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SUBSTITUENT EFFECTS ON THE ANTIOXIDANT ACTIVITY OF
MONOSUBSTITUTED 3,3’-DIINDOLYLMETHANE: A DFT STUDY

Mai Van Bay®", Le Thi Kim Bong®, Vo Thang Nguyen?, Doan Van Duong?, Vo Van Quan©®¢

Abstract: 3,3’-diindolylmethane (DIM) is an indole compound with proven health benefits and thus
potential preventive medicine and therapeutic applications. Herein, the origins of the substituent
effects on the antioxidant activity of monosubstituted 3,3’-diindolylmethanes (DIMs) were studied
in silico by calculating their thermochemical properties using the
(RO)B3LYP/6-311++G(2df,2p)//B3LYP/6-31G(d) method. It was found that the compounds 2-
NHMe-DIM, 2-OH-DIM and 2-MeO-DIM have the lowest BDE(N1-H) values (78.4-78.9 kcal.mol™),
while that for the C8-H bond is observed in the 2-HO-DIM compound (67.0 kcal.mol?). The
presence of substitutes can decrease the ionization energies of the DIMs, however the effects of
substitutes on the proton affinity were not clearly observed. The investigation on the HOO*®
radical scavenging following the hydrogen atom transfer mechanism indicated that the
compound 2-NHMe-DIM has the highest rate constant with k = 9.72x10° L.mol-t.s™. Thus, it is
suggested that the 2-NHMe-DIM is a powerful antioxidant.

Key words: antioxidants; indole; Brassica; bond dissociation energies; substituent effects; 3,3’-

diindolylmethane; glucosinolates.

1. Introduction

Antioxidants play an important role in reducing the
effect of oxidants in the environment as well as within
the human body [1, 3]. Among synthetic and natural
antioxidants, DIM and its derivatives stand out for their
high antioxidant efficiency [4, 6]. 3,3’-Diindolylmethane
(DIM) (Figure 1) formed by the hydrolysis of indole
glucosinolates in the human body under enzyme
conditions, has potentially useful biological activity
including the activity of enzyme systems in drug
metabolism the anti-cancer properties with low toxicity,
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and the antioxidant activity [4, 5, 7-10]. The experimental
studies showed that DIM and its derivatives have

potential radical scavenging activities and some of their
derivatives exhibit greater antioxidant activity than
vitamin E (i.e., a-tocopherol) in the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) model expressed by ICso values
[5]. The theoretical studies also indicated that the indole
family has potential antioxidant properties [6, 11].
Previous studies also showed that the hydrogen atom
transfer (HAT) mechanism plays an important role in the
antioxidant activity in lipophilic environments (biological
environments) [12, 13]. Thus, the bond dissociation
energy (BDE) of the X—H (X = C, N) is a key descriptor
of the antioxidant activity of antioxidants including
DIMs. However, most of the studies only focused on
evaluation of antioxidant properties of the indole-3-
carbinols [4, 5, 11], while DIM which is more stable
intermediates of the hydrolysis of glucobrassicin, has
not been studied with regard to its antioxidant activity
yet. Thus the investigation of substituent effects on the
antioxidant activity of DIM derivatives following three
typical mechanisms (HAT, the single electron transfer
followed by proton transfer (SETPT), the sequential
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proton loss electron transfer (SPLET) [13,14]) by
calculating the thermal properties (i.e. BDEs, IEs and
PAs) is necessary to evaluate the antioxidant activity of
their family compounds. Hence, the purpose of this
study is to investigate the influence of various
substituents in the indole ring on the thermochemical
properties of the X-H (X = N, C) bonds of the
monosubstituted DIMs and evaluate the antioxidant
activity of these compounds.

Y = CF3, Cl, CN, F, Me,
NMe,, NH,, NHMe, OH, OMe, Ph

Figure 1. 3,3'-diindolylmethane (DIM) and derivatives

2. Computational methods

The thermochemical properties of the compounds
were obtained following well established
methodologies!>!® by using the Gaussian 09 suite of
programs [17]. All of the compounds and related
radicals, cationic radicals, and anions were optimized,
and their vibrational frequencies were determined at the
B3LYP/6-31G(d) level of theory. The single point
electronic energies were then calculated by the
(RO)B3LYP/6-311++G(2df,2p) method [13,18]. The
lowest electronic energy conformer that contains
possible intermolecular hydrogen bonds was used for
further analysis [16, 19, 20]. The antioxidant mechanisms
were analyzed following previously  described
methodology [13, 14, 16]. The reaction enthalpies of the
individual steps of the radical scavenging mechanism in
gas phase (at 298.15 K and 1 atm) were calculated
according to the literature [14, 21, 22].

