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ABSTRACT: Reaction bifurcation processes are often
encountered in the oxidation of substrates by enzymes and
generally lead to a mixture of products. One particular
bifurcation process that is common in biology relates to
electron transfer versus oxygen atom transfer by high-valent
iron(IV)−oxo complexes, which nature uses for the oxidation
of metabolites and drugs. In biomimicry and bioremediation,
an important reaction relates to the detoxiﬁcation of ClOx− in
water, which can lead to a mixture of products through bifurcated reactions. Herein we report the ﬁrst three water-soluble nonheme iron(II) complexes that can generate chlorine dioxide from chlorite at ambient temperature and physiological pH. These
complexes are highly active oxygenation oxidants and convert ClO2− into either ClO2 or ClO3¯ via high-valent iron(IV)−oxo
intermediates. We characterize the short-lived iron(IV)−oxo species and establish rate constants for the bifurcation mechanism
leading to ClO2 and ClO3− products. We show that the ligand architecture of the metal center plays a dominant role by lowering
the reduction potential of the metal center. Our experiments are supported by computational modeling, and a predictive valence
bond model highlights the various factors relating to the substrate and oxidant that determine the bifurcation pathway and
explains the origins of the product distributions. Our combined kinetic, spectroscopic, and computational studies reveal the key
components necessary for the future development of eﬃcient chlorite oxidation catalysts.

■

INTRODUCTION

distributions are dependent on the structure and chemical
properties of the metal center.
A common approach in mechanistic bioinorganic chemistry
is to synthesize a biomimetic model that shares key structural
and electronic features and study short-lived intermediates
relevant to the enzymatic catalytic cycle10 in order to probe the
eﬀects of the protein, the local environment, and the nature of
the transition metal center.11 A common problem associated
with biomimetic oxidants is that they may react via multiple
reaction channels, leading to bifurcation pathways. In
biotechnology, bifurcation often is to be avoided, and hence,
understanding the chemical origin and nature of bifurcation
pathways is essential.
Several examples involving a change in bifurcation
mechanism and corresponding product distributions and
regioselectivities have been described. For instance, Fukuzumi
and co-workers12 investigated the electron transfer (ET) and

Iron is ubiquitous in life and has a relatively high abundance.
Nature has developed many iron complexes for a multitude of
functions ranging from electron transfer and oxygen transport
to oxidation catalysis. Therefore, iron enzymes are involved in
vital biosynthesis and biodegradation processes in the body.1
There are two classes, the heme and non-heme iron enzymes.
The former have an array of biochemical functions ranging
from enzymatic catalysis (monoxygenases, e.g., the cytochromes P450)2 and detoxiﬁcation by peroxidases and
catalases3 to oxygen transport (hemoglobin)4 and electron
transfer (e.g., cytochrome c).5 Non-heme iron proteins act as
dioxygenases in the metabolism of cysteine,6 DNA base repair,7
and biosynthesis pathways (e.g., hydroxyproline).8 Finally,
metal clusters, such as iron−sulfur clusters, are involved in
electron transfer, whereby they relay electrons between a redox
partner and a catalytically active site of an enzyme.9 Often ironcontaining biomolecules can react via several possible reaction
channels, leading to bifurcation pathways for which the product
© 2016 American Chemical Society
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reactivity with ClO2−. To further understand the nature of
bifurcation pathways, we used two types of iron(II) precatalysts
with N4Py or the pentadentate bispidine, namely dimethyl 2,4bis(2-pyridyl)-3-(pyridin-2-ylmethyl)-7-methyl-9,9-hydroxo3,7,-diazabicyclo[3.3.1]nonane]-1,5-dicarboxylate (L1) as ligands.17 We chose the [FeII(L1)]2+ complex because it is
known to react eﬃciently with thioanisoles to form sulfoxides
with rate constants considerably greater than those obtained for
[FeII(N4Py)]2+.18 Our combined experimental (kinetics and
spectroscopy) and computational study using these iron(IV)−
oxo complexes shows dramatic diﬀerences in the ET and OAT
reactivities. These diﬀerences are analyzed in detail, and
approaches for modifying these oxidants further to target
speciﬁc products are proposed. The studies are rationalized
with thermochemical and valence bond models.

oxygen atom transfer (OAT) mechanisms of a non-heme
iron(IV)−oxo complex and found the former to be enhanced
by the addition of perchloric acid. Nam and co-workers13
showed that replacing the axial ligand in an iron(IV)−oxo
porphyrin cation radical model resulted in a regioselectivity
change from aromatic to aliphatic hydroxylation of ethylbenzene. Clearly, subtle changes to the active oxidant or its
environment aﬀect the regioselectivity and bifurcation of the
reaction processes and consequently the product distributions.
In recent work, we investigated a biomimetic non-heme iron
model, [FeII(N4Py)]2+ (N4Py = N,N-bis(2-pyridylmethyl)bis(2-pyridyl)methylamine; Figure 1), and reacted it with terminal

