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Abstract. We have applied high-level Density Functional Theory to investigate
the properties of recently characterized carboxylate-bridged diiron(II) complexes
supported by 2,6-di(p-tolyl)benzoate (ArTolCO2–) ligands. These compounds, prepared as synthetic models for the reduced non-heme diiron centers in the enzymes
MMO, RNR-R2, and ∆9D, reproduce the composition of the first coordination
sphere ligands as well as the core geometry. The experimentally observed flexibility
of the diiron cores in the model compounds, a main design target, was confirmed
computationally. Details of a possible interconversion mechanism that transforms
quadruply and doubly carboxylate-bridged isomers of [Fe2 (Ar TolCO 2)4L 2],
L = pyridine or related ligand, were examined. The orientation of the pyridine
ligands plays a major role and promotes an initial carboxylate shift of the bridging
carboxylate ligand that is orthogonal to the pyridine ring plane. Alternative mechanisms were explored and evaluated. Structural features of the strongly coupled
diiron centers could only be reproduced reliably by using the experimentally determined antiferromagnetic spin-coupling properties of the high-spin d6 iron(II) centers. Use of the ferromagnetic-coupling scheme gave rise to a poor correlation of the
computed structure with the experiment. The broken-symmetry orbitals required to
describe the antiferromagnetic coupling are compared to the MOs as classical
symmetry-adapted linear combinations of atomic orbitals that form the basis for the
magnetic coupling scheme. The molecular orbitals responsible for the dependence of
the structural results on spin coupling were identified and used to evolve an intuitive
explanation for the structural differences observed.

1. INTRODUCTION

Carboxylate-bridged diiron centers occur in the active
sites of selected enzymes that bind and activate dioxygen.1
The hydroxylase component of soluble methane
monooxygenase (MMOH),2 the R2 subunit of class I
ribonucleotide reductase (RNR-R2),3 and stearoyl-acyl
carrier protein (ACP) ∆9 desaturase (∆9D)4 commonly
utilize four carboxylate and two histidine groups to support non-heme diiron units. In catalytic cycles of these
enzymes, sequential reduction of dioxygen-derived
ligands bound to iron affords high-valent Fe(IV) species
that activate either C–H or O–H bonds.3b,5 Efforts involving both direct studies of the enzymes themselves and
investigations of small-molecule synthetic surrogates
have been undertaken to elucidate the molecular details of
biological O2 and C–H/O–H activation.
Previously, we6 and others7 demonstrated that steriIsrael Journal of Chemistry

cally hindered, m-terphenyl-derived carboxylate
ligands can be used to reproduce the primary coordination sphere composition of MMOH, RNR-R2, and ∆9D
within a non-peptidyl framework. Specifically, 2,6-di(p-tolyl)benzoate (ArTolCO2–) can support the quadruply-bridged paddlewheel diiron(II) complex [Fe2(µO2CArTol)4(4-tBuC5H4N)2] (1) (Scheme 1),6b which in
solution can rearrange to a doubly-bridged windmill
isomer having the structure of the pyridine analogue
[Fe2(µ-O2CArTol)2(O2CArTol)2(C5H5N)2] (2).6a,8 Structural characterization of 2 in the solid state revealed the
architectural resemblance of its diiron core to that of the
biological counterparts.6a Dioxygen activation by both 1
and 2 further substantiated the functional relevance of
these biomimetic constructs.6a,b,9
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Scheme 1. Fe(II)–Fe(II) dimers that have been prepared
and structurally characterized by single-crystal X-ray
crystallography.6a,b

The geometric flexibility of the diiron core and its
ability to form a structure with open coordination sites
for dioxygen binding are crucial requirements for an
inorganic model complex designed to mimic the catalytic activity of the metalloenzymes. In addition to synthetic modeling efforts, recent computational studies
mostly based on Density Functional Theory (DFT)10
have provided important clues about the mechanism of
dioxygen binding and activation in metalloenzymes.11
The starting point for most quantum mechanical studies
is geometry optimizations that provide valuable structural and thermodynamic data, which are difficult to
obtain experimentally. Inorganic chemists have for decades utilized molecular orbital theory to understand
and predict the electronic structure, reactivity, and spectroscopic properties of a molecule. The use of ligandfield and group theory12 to derive semiquantitative MO
diagrams of transition metal complexes is a standard
topic within the inorganic curriculum today. Thus, it is
not surprising that the community has embraced recent
advances in high-level computational methods, such as
DFT, that afford a powerful quantitative basis for molecular orbital analyses in addition to thermodynamic
and structural information. From an inorganic chemist’s
viewpoint, the most interesting molecular orbitals in a
transition metal complex are those dominated by the
five d-orbitals of the metal center that usually form the
non-bonding or metal–ligand antibonding frontier
orbitals.13 Although the basic orbital energy scheme, the
nature of the frontier orbitals, and the manner in which
they control reactivity for a given structure are wellcharacterized for many organometallic systems,13,14 systematic studies of molecular orbitals in the carboxylatebridged diiron assemblies commonly found in dioxygenactivating metalloenzymes are rare in the literature.15
Knowledge of the most important and characteristic
molecular orbitals in these systems is challenging to
obtain because the metal centers often display antiferromagnetic (AF) coupling,1 which requires non-standard
computational techniques.16
In this paper, we present a state-of-the-art theoretical
Israel Journal of Chemistry

