@ PLOS|ONE

Check for
updates

G OPEN ACCESS

Citation: Brovarets’ 00, Hovorun DM (2019)
Intramolecular tautomerization of the quercetin
molecule due to the proton transfer: QM
computational study. PLoS ONE 14(11):
€0224762. https://doi.org/10.1371/journal.
pone.0224762

Editor: Dennis Salahub, University of Calgary,
CANADA

Received: September 8, 2019
Accepted: October 20, 2019
Published: November 21, 2019

Peer Review History: PLOS recognizes the
benefits of transparency in the peer review
process; therefore, we enable the publication of
all of the content of peer review and author
responses alongside final, published articles. The
editorial history of this article is available here:
https://doi.org/10.1371/journal.pone.0224762

Copyright: © 2019 Brovarets’, Hovorun. This is an
open access article distributed under the terms of
the Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: The authors received no specific funding
for this work.

RESEARCH ARTICLE

Intramolecular tautomerization of the
quercetin molecule due to the proton
transfer: QM computational study

Orha O. Brovarets’!, Dmytro M. Hovorung 2 *

1 Department of Molecular and Quantum Biophysics, Institute of Molecular Biology and Genetics, National
Academy of Sciences of Ukraine, Kyiv, Ukraine, 2 Department of Molecular Biotechnology and
Bioinformatics, Institute of High Technologies, Taras Shevchenko National University of Kyiv, Kyiv, Ukraine

* dhovorun@imbg.org.ua

Abstract

Quercetin molecule (3, 3/, 4/, 5, 7-pentahydroxyflavone, C45H100-) is an important flavonoid
compound of natural origin, consisting of two aromatic A and B rings linked through the C
ring with endocyclic oxygen atom and five hydroxyl groups attached to the 3, 3',4’,5and 7
positions. This molecule is found in many foods and plants, and is known to have a wide
range of therapeutic properties, like an anti-oxidant, anti-toxic, anti-inflammatory etc. In this
study for the first time we have revealed and investigated the pathways of the tautomeric
transformations for the most stable conformers of the isolated quercetin molecule (Brovar-
ets’ & Hovorun, 2019) via the intramolecular proton transfer. Energetic, structural, dynamical
and polar characteristics of these transitions, in particular relative Gibbs free and electronic
energies, characteristics of the intramolecular specific interactions—H-bonds and attractive
van der Waals contacts, have been analysed in details. It was demonstrated that the most
probable process among all investigated is the proton transfer from the O3H hydroxyl group
of the C ring to the C2’ carbon atom of the C2'H group of the B ring along the intramolecular
OBH. ..C2’' H-bond with the further formation of the C2'H, group. It was established that the
proton transfer from the hydroxyl groups to the carbon atoms of the neighboring CH groups
is assisted at the transition states by the strong intramolecular HCH. . .O H-bond (~28.5
kcal-mol™). The least probable path of the proton transfer—from the C8H group to the endo-
cyclic O1 oxygen atom—causes the decyclization of the C ring in some cases. It is shortly
discussed the biological importance of the obtained results.

Introduction

Quercetin molecule is a compound of natural origin, which is found in different foods and
plants [1, 2]. This compound has attracted a lot of attention, since it is suggested to have a
wide range of properties, such as an anti-oxidant, anti-toxic, anti-inflammatory etc. [3-20].
The structure of the quercetin contains two (A+C) and B rings and also has five hydroxyl
groups at the 3, 3', 4, 5, 7 positions. So, due to these structural features it can acquire different
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conformations [21-26] and perform structural transitions between them due to the mutual
rotations of the (A+C) and B rings around the C2-C1’ bond and also of the hydroxyl groups
OH around the exocyclic C-O bonds [27]. Thus, investigations of the conformational transfor-
mations through the rotations around the C2-C1’ bond have been presented in literature [28-
30]. In particular, in our recent works we have investigated in details conformational variety
[26] and also conformational transitions of the quercetin molecule via the rotations of its rings
[31] by using the quantum-mechanical (QM) calculations at the MP2/6-311++G(d,p)//
B3LYP/6-311++G(d,p) level of theory and Bader’s quantum theory of “Atoms in Molecules”
(QTAIM). Altogether, as a result of the study it was revealed 48 stable conformers (24 planar
and 24 non-planar) with relative Gibbs free energies within the range of 0.0-25.3 kcal-mol ™
under normal conditions, stabilized by the H-bonds (both classical OH. . .O and so-called
unusual CH. . .O and OH. . .C) and attractive van der Waals contacts O. . .0, which have been
divided into four different subfamilies by their structural properties [26]. Conformers of the
quercetin molecule have been established to be polar structures with a dipole moment, which
varies within the range from 0.35 to 9.87 Debay. We have also found out the interconversions
of the 24 pairs of the conformers of the quercetin molecule via the rotation of its practicallay
non-deformable (A+C) and B rings around the C2-C1’ bond through the quasi-orthogonal
transition states with Gibbs free energies of activation in the range of 2.17-5.68 kcal-mol ™" at
normal conditions [31]. It was also provided comprehensive analysis of the 123 prototropic
tautomers of the quercetin molecule [32, 33].

Also, quercetin can potentially acquire different prototropic tautomeric forms, but these
data are weakly presented in the literature yet [34-38], despite the continuous comprehensive
research of the quercetin molecule during the last decades [21-38].

