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ABSTRACT: Iron(III) complexes of the tris(pyrrolide)-
ethane trianion have been synthesized by reaction of one-
and two-electron oxidants with [(tpe)Fe(THF)][Li(THF)4]
(tpe = tris(5-mesitylpyrrolyl)ethane). X-ray crystallography,
57Fe Mössbauer, 1H NMR and EPR spectroscopy, SQUID
magnetometry, and density functional theory calculations were
employed to rigorously establish the iron 3+ oxidation state.
All oxidants employed are proposed to operate via an inner-
sphere electron transfer mechanism. Dialkyl peroxides and dibenzyldisulfide served to oxidize iron by one electron, and group
transfer of an aryl nitrene unit to the Fe2+ starting material resulted in formation of Fe3+ amido species following H-atom
abstraction by a presumed nitrenoid intermediate. Single electron transfer to and from diphenyldiazoalkane was also observed to
yield a diphenyldiazomethanyl radical anion antiferromagnetically coupled to the S = 5/2 Fe3+. Isolation of Fe3+ complexes of tpe,
in comparison with previous results wherein the tpe ligand was the redox active moiety, presents an unusual juxtaposition of two
noncommunicating redox reservoirs, each accessible via different reaction pathways (namely, inner- and outer-sphere electron
transfer).

I. INTRODUCTION

Coordination complex-mediated redox chemistry involves the
addition or removal of electrons from energetically accessible
molecular orbitals. The bedrock of this discipline was
established in the pioneering work by Taube and co-workers
in the 1950s with the distinction between inner-sphere and
outer-sphere electron transfer reactions.1 In the 60 intervening
years, these two mechanisms continue to be satisfactory to
describe the majority of redox behavior, but many develop-
ments have been made with regards to what molecular
components are involved in redox chemistry. The suite of
available redox-active moieties has been expanded from simple
one-electron transfers to and from transition metals to include
all the fragments of a given coordination complex, including the
ligands and between metals in multinuclear complexes.
Molecular redox generally falls into one of the following
categories described below (Scheme 1), distinguished by the
redox-active fragment(s).
Type A. Metal-Localized Redox with Redox-Inert Ligands

(Scheme 1a). In this class, all oxidation and reduction events
are localized on the transition metal, suggesting a large
separation between transition metal and ligand-based frontier
orbitals. For type A complexes, changes in the d-orbital
manifold of a given complex are readily observed spectroscopi-
cally and thus were some of the first examples of well
understood redox chemistry. Redox chemistry at the metal
center can simply involve the gain or loss of electrons by outer-
sphere or inner-sphere mechanisms.1 The prototypical example
of this latter category is illustrated by outer-sphere oxidation of

the classic Werner complex [Co(NH3)6]
2+(Scheme 1a).2 As

illustrated by the following examples (types A−C), care must
be taken to correlate formal redox assignment to spectroscopic
measurements; otherwise, type A reactivity (transition metal-
centered) may be invoked inappropriately when possible ligand
redox is neglected.3

Type B. Ligand-Localized Redox with Redox-Inert Metals
(Scheme 1b). When the frontier orbitals of the coordination
complex ligands are of sufficiently high energy (described as
redox noninnocent), redox equivalents can be derived from
both transition metal centers and the ligands themselves.4 Type
B complexes concern coordination complexes where redox
equivalents are predominantly localized on a ligand with
minimal metal character contributing to the electroactive
molecular orbital(s).5 The earliest examples of type B
complexes include complexes of dithiolene ligands that may
bind metals as closed-shell dianionic chelates or radical
monoanionic chelates.6 Traversing an electron transfer series
with Ni induces sequential ligand oxidations without a redox
change of the bound Ni (Scheme 1b). The energetically high-
lying dithiolate ligand π-electrons are accessible in this
sequence of redox reactions and largely comprise the redox-
accessible electron reservoir for their corresponding coordina-
tion complexes. Other common chelating ligands with
delocalized π-electron systems (catecholates,7 phenolate,8

amido-phenolate,3,9 polyphenolateamines,10 dianilidoamido,11
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diimine,12 diimino-pyridine,13 imino-pyridine,14 pyridylpyrro-
lides,15 and azadipyridine16) have been shown to display
similar, though not limited to, ligand-based redox behavior
typical of type B coordination compounds. Recent work
employing redox-neutral, d0 tantalum bound to bis(phenoxide)-
amide ligands extends the use of redox-active ligands from
stabilization of metal centers to chemical function, wherein the
complexes undergo multielectron processes with no observable
change in the oxidation state of the bound metals.17 Other
examples exist which use non-d0 transition metals bound to
redox-active ligands to catalyze useful chemical transforma-
tions.18

Type C. Redox Delocalized over Metal and Ligand(s)
(Scheme 1c). Redox activity need not be exclusively transition
metal mediated or ligand-borne, as multielectron redox
processes can be effected wherein multiple redox equivalents
are stored on both the metal and the ligand. Successive redox
events occur in the highest energy molecular orbitals, regardless
of whether the orbitals are localized on the metal or ligand or
delocalized across the whole molecule. Cytochrome P-450 is
the paradigm for type C coordination complexes.19,20 Initial
binding of dioxygen oxidizes iron from the 2+ to the 3+
oxidation state. Upon O−O bond scission, two oxidizing
equivalents are transferred: one oxidizes iron to the 4+ state,
and the other is delocalized about the porpyhrin ligand21 and
the proximal cysteine thiolate (Scheme 1c).22 This type of

ligand and transition metal distributed redox reactivity is
expressed most simply as molecular redox states, wherein the
location of oxidation state changes are not assigned. Other
coordination complexes that display significant ligand−metal
redox interplay include complexes utilizing corroles,23

porphyrinogens,24 diiminopyridines,25 iminopyridines,18c dii-
mines,26 aminophenolates,27 and catechol species.28

In the pursuit of type C compounds, we have discovered a
complex that exhibits both type A and B behavior dependent
upon the reaction mechanism: outer-sphere electrochemical or
chemical electron transfer results in ligand-borne oxidation
(type B); whereas inner-sphere oxidation mediated by
coordinating oxidants oxidizes the complexes locally at the
metal (type A). The synthesis and characterization of these
materials and a proposed mechanism for the latter type of
reactivity are presented here. In addition, an iron diazoalkane
complex is synthesized and characterized, resulting in a
complex intermediate between the limiting resonance struc-
tures of a bound neutral diazoalkane adduct and a doubly
reduced adduct exhibiting imido-like properties.
We previously reported the outer-sphere oxidation of a series

of [(tpe)M2+(py)]− complexes (M = Mn, Fe, Co, Ni, Zn) via
electrochemical or chemical methods (tpe = tris(5-
mesitylpyrrolyl)ethane).29 Examination of the electrochemical
behavior of this series of complexes showed a common
irreversible oxidative process (−655 mV vs [Cp2Fe]

