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Jonathan R. Frisch,†,∥ Marleǹe Martinho,‡,∥ Debasish Mandal,§ Eckard Münck,*,‡ Sason Shaik,*,§

and Lawrence Que, Jr.*,†

†Department of Chemistry and Center for Metals in Biocatalysis, University of Minnesota, Minneapolis, Minnesota 55455, United
States
‡Department of Chemistry, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, United States
§Institute of Chemistry and the Lise Meitner-Minerva Center for Computational Quantum Chemistry, The Hebrew University of
Jerusalem, 91904 Jerusalem, Israel

*S Supporting Information

ABSTRACT: Oxoiron(IV) species are implicated as reactive
intermediates in nonheme monoiron oxygenases, often acting as
the agent for hydrogen-atom transfer from substrate. A histidine
is the most likely ligand trans to the oxo unit in most enzymes
characterized thus far but is replaced by a carboxylate in the case
of isopenicillin N synthase. As the effect of a trans carboxylate
ligand on the properties of the oxoiron(IV) unit has not been
systematically studied, we have synthesized and characterized
four oxoiron(IV) complexes supported by the tetramethylcyclam
(TMC) macrocycle and having a carboxylate ligand trans to the
oxo unit. Two complexes have acetate or propionate axial ligands,
while the other two have the carboxylate functionality tethered to
the macrocyclic ligand framework by one or two methylene units. Interestingly, these four complexes exhibit substrate oxidation
rates that differ by more than 100-fold, despite having Ep,c values for the reduction of the FeO unit that span a range of only
130 mV. Eyring parameters for 1,4-cyclohexadiene oxidation show that reactivity differences originate from differences in
activation enthalpy between complexes with tethered carboxylates and those with untethered carboxylates, in agreement with
computational results. As noted previously for the initial subset of four complexes, the logarithms of the oxygen atom transfer
rates of 11 complexes of the FeIV(O)TMC(X) series increase linearly with the observed Ep,c values, reflecting the electrophilicity
of the FeO unit. In contrast, no correlation with Ep,c values is observed for the corresponding hydrogen atom transfer (HAT)
reaction rates; instead, the HAT rates increase as the computed triplet−quintet spin state gap narrows, consistent with Shaik’s
two-state-reactivity model. In fact, the two complexes with untethered carboxylates are among the most reactive HAT agents in
this series, demonstrating that the axial ligand can play a key role in tuning the HAT reactivity in a nonheme iron enzyme active
site.

■ INTRODUCTION

Enzymes with mononuclear nonheme iron active sites utilize
molecular oxygen as an oxidant to catalyze a wide variety of
reactions in the biological world such as C−H bond
hydroxylation and halogenation, C−C bond desaturation, and
heterocyclic ring formation in the biosynthesis of essential
metabolites and antibiotics.1,2 Despite this array of reactivity,
many share a common 2-His-1-carboxylate facial triad active
site3−5 that supports formation of a common oxoiron(IV)
oxidant, which has been trapped and characterized for several
enzymes.6−15 These high-valent intermediates are proposed to
abstract a hydrogen atom from substrate, generating a carbon-
based substrate radical that then reacts to form C−O, C−
halogen, C−S, or CC bonds.2,6−15 However, the exact factors
controlling the reactivity of these oxoiron(IV) species are still

unknown. One factor that has attracted little attention thus far
is what possible role a carboxylate ligand bound to the
oxoiron(IV) unit may play in modulating the reactivity of this
unit. For most of the nonheme iron enzymes with an active site
consisting of a 2-His-1-carboxylate facial triad, the likely site for
O2 binding, and hence the site at which the oxo is formed, is
trans to a His residue.2−5 However, in at least the case of
isopenicillin N synthase, NO has been shown to bind trans to a
carboxylate residue; therefore, O2 and the resulting oxo moiety
derived therefrom would be expected to be trans to a
carboxylate ligand.16−19 The effects of introducing a carboxylate
trans to a nonheme oxoiron(IV) unit on its reactivity have not
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been investigated in detail, and the goal of this study is to shed
light on what role a carboxylate ligand may play at this position.
Synthetic efforts to model a nonheme oxoiron(IV) unit since

2000 have investigated how factors such as spin state,
electronics, and sterics can affect reactivity.20−24 Among these
studies, the most systematic one has involved the tetrame-
thylcyclam (TMC) macrocycle as a ligand platform to obtain an
array of oxoiron(IV) complexes that vary with respect to the
nature of the axial ligand25−28 and, more recently, with respect
to the macrocyclic face to which the oxo atom is placed.29 Early
work by Sastri et al. indicated that the rates of oxygen atom
transfer (OAT) decreased with increasing electron-donating
capability of an axial ligand, showing the expected electrophilic
trend. In contrast, the rate of hydrogen atom transfer (HAT)
increased with the electron-donating ability of the axial ligand,
revealing what Sastri et al. called an antielectrophilic trend.26

The electron-donating capability of the trans axial ligand was
reflected experimentally by the Ep,c (cathodic peak potential)
values of the oxoiron(IV) complexes obtained and computa-
tionally by the calculated ΔqCT value (the amount of charge
transferred from the axial ligand to the FeO unit).26,30,31

Complexes of this type have been proposed to engage in two-
state reactivity (TSR),32−34 wherein both OAT and HAT
reactions occur on the more reactive S = 2 spin surface.26,30,31

The antielectrophilic trend observed for HAT by Sastri et al.
was thus attributed to the accessibility of the S = 2 spin state.26

The smaller the gap, the greater the contribution of the S = 2
transition state to the reaction, which was lower in energy than
the S = 1 transition state. Notably, reactions proceeding via the
S = 2 potential energy surface are proposed to be intrinsically
lower in energy due to exchange enhanced reactivity.35 The S =
1/S = 2 gap would then be controlled by the electron-donating
ability of the axial ligand, so that the complexes with the more
electron donating ligands would give rise to smaller gaps,
leading in turn to complexes with higher HAT reactivity.26

The explanation of this correlation was recently challenged
by data obtained for the conjugate acid−base pair 1 and 2 (see
Scheme 1), which are also supported by ligands based on the
TMC framework to which the axial donor is appended.28 While
2 has an axial ligand much more electron donating than 1, on
the basis of their Ep,c values determined by cyclic voltammetry,
1 exhibits faster HAT rates than 2. This case of two very similar
oxoiron(IV) complexes that only differ in the loss of a proton
indicates that the reactivity of such complexes may be based on
factors other than the electron-donating ability of the axial
ligand alone.
In response to these observations, a refined model was

proposed30 in which the originally observed antielectrophilic
trend was attributed to an increased H atom tunneling
contribution for the complexes with more electron donating
ligands trans to the oxo donor.26 Nevertheless, all reactions are
still proposed to proceed on the S = 2 spin surface rendering
TSR operational.30 Tunneling contributions were predicted to
give rise to kinetic isotope effects (KIE, kH/kD) in the range of
10−60 for HAT reactions on the S = 2 spin surface, in
agreement with available experimental data.26,30 On the other
hand, KIE values on the order of hundreds were calculated for
the S = 1 spin surface, making contributions of this spin state to
the reaction unlikely. The study predicts that more electron
donating ligands will have larger KIE values for HAT, while
OAT cannot proceed through a tunneling path due to the
much larger mass of the oxygen atom.

Herein, we extend our investigation of TMC-based oxoiron-
(IV) complexes to a series of complexes with axially bound
carboxylate ligands (Scheme 1). Two complexes, 3 and 4,
respectively, possess acetate and propionate donors appended
to the TMC macrocycle in place of a methyl substituent, while
5 and 6 are the corresponding complexes with untethered
acetate and propionate anions as respective axial ligands. Our
study of the oxidative reactivity of 3−6 shows that tethering the
carboxylate ligands can result in a greater than a 100-fold
decrease in both HAT and OAT rates. When these data are
viewed within the broader context of 11 FeIV(O)TMC
complexes characterized to date, the OAT values correlate
with the Ep,c values measured for the complexes, consistent with
the electrophilic trend found by Sastri et al. for an initial subset
of four complexes.26 However, the antielectrophilic trend
originally observed for HAT reactivity does not hold when it is
applied to the entire data set, as tethering the axial carboxylate
ligand appears to constrain the ability of the oxoiron(IV) unit
to effect HAT without significantly affecting the Ep,c values. On
the other hand, the HAT rates for the entire set of
FeIV(O)TMC complexes can be correlated primarily with the
calculated spin state energy differences (ΔE(Q-T)ZPE with
solvation correction) of the oxoiron(IV) reactants, thereby
providing further validation for Shaik’s TSR model.26,30

■ EXPERIMENTAL SECTION
General Considerations. All reagents, including anhydrous

solvents, were purchased from Aldrich and used as received unless
noted otherwise. Iodosobenzene (PhIO),36 its 18O-labeled isotopomer
PhI18O, Fe(OTf)2(CH3CN)2,

37,38 1,4,8-trimethyl-1,4,8,11-tetraazacy-
clotetradecane,39,40 4,8,11-trimethyl-1,4,8,11-tetraazacyclotetradecane-
1-acetic acid tetrahydrochloride salt (TMCAcH·4HCl),41 and
NBu4OPr

42 were all prepared according to published procedures.
[FeIITMC(OTf)](OTf) was prepared by a modified published
procedure,43 as follows: generally, 1 mmol of Fe(OTf)2(CH3CN)2
was dissolved in dichloromethane with 1 mmol of TMC. This was
stirred for 2−3 h before being filtered into diethyl ether. A precipitate
formed immediately. The solution was filtered and the solid collected.

