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ABSTRACT 

Electrochemical analyses aided by density functional theory calculations were used to investigate 

the oxidative degradation of pyrazine antiviral drugs, 3-hydroxypyrazine-2-carboxamide (T-

1105) and 6-fluoro-3-hydroxypyrazine-2-carboxamide (favipiravir, T-705), by electro-generated 

superoxide radical anion (O2
•−). T-1105 and T-705 are antiviral RNA nucleobase analogs that 

selectively inhibit the RNA-dependent RNA polymerase. They are expected as a drug candidate 

against various viral infections, including COVID-19. The pyrazine moiety was decomposed by 

O2
•− through proton-coupled electron transfer (PCET). Our results show that its active form, 
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pyrazine-ribofuranosyl-5'-triphosphate, is easily oxidized under inflamed organs by 

overproduced O2
•− through the PCET mechanism in the immune system. This mechanistic study 

implies that the oxidative degradation of pyrazine derivatives will be prevented by controlling 

the PCET through simple modification of the pyrazine structure. 

KEYWORDS: superoxide radical anion; avigan; SARS-CoV-2; proton-coupled electron 

transfer; inflammatory; density functional theory 

1 INTRODUCTION 

The development of therapeutic medicines against the newly pathogenic severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) is desired considering the current COVID-19 

pandemic.1 However, developing a highly efficient antiviral drug against a new virus in which 

virus-type mutations occur frequently or whose characteristics are unknown properties is 

difficult. Therefore, using existing antiviral drugs with a broad spectrum and certain 

effectiveness for various viruses is currently the first choice for effective drug therapy. To 

identify a promising candidate drug to treat viral infection, especially for influenza, hepatitis C, 

and now COVID-19, several RNA nucleobase analogs such as remdesivir,2,3 ribavirin,4 

brincidofovir,5 and favipiravir: 6-fluoro-3-hydroxypyrazine-2-carboxamide (favipiravir, T-705), 

sold under the brand name avigan,6 have been developed. 

Pyrazine derivatives such as T-705,7–9 3-hydroxypyrazine-2-carboxamide (T-1105),10,11 and 

3,4-dihydro-3-oxo-4-β-d-ribofuranosyl-2-pyrazinecarboxamide (T-1106),12 blocks the replication 

of many RNA viruses, including arenaviruses (Junin, Machupo, and Pichinde), and are expected 

to be an effective antiviral drug for COVID-19. The selective inhibition of viral RNA-dependent 

RNA polymerase (RdRp) is assumed to be the mechanism of action for their anti-SARS-CoV-
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2.13,14 Their antiviral effects are based on the fact that the viral RNA polymerase mistakenly 

recognizes 3-hydroxypyrazine-2-carboxamide-ribofuranosyl-5'-triphosphate (pyrazine-RTP) 

structure as a purine nucleotide (adenosine and guanosine). Thus, they prevent virus 

multiplication with purine analog effects as RdRp inhibitors. Since RdRp domains are not 

present in human cells and are conserved among RNA viruses, this distinct specific mechanism 

targeting RNA viral polymerases makes pyrazine derivatives an attractive drug candidate. 

Chart 1. Structures of the Antiviral Drugs Considered in This Study 

 

a) 3-hydroxypyrazine-2-carboxamide (T-1105), and b) 6-fluoro-3-hydroxypyrazine-2-

carboxamide (favipiravir; T-705) 

With its mechanism of action and a broad range of antiviral activity, the pyrazine-structural 

drugs (T-1105, or its more active derivative: T-705) are promising drug candidates for RNA viral 

diseases, including COVID-19. T-705 is now expected to conduct clinical trials for use against 

COVID-19 worldwide; although there left a fatal issue that the antiviral effect is weak in vivo, a 

high dose is needed for potential antiviral activity.15 T-1105 is a prodrug, which needs to be 

metabolized to its active form, pyrazine-RTP.11 Then, pyrazine-RTP prevent virus multiplication 
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by their analog effect but cannot kill the virus.11,16 Therefore, the immune response must be used 

to kill the virus while also preventing it from multiplying.17 Considering these biological 

conditions for its mechanism of action in vivo, the effective concentration of its active form after 

the metabolization will be lower, although T-705 is available in both oral and intravenous 

formulations.7,9,11 Regarding the favipiravir as a prodrug of the RNA polymerase inhibitor, the 

purpose is to supply favipiravir-RTP; the active form is a purine nucleic acid analog vicinity of 

the virus in inflamed organs such as the lung. However, if most of the dosed T-705 is 

decomposed during the conversion processes to the active form and drug delivery, the 

concentration near the virus drops to a level where the desired antiviral effect cannot be obtained. 

