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ABSTRACT: A non-heme iron(IV)−oxo complex, [(TMC)FeIV(O)]2+ (TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane), was formed by oxidation of an iron(II)
complex ([(TMC)FeII]2+) with dioxygen (O2) and tetraphenylborate (BPh4−) in the presence of scandium triﬂate
(Sc(OTf)3) in acetonitrile at 298 K via autocatalytic radical
chain reactions rather than by a direct O2 activation pathway.
The autocatalytic radical chain reaction is initiated by
scandium ion-promoted electron transfer from BPh4− to
[(TMC)FeIV(O)]2+ to produce phenyl radical (Ph•). The
chain propagation step is composed of the addition of O2 to
Ph• and the reduction of the resulting phenylperoxyl radical
(PhOO•) by scandium ion-promoted electron transfer from BPh4− to PhOO• to produce phenyl hydroperoxide (PhOOH),
accompanied by regeneration of phenyl radical. PhOOH reacts with [(TMC)FeII]2+ to yield phenol (PhOH) and
[(TMC)FeIV(O)]2+. Biphenyl (Ph−Ph) was formed via the radical chain autoxidation of BPh3 by O2. The induction period
of the autocatalytic radical chain reactions was shortened by addition of a catalytic amount of [(TMC)FeIV(O)]2+, whereas
addition of a catalytic amount of ferrocene that can reduce [(TMC)FeIV(O)]2+ resulted in elongation of the induction period.
Radical chain autoxidation of BPh4− by O2 also occurred in the presence of Sc(OTf)3 without [(TMC)FeIV(O)]2+, initiating the
autocatalytic oxidation of [(TMC)FeII]2+ with O2 and BPh4− to yield [(TMC)FeIV(O)]2+. Thus, the general view for formation
of non-heme iron(IV)−oxo complexes via O2-binding iron species (e.g., FeIII(O2•−)) without contribution of autocatalytic radical
chain reactions should be viewed with caution.

■

INTRODUCTION
Iron(IV)−oxo intermediates in enzymatic reactions are formed
by the reductive activation of dioxygen (O2) with two electrons
and two protons.1−3 Synthetic model compounds of such highvalent iron(IV)−oxo intermediates have been reported in the
reactions of heme and non-heme iron complexes with artiﬁcial
oxidants such as iodosylbenzene (PhIO), m-chloroperoxybenzoic acid (m-CPBA), and hydroperoxides (H2O2 and ROOH)
via a so-called “shunt” pathway.4−7 Alternatively, iron(IV)−oxo
complexes (FeIV(O)) can be synthesized via electron-transfer
oxidation with H2O,7−12 O2 activation with electron and proton
sources, or C−H activation by putative iron(III)−superoxo
species.13−16
Very recently, Que and co-workers reported formation of a
non-heme iron(IV)−oxo complex, [(TMC)FeIV(O)]2+ (TMC
= 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane),17
from the corresponding iron(II) complex, [(TMC)FeII]2+,
with O2 and tetraphenylborate (BPh4−) as an electron source in
the presence of Sc3+ ion.18 The reaction has been proposed to
© 2014 American Chemical Society

occur by the formation of an iron(III)−superoxo species,
[(TMC)FeIII(O2•−)]2+, in the reaction of [(TMC)FeII]2+ and
O2, followed by electron transfer from BPh4− to the iron(III)−
superoxo complex to produce an iron(III)−peroxo complex,
[(TMC)FeIII(O2)]+, which is further reduced by BPh4− with
Sc3+ to yield [(TMC)FeIV(O)]2+ via the O−O bond cleavage
(Scheme 1).18 However, neither the formation of the
iron(III)−superoxo and −peroxo complexes as intermediates
Scheme 1. Proposed Mechanism for Formation of FeIV(O)
via Reductive Activation of O218
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nor the role of Sc3+ ion has so far been clariﬁed. In addition,
BPh4− is regarded as a weak electron donor, which is generally
used as an electron donor in photoinduced electron-transfer
reactions.19,20 Thus, it is quite unlikely that BPh4− acts as an
eﬀective electron donor in the proposed mechanism (Scheme
1).
We therefore reinvestigated the O2 activation reaction by
[(TMC)FeII]2+ and BPh4− in the presence of Sc3+ ion,
especially to understand the role of the Sc3+ ion binding to
an iron(III)−peroxo complex in the O2 activation process.18,21
Interestingly, we found that the formation of [(TMC)FeIV(O)]2+ in the reaction of [(TMC)FeII]2+ and O2 in the
presence of Sc3+ ion does not occur via a simple electrontransfer reaction as shown in Scheme 1 but via Sc3+ ionpromoted radical chain autoxidation pathways, which are
autocatalyzed by the product ([(TMC)FeIV(O)]2+). We report
herein detailed mechanistic studies that unveil the roles of
BPh4− and Sc3+ ion in the generation of a high-valent
iron(IV)−oxo complex in the reaction of a non-heme iron
catalyst and O2.

