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Abstract 

We have carried out an electrochemical and theoretical study on the reactivity of 1,2-, 1,3-, 

and 1,4-dihydroxynaphthalenes (1nH2NQ, n = 2, 3, 4) toward electrogenerated superoxide 

radical anion (O2
•−) in N,N-dimethylformamide. Cyclicvoltammetry and in situ electrolytic 

electron spin resonance measurements revealed that the quinone–hydroquinone π-conjugation 

plays an important role in a successful O2
•− scavenging by 12H2NQ and 14H2NQ through 

proton-coupled electron transfer (PCET) reaction. The reactivities of 12H2NQ and 14H2NQ 

toward O2
•− were mediated by the ortho- (catechol) or para-diphenol (hydroquinone) moieties, 
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as experimentally confirmed in comparative analyses with catechol, hydroquinone, and 

13H2NQ, aided by density functional theory (DFT) calculations. The electrochemical and 

DFT results suggested that a concerted PCET mechanism involving two-proton transfers and 

one-electron transfer proceeds with a superior kinetic, demonstrating a successful O2
•− 

scavenging by 12H2NQ and 14H2NQ. Furthermore, a subsequent electron transfer between 

molecular dioxygen and product-naphthoquinone-radicals was observed, where O2
•− was 

generated. The DFT analysis suggested that the spin distribution on the planar naphthalene 

ring embodies the superior kinetics of the PCET and the subsequent generation of O2
•− from 

dioxygen demonstrated in the electrochemical results. 

1 Introduction 

Dihydroxynaphthalene (H2NQ) is a type of phenolic compound that has two hydroxyl 

groups (OH) on its naphthalene ring, where nine isomers exist. Its derivatives are found in 

various natural and industrial compounds such as phenolic antioxidants, vitamin K-group, 

drug materials.1–4 Especially, some of them whose molecular skelton can be oxidized to 

quinoid structure with its resonance effect show a surprising number of health benefits and 

pharmacological properties, such as cytotoxic, antibacterial, antifungal, antiviral, 

cardioprotective, anti-ischemic, hepatoprotective, neuroprotective, and antitumoral.1,5–7 

Conversely, members of this family of compounds also include harmful environmental 

contaminants. The harmful effects of H2NQ on living organisms are thought to be due to 

cytotoxicity and at the same time to be related to antitumor activities.5–9 These diverse 

reactivities are mainly caused by the redox activities of naphthoquinone (NQ), oxidized form 

of 1,n-dihydroxynaphthalenes (1nH2NQ, n = 2, 3, 4) having two OHs on the same ring. NQ is 

a planar molecule with one aromatic ring fused to a quinone subunit. Like benzoquinone or 

ubiquinone (mono ring), ortho- and para- NQ (naphthalene-1,2-dione:12NQ and naphthalene-

1,4-dione:14NQ) can come in several redox states: radical anion (NQ•−), semiquinone radical 
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(HNQ•), and H2NQ, along the quinone–hydroquinone π-conjugated reaction. However, it is 

unclear which redox species substantially exhibits which bioreactive effect with its 

mechanism of action. 

Meanwhile, special attention has been directed to the anticancer action and potential 

therapeutic significance of natural and synthetic quinones involving NQs (H2NQ) such as 

lapachol, juglone, and menadione.1,4,6,8,10 Some of the most important explored so far which 

have been extendedly reported are the damage of DNA through the generation of reactive 

oxygen species (ROS), inhibition of topoisomerase II, regulation of the tumor suppressor 

factor p53 and induction of apoptosis via endoplasmic reticulum stress. Within this 

framework, different reaction mechanisms have been proposed to explain the NQ anticancer 

activity. Some papers have concluded that the antitumoral activity of these compounds is 

related to drug-DNA intercalation with the direct intervention of anionic intermediaries 

(naphthoquinone radicl anion:NQ•− and naphthoquinone dianion NQ2−) which are produced 

by electron capture during the bioreductive transformation of quinones.11,12 Under aerobic 

conditions, the anionic intermediaries can transfer an electron to the molecular oxygen (O2) to 

yield the original quinone and the reduced O2, superoxide radical anion (O2
•−). Furthermore, 

it spontaneously disproportionates to produce O2 and hydrogen peroxide (H2O2), which, in 

the presence of ferrous ion, yields the highly reactive and toxic hydroxyl radical (HO•) 

species through the Fenton reaction.13–15 In any or both scenarios, NQs act as anticancer 

agents through various mechanisms involved in all types of cancer, although they are now 

considered too toxic for use since once studied as a possible treatment for some types of 

cancer. There is still a lot to be elucidated about the ways in which NQs exert their action as 

anticancer agents and how to enhance their activity in order to exploit their potential to the 

maximum. Therefore, NQ-type systems are still an important and attractive subject in biology 
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and chemistry, due to their biological activity that depends on structural features and redox 

properties. 

