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Abstract: The structural properties of 4-substituted phenols capable of proton-coupled electron transfer (PCET) 

to superoxide (O2
•−) were investigated on the basis of electrochemical and electron spin resonance (ESR) spectral 

measurements and supported by density functional theory calculations. Although the proton and electron 

donating abilities of phenols are considered to be important factors in PCET reactions, the major mechanism for 

the reactions between 4-substitued monophenols and O2
•− is the proton-transfer pathway that is independent of 

the electronic substituent effect. Conversely, the presence of 4-aminophenol in addition to p-hydroquinone 

distinctly affects the reversible O2/O2
•− redox pair; the associated PCET reaction occurs from the 4-aminophenol 

to O2
•− to give a stable intermediate radical in the redox system. The generation of p-benzoquinone imine radical 

was inferred from the results obtained from ESR spectral measurements. B3LYP/PCM/6-31+G(d,p) calculations 

indicate that the O2
•−-scavenging reaction involves a primary proton transfer from 4-aminophenol to O2

•− to give 

HO2
•−, followed by a one-step concerted PCET reaction to yield p-benzoquinone imine radical and H2O2. The 

structural properties of 4-aminophenol are important in the O2
•−-scavenging PCET reaction; 4-aninophenol is 

characterized by a  electronic redox system involving two protons and two electrons, similar to the 

quinone–hydroquinone redox system. 
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1. INTRODUCTION  

The beneficial properties of phenolic compounds are primarily related to their antioxidant activities, 

which are associated with their protective role in interrupting chain reactions, such as lipid peroxidation 

[1,2]. These activities have been attributed to proton-coupled electron transfer (PCET). Therefore, free 

radical scavenging by phenolic compounds has been widely studied experimentally and theoretically 

from kinetic and thermodynamic perspectives [4-27]. However, the free radical scavenging mechanism 

of phenolic antioxidants is still controversial; for example, a concerted pathway of sequential PCET, 

H-atom transfer (HAT) involving concerted PCET, and sequential proton loss electron transfer (SPLET) 

to intermediate radicals [21,22] have all been proposed. 

As a free radical, O2
•− is an important biological intermediate in living cells [28] and is overproduced in 

tissues that are subject to chronic infection and inflammation [29]. O2
•− causes oxidative DNA damage 

in living tissues under inflammatory conditions [30-33]. The reactivity of O2
•− against substituted 

monophenols (POHs) has been electrochemically studied in aprotic solvents such as 

dimethylformamide (DMF) and dimethyl sulfoxide [34-38]. It has been proposed that the major 

mechanism for the reaction is the proton-transfer pathway involving only one OH between the 

electrogenerated O2
•−, acting as a weak base, and POH, acting as an acid. Recently, a few studies have 

suggested an electron-transfer pathway involving HAT and including concerted PCET [23-26] and 

SPLET [21,22] rather than a proton-transfer pathway for the reaction between electrogenerated O2
•− and 

phenolic flavonoids. However, these studies provide insufficient information about the structural and 

electronic properties of the POHs involved in PCET to O2
•−. As expected, the reactivity depends on the 

chemical nature of the substituents present on the POH. For example, changes in acid dissociation and 

the electron donating or accepting abilities of the substituents are among the most important parameters 
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that influence the PCET reaction. In this vein, numerous investigations have been devoted to the 

chemical and physicochemical properties of phenolic compounds (especially flavonoids) [1-33]. 

Studies have been reported on the determination of the oxidation potentials, pKa values, and spectral 

properties of these compounds. However, controversies still exist regarding the meaning of these data. 

Moreover, it is reasonable to assume a PCET model comprising O2
•− and two POH molecules for the 

O2
•−-scavenging reaction involving two protons and one electron, as shown in Fig. 1 [26,39]. In this 

context, we recently presented some preliminary results showing that the PCET reaction of O2
•− occurs 

only with hydroquinone and catechol, which have two hydroxyl groups per molecule [25]. In this work, 

we have explored and developed this possibility to gain more insight into the mechanism involved in 

the reaction of electrogenerated O2
•− with 4-substitued POHs. We show that the O2

•−-scavenging 

reaction of 4-aminophenol proceeds efficiently by a one-step concerted PCET mechanism after primary 

proton transfer. This is attributed to the stability of the intermediate radical in the POH redox system 

rather than the electronic substituent effect of the POH. 

 

 

 

 

 

Fig.1. Model of the PCET reaction for O2
•−-scavenging by 4-substituted POHs. The abbreviations ET and PT 

denote electron transfer and proton transfer, respectively. 