41

2001

characterization of the different structural motifs encountered in the new class of paddlewheel (1) and windmill (2) iron(II) dimers illustrated in Scheme 1. We systematically compare the traditional molecular orbitals as
symmetry-adapted linear combinations (SALCs) of
atomic orbitals12 with the broken-symmetry (BS) orbitals16
that are required for a correct description of the AF coupling. Similar studies are being conducted in our laboratories on computational models of key intermediates in the
catalytic cycle of MMOH in its native peptidyl environment.11a,b Taken together, this detailed computational
work will form the basis for a novel approach to identify
the most important molecular orbitals dictating the reactivity of the complex. This information will in turn provide
logical pathways for tuning the energies and composition
of these orbitals to enhance the desired properties in new
target synthetic model complexes.
2. COMPUTATIONAL DETAILS

All calculations were carried out using DFT as implemented in the Jaguar 4.1 suite17 of ab initio quantum
chemistry programs. Geometry optimizations were performed with the B3LYP18 functional and the 6-31G**
basis set where iron is represented using the Los Alamos
LACVP** basis19 that includes relativistic effective
core potentials. The energies of the optimized structures
are reevaluated by additional single point calculations
on each optimized geometry using Dunning’s20 correlation-consistent triple-ζ basis set cc-pVTZ(-f) that includes
a double set of polarization functions. For iron we used a
modified version of the LACVP**, designated as
LACV3P**, where the exponents were decontracted to
match the effective core potential with the triple-ζ quality
basis. All calculations were carried out without invoking
symmetry to ensure a fully flexible optimization.
One of the characteristic properties of the diiron
complexes investigated previously is the AF coupling of
unpaired electrons on the metal centers, also established
for the corresponding metalloenzyme cores in RNR-R2
and ∆9D. In principle, multi-reference methods such as
CASSCF are required to describe rigorously an AFcoupled spin-state of the dimer, which is impracticable
for systems of this size because of computational demands. In practice, Noodleman’s broken-symmetry
(BS) approach, which makes use of the Heisenberg spin
operator formalism to obtain a reasonable electronic
structure description of transition metal dimers, has provided a working protocol for single reference methods
such as DFT employing the unrestricted spin
formalism.11a–i We closely followed the protocol described elsewhere11a to obtain the BS orbitals and used
the unrestricted spin formalism in all calculations. Essentially, the valence bond descriptions of the molecules

175
were used as initial guesses to generate a molecular
wavefunction in terms of localized orbitals that undergo
the SCF procedure. The large number of unpaired electrons at the iron core and the intrinsic electronic flexibility of the transition metals give rise to a number of
energetically similar electronic states. Therefore, we
used spin densities derived from Mulliken population
analysis that have also been employed in many previous
studies11 to confirm that the correct, or at least a reasonable, electronic state had been reproduced.
3. OVERVIEW

A commonly used benchmark for the accuracy of computational results is the comparison of the optimized
molecular structure with the experimental one. Figure 1
depicts the experimentally determined solid-state structure of the paddlewheel isomer 1.6b Ideally, the computational model should match the experimental chemical
composition. The size of the complex 1 (208 atoms) is
presently beyond that possible for extensive high-level
DFT calculations. Thus, it was necessary to choose a
smaller model system that captures the most salient
electronic and structural features. A straightforward
strategy was to replace the ArTol portion of the ArTolCO2–
ligand with a methyl group, giving the computational
model systems 1-Me and 2-Me (Scheme 2), which were
used throughout the study. In the first part of our discussion, we present computed structures and energies of
observable and nonobservable isomers of the iron dimer
to obtain an in-depth description of the flexibility of the
diiron core. The second part of the discussion is dedicated to the electronic structure of 1-Me. The iron atoms
in both dimers are formally high-spin d6 Fe(II) centers,
the unpaired electrons of which are AF coupled. In
previous work on similar systems, ferromagnetic (F)
spin-coupling has been often assumed11j–p,15 to avoid complications and technical difficulties associated with the

Fig. 1. Visualization of the solid-state structure of [Fe2(µO2CArTol)4(4-tBuC5H4N)2]. Two views of the same molecule,
related by a 90° rotation around the y-axis, are shown. The
ring-carbon atoms of the pyridine ligands are shown as balls.
Hydrogen atoms are removed for clarity.

Scheme 2. Computational models used in this study.

