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ABSTRACT: This manuscript describes the formally iron(I)
complexes LMeFe(Py-R)2 (L

Me = bulky β-diketiminate; R = H,
4-tBu), in which the basal pyridine ligands preferentially accept
significant unpaired spin density. Structural, spectroscopic, and
computational studies on the complex with 4-tert-butylpyridine
(tBupy) indicate that the S = 3/2 species is a resonance hybrid
between descriptions as (a) high-spin iron(II) with antiferromagnetic coupling to a pyridine anion radical and (b) high-spin
iron(I). When the pyridine lacks the protection of the tert-butyl group, it rapidly and reversibly undergoes radical coupling
reactions that form new C−C bonds. In one reaction, the coordinated pyridine couples to triphenylmethyl radical, and in
another, it dimerizes to give a pyridine-derived dianion that bridges two iron(II) ions. The rapid, reversible C−C bond formation
in the dimer stores electrons from the formally reduced metal as a C−C bond in the ligands, as demonstrated by using the
coupled diiron(II) complex to generate products that are known to come from iron(I) precursors.

■ INTRODUCTION

Recent years have seen a burst of activity in the use of ligands
that are “noninnocent”, because they can undergo reversible
changes that facilitate reactions. Most often, these changes
indicate redox noninnocence: for example, in reduced
complexes, the ligand can accept excess charge from the
metal through an internal electron-transfer event.1 Polypyr-
idines are one of the seminal types of electron-accepting
ligands.2 Consequently, the electrochemistry, photochemistry,
and bonding interactions of redox-active bipyridine metal
complexes have been thoroughly examined.3 Recent attention
has also focused on related systems with supporting ligands that
combine pyridines with other conjugated N-donors.4

A less common form of ligand noninnocence involves
reversible bond formation within ligands. The reversible
formation of a bond can “store” the electrons from redox
noninnocence. For example, Nocera has reported that
porphyrinogen can store electrons through the reversible
formation of C−C bonds (Figure 1).5 Wolczanski has reported
reversible double C−C bond formations between bis(2-pyridyl-
azaallyl ligands.6

The work reported here utilizes pyridine as the key redox-
active ligand. Pyridine can be reduced to its radical anion
(Figure 2) at the very cathodic potential of −2.7 V vs SCE.7

Despite the demonstrations of polypyridine reduction, simple
pyridine ligands have rarely been reported to attain their radical
anion forms in transition metal complexes. A few examples of
redox-active pyridine ligands use electron-withdrawing groups
to stabilize the ligand-based radical1a,8 or are equipped with
redox-active tetrathiafulvalene groups.9

There are a number of complexes in which a reduced
polypyridine ligand undergoes an irreversible C−C bond
formation that is suggestive of ligand radical character.10

There are fewer examples of this irreversible reductive coupling
with monodentate pyridine ligands.11−13 To our knowledge,
there are no literature examples in which a C−C coupling
reaction from a redox-active pyridine in a transition-metal
complex has been demonstrated to be reversible.
In this report, iron β-diketiminate complexes of pyridine and

4-tert-butylpyridine are isolated and characterized in detail. A
combination of crystallography, spectroscopy, reactivity, and

Received: June 12, 2012
Published: November 26, 2012

Figure 1. An example of reversible C−C bond formation at a
porphyrinogen ligand.5

Figure 2. Dominant resonance structures of a pyridine radical anion.
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computations shows that a pyridine ligand in the complex
accepts an unpaired electron from the metal. Most importantly,
the pyridine complex undergoes a rapid, reversible C−C bond
forming reaction between radical pyridine ligands. The product
has electrons stored in a ligand-based C−C bond, and these
electrons may be returned to the metal for use in further
reactions.

■ RESULTS
Formation of a Mononuclear Iron−Pyridine Complex.

The iron dinitrogen complex LMeFeNNFeLMe (LMe = 2,4-
bis(2,6-diisopropylimino)pentyl) and the benzene complex
LMeFe(η6-benzene) are convenient sources of the iron(I)
fragment LMeFe.14 Addition of two or more equivalents of 4-
tert-butylpyridine (tBupy) to a solution of LMeFe(η6-benzene) in
pentane or addition of four or more equivalents of tBupy to a
solution of LMeFeNNFeLMe in pentane produces a dark green
solution. The product, LMeFe(tBupy)2 (1), may be isolated in
82% yield using either method. The X-ray crystal structure of 1
shows two independent molecules in the asymmetric unit; they
are nearly identical and one of them is shown in Figure 3. This
is the first crystallographically characterized pyridine complex of
a formally iron(I) ion.15,16

In 1, the apical Fe−Npy bond distances are 2.058(4) and
2.070(4) Å, and the basal Fe−Npy bond distances are 1.936(4)
and 1.930(4) Å. All of these Fe−Npy distances are at least one
standard deviation shorter than the average of iron complexes
of monodentate pyridines in the Cambridge Structural
Database, and the basal Fe−Npy bond distances are significantly
(0.03 Å) shorter than any reported Fe−Npy bond distance.17

This suggests that the basal pyridine resembles an anionic
amido ligand, as shown in the right-hand resonance structure in
Figure 4.
The structural parameters within the pyridine ligands of 1 are

also consistent with distortion toward a tBupy•− formulation.
The C−N bond distances in the basal tBupy ligand are
significantly longer than in free 4-tert-butylpyridine (Figure
5). The distortions are almost as extensive as those in the
radical anion of pyridine but do not indicate complete one-

electron reduction. The distortion of the apical pyridine in 1 is
much less than in the basal pyridine. This structural measure
further supports the assignment of the basal pyridine ligand as
having radical anion character.

Spectroscopic and Magnetic Characterization of
LMeFe(tBupy)2. The X-ray crystal structure of compound 1
has pseudo-Cs symmetry, with an approximate mirror plane
bisecting both the N2C3Fe plane and the basal tBupy and
containing the apical tBupy (see Figures 3 and 4 above).
However, the 1H NMR spectrum of 1 in C6D6 indicates
averaged C2v symmetry in solution, with nine paramagnetically
shifted resonances (three for tBupy and six for the β-
diketiminate). The higher symmetry of 1 in solution is
attributed to movement of the tBupy ligands between apical
and basal positions rapidly on the 1H NMR time scale. The 1H
NMR resonances do not shift in the presence of 10 equiv of
tBupy, indicating that the tBupy ligands do not exchange with free
tert-butylpyridine on the NMR time scale and that the basal/
apical pyridine exchange is intramolecular.
The distinctive electronic absorption spectrum of 1 in hexane

is shown in Figure 6. The solid state and solution electronic
absorption spectra of 1 are indistinguishable. The most
prominent features are intense low-energy bands at λmax =
847 nm (ε = 6400 M−1cm−1) and λmax = 1245 nm (ε = 5600
M−1cm−1). A Gaussian fit to the low-energy region (Figure 10
below) indicates that these correspond to electronic transitions
at 11678 cm−1 ( fosc = 0.010) and 7606 cm−1 ( fosc = 0.071). The
intense low-energy transitions have been observed in complexes
of bipyridine radical ligands and are typically attributed to a
ligand−ligand charge transfer (LLCT) or a π−π* transition
within a radical anion ligand.3,18,19 The assignments for the
bands in 1 will be explored in more detail below using
computations.
Solid-state magnetic susceptibility studies of solid 1 at 1 T

(Figure S1, Supporting Information) give a magnetic moment
near 3.7 μB above 100 K, which is close to the expected 3.9 μB

Figure 3. Molecular structure of LMeFe(tBupy)2 (1), using 50% thermal
ellipsoids. The 2,6-diisopropylaryl groups and hydrogen atoms have
been removed for clarity. Only one of the two molecules in the
asymmetric unit is shown. Selected bond distances (Å) and bond
angles (deg): Fe1−N14, 1.936(4); Fe1−N15, 2.058(4); Fe1−N11,
1.989(4); Fe1−N21, 1.982(4); N14−Fe1−N15, 98.8(2); N11−Fe1−
N14, 121.7(2); N21−Fe1−N14, 127.4(2); N21−Fe1−N11, 96.1(2);
N11−Fe1−N15, 108.3(2); N21−Fe1−N15, 102.4(2).