It is widely known from the literature data that proton transfer is important biochemical
phenomenon and plays important role in the biochemical reactions [39-45]. Thus, it was
established that even movement of the single proton (SP) from the one site to another can
cause significant changes of the energetic, structural and dynamical properties of the molecule,
thus changing its functionality. In particular, tautomerization via the single (SPT) or double
(DPT) proton transfer has been established for the canonical or non-canonical DNA base
pairs [46-55], by the participation as of classical DNA bases [56], so by the participation of
modified bases such as hypoxanthine [57-59], 5-bromouracil [60] and 2-aminopurine [61-64]
molecules.

Currently, there are only some studies in the literature, devoted to the prototropic tautom-
erism of the quercetin molecule, in particular keto-enol tautomerism [34-38]. Their impor-
tance is caused by the relevance of the quercetin tautomers to the hydrogen«<deuterium
(He—D) exchange processes of its CH-groups [36], irreversible structural changes of the quer-
cetin molecule at the increasing of the temperature [34-35] and tautomerization of the querce-
tin molecule at the transition to an excited electronic state [38]. However, possible ways of the
formation of the rare prototropic tautomers of the quercetin molecule have not been carefully
considered.

So, the aim of this study is to reveal and investigate the possible pathways of the prototropic
transformations of the isolated quercetin molecule [65].

As a result of this scrupulous investigation we have revealed possible ways of tautomeriza-
tion of the quercetin molecule via the single proton transfer, which are entangled with the fol-
lowing phenomena (Fig 1):

a. Proton transfer from the C8H group to the neighboring O1 oxygen atom.

b. Transition of the proton from the O7H/O3'H hydroxyl groups to the carbon atoms of the
neighboring C6H/C2'H groups.
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(a) Transition of the proton from the C8H group to the neighboring O1
oxygen atom
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Fig 1. Schematic representations of the possible mechanisms of the intramolecular proton mobility in the quercetin molecule. Red arrows
denote the directions of the proton transfer, yellow-rotations of the hydroxyl groups around the C-O bond by 180 degree.

https://doi.org/10.1371/journal.pone.0224762.9001

c. Migration of the proton from the O7H/O5H/O3H/O4'H hydroxyl groups to the carbon
atoms of the neighboring C8H/C6H/C2'H/C5'H groups, preceded by the rotations of the
hydroxyl groups around the C707/C505/C303/C4’04’' bonds by 180 degree.

d. Proton transfer from the O3H hydroxyl group to the neighboring O4 oxygen atom.

e. Transition of the proton from the O7H/O5H hydroxyl groups to the C6 carbon atom of the
neighboring C6H group.
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Number of the important physico-chemical parameters of these transformations, in partic-
ular relative Gibbs free and electronic energies, characteristics of the intramolecular H-bonds
and attractive van der Waals interactions have been analysed in details. Especial attention has
been focused on the processes of the intramolecular tautomerization by proton transfer, which
are more or less likely to occur. Possible chemical and biological roles of the obtained results
have been shortly outlined.

Computational methods

We have used the DFT B3LYP/6-311++G(d,p) level of theory [66-69], incorporated into
Gaussian’09 program package [70], to provide the calculations of the geometrical structures
and vibrational spectra of the prototropic tautomers of the quercetin molecule and transitions
states (TSs) between them, which have been localized by Synchronous Transit-guided Quasi-
Newton method [66]. This level of theory has been successfully approved for the calculations
of the heterocyclic compounds [71-78]. Scaling factor of 0.9668 has been applied for the cor-
rection of the harmonic frequencies for the investigated structures [79, 80]. Electronic and
Gibbs free energies under normal conditions have been calculated by single point calculations
at the MP2/6-311++G(2df,pd) level of theory [81-83].

The Hessian-based predictor-corrector integration algorithm [84] has been applied for
obtaining the IRC pathways in the forward and reverse directions from each TS.

The time 799 94, Which is necessary to reach 99.9% of the equilibrium concentration of the
reactant and product, the lifetime T (1/k,) of the prototropic tautomers, the forward krand
reverse k, rate constants have been obtained by the well-known formulas of physico-chemical
kinetics [85], respectively:

In10°

To9.9% — m 1)

k. T 246,
k,=T- %87 o (2)

where quantum tunneling effect has been accounted by Wigner’s tunneling correction I' [86-88]:
1 (v’
r=1+ 2 (kB—T) (3)
where kp—Boltzmann’s constant, h-Planck’s constant, AAGg,—Gibbs free energy of activation for
the conformational transition in the forward (f) and reverse (r) directions, v,—magnitude of the
imaginary frequency associated with the vibrational mode at the TSs.

The distribution of the electron density has been analyzed by application of the program
package AIM’2000 [89] with all default options and wave functions obtained at the B3LYP/6-
311++G(d,p) level of theory for geometry optimisation. The presence of the (3,-1) bond critical
point (BCP), bond path between hydrogen donor and acceptor and positive value of the Lapla-
cian at this BCP (Ap>0) have been considered as criteria for the formation of the H-bond and
attractive van der Waals contact [62-63, 90-92].

