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ARTICLE INFO ABSTRACT

Keywords: Free radicals are harmful reactive species that cause various problems in the human body. Antioxidant
Xaﬂ.tholnes compounds, such as xanthones found in natural products, can help prevent these effects. This study focuses
Antioxidant on the antioxidant behavior of ravenelin (RVL) and ravenelin B (RVLB), a newly discovered xanthone in the
DFT Exserohilum rostratum fungus. Both experimental and in silico tests were conducted, comparing them to ascorbic
Solvent effects . s . . A

Hydrogen bonds acid, a standard antioxidant. The results showed that RVL has a lower bond dissociation energy (312 kJ/mol)

than ascorbic acid (313 kJ/mol), indicating comparable antioxidant performance. This difference is mild but
agrees with the experiment that indicates RVL efficiency is equivalent to ascorbic acid at low concentrations.
RVLB, however, demands higher dissociation energy (323 kJ/mol) and consequently it has a lower antioxidative
efficiency. Thus, antioxidant capacity is found as RVL > ascorbic acid > RVLB. From experimental assays, the
RVL performance was confirmed through experimental tests at different solute concentrations. The study also
examines the effects of solvents and intramolecular hydrogen bonds. Ravenelin molecules present three hydroxyl
groups involved in intramolecular OH---O interactions. However, analysis based on the infrared spectra, as well
as Bader’s theory and non-covalent interactions done in water solvent showed that the two strongest H-bonds
(~ —37 kJ/mol) better stabilize the molecular structure, but are not favorable to antioxidant reactions, indicating
that hydrogen scavenging occurs at the less hydrogen-bonded hydroxyl group. The solvent also plays an active
role first in facilitating hydrogen abstraction besides changing the hydrogen scavenging mechanism according to
the environmental polarizability. Additionally, the antioxidant mechanism of ravenelin molecules changes from
nonpolar to polar solvents, allowing for hydrogen abstraction.

1. Introduction

In excess, free radicals are harmful to living organisms, causing pre-
mature aging of all organic tissues that make up the human body [1].
As a natural defense, living organisms can take advantage of enzymes
capable of neutralizing these radicals. However, unhealthy habits such
as smoking, excessive alcohol consumption, and sun exposure, among
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other factors, can disrupt this balance. In this context, antioxidant sub-
stances gain special relevance. These natural products, primarily ex-
tracted from fruits and medicinal plants [2], are beneficial to living
organisms once they are capable of undergoing a simple chemical re-
action, losing hydrogen atoms to neutralize free radicals. Thus, these
compounds are of great interest to the pharmaceutical and food indus-
tries.
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RVL-R,,R;, R, =OH; R,=H
RVLB-R,, R, R, =OH; Ry;=H

Fig. 1. Representation of ravenelin (RVL) and ravenelin B (RVLB). These com-
pounds are isomers of position differing the reallocation of the OH group from
position 4 in RVL to 2 in RVLB.

In the search for new antioxidant compounds, molecular modeling
techniques and quantum chemical approximations play an important
role in providing information that is not easily obtained through exper-
imental techniques [3-5].

For example, theory shows that the hydrogen atom transfer process
can occur in three different forms. Therefore, besides being possible
to determine the most likely molecular site for hydrogen removal, it
is equally feasible to identify the dominant mechanism of antioxidant
behavior and the conditions that affect these processes. In a series of
recent reports, for instance, it has been shown that the simple inclusion
of the solvent is enough to change the oxidative mechanism observed
in gas phase [3,6,7]. These discoveries reveal that the environment is
an important factor in the study of antioxidant molecules.

In a recent discussion, ravenelin (1,4,8-trihydroxy-3-methyl-9H-
xanthen-9-one) has been identified and extracted from the endophytic
fungus Exserohilum rostratum and tested with success against Gram-
positive bacteria strains [8].

In addition, Marinho and collaborators recently identified ravenelin
B (1,2,8-trihydroxy-3-methyl-9H-xanthen-9-one), a new xanthone pres-
ent in the same fungus. From Fig. 1, it is evident that both RVL and
RVLB are positional isomers, with OH and CH; groups that can par-
ticipate in antioxidant reactions. However, despite xanthones being
associated with diverse biological functions, no research has been con-
ducted to explore the antioxidant potential of RVL and RVLB molecules.

In the face of the discussion above, we have carried out a systematic
investigation of the antioxidant activity of ravenelin molecules coupling
experimental and theoretical methodologies. Once a sufficient amount
of RVL can be extracted from the Exserohilum rostratum fungus, antioxi-
dant assays are conducted specifically for this compound. Additionally,
quantum chemical methods are employed to investigate its antioxidant
properties. Subsequently, molecular modeling techniques are used to
compare RVL and RVLB performances. As a general finding, both com-
pounds might be promising in the pharmacological industry. The results
also show that the polarity of the solvent and the intramolecular hydro-
gen bond formations play fundamental roles, selecting the antioxidant
mechanism, reducing the energetic cost of the hydrogen abstraction,
and vitalizing the removal of free radicals from the human organism.

