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Abietanes are natural products that were isolated from Salvia clinopodioides. In this work, the HOO" scavenging
activity of ten abietanes was thoroughly evaluated by using computational methods for the first time. It was
found that the studied abietanes could exhibit moderate HOO" scavenging activity. Considerable antioxidant
activity of the abietanes was only predicted in the aqueous solution and not in lipidic environments. Among the
studied compounds, aldehyde (10) exhibited the highest HOO radical scavenging activity in the aqueous so-
lution (kgyerann = 3.72 x 10® M~ 1s7Y) that is higher than the reference natural antioxidants Trolox, trans-
resveratrol, and ascorbic acid.

1. Introduction

To ameliorate the adverse effects of environmental toxins on human
health, phytochemicals are considered highly beneficial due to their
various bioactivities. Consistently, their properties are intensively
studied with the aim of optimizing the beneficial phytochemical content
of products in the food technology and pharmaceutical industry [1-4].
Abietane compounds have attracted increasing attention in the past two
decades due to their various confirmed biological activities [5-8].
Abietanes are natural products that were isolated from Salvia clinopo-
dioides [9]. Ten abietanes have been identified from the plant:
clinopodiolide-A (1), 19-O-acetylclinopodiolide A (2), diac-
etylclinopodiolide A (3), clinopodiolide B (4), triacetylclinopodiolide B
(5), clinopodiolide C (6), clinopodiolide D (7), acetylclinopodiolide D
(8), 12-methoxyaldehyde (9) and aldehyde (10) (see Fig. 1). Among
them, compounds 1, 4, 6, and 7 were characterized for the first time. All
compounds exhibited moderate antioxidant activity in DPPH assay;
however, compounds 4 and 6 also showed high inhibition of lipid
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peroxidation (IC50 = 5.9 + 0.1 and 2.7 + 0.2 pM, respectively) [9]. This
implies a potential for good radical scavenging activity of abietanes
under specific conditions that has not been fully explored yet.

Recent studies showed that the quantum chemical methods could
accurately evaluate the antioxidant activity of organic compounds
[10-17]. The quantum mechanics-based test for overall free radical
scavenging activity (QM-ORSA) protocol provides an efficient and
practical pathway to screen the antiradical activity of natural products
with high accuracy, particularly in physiological environments [11,18].
Thus numerous organic systems were successfully evaluated the anti-
oxidant activity by using this protocol [10,18-20]. Continuing our
success in evaluating the antiradical activity of natural products
[13,21,22], in this study, we investigated the antiradical activity of
abietanes against HOO" radicals using density functional theory (DFT)
calculations.
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2. Computational methods

Thermochemical properties: bond dissociation energies (BDEs),
ionization energies (IEs) and proton affinities (PAs), as well as kinetic
parameters: activation energies AG” (kcal/mol), tunneling corrections
() and rate constants (k) in the gas phase and physiological environ-
ments (water for the aqueous solution and pentyl ethanoate for lipid
medium) were computed using M06-2X functional [10,13,20,23-25]
and the solvation model density (SMD) method [26,27]. In this study,
the QM-ORSA protocol that is widely applied for investigating the
antiradical activity of antioxidants with low errors compared to exper-
imental data (kcalc/kexp ratio = 1-2.9) [11,18,20,28,29], was used to
perform the kinetic calculations.

The rate constant (k) was calculated by using the conventional
transition state theory (TST) and 1 M standard state at 298.15 K as
described before [23,29-34]. The details of the method are shown in
Table S4, SI [12]. All DFT calculations in this work were carried out
using Gaussian 16 package [35].

3. Results and discussions
3.1. Thermodynamic study

Following the methodology established in previous studies [36,371,
the antioxidant activity of the abietanes was first evaluated in the gas
phase based on three typical radical scavenging mechanisms: sequential
electron transfer proton transfer (SETPT), formal hydrogen transfer
(FHT), and sequential proton loss electron transfer (SPLET). The feasi-
bility of each mechanism is assessed by the corresponding thermo-
chemical parameters: PA, BDE, and IE for SPLET, FHT and SETPT,
respectively. These thermochemical parameters were first screened at
the M06-2X/6-31G(d) level for all possible X—H (X = C, O) bonds, then
recalculated for the energetically favored moieties at the more accurate
MO06-2X/6-31+G(d,p) level. The results, presented in Table 1, show that
the BDEs of the studied compounds range from 77.8 to 88.7 kcal/mol,
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Table 1

The calculated BDEs, PAs, and IEs (in kcal/mol) of the abietanes and the free
energy change (AG®, in kcal/mol at 298.15 k) of the abietanes + HOO' reactions
via the FHT, SP and SET processes in the gas phase.