■

METHODS

Materials. All of the chemicals were obtained from Aldrich
Chemical Co. with the best available purity and used without further
puriﬁcation, unless stated otherwise. Reactions were carried out and
monitored in deionized water puriﬁed in a Millipore Milli-Q water
puriﬁcation system. Acetate buﬀer was prepared fresh by mixing
sodium acetate and acetic acid to obtain a solution at pH 5. Sodium
chlorite was purchased from Sigma and recrystallized twice from an
ethanol/water mixture. The ligands N4Py, L1, and dimethyl 2,4-bis(2pyridyl)-3-methyl-7-(pyridin-2-ylmethyl)-9,9-hydroxo-3,7,diazabicyclo[3.3.1]nonane]-1,5-dicarboxylate (L2) were prepared by
literature procedures.19,20 The corresponding complexes [FeII(N4Py)(NCCH3)](OTf)2, [FeII(L1)](BF4)2, and [FeII(L2)](BF4)2 were
prepared and characterized by standard procedures.14a,19,20b
Instrumentation. UV/vis absorption spectra were recorded on a
Hewlett-Packard 8453 spectrophotometer equipped with either a
constant-temperature circulating water bath or a liquid nitrogen
cryostat (Unisoku) with a temperature controller. Absorption changes
were measured as a function of time and enabled us to derive ﬁrstorder rate constants for the reactions involved. High-resolution
electrospray ionization mass spectrometry (ESI-MS) spectra were
recorded on a Waters (Micromass MS Technologies) quadruple timeof-ﬂight (Q-TOF) Premier mass spectrometer by infusing samples
directly into the ion source at a speed of 15 μL min−1 using a syringe
pump. The spray voltage was set to 2 kV and the capillary temperature
at 80 °C.
Reactivity Studies. Following calibrations described previously,21
reactions were run in a 10 mm path length quartz cuvette by
monitoring the changes in the spectra of the reaction mixtures over
time. Rate constants were determined by ﬁtting the time-dependent
changes in absorbance of the intermediates under study. First-order
rate constants were determined in triplicate with a standard deviation
of <10%.
Chlorine Dioxide Analysis. ClO2 content was analyzed by
extraction of the aqueous solution with diethyl ether and subsequent
characterization by negative-ion-mode ESI-MS (inset of Figure 2a)
and by kinetic data (Figure 2b).22 This method was validated by (i)
bubbling ClO2 through an aqueous solution and characterizing the
ClO2 as described above and (ii) extracting a solution of chlorite
(NaClO2, 8 mM) as described above, with the result that no ESI-MS
signal at m/z = 67.14 was observed since ClO2− is insoluble in diethyl
ether.
o-Tolidine Product Analysis. Chlorate content was determined
using 3,3′-dimethyl-4,4′-diaminobiphenyl (o-tolidine) as described
previously.23 A typical reaction was carried out with 10 μM FeII
oxidant, 4.0 mM NaClO2, and 1 mM o-tolidine in acetate buﬀer at
ambient temperature. The o-tolidine product was extracted from the
aqueous medium into ethyl acetate and analyzed by ESI-MS.
Computations. All of the calculations utilized density functional
theory (DFT) as implemented in Gaussian 09.24 Following extensive
benchmark and calibration procedures from the past,25 we used the
unrestricted B3LYP method throughout.26 Each structure was

Figure 1. Oxidants and chemical reactions investigated in this work.

oxidants to form the corresponding iron(IV)−oxo and
iron(IV)−tosylimido complexes.14 It was shown that the
system reacted by competitive electron transfer or atom
transfer with substrates. To gain further insight into bifurcation
pathways between electron and atom transfer processes, we
decided to look into an environmentally relevant reaction,
namely, the detoxiﬁcation of ClO2− in drinking water. Chlorine
oxides (ClOx−) are used extensively for cleaning and health care
purposes with functions ranging from bleaching to disinfection.
The high solubility of chlorine oxides in water and their long
lifetimes in the environment, however, have resulted in major
ecological problems, speciﬁcally with drinking water. From an
environmental perspective, the bioremediation of ClOx− from
water supplies is performed eﬃciently by perchlorate-respiring
bacteria. These achieve this reactivity using two enzymes,
perchlorate reductase, which catalyzes the conversion of
perchlorate to chlorate and subsequently to chlorite, and
chlorite dismutase, which converts chlorite to chloride (Cl−)
and molecular oxygen (O2).15,16 Chlorite dismutase, however,
is an iron−heme enzyme, and little is known of non-heme iron
centers for the activation of chlorine oxides. Therefore, we
decided to investigate non-heme iron complexes and their
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be expected, including ClO2 and ClO3−. We have established
the reactivities of the iron(II) complexes with ClO2− and
subsequently characterized the short-lived intermediates
formed during the reactions, determined the reaction products
and identiﬁed rate-limiting steps. Computational modeling of
the reaction mechanisms and reactivity patterns was performed
to rationalize the product distributions and understand the
chemical diﬀerences between the oxidations.
Reactivities of the Iron(II) Complexes. The reactivity of
sodium chlorite with the non-heme iron(II) complexes with the
pentadentate ligands N4Py, L1, and L2 was investigated in
acetate buﬀer (50 mM) at pH 5.0 at 25 °C (Figure 1). Upon
addition of the iron(II) complexes to solutions of sodium
chlorite (NaClO2), there is an increase in absorbance at 360
nm, characteristic of the formation of chlorine dioxide.36 Figure
2a shows the spectral changes for the reaction of [FeII(L1)]2+