2. Methodology
2.1. Experimental

2.1.1. Isolation of ravenelin

Ravenelin (Fig. 1a) used in this work was isolated from the fun-
gal biomass of E. rostratum, deposited at National Genetic Heritage and
Associated Traditional Knowledge Management System (SisGen) under
the accession number AFE3E98. The fungus cultivation, isolation and
structural characterization are described elsewhere [8].

2.1.2. Ravenelin antioxidant assay
The 2,2-diphenyl-1-picrylhydrazyl (DPPH) antioxidant assay in-
volves assessing the ability of antioxidant compounds to capture free
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Fig. 2. Antioxidant mechanisms of new xanthone: Hydrogen atom transfer
(HAT), Sequential proton loss electron transfer (SPLET) and Single electron
transfer followed by proton transfer (SET-PT).

radicals [11,12]. In this study, we compared the antioxidant capacity
of ravenelin with that of ascorbic acid, a widely recognized antioxi-
dant. Both compounds were evaluated in a concentration range of 100
- 6.25 ppm, prepared from a 100 ppm stock solution (Table S1). Sam-
ples were prepared in triplicate, and the final sample volume, after the
addition of the DPPH solution (40 ppm), was 2 mL.

Following the addition of the DPPH solution, the samples were
stored under ambient conditions without exposure to light for 30 min-
utes at room temperature. Absorbance was measured at a wavelength
of 518 nm using a Zenyth 200rt Microplate Reader and Spectropho-
tometer. The calculation of antioxidant capacity will be determined by
the difference between the control absorbance (A.qp) and the sample
absorbance (Ag,mple) described as:

A

control Asample

1 1
" x 100 (@]

% antioxidant capacity =
control

2.2. Theoretical

The in silico discussion of the antioxidant behavior of ravenelin and
ravenelin B is entirely based on a thermochemical analysis. In this con-
text, the enthalpy (H) is the main parameter, and is obtained from
the vibrational frequencies of the optimized molecular geometries. Ac-
cording to theory, the hydrogen transfer process can occur under three
different manners [16] as shown in Fig. 2, and the viability of one of
these reactions is estimated by computing the energetic difference be-
tween the final and initial enthalpies. The first reactive mechanism is
the Hydrogen Atom Transfer (HAT), which occurs in a single step with
the complete removal of the hydrogen atom. This mechanism is de-
scribed by the Bond Dissociation Enthalpy (BDE) as:

BDE = H}, , + H}; — Hpron @

On the other hand, the second mechanism, SET-PT (Sequential Elec-
tron Transfer - Proton Transfer), happens in two steps. In this particular
case, an electron transfer occurs first, being followed by a proton mi-
gration to the free radical. In this order, this procedure described by the
Adiabatic Ionization Potential (AIP) and Proton Dissociation Enthalpy
(PDE) as:

AP =H} . +He —Hyron ©)]
— + o+
PDE =H;_ , + H, —H}} @
Finally, the third and last mechanism, SPLET (Sequential Proton Loss
Electron Transfer), is the reverse of the previous one. In this case, first
the system loses the proton, and subsequently occurs an electron trans-
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fer. This mechanism is described by Proton Affinity (PA) and Electron
Transfer Enthalpy (ETE) as:

PA= HKrO + H; —Haron 5)
ETE = H;\ro +H.—H, , 6)

All molecular geometries used in the thermochemical analysis were
obtained within the framework of DFT using the B3LYP method [17-19]
with the 6-311++G(2p, 2d) basis set [20,21], and the Integral-Equation
Formalism of the Polarizable-Continuum Model (IEF-PCM) [22] used to
take the solvent effect into account when necessary. Moreover, for the
open-shell systems (radicals and cations), the unrestricted formalism
was applied, and the absence of negative frequencies in the vibrational
spectra confirmed that the molecular geometries correspond to mini-
mum energy geometries. Besides, it is important to mention that all
quantum mechanics calculations were performed using the Gaussian 16
program [23]. Additionally, the recommended enthalpies for electrons,
protons, and hydrogen (see Table $2) have been previously assigned by
Urbaniak and collaborators [24].

The intramolecular H-bonds were characterized using the Bader$
Atoms in molecules (AIM) [25-27] and non-covalent interactions (NCI)
[28,29] theories, respectively. We have found the bond critical points
(BCPs) using AIM through the electron density p(r). In the case of
the NCI, the reduced density gradient, s = w :’f—g, and the second
eigenvalue, A, of the Hessian of the p(r) were used to characterize the
non-covalent interactions. In this sense, the colors blue, green and red
represent strong, weak and repulsive interactions, respectively. The AIM
and NCI analysis was performed using the Multiwfn program [30]. Ad-
ditionally, the molecular graphs have been constructed by using the
VMD program [31].