It is well recognized that the quinone and NQ derivatives induce oxidative stress generating 

O2
•−.16,17 Simultaneously, 12H2NQ and 14H2NQ (reduced forms of 12NQ and 14NQ) 

function as also antioxidants by reducing ROS, forming their oxidized forms. That is, the 

NQ-type system possibly causes both ROS-generation and ROS-scavenging related to the 

redox states of 12H2NQ and 14H2NQ. Therefore, it is necessary to demonstrate the chemical 

reaction mechanism including electron transfer (ET) between 1nH2NQ and the ROS with the 

following reaction of their products, to infer the biochemical and medicinal effect. That is, 

clarifying the mechanism between 1nH2NQ and the ROS, O2
•−, hydroperoxyl radical (HO2

•), 

and HO•, is a prerequisite to elucidate the related biochemical effect. 

Among the possible mechanisms of ROS (O2
•−, HO•, and HO2

•) scavenging by 1nH2NQ 

and other phenolic antioxidants are single ET, superoxide-facilitated oxidation (SFO),18–20 

hydrogen atom transfer (HAT) involving proton-coupled electron transfer (PCET),21–25 and 

sequential proton-loss electron transfer.26 In the SFO mechanism, HO2
• is generated by initial 

proton transfer (PT) from the substrate to O2
•− and undergoes rapid dismutation into H2O2 and 

O2. The O2 formed in the dismutation process then oxidizes the substrate anion.27 The other 

mechanisms involve direct oxidation by ROS. Previously, we reported that electrogenerated 

O2
•− is scavenged by polyphenols,24 1,2- and 1,4- benzendiols (catechol22 and 

hydroquinone23), and monophenols including aminophenols25,28 and tocopherols29 through 

the PCET. In these studies, the PCET mechanism for successful O2
•− scavenging was 

mediated by quinone–hydroquinone π-conjugation and involved two PTs and one ET. 

Accordingly, a plausible main mechanism for O2
•− scavenging by 12H2NQ/14H2NQ is simply 

denoted in Scheme 1, forming 12NQ•−/14NQ•− and H2O2 as products. O2
•−, a precursor of 

other ROS, does not readily accept electrons from 1nH2NQ, but HO2
• formed through 
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protonation of O2
•− as a Brønsted base is a strong oxidant with a short lifetime. Thus, the 

deprotonation (PT) is closely related to the subsequent oxidation (ET) along the PCET 

between 1nH2NQ/anions and O2
•−/HO2

•, which embodies the actual O2
•−/HO2

• scavenging 

mechanism. 

 

Scheme 1. Plausible reaction schemes of O2
•− scavenging by (a) 12H2NQ and (b) 14H2NQ, 

through proton-coupled electron transfer involving two protons (H+) and one electron (e−) 

transfer. 

In the present study, we investigated the chemical reaction between electrogenerated O2
•− 

and 1nH2NQ in aprotic N,N-dimethylformamide (DMF) solution. Applying density 

functional theory (DFT), we also electrochemically investigated the scavenging mechanism 

of O2
•− by 1nH2NQ and the subsequent reaction of their oxidized product species. The study 

obtains mechanistic insights into the structural features of 1nH2NQ (1nNQ), namely, the 

ortho- and para- diphenol moiety and the naphthalene ring for π-conjugation. Accordingly, 

we present valuable information regarding the reactivity between O2
•− and 1nH2NQ, which is 

assumed to relate to the mechanisms of the ROS-scavenging and ROS-generation. This 

acquired understanding will enhance the pharmacological use of 1nH2NQ as a drug candidate. 

Chart 1. Structures of the compounds considered in the present study 
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1,n-dihydroxynaphthalenes (1nH2NQ), (a) 12H2NQ, (b) 13H2NQ, (c) 14H2NQ, and (d) 

bicyclo[4.4.0]deca-1,3,5,7,9-pentaene (naphthalene) 

2 Materials and methods 

2.1 Chemicals 

Highest grade 12H2NQ (>98.0%), 13H2NQ (>99.0%), 14H2NQ (>90.0%), and naphthalene 

(>98.0%) were purchased from Sigma-Aldrich Inc. (Tokyo, Japan) and were used as received. 

