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Abstract: The oxidation of light alkanes that is catalyzed by
heme and nonheme iron enzymes is widely proposed to involve
highly reactive {FeV=O} species or {FeIV=O} ligand cation
radicals. The identification of these high-valent iron species
and the development of an iron-catalyzed oxidation of light
alkanes under mild conditions are of vital importance. Herein,
a combination of tridentate and bidentate ligands was used for
the generation of highly reactive nonheme {Fe=O} species. A
method that employs [FeIII(Me3tacn)(Cl-acac)Cl]+ as a catalyst
in the presence of oxone was developed for the oxidation of
hydrocarbons, including cyclohexane, propane, and ethane
(Me3tacn = 1,4,7-trimethyl-1,4,7-triazacyclononane; Cl-acac =

3-chloro-acetylacetonate). The complex [FeIII(Tp)2]
+ and

oxone enabled stoichiometric oxidation of propane and
ethane. ESI-MS, EPR and UV/Vis spectroscopy, 18O labeling
experiments, and DFT studies point to [FeIV(Me3tacn)({Cl-
acac}C+)(O)]2+ as the catalytically active species.

Reactive high-valent iron–mono(oxo) intermediates beyond
{FeIV=O}, such as {FeV=O} or {FeIV(LC+)=O} (LC+ = ligand
cation radical), are among the species that are proposed to be
directly responsible for the oxidation of hydrocarbons in
processes that are catalyzed by heme and nonheme iron
enzymes and in biomimetic alkane hydroxylations that are

catalyzed by synthetic nonheme iron complexes.[1–3] These
reactive {Fe=O} species are usually generated from an FeIII

complex and an oxygen-donor ligand[4a] or by two-electron
oxidative deprotonation of {FeIII�OH} or {FeIII�OH2} species.
Although a considerable number of nonheme {FeIV=O}
complexes have recently been characterized,[3] there are
only a few studies on nonheme {FeV=O} species[3] and
heme[4] or heme-like[5] {FeIV=O} p-cation radicals. Notable
recent examples include cis-{X-FeV=O} (I ; X = solvent[2i] or
OH[6]) and {FeV=O} (II,[7] III[2k]) complexes that are supported
by polydentate ligands, or the cationic radical [FeIV(sa-
lenC+)(O)(X)] (IV; X = Cl), where salen is a tetradentate
Schiff base ligand[8] (Figure 1). In the literature, experimental
evidence can be found that supports participation of {FeV=O}
or {FeIV(LC+)=O} species in the iron-catalyzed oxidation of
strong C�H bonds of light alkanes (�C4).[9,10]

We were interested in developing the oxidation chemistry
of reactive {Fe=O} species by reacting FeIII precursors with
a two-electron oxygen atom donor.[11a] Herein, we used
a combination of tridentate and bidentate ligands for the
preparation of FeIII precursors. By coordination of one neutral
tridentate ligand and one monoanionic bidentate ligand to the
octahedral FeIII center, a single labile coordination site is
obtained, so that these complexes are suitable for the
formation of highly oxidizing cationic {FeV=O} or
{FeIV(LC+)=O} (V; Figure 1) species. The neutral tridentate
ligand employed is the strongly s-donating Me3tacn

Figure 1. Chelating ligand systems that were either previously reported
(I–IV) or used in this work (V) for supporting nonheme {Fe=O}
species with oxidation states beyond FeIV (charges of complexes, if
any, are omitted), along with schematic representations of the catalysts
[FeIII(Tp)2]

+ (1) and [FeIII(Me3tacn)(R-acac)Cl]+ (2).
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(Me3tacn = 1,4,7-trimethyl-1,4,7-triazacyclononane), which is
known to support highly oxidizing {Ru=O} complexes.[12]

In initial studies, we found that that propane and ethane
could be oxidized within five minutes at room temperature in
the presence of [FeIII(Tp)2]

+ (1; Tp = hydrotris(1-pyrazolyl)-
borate)) and oxone (potassium peroxymonosulfate,
2 KHSO5·KHSO4·K2SO4), albeit in a stoichiometric manner.
We subsequently turned our attention to the [FeIII(Me3tacn)-
(R-acac)Cl]+ system (2, R-acac = 3-R-acetylacetonate; R =

H: 2a, R = Cl: 2b ; Figure 1). Herein, we report the oxidation
of light alkanes that was mediated or catalyzed by the iron
complexes 1 and 2. Remarkably, the oxidation of propane
with oxone that was catalyzed by 2 afforded a total turnover
number (TON) of approximately 14 for a five-minute
reaction at room temperature.