Figure 2. Time courses of absorption change monitored at 820 nm for
formation of [(TMC)FeIV(O)]2+ in reactions of [(TMC)FeII]2+ (0.50
mM) with NaBPh4 (1.0 mM) and Sc(OTf)3 (1.0 mM) in the absence
and presence of a catalytic amount of [(TMC)FeIV(O)]2+ (blue, 0 M;
green, 10 μM; orange, 25 μM; red, 50 μM) in O2-saturated MeCN at
298 K. The reaction was started by adding Sc(OTf)3 to an O2saturated MeCN solution of [(TMC)FeII]2+ and NaBPh4.

■

RESULTS AND DISCUSSION
Autocatalytic Formation of [(TMC)FeIV(O)]2+. As reported previously by Que and co-workers,18 [(TMC)FeII]2+
was oxidized by O2 in the presence of Sc(OTf)3 and NaBPh4 in
O2-saturated MeCN as shown in Figure 1, where formation of

Figure 3. Time courses of absorbance at 820 nm for formation of
[(TMC)FeIV(O)]2+ in reactions of [(TMC)FeII]2+ (0.50 mM) with
NaBPh4 (1.0 mM) and Sc(OTf)3 (1.0 mM) in the absence and
presence of a catalytic amount of Fc (blue, 0 M; green, 10 μM; orange,
25 μM; red, 50 μM) in O2-saturated MeCN at 298 K.

The spectral titration for formation of [(TMC)FeIV(O)]2+ in
the oxidation of [(TMC)FeII]2+ with diﬀerent concentrations of
BPh4− and a ﬁxed concentration of Sc3+ ion in O2-saturated
MeCN is shown in Figure 4, which indicates that less than 1
equiv of BPh4− is enough to produce [(TMC)FeIV(O)]2+ with
97% yield. The spectral titration for formation of [(TMC)FeIV(O)]2+ in the oxidation of [(TMC)FeII]2+ was also

Figure 1. Absorption spectral changes observed in formation of
[(TMC)FeIV(O)]2+ in the reaction of [(TMC)FeII]2+ (0.50 mM) with
NaBPh4 (1.0 mM), and Sc(OTf)3 (1.0 mM) in O2-saturated MeCN at
298 K.

[(TMC)FeIV(O)]2+ was observed as an increase in the
absorption band at 820 nm. The time course of the reaction
was monitored by an increase in absorbance at 820 nm due to
[(TMC)FeIV(O)]2+ as shown in Figure 2, which exhibits a
sigmoidal curve with an induction period, which was not
recognized previously.18 When a catalytic amount of the
product ([(TMC)FeIV(O)]2+) was added to a reaction solution,
the induction period was shortened with increasing concentration of [(TMC)FeIV(O)]2+ as shown in Figure 2, where the
steady-state rate after the induction period was nearly the same
irrespective of the initial concentration of [(TMC)FeIV(O)]2+
(the reason is discussed later). Such an autocatalytic behavior
was conﬁrmed by the eﬀect of a catalytic amount of Fc which
can reduce [(TMC)FeIV(O)]2+ as shown in Figure 3, where the
induction period increased with an increase in concentration of
Fc. Fc is known to act as an electron donor to reduce
[(TMC)FeIV(O)]2+.22,23 After Fc was consumed, the reaction
started rapidly without any induction period (Figure 3).

