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Abstract

Curcumin has been believed to have effective medicinal properties such as anti-cancer, anti-Alzheimer,
anti-inflammatory, and antioxidant..., in which the free radical scavenging activities play a crucial role in
its treating mechanisms. Although the antioxidant properties of curcumin and its derivatives have been
widely studied in the literature, a systematical investigation of the thermodynamics and kinetics of the
reaction towards hydroperoxide (HOO?®), the standardized free radicals, has still been lacking. This work
investigated the HOO-" radical scavenging activities of two curcumin derivatives, namely curcumin | (Cur-
1) and curcumin 111 (Cur-111), in water and pentyl ethanoate (PEA) solutions using Density functional theory
(DFT) approaches. The antioxidant properties of the neutral and anionic forms of two tautomers, including
keto-enol and diketone of curcumin, were investigated via three common mechanisms, i.e., hydrogen
transfer (HT), radical adduct formation (RAF) and single electron transfer (SET). Intrinsic parameters,
thermochemical parameters, and kinetics of the curcumin-HOO radical reactions were systematically
characterized. As a result, the overall rate constant for the reaction in the water of Cur-1(9.36 x 10’ M1 s
1) is about three times higher than the one of Cur-111 (2.60 x 10" M s?). Meanwhile, the ones in the PEA
solvent are less significant, being 4.02 x 10* M st and 8.16x 102 M s, respectively. Because of the
dominant molar fraction of the keto-enol form compared to that of the diketone, the reaction rates were
contributed mainly by the keto-enol form. Finally, the chemical nature of the HT processes was analyzed
in detail, and it was found that all the most predominant HT reactions at the phenolic -OH groups (i.e.,

022H and O23H) occurred via the proton-coupled electron transfer (PCET) process.
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Highlights

+ Thermodynamics and kinetics of HOO radical scavenging reactions of Cur-1 and Cur-I11 were
investigated in water and PEA solutions;

+ Influence of acid-base equilibrium on the reaction kinetics was performed;

+ Overall rate constants (Koveran) in water are 9.36 x 107 and 2.60 x 107 M s** for Cur-I and Cur-Ill;

+ Koveran in PEA are significantly less important, being of 4.02 x 10! and 8.06 x 10> M s, respectively;

+ Reaction of Cur-1 with HOO radical is more dominant than Cur-I11 in water, but a reverse observation is
found in PEA;

+ All the hydrogen transfer processes occur via the PCET mechanism.
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1. Introduction

Curcumin, or 1,7-bis(4-hydroxy-3-methoxyphenyl)—1,6-heptadiene-3,5-dione, the most prevalent naturally
occurring polyphenol is found in the roots of turmeric (Curcuma longa L.) and other Curcuma species.
Curcuminoids, which comprise curcumin, desmethoxycurcumin, and bisdesmethoxycurcumin (Duvoix et
al., 2005) [106]. Curcumin is an effective natural treatment that exhibits diverse medicinal activities,
including anti-Alzheimer disease (Lim et al., 2001), anti-cancer (Mukhopadhyay et al., 2001), anti-
inflammatory (Perrone et al., 2015), antioxidant (Masuda et al., 2001), antimicrobial (Negi et al., 1999),
and anti-diabetic properties (Arun and Nalini, 2002).

Various works in the literature proved the neuroprotective influence of curcumin on the inhibition of
Alzheimer's disease via different mechanisms (AD). Based on its activities of free radical scavenging and
anti-inflammation, curcumin is also observed to prevent and diminish cellular inflammation-related
neurodegeneration and aging processes(Moore et al., 2018; Santos-Parker et al., 2018) by binding to the
amyloid B peptide (AP) central nervous systems. Lim et al. (2021) showed that low-dose curcumin
treatment reduced the levels of amyloid-beta (Ap) and plaque load in the brains of infected mice. Curcumin
reduces the activity of y-secretase by inhibiting the phosphorylation caused by the glycogen synthase kinase
3B (GSK-3P) of Presenilin 1 (PS1) (Lim et al., 2001). Curcumin compound directly influences the AB
oligomers and fibers, depolymerizing and converting them into non-toxic aggregates while inhibiting A
monomer fibrillation (Kumaraswamy et al., 2013; Rao et al., 2015; Yang et al., 2005; Zhao et al., 2012).
By using molecular dynamic (MD) simulations, Zhao et al. (2021) shed light on the depolymerization of
AP oligomers and suggested that the n-stacking interaction between curcumin (keto ring and enol ring) and
the aromatic residues of AP has diminished the B-sheet structure. Furthermore, the transition metals (i.e.,
Zn, Fe, and Cu) in the rims and cores of senile plaques (SP) and the neuropil of the amygdala of AD patients
were observed at high levels, which may enhance AP aggregation (Lovell et al., 1998). The ability of
curcumin against AP (25-35)-induced toxicity in PC12 cells by chelating the redox-active metals, such as
Fe and Cu, has been revealed as an indirect mechanism by which curcumin prevents A} aggregation (Park

et al., 2008).

Curcumin also has several potential properties in cancer treatment. Gupta et al. indicated that head and neck
squamous cell carcinoma (HNSCC), myeloma, and colorectal cancer can be partially treated by curcumin
(Gupta et al., 2013). The anti-cancer capabilities of curcumin are based on its capacity to induce apoptosis
and diminish tumor proliferation and invasion by inhibiting several cellular signaling pathways. The
downstream gene products (c-myc, COX-2, NOS, Cyclin D1, TNF-a, interleukins, and MMP-9) and
transcription factors are suppressed (Tomeh et al., 2019; Wilken et al., 2011). Curcumin combined with

docetaxel commercial drug, which is used mainly for the treatment of various cancers, including breast,

3
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lung, prostate, gastric, head, and neck, presents a positive effect on the PCa cell lines DU145 and PC3. The
combination inhibited the proliferation and induced apoptosis higher than curcumin and docetaxel alone
and modulates the expression of RTKs, PI3K, phospho-AKT, NF-kappa B, p53, and COX-2 (Singh, 2017).

Reactive free radicals are also believed to be one of the origins of inflammation, which is related to several
chronic diseases (Lao et al., 2006; M.C. Recio et al., 2012; Panahi et al., 2016), such as Alzheimer’s disease,
Parkinson’s disease, sclerosis, epilepsy, cerebral injury, cardiovascular disease, metabolic disorders,
cancer, allergies, arthritis... Furthermore, inflammation may be one of the main reasons for developing age-
related diseases (i.e., cancer, infections, inflammatory diseases) (Cannizzo et al., 2011; Franceschi et al.,
2000; Gruver et al.,, 2007). Curcumin is effective in treating chronic and acute inflammation
(Mukhopadhyay et al., 1982). The anti-inflammatory characteristics of curcumin result from the prevention
of neutrophil activity and the production of inflammatory prostaglandins from arachidonic acid
(Mukhopadhyay et al., 1982).

As mentioned above, several diseases originate from the reactivities of free radicals and transition metal
ions. Thus, the radical scavenging activities of curcumin have attracted several studies in the literature using
experimental and computational approaches. Indeed, several experimental works show the efficient
antioxidant capacity of curcumin and curcumin derivatives in preventing free radical damage in the human
body(Ramirez-Bosca et al., 1995). The antioxidant properties of curcumin were reported to be comparable
to those of vitamins C and E (Priyadarsini et al., 2003; Toda et al., 1985). Reactive nitrogen and oxygen
species (RNS and ROS), as well as additional free radicals and ROS-producing enzymes like xanthine
hydrogenase/oxidase and lipoxygenase/cyclooxygenase, can be eliminated and inactivated (Menon and
Sudheer, 2007). The effects of curcumin on endothelial heme oxygenase-1 (HO-1) using cells from the
bovine aortic endothelium were also investigated. The results showed that curcumin enhances cellular

resistance to oxidative damage after 18 h of incubation (Motterlini et al., 2000).