Comp. FHT SA SET
Positions BDE AG® PA AG® IE AG°

1 O11-H 84.1 —-2.8 342.5 264.3 172.9 226.4

2 O11-H 87.2 —-0.8 341.4 262.6 165.2 218.4

3 O11-H 86.4 -1.7 329.9 251.9 185.0 237.8

4 O11-H 85.0 —-2.8 341.1 262.3 164.7 218.1
012-H 87.9 0.4

5 C15-H 86.5 0.3 186.1 239.1
C24-H 358.6 280.5

6 O11-H 85.3 —-2.5 342.2 263.5 164.3 217.7
012-H 87.8 0.4

7 O11-H 85.8 -1.0 340.8 263.0 180.0 233.1

8 C15-H 88.7 1.1 182.1 234.0
C26-H 359.9 282.3

9 O11-H 83.0 —4.5 338.8 260.5 174.5 228.3

10 O11-H 77.8 —-9.7 328.5 250.2 172.0 225.0

while the PA and IE values are in the range of 328.5 to 359.9 and 164.3
to 186.1 kcal/mol, respectively. The lowest BDE and PA values were
observed at the O11—H bond of compound 10, while the lowest IE value
was found in compound 6. The calculated Gibbs free energy (AG®) for
the first step of the abietanes + HOO® reactions via the single electron
transfer (SET, first step of the SETPT mechanism), formal hydrogen
transfer (FHT), and sequential proton (SP, first step of the SPLET
mechanism) processes in vacuum indicated that only the FHT mecha-
nism is spontaneous. FHT mechanism is thus favored for the HOO’
scavenging activity of the abietanes in the gaseous phase, and this re-
action was used for calculating the kinetics.

Clinopodiolide D (7) Acetylclinopodiolide D (8)

Fig. 1. Structures of the studied abietanes.
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3.2. Kinetic study

3.2.1. The HOO' scavenging activity of the abietanes in the gas phase

The thermodynamic results showed that the FHT is the primary
pathway for the abietanes + HOO® reactions in the vapor phase.
Therefore, the kinetics of the H-abstraction from abietanes by HOO®
radicals were computed subsequently. The kinetics results are shown in
Table 2, whereas the potential energy surface (PES) and optimized
transition state (TS) structures are shown in Figs. 2 and 3, respectively.

According to the potential energy surface (PES, Fig. 2), the reaction
barriers for the H-abstraction of the studied compounds against HOO®
radicals) range from 8.7 to 22.7 kcal/mol. The lowest barrier height,
observed at the 10 + HOO' reaction at 8.8 kcal/mol, suggests that the
HOO' scavenging activity of compound 10 is the highest among all of the
studied compounds. This is confirmed by the kinetics results (Table 2). It
was found that the H-abstraction at the O10—H bond of compound 10
against the HOO' radical is the fastest with kg = 1.33 x 10’ M~ 1s71,
compared with kg = 3.01 x 102 to0 5.18 x 10° M~ !s7! for the other
reactions. The activation energies (AG”) are in the range of 9.4-22.4
kcal/mol, whereas the tunneling corrections (k) vary from 17.8 to 813.3.
Thus the « values contribute significantly to the kg values for the HOO®
scavenging activity of the abietanes. Based on the calculated data,
compound 10 is the most active HOO" radical scavenger in the gas phase
and thus, this compound was used for kinetic study in physiological
media.

