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ABSTRACT: High-spin oxoiron(IV) species are often
implicated in the mechanisms of nonheme iron oxy-
genases, their C−H bond cleaving properties being
attributed to the quintet spin state. However, the few
available synthetic S = 2 FeIVO complexes supported by
polydentate ligands do not cleave strong C−H bonds.
Herein we report the characterization of a highly reactive S
= 2 complex, [FeIV(O)(TQA)(NCMe)]2+ (2) (TQA =
tris(2-quinolylmethyl)amine), which oxidizes both C−H
and CC bonds at −40 °C. The oxidation of cyclohexane
by 2 occurs at a rate comparable to that of the oxidation of
taurine by the TauD-J enzyme intermediate after adjust-
ment for the different temperatures of measurement.
Moreover, compared with other S = 2 complexes
characterized to date, the spectroscopic properties of 2
most closely resemble those of TauD-J. Together these
features make 2 the best electronic and functional model
for TauD-J to date.

High-spin oxoiron(IV) species have been trapped and
characterized as key intermediates in the dioxygen

activation mechanisms of mononuclear nonheme iron enzymes1

by the seminal efforts of Bollinger and Krebs.2 A related species is
proposed to be the oxidant formed in the reactions of N2O with
coordinately unsaturated iron(II) centers in carboxylate-based
metal−organic frameworks that catalyze ethane hydroxylation.3

The quintet (S = 2) species is predicted by density functional
theory (DFT) calculations to bemore reactive in H atom transfer
(HAT) than the corresponding triplet (S = 1) species.4 In
particular, Shaik has emphasized the role of exchange to stabilize
the high-spin FeIII−OH transition state in HAT by high-spin
FeIV(O) complexes.4e

These developments have fueled a significant synthetic effort
that has led to the characterization of over 60 oxoiron(IV)
complexes in the past decade.5 However, most of these
complexes have triplet ground states, and only a handful possess
a quintet ground state. One successful strategy to obtain S = 2
FeIVO complexes has been to employ sterically bulky tripodal
ligands that enforce a trigonal-bipyramidal geometry on the
iron(IV) center,6,7 but these complexes exhibit rather sluggish
intermolecular reactivity, perhaps because of steric constraints.
An alternative strategy to obtain S = 2 FeIVO complexes is to
use a weaker-field ligand environment than that provided by the

tertiary amine/N-heterocycle combinations used to date. Bakac
and co-workers have shown that the S = 2 [FeIV(O)(H2O)5]

2+

ion can be obtained in acidic aqueous solution and is in fact
highly reactive,8 but its short lifetime (t1/2 ∼ 20 s at 25 °C) has
made its detailed characterization challenging. We have thus
sought to identify a tripodal ligand with weaker-field donors that
would allow the trapping of a sterically less hindered S = 2 FeIV
O species that would exhibit higher reactivity. Herein we report
the synthesis and characterization of the S = 2 complex
[FeIV(O)(TQA)]2+ (2) (TQA = tris(2-quinolylmethyl)amine),
with weaker-field quinolines9 replacing the pyridines of the
popular TPA ligand. Complex 2 exhibits spectroscopic proper-
ties distinct from [FeIV(O)(TPA)(NCCH3)]

2+10 and remarkably
higher reactivity toward alkanes and alkenes.
The reaction of TQA and FeII(OTf)2(CH3CN)2 in CH3CN

