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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 (0.4) 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.

■ 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(IV) 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-tetraazacy-
clotetradecane).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
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reactivity of nonheme iron(IV)−oxo complexes has not been
made, either.
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 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.
In this paper, PCET and MCET are defined as electron-transfer
reactions, which occur by binding of protons and metal ions to
electron acceptors, respectively.27 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
and 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.28 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.19,29 Iodosylbenzene (PhIO) was
prepared by a literature method.30 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′-dimethyl-2,2′-bipyridine), [(RuII(5,5′-Me2bpy)3](PF6)2
(5,5′-Me2bpy = 5,5′-dimethyl-2,2′-bipyridine), [RuII(bpy)3](PF6)2 and
[RuII(NO2phen)3](PF6)2 (NO2phen = 5-nitro-1,10-phenanthroline)
were prepared according to published procedures.31 [FeII(bpy)3]-
(PF6)2 was obtained by the addition of an aqueous solution containing
an excess amount of NaPF6 to an aqueous solution containing a
stoichiometric amount of the bpy ligand and 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
at 695 nm 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 the oxidation reactions 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.
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 in excess more than 10-fold 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) were 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.

Instrumentation. The EPR spectra were measured with a JEOL
X-band spectrometer (JES-RE1XE). The EPR spectra were recorded
under nonsaturating 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 MeCN-d3.

■ 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);

+ + +

→ +

+ +

+

PhCH 2[(N4Py)Fe (O)] 2H H O

PhCH OH 2[(N4Py)Fe (OH )]
3

IV 2
2

2
III

2
3

(1)

see Figures S1−S3 in Supporting Information (SI). The
[(N4Py)FeIV(O)]2+ complex acted as a one-electron oxidant,
when the yield of benzyl alcohol in the presence of HOTf was
50% based on [(N4Py)FeIV(O)]2+ (Figure S1 in SI). Other
toluene derivatives were also oxidized by [(N4Py)FeIV(O)]2+ in
the presence of HOTf to produce the alcohol products with the
maximum yield of 50%.
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 S4 in SI) with a
large excess of toluene and HOTf. The pseudo-first-order rate
constant (kf) increased linearly with increasing concentration of
toluene (Figure S5a in SI). Similarly the kf values were also
proportional to concentrations of toluene derivatives (Figures
S5b−S5f in SI). The observed second-order rate constants
(kobs) of oxidation of toluene derivatives by [(N4Py)Fe

IV(O)]2+

were determined from the slopes of plots of kf vs
concentrations of toluene derivatives in the absence and
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presence of HOTf (10 mM) in MeCN at 298 K as listed in
Table 1.
The kobs values increased with increasing concentration of

HOTf, [HOTf], exhibiting first-order and second-order

dependence on [HOTf] at lower and higher concentrations
of HOTf, respectively, as given by eq 2 (Figure 2),

= + +k k k k[HOTf]( [HOTf])obs 0 1 2 (2)

− = +k k k k( )/[HOTf] [HOTf]obs 0 1 2 (3)

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 the time course of absorbance monitored at
695 nm due to the decay of [(N4Py)FeIV(O)]2+.

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

kobs, M
−1 s−1

no. thioanisole and toluene derivative Eox (vs SCE, V)
a,b without acida,b with Sc(OTf)3 (10 mM) with HOTf (10 mM)e

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-pentamethylbenzene 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 (6.5 ± 0.2) × 10−4

8 p-Me-thioanisole 1.24 1.3 ± 0.1 (8.4 ± 0.4) × 10a (1.5 ± 0.1) × 104

9 thioanisole 1.34 (8.7 ± 0.4) × 10−1 (1.9 ± 0.1)× 10a (3.2 ± 0.2) × 103

10 p-Cl-thioanisole 1.37 (4.0 ± 0.2) × 10−1 4.2 ± 0.2a (1.1 ± 0.1) × 103

11 p-Br-thioanisole 1.41 (1.5 ± 0.1) × 10−1 3.7 ± 0.2a (1.0 ± 0.1) × 103

12 p-CN-thioanisole 1.61 (4.4 ± 0.2) × 10−2 (6.8 ± 0.3) × 10−2a (1.0 ± 0.1) × 102

ket, M
−1 s−1

no. electron donor Eox (vs SCE, V)
c without acid with Sc(OTf)3 (10 mM) with HOTf (10 mM)