BS orbital approach. We performed two sets of calculations assuming both F and AF spin-coupling. The BS
orbital approach gave rise to localized molecular orbitals that are less familiar. Thus, we explored the results
of the F-coupled calculations, which gave familiar molecular orbitals as SALCs of the atomic orbitals, as a
guide to derive an intuitive understanding of the BS
orbitals. The importance of using the correct spin-coupling to compute accurately the structure and energies
of this class of molecules has been demonstrated
previously.11a,b,16 An intuitive understanding about
which features of the BS orbitals dictate the different
structure and reactivity properties of the molecule has
thus far been unavailable, however. We derive a basic
understanding of the iron dimers studied here by systematically comparing the molecular orbitals of the AFcoupled system to that of the F-coupled dimer.
4. STRUCTURES AND ENERGIES

Optimized Structures
Table 1 summarizes key features of the fully optimized geometries using both ferromagnetic (S = 4) and
antiferromagnetic (S = 0) spin-coupling between the
iron centers. AF spin-coupling notably improved the
agreement between theory and experiment. The computed iron···iron distance of 2.854 Å in the AF-coupled
model 1-Me compares favorably with a distance of
2.8229(9) Å found experimentally, whereas 2.697 Å is
predicted when ferromagnetic spin-coupling is used.
The ferromagnetic coupling overestimates the throughspace interaction between the iron centers (vide infra).
The basic structures of 1-Me and 2-Me have approximate D2d and C2h symmetry, respectively, if the
methyl groups are neglected. Thus, it is sufficient to
examine the geometry around one iron center. The optimized structure of the AF-coupled model 1-Me suggests that the four iron–oxygen bonds are not chemically equivalent, as observed experimentally. In the
solid-state structure, the Fe1–O11 and Fe1–O13 distances are, on average, 0.11 Å shorter than the Fe1–O12
and Fe1–O14 bonds. The N1–Fe1–O angles also differ
in an approximately pairwise manner, the shorter Fe–O
bonds being accompanied by larger N1–Fe1–O angles.
Baik et al. / DFT Study of Diiron (II) Models
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Table 1. Optimized structural parameters of the diiron core for the different computational models

spin-coupling
Fe···Fe
Fe1–O11
Fe1–O12
Fe1–O13
Fe1–O14
Fe1–O22
Fe1–N1
angle N1-Fe1-O11
angle N1-Fe1-O12
angle N1-Fe1-O13
angle N1-Fe1-O14
spin-densitiesa Fe1
spin-densitiesa Fe2
relative energiesb

1-Me
calc.

1-Me
calc.

1
exp.6b

2-Me
calc.

2-Me
calc.

2
exp6a

F
2.697
2.060
2.051
2.045
2.071
—
2.270
97.0
94.7
103.0
90.4
2.97
2.96
19.45

AF
2.854
2.030
2.135
2.030
2.135
—
2.182
104.9
92.6
104.5
92.7
3.76
–3.76
0.00

AF
2.823
2.028
2.136
2.031
2.144
—
2.105
102.6
98.8
102.5
93.4

F
4.035
2.025
2.081
1.986
—
2.285
2.175
97.2
91.6
99.9
—
3.79
3.76
9.06

AF
4.002
2.030
2.063
1.988
—
2.268
2.197
96.3
91.6
98.9
—
3.80
–3.80
9.52

AF
4.220
2.005
2.047
1.957
—
2.359
2.131
98.7
90.0
96.3
—

a

Mulliken spin-density.
The relative energies (kcal mol–1) are referenced to the AF-coupled model 1-Me.