Figure 4. Two resonance structures for compound 1. On the left is an
iron(I) resonance structure, and the right resonance structure shows
an anionic pyridine radical in the basal position of an iron(II) complex.

Figure 5. Comparison of the distances within the pyridine rings in the
crystal structure of 1 (labeled “basal” and “apical”) to those in the
B3LYP/TZVP geometry-optimized structures of tBupy (right) and its
radical anion (left). The highlighted C−N distances show the largest
difference in bond length between tBupy and tBupy•−. Uncertainties in
the crystallographically determined bond distances in 1 are less than
0.01 Å.
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for an S = 3/2 paramagnet. At lower temperatures, the
magnetic moment decreases due to zero-field splitting.
Temperature- and field-dependent susceptibility data could be
simulated with an axial zero-field splitting parameter of D = −8
cm−1 (Figure S1, Supporting Information). The quartet spin
state (S = 3/2) is also evident from the derivative X-band EPR
spectrum of 1 recorded in frozen toluene/benzene solution at
several temperatures (Figure 7). The spectrum is dominated by
a sharp peak at geff ≈ 6 (labeled Y1) and a broad derivative line
centered below geff = 2. The features can be assigned to the mS
= ±3/2 Kramers doublet of an S = 3/2 system with large zero-
field splitting and high rhombicity (E/D). A second peak at geff

≈ 5 (Y2) is seen at temperatures above 4 K, which originates
from thermal population of the second Kramers doublet mS =
±1/2 in a system with a negative zero-field splitting parameter
D. The temperature dependence of the ratio of intensities Y2
and Y1 fits to D = −5.9 cm−1 (inset of Figure 7), which
compares well with the value from the susceptibility studies
(−8 cm−1). Simulations of the EPR spectra recorded at several
temperatures are shown as red lines in Figure 7 and Figure S2,
Supporting Information, and indicate that E/D = 0.27 and
intrinsic g = (2.147, 2.015, 2.116). These parameters indicate
the presence of a nondegenerate orbital ground state.
It is interesting to compare these parameters to those for the

four-coordinate tetrazene iron complex LMeFe(AdNNNNAd)
(S = 3/2; D = −16 cm−1; E/D = 0.06), which was assigned as
an iron(II) complex with a coordinated radical.20 Both this
complex and 1 have spin quartet ground states, characterized by
large, negative zero-field splitting parameter D. The similar size
and the same sign of D indicate similar ground states with low-
lying excited states. The lower D in 1 presumably reflects
slightly higher relative energies of the excited states (this also
gives less extreme effective geff values in 1, which make the EPR
spectrum easier to detect than the highly anisotropic pattern for
LMeFe(AdNNNNAd)). The only major difference is in the
rhombicity of the zero-field splitting, which is higher in 1 (0.27
vs 0.06). The mS = ±1/2 Kramers doublet of the spin quartet
can be observed for 1, whereas the larger zero-field splitting
prevented this in the more axial tetrazene complex. Overall, the
spectroscopic features of 1 are similar to LMeFe(AdNNNNAd),
and the different details can be explained by the change in the
magnitude and rhombicity of zero-field splitting between the
complexes.
The zero-field Mössbauer spectrum of a solid sample of 1 at

80 K has a quadrupole doublet with isomer shift δ = 0.79 mm/s
and quadrupole splitting |ΔEQ| = 0.59 mm/s (Figure 8). The
asymmetry of the spectrum is consistent with intermediate spin
relaxation, which is common for paramagnetic compounds with

Figure 6. The electronic absorption spectrum of LMeFe(tBupy)2 (1) in
the solid state (blue line) and in hexane solution (black line). A
spectrum on a linear energy scale with Gaussian fits is given in the
Supporting Information.

Figure 7. X-band EPR spectrum of LMeFe(tBupy)2 (1) recorded in 3:1
(v/v) toluene/benzene glass at 10 K. Parameters: microwave
frequency 9.386 GHz, microwave power 20 μW, modulation 1 mT/
100 kHz, time constant 82 ms. The red line represents a spin
Hamiltonian simulation for S = 3/2 with D = −5.9 cm−1, E/D = 0.27,
and g = (2.147, 2.015, 2.116). The line shape of the powder spectrum
was obtained with a frequency-dependent Gaussian line width of 40
mT at g = 1 and a Gaussian distribution of the rhombicity parameter
with half width σ(E/D) = 0.052. The inset shows the intensity ratio of
the peak amplitudes Y2/Y1 (black dots) and a fit with a Boltzmann
function for the energy gap 2D of the Kramers doublets (Y2/Y1 =
constant e−2D/(kT), red line).

Figure 8. Zero-field Mössbauer spectra of LMeFe(tBupy)2 (1) and
{LMeFepy}2(μ-C10H10N2) (2) recorded at 80 K. The black circles are
the data, and the red lines represent simulations of the spectra using
the parameters in the text.
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half-integer spin.20 The isomer shift of 1 is close to that for the
four-coordinate iron(I) complex LMeFe(NCtBu)2 (δ = 0.72
mm/s)21 but is also near the four-coordinate iron(II) complex
{LMeFe}2(N6Ad2) [N6Ad2 = 1,6-bis(1-adamantyl)-
hexaazadienyl] (δ = 0.75 mm/s).22 It is also similar to the
aforementioned tetrazene complex that was assigned as iron(II)
with a coordinated radical (δ = 0.69 mm/s).20 However,
because the isomer shift ranges are similar for high-spin iron(I)
and high-spin iron(II) compounds of β-diketiminates, this
measure does not serve as a clear criterion for assignment of the
oxidation state at the iron center.
DFT Analysis of LMeFe(tBupy)2. The electronic structure of

