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Abstract 
Anthocyanidins, leucoanthocyanidins, and flavonols are natural compounds mainly known due to their reported biologi-
cal activities, such as antiviral, antifungal, anti-inflammatory activities, and antioxidant activity. In the present study, we 
performed a comparative structural, conformational, electronic, and nuclear magnetic resonance analysis of the reactivity 
of the chemical structure of primary anthocyanidins, leucoanthocyanidins, and flavonoids. We focused our analysis on the 
following molecular questions: (i) differences in cyanidin catechols ( +)-catechin, leucocyanidin, and quercetin; (ii) the loss 
of hydroxyl presents in the R1 radical of leucoanthocyanidin in the functional groups linked to C4 (ring C); and (iii) the 
electron affinity of the 3-hydroxyl group (R7) in the flavonoids delphinidin, pelargonidin, cyanidin, quercetin, and kaempferol. 
We show unprecedented results for bond critical point (BCP) of leucopelargonidin and leucodelphirinidin. The BCP formed 
between hydroxyl hydrogen (R2) and ketone oxygen (R1) of kaempferol has the same degrees of covalence of quercetin. 
Kaempferol and quercetin exhibited localized electron densities between hydroxyl hydrogen (R2) and ketone oxygen (R1). 
Global molecular descriptors showed quercetin and leucocyanidin are the most reactive flavonoids in electrophilic reactions. 
Complementary, anthocyanidins are the most reactive in nucleophilic reactions, while the smallest gap occurs in delphinidin. 
Local descriptors indicate that anthocyanidins and flavonols are more prone to electrophilic attacks, while in leucoantho-
cyanidins, the most susceptible to attack are localized in the ring A. The ring C of anthocyanidins is more aromatic than the 
same found in flavonols and leucoanthocyanidins.
Methods  For the analysis of the molecular properties, we used the DFT to evaluate the formation of the covalent bonds and 
intermolecular forces. CAM-B3LYP functional with the def2TZV basis set was used for the geometry optimization. A broad 
analysis of quantum properties was performed using the assessment of the molecular electrostatic potential surface, electron 
localization function, Fukui functions, descriptors constructed from frontier orbitals, and nucleus independent chemical shift.
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Introduction

Flavonoids are natural compounds that can be obtained from 
several sources. These molecules have been reported with 
different biological activities, such as antibacterial, antiviral, This paper belongs to the Topical Collection IX Symposium on 
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antifungal, and anti-inflammatory activities [1–4]. The 
antioxidant activity has been the main biological activity 
reported for flavonoids, and it is involved in the prevention 
of the cell oxidative stress favoring the redox equilibrium 
[5]. Structures of anthocyanidins, leucoanthocyanidins, 
and flavonols have a remarkable distribution in plants and 
have in common broad health benefits, being applied for 
the design of new drugs [6–8]. Most recently, it was shown 
that quercetin and kaempferol flavonols have the potential to 
inhibit the 3CLpro protease of SARS-CoV-2 [8, 9].

The primary flavonoids include anthocyanidins, leucoan-
thocyanidins, and flavonols [5]. Figure 1 shows the flavonoid 
scaffold composed by two phenyl rings A and B, and a hete-
rocycle C, depicting the structure of nine primary flavonoids.

Hydroxyl and ketone groups determine the difference 
among these structures. R1 radicals are absent in antho-
cyanidins, while leucoanthocyanidins contain hydroxyl 
groups in R1, and flavonols contain ketones in R1 [5]. The 
anthocyanidins in the non-complexed form are found as cati-
ons, and these molecules perform an exciting function as 
pigmentation in plants [10]. Anthocyanidins and flavonols 
were widely investigated by experimental and computational 
methods. However, there is no sufficient information about 
the reactivity, aromaticity, and electronic properties of leu-
coanthocyanidins [10].