The enthalpy value for the hydrogen atom in the
gas phase was calculated at the same level of the studied
compounds. The calculated enthalpies of the proton
(H*) and electron (e”) were taken from the literature [14,
23-25]. Vibrational frequencies obtained at the

B3LYP/6-31G(d) level of theory were scaled by a factor
of 0.9594 [26, 27].

3. Results and discussions

3.1. Bond dissociation energies and the
hydrogen atom transfer (HAT) mechanism
3.1.1. Evaluation

Previous studies have shown that the BDE value is
a key parameter to evaluate the activity of an
antioxidant following the HAT [13, 14, 28]. Thus, the
BDEs of all possible X-H (X = C, O, N) bonds breaking
in the DIM compound were calculated and presented in
the Figure 2. It was shown that the BDE of (C8-H) is
significantly lower than that of the N1-H bond by 8.1
kcal.molt. To fully evaluate the effects of substituents
on the antioxidant activity of DIM derivatives,
therefore, in this work we focus on both the C8-H,
N1-H and N1°-H bonds.

113.4
H 112.8

82.2

H 119.8
90.3
Figure 2. The calculated BDEs(X—H) (X =N, C) of
DIM

3.1.2. BDE(X-H) (X = N, C) of monosubstituted
3,3-diindolylmethane and the effect of substituents

The introduction of the substituents with different
nature into an aromatic ring gives compounds with
unique properties. To fully evaluate the effects of the
substituents on the BDEs(X-H) (X = N, C) in all
positions, the BDEsS(X-H) (X = N, C) for these
substituted DIMs were calculated in a gas phase and the
results were given in Table 1. It is generally observed
that the effects of substituents on BDE values of C-8
and N1-H bonds are more significant than those of
N1’-H. Thus, the BDE values were obtained in the
range of 67.0-84.8 kcal.mol* and 78.4-94.0 kcal.mol*
for the C8—H and N1-H bonds, respectively. However,
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the rule of the substituent effect is not clear in all
positions. In the 2 and N positions, the effect of
substituents on the change of BDE(X-H) values is
significant, while that is minor for other positions. For
example, the presence of Cl and OH at N and 2
positions reduces the BDE(N-H) to —12.3 and -15.2
kcal.mol?, respectively, compared with the parent DIM,
whereas the BDE(C8-H) values are considerably low in

the presence of OH, NHMe and MeO groups by
approximately 11 kcal.mol. Thus, the lowest
BDE(C8-H) is observed at the 2-HO-DIM with 67.0
kcal.molt, whilst that of BDE(N-H) is found at the 2-
NHMe-DIM, 2-OH-DIM and 2—MeO-DIM in the range
of 78.4-78.9 kcal.mol. On the basis of these calculated
values, these compounds are the most potential
antioxidants following the HAT mechanism.

Table 1. The calculated ABDEs (compared with DIM) in gas phase of monosubstituted DIMs

Y Substitution position
2 4 5 6 7 N
C8 N1 N1' | C8 |N1 |NI' |C8& | NI | NI C8 | NI | NI' |[C8 [N |NI'|C8 N1
CF; 413 0.0 05|-34,09|-05]04 ]| 14 10 |20 02 |-13| 00| 35| 04| -10 |-08
Cl -16 30 |03 26 |-1102 (03|06 07 (-15]|-15]-10(01 |23 |03 | -123 |-11
CN 35 14 09 |21 |09 | 15|04 16 14 (-13 (0205|0037 |07 | -14 |-04
F -12 60 | 0519|0704 (02|04 05 (-15]|-20)-12101 | 12|03 74 108
Me -2.0 -14 |01 (08 |-11(-09(-01)]-03]-011]-16|-23|-15|00]|-06|-01|-18|-15
NMe; -2.0 87 |-02|05|-28|-14(-03| 41| 03 |-18)-76|-17| 01 |-52|-02] -17 |-14
NH; 34 -88 | 03| -06|-80|-04)|-04|-22| -04|-19|63|-18|02|-68]|-01] -18 |-14
NHMe | 33 | -112 |01 | 19 | 41|15 |-04| 27| 06 |20|-78|-18| 01 |-78|-02]| -18 |-14
OH 152 -111 (00 | 21 (2302002 |10} 02 |22 | 432000 | 12 |-01] -17 |-13
OMe -10 | -116 | 00 | 17 |-24|-09] 01 |17 01 |-19| 44|-16| 00 |-10]|-02| -18 |-13
Ph 40 06 |01 |-36|-07(04 (0101 01 |-15]-21|-13|-36|-33|-37] -18 |-14
DIM: BDE(N-H) = 90.3 keal mol-!, BDE(C8-H) = 82.2 keal mol-!