Curcumin and its derivatives are also targeted objects of various Density functional theory (DFT) works in
the literature (Alisi et al., 2020; Anjomshoa et al., 2017, 2016; Boulmokh et al., 2024; Galano et al., 2009;
Hazarika and Kalita, 2021; Manzanilla and Robles, 2022; Vera-de La Garza et al., 2023). The reactivities
of curcumin compounds have been predicted based on the evaluation of their electronic structures and the
calculation of global quantum chemical indicators. Anjomshoa et al. used the DFT approach at the BMK/
6-311+G(3df,2pd)//B3LYP/6-31G(2df,p) level of theory combined with the SMD solvation model to
investigate the effect of solvent on tautomerism, acidity and radical stability of curcumin and some
derivatives based on the thermodynamics parameters (Anjomshoa et al., 2016). Results showed that the
keto-enol form is significantly more stable than the diketo form in all studied solvents (i.e., water, DMSO,

acetonitrile, ethanol, acetone...). Manzanilla and Robles investigated the antioxidant properties of
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curcumin, caffeic acid phenethyl ester, and chicoric acid using DFT/M06-2X functional in conjunction with
the 6-31+G™ basis set based on the global chemical reactivity descriptors from conceptual DFT (Manzanilla
and Robles, 2022). Some descriptors were calculated, such as electronegativity, vertical ionization energy,
electron affinity, chemical hardness, and electrophilicity index. It is shown that diketone and keto-enol
curcumins are found to be weaker electron donors and better electron acceptors; they are good anti-
reductants according to the SET mechanism. Hazarika and Kalita (2021) also investigated the global
guantum chemical parameters of diketone and keto-enol forms in the gas and DMSO solution using the
B3LYP/6-311G(d,p) level (Hazarika and Kalita, 2021). Based on these indicators, the authors suggested

that the enol form is more reactive than the keto one in both phases.

It is noteworthy that the approaches based on the electronic properties, the quantum chemical descriptors,
or intrinsic thermochemical parameters (i.e., bond dissociation enthalpy BDE, ionization potential IP,
proton affinity PA...) only represent the chemical nature of the studied compounds, but do not consider the
reactive radical species, or the environment conditions. To respond to this issue, various DFT works have
focused on the reactivities of curcumin towards different free radicals using thermodynamics calculations
or both thermodynamics and kinetics of reactions. For example, Sadatsharifi and Purgel (2021) evaluated
the antiradical properties of alizarin and curcumin towards harmful small free radicals (i.e., hydroxyl,
peroxyl, and superoxide radicals) at the M062X/TZVP/SMD level of theory(Sadatsharifi and Purgel, 2021).
All the possible pathways of the autoxidation through cyclic radical forms and the authors showed that the
key intermediate is the epoxide form from which all cyclopentadione could be formed. Furthermore,
hydroxyketocyclopentadione and hemiacetalcyclopentadione were identified as the major oxidation
products of curcumin. Anjomshoa et al. (2017) evaluated the radical-curcumin reactions towards various
reactive oxygen radicals, including HO*, CH3;0O°®, HOO*" and O~ via four known mechanisms: SET, RAF,
SPLET, and HAT in water and n-octanol solutions in calculating standard Gibbs free energies (DG° at
298K) using the BMK/6-311+G(d,p) level of theory (Anjomshoa et al., 2017). The results showed that the
HAT mechanism was always more dominant than RAF, SPLET, and SET. And the radical additions toward
the double bonds C1=C2 and C6=C7 are more favourable than the ones at C3=C4 (Figure 1). However,
these computational works were limited only to the thermodynamics aspect and did not investigate the

kinetics of reactions.

The reaction kinetics of curcumins with the ROS were only investigated by the work of Galano et al. (2009)
(Galano et al.,, 2009). Indeed, the influence of tautomerism and acid-base equilibrium on the
thermodynamics and kinetics of radical scavenging reactions of curcumin (i.e., 1,7-bis(4-hydroxy-3-
methoxyphenyl)-1,6-heptadiene-3,5-dione) toward methoxy radical (CH3s0"®) in water and benzene solvents
at the at B3LYP/6-311+G(d,p) level of theory combined with the IEF-PCM solvent model (Galano et al.,
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2009). As a result, curcumin exists almost exclusively in its enol form in benzene solution and 99.5 % enol
- 0.5 % keto in water solution. In terms of reaction kinetics, the reaction of curcumin with CHzO*, and likely
with other alkoxyl radicals, is governed by the HAT mechanism, which agrees with the experimental
observation of Barclay et al.(Barclay et al., 2000). The overall rate constants for the curcumin + CHs;0O*
reaction are proposed to be 1.16 x 10 and 5.52 x 10° L mol? s? in benzene and water solutions,
respectively. In water, the hydrogen atom transfer (HAT) mechanism was reported to be more predominant
than the radical addition one (RAF).

Although the antioxidant properties of curcumin and its derivatives have been mainly investigated by using
various computational approaches based on Density functional theory (DFT), a systematical study is still
needed to explore from the electronic structures to the intrinsic parameters and thermodynamics and
kinetics of reaction towards reactive free radicals, especially the hydroperoxyl HOO® radical, which is the
standard reactive oxygen species (ROS).

Thus, this work aims to systematically evaluate the free radical scavenging activities of curcumin toward
the HOO radical in various solvents with different polarities (i.e., water and pentyl ethanoate - PEA).
Geometrical and electronic structures of keto-enol and diketone forms of curcumin were first investigated.
Different intrinsic parameters, including bond dissociation enthalpies (BDE), ionization potential (IP), and
proton affinities (PA), were then calculated to rapidly screen the antioxidant properties. The influence of
the acid-base equilibrium and the tautomerism on the reaction rates of curcumin towards HOO radicals was
finally investigated in both solutions studied. The overall rate constants of curcumin-HOO radicals were

also proposed, considering both influences.

Diketone Keto-enol

Figure 1. Diketone and keto-enol tautomer structure of (a) Cur-I and (b) Cur-I11I.
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2. Computational details

Gaussian 16 Revision C.01 package (Frisch et al., 2016) was used for all calculations in the framework of
Density functional theory (DFT). The geometrical and electronic structures, thermodynamics, and kinetics
of the neutral and ionic species were investigated using the M06-2X functional (Zhao and Truhlar, 2008)
combined with the 6-31+G(d,p) basis set (Feller, 1996; Pritchard et al., 2019; Schuchardt et al., 2007). The
accuracy of the obtained energies was improved with the highest Pople basis set 6-311++G(3df,3pd). These
computational approaches have been successfully applied to different molecular systems in recent studies
(Dao et al., 2023; K. Al Rawas et al., 2023; Ngo et al., 2023). A scaling factor of 0.952 was applied for the
vibrational frequency calculations(Alecu et al., 2010). The influence of the solvents, including water
(e=78.3553) and pentyl pentanoate (PEA, €=4.7297), was mimicked by employing the solvation model
based on the quantum mechanical charge density of a solute molecule interacting with a continuum
description of the solvent (SMD) (Marenich et al., 2009). The conformational distribution of the studied
compounds was scanned by running the MSTor code (Chen et al., 2023).

The influence of acid-base equilibrium on the HOO radical scavenging activities in the solvents was
considered. In the lipid media represented by the PEA solvent, all the studied compounds were assumed to
exist in the neutral form. At the same time, in the polar environment (i.e., water), there may be three
different deprotonation sites located in the hydroxyl or methylene groups (Figure 1). The acid dissociation
constants (pKa) were thus computed using semi-empirical models proposed by Rebollar-Zepeda et al. for
the phenolic derivatives (Rebollar-Zepeda et al., 2011). The antioxidant mechanism and Kinetics of the
neutral and three anionic forms were then predicted via three standard processes, including hydrogen
transfer (HT), radical adduct formation (RAF), and single electron transfer (SET). The pre-reactive
complexes scheme proposed by Singleton and Cvetanovic (Singleton and Cvetanovic, 1976) was used for
the kinetic calculations of HT and RAF reactions. Details of calculation procedures can be found elsewhere
(Dao et al., 2023; K. Al Rawas et al., 2023; Ngo et al., 2023). Intrinsic reaction coordinate (IRC)
calculations using the Hessian-based predictor-corrector (HPC) integrator (Dykstra, 2005; Hratchian and
Schlegel, 2005, 2004) were performed to confirm whether the imaginary frequency corresponds to the
appropriate motion along the reaction coordinates. The Gaussian Post Processor (GPOP) program (Miyoshi,
2022) was used to compute the rate constants of all the reactions. The Gibbs free energy of activation of
the SET reaction was computed based on Marcus’s theory(Marcus, 1957a, 1957b, 1956). The apparent
diffusion-corrected rate constant in the solvents was calculated using Collin-Kimball theory (Collins and

Kimball, 1949) and the steady-state Smoluchowski rate constant(Smoluchowski, 1918).

https://doi.org/10.26434/chemrxiv-2024-0h0hn ORCID: https://orcid.org/0000-0003-0896-5168 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0h0hn
https://orcid.org/0000-0003-0896-5168
https://creativecommons.org/licenses/by-nc-nd/4.0/

205
206
207

208

209
210
211

212

213

214
215

216

217
218
219
220
221
222
223
224
225
226
227

228
229
230
231
232

233

Finally, the overall rate constants (Kovera) Were calculated as the sum of the rate constant for HT (kut), RAF
(krar), and SET (kser) reaction in considering the molar fractions of each acid-base form and the ones of

each tautomerism form via following reactions (eg. 1):

koverall = Fdiketon X Zi fi X kzl;ot + erto—enol X Zi fl X kéot ; (eq 1)

where i denotes the neutral, monoanionic, dianionic, and trianionic forms of curcumin | and 1. ki is the
total rate constants of three studied mechanisms (i.e., HT, RAF, and SET), kit = knt + Krar + Kset. Fdiketon

and Freto-enol are the molar fractions of the diketone and keto-enol forms of curcumin.
3. Results and Discussion

3.1. Structure and electronic properties

Figure 2 demonstrates the optimized geometry and electronic structure of the most stable diketone and

keto-enol tautomers of Cur-I and Cur-I11 in water; the ones in PEA are shown in Figure S1 (ESI file).