+/0) that we

Scheme 1. Classification of Redox Behavior by Redox Localization
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proposed is ligand-based and unaffected by the identity of the
bound transition metal. We attributed the observed oxidation
process to removal of an electron from a tpe-derived pyrrolide
π-orbital. The ligand pyrrollic π-electrons were shown to be
highest in energy for the coordination complexes by density
functional theory (DFT) analysis akin to their dipyrromethane
analogues.30 Further inspection of the DFT and electro-
chemical results reveals a seemingly non-Aufbau arrangement
of electrons, resulting in a population of fully filled, delocalized
ligand π-orbitals higher in energy than partially filled metal 3d
orbitals. This can be attributed to a combination of larger
electron-pairing energy costs for the electrons in the metal−ion
3d orbitals and a lack of orbital overlap between the highest
energy pyrrolide-based orbitals and metal orbitals of the
appropriate symmetry, which prevents metal and ligand
delocalized molecular orbitals from forming. As a result of
this orbital isolation between transition metal ion and tpe
ligand, oxidation is localized on the more energetically
accessible pyrrolide units of the tpe ligand. Chemical oxidation
of the Zn- and Fe-bound species provided evidence for ligand
oxidation, wherein a pyrrolide radical is formed leading to
pyrrole dissociation and H-atom abstraction to result in a [(κ2-
tpeH)Fe(py)2] product. Furthermore, attempts to metalate the
tpe ligand with FeIII starting materials (i.e., FeCl3 and base,
FeIII(N(SiMe3)2)3) resulted in outer-sphere electron transfer to
the Fe moiety to produce only [(κ2-tpeH)Fe(py)2]. In light of
this observed oxidative instability, we wanted to investigate if
the tpe construct was incompatible with higher valent states of
the bound transition metal.
We present here our findings that although outer-sphere

oxidation is ligand-borne, inner-sphere electron transfer
reactions of the [(tpe)Fe(THF)]− anion result in metal-
centered oxidation. The reaction of one- and two-electron
oxidants with [(tpe)Fe(THF)]− form stable complexes which
are spectroscopically revealed to contain a singly oxidized iron
for both one- and two-electron oxidants. The reversible, one-
electron reduction of a diazoalkane ligand by [(tpe)Fe(THF)]−

is also observed to give a product containing a high-spin Fe3+

center antiferromagnetically coupled to a diazoalkane-borne
radical. Each reaction demonstrates the viability of metal-
centered redox activity on a ligand platform known to be redox
unstable, qualifying the [(tpe)Fe]− construct as a coordination
complex exhibiting both type A and B behavior.

II. EXPERIMENTAL SECTION
All manipulations were carried out in the absence of water and
dioxygen using standard Schlenk techniques or in an MBraun inert
atmosphere drybox under a dinitrogen atmosphere. All glassware was
oven-dried for a minimum of 1 h and cooled in an evacuated
antechamber prior to use in the drybox. Benzene, diethyl ether, n-
hexane, tetrahydrofuran, and toluene were dried and deoxygenated on
a Glass Contour System (SG Water USA, Nashua, NH) and stored
over 4 Å molecular sieves (Strem) prior to use. Benzene-d6
(Cambridge Isotope Labs),m-xylene, 12-crown-4, and bis(trimethyl)-
silyl ether (Sigma-Aldrich) were degassed and stored over 4 Å
molecular sieves prior to use. Di-tert-butyl peroxide, dicumyl peroxide,
and dibenzyl disulfide were purchased from Aldrich and used as
received. Anhydrous iron(II) chloride was purchased from Strem and
used as received. Diphenyldiazomethane,31 mesityl azide (2,4,6-
Me3C6H2N3),

32 4-tBuC6H4N3,
33 and 134 were synthesized according

to published procedures. Celite 545 (J. T. Baker) and 4 Å molecular
sieves were dried in either a Schlenk flask or a vacuum oven for 24 h
under dynamic vacuum while heating to at least 150 °C.
Characterization and Physical Measurements. 1H and 13C

NMR spectra were recorded on Varian Mercury 400 MHz or Varian

Unity/Inova 500 MHz spectrometers. 1H chemical shifts are reported
relative to residual solvent peaks as reference. Elemental analyses were
carried out at Complete Analysis Labs, Inc. (Parsippany, NJ).

57Fe Mössbauer spectra were measured with a constant acceleration
spectrometer (SEE Co., Minneapolis, MN). Isomer shifts are quoted
relative to Fe foil at room temperature. Data was analyzed and
simulated with Igor Pro 6 software (WaveMetrics, Portland, OR) using
Lorentzian fitting functions.

EPR spectra were obtained on a Bruker EleXsys E-500 CW-EPR
spectrometer. All EPR samples were crystalline samples, washed 3
times with ∼5 mL hexanes, and dissolved in ∼0.5 mL toluene,
affording 0.5−2 mM solutions. Spectra were measured as frozen
toluene glasses at nonsaturating microwave powers of 0.6325−2 mW.
The signals from the desired material could be distinguished from
contaminant radical species by acquiring variable-power spectra. The
signal from impurities saturates at a much lower microwave power,
allowing the two species to be distinguished.

SQUID magnetometry was carried out using a Quantum Design
MPMS-5S SQUID magnetometer. Measurements were obtained using
material that was recrystallized from diethyl ether by addition of trace
amounts of THF and cooling to −35 °C. Under a dry nitrogen
atmosphere, the microcrystalline materials obtained were finely ground
and packed in a polycarbonate capsule. Warm liquid eicosane was
added to suspend the material in solid wax after cooling. DC
susceptibility measurements were collected in the temperature range of
5−300 K in 5 degree increments under a DC field of 5000 or 10 000
Oe. DC magnetization measurements were obtained in the temper-
ature range of 1.8−10 K, under DC fields of 10, 20, 30, 40, 50, 60, and
70 kOe. The data collected were corrected for any diamagnetic
contributions by comparison to an eicosane/capsule blank and by the
application of Pascal’s constants to account for any core diamagnet-
ism.35 The reduced magnetization data were fit using the ANISOFIT
package,36 using a range of possible spin states (S = 3/2, 2, 5/2, and
3). Reasonable fitting parameter values were only obtained for the
cases in which the spin state was set as S = 2.

X-ray Crystallography. Crystal structures of 2−8 were collected
at 100 K. Data was collected as a series of φ and/or ω scans. Data was
integrated using SAINT (Bruker AXS) and scaled with a multiscan
absorption correction using SADABS (Bruker AXS).37 The structures
were solved by direct methods or Patterson maps using SHELXS-9738

and refined against F2 on all data by full matrix least-squares with
SHELXL-97. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were placed at idealized positions and refined using a
riding model. The isotropic displacement parameters of all hydrogen
atoms were fixed to 1.2 times the U value of the atoms they are linked
to (1.5 times for methyl groups). Lithium countercations were bound
by diethyl ether or THF molecules and generally showed some
amount of disorder, which was treated using a disordered model and
restraints and constraints as necessary. Further details on several
structures are noted in the compiled CIF file (Supporting
Information). Notes on 5: the structure of 5 contains six molecules
of [(tpe)Fe(NHC6H4

tBu)][Li(THF)4] in the asymmetric unit. The
model was refined by separating the atom list into four equal sized
parts and employing the BLOC command. The anilido hydrogen
atoms were located in the difference map for all six molecules of the
compound and were refined using a riding model thereafter. Notes on
6: the structure of 6 was determined from data collected using a
microcrystal sample and employing synchrotron radiation at the
Argonne National Laboratory Advance Photon Source, ChemMat-
CARS.39 The hydrogen atom residing on the anilido nitrogen was
located as a Q peak in the difference map, and then refined using a
riding model. Notes on 7: the structure of 7 contains two molecules of
[(tpe)Fe(N2CPh2)][Li(L)4] in the asymmetric unit. One of the
molecules shows positional disorder of the tpe mesityl units and thus
was refined using a disordered model.