Leucoanthocyanidins are intermediate molecules 
obtained from the biosynthesis of anthocyanidins [11, 12]. 
They are found in converting the dihydroflavonoids in antho-
cyanidins in different species, such as Matthiola incana and 
Antirrhinum majus [11, 12]. Recently, studies have dem-
onstrated that leucodelphinidin exhibits antiviral activity 
against the SARS-CoV-2. This compound has a high affinity 
against the Mpro and PLPro proteases from SARS-CoV2, 
[13], which induces conformational changes that impair their 
enzymatic activity [14].

Flavonoids may inhibit trypsin-like protease and are ther-
apeutically valuable in treating tumors and cardiovascular 
disease [15]. Quercetin (C15H10O7) binds to the active sites 
of the urokinase-type plasminogen activator (uPA, PDB ID: 
5XG4). B ring (catechol or benzenediol) binds via hydro-
gen bonding (S1 pocket) into the uPA, while two hydroxyl 
groups on ring A bind to the S2 pocket [15]. Catechol groups 
can inhibit most trypsin-like serine proteases.

Although phenolic compounds can be oxidized with rapid 
elimination through glucuronidation undertaken by detoxifi-
cation enzymes, these compounds can also be synthetically 
modified to develop new drugs [15]. In addition, the com-
parative analysis of reactivity of quercetin could corroborate 
with the design of new bioactivity compounds.

The ( +)-catechin is a natural product and similarly to the 
cyanidin contains a hydrogen specie in R1 radical. Chloé 
Maugé et al. found a torsion angle equal to 76° between the 
rings C and B of the ( +)-catechin [16]. Other anthocyani-
dins show higher glycosylation activities, such as pelargo-
nidin and cyanidin, presenting 29% and 17%, respectively. 
However, compared with other flavonols, such as quercetin 
and kaempferol, they show glycosylation activities of 5.4% 
and 4.5%, respectively [17]. Hiromoto et al. suggested that 
the difference in flavonoid activity against the enzyme must 
be due to substitutions in ring B [17].

The antioxidant and the reactivity of flavonoids against 
specific targets have relied on the bioactive hydroxyl groups 
in their structures [5]. Therefore, comparing these nine fla-
vonoids (Fig. 1) can reveal contributions of kaempferol, 
quercetin, leucodelphinidin, and leucopelargonidin com-
pared with the other five molecules.

Several quantum chemical descriptors have been widely 
used to characterize intramolecular and intermolecular inter-
actions [18–21]. Conformational analysis is of interest in 
these flavonoids due to the large degree of freedom of these 
molecules, influenced mainly by hydrogen bonding interac-
tions. Therefore, we have carried out a conformational analy-
sis of the dihedral angle between the rings B and C. The 
aromaticity of these cyclic structures was described through 
the 1H chemical shift in the nuclear magnetic resonance 
(NMR) spectrum and is a key parameter to understand the 
reactivity [18]. The molecular electrostatic potential (MEP) 
surfaces were used for studying these molecular nucleophilic 

Fig. 1   Molecular structure of nine primary flavonoids investigated in 
the present study
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and electrophilic regions. Moreover, Fukui functions was 
used to study the molecular reactivity of compounds.

Computational details

Flavonoid molecular structures

The nine flavonoid molecules were selected searching three 
classes, anthocyanidins, leucoanthocyanidins, and flavonols: 
pelargonidin (PubChem CID 440,832, C15H11O5), cya-
nidin (PubChem CID 128,861, C15H11O6), ( +)-Catechin 
(PubChem CID 9064, C15H14O6); delphinidin (PubChem 
CID 128,853, C15H11O7), leucopelargonidin (PubChem 
CID 3,286,789, C15H14O6), leucocyanidin (PubChem 
CID 71,629, C15H14O7), leucodelphinidin (PubChem 
CID 3,081,374, C15H14O8), kaempferol (PubChem CID 
5,280,863, C15H10O6), and quercetin (PubChem CID 
5,280,343, C15H10O7).