Regarding the geometrical structures, the diketone tautomer has a V-shape structure with the methylene
group (-CH2-) as the center, while the keto-enol one represents a quasi-planar form favoring strong
delocalization of electron densities. The Cur-I and Cur-111 have two phenolic —OH groups, which may play
roles as hydrogen donating sites. Moreover, the methylene group of the diketone tautomer may also be
radical attacking sites via the HT process. The diketone form possesses two double bonds, while the keto-
enols have three double bonds, which are the reactive sites for RAF reactions. Regarding the frontier orbitals
distribution, it is expected that the HOMO and LUMO will mainly locate at C=C bonds and phenyl rings,
which may be potential for the RAF reaction. For the ESP map, the most negative atomic zones of the
diketone tautomer are found at the C=0 group and the phenyl rings. Meanwhile, the most negative regions
in keto-enol tautomer spread throughout the whole molecule chain. Conversely, the most positive atomic

zones mainly focus on the phenolic -OH and -OCHjs functional groups.

3.2.Intrinsic thermochemical parameters
Table 1 presents some intrinsic thermochemical properties, including bond dissociation enthalpies
(BDE), proton affinity (PA), and ionization potential (IP) of the diketone and keto-enol tautomers of Cur-I
and Cur-I11 in the gas phase and PEA solvent.

https://doi.org/10.26434/chemrxiv-2024-0h0hn ORCID: https://orcid.org/0000-0003-0896-5168 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0h0hn
https://orcid.org/0000-0003-0896-5168
https://creativecommons.org/licenses/by-nc-nd/4.0/

234
235

236
237
238
239

240
241
242
243
244

(-] @ @ -0.04 a.u. IIF W 0.04 c.u.

Figure 2. Optimized geometries, HOMOs, LUMOs and ESP maps of diketone and keto-enol tautomers of
Cur-1 (A) and Cur-111 (B) in water.

All the studied compounds favourably dissociate, forming anionic forms and donating protons in water.
The values of PA are remarkably lower than the ones of BDE and IP. For example, regarding the Cur-I
compounds, the lowest PA values of the diketone in water are 124.1, 128.0, and 129.5 kJ mol™* obtained at
the C4H, O22H, and O23H positions, respectively. Meanwhile, the lowest BDE values of this compound
are 354.8, 357.3, and 389.3 kJ mol™* at the 022H, O23H, and C4H, respectively. Similarly, the lowest PAs
of the keto-enol in water are found at the phenolic hydroxyl groups, i.e., 131.4 (O23H), 132.2 (O22H), and
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135.2 kJ mol* (O20H), while its lowest BDE values are much higher, i.e., 351.3 (O23H), 351.5 (O22H)
and 364.5 kJ mol™ (O20H). Their IP values are broadly higher than the PA and the BDE (i.e., 527.4 and
518.5 kJ mol* for the diketone and the keto-enol, respectively). Thus, the diketone and keto-enol of Cur-I
may easily donate protons via three steps characterized by different acid dissociation constants (pKa
values), as presented in the next section. Similar observations are also recognized for the Cur-111 in both
the tautomer forms. The antioxidant properties of the studied compounds in water depend on the activities
of their anionic forms. The lowest PA values compared with the BDESs and IPs suggest that proton transfer
and electron transfer in a sequential or coupled manner may be dominant processes. This observation is like

the one in the lipid media.

Table 1: The BDE, PA, and IP of the diketone and keto-enol tautomers of Cur-1 and Cur-I1l (Unit in kJ

mol?).
Curcumin I Curcumin 111
Position Diketone Keto-enol Diketone Keto-enol
BDE PA 1P BDE PA 1P BDE PA 1P BDE PA 1P
WATER
- 527.4 518.5 543.6 528.9
022H 3573 128.0 3515 1314 3749 129.1 368.3 133.0
023H 354.8 129.5 351.3 1322 3749 129.1 371.8 132.6
O20H - - 464.5 1352 - - 463.0 137.1
CIH - 292.6 - - - 307.0 - -
C2H - 234.5 - - - 223.7 - -
C4H 389.3  124.1 464.9 293.1 388.5 1244 495.5 293.6
C6H - 212.6 - - - 223.7 - -
C7H - 302.2 - - - 307.2 - -
C24H 421.1 - 4214 - - - - -
C25H 419.0 - 421.0 - - - - -
PEA
- 536.6 550.8 579.8 560.4
022H 356.1 250.7 3523 2503 365.7 2399 362.6 2404
023H 353.5 2519 351.7 2529 365.7 2399 360.0 239.7
0O20H - - 463.3 2834 - - 462.2 283.1
ClH - 4114 - - - 420.3 - -
C2H - 367.4 - - - 366.7 - -
C4H 384.0 248.1 490.1 4183 384.1 2478 490.0 418.0
C6H - 354.2 - - - 366.7 - -
C7H - 412.6 - - - 420.3 - -
C24H 415.6 - 4157 - - - - -
C25H 416.2 - 416.0 - - - - -

3.3.Acid-base equilibria

Acid-base equilibria represent a crucial role in the free radical scavenging activities of the potential
antioxidant compound. We have computed the acid dissociation constants via pKa values of three proton
dissociation steps for all the studied curcumins in the aqueous phase (Table S1, ESI file). The three most

favored deprotonation sites of each studied compound can be seen in Table S1. The obtained pKa values
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for the three respective dissociation steps of the diketone are 7.1, 8.9, and 9.2 for Cur-I and 7.3, 8.8, and
9.2 for Cur-111. The corresponding values of the keto-enol are 7.9, 8.7, and 9.0 for Cur-1 and 7.9, 9.0, and
9.1 for Cur-111. 1t allows deducing that the neutral and monoanionic consist in the most preponderant forms
at the physiological condition (pH being 7.4). However, the dianionic and trianionic forms are also found
with the lower molar fraction.

100 4 100

~ 5
~
I N
T
804 o _. 804
B2 S Neutral .
c Cur-l = cur- — Monoanion
2 40 . £ 604 —— Dianion
© Dikefone I3 Keto-enol o
o] 0 Trianion
g 401 5 40
[¢] O
= =
20 20 j
O T T T T 1 D T T T T
0 2 4 é 8 10 12 14 0 2 4 6 8 10 12 14
PH PH
100 100+ -
g N N
1}
804 __ 80 -
B B
= C .
S 40 Curli S 0 Cur-lll
0 Diketone 0 Keto-enol
g g
g 41 5 40
[} [}
p= =
204 20+ J
0 T T T T T T 1 D T T T T T T 1
0 2 4 é 8 10 12 14 0 2 4 6 8 10 12 14
PH pH

Figure 3: Molar fraction (%) of the neutral and anionic species of Cur-I and Cur-111 in the diketone and
keto-enol tautomer as a function of pH conditions.

Figure 3 displays the evolution of molar fraction for different existing forms of the studied compounds.
It can be observed that at the acidic condition (pH inferior of 7.0), the diketone and keto-enol tautomer of
Cur-l and Cur-11l are almost available in the neutral and monoanionic forms, while at the basic conditions
(pH superior of 7.0) further deprotonations are observed in finding not only the neutral and monoanion but
also dianion and trianion. Table S2 (ESI file) resumes the molar fraction of the co-existing forms at the
pH=7.4 conditions. At the physiological conditions, the diketone of Cur-I, as an example, exists in the
aqueous phase mostly in the monoanion form (63.44%), being much higher than the neutral (34.54%), the
dianion (1.99%) and trianion (0.33%). Meanwhile, its keto-enol tautomer is almost present in the neutral
form (75.10%) with a smaller portion of monoanion (23.78%), dianion (1.09%) and trianion (0.03%).

Similar observations are found for the Cur-111 compounds. To have a complete picture of the antioxidant
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activity of Cur-1 and Cur-I1, all the four existing forms of both the tautomers, including neutral, monoanion,
dianion, and trianion, will be evaluated in the reaction with the HOO radical in water.