1 (using the crystallographic positions of all atoms) was
examined with the ORCA suite of programs, using the TPSSh
functional23 with the SVP basis set on hydrogens and TZVP
basis set on all other atoms.24 Several functionals were tested,
and TPSSh/TZVP was chosen because it accurately predicts
the experimentally observed spectral features. The quartet state
is calculated to be the ground state (the sextet and doublet
states are higher in energy by at least 60 kcal/mol), in
agreement with the experimentally determined magnetic
moment and EPR spectra. The predicted25 Mössbauer
parameters of δ = 0.76 mm/s and |ΔEQ| = 0.53 mm/s agree
well with the experimental parameters (δ = 0.79 mm/s, |ΔEQ| =
0.59 mm/s). The low-energy part of the UV−vis spectrum also
has reasonable agreement with that predicted by TD-DFT
computations at the same level of theory (see below).
The spectroscopically validated computational model at the

crystallographic geometry of 1 indicates frontier orbitals in
which most pairs of α (spin-up) and β (spin-down)
corresponding orbitals have an overlap of >0.95.26 Figure 9
shows matching α and β orbital pairs as single orbitals. In
contrast, one pair of one-electron orbitals has a lower overlap of
0.89, and these corresponding orbitals are shown as adjacent
horizontal lines. The low overlap suggests contribution from a
ligand-based radical with the β spin on the ligand
antiferromagnetically coupled to the four α spins on a high-
spin iron(II) center. This coupling leads to an overall quartet (S
= 3/2) ground state as observed experimentally.
The energy ordering of the frontier orbitals in Figure 9 is as

expected for a pseudotetrahedral geometry. Though the orbital
splitting of a tetrahedron is typically described with dz2 and
dx2−y2 as the low-lying orbitals, the axes in Figure 9 are rotated
45° from the S4 axis of a tetrahedron; this leads to the orbital
labels found in the figure. The key orbital with a β spin (Figure
9, right) arises from π-bonding between the iron dz2 orbital and
the π* LUMO of the basal tBupy ligand. This β orbital is not
completely ligand-localized; note that it has more than 50%
metal character, and thus the DFT computations suggest an
electronic structure that is best viewed as a resonance hybrid
between iron(I)−pyridine and iron(II)−pyridine radical
resonance structures in Figure 2. However, the pyridines clearly
have radical character with an opposite spin to that on the
metal: the Löwdin spin density is −0.27 on the basal pyridine
ligand, with −0.18 e− of this on the para position (Figure 9,
bottom).
Time-dependent DFT (TD-DFT) analysis of the same

model predicts two intense low-energy electronic transitions at
10197 cm−1 ( fosc = 0.082) and 11823 cm−1 ( fosc = 0.040), in
rough agreement with the observed bands at 7606 ( fosc =
0.071) and 11678 cm−1 ( fosc = 0.010). Figure 10a shows the
observed spectrum and Gaussian fits to the three major low-
energy transitions, and Figure 10b shows the predicted

transition energies with sticks indicating the oscillator strength
of each transition. The predicted oscillator strengths give a
predicted spectrum that has peaks of roughly the same size as
the experimental spectrum (Figure 10c). The match between
the predicted and experimental spectra is comparable to that
seen in other systems.27

Tentative assignments of the bands to the most intense
transitions are indicated by arrows connecting the data in
Figure 10a to the predictions in Figure 10b. Each of the intense
transitions has multiconfigurational character, and thus is not
rigorously described by TD-DFT, further suggesting caution in
the assignments.27 With these caveats, we interpret the intense
predicted bands using the difference densities between the
ground-state and excited-state orbitals (Figure 11). The intense
band calculated at 10198 cm−1 has its largest contribution from
dxy → apical py MLCT (69%), and the one at 11824 cm−1 has
contributions from multiple d−d transitions.28 The higher-
energy predicted band at 18585 cm−1 is MLCT from the metal
to the π-system of the β-diketiminate ligand. The LLCT
transition from the basal to apical pyridine is associated with
the lowest-energy predicted transition at 6692 cm−1 (1494 nm),
but it has a much smaller predicted intensity ( fosc = 0.001). An
even smaller intensity ( fosc = 0.0001) is predicted for MLCT to
the basal pyridine (8749 cm−1). Analysis of the donor and
acceptor natural transition orbitals29 suggests that the π orbitals
for the two pyridine ligands are orthogonal to one another,

Figure 9. (top) Ligand-field quasi-restricted molecular orbitals from
the DFT model of 1, overlaid on the core of the molecule. The
composition of each molecular orbital is shown. One α (spin-up) and
one β (spin-down) orbital have a relatively low spatial overlap of 0.89,
and this β electron lies largely on the basal pyridine. (bottom) The
basal pyridine has significant spin density with an opposite sign to that
of the iron, implying a ligand radical with antiferromagnetic coupling
to the metal spin.
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which offers a reasonable explanation why the LLCT transitions
have small oscillator strengths. Thus, the excited-state
computations suggest that the LLCT transition often cited as
evidence for a ligand radical3,18 can be very small and that
intense low-energy bands should be assigned with care in these
complexes.

Coupling of Unprotected Pyridine Ligands Forms a
New C−C Bond in a Diiron(II) Complex. Addition of 2
equiv of pyridine (Py) to LMeFe(η6-benzene) or 4 equiv of Py
to LMeFeNNFeLMe in pentane results in an immediate color
change to green. Crystallization from the concentrated green
solutions gives red crystals in 92% yield. The molecular
structure of {LMeFePy}2(μ-C10H10N2) (2) shows that pyridine
ligands from different iron centers couple to form a C−C bond
between the para positions of each ring (Figure 12). We
presume that this C−C coupling did not occur in 1 because of
the bulky tert-butyl substituents.
In the crystal structure of 2, the diiron molecule lies on a

crystallographic 2-fold rotation axis that bisects the central C−
C bond; thus one-half of the molecule is unique. Reduction of
the pyridine to give a bridging dianionic ligand is consistent
with electron localization as C−C double bonds in the
heterocycle (Figure 12, bottom). The bond lengths of C14−
C24 (1.336(5) Å) and C44−C54 (1.339(5) Å) indicate C−C
double bonds, while the bond lengths of C24−C34 (1.494(5)
Å) and C34−C44 (1.488(5) Å) indicate C−C single bonds.
The C−N bond lengths for C14−N14 and C54−N14,
1.383(4) Å and 1.397(4) Å, are closer to C−N single bonds.
The C34−C34A bond, which links the two rings, is a C−C
single bond (1.563(6) Å). The presence of the unusual

Figure 10. (a) Gaussian fit to the electronic absorption spectrum. The
experimental spectrum is a thick black line; individual Gaussians are
thin colored lines, and the sum of the fit Gaussians is a dashed gray
line. (b) Calculated transitions, and a tentative correlation with
observed bands (arrows). (c) Experimental spectrum and Gaussian fits
from the spectrum in panel a, overlaid upon a predicted spectrum
(dashed red line) based on the calculated transitions.

Figure 11. Electron density difference maps for key predicted
transitions. Electrons move from yellow areas to red areas upon
excitation.