Energies of the unusual intramolecular CH- - -O and OH. - -C H-bonds and attractive
O---Oand C- - -O van der Waals contacts have been obtained using Bader’s quantum theory

of Atoms in Molecules [93] by the empirical Espinosa-Molins-Lecomte (EML) formula [94,
95], based on the electron density distribution at the (3,-1) BCPs of the H-bonds:

ECH---O/OH---C/O---O/C---O =0.5-V(r) (4)

where V(r)-value of a local potential energy at the (3,-1) BCP.
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It should be noted, that for the CH. . .O H-bonds, which are strong with energy that exceeds
10 kcal-mol ™, their energy have been estimated by the Brovarets’-Yurenko-Hovorun formula
[96, 97], considered in the literature [98, 99]:

Egypo = 248.501 - p — 0.367 (5)

The energies of the classical intramolecular OH- - -O H-bonds have been calculated by the
Nikolaienko-Bulavin-Hovorun formula [100]:

Egpo = —3.09 4239 p (6)

where p-the electron density at the (3,-1) BCP of the H-bond.

All calculations have been performed for the tautomeric transitions of the quercetin mole-
cule as their intrinsic property, that is adequate for modeling of the processes occurring in real
systems [101-106].

In this work standard numeration of atoms has been used [2]. At this, prototropic tauto-
mers of the quercetin molecule have been designated by the asterisk; subscript corresponds to
the localization of the mobile protons. Numeration of the conformers (highlighted in bold) is
the same, as in the previous work [26].

Results and discussion

In the process of this study we have suggested different ways of the formation of the prototro-
pic tautomers of the most stable conformer 1 [26] of the quercetin molecule. Then, by using
the method of “trials and errors” we have localized TSs for these tautomeric transformations,
occurring via the intramolecular proton transfer. However, only some of the suggested tauto-
meric transformations have been confirmed, while others of them have been modified in the
course of the investigation.

So, in this study we have considered the following mechanisms of the tautomerization of
the quercetin molecule, in particular of the most stable conformer 1, that can proceed in the
different ways through the intramolecular proton transfer (see Figs 1 and 2, Tables 1 and 2).

It was established that these transformations of the quercetin molecule are accompanied by
the changes of their geometry, dipole moment rearrangement and breakage and formation of
the intramolecular specific contacts (H-bonds and attractive van der Waals contacts).

Analysis of the investigated mechanisms and their discussion are provided further one-by-
one.

a) Proton transfer from the C8H group to the O1 atom. First of the considered mecha-
nisms consists in the intramolecular transition of the proton, localized at the C8 carbon atom,
to the neighboring endocyclic oxygen atom O1, leading to the formation of the new tautomer
with formed O1H hydroxyl group (Figs 1 and 2). We have analysed this tranformation for the
case of the main stable conformer 1 of the quercetin molecule and also checked it for the oth-
ers—conformers 4, 7 and 10: 1<-1% g5 (AAGyg = 96.31); 44" 515 (AAGs = 92.66); 77" 011
(AAGrs = 96.26) and 10-10" o151 (AAGrg = 96.27 keal-mol ™) (Table 1).

Finally, four new prototropic tautomers have been formed- 1*o ;5 (AG = 9.20), 4* 011
(AG = 0.90), 7* o111 (AG = 9.03) and 10* o151 (AG = 9.14 kcal-mol ") (Table 1). Notably, all of
them, except the case of the conformer 4, which contains opened C-ring and new exotic strong
attractive van der Waals contact C9 o. ..01 (~6.5 kcal-mol™ (Table 2)) instead of the C9-O1
covalent bond in the C ring. In the case of the 454" o, tautomeric transition, the covalent
bond C9-01 survives during this transformation. Notably, three lower H-bonds, stabilizing
conformers-O5H .. .04, O3H .. .04 and C2’'H . . .O3,-remain the same, changing only their
energies during tautomerisation (Table 2).
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(a) Proton transfer from the C8H group to the O1 oxygen atom
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Fig 2. Reaction pathways for the intramolecular proton transfer in the isolated quercetin molecule; initial and terminal states with TSs between them have
been obtained at the MP2/6-311++G(2df,pd) // B3LYP/6-311++G(d,p) level of QM theory (low index near formed tautomers denotes the site of the localization
of the transferred proton). Gibbs free AG and electronic AE energies (kcal-mol '), imaginary frequencies v; at the TS and dipole moments y (Debay) are provided
below reaction paths. Dotted lines indicate intramolecular specific interactions. Red arrows denote the intramolecular transition of the proton, while yellow arrows-
rotations of the hydroxyl groups. See also Tables 1 and 2.

https://doi.org/10.1371/journal.pone.0224762.9002

The 115 tautomerisation reaction occurs via quite high activation barrier and
TS1.1-011 With high imaginary frequency (v; = 1150.3 cm™). Notably, that we have checked
and revealed that this transition is typical for all investigated conformers. Thus, the Gibbs free

Table 1. Energetic and kinetic characteristics of the tautomeric transformations by the intramolecular proton transfer in the isolated quercetin molecule obtained
at the MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level of QM theory under normal conditions (see also Fig 1).