Therefore, if the concentration of T-705-RTP can be increased by inhibiting T-705 metabolic 

degradation, the antiviral efficacy can be enhanced.9 

COVID-19 has characteristic symptoms caused by SARS-CoV-2. While most cases result in 

mild symptoms, some progress to viral pneumonia and multi-organ failure.2,4,18,19 Although the 

mechanism of COVID-19 pneumonia is still being researched, the SARS-CoV-2 virus, like other 

viral pneumonia, proliferates in the lung tissue at the early stage of infection, and inflammatory 

symptoms in the lung appear due to the action of the immune system. As the alveolar disease 

progresses, respiratory failure develops, and death may follow. It is speculated that the rapid 

proliferation of virus causes the most alarming acute respiratory distress syndrome in the lungs 

and the excessive response of the immune system to the virus, causing respiratory failure and 

subsequent septic shock or multi-organ failure in the later stages of severe COVID-19, known as 

a cytokine storm.18 To prevent this serious symptom, it is necessary to prevent the proliferation 

of SARS-CoV-2 and suppress the immune reaction that causes inflammation. As a drug therapy, 

it is highly possible that an RNA replication inhibitor such as T-705 alone cannot have an 
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immediate effect because it can stop the multiplication of SARS-CoV-2 but cannot eliminate the 

existing virus. Therefore, an RNA replication inhibitor requires a combination of immunity, thus, 

with an unavoidable immune inflammation. 

A system involving numerous proteins and cells such as neutrophils, macrophages, killer T 

cells, and various cytokines has been established in the immune system of the living body to 

contribute to infection defense.20–23 Neutrophils and macrophages, the center of the immune 

system, phagocytose foreign pathogenic viruses that have infiltrated the body and use of reactive 

oxygen species (ROS) to oxidize and decompose them. Thus, superoxide radical anion (O2
•−), the 

center of the ROS family in the terminal of the immune mechanism, is produced and oxidatively 

decomposes foreign substances such as viruses.22 However, it is said that when excessively 

produced O2
•− attack cells, it induces tissue inflammation. Therefore, immune oxidation must be 

used to break out the virus while also keeping it from multiplying, and an analog drug that acts 

under inflammatory conditions is required. In an inflamed organ, the degradation and 

inactivation of analog drugs due to the ROS redox reaction under the immune system are 

inevitable. Therefore, it is important to know the redox reaction between ROS and antiviral drugs 

in preventing its degradation and maximizing the concentration at the inflamed organ. 

Several redox mechanisms between O2
•− and acidic substrates such as T-705 are known, such 

as superoxide-facilitated oxidation (SFO),24–26 hydrogen–atom transfer involving proton-coupled 

electron transfer (PCET),27–31, and sequential proton-loss electron transfer.32 In the SFO 

mechanism, the initial proton transfer (PT) from the substrate to O2
•− to give a hydroperoxyl 

radical (HO2
•) is followed by rapid dismutation to give hydroperoxide (H2O2) and dioxygen (O2). 

Then, the substrate anion is oxidized by the O2 formed in the dismutation process.33 Conversely, 

the other two mechanisms involve direct oxidation by O2
•− or HO2

•. Considering the possible 
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mechanisms and structure–decomposability relationship of T-705, its T-1105 moiety is thought 

to play a significant role in the oxidative decomposition mechanism. Our previous studies 

reported that O2
•− is eliminated by polyphenols,30 1,4- and 1,2-benzendiols (hydroquinone29 and 

catechol28), and mono-phenols including aminophenols31,34 through the oxidative electron 

transfer (ET) involved in the PCET. In these studies, the PCET mechanism is based on quinone–

hydroquinone π-conjugation and involves two PTs and one ET. 

In the present study, we have conducted a mechanistic analysis based on electrochemistry and 

theoretical calculations on the reactivity between T-705 (T-1105) and electro-generated O2
•−. 

Accordingly, we present valuable information regarding the degradation of pyrazine antiviral 

RNA-analog-drugs by O2
•−, which is assumed to be important to manage the concentrations of 

antiviral drugs in an inflamed organ. It is hoped that this study provides an insight into the 

antiviral drugs that are not easily metabolized, thereby expanding the point to consider drug 

design and utility, such as enhancement of net pharmacological activity and reduction of side 

effects associated with less dosage. 

2 RESULTS & DISCUSSION 

2.1 Reactivity between Electro-generated O2
•− and Pyrazine Antiviral Drugs 

2.1.1 Cyclic Voltammograms (CV) of O2/O2
•in the presence of Pyrazine Antiviral Drug 

Based on electrochemical measurements in N, N-dimethylformamide (DMF), the reactivity 

between pyrazine antiviral drugs and O2
•− was discussed (Supporting Information, Figure S1). 

