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Conversion of high-spin iron(III)–alkylperoxo to
iron(IV)–oxo species via O–O bond homolysis in
nonheme iron models†

Seungwoo Hong,‡ab Yong-Min Lee,‡a Kyung-Bin Cho,a Mi Sook Seo,a

Dayoung Song,a Jihae Yoon,a Ricardo Garcia-Serres,c Martin Clémancey,d

Takashi Ogura,e Woonsup Shin,*b Jean-Marc Latour*f and Wonwoo Nam*a

The mechanism of the alkylperoxo O–O bond cleavage of low-spin iron(III)–alkylperoxo species has been

well established in nonheme iron models. In contrast, the alkylperoxo O–O bond cleavage in nonheme

high-spin iron(III)–alkylperoxo species binding an axial ligand has yet to be elucidated. Herein, we report

the synthesis and characterization of mononuclear nonheme high-spin iron(III)–alkylperoxo complexes

each bearing an N-tetramethylated 13-membered macrocyclic ligand (13-TMC), [FeIII(OOC(CH3)3)-

(13-TMC)]2+ and [FeIII(OOC(CH3)2C6H5)(13-TMC)]2+. The high-spin iron(III)–alkylperoxo complexes were

converted to an iron(IV)–oxo complex at a fast rate upon addition of thiocyanate (NCS�) via the

formation of a short-lived intermediate. This intermediate was identified as a high-spin iron(III)–

alkylperoxo complex binding a thiocyanate ion as an axial ligand by characterizing it with various

spectroscopic methods and density functional theory (DFT) calculations. We have also provided strong

evidence that conversion of the high-spin iron(III)–alkylperoxo complex to its corresponding iron(IV)–oxo

complex occurs via O–O bond homolysis. Thus, we have concluded that the role of the axial ligand

binding to a high-spin iron(III)–alkylperoxo complex is to facilitate the alkylperoxo O–O bond cleavage

via the “push effect”, which has been well established in heme enzymes. To the best of our knowledge,

the present study reports the first clear example showing the O–O bond homolysis of a high-spin

iron(III)–alkylperoxo complex and the axial ligand effect on the alkylperoxo O–O bond cleavage in

nonheme iron models.
Introduction

Iron–dioxygen adducts, including iron(III)–hydroperoxo (FeIII–
OOH) and iron(III)–alkylperoxo (FeIII–OOCR3) species, have been
identied as key intermediates in the catalytic cycles of dioxy-
gen activation by heme and nonheme iron enzymes.1–3 The
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peroxide ligands of the iron(III)–hydroperoxo and –alkylperoxo
species are cleaved either homolytically or heterolytically,
resulting in the generation of high-valent iron(IV or V)–oxo
intermediates as active oxidants that affect the oxidation of
organic substrates. A notable example is the formation of the
iron(IV)–oxo porphyrin p-cation radical species, referred to as
Compound I (Cpd I), via heterolytic O–O bond cleavage of
Scheme 1
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Fig. 1 (a) UV-vis spectrum of BH2 formed in the reaction of 1 (0.50 mM)
and t-BuOOH (1.5 mM) in CH3CN at�40 �C. Inset shows the time trace
monitored at 510 nm for the formation of BH2. (b) Resonance Raman
spectra of [(13-TMC)FeIII(16O16OCumyl)]2+ (black line) and [(13-TMC)
FeIII(18O18OCumyl)]2+ (red line) generated in the reactions of 1 (16 mM)
and 3 equiv. of Cumyl-16O16OH and Cumyl-18O18OH (70% 18O
enriched), respectively, in CH3CN at �40 �C (lex ¼ 442 nm).
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iron(III)–hydroperoxo intermediates in cytochromes P450 and
their models (Scheme 1, eqn (1)).2 In the case of nonheme iron
models, the formation of iron(IV)–oxo complexes via the O–O
bond homolysis of iron(III)–hydroperoxo and –alkylperoxo
species has been reported with spectroscopic evidence
(Scheme 1, eqn (2)).4 Similarly, the homolytic O–O bond
cleavage of nonhememanganese(III)–alkylperoxo complexes has
been demonstrated recently.5 In addition to the peroxide O–O
bond cleavage, iron(III)–hydroperoxo species undergo a
protonation-assisted loss of H2O2 via Fe–O bond cleavage
(Scheme 1, eqn (3)). One example in nonheme iron enzymes is
superoxide reductase (SOR), which reduces superoxide to
hydrogen peroxide as part of the organism’s natural defenses in
anaerobic and microaerophilic organisms.6–8