b

The angles N1–Fe1–O11 and N1–Fe1–O13 are 102.6°
and 102.5°, respectively, whereas smaller angles of
98.8° and 93.4° are measured for N1–Fe1–O12 and N1–
Fe1–O14, respectively. These Fe–O bond differences
are reliably reproduced in our AF-coupled calculation
(Table 1), suggesting that the different characters of the
Fe–O bonds reflect electronic control by the orientation
of the pyridine ligands rather than steric effects imposed
by the bulky ArTolCO2– group. The carboxylate unit inIsrael Journal of Chemistry
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teracts more strongly with the metal center in the orthogonal orientation with respect to the pyridine ligand
than in the coplanar arrangement, as indicated by the
shorter bond lengths. The excellent agreement between
the model system 1-Me and 1 further indicates that the
diiron core in the latter is electronically fully relaxed.
That is, the sterically demanding ArTol group does not
introduce significant strain into the diiron core.
Although the F-coupled model of 1-Me gives reason-
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able Fe–O distances, averaging 2.067 Å compared to the
experimental average of 2.085 Å, the subtle detail of the
apparent Fe–O distance dependence on the orientation
of the pyridine ligand is not correctly reproduced. The
F-coupled model predicts essentially equal Fe–O distances of 2.060 Å, 2.051 Å, 2.045 Å, and 2.071 Å. At
least two structural features are not modeled properly in
1-Me, regardless of the spin-coupling scheme employed. One is that the Fe–N bond lengths are overestimated by 0.077 Å and 0.165 Å in the AF- and F-coupled
models, respectively. The other is that the twist of the
CO2– group with respect to the Fe–Fe vector (Fig. 1) is
not reproduced in the simple methyl model. The carboxylate bridges are orientated parallel to the iron–iron
vector in the computational model. When we increased
the model size by using a phenyl instead of the methyl
cap, we observed the same effect. Only a m-xylylCO2– (2,6-dimethylbenzoate), a 104-atom model, gave
the experimentally observed twist. These exploratory
calculations on larger model systems, however, did not
indicate a substantial enough electronic change to justify the considerable increase in computational cost. The
computed energy of the AF-coupled model is 19.45 kcal
mol-1 lower than that of the F-coupled model. Although
a substantial energy difference between the AF- and
F-coupled models is anticipated from the experimentally observed strong coupling, this difference is too
large for a corresponding AF/F pair in a Heisenberg spin
Hamiltonian treatment. Notable differences in optimized structures, discussed above, similarly cast doubt
on the complementary nature of the two species. Lastly,
whereas the Mulliken spin densities of +3.76/–3.76 for
the AF-coupled model 1-Me are fully consistent with
Fe(II) centers, we were thus far unable to converge to an
electronic state for the F-coupled case with expected
Mulliken spin density of approximately 3.5–4.0. Taken
together, these results indicate that the assumption of
parallel spin orientation of unpaired electrons on the
iron centers in 1-Me consistently affords a very different electronic state for the paddlewheel structure than
does the AF-coupled model.
The solid-state structure of the doubly-bridged windmill structure 26a shows an iron···iron separation of
4.219(1) Å. Our calculations underestimate the
iron···iron distance by 0.218 Å and 0.185 Å in the AFcoupled and F-coupled models, respectively. The
iron···iron distance is a poor benchmark for the quality
of the calculation, however, because there is no direct
electron density overlap between the two iron centers
and the distance is governed by the angles at the bridging ligands. Thus, the potential energy surface along the
iron–iron vector is expected to be very flat (vide infra).
In addition, the steric demands of the ArTol groups will

Fig. 2. Solid-state structure of 2 generated using the crystallographic coordinates.6a For clarity, the tolyl moieties of the
bridging ArTolCO2– ligands and all hydrogen atoms are not
shown.

play a more pronounced role, as the orientation of the
ArTolCO2– ligands in the crystal structure suggests
(Fig. 2).6a Thus, the structure of the computational
model 2-Me is expected to differ from that determined
experimentally for 2. The solid-state structure indicates
that the Fe–O bonds of the bridging carboxylate ligands,
Fe1–O11 and Fe1–O13, become slightly shorter by an
average of 0.05 Å, whereas a more pronounced contraction of 0.09 Å is observed for Fe1–O12 compared to that
in the structure of 1. The calculated structural features
are in fair agreement with the experimental data, with the
exception of the length of the newly formed Fe1–O22
bond, which is underestimated by 0.09 Å and 0.07 Å in
the AF- and F-coupled models, respectively. As the
illustration of the experimental solid-state structure
(Fig. 2) demonstrates, this result is most likely a steric
consequence of the ArTol moiety. Unlike the situation in
1, the ArTol group forces a notable overall expansion of
the diiron core from the theoretically most relaxed structure of the bare diiron core composition.
Both AF- and F-coupled models give essentially the
same structure for 2-Me, which is a clear reflection of
the very weak coupling between the metal centers. The
differential effect on the Fe–O bonds observed for 1-Me
is not present in 2-Me. The calculations actually gave a
slightly lower energy for the F-coupled model of 2-Me
(Table 1). The energy difference of 0.5 kcal mol–1 that
has been computed for the AF- and F-coupled models of
2-Me, however, is below the usual noise level of the
B3LYP method and not physically meaningful. For all
Baik et al. / DFT Study of Diiron (II) Models
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practical purposes, the AF- and F-coupled cases can be
considered isoenergetic, which is again in good agreement with the very weak spin-coupling observed experimentally.8 Unlike in 1-Me, the Mulliken spin densities
are consistent with Fe(II) centers regardless of the spincoupling scheme used.
Structural Isomers
A comparison of our model 2-Me (Table 1) with the
crystal structure of 2 (Fig. 2) reveals that the pyridine
ligand orientation is different. Whereas the crystal structure reveals a nearly orthogonal arrangement of both
pyridine rings to the plane formed by the metal centers
and their respective terminal carboxylate ligands, the
lowest energy structure computed indicates a nearly coplanar orientation. To obtain a more quantitative picture of
the structure–energy relationship between possible isomers, we conducted geometry optimization on the most
feasible isomers of both 1-Me and 2-Me. The results are
summarized in Fig. 3, using the overall lowest energy
species, the AF-coupled 1-Me, as the zero-point for the
relative energy scale. Overall, the three AF-coupled
isomers considered for each structural motif, respectively, span a range of only 3 kcal mol–1, demonstrating
the electronic compatibility of the diiron core structure