Density functional theory calculations

All properties were studied using density functional theory 
(DFT) available in the Gaussian09 program in the gas phase 
(vacuum) [22]. The conformational and electronic properties 
were analyzed using the CAM-B3LYP [23] functional with 
the def2TZV basis set of Ahlrichs and coworkers assessed 
with polarized split-valence [24, 25]. For comparison anal-
ysis, we have added the Grimme D3 scheme for the van 
de Waals dispersion energy correction [26] and the solvent 
analysis using IEFPCM (water) method [27].

The conformational analysis in these flavonoids con-
sists of variations in the dihedral angle between the ben-
zopyran (heterocycle formed by the ring A and the pyran 
ring C) and the ring B. The conformational analysis was 
performed by varying the dihedral angle τ defined by the 
atoms O1–C2–C1′–C6′ with 18 steps of 10.0°. It is expected 
that significant changes in the dihedral angles occur due to 
weak interactions between hydroxyls of ring B and atoms 
of pyran ring C.

In addition, the topological analysis provides informa-
tion on bond critical point (BCP) [28]. Thus, the degree of 
covalence of each BCP was determined through the AIMAII 
package [29]. The electronic properties consist of (i) analysis 
of the degree of covalence, (ii) BCP, (iii) electron locali-
zation function (ELF), and (iv) MEP isosurface analyses. 
These analyses were performed using the Multiwfn package 
[30]. Additionally, we used the visual molecular dynamic 
(VMD) program to visualize ELF isosurfaces [31]. MEP 
was plotted with electron density � = 0.001e∕bohr3 for the 
van der Waals interactions. MEP is a useful tool to indi-
cate nucleophilic and electrophilic regions in a molecule, 
helping to understand van der Waal and electrostatic inter-
actions. In contrast, a useful tool to analyze the covalent 

bond interaction consists in the ELF analysis that points out 
regions with the most probable presence of electron pairs.

Fukui functions

Fukui functions are an alternative quantum chemistry analy-
sis to study the molecular reactivity of compounds describ-
ing local electron densities and have been widely used to 
predict reactive sites of molecules [32–35]. The term that 
describes the removal of electrons from the molecule is rep-
resented by f − (electrophilic attack), while the term that 
describes the addition of electrons to the molecule is repre-
sented by f + (nucleophilic attack), according to Eqs. 1 and 
2, respectively:

In addition to the local descriptors, global descriptors 
were analyzed, such as the electronic chemical potential (μ), 
chemical hardness (η), softness S, electrophilicity index ω, 
and electronegativity (χ). The study of the reactivity of polar 
molecules through Fukui functions was carried out analyz-
ing the molecules as anions using the difference between the 
atomic charge of the anion and the neutral atom [36]. Based 
on Fukui functions, we also used this model to study the 
hybrid resonance structures in neutral, monocationic, and 
cationic molecules.

The procedure used in the Fukui functions of anthocyani-
dins was to shift N

0
 to N

0
− 1 in the differences between the 

electronic energies of neutral systems and their cations (ver-
tical ionization energy). The electrophilic and nucleophilic 
reactivities were calculated using the Fukui functions, using 
densities of � = 0.007 for f −

N0

 , f +
N0

 and � = 0.01 for f 0 [30]. 
The HOMO ( �H ) and LUMO ( �L ) orbital energies are rele-
vant to study the molecule reactivity. Larger values of �H 
indicate greater reactivity in electrophilic reactions, while 
smaller �L indicate nucleophilic reactions. The addition of 
unsaturation to aromatic rings can reduce the differences 
between �H−L and thus increase the molecule reactivity.

NICS method

The hybrid HSEh1PBE functional with cc-pVDZ basis set 
was used to perform the nucleus-independent chemical shifts 
(NICS) method [37] under Gauge-independent atomic orbit-
als (GIAO) [38]. HSEh1PBE/cc-pVDZ was recently used to 
study the aromaticity of flavonoids [18]. NICS was calcu-
lated for the 1H-NMR with ghost atoms at the ring centerline 
and distances ranging from 1 up to 5 Å [37].
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Results and discussions

A comparative analysis of the reactivity of different flavo-
noid classes was performed to shed light on the influence of 
hydroxyls in the functional groups attached to C4 (ring C).