Table 2. The calculated vertical AIEs (kcal.mol) (compared with phenol) in gas phase of monosubstituted DIMs

Y Substitution position

2 4 6 7 N

CF; -28.6 -31.8 -28.6 -28.1 -28.6 -27.0

Cl -32.3 -35.1 -31.6 -32.1 -31.8 -30.7

CN -26.3 -31.1 -26.5 25.8 -26.5 -23.8

F -32.3 -35.3 -31.8 -32.1 -32.1 -27.0

Me -36.9 -37.4 -36.0 -36.7 -36.2 -37.4

NMe; -39.4 -43.1 -45.9 -49.6 -40.1 -37.4

NH: -39.2 -43.4 -42.0 -43.4 -39.2 -35.7

NHMe | -42.9 -46.6 -44.7 -47.3 -39.0 -36.7

OH -35.5 -40.6 -37.4 -37.6 -37.6 -34.1

OMe -36.4 -42.0 -39.7 -40.4 -39.0 -35.5

Ph -38.5 -38.5 -37.1 -38.5 -41.1 -38.3

IE erticat (DIM) = 162.8 kcal. mol-!; IE .enica (phenol) = 196.9 kecal.mol-!
3.2. lonization energies and the sequential SETPT mechanism [13, 29]. Thus, the vertical AIE

electron transfer proton transfer mechanism
The SETPT mechanism is characterized by the
ionization energy (IE) and the proton dissociation
energy. The first step (the sequential electron transfer)
plays a key role in the antioxidant activity following the

values of the monosubstituted DIMs, which are
compared with those of phenol, were calculated using
the same model in gas phase and shown in the Table 2.
As can be seen from the Table 2, the presence of the
substitutes reduced the IEs of the studied compounds by
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about 23.8-49.6 kcal.mol. In which, the greatest
reduction of IEs is related to the electron donating group
(EDG) such as NMe,;, NHMe, NH,, OH, MeO and Ph
by around 36 kcal.mol! (Table 2). Generally, a
compound is considered to follow the SET mechanism
when the absolute value of AIE (relative to phenol) is
higher than 36 kcal/mol [13, 30]. Hence, this implies
that a sequential electron transfer mechanism is
responsible for these DIMs with strong EDG
substituents including NMez, NHMe, NH;, OH, MeO
and Ph, while a HAT mechanism is favored for the
remaining monosubstituted DIMs.

3.3. Proton affinities and the sequential proton
loss electron transfer mechanism

The potential for the SPLET mechanism was also
assessed; SPLET is defined by the proton affinity (PA)
and the electron transfer enthalpies [31, 32]. The proton
loss process is the first step of the SPLET mechanism
and governs the SPLET mechanism [32]. To further
exploit this point, the APAs of studied compounds
compared with the DIM (DIM: PA(N1-H) = 347.2
kcal.mol?, PA(C8-H) = 371.1 kcal.mol?) were
calculated in gas phase and shown in the Table 3.