Tautomeric Vi AG AES | AAGrs® | AAErs® | AAG! | AAES k& k! T9.9% -«
transition
(a) Proton transfer from the C8H group to the O1 oxygen atom
110 1150.3 | 87.11 | 90.07 96.31 100.00 | 9.20 9.93 | 3.09-107°% | 243.10° 2.84-10°° | 4.12:1077
44 g1y 12641 | 91.76 | 92.64 92.66 95.39 0.90 2.75 1.64-107%° | 3.31-10” | 2.09-107% | 3.02:107"°
77 011 1157.2 | 8723 | 9020 | 96.26 99.75 9.03 9.55 | 358107 | 3.26:10° 2.12:10° | 3.07:107
1010 011 1151.7 | 87.13 | 90.18 | 9627 99.95 914 | 977 | 331107 | 26910° | 257:10° | 3.72:107
(b) Proton transfer from the O7H/O3'H groups to the C6/C2’ carbon atoms of the C6H/C2'H groups
1-1*cemz 1970.0 | 20.80 | 22.30 65.30 68.98 4450 | 46.68 | 3.53-10°° | 637102 | 1.08-10%° 1.57-10"°
1-1%corm 21165 | 17.77 | 17.98 68.15 71.67 50.38 | 53.69 | 3.21-107% | 3.47.107* 1.99-10%* 2.88-10%
(c) Proton transfer from the 07H/O5H/O3H/O4'H groups to the C8/C6/C2'/C5’' carbon atoms of the C8H/C6H/C2'H/C5'H groups
545" cemz 1983.6 | 13.72 | 1499 | 2046 21.98 674 | 699 | 277107 | 32110° | 21510° | 3.12:107°
2525* coma 2008.3 | 1327 | 14.49 61.63 64.96 4836 | 50.47 | 1.79-107°% | 9.69-10% | 7.13-10% 1.03-10%
201" comz 1370.9 | 29.63 | 31.10 | 3471 36.93 508 | 583 | 579107 | 3.1410° | 22010° | 319107
101" coma 20877 | 22.85 | 24.62 | 70.59 7459 | 4774 | 49.97 | 5.09-107° | 293107 | 235107 | 3.41-10”
(d) Proton transfer from the O3H group to the O4 atom
11" osm/oan 892.1 14.30 | 14.70 13.10 15.20 -1.20 0.50 2.62-10° 8.09-10° | 854107 | 124107
(e) Proton transfer from the O7H/O5H groups to the C6 carbon atom of the C6H group
1"* osmoam/osa—1" osmoamosn | 17663 | 30.82 | 30.25 49.01 51.67 18.19 | 21.42 | 2661073 1.07 6.43 0.93
1" 04n/03H< 1791.5 57.65 58.54 75.24 79.43 17.59 20.89 1.56-107* 3.02 2.29 0.33
1" 05H/041/03H
*The imaginary frequency at the TS of the tautomeric transition, cm™.
"The Gibbs free energy of the initial relatively the terminal structure of the tautomerisation reaction (T = 298.15 K), kcal-mol .
“The electronic energy of the initial relatively the terminal structure of the tautomerisation reaction, kcal-mol ™.
9The Gibbs free energy barrier for the forward tautomerisation reaction, kcal-mol ™.
®The electronic energy barrier for the forward tautomerisation reaction, kcal-mol ™.
fThe Gibbs free energy barrier for the reverse tautomerisation reaction, kcal-mol™.
8The electronic energy barrier for the reverse tautomerisation reaction, kcal-mol ™.
"The rate constant for the forward tautomerisation reaction, s™.
“The rate constant for the reverse tautomerisation reaction, s™.
IThe time necessary to reach 99.9% of the equilibrium concentration between the reactant and the product of the tautomerisation reaction, s.
The lifetime of the product of the tautomerisation reaction, s.
https://doi.org/10.1371/journal.pone.0224762.t001
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Table 2. Energetical, electron-topological and geometrical characteristics of the intramolecular specific contacts-H-bonds and attractive van der Waals (vdW) con-
tacts, polar and geometrical parameters of the investigated structures of the isolated quercetin molecule obtained at the B3LYP/6-311++G(d,p) level of QM theory

(see also Fig 1).