3.4. Free radical scavenging mechanism
a. HOO* free radical scavenging mechanism of Cur-I
Figure 4 displays transition states (TSs) optimized structures of hydrogen abstraction (Abs) reactions at
the phenolic —OH groups obtained in water and PEA media and radical addition (Add) ones at different
carbon-centers of double bonds in the neutral and monoanionic forms for the diketone of Cur-1. Similar

figures for the dianionic and trianionic species are also presented in Figure S2 (ESI file).

For the abstraction reactions, the bond distances (HOO)O---H(HO-) fluctuate around 1.36 — 1.39 A and
1.31—1.32 A in water and PEA, while the -O---H lengths of the phenolic hydroxyl group are about 1.06 -
1.07 A and 1.09 — 1.10 A, respectively, and the O-H-O bond angles are about 160 - 161°. For the addition
ones, the interactive lengths C---O(HOO) vary in the range of 1.90 — 2.01 A in water and about 1.93 — 1.97
A'in PEA solvent.

Figure 5 displays the ZPE-corrected relative enthalpy profile at 0 K (AHok) condition for the hydrogen

abstraction (Abs) and radical addition (Add) reactions of the Cur-I compound in water and PEA media.

In water, the monoanion (MoA) of the diketone and the neutral (Neu) form of the keto-enol tautomer are
chosen to present as representative cases because of their highest molar fractions (63.44 and 75.10%, Table
S3). The PESs of the other anionic forms are shown in Figure Sxx (ESI file). It is expected that the H-Abs
reaction between the MoA diketone with the radical occurs essentially at the phenolic O22H and O23H
groups via four steps (i.e., reactant complexes — RC, transition states — TS, product complexes — PC and
separated products — RAD) with similar relative enthalpy profiles (AHox). Indeed, the AHok values for the
TS are 29.4 and 29.5 kJ mol™ for TS22 and TS23, respectively, while the values of the products (RAD22
and RAD23) are -26.8 and -27.5 kJ mol. On the other hand, the radical addition (Add) process takes place
in three consecutive steps, including RC, TS, and PC. Five radical Add reactions are observed at the C1,
C2, C4, C6, and C7 of the MoA of diketone. The Add reaction of HOO radical at the C4 position represents
the most preponderant reaction, with the lowest TS enthalpy value being 18.3 kJ mol* (TS4) and the most
negative value of the product (PC4, -48.2 k mol™). Meanwhile, the Add processes at C1 and C7, near the
phenoalic rings, occur with the highest TS enthalpies being 44.7 (TS7) and 45.0 (TS1). The Neu keto-enol
tautomer displays lower free radical scavenging activities than the MoA diketone with higher enthalpies of
TSs and products. For example, the AHok values for the TS22 and TS23 of the H-Abs reaction are equal to

33.0 and 33.6 kJ mol-1, which are all higher than the corresponding values of the MoA diketone, whereas
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the ones for RAD22 and RAD23 are of -22.5 and -22.4 kJ mol?, respectively. Similarly, the most
preponderant Add reaction is observed at the C6 position with higher relative enthalpies for TS6 (40.7 kJ
mol*) and PC6 (-40.0 kJ mol).
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Figure 4: Transition states (TSs) of HT and RAF reactions between the most stable forms of diketone and
keto-enol tautomer of Cur-1 in water and PEA. The numbers in black are the interactive distance (in A),
and the ones in blue are bond angles and dihedral angles (°) for H-abstraction (Abs) and addition (Add)

reactions, respectively.

13

https://doi.org/10.26434/chemrxiv-2024-0h0hn ORCID: https://orcid.org/0000-0003-0896-5168 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0h0hn
https://orcid.org/0000-0003-0896-5168
https://creativecommons.org/licenses/by-nc-nd/4.0/

323
324

325
326

TS1 (45.0
— 40 — TS7 (44.7) ( ) 25922
S 30 - s
£ 204 A 15224
¥ oF PR
> ‘] O - ‘\\
g 20 - PC1 (-25.1) \ RAD22 + H,O
< 30 4 PC7 (-25.8) \ Fe22 pa— -26.8
I PC6 (-37.9) \ # RAD23 + H,0
-40 4 pC2 (-39.2) \469 P
-50 —| PC4 (-48.2) PC23 (-47.2) =
ey 1522
5 S 33.6
£ 0= #1523
~ 04 33.0 Y
> - -
) 10 \ RAD23 + H,0
0 -20 Y — 224
PC2 (-30.1) 4 “RAD22 + H,0
W 30 4 p&7 [,30_9 '\\ PC22 _2225
40 | PC4 1322 \41.3 :
" T pce (-40.0) -30.5 PC23 (-42.1) ==
WATER
60 .
s ol 181 (54.1) 157 (58.9) Diketone o
[e) f ==T56 (43.0) 41.6
40 — [T\ ! W
€ = 1s2 \ \ Cur-Neu + HOQ® RC22 - 1523% RAD22 + H,0O
2 04 \ RC7 8 03 i
> 10 5 ' RC23 #RAD23 + H,0
2 20 63 " PC22 67
g 230 4 ] %-30.4 7
e 40 — Réi PC23 (-31.4)
-50 — :
60 -
i 1522
g 507 40.4
E 404 —_
- Erl
3 = AT523%
> 0 : 39.4 1,: RAD22 + H,0
9 10 7 i —_— -7.8
o - . i /1
c PC4 (-17.4) y F RADZ +H,0
W -20 A pC2 (-24.3) \PC22 4 83
30 o PC7 (27.2) 39247
PC1 (-29.3) == PC23 (-33.4)

PEA

Figure 5: ZPE-corrected relative enthalpy profile at 0 K (AHgk) for abstraction (right) and addition (left)

reactions initiated by HOO?* radical of Cur-I in water and PEA.
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Figure 6: Transition states (TSs) of HT and RAF reactions between the most stable forms of diketone and
keto-enol tautomer of Cur-111 in water and PEA. The numbers in black are the interactive distance (in A),
and the ones in blue are bond angles and dihedral angles (°) for H-abstraction (Abs) and addition (Add)
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Add-
Cé

In PEA solvent (a lipid-like media), both tautomers are present in the neutral form. Their radical
scavenging activities are less favourable than the ones in the aqueous phase. For example, the relative
enthalpies of TS22 and TS23 for the Abs reactions of the Neu diketone are 41.6 and 40.3 kcal mol?,

respectively, about 10 kcal mol? higher than the ones in water. Similar values of 41.6 and 40.3 kcal mol*
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are observed for the TS22 and TS23 of the Neu keto-enol. The same trend is also recognized for the Add
processes in PEA (Figure 5).

b. HOO?® free radical scavenging of Cur-I1I

The optimized structures of TSs for Abs and Add reaction of Cur-I11 in the diketone and keto-enol forms
with HOO radical in water and PEA are presented in Figure 6. We only present the TS structures of the
MoA for diketone and the Neu for the keto-enol tautomer that occupy the most significant molar fractions
in the aqueous phase, i.e., 54.38 % and 77.56 %, respectively. The structures of other anionic forms are
displayed in Figure Sxx (ESI file). Conversely, only the Neu form of both the tautomers exists in the PEA

solvent.

As can be seen in Figure 6, the -O---H bond lengths of the phenolic hydroxyl group vary from about 1.08
to 1.11 A for the Abs reactions at 022H and O23H positions in water, whereas the ones in PEA are about
1.11to 1.12 A. The (HOO0)O---H(HO-) distances are from 1.27 to 1.32 A for the Abs reactions in water
and from 1.26 to 1.27 A in PEA. The O-H-O bond angles vary from 163 to 165° in both media. Regarding
the Add processes, the C---O(HOO) interactive distances are from 1.93 to 2.04 A in water and from 1.93
to 1.96 A in PEA.

The ZPE-corrected relative enthalpy profiles at 0 K condition for the reactions of Cur-Ill and HOO
radicals in water and PEA are shown in Figure 7. Like the Cur-I, the Abs reactions of the Neu keto-enol in
water have higher relative enthalpy values (AHok, 48.7, and 50.2 kJ mol for TS22 and TS23, respectively)
than the ones of the MoA diketone tautomer (43.0 and 43.3 kJ mol™). In addition, the lowest relative
enthalpy of TS for the Add reaction of the Neu keto-enol (41.8 kJ mol™ for TS6) is also higher than that of
the MoA diketone (15.9 kJ mol* for TS4). In PEA, TSs of Abs reaction for the Neu diketone conversely
have higher relative enthalpies (46.4 and 45.5 kJ mol™ for TS22 and TS23, respectively) than the ones for
the Neu keto-enol (43.7 and 44.7 kJ mol?). Conversely, the Add reaction for the Neu diketone has a lower
AHok value of TS than the Neu keto-enol. The lowest AHok value of the Neu diketone is found with the
reaction at C6 (TS6, 38.2 kJ mol™), which is lower than the one of the Neu keto-enol (TS6, 47.4 kJ mol™).