affords [FeII(TQA)(OTf)2] (1). Its crystal structure shows a six-
coordinate high-spin iron(II) center (Figure 1 left and Tables S1
and S2). Treatment of 1 with 2-(tBuSO2)C6H4IO (ArIO)11 at
−40 °C leads to the formation of a highly reactive intermediate 2
that has a half-life of 15 min and exhibits a near-UV shoulder at
400 nm and weak bands at 650 nm (εM = 300M−1 cm−1) and 900
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Figure 1. (left) ORTEP plot for [FeII(TQA)(OTf)2] (1) with 50%
probability ellipsoids and H atoms omitted for clarity. Selected bond
lengths (Å): Fe(1)−N(1), 2.2155(17); Fe(1)−N(2), 2.2308(17);
Fe(1)−N(3), 2.1954(17); Fe(1)−N(4), 2.1748(17); Fe(1)−O(1),
2.0450(14); Fe(1)−O(4), 2.1965(15). (right) UV−vis spectrum of 2
from the reaction of 0.4 mM 1 with 2 equiv of ArIO in CH3CN at −40
°C. Inset: resonance Raman spectra (λex = 514.5 nm, 60 mW power) of
[16O]2 (top) and [18O]2 (bottom) in frozen CH3CN solution. (Off-
resonance excitation was used to minimize the effects of photo-
reduction.6a).
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nm (εM = 75 M−1 cm−1) (Figure 1 right). Its properties
suggesting the formation of an FeIVO complex are compared
with those of others in Table 1. A resonance-enhanced Raman
vibration is found at 838 cm−1, which shifts to 803 cm−1 upon
18O-labeling of 2, as expected for the ν(FeO) mode.
Electrospray ionization mass spectrometry (ESI-MS) analysis
of 2 supports its formulation as [FeIV(O)(TQA)]2+, with a peak
observed atm/z 256.1. However, the isotope distribution pattern
suggests contamination with [FeIII(OH)(TQA)]2+ (m/z 256.6)
due to the instability of 2 (Figure S1 in the SI). Indeed, the
dominant feature in its ESI-MS spectrum is a peak at m/z 662
that corresponds to [FeIII(OH)(TQA)(O3SCF3)]

+. Also present
is a peak at m/z 676 that corresponds to {[FeIII(OH)(TQA)-
(OTf)] + O − 2H}+, suggesting the oxidation of one TQA CH2
group to a carbonyl.
Figure 2 shows 4.2 K Mössbauer spectra of 2 recorded at

various applied fields; additional spectra are shown in Figure S2.

The zero-field spectrum exhibits a quadrupole doublet (∼70% of
Fe) with splitting ΔEQ = −1.05 mm/s and isomer shift δ = 0.24
mm/s. The remainder of the Fe in the sample belongs to high-
spin Fe(III) decay products, 18% representing mononuclear
Fe(III) that presumably corresponds to the [FeIII(OH)(L)]2+

species observed in the ESI-MS spectrum (Figure S1) and 12%
from a diferric complex (ΔEQ = +1.90 mm/s, δ = 0.45 mm/s;
blue line in Figure 2A). By means of spectral simulations (shown

in Figure S3) these contaminants were subtracted from the raw
data to yield the spectra in Figures 2B,C and S2. The isomer shift
of 2 is quite positive compared with values for other oxoiron(IV)
complexes supported by polypyridine ligands,12,13 suggesting
that this species is a high-spin iron(IV) complex. This spin-state
assignment is strongly supported by analysis of the magnetic
hyperfine structure. The spectra of 2 exhibit increased magnetic
hyperfine splittings with increasing applied field. This increase
follows a “magnetization” curve with a shape determined by the
magnitude of the zero-field splitting parameter D. From spectral
simulations using an S = 2 spin Hamiltonian (red lines in Figures
2 and S2) we obtained the parameters listed in Table 1.
Simulating the spectra for S = 1 would require Ax,y/gnβn to be
(−33, 32) T, which is unreasonably large compared with the
typical Ax,y/gnβn = (−21, 21) T,14 ruling out the S = 1 assignment.
Table 1 shows that the magnetic hyperfine parameters previously
reported for TauD-J are best reproduced by 2, making it the best
spectroscopic model for TauD-J to date.
The change in spin state in going from [FeIV(O)(TPA)-

