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ABSTRACT: The sesquiterpenoid compound abelsaginol (AS) By 5’("' = Antioxidant
was successfully isolated from Abelmoschus sagittifolius for the first § &, ;}ﬁ Extract HO A JOH ABTS" v
time. The compound was identified using NMR and MS data. The =¥ = é — m

antioxidant activity of AS was also evaluated both theoretically and N i OH HOO v

experimentally. AS was found to be a weak HOO® radical PN k=5.90x102 M 571 (P)
scavenger in organic solvents such as pentyl ethanoate and apeimoschus sagitifolius Abelsaginol (AS) k=1.50x102 M s (D)
dimethyl sulfoxide (Kyyery = ~ 10> M~ s7"), in a good agreement k=9.00x10° M s (W)
with the results of the 2,2'-azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid) assay. However, AS exhibited good HOO® antiradical activity in water at pH 7.40 (Kgyeran = 9.00 X 10° M™* s71)
through the single-electron transfer mechanism of the anion state. Further calculations also demonstrated that AS could exert good
to moderate activity against CH;0°*, CH;00°, CCL;00°, NO,, and SO,"" radicals, with k;values from 4.00 X 10° to 1.52 X 10’ M
s™'. However, AS exerted much lower activity against HO®, CCl;0°, NO, 0,°7, and N;"* radicals under the studied conditions. In
general, the activity of AS in water at pH 7.40 is higher than that of Trolox or butylated hydroxytoluene, which are common
reference antioxidants. Thus, in an aqueous physiological milieu, AS is a promising natural antioxidant.

1. INTRODUCTION report the isolation and structural identification of a new
sesquiterpenoid compound, abelsaginol (AS, Figure 1), that
was tested for antioxidant activity both in vitro and in silico
using quantum chemical calculations.

Abelmoschus sagittifolius is a flowering plant that belongs to the
Abelmoschus genus, which contains 15 species in the Malvaceae
family. Abelmoschus was previously classified in the Hibiscus
genus,1 but the current botanic database classifies it as a
distinct genus. The A. sagittifolius plant is distributed in

. . . . . HO 2 A e ~L_OH
Australia and Africa as well as tropical and subtropical Asian m
regions such as China, India, and Southeast Asian countries.””’ 15 78 710 3 OH
In Vietnamese and Chinese traditional medicine, the root N

tuber of A. sagittifolius is used for the treatment of cough,
tuberculosis, constipation, neurasthenia, abscess, backache,
headache, stomachache, phthisis, carbuncle sore, dizziness, and Figure 1. Molecular structure and atomic numbering of abelsaginol
lumbosacral pain.477 However, formal studies of the chemical (AS).

composition and biological activity of A. sagittifolius have been
limited. Chinese scientists have reported the isolation of
sesquiterpenes, lignans, phenolic, and amide constituents from 2. RESULTS AND DISCUSSION
A. sagittifolius.*~'" Several isolated compounds showed
moderate cytotoxicities against HepG-2 and Hela cancer cell
lines.”'’ These limited data suggest that this traditional
medicine does indeed contain potent natural products that
can be isolated and tested for their activity. Recently, we
isolated several known sesquiterpenes from the roots of A.

Abelsaginol (AS)

2.1. Isolation and Identification of AS from A.
sagittifolius. 2.1.1. Isolation. The dried powder of the roots
of A. sagittifolius (4.4 kg) was extracted with MeOH at room
temperature for 24 h (20 L X 3 times). The extracts were

sagitifolis."" Multiple chronic diseases are now know to be Received: May 12, 2022
linked to oxidative stress.'>'® The ability of natural products to Accepted:  June 21, 2022
scavenge free radicals is an important part of their antibacterial, Published: July 1, 2022

anti-inflammatory, and cancer-prevention activities and it is the
o . T 14-17

driving force behind antioxidant research. In our

continuing program of researching natural products, here we
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AS3 (AG°=5.7,0.01%)

AS4 (AG°=5.8,0.01%)

Figure 2. Typical conformers of AS and the relative free energies AG® (kcal mol™') compared to the AS conformer.

combined and concentrated under reduced pressure at 50 °C
to obtain the MeOH residue. The MeOH residue was
dissolved in 1 L of distilled water, and the mixture was
extracted again with n-hexane and ethyl acetate, respectively.
After distillation and the removal of the organic solvent, the n-
hexane extract (46 g) and the ethyl acetate extract (7 g) were
obtained.

