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ABSTRACT: The reactivity of a nonheme iron(IV)-oxo
complex, [(N4Py)FeIV(O)]2+ (N4Py = N,N-bis(2-pyridyl-
methyl)-N-bis(2-pyridyl)methylamine), was markedly en-
hanced 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+.

■ 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 com-
plexes, which were characterized by various spectroscopic
methods and X-ray crystallography.3−13 Over the past several
decades, the reactivities 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 reactivities of iron(IV)-oxo
complexes are affected by supporting and axial ligands, solvents
and other various reaction conditions.8−17 Understanding
factors that control the reactivity of nonheme iron complexes
in oxidation reactions are 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 com-
plexes, it is possible to have strong interactions between
substrates and protonated nonhem iron(IV)-oxo complexes in
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proton-coupled electron-transfer (PCET) reactions.19 How-
ever, C−H bond cleavage via PCET from substrates to
nonheme iron(IV)-oxo complexes has yet to be reported.
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.

■ 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 S1 in Supporting
Information (SI)]. 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 S2 in SI) indicates the
quantitative conversion because [(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.

15,22−24

No further oxidation of pantametheylbenzyl alcohol was
observed. The one-electron oxidation potential of pentam-
ethylbenzyl 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 em-
ployed 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,18,19,25 which is much more positive than the one-electron
oxidation potential of [(N4Py)FeII(MeCN)]2+ (Eox = 1.00 V vs
SCE).26 Thus, [(N4Py)FeII(MeCN)]2+ is oxidized by [(N4Py)-
FeIV(O)]2+ in the presence of HClO4 to produce [(N4Py)-
FeIII]3+ (Figure S1 in SI).
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 1, 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) (Figure 1a vs b).
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
(see Figure S3 in SI). 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 2). The kobs values
of other toluene derivatives also exhibited linear correlations
with HClO4 concentration as given by eq 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
[Ru(bpy)3]

2+ to aromatic carbonyl compounds and [HClO4]

Figure 1. 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+.

= +k k k [HClO ]obs 0 1 4 (2)
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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 for oxidation of 1,2,4,5-tetramethylbenzene with
[FeIV(O)(N4Py)]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 concentration (Figure S4 in SI). 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 [FeIV(O)(N4Py)]2+ both in
the absence and presence or 10 mM of HClO4 remain constant
irrespective of concentration of tetra-n-butylammonium per-
chlorate (TBAP) as shown in Figure S5 in SI. 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 3a,

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.29−32

Figure 2. Plots of kobs vs HClO4 concentration in oxidation of (a)
hexamethylbenzene, (b) 1,2,3,4,5-pentamethylbenzene, (c) 1,2,4,5-
tetramethylbenzene and (d) 1,3,5-trimethylbenzene) with [(N4Py)-
FeIV(O)]2+ in the presence 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

kobs, M
−1 s−1

toluene derivative Eox (vs SCE, V)
a 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

aTaken from ref 33.

Figure 3. (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.
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In the presence of HClO4, the kobs value of oxidation of
mesitylene with [(N4Py)FeIV(O)]2+ increased with increasing
concentration of HClO4 (Figure 2d). However, the KIE value
decreased significantly with increasing concentration of HClO4
as shown in Figure 3b, where the large KIE value of 31 in the
absence of HClO4 is 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 4. 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 monoproto-
nated iron(IV)-oxo complex ([(N4Py)FeIV(OH)]3+) in the
presence of HClO4 (eq 4) under the conditions in Figure 4.

In the presence of HClO4, PCET from toluene derivatives to
[(N4Py)FeIV(OH)]3+ 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
toluene derivatives as shown in Figure 2, 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 5). Such mixture

of the first- and second-order dependence of kobs on [HClO4] is
given by eq 5,

= ′ + ′ + ′k k k k[HClO ] [HClO ]obs 0 1 4 2 4
2

(5)

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,

= ′ + ′k k k/[HClO ] [HClO ]obs 4 1 2 4 (6)

which predicts a linear correlation between kobs/[HClO4] vs
[HClO4]. Linear plots of kobs/[HClO4] vs [HClO4] are shown
in Supporting Information (Figure S6). The first- and second-
order dependence of kobs on [HClO4] suggests that PCET

Figure 4. 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.

