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General Introduction 
 

The sunlight is the primary source of energy for all living things. By biological 

photosynthesis, solar energy is converted to chemical energy, such as coal, natural gas, 

firewood, and so on. Plants, algae and some bacteria utilize the solar energy from the 

sun in photosynthesis.1-4 Photosynthesis is chemical process by which plants use solar 

energy to produce organic compounds required for life. During this process four 

electrons are removed from water to release oxygen into the air and carbon dioxide is 

reduced to a carbohydrate, when biological energy such as adenosine triphosphate 

(ATP) is produced. 

The electron configuration of O2 in which two unpaired electrons occupy two 

degenerate molecular orbitals indicates that the ground state is triplet, The triplet state 

prevents molecular oxygen from reacting directly with organic molecules, which are 

mostly singlet.8 Thus, molecular oxygen is unreactive towards organic molecules at low 

temperatures because the reactions are spin-forbidden. Consequently, the oxygenation 

of organic molecules at physiological temperatures must involve the modification of the 

electronic structure of O2 to activate O2. Oxygenases such as cytochromes P450 or 

nonheme metalloenzymes perform this type of modifications by forming metal-oxo 

species by the reductive activation of O2. 

 

 
Figure 1. Structure and simplified redox chemistry of cytochrome P450 monooxygenases. 

 

The cytochromes P450 constitute a large family of cysteinato-heme enzymes present 

in all forms of life, such as plants, bacteria and mammals. These enzymes are located in 
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the membrane of the endoplasmic reticulum and are able to perform various difficult 

oxidation reactions.1-7 These monooxygenases are able to catalyze the many types of 

insertion of one oxygen atom of O2 into many different substrates, the second oxygen 

atom of O2 being reduced to H2O.4-7 Thetwo electrons required for this reductive 

activation of O2 are provided by NADPH via a reductase (Figure 1). Cytochromes P450 

catalyze the hydroxylation of saturated carbon-hydrogen bonds (eq 1), oxygen atom 

transfer, the epoxidation of double bonds, and dealkylation reactions, etc.2,9 

 

RH + O2 + 2e– + 2H+       ROH + H2O                     (1) 

 

The metal-oxo species involved in the enzymatic oxidation reactions have been 

studied well not only with enzymes and but also with their model compounds.2-9 In the 

proposed catalytic cycle of oxidation reaction by cytochromes P450, high-valent 

iron(IV)-oxo porphyrin π- radical cations (compound I) are believed as a key 

intermediate.2-9 As a model of the key intermediate, various high-valent iron(IV)-oxo 

radical species have been synthesized and characterized with various spectroscopic 

methods, and their reactivities have also been  investigated in a number of oxidation 

reactions, including alkane hydroxylation and olefin epoxidation, in an effort to unveil 

mechanistic details of oxygen atom transfer reaction by cytochromes P450.2,9 

High-valent iron(IV)-oxo species have also been involved as key reactive 

intermediates in nonheme iron(IV)-oxo enzyme.6,10,11 Our understanding of the catalytic 

mechanisms in enzymes, especially the active species, has been improved by intensive 

mechanistic studies of the enzymes and their model compounds.  In the catalytic 

cycles of Escherichia coli taurine: α-ketogultarate dioxygenase (TauD), a nonheme 

iron(IV)-oxo species is regarded as an important intermediate.12-14 The intermediate has 

been characterized with various spectroscopic methods, such as Mössbauer, r-Raman, 

and X-ray crystallography, showing that the iron(IV)-oxo intermediate is in a high-spin 

state (S = 2) with double bond character of Fe-O.13,14 

In 2003, the first crystal structure of synthetic mononuclear nonheme iron(IV)-oxo 

complex, [(TMC)FeIV(O)]2+ (TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclo 

tetradecane), bearing a macrocyclic ligand was reported as a model of the high-valent 

nonheme iron(IV)-oxo intermediate.15 This complex was well characterized with 

various spectroscopic methods and X-ray crystallography (Figure 2), indicate that the 

complex has an iron(IV)-oxo unit with Fe-O double bond and a low-spin state (S =1).15 

ROH +H2ORH + O2 + 2e– +2H+ (1)Cytochrome P450
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Figure 2. X-ray crystal structure of [(TMC)FeIV(O) (NCCH3)]2+. 

 

 

 

Figure 3. Structure of various nonheme ligands. 

 

A number of nonheme iron(IV)-oxo complexes bearing tetradentate N4 and 

pentadentate N5 and N4S ligands have so far been synthesized (Figure 3) and 

characterized with various spectroscopic methods including X-ray 

crystallography.10,15-21 Over the past decades, the reactivities of the biomimetic 

iron(IV)-oxo complexes have been extensively investigated in various oxidation 

reactions, such as C–H bond activation, oxidation of olefins, alcohols, sulfides, and 

aromatic compounds, and N-dealkylation (Figure 4).15-21 It has been demonstrated that 

the reactivities of the iron(IV)-oxo species are markedly affected by supporting and 

axial ligands, solvent systems, and other conditions.22-26 Understanding factors that 
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control reactivities of nonheme iron complexes in oxidation reactions is of significant 

importance in designing efficient biomimetic catalysts with high reactivity and 

selectivity.  

 

Figure 4. Oxidation reactions mediated by mononuclear nonheme iron(IV)-oxo complexes. 

 

The reactivities of the iron(IV)-oxo species can also be affected by their interaction 

with Lewis acids, i.e. metal ions.27 A metal ion binding to oxygen and nitrogen atoms of 

C=O and C=N bonds has been reported to enhance their electron-acceptor ability.28-33 

Such enhancement of the electron-acceptor ability can be expected not only for organic 

compounds with carbon-oxygen double bonds (C=O) but also for high-valent metal-oxo 

species with metal-oxygen double bonds (M=O). 28-33 The binding of Lewis acids to 

high-valent metal-oxo species has been proposed to enhance the catalytic activity of 

high-valent metal-oxo species in natural systems.34 

         
Figure 5. (a) Stereo view of the Mn4CaO5 cluster. (b) X-ray crystal structure of Mn4CaO5 cluster.40 
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The metal-oxo cluster, Mn4O5, with one Ca2+ ion which is located in the 

oxygen-evolving complex (OEC) in photosystem II (PS II) in nature (Figure 5) 

catalyzes biological water oxidation.35-40 To understand the catalytic function of the 

cluster for water oxidation, the structure of cluster and the mechanism of water 

oxidation have been investigated in various ways, such as synthesis, computation, X-ray 

crystallography and so on. 35-40 It should be noted that the Ca2+ ion has been identified  

as an essential cofactor in the OEC. 35-41 Unfortunately, the function of Ca2+ ion in OEC 

has yet to be clarified. However, The synthesis of potentially biomimetic manganese 

oxide clusters as chemical models of the OEC has merited increasing attention.42-47 The 

rational synthesis of a [Mn3CaO4]6+ cubane that structurally models the 

trimanganese-calcium–cubane subsite of the OEC has recently been reported by Agapie 

and coworkers.48 Structural and electrochemical comparison between Mn3CaO4 and a 

related Mn4O4 cubane alongside characterization of an intermediate calcium-manganese 

multinuclear complex has revealed the potential roles of calcium in facilitating high 

oxidation states at manganese and in the assembly of the biological cluster. 48 

 

 

Figure 6. X-ray crystal structure of Sc3+ ion bound [(TMC)FeIV(O)]2+.49 

 

Binding of a redox-inactive metal ion acting as a Lewis acid to a high-valent 

metal-oxo complex has been demonstrated for the first time by the crystal structure of a 

Sc3+ ion–bound nonheme iron(IV)-oxo complex, [(TMC)FeIV(O)]2+ (Figure 6).49 The 

binding of Sc3+ to [(TMC)FeIV(O)]2+ resulted in change in the number of electrons 

transferred from ferrocene (Fc) to [(TMC)FeIV(O)]2+ in a solution: two-electron 

reduction of [(TMC)FeIV(O)]2+ by Fc occurs with Sc3+ binding, whereas only 
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single-electron reduction of [(TMC)FeIV(O)]2+ by Fc occurs in the absence of Sc3+.48 

The change in the number of electrons transferred form Fc to [(TMC)FeIV(O)]2+ in the 

presence of redox-inactive Sc3+ ion is brought about by binding of Sc3+ to the oxo group.  

This implies a possible key role that the auxiliary Lewis acid metal ion could play in the 

manganese cluster in photosystem II.50  

 Such control of the electron–transfer reactivity via metal-ion binding has been a 

general phenomenon when metal ions bind to the one–electron reduced species of 

electron acceptors.51-61 Binding redox inactive metal ions to electron acceptors results in 

a positive shift of the one-electron reduction potentials of electron acceptors, because 

the binding of metal ions to the one-electron reduced species, i.e., the radical anions of 

electron acceptors, is stronger as compared to the electron acceptors due to stronger 

electrostatic interaction.62-67 Thus, endergonic electron transfer from electron donors (D) 

to electron acceptors (A) without metal ions has often been made possible in the 

presence of metal ions by strong binding of metal ions to the radical anions (A•–).60-64 

Such electron transfer involving metal ion binding is defined as metal ion-coupled 

electron transfer (MCET).63 

 
Scheme1.  

 

 
 

There are difference types of mechanisms of MCET as shown in scheme 1; (a) 

binding of metal ions (Mn+) to A followed by electron transfer from D to A–Mn+ 

(MBET), electron transfer from D to A–Mn+ occur when Mn+ binding to A,63 (b) 

electron transfer from D to A followed by Mn+ binding to A•– (ETMB), and (c) binding 

of Mn+ to A and electron transfer from D to A occurs in a concerted manner. 68 

D + A + Mn+!

D + A + Mn+!D + A–Mn+!

D + A + Mn+!

PT or MB! PT or MB!

ET!

ET!

(a)!

(b)!

(c)!
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Rates of electron transfer from a series of one-electron reductants to an iron(IV)-oxo 

complex, [(N4Py)FeIV(O)]2+ (N4Py: N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methyl 

amine), are enhanced as much as 108-fold in the presence of metal ions, such as Sc3+, 

Zn2+, Mg2+ and Ca2+, as compared with the rates in the absence of metal ions.69 The rate 

enhancement by metal ions exhibits a good correlation with the Lewis acidity of metal 

ions. The one-electron reduction potential of [(N4Py)FeIV(O)]2+ has been demonstrated 

to be shifted in a positive direction by as much as 0.84 V in the presence of Sc3+ ions.69 

These results indicate a possible key role of the auxiliary Lewis acid in the manganese 

cluster of OEC in photosystem II. 

Not only metal ions but also Brønsted acids, such as perchloric acid (HClO4) and 

triflic acid (HOTf), are known to accelerate electron transfer from various electron 

donors to electron acceptors when the radical anions, which are based, are protonated or 

bound to metal ions (Lewis acids). However, the acceleration effects of metal ions and 

protons on reactivity of high-valent metal-oxo complexes toward various substrates in 

relation with the metal ion–coupled electron transfer (MCET) and proton coupled 

electron transfer (PCET) have yet to be clarified.  

In this thesis, remarkable acceleration effects of Lewis acids, such as a Sc(OTf)3 

(OTf = CF3SO3
–), perchloric acid (HClO4) and triflic acid (HOTf), on the reactivity of a 

nonheme iron(IV)-oxo complex, [(N4Py)FeIV(O)]2+ toward various organic substrates 

such as thioanisole derivatives and toluene derivatives have been systematically 

investigated in relation with the MCET and PCET reactions of [(N4Py)FeIV(O)]2+. 

Chapter 1 describes the switch of a reaction mechanism from direct oxygen atom 

transfer to MCET by the addition of a metal ion (Sc3+ ion) to the reaction system of 

sulfoxidation of thioanisole derivatives by a [(N4Py)FeIV(O)]2+. In Chapter 2, the 

mechanism of oxidative dimerization and N-demethylation of N,N-dimethylaniline, 

which was enhanced in the presence of Sc3+ ions, has been clarified. Chapter 3 

describes a PCET pathway for sulfoxidation of thioanisole derivatives by 

[(N4Py)FeIV(O)]2+. In Chapter 4, remarkable acceleration effects of HClO4 on the 

reactivity of [(N4Py)FeIV(O)]2+ in the C–H bond cleavage of toluene derivatives are 

shown to result from PCET from toluene derivatives to protonated FeIV(O) species with 

no deuterium kinetic isotope effect. The reactivity of [(N4Py)FeIV(O)]2+ in the oxidation 

of toluene and thioanisole derivatives in the presence of HOTf and Sc(OTf)3 has been 

well analyzed as unified PCET and MCET driving force dependence of the rate 

constants of PCET and MCET pathways in light of the Marcus theory of electron 
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transfer (Chapter 5). Such a unified PCET driving force dependence of the rate constant 

is also applied for oxidation of styrene derivatives by [(N4Py)FeIV(O)]2+ (Chapter 6). 
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Chapter 1. Metal Ion Effect on the Switch of Mechanism form Direct 
Oxygen Transfer to Metal Ion–Coupled Electron Transfer in the 
Sulfoxidation of Thioanisoles by a Nonheme Iron(IV)-Oxo Complex 

 

Abstract: The mechanism of sulfoxidation of thioaniosoles by a nonheme 

iron(IV)-oxo complex is switched from direct oxygen transfer to metal ion–coupled 

electron transfer by the presence of scandium ion, Sc3+; the switch of the sulfoxidation 

mechanism is dependent on one-electron oxidation potentials of thioanisoles. The rate 

of sulfoxidation is accelerated as much as 102-fold by the addition of Sc3+. 
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Introduction 

Oxygen atom transfer from high-valent metal-oxo species to organic or inorganic 

substrates is ubiquitous in biological and catalytic oxygenation processes.1 Extensive 

efforts have been devoted to clarify mechanisms of the oxygen atom transfer reactions 

by iron(IV)-oxo complexes bearing heme and nonheme ligands as chemical models of 

cytochromes P450 (CYP 450) and nonheme iron oxygenases, respectively.2 In 

sulfoxidation reactions, two plausible mechanisms have been proposed for the oxidation 

of sulfides by high-valent metal-oxo complexes,3-5 such as direct oxygen transfer (DOT) 

and electron transfer followed by oxygen transfer (ETOT). Sulfoxide (ArS(O)R) is 

formed either by the direct oxygen atom transfer from a metal-oxo species (Mn+(O)) to 

sulfide (ArSR) or by the electron transfer from ArSR to Mn+(O) followed by the oxygen 

atom transfer from M(n-1)+(O) to the radical cation (ArSR•+). 

Although mechanisms of the oxidation of sulfides by high-valent iron-oxo 

intermediates of CYP 450 and model compounds have been extensively investigated 

experimentally and theoretically,4,6 nonheme iron(IV)-oxo species have been rarely 

explored in the mechanistic studies of sulfoxidation reactions.7 We report herein 

remarkable effects of a metal ion (i.e., Sc3+) on the acceleration of the reaction rate and 

the change of the mechanism from DOT to ETOT in the sulfoxidation of thioanisoles by 

a nonheme iron(IV)-oxo complex, [(N4Py)FeIV(O)]2+ (N4Py = N,N-bis(2-pyridyl 

methyl)-N-bis(2-pyridyl)methylamine).8-10 The role of the metal ion on the 

sulfoxidation reactions has been discussed as well.  

 

Experimental Section 

Materials and Reaction Conditions. Commercially available chemicals were used 

without further purification unless otherwise indicated. Solvents were dried according to 

published procedures and distilled under Ar prior to use.11 N4Py (N,N-bis(2-pyridyl- 

methyl)-N-bis(2-pyridyl)methylamine) ligand, [(N4Py)FeII(CH3CN)](ClO4)2 complex 

and its oxoiron(IV) species, [(N4Py)FeIV(O)]2+, were prepared by literature methods.12 

Thioanisole derivatives and scandium triflate, ScIII(OTf)3 (OTf = CF3SO3
–), were 

purchased from Aldrich Chemical Co. and used as received. One-electron reductants,  

[RuII(bpy)3](PF6)2 (bpy = 2,2’-bipyridine), [RuII(Me2bpy)3](PF6)2 (Me2bpy = 

4,4’-dimethyl-2,2’-bipyridine), [FeII(bpy)3](PF6)2, [FeII(Ph2phen)3](PF6)2 (Ph2phen = 
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4,7-diphenyl-1,10-phenanthroline), and [Fe(Clphen)3](PF6)2 (Clphen = 5-chloro-1,10- 

phenanthroline) were prepared according to the published procedures.13 
 
Instrumentation. UV/Vis spectra were recorded on a Hewlett Packard Agilent 8453 

UV-visible spectrophotometer equipped with a circulating water bath or an UNISOKU 

RSP-601 stopped-flow spectrometer equipped with a MOS-type highly sensitive 

photodiode-array in CH3CN at 298 K. Product analysis was performed with a Bruker 

model digital AVANCE III 400 FT-NMR spectrometer. 

 
Kinetic Studies and Product Analysis. Kinetic measurements of sulfoxidation of 

thioanisoles by [(N4Py)FeIV(O)]2+ were performed on a Hewlett Packard 8453 

spectrophotometer or an UNISOKU RSP-601 stopped-flow spectrometer in MeCN at 

298 K. Rates of sulfoxidation of thioanisoles by [(N4Py)FeIV(O)]2+ were monitored by 

the decay of absorption bands at 695 nm due to [(N4Py)FeIV(O)]2+. All kinetic 

measurements were carried out under pseudo-first-order conditions where the 

concentrations of thioanisoles were maintained to be more than 10-folds excess of that 

of [(N4Py)FeIV(O)]2+ (2.0 ×  10–4 M or 5.0 ×  10–4 M) in the presence of Sc3+ (0 - 5.0 

×  10–2 M).  
Kinetic measurements of electron transfer (ET) from one-electron reductants to 

[(N4Py)FeIV(O)]2+ in the presence of Sc3+ were also performed on a Hewlett Packard 

8453 spectrophotometer or an UNISOKU RSP-601 stopped-flow spectrometer in 

CH3CN at 298 K. These ET reactions were monitored by the decay of absorption band 

at 695 nm due to [(N4Py)FeIV(O)]2+. Typically, a deaerated MeCN solution containing 

[(N4Py)FeIV(O)]2+ (2.0 × 10–4 M) was injected with a microsyringe to a deaerated 

MeCN solution (2 mL) containing one electron reductants (2.0 - 8.0 ×10–3 M) in the 

presence of Sc3+ (0 - 5.0 ×  10–2 M). All kinetic measurements were carried out under 
pseudo-first-order conditions where the concentrations of one electron reductants were 

maintained to be more than 10-folds excess of that of [(N4Py)FeIV(O)]2+ (2.0 × 10–4 M) 

in the presence of Sc3+ (0 - 5.0 ×  10–2 M).  
Products formed in sulfoxidation reactions of thioanisole by [(N4Py)FeIV(O)]2+, 

which were carried out in the absence and presence of Sc3+ under Ar atmosphere in 

CD3CN at 298 K, were analyzed by 1H NMR spectroscopy. Quantitative analyses were 

made on the basis of comparison of NMR peak integration between products and 

authentic samples. Methyl phenyl sulfoxide was obtained as a sole product with 96 % 
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and 94 % of yield (based on the intermediate generated) in the absence and presence of 

Sc3+ (10 mM), respectively.  

 

Results and Discussion 

Sulfoxidaton of para-substituted thioanisoles by [(N4Py)FeIV(O)]2+ has been 

suggested to occur via an electrophilic reaction, giving the corresponding methyl phenyl 

sulfoxides and FeII complex quantitatively as products.7 As shown in Figure 1a, the time 

course of the reaction of [(N4Py)FeIV(O)]2+ with p-methylthioanisole was readily 

monitored by the decrease in absorbance due to [(N4Py)FeIV(O)]2+ (λmax = 695 nm).8 In 
the presence of Sc(OTf)3 (scandium triflate, OTf = CF3SO3

–), the reaction was 

remarkably accelerated and the time course was monitored by a stopped-flow 

spectrometer (Figure 1b).10 The rate obeyed pseudo-first-order kinetics (Figure 2), and 

the pseudo-first-order rate constant increased linearly with increasing concentration of 

p-methylthioanisole (Figure 3). The second-order rate constants (kobs) were obtained 

from the slope of the linear correlation between the pseudo-first-order rate constant and 

concentration of p-methylthioanisole.  

 

Figure 1. Visible spectral changes observed in the sufoxidation of p-methylthioanisole (5.0 mM) by 

[(N4Py)FeIV(O)]2+ (0.50 mM) in the (a) absence and (b) presence of Sc3+ (10 mM) in MeCN at 298 K 

(left panels). Right panels show time courses monitored at 695 nm. 



   Osaka University   
 

 

18 

 

  The dependence of kobs on [Sc3+] for the sulfoxidation of p-methylthioanisole by 

[(N4Py)FeIV(O)]2+ is shown in Figure 4a. The kobs value increased with increasing 

[Sc3+], exhibiting a first-order dependence on [Sc3+] at low concentrations, whereas a 

second-order dependence was observed at high concentrations (eq 1): 

 

kobs = k0 + [Sc3+]( k1 + k2[Sc3+])                                               (1) 

 

 

Figure 2. (a) UV-vis spectral changes in the sulfoxidation of p-methylthioanisole (2.0 × 10–3 M) by 

[(N4Py)FeIV(O)]2+ (2.0 × 10–4 M) in presence of Sc3+ (1.0 × 10–2 M) in MeCN at 298 K. (b) First-order 

plots monitored by absorbance decay at 695 nm due to [(N4Py)FeIV(O)]2+ in the sulfoxidation of 

p-methylthioanisole (2.0 × 10–3 M) by [(N4Py)FeIV(O)]2+ (2.0 × 10–4 M) in the presence of various 

concentrations of Sc3+ (a, 5.0 × 10–3; b, 1.0 × 10–2; c, 2.0 × 10–2; d, 3.0 × 10–2; e, 4.0 × 10–2 M) in MeCN 

at 298 K. 
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Figure 3. Plot of the first-order rate constant (k(1)) vs p-methylthioanisole concentration to determine a 

second-order rate constant (kobs) for the sulfoxidation of p-methylthioanisole by [(N4Py)FeIV(O)]2+ (5.0 × 

10–4 M) in the presence of Sc3+ (1.0 × 10–2 M) in MeCN at 298 K. 

 

Figure 4. Plots of kobs vs Sc3+ concentration in the sulfoxidation of para-X-substituted thioanisoles (X = 

(a) Me, (b) H, (c) Cl, and (d) CN) by [(N4Py)FeIV(O)]2+ in MeCN at 298 K. 

where k0 is the rate constant for the sulfoxidation of p-substituted thioanisole derivatives 

by [(N4Py)FeIV(O)]2+ (5.0 × 10–4 M) in the absence of Sc3+. The k1 and k2 values were 

determined from the intercept and the slope of the linear plot of (kobs – k0)/ [Sc3+] vs 

[Sc3+], respectively (Figure 5). The kobs value in the presence of 10 mM of Sc3+ is 8.4 × 
10 M–1 s–1, which is ~102-fold larger than the value determined in the absence of Sc3+. 

The dependence of the first-order and second-order rate constants on concentration of 
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Sc3+ was reported for metal ion-coupled electron transfer from one-electron reductants 

to [(N4Py)FeIV(O)]2+, and this was ascribed to binding of one Sc3+ ion and two Sc3+ ions 

to [(N4Py)FeIV(O)]2+, respectively.14-17 

 

Figure 5. Plot of (kobs–k0)/[Sc3+] vs [Sc3+] to determine the k1 and k2 values from the intercept and the 

slope of the linear equation, kobs = k0 + [Sc3+](k1 + k2[Sc3+]) for the sulfoxidation of p-X-substituted 

thioanisole (X =  (a) Me, (b) H, and (c) Cl) by [(N4Py)FeIV(O)]2+ (5.0 × 10–4 M) depending on 

concentration of Sc3+ (2.5 × 10–3 – 4.0 × 10–2 M) in MeCN at 298 K. 
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Similar remarkable acceleration effects of Sc3+ were observed in the sulfoxidation of 

para-X-substituted thioanisoles (X = H, Cl and Br) by [(N4Py)FeIV(O)]2+ (Figure 6). 

When a strongly electron-withdrawing substituent (X = CN and NO2) is employed, 

however, only little acceleration was observed as shown in Figures 2d and 6b, 

respectively. 

 

 

Figure 6. Plots of kobs vs Sc3+ concentration in the sulfoxidation of p-X-substituted thioanisoles (X = (a) 

Br and (b) NO2) by [(N4Py)FeIV(O)]2+ in the presence of Sc3+ in MeCN at 298 K.  

   The reason why the acceleration effect of Sc3+ is quite different depending on the 

substituent X can be explained by plots of log kobs vs the driving force of electron 

transfer from thioanisols to [(N4Py)FeIV(O)]2+ (–ΔGet) in the absence and presence of 

Sc3+, as shown in Figure 7. The ΔGet values are obtained from the difference between 
the one-electron oxidation potentials of thioanisoles (Eox vs SCE)4a and the one-electron 

reduction potentials of  [(N4Py)FeIV(O)]2+ (Ered vs SCE) in the absence and presence 

of Sc3+.14,18 It should be noted that the Eox values of thioanisoles are not changed in the 
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presence of Sc3+, whereas the Ered value of [(N4Py)FeIV(O)]2+ is significantly shifted to 

the positive direction from 0.51 V vs SCE in the absence of Sc3+ to 1.19 V vs SCE in 

the presence of 10 mM of Sc3+.14,18a In the absence of Sc3+, the driving force of electron 

transfer (–ΔGet) is largely negative. This indicates that electron transfer from 

thioanisoles to [(N4Py)FeIV(O)]2+ is highly endergonic and therefore it is quite unlikely 

to occur. In such a case, direct oxygen atom transfer (Scheme 1a) predominates over an 

electron-transfer pathway (Scheme 1b) and the kobs values are only slightly dependent 

on the –ΔGet values.  

 

Figure 7. Plot of log kobs for oxidation of para-X-substituted thioanisoles (X = Me for 1, H for 2, Cl for 3, 

Br for 4, CN for 5, NO2 for 6) by [(N4Py)FeIV(O)]2+ in the absence of Sc3+ (closed black circles) and in 

the presence of Sc3+ (10 mM, closed red circles) in MeCN at 298 K vs the driving force of electron 

transfer [–ΔGet = e(Ered – Eox)] from para-X-substituted thioanisoles to [(N4Py)FeIV(O)]2+. Open blue 

circles show the driving force of rate constants (log ket) for electron transfer from one-electron reductants 

(7, [FeII(Ph2phen)3]2+; 8, [FeII(bpy)3]2+; 9, [RuII(Me2bpy)3]2+; 10, [FeII(Clphen)3]2+; 11, [RuII(bpy)3]2+) to 

[(N4Py)FeIV(O)]2+ in the presence of Sc3+ (10 mM) in MeCN at 298 K. 

In contrast, the log kobs values obtained in the presence of Sc3+ increase remarkably 

with increasing the driving force of electron transfer. In the case of p-methylthioanisole, 

the free energy change of electron transfer becomes negative. In such a case, an 

electron-transfer pathway (Scheme 1b) becomes dominant over a direct oxygen atom 

transfer pathway (Scheme 1a). The dependence of log kobs on the driving force of 

electron transfer (–ΔGet) in the presence of Sc3+ (red line in Figure 7) is remarkably in 

parallel with that of log ket of actual electron transfer from one-electron reductants to 
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[(N4Py)FeIV(O)]2+ (blue line in Figure 7). The driving force dependence of both the rate 

constants of sulfoxidation of thioanisoles by [(N4Py)FeIV(O)]2+ and electron transfer 

from one-electron reductants to [(N4Py)FeIV(O)]2+ in the presence of 10 mM of Sc3+ is 

well fitted in light of the Marcus theory of adiabatic outer-sphere electron transfer (eq 

2): 

 

ket = Zexp[–(λ/4)(1 + ΔGet/λ)2/kBT]                                     (2) 

  

where Z is the collision frequency taken as 1 × 1011 M–1 s–1, λ is the reorganization 
energy of electron transfer, kB is the Boltzmann constant, and T is the absolute 

temperature.18,19 The best fit λ value of electron transfer in sulfoxidation of thioanisols 

is determined to be 2.02 eV, which agrees reasonably well with the λ value of electron 
transfer from one-electron reductants (2.27 eV).20 Such an agreement with the Marcus 

equation indicates that the sulfoxidation of thioanisoles by [(N4Py)FeIV(O)]2+ in the 

presence of Sc3+ proceeds via Sc3+ ion–coupled electron transfer from thioanisoles to 

[(N4Py)FeIV(O)]2+, which is the rate-determining step, followed by rapid transfer of the 

oxygen atom from [(N4Py)FeIII(O)]+ to the radical cation (ArSR•+), as described in 

Scheme 1, pathways b and c.  

     

 

Figure 8. Difference UV-vis spectral changes in the reaction of [(N4Py)FeIV(O)]2+ (1.0 × 10–4 M) with 

p-methoxythioanisole (4.0 × 10–3 M) in presence of Sc3+ (4.0 × 10–3 M) in MeCN at 298 K. Inset shows 

the time courses monitored at 580 nm due to p-methoxy-thioanisole radical cation and 695 nm due to 

[(N4Py)FeIV(O)]2+. 
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When the ΔGet value becomes more negative than 0.4 eV, the ket value becomes 

smaller than the kobs value for direct oxygen atom transfer. Thus, the borderline between 

a direct oxygen atom transfer pathway (Scheme 1a) and an electron-transfer pathway 

(Scheme 1b) may be determined by the Eox value of p-X-substituted thioanisoles, ca. 1.6 

V vs SCE that corresponds to p-cyanothioanisole. 

The occurrence of electron transfer is clearly shown in the case of 

p-methoxythioanisole in the presence of Sc3+ (4 mM), when the driving force of electron 

transfer is positive (–ΔGet = 0.01 eV) as shown in Figure 8, where the transient 
absorption band at 580 nm due to p-methoxythioanisole radical cation appears 

accompanied by a decrease in the absorption band at 695 nm due to [(N4Py)FeIV(O)]2+ 

(see Figure 9 where the reference spectrum of p-methoxyanisole radical cation is 

shown).21 This result clearly demonstrates that an electron-transfer pathway becomes 

dominant over a direct oxygen atom transfer pathway when the sulfoxidation by the 

iron(IV)-oxo complex is carried out in the presence of a metal ion (Scheme 1). 

 

Figure 9. Visible spectrum observed in the oxidation of p-methylthioanisole (4.0 × 10–3 M) by 

one-electron oxidant, [RuIII(bpy)3]3+ (bpy = 2,2’-bipyridine) (7.5 × 10–5 M) by stopped-flow technique 

just after mixing in MeCN at 298 K. Absorption band around at 450 nm and 580 nm are due to 

[RuII(bpy)3]2+ and p-methylthioanisole radical cation, respectively.21 

In summary, we have demonstrated that Sc3+ ion promotes sulfoxidation of 

thioanisols significantly via Sc3+ ion-coupled electron transfer and the border line 

between a direct oxygen atom transfer pathway (Scheme 1a) and an electron-transfer 

pathway (Scheme 1b) is determined by the Eox value of thioanisoles that is ca. 1.6 V vs 
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SCE. Thus, the present study provides a new and rational way to enhance the reactivity 

of high-valent metal-oxo species by binding of redox-inactive metal ions such as Sc3+. 

The generality of this idea is under investigation. 

 

Scheme 1 

 

 

Conclusion 

Effects Sc3+ ion on sulfoxidation of thioanisole derivatives by [(N4Py)FeIV(O)]2+ 

were observed, showing largerly enhancement of reaction rates. The rate of 

sulfoxidation was accelerated as much as 102-fold by the addition of Sc3+. The switch of 

a reaction mechanism was demonstrated in the oxidation of thioanisole derivatives by 

[(N4Py)FeIV(O)]2+ from direct oxygen atom transfer to MCET by addition of Sc(OTf)3 

in acetonitrile depending on the oxidation potentials of thioanisole derivatives. This is 

the first example of a new reaction pathway to enhance the reactivity of the nonheme 

iron(IV) complex by binding of redox-inactive metal ions such as Sc3+ ion. 
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Chapter 2. Scandium Ion–Enhanced Oxidative Dimerization and 
N-Demethylation of N,N-Dimethylanilines by a Nonheme 
Iron(IV)-Oxo Complex 

 

Abstract: Oxidative dimerization of N,N-dimethylaniline (DMA) occurs with a 

nonheme iron(IV)-oxo complex, [(N4Py)FeIV(O)]2+ (N4Py = N,N-bis(2-pyridylmethyl)- 

N-bis(2- pyridyl)methylamine), to yield the corresponding dimer, tetramethylbenzidine 

(TMB), in acetonitrile. The rate of the oxidative dimerization of DMA by 

[FeIV(O)(N4Py)]2+ is markedly enhanced by the presence of scandium triflate, Sc(OTf)3 

(OTf = CF3SO3
–), when TMB is further oxidized to the radical cation (TMB•+). In 

contrast, we have observed the oxidative N-demethylation with para-substituted DMA 

substrates, since the position of the C–C bond formation to yield the dimer is blocked. 