Figure 4. Plot of absorbance at 820 nm vs ratio of BPh4− to
[(TMC)FeII]2+ for formation of [(TMC)FeIV(O)]2+ in reaction of
[(TMC)FeII]2+ (0.50 mM) with NaBPh4 and Sc(OTf)3 (1.0 mM) in
O2-saturated MeCN at 298 K.
8043
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performed with diﬀerent concentrations of Sc3+ and a ﬁxed
concentration of BPh4− in O2-saturated MeCN as shown in
Figure 5, which indicates that less than 1 equiv of Sc3+ is also

and Ph3B. However, the yield of Ph3B (20%) is much less than
that expected from eq 1 (100%) and the formation of Ph−Ph is
not included in eq 1.
[(TMC)Fe II]2 + + BPh4 − + O2 + Sc 3 + + H 2O
→ [(TMC)Fe IV (O)]2 + + PhOH + BPh3 + Sc(OH)2 +
(1)

The biphenyl (Ph−Ph) may be produced by radical coupling
of Ph•. However, such radical coupling reaction acts as a
termination step for the radical chain reactions in Scheme 2.
The maximum chain length is evaluated as the ratio of the
maximum rate of formation of [(TMC)FeIV(O)]2+ to the slow
decay rate of [(TMC)FeIV(O)]2+ at prolonged reaction time
(Figure 6) to be 290, because the decay rate of [(TMC)Figure 5. Plot of absorbance at 820 nm vs ratio of Sc3+ to
[(TMC)FeII]2+ for formation of [(TMC)FeIV(O)]2+ in reaction of
[(TMC)FeII]2+ (0.50 mM) with NaBPh4 (1.0 mM) and Sc(OTf)3 in
O2-saturated MeCN at 298 K.

enough to produce [(TMC)FeIV(O)]2+. The 1H NMR
spectrum of an O2-saturated CD3CN solution after the
oxidation of [(TMC)FeII]2+ with BPh4− and Sc3+ is shown in
Figure S1 in Supporting Information. By comparison of 1H
NMR spectra of authentic samples, the product yields based on
the amount of BPh4− were determined as phenol (PhOH,
95%), biphenyl (Ph−Ph, 56%), triphenylborane (Ph3B, 20%),
and diphenylborinic acid (Ph2BOH, 78%).24,25 The 1H NMR
spectra of authentic compounds are shown in Figure S2
(Supporting Information). The formation of phenol and
biphenyl was also conﬁrmed by gas chromatography−mass
spectrometry (GC−MS) (see Experimental Section and Figure
S3 in Supporting Information).
Autocatalytic Radical Chain Mechanism. The formation
of phenol can be explained by the autocatalytic radical chain
reactions in Scheme 2.26 The initiation step may be Sc3+-

Figure 6. Time proﬁles of absorbance at 820 nm after formation of
[(TMC)FeIV(O)]2+ in reaction of [(TMC)FeII]2+ (0.50 mM) with
NaBPh4 (1.0 mM) and Sc(OTf)3 (1.0 mM) in O2-saturated MeCN at
298 K.

FeIV(O)]2+, which corresponds to the initiation step (i.e., Sc3+promoted electron transfer from BPh 4 − to [(TMC)FeIV(O)]2+), is equal to the rate of the termination step
under steady-state conditions in Scheme 2. Such a large chain
length indicates that the radical coupling of Ph• is not the main
pathway for formation of Ph−Ph, which must be a product of
the chain propagation step. In this context, it is well-known that
the oxidation of organoboranes by O2 occurs via radical chain
autoxidation reactions.34,35 Thus, further autoxidation of Ph3B
may occur as shown in Scheme 3, where Ph• reacts with Ph3B
to produce Ph−Ph and Ph2B•. Ph2B• reacts further with O2 to

Scheme 2. Sc3+-Promoted Electron-Transfer Chain
Reactions for Formation of [(TMC)FeIV(O)]2+ in Reaction
of [(TMC)FeII]2+ with O2 and BPh4−