Finally, a comment about the choice of the structures in the face of
molecular tautomerism. In principle, xanthones can oscillate between
their keto and enol structures. This tautomerism depends on several
variables. However, we held our focus on the keto form once many
results indicated that in polar solvents, this structure better stabilizes
[32-34].

3. Results
3.1. Antioxidant analysis

The DPPH assay is commonly used to assess the potential of an
antioxidant molecule to capture free radicals [9]. It is considered a
standard and straightforward colorimetric method for evaluating the
antioxidant properties of compounds. DPPH is a stable radical that ap-
pears purple in solution, absorbs UV-Vis radiation in the wavelength
range of 515-518 nm [35]. The assay is based on the principle that
DPPH accepts a hydrogen atom from an antioxidant compound, reduc-
ing it from DPPH* to DPPH2. The reduction leads to color alteration
to yellow, and the absorbance in the region between 515-518 nm de-
creases [13].

Ascorbic acid is an efficient antioxidant that eliminates toxic free
radicals and other reactive oxygen species (ROS) formed during cellular
metabolism [10,11]. It is considered effective for cells in nearly all aer-
obic organisms. Therefore, ascorbic acid, along with other compounds
such as gallic acid, butylated hydroxytoluene (BHT), and butylated hy-
droxyanisole (BHA), is used as a reference standard for antioxidant
activity assays with DPPH [13].

In this study, we compared the antioxidant capacity of ravenelin
with that of ascorbic acid (Table 1). The results indicate that, at the
higher concentrations tested (100 and 50 ppm), ascorbic acid exhib-
ited a significantly higher antioxidant capacity than ravenelin (p-value
< 0.0001) (Fig. 3). These findings can be attributed to the low water
solubility of ravenelin [14]. This probably influenced the scattering of
light and interfered with the spectrophotometric analysis.
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Fig. 3. The percentage of antioxidant capacity for ascorbic acid and ravenelin
across the tested concentration range (100 - 6.25 ppm). ANOVA analysis with
Sidak’s multiple comparisons test was conducted to assess the antioxidant ca-
pacities of both compounds at each tested concentration. Statistical significance
levels are denoted as follows: ns - p-value > 0.05; * - p-value < 0.05; ** - p-value
< 0.01; *** - p-value < 0.001; **** - p-value < 0.0001.

Table 1
Mean values of absorbance for ravenelin and ascorbic acid at 518 nm for the
tested concentrations and the mean percentage of antioxidant capacity.

Compound Concentration (ppm) Absorbance Antioxidant capacity (%)

Ravenelin 100 0.1940 10.84
50 0.1493 35.54
25 0.0850 63.31
12.5 0.0933 59.71
6.25 0.0897 61.29

Ascorbic acid 100 0.0053 97.70
50 0.0377 83.74
25 0.0670 71.08
12.5 0.0990 57.27
6.25 0.146 36.98

For Halliwell and Gutteridge [15], antioxidants are molecules that
react with various reactive species at varying rates. Interestingly, at
intermediate concentrations (25 and 12.5 ppm), ravenelin exhibited
an antioxidant capacity statistically similar to that of ascorbic acid (p-
value > 0.05). However, at the lowest concentration tested (6.25 ppm),
ravenelin showed a significantly higher antioxidant capacity than ascor-
bic acid (p-value < 0.0001). Therefore, while the activity of ascorbic
acid decreases with the reduction of its concentration, the activity of
ravenelin remains within the same percentage range (approximately
around 60%).

The results indicate that ravenelin shows promising potential as an
antioxidant compound once, in an aqueous solution and at lower con-
centrations, this xanthone exhibits an antioxidant capacity greater than
50%, providing the first insights of its antioxidant action, and potential
to be used in pharmaceutical, food and cosmetic industries.

3.2. Intramolecular H-bonds and infrared spectra analysis

Fig. 4 shows the minimal energy structures obtained for RVL and
RVLB molecules. As one can observe, all OH groups form intramolecu-
lar OH---O structures, which presents the first indications regarding the
position from which the hydrogen atom will be abstracted. According to
theory, this abstraction must occur from the weakest hydrogen-bonded
site [38], which is assigned by the highest H-bond length. In the particu-
lar case of RVL and RVLB, these distances (2.20 and 2.17 10\) correspond
respectively to the 4-OH and 2-OH positions. Furthermore, according
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Table 2
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Infrared mode assignment for ravenelin and ravenelin B. The theoretical results were calculated using the theory level
B3LYP/6-311++G(2d, 2p) within the IEF-PCM model, wavenumber values in cm™!.

