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ABSTRACT  

 

Melinjo seed extract contains melinjo resveratrol compounds that exhibit antioxidant activity. The antioxidant 

activity requires radical scavenging sites, which yet to be located. We report a computational study that aimed to locate 

scavenging sites of the simplest resveratrol dimer, gnetin C. We consider the reaction of gnetin C and hydroperoxyl 

radical energetically with the basis of density-functional calculations, to be compared with the reaction of the 

resveratrol monomer and hydroperoxyl radical. The results show that OH group at the para position is the most reactive 

scavenging site for both molecules. Besides the OH group, gnetin C also provides two CH groups in the furan ring 

that are favorable as scavenging sites. Therefore, furan ring plays an important role in the scavenging activity, which 

is contrary to the experimental speculation that proposed resorcinol ring. Our study shows the prospect of density-

functional calculation for studying the radical-scavenging reaction. 

 

KEYWORDS:  gnetin c, melinjo resveratrol, radical-scavenging activity, density-functional calculations 

 

1. Introduction  

Melinjo (Gnetum gnemon Linn) seeds carry bioactive compound with antioxidant [1, 2] and other beneficial 

pharmacological activities. In particular, the melinjo seed extract (MSE) confirms antimicrobial [1], anti-allergic [3], 

anti-angiogenesis [4], anti-melanogenesis [5], and anti-tumor [6] properties. Consuming MSE could reduce the serum 

uric acid levels [7] without serious adverse events both in the human [8] and toxicity studies [9].  It implies the 

potential of the seed for drugs, supplements, and functional foods that may benefit human health. 

 

The main antioxidant in melinjo seed is resveratrol dimer (known as melinjo resveratrol). As antioxidants, melinjo 

resveratrol can act as radical scavengers. A study from Kato et al. [1] showed that melinjo resveratrol has comparable 

scavenging activity to dl-α-tocopherol. Their study also showed that melinjo resveratrol could maintain the scavenging 

activity longer than dl-α-tocopherol could. They proposed that resorcinol ring in resveratrol dimer plays an important 

role in the scavenging activity of melinjo resveratrol. However, no other studies have been reported to corroborate the 

findings. Further investigation in the radical-scavenging activity is significant to explain the antioxidant manner of 

melinjo resveratrol. 
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One preferred method to study the antioxidant activity is calculation method based on density functional theory 

(DFT) [10, 11]. DFT allows us to explore the chemical properties of molecules based on their quantum electronic 

structures [12] as applied in the study of reactions with the basis of orbital interaction [13, 14]. DFT also allows us to 

predict the antioxidant activity from the thermodynamic parameters. [15-21] Furthermore, the primary advantage of 

DFT is to predict the reaction pathways, including the determination of transition state (TS) that is very challenging 

to observe in experimental methods. Once the TS is predicted, we can extend the method into the study of reaction 

kinetics of antioxidants [22-24]. Therefore, the density-functional calculations could be reliable for investigating the 

activity of melinjo resveratrol. 

 

In this study, we utilize density-functional computations to locate the active scavenging site of melinjo resveratrol. 

We evaluate the possible site energetically by using gnetin C (the simplest melinjo resveratrol) to scavenge 

hydroperoxyl radical (•OOH). Here, we assume that the scavenging reaction undergoes a one-step reaction 

mechanism. Besides the energetic results, we can propose another ring apart from that of Kato et al. [1] speculated.  

 

2. Computational Model 

2.1. Scavenging Reaction Model 

The one-step reaction mechanism models the •OOH scavenging by melinjo resveratrol (YH) as it suggested to be 

the preferable mechanism of phenolic antioxidants [25-27]. The reaction is as follows: 

𝑋 + 𝑌𝐻 → [𝑋 − 𝑌 − 𝐻] → 𝑋𝐻 + 𝑌.                                                           (1) 

In our case, X is •OOH, YH is gnetin C, XH is H2O2, and Y is gnetin C radical. Besides gnetin C, we also consider 

trans-resveratrol as YH in the Eq. (1). The reasons are (1) trans-resveratrol is a well-studied monomer of resveratrol, 

and (2) the dimer form is gnetin C as shown in Fig. 1. 

 

[Fig. 1 about here.] 
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The [X – H – Y] activated complex is the TS. It is the state where the hydrogen atom transfer (HAT) from melinjo 

resveratrol to •OOH occurs. While the energy difference between product (XH and Y) and reactant (X and YH) means 

the reaction energy (Er), the energy difference between TS and reactant means the barrier energy (Eb). 

 

The H in [X – H – Y] activated complex may derive from 22 possible sites of gnetin C. We consider all H atoms 

from hydroxyl sites since they are essential for antioxidant activity of resveratrol [28]. The remains of the H atoms 

are evaluated based on their bond dissociation energy (BDE). BDE calculation from a site follows the generic 

dissociation, 

𝑌𝐻 → 𝑌 + 𝐻,                                                                    (2) 

hence BDE is the energy difference between the product (Y and H) and the reactant (YH). The higher the BDE of a 

site means the least favor the H donation from the site. 

 

2.2. Density-functional Calculation 

The primary quantities here are BDE, Er, and Eb. The ground state of reactants and products determines the first 

two energies. The optimization geometry calculation routine, based on DFT, obtains the geometry and energy of 

reactant (initial state) and product (final state) in the ground state. For Eb, we calculate the value from the energy 

difference between the TS and the reactant. The TS is obtained from the routine of optimization geometry at the saddle 

point of the potential surface. We identify the appropriate TS from a particular vibrational mode, which has imaginary 

frequency and involves the motion of hydrogen between the 22-possible sites and the •OOH. 

 

We couple DFT with vibrational mode calculations at 298.15 K. The energy calculated by DFT is electronic energy 

at 0 K. The vibrational mode calculations allow us to correct the electronic energy with thermal energy at 298.15 K. 

As for Er and Eb, we use Gibbs free-energy correction to get the standard Gibbs energy of reaction (ΔrG˚) and activation 

(ΔⱡG˚), respectively. For BDE, we use enthalpy correction to get BDE*. In the current, the relevant quantity is BDE* 

of YH relative to BDE* of H-phenol (C6H5OH), equated as 

𝛥𝐵𝐷𝐸 ∗= 𝐵𝐷𝐸 ∗(𝑌𝐻)− 𝐵𝐷𝐸 ∗(𝑝ℎ𝑒𝑛𝑜𝑙)                                                      (3) 

BDE* of H-phenol is a standard reference value for the hydrogen atomic bond dissociation energy. Besides calculating 

ΔBDE*, we also calculate the spin density distribution as a qualitative method of checking the stability of Y. The more 
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delocalized the spin density, the more stable the Y is, hence, the lower BDE* is. Furthermore, we also apply the spin 

density in term of single occupied molecular orbital (SOMO) at the TS to predict the reaction mechanism based on 

the Mayer’s interpretation [29]. 

 

In using DFT method, we employ M05-2X exchange-correlation functional and 6-31++G(d,p) basis set that are 

integrated in Gaussian 09 software [30]. M05-2X functional has been recommended for thermochemistry and kinetic 

calculations [31, 32], and has performed well to predict internuclear distance at the TS, especially for hydrogen transfer 

reaction [33]. 

 

We couple DFT calculation with the polarized continuum model (PCM) [34, 35] for considering the solvent 

environment. PCM has been applied successfully to a significant number of systems in aqueous and non-aqueous 

media [36-38]. In this work, we consider water solvent since it is the primary cellular environment component. 

 

3. Result and Discussion 

3.1. The Bond Dissociation Energy 

Fig. 2 shows the optimized geometry for trans-resveratrol and gnetin C, while Table S1 (Online Resource) lists the 

selected parameters. A gnetin C consists of one trans-resveratrol-like structure (ring A1 and B1) and one non-planar 

resveratrol structures (ring A2 and B2). Atom 13O and 12C of the planar trans-resveratrol are combined with atom 

7'C and 8'C of non-planar resveratrol to form a new ring, namely furan ring (ring C). 

 

[Fig. 2 about here] 

  

Table 1 lists the ΔBDE* of trans-resveratrol and gnetin C based on Fig. 1. Overall, ΔBDE* of OH is less than that 

of CH in both molecules. Interestingly, our calculations show that two CH sites of gnetin C have a value of ΔBDE* 

comparable with OH site’s. They are site 7'-CH and site 8'-CH (in the furan ring). Therefore, we consider these two 

sites for the scavenging site of gnetin C in Eq. (1) in addition to the OH sites. 

 

[Table 1 about here] 
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The spin density plots in Fig. 3 supports the ΔBDE* of gnetin C radical calculations. The spin density at 8'-C is the 

most delocalized distribution since the spin density covers three rings, which indicates that the site has the lowest 

ΔBDE*.  

 

[Fig. 3 about here] 

 

3.2. The Standard Gibbs Energy of Reaction 

Table 2 provides the ΔrG˚ of the •OOH scavenging reaction by trans-resveratrol, according to Eq. (1). Out of three 

OH sites in trans-resveratrol, the •OOH scavenging reaction is exergonic only at site 4. Therefore, only the 4-OH site 

is favorable for scavenging •OOH. Another density-functional study of an identical system concluded in the same 

result [23], conducted by employing the same exchange-correlation functional but 6-311++G(d,p) and solvation model 

based on density. It supports the recommendation by Zhao et al. [31] that M05-2X is reliable for studying the 

scavenging reaction energetically. 

 

[Table 2 about here] 

 

As for gnetin C, Table 2 shows that the exergonic sites are not only at OH-group but also at CH-group. The 

scavenging sites of gnetin C is at 4-OH, 7'-CH, 8'-CH. Since gnetin C provides more scavenging site than trans-

resveratrol does, the former is potent to have a higher antioxidant capacity than the latter. When we consider the rings 

in gnetin C, ring C provides more scavenging sites than other rings (A, phenol, and B, resorcinol ring). It indicates 

that furan ring plays more important role than other rings in the scavenging capacity of melinjo resveratrol. 

 

Overall, ring A always provides the lowest ΔrG˚ value for OH site. It is valid for both trans-resveratrol and gnetin 

C. It implies that there is a relation between the position of the OH site and the ΔrG˚. Queiroz et al. [38] also reported 

this relation. 
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3.3. The Standard Gibbs Energy of Activation 

We validate our work on reaction kinetics based on the trans-resveratrol case. Our predictions of ΔⱡG˚ are 

comparable with a theoretical work reported by Iuga et al. [24], which computed the rate constants at room temperature 

with the basis of transition-state theory, whose results are comparable with experimental results by Zinatullina et al. 

[40]. Consequently, our density-functional calculations on Eq. (1) is adequate to study •OOH scavenging by 

resveratrol system such as gnetin C. 