Conformer, AH.--B Ean..5/Ess® o’ Ap¢ | 100 | dy.5* | dg. | /AH-..B® | AC3-C2-Cl-C6™ ut
TS and tautomer H-bond /
--B vdW contact
(a) Transition of the proton from the C8H group to the O1 oxygen atom
1=1"01n
1 O5H...04 6.71 0.041 0.124 1.52 2.655 1.770 147.3 180.0 0.35
O3H...04 3.36 0.027 0.103 60.55 2.625 2.009 119.0
C2’H...03 4.01* 0.018 0.076 0.92 2.883 2.137 123.8
TS; 1011 O5H...04 2.89 0.025 0.082 1.10 2.830 1.990 142.9 -164.8 3.38
O3H...04 3.84 0.029 0.109 38.00 2.600 1.963 120.4
C2’H...03 3.32% 0.016 0.063 10.19 2.924 2.221 120.6
1*o1n [32] O5H...04 9.10 0.051 0.148 2.33 2.565 1.672 147.8 -155.3 1.83
O3H...04 5.75 0.037 0.134 17.66 2.509 1.853 121.6
C9...01 6.47* 0.029 0.090 2.46 2.895 - -
C2’H...03 3.38* 0.016 0.064 26.96 2.856 2.253 113.1
44011
4 O5H...04 6.47 0.040 0.124 1.46 2.659 1.776 147.3 180.0 5.33
O3H...04 3.36 0.027 0.103 60.63 2.624 2.009 118.9
C6H...03 3.83* 0.018 0.073 0.80 2.895 2.159 123.3
TS4 4011 O5H...04 2.65 0.024 0.081 1.20 2.835 1.995 143.0 162.2 7.77
O3H...04 3.84 0.029 0.109 38.52 2.601 1.965 120.2
C6H...03 3.07* 0.015 0.058 12.45 2.942 2.261 119.2
4* o1 [32] O5H...04 5.04 0.034 0.112 1.32 2.705 1.842 145.2 154.4 8.88
O3H...04 4.32 0.031 0.113 30.34 2.579 1.939 120.5
C6’H...03 2.57* 0.012 0.048 22.18 2.975 2.358 114.7
77" o1n
7 O5H...04 6.71 0.041 0.125 1.50 2.652 1.767 147.3 180.0 5.05
O3H...04 3.12 0.026 0.102 68.01 2.630 2.020 118.5
C2’H...03 3.83* 0.018 0.073 0.02 2.886 2.160 122.4
TS; 77018 O5H...04 2.89 0.025 0.082 1.09 2.828 1.988 142.9 -162.0 4.84
O3H...04 3.60 0.028 0.107 42.14 2.606 1.977 119.8
C2’H...03 3.03* 0.014 0.058 13.43 2.936 2.267 118.2
7 o1 [32] O5H...04 9.10 0.051 0.147 2.27 2.565 1.673 147.8 -151.5 4.65
O3H...04 5.28 0.035 0.131 19.50 2.516 1.869 121.0
C9...01 6.54* 0.029 0.091 2.45 2.374 - -
C2’H...03 2.98* 0.014 0.056 36.27 2.876 2.327 109.7
0-10"011
10 O5H...04 6.71 0.041 0.124 1.51 2.654 1.770 147.3 180.0 2.99
O3H...04 3.12 0.026 0.103 61.90 2.626 2.011 118.9
C2’H...03 3.98* 0.018 0.075 1.02 2.889 2.141 124.1
TS10-10-01H O5H...04 2.89 0.025 0.082 1.09 2.830 1.990 142.9 -164.7 2.34
O3H...04 3.84 0.029 0.109 38.76 2.601 1.966 120.3
C2’H...03 3.27* 0.015 0.062 10.11 2.932 2.227 120.8
10%011 [32] O5H...04 9.10 0.051 0.148 2.31 2.565 1.673 147.8 -154.8 2.24
O3H...04 5.51 0.036 0.133 18.06 2.510 1.857 121.5
C9...01 6.52* 0.029 0.091 2.51 2.375 - -
C2’H...03 3.30* 0.015 0.062 27.26 2.865 2.263 113.1
(Continued)
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Table 2. (Continued)

Conformer, AH---B Ean..5/Eap® o’ Ap* 100 | du.g° | dy.sf | /AH---B® | AC3-C2-Cl-C6™ u
TS and tautomer H-bond /
A---B vdW contact
(b) Transition of the proton from the O7H/O3'H groups to the neighboring C6/C2’ carbon atoms of the C6H/C2'H groups
11" cona
TS:.1°cen2 HC6H ...07 28.46** 0.116 0.059 20.81 2.211 1.388 105.3 179.3 3.96
O5H...04 8.62 0.049 0.136 1.51 2.595 1.692 148.4
O3H...04 3.12 0.026 0.101 69.93 2.633 2.025 118.4
C2’H...03 3.97* 0.018 0.075 1.12 2.886 2.141 123.8
1*cenz [32] O5H...04 8.86 0.050 0.137 1.47 2.587 1.687 147.5 180.0 5.34
O3H...04 2.65 0.024 0.099 96.94 2.646 2.048 117.7
C2’H...03 4.14* 0.019 0.078 1.09 2.872 2.126 123.9
11 corna
TS, 1 cormz O5H...04 6.47 0.040 | 0.124 1.37 2.657 1.775 147.0 -176.8 3.94
O3H...04 2.89 0.025 0.100 76.39 2.637 2.032 118.1
C2’H...03 3.05* 0.014 0.058 39.78 2.833 2.322 106.5
HC2H...03 26.97** 0.110 0.072 28.82 2.244 1.409 105.0
1" crna [32] O5H...04 6.47 0.040 0.124 1.43 2.657 1.775 147.1 180.0 3.80
O3H...04 3.12 0.026 0.102 68.85 2.631 2.022 118.4
03...C2 2.90* 0.012 0.056 374.04 2.807 - -
O4H...03 2.65 0.024 0.098 139.26 2.650 2.071 116.2
(c) Transition of the proton from the O7H/O5H/O3H/O4'H groups to the carbon atoms of the C8H/C6H/C2'H/C5'H groups, preceded by the rotations of the
hydroxyl groups around the C707/C505/C303/C4'O4’ axes by 180 degree
55" camz
5 O5H...04 6.47 0.040 0.123 1.47 2.660 1.777 147.2 180.0 3.01
O3H...04 3.36 0.027 0.104 58.22 2.623 2.004 119.1
C2’H...03 4.01* 0.018 0.076 0.91 2.883 2.138 123.8
TSs._.5-csn2 O5H...04 8.35 0.048 0.136 1.28 2.607 1.700 149.6 177.3 4.60
O3H...04 6.78 0.026 0.103 61.23 2.623 2.010 118.6
C2’H...03 3.87* 0.018 0.073 1.71 2.894 2.151 123.6
HC8H...07 30.20%" 0.123 0.033 17.10 2.209 1.363 105.4
5* csmz [32] O5H...04 7.19 0.043 0.130 1.07 2.642 1.746 149.1 180.0 6.69
O3H...04 3.36 0.027 0.104 62.47 2.620 2.008 118.5
C2’H...03 3.84* 0.018 0.073 0.71 2.897 2.154 123.7
25<25"cena
25 O3H...04 4.56 0.032 0.117 31.44 2.571 1.921 121.2 180.0 3.55
05...04 2.91* 0.012 0.049 13.37 2.765 - -
C2’H...03 3.93* 0.018 0.074 0.62 2.890 2.145 123.8
TS835 .25 conz HC6H .. .05 31.44** 0.128 0.012 15.09 2.208 1.347 105.3 179.7 2.51
O3H...04 4.16 0.030 0.112 2.00 2.590 1.950 120.5
C2’H...03 3.87* 0.018 0.073 0.56 2.895 2.151 123.8
25" cemz [32] 05...04 2.55* 0.010 0.041 188.30 2.903 - - 179.6 4.46
O3H...04 4.80 0.033 0.118 28.83 2.564 1.909 121.5
C2’H...03 3.75* 0.017 0.071 0.38 2.906 2.162 123.8
201" com
20 O5H...04 8.38 0.048 0.136 1.36 2.600 1.700 148.6 135.5 3.62
O3H...C2 2.36* 0.012 0.045 251.5 3.033 2.242 138.5
TSz20.1*c2H2 O5H...04 8.71 0.049 0.138 1.11 2.591 1.692 148.5 148.4 4.07
HC2’H...03 27.22** 0.111 0.085 3.56 2.509 1.398 141.0
(Continued)
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Table 2. (Continued)

