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Abstract

Antioxidant and UV absorption activities of three aaptamine derivatives including piperidine[3,2-
b]demethyl(oxy)aaptamine (C1), 9-amino-2-ethoxy-8-methoxy-3H-benzo[de][1,6]naphthyridine-3-one (C2), and 2-
(sec-butyl)-7,8-dimethoxybenzo[de]imidazo[4,5,1-ij][1,6]-naphthyridin-10(9H)-one (C3) were theoretically studied by
density functional theory (DFT). Optimized geometries of C1-C3 and theirs intrinsic thermochemical properties such
as bond dissociation energy, proton affinity, and ionization potential were calculated at DFT/M05-2X/6-311++G(d,p)
level of theory in vacuo and in water. The results show that C1-C3 exhibited similar potent antioxidant activities,
which are comparable to well-known antioxidants such as Trolox or cembrene. The radical scavenging activity of the
antioxidants were then investigated by evaluation the Gibbs free energy (A,G°) of the reaction between C1-C3 and the
HOO®/HO® radicals via four mechanisms, including: hydrogen atom transfer (HAT), single electron transfer (SET),
proton loss (PL) and radical adduct formation (RAF). Kinetic calculation reveals that HOO® scavenging in water is
occurred via HAT mechanism with C1@C19 while RAF is more dominant with C2 and C3. Antioxidant activity of
aaptamine derivatives can be classified as C1 > C3 > C2. In addition, all compounds are active in UV-Vis absorption;
the excitations of which are determined as m-n* transition. Overall, the results suggest the potential applications of the

aaptamines in pharmaceutics and cosmetics, i.e. as sunscreen and antioxidant ingredient.
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1. INTRODUCTION

Aaptamines are commonly known marine
natural products, which have been extracted from
Aaptos aaptos species in the marine milieu of the
Pacific ocean, i.e. Malaysia,' Vietnam,> and
Indonesia.® The first aaptamine structures, extracted
from a Japanese sponge and characterized by
Nakamura et al.,* are identified as alkaloid-based
compounds containing the 1H-benzo[de]-1,6-
naphthyridine skeleton. To date, there is a large

number of research which reported different
biological activities of aaptamines such as
antifungal,> ° antiviral,® antimicrobial,” and

anticancer.! 3 ® ° % In particular, antioxidant activity
of aaptamines was early predicted and studied.
Indeed, aaptamines and isoaaptamine, amongs other
marine sponges, were reported for strong
antioxidant activity against DPPH radical.'* In a
perspective view, besides the natural and well-
disposed origin, the antioxidant properties as well
as other biological activities of the aaptamines can
be of human-health-benefit because that helps

protect our body from free radicals, fight aging,
boosting the immune system, and prevent diseases.
On the other hand, oxidative stress (OS)
resulting from long-time ultraviolet radiation
(UVR) exposure is identified as one of the main
causes for skin aging, DNA skin damage and
melanogenesis.'? At the early stage of the sunscreen
research started by the 1940s, most of the products
targeted minimizing the effect of UVB (280-315
nm) radiation because the direct UVB absorption by
DNA generates UV-signature mutations leading to
DNA lesions and carcinogenic effect.’® Scientists
later discovered that the UVA (315-400 nm) can
deeply penetrate into the skin, producing reactive
oxygen species (ROS) and reactive nitrogen species
(RNS) in human skin that cause DNA and other
biological molecules to be damaged and so is not
less harmful than the UVB to human skin.** ** One
of the common mechanism, for example, is the
ROS-mediated cell damage by peroxidation of fatty
acids within the phospholipid structure of the
membrane. Today, a broad-spectrum UV filter that
covers both UVA and UVB is one of the most



important properties for candidate compounds
potentially applied in organic sunscreen.™
Moreover, the photo-protective properties of
natural products have been earlier reported for
natural  antioxidants including polyphenols,*’
stilbenes,” hydroxycinamate derivatives.”® *° A
large number of studies have shown positive effect
of antioxidant in the skin, for both treatment and
prevention of inflammation, oxidation, sebaceous
glands or melanogenesis.?* Multiple mechanisms of
skin photo-protective have also been documented.®
In addition, the synthesis of p-hydroxycinnamic
diacids such as of ferulic, sinapic, p-coumaric and
caffeic diacid, the resulting molecules show potent
antioxidant and UV filter.?? Recently, we reported
the antioxidant and photo-protective properties of

different natural compounds in which the
cycloechinulin and wasabidienone extracted from
marine fungus showed the most potential

antioxidant and photo-protective properties.”® To
the best of our knowledge, there have not been any
studies that consider both the radical scavenging
and photo-protective properties of the aaptamine
derivatives.

Figure 1. Chemical structure of C1-C3.