2. EXPERIMENTAL 

2.1.  Chemicals 

4-Substituted POHs used in this study were 4-cyanophenol, 4-bromophenol, phenol, 4-tert-butylphenol, 

4-methoxyphenol, 4-aminophenol, and 4-dimethylaminophenol. 4-Cyanophenol, 4-bromophenol, and 

4-methoxyphenol are commercially available from Tokyo Chemical Industry Co., Ltd. and used as 

received without further purification.  4-tert-Butylphenol and 4-aminophenol were purchased from 

Tokyo Chemical Industry Co., Ltd. and were purified by sublimation under reduced pressure just before 

use. Phenol and 4-methoxyphenol were purchased from Wako Pure Chemical Industries, Ltd. and 

Tokyo Chemical Industry Co., Ltd., respectively, and used as received without further purification. 

4-Dimethylaminophenol was synthesized according to the literature [40]. The solvent for 

electrochemical and ESR spectral measurements was spectrograde purity DMF available from 

Sigma-Aldrich Co. LLC. and used as received.  Tetrapropylammonium perchlorate (TPAP) was 

prepared as described previously [41] and used as a supporting electrolyte for DMF.  Ferrocene (Fc), 

used as a potential reference compounds, was commercially available from Nacalai Tesque Inc. and 

purified by repeated sublimation under reduced pressure immediately prior to use. 

2.2. Electrochemical and Spectroelectrochemical Measurements   

Cyclic voltammetry was performed with a three-electrode system comprising a glassy carbon (GC) 

working electrode, a coiled platinum counter electrode, and an Ag/AgNO3 reference electrode 

(containing CH3CN solution of 0.1 mol dm−3 TBAP and 0.01 mol dm−3 AgNO3; BAS RE-5) at 25°C 

using a BAS 100B electrochemical workstation, coupled to a Dell Optiplex760 PC using BAS 

electrochemical software to record and analyze the data. 

In situ electrochemical ESR spectra were observed using a JEOL JES-FA200 X-band spectrometer.  

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 a working electrode [42]. 

Samples were prepared in a glove box completely filled with N2 gas to prevent contamination by 

moisture.  The DMF solution containing 0.1 mol dm−3 TPAP as a supporting electrolyte was saturated 
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with O2 by bubbling the gas for ca. 2−3 min and the gas was passed over the solutions during the 

electrochemical and ESR measurements to maintain the concentration of O2 at a constant level.  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 using Gaussian 09 Program package [43]. Geometry of 

each compound and radical or ionic structure was optimized using DFT method with B3LYP functional 

using 6-31+G(d,p) basis sets.  Solvent contribution of DMF to the standard Gibbs formation energies 

was computed employing integral equation formalism polarized continuum model (IEF-PCM) method 

that is widely employed in the description of the thermodynamic characteristics of solvation.  The 

PCM calculations were performed using default settings of Gaussian 09 Program package.  The 

zero-point energies and thermal correction, together with the entropies, were used to convert the 

internal energies to standard Gibbs energy at 298.15 K. 

3. RESULTS AND DISCUSSION 

3.1. Cyclic Voltammetry of O2 in the Presence of 4-Substituted POHs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2. Cyclic voltammograms of O2 in the absence and presence of 4-substitued POHs in DMF 

containing 0.1 mol dm−3 TPAP on a GC electrode at a scan rate of 0.1 V s−1. The concentrations of the 

POHs are 0, 1.0, 3.0, 5.0, and 10.0 mmol dm−3. The voltammogram drown with a red line in Fig. (f) is 

observed in the presence of 50 mmol dm−3 4-dimethylaminophenol. 

O2 exhibits a reversible redox wave that corresponds to the generation of O2
•−, as shown in Fig. 2. Our 

estimations of the reactivity between O2
•− and 4-substituted POHs are based on modifications of a cyclic 

voltammogram of the O2/O2
•− redox pair when the POH is added. The pKa values and HOMO energies 

of 4-substituted POHs are listed in Table 1. As expected, the apparent effect on the O2/O2
•− 

electrochemistry depends on the chemical nature of the substituents present on the POHs, as shown in 
Fig.2. Clearly, upon the addition of POH, the anodic peak current for reoxidation of O2

•− tends to 
decrease with increasing POH acidity. This behavior is attributed to the elimination of O2

•− by initial 
proton transfer from a POH to give HO2

• [34-38]. Depending on the acidity of the POH, this decrease 
could be concomitant with an increase of the cathodic peak current (Fig. 2c–f) or with the appearance of 
a prepeak (Fig. 2a–b). The reduction prepeak that appears upon the addition of 4-cyanophenol and 
4-bromophenol is interpreted as the reduction wave of HO2

•. A fast protonation by the phenol to 
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produce electrically neutral HO2
• from O2

•− precedes the second electron transfer reaction, causing a 
potential inversion that corresponds to the case when the addition of the second electron is 
thermodynamically more favorable than the addition of the first one. Consequently, O2

•− formation after 
the primary electrode process associated with proton transfer from the phenol leads to the irreversible 
overall reduction of O2 to H2O2, driven by the exergonic reduction of the resulting HO2