13 [FeII(Ph2phen)3]
2+ 1.02 NRd (1.4 ± 0.1) × 103a (7.9 ± 0.4) × 103

14 [FeII(bpy)3]
2+ 1.06 NRd (2.1 ± 0.1) × 102a (2.5 ± 0.1) × 103

15 [RuII(4,4′-Me2bpy)3]
2+ 1.11 NRd (7.0 ± 0.3) × 10 (5.0 ± 0.2) × 102

16 [RuII(5,5′-Me2bpy)3]
2+ 1.16 NRd (4.0 ± 0.2) × 10 (2.5 ± 0.1) × 102

17 [FeII(Clphen)3]
2+ 1.20 NRd 9.4 ± 0.4a (2.5 ± 0.1) × 102

18 [RuII(bpy)3]
2+ 1.24 NRd 9.0 ± 0.4a (5.0 ± 0.2) × 10

aTaken from ref 23c and 32. bTaken from ref 26. cTaken from refs 23c 31, and 33. dNR = no reaction. eThe rate constant of the natural decay of
[(N4Py)FeIV(O)]2+ in the presence of 10 mM of HOTf in MeCN at 298 K was determined to be 3.0 × 10−6 s−1, which is much smaller than the
observed pseudo-first-order rate constants of oxidation of substrates by [(N4Py)FeIV(O)]2+ in the presence of 10 mM of HOTf in MeCN at 298 K.

Figure 2. 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.
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where k0, k1 and k2 correspond to the 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)]

4+), which exhibit
zero-, first-, and second-order dependence on [HOTf],
respectively.26 Equation 2 is rewritten by eq 3, which exhibits
a linear correlation of (kobs − k0)/[HOTf] vs [HOTf] as shown
in Figure S6 in SI. This indicates that the protonation
equilibrium constants were too small to be detected as
indicated by no shift of the absorption maximum (695 nm)
due to [(N4Py)FeIV(O)]2+ in the presence of 50 mM HOTf
(Figure 1). Otherwise, the kobs values in Figure 2 would exhibit
a saturation behavior with increasing concentration of HOTf
due to the protonation equilibrium.
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 S7
in SI). 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 hexamethylben-
zenze) by [(N4Py)FeIV(O)]2+ in the presence of HOTf,
HClO4 (70%),26 and Sc(OTf)3 (50 mM) are compared in
Table S1 in SI, 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 deuterated compound

(toluene-d8), a large deuterium kinetic isotope effect (KIE) was
observed in the absence of HOTf (KIE = 31) as shown in
Figure 3. 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+.34−37 In the
presence of HOTf, the KIE value decreased with increasing
concentration of HOTf to reach KIE = 1 at concentrations of
HOTf larger than 50 mM (Figure 3). 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 (HAT) 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 Thio-
anisole 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

+

→ +

+

+

PhSCH [(N4Py)Fe (O)]

PhS(O)CH [(N4Py)Fe ]
3

IV 2

3
II 2

(4)

The rate of sulfoxidation of thioanisole derivatives by
[(N4Py)FeIV(O)]2+ was 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
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 S8 in SI). The kobs values
increase with increasing concentration of HOTf in accordance
with eq 2 (Figure S9 in SI).23c The kobs values of oxidation of
thioanisole derivatives by [(N4Py)FeIV(O)]2+ in the presence
of HOTf (10 mM) in MeCN at 298 K are also listed in Table 1.

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 4. Both the ket values with DOTf and
HOTf 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 (DOTf) = 2.5 mM, increasing to be a constant value of
0.40 ± 0.04 at the higher concentrations of HOTf (DOTf) as

Figure 3. 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.