Scheme 1. Oxoiron(IV) Complexes Supported by the TMC
Macrocycle Relevant to This Study
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The solid was dissolved in dichloromethane and set up for vapor
diffusion with diethyl ether in a −40 °C freezer. After several days, the
solution was filtered and the solid collected. A typical yield was 64%.
TMC was purchased from Angene International Limited or Strem.
Triphenylphosphine was purified by dissolving in hexane and running
through a silica gel column. 9,10-Dihydroanthracene (DHA) was
purified by a published procedure,44 and d4-DHA was also synthesized
by a published procedure.45

All moisture- and oxygen-sensitive compounds were prepared using
standard high-vacuum-line, Schlenk, or cannula techniques. A standard
nitrogen-filled glovebox was used for any subsequent manipulation and
storage of these compounds. NMR spectra were recorded using Varian
Inova 500 and 300 MHz spectrometers. Chemical shifts (ppm) were
referenced to the residual protic solvent peaks. Elemental analyses
were performed by Atlantic Microlab (Norcross, GA). UV−visible
studies were performed using a HP8453A diode array spectrometer
equipped with a cryostat from Unisoku Scientific Instruments (Osaka,
Japan). Electrospray ionization mass spectrometry experiments were
carried out on a Bruker BioTOF II mass spectrometer using a spray
chamber voltage of 4000 V and a gas carrier temperature of 60 °C. FT-
IR spectra were recorded in CH3CN solution at ambient temperature
in a CaF2 solution cell (International Crystal Laboratories), using an
Avatar 370 spectrometer (ThermoNicolet).
Synthetic Procedures. TMCPrH·4HCl. To a solution of

Me3cyclam (1.00 g, 4.13 mmol) in acetonitrile (40 mL) was added
20 equiv of tert-butyl acrylate (12.1 mL, 82.5 mmol), and the resulting
mixture was stirred under argon for 72 h. Subsequently, all volatiles
were removed under vacuum to provide a yellow oil. 1H NMR
(CDCl3, 500 MHz): δ 2.76 (t, 2H, NCH2CCO2), 2.54 (m, 4H,
NCH2), 2.44 (m, 12H, NCH2), 2.35 (t, 2H, CH2CO2), 2.22 (s, 3H,
NMe), 2.21 (s, 3H, NMe), 2.20 (s, 3H, NMe), 1.64 (p, 4H,
NCCH2CN), 1.44 (s, 9H, tBuO). 13C NMR (CDCl3, 125 MHz): δ
172.28, 54.71, 54.45, 54.25, 53.69, 53.62, 53.42, 50.58, 50.47, 50.22,
43.62, 43.58, 43.29, 33.18, 28.15, 24.40. MS (+ESI): m/z 371.5 [(M +
H)+].
The ester was dissolved in trifluoroacetic acid (40 mL) and stirred

in a sealed flask, at ambient temperature, for 96 h. Removal of all
volatiles yielded a brown oil, from which an off-white solid could be
obtained by trituration with diethyl ether overnight. This solid was
isolated by filtration, washed with further diethyl ether, and air-dried.
1H NMR (D2O, 500 MHz): δ 3.51 (m, 2H, NCH2), 3.43 (m, 4H,
NCH2), 3.20 (m, 6H, NCH2), 3.12 (t, 2H, NCH2), 2.97 (t, 2H,
NCH2CCO2), 2.86 (t, 2H, NCH2), 2.83 (s, 3H, NMe), 2.82 (s, 3H,
NMe), 2.78 (s, 3H, NMe), 2.60 (t, 2H, CH2CO2), 2.01 (m, 2H,
NCCH2CN), 1.83 (m, 2H, NCCH2CN). MS (+ESI): m/z 315.2
[(TMCPrA + 2H)+]. Anal. Calcd (found) for C24H38F12N4O10: C,
37.41 (37.42); H, 4.97 (4.94); F, 29.59 (29.37); N, 7.27 (7.40); O,
20.76 (20.94).
Dissolution of the trifluoroacetate salt in methanol and addition of

concentrated hydrochloric acid caused precipitation of a solid, which
was isolated by filtration, washed with methanol, followed by diethyl
ether, and air-dried to give the title compound as a white powder (2.44
g, 77% overall). 1H NMR (D2O, 500 MHz): δ 3.58 (m, 2H, CH2),
3.50 (m, 4H, CH2), 3.26 (m, 8H, NCH2), 3.07 (t, 2H, NCH2), 2.99 (t,
2H, NCH2CCO2), 2.86 (s, 3H, NMe), 2.85 (s, 3H, NMe), 2.81 (s, 3H,
NMe), 2.65 (t, 2H, CH2CO2), 2.05 (m, 2H, NCCH2CN), 1.90 (m,
2H, NCCH2CN). Anal. Calcd (found) for C16H38Cl4N4O2·3H2O: C,
37.36 (37.76); H, 8.62 (8.42); Cl, 27.57 (27.29); N, 10.89 (10.87).
Synthesis of Iron(II) Complexes (Numbered according to the

Oxoiron(IV) Numbering Scheme in Scheme 1 Followed by an
Asterisk). [3*][BPh4]. To a methanolic suspension of TMCAcH·4HCl
(0.63 g, 1.41 mmol) was added 4 equiv of sodium methoxide (0.30 g,
5.63 mmol). After 15 min of stirring, all volatiles were removed to
yield a residue, to which dichloromethane was added. This dissolved
the monoprotonated ligand, but not the sodium chloride byproduct,
which was removed by filtration. The dichloromethane extracts were
reduced to dryness to provide TMCAcH as a waxy solid, which was
then dissolved in methanol, treated with triethylamine (0.65 g, 6.40
mmol) and Fe(OTf)2(CH3CN)2 (0.56 g, 1.28 mmol), and stirred for
12 h. Subsequent addition of sodium tetraphenylborate (0.44 g, 1.28

mmol) caused precipitation of a white powder, which was isolated by
filtration, washed with methanol and diethyl ether, and dried under
vacuum to give 0.77 g of product (89% yield). 1H NMR (CD3CN, all
peaks appear as broad singlets): δ 342.9 (1H, CH2), 337.3 (1H, CH2),
335.8 (1H, CH2), 322.6 (1H, CH2), 193.2 (1H, CH2), 167.0 (1H,
CH2), 155.2 (1H, CH2), 146.3 (2H, CH2), 131.8 (3H, NMe), 96.0
(3H, NMe), 88.2 (2H, CH2), 81.7 (3H, NMe), 63.1 (1H, CH2), 35.3
(1H, CH2), 22.9 (3H, NMe), 7.4 (8H, BPh4), 7.0 (8H, BPh4), 6.9 (4H,
BPh4), −13.5 (1H, CH2), −30.1 (1H, CH2), −58.1 (1H, CH2). MS
(+ESI): m/z 355.3 [(M − BPh4)

+]. Anal. Calcd (found) for
C39H51BFeN4O2: C, 69.45 (69.59); H, 7.62 (7.66); N, 8.31 (8.18).
The analogous [3*][B(C6F5)4] complex was synthesized through a
similar procedure, except NaBPh4 was replaced with Li[B(C6F5)4]·
Et2O.

