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Simple Summary: The study determines the spatial structure and intramolecular interactions of
fagopyrins—natural photosensitizers of Fagopyrum species. In silico calculations show many fagopy-
rin conformers characterized by the formation of strong intramolecular interactions.

Abstract: Compounds characterized by a double-anthrone moiety are found in many plant species.
One of them are fagopyrins—naturally occurring photosensitizers of Fagopyrum. The photosensitizing
properties of fagopyrins are related to the selective absorption of light, which is a direct result of their
spatial and electronic structure and many intramolecular interactions. The nature of the interactions
varies in different parts of the molecule. The aim of this study is to determine the structure and
intramolecular interactions of fagopyrin molecules. For this purpose, in silico calculations were used
to perform geometry optimization in the gas phase. QTAIM and NCI analysis suggest the formation
of the possible conformers in the fagopyrin molecules. The presence of a strong OHO hydrogen
bond was shown in the anthrone moiety of fagopyrin. The minimum energy difference for selected
conformers of fagopyrins was 1.1 kcal-mol~!, which suggested that the fagopyrin structure may
exist in a different conformation in plant material. Similar interactions were observed in previously
studied structures of hypericin and sennidin; however, only fagopyrin showed the possibility of
brake the strong OHO hydrogen bond in favor of forming a new OHN hydrogen bond.

Keywords: fagopyrins; conformation; hydrogen bond; QTAIM; NCI

1. Introduction

Fagopyrins are a group of compounds of natural origin found in plants of the genus
Fagopyrum. Parts of these plants are commonly consumed by humans and animals
throughout the world [1]. There are many species of Fagopyrum; however, the most
consumed and studied are Fagopyrum esculentum, F. tataricum, and F. cymosum [2,3]. Parts of
these plants provide a low-calorie, gluten-free food and a source of many elements and
organic compounds of biological interest, such as rutin, quercetin, and fagopyrins [4-8].

Fagopyrins are anthraquinone derivatives characterized by a polycyclic system, which
is interesting from the chemical point of view. The structure and intramolecular interactions
of polycyclic compounds affect the physical and chemical properties and can influence
potential applications of the compounds in pharmacy and medicine [9-12]. As shown
in earlier work on hypericin [13] and sennidines [14], a highly substituted polycyclic
system can exhibit a non-planar structure due to a variety of intramolecular interactions.
At the time of writing this paper, data unambiguously define the spatial and electronic
structures of fagopyrins. An explanation of this may be found in difficult and multi-stage
processes needed to obtain the pure substance from plant material [15]. Additionally, the
existence of unstable protofagopyrins [16,17] and the possibility of the existence of many
derivatives [17,18] can be a problem.
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The interest in fagopyrins is mainly due to their spectroscopic properties. They exhibit
absorption of electromagnetic radiation in the wavelength range of the light around Amax
550 and 590 nm [15,19,20]. Upon excitation, they are able to transfer energy to the oxygen
molecule, thereby producing reactive oxygen species (ROS) [21]. Singlet oxygen and other
ROS are responsible for cell damage. Easy light activation of fagopyrin molecules shows the
potential to be used in photodynamic therapy [20]. On the other hand, high consumption
of the Fagopyrum plants can lead to the light sensitivity in animals, called fagopyrism [22].
Additionally, there are reports of the possible hepatotoxic effect of consumption of food
rich in Fagopyrum plants on dogs [23]. Leaving aside the potential dangers of the photo-
sensitizing properties of fagopyrins, their potential for pharmacological use appears to
be high. Easy excitation with energy from the visible range, confirmed antifungal [24]
and antimicrobial [25] properties, and natural origin are promising for use in targeted
photodynamic therapy.

Although general studies on the structure of fagopyrins were undertaken [17], no crys-
tal structures are available, given the current state of knowledge. Additionally, such
a strongly substituted double anthrone moiety has many possibilities for intramolec-
ular interactions. The introduction of piperidine and pyrrolidine substituents in the
hypericin molecule that, in fact, forms fagopyrin allows for the appearance of new
intramolecular interactions.

Considering the intramolecular interactions occurring in fagopyrins, the OHO hy-
drogen bond system formed by hydroxyl groups bound to carbonyl oxygen is the most
characteristic. As the strength of the hydrogen bond is determined primarily by the elec-
tronegativity of the atoms with which the proton is bound [26], the hydrogen bond of the
OHO type is the strongest. The strength of the hydrogen bond is expressed in changes
in geometry, consisting in shortening the distance between the donor and the acceptor of
the proton and the location of the proton close to the center of the distance between the
donor and the acceptor [27]. The OHO hydrogen bond system in fagopyrin is additionally
strengthened by the participation of the hydrogen bonds in closed bond cycles in which
double and aromatic bonds are present [28]. However, in the case of fagopyrins containing
the piperidine and pyrrolidine substituents with the nitrogen atom and the possibility of
conformational changes of the molecules, the presence of weaker hydrogen bonds of OHN
type should be taken into account.

Therefore, it seems necessary to investigate the possible intramolecular interactions
and structure of fagopyrins and compare them with the present state of knowledge using
the example of hypericin.