Figure 1 shows the CVs for saturated O2 (4.8 × 10−3 mol dm−3) in the presence of T-1105 (a), T-

705 (b) phenol (c), and catechol (d). The CVs obtained in the presence of phenol and catechol 

were reported in our previous paper,28–31 and are presented here for comparison to show the CV 

behavior demonstrating an ET between O2
•− and substrate. In aprotic and unbuffered solvents 
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such as DMF, O2 shows quasi-reversible redox at −1.284 V vs ferrocenium ion/ferrocene 

(Fc+/Fc) couple (Equation (1)), resulting in the formation of O2
•− in the initial cathodic scan and 

reoxidation to O2 in the returned anodic scan (solid lines, Figure 1a–d). The reversible CVs 

investigated here were all modified to irreversible CVs with a loss of anodic current by the 

presence of the protic compounds (a–d) in a concentration-dependent manner, suggesting that the 

initial homogeneous reaction between electro-generated O2
•− and the compounds are PT. This 

result is supported by the fact that the CV traces in the absence of O2 (removed by bubbled 

dinitrogen (N2)) show no peaks over the potential range investigated (data not shown). Thus, the 

loss of reversibility in the O2/O2
•− is due to the PT from the compounds forming HO2

• (Equation 

(2)). 

In the presence of phenol (Figure 1c), the bioelectronic CV with an additional pre-peak on the 

cathodic scan was observed, which is driven by the exergonic reduction of the resulting 

HO2
•/hdroperoxyl anion (HO2

−) after the primary electrode process associated with PT, leading 

to the irreversible overall reduction of O2 to H2O2. Conversely, in the presence of pyrazine 

antiviral drugs (a, b), the CV traces do not show bioelectronic characteristics owing to the 

elimination of HO2
• by those anions (T-1105−, T-705−) through the subsequent ET (Equation (4)) 

forming corresponding radicals (T-1105•, T-705•), similar to that in the presence of catechol (d). 

That is, Figure 1a–b demonstrates that T-1105 and T-705 was chemically oxidized by O2
•−, 

through the first PT and subsequent ET. 

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

O2
•− + T-705 → HO2

• + T-705− the first PT (2) 

HO2
• + e− → HO2

− E° = −0.4 to −0.2 V vs Fc+/Fc (3) 

HO2
• + T-705− → HO2

− + T-705• ET (4) 

HO2
− + H+ → H2O2  (5) 
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where E° (V vs Fc+/Fc) is the standard redox potential. 

 

Figure 1. CVs of O2 (4.8 × 10−3 mol dm−3) in the presence of (a) T-1105, (b) T-705, (c) phenol, 

and (d) catechol, in DMF containing 0.1 mol dm−3 tetrapropylammonium perchlorate (TPAP), 

recorded with a glassy carbon (GC) electrode (Φ = 1.0 mm) at a scan rate of 0.1 V s−1. 

Concentrations (× 10−3 mol dm−3) are 0, 1.0, 2.0, 3.0 (a, b, and d), and 0, 3.0, 5.0, and 10.0, (c) 

(the concentration changes are shown by arrows). 

2.1.2 In Situ Electrolytic Ultraviolet–visible (UV–Vis) Spectral Analysis of Reactivity between 

Pyrazine Antiviral Drugs and O2
•− 
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The reactivity between T-705 and electro-generated O2
•− was confirmed, through in situ 

electrolytic UV–Vis spectral measurements using the optically transparent thin layer 

electrochemical (OTTLE) cell (Supporting Information, Figure S2). First, the electrochemical 

oxidation of T-705 at a GC electrode in a DMF solution under purging N2 was conducted using 

cyclic voltammetry (Figure 2a). Over the accessible potential range (1.5 to 0 V vs. Fc+/Fc) in 

DMF, no peak was observed for the oxidation of T-705 but for the electrolysis of DMF solvent 

(Epa  1.2 V vs. Fc+/Fc, shown by a circle). Next, Sodium methoxide (CH3ONa) as a Brønsted 

base (an alkali agent) was added to the solution, and an anodic peak appeared at around 0.55 V in 

the CVs with the concentration dependency (the voltammetric behavior was the same for T-

1105). Therefore, the observed anodic peak will derive from the oxidation of T-705− generated 

after deprotonation by CH3ONa (Equation (6)). The observed CV was irreversible and broadened, 

implying that the deprotonated T-705− was irreversibly oxidized at more than one electron and 

chemically irreversible to a starting material. That is, the deprotonated T-705− is easily 

decomposed at the electrode surface through base-catalyzed oxidation. Though details of the 

electrochemical mechanism causing broaden peak are unclear, some oxidation mechanisms 

related to the acid-base reaction, i.e., sequential proton-electron transfer (PT–ET) and concerted 

PT–ET, are possible remains controversial. 

