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ABSTRACT:Mononuclearnonheme iron(IV)-oxocomplexes
with two different topologies, cis-R-[FeIV(O)(BQCN)]2+ and
cis-β-[FeIV(O)(BQCN)]2+, were synthesized and character-
ized with various spectroscopic methods. The effect of
ligand topology on the reactivities of nonheme iron(IV)-
oxo complexes was investigated in C�H bond activation and
oxygen atom-transfer reactions; cis-R-[FeIV(O)(BQCN)]2+

was more reactive than cis-β-[FeIV(O)(BQCN)]2+ in the
oxidation reactions. The reactivity difference between the cis-
R and cis-β isomers of [FeIV(O)(BQCN)]2+ was rationalized
with the FeIV/III redox potentials of the iron(IV)-oxo com-
plexes: the FeIV/III redox potential of the cis-R isomer was
0.11 V higher than that of the cis-β isomer.

Since the first crystal structure of a synthetic mononuclear
nonheme iron(IV)-oxo complex was reported as a chemical

model of nonheme iron enzymes in 2003,1,2 a number of
nonheme iron(IV)-oxo complexes have been synthesized and
characterized with various spectroscopic methods and X-ray
crystallography.3 Reactivities of the nonheme iron(IV)-oxo
complexes have also been investigated intensively in various
oxidation reactions, such as C�H bond activation, electron and
hydride transfer, and oxygen atom-transfer (OAT) reactions,4�6

and it has been shown that reactivities of the iron(IV)-oxo
complexes are markedly affected by supporting and axial ligands,
spin states of the iron(IV) ion, redox-inactive metal ions, and
solvents (e.g., pH in aqueous solution).7�10

Understanding factors that control reactivities of nonheme
iron complexes in oxidation reactions is of importance in
designing efficient biomimetic catalysts with high reactivity and
selectivity. One important factor that determines reactivities of
the iron catalysts is the ligand structure around the iron center.11

Therefore, iron complexes with various ligand types, such as
macrocyclic and tripodal tetradentate N4 ligands and pentaden-
tate N5 ligands, have been synthesized and used as catalysts in
oxidation reactions. One notable example is that linear tetra-
dentate N4 ligands can coordinate to an octahedral iron center in
three different topologies, cis-R, cis-β, and trans forms, as shown
in Scheme 1,12 and the effect of ligand topology has been
demonstrated in the catalytic oxidation of olefins and alkanes
by nonheme iron(II) complexes and H2O2.

13 In particular, the
ratio of epoxidation to cis-dihydroxylation products in the
oxidation of olefins was different depending on the topology of

the iron(II) catalysts.13a,b Since nonheme iron(IV)-oxo complexes
have been considered as active oxidants in the oxidation of organic
substrates but the topology effect on their reactivities has never
been explored previously, we synthesized nonheme iron(II) com-
plexes with two different topologies, cis-R- and cis-β-[FeII(BQCN)-
(CH3CN)2]

2+,13d,14 and their corresponding iron(IV)-oxo com-
plexes. The cis-R and cis-β isomers of [FeIV(O)(BQCN)]2+ were
characterized with various spectroscopic methods, and their
structures were proposed by density functional theory (DFT)
calculations. More importantly, the effect of the ligand topology
on the reactivities of nonheme iron(IV)-oxo complexes has been
demonstrated for the first time in C�H bond activation and
OAT reactions. The difference in the reactivities of the cis-R and
cis-β isomers of [FeIV(O)(BQCN)]2+ was rationalized with the
redox potentials of the iron(IV)-oxo complexes.

The reaction of BQCN ligand with iron(II) salts, FeII(ClO4)2
and FeII(CF3SO3)2, afforded iron(II) complexes with different
topologies, cis-R-[FeII(BQCN)(CH3CN)2](ClO4)2 (1a) and
cis-β-[FeII(BQCN)(CH3CN)2](CF3SO3)2 (1b) in CH3CN,
respectively (see Figure 1a,b for the crystal structures of 1a and 1b;
see Supporting Information (SI) for experimental procedures and for
the spectroscopic and structural characterization of 1a and 1b).15

