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ABSTRACT: Oxo-iron(V) species have been implicated in the catalytic cycle of
the Rieske dioxygenase. Their synthetic analog, [FeV(O)(OC(O)CH3)(PyNMe3)]2+ (1, PyNMe3 = 3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1(15),11,13triene-3,6,9-trimethyl), derived from the O−O bond cleavage of its acetylperoxo
iron(III) precursor, has been shown experimentally to perform regio- and stereoselective C−H and CC bond functionalization. However, its structure−activity
relation is poorly understood. Herein we present a detailed electronic-structure
and spectroscopic analysis of complex 1 along with well-characterized oxo-iron(V)
complexes, [FeV(O)(TAML)]− (2, TAML = tetraamido macrocyclic ligand),
[FeV(O)(TMC)(NC(O)CH3)]+ (4, TMC = 1,4,8,11-tetramethyl-1,4,8,11tetraazacyclotetradecane), and [FeV(O)(TMC)(NC(OH)CH3)]2+ (4-H+),
using wave function-based multireference complete active-space self-consistent
ﬁeld calculations. Our results reveal that the x/y anisotropy of the 57Fe A-matrix is
not a reliable spectroscopic marker to identify oxo-iron(V) species and that the
drastically diﬀerent Ax and Ay values determined for complexes 1, 4, and 4-H+ have distinctive origins compared to complex 2, a
genuine oxo-iron(V) species. Complex 1, in fact, has a dominant character of [FeIV(O···OC(O)CH3)2−•]2+, i.e., an SFe =
1 iron(IV) center antiferromagnetically coupled to an O−O σ* radical, where the O−O bond has not been completely broken.
Complex 4 is best described as a triplet ferryl unit that strongly interacts with the trans acetylimidyl radical in an
antiferromagnetic fashion, [FeIV(O)(•NC(O−)CH3)]+. Complex 4-H+ features a similar electronic structure, [FeIV(O)(•N
C(OH)CH3)]2+. Owing to the remaining approximate half σ-bond in the O−O moiety, complex 1 can arrange two electronaccepting orbitals (α σ*O−O and β Fe-dxz) in such a way that both orbitals can simultaneously interact with the doubly occupied
electron-donating orbitals (σC−H or πC−C). Hence, complex 1 can promote a concerted yet asynchronous two-electron oxidation
of the C−H and CC bonds, which nicely explains the stereospeciﬁcity observed for complex 1 and the related species.

■

oleﬁn epoxidation, and cis-dihydroxylations have been reported.4
The ﬁrst example published in 1997 by Que and co-workers is
[FeII(TPA)(CH3CN)2]2+ (TPA = tris(2-pyridylmethyl)amine)
that is capable of performing stereoselective C−H bond hydroxylation.5 Subsequently, iron(II) complexes based on diﬀerent
N4-ligands, [FeII(BPMEN)(CH3CN)2]2+ (BPMEN = N,N′dimethyl-N,N′-bis(2-pyridylmethyl)-1,2-diaminoethane) and
[FeII(Me2PyTACN)(CF3SO3)2] (Me2PyTACN = 1-(2-pyridylmethyl)-4,7-dimethyl-1,4,7-triazacyclononane),6 were shown
to catalyze cyclohexane oxidation with >93% stereoretention.6b,7
A similar catalyst, [FeII(S,S-PDP)(CH3CN)2] (PDP = N,N′bis(2-pyridylmethyl)-2,2′-bipyrrolidine), reported by White
and co-workers exhibits enhanced selectivity in the presence
of added acetic acid and, more impressively, predictable selectivity.8 It has been long believed that the C−H and CC
bond oxidation processes with the aforementioned iron(II)
catalysts follow a common mechanism. The reaction is initiated
by formation of a metastable intermediate, FeIII−OOH
or FeIII−OOC(O)CH3, and the resulting hydroperoxo or

INTRODUCTION
The chemistry of oxo-iron(V) complexes has attracted much
interest in recent years, as they play a key role in challenging
hydrocarbon oxidation reactions. Cytochrome P450, an O2activating heme enzyme, uses a formal oxo-iron(V) complex
(so-called compound-I) with an oxidizing equivalent distributed
over the porphyrin ring (FeIV(O)-por•−) to functionalize strong
C−H bonds in substrates.1 A nonheme oxo-iron(V) intermediate has been proposed in the catalytic cycle of Rieske
dioxygenases that catalyze a remarkable array of transformations, such as cis-dihydroxylations of CC bonds, C−H bond
hydroxylation, O-/N-demethylation, and C−C bond formation.2 However, a computational study predicted the formation
of such an oxo-iron(V) intermediate to be energetically unfavorable and raised the question about the exact nature of the
actual oxidizing species in Rieske oxygenases.3 Despite this, the
reactions mediated by such enzymes exhibit an unprecedented
level of chemo-, regio-, and stereoselectivity, which has been
inspiring synthetic chemists over decades to develop lowmolecular weight synthetic analogues. In this direction, a wide
range of nonheme iron catalysts has been developed and
remarkable activity toward aliphatic C−H bond oxidation,
© 2018 American Chemical Society
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have been accumulated to higher concentrations allowing
thorough spectroscopic characterizations.16 On the basis of
the highly anisotropic 57Fe A-matrices (vide inf ra) and
Mössbauer isomer shifts, this series of complexes were proposed to be oxo-iron(V) species. In fact, similar species with
the same g-values have been detected in the catalytic systems
supported by the TPA, TPA*, PDP, and PDP* ligands.5,8,13,14,17
Most importantly, a recent kinetic study by Que, Lipscomb,
and co-workers shows that the FeIII−OOC(O)CH3 precursor
exists in a dynamic equilibrium with FeV(O)(OC(O)CH3)
and that the latter species is responsible for the substrate
oxidation.17
Parallel to the eﬀort devoted to detecting oxo-iron(V) intermediates in selective C−H or CC bond oxidation reactions,
another route to directly synthesize such complexes has been
undertaken. The ﬁrst authenticated oxo-iron(V) complex,
[FeV(O)(TAML)]− (2, TAML = tetraamido macrocyclic
ligand) prepared by Collins and co-workers, features a lowspin perferryl center.18 Furthermore, Van Heuvelen et al. performed a one-electron oxidation of [Fe IV (O)(TMC)(NCCH3)]2+ (TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane) (3) using tert-butyl hydroperoxide and
strong base to generate a metastable species [FeV(O)(TMC)(NC(O)CH3)]+ (4) and its conjugate acid [FeV(O)(TMC)(NC(OH)CH3)]2+ (4-H+).19 The EPR and Mö ssbauer
measurements revealed signiﬁcant x/y anisotropy of their
57
Fe A-matrices (Ax,y,z = −47, −17, and 0 MHz). A highly
anisotropic A-matrix (Ax,y,z = −67.0, −2.1, and −22.5 MHz)
was also observed for complex 2,18 whereas complex 3 having
an oxo-iron(IV) core exhibits an axial A-matrix (Ax,y,z = −28,
−28, and −4 MHz).19 The x/y anisotropy of the 57Fe A-matrix
has thus been proposed to be a characteristic spectroscopic
marker for oxo-iron(V) species, which has used to assign the
metal oxidation state for complexes 1, 4, and 4-H+.15,19
However, a sizable 14N hyperﬁne splitting (29 MHz) originating from the trans acetylimido ligand was also detected,
indicating that considerable spin density is localized on the
N atom. In line with this observation, the DFT calculations
employing two diﬀerent density functionals, BP86 and B3LYP,
predict distinct electronic structures for 4 and 4-H+. In the case
of complex 4, the BP86 computations favor a formulation of a
low-spin FeV(O) moiety coordinated by a trans acetylimido
ligand (CH3(O−)CN−), whereas the B3LYP calculations
prefer a triplet ferryl center that is antiferromagnetically
coupled to an acetylimidyl radical (CH3(O−)CN•) yielding
an overall doublet ground state. A similar situation was found
for complex 4-H+.
It was shown that complex 1 exhibits unprecedented activity
toward stereo- and regioselective C−H and CC bond oxidation.15 Speciﬁcally, more than 95% stereoretention was
determined for its hydroxylation of cis-1,2-dimethylcyclohexane yielding 1,2-dimethylcyclohexanol. The reaction with
cyclooctene produces a mixture of cyclooctene oxide and cis2-acetoxycyclooctanol, the latter transformation reminiscent of
cis-dihydroxylation mediated by the Rieske dioxygenase.2 More
importantly, such regio- and stereoselectivity has been also
observed for the reactions catalyzed by the above-mentioned
analogous iron catalysts featuring two cis labile coordination
sites like in complex 1.4a,20,21 Complex 2 and its biuretmodiﬁed (b-2) form were reported to be capable of functionalizing C−H and CC bonds;22 however, their eﬃcacy to
cleave C−H bonds is several orders of magnitude lower than
complex 1.15 No reactivity study has been reported for