In this study, the antioxidant properties through
free radical scavenging activity and the UV filter
properties of three different aaptamine derivatives
including piperidine[3,2-b]demethyl(oxy)aaptamine
(C1), 9-amino-2-ethoxy-8-methoxy-3H-
benzo[de][1,6]naphthyridine-3-one (C2), and 2-
(sec-butyl)-7,8-dimethoxybenzo[de]imidazo[4,5,1-
ij][1,6]-naphthyridin-10(9H)-one (C3) reported by
Nakamura et al. (Figure 1) were elucidated using
density functional theory (DFT). Thermodynamic
parameters of reaction characterized the antioxidant
activity of three aaptamines C1-C3 via four
common mechanisms: hydrogen atom transfer
(HAT), single electron transfer (SET), proton loss
(PL), and radical adduct formation (RAF) were
focused.  Different intrinsic  thermochemical
parameters including bond dissociation enthalpy
(BDE), adiabatic ionization potential (IP) and
proton affinity (PA) were calculated at the gas

phase (vacuo) and water. The reaction enthalpies
(AH% and standard Gibb free energies (A,G’) of
four reactions between the studied compounds and
HOO®, OH® radicals were also examined to
elucidate their scavenging capabilities. Finally, the
time-dependent density functional theory (TD-DFT)
was used to elucidate the UV-Vis absorption
mechanism of the three aaptamines.

2. COMPUTATIONAL METHOD

Gaussian 16 revision A.03 package was used to
optimize the geometrical and electronic structures
of the studied compounds.** All calculations were
performed at the DFT/M05-2X/6-311++G(d,p)
level of theory.®® The MO05-2X is previously
reported to have a good benefit for the TS location
and kinetics calculation. %

The four main working mechanisms, including
hydrogen atom transfer (HAT), single electron
transfer (SET), proton loss (PL) and radical adduct
formation (RAF) have been investigated.

In the first approach, the intrinsic
thermochemical parameters characterizing for three
mechanisms HAT, SET, and PL were calculated
according to the following reaction equations:

+ Hydrogen atom transfer (HAT):

A-H— A*+H* (BDE); (R1)

+ Single electron transfer (SET):

A-H -AH™ +e  (IP); (R2)

+ Proton transfer (PT):

A-H— A +H" (PA); (R3)

Based on the equations R1-R3, intrinsic

thermodynamic  parameters such as bond
dissociation enthalpies (BDE), adiabatic ionization
potential (IP), and proton affinities (PA) were
calculated as follows:

BDE (A-H) = H(A®) + H(H®) — H(A-H); (eq.1)

IP (A—H) = H(AH*") + H(e") — H(A-H); (eq.2)

PA (A-H) = H(A") + H(H") — H(A-H); (eq.3)

in which, H accounts for the total energy of the
studied species at 298.15K and 1 atm. The
experimental energy value of the proton (H") and
the electron (¢7) in gas phase was 1.4811 and
0.7519 kcal.mol™, respectively.® In water, the
energy values of the proton H(H") and of electron
H(e) were -2353 and -23.9 kcal.mol™,
respectively; calculation method was previously
reported. %

In order to evaluate the influence of chemical
nature of free radicals on the antioxidant potential
of the studied compounds vs. representative radicals
such as HOO?®, the standard Gibbs free energies of
the reaction (A,G°) were calculated for HAT, PL,
RAF and SET mechanisms according to the R4—-R7
reactions (eq.4—eq.7). Similar results for the HO®
radical scavenging reactions were obtained in



replacing the corresponding values of HOO® by that
of HO® radical.
HAT: A-H + HOO® — A°® + HOOH; (R4)
PL: A-H + HOO® — A™ + HOOH"®"; (R5)
RAF: A-H + HOO® - AH-OOH®; (R6)
SET: A-H + HOO® —» AH** + HOO™;  (R7)
Standard Gibbs free energies (AG°) of the
reactions were calculated as follows:

AG® (HAT) = [G(A®) + G(HOOH)] — [G(A-H) +
G(HOO"); (eq.4)

AG® (PL) = [G(A) + G(HOOH®*"] — [G(A-H) +
G(HOO"); (eq.5)
AG’ (RAF) =

G(HOO); (eq.6)

AG® (SET) = [G(AH*") + G(HOO)] - [G(HOO®) +
G(A-H)]; (ea.7)

G(AH-OOH®) - G(A-H) -

The kinetics of HT and RAF reactions in the gas
phase and the water were studied in this work based
on quantum mechanics-based test for overall free
radical scavenging activity (QM-ORSA) protocol®
using the Eyringpy code.*® Details of this
calculation can be found in our previous work.?

n

-AG

k(T)ZGKkBTTe RT (eq.8)

Where AG* is the Gibbs free energy of activation; T
is the temperature in Kelvin; kg is the Boltzmann
constant and h is the Planck constant; o is the
reaction symmetry number (or the reaction path
degeneracy), k is the transmission coefficient
attributing for the quantum tunneling effects by
employing Eckart barrier. The solvent cage effect
was included according to the correction proposed
by Okuno,*! taking into account the free volume
theory.*

For SET reaction, the Marcus theory*® was applied
for the estimation of the electron transfer rate. The
energy barrier was obtained as eqg. 9.

