phase
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Fig.3 RC configuration for
fisetin-DPPH: a 3’-ArOH, b
4’-ArOH, ¢ 3-ArOH, and d
7-ArOH

theory in gas phase), Markovi¢ et al. [23] (at the B3LYP/6-
311++G(d,p) level of theory in gas phase), and Ami¢ et al.
[24] (using PM6 in both gas phase and water) that have con-
sidered the BDEs for investigating the antioxidant activity
of fisetin. In addition, the approach utilized in the present
work can give additional information about the kinetics of
the hydrogen transfer. Hence, it can serve as an alternative
method for probing the antioxidant potential of compounds
derived from fisetin. As far as we know, this work repre-
sents the first attempt on studying the antioxidant activity of
this compound considering the free radical explicitly in the
calculations.

Computational methods

In the present work, we performed the modeling of the
chemical reactions through the use of DFT with the B3ALYP
functional [25-28] and the 6-31G(d,p) basis set [29, 30]. The
geometry of fisetin was fully optimized at the B3LYP/6-
31G(d,p) level of theory. On the other hand, the unrestricted
formalism (UB3LYP) combined with the same 6-31G(d,p)
basis set was employed for obtaining the DPPH structure.
The initial guess for the geometries of both compounds
was based on previous studies [22, 31]. In order to
calculate the Gibbs free-energy corrections and confirm the

@ Springer



103 Page4of8

J Mol Model (2019) 25: 103

Fig.4 PC configuration for
fisetin-DPPH: a 3’-ArOH, b
4’-ArOH, ¢ 3-ArOH, and d

7-ArOH =

2

7/

2=

conformations as minima, harmonic vibrational frequencies
were evaluated for each optimized structure. One by one,
the reactions involving the hydrogen atoms from each
OH group and the nitrogen-centered DPPH were studied
considering a mechanism based on a single step (that is the
case for the HAT, see Eq. 2). Hence, the optimized structures
of fisetin and DPPH are put together and the potential
energy surface (PES) regarding the distance between the H
atom of a given hydroxyl group and the N atom of the DPPH
molecule is scanned. The mapped path of the PES presented
the occurrence of two minima (regarding the conformation
of the reactant-complex, RC, and the possible conformation
for the product-complex, PC, respectively) and a maxima
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(a possible transition state, TS) in between. For illustrative
purposes, a schematic drawn is available in Fig. 2.

The resulting PC for each reaction was optimized at
the B3LYP/6-31G(d,p) level of theory (the same approach
used previously for the cases of RC). In addition, quadratic
synchronous transit method (QST3) was used to find the
first-order saddle point and, thus, determine the TS from
the structure collected at the maxima in the PES. For each
reaction, the respective TS was found to have a single
imaginary frequency. As several experiments for antioxidant
activity with DPPH are accomplished in methanol [32-
34], we considered this solvent environment (¢=32.613) in
all the calculations performed in this work by using the
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Fig.5 TS for the reaction between: a 3’-ArOH from fisetin and DPPH,
b 4'-ArOH from fisetin and DPPH, ¢ 3-OH from fisetin and DPPH,
and d 7-OH from fisetin and DPPH

integral equation formalism polarizable continuum model
(IEF-PCM) [35, 36]. The Gaussian 09 suite of software [37]
was utilized in all the computations performed in this work.

In order to provide some ground for comparison,
previous computational results of BDEs and IPs determined
by Vaganek et al. [22] (computed at the B3LYP/6-311++G**
level of theory), Markovi¢ et al. [23] (determined at the
B3LYP/6-311++G(d,p) level of theory), and Amic et al. [24]
(obtained using the PM6 approach in both gas phase and
water) were utilized.

Results and discussion

Through the analysis of the results shown in Table 1, it
is possible to notice that the BDEs are considerably lower
than the IP and, thus, the HAT mechanism is prevalent over
SET for the antioxidant activity of fisetin, as mentioned
previously. All the computational studies indicate 4’-ArOH
as having the lowest BDE (in gas phase, 71.9 kcal/mol

according to Vaganek et al. [22], 72.4 kcal/mol according to
Markovié et al. [23], and 70.3 kcal/mol according to Amié et
al. [24]) followed by 3’-ArOH (74.5 kcal/mol according to
Vagének et al. [22] and 75.0 kcal/mol according to Markovié
et al. [23]), 3-ArOH (82.4 kcal/mol according to Vaginek
et al. [22], 82.6 kcal/mol according to Markovi¢ et al. [23]),
and 7-ArOH (84.6 kcal/mol according to Vaganek et al.
[22], 85.0 kcal/mol according to Markovi¢ et al. [23]). This
observation suggests that 4-ArOH would be the primarily
responsible for the antioxidant activity of fisetin while
7-ArOH would play a minor role in such property.