acetylperoxo species undergo O−O bond cleavage to generate
putative oxo-iron(V) (FeV(O)) complexes responsible for the
actual substrate functionalization.4a Speciﬁcally, the oxidant
was advocated to be FeV(O)(OH) and FeV(O)(OC(O)CH3)
in the water-4a,9 and carboxylic acid-assisted4a,10 mechanisms,
respectively. Notably, the FeV(O)(OH) species was also proposed as a key intermediate in the catalytic cycle of the Rieske
oxygenase family of enzymes.2a,c
Extensive eﬀorts aimed to trap and characterize oxo-iron(V)
species in situ have been made. An investigation using variabletemperature cryospray mass spectrometry found a molecularion peak corresponding to {[Fe(O)(OH)(Me,HPyTACN)](OTf)}+ (Me,HPyTACN = 1-(2′-pyridylmethyl)-4,7-dimethyl1,4,7-triazacyclo-nonane, OTf = OSO2CF3), indicative of a
formal oxo-iron(V) species, in hydroxylation of cis-1,2dimethylcyclohexane by [FeII(Me,HPyTACN)(OTf)2].11 Later,
Talsi and co-workers have assigned an S = 1/2 species with a
large g-anisotropy (gmax = 2.58−2.74 and Δg = 0.85−1.2),
detected in the reaction of [FeII(TPA)(CH3CN)2] and
[FeII(BPMEN)(CH3CN)2] by using electron paramagnetic
resonance (EPR), to FeV(O)(OC(O)R) (R = H or tBu).12
Subsequently, similar species were found in other nonheme
iron catalysts, such as those supported by the PDP and PDP*
ligands (PDP* = N,N′-bis(3,5-dimethyl-4-methoxy-2-pyridylmethyl)-2,2′-bipyrrolidine).13 In 2014, a combined spectroscopic (EPR, Mössbauer, and resonance Raman) and computational study by Que, Münck, Shaik, and co-workers14 revealed
that an S = 1/2 complex based on the TPA* ligand (TPA* =
tris(3,5-dimethyl-4-methoxy-2-pyridylmethyl)amine), which
elicits a highly anisotropic EPR spectrum (g = 2.58, 2.38,
1.73) analogous to that of the corresponding species with
TPA (g = 2.74, 2.42, 1.53), is not FeV(O)(OC(O)CH3) but
a low-spin FeIII−OOC(O)CH3 intermediate. In the system
of [Fe II (PyNMe 3 )(CF 3 SO 3 ) 2 ] (PyNMe 3 = 3,6,9,15tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-triene-3,6,9-trimethyl) and CH3C(O)OOH, a highly reactive oxidant formulated as [FeV(O)(OC(O)CH3)(PyNMe3)]2+ (1 in Scheme 1)
Scheme 1. Complexes under Investigation in This Study

was trapped.15 Complex 1 was characterized to feature an S = 1/2
ground state with much less anisotropic g-values (g = 2.07, 2.01,
1.96). Very recently, complexes 1a, 1b, 1′, 1′a, and 1′b (Scheme 1)
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complexes 4 and 4-H+. The fascinating chemistry of complex 1
motivated us to investigate its structure−activity relation. We
ﬁrst analyzed the electronic structure of complex 1, guided by
the insights obtained from the correlation of the electronic
structures of well-characterized complexes 2,18 3,23 4 and
4-H+19 with their spectroscopic properties. To this end, we
have performed rigorous ab initio electronic-structure and
spectroscopic calculations using wave function based multireference complete active space self-consistent ﬁeld (CASSCF)
along with the standard density function theory (DFT)
approaches. This allows us to shed light on the electronicstructure contribution to the fundamental diﬀerences in the
C−H and CC bond oxidation processes between complexes
1 and 2. To the best of our knowledge, the current work represents the ﬁrst investigation to address the electronic-structure
origin of the stereospeciﬁcity of the reactions catalyzed by
complex 1 and the related systems.

■

RESULTS AND DISCUSSION
Electronic Structures and Spectroscopy of Complexes 2 and 3. Prior to delving into complicated situations
(complexes 1, 4, and 4-H+), we ﬁrst analyze the electronic
structures of complexes 2 and 3, because both species have
been subjected to detailed spectroscopic studies and their
electronic structures have been well established. As elaborated
elsewhere,24 the interaction between the high-valent iron
center and the oxo (O2−) ligand is rather covalent, which is
composed of two π-bonds involving the Fe-dxz/yz and O-px/y
atomic orbitals and one σ-bond formed between Fe-dz2 and
O-pz. To properly describe the metal−ligand covalent bonding
in transition metal complexes using the CASSCF approach, the
active space should include not only the metal centered, typically antibonding, orbitals but also the corresponding ligand
based, usually bonding, orbitals.25 Following this notion, an
active space consisting of the ﬁve Fe 3d based orbitals, the
three O 2p orbitals and the bonding counterpart of the Fe-dx2−y2
orbital was constructed. On top of that, the Fe 4d t2g subset
(4dxy, 4dxz, and 4dyz) was added to account for the important
double-shell eﬀect.26 Hence, the CASSCF(11,12) and
CASSCF(12,12) calculations were undertaken for complexes
2 and 3, respectively. Our earlier studies on the spectroscopy
and reactivity of related ferryl model complexes shows that the
CASSCF calculations with similar active spaces deliver reliable
results for the ground state as well as for excited states.27
Our theoretical results predict that the wave function of the
doublet ground state of complex 2 contains a principal (78%)
electron conﬁguration of (nb dxy)2(σeq)2(σz)2(πx/y)4(π*y)1
(π*x)0(σ*eq)0(σ*z)0 (nb = nonbonding, eq = equatorial) with
the highest weight of the remaining electron conﬁgurations
less than 10% (Figure 1c), indicating a formal bond order of
2.5 for the Fe−oxo bond. To accommodate this nearly doubly orbitally degenerate electronic state, the system shrinks
the two Fe−NTAML bonds (1.844, and 1.846 Å) along the
x-direction destabilizing the π*x orbital of the Fe-dxz parentage,
and lengthens the other two Fe−NTAML bonds (1.900, and
1.914 Å) along the y-direction slightly lowering the energy of
the Fe-dyz based π*y orbital; as a consequence, the Fe center
moves out of the plane deﬁned by the four NTAML atoms by
0.504 Å. Our earlier experiences show that often multireference
wave functions are too complex to be easily interpreted, but spin
densities often provide more insights into electronic structures.
The calculated spin density of complex 2 (Figure 1b) resembles
the shape of π*y, the singly occupied molecular orbital (SOMO).

Figure 1. Electronic structure of complex 2 derived from CASSCF(11,12) calculation. (a) Natural orbitals with occupation number in
parentheses and contribution from atomic orbitals. The iron 4d
orbitals are omitted for clarity. (b) Spin density, atomic spin populations and orbital contributions to the spin population. (c) Dominant
electron conﬁguration.