Thus, regarding the thermodynamic aspect, the observations are similar for the Cur-1 and Cur-Ill. In
water, the comparison of the relative enthalpy profiles of diketone and keto-enol is not evident because of
the different molar fractions of the neutral and anionic species of each tautomer. In PEA, the Neu diketone
has higher relative enthalpies of the Abs TS but lower relative enthalpies of the Add TS than the Neu keto-
enol. In the next section, the kinetic aspect will be considered to provide more evidence of the influence of

tautomerism on the radical scavenging activities of Cur-1 and Cur-III.
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Figure 7: ZPE-corrected relative enthalpy profile at 0 K (AHok) for abstraction (right) and addition (left)
reactions initiated by HOO* radical of Cur-Ill in water and PEA.
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3.5. Kinetics of reactions

Kinetics of reactions between the neutral and anionic forms of the diketone and keto-enol compounds
have been computed to get a more reliable prediction of free radical scavenging activities. For that purposes,
Gibbs free energy of activation (AG*, kJ mol?) and reaction (A:G°, kJ mol?), thermal rate constant (kr, M-
1's1), diffusion rate constant (kp, M? s?), apparent rate constant (kapp, M s) were calculated for the
diketone and keto-enol of Cur-I (Tables 2 and 3) and the ones of Cur-11l (Tables 4 and 5). The apparent
rate constants were then corrected by the molar fraction of Cur-1 and Cur-111 (kepp™", M 1), respectively.

Table 2 resumes all kinetics parameters of the reaction between the diketone of Cur-1 with HOO radical
in PEA and water. In water, the neutral and monoanion forms essentially react with the HOO radical via
FHT at the O22H and O23H positions and RAF reactions at the C4 atom. In contrast, the favourable
mechanisms for the dianion and trianion consist of the SET process. The FHT reactions at 022H and O23H
occur with the corrected apparent rate constants (Kapp™") being 1.45 x 103, 2.63 x 10° Ms* and 2.31 x 10%,
3.80 x 10% M s for the neutral and monoanion forms. In contrast, the rate constant value of the RAF at
the C4 position of monoanion is equal to 1.44 x 10® M s, These mechanisms become negligible for the
dianion and trianion foms, of which the SET process plays a crucial role, with the rate constants being 1.60
x 108 and 2.65 x 106 M s, respectively.

The similar observations can be recognized for the keto-enol tautomer of Cur-1 in both water and PEA
solvents (Table 3). In water, the hydrogen abstraction consists in the most predominant process for the
neutral and monoanionic forms (i.e., 3.01 x 10%3.86 x 10° Ms? and 3.72 x 10%4.90 x 10 Ms,
respectively for the 022H/O23H abstraction reactions). At the same time, the single electron transfer is the
most dominant reaction for dianionic and trianionic forms (i.e., 9.10 x 10" and 2.22 x 10° Ms?,
respectively). Furthermore, it is noteworthy that the rate constants of the studied reactions of the keto-enol

tautomers are all higher than the ones of the diketone compound.
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401 Table 2: The Gibbs free energy of activation (AG#, kJ mol?) and reaction (A/G°, kJ mol?), thermal rate

402 constant (kr, M* s1), diffusion rate constant (kp, M s), apparent rate constant (kapp, M™* s%), apparent
403 rate constant corrected by the molar fraction of Cur-I (kapp™', Mt s%), and branching ratio (T, %) of the
404 reactions between the HOO?® radical and the diketone tautomer of Cur-I in water and PEA.
405
Form Position AGH AG° kr Ko Kapp kappr r
WATER
Abstraction reaction
022H -182 803  420x10° 239x10° 420x10° 145x10®  0.00
023H -189 803  7.61x10° 258x10° 7.61x10° 263x10®  0.00
Addition reaction
Neutral Cc1 24.4 953 575x10% 1.95x10° 575x10% 1.99x10%  0.00
(fi = 34.54 %) C2 15.2 86.6  1.42x10T 1.98x10° 1.42x10T 491x102 0.0
C6 115 845 3.03x10T 1.99x10° 3.03x10T 1.14x10T 0.0
c7 27.2 96.9 294x10% 1.96x10° 294x10% 1.02x10% 0.0

Single electron transfer reaction
128.8 1479 1.86x10% 850x10° 1.86x10% 6.42x10%3 0.00
Abstraction reaction

022H 241 761  364x10° 240x10° 3.64x10° 231x10*  0.00
023H 277 776  599x10° 240x10° 599x10° 3.80x10°  0.00
Addition reaction

M . c1 227 928  134x102 200x10° 134x102 853x10%  0.00
onoAnion c2 112 860 1.85x10! 202x10° 1.85x10% 1.17x101  0.00

(fi = 63.44 %) ; : : ., o A . X :
c4 4.2 621  2.28x10°  1.89x10° 228x10°  1.44 x 10 0.00
c6 14.6 810  137x10° 202x10° 137x10° 8.68x101  0.00
c7 23.9 919  1.94x102  1.99x10° 194x102 1.23x102  0.00

Single electron transfer reaction
62.8 62.8 152 x10° 856 x10° 1.52x10°  9.62 x 10? 0.00
Abstraction reaction

O23H -29.4 75.9 1.89x 104  2.43x10° 1.89x10*  3.76 x 10? 0.00

Addition reaction
C1 321 83.7 474x10%  203x10° 4.74x10% 9.41x10° 0.00
DiAnion C2 5.3 61.0 3.27x10% 223x10° 3.27x10°  6.50 x 10* 0.00
(fi=1.99 %) c4 -9.8 59.1 7.25x10%  1.96x10° 7.25x10%  1.44 x 102 0.00
C6 114 80.6 1.66x10° 2.04x10° 1.66x10° 3.31x10? 0.00
C7 21.0 87.8 1.00x 101 2.01x10° 1.00x10' 1.99x10% 0.00

Single electron transfer reaction
5.0 17.0 1.57 x 101! 8.47x10° 8.03x10° 1.60x10%8 9835

Addition reaction
C1 22.0 81.1 1.34x10° 2.03x10° 1.34x10° 4.68 x 10* 0.00
C2 -17.6 51.6 145x 105 235x10° 1.45x10°5  5.05x 10! 0.00
TriAnion (fi= C4 2.7 55.0 3.95x 104 1.90x10° 3.95x10*  1.38 x 10! 0.00
0.03 %) C6 5.8 57.8 128 x10* 2.24x10° 1.28x10* 4.45x1Q° 0.00
C7 18.1 82.6 7.13x 10t 203x10° 7.13x10! 2.49x10% 0.00

Single electron transfer reaction
-2.7 19.1 6.88 x 101 8,52 x 10° 7.58 x 10° 2.65 x 108 1.63
Total 1.62 x 108 100.00
PENTYL ETHANOATE
Abstraction reaction
022H -6.73 86.81 1.50 x 10t 2.65 x 10° 1.50 x 10t 1.50 x 10! 27.95
023H -10.89 84.40 3.85 x 101 2.65 x 10° 3.85 x 10! 3.85 x 10! 71.87
Neutral Addition reaction
(fi = 100.00 %) C1 18.53 98.53 7.28x10% 216x10° 7.28x10% 7.28x10* 0.00
C2 7.63 86.8 6.98x102 218x10° 6.98x102 6.98x 1072 0.13
C6 22.01 95.57 244 %102 229x10° 244x102 244x107? 0.05
C7 27.47 99.26 526 x10% 217x10° 526x10*% 5.26x10* 0.00
Total 5.36 x 10! 100.00