 

Regarding gnetin C, Fig. 4 shows the TS of •OOH scavenging according to Eq. (1). The activated complexes are at 

their optimized structure, where the syn arrangement exists as expected from phenolic antioxidants. The syn 

arrangement also exists in trans-resveratrol, which is also a group of phenolic antioxidants, as we provide the 

optimized structure in Fig. S1 (Online Resource). It is also noteworthy that the distance between the H-atom of gnetin 

C and its scavenging site elongates to 0.16 Å on average (or at about 16%) relative to its ground state structure. It 

implies that H-atom’s bonding to its scavenging site weakens at the TS for all scavenging sites. The reaction in Eq. 

(1) requires this condition. 

 

[Fig. 4 about here] 

 

The ΔⱡG˚ values of gnetin C in Table 2 show that the lowest ΔⱡG˚ is at site 4-OH. The site 4-OH in trans-resveratrol 

also has the lowest activation energy. These results agree with previous experimental findings which reported that site 

4-OH is the most reactive one in trans-resveratrol and its derivatives. [41] However, ΔⱡG˚ at site 4-OH of gnetin C is 

lower than that of trans-resveratrol. It implies that resveratrol in its dimer form is expected to react faster with •OOH 

than its monomer form.  

 

As for ΔrG˚, the ΔⱡG˚ values at OH-group also has a relation with its location. Both site 4-OH and 4'-OH have the 

lowest ΔⱡG˚ in their respective resveratrol unit, and they are at para position of ring A1 and A2, respectively. The 

difference is that ring A1 is in the first unit, while ring A2 is in the second one. The resveratrol is planar in the first 

unit, but not in the second unit. It implies that the planarity of resveratrol in gnetin C increases scavenging reactivity 

of an OH site. 
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Considering the ΔrG˚ value, it is also possible for site 7'-CH and 8'-CH to become a scavenging site. However, the 

reaction may be slower at these two CH sites than at 4-OH site due to their higher value of ΔⱡG˚. The high barrier is 

expected since geometrically ring A2 and B2 hinders •OOH to reach site 7' and 8'. The various value of ΔⱡG˚ make 

the three sites scavenge three •OOH radicals at different rates. It is revealed that resveratrol dimer gradually scavenges 

one radical from ring A1 (phenol) and two more radicals from ring C (furan) to reach the maximum scavenging activity 

after a sufficient time. This finding is contrary to the work by Kato et al [1] which proposed that it is ring B2 

(resorcinol) that plays a crucial role in the scavenging activity of melinjo resveratrol. 

 

All the three possible scavenging sites share similarities in their SOMO distribution. The 2p-like orbitals construct 

all SOMO distributions, as shown in Fig. S2 (Online Resource). The orbital interaction forms sigma bonding between 

O or C (from the scavenging site) and at O (from •OOH). The sigma bond allows hydrogen atom (both the proton and 

the electron) to transfer from one side to the other [29]. It implies that the •OOH scavenging at the three sites of gnetin 

C through the reaction in Eq. (1) is a hydrogen atom transfer. 

 

4. Conclusion  

We have demonstrated the use of a density-functional to investigate the scavenging activity of gnetin C with trans-

resveratrol as the comparison. We utilized density-functional calculations and used a one-step mechanism for the 

•OOH scavenging reaction model. The OH-group at the para position in a phenol ring turns out to be a common 

scavenging site for both trans-resveratrol and gnetin C. The scavenging reaction energy at this particular site, as 

observed in this study, is -3.59 kcal/mol and -3.51 kcal/mol for trans-resveratrol and gnetin C respectively, which 

makes the reaction at OH site is exergonic.  

 

We have shown the role of the furan ring in relation to the antioxidant capacity and activity of melinjo resveratrol. 

Furan ring increases the antioxidant capacity of melinjo resveratrol by providing two more scavenging sites, namely 

site 7'-CH and 8'-CH. Such sites should have a slower reaction with •OOH as they require higher activation energy 

compared to 4-OH site. The activation energy differs as much as 4.92 kcal/mol between 7'-CH and 4-OH and 3.53 

kcal/mol between 8'-CH and 4-OH. Our results suggested that gnetin C scavenge radicals gradually with the following 
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sequence: 4-OH, 8'-CH, and 7'-CH, to reach its maximum scavenging activity. Thus, we propose the furan ring, not 

the resorcin ring as it is speculated from the experimental study, which plays a crucial role in the scavenging activity 

of melinjo resveratrol. Finally, this work demonstrates that density-functional calculations are a prospective approach 

for studying the system in question. 
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Figure captions 

 

Fig. 1 Chemical structure of (a) trans-resveratrol and (b) gnetin C. Numbers in the figure represent the site numbering. 

A, B, C are resorcinol, phenol, and furan rings in resveratrol system respectively. The labeling number of atoms here 

is used throughout the manuscript 

  

Fig. 2 Optimized structure of trans-resveratrol and gnetin C in water environment. Blue, red, and yellow atoms 

represent H, O, and C atom. Red marker indicates the scavenging site 

 

Fig. 3 The spin density distribution of gnetin C radical with isovalue 0.003. In their respective order, orange and purple 

colors indicate that α and β densities are dominant 

 

Fig. 4 TS structure for •OOH scavenging reaction by gnetin C on each site. Markers d1 is the bond length of 

scavenging site, while d2 is the distance between O atom of •OOH and with the nearest scavenging site 
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Fig. 1 
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Fig. 2 

 

  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



15 
 

Fig. 3 
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Fig. 4 
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Table 1 

H-bond dissociation enthalpy of trans-resveratrol and Gnetin C relative to H-phenol (ΔBDE*), at T=298.15 K 

Reaction site ΔBDE* (kcal/mol) Reaction site ΔBDE* (kcal/mol) 

Trans-resveratrol 

4-OH -4.95 6-CH 26.27 

11-OH 1.13 7-CH 17.33 

13-OH 1.47 8-CH 16.66 

2-CH 25.14 10-CH 27.87 

3-CH 27.48 12-CH 30.94 

5-CH 28.12 14-CH 29.04 

Gnetin C 

4-OH -5.27 10-CH 27.75 

11-OH 2.14 14-CH 29.80 

4'-OH -0.01 2'-CH 26.20 

11'-OH 0.96 3'-CH 28.10 

13'-OH 2.22 5'-CH 27.65 

2-CH 24.99 6'-CH 26.39 

3-CH 27.29 7'-CH -3.98 

5-CH 28.18 8'-CH -6.56 

6-CH 26.18 10'-CH 28.88 

7-CH 16.53 12'-CH 30.22 

8-CH 16.97 14'-CH 29.82 
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Table 2 

The standard Gibbs energies of reaction (ΔrG˚) and activation (ΔⱡG˚) for the •OOH scavenging reaction based on 

Eq.(1) 

Reaction site ΔrG˚ (kcal/mol) ΔⱡG˚ (kcal/mol) ΔⱡG˚ (kcal/mol)a 

Trans-resveratrol 

4-OH -3.59 18.69 17.96 

11-OH 2.09 21.31 20.25 

13-OH 1.83 20.70 19.77 

Gnetin C 

4-OH -3.51 17.22 - 

11-OH 2.69 21.55 - 

4'-OH 0.86 19.86 - 

11'-OH 4.03 21.29 - 

13'-OH 3.07 21.72 - 

7'-CH -2.43 22.14 - 

8'-CH -5.02 20.85 - 
aCalculated using M05-2X functional and 6-311++G** basis set [24] 
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To: Reviewer 1
Subject: response and revision to the comments and questions

We appreciate the reviewer’s comments and concern on our work. Here we respond
the reviewer’s questions point by point. We also added a new figure and reference
[1] in the revised manuscript. We expect the revised manuscript meets the reviewer’s
expectation.

Sincerely,

on the behalf of the authors
Vera Khoirunisa

BEGIN

On page 4 line 12 the author talk about the activated complexes and 22 active
scavenging sites, a figure would be helpful to the readers to illustrate that.

Question 1

We agree with the reviewer’s concern. Therefore, we add Fig. 1(c) and revise the
caption of Fig. 1 to illustrate the activated complex and 22 possible scavenging sites.

The manuscript would benefit from a more detailed discussion of the experimen-
tal results.

Question 2

We have already provided detailed discussions (blue font) that are related to experi-
mental work by Tani et al.[1] and Kato et al. [2]. For the former, we give the reason
why gnetin C has a higher antioxidant capacity than trans-resveratrol does. While
for the latter, we explain the experimental observation from Kato et al. [2] which
showed that melinjo extract gradually scavenged radicals and reached a maximum
effect after sufficient time.

However, we realize that we have not clearly mentioned it in the manuscript. There-
fore, we add a sentence (red font) in the second paragraph of “3.2 The Standard
Gibbs Energy of Reaction”,

1

Response for Reviewer 1



(a)

(b)

(c)

Fig. 1Molecular model for (a) trans-resveratrol, (b) gnetin C, and (c) activated com-
plex of gnetin C and •OOH for 4-OH site. The nomenclature is used throughout
manuscript. A, B, C, are resorcinol, phenol, and furan rings in resveratrol system
respectively. Red atom and blue atom labels indicate •OOH and the 22 possible scav-
enging sites respectively.

2



As for gnetin C, Table 2 shows that the exergonic sites are not only at OH-
group but also at CH-group. The scavenging sites of gnetin C are at 4-OH,
7′-CH, 8′-CH. Since gnetin C provides more scavenging site than trans-
resveratrol does, the former is potent to have a higher antioxidant capacity
than the later. These results support the experimental findings which re-
ported that gnetin C has better antioxidant capacity than trans-resveratrol
in ORAC assay [1]. Furthermore, by considering the ring in gnetin C, ring
C provides more scavenging sites than other rings (A, phenol, and B, re-
sorcin ring). It indicates that furan ring plays a more important role than
other rings in the scavenging capacity of melinjo resveratrol.

In the manuscript

and in the fifth paragraph of “The Standard Gibbs Energy of Activation” section,

Considering the ∆rG
0 value, it is also possible for site 7′-CH and 8′-CH to

become a scavenging site. However, the reaction may be slower at these
two CH sites than at 4-OH site due to their higher value of ∆‡G0. The
high barrier is expected since geometrically ring A2 and B2 hinders •OOH

to reach site 7′ and 8′. The various value of ∆‡G0 make the three sites
scavenge three •OOH radicals at different rates. It is revealed that resvera-
trol dimer gradually scavenges one radical from ring A1 (phenol) and two
more radicals from ring C (furan) to reach the maximum scavenging activ-
ity after a sufficient time. This gradual increase in scavenging activity was
observed in the experiment done by Kato et al. [2]. However, this finding is
contrary to their speculation which proposed that it is ring B2 (resorcinol)
that plays a crucial role n the scavenging activity of melinjo resveratrol.