There is marginal yet discernible negative spin density on the
terminal oxo, the majority of which is perpendicular to the
yz-plane. Owing to the covalent nature of the Fe−oxo bonding,
the π*y orbital contains a substantial contribution from the O-py
atomic orbital (25%), thereby leading to a sizable positive spin
population in the O-py orbital. Furthermore, because the iron
center has larger spin populations than the oxo ligand, the spin
polarization arising from exchange stabilization induces
some positive spin populations in the Fe-dxz (+0.07) and -dz2
(+0.03) orbitals, and accordingly, some negative spin populations
in the O-px (−0.04) and -pz orbitals (−0.02). This observation is
consistent with the computed occupation numbers (ONs) for
πx (1.82) and σz (1.88) being considerably less than 2, a value
expected for doubly occupied molecular orbitals (DOMO), and
with the ONs for π*x (0.19) and σ*z (0.12) substantially
exceeding 0, an ideal value for virtual molecular orbitals (VMO).
In the case of complex 3, the CASSCF(12,12) calculations
show that its triplet ground state possesses a leading (82%)
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electron conﬁguration of (nb dxy)2(σeq)2(σz)2(πx/y)4(π*x/y)2(σ*eq)0(σ*z)0, none of the remaining electron conﬁgurations
having a weight exceeding 8%. Compared to 2, an additional
valence electron resides in the π*x orbital in complex 3; thus,
its Fe−oxo bond order decreases to 2, in accord with the
elongated Fe−O distances determined experimentally upon
going from 2 (1.58 Å)18 to 3 (1.646 Å).23 Surprisingly, the
Fe−oxo bonding in complex 3 becomes more covalent than
that in 2, opposite to what one would anticipate on the
grounds of the distinct eﬀective nuclear charges of the iron
centers. The reduced Fe−oxo covalency in 2 is presumably due
to the fact that TAML is a tetra-anionic ligand; hence, the Fe
d-manifold of 2 is raised to a higher energy and cannot eﬀectively mix with the oxo p-orbitals. Therefore, the spin population in the O-py orbital (+0.42) of complex 3, mainly originating from the covalent Fe-oxo interaction, is larger than that of
complex 2. Diﬀerent from complex 2, both π*x and π*y are
SOMOs in complex 3; thus, the spin polarization eﬀect manifests
itself only along the z-direction as evidenced by the computed
negative spin population in the O-pz orbital of complex 3
(Figure 2b). As a result, the diﬀerential degree of the Fe-oxo
covalency and of spin polarization explains why the total spin
population (0.82) on the oxo ligand for complex 3 is more
than two times larger than that (0.21) found for complex 2.
As tabulated in the Table 1, our computed spectroscopic
parameters are in reasonable agreement with the experimental
values within the uncertainty limit of the calculations.28 The
following discussion, focusing on the correlation the electronic
structures of complexes 2 and 3 with their spectroscopic
properties (g-factors, 57Fe isomer shifts, quadrupole splitting,
and hyperﬁne coupling constants (HFCs)), serves as a basis for
interpreting the spectroscopic data for other complexes.
Experimentally, complex 2 exhibits a near-axial EPR spectrum
with two g-values close to 2 (1.99 and 1.97), and the third one
is appreciably less than 2 (1.74). Calculated gmax and gmin are
along the y- and z-directions (Figure S11), respectively, of the
reference frame deﬁned in Figure 1a. The large negative g-shift
observed for gz, the axis of which largely aligns along the Fe−
oxo bond, can be attributed to the eﬃcient spin−orbit
coupling (SOC) between the ground state and the low-lying
excited state with an electron conﬁguration of (nb dxy)2
(σeq)2(σz)2(πx/y)4(π*x)1(π*y)0(σ*eq)0(σ*z)0. For the HFCs,
we only discuss the CASSCF results, because the groundstate wave function predicted by CASSCF is much more
accurate than those delivered by DFT. A highly anisotropic
57
Fe A-matrix (Ax,y,z = −66.6, −9.9, and −13.2 MHz) is
obtained for complex 2, which nicely reproduces the
experimental values (Ax,y,z = −67.5, −2.0, and −22.3 MHz)18
(Table 1). More importantly, our theoretical results reveal that
the diﬀerence found for Ax and Ay is due to the traceless spin
dipolar term (ASD
x,y,z = −36.1, 15.7, and 20.4 MHz). The relative
ratio of the three components of ASD is roughly (−2):1:1 as
expected for an unpaired electron residing in the Fe-dyz orbital
(ASD
x,y,z = (−4/7)κPFe, (2/7)κPFe, (2/7)κPFe, where κ is the
Fe-dyz character in the spin density and PFe (>0) is the proportionality constant for 57Fe).29 Typically, AORB is proportional to
should be the largest component of
the g-shift. Therefore, AORB
z
AORB and is estimated to be −17.9 MHz,18 while the other two
and AORB
) are close to zero. As such, the spin dipolar
(AORB
x
y
term dictates the A anisotropy, because the isotropic Fermi
contact term (AFC) is always negative for mononuclear iron
complexes and the pseudocontact term (APC) is also negative
in the present case. A value of −30.7 MHz is determined

Figure 2. Electronic structure of complex 3 derived from CASSCF(12,12) calculation. (a) Natural orbitals with occupation number in
parentheses and contribution from the atomic orbitals. The iron 4d
orbitals are omitted for clarity. (b) Spin density, atomic spin populations and orbital contributions to the spin population. (c) Dominant
electron conﬁguration.

experimentally for the isotropic contribution to A.18 Taken
together, |Ax| should be the largest component of the HFCs ,
and |Ay| should be the lowest one. The nonvanishing negative
value of AORB
renders |Az| intermediate between |Ax| and |Ay|,
z
In contrast, the 57Fe Ax and Ay values of complex 3
are approximately equal, and Az has the lowest magnitude
(Table 1). Again, it is the spin dipolar term that determines the
anisotropy of the HFCs of complex 3. AORB is negligible
because complex 3 has a nearly isotropic g-matrix (gx,y,z = 2.10,
2.10, and 2.04) with marginal g-shifts measured by the highfrequency and -ﬁeld EPR spectroscopy.30 The two SOMOs in
complex 3 are the Fe-dxz and -dyz based orbitals; hence, the
ratio of the three ASD
x,y,z components is anticipated to be
(−1):(−1):2. Thus, the A-matrix of complex 3 displays nearly
vanishing x/y anisotropy, and the lowest A-component is |Az|.
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Table 1. Key Geometrical Parameters, Fe−O Stretching Frequency (νFe−O), g-Matrix, Components of the Total HFC
Matrix (A), Components of the Spin-dipolar Term (ASD), Mössbauer Isomer Shift (δ), Quadrupole Splitting (ΔEQ),
Asymmetry Parameter (η), and Experimentally Reported Values for Complexes 1−4 (4-H+) and the Related Species
species

Fe−O
(Å)

57

gx,y,z

859
804
815
815
815
812/820
812/820
813/821

2.01,
1.98,
2.01,
2.01,
2.01,
2.01,
2.01,
2.01,

1.607
1.574
1.58

897
952

2.00, 2.02, 1.87
2.01, 2.02, 1.88
1.99, 1.97, 1.74

1.651
1.628
1.646

861
898
839

2.01, 2.01, 2.00
2.02, 2.02, 2.01
2.10, 2.10, 2.04

4

1.679
1.65

799
833

2.00, 2.02, 1.98
2.02, 2.02, 2.00
2.05, 2.01, 1.97

4-H+

1.636
1.63

844
911

2.00, 2.02, 1.98
2.02, 2.22, 2.01
2.05, 2.01, 1.97

1
1a
1b
1’
1’a
1’b
2

3

1.617
1.631

νFe−O
(cm−1)

1.63

2.02,
2.02,
2.07,
2.07,
2.07,
2.07,
2.07,
2.07,

1.98
1.96
1.95
1.94
1.94
1.94
1.94
1.94

Fe Ax,y,z (MHz)

−57.9, −16.7, −6.18
−45.2, −22.9, −12.5
−40.6, −35.5, −4.6
Ax = 47 ≫ Ay, Az
−62, −7, −10
−62, −6, −11

57

Fe ASD
x,y,z (MHz)

−31.0, 10.2, 20.7
−18.3, 4.0, 14.4
−13.7, −8.6, 22.3

−62, −8, −9
−66.6, −9.9, −13.2
−62.7, −9.9, −17.5
−65.1, −10.1, −14.5
−67.5, −2.0, −22.3
−28.9, −28.5, −5.6
−28.1, −27.8, −7.0
−28.7, −28.2, −6.0
−28, −28, −4
−39.0, −22.2, −1.2
−33.9, −22.9, −5.5
−32.3, −28.8, −1.2
−47, −17, 0
−37.6−29.0, −3.3
−36.5, −25.6, −7.8
−34.4, −31.6, −4.0
−47, −17, 0

−36.1, 15.7, 20.4
−32.0, 15.3, 16.6
−34.6, 15.5, 19.1
−7.9, −7.5, 15.4
−7.1, −6.8, 14.0
−7.7, −7.2, 15.0
−18.2, −1.4, 19.6
−13.3, −2.2, 15.2
−11.5, −8.0, 19.5
−14.3, −5.7, 20.0
−13.2, −2.3, 15.5
−11.1, −8.2, 19.3

δ (mm/s)

ΔEQ
(mm/s)

η

0.02
−0.09

−0.74
+0.65
+0.69

0.3
0.2
0.1

−0.06
−0.08

+1.00
+1.11

0.2
0.3

−0.08

+1.15

0.6

+5.16
+3.90
+4.34
+4.25
+0.51
+0.85
+0.84
+1.24
+0.52
+0.63
−0.53
+0.5
+0.71
+1.48
+1.11
+0.2

0.4
0.8
0.8
0.65
0.1
0.2
0.2
0.50
0.8
0.4
0.8
0
0.4
0.8
0.4
0

−0.37
−0.57
−0.42
0.18
0.08
0.17
0.16
0.06
0.1
0.10
0.06
0.1

calcda
calcdb
calcdc
exp15,16
exp16
exp16
exp16
exp16
exp16
calcda
calcdb
calcdc
exp18
calcda
calcdb
calcdc
exp19,23
calcda
calcdb
calcdc
exp19
calcda
calcdb
calcdc
exp19