2
¢ A, AGg
AGg, = —[1+ ;ET J (eq.9)

4

Where AG%gr is the free energy of reaction; A is the
nuclear reorganization energy which can be
calculated by the difference of AEser and AE ger,
with AEger is the vertical energy between reactants
and products of the reaction via SET mechanism.

In solvent, diffusion rate kp may be important and
greatly contributes to the apparent rate constant Kapp.
Therefore, the Collins-Kimball theory* was
employed (eq.10).

Where k is the thermal rate constant and kp is the
diffusion rate constant calculated follow
Smoluchowski® (eq.11).

kD: 4 1t RagDagNa (eqll)

where the Rag is the reactant distance, Dag is the
mutual diffusion coefficient of the antioxidant A
and radical B (HOO®); Dag is resulting from the
Stockes-Einstein approach® *" (eq.12)

Dag = kg. T/(67nr) (eq.12)

In which kg is the Boltzmann constant, T is
temperature and n is the viscosity of the solvent
(8.91 x 10 P.s) and r is the radius of the solute.

For the basidity of the aaptamines, the pK,
calculation was performed following the
thermodynamic cycle previously reported.®” *

pK, of the C1-C3 were determined as (eq.13)

PKa = AGteprota/RTIN(L0)  (eq.13)

in which the AG’uporeq iS the solution-phase
standard free energy of deprotonation which can be
calculated by thermodynamic cycle.

The vertical excitation of C1-C3 in methanol
was calculated using TD-DFT approach. A small
benchmark of functionals with different exchange
correlation XC part, i.e. B3LYP, B98, M06, PBEO,
CAMB3LYP, and M05-2X were employed with the
same basis set as the previous part. These
functionals are chosen following the
recommendation by Jacquemine et al. for low Mean
signed Error (MSE) and Mean absolute Error
(MAE) for singlet excited states.* Solvent effects
were implicitly studied using the Polarization
Continuum Model (IEF-PCM).*

3. RESULTS AND DISCUSSION
3.1. Structure and electronic properties

The optimized structures and electronic
properties of the three studied aaptamine
compounds calculated by DFT method at MO05-
2X/6-311++G(d,p) level of theory in the gas phase
are shown in Figure 2.

As can be seen in Figure 2, compounds C1-C3
share the benzo[de][1,6]naphthyridine skeleton and
similarly have —OCH; group attached to C8
position. At C7, the substituent groups such as
ketone (=0), amine (—NH,) and methoxy (—OCHj,)
are attached to the B ring, in C1, C2 and C3,
respectively. The main difference in the chemical
nature of three compounds is the substituent groups
found at the A ring, for C1 a N-containing six-
membered cycle, for C2 the =O and —OC,Hs group,
and for C3 a N-containing five-membered cycle
with 2-butyl derivative that is shared both A and C
ring. Moreover, the electronic distribution on the
frontier molecular orbitals such as the highest
occupied molecular orbital (HOMO) and the lowest



unoccupied molecular orbital (LUMO) shows that
all the rings play a key role in electron-donating
(HOMO  distribution) and electron-accepting
(LUMO distribution) reactions with free radicals.
For all molecules, the electrostatic potential (ESP)
maps display a negative region on the C=0 groups
and the nearby carbons.

3.2. Basidity

The pK, of three aaptamines C1-C3 calculated at
M05-2X/6-311++G(d,p) level of theory is presented
in Table 1. Similar calculation for aniline at the
same level of theory was performed for comparison;
the obtained value of pK, is 31.1 for aniline,
consistent with the experimental data, i.e. 30.6,

HOMO -

Structure ,

reported in DMSO and 28 in water. ** *? For our
aaptamines, the result shows that pK, of C1-C3 are
of about 22-23. Therefore, in the following
calculation we can consider the neutral form of C1-
C3 in water.

Table 1. pK, of C1-C3 calculated in water at the
M05-2X/6-311++G(d,p) level of theory

Cpd | C1 C2 C3 Aniline
pK, [ 22.79 | 23.57 | 2242 |31.11*

*Exp. value of 30.6 in DMSO and 28 in water (Bordwell 1977, 1988)

Figure 2. Optimized geometry, HOMO, LUMO, and ESP maps of C1-C3 calculated in the gas phase at the
M05-2X/6-311++G(d,p) level of theory (isovalue = 0.02).

3.3. Evaluation of antioxidant potential via
intrinsic thermochemical parameters

Table 2 presented the intrinsic thermochemical
parameters such as BDE, IP and PA which are
examined via the HAT (R1), SET (R2) and PL (R3)
mechanisms, respectively.