Scheme 3. Radical Chain Mechanism for Formation of Ph−
Ph and [(TMC)FeIV(O)]2+ via Autoxidation of Ph3B

promoted electron transfer from BPh4− to [(TMC)FeIV(O)]2+
to produce Ph•, BPh3, and the [(TMC)FeIII(O)]+−Sc3+
complex.27−31 Phenyl radical (Ph•) is known to react rapidly
with O2 to produce the peroxyl radical (PhOO•).32,33 Then,
Sc3+-promoted electron transfer from BPh4− to PhOO• may
occur as a propagation step to produce BPh3 and the PhOO−/
Sc3+ complex, accompanied by regeneration of Ph•. The
PhOO−/Sc3+ complex reacts with [(TMC)FeII]2+ to produce
[(TMC)FeIV(O)]2+ and PhOH after the reaction with residual
water (Scheme 2). The stoichiometry of the reaction in Scheme
2 is given by eq 1, which can explain the formation of PhOH
8044

dx.doi.org/10.1021/ja502732p | J. Am. Chem. Soc. 2014, 136, 8042−8049

Journal of the American Chemical Society

Article

produce the peroxyl radical (Ph2BOO•), which reacts with
Ph3B to produce Ph2BOOBPh2, accompanied by regeneration
of Ph•. Then, the peroxide (Ph2BOOBPh2) oxidizes [(TMC)FeII]2+ to produce [(TMC)FeIV(O)]2+. The stoichiometry of
the reaction in Scheme 3 is given by eq 2. By combining eqs 1
and 2, the overall stoichiometry is given by eq 3, which
indicates that [(TMC)FeIV(O)]2+ is produced by using less
than 1 equiv of BPh4− and Sc3+ (Figures 4 and 5).
[(TMC)Fe II]2 + + 2BPh3 + O2 + H 2O
→ [(TMC)Fe IV (O)]2 + + Ph−Ph + 2Ph 2BOH

(2)

3[(TMC)Fe II]2 + + 2BPh4 − + 3O2 + 2Sc3 + + 3H 2O

Figure 8. Time proﬁles of absorbance at 820 nm in reactions of
[(TMC)FeII]2+ (0.50 mM) with NaBPh4 (1.0 mM) and Sc(OTf)3 (1.0
mM) in the absence and presence of a catalytic amount of isopentyl
nitrite (blue, 0 M; green, 10 μM; orange, 25 μM; red, 50 μM) in O2saturated MeCN at 298 K.

→ 3[(TMC)Fe IV (O)]2 + + Ph−Ph + 2PhOH
+ 2Ph 2BOH + 2Sc(OH)2 +

(3)

The yield of Ph−Ph (56%) is consistent with eq 2.
Diphenylborinic acid (Ph2BOH) may be produced by the
hydrolysis of Ph2BOBPh2. Biphenyl (Ph−Ph) may also be
produced by the chain termination reaction (radical coupling)
in Schemes 1 and 2. However, the contribution of the
termination step may be negligible judging from the long chain
length as indicated by the eﬀect of the catalytic amount of
ferrocene to stop the autocatalytic reaction in Figure 3.
According to Schemes 2 and 3, the autocatalytic formation of
[(TMC)FeIV(O)]2+ may be composed of two steps: one is via
the autocatalytic oxidation of Ph4B− with O2 in the presence of
Sc3+ (Scheme 2) and the other is via the autocatalytic oxidation
of Ph3B with O2 in the absence of Sc3+ (Scheme 3). The twostep time course of the formation of [(TMC)FeIV(O)]2+ is
shown in Figure 7, where the fast component corresponds to