The ethyl acetate residue (7 g) was subjected to silica gel
column chromatography (CC), which was eluted with a
gradient solvent system of n-hexane/ethyl acetate (from 0% to
100% ethyl acetate), and the fractions were confirmed by thin
layer chromatography (TLC). Nine corresponding fractions
were obtained (E1—E9).

The E4 fraction (64 mg) was purified by RP-18 reverse-
phase silica gel column chromatography (YMC) with an
enluent of MeOH/water (1/2) to obtain compound 1 (8.4
mg), a white amorphous powder. [a]F —33.5 (¢ 0.2, MeOH).
HR-ESI-MS m/z: 285.1253 [M + Cl]~ (C,sH,,05Cl calcd.
285.1257). "H NMR (500 MHz, CDCL,) 8, (ppm): 6.85 (1H,
s, H-5), 6.60 (1H, s, H-8), 4.15 (1H, dd, J = 2.5 Hz, 4.0 Hz, H-
3),3.71 (1H, dd, J = 2.5, 7.0 Hz, H-2), 2.76 (1H, quin, ] = 7.0
Hz, H-1), 2.61 (1H, dd, J = 4.0, 7.0 Hz, H-4), 2.18 (3H, s, H-
15), 1.78 (1H, m, H-11), 1.38 (3H, d, J = 7.0 Hz, H-14), 0.99
(d, J = 7.0 Hz, H-13), 0.92 (d, ] = 7.0 Hz, H-12). *C NMR
(125 MHz, CD,0D) §¢ (ppm): 152.7 (C-7), 137.9 (C-9),
132.8 (C-5), 127.2 (C-10), 121.8 (C-6), 113.9 (C-8), 73.7 (C-
3), 70.4 (C-2), 51.7 (C-4), 38.2 (C-1), 32.7 (C-11), 21.9 (C-
13), 20.2 (C-12), 19.7 (C-14), 15.5 (C-15).

2.1.2. Identification. Compound 1 was isolated from the
ethyl acetate extract as a white amorphous powder with a
molecular formula of C,sH,,0;, as determined by HR-ESI-MS
at m/z 285.1253 ([M + Cl]™ C,sH,,05Cl calcd. 285.1257),
indicating five degrees of unsaturation. The 'H NMR spectrum
showed two aromatic proton signals at &y 6.85 (1H, s, H-5)
and 6.60 (1H, s, H-8); two oxymethine groups at 5y 4.15 (1H,
dd, J = 2.5 Hz, 4.0 Hz, H-3) and 3.71 (1H, dd, J = 2.5, 7.0 Hz,
H-2); three methine groups at 8y 2.76 (1H, quin, ] = 7.0 Hz,
H-1),2.61 (1H, dd, ] = 4.0, 7.0 Hz, H-4), and 1.78 (1H, m, H-
11); and four methyl groups at &y 2.18 (3H, s, H-15), 1.38
(3H, d, J = 7.0 Hz, H-14), 0.99 (d, ] = 7.0 Hz, H-13), and 0.92
(d, J = 7.0 Hz, H-12). The C NMR and HSQC spectra