T-705 + CH3ONa → T-705− + Na+ + CH3OH (6) 

Considering these CV results, in situ electrolytic UV–Vis spectra for the CV solution 

containing T-705 (1.0 × 10−3 mol dm−3) were measured in the absence of O2 under purging N2 

and in the presence of O2 (b). The spectrum of T-705 alone has a characteristic absorption band 

centered at 282 nm. Under applied potential at 1.5 to 2.0 V vs. Fc+/Fc without O2, the 

spectrum did not change where any potential was applied (data in not shown), demonstrating that 
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T-705 is not electrolyzed without deprotonation, which is in reasonable agreement with CV 

results shown in Figures 2a. Conversely, the spectrum has changed in the presence of CH3ONa 

(5.0 × 10−3 mol dm−3) without applying a potential (red line). Since T-705 is deprotonated by 

CH3ONa as a Brønsted base, the spectrum centered at 313 nm will be attributed to T-705−, 

showing the red-shift of spectrum peak. 

On the other side, spectral of T-705 in the presence of saturated O2 (4.8 × 10−3 mol dm−3) has 

changed, decreasing the intensity at applied cathodic potentials over −1.2 V corresponding 

electrogeneration of O2
•− (Figure 2c). Furthermore, being kept the potential at −1.6 V for 10 min, 

the spectrum of T-705 disappeared. These spectral changes have demonstrated that product of 

homogeneous reaction between T-705 and O2
•− is not T-705−. By analogy with the CV results, 

the initial PT (Equation (2)) and the following reactions including ET between HO2
• and T-705− 

(Equation (4)) rapidly undergo base-catalyzed oxidation, resulting degradation of T-705/T-705−. 

Measured in the OTTLE cell having a 1.0–mm thin layer, the spectra immediately disappeared 

when the potential was applied. Thus, the following reactions will proceed in a superior kinetics 

via the intermediates; T-705− and T-705•, otherwise concertedly with the initial PT. Since the 

radical product was undetectable using in situ electrolytic electron spin resonance (ESR) system 

(Supporting Information, Figure S2), T-705• would be decomposed at the subsequent reaction 

(no data is shown). These series of reactions, the initial PT (Equation (2)) followed by the 

subsequent oxidation and others, are referred to as the base-catalyzed oxidation process or the 

SFO.24,25 The SFO is the oxidation of the substrate anion (generated by alkali O2
•−) by O2. When 

considering the superior kinetic expected from the CV and in situ spectral results, the mechanism 

will involve the sequential ET from T-705− to HO2
• coupled to the initial PT; i.e., PCET, rather 

than SFO. 
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Figure 2. (a) CVs of T-705 (10.0 × 10−3 mol dm−3) in the absence (circle) and in the presence of 

CH3ONa (0, 5.0, 10.0, and 20.0 × 10−3 mol dm−3) in DMF containing 0.1 mol dm−3 TPAP 

recorded with a GC electrode (Φ = 1.0 mm) at a scan rate of 0.1 V/s. (b) UV–Vis spectral 

changes of T-705 (1.0 × 10−3 mol dm−3) solutions in the absence (black bold) and presence (red 

bold) of CH3ONa (5.0 × 10−3 mol dm−3), and in situ electrolytic UV–Vis spectra of T-705 in the 

presence of saturated O2. The controlled-potential at −1.0, −1.2, −1.4, and −1.6 V vs. Fc+/Fc was 

applied to the solutions. 

As shown above, the CV traces for O2/O2
•− in the presence of the compounds are divided into 

two typical curves: type A, an irreversible one electron process (Equations (1), (2), and (4)) 

leading to O2
•− elimination, which is typically observed with the catechol moiety as reported in 

our previous paper. And type B, an irreversible two-electron process observed in electro–

chemical–electro (ECE) reactions (Equations (1)–(3)). In this scenario, Figure 3 shows the 

plausible electrochemical mechanisms for O2/O2
•− in the presence of (a) T-705 (type A) and (b) 

phenol (type B), summarizing Equations (1)–(5). Furthermore, type A involves efficient PT–ET 

between T-705 and O2
•− through the PCET mechanism resulting degradation of T-705. 
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Figure 3. Plausible electrochemical mechanism for O2/O2
•− in the presence of (a) T-705 and (b) 

phenol in DMF. 1One-electron reduction of O2/O2
•−; 2the first PT from the acidic substrate to 

O2
•−; 3one-electron reduction of HO2

•/HO2
−; 4ET from substrate anion to HO2

•; 5the second PT to 

HO2
−. 