Conformer, AH---B Ean..5/Eap® o’ Ap* 100 | du.g° | dy.sf | /AH---B® | AC3-C2-Cl-C6™ u
TS and tautomer H-bond /
A---B vdW contact
1% crm2 [32] O5H...04 8.62 0.049 0.138 0.89 2.594 1.697 148.2 180.0 3.40
C2’...03 447 0.018 0.075 458.16 2.695 - -
01" comn
TS10-1-C5H2 O5H...04 6.47 0.040 0.124 1.48 2.657 1.774 147.1 -175.7 3.21
O3H...04 3.36 0.027 0.104 57.17 2.621 2.003 119.1
C2’H...03 4.28* 0.019 0.080 2.57 2.885 2.107 126.5
HC5H...04 27.47%* 0.112 0.070 25.78 2.232 1.407 104.6
1" csmz [32] O5H...04 6.47 0.040 | 0.123 137 2.661 1.780 146.8 173.4 4.69
O3H...04 3.36 0.027 0.106 52.39 2.614 1.994 119.2
C5H...0¢4 4.11* 0.019 0.077 3.93 2.894 2.125 125.8
(d) Transition of the proton from the O3H group to the O4 oxygen atom
11" osH/040
TS11°05H/04H O5H...04 2.65 0.024 0.090 0.90 2.802 1.964 143.0 180.0 3.79
O4H...03 22.48 0.107 0.082 1.04 2.354 1.408 136.1
C2’H...03 3.75* 0.018 0.066 3.88 2.958 2.175 127.2
1" osi/04n [32] O5H...04 2.89 0.025 0.100 4.07 2.754 1.923 142.1 180.0 4.06
O4H...03 7.43 0.044 0.128 12.54 2.503 1.783 125.2
C2’H...03 4.53* 0.021 0.077 3.16 2.903 2.114 127.3
(e) Transition of the proton from the O7H group to the C6 carbon atom of the C6H group
1" osm/04n/031— 1" 05H/041/031
1" osH/0am/osn [32] 04H...05 5.04 0.034 | 0.128 6.17 2.634 1.806 140.7 180.0 8.58
O3H...04 2.17 0.022 0.100 66.71 2.613 2.047 115.4
C2’H...03 4.15* 0.019 0.078 1.36 2.868 2.130 123.2
TS -+ OSH/OAH/O3H O4H...05 5.75 0037 | 0.135 6.00 2.613 1.765 142.5 180.0 7.99
1"O5H/04H/O3H O3H...04 2.17 0.022 0.099 79.70 2.617 2.055 115.1
C2’H...03 4.11* 0.019 0.077 1.28 2.871 2.133 123.2
1* osm/04mosn [32] O4H...05 6.47 0.040 0.138 5.72 2.599 1.740 143.4 180.0 6.68
O3H...04 1.93 0.021 0.097 126.99 2.633 2.076 114.7
C2’H...03 421" 0.019 0.079 1.29 2.863 2.124 123.3
117 o51/041/03H
TS104H/03H— O4H...05 4.47 0.032 0.100 1.67 2.735 1.856 145.7 180.0 6.05
1"O5H/O04H/O3H C2’H...03 4.32¢ 0.019 0.081 1.39 2.686 2.143 113.9
1" osm/oam/03m [32] 04H...05 6.47 0.040 | 0.138 5.72 2.599 1.740 143.4 180.0 6.68
O3H...04 1.93 0.021 0.097 126.99 2.633 2.076 114.7
C2’H...03 4.21* 0.019 0.079 1.29 2.863 2.124 123.3
*The energy of the AH- - -B/ A- - -B specific contact, calculated by Espinose-Molins-Lecomte [94, 95] (marked with an asterisk), Brovarets-Yurenko-Hovorun [96]
(marked with a double asterisk) or Nikolaienko-Bulavin-Hovorun [100] formulas, kcal-mol ™
*The electron density at the (3,-1) BCP of the specific contact, a.u.
“The Laplacian of the electron density at the (3,-1) BCP of the specific contact, a.u.
dThe ellipticity at the (3,-1) BCP of the specific contact
“The distance between the A and B atoms of the AH- - -B / A- - -B specific contact, A
The distance between the H and B atoms of the AH- - -B H-bond, A
$The H-bond angle, degree
"The dihedral angle /C3-C2-C1'-C6', degree
“The dipole moment of the molecule, Debay. See also Fig 1 and Table 1.
https://doi.org/10.1371/journal.pone.0224762.t002
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energies of activation consist ~93-96 kcal-mol ™ for the 4<+4* o1, 727" o1 and 1010% o1
tautomeric transformations of the non-planar conformers 4, 7 and 10 (see Fig 1 and Table 1).
At this, the tautomer 4* 5 has been established to be dynamically-unstable (AAG = 0.9
kcal-mol*)-its lifetime T = 3-107"> s (Table 1) is less than the period of the most low-frequency
torsional vibration of the rings around the C2-C1’ bond, which could not develop during this