revealed 15 carbon signals, including six aromatic carbon
signals at 5 152.7 (C-7), 137.9 (C-9), 132.8 (C-5), 127.2 (C-
10), 121.8 (C-6), and 113.9 (C-8); two oxymethine carbons at
8¢ 73.7 (C-3) and 70.4 (C-2); three methine group signals at
8¢ 51.7 (C-4), 382 (C-1), and 32.7 (C-11); and four methyl
signal at 21.9 (C-13), 20.2 (C —12), 19.7 (C-14), and 15.5 (C-
15). The NMR spectral data suggested 1 was a cardinane-type
sesquiterpene. The assignments of all hydrogen and carbon
signals were done using 'H-'H COSY, HSQC, and HMBC
correlations. The "H—"H COSY correlations of the H-14/H-
1/H-2/H-3/H-4/H-11/H-12 (and H-13) system were ob-
served. The HMBC spectrum showed the correlations from H-
5 (8 6.85) to C-4 (6 51.7), C-7 (8¢ 152.7), C-9 (6 137.9),
and H-15 (8¢ 15.5) and the correlations from H-8 (5g 6.60) to
C-1 (8¢ 38.2), C-6 (5c1 21.8), and C-10 (3¢ 127.2) (Figure
S1). Thus, the planar structure of 1 was suggested as 2,3,7-
trihydroxycalamenene, similar to the aglycone of compound
23,7,3p-trihydroxycalamenene 3-O-f-p-glucoside, which was
isolated from the Chinese A. sagittifolius stem tuber by Chen et
al.® The relative configurations of 1 were assigned using the
NOESY spectrum and coupling constants. We found that
compound 1 had the same relative configurations as 2/,7,3f-
trihydroxycalamenene 3-O-f-p-glucoside at the C-1, C-2, and
C-3 positions but a different relative configuration at the C-4
position. The NOESY correlation from H-2 (5 3.71) to H-14
(8y 1.38) indicated that H-1 and H-2 were on opposite sides.
The positions of H-1 and H-2 were further confirmed by the
large coupling constant between H-1 and H-2 (J = 7.0 Hz).
The small coupling constant between H-2 and H-3 (J = 2.5
Hz) suggested that H-2 and H-3 were on the same side.
However, the isopropyl group at the C-4 position of 1 was
assigned on the same side of the ring as H-2 and H-3 due to
the NOESY correlations from H-2 (§y 3.71) to H-11 (8y4
1.78) and H-12 (8 0.92) and from H-3 (5} 4.15) to methyl
groups H-12 (8 0.92) and H-13 (8 0.99), (Figure S2)."* We
also observed that coupling constant between H-3 and H-4 of
1 was 4.0 Hz, while it was only 1.2 Hz in the case of 23,7,3-
trihydroxycalamenene 3-O-f-D-glucoside.” Thus, 1 was as-
signed as a new natural compound, as illustrated in Figure 1,
and named abelsaginol (AS).
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Table 1. Calculated Thermodynamic Parameters (BDEs, PAs, and IEs; kcal mol™) of AS in the Studied Environments®

BDE PA 1IE
positions G DMSO P w G DMSO P w G DMSO P w
Cl-H 82.4 83.2 82.8 84.5 184.2 116.8 136.3 110.1
C2—-H 92.6 92.6 92.5 93.3
C3-H 96.0 95.7 95.7 96.7
C4—-H 86.9 87.1 86.8 88.1
Cl1-H 93.3 93.9 93.5 94.7
Cl12—H 99.9 100.4 100.2 101.2
Cl14-H 99.9 101.0 100.5 101.8
C15-H 89.7 90.3 90.2 91.1
0O2-H 106.0 104.7 10S.0 107.7
O3-H 105.0 104.4 104.6 106.8
07-H 86.1 84.9 85.0 86.3 339.6 334 86.1 48.4

“Abbreviations are as follows: gas, G; pentyl ethanoate, P; dimethyl sulfoxide, DMSO; and water, W.

2.2. The Antioxidant Activity of AS. 2.2.1. The ABTS
Antioxidant Assay. To assess AS’s antioxidant activity, the
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS**)
test was used as recommended in the literature,"”*° with
Trolox as a control antioxidant. Under the tested conditions,
AS was shown to have an ABTS®" scavenging activity two
times lower (ICy, = 41.04 + 6.07 mM) than that of Trolox
(ICso = 25.16 + 1.64 mM). To properly evaluate this result,
one has to keep in mind that the ABTS experiment is carried
out in an organic solvent (dimethyl sulfoxide), hence the data
can only show that AS has a lower radical scavenging activity
than Trolox in organic solvents. Deprotonation of phenolic
groups (i.e., O7—H) in aqueous solutions, on the other hand,
can open routes to significantly improve the activity,”"**
especially at physiological pH. This must be studied further
using computational chemistry.

2.2.2. The HOO"® Radical Scavenging Activity. 2.2.2.1. Eval-
uation of the Conformation. The molecular structure
suggests that the OH and OMe groups in AS can rotate
around the single bonds to yield a range of conformers.”
Thus, after the likely AS conformers were screened™ in the
first step, the five lowest-electronic-energy conformers were
evaluated utilizing the M06-2X/6-311++G(d,p) level of theory
(Figure 2). AS has the lowest Gibbs free energy value among
the conformers, whereas AS1—AS4 have free energies of
formation 2.9—5.8 kcal mol™" larger than AS. The relative
numbers of the conformers were evaluated using the Maxwell—
Boltzmann distribution,”*® which confirmed that AS was the
dominant conformer (>99%); hence, this conformer was
investigated further.