2.2 Density Functional Theory (DFT) Analyses of the PCET Reaction between Pyrazine 

Antiviral Drugs and O2
•− 

2.2.1 Optimization of Stable Structures of T-705 and Its Corresponding Chemical Species along 

the PCET 

DFT calculations were performed with the Becke three-parameterLee–Yang–Parr (B3LYP) 

hybrid functional employing the polarized continuum model (PCM) method to aid the 

mechanistic analysis of the PCET between pyrazine antiviral drugs (T-1105, T-705) and O2
•− in 

DMF. First, to obtain the structures of the stable conformer of T-705 and its corresponding 
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chemical species along the PCET, energy scanning for the dihedral angle around the 2-

carboxamide group was performed. Figure 4 shows the optimized structures of two T-705-

conformers (T-705a, T-705b), the T-705− upon initial PT (−Ha1, −Ha2, −Hb), and the T-705• after 

the subsequent ET (−Ha–e, –Hb–e). Calculated standard Gibbs free energy changes (ΔG° / kJ 

mol−1, 298.15 K) for the chemical species, and bond length (Å) of intramolecular hydrogen 

bonds (HB) are denoted. 

 

Figure 4. Different conformers of T-705 (T-705a, T-705b), T-705− (−Ha1, −Ha2, −Hb), and T-705• 

(−Ha1−e, −Hb−e) along the PCET reaction calculated DFT-B3LYP/PCM/6-311+G(3df,2p) in 

DMF, denoted with calculated ΔGºs for each chemical species (kJ mol−1, 298.15 K) and bond 

length of intramolecular HBs (Å). 

T-705 has two planar conformers (T-705a and T-705b) that differ in the orientation of the 

dihedral angle around the 2-carboxamide group, forming an intramolecular HB between the 

adjacent 3-hydroxyl group. Comparison of the ΔGºs shows that T-705a is more stable than T-

705b by 27.39 kJ mol−1. Therefore, the 2-carboxamide-proton of T-705a will be deprotonated 
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upon the initial PT because the 3-hydroxyl-proton is forming HB. However, the stable 

conformers for both of the T-705 and T-705• were T-705b derivatives; Hb (1187.74), and Hb

e (1710.10), respectively. Thus, these calculation results imply that the 2-carboxamide group 

rotates along the initial PT process of the PCET. Furthermore, 3-hydroxyl-proton will be 

gravitated toward the 2-carboxamide side after its rotation forming Hb (bond lengths (Å), N–

HO: 1.021, NH–O: 1.796). In this way, the initial PT forming Hb occurs accompanied by the 

dihedral rotation of the 2-carboxamide group and the reformation of intramolecular HB for its 

stabilization.35 

2.2.2 Change in HOMO–LUMO Energies upon PCET between T-705 and O2
•− 

Figure 5 shows HOMO–LUMO energy change along the PCET between T-705 and O2
•−, 

calculated by the DFT method. After the initial PT, some reactant species (conformers), i.e., T-

705a, T-705b, the T-705− (Ha1, Ha2, Hb), O2
•−, and HO2

• coexist in the solution. The SOMO 

energy (Hartree) for HO2
• (−0.3142) is much lower than HOMO energies for T-705 and T-705−. 

Thus, the electron acceptor will be HO2
•, not O2

•−. Considering the CV results in Figure 1 that 

the generated HO2
• is not detected at the electrode reaction with the energy scanning shown in 

Figure 4, the electron donor will be Hb formed after the initial PT with dihedral rotation, for 

which the bold red line indicates the downhill energy relationship in Figure 5. Thus, this change 

in HOMO–LUMO energies upon PT between the T-705 and O2
•− forming Hb and HO2

• and the 

subsequent ET is reasonable for the fact that HO2
• was eliminated in the CV. 

The HOMO–LUMO relationship between the products after ET (i.e., Hbe and HO2
−) is 

reversed, which is rational for orbital energies in reverse ET (red dotted line in Figure 5). 

However, the HOMO (−0.2754) of the PT-forming H2O2 is lower than the HOMO (−0.1648) of 

HO2
−, making the reverse ET impossible. Thus, the second PT is dominant in determining the ET 
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direction. Notably, only one conformer (–2Hb–e) formed after the dihedral rotation of the 2-

carboxamide group was adaptable for the radical cation due to the stability of intramolecular HB. 

As a result, the HOMO–LUMO relationship analysis suggests that the plausible PCET 

mechanism involves two PTs and one ET with essential dihedral rotation for successful ET 

eliminating HO2
• with good agreement with the electrochemical results. 

 

Figure 5. Change in HOMO–LUMO energies (Hartree) upon PCET between O2
•− and two 

conformers of T-705 (T-705a, T-705b) with their corresponding chemical species in DMF, 

calculated with the DFT-B3LYP/PCM/6-311+G(3df,2p). 