Spectrograde purity DMF (99.7%) as the solvent for electrochemical and electron spin 

resonance (ESR) spectral measurements was obtained from Nacalai Tesque Inc. (Kyoto, 

Japan) and used as received. Dinitrogen (N2) gas (99.0%) and O2 gas (99.0%) were purchased 

from Medical Sakai Co., Ltd. (Gifu, Japan), and also used as received. 

Tetrapropylammonium perchlorate (TPAP, >98.0%) was purchased from Tokyo Chemical 

Industry Co., Ltd. (Tokyo, Japan) and prepared as described previously.30 Ferrocene (Fc), 

used as a potential reference compound, was purchased from Nacalai Tesque Inc. (Kyoto, 

Japan) and used as received. 

2.2 Electrochemical and in situ electrolytic ESR measurements 

Cyclic voltammetry was performed in a three-electrode system comprising a 1.0-mm-

diameter glassy carbon (GC) working electrode, a coiled platinum (Pt, 99.99%) counter 

electrode, and a silver/silver nitrate (Ag/AgNO3) reference electrode (containing an 

acetonitrile solution of 0.1 mol dm−3 tetrabutylammonium perchlorate and 0.01 mol dm−3 

AgNO3). Measurements were collected at 25 °C using an ECstat-301 electrochemical 

analyzer (EC-frontier Co., Ltd., Kyoto, Japan) coupled to electrochemical software 
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(Supplementary Materials, Table S1). Prior to the experiments, the working electrode was 

polished with alumina paste on a polishing wheel and then rinsed with deionized water and 

acetone. After air drying, the electrode was ready for use. The reference electrode was 

calibrated with reference to the ferrocenim ion/ferrocene couple (Fc+/Fc), and all reported 

potentials are referenced to the potential of the Fc+/Fc couple. In situ electrolytic ESR spectra 

were measured using a JES-FA200 X-band spectrometer (JEOL Ltd., Tokyo, Japan). The 

controlled-potential electrolysis was performed at room temperature in an electrochemical 

ESR cell using a 0.5-mm-diameter straight Pt wire sealed in a glass capillary as the working 

electrode (Supplementary Materials, Figure S1). Samples were prepared in a glove box 

completely filled with N2 gas to prevent contamination by moisture. The experimental DMF 

solutions containing 0.1 mol dm−3 TPAP as a supporting electrolyte were saturated with O2 

by air-bubbling the gas for ca. 2–3 minutes. To maintain a constant O2 concentration, the gas 

was passed over the solutions during the electrochemical and spectral measurements. The 

equilibrium concentration of O2 was calculated as 4.8 × 10−3 mol dm−3. 

2.3 Theoretical calculations. 

All solution-phase calculations were performed at the DFT level with three hybrid 

functionals, the Becke three-parameter Lee–Yang–Parr (B3LYP), the long-range corrected 

functionals (ω-B97XD),31 and the meta exchange-correlated functional (M06-2X),32 

implemented in the Gaussian 16 Program package.33 These functionals were chosen because 

they obtain good geometries of the reactants, products, and transition states (TS) in PCET 

reactions between phenolic compounds and free radicals.34 The energies of the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) were 

obtained from geometry optimization with frontier orbital theory. In the geometry 

optimization, vibrational frequency calculations, intrinsic reaction coordinate (IRC) 

calculations, and population analysis of each compound, we applied the standard split-
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valence triple ζ basis sets augmented by the polarization d,p and diffusion orbitals 6-

311+G(d,p). The solvent contribution of DMF to the standard Gibbs free energies was 

computed by the polarized continuum model (PCM) under the default settings of Gaussian 16. 

This model is widely employed in thermodynamic characteristic studies of solvation. The 

internal energies were converted to standard Gibbs energies at 298.15 K using the zero-point 

energies, thermal correction, and entropy. In the population analysis, the electrons and spins 

were calculated using the natural bond orbital (NBO) technique.35 

3. Results and discussion 

3.1 Cyclic Voltammetry of O2/O2
•− in the Presence of 1nH2NQ 

Scavenging of electrogenerated O2
•− by the compounds (Chart 1) was inferred from the 

cyclic voltammograms (CV) of saturated O2 (4.8 × 10−3 mol dm−3) in DMF (Figure 1). In 

aprotic and unbuffered solvents such as DMF, O2 participated in a quasi-reversible redox 

reaction (Equation (1)) with generation of O2
•− in the initial cathodic scan and reoxidation to 

the starting materials (O2) in the returned anodic scan (1c/1a, bold lines in Figure 1). The 

generated O2
•− was lowly reactive toward aprotic DMF. The reversible CVs investigated here 

became irreversible in the presence of phenolic compounds (a)–(c) at various concentrations 