CASSCF. bBP86. cB3LYP. The reported ΔEQ and η values for 4 (ΔEQ = −0.5, η = −3) and 4-H+ (ΔEQ = −0.2, η = −3) are quoted in the
principal axis system of the g-matrix. To compare the calculations, the values in Table 1 have been converted to those in the principal axis system of
the electric ﬁeld gradient tensor.

a

than those estimated by B3LYP (1.90 Å for 4 and 1.95 Å for
4-H+), which may reﬂect the lower Lewis basicity of acetylimidyl
radical relative to its one-electron reduced form. In contrast, the
Fe−oxo distances computed by the two functionals (BP86
1.68, 1.64 Å; B3LYP 1.65, 1.63 Å for 4 and 4-H+, respectively)
are nearly identical and, more importantly, fall into the typical
range for well-characterized ferryl complexes,31 such as complex 3.
To resolve this ambiguity, we calculated the electronic
structures of both complexes using the CASSCF approach, for
which on top of CASSCF(11,12) used for complex 2, the trans
Nax-px based orbital was added to allow the radical character to
develop on the acetylimido ligand. Furthermore, we optimized
the Fe−Nax distances at the level of the CASSCF(13,13)/
NEVPT2 theory (see the “Computational Setup” section for
details) and found the optimal Fe−Nax distances to be 1.89
and 2.06 Å for complex 4 and 4-H+, respectively (Figures S1
and S2). As shown in Figure 3c, the doublet ground state of
complex 4 contains two electron conﬁgurations with appreciable weights, namely, (nb dxy)2(σeq)2(σz)2(πx)2(Nax-px)2
(πy)2(π*y)1(π*x)0(σ*z)0(σ*eq)0 (50%) and (nb dxy)2(σeq)2(σz)2(πx)2(Nax-px)0(πy)2(π*y)1(π*x)2(σ*z)0(σ*eq)0 (21%), a
situation distinct from that found for bona ﬁde oxo-iron(V)
complex 2. Relative to the ﬁrst electron conﬁguration, the second one represents a two-electron excitation from the doubly occupied Nax-px orbital to the unoccupied Fe-dxz based π*x
orbital. In line with this observation, the ONs (1.37 and 0.70)
of the above two orbitals deviate substantially from those

In contrast to HFCs, which are largely dictated by the singly
occupied d-orbitals, the quadrupole splitting is a property
that depends on the total electron density at the iron nucleus.
Table S3 summarizes the breakdown of Vzz, the largest principal component of the electric ﬁeld gradient tensor for
complexes 1−4 (4-H+). Core polarization contributions stem
from the deformation of the electron density of the core
electrons, predominantly from 3s and 3p shells. This term
makes a sizable contribution to Vzz for all complexes and even
the largest one for complexes 3, 4, and 4-H+. One-center
valence contributions, mainly arising from the valence d electrons, often can give the information about the electronic structure of the iron center. However, for all complexes except 2,
this part has similar magnitude, sometimes even opposite in
sign, to that of core polarization. Furthermore, the two-center
bond contribution is also non-negligible. As such, the trade-oﬀ
between them determines the ﬁnal magnitude and sign of Vzz.
On the basis of these observations, we refrained ourselves from
carrying out an in-depth analysis to correlate the electronic
structure with the quadrupole splitting. Typically, high-valent
iron complexes feature considerable core polarization contributions to Vzz due to strong metal−ligand interactions.24e
Electronic Structure and Spectroscopy of Complex 4
and 4-H+. As mentioned in the Introduction, the DFT calculations predict distinct electronic structures for complexes 4
and 4-H+ depending on the density functionals employed.19
Our BP86 computations deliver signiﬁcantly shorter Fe−Nax
bonds for both complexes (1.77 Å for 4 and 1.79 Å for 4-H+)
9535

DOI: 10.1021/jacs.8b04275
J. Am. Chem. Soc. 2018, 140, 9531−9544

Article

Journal of the American Chemical Society

leading electron conﬁguration is (σH−H)2(σH−H*)0, and the
electron conﬁguration corresponding to the bonding-toantibonding double excitation, (σH−H)0(σH−H*)2, makes a vanishing contribution to the ground state wave function. As the H−H
bond lengthens, the weight of the latter electron conﬁguration
increases at the expense of the former. Eventually, at an inﬁnite
H−H distance, the wave function contains even contributions
from both conﬁgurations. As elaborated elsewhere,32 the
diradical character of a system can be quantiﬁed by a diradical
index (d): d = 2 C02C22 /(C02 + C22), where C20 and C22 are the
weights of the conﬁguration with two-electrons occupying the
bonding orbital and of the corresponding bonding-toantibonding double excitation in the CASSCF wave function,
respectively. The closer to 100% the value of d, the higher
diradical character the system. A d value of 91% estimated for
complex 4 indicates that the homolytic Fe−Nax π-bond cleavage is nearly complete. The diﬀerent signs of the spin populations in the O-px,y and Nax-px orbitals reﬂect their disparate
origins, i.e., the former stems from the Fe-oxo covalency and
the latter arises from the Fe−Nax π-bond homolysis. The electronic structure of 4 is thus best formulated as a triplet ferryl
unit antiferromagnetically coupled to an acetylimidyl radical,
[FeIV(O)(•NC(O−)CH3)]+. Unlike complex 3, the Fe−oxo
bonding in 4 along the x-direction is considerably perturbed
due to the Fe−Nax π-interaction, whereas that along the y- and
z-directions is largely intact, because the ONs of the relevant
orbitals (σz, σ*z, πy, and π*y) are similar to those computed
for complex 3. Furthermore, we have also performed the
CASSCF(13,13) calculations on the BP86 geometry with a
shorter Fe−Nax bond, and obtained an almost identical electronic structure (Figure S3). Similarly, complex 4-H+ features
an electronic structure of [FeIV(O)(•NC(OH)CH3)]2+
(Figure S4).
In fact, both BP86 and B3LYP calculations predict qualitatively the same bonding picture for complex 4 as that
delivered by CASSCF (Figures S5 and S6). Quantitatively,
relative to the CASSCF results, the BP86 calculations give a
similar spin population on Nax (−0.26), while the B3LYP computations signiﬁcantly overestimate it (−0.76). Consequently,
the Fe spin population computed by B3LYP (+1.30) is substantially larger than those estimated by CASSCF (+0.75) and
BP86 (+0.83). This diﬀerence roots back to the natural
tendency of the hybrid density functionals, such as B3LYP, to
favor charge-separated states,33 because of Hartree−Fock (HF)
exchange. (For a detailed comparison, see the Supporting
Information.)
The EPR spectra of complexes 4 and 4-H+ exhibit a small
spread of the g-values (2.05, 2.01, 1.97). Mössbauer measurements of both complexes revealed highly anisotropic 57Fe
A-matrices. The calculated g-values and 57Fe A-matrices match
the experimental values reasonably well (Table 1). Presumably,
owing to small g-anisotropy found for complexes 4 and 4-H+,
the largest A-component (Amax) predicted by BP86 is collinear
with gmid (Figure S11), instead of with gmax as determined experimentally. The following discussion focuses on complex 4,
because analogous results were obtained for complex 4-H+.
Due to the vanishing g-shifts found for complex 4, the spindipolar term (ASD) is anticipated to govern the sign and anisotropy of its 57Fe A-matrix. ASD
x,y,z = −18.2, −1.4, and 19.6 MHz
predicted by CASSCF, which reproduce the diﬀerence
between the experimental Ax and Az values, indeed conﬁrm
this notion. More importantly, the ratio of the three components

Figure 3. Electronic structure of complex 4 derived from CASSCF
(13,13) calculation. (a) Natural orbitals with occupation numbers in
parentheses and contribution from atomic orbitals. The iron 4d
orbitals are omitted for clarity. (b) Spin density, atomic spin populations, and orbital contributions to the spin population. (c) Dominant electron conﬁgurations.