Ravenelin Assignment Ravenelin B Assignment

Gas Benzene Water Gas Benzene Water

768 758 719 O—H out-of-plane bending (HB) 762 759 756 O—H out-of-plane bending (HB)
1077 1069 1039 C—0-C symmetric stretching 797 786 793 O—H out-of-plane bending (HB)
1229 1220 1199 C—0—C asymmetric stretching 1081 1086 1077 C—0—-C symmetric stretching
1253 1244 1226 C—0—C asymmetric stretching 1216 1221 1220 C—0—C asymmetric stretching
1305 1305 1272 O—H in-plane deformation 1266 1263 1258 C—0-C asymmetric stretching
1337 1336 1313 O—H in-plane deformation 1353 1349 1340 O-H in-plane deformation
1405 1404 1382 CH; deformation 1399 1399 CH; deformation

1501 1497 1484 C=C stretching 1472 1469 1465 C=C stretching

1541 1535 1519 C=C stretching 1509 1504 1497 C=C stretching

1609 1599 1578 C=0 stretching 1629 1625 1618 C=0 stretching

1633 1630 1601 C=0 stretching 1668 1664 1662 C=O0 stretching

1661 1657 1645 C=0 stretching 1697 1698 1696 C=O0 stretching

3367 3349 3336 O—H stretching 3356 3352 3339 O—H stretching

3455 3436 3398 O—H stretching 3407 3399 3385 O—H stretching

3815 3804 3770 O—H stretching 3786 3782 3778 O—H stretching

8-OH

1-OH

1.72 1.76 F

(b) RVLB

Fig. 4. The B3LYP/6-311++G(2d,2p) optimized geometries of ravenelin and
ravenelin B in gas phase.

to the results shown in Table S3, the solvent seems to facilitate the
removal of hydrogen in these two hydroxyl groups. From gas to the
aqueous environment, for instance, the OH---O bond length increases
to 2.21 A for the 4-OH in ravenelin, as well to 2.19 A for 2-OH in
ravenelin B, indicating that these H-bonds are even weaker in solvent.

The compounds studied in this work, Ravenalin (RVL) and Rave-
nalin B (RVLB), are positional isomers differing from each other solely
by the location of the OH hydroxyl group (see Fig. 1) in relation to the
xanthone ring. For the compound RVL, the hydroxyl is located at posi-
tion 4 of the A ring moiety of the xanthone, and in the compound RVLB
it occupies position 2 on this ring [39].

Such molecular configurations influence the positions and sizes of
the intramolecular hydrogen bonds (HB) obtained in this work (see
Fig. 4) and which in turn can be studied via IR spectrum (Figure S1) in
order to determine the molecular conformations of the groups involved
and adjacent groups. For example, it is well known that the stretch-

ing frequency of the carbonyl group (C=0) decreases by c. 40-60 cm™!
[40] regardless of whether the hydrogen bond is inter or intramolecu-
lar. On the other hand, a deformation in the xanthone ring can promote
an increase in the stretching frequency of the carbonyl, the greater the
deformation, the greater the increase in frequency [40].

It is also worth noting that hydroxyl has a stretching mode whose
precise position depends on the magnitude of the hydrogen bond in
which the group is involved [41], such an intramolecular bridge can
result in a band in the region 3400-3600 cm~! that is narrow and in-
different to the solvent [42]. Next, we will discuss how such effects
influence the IR modes of RVL and RVLB compounds. For this purpose,
we will use theoretical spectra obtained via DFT in three different en-
vironments, namely, gas phase, benzene (nonpolar), and water (polar),
and also experimental results obtained using the FT-IR ATR setup.

It is possible to split the spectra based on the characteristic vibra-
tional modes of two molecular groups that give shape to the com-
pounds: (i) xanthone ring, (i) hydroxyl. First, we will analyze the results
for the compound RVL (OH in position 4 of ring A) whose characteristic
modes are presented in Table 2 for the experimental spectra, gas phase
and in the solvents benzene and water. The indicated assignments are
in reasonable agreement with those published in previous experimental
and theoretical works [43,44,48,49] that analyze the xanthone com-
pound, specifically molecular group (i), while the addition of group (i)
produces some deviations in the original xanthone ring’s frequencies.
For example, the mode related to the stretching of the C=C double bond
of the xanthone ring adjacent to those sites where group (ii) is bound
undergo a reduction in the usual frequency of this vibration [44] which
is around 1500 cm~! in the RVL compound always as a very intense
doublet [45] for all environments studied, with a more pronounced de-
viation in the solvent is water, where v(C=C) appears at 1484 cem~! and
1519 cm™! (at 1498 cm~! and 1506 cm™! in experimental spectrum) a
deviation of ~20 cm~! in relation to the gas phase. Regarding the in-
tensity of the first mode, it is possible to observe that in water (also
in experimental spectra) it is relatively more intense compared to the
carbonyl C=0 stretching mode in the same solvent, which does not oc-
cur in the gas phase and in benzene (nonpolar). This suggests that in
aqueous solution the vibration of the double bond of the xanthone ring
becomes more vigorous than that of the carbonyl likely due to the po-
larity effects of the solvent. In what follows we will check the impact of
this on the antioxidant action of RVL.