[(tpe)Fe(OtBu)][Li(THF)4] (2). A yellow-brown benzene solution (2
mL) of 1 (42.6 mg, 0.043 mmol) was added to a stirring benzene
solution (1 mL) of di-tert-butyl peroxide (12.5 mg, 0..85 mmol) at
room temperature and stirred. After approximately 2.5 h, the solution
turned a deep red. 1H NMR monitoring of the reaction reveals
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disappearance of the peaks attributable to starting material 1 with the
production of an NMR silent product. After 16 h, the solution was
frozen and lyophilized and the residue was rinsed with cold hexanes to
remove excess oxidant. The residue was extracted with diethyl ether.
To assess yield accurately, the material can be precipitated from diethyl
ether with added 12-crown-4 or diglyme at −35 °C, collected on a
fritted glass funnel and washed with hexanes, affording 38.8 mg (86%)
of dark red powder. If X-ray diffraction quality crystals are desired,
crystals can be grown from saturated hexane solutions by avoiding
crown ether, and instead extracting the residue into hexane and
allowing the solution to stand at room temperature. However, these
crystals are not of sufficient quality to obtain high-quality X-ray
crystallographic data, and the data obtained are useful only for
connectivity. Alternatively, analytically pure material can be obtained
(as purple crystallites) by cooling concentrated diethyl ether solutions
from room temperature to −35 °C. Comb. Anal. for the species
containing THF bound lithium, [C61H83FeLiN3O5] Calcd: C, 73.16;
H, 8.36; N, 4.20. Found: C, 72.89; H, 8.08; N, 4.30.
[(tpe)Fe(OC(Ph)Me2)][Li(THF)4] (3). A yellow-brown benzene

solution (1.5 mL) of 1 (35.1 mg, 0.035 mmol) was added to a
stirring benzene solution (1 mL) of dicumyl peroxide (5.7 mg, 0.021
mmol) at room temperature and stirred. After about 3 h, the material
began to color noticeably to a brown hue, and after about 6 h the
solution was a deep red-brown. 1H NMR monitoring of the reaction
reveals disappearance of the peaks attributable to starting material 1
with the production of an NMR silent product. After 12 h, the solution
was frozen and lyophilized. To assess the reaction yield, the residue
was extracted into diethyl ether, and [(tpe)Fe(OC(Ph)Me2)][Li(12-
C-4)2] was precipitated from diethyl ether at −35 °C by the addition
of 12-crown-4. The resultant dark red powder was collected on a glass
fritted funnel, washed with hexanes, and dried to yield 37.9 mg
product (90%). Crystals suitable for X-ray diffraction can be grown by
extracting the reaction product (from lyophilization) into minimal
diethyl ether and cooled from room temperature to −35 °C, affording
red-purple needles. Comb. Anal. for the species containing THF
bound lithium cation, [C66H85FeLiN3O5] Calcd: C, 74.53; H, 8.06; N,
3.95. Found: C, 74.29; H, 7.95; N, 4.01.
[(tpe)Fe(SBn)][Li(THF)4] (4). A yellow-brown benzene solution (2

mL) of 1 (35.4 mg, 0.0354 mmol) was added to a stirring benzene
solution (1 mL) of dibenzyl disulfide (4.7 mg, 0.019 mmol) at room
temperature and stirred for 92 h, during which the solution turned a
deep brown-purple. 1H NMR monitoring of the reaction reveals
disappearance of the peaks attributable to starting material 1 with the
production of an NMR silent product. The solution was frozen and
lyophilized. The residue was triturated with bis-trimethylsilyl ether (2
mL) and hexane (2 mL) and was recrystallized from diethyl ether at
−35 °C, affording 23.3 mg (63%) of purple needles. Crystals suitable
for X-ray diffraction can be grown from concentrated diethyl ether
solutions cooled from room temperature to −35 °C. Comb. Anal. for
[C64H81FeLiN3O4S] Calcd: C, 73.10; H, 7.77; N, 4.00. Found: C,
72.84; H, 7.51; N, 4.11.
[(tpe)Fe(NHC6H4-4-

tBu)][Li(THF)4] (5). A yellow-brown benzene
solution (2 mL) of 1 (36.0 mg, 0.0360 mmol) was added to a stirring
benzene solution (2 mL) of 4-tBuC6H4N3 (7.1 mg, 0.041 mmol) at
room temperature and stirred for 15 min, during which the solution
turned vibrant dark purple. 1H NMR monitoring of the reaction
reveals disappearance of the peaks attributable to starting material 1
with the production of an NMR silent product. Volatiles were
removed from an aliquant, which was submitted for IR analysis (KBr),
revealing consumption of azide via disappearance of the azide stretch
(υN3). Volatiles were removed in vacuo, and the resultant residue was
washed with hexane (3 × 2 mL), dissolved in diethyl ether, and
recrystallized by cooling the solution from room temperature to −35
°C. Crystals suitable for X-ray diffraction can be grown in concentrated
diethyl ether cooled from room temperature to −35 °C. Comb. Anal.
for species with THF bound Li+, [C67H88FeLiN4O4] Calcd: C, 74.74;
H, 8.25; N, 5.21. Found: C, 74.42; H, 8.09; N, 4.99.
[(tpe)Fe(NHMes)][Li(THF)4] (6). A benzene solution (1 mL) of

2,4,6-trimethylphenyl azide (15.7 mg, 0.095 mmol) was added to a
stirring, yellow-brown benzene solution (2 mL) of 1 (80.0 mg, 0.080

mmol) at room temperature, and the solution was stirred for 15 min,
during which the solution turned vibrant dark purple. 1H NMR
monitoring of the reaction reveals disappearance of the peaks
attributable to starting material 1 with the production of an NMR
silent product. Volatiles were removed from an aliquant, which was
submitted for IR analysis (KBr), revealing consumption of azide via
disappearance of the azide stretch (υN3). Volatiles were removed in
vacuo and the resultant residue was washed with hexane (3 × 2 mL),
dissolved in diethyl ether and recrystallized by cooling the solution
from room temperature to −35 °C. Microcrystals suitable for X-ray
diffraction with synchrotron radiation can be grown from concentrated
diethyl ether solutions cooled from room temperature to −35 °C.
Comb. Anal. for [Li(THF)4]

+ containing species, [C67H88FeLiN4O4]
Calcd: C, 74.60; H, 8.16; N, 5.28. Found: C, 74.42; H, 8.09; N, 4.99.

[(tpe)Fe(N2CPh2)][Li(THF)4] (7). A yellow-brown benzene solution
(2 mL) of 1 (38.8 mg, 0.039 mmol) was added to a stirring benzene
solution (1 mL) of diphenyldiazomethane (8.1 mg, 0.042 mmol) at
room temperature, and the solution was stirred for 2.5 h, during which
the solution turned a deep greenish brown. 1H NMR monitoring of
the reaction reveals disappearance of the peaks attributable to starting
material 1 with the appearance of a new paramagnetically shifted 1H
NMR spectrum. IR analysis revealed a disappearance of the
diazoalkane (υNN) stretching frequency. The solution was frozen
and lyophilized. The residue was extracted into diethyl ether and
crystallized by addition of a drop of THF and cooling to −35 °C,
affording green plates. Crystals suitable for X-ray diffraction can be
grown by addition of two drops of THF to a solution of crystallized
product in m-xylenes and cooling to −35 °C. The product crystallizes
with a large amount of solvent disorder about the lithium cations,
ranging in formulation from [Li(THF)(OEt2)2]

+ to [Li-
(THF)3(OEt2)]

+. Analytically pure material containing the [Li-
(THF)4]

+ cation can be obtained by precipitation of the material
from a diethyl ether solution by addition of a drop of THF, cooling to
−35 °C, isolation on a frit, washing with hexanes (2 mL) and drying
by passing dry nitrogen through the material on the frit. 1H NMR (500
MHz, C6D6): δ/ppm: 98.23 (br s), 55.49 (br s), 48.24 (br s), 39.95
(s), 27.94 (s), 10.56 (br s), 7.70 (s), 7.35 (s), 7.02 (s), 3.82 (br s), 2.19
(m), 1.59 (br s), 0.82 (br s), −5.32 (br s), −90.2 (br s). Comb. Anal.
for [C70H84FeLiN5O4] Calcd: C, 74.89; H, 7.55; N, 6.24. Found: C,
74.79; H, 7.36; N, 6.27.