subjected to a full geometry optimization and characterized as a local
minimum using an analytical frequency calculation at the UB3LYP/
BS1 level of theory, where BS1 stands for the LACVP basis set for Fe
and the 6-31G basis set for the rest of the atoms.27 This combination
of method and basis set was shown previously to reproduce
experimentally determined free energies of activation and product
distributions well.28 In order to improve the energetics, single-point
calculations were done with a triple-ζ-type basis set denoted as BS2
(LACV3P+ with core potential for Fe and 6-311+G* for the rest of
the atoms). Initially, these single-point calculations were done in the
gas phase but later were also performed in a polarized continuum
model with a dielectric constant mimicking water. The free energies
reported in this work use electronic energies calculated at the
UB3LYP/BS2//UB3LYP/BS1 level and include zero-point, thermal
(at 298 K), solvent, and entropic corrections.
All of the metal complexes were calculated with the lowest-lying
spin multiplicities, i.e., doublet/quartet/sextet or singlet/triplet/
quintet, but for the calculation of the reaction energies, only the
lowest-lying spin state of each structure was used. Test calculations
with alternative density functionals (BP86,29 OPBE,30 M06,31 and
B3PW91)26a,32 predicted the same trends and gave only minor
changes to the relative energies. Furthermore, test calculations that
included the eﬀect of dispersion33 were found to give minimal changes
to the energetics. Finally, the reproducibility and reliability of the
computational methods were tested by calculating the gas-phase
electron aﬃnities of ClO, ClO2, and ClO3 and comparing them to
those from the NIST database.34 As follows from Table S6 in the
Supporting Information, the electron aﬃnities of ClO and ClO3 are
reproduced to within 1.2 kcal mol−1. Whenever possible, the
experimental values of the electron aﬃnities were used.
In a ﬁnal set of calculations, we investigated the potential energy
landscape for the reaction of the iron(IV)−oxo complex with ClO2− to
form each of the individual products. First, the free energy of activation
for electron transfer (ΔG⧧ET) was calculated from the Marcus equations
using previously described methods35 according to eq 1,
⧧
ΔG ET
=

2
λ0 ⎛
ΔG ET ⎞
⎜1 +
⎟
λ0 ⎠
4⎝

(1)

in which ΔGET is the driving force for the electron transfer reaction
and λ0 is the solvent reorganization energy, as described in eq 2:

λ0 =

NAe 2 ⎛ 1
1 ⎞⎛ 1
1
1 ⎞
⎜⎜
− ⎟⎟⎜
+
−
⎟
εs ⎠⎝ 2r1
4πε0 ⎝ εop
2r2
r1 + r2 ⎠

(2)

where NA represents Avogadro’s number, e is the elementary charge,
and ε0 is the permittivity of vacuum. The static and optical dielectric
constants (εs and εop) were taken from the Gaussian calculation and
had values of 78.36 (water) and 1.78, respectively. The hard-sphere
radii (in Å) of the electron donor and acceptor molecules are labeled
as r1 and r2, respectively.
Finally, the attack of ClO2− on the iron(IV)−oxo species was
investigated through extensive geometry scans initially, whereby either
the Cl−O or FeO−O distance was varied in a stepwise manner. In
these calculations, each geometry step represented a full geometry
optimization with a ﬁxed Cl−O or FeO−O distance. The maxima of
these scans were then subjected to a full transition state search and led
to the transition states reported here.
To test the eﬀect of solvation on the optimized reactant and
transition state structures, we ran full geometry optimizations with
solvent model included; however, only minor diﬀerences in geometry
were obtained (see the Supporting Information).

Figure 2. Spectroscopic and kinetics studies of the reaction of iron(II)
complexes with ClO2−. (a) Changes in the UV/vis absorption spectra
at a scan interval of 180 s upon the addition of 8.0 mM NaClO2 to 50
μM [FeII(L1)]2+ in an acetate buﬀer. The inset shows the ESI-MS
spectrum of the products obtained. (b) Second-order rate constants
obtained for the reaction of ClO2− with [FeII(N4Py)]2+ (black line),
[FeII(L1)]2+ (blue line), and [FeII(L2)]2+ (red line).

with ClO2−, whereas those involving the [FeII(L2)]2+ and
[FeII(N4Py)]2+ complexes are given in Figures S4 and S5 in the
Supporting Information, respectively, where the same spectral
changes are observed. The consumption of chlorite in the
process was monitored by the decrease in absorbance at 260
nm (ε260 = 154 M−1 cm−1) as well as the concomitant
formation of ClO2 as measured through the increase in
absorption at 360 nm (ε360 = 1250 M−1 cm−1).
Negative ion mode ESI-MS of a diethyl ether extract of the
reaction mixture (Figure 2a inset) shows a signal with an
isotopic pattern consistent with ClO2 formation (m/z = 67.14).
The reaction reaches a maximum in conversion within 40 min
at an oxidant loading of 10 μM at 25 °C and pH 5.0.

■

RESULTS AND DISCUSSION
The disproportionation of ClO2− under the inﬂuence of
iron(II) complexes in water was studied, with the focus on the
product distributions as a function of the ligand structure and
electronic characteristics. ClO2− can react via any of several
reaction pathways, and consequently a variety of products can
10172
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The ﬁrst-order rate constants as functions of oxidant
concentration (Figure 2b and Table 1) for the reactions of

magnetic resonance (EPR), and mass spectrometric methods.38,39
Figure 3 shows the UV/vis absorption and mass spectrometric characterization of the iron(IV)−oxo species, [FeIV(O)(L1)]2+, and the corresponding spectra for the systems with the
ligands L2 and N4Py are given in Figures S6 and S7.18 Addition
of 1.2 equiv of NaClO2 to 1 mM solutions of the iron(II)
complexes resulted in a change in the UV/vis absorption
spectra, with the appearance of a near-IR absorption band
characteristic of iron(IV)−oxo complexes in near quantitative
yields, which was conﬁrmed by ESI-MS analysis: peaks for
[FeIV(O)(L1)]2+, [FeIV(O)(L2)]2+, and [FeIV(O)(N4Py)]2+
with m/z values close to the theoretical values were observed.
It should be noted that under stoichiometric conditions, the
iron(IV)−oxo complex is the sole product of the reaction and
ClO2 is not detected.
The data in Figure 3 therefore provide evidence that the
reaction of the iron(II) complexes with ClO2− proceeds
through the formation of an iron(IV)−oxo intermediate (eq
3). This iron(IV)−oxo species was characterized for all three