In the manuscript
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[1] H. Tani, H. Koshino, T. Taniguchi, M. Yoshimatsu, S. Hikami, S. Takahashi,
ACS OMEGA, Structural studies on stilbene oligomers isolated from the seeds of
melinjo (Gnetum gnemon L.), 5, 12245-12250 (2020)

3
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To: Reviewer 2
Subject: response and revision to the comments and questions

We are grateful for the question and comments on our manuscript. We respond to
the reviewer’s concerns point by point. We revised our manuscript and added more
data in the supplementary material to give insight on our manuscript. We expect the
revised manuscript meets the reviewer’s expectations.

Sincerely,

on the behalf of the authors
Vera Khoirunisa

BEGIN

Please revise grammar as numerous sentences contain grammatical errors.

Question 1

We are aware of our English limitation. Therefore, we use professional proofreading
service before resubmitting our manuscript to Food Biophysics.

On page 4 paragraph 1 “[X-H-Y]” is used which is different from what is shown
in Equation (1). Please be consistent to avoid confusion if these are the same TS.

Question 2

We apologize for our inconsistency. We revise Eq. (1) in “2.1 Scavenging Reaction”
section to avoid confusion.

X + YH→ [X−H−Y]→ XH + Y. (1)

In the manuscript

1
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For gnetin C, the 7’-CH and 8’-CH energies are even lower than the OH site, what
is the reason for this? (Table 1)

Question 3

The reason for the lower ∆BDE* in the 7′-CH and 8′-CH sites is the contribution of spn

hybrid orbital in the C-H bonding. As we can see in Table S2, most of C-H bonds in
gnetin C have n≈2 in their spn hybrid orbital, except for C-H bonds in the 7′-CH and
8′-CH sites (highlighted in yellow). These exceptional C-H bonds have n≈3 in their
spn hybrid orbital. The sp3 bonding has less electron density than the sp2 bonding
result in the weaker bonding between atom C and H. Therefore, the C-H bonds in the
7′-CH and 8′-CH have lower ∆BDE* than the other C-H bonds.

Since O-H bonds in gnetin C also possesses spn hybrid orbital with n ≈ 3 in their
bonding, it is reasonable that C-H bonds in 7′-CH and 8′-CH sites has comparable
∆BDE* with or even lower than the O-H sites.

We are glad the reviewer pointed out this issue. Here, we revise the discussion of
Table 1 in the second paragraph of the “3.1 Bond Dissociation Energy” section and
provide Table S2 in supplementary material.

Table 1 shows the ∆BDE∗ in all possible sites of trans-resveratrol and gnetin
C based on Fig. 1. Overall, ∆BDE∗ in the O-H site is less than that in the
C-H site in both molecules. Interestingly, 7′-CH and 8′-CH sites of gnetin
C have comparable ∆BDE∗ with the O-H sites. The lower ∆BDE∗ in 7′-
CH and 8′-CH sites is explained by the contribution of spn hybrid in their
bonding orbital (as shown in Table S2). The C-H bond in these sites has
n≈3, instead of n≈2 as the other C-H bonds in gnetin C. It suggests that
the weaker sp3 bonding than sp2 bonding is the reason of the lower ∆BDE∗

in 7′-CH and 8′-CH sites. Therefore, we consider 7′-CH and 8′-CH for the
scavenging sites of gnetin C in addition to the OH sites.

In the manuscript
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Table S2 The calculated spn hybrid orbital contribution of C-H and O-H bonding
in gnetin C. The data was obtained from the natural bond orbital analysis (NBO)
calculations.

Site Coefficient spn Atom
4-OH 0.876 3.25 O4
11-OH 0.877 3.12 O11
4′-OH 0.876 3.25 O4′

11′-OH 0.876 3.24 O11′

13′-OH 0.876 3.25 O13′

2-CH 0.793 2.30 C2
3-CH 0.795 2.24 C3
5-CH 0.797 2.20 C5
6-CH 0.794 2.32 C6
7-CH 0.789 2.50 C7
8-CH 0.790 2.47 C8
10-CH 0.795 2.21 C10
14-CH 0.797 2.17 C14
2′-CH 0.796 2.29 C2′

3′-CH 0.797 2.21 C3′

5′-CH 0.796 2.23 C5′

6′-CH 0.795 2.30 C6′

7′-CH 0.794 2.93 C7′

8′-CH 0.803 3.18 C8′

10′-CH 0.797 2.21 C10′

12′-CH 0.798 2.15 C12′

14′-CH 0.797 2.19 C14′

3



Please elaborate more on Fig. 3 and explains the significance and/or difference
of each of the subplot.

Question 4

We revise the discussion for Fig. 3 in the last paragraph of the “3.1 Bond Dissociation
Energy” section to address the request from the reviewer.

The spin density plots in Fig. 3 shows the stability of gnetin C radical. The
most stable radical is 8′-C gnetin C radical since the spin density covers
two resorcinol and one furan rings. The stability of radical reduces as the
number of rings covered decreases. The second and third most stable rad-
icals are 4′-O and 7′-C gnetin C radical. The former has two rings covered,
while the latter has one and a half rings covered. The stability of 8′-C, 4′-
O, and 7′-C radicals are inversely proportional to the ∆BDE∗ at site 8′-CH,
4′-OH, and 7′-CH. Therefore, the stability of gnetin C radical supports the
hydrogen atom transfer process in site 8′-CH, 4′-OH, and 7′-CH.

In the manuscript

Please clarify what is the difference in the method in calculating the values in
column 2 and 3 of Table 2.
-It is not very clear from the description of the table or from the discussion.
-Also please state clearly why are those values not calculated for gnetin C.

Question 5

The difference is in the basis set that is used to calculate ∆‡G0 values in column 2
and 3 (column 3 and 4 in the revised manuscript). 6-31++G(d,p) basis set is used
for calculating ∆‡G0 value in column 2. While a higher basis set, 6-311++G(d,p), is
used for ∆‡G0 value in column 3.

We revise and add the description of Table 2 to clarify this issue.

END

4



Table 2 The calculation results of the standard Gibbs free energy of reaction (∆rG
0,

in kcal/mol) and activation (∆‡G0, in kcal/mol) for the •OOH scavenging reaction
based on Eq. (1). The values in column 3 and 4 are obtained from our calculations.
The values from Iuga’s calculations [1] in column 5 are used as benchmark for ∆‡G0.

Molecule Reaction site ∆rG
0a ∆‡G0a ∆‡G0b

Trans-resveratrol
4-OH -3.59 18.69 17.96

11-OH 2.09 21.31 20.25
13-OH 1.83 20.70 19.77

Gnetin C

4-OH -3.51 17.22 n/ac

11-OH 2.69 21.55 n/a
4′-OH 0.86 19.86 n/a

11′-OH 4.03 21.29 n/a
13′-OH 3.07 21.72 n/a
7′-CH -2.43 22.14 n/a
8′-CH -5.02 20.85 n/a

a Using M05-2X/6-31++G(d,p), this work.
b Using M05-2X/6-311++G(d,p), reported by Iuga et al. [1].
c n/a means not available value.
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2 Vera Khoirunisa1,2,3 et al.

Abstract Melinjo seed extract contains melinjo resveratrol compounds that

has antioxidant activity. The radical-scavenging sites required for the antioxi-

dant activity, however, is yet to be located. We report a computational study

that aims to locate scavenging sites of the simplest resveratrol dimer, gnetin

C. We consider the reaction of gnetin C and hydroperoxyl radical energeti-

cally with the basis of density-functional calculations, to be compared with

the reaction of the resveratrol monomer, trans-resveratrol, and hydroperoxyl

radical. The results show that OH group at the para position is the most reac-

tive scavenging site for both molecules. Besides the OH group, gnetin C also

provides two CH groups in the furan ring that are favorable as scavenging

sites. Therefore, furan ring plays an important role in the scavenging activity,

which is contrary to the experimental speculation that propose resorcinol ring.

Our study shows the prospect of density-functional calculation for studying

the radical-scavenging reaction.

Keywords Gnetin C · Melinjo resveratrol · Radical-scavenging activity ·

Density-functional calculations

1 Introduction

Melinjo (Gnetum gnemon Linn) seeds carry bioactive compound with antiox-

idant [1,2] and other beneficial pharmacological activities. In particular, the

6School of Pharmacy, Institut Teknologi Bandung, Bandung 40132, Indonesia

7National Institute of Technology, Akashi College, Hyogo 674-8501, Japan
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Computational Investigation on the •OOH Scavenging Sites of Gnetin C 3

melinjo seed extract (MSE) confirms antimicrobial [1], anti-allergic [3], anti-

angiogenesis [4], anti-melanogenesis [5], and anti-tumor [6] properties. Con-

suming MSE could reduce the serum uric acid levels [7] without serious adverse

events both in the human [8] and toxicity studies [9]. It implies the potential of

the seed for drugs, supplements, and functional foods that may benefit human

health.

The main antioxidant in melinjo seed is resveratrol dimer (known as melinjo

resveratrol). As antioxidants, melinjo resveratrol can act as radical scavengers.

A study from Kato et al. [1] showed that melinjo resveratrol has comparable

scavenging activity to dl-α-tocopherol. Their study also showed that melinjo

resveratrol could maintain the scavenging activity longer than dl-α-tocopherol

could. They proposed that resorcinol ring in resveratrol dimer plays an impor-

tant role in the scavenging activity of melinjo resveratrol. However, no other

studies have been reported to corroborate the findings. Further investigation

in the radical-scavenging activity is needed to explain the antioxidant manner

of melinjo resveratrol.

One preferred method to study the antioxidant activity is calculation method

based on density functional theory (DFT) [10,11]. DFT allows us to explore the

chemical properties of molecules based on their quantum electronic structures

[12] as applied in the study of reactions with the basis of orbital interaction

[13,14]. DFT also allows us to predict the antioxidant activity from the ther-

modynamic parameters [15–21]. Furthermore, DFT can predict the reaction

pathways, including the determination of transition state (TS) that is very
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4 Vera Khoirunisa1,2,3 et al.

challenging to observe in experimental methods. Once the TS is predicted, we

can extend the method into the study of reaction kinetics of antioxidants [22–

24]. Therefore, the density-functional calculations could be a reliable method

for investigating the activity of melinjo resveratrol.

In this study, we utilize density-functional computations to locate the ac-

tive scavenging site of melinjo resveratrol. We evaluate the possible site en-

ergetically by using gnetin C (the simplest melinjo resveratrol) to scavenge

hydroperoxyl radical (•OOH). Here, we assume that the scavenging reaction

undergoes a one-step reaction mechanism. Besides the energetic results, we

can propose another ring apart from that of Kato et al. [1] speculated.

2 Computational Model

2.1 Scavenging Reaction Model

The one-step reaction mechanism models the •OOH scavenging by melinjo

resveratrol (YH) has been suggested to be the preferable mechanism of phe-

nolic antioxidants [25–27]. The reaction is as follows:

X + YH→ [X−H−Y]→ XH + Y. (1)

In our case, X is •OOH, YH is gnetin C, XH is H2O2, and Y is gnetin C radical.