[(tpe)Fe(PMe3)][Li(THF)4] (8). One drop of trimethylphosphine
(PMe3, excess) was added to a stirring, yellow-brown THF (2 mL)
solution of 1 (52.3 mg, 0.052 mmol, assuming [Li(THF)4]

+ as
solvated cation) at room temperature and stirred for 10 min. Volatiles
were removed in vacuo, and the resultant residue was dissolved in
diethyl ether. A yellow-brown solid was precipitated by the addition of
two drops of THF and cooling the solution to −35 °C. The precipitate
was collected on a medium porosity frit, washed with 5 mL of pentane,
and 55.0 mg of a tan powder was collected (105%; yield is assumed to
be quantitative, as the solvation of the lithium cation of 1 may change
over time). Crystals suitable for X-ray diffraction were grown from
diethyl ether solutions with added THF cooled from room
temperature to −35 °C. 1H NMR (500 MHz, C6D6): δ/ppm: 80.08
(br s), 67.17 (br s), 58.22 (br s), 37.42 (br s), 25.82 (br s), 22.71 (br
s), 14.40 (br s), 10.41 (br s), 9.19 (br s), 3.90 (br s), 1.49 (br s), −1.35
(br s), −9.37 (br s).

Computational Methods. Geometry optimzations were per-
formed using the Gaussian 09 suite of software,40 and population and
electronic structure analyses were carried out using Gaussian 09 and
the ORCA 2.8 suite.41 Molecular geometries of complexes 2−7 were
optimized using the X-ray crystal structure coordinates as input.
Optimizations using both the BP8642 pure DFT and M05-2X43 hybrid
functionals were attained, and for all complexes, the pure DFT
functional (BP86) gave results that converged to lower energy
structures that better matched the crystal structure geometries
observed. Optimizations employed the TZVP44 basis sets for the
metal and first coordination sphere atoms, SVP45 bases for all other
atoms, and the W0646 density fitting functional for density fitting
approximations with BP86. A DFT population analysis was then
carried out on the optimized geometries of complexes 2−6, again
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using the BP86 functional, using the TZV(P) and SV(P) basis sets.
These analyses were deemed sufficient to describe the relatively
straightforward electronic structures of the complexes.
The ORCA package was employed for correlation of optimized

electronic structure to experimental data; Mössbauer parameters were
calculated according to previously published procedures.47 The
B3LYP48 functional has been found to give the best agreement with
experimental data previously, and thus was used for Mössbauer
parameter calculation here. The basis set used for iron was the core-
prop basis, abbreviated CP(PPP)49 and the bases for the remaining
atoms were expanded to def2-TZVP47a for the coordination sphere
and def2-SVP43 for the remaining atoms. The def2-TZVP/J (Fe, N)
and def2-SVP/J (C, H) auxiliary basis sets47b were employed to utilize
the RIJCOSX50 approximation for accelerating the calculation.
Given the uncertain spin ground state of complex 7, the geometry

was optimized for complexes of S = 0, 1, 2, and 3. The lowest energy
species was found to be the S = 2 complex, and this geometry was used
for further calculations. To obtain more complete information about
the J coupling found in the S = 2 complex 7, a broken symmetry
calculation was performed as implemented in the ORCA suite.
Specifically, a BS(5,1) system was investigated, denoting a system with
five unpaired up spins and one unpaired down spin. Hybrid functionals
have been shown to give better quantitative results, and thus the
calculation was run using the B3LYP functional,51 as well as the same
bases used for the Mössbauer parameter calculations of 2−7 (vide
supra). The broken symmetry solution was found to be approximately
1.0362 eV lower in energy than the high-spin solution. Indeed, the
electronic structure described by the BS solution corresponds,
qualitatively, very closely to the lowest-energy solution among those
performed at all possible spin states, the S = 2 solution. The α- and β-
orbital spatial overlap was estimated using the UHF Corresponding
Orbitals method as implemented in ORCA.52

The coupling can be described by the use of a coupling term, J, as
described by the Heisenberg−Dirac−van Vleck Hamiltonian (eq 1):

̂ = − ̂ ̂H JS S2 A B (1)

This coupling term can be estimated using the Broken Symmetry
method, wherein three methods of calculating J are useful for different
coupling regimes (eqs 2−4).51

= −
J

E E
SAB

1
LS HS

max
2 (2)

= −
+

J
E E

S S( 1)AB
2

LS HS

max max (3)

= −
⟨ ⟩ − ⟨ ⟩

J
E E

S SAB
3

LS HS

2HS 2LS (4)

The method proposed by Bencini and Gatteschi,53 found in eq 3, is
most applicable to the strong-overlap limit, to which our results most
closely apply, and thus has been used to estimate the coupling in this
system. Molecular orbitals and spin density plots were generated from
Gaussian cube files using Visual Molecular Dynamics 1.8.654 and
rendered using POV-Ray v3.655 for Windows.

III. RESULTS
Synthesis. To assess whether metal-based redox activity is

observable for (tpe)Fe complexes, we canvassed the reactivity
of the anion [(tpe)Fe(THF)]− with a variety of one- and two-
electron oxidants for which [(tpe)Fe(THF)]− is not a
competent outer-sphere reductant, necessitating metal coordi-
nation for electron transfer to occur, if at all.56 Reaction of
brown-yellow [(tpe)Fe(THF)][Li(THF)4] (1)34 with 0.6
equiv of the single-electron oxidants di-tert-butyl peroxide,
dicumyl peroxide, and dibenzyl disulfide in benzene over the
course of 12−92 h results in formation of the 1H NMR silent
complexes of the type [(tpe)FeX][Li(THF)4] (Scheme 2, X =
OtBu (2), OCMe2Ph (3), and SBn (4), respectively). The slow
reaction times prohibit quantitative reaction, as both starting
material and products are thermally sensitive and decompose at
room temperature under a nitrogen atmosphere on the time
scale of the reaction. Given the variability of THF solvation to
the lithium countercation, accurate yields were determined by
precipitating the product from diethyl ether by the addition of
excess 12-crown-4. Displacement of THF from Li+ with 12-
crown-4 renders the complex insoluble in all relevant organic
solvents to afford products with reliable [(tpe)FeX][Li(12-
crown-4)2] formulations. Yields for the peroxide reactions were
found to be 86% (2) and 90% (3) by this method. Due to the
slower reaction rate and competing thermal decomposition, a
lower yield of 63% was found for compound 4, but
precipitation with 12-crown-4 was not necessary to obtain
pure material. Crystals suitable for single-crystal X-ray

Scheme 2. Chemical Oxidations of Compound [(tpe)Fe(thf)]− (1)
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diffraction can be grown from concentrated solutions cooled to
−35 °C (vide supra).
The addition of substituted aryl azides (4-tBuC6H4N3,