2.2.2.2. Thermodynamic Evaluation. Antioxidant activity
was assessed using thermodynamic computations that assumed
one of the three main radical scavenging pathways,: (i) formal
hydrogen transfer (FHT), (ii) single-electron transfer—proton
transfer (SETPT), and (iii) sequential proton-loss electron
transfer (SPLET).”” The thermodynamic parameters (ioniza-
tion energy (IE), bond dissociation enthalpy (BDE), and
proton affinity (PA)) of the first step of each pathway for all
bonds were calculated for the HOO® antiradical activity of AS
in pentyl ethanoate as a lipid medium and water at pH 7.4 as
an aqueous physiological environment, as well as DMSO to
obtain predictions directly comparable to the ABTS assay. The
findings are summarized in Table 1.

Tthe lowest BDE(C—H) values were found at C1-H
(BDE(C1-H) = 82.4—84.5 kcal mol™!) and C4—H (BDE-
(C4—H) = 86.8—88.1 kcal mol™"), whereas those of the O—H

bonds were found at O7—H, where BDE(O7—H) = 84.9—86.3
kcal mol™ in all of the studied solvents. By contrast, bond
dissociation is not favored at C12(C13)—H or, somewhat
unexpectedly, at the O2(0O3—-H bonds (BDE = 99.9-107.6
kcal mol™). These site-specific actions can be explained by the
assesment of the spin density distribution, as illustrated in
Figure 3. The single electron is stabilized throughout a vast

. .
As-C2 As-C3

Figure 3. Spin density distribution of the selected radicals

system by resonance, especially in the aromatic ring of the
selected radicals. Nonfavored locations, such as C3 or C4, have
a spin density distribution centered on the carbon atoms,
making product formation difficult.

The presence of solvents could slightly affect the BDE values
by about 0.8—2.1 kcal mol™". The BDEs increased in the
presence of water but varied in DMSO and the pentyl
ethanoate solvents (compared with the gas phase). The IE
values were larger than the lowest BDEs in all of the studied
solvents (IE = 110.1—184.2 kcal mol™"). This suggests that the
single-electron transfer (SET) pathway is not feasible for
neutral AS in either of the environments. However, the
deprotonation at the O7—H bond could preferentially occur in
water and DMSO due to the lower PA values compared with
the BDE and IE values (PA = 33.4—48.2 kcal mol™).

Calculations of the Gibbs free energy change (AG®, Table
2) in the reaction of AS and HOO?® indicated that the reaction
was only spontaneous in the thermodynamic sense following
the hydrogen transfer pathway, particularly at the C1(4)—H
and O7—H bonds (AG® = —4.9 to 0.7 kcal mol™!). The FHT
reactions at other C—H bonds were not spontaneous, with
positive AG® values (AG® = 2.5—20.0 kcal mol™"). At the same

https://doi.org/10.1021/acsomega.2c02974
ACS Omega 2022, 7, 24004—-24011
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Table 2. Calculated AG® (kcal mol™") of the AS + HOO® Reactions Following the Studied Pathways (FHT, Lose Proton (LP),

and SET Mechanisms) in the Studied Media

FHT LP SET

positions G D P w G P w G D P w
Cl1-H -39 —-2.8 -3.5 —4.9 160.6 52.1 73.4 29.0
C2—-H 5.6 5.8 5.5 32

C3—-H 9.1 8.9 8.7 6.5

C4—-H 0.3 0.7 0.2 -1.7

Cl11-H 5.7 6.4 5.9 3.9

Cl12—H 13.0 13.7 133 11.1

Cl14-H 13.7 14.9 14.2 12.3

C15-H 4.3 5.0 4.7 2.5

02—-H 20.0 18.9 19.1 18.5

O3-H 19.0 18.5 18.5 17.6

07-H 0.0 -0.9 -1.1 -3.0 187.3 834 104.2 55.4

time, the LP and SET reactions were not supported in any of
the studied solvents. Thus, in the organic solvents, i.e., pentyl
ethanoate and DMSO, and the gas phase, the HOO® radical
scavenging activity is defined by the FHT pathway, whereas
deprotonation and stable states of AS should be considered in
polar environments such as water at pH 7.40.