with respect to pyridine orientation. It is somewhat surprising that the more open doubly-bridged core arrangement does not lead to even greater compatibility and
smaller isomeric energy range. The pyridine arrangement
found in the crystal structure of 2, labeled as 2o-Me in
Fig. 3, is 3 kcal mol–1 higher in energy than 2-Me. Thus,
unlike the situation in 1, the pyridine orientation found
in the solid-state structure of 2 is not electronically
favored, but is most likely enforced by the steric demands
of the ArTolCO2– ligand. In the third isomer considered, 2’Me, which is isoenergetic with 2-Me, the pyridine ligands
are oriented perpendicular to one another. The chemical
difference of the Fe–O bonds in 1-Me discussed above as
a function of the pyridine ligand orientation makes clear
that there must be an isomeric form where the Fe–O
bonds are mismatched, that is, a structure where Fe1–O11
is longer than Fe1–O12. This iron–oxygen bond-mismatched isomer is shown as 1’-Me in Fig. 3 and is 3 kcal
mol–1 higher in energy than 1-Me. The product of a 90°
rotation of one pyridine ligand around the iron–iron vector, isomer 1h-Me, is 1.9 kcal mol–1 higher in energy than
1-Me. This relative energy profile with small energy
difference between the isomers suggests that under realistic conditions, any one of the isomers is accessible and
demonstrates the flexibility of the diiron core structure.

Fig. 3. Relative energies of fully optimized structural isomers of 1-Me and 2-Me. Hydrogen atoms are not shown, for clarity. F
and AF denote ferromagnetic and antiferromagnetic spin-coupling between the iron centers, respectively. The AF-coupled 1-Me
was chosen as the reference zero-point for the relative energy scale.
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Carboxylate Shifts
With the structure–energy relationship described
above, it is easy to understand the transformation between isomers that involves rotation of the pyridine
rings around the iron–iron vector. Interconversion of the
paddlewheel and windmill motifs, required to achieve
the architecture suitable for subsequent dioxygen coordination, is more difficult to envision, however. In the
following discussion, we examine possible pathways
for such a transformation. Starting from the lowest energy isomer of 1-Me with the pyridine ligands orthogonal to one another, two reaction pathways were examined that would allow interconversion between 1-Me
and 2-Me, depending on which of the Fe–O bonds is
cleaved first. Intuitively, one would predict that the
weakest bond will break first, which would lead to the
reaction path shown as Path-a in Fig. 4. Another possibility is to break the shorter Fe–O bond first, labeled as
Path-b in Fig. 4. The initial carboxylate shift would then
be followed by a subsequent shift of the second carboxylate.
To probe these carboxylate-shift reaction pathways,
we carried out a series of calculations where the
iron···iron distance was reduced in 0.1 Å steps from
3.9 Å to 2.9 Å,21 freezing the iron···iron distance and

fully reoptimizing the rest of the molecule. Both the
stepwise Fe···Fe distance elongation starting from 1-Me
and the Fe···Fe distance contraction starting from 2-Me
were probed. This approach is commonly known as the
linear transit method. Although this approach does not
offer a conclusive evaluation of the true transformation
mechanism, it provides an interesting comparison of the
two reaction pathways. The relative energy profiles of
the linear transition scans are shown in Fig. 5. The
lowest energy transformation (open circles and solid
line) involves cleavage of the initially shorter Fe–O
bond. This Fe–O bond, which is orthogonal to the pyridine, breaks at the approximate transition state denoted
TS-1, in which the iron···iron distance is 3.4 Å. There is
a relatively small differential energy despite significant
iron···iron distance changes close to both equilibrium
structures 1-Me and 2-Me. This result illustrates the flat
potential energy surface that has been mentioned frequently in the literature for similar systems.11 The doublybridged windmill structure displays an extremely flat
potential energy surface and a very small activation
barrier of 1.8 kcal mol–1 for the carboxylate shift towards
the quadruply-bridged paddlewheel structure that corresponds to an overall iron···iron distance distortion of
0.6 Å. The energy change as a function of the iron···iron
distance is more pronounced once the paddlewheel
structure is adopted. The extent of the Fe···Fe distortion
with very small energy penalty (1.2 kcal mol–1) is limited

Fig. 4. Two possible reaction pathways for the carboxylate
shifts. Path-a: longer Fe–O bond, labeled A, breaks first. Pathb: shorter Fe–O bond, labeled B, breaks first.