2.2.3 Free Energy Analysis of PCET between T-705 and O2
•−. 

In Figure 6, an equilibrium scheme and ∆G◦ values for the six diabatic electronic states in the 

PCET between T-705 and O2
•− as calculated using DFT are shown. The important factors in 

determining the sequential processes shown in this scheme are the ΔG°s for the acid-base 

interaction and the redox potentials of the components. ET1 is strongly endergonic (∆G◦ = 474.5 

kJ mol−1); thus, PT1 (3.1) coupled with the rotation of the dihedral angle around the 2-

carboxamide group forming −Hb will first occur as suggested in the in situ electrolytic UV–Vis 
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spectral results shown in Figure 2. In the following pathways, both PT3 (398.9) and ET2 (122.6) 

are endergonic, suggesting that the sequential PCET does not proceed contrary to the 

electrochemical results. However, the ET2 is promoted by the following PT4 (−14.0); the second 

PT. As shown in the HOMO–LUMO relationship (Figure 5), the second PT is necessary for 

successful ET along the PCET. Thus, the proton and electron is transferred in one kinetic process 

corresponding to the diagonal of the rectangle in Figure 5, labeled concerted PCET (108.5), 

rather than a sequential pathway of ET2–PT4. 
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Figure 6. Six diabatic electronic states and the ΔG°s values for the PCET between T-705 and 

O2
•− involving two PTs and one ET in DMF. ΔG°s (kJ mol−1, 298.15 K) for PT (PT1–PT4), ET 

(ET1–ET3), and concerted PCET were calculated using the DFT-(U)B3LYP/PCM/6-

311+G(3df,2p) method. 

2.2.4 Potential Energy Surfaces of the PCET between T-705 and O2
•− 

To clarify the oxidative degradation through the PCET mechanism, potential energy surfaces 

were investigated. After the initial PT forming T-705– and HO2
• as free reactants (FR), it is 

assumed that the reaction involves three elementary steps: i) formation of the pre-reactive 

complex (PRC) from the FR, ii) reaction to the product complex (PC) via a transition state (TS), 

and iii) dissociation of the PC yielding free products. Furthermore, the structural and electronic 

changes during the reaction were analyzed with the natural bond orbital (NBO) calculations at 

the DFT-(U)B3LYP/PCM/6-311+G(3df,2p) level of theory in DMF. We started with an analysis 

of potential energy scanning for the stable PRC (T-705–—HO2
•) and PC (−2H−e—H2O2), then 

optimized structures of plausible PRC and PC with the TS were obtained. In Figure 7, (a) energy 

profiles (ΔGº, kJ mol−1), and (b) changes in N-H and H-O bond distances with the number of 

electrons on -orbital of T-705, along the IRC for the PCET involving one ET and one PT 

forming the PC are shown. The IRC shows that a concerted PCET occurs between T-705– and 

HO2
• in one kinetic process via the TS of low activation energy (Ea) at 64.65 kJ mol−1 without 

generating any intermediates. 

Then, spin density distributions localizing the atoms consisting of the radical before and after 

the TS along the PCET are demonstrated in Figure 7(b), showing that the radical localized on 

HO2
• in the initial system was transferred to T-705− in the resulting reaction system. Changes in 

the spins on the electron donor side (T-705−) and acceptor side (HO2
•) are in good correlation 
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with the changes of -electron of T-705− side. These results show that the -electron of T-705 is 

transferred concertedly with the second PT. 

 

Figure 7. (a) IRC of the concerted PCET between T-705− and HO2
•, and structures along with 

the IRC, PRC (T-705−—HO2
•), TS with HB lengths (Å, rNH and rHO), and PC. (b) Changes in N–

H bond (rNH, red line) and H–O (rHO, black line) bond lengths (Å, corresponding to the labels of 

the left vertical axes), and the number of electrons (open circles) on the -orbitals in the T-705 

moiety (corresponding to the labels of the right vertical axes). The calculations were performed 

using the DFT-(U)B3LYP/PCM/6-311+G(3df,2p) method. The NBO analyses obtained -

electrons and spin density distributions localizing the atoms constituting the radical before and 

after the PCET and at the TS shown in (b). 

For a comparative study, the ΔG° and the Ea of T-1105 and catechol along the PCET were also 

calculated (Table 1). The ΔG°s for the concerted PCET between HO2
• and deprotonated anion, 

formed after the PT1, were obtained from the sum of the values for ET2 and PT4 (or for ET3 and 

PT3), respectively. Then, the total values of ΔG°s for the net PCET were obtained from the 

values for the two PTs and one ET. From a thermodynamic viewpoint, the total values cannot 

embody the energetic driving force of the net PCET for the T-1105 (117.4) and T-705 (111.7) 

because the ΔG°s for the unfeasible ET process has been summed in those. Conversely, the total 
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value for the catechol (−394.3) embodies the energetic driving force, as shown in the CV (Figure 

1(d)). Thus, the important factor for the net PCET pathway comprised PT1–ET2–PT4 to proceed 

as a sequential reaction is the ΔG°s for the individual reactions, rather than the total ΔG°s. 