The rate of the oxidative N-demethylation of para-substituted DMA by 

[(N4Py)FeIV(O)]2+ is also markedly enhanced by the presence of Sc(OTf)3. In the case 

of para-substituted DMA derivatives with electron-donating substituents, radical 

cations of DMA derivatives are initially formed by Sc3+ ion-coupled electron transfer 

from DMA derivatives to [(N4Py)FeIV(O)]2+, giving demethylated products. Binding of 

Sc3+ to [(N4Py)FeIV(O)]2+ enhances the Sc3+ ion-coupled electron transfer from DMA 

derivatives to [(N4Py)FeIV(O)]2+, whereas binding of Sc3+ to DMA derivatives retards 

the electron–transfer reaction. The complicated kinetics of the Sc3+ ion–coupled 

electron transfer from DMA derivatives to [(N4Py)FeIV(O)]2+ are analyzed by 

competition between binding of Sc3+ to DMA derivatives and to [(N4Py)FeIV(O)]2+. The 

binding constants of Sc3+ to DMA derivatives increase with the increase of the electron–

donating ability of the para-substituent. The rate constants of Sc3+ ion–coupled electron 

transfer from DMA derivatives to [(N4Py)FeIV(O)]2+, which are estimated from the 

binding constants of Sc3+ to DMA derivatives, agree well with those predicted from the 

driving force dependence of the rate constants of Sc3+ ion–coupled electron transfer 

from one-electron reductants to [(N4Py)FeIV(O)]2+. Thus, oxidative dimerization of 
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DMA and N-demethylation of para-substituted DMA derivatives proceed via Sc3+ ion–

coupled electron transfer from DMA derivatives to [(N4Py)FeIV(O)]2+. 
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Introduction 

High-valent iron-oxo complexes of heme and nonheme ligands play key roles as 

reactive intermediates in biological and chemical oxidation reactions.1,2 The reactivities 

of the iron-oxo complexes have been extensively investigated over the past several 

decades, and it has been demonstrated that the reactivities can be controlled by many 

factors, such as the oxidation state of iron centers and ligand structures.1,2 In addition, 

the reactivities of synthetic nonheme iron(IV)-oxo complexes have been intensively 

investigated in various oxidation reactions,3 since the first crystal structure of a 

mononuclear nonheme iron(IV)-oxo complex was reported in 2003.4 The factors 

affecting the formation and reactivities of nonheme iron(IV)-oxo complexes in the C-H 

bond activation and oxo transfer reactions have also been discussed in detail (e.g., 

supporting and axial ligands and solvents).5 The reactivities of metal-oxo complexes in 

the oxidation reactions of alkanes and oxygen atom transfer reactions are controlled not 

only by the oxidation state of the metal and the ligands,1-7 but also by metal ions acting 

as Lewis acids.8 We have shown that the reactivities of the nonheme iron-oxo 

complexes are markedly affected by the binding of redox inactive metal ions at the 

iron-oxo centers.9-11 For example, a crystal structure of Sc3+–bound [(TMC)FeIV(O)]2+ 

(TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclo- tetradecane) was determined by 

X-ray crystallography.9 In the study, binding of Sc3+ to [(TMC)FeIV(O)]2+ has been 

shown to change the number of electrons transferred from one-electron reductants (e.g., 

ferrocene) to [(TMC)FeIV(O)]2+.9 More recently, it has been demonstrated that rates of 

electron transfer from one-electron reductants to a nonheme iron(IV)-oxo complex, 

[(N4Py)FeIV(O)]2+ (N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)- methylamine), 

are enhanced as much as 108-fold by addition of Sc3+ ion.10 Such an enhancement of the 

oxidizing power of nonheme iron(IV)-oxo complexes by metal ions results from strong 

binding of metal ions to the electron acceptors, which causes large positive shifts in the 

one-electron reduction potentials, as observed in metal ion–coupled electron–transfer 

reduction of various electron acceptors.9-18 On the other hand, binding of metal ions to 

electron donors results in retardation of electron–transfer reactions of electron donors, 

because the one-electron oxidation potentials of electron donors are positively shifted 

by binding of metal ions that results in decreasing the driving force of electron 

transfer.19 Thus, there are two opposite effects of metal ion binding on electron transfer: 

One is acceleration of electron transfer by binding of metal ions to electron acceptors 
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(e.g., metal-oxo complex) and the other is deceleration of electron transfer by binding of 

metal ions to electron donors (e.g., substrate).20 However, to the best of our knowledge, 

there has been no report on such competing effects of redox-inactive metal ions on the 

oxidation of substrates by metal-oxo complexes. 

We report herein that competition between binding of Sc3+ ion to 

N,N-dimethylaniline (DMA) and [(N4Py)FeIV(O)]2+ results in overall enhancement of 

electron transfer from DMA to a nonheme iron(IV)-oxo complex, [(N4Py)FeIV(O)]2+. 

The present study also provides the definitive evidence for the occurrence of electron 

transfer from DMA to high-valent metal-oxo complexes, although there have been 

extensive studies on the mechanism of the oxidation of DMA by various oxidants 

including a possible electron-transfer pathway.21-28 The complicated kinetics caused by 

competitive binding of Sc3+ ion to DMA and [(N4Py)FeIV(O)]2+ are analyzed as well. 

While we have observed the formation of a radical cation of DMA dimer, 

tetramethylbenzidine (TMB•+), in the oxidation of DMA by the [(N4Py)FeIV(O)]2+ 

complex when the reaction is performed in the presence of Sc3+ ion, the oxidative 

N-demethylation reaction takes place with para-substituted DMA derivatives and the 

oxidative N-demethylation is accelerated by the presence of Sc3+ ion. The rate constants 

of oxidative dimerization and N-demethylation of DMA and its derivatives by 

[(N4Py)FeIV(O)]2+ in the presence of Sc3+ ion are compared with the driving force 

dependence of Sc3+ ion–coupled electron transfer from one-electron reductants to 

[(N4Py)FeIV(O)]2+ to clarify the oxidation mechanism of DMA derivatives by 

[(N4Py)FeIV(O)]2+. The extensive analysis on competing effects of binding of Sc3+ ion 

to DMA and its derivatives and to [(N4Py)FeIV(O)]2+ will expand the scope of metal 

ion–coupled electron transfer on the oxidation of a variety of substrates by high-valent 

metal-oxo complexes. 

 
Experimental Section 

Materials. All chemicals were purchased from Sigma-Aldrich, Wako, Nacalai 

Tesque, and Lancaster Co., Ltd. and used without further purification unless otherwise 

noted. [(N4Py)FeII(MeCN)](ClO4)2 was prepared in a glovebox according to the 

literature method.29 Acetonitrile (MeCN) and ether were dried according to the 

literature procedures and distilled under Ar prior to use.30 Iodosylbenzene (PhIO) was 

prepared by a literature method.31 [(N4Py)FeIV(O)]2+ was prepared by the literature 
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method.29 Deuterated N,N-dimethylaniline (DMA-d6) was prepared by alkylating 

aniline with CD3I.22a The purities of the compounds were checked by 1H NMR 

spectroscopy. Tetra-n-butylammonium hexafluorophosphate was purchased from Sigma 

Chemical Co., recrystallized from ethyl alcohol, and dried under vacuum at 40 °C for at 

least 1 week prior to use. 

 Caution: Perchlorate salts are potentially explosive and should be handled with 
care. 

 

General Reaction Procedures. Typically, DMA (4.0 × 10–3 M) was added to a 

CD3CN solution (0.50 mL) containing [(N4Py)FeIV(O)]2+ (4.0 × 10–3 M) in the absence 

and presence of Sc(OTf)3 in an NMR tube. The reaction was complete within 10 min 

under these conditions. The products in the absence and presence of Sc(OTf)3 were 

identified as TMB and [(N4Py)FeII]2+ by comparing the 1H NMR spectra with those of 

authentic samples. In the case of para-substituted DMA derivatives, the demethylated 

products were formed in the absence and presence of Sc(OTf)3 and they were identified 

and quantitized by comparing the 1H NMR spectra with those of authentic samples. 

 

Spectral and Kinetic Measurement. Reactions of DMA and its derivatives with 

[(N4Py)FeIV(O)]2+ (5.0 × 10–5 M) were examined by monitoring spectral changes in the 

presence of various concentrations of DMA or its derivatives (1.0 × 10–3 – 5.0 × 10–2 

M) in the absence and presence of Sc(OTf)3 in MeCN at 298 K, with a Hewlett Packard 

8453 photodiode-array spectrophotometer and a quartz cuvette (path length = 10 mm). 

Kinetic measurements were performed on a UNISOKU RSP-601 stopped-flow 

spectrometer equipped with a MOS-type highly sensitive photodiode array or a Hewlett 

Packard 8453 photodiode-array spectrophotometer at 298 K. Rates of reactions of DMA 

and its derivatives with [(N4Py)FeIV(O)]2+ were monitored by the decrease of the 

absorption band due to [(N4Py)FeIV(O)]2+ (λmax = 695 nm) in the absence and presence 
of Sc(OTf)3 in MeCN. When TMB radical cation (TMB•+) was formed in the reaction of 

DMA with [(N4Py)FeIV(O)]2+ in the presence of Sc(OTf)3 in MeCN, the rate was 

determined from the increase in the NIR absorption band (λmax = 900 nm) due to 
TMB•+.32 The concentration of DMA or its derivative was maintained at least more than 

10-fold excess of the other reactant to attain pseudo-first-order conditions. 

Pseudo-first-order rate constants were determined by a least-squares curve fit. The 

first-order plots were linear for three or more half-lives with the correlation coefficient 
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ρ > 0.999. In each case, it was confirmed that the rate constants derived from at least 

five independent measurements agreed within an experimental error of ±5%.  
 

Electrochemical Measurements.  Measurements of cyclic voltammetry (CV) 

were performed at 298 K using a BAS 630B electrochemical analyzer in a deaerated 

solvent containing 0.10 M TBAP as a supporting electrolyte at 298 K. A conventional 

three-electrode cell was used with a platinum working electrode and a platinum wire as 

a counter electrode. The measured potentials were recorded with respect to the 

Ag/AgNO3 (1.0 × 10–2 M). The Eox and Ered values (vs Ag/AgNO3) are converted to 
those vs SCE by adding 0.29 V.33 All electrochemical measurements were carried out 

under an Ar atmosphere.   

  

EPR Measurements. EPR detection of TMB•+ was performed as follows: Typically, 

a MeCN solution of [(N4Py)FeIV(O)]2+ (3.0 × 10–4 M) in the presence of Sc(OTf)3 (3.0 

× 10–4 M) in an EPR cell (3.0 mm i.d.) was purged with Ar for 5 min. Then, DMA (8.0 

× 10–4 M) was added to the solution. The EPR spectrum of TMB•+ was recorded on a 

JEOL JES-RE1XE spectrometer at 243 K. The magnitude of modulation was chosen to 

optimize the resolution and signal-to-noise (S/N) ratio of the observed spectra under 

nonsaturating microwave power conditions. The g value was calibrated using a Mn2+ 

marker (g = 2.034, 1.981). Computer simulation of the EPR spectra was carried out by 

using Calleo EPR version 1.2 (Calleo Scientific Publisher) on a personal computer. 

 

Results and Discussion 

Three-Electron Oxidation of DMA by [(N4Py)FeIV(O)]2+ in the Presence of Sc3+. 
DMA has been suggested to be oxidized by nonheme iron(IV)-oxo complexes such as 

[(N4Py)FeIV(O)]2+ to yield the demethylated product (N-methylaniline) via an electron 

transfer-proton transfer (ET-PT) mechanism,27 as shown in Scheme 1. Electron transfer 

from DMA to [(N4Py)FeIV(O)]2+ is followed by proton transfer from DMA•+ and 

[(N4Py)FeIII(O)]+ to yield the DMA radical and [(N4Py)FeIII(OH)]2+, because DMA•+ 

and [(N4Py)FeIII(O)]+ are a strong acid and base, respectively. The rebound between 

DMA radical and [(N4Py)FeIII(OH)]2+ results in formation of the demethylated product. 

However, the intermediate DMA•+ formed in the ET-PT mechanism cannot be detected 

because the initial ET process is the rate-determining step.27 
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Scheme 1 

 

 

In the presence of Sc(OTf)3, however, the oxidized product of DMA by 

[(N4Py)FeIV(O)]2+ was changed from the demethylated product in the absence of 

Sc(OTf)3 to the dimer radial cation, i.e., tetramethylbenzidine radical cation (TMB•+). 

The quantitative formation of TMB•+ in the reaction of DMA with [(N4Py)FeIV(O)]2+ in 

the presence of Sc(OTf)3 in MeCN is shown in Figure 1a, where the absorption bands at 

470, 900 and 1000 nm are assigned due to TMB•+.32,34 The same absorption bands due 

to TMB•+ are observed in the one-electron oxidation of TMB by a strong one-electron 

oxidant [RuIII(bpy)3]3+ and cerium(IV) ammonium nitrate (Figure 1b and 1c). The 

TMB•+ produced by the one-electron oxidation of TMB by one equiv of [RuIII(bpy)3]3+ 

was oxidized to TMB2+ by further addition of [RuIII(bpy)3]3+ (bpy = 2,2’-bipyridine) in 

Figure 1b (right panel), because the second one-electron oxidation potential of TMB 

(0.68 V vs SCE)35 is still lower than the one-electron reduction potential of [Ru(bpy)3]3+ 

(1.24 V vs SCE). The concentration of TMB•+ was determined using the e value at 900 

nm (2.0 × 104 M–1 cm–1; see Figure 1b, right panel) to be 1.0 × 10–4 M, which is 

one-third of the initial concentration of [(N4Py)FeIV(O)]2+ (3.0 × 10–4 M). Thus, 
three-electron oxidation of DMA occurs with [(N4Py)FeIV(O)]2+ to yield TMB•+. The 

formation of TMB•+ was also confirmed by the EPR spectrum (Figure 2).36 
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Figure 1. (a) Visible spectral changes observed in the reaction of [(N4Py)FeIV(O)]2+ (0.15 mM) with 

DMA (0.44 mM) in the presence of Sc(OTf)3 (0.15 mM) in MeCN at 298 K (left panel). Right panel 

shows time course monitored at 900 nm. (b) Visible spectral changes observed in the formation of TMB•+ 

by titration of TMB (0.050 mM) with [RuIII(bpy)3](ClO4)3 (0 – 0.050 mM) in MeCN at 298 K (left panel). 

Right panel shows Job’s plot of absorbance changes monitored at 900 nm due to TMB•+ upon addition of 

[RuIII(bpy)3](PF6)3 (0 – 0.105 mM) into the solution of TMB (0.050 mM) in MeCN at 298 K. (c) Visible 

spectral changes observed in the reaction of DMA (0.30 mM) with cerium(IV) ammonium nitrate (0.20 

mM) in MeCN at 298 K (left panel). Right panel shows time courses monitored at 470 and 900 nm.  
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Figure 2. X-band EPR spectra of TMB•+ produced in the oxidation reaction of DMA (0.6 mM) by 

[(N4Py)FeIV(O)]2+ (0.3 mM) in the presence of Sc3+ (0.1 mM) in deaerated MeCN at 243 K and the 

computational simulation spectrum prepared with reported hyperfine coupling constants of TMB•+ (AN = 

4.81 G, ACH3 = 4.7 G, A2H = 0.76 G, and A3H = 1.65 G; see Stenland, C.; Kevan, L. J. Phys. Chem. 1993, 

97, 5177).  
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Figure 3. Visible spectral change observed in the reaction of [(N4Py)FeIV(O)]2+(0.050 mM) with TMB 

(0.13 mM) in MeCN at 298 K. 
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The drastic change of the oxidized product of DMA with [(N4Py)FeIV(O)]2+ upon 

addition of Sc(OTf)3 is well understood as shown in Scheme 2, which is in line with 

Scheme 1. The initial electron transfer from DMA to [(N4Py)FeIV(O)]2+ is much 

enhanced by Sc3+ ion, as observed in Sc3+ ion–coupled electron transfer from 

one-electron reductants to [(N4Py)FeIV(O)]2+, to yield DMA•+ and the Sc3+ ion–bound 

Fe(III)-oxo complex. The proton transfer from DMA•+ to the Fe(III)-oxo complex may 

be prohibited by the strong binding of Sc3+ to the Fe(III)-oxo complex. In such a case, 

DMA•+ undergoes the dimerization to produce TMB, via the reaction with DMA that 

acts as a nucleophile, accompanied by the oxidation and removal of two protons 

(Scheme 2).32 Judging from the significantly lower one-electron oxidation potential of 

TMB (Eox = 0.43 V vs SCE)37 as compared with DMA (Eox = 0.76 V vs SCE),38 TMB is 

further oxidized by [(N4Py)FeIV(O)]2+ (Ered = 0.51 V vs SCE)10 to produce TMB•+. The 

formation of TMB•+ by the one-electron oxidation of TMB by [(N4Py)FeIV(O)]2+ in the 

presence of Sc3+ was confirmed as shown in Figure 3. Thus, Sc3+ ion–coupled electron 

transfer from DMA to [(N4Py)FeIV(O)]2+ results in the three-electron oxidation of DMA 

by [(N4Py)FeIV(O)]2+ to yield TMB•+ rather than the demethylated product in the 

presence of Sc3+. At prolonged reaction time, deprotonation of TMB•+ occurs slowly to 

yield the demethylated product of TMB, N,N-dimethylbenzidine (DMB), together with 

the Fe(II) complex (Figures 4 and 5).39 The right panel of Figure 1c indicates the rapid 

formation of DMA•+ (rise in absorbance at 900 nm) and the subsequent slow conversion 

to TMB•+ (decay in absorbance at 470 nm). 

According to Scheme 2, once Sc3+ ion–coupled electron transfer from DMA to 

[(N4Py)FeIV(O)]2+ occurs, protons are produced in the radical coupling reaction of 

DMA•+ to yield TMB. In such a case, proton–coupled electron transfer from DMA to 

[(N4Py)FeIV(O)]2+ may occur, leading to formation of TMB•+ as shown in Scheme 3. 

The TMB•+ concentration formed in the reaction of DMA with [(N4Py)FeIV(O)]2+ was 

confirmed by the titration of Sc3+ concentration as shown in Figure 6. Only a catalytic 

amount of Sc(OTf)3 (e.g., 1/9 of [(N4Py)FeIV(O)]2+) is enough to obtain the 

stoichiometric amount of TMB•+ (Figure 7).40 The careful re-examination of the 

products of the reaction of DMA with [(N4Py)FeIV(O)]2+ in the absence of Sc(OTf)3 

revealed formation of DMB, demethylated product of TMB, (9% based on the initial 

concentration of [(N4Py)FeIV(O)]2+) as well as N-methylaniline (62%) and TMB (1%) 

as the final products (Figure 8). Because DMB and TMB  are the six-electron and 

four-electron oxidized products of DMA, respectively, the overall yield based on 
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[(N4Py)FeIV(O)]2+ (a two-electron oxidant) will be 9 × 3 + 1 × 2 + 62 = 90%. Thus, 

even in the absence of Sc(OTf)3, the dimerization of DMA•+ competes with proton 

transfer from DMA•+ to the Fe(III)-oxo complex. 

Scheme 2 

 

Scheme 3 
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Figure 4. (a) 1H NMR spectrum (400 MHz) of the products (black line) obtained in the reaction of 

[(N4Py)FeIV(O)]2+ (2 mM) and DMA (1.5 equiv) in the presence of Sc3+ (0.11 equiv) in CD3CN at 298 K. 

The products were obtained after column chromatography, which was packed with silicagel 60 and eluted 

by 96% CH2Cl2 and 4% methanol. Red line shows 1H NMR spectrum of the products with 

N,N,N’,N’-tetramethylbenzidine (TMB, 0.4 mM) as an internal standard. The peak integration ratios of a : 

b : c and d : e : f : g are 4 : 4 : 12 and 4 : 4 : 2 : 6, respectively. These ratios indicate that the products are 

TMB and N,N’-dimethylbenzidine (DMB) (see also Figure 5 for assignment of DMB). Yields of TMB 

and DMB based on the concentration of [(N4Py)FeIV(O)]2+ were 8.0% and 32%, respectively. A trace 

amount of N-methylaniline was also obtained. (b) 1H NMR spectrum (400 MHz) of TMB as an authentic 

reference.  
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Figure 5. 2D 1H–1H COSY spectrum (400 MHz) of the products obtained in the reaction of 

[(N4Py)FeIV(O)]2+ (2 mM) and DMA (1.5 equiv) in the presence of Sc3+ (0.11 equiv) in CD3CN at 298 K. 

The products were obtained after column chromatography, which was packed with silicagel 60 and eluted 

by 96% CH2Cl2 and 4% methanol. The peak integration ratios of a : b : c and d : e : f : g are 4 : 4 : 12 and 

4 : 4 : 2 : 6, respectively. There are good correlations between peaks a and b, d and e, and f and g, 

respectively. These ratios with correlation peaks indicate that the products are TMB and DMB. 

 

Figure 6. Plot of concentration of TMB•+ produced in the reaction of [(N4Py)FeIV(O)]2+(0.30 mM) with 

DMA (0.6 – 1.4 mM) in the presence of Sc3+ in MeCN at 298 K vs Sc3+ concentration. 
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Figure 7. Plot of the concentration of TMB•+ generated vs DMA concentration depending on Sc3+ ion 

concentrations (0.010 mM, black open circle; 0.025 mM, red open circle; 0.050 mM, blue open circle; 

0.10 mM, green open circle; 0.30 mM, pink open circle; 0.60 mM, yellow open circle) in the reaction of 

[(N4Py)FeIV(O)]2+(0.30 mM) with DMA in MeCN at 298K.  

 

 
Figure 8. 1H NMR spectra (400 MHz) of the products obtained in the reaction of [(N4Py)FeIV(O)]2+ (2.0 

mM) and DMA (40 mM, 20 equiv) in the absence of Sc3+ in CD3CN at 298 K. Peaks a and b correspond 

to N-Me groups of DMA and N-methylaniline, respectively. Yield of N-methyl aniline based on the 

concentration of [(N4Py)FeIV(O)]2+ was 62%. After column chromatography, TMB and DMB were also 

obtained, but yields of those compounds were just ~1.0% and 8.5%, respectively (see Figures 4 and 5 for 

experimental conditions). 

Sc3+-Enhanced Demethylation of X-DMA with [(N4Py)FeIV(O)]2+. When DMA is 

replaced by para-cyano-N,N-dimethylaniline (CN-DMA), no dimer radical cation was 

formed even in the presence of Sc(OTf)3, because the para-position is blocked by the  
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Figure 9. 1H NMR spectra (400 MHz) of the reaction products and the authentic reference samples in the 

absence of Sc3+ in CD3CN at 298 K. (a) shows 1H NMR spectrum of the reaction products obtained in the 

reaction of [(N4Py)FeIV(O)]2+ (4 mM) and CN-DMA (20 mM). The peaks marked with * are from PhI 

formed in the reaction of [(N4Py)FeII]2+ and PhIO. According to the ratio between the peak integrations 

of the residual CN-DMA and generated para-CN-N-CH3-aniline, yield of para-CN-N-CH3-aniline based 

on the concentration of [(N4Py)FeIV(O)]2+ was more than 95 %. (b), (c) and (d) show 1H NMR spectra of 

the authentic samples, such as CN-DMA, para-CN-N-CH3-aniline, [(N4Py)FeII](ClO4)2, respectively. 

CN group and the demethylated product was obtained predominantly as identified by 

the 1H NMR spectrum (Figures 9 and 10). The absorption spectral change in the 

reaction of CN-DMA with [(N4Py)FeIV(O)]2+ in the absence and the presence of 

Sc(OTf)3 in MeCN is shown in Figure 11a and 11b, respectively. In the presence of 

Sc(OTf)3, the reaction rate was much enhanced as compared with that in the absence of 
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Sc(OTf)3 and therefore the spectra in Figure 3b were measured using a stopped-flow 

spectrophotometer.41 Sc(OTf)3 is known to exist as a free ion (Sc3+) in solution.10 In 

each case only the decay of absorbance at 695 nm due to [(N4Py)FeIV(O)]2+ was 

observed (i.e., no formation of dimer radical cation was observed). The decay rate of 

[(N4Py)FeIV(O)]2+ with large excess CN-DMA and Sc3+ obeyed first-order kinetics 

(Table 1). Under the conditions in Figure 1a, the reaction was slowed down because of 

small concentration of DMA (0.44 mM) and Sc(OTf)3 (0.15 mM). In such a case the 

proton-coupled electron transfer in Scheme 3 becomes playing a major role as the 

reaction proceed. This may be the reason why an induction period is observed in Figure 

1a (right panel). In order to avoid the contribution of the proton–coupled electron 

transfer, the kinetic measurements were performed using a large concentration of Sc3+ 

(e.g., 10 mM). For the kinetic measurements no induction period was observed as 

shown in Figure 3b. The observed first-order rate constant (kobs) in the presence of 

Sc(OTf)3 becomes much larger than that in the absence of Sc(OTf)3. Similar results are 

obtained for other para-substituted DMA derivatives (Figure 12). 

 
Figure 10. 1H NMR spectrum (400 MHz) of the products obtained in the reaction of [(N4Py)FeIV(O)]2+ 

(4 mM) and CN-DMA (20 mM) in the presence of Sc3+ (40 mM) in CD3CN at 298 K. According to the 

ratio between the peak integrations of N,N-dimethyl group of the residual CN-DMA and N-methyl group 

of the generated para-CN-N-CH3-aniline, yield of para-CN-N-CH3-aniline based on the concentration of 

[(N4Py)FeIV(O)]2+ was 75 %. Peak assignments were done by the titrations of CN-DMA and 

para-CN-N-CH3-aniline with Sc3+ (see also Figure 21) because the chemical shifts of the peaks were 

dependent on the ratios of [CN-DMA]:[Sc3+] and [para-CN-N-CH3-aniline]:[Sc3+] due to their binding 

constants. 
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Figure 11. Visible spectral changes observed in the reaction of [(N4Py)FeIV(O)]2+ (0.50 mM) with 

CN-DMA (5.0 mM) in the absence (a) and presence (b) of Sc3+ (15 mM) in MeCN at 298 K. Insets show 

time courses monitored at 695 nm. 

Table 1. The kobs Values Determined in the Reaction of [(N4Py)FeIV(O)]2+ (0.50 mM) and X-DMA 

(5mM) Depending on Sc3+ Concentration in MeCN at 298 K 

 

Figure 13 shows the dependence of kobs on concentration of Sc(OTf)3. The kobs values 

increase lineary with increasing Sc3+ concentration in the region where Sc3+ 

concentrations are larger than the concentration of DMA derivatives (X-DMA). Plots of 

kobs versus [Sc(OTf)3] - [X-DMA] afford linear correlations (Figure 13, right panels). 

This indicates that Sc3+ forms a 1:1 complex with X-DMA and that Sc3+-bound X-DMA 

is inert toward oxidation. 

On the other hand, the kobs value increases with increasing concentration of 

CN-DMA to reach a constant value in the region where concentrations of CN-DMA are 

larger than Sc3+ concentration as shown in Figure 14. This also indicates that Sc3+ binds 

with CN-DMA to form a 1:1 complex and the acceleration of the rate requires Sc3+ ion, 

which is not bound to CN-DMA. Similar results were obtained for other 

para-substituted DMA (X-DMA). Thus, the enhanced reactivity of X-DMA observed in 

[Sc3+], 

mM 

kobs, s–1 

Me H Br CN 

5.0 (6.6 ± 0.2) × 10–2 (3.0 ± 0.2) × 10–2 (1.3 ± 0.1) × 10–1 (1.2 ± 0 .1) × 10–1 

10 (1.5 ± 0.2) × 10–1 (2.1 ± 0.2) × 10–1 (3.1 ± 0.2) × 10–1 (7.9 ± 0.3) × 10–1 

15 (3.0 ± 0.2) × 10–1 (3.6 ± 0.2) × 10–1 (4.6 ± 0.2) × 10–1 1.2 ± 0.1 

20 (3.8 ± 0.2) × 10–1 (5.5 ± 0.2) × 10–1 (6.3 ± 0.2) × 10–1 1.7 ± 0.2 

25 (5.3 ± 0.3) × 10–1 (6.7 ± 0.2) × 10–1 (7.2 ± 0.2) × 10–1 2.0 ± 0.2 
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the presence of Sc3+ is ascribed to Sc3+ ion–coupled electron transfer from X-DMA to 

[(N4Py)FeIV(O)]2+, as shown in Scheme 4. Because Sc3+ ions bound to X-DMA and 

[(N4Py)FeIV(O)]2+ are in equilibrium with free Sc3+ ions in Scheme 4, there may be 

exchange equilibria among them. 

Scheme 4 

 
 
Electron transfer from X-DMA to [(N4Py)FeIV(O)]2+ is enhanced by binding of Sc3+ 

to [(N4Py)FeIV(O)]2+, which competes with the binding of Sc3+ to X-DMA. It has been 

reported that one Sc3+ ion or two Sc3+ ions can bind to [(N4Py)FeIV(O)]2+ to enhance the 

electron–transfer reduction of [(N4Py)FeIV(O)]2+.10 In the case of DMA, the 

dimerization of DMA•+ may occur much more rapidly than proton transfer from DMA•+ 

to the Sc3+ ion–bound Fe(III)-oxo complex (Scheme 2). In the case of X-DMA, 

however, the dimerization of X-DMA•+ is prohibited by the para-substituent and proton 

transfer from X-DMA•+ to the Sc3+ ion–bound Fe(III)-oxo complex occurs that leads to 

the formation of the demethylated product, as shown in Scheme 1. 

The results in Figure 13 and Figure 14 can be explained by Scheme 4. It should be 

emphasized that only uncomplexed Sc3+ and DMA are involved in Sc3+ion–coupled 

electron transfer in Scheme 4, where two Sc3+ ions are involved as reported 

previously.10 Under the conditions ([Sc3+] > [X-DMA]) in Figure 13, Sc3+ ion–coupled 

electron transfer from free X-DMA to free Sc3+ is accelerated showing the second-order 

dependence on [Sc3+]. At a constant concentration of X-DMA (5 mM), the 

concentration of free DMA decreases with increasing [Sc3+]. For example, by using K0 

value (620 M–1), the ratio of free DMA concentration to the total concentration (5 mM) 
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at 20 mM Sc3+ is only 9.1%. Thus, the concentration of free DMA is inversely 

proportional to concentration of Sc3+: [Sc3+]–1. The second-order acceleration of the rate 

[Sc3+]2 is cancelled by the dependence of the ratio of free DMA on [Sc3+]–1. As a result, 

we can observe the apparent linear acceleration of the first-order rate constant with 

increasing concentration of Sc3+ in the region where [Sc3+] > [DMA] in Figure 13. On 

the other hand, under the conditions ([Sc3+] = 50 mM) in Figure 14, the first-order rate 

constant increases with increasing concentration of DMA, but reaches a constant value  

 
Figure 12. Visible spectral changes observed in the reactions of [(N4Py)FeIV(O)]2+ (0.5 mM) with 

X-DMA (X = Me (a), H (b) and Br (c); 5.0 mM) in the absence (left panels) and presence (right panels) 

of free Sc3+ (10 mM) in MeCN at 298 K. Insets show time courses monitored at 695 nm. 
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Figure 13. Plots of kobs vs [Sc3+] (left panels) and [Sc3+] – [X-DMA] (right panels) in the reaction of 

[(N4Py)FeIV(O)]2+ (0.50 mM) and X-DMA (5.0 mM) (X = CN (a), H (b), Me (c) and Br (d)) in the 

presence of Sc3+ in MeCN at 298 K.  
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Figure 14. Plot of kobs vs [CN-DNA] in the reaction of [(N4Py)FeIV(O)]2+ (0.50 mM) and CN-DNA in the 

presence of Sc3+ (50 mM) in MeCN at 298 K. 

in the region where [X-DMA] > [Sc3+], because the concentration of free Sc3+ is 

inversely proportional to concentration of DMA: [DMA]–1. As a result, the first-order 

dependence of the rate on [X-DMA] is cancelled by the dependence of the 

concentration of free Sc3+ on [X-DMA]–1 to be a constant value in the region where 

[X-DMA] > [Sc3+] in Figure 14. More quantitative analysis on Figure 13 and Figure 14 

is given below. 