Fig. 5. Computed energy profiles for the carboxylate shift
reaction 1-Me → 2-Me using the iron···iron distance as reaction coordinate.
Baik et al. / DFT Study of Diiron (II) Models
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to 3.1 Å. Elongation of the Fe···Fe distance to 3.2 Å
requires approximately 4 kcal mol–1. The most crucial
part of the carboxylate shift reaction occurs between the
iron···iron distances of 3.1 Å and 3.4 Å, where the
energy changes dramatically by 10.2 kcal mol–1. Figure
6 illustrates the structures of the computed transition
state TS-1 and the last structure with four intact carboxylate bridges in our forward scan, 3-Me. In TS-1 the
Fe2–O22 bond is fully broken at a distance of 3.264 Å,
whereas the same bond is clearly elongated, but still
intact, in 3-Me, with an Fe–O22 distance of 2.205 Å.
The second carboxylate shift, the cleavage of Fe1–O14
and formation of Fe2–O14 that follows the first carboxylate shift, occurs in a barrierless fashion once the
TS-1 has been traversed. The 2.243 Å Fe1–O14 bond is
already substantially elongated in TS-1. This elongation
does not occur in a stepwise fashion, but is directly
connected to Fe1–O22 bond formation, since a comparison with 3-Me indicates no such elongation at an
Fe1–O12 distance of 2.016 Å.
Obtaining the second reaction pathway was more
difficult because the geometry optimizations readily afforded the energetically more favorable initial pathway
labeled Path-b. Only by starting from the optimized
structures of Path-b series and rotating both pyridine
ligands by 90° around the Fe–N axis, without allowing
the pyridine ligand adjacent to the elongated bond to

Fig. 6. Computed structures of the critical points on the reaction energy profile: (a) TS-1, (b) 3-Me.
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Fig. 7. Computed structure of TS-2.

rotate back, could the reaction energy profile be constructed.22 Path-b was obtained without any such constraints simply by increasing and decreasing the
iron···iron distance in a stepwise manner. The approximate transition state for this alternative carboxylate shift
pathway is 28.5 kcal mol–1 higher in energy and is
labeled TS-2 in Fig. 5. The structure of TS-2 shown in
Fig. 7 reveals the reason for the high energy barrier of
the carboxylate shift involving initial Fe1–O14 bond
cleavage. Although the Fe1–O14 bond is essentially
broken at a distance of 2.837 Å, the new Fe2–O14 bond
is not formed. In addition, the carboxylate bridge that
stays intact shows no sign of support for the initial
carboxylate shift by appropriately elongating the corresponding Fe–O bond, as observed in TS-1. Both
Fe1–O12 and Fe2–O22 are substantially contracted,
being 1.916 Å and 1.991 Å, respectively. In summary,
our calculations strongly suggest that the carboxylate
shift is highly selective towards initial cleavage of the
Fe–O bond that is orthogonal to the pyridine ring. This
process is followed by a second carboxylate shift that
involves cleavage of the Fe–O bond that is coplanar
with the pyridine ring. Whereas the coordinatively unsaturated arrangement is readily formed when the empty
coordination site is orthogonal to the pyridine ring, as
seen for Fe2 in TS-1, the corresponding situation with
the empty ligand site coplanar to the pyridine ring,
shown for Fe1 in TS-2, is thermodynamically unfavorable. The low-energy reaction pathway avoids the latter
situation by cleaving the Fe1–O14 bond after the new
Fe1–O22 bond is formed, so that the coordination site in
the pyridine-ring plane remains fully occupied at all times.
The ArTolCO2– Ligands and Steric Control
A closer inspection of the solid-state structure of 1
(Fig. 1) reveals two geometric elements that deserve
special attention. The first is that the ArTolCO2– ligands
create a nearly fourfold symmetric cavity, in which the
pyridine ligands lie across the diagonals. The second is
that the two pyridine rings are canted at an interplanar
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angle of 70.4°. A CPK representation of solid-state
structure illustrates that the cavity created by the
ArTolCO2– ligands might constrain the spatial orientation
of the pyridine ligand. This feature makes it desirable to
obtain a more quantitative assessment of pyridine rotation about the Fe–N bond axis in the ArTol environment
and to explore whether the flexibility described above
from core-electronic arguments applies in the real
ligand environment. The size of the molecule prohibits a
full-scale DFT study, whereas the sensitivity of the
electronic structure of the iron core makes low-level
studies, for example at a semiempirical level, inadvisable. We therefore performed two separate series of
calculations, dividing 1 into a ligand part (Fig. 8a), for
which the semiempirical HF method AM123 was applied, and a diiron core part (Fig. 8b) that employs DFT.
Only one pyridine ligand undergoes stepwise rotation
around the Fe–N vector in our approach (Fig. 8). In
AM1 calculations, the position of the tolyl fragments of
the ArTolCO2– ligand next to the rotating pyridine was
optimized to avoid van der Waals clashes between the
rotating pyridine ligand and the methyl group of the

Fig. 8. Relative energy profiles of a 180° rotation of one
pyridine ligand around the Fe–N axis.