The purpose of this paper is to use in silico methods to determine the molecular
structure and interactions of still unknown fagopyrin molecules. Conformational analysis
is carried out to determine the probable spatial and electronic structure of fagopyrins and,
importantly, the intramolecular interactions of substituents that determine the pharmaco-
logical properties of these natural compounds. The results calculated for the gas phase
will provide valuable knowledge about these interesting derivatives and will contribute
to the future exploration of the pharmacological properties of fagopyrins. The conforma-
tional analysis will determine the minimum energy structure and possible formation of the
double-anthrone system in plant material.

2. Materials and Methods

Determination of the spatial structure and conformational analysis of fagopyrin
molecules were carried out using the Gaussian16 package [29]. Calculations were carried
out using DFT/B3LYP/6-311++G(d,p) model with Grimme dispersion [30]. The optimized
structures correspond to a minimum on local potential energy surfaces. QTAIM analysis
was performed using the AIMALL program [31]. NCI analyses [32] were performed using
the Multiwfn program [33]. NCI graphics were printed using the VMD program [34].
UV-VIS spectra and orbital analysis were performed with the ADF program [35].
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3. Results and Discussion

Six structures of fagopyrins A-F (Scheme 1) proposed by Benkovi¢ et al. [17] were
optimized in the gas phase. Conformational analysis was performed for the A-F structures
by searching for the minimum on local potential energy surfaces.

Scheme 1. Analyzed structures of (a) fagopyrin A, (b) fagopyrin B, (c) fagopyrin C, (d) fagopyrin D,
(e) fagopyrin E, and (f) fagopyrin F.

Conformers representing different arrangements and interactions of substituent hy-
droxyl groups, carbonyl oxygen, piperidine, and pyrrolidine rings were compiled based on
a structure with minimum energy. The close position of the substituents allowed for the
formation of intramolecular interactions at the “peri” (O-H:--O---H-O) and “bay” region
of the molecules (O-H---O-H). Additionally, the presence of piperidine and pyrrolidine
substituents allowed for the formation of new interactions with the nitrogen atom.

3.1. Conformational Analysis of Fagopyrins

The structure of fagopyrin consists of a polycyclic system of eight rings. As shown in
Scheme 2, each ring, named A-H, consists of six carbon atoms. Rings A-H are characterized
by the presence of at least one substituent. In the A + B + C and F + G + H regions of
the molecule, there are two hydroxyl groups and carbonyl oxygen. Such a close position
of the substituents allows the formation of a hydrogen bond system in which hydroxyl
groups are directed to the centrally located carbonyl oxygen. As shown for the hypericin
molecule [13], such formation of strong hydrogen bonds is energetically preferred, and
these hydrogen bonds are difficult to break. What is new in the structure of fagopyrin is the
close position of piperidine and pyrrolidine substituents. These substituents can occur at
positions named R1 and R2 (Scheme 2). The rings containing the substituents with nitrogen
atoms give an additional possibility to form of intramolecular OHN hydrogen bond and
possible breaking of the strong OHO hydrogen bonds. So far, no studies have been found
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on the arrangement of these substituents in fagopyrin molecules. Another interesting part
of the fagopyrin molecule is the “bay” region consisting of the A + D + F ring system. In
hypericin molecule, the preferred arrangement of the substituents in the “bay” region is to
form an OHO hydrogen bond between two hydroxyl groups. In the fagopyrin molecule,
the addition of piperidine and pyrrolidine rings allows the interactions to be directed to the
nitrogen atom forming new OHN interactions. Another part of fagopyrin molecule that
may affect the overall structure is the presence of R3 and R4 substituents. Depending on
the type of fagopyrin A-F molecule, these parts can be substituted by protons or methyl
groups. As shown for hypericin, the close distance of two methyl groups may cause strain
in the entire molecule and can strongly affect the planarity of the polycyclic system. Such a
variety of substituents and possible strain effects from methyl groups make the structure
and intramolecular interactions in fagopyrin molecules worth describing.

H H
o~ o o
R1
H
~o R3
O R4
H/
R2
O\ (o) 0
H H

Scheme 2. Double anthrone polycyclic system of fagopyrin A-H.

Six low-energy conformers of fagopyrin A have been obtained, and structure 2 is the
minimum energy conformer (Figure 1). The hydrogen bonds in the “peri” region of the
molecule show alignment to the carbonyl oxygen. Two OHN hydrogen bonds in the “bay”
region are preferred; however, breaking one OHN hydrogen bond in the “bay” region and
forming OHO hydrogen bond between hydroxyl groups results in a total energy change
of only 3.8 kcal-mol~! (structure 1). A similar change in the total energy of the system
(AE = 4.9 kcal-mol 1) is caused by breaking a strong OHO hydrogen bond in the “peri”
region and the formation of an OHN bond with the pyrrolidine substituent (structure 3).
Breaking the OHO hydrogen bond in the “peri” region without the formation of another
interaction destabilizes the fagopyrin structure and raises its energy (structure 4, 6).