Table 3. The calculated APAs in gas phase of monosubstituted DIMs

Y Substitution position

2 4 5

6 1 N

C§ NI |NI'|CB |NI |NI'|CB |NI

NI"|C8 | NI |NI'|C8 |NI |NI'|C8 |NI

CFs 41 -84 |-03 131 |-71 |37 |52 |-64

04 |47 |66 |-09 |48 |-37]-10 (12 |-15

cl 48 |72 |15 |124 |61 |-12 |79 [-29

14 (70 |-29 |05 |71 [-10 |06 |-625|-03

CN -102 <118 |-22 109 |97 |-16|-24

-10.1

08|18 |-102 |25 |17 |-69|-25|-72 |-40

F 68 [-81 |18 |122|-17|-03 |51 |-07

18 (83 |-07 |11 |83 [-03 |11 |98 |-20

Me 101 {29 |29 (11526 |18 |116|33

29 | 11535 |31 | 11328 |31 |104 |30

NMeg |92 [-12 |38 |[118]-03 |05 |245|29

33 | 12240 |12 250023 |32 |97 |26

NH; 142 |08 |17 (09 |13 |-15|125 |48

35 | 12755 |40 [113]03 |35 |33 |23

NHMe | 129 |05 |63 |68 |48 |-13|130]60

36 | 12957 |42 |116]21 |114|80 |25

OH 434 |76 |-15 15322 |14 |123|27

39 | 10224 |20 |116]50 |32 |14 |19

OMe |107 |-58 |34 |152]33 |48 |123]|32

40 | 11136 |28 |135]36 |58 |-176 |14

Ph 45 [-13 |21 |137(02 |12 |76 |14

1584 |14 |17 |51 |42 (-17 (39 |13

DIM: PA(NI-H) = 3472 keal mol'L PA(CS-H) = 371.1 keal mol!

It is clear from the Table 3 that the effects of
substitutes on the PAs are not clearly observed for each
position. While the presence of the strong EWGs (CFs3,
CN, F, CI) seemed to reduce the PA values, EDGs (Me,
NMe;, NH, NHMe) rose those values. Considering the
same substitute, the effect of the substitutes on the
PA(C8-H)s is more significant than that for the
PA(N-H)s. The lowest PA(C8-H) is observed at the CI-
N-DIM with 308.6 kcal.mol?, while that for the
PA(N-H) is found at 2-CN-DIM with 335.4 kcal.mol.
Thus CI-N-DIM has the lowest PA value in all the
studied compounds. Among the calculated PA values,
the CI-N-DIM derivative has the highest antioxidant
activity.

3.4. HAT mechanism reaction of HOO" radical
with the selected studied compounds

3.4.1. Potential energy surface (PES)

The free energy change of the first step calculated
for each mechanism in a reaction of the selective
compounds with HOO®* radicals in vacuum indicated
that the reactions following the sequential proton and
sequential electron transfer mechanisms are not
spontaneous in either of the studied environments; only
the HAT pathway yielded exothermic and spontaneous
reactions. Hence the SETPT and SPLET mechanisms
are generally not favored for the HOQO® radical
scavenging activity of any of the studied DIMs in the
gas phase. On the basis of the calculated data, the HAT
mechanism appears to be the main radical scavenging
pathway for the monosubstituted DIMs in the non-polar
environments, thus the study on the PES was only
focused in this mechanism.
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In this study, the reactions of compounds DIM, 2-
NHMe-DIM, 2-OH-DIM and 2—MeO-DIM with a HOO*
radical were studied to glean further insights into the
antioxidant capacity of the DIMs. The B3LYP/6-31G(d)
method was used to calculate the energies of the reactants
(R), the transition states (TS), the intermediates (Int) and
the products (P). The PESs are displayed in Figure 3 and
all optimized TS structures are shown in Figure 3.

Examination of the structures of the TSs reveals that
the H---OOH and X:--H (X = C8, N1) distances are in the
range of 1.226-1.366 A and 1.156-1.329 A, respectively.

A Reactants Int-1

DIM-C8-H + HOO"

2-HO-DIM-CS8-H + HOO"*
DIM-NI1-H + HOO" ”
2-MeO-DIM-N1-H + HOO"
2-MeHN-DIM-NI1-H + HOO" ,':.' W
R

Relative energy (kcal.mol™)

2-HO-DIM-N1-H + HOO" K

The X--H--O (X = C8, N1) angles are in the range of
166.2—-177.4° (Figure 4). It is clear from Figure 2 that the
energies of the studied TSs are in the range of —4.6 t0 8.1
kcal.molt. The compound 2-NHMe-DIM-N-H-OOH is
expected to have the highest antioxidant activity because
of the lowest energy of its transition state (—4.7
kcal.mol1), which is in a good agreement with the
conclusions of the analysis presented above.

Figure 3. PES of reaction between the selected compounds and HOO*
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Figure 4. Optimized geometries of transition states according to HAT mechanism between
the selective compounds and HOO* radical in gas phase

3.4.2. Kinetic study
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For further insights into the HOO® radical
scavenging activity of the selective compounds,
calculations of the kinetics of the reactions were also
performed. The Gibbs free energy of activation (AG?)
and rate constants (k) were calculated at the B3LYP/6-
31G(d) level at 298.15 K and presented in Table 4.