3.2.2. The HOO' scavenging activity of the abietanes in physiological media
It was shown that anion states could play a determining role in the
antiradical activity of phenolic compounds in aqueous solutions
[10,18,22,38]. In this section, the acid-based equilibria of abietanes
were first evaluated to define the dissociation states of abietanes in
water at pH = 7.40. It was shown that the lowest PA values were pre-
sented at the O11—H bond, apart from compounds 5 and 8, where those
values were for C—H bonds. Thus compounds 5 and 8 are in neutral
states under the given conditions. The pKa values (Table 3) were
computed for the rest of the compounds (1, 2, 3, 4, 6, 7, 9, and 10)
following the literature [39]. As shown in Table 3, the lowest pKa value
is observed at compound 10 with pKa = 8.60 that is in good agreement
with the lowest PA value (PA = 328.5 kcal/mol) for this compound at
the thermodynamic section. In contrast, compounds 1, 2, 7, and 8 are
mostly protonated due to the high pKa values (pKa = 10.20-10.42). As a
result, the molar fractions (f) range from 0.001 to 0.059 (Table 3).
Given the presence of anionic species, in this section, the rate con-
stants of the HOO' scavenging action of the anion states following the
SET mechanism (the main pathway for anion states in water at pH = 7.4)
[10,22], were also computed and presented in Table 3. It was found that
activation energies (AG#) range from 3.0 to 6.9 kcal/mol, whereas the
nuclear reorganization energies (A) are from 14.7 to 16.7. Remarkably,
the single electron transfer of studied anions is extremely fast with kapp
~10° M~ 157! that is fairly similar to the diffusion rate constant (kp). The

Table 2
Calculated AG” (in kcal/mol), x and kg M~s™) for the abietanes + HOO'
reactions following the FHT mechanism at the M06-2X/6-31+G(d,p) level.

Comp. Positions AG* K Kk
1 011-H 12.1 537.6 4.46 x 10°
2 011-H 13.3 466.0 4.82 x 10°
3 011-H 15.3 366.7 1.26 x 10*
4 011-H 16.3 793.8 5.90 x 10°
012-H 15.9 73.0 9.64 x 10%
5 C15-H 17.2 245.6 3.99 x 10?
6 011-H 16.6 813.3 3.37 x 10°
012-H 15.9 71.8 9.64 x 10%
7 011-H 15.5 25.9 6.63 x 10°
8 C15-H 22.4 122.9 3.01 x 1072
9 011-H 10.4 37.4 5.18 x 10°
10 011-H 9.4 17.8 1.33 x 107
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rate constants, including the molar fraction corrections (k) are in the
range of 1.53 x 10° to 3.42 x 108 M~1s™! even though the anion states
only exist in about 1-6% in the aqueous solution. These results again
confirmed the dominant role of SPLET in the antiradical activity of
phenolics in the polar media [13,22].

According to the data presented in Table 3, the HOO® radical scav-
enging of 10 is the fastest with k¢ = 3.42 x 108 M~!s™1. That is followed
by compound 4 with approximately 16 times lower activity (kf = 2.04 x
10’ M~Is™1). Thus 10 is by far the best HOO" scavenger in aqueous
media. The thermodynamic results suggested that 10 is also the most
potent HOO" scavenger species in apolar media (i.e., the gas phase).
Previous studies showed that the HOO" radical scavenging activity of
phenolic compounds in lipid media (i.e., pentyl ethanoate solvent) fol-
lows the FHT mechanism with rate constants that correlate with but
lower than those in the gas phase [13,18,22]. Thus, it can be concluded
that 10 is the most active antioxidant of the studied abietanes in all of
the media. Therefore, the activity of 10 is recalculated at a higher level
of theory for increased accuracy.

The M06-2X/6-311++G(d,p) method, which has been currently one
of the best methods to calculate kinetics [18,20], was used for the high
accuracy calculations. At this level, the kqyeran for the 10 + HOO'® reac-
tion was calculated according to the eq. (2) and (3) below for nonpolar
and polar media, respectively, and the obtained results are presented in
Table 4.