Changes are also observed in two important characteristic modes
of RVL, namely, C—O—C stretching and C=0 stretching of the car-
bonyl, both groups located at B ring of the xanthone. We start with
the v(C—0-C) mode, it occurs in two regions, the first referring to
the symmetric stretching around 1050 cm~! which in water appears
at 1039 ecm~! (1062 cm™! experimental) and which presents a devia-
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(b) RVLB

Fig. 5. Reduced gradients isosurfaces for RLV and RLVB. Atoms in light blue,
white, and red denote carbon, hydrogen, and oxygen, respectively.

tion of 38 cm™~! compared to the gas phase (1077 cm~!) and appears to
have a shoulder at c. 1068 cm ™!, which is not observed in other environ-
ments. These effects are possibly caused by the polarity of the aqueous
environment but mainly by the participation of this group in one of
the intramolecular HB, 4—OH.---O, whose length, 2.20 A, is the longest
among the three intramolecular bridges present in the RVL (see Fig. 4).
The combination of intramolecular HB and solvent polarity stabilizes
the molecule resulting in the doubling of v(C=C) [46], remembering
that these modes suffer deviations due to polarity, but their intensities
remain almost unchanged in any environment studied.

This situation suggests a more planar conformation of the RVL, mak-
ing the molecule slightly more stable, that is, the C—O—C group tends
to assume a trans configuration while the cis one tends to be inhibited
(steric effect) [46]. The second region, the asymmetric v(C—O—-C), lo-
cated around 1200 cm~! is where we find, in water, a doublet, 1199
em~! and 1226 em™!, and which shows a deviation of ~30 cm™! in
relation to the gas phase. Here the combined role of PH and solvent po-
larity also produces an inversion of the doublet’s intensity, making the
1199 cm~! peak more intense than its companion 1226 cm™!, some-
thing that is not observed in any other tested environment. As seen, the
0v(C—0—-C) stretching mode provides valuable information about the in-
teraction of RVL with the solvent but also about the influence of PH
4—OH:--O on the conformational stability of the molecule.

3.3. Energetic H-bond definition using AIM and NCI analysis

To reinforce our previous analysis, we employed the AIM to charac-
terize the topological parameters p(r) and A,. This approach is useful for
following trends in the strength of intramolecular H-bonds. Considering
that A, <0 and A, > 0 values imply binding and repulsive interac-
tion, respectively, we notice that the intermolecular H-bonds formed
in 1-OH and 8-OH sites of both RVL and RVLB are relatively strong.
Fig. 5 depicts the calculated reduced gradients isosurfaces (RDG) for
both Ravenelin and Ravenelin B.

Starting the discussion, we noticed that the RDG isosurfaces are sim-
ilar in gas phase and water solvent. These resemblances reflect the slight
differences in p(r) and the H-bond binding energies in different dielec-
tric constants. For instance, in the case of the RLV, the found value for
H-bond binding in the 1-OH site is -35.31 kJ/mol, and considering the
water solvent environment, the value increases reading -37.45 kJ/mol.

Journal of Molecular Liquids 408 (2024) 125045

Table 3
Calculated topological parameters p(r) and 4, and H-bond binding energy
(kJ/mol) for both RVL and RVLB at B3LYP/6-311++G(2d, 2p).

RVL RVLB
Environment Parameter 1-OH 8-OH 1-OH 8-OH
Gas H-bond B.E." -35.31 -39.58 -36.57 -40.17
p(r) 0.041 0.046 0.043 0.046
Ay -0.041 -0.046 -0.043 -0.046
Water H-bond B.E.” -37.45 -38.24 -37.40 -39.50
p(r) 0.043 0.044 0.043 0.046
Ay -0.043 -0.044 -0.043 -0.046

* Calculated by H-bond B.E ~ —223.08 X p(r) + 0.7423 [36].

LUMO

LUMO

9
-2.43 eV

AE =3.57 eV

-5.99 eV

-6.02 eV

HOMO

HOMO

Fig. 6. The frontier molecular orbitals of ravenelin (left) and ravenelin B (right)
molecules calculated using the B3LYP/6-311++G(2d,2p) method at gas phase.

Same for 8-OH, which in turn, the H-bond is strongest with binding
energies values around -37.0 kJ/mol. These values are in agreement
with the previously calculated for conventional intramolecular H-bonds
[47], see Table 3.

Moreover, the RDG isosurfaces in blue color depicted in Fig. 5 sug-
gest relatively strong interactions. In this sense, these findings ensure
that the hydrogen abstraction does not take place in 1-OH and 8-OH
positions for both RLV and RLVB. On the contrary, RDG isosurfaces
(see Fig. 5) suggest that the interactions formed between 4-OH in RLV
and 2-OH in RLVB and their respective neighboring oxygen atoms are
weak/repulsive. In this point, it is worth commenting that a bond path
denotes a bonded interaction, in this sense, we noticed that bond paths
were not formed between these latter sites (see Fig $2). These findings
reinforce that the hydrogen abstraction takes place at 4-OH and 2-OH
positions in RLV and RLVB, respectively.