Complexes 1[13] and 2[14] were prepared as their ClO4
�

salts; the structures of 1 and 2 a were determined by X-ray
crystallography (Supporting Information, Figure S1 and
S2).[15] The cyclic voltammograms of aqueous solutions of
1 (pH 7) and 2c ([FeIII(Me3tacn)(acac)(CH3CN)]2+; pH 1)
gave FeIII/II reduction potentials at Epa/Epc = 0.27/0.17 V (1)
and 0.54/0.1 V (2c), and a large catalytic oxidation current,
which is indicative of an electrochemical oxidation reaction,
at approximately 1.5 V relative to the saturated calomel
electrode (SCE); the latter is tentatively assigned to oxidation
of the reaction medium, presumably water (Figure S3 and
S4). 2c also gave an irreversible two-electron oxidation wave
at 1.46 V (vs. SCE).

The catalytic oxidation of styrene, cyclohexene, cyclo-
octene, and 1-decene in the presence of 1 or 2 (4 mol%) and
oxone in CH3CN/H2O or acetone/H2O at room temperature
yielded the corresponding epoxides in up to 96 % yield within
five minutes (alkene as the limiting reagent; Table 1).
Importantly, cyclohexane was oxidized to cyclohexanol and
cyclohexanone within five minutes with a total TON of up to
approximately 41 (Table 2; catalyst loading: 0.6 or
0.06 mol%).

Treatment of ethane (6.9 bar) with 1 and oxone in
CH3CN/H2O at room temperature for five minutes afforded

a mixture of ethanol and acetic acid; under the same
conditions, propane was oxidized to a mixture of isopropanol,
acetone, and propanoic acid (Scheme 1).[16] These reactions,

however, each gave a total TON of 1.0 and were thus not
catalytic; presumably, the Fe complex decomposed during
oxidation. The oxidation was assisted by H2O, as a control
experiment for the oxidation of propane in the absence of
H2O, but in the presence of 1 and tetrabutylammonium
oxone, with a reaction time of five minutes gave very little
acetone (10 % yield based on 1), and no other oxidation
products were detected. Using 2a or 2b (1 mol %) as the
catalyst, the oxidation of propane with oxone in CH3CN/H2O
(1:1, v/v) at room temperature gave the C�H oxidized
products with a total TON of 13.7 after five minutes
(Table S1); the product distribution (isopropanol/acetone/
propanoic acid� 10:23:1) was different from that of the
previously reported FeCl3-catalyzed oxidation of propane
with H2O2 (25 8C, 1 h; isopropylhydroperoxide as the major
product).[9b] Overoxidation likely results in the formation of
acetone and propanoic acid, as oxidation of isopropanol and
propanol in the presence of 2 and oxone under similar
conditions gave acetone and propanoic acid in 63 % and 52%
yield, respectively. Oxidation of ethane and propane with iron
complex 2 and oxone gave the oxidized products with total
TONs of up to 3.4 and 20.4, respectively after 30 min
(Scheme 1).

The involvement of {Fe=O} intermediates V (Figure 1) in
the hydrocarbon oxidation with oxone catalyzed by 1 or 2 is
supported by the following observations: First, high-resolu-

Table 1: Epoxidation of alkenes with oxone catalyzed by 1 and 2.[a]

Entry Catalyst Substrate Conv.[b] [%] Product Yield[b,c] [%]

1 1 85 72[d] (85[e])

2 1 81 75 (93[e])

3 1 97 96 (99[e])
4 2a 99 79 (80[e])
5 2b 97 87 (90[e])

6 1 77[f ] 67 (87[e])

[a] Reaction conditions: substrate (0.5 mmol) in CH3CN (3 mL) for 1 or
in acetone (3 mL) for 2, aqueous solution of oxone (0.75 mmol, 3 mL),
NaHCO3 (2.25 mmol), catalyst (0.02 mmol), RT, 5 min. [b] Determined
by GC analysis. [c] Based on the starting substrate. [d] Benzaldehyde was
also formed (9.4% yield). [e] Selectivity (yield of epoxide product divided
by substrate conversion). [f ] Reaction time: 15 min.