(NCMe)]2+ (S = 1) to 2 (S = 2) can be rationalized by an earlier
study on Fe(TPA) complexes.9a Lower spin states could be
attained for FeII and FeIII complexes of the parent TPA ligand but
became less likely as the number of pyridine α-substituents
increased because of steric interactions involving the α-C−H
bonds, which prevent formation of the shorter Fe−Npy bonds
required by a lower-spin iron center.9a For the oxoiron(IV)
series, S = 1 complexes were obtained for TPA and derivatives
with one α-substituent.9b However, with all three pyridine
donors having α-substituents, TQA is not able to support an S =
1 FeIVO center and instead gives rise to an S = 2 FeIVO
complex. The principle for this design strategy is supported by a
computational comparison of several structures related to TQA
(see pp S14−S16 in SI for additional details).
The right panel of Figure 2 shows the DFT-optimized

geometry of 2, formulated as [FeIV(O)(TQA)(NCMe)]2+,
obtained using Gaussian 09 (Table S3). The calculations yielded
ΔEQ = −1.14 mm/s, η = 0.34 (0 ≤ ηexp < 0.3), and δ = 0.24 mm
s−1, in excellent agreement with the experimental data.15 The
validity of two alternative formulations for 2 was also assessed by
DFT. Five-coordinate [FeIV(O)(TQA)]2+ was ruled out, as it
yielded a δ of 0.15 mm s−1 that was inconsistent with experiment,
but [FeIV(O)(TQA)(OTf)]+ gave rise to the same isomer shift as
predicted for [FeIV(O)(TQA)(NCMe)]2+ and observed exper-
imentally (Table S3). To distinguish between the two six-
coordinate formulations, a 19F NMR study of 2 was performed at
−40 °C, which revealed only one peak at −80 ppm, the same
chemical shift as for free triflate (Figures S8−S13). This peak
represents all of the triflate in the sample and has a line width 5-
fold broader than that found for free triflate. When these

Table 1. Properties of Synthetic [FeIV(O)L] Complexesa

L TQA TPA Me3NTB TMG3tren (H2O)5 TauD-J
λmax (nm) 400(sh), 650, 900 724 380, 770 400, 825, 866 ∼318
S 2 1 1 2 2 2
D (cm−1) 17(1) 28 28 5.0 9.7 10.5
ΔEQ (mm/s) −1.05(2) 0.92 1.53 −0.29 −0.33 −0.90
Ax,y/gnβn (T) −18.2(4), −16.6(4) −23.5 −19.0 −15.5 −20.3 −18.4, −17.6
Az/gnβn (T) −31.7b −5.0 0 −28.0 − −31.0
δ (mm/s) 0.24(2) 0.01 0.02 0.09 0.38 0.30
ref this work 10 12 6a 8 2c

aAbbreviations used: Me3NTB = tris(1-methylbenzimidazol-2-ylmethyl)amine, TMG3tren =1,1,1-tris{2-[N2-(1,1,3,3-tetramethylguanidino)]ethyl}-
amine. bAz/gnβn(T) could not be determined experimentally for 2 and was estimated from calculations described below.

Figure 2. (left) Mössbauer spectra recorded at 4.2 K in parallel applied
magnetic fields as indicated. The blue line in (A) outlines a diiron(III)
contaminant (12% of Fe). We have subtracted the spectra of this
contaminant from the data in (B) and (C). A second contaminant, a
high-spin Fe(III) species (18%), has been removed in (B) and (C);
details are given in the SI. For the spectral simulations for 2 (red lines),
we employed the software WMOSS for the S = 2 spin Hamiltonian Ĥ =
D[Ŝz

2 − 2 + (E/D)(S ̂x2 − S ̂y2)] + 2βS ̂·B + S ̂·A·I ̂ − gnβnB·I ̂ + (eQVzz/
12)[3Iẑ

2 − 15/4 + η(Ix̂
2 − Iŷ

2)] using the parameters listed in Table 1
and n = 0. (right) Geometry-optimized structure of 2 in the gas phase
with Fe−ligand distances shown.
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observations are judged against the data accumulated in Table
S6, we surmise that only a small fraction of the triflate binds to the
FeIV(O) unit and is in rapid equilibrium with unbound triflate,
making [FeIV(O)(TQA)(OTf)]+ a minor component of 2 in
MeCN solution. Thus, taking the 19F NMR and DFT results
together, we conclude that 2 is best formulated as [FeIV(O)-
(TQA)(NCMe)]2+.
The DFT-calculated spin-dipolar contribution to the 57Fe