3.4. Frontier orbitals and intramolecular charge transfer

The next stage is to determine the connections between the hy-
drogen transfer procedure to the molecular electronic structure. From
Fig. 6, one can analyze the topology of the frontier molecular eigen-
states of both ravenelin molecules. It is assumed that the hydrogen atom
will be removed from the region where the HOMO state has the highest
localization [54]. Additionally, the OH group subjected to a free radi-
cal attack shows a lower contribution from the LUMO state compared
to the HOMO state. According to Fig. 6, these sites correspond to the
4-OH and 2-OH respectively in RVL and RVLB.
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Table 4

Bond dissociation enthalpy (BDE) and the variation of BDE of xanthones with
the reference of ascorbic acid (ABDE) values with 6-311++G(2p,2d) level of
theory. The simulations in the gas phase, in apolar and polar environments with
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the IEF-PCM method.

BDE (kJ/mol)

ABDE (kJ/mol)

Comp. Bonds Gas Benzene
RVL 1-OH 379 365
4-OH 322 317
8-OH 411 399
RVLB 1-OH 357 347
2-OH 342 334
8-OH 404 393
Ascorbic acid 318 316

Water Gas Benzene Water
351 61 49 37
312 4 1 -1
383 93 83 69
334 39 31 21
323 24 18 10
378 86 77 65
313

N

Fig. 7. A schedule for the intramolecular charge transfer procedure obtained
for ravenelin and ravenelin B molecules.

Moreover, the topology of the HOMO and LUMO states suggests the
occurrence of an intramolecular charge transfer (ICT) process involving
the flow of charges from a donor (D) to an acceptor (A) site within the
molecules. However, a simple analysis of the molecular orbital topology
is insufficient to fully characterize an ICT process once other excitations
can also balance the charge redistribution. To gain a better understand-
ing of this effect, one can examine the electronic distribution of the
Franck-Condon vertical state and analyze the molecular dipole moment
(see Table S4) [50].

For RVLB as the first study case, one obtains respective ground state
and Franck-Condon dipole moments of ygg =2.75 D and ppc = 5.30
D, clearly indicating a strong charge redistribution. After analyzing the
qgs and gpc Mulliken charges, one obtains values of -0.106e and 0.067¢
in the blue surface shown in Fig. 7. This result (ggc — ggg > 0) indicates
that this region loses electronic density. In solvent, the ICT process is en-
hanced independent of the environment polarity. For instance, in water
solvent, one obtains ygg and ugc values of 3.94 and 7.34 D, confirming
the ICT effect.

Although there are other successful strategies to describe partial
atomic charges, a simple analysis of the Mullikan charges obtained
using the 6-3114++G(d, p) basis set has provided consistent results in
comparison to other methods [51]. This feature gives more reliability
to the discussion.

3.5. Spin density analysis

Fig. 8 shows the spin density distribution (SDD) and the spin popula-
tion calculated for each RVLB radical. According to theory, the stability
of a radical can be characterized by the spin density distribution. A
more delocalized spin density, a lower spin population on O-atom. As a
consequence, the more stable the radical, and smaller the BDE [52,53].
However, in both xanthones, one observes a contradiction. For RVLB,
spin density appears to be more delocalized for the 1-OH (0.237) radical
than those located on 8-OH (0.296) and 2-OH (0.344). This prediction
is in evident contradiction to the results shown for the BDE values in
Table 4 which indicates that 2-OH < 1-OH < 8-OH is growing order.

For the RVL, the spin density distribution and spin density popula-
tion on each atom are shown in Fig. S4, the results are similar. Again,
one obtains greater delocalization on the 1-OH (0.276) radical than
8-OH (0.309) and 4-OH (0.330), which goes against the BDE growth
order, 4-OH < 1-OH < 8-OH. As a consequence, the analysis of the
spin density population can not be applied at least for these xanthones
and the discussion of radical stability must be held in terms of dissocia-
tion energies. This feature is not a particularity of xanthone molecules.
Similar conditions were found in Trolox, which is a well-established and
studied antioxidant compound [53].

3.6. HAT mechanism

A graphical analysis based on the topologies of the frontiers orbitals
as well as spin densities does not provide a comparison between the an-
tioxidant performances of two chromophores. This goal is achieved by
experimental assays or theoretical analysis of molecular enthalpies. We
shall discuss this last subject now, and with this goal, Table 4 presents
the BDE parameters that define the HAT mechanism. From Fig. 4 both
molecules present hydroxyl and methyl groups that can loss a hydrogen
in abstraction process. However, we focus only on the hydroxyl groups,
once Tiwari and Mishra have previously shown [37] that this one is
more susceptible to a radical attack.

Starting from RVL and based on the gas phase results, the 4-OH
radical exhibits the lowest enthalpy of dissociation (322 kJ/mol), which
is consistent with the analysis of molecular orbitals and spin densities.
Comparing this value to that obtained for the isolated ascorbic acid
molecule as reference (ABDE = BDE_ jjccule - BDE eference)s We observe
a positive energetic variation of 4 kJ/mol indicating that at gas-phase,
RVL has worse performance in comparison to AA.