406
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407

408 Table 3: The Gibbs free energy of activation (AG*, kJ mol™) and reaction (A,G°, k] mol™), thermal rate
409 constant (kr, M* s1), diffusion rate constant (kp, M s), apparent rate constant (kapp, M s%), apparent
410 rate constant corrected by the molar fraction of Cur-1 (Kapp™', M s1), and branching ratio (I, %) of the
411 reactions between the HOO* radical and the keto-enol tautomer of Cur-I in water and PEA.
Form Position AGH AGO kr Ko Kapp kappr r
WATER
Abstraction reaction
022H -25.5 80.1 4,01 x 108 2.42 x 10° 4.01 x 103 3.01 x 108 0.00
0O23H -23.0 78.8 5.14 x 103 2.42 x 10° 5.14 x 103 3.86 x 103 0.00
Addition reaction
Neutral C1 8.9 88.6 7.83x102 2.00x10° 7.83x102 5.88x 10?2 0.00
(fi = 75.10 %) C2 16.5 90.3 3.66x102 2.01x10° 3.66x102 252 x 10?2 0.00
: C4 11.9 89.0 512x10% 1.97x10° 512x102? 3.85x 1072 0.00
C6 9.2 86.0 1.89x 101 2.01x10° 1.89x10' 1.42x10? 0.00
C7 17.2 91.9 2.16 x 1072 1.97 x 10° 216 x102  1.62 x 107 0.00
Single electron transfer reaction
142.6 1743 446 x10%Y 845x10° 4.46 x10Y  3.44 x 10V 0.00
Abstraction reaction
022H -29.5 74.4 1.57 x 104 2.42 x 10° 1.57 x 10* 3.72 x 103 0.00
023H -29.7 72.8 2.06 x 104  2.42x10° 2.06x10*  4.90 x 108 0.01
Addition reaction
MonoAnion C1 215 884  7.85x10% 201x10° 7.85x10? 1.87x1072 0.00
(f: = 23.78 %) C2 4.1 78.3 3.85x10° 203x10° 3.85x10° 9.14 x 107 0.00
' Cc4 -4.2 66.9 3.17 x 102 1.92 x 10° 3.17 x 102 7.54 x 101 0.00
C6 -2.6 79.0 323x10° 204x10° 3.23x10° 7.68 x 107 0.00
C7 8.8 88.7 7.03x 102 2.08x10° 7.03x10? 1.67 x 10? 0.00
Single electron transfer reaction
66.7 66.7 291x102 848x10° 291x10> 6.91 x 10? 0.00
Abstraction reaction
0O23H 11.8 75.5 1.78 x 104 2.39 x 10° 1.78 x 10* 1.95 x 102 0.00
Addition reaction
C1 20.4 86.9 148 x 101 2.03x10° 148x10' 1.62x10° 0.00
DiAnion C2 -8.1 55.6 495x10* 225x10° 4.95x10*  5.42x 102 0.00
(fi = 1.09 %) C4 -12.0 62.8 1.67 x 108 1.90 x 10° 1.67 x 108 1.83 x 10t 0.00
C6 7.0 78.8 3.18 x 10° 2.00 x 10° 3.18 x 10° 3.48 x 107 0.00
C7 14.8 88.3 8.30 x 1072 1.98 x 10° 8.30 x 102  9.08 x 10 0.00
Single electron transfer reaction
3.2 16.0 2.35x 10 862x10° 831x10° 9.10x10" 97.60
Addition reaction
C1 204 87.2 1.23 x 101 2.05 x 10° 1.23x 101  3.24x10°% 0.00
C2 -7.4 55.0 6.75 x 10* 2.26 x 10° 6.75 x 104 1.77 x 10? 0.00
TriAnion C4 2.7 61.9 2.41 x 103 1.89 x 10° 2.41 x 108 6.32 x 101 0.00
(fi= 0.03 %) C6 -1.3 54.0 5.87 x 10* 2.24 x 10° 5.87 x 104 1.54 x 10? 0.00
C7 21.4 85.3 2.51 x 10? 2.01 x 10° 251 %101 6.59 x 10 0.00
Single electron transfer reaction
0.4 139 557 x10%  858x10° 8.45x10° 222 x10° 2.38
Total 9.32x10”  100.00
PENTYL ETHANOATE
Abstraction reaction
022H -6.32 89.55 1.91 x 10t 2.63 x 10° 1.91 x 10? 1.91 x 10t 47.54
0O23H -6.30 88.88 2.11 x 10! 2.66 x 10° 2.11 x 10t 2.11 x 10t 52.45
Neutral Addition reaction
(fi = 100.00 %) C1 18.31 102.37 2.95x10* 2.17 x 10° 2.95x10% 2.95x10* 0.00
: C2 28.01 9846 1.33x10° 218x10° 1.33x10° 1.33x10° 0.00
Cc4 33.44 98.48 1.19 x 10 2.14 x 10° 1.19 x 107 1.19 x 10 0.00
C6 20.40 96.43 2.88x10° 2.16 x 10° 2.88x10° 2.88x10°% 0.00
C7 27.10 10752 4.20 x 10 2.16 x 10° 420x10° 4.20x10° 0.00
Total 4.02 x 10! 100.00
412
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413