Figure 12. (top) Molecular structure of {LMeFePy}2(μ-C10H10N2) (2),
using 50% thermal ellipsoids. The cocrystallized solvent, 2,6-
diisopropylphenyl groups, and hydrogen atoms have been removed
for clarity. Selected bond distances (Å): C34−C34A, 1.563(6); Fe1−
N14, 1.942(3); Fe1−N24, 2.123(3); Fe1−N11, 1.999(3); Fe1−N21,
2.003(3). (Bottom) Bond lengths (Å) in the apical pyridine ligand of
2, the basal (coupled) pyridines of 2, and the basal (coupled) pyridine
of 3 (see below). Uncertainties in the crystallographically determined
bond distances are less than 0.01 Å.
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dianionic bridging ligand implies an oxidation state of +2 at
both iron atoms.
The effective magnetic moment of solid 2 above 200 K is

about 7.0 μB, which is slightly higher than the spin-only value
for two uncoupled high-spin iron(II) ions (6.3 μB). The
presence of weak ferromagnetic coupling is shown by a slight
increase of the values at lower temperatures with a maximum at
about 15 K (Figure S6, Supporting Information). The data
could be simulated with an exchange coupling constant J = +0.6
cm−1, gav = 2.01, and moderately strong zero-field splitting of D
= +13 cm−1.
The zero-field Mössbauer spectrum of solid 2 at 80 K has a

symmetric quadrupole doublet with δ = 0.77 mm/s and |ΔEQ|
= 1.57 mm/s (Figure 8, bottom). The isomer shift is again
within the range of four-coordinate high-spin iron(II) β-
diketiminate complexes (δ = 0.69−0.90 mm/s and |ΔEQ| =
1.32−3.12 mm/s).20,22,30 The isomer shift of 2 is close to the
isomer shift of 1 (δ = 0.79 mm/s), consistent with the similar
Fe−N(diketiminate) and Fe−N(basal pyridine) bond lengths
in the crystal structures of 1 and 2.31 The similarity between 1
and 2 in the isomer shift and in the distances between iron and
the key in-plane ligands are consistent with the idea that the
iron remains in the same oxidation state. The iron(II)
formulation will also be discussed below in the context of
compound 3.
In Solution, 2 Dissociates To Give Monomeric

LMeFe(Py)2 (21). Dissolving the red crystals of 2 in pentane,
toluene, Et2O, or THF gives a green solution, suggesting a
change in the structure of the complex. The solution absorption
spectrum of 2 is strikingly similar to the absorption spectrum of
1 (Figure 13). This includes the intense absorption bands in

the long-wavelength region, which in 2 are slightly blue-shifted
to λmax = 820 nm (ε = 5600 M−1 cm−1) and 1185 nm (ε = 5300
M−1 cm−1). The similarity of the electronic absorption
spectrum of 2 in solution to that of 1 suggests that dissolved
2 is in the form LMeFe(Py)2 (21).

Comparison of the solution and solid-state electronic
absorption spectra of 2 (Figure 13) indicates a significant
difference in electronic structure. The spectrum in the solid
state (formed by drying a thin film on a glass slide) has maxima
at λmax = 430 and 522 nm. These agree well with those for
compound 3, which has a reduced pyridine ligand as in 2 (see
below). Smaller peaks at longer wavelength align with 21,
indicating that dimerization is not complete under these
conditions.
Compound 2 has C2 symmetry in the solid state, but the 1H

NMR spectrum of 2 in C6D6 has relatively few peaks,
suggesting higher solution symmetry as might occur if 2 were
dissociating into monomeric units. The addition of pyridine (10
equiv) does not change the spectrum. The resonances could
not be assigned fully, due to overlaps with solvent resonances,
but the small number of peaks is clearly inconsistent with the
low-symmetry solid-state structure. Importantly, the diketimi-
nate peaks that could be assigned by relative integrations have
chemical shifts close to the analogous peaks in the 1H NMR
spectrum of 1. Thus, 1H NMR spectroscopy also supports the
production of monomeric LMeFe(Py)2 (21) in solution.
The derivative X-band EPR spectrum of a frozen solution of

2 in toluene at 6 K (Figure S7, Supporting Information) closely
resembles the spectrum of 1. The observation of an EPR signal
in perpendicular mode (B1⊥B0) suggests a half-integer spin
system, which is inconsistent with the diiron(II) formulation
indicated by solid-state crystallographic and Mössbauer data.
Attempts to collect clean Mössbauer spectra of solutions of 2
have been unsuccessful. However, the EPR and UV−vis
evidence serve as very strong evidence that 2 has a structure
in solution (21) that resembles 1.
As an additional test of the solution structure and radical

pyridine character on 21, a solution of 2 was treated with
triphenylmethyl radical (•CPh3, which is isolated as the
“Gomberg dimer”32). Adding 1 equiv of •CPh3 per iron in 2
gave an immediate change to a red compound (3, Scheme 1)
with a visible spectrum that closely resembles the solid-state
spectrum of 2 (Figure 13). X-ray crystallography revealed that
the structure of 3 (Figure 14) has a new C−C bond akin to that
in the solid-state form of 2. The new C−C bond in 3 (C34−
C64 = 1.575(6) Å) is the same length as the C−C bond in the

Figure 13. Electronic absorption spectra of {LMeFePy}2(μ-C10H10N2)
(2) as a solution (solid black line) and as a solid (dashed green line),
compared with the spectrum of LMeFe(tBupy)2 (1) in hexane (gray
line) and of LMeFe(Py)(NC5H5CPh3) (3) in toluene (blue dashed
line).

Scheme 1. Reactivity of 21 with Triphenylmethyl Radical To
Form 3
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dimer 2 (1.563(6) Å). By comparison, the coupling of two
triphenylmethyl radicals (Gomberg’s dimer) yields a relatively
long C−C bond (1.597(4) Å).33 In addition, the C−C and C−
N bond lengths of the reduced pyridine ligands in compounds
2 and 3 are very similar, as shown in Figure 12.
Other spectroscopic parameters of 3 are very similar to those

for 2. Its visible spectrum (λmax = 438/519 vs 430/522) and
Mössbauer spectrum (δ = 0.75 vs 0.77 mm/s, |ΔEQ| = 1.66 vs
1.57 mm/s) are almost identical to those of solid-state 2. The
isomer shifts (δ) are similar to those of β-diketiminate iron(II)
complexes bearing two nitrogen ligands with anionic character,
{LMeFe}2(N6Ad2) (δ = 0.75)22 and K[LMeFe(AdNNNNAd)]
(δ = 0.81).20 These data, as well as solution magnetic
measurements, are consistent with 2 and 3 having high-spin
iron(II) electronic configurations. Also, the coupling of •CPh3
with 21 to give 3, an iron(II) product with a reduced ligand and
a new C−C bond, serves as additional support for radical
character at the para position of the pyridine ring in 21.
Complexes 1 and 2 Have the Same Solution