The RC for the reactions between 3’-ArOH, 4’-ArOH,
3-ArOH, and 7-ArOH of fisetin and DDPH can be seen
in Fig. 3a, b, c and d, respectively. On the other hand,
Fig. 4a, b, c, and d present the PC for the reactions involving
DPPH and 3’-ArOH, 4'-ArOH, 3-ArOH, and 7-ArOH of
fisetin, respectively. In all the cases, the coordinate of
reaction investigated was the one involving the transfer of
the hydrogen of a given OH group to the nitrogen radical
(N,-) of DPPH. A single imaginary frequency was found for
each one of the TS achieved for the four reactions studied
(see all the TS structures in Fig. 5). In regard to the RC
for the reaction involving 3’-ArOH and DPPH, Fig. 3a, it is
possible to see the existence of a relatively strong interaction
(2.07 A) between the hydrogen atom of the 3'-ArOH and
the N, atom. Also regarding this RC, the hydrogen atom
of the 4-ArOH (neighboring the 3’-ArOH) shows an even
stronger interaction (1.98 A) with the O atom from a NO;
moiety Oizroy, Which prevents the referred oxygen atom
to interact with the H atom from 3’-ArOH and establishes a
hydrogen interaction that is responsible for the stabilization
of the RC. A similar behavior is observed in the case
of the RC for the reaction between 4’-ArOH and DPPH
(Fig. 3b), however with more pronounced interactions (1.99
A between the H atom of the 4’-ArOH group and the N,
and 1.92 A between the H atom of its neighbor (3'-ArOH)
and the Oisr0) atom). As seen previously for the cases
of quercetin and morin [18], these interactions provide a
configuration that makes the scavenging of the H atom
much more easy to occur. On the other hand, the H atom
to be abstracted from 3-ArOH is presenting an interaction
(about 2.17 A) with the N, atom from DPPH and also
experiencing another interaction (about 2.13 A) with the
Oitro) that is competing for having the H atom. The RC
for the abstraction of the hydrogen atom from 7-ArOH
is stabilized only by a single interaction (about 1.92 A)
between the H atom of the hydroxyl group and the N, atom.
Hence, the RC configurations for both 3-ArOH and 7-ArOH
make scavenge process much more difficult to happen when
in comparison to the RC of the 3’-ArOH and 4’-ArOH.
In terms of the PC configurations, the reactions of the 3'-
ArOH (Fig. 4a) and 4’-ArOH (Fig. 4b) with DPPH present
the same four-atom interaction reported in the previous

@ Springer
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Table2 AG and AGT*

obtained for fisetin along with Fisetin Quercetin Morin

results for quercetin and morin Ref. [18] Ref. [18]

taken from Maciel et al. [18]
Radical AG AGHT AG AGTT AG AGTT
2-ArO — — — — —7.56 10.19
3/-ArO —3.35 7.23 —2.89 7.68 — —
4-ArOr —5.17 9.33 —4.93 9.67 4.47 11.96
3-ArOr —1.64 10.17 —1.87 9.22 —4.57 7.48
7-ArO 7.72 14.24 8.91 12.61 10.00 13.55

All the results were determined at B3LYP/6-31G(d,p) in methanol at 298 K. Atom numbering is provided in

Fig. 1

investigation for quercetin and morin [18], which contribute
to the stabilization of the PC. This interaction is not found in
the cases of the PC for the reactions of the 3-ArOH (Fig. 4c)
and 7-ArOH (Fig. 4d) and, thus, both PC will be less stable
than the PC of 3’-ArOH and 4’-ArOH.