2.2.2.3. Kinetic Study. To examine the feasibility and
kinetics of electron transfer reactions from the deprotonated
species, the protonation state of AS at physiological pH must
be determined. Protonation at the O7—H location is possible
with the AS structure. The pK, values of AS were calculated
according to the literature,”**° and the results are shown in
Figure 4.

H S) :
HO. 7 OH (ONy/ OH
~"SoH  PH=7.40 -~ YOH
A\ AN
99.8% 0.2%

Figure 4. Acid dissociation equilibrium of AS at pH 7.40.

The pK, value calculated for the O7—H group was 10.06.
Thus, in a pH 7.4 aqueous solution, there is still a non-
negligible amount of the monoanionic state (O7H, 0.2%
(Figure 4). The kinetic evaluation of the HOO® antiradical
activity of AS occurred in water at pH 7.4; therefore, has to
take into account both the neutral and anionic species.

The kinetic calculations in the gas phase (Table S3 and
Figure S) showed that the H-abstraction of the O7—H bond
defines the FHT reaction (k(o;_s) = 1.26 X 1M1 s, T =
99.4%). FHT reactions of the C1(C4)—H bonds played a
minor role (I' = 0.6%). Thus, the rate constants of the FHT
reactions in the solvents, ie. DMSO, pentyl ethanoate, and
water, were computed on the basis of the H-abstraction of the
hydroxyl group. Therefore, the total rate constant (kgyean) Of
AS’s antiradical activity against the HOO® radical in the
aqueous physiological environment can be calculated using eqs
1 and 2. Table 3 and Figure S show the final results.

In the organic solvents:

koverall =k (07 - H) (1)

app

In the aqueous solution:

k = k;(SET — anion) + k;(O7 — H (neutral))  (2)

overall

As shown in Table 3, AS exhibited a low HOO® radical
scavenging activity in the organic solvents (pentyl ethanoate
and DMSO) with k., = 5.90 X 10> and 1.50 X 10* M™' 57",
respectively. In the lipid medium, the HOO® trapping
capability of AS was lower than those of typical antioxidants
such as Trolox (kg = 3.40 X 10> M~ s71),*° BHT (kyyeran =

1.70 x 10* M~! s71),>" resveratrol (kg = 1.31 X 10* M~}
s™1),%” and ascorbic acid (k,o.y = 5.71 X 10> M™% s71).%* This
activity was also lower than that of samwirin A (kgyera = 6.70 X

100 M~! s71).>° However, AS exhibited significant
hydroperoxyl antiradical activity (kyyen = 900 X 10° M~
s™') in water at pH 7.40. The activity follows the SET reaction
pathway of the anion state (I' = 100%). The FHT reaction of
the O7—H bond had no contribution to the overall rate
constant. AS exhibited a higher HOO® radical scavenging
activity than Trolox (k = 8.96 x 10* M~! s71)** and BHT
(koveran = 2-51 X 10° M~' s71)*! but a sli%htly lower activity
than resveratrol (k = 5.62 x 107 M~ s7!)** and ascorbic acid
(k=9.97 x 10" M~ s71).%* Based on the computed data, AS is
a promising radical scavenger in the aqueous physiological
environment.

2.2.3. The Antiradical Activity of AS in an Aqueous
Solution against Conventional Free Radicals. Due to its mild
reactivity, the HOO® radical is regarded a model free radical
for evaluating the antiradical activities of organic com-
pounds.”** Studies on the radical scavenging ability of natural
products against other common reactive oxygen and nitrogen
species, such as HO®, CH;0°, CCl;0°, HOO®, CH,00°,
CCL,00°% NO, NO,, 0,°7, SO,*” and N;*, are critical to
provide useful information regarding their antioxidant
activities.”>*® Therefore, next the antiradical activity of AS
was also modeled against these free radicals following the main
mechanism (the SET reaction) in water at pH 7.40. The
results are shown in Table 4