electron transfer from BPh4− to isopentyl nitrite. On the other
hand, addition of a catalytic amount of tetramethyl-pbenzoquinone retarded the formation of [(TMC)FeIV(O)]2+
as shown in Figure S4 (Supporting Information), probably due
to the radical trap of the chain carrier in Schemes 2 and 3.
In order to determine the rate-determining step in the
autocatalytic formation of [(TMC)FeIV(O)]2+ in Schemes 2
and 3, the eﬀects of concentrations of NaBPh4, Sc(OTf)3, and
O2 on the rate of formation of [(TMC)FeIV(O)]2+ were
examined as shown in Figures S5, S6, and S7, respectively, of
the Supporting Information. The steady-state rate of formation
of [(TMC)FeIV(O)]2+ was proportional to concentrations of
NaBPh4, Sc(OTf)3, and O2 (Figures S5, S6, and S7,
respectively, of the Supporting Information).37 Such dependence of the steady-state rate of [(TMC)FeIV(O)]2+ on
concentrations of NaBPh4, Sc(OTf)3, and O2 suggests that
the rate-determining step in Scheme 2 may be the reaction of
Ph• with O2, because this is the only step, the rate of which is
proportional to O2 concentration. In such a case the rate of
formation of [(TMC)FeIV(O)]2+ is the same as the rate of the
reaction of Ph• with O2 as given by eq 4,
d[Fe IV (O)]/dt = k1[Ph•][O2 ]

(4)
•

where k1 is the rate constant of the addition of O2 to Ph in
Scheme 2. Because [(TMC)FeIV(O)]2+ has a radical character
such as [(TMC)FeIII−O•]2+, the termination reaction of Ph• in
the radical chain reactions in Scheme 2 may be the radical
coupling between [(TMC)FeIII−O•]2+ and Ph• to produce
[(TMC)FeIII−(OPh)]2+ as shown in eq 5,

Figure 7. Time proﬁle of absorbance at 820 nm due to [(TMC)FeIV(O)]2+ in reaction of [(TMC)FeII]2+ (0.50 mM) with NaBPh4
(1.0 mM) and Sc(OTf)3 (0.10 mM) in O2-saturated MeCN at 298 K.
The initial change is shown in the inset.

kt

[(TMC)Fe IV (O)]2 + + Ph• → [(TMC)Fe III(OPh)]2 +
(5)

IV

where kt is the rate constant of the termination reaction. Under
the steady-state conditions, the rate of the initiation (Ri) should
be the same as the rate of termination as given by eq 6,

2+

the formation of [(TMC)Fe (O)] (0.10 mM) by the
reaction of [(TMC)FeII]2+ (0.50 mM) with BPh4− (1.0 mM)
and Sc(OTf)3 (0.10 mM) (eq 1), followed by the slower
increase in absorbance at 820 nm due to [(TMC)FeIV(O)]2+
after consumption of Sc3+ (eq 2).
In order to trap Ph•, a catalytic amount of isopentyl nitrite
was added to an MeCN solution of [(TMC)FeII]2+, NaBPh4,
and Sc(OTf)3 as shown in Figure 8, because isopentyl nitrite is
known to act as a radical trap.36 To our surprise, the induction
period became shorter with increasing catalytic amount of
isopentyl nitrite. Thus, isopentyl nitrite acts as an initiator
rather than as a radical trap probably due to Sc3+-promoted

R i = k i[Fe IV (O)][BPh4 −][Sc3 +] = k t[Fe IV (O)][Ph•]

(6)

where ki is the rate constant of the initiation reaction in Scheme
2, which is proportional to concentrations of BPh4− and Sc3+.
From eq 6, eq 4 is rewritten by eq 7,
d[Fe IV (O)]/dt = k1(k i /k t)[BPh4 −][Sc 3 +][O2 ]

(7)

which agrees with the experimental results in Figure 2, where
the steady-state rate was independent of the initial concen8045
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tration of [(TMC)FeIV(O)]2+, and also the observed dependence of the steady-state rate on concentrations of NaBPh4,
Sc(OTf)3, and O2 in Figures S5−S7 in the Supporting
Information.
Initiation of Autocatalytic Radical Chain Reactions. In
Schemes 2 and 3, the initiation step is Sc3+-promoted electron
transfer from BPh4− to [(TMC)FeIV(O)]2+. Then, a question
arises: what is the initiation step in the absence of [(TMC)FeIV(O)]2+ for the autocatalytic reactions? It was found that the
autoxidation of BPh4− by O2 occurred in the presence of Sc3+
without [(TMC)FeII]2+ as shown by 1H NMR spectra of the
products in Figure S8 (Supporting Information).38 In this case,
not only PhOH and Ph−Ph but also Ph−H were produced.
The time course of the autoxidation of BPh4− by O2 occurred in
the presence of Sc3+ as shown in Figure 9. The amount of