Posteriously, the contributions of the solvent are systematically ac-
counted for by using the IEF-PCM to simulate benzene, an apolar and
aprotic solvent, as well as water. The behavior realized is curious and
reveals a dependence on the solvent polarity. For instance, in benzene,
the 4-OH RVL radical predicts a dissociation energy of 317 kJ/mol,
which is a reduction regarding its gas-phase value, and indicates that
the solvent facilitates the process of hydrogen transfer. Besides, the
ABDE is down to only 1 kJ/mol, giving a signal that the solvent trends
to improve the antioxidant performance of RVL in comparison to AA.

The role of the solvent polarity becomes more evident in aqueous
environment. The results of quantum mechanics indicate a dissocia-
tion enthalpy of 312 kJ/mol for 4-OH radical, resulting in a ABDE of
-1 kJ/mol regarding the reference. The negative signal means that the
energy necessary for the hydrogen transfer becomes lower than that es-
timated for ascorbic acid. However, although this is a slight difference,
it moves in the same direction as the experimental results shown in Ta-
ble 1. One observes that RVL shows an antioxidant efficiency (61%)
much greater than ascorbic acid (37%) at the lowest concentration
(6.25 ppm), which is the situation simulated by PCM.

Regarding RVLB, the DFT results are not as encouraging as those
obtained for RVL, but indicate what might be an interesting antiox-
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Fig. 8. The plot of spin density distribution (a-c) and numerical values of the spin density population (d-f) of unrestricted B3LYP/6-311++G(2d,2p) total atomic
spin densities distributions for radical molecules of ravenelin B in vacuum. While the green color represents down spin, the blue one designates up spin density,

which dominates the surfaces.

Table 5

Proton Affinities (PA) and Electron Transfer Enthalpies (ETE) values with B3LYP/6-311++G(2p,2d)
level of theory. The simulations in the gas phase, in apolar and polar environments with the IEF-PCM

method.
PA (kJ/mol) ETE (kJ/mol) SPLET (kJ/mol)

Comp. Gas Benzene Water Gas Benzene Water Gas Benzene Water
RVL
1-OH 1431 429 149 267 347 326 1698 776 474
4-OH 1408 409 135 233 319 300 1641 727 436
8-OH 1421 417 142 308 393 364 1730 810 506
RVLB
1-OH 1392 395 122 283 363 336 1675 758 458
2-OH 1426 424 143 235 321 304 1661 745 447
8-OH 1423 421 143 300 383 359 1723 803 502
Ascorbic acid 1315 319 58 322 407 379 1637 726 437

idant behavior. For example, under gas phase conditions, the 2-OH
RVLB radical is predominant, confirming the analysis carried out for
the HOMO/LUMO, spin densities, and the infrared spectra interpreta-
tion. However, the predicted value for the 2-OH radical is 342 kJ/mol,
which is approximately 20 kJ/mol higher than the estimated value for
RVL. On the other hand, it exhibits a positive variation in bond disso-
ciation energy of 24 kJ/mol compared to the reference AA molecule.
Once again, the solvent improves this behavior. In the presence of ben-
zene and water solvents, one obtains ABDE values of 18 and 10 kJ/mol,
respectively. Again, the increase of the solvent polarity improves the an-
tioxidant behavior of the studied molecule.

3.7. SET-PT mechanism

As discussed earlier, the SET-PT mechanism involves a sequential
process in which electron transfer occurs first, followed by proton shift-
ing. These stages are represented by the IP and PDE parameters, as
shown in Table S5. Upon initial analysis, it becomes evident that this
specific hydrogen removal mechanism does not take place either in the
gas phase or in a solvent. For example, the DFT results for IP, which
is the first stage of the SET-PT mechanism, are estimated as 717 and
717 kJ/mol for RVL and RVLB, respectively. These values are signifi-
cantly higher than those reported for HAT, indicating that the SET-PT
mechanism is unlikely to occur under gas phase conditions. The same
conclusions can be drawn for solvent environments, such as benzene
and water in the case of RVL. In these two solvents, ionization poten-

tials of 614 and 445 kJ/mol are obtained, respectively. Although the
solvent reduces the activation energy of the chemical reaction, the val-
ues obtained for the first stage of the SET-PT mechanism remain higher
than those reported for HAT in both solvents.

Although the SET-PT process is not energetically viable, it is inter-
esting to realize its total energetic demand, given by the sum of IP plus
PDE enthalpies. According to Table S5, for RVL molecules in both gas
and water environments, the 4-OH is the prevalent radical. On the other
hand, 2-OH is the ordinary one. Consequently, again one obtains agree-
ment with the HOMO-LUMO and spin density analysis.