anticipated for a DOMO and a VMO, but the sum of the two
ONs remains close to 2. It should be pointed out that such
large deviations cannot be ascribed to spin polarization as
observed for complexes 2 and 3. If complex 4 were best
interpreted as a genuine oxo-iron(V) center coordinated by an
acetylimido ligand (CH3(O−)CN−), then the Nax-px based
lone pair would form a two-electron dative π-bond with the
iron center, but all ﬁndings instead signal that the Fe−Nax
π-bond undergoes homolysis. This notion is further corroborated by the calculated spin populations in the Nax-px (−0.21)
and Fe-dxz (+0.25) orbitals being almost equal in magnitude
but opposite in sign (Figure 3b). The situation is reminiscent
of the homolytic cleavage of H2. At its equilibrium distance, the
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of ASD is approximately close to (−1):0:1, a pattern expected
for one unpaired electron locating in the Fe-dyz orbital and a
half electron in Fe-dxz as suggested by the ratio of the spin
populations in the two orbitals (Figure 3b). Therefore, the sum
of AFC and ASD leads to |Amax|, |Amid|, and |Amin| along x-, y-, and
z-directions (Figure S11), respectively, which nicely explains
the experimental results.
However, the related systems featuring the same electronic
structure, viz., an oxo-iron(IV) species interacting with a ligand
radical, such as compound I of horseradish peroxidase,34
chloroperoxidase,35 and cytochrome P450,36 all exhibit axial
57
Fe A-matrices. The diﬀerence can be readily attributed to the
diﬀerential strength of the interaction between the ferryl moiety
and the radical. In the above-mentioned complexes, the weak
interaction with an exchange-coupling constant of several
dozen wavenumbers does not signiﬁcantly perturb the Fe-oxo
bonding such that the Fe-oxo interactions along the x- and
y-directions are nearly identical.37 This is not the case for
complex 4, in which the acetylimidyl radical is derived from the
Fe−Nax π-bond homolysis in the x-direction. Therefore, the
overlap of the magnetic orbitals is much more eﬃcient, and the
interaction has somewhat covalent-bond character and is much
stronger. The quartet state of complex 4 with the two fragments ferromagnetically coupled is destabilized by ∼1600 cm−1
relative to the doublet ground state. Owing to the diﬀerent
bonding situations, the intrinsic g-values of the oxo-iron(IV)
unit in complex 4 is expected to be distinct from those determined for 3, which foils the attempt to estimate the g-factors of
4 using the spin-projection technique.
In the case of the 17O HFCs of the oxo ligand, our CASSCF
calculations deliver −18.2, −115.6, and 84.4 MHz for Ax,y,z.
In comparison with the experimental data (25, 128, and
∼20 MHz), our theoretical results quantitatively reproduce the
large diﬀerence between Ax and Ay. Note that in experiment
the signs of Ax,y,z cannot be determined and that the Az value
cannot be accurately measured due to the overlapping of
several hyperﬁne features.19 Similar to the 57Fe HFCs, the spin
dipolar term controls the anisotropy of the 17O A-matrix. The
ratio of the computed three ASD components (2.3, −97.2, and
94.8 MHz) is roughly 0:(−1):1, which agrees with the
predicted relative magnitudes of the spin populations in the
O-px,y,z orbitals (1/2:1:0). Note that the proportionality constant of 17O is negative. Thus, the Fermi contact term arising
from the marginal contribution of the valence 2s atomic orbital
in the SOMO is also negative, although the spin density on the
O atom is positive. As such, |Ay| is expected to be the largest
A component (Amax, Figure S11) as observed experimentally.
For complex 4, the 14N HFCs of the acetylimidyl radial
ligand has been experimentally reported. The largest component of the 14N A-matrix was found to align approximately
along the same direction as 57Fe |Amax| (Figure S11).19 The
computed 14N HFCs (Ax,y,z = −43.7, 9.1, 8.6 MHz) is in a reasonable agreement with the experiment (|Ax,y,z| = 29, 11, 11 MHz).
As shown in Figure 3b, the negative spin density nearly
exclusively locates in the Nax-px orbital; hence, the ratio of the
three components of ASD is predicted to be (−2):1:1, conSD
= −23.9,
sistent with the calculated spin dipolar terms (Ax,y,z
SD
11.2, 12.7 MHz). Note that each A component has the
opposite sign relative to that anticipated for one unpaired
electron in a px orbital, because the spin density on Nax is
negative and the proportionality constant of 14N is positive.
Due to the same reason, the Fermi contact term is also negative. Thus, one can nicely explain why the largest components

of the 14N and 57Fe A-matrices are collinear. Taken together,
our proposed electronic structure of complex 4 accounts for all
key spectroscopic properties; thus, one can conclude that the
observed x/y anisotropy of the 57Fe and 17O A-matrices has
diﬀerent origin compared to complex 2, a genuine perferryl
species.
Electronic Structure and Spectroscopy of Complex 1.
Complex 1 has been proposed to be generated from the
corresponding FeIII-acylperoxo precursor via the O1−O2 bond
cleavage of the acylperoxo ligand.14,15,17 This process entails a
two-electron transfer from the low-spin iron(III) center to the
σ*O−O orbital. The computed Fe−O1 distances (1.62 and 1.63 Å)
for 1 by BP86 and B3LYP are in good agreement with that
determined for 1a by EXAFS.16 The Fe−O1 bond length is
close to that found for complex 3 (1.646 Å),23 but it is considerably longer than that for complex 2 (1.58 Å).18 The computed geometry of complex 1 shows that the chelated ring of
Fe−O1−O2−C(O) is situated nearly in one plane with a dihedral angle of 2°; thus, O1 and O2 are in a syn conformation.
An O1−O2 distance of ∼2.07 Å estimated by both density
functionals is drastically diﬀerent from that observed for the
crystal structure of [FeIII(OO)(TMC)]+ (1.463 Å).38 The
corresponding anti-conformer of 1 (anti-1, Scheme S1) with a
Fe−O1−O2−C(O) dihedral angle of 95° is predicted to lie
15.5 kcal/mol higher in energy. Therefore, we can rule out
anti-1 as a viable model for complex 1.
To carefully investigate the electronic structure of complex 1,
we performed CASSCF(13,17) calculations on its S = 1/2
ground state. The active space is composed of ﬁve Fe 3d based
orbitals, three O 2p based orbitals, the bonding orbital (σeq)
with respect to the interaction between Fe-dx2−y2 and the four
equatorial donors, and the O1−O2 σ and σ* orbitals. Additionally, we added three Fe 4d orbitals (dxy, dxz, dyz) and three
O 3p from O1 to account for the important double-shell eﬀect.
Similar to complexes 4 and 4-H+, the ground state wave
function of 1 consists of two dominant electron conﬁgurations,
viz., (nb dxy)2(σeq)2(σz)2(πx)2(σO−O)2(πy)2(π*y)1(σ*O−O)0
(σ* z ) 0 (σ* e q ) 0 (65%) and (nb d x y ) 2 (σ e q ) 2 (σ z ) 2 (π x ) 2
(σO−O)0(πy)2(π*y)1(σ*O−O)2(σ*z)0(σ*eq)0 (13%), as shown
in Figure 4c. The latter conﬁguration is a double excitation
from the σO−O based orbital (10% O1 36% O2) to the σ*O−O
centered orbital (32% O1 41% O2) (Figure 4a). In line with
this observation, the ONs of the σO−O (1.61) and σ*O−O
(0.46) orbitals signiﬁcantly deviates from 2 and 0, respectively.
Furthermore, both orbitals contain considerable contributions
from the Fe-dxz atomic orbital, indicating that the originally
doubly occupied Fe-dxz orbital functions as the electron donating orbital (EDO) in the present electron transfer process.39
This notion is consistent with the sum (3.96) of the ONs for
the three relevant orbitals (σO−O, πx, and σ*O−O) being close to 4.
More importantly, the O1−O2 bond is not completely broken,
as evidenced by the computed formal bond order of 0.58 from
the ONs of the σO−O and σ*O−O orbitals; otherwise, both ONs
would be nearly identical. In other words, the two-electron
transfer from the low-spin iron(III) center to the acylperoxo
σ*O−O orbital is proceeding en route to an oxo-iron(V) species.
If complex 1 were an authenticated oxo-iron(V) intermediate,
then one would identify a pair of the π-bonding and -antibonding orbitals such as πx and πx* found for complex 2
(Figure 1) and a O2-px centered lone pair. Furthermore, as
depicted in Figure 4b, the considerable positive spin
population in the O1-px (0.09) orbital is also not compatible
with the oxo-iron(V) formulation for complex 1 compared to
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makes a predominant contribution to the electronic structure
of complex 1.
A similar bonding picture was also predicted by the BP86
and B3LYP calculations (Figures S7 and S8). The spin density
delivered by the BP86 and B3LYP calculations show that the
negative portion in the Fe−O1−O2 unit bears resemblance to
the sharp of the O1−O2 σ* orbital; hence, negative spin populations in the O1-px and O2-px orbitals result. This indicates
that the second electron transfer to the O−O σ* orbital has
just initiated. While the CASSCF computations suggest that
the second electron transfer is progressing to some extent, the
negative spin population is solely found in the O2-px orbital
(Figure 4b). The isoenergetic isomer of complex 1, in which
the oxo group is situated cis to the pyridine, was found to
feature the same electronic structure (Figure S9).
The O1−O2 moiety in complex 1 can be viewed as a threeelectron reduced form of molecular oxygen (O2), which is
reminiscent of the half-bond intermediate proposed in the
catalytic cycle of O2 activation by taurine dioxygenase (TauD).40
The calculations revealed that TauD employs two disparate
EDOs in order to completely cleave the O−O bond in a highspin FeII-peroxosuccinate intermediate, an α-electron deriving
from the eg set and a β-electron from one doubly occupied
orbital in the t2g set.40a Due to the diﬀerent orbital energies, the
two-electron transfer cannot happen simultaneously. The
β-electron transfer takes place initially to yield a high-spin
ferric center bound to a (CH3C(O)-O···O)2−• radical, which is
followed by an α-electron transfer and results eventually in the
experimentally characterized ferryl complex.41 Therefore, an
intermediate with an electron residing in the O−O σ* orbital
may be generated as a consequence of a stepwise rather than
concerted two-electron transfer from the iron center to the
peroxo unit.
The computed isomer shift and the 57Fe A-matrix of complex 1 match those determined experimentally for 1a, 1b, and
1′a (Table 1).16 The computations deliver a slightly anisotropic
g-matrix for complex 1, congruent with the experiment (2.01,
2.07, 1.95).15 The Fe−O1 stretching frequencies estimated for
complex 1 are also in good agreement with the experimental
value (815 cm−1). Moreover, the estimated isomer shift of
[FeIV(O)(NCCH3)(PyNMe3)]2+ (5), a closely related oxoiron(IV) complex for 1, is also consistent with the experimental data. Therefore, our calculations nicely reproduce all
spectroscopic properties observed for complex 1 and its derivative, thereby lending credence to our proposed electronic
structure. Furthermore, we have calculated the isomer shift of
anti-1, in which there is no interaction between O1 and O2
because of the much longer O1−O2 distance (4.11 Å). Surprisingly, although the computed isomer shifts for anti-1 by
BP86 and B3LYP are nearly the same as those found for 1
(Tables 1 and S2), completely diﬀerent electronic structures
are predicted for complex anti-1 by both density functionals.
The BP86 calculations suggest that anti-1 is an oxo-iron(V)
species, whereas the B3LYP computations deliver an electronicstructure description of an SFe = 1 iron(IV) center that is
antiferromagnetically coupled to an oxyl (O•−) radical thus
giving an overall S = 1/2 electronic state (Figure S16). As such,
the three distinct electronic structures found for complexes 1
and anti-1 yield a nearly identical isomer shift. Clearly, in the
present case the isomer shift alone is not an adequate parameter to unambiguously identify the iron oxidation state.
(For details, see the Supporting Information.) Analogous situations were encountered in our earlier studies.42