According to Scheme 4, the reaction rate (–d[FeIV(O)]/dt where [FeIV(O)] = 

[[(N4Py)FeIV(O)]2+]) is given by eqs 1 and 2, 

 

–d[FeIV(O)]/dt = ket [FeIV(O)][X-DMA]                                  (1) 

 
ket = (ket0 + ket1K1[Sc3+] + ket2K1K2[Sc3+]2)                                (2) 

 

where ket0, ket1 and ket2 are the rate constants of electron transfer from X-DMA to 

[(N4Py)FeIV(O)]2+, [(N4Py)FeIV(O)]2+–Sc3+ and [(N4Py)FeIV(O)]2+–(Sc3+)2, 

respectively. K1 and K2 are the binding constants of Sc3+ to [(N4Py)FeIV(O)]2+ and 

[(N4Py)FeIV(O)]2+–Sc3+, respectively. On the other hand, the concentration of 

Sc3+-bound X-DMA [X-DMA–Sc3+] is given by eq 3, 

 

[X-DMA–Sc3+] = K0[X-DMA][Sc3+]                                    (3) 

 

where K0 is the binding constant of Sc3+ to X-DMA.  

When [Sc3+]0 << [X-DMA]0 and 1 << K0[DMA] (the subscript 0 denotes the initial 
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concentration), [X-DMA] ≅ [X-DMA]0, [Sc3+] ≅ [Sc3+]0/K0[X-DMA]0. In such a case, 

the binding of Sc3+ to [(N4Py)FeIV(O)]2+–Sc3+ may be negligible because of the small 

concentration of free Sc3+ and the observed first-order rate constant (kobs) is given from 

eqs 1-3 by eq 4, where ket0 is neglected. This equation agrees with the constant 

dependence of kobs on [X-DMA] in the region where [Sc3+] << [X-DMA] in Figure 14. 

 

kobs ≅ ket1K1[Sc3+]0/K0                                                 (4) 

 

When [Sc3+] >> [X-DMA] and K0[Sc3+] >> 1,  [Sc3+] ≅ [Sc3+]0, [X-DMA] ≅ 
[X-DMA]0/K0[Sc3+]0. In such a case the binding of Sc3+ to [(N4Py)FeIV(O)]2+–Sc3+ (K2) 

may be dominant as compared to the binding of Sc3+ to [(N4Py)FeIV(O)]2+ (K1) and kobs 

is given by eq 5, which agrees with the linear dependence of kobs on [Sc3+] in the region 

where [Sc3+] > [X-DMA] in Figure 13 and also the linear dependence of kobs on 

[X-DMA] in the region where [X-DMA] << [Sc3+] in Figure 14.  

 

kobs ≅ ket2K1K2[Sc3+]0[X-DMA]0/K0                                      (5) 

 

The complex formation of X-DMA with Sc3+ is also indicated by the UV-vis spectral 

change of X-DMA in the presence of Sc(OTf)3. As shown in Figure 15, the absorption 

band at 293 nm due to CN-DMA is changed due to formation of the CN-DMA–Sc3+ 

complex with a clean isosbestic point. The K0 value is determined from the intercept 

and slope of the linear plot of (ΔA)–1 vs [Sc3+]–1 (Figure 15c) to be 6.2 × 102 M–1. The 

UV-vis spectral titrations of other DMA derivatives with Sc3+ are shown in Figure 16. 

The spectral titration of X-DMA with Sc(OTf)3 indicates that Sc3+ forms a 1:1 complex 

with X-DMA. The 1:1 complex formation between X-DMA and Sc3+ was also 

confirmed by the 1H NMR spectra (Figures 17-21). The change in the chemical shift of 

the N-Me group by binding of Sc3+ indicates that Sc3+ ion binds to the nitrogen of the 

N-Me group of X-DMA. The binding constants K0 were determined from the spectral 

change of X-DMA with Sc3+ and the K0 values thus determined are listed in Table 2 

together with the one-electron oxidation potentials of X-DMA (Eox). The K0 value 

increases with decreasing the Eox value. This indicates that the stronger is the electron 

donor ability of X-DMA, the larger becomes the binding constant of Sc3+ to X-DMA. 

The kobs values with 5.0 mM X-DMA and 15 mM Sc3+ are also listed in Table 2 

together with kobs values in the absence of Sc(OTf)3 in MeCN at 298 K. The kobs values 
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in the presence of Sc3+ (15 mM) are significantly larger than those in the absence of 

Sc3+ for each X-DMA. In the absence of Sc3+, the kobs value increases with decreasing 

the Eox value of X-DMA and Me-DMA with an electron-donating para-substituent 

affords the largest kobs value, whereas CN-DMA with an electron-withdrawing 

substituent affords the largest kobs value in the presence of Sc3+. This results from the 

binding of Sc3+ to X-DMA. As mentioned above, Sc3+–bound DMA derivatives exhibit 

negligible reactivity as compared with Sc3+–free DMA derivatives. 

 

Figure 15. (a) Visible spectral changes observed in the titration of CN-DMA with Sc3+ upon addition of 

Sc3+ (0.0 – 4.0 mM) into the CN-DMA solution (0.050 mM) in MeCN at 298 K. (b) Plot of the 

absorbance at 293 nm vs [Sc3+] in the titration of CN-DMA with Sc3+ upon addition of Sc3+ (0.0 – 4.0 

mM) into the CN-DMA solution (0.050 mM) in MeCN at 298 K. (c) Plot of reciprocal absorbance 

difference vs 1/[Sc3+] for the determination of the binding constant between p-CN-DMA and Sc3+ (see 

Figure 16 for other case of X-DMA). 
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Figure 16. Visible spectral changes (left panels) and plots of the absorbance of X-DMA vs [Sc3+] (right 

panels) observed in the titration of X-DMA (X = Me (0.03mM) (a), H (0.03 mM) (b), and Br (0.05mM) 

(c)) with Sc3+ for the determination of binding constants of X-DMA and Sc3+ in CH3CN at 298 K. 
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Figure 17. 1H NMR spectral changes of Me-DMA (1.0 mM) upon addition of Sc3+ (0 – 1.25 mM) in 

CD3CN at 298 K. 
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Figure 18. 1H NMR spectra of Me-DMA (1.0 mM) and Me-DMA-Sc3+ (1.0 mM) in CD3CN at 298 K. 

 

Figure 19. Chemical shift (a) and spectral line width (b) profiles of 1H NMR signal for N,N-dimethyl 

group of Me-DMA as a function of increasing [Sc3+]:[Me-DMA] ratio in CD3CN at 298K. 
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Figure 20. 1H NMR spectral changes of DMA (1.0 mM) upon addition of Sc3+ (0 – 1.25 mM) in CD3CN 

at 298 K. 
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Figure 21. 1H NMR spectral changes of CN-DMA (1.0 mM) upon addition of Sc3+ (0 – 200 mM) in 

CD3CN at 298 K. 
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This was confirmed by the change in the one-electron oxidation potential (Eox) of 

X-DMA in the presence of Sc(OTf)3 as shown in Figure 22, where the redox couple of 

CN-DMA in the absence of Sc3+ at E1/2 = 1.13 V (vs SCE) disappears as concentration 

of Sc3+ increases. No anodic peak of CN-DMA is observed in the presence of large 

excess Sc(OTf)3 (10 mM). This indicates that the Eox value of CN-DMA (1.13 V vs 

SCE)36 is positively shifted to the value larger than 2.0 V (vs SCE) when Sc3+ is bound 

to CN-DMA. Thus, once Sc3+ is bound to X-DMA, the X-DMA–Sc3+ complex cannot 

act as an electron donor and only free X-DMA is involved in the Sc3+ ion–coupled 

electron transfer to [(N4Py)FeIV(O)]2+ (Ered = 1.19 V vs SCE in the presence of 10 mM 

of Sc3+)10 as shown in Scheme 4.  

Table 2. Binding Constants (K0) of Sc3+ with X-DMA, One-Electron Oxidation Potentials (Eox vs SCE) 

of X-DMA, Rate Constants of Reactions of [(N4Py)FeIV(O)]2+ (0.50 mM) with X-DMA (5.0 mM) in the 

Absence and Presence of Sc3+ (15 mM) in MeCN at 298 K 

X Eox (vs SCE, V)  K0
a, M–1 kobs

b, s–1 kobs
c, s–1 ket

d, M–1 s–1 

M

e 

0.69 (3.0 ± 0.3) × 107 (2.6 ± 0.2) × 10–2 (3.0 ± 0.2) × 10–1 (1.8 ± 0.2) × 107 

H 0.76 (7.3 ± 0.4) × 106 (8.9 ± 0.3) × 10–3 (3.6 ± 0.2) × 10–1 (5.3 ± 0.2) × 106 

Br 0.92 (3.6 ± 0.2) × 105 (4.1 ± 0.2) × 10–3 (4.6 ± 0.3) × 10–1 (3.3 ± 0.2) × 105 

C

N 

1.15 (6.2 ± 0.2) × 102 (3.9 ± 0.2) × 10–4 1.2 ± 0.1 (1.5 ± 0.1) × 103 

a The K0 values were determined by the UV-vis spectral titration of X-DMA with Sc3+. b Rate constants in 

the absence of Sc3+. c Rate constants determined in the presence of 15 mM of Sc3+. d Rate constants of 

reactions of [(N4Py)FeIV(O)]2+ with free X-DMA which is not bound to Sc3+, determined by eq 6, when 

the concentration of free Sc3+ ([Sc3+]0 – [X-DMA]0) is 10 mM.42 

 

The second-order rate constant (ket) of Sc3+ ion-coupled electron transfer from free 

X-DMA, which is not bound to Sc3+, to [(N4Py)FeIV(O)]2+ is derived from the observed 

pseudo-first-order rate constant (kobs) with large excess X-DMA as given by eq 6,  

 

ket ≅ kobs(K0[Sc3+] + 1)/[X-DMA]0 (6) 
 

because [X-DMA] = [X-DMA]0/(1 + K0[Sc3+]) according to eq 3 (note that [X-DMA]0 

= [X-DMA] + [X-DMA–Sc3+]). The ket values thus evaluated from the kobs values are  
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Figure 22. Cyclic voltammograms of CN-DMA (2.0 mM) upon addition of Sc(OTf)3 into an MeCN 

solution of CN-DMA containing TBAPF6 (0.10 M) at 298 K with a Pt working electrode. Scan rate was 

0.10 V s–1. 

listed in Table 2, where the concentration of free Sc3+, which is not bound to X-DMA, is 

10 mM ([Sc3+]0 – [X-DMA]0). For example, the ket value of DMA was determined from 

the kobs value (0.36 s–1 in Table 2) using eq 6 to be 5.3 × 106 M–1 s–1 (= 0.36 × (7.3 × 106 

× 1.0 × 10–2 + 1)/(5.0 × 10–3). 
 

Driving Force of Sc3+–Coupled Electron Transfer. The driving force dependence 

of the rate constants (ket0) of the demethylation reactions of X-DMA with 

[(N4Py)FeIV(O)]2+ in the absence of Sc3+ is shown in Figure 23 together with the 

driving force dependence of the rate constants (ket) of Sc3+ ion–coupled electron transfer 

from free X-DMA, which is not bound to Sc3+, and various one-electron reductants to 

[(N4Py)FeIV(O)]2+. The driving force dependence of ket is well fitted in light of the 

Marcus theory of adiabatic outer-sphere electron transfer (eq 7),  
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Figure 23. Plots of log ket for electron transfer from X-DMA (X = Me for 1, H for 2, Br for 3, CN for 4) 

to [(N4Py)FeIV(O)]2+ in the absence of Sc3+ (closed black circles) and in the presence of free Sc3+ (10 mM, 

closed pink circles) in MeCN at 298 K vs the driving force of electron transfer [–ΔGet = e(Ered – Eox)] 

from X-DMA to [(N4Py)FeIV(O)]2+. Squares show the driving force dependence of rate constants (log kox 

for oxygenation reaction of para-X-substituted thioanisoles (X = Me for 5, H for 6, Cl for 7, Br for 8, CN 

for 9, NO2 for 10) by [(N4Py)FeIV(O)]2+ in the absence of Sc3+ (open black squares) and in the presence 

of Sc3+ (10 mM, closed green squares) in MeCN at 298 K. Closed blue circles show the driving force 

dependence of rate constants (log ket) for electron transfer from one-electron reductants (11, 

[FeII(Ph2phen)3]2+ (Ph2phen = 4,7-diphenyl-1,10-phenanthroline); 12, [FeII(bpy)3]2+ (bpy = 

2,2’-bipyridine); 13, [RuII(Me2bpy)3]2+ (Me2bpy = 4,4’-dimethyl-2,2’-bipyridine); 14, [FeII(Clphen)3]2+ 

(Clphen = 5-chloro-1,10-phenanthroline); 15, [RuII(bpy)3]2+) to [(N4Py)FeIV(O)]2+ in the presence of Sc3+ 

(10 mM). The fitting to the Marcus theory of the electron transfer are shown by the pink line with λ = 

1.79 eV, green line with λ = 2.02 eV and blue line with λ = 2.27 eV, respectively. 

ket = Zexp[–(λ/4)(1 + ΔGet/λ)2/kBT]                                      (7) 

 

where Z is the collision frequency taken as 1 × 1011 M–1 s–1, λ is the reorganization 

energy of electron transfer, kB is the Boltzmann constant, and T is the absolute 

temperature.43 The best fit λ value of Sc3+ ion–coupled electron transfer from X-DMA, 

which is not bound to Sc3+, to [(N4Py)FeIV(O)]2+ is determined to be 1.79 eV, which is 

smaller than the λ value of electron transfer from one-electron reductants (2.27 eV).10 

The smaller λ value Sc3+ ion–coupled electron transfer from X-DMA to 

[(N4Py)FeIV(O)]2+ may result from the smaller λ value of electron exchange between 

X-DMA and X-DMA•+ as compared with the λ values of metal complexes used as 
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one-electron reductants. Thus, the demethylation of X-DMA with [(N4Py)FeIV(O)]2+ in 

the presence of Sc3+ proceeds via Sc3+ ion–coupled electron transfer from X-DMA to 

[(N4Py)FeIV(O)]2+ as shown in Scheme 4. 
In the absence of Sc3+, the ket0 values of Me-DMA and DMA agree with those 

predicted by the Marcus plot of electron transfer with λ = 2.02 eV. With increasing the 
Eox values of X-DMA with electron withdrawing para-substituents (Br and CN), the 

deviation of the observed rate constant from the predicted value by the Marcus plot of 

electron transfer becomes larger, when the –ΔGet value becomes more positive than 0.4 

eV. Thus, the borderline between a direct hydrogen atom transfer pathway and an 

electron-transfer pathway (Scheme 1) may be determined by the Eox value of X-DMA, 

ca. 1.2 V vs SCE that corresponds to Br-DMA. It is interesting to note that this border 

line is virtually the same as reported between oxygen atom transfer pathway and an 

electron transfer pathway for the oxygenation of thioanisole derivatives with 

[(N4Py)FeIV(O)]2+ as shown in Figure 23 (no. 5-10).11 

 
Figure 24. Plot of kobs vs Sc3+ concentration in the reaction [(N4Py)FeIV(O)]2+ (0.50 mM) with DMA (5.0 

mM, black circle) and DMA–d6 (5.0 mM, red circle) in MeCN at 298 K. Kinetic isotope effect (KIE) 

value was determined to be 1.0. 

It is also important to note that through the use of DMA and deuterated DMA 

(N,N-dimetyl-d6-aniline; DMA-d6) as a substrate in the presence of Sc3+, the kobs values 

increase linearly with increasing Sc3+ concentration in the region where Sc3+ 

concentrations are larger than concentration of DMA and DMA-d6, respectively, and no 

deuterium kinetic isotope effect (KIE) was observed, i.e., KIE = 1.0 (Figure 24). This 

result confirms that the initial Sc3+ ion–coupled electron transfer from DMA and 

DMA-d6 to [(N4Py)FeIV(O)]2+ is the rate-determining step. 
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Conclusion 

Rates of oxidation of X-DMA with [(N4Py)FeIV(O)]2+ were significantly accelerated 

by the presence of Sc(OTf)3 in MeCN at 298 K. In the case of DMA, the demethylation 

of DMA occurs via electron transfer from DMA to [(N4Py)FeIV(O)]2+, followed by 

proton transfer from DMA•+ to [(N4Py)FeIII(O)]+. The initial electron transfer is 

remarkably accelerated by Sc3+ ion–coupled electron transfer. However, the subsequent 

proton transfer is prohibited by the binding of Sc3+ to [(N4Py)FeIII(O)]+, when DMA•+ 

dimerizes to form TMB, which is further oxidized by [(N4Py)FeIV(O)]2+ to yield TMB•+ 

as the final three-electron oxidized product. When para-substituted DMA derivatives 

(X-DMA: X = Me, Br and CN) are employed, the initial electron transfer is also 

remarkably accelerated by Sc3+ ion–coupled electron transfer. The resulting X-DMA•+ 

cannot dimerize because of the blockage of para-position, leading to the demethylation. 

The complicated kinetics of Sc3+ ion–coupled electron transfer from X-DMA to 

[(N4Py)FeIV(O)]2+ is well analyzed by the competition of binding of Sc3+ to X-DMA 

and [(N4Py)FeIV(O)]2+. The rate constants of Sc3+ ion–coupled electron transfer from 

uncomplexed X-DMA to [(N4Py)FeIV(O)]2+, which were evaluated using the binding 

constants (K0) of Sc3+ to X-DMA, agree well with those predicted by the Marcus plot of 

the rate constants of Sc3+ ion–coupled electron transfer from one-electron reductants to 

[(N4Py)FeIV(O)]2+. Thus, the present study provides a general way to enhance the 

reactivity of high-valent metal-oxo species by binding of redox-inactive metal ions such 

as Sc3+ towards substrates which also bind with metal ions. 
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Chapter 3. Proton–Promoted Oxygen Atom Transfer vs Proton–
Coupled Electron Transfer of a Nonheme Iron(IV)-Oxo Complex 

 
Abstract: Sulfoxidation of thioanisoles by a nonheme iron(IV)-oxo complex, 
[(N4Py)FeIV(O)]2+ (N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine), 

was remarkably enhanced by perchloric acid (70% HClO4). The observed second-order 

rate constant (kobs) of sulfoxidation of thioaniosoles by [(N4Py)FeIV(O)]2+ increases 

linearly with increasing concentration of HClO4 (70%) in acetonitrile (MeCN) at 298 K. 

In contrast to sulfoxidation of thioanisoles by [(N4Py)FeIV(O)]2+, the observed 

second-order rate constant (ket) of electron transfer from one-electron reductants such as 

[FeII(Me2bpy)3]2+ (Me2bpy = 4,4-dimehtyl-2,2’-bipyridine) to [(N4Py)FeIV(O)]2+ 

increases with increasing concentration of HClO4, exhibiting second-order dependence 

on HClO4 concentration. This indicates that the proton–coupled electron transfer 

(PCET) involves two protons associated with electron transfer from [FeII(Me2bpy)3]2+ to 

[(N4Py)FeIV(O)]2+ to yield [FeIII(Me2bpy)3]3+ and [(N4Py)FeIII(OH2)]3+. The 

one-electron reduction potential (Ered) of [(N4Py)FeIV(O)]2+ in the presence of 10 mM 

HClO4 (70%) in MeCN is determined to be 1.43 V vs SCE. Plot of Ered vs log[HClO4] 

also indicates involvement of two protons in the PCET reduction of [(N4Py)FeIV(O)]2+. 

The PCET driving force dependence of log ket is fitted in light of the Marcus theory of 

outer-sphere electron transfer to afford the reorganization of PCET (λ = 2.74 eV). The 

comparison of the kobs values of acid–promoted sulfoxidation of thioanisoles by 

[(N4Py)FeIV(O)]2+ with the ket values of PCET from one-electron reductants to 

[(N4Py)FeIV(O)]2+ at the same PCET driving force reveals that the acid–promoted 

sulfoxidation proceeds by one-step oxygen atom transfer from [(N4Py)FeIV(O)]2+ to 

thioanisoles rather than outer-sphere PCET. 
  

Proton-Coupled Electron Transferled 
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Introduction 

Brønsted acid is well known to enhance the electrophilicity of electrophiles by 

interaction, making them possible to react with nucleophiles, which would otherwise 

exhibit no reactivity.1-3 Metal ion salts, which act as Lewis acids, are also known to 

enhance the electrophilicty of electrophiles by interacting with Lewis acids to facilitate 

the reactions with nucleophiles.4-9 The promoting effects of Brønsted acid and Lewis 

acids result from the activation of the C=X bond (X = O, NR, CR2), thereby decreasing 

the LUMO energy and promoting the reactions with nucleophiles.1-9 On the other hand, 

both Brønsted acid and metal ions acting as Lewis acids promote electron-transfer 

reactions from various electron donors to electron acceptors provided that the 

one-electron reduced species of electron acceptors can bind with Brønsted acid 

(protonation) and Lewis acids, respectively. The former is classified as proton–coupled 

electron transfer (PCET),10-14 whereas the latter is regarded as metal ion–promoted 

electron transfer.15-24 It should be noted that the term of PCET has also been used for the 

case when an electron and a proton are transferred from the same molecule.25-28  

Not only C=O bond but also M=O (M = metal) bond can be activated by Brønsted 

acid and Lewis acids. In this context, we have recently reported the first example of 

binding of metal ions, such as Sc3+ and Ca2+, to a nonheme iron(IV)-oxo complex, 

[(TMC)FeIV(O)]2+ (TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane), and 

the crystal structure of Sc3+–bound [(TMC)FeIV(O)]2+ was successfully determined by 

X-ray crystallography.29 The binding of Sc3+ to [(TMC)FeIV(O)]2+ resulted in change in 

the number of electrons transferred from ferrocene (Fc) to [(TMC)FeIV(O)]2+ from one 

electron in the absence of Sc3+ to two electrons in the presence of Sc3+.29 Rates of 

electron transfer from a series of one-electron reductants to an iron(IV)-oxo complex, 

[(N4Py)FeIV(O)]2+ (N4Py: N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine), 

were enhanced as much as 108-fold in the presence of metal ions, such as Sc3+, Zn2+, 

Mg2+ and Ca2+, as compared with the rates in the absence of metal ion.30 The rate 

enhancement by metal ions exhibits a good correlation with Lewis acidity of metal 

ions.30 The one-electron reduction potential of [(N4Py)FeIV(O)]2+ has been 

demonstrated to be shifted to a positive direction by as large as 0.84 V in the presence 

of Sc3+ ion.30-32  

In contrast to the extensive studies on Brønsted acid–promoted reactions of organic 

electrophiles containing C=O bonds,1-9 there have been only a few reports on Brønsted 
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aid–promoted reactions of metal-oxo (M=O) complexes.33 In particular, the 

fundamental properties of high-valent metal-oxo complexes such as the one-electron 

reduction potentials and the reorganization energies in PCET have yet to be reported. In 

addition, the relation between Brønsted acid–promoted reactions of high-valent 

metal-oxo complexes with nucleophiles and the PCET with one-electron reductants has 

yet to be clarified. 

We report herein Brønsted acid–promoted oxygen atom transfer from nonheme 

iron(IV)-oxo complex, [(N4Py)FeIV(O)]2+ to thioanisoles34 in comparison with PCET 

from one-electron reductants to [(N4Py)FeIV(O)]2+. The PCET rate constants were 

evaluated in light of the Marcus theory of outer-sphere electron transfer35,36 to 

determine the one-electron reduction potential and the reorganization energy of PCET 

reactions of [(N4Py)FeIV(O)]2+ in the presence of perchloric acid (HClO4, 70 wt. % in 

H2O) in acetonitrile (MeCN). The detailed kinetic analyses on both acid–promoted 

oxygen atom transfer from [(N4Py)FeIV(O)]2+ to thioanisoles and the PCET reactions 

from one-electron reductants to [(N4Py)FeIV(O)]2+ provide valuable insight into the 

important mechanistic difference between direct oxygen atom-transfer37 and 

outer-sphere PCET pathways, both of which are enhanced by Brønsted acid. 

 

Experimental Section 

Materials. All chemicals, which were the best available purity, were purchased from 

Aldrich Chemical Co. and used without further purification unless otherwise noted. 

Solvents, such as MeCN and diethyl ether, were dried according to the literature 

procedures and distilled under Ar prior to use.38 Iodosylbenzene (PhIO) was prepared 

by a literature method.39 Nonheme iron(II) complex [(N4Py)FeII(MeCN)](ClO4)2 and its 

iron(IV)-oxo, [(N4Py)FeIV(O)]2+, were prepared by the literature methods.34 Perchloric 

acid  (70 wt. % in H2O) was purchased from Wako Pure Chemical Ind. Ltd.. 

Caution: Perchlorate salts are potentially explosive and should be handled with 
care. 

 

Kinetic Studies and Product Analyses. Kinetic measurements were performed on a 

UNISOKU RSP-601 stopped-flow spectrometer equipped with a MOS-type highly 

sensitive photodiode array or a Hewlett Packard 8453 photodiode-array 

spectrophotometer using a 10 mm quartz cuvette (10 mm path length) at 298 K. 
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Sulfoxidation reactions of thioanisole and its para-substituted derivatives (2.5 × 10–3 – 

1.0 × 10–2 M) by [(N4Py)FeIV(O)]2+ (2.5 × 10–4 M) were carried out and the rates were 

monitored by the decay of the absorption band at 695 nm due to [(N4Py)FeIV(O)]2+ in 

the absence and presence of HClO4 in MeCN at 298 K. The concentration of thioanisole 

derivatives was maintained at least more than 10-fold excess of [(N4Py)FeIV(O)]2+ to 

attain pseudo-first-order conditions. First-order fitting of the kinetic data allowed us to 

determine the pseudo-first-order rate constants. The first-order plots were linear for 

three or more half-lives with the correlation coefficient ρ > 0.999. In each case, it was 
confirmed that the rate constants derived from at least five independent measurements 

agreed within an experimental error of ±5%. The pseudo-first-order rate constants 

increased proportionally with increase in concentrations of substrates, from which 

second-order rate constants were determined.  

Typically, thioanisole (1.0 × 10–2 M) was added to an MeCN solution (0.50 mL) 

containing [(N4Py)FeIV(O)]2+ (1.0 × 10–3 M) in the absence and presence of HClO4 (1.0 

× 10–2 M) in a vial. The reaction was complete within 1 h under these conditions. 

Products formed in the oxidation reactions of thioanisole by [(N4Py)FeIV(O)]2+, which 

were carried out in the absence and presence of HClO4 under Ar atmosphere in MeCN 

at 298 K, were analyzed by HPLC. Quantitative analyses were made on the basis of 

comparison of HPLC peak integration between products and their authentic samples. In 

the case of thioanisole, methyl phenyl sulfoxide was obtained as a sole product with 96% 

and 93% of yield (based on the intermediate generated) in the absence and presence of 

HClO4 (10 mM), respectively. In the cases of para-substituted thioanisoles, methyl 

para-substituted phenyl sulfoxides were obtained quantitatively by HPLC, as the case 

of thioanisole. 

 

Instrumentation. UV-vis spectra were recorded on a UNISOKU RSP-601 

stopped-flow spectrometer equipped with a MOS-type highly sensitive photodiode 

array or a Hewlett Packard 8453 photodiode-array spectrophotometer. X-band EPR 

spectra were taken at 5 K using a X-band Bruker EMX-plus spectrometer equipped with 

a dual mode cavity (ER 4116DM). Low temperatures were achieved and controlled with 

an Oxford Instruments ESR900 liquid He quartz cryostat with an Oxford Instruments 

ITC503 temperature and gas flow controller. The experimental parameters for EPR 

spectra were as follows: Microwave frequency = 9.65 GHz, microwave power = 1 mW, 

modulation amplitude = 10 G, gain = 5 × 103, time constant = 40.96 ms, conversion 
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time = 81.00 ms. Electrospray ionization mass spectra (ESI MS) were collected on a 

Thermo Finnigan (San Jose, CA, USA) LCQTM Advantage MAX quadrupole ion trap 

instrument, by infusing samples directly into the source using a manual method. The 

spray voltage was set at 3.7 kV and the capillary temperature at 100 °C. Product 

analysis for oxidation reactions was performed on DIONEX Summit Pump Series P580 

equipped with a variable wavelength UV-200 detector (HPLC). Products were separated 

on Hypersil GOLD column (4.6 × 250 mm), and product yields were determined with a 

UV Detector at 215 and 254 nm. 1H NMR spectra were measured with Bruker model 

digital AVANCE III 400 FT-NMR spectrometer. Cyclic voltammetry (CV) 

measurements were performed on a BAS 630B electrochemical analyzer in a deaerated 

MeCN solution containing 0.10 M TBA(PF6) as a supporting electrolyte at 298 K. A 

conventional three-electrode cell was used with a platinum working electrode, a 

platinum wire as a counter electrode and an Ag/AgNO3 reference electrode. The 

measured potentials were recorded with respect to the Ag/AgNO3 (1.0 × 10–2 M). The 
Eox and Ered values (vs Ag/AgNO3) are converted to those vs SCE by adding 0.29 V.40 

All electrochemical measurements were carried out under an Ar atmosphere. 

 

Results and Discussion 

Brønsted Acid–Promoted Oxygen Atom Transfer from [(N4Py)FeIV(O)]2+ to 

Thioanisoles. It has been well established that oxygen atom transfer from a nonheme 

iron(IV)-oxo complex ([(N4Py)FeIV(O)]2+) to thioanisole occurs to yield the sulfoxide 

and [(N4Py)FeII]2+ in MeCN (Figure 1).39 The UV-visible spectral change observed in 

the reaction of oxygen atom transfer from [(N4Py)FeIV(O)]2+ to thioanisole is shown in 

Figure 2a (left panel), where the absorption band at 695 nm due to [(N4Py)FeIV(O)]2+ 

decreases, accompanied by increase in absorbance due to [(N4Py)FeII]2+. 

   
PhSMe + [(N4Py)FeIV(O)]2+  PhS(O)Me + [(N4Py)FeII]2+           (1) 

 

Addition of HClO4 (70%, 10 mM) to an MeCN solution of [(N4Py)FeIV(O)]2+ 

resulted in remarkable enhancement of the reaction rate as indicated by the comparison 

of the time profile in the absence of HClO4 (right panel in Figure 2a) vs that in the 
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Figure 1. ESI-MS spectrum of the final products obtained in the reaction of [(N4Py)FeIV(O)]2+ (0.5 mM) 

with thioanisole (5.0 mM) in the presence of HClO4 (10 mM) in MeCN at 298 K. Peaks at m/z of 231.9 

and 522.0 correspond to [(N4Py)FeII(MeCN)]2+ (calcd m/z 232.1) and [(N4Py)FeII(ClO4)]+ (calcd m/z 

522.1), respectively. Inset shows the observed isotope distribution patterns for [(N4Py)FeII(MeCN)]2+. 

 
Figure 2. Visible spectral changes observed in the reaction of [(N4Py)FeIV(O)]2+ (0.50 mM) with 10 

equiv of thioanisole (5.0 mM) in the absence (a) and presence (b) of HClO4 (10.0 mM) in MeCN at 298 K 

(left panel). Right panels show time courses monitored at 695 nm due to the decay of [(N4Py)FeIV(O)]2+.   
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presence of HClO4 (right panel in Figure 2b). In the presence of HClO4, the reaction 

rate was too fast to follow by a conventional spectroscopic method, therefore, the rate 

was followed by using a stopped-flow technique (see Experimental Section). The rapid 

decrease in absorbance at 695 nm due to [(N4Py)FeIV(O)]2+ in the presence of HClO4 

was accompanied by an increase in absorbance due to [(N4Py)FeII]2+, which was 

observed as the recovery of the bleaching as shown in Figure 2b (right panel), where the 

spectrum after the reaction was subtracted from the observed spectra in the stopped flow 

measurements. The yield of the sulfoxide in the presence of HClO4 was quantitative as 

the case in the absence of HClO4 (see Experimental Section).  

 

Figure 3. Plots of the pseudo-first-order rate constants (k1) vs concentrations of para-X-thioanisoles to 

determine the second-order rate constants (kobs) in the sulfoxidation of para-X-thioanisoles by 

[(N4Py)FeIV(O)]2+ (0.25 mM) in the presence of HClO4 (10 mM) in MeCN at 298 K. 