lifetime.

We have also tried to localize the tautomer with the proton, transferred to the O1 oxygen
atom from the other neighboring C6H group for others conformers of the quercetin molecule
[26] in the case, when these groups are closely located. However, since the stable structure
could not be localized, that means that in fact this reaction would not occur.

So, intramolecular proton transfer from the C8H group to O1 oxygen atom causes decycli-
zation (opening) of the C ring of the quercetin molecule. We consider this result quite impor-
tant, taking into account how much attention attracts prototropic, in particular ring-chain
tautomerism [107, 108], in the modern computer-aided drug design [42, 43].

b) Transition of the proton from the O7H/O3'H hydroxyl groups to the carbon atoms
of the neighboring C6H/C2'H groups. Firstly, we have considered all possible sites for the
proton transfer from the hydroxyl groups to the carbon atoms of the neighboring CH groups
with the formation of the CH, group. It was revealed only two tautomerization reactions,
which occur in this case-O7H—C6H and O3’H—C2'H. Investigated tautomeric transforma-
tions— 151* cga (AAGrs = 65.30) and 151* cppz (AAGrs = 68.15 kcal-mol™)-occur via the
intramolecular proton transfer, which are preceded by the rotations of the hydroxyl groups to
the CH groups, with Gibbs free energy barriers of activation— 65.30 and 68.15 kcal-mol ™,
respectively. As a result of these tautomerisations, the planar tautomers 1*cgpm and 1* crymo
with relative Gibbs free energies 44.50 and 50.38 kcal-mol !, containing the C6H, and C2'H,
groups have been formed, respectively (Fig 1, Tables 1 and 2).

These processes of tautomerisation are assisted by the strong intramolecular HC6H .. .07
(28.46) and HC2’H .. .03’ (26.97 kcal-mol™*) H-bonds at the TS, 1-cemz and TSy 1+ oo
transition states. All others H-bonds (O5H ...04, O3H ...04 and C2’H .. .03) remain the
same at the starting 1 and terminal 1* cen» structures for the transformation 1-1* cena, While
the initial set of the H-bonds (O5H ...04, O3H ...04, C2’H .. .O3) rearranges into the termi-
nal network of the H-bonds (O5H ...04, O3H ...04, 03 ...C2’, O4H ...03) for the trans-
formation 1-1* ¢y, (see Fig 1 and Table 2).

¢) Transitions of the proton from the O7H/O5H/O3H/04'H hydroxyl groups to the C8/
C6/C2'/C5’ carbon atoms of the C8H/C6H/C2'H/C5'H groups, which are preceded by the
rotations of the hydroxyl groups around the C707/C505/C303/C4’'04’ bonds by 180
degree. We have also surveyed other sites of the proton attachment for the possibility of the
proton transfer to them. However, analysed sites require rotation of the OH hydroxyl groups
around the C-O bond by 180 degree, leading to the prototropic transformations-O7H—C8H,
O5H—C6H, O3H—C2'H and O4'H—C5'H. Only in this way of the initial rotation of the OH
hydroxyl group of the basic tautomer 1 of the quercetin molecule [26], it is possible to form
new prototropic tautomers through the intramolecular transfer of single proton. However,
precise investigation of the transformations via the rotations of the OH hydroxyl groups
would be the subject of the next study [27], since in this paper we are focusing exactly on the
mechanisms of the intramolecular proton transfer.

Thus, it was revealed the following chains of the SPT reactions (Fig 1, Table 1): 55 cgpa
(AAGrs = 20.46); 25<25" gz (AAGs = 61.63); 201" a2 (AAGrs = 34.71) and
101" csm2 (AAGrs = 70.59 kcal-mol ™).

Notably, all of these reactions are assisted by the formation at the TSs of the extremely
strong intramolecular HCH. . .O H-bond (26.97-31.44 kcal-mol™ (Table 2)) between the CH,
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group and neighboring oxygen atom. At this, all other H-bonds remain practically unchanged
at the initial and terminal states (Fig 1, Table 2). Prototropic tautomers, which are formed in
this case, are planar structures (Table 2).

