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Abstract: Hydrogen atom transfer (HAT), a concerted charge transfer involving two ele-
mentary particles, a proton and an electron, plays a key role in many areas of chemistry
and biochemistry. A molecular dynamics study based on density functional theory was
performed to investigate the reaction mechanism of hydrogen atom transfer from quercetin
anions to the hydroxyl radical in a neutral aqueous media. Intrinsic bond orbital (IBO)
analysis of a series of structures obtained from trajectories was performed in simulations in
which the reaction occurred, and the electron flow along the reaction coordinate was deter-
mined and applied to investigate the reaction mechanism. The reaction in the simulations
proceeded rapidly as proton-coupled electron transfer (PCET) or electron transfer—proton
transfer (ET-PT) depending on the initial position and solvation of the reactants.

Keywords: HAT; PCET; intrinsic bond orbitals; quercetin; hydroxyl radical; molecular
dynamics

1. Introduction

Reactions involving the transfer of a net hydrogen atom from a donor to an acceptor
are important in many areas of chemistry and biochemistry [1,2]. For example, a reaction
step involving the transfer of this simple species is an important part of the process in pho-
tosystem II [3], a range of biochemical processes [4], oxidative damage to biomolecules [5],
oxidation of polymers [6], and chemical catalysis [7,8]. Furthermore, the hydrogen atom
transfer reaction step is a fundamental part of radical scavenging reactions where reactive
and harmful free radical species are converted into less toxic ones [5]. Reactive oxygen
species (ROS) and oxygen-centered free radicals, such as superoxide radical anions (O,°7)
and hydroxyl (*OH), alkoxyl (RO®), or hydroperoxyl radicals (*OOH), are responsible for a
number of illnesses including cardiovascular diseases, diabetes, cancer, DNA damage and
mutations, and cell aging [9,10]. Therefore, special attention is paid to the prevention of ox-
idative stress, in which the properties of natural polyphenols for radical trapping or radical
scavenging play a significant role [11,12]. Polyphenols and flavonoids are secondary plant
metabolites found in fruits, vegetables, herbs, olive oil, nuts, and red wine [13,14]. More
than 7000 flavonoids have been identified so far, which have become attractive due to their
exceptional biological activity and benefits for human health [15]. Flavonoids are divided
into flavonoles, flavanoles, flavanones, flavones, anthocyanidins, and isoflavones, and
their diverse antioxidant efficiency is related to the nature and position of the substituents
in the ring system [14]. One of the most important dietary flavonoids found in food is
the flavone quercetin, 3,3 4 ,5,7-pentahydroxyflavone [16]. Furthermore, the quercetin
skeleton (Figure 1) is the basis of more complex bioflavonoids (glycosides) such as rutin
and quercitrin.
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Figure 1. Structure of the quercetin molecule and labels of OH groups and rings. The quercetin
Q(4') and Q(7) anions are obtained by the dissociation of the H atom from the 4'-OH and 7-OH
group, respectively.

Quercetin has significant antioxidant, anti-inflammatory, antibacterial, antiviral, and
anticancer properties [16-21]. Under physiological conditions, quercetin dissociates and
forms the corresponding 4’-OH or 7-OH monoanions (Figure 1) [22-29]. Given the dissoci-
ation constants for deprotonation [22-29], these species predominate in neutral aqueous
solutions and in body fluids or the intestinal tract as the main physiologically reactive form
of quercetin. The radical-trapping antioxidative reactions of quercetin and other flavonoids
have been extensively studied experimentally [5,30-34] and theoretically [34—42]. Overall,
the first reaction step in the reactions of flavonoid and polyphenolic antioxidants A(OH),
with ROS involves hydrogen atom transfer and can be written as

A(OH), + R-O°® — A(OH),_;-O° + R-OH (1)

In the first reaction step of these radical scavenging reactions that interrupt ROS-
induced oxidative damage, flavonoids can transfer a hydrogen atom to a reactive rad-
ical [5,30,31] to produce the corresponding resonance-stabilized, relatively unreactive
flavonoid radicals. One-step hydrogen atom transfer (HAT) and proton-coupled electron
transfer (PCET) or consecutive sequential proton-loss electron transfer (SPLET), stepwise
electron transfer—proton transfer (ET-PT), and sequential proton-loss electron transfer
(PT-ET) reaction mechanisms have been proposed for a number of these flavonoid charge
transfer reactions based on experimental and theoretical evidence [5,30,31]. In HAT, a hy-
drogen atom is transferred as an entity to an acceptor in one reaction step. The HAT process
does not involve significant charge separation and has been found to be the main reaction
channel in non-polar solvents. In PCET, a proton and an electron can be transferred in a
single reaction step from different sets of orbitals to the same acceptor or, in the case of bidi-
rectional PCET, to different proton and electron acceptors or donors [1-3,43,44]. The PCET
reaction may involve charge transfer with simultaneous proton tunneling [1-3,43-45]. In
distinguishing HAT and PCET processes, the intrinsic bond orbital (IBO) analysis proposed
by Knizia [46-48] proved to be unequivocal. IBOs are a form of localized molecular orbitals
that represent computed self-consistent field wave functions designed to minimize the
number of atoms on which the orbitals are centered. IBOs allow visualization of molecular
orbitals in an intuitive way as well as changes in the electronic structure along the reaction
paths [46-48]. For intrinsic reaction coordinate (IRC) analysis or trajectories obtained from
molecular dynamics (MD), continuous rearrangement of the IBOs along the reaction path
reveals electron flow and bond transformations. By following the IBOs for these obtained
structures, reaction mechanisms can be studied [46—48]. In this paper, we present intrinsic
bond orbital (IBO) analysis on trajectories obtained from a DFT molecular dynamics study
for hydrogen atom transfer from quercetin 4-OH and 7-OH anions to the hydroxyl radical
in an aqueous medium model system.
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2. Computational Methods