(0 to 5.0 × 10−3 mol dm−3). As the CVs of O2 in the presence of naphthalene, and of bubbled 

N2 showed no peak over the potential range (data is not shown), the loss of reversibility in the 

CVs of O2/O2
•− was attributed to an acid–base reaction; specifically, the compound involved 

in the initial PT to O2
•− acts as a Brønsted base forming HO2

• (Equation (2)). 
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Figure 1. CVs of 4.8 × 10−3 mol dm−3 O2 in the presence of (a) 12H2NQ, (b) 13H2NQ, and 

(c) 14H2NQ, in DMF containing 0.1 mol dm−3 TPAP. All CVs were recorded with a GC 

electrode at a scan rate of 0.1 V s−1. Concentrations (×10−3 mol dm−3) are 0, 1.0, 3.0, and 5.0 

(arrows indicate the concentration changes). 

The generation and consequent reduction of HO2
• (Equation (3)) gave rise to bielectronic 

CVs in the presence of 13H2NQ (Figure 1b, cathodic current 2c). This bielectronic feature 

disappeared in the presence of (a) 12H2NQ and (c) 14H2NQ and was replaced by increasing 

peaks (3c/3a and 4c/4a) caused by scavenging of HO2
• by the subsequent ET, which formed a 

hydroperoxyl anion (HO2
−) and substrate radicals (12HNQ•

 and 14HNQ•) from the 

deprotonated anions (12HNQ−
 and 14HNQ−) (Equation (4)). Consequently, a monoelectronic 

CV curve appeared. 

O2 + e− ↔ O2
•− E° = −1.284 V vs Fc+/Fc (1) 

O2
•− + 12H2NQ → HO2

• + 12HNQ− the initial PT (2) 

HO2
• + e− → HO2

− E° = −0.4 to −0.2 V vs Fc+/Fc (3) 

HO2
• + 12HNQ− → HO2

− + 12HNQ• ET  (4) 

HO2
− + 12HNQ• → H2O2 + 12NQ•− the second PT (5) 

where E° (V vs Fc+/Fc) is the standard redox potential. 

Based on these results, we rationalized that O2
•− formed after the primary electrode process 

associated with PT from OH, leading to the irreversible overall reduction of O2 to H2O2 

driven by the exergonic reduction of the resulting HO2
•/HO2

−. Therefore, the CV traces of 

O2/O2
•− in the presence of 1nH2NQ (Figure 1(a–c)) were divided into two typical curves: type 

A depicting the irreversible one-electron process (Equations (1), (2), (4), and (5)) leading to 

O2
•− scavenging, and type B depicting the irreversible two-electron process observed in 
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electro–chemical–electro reactions (Equations (1)–(3)). Figure 2 shows the plausible 

electrochemical mechanisms of O2/O2
•− in the presence of (a) 12H2NQ and (b) 13H2NQ. 

These results summarize Equations (1)–(5). 

 

Figure 2. Plausible electrochemical mechanisms of O2/O2
•− in the presence of (a) 12H2NQ, 

and (b) 13H2NQ in DMF. 1One-electron reduction of O2/O2
•−, 2the initial proton transfer from 

the acidic substrate to O2
•−, 3one-electron reduction of HO2

•/HO2
−, 4electron transfer from the 

substrate anion to HO2
•, 5the second proton transfer to HO2

−. 

In this scenario, the CV result (Figure 1) recorded in the presence of 13H2NQ was type B, 

indicating the absence of O2
•− scavenging and the appearance of a cathodic-current-ascribed 

HO2
•. Conversely, the CV results in the presence of 12H2NQ and 14H2NQ were type A, 

indicating the scavenging of O2
•−/HO2

• through the PCET involving two PTs and one ET 

(Figure 2). The reversible peaks (3c/3a and 4c/4a in Figure 1ac) appeared in these CV 

profiles are mainly assigned to two-step one-electron redox couples of the product radicals, 

NQ/NQ•− and NQ•−/NQ2−, respectively. Notably, the peak 3c was observed at the positive 

side of peak 1c (O2/O2
•−) in the initial cathodic scan, before the initial electrogeneration of 
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O2
•− that triggers a series of PCET reactions. Additionally, the cathodic current of the peak 1c 

decreases with a concentration dependency of the added H2NQ, showing a consumption of O2 

(grayscale in Figure 1ac). The decrease in the peak 1c with the appearance of the peak 3c can 

be explained by a positive-shift of the redox potential of O2/O2
•− due to a hydrogen-bond 

(HB) preformed between O2 and H2NQ. That is, the cathodic peak 3c observed in Figure 1 at 