Table 2: Oxidation of cyclohexane with oxone catalyzed by 1 and 2.[a]

Entry Catalyst Substrate Product TON[b] Total
Alcohol Ketone TON

1 1 6.4 6.3 12.7
2[c] 2a 13.0 28.1 41.1
3[c] 2b 17.5 17.6 35.1

[a] Reaction conditions: cyclohexane (5 mmol), catalyst (0.03 mmol),
oxone (1.5 mmol), NaHCO3 (4.5 mmol), acetone (5 mL), H2O (5 mL),
RT, 5 min. [b] Number of micromoles of product (determined by GC)
divided by number of micromoles of catalyst. [c] Cyclohexane (7 mmol),
catalyst (0.004 mmol), oxone (0.4 mmol), NaHCO3 (1.2 mmol).

Scheme 1. Oxidation of ethane and propane with oxone mediated by
1 or catalyzed by 2.
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tion ESI-MS analysis of a mixture of 1 with oxone (10 equiv)
in CH3CN/H2O (reaction time: 15 seconds) revealed a species
with m/z 498.1463, which gave an isotope pattern and
a collision-induced dissociation pattern that both matched
the corresponding patterns of [Fe(Tp)2(O)]+ (calcd m/z
498.1426); this species was transformed into a mixture,
possibly of [Fe(Tp)2(OH)]+ and [Fe(Tp)2(H2O)]+, within
one minute (Figure S5 and S6). Second, for a mixture of 2b
with oxone (8 equiv) in CH3CN/H2O, high-resolution ESI-MS
analysis at a reaction time of 30 seconds revealed a cluster
peak at m/z 411.0787, which may be attributed to {[Fe-
(Me3tacn)(Cl-acac)(O)]Cl}+ (calcd m/z 411.0780) based on
the isotope pattern and collision-induced dissociation
(Figure 2). Changing the solvent to CH3CN/H2

18O led to an

18O incorporation into the {[Fe(Me3tacn)(Cl-acac)(O)]Cl}+

complex of approximately 60 %, which suggests that oxygen
exchange between {Fe=O} and H2

18O has occurred.[1a,c] The
peak at m/z 411.0787 was suppressed in the presence of
cyclohexane (40 equiv). Third, neither H2O nor O2 served as
the major oxygen source of the oxidation products. Under
catalytic conditions, an 18O incorporation of approximately
6% into cyclohexanol was found for cyclohexane oxidation

with 2b and oxone in CH3CN/H2
18O (reaction time: 5 min),

and no significant change in the product yields was observed
when this reaction (in CH3CN/H2O) was conducted under an
atmosphere of argon or O2. With 1 and oxone in CH3CN/
H2

18O or acetone/H2
18O, the oxidation of styrene or cyclo-

hexane led to no significant 18O incorporation into styrene
oxide or cyclohexanol. Probably, the {Fe=O} reaction inter-
mediate underwent oxygen transfer to these two hydrocarbon
substrates at higher rates than oxygen exchange with H2O.
Indeed, a stoichiometric reaction of 2b (0.2 mmol) with
oxone in CH3CN/H2

18O at room temperature for 30 seconds
to allow oxygen exchange between {Fe=O} and H2

18O,
followed by treatment with excess cyclohexane (3.5 mmol)
for 5 min, resulted in an 18O incorporation into cyclohexanol
of 32 %. Fourth, the oxidation of para-substituted styrenes
with 1 or 2b and oxone revealed linear Hammett plots with
1+ =�0.87 (1), �0.63 (2b ; Figure S7 and S8), which is in
accordance with attack on the alkenes by an electrophilic
{Fe=O} species. Competitive oxidation of several hydro-
carbons with 2b and oxone revealed a linear relationship
between log k’rel and the C�H bond dissociation energy
(Figure S9), which is in agreement with rate-limiting H-
atom abstraction by the {Fe=O} species.[2h] Fifth, the oxidation
of cyclohexane catalyzed by 1 or 2 with oxone exhibited
a primary kinetic isotope effect (KIE) of kH/kD = 4.7 (1), 3.6
(2a), or 3.8 (2b); these values are comparable to those
reported for the cyclohexane oxidation with Fe–tpa com-
plexes and H2O2 (tpa = tris(2-pyridylmethyl)amine; kH/kD =

3–4).[2a]