  Chapter 3 
 
 

 

73  

 

Figure 4. Plots of kobs vs HClO4 concentration in acid–promoted sulfoxidation of para-X-substituted 

thioanisoles (X = (a) Me, (b) H, (c) Br and (d) CN) by [(N4Py)FeIV(O)]2+ in MeCN at 298 K. 

Table 1. One-Electron Oxidation Potentials (Eox) of para-X-Substituted Thioanisoles and Second-Order 

Rate Constants of the Sulfoxidation by [(N4Py)FeIV(O)]2+ in the Absence and Presence of HClO4 (10 mM) 

in MeCN at 298 K 

X 
Eox 

(vs SCE, V) 

kobs, M–1 s–1 

without HClO4 with HClO4 (10 mM) 

Me 1.24 1.3 ± 0.1 (3.2 ± 0.2) × 103 

H 1.34 (8.7 ± 0.4) × 10–1 (1.5 ± 0.1) × 103 

Cl 1.37 (8.7 ± 0.4) × 10–1 (7.2 ± 0.4) × 102 

Br 1.41 (1.5 ± 0.1) × 10–1 (8.4 ± 0.4) × 102 

CN 1.61 (4.4 ± 0.2) × 10–2 (6.2 ± 0.3) × 10 

 

Decay rates of the absorption band at 695 nm due to [(N4Py)FeIV(O)]2+ in oxygen 

atom transfer from [(N4Py)FeIV(O)]2+ to large excess thioanisole in the absence and 

presence of large excess HClO4 obeyed pseudo-first-order kinetics (Figure 2). The 

pseudo-first-order rate constant increased linearly with increasing concentration of 

thioanisole (Figure 3).41 The observed second-order rate constant (kobs) obtained from 
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the slope of a linear plot of the pseudo-first-order rate constant vs concentration of 

thioanisole increased proportionally with increasing concentration of HClO4 as shown 

in Figure 4a. The dependence of kobs of other thioanisole derivatives on concentration of 

HClO4 also exhibited linear relations (Figures 4b-d) as given by eq 2, where k0 and k1 

are the rate constant of oxygen atom transfer from [(N4Py)FeIV(O)]2+ to 

para-X-substituted thioanisoles in the absence and presence of HClO4, respectively. 

 

kobs = k0 + k1 [HClO4]                                                (2) 

 

The observed second-order rate constants (kobs) of sulfoxidation of thioanisoles by 

[(N4Py)FeIV(O)]2+ in the absence and presence of HClO4 (10 mM) are listed in Table 1. 

 

Figure 5. Plot of kobs vs additional H2O concentration in sulfoxidation of thioanisoles by 

[(N4Py)FeIV(O)]2+ in the presence of HClO4 (10 mM) in MeCN at 298 K. 

It should be noted that the kobs values of thioanisoles in the presence of HClO4 (10 

mM) is more than 103-fold larger than the corresponding values in the absence of 

HClO4. The enhanced reactivity of [(N4Py)FeIV(O)]2+ by the presence of HClO4 (70%) 

remarkably decreased by addition of H2O. The kobs value of acid–promoted 

sulfoxidation of thioanisole by [(N4Py)FeIV(O)]2+ decreased significantly with 

increasing concentration of added water due to the decrease in the acidity of HClO4 by 

H2O,12a,42 as shown in Figure 5. Because 70 wt. % HClO4 in H2O is employed in this 

work, the use of 100% HClO4 may enhance the reactivity of [(N4Py)FeIV(O)]2+ 

drastically. However, the possible explosion of 100% HClO4 has precluded the 

examination of the enhancement of reactivity of [(N4Py)FeIV(O)]2+ by HClO4 without 

water. 
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PCET from One-Electron Reductants to [(N4Py)FeIV(O)]2+. When 

[RuII(Clphen)3]2+ (Clphen: 5-chlorophenathrene) was employed as an electron donor, no 

electron transfer from [RuII(Clphen)3]2+ (Eox = 1.36 V vs SCE)30 to [(N4Py)FeIV(O)]2+ 

(Ered = 0.51 V)36 occurred in MeCN, because the free energy change of electron transfer 

is highly positive (ΔGet = 0.85 eV), i.e., endergonic. In the presence of HClO4, however, 
the electron transfer occurred efficiently as shown in Figure 6, where the absorption 

band due to [RuII(Clphen)3]2+ (λmax = 450 nm) and [(N4Py)FeIV(O)]2+ (λmax = 695 nm) 

decrease to be changed to an absorption band due to [RuIII(Clphen)3]3+ (λmax = 640 nm) 
with an isosbestic point at 548 nm. 

 

Figure 6. Visible spectral changes observed in PCET from [RuII(Clphen)3]2+ (12.5 mM) to 

[(N4Py)FeIV(O)]2+ (0.25 mM) in the presence of HClO4 (10 mM) in MeCN at 298 K. Inset shows time 

course monitored at 640 nm due to the formation of [RuIII(Clphen)3]3+. 

Formation of [RuIII(Clphen)3]3+ and [(N4Py)FeIII(OH2)]3+ in the PCET reaction was 

confirmed by EPR measurements. In the absence of HClO4, as shown in Figure 7a, no 

electron transfer occurred because both reactants [RuII(Clphen)3]2+ and 

[(N4Py)FeIV(O)]2+ are EPR silent. In the presence of HClO4, PCET from 

[RuII(Clphen)3]2+ to [(N4Py)FeIV(O)]2+ occurred to produce [RuIII(Clphen)3]3+ and 

[(N4Py)FeIII(OH2)]3+ as indicated by EPR signals observed at g1 = 2.70, g2 = 2.46 and 

g3 = 1.65 after the PCET reaction (Figure 7b). The observed EPR signals agree with the 

superposition of EPR signals of [RuIII(Clphen)3]3+ (Figure 7c)43 and 

[(N4Py)FeIII(OH2)]3+ (Figure 7d), which were produced by the photosensitized 

oxidation of [RuII(Clphen)3]2+ with sodium persulfate and by PCET from ferrocene to 

[(N4Py)FeIV(O)]2+ in the presence of HClO4 in MeCN at 298 K, respectively. It was  
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Figure 7. EPR spectra of the products obtained in the reaction of [(N4Py)FeIV(O)]2+ (1.0 mM) with 

[RuII(Clphen)3]2+ (2.0 mM) (a) in the absence and (b) presence of HClO4 (10 mM). (c) EPR spectrum of 

[RuIII(Clphen)3]3+ generated in the photocatalytic oxidation of [RuII(Clphen)3]2+ (1.0 mM) with sodium 

persulfate (50 mM) in the presence of HClO4 (50 mM) in MeCN at 298 K. The EPR signal intensity 

observed at g = 2.004, which is attributed an organic radical species, is negligible as compared with the 

intensity due to [RuIII(Clphen)3]3+. (d) EPR spectrum of [(N4Py)FeIII(OH2)]3+ generated by PCET from 

ferrocene (1.0 mM) to [(N4Py)FeIV(O)]2+ (1.0 mM) in the presence of HClO4 (10 mM) in MeCN at 298 K. 

The low spin [(N4Py)FeIII(OH2)]3+ observed at g⊥ = 2.46 and g// = 1.65 was converted to a high spin 

species at gb = 4.3 and gc = 1.87 at prolonged reaction time. 

 
Figure 8. Plot of concentration of [RuIII(Clphen)3]3+ produced in PCET from [RuII(Clphen)3]2+ to 

[(N4Py)FeIV(O)]2+ (2.5 × 10–4 M) in the presence of HClO4 (1.0 × 10–2 M) in deaerated MeCN at 298 K 

vs initial concentration of [RuII(Clphen)3](PF6)2, [[RuII(Clphen)3](PF6)2]0. 
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observed that the low spin EPR signals due to [(N4Py)FeIII(OH2)]3+ were converted to 

the high spin EPR signals (gb and gc), which can be assigned to [(N4Py)FeIII]3+. 

The concentration of [RuIII(Clphen)3]3+ produced in PCET from [RuII(Clphen)3]2+ to 

[(N4Py)FeIV(O)]2+ (2.5 × 10–4 M) in the presence of HClO4 (10 mM) increased with 

increasing the initial concentration of [RuII(Clphen)3]2+ to reach the initial concentration 

of [(N4Py)FeIV(O)]2+ as shown in Figure 8. Such a titration curve indicates that PCET 

from [RuII(Clphen)3]2+ (Eox = 1.36 V vs SCE)30 to [(N4Py)FeIV(O)]2+ in the presence of 

HClO4 (10 mM) is in equilibrium as shown in eq 3. The PCET equilibrium constant 

(Ket) was determined to be 14.0 by fitting curve based on the PCET equilibrium (eq 3). 

    

[(N4Py)FeIV(O)]2+ + [RuII(Clphen)3]2+ + 2H+  

                        ⇄ [(N4Py)FeIII(OH2)]3+ + [RuIII(Clphen)3]3+      (3) 

 
Figure 9. Plots of concentration of [RuIII(Clphen)3]3+ produced in PCET from [RuII(Clphen)3]2+ to 

[(N4Py)FeIV(O)]2+ (0.25 mM) in the presence of various HClO4 concentrations (black line; 5.0 mM, red 

line; 7.5 mM, blue line; 15 mM and green line; 20 mM) in deaerated MeCN at 298 K vs initial 

concentration of [RuII(Clphen)3](PF6)2, [[RuII(Clphen)3](PF6)2]0. 

The reduction potential (Ered) of [(N4Py)FeIV(O)]2+ in the presence of HClO4 (10 

mM) in MeCN at 298 K was then determined from the Ket value and Eox value of 

[RuII(Clphen)3]2+ (Eox = 1.36 V vs SCE)30 using an Nernst equation (eq 4, where R is 

the gas constant, T is absolute temperature, and F is the Faraday constant) to be 1.43 V 

vs SCE. The Ket values in the presence of various concentrations of HClO4 were 

determined by global fitting of plots of concentrations of [RuIII(Clphen)3]3+ vs initial 
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concentrations of [RuII(Clphen)3]2+ (Figure 9). The one-electron reduction potentials of 

[(N4Py)FeIV(O)]2+ (Ered) in the presence of various concentrations of HClO4 were also 

determined from the Ket values and the Eox value of [RuII(Clphen)3]2+ using eq 4.  

 

Ered = Eox + (RT/F) lnKet                                              (4) 

 
Figure 10. Dependence of Ered of [(N4Py)FeIV(O)]2+on log([HClO4]) in deaerated MeCN at 298 K. The 

blue line is fitted by eq 6. 

The dependence of Ered of [(N4Py)FeIV(O)]2+ on log([HClO4]) is shown in Figure 10, 

where the slope is of the apparent linear correlation is close to 120 mV/log([HClO4]). 

This slope indicates that two protons are involved in the PCET reduction of 

[(N4Py)FeIV(O)]2+ according to the Nernst equation for the dependence of Ered on 

[HClO4] (eq 5),  
 

Ered = Eºred + (2.3RT/F)log((Kred1[HClO4](1 + Kred2[HClO4]))      (5) 

 

where Kred1 and Kred2 are the equilibrium constants for the first protonation and the 

second protonation of the one-electron reduced complex, [(N4Py)FeIII(O)]+.44 The plot 

of Ered of [(N4Py)FeIV(O)]2+ vs log([HClO4]) in Figure 10 is well fitted by eq 5 with the 

best fit values of Kred1 and Kred2 (1.2 × 1013 and 3.0 × 106 M–1, respectively) as shown in 

the solid line (Figure 10). Under the conditions such that Kred2[HClO4] >>1, eq 5 is 

rewritten by eq 6,  

    

Ered = Eºred + 2(2.3RT/F)log(Kred Kred2[HClO4])                            (6) 
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when the slope of a linear colleration between Ered and log[HClO4] corresponds to 

2(2.3RT/F) = 118 mV at 298 K as observed in Figure 10. 

 
Figure 11. Visible spectral changes observed in the reaction of [(N4Py)FeIV(O)]2+ (0.25 mM) with 

[FeII(Me2bpy)]2+ (5.0 mM) in the presence of HClO4 (10.0 mM) in MeCN at 298 K (left panel). Right 

panel shows time course monitored at 695 nm due to the decay of [(N4Py)FeIV(O)]2+.  

 

Figure 12. Plot of the pseudo-first-order rate constant (k1) vs concentration of [FeII(Me2bpy)]2+ to 

determine the second-order rate constant (kobs) of PCET from [FeII(Me2bpy)]2+ to [(N4Py)FeIV(O)]2+ (0.25 

mM) in the presence of HClO4 (10 mM) in MeCN at 298 K. 

The protonation of two protons to [(N4Py)FeIII(O)]+ is also supported by the kinetic 

measurements (vide infra).21 The rate of PCET from [FeII(Me2bpy)3]2+ to 

[(N4Py)FeIV(O)]2+ was determined by monitoring a decrease in absorbance at 695 nm 

due to [(N4Py)FeIV(O)]2+. The rate obeyed pseudo-first-order kinetics in the presence of 

large excess [FeII(Me2bpy)3]2+ and HClO4 (Figure 11). The pseudo-first-order rate 

constant increased linearly with increasing at the high concentration of HClO4 as shown 

in Figure 12. This result shows sharp contrast to the case of proton–promoted oxygen  
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Figure 13. Plots of ket vs concentrations of HClO4 in PCET from (a) [FeII(Me2bpy)3](PF6)2, (b) 

[RuII(Me2bpy)3](PF6)2, (c) [FeII(Clphen)3](PF6)2 and (d) [RuII(Clphen)3](PF6)2 to [(N4Py)FeIV(O)]2+ in the 

presence of HClO4 (70%) in MeCN at 298 K. 

atom transfer from [(N4Py)FeIV(O)]2+ to thioanisoles in Figure 2, where the kobs values 

increased linearly with increasing concentration of HClO4. 

The results in Figure 13 are well analyzed by eq 7, where ket1 is the rate constant of 

electron transfer from a one-electron reductant to the monoprotonated complex 

([(N4Py)FeIV(OH)]3+) and ket2 is the rate constant of electron transfer to the diprotonated 

complex ([(N4Py)FeIV(OH2)]4+). Eq 7 is written by eq 8, which predicts a linear relation 

between ket/([HClO4]) and [HClO4]. Linear plots of ket/([HClO4]) and [HClO4] were 

confirmed as shown in Figure 14, indicating the involvement of two-protons in the 

PCET reactions.  
 

ket = ket1[HClO4] + ket2[HClO4]2                                        (7) 

 

ket/[HClO4] = ket1 + ket2[HClO4]                                        (8) 
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Figure 14. Plots of ket/[HClO4] vs [HClO4] in PCET from (a) [FeII(Me2bpy)3](PF6)2, (b) 

[RuII(Me2bpy)3](PF6)2, (c) [FeII(Clphen)3](PF6)2 and (d) [RuII(Clphen)3](PF6)2 to [(N4Py)FeIV(O)]2+ in the 

presence of HClO4 in MeCN at 298 K. 

Direct Oxygen Atom Transfer vs Electron Transfer in Proton–Promoted 

Sulfoxidation of Thioanisoles by [(N4Py)FeIV(O)]2+. The PCET deriving force      

(–ΔGet) was obtained from the difference between the one-electron oxidation potentials 
of thioanisoles (Eox vs SCE)45 and the one–electron reduction potentials of 

[(N4Py)FeIV(O)]2+ (Ered vs SCE) in the absence and presence of HClO4 at 298 K.36 It 

should be noted that the Eox values of thioanisoles are not changed in the presence of 

HClO4, whereas the Ered value of [(N4Py)FeIV(O)]2+ is significantly shifted to the 

positive direction from 0.51 V vs SCE in the absence of HClO4 to 1.43 V vs SCE in the 

presence of 10 mM of HClO4 (vide supra).36  

The driving force dependence of rate constants of PCET from one-electron 

reductants to [(N4Py)FeIV(O)]2+ in the presence of 10 mM of HClO4 is well fitted in 

light of the Marcus theory of adiabatic outer-sphere electron transfer (eq 9),  

 

ket = Zexp[–(λ/4)(1 + ΔGet/λ)2/kBT]                                     (9) 
 



   Osaka University   
 

 

 

82 

 

where Z is the collision frequency taken as 1 × 1011 M–1 s–1, λ is the reorganization 

energy of electron transfer, kB is the Boltzmann constant, and T is the absolute 

temperature.35 The best fit λ value of PCET from one-electron reductants to 
[(N4Py)FeIV(O)]2+ in the presence of 10 mM of HClO4 is determined to be 2.74 eV, 

which is the same as the λ value of electron transfer from one-electron reductants to 
[(N4Py)FeIV(O)]2+ (2.74 eV) as shown in Figure 15.36 The same value of the 

reorganization energy (2.74 eV) obtained from electron transfer from one-electron 

reductants to [(N4Py)FeIV(O)]2+ ([(N4Py)FeIV(OH2)]4+) in the presence and absence of 

HClO4 indicates that the large reorganization energy results from the one-electron 

reduction of the FeIV center to the FeIII center. In fact, a large reorganization energy 

(2.34 eV) was reported for the electron-transfer oxidation of an organoiron(III) 

porphyrin to the corresponding organoiron(IV) porphyrin.46 

 

Figure 15. Plots of log kobs for sulfoxidation of para-X-substituted thioanisoles (X = (1) Me, (2) H, (3) Cl, 

(4) Br and (5) CN) by [(N4Py)FeIV(O)]2+ in the absence and presence of HClO4 (70%, 10 mM) MeCN at 

298 K vs the driving force of electron transfer [–∆G = e(Ered – Eox)] from thioanisoles to 

[(N4Py)FeIV(O)]2+ in the absence (black closed circles) and the presence of HClO4 (10 mM) (red open 

circles). The blue open circles show the driving force dependence of the rate constants (log ket) of PCET 

from one-electron reductants ((6) [FeII(Me2bpy)3](PF6)2, (7) [RuII(Me2bpy)3](PF6)2, (8) 

[FeII(Clphen)3](PF6)2 and (9) [RuII(Clphen)3](PF6)2) to [(N4Py)FeIV(O)]2+ in the presence of HClO4 (10 

mM) in MeCN at 298 K (see Table S1 in SI). The green open triangles show the driving force 

dependence of the rate constants (log ket) of electron transfer from one-electron reductants ((10) 

decamethylferrocene, (11) octamethylferrocene, (12) 1.1’-dimethylferrocene, (13) n-amylferrocene and 

(14) ferrocene) to [(N4Py)FeIV(O)]2+ in the absence of HClO4 in MeCN at 298 K.34 



  Chapter 3 
 
 

 

83  

It is interesting to note that two Sc3+ ions are involved in Sc3+–promoted electron 

transfer from one-electron reductants to [(N4Py)FeIV(O)]2+ as the case of the PCET 

reactions of [(N4Py)FeIV(O)]2+, in which two protons are also involved. The observed 

second-order rate constants of Sc3+–promoted oxygen atom transfer from 

[(N4Py)FeIV(O)]2+ to thioanisoles fit well with the driving force dependence of ket for 

Sc3+–promoted electron-transfer reactions using the Marcus equation (eq 9). Such an 

agreement with the Marcus equation indicates that the Sc3+–promoted oxygen atom 

transfer from [(N4Py)FeIV(O)]2+ to thioanisoles in the presence of Sc3+ proceeds via 

Sc3+ ion-coupled electron transfer from thioanisoles to [(N4Py)FeIV(O)]2+, which is the 

rate-determining step, followed by rapid transfer of the oxygen atom from 

[(N4Py)FeIII(O)]+ to the radical cation (ArSR•+).31  

Scheme 1 

 
 

In the absence of HClO4, the driving force of electron transfer (–ΔGet) is largely 
negative. This indicates that electron transfer from thioanisoles to [(N4Py)FeIV(O)]2+ is 

highly endergonic and thereby the electron transfer is thermodynamically infeasible. 

The kobs values in the absence of HClO4 are more than 10 orders magnitude larger than 

the expected ket values of outer-sphere electron transfer from thioanisoles to 

[(N4Py)FeIV(O)]2+ without HClO4 (extrapolated blue line in Figure 15). In such a case, 

direct oxygen atom transfer (Scheme 1a) occurs rather than an outer-sphere 

electron-transfer pathway (Scheme 1b).31  

In the presence of HClO4 (10 mM), the kobs values are still two to four orders 

magnitude larger than the expected ket values of outer-sphere PCET from thioanisoles to 

[(N4Py)FeIV(O)]2+ in the presence of HClO4 (10 mM) (blue line in Figure 15), 
���������� parallel correlation with driving force dependence of ket for outer-sphere 

PCET. Thus, the proton–promoted sulfoxidation of thioanisoles by [(N4Py)FeIV(O)]2+ 

also occurs via outer-sphere PCET from thioanisoles to monoprotonated complex 



   Osaka University   
 

 

 

84 

 

([(N4Py)FeIV(OH)]3+) rather than direct oxygen atom transfer from the monoprotonated 

complex ([(N4Py)FeIV(OH)]3+) to thioanisoles. The difference in the reactivity between  

proton–coupled electron transfer and Sc3+ ion–coupled electon transfer may result from 

the steric effect. 

In both the Sc3+ ion–coupled electron transfer and PCET from one-electron 

reductants to [(N4Py)FeIV(O)]2+, two Sc3+ ions and two protons are involved in the 

electron–transfer reactions, exhibiting the second-order dependence of the rate constant 

on concentrations of Sc(OTf)3 and HClO4, respectively. In the case of proton–promoted 

direct oxygen transfer, only the monoprotonated complex ([(N4Py)FeIV(OH)]3+) is 

involved and the diprotonated complex ([(N4Py)FeIV(OH2)]4+) is less reactive due to the 

steric effect of two protons, whereas in the PCET reaction, the diprotonated complex 

([(N4Py)FeIV(OH2)]4+) is the most reactive species because of the much high reduction 

potential as indicated by eq 5. The proton–promoted direct oxygen transfer from 

thioanisoles to [(N4Py)FeIV(OH)]3+ may be regarded as inner-sphere electron 

transfer,47-49 in which electron transfer is accompanied by the oxygen-ligand transfer.50 

 

Conclusion 

We have found that sulfoxidation of thioanisoles by a nonheme iron(IV)-oxo 

complex ([(N4Py)FeIV(O)]2+) is remarkably promoted by a Brønsted acid (HClO4). The 

comparison of the observed second-order rate constants of acid–promoted sulfoxidation 

of thioanisoles by [(N4Py)FeIV(O)]2+ with those of PCET from one-electron reductants 

to [(N4Py)FeIV(O)]2+ in light of the Marcus theory of outer-sphere electron transfer has 

allowed us to conclude that acid–promoted sulfoxidation of thioanisoles by 

[(N4Py)FeIV(O)]2+ proceeds via outer-sphere PCET from thioanisoles to 

[(N4Py)FeIV(OH)]3+ s rather than direct oxygen atom transfer from the monoprotonated 

complex ([(N4Py)FeIV(OH)]3+) to thioanisole. Such an activation of FeIV=O species by 

the protonation will expand the scope of acid–promoted reactions of high-valent 

metal-oxo complexes as the case of organic compounds containing C=O bond. 
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Table S1. One-Electron Oxidation Potentials (Eox) of para-X-Substituted Thioanisoles and One-Electron 

Reductants and Second-Order Rate Constants of Sulfoxidation and Electron- Transfer Reactions with 

[(N4Py)FeIV(O)]2+ in MeCN at 298K 

thioanisole or  

one-electron reductant 

Eox 

(V vs SCE) 

k2 or ket, M–1 s–1 10 mM HClO4 

log (k2, M–1 s–1) without HClO4 10 mM HClO4 

para-X-thioanisoles     

p-Me 1.24 1.3 ± 0.1 (3.2 ± 0.2) × 103 3.5 

p-H 1.34 (8.7 ± 0.4) × 10–1 (1.5 ± 0.1) × 103 3.2 

p-Cl 1.37 (8.7 ± 0.4) × 10–1 (7.2 ± 0.4) × 102 2.8 

p-Br 1.41 (1.5 ± 0.1) × 10–1 (8.4 ± 0.4) × 102 2.9 

p-CN 1.61 (4.4 ± 0.2) × 10–2 (6.2 ± 0.3)× 10 1.8 

one-electron reductant     

[FeII(Me2bpy)3]2+ 0.92 NRa (3.2 ± 0.2) × 102 2.5 

[RuII(Me2bpy)3]2+ 1.10 NRa (1.2 ± 0.1) × 102 2.1 

[FeII(Clphen)3]2+ 1.17 NRa (2.1 ± 0.1) × 10 1.3 

[RuII(Clphen)3]2+ 1.36 NRa 1.4 ± 0.1 1.6 × 10–1 

aNR : No Reaction 

 
Figure S1. 1H NMR spectrum of thioanisole (5.0 mM) in the presence of HClO4 (20 mM) in CD3CN at 

298 K. A broadened Ph-S+(H)-CH3 peak appeared in the range of 8.1 – 9.1 ppm, indicating that there is 

an equilibrium between thioanisole and protonated thioanisole in the presence of HClO4. Number of scan 

was 2048.
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Chapter 4. C–H Bond Cleavage via Proton–Coupled Electron 
Transfer from Toluene Derivaitves to a Protonated Nonheme 
Iron(IV)-Oxo Complex with No Kinetic Isotope Effect 

 
Abstract: The reactivity of a nonheme iron(IV)-oxo complex, [(N4Py)FeIV(O)]2+ 

(N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine), was markedly 

enhanced by perchloric acid (70% HClO4) in the oxidation of toluene derivatives. 

Toluene, which has a high one-electron oxidation potential (Eox = 2.20 V vs SCE), 

was oxidized by [(N4Py)FeIV(O)]2+ in the presence of HClO4 in acetonitrile (MeCN) 

to yield a stoichiometric amount of benzyl alcohol, in which [(N4Py)FeIV(O)]2+ was 

reduced to [(N4Py)FeIII(OH2)]3+. The second-order rate constant (kobs) of the 

oxidation of toluene derivatives by [(N4Py)FeIV(O)]2+ increased with increasing 

concentration of HClO4, showing the first-order dependence on [HClO4]. A 

significant kinetic isotope effect (KIE) was observed when mesitylene was replaced 

by mesitylene-d12 in the oxidation with [(N4Py)FeIV(O)]2+ in the absence of HClO4 

in MeCN at 298 K. The KIE value drastically decreased from KIE = 31 in the 

absence of HClO4 to KIE = 1.0 with increasing concentration of HClO4, 

accompanied by the large acceleration of the oxidation rate. The absence of KIE 

suggests that electron transfer from a toluene derivative to the protonated 

iron(IV)-oxo complex ([(N4Py)FeIV(OH)]3+) is the rate-determining step in the acid–

promoted oxidation reaction. The detailed kinetic analysis in light of the Marcus 

theory of electron transfer has revealed that the acid–promoted C–H bond cleavage 

proceeds via the rate-determining electron transfer from toluene derivatives to 

[(N4Py)FeIV(OH)]3+ through formation of strong precursor complexes between 

toluene derivatives and [(N4Py)FeIV(OH)]3+. 
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Introduction 

High-valent iron-oxo complexes with heme and nonheme ligands play pivotal roles 

as reactive intermediates in biological and chemical oxidation reactions.1,2 Extensive 

efforts have been devoted to synthesize various nonheme iron(IV)-oxo complexes, 

which were characterized by various spectroscopic methods and X-ray 

crystallography.3-13 Over the past several decades, the reactivity of the biomimetic 

iron(IV)-oxo complexes have been investigated in various oxidation reactions such as 

oxygen atom transfer and C–H bond cleavage.7-17 It has been demonstrated that the 

reactivity of iron(IV)-oxo complexes are affected by supporting and axial ligands, 

solvents and other various reaction conditions.8-17 Understanding factors that control 

reactivity of nonheme iron complexes in oxidation reactions is indispensable in 

designing efficient biomimetic catalysts with high reactivity and selectivity. One 

important factor that controls the reactivity of iron(IV)-oxo complexes is Brønsted acids, 

which can protonate iron(IV)-oxo complexes to enhance the reacitivity.18 

We have previously reported that Brønsted acids promote oxygen atom transfer from 

a nonheme iron(IV)-oxo complex and also electron transfer from one-electron 

reductants such as ferrocene derivatives.18,19 With regard to C–H bond cleavage, 

nonheme iron(IV)-oxo complexes reported to date are capable of activating weak C–H 

bonds of activated alkanes (e.g., alkylaromatics such as xanthene, 

9,10-dihydroanthracene, and fluorene).15 In the presence of Sc(OTf)3 (OTf– = triflate 

anion), a nonheme iron(IV)-oxo complex becomes capable of oxidizing benzyl alcohol 

derivatives with electron-donating substituents via outer-sphere electron transfer from 

the benzyl alcohol derivatives to a nonheme iron(IV)-oxo complex, which is coupled 

with binding of Sc(OTf)3.20 In such an outer-sphere electron-transfer pathway, the 

reactivity of nonheme iron(IV)-oxo complexes is determined by the one-electron 

reduction potentials when no further enhancement of the reactivity is possible because 

interactions between substrates and Sc3+ ion–bound iron(IV)-oxo complexes are 

prohibited due to the steric effect of Sc3+ ion.21 In contrast to the case of Sc3+ ion–

coupled electron transfer reactions of nonheme iron(IV)-oxo complexes, it is possible to 

have strong interactions between substrates and protonated non-hem iron(IV)-oxo 

complexes in proton–coupled electron-transfer (PCET) reactions.19 However, C–H bond 

cleavage via PCET from substrates to nonheme iron(IV)-oxo complexes has yet to be 

reported. 
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We report herein remarkable acceleration effects of Brønsted acid (i.e., HClO4) on 

C–H bond cleavage of toluene derivatives by a nonheme iron(IV)-oxo complex, 

[(N4Py)FeIV(O)]2+ (N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine), 

via electron transfer from toluene derivatives to a protonated iron(IV)-oxo complex, 

[(N4Py)FeIV(OH)]3+. Strong precursor complexes were formed between toluene 

derivatives and [(N4Py)FeIV(OH)]3+ prior to electron transfer. Although C–H bond 

cleavage of mesitylene with [(N4Py)FeIV(O)]2+ without HClO4 is sluggish to exhibit a 

significant deuterium kinetic isotope effect (KIE = 31), the rate of C–H bond cleavage 

with [(N4Py)FeIV(O)]2+ is 103–fold faster in the presence of HClO4 (10 mM) to show no 

KIE (KIE = 1.0). The rate constants of C–H bond cleavage of toluene derivatives with 

[(N4Py)FeIV(O)]2+ and [(N4Py)FeIV(OH)]3+ are quantitatively compared with those of 

outer-sphere electron-transfer reactions from coordinatively saturated  metal 

complexes (one-electron reductants) to [(N4Py)FeIV(OH)]3+ in light of the Marcus 

theory of electron transfer. The present study provides valuable mechanistic insights 

into the switch of the C–H bond cleavage mechanism from hydrogen atom transfer from 

toluene derivatives to [(N4Py)FeIV(O)]2+ in the absence of HClO4 to electron transfer 

from toluene derivatives to [(N4Py)FeIV(OH)]3+ in the presence of HClO4. 

 

Experimental section 

Materials. All chemicals, which were the best available purity, were purchased from 

Aldrich Chemical Co. and Tokyo Chemical Industry, used without further purification 

unless otherwise noted. Solvents, such as acetonitrile (MeCN) and diethyl ether, were 

dried according to the literature procedures and distilled under Ar prior to use.22 

Nonheme iron(II) complex [(N4Py)FeII(MeCN)](ClO4)2 and its corresponding 

iron(IV)-oxo [(N4Py)FeIV(O)]2+ were prepared by the literature methods.15,23 

Iodosylbenzene (PhIO) was prepared by the literature method.24 Perchloric acid  (70 

wt. % in H2O) was purchased from Sigma Aldrich Chemical Co. 

Caution: Perchlorate salts are potentially explosive and should be handled with care. 

 
Kinetic Studies. Kinetic measurements were performed on a Hewlett Packard 8453 

photodiode-array spectrophotometer using a 10 mm quartz cuvette (10 mm path length) 

at 298 K. C–H bond cleavage of toluene derivatives by [(N4Py)FeIV(O)]2+ was 

examined by monitoring the spectral change due to [(N4Py)FeIV(O)]2+ (2.5 × 10–5 M) 
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with various concentrations of alkylbenzenes (2.5 × 10–3 – 1.0 × 10–1 M) in the absence 

and presence of HClO4 in MeCN at 298 K. Rates of C–H bond cleavage of toluene 

derivatives by [(N4Py)FeIV(O)]2+ were monitored by the decay of the absorption band at 

695 nm due to [(N4Py)FeIV(O)]2+ (λmax = 695 nm) in the absence and presence of 

HClO4 in MeCN. The concentration of toluene derivatives was maintained at least more 

than 10-fold excess of [(N4Py)FeIV(O)]2+ to attain pseudo-first-order conditions. 