In these structures, theN-methyl groups of the BQCN ligand have
different configurations in the two topologies: anti relative to each
other in the cis-R isomer and syn in the cis-β isomer. These isomers
do not interconvert in solution at 25 �C, as confirmed by 1HNMR
spectroscopy and cyclic voltammetry. The 1H NMR spectra of 1a
and 1b exhibit distinct signals (SI, Figure S2), indicating that there
is only one isomer in each solution and that they each retain their
respective ligand topologies in solution, even at room temperature.
The FeIII/II redox potential of 1a, obtained by cyclic voltammetry
in CH3CN at 25 �C, is 1.16 V vs SCE, whereas that of 1b is
1.09 V vs SCE (SI, Figure S3). The distinct voltammetric behaviors

Scheme 1
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of 1a and 1b also support that the topologies of the BQCN ligand
in the iron(II) complexes are maintained without being intercon-
verted in solution at room temperature.

Addition of peracetic acid (PAA, 3 equiv) to reaction solutions
containing 1a and 1b gave a pale green intermediate 2a with an
absorption band at 758 nm (ε≈ 120M�1 cm�1) and a yellowish
green intermediate 2b with an absorption band at 770 nm
(ε ≈ 180 M�1 cm�1), respectively, in CH3CN at 0 �C (Figure 2a
and SI, Figure S4, showing spectral changes for the formation of 2a
and 2b). The intermediates 2a and 2b, which were metastable in
CH3CN at 0 �C (t1/2 ≈ 1.5 h), were characterized by various
spectroscopic techniques. The X-band EPR spectra of 2a and 2b
were silent (data not shown), as reported in nonheme iron(IV)-oxo
complexes.3b The spin states of 2a and 2b were then determined
using Evans’s NMR method,16 and the magnetic moments of
3.3 and 3.4 μB for 2a and 2b, respectively, indicate that the
intermediates possess S = 1 spin state in CH3CN solution. The
electrospray ionization mass spectrum (ESI-MS) of 2b exhibited
two prominent ion peaks at m/z 254.5 and 617.0 (Figure 2b),
whose mass and isotope distribution patterns correspond to
[FeIV(O)(BQCN)(CH3CN)]

2+ (calculated m/z 254.6) and
[FeIV(O)(BQCN)(CF3SO3)]

+ (calculated m/z 617.1). Upon
introduction of H2

18O into the solution of 2b, a mass shift from
m/z 617.0 to 619.0 was observed (Figure 2b, inset), indicating
that the oxygen atom of the iron(IV)-oxo species exchanges with
labeled water, giving 18O-labeled 2bwith∼70% 18O-incorporation.17

Similarly, the ESI-MS of 2a with peak assignment and analysis of
oxygen exchangewithH2

18O is shown in SI, Figure S5. In addition,
as illustrated in their starting compounds, 1a and 1b, the isomers of
iron(IV)-oxo intermediates, 2a and 2b, do not interconvert in
CH3CN at 0 �C. The 1H NMR spectra of 2a and 2b exhibit
distinct peaks (SI, Figure S6),18 indicating that there is only one

intermediate in solution and that they each retain their respective
ligand topologies in solution. The FeIV/III redox potential of 2a,
obtained by cyclic voltammetry in CH3CN at 0 �C, was 0.72 V vs
SCE, whereas that of 2b was 0.61 V vs SCE (SI, Figure S7). The
distinct voltammetric behaviors of 2a and 2b further support that
the topologies of the BQCN ligand in the iron(IV)-oxo com-
plexes are maintained without being interconverted in solution.
Furthermore, it is worth noting that the redox potentials of both 2a
and 2b are significantly higher than those of [FeIV(O)(N4Py)]2+

(0.51 V vs SCE), [FeIV(O)(Bn-TPEN)]2+ (0.49 V vs SCE), and
[FeIV(O)(TMC)]2+ (0.39 V vs SCE), but slightly lower than that
of [FeIV(O)(Bispidine)]2+ (0.73 V vs SCE).5a,d,14