Table 1. Kinetics Data (Second Order Rate Constants,
Product Yields, Turnover Numbers) For the Oxidation of
ClO2− in Aqueous Acetate Buﬀer
complex
II

1

2+

[Fe (L )]
[FeII(L2)]2+
[FeII(N4Py)]2+

k2 (M−1 s−1)

% ClO2

TON

10
32
1033

13
10
16

300
775
2796

ClO2− with [FeII(N4Py)]2+, [FeII(L1)]2+, and [FeII(L2)]2+ were
determined. The second-order rate constants k2 = 10 and 32
M−1 s−1 for [FeII(L1)]2+ and [FeII(L2)]2+, respectively, were
determined from the dependence of the rate of generation of
ClO2 on the initial concentrations of the iron(II) complexes
(Figure 2b). These reaction rates correspond to maximum
yields of 13 and 10% with respect to iron for [FeII(L1)]2+ and
[FeII(L2)]2+, respectively. Our results contradict previous
studies of substrate sulfoxidation by [FeII(L 1 )] 2+ and
[FeII(L2)]2+, in which the latter was 100 times more reactive,
whereas it reacts 40 times faster in hydrogen atom abstraction
reactions.18 In comparison to the bispidine-type complexes,
addition of 10 μM [FeII(N4Py)]2+ to chlorite (4 mM) resulted
in the immediate appearance of an absorption band at 360 nm,
characteristic of the formation of chlorine dioxide. The
absorbance at 360 nm reached a maximum with a secondorder rate constant of 1033 M−1 s−1 and an overall ClO2 yield
of 16%. Thus, the [FeII(N4Py)]2+ complex reacts with rate
constants that are at least 30 times higher than the fastestreacting bispidine complex. The yield of ClO2 obtained here is
in the line with previous studies of analogous manganese and
ruthenium catalysts.37
Characterization of Iron(IV)−Oxo Intermediates. Identiﬁcation of the formation of intermediates such as FeIV(O)
species could provide insight into the mechanism of the
reaction between the iron(II) complexes and ClO2−. Recent
studies of the reactivity of non-heme manganese(II) complexes
with ClO2− showed that oxygen atom transfer occurred to form
a manganese(IV)−oxo species and ClO−. The corresponding
iron(IV)−oxo complexes [FeIV(O)(L1)]2+, [FeIV(O)(L2)]2+,
and [FeIV(O)(N4Py)]2+ have been characterized previously
with UV/vis absorption, resonance Raman, electron para-

[Fe II]2 + + ClO2− → [Fe IV (O)]2 + + ClO−

(3)

pentacoordinated ligand systems. As discussed below, it
subsequently reacts with another molecule of chlorite through
either electron transfer or oxygen atom transfer to form the
ﬁnal products, and hence, the overall reaction involves two
molecules of ClO2− per iron center.
Product Distributions from Bifurcation Pathways. The
reaction of an iron(IV)−oxo species with excess ClO2− can lead
to products resulting from either electron transfer (eq 4) or
oxygen atom transfer (eq 5):
[Fe IV (O)]2 + + ClO2− → [Fe III(O)]+ + ClO2

(4)

[Fe IV (O)]2 + + ClO2− → [Fe II]2 + + ClO3−

(5)

The ClO2 content of the reaction mixture after reaction with
[FeII(L1)]2+, [FeII(L2)]2+, or [FeII(N4Py)]2+ was determined by
extraction with diethyl ether followed by ESI-MS analysis. The
content of ClO3− in the product mixture was determined using
o-tolidine, as described elsewhere.23 It should be noted that otolidine reacts with ClO3− but not with either ClO2− or ClO2.
Reaction of the iron(II) bispidine complexes with NaClO2 in

Figure 3. (a) UV−vis absorption spectra of the iron(IV)-oxo intermediate () formed during the reaction of 1 mM [FeII(L1)]2+ () with 1.2 equiv
of NaClO2 at 25 °C in acetate buﬀer at pH 5.0. (b) ESI-MS characterization of [FeIV(O)(L1)]2+.
10173
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acetate buﬀer in the presence of o-tolidine at ambient
temperature resulted in the appearance of a band at 442 nm
corresponding to 3,3′-dimethyl-4-amino-4′-nitrobiphenyl (Figure 4a). The ESI-MS spectrum (after extraction) shows a signal