[4*][BPh4]. This complex was prepared in a fashion analogous to
that for [3*][BPh4], using 0.60 g (1.30 mmol) of TMCPrH·4HCl and
0.21 g (5.21 mmol) of sodium hydroxide to provide the ligand
TMCPrH and 0.60 g (5.92 mmol) of triethylamine, 0.52 g (1.18
mmol) of Fe(OTf)2(CH3CN)2, and 0.41 g (1.18 mmol) of sodium
tetraphenylborate in the subsequent complexation. The product was
obtained as a white powder in 78% yield (0.70 g). 1H NMR (CD3CN,
all peaks appear as broad singlets): δ 308.7 (1H, CH2), 294.8 (2H,
CH2), 282.7 (1H, CH2), 275.8 (1H, CH2), 153.9 (1H, CH2), 148.4
(1H, CH2), 132.6 (3H, NMe), 121.0 (1H, CH2), 112.1 (1H, CH2),
103.1 (3H, NMe), 97.1 (3H, NMe), 68.0 (2H, CH2), 51.2 (1H, CH2),
34.2 (1H, CH2), 26.9 (1H, CH2), 20.7 (1H, CH2), 15.6 (1H, CH2),
12.6 (1H, CH2), 7.4 (8H, BPh4), 7.0 (8H, BPh4), 6.9 (4H, BPh4), −1.4
(1H, CH2), −5.8 (1H, CH2), −16.0 (1H, CH2), −19.3 (1H, CH2). MS
(+ESI): m/z 369.1 [(M − BPh4)

+]. Anal. Calcd (found) for
C40H53BFeN4O2: C, 69.78 (69.83); H, 7.76 (7.78); N, 8.14 (8.02).
The analogous [4*][B(C6F5)4] complex was synthesized through a
similar procedure, except for the replacement of NaBPh4 with
Li[B(C6F5)4]·Et2O.

[5*][BPh4]. A mixture of TMC (0.20 g, 0.78 mmol) and iron(II)
acetate (0.14 g, 0.78 mmol) were stirred together in methanol (10
mL) for 12 h. Subsequent to filtration, the filtrate was treated with
sodium tetraphenylborate (0.27 g, 0.78 mmol), which caused a white
precipitate to form. This solid was isolated by filtration, washed with
methanol (2 × 5 mL), and dried under vacuum to give the product as
a white powder (0.45 g, 84%). 1H NMR (CD3CN, all peaks appear as
broad singlets): δ 274.3 (4H, NCH2), 109.7 (12H, NMe), 55.3 (4H,
NCH2), 40.1 (4H, NCH2), 7.3 (8H, BPh4), 7.0 (8H, BPh4), 6.9 (4H,
BPh4), −9.4 (2H, CCH2C), −10.2 (2H, CCH2C). MS (+ESI): m/z
371.3 [(M − BPh4)

+]. Anal. Calcd (found) for C40H55BFeN4O2: C,
69.57 (70.03); H, 8.03 (8.10); N, 8.11 (8.14).

Synthesis of Oxoiron(IV) Complexes. The synthesis of 3 and 4 was
carried out by the addition of approximately 3 equiv of solid PhIO to
acetonitrile solutions of the respective iron(II) complexes, followed by
stirring at ambient temperature for 5−20 min. Subsequent removal of
unreacted oxidant by filtration provided solutions of the desired
complexes, suitable for spectroscopic and kinetic studies. Complexes 5
and 6 were generated by addition of 2.5−5 equiv of tetrabutylammo-
nium acetate or propionate to solutions of [FeIV(O)(TMC)-
(CH3CN)]

2+ in acetonitrile following procedures described by Jackson
et al. for a series of anion-substituted [FeIV(O)(TMC)(X)]+

complexes.27

X-ray Crystallography. Diffraction-quality crystals of [4*][B-
(C6F5)4] were grown by vapor diffusion of diethyl ether into
concentrated CH3CN solutions of the complex at ∼−35 °C in an
oxygen-free environment. A crystal (approximate dimensions 0.25 ×
0.21 × 0.13 mm3) was placed onto the tip of a 0.1 mm diameter glass
capillary and mounted on a Bruker CMOS diffractometer for data
collection at 123(2) K.46 A preliminary set of cell constants was
calculated from reflections harvested from three sets of 20 frames.
These initial sets of frames were oriented such that orthogonal wedges
of reciprocal space were surveyed. This produced initial orientation
matrices were determined from 782 reflections. The data collection
was carried out using Cu Kα radiation (graphite monochromator) with
a shutterless data collection procedure. A randomly oriented region of
reciprocal space was surveyed to the extent of one sphere and to a
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resolution of 0.84 Å. The intensity data were corrected for absorption
and decay (SADABS).47 Final cell constants were calculated from the
xyz centroids of 9904 strong reflections from the actual data collection
after integration (SAINT).48

For [5*][BPh4], a concentrated solution in CH3CN was layered
with diethyl ether and put in a −40 °C freezer for an extended period.
Selected single crystals were placed onto the top of 0.1 mm diameter
glass capillaries and mounted on a Bruker SMART V5.054 CCD area
detector diffractometer for data collection at 173(2) K. A preliminary
set of cell constants was collected from reflections harvested from
three sets of 20 frames. These initial sets of frames were oriented such
that orthogonal wedges of reciprocal space were surveyed and then
used to produce initial orientation matrices. Data collection was
carried out using Mo Kα radiation (graphite monochromator). A
randomly oriented region of reciprocal space was surveyed to the
extent of one sphere, with four major sections of frames being
collected using 0.30° steps in ω at four different ϕ settings and a
detector position of −28° in 2θ. The intensity data were corrected for
absorption and decay (SADABS).47 Final cell constants were
calculated from the actual data collection after integration (SAINT).48

The structures were solved and refined using Bruker SHELXTL.49

Space groups were determined on the basis of systematic absences and
intensity statistics. In all cases, a direct-methods solution was
calculated, which provided most non-hydrogen atoms from the E
map. The remaining non-hydrogen atoms were located by full-matrix
least-squares/difference Fourier cycles. All non-hydrogen atoms were
refined with anisotropic displacement parameters. All hydrogen atoms
were placed in ideal positions and refined as riding atoms with relative
isotropic displacement parameters.
Spectroscopic Experiments. Mössbauer spectra were recorded

with a home-built spectrometer, using a Janis Research (Wilmington,
MA) Super Varitemp Dewar. Isomer shifts are quoted relative to Fe
metal at 298 K. Mössbauer samples were generated following the
procedures described above but from 57Fe-labeled precursors.
Resonance Raman spectra were obtained using a liquid nitrogen

cooled CCD detector (Model LN/CCD-1340 × 400PB, Princeton
Instruments) attached to a 1 m polychrometer (Model MC-100DG,
Ritsu Oyo Kogaku). An excitation wavelength of 406.7 nm was
provided by a Kr+ laser (Spectra Physics BeamLok 2060-RM) with ca.
20 mW power at the samples. All measurements were carried out in
frozen solution with samples mounted on a brass cold finger. Raman
shifts were calibrated with indene, and the accuracy of the peak
positions of the Raman bands was ±1 cm−1. The 18O-labeled
isotopomers of 3 and 4 were generated by reaction with 2 equiv of
PhI(OAc)2, in the presence of 100 equiv of H2

18O. The 18O-labeled
isotopomer of 5 was generated by ligand exchange from [FeIV(18O)-
(TMC)(CH3CN)]

2+ made using PhI18O.
X-ray absorption spectroscopy data were collected at the Stanford

Synchrotron Radiation Lightsource (SLAC National Accelerator
Laboratory) on beamline 9-3 for complexes 3 and 5 and beamline
7-3 for 4, with storage ring conditions of 3.0 GeV and 80−100 mA
ring current. Fe K-edge XAS data were collected for frozen solutions
maintained at a temperature of ∼15 K over an energy range of 6.9−8.0
keV using a Si(220) double-crystal monochromator for energy
selection and an Oxford Instruments CF1208 continuous flow liquid
helium cryostat for temperature control. Harmonic rejection was
achieved using Rh-coated collimating mirrors upstream of the
monochromators on both beamlines. Data were obtained as
fluorescence excitation spectra with 30-element solid-state germanium
detector arrays (Canberra). An iron foil spectrum was recorded
concomitantly for internal energy calibration, and the first inflection
point of the K-edge was assigned to 7112.0 eV. The XAS samples were
prepared following procedures outlined previously (vide supra), using
acetonitrile solutions of precursor complexes in concentrations ≥10
mM. Yields were quantified by electronic absorption spectroscopy,
using molar extinction coefficients determined by a combination of
electronic absorption and Mössbauer spectroscopic measurements.
Data reduction, averaging, and normalization were carried out with