For fagopyrin B, six low-energy conformers (Figure 2) have been obtained. Structure 8
showing the lowest energy is characterized by the OHO hydrogen bond arrangement in the
“peri” region typical for anthrones. In the “bay” region, the OHN hydrogen bonds linking
the hydroxyl group and the nitrogen atom are formed. The energy differences between
the structures 7, 8, and 9 show the energy difference up to 10.0 kcal-mol~!. The energy
difference for these conformers is larger than the analogous difference for structures 1,
2, and 3 of fagopyrin A. Formation of OHN hydrogen bonds with the piperidine ring
(fagopyrin A) shows larger energy differences than the formation of OHN interactions
with the pyrrolidine ring (fagopyrin B). Additionally, it can be seen that the piperidine
ring in the fagopyrin B prefers a “chair” conformation; however, interaction with the
hydroxyl substituent in the “peri” and “bay” region can disrupt the chair conformation
(structure 7-12). The presence of a free hydroxyl group (structure 10, 12) results in a
significant increase in the energy of fagopyrin B. In contrast, the lack of the methyl groups
brings the double anthrone system closer to planarity.
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(1) AE~3.8 kcal-mol ™ (2) AE=0.0 kcal-mol~" (Min.) (3) AE~4.9 kcal'mol™!

(4) AE~23.2 keal-mol™ (5)  AE=~25.5 kcal'mol! (6) AE~58.4 kcal-mol~

Figure 1. Conformers (1-6) of fagopyrin A.

(7) AE~7.1 kcal-mol~" (8)  AE=0.0 kcal-mol~ (Min.) (9) AE~10.0 kcal-mol~*

(10) AE~26.5 kcal-mol ™ (11) AE~30.1 keal-mol~* (12)  AE=~62.5 kcal'mol ™"

Figure 2. Conformers (7-12) of fagopyrin B.

Six conformers that were obtained for fagopyrin C (Figure 3) are characterized by
low energy. The structure with the lowest energy (structure 14) favors the formation of
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OHN hydrogen bonds and the breaking of the OHO hydrogen bonds in the “bay” region
of the molecule. The piperidine ring shows a “chair” conformation for all the obtained
structures (structure 13-18). Breaking of the OHN hydrogen bond located in the “bay”
region results in leaving the piperidine ring free and increasing the energy of the molecule
by 7.0 kcal-mol ! (structure 13). Breaking of the OHO hydrogen bond in the “bay” region
together with the formation of the OHN hydrogen bond with a hydroxyl group located
in the “peri” region (structure 15) is associated with an energy increase of 9.6 kcal-mol .
Leaving the “free” hydroxyl group in the “peri” region results in a significant increase in
the energy AE a 27.7 kcal-mol ! (structure 16) and AE ~ 65.8 kcal-mol ! (structure 18).

(13)  AE=~7.0 kcal'mol™ (14) AE=0.0 kcal'mol~" (Min.) (15)  AE=~9.6 kcal'mol™

(16)  AE~27.7 kcalmol™ (17) AE=~31.8 kcal'mol™! (18) AE~65.8 kcal'mol™!

Figure 3. Conformers (13-18) of fagopyrin C.

Six low-energy conformers (Figure 4) were obtained for fagopyrin D. The lowest
energy structure (structure 20) is characterized by the formation of an OHN hydrogen bond
in the “bay” region. Structure 19 is characterized by a “hypericin-like” arrangement of the
hydroxyl groups in the “bay”, and the “peri” region differs in energy by 7.0 kcal-mol !
from the lowest energy structure. The “chair” conformation is preferred for both piperidine
rings in fagopyrin D. Structure 21 is characterized by the breaking of the strong OHO
hydrogen bond in the “peri” region and the formation of an OHN hydrogen bond to the
piperidine ring. Such transfer of the hydrogen interaction results in the energy difference
of 9.6 kcal'mol~! to the minimum energy structure (structure 20). As in the fagopyrin
A-C structure, the “free” hydroxyl group (22, 24) increases the energy of the conformer;
however, in such a polycyclic system, this may not be a direct expression of breaking the
OHN hydrogen bond but also due to possible structural changes of the multi-ring molecule.
The formation of the OHN hydrogen bond in the “peri” region stabilizes the fagopyrin
D molecule.
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(19)  AE~7.0 kcalmol™ (20)  AE=0.0 kcal'mol~' (Min.) (21)  AE~9.6 kcal'mol™!

(22)

AE~26.9 kcal-mol ™ (23)  AE~30.1 kcal'mol ™ (24)  AE~65.9 kcal'mol ™

Figure 4. Conformers (19-24) of fagopyrin D.

Six conformers (Figure 5) were obtained for fagopyrin E. The lowest-energy conformer
(structure 26) shows hydrogen bonding in the “bay” region of the molecule. The OHN
hydrogen bonds are formed by the hydroxyl groups to both nitrogen atoms in the piperidine
and pyrrolidine substituent. In the minimum-energy conformer, the hydrogen bonds in
the “peri” region are directed to the carbonyl oxygen. The “chair” conformation of the
piperidine substituent is preferred. Conformer characterized by the “free” piperidine
group (structure 25) differs in the energy of 7.5 kcal-mol~!. Additionally, breaking of OHO
hydrogen bond in the “peri” region and transferring it to the “free” piperidine substituent
(structure 27) raises the energy relative to conformer 25 by 2.1 kcal-mol~!. As in the
fagopyrin structures described previously, breaking of a strong OHO hydrogen bond in
the “peri” region and leaving the hydroxyl group unbound raises the total energy of the
polycyclic system (structure 28 and structure 30).