Besides gnetin C, we also consider trans-resveratrol as YH in the Eq. (1). The

reasons are (1) trans-resveratrol is a well-studied monomer of resveratrol, and

(2) the dimer form is gnetin C as shown in Fig. 1.
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Computational Investigation on the •OOH Scavenging Sites of Gnetin C 5

(a)

(b)

(c)

Fig. 1 Molecular model for (a) trans-resveratrol, (b) gnetin C, and (c) activated complex

of gnetin C and •OOH for 4-OH site. The nomenclature is used throughout manuscript. A,

B, C, are resorcinol, phenol, and furan rings in resveratrol system respectively. Red atom

and blue atom labels indicate •OOH and the 22 possible scavenging sites respectively.
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6 Vera Khoirunisa1,2,3 et al.

The [X − H − Y] activated complex is the TS. It is the state where the hy-

drogen atom transfer (HAT) from melinjo resveratrol to •OOH occurs. While

the energy difference between product (XH and Y) and reactant (X and YH)

describes the reaction energy (Er), the energy difference between TS and re-

actant determine the barrier energy (Eb).

The H in [X–H–Y] activated complex may derive from 22 possible sites of

gnetin C [see Fig. 1(c)] . We consider all H atoms from hydroxyl sites since

they are essential for antioxidant activity of resveratrol [28]. The remains of

the H atoms are evaluated based on their bond dissociation energy (BDE).

BDE calculation from a site follows the generic dissociation,

YH→ Y + H, (2)

hence BDE is the energy difference between the product (Y and H) and the

reactant (YH). The higher the BDE of a site means the least favor H donation

from the site.

2.2 Density-functional Calculation

The primary quantities here are Er, and Eb. The ground state of reactants and

products determines the first two energies. The optimization geometry calcu-

lation routine, based on DFT, obtains the geometry and energy of reactant

(initial state) and product (final state) in the ground state. For Eb, we calcu-

late the value from the energy difference between the TS and the reactant. The

TS is obtained from the routine of optimization geometry at the saddle point
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Computational Investigation on the •OOH Scavenging Sites of Gnetin C 7

of the potential surface [29]. We identify the appropriate TS from a particular

vibrational mode, which has imaginary frequency and involves the motion of

hydrogen between the 22-possible sites and the •OOH.

We couple DFT with vibrational mode calculations at 298.15 K. The en-

ergy calculated by DFT is electronic energy at 0 K. The vibrational mode

calculations allow us to correct the electronic energy with thermal energy at

298.15 K. As for Er and Eb, we use Gibbs free-energy correction to get the

standard Gibbs energy of reaction (∆rG
0) and activation (∆‡G0), respectively.

For BDE, we use enthalpy correction to get BDE∗. In the current, the relevant

quantity is BDE∗ of YH relative to BDE∗ of H-phenol (C6H5OH), equated as

∆BDE∗ = BDE∗(YH) − BDE∗(phenol). (3)

BDE∗ of H-phenol is a standard reference value for the hydrogen atomic bond

dissociation energy. Besides calculating ∆BDE∗, we also calculate the spin

density distribution as a qualitative method of checking the stability of Y.

The more delocalized the spin density, the more stable the Y is, hence, the

lower BDE∗ is. We also apply the spin density in term of single occupied

molecular orbital (SOMO) at the TS to predict the reaction mechanism based

on the Mayer’s interpretation [30].

In using the DFT method, we employ M05-2X exchange-correlation func-

tional and 6-31++G(d,p) basis set that are integrated into the Gaussian 09

software [31]. M05-2X functional has been recommended for thermochemistry

and kinetic calculations [32,33], and has performed well to predict internuclear

distance at the TS, especially for hydrogen transfer reaction [34].
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8 Vera Khoirunisa1,2,3 et al.

We couple DFT calculation with the polarized continuum model (PCM)

[35,36] for considering the solvent environment. PCM has been applied suc-

cessfully to a significant number of systems in aqueous and non-aqueous media

[36,37,39]. In this work, we consider water solvent since it is the primary cel-

lular environment component.

3 Result and Discussion

3.1 The Bond Dissociation Energy

Fig. 2 shows the optimized geometry for trans-resveratrol and gnetin C, while

Table S1 (Online Resource) lists the selected parameters. A gnetin C consists

of one trans-resveratrol-like structure (ring A1 and B1) and one non-planar

resveratrol structures (ring A2 and B2). Atom 13O and 12C of the planar

trans-resveratrol are combined with atom 7′C and 8′C of non-planar resvera-

trol to form a new ring, namely furan ring (ring C).

Table 1 shows the ∆BDE∗ in all possible sites of trans-resveratrol and

gnetin C based on Fig. 1. Overall, ∆BDE∗ in the O-H site is less than that in

the C-H site in both molecules. Interestingly, 7′-CH and 8′-CH sites of gnetin

C have comparable ∆BDE∗ with the O-H sites. The lower ∆BDE∗ in 7′-CH

and 8′-CH sites is explained by the contribution of spn hybrid in their bonding

orbital (as shown in Table S2). The C-H bond in these sites has n≈3, instead

of n≈2 as the other C-H bonds in gnetin C. It suggests that the weaker sp3

bonding than sp2 bonding is the reason of the lower ∆BDE∗ in 7′-CH and

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Computational Investigation on the •OOH Scavenging Sites of Gnetin C 9

Fig. 2 Optimized structure of trans-resveratrol and gnetin C in water environment. Blue,

red, and yellow atoms represent H, O, and C atom. Red marker indicates scavenging site.

8′-CH sites. Therefore, we consider 7′-CH and 8′-CH for the scavenging sites

of gnetin C in addition to the OH sites.

The spin density plots in Fig. 3 shows the stability of gnetin C radical.

The most stable radical is 8′-C gnetin C radical since the spin density covers

two resorcinol and one furan ring. The stability of the radical reduces as the

number of rings covered decreases. The second and third most stable radicals

are 4′-O and 7′-C gnetin C radical. The former has two rings covered, while

the latter has one and a half rings covered. The stability of 8′-C, 4′-O, and

7′-C radicals are inversely proportional to the ∆BDE∗ at site 8′-CH, 4′-OH,
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10 Vera Khoirunisa1,2,3 et al.

Table 1 H-bond dissociation enthalpy of trans-resveratrol and gnetin C relative to H-phenol

(∆BDE∗), at T=298.15 K.

Reaction site ∆BDE∗ (kcal/mol) Reaction site ∆BDE∗ (kcal/mol)

Trans-resveratrol

4-OH -4.95 6-CH 26.27

11-OH 1.13 7-CH 17.33

13-OH 1.47 8-CH 16.66

2-CH 25.14 10-CH 27.87

3-CH 27.48 12-CH 30.94

5-CH 28.12 14-CH 29.04

Gnetin C

4-OH -5.27 10-CH 27.75

11-OH 2.14 14-CH 29.80

4′-OH -0.01 2′-CH 26.20

11′-OH 0.96 3′-CH 28.10

13′-OH 2.22 5′-CH 27.65

2-CH 24.99 6′-CH 26.39

3-CH 27.29 7′-CH -3.98

5-CH 28.18 8′-CH -6.56

6-CH 26.18 10′-CH 28.88

7-CH 16.53 12′-CH 30.22

8-CH 16.97 14′-CH 29.82

and 7′-CH. Therefore, the stability of gnetin C radical supports the hydrogen

atom transfer process in site 8′-CH, 4′-OH, and 7′-CH.
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Fig. 3 The spin density distribution of gnetin C radical with isovalue 0.003. Orange and

purple colors indicate α and β densities are dominant, respectively.
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12 Vera Khoirunisa1,2,3 et al.

3.2 The Standard Gibbs Energy of Reaction

Table 2 provides the∆rG
0 of the •OOH scavenging reaction by trans-resveratrol,

according to Eq. (1). Out of three OH sites in trans-resveratrol, the •OOH

scavenging reaction is exergonic only at site 4. Therefore, only the 4-OH site

is favorable for scavenging •OOH. Another density-functional study on the

identical system, employing the same exchange-correlation functional but 6-

311++G(d,p) and solvation model based on density, concluded the same result

[23]. It supports the recommendation by Zhao et al. [32,33] that M05-2X is

reliable for studying the scavenging reaction energetically.

As for gnetin C, Table 2 shows that the exergonic sites are not only at

OH-group but also at CH-group. The scavenging sites of gnetin C are at 4-

OH, 7′-CH, 8′-CH. Since gnetin C provides more scavenging site than trans-

resveratrol does, the former is potent to have a higher antioxidant capacity

than the later. These results support the experimental findings which reported

that gnetin C has better antioxidant capacity than trans-resveratrol in ORAC

assay [40]. Furthermore, by considering the ring in gnetin C, ring C provides

more scavenging sites than other rings (A, phenol, and B, resorcin ring). It

indicates that furan ring plays a more important role than other rings in the

scavenging capacity of melinjo resveratrol.

Overall, ring A always provides the lowest ∆rG
0 value for OH site. It is

valid for both trans-resveratrol and gnetin C. It implies, there is a relation

between the position of the OH site and the ∆rG
0. Queiroz et al. [41] also

reported this relation.
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Computational Investigation on the •OOH Scavenging Sites of Gnetin C 13

Table 2 The calculation results of the standard Gibbs free energy of reaction (∆rG0, in

kcal/mol) and activation (∆‡G0, in kcal/mol) for the •OOH scavenging reaction based on

Eq. (1). The values in column 3 and 4 are obtained from our calculations. The values from

Iuga’s calculations [24] in column 5 are used as benchmark for ∆‡G0.

Molecule Reaction site ∆rG0a ∆‡G0a ∆‡G0b

Trans-resveratrol

4-OH -3.59 18.69 17.96

11-OH 2.09 21.31 20.25

13-OH 1.83 20.70 19.77

Gnetin C

4-OH -3.51 17.22 n/ac

11-OH 2.69 21.55 n/a

4′-OH 0.86 19.86 n/a

11′-OH 4.03 21.29 n/a

13′-OH 3.07 21.72 n/a

7′-CH -2.43 22.14 n/a

8′-CH -5.02 20.85 n/a

a Using M05-2X/6-31++G(d,p), this work.

b Using M05-2X/6-311++G(d,p), reported by Iuga et al. [24].

c n/a means not available value.

4 The Standard Gibbs Energy of Activation

We validate our work on reaction kinetics based on the trans-resveratrol case.

Our predictions of ∆‡G0 are comparable with a theoretical work reported by

Iuga et al. [24] (see Table 2), which computed the rate constants at room

temperature with the basis of transition-state theory, whose results are com-

parable with the experimental results by Zinatullina et al. [42]. Consequently,
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14 Vera Khoirunisa1,2,3 et al.

our density-functional calculations on Eq. (1) is adequate to study •OOH

scavenging by resveratrol system such as gnetin C.