Figure 5. Plots of ket vs concentration of HClO4 in PCET from (a)
[FeI I(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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occurs from the metal complexes not only to the monoproto-
nated 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.34,35 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, 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 and K2 are the binding constants of HClO4 to
produce the monoprotonated and diprotonated iron(III)-oxo
complexes, respectively.18

−Δ = −G e E E( )et red ox (7)

= + +E E RT K K Kln( [HClO ] [HClO ] )red
0

red 1 4 1 2 4
2

(8)

Because the Ered values vary depending on [HClO4] (eq 8)
and the one-electron reduction potential of [FeIV(O)(N4Py)]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 com-
plexes 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
ion(IV)-oxo complex. Figure 6 shows the driving force
(−ΔGet) dependence of log ket of PCET of outer-sphere
reductants (coordinatively saturated metal complexes) and log
kobs of PCET of toluene derivatives to [(N4Py)FeIV(OH)]3+.
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,

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

B (9)

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−1.36−39

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 6).When the ket values of the
outer-sphere electron-transfer reactions (coordinatively satu-
rated metal complexes) are compared with those of toluene
derivatives in the absence of HClO4, the latter values (green
circles in Figure 6) 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 6) exhibit a parallel
relationship with the driving force dependence of log ket on
−ΔGet (black circles in Figure 6) 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

Scheme 1

Figure 6. Plots of log kobs for C−H bond cleavage of toluene
derivatives ((1) hexamethylbenzene, (2) 1,2,3,4,5-pentamethylben-
zene, (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) in
MeCN at 298 K vs the driving force of electron transfer [−ΔG = 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) octamethyl-
ferrocene, (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.25 The black line is drawn using eq 9 with λ = 2.74 eV. The
red line is drawn in parallel with the black line.
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driving force dependence of log kobs with log ket in Figure 6
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 depend-
ence of kf on concentration of a toluene derivative is shown in
Figure 7, 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.40 Equation 10 is rewritten by eq 11, which predicts a
linear correlation between kf

−1 vs [S]−1. Other toluene
derivatives show a similar behavior.

= +k k K K[S]/(1 [S])f ET (10)

= +− − −k k K k( [S])f
1

ET
1

ET
1

(11)

The kET and K values were determined from linear plot of
kf
−1 vs [S]−1 (Figures S8 and S9 in SI). 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 8 (see also Figure S10 in SI). The
K, ΔH and ΔS values of another toluene derivative in
temperature 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.
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 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.41 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.42−50

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 coordina-
tively 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 6 are now unified as a single correlation between log kET
vs −ΔGet in Figure 9. Such a unified correlation together with
the absence of KIE in Figure 3b 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 2.50 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.51,52 However, the single and
unified correlation between log kET an ΔGet in Figure 9, which
is well fitted by the Marcus equation (eq 9), indicates that
electron transfer from toluene derivatives to [(N4Py)-
FeIV(OH)]3+ in the precursor complexes occurs 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.53 A slight deviation from the unified line is observed
for No. 7 (toluene) in Figure 9 as well as in Figure 6, because
toluene may be on the borderline between the hydrogen atom
transfer and PCET.

Figure 7. 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 8. 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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■ 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 6).

■ 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.54

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.15,55 Iodosylbenzene (PhIO) was prepared by the
literature method.56 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) 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 pseudofirst-order conditions. First-order
fitting of the kinetic data allowed us to determine the pseudofirst-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

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

formation constant (K, M−1)

toluene derivative 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)

aAll of the values calculated by van’t Hoff equation, ln K = −ΔH/RT + ΔS/R.

Figure 9. Plots of log kET for C−H cleavage of toluene derivatives by
[(N4Py)FeIV(O)]2+ in the presence of HClO4 (70%, 10 mM) in
MeCN at 298 K vs the driving force of electron transfer [−ΔG = 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.25

The numberings of substrates denote those used in Figure 6.

Scheme 2
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confirmed that the rate constants derived from at least five
independent measurements agreed within an experimental error of
±5%. The pseudofirst-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, (meth-
yl)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 Instru-
ments 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 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.
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