Reactivity. If the iron(II) complex {LMeFePy}2(μ-C10H10N2)
(2) is present as the monomeric complex LMeFe(Py)2 (21) in
solution, it should react like 1 in reactions that do not involve
the pyridine ligand directly. Since 1 is expected to act as a
source of the “LMeFe” fragment through displacement of the
pyridine ligands, we tested 1 and 2 in previously established
reactions of β-diketiminate-supported iron(I) precursors, as
shown in Scheme 2.
In previous work, LMeFeNNFeLMe was shown to react with

pyridines and adamantyl azide (N3Ad) to give a short-lived
four-coordinate iron(III) imido complex, LMeFe(Py)-
(NAd).34,35 Imido complexes with various para-substituted
pyridines react rapidly with weak C−H bonds to give the well-
characterized four-coordinate iron(II) amido complex, LMeFe-
(Py)(NHAd).35 The addition of 1 equiv of N3Ad and 10 equiv
of 1,4-cyclohexadiene to 1 in C6D6 yields the previously
characterized34,35 amido complex LMeFe(tBupy)(NHAd) in 91%
yield based on an internal 1H NMR integration standard
(Scheme 2). Exposure of compound 2 to the same reaction
conditions gives the analogous amido complex LMeFe(Py)-
(NHAd) in 68% yield.
Also, LMeFeNNFeLMe is known to react quantitatively with

tert-butylisocyanide (CNtBu) to give the iron(I) tris-
(isocyanide) complex, LMeFe(CNtBu)3 (Scheme 2).36 LMeFe-

(CNtBu)3 is a low-spin (S = 1/2) iron(I) compound that can
be easily identified and quantified by double integration of its
derivative X-band EPR spectrum at 77 K. Addition of ∼10
equivalents of CNtBu to a solution of 1 in toluene yields a
solution of LMeFe(CNtBu)3 in quantitative yield. Likewise, the
exposure of a solution of 2 in toluene to ∼10 equiv of CNtBu
yields LMeFe(CNtBu)3 in 81% yield based on an EPR
integration standard. Since 2 reacts as iron(I) in solution, it
either must be present in solution as LMeFe(py)2 (21) or can
easily be converted to this form.
Overall, the reactivity of 2 is consistent with the hypothesis

that 2 uncouples in solution to produce 21, which behaves
similarly to 1. Despite the iron(II) character in the ground state
of these complexes, they react in a way that indicates that the
metal maintains the reducing ability of an iron(I) complex.

■ DISCUSSION
Ligand Redox Noninnocence in LMeFe(tBupy)2. Mag-

netic, EPR, and computational data show that LMeFe(tBupy)2
(1) has an S = 3/2 ground state. This implies that 1 is formally
high-spin iron(I). However, a reducible ligand such as pyridine
can accept charge to give a ground state in which one electron
from the iron center is transferred to the ligand. The result is a
high-spin iron(II) complex (SFe = 2) and a coordinated radical
anion (SL = 1/2) that are antiferromagnetically coupled to give
a Stotal = 3/2 ground state. As long as the antiferromagnetic
coupling is sufficiently strong, this situation cannot be
distinguished from the high-spin iron(I) form on the basis of
the bulk magnetism or the EPR data alone.
The presence of redox-active ligands in metal complexes

makes the determination of the metal oxidation state
ambiguous without extensive experimental evidence using a
combination of quantum chemical calculations and spectro-
scopic techniques.1,4 Mössbauer spectroscopy (in particular the
isomer shift) has been used in a number of cases to establish
the “physical” oxidation state of an iron ion.37 However, high-
spin iron(I) and high-spin iron(II) centers have similar isomer
shifts, which complicates assignment of the oxidation state in 1.
It is important to recall that a filled iron d orbital can also

backbond into an empty π* orbital on the tBupy ligand. This is
partial donation of an electron pair from iron to pyridine, which

Figure 14. Molecular structure of LMeFe(Py)(NC5H5CPh3) (3), using
50% thermal ellipsoids. The 2,6-diisopropylphenyl groups and
hydrogen atoms have been removed for clarity. Selected bond
distances (Å): Fe1−N11, 1.992(3); Fe1−N21, 1.999(3); Fe1−N14,
1.945(4); Fe1−N15, 2.119(4), C34−C64, 1.575(6). See Figure 12 for
bond distances within the pyridine ring.

Scheme 2. Reactivity of 1 and 21
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is not the same as donation of a single electron (as in redox
noninnocence) because the spin density on the ligand is the
same sign as the metal in backbonding but has the opposite sign as
the metal in a radical ligand complex with antiferromagnetic
coupling between the metal and ligand.38 Formally iron(I)
complexes supported by bulky β-diketiminate ligands have been
shown to exhibit both of these bonding scenarios (one-electron
transfer and two-electron backbonding).21 For example,
LMeFeNNFeLMe has a overall spin of S = 3 and is formally
diiron(I).14 However, experimental and computational studies
concluded that LMeFeNNFeLMe is best described as two high-
spin iron(II) centers (S = 2) that are antiferromagnetically
coupled to a reduced dinitrogen ligand with a spin of S = 1.39 In
contrast, the formally iron(I) complex LMeFe(tBuCN)2 has only
two-electron backbonding, based on experimental and
computational data.21 In these examples, examination of the
experimental and computational results together was necessary
to clarify the electronic structure of the complex.
In this context, we evaluate the data for 1. The bond

distances from the iron to the basal pyridine in the X-ray crystal
structure are significantly shorter than expected for a tBupy
ligand with a dative bond to iron. Most strikingly, the distance
to the basal pyridine nitrogen is the shortest Fe−Npy distance in
the literature.16 In addition, the C−N bond lengths within the
basal tBupy ligand are elongated by 0.03−0.04 Å relative to free
pyridine, which also indicates extra electron density on the
tBupy ligand. These effects are consistent with either π-
backbonding or reduction of the basal tBupy ligand.
The quantum-chemical model of the quartet state of 1 shows

one β electron in an orbital that can be described as the
bonding combination of the dz2 orbital with the π* orbital on
the basal tBupy ligand. This bonding interaction causes the short
Fe−Npy bond distance discussed above. The overlap (S) of the
orbitals containing the corresponding α and β electrons is
0.89.40 This value is not as low as in many well-characterized
ligand-radical complexes, which are often in the 0.3−0.5 range
and unambiguously indicate a radical ligand with antiferro-
magnetic coupling to the metal.41 Values in the range of 0.7−
0.9 indicate that the antiferromagnetic coupling between the
ligand and the metal is increasingly large but are still indicative
of ligand radicals.42 In 1, the exchange coupling is calculated as
ca. −1200 cm−1,43 and this strong antiferromagnetic coupling
prevents any significant thermal population of states above the
quartet ground state.
Importantly, the spin density on the basal pyridine in 1 is

opposite of that on the metal, which is a clear sign of a
significant contribution from a resonance structure with high-
spin iron(II) complex and a coordinated radical (Figure 4,
right). Also indicating radical character, the unprotected
compound 2 reacts with •CPh3 at the pyridine ligand to give
a radical coupling product (3). On the other hand, the DFT
results indicate that the pyridines do not accept a full electron
in the ground state: the highest-lying β electron lies largely on
the metal as well as the pyridine ligand, and the high-intensity
electronic absorption bands at low energy have primarily
MLCT character rather than LLCT character, indicating
significant contribution from an iron(I) resonance structure.
Therefore, we describe 1 and 21 as being a resonance hybrid
between these two structures.
{LMeFePy}2(μ-C10H10N2) (2) Is Formed by the Coupling

of Pyridine Ligand Radicals. In the pinacol coupling
reaction, one-electron reduction of a ketone or aldehyde yields
carbon radicals that couple to form a pinacolate product.44 We

have reported the coupling of acetophenone by
LMeFeNNFeLMe to give the corresponding diiron(II) pinacolate
complex, which was suggested to come from one-electron
reduction of the ketone.14 However, in that case, there was no
spectroscopic evidence for an intermediate with a bound
radical.
As noted in the Introduction, pyridine can be reduced

electrochemically or with strong chemical reducing agents. The
pyridine radical anion itself dimerizes to give a coupled dimeric
dianion, on a time scale of seconds to minutes.45 In liquid
ammonia, CV data suggest that the coupling reaction is
reversible.7 The spectroscopic and structural methods available
in transition-metal complexes can lead to better character-
ization of this phenomenon. It should be noted that there are
examples of irreversible coupling of pyridine via reduction with
strong alkali39 and main group46 reducing agents. There are
also main-group compounds where radical pyridine groups
have been identified41 and an interesting reduced iron−
pyridinediimine complex in which the para position of the
pyridine formed a new bond to another iron atom.47