It has been well documented that the fate of the peroxide
ligands of the Fe(III)–OOR(H) species is markedly affected by
axial ligands in enzymatic and biomimetic reactions (e.g.,
heterolytic and homolytic O–O bond cleavage and H2O2 release
as shown in Scheme 1).2,9 Spin states of the Fe(III)–OOR(H)
species (e.g., high-spin (H.S.) and low-spin (L.S.) iron(III) ions)
have also been considered as an important factor that modu-
lates the strength of Fe–O and O–O bonds, thereby determining
the reaction pathways such as the O–O bond vs Fe–O bond
cleavage of nonheme Fe(III)–OOR(H) species (Scheme 1).10 For
example, it has been shown that low-spin iron(III)–alkylperoxo
complexes undergo homolytic O–O cleavage of the alkylper-
oxide ligands to form iron(IV)–oxo species (Scheme 1, eqn
(2)),4b,10a whereas Fe–O bond cleavage occurs preferentially in
high-spin iron(III)–alkylperoxo species (Scheme 1, eqn (3)).8b,c,9b

However, the axial ligand effect on the O–O bond or Fe–O bond
cleavage in high-spin iron(III)–alkylperoxo species has yet to be
elucidated, although a number of high-spin iron(III)–alkylper-
oxo complexes have been synthesized and characterized well.8,11

Herein, we report the synthesis and characterization of mono-
nuclear nonheme high-spin iron(III)–alkylperoxo complexes
each bearing an N-tetramethylated 13-membered macrocyclic
ligand (13-TMC ¼ 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclo-
tridecane).12 This high-spin iron(III)–alkylperoxo complex is
converted to the corresponding iron(IV)–oxo complex upon
binding of an anionic ligand. The iron(IV)–oxo product with the
anionic axial ligand is fully characterized with various spectro-
scopic methods. The mechanism of the O–O bond cleavage of
the high-spin iron(III)–alkylperoxo complex upon binding an
anionic axial ligand is discussed as well.

Results and discussion

The starting iron(II) complex, FeII(13-TMC)(CF3SO3)2 (1), was
synthesized by reacting equimolar amounts of FeII(CF3SO3)2
and 13-TMC in CH3CN under an inert atmosphere, as repor-
ted previously.13 Addition of alkyl hydroperoxides, such as
tert-butyl hydroperoxide (t-BuOOH) and cumyl hydroperoxide
(Cumyl-OOH), to 1 in CH3CN at�40 �C afforded the formation
of purple intermediates, denoted as BH2 and CH2, respectively.
The intermediates were metastable (t1/2 � 1.5 h) under the
reaction conditions and characterized with various spectro-
scopic methods, including UV-vis, electron paramagnetic
This journal is © The Royal Society of Chemistry 2014
resonance (EPR), Mössbauer, and resonance Raman (rRaman)
spectroscopies.