For fagopyrin F, six low-energy conformers were obtained. The lowest-energy struc-
ture again is characterized by the formation of the OHN hydrogen bonds in the “bay”
region (structure 32). The chair conformation of the piperidine substituents is preferred.
The energetically similar conformers 31 and 33 are characterized by an energy difference of
7.5 and 9.7 kcal-mol !, relatively to the minimum. As in conformers of fagopyrin E, it is
possible to break the OHN hydrogen bond in the “bay” region and form an OHN hydrogen
bond in the “peri” region. Breaking of the strong OHO hydrogen bond system in the “peri”
region causes the deformation of the polycyclic system and deviates the molecule from
planarity (36).

In general, the structure of fagopyrin tends to form OHN hydrogen bonds in the “bay”
region. Energetically preferred formation of strong OHO hydrogen bonds to carbonyl
oxygen in the “peri” region is evident in most conformers, and breaking of these interactions
has the consequence of raising the energy of the system. Nevertheless, it is possible to
break the strong OHO hydrogen bonds in the “peri” region in favor of the formation of
an OHN hydrogen bond with the piperidine or pyrrolidine substituent. In summary, the
introduction of piperidine and pyrrolidine substituents into the hypericin system provides
an opportunity to form an OHN hydrogen bond instead of the strongest OHO.
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(25)  AE=7.5kcalmol™! (26) AE=0.0 kcal'mol~ (Min.) (27)  DE=~9.6 kcalmol™!

(28)  AE=~27.2 kcal'mol™! (29) AE=~30.5 kcal'mol~' (Min.) (830)  AE~66.2 kcal'mol™!

Figure 5. Conformers (25-30) of fagopyrin E.

3.2. Analysis of Geometry of Fagopyrin Structures

A parameter that describes the geometry of the fagopyrin conformers is the angle
between the planes formed by the peripheral rings A-C, F-H, A-F, and C-H (Scheme 2).
For hypericin, (Table 1) these angles are of degrees: A—C: 13.334, F-H: 12.363, A-F: 23.188,
and C-H: 30.095. Selected conformers of fagopyrin A-F show significant similarity to the
structure of hypericin. These conformers are 1, 7, 13, 19, 25, and 31. These conformers
are characterized by different substitutions at the R1-R4 position but the hydroxyl groups
in the “bay” and “peri” regions are oriented as in the hypericin molecule and form the
same type OHO hydrogen bonds. The difference in the angle between the ring plane is the
greatest for fagopyrin C and D. These fagopyrins have an asymmetric substitution with a
methyl group and a proton at the R3 and R4 position.

Transfer of the OHO hydrogen bond in the “peri” region to the piperidine or pyrro-
lidine results in the formation of an OHN hydrogen bond (structures 3, 9, 15, 21, 27, and
33) and causes little change in the angles between the A—C and A-F planes. Formation of
another OHN hydrogen bond in molecules 5, 11, 17, 23, 29, and 35 causes more significant
changes in the polycyclic system. The changes are visible in the angle between F-H and
C-H planes, so the effect of the OHN hydrogen bonds in the “peri” region on the geometry
of the fagopyrin molecule is apparent and may have a real impact on the electron structure.
Additionally, breaking the OHO hydrogen bond and leaving the hydroxyl group in the
“peri” region as free causes deformation of the polycyclic system (structures 4, 10, 16, 22,
28, and 34). Larger differences can be observed when two free hydroxyl groups in the
molecule are present (structures 6, 12, 18, 24, 30, and 36). This arrangement of the hydroxyl
groups causes strong deformation of the polycyclic system of fagopyrins, which is reflected
in the high energy of these conformers. So far, two similarities of the fagopyrin molecules
to the hypericin molecule can be given. These are a strong influence on the geometrical
structure of substituents at the R3 and R4 positions (methyl groups) and the preferred
formation of the OHO hydrogen bonds in the “peri” region formed by hydroxyl groups
and carbonyl oxygen.
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Table 1. Angles between the ring planes in fagopyrin and hypericin conformers. o = 0.001 [deg.].

Plane/Angle [Deg.]