The reductive coupling of pyridine ligands by transition
metals to give the reduced dianion is rare.11,12 Literature
examples of the reductive coupling of pyridine by d-block (Sc,
Ti)12 and f-block (Sm, Tm)13 metals to give the corresponding
metal complex use highly reducing metal centers and yield a
diamido ligand like that observed here. There are also other
examples where the reductive coupling of pyridine results in the
formation of bipyridine from a subsequent oxidation that
occurs in the reaction conditions.11 All of these examples are
stoichiometric; however, the catalytic dehydrogenative coupling
of pyridines to give bipy was recently reported.48 To our
knowledge, compound 2 is the first report of the reductive
coupling of pyridine with iron, and it is the only example with
any metal where the coupling is reversible. A related reversible
coupling reaction of imidazole ligands was reported recently.49

The crystal structure of 2 shows C−C and C−N bond
distances that are consistent with localized electrons in the
bridging ligand, and a long C−C single bond between the
halves of the ligand. Solid state magnetic susceptibility and
Mössbauer data are consistent with 2 being a diiron(II)
complex. However, dissolution of dark red crystals of 2 in
organic solvents yielded a dark green solution with 1H NMR,
electronic absorption, and EPR spectroscopic properties similar
to 1. These spectroscopic measurements are complemented by
reactivity studies showing a close analogy between the reaction
products from 1 and from 2 in solution. These results show
that the reductive coupling of 2 is reversible to give monomeric
LMeFe(py)2 (21) in solution (Scheme 3).
The low barrier and the reversibility of the radical

dimerization in Scheme 3 are surprising. Reversible reductive
coupling of ligand C−C bonds can be spontaneous6,49 but
typically requires addition of a reagent.50 In a different example,
reduction of a cationic molybdenum diazotolyl complex yielded
a C−C bond via radical dimerization of the diazotolyl ligands
on different metals, which was reversed upon the addition of
cobaltocene.50b The behavior of 2 is reminiscent of Gomberg’s
dimer of triphenylmethyl radicals, which rapidly interconverts
between monomeric and dimeric forms.32 In Gomberg’s dimer,
the bond dissociation enthalpy has been measured as ΔH = 11
kcal/mol.51 Although it has not been possible to measure the
equilibrium constant between 21 and 2 because of the inability
to analyze sufficiently concentrated solutions, the bond energy
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of the new C−C bond in 2 must be similar (roughly 10 kcal/
mol).
In the system described here, it is exciting that the electrons

stored in the C−C bond can be used to produce an incipient
iron(I) center that does further chemistry. For example,
dissolving 2 and adding 1-adamantyl azide (AdN3) gives the
iron(III) imido complex LMeFe(NAd)(Py), which in turn can
activate C−H bonds. This is related to other recent work using
redox-active ligand complexes1,4,52 but differs in that the
potentially unstable ligand radical is “protected” by formation
of a C−C bond. This type of reversible dimerization is not
limited to the reductive chemistry used here; reversible
formation of a C−N bond was recently described in a highly
oxidizing iron(III)−imido radical complex.53

The observations in this paper raise a more general question:
how much ground-state ligand radical character is needed to
observe radical reactions at the ligand? This general question
cannot be answered thoroughly from the single example
studied here in depth, but it is clear that the ligand radical
character in 1 is less than that in many other ligand radical
complexes.1−3 We speculate that the C−C bond formation in
this system is reversible because the radical character on the
pyridine is limited; a more developed radical would be higher in
energy and tip the thermodynamic balance toward the
formation of the C−C bond.

■ CONCLUSIONS
Pyridines coordinate to diketiminate-supported iron(I) to give
bis(pyridine) adducts in solution. Spectroscopic studies show
that the compounds have an S = 3/2 ground state.
Spectroscopically calibrated DFT calculations and bond lengths
show that the basal pyridine has significant radical character.
Thus, the ground state is balanced between iron(I) and high-
spin iron(II) antiferromagnetically coupled to a radical. Unless
protected with a tert-butyl group, the para positions on the
basal pyridines can form new C−C bonds. Reaction with
triphenylmethyl radical leads to a complex with an amido ligand
derived from the pyridines, and the para positions can also
couple to form a bimetallic complex with a bridging diamido
ligand. The dimerized product is formally diiron(II), because
the reducing electrons are fully transferred to the bridging
ligand. Surprisingly, the dimerization is rapidly reversible, and

thus the electrons stored in the C−C bond can be used to
achieve iron(I)-like reactivity from an iron(II) complex.

■ EXPERIMENTAL SECTION
General Considerations. All manipulations were performed

under an argon atmosphere (or nitrogen atmosphere where specified)
by Schlenk techniques or in an M. Braun glovebox maintained at or
below 1 ppm of O2 and H2O. Glassware was dried at 150 °C
overnight, and Celite was dried overnight at 200 °C under vacuum.
Pentane, hexane, benzene, diethyl ether, and toluene were purified by
passage through activated alumina and Q5 columns from Glass
Contour Co. THF was distilled under N2 from a potassium
benzophenone ketyl solution. All solvents were degassed prior to
entry into the argon glovebox. All solvents were stored over 3 Å
molecular sieves. Benzene-d6 was dried and stored over flame-activated
alumina. Toluene-d8 and THF-d8 were vacuum transferred from
sodium benzophenone ketyl solutions and were stored over 3 Å
molecular sieves. Before use, an aliquot of each solvent was tested with
a drop of sodium benzophenone ketyl in THF solution. Pyridine and
4-tert-butylpyridine were dried by either distillation or vacuum transfer
from calcium hydride and were stored over 3 Å molecular sieves. 1-
Adamantyl azide was crystallized from pentane prior to use, and tert-
butylisocyanide was used as received. LMeFeNNFeLMe and LMeFe(η6-
benzene) were prepared by published procedures.14 Gomberg’s dimer
(1-diphenylmethylene-4-triphenylmethyl-2,5-cyclohexadiene) was pre-
pared according to a published procedure.54