Regarding gnetin C, Figure 4 shows the TS of •OOH scavenging according

to Eq. (1). The activated complexes are at their optimized structure, where

the syn arrangement exists as expected from phenolic antioxidants. The syn

arrangement also exists in trans-resveratrol, which is also a group of phenolic

antioxidants, as shown in the optimized structure in Fig. S1 (Online Resource).

It is also noteworthy that the distance between the H-atom of gnetin C and its

scavenging site elongates to 0.16 Å on average (or at about 16%) relative to

its ground state structure. It implies that H-atom’s bonding to its scavenging

site weakens at the TS for all scavenging sites. The reaction in Eq. (1) requires

this condition.

The ∆‡G0 values of gnetin C in Table 2 show that the lowest ∆‡G0 is at

site 4-OH. The site 4-OH in trans-resveratrol also has the lowest activation

energy. These results agree with the previous experimental findings reporting

that site 4-OH is the most reactive one in trans-resveratrol and its derivatives

[43]. However, ∆‡G0 at site 4-OH of gnetin C is lower than that of trans-

resveratrol. It implies that resveratrol in its dimer form is expected to react

faster with •OOH than its monomer form.

As for ∆rG
0, the ∆‡G0 values at OH-group also has a relation with its

location. Both site 4-OH and 4′-OH have the lowest ∆‡G0 in their respective

resveratrol unit, and they are at para position of ring A1 and A2, respectively.

The difference is that ring A1 is in the first unit, while ring A2 is in the second
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Computational Investigation on the •OOH Scavenging Sites of Gnetin C 15

Fig. 4 TS structure for •OOH scavenging reaction by gnetin C on each site. Markers d1 is

bond length of scavenging site, while d2 is the distance between O atom of •OOH with the

nearest scavenging site.
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one. The resveratrol is planar in the first unit, but not in the second unit. It

implies that the planarity of resveratrol in gnetin C increases the scavenging

reactivity of an OH site.

Considering the ∆rG
0 value, it is also possible for site 7′-CH and 8′-CH to

become a scavenging site. However, the reaction may be slower at these two

CH sites than that of at 4-OH site due to their higher value of ∆‡G0. The high

barrier is expected since geometrically ring A2 and B2 hinder •OOH to reach

site 7′ and 8′. The various value of ∆‡G0 make the three sites scavenge three

•OOH radicals at different rates. It is revealed that resveratrol dimer gradually

scavenges one radical from ring A1 (phenol) and two more radicals from ring C

(furan) to reach the maximum scavenging activity after a sufficient time. This

gradual increase in scavenging activity was observed in the experiment done by

Kato et al.[1]. However, this finding is contrary to their speculation proposing

that it is ring B2 (resorcinol) that plays a crucial role n the scavenging activity

of melinjo resveratrol.

All the three possible scavenging sites share similarities in their SOMO

distribution. The 2p-like orbitals construct all SOMO distributions, as shown

in Fig. S2 (Online Resource). The orbital interaction forms sigma bonding

between O or C (from the scavenging site) and at O (from •OOH). The sigma

bond allows hydrogen atom (both the proton and the electron) to transfer

from one side to another [30]. It implies that the •OOH scavenging at the

three sites of gnetin C through the reaction in Eq. (1) is a hydrogen atom

transfer.
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5 Conclusion

We have demonstrated the use of a density-functional to investigate the scav-

enging activity of gnetin C with trans-resveratrol as the comparison. We uti-

lized density-functional calculations and used a one-step mechanism for the

•OOH scavenging reaction model. The OH-group at the para position in a phe-

nol ring turns out to be a common scavenging site for both trans-resveratrol

and gnetin C. The scavenging reaction energy at this particular site, as ob-

served in this study, is -3.59 kcal/mol and -3.51 kcal/mol for trans-resveratrol

and gnetin C respectively, which makes the reaction at OH site is exergonic.

We have shown the role of the furan ring in relation to the antioxidant

capacity and activity of melinjo resveratrol. Furan ring increases the antiox-

idant capacity of melinjo resveratrol by providing two more scavenging sites,

namely site 7′-CH and 8′-CH. Such sites should have a slower reaction with

•OOH as they require higher activation energy compared to 4-OH site. The

activation energy differs as much as 4.92 kcal/mol between 7′-CH and 4-OH

and 3.53 kcal/mol between 8′-CH and 4-OH. Our results suggested that gnetin

C scavenge radicals gradually with the following sequence: 4-OH, 8′-CH, and

7′-CH, to reach its maximum scavenging activity. Thus, we propose the furan

ring as the one playing a crucial role in the scavenging activity of melinjo

resveratrol, not the resorcin ring as has been speculated in the experimental

study. Finally, this work demonstrates that density-functional calculations are

a prospective approach for studying the system in question.
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Abstract
Melinjo seed extract contains melinjo resveratrol compounds that has antioxidant activity. The radical-scavenging sites
required for the antioxidant activity, however, is yet to be located. We report a computational study that aims to locate
scavenging sites of the simplest resveratrol dimer, gnetin C. We consider the reaction of gnetin C and hydroperoxyl radical
energetically with the basis of density-functional calculations, to be compared with the reaction of the resveratrol monomer,
trans-resveratrol, and hydroperoxyl radical. The results show that OH group at the para position is the most reactive
scavenging site for both molecules. Besides the OH group, gnetin C also provides two CH groups in the furan ring that are
favorable as scavenging sites. Therefore, furan ring plays an important role in the scavenging activity, which is contrary to
the experimental speculation that propose resorcinol ring. Our study shows the prospect of density-functional calculation for
studying the radical-scavenging reaction.

Keywords Gnetin C · Melinjo resveratrol · Radical-scavenging activity · Density-functional calculations

Introduction0

Melinjo (Gnetum gnemon Linn) seeds carry bioactive
Q1

1

compound with antioxidant [1, 2] and other beneficial2
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pharmacological activities. In particular, the melinjo seed 3

extract (MSE) confirms antimicrobial [1], anti-allergic [3], 4

anti-angiogenesis [4], anti-melanogenesis [5], and anti- 5

tumor [6] properties. Consuming MSE could reduce the 6

serum uric acid levels [7] without serious adverse events 7

both in the human [8] and toxicity studies [9]. It implies the 8

potential of the seed for drugs, supplements, and functional 9

foods that may benefit human health. 10

The main antioxidant in melinjo seed is resveratrol 11

dimer (known as melinjo resveratrol). As antioxidants, 12

melinjo resveratrol can act as radical scavengers. A study 13

from Kato et al. [1] showed that melinjo resveratrol has 14

comparable scavenging activity to dl-α-tocopherol. Their 15

study also showed that melinjo resveratrol could maintain 16

the scavenging activity longer than dl-α-tocopherol could. 17

They proposed that resorcinol ring in resveratrol dimer 18

plays an important role in the scavenging activity of melinjo 19

resveratrol. However, no other studies have been reported to 20

corroborate the findings. Further investigation in the radical- 21

scavenging activity is needed to explain the antioxidant 22

manner of melinjo resveratrol. 23

One preferred method to study the antioxidant activity 24

is calculation method based on density functional theory 25

(DFT) [10, 11]. DFT allows us to explore the chemical 26

properties of molecules based on their quantum electronic 27
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structures [12] as applied in the study of reactions28

with the basis of orbital interaction [13, 14]. DFT also29

allows us to predict the antioxidant activity from the30

thermodynamic parameters [15–21]. Furthermore, DFT can31

predict the reaction pathways, including the determination32

of transition state (TS) that is very challenging to observe33

in experimental methods. Once the TS is predicted, we34

can extend the method into the study of reaction kinetics35

of antioxidants [22–24]. Therefore, the density-functional36

calculations could be a reliable method for investigating the37

activity of melinjo resveratrol.38

In this study, we utilize density-functional computations39

to locate the active scavenging site of melinjo resveratrol.40

We evaluate the possible site energetically by using gnetin C41

(the simplest melinjo resveratrol) to scavenge hydroperoxyl42

radical (•OOH). Here, we assume that the scavenging43

reaction undergoes a one-step reaction mechanism. Besides44

the energetic results, we can propose another ring apart from45

that of Kato et al. [1] speculated.46

Computational Model47

Scavenging ReactionModel48

The one-step reaction mechanism models the •OOH49

scavenging by melinjo resveratrol (YH) has been suggested50

to be the preferable mechanism of phenolic antioxidants51

[25–27]. The reaction is as follows:52

X + YH → [X − H − Y] → XH + Y. (1)

In our case, X is •OOH, YH is gnetin C, XH is H2O2, and53

Y is gnetin C radical. Besides gnetin C, we also consider54

trans-resveratrol as YH in the Eq. (1). The reasons are (1)55

trans-resveratrol is a well-studied monomer of resveratrol,56

and (2) the dimer form is gnetin C as shown in Fig. 1.57

The [X - H - Y] activated complex is the TS. It is the58

state where the hydrogen atom transfer (HAT) from melinjo59

resveratrol to •OOH occurs. While the energy difference60

between product (XH and Y) and reactant (X and YH)61

describes the reaction energy (Er ), the energy difference62

between TS and reactant determine the barrier energy (Eb).63

The H in [X – H – Y] activated complex may derive from64

22 possible sites of gnetin C [see Fig. 1(c)] . We consider65

all H atoms from hydroxyl sites since they are essential for66

antioxidant activity of resveratrol [28]. The remains of the H67

atoms are evaluated based on their bond dissociation energy68

(BDE). BDE calculation from a site follows the generic69

dissociation,70

YH → Y + H, (2)

hence BDE is the energy difference between the product (Y 71

and H) and the reactant (YH). The higher the BDE of a site 72

means the least favor H donation from the site. 73

Density-Functional Calculation 74

The primary quantities here are Er , and Eb. The ground 75

state of reactants and products determines the first two 76

energies. The optimization geometry calculation routine, 77

based on DFT, obtains the geometry and energy of reactant 78

(initial state) and product (final state) in the ground state. 79

For Eb, we calculate the value from the energy difference 80

between the TS and the reactant. The TS is obtained from 81

the routine of optimization geometry at the saddle point of 82

the potential surface [29]. We identify the appropriate TS 83

from a particular vibrational mode, which has imaginary 84

frequency and involves the motion of hydrogen between the 85

22-possible sites and the •OOH. 86

We couple DFT with vibrational mode calculations at 87

298.15 K. The energy calculated by DFT is electronic 88

energy at 0 K. The vibrational mode calculations allow us to 89

correct the electronic energy with thermal energy at 298.15 90

K. As for Er and Eb, we use Gibbs free-energy correction 91

to get the standard Gibbs energy of reaction (�rG
0) and 92

activation (�‡G0), respectively. For BDE, we use enthalpy 93

correction to get BDE∗. In the current, the relevant quantity 94

is BDE∗ of YH relative to BDE∗ of H-phenol (C6H5OH), 95

equated as 96

�BDE∗ = BDE∗
(YH) − BDE∗

(phenol). (3)