(a) –0.9 and (c) –1.1 V involves two reactions; the one-electron reduction of the O2–H2NQ 

complex, and the one-electron reduction of NQ that is produced in the solution through the 

PCET and the subsequent ET between NQ•− and O2 (Equation (6)). Along these series of 

reactions, the O2
•− scavenging through the PCET and the subsequent O2

•− generation, H2O2 

formation from O2 is catalyzed by H2NQ in a superior kinetics as observed in the CV time 

scale. These CV profiles of O2/O2
•− are characteristic to that in the presence of 12H2NQ or 

14H2NQ, and cannot be observed in the presence of catechol,22 hydroquinone,23 and other 

antioxidants composed of substituted monophenols.28,29,36,37 Thus, the CV results suggest that 

the planar naphthalene ring makes the ET feasible, generating O2
•− and NQ from O2 and NQ•−. 

12NQ•− + O2 → 12NQ + O2
•− ET (6) 

3.2 In situ electrolytic ESR spectral analyses of O2/O2
•− in the presence of 1nH2NQ 

To confirm the PCET reaction between O2
•− and 1nH2NQ, the CV solutions were analyzed 

by electrolytic ESR (scanning time = 4 minutes) in an in situ cell (Supporting Information, 

Figure S1). The spectra were acquired under an applied potential of −1.3 V, which 

corresponds to the electrogeneration of O2
•− (Equation (1)). The ESR spectra were obtained 

only in the presence of 12H2NQ and 14H2NQ. Figure 3 shows the ESR spectra of O2/O2
•− 

solution in the presence of (a-1) 12H2NQ and (b-1) 14H2NQ. Then, hyperfine coupling 

constants for hydrogen (aH/mT) were obtained by simulation based on the measured ESR 

spectra. Next, charges distributed on the structures of the product radicals, (a-2) 12NQ•− and 

(b-2) 14NQ•−, were calculated using the DFT-(U)B3LYP/PCM/6-311+G(d,p) with the NBO 
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analysis, and the charges on carbons bonded to hydrogen were denoted. Considering the 

calculation results, the simulated aH were assigned to their hydrogen of their substrate radical 

anions, 12NQ•− (Ha–Hf: 0.420, 0.050, 0.020, 0.137, 0.150, 0.010 mT) and 14NQ•− (Ha, Hb, 

Hc: 0.335, 0.035, 0.070 mT) formed through the PCET involving two PTs and one ET. 

 

Figure 3. Electrolytic ESR spectra for O2 (4.8 × 10−3 mol dm−3) in DMF solutions in the 

presence of (a-1) 12H2NQ, and (b-1) 14H2NQ at 5.0 × 10−3 mol dm−3 obtained by in situ 

controlled-potential electrolysis of solutions containing 0.1 mol dm−3 TPAP at an applied 

potential of −1.3 V vs Fc+/Fc. Radical structures with the g-values and the appropriate 

hyperfine coupling constants for hydrogen (aH/mT) were obtained by simulation based on the 

measured spectra. The charge distributions on the carbons bonded to hydrogen for (b-1) 

12NQ•−, and (b-2) 14NQ•− were calculated using the DFT-(U)B3LYP/PCM/6-311+G(d,p) 

with the NBO analysis. 

3.3 DFT analysis on change in HOMO–LUMO energies during PCET between 

12H2NQ/14H2NQ and O2
•− 

The mechanistic analysis of O2
•− scavenging by 12H2NQ/14H2NQ in DMF was 

supplemented by a DFT-based frontier molecular-orbital analysis with the B3LYP hybrid 

functional. Figure 4 shows the HOMO–LUMO changes during the PCET. After the initial PT, 
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the reactant species 12H2NQ/14H2NQ, 12HNQ−/14H2NQ−, O2
•−, and HO2

• coexisted in the 

solution. The singly occupied molecular orbital (SOMO) energy of HO2
• (−0.31659 a.u.) was 

much lower than the HOMO energies of 1nH2NQ (12H2NQ:−0.21100 a.u., 

14H2NQ:−0.20679 a.u.) and its anion (12HNQ−:−0.16268 a.u., 14HNQ−:−0.15465 a.u.), 

indicating that the electron acceptor was HO2
• rather than O2

•−. Meanwhile, the CV in DMF 

revealed that HO2
• formed after the initial PT was scavenged (Figure 1ac). Therefore, the 

electron donor was the anions (the downhill energy relationship during the ET is indicated by 

the bold red lines in Figure 4). These changes in HOMO–LUMO energies occur during the 

PT between 12H2NQ/14H2NQ and O2
•−, which forms 12HNQ−/14HNQ− and HO2

•. After the 

subsequent ET, the HOMO–LUMO relationship between the products is reversed and the 

orbital energies change along the red dotted lines in Figure 4. However, as the PT-forming 

H2O2 has a lower HOMO (−0.27731 a.u.) than HO2
− (−0.16694 a.u.), the reverse ET cannot 

proceed so the ET direction is dominantly determined by the subsequent PT. Judging from 

the HOMO–LUMO relationship for O2
•− scavenging by 12H2NQ/14H2NQ, the net PCET 

involves two PTs and one ET. 