EXAFSPAK.50 Following calibration and averaging of the data,
background absorption was removed by fitting a Gaussian function

to the pre-edge region and then subtracting this function from the
entire spectrum. A three-segment spline with fourth-order components
was then fit to the EXAFS region of the spectrum in order to extract
χ(k). Analysis of the pre-edge features was carried out with the
program Fityk.51 The pre-edge feature was modeled using a Gaussian
function, while the rising edge was approximated with a pseudo-Voigt.
Separate fits were carried out over energy ranges of 7106−7122,
7106−7120, and 7108−7118 eV, and the reported values are the
average from all three fits. EXAFS analysis was conducted with
EXAFSPAK. Theoretical phase and amplitude parameters for
truncated models of the relevant oxoiron(IV) complex were calculated
using FEFF 8.40,52 and relevant single and multiple scattering paths
were chosen for curve fitting in the opt program of the EXAFSPAK
package. In all analyses, the coordination number of a given shell was a
fixed parameter and was varied iteratively while bond lengths (r) and
Debye−Waller factors (σ2) were allowed to freely float. The amplitude
reduction factor S0 was fixed at 0.9, while the edge shift parameter E0
was allowed to float as a single value for all shells (thus in any given fit,
the number of floating parameters is equal to 2 × (number of shells) +
1). Generally only single-scattering paths were considered, although
we did conduct several fits for each complex that incorporate multiple
scattering from the Fe−N−Cα unit of the ligand. Fits were carried out
on both Fourier-filtered and unfiltered EXAFS data. We report only
fits to unfiltered data, for which the goodness of fit F was defined as
[∑k6(χexptl − χcalc)

2/∑k6χexptl
2]1/2.

Kinetics Experiments. Solutions of the various oxoiron(IV)
complexes (0.5−1 mM) were generated as described in Synthetic
Procedures and used for reactions of excess substrate at 0 °C, from
which pseudo-first-order rate constants were extracted. The k2 values
were extracted from the slopes of linear plots of kobs values obtained
with five different concentrations of substrate. For the calculation of
the Eyring parameters, all reactions were recorded at four temperatures
spanning a range of 30 K. Measurements at each temperature were
obtained in triplicate, and the temperature dependence was fit with the
exponential form of the Eyring equation using Origin 9.1 software with
1/k2

2 weighting.
Cyclic Voltammetry. Scans were conducted at room temperature

under a nitrogen atmosphere in a glovebox or in a septumed vial that
had been purged with argon for 15 min. A scan rate of 100 mV/s was
employed. The electrolyte was 0.1 M NBu4PF6. The electrodes used
were glassy carbon for the working electrode, platinum wire for the
auxiliary electrode, and a Ag/Ag+ reference electrode with 0.1 M
NBu4PF6 and 0.01 M AgPF6 acetonitrile solution.

Experiments were performed using oxoiron(IV) complexes at 1 mM
concentrations. 3 and 4 were generated by addition of excess
iodosylbenzene to a 1 mM acetonitrile solution of iron(II) complex, as
reported in Synthetic Procedures. Complexes 5 and 6 were generated
by first generating [FeIV(O)(TMC)(CH3CN)]

2+ as described above
and then adding the appropriate tetraalkylammonium carboxylate salts
at 3 min before scanning. The electrolyte was added prior to
generation of the oxoiron(IV) complexes.

DFT Calculations. The hydrogen atom transfer reaction of all the
oxoiron(IV) complexes from DHA was also studied with UB3LYP.53,54

Since the bare complexes are positively charged, we added the
counterion CF3SO3

− to neutralize the charge and thereby avoid
significant self-interaction errors.55−57 All reactions have been studied
at the UB3LYP/LACVP* (B1)58−60 level of theory in Jaguar 8.0.61,62

Energies were corrected subsequently using single-point calculations
with the larger basis sets LACV3P+** (B2)61,62 and Def2-TZVPP
(B3).63 To reproduce the experimental environment, higher-level
corrections have been carried out in presence using the Poisson−
Boltzmann solver solvation model for B2 implemented in Jaguar.61,62

The solvent corrections have also been performed at the B3//B1 level
of theory using the SMD model64 in Gaussian 09.65 In all cases MeCN
solvation was mimicked. The charge transfer from the axial ligands to
the oxidant, tunneling corrections, and kinetic isotope effect
calculations have been performed. The Eckart correction was used
for the determination of KIEs, as in the previous study by two of us
(D.M. and S.S.).30 Adiabatic spin state splitting energies (see Table
S17 in the Supporting Information) for the 11 complexes shown in
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Table 2 were computed using Turbomole v7.0.1.66−68 The B3LYP
functional in combination with the def2-TZVPP basis set was used,
and the COSMO69,70 solvation model was used to mimic acetonitrile
(ε = 37.5) solvation. Additional details of the computations are
provided in the Supporting Information.

■ RESULTS AND DISCUSSION

Characterization of Iron(II) Precursors. The crystal
structures of the iron(II) complexes (represented by the
number associated with the oxoiron(IV) complex followed by
an asterisk) [4*][B(C6F5)4] and [5*][BPh4] were solved
(Figure 1), and both were found to display a five-coordinate
geometry intermediate between square-based pyramidal and
trigonal bipyramidal (τ71 = 0.42 and 0.46, respectively). The
iron−ligand bond lengths are typical of related high-spin
iron(II) complexes.25,28,72−76 This spin-state assignment is
reinforced by the observation of well-defined paramagnetically
shifted resonances in the 1H NMR spectra of these complexes.

(X-ray crystallography of [3*][B(C6F5)4] was attempted but
proved unsuccessful due to the disorder resulting from the
cocrystallization of enantiomers.) The macrocyclic rings of both
[4*][B(C6F5)4] and [5*][BPh4] adopt a trans-I configuration,
where all four N-alkyl substituents occupy one face of the
macrocycle (Scheme 1 and Figure 1), in stark contrast to the
trans-III configuration found for the FeIII(TMCAc) complexes
reported by Wieghardt and co-workers,41 where two adjacent
N-alkyl substitutents are on one face of the macrocycle opposite
to the other two N-alkyl groups. For a detailed description of
the different configurations of TMC-based complexes, see ref
77. This configurational disparity presumably derives from the
five-coordinate geometry of the iron(II) complexes, which is
likely a consequence of the TMC coordination cavity being
unable to easily accommodate the relatively large high-spin
iron(II) centers that this ligand supports. It should be noted
that [4*][B(C6F5)]4 and [5*][BPh4] were synthesized from
iron(II) precursors, while Wieghardt’s FeIII(TMCAc) com-
plexes were prepared from iron(III) starting materials.

Characterization of Oxoiron(IV) Complexes. Treatment
of acetonitrile solutions of iron(II) complexes 3* and 4* with
excess iodosylbenzene elicited the formation of new species
whose electronic spectra exhibit near-IR (NIR) features
characteristic of S = 1 oxoiron(IV) complexes. (Figure 2 and

Table 1). Such features have been attributed to ligand field
transitions, with the associated fine structure being vibronic in
nature.80,81 Although direct oxidation of [5*][BPh4] with PhIO
afforded [FeIV(O)(TMC)(OAc)]+ (5), a greater yield of this
complex was obtained by addition of NBu4OAc to a MeCN
solution of [FeIV(O)TMC(CH3CN)]

2+. All spectra exhibit
double-humped NIR features at ca. 800 and 1000 nm, which
are typical of FeIV(O)TMC complexes with anionic axial
ligands.25,27,82 However, these bands are red-shifted from that
reported by Grapperhaus et al. at 676 nm for [FeIV(O)(cyclam-
acetate)]+ (cyclam-acetate = 1,4,8,11-tetraazacyclotetradecane-
1-acetate),83 demonstrating the weaker field nature of the TMC
ligand relative to cyclam. At 25 °C, the three TMC-based
complexes exhibit drastically different thermal stabilities.
Complex 3 has a half-life of 48 h, somewhat shorter than the
120 h associated with 1, its ultrastable N,N-dimethylamide
derivative28 (Scheme 1). In contrast, 4 exhibits a half-life of 4 h,
1 order of magnitude lower than that for 3, and 5 is even less
stable with a half-life of only 3 min. These differences may be
related to the flexibility of the carboxylate ligand trans to the
oxo unit, as determined by whether the carboxylate is tethered
or not and by the length of the tether when it is present, and
are also reflected in the rates of substrate oxidation carried out

Figure 1. Crystal structures of [4*][B(C6F5)4] (top) and [5*][BPh4]
(bottom) with counterions and H atoms removed for clarity.
Ellipsoids are shown at the 50% probability level. Atoms are depicted
as follows: carbon (gray), nitrogen (blue), oxygen (red), and iron
(yellow). The structures were depicted using Mercury 3.6.78,79

Selected bond distances for 4* (Å): Fe−O, 1.9680(12); Fe−Nav,
2.20. Selected bond distances for 5* (Å): Fe−O, 1.9310(14); Fe−Nav,
2.21.