BDE∗ of H-phenol is a standard reference value for 97

the hydrogen atomic bond dissociation energy. Besides 98

calculating �BDE∗, we also calculate the spin density 99

distribution as a qualitative method of checking the stability 100

of Y. The more delocalized the spin density, the more stable 101

the Y is, hence, the lower BDE∗ is. We also apply the 102

spin density in term of single occupied molecular orbital 103

(SOMO) at the TS to predict the reaction mechanism based 104

on the Mayer’s interpretation [30]. 105

In using the DFT method, we employ M05-2X exchange- 106

correlation functional and 6-31++G(d,p) basis set that are 107

integrated into the Gaussian 09 software [31]. M05-2X 108

functional has been recommended for thermochemistry 109

and kinetic calculations [32, 33], and has performed well 110

to predict internuclear distance at the TS, especially for 111

hydrogen transfer reaction [34]. 112

We couple DFT calculation with the polarized continuum 113

model (PCM) [35, 36] for considering the solvent environ- 114

ment. PCM has been applied successfully to a significant 115

number of systems in aqueous and non-aqueous media [36, 116

37, 39]. In this work, we consider water solvent since it is 117

the primary cellular environment component. 118
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Fig. 1 Molecular model for a
trans-resveratrol, b gnetin C,
and c activated complex of
gnetin C and •OOH for 4-OH
site. The nomenclature is used
throughout manuscript. A, B, C,
are resorcinol, phenol, and furan
rings in resveratrol system
respectively. Red atom and blue
atom labels indicate •OOH and
the 22 possible scavenging sites
respectively

Result and Discussion119

The Bond Dissociation Energy120

Figure 2 shows the optimized geometry for trans-resveratrol121

and gnetin C, while Table S1 (Online Resource) lists the122

selected parameters. A gnetin C consists of one trans-123

resveratrol-like structure (ring A1 and B1) and one non-124

planar resveratrol structures (ring A2 and B2). Atom 13O125

and 12C of the planar trans-resveratrol are combined with126

atom 7′C and 8′C of non-planar resveratrol to form a new127

ring, namely furan ring (ring C).128

Table 1 shows the �BDE∗ in all possible sites of trans- 129

resveratrol and gnetin C based on Fig. 1. Overall, �BDE∗ 130

in the O-H site is less than that in the C-H site in both 131

molecules. Interestingly, 7′-CH and 8′-CH sites of gnetin 132

C have comparable �BDE∗ with the O-H sites. The lower 133

�BDE∗ in 7′-CH and 8′-CH sites is explained by the 134

contribution of spn hybrid in their bonding orbital (as 135

shown in Table S2). The C-H bond in these sites has n≈3, 136

instead of n≈2 as the other C-H bonds in gnetin C. It 137

suggests that the weaker sp3 bonding than sp2 bonding 138

is the reason of the lower �BDE∗ in 7′-CH and 8′- 139

CH sites. Therefore, we consider 7′-CH and 8′-CH for 140
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Fig. 2 Optimized structure of
trans-resveratrol and gnetin C in
water environment. Blue, red,
and yellow atoms represent H,
O, and C atom. Red marker
indicates scavenging site

the scavenging sites of gnetin C in addition to the OH141

sites.142

The spin density plots in Fig. 3 shows the stability of143

gnetin C radical. The most stable radical is 8′-C gnetin C144

radical since the spin density covers two resorcinol and one145

furan ring. The stability of the radical reduces as the number146

of rings covered decreases. The second and third most stable 147

radicals are 4′-O and 7′-C gnetin C radical. The former 148

has two rings covered, while the latter has one and a half 149

rings covered. The stability of 8′-C, 4′-O, and 7′-C radicals 150

are inversely proportional to the �BDE∗ at site 8′-CH, 4′- 151

OH, and 7′-CH. Therefore, the stability of gnetin C radical 152

Table 1 H-bond dissociation
enthalpy of trans-resveratrol
and gnetin C relative to
H-phenol (�BDE∗), at
T=298.15 K

Reaction site �BDE∗ (kcal/mol) Reaction site �BDE∗ (kcal/mol)

Trans-resveratrol

4-OH -4.95 6-CH 26.27

11-OH 1.13 7-CH 17.33

13-OH 1.47 8-CH 16.66

2-CH 25.14 10-CH 27.87

3-CH 27.48 12-CH 30.94

5-CH 28.12 14-CH 29.04

Gnetin C

4-OH -5.27 10-CH 27.75

11-OH 2.14 14-CH 29.80

4′-OH -0.01 2′-CH 26.20

11′-OH 0.96 3′-CH 28.10

13′-OH 2.22 5′-CH 27.65

2-CH 24.99 6′-CH 26.39

3-CH 27.29 7′-CH -3.98

5-CH 28.18 8′-CH -6.56

6-CH 26.18 10′-CH 28.88

7-CH 16.53 12′-CH 30.22

8-CH 16.97 14′-CH 29.82
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Fig. 3 The spin density
distribution of gnetin C radical
with isovalue 0.003. Orange and
purple colors indicate α and β
densities are dominant,
respectively

supports the hydrogen atom transfer process in site 8′-CH,153

4′-OH, and 7′-CH.154

The Standard Gibbs Energy of Reaction155

Table 2 provides the �rG
0 of the •OOH scavenging156

reaction by trans-resveratrol, according to Eq. (1). Out of157

three OH sites in trans-resveratrol, the •OOH scavenging158

reaction is exergonic only at site 4. Therefore, only the 4-OH159

site is favorable for scavenging •OOH. Another density-160

functional study on the identical system, employing the161

same exchange-correlation functional but 6-311++G(d,p)162

and solvation model based on density, concluded the same163

result [23]. It supports the recommendation by Zhao et al. 164

[32, 33] that M05-2X is reliable for studying the scavenging 165

reaction energetically. 166

As for gnetin C, Table 2 shows that the exergonic 167

sites are not only at OH-group but also at CH-group. The 168

scavenging sites of gnetin C are at 4-OH, 7′-CH, 8′-CH. 169

Since gnetin C provides more scavenging site than trans- 170

resveratrol does, the former is potent to have a higher 171

antioxidant capacity than the later. These results support 172

the experimental findings which reported that gnetin C has 173

better antioxidant capacity than trans-resveratrol in ORAC 174

assay [40]. Furthermore, by considering the ring in gnetin 175

C, ring C provides more scavenging sites than other rings 176
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Table 2 The calculation results
of the standard Gibbs free
energy of reaction (�rG

0, in
kcal/mol) and activation
(�‡G0, in kcal/mol) for the
•OOH scavenging reaction
based on Eq. (1)

Molecule Reaction site �rG
0a �‡G0a �‡G0b

Trans-resveratrol 4-OH -3.59 18.69 17.96

11-OH 2.09 21.31 20.25

13-OH 1.83 20.70 19.77

Gnetin C 4-OH -3.51 17.22 n/ac

11-OH 2.69 21.55 n/a

4′-OH 0.86 19.86 n/a

11′-OH 4.03 21.29 n/a

13′-OH 3.07 21.72 n/a

7′-CH -2.43 22.14 n/a

8′-CH -5.02 20.85 n/a

The values in column 3 and 4 are obtained from our calculations. The values from Iuga’s calculations
[24] in column 5 are used as benchmark for �‡G0

aUsing M05-2X/6-31++G(d,p), this work.
bUsing M05-2X/6-311++G(d,p), reported by Iuga et al. [24].
cn/a means not available value.

(A, phenol, and B, resorcin ring). It indicates that furan177

ring plays a more important role than other rings in the178

scavenging capacity of melinjo resveratrol.179

Overall, ring A always provides the lowest �rG
0 value180

for OH site. It is valid for both trans-resveratrol and gnetin181

C. It implies, there is a relation between the position of the182

OH site and the �rG
0. Queiroz et al. [41] also reported this183

relation.184

The Standard Gibbs Energy of Activation185

We validate our work on reaction kinetics based on186

the trans-resveratrol case. Our predictions of �‡G0 are187

comparable with a theoretical work reported by Iuga et188

al. [24] (see Table 2), which computed the rate constants189

at room temperature with the basis of transition-state190

theory, whose results are comparable with the experimental191

results by Zinatullina et al. [42]. Consequently, our density-192

functional calculations on Eq. (1) is adequate to study193
•OOH scavenging by resveratrol system such as gnetin C.194

Regarding gnetin C, Figure 4 shows the TS of •OOH195

scavenging according to Eq. (1). The activated complexes196

are at their optimized structure, where the syn arrangement197

exists as expected from phenolic antioxidants. The syn198

arrangement also exists in trans-resveratrol, which is also a199

group of phenolic antioxidants, as shown in the optimized200

structure in Fig. S1 (Online Resource). It is also noteworthy201

that the distance between the H-atom of gnetin C and its202

scavenging site elongates to 0.16 Å on average (or at about203

16%) relative to its ground state structure. It implies that204

H-atom’s bonding to its scavenging site weakens at the TS205

for all scavenging sites. The reaction in Eq. (1) requires this 206

condition. 207

The �‡G0 values of gnetin C in Table 2 show that 208

the lowest �‡G0 is at site 4-OH. The site 4-OH in 209

trans-resveratrol also has the lowest activation energy. 210

These results agree with the previous experimental findings 211

reporting that site 4-OH is the most reactive one in trans- 212

resveratrol and its derivatives [43]. However, �‡G0 at site 213

4-OH of gnetin C is lower than that of trans-resveratrol. It 214

implies that resveratrol in its dimer form is expected to react 215

faster with •OOH than its monomer form. 216

As for �rG
0, the �‡G0 values at OH-group also has a 217

relation with its location. Both site 4-OH and 4′-OH have 218

the lowest �‡G0 in their respective resveratrol unit, and 219

they are at para position of ring A1 and A2, respectively. 220

The difference is that ring A1 is in the first unit, while ring 221

A2 is in the second one. The resveratrol is planar in the first 222

unit, but not in the second unit. It implies that the planarity 223

of resveratrol in gnetin C increases the scavenging reactivity 224

of an OH site. 225

Considering the �rG
0 value, it is also possible for site 226

7′-CH and 8′-CH to become a scavenging site. However, 227

the reaction may be slower at these two CH sites than that 228

of at 4-OH site due to their higher value of �‡G0. The 229

high barrier is expected since geometrically ring A2 and B2 230

hinder •OOH to reach site 7′ and 8′. The various value of 231

�‡G0 make the three sites scavenge three •OOH radicals 232

at different rates. It is revealed that resveratrol dimer 233

gradually scavenges one radical from ring A1 (phenol) 234

and two more radicals from ring C (furan) to reach the 235

maximum scavenging activity after a sufficient time. This 236

gradual increase in scavenging activity was observed in the 237
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Fig. 4 TS structure for •OOH
scavenging reaction by gnetin C
on each site. Markers d1 is bond
length of scavenging site, while
d2 is the distance between O
atom of •OOH with the nearest
scavenging site