The UV-vis spectra of BH2 and CH2 exhibit maximum
absorption bands at 510 nm (3 ¼ 1100 M�1 cm�1) and 500 nm
(3 ¼ 1000 M�1 cm�1) (Fig. 1a for BH2 and ESI, Fig. S1† for CH2),
respectively; these bands are assigned to an alkylperoxo-to-
iron(III) charge transfer band (LMCT).8,11 The X-band EPR
spectra of BH2 and CH2, recorded in a frozen CH3CN solution at
5 K, exhibit signals corresponding to high-spin (S ¼ 5/2) iron(III)
species with g values of 6.8, 5.4, and 2.0 for BH2 and 6.3, 5.5, and
2.1 for CH2 (ESI, Fig. S2†).8c,11b,c The Mössbauer spectrum of BH2,
recorded at 4.2 K (Fig. 2a) in the absence of a strong applied
magnetic eld, displays a central doublet and a broad magnetic
component, which can be interpreted as a single high-spin
ferric species in two differing relaxation states (ESI, Fig. S3 and
S4† for 1 and BH2, respectively). A small amount of unreacted 1
(8%, green line) is also present. The spectrum is difficult to
simulate due to a distribution of internal elds. However, this
distribution can be lied by the application of a 7 T magnetic
eld that aligns the magnetic moments, giving rise to the six-
line spectrum displayed in Fig. 2b, characteristic of a high-spin
ferric ion. Most of the spectrum (�90% of the absorption) could
be simulated with parameters consistent with this assignment
(ESI, Table S1†). It is noteworthy that this species possesses a
large zero-eld splitting in the range of those of high-spin ferric
hemes and a small isomer shi more in line with a low-spin
FeIII. However, attempts to simulate it as an S¼ 1/2 system were
unsuccessful.
Chem. Sci., 2014, 5, 156–162 | 157
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Fig. 2 Mössbauer spectra of intermediates formed in the reactions of
1 and t-BuOOH before (a and b) and after (d and e) addition of NCS�,
and an authentic compound 4 (c). Data was collected at 4.2 K in a
parallel applied field of 0.06 T (a, c, and d) or 7 T (b and e). The colored
lines represent theoretical simulations of individual species FeII (green),
BH2 (pink), 4 (blue), and 3 (pink-dashed). The orange component is an
impurity. The Mössbauer and zero-field splitting parameters used in
the simulations are listed in ESI, Table S1.† They are derived from the
applied-field studies represented in ESI, Fig. S4, S7, and S8.†

Scheme 2

Fig. 3 UV-vis spectral changes showing the conversion of BH2 (blue,
0.50 mM) to 4 (green) with respect to the amount of thiocyanate
added (0.20, 0.40, 0.60, 0.80, 1.0, and 1.2 equiv.) in CH3CN at �40 �C.
Inset shows the absorbance recorded at 510 nm (blue circle) and
755 nm (green circle). Two horizontal dashed pink lines and one
vertical dashed red line indicate the two saturation values and 1.0
equiv. of NCS� added, respectively.
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The rRaman spectrum of CH2, obtained upon 442 nm exci-
tation in CH3CN at �40 �C, shows two isotopically sensitive
bands at 672 and 880 cm�1 (Fig. 1b). The peak at 672 cm�1

shis to 648 cm�1 upon 18O-substitution with a 16,18D value of
24 cm�1 and is assigned to the Fe–O stretch.14 The peak at 880
cm�1 shis to 833 cm�1 upon 18O-substitution with a 16,18D ¼
47 cm�1 and is the O–O stretch.14 One notable observation in
the rRaman data is that the Fe–O stretch of CH2 is higher than
those of the previously reported high-spin Fe(III)–OOR
complexes (e.g., nFe–O of 612 cm�1 for [FeIII(OOC(CH3)3)(15-
TMC)(OTf)]+; 15-TMC ¼ 1,4,8,12-tetramethyl-1,4,8,12-tetraaza-
cyclopentadecane, OTf� ¼ CF3SO3

�),8c,11 indicating that this
high-spin iron(III)–alkylperoxo complex possesses a stronger Fe–
O bond. Based on the spectroscopic characterization of the BH2
and CH2 intermediates, we conclude that high-spin iron(III)–
alkylperoxo complexes, assigned as [FeIII(OOC(CH3)3)(13-
TMC)]2+ for BH2 and [FeIII(OOC(CH3)2C6H5)(13-TMC)]2+ for CH2,
were produced in the reactions of 1 and alkyl hydroperoxides
(Scheme 2, reaction a).

Interestingly, the addition of 1.2 equiv. of thiocyanate (NCS�)
to the solutions of BH2 and CH2 yielded a green intermediate 4
158 | Chem. Sci., 2014, 5, 156–162
with a broad electronic absorption band at 755 nm (Fig. 3 and
ESI, S5†). The full conversion of BH2 to 4 was found to require
one equiv. of thiocyanate by carrying out a titration experiment
(Fig. 3, inset). The intermediate 4 with a characteristic absorp-
tion band of nonheme iron(IV)–oxo complexes15,16 was assigned
unequivocally as [FeIV(O)(13-TMC)(NCS)]+ (Scheme 2, structure
4) by characterizing it with various spectroscopic methods and
comparing the spectroscopic data with those of an authentic
iron(IV)–oxo compound prepared independently (vide infra).