It was found that AS should have moderate activity against
CH,0°*, CH;00°, CCI;00°* NO,, and SO,*” radicals, with k¢
values ranging from 4.00 X 10° to 1.52 X 10’ M~' s™!, whereas
HO®, CCL,0° NO, 0,°7, and N;* radicals could not be
removed by AS under the examined conditions. Compared
with fraxin®® and usnic acid,*® AS exhibited lower HO®,
CCL;0°, and Ny’ antiradical activity following the SET reaction
but was more active against peroxyl radicals, i.e. HOO® and
CH,00°".
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Figure 5. Optimized transition state (TS) structures and their imaginary frequencies (v, cm™") according to the FHT reaction of the AS + HOO*
reaction (v, cm™". Abbreviations are as follows: dimethyl sulfoxide, DMSO; P, pentyl ethanoate; G, gas phase; and W, water).

Table 3. Calculated AG” (kcal mol™"), Tunneling Corrections (k), Molar Fractions (f), Rate Constants (k

app’ kf) and koverall;
M s7'), and Branching Ratios (I, %) in the AS + HOO® Reaction”
solvents mechanisms AG” k Ko f ke r
P FHT 16.6 14S8.5 5.90 x 10? 100.0
DMSO FHT 17.6 183.4 1.50 X 10* 100.0
w SET 3.8 16.4° 4.50 x 10° 0.002 9.00 x 10° 100.0
FHT 16.7 605.3 220 x 10° 0.998 2.20 x 10° 0.0
Koverall 9.00 X 10°

9At 298.15 K in P, DMSO, and W solvents. ®The nuclear reorganization energy (4, kcal mol™); k; = fk

app and I" = kfloo/koverall

Table 4. Calculated AG”, A, (kcal mol™"), Diffusion-Limited Rate Constant (kp), k,p,, and k; (M™" s') of the Reaction

Between AS™ and Chosen Radicals in Aqueous Solution at
radicals AG* A
HO*® 18.7 44
CH,0* 0.0 5.6
cCLo* 17.5 222
HOO* 3.8 16.4
CH,00° 46 15.8
cCLo0* 02 17.9
NO 79.4 15.3
NO, 0.5 28.8
0,"” 43.0 182
S0, 8.90 18.6
N, 20.3 3.5

“According to the SET reaction. b, = fky, and f(AST) = 0.002.

app

pH 7.47
kp P k&
8.50 x 10° 1.20 X 107! 240 x 107*
8.10 x 10° 8.10 x 10° 1.62 x 107
7.60 X 10° 9.30 x 107! 1.86 x 1073
8.20 x 10° 4.50 X 10° 9.00 X 10°
8.00 x 10° 2.00 x 10° 4.00 x 10°
7.60 X 10° 7.60 X 10° 1.52 x 107
8.30 x 10° 3.90 x 107 7.80 x 107
8.10 x 10° 8.10 x 10° 1.62 x 107
7.20 X 10° 1.80 x 107" 3.60 X 107**
7.90 X 10° 2.00 x 10° 4.00 x 10
7.00 x 10° 8.10 x 1073 1.62 X 107°

3. CONCLUSION

The novel sesquiterpenoid compound AS was successfully
isolated and identified from A. sagittifolius. AS showed a low
HOO" radical scavenging activity in the DMSO solvent (kqyeran
= 1.50 x 10* M™" s7") both in silico and in the experimental
ABTS®" test. Similar results were also found for its activity in

the lipid medium, i.e,, the pentyl ethanoate solvent. Thus, AS is
predicted to be a weak radical scavenger in lipid media.
However, AS exhibited good HOO® antiradical activity in
water at pH 7.40 (koyeran = 9:00 X 10° M~ s7'), primarily via
the SET reaction of the anion state. AS is predicted to exhibit
moderate activity against CH;0°, CH;00°, CCl;00°*, NO,,
and SO,*~ radicals, with k; = 4.00 X 10* — 1.52 x 10" M~' 57},
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whereas it is expected to exhibit weak activity against HO®,
CCL,0°% NO, 0,°7, and Nj;°® radicals. Compared with natural
typical antioxidants, the activity of AS in water at pH 7.40 is
generally higher than those of Trolox and BHT. Thus, AS is a
promising natural antioxidant in the aqueous physiological
environment.