Conformational analyses

Figure 2 shows energy barriers around 90.0° for anthocyani-
dins and flavonols, so these molecules are planar at the low-
est energy conformations except for delphinidin. However, 
this behavior does not occur in leucoanthocyanidins, mainly 
due to the hydroxyl bonded to C4 (R1). A recent study using 
DFT showed that the O1–C2–C1′–C6′ dihedral angle (τ) of 
flavonols and anthocyanidins is planar at the lowest con-
formational energy. These structures show intramolecular 
bonds between the hydroxyls bonded to C3 and C5 carbons 
and the ketone group [39]. However, pelargonidin and del-
phinidin present an intramolecular bond between the O3 (C3 
hydroxyl) and the C6′ [40, 41]. Cyanidin comprises the same 

planar dihedral angle (τ) using Hartree–Fock with an inter-
action between the O3 and C6′ [42].

Online Resource 1 shows the dihedral angles for the cal-
culated molecules and the literature results. The calculated 
dihedral angles are τ (O1-C2-C1′-C6′), ω (C9-O1-C2-C3), 
and ϕ (C10-C4-C3-C2). Angles ω and ϕ define the torsion 
of the ring C. While angle τ represents the planarity of ring 
B concerning ring C, suggesting that this angle is representa-
tive of the whole planarity of the molecule.

Online Resource 1 shows the planar angles τ found in 
Fig. 2 for anthocyanidins and flavonols. The literature report 
for pelargonidin and delphinidin dihedral angles τ is equal to 
13.60° and − 150.78°, respectively [40]. These values indi-
cate that these molecules have distortion from planarity. 
Calculations show that leucoanthocyanidins are significantly 
twisted, in agreement with the reported results for leucocya-
nidin [43]. Different from the other cationic anthocyanidins, 
( +)-catechin has a neutral charge. This significant difference 
reflects in the behavior of the dihedral angle. These mol-
ecules were also studied using Grimme D3 dispersion cor-
rection and water solvent effects. The results are in Online 
Resource 1. It is worthwhile to mention that these systems 
have a wide range of solvents [44]. Furthermore, studies in 
the literature show that there is a great difficulty in choos-
ing a solvent to study the reactivity of these nine molecules 
presented in this work [44–46]. The results show that the 
structures changed only slightly with the largest RMSD 
of 0.281 Å under D3 dispersion and solvent calculations, 
corroborating the vacuum results. Therefore, the reactivity 
parameters studied in vacuum could be useful for studies 
in solvent.

Electronic structure analysis

Analyzing the BCP (3, − 1) critical points, it is possible to 
verify the interaction trends. If Hc < 0, then the interaction 
is expected to have a covalent component. If Hc > 0, then the 
interaction is non-covalent. Moreover, the degree of bonding 
can be classified through of Hc/ρc, which is the total energy 
per electron in the BCP point [47]. Figure 3 and Table 1 
show the BCP (3, − 1), Hc, and Hc/ρc values for the inves-
tigated molecules. The intramolecular interactions (Fig. 3) 
are classified as type 1, between the hydroxyl hydrogen in 
R1 of ring C and oxygen in R2 of ring A. Type 2 is between 
hydrogen and hydroxyl in ring C, and type 3 is between 
hydrogen in the ring B and hydroxyl in the ring C.

Despite the pyrogallol group (ring B) is a known elec-
trophile in the literature [48], quercetin pyrogallol moiety 
shows no influence on BCPs compared to kaempferol. The 
same was found for delphinidin compared to cyanidin. The 
results of Table 1 are in accordance to the literature for pel-
argonidin, delphinidin [40, 41], kaempferol, and quercetin 
[49].