Figure 4. 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.
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shown in Figure S10a in SI. 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.38 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 the difference is 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 O−H bond strength between [(N4Py)-
FeIII(OH)]2+ and [(N4Py)FeIV(OH)]3+ (monoprotonated
species) may be larger than that between [(N4Py)-
FeIII(OH2)]

3+ and [(N4Py)FeIV(OH2)]
4+ (diprotonated).

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 (>50 mM) in comparison with
those in the presence of HOTf as shown in Figure 5. The KIE

value decreases with increasing concentration of HOTf (Figure
S10b in SI) 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 S10a in SI. The
same inverse KIE of the oxidation of toluene as that of PCET
together with the absence of KIE between toluene-d8 and
toluene (Figure 3) 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.39,40

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 6 (red line). The

linear plot of (ket − k0)/[HOTf] vs [HOTf] (eq 3) is shown in
the inset of Figure 6. 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 6 (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)/[M

n+(OTf)n] vs [M
n+(OTf)n],

respectively.23a

Figure 7 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 triflates to the
carbonyl oxygen from that in the absence of acids.41 According
to the shift of fluorescence emission energy (Δhν), the relative
Lewis acidity of the 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 S11 in SI.41 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 7). The
stronger the acidity of Lewis acids is, 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+.

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 =

Figure 5. 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.

Figure 6. 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].
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1.45 V vs SCE, Figure S12 in SI) to [(N4Py)FeIV(O)]2+ (Ered =
0.51 V vs SCE)42 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 efficiently in the presence of HOTf
(10 mM) as shown in Figure 8, where the absorption band at

695 nm due to [(N4Py)FeIV(O)]2+ (λmax = 695 nm)
disappeared, accompanied by the appearance of a new
absorption band at 650 nm due to [RuIII(NO2phen)3]

3+ (λmax
= 650 nm) with an isosbestic point at 730 nm. 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 9,
which indicates that there is a PCET equilibrium as given in eq
5.

+ +

⇄ +

+ + +

+ +

[(N4Py)Fe (O)] [Ru (NO phen) ] 2H

[(N4Py)Fe (OH )] [Ru (NO phen) ]
k

IV 2 II
2 3

2

III
2

3 III
2 3

3et

(5)

The PCET equilibrium constant Ket was determined by
fitting the plot in Figure 9 to be Ket = 24. The Ered 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,

= +E E RT F K( / ) lnred ox et (6)

which is much higher than that in the presence of Sc(OTf)3 (10
mM; 1.19 V vs SCE) reported previously.23b,43 The Ered values
in the presence of various concentrations of HOTf and
Sc(OTf)3 were also determined from the Ket values and the Eox
value of [RuII(NO2phen)3]

2+ using eq 6.
The dependence of Ered of [(N4Py)FeIV(O)]2+ on log-

[HOTf] and log[Sc(OTf)3] is shown in Figure 10, 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 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,

= +

+

E E RT F K

K K

(2.3 / ) log( [Acid]

[Acid] )
red

0
red red1

red1 red2
2

(7)

= ° +E E RT F K K2(2.3 / ) log( [Acid])red red red1 red2 (8)

where the slope of the plot of Ered vs log[Acid] is 2(2.3RT/F) =
118 mV at 298 K, which agrees well with the experimental
values in Figure 10. 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

Figure 7. Plots of log k1 (red circles) and log k2 (blue squares) vs Δhν
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 8. 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.

Figure 9. 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.
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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 S13 and S14 in SI).
Unified Driving Force Dependence of Rate Constants.

The dependence of 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 11 (red line). A

unified correlation is observed for plots of log kobs of oxidation
of toluene and 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+ and the reorganization energies of the
electron donors are virtually the same as reported for
photoinduced electron-transfer reactions of aromatic com-
pounds.32 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 11).
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 11).
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-dimethylben-
zene (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 11).
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.