Table 2 shows the results of Gibbs free energy (AG)
and Gibbs free energy of activation (AG™™) for fisetin
as computed at the B3LYP/6-31G(d,p) level of theory, in
methanol. AG and AG*™ results for quercetin and morin
taken from Maciel et al. [18] were also included in Table 2
for comparison purposes. In regards to the conformer used
in the present work for fisetin, 4’-ArOH exhibited the
most negative value of AG (-5.17 kcal/mol) among the
four hydroxyl groups, suggesting that this particular OH
groups would be the main contributor to the antioxidant
activity. In addition, 3’-ArOH was found to have the second
most negative value (AG = -3.35), followed by 3-ArOH
(AG = -1.64 kcal/mol). AG for 7-ArOH was determined
to be positive (7.72 kcal/mol) and, thus, the abstraction
of the hydrogen from the referred hydroxyl will be non-
spontaneous. The order of contribution to the antioxidant
activity of fisetin determined with the AG values (4'-ArOH
> 3’-ArOH > 3-ArOH > 7-ArOH) is the same as observed
by Vaganek et al. [22], Markovié et al. [23], and Amic et
al. [24] using the approach based on BDEs. This order can
also be explored in terms of highest occupied molecular
orbital (HOMO) plots for all the TS, which can be found
in Fig. 6. It is possible to notice, for instance, that 4'-
ArOH HOMO, Fig. 6b, lies (in major part) on the DPPH
molecule when compared to the 7-ArOH HOMO, Fig. 6d,
in which a great part of the electronic density lies above the
fisetin molecule; the lowest unoccupied molecular orbital
(LUMO) is centered around the DPPH molecule in all the
cases. In addition, the results of AG indicate fisetin being
as high antioxidant as quercetin and morin, which is in
agreement with experimental [38] and previous theoretical
investigations [18, 22, 24]. In regards to AG™™ for the
hydroxyl groups that have shown to be thermodynamically
favored (presenting AG < 0) in the reactions probed, it is

@ Springer

possible to notice that 3’-ArOH presents the smallest one
(AG™* = 7.23 kcal/mol), followed by 4’-ArOH (having

HOMO LUMO

(a)

Fig.6  HOMO and LUMO plots for the TS of the reaction involving: a
3’-ArOH from fisetin and DPPH, b 4’-ArOH from fisetin and DPPH,
¢ 3-OH from fisetin and DPPH, and d 7-OH from fisetin and DPPH
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Table 3 Rates for the reactions between fisetin and DPPH at 298 K.
Atom numbering is provided in Fig. 1

Radical ki ki ki /k_
3-ArOr 3.14x107 1.10x10° 2.85x10?%
4-ArO 9.01x10° 1.46x10% 6.17x103
3-ArO 2.20x10° 1.39x10* 1.59x10!
7-ArOr 2.26x10? 1.04x108 2.18x107°

AG™t =9.33 kcal/mol), and 3-ArOH (with AGT* =10.17
kcal/mol).

The reaction rates (determined through the use of the
Eyring’s equation [39] combined with the AG™™ values
computed for all the reactions studied in this work) are
presented in Table 3. The rate of the reaction between the
3/-ArOH and DPPH is approximately 35 times greater than
that regarding 4’-ArOH, given that k; = 3.14x107 and k;
= 9.01x10° for the reactions of 3'-ArOH and 4’-ArOH,
respectively. On the other side, 3-ArOH presents a reaction
rate 143 times smaller than 3’-ArOH. These observations
indicate that the hydrogen of the 3’-ArOH will be the fastest
one to be scavenged by DPPH followed by the hydrogen of
the 4’-ArOH, and the hydrogen of the 3-ArOH.

Conclusions

In summary, we investigated the reaction between fisetin (a
well-known antioxidant) and DPPH (a free radical widely
used in antioxidant activity tests) through a computational
investigation. All of the reactions were modeled by using
DFT with B3LYP functional and 6-31G(d,p) basis set.
Structural, energetic properties (AG and AG™T), and
reaction rates were probed to provide information on the
antioxidant activity and to explore the contributions of each
hydroxyl group. In regards to the kinetics parameters, the
reaction rates are presented (from fastest to the slowest) in
the following order: 3’-ArOH — 4'-ArOH — 7-ArOH —
3-ArOH. On the other hand, the thermodynamic properties
indicated fisetin as being a similar antioxidant to quercetin
and the order of contribution to the antioxidant potential of
each OH group was determined to be 4’-ArOH (the most
contributor) — 3’-ArOH — 3-ArOH — 7-ArOH. These
observations are in consistent agreement with the outcomes
of investigations performed using BDEs. Therefore, the
methodology employed in this work can be used as an
alternative for probing antioxidant potential of compounds
derived from fisetin.
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