MesN3) to 1 in benzene at room temperature produces dark,
inky purple solutions over the course of minutes. Consumption
of the starting material (1) was ascertained by monitoring the
disappearance of the 1H NMR resonances for 1 to the resultant
1H NMR silent products. Additionally, the frequencies
corresponding to azide N−N stretching frequencies in the IR
spectrum disappear following reaction with 1. Crystals suitable
for single-crystal X-ray diffraction were grown from concen-
trated diethyl ether solutions with trace amounts of THF
present at −35 °C. Solid state structure determination via X-ray
diffraction confirmed the identity of the products as the iron−
anilido complexes [(tpe)Fe(NHAr)][Li(THF)4] [Scheme 2,
Ar = 4-tBuC6H4 (5), Mes (6)].
The addition of diphenyldiazomethane to complex 1 in

thawing benzene over the course of 1 h results in a dark, inky
green solution. Unlike the 1H NMR silent species 2−6, the
reaction with diphenyldiazomethane exhibits a new para-
magnetically shifted 1H NMR spectrum distinct from 1 with
16 observable resonances. Furthermore, the resonant frequen-

cies in the IR spectrum corresponding to the diazo stretching
vibrations are no longer observable (free N2CPh2 υCNN =
2041 cm−1, as determined by measurement of an authentic
sample of N2CPh2). Crystals suitable for single-crystal X-ray
diffraction were grown from a concentrated solution of the
reaction product in m-xylene with trace amounts of THF,
providing evidence for the formation of diazoalkane adduct
[(tpe)Fe(N2CPh2)][Li(L)4] (7, L = THF, Et2O, Scheme 2).

Structural Elucidation. Given the paucity of NMR
spectroscopic data for the reaction products 2−7, reaction
product identification was entirely dependent on molecular
structure determination via X-ray diffraction analysis. The
products of the above reactions, 2−7, (Figure 1) all maintain
iron coordinated to the trianionic tpe ligand in a κ1,κ1,κ1-
fashion, with a fourth apical ligand completing the coordination
sphere. The apical ligand is unequivocally anionic for products
2−6: alkoxides (2 and 3), benzylsulfide (4), or monoanionic
anilido (5 and 6), suggesting in each oxidation reaction
examined the oxidant has been chemically altered concomitant
with oxidation of the iron center. Despite the oxidation, each
complex remains anionic with a lithium countercation present,

Figure 1. Solid state molecular structures of the anions in 3 (a), 4 (b), 6 (c), and 7 (d). Thermal ellipsoids are shown at 30% probability, and
hydrogen atoms and solvated lithium countercations are omitted for clarity. Relevant bond distances (Å) and angles (deg) follow. For 3: Fe−O,
1.778(3); Avg. Fe−N, 1.975(5); Fe−O−Ccumyl, 153.9(3). For 4: Fe−S, 2.2381(11); Avg. Fe−N, 1.969(5); Fe−S−Cbenzyl, 102.80(13). For 6: Fe−
Namido, 1.890(5); Avg. Fe−Ntpe, 1.985(8); Fe−N−Caryl, 141.9(4). For 7: Fe−Ndiazo, 1.781(9); Avg. Fe−Ntpe, 1.95(3); Fe−N−Ndiazo, 160.3(8).

Table 1. Important Bond Metrics for Compounds 1 and 3−8

compound average d(Fe−Ntpe) (Å) Δd(Fe−N) from 1 (Å) d(M−X) (Å) ∠(Fe−X−C/N) (deg)

[(tpe)Fe(THF)]− (1)a,b 2.022(5) 2.023(3)
[(tpe)Fe(OCPhMe2)]

− (3) 1.975(5) −0.047 1.778(3) 153.9(3)
[(tpe)Fe(SBn)]− (4) 1.969(5) −0.053 2.2381(11) 102.80(13)
[(tpe)Fe(NHC6H4

tBu)]− (5) 1.9701(12) −0.052 1.8836(7) 135.06(2)
[(tpe)Fe(NHMes)]− (6) 1.985(8) −0.037 1.890(5) 141.9(4)
[(tpe)Fe(N2CPh2)]

− (7) 1.955(29) −0.067 1.781(9) 160.3(8)
[(tpe)Fe(PMe3)]

− (8)b 1.9986(3) −0.023 2.3796(4)
[(tpe)Fe(py)]− b,c 2.014(3) −0.008 2.068(2)

aFrom reference 34. bCompounds assigned as Fe2+ for comparison to those assigned as Fe3+. Structural details can be found in the text. cFrom
reference 29.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic402210j | Inorg. Chem. 2014, 53, 269−281274



solvated by THF or diethyl ether as identified in each of the
solid state molecular structures.
The positional disorder present in the structure of 2 does not

permit rigorous determination of the bond metrics within the
anion. The data acquired, however, was satisfactory to confirm
the overall connectivity and identity of the anion. The crystal
structures of 3 and 4 do not exhibit the same positional
disorder for the tpe ligand, aided by the asymmetric nature of
the alkoxide and thiolate ligands in the products. The steric
differentiation provided by the ligands prevents positional
variation in the tpe mesityl flanking units, permitting full
refinement of the molecular structures. The solid state
molecular structures of 3 and 4 are presented in Figure 1.
The structures of the alkoxide products 2 and 3 confirm
cleavage of the dialkyl peroxide O−O bond and formation of a
new Fe−O bond in both cases, whereas the structure of benzyl
sulfido 4 shows the analogous S−S bond breakage and Fe−S
bond formation. The average Fe−Ntpe bond lengths are
1.975(5) Å for 3 and 1.969(5) Å for 4, a shortening of
∼0.05 Å compared to the bond lengths of the starting material,
1 (average d(Fe−Ntpe): 2.022(5) Å).

34 In addition, the oxygen
atom of the cumyl alkoxide ligand in 3 is 0.245 Å closer to the
iron (d(Fe−O): 1.778(3) Å) than the ethereal oxygen in the
THF-adduct starting material, 1 (d(Fe−O): 2.023(3) Å),
signifying increased π-donation between the alkoxide ligand
and iron. The structural perturbations are summarized in Table
1.
The solid state molecular structures of the reaction products

5 and 6 resulting from azide oxidation are provided in the
Supporting Information and Figure 1, respectively. In both
structures, the organic azide oxidant has been converted into an
anilido ligand, confirmed by location of the anilido hydrogen
atom in the difference map during both crystal structure
refinements. Following the structural determination of these
reaction products, direct evidence of H-atom abstraction by
reaction of 1 with organic azides was obtained using 1H NMR
spectroscopy. Using 1,3,5-trimethoxybenzene as an internal
standard and 1,4-cyclohexadiene (CHD) as a H-atom donor
(73 kcal/mol),57 the disappearance of the 1H resonances
corresponding to a stoichiometric amount of CHD was
observed in the reaction of 1 with both mesityl- and
4-tBuC6H4-azide. This result suggests that in the absence of a
weaker H-atom donor, THF or solvent is activated by a
reaction intermediate (vide infra) to form products 5 and 6.
The Fe−Ntpe distances average 1.970(1) Å in 5, 1.985(8) Å

in 6, and are ca. 0.05 Å shorter than the 2.022(5) Å average
Fe−Ntpe distances of compound 1, mirroring the change

observed for the one-electron oxidations observed in the
structures for 3 and 4. The Fe−Nanilido bond lengths of
1.884(7) Å (5) and 1.890(5) Å (6) are shorter than the Fe−
Npyridine distance of 2.068(2) Å found in the [(tpe)Fe(py)]−