Fig. 2   Conformational analysis using CAM-B3LYP/def2TZV of the 
τ torsion angle (in degrees) of anthocyanidins, leucoanthocyanidins, 
and flavonols
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Differently from the other molecules, kaempferol and 
quercetin show a value of Hc < 0 (covalent character) for the 
BCP (3, − 1) of type 1 interaction (Table 1), formed between 
the hydroxyl hydrogen (R2) and the oxygen of ketone (R1). 
The results of Hc/ρc show the same degree of covalent inter-
action of these two molecules. Positive Hc/ρc values for the 
other molecules indicate an electrostatic interaction.

ELF isosurfaces point out regions of highest probability 
for finding electrons. The ELF map presented in Fig. 4 is 
projected between 0.0 and 1.0, with the delocalized elec-
trons in the range < 0.5 [50]. High electron localization is 
due to a covalent bond, a lone pair of electrons, or a nuclear 
charge [51].

The hydroxyl radicals in anthocyanidins and flavonols 
show localized electron densities, with the most localized 

densities found in cyanidin hydroxyls R4, R5, and R7. 
Localized electron densities between hydroxyl hydrogen 
(R2) and ketone oxygen (R1) are found in kaempferol and 
quercetin. Anthocyanidins have similar ELF patterns (Fig. 4) 
for R2, R3, R5, and R7 moieties. These hydroxyls have a dif-
ferent ELF profile than flavonols, showing the most localized 
red color related to the hydrogen bonding of R2 interacting 
with the carbonyl of R1.

Leucopelargonidin, leucocyanidin, and leucodelphinidin 
ELF isosurfaces are shown in Fig. 5. Ring A and ring B of 
these molecules follow the profile of anthocyanidins. How-
ever, ring C of leucopelargonidin is the most distorted of 
these molecules, and ring B of leucopelargonidin and leu-
codelphinidin showed highest localized densities. It is also 
possible to find localized densities in the hydroxyls of ring 
A of all leucoanthocyanidins. Flavonols, including the car-
bonyl group, tend to increase the hydrogen bonding regard-
ing the R2 hydroxyl. At the same time, leucoanthocyanidins 
and anthocyanidins show similar profiles for the hydrogen 
bonding on R2 hydroxyl, corroborating BCP results.

The MEP was applied to analyze the reactive behavior 
of these molecules. Figure  6 shows MEP of anthocya-
nidins, leucoanthocyanidins, and flavonols. The red- and 
blue-colored regions of the potential areas are related to the 
regions susceptible to electrophilic and nucleophilic attacks, 
respectively [52].

Figure  6 shows three different groups of molecules, 
anthocyanidins, leucoanthocyanidins, and flavonols. The 
first group showed predominant contributions of the posi-
tive regions, the second group showed small contributions 

Fig. 3   Bond critical points 
(3, − 1) of the nine investigated 
molecules

Table 1   Topological properties of the electron density in BCP 
(3, − 1), Hc (× 10−3 a.u.) and in parenthesis Hc/ρc

*( +)-catechin presents no BCP

1 2 3

Pelargonidin – – 3.25 (0.49)
Cyanidin – – 3.29 (0.16)
Delphinidin – – 3.25 (0.15)
Leucopelargonidin 1.78 (0.06) 3.23 (0.14) 2.05 (0.21)
Leucocyanidin 1.68 (0.06) 3.20 (0.14) 2.47 (0.21)
Leucodelphirinidin 1.86 (0.01) 3.19 (0.14) 2.10 (0.22)
Kaempferol – 5.14 (– 0.12) 3.01 (0.13) 3.31 (0.17)
Quercetin – 5.15 (– 0.12) 3.05 (0.14) 3.31 (0.18)
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of negative regions, and the third group showed significant 
contributions of the negative regions. The pelargonidin, 
cyanidin, and delphinidin cations showed to be repulsive 
throughout all molecules, so they tend to be more prone to 
nucleophilic attacks. ( +)-Catechin is the only anthocyanidin 
prone to electrophilic attack. The ring C of flavonols showed 
repulsive potentials (positive charge densities), thus being 
susceptible to nucleophilic attacks. The same behavior was 
not verified in anthocyanidins and leucoanthocyanidins.