The DFT-optimized structure of [Fe(Tp)2(O)]+ (Va, Fig-
ure S10) features a six-coordinate iron, while one of the Tp
pyrazolyl groups remains uncoordinated (Figure 3), and is

reminiscent of the crystal structures of [TiIV(Tp)2(Se)][17] and
[RuIV(H+tpa)(bpy)(O)]3+ [18] (Figure S11). Based on the com-
puted frontier molecular orbitals for the ground states of Va
(Figure S10) and Vb (Figure 4) and the spin distributions that
were determined using B3LYP and M06L functionals
(Table S2), Va can be described to have approximately 40%
[FeV(Tp)2(O)]+ character and about 60 % [FeIV(Tp)-
(TpC+)(O)]+ character, whereas Vb has insignificant [FeV-
(Me3tacn)(Cl-acac)(O)]2+ character and could be described as
an {FeIV=O} cation radical complex [FeIV(Me3tacn)({Cl-
acac}C+)(O)]2+ (Figure 3 and Figure S12). Changing the
ligand system from two anionic Tp ligands to one neutral
Me3tacn ligand and one anionic R-acac ligand might account
for the smaller amount of electronic-charge injection into the
3d shell of the iron center. Therefore, oxidation of the metal
center of the latter dicationic complex is conceived to occur at

Figure 2. a) Isotope patterns simulated for {[Fe(Me3tacn)(Cl-acac)-
(O)]Cl}+ and observed for the reactive species with m/z 411.0787 in
high-resolution ESI-MS analysis of the reaction mixture of 2b with
oxone (8 equiv) at 30 s. b) Collision-induced dissociation of this
reactive species (collision energy: 20 eV).

Figure 3. DFT-optimized structures of [Fe(Tp)2(O)]+ (Va) and
[Fe(Me3tacn)(Cl-acac)(O)]2+ (Vb).
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a higher potential than that of the former monocationic
complex. The Fe=O distances that were computed at the
B3LYP/def2-TZVP level of theory are 1.631 � (Va) and
1.625 � (Vb); these values are comparable to that for
[FeV(taml)(O)]� (1.60 �; taml = tetraamido macrocyclic
ligand), which was computed with a similar method
(B3LYP/6-311G).[7] Our initial calculations on the oxidation
of ethane and propane by Va and Va·H2O (the latter features
hydrogen bonding between Va and H2O, see Figure S10) in
the gas phase with the B3LYP functional showed that these
reactions involve rate-limiting H-atom abstraction by the
{Fe=O} species, as was previously reported for the oxiation of
light alkanes by nonheme {FeIV=O}[19a,c–e] or {FeV=O} spe-
cies,[19b] which was studied by DFT calculations. The calcu-
lated reaction barriers are low (see Figure S13 and S14; the
reaction barrier is lower for Va·H2O than for Va because
oxidation is assisted by water), which is in line with the
experimentally observed oxidation of ethane and propane
that occurred in the presence of 1 and oxone at room
temperature within five minutes. After Wigner tunneling
correction, the calculated KIE[20] for the cyclohexane oxida-
tion by the ground state of Va·H2O is 4.0 (Table S3), which is
comparable to the experimental value of 4.7. At this stage, we
cannot conclude whether the doublet state or both the
doublet and quartet states are responsible for alkane oxida-
tion. In the literature, a two-state reactivity has commonly
been proposed for the hydroxylation of hydrocarbons by
reactive heme or nonheme {Fe=O} species.[21] The doublet
and quartet states of Vb are conceived to have similar

reaction barriers because of the similar electron configura-
tion/occupancy, and a two-state reactivity is thus also
anticipated.

Consistent with the formulation of [FeIV(Me3tacn)({Cl-
acac}C+)(O)]2+ (Vb, S = 1/2) by DFT calculations, the X-band
EPR spectrum of a reaction mixture of 2b with oxone
(10 equiv) in CH3CN/H2O at 4 K exhibited a new signal with
g = 1.97, 1.93, 1.91 (gave = 1.94) that is attributable to Vb
(Figure 5). This new signal accounted for 35 % of the total
iron content in the sample (Figure S15). It resembles the