As can be seen in Table 2, the most favorable H
donating positions for C1 and C3 are found at C—H
bonds. For example, the C1 exhibits the lowest
BDE at C17 and C19 positions, being 85.5 and 85.7
kcal.mol™, respectively, whereas C3 has the lowest
BDE value at C21 position, i.e. 84.6 kcal.mol™. For
C2, the easiest breaking-bond characterized by the
lowest BDE value is located at N14 position (92.4
kcal.mol™). It is noteworthy that BDE values of C1
and C3 are much lower than that of the standard
antioxidant Trolox in the gas phase (i.e. 91.1

kcal.mol™).”®  Consequently, the antioxidant
potential of these aaptamines via HAT process can
be classified in the following order: C2 < Trolox <
C1 < C3. We observed a very slight change of BDE
values in water for all compounds C1-C3. The only
exception is obtained for C1 at C19 position, with a
BDE value in water lowering to 79.7 kcal.mol™ vs.
85.7 kcal.mol™ in gas phase. This result is not
unexpected taken into account the neutral nature of
the H atom species that is transferred.

The proton donating reaction from the
aaptamines to free radical is characterized by the
proton affinity (PA, eq.3); the lower the PA value,
the better the antioxidant potential. As can be seen
in Table 2, the lowest PA value of C1 is 3425
kcal.mol™ (at C20 position), that of C2 is 343.5
kcal.mol™ (at N14 position) and the one of C3 being



of 347.2 kcal.mol™ (at N1 position). These PA
values are quite similar to that of cembrene in the
gas phase (i.e. 343.2 kcal.mol™). The proton
donating ability of the three compounds in reaction
with free radical according to the PL process is in
the increasing order: C3 < cembrene =~ C2 < C1. It
is noteworthy that the PL is much preferred in
water, for which the PA values are significantly
reduced to a value of about 60 kcal.mol™. The result
is totally in agreement with previous studies.*
lonization potential (IP), characteristic for SET
mechanism, is the minimum energy required to
transfer an electron from the studied compound to
free radical to form cationic species at ground state.
The lower the IP value, the easier the electron
transferring ability, thus, the antioxidant activity via
SET mechanism will be higher. According to the
results presented in Table 2, the adiabatic IP of

C1-C3 varied from 168 to 169 kcal.mol?, which is
slightly higher than that of Trolox (i.e. 164.6
kcal.mol™) and lower than the one of cembrene (i.e.
171.9 kcal.mol™).”® The antioxidant activities of the
studied aaptamines following the SET mechanism
increases in the order: Trolox < C2 < C1 < C3<
cembrene. Similar to the proton transfer, the
electron transfer is also favorable in water, with IP
values reducing from 168-169 kcal.mol™ in gas
phase to 109-114 kcal.mol™ in water, while
remaining in the same order C2 < C1 < C3.

Overall, three aaptamines C1-C3 are potential
antioxidants. In the gas phase, the HAT mechanism
can be responsible for the antioxidant properties of
the molecules while in water the PL mechanism is
particularly favorable.

Table 2: BDE, PA and adiabatic IP values (in kcal.mol™) of the C1-C3 calculated in the gas phase at the
M05-2X/6-311++G(d,p) level of theory. Corresponding values in water are given in parentheses.

C1 c2 C3
Pos |[BDE| PA | IP | Pos |[BDE| PA | IP | Pos [ BDE| PA IP
C9 |111.8]3716|1686| C9 |113.9(366.7| 168.3 | C9 | 113.7| 368.9 | 169.3
C11 | 114.3|374.4 |(110.0)] c11 [113.5]376.3|(109.2)[ c11 | 114.9 | 371.3 | (114.0)
C12 | 106.2 | 383.6 C12 | 107.3]387.6 Cl12 | 114.4 | 360.6
C16 | 97.1 | 367.1 C16 | 97.6 |384.4 C16 | 96.5 | 384.2
C17 | 855 | 366.4 C19 | 94.7 [377.8 C17 | 97.3 | 389.3
(85.6)
C18 | 98.9 |390.7 C20 | 100.8 C21 | 84.6 | 366.3
(84.9)
C19 | 85.7 | 361.7 N14 | 92.4 3435 C22 | 95.6 | 396.0
(79.7) (91.6) | (59.6)
C20 | 932 [ 3425 C23 | 99.8 | 360.7
(60.2)
C24 | 99.0 | 390.4
N1 |101.8] 347.2
(59.7)

3.4. HOO® and HO* free radical scavenging

The antioxidant potential of the studied
aaptamines is investigated through the interactions
with two representative free radicals, HOO® and
OH® via four distinguished processes: hydrogen
atom transfer (HAT), proton loss (PL), radical
adduct formation (RAF), and single electron
transfer (SET) mechanism (R4 — R7). The A,G° of
HAT, PL and RAF reactions between antioxidant
and HOO® and HO?® radicals are shown in Table 3
and Table 4, respectively. The reaction via SET
mechanism is separately presented in Table 5.