Figure 4. Electronic structure of complex 1 derived from CASSCF
(13,17) calculation. (a) Natural orbitals with occupation number in
parentheses and contribution from atomic orbitals. The iron 4d
orbitals are omitted for clarity. (b) Spin density, atomic spin populations, and orbital contributions to the spin population. (c) Dominant
electron conﬁgurations.

that of complex 2. The opposite sign of the spin populations in
the O1-px and O2-px (−0.11) orbitals in fact suggests that at
the stage of complex 1 the β-electron transfer from the Fe-dxz
orbital is complete, but the α-electron transfer has not ﬁnished
yet. The asynchronous nature of this two-electron transfer
process stems from the spin polarization, which renders the
β-electron in the Fe-dxz orbital higher in energy than the
corresponding α-electron, and the β-electron transfer can
occur more easily. Therefore, an SFe = 1 iron(IV) center
antiferromagetically coupled to an O−O σ* radical yielding an
overall doublet ground state, [FeIV(O···OC(O)CH3)2−•]2+,
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Figure 5. CC oxidation reactivity by complex 1. (A) Two-dimensional potential energy surface for the reaction of complex 1 with cis-2-butene
substrate on the doublet surface. (B) Corresponding electron-shift diagram. (C) Schematic MO diagram of the selected points on the surface; a,
reactant complex; b, structure having an O2−C2 σ-bond; c, structure having a simultaneous overlap of the CC π-orbital with both EAOs; d,
structure having similar O1−C1 and O2−C2 bond lengths; e, intermediate preceding to the cis-2-butene oxide product; f, intermediate preceding
to the cis-2-acetoxybutanol product.

contact term (−26.9 MHz), |Amax| is along the x-direction
(Figure S11). Furthermore, one can predict that the largest
component of the 17O A-matrix for O2 aligns along x, the same
direction as 57Fe |Amax|, whereas the largest component of the
17
O A-matrix for O1 is along y. Most importantly, the proposed
half σ-bond in the O1−O2 moiety is consistent with the
calculated O1−O2 stretching frequency (452 cm−1) of complex 1 that is roughly half of that (839 cm−1) estimated for its
FeIII-aclyperoxo precursor. More experimental spectroscopic
studies are required to verify the predictions.
Electronic-Structure Contributions to the Reactivity.
In order to understand how the electronic structure governs
the reaction outcome, we performed B3LYP calculations on
the CC bond oxidation of cis-2-butene (MeHC1C2HMe)
and the C−H bond hydroxylation of cyclohexane by
complexes 1 and 2. For the former transformation mediated
by complex 1, Figure 5A depicts a two-dimensional potential
energy surface (2D-PES) computed by a relaxed scan via
systematically varying the O1−C1 and O2−C2 distances in the
reactant complex (a in Figure 5A). The 2D-PES reveals that
the reaction of cis-2-butene with complex 1 leads to formation
of cis-2-butene oxide (e, Figure 5A) and cis-2-acetoxybutanol
(f, Figure 5A) without an intervening intermediate. The

Complex 1 cannot be assigned to a low-spin ferric species,
because its g-values do not ﬁt to the Griﬃth−Taylor model,43
which typically describe the g-factors of low-spin iron(III)
complexes quite well. If 1 were an S = 1/2 iron(III) complex,
then the system would have an orbtially almost triply
degenerate ground state with an electron hole nearly evenly
distributed into the three t2g orbitals as predicted by the
Griﬃth−Taylor model.44 Such a highly symmetric low-spin
ferric precedent has not been reported to date. Furthermore,
its 57Fe A-matrix is highly anisotropic, with the A-component
along gmid dominating over the other two (Figure S11).
Therefore, one can rule out an alternative formulation for
complex 1 as [FeIV(O)(•OC(O)CH3)(PyNMe3)]2+, where the
O1−O2 bond has been completely broken, because such an
electronic structure would elicit an axial 57Fe A-matrix like
compound I (vide supra). Due to the small g-spread observed
for complex 1, the anisotropy of the 57Fe A-matrix is largely
governed by ASD. As borne out from the spin density plot
(Figure 4b), the Fe−O1 interaction along the x-direction is not
equivalent to that along the y-direction because there is an
approximately half σ-bond between O1 and O2. Moreover, the
unpaired electron in the iron center is computed to mainly
locate in the dyz orbital; thus, ASD
should be the largest
x
component of ASD. In combination with the negative Fermi
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Figure 6. C−H oxidation reactivity by complex 1. (A) Potential energy (ΔE, kcal/mol) surface for the reaction of complex 1 with cyclohexane
substrate on the doublet surface. (B) Schematic MO diagram of the hydrogen atom abstraction transition state (2TSH) and product (2PH).

the CC bond oxidation by complex 1 (Figure 5), the
reactant complex a has a spin-coupled pair consisting of the
α-Fe-dxz and the β−σ*O−O orbitals, and the SOMO is the Fe-dyz
based orbital. Consequently, the LUMO in the spin-up and
-down manifolds are α−σ*O−O (40% O1 + 38% O2) and β-Fedxz (61% Fe + 25% O1), respectively. As the O2−C2 bond
shrinks to 1.40 Å in structure b, the β-electron in the σ*O−O
orbital pairs up with the α-electron in the πC−C orbital, which
results in formation of a C2−O2 σ-bond. The other β-electron
in the πC−C orbital becomes localized on C1 (84% C).
Structure d with similar O1−C1 and O2−C2 bond distances
possesses an electronic structure analogous to b except that the
β-electron remains delocalized in the C−C π bond (43% C1 +
25% C2); therefore, d can be viewed as the onset to the C−C
π bond breaking. Intermediate structure d eventually evolves to
product f with formation of two C−O bonds. Thus, during the
reaction, complex 1 employs the two LUMOs as the electronaccepting orbitals (EAOs) to achieve a concerted yet
asynchronous two-electron transfer. Due to the existence of
the partial bonding between O1 and O2, complex 1 can
arrange the two EAOs in such a way that both EAOs can
eﬃciently interact with the πC−C orbital as borne out by the
MO diagram of d. As a consequence, complex 1 can accept two
electrons in a single step. This notion holds true for the other
pathway leading to epoxide e because both EAOs contain
considerable contributions from the O1-px atomic orbital,
through which the CC π orbital can simultaneously overlap
with both EAOs as shown for structure c in Figure 5C.
Therefore, the route resulting in cis-2-butene oxide is closer to
a synchronous two-electron transfer compared to that yielding
cis-2-acetoxybutanol. This may explain the experimental
observation that the major product of the reaction is cis-2butene oxide, although it is estimated to be ∼10 kcal/mol
higher in energy than cis-2-acetoxybutanol.
For the C−H bond hydroxylation by complex 1, in the
transition state, the target C−H bond approaches the O1 atom
roughly horizontally with a Fe−O1−H angle of 128°. Such an
attack geometry allows the C−H σ-bonding orbital to overlap
with both EAOs via the O1-px atomic orbital, in analogy to the
epoxide channel (a−c−e) discussed above. The molecular orbital