magnetic hyperfine tensor is Ax,y,z(s‑d)/gnβn = (+3.0, +6.5, −9.5)
T. We estimated Aiso = (Ax + Ay +Az)/3 from the experimental
values Ax/gnβn= −18.2 T, Ay/gnβn= −16.6 T by using the
calculated spin-dipolar values along x and y, obtaining for the
contact term Ac/gnβn ∼ Aiso/gnβn = −22.2 T (as shown in the SI,
the g values of 2 are estimated as gx = gy ≈ 1.98 and gz = 2.00, and
therefore, the orbital contributions to A are expected to be quite
small). We then obtained Az/gnβn = −31.7 T from Aiso + Az(s‑d).
The entries in Table 1 reveal that the parameters of 2 are quite
close to those reported for TauD-J. As shown on p S13 in the SI,
the predominant contribution to the D value of 2 arises from
spin−orbit coupling between the S = 2 ground state and a low-
lying (∼2700 cm−1) S = 1 excited state. This is also the case for
TauD-J, and its smaller D value suggests that its S = 1 state has a
higher vertical excitation energy.2a

We also evaluated the reactivity of 2 in the oxidation of
hydrocarbons (Table S7). Oxidation of cyclohexane and
cyclooctane by 2 under nitrogen afforded cyclohexanone and
cyclooctanone in respective yields of 35% and 40%. As these
products represent four-electron oxidations, their yields
correspond essentially to quantitative conversion of the oxidizing
equivalents from 2 present in the solution.
Second-order rate constants were measured for the reaction of

2 with substrates having different C−H bond strengths (Table
S7). Figure 3 shows a plot of log k2′ (k2′ = k2/number of equivalent

target C−H bonds) as a function of bond dissociation energy
(DC−H), for which a linear correlation is seen, as previously found
for other high-valent oxoiron centers. In addition, 2 exhibits C−
H/D kinetic isotope effects (KIEs) of 28 and 25 for toluene and
cyclohexane oxidation, respectively, showing that C−H bond
cleavage is the rate-determining step (Figures S17 and S21). The
nonclassical KIE values are suggestive of hydrogen tunneling
effects.12,13b

Comparison of the HAT reactivities of 2 and other high-valent
nonheme oxoiron complexes (Table S8) shows that 2 is much

more reactive in cleaving C−H bonds than other well-
characterized S = 2 FeIV(O) complexes reported to date.6,7 In
fact, 2 exhibits the highest cyclohexane oxidation rate found to
date for this class of complexes (k2 = 0.37 M−1 s−1 at −40 °C).
Notably, the closely related S = 1 [FeIV(O)(TPA)(NCMe)]2+

complex does not react at all with cyclohexane at −40 °C. Even
without correction for the temperature difference, the cyclo-
hexane oxidation rate found for 2 at −40 °C is 3−4 orders of
magnitude higher than the k2 values at 25 °C for S = 1
[FeIV(O)(N4Py)]2+ and [FeIV(O)(BnTPEN)]2+ (N4Py = bis(2-
pyridylmethyl)(bis(2-pyridyl)methyl)amine); BnTPEN = N-
benzyl-N,N′,N′-tris(2-pyridylmethyl)-1,2-diaminoethane)13b

and an order of magnitude higher than that for a recently
reported FeV(O) complex.16 However, the S = 1 complex
[FeIV(O)(Me3NTB)]

2+ (3) has reactivity comparable to that of
2, with k2(cyclohexane) = 0.23 M−1 s−1 at −40 °C.12 Indeed, the
HAT data points for 3 (blue triangles) reported by Nam and
Shaik12 fall on the same trend line as those for 2 (red squares) in
Figure 3. This surprising resemblance suggests that FeIV(O)
complexes, despite having different ground spin states, can
achieve comparably high HAT reactivities. On the basis of DFT
calculations, Nam and Shaik rationalized the high HAT reactivity
of 3 by invoking a highly reactive close-lying S = 2 excited state.12