First-order fitting of the kinetic data allowed us to determine the pseudo-first-order rate 

constants. The first-order plots were linear for three or more half-lives with the 

correlation coefficient ρ > 0.999. In each case, it was confirmed that the rate constants 
derived from at least five independent measurements agreed within an experimental 

error of ±5%. The pseudo-first-order rate constants increased proportionally with 
increase in concentrations of substrates, from which second-order rate constants were 

determined. 

 
Product Analysis. Typically, hexamethylbenzene (2.0 × 10–2 M) was added to an 

MeCN solution (0.50 mL) containing [(N4Py)FeIV(O)]2+ (4.0 × 10–3 M) in the presence 

of HClO4 (10 mM) in a vial. The reaction was complete within 5 min under these 

conditions. Products formed in the oxidation reactions of toluene derivatives by 

[(N4Py)FeIV(O)]2+, which were carried out in the presence of HClO4 under Ar 

atmosphere in MeCN-d3 at 298 K, were analyzed by 1H NMR. Quantitative analyses 

were made on the basis of comparison of 1H NMR spectral integration between 

products and their authentic samples. In the case of hexamethylbenzene, pentamethyl 

benzyl alcohol was obtained as a product with 50% of yield (based on the intermediate 

generated) in the presence of HClO4 (10 mM). In the cases of other toluene derivatives, 

(methyl)nbenzene, (methyl)n-1benzyl alcohols were obtained in quantitative amounts17,31 

by 1H NMR, as the case of hexamethylbenzene (HMB). 

 
Instrumentation. UV-vis spectra were recorded on a Hewlett Packard 8453 

photodiode-array spectrophotometer. X-band EPR spectra were taken at 5 K using a 

X-band Bruker EMX-plus spectrometer equipped with a dual mode cavity (ER 

4116DM). Low temperatures were achieved and controlled with an Oxford Instruments 

ESR900 liquid He quartz cryostat with an Oxford Instruments ITC503 temperature and 

gas flow controller. The experimental parameters for EPR spectra were as follows: 

Microwave frequency = 9.648 GHz, microwave power = 1 mW and modulation 
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amplitude = 10 G. 1H NMR spectra were measured with Bruker model digital 

AVANCE III 400 FT-NMR spectrometer. GC-MS spectra were monitored using a 

Shimadzu GC-17A gas chromatograph and Shimadzu MS-QP5000 mass spectrometer. 

 

Results and Discussion 

Brønsted Acid–Promoted C–H Bond Cleavage of Toluene Derivatives by 
[(N4Py)FeIV(O)]2+ with HClO4. Although oxidation of hexamethylbenzene by 

[(N4Py)FeIV(O)]2+ in acetonitrile (MeCN) is sluggish, the reaction with HClO4 (10 mM) 

occurred efficiently to afford pentamethylbenzyl alcohol as the sole oxidized product, 

when [(N4Py)FeIV(O)]2+ was reduced to yield [(N4Py)FeIII]3+ as indicated by the EPR 

spectrum (Figure 1). The stoichiometry of the oxidation of hexamethylbenzene by 

[(N4Py)FeIV(O)]2+ with HClO4 is given by eq 1. In such a case the observed 50% yield 

of pantametheylbenzyl alcohol (Figure 2) indicates the quantitative conversion because 

 
PhCH3 + 2[(N4Py)FeIV(O)]2+ + 2H+ ⟶ PhCH2–OH + 2[(N4Py)FeIII]3+ + H2O  (1) 

 

 

Figure 1. EPR spectrum of the complete reaction solution obtained in oxidation of hexamethylbenzene 

(5.0 mM) with [(N4Py)FeIV(O)]2+ (1.0 mM) in the presence of HClO4 (10 mM) in MeCN at 77K under Ar. 

The g values of EPR active species indicates that the Fe(III) species was formed. 
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Figure 2. 1H NMR spectrum of the complete reaction solution obtained in oxidation of 

hexamethylbenzene (20 mM) with [(N4Py)FeIV(O)]2+ (4.0 mM) in the presence of HClO4 (10 mM) in 

CD3CN at 298 K (black line). The peak at 4.7 ppm due to –CH2– group in 1,2,3,4,5-pentamethylbenzyl 

alcohol was formed. Red and blue lines show 1H NMR spectra of hexamethylbenzene (4.0 mM) and 

1,2,3,4,5-pentamethylbenzyl alcohol (4.0 mM) as authentic references, respectively. 

[(N4Py)FeIV(O)]2+ in the presence of HClO4 acts as a one-electron oxidant without 

oxygen in contrast to the case in the absence of HClO4.15,25-27 No further oxidation of 

pantametheylbenzyl alcohol was observed. The one-electron oxidation potential of 

pentamethylbenzyl alcohol in the presence of an acid in MeCN is higher than that of 

hexamethylbenzene (1.49 V vs SCE).20 Thus, PCET from petamethylbenzyl alcohol to 

[(N4Py)FeIV(O)]2+ is expected to be slower than that from hexamethylbenzene as 

discussed later. In addition, much excess hexamethybenzene relative to 

[(N4Py)FeIV(O)]2+ was employed to analyze the product. This is the reason why no 

further oxidation of pentamethylbenzyl alcohol was observed in this study.   

In the presence of HClO4 (10 mM), the one-electron reduction potential of 

[(N4Py)FeIV(O)]2+ is reported to be shifted to a positive direction from 0.51 V vs SCE 

to 1.43 V vs SCE,18,19,28 which is much more positive than the one-electron oxidation 

potential of [(N4Py)FeII(MeCN)]2+ (Eox = 1.00 V vs SCE).29 Thus, 

[(N4Py)FeII(MeCN)]2+ is oxidized by [(N4Py)FeIV(O)]2+ in the presence of HClO4 to 

produce [(N4Py)FeIII]3+ (Figure 1). 
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Figure 3. Visible spectral changes observed in the reaction of [(N4Py)FeIV(O)]2+ (0.25 mM) with 

1,2,4,5-Tetramethylbenzene (TMB) ((a) 25 mM and (b) 6.3 mM) in the absence (a) and presence (b) of 

HClO4 (10 mM) in MeCN at 298 K (left panel). Right panels show time courses monitored at 695 nm due 

to the decay of [(N4Py)FeIV(O)]2+.   

Rates of oxidation of toluene derivatives by [(N4Py)FeIV(O)]2+ were remarkably 

enhanced by the presence of HClO4. A typical example is shown in Figure 3, where the 

absorption band at 695 nm due to [(N4Py)FeIV(O)]2+ decays in the course of oxidation 

of 1,2,4,5-tetramethylbenzene (TMB) by [(N4Py)FeIV(O)]2+. The decay rate of 

[(N4Py)FeIV(O)]2+ becomes much faster in the presence of HClO4 (10 mM) (Figures 3a 

vs 3b). Decay rates of [(N4Py)FeIV(O)]2+ with large excess of TMB in the absence and 

presence of large excess HClO4 obeyed pseudo- first-order kinetics. The 

pseudo-first-order rate constant increased proportionally with increasing TMB 

concentration (Figure 4). The second-order rate constant (kobs) was determined from the 

slope of the linear plot of the pseudo-first-order rate constant vs TMB concentration. 

The observed second-order rate constant (kobs) increased linearly with increasing HClO4 

concentration (Figure 5). The kobs values of other toluene derivatives also exhibited 

linear correlations with HClO4 concentration as given by eq 2,  
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kobs = k0 + k1[HClO4]                                               (2) 

  

where k0 is the rate constant in the absence of HClO4. A similar correlation between the 

rate constant of PCET from the excited state of [RuII(bpy)3]2+ to aromatic carbonyl 

compounds and [HClO4] has been established by using 70 wt% HClO4 in MeCN.27 The 

PCET rate constants are known to decrease significantly by the addition of water at 

constant [HClO4].28 Although the kobs values oxidation of 1,2,4,5-tetramethylbenzene 

with [(N4Py)FeIV(O)]2+ in the presence of 10 mM and 20 mM of HClO4 (70%) in 

MeCN at 298 K decrease significantly with increasing added H2O concentration, the 

ratio of kobs with 20 mM vs 10 mM remains constant (two) irrespective of added H2O  

 
Figure 4. Plots of pseudo-first-order rate constants (k1) vs concentrations of toluene derivatives to 

determine the second-order rate constants (kobs) in oxidation of toluene derivatives with 

[(N4Py)FeIV(O)]2+ (0.25 mM) in the presence of HClO4 (10 mM) in MeCN at 298 K (p-xylene = 

1,4-dimethylbenzene; mesitylene = 1,3,5-trimethyl- benzene). 



  Chapter 4 
 
 

 

101  

 
Figure 5. Plots of kobs vs HClO4 concentration in oxidation of (a) hexamethylbenzene, (b) 

1,2,3,4,5-pentamethylbenzene, (c) 1,2,4,5-tetramethyl-benzene and (d) 1,3,5-trimethylbenzene) with 

[(N4Py)FeIV(O)]2+ in the presence of HClO4 in MeCN at 298 K. 

 
Figure 6. (a) Plots of second-order rate constant (k2) vs concentration of H2O in oxidation of 

1,2,4,5-tetramethylbenzene with [FeIV(O)(N4Py)]2+ (0.25 mM) in the presence of 10 mM (black) and 20 

mM (red) of HClO4 in MeCN at 298 K. (b) Plot of ratio (k2, 20 mM / k2, 10 mM) vs concentration of H2O.  
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Figure 7. Plots of second-order rate constant (kobs) vs concentration of tetrabutylammonium perchlorate 

in oxidation of 1,2,4,5-tetramethylbenzene with [(N4Py)FeIV(O)]2+ (0.25 mM) (a) in the absence and (b) 

presence of 10 mM of HClO4 in MeCN at 298 K. 

Table 1. One-Electron Oxidation Potentials (Eox) of Toluene Derivatives and Second-Order Rate 

Constants of the C–H Bond Cleavage by [(N4Py)FeIV(O)]2+ in the Presence of HClO4 (10 mM) in MeCN 

at 298 K 

toluene derivative 
Eox 

(vs SCE, V)a 

kobs, M–1 s–1 

without HClO4 with HClO4 (10 mM) 

hexamethylbenzene 1.49 (5.1 � 0.2) × 10–2 (5.7 � 0.2) × 10 

1,2,3,4,5-pentamehtylbenzene 1.58 (1.0 � 0.1) × 10–2 (1.2� 0.1) × 10 

1,2,4,5-tetramethylbenzene 1.63 (9.8 � 0.4) × 10–3 3.3 � 0.2 

1,2,4-trimethylbenzene 1.79 (5.5 � 0.2) × 10–3 (1.9 � 0.1) × 10–1 

1,4-dimethylbenzene 1.93 (4.0 � 0.1) × 10–3 (1.6 � 0.1) × 10–2 

1,3,5-trimethylbenzene 1.98 (3.7 � 0.1) × 10–3 (1.6 � 0.2) × 10–2 

toluene 2.20 (1.5 � 0.1) × 10–4 (5.3 � 0.2) × 10–4 

a Taken from ref 36. 

 

concentration (Figure 6). This indicates that the acidity of HClO4 (70%) decreases with 

increasing added H2O but that the kobs values are proportional to concentration of HClO4 

(70%) irrespective of added H2O concentration. If we could use HClO4 (100%), the 

acidity would be much higher. However, HClO4 without H2O may explode. Thus, we 

have used HClO4 (70%) in this study to utilize the high acidity safely. We have also 

confirmed that the kobs values of oxidation of 1,2,4,5-tetramethylbenzene with 
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[(N4Py)FeIV(O)]2+ both in the absence and presence or 10 mM of HClO4 remain 

constant irrespective of concentration of tetra-n-butylammonium perchlorate (TBAP) as 

shown in Figure 7. This indicates that the ionic strength does not affect the kobs values. 

The observed second-order rate constants (kobs) of C–H bond cleavage of toluene 

derivatives with [(N4Py)FeIV(O)]2+ in the absence and presence of HClO4 (10 mM) are 

listed in Table 1. The kobs values in the presence of HClO4 (10 mM) relative to those in 

the absence of HClO4 increase with increasing the number of methyl groups on benzene, 

and the enhancement is as large as 103-fold in the case of hexamethylbenzene.  

In the absence of HClO4, C–H bond cleavage of toluene derivatives with 

[(N4Py)FeIV(O)]2+ proceeds via the rate-determining hydrogen atom transfer from 

toluene derivatives to [(N4Py)FeIV(O)]2+. It was evidenced by observation of a large 

deuterium kinetic isotope effect (KIE) as shown in Figure 8a, where the rate constant of 

mesitylene (1,3,5-trimethylbenzene) is about 30 times larger than that of fully 

deuterated mesitylene (KIE = 31). Such a large KIE value suggests that the hydrogen 

atom transfer occurs via tunneling.32-35 

 

Figure 8. (a) Plots of first-order rate constants vs concentration of mesitylene in oxidation of mesitylene 

(black circle) and mesitylene-d12 (red circle) with [(N4Py)FeIV(O)]2+ (0.25 mM) in the absence of HClO4 

in MeCN at 298 K. (b) Plot of KIE vs concentration of HClO4 in MeCN at 298 K. Red numbers show the 

KIE values obtained experimentally. 

In the presence of HClO4, the kobs value of oxidation of mesitylene with 

[(N4Py)FeIV(O)]2+ increased with increasing concentration of HClO4 (Figure 5d). 

However, the KIE value decreased significantly with increasing concentration of HClO4 

as shown in Figure 8b, where the large KIE value of 31 in the absence of HClO4 is  
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Figure 9. Plot of KIE vs concentration of HClO4 in oxidation reaction of toluene and toluene-d8 with 

[(N4Py)FeIV(O)]2+ (0.25 mM) in MeCN at 298 K. Red numbers show the KIE values obtained 

experimentally. 

changed to no KIE (KIE = 1.0) in the presence of large concentrations of HClO4 (>10 

mM). The absence of KIE in the presence of HClO4 (>10 mM) indicates the change of 

the mechanism from a rate-determining hydrogen atom transfer pathway in the absence 

of HClO4 (eq 3) to an electron–transfer pathway from toluene derivatives to the 

monoprotonated iron(IV)-oxo complex ([(N4Py)FeIV(OH)]3+) in the presence of HClO4 

(eq 4). 

The change in the KIE values in the presence of HClO4 was also observed in the 

oxidation reaction of toluene vs toluene-d8 as shown in Figure 9. The large KIE value 

(31) in the absence of HClO4 decreased with increasing concentration of HClO4. In this 

case, however, a small KIE value (2.0) was observed in the presence of large excess 

HClO4. This indicates that an hydrogen atom transfer pathway (eq 3) is still competing 

with an electron-transfer pathway from toluene to the monoprotonated iron(IV)-oxo 

complex ([(N4Py)FeIV(OH)]3+) in the presence of HClO4 (eq 4) under the conditions in 

Figure 9. 

 
PhCH3 + [(N4Py)FeIV(O)]2+ ⟶ PhCH2

! + [(N4Py)FeIII(OH)]2+              (3) 

 
PhCH3 + [(N4Py)FeIV(O)]2+ + H+ ⟶ PhCH3

!+ + [(N4Py)FeIII(OH)]2+              (4) 

 

 In the presence of HClO4, PCET from toluene derivatives to [(N4Py)FeIV(OH)]3+ 
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may become much faster than the hydrogen atom transfer reaction. Radical cations of 

toluene derivatives are known to undergo rapid deprotonation, producing benzyl radical 

derivatives, which may react with [(N4Py)FeIV(O)]2+ with H+ to yield benzyl alcohol 

derivatives and [(N4Py)FeIII]3+ to be consistent with the stoichiometry in eq 1. The more 

detailed mechanism of C–H bond cleavage of toluene derivatives with 

[(N4Py)FeIV(O)]2+ in the presence of HClO4 is discussed after comparison of the 

reactivity with that of outer-sphere PCET reactions of [(N4Py)FeIV(O)]2+ (vide infra). 

 
Outer-Sphere PCET Reactions of [(N4Py)FeIV(O)]2+. In order to compare the 

reactivity of C–H bond cleavage reactions, which proceed via PCET of toluene 

derivatives with [(N4Py)FeIV(OH)]3+, the reactivity of outer-sphere PCET reactions of 

[(N4Py)FeIV(OH)]3+ was examined using coordinatively saturated metal complexes, 

[FeII(Me2bpy)3]2+ (Me2bpy = 4,4’-dimethyl-2,2’-bipyridine), [RuII(Me2bpy)3]2+, 

[FeII(Clphen)3]2+ (Clphen = 5-chloro-1,10-phenanthroline) and [RuII(Clphen)3]2+, as 

electron donors.19 In contrast to the case of PCET reactions of [(N4Py)FeIV(OH)]3+ with  

 
Figure 10. Plots of ket vs concentration of HClO4 in PCET from (a) [FeII(Me2bpy)3](PF6)2, (b) 

[RuII(Me2bpy)3](PF6)2, (c) [FeII(Clphen)3](PF6)2 and (d) [RuII(Clphen)3](PF6)2 to [(N4Py)FeIV(O)]2+ in the 

presence of HClO4 (70 %) in MeCN at 298 K. 
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toluene derivatives as shown in Figure 5, where the second-order rate constants (kobs) 

show linear correlations with [HClO4], the kobs values of PCET reactions of 

[(N4Py)FeIV(OH)]3+ with coordinatively saturated metal complexes show the first-order 

dependence on [HClO4] at lower concentrations that changes to the second-order 

dependence on [HClO4] at higher concentrations (Figure 10). Such mixture of the first- 

and second-order dependence of kobs on [HClO4] is given by eq 5, 

 

kobs = k’0 + k’1[HClO4] + k’2[HClO4]2                      (5) 

 

kobs/[HClO4] = k’1 + k’2[HClO4]                       (6) 

 

where k’0, k’1 and k’2 are the rate constants for the zero-, first- and second-order 

dependence on [HClO4], respectively. Because the k’0 value in the absence of HClO4 is 

negligible as compared with k’1 and k’2, eq 5 is rewritten by eq 6, which predicts a  

 

Figure 11. Plots of ket/[HClO4] vs concentration of HClO4 in PCET from (a) [FeII(Me2bpy)3](PF6)2, (b) 

[RuII(Me2bpy)3](PF6)2, (c) [FeII(Clphen)3](PF6)2 and (d) [RuII(Clphen)3](PF6)2 to [(N4Py)FeIV(O)]2+ upon 

addition of HClO4 (70 %) in MeCN at 298 K. 
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Scheme 1 

 

linear correlation between kobs/[HClO4] vs [HClO4]. Linear plots of kobs/[HClO4] vs 

[HClO4] are shown in supporting information (Figure 11). The first- and second-order 

dependence of kobs on [HClO4] suggests that PCET occurs from the metal complexes 

not only to the monoprotonated iron(IV)-oxo complex ([(N4Py)FeIV(OH)]3+) but also to 

the diprotonated iron(IV)-oxo complex ([(N4Py)FeIV(OH2)]4+), both of which exist in 

equilibrium with [(N4Py)FeIV(O)]2+ as shown in Scheme 1.18 It should be noted that 

concentrations of [(N4Py)FeIV(OH)]3+ and [(N4Py)FeIV(OH2)]4+ were too small to be 

detected by the change in absorption spectrum of [(N4Py)FeIV(O)]2+ in the presence of 

large excess HClO4 in MeCN at 298 K. This is the reason for the dependence of kobs on 

[HClO4] (eq 2) without exhibiting any saturation behavior. 

 

Comparison of Reactivity of C–H Bond Cleavage via PCET vs Outer-Sphere 
PCET. We now compare the reactivity of PCET of [(N4Py)FeIV(O)]2+ in C–H bond 

cleavage vs outer-sphere electron-transfer in light of the Marcus theory of adiabatic 

electron transfer.37,38 The driving forces (–ΔGet) of PCET are obtained from the 
one-electron oxidation potentials (Eox) of electron donors (toluene derivatives and 

coordinatively saturated metal complexes) and the one-electron reduction potentials 

(Ered) of [(N4Py)FeIV(O)]2+ in the presence of HClO4 as given by eq 7,  

 

–ΔGet = e(Ered – Eox)                        (7) 

 

Ered = E0
red + RTln(K1[HClO4] + K1K2[HClO4]2)                     (8) 

 

where e is the elementary charge. The Ered values are shifted to a positive direction with 

increasing concentration of HClO4 according to the Nernst equation (eq 8),19 where K1  
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Figure 12. Plots of log kobs for C–H bond cleavage of toluene derivatives ((1) hexamethylbenzene, (2) 

1,2,3,4,5-pentamethylbenzene, (3) 1,2,4,5-tetramethylbenzene, (4) 1,2,4-trimethylbenzene, (5) 

1,2-dimethylbenzene, (6) 1,3,5-trimethylbenzene, and (7) toluene) by [(N4Py)FeIV(O)]2+ in the presence 

of HClO4 (70%, 10 mM) MeCN at 298 K vs the driving force of electron transfer [–∆G = e(Ered – Eox)] 

from toluene derivatives to [(N4Py)FeIV(O)]2+ in the absence (green closed circles) and presence of 

HClO4 (10 mM) (red closed circles). The black closed circles show the driving force dependence of the 

rate constants (log ket) of PCET from one-electron reductants ((8) [FeII(Me2bpy)3](PF6)2, (9) 

[RuII(Me2bpy)3]-(PF6)2, (10) [FeII(Clphen)3](PF6)2 and (11) [RuII(Clphen)3](PF6)2) to [(N4Py)FeIV(O)]2+ in 

the presence of HClO4 (10 mM) in MeCN at 298 K (see Table S1 in SI).19 The blue closed circles show 

the driving force dependence of the rate constants (log ket) of electron transfer from one-electron 

reductants ((12) decamethylferrocene, (13) octamethylferrocene, (14) 1.1’-dimethylferrocene, (15) 

n-amylferrocene and (16) ferrocene) to [(N4Py)FeIV(O)]2+ in the absence of HClO4 in MeCN at 298 K.28 

The black line is drawn using eq 9 with λ = 2.74 eV. The red line is drawn in parallel with the black line. 

and K2 are the binding constants of HClO4 to produce the monoprotonated and 

diprotonated iron(III)-oxo complexes, respectively.18 

Because the Ered values vary depending on [HClO4] (eq 8) and the one-electron 

reduction potential of [(N4Py)FeIV(O)]2+ was determined in the presence of 10 mM 

HClO4 in MeCN at 298 K previously,19 we have chosen the conditions of 10 mM of 

HClO4 (70%) to compare the driving force dependence of logarithm of the rate 

constants (ket) of PCET reactions of [(N4Py)FeIV(O)]2+ with coordinatively saturated 

metal complexes and those (kobs) with toluene derivatives. At this concentration, 

electron transfer from electron donors to the monoprotonated iron(IV)-oxo complex is 

the major pathway as compared with the electron transfer to the diprotonated 
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ion(IV)-oxo complex. Figure 12 shows the driving force (–ΔGet) dependence of log ket 

of PCET of outer-sphere reductants (coordinatively saturated metal complexes) and log 

kobs of PCET and toluene derivatives to [(N4Py)FeIV(OH)]3+. 

 

Figure 13. Plot of concentration of 1,2,4-trimethylbenzene vs first-order rate constant (kf) in the reaction 

of [(N4Py)FeIV(O)]2+ (0.25 mM) with 1,2,4-trimethylbenzene in the presence of 10 mM of HClO4 in 

MeCN at 298 K.  

 

 

Figure 14. Plot of ln K vs 1/T in temperature in the reaction of [(N4Py)FeIV(O)]2+ (0.25 mM) with 

1,2,4,-trimethylbenzene in the presence of 10 mM of HClO4 in MeCN. The ΔH and ΔS values can be 

determined by van’t Hoff equation, ln K = –ΔH/RT + ΔS/R. 
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Figure 15. Plot of 1/kf vs 1/[1,2,4-trimethylbenzene] where the slope [(kETK)–1] and intercept (kET
–1) were 

determined to be 6.2 M s and 220 s, respectively. 

 
Figure 16. (a) Plot of first-order rate constant (kf) vs concentration of 1,2,4,5-tetramethylbenzene in 

oxidation of 1,2,4,5-tetramethylbenzene with [(N4Py)FeIV(O)]2+ (0.25 mM) in the presence of HClO4 (10 

mM) in MeCN at 298 K. (b) Plot of 1/kf vs 1/[1,2,4,5-tetramethylbenzene] where the values of slope and 

intercept were determined to be 0.21 M s and 31 s, respectively.  

In the case of outer-sphere PCET from the coordinatively saturated metal complexes 

to [(N4Py)FeIV(OH)]3+ in the presence of HClO4 (10 mM) in MeCN at 298 K, the 

driving force dependence of log ket is well fitted by the Marcus equation of outer-sphere 

electron transfer (eq 9),34 where Z is frequency factor, 
 

ket = Zexp[–(λ/4)(1 + ΔGet/λ)2/kBT]                                     (9) 
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which corresponds to (kBTK/h; kB is the Borzmann constant, T is absolute temperature, 

K is the formation constant of the precursor complex and h is the Planck constant) and λ 
is the reorganization energy of electron transfer. The Z value of outer-sphere 

electron-transfer reactions of coordinatively saturated metal complexes is normally 

taken as 1.0 × 1011 M–1 s–1.39-42 This result indicates that the K value of outer-sphere 

electron-transfer reactions is as small as 0.020 M–1, because there is little interaction in 

the precursor complex for outer-sphere electron transfer. 

The fitting of the data of outer-sphere PCET from the metal complexes to 

[(N4Py)FeIV(OH)]3+ affords the λ value of 2.74 eV (black circles in Figure 12). When 
the ket values of the outer-sphere electron–transfer reactions (coordinatively saturated 

metal complexes) are compared with those of toluene derivatives in the absence of 

HClO4, the latter values (green circles in Figure 12) are much larger than those expected 

from the outer-sphere electron–transfer because the hydrogen atom transfer pathway 

involves much larger interactions between toluene derivatives and [(N4Py)FeIV(O)]2+. 

In the presence of HClO4 (10 mM), however, the log kobs values of oxidation of 

toluene derivatives with [(N4Py)FeIV(O)]2+ (red circles in Figure 12) exhibit a parallel 

relationship with the driving force dependence of log ket on –ΔGet (black circles in 
Figure 12) although the kobs values are always three-orders of magnitude larger than the 

ket values. The exception is the point No. 7 (toluene), which is deviated from the red line. 

The reason will be discussed later. The parallel driving force dependence of log kobs 

with log ket in Figure 12 suggests that oxidation of toluene derivatives with 

[(N4Py)FeIV(O)]2+ in the presence of HClO4 proceeds via PCET from toluene 

derivatives to [(N4Py)FeIV(OH)]3+. In such a case, the difference in the kobs and ket 

values at the same driving force may result from the difference in the K values of 

precursor complexes (vide infra). 

In order to determine the equilibrium constants of precursor complexes prior to 

PCET from toluene derivatives to [(N4Py)FeIV(OH)]3+, the dependence of 

pseudo-first-order constants (kf) on concentrations of toluene derivatives was examined 

using larger concentrations. An example of dependence of k1 on concentration of a 

toluene derivative is shown in Figure 13, where the kf value increases with increasing 

concentration of 1,2,4-trimethylbenzene to approach a constant value. Such a saturation 

behavior of kf on concentration of a toluene derivative is given by eq 10, where kET is 

the rate constant in the precursor complex, K is the formation constant of the precursor 

complex, and [S] is concentration of a substrate.43 Equation 10 is rewritten by eq 11, 
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which predicts a linear correlation between kf
–1 vs [S]–1. Other toluene derivatives show 

a similar behavior. 

 

   kf =  kETK[S]/(1 + K[S])                         (10) 

 

   kf
–1 = (kETK[S])–1 + kET

–1                  (11) 

 

The kET and K values were determined from linear plot of kf
–1 vs [S]–1 (Figures 15 

and 16). The slope and intercept to be (4.5 ± 0.2) × 10-3 s–1 and (3.6 ± 0.2) × 10 M–1, 

respectively.  The kET and K values were also determined at various temperatures. The 

heat of formation and entropy of the precursor complex (ΔH and ΔS) were determined 

to be ΔH = -2.4 kcal mol–1 and ΔS = -17 cal K–1 mol–1 from the van’t Hoff plot as 

shown in Figure 14 and 17. The K, ΔH and ΔS values of other toluene derivatives were 

also determined and their values are listed in Table 2. The large K and –ΔH values in 
Table 2 indicate that PCET proceeds via precursor complexes in which interactions 

between toluene derivatives and [(N4Py)FeIV(OH)]3+ are much stronger than the case of 

coordinatively saturated metal complexes. 

 

Figure 17. Plot of ln K vs 1/T for oxidation of 1,2,4,5-tetramethylbenzene with [(N4Py)FeIV(O)]2+ (0.25 

mM) in the presence of HClO4 (10 mM) in MeCN. The ΔH and , ΔS values were determined by van’t 

Hoff equation, ln K = –ΔH/RT + ΔS/R.  

As shown in Table 2, the K values of precursor complexes in PCET from toluene 

derivatives to [(N4Py)FeIV(OH)]3+ are generally three-order of magnitude larger than 
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the value (0.020 M–1) usually used for outer-sphere electron-transfer reactions. 

Formation of such strong precursor complexes has also been reported for toluene 

derivatives with photoexcited quinones in photoinduced electron-transfer reactions.44 

The charge-transfer interactions may be responsible for the binding between toluene 

derivatives and photoexcited quinones. There are also many examples for formation of 

intermediate charge-transfer complexes in organic and inorganic redox reactions.45-53 

Table 2. Formation Constants and Activation Parameters in Temperature in Oxidation Reaction of 

Toluene Derivatives, 1,2,4-Trimethylbenzene and 1,2,4,5-Tetramethylbenzene, by [(N4Py)FeIV(O)]2+ in 

the Presence of HClO4 (10 mM) in MeCN 

toluene derivative 
formation constant (K, M–1) 

303 K 298 K 293 K 

1,2,4-trimethylbenzene (4.4 ± 0.2) × 10 (3.6 ± 0.2) × 10 (3.0 ± 0.2) × 10 

1,2,4,5-tetramethylbenzene (6.5 ± 0.3) × 10 (1.3 ± 0.2) × 102 (1.6 ± 0.2) × 102 

toluene derivative ΔH (kcal mol–1) a ΔS (cal K–1 mol–1) a ΔG (eV) a 

1,2,4-trimethylbenzene -1.6 (± 0.1) -15 (± 1) 0.19 (± 0.01) 

1,2,4,5-tetramethylbenzene -2.4 (± 0.2) -17 (± 1) 0.22 (± 0.01) 

a All of the values calculated by van’t Hoff equation, ln K = –ΔH/RT + ΔS/R. 

 

Now that K values are determined, comparison of the log kET values (first-order rate 

constants in the precursor complexes) are made between electron transfer reactions from 

coordinatively saturated metal complexes and toluene derivatives to 

[(N4Py)FeIV(OH)]3+ by using average K values of toluene derivatives (83 M–1) and the 

value (0.020 M–1) of outer-sphere electron-transfer reactions. The two separate 

correlations in Figure 12 are now unified as a single correlation between log kET vs     

–ΔGet in Figure 18. Such a unified correlation together with the absence of KIE in 
Figure 8b strongly indicates that C–H bond cleavage of toluene derivatives by 

[(N4Py)FeIV(O)]2+ with HClO4 proceeds via PCET from toluene derivatives to 

[(N4Py)FeIV(OH)]3+ through strong precursor complexes formed between toluene 

derivatives and [(N4Py)FeIV(OH)]3+ as shown in Scheme 2.53 The formation of strong 

precursor complexes prior to electron transfer in Scheme 2 suggests occurrence of an 

inner-sphere electron transfer pathway rather than an outer-sphere pathway.54,55 

However, the single and unified correlation between log kET an ΔGet in Figure 18, which 
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is well fitted by the Marcus equation (eq 9), indicates that electron transfer from toluene 

derivatives to [(N4Py)FeIV(OH)]3+ in the precursor in an outer-sphere pathway as the 

case of outer-sphere reductants (coordinatively saturated metal complexes).52 

The absence of the second-order dependence of kobs on [HClO4] in PCET from 

toluene derivatives may result from the much smaller interaction between toluene 

derivatives and the diprotonated iron(IV)-oxo complex ([(N4Py)FeIV(OH2)]4+) due to 

the steric effect of second proton bound to the Fe(IV)-oxo complex.56 A slight deviation 

from the unified line is observed for No. 7 (toluene) in Figure 18 as well as in Figure 12, 

because toluene may be on the borderline between the hydrogen atom transfer and 

PCET. 