•
. Conversely, the 

presence of weakly acidic POHs, such as 4-methoxyphenol and 4-dimethylaminophenol, does not result 
in the appearance of a well-defined prepeak because O2

•− is a weak base and its protonation by a weak 
acid is quite thermodynamically unfavorable. However, the two-electron reduction is facilitated by the 
subsequent homogeneous disproportionation reaction that displaces the proton transfer equilibrium 
[34-38]. In this situation, regardless of the acidity, as the POH concentration increases, the O2 reduction 
changes from a monoelectronic reversible wave to an irreversible two-electron reduction wave. Indeed, 
the presence of the 4-dimethylaminophenol, which is the most weakly acidic POH, induces an apparent 
irreversible two-electron reduction to H2O2 at high concentrations (red line in Fig. 2f). The anodic peak 
that appears at approximately –0.7 V in the reverse scan can be ascribed to the oxidation of the 
generated phenolate anion. The results indicate that the major mechanism for the reactions between O2

•− 
and 4-substituted POHs is the proton-transfer pathway, irrespective of the phenolic acidity and HOMO 
energy (ionization potential). These behaviors are consistent with previously documented results 
[34-38]. 

3.2. Cyclic Voltammetric and ESR Spectral Measurements of O2 in the Presence of 

4-Aminophenol 

Unlike other POHs, the presence of 4-aminophenol is only associated with an apparent decrease in the 

reversibility of the O2/O2
•− redox pair, as shown in Fig. 3. A monoelectronic process with the 

disappearance of the reoxidation wave indicates that the HO2
•
 produced in the electrochemical process 

in the presence of 4-aminophenol is consumed immediately in the reaction with the POH or PO−, 

without being heterogeneously reduced on the electrode. The results shown in Fig. 3 are the same as 

those obtained previously for hydroquinone (4-hydroxyphenol) and catechol (2-hydroxyphenol) 

[25,26]. This indicates that 4-aminophenol is involved in the PCET reaction of O2
•− scavenging. The 

electron transfer from 4-aminophenol or 4-aminophenolate anion to HO2
• has been inferred from ESR 

spectral measurements. Figure 3 also presents the ESR spectrum of the O2 solution containing 

4-aminophenol obtained by controlled-potential electrolysis at an applied potential of −1.3 V, 

corresponding to the reduction of O2. A well-defined hyperfine structure was observed for the ESR 

spectrum, with excellent repeatability. However, the radical structure was not precisely identified. We 

infer the structure to be p-benzoquinone radical anion (aH = 0.26 mT), derived from the radical anion of 

p-benzoquinone imine by hydrolysis [44]. The 4-aminophenol redox reaction involving 

p-benzoquinone imine is expected to act as a quinone−hydroquinone -conjugated redox system 

characterized by PCET via the stable intermediate radical anion. 

 

 

 

 

 

 

 

 

 

Fig.3. Cyclic voltammograms of O2 in the absence and presence of 4-aminophenol in DMF containing 0.1 mol 

dm−3 TPAP on a GC electrode at a scan rate of 0.1 V s−1, and the ESR spectrum obtained by controlled-potential 

electrolysis of O2 solution (DMF) containing 4-aminophenol (5.0 mmol dm−3) at an applied potential of −1.3 V vs 

Fc+/Fc. The concentrations of 4-aminophenol are 0, 1, 2, 3, and 5 mmol dm−3. 
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3.3. Energetics for the Reaction of O2
•−

 with 4-Substituted POHs 

Figure 4 shows six diabatic electronic states for a PCET reaction involving the transfer of one electron 

and two protons based on the model shown in Fig. 1. Table 1 lists the standard Gibbs energy changes 

(G°) of the six diabatic electronic states shown in Fig. 4 for the 4-substituted POHs investigated here. 

A proposed low energy pathway based on this model is sequential PCET, involving electron transfer 

between PO− and HO2
• (ET2), followed by proton transfer from the other POH to the resulting HO2

− 

(PT4) after the initial proton transfer (PT1) from POH to O2
•−. However, the protonation of O2

•− by 

phenolic compounds is generally thermodynamically unfavorable because O2
•− is a weak base. In fact, 

the G° values for the initial proton transfer (PT1) are always positive for calculations that include 

solvent effects, as shown in Table 1. In addition, the substituent effect on PT1 conflicts with that on ET2. 

For example, the electron-withdrawing nature of the CN substituent makes the protonation of O2
•− 

feasible but weakens the electron-donating ability of the POH. Therefore, all the substituted POHs 

investigated here are thermodynamically unfavorable for the model, as listed in Table 1. We note here 

that the favorable electron-transfer reaction (ET3 process), contributed by electron-donating 

substituents such as the N(CH3)2 group, is prevented by the kinetics of the disproportionation reaction 

of HO2
•. The calculation results provide a good explanation for the fact that the major mechanism of the 

reaction between O2
•− and 4-substituted POHs (except for 4-aminophenol) is a proton-transfer pathway 

facilitated by a subsequent homogeneous disproportionation reaction that displaces the proton transfer 

equilibrium. 