PhOOH may decompose via radical chain reactions in
Scheme 5.40 The bimolecular reaction of PhOO• produces 2
Scheme 5. Radical Chain Mechanism for Decomposition of
PhOOH to PhOH

equiv of PhO• and 1 equiv of O2. PhO• abstracts hydrogen
from PhOOH to produce PhOH, accompanied by regeneration
of PhOO• (Scheme 5). The stoichiometry of the radical chain
reactions in Scheme 5 is given by eq 9.
2PhOOH → 2PhOH + O2

(9)

By combining eqs 8 and 9, the overall stoichiometry is given
by eq 10.
2BPh4 − + O2 + 2Sc 3 + + 2H 2O
→ 2BPh3 + 2PhOH + 2Sc(OH)2 +

According to eq 10, the expected yields of BPh3 and PhOH are
100%. However, the observed yield of BPh3 (9%) is much
smaller than the expected yield (100%), whereas the observed
yield of PhOH (75%) is close to the expected yield.
The much smaller yield of BPh3 may result from the further
autoxidation of BPh3 by O2 in Scheme 3, where BPh3 is
converted to yield Ph−Ph (43% yield). In the absence of
[(TMC)FeII]2+, Ph2BOOBPh2 may be converted to Ph2BOH
(21% yield) via the radical chain decomposition and hydrolysis
(Scheme 6). The overall stoichiometry of Scheme 6 is given by

Figure 9. Time proﬁles of autoxidation of NaBPh4 (2.0 mM, blue) in
the presence of Sc(OTf)3 (4.0 mM) in O2-saturated MeCN at 298 K
to form BPh3 (green), PhOH (orange), Ph−Ph (red), Ph2BOH (sky
blue), Ph−H (purple), and PhOOH (black).

Scheme 6. Radical Chain Mechanism for Decomposition of
Ph2BOOBPh2 to Form Ph2BOH

PhOOH produced during the autoxidation was determined by
the iodometric titration as shown in Figure S9 (Supporting
Information).39 It should be noted that no autoxidation of
BPh4− by O2 occurred in the absence of Sc3+. Thus, the
initiation may be started by Sc3+-promoted electron transfer
from BPh4− to O2 to produce Ph•, Ph3B, and the O2•−−Sc3+
complex. In the propagation step, Ph• reacts with O2 to
produce PhOO•, followed by Sc3+-promoted electron transfer
from BPh4− to PhOO• with residual water to produce Ph3B,
PhOOH, and Sc(OH)2+, accompanied by regeneration of Ph•
(Scheme 4). The overall stoichiometry of Scheme 4 is given by
eq 8.
−

BPh4 + O2 + Sc

3+

eq 11. The smaller yield of Ph2BOH than that expected from eq
11 may result from the further autoxidation of Ph2BOH by O2.
2BPh3 + 1/2O2 + H 2O → Ph−Ph + 2Ph 2BOH

(11)

The formation of Ph−H can be explained by the radical
chain reactions in Scheme 7, where Ph• reacts with PhOOH to
produce Ph−H, accompanied by regeneration of PhOO•. This
is followed by Sc3+-promoted electron transfer from BPh4− to
PhOO• with residual water to produce Ph3B and Sc(OH)2+,
accompanied by regeneration of Ph• and PhOOH (Scheme 7).

+ H 2O

→ BPh3 + PhOOH + Sc(OH)2 +

(10)

(8)

Scheme 4. Radical Chain Mechanism for Sc3+-Promoted
Autoxidation of BPh4− by O2 without [(TMC)FeII]2+

Scheme 7. Radical Chain Mechanism for Formation of Ph−
H from BPh4− with Sc3+

8046

dx.doi.org/10.1021/ja502732p | J. Am. Chem. Soc. 2014, 136, 8042−8049

Journal of the American Chemical Society

Article

The stoichiometry of the reactions of Scheme 7 is shown in eq
12. The instability of BPh4− in the presence of an acid to
produce Ph3B and Ph−H has been known for a long time,
although the reaction mechanism has yet to be clariﬁed.41
2BPh4 − + Sc 3 + + H 2O → Ph−H + BPh3 + Sc(OH)2 +
(12)
−