signal reported for the [FeIV({TBP8Cz}C+)(O)] (S = 1/2, g =

2.09, 2.05, 2.02; TBP8Cz = a corrolazine ligand),[5a] but is
distinct from the signal of 2b (S = 5/2, g = 7.0, 4.8, 4.1;
Figure S16) with meff = 6.0 mB (measured by the Evans
method) close to 5.9 mB reported for [FeIII(Me3tacn)-
(aacac)Cl]ClO4 (S = 5/2; aacac = 3-(9-anthryl)acetylaceto-
nate).[14] Its value of gave is similar to the gave value of 1.94
that was found for a Cytochrome P450 Compound I
(CYP119-I),[22b] and is comparable to gave = 1.90 for [FeV-
(taml)(O)]� .[7] CYP119-I and also CPO-I[22a] (another Cyto-
chrome P450 Compound I) are {FeIV=O} porphyrin cation
radicals; their gave< 2 values are rationalized by a spin-
coupling model that exhibits substantial dependence of the
g values on the J/D ratio (J : exchange coupling; D : zero-field
splitting).[22] A similar rationalization could be provided for
the gave value of < 2 that is attributed to Vb in this work.
Analysis of a reaction mixture of 2b with oxone (10 equiv) in
CH3CN/H2O in the presence of cyclohexane (2, 5, or
12.5 equiv) by X-band EPR spectroscopy at 4 K revealed
that the signal that is attributed to Vb had a lower intensity at
higher cyclohexane concentrations and was almost com-
pletely suppressed in the presence of 12.5 equiv of cyclohex-
ane (Figure S17); this finding corroborates the idea that Vb is
a key reaction intermediate that is responsible for alkane
oxidation in the presence of 2b and oxone. For 1 and its
reaction mixture with oxone (10 equiv) in CH3CN/H2O, well-
defined signals could not be detected by X-band EPR at 4 K
(Figure S18), which is presumably due to quick relaxation or
the short lifetime of Va.

TD-DFT calculations of the absorption spectrum of Vb at
the B3LYP/def2-TZVP level of theory with the PCM model
in water gave a simulated spectrum (Figure S19 and Table S4)

Figure 4. MO diagram for Vb (ground state, doublet) obtained by DFT
calculations (B3LYP/def2-TZVP).

Figure 5. X-band EPR spectrum of the reaction mixture of 2b with
oxone (10 equiv) in CH3CN/H2O (1:1, v/v; c) at 4 K compared with
the spectrum of the reaction mixture in the presence of cyclohexane
(12.5 equiv; b) and with the spectrum of 2b (c).
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that features a low-energy absorption at 737 nm. This
calculated absorption band is comparable to a new absorption
at approximately 750 nm that developed in the UV/Vis
absorption spectrum of a reaction mixture that was obtained
immediately after mixing 2b with oxone at room temperature.
The intensity of the new absorption at approximately 750 nm
decreased with an increase in cyclohexane concentration
(Figure S20), which is consistent with the findings by EPR
spectroscopy.

To demonstrate the generality of the approach that is
based on tridentate and bidentate ligands for the design of
nonheme iron oxidation catalysts, we prepared 2 c, 2 d, and 3
and examined their catalytic activities (Figure 6). Complexes

2c and 2d catalyzed the oxidation of cyclohexane with oxone
to give cyclohexanol and cyclohexanone with total TONs of
39.5 (2c) and 30.8 (2 d) for a 5 min reaction at room
temperature (Table S5). Under the same conditions, the
oxidation of cyclooctane catalyzed by 2 a–2d afforded cyclo-
octanol and cyclooctanone with total TONs of 34.2–36.9.
Replacing the catalyst for [FeIII(Me3tacn)(aacac)Cl]+ (2e)[14]

led to a slight decrease of the total TON to 29.9 and 32.2 for
the oxidations of cyclohexane and cyclooctane, respectively
(Tables S5 and S6). The applicability of the method that is
based on the use of 2 as the catalyst and oxone was examined
for the oxidation of a limiting amount of alkane substrate
using adamantane as an example (Table S7); the selectivity of
this process with respect to tertiary and secondary C�H bonds
was also studied. The reactions that were catalyzed by 2a–2e
at room temperature with a reaction time of five minutes
afforded adamantan-1-ol, adamantan-2-ol, and adamantan-2-
one with moderate substrate conversion (43.9–52.4%), high
mass balance (73.9–85.8 %), and with a selectivity for the
tertiary/secondary C�H bonds of 3.9–5.1 (per C�H bond).[11b]

Complexes 2c and 2d effectively catalyzed propane oxidation
in the presence of oxone at room temperature, although 3
exhibited a lower catalytic activity (total TON: up to 7.8) than
2 (total TON: up to 11.9; Table S8).

In summary, mononuclear nonheme iron complexes 2
exhibit high catalytic activity towards the oxidation of light
alkanes, including propane and ethane, by oxone at room
temperature. These reactions proceed through reactive
{FeIV=O} ligand cation radical intermediates. It is conceived
that the judicious choice of a robust neutral tripodal nitrogen-
donor ligand and an anionic bidentate ligand can give
nonheme iron catalysts for the oxidation of light alkanes
with synthetic interest.
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