Notably, both the total ΔG° and the ΔG°s of individual reactions along the plausible pathway, the 

sequential PCET comprised PT1–ET2–PT4 or the PT1–concerted PCET, indicate that the net 

PCET between T-705 (T-1105) and O2
•− is unfeasible. Therefore, thermodynamic analyses did 

not clarify whether the PCET between T-705 (T-1105) and O2
•− proceeds via a concerted or 

sequential pathway. However, the fact that the ΔG° result was opposite to the electrochemical 

result (Figure 1) implies that the kinetic insights into the degradation of T-705 (T-1105) through 

the PCET are needed. 

Table 1. Gº Values (kJ mol−1, 298.15 K) of Six Diabatic Electronic States for PCET between 

O2
•− and the Three Compounds (T-1105, T-705, and catechol) in DMF, Calculated Using DFT at 

the B3LYP/PCM/6-311+G(3df,2p) Level. 

Compo

unds 

ΔG° / kJ mol−1 
4Ea /kJ 

mol−1 1PT1 PT2 PT3 PT4 ET1 ET2 ET3 
2Conce

rted 
3Total 

T-1105 8.2 −337.1 407.5 −20.6 475.2 129.8 −298.3 109.2 117.4 68.82 

T-705 3.1 −348.8 398.8 −14.0 474.5 122.6 −290.2 108.5 111.7 64.65 

catechol −296.1 −336.7 365.1 −97.7 40.1 −0.4 −463.3 −98.2 −394.3 52.50 

1Each reaction process, PT1-PT4 and ET1-ET3. 2Concerted values involve the sum of ΔG°s 

for ET2–PT4 (PT3–ET3). 3Total values involve the sum of ΔG°s for two PTs and one ET. 4Ea 

values of concerted PCET for T-1105 and T-705 and concerted 2PCET for catechol 

The obtained Ea values are feasible for the concerted PCET, with a good correlation with the 

CV results. The notable finding was that the Ea value for T-705 (64.65) is close to that for 

catechol (52.50), whose kinetics are superior due to the concerted 2PCET pathway.28 Careful 
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observations of the changes in structures in the reaction coordinate (Figure 7(b)) indicate that the 

concerted PCET occurs simultaneously with the deheadral rotation of the 2-carboxiamide group, 

implying that the rotation enables superior kinetics of the concerted PCET. 

To clarify the oxidative degradation mechanism of the pyrazine antiviral drugs by O2
•− through 

the thermodynamically unfeasible PCET, it is assumed that i) the PCET proceeds thorough the 

concerted manner with superior kinetics apart from the thermodynamic energetics of the 

chemical species, ii) the radical product of the PCET (−2Hb−e) irreversibly and quickly 

decomposes. Regarding ii) the degradation of −2Hb−e, the electrochemical and calculation 

analyses do not clarify its mechanism; however, since the radical product unambiguously is 

undetectable using in situ electrolytic UV–Vis and ESR system, −2Hb−e would quickly be 

decomposed. Thus, since the irreversible degradation of −2Hb−e occurs following the PCET, the 

square equilibrium of the PCET shown in Figure 6 will be promoted by the subsequent 

degradation. 

In Figure 8, the net mechanism of the oxidative degradation of T-705 by O2
•−, thorough the 

initial PT and subsequent concerted PCET along the rotation of the dihedral angle around the 2-

carboxamide group is shown. It is presumed that the high reactivity of T-705 and T-1105 with 

O2
•−, similar to that for catechol, is due to the mechanism. The PCET involving two PTs and one 

ET between catechol and O2
•− based on quinone–hydroquinone -conjugation form quinone 

radical anion as a product.28 However, quinone radical anion is moderately stable in aprotic 

solution, at least on the CV time-scale and in situ ESR time-scale; thus, the subsequent 

degradation is less associated with kinetics of the net PCET. That is, the degradation of −2Hb−e 

promotes the net PCET between T-705 and O2
•− demonstrating the catechol-like reactivity in the 

CV. 
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Figure 8. Mechanism of the oxidative degradation of T-705 by O2
•− thorough the initial PT 

followed by concerted PCET with rotation of the dihedral angle around the 2-carboxamide group. 