Compound Structure
A-C F-H A-F C-H
1 13.695 12.708 23.717 30.165
2 10.787 10.001 23.965 29.275
Fagopyrin A 3 16.005 13.476 25.420 30.763
4 18.505 15.241 27.456 31.058
5 16.694 14.646 30.072 30.773
6 20.601 20.002 28.554 33.411
7 12.227 11.517 23.245 4.320
8 11.303 11.437 23.632 3.099
Fagopyrin B 9 17.136 11.257 26.050 5.012
10 23.343 8.266 26.391 2.675
11 17.52 15.562 30.230 4.862
12 20.611 20.796 33.032 5.543
13 10.728 12.357 24.436 19.975
14 8.323 10.393 24.598 18.545
Fagopyrin C 15 13.846 12.925 25.928 20.427
16 17.886 13.166 27.414 18.563
17 15.129 18.324 30.626 20.972
18 17.561 20.219 33.223 20.238
19 10.778 12.366 24.422 19.978
20 8.305 10.341 24.604 18.515
Fagopyrin D 21 13.847 12.918 25.848 20.431
22 17.800 13.066 27.297 18.533
23 14.637 16.649 30.708 20.473
24 17.558 20.262 33.338 20.209
25 13.469 12.696 24.195 30.168
26 10.838 10.654 24.508 29.384
Fagopyrin E 27 15.981 13.491 25.502 30.778
28 18.502 15.112 27.347 30.987
29 16.798 14.604 30.088 30.787
30 21.120 22.148 27.824 33.555
31 13.482 12.721 24.089 30.172
32 10.805 10.638 24.461 29.384
Fagopyrin F 33 16.011 13.53 25.430 30.789
34 18.581 15.220 27.322 30.993
35 17.361 16.870 30.244 31.195
36 21.112 21.813 27.898 33.568
Hypericin - 13.334 12.363 23.188 30.095

The structures corresponding to the energy minima (2, 8, 14, 20, 26, and 32) differ from
hypericin in the “bay” region. The hydroxyl groups in the “bay” region are directed to the
nitrogen atom in the piperidine and pyrrolidine substituents. In the case of hypericin, the
hydroxyl groups prefer the OHO hydrogen bonding. The introduction of piperidine or
pyrrolidine rings at the R1 and R2 positions favors the formation of an OHN hydrogen
bond and decreasing of the fagopyrin energy to a minimum.

Changes in the angles between the plane rings of the peripheral rings of fagopyrins
result from a number of substituents and the intramolecular interactions. As fagopyrin
F is the major form in the plant material [18], an analysis of hydrogen bond parameters
has been performed for the structures shown in Figure 6. The length and angles of OHO
and OHN hydrogen bonds are summarized in Table 2. The parameters of OHN hydrogen
bonds directed to the pyrrolidine and piperidine rings are highlighted in bold. The results
calculated for the fagopyrin F conformers have been compared with hypericin. The letters
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in parentheses in Table 2 identify the hydrogen bond location described according to
Scheme 2.

(31) AE~7.5 kcal-mol ™ (32)  AE=0.0 kcal'mol~' (Min.) (33) AE~9.7 kcal-mol ™

&ﬁ

(34) AE=~27.3 kcal-mol ™" (35) AE~32.8 kcalmol™' (Min.) (36) AE=~66.5 kcal-mol ™

Figure 6. Conformers (31-36) of fagopyrin E.

Table 2. Hydrogen bonds in possible fagopyrin F conformers. o = 0.0001 [A], ¢ = 0.001 [deg.].

Structure Hydrogen Bond Location H---O/H---N [A] 0---0/0---N[A] OHO/OHN [deg.]

C(A)-O-H---O=C(B) 1.6047 2.5133 149.530

C(C)-O-H---O=C(B) 1.6583 2.5485 147.083

3 C(F)-O-H:--0=C(G) 1.6022 25125 149.135
C(H)-O-H---0=C(G) 1.6721 2.5591 146.198

C(A)-O-H:--O-C(F) 1.5751 2.5155 158.577

C(F)-O-H:--N(R2) 1.5386 2.5278 156.683

C(A)-O-H:--O=C(B) 1.6220 2.5319 149.412

C(C)-O-H---O=C(B) 1.6667 2.5580 147.383

3 C(F)-O-H---0O=C(G) 1.6244 2.5338 149.346
C(H)-O-H---0O=C(G) 1.6677 2.5589 147.388

C(A)-O-H:--N(R1) 1.7233 2.6379 150.007

C(F)-O-H:--N(R2) 1.6676 2.6012 152.071

C(A)-O-H:--N(R1) 1.7164 2.6276 149.868

C(C)-O-H---O=C(B) 1.5936 2.5098 149.406

C(F)-O-H:--O=C(G) 1.6035 2.5143 149.243

33 C(H)-O-H.--0=C(G) 1.6720 25597 147.032
C(A)-O-H:--O-C(F) 1.5849 2.5207 157.420

C(F)-O-H:--N(R2) 1.5508 2.5354 156.626

C(A)-O-H:--N(R1) 1.7350 2.6378 148.993

C(F)-O-H---0=C(G) 1.6062 2.5164 149.237

34 C(H)-O-H:--0=C(G) 1.6750 2.5627 147.055
C(A)-O-H---O-C(F) 1.5977 2.5319 157.421

C(F)-O-H:--N(R2) 1.5590 2.5402 156.438
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Table 2. Cont.