Figure 2. Near-IR region of the electronic spectra of the oxoiron(IV)
carboxylate complexes 3 (black), 4 (red), and 5 (blue), obtained in
CH3CN.
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by these complexes (vide infra). On the other hand,
[FeIV(O)(cyclam-acetate)]+ was much less stable; at −80 °C
it was obtainable in only about 25% yield and persisted for at
least 30 min to allow some spectroscopic characterization.83

This difference in lifetime emphasizes the importance of the
methyl groups in stabilizing the FeIV(O) unit in the TMC-
based complexes.
Complexes 3−5 were characterized in further detail with

additional spectroscopic techniques for comparison with
previously reported FeIV(O)TMC complexes (Table 1). They
exhibited electrospray ionization mass spectra with molecular
ions having m/z values and isotope distribution patterns
consistent with their formulation as [FeIV(O)(TMCAc)]+,
[FeIV(O)(TMCPr)]+, and [FeIV(O)(TMC)(OAc)]+, respec-
tively (Scheme 1 and Figures S1−S3 in the Supporting
Information). The presence of terminal oxoiron(IV) units in
3−5 was confirmed by observation of ν(FeO) vibrations
between 822 and 833 cm−1 in the resonance Raman spectra of
these complexes obtained with 406.7 nm excitation (Figure 3
and Table 1). These features were downshifted by 32−37 cm−1

upon 18O labeling, in good agreement with that expected for a
diatomic harmonic oscillator (theoretical Δν = 36−37 cm−1).
Additionally, 3 and 4 exhibit 1H NMR spectra containing a

large number of well-resolved paramagnetically shifted
resonances that are consistent with the presence of a single
C1-symmetric species in solution (Figure 4; peak assignments

are provided in Figure S5 in the Supporting Information).
These spectra look quite similar in pattern to that found in the
1H NMR spectrum of 1, which has been isolated as a pure
crystalline solid.28 In contrast, the 1H NMR spectrum of 5
(Figure S6 in the Supporting Information) is much simpler,
showing a smaller number of peaks that reflects its effective C2v
symmetry. For example, the four N-methyl groups of 5 appear
as a single peak at −49.4 ppm, while the N-methyl groups of 3
and 4 become resolved into two or three peaks in the same
region because of their C1 symmetry. No features arising from
their iron(II) precursors (see the Experimental Section for a
listing of the NMR signals of 3*, 4*, and 5*) were discernible,
suggesting complete oxidation of the precursors, which was also
confirmed by the high yields of FeIV(O) complexes observed in

Table 1. Spectroscopic Properties of the Oxoiron(IV) Complexes with Axial Carboxylate Ligands

complex
λmax (nm) (εmax (M

−1

cm−1))a
ν(FeO)
(cm−1)

ν(CO)
(cm−1)

ΔEQ (mm
s−1)

δexp (mm
s−1) D (cm−1)

XAS pre-edge
areab

r(FeO) from
EXAFS (Å)

1c 810 (270) 833 1.10 0.13 27(2) 30 1.63
3 811 (180) 831 1682 0.74 0.13 27(2) 28 1.64

962 (160)
4 831 (135) 822 1645 0.82 0.17 27(2) 31 1.65

1033 (145)
5 831 (160) 826 1616 0.99 0.19 28.5 (20) 31 1.65

997 (140)
[FeIV(O)(cyclam-
acetate)]+ d

676 1.37 0.01 23

[FeIV(O)
(tpenaH)]2+ e

730 0.90 0.00

aMolar extinction coefficients were calculated from the near-IR absorption spectra of Mössbauer samples, from which the FeIVO content could easily
be measured. bNormalized values; see Table S2 in the Supporting Information for further details. cData from ref 28. dData from ref 83; other entries
not available. eData from ref 84; other entries not available.

Figure 3. Resonance Raman spectra (λex 406.7 nm, power 20 mW) of
the oxoiron(IV) complexes (black lines) and their 18O-labeled
isotopomers (red lines), recorded in frozen CH3CN solution: (top)
3; (middle) 4; (bottom) 5.

Figure 4. 1H NMR spectra of 3 (top) and 4 (bottom) recorded in
CD3CN solution at room temperature. Conditions: acquisition time
0.064 s; relaxation delay 0.03 s; line broadening factor 30 Hz. Peak
assignments are provided in Figure S5 in the Supporting Information.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.6b02659
Inorg. Chem. 2017, 56, 3287−3301

3292

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b02659/suppl_file/ic6b02659_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b02659/suppl_file/ic6b02659_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b02659/suppl_file/ic6b02659_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b02659/suppl_file/ic6b02659_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b02659/suppl_file/ic6b02659_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.6b02659


their Mössbauer spectra (vide infra). Contributions from
iron(III) species (if present) are not observed, but they
would not be expected to be seen because of their much
broader linewidths arising from unfavorable electronic spin
relaxation times.
Mössbauer studies on 3−5 corroborate their expected S = 1

spin state. Zero-field spectra recorded at 4.2 K exhibit dominant
(>90% of total) Fe quadrupole doublets with quadrupole
splittings, ΔEQ, of 0.74−0.99 mm/s and isomer shifts, δ, of
0.13−0.19 mm/s (Table 1 and Figure S7 in the Supporting
Information). Applied magnetic fields, B, elicit magnetic
hyperfine interactions with parameters typical of S = 1 FeIV
O complexes (Figures S8−S12 and Table S1 in the Supporting
Information), which have been analyzed using the S = 1 spin
Hamiltonian

β
β

η

= ̂ − + ̂ − ̂ + ·̂ · + ·̂ · ̂

− · ̂ +

= ̂ − + ̂ − ̂

D S E S S S S I
g I

eQV I I I

g B A
B

( 2/3) ( )

/12[3 15/14 ( )]

z x y

n n

zz z x y

e
2 2 2

Q

Q
2 2 2

(1)

where all symbols have their conventional meanings (see the
Suppporting Information). Within resolution, the zero-field
splitting (ZFS) tensor, described by the parameters D and E,
was found to be axial (E = 0). D was obtained by fitting
variable-field/variable-temperature spectra recorded between
4.2 and 100 K (Figures S8−S12 in the Supporting
Information), and the D values obtained were typical of other
[FeIV(O)(TMC)] complexes.27 In the Supporting Information
we also comment on the Fermi contact contribution to the 57Fe
magnetic hyperfine tensor. It is interesting to note the
resemblance of the isomer shift and D values for 1 and 3
with only the quadrupole splitting, reflecting the difference in
the charge of the axial ligand. In contrast to the TMC-based
complexes, [FeIV(O)(cyclam-acetate)]+ exhibits a much smaller
isomer shift and a smaller D value (Table 1), emphasizing the
stronger field nature of the cyclam macrocycle versus TMC.
In order to gain structural information for the carboxylate-

bound oxoiron(IV) complexes, we have obtained XAS data for
3−5. The XANES region exhibit spectra of similar shape and
intensity, which suggests that the iron centers all have similar
structural and electronic environments (Figure 5 top). The
edge energies are typical of previously reported S = 1
oxoiron(IV) complexes. In 3−5, a single intense pre-edge
feature is observed at ca. 7114 eV, arising from 1s → 3d
transitions that gain intensity from 3d−4p orbital mixing, the
extent of which is dictated by the degree of distortion away
from centrosymmetry at the iron center. In contrast to the
previously reported series of anion-bound oxoiron(IV)
complexes of TMC, there are only slight variations in the
area of the pre-edge feature. Given the magnitude of
experimental error, we have not attempted to correlate these
data with other spectroscopic properties.
The k3χ(k) EXAFS spectra of all three oxoiron(IV)

complexes are very similar, with comparable oscillations and
EXAFS amplitudes for values of k < 10 Å−1 (Figure 5 bottom).
The dampening of oscillations for k > 10 Å−1 is almost
complete. As might be expected, the Fourier transforms of the
EXAFS spectra are also fairly similar and are best fit with a
single O/N scatterer at 1.63 Å and a shell of four to five O/N
scatterers at 2.03−2.07 Å that can be attributed to the FeO
unit and donors of the supporting ligand, respectively (Tables