As shown in the Table 3, in the gas phase, the
Gibbs free energy values (A,G%) for HAT reaction
(R4) towards HOO® are positive at all H-donating

positions, ranging from 0.2 to 30.5 kcal.mol™. This
result indicates that the potential for HOO® removal
via HAT mechanism of all three investigated
compounds is not spontaneous and not favorable.
Similarly, the proton transferring process (PL, R5)
has positive AGP at all of the positions; thus, the
ability to remove HOO*® free radicals by PL process
also is not favored in the gas phase. Concerning the
RAF mechanism (R6), the AG° found negative
values at some specific positions. For example, the
C1 compound possesses highly negative A,G° of -
13.0 and -12.6 kcal.mol™ at C7 and C8 positions,
respectively. For C2, HOO® RAF process is highly
negative at C2 position with AG® being -9.8
kcal.mol™. Finally, for C3, the RAF reaction
favorably occurs at C2 and C12 positions with A,G°



value being -14.2 and -11.7 kcal.mol™, respectively.
Thus, for the scavenging process towards HOO®
radical in the gas phase, the RAF is the only
responsible mechanism. However, in water, HOO®
scavenging happened neither with the PL nor with
the RAF mechanism; all the Gibbs free energies

AG® are obtained positive. Only with HAT
mechanism, there are two positions, i.e. C19 of C1
(-0.5 kcal.mol™) and C21 of C3 (-0.4 kcal.mol™)
give a spontaneous AGS,

Table 3: Gibbs free energy (ArGO, kcal.mol™) of the HAT, PL, and RAF reaction of C1-C3 towards HOO®
radical in the gas phase. Corresponding values calculated in water are given in parentheses for the most
spontaneous reactions only. All calculation are performed at the M05-2X/6-311++G(d,p) level of theory.

HAT PL RAF

Pos.| C1 C2 C3 |Pos.| C1 C2 C3 |Pos.| C1 c2 | c3

C9 | 273 | 295 [ 292 | c9 | 2198 | 2149|2170 | C2 | -10 | 958 -

(5.2)

Cl1] 208 | 290 | 305 [ C11| 2225 | 2245|2194 | C3 | -78 [ 103 | 7.9

Cl2 | 217 | 228 | 2909 [C12 | 2318|2357 [ 2087 | C4 | 144 | 24 | 26

C16 | 127 | 131 | 120 | C16 | 2243 | 2325|2323 | C5 | 198 | 196 | 11.0

C17 | 1.0 12.8 | C17 | 2145 2375 C6 | 36 | 01 | 96

(0.4)
C18 | 14.4 C18 | 238.9 C7 - 56 | -7.4
C19| 1.2 | 102 C19 | 209.9 | 225.9 Cc8 | -126 | -15 | 3.7
(50| (0.1 6.5
C20| 87 | 164 C20 | 190.6 c9| 61 | 70 | -03
(77.3)
N14 7.9 N14 191.7 ci0| 83 | 165 | 98
(7.1) (77.5)
N1 174 | N1 1953 [ C11 | -40 | 43 | -14
(76.8)

C21 02 |ca1 2144 [ C12 | 04 3.4 |-11.7
(-0.4) (3.0)

C22 11.1 | c22 244.1

C23 154 | C23 208.9

C24 145 | C24 239.0

Regarding to the OH® scavenging activities (Table
3), the negative AG® values are obtained at all
positions of three studied compounds for both the
HAT and RAF processes. This proves that C1-C3
have high scavenging potential towards OH* radical
via HAT and RAF processes. The most active
compound via HAT mechanism is awarded for C1
(C17 position) and C3 (C21 position), with the A,G°
of -30.7 and -31.6 kcal.mol™, respectively. The
lowest AG° values for RAF mechanism are
obtained for C1 (C8 position) and C2 (C2 position)
compounds with the values in the gas phase of -41.6
and -39.3 kcal.mol™, respectively. For the proton
transfer process, the positive value of AG’ is
observed at all the positions for all aaptamines. This
result is reasonable because the gas phase is not a
favorable medium for the charge transferring
process like the proton transfer. In general, the RAF
towards OH® is more favorable than the HAT and
PL. For example, C1 has the lowest AG’(HAT)

being -30.7 kcal.mol™, whereas it has the lowest
AG(RAF) being -41.6 kcal.mol™ and AG°(PL)
being 407.9 kcal.mol™. In contrast, in water, the
HAT is more competitive than the RAF. For
example, the lowest A,G’(HAT) of C1 is lowered to
-38.9 kcal.mol® at C19, while the lowest
AG°(RAF) is obtained with C3 with -24.6 kcal.mol’
! at C18 position. On the other hand, the PL process
is always not spontaneous and not favorable.

Moreover, as can be seen in the Table 5, Gibbs
free energy of the SET reactions (R7) are not
favorable in our conditions with the A,G° value in
the gas phase varying around 145 kcal.mol™® for
HOO* radical and 130 kcal.mol™ for HO® radical.
Although in water, the A,G° have been significantly
decreased (15-41 kcal.mol™), the electron transfer
is obviously not favorable.



Table 4: Gibbs free energy (A,G°, kcal.mol™) of the HAT, PL, and RAF reaction of C1-C3 towards HO®
radical in the gas phase. Corresponding values calculated in water are only given (in parentheses) for the

most spontaneous reactions. All calculation are performed at the M05-2X/6-311++G(d,p) level of theory.