the UV/vis absorption spectrum, indicating the presence of
ferric species.23 ESI-MS analysis of the extracted organic phase
did not show signiﬁcant formation of the nitro derivative, which
may be a consequence of subsequent reaction in the oxidation
of ClO2−. Hence, the bispidine-based complexes [FeII(L1)]2+
and [FeII(L2)]2+ (see the Supporting Information) react via
oxygen atom transfer processes with the formation of ClO3−
products as the dominant pathway, whereas [FeII(N4Py)]2+
reacts to yield ClO2 and related products through a oneelectron transfer process.
In addition to the characterization of the iron(IV)−oxo
species, ClO2, and ClO3−, we attempted to characterize
additional short-lived intermediates during the reaction process,
in particular focusing on the UV−vis, IR, and EPR spectra of
iron(III)−oxo and iron(III)−hydroxo species. Unfortunately,
either these species were not EPR-active or the expected signal
intensity was below the limits of detection. Furthermore, the
UV/vis absorption spectra of such species were not suﬃciently
intense to be detected at the concentrations employed.
Computational Modeling. The diﬀerences in the
reactivities of chlorite with [FeIV(O)(L1)]2+, [FeIV(O)(L2)]2+,
and [FeIV(O)(N4Py)]2+ were investigated by DFT methods,
focusing on the thermochemistry as well as the barriers to the
reaction steps, with the aim of proposing an overall mechanism.
Over 20 distinct chemical reactions involving ClO2, ClO2−,
ClO3−, and ClO− intermediates were considered, including
those in which acetate ions (present in the buﬀer) are involved
(Tables S4−S6).
Our initial focus was on the formation of the iron(IV)−oxo
intermediate, [FeIV(O)(L1)]2+, from the reaction of either the
iron(II) complex or a solvent (water)-bound iron(II) resting
state, [FeII(H2O)(L1)]2+ (Figure 5). We took the energy

Figure 4. (a) UV/vis absorption spectra of [FeII(N4Py)]2+ (10 μM,
black line) and [FeII(L2)]2+ (10 μM, red line) after reaction with 4.0
mM NaClO2 and o-tolidine (40 μM) in acetate buﬀer. (b) ESI-MS
spectra of the products obtained from the reaction of NaClO2 with
[FeII(L2)]2+.

at m/z = 242.24 corresponding to the oxidized product. In
addition, a signal at m/z = 227.07 corresponding to the partially
oxidized nitroso intermediate is observed. The reactions
involved and products obtained are summarized in Scheme 1.
In contrast, the reaction with [FeII(N4Py)]2+ did not result in
the formation of products associated with the reaction of otolidine with ClO3−. Instead, a peak at 388 nm was observed in
Scheme 1. Reaction of o-Tolidine with Iron(II) Complexes

Figure 5. Reaction free energies for the individual steps leading to the
formation of [FeIV(O)(L1)]2+ from [FeII(H2O)(L1)]2+ and ClO2−.
The free energies given for systems with ligand L1 are in kcal mol−1
and contain entropic, thermal, and solvent eﬀects.

diﬀerences for the lowest-energy spin states, i.e., the quintet for
the iron(II) complexes and the triplet for the iron(IV)−oxo
species. The exchange of H2O with chlorite is exergonic by 6.9
kcal mol−1, which increases to 18.7 kcal mol−1 when the
iron(II) complex is pentacoordinated. Whether a solvent
molecule is bound to the sixth ligand position of the iron(II)
complex has little eﬀect on the formation of [FeII(ClO2)(L1)]+.
10174
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Figure 6. Bifurcation pathways for the reaction of ClO2− with [FeIV(O)]2+ complexes going through electron transfer (pathway to the left) or oxygen
atom transfer (pathway to the right). Free energies are in kcal mol−1 and contain zero-point, entropic, thermal, and solvent corrections. Data not in
parentheses are given for ligand L1, whereas values in parentheses are for N4Py. The optimized transition state for OAT is given with bond lengths in
Å and the imaginary frequency in wavenumbers.

Dissociation of [FeII(ClO2)(L1)]+ into [FeIV(O)(L1)]2+ and
ClO− is also exergonic by 16.2 kcal mol−1; therefore,
[Fe IV (O)(L 1 )] 2+ should form readily in a mixture of
[FeII(H2O)(L1)]2+ and ClO2−. The overall driving force
(ΔGf1 + ΔGf2) for the formation of the [FeIV(O)(L1)]2+
complex from [FeII(H2O)(L1)]2+ is −23.1 kcal mol−1, whereas
a value of −37.8 kcal mol−1 is found for the N4Py complex.
Hence, both iron(II) complexes should rapidly form iron(IV)−
oxo species upon reaction with ClO2−. The formation of the
iron(IV)−oxo species upon reaction of [FeII(H2O)(L1)]2+ with
ClO3− requires a highly endergonic displacement of water
(ΔGf1c), which most probably originates from the fact that
HClO3 is a much stronger acid than HClO2 and preferentially
exists in the ClO3− form. Hence, although ClO2− can react to
form an iron(IV)−oxo species, reaction with ClO3− by oxygen
atom transfer to an iron(II) complex is not thermochemically
feasible. A similar result was obtained for the formation of
iron(IV)−oxo complexes from hypochlorite and an iron(II)−
water complex.40
The reactivity of [FeIV(O)(L1)]2+ with a second molecule of
ClO2− was considered by two distinct reaction mechanisms:
electron transfer (ET) and oxygen atom transfer (OAT)
(Figure 6). In these reaction steps, aside from the
thermodynamic aspects, the kinetics of the reaction is of
interest. Barriers to electron transfer were calculated using the
Marcus model as described above. A barrier of 10.1 kcal mol−1
was predicted for the reaction of [FeIV(O)(L1)]2+ with ClO2−,
whereas for the reaction of [FeIV(O)(N4Py)]2+ with ClO2− a
barrier of 17.0 kcal mol−1 was found. These values imply that
both [FeIV(O)(L1)]2+ and [FeIV(O)(N4Py)]2+ are able to react
with ClO2− by one-electron transfer, whereby the former will
react faster than the latter. The free energies of activation for
electron transfer are within 2 kcal mol−1 of the electron transfer
driving forces and hence give only a minor change to the
thermodynamically calculated energetics. These electron transfer barriers are in good quantitative agreement with the rate
constants reported in Figure 2. Furthermore, the studies imply
faster electron transfer for [FeIV(O)(L1)]2+ than for [FeIV(O)-