3.8. SPLET mechanism

The last hydrogen transfer mechanism (SPLET) also occurs following
sequential stages. In this case, a proton loss happens first, followed by
an electron transfer. Table 5 presents the PA and ETE parameters, which
describe this mechanism. According to the B3LYP/6-311++G(2d,2p)
results, this mechanism is not allowed for both compounds in the gas
phase. The RVL molecule, for instance, presents PA values varying from
1408 to 1431 kJ/mol, which is much higher than those reported for
the HAT mechanism. Once the same conclusion is observed for RVLB,
one obtains that the HAT mechanism dominates the hydrogen transfer
procedure for isolated RVL and RVLB compounds.

However, according to the results, the configuration above changes
when the polarity of the solvent increases. For benzene, which is a non-
polar and aprotic solvent, all PA values calculated for both RVL and
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RVLB remain higher than those estimated for BDE values shown in Ta-
ble 4. Consequently, the HAT mechanism prevails in non-polar or less
polar solvents like benzene.

On the other hand, for polar environments such as water, the behav-
ior is quite different. In this case, the calculated PA enthalpies become
lower than those obtained for BDE in aqueous solvent. For instance, one
obtains values varying from 135 to 149 kJ/mol for the proton affinity
of RVL molecules, which are much lower values than those obtained for
the HAT and SET-PT mechanisms in water. Moreover, similar conclu-
sions can be made for RVLB molecule. These findings indicate that the
solvent can change the hydrogen transfer mechanism from gas to liquid
phase, presenting great dependence regarding polarity of the medium,
which must be carefully observed if one desires to model and under-
stand the antioxidant apparatus. Similar conclusions as organic dyes
like isoflavones [6], coumarins [7], and other systems [55-59].

Table 5 also shows the sum of PA and PDE parameters for all
molecular radicals investigated. For both gas and solvent environments,
the DFT analysis indicates that the 2-OH radical is preferred for RVL,
whereas the 4-OH structure prevails in the antioxidant process played
by RVLB. Again, these results are in consonance with the orbital and
spin density. Table 5 also shows the PA and PDE sum for all molecular
radicals investigated. For both gas and solvent environments, the DFT
analysis indicates that the 2-OH radical is preferred for RVL, whereas
the 4-OH structure prevails in the antioxidant process played by RVLB.

Again, these results align with the orbital and spin density scanning,
as well as with the experimental prediction. Notably, it is possible to
build an antioxidant scale in which RVL > ascorbic acid > RVLB in
water solvent. For instance, according to the results shown in Table 5,
the total dissociation energy need for hydrogen abstraction in the SPLET
mechanism is 436 kJ/mol for RVL in the 4-OH position, which is clearly
lower than the values of 437 and 447 kJ/mol, respectively obtained for
ascorbic acid and RVLB at the 2-OH position in water solution.

Finally, recent reports indicate that the antioxidant behavior of RVL
and RVLB can be greater than that estimated by the current theoretical
methodology. Besides the three hydrogen abstraction routs discussed
above, it is possible to occur the Sequential Proton Loss - Hydrogen
Atom Transfer (SPLHAT) [60-64] and Sequential Triple Proton Loss
Double Electron Transfer (StPLdET) [65,66] mechanisms. In these pro-
cedures, the hydrogen transfer is assisted by additional abstractions of
proton and electron. For instance, it has been reported that the bond
dissipation energy necessary to remove the hydrogen atom in the SPL-
HAT mechanism might be ~33 kJ/mol lower than that found in a single
HAT occurrence [66].

4. Conclusions

Based on the framework of the Density Functional Theory and ex-
perimental techniques, it is carried out a systematic discussion of the
antioxidant behavior of ravenelin and ravenelin B molecules, two com-
pounds recently extracted from the endophytic Exserohilum rostratum
fungus. Ravenelin and ravenelin B are position isomers. However, be-
sides their structural similarities, our experimental and quantum chem-
ical assays show that they present different antioxidant behaviors in
comparison to ascorbic acid, which is an industrial antioxidant refer-
ence. While ravenelin B exhibits slightly lower antioxidant action than
that exhibited by the standard, both theoretical and experimental ap-
proximations indicate that ravenelin shows superior behavior to the
reference compound. Consequently, it is determined scale of antioxi-
dant behavior, ravenelin > ascorbic acid > ravenelin B

The analysis of the thermochemistry, molecular, and electronic
structures of the chromophores indicates that the polarity of the solvent
and the intramolecular hydrogen bond formation plays a fundamental
role in the hydrogen transfer procedure. The vibrational analysis of the
OH stretching modes and molecular enthalpies shows that the hydrogen
abstraction takes place at the molecular site where the hydrogen bond
is weakest. Moreover, the calculations of electronic structure reveal that
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the solvent and its polarity are active actors in the process of hydrogen
abstraction. Under gaseous conditions, the dominant antioxidant mech-
anism is the Hydrogen Atom Transfer, which also prevails in non-polar
solvents like benzene. However, in polar environments the antioxidant
route changes to the Sequential Proton Loss - Electron Transfer. Be-
sides the understanding of how the antioxidant mechanism occurs for
ravenelin B, the results indicate that these chromophores are promising
to the pharmacological industry.
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