 

Figure 4. Change in HOMO−LUMO energies (hartree/a.u.) during PCET between 

12H2NQ/14H2NQ and O2
•− with its corresponding chemical species in DMF, calculated using 

the DFT-(U)B3LYP/PCM/6-311+G(d,p). 
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3.4 Free energy calculations of PCET between 1nH2NQ and O2
•− 

For a mechanistic analysis of O2
•− scavenging by 1nH2NQ in DMF, DFT calculations were 

performed at the (U)B3LYP/PCM/6-311+G(d,p) level. Figure 5 shows the equilibrium 

schemes and standard Gibbs free energy changes (ΔG°/kJ mol−1, 298.15 K) of the six diabatic 

electronic states in the PCET involving two PTs and one ET between (a) O2
•− and 12H2NQ, 

and (b) O2
•− and 14H2NQ. The main drivers of these sequential processes are the ΔG°s of the 

individual reactions, the acid–base interaction, and the redox potentials of the components. 

As ET1 (a: 359.0, b: 345.9) in Figure 5 is strongly endergonic, PT1 (a: 21.2, b: 40.7) 

dominantly forms 12HNQ−/14NQ− and HO2
•. In the following pathway (bottom part of the 

panels in Figure 5ab), PT3 (a: 388.7, b: 361.2) is uphill endergonic, so ET2 (a: 1.2, b: −17.6) 

is likely to proceed. Notably in Figure 5, PT4 is exergonic (a: −78.5, b: −95.3), meaning that 

two PTs must be coupled to one ET for successful O2
•− scavenging. This suggests that the 

initial PT (PT1) is dominant in the subsequent ET2–PT4. Another feasible pathway is one-

step one ET concerted with sequential two-PT after initial formation of the prereactive 

complex (PRC) via HBs between 12H2NQ/14H2NQ and O2
•− without generating high energy 

intermediates. We refer to this pathway as the concerted two-proton-coupled electron transfer 

(2PCET) reaction.22,34 
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Figure 5. Six diabatic electronic states and the ΔG° values of PCET between (a) 12H2NQ 

and O2
•−, and (b) 14H2NQ and O2

•− in DMF, involving two proton-transfers (PT) and one 

electron-transfer (ET). The ΔG°s (kJ mol−1, 298.15 K) of (PT1–PT4) and ET (ET1–ET3) 

were calculated using the DFT-(U)B3LYP/PCM/6-311+G(d,p) method. 

For a comparative study, the ΔG° values of the PCET pathways of 1nH2NQ including 

13H2NQ were calculated using three functionals, B3LYP, ω-B97XD, and M06-2X, (Table 1). 

From a thermodynamic viewpoint, the energetic driving force of the PCET is the ΔG° of the 

net PCET, obtained by summing the ΔG°s of the two PTs and one ET. If the PCET occurs 

along a pathway involving an infeasible single PT/ET, the total ΔG° cannot embody the 

energetic driving force because it includes the ΔG° of the infeasible PT/ET. Along the 

plausible pathway for 13H2NQ, the initial PT1 and the subsequent ET2 were both endergonic, 

using any of the functional shown in Table 1. Conversely, the total ΔG° for 14H2NQ 

embodies the exergonic driving force, because ET2 after the initial PT1 is exergonic. On the 

other hand, the ΔG° values of the sequential PCET pathway of 12H2NQ, PT1–ET2–PT4, 

cannot be evaluated correctly because the optimized structure of intermediates after PT1 

(12HNQ−) and ET2 (12HNQ•) are stabilized by their intramolecular HB formed among the 
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two carbonyl-oxygen-atoms. These results are independent of the computational method, 

three density functionals yielding similar energies for the PCET. However, the highest 

energies for ET2 are obtained using the M06-2X functional (12H2NQ:18.2, 13H2NQ:37.2, 

14H2NQ:−0.2), while M06-2X was parameterized taking into account HAT reactions 

involving PCET.34 Considering above, the 2PCET rather than the sequential PCET is 

plausible pathway for 12H2NQ and 14H2NQ, indicating that the ortho- and para- resonance 

structure confers the exergonic total ΔG°s (−55.3, −69.9), which consistent with the 

electrochemical results on CV time scales (Figures 1–3). 