tolyl moiety (Fig. 8a). All other atoms both in the AM1
and DFT calculations were maintained at the solid-state
geometry. Figure 8c shows the rotation energy profiles
of both parts and the simple sum of both contributions.
Structures at the critical points labeled A, B, C, and D
are visualized as CPK models in Fig. 9. Although this
protocol is far from being truly quantitative, it reveals
several interesting features of 1. Because structural relaxation is not allowed in our calculations, the barriers
shown in Fig. 8c are most likely overestimated and
should be taken as upper limit estimates.
A most important finding is that the transformation
between the nearly orthogonal and parallel orientations
of the pyridine ligands, structures A and C, is a very
feasible process. The transition state between these two
orientations, structure B, occurs at an interplanar angle
of approximately 20° and is ~6 kcal mol–1 higher in
energy than the minimum structure found in solid state.
The parallel interplanar orientation of the pyridine rings
is disfavored by ~3 kcal mol–1. The iron core flexibility
described above using the simple 1-Me model is thus
maintained in the ArTol environment. The shape of the
cavity created by the ArTolCO2– ligands effectively disables full rotation of the pyridine ring. The structure
with an interplanar angle of 120° (Fig. 9, structure D) is
~14 kcal mol–1 higher in energy than A, which is essentially all due to the steric energy of the cavity. The
electronic energy penalty for the core-rearrangement is
negligibly small.

Fig. 9. CPK representation of 1 at significant pyridine–pyridine interplanar angles identified on the rotational energy
profile.
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5. MO DIAGRAMS

Broken-Symmetry Orbitals
In order to describe AF spin coupling in a quantum
mechanical model, it is necessary in principle to use a
multireference method in combination with the unrestricted spin formalism that takes mixing of excited state
wave functions into account. In essence, one is forced to
allow different spatial orbital occupation patterns for α
and β spin electrons, where the corresponding β-orbital
of an occupied α-orbital remains unoccupied and vice
versa. Such an orbital occupation pattern in a singlereference method leads to severe spin-contamination
that renders the computed energies and the electronic
structure unreliable.24 A working solution has been suggested by Noodleman and is widely known as the broken-symmetry (BS) orbital method. Instead of allowing
the d-orbitals of the metal centers to form delocalized
molecular orbitals according to their local symmetry,
localized molecular orbitals are formed by maximizing
the contribution of the respective d-orbital centered on
each of the metal centers. Despite certain limitations,
this approach gives a valid description of AF-coupled
multinuclear systems.16 Since including AF spin cou-

pling in computational models is highly non-trivial,
however, many studies have used ferromagnetic spin
coupling and ignored the experimentally observed antiferromagnetic reality.11j–p,15 Above, we described the
structural effects of using ferromagnetic coupling for 1Me. In the following and final part of our study, we
examine the metal-d-dominated molecular orbitals of
our model compounds, where the only orbitals examined are those that play a role in distributing the 12
unpaired electrons of the metal centers. Thus, only the
highest nonbonding and metal–ligand antibonding orbitals will be mentioned here.
MO Description of Iron(II) Dimers
The left-hand side of Fig. 10 shows iconic representations of the MOs in F-coupled 1-Me. We have severely
simplified the MOs and depict only the metal d orbitals.
In addition, we neglect mixing between the dyz and dxz
orbitals; thus the dyz and dxz combinations are improperly
represented as pure combinations that would not exist in
the local D2d symmetry. The proper MOs are admixtures
of dyz and dxz wave functions that lie between the yz and
xz planes. For all practical purposes in this discussion,
the simplified pure representations are admissible. The

Fig. 10. MO-diagram of ferromagnetically- and antiferromagnetically-coupled iron-centers.
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Fig. 12. Isosurface plots (isodensity = 0.05 au) of the SALCorbital <115β> of F-coupled 1-Me.

Fig. 11. Isosurface plots (isodensity = 0.05 au) of the metal dxybased MOs in 1-Me: (a) SALC-MO, metal–metal in-phase, αspin, (b) SALC-MO, metal–metal out-of-phase, α-spin.

quired, however, to understand fully the energy differences and thus the spin-coupling mechanism between
the iron centers. Another notable difference between
AF-coupled and F-coupled models relates to the distribution of the two excess electrons that exceed the limit
of five d-electrons for each metal center to achieve a
half-filled metal-d MO-configuration. In the F-coupled
model the two electrons are placed in two β-MOs,
<115β> and <116β>, which are in-phase combinations
of dz2 and dxy orbitals (Fig. 12). Note that <115β> is the
corresponding β-spin orbital of <114α> and has essen-