Table 4. The calculated AG* and k at the B3LYP/6-
31G(d) level of theory at 298.15 K in the gas phase

Reaction AG* Keck
DIM-N-H-OOH 12.3 1.93x10°
DIM-C8-H-OOH 16.6 1.37x10?
2-OH-DIM-C8-H-OOH 13.8 1.25x10*
2-OH-DIM-N-H-OOH 9.5 3.74x108
2-MeO-DIM-N-H-OOH 6.5 3.80x108
2-NHMe-DIM-N-H-OOH 4.0 8.72x10°

As can be seen from the Table 4, the rate constants
are in the range of 1.25x10%-8.72x10° L.mol-t.s™. It is
also worth noting that the DIM-N-H+ HOQO* reaction
has a lower energy barrier and proceeds faster than the
DIM-C8-H+ HOO" reaction (AG* = 12.6 kcal.mol™, k =
1.93x10° L.molts? compared to AG* = 16.6
kcal.mol, k = 1.37x10? L.mol.s* for the DIM-C8-H+
HOO-* reaction) despite the lower BDE value of DIM-
C8-H compared with the DIM-N-H. This deference
needs further investigation. It was found that
compounds 2-NHMe-DIM and 2-MeO-DIM have the
highest rate constants for N1-H bond with k = 9.72x10°
and 3.80x108 L.mol-t.s7?, respectively. These reactions
are faster than the HOO* radical scavenging of Trolox
or ascorbic acid (Krroox = 5.30x10% L.mol=t.s7%, kase =
2.65 x10° L.molt.s%)3133 This again suggests that
compounds 2-NHMe-DIM and 2-MeO-DIM are
promising antioxidants.

4. Conclusions

The effects of substituents on the thermochemical
properties and the antioxidant activity of DIM
derivatives have been investigated using the
(RO)B3LYP/6-311++G(2df,2p)//B3LYP/6—-31G(d)
method. It was found that the lowest BDE(C8—H) is

observed at the 2-HO-DIM with 67.0 kcal.mol?,
whereas that for BDE(N—H) is found at the 2-NHMe-
DIM, 2-OH-DIM and 2-MeO-DIM in the range of
78.4-78.9 kcal.mol. The effects of substitutes on the
proton affinity are not clearly observed, while a
presence of substitutes can reduce the ionization
energies of DIMs. The investigation of the HOO*
radical scavenging following the HAT mechanism
indicated that the compound 2-NHMe-DIM has the
highest rate constant with k = 9.72x10° L.mol.s™2.
Thus the 2-NHMe-DIM compound is a promising
antioxidant.
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NGHIEN CUU DFT VE ANH HUONG CUA NHOM THE LEN HOAT TINH CHONG OXY HOA
CUA DAN XUAT THE MQT LAN TU 3,3’-DIINDOLYLMETHANE

Toém tat: 3,3-diindolylmethane (DIM) la mot hop chét indole véi cac lgi ich strc khde da dwoc chirng minh, cé tiém nang trong y
hoc dw phong va cac (ng dung diéu tri. &’ day, co s& anh hwdng cla nhom thé 1én hoat tinh chéng oxi héa ciia cac dan xuét 3,3'-
diindolylmethane thé mét Ian (DIMs) da dwoc nghién cliu béng tinh toan céac tinh chat nhiét dong héa hoc cia DIMs st dung ly
thuyét DFT tai mic ly thuyét (RO)B3LYP/6-311++G(2df,2p)//B3LYP/6-31G(d). Két qua da cho thdy cac hop chat 2-NHMe-DIM, 2-
OH-DIM and 2-MeO-DIM c6 gia tri BDE(N1-H) thap nhéat (78.4-78.9 kcal.mol™), trong khi BDE thAp nhét tai lién két C8-H clia hop
chéat 2-HO-DIM (67.0 kcal.mol™). Sy hién dién ctia nhém thé cé thé lam gidm nang lwgng ion hoéa cta DIMs, tuy nhién cac anh
hwéng clia nhém thé 1én ai lwc proton khong dwoc quan sat rd rang. Khao sat kha néng bét gbc tw do HOO* theo co ché chuyén
nguyén t& hdro cho thdy hop chét 2-NHMe-DIM c¢é hang sé tbc d6 Ién nhat véi k = 9.72x10° L.molt.s™. Do d6, ching toi d& xuét 2-
NHMe-DIM Ia hop chét ¢ hoat tinh chdng oxi hda cao nhét ctia DIMs.

T khéa: Antioxidants; indole; Brassica; bond dissociation energies; substituent effects; 3,3’-diindolylmethane; glucosinolates.