 

Figure 18. Plots of log kET for C–H cleavage of toluene derivatives by [(N4Py)FeIV(O)]2+ in the presence 

of HClO4 (70%, 10 mM) MeCN at 298 K vs the driving force of electron transfer [–∆G = e(Ered – Eox)] 

from toluene derivatives to [(N4Py)FeIV(O)]2+ in the presence of HClO4 (10 mM) (red closed circles). The 

black closed circles show the driving force dependence of the rate constants (log kET) of PCET from 

one-electron reductants to [(N4Py)FeIV(O)]2+ in the presence of HClO4 (10 mM) in MeCN at 298 K (kET = 

ket/K, K = 0.020). The red line is drawn based on eq 9 with λ = 2.74 eV.19 The blue closed circles show 

the driving force dependence of the rate constants (log kET) of electron transfer from one-electron 

reductants to [(N4Py)FeIV(O)]2+ in the absence of HClO4 in MeCN at 298 K.28 The numberings of 

substrates denote those used in Figure 12.  
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Scheme 2 

 
 

Conclusion 

C–H bond cleavage of toluene derivatives by a nonheme iron(IV)-oxo complex, 

[(N4Py)FeIV(O)]2+, is remarkably enhanced by Brønsted acid (HClO4) to yield benzyl 

alcohol derivatives and [(N4Py)FeIII(OH2)]3+ in MeCN at 298 K. Even toluene, which 

has high oxidation potential (2.20 V vs SCE), can be oxidized efficiently by 

[(N4Py)FeIV(O)]2+ in the presence of HClO4. Such a remarkable acceleration of C–H 

bond cleavage of toluene derivatives with [(N4Py)FeIV(O)]2+ in the presence of HClO4 

results from the change in the reaction mechanism from direct hydrogen atom transfer 

from toluene derivatives to [(N4Py)FeIV(O)]2+ in the absence of HClO4 to PCET from 

toluene derivatives to [(N4Py)FeIV(OH)]3+ in the presence of HClO4 via strong 

precursor complexes formed between toluene derivatives and [(N4Py)FeIV(OH)]3+ as 

indicated by the unified correlation of log kET vs the PCET deriving force (–ΔGet) in 
light of the Marcus theory of outer-sphere electron transfer and the absence of KIE. In 

the case of toluene, which is the least reactive, the hydrogen atom transfer pathway 

competes with the PCET pathway to exhibit a small KIE (2.0), and the kobs value is a bit 

larger than that expected from the outer-sphere electron transfer (no. 7 in Figure 12). 
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Table S1. One-Electron Oxidation Potentials (Eox) of One-Electron Reductants and Second-Order Rate 

Constants in the Electron-Transfer Reactions from One-Electron Reductants to [(N4Py)FeIV(O)]2+ in the 

Absence and Presence of HClO4 in MeCN at 298 K 

one-electron reductant Eox 
(V vs SCE) 

Kobs or ket, M–1 s–1 
10 mM HClO4 
log (ket, M–1 s–1) without HClO4 10 mM HClO4 

[FeII(Me2bpy)3]2+ 0.92 NRa (3.2 ± 0.2) × 102 2.5 

[RuII(Me2bpy)3]2+ 1.10 NRa (1.2 ± 0.1) × 102 2.1 

[FeII(Clphen)3]2+ 1.17 NRa (2.1 ± 0.1) × 10 1.3 

[RuII(Clphen)3]2+ 1.36 NRa 1.4 ± 0.1 1.6 × 10–1 

aNR: No reaction. 

 
Figure S1. 1H NMR spectra of 1,2,4-trimethylbenzene (20 mM) in the absence (black line) and presence 

(red line) of 40 mM of HClO4 in CD3CN at 298 K. The peaks at 2.21 (black line) and 7.8 (red line) ppm 

are signals of the solvent and water, respectively. The peaks at 2.22 and 2.26 ppm are the signals of 

methyl groups of 1,2,4-trimethylbenzene. The aromatic protons remain the same in both cases in the 

absence and presence of HClO4. This indicates that no protonation of 1,2,4-trimethylbenzene occurs in 

the presence of HClO4.



   Osaka University   
 

 

 

124 

 

Chapter 5. Unified View of Oxidative C–H Bond Cleavage and 
Sulfoxidation by a Nonheme Iron(IV)-Oxo Complex via Lewis Acid–
Promoted Electron Trnasfer 

 

Abstract: Oxidative C−H bond cleavage of toluene derivatives and sulfoxidation of 

thioanisole derivatives by a nonheme iron(IV)-oxo complex, [(N4Py)FeIV(O)]2+ (N4Py 

= N,N-bis(2- pyridylmethyl)-N-bis(2-pyridyl)methylamine), were remarkably enhanced 

by the presence of triflic acid (HOTf) and Sc(OTf)3 in acetonitrile at 298 K. All the 

logarithms of the observed second-order rate constants of both the oxidative C–H bond 

cleavage and sulfoxidation reactions exhibit remarkably unified correlations with the 

driving forces of proton–coupled electron transfer (PCET) and metal ion–coupled 

electron transfer (MCET) in light of the Marcus theory of electron transfer when the 

differences in the formation constants of precursor complexes between PCET and 

MCET were taken into account, respectively. Thus, the mechanisms of both the 

oxidative C–H bond cleavage of toluene derivatives and sulfoxidation of thioanisole 

derivatives by [(N4Py)FeIV(O)]2+ in the presence of HOTf and Sc(OTf)3 have been 

unified as the rate-determining electron transfer, which is coupled with binding of 

[(N4Py)FeIV(O)]2+ by proton (PCET) and Sc(OTf)3 (MCET). There was no deuterium 

kinetic isotope effect (KIE) on the oxidative C–H bond cleavage of toluene via the 

PCET pathway, whereas a large KIE value was observed with Sc(OTf)3, which 

exhibited no acceleration of the oxidative C–H bond cleavage of toluene. When HOTf 

was replaced by DOTf, an inverse KIE (0.36) was observed for PCET from both 

toluene and [RuII(bpy)3]2+ (bpy = 2,2’-bipyridine) to [(N4Py)FeIV(O)]2+. The PCET and 

MCET reactivities of [(N4Py)FeIV(O)]2+ with Brønsted acids and various metal triflates 

have also been unified as a single correlation with a quantitative measure of the Lewis 

acidity. 
 

 

23

-1.0 -0.5 0 0.5 1.0

-4.0

-2.0

0

2.0

4.0

-ΔGet, eV

lo
g 

(k
ET

, s
-1

)

6

3
2
1

13
14
1517

2122

20

18

5
4

-2.0
7

8
9

11
10

12

6
3 2

1
5 4

7

8
9

11
10

12

16

6.0

-6.0

1913
14
1517

18

16

6 3
2
1

5
4

7

89

11
10

12

-1.5

Mn+!

Mn+! = HOTf or Sc(OTf)3 

Mn+!

PCET!
MCET!

HAT!
OAT!

Borderline of Reaction Mechanism 

MCET!

PCET!
HAT!

OAT!



  Chapter 5 
 
 

 

125  

Introduction 

High-valent heme and nonheme iron-oxo complexes have been investigated as key 

intermediate in various biological and chemical oxidation reactions.1,2 Since the first 

crystal structure of mononuclear nonheme iron(IV)-oxo was reported in 2003, the 

reactivity of synthetic nonheme iron(IV)-oxo complexes with various substrates have 

been extensively studied.3-17 Reactivities of nonheme iron(IV)-oxo complexes in 

various oxidation reactions, such as oxidative C–H bond cleavage and oxygen atom 

transfer, are significantly affected not only by axial ligand and solvents,3-21 but also by 

binding of metal ions (Lewis acids) and Brønsted acids to the oxo moiety of nonheme 

iron(IV)-oxo complexes.22-26 The binding of Sc(OTf)3 to a nonheme iron(V)-complex 

was confirmed by the X-ray crystal structure of Sc(OTf)3-bound  [(TMC)FeIV(O)]2+ 

(TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetra-decane).23,24 The electron 

transfer (ET) reactivity of a nonheme iron(IV)-oxo complex ([(N4Py)FeIV(O)]2+) with 

electron donors was enhanced by binding of protons and metal ions, and the enhanced 

reactivity was well analyzed in light of the Marcus theory of electron transfer.26 The 

enhanced reactivity of [(N4Py)FeIV(O)]2+ in the oxidative C–H bond cleavage of 

toluene derivatives and sulfoxidation of thioanisole derivatives by acids is suggested to 

result from the change in the reaction mechanism from the direct hydrogen atom 

transfer and oxygen atom transfer to electron transfer pathways coupled with binding of 

acids to [(N4Py)FeIV(O)]2+, respectively. If this is true, all the rate constants of oxidative 

C–H bond cleavage and sulfoxidation reactions as well as electron-transfer reactions in 

the absence and presence of acids would be correlated by a unified fashion to the 

corresponding driving force of electron transfer in light of the Marcus theory of electron 

transfer. However, such unified understanding of the reactivity of nonheme 

iron(IV)-oxo complexes in various oxidation reactions has yet to be made. In addition, 

unified understanding of effects of various acids (Brønsted and Lewis acids) on the 

reactivity of nonheme iron(IV)-oxo complexes has not been made, neither. 

We report herein a unified view on the remarkable enhancement of reactivity of 

[(N4Py)FeIV(O)]2+ by  triflic acid (HOTf) as well as Sc(OTf)3 in oxidative C–H bond 

cleavage and oxygen atom transfer reactions as well as electron transfer from various 

one-electron donors to [(N4Py)FeIV(O)]2+ in light of the Marcus theory of electron 

transfer. All the rate constants of oxidative C–H bond cleavage of toluene derivatives, 

sulfoxidation of thioanisole derivatives and electron transfer from various one-electron 



   Osaka University   
 

 

 

126 

 

donors to [(N4Py)FeIV(O)]2+in the presence of HOTf and Sc(OTf)3 are well correlated 

by a unified fashion with the driving forces of proton–coupled electron transfer (PCET) 

and metal ion (Sc(OTf)3)–coupled electron transfer (MCET), respectively. The 

enhanced reactivities of [(N4Py)FeIV(O)]2+ with HOTf and Mn+(OTf)n are also well 

correlated with a quantitative measure of the Lewis acidity of acids, which we reported 

previously.23b 

 

Experimental Section 

Materials. All chemicals, which were the best available purity, were purchased from 

Aldrich Chemical Co. and Tokyo Chemical Industry, used without further purification 

unless otherwise noted. Solvents, such as acetonitrile (MeCN) and diethyl ether, were 

dried according to the literature procedures and distilled under Ar prior to use.27 A 

nonheme iron(II) complex, [(N4Py)FeII(MeCN)](ClO4)2, and its corresponding 

iron(IV)-oxo complex, [(N4Py)FeIV(O)]2+, were prepared by literature methods.19,28 

Iodosylbenzene (PhIO) was prepared by a literature method.29 Triflic acid  was 

purchased from Tokyo Chemical Industry. [FeII(Ph2phen)3](PF6)2 (Ph2phen = 

4,7-diphenyl-1,10-phenanthroline), [FeII(Clphen)3](PF6)2 (Clphen = 

5-chloro-1,10-phenanthroline), [RuII(4,4’-Me2bpy)3](PF6)2 (4,4’-Me2bpy = 

4,4’-dimehtyl-2,2’bipyridine), [RuII(5,5’-Me2bpy)3](PF6)2 (5,5’-Me2bpy = 

5,5’-dimehtyl-2,2’bipyridine), [RuII(bpy)3](PF6)2 (bpy = 2,2’-bipyridine) and 

[RuII(NO2phen)3](PF6)2 (NO2phen = 5-nitro-1,10-phenanthroline) were prepared 

according to published procedures.30 [FeII(bpy)3](PF6)2 was obtained by the addition of 

an aqueous solution containing  excess amount of NaPF6 to an aqueous solution 

containing stoichiometric amount of the bpy ligand FeSO4 to yield crystalline solids. 

 

Kinetic Studies. Kinetic measurements were performed on a Hewlett Packard 8453 

photodiode-array spectrophotometer using a quartz cuvette (path length = 10 mm) at 

298 K. The C–H bond cleavage of toluene derivatives and sulfoxidation of thioansiole 

derivatives by [(N4Py)FeIV(O)]2+ were monitored by spectral changes due to 

[(N4Py)FeIV(O)]2+ (2.5 × 10–4 M) with various concentrations of toluene and thioanisole 

derivatives (2.5 × 10–3–1.0 × 10–1 M) in the absence and presence of acids, HOTf and 

Sc(OTf)3, in MeCN at 298 K. The rates of oxidation reaction of organic substrates by 

[(N4Py)FeIV(O)]2+ were monitored by the decay of the absorption band at 695 nm due 
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to [(N4Py)FeIV(O)]2+ (λmax = 695 nm) in the absence and presence of HOTf and 

Sc(OTf)3 in MeCN. The concentrations of toluene derivatives and thioanisole 

derivatives were maintained at least more than 10-fold excess of [(N4Py)FeIV(O)]2+ to 

attain pseudo-first-order conditions.  

ET from electron donors to [(N4Py)FeIV(O)]2+ in the presence of Lewis acids, HOTf 

and Sc(OTf)3, was monitored by a Hewlett Packard 8453 photodiode-array 

spectrophotometer and a UNISOKU RSP-601 stopped-flow spectrometer equipped with 

a MOS-type highly sensitive photodiode-array in MeCN at 298 K. These ET rates were 

determined from the decay of [(N4Py)FeIV(O)]2+ (λmax = 695 nm), respectively. All 
kinetic measurements were carried out under pseudo-first-order conditions where the 

concentrations of electron donors were maintained to be more than 10-folds excess of 

that of [(N4Py)FeIV(O)]2+.  

First-order fitting of the kinetic data allowed us to determine the pseudo-first-order 

rate constants. The first-order plots were linear for three or more half-lives with the 

correlation coefficient ρ  > 0.999. In each case, it was confirmed that the rate constants 
derived from at least five independent measurements agreed within an experimental 

error of ±5%. The pseudo-first-order rate constants increased proportionally with 
increase in concentrations of substrates, from which second-order rate constants were 

determined. 

 
Spectral Redox Titration. ET from an electron donor ([RuII(NO2phen)3](PF6)2 (2.5 

× 10–4 – 1.0 × 10–3 M)) to  [(N4Py)FeIV(O)]2+ (2.5 × 10–4 M) was examined by the 

spectral change in the presence of HOTf (1.0 × 10–2 M) in MeCN at 298 K using a 

Hewlett Packard 8453 photodiode-array spectrophotometer with a quartz cuvette (path 

length = 10 mm). 

 
Product Analysis. Typically, hexamethylbenzene and thioanisole (2.0 × 10–2 M) 

was added to an MeCN solution containing [(N4Py)FeIV(O)]2+ (4.0 × 10–3 M) in the 

presence of HOTf and Sc(OTf)3 (1.0 × 10–2 M) in a vial. Products formed in the 

oxidation reactions of toluene derivatives by [(N4Py)FeIV(O)]2+, which were carried out 

in the presence of acids under Ar atmosphere in MeCN-d3 at 298 K, were analyzed by 
1H NMR. Quantitative analyses were made on the basis of comparison of 1H NMR 

spectral integration between products and their authentic samples. 
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Instrumentation. UV-vis spectra were recorded on a Hewlett Packard 8453 

photodiode-array spectrophotometer. The EPR spectra were measured with a JEOL 

X-band spectrometer (JES-RE1XE). The EPR spectra were recorded under 

non-saturating microwave power conditions.  The magnitude of modulation was 

chosen to optimize the resolution and the signal-to-noise (S/N) ratio of the observed 

spectra. The g value was calibrated by using a Mn2+ marker. 1H NMR spectra were 

recorded on a JEOL A-300 spectrometer in CD3CN. 

 

Results and Discussion 

HOTf- and Sc(OTf)3–Promoted C–H Bond Cleavage of Toluene Derivatives by 

[(N4Py)FeIV(O)]2+. Toluene is known to be hardly oxidized by nonheme iron(IV)-oxo 

complexes.19 However, oxidation of toluene by a nonheme iron(IV)-oxo complex 

([(N4Py)FeIV(O)]2+) in acetonitrile (MeCN) is significantly enhanced by the presence of 

HOTf (50 mM) as shown in Figure 1, to yield benzyl alcohol and [(N4Py)FeIII]3+ (eq 1); 

 
PhCH3 + 2[(N4Py)FeIV(O)]2+ + 2H+ ⟶ PhCH2–OH + 2[(N4Py)FeIII]3+ + H2O  (1) 

 

see Figures 2-4. The [(N4Py)FeIV(O)]2+ complex acted as a one-electron oxidant, when 

the yield of benzyl alcohol was 50% based on [(N4Py)FeIV(O)]2+. Hexamethylbenzene 

was also readily oxidized by [(N4Py)FeIV(O)]2+ in the presence of HOTf to produce 

pentamethylbenzyl alcohol. 

The rate of oxidation of toluene [(N4Py)FeIV(O)]2+ in the absence and presence of 

HOTf in MeCN, monitored  by decrease in absorbance at 695 nm due to 

[(N4Py)FeIV(O)]2+ (Figure 1) obeyed first-order kinetics (Figure 5) with large excess 

toluene and HOTf. The pseudo-first-order rate constant (kf) increased linearly with 

increasing concentration of toluene (Figure 6). Similarly the kf values were also 

proportional to concentrations of toluene derivatives (Figures 6b-6f). The observed 

second-order rate constants (kobs) of oxidation of toluene derivatives by  

[(N4Py)FeIV(O)]2+ were determined from the slopes of plots of kf vs concentrations of 

toluene derivatives in the absence and presence of HOTf (10 mM) in MeCN at 298 K as 

listed in Table 1. 
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Figure 1. Visible spectral changes observed in the reactions of [(N4Py)FeIV(O)]2+ (0.25 mM) with 

toluene (400 mM) in the (a) absence and (b) presence of 50 mM of HOTf in MeCN at 298 K (left panel). 

Right panels show time courses monitored at 695 nm due to the decay of [(N4Py)FeIV(O)]2+.  

The kobs values increased with increasing concentration of HOTf [HOTf] (Figure 7), 

exhibiting first-order and second-order dependence on [HOTf] at lower and higher 

concentrations of HOTf, respectively, as given by eq 2, where k0, k1 and k2 correspond 

to rate constants of oxidation of toluene derivatives by [(N4Py)FeIV(O)]2+, the 

monoprotonated species ([(N4Py)FeIV(OH)]3+) and the diprotonated species 

([(N4Py)FeIV(OH2)]3+), which exhibit zero-, first- and second-order dependence on 

[HOTf], respectively.26 Eq 2 is rewritten by eq 3, which exhibits a linear correlation of 

(kobs – k0)/[HOTf] vs [HOTf] as shown in Figure 8. 

kobs = k0 + [HOTf]( k1 + k2[HOTf])                        (2) 

 

(kobs – k0)/[HOTf] = k1 + k2[HOTf]                       (3) 
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Figure 2. 1H NMR spectrum of the complete reaction solution obtained in oxidation of toluene (20 mM) 

with [(N4Py)FeIV(O)]2+ (4.0 mM) in the presence of DOTf (50 mM) in CD3CN at 298 K (black line) 

under Ar. Red and blue lines show 1H NMR spectra of toluene (4.0 mM) and benzyl alcohol (4.0 mM) in 

the presence of DOTf (50 mM) as authentic references. The peak at 4.9 ppm agrees with that corresponds 

to -CH2- group of benzyl alcohol in the presence of DOTf (50 mM), together with other peaks in the 

aromatic region around 7.4 ppm, indicating that benzyl alcohol was formed as a sole product and yield of 

benzyl alcohol produced was 46 ± 4 % based on [(N4Py)FeIV(O)]2+ concentration. 

 
Figure 3. EPR spectrum of the complete reaction solution obtained in oxidation of toluene (100 mM) 

with [(N4Py)FeIV(O)]2+ (1.0 mM) in the presence of HOTf (50 mM) in MeCN at 77 K under Ar. The g 

values of EPR active species indicate that the low-spin Fe(III) species due to [(N4Py)FeIII]3+ was formed. 
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Figure 4. 1H NMR spectrum of the complete reaction solution obtained in oxidation of 

hexamethylbenzene (20 mM) with [(N4Py)FeIV(O)]2+ (4.0 mM) in the presence of DOTf (10 mM) in 

CD3CN at 298 K (black line). Red and blue lines show 1H NMR spectra of hexamethylbenzene (4.0 mM) 

and 1,2,3,4,5-pentamethylbenzyl alcohol (4.0 mM) in the presence of DOTf (10 mM) in CD3CN at 298 K 

as authentic references. The peak at 4.7 ppm agrees with that corresponds to -CH2- group of the authentic 

sample of 1,2,3,4,5-pentamethylbenzyl alcohol (48 ± 4 % based on [(N4Py)FeIV(O)]2+ concentration) in 

the presence of DOTf (10 mM). The peaks in the region of 7 ~ 8 ppm correspond to the signals of 

iodobenzene (PhI) because iodosylbenzene (PhIO) was used as an oxidant to generate [(N4Py)FeIV(O)]2+ 

species. 

 

 

Figure 5. First-order plots of the absorption changes at 695 nm for oxidation of toluene (400 mM) by 

[(N4Py)FeIV(O)]2+ (0.25 mM) in the (a) absence and (b) presence of HOTf (50 mM) in MeCN at 298 K. 

Abs and Abs∞ represent absorbance at the reaction time and the final absorbance at 695 nm, respectively.  
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Figure 6.  Plots of pseudo-first-order rate constants (kf) vs concentrations of toluene derivatives [(a) 

toluene, (b) 1,3,5-trimethylbenzene, (c) 1,2,4-trimethylbenzene, (d) 1,2,4,5-tetramethylbenzene, (e) 

1,2,3,4,5-pentamethyl benzene and (f) hexamethylbenzene] to determine the second-order rate constants 

(kobs) of oxidation of toluene derivatives by [(N4Py)FeIV(O)]2+ (0.25 mM) in the presence of HOTf (10 

mM) in MeCN at 298 K. 
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Table 1. One-Electron Oxidation Potentials (Eox) of Toluene and Thioanisole Derivatives and 

Second-Order Rate Constants of the C–H Bond Cleavage and Sulfoxidation by [(N4Py)FeIV(O)]2+ in the 

Presence of HOTf and Sc(OTf)3 (10 mM) in MeCN at 298 K 

No. 
thioaniosle and toluene 

derivative 
Eox  

(vs SCE, V)a,b 

kobs, M–1 s–1 

without acida,b 
with Sc(OTf)3  

(10 mM) 
with HOTf  
(10 mM) 

1 hexamethylbenzene 1.49 (4.8 ± 0.2) × 10–2 (1.1 ± 0.1) × 10–1 (4.2 ± 0.2) × 102 

2 1,2,3,4,5-pentamehtylbenzene 1.58 (1.5 ± 0.1) × 10–2 (2.9 ± 0.1) × 10–2 (1.2± 0.1) × 102 

3 1,2,4,5-tetramethylbenzene 1.63 (7.8 ± 0.4) × 10–3 (1.1 ± 0.1) × 10–2 (3.9 ± 0.2) × 10 

4 1,2,4-trimethylbenzene 1.79 (5.5 ± 0.2) × 10–3 (8.2 ± 0.4) × 10–3 (1.7 ± 0.1) × 10–1 

5 1,4-dimethylbenzene 1.93 (4.0 ± 0.1) × 10–3 (6.0 ± 0.3) × 10–3 (5.0 ± 0.2) × 10–2 

6 1,3,5-trimethylbenzene 1.98 (3.7 ± 0.1) × 10–3 (5.6 ± 0.3) × 10–3 (5.0 ± 0.2) × 10–2 

7 toluene 2.20 (1.5 ± 0.1) × 10–4 (2.4 ± 0.2) × 10–4 (7.0 ± 0.2) × 10–4 

8 p-Me-thioanisole 1.24 1.3 ± 0.1 (8.4 ± 0.4) × 10 a (1.5 ± 0.1) × 104    

9 thioanisole 1.34 (8.7 ± 0.4) × 10–1 (1.9 ± 0.1) × 10 a (3.2 ± 0.2) × 103 

10 p-Cl-thioanisole 1.37 (4.0 ± 0.2) × 10–1 4.2 ± 0.2 a (1.1 ± 0.1) × 103 

11 p-Br-thioanisole 1.41 (1.5 ± 0.1) × 10–1 3.7 ± 0.2 a (1.0 ± 0.1) × 103 

12 p-CN-thioanisole 1.61 (4.4 ± 0.2) × 10–2 (6.8 ± 0.3) × 10–2 a (1.0 ± 0.1) × 102 

No. electron  donors 
Eox 

(vs SCE, V)c 

 ket, M–1 s–1  

without acid 
with Sc(OTf)3  

(10 mM) 
with HOTf (10 mM) 

13 [(Ph2–phen)3FeII]2+ 1.02 NRd (1.4 ± 0.1) × 103 a (7.9 ± 0.4) × 103 

14 [(bpy)3FeII]2+ 1.06 NRd (2.1 ± 0.1) × 102 a (2.5 ± 0.1) × 103 

15 [(4,4’–Me2bpy)3RuII]2+ 1.11 NRd (7.0 ± 0.3) × 10 (5.0 ± 0.2) × 102 

16 [(5,5’–Me2bpy)3RuII]2+ 1.16 NRd (4.0 ± 0.2) × 10 (2.5 ± 0.1) × 102 

17 [(Clphen)3FeII]2+ 1.20 NRd 9.4 ± 0.4 a (2.5 ± 0.1) × 102 

18 [(bpy)3RuII]2+ 1.24 NRd 9.0 ± 0.4 a (5.0 ± 0.2) × 10 

a Taken from ref 23c and 31. b Taken from ref 26. c Taken from refs 23c, 30 and 32. d NR = no reaction. 

Table 2. Second-Order Rate Constants of the C–H Bond Cleavage of Hexamethylbenzene and Toluene 

by [(N4Py)FeIV(O)]2+ in the Presence of Lewis Acids (50 mM) in MeCN at 298 K 

Substrate 
kobs, M–1 s–1 

Sc(OTf)3 (50 mM) HClO4 (50 mM) HOTf (50 mM) 

Hexamethylbenzene (2.6 ± 0.2) × 10–1 (3.0 ± 0.2) × 102 (1.0 ± 0.1) × 104 

Toluene (2.9 ± 0.2) × 10–4 (8.3 ± 0.5) × 10–4 (7.9 ± 0.3) × 10–3 
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Figure 7. Plots of kobs vs concentration of HOTf for oxidation of toluene derivatives [(a) toluene, (b) 

1,3,5-trimethylbenzene, (c) 1,2,4,5-tetramethylbenzene and (d) hexamethylbenzene] by 

[(N4Py)FeIV(O)]2+ in the presence of HOTf in MeCN at 298 K. 

When HOTf was replaced by Sc(OTf)3, the kobs values of oxidation of toluene 

derivatives by [(N4Py)FeIV(O)]2+ also increased with increasing concentration of 

Sc(OTf)3 (Figure 9). The kobs values of oxidation of toluene derivatives by 

[(N4Py)FeIV(O)]2+ in the presence of Sc(OTf)3 (10 mM) in MeCN at 298 are also listed 

in Table 1. The kobs values of oxidation of toluene derivatives (toluene and 

hexamethylbenzenze) by [(N4Py)FeIV(O)]2+ in the presence of HOTf, HClO4 (70%)26 

and Sc(OTf)3 (50 mM) are compared in Table 2, where kobs value increases in order: 

Sc(OTf)3 < HClO4 < HOTf.  In the case of hexamethylbenzene, kobs in the presence of 

HOTf (50 mM) is 2.2 × 105 times larger than that in the absence of HOTf. 

When toluene was replaced by the deuterized compound (toluene-d8), a large 

deuterium kinetic isotope effect (KIE) was observed in the absence of HOTf (KIE = 31) 

as shown in Figure 10. Such a large KIE value suggests that the hydrogen atom transfer 

occurs via tunneling in the rate-determining step of oxidation of toluene by 

[(N4Py)FeIV(O)]2+.33-36 In the presence of HOTf, the KIE value decreased with  
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Figure 8. Plots of (kobs – k0)/[HOTf] vs [HOTf] for oxidation of toluene derivatives [(a) toluene, 

(b)1,3,5-trimethylbenzene, (c) 1,2,4,5-tetramethylbenzene and (d) hexamethylbenzene] by 

[(N4Py)FeIV(O)]2+ (0.25 mM) in the presence of HOTf in MeCN at 298 K. 

 

 
Figure 9.  Plots of kobs vs concentration of Sc(OTf)3 for oxidation of toluene derivatives [(a) 

hexamethylbenzene (HMB) and (b) 1,2,3,4,5-pentamethylbenzene (PMB)] by [(N4Py)FeIV(O)]2+ (0.25 

mM) in the presence of Sc(OTf)3 in MeCN at 298 K. 
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Figure 10. Plot of KIE vs concentration of HOTf in the oxidation of toluene and toluene–d8 with 

[(N4Py)FeIV(O)]2+ (0.25 mM) in the presence of HOTf in MeCN at 298 K. Red-colored numbers show 

the KIE values obtained experimentally. 

increasing concentration of HOTf to reach KIE = 1 at concentrations of HOTf larger 

than 50 mM (Figure 10). Such a drastic change in KIE from 31 to 1 indicates that the 

rate-determining step of oxidation of toluene by [(N4Py)FeIV(O)]2+ is changed from 

hydrogen atom transfer in the absence of HOTf to proton–coupled electron transfer 

(PCET) in the presence of HOTf (> 50 mM). 

 
HOTf– and Sc(OTf)3–Promoted Sulfoxidation of Thioanisole Derivatives by 

[(N4Py)FeIV(O)]2+. It is well known that oxidation of thioanisole derivatives by 

[(N4Py)FeIV(O)]2+ occurs to produce the corresponding sulfoxide products (eq 

4).20a,23c,25 The rate of sulfoxidation of thioanisole derivatives by [(N4Py)FeIV(O)]2+ was 

 
Ph-S-CH3 + [(N4Py)FeIV(O)]2+ ⟶ Ph-SO-CH3 + [(N4Py)FeII]2+             (4) 

 

remarkably enhanced in the presence of Sc(OTf)3 (10 mM) and HClO4 (70%, 10 mM) 

as compared with that in the absence of acids.23c,25 The mechanism of sulfoxidation of 

thioanisole derivatives by [(N4Py)FeIV(O)]2+ is changed from a direct oxygen atom 

transfer (OAT) pathway to a metal ion–coupled electron transfer (MCET) pathway in 

the presence of Sc(OTf)3 and also to a PCET pathway in the presence of HClO4.23c,25 

The rate of sulfoxidation of thioanisole derivatives by [(N4Py)FeIV(O)]2+ was further 
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enhanced by the presence of HOTf (10 mM) as compared with that in the presence of 

HClO4
 (70%, 10 mM).25 The kobs values of oxidation of thioanisole derivatives by 

[(N4Py)FeIV(O)]2+ in the presence of HOTf (10 mM) were determined from linear plots 

of kf vs concentrations of thioanisole derivatives (Figure 11). The kobs values increase 

with increasing concentration of HOTf in accordance with eq 2 (Figure 12).23c The kobs 

values  of oxidation of thioanisole derivatives [(N4Py)FeIV(O)]2+ in the presence of 

HOTf (10 mM) in MeCN at 298 K are also listed in Table 1. 

 

Figure 11. Plots of pseudo-first-order rate constants (kf) vs concentrations of p-X-thioanisoles (X = (a) H, 

(b) Cl, (c) Br and (d) CN) to determine the second-order rate constants (kobs) of sulfoxidation of 

p-X-thioanisoles by [(N4Py)FeIV(O)]2+ (0.25 mM) in the presence of HOTf (10 mM) in MeCN at 298 K. 