The model system consists of a quercetin anion, dissociated at 4-OH (Q"(4")) or 7-OH
(Q (7)), ina ~22.7 A x 22.7 A x 22.1 A box solvated with 405 water molecules. Initial cell
size optimization and geometry optimization of the molecules in the box was performed
using the CP2K code [49]. The PBE functional [50], GTH pseudopotential [51], Grimme’s D3
dispersion correction [52], and TZVP-MOLOPT and DZVP-MOLOPT base sets for quercetin
and water, respectively [53], were used with a 260 Ry cutoff for the grids and periodic
boundary condition (PBC) applied. The systems were thermally equilibrated with an NVT
Nose-Hoover thermostat at 300 K and 1 bar with a step of 0.5 fs. In the obtained thermally
equilibrated systems, the hydroxyl radical was produced by the deletion of a H atom from
one water molecule around the quercetin anions, a total of 26 positions for Q (4') and Q*(7)
each. The local spin density approximation was applied, and the charge and multiplicities
were —1 and 2, respectively. Molecular dynamics simulations were performed with an
NVT Nose-Hoover thermostat at 300 K and 1 bar with a 0.5 fs step. For simulations in
which hydrogen atom transfer from the quercetin anion was observed, the structures of
the quercetin anion, hydroxyl radical, and surrounding waters were extracted from the
trajectories. Single-point calculations with GAUSSIAN 16 software [54] at the unrestricted
wB97X-D/def2-TZVP level were performed on these structures and trajectories to obtain
wave functions. Intrinsic bond orbital analysis and the IBO localization procedure on these
wave functions were performed with the IBOVIEW program [47].

3. Results and Discussion

In the MD simulations performed, the hydrogen atom transfer reaction occurred when
the hydroxyl radical was initially located in the hydrophilic regions around the quercetin
anion [55]. The reaction occurred at 4-OH and 3’-OH in the case of Q (7') and at 7-OH
and 3’-OH in the case of Q(4). These hydroxyl groups of the quercetin anions were also
shown to be reactive in the Car—Parrinello molecular dynamics study of the reaction of
quercetin anions with the superoxide radical [56]. The reaction proceeded rapidly when the
hydroxyl radical was initially located close to the quercetin anion, and when it was located
further away, the reaction occurred if the surrounding water supported efficient hopping
in a mechanism similar to Grotthuss’s. A similar pattern was also observed in molecular
dynamics simulations of quercetin anions with the superoxide radical [56], hydroxyl radical
with gallic acid [57], ascorbate [58], and dopamine [59]. Figure 2 shows changes in bond
distances, charge, and spin in an example simulation of the reaction of the quercetin Q" (7)
anion at 4’-OH with a nearby hydroxyl radical. The reaction took place quickly, and the
proton was located in the middle between the 4'-O donor and the hydroxyl radical acceptor
in 11.5 fs. During this time, the IBO spin of the O atom of the hydroxyl radical changed from
about 1 to 0 and the IBO charge changed from about —0.35 to —0.92, indicating electron
acceptance. The changes in IBOs involved in this process are shown in Figures 3 and 4. In
the figures, the IBOs of o and 3 electrons are shown in green and blue, respectively, and
the columns correspond to times of 1.5, 8.0, and 11.5 fs. At the beginning of the simulation,
o and {3 electron IBOs can be identified, corresponding to the aromatic group of the Q°(7)
anion, (a) and (d), the unpaired electron (g), and the lone pair of the hydroxyl radical,
(j) and (m) (Figure 3). During the simulation, the change in 3 IBO follows the electron
flow from the aromatic 3 IBO (d) to the lone pair of the hydroxyl radical (f), while o« IBO
remains on the aromatic group representing the unpaired electron of the formed quercetin
radical (c).
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Figure 2. Changes in (a) proton donor and H atom distance (in A), (b) proton acceptor and H atom
distance (in &), (c) localized charge, and (d) spin of the hydroxyl radical O atom in an example
simulation of the reaction of the quercetin Q (7) anion at 4'-OH with a nearby hydroxyl radical.