1H NMR data were recorded on a Bruker Avance 500 spectrometer
(500 MHz) or a Bruker Avance 400 spectrometer (400 MHz). All
resonances in the 1H NMR spectra are referenced to residual protiated
solvents: benzene (δ 7.16 ppm), toluene (δ 2.09 ppm), or THF (δ
3.58 or 1.73 ppm). Resonances were singlets unless otherwise noted.
X-band EPR spectra were recorded on a Bruker EMXplus
spectrometer with a perpendicular-mode cavity. An Oxford Instru-
ments ESR 900 cryostat and Oxford Instruments ITC503 temperature
controller were used to maintain the set temperature. IR data were
recorded on a Shimadzu FTIR spectrophotometer (FTIR-8400S)
using a KBr pellet. UV−vis spectra were recorded on a Cary 50
spectrophotometer using Schlenk-adapted quartz cuvettes with a 1
mm optical path length. NIR spectra were recorded on a Perkin-Elmer
Lambda 950 UV−vis−NIR spectrometer using Schlenk-adapted
quartz cuvettes with a 1 mm optical path length. Solid state vis−
NIR spectra were recorded on a Perkin-Elmer Lambda 950 UV−vis−
NIR spectrometer by drying a thin film of solution on a glass plate,
which was inserted into a 1 cm optical path length cuvette. Solution
magnetic susceptibilities were determined by the Evans method.55

Elemental analyses were obtained from the CENTC Elemental
Analysis Facility at the University of Rochester. Microanalysis samples
were weighed with a PerkinElmer model AD-6 autobalance, and their
compositions were determined with a PerkinElmer 2400 series II
analyzer and handled in a VAC Atmospheres glovebox under argon.

Synthesis of LMeFe(tBupy)2 (1). LMeFe(η6-benzene) (246 mg,
0.446 mmol) was dissolved in pentane (10 mL) to produce a red-
orange solution. 4-tert-Butylpyridine (132.5 μL, 0.905 mmol) was
added to the solution, which resulted in an immediate color change to
green. The solution was stirred for 2 h and then filtered through
Celite, concentrated to 1 mL, and stored at −45 °C for 2 d. This
yielded 219 mg of semicrystalline green product. The mother liquor
was concentrated to 0.5 mL and was cooled to −45 °C to give a
second crop of product (54 mg). The total yield was 273 mg (82.2%).
LMeFeNNFeLMe can also be used instead of the benzene complex to
give the desired product with a comparable yield. 1H NMR (C6D6, 25
°C): δ 23.4 (4H), 10.1 (4H), 6.3 (2H, aryl p-H), 3.6 (18H, tBupy tBu),
2.0 (4H), −4.3 (br, 12H + 12H, iPr CH3), −30.4 (4H), −82.9 (1H, α-
H), −136.0 (6H, backbone CH3) ppm. The resonances that integrate
for 4H can be assigned as iPr-CH, aryl m-H, tBupy o-H, or tBupy m-H.
μeff (C6D6, 25 °C) 3.7(1) μB. IR (KBr): 3064 (m), 3022 (w), 2961 (s),
2923 (s), 2902 (s), 2865 (s), 2491 (m), 2437 (w), 1597 (w), 1569
(vs), 1508 (m), 1491 (m), 1460 (m), 1430 (m), 1396 (s), 1359 (m),
1315 (s), 1273 (m), 1260 (m), 1227 (w), 1217 (w), 1192 (vs), 1174

Scheme 3. Reversible Interconversion of 2 and 21 through
Radical Coupling
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(m), 1123 (w), 1099 (w), 1057 (w), 1022 (w), 1006 (w), 964 (vs),
933 (m), 837 (m), 821 (m), 793 (w), 758 (m), 714 (m) cm−1. UV−
vis (hexane): 320 (18 mM−1 cm−1), 424 (3.9 mM−1 cm−1), 490 (sh, 2
mM−1 cm−1), 636 (3.3 mM−1 cm−1), 847 (6.4 mM−1 cm−1), 1245 (5.6
mM−1 cm−1) nm. Anal. Calcd for C47H67N4Fe: C, 75.88; H, 9.10; N,
7.53. Found: C, 76.10; H, 9.72; N, 7.59.
Synthesis of [LMeFe(Py)]2(μ-C10H10N2) (2). L

MeFeNNFeLMe (200
mg, 0.205 mmol) was dissolved in THF (12 mL) to give a purple
solution. Pyridine (84 μL, 1.0 mmol) was added to the solution, which
resulted in an immediate color change to green. The solution was
stirred for 3 h and was filtered through Celite. The green solution was
concentrated to 2 mL and was layered with pentane (12 mL) and
allowed to stand at room temperature. This produced 167 mg of
crystalline red solid. A second crop of product was obtained by
concentrating the mother liquor to 2 mL and layering with additional
pentane (8 mL). The solution was cooled to −45 °C, which yielded 85
mg of red solid product. The total yield was 252 mg (92.0%).
Characterization of solid [LMeFePy]2(μ-C10H10N2). IR (KBr): 3055
(m), 3017 (m), 2961 (s), 2924 (s), 2866 (s), 2789 (w), 2751 (w),
2507 (w), 1642 (s), 1555 (s), 1513 (s), 1460 (s), 1434 (s), 1390 (vs),
1316 (vs), 1281 (m), 1261 (m), 1230 (w), 1209 (w), 1182 (vs), 1150
(w), 1110 (m), 1057 (w), 1021 (w), 985 (s), 934 (vs), 848 (w), 793
(m), 781 (w), 758 (s), 716 (m), 701 (m) cm−1. Solid state vis (thin
film): λmax 434, 526, 808 nm. Anal. Calcd for C78H102N8Fe2·C4H8O: C,
73.74; H, 8.31; N, 8.39. Found: C, 73.97; H, 8.35; N, 8.34. Solution
characterization of LMeFe(Py)2 (21) from solid [LMeFePy]2(μ-
C10H10N2) (as discussed in the text). 1H NMR (C6D6, 25 °C): δ
22.8 (4H), 10.1, 3.4 (12H, iPr CH3), 2.0, −4.2 (br, 12H, iPr CH3),
−30.4 (2H, aryl p-H or py p-H), −120 (6H, backbone CH3) ppm.
Some overlapping resonances prevented reliable integration, and small
amounts of THF and pentane were visible in the spectrum. μeff (C6D6,
26 °C) 4.1(1) μB. UV−vis (toluene): 325 (17 mM−1 cm−1), 423 (4.5
mM−1 cm−1), 500 (br sh, 3 mM−1 cm−1), 630 (sh, 4 mM−1 cm−1), 820
(5.6 mM−1 cm−1), 1185 (5.3 mM−1 cm−1) nm.
Synthesis of LMeFe(Py)(NC5H5CPh3) (3). L