3 CONCLUSION 

In conclusion, we have investigated the reaction between electro-generated O2
•− and pyrazine 

antiviral drugs in DMF. As a result, we have concluded that 

 pyrazine antiviral drugs are easily decomposed by O2
•− through the PCET involving two 

PTs and one ET; 

 the concerted PCET after the initial PT occurs in one kinetic process via a TS without 

forming a high energy intermediate; 

 the net reaction involves rotation of the dihedral angle around the 2-carboxamide group 

along the PCET; 

The dihedral rotation of the 2-carboxamide group is necessary for successful PCET; then, the 

concerted PCET is the key process for the oxidative degradation of the pyrazine antiviral drugs 

by O2
•−. Therefore, if we can design a new pyrazine drug that inhibits the rotation of the dihedral 

angle around the 2-carboxamide group along the PCET, it may be possible to develop hypo-

degradable antiviral drugs resistant to O2
•−. 
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Although the results presented in this manuscript are for a chemical reaction in an aprotic 

DMF solvent rather than a biological system, the PCET theory is adaptable to biological 

processes involving both protic and aprotic conditions in such as a lipid bilayer. Therefore, we 

hope that the findings obtained in this study will show a mechanism for the biological 

degradation of pyrazine antiviral drugs by O2
•− in the living body. 

4 MATERIALS & METHODS 

4.1 Chemicals 

T-1105, phenol, and catechol were purchased at best available grade (>99.8%) from Tokyo 

Chemical Industry Co., Ltd. (Tokyo, Japan) and used as received. T-705 was purchased at best 

available grade (>98.0%) from FUJIFILM Wako Pure Chemical Co., Ltd. (Osaka, Japan) and 

used as received. HPLC-grade anhydrous DMF, and CH3ONa (95% powder) used in 

electrochemical and spectrum measurements were purchased from Sigma–Aldrich Inc (Tokyo, 

Japan) and were used as received. TPAP (>98.0%, Tokyo Chemical Industry Co., Ltd.) was 

purchased and recrystallized many times from ethyl methanol, then dried overnight at 313.15 K 

(40.0 °C) under reduced pressure, and dried again for 2 h or more immediately before use. 

Further details are given in a previous paper.36,37 Ferrocene (Fc), used as a potential reference 

compound, was obtained from Nacalai Tesque Inc. (Kyoto, Japan) and purified by repeated 

sublimation under reduced pressure immediately before use. 

4.2 Electrochemical and Electrolytic UV–Vis Spectral Measurements 

Cyclic voltammetry was measured via a standard three-electrode system comprising a 1.0–mm 

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

reference electrode (containing acetonitrile solution of 0.1 mol dm−3 tetrabutylammonium 

perchlorate and 0.01 mol dm−3 AgNO3; BAS RE–5) at 298.15 K (25.0 °C) using an ECstat-301 
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electrochemical analyzer coupled to electrochemical software (EC-frontier Co., Ltd.). The 

working electrode was polished with alumina paste on a polishing wheel before all experiments. 

The electrode was then rinsed with deionized water and acetone. After air drying, the electrode 

was ready to use. The reference electrode was calibrated with reference to the Fc+/Fc couple, and 

all potentials reported here are referenced to the potential of this couple (Supporting Information, 

CV parameter).28,30,35 

In situ electrolytic UV–Vis spectra were recorded using an OCEAN HDX spectrometer 

(OptoSirius Co., Ltd.). The controlled-potential electrolysis was performed at room temperature 

in an OTTLE cell (path length: 1.0 mm) using a Pt mesh working electrode (Supporting 

Information, Figure S2). A coiled platinum counter electrode and an Ag/AgNO3 reference 

electrode was also used in the UV–Vis spectral measurements, as with the cyclic voltammetry 

measurements.29 

To prevent contamination by moisture, samples were prepared in a glove box completely filled 

with N2 gas. For the electro generation of O2
•−, a DMF solution containing 0.1 mol dm−3 TPAP 

as a supporting electrolyte was saturated with O2 by air-bubbling the gas for ca. 2−3 min, and the 

gas was passed over the solutions during the electrochemical and electrolytic spectrometric 

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. 

4.2.3 Theoretical Calculations 

All calculations were performed at the DFT level with the B3LYP hybrid functional, as 

implemented in the Gaussian 16 Program.38 The geometry optimization, subsequent vibrational 

frequency calculations, and population analysis of each compound was performed by employing 

the standard split–valence triple  basis sets augmented by polarization 3df,2p and diffusion 
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orbitals 6–311+G(3df,2p). The solvent contributions of DMF, dimethylsulfoxide, acetonitrile, 

and water (Supporting Information, Table S1-S4) to the standard Gibbs free energies were 

computed employing the PCM method at the default settings of Gaussian 16, which is widely 

employed in the description of the thermodynamic characteristics of solvation. The zero-point 

energies and thermal correction, with entropy, were used to convert the internal energies to 

standard Gibbs energy at 298.15 K. The NBO technique was used for electron and spin 

calculations the population analyses.39 
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