In lipid media:
koverull(lo) = kFHT(Oll - H) (2)

app

In the aqueous solution:

Koverau(10) = k¢ (SET — 2) + k;(FHT)
= 0.059.kET2(A7) +0.941.K 7 (011 — H) 3)

app app

As shown in Table 4, the HOO' scavenging activity of 10 in water
(koveral = 3.72 X 10® M~1s™1) is about 10* times higher than that in
pentyl ethanoate solvent (koyeral = 2.10 x 10*M1s™). In comparison
with natural antioxidants such as Trolox (koverann 1.30 x 10° M 1s™)
[13], trans-resveratrol (koyeranl 5.62 x 10" M 1s7h [19], ascorbic acid
(koverall = 1.00 x 108 M's™1) [11], ramalin (koveran = 1.56 x 10°
M~Is71) [21], deoxynimbidiol (koveran = 1.69 x 108 M~'s™1) [13],
8-hydroxyconiothyrinone B (koyeral = 5.80 X 107 M 1s7h [40], and
syringic acid (koverann = 1.53 % 108 M~ 1s71) [38], compound 10 exhibits
higher HOO" radical scavenging activity in the aqueous solution. Hence,
10 is a very good antioxidant in polar environments.

4. Conclusions

In this study, the HOO" scavenging activity of 10 abietanes was
investigated using DFT calculations. It was found that the HOO' radical
scavenging activity of the abietanes in the gas phase following the FHT
mechanism yields rate constant values in the range of 3.01 x 1072 to
1.33 x 107 M !s7%. In physiological environments aldehyde (10)
exhibited the highest HOO' radical scavenging activity among all of the
studied compounds with rate constants koyera) = 3.72 X 108 and 2.10 x
10* M~ !s7! in water and pentyl ethanoate solvents, respectively.
Comparing with natural antioxidants such as Trolox, trans-resveratrol,
ascorbic acid, ramalin, deoxynimbidiol and 8-hydroxyconiothyrinone
B, the HOO' radical scavenging of 10 is higher than that of those com-
pounds in the aqueous solution. Hence, 10 is a highly active antioxidant
in polar environments.
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Table 3
Calculated pK, and f, activation energies (AG7, in keal/mol), nuclear reorganization energy (1), diffusion rate constants (kp, in M~ ' s~!) and rate constants (kapps kg, in
M1ls™hH following the SET mechanism of at pH = 7.4 and 298.15 K obtained at the M06-2X/6-31+G(d,p) method.
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Comp. Positions pKa faeprotonated(A™) AG” A kp Kapp ke*

1 011 10.42 0.001 3.9 15.8 8.40 x 10° 4.10 x 10° 4.10 x 10°
2 011 10.26 0.001 3.8 16.1 8.50 x 10° 4.60 x 10° 4.60 x 10°
3 011 8.91 0.030 6.9 14.7 8.50 x 10° 5.10 x 10° 1.53 x 10°
4 011 9.98 0.003 3.0 16.7 8.40 x 10° 6.80 x 10° 2.04 x 107
6 011 10.01 0.002 3.0 16.5 8.30 x 10° 6.90 x 10° 1.38 x 107
7 011 10.20 0.002 4.5 15.2 8.40 x 10° 2.20 x 10° 4.40 x 10°
9 011 10.26 0.001 4.1 16.4 8.40 x 10° 3.70 x 10° 3.70 x 10°
10 011 8.60 0.059 3.4 16.1 8.40 x 10° 5.80 x 10° 3.42 x 108
. kf :f-kapp

Table 4

The kinetic parameters (AG” (in keal/mol), kapp Mt sY and ' (%)) the HOO' radical scavenging of compound 10 at the M06-2X/6-311++G(d,p) method in the
physiological environments.