Table 1. ΔGº values (kJ mol−1, 298.15 K) of proton-coupled electron transfer between O2
•− 

and 1nH2NQ in DMF, calculated using DFT at the B3LYP, ω-B97XD, and M06-2X 

functionals, in conjunction with the PCM/6-311+G(d,p) basis set. 

 

Compou

nds 
PT1 PT2 PT3 PT4 ET1 ET2 ET3 1Total 

B3LYP 

12H2NQ 21.2 −336.6 388.7 −78.5 359.0 1.2 −466.0 −56.1 

13H2NQ 35.5 −315.5 337.1 −77.8 367.0 16.0 −398.9 −26.3 

14H2NQ 40.7 −322.8 361.2 −95.3 345.9 −17.6 −474.1 −72.2 

ω-

B97XD 

12H2NQ 22.2 −343.1 388.3 −84.1 376.2 10.7 −461.7 −51.1 

13H2NQ 34.6 −323.6 334.8 −81.9 386.6 28.4 −388.2 −18.9 

14H2NQ 40.7 −330.6 361.1 −99.2 362.5 −8.2 −468.5 −66.7 

M06-2X 

12H2NQ 19.9 −361.5 391.5 −93.4 399.6 18.2 −466.7 −55.3 

13H2NQ 32.2 −342.1 339.2 −84.6 411.5 37.2 −386.6 −15.2 

14H2NQ 38.4 −346.9 365.4 −108.1 385.1 −0.2 −473.7 −69.9 

1 Total values involve the sum of ΔGºs for two proton-transfers (PT) and one electron-

transfer (ET). 

3.6 Potential-energy surfaces of the PCET between 12H2NQ and O2
•− 
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To gain deeper insight into the PCET mechanism of O2
•− scavenging by 12H2NQ in DMF, 

the potential-energy surfaces were investigated at the (U)B3LYP/PCM/6-311+G(d,p) level of 

theory. The reaction is assumed to proceed by three elementary steps: i) formation of the PRC 

via HBs from the free reactants, ii) 2PCET reaction forming the product complex (PC) via a 

TS, and iii) dissociation of the PC yielding the free products (Supplementary Materials, Table 

S2). The structural and electronic changes during the reaction were analyzed through NBO 

calculations. We first performed a potential-energy scanning of the stable HB complexes 

(PRC, the intermediate HB complex, and the PC) along the PCET reaction (Figure 6a). We 

then optimized the structures of the plausible PRCs (12H2NQ–O2
•−) formed from the free 

reactants (12H2NQ and O2
•−) via two HBs (step i). After optimization, the ΔG° reduced by 

31.0 kJ mol−1 (the ΔG° of the PRC was set to zero in Figure 6a). Next, we constructed the 

energy profile (ΔG°, kJ mol−1) along the IRC for the 2PCET involving concerted two PTs 

and one ET, which forms the PC (12NQ•−–H2O2) (step ii). The IRC revealed a 2PCET 

between 12H2NQ and O2
•− in one-kinetic process via a TS and no generation of intermediates 

such as HO2
•, HO2

−, 12HNQ−, and 12HNQ•. Although the IRC is similar to that for catechol 

(Supplementary Materials, Figure S2), obtained activation energy (Ea = 41.1 kJ mol−1) was 

lower than those for 2PCET between O2
•− and catechol derivatives (catechol: 52.3, benzene-

1,2,3-triol: 53.5, and 3-methoxybenzen-1,2-diol: 50.8) by about 10 kJ mol−1,22,36 indicating 

that the naphthalene ring of 12H2NQ kinetically promotes the 2PCET. The obtained Ea value 

is in agreement with the electrochemical result, showing the superior kinetics of the 2PCET. 

Figure 6b shows the dependence of O−H bond distance (OH1: black line, and OH2: red 

line) on the number of electrons in the π-orbital of the planar molecule of 12H2NQ along the 

IRC (blue circles). The spin density distributions were localized on the radicals before and 

after the TS along the 2PCET, showing that the radical localized on O2
•− in the initial PRC 

was transferred to 12NQ•− in the resulting PC. The spin changes on the electron-donor side 
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(12H2NQ) and electron-acceptor side (O2
•−) were well correlated with the changes in the π-

electrons of 12H2NQ. Furthermore, after carefully observing the changes in structures and 

OH1/OH2 in the IRC, one finds that π-electron transfer occurs simultaneously with sequential 

lengthening of the two O−H bond distances. In the first step of the reaction, one proton (H1) 

is attracted by O2
•−. This attraction results in nearly complete deprotonation of 12H2NQ and 

the transfer of one-half of the π-electrons from 12H2NQ to O2
•− in the TS. Movement of the 

second proton (H2) accelerates the ET forward from the TS, eventually forming the PC as the 

resulting reaction system. The results also demonstrate that the TS is electronically 

characterized by delocalization of the radical anion over the HB complex of the components. 