The dipole moment vectors indicate the regions where 
nucleophilic attacks are most likely to occur. Dipole 
moments are quite similar in leucoanthocyanidins, but 
the same similarity does not occur in flavonols. Although 
kaempferol and quercetin are flavonols, these results demon-
strated that different reactivity is expected from them.

Table 2 shows that the most negative εHOMO occurs in 
cations (anthocyanidins) when compared with quercetin and 
leucocyanidin, suggesting that these molecules are more 

Fig. 4   ELF contour map of anthocyanidins and flavonols

Fig. 5   ELF contour map of 
leucoanthocyanidins
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reactive in electrophilic reactions. The anthocyanidins have 
the smallest gap ΔεL-H; therefore, they are more reactive, 
and the smallest gaps occur in delphinidin. In addition, we 
found that the lowest chemical hardness, the highest electro-
philicity index, and electronegativity occur in anthocyanidin 
cations.

Leucocyanidin has the highest dipole moment expected 
for leucoanthocyanidins due to the � dihedral values. High 
values of dipole moments can indicate high reactivity. 
Global descriptors and electronegativity also indicate that 
anthocyanidin is the more reactive molecule, but it is also 
necessary to verify reactivity through local descriptors. 
Fukui functions are shown in Figs. 7 and 8.

The susceptibility to electrophilic attacks is directly 
related to the ability to donate electrons and is represented 
by the HOMO orbital. Figures 7 and 8 show positively 
charged regions suitable for electrostatic attraction and 

negative regions related to electrostatic repulsion. Anthocya-
nidin cations and flavonols are directed to the electrophilic 
attacks in the ϕ dihedral. In contrast, in leucoanthocyanidins, 
the most susceptible regions to the electrophilic attack are 
found in the A ring. The highest propensity for electrophilic 
( +)-catechin attacks occur in the A ring. The catechol of 
both flavonols shows the same behavior. The oxygen of the 
R1 groups of leucoanthocyanidins and hydroxyl groups of 
anthocyanidins is not able to electrophilic attack.

Figure 8 suggests that flavonol catechol, leucoanthocya-
nin R1 hydroxyls, and anthocyanidin radicals are not suit-
able to nucleophilic attacks.

Magnetic analysis

Figure 9 shows the NICS values centered in ring A, B, and 
C. The NICS (1) values in the isotropic field are of interest 

Fig. 6   MEP surfaces of antho-
cyanidins, leucoanthocyanidins, 
and flavonols. Dipole moment 
vectors are displayed in blue

Table 2   Global and reactivity 
descriptors obtained from the 
nine investigated flavonoids 
compared in their unbounded 
and complexed states: εHOMO 
(kcal mol−1), ΔεL-H (kcal 
mol−1), electronegativity � 
(kcal mol−1), hardness η (kcal 
mol−1), global softness S (kcal 
mol−1), global electrophilicity 
index ω (kcal mol−1), and 
dipole moment μ (Debye)

�
HOMO

Δ�
L−H � � S �

Pelargonidin  − 248.70 115.72 190.84 57.86 0.01 314.74
Cyanidin  − 245.45 111.97 189.47 55.98 0.01 320.61
( +)-Catechin  − 170.78 194.46 73.55 97.23 0.01 27.82
Delphinidin  − 244.57 109.84 189.65 54.92 0.01 327.47
Leucopelargonidin  − 177.14 196.69 78.80 98.34 0.00 31.57
Leucocyanidin  − 170.64 189.54 75.87 94.77 0.00 30.37
Leucodelphinidin  − 171.13 189.26 76.50 94.63 0.00 30.92
Kaempferol  − 171.83 139.84 101.91 69.92 0.01 74.26
Quercetin  − 170.64 136.83 102.22 68.41 0.01 76.37
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to discuss the aromaticity. High negative values of the 
shielding NMR indicate diatropic currents (aromaticity) 
[18]. The ketone oxygen in the R1 radical can influence 
aromaticity due to the presence of π electrons associated 
with this atom [18]. Recently, a comparative study of aro-
maticity in anthocyanidins, leucoanthocyanidins, and fla-
vonols clarified the importance of the ketone located at the 
R1 radical. In this study, the NICS values were calculated 