S3−S5 in the Supporting Information). Addition of the FeO
scatterer resulted in profound improvements to the quality of
the fit, suggesting that in all cases it constituted an integral
component of the EXAFS modulations. Furthermore, it was
found that splitting the primary shell of O/N scatterers into
two subshells, corresponding to equatorial and axial donors,
resulted in either chemically unreasonable bond lengths and
Debye−Waller factors for the latter scatterer or differences
between the Fe−Nequatorial and Fe−N/Oaxial distances smaller
than the resolution limit of the available data (0.12−0.13 Å).
Given that the FeO distances are identical in all the
complexes and the variation of 0.04 Å in the primary shell of
O/N scatterers is within the error of the experiment (±0.02 Å
for metal−ligand bond lengths), it can be concluded that all
three oxoiron(IV) complexes exhibit near-identical first shell
coordination parameters, emphasizing the similar structural
features of these compounds.
Zero-field Mössbauer studies show that 3−5 exhibit

quadrupole doublets having isomer shifts δ typical of
FeIV(O)TMC complexes. Fitting of the high-field spectra of
these complexes provided zero-field splitting and hyperfine
parameters similar to those of previously reported S = 1
oxoiron(IV) complexes. More specifically, the zero-field
spectrum of 3 displayed a doublet with δ = 0.13 mm s−1 and

Figure 5. (top) Comparison of the Fe K-edge X-ray absorption edge
and pre-edge (inset) features of 3 (), 4 (- - -), and 5 (···). (bottom)
Fits to the Fourier transforms of the Fe K-edge EXAFS data (k3χ(k))
and either Fourier-filtered or unfiltered EXAFS spectra (k3χ(k), insets)
for 3−5. Experimental data are shown with dotted lines (···), while fits
are shown with solid lines (). Fit parameters are given in bold italics
in Tables S3−S5 in the Supporting Information.
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ΔEQ = 0.74 mm s−1, typical of anion-bound oxoiron(IV)
complexes with TMC-based ligands. Notably, an increase was
observed in both δ and ΔEQ upon increasing the length of the
pendant donor arm to the propionate-appended complex 4 (δ
= 0.17 mm s−1 and ΔEQ = 0.82 mm s−1) and moving to the
unappended acetate complex 5 (δ = 0.19 mm s−1 and ΔEQ =
0.99 mm s−1). Given that the magnitude of ΔEQ can crudely be
viewed as a reflection of the degree of asymmetry in the
electron density around the iron center and δ is inversely
related to the electron density at the iron nucleus, the smaller
ΔEQ and δ values seen in 3 are in part a reflection of the slightly
greater donor strength of the appended acetate, relative to the
other carboxylate-bound complexes 4 and 5. This is presumably
a consequence of the small five-membered chelate ring formed
by coordination of the appended acetate in 3 and any
conformational changes in the cyclam ring derived therefrom.
Though there is little obvious correlation between the

Mössbauer parameters observed for the carboxylate complexes
[FeIV(O)(L)]+ and their ν(FeO) values, the carboxylate C
O stretching frequencies ν(CO) (Figure 6, where 3 > 4 > 5)

were found to increase with decreasing ΔEQ. The increasing
ν(CO) value reflects a greater localization of the carboxylate
negative charge on the O atom bound to the iron, suggesting
the strengthening of the Fe−Ocarboxylate bond that is in turn
indicated by the decrease in the Mössbauer quadrupole
splittings (3 < 4 < 5, Table 1). As might be expected, the
ν(CO) values in these complexes were observed at
frequencies higher than that of Bu4N(OAc), in which the
accompanying anionic charge is presumably fully delocalized
over the carboxylate moiety. (A similar increasing trend was
found for the ν(CO) values of the corresponding iron(II)
precursors of 3−5 (Figure S13 in the Supporting Informa-
tion).)
Reactivity Comparisons. As described in the Introduction,

the HAT reactivity of a series of TMC-based oxoiron(IV)
complexes has been found to increase with the basicity of the
axial ligand trans to the oxo unit. This antielectrophilic pattern
was first rationalized within the framework of a two-state
reactivity (TSR) model,26,28 but subsequent work has suggested
that the HAT reactivity of TMC-based oxoiron(IV) complexes
may be more complicated.26,28 We thus set out to investigate

how changing structural components of the TMC framework
affects the reactivity with a series of axially bound carboxylate
complexes.
As in previous studies of [FeIV(O)(TMC)(X)]n+ com-

plexes,26 the Ep,c values (obtained by cyclic voltammetry,
Figures S15−S18 in the Supporting Information) of the
oxoiron(IV) complexes described herein have been selected
as a measure of the electrophilicity of their FeIV(O) units.
Included in the reactivity study with complexes 3−5 described
earlier is [FeIV(O)(TMC)(O2CCH2CH3)]

+ (6) as an unteth-
ered analogue of 4. Complex 6 was generated by addition of
approximately 3 equiv of Bu4N(O2CCH2CH3) to [FeIV(O)-
(TMC)(NCCH3)]

2+ in acetonitrile solution, which gave rise to
near-IR bands at 837 and 1030 nm, similar to those of 5, and an
ESIMS spectrum with a peak at m/z 401.2 having an isotope
distribution pattern corresponding to [Fe(O)(TMC)-
(O2CCH2CH3)]

+ (Figure S4 in the Supporting Information).
Perhaps not surprisingly, the Ep,c values associated with 3−6
span only a range of 130 mV (Table 2), with the appended
acetate complex having the lowest value of −920 mV vs Fc+/Fc
and the untethered acetate complex having the highest value at
−790 mV vs Fc+/Fc. However, the oxygen atom transfer
(OAT) rates to PPh3 within the carboxylate series show a
difference of 2 orders of magnitude (Table 2). The appended
acetate complex 3 is the least reactive with a k2 value of 0.006
M−1 s−1, followed by the appended propionate complex 4 with
a 10-fold higher k2 value of 0.071 M

−1 s−1, while the untethered
carboxylate complexes 5 and 6 exhibit comparable k2 values
that are yet another 10-fold higher. As shown in Figure 7, the
logarithms of the measured second-order rate constants for the
four carboxylate complexes versus their Ep,c values show a
proportional increase in reactivity with redox potential (Table
2).
Interestingly, the reactivity patterns for CHD and DHA

oxidation by the four carboxylate complexes mirror that for
PPh3 oxidation, with the plots of log k2 versus Ep,c for all three
substrates affording approximately parallel lines, with the
complex having a more positive potential being a more reactive
oxidant in HAT reactions. This trend is also reflected in the
Eyring parameters obtained for CHD oxidation by all four
carboxylate complexes, where the tethered carboxylate
complexes exhibit higher enthalpies of activation (43(2) kJ/
mol for 3 and 39(2) kJ/mol for 4) than the untethered
carboxylate complexes (32(2) kJ/mol for 5 and 34(2) kJ/mol
for 6) (Table 2). On the other hand, the entropies of activation
range from −108(7) to −119(6) J/(mol K) and are essentially
within error identical for all four carboxylate complexes (Table
2). The difference seen between the HAT reactivities of the
tethered and untethered carboxylate complexes is, therefore,
due to enthalpic differences. For all four carboxylate complexes,
KIE values for DHA oxidation were found to fall between 15
and 20, which are comparable to those previously reported for
7 and 8 (Table 2); these nonclassical values are ascribed to a
tunneling contribution.26

Figure 8 compares the reactivity properties of the carboxylate
series within the greater context of other [FeIV(O)(TMC)(X)]
complexes. Figure 8A shows OAT rates to PPh3 plotted versus
their experimentally determined Ep,c values, where the rates of
the carboxylate complexes (red circles) fall reasonably on the
line defined by the black squares representing the original four
entries in the [FeIV(O)(TMC)(X)] series described by Sastri et
al., where X = MeCN (10), O2CCF3 (8), N3 (7), SR (11)
(from right to left).26 Additional entries include data for

Figure 6. IR spectra of [FeIV(O)L]+ complexes 3 (blue line), 4 (green
line), and 5 (red line) in CH3CN solution at ambient temperature. For
reference, a spectrum of NBu4OAc (black line) is included.
Corresponding spectra for the iron(II) precursors are shown in
Figure S13 in the Supporting Information.
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complexes 1, 2, and 9, represented by blue diamonds. This
correlation demonstrates that OAT rates reflect the electro-
philicity of the FeIV(O) unit, as indicated by its Ep,c value. A
similar correlation between OAT rates and redox potential has
also been observed for five oxoiron(IV) complexes bearing
pentadentate aminopyridine ligands.85

In contrast, plotting the DHA oxidation rates of the
[FeIV(O)(TMC)(X)] complexes versus their Ep,c values
shows no obvious pattern (Figure 8B). The dotted black line
is that associated with the four entries in the original Sastri
series (black squares representing X = MeCN (10), O2CCF3
(8), N3 (7), SR (11) from right to left).26 Because this line has
a slope which is opposite in sign relative to that for the
corresponding OAT plot in Figure 8A, Sastri et al. have
described this trend as antielectrophilic, and HAT rates
increased with a rise in the electron-donating ability of the

axial ligand. Of the other complexes added to this original plot,
5 and 6, respective complexes with untethered acetate and
propionate, fall on this line and exhibit HAT rates comparable
to that of 11, the most reactive complex in the series. However,
complexes with tethered carboxylates (3 and 4) and tethered
amides (1 and 2) exhibit HAT rates 1−3 orders of magnitude
smaller than those predicted by this line, prompting us to look
for a different factor that can rationalize the HAT reactivity
observed for these complexes. This factor turns out to be the
triplet−quintet spin-state gap as calculated by DFT, which will
be discussed in the following section.