anion29 and are most similar to known Fe3+ amido species.58

The average Fe−N−CAr bond angle found for 5 is 135.06(2)°
and the Fe−N−Ar bond angle for 6 is 141.9(4)°, values which
are consistent with an anilido ligand featuring an sp2 hybridized
N bound to Fe.
Unlike the reactions of 1 with dialkyl peroxides, dialkyl

disulfide, or aryl azides, the reaction of 1 with diphenyldia-
zoalkane results in the binding of the diazoalkane moiety
without substantial structural modification of the diazoalkane.
The solid state molecular structure of the anion for 7 (Figure
1d) features tpe-bound iron, with the diazoalkane ligand bound
end-on completing the coordination sphere. Although the
diazoalkane moiety is bound intact, the FeNtpe bond lengths
average 1.95(3) Å across the three structures found in the
asymmetric unit, comparable to the average FeNtpe found for
compounds 2−6, suggesting a redox transfer event has indeed
taken place. The FeNdiazoalkane distances average 1.781(9) Å,
which is significantly shorter than known four-coordinate Fe
Namide distances,58,59 including those found for anilido
complexes 5 and 6. The average NN and NC bond
lengths and FeNN and NNC bond angles of the
diazo moieties are 1.199(12) and 1.312(14) Å, and 160.3(8)
and 148.5(11)°, respectively. These values are an unusual
combination of bond lengths and angles for a diazoalkane
complex, not, to our knowledge, found for any 3d transition
metal species previously reported. Similar bond lengths are
found for a bisphosphinoborate Cu complex (NN = 1.163
and NC 1.3188 Å), but the NNC bond angle of that
complex is much closer to being linear (176.5°).60 A similar
NNC bond angle (150.4°) was found for a [Cp(CO)2Mn-
(NNCO2R)] complex, but the diazoalkane moiety resembles
more closely the NN triply bonded (1.165 Å), NC singly
bonded (1.351 Å) resonance structure, as well as featuring a
much more linear MNN bond angle (176.9°).61 The
diazoalkane complex reported here features NNC and
MNN bond angles between those expected for linear and
trigonal planar bonding (sp and sp2 hybridization), and the
bond lengths are intermediate between NN double and triple
bonds and NC double and single bonds, respectively. The
only other reported iron diazoalkane adduct has shorter bond
lengths along the MNNC moiety and more linear bond
angles, which is expected for a neutral donor type diazoalkane
ligand.62

Scheme 3. Reversible Electron Transfer Activated by Ligand Exchange of [(tpe)Fe] Complexes
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To account for the tpe NFe bond contractions, which
signify iron oxidation in 7, the diazoalkane moiety must be
concomitantly reduced by one electron. Chemical trans-
formation of the diazoalkane (i.e., H-atom abstraction to the
N2CPh2 unit) was ruled out by examining the ability of 7 to
undergo diazoalkane release. Treatment of complex 7 with
excess PMe3 in benzene resulted in an instantaneous change
from dark, inky green to a pale brown-yellow color similar to
the color of the THF adduct 1. Tertiary phosphine ligand
exchange is confirmed by 1H NMR spectroscopy, as the
paramagnetically shifted resonances of 7 disappear, giving way
to a new paramagnetically shifted 1H spectrum for the ferrous
complex [(tpe)Fe(PMe3)][Li(THF)4] (8, Scheme 3). An
authentic sample of 8 can be obtained by simple addition of
excess PMe3 to starting material 1, which features an identical
1H NMR to the spectrum obtained from the diazoalkane
displacement reaction above. If product 7 had undergone a
chemical transformation following one-electron reduction (i.e.,
H-atom abstraction analogous to the azide oxidations), the
modified diazoalkane ligand should not readily exchange with
the neutral donor PMe3.
Although the oxidation of the iron centers is demanded by

charge balance in complexes 2−7 following the addition of the
fourth anionic ligand to the iron coordination sphere, we
sought to rigorously establish that the tpe ligand itself did not
manifest changes signifying its participation in the observed
redox event. If the pyrrolide subunits contribute to the
observed redox event, we would anticipate substantial changes
in the pyrrolic C−C and C−N bond distances. Similar bond
length alterations in similar redox-active ligand platforms are
hallmark redox signifiers. Changes in pyrrole C−C and C−N

distances after oxidation were all smaller than 3σ and thus
considered insignificant. This observation supports that
oxidation is primarily iron-centered and is not borne by the
pyrrolides of the ligand. By way of comparison, the known
redox-active ligand system α-iminopyridine exhibits successive
C−C and C−N bond elongations of 0.06 Å per one-electron
reduction of the ligand.18c Aromatic C−C bond elongation of
0.027 Å is observed in the oxidation from phenylenediamine to
the di(isobutyl)iminosemiquinone ligands.63 All of these ligand
alterations are readily observed and statistically significant.

Zero-Field 57Fe Mössbauer Spectroscopy. Complexes
2−4 exhibit single quadrupole doublets in the 57Fe Mössbauer
spectra at 90 K, with isomer shifts (δ) of 0.43, 0.38, and 0.36
mm/s, and quadrupole splittings (|ΔEQ|) of 0.88, 1.00, and 1.01
mm/s, respectively. Aryl anilido product 6 has an isomer shift
of 0.26 mm/s and a quadrupole splitting of 1.83 mm/s. The
isomer shift value is the lowest of the Fe3+ complexes we have
isolated, but still well within the range of typical values for four-
coordinate Fe3+ ions.64 Finally, diphenyldiazomethane adduct 7
gives Mössbauer parameters remarkably similar to complexes
2−4, with an isomer shift of = 0.37 mm/s and quadrupole
splitting of |ΔEQ| = 1.49 mm/s. Mössbauer data are
summarized in Table 2.

X-band EPR Spectroscopy. X-band EPR spectra at 3.1 K
of toluene glasses complexes 3, 4 and 5, shown in Figure 2a,
exhibit features at geff = 8.72, 5.17, 3.41, and 2.31 (complex 3);
geff = 8.66, 5.27, 3.33, and 2.27 (complex 4); geff = 8.69, 5.18,
3.41, and 2.30 (complex 5). The spectra for alkoxide 3 and
benzyl sulfido 4 can be simulated as S = 5/2 spin systems
(Figure 2a, Table 2) with isotropic g values of 1.988 and 1.995,
respectively. The complexes show appreciable zero-field

Table 2. Spectroscopic Parameters from Simulations of Low-Temperature X-band EPR data (4.3−6.0 K) and Measured by
Zero-Field 57Fe Mössbauer Spectroscopy (90 K) and SQUID Magnetometry for Compounds 2−7a

[(tpe)Fe(X)]− experimental (calculated)

X δ (mm/s) |ΔEQ| (mm/s) g Db Eb E/D ΔDb ΔEb

THF (1) 0.91 2.84
OtBu (2) 0.43 (0.42) 0.88 (−0.61)
OCPhMe2 (3) 0.38 (0.42) 1.00 (1.00) 1.99 0.380 0.063 0.17 0.06 0.013
SBn (4) 0.36 (0.31) 1.01 (1.08) 1.99 0.747 0.123 0.16 0.001 0.025
NHC6H4

tBu (5) 1.99 0.663 0.113 0.17 0.15 0
NHMes (6) 0.26 (0.40) 1.83 (1.16)
N2CPh2 (7) 0.37 (0.38) 1.49 (−1.57) 2.01c −3.27c 0.041c 0.01
py 0.84 2.54

aExperimental details can be found in the text. bReported in units of cm−1. cMeasured by SQUID magnetometry.