DFT calculations at B3LYP/6-311+G(d,p)//LANL2DZ level19

using the Gaussian 09 package20 were performed to elucidate the
structural details of 2a and 2b (see SI). Due to symmetry, the oxo
position in 2a is always trans to an amine nitrogen (Figure 1c), but
there are two possibilities for the oxo position in 2b: trans to either
a quinolyl nitrogen or an amine nitrogen (Figure 1d and SI, Figure
S8). The DFT calculations show that the structure having the oxo
atom trans to a quinolyl nitrogen is, by 2.4 kcal mol�1, more stable
than that having the oxo atom trans to an amine nitrogen (see also
SI, Table S4). This energy difference is of a scale that is usually
reliable at this level of theory when just looking at isomeric
differences, as we do here. Therefore, a tentative conclusion based
on the calculations is that the observed 2b has the oxo atom trans to
a quinolyl nitrogen. The gas-phase calculated FedO bond lengths
of 2a and 2b are 1.66/1.65 Å (SI, Table S5), similar to those found
in crystal structures of nonheme iron(IV)-oxo complexes with S=1
spin state, such as [FeIV(O)(TMC)]2+ and [FeIV(O)(N4Py)]2+.1,18

The singly occupied valence electron orbitals are as usual in

Figure 1. X-ray structures of [FeII(BQCN)(CH3CN)2]
2+ cations in

(a) cis-R-[FeII(BQCN)(CH3CN)2](ClO4)2 (1a) and (b) cis-β-[FeII-
(BQCN)(CH3CN)2](CF3SO3)2 (1b), showing 30% probability ellip-
soids. DFT-optimized structures of (c) cis-R-[FeIV(O)(BQCN)]2+ (2a)
and (d) cis-β-[FeIV(O)(BQCN)]2+ (2b), calculated at the B3LYP/
LANL2DZ level. Hydrogen atoms are omitted for clarity (Fe, green; N,
blue; O, red; C, gray). Crystallographic and structural data for 1a and 1b
are listed in SI, Tables S1 and S2.

Figure 2. (a) UV�vis spectra of 2a (blue) and 2b (red) generated in
the reactions of 1a (1 mM) and 1b (1 mM) with PAA (3 equiv) in
CH3CN at 0 �C, respectively. (b) ESI-MS of 2b. The intermediate was
generated by reacting 1b (1 mM) and PAA (3 equiv) in CH3CN at 0 �C.
Insets show the observed isotope distribution patters for 2b-16O (left
panel) and 2b-18O (right panel). 2b-18Owas generated in the reaction of
1b (1 mM) and PAA (3 equiv) in the presence of H2

18O (10 μL) in
CH3CN at 0 �C, and the ESI-MS was taken after 5 min incubation.
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nonheme FeIVO cases, such as two perpendicular π* orbitals
with about one spin on Fe and O each (SI, Table S6).

The reactivities of 2a and 2b were investigated with substrates
having C�H bond dissociation energies (BDEs) in the range of
81�91 kcal mol�1, such as triphenylmethane, indane, tetraline,
cumene, ethylbenzene, toluene, and p-bromotoluene.21 Upon
addition of cumene (50mM) to a solution of 2a, the intermediate
reverted back to the starting 1a (Figure 3a), yielding 2-phenyl-2-
propanol quantitatively. When the cumene oxidation was per-
formed with 18O-labeled 2a (i.e., 2a-18O), the oxygen in the
2-phenyl-2-propanol product derived from the 18O-labeled iron-
oxo species (SI, experimental details). The latter result demon-
strates that 2a was the oxidant giving the oxidized product and
that the oxygen in the product did not come fromO2. First-order
rate constants, determined by the pseudo-first-order fitting of the
kinetic data for the decay of 2a, increased linearly with the
increase of the cumene concentration (Figure 3c, left panel,
blue circles), yielding a second-order rate constant (k2) of 3.1(2)
� 10�1 M�1 s�1. Similarly, the k2 value of 2b was determined to
be 1.6(2)� 10�2M�1 s�1 in the oxidation of cumene (Figure 3c,
left panel, red circles). These results indicate that 2a is∼20 times

more reactive than 2b in this reaction. Similarly, second-order
rate constants of 2a and 2b were determined in the oxidation of
other substrates, showing that 2a is more reactive than 2b in
these C�H bond activation reactions (Figure 4; also see SI,
Table S3). Furthermore, kinetic isotope effect (KIE) values of 7
and 9 were obtained in the oxidation of ethylbenzene by 2a and
2b, respectively (SI, Figure S9 and Table S3). As suggested
previously, the observations of the good correlation between
reaction rates and BDEs of substrates and large KIE values
propose that the C�H bond activation by 2a and 2b occurs
via an H-atom abstraction mechanism.3b,4a,4f,7