β-orbitals are shifted up in energy compared to the
corresponding α-orbitals to form the high spin complex
where all 10 metal-based α-MOs are occupied. The two
highest occupied β-orbitals are in-phase combinations
of the dz2 and dxy orbitals, respectively. Figure 11 displays isosurface plots of the in-phase and out-of-phase
combinations of the dxy orbitals, MOs <114α> and
<121α>. Whereas MO <114α> is essentially a nonbonding orbital due to the mismatched phases with the
out-of-phase combinations of the carboxylate lone-pair
orbitals (oxygen-p), the full metal-ligand antibonding
character is developed in MO <121α>. Here, the phases
of the metal dxy wave functions match those of the
oxygen lone-pair orbitals precisely to give a strongly
antibonding orbital. Note that there is a corresponding
metal–ligand bonding combination at a much lower
energy that is not depicted.25
The right-hand side of Fig. 10 shows the same iconic
representations of BS orbitals describing the electronic
structure of AF-coupled 1-Me. Using localized atomic
orbitals and disregarding local symmetry has a few significant consequences. Most importantly, the energies
of the occupied orbitals shift notably to lower energies,
which gives an intuitive rationale for the lower total
energy of the AF-coupled model. A more thorough
investigation examining all shifts of all orbitals is re-

Fig. 13. Isosurface plots (isodensity = 0.05 au) of the BSorbitals of AF-coupled 1-Me: (a) MO <115β> localized at Fe2
(b) MO <120α> localized at Fe1.
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tially the same shape as <114α>. In the AF-coupled
model, the excess electrons are placed in <120α>, an αMO that is localized on Fe2, and in <120β>, its corresponding β-MO that is localized on Fe1. Figure 13
shows an isosurface plot of MO <120α>. The consequence of this difference between F-coupling and
AF-coupling is that the F-coupled model has an extra
electron in an orbital that promotes through-space iron–
iron bonding, as the isosurface plot of the F-coupled
MO <115β> shows clearly in Fig. 12. Consequently, the
geometry optimization gave an additional shortening of
the iron···iron distance compared to the AF-coupled
model to maximize this favorable interaction. Similarly,
the occupation of the MOs <120α> (Fig. 13) and <120β>
in the AF-coupled model introduces a repulsive bias
towards one set of the Fe–O bonds, namely the Fe–O
bonds that are coplanar with the pyridine ring. This
result explains the energetic preference of a structure
with correspondingly elongated Fe–O bonds.
6. SUMMARY AND CONCLUDING REMARKS

We have presented theoretical evidence for the structural flexibility of the dinuclear iron(II) complexes
recently prepared as biomimetic constructs for the
dioxygen-activating centers in non-heme diiron enzymes. Such flexibility has been probed experimentally
in previous work by variable temperature NMR methods,8 and plays a crucial role in core rearrangement that
primes the metal center for subsequent dioxygen binding.9 Our calculations are fully consistent with a highly
flexible, dynamic structure of the diiron(II) complexes.
The use of the correct spin-coupling of unpaired electrons between the iron centers is necessary to reproduce
the experimental solid-state structure of the quadruplybridged paddlewheel structure, whereas the weakly
coupled windmill structure is less sensitive to the use of
the wrong spin-coupling scheme in the computational
analysis. Our calculations suggest that the structural
strain imposed on the diiron core from the sterically
demanding ArTolCO2– ligands does not constrain the
flexibility of the core. In addition, we have explored
possible reaction pathways of the carboxylate shifts, the
nature of which is dictated by the orientations of the
pyridine ligands. Further studies are required to establish the possible generality of this directionally selective
bond shift and whether it might play a role in structurally related metalloenzymes in which the imidazole
rings of histidine groups bind a diiron center.
The nature of the BS orbitals, which are required to
describe the experimentally observed AF spin-coupling
between the metal centers, has been examined and compared to the classical MOs formed as SALC of atomic
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orbitals. Further studies are required to expose fully the
general patterns of the orbital splitting and the applicability of classical MO-analysis protocols to these localized orbitals. We have nonetheless presented evidence
that these localized orbitals can be interpreted in the
same manner as classical SALC-MOs to rationalize
structural features such as the experimentally supported
differential effect of the pyridine orientation on the
Fe–O bonds in the equilibrium structure.
The studies presented here constitute the first step of
a new approach toward a rational design strategy aimed
ultimately at preparing functionally relevant biomimetic
inorganic models. Rather than simply reproducing
structural features found in a metalloenzyme, we wish to
understand the electronic features that lead to the observed reactivity. From this information we plan to build
inorganic analogues duplicating the key electronic characteristics that promote the desired reactivity, possibly
in a different ligand environment that might be better
suited for technical purposes. Understanding the details
of the electronic structure of the diiron cores in the
environment of the native enzyme is just as crucial as
the full characterization of the inorganic complexes that
have been prepared so far. The points of immediate
interest in our laboratories are to apply the same protocol outlined in this paper to analyze reaction pathways
of model complexes that have been used previously to
mimic the reactivity of metalloenzymes.6a,b,d,e,9 Equally
crucial are fundamental studies that aim at a more
general understanding of how structural motifs commonly found in dioxygen-activating systems dictate
the electronic structure and reactivity in a BS-orbital
framework.
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to highlight the differences between the different coupling schemes. The metal–ligand bonding orbitals are
of course of essential importance to understand the
structural features discussed in the first part of this
paper. We have studied these orbitals in detail and will
report the results elsewhere in a different framework.