414 Table 4: The Gibbs free energy of activation (AG*, kJ mol™) and reaction (A,G°, k] mol™), thermal rate
415 constant (kr, M* s1), diffusion rate constant (kp, M s), apparent rate constant (kapp, M s%), apparent
416 rate constant corrected by the molar fraction of Cur-111 (Kapp™', M s%), and branching ratio (I', %) of the
417 reactions between the HOO® radical and the diketone tautomer of Cur-111 in water and PEA.
Form Position AGH AGO kr Ko Kapp kappr r
WATER
Abstraction reaction
022H -1.8 86.1 2.61 x 103 2.38 x 10° 2.61 x 103 1.13 x 108 0.06
0O23H -1.8 85.1 3.36 x 102 2.38 x 10° 3.36 x 108 1.46 x 10° 0.07
Addition reaction
Neutral C1 225 91.6 251x102 1.97x10° 251x10% 1.09 x 1072 0.00
(fi=43.33 %) C2 8.4 83.2 543x 101 200x10° 543x10! 235x107 0.00
C6 13.3 814 228x10° 200x10° 2.28x10° 9.89 x 10 0.00
C7 219 90.6 3.77x102 197x10° 3.77x102  1.63 x 10 0.00
Single electron transfer reaction
136.0 136.1  2.18x101° 842x10° 218x10%° 9.45x 10" 0.00
Abstraction reaction
022H -18.2 80.9 1.04 x 104 2.43 x 10° 1.04 x 10* 5.82 x 103 0.30
023H -15.7 80.9 556 x10%  242x10° 556x10%  3.03 x 108 0.15
Addition reaction
MonoAnion C1 11.9 88.2 9.43x102 2.07x10° 9.43x10? 5.13x10? 0.00
(f: = 54.38 %) C2 0.3 775 594x10° 208x10° 594x10° 3.23x10° 0.00
: C4 -7.0 62.5 1.87x10° 1.96x10° 1.87x10°  1.02x 10° 0.05
C6 11.6 78.7 3.39x10° 205x10° 3.39x10°  1.82x10° 0.00
C7 17.9 83.6 549x 101 204x10° 549x10! 299 x 10% 0.00
Single electron transfer reaction
50.1 59.2 6.50x10%  8.42x10° 6.50x10%  3.47 x 108 0.18
Abstraction reaction
022H -15.1 83.9 9.29x10% 241x10° 9.29x10%  2.10 x 102 0.01
Addition reaction
C1 184 87.1 1.26 x 101 2.03 x 10° 1.26 x 101 2.86 x 10°® 0.00
DiAnion C2 12.3 82.3 8.15x 101 204x10° 815x10! 1.84 x10? 0.00
(fi=2.26 %) C4 -16.8 61.2 3.29x10°  1.93x10° 3.29x10%  7.43 x 10? 0.00
C6 125 61.8 2.35 x 10° 2.12 x 10° 2.35 x 108 5.30 x 10! 0.00
C7 26.1 83.1 6.10 x 10! 2.03 x 10° 6.10 x 101 1.38 x 107 0.00
Single electron transfer reaction
155 35.8 8.13 x 107 8.44 x 10° 8.06 x 107 1.82 x 108 92.71
Addition reaction
C1 24.1 82.2 8.63x101 208x10° 8.63x10' 3.24x10* 0.00
C2 4.7 57.2 1.53 x 10* 2.22 x 10° 1.53 x 10* 5.74 x 10° 0.00
TriAnion C4 -4.6 55.1 3.81 x 104 1.95 x 10° 3.81 x 104 1.43 x 10t 0.00
(fi = 0.04 %) C6 9.4 59.9 5.07 x 10° 2.18 x 10° 5.07 x 103 1.90 x 10° 0.00
C7 241 82.9 6.62 x 10! 2.08 x 10° 6.62x 101  2.48 x 10 0.00
Single electron transfer reaction
21.7 32.2 3.52 x 108 8.30 x 10° 3.38 x 108 1.27 x 10° 6.46
Total 1.96 x 105 100.00
PENTYL ETHANOATE
Abstraction reaction
022H 4.8 84.0 1.01 x 108 2.63 x 10° 1.01 x 108 1.01 x 108 90.13
0O23H 4.8 87.0 1.11 x 102 2.64 x 10° 1.11 x 102 1.11 x 102 9.85
Neutral Addition reaction
(fi = 100.00 %) C1 233 98.9 1.25x10° 216x10° 125x10% 1.25x10° 0.00
C2 10.8 88.6 6.73x102 218x10° 6.73x10? 6.73 x 10? 0.01
C6 25.4 88.0  853x10% 217x10° 853x10% 8.53x1072 0.01
C7 16.5 103.1 227 x 10* 2.16 x 10° 2.27 x10*% 227 x 10* 0.00
Total 1.12 x 108 100.00
418
419
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420 Table 5: The Gibbs free energy of activation (AG*, kJ mol?) and reaction (A/G°, kJ mol?), thermal rate
421 constant (kr, M* s1), diffusion rate constant (kp, M s), apparent rate constant (kapp, M™* s%), apparent
422 rate constant including the molar fraction of Cur-111 (kepp™', M s%), and branching ratio (I, %) of the
423 reactions between the HOO?® radical and the keto-enol tautomer of Cur-I11 in water and PEA.
Form Position AGH ArGO kr ) Kapp kappr r
WATER
Abstraction reaction
023H -6.1 88.4 8.31 x 102 2.43 x 10° 8.31 x 102 6.44 x 102 0.00
022H -6.1 88.1 9.73 x 102 2.42 x 10° 9.73 x 102 7.54 x 102 0.00
Addition reaction
Neutral C1 140 894 5.84x102  2.05x10° 584x10% 4.53x10? 0.00
(i = 77.56 %) C2 189 898 418x102 2.05x10° 4.18x102 3.24x10? 0.00
' C4 11.8 87.4 9.74 x 107? 2.01 x 10° 9.74 x 10?2  7.55x 107 0.00
C6 11.2 87.3 1.13 x 101 2.05 x 10° 1.13x 101  8.76 x 1072 0.00
Cc7 16.5 97.2 2.59 x 108 2.01 x 10° 259 x10% 2.01x107? 0.00
Single electron transfer reaction
1277 1359 236x10% 828x10° 236x10% 1.83x10%° 0.00
Abstraction reaction
O23H -112 771 223x10* 214x10° 223x10* 4.89x10° 0.02
0O22H -112 770 230x 104 214x10° 230x10* 5.39x10° 0.02
Addition reaction
voroion S 158 04 S8t zm a0 sstiet Jignie 0%
(fi=21.92 %) : : : ) : 9 ’ ) ’ 1 :
C4 -4.3 68.2 1.93x10 1.94 x 10 1.93 x 10 4.23 %10 0.00
C6 9.9 81.1 1.23x10° 206x10° 1.23x10° 2.70x10? 0.00
C7 174 911 3.04x102 206x10° 3.04x10? 6.66x10% 0.00
Single electron transfer reaction
69.5 69.6 9.56x10' 8.33x10° 956x10* 2.10x10! 0.00
Abstraction reaction
0O23H -144 81.1 3.41x10* 2.04 x 10° 3.41 x 104 1.73 x 102 0.00
Addition reaction
C1 20.4 86.9 148 x 101 2.03x10° 148x10' 1.62x10° 0.00
DiAnion C2 -8.1 55.6 4.95 x 104 2.25 x 10° 4.95 x 104 5.42 x 102 0.00
(fi=0.51 %) C4 -12.0 62.8 1.67 x 108 1.90 x 10° 1.67 x 108 1.83 x 10! 0.00
C6 7.0 78.8 3.18 x 10° 2.00 x 10° 3.18 x 10° 3.48 x 107 0.00
Cc7 14.8 88.3 8.30 x 1072 1.98 x 10° 8.30 x 102  9.08 x 10* 0.00
Single electron transfer reaction
16.1 232 1.30x10° 833x10° 5.08x10° 257x10" 98.70
Addition reaction
C1 21.8 76.6  8.16 x 10° 2.05 x 10° 8.16 x 10° 8.20 x 10 0.00
C2 1.2 576  1.32 x10* 2.19 x 10° 1.32 x 10* 1.30 x 10° 0.00
TriAnion C4 -1.1 61.4 2.95x10° 1.92 x 10° 2.95 x 103 2.90 x 101 0.00
(fi=0.01 %) C6 15 60.8 3.58 x 10° 2.15 x 10° 3.58 x 103 3.51 x 101 0.00
Cc7 16.1 80.7 1.71x10° 2.09 x 10° 1.71 x 100 1.68 x 10 0.00
Single electron transfer reaction
11.8 253 552x10° 840x10° 3.33x10°  3.27 x10° 1.26
Total 2.61x10"  100.00
PENTYL ETHANOATE
Abstraction reaction
022H -3.7 85.7  4.61 x 10? 2.68 x 10° 4.61 x 102 4.61 x 102 56.52
O23H -0.8 86.4 3.55x10> 2.68x10° 3.55x10%2  3.55x 102 43.48
Neutral Addition reaction
(Fi = 100.00 %) C1 14.3 98.1 1.66x10° 223x10° 1.66x10° 1.66x10° 0.00
' C2 27.3 95.3 4.54x10°3 2.21 x 10° 454 x10° 454 x10°3 0.00
C4 24.8 929 1.13x10? 2.20 x 10° 1.13x10% 1.13x 107 0.00
C6 21.4 93.6 9.07 x 107 2.22 x 10° 9.07 x10®  9.07 x 1073 0.00
C7 20.1 1024 3.25x 10* 2.21 x 10° 3.25x10% 3.25x10* 0.00
Total 8.16 x 102 100.00
424
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Tables 4 and 5 display the kinetic results for HOO scavenging reactions of the diketone and the keto-enol
tautomers of Cur-11l in water and PEA solvents. In water, the neutral diketone represents higher rate
constants of FHT reaction than the neutral keto-enol compound (i.e., 1.13 x 10%1.46 x 10°* M's! compared
with 6.44 x 10%/7.54 x 10?> M"!s’* for FHT at 022H/O23H position). Conversely, the monoanion of diketone
has lower FHT rate constants than the one of keto-enol at the same positions (i.e., 5.82 x 10%3.03 x 103
M-st compared with 4.89 x 10%/5.39 x 10° M-1s, respectively). It is noteworthy that the radical addition
reaction at the C4 position of the monoanionic diketone represents an attractive rate constant being 1.02 x
10® Ms, which contributes a significant ratio to its total rate constant. Finally, the dianion and trianion
forms of the diketone and the keto-enol of Cur-Ill also react with the HOO radical essentially via SET
reactions, as observed in the cases of Cur-l1 compounds. The SET rate constants of the dianion and trianion
diketone compounds are equal to 1.82 x 108 and 1.27 x 10° Ms%, respectively, which are all lower than
the ones of keto-enol (i.e., 2.57 x 107 and 3.27 x 10° M's?, respectively). In PEA solvent, the abstraction
reaction also plays an essential role with the higher rate constants for Cur-1 (i.e., 1.01 x 10%1.11 x 10?
M-st for FHT at O22H/O23H, respectively) than Cur-111 (i.e., 4.61 x 10%/3.55 x 10> M-1s, respectively).

Table 6. The apparent diffusion-corrected rate constant (kapp, M %), the molar fraction of tautomer form
(Mf, %), the total rate constant of each tautomer considering its molar fraction (kmr, M s1), and its
corresponding branching ratio (I, %) for the reactions between the HOO® and Cur-1 and Cur-I11 in water

and PEA.
Tautomers WATER PEA
kapp Mf Kmr r kapp Mf Kmt r
Curcumin-I
Diketone 1.62 x 108 0.59 9.53 x 10° 1.02 | 5.36 x 10t 0.01 7.14 x 107 0.02
Keto-enol 9.32 x 107 99.41 9.26 x 107 98.98 | 4.02 x 10! 99.99 4.02 x 10! 99.98
Overall 9.36 x 107 100.00 4.02 x 10! 100.00
Curcumin-I111
Diketone 1.96 x 108 0.14 2.81 x 108 0.01 | 1.12x10°3 0.20 2.26 x 10° 0.28
Keto-enol 2.61 x 107 99.86 2.60 x 107 99.99 | 8.15 x 102 99.80 8.14 x 102 99.72
Overall 2.60 x 107 100.00 8.16 x 102 100.00

Finally, Table 6 resumes the total apparent rate constants of diketone and keto-enol tautomers and the
overall rate constants of Cur-I and Cur-I1l considering the molar fraction of each tautomer in the aqueous

phase and the PEA solvent.

Significantly, the keto-enol tautomer, serving as the predominant form of both Cur-I and Cur-I11 with
molar fractions ranging from 99.40% to 99.90%, aligns closely with the findings of Galano et al. (2009)
(Galano et al., 2009). This underscores the importance of the keto-enol tautomer in our understanding of
the hydrogen transfer process. Notably, the total apparent rate constants (kwr) of keto-enol consistently

surpass those of diketone. For instance, the (kmr) value of the keto-enol of Cur-I stands at 9.26 x 10’
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M1 s?, accounting for 98.98%, a figure higher than the diketone's 9.53 x 10° M s, which represents
1.02%.