OAT reactions were also investigated in the oxidation of
thioanisole derivatives by 2a and 2b in CH3CN at�40 �C. Upon
addition of p-cyanothioanisole to the solutions of 2a and 2b, the
intermediates reverted back to 1a and 1b, respectively, yielding p-
cyanophenyl methyl sulfoxide quantitatively. The rate constants
of 2a and 2b increased linearly with increasing p-cyanothioanisole
concentration (Figure 3c, right panel; SI, Table S3), leading us to
determine k2 = 1.0(2) � 10 and 1.0(2) � 10�1 M�1 s�1 for the
reactions of 2a and 2b, respectively. Similarly, reaction rates were
determined in the oxidation of p-nitrothioanisole by 2a and 2b,
giving k2 = 6.0(3) and 5.3(2) � 10�2 M�1 s�1, respectively (SI,
Table S3). These results demonstrate that the reactivity of 2a is
greater than that of 2b by 2 orders ofmagnitude inOAT reactions.

Why, then, is 2a more reactive than 2b in the C�H bond
activation and OAT reactions? We have shown above that the
FeIV/III redox potential of 2a (0.72 V vs SCE) is higher than that
of 2b (0.61 V vs SCE) by 0.11 V, indicating that 2a is a stronger
oxidant than 2b. In general, the oxidant with a more positive
potential exhibits a greater reactivity in oxidation reactions.5a

Indeed, when we determined activation parameters (e.g., ΔGq)
in the oxidation of cumene by 2a and 2b, the ΔGq value of 2a
(18.6 kcal mol�1) was 1.6(2) kcal mol�1 lower than that of 2b
(20.2 kcal mol�1) at 0 �C (SI, Figure S10). We therefore
conclude that cis-R-[FeIV(O)(BQCN)]2+ (2a) with a high
FeIV/III redox potential is more reactive than cis-β-[FeIV(O)-
(BQCN)]2+ (2b) with a low FeIV/III redox potential in the
activation of C�H bonds and the oxidation of sulfides.

In summary, we have shown that the linear tetradentate BQCN
ligand coordinates to an octahedral FeII center in two different
topologies (i.e., cis-R and cis-β), depending on the anions of iron

Figure 3. (a)UV�vis spectral changes of 2a (1mM, blue) upon addition
of cumene (50mM) inCH3CNat 0 �C. Inset shows the time course of the
decay of 2a monitored at 758 nm. (b) UV�vis spectral changes of 2b
(1 mM, red) upon addition of cumene (200 mM) in CH3CN at 0 �C.
Inset shows the time course of the decay of 2bmonitored at 770 nm. (c)
Plots of kobs vs concentrations of cumene at 0 �C (left) and p-cyanothioa-
nisole at�40 �C (right) to determine second-order rate constants for the
reactions of 2a (blue) and 2b (red).

Figure 4. Plot of log k02 of 2a (9, blue) and 2b (b, red) against C�H
BDE of substrates. Second-order rate constants, k2, were determined in
CH3CN at 0 �C and then adjusted for the reaction stoichiometry to yield
k02 based on the number of equivalent target C�H bonds of substrates:
one for triphenylmethane and cumene, two for ethylbenzene, three for
toluene and p-bromotoluene, and four for indane and tetraline.
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salts (i.e., FeII(ClO4)2 and Fe
II(CF3SO3)2). We have also shown

that iron(IV)-oxo complexes with two different topologies, cis-
R-[FeIV(O)(BQCN)]2+ and cis-β-[FeIV(O)(BQCN)]2+, are gen-
erated from their corresponding iron(II) complexes. The topolo-
gies of the BQCN ligand in these iron(IV)-oxo complexes as
well as in the iron(II) complexes are maintained without being
interconverted in solution at room temperature. The cis-R-[FeIV-
(O)(BQCN)]2+ complex is more reactive than the cis-β-[FeIV-
(O)(BQCN)]2+ complex in C�H bond activation and sulfide
oxidation reactions. The reactivity difference of the cis-R and cis-β
isomers of [FeIV(O)(BQCN)]2+ is rationalized with their FeIV/III

redox potentials: the redox potential of cis-R isomer is 0.11 V
higher than that of cis-β isomer. The present results demonstrate
that the ligand topology is an important factor that contributes to
the oxidizing power of nonheme iron(IV)-oxo complexes in C�H
bond activation and oxygen atom-transfer reactions.
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