HAT PL RAF
Pos. C1 C2 C3 Pos. C1 C2 C3 Pos. C1 Cc2 C3
C9 -4.4 -2.3 -2.6 C9 | 437.0 | 432.1 | 4343 | C2 -39.3 -
(-23.6)

Cl1 -1.9 2.7 -1.3 Cl11 | 439.8 | 441.7 | 436.6 | C3 -33.0 -16.3 -7.9

C12 -10.0 -8.9 -1.9 C12 | 449.0 | 453.0 | 4259 | C4 -9.8 -21.7 -10.4

C16 -19.1 -18.6 -19.7 | C16 | 4415 | 449.7 | 4495 | C5 -4.2 -3.3 -2.5

C17 -30.7 -18.9 | C17 | 431.8 4547 | C6 -28.1 -23.2 -4.5

(-33.6)
C18 -17.3 C18 | 456.1 C7 -17.8 -32.1 -26.7
(-24.6)
C19 -30.5 -21.6 C19 | 427.1 | 443.1 C8 -41.6 -27.7 -16.1
(-38.9) | (-24.8) (-21.6)
C20 -23.0 -15.4 C20 | 407.9 C9 -31.6 -32.2 -15
(79.7)
N14 -23.8 N14 408.9 C10 | -15.0 -5.7 2.1
(-26.8) (80.0)

N1 -14.4 N1 4125 | C11 | -30.7 -30.7 -16.6
(79.2)

Cc21 -31.6 | C21 431.7 | Cl12 | -240 -20.4 | -26.6

(-34.4) (-24.2)

Cc22 -20.6 | C22 461.3

Cc23 -16.4 | C23 426.1

C24 -17.3 | C24 456.3

Overall, the radical scavenging activities of the
studied compounds favorably occur via RAF
mechanism in the gas phase while in water it more
likely occurs via HAT mechanism. The HO®
radical scavenging is much more favorable than
the reaction with HOO®. Finally, the antioxidant
potential via HAT process of the three studied
compounds is classified in the increasing trend:
C2 < C3 =~ C1. For RAF mechanism, C1 and C2
are potent in gas phase while the C3 is more
effective in water.

Table 5: Gibbs free energy (A,G’, kcal.mol™) of
SET reaction towards OOH*/OH* free radical

OOH* OH*
C1 C2 C3 C1 C2 C3
Gas | 145.1 | 144.8 | 1455 | 129.7 | 129.5 | 130.2
Wat. | 374 | 372 |411 | 153 |15.2 |19.0
3.5. Kinetics

The kinetics of the possible reactions were studied
with the neutral forms of C1-C3 in gas phase and
water, for the OOH® scavenging. The Gibbs free

energy of activation (AG*) and transition state
theory (TST) rate constant (krst) for all reactions
were systematically calculated in the gas phase
and in water at the M05-2X/6-311++G(d,p) level
of theory. Gibbs free energy of activation and
TST rate constants obtained in the gas phase are
presented in Table 6.

For HAT reaction, because C2 have all high
positive Gibbs free energy of the reaction for all
the H donating positions, we did not apply the
kinetic calculation for this compound. Indeed, the
compounds C1 and C3 display the activation
Gibbs free energy of 16.8 and 19.8 kcal/mol,
respectively. Similar rate constants are also
obtained for two compounds C1 and C3 (~ 10°
9 cm®.molecule™.s™), which is much larger than
the one of a standard antioxidant such as ascorbic
acid (~ 10" cm®.molecule™®s™). For the RAF
reaction, the lowest activation Gibbs free energy
(14.0 kcal/mol) and the highest rate constant (3.80
x 10" cm®.molecule™.s™) are obtained at the
position C2 of aaptamine C2, indicate the most
favorable reaction. At the second place, the C1



and ascorbic acid, are found with similar
activation Gibbs free energy of about 14.8-15.0
kcal/mol and rate constants of 3.4 — 3.6 x 10
9 em®.molecule™.s™. In contrary, the SET reaction
is found with very high activation energy of about
400 kcal/mol and near-zero rate constants.

Table 6: Gibbs free energy of activation (AG*, in
kcal.mol™) at standard concentration (1M) and
TST rate constant (krsr, in cm®.molecule™.s™)
including the Eckart tunneling correction at
298.15 K calculated in the gas phase for HAT,
RAF and SET reactions of C1-C3 towards HOO®
radical. Calculations are performed at the MO05-
2X/6-311++G(d,p) level of theory.

k_|_3_|_,298.15K7
AG®™  lcm®.molecule™s’
Reaction kcal.mol™ !
HAT
C1@C19H + HOO- 16.8 9.10 x 10%°
C3@C21H + HOO- 19.8 2.30 x 10™°
Ascorbic + HOO. 9.2 3.10x 10
RAF
C1@C8 + HOO- 14.8 3.40 x 10
C2@C2 + HOO- 14.0 3.80 x 1078
C3@C12 + HOO- 15.6 7.60 x 10
Ascorbic + HOO. 15.0 3.60 x 10™
SET
C1+ HOO- 420.9 4.30 x 10%*
C2 + HOO- 378.7 3.93 x 10%*
C3 + HOO 401.3 1.05 x 10°%°

For the reactions in water, kinetics data including
the Gibbs free energy of activation AG*, the
diffusion rate constants kp, thermal rate constant
kr, Eckart-tunneling-corrected rate constants Kee
diffusion-corrected rate constants kg, and the
branching ratio T" for each reaction HAT, RAF
and SET are resumed in Table 7.