 

Figure 6. (a) Energy profile (kJ mol−1) along the intrinsic reaction coordinate of concerted 

two-proton-coupled electron transfer between 12H2NQ and O2
•− in DMF, with the structures 

of free reactants (12H2NQ, O2
•−), prereactive complex (PRC), transition state (TS), product 

complex (PC), and free products (12NQ•−, H2O2). (b) Left and right vertical axes represent 

the O−H bond distances (OH1: black line, OH2: red line, nm) and the number of electrons 

(open circles) in the π-orbitals of 12H2NQ, respectively. Calculations were performed using 

the DFT-(U)B3LYP/PCM/6-311+G(d,p) method. 

Collectively, these findings indicate that O2
•− scavenging by 12H2NQ in DMF is governed 

by the 2PCET after forming PRC via two HBs, which corresponds to moving along the red 

diagonal lines of the two panels in Figure 5a. A similar 2PCET mechanism is inferred for the 
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reaction between O2
•− and 14H2NQ, among an extensive HB network via the para-OHs 

alternately formed and broken with each of the neighboring O2
•−. Figure 7 shows the net 

reaction mechanism between electrogenerated (a) O2
•− and 12H2NQ, and (b) O2

•− and 

14H2NQ in DMF. In the 2PCET mechanism, ET occurs between the oxygen π orbitals 

orthogonal to the molecular frameworks of the donor and accepter, then, PT occurs between 

the oxygen σ orbitals along the HBs.22,34,36 Numbers of spin distributed on the NQ planar 

molecule, a quinoid subunit (A ring) and a fused aromatic ring (B ring), are also given in 

Figure 7. Notably, the spins are distributed on the B ring of the product radical (12NQ•−:0.123, 

14NQ•−:0.085) that expands the π-conjugated plane, demonstrating that the radical product is 

more stabilized than the mono-ring-quinone radicals generated from catechol and 

hydroquinone. These results showed that the B ring of NQ thermodynamically promotes the 

net PCET mechanism. Furthermore, the stability of the NQ•− leads to the subsequent 

generation of O2
•− (Equation (6)) under aerobic conditions.  

 

Figure 7. Plausible mechanisms with ΔG° and Ea values (kJ mol−1, 298.15 K) of the reactions 

between (a) 12H2NQ and O2
•−, and (b) 14H2NQ and O2

•− in DMF, (step i) formation of 

prereactive complex (PRC), (step ii) concerted two-proton-coupled electron transfer (2PCET), 

(step iii) dissociation of product complex (PC), and subsequent electron transfer between 
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product radical (a:12NQ•−, b:14NQ•−) and O2 generating naphthoquinone (a:12NQ, b:14NQ) 

and O2
•−. The ΔG° and Ea values were calculated using the DFT-(U)B3LYP/PCM/6-

311+G(d,p) method. Spin numbers distributed on two rings (A, B) of the product radical were 

obtained by NBO analysis. 

4 Conclusions 

In this study, we derived the reactivities of 1nH2NQ toward O2
•− in DMF. The main 

findings are summarized below. 

 12H2NQ and 14H2NQ scavenge O2
•− forming H2O2 through a 2PCET involving 

concerted two PTs and one ET. This reaction is mediated by the ortho- or para- 

resonance moiety. 

 O2
•− generation via the subsequent ET between product-NQ•− and O2 was 

electrochemically observed. 

 The naphthalene ring contributes to the thermodynamic stability of the product radical, 

the superior kinetics (Ea) of the 2PCET mechanism for a successful O2
•− scavenging, 

and the subsequent generation of O2
•− from O2 and product-NQ•−. 

 Along the O2
•− scavenging through the 2PCET and the subsequent O2

•− generation by 

the product-NQ•−, H2O2 formation from O2 is catalyzed by H2NQ. 

Although the presented results are specific to chemical reactions in aprotic DMF solvent, 

the PCET theory is adaptable to biological processes in biotic structures such as lipid bilayers. 

Therefore, we hope that the findings will reveal the mechanistic actions of the scavenging 

and generation of O2
•− by 1nH2NQ, thus securing its pharmacological use as an anticancer 

agent. 
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