(N4Py)]2+. Indeed, the reported FeIII/FeIV redox potentials of
the L1 and N4Py systems conﬁrm that this should be the case.18
In particular, a slightly higher electron aﬃnity for [FeIV(O)(L1)]2+ compared with [FeIV(O)(N4Py)]2+ (by 0.09 eV) was
calculated, whereas the experimentally reported redox potential
diﬀerence is 0.08 eV.18 The calculated free energies of
activation for electron transfer imply that these reactions
should be rapid as well as spontaneous at room temperature.
In addition, the oxygen atom transfer pathways from
[FeIV(O)(L1)]2+ and [FeIV(O)(N4Py)]2+ to ClO2− were
explored initially by calculation of long-range reactant
complexes followed by a constraint geometry scan whereby
one degree of freedom (the Cl−O distance) was ﬁxed and all of
the other coordinates were minimized. The maxima of these
geometry scans were subjected to a transition state search. A
transition state was not found in the triplet spin state, and the
geometry scan led to a repulsive product state that after
optimization fell back to reactants. On the quintet spin state
surface, a stable OAT transition state, 5TSOAT, at +11.8 kcal
mol−1 above the reactants was obtained (see Figure 6). The
structure is characterized by a low imaginary frequency for the
Cl−O stretch and Fe−O elongation. In the transition state the
Fe−O bond is relatively long (2.087 Å), which matches
previous studies on substrate sulfoxidation and aromatic
hydroxylation barriers of non-heme iron(IV)−oxo oxidants in
the quintet spin state.41,42
In the case of 3,5[FeIV(O)(N4Py)]2+···ClO2−, the geometry
scans led to a maximum with an extremely high energy (well
over 45 kcal mol−1), and we were unable to characterize its
transition state. Probably this has to do with stereochemical
repulsions during the approach of the substrate to the bispidine
ligand system that prevent the ideal geometry for the transition
state. Nevertheless, the geometry scan clearly identiﬁes a high
energy pathway for OAT. Indeed, the thermochemistry for
OAT gives an overall strongly endergonic reaction for the
N4Py complex (ΔGOAT = 45.3 kcal mol−1), whereas it is only
slightly endergonic for the bispidine complex [FeIV(O)(L1)]2+
(ΔGOAT = +8.8 kcal mol−1). The driving forces for the two
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Figure 7. DFT-calculated free energies of individual reaction steps. All values are in kcal mol−1 and contain zero-point, entropic, thermal, and solvent
corrections. Data not in parentheses are associated with the complex of ligand L1, whereas data in the parentheses refer to complexes of N4Py.

OAT processes therefore imply that it is an energetically
accessible process for [FeIV(O)(L1)]2+ but most probably not
for [FeIV(O)(N4Py)]2+, where barriers well in excess of 45 kcal
mol−1 are expected on every spin state surface. These OAT
barriers are larger than those anticipated from the experimental
rate constants reported above, which may be the result of the
lack of polarization or the environment in the calculations.
The studies described in Figure 6 imply that the reaction
rates for ET and OAT will be competitive for [FeIV(O)(L1)]2+
with similar driving forces and reaction rate constants, whereas
[FeIV(O)(N4Py)]2+ at room temperature can react only via
one-electron transfer because the driving force for the OAT
reaction is substantially greater than that for ET. The reason for
this diﬀerence in reactivity of bispidine and N4Py complexes
stems from the fact that the N4Py complexes are weaker
oxidants, speciﬁcally for OAT reactions, than the ferryl−
bispidine complexes. For example, small rate constants for the
reaction of [FeIV(O)(N4Py)]2+ with para-substituted thioanisoles were reported.43
A similar bifurcated mechanism was recently found for
iron(IV)−oxo versus iron(IV)−imido reactivity with sulﬁdes,
where the latter more eﬃciently perform a two-electron transfer
process.21 The fact that the N4Py complex reacts preferentially
through single-electron transfer pathways is therefore not due
to an increased electron aﬃnity but mostly is a result of the
destabilization of the OAT pathway. Consequently, minor
diﬀerences in ligand structure drive reactions via diﬀerent
pathways and give variations in product distributions. This also
means that the ligand system can be modiﬁed on the basis of
the required product distribution, provided that one understands the correlation between structure and reactivity.
The full reaction cycles leading to ClO2− deactivation by
[FeII(L1)]2+ and [FeII(N4Py)]2+ were calculated (Figure 7). As
discussed above, the reaction is initiated upon displacement of
the coordinated solvent of the iron(II) complex by ClO2−