using HSEH1PBE/cc-pVDZ functional, which was shown 
suitable for flavonoid results [18].

The NICS, ELF analysis, MEP, and gap support the pla-
narity of ring C. The analysis of aromaticity using NICS 
corroborates the ELF analysis and shows that the ring C 
is distorted in the ELF isosurfaces of leucoanthocyanidins. 
The investigated flavonoids that present smaller gap values 
also present higher aromaticities regarding ring C. MEP 

Fig. 7   Fukui functions f − of the 
nine investigated molecules for 
sites favorable to electrophilic 
attacks

Fig. 8   Fukui functions f + of the 
nine investigated molecules for 
sites favorable to nucleophilic 
attacks
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surfaces of anthocyanidins, leucoanthocyanidins, and fla-
vonols showed repulsive potentials in the ring C of kaemp-
ferol and quercetin. Leucoanthocyanidins present a large 
positive region in ring C, likewise the flavonols. In contrast, 
the NICS shows that higher aromaticity occurs in the ring C 
of flavonols more than in leucoanthocyanidins.

Conclusions

We have studied aromaticity, reactivity, conformational, and 
electronic properties of a set of flavonoids. The conforma-
tional analyses showed that anthocyanidins and flavonols 
have a planar conformation which agrees with the previous 
results reported in the literature. Different from the other 
studied molecules, leucoanthocyanidins are highly distorted 
and have hydroxyls at R1 radical. In the present study, we 
showed unprecedented results for leucopelargonidin and 
leucodelphirinidin.

BCPs (3, − 1) were found between the oxygen of the 
hydroxyl groups in R7 and the hydrogen of the O6′. Leu-
coanthocyanidins and flavonols have three BCP (3, − 1) 
types in radicals R7, R1, and R2. BCP (3, − 1) formed 
between the hydrogen of hydroxyl (R2) and the oxygen 
of ketone (R1) show a value of Hc < 0 for kaempferol and 

quercetin, with the same degrees of covalence in these 
three molecules. The hydroxyl radicals in anthocyanidins 
and flavonols showed localized electron densities. Kaemp-
ferol and quercetin presented localized electron densities 
between hydroxyl hydrogen (R2) and ketone oxygen (R1).

Global molecular descriptors showed quercetin and 
leucocyanidin are the most reactive flavonoids in electro-
philic reactions. Complementary, anthocyanidins are the 
most reactive in nucleophilic reactions, while the small-
est gap occurs in delphinidin. Anthocyanidins present 
the lowest hardness and the highest electrophilicity and 
electronegativity.

Local descriptors indicate that anthocyanidins and fla-
vonols are more prone to electrophilic attacks in the ϕ dihe-
dral, while in leucoanthocyanidins, the most attack-prone 
regions are in the ring A. The R5 radical is susceptible to 
nucleophilic attacks on all molecules. Leucocyanidin and 
leucodelphinidin present a considerable nucleophilic region 
in ring B. Local descriptors also indicate that flavonol, cat-
echols, leucoanthocyanidin R1 hydroxyls, and anthocyanidin 
radicals are not susceptible to electrophilic and nucleophilic 
attacks. The ring C of anthocyanidins is more aromatic than 
the same found in flavonols and leucoanthocyanidins. The 
investigated flavonoids that present smaller gaps also present 
greater aromaticity.

Fig. 9   NICS (ppm per distance r in Å) in the isotropic field of the nine molecules. Values in red refers to the ring C NICS
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