More examples are needed to clarify the basis for the similar
reactivities of 2 and 3 (see p S16 in the SI).
Complex 2 also epoxidizes olefins (Table S7). Although

commonly associated with oxoiron(IV) porphyrin cation radical
complexes,17 olefin epoxidation has only been reported for three
nonheme oxoiron(IV) complexes, in reactions limited to only
one or two types of olefins.18 Banse reported the epoxidation of
cyclooctene and cis-stilbene in <20% yield by an [FeIV(O)(N5)]
complex.18a Rybak-Akimova found that a complex supported by
a pyridine-containing tetraaza macrocycle afforded an 80% yield
of cyclooctene oxide with k2 = 0.45M

−1 s−1 at 0 °C,18b while Nam
obtained a 60% yield of styrene oxide from [FeIV(O)(N3S2)]2+

with k2 = 0.03 M
−1 s−1 at 25 °C.18c Although we initially reported

the epoxidation of cis-cyclooctene by [FeIV(O)(TPA)-
(NCMe)]2+,10 subsequent studies with rigorous exclusion of
O2 showed no epoxide formation from cyclooctene and
cyclohexene.19 In contrast, 2 reacted with cis-cyclooctene at
−40 °C to form epoxide in 80% yield relative to the amount of 2
present in solution. The k2 value for cyclooctene epoxidation was
determined to be 3.3 M−1 s−1 (Table S7), a value that is orders of
magnitude larger than those for the S = 1 oxoiron(IV) complexes
mentioned above (given the higher temperatures at which the
latter results were obtained). These comparisons suggest a
significantly higher reactivity of the S = 2 complex 2 toward C
C bonds than found for its S = 1 nonheme counterparts.
However, because of the paucity of rate data for such reactions,
additional examples are needed to draw firm conclusions on the
role of spin state in determining the rates of olefin epoxidation.
The reactions of 2 with other olefins were investigated. The

epoxidations of cis- and trans-2-heptene exhibited high degrees of
stereoretention (87% and >99%, respectively), indicating that if
substrate-based radical intermediates are formed, they must be
short-lived. Interestingly, 1-octene was oxidized by 2with k2 = 5.3
M−1 s−1; however, in this case both the epoxide and 1-octen-3-
one were obtained in respective yields of 35% and 15% relative to
1, representing 90% of the oxidizing equivalents available from 2.
On the other hand, cyclohexene oxidation by 2 afforded only
allylic oxidation products. These results show that 2 can mediate
the oxidation of C−H and CC bonds at comparable rates.
Indeed, the k2 values for cyclooctene and cyclooctane oxidation

Figure 3. Plot of log k2′ values for the reactions of various substrates with
2 (squares) and [FeIV(O)(Me3NTB)]

2+ (3) (triangles) at −40 °C vs
their C−Hbond dissociation energies (k2′ = k2/n, where n is the number
of equivalent substrate C−H bonds). See Table S7 for details.
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by 2 are identical, indicating that 2 attacks the cyclooctene CC
bond only 16-fold faster than the 95 kcal/mol C−H bond of
cyclooctane, which was confirmed by a competitive oxidation of
equimolar amounts of the two substrates, which afforded 35%
cyclooctene oxide and 15% cyclooctanone. These results
represent the first instance for which the rates of CC and
C−H bond attack by a nonheme FeIVO complex can be
compared directly, which emphasizes the uniqueness of 2 within
the nonheme oxoiron family.20

In summary, we have generated the highly reactive high-spin
oxoiron(IV) complex 2. Introduction of α-substituents on all
three pyridines of the TPA ligand weakens the ligand field about
the FeIVO unit,9a and S = 1 [FeIV(O)(TPA)(NCMe)]2+

becomes S = 2 [FeIV(O)(TQA)(NCMe)]2+ (2). The FeIVO
center goes from being unreactive toward cyclohexane at−40 °C
to being the fastest in its class to date at oxidizing cyclohexane.
The rate of 0.37 s−1 at −40 °C for oxidation of 1 M cyclohexane
by 2 compares favorably with the rate of 13 s−1 for taurine
oxidation by TauD-J at 5 °C, after correction for the 45°
temperature difference.2b This observation and the strikingly
similar spectroscopic parameters of 2 and TauD-J (Table 1)
make 2 the best electronic and functional model for TauD-J to
date.
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