Comp. Mechanism pentyl ethanoate water
AG K Kapp r AG* K Kapp f ke r
10 SET-2 3.2 17+ 6.30 x 10° 0.059 3.72 x 108 99.8
HAT 011 13.8 44.9 2.10 x 10* 100.0 12.2 85.5 6.20 x 10° 0.941 5.83 x 10° 0.2
Koverall 2.10 x 10* 3.72 x 108
* The nuclear reorganization energy (A, in kcal/mol); k¢ = f.kapp; I' = k.100/koveran
Declaration of Competing Interest [18] A. Galano, J. Ratil Alvarez-Idaboy, Int. J. Quantum Chem. 119 (2019), e25665.
[19] M. Cordova-Gomez, A. Galano, J.R. Alvarez-Idaboy, RSC Adv. 3 (2013) 20209.
. . 3 [20] M. Carreon-Gonzalez, A. Vivier-Bunge, J.R. Alvarez-Idaboy, J. Comput. Chem. 40
The authors declare that they have no known competing financial (2019) 2103.
interests or personal relationships that could have appeared to influence [21] Q.V. Vo, N.M. Tam, M. Van Bay, A. Mechler, Chem. Phys. Lett. 739 (2020),
the work reported in this paper. 137004
[22] Q.V. Vo, P.C. Nam, M. Van Bay, N.M. Thong, A. Mechler, RSC Adv. 9 (2019)
42020.
Acknowledgments [23] E. Dzib, J.L. Cabellos, F. Ortiz-Chi, S. Pan, A. Galano, G. Merino, Int. J. Quantum
Chem. 119 (2019), €25686.
. . . . [24] Y. Zhao, N.E. Schultz, D.G. Truhlar, J. Chem. Theory Comput. 2 (2006) 364.
This research is funded by Foundation for Science and Technology [25] Y. Zhao, D.G. Truhlar, J. Phys. Chem. A 112 (2008) 1095.
Development of Ton Duc Thang University (FOSTECT), website: http:// [26] A.V. Marenich, C.J. Cramer, D.G. Truhlar, J. Phys. Chem. B 113 (2009) 6378.
fostect.tdtu.edu.vn, under Grant FOSTECT. 2020.12. [27] C.P. Kelly, C.J. Cramer, D.G. Truhlar, J. Chem. Theory Comput. 1 (2005) 1133.
[28] J.R.l. Alvarez-Idaboy, A. Galano, J. Phys. Chem. B 116 (2012) 9316.
. . [29] E. Dzib, J. L. Cabellos, F. Ortiz-Chi, S. Pan, A. Galano, G. Merino, Eyringpy 1.0.2
Appendix A. Supplementary material (2018) Cinvestav.
[30] M.G. Evans, M. Polanyi, Trans. Faraday Soc. 31 (1935) 875.
. . . . . [31] H. Eyring, J. Chem. Phys. 3 (1935) 107.
Supplemegtary data to this article can be found online at https://doi. [32] D.G. Truhlar, W.L. Hase, J.T. Hynes, J. Phys. Chem. 87 (1983) 2664
0rg/10.1016/j.cplett.2021.138737. [33] T. Furuncuogluy, I. Ugur, I. Degirmenci, V. Aviyente, Macromolecules 43 (2010)
1823.
34] E. Vélez, J. Quijano, R. Notario, E. Pabon, J. Murillo, J. Leal, E. Zapata, G. Alarcén,
References L
J. Phys. Org. Chem. 22 (2009) 971.
. . . [35] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman,

[1]1 M. Carocho, M.F. Barreiro, P. Morales, I.C.F.R. Ferreira, Compr. Rev. Food Sci. G. Scalmani, V. Barone, B. Mennucci, G.A. Petersson, H. Nakatsuji, M. Caricato, X.
Food Saf. 13 (291 4) 377. Li, H.P. Hratchian, A.F. Izmaylov, J. Bloino, G. Zheng, J.L. Sonnenberg, M. Hada,

[2] s.G. Uzo_gara, BlOt?Chr}Ol- Adv. 18 (2000) 179. M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.

[3] N. Fagali, A. Catald, Biophys. Chem. 137 (2008) 56. Kitao, H. Nakai, T. Vreven, J.A. Montgomery, J.E. Peralta, F. Ogliaro, M. Bearpark,

[4] A. Galano, G. Mazzone, R. Alvarez-Diduk, T. Marino, J.R. Alvarez-Idaboy, N. Russo, J.J. Heyd, E. Brothers, K.N. Kudin, V.N. Staroverov, R. Kobayashi, J. Normand, K.
Annu. Rev. Food Sci. Technol. 7 (2016) 335. Raghavachari, A. Rendell, J.C. Burant, S.S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J.

[5] A. San Feliciano, M. Gordaliza, M.A. Salinero, J.M.M. del Corral, Planta. Med. 59 M. Millam, M. Klene, J.E. Knox, J.B. Cross, V. Bakken, C. Adamo, J. aramillo, R.
(1993) 485. . Gomperts, R.E. Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W.

[6] A.Kabouche, Z. Kabouche, M. Oztiirk, U. Kolak, G. Topcu, Food Chem. 102 (2007) Ochterski, R.L. Martin, K. Morokuma, V.G. Zakrzewski, G.A. Voth, P. Salvador, J.J.
12812 ] ) ) ) Dannenberg, S. Dapprich, A.D. Daniels, 0. Farkas, J.B. Foresman, J.V. Ortiz, J.