The authentic compound, [FeIV(O)(13-TMC)(NCS)]+ (4), was
synthesized as follows: the reaction of 1 with 3 equiv. of iodo-
sylbenzene (PhIO) in CH3CN at �40 �C afforded a green inter-
mediate which was identied as [FeIV(O)(13-TMC)]2+ (6), as
reported previously (Scheme 2, reaction f) (See ESI, Fig. S6† for
the electrospray ionization mass spectrometry (ESI MS), UV-vis,
and rRaman spectroscopy).13 The authentic compound 4 was
then prepared by adding 1.2 equiv. of NCS� to the solution of 6 in
CH3CN at �40 �C (Scheme 2, reaction g), by following literature
methods for the synthesis of axial ligand-substituted [FeIV(O)(14-
TMC)(X)]+ complexes (14-TMC ¼ 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane; X� ¼ NCS� and N3

�).15,17 The authentic
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Spectral changes and time courses obtained in the reactions of
BH2 (0.50 mM) with thiocyanate (0.60 mM), using single-mixing
stopped-flow spectrophotometry andmonitoring the formation of the
presumed BH2-NCS (3) intermediate at 458 nm in CH3CN at �40 �C.
(a) UV-vis spectral changes (left) and time trace (right) recorded during
the formation of BH2-NCS (200 ms). (b) UV-vis spectral changes (left)
and time trace (upper right) recorded during the decay of BH2-NCS
(300 s). (c) X-band EPR spectral changes of BH2 (0.50 mM) (blue) upon
the addition of thiocyanate (0.60 mM). The spectra were taken at 0, 10,
20, 30, 50, 100, 150, 200, and 300 s after NCS�was added in CH3CN at
�40 �C. BH2-NCS (black) with g¼ 7.2, 4.3 was formed upon addition of
NCS�. The final spectrum is shown with a green line. Inset shows the
time dependence of the EPR signal intensity at 1050 G.
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compound 4was characterized with UV-vis, ESI MS, rRaman, and
Mössbauer, and the spectroscopic data of the authentic
compound 4 were compared with those of the product 4 formed
in the reaction of BH2 and NCS�. The UV-vis spectrum of 4
exhibits an absorption band at lmax¼ 755 nm (3¼ 160M�1 cm�1)
(ESI, Fig. S9a†). The ESI MS of 4 exhibits a prominent ion peak at
a mass-to-charge (m/z) ratio of 372.2 (Fig. S9b†), whose mass and
isotope distribution pattern correspond to [FeIV(O)(13-
TMC)(NCS)]+ (calculated m/z 372.2). When 4 was prepared with
isotopically labeled PhI18O in the presence of H2

18O, the mass
peak corresponding to 4 shied to m/z 374.2 (Fig. S9b,† inset),
indicating that 4 contains an oxygen atom. The rRaman spectrum
of 4, obtained upon 407 nm excitation in CH3CN at �40 �C,
exhibits an isotope-sensitive band at 848 cm�1, which shied to
810 cm�1 when 4-18O was generated with isotopically labeled
PhI18O in the presence of a small amount of H2