−Δ = −G e E E( )et red ox (9)

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 12) is well fitted by the Marcus equation of
outer-sphere electron transfer (eq 10),44

λ λ= − + Δk Z G k Texp[ ( /4)(1 / ) / ]et et
2

B (10)

where Z is the frequency factor, which is kBTK/h (kB is the
Boltzmann 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−1.45−48 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 reactions
of coordinatively saturated metal complexes.
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. The log kobs
values of oxidation of toluene and thioanisole derivatives by

Figure 10. Dependence of Ered of [(N4Py)Fe
IV(O)]2+ on log[HOTf]

(red circles) and log[Sc(OTf)3] (black circles) in deaerated MeCN at
298. Black and red lines are fitted by eq 8.

Figure 11. Plot of log kobs vs oxidation potentials (Eox) of toluene and
thioanisole derivatives [(1) hexamethylbenzene, (2) 1,2,3,4,5-pentam-
ethylbenzene, (3) 1,2,4,5-tetramethylbenzene, (4) 1,2,4-trimethylben-
zene, (5) 1,4-dimethylbenzene, (6) 1,3,5-trimethylbenzene, (7)
toluene, (8) p-Me-thioanisole, (9) thioanisole, (10) p-Cl-thioanisole,
(11) p-Br-thioanisole, and (12) p-CN-thioanisole] 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.
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[(N4Py)FeIV(O)]2+ in the presence of HOTf and Sc(OTf)3
larger 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 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 respectively in a and b of Figure 13. 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, 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. Equation 11 is rewritten
by eq 12, which predicts a linear correlation between kf

−1 and
[S]−1.

= +k k K K[S]/(1 [S])f ET (11)

= +− − −k k K k( [S])f
1

ET
1

ET
1

(12)

From the intercepts and slopes of linear plots of kf
−1 and [S]−1

(Figure S15 in SI), the K values were determined as listed in
Table 2. The K values of oxidation of 1,2,4,5-tetramethylben-

zene 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 2 (Figures S16−S18 in SI).
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

Figure 12. Plots of log kobs for oxidation of toluene and thioanisole
derivatives [(1) hexamethylbenzene, (2) 1,2,3,4,5-pentamethylben-
zene, (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-thioanisole, (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
[−ΔG = 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
ke t) 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 HOTf (10

mM) and Sc(OTf)3 (10 mM) in MeCN at 298 K. The black line is
drawn using eq 10 with λ = 2.74 eV.25,42 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-amylferro-
cene, and (23) ferrocene] to [(N4Py)FeIV(O)]2+ in the absence of
acids in MeCN at 298 K.42

Figure 13. Plots of pseudo-first-order rate constants (kf) of oxidation of p-CN-thioanisole by [(N4Py)FeIV(O)]2+ (0.25 mM) in the presence of (a)
HOTf (10 mM) and (b) Sc(OTf)3 (10 mM) in MeCN at 298 K vs concentration of p-CN-thioanisole.

Table 2. 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

formation constant (K, M−1)

toluene and
thioanisole derivative 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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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 are
significantly larger than those employed for outer-sphere
electron-transfer reactions of coordinatively saturated metal
complexes (K = ∼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 2. Figure 14

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.42 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 14). The λ
value of the MCET (2.27 eV) smaller 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 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 14 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 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)FeIII]3+ 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]3+ 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 and 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 circles in Figure 14). 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 than an electron-transfer pathway.

■ 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 a
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 (>50 mM),
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
14) indicate that oxidation of toluene and thioanisole

Figure 14. Plots of log kET for C−H bond cleavage of toluene
derivatives and sulfoxidation of thioanisole derivatives [(1) hexame-
thylbenzene, (2) 1,2,3,4,5-pentamethylbenzene, (3) 1,2,4,5-tetrame-
thylbenzene, (4) 1,2,4-trimethylbenzene, (5) 1,4-dimethylbenzene, (6)
1,3,5-trimethylbenzene, (7) toluene, (8) p-Me-thioanisole, (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 acids (10 mM), HOTf (red) and Sc(OTf)3 (blue), in
MeCN at 298 K vs the driving force of electron transfer [−ΔG = 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.42
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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 causes 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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