For HAT reaction at the C19H position of C1, it
happens to be a barrierless reaction, with negative
Gibbs free energy of activation (-0.87 kcal/mol).
Moreover, the rate constant obtained at this
position is of 7.13 x 10° M™ s™. This is also the
dominant reaction with for C1. In contrary, the
C3 requires 5.17 kcal/mol of Gibbs free energy of
activation and appears with a rate constant of only
3.84 x 10° M? s, For RAF reaction, the reaction
barriers (AG*) are found 5.6, 7.2 and 7.5 kcal/mol
for C1, C2, C3, respectively. As can be seen in
the Table 6, the diffusion rate constants kp of
RAF are dominant, with values of about 10° M™ s
!, while the thermal rate constants are much
smaller (~10° M™ s?). The fastest reaction is
observed with C2 at the C2 position (Kep =
1.40x10° M s™). Similar as in the gas phase, the
SET reaction of all three compounds requires very
high activation Gibbs free energy (45-53
kcal/mol) and occurred at extremely small rate
(10%-10%® M™ s?). Overall, we observed a
competition of the HAT and RAF reaction for the
HOO- scavenging. For C1, the HAT reaction is
dominant, while the HOO« scavenging via RAF is
more favored with C2 and C3.

Table 7: Gibbs free energy of activation (AG*, kcal mol™), diffusion rate constant (kp, M™ s™), TST thermal
rate constant (kr, M™ s™), Eckart-tunneling-corrected rate constants (ke, M™ s™) and diffusion-corrected
apparent rate constants (Kup, M s™) calculated at 298 K for the HAT, RAF and SET mechanism with HOO«

radical in water.

AGHM

Reaction path keal mol™ | Kos M™st |k, Mt s™ | Koo M ST | Kapp, M s T, %
HAT
C1@CI19H + HOO- | -0.87 | 1.40x10° | 7.17x10° | 3.22x10% | 7.13x10° 96
C3@C21H + HOO+ 5.17 1.27x10° | 3.84x10° | 3.22x 10" | 3.84x10° 1
RAF
C1@C8 + HOO- 7.2 2.10x10° | 3.00x10" | 2.80x10° | 2.80 x 10° 4
C2@C2 + HOO- 5.6 220x10° | 420 x10% | 1.40x10° | 1.40 x 10° 100
C3@C12 + HOO- 75 2.00x10° | 1.90 x 10" | 2.90 x 10° | 2.90 x 10° 99
SET
C1 + HOO- 4710 | 8.22x10° | 456 x 10 - 456 x 10% 0
C2 + HOO- 4591 | 8.26 x10° | 3.35x 10 - 3.35 x 10%° 0
C3 + HOO- 53.19 | 8.47 x10° | 1.55 x 10%® - 1.55 x 10 0




3.6. UV radiation absorption properties

The vertical excitation of the molecules C1-C3
is studied with TD-DFT using different
functionals such as B3LYP, B98, M06, PBEQO,
CAM-B3LYP and MO05-2X as previously
recommended for accuracy. ** In order to compare
with experimental data reported in MeOH,* all
calculation is performed in MeOH using the
implicit model IEF-PCM. The lowest absorption
wavelength of each compound calculated by six
above-mentioned functionals is presented in the
Table 8 in comparison with the measured data.

As can be seen in Table 8, among the different
methods, a fairly consistent result in comparison
with the experimental data is obtained with CAM-
B3LYP and M05-2X functional. For example, the
lowest absorption of C1 calculated in MeOH by
MO05-2X is found at 423 nm while the
experimental value was reported at 398 nm in the
same solvent (25 nm deviation). Similar deviation
of about 30 nm was obtained for C2. However, a
much higher deviation is observed with C3, for
which a shorter wavelength of 292 nm is absorbed
vs. 350 nm in measurement. The other methods,
which comprise a portion of 20-30 % HF in
exchange correlation give much less-comparative
absorption. For example, the B3LYP functional
(20 % HF) provides much higher absorption
wavelengths, i.e. 471, 482 and 332 nm for C1-C3,
respectively. As discussed in the literature, the
main drawback of TD-DFT consists of the
underestimation of the vertical excited energy, for
which a significant error up to 0.4 eV can be
found.” However, for comparative purpose, the
TD-DFT results in general can still provide a
benefit when it treats with the same kind of
molecules.

Table 8. Lowest absorption wavelength (nm) of
C1-C3 calculated by TD-DFT with different
methods of various % HF in exchange correlation.