Inverse Kinetic Isotope Effect in Proton–Coupled Electron–Transfer Reduction 
of [(N4Py)FeIV(O)]2+. When HOTf was replaced by the deuterated acid (DOTf), the ket 

value of PCET from an electron donor ([RuII(bpy)3]2+; bpy = 2,2’-bipyridine) to 

[(N4Py)FeIV(O)]2+ with DOTf in MeCN at 298 K was larger than that with the same 

concentration of HOTf as shown in Figure 3. Both the ket values with DOTf and HOTf  
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Figure 12. Plots of kobs vs concentration of HOTf for sulfoxidation of p-X-thioanisoles (X = (a) H, (b) Cl, 

(c) Br and (d) CN) by [(N4Py)FeIV(O)]2+ (0.25 mM) in the presence of HOTf in MeCN at 298 K. 

increased with increasing concentration of DOTf and HOTf, respectively, in accordance 

with eq 2. The KIE value (kobs(HOTf)/kobs(DOTf)) was determined to be 0.25 ± 0.05 at 

[HOTf (or DOTf)] = 2.5 mM, increasing to be a constant value of 0.40 ± 0.04 at the 

higher concentrations of HOTf (DOTf) as shown in Figure 14. Such an inverse KIE 

indicates that binding of protons to the oxo group to produce the O–H (or O–D)bond is 

involved in the rate-determining step of PCET from [RuII(bpy)3]2+ to [(N4Py)FeIV(O)]2+, 

because an inverse KIE results from a larger zero-point energy difference between the 

O–H and O–D bonds in the transition state relative to the ground state.37 Thus, the O–H 

bonds in the reduced species ([(N4Py)FeIII(OH)]2+ and [(N4Py)FeIII(OH2)]3+) are much 

stronger than those in [(N4Py)FeIV(OH)]3+ and [(N4Py)FeIV(OH2)]4+, respectively. The 

larger is the difference in the O-H bond strength between the reduced and oxidized 

species, the larger may be the inverse KIE. Thus, the larger inverse KIE value at the 

lower concentration of HOTf suggests that the difference in OH–bond strength between 

[(N4Py)FeIII(OH)]2+ and [(N4Py)FeIV(OH)]3+ (monoprotonated species) may be larger  
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Figure 13. Plots of ket vs [HOTf] (black circles) and [DOTf] (red circles) for PCET from [RuII(bpy)3]2+ to 

[(N4Py)FeIV(O)]2+ in the presence of HOTf and DOTf in MeCN at 298 K, respectively. 

 
Figure 14. Plots of KIE vs [HOTf or DOTf] for (a) PCET from [RuII(bpy)3]2+ to [(N4Py)FeIV(O)]2+ and 

(b) oxidation of toluene by [(N4Py)FeIV(O)]2+ in the presence of HOTf or DOTf in MeCN at 298 K.  

than that between [(N4Py)FeIII(OH2)]3+ and [(N4Py)FeIV(OH2)]4+ (diprotonated 

species). 

A similar inverse KIE was observed for the kobs values of oxidation of toluene by 

[(N4Py)FeIV(O)]2+ in the presence of large concentrations of DOTf (> 30 mM) in 

comparison with those in the presence of HOTf as shown in Figure 15. The KIE value 

decreases with increasing concentration of HOTf (Figure 14b) to reach a constant value 

of 0.42 ± 0.04, which agrees with the KIE value of PCET from [RuII(bpy)3]2+ to 

[(N4Py)FeIV(O)]2+ (0.40 ± 0.04) in Figure 14a. The same inverse KIE of the oxidation 

of toluene as that of PCET together with the absence of KIE between toluene-d8 and  
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Figure 15. Plots of kobs vs [HOTf] (black circles) and [DOTf] (red circles) for oxidation of toluene by 

[(N4Py)FeIV(O)]2+ in the presence of HOTf and DOTf in MeCN at 298 K, respectively. 

toluene (Figure 10) strongly indicates that the oxidation of toluene by 

[(N4Py)FeIV(O)]2+ in the presence of large concentrations of HOTf occurs via PCET as 

the rate-determining step.38,39 
 

Comparison of Proton–Coupled Electron Transfer vs Metal Ion–Coupled 
Electron Transfer. Rates of electron transfer from electron donors to 

[(N4Py)FeIV(O)]2+ are accelerated by binding of protons and metal ions to 

[(N4Py)FeIV(O)]2+ via PCET and MCET, respectively.23b In order to compare the 

acceleration effect of HOTf with that of metal triflates (Mn+(OTf)n), we determined that 

rate constant of PCET from ferrocene (Fc) to [(N4Py)FeIV(O)]2+ in the presence of 

HOTf in MeCN at 298 K. The observed second-order rate constant (ket) of PCET from 

Fc to [(N4Py)FeIV(O)]2+ increased with increasing concentration of HOTf in accordance 

with eq 2 as shown in Figure 16 (red line). The linear plot of (ket – k0)/[HOTf] vs 

[HOTf] (eq 3) is shown in inset of Figure 16. The k1 and k2 values in eq 3 were 

determined from the intercept and the slope, respectively.  

Similarly, we determined the k1 and k2 values of MCET from Fc to 

[(N4Py)FeIV(O)]2+ in the presence of Sc(OTf)3 in MeCN at 298 K [The dependence of 

ket on [Sc(OTf)3] is shown in Figure 16 (black line)].23a The ket values with HOTf are 

always larger than those with Sc(OTf)3 at the same concentrations of acids. The k1 and 

k2 values with various metal triflates were determined previously from the intercepts 

and slopes of plots of (ket – k0)/[Mn+(OTf)n] vs [Mn+(OTf)n], respectively.23a 
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Figure 16. Plots of ket vs [HOTf] (red circles) and [Sc(OTf)3] (black circles) for PCET and MCET from 

Fc to [FeIV(O)(N4Py)]2+ in the presence of HOTf and Sc(OTf)3 in MeCN at 298 K, respectively. Inset 

shows plot of (ket – k0)/[HOTf] vs [HOTf]. 

 

Figure 17. Plots of log k1 (red circles) and log k2 (blue squares) vs Dhn for PCET and MCET from Fc to 

[(N4Py)FeIV(O)]2+ in the presence of HOTf and metal triflates in MeCN at 298 K, respectively. The 

Δhν values were determined from the fluorescence emission energies of AcrCO in the presence of HOTf 

and metal triflates relative to the energy in their absence. 

Figure 17 shows plots of log k1 and log k2 vs a quantitative measure of Lewis acidity 

(Δhν) for both PCET and MCET from Fc to [(N4Py)FeIV(O)]2+ in the presence of HOTf 

and Mn+(OTf)n, respectively. The Δhν  values were obtained from the red shifts of the 

fluorescence emission energies of 10-methylacridone (Δhν) due to binding of metal 
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triflates to the carbonyl oxygen from that in the absence of acids.40 According to the 

shift of fluorescence emission energy (Δhν), the relative Lewis acidity of proton was 
determined to be 0.26 eV, which is slightly higher than that of Sc(OTf)3 (0.25 eV) as 

shown in Figure 18.40 Good linear correlations were obtained for plots of both log k1 

and log k2 of PCET and MCET from Fc to [(N4Py)FeIV(O)]2+ vs Δhν (Figure 17). The 
stronger is the acidity of Lewis acids, the stronger becomes the binding of acids to 

[(N4Py)FeIV(O)]2+ as well as to the excited state of AcrCO, resulting in the acceleration 

of PCET and MCET from Fc to [(N4Py)FeIV(O)]2+. 

 
Figure 18. (a) Absorption and (b) fluorescence spectra of N-methylacridone (3.3 µM) in the absence 

(black) and presence of HOTf (red, 2.5 mM), Sc(OTf)3 (blue, 2.5 mM) and Y(OTf)3 (green, 2.5 mM) in 

deaerated MeCN at 298 K. 

One Electron Reduction Potentials of [(N4Py)FeIV(O)]2+ in the Presence of 
HOTf. In order to examine the driving force dependence of PCET from electron donors 

to [(N4Py)FeIV(O)]2+ in the presence of HOTf in MeCN, the one-electron reduction 

potentials of [(N4Py)FeIV(O)]2+ in the presence of various concentrations of HOTf were 

determined by the redox titration (vide infra). When [RuII(NO2phen)3]2+ (NO2phen = 

5-nitrophenathrene) was employed as an electron donor, no electron transfer from 

[RuII(NO2phen)3]2+ (Eox = 1.45 V vs SCE, Figure 19) to [(N4Py)FeIV(O)]2+ (Ered = 0.51 

V)41 occurred in the absence of acids in MeCN, because the free energy change of 

electron transfer is highly positive (ΔGet = 0.94 eV), i.e., endergonic. However, the 

electron transfer occurred efficienly in the presence of HOTf (10 mM) as shown in 

Figure 20, where the absorption band at 695 nm due to [(N4Py)FeIV(O)]2+ (λmax = 695 
nm) disappered, accompanied by apperance of a new absorption band at 650 nm due to 

[RuIII(NO2phen)3]3+ (λmax = 650 nm) with an isosbestic point at 730 nm.  
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Figure 20. Cyclic voltammogram of [RuII(NO2phen)3]2+ (1.0 mM) in MeCN containing TBAPF6 (0.10 M) 

at 298 K with a Pt working electrode. Scan rate was 0.10 V s–1. The Eox value was determined to be 1.45 

V vs SCE. 

 
Figure 20. Visible spectral changes observed in PCET from [RuII(NO2phen)3]2+ (2.5 mM) to 

[(N4Py)FeIV(O)]2+ (0.25 mM) in the presence of HOTf (10 mM) in MeCN at 298 K. 

The concentration of [RuIII(NO2phen)3]3+ produced in PCET from 

[RuII(NO2phen)3]2+ to [(N4Py)FeIV(O)]2+ in the presence of HOTf (10 mM) is plotted 

against the initial concentration of [RuII(NO2phen)3]2+ as shown in Figure 21, which 

indicates that there is an PCET equilibrium as given in eq 5. The PCET equilibrium 

constant Ket was determined by fitting the plot in Figure 21 to be Ket = 24. The Ered  
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 [(N4Py)FeIV(O)]2+ + [RuII(NO2phen)3]2+ + 2H+  

                        [(N4Py)FeIII(OH2)]3+ + [RuIII(NO2phen)3]3+   (5) 
 

value of [(N4Py)FeIV(O)]2+ in the presence of HOTf (10 mM) MeCN at 298 K was 

determined from the Ket value (24) and the Eox value of [RuII(NO2phen)3]2+ (Eox = 1.45 

V vs SCE) using an Nernst equation (eq 6, where R is the gas constant, T is absolute 

temperature, and F is the Faraday constant) to be 1.55 V vs SCE, which is much higher 

 

Figure 21. Plot of concentration of [RuIII(NO2phen)3]3+ produced in PCET from [RuII(NO2phen)3]2+ to 

[(N4Py)FeIV(O)]2+ (0.25 mM) in the presence of HOTf (10 mM) in deaerated MeCN at 298 K vs initial 

concentration of [RuII(NO2phen)3](PF6)2, [RuII(NO2phen)3](PF6)2]0. 

 

Figure 22. Dependence of Ered of [(N4Py)FeIV(O)]2+ on log([HOTf (red circles) and Sc(OTf)3 (black 

circles)]) in deaerated MeCN at 298. Balck and red lines are fitted by eq 7. 
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Ered = Eox + (RT/F) lnKet                                  (6) 

 

than that in the presence of Sc(OTf)3 (10 mM; 1.19 V vs SCE) reported previously.23b,42 

The Ered values in the presence of various concentrations of HOTf and Sc(OTf)3 were 

also determinded from the Ket values and the Eox value of  [RuII(NO2phen)3]2+ using eq 

6.  

 
Figure 23. Plots of pseudo-first-order rate constants (kf) vs concentrations of electron donors [(a) 

[RuII(4,4’–Me2bpy)3]2+, (b) [RuII(5,5’–Me2bpy)3]2+, (c) [FeII(Clphen)3]2+ and (d) [RuII(bpy)3]2+] to 

determine the second-order rate constants (ket) of PCET from electron donors to [(N4Py)FeIV(O)]2+ (0.25 

mM) in the presence of HOTf (10 mM) in MeCN at 298 K. 

The dependence of Ered of [(N4Py)FeIV(O)]2+ on log [HOTf] and log[Sc(OTf)3] is 

shown in Figure 22, where the slopes are determined to be 113 ± 6 mV for HOTf and 

118 ± 8 mV for Sc(OTf)3. The Nernst equation for the dependence of Ered on log[Acid] 
(Acid = HOTf and Sc(OTf)3) is given by eq 7, where Kred1 and Kred2 are the equilibrium 
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constants for the first and second binding of acids to [(N4Py)FeIII(O)]+, respectively. 

Under the conditions such that Kred2[Acid] >> 1, eq 7 is rewritten by eq 8,  

 

Ered = E0
red + (2.3RT/F) log(K1[Acid] + K1K2[Acid]2)                      (7) 

 

Ered = E°red + 2(2.3RT/F) log(Kred1Kred2[Acid])                    (8) 

 

where the slope of plot of Ered vs log[Acid] is 2(2.3RT/F) = 118mV at 298 K, which 

agrees well with the experimental values in Figure 22. Such agreement indicates that 

PCET and MCET reduction of [(N4Py)FeIV(O)]2+ involve binding of two acid 

molecules of HOTf and Sc(OTf)3 to [(N4Py)FeIII(O)]+, respectively. The second-order 

rate constants (ket) of electron transfer from electron donors to [(N4Py)FeIV(O)]2+ in the 

presence of  HOTf (10 mM) and Sc(OTf)3 (10 mM) were determined as listed in Table 

1 (Figures 23 and 24). 

 

Figure 24. Plots of pseudo-first-order rate constants (kf) vs concentrations of electron donors [(a) 

[RuII(4,4’–Me2bpy)3]2+ and (b) [RuII(5,5’–Me2bpy)3]2+] to determine the second-order rate constants (ket) 

of MCET from electron donors to [(N4Py)FeIV(O)]2+ (0.25 mM) in the presence of Sc(OTf)3 (10 mM) in 

MeCN at 298 K. 

Unified Driving Force Dependence of Rate Constants. The dependence of log ket 

of electron transfer from electron donors to [(N4Py)FeIV(O)]2+ and log kobs of oxidation 

of toluene and thioanisole derivatives by [(N4Py)FeIV(O)]2+ in the presence of HOTf 

(10 mM) and Sc(OTf)3 (10 mM) on one-electron oxidation potentials (Eox) of electron 

donors including toluene and thioanisole derivatives is shown in Figure 25 (red line). A 

unified correlation is observed for plots of log kobs of oxidation of toluene and 
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thioanisole derivatives by [(N4Py)FeIV(O)]2+ in the presence of HOTf (10 mM) vs the 

Eox values of toluene and thioanisole derivatives. Such a unified correlation suggests 

that oxidation of both toluene and thioanisole derivatives by [(N4Py)FeIV(O)]2+ in the 

presence of HOTf (10 mM) proceeds via PCET from toluene and thioanisole derivatives 

to [(N4Py)FeIV(O)]2+. However, the log ket values of PCET from coordinatively 

saturated metal complexes (Nos. 13-18 in Table 1) to [(N4Py)FeIV(O)]2+ are 

significantly smaller than log kobs values of oxidation of toluene and thioanisole 

derivatives (red line in Figure 25). 

Similarly a unified linear correlation is observed for plots of log kobs of oxidation of 

toluene and thioanisole derivatives by [(N4Py)FeIV(O)]2+ in the presence of Sc(OTf)3 

(10 mM) vs the Eox values of toluene and thioanisole derivatives when the Eox values 

are lower than 1.6 V vs SCE (black line in Figure 25). Such a unified correlation 

indicates that oxidation of toluene and thioanisole derivatives by [(N4Py)FeIV(O)]2+ in 

the presence of Sc(OTf)3 (10 mM) proceeds via MCET from toluene and thioanisole 

derivatives to [(N4Py)FeIV(O)]2+. In the case of 1,2,4-trimethylbenzene (No. 4), 

1,4-dimethylbenzene (No. 5), 1,3,5-trimethylbenzene (No. 6) and toluene (No. 7), 

which have higher Eox values than 1.6 V vs SCE, however, the log kobs values are 

significantly larger than the linear correlation (black line in Figure 11). The log ket 

values of MCET from coordinatively saturated metal complexes (Nos. 13-18 in Table 1) 

to [(N4Py)FeIV(O)]2+ are also significantly smaller than the log kobs values of oxidation 

of toluene and thioanisole derivatives (black line in Figure 25).  

The difference in log ket and log kobs values between PCET and MCET is expected to 

result from the difference in the Ered values of [(N4Py)FeIV(O)]2+ in the presence of 

HOTf (10 mM) and Sc(OTf)3 (10 mM). Driving forces of the PCET and MCET 

reactions (–ΔGet in eV) are obtained from the one-electron oxidation potentials (Eox) of 

electron donors (coordinatively saturated metal complexes, toluene and thioanisole 

derivatives) and the one-electron reduction potentials (Ered) of [(N4Py)FeIV(O)]2+ in the 

presence of acids as given by eq 9, where e is the elementary charge and log kobs of 

PCET and MCET from electron donors (coordinatively saturated metal complexes, 

toluene and thioanisole derivatives) to [(N4Py)FeIV(O)]2+ in the presence of HOTf (10 

mM) and Sc(OTf)3 (10 mM) in MeCN at 298 K, respectively. 

 

–ΔGet = e(Ered – Eox)                                              (9) 
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The driving force dependence of log ket of electron transfer from coordinatively 

saturated metal complexes to [(N4Py)FeIV(O)]2+ in the absence and presence of 10 mM 

of HOTf (black line in Figure 26) is well fitted by the Marcus equation of outer-sphere 

electron transfer (eq 10),43  

 

ket = Zexp[–(λ/4)(1 + ΔGet/λ)2/kBT]                                     (10) 
 

 
Figure 25. Plot of log kobs vs oxidation potentials (Eox) of toluene and thioanisole derivatives [(1) 

hexamethylbenzene, (2) 1,2,3,4,5-tetramethylbenzene, (3) 1,2,4,5-tetramethylbenzene, (4) 

1,2,4-trimethylbenzene, (5) 1,4-dimethylbenzene, (6) 1,3,5-trimethylbenzene, (7) toluene, (8) 

p-Me-thioaniosle, (9) p-H-thioaniosle, (10) p-Cl-thioaniosle, (11) p-Br-thioaniosle and (12) 

p-CN-thioaniosle] in the C–H bond cleavage of toluene derivatives and sulfoxidation of thioanisole 

derivatives by [(N4Py)FeIV(O)]2+ in the presence of 10 mM of HOTf (red circles) and Sc(OTf)3 (black 

circles) in MeCN at 298 K.  

where Z is the frequency factor, which is kBTK/h (kB is the Borzmann constant, T is 

absolute temperature, K is the formation constant of the precursor complex and h is the 

Planck constant), using the same value of reorganization energy of electron transfer (λ = 
2.74 eV). The Z value of outer-sphere electron-transfer reactions is normally taken as 

1.0 × 1011 M–1 s–1.44-47 This indicates that the K value of outer-sphere electron-transfer 

reactions is as small as 0.020 M–1, because there is little interaction in the precursor 

complex for outer-sphere electron transfer. 
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The log kobs values of oxidation of toluene and thioanisole derivatives by 

[(N4Py)FeIV(O)]2+ in the presence of HOTf and Sc(OTf)3 (10 mM) as well as the log ket 

values of  MCET from coordinatively saturated metal complexes to [(N4Py)FeIV(O)]2+ 

in the presence of Sc(OTf)3 (10 mM) are larger than those expected by eq 10 with λ = 

2.74 eV.  

 

Figure 12. Plots of log kobs for oxidation of toluene and thioanisole derivatives [(1) hexamethylbenzene, 

(2) 1,2,3,4,5-tetramethylbenzene, (3) 1,2,4,5-tetramethylbenzene, (4) 1,2,4-trimethylbenzene, (5) 

1,4-dimethylbenzene, (6) 1,3,5-trimethylbenzene, (7) toluene, (8) p-Me-thioaniosle, (9) thioanisole, (10) 

p-Cl-thioanisole, (11) p-Br-thioanisole and (12) p-CN-thioanisole] by [(N4Py)FeIV(O)]2+ in the absence 

(black) and presence of 10 mM of HOTF (red) and Sc(OTf)3 (blue) in MeCN at 298 K vs the driving 

force of electron transfer [–∆G = e(Ered – Eox)] from toluene derivatives (squares) and thioanisole 

derivatives (triangles) to [(N4Py)FeIV(O)]2+ in the presence of HOTf (red) and Sc(OTf)3 (blue). The red 

and blue circles show the driving force dependence of the rate constants (log ket) of electron transfer from 

electron donors [(13) [FeII(Ph2phen)3]2+, (14) [FeII(bpy)3]2+, (15) [RuII(4,4’-Me2phen)3]2+, (16) 

[RuII(5,5’-Me2phen)3]2+, (17) [FeII(Clphen)3]2+ and (18) [RuII(bpy)3]2+] to [(N4Py)FeIV(O)]2+ in the 

presence of  10 mM of HOTf and Sc(OTf)3 in MeCN at 298 K. The black line is drawn using eq 10 

with λ = 2.74 eV.25,41 The black circles show the driving force dependence of the rate constants (log ket) 

of electron transfer from electron donors [(19) decamethylferrocene, (20) octamethylferrocene, (21) 

1.1’-dimethylferrocene, (22) n-amylferrocene and (23) ferrocene] to [(N4Py)FeIV(O)]2+ in the absence of 

acids in MeCN at 298 K.41 
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Figure 27. Plots of first-order rate constants (kf) of oxidation of p-CN-thioanisole by [(N4Py)FeIV(O)]2+ 

(0.25 mM) in the presence of 10 mM of  (a) HOTf and (b) Sc(OTf)3 in MeCN at 298 K vs concentration 

of p-CN-thioanisole.  

 
Figure 28. Plots of 1/kf vs 1/[p-CN-thioanisole] for oxidation of p-CN-thioanisole by  [(N4Py)FeIV(O)]2+ 

in the presence of (a) HOTf (10 mM) and (b) Sc(OTf)3 (10 mM) in MeCN at 298 K. The slope [(kETK)–1] 

and intercept (kET
–1) were determined to be (a) 4.9 × 10-3 M s and 2.2 × 10–1 s and (b) 3.4 M s and 8.7 s, 

respectively. 

The larger log kobs values of oxidation of toluene and thioanisole derivatives by 

[(N4Py)FeIV(O)]2+ in the presence of HOTf and Sc(OTf)3 than the log ket values of 

electron transfer from coordinatively saturated metal complexes to[(N4Py)FeIV(O)]2+ in 

the presence of HOTf may result from the difference in the K values of precursor 

complexes, because the stronger interaction of  [(N4Py)FeIV(OH2)]4+ with toluene and 

thioanisole derivatives is expected as compared with that with coordinatively saturated 

metal complexes. This was confirmed by examining the dependence of the 
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pseudo-first-order rate constants (kf) on concentrations of toluene and thioanisole 

derivatives in the large concentration range (vide infra). The kf values of oxidation of 

p-CN-thioanisole by [(N4Py)FeIV(O)]2+ in the presence of HOTf (10 mM) and Sc(OTf)3 

(10 mM) are shown in Figures 27a and 27b, respectively. In both cases, the kf values 

increase with increasing concentration of p-CN-thioanisole to approach constant values. 

Such a saturation behavior indicates formation of the precursor complex prior to 

electron transfer when kf is given by eq 11,  

 
kf =  kETK[S]/(1 + K[S])                          (11) 

 

kf
–1 = (kETK[S])–1 + kET

–1                            (12) 

 

where kET is the first-order rate constant of electron transfer in the precursor complex, K 

is the formation constant of the precursor complex, and [S] is concentration of a 

substrate. Eq 11 is rewritten by eq 12, which predicts a linear correlation between kf
–1 

and [S]–1.  From the intercepts and slopes of linear plots of kf
–1 and [S]–1 (Figure 28), 

the K values were determined as listed in Table 3. The K values of oxidation of 

1,2,4,5-tetramethylbenzene and 1,2,4-trimethylbenzene by [(N4Py)FeIV(O)]2+ in the 

presence of HOTf (10 mM) and Sc(OTf)3 (10 mM) were also determined as listed in 

Table 3 (Figures 29 - 31). 

Table 3. Formation Constants of Precursor Complexes in Oxidation of Toluene and Thioanisole 

Derivatives by [(N4Py)FeIV(O)]2+ in the Presence of Acids (10 mM), HOTf and Sc(OTf)3, in MeCN at 

298 K 

toluene and thioanisole 

derivative 

formation constant (K, M–1) 

10 mM of Sc(OTf)3 10 mM of HOTf 

1,2,4,5-tetramethylbenzene 3.0 ± 0.2 (1.2 ± 0.4) × 102 

1,2,4-trimethylbenzene 2.5 ± 0.1 (1.0 ± 0.1) × 102 

p-Cl-thioanisole 3.1 ± 0.2 (9.6 ± 0.5) × 10 

p-CN-thioanisole 2.7 ± 0.2 (4.0 ± 0.5) × 10 
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Figure 29. (a) Plot of pseudo-first-order rate constant (kf) vs concentration of 1,2,4,5-tetramethylbenzene 

in oxidation of 1,2,4,5-tetramethylbenzene with [FeIV(O)(N4Py)]2+ (0.25 mM) in the presence of HOTf 

(10 mM) in MeCN at 298 K. (b) Plot of 1/kf vs 1/[1,2,4,5-tetramethylbenzene], where the values of slope 

and intercept were determined to be 1.6 × 10-2 M s and 2.1 s, respectively. 

 

Figure 30. (a) Plot of pseudo-first-order rate constant (kf) vs concentration of 1,2,4-trimethylbenzene in 

oxidation of 1,2,4-trimethylbenzene with [FeIV(O)(N4Py)]2+ (0.25 mM) in the presence of HOTf (10 mM) 

in MeCN at 298 K. (b) Plot of 1/kf vs 1/[1,2,4-trimethylbenzene], where the values of slope and intercept 

were determined to be 4.0 M s and 3.9 × 102 s, respectively. 

The K value of the precursor complexes of [(N4Py)FeIV(O)]2+ with 

1,2,4,5-tetramethylbenzene in the presence of 10 mM HOTf (K = 120 M–1) is much 

larger than that of [(N4Py)FeIV(O)]2+ with the same substrate in the presence of 10 mM 

Sc(OTf)3 (K = 3.0 M–1).  The same trend is observed for other substrates as listed in 

Table 2. The significantly smaller K values with Sc(OTf)3 (10 mM) than those with 

HOTf (10 mM) may be ascribed to the large steric effect of two molecules of Sc(OTf)3 

bound to [(N4Py)FeIV(O)]2+ as compared with that of HOTf. In each case, the K values  
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Figure 31. (a) Plot of pseudo-first-order rate constant (kf) vs concentration of 1,2,4,5-tetramethylbenzene 

in oxidation of 1,2,4,5-tetramethylbenzene with [FeIV(O)(N4Py)]2+ (0.25 mM) in the presence of 

Sc(OTf)3 (10 mM) in MeCN at 298 K. (b) Plot of 1/kf vs 1/[1,2,4,5-tetramethylbenzene], where the values 

of slope and intercept were determined to be 5.0 × 10 M s and 1.5 × 102 s, respectively. 

are significantly larger than those employed for outer-sphere electron-transfer reactions 

of coordinatively saturated metal complexes (K = ca. 0.020 M–1). 

Although K values may be changed depending on the Eox values of toluene and 

thioanisole derivatives, the kET values were evaluated by using averaged K values with 

HOTf [(9 ± 2) × 10 M–1] and Sc(OTf)3 (2.8 ± 0.2 M–1) in Table 3. Figure 32 shows 
unified plots of log kET of PCET and MCET from electron donors to [(N4Py)FeIV(O)]2+ 

in the presence of HOTf (10 mM) and Sc(OTf)3 (10 mM). The driving force 

dependence of log kET (or log kobs) of PCET from all kinds of electron donors 

(coordinatively saturated metal complexes, toluene and thioanisole derivatives) to 

[(N4Py)FeIV(O)]2+ in the presence of HOTf (10 mM) in MeCN at 298 K is unified as a 

red line together with that of log kET of electron transfer from coordinatively saturated 

metal complexes to [(N4Py)FeIV(O)]2+ in the absence of HOTf using the same λ value 

of 2.74 eV.41 The driving force dependence of log kET of MCET from all kinds of 

electron donors to [(N4Py)FeIV(O)]2+ in the presence of Sc(OTf)3 (10 mM) in MeCN at 

298 K is also unified as a blue line using the same λ value of 2.27 eV. When the driving 

forces of MCET [(Sc(OTf)3) and PCET (HOTf) are more negative than –0.5 eV, the kET 

values become larger than those predicted by the Marcus lines (Figure 32). The smaller 

λ value of the MCET (2.27 eV) than that of the PCET (2.74 eV) may be ascribed to the 

smaller change in the Fe–O distance associated with the MCET than that with the PCET  
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Figure 32. Plots of log kET for C–H bond cleavage of toluene derivatives and sulfoxidation of thioanisole 

derivatives [(1) hexamethylbenzene, (2) 1,2,3,4,5-tetramethylbenzene, (3) 1,2,4,5-tetramethylbenzene, (4) 

1,2,4-trimethylbenzene, (5) 1,4-dimethylbenzene, (6) 1,3,5-trimethylbenzene, (7) toluene, (8) 

p-Me-thioaniosle, (9) p-H-thioanisole, (10) p-Cl-thioanisole, (11) p-Br-thioanisole and (12) 

p-CN-thioanisole] by [(N4Py)FeIV(O)]2+ in the absence (black) and presence of acids (10 mM), HOTf 

(red) and Sc(OTf)3 (blue), in MeCN at 298 K vs the driving force of electron transfer [–∆G = e(Ered – 

Eox)] from toluene derivatives (squares) and thioanisole derivatives (triangles) to [(N4Py)FeIV(O)]2+ in the 

presence of HOTf (red) and Sc(OTf)3 (blue). The red and blue circles show the driving force dependence 

of the rate constants (log ket) of electron transfer from electron donors [(13) [FeII(Ph2Phen)3]2+, (14) 

[FeII(bpy)3]2+, (15) [RuII(4,4’-Me2Phen)3]2+, (16) [RuII(5,5’-Me2Phen)3]2+, (17) [FeII(ClPhen)3]2+ and (18) 

[RuII(bpy)3]2+] to [(N4Py)FeIV(O)]2+ in the presence of acids (10 mM), HOTf and Sc(OTf)3, in MeCN at 

298 K, respectively. The black circles show the driving force dependence of the rate constants (log ket) of 

electron transfer from electron donors [(19) decamethylferrocene, (20) octamethylferrocene, (21) 

1.1’-dimethylferrocene, (22) n-amylferrocene and (23) ferrocene] to [(N4Py)FeIV(O)]2+ in the absence of 

acids in MeCN at 298 K.41 

at the same concentration of acids probably due to the steric effect of two molecules of 

Sc(OTf)3 bound to the oxo group.  

The unified correlations of driving force dependence of log kET of PCET and MCET 

from all kinds of electron donors to [(N4Py)FeIV(O)]2+ in Figure 32 indicate that 

oxidation of toluene and thioanisole derivatives by [(N4Py)FeIV(O)]2+ in the presence of 

HOTf and Sc(OTf)3 proceeds via the rate-determining electron transfer from toluene 

and thioanisole derivatives to [(N4Py)FeIV(O)]2+ which binds with two molecules of 
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Sc(OTf)3 and HOTf, respectively, following formation of the precursor complexes as 

shown in Scheme 1, provided that the driving force of the electron transfer is larger than 

–0.5 eV. In the case of oxidation of toluene derivatives by [(N4Py)FeIV(O)]2+ in the 

presence of HOTf and Sc(OTf)3, the rate-determining PCET and MCET may be 

followed by rapid proton transfer and the oxygen rebound to produce the corresponding 

benzyl alcohol derivatives and [(N4Py)FeII]2+, which is oxidized by [(N4Py)FeIV(O)]2+ 

to [(N4Py)FeII]2+ in the presence of HOTf and Sc(OTf)3. In the case of oxidation of 

thioanisole derivatives by [(N4Py)FeIV(O)]2+ in the presence of HOTf and Sc(OTf)3, the 

PCET and MCET may be followed by rapid O•– transfer to produce the corresponding 

sufoxide derivatives and [(N4Py)FeII]2+, which is also oxidized by [(N4Py)FeIV(O)]2+ to 

[(N4Py)FeIII]2+ in the presence of HOTf and Sc(OTf)3. However, the detailed 

mechanism after the rate-determining PCET and MCET has yet to be clarified. 

In the absence of HOTf or Sc(OTf)3, the kox values of oxidation of toluene and 

thioanisole derivatives by [(N4Py)FeIV(O)]2+ are much larger than those predicted from 

PCET or MCET reactions (black points in Figure 32). Thus, C–H bond cleavage of 

toluene derivatives and sulfoxidation of thioanisole derivatives proceed via direct 

hydrogen atom transfer from toluene derivatives to  [(N4Py)FeIV(O)]2+ and oxygen 

atom transfer from thioanisole derivatives to [(N4Py)FeIV(O)]2+, respectively, rather an 

than electron-transfer pathway. 