[71 L. Cui, M.O. Kim, J.H. Seo, LS. Kim, N.Y. Kim, S.H. Lee, J. Park, J. Kim, H.S. Lee, Cioslowski, D.J. Fox, Wallingford, CT, Gaussian 16, Revision A.01, Gaussian, Inc,
Food Chem. 132 (2012) 1775. Wallingford, CT, 2016.

[8] W. Zhou, H. Xie, P. Wu, X. Wei, Food Chem. 136 (2013) 1110. ) [36] K.U.Ingold, D.A. Pratt, Chem. Rev. 114 (2014) 9022.

[9] C. Bustos-Brito, P. Joseph-Nathan, E. Burgueno-Tapia, D. Martinez-Otero, A. Nieto- [37] J.S. Wright, E.R. Johnson, G.A. DiLabio, J. Am. Chem. Soc. 123 (2001) 1173.
Camacho, F. Calzada, L. Yépez-Mulia, B. Esquivel, L. Quijano, J. Nat. Prod. 82 [38] Q.V.Vo, M.V. Bay, P.C. Nam, D.T. Quang, M. Flavel, N.T. Hoa, A. Mechler, J. Org.
(2019) 1207. Chem. 85 (2020) 15514.

[10] A. Galano, J.R. Alvarez-Idaboy, J. Comput. Chem. 35 (2014) 2019. [39] A. Galano, A. Pérez-Gonzalez, R. Castaneda-Arriaga, L. Munoz-Rugeles,

[11] A. Galano, J.R. Alvarez-ldavb‘oy, J. Comput. Chem. 34 (2013) 2430. G. Mendoza-Sarmiento, A. Romero-Silva, A. Ibarra-Escutia, A.M. Rebollar-Zepeda,
[12] H. Boulebd, A. Mechler, N.T. Hoa, Q.V. Vo, New J. Chem. 44 (2020) 9863. J.R. Leon-Carmona, M.A. Hernandez-Olivares, J.R. Alvarez-Idaboy, J. Chem. Inf.
[13] Q.V. Vo, A. Mechler, J. Chem. Inf. Model. 60 (2020) 316. Model. 56 (2016) 1714.

[14] M. Leopoldini, N. Russo, M. Toscano, Food Chem. 125 (2011) 288. [40] Q.V.Vo, N.M. Thong, T. Le Huyen, P.C. Nam, N.M. Tam, N.T. Hoa, A. Mechler, RSC
[15] AK. Chandra, P.-C. Nam, M.T. Nguyen, J. Phys. Chem. A 107 (2003) 9182. Adv. 10 (2020) 20089.

[16] F. Sarrami, L.-J. Yu, A. Karton, J. Comput. Aided Mol. Des. 31 (2017) 905.

[17] A. Karton, R.J. O’Reilly, D.I. Pattison, M.J. Davies, L. Radom, J. Am. Chem. Soc.

134 (2012) 19240.


https://doi.org/10.1016/j.cplett.2021.138737
https://doi.org/10.1016/j.cplett.2021.138737
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0005
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0005
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0010
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0015
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0020
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0020
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0025
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0025
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0030
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0030
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0035
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0035
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0040
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0045
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0045
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0045
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0050
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0055
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0060
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0065
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0070
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0075
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0080
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0085
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0085
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0090
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0095
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0100
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0100
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0105
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0105
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0110
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0110
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0115
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0115
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0120
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0125
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0130
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0135
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0150
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0155
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0160
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0165
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0165
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0170
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0170
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0180
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0185
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0190
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0190
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0195
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0195
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0195
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0195
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0200
http://refhub.elsevier.com/S0009-2614(21)00420-6/h0200

	Mechanistic and kinetic studies of the radical scavenging activity of natural abietanes: A theoretical insight
	1 Introduction
	2 Computational methods
	3 Results and discussions
	3.1 Thermodynamic study
	3.2 Kinetic study
	3.2.1 The HOO scavenging activity of the abietanes in the gas phase
	3.2.2 The HOO scavenging activity of the abietanes in physiological media


	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary material
	References