Figure 2. (a) Normalized 3.1 K X-band EPR spectra of compounds 3 (green), 4 (red), and 5 (blue) with simulated spectra appearing below the
experimental data as solid black lines. Experimental details: microwave power = 0.6325 to 2.0 mW; modulation amplitude = 10 G; approximately 5
mmol concentration as a toluene glass. (b) Perpendicular mode X-band EPR spectrum of 7 taken at 4.3 K. (c) Variable-temperature magnetic
susceptibility data for 7 (blue circles) and 8 (red squares) collected in an applied direct-current (DC) field of 10 kOe. (d) Plot of reduced
magnetization for 7 between 1.8 and 10 K at selected fields.
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splitting (ZFS), with axial ZFS (D) of 0.379 cm−1 and 0.748
cm−1, respectively, and both show intermediate amounts of
rhombicity, with values of E/D of 0.168 for 3 and 0.164 for 4.
The line breadth can be accounted for by including significant
amounts of D and E strain (ΔD = 0.061 and 0.0012 cm−1, ΔE =
0.013 and 0.025 cm−1, respectively) in the simulations. The
spectrum of aryl amide 5 bears a striking similarity to alkoxides
2 and 3 and alkylsulfide complex 4 and can also be simulated as
an S = 5/2 spin high-spin Fe3+ system very similarly to
complexes 3 and 4. The simulation employs an isotropic g =
1.990 and an anisotropic zero-field splitting with D = 0.664
cm−1 and E = 0.115 cm−1, resulting in an E/D of 0.173. In this
case, only D strain (ΔD = 0.154 cm−1) is needed to simulate
the line broadening adequately. In all three cases, the features at
roughly geff = 8.7 and 2.3 are transitions of components of the
ms = ±1/2 states, and the 5.2 and 3.4 geff features are ms = ±3/2
state transitions. It is likely the ms = ±5/2 states are of high
enough energy that they are unpopulated and unobserved.
The X-band EPR spectrum of 7 at 4.3 K is shown in Figure

2b and does not resemble complexes 2−5, instead displaying
one major feature at geff = 8.34. This resembles S = 2 spin
systems reported in the literature.65 1H NMR spectroscopy
corroborates this assignment, as a spectrum with distinct
resonances is observed for complex 7, whereas complexes 2−4,
simulated as S = 5/2 systems, are 1H NMR silent. We
hypothesized that the EPR spectrum observed for complex 7
represents an observable non-Kramers doublet of an integer
spin system, and we turned to magnetic measurements to
interrogate this possibility.
Magnetism. Variable temperature (VT) direct-current

(DC) susceptibility data were collected from 5 to 300 K
(Figure 2c) in a field of 10 000 Oe. For complex 8, the average
value of χMT in the temperature range of 50−300 K (the region
for which we deem the Curie Law is applicable) was 3.43 cm3

K/mol. The data for diphenyldiazomethane complex 7 do not
differ greatly from the data for 8, with an average χMT between
50 and 300 K of 3.44 cm3 K/mol. The values obtained for
complex 8 are close to the value expected for a spin-only S = 2
system (3.00 cm3 K/mol), as expected for a high-spin Fe2+

complex. Complex 7 exhibits strikingly similar values,
suggesting that the overall spin ground state of 7 is S = 2.

A plot of reduced magnetization for 7 was obtained from VT
data collected between 1.8 and 10 K at seven fields between 10
and 70 kOe (Figure 2d). The resulting plot shows non-
superimposable isofield curves, indicative of zero-field splitting
present in complex 7. Using the Hamiltonian in eq 5, the
reduced magnetization data was fit using the program
ANISOFIT,37 and reasonable values of g could only be
obtained when fitting the system as an S = 2 ground state.
The fitting parameters obtained are included in Table 2.

μ̂ = · ̂ + ̂ + ̂ − ̂H gH S DS E S S( )B z
2

x y
2

(5)

If the diazoalkane were to bind as a neutral donor ligand, an S =
5/2 ground state would be expected for the Fe3+ spin system, as
determined by Mössbauer spectroscopy (vide supra). To satisfy
the S = 2 ground state suggested by the magnetic data, we
propose a system that features antiferromagnetic coupling of a
diazoalkanyl radical (S = 1/2) to an S = 5/2 Fe3+.

Density Functional Theory. DFT calculations were
employed to establish the nature of the electronic spin ground
states of complexes 2−7. The crystal structure coordinates were
optimized in a variety of spin states, and the lowest energy spin
state was confirmed to be S = 5/2 for 2*−6* and S = 2 for 7*
(an asterisk indicates the geometry optimized coordinates of
the complex). The Mössbauer parameters of the lowest energy
optimized structures were calculated to correlate the resultant
optimized structures with experimental data and matched
remarkably well (Table 2).47,49,66

Broken symmetry calculations were employed to investigate
the strength of the coupling between the iron center and the
diazoalkanyl radical for structure 7*. The α- and β-orbital
spatial overlap was estimated to be 74.9%, suggesting significant
localized orbital character. The antiferromagnetic exchange
coupling parameter (J(2)) was found to be −696 cm−1. A spin
density plot of the optimized, quintet diazoalkane adduct
clearly shows this antiferromagnetic coupling, as the net α-spin
is localized mainly on the iron atom and the net β-spin
populates the π-bonding molecular orbital of the N−N
fragment of the diazoalkane. This plot is presented alongside
a spin density plot of the cumyl oxido structure for comparison
in Figure 3. These DFT calculations also describe an overall S =
2 system featuring an S = 5/2 iron center antiferromagnetically

Figure 3. (Left) spin polarization density plots (α and β, shown at isovalue 0.01) from single-point energy calculations of sextet 3* and quintet 7*.
Bases, functionals and methods are described in the Experimental Section details. Net α-spin density is shown in red and net β-spin density in yellow.
Atoms are labeled with their Mulliken spin population for iron and nitrogens possessing appreciable spin density. Hydrogen atoms are omitted for
clarity. No localized net β-spin density is observed for the high-spin 3*, whereas significant spatial separation between net α- and β-spins exists for
structure 7*, leading to antiferromagnetic coupling between the Fe and ligand N atoms. (Right) occupied metal-L(π*) molecular orbital responsible
for the β-spin polarization density observed (isovalue 0.08).
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coupled to an S = 1/2 ligand-based radical, as deduced from
experimental data.