 

Scheme 1. Proposed Unified Mechanism of Oxidation of Toluene and Thioanisol Derivatives by 

[(N4Py)FeIV(O)]2+ in the Presence of HOTf and Sc(OTf)3 
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Conclusion 

Oxidation of toluene and thioanisole derivatives by [(N4Py)FeIV(O)]2+ in deaerated 

MeCN at 298 K was remarkably accelerated by the presence of HOTf and Sc(OTf)3 to 

yield stoichiometric amount of the corresponding benzyl alcohol and sulfoxide 

derivatives, respectively. No KIE was observed when toluene was replaced by 

toluene-d8 for the oxidation by [(N4Py)FeIV(O)]2+ in the presence of HOTf, suggesting 

that the rate-determining step is PCET from toluene to [(N4Py)FeIV(O)]2+. An inverse 

KIE was observed for PCET from both [RuII(bpy)3]2+ and toluene to [(N4Py)FeIV(O)]2+ 

when HOTf was replaced by DOTf, suggesting that the O–H bond of the protonated 

FeIV(O) complex at the transition state of PCET is significantly stronger than that of the 

ground state. The unified correlations of driving force (–ΔGet) dependence of log kET of 
oxidation of toluene and thioanisole derivatives by [(N4Py)FeIV(O)]2+ as well as 

electron transfer from coordinatively saturated metal complexes to [(N4Py)FeIV(O)]2+ in 

the presence of HOTf and Sc(OTf)3 (Figure 32) indicate that oxidation of toluene and 

thioanisole derivatives by [(N4Py)FeIV(O)]2+ in the presence of HOTf and Sc(OTf)3 

proceeds via the rate-determining PCET and MCET, respectively. Remarkable 

enhancement of PCET and MCET reactivity of [(N4Py)FeIV(O)]2+ results from binding 

of two molecules of HOTf and Sc(OTf)3 to the oxo group of the FeIV(O) complex, 

which caused large positive shifts of the Ered values in the presence of HOTf and 

Sc(OTf)3, respectively. Formation of strong precursor complexes of [(N4Py)FeIV(O)]2+, 

which binds with two molecules of HOTf and Sc(OTf)3, with organic substrates 

(toluene and thioanisole derivatives) as compared with coordinatively saturated metal 

complexes also results in enhancement of the PCET and MCET reactivity. A boundary 

between electron transfer vs concerted pathways is determined by the driving force of 

electron transfer (–ΔGet). PCET and MCET pathways are dominant when –ΔGet > –0.5 

eV, whereas concerted pathways become dominant when –ΔGet < –0.5 eV. The unified 
view of enhancement of oxidative C–H bond cleavage of toluene derivatives and 

sulfoxidation of thioanisole derivatives by a nonheme iron(IV)-oxo complex via PCET 

and MCET demonstrated in this study provides generalized understanding of a variety 

of PCET and MCET pathways for oxidation of substrates by metal-oxygen species. 
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Chapter 6. Efficient Oxidation of Styrene Derivatives by a Nonheme 
Iron(IV)-Oxo Complex via Proton-Coupled Electron Transfer with 
Triflic Acid 

 

Abstract: No oxidation of styrene derivatives by [(N4Py)FeIV(O)]2+ (N4Py = 

N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine) occurs in acetonitrile at 298 K, 

whereas efficient oxidation of styrene derivatives was made possible by the presence of 

triflic acid (HOTf). The acid–promoted oxidation of alkenes by [(N4Py)FeIV(O)]2+ 

proceeds via proton-coupled electron transfer (PCET) from alkenes to the diprotonated 

species of [(N4Py)FeIV(O)]2+ with HOTf. The PCET reactivity is well analyzed in light 

of the Marcus theory of electron transfer from various electron donors to the 

diprotonated species of [(N4Py)FeIV(O)]2+. 
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Proton-Coupled Electron Transfer!
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Introduction 

There are nonheme iron enzymes that can catalyze substrate oxidations similar to 

those by heme enzymes (e.g. cytochrome P450).1,2 Inspired by these enzymes, extensive 

efforts have been devoted in developing biomimetic iron porphyrin catalysts3,4 and also 

in the design of new families of nonheme iron catalysts.5-7 Nonheme catalysts catalyze 

not only epoxidation but also cis-dihydroxylation of olefins.8,9 The olefin epoxidation 

and cis-dihydroxylation are in closely related transformations that have been carried out 

by a HO-FeV(O) oxidant.10 Addition of acetic acid to some nonheme iron-catalyzed 

olefin oxidation reactions has been reported to result in an increase in both catalytic 

activity and selectivity toward epoxidation.11,12 The acetic acid-enhanced olefin 

epoxidation with [(TPA)Fe(OTf)2] (TPA = tris(2-pyridylmethyl)amine, OTf– = triflate) 

has been proposed to be mediated by [(TPA)FeV(O)(OOCCH3)]2+, generated from O–O 

bond heterolysis of the [(TPA)FeIII(OOH)(CH3COOH)]2+ intermediate, which is 

promoted by the protonation of the terminal oxygen atom of the hydroperoxide by the 

coordinated carboxylic acid.12 Peracetic acid used as an acid as well as an oxidant has 

also been reported to promote olefin epoxidation.13 Perchloric acid and triflic acid have 

been reported to remarkably promote oxidation of toluene and thioanisole derivatives by 

a nonheme iron(IV)-oxo complex, [(N4Py)FeIV(O)]2+ (N4Py = N,N-bis(2-pyridyl 

methyl)-N-bis(2-pyridyl)methyl- amine).14-16 However, there has been no report on 

acid–promoted oxidation of olefins by a nonheme iron(IV)-oxo complex. 
We report herein that efficient oxidation of styrene derivatives by [(N4Py)FeIV(O)]2+ 

occurs by addition of triflic acid (HOTf) in acetonitrile (MeCN) at 298 K although 

[(N4Py)FeIV(O)]2+ has no ability to oxidize styrene derivatives without HOTf under the 

same reaction conditions. The mechanisms of HOTf–promoted oxidation of styrene 

derivatives is clarified by comparing the reactivity of [(N4Py)FeIV(O)]2+ toward styrene 

derivatives in the presence of HOTf with that of proton–coupled electron transfer 

(PCET) from various electron donors to [(N4Py)FeIV(O)]2+ with HOTf in light of the 

Marcus theory of electron transfer.15,17 

 

Experimental Section 

Materials. All chemicals, which were the best available purity, were purchased from 

Aldrich Chemical Co. and Tokyo Chemical Industry, used without further purification 

unless otherwise noted. Solvents, such as acetonitrile (MeCN) and diethyl ether, were 
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dried according to the literature procedures and distilled under Ar prior to use.18 A 

nonheme iron(II) complex, [(N4Py)FeII(MeCN)](ClO4)2, and its corresponding 

iron(IV)-oxo complex, [(N4Py)FeIV(O)]2+, were prepared by literature methods.19 

Iodosylbenzene (PhIO) was prepared by a literature method.20 Triflic acid  was 

purchased from Tokyo Chemical Industry.  

 
Kinetic Studies. Kinetic measurements were performed on a Hewlett Packard 8453 

photodiode-array spectrophotometer using a quartz cuvette (path length = 10 mm) at 

298 K. The epoxidation of styrene derivatives by [(N4Py)FeIV(O)]2+ carried out and the 

rates were monitored by spectral changes due to [(N4Py)FeIV(O)]2+ (2.5 × 10–4 M) with 

various concentrations of styrene derivatives (2.5 × 10–3–1.0 × 10–1 M) in the absence 

and presence of acids, HOTf and Sc(OTf)3, in MeCN at 298 K. The rates of oxidation 

reaction of organic substrates by [(N4Py)FeIV(O)]2+ were monitored by the decay of the 

absorption band at 695 nm due to [(N4Py)FeIV(O)]2+ (λmax = 695 nm) in the absence and 
presence of HOTf and Sc(OTf)3 in MeCN. The concentrations of toluene derivatives 

and thioanisole derivatives were maintained at least more than 10-fold excess of 

[(N4Py)FeIV(O)]2+ to attain pseudo-first-order conditions.  

First-order fitting of the kinetic data allowed us to determine the pseudo-first-order 

rate constants. The first-order plots were linear for three or more half-lives with the 

correlation coefficient ρ  > 0.999. In each case, it was confirmed that the rate constants 
derived from at least five independent measurements agreed within an experimental 

error of ±5%. The pseudo-first-order rate constants increased proportionally with 

increase in concentrations of substrates, from which second-order rate constants were 

determined. 

 

Product Analysis. Typically, styrene (4.0 × 10–3 M) was added to an MeCN 

solution containing [(N4Py)FeIV(O)]2+ (4.0 × 10–3 M) in the presence of HOTf (1.0 × 

10–2 M) in a vial. Products formed in the oxidation reactions of styrene by 

[(N4Py)FeIV(O)]2+, which were carried out in the presence of acids under Ar 

atmosphere in MeCN-d3 at 298 K, were analyzed by 1H NMR. Quantitative analyses 

were made on the basis of comparison of 1H NMR spectral integration between 

products and their authentic samples. 

 
 Instrumentation. UV-vis spectra were recorded on a Hewlett Packard 8453 
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photodiode-array spectrophotometer. The EPR spectra were measured with a JEOL 

X-band spectrometer (JES-RE1XE). The EPR spectra were recorded under 

non-saturating microwave power conditions.  The magnitude of modulation was 

chosen to optimize the resolution and the signal-to-noise (S/N) ratio of the observed 

spectra. The g value was calibrated by using a Mn2+ marker. 1H NMR spectra were 

recorded on a JEOL A-300 spectrometer in CD3CN. 

 
Results and Discussion 

No reaction occurred between [(N4Py)FeIV(O)]2+ and styrene in MeCN at 298 K. 

However, addition of HOTf (10 mM) to an MeCN solution of [(N4Py)FeIV(O)]2+ and 

styrene resulted in efficient oxidation of styrene by [(N4Py)FeIV(O)]2+ as shown in 

Figure 1, where the absorption band at 695 nm due to [(N4Py)FeIV(O)]2+ disappeared  

 

Figure 1.  (a) Visible spectral changes observed in oxidation of styrene (5 mM) by [(N4Py)FeIV(O)]2+ 

(0.25 mM) in the presence of 10 mM of HOTf  in MeCN at 298 K. (b) Time course monitored by 

absorbance at 695 nm due to the decay of [(N4Py)FeIV(O)]2+. The arrow indicates the time of addition of 

HOTf (10 mM). 

upon addition of HOTf. The oxidized products were identified as styrene epoxide (18%) 

and benzyaldehyde (16%) by 1H NMR (Figure 2). The reduced product of 

[(N4Py)FeIV(O)]2+ was [(N4Py)FeIII]3+ which was detected by EPR (Figure 3). In such a 

case, the stoichiometry of the reaction of styrene with [(N4Py)FeIV(O)]2+ in the presence 

of HOTf to yield styrene epoxide is given by eq 1. Styrene epoxide is further oxidized 
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Figure 2. 1H NMR spectrum of the complete reaction solution obtained in oxidation of styrene (4 mM) 

with [(N4Py)FeIV(O)]2+ (4.0 mM) in the presence of HOTf (10 mM) in CD3CN at 298 K (black line) 

under Ar. Red, blue and green lines show 1H NMR spectra of styrene oxide (4.0 mM), benzaldehyde (4.0 

mM) and styrene (4.0 mM) in the presence of HOTf (10 mM) as authentic references. The peaks at 4.86, 

5.36 and 5.53 ppm agree with that corresponds to -CH- group of styrene oxide in the presence of HOTf 

(10 mM). The peak at 10 ppm corresponds to that due to benzaldehyde in the presence of HOTf (10 mM). 

The yield of styrene oxide and benzyl aldehyde produced was 6 ± 1% and 22 ± 2% based on 

[(N4Py)FeIV(O)]2+ concentration. 

 

 

Figure 3. EPR spectrum of the complete reaction solution obtained in oxidation styrene (5.0 mM) with 

[(N4Py)FeIV(O)]2+ (1.0 mM) in the presence of HOTf (10 mM) in MeCN at 77 K under Ar. The g values 

of EPR active species indicate that the low-spin Fe(III) species due to [(N4Py)FeIII]3+ was formed. 
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PhCH=CH2 + 2[(N4Py)FeIV(O)]2+ + 2H+  
                          ⟶ PhCH(O)CH2 + 2[(N4Py)FeIII]3+ + H2O     (1) 

 

PhCH(O)CH2 + 2[(N4Py)FeIV(O)]2+ + 2H+  
                       ⟶ PhCHO + HCHO + 2[(N4Py)FeIII]3+ + H2O     (2) 

 

by [(N4Py)FeIV(O)]2+ in the presence of HOTf  to yield benzyaldehyde and 

formaldehyde (eq 2).21 The maximum yields of styrene epoxide and benzaldehyde 

based on the oxidant [(N4Py)FeIV(O)]2+ is 6% and 22%, because two and four 

equivalents of [(N4Py)FeIV(O)]2+ are required to produce styrene oxide and 

benaldehyde, respectively. The observed yields of styrene oxide (6%) and benzaldehyde 

(22%) correspond to the complete conversion of [(N4Py)FeIV(O)]2+ to [(N4Py)FeIII]3+ (6 

× 2 + 22 × 4 = 100%).  

 

Figure 4. First-order plots of the absorption changes at 695 nm for oxidation of styrene (400 mM) by 

[(N4Py)FeIV(O)]2+ (0.25 mM) in the presence of HOTf (10 mM) in MeCN at 298 K. Abs and Abs∞ 

represent absorbance at the reaction time and the final absorbance at 695 nm, respectively.  

The rate of oxidation of styrene by [(N4Py)FeIV(O)]2+ in the presence of HOTf in 

MeCN, monitored  by decrease in absorbance at 695 nm due to [(N4Py)FeIV(O)]2+ 

(Figure 1b) obeyed first-order kinetics (Figure 4) with large excess styrene and HOTf. 

The pseudo-first-order rate constant (kf) increased with increasing concentration of 

styrene ([S]) to approach constant values as shown in Figure 5. Such a saturation 

behavior indicates formation of the precursor complex prior to oxidation of styrene, 

when kf is given by eq 3,  
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Figure 5. Plot of concentration of styrene vs first-order rate constant (kf) in the reaction of 

[(N4Py)FeIV(O)]2+ (0.25 mM) with styrene in the presence of 10 mM of HOTf in MeCN at 298 K. 

 

Figure 6. Plot of 1/kf vs 1/[styrene] for oxidation of styrene by [(N4Py)FeIV(O)]2+ in the presence of 

HOTf (10 mM) in MeCN at 298 K. The slope [(kETK)–1] and intercept (kET
–1) were determined to be 1.5 × 

10 M s and 5.5 × 102 s, respectively. 

kf =  koxK[S]/(1 + K[S])                                             (3) 

 

kf
–1 = (kETK[S])–1 + kET

–1                                             (4) 

 

where kox is the first-order rate constant in the precursor complex, K is the formation 

constant of the precursor complex. Equation 3 is rewritten by eq 4, which predicts a 

linear correlation between kf
–1 and [S]–1. From the intercept and slope of the linear plot  
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Figure 7. (a) Plot of first-order rate constant (kf) vs concentration of styrene for oxidation of 

α-methylstyrene by [(N4Py)FeIV(O)]2+ (0.25 mM) in the presence of 10 mM of HOTf in MeCN at 298 K. 

(b) Plot of 1/kf vs 1/[α-methylstyrene] for oxidation of styrene by [(N4Py)FeIV(O)]2+ in the presence of 

HOTf (10 mM) in MeCN at 298 K. The slope [(kETK)–1] and intercept (kET
–1) were determined to be 2.5 × 

10–1 M s and 2.4 × 10 s, respectively. 

 

Figure 8. Plot of second-order rate constant (kobs) vs concentration of HOTf for oxidation of styrene 

derivatives ((a) styrene, (b) α-methylstyrene (c) 1,1-diphenylethylene and (d) trans-stilbene) by 

[(N4Py)FeIV(O)]2+ (0.25 mM) in the presence of HOTf in MeCN at 298 K. 
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of kf
–1 and [S]–1 shown in Figure 6, the kox and K value was determined to be 38  M–1. 

Similarly the kox and K values were determined for oxidation of various styrene 

derivatives by [(N4Py)FeIV(O)]2+ in the presence of HOTf (10 mM) in MeCN at 298 K 

(Figures 7) as listed in Table 1 together with the one-electron oxidation potentials of 

styrene derivatives (Eox).22 Both the kox and K values increase with decreasing the Eox 

values of styrene derivatives. 

 

Figure 9. Plots of kobs/[HOTf] vs [HOTf] for oxidation of styrene derivatives [(a) styrene, (b) 

α-methylstyrene, (c) 1,1-dipheynylstyrene and (d) trans-stilbene] by [(N4Py)FeIV(O)]2+ (0.25 mM) in the 

presence of HOTf in MeCN at 298.  

The kf value of oxidation of styrene by [(N4Py)FeIV(O)]2+ increased with increasing 

[HOTf], exhibiting first-order and second-order dependence on [HOTf] at lower and 

higher concentrations of HOTf, respectively, as given by eq 5, where k0, k1 and k2 are 

rate constants corresponding to zeroth-, first- and second-order dependence on [HOTf], 

respectively (Figure 8).  Because k0 = 0, eq 5 is rewritten by eq 6, which exhibits a 

linear correlation of kobs/[HOTf] vs [HOTf] as shown in Figure 9. Such first-order and 

second-order dependence of kf on [HOTf] was reported to occur via proton–coupled  
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Table 1. One-Electron Oxidation Potentials of Styrene Derivatives (Eox vs SCE), Formation Constants of 

Complexes between Styrene Derivatives and [(N4Py)FeIV(O)]2+ (K) and Second-Order Rate Constants 

(kobs) in Oxidation of Styrene Derivatives by [(N4Py)FeIV(O)]2+ in the Presence of HOTf (10 mM) in 

MeCN at 298 K 

styrene derivative 
Eox 

 (V vs SCE)22 
K, M–1 kobs 

trans-stilbene 1.41 (1.5 ± 0.5) × 102 (4.0 ± 0.2) × 102 

1,1-diphenylstyrene 1.73 (1.0 ± 0.5) × 102 (1.5 ± 0.2) × 10 

α-methylstyrene 1.82 (9.8 ± 0.5) × 10 3.3 ± 0.2 

styrene 1.88 (3.8 ± 1.0) × 10 (4.3 ± 0.3) × 10–2 

 

Figure 10. Driving force (–ΔGet) dependence of log kox for oxidation of styrene derivatives by 

[(N4Py)FeIV(O)]2+ and log kET for PCET from various electron donors including styrene and toluene 

derivatives ((1) trans-stilbene, (2) 1,1-diphenylstyrene, (3) α-methylstyrene and (4) styrene) and 

coordinatively saturated metal complexes [(5) [FeII(Ph2phen)3]2+ (Ph2phen = 

4,7-diphenyl-1,10-phenanthroline), (6) [FeII(bpy)3]2+ (bpy = 2,2’-bipyridine), (7) [RuII(4,4’-Me2phen)3]2+ 

(4,4’-Me2phen = 4,4’-dimethyl-1,10-phenanthroline), (8) [RuII(5,5’-Me2phen)3]2+ (5,5’-Me2phen = 

4,4’-dimethyl-1,10-phenanthroline), (9) [FeII(Clphen)3]2+ (Clphen = 5-chloro-1,10-phenanthroline) and 

(10) [RuII(bpy)3]2+]) to [(N4Py)FeIV(O)]2+ in the presence of HOTf (10 mM) in MeCN at 298 K. The 

black circles show the driving force dependence of the rate constants (log ket) of electron transfer from 

electron donors [(11) decamethylferrocene, (12) octamethylferrocene, (13) 1.1’-dimethylferrocene, (14) 

n-amylferrocene and (15) ferrocene] to [(N4Py)FeIV(O)]2+ in the absence of HOTf in MeCN at 298 K.23 
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electron transfer (PCET) from various electron donors to the monoprotonated species 

([(N4Py)FeIV(OH)]3+) and the diprotonated species ([(N4Py)FeIV(OH2)]4+), 

respectively.16 

 

– kf = k0 + [HOTf](k1 + k2[HOTf])                                      (5) 

 
kf/[HOTf] = k1 + k2[HOTf]                                             (6) 

 

The first-order rate constants (kET) of PCET from various electron donors to the 

diprotonated species ([(N4Py)FeIV(OH2)]4+ in the precursor complexes have been 

reported to be well fitted as a function of the driving force of PCET [–ΔGet = e(Ered – 
Eox), where e is the elementary charge, Ered is the one-electron reduction potential of  

[(N4Py)FeIV(O)]2+, and Eox is the one-electron oxidation potential of an electron donor] 

by the Marcus equation of outer-sphere electron transfer as given by eq 7,   

 

kET = (kBT/h )exp[–(λ/4)(1 + ΔGet/λ)2/kBT]                             (7) 

 

where kB is the Borzmann constant, T is absolute temperature, h is the Planck constant 

and λ is the reorganization energy of electron transfer.17 The driving force dependence 

of kox of oxidation of styrene derivatives by [(N4Py)FeIV(O)]2+ in the presence of HOTf 

(10 mM) in MeCN at 298 K is compared with that of kET of PCET from various electron 

donors to [(N4Py)FeIV(O)]2+ under the same conditions as shown in Figure 10, where a 

remarkably unified correlation was observed for kox and kET using the same value of 

reorganization energy of electron transfer (λ = 2.74 eV).  
The unified driving force dependence of kox and kET in Figure 10 strongly indicates 

that the rate-determining step in oxidation of styrene derivatives to [(N4Py)FeIV(O)]2+ in 

the presence of HOTf (10 mM) in MeCN is PCET from styrene derivatives to the 

diprotonated species ([(N4Py)FeIV(OH2)]4+) as shown in Scheme 1, which has been 

proposed for oxidation of toluene and thioanisole derivatives by 

[(N4Py)FeIV(OH2)]4+.15,16 The formation constants of precursor complexes of 

[(N4Py)FeIV(OH2)]4+ with styrene derivatives prior to electron transfer in Table 1 are 

similar to those reported for toluene and thioanisole derivatives.16 The rate-determining 

PCET may be followed by rapid O•– transfer from [(N4Py)FeIII(OH2)]3+ to styrene 

radical cation to produce [(N4Py)FeII]2+ and styrene oxide by releasing two protons  
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(Scheme 1). [(N4Py)FeII]2+ may be oxidized by [(N4Py)FeIV(O)]2+ with two protons to 

produce two equivalents of [(N4Py)FeIII]2+ and H2O (eq 1). The styrene oxide may be 

further reduced by [(N4Py)FeIV(O)]2+ in the presence of HOTf to produce 

benzyaldehyde (eq 2), which was confirmed by starting the reaction using styrene oxide 

instead of styrene (Figure 11). Because the Eox value of styrene oxide (1.6 V vs SCE) is 

lower than the Eox value of styrene, the oxidation of styrene oxide by [(N4Py)FeIV(O)]2+ 

in the presence of HOTf may also proceed via the rate-determining PCET pathway. 

 

Figure 11. Plot of pseudo-first-order rate constant (kf) vs concentration of styrene oxide to determine the 

second-order rate constants (kobs) of oxidation of styrene epoxide by [(N4Py)FeIV(O)]2+ (0.25 mM) in the 

presence of HOTf (10 mM) in MeCN at 298 K. The kobs value was determined from the slop as 1.88 M–1 

s–1. 

 

Figure 12. Plot of second-order rate constant (kobs) vs concentration of HOTf for oxidation of 

cyclohexene by [(N4Py)FeIV(O)]2+ (0.25 mM) in the presence of HOTf (10 mM) in MeCN at 298 K. 
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Scheme 1. Proposed Unified Mechanism of Oxidation of Styrene, Toluene and Thioanisol Derivatives by 

[(N4Py)FeIV(O)]2+ in the Presence of HOTf   

 

When styrene (Eox = 1.88 V vs SCE) was replaced by cyclohexene (Eox = 2.28 V vs 

SCE), no acceleration of the rate of oxidation of cyclohexene by [(N4Py)FeIV(O)]2+ was 

observed by the presence of HOTf in MeCN at 298 K (Figure 12) in contrast with the 

case of styrene (Figure 1). Since the driving forces of PCET from styrene and 

cyclohexene to [(N4Py)FeIV(O)]2+ in the presence of 10 mM HOTf  are –ΔGet = –0.30 
eV and 0.75 eV, respectively, the energetic limit for the PCET pathway may be around  

–ΔGet > –0.30 eV.16 

 

Conclusion 

Protonation of [(N4Py)FeIV(O)]2+ with HOTf has made it possible to epoxidize 

styrene derivatives via PCET from styrene derivatives to [(N4Py)FeIV(OH2)]4+ as the 

case of C-H bond cleavage of toluene derivatives and sulfoxidation of thioanisole 

derivatives by [(N4Py)FeIV(O)]2+ with HOTf. Such a drastic enhancement of the 

reactivity of [(N4Py)FeIV(O)]2+ with HOTf via PCET pathways may open a new 

strategy for efficient epoxidation of olefins by high-valent metal-oxo complexes. 
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Concluding Remarks 
 

In this thesis, the remarkable acceleration effects of Lewis acids, such as Sc3+ ions, 

perchloric acid (HClO4) and triflic acid (HOTf), on the reactivity of a nonheme 

iron(IV)-oxo complex ([(N4Py)FeIV(O)]2+) for oxidation of various organic substrates 

have been demonstrated in relation with proton–coupled electron transfer (PCET) and 

metal-ion coupled electron transfer (MCET) from electron donors to [(N4Py)FeIV(O)]2+.  

 

Chapter 1 described enhancement of the rate of sulfoxidation of thioanisole 

derivatives by [(N4Py)FeIV(O)]2+ in the presence of Sc(OTf)3. The rate of sulfoxidation 

was accelerated as much as 102-fold by the addition of Sc3+. The switch of a reaction 

mechanism was demonstrated in the oxidation of thioanisole derivatives by 

[(N4Py)FeIV(O)]2+ from direct oxygen atom transfer to MCET by addition of Sc(OTf)3 

in acetonitrile depending on the oxidation potentials of thioanisole derivatives. This is 

the first example of a new reaction pathway to enhance the reactivity of the nonheme 

iron(IV) complex by binding of redox-inactive metal ions such as Sc3+ ion. 

In chapter 2, effects of Sc3+ on oxidation of N,N-dimethylaniline (DMA) derivatives 

by [(N4Py)FeIV(O)]2+ were clarified in detail. Demethylation of DMA occurred via 

electron transfer from DMA to [(N4Py)FeIV(O)]2+, followed by proton transfer from 

DMA•+ to [(N4Py)FeIII(O)]+. The rate of the initial electron-transfer step was 

remarkably accelerated by Sc3+ ion–coupled electron transfer. However, the subsequent 

proton transfer is prohibited by the binding of Sc3+ to [(N4Py)FeIII(O)]+, when DMA•+ 

dimerizes to form TMB, which is further oxidized by [(N4Py)FeIV(O)]2+ to yield TMB•+ 

as the final three-electron oxidized product. When para-substituted DMA derivatives 

(X-DMAs, X = Me, Br and CN) are employed, the initial electron transfer is also 

remarkably accelerated by Sc3+ ions. The resulting X-DMA•+ cannot dimerize because 

of the blockage of para-position, leading to the demethylation. The rate constants of 

Sc3+ ion–coupled electron transfer from X-DMA to [(N4Py)FeIV(O)]2+, agree well with 

those predicted by the Marcus plot of the rate constants of Sc3+ ion–coupled electron 

transfer from one-electron reductants to [(N4Py)FeIV(O)]2+.  

In chapter 3, rates of sulfoxidation of thioanisoles by [(N4Py)FeIV(O)]2+ was shown 

to be more accelerated when Sc(OTf)3 was replaced by HClO4. The comparison of the 

observed second-order rate constants of sulfoxidation of thioanisoles by 

[(N4Py)FeIV(O)]2+ with those of PCET from electron donors to [(N4Py)FeIV(O)]2+ in 
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light of the Marcus theory of outer-sphere electron transfer has led to conclude that 

acid–promoted sulfoxidation of thioanisoles by [(N4Py)FeIV(O)]2+ proceeds via 

outer-sphere PCET from thioanisole derivatives to the monoprotonated complex 

([(N4Py)FeIV(OH)]3+) rather than oxygen atom transfer from [(N4Py)FeIV(OH)]3+ to 

thioanisoles. Such an activation of iron(IV)-oxo species by the protonation will expand 

the scope of acid–promoted reactions of high-valent metal-oxo complexes as the case of 

organic compounds containing C=O bond. 

Chapter 4 described that the rates of C–H bond cleavage of toluene derivatives by 

[(N4Py)FeIV(O)]2+ were remarkably enhanced by Brønsted acid (HClO4) to yield benzyl 

alcohol derivatives and [(N4Py)FeIII(OH2)]3+. The mechanism of C–H bond cleavage of 

toluene derivatives by [(N4Py)FeIV(O)]2+ was changed from hydrogen atom transfer in 

the absence of HClO4 to PCET via precursor complexes formed between toluene 

derivatives and [(N4Py)FeIV(OH)]3+ as indicated by the unified correlation of log kET vs 

the driving force of PCET in light of the Marcus theory of outer-sphere electron 

transfer.  

The remarkable acceleration effects of HOTf and Sc3+ ions on rates of oxidation of 

toluene and thioanisole derivatives by [(N4Py)FeIV(O)]2+ were described in Chapter 5. 

In the presence of Lewis acids, HOTf and Sc3+ ions, C–H bond cleavage of toluene 

derivatives and sulfoxidation of thioanisoles occurred efficiently to yield stoichiometric 

amount of the corresponding benzyl alcohol and sulfoxide derivatives, respectively. No 

KIE was observed when toluene was replaced by toluene-d8 for the oxidation by 

[(N4Py)FeIV(O)]2+ in the presence of HOTf, suggesting that the rate-determining step is 

PCET from toluene to [(N4Py)FeIV(O)]2+. An inverse KIE was observed for PCET from 

both [RuII(bpy)3]2+ and toluene to [(N4Py)FeIV(O)]2+ when HOTf was replaced by 

DOTf, suggesting that the O–H bond of the protonated [(N4Py)FeIV(O)]2+ at the 

transition state of PCET is significantly stronger than that of the ground state. The 

unified correlations of driving force dependence of log kET in oxidation of toluene and 

thioanisole derivatives by [(N4Py)FeIV(O)]2+ as well as electron transfer from electron 

donors to [(N4Py)FeIV(O)]2+ in the presence of HOTf and Sc3+ ions indicate that 

oxidation of toluene and thioanisole derivatives by [(N4Py)FeIV(O)]2+ in the presence of 

HOTf and Sc(OTf)3 proceeds via the rate-determining PCET and MCET, respectively. 

A boundary between electron transfer vs concerted pathways is determined by the 

driving force of electron transfer. PCET and MCET pathways are dominant when –ΔGet 

> –0.5 eV, whereas concerted pathways become dominant when –ΔGet < –0.5 eV.  
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The rate of epoxidation of styrene derivatives by [(N4Py)FeIV(O)]2+ was also 
accelerated by the presence of HOTf as described in chapter 6. Protonation of 
[(N4Py)FeIV(O)]2+ with HOTf has made it possible to epoxidize styrene derivatives via 
PCET from styrene derivatives to [(N4Py)FeIV(OH2)]4+ as the case of C–H bond 
cleavage of toluene derivatives and sulfoxidation of thioanisole derivatives by 
[(N4Py)FeIV(O)]2+ with HOTf.  

 As demonstrated in this thesis, high-valent nonheme iron(IV)-oxo complexes can be 

converted to the much more powerful oxidants by binding Lewis acids such as HOTf 

and Sc(OTf)3. The protonated or metal–bound high-valent metal-oxo complexes would 

be applicable to a new oxidation reaction such as C–C bond formation which has never 

been done by high-valent nonheme iron (IV)-oxo complexes. The unified view of 

enhancement of oxidative C–H bond cleavage of toluene derivatives, sulfoxidation of 

thioanisole derivatives and epoxidation of styrene derivatives by a nonheme 

iron(IV)-oxo complex via PCET and MCET demonstrated in this study provides 

generalized understanding of variety of PCET and MCET pathways for oxidation of 

substrates by metal-oxygen species. 
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