processes are estimated to be barrierless and possess appreciable driving forces of more than 15 kcal/mol. The PES
calculated for the process of C−H bond hydroxylation by
complex 1 (Figure 6A) shows that the transition state (2TSH)
is 13.5 kcal/mol higher in energy than the doublet reactant
complex (2RCH). Interestingly, starting from 2TSH, the system
was found to directly decay to the FeIII-cyclohexanol product
(2PH), and there is no intermediate corresponding to the oneelectron oxidized form of the substrate in between. The reaction
is highly exothermic, because 2PH is stabilized by ∼65 kcal/mol
compared to 2RCH. The C−H bond oxidation process by the
PDP counterpart of complex 1 was also reported to proceed
via the same mechanism of O-atom insertion.45 Therefore,
complex 1 and the related species can function as two-electron
oxidants and promote a single-step two-electron oxidation of
the C−H and CC bonds, elegantly explaining the observed
stereospeciﬁcity.
By contrast, the conversion of oleﬁn to epoxide by complex 2 was computed to require two steps as reported by Sen
Gupta et al.46 An intermediate (2Int1) containing an iron(IV)
center bound to an −O−C1(Me)−C2•(Me) π radical is formed
in the ﬁrst step. This process is essentially thermoneutral and
needs to traverse a barrier of 8.5 kcal/mol (Figure 7A). In the
second step, the radical intermediate is converted to the ﬁnal
product, epoxide (2P, Figure 7A). The reaction of C−H bond
hydroxylation by complex 2 also features a two-step transformation (Figure 7D). The reaction is initiated by a ratelimiting H-atom transfer (HAT) and followed by a radical
rebound as established for heme or nonheme ferryl complexes47 and compound I.48,1c The HAT process is endothermic and has a moderate barrier of ∼14 kcal/mol (Figure 7D).
Thus, the estimated HAT barrier for complex 2 is similar to
the O-atom insertion barrier for complex 1. This is consistent
with the higher C−H bond oxidation activity observed experimentally for the latter species,15 because the entire C−H bond
hydroxylation process by complex 2 requires two steps but that
by complex 1 only need one step.
In order to shed light on the distinct reaction scenarios
between complexes 1 and 2, we carefully analyzed the
electronic-structure evolution during the transformation. For
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Figure 7. CC and C−H oxidation reactivity by complex 2. (A) Potential energy surface (ΔE, kcal/mol) for the reaction of complex 2 with cis-2butene substrate demonstrating CC oxidation. (B) Schematic MO diagram for the CC oxidation transition state (2TS1) and intermediate
(2Int1). (C) Electron transfer diagram for the CC oxidation. (D) Potential energy surface (ΔE, kcal/mol) for the reaction of complex 2 with
cyclohexane substrate demonstrating C−H oxidation. (E) Schematic MO diagram for the hydrogen atom abstraction transition state (2TS′H) and
intermediate (2Int′H).

analysis of 2TSH shows a spin-coupled pair involving Fe-dxz
(83% Fe + 3% H) in the spin up manifold and a mixed orbital
between σC−H and πFe−O (19% Fe + 26% O1 + 10% H + 23% C)
in the spin-down set (Figure 6B). This indicates that an
α-electron transfer from the C−H bond to the α−σ*O−O
LUMOs of complex 1 is nearly complete. Because the mixed
orbital contains sizable contributions from the Fe-dxz and O1px atomic orbitals, the subsequent β-electron transfer from the
mixed orbital to the β LUMO of the substantial Fe-dxz parentage can readily occur leading to 2PH in the end (Figure 6B).
Taken together, our electronic-structure analysis explains why
complex 1 can act as a two-electron oxidant for the C−H and
CC bond functionalization.
In the case of the CC oxidation by complex 2, the substrate approaching the Fe-oxo core initiates a single-electron
transfer from the πC−C orbital to the Fe-dxz orbital as depicted
in the MO diagram of 2TS1 in Figure 7B. In fact, our attempts
fail to locate a transition state leading to a concerted twoelectron transfer to Fe-dxz. This observation can be attributed
to the spin polarization, which lowers the energy of the Fe-dxz
orbital in the spin-up manifold and hence stymies the twoelectron transfer to the same EAO. In general, the ﬁrst-row
transition metal complexes can easily mediate one-electron
rather than two-electron chemistry. Furthermore, in 2TS1,
except Fe-dxz the πC−C orbital hardly make eﬀective overlap
with other Fe-d based orbitals, such as Fe-dyz, because they are
orthogonal to each other. Thus, during the electron transfer
from the πC−C orbital to Fe-dxz, complex 2 cannot employ
another d-orbital as the second EAO. Thus, the system needs
an additional step to accomplish the second electron transfer,

if it cannot take place spontaneously because of the limited
driving force.49 An analogous situation is found for the C−H
hydroxylation by complex 2 (Figure 7D). Only the Fe-dxz
orbital can act as the EAO in 2TS′H. (Figure 7E). (For details,
see the Supporting Information.) Therefore, complex 2 cannot
react as a two-electron oxidant for both CC and C−H bond
oxidation.

■

CONCLUSIONS
In the present contribution, we have performed a detailed
bonding analysis of a series of formal oxo-iron(V) complexes
on the basis of ab initio multireference CASSCF calculations.
The focus is to correlate the electronic structure with the spectroscopic properties determined experimentally and the reaction
mechanism for C−H and CC bond oxidation. Our results
reveal that only complex 2 is bona ﬁde oxo-iron(V) species,
while complex 1 has a dominant character of an SFe = 1 Fe(IV)
center that is antiferromagnetically coupled to a σ*O−O radical.
In other words, the O1−O2 bond in complex 1 has not been
completely broken, and there is an approximately half σ-bond
between them. Complex 4 is best formulated as a triplet ferryl
unit that strongly interacts with the trans acetylimidyl radical in
an antiferromagnetic fashion. A similar bonding picture is found
for complex 4-H+. The x/y anisotropy of the 57Fe A-matrices
observed for complexes 1, 2, 4, and 4-H+ has diﬀerent origins,
suggesting that the anisotropy of the 57Fe A-matrix is not a
reliable spectroscopic marker to identify oxo-iron(V) species.
Complex 1 has been shown to be capable of catalyzing regioand stereoselective C−H and CC bond functionalization.
Our analysis of the electronic-structure changes occurring in
9541

DOI: 10.1021/jacs.8b04275
J. Am. Chem. Soc. 2018, 140, 9531−9544

Article

Journal of the American Chemical Society

properties basis set CP(PPP)63 on Fe and EPR-III64 basis set on
O and N in the ﬁrst coordination sphere. The isomer shifts δ were
calculated from the electron densities ρ0 at the Fe nuclei by employing
the following linear regression:

the reaction of complex 1 with cis-2-butene and cyclohexane
demonstrates that the partial bonding between O1 and O2
render the interaction of the two EAOs (α σ*O−O and β Fe-dxz)
with the doubly occupied EDO (πC−C or σC−H) possible.
As such, complex 1 can function as a two-electron oxidant and
the CC and C−H bond oxidation can be achieved in a single
step without an intervening intermediate, which nicely explains
the stereospeciﬁcity observed experimentally. Undoubtedly,
the current work has made much progress in understanding the
role of oxo-iron(V) species in selective oxidation, and our
insights into the correlation of the electronic structure of oxoiron(V) species with the spectroscopic properties and reactivity will advance future design of highly selective and eﬃcient
iron-based oxidants.