Structure Hydrogen Bond Location H---O/H---N [A] 0---0/0---N[A] OHO/OHN [deg.]
C(A)-O-H---N(R1) 1.7220 2.6316 149.766
C(C)-O-H---0=C(B) 1.6017 2.5156 149.256
35 C(F)-0-H---N(R2) 1.6940 2.6188 152.744
C(H)-O-H---0=C(G) 1.6095 2.5203 149.017
C(A)-O-H---O-C(F) 1.6717 2.5572 149.732
C(A)-O-H---N(R1) 1.7438 2.6437 148.744
36 C(F)-O-H---N(R2) 1.7087 2.6243 151.524
C(A)-O-H---O-C(F) 1.6658 2.5536 150.072
C(A)-O-H---O=C(B) 1.6499 2.5422 147.330
C(C)-O-H---0=C(B) 1.6659 2.5548 146.940
Hypericin C(F)-O-H---0=C(G) 1.6400 2.5351 147.385
C(H)-O-H---0=C(G) 1.6750 2.5606 146.668
C(A)-O-H---O-C(F) 1.6670 2.5605 151.168

Structure 31 is characterized by an arrangement of substituents similar to hypericin.
The length of hydrogen bonds in the “peri” region is similar to the length of analogous
bonds in hypericin. In the “bay” region, the OHO bond length is shorter than in the
hypericin molecule. The OHN hydrogen bond is characterized by a length of 1.5386 A
and an angle of 156.683°. The lowest energy conformer (structure 32) is characterized
by “peri”-OHO hydrogen bond lengths similar to hypericin. In structure 32, two OHN
hydrogen bonds are presented in the “bay” region. The bond labeled as C(F)-O-H----N(R2)
is characterized by length and angle similar to the OHO “peri” bonds. The bond labeled
as C(A)-O-H---N(R1) is elongated up to 1.7233 A. Additionally, the “peri” OHN hydrogen
bond in structure 33 is longer (1.7164 A) than the “peri” OHO hydrogen bonds.

3.3. Aromaticity of Fagopyrin

The aromaticity of polycyclic compounds is related to their structure and reactivity.
There are many indices describing aromaticity; however, the classical HOMA index (Har-
monic Oscillator Measure of Aromaticity) is convenient for the description of aromaticity
in organic compounds and relates it directly to the structure [36]. In typical aromatic com-
pounds, the values of the HOMA index are in the range from 0 to 1, where 0 corresponds to
anon-aromatic ring, and the value of 1 corresponds to a fully delocalized benzene structure,
and only in special cases, the HOMA value can exceed the 0-1 range. Figure 7 shows the
HOMA values calculated for the rings of the fagopyrin F conformers. The rings are marked
according to Scheme 2. For hypericin, the HOMA values for particular rings are: A—0.7186,
B—0.3937, C—0.8054, D—0.4712, E—0.5138, F—0.7863, G—0.4010, and H—0.7979. For the
fagopyrin F structures, the peripheral rings A, C, F, and H show the highest HOMA value
indicating the aromatic character of the ring. The aromaticity of the rings D and E is about
0.5. The HOMA value for rings B and G is the most variable, and for the structures 34
and 36, it is negative. Structure 31 is characterized by a hypericin-like arrangement of the
substituents. The HOMA values of rings A and F are lower relatively to the hypericin; thus,
the presence of the piperidine ring decreases the aromaticity of the rings. However, the
D ring in structure 31 gains aromaticity relative to the hypericin moiety. The formation
of the strong OHO hydrogen bonds in the “peri” region stabilizes the polycyclic system
and increases the aromaticity of the central B and G rings. In general, structure 31 shows
aromaticity of the rings similar to hypericin, with the influence of piperidine substituents
on the aromaticity of rings A, D, and F. The lowest energy structure 32 is characterized
by the formation of two OHN hydrogen bonds to the piperidine substituent in the “bay”
region. This arrangement increases the aromaticity of the A, D, and F ring. Structure 33
is characterized by the breaking of the strong OHO bond in the “peri” region and the
formation of an OHN hydrogen bond to the piperidine ring. Such conformation causes an
increase in the energy of the system, an increase in the HOMA value of the F ring, and a
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decrease in the HOMA value of the B ring up to 0.1644. Breaking of another OHO bond in
the “peri” region (structure 34) deepens the loss of aromaticity of the B ring. The HOMA
parameter below zero indicates a complete loss of aromaticity of the ring. In structures 35
and 36, two OHN bonds in the “peri” region are present and such conformation of the
hydroxyl groups causes an increase in the HOMA value in the A and F ring with significant
aromaticity decreasing in the B and G ring. These changes cause increasing the total energy
of the molecular system (Figure 6).

0.4603 §§ 0.4407 ‘
@ @ 0.8240

Figure 7. HOMA values calculated for (a) 31, (b) 32, (c) 33, (d) 34, (e) 35, and (f) 36 fagopyrin
F conformers.