4. EXPERIMENTAL AND COMPUTATIONAL
METHODS

4.1. Experimental Section. 4.1.1. Plant Materials. The
plant samples of A. sagittifolius were collected from Bao
mountain (20°01'04.0"N 105°41'04.9"E), Vinh Loc district,
Thanh Hoa province, Vietnam, in October 2020, which was
the harvest season for A. sagittifolius growing in this area. The
plant was identified by Prof. Dr. Tran The Bach of the Institute
of Ecology and Biological Resources, Vietnam Academy of
Science and Technology. The plant specimens (SB-2020) were
deposited at the Botanical Museum (HN) Institute of Ecology
and Biological Resources, 18 Hoang Quoc Viet, Cau Giay,
Hanoi, Vietnam.

4.1.2. General Experimental Procedures. Solvents and
chemicals used for extraction and isolation met experimental
standards. Column chromatography was performed on 40—63
um silica gel (Merck) and reverse-phase silica gel RP-18
(YMC). Thin layer chromatography (TLC) was performed on
precoated plates (Merck 60 F,g,), which were visualized using
a 254 nm ultraviolet lamp or a 10% sulfuric acid solution spray.
Nuclear magnetic resonance (NMR) spectra were recorded on
a 500 MHz Bruker Avance instrument. The HR-ESI-MS
spectra were obtained using an Agilent 6530 Accurate Mass Q-
TOF LC/MS system. The ABTS (2,2’-azino-di(3-ethyl-
benzthiazoline sulfonic acid) assay was performed following
the literature procedure.'””’

4.2. Computational Details. All DFT calculations were
carried out with the Gaussian 09 suite of programs.”” The
M06-2X functional,®® one of the most dependable tools for
studying the thermodynamics and kinetics of radical
processes,”****** ! and the 6-311++G(d,p) basis set were
used for all calculations. The kinetics calculations were carried
out using the quantum mechanics-based test for overall free
radical scavenging activity (QM-ORSA) protocol,33 with the
SMD solvation model** for water, DMSO, and pentyl
ethanoate solvents,”"*"*~*

Using the transition state theory (TST) at 298.15 Kand 1 M
standard state, the rate constant (k) was computed as
follows: ™~

k= GKkB—Te_(AG#)/RT

(©)
where ¢ is the reaction symmetry number,**° AG# is the
Gibbs free energy of activation, x contains the tunneling
corrections calculated using the Eckart barrier,”’ h is the
Planck constant, and kj is the Boltzmann constant.

The reaction barriers of SET reactions in media were
determined using the Marcus theory.””>® The equations used
to calculate the Gibbs free energy change of reaction (AG¥)
for the SET pathway are

2
AG)
AGLr = 1(1 + —SET]
4 A (4)
A~ AEgr — AG(S)ET Q)

24009

where AG’gy is the standard Gibbs free energy change of the
reaction, while AEgpy is the nonadiabatic energy difference
between reactants and vertical products for SET.**° A
correction was apglied to rate constants that were close to
the diffusion limit.”> The apparent rate constants (kypp) for an
irreversible bimolecular diffusion-controlled reaction were
computed using the Collins—Kimball theory in solvents at
298.15 K;°° the steady-state Smoluchowski rate constant (kp)
was estimated as follows using the literature:***”

_ krsrkp
P kpgr +kp (6)
kp, = 47R,xDysN, (7)

Dy = Dy + Dy (Dyp is the mutual diffusion coefficient of the
reactants A and B),>**® where D, or Dy is determined using
the Stokes—Einstein formulation (8).””

ks T

6ﬂuA/B

Dy =

: ®)
Here 7 is the viscosity of the solvents (i.e., 7(pentyl ethanoate)
=8.62 X 107* Pa s and 7(H,0) = 891 X 107* Pa s) and a is
the radius of the solute.

To avoid overpenalizing entropy losses in solution, the
solvent cage effects were added using Okuno’s adjustments,®!
which were modified with the free-volume theory according to
the Benson correction.”>%*~%*

For species with numerous conformers, all of them were
energy minimized,”> and the lowest-electronic-energy con-
former was included in the study. The existence of only a single
imaginary frequency was the defining feature of all transition
stages. To verify that each transition state was accurately
related to the precomplex and postcomplex, intrinsic
coordinate calculations (IRCs) were performed.
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