DFT Studies of Reactivity. Density functional theory
calculations have proven useful as a tool to aid us in
understanding the electronic structures of nonheme oxoiron-
(IV) complexes and to provide insight into the factors that
affect their experimentally determined reactivity properties. For
this work, we have focused on understanding the HAT
reactivity trends for 11 complexes of the FeIV(O)TMC(X)
series. As shown in Figure 8D, a nice correlation was obtained
by plotting the logarithms of the second-order constants for
HAT versus the spin-state splitting energies of the various
oxoiron(IV) complexes as calculated by DFT. HAT reactivity
increased as the S = 2 spin state became more accessible,
thereby supporting the TSR model of Shaik.
Further calculations were carried out to predict the barriers

for HAT. The computed barriers for complexes 3−6 reveal a
reasonably matching trend with the experimental free energies
of activation. This is true for either the electronic barriers
corrected by solvation and zero-point energies (see Table S10
in the Supporting Information) or the corresponding free
energies of activation (ΔG⧧), as well as those corrected for
tunneling (ΔG⧧

eff).
30 Figure 9 shows the plots of the theoretical

vs the experimental values. The trends in both plots are clearly
identical and are in agreement with experimental trends. The
experimental barriers for 5 and 6 are within 0.1 kcal/mol, while
the theoretical barriers are within 0.6−0.9 kcal/mol. These
variations are within the error margins of both experiment and
theory.
As can be seen from Figure 9, the theoretical ΔG⧧ values are

higher than the tunneling corrected values, ΔG⧧
eff, by roughly a

Table 2. Reactivity of [FeIV(O)(TMC)(X)] Complexes in MeCN at 0 °C

k2 (M
−1 s−1)

complex t1/2(25 °C) PPh3 CHD DHAa KIE DHA
ΔH⧧ b

(kJ/mol)
ΔS⧧ b (J

mol−1 K−1)
Ep,c(25 °C) (V vs

Fc)

3 48 h 0.0057(4) 0.023(1) 0.033(4) [2.5 × 10−3]c ∼15c 43 ± 2 −119 ± 6 −0.92
4 4 h 0.070(2) 0.33(6) 0.66(4) [0.032(3)] 20 39 ± 2 −108 ± 7 −0.84
5 ∼3 min 0.57(1) 3.6(2) 6.4(4) [0.33(1)] 19 32 ± 2 −115 ± 6 −0.79
6 ∼3 min 0.64(2) 4.3(2) 7.4(1) [0.44(2)] 17 34 ± 2 −108 ± 5 −0.81
[FeIV(O)(TMCdma)]2+ (1) 120 hd 0.19d 0.037d −0.63d

[FeIV(O)(TMCdma)-H]+

(2)
∼1.5 h
(0 °C)d

<0.004d,e 0.016d −1.16d

[FeIV(O)(TMC)(N3)]
+ (7) 15 minf 0.61i 1.4i 2.4i 17i −0.60i

[FeIV(O)(TMC)
(O2CCF3)]

+ (8)
1 hg 2.9i 1.2i 1.3i 19i −0.50i

[FeIV(O)(TMCpy)]2+ (9) 7 hh 3.8d 0.22d −0.48d

[FeIV(O)(TMC)(NCMe)]2+

(10)
10 hg 5.9i 0.12i 0.14i 10 (25 °C)h −0.32i

[FeIV(O)(TMCS)]+ (11) in
1:1 MeCN/MeOH

5 minf 0.016i 7.5i −1.0 (- 30 °C)i

aValues given in square are k2 values for the corresponding reactions with DHA-d4.
bEyring parameters for CHD oxidation. cEstimate based on the

reaction of 3 with 100 equiv of DHA-d4.
dFrom ref 28. eEstimated rate due to competing self-decay. fFrom ref 27. gFrom ref 82. hFrom ref 74. iFrom

ref 26.

Figure 7. Plots of the logarithms of the second-order rate constants of
the [FeIV(O)(TMC)(carboxylate)] complexes for the oxidation of
9,10-dihydroanthracene (blue diamonds), 1,4-cyclohexadiene (red
circles), and PPh3 (black squares) at 0 °C versus corresponding Ep,c
values of the complexes, obtained at 25 °C in acetonitrile.
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constant shift. Tunneling contributions were introduced into
our calculations, as was noted by two of us (D.M. and S.S.)30

that an increased tunneling contribution for complexes with
more electron donating trans ligands could give rise to the
antielectrophilic trend observed in the original work of Sastri et
al.26 and the larger KIEs found for the more reactive complexes
in that subset. Our observation of a constant tunneling

contribution in the present study indicates that the tunneling
correction to the barrier is not highly variable for complexes 3−
6, which is consistent with the experimentally observed trends.
We do note that the trends are reproduced well, while the free
energies of activation are systematically overestimated by ∼10
kcal mol−1. Such a behavior was also observed previously for
oxoiron(IV) complexes with TMC ligands.30 Table 3 collects
the tunneling corrections of the barriers, the values of the
imaginary frequencies in the TSs, the amounts of charge
transferred from the axial ligand to the rest of the oxidant
(ΔqCT), and the theoretical and experimental KIE values. It is
apparent that the tunneling-corrected theoretical KIE values for
3−6, ranging from 30 to 39 for the quintet state (S = 2)
reactivity (the semiclassical Eyring KIE values being 5.3−8.0;
see Table S9 in the Supporting Information) are higher than
the experimental values but are of the same order of magnitude.
Therefore, we also calculated the KIEs of the complexes with
trifluoroacetate and azide ligands and found them to be much
closer to experiment. We cannot explain why the calculated KIE
values are somewhat overestimated for 3−6. Nevertheless, an
important mechanistic conclusion can be drawn from the data
in the table regarding the role of KIE as a probe of the reactive
spin state. As the KIEs calculated for the triplet state, S = 1,
path are between 1 and 2 orders of magnitude higher than the
experimental data, only the calculated KIE values for S = 2
match the experimental values in magnitude and trend. As such,

Figure 8. Logarithms of the oxidation rate constants for TMC-based oxoiron(IV) complexes at 0 °C versus the reductive peak potential from cyclic
voltammetry (top row) and the computed spin state splitting energy difference between the ground triplet and the excited quintet states (bottom
row). Panel A shows OAT data with PPh3 as substrate, where red circles represent the carboxylate complexes 3−6, black squares represent
[FeIV(O)(TMC)(X)] complexes in the original series reported by Sastri et al. in ref 26 where X = MeCN, O2CCF3, N3, SR, and blue triangles
correspond to 1, 2, and 9 reported by England et al. in ref 28 (see Table 2 for actual values). Panel B plots HAT data for the same set of complexes;
red circles and black squares represent DHA oxidation rates, and blue triangles correspond to CHD oxidation rates. Panels C and D respectively
show plots of the logarithms of the OAT and HAT rates versus the computed spin state splitting energies. Good correlations for all data were
obtained in panels A and D. The black dotted lines in the plots in panels B and C correspond to the fits to the data represented by the black squares
reported in ref 26.