18O in CH3CN
(Fig. S9c†). The observed isotopic shi of �38 cm�1 with
18O-substitution is in agreement with the calculated value
(Dncalc ¼ �37 cm�1) for an Fe–O diatomic vibration. Thus, the
peak at 848 cm�1 is assigned to the Fe–O stretch, as reported in
mononuclear nonheme iron(IV)–oxo complexes bearing 14-TMC
and N4Py ligands (N4Py ¼ N,N-bis(2-pyridylmethyl)-N-bis(2-pyr-
idyl)methylamine).15a,c,16 The low-eld Mössbauer spectrum of 4
recorded at 4.2 K (Fig. 2c) consists of a quadrupole doublet with
d¼ 0.07 mm s�1 andDEQ¼ 1.34mm s�1, characteristic of an S¼
1 FeIV]O species.16 The S ¼ 1 ground state was conrmed by a
high-eld experiment (ESI, Fig. S10†). The Mössbauer parame-
ters used in the simulation are listed in ESI, Table S1.† Based on
the spectroscopic characterization of 4, we are able to conrm
unambiguously that 4 is an iron(IV)–oxo complex binding an
anionic axial ligand (NCS�), [FeIV(O)(13-TMC)(NCS)]+. We there-
fore conclude that addition of an anionic ligand to high-spin
iron(III)–alkylperoxo complexes (2) afforded the formation of an
iron(IV)–oxo complex (4) (Scheme 2, reaction b) (vide infra).

Since the conversion of 2 to 4 was too fast to follow the
reaction with a UV-vis spectrophotometer (ESI, Fig. S5†), the
reaction of 2 with NCS� was investigated with stopped-ow
spectrophotometry. As shown in Fig. 4, addition of NCS� to the
solution of BH2 in CH3CN at �40 �C generated a new interme-
diate 3 with an absorption band at 458 nm within 0.1 s, which
was then fully converted to 4within 40 s. The characterization of
the new intermediate 3 was attempted spectroscopically despite
its short lifetime. The X-band EPR spectra of 3, which was
prepared by reacting BH2 and NCS� in CH3CN at �40 �C and
frozen immediately at the given times, exhibit signals corre-
sponding to high-spin iron(III) species (Fig. 4c); the signal
intensities were low due to its fast conversion to an EPR inactive
iron(IV)–oxo species. It should also be noted that signals corre-
sponding to low-spin iron(III) species were not observed in the
EPR measurements (Fig. 4c). The Mössbauer spectra of 3
recorded at 4.2 K in a parallel applied eld of 600 G or 7 T are
depicted in Fig. 2. The weak eld spectrum (Fig. 2d) shows the
presence of two minor doublets and a major broad magnetic
component. The two doublets are associated with an FeII (15%
of total iron, green line) and an FeIV]O (20% of total iron, blue
line) species as judged from their parameters (ESI, Table S1†).
The parameters of the FeIV doublet are identical to those of
This journal is © The Royal Society of Chemistry 2014
genuine 4, but those of the FeII doublet (d¼ 0.98 mm s�1, DEQ¼
3.15 mm s�1) are not the same as those of 1, indicating a
difference in the iron coordination sphere.18 Such a difference
could result from the substitution of a CH3CN ligand for an
NCS� ligand. Fig. 2e shows the spectrum recorded at 7 T aer
subtraction of the FeIV]O species. The spectrum is very similar
to that of BH2, although the highest velocity line is split in two,
revealing the presence of two high-spin ferric species. The
spectrum can be tted with two high-spin FeIII components, one
accounting for 13% of total iron with parameters that are
Chem. Sci., 2014, 5, 156–162 | 159
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Scheme 3
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common for octahedral high-spin FeIII (orange line), and a
majority species (42% of total iron, pink line) with atypical
parameters (ESI, Fig. S11 and Table S1†) similar to those of BH2,
but with an even larger zero-eld splitting value. Owing to its
peculiar parameters similar to but distinct from those of BH2,
the latter component is assigned to 3, and the former compo-
nent with classical parameters is assigned to a degradation
product.

The structure of 3 was further corroborated with density
functional theory (DFT) calculations.19,20 First, the structure of
the DFT-optimized BH2 is shown in Fig. 5a. The energetically
lowest structure is in agreement with the high-spin iron(III) state
determined in experiments; 9.3 kcal mol�1 lower than the S ¼
3/2 intermediate-spin state and 16.4 kcal mol�1 lower than the
S ¼ 1/2 low-spin state. Addition of NCS� to this structure to
form 3 (Fig. 5b) signicantly lowers the S ¼ 1/2 low-spin state
closer to the ground state on an electron energy level, 0.4 kcal
mol�1 higher than the S ¼ 5/2 high-spin state. However,
including zero-point vibrational energies (and other correction
factors) and looking at the free energy (see ESI, DFT methods
description and Table S4†), the S ¼ 5/2 high-spin state is likely
to be even more stable than this. Hence, we consider that the
DFT-optimized structure of 3 is in agreement with experiments.
Based on the EPR and Mössbauer spectroscopic analysis and
the DFT-optimized structure, we propose that 3 is a high-spin
iron(III)–alkylperoxo complex binding an anionic axial ligand,
[FeIII(OOC(CH3)3)(13-TMC)(NCS)]+ (3),21 which is rapidly con-
verted to 4 via O–O bond cleavage (vide infra).