experiment done by Kato et al.[1]. However, this finding238

is contrary to their speculation proposing that it is ring239

B2 (resorcinol) that plays a crucial role n the scavenging240

activity of melinjo resveratrol.241

All the three possible scavenging sites share similarities242

in their SOMO distribution. The 2p-like orbitals construct243

all SOMO distributions, as shown in Fig. S2 (Online244

Resource). The orbital interaction forms sigma bonding245

between O or C (from the scavenging site) and at O (from246
•OOH). The sigma bond allows hydrogen atom (both the247

proton and the electron) to transfer from one side to another248

[30]. It implies that the •OOH scavenging at the three sites249

of gnetin C through the reaction in Eq. (1) is a hydrogen250

atom transfer.251

Conclusion 252

We have demonstrated the use of a density-functional 253

to investigate the scavenging activity of gnetin C with 254

trans-resveratrol as the comparison. We utilized density- 255

functional calculations and used a one-step mechanism 256

for the •OOH scavenging reaction model. The OH- 257

group at the para position in a phenol ring turns out to 258

be a common scavenging site for both trans-resveratrol 259

and gnetin C. The scavenging reaction energy at this 260

particular site, as observed in this study, is -3.59 kcal/mol 261

and -3.51 kcal/mol for trans-resveratrol and gnetin C 262

respectively, which makes the reaction at OH site is 263

exergonic. 264
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We have shown the role of the furan ring in relation to265

the antioxidant capacity and activity of melinjo resveratrol.266

Furan ring increases the antioxidant capacity of melinjo267

resveratrol by providing two more scavenging sites, namely268

site 7′-CH and 8′-CH. Such sites should have a slower269

reaction with •OOH as they require higher activation energy270

compared to 4-OH site. The activation energy differs as271

much as 4.92 kcal/mol between 7′-CH and 4-OH and 3.53272

kcal/mol between 8′-CH and 4-OH. Our results suggested273

that gnetin C scavenge radicals gradually with the following274

sequence: 4-OH, 8′-CH, and 7′-CH, to reach its maximum275

scavenging activity. Thus, we propose the furan ring as276

the one playing a crucial role in the scavenging activity277

of melinjo resveratrol, not the resorcin ring as has been278

speculated in the experimental study. Finally, this work279

demonstrates that density-functional calculations are a280

prospective approach for studying the system in question.281

Supplementary Information The online version contains supplemen-282

tary material available at 10.1007/s11483-021-09666-y.283
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Abstract
Melinjo seed extract contains melinjo resveratrol compounds that has antioxidant activity. The radical-scavenging sites
required for the antioxidant activity, however, is yet to be located. We report a computational study that aims to locate
scavenging sites of the simplest resveratrol dimer, gnetin C. We consider the reaction of gnetin C and hydroperoxyl radical
energetically with the basis of density-functional calculations, to be compared with the reaction of the resveratrol monomer,
trans-resveratrol, and hydroperoxyl radical. The results show that OH group at the para position is the most reactive
scavenging site for both molecules. Besides the OH group, gnetin C also provides two CH groups in the furan ring that are
favorable as scavenging sites. Therefore, furan ring plays an important role in the scavenging activity, which is contrary to
the experimental speculation that propose resorcinol ring. Our study shows the prospect of density-functional calculation for
studying the radical-scavenging reaction.

Keywords Gnetin C · Melinjo resveratrol · Radical-scavenging activity · Density-functional calculations

Introduction

Melinjo (Gnetum gnemon Linn) seeds carry bioactive
compound with antioxidant [1, 2] and other beneficial
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pharmacological activities. In particular, the melinjo seed
extract (MSE) confirms antimicrobial [1], anti-allergic [3],
anti-angiogenesis [4], anti-melanogenesis [5], and anti-
tumor [6] properties. Consuming MSE could reduce the
serum uric acid levels [7] without serious adverse events
both in the human [8] and toxicity studies [9]. It implies the
potential of the seed for drugs, supplements, and functional
foods that may benefit human health.

The main antioxidant in melinjo seed is resveratrol
dimer (known as melinjo resveratrol). As antioxidants,
melinjo resveratrol can act as radical scavengers. A study
from Kato et al. [1] showed that melinjo resveratrol has
comparable scavenging activity to dl-α-tocopherol. Their
study also showed that melinjo resveratrol could maintain
the scavenging activity longer than dl-α-tocopherol could.
They proposed that resorcinol ring in resveratrol dimer
plays an important role in the scavenging activity of melinjo
resveratrol. However, no other studies have been reported to
corroborate the findings. Further investigation in the radical-
scavenging activity is needed to explain the antioxidant
manner of melinjo resveratrol.

One preferred method to study the antioxidant activity
is calculation method based on density functional theory
(DFT) [10, 11]. DFT allows us to explore the chemical
properties of molecules based on their quantum electronic

http://crossmark.crossref.org/dialog/?doi=10.1007/s11483-021-09666-y&domain=pdf
http://orcid.org/0000-0002-5899-8462
http://orcid.org/0000-0002-7224-5731
http://orcid.org/0000-0002-6687-1488
http://orcid.org/0000-0001-7848-3602
http://orcid.org/0000-0003-1968-0002
http://orcid.org/0000-0001-9843-1527
http://orcid.org/0000-0003-3260-9446
http://orcid.org/0000-0002-1391-3533
mailto: rusydi@fst.unair.ac.id
mailto: dipojono@tf.itb.ac.id


Food Biophysics

structures [12] as applied in the study of reactions
with the basis of orbital interaction [13, 14]. DFT also
allows us to predict the antioxidant activity from the
thermodynamic parameters [15–21]. Furthermore, DFT can
predict the reaction pathways, including the determination
of transition state (TS) that is very challenging to observe
in experimental methods. Once the TS is predicted, we
can extend the method into the study of reaction kinetics
of antioxidants [22–24]. Therefore, the density-functional
calculations could be a reliable method for investigating the
activity of melinjo resveratrol.

In this study, we utilize density-functional computations
to locate the active scavenging site of melinjo resveratrol.
We evaluate the possible site energetically by using gnetin C
(the simplest melinjo resveratrol) to scavenge hydroperoxyl
radical (•OOH). Here, we assume that the scavenging
reaction undergoes a one-step reaction mechanism. Besides
the energetic results, we can propose another ring apart from
that of Kato et al. [1] speculated.

Computational Model

Scavenging ReactionModel

The one-step reaction mechanism models the •OOH
scavenging by melinjo resveratrol (YH) has been suggested
to be the preferable mechanism of phenolic antioxidants
[25–27]. The reaction is as follows:

X + YH → [X − H − Y] → XH + Y. (1)

In our case, X is •OOH, YH is gnetin C, XH is H2O2, and
Y is gnetin C radical. Besides gnetin C, we also consider
trans-resveratrol as YH in the Eq. (1). The reasons are (1)
trans-resveratrol is a well-studied monomer of resveratrol,
and (2) the dimer form is gnetin C as shown in Fig. 1.

The [X - H - Y] activated complex is the TS. It is the
state where the hydrogen atom transfer (HAT) from melinjo
resveratrol to •OOH occurs. While the energy difference
between product (XH and Y) and reactant (X and YH)
describes the reaction energy (Er ), the energy difference
between TS and reactant determine the barrier energy (Eb).

The H in [X – H – Y] activated complex may derive from
22 possible sites of gnetin C [see Fig. 1(c)] . We consider
all H atoms from hydroxyl sites since they are essential for
antioxidant activity of resveratrol [28]. The remains of the H
atoms are evaluated based on their bond dissociation energy
(BDE). BDE calculation from a site follows the generic
dissociation,

YH → Y + H, (2)

hence BDE is the energy difference between the product (Y
and H) and the reactant (YH). The higher the BDE of a site
means the least favor H donation from the site.

Density-Functional Calculation

The primary quantities here are Er , and Eb. The ground
state of reactants and products determines the first two
energies. The optimization geometry calculation routine,
based on DFT, obtains the geometry and energy of reactant
(initial state) and product (final state) in the ground state.
For Eb, we calculate the value from the energy difference
between the TS and the reactant. The TS is obtained from
the routine of optimization geometry at the saddle point of
the potential surface [29]. We identify the appropriate TS
from a particular vibrational mode, which has imaginary
frequency and involves the motion of hydrogen between the
22-possible sites and the •OOH.

We couple DFT with vibrational mode calculations at
298.15 K. The energy calculated by DFT is electronic
energy at 0 K. The vibrational mode calculations allow us to
correct the electronic energy with thermal energy at 298.15
K. As for Er and Eb, we use Gibbs free-energy correction
to get the standard Gibbs energy of reaction (�rG

0) and
activation (�‡G0), respectively. For BDE, we use enthalpy
correction to get BDE∗. In the current, the relevant quantity
is BDE∗ of YH relative to BDE∗ of H-phenol C6H5OH ,
equated as

�BDE∗ = BDE∗
(YH) − BDE∗

(phenol). (3)

BDE∗ of H-phenol is a standard reference value for
the hydrogen atomic bond dissociation energy. Besides
calculating �BDE∗, we also calculate the spin density
distribution as a qualitative method of checking the stability
of Y. The more delocalized the spin density, the more stable
the Y is, hence, the lower BDE∗ is. We also apply the
spin density in term of single occupied molecular orbital
(SOMO) at the TS to predict the reaction mechanism based
on the Mayer’s interpretation [30].

In using the DFT method, we employ M05-2X exchange-
correlation functional and 6-31++G(d,p) basis set that are
integrated into the Gaussian 09 software [31]. M05-2X
functional has been recommended for thermochemistry
and kinetic calculations [32, 33], and has performed well
to predict internuclear distance at the TS, especially for
hydrogen transfer reaction [34].

We couple DFT calculation with the polarized contin-
uum model (PCM) [35, 36] for considering the solvent
environment. PCM has been applied successfully to a signif-
icant number of systems in aqueous and non-aqueous media
[36–39]. In this work, we consider water solvent since it is
the primary cellular environment component.
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Fig. 1 Molecular model for a
trans-resveratrol, b gnetin C,
and c activated complex of
gnetin C and •OOH for 4-OH
site. The nomenclature is used
throughout manuscript. A, B, C,
are resorcinol, phenol, and furan
rings in resveratrol system
respectively. Red atom and blue
atom labels indicate •OOH and
the 22 possible scavenging sites
respectively

Result and Discussion

The Bond Dissociation Energy

Figure 2 shows the optimized geometry for trans-resveratrol
and gnetin C, while Table S1 (Supplementary Materials)
lists the selected parameters. A gnetin C consists of one
trans-resveratrol-like structure (ring A1 and B1) and one
non-planar resveratrol structures (ring A2 and B2). Atom
13O and 12C of the planar trans-resveratrol are combined
with atom 7′C and 8′C of non-planar resveratrol to form a
new ring, namely furan ring (ring C).