IV. DISCUSSION

The foregoing structural and spectroscopic analysis indicate the
[(tpe)Fe(THF)]− synthon can undergo oxidation with
concomitant reduction of dialkyl peroxide, dialkyl disulfide,
aryl azides, and even diazoalkane substrates. The majority of the
oxidation products, with the exception of 7, are 1H NMR silent,
and structural determination by X-ray crystallographic analysis
provides a starting point to understand the reaction products.
To balance charges after addition of alkoxide (2 and 3) and
benzyl sulfido (4) ligands, products 2−4 should feature a
formally Fe3+ oxidation state following reaction. The redox
potential of 1 is insufficient to reduce the dialkyl peroxides via
an outer-sphere mechanism,56 suggesting the dialkyl peroxide,
and by extension, dibenzyl disulfide reagents must coordinate
the metal center prior to electron transfer to induce O−O or
S−S bond cleavage (Scheme 4). A similar reaction pathway has
been invoked in the (nacnac)Cu mediated reduction of di-tert-
butyl peroxide.67

Reaction with organic azides results in complexes wherein,
after the identification of the apical ligands in 5 and 6 as
monoanionic anilido moieties, charge balance also suggests an
Fe3+ formulation. Conversion of organic azides to amide ligands
typically occurs via azide breakdown following coordination to
the transition metal center to produce either imido radical47a or
closed-shell imido products.68 The former results from single
electron transfer to the azide, whereas the latter from full two-
electron oxidation of the metal center. Both intermediates have
been shown to be competent for H-atom abstraction reactions
and are viable intermediates on the pathway of 1 to anilido
products 5 and 6 (Scheme 5). Given the observed propensity of
pyrrolido ligand-bound iron(II) complexes to undergo single

electron transfer events (vide supra), we propose the imido
radical intermediate might be operative in this example.
Charge balance is not reliable as an indicator of iron

oxidation state for the structure obtained for product 7, as the
diazoalkane ligand could be bound as a neutral ligand or a
doubly reduced ligand to adopt an imido-like metal−ligand
multiple bond.69 The bond metrics obtained can, however, be
compared to those of structures of 2−6. Product 7 exhibits a
shortening of the Fe−Npyrrolido distances similar in magnitude to
that found for 2−6. Additionally, the Fe−Ndiazo bond distance is
shorter than the Fe−Nanilido bond length found for 5 and 6,
indicating a further interaction than would be expected between
a neutral donor diazoalkane ligand and iron.62 Further
spectroscopic examination served to elucidate this interaction.
Zero-field, 57Fe Mössbauer spectroscopy allows us to assess

specifically the oxidation state at iron. The complexes remain
four-coordinate following each reaction, thus the isomer shifts
provide a straightforward indicator of iron oxidation state; the
marked isomer shift decreases of 0.48 to 0.65 mm/s from the
Fe2+ starting material, 1, (δ = 0.91mm/s) are strongly indicative
of reduced electron density at the Fe atom, suggesting one-
electron oxidations have occurred. Comparison of the quadru-
pole splitting values of complexes 2−4 to the known Fe2+

species (|ΔEQ| = 2.84) shows decreases ranging from 1.81 to
1.96 mm/s. In idealized C3v symmetry, oxidation of a d6 high-
spin Fe2+ complex to a d5 high-spin Fe3+ removes the single β
electron responsible for the asymmetric population of the low-
lying e (x2 − y2, xy)3 set, resulting in a higher symmetry
electron distribution at iron after oxidation, and thus a lower
quadrupole splitting. The Fe3+ assignment is also affirmed by
Mössbauer for a representative product of reaction of 1 with
organic azide (6) as well. The EPR data collected corroborates
these assignments, as EPR spectra of this shape have been
observed previously for four-coordinate high-spin Fe3+

Scheme 4. Proposed Mechanism of Inner-Sphere Oxidation of 1 by Dialkyl Peroxides and Dialkyl Disulfides

Scheme 5. Proposed mechanism of inner-sphere oxidation of 1 by organic azides
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complexes, including FeIII-catecholate models of DOPA-
containing mussel glue precursor proteins,70 nonheme FeIII−
OOR superoxide reductase model complexes,71 and synthetic
FeIII hydroxide complexes.72 The magnitude of the zero-field
splitting is also similar to these biological and synthetic high-
spin Fe3+ systems reported in the literature.
The Mössbauer parameters acquired for 7, along with the

crystallographic data, allow us to unambiguously assign the
oxidation state of iron in compound 7 as Fe3+. Given the overall
spin of S = 2 suggested by EPR and SQUID magnetometry
together with the formulation of Fe3+, we are also able to assign
the oxidation state of the diazoalkane ligand. To achieve an
overall spin of S = 2, the diazoalkane ligand must be a radical
anion with S = 1/2, antiferromagnetically coupled to the S = 5/
2 Fe3+. This explanation also provides a rationale for the
unusually short Fe−Ndiazo bond distance.
By way of comparison to tpe iron complexes, previously

reported examples of redox-active ligand systems feature metal
and ligand molecular orbitals fully conjugated with one another
and comprise a single molecular redox entity. This is typically
observed for binding of the redox-active chelates onto the metal
in a geometry that maximizes π-orbital overlap with the metal-
based orbitals of appropriate symmetry, generating an orbital
pathway that brings both redox reservoirs into conjuga-
tion.3,6−18 In these literature examples, oxidations proceed
from the highest to lowest energy molecular orbitals, regardless
of oxidation mechanism, permitting the molecular entity to
traverse several consecutive redox events. With the [(tpe)M]−

species, the weakly σ-donating pyrrolides73 enforce a
tetrahedral-like geometry at the bound metal center. This
geometric restriction, in concert with the weak-field ligand,
conspires to engender open-shell configurations for the
resulting coordination complexes, diminishing any π-orbital
overlap between the pyrrolides and the metal center, thereby
mitigating any available orbital overlap to connect the two
redox reservoirs. As a result, the two disparate redox reservoirs
are accessible by the different oxidation mechanisms.
The reversible electron transfer to and from the

diphenyldiazomethane provides further insight into the
ligand−metal redox communication process. The diphenyldia-
zomethane ligand features a low lying π*-system with the
proper orientation and energetic overlap to allow facile inner-
sphere electron transfer from the Fe-based orbitals of π-
symmetry. The resulting radical anion is delocalized within the
diazoalkane N−N π-system, stabilized by steric protection
provided by the (tpe) mesityl units and the CPh2 terminus of
the diazoalkane itself. In this case, the Fe−N bond is quite
strong, being significantly shorter than the Fe−N bonds found
in the anilido complexes 5 and 6 and even the putative imido
radical observed on the related dipyrrin ligand platform.47a

Provided an orbital coupling pathway for electron transfer
between metal and ligand, such as present in the diazoalkane
adduct, redox communication becomes kinetically facile. In the
absence of this orbital conjugation or a large enough
thermodynamic driving force for outer-sphere transfer,
coordination complexes exhibiting both type A and B behavior
are observed, featuring disparate redox reservoirs accessible by
different oxidation mechanisms.

V. CONCLUSIONS
We have shown that tris(pyrrolido)ethane complexes of Fe2+

are capable of inner-sphere oxidation, whether one- or two-
electron oxidants are employed. In the case of two-electron

oxidation, the resultant two-electron oxidized species is
unstable and undergoes a H-atom abstraction, resulting in a
net single-electron oxidized product.
X-ray crystallography allows for direct comparison of the

Fe2+ starting materials with the products reported and suggests
oxidation at iron upon reaction. An appreciable change in 57Fe
Mössbauer isomer shifts was observed for complexes 2−7,
which is a particularly good indicator of iron-specific oxidation.
Low-temperature X-band EPR spectroscopy confirms the
oxidation states suggested by the Mössbauer data and solidifies
the S = 5/2 spin state of complexes 2−6 and reveals an S = 2
spin state of diazoalkane complex 7. Taken together, these data
unambiguously establish the oxidation state of iron to be 3+, in
spite of the known redox liability of the tpe ligand. Removal of
the diazoalkane ligand by reaction with a stronger donor
demonstrates the feasibility of reversing this oxidation.
Outer- and inner-sphere electron transfers from [(tpe)Fe-

(THF)] are localized oxidations accessing different redox
reservoirs. Oxidation is specific to the redox reservoir accessed,
with no electron transfer between reservoirs. Outer-sphere
electron transfer (via chemical or electrochemical means) is
dominated by the ligand pyrrolide subunits, whereas inner-
sphere chemical oxidation is mediated by the transition metal.
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