Then, how is the O–O bond of the alkylperoxide of 3 cleaved
to form 4? Two possible mechanisms are considered, namely
O–O bond homolysis (Scheme 2, reaction c) and O–O bond
heterolysis followed by a one electron reduction (Scheme 2,
reactions d and e). Since cumyl hydroperoxide is a well-known
mechanistic probe that can be used to distinguish homolytic vs
heterolytic O–O bond cleaving pathways,5b,22 the products
formed in the reaction solution were analyzed. The product
analysis revealed the exclusive formation of acetophenone
(�80% based on the amount of the intermediate CH2)
(Scheme 3, pathway a), as opposed to cumyl alcohol (0%)
Fig. 5 DFT-calculated structures of BH2 (a) and 3 (b). The O–C, O–O,
O–Fe, and Fe–NCS bond lengths are indicated in Å (Fe, purple; N, blue;
O, red; C, grey; S, yellow; H, white).

160 | Chem. Sci., 2014, 5, 156–162
(Scheme 3, pathway b) (ESI, Experimental section†). The
observation of the acetophenone formation as the sole product
demonstrates that the conversion of 3 to 4 occurs exclusively via
O–O bond homolysis (Scheme 2, reaction c highlighted with a
red color), not via O–O bond heterolysis followed by a one
electron reduction (Scheme 2, reactions d and e). As a conclu-
sion, we have shown here that the binding of an anionic axial
ligand by a high-spin iron(III)–alkylperoxo complex bearing an
N-tetramethylated macrocyclic ligand facilitates O–O bond
cleavage via the “push effect”, which has been well established
in heme enzymes (e.g., CYP 450 and peroxidases) and their
model reactions.23,24 We have also shown that O–O bond
cleavage of a high-spin iron(III)–alkylperoxo complex binding
an anionic axial ligand occurs homolytically, resulting in
the generation of its corresponding iron(IV)–oxo complex
(Scheme 2, reactions b and c).
Conclusion

We have reported the synthesis and characterization of high-spin
iron(III)–alkylperoxo complexes each bearing a macrocyclic
ligand. The intermediates are stable at low temperature, but are
converted to an iron(IV)–oxo complex rapidly upon binding of an
anionic axial ligand. We have also provided strong evidence that
the conversion of the high-spin iron(III)–alkylperoxo complexes to
the iron(IV)–oxo species occurs via O–O bond homolysis. These
observations imply that binding of an anionic axial ligand by
high-spin iron(III)–alkylperoxo species facilitates O–O bond
cleavage, not Fe–O bond cleavage, and that the O–O bond
cleavage occurs via a homolytic O–O cleavage mechanism. These
results are in sharp contrast to those reported previously which
showed that nonheme high-spin iron(III)–alkylperoxo complexes
possess weak Fe–O and strong O–O bonds that give rise to Fe–O
bond homolysis rather than O–O bond cleavage.8,9a,10b Further, it
should be noted that the present results are different from the
previously proposed role of the thiolate axial ligand trans to the
iron-hydroperoxo moiety in SOR and its model compounds, i.e.
that the electron-donating thiolate ligand increases the lifetime
of the high-spin iron(III)–hydroperoxo species to allow its
protonation and subsequent release of H2O2 in SOR.7a,11d,25

Further mechanistic investigation, including DFT calculations, is
underway in this laboratory to understand the factors (e.g., effects
of the axial ligand and the H.S. and L.S. iron(III) spin states) that
affect the activation of iron(III)–alkylperoxo and –hydroperoxo
complexes in nonheme iron models.26
This journal is © The Royal Society of Chemistry 2014
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