Autoxidation of BPh4 by O2 in the presence of Sc3+
produces hydroperoxide (PhOOH), which reacts with
[(TMC)FeII]2+ to produce [(TMC)FeIV(O)]2+, to start
autocatalyzed radical chain reactions in Scheme 2. The reaction
time for formation of [(TMC)FeIV(O)]2+ via the Sc3+promoted autocatalytic oxidation of [(TMC)FeII]2+ by O2
and BPh4− (Figure 2) is signiﬁcantly shorter than that for
Sc3+-promoted autoxidation of BPh4− by O2 without [(TMC)FeII]2+. In such a case, the order of addition of reactants aﬀects
the outcome of the reaction. When [(TMC)FeII]2+ was added
to an O2-saturated MeCN solution of NaBPh4 and Sc(OTf)3
after 10 min (green line in Figure 10), the rate and yield of

Figure 11. Time courses of absorption change monitored at 820 nm
for formation of [(TMC)FeIV(O)]2+ in reaction of [(TMC)FeII]2+
(0.10 mM) with NaBPh4 (1.0 mM) and HOTf (1.0 mM) in O2saturated MeCN at 298 K. The reaction was initiated by adding HOTf
to an O2-saturated MeCN solution of [(TMC)FeII]2+ and NaBPh4
(blue line), whereas the reaction was initiated by adding [(TMC)FeII]2+ to an O2-saturated MeCN solution of NaBPh4 and HOTf after
10 min (red line) and after 26 h (green line).

promoted formation of [(TMC)FeIV(O)]2+ via the acidpromoted autocatalytic oxidation of [(TMC)FeII]2+ by O2
and BPh4−.43−45

■

CONCLUSION
In summary, we have demonstrated that formation of a nonheme iron(IV)−oxo complex by reductive O2 activation with
BPh4− and Sc3+ ions proceeds via autocatalytic radical chain
reactions, in which PhOO• is the chain carrier to produce the
peroxide−Sc3+ complex (PhOO−/Sc3+) that reacts with
[(TMC)FeII]2+ to yield [(TMC)FeIV(O)]2+. The autoxidation
of BPh4− is initiated by Sc3+-promoted electron transfer from
BPh4− to [(TMC)FeIV(O)]2+ to produce Ph•, to which O2 is
added to aﬀord the chain carrier radical (PhOO•). Thus,
[(TMC)FeIV(O)]2+ is produced via an autocatalytic radical
chain reaction (Scheme 2) rather than via a direct reductive O2
activation (Scheme 1). Such autocatalytic radical chain
pathways may be generally operative when weak electron
donors such as BPh4− are employed as an electron source for
the generation of high-valent metal−oxo species with O2 and
acids. Thus, the present study provides general caution for
investigating the formation of high-valent metal−oxo complexes via O2 activation without considering the possible
contribution of autocatalytic radical chain pathways.

Figure 10. Time courses of absorption change monitored at 820 nm
for formation of [(TMC)FeIV(O)]2+ in reactions of [(TMC)FeII]2+
(1.0 mM) with NaBPh4 (2.0 mM) and Sc(OTf)3 (4.0 mM) in O2saturated MeCN at 298 K. The reaction was started by adding
Sc(OTf)3 to an O2-saturated MeCN solution of [(TMC)FeII]2+ and
NaBPh4 (black line), whereas the reaction was started by adding
[(TMC)FeII]2+ to an O2-saturated MeCN solution of NaBPh4 and
Sc(OTf)3 after 10 min (green line).