■

δ = α · (ρ0 − C) + β

(1)

where C is a constant and α and β are the ﬁtting parameters. Their
values were obtained from our earlier calibration work (BP86, α =
−0.425, β = 7.916, C = 11810; B3LYP, α = −0.366, β = 2.852, C =
11810).65
The quadrupole splitting values ΔEQ were computed from electric
ﬁeld gradients Vij (i = x, y, and z; Vii are the eigenvalues of the electric
ﬁeld gradient tensor) by using a nuclear quadrupole moment Q(57Fe) =
0.16 barn.28c
ΔEQ =

COMPUTATIONAL SETUP

1
1
eQ · Vzz· 1 + η2
2
3

(2)

where, η = (Vxx − Vyy)/Vzz is the asymmetry parameter. The quadrupole splittings were also computed at the CASSCF level.
For calculations of the EPR g-factors with DFT methods,66 a
coupled perturbed self-consistent ﬁeld (CP-SCF) based approach was
used.67 Because the spin density computed for spin-coupled systems,
such as complexes 1, 4, and 4-H+, by the broken symmetry approach
is nonphysical, the g-values for a antiferromagnetic state were calculated as follows.68 The correct g-tensors are given by

All calculations were performed by using the ORCA quantum
chemical program package.50 Geometry optimizations were carried
out with the GGA BP8651 and the hybrid-GGA B3LYP51a,52 density
functionals. The triple-ζ quality basis set, def2-TZVP53 was used for
Fe and the atoms in the ﬁrst coordination sphere, while the remaining
atoms were treated with def2-SVP54 basis set. The calculations with
BP86 and B3LYP were accelerated by using RI (resolution of the
identity)55 and RIJCOSX (resolution of the identity for Coulomb part
and a chain of spheres algorithm for the Hartree−Fock exchange
part)56 approximations, respectively. The auxiliary Coulomb-ﬁtting
basis set def2-TZVP/J57 was used for this purpose. The zeroth order
relativistic approximation (ZORA)58 was used to account for scalar
relativistic eﬀects. All geometry optimizations were performed
incorporating solvation eﬀect through conductor-like polarizable
continuum model (CPCM)59 with acetonitrile (ε = 36.6) being the
solvent. The noncovalent interactions were taken into account via
atom-pairwise dispersion corrections with Becke−Johnson (D3BJ)60
damping.
The electronic structures and spectroscopic parameters were
computed by using wave function based multireference CASSCF
approach.61 On top of that, N-electron valence perturbation theory
(NEVPT2)62 is employed to account for dynamical electron
correlation eﬀects, wherever needed. The def2-TZVP basis set and
def2-TZVP/C correlation-ﬁtting basis set were used for the CASSCF/
NEVPT2 calculations. We used B3LYP optimized geometries for
running the CASSCF/NEVPT2 calculations except for complexes 4
and 4-H+. Speciﬁc choices of the active spaces for diﬀerent complexes
are documented in the main text. Active spaces containing less than
14 orbitals were treated with the standard conﬁguration state function
based conﬁguration interaction procedure, whereas the active space
for complex 1, CASSCF(13,17) containing 17 orbitals, was treated
with the approximated version of the full conﬁguration interaction
method, iterative-conﬁguration expansion conﬁguration interaction
(ICE-CI), recently developed in our group. We also performed
othorgonal valence bond analysis of the CASSCF wave functions for
complexes 1−4 and 4-H+ (Table S1). However, it turned out that
such analyses do not provide insights into the electronic structures
because of the highly covalent metal−ligand interactions (Table S1).
For complexes 4 and 4-H+, the BP86 and B3LYP calculations
yielded diﬀerent Fe−Nax bond lengths. In order to obtain a reliable
geometry, we performed CASSCF(13,13)/NEVPT2 scans along the
Fe−Nax bonds for complexes 4 and 4-H+. We ﬁrst conducted a
relaxed scan of the Fe−Nax bond using the BP86 functional and then
performed the CASSCF/NEVPT2 energy calculations at each point
on the potential energy surface. As such, we obtained the optimal
Fe−Nax distance from the minimum energy structure predicted by
CASSCF/NEVPT2 (Figures S1 and S2). For complexes 4 and 4-H+,
all electronic structure analysis and spectroscopic calculations were
performed on the CASSCF/NEVPT2 computed structures.
Spectroscopic properties were obtained from additional singlepoint energy calculations at the optimized geometries. For this
purpose, the calculations were performed in conjunction with a core

g = C1g1 + C2g2
where C1 and C2 are spin-projection coeﬃcients and g1 and g2 are site
g-values. The site values were calculated using the following expressions:
g1 =

1
(g MShs + gbsMSbs)
2S1 hs

g2 =

1
(g MShs − gbsMSbs)
2S2 hs

where hs and bs refer to values corresponding to high-spin and brokensymmetry states.
The hyperﬁne coupling constants (A) for the 57Fe, 14N, and 17O
nuclei were calculated at the BP86 and B3LYP levels of theory.
A-matrices have three components, namely, the isotropic Fermi
contact term (AFC) arising from the ﬁnite spin-density at the nucleus,
the spin-dipolar term (ASD) arising from the magnetic dipole
interaction between magnetic nucleus and the magnetic moment of
the electron, and a second-order orbital term (AORB) stemming from
spin−orbit coupling. The ASD term can be accurately predicted by
CASSCF and DFT calculations. However, the AFC term is systematically underestimated. To overcome this problem, scaling factors,
which depends on the basis sets and density functionals employed,
were proposed in our earlier work.28c The AORB term usually has an
isotropic contribution, termed pseudocontact contribution (APC), to
the total A matrix, which can be calculated at the DFT level with
reasonable accuracy. For complexes 1, 3, 4, and 4-H+ with isotropic
g-factors, the AORB term is close to zero. Only complex 2 has a sizable
AORB contribution to the total A-matrix. For the spin-coupled systems
(complex 1, 4, and 4-H+), the iron hyperﬁne coupling constants of the
“genuine” antiferromagnetic state AAF
i were calculated from the magnetic hyperﬁne coupling constants of the corresponding broken symmetry state ABS
i by converting into “site values” and multiplication
with the spin projection coeﬃcients Ci:68
AiAF = Ci

AiBSMsBS
± Si

In order to calculate the 57Fe A-values at the CASSCF level, we ﬁrst
computed the ASD part and then added the AFC term obtained from
the B3LYP calculations, which is scaled by a factor of 1.81,28c because
the scaling factor for the CASSCF approach is not available. The nonnegligible AORB contribution for complex 2 was estimated by the
B3LYP calculations.
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The 14N and 17O A-values discussed in the main text were calculated in a way similar to that described for 75Fe.
The computed principal axis system of the A and g-matrices are
largely collinear (Figure S11). One of the principal axes aligns the
Fe−O bond, the strongest metal−ligand interaction for all complexes
under investigation, and another is perpendicular to the mirror plane,
because all complexes have eﬀective Cs symmetry.
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(58) van Wüllen, C. J. Chem. Phys. 1998, 109, 392.
(59) Tomasi, J.; Mennucci, B.; Cammi, R. Chem. Rev. 2005, 105,
2999−3094.
(60) Grimme, S.; Ehrlich, S.; Goerigk, L. J. Comput. Chem. 2011, 32,
1456−1465.
(61) (a) Roos, B. O. Adv. Chem. Phys. 1987, 69, 399−445.
(b) Ruedenberg, K.; Cheung, L. M.; Elbert, S. T. Int. J. Quantum
Chem. 1979, 16, 1069−1101. (c) Roos, B. O.; Taylor, P. R.; Siegbahn,
P. E. M. Chem. Phys. 1980, 48, 157−173.
(62) Angeli, C.; Cimiraglia, R.; Evangelisti, S.; Leininger, T.;
Malrieu, J. P. J. Chem. Phys. 2001, 114, 10252−10264.
(63) Neese, F. Inorg. Chim. Acta 2002, 337, 181−192.
(64) (a) Barone, V. J. Chem. Phys. 1994, 101, 6834. (b) Barone, V.
Structure, Magnetic Properties and Reactivities of Open-Shell Species
from Density Functional and Self-Consistent Hybrid Methods. In
Recent Advances in Density Functional Methods Part I; Chong, D. P.,
Ed.; World Scientific Publ. Co.: Singapore, 1996; pp 287−334.
(65) Römelt, M.; Ye, S.; Neese, F. Inorg. Chem. 2009, 48, 784−785.
(66) Neese, F. J. Chem. Phys. 2001, 115, 11080−11096.
(67) (a) Neese, F. Chem. Phys. Lett. 2003, 380, 721−728. (b) Neese,
F. Magn. Reson. Chem. 2004, 42, S187−S198.
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H.; Häser, M.; Ahlrichs, R. Chem. Phys. Lett. 1995, 240, 283−290.
(56) Neese, F.; Wennmohs, F.; Hansen, A.; Becker, U. Chem. Phys.
2009, 356, 98−109.
9544

DOI: 10.1021/jacs.8b04275
J. Am. Chem. Soc. 2018, 140, 9531−9544