followed by Cl−O bond cleavage to form an iron(IV)−oxo
species and ClO− with reaction rate constant kf. It should be
noted that in acetate buﬀer, ClO2− can also react with acetate to
form peracetate in an almost thermoneutral process, which may
be another source for the formation of an iron(IV)−oxo
species. Thereafter, the reaction pathway bifurcates into two
reaction channels, namely, electron transfer with rate constant
kET (top) and oxygen atom transfer with rate constant kOAT
(bottom). The electron transfer process forms ClO2 and
[FeIII(O)]+, which under acidic conditions is protonated to
form an iron(III)−hydroxo complex with proton-transfer
reaction rate constant kPT. The latter is a highly exergonic
reaction step and is not expected to aﬀect the overall reaction
rate. The alternative OAT reaction leads to an iron(II)−aqua
complex and releases ClO3−. The [FeII(H2O)]2+ complex is
converted to the iron(III)−hydroxo product in an ET reaction
with ClO2 followed by deprotonation with reaction rate
constant kCT.
In the case of [FeII(H2O)(L1)]2+, the reaction with ClO2− to
form a stable iron(IV)−oxo species is exergonic with a driving
force of 23.1 kcal mol−1. The bifurcation pathway results in
competition between ET and OAT; since these have barriers
within 1.5 kcal mol−1, a mixture of products can be expected.
The iron(III)−oxo species formed after electron abstraction
from the substrate is protonated to form an iron(III)−hydroxo
complex with large exergonicity and is converted back into an
iron(IV)−oxo species by reaction with another molecule of
ClO2− and H3O+. The overall reaction stoichiometry for the
electron transfer pathway is given in eq 6 and yields ClO2 and
Cl− as products. However, as shown previously44 and also
conﬁrmed by DFT here, ClO− reacts with another iron(II)
complex to form an iron(IV)−oxo species and Cl−. Therefore,
a reaction pathway that follows the electron transfer channel
will use two molecules of ClO2− to form two molecules of
iron(IV)−oxo and a Cl−. Each iron(IV)−oxo reacts with one
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Figure 8. Valence bond curve-crossing diagrams explaining the diﬀerences in the ET and OAT reaction steps.

molecule of ClO2− to form ClO2. As such a maximum yield of
50% can be achieved for the reaction shown in Figure 7.

The VB diagrams start on the bottom left with the reactant
conﬁguration, which in this case is the iron(IV)−oxo species
and ClO2−. The iron(IV)−oxo species is in a triplet spin
ground state with orbital occupation πxz2πyz2π*xy2π*xz1 π*yz1.
Slightly higher in energy is a quintet spin state with the
conﬁguration πxz2πyz2π*xy1π*xz1π*yz1σ*z21.46 Figure 8a gives a
mechanism for one-electron transfer from ClO2− to iron(IV)−
oxo species leading to the ET products ClO2 and [FeIII(O)]+.
The two VB curves for reactant and product cross, leading to an
avoided crossing and a transition state for electron transfer.
Generally, the curve-crossing energy is a fraction of the
excitation energy in the reactant complex from the reactant
electronic conﬁguration to the product electronic conﬁguration.
Consequently, the electronic diﬀerences between the reactant
and product wave functions determine the height of the
reaction barrier.
Therefore, the one-electron transfer process will simply be
determined by the ionization energy of ClO2− (IEClO2) and the
electron aﬃnity of the iron(IV)−oxo complex (EAFeO) (eq 8):

1 2+
2[Fe II(H 2O)(L)]
+ 3ClO2− + 2H3O+
1 2+
→ 2[Fe III(OH)(L)]
+ 2ClO2 + Cl− + 4H 2O

(6)

The alternative reaction after OAT has a high endergonicity
for charge transfer from [FeII(H2O)(L1)]2+ to ClO2. Instead,
[FeII(H2O)(L1)]2+ will react with ClO2− to form another
iron(IV)−oxo complex. The overall reaction stoichiometry for
the process involving the OAT pathway is essentially
disproportionation of ClO2− into ClO− and ClO3− catalyzed
by an iron(II) center (eq 7). Indeed, the disproportionation
reaction is calculated to have a driving force of ΔGdisproportionation
= −14.3 kcal mol−1.
2ClO2− → ClO− + ClO3−

(7)

The computational modeling shows that multiple products
are expected from the reaction of ClO2− with the iron(II)
centers. In particular, [FeII(L1)]2+ is expected to give a mixture
of products as a result of competition between the pathways,
yielding ClO2, ClO−, ClO, and ClO3− as the products, whereas
[FeII(N4Py)]2+ should give products through the ET process
only, with no ClO3−. The thermochemical analysis from Figure
7 is in good agreement with the product distributions in Figure
4, where a signiﬁcant amount of ClO3− was obtained for the
bispidine complex but none for [FeII(N4Py)]2+.
The reactivity diﬀerences and the reason that the bispidine
complex reacted via multiple reaction channels, in contrast to
the N4Py complex, are rationalized through a valence bond
curve-crossing diagram (Figure 8). Such diagrams have been
used previously to establish the intrinsic properties of the
oxidant and reductant that determine reaction processes and,
for instance, enabled us to predict reactivity trends and rate
constants.45

G ET ∝ IEClO2 − EAFeO

(8)