3.4. Analysis of Intramolecular Interactions in Fagopyrin Derivatives

Changes in aromaticity must be related to the changes in electron density of the
polycyclic system. To describe the possible intermolecular interactions and arrangement of
the electron density, the QTAIM [37] (Quantum Theory of Atoms in Molecules) analysis
for the fagopyrin F conformers has been performed. In the frame of the QTAIM theory, a
molecule consists of maximum, minimum, and saddle points of the electron density p(r).
The saddle point indicates bond-critical points (BCPs) or ring-critical points (RCPs). The
points representing the maximum electron density correspond to atoms. Figure 8 shows
QTAIM graphs of fagopyrin F conformers. The structure of fagopyrin F is characterized
by the presence of numerous substituents in a polycyclic system. Such structure allows
for the occurrence of numerous intramolecular interactions of diverse nature [38]. QTAIM
analysis confirms the presence of the hydrogen bond interactions in the “peri” region of
fagopyrin F. Hydroxyl groups directed to carbonyl oxygen form a stable moiety as in the
case of hypericin and sennidin [13,14]. QTAIM analysis indicates that OHN interaction
can be formed in both the “peri” and “bay” region. The strong OHO hydrogen bonds in
the anthrone moiety can be broken and replaced by weaker OHN hydrogen bonds. The
electron density values at the bond critical points p(r) presented in Figure 8 reflect the
strength of the OHO and OHN hydrogen bonds. The structures 33, 34, 35, and 36 show the
formation of OHN hydrogen bonds characterized by lower values of p relative to the OHO
hydrogen bonds in the “peri” region. However, conformer 32 (b) is characterized by the
formation of OHN hydrogen bonds in the “bay” region. These bonds are characterized by
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a similar value of p(r) relative to the strong OHO hydrogen bonds in the “peri” region. This
conformer shows the lowest energy; thus, the formation of strong OHN hydrogen bonds to
the piperidine substituents stabilizes the anthrone system. The proximity of the piperidine
ring affects the adjacent hydroxyl groups even if they do not form a direct bond. In addition,
the close position of the methyl groups also introduces intermolecular interactions.
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Figure 8. QTAIM plots for (a) 31, (b) 32, (c) 33, (d) 34, (e) 35, and (f) 36 fagopyrin F conformers. Green
points correspond to RCPs. Red points indicate BCPs.

To confirm the presence of the interactions, the non-covalent interactions [32] (NCI)
analysis was performed. Figure 9 shows the conformers of fagopyrin F, showing multiple
intramolecular interactions. The blue isosurfaces in the “peri” and “bay” moiety confirm
the presence of strong hydrogen bonds in the fagopyrin F molecule. Conformer 31 (a)
shows similarity to hypericin in the formation of strong OHO hydrogen bonds. The lowest
energy conformer 32 (b) confirms the formation of OHN hydrogen bonds in the “bay”
region. Structure 33 (c) confirms the possibility of breaking the strong OHO hydrogen bond
in favor of OHN hydrogen bond formation with the nitrogen atom of the piperidine ring.
The interactions between the methyl groups can be described as dispersive.

3.5. UV-VIS Spectra of Fagopyrin Conformers

Different conformation of the investigated fagopyrins is reflected in their electron
structures. In Figure 10 are presented the HOMO and LUMO orbitals for the conformers
of fagopyrin F—the most popular in the plant material. For other fagopyrins, the HOMO
and LUMO orbitals are collected in Supplementary Materials. It is characteristic that for all
conformers, the HOMO orbital is located mainly on the outer A, C, F, and H rings and on
the oxygen atoms of the hydroxyl group. Only for conformers 34 and 36, the HOMO orbital
is more concentrated on rings A and F than on C and H. The transfer of electrons to the
LUMO orbital is connected with the shifting of electrons to the B and G rings, the oxygen
of the carbonyl group, and outer bonds of the A, C, F, and H rings. Since the arrangement
of the HOMO and LUMO orbitals is similar for all conformers, the HOMO-LUMO gap
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energy is also similar. This is persistent for all the analyzed fagopyrins. In Table 3 are
collected the HOMO-LUMO gap energies for all the analyzed fagopyrins.

Figure 9. NCI plots for (a) 31, (b) 32, (c) 33, (d) 34, (e) 35, and (f) 36 fagopyrin F conformers. Colors
used for isosurfaces are: red for repulsive, green for dispersive, and blue for attractive interactions.

Table 3. HOMO-LUMO gap energy for calculated fagopyrin structures.

Structure HOMO-LUMO Gap [kcal-mol—1]
1 58.4
2 58.4
3 59.2
4 61.0
5 61.0
6 66.5
7 59.7
8 59.9
9 60.2
10 61.7
11 62.7
12 67.9
13 59.1
14 59.3
15 60.0
16 61.6
17 62.2
18 67.3
19 59.0
20 59.3
21 60.0
22 61.6
23 62.1
24 67.1
25 58.4

26 58.5
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Table 3. Cont.

Structure HOMO-LUMO Gap [kcal-mol—1]
27 59.5
28 61.1
29 61.1
30 67.1
31 58.4
32 58.5
33 59.4
34 61.1
35 61.2
36 66.9