3.6. Is hydrogen abstraction a HAT or PCET process?

Regarding the hydrogen transfer process, several reaction mechanisms can occur in the biological
environment, which is complex and has different influencing factors. Concerted mechanisms (i.e., hydrogen
atom transfer, HAT or proton-coupled electron transfer, PCET) or sequential ones (i.e., sequential proton
loss-electron transfer, SPL-ET or sequential electron transfer-proton transfer, SET-PT) (Galano and Radl
Alvarez-Idaboy, 2019; Mayer et al., 2002) may be involved in this transfer process. While the sequential
processes are distinguished via thermodynamic parameters based on the formation of different
intermediates, including radical anion or radical cation, respectively, the concerted ones are more difficult
to understand. Indeed, both HAT and PCET come from similar reactants and result in the same products;
thus, they cannot be thermodynamically differentiated. The difference between these two processes consists
in the way in which the charged particles (i.e., electron and proton) are transported. In fact, both the electron
and proton are transferred via the same pathway in a whole package. At the same time, they are
independently shifted from different reactive sites of the donor molecule (DH) to the acceptor one (AH).
Thus, there have been some computational approaches that allow to distinguish the HAT from the PCET
process: (i) analysis of atomic charge and spin density of DH, AH, and transferred-H along the intrinsic
reaction coordinates (IRC) of the hydrogen transfer reaction, and (ii) analysis of singly occupied molecular
orbital (SOMO).

Figure 8 displays the singly occupied molecular orbitals (SOMO) distributions for the transition states
(TSs) and the evolutions of spin densities and NPA atomic charges for hydrogen donor (DH), hydrogen (H)
and hydrogen acceptor (AH) along the intrinsic reaction coordinates (IRC) for the most preponderant
hydrogen abstraction processes at O22H and O23H positions (Abs-022H and Abs-O23H) of Cur-I and

Cur-111 compound in the aqueous phase.

The SOMO orbital distributions at the transition state of the H-transfer reaction have usually been evaluated
as a reliable indicator to distinguish the HAT or PCET process (Dao et al., 2017; Martinez et al., 2011).
Typically, for an HAT reaction, the SOMO of the TS has a high atomic orbital density distributed along the
H-transition vector, with the node plane located at the H species position. Conversely, for the PCET process,
SOMO of TS involves p orbitals that are orthogonal to the transition vector. Based on these indications, as
can be observed in Figure 8, both the most dominant TS for the abstraction reaction of the Cur-I, the p

orbital of the O species of H-donor (DH), and the one of H-acceptor (AH) form a bent angle being about
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120 - 150°. A similar observation can be found for the abstraction reactions of Cur-111. This is the first signal
indicating that the studied process may be a hydrogen transfer one.
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Figure 8: Evolutions of spin and NPA atomic charges for hydrogen donor (DH), hydrogen (H), and
hydrogen acceptor (AH) along the intrinsic reaction coordinates (IRC) for the most preponderant
hydrogen abstraction processes at 022H and O23H positions (Abs-022H and Abs-O23H) of Cur-1 and
Cur-111 compound in the aqueous phase. Singly occupied molecular orbitals (SOMO) for transition states
(TSs) of each reaction computed with the iso-density value of 0.02 a.u. are also presented.

On the other hand, regarding the reaction at O22H of Cur I, the charge on the transferred H species remains
around 0.53-0.55 e, which likely corresponds to a positively charged proton species. Meanwhile, the charge
of H-donor (DH, the O species of Cur I) increases from about -0.55 e to a peak value of 0.07 e and then
stabilizes at a value close to zero (i.e., 0.02 e). One of the H-acceptors (AH) decreases from 0 to a minimum
of -0.61 e and then slightly increases to about -0.55 e when the H is separated from the DH. Moreover, the
spin density of transferred H is always zero along the IRC. At the same time, the one of DH increases
strongly from 0.02 to 0.98, and the spin density of the AH reversely decreases from 0.97 to 0.02 when the
HOO radical forms an H-O bond with the H species. The phenomenon occurring for the reaction at 023H
of Cur | and both the ones at 022H and O23H of Cur Il are similar.
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Table 7: Natural electron configuration (NEC) for H species, H-donor (DH), and H-acceptor (AH, or
HOO radical) analyzing at the transition state of the most dominant hydrogen transfer of Cur-1 and Cur-11I
towards HOO radical in water.

H 1s°

Curl-022H O-DH [core]2S1652p>0¢
O-AH [core]2S1822p*58
H 1s°

Curl-O23H O-DH [core]2S0832p247
O-AH [core]2S0912p?12
H 1s°

Curlll-O22H O-DH [core]2S0832p242
O-AH [core]2S0902p224
H 1s°

Curlll-O23H O-DH [core]2S0832p242
O-AH [core]250902p220

Finally, natural electron configuration (NEC) analysis is investigated for H species, H-donor (DH), and H-
acceptor (AH) species of the abstraction reaction transition states (Figure 7). All the H species involved
possess a 1S0 electron configuration, which indicates the chemical structure of a proton. Meanwhile, both
DH and AH display 2p orbital of the O species. All these observations confirm the chemical nature of the
transferred H species being a proton, which is involved in a proton-coupled electron transfer (PCET)

process.

4. Conclusions

The HOO radical scavenging reactions of two curcumin derivatives, namely curcumin | (Cur-1) and
curcumin 1 (Cur-111), were evaluated in the water and pentyl ethanoate (PEA) solutions using Density
functional theory DFT at the M06-2X/6-311++G(3df,3pd)//M06-2X/6-31+G(d,p) level of theory. Several
intrinsic parameters (BDE, IP, PA), thermochemical parameters of the reaction (A.G® and AG* at 298K),
and the reaction kinetics were systematically calculated to predict three standard antioxidant processes,
including HT, RAF, and SET. The contribution of the tautomerism phenomenon and the acid-base
equilibrium in the solutions to the overall rate constants were characterized in detail by considering the
reactions for both keto-enol and diketone forms, as well as the neutral, monoanionic, dianionic, and

trianionic forms of two curcumin derivatives. The obtained conclusions are multiple:
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(i)

(ii)

(i)

(iv)

(v)

(vi)

Cur-1 and Cur-I11 mainly exist in the keto-enol tautomer form rather than the diketone one, with
a molar fraction of the keto-enol of 99.4 and 99.9 %, respectively. At the same time, both the
curcumins are predominantly present in the neutral and monoanionic forms with molar fraction
from 98 to 99%. In comparison, the dianionic and trianionic ones possess only 1.0-2.0% in the
water.

In water, the reactions of the neutral and monoanionic forms occur mainly via the HT processes
at the phenolic hydroxyl groups (i.e., 022H and O23H) rather than the RAF and SET ones.
Conversely, the SET processes are the most dominant for the dianionic and trianionic forms.
Among them, the SET reactions of the dianionic form play crucial roles with branching ratio
values up to 98.70 % / 92.71 % and 97.60 % / 98.35 % for the keto-enol / diketone forms of
the Cur-I and Cur-Ill, respectively. It is interestingly noted that the dianionic and trianionic
forms contribute the most significant parts in the reaction of both the curcumin derivatives,
although they have small molar fractions.

In PEA, the HT reactions at the phenolic HO groups (O22H and O23H) are, as expected, the
most predominant reactions (branching ratios of about 100%) of both the tautomers of Cur-I
and Cur-I11 derivatives.

Since the keto-enol tautomer consists of the most dominant existing form compared to the
diketone one for both Cur-I and Cur-l1ll, the keto-enol forms contribute the most significant
fraction in the overall reaction rates, with branching ratio values of about 100.00 %. The rate
constants of the keto-enol form are 9.26 x 10" and 2.60 x 10’ M s in water for Cur-1 and Cur-
1, respectively. At the same time, the values in the PEA solution are 4.02 x 10* and 8.14 x 102
M s? respectively.

Overall rate constants of the reactions in water are 9.36 x 107 and 2.60 x 10" M s, for Cur-I
and Cur-l111, respectively. Meanwhile, the ones in PEA are significantly less important, 4.02 x
10! and 8.06 x 102 M s, respectively. In possessing two peroxy substituents in the phenolic
rings, Cur-1 represents a higher rate constant than Cur-Ill in water because of the electron-
donating effects of the CH3O groups in the SET reaction of the dianionic form of Cur-1. At the
same time, the Cur-I11 has higher rate constants than the Cur-1 in the PEA solution.

The analyses of SOMO orbitals, atomic charges, spin densities along the IRC, and natural
electron configuration NEC show that all the hydrogen transfer processes occur via the proton-

coupled electron transfer (PCET) mechanism.

The actual computational study may contribute a systematic point of view on the radical scavenging

activities of the curcumin derivatives, as well as the influence of various critical factors like the acid-base
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equilibrium and the tautomerism on reaction rates. It also has further implications for curcumin derivatives

in various medicinal applications.
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