Notably, activation barriers for the considered 55" cggr2, 2525% cem2 and 101 csma
tautomerisations are quite high (~62-71 kcal-mol™), except the cases 55" g2 (AG = 20.46)
and 20-1** cyp2 (AG = 34.71 keal-mol™). This relatively small value of the barrier can be
explained by the formation of the six-membered ring at the TS,¢...;++c212 and by moving of
the proton along the O3H. . .C2' H-bond [26]. In those cases, when TS,s. .25+ csma> TSs.5+cs2
and TS;o..1+csu2 contains four-membered rings and proton does not move along the intra-
molecular H-bond-the values of the activation barriers are much higher. At this, 1** ¢, tau-
tomer is the only one structure, which has the C2 = C1’ double bond.

d) Transition of the proton from the O3H hydroxyl group to the O4 atom.

Further we investigated structural mechanisms of the single proton transfer, occurring
between the O5H and O3H hydroxyl groups. Thus, it was found that proton can transfer from
the O3H hydroxyl group to the O4 oxygen atom through the 1<+1*gsp/04n tautomerization
reaction with the barrier AAGrg = 13.10 kcal-mol™'. However, terminal localized complex is
dynamically unstable-reverse Gibbs free energy barrier has negative value (AAG = -1.20
kcal-mol™) (exactly in this case it is observed at TSs the lowest value of the imaginary fre-
quency v; = 892.1 cm™) (Table 1).

It is logically to think by analogy that the same intramolecular proton transfer should occur
from the O5H hydroxyl group to the O4 oxygen atom. But in this case the TSs and tautomers
could not be localized at all.

e) Proton migration from the O7H/O5H hydroxyl groups to the C6 atom of the C6H
group.

We also considered tautomeric transformation of the 1* osi/041/031 tautomer by the tran-
sition of the protons from the O7H/O5H hydroxyl groups to the neighboring C6 atom of the
C6H group.

Thus, in the first case the 1** osp/04m/038 1* 05H/041/03H tautomerization reaction pro-
ceeds via the transfer of proton from the O7H hydroxyl group to the neighboring C6 atom
and occurs via the quite high barrier (AAGrs = 49.01 kcal-mol ™) and leads to the dynamically
stable tautomer 1* osu/04m/031 (Fig 1, Table 1).

In the second case, the intramolecular proton transfer in the 1** o4p/035 tautomer from the
O5H hydroxyl group to the neighboring C6 carbon atom of the C6H group- 1** o4n/

o3 1" 0sm/04n/031 —occurs through the TSy 04n/031-10sH/041/03H (AAGs = 75.24
kcal-mol ") and leads to the formation of the dynamically unstable 1** g41/031 tautomer with
relative electronic energy 14.87 kcal-mol ™, which further causes chain transfer of the proton
from the O4H hydroxyl group to the O5 oxygen atom, leading to the stable conformer 1 (Fig
1, Table 1).

It can be expected the reduction of the values of the activation barriers at the consideration
of these transitions in the polar solutions or assisted by various ligands.

Conclusions and perspectives

Presented QM/QTAIM computational modeling of the tautomers formation through the
intramolecular proton transfer shows that the quercetin molecule is able to tautomerise via the
different routes within the framework of the classical valency rules:

a. Proton transfer from the C8H group to the O1 atom, leading in three cases to the breakage
of the Cring: 1-1* o151, 77* o1 and 105107 o, except the case of 454" ;5 reaction
(AAGrs ~ 93-96 keal-mol ™).
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b. Transition of the proton from the O7H/O3'H hydroxyl groups to the carbon atoms of the
neighboring C6H/C2'H groups: 1¢+1* cgpp and 1¢=1* copz (AAGrs ~ 65-68 kcal-mol ™).

c. Migration of the proton from the O7H/O5H/O3H/O4'H hydroxyl groups to the carbon
atoms of the C8H/C6H/C2"H/C5'H groups, preceded by the rotations of the hydroxyl
groups around the C707/C505/C303/C4'O4’ bond by 180 degree: 55" cgpz (AAGrg =
20.46); 25¢525" cera (AMAGrs = 61.63); 201" copa (AAGrs = 34.71) and 101" copa
(AAGrs = 70.59 keal-mol ™).

d. Proton transfer from the O3H hydroxyl group to the O4 oxygen atom with the formation
of the dynamically-unstable tautomer: 151* osp/04n (AAGrs ~ 13 kcal-mol™).

e. Transition of the proton from the O7H/O5H hydroxyl group to the C6 carbon atom of the

C6H group: 1" osm/04m/038 1" 0sm/0am/031 and 1" oamy03m 1" 0sm/oamosu (AAGrg ~
49-75 keal-mol ™).

These prototropic transformations of the quercetin molecule are accompanied by the geo-
metrical changes, dipole moment rearrangement and breakage or formation of the intramolec-
ular specific contacts (H-bonds and attractive van der Waals contacts).

It was demonstrated that the most probable process among all investigated is the proton
transfer from the O3H hydroxyl group to the C2’ carbon atom of the C2'H of the B ring along
the intramolecular O3H. . .C2’ H-bond with the further formation of the C2'H, group, while
the least probable proton transfer occurs from the C8H group to the O1 oxygen atom-causes
the decyclization of the C ring.

Obtained results can be useful for the planning of targeted chemical experiments, aimed at
the acceleration of the reaction of intramolecular tautomerization of a quercetin molecule by
the ligands of different structure and origin, as well as for the better understanding of the
mechanisms of the course of reactions, related to the metabolism of the quercetin molecule.
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ment) of Ukraine for the talented young scientists given in 2019 year.
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