Table 1 shows the �BDE∗ in all possible sites of trans-
resveratrol and gnetin C based on Fig. 1. Overall, �BDE∗
in the O-H site is less than that in the C-H site in both
molecules. Interestingly, 7′-CH and 8′-CH sites of gnetin
C have comparable �BDE∗ with the O-H sites. The lower
�BDE∗ in 7′-CH and 8′-CH sites is explained by the
contribution of spn hybrid in their bonding orbital (as shown
in Table S2, Supplementary Materials). The C-H bond in
these sites has n≈3, instead of n≈2 as the other C-H bonds
in gnetin C. It suggests that the weaker sp3 bonding than
sp2 bonding is the reason of the lower �BDE∗ in 7′-CH
and 8′-CH sites. Therefore, we consider 7′-CH and 8′-CH
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Fig. 2 Optimized structure of
trans-resveratrol and gnetin C in
water environment. Blue, red,
and yellow atoms represent H,
O, and C atom. Red marker
indicates scavenging site

for the scavenging sites of gnetin C in addition to the OH
sites.

The spin density plots in Fig. 3 shows the stability of
gnetin C radical. The most stable radical is 8′-C gnetin C
radical since the spin density covers two resorcinol and one
furan ring. The stability of the radical reduces as the number

of rings covered decreases. The second and third most stable
radicals are 4′-O and 7′-C gnetin C radical. The former
has two rings covered, while the latter has one and a half
rings covered. The stability of 8′-C, 4′-O, and 7′-C radicals
are inversely proportional to the �BDE∗ at site 8′-CH, 4′-
OH, and 7′-CH. Therefore, the stability of gnetin C radical

Table 1 H-bond dissociation
enthalpy of trans-resveratrol
and gnetin C relative to
H-phenol (�BDE∗), at
T=298.15 K

Reaction site �BDE∗ (kcal/mol) Reaction site �BDE∗ (kcal/mol)

Trans-resveratrol

4-OH -4.95 6-CH 26.27

11-OH 1.13 7-CH 17.33

13-OH 1.47 8-CH 16.66

2-CH 25.14 10-CH 27.87

3-CH 27.48 12-CH 30.94

5-CH 28.12 14-CH 29.04

Gnetin C

4-OH -5.27 10-CH 27.75

11-OH 2.14 14-CH 29.80

4′-OH -0.01 2′-CH 26.20

11′-OH 0.96 3′-CH 28.10

13′-OH 2.22 5′-CH 27.65

2-CH 24.99 6′-CH 26.39

3-CH 27.29 7′-CH -3.98

5-CH 28.18 8′-CH -6.56

6-CH 26.18 10′-CH 28.88

7-CH 16.53 12′-CH 30.22

8-CH 16.97 14′-CH 29.82
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Fig. 3 The spin density
distribution of gnetin C radical
with isovalue 0.003. Orange and
purple colors indicate α and β
densities are dominant,
respectively

supports the hydrogen atom transfer process in site 8′-CH,
4′-OH, and 7′-CH.

The Standard Gibbs Energy of Reaction

Table 2 provides the �rG
0 of the •OOH scavenging

reaction by trans-resveratrol, according to Eq. (1). Out of
three OH sites in trans-resveratrol, the •OOH scavenging
reaction is exergonic only at site 4. Therefore, only the 4-OH
site is favorable for scavenging •OOH. Another density-
functional study on the identical system, employing the
same exchange-correlation functional but 6-311++G(d,p)
and solvation model based on density, concluded the same

result [23]. It supports the recommendation by Zhao et al.
[32, 33] that M05-2X is reliable for studying the scavenging
reaction energetically.

As for gnetin C, Table 2 shows that the exergonic
sites are not only at OH-group but also at CH-group. The
scavenging sites of gnetin C are at 4-OH, 7′-CH, 8′-CH.
Since gnetin C provides more scavenging site than trans-
resveratrol does, the former is potent to have a higher
antioxidant capacity than the later. These results support
the experimental findings which reported that gnetin C has
better antioxidant capacity than trans-resveratrol in ORAC
assay [40]. Furthermore, by considering the ring in gnetin
C, ring C provides more scavenging sites than other rings



Food Biophysics

Table 2 The calculation results
of the standard Gibbs free
energy of reaction (�rG

0, in
kcal/mol) and activation
(�‡G0, in kcal/mol) for the
•OOH scavenging reaction
based on Eq. (1)

Molecule Reaction site �rG
0a �‡G0a �‡G0b

Trans-resveratrol 4-OH -3.59 18.69 17.96

11-OH 2.09 21.31 20.25

13-OH 1.83 20.70 19.77

Gnetin C 4-OH -3.51 17.22 n/ac

11-OH 2.69 21.55 n/a

4′-OH 0.86 19.86 n/a

11′-OH 4.03 21.29 n/a

13′-OH 3.07 21.72 n/a

7′-CH -2.43 22.14 n/a

8′-CH -5.02 20.85 n/a

The values in column 3 and 4 are obtained from our calculations. The values from Iuga’s calculations
[24] in column 5 are used as benchmark for �‡G0

aUsing M05-2X/6-31++G(d,p), this work.
bUsing M05-2X/6-311++G(d,p), reported by Iuga et al. [24].
cn/a means not available value.

(A, phenol, and B, resorcin ring). It indicates that furan
ring plays a more important role than other rings in the
scavenging capacity of melinjo resveratrol.

Overall, ring A always provides the lowest �rG
0 value

for OH site. It is valid for both trans-resveratrol and gnetin
C. It implies, there is a relation between the position of the
OH site and the �rG

0. Queiroz et al. [41] also reported this
relation.

The Standard Gibbs Energy of Activation

We validate our work on reaction kinetics based on
the trans-resveratrol case. Our predictions of �‡G0 are
comparable with a theoretical work reported by Iuga et
al. [24] (see Table 2), which computed the rate constants
at room temperature with the basis of transition-state
theory, whose results are comparable with the experimental
results by Zinatullina et al. [42]. Consequently, our density-
functional calculations on Eq. (1) is adequate to study
•OOH scavenging by resveratrol system such as gnetin C.

Regarding gnetin C, Figure 4 shows the TS of •OOH
scavenging according to Eq. (1). The activated complexes
are at their optimized structure, where the syn arrangement
exists as expected from phenolic antioxidants. The syn
arrangement also exists in trans-resveratrol, which is also a
group of phenolic antioxidants, as shown in the optimized
structure in Fig. S1 (Supplementary Materials). It is also
noteworthy that the distance between the H-atom of gnetin
C and its scavenging site elongates to 0.16 Å on average (or
at about 16%) relative to its ground state structure. It implies
that H-atom’s bonding to its scavenging site weakens at the

TS for all scavenging sites. The reaction in Eq. (1) requires
this condition.

The �‡G0 values of gnetin C in Table 2 show that
the lowest �‡G0 is at site 4-OH. The site 4-OH in
trans-resveratrol also has the lowest activation energy.
These results agree with the previous experimental findings
reporting that site 4-OH is the most reactive one in trans-
resveratrol and its derivatives [43]. However, �‡G0 at site
4-OH of gnetin C is lower than that of trans-resveratrol. It
implies that resveratrol in its dimer form is expected to react
faster with •OOH than its monomer form.

As for �rG
0, the �‡G0 values at OH-group also has a

relation with its location. Both site 4-OH and 4′-OH have
the lowest �‡G0 in their respective resveratrol unit, and
they are at para position of ring A1 and A2, respectively.
The difference is that ring A1 is in the first unit, while ring
A2 is in the second one. The resveratrol is planar in the first
unit, but not in the second unit. It implies that the planarity
of resveratrol in gnetin C increases the scavenging reactivity
of an OH site.

Considering the �rG
0 value, it is also possible for site

7′-CH and 8′-CH to become a scavenging site. However,
the reaction may be slower at these two CH sites than that
of at 4-OH site due to their higher value of �‡G0. The
high barrier is expected since geometrically ring A2 and B2
hinder •OOH to reach site 7′ and 8′. The various value of
�‡G0 make the three sites scavenge three •OOH radicals
at different rates. It is revealed that resveratrol dimer
gradually scavenges one radical from ring A1 (phenol)
and two more radicals from ring C (furan) to reach the
maximum scavenging activity after a sufficient time. This
gradual increase in scavenging activity was observed in the
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Fig. 4 TS structure for •OOH
scavenging reaction by gnetin C
on each site. Markers d1 is bond
length of scavenging site, while
d2 is the distance between O
atom of •OOH with the nearest
scavenging site

experiment done by Kato et al.[1]. However, this finding
is contrary to their speculation proposing that it is ring
B2 (resorcinol) that plays a crucial role in the scavenging
activity of melinjo resveratrol.

All the three possible scavenging sites share similarities
in their SOMO distribution. The 2p-like orbitals construct
all SOMO distributions, as shown in Fig. S2 (Supplemen-
tary Materials). The orbital interaction forms sigma bonding
between O or C (from the scavenging site) and at O (from
•OOH). The sigma bond allows hydrogen atom (both the
proton and the electron) to transfer from one side to another
[30]. It implies that the •OOH scavenging at the three sites
of gnetin C through the reaction in Eq. (1) is a hydrogen
atom transfer.

Conclusion

We have demonstrated the use of a density-functional
calculations to investigate the scavenging activity of
gnetin C with trans-resveratrol as the comparison. We
utilized density-functional calculations and used a one-
step mechanism for the •OOH scavenging reaction model.
The OH-group at the para position in a phenol ring
turns out to be a common scavenging site for both trans-
resveratrol and gnetin C. The scavenging reaction energy
at this particular site, as observed in this study, is -3.59
kcal/mol and -3.51 kcal/mol for trans-resveratrol and gnetin
C respectively, which makes the reaction at OH site is
exergonic.
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We have shown the role of the furan ring in relation to
the antioxidant capacity and activity of melinjo resveratrol.
Furan ring increases the antioxidant capacity of melinjo
resveratrol by providing two more scavenging sites, namely
site 7′-CH and 8′-CH. Such sites should have a slower
reaction with •OOH as they require higher activation energy
compared to 4-OH site. The activation energy differs as
much as 4.92 kcal/mol between 7′-CH and 4-OH and 3.53
kcal/mol between 8′-CH and 4-OH. Our results suggested
that gnetin C scavenge radicals gradually with the following
sequence: 4-OH, 8′-CH, and 7′-CH, to reach its maximum
scavenging activity. Thus, we propose the furan ring as
the one playing a crucial role in the scavenging activity
of melinjo resveratrol, not the resorcin ring as has been
speculated in the experimental study. Finally, this work
demonstrates that density-functional calculations are a
prospective approach for studying the system in question.

Supplementary Information The online version contains supplemen-
tary material available at 10.1007/s11483-021-09666-y.
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