We calculated the electron aﬃnities of the two iron(IV)−oxo
complexes as well as the ionization energy of ClO2− and found
diabatic values of ΔE + ZPE + Esolv = 121.7 kcal mol−1 (IEClO2)
and EAs of 90.1 and 81.8 kcal mol−1 for [FeIV(O)(L1)]2+ and
[FeIV(O)(N4Py)]2+, respectively. Therefore, the VB curvecrossing diagram predicts GET = 31.6 and 39.9 kcal mol−1 for
the bispidine and N4Py complexes. In general, the barrier
height is one-third of the promotion gap,47 and therefore, the
VB diagram predicts electron transfer barriers of ΔE⧧ = 10.5
and 13.3 kcal mol−1 for the reactions involving the bispidine
and N4Py ligated systems, respectively. These values are in
good quantitative agreement with the relative barrier heights
discussed above in Figures 5 and 6.
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Figure 8b presents the VB curve diagram for the oxygen
atom transfer from iron(IV)−oxo to ClO2−, which shows a
resemblance to schemes rationalizing substrate sulfoxidation by
iron(IV)−oxo complexes.48 This process is a concerted
reaction where a Cl−O bond is formed in a single elementary
step. Thus, ClO2− is ﬁrst oxidized to ClO2, and the unpaired
electron on the Cl atom forms a bond with an electron in a 2p
orbital on the oxygen atom. However, at the start of the
reaction the oxygen 2p orbitals are hybridized with 3d orbitals
of the metal. Therefore, one of the sets of πxz/π*xz or πyz/π*yz
pairs of orbitals will split back into atomic orbitals to give a
singly occupied 2p orbital on the oxygen atom and a doubly
occupied 3d orbital on the metal, i.e., 3dxz22px1. Upon oxidation
of ClO2−, however, one electron will move to the iron, which is
reduced from iron(IV) to iron(III). Consequently, the
promotion gap for the OAT process will depend on the
ionization energy of ClO2− (IEClO2) as well as the reduction of
the iron(IV)−oxo to iron(III)−oxo (EAFeO) (eq 9). Additional
energy costs incurred in this process relate to the breaking of
the πxz/π*xz orbitals (Eπ/π*xz), but also energy will be released
due to the formation of the Cl−O bond:
GOAT ∝ IEClO2 − EAFeO + Eπ / π*xz − BDECl − O
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The πxz/π*xz and πyz/π*yz energy gaps at the UB3LYP/
BS2+solvent level are 70.6 and 74.0 kcal mol−1 for 3[FeIV(O)(L1)]2+, whereas values of 102.0 and 103.1 kcal mol−1 are found
for 3[FeIV(O)(N4Py)]2+. The diabatic ionization energy of
ClO2− is 121.7 kcal mol−1, while the vertical electron aﬃnities
of [FeIV(O)(L1)]2+ and [FeIV(O)(N4Py)]2+ are 90.1 and 81.8
kcal mol−1, respectively. On the basis of these numbers and the
calculated Cl−O bond strength of 56.7 kcal mol−1, we estimate
a value of GOAT that is 24 kcal mol−1 lower for the reaction of
ClO2− with [FeIV(O)(L1)]2+ than for the reaction with
[FeIV(O)(N4Py)]2+. Therefore, a diﬀerence of about 8 kcal
mol−1 in the OAT barrier heights for the two oxidants is
predicted, which would correspond to a rate enhancement of
well over 700 000. Indeed, as shown above in Figure 6 and in
agreement with the experimental data, [FeIV(O)(N4Py)]2+
does not react via oxygen atom transfer but preferentially
through one-electron transfer. The VB diagram shows that this
is due to increased πxz/π*xz energy splitting and a decreased
electron aﬃnity. As such, the VB curve-crossing diagram gives
an explanation of what the driving force for electron transfer
versus oxygen atom transfer is and how the oxidants can be
further modiﬁed to obtain the required product distributions.
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Gómez, L.; Jackson, T. A.; Kerscher, M.; Waleska, A.; Comba, P.;
Costas, M.; Que, L., Jr. Non-heme Oxoiron(IV) Complexes of
10179

DOI: 10.1021/acs.inorgchem.6b01384
Inorg. Chem. 2016, 55, 10170−10181

Article

Inorganic Chemistry

Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132, 154104−154104.
(34) NIST Chemistry WebBook; Linstrom, P. J.; Mallard, W. G., Eds.;
NIST Standard Reference Database, Number 69; National Institute of
Standards and Technology: Gaithersburg, MD; http://webbook.nist.
gov.
(35) Ji, L.; Zhang, J.; Liu, W.; de Visser, S. P. Metabolism of
Halogenated Alkanes by Cytochrome P450 Enzymes. Aerobic
Oxidation versus Anaerobic Reduction. Chem. - Asian J. 2014, 9,
1175−1182.
(36) Clapper, T. W.; Gale, W. A. In Encyclopedia of Chemical
Technology, 2nd ed.; Kirk, R. E., Othmer, D. F., Eds.; Wiley: New York,
1964.
(37) (a) Hicks, S. D.; Petersen, J. L.; Bougher, C. J.; Abu-Omar, M.
M. Chlorite Dismutation to Chlorine Dioxide Catalyzed by a WaterSoluble Manganese Porphyrin. Angew. Chem., Int. Ed. 2011, 50, 699−
702. (b) Hu, Z.; Du, H.; Man, W.-L.; Leung, C.-F.; Liang, H.; Lau, T.C. Catalytic Reactions of Chlorite with a Polypyridylruthenium(II)
Complex: Disproportionation, Chlorine Dioxide Formation and
Alcohol Oxidation. Chem. Commun. 2012, 48, 1102−1104.
(38) Kaizer, J.; Klinker, E. J.; Oh, N. Y.; Rohde, J.-U.; Song, W. J.;
Stubna, A.; Kim, J.; Münck, E.; Nam, W.; Que, L., Jr. Non-heme FeIVO
Complexes That Can Oxidize the C−H Bonds of Cyclohexane at
Room Temperature. J. Am. Chem. Soc. 2004, 126, 472−473.
(39) Roelfes, G.; Lubben, M.; Chen, K.; Ho, R. Y. N.; Meetsma, A.;
Genseberger, S.; Hermant, R. M.; Hage, R.; Mandal, S. K.; Young, V.
G., Jr.; Zang, Y.; Kooijman, H.; Spek, A. L.; Que, L., Jr.; Feringa, B. L.
Iron Chemistry of a Pentadentate Ligand That Generates a Metastable
FeIII−OOH Intermediate. Inorg. Chem. 1999, 38, 1929−1936.
(40) Draksharapu, A.; Angelone, D.; Quesne, M. G.; Padamati, S. K.;
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