Table1. pKa values and HOMO energies of 4-substituted POHs and G° values for the PCET reaction (Fig. 1) 

between O2
•− and 4-substitued POHs, calculated using the B3LYP/6-31+G(d,p) method. 

Substituents pKa 
HOMOa 

Energy/ eV 

G° / kJ mol−1 

PT1 PT2 PT3 PT4 ET1 ET2 ET3 Totalb 

CN 7.95 −5.11 10.09 289.36 −379.94 −62.34 465.46 75.43 −276.27 23.18 

Br 9.34 −4.71 34.03 313.30 −352.61 −38.40 421.19 34.54 −317.16 30.17 

H 9.98 −4.60 45.25 324.52 −355.97 −27.18 425.28 24.05 −327.65 42.12 

C(CH3)3 − −4.44 50.27 329.53 −341.07 −22.16 401.40 10.06 −341.64 38.16 

OH 9.96 −4.28 52.58 331.85 −331.47 −19.85 377.24 −6.81 −358.51 25.92 

CH3O 10.20 −4.27 53.13 332.40 −322.67 −19.30 366.12 −9.68 −361.38 24.15 

NH2 10.30 −4.09 56.11 335.38 −298.08 −16.31 315.13 −39.07 −390.77 0.72 

N(CH3)2 −c −3.81 65.13 344.40 −281.43 −7.30 293.90 −52.66 −404.36 5.17 

a) HOMO energy of PO−. 

b) G° values correspond to the PCET reaction, O2
•− + 2POH → H2O2 + PO• + PO−. 

c) This pKa value is not available in the literature but is estimated from the substituent constants to be greater than 

10.5. 

A PCET reaction after the initial proton transfer from 4-aminophenol to O2
•− is important in efficient 

O2
•− scavenging. The PCET reaction involving the transfer of one electron and one proton from 

4-aminophenolate anion to HO2
• can be described in terms of the four diabatic electronic states depicted 

in Fig. 4. The proton and electron are transferred in one kinetic step that corresponds to the diagonal of 

the lower rectangle in Fig. 4, labeled concerted PCET. This facilitates the kinetics of the concerted 

PCET mechanism. The PCET model of 4-aminophenol is shown in Fig. 6. Concerted PCET occurs in 

the hydrogen-bonded complex between 4-aminophenolate anions and HO2
• (Fig. 6). The proton transfer 

occurs along the N−H….O hydrogen bond from a lone pair -type orbital on the nitrogen atom of the 

4-aminophenolate ion that is nominally in the plane of the molecular framework. This transfer is 

coupled to the electron transfer that occurs from the -type lone pair of the oxygen atom of 

4-aminophenolate ion to the singly occupied molecular orbital of HO2
•. Note that the proton and 

electron are transferred in one kinetic step in the concerted PCET mechanism [45-49]. 
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Fig.4. Six diabetic electronic states for the PCET reaction between O2
•− and POH involving two protons 

and one electron, based on the model shown in Fig. 1.  

 

 

 

 

 

 

 

 

 

Fig5. Six diabetic electronic states and the ΔG° values for the PCET reactions between O2
•− and 

4-aminophenol (upper) and between HO2
• and 4-aminophenolate ion (lower) in DMF. The ΔG° values 

(kJ mol−1) were calculated using the B3LYP/PCM/6-31+G(d,p) method. 

 

 

 

 

Fig.6. Plausible model for the PCET reaction of O2
•− scavenging by 4-aminophenol.  The electron 

transfer occurs concertedly with the second proton transfer after the first proton transfer. See the text 

for details. 

4. CONCLUSIONS 

It has been demonstrated that a proton-transfer pathway is the major mechanism for the reaction 

between O2
•− and POHs except for 4-aminophenol and that the reaction is not influenced by the 

electronic substituent effect. In addition, 4-aminophenol shows a strong O2
•− scavenging effect despite 

its single hydroxyl group. It is suggested that structural properties of 4-aminophenol characterized by 

the  electronic redox system involving two protons and two electrons are important in the 

O2
•−-scavenging PCET reaction. The concerted PCET reaction of the redox system of 4-aminophenol is 

believed to be similar to the quinone–hydroquinone electron transfer system involving an intermediate 
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radical anion in the PCET process. The proposed concerted PCET reaction can be ascribed to the 

structural properties of the hydroxyl and amino groups in 4-aminophenol and the two hydroxyl groups 

in hydroquinone, as well as the stability of the intermediate radical anion in the 4-aminophenol redox 

system. 
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