MeFeNNFeLMe (200
mg, 0.205 mmol) was dissolved in THF (10 mL) to give a purple
solution. Pyridine (83 μL, 1.0 mmol) was added to the solution, and
the reaction mixture was stirred for 2.5 h. Gomberg’s dimer (Ph6C2·1/
2hexane, 115 mg, 0.216 mmol) was dissolved in THF (3 mL) and
transferred to the green reaction mixture, which resulted in an
immediate color change to red. After the mixture was stirred for 1 h,
the solvent was removed under reduced pressure. Pentane (1 mL) was
added, and the solvent was again removed under reduced pressure to
yield a red solid. The residue was extracted with toluene (12 mL) and
filtered through Celite, and the resulting red solution was concentrated
to 10 mL. Vapor diffusion of pentane into the toluene solution yielded
170 mg (47%) of 3 as red crystals. 1H NMR (C6D6, 25 °C): δ 58.9,
50.4, 34.8, 29.4, 23.9, 21.3, 13.0, 9.1, −0.8, −9.2, −10.4, −12.9, −38.4,
−42.3, −55.9, −79.5, −84.2, −97.9 ppm. Overlap of peaks prevented
accurate integration of the resonances. μeff (C6D6, 25 °C) 4.9(1) μB. IR
(KBr): 3055 (w), 3026 (w), 2961 (s), 2926 (m), 2866 (w), 1641 (m),
1597 (w), 1568 (w), 1514 (m), 1495 (m), 1462 (m), 1437 (s), 1387
(vs), 1315 (s), 1290 (w), 1261 (m), 1231 (w), 1175 (m), 1105 (w),
1030 (m), 1003 (s), 934 (w), 795 (m), 750 (m), 733 (m), 702 (s)
cm−1. UV−vis (toluene): 331 (19 mM−1 cm−1), 440 (3.8 mM−1

cm−1), 521 (3.6 mM−1 cm−1) nm. Anal. Calcd for C58H66N4Fe: C,
79.61; H, 7.60; N, 6.40. Found: C, 79.53; H, 7.53; N, 6.30.
Mössbauer Spectroscopy. Mössbauer data were recorded on a

spectrometer with alternating constant acceleration. The minimum
experimental line width was 0.24 mm/s (full width at half-height). The
sample temperature was maintained constant in an Oxford Instru-
ments Variox cryostat. The γ-source was 57Co/Rh. Isomer shifts are
quoted relative to iron metal at 300 K. The zero-field spectra were
simulated as Lorentzian doublets.
Magnetic Susceptibility Measurements. Magnetic susceptibil-

ity data were measured from powder samples of solid material in the
temperature range 2−300 K by using a SQUID susceptometer
(MPMS-7, Quantum Design) with a field of 1.0 T. The experimental
data were corrected for underlying diamagnetism by use of tabulated
Pascal’s constants. The susceptibility data, χT(T) or μeff(T), were

simulated with the julX package for exchange coupled systems written
by E.B. The simulations are based on either the usual spin-Hamilton
operator for a symmetric dinuclear complex with two spin Si = 2 (eq
1) or the usual spin-Hamilton operator for mononuclear complexes
with spin S = 3/2 (eq 2), where g is the average electronic g value, and
D and E/D are the axial zero-field splitting and rhombicity parameters
for the iron sites. The magnetic moments were obtained from the first-
order derivative of the eigenvalues of the Hamiltonian operator shown
above. Powder summations were done by using a 16-point Lebedev
grid.

∑
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Computational Details. The calculations were performed using
ORCA version 2.8.56 Single point calculations at the crystallographic
structure with the TPSSh functional23 were used to analyze the
electronic structure and accelerated with the RIJCOSX approxima-
tion.57 The TZVP basis set was used for Fe, N, and C, and the SVP
basis set for H.58 Scalar relativistic corrections were introduced
according to the ZORA approximation.59 We tested different initial
guesses for the electronic structure including the quartet and the
broken-symmetry (4,1) state, and all converged to the solution given
here.

The isomer shift (δ) is related to the s electron density at the
nucleus and can be calculated using the formula

δ α ρ β= − +C( )0 (3)

where ρ0 is the electron density at the nucleus and the constants α, β,
and C are from a linear regression analysis to literature compounds.25

The quadrupole splitting depends on the electric field gradient at the
iron nucleus and is calculated by the formula

ηΔ = +
⎛
⎝⎜

⎞
⎠⎟E eQV

1
2

1
3Q zz

2 1/2

(4)

where e is the electric charge of an electron, Q is the nuclear
quadrupole moment of Fe, and Vxx, Vyy, and Vzz are components of the
electric field gradient tensor. η is the asymmetry parameter, η = |(Vxx −
Vyy)/Vzz|, chosen such that |Vzz| ≥ |Vyy| ≥ |Vxx|.

In the TD-DFT calculations 20 roots were determined. The
compositions of the calculated excitations are given in the Supporting
Information. Orbital plots were created using Chimera version 1.6.60

The spectral simulation and fitting used the orca_asa module.61

X-ray Crystallography. Crystals were placed on the tip of a 0.1
mm diameter glass capillary tube or fiber and mounted on a Bruker
SMART APEX II diffractometer62 for data collection at 100.0(1) K
using Mo Kα radiation and a graphite monochromator. A randomly
oriented region of reciprocal space was surveyed: six groups of frames
were collected with 0.50° steps in ω at six different φ settings and a
detector position of −38° in 2θ. The intensity data were corrected for
absorption.63 Final cell constants were calculated from the xyz
centroids of >3750 strong reflections from the actual data collection
after integration.64 The structures were solved using SIR9765 and
refined using SHELXL-97.66 The space groups were determined based
on systematic absences and intensity statistics. Direct-methods
solutions were calculated, which provided most non-hydrogen atoms
from the E-map. Full-matrix least-squares/difference Fourier cycles
located the remaining non-hydrogen atoms. All non-hydrogen atoms
were refined with anisotropic displacement parameters. All hydrogen
atoms were placed in idealized positions and refined as riding atoms
with relative isotropic displacement parameters. Details of the crystal
structures are presented in Table 1.

For 1, the refinement stalled at R1 = 0.179, indicating that twin and
solvent modeling were required. The nonmerohedral twin law was
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determined as [−1 0 0/0 −1 0/−0.876 0.071 1], a 180° rotation about
reciprocal lattice [0 0 1].67 The data were reintegrated, and a new
absorption correction was applied.63 There were 9894 unique
reflections associated solely with one component, 9867 unique
reflections associated solely with the second component, and 25929
unique overlapping reflections. The mass ratio of the two components
refined to 69:31.
In 1, there are two independent iron molecules, with all atoms in

general positions, and two independent solvent sites in the asymmetric
unit. One solvent area, which spanned a crystallographic inversion
center, was not modeled satisfactorily. The two-component data from
the integration were transformed to “de-twinned” one-component data
with TWINABS,68 which removed the contributions to the structure
factors from the second (minor) component. The one-component
data were modified by PLATON, function SQUEEZE,69 which
subtracted the contributions of the disordered solvent from the
structure factors; 474 electrons in 1265 Å3 per unit cell were removed
in total. The final full-matrix least-squares refinement converged to R1
= 0.0946 (F2, I > 2σ(I)) and wR2 = 0.2683 (F2, all data).
For 2, the di-iron molecule lies on a crystallographic 2-fold axis that

bisects the bond between atoms C34 and C34A; thus one-half of the
molecule is unique. There is also a cocrystallized pentane solvent
molecule, which was modeled as disordered over a crystallographic 2-
fold axis (50:50). The final full matrix least-squares refinement
converged to R1 = 0.0649 (F2, I > 2σ(I)) and wR2 = 0.1417 (F2, all
data).
For 3, the final full matrix least-squares refinement converged to R1

= 0.0666 (F2, I > 2σ(I)) and wR2 = 0.1513 (F2, all data).
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