Figure 9. Calculated activation free energies (ΔG⧧) and effective free
energies of activation (ΔG⧧

eff) (at the B3 level at 273 K) vs
experimental barriers of activation (ΔG⧧

exp based on second-order rate
constants k2) for the HAT reactions of 3−6 with DHA. All values are
given in kcal mol−1.
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the KIE values identify the S = 2 state as the reactive state and
support once more the TSR notion.32−34

Although our calculations on the reactivity of complexes 3−6
are consistent with the experimental observations and show
that the reactivity of the oxoiron(IV) complexes of the TMC
family does not necessarily have to follow an antielectrophilic
trend, they do not rationalize the origin of the large difference
in reactivity of the complexes studied here. One might
speculate that the geometrical distortions on approaching the
transition state are influenced by appending the carboxylate
ligand in this series of complexes. To check this effect, we have
first inspected the geometries of the transition states, which are
depicted in Figure S21 in the Supporting Information, and
found that the structures are almost alike and reveal no special
gas-phase distortions that distinguish the complexes with
appended ligands from those with unappendend ligands. We
therefore proceeded to calculate the corresponding distortion/
deformation energies for the reactants in the 5TS species
relative to the relaxed reactants in the S = 1 ground states. The
results are shown in Table 4. For references regarding the
development of the method, see refs 86 and 87. For the use of
the term distortion energy, see refs 88 and 89. For the use of
the terms distortion/deformation energies, see refs 90−95. For
a similar development and use of the term “activation strain”,
see refs 96 and 97.

Table 4 shows only data obtained in combination with a
continuum solvation model (see also Tables S11 and S13 in the
Supporting Information for complete data). The reactivity is
mainly controlled by the distortion energy from ground S = 1
to corresponding TSs on the S = 2 states. If we separate this
factor into two terms, e.g. S = 1 reactant to S = 2 reactant and
then S = 2 reactant to S = 2 TS, it is found that the distortion
energy for the S = 2 reactant to the S = 2 TS is almost constant
for all of the oxidants (see Table S13). Thus, the spin state
energy differences, ΔE(Q−T)ZPE, make the major contribution
to the reactivity differences, and this factor is automatically
included in the aforementioned distortion energy from the S =
1 to the S = 2 pathway. After incorporating solvent effects, we
find that the distortion energies, including corrections from the
solvation models, are in better agreement with experiment. In
the gas phase 4 shows a distortion energy almost similar to that
of 5, even though 4 is substantially less reactive than 5.
However, including solvation raises the distortion energies and
barriers of 4 and improves the trends. It appears therefore that
the distortion energy and solvation effects control the
experimentally observed trends.
We further clarify the correlation between ΔE(Q−T)ZPE and

the log of the second-order rate constants for HAT reactions
upon recalculation of the spin state splitting energies ΔE(Q−
T)ZPE for the 11 complexes shown in Table 2 using a common
protocol (B3LYP/def2-TZVPP in combination with the
COSMO solvation model for MeCN; see the Supporting
Information for additional details). The nice correlation
between log k2 for HAT by these complexes versus ΔE(Q−
T)ZPE is shown in Figure 8D, further manifesting the
importance of the accessibility of the S = 2 spin state in
order to promote efficient reactivity within a TSR scenario.
Notably, it also shows no sensitivity to the experimentally
determined KIE values.
In stark contrast to the HAT data, the log k2 values for the

OAT reactions correlate only with Ep,c (Figure 8A) and not
with ΔE(Q−T)ZPE (Figure 8C). The differences between HAT
and OAT have been previously treated using the valence bond
(VB) model of reactivity,98,99 where it was demonstrated that
the major factor in OAT is the interaction of the reactant state
with the charge-transfer state, but this interaction is only
secondary in HAT. Indeed, the present correlations clearly
indicate different activation scenarios for OAT and HAT. In
previous computational studies, OAT for oxoiron(IV) com-
plexes with an S = 1 ground state has also been attributed to a
TSR scenario,30,31,100−102 which in light of the present results
warrants reinvestigation using VB modeling of the two
reactivity scenarios.

Table 3. Charge Transfer, ΔqCT, from the Axial Ligand, Imaginary Frequency, νH
⧧, Tunneling Contribution, Δ(ΔG⧧−ΔG⧧

eff),
and the Calculated and Experimental Kinetic Isotope Effects, KIE (273 K), for the Reaction of [FeIV(O)L] Complex with DHA
at the S = 2 Surface

KIEcal

oxidant Δ(ΔG⧧−ΔG⧧
eff) νH

⧧ (S = 2) ΔqCTa S = 1 S = 2 KIEexpt

3 2.8 1715 −0.480 475 38 15
4 2.9 1740 −0.496 538 39 20
5 2.4 1634 −0.219 1110 30 19
6 2.5 1624 −0.220 1195 37 17
[FeIV(O)(TMC)(O2CCF3)]

− 1.9 1480 −0.185 1045 16 19b

[FeIV(O)(TMC)(N3)]
− 2.4 1614 −0.290 c 22 17b

aCalculated using natural population analysis. bSee ref 26. cNot available for the S = 1 spin state.

Table 4. Computed Solvent-Phase Relative Distortion
Energies (ΔEdis), Electronic Barriers (ΔE⧧), and
Experimental Free Energy Barriers for the HAT Reactions of
3−6 with DHA

level of
theory oxidant

ΔEdis
a

(substrate)

ΔEdisa
(oxidant
S = 1)

ΔEdis
a

(total)

ΔE⧧

(S = 1 →
S = 2)b

ΔG⧧
273 K

(exp)

B2-Solv
(PBS)

3 10.4 8.6 19.0 20.7 17.8

4 10.6 7.8 18.4 18.0 16.2
5 9.8 6.7 16.5 16.2 14.9
6 9.8 6.9 16.7 16.9 14.8

B3-Solv
(SMD)

3 10.3 8.6 18.9 22.0 17.8

4 10.6 7.5 18.1 20.2 16.2
5 9.8 7.1 16.9 18.8 14.9
6 9.8 7.3 17.1 19.2 14.8

aThese quantities correspond to the distortion energies (or barriers)
from the S = 1 ground state to the transition state at S = 2. For the
oxidant, the ΔEdis quantity involves the energy difference of the
deformed quintet oxidant moiety in the TS geometry and the relaxed
ground-state oxidant. bThese are the electronic energy barriers (no
ZPE corrections).
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■ CONCLUSION
We have synthesized and characterized a series of oxoiron(IV)
complexes supported by the TMC macrocycle to assess the
effect of introducing an axially coordinated carboxylate ligand
on the spectroscopic and reactivity properties of the oxoiron-
(IV) moiety. Two pairs of complexes have been investigated:
one pair having axial acetate and propionate ligands and the
other pair having these carboxylates tethered to the TMC
ligand by replacement of one of its methyl groups. While
carboxylate tethering has a measurable but not that great of an
effect on the spectroscopic properties of the oxoiron(IV)
complexes, OAT and HAT rates of the untethered complexes 5
and 6 are 10−100-fold faster than those of the tethered
complexes 3 and 4. An Eyring analysis of CHD oxidation by the
four carboxylate complexes reveals that the differences in HAT
reactivity can be attributed to a change in activation enthalpy,
where complexes bearing untethered carboxylate ligands show
lower values, in agreement with their higher reactivity. When
this set of data is viewed within the context of 11 characterized
oxoiron(IV) complexes of the TMC family (Table 2), it is
found that OAT rates correlate linearly with experimentally
measured Ep,c values (Figure 8A), in agreement with the
electrophilic trend first noted by Sastri et al. for a subset of four
complexes.26 However, the corresponding antielectrophilic
trend for HAT rates observed for this original subset does
not hold up for the entire family, particularly for the complexes
with tethered carboxylates and amides (Figure 8B). Further-
more, tunneling contributions do not appear to be a factor.
Although tunneling is clearly involved in the HAT reactions on
the basis of the nonclassical values measured, the values for 3−
6 fall into the same narrow range (15−20) as found for 7 and 8.
On the other hand, the HAT rates for the 11 complexes in this
family correlate with calculated triplet−quintet spin state
splitting energies (ΔE(Q−T)ZPE) (Figure 8D), as observed
for the original subset of complexes, thereby ascertaining that
the TSR model applies generally to complexes within the TMC
family. In contrast, the OAT rates do not show a correlation
with ΔE(Q−T)ZPE (Figure 8C), as the complexes having
tethered carboxylates and amides, namely 1−4, are the outliers
in this plot. These results thus highlight differences in which
factors control OAT and HAT reactivity in synthetic model
complexes of nonheme oxoiron(IV) complexes. These findings
become particularly relevant with the recent demonstration that
OAT-type reactivity occurs at the oxoiron(IV) site of a new
nonheme iron enzyme: namely, the epoxidase AsqJ.103
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