Absorption / nm
Method %HF Cl C2 C3
B3LYP 20 471 | 482 | 332
B98 22 465 | 476 | 327
MO06 27 461 | 472 | 329
PBEO 25 459 | 470 | 322
CAM-B3LYP™ | 19/65 | 427 | 439 | 298
MO05-2X 56 423 | 435 | 292
Exp. (ref.4) 398 | 402 | 350

19 % HF at short-range and 65 % HF at long-range

The vertical excited energy of some lowest
excitations  calculated by  TD/MO05-2X/6-
311++G(d,p) as well as the oscillator strength and
the nature of the corresponding electronic

transition are presented in Table 9. Vertical
excitations of C1, C2, and C3 is found at 2.93,
2.87 and 4.24 eV, respectively. In all cases, we
observed mainly the contribution of the HOMO to
LUMO transition for the lowest lying excitation
of C1-C3. This contribution varies from 96 % for
C1, 97 % for C2 and 86 % for C3. As predicted in
the electronic properties part, the HOMO and
LUMO of three compounds involved mostly the
rings of aaptamine derivatives, then all the lowest
absorption is characterized as n-7* transition.

Table 9. Vertical excited energies (eV),
absorption wavelength (nm), oscillator strength f
and the corresponding electronic transition of
some lowest excited states of C1-C3 calculated by
TD-DFT at M05-2X/6-311++G(d,p) in MeOH.

Cp | ES [E/leV Alnm | f Transition | %

C1|S1 293|423 | 03553 | H—L 96

S3 [ 3.60 | 345 | 0.1614 | H-1>L 91

S7 | 484 | 257 | 0.4625 | H2 > L 47
H—-L+1 43

S8 533233 |0.1603 | H—L+2 92

572 | 212 | 0.0277 | H-1 - L+1 | 62
H—-L1L+3 24

C2|S1|287|435 |0.2938 | H—L 97
S3 | 378328 | 0119 | H-1—>L 86
H-3 - L 6
5.01 | 248 | 0.6778 | H— L+1 77
S6 H-1—-L 8
H-3 - L 8
S8 | 524 | 237 | 0.1734 | H— L+2 83
H-3 > L 8
C3 | S1 424|292 |0.1447 |H—-L 86
H-1—-1L+1 | 8

S3 1490|253 | 05688 | H— L+1 45
H—L+2 21
H-1 —-L 15

H-1—-1L+2 |9
S4 | 522|238 | 01517 | H-1 - L+2 | 72
H-1 —-L 13
H-> L2 6
H—-L+1 5
S5 | 546 | 227 | 09586 | H— L+2 55
H-1—-L 15
H-1 - L+1 | 8
H-1—->1L+2 | 8
H—- L+1 7

S7 | 5.71 | 217 | 0.2460 | H-1 - L+2 | 49
H-2 - L 18
H->L+2 15
H—->L+6 5

Finally, the Figure 3 displayed the energy gap
and energy level of the frontier molecular orbitals
that participated to the lowest electronic transition
of the C1-C3. One can easily notice that: (i) there
is a much lower gap (4.9 eV) for C1 and C2 in
comparison with 6.5 eV gap in case of C3, and




(i) possessing the same energy level for HOMO,
the energy level of LUMO of C1 and C2 is much
lower than that of C3. All results indicate that the
C1 and C2 can be easily excited within the visible
(blue) and UV range while the C3 are effective
UV absorption agent. The results suggest the use
of aaptamines C1—C3 as photo-protective agents.
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Figure 3. The energy gap and energy levels of
the frontier molecular orbitals which participated
to the lowest electronic transition of C1-C3. The
result is obtained with DFT/MO05-2X/6-
311++G(d,p) in MeOH (IEF-PCM).

4. CONCLUSIONS

The antioxidant activities of three aaptamines
(C1, C2 and C3) extracted from sponges was
investigated in the gas phase and water using DFT
method according to four mechanisms: HAT,
SET, PL and RAF. All of these investigated
compounds exhibited the best antioxidant activity
via RAF mechanism, for which antioxidant
potential is classified in the increasing order C2 <
C1 < C3 for HOO® and C3 < C2 < C1 for HO®
free radical scavenging activity. Furthermore,
HAT mechanism is elucidated as the second
competitive mechanism, in particularly for HO®
quenching and in water. Thermodynamically, the
antioxidant activities via four studied processes
are in the decreasing order as follows: RAF >
HAT > SET > PL (gas) and HAT > RAF > SET >
PL (water). Kinetic calculation show that the
HAT mechanism is the most favorable path for
HOO*® scavenging in water with C1 while the
RAF is more competitive with C2 and C3.
Second, all compounds, particularly the C3, are
effective in the UV absorption. Within the range
of our study, the M05-2X level provides the best
performance for calculation of vertical excited
energy using TD-DFT. These results promote
aaptamine derivatives as natural antioxidant and

anti-UV agents for the use in human healthcare
such as in pharmaceutics and cosmetics.
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