©) y 115 fs

Figure 3. Changes in « (green) and 3 (blue) IBOs involved in electron transfer for the reaction of the
quercetin Q(7) anion at 4-OH with a nearby hydroxyl radical (marked) at 1.5, 8.0, and 11.5 fs. See
also Video S1 in Supplementary Materials.
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Figure 4. Changes in « (green) and p (blue) IBOs involved in proton transfer for the reaction of the
quercetin Q°(7) anion at 4’-OH with a nearby hydroxyl radical (marked) at 1.5, 8.0, and 11.5 fs. See
also Video S2 in Supplementary Materials.

The lone pair, (j) and (m), and the free electron (g) of the hydroxyl radical are reor-
ganized with the transferred electron into two lone pairs, (f1) and (i,0), of the formed
hydroxide anion (Figure 3). The « and 3 IBOs involved in proton transfer are shown in
Figure 4. The o bonding orbital of the quercetin Q (7) anion 4-OH group, « (a) and f
(d) IBOs, is the proton donor, while the lone pair of the hydroxyl radical, « (g) and 3
(j) IBOs, is the proton acceptor that becomes the bonding o orbital of the formed water
molecule, « (i) and f (1) IBOs (Figure 3). The above analysis shows that the proton and
electron do not travel together but follow different IBOs, which is a characteristic of the
PCET process [46,60].

Figure 5 shows the changes in the OH bond distances of the proton donor and acceptor
in the simulation of the reaction of the quercetin Q"(4) 7-OH with a distant hydroxyl radical
separated by three water molecules. The IBO analysis shows that the electron transfer
occurred rapidly in 167 fs, while the proton transfer occurred later. The proton was located
between the Q(4) 7-OH donor and the acceptor water molecule in 515 fs. The « and (3 IBOs
involved in electron and proton transfer are shown in Figures 6 and 7, respectively. For
electron transfer, a 3 electron from the 7t aromatic bonding orbital, « (a) and  (d) IBOs
in Figure 6, jumps into the unpaired electron orbital of the hydroxyl radical, « (g) IBO,
resulting in the formation of a lone electron pair of the hydroxide anion, as indicated by the
change in spin and charge, « (e) and p (h) IBOs (Figure 6). The formed quercetin radical
slowly transfers a proton from the 7-OH group to a nearby water molecule and is further
transferred to the hydroxide anion by reorganization of hydrogen bonds in a Grotthuss-
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like mechanism, as shown by IBO analysis (Figure 7). In this case, the simulation shows
that the hydrogen atom transfer occurs by a stepwise electron transfer—proton transfer
(ET-PT) reaction mechanism. It is worth noting that quercetin radicals, the products in
these simulations, experimentally generated by photoionization and spectroscopically
characterized by transient absorption spectroscopy, were found to be stable for several
milliseconds within a pH range between 2 and 9 [61].
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Figure 5. Changes in (a) proton donor and H atom distance (in A) and (b) proton acceptor and H
atom distance (in A) in an example simulation of the reaction of the quercetin Q(4') anion at 7-OH

with a distant hydroxyl radical separated by 3 water molecules.

Figure 6. Changes in « (green) and 3 (blue) IBOs involved in electron transfer for the reaction of the
quercetin Q(4') anion at 7-OH with a distant hydroxyl radical (marked) at 166.5, 167, and 175 fs. See
also Video S3 in Supplementary Materials.
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Figure 7. Changes in « (green) and f (blue) IBOs involved in proton transfer for the reaction of the
quercetin Q(4') anion at 7-OH with a distant hydroxyl radical (marked) at 166.5, 170, 275, 415, 515,
and 545 fs. At 170 fs, 3 (blue) IBOs appear on the hydroxyl radical by electron transfer from the
quercetin Q" (4’) anion. See also Video S4 in Supplementary Materials.

4. Conclusions

Intrinsic bond orbital (IBO) analysis was performed on structures obtained from tra-
jectories of molecular dynamics simulations for hydrogen atom transfer reactions from
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quercetin 4-OH and 7-OH anions to the hydroxyl radical in a model aqueous medium
system. The reorganization of chemical bonds in the simulations proceeded rapidly de-
pending on the initial position, orientation, and solvation of the reactants. In all performed
simulations where hydrogen atom transfer occurred, the electron that paired with the un-
paired electron in the o IBO of the hydroxyl radical came from the 3 IBO of the 7t aromatic
system of the quercetin anions. The proton was released from the OH group of quercetin,
and both electrons that formed the o bonding orbital in the o and (3 IBOs, after the proton
was released, remained on the quercetin O atom as a lone pair. The proton acceptor was
the lone electron pair of the hydroxyl radical. IBO analysis revealed that the net hydrogen
atom transfer from one of the OH groups of the quercetin anions to the hydroxyl radical
utilizes different sets of IBOs for proton and electron transfer. In the case where these two
processes take place simultaneously, a proton-coupled electron transfer (PCET) reaction
mechanism can be proposed, and in the case where the hydroxyl radical is initially at a
greater distance, stepwise electron transfer-proton transfer (ET-PT) occurs.
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DFT Density functional theory

IBO Intrinsic bond orbital

HAT Hydrogen atom transfer

PCET  Proton-coupled electron transfer

ET Electron transfer

PT Proton transfer

SPLET Sequential proton-loss electron transfer
IRC Intrinsic reaction coordinate

MD Molecular dynamics
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