Figure 10. HOMO and LUMO orbitals for the fagopyrin F conformers 31, 32, 33, 34, 35, and 36.
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The UV spectra for fagopyrin F shown in Figure 11 are characterized by the presence
of two intense bands. For the conformers 31, 32, and 33, the most intensive band shifts
from 556 nm to 552 nm. The second intensive band is located at 457, 455, and 459 nm. For
conformer 34, except for the most intensive band at 546 nm, two bands with similar intensity
at 477 and 427 nm are present. The last band at 427 nm is visible in the UV-VIS spectra of
31, 32, 34, and 36 conformers; however, it is significantly lower compared to other bands.
For conformers 31, 32, 33, and 34, the most intensive band is related to HOMO-LUMO
transition. For conformer 35, this band is shifted to 539 nm, for conformer 36 to 503 nm,
and the intensity of this band is lower than the bands at 437 and 421, respectively. For the
conformers 35 and 36, transitions from lower energy orbitals are more intense than for the
HOMO-LUMO transition. The electron transition participating in the bands for fagopyrin
F conformers are collected in Table 4. The shape of the orbitals involved in the electron
transitions in structure 32 (the lowest energy structure of fagopyrin F) is shown in Figure 12.
The shape of the orbitals involved in UV-VIS transitions for fagopyrin F conformers except
the presented in the text (Figure 12) is shown in Supplementary Materials.
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Figure 11. Theoretical excitation spectra for fagopyrin F conformers. Structure 31—red, 32—blue,
33—black, 34—green, 35—orange, and 36—purple.

Figure 12. The shape of the orbitals for structure 32 (the lowest energy structure of fagopyrin F).
176—HOMO and 177—LUMO orbitals.
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Table 4. The electron transition contribution and orbitals for fagopyrin F conformers.

Structure Band [nm] Orbital Transition Transition Contribution [%]
556 176(HOMO) — 177(LUMO) 95.7
175 — 177 13
31 174 — 177 90.3
172 = 177 3.0
457 176 — 179 27
173 — 177 13
552 176(HOMO) — 177(LUMO) 96.7
30 175 — 177 91.2
455 173 — 177 36
176 — 179 31
552 176(HOMO) — 177(LUMO) 97.1
175 — 177 86.7
174 — 177 77
459 176 — 179 15
33 173 — 177 1.4
174 — 177 87.1
175 — 177 7.0
436 176 — 179 22
173 = 177 12
546 176(HOMO) — 177(LUMO) 96.0
175 — 177 70.7
174 — 177 17.3
477 173 — 177 6.8
34 176 — 179 1.1
173 = 177 82.6
174 — 177 10.2
427 176 — 179 1.9
172 = 177 12
175 — 177 1.1
539 176(HOMO) — 177(LUMO) 97.3
175 — 177 745
35
437 174 — 177 17.2
176 — 179 27
172 = 177 1.8
503 176(HOMO) — 177(LUMO) 96.8
174 — 177 525
36 175 — 177 29.4
41 172 = 177 95
176 — 179 31
171 — 177 1.1

A comparison of calculated fagopyrin F and experimental spectra [19] for the plant
material suggests that in the plant material, many fagopyrin structures may be present. It is
not clear which version of fagopyrin in the experimental spectra was registered; however,
in the experimental spectra, the most intensive theoretically calculated bands are visible.

4. Conclusions

Theoretical calculations can provide information on the molecular structure when the
structure is unknown, which is often the case with plant material. Fagopyrin compounds
may exist as conformers characterized by a different energy. The presence of the piperidine
and pyrrolidine ring in fagopyrin introduces novel intramolecular interactions compared to



Molecules 2022, 27, 3689 18 of 19

the double anthrone molecules. Fagopyrin A-F structures are characterized by the presence
of a number of substituents and strong hydrogen bonds in the anthrone moiety. Although
the OHO hydrogen bonds in the anthrone moiety are characterized as very strong, both the
OHO and OHN hydrogen bonds may exist in the fagopyrin A-F structure. It is possible
to break the strong OHO hydrogen bonds in the anthrone moiety in favor of interactions
with the nitrogen atom in piperidine or pyrrolidine substituent. Changes in the molecular
geometry are related to the changes in the orbital localization, which is reflected in the
UV-VIS spectra of fagopyrin conformers.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27123689/s1. Figure S1. HOMO (left) and LUMO
(right) orbitals for the 1, 2, 3, 4, 5, and 6 Fagopyrin A conformers. Figure S2. HOMO (left) and
LUMO (right) orbitals for the 7, 8, 9, 10, 11, and 12 Fagopyrin B conformers. Figure S3. HOMO
(left) and LUMO (right) orbitals for the 13, 14, 15, 16, and 17 Fagopyrin C conformers. Figure S4.
HOMO (left) and LUMO (right) orbitals for the 19, 20, 21, 22, 23, and 24 Fagopyrin D conformers.
Figure S5. HOMO (left) and LUMO (right) orbitals for the 25, 26, 27, 28, 29, and 30 Fagopyrin E
conformers. Figure S6. The shape of the orbitals for structure 31 (Fagopyrin F). 1776—HOMO and
177—LUMO orbitals. Figure S7. The shape of the orbitals for structure 33 (Fagopyrin F). 1776—HOMO
and 177—LUMO orbitals. Figure S8. The shape of the orbitals for structure 34 (Fagopyrin F). 176—
HOMO and 177—LUMO orbitals. Figure S9. The shape of the orbitals for structure 35 (Fagopyrin
F). 1776—HOMO and 177—LUMO orbitals. Figure S10. The shape of the orbitals for structure 36
(Fagopyrin F). 1776—HOMO and 177—LUMO orbitals.
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