formation of [(TMC)FeIV(O)]2+ were signiﬁcantly smaller than
those when Sc(OTf)3 was added to an O2-saturated MeCN
solution of [(TMC)FeII]2+ and NaBPh4 (black line in Figure
10). In the former case, the Sc3+-promoted autoxidation of
BPh4− (Schemes 4 and 5) was mostly completed before the
addition of [(TMC)FeII]2+ when the amount of unreacted
BPh4− was not enough for the complete conversion of
[(TMC)FeII]2+ to [(TMC)FeIV(O)]2+.42
As the case of the Sc3+-promoted autocatalytic oxidation of
[(TMC)FeII]2+ by O2 and BPh4−, the formation of [(TMC)FeIV(O)]2+ was also promoted by triﬂic acid (HOTf) as shown
in Figure 11. In this case as well, the rate of formation of
[(TMC)FeIV(O)]2+ when [(TMC)FeII]2+ was added to an O2saturated MeCN solution of NaBPh4 and HOTf after 10 min
(red line in Figure 11) was signiﬁcantly slower than that when
HOTf was added to an O2-saturated MeCN solution of
[(TMC)FeII]2+ and NaBPh4 (blue line in Figure 11). The yield
of [(TMC)FeIV(O)]2+ was much lower when the addition time
of [(TMC)FeII]2+ was elongated to 26 h (green line in Figure
11). Thus, in the case of HOTf as well the acid-promoted
autoxidation of BPh4− by O2 occurred before the acid-

■

EXPERIMENTAL SECTION

Materials. Commercially available chemicals were used without
further puriﬁcation unless otherwise indicated. Solvents were dried
according to published procedures and distilled under N2 prior to
use.46 Iodosylbenzene (PhIO) was prepared by a literature method.47
Sodium tetraphenylborate (NaBPh4), phenylboronic acid (PhB(OH)2), and trifric acid (HOTf) were purchased from Tokyo
Chemical Industry Co., Ltd. Scandium triﬂate (Sc(OTf)3), triphenylborane (BPh3), biphenyl (Ph−Ph), and ferrocene (Fc) were
purchased from Aldrich Chemical. Phenol (PhOH), benzene (Ph−H),
and sodium iodide (NaI) were purchased from Wako Pure Chemical
Industries, Ltd. Deuterated [2H3]acetonitrile (CD3CN) was purchased
from Euri SO-TOP, CEA, France. Dichloroethane and TMC ligand
were purchased from Aldrich Chemical. Iron complexes, [(TMC)FeII(CH3CN)2](CF3SO3)2, and [(TMC)FeIV(O)]2+, were prepared by
literature methods.17
Kinetic Measurements. Kinetic measurements were performed
on a Hewlett-Packard 8453 spectrophotometer using a quartz cuvette
(path length = 10 mm) at 298 K. Typically, the formation reaction of
8047
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[(TMC)FeIV(O)]2+ was started by adding Sc(OTf)3 (1.0 mM) into
O2-saturated MeCN in the presence of [(TMC)FeII]2+ and NaBPh4
with other additives such as [(TMC)FeIV(O)]2+, ferrocene, isopentyl
nitrite, and tetramethyl-p-benzoquinone.
Iodometric Titrations. A 100 μL volume of the reacting O2saturated MeCN solution of NaBPh4 (2.0 mM) and Sc(OTf)3 (4.0
mM) was added to 2.0 mL of NaI-saturated MeCN solution. The
amount of formed PhOOH was calculated by monitoring the
appearance of an absorption band at 361 nm due to the corresponding
triiodide ion (I3−; λmax 361 nm, εmax = 2.5 × 104 M−1 cm−1).39
NMR and GC−MS Measurements. Nuclear magnetic resonance
(NMR) detection of BPh3, PhOH, Ph−Ph, Ph2BOH, PhB(OH)2, and
Ph−H was performed as follows: an O2-saturated MeCN-d3 solution
of Sc(OTf)3 (4.0 mM) was added to an O2-saturated MeCN-d3
solution of [(TMC)FeII]2+ (2.0 mM) and NaBPh4 (1.0 mM) or to an
O2-saturated MeCN-d3 solution of NaBPh4 (2.0 mM). After 10 min,
1
H NMR spectra were recorded on a JEOL JMN-AL-300 NMR
spectrometer at room temperature. Products were quantiﬁed by
comparison of 1H NMR spectra with that of dichloroethane (2.0 mM)
as an authentic sample. Products were also analyzed by GC−MS using
a Shimadzu QP-5000 equipped with a Restek Rxi-5Sil MS (30 m, 0.25
mm